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Summary

High-strength steel (HSS) has higher strength but lower ductility than mild steel. The
cross-section of the structural members may be reduced using HSS instead of mild steel,
provided the buckling of elements does not govern the failure. The reduced member size
benefits the environment and economy by means of less energy consumption, less carbon
dioxide emission, and less labour work during the fabrication and structure construction
stages.

The current design rules in prEN 1993-1-8 for welded hollow section joints are
developed based on extensive experimental and numerical studies on joints made of mild
steel (5235 and S355). A material factor Cx is stipulated to reduce the design resistance
of the joint given the lower ductility of HSS than mild steel. In addition, the design yield
strength of the material should be lower than 0.8 times the ultimate strength (f,) to
calculate the resistance of punching shear failure and tension brace failure. However,
these two strength restrictions are proposed based on limited experimental and numerical
investigations on welded HSS tubular joints. The mechanical background behind the two
restrictions is vague. Applying both Crand the 0.8f, restriction would eliminate the
benefits of using HSS, reducing the competitiveness in the market. Besides, the heat-
affected zone (HAZ) often has the lowest strength in a weld region. The strength
difference between HAZ and the base material (BM) is more significant for HSS than
mild steel, indicating that HAZ plays a more critical role in welded HSS joints. Hence,
the HAZ constitutive model should be considered in the numerical study of welded HSS
joints in order to predict the load-deformation relationship and failure mode correctly.

This dissertation proposes a systematic approach to include HAZ in the finite element
(FE) analysis of welded joints considering ductile failure mode. First, the mechanical
and geometrical properties of HAZ were obtained from tensile tests on the milled welded
coupon specimen, the low-force Vickers hardness test, and the microstructure
observation. The full-field deformation of the milled welded coupon specimen was
measured using the digital image correlation (DIC) technique. Using the DIC result, a
method is proposed to identify the boundaries of different regions in the milled welded
coupon specimen. The identified boundary matches the hardness result well. Based on
the identified boundaries, the width of HAZ and the weld metal (WM) are determined,
which provides geometric information for the measuring range of the virtual
extensometer in DIC and for creating the FE model with different partitions (HAZ, BM,
and WM). Due to the transverse constraint imposed by BM and WM, HAZ was under a
biaxial or triaxial stress state during the tensile coupon test. The measured stress of HAZ
is higher than that under the uniaxial stress state at a given strain. Hence, a method is
proposed to correct the measured stress-strain relationship of HAZ. The modified stress-
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Xii Summary

strain relationship is successfully validated against the tensile coupon test regarding the
load-deformation relationship and the strain distribution on the specimen surface.

In order to accurately predict the load-deformation relationship and failure mode of
welded joints, the Gurson-Tvergaard-Needleman (GTN) damage model is employed to
simulate the failure of HAZ and BM. A computational homogenization analysis using
representative volume element models was carried out to calibrate the yield-surface-
related parameters (s, 02, and gs). The effect of the hydrostatic pressure, the accumulated
initial hardening strain, and the void volume fraction (VVF) on the yield surface were
evaluated. An equation is proposed to describe the relationship between VVF and g
value with a constant g.. The fracture-related parameters (fc and f;) were calibrated
against the tensile coupon test. In addition, as the procedures for modifying the
constitutive model and calibrating the damage model are rather complicated, a semi-
empirical material damage model for HAZ correlating to the mechanical properties of
BM is proposed to facilitate the FE analysis of welded joints.

Monotonic tensile tests were conducted on 18 welded cold-formed rectangular hollow
section (RHS) X-joints made of S355, S500, and S700 to investigate the validity of Cs
and the 0.8f, restriction. The test result shows that a conservative resistance is predicted
using the current design rules without applying Crand the 0.8f, restriction. The calibrated
GTN damage model for HAZ and BM was implemented in the fracture simulation of
welded X-joints. The FE results agree well with the experimental results concerning the
load-deformation relationship and the failure mode. Based on the validated X-joint FE
model, the importance of including HAZ in the FE model was revealed by the FE
analysis without the HAZ constitutive model. Finally, the semi-empirical material
damage model for HAZ was employed to predict the tensile behaviour of all 18 welded
X-joints.



Samenvatting

Hoge-sterktestaal (HSS) heeft een hogere sterkte maar een lagere ductiliteit dan
conventioneel staal. De doorsnede van de constructiedelen kan worden gereduceerd door
gebruik te maken van HSS ten opzichte van conventioneel staal, op voorwaarde dat knik
niet de maatgevende bezwijkvorm wordt. Een kleinere doorsnede heeft gunstige
gevolgen voor het milieu en de economie omdat er minder energie wordt verbruikt,
minder kooldioxide wordt uitgestoten en er minder arbeidsuren nodig zijn tijdens de
productie en de bouw van de constructie.

De huidige ontwerpvoorschriften in prEN 1993-1-8 voor gelaste buisverbindingen zijn
gebaseerd op uitgebreide experimentele en numerieke studies naar verbindingen
gemaakt van conventioneel staal (S235 en S355). Een materiaalfactor Ct is
voorgeschreven om de rekenwaarde van de weerstand van de verbinding te reduceren
gezien de lage ductiliteit van HSS. Bovendien moet de vloeigrens (fy) van het materiaal
lager zijn dan 0.8 maal de treksterkte (f,) voor de berekening van de rekenwaarde van
weerstand tegen bezwijken van de wandstaaf en bezwijken door ponsen. Deze twee
sterktebeperkingen worden echter voorgesteld op grond van beperkt experimenteel en
numeriek onderzoek naar gelaste HSS-buisverbindingen. De technische achtergrond van
de twee beperkingen is onduidelijk. De toepassing van zowel Cs als de 0.8f, beperking
elimineert de voordelen van de toepassing van HSS, waardoor het concurrentievermogen
op de markt afneemt. Verder heeft de warmte-beinvloede zone (WBZ) vaak de laagste
sterkte in een laszone. Het sterkteverschil tussen WBZ en het moedermateriaal (BM) is
groter voor HSS dan voor conventioneel staal, wat erop wijst dat WBZ een kritischere
rol speelt in gelaste HSS-verbindingen. Vandaar dat in de numerieke studie naar gelaste
HSS-verbindingen het WBZ-constitutieve model in aanmerking moet worden genomen
om de kracht-vervormingsrelatie en de bezwijkvorm op een correcte manier te
voorspellen.

Dit proefschrift beoogt een systematische benadering voor te stellen om WBZ met een
ductiele bezwijkvorm op te nemen in de eindige elementen (EE) analyse van
lasverbindingen. Eerst zijn de mechanische en geometrische eigenschappen van de WBZ
bepaald door het uitvoeren van trekproeven op gefreesde proefstukken, Vickers-
hardheidsproef met lage kracht en de analyse van de microstructuur. De volledige
veldvervorming van het gefreesde gelaste proefstuk werd gemeten met behulp van de
digitale beeld correlatie (DIC) techniek. Met behulp van het DIC-resultaat wordt een
methode voorgesteld om de grenzen van de verschillende zones in het gefreesde gelaste
proefstuk vast te stellen. De geidentificeerde grenzen komen goed overeen met het
hardheidsresultaat. Op basis van de geidentificeerde grenzen wordt de breedte van de
WBZ en het lasmetaal (LM) bepaald, die geometrische informatie oplevert voor het
meetbereik van de virtuele extensometer in DIC en voor het maken van het EE-model
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met verschillende delen (WBZ, BM en LM). Als gevolg van de dwarse oplegging van
BM en LM stond WBZ tijdens de trekproef onder een biaxiale of triaxiale spanning. De
gemeten spanning van WBZ is hoger dan de spanning onder uniaxiale toestand bij een
gegeven rek. Daarom wordt een methode voorgesteld om de gemeten spanning-rek
relatie van WBZ te corrigeren. De aangepaste spanning-rek relatie is met succes
gevalideerd ten opzichte van de trekproef waarbij de relatie tussen kracht en vervorming
en de rekverdeling over het proefstukoppervlak is vastgesteld.

Om de kracht-vervormingsrelatie en de bezwijkvorm van gelaste verbindingen
nauwkeurig te voorspellen, wordt het Gurson-Tvergaard-Needleman (GTN) schade
model gebruikt om de bezwijkvormen in WBZ en BM te simuleren. Een numerieke
analyse met behulp van representatieve volume-elementmodellen werd uitgevoerd om
de parameters van het vloeigedeelte (qi, gz en gs) te kalibreren. Het effect van de
hydrostatische druk, de geaccumuleerde initiéle verhardingsspanning en de porién
volumefractie (VVF) op het vloeigedeelte werden geévalueerd. Er wordt een
vergelijking voorgesteld om de relatie tussen VVVF en q; waarde te beschrijven met een
constante g.. De breuk-gerelateerde parameters (f en fr) werden gekalibreerd aan de hand
van de trekproef. Aangezien de procedures voor het wijzigen van het constitutieve model
en het kalibreren van het schademodel nogal ingewikkeld zijn, wordt daarnaast een semi-
empirisch materiaalschademodel voor WBZ voorgesteld dat gecorreleerd is met de
mechanische eigenschappen van BM om de EE-analyse van lasverbindingen te
vergemakkelijken.

Trekproeven zijn uitgevoerd op 18 gelaste koudgevormde kokervormige X-verbindingen
gemaakt van S355, S500 en S700 om de geldigheid van C; en de 0.8f,-beperking te
onderzoeken. De test resultaten tonen aan dat de huidige ontwerpvoorschriften een
conservatieve weerstand voorspellen wanneer de Cs en de 0.8f.-restrictie niet worden
toegepast. Het gekalibreerde GTN-schademodel voor WBZ en BM werd toegepast in de
breuksimulatie van de gelaste X-verbindingen. De EE-resultaten komen goed overeen
met de experimentele resultaten met betrekking tot de kracht-vervormingsrelatie en de
bezwijkvorm. Op basis van het gevalideerde EE-model voor de X-verbindingen werd het
belang van het opnemen van WBZ in het EE-model aangetoond door deze te vergelijken
met de resultaten van de EE-analyse zonder het WBZ-constitutieve model. Tenslotte
werd het semi-empirische materiaalschademodel voor WBZ gebruikt om het trekgedrag
van alle 18 gelaste X-verbindingen te voorspellen.
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2 Chapter 1

1.1.Background

Global warming threatens people’s lives in many aspects, such as extreme weather and
the water shortage. The rising temperature is mainly due to the excessive emissions of
carbon dioxide (COy) and other air pollutants. In 2020, the construction sector accounted
for 36% of global final energy consumption and 37% of energy-related CO, emissions,
compared to other end-use industries [1]. In order to reduce the environmental impact of
the construction sector, pioneers have put great effort into applying high performance
materials in structures, such as high-strength steel (HSS). Compared to mild steel (fy <
460 MPa), HSS has a higher yield strength (460 MPa < f, < 700 MPa). The size of
structural members can be effectively reduced using HSS, resulting in a lower self-
weight, less welding for thinner profiles, and, consequently, substantial economic and
environmental benefits.

Due to the advanced material manufacturing techniques, such as the Thermo-mechanical
control process (TMCP) and Quenching & Tempering (QT), HSS hollow sections have
become more readily available in recent years. To design welded hollow section joints,
the standard EN 1993-1-8 [2] presents a series of design rules developed based on
extensive experimental and numerical investigations on joints made of mild steel (S235
and S355). A material factor (Cs) of 0.9 for reducing the design resistance has been
stipulated for joints using materials higher than S355 and up to S460. Cs is extended for
steel grade up to S700 in EN 1993-1-12 [3] and the newest vision of prEN1993-1-8 [4].
In addition, a yield strength restriction is imposed for punching shear failure (PSF) and
tension brace failure (BF), stating that in design, the value of the yield strength should
be limited to 0.8 times the ultimate strength (f,). However, applying both Cr and the 0.8f,
restriction partially eliminates the benefits of using HSS, limiting its competitiveness.
Given the limited experimental and numerical studies on welded HSS hollow section
joints, rather conservative Cr and the 0.8f, restriction are proposed. Hence, the validity
of Ct and the 0.8f, restriction should be investigated.

On the other hand, the heat-affected zone (HAZ) often has a lower strength compared to
the base material (BM) and the weld metal (WM). The HAZ strength degradation is more
significant for HSS than mild steel, which is not considered in the current design rules
[2—4]. Hence, an effective method to obtain HAZ stress-strain relationship should be
developed for the advanced finite element (FE) analysis considering HAZ.

1.1.0Objectives

The validity of C¢ and the 0.8f, restriction for welded HSS cold-formed rectangular
hollow section (RHS) X-joints in tension can be evaluated through experimental and
numerical studies. As the joints often fail in HAZ, a validated damage model for HAZ is
essential for the FE analysis of welded joints. The final goal of this dissertation is to
provide a systematic approach to include HAZ in the FE model of welded joints, which
could be further used in numerical studies to evaluate the necessity of C; and the 0.8f,
restriction. In order to achieve this goal, five objectives are planned as follows:
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The first objective is to obtain the stress-strain relationship of HAZ through the tensile
test on the milled welded coupon specimen. The engineering stress-strain relationship is
measured from the digital image correlation (DIC) result. The measured constitutive
model is then corrected and validated based on the FE analysis and the DIC result.

The second objective is to calibrate the Gurson-Tvergaard-Needleman (GTN) damage
model for HAZ and BM. The calibrated damage model could be used in the fracture
simulation of the welded cold-formed RHS X-joint to predict the ultimate resistance and
failure mode.

The third objective is to propose a generic semi-empirical material damage model for
HAZ, based on the mechanical properties of BM, to simplify the procedures of including
HAZ in the FE analysis of welded hollow section joints.

The fourth objective is to investigate the HAZ width for different profile thicknesses and
material steel grades. A generic HAZ width is needed for creating HAZ in X-joint FE
models.

The fifth objective is to conduct monotonic tensile tests on welded cold-formed RHS X-
joints to evaluate the necessity of Cr and the 0.8f,, restriction experimentally.

The sixth objective is to validate the X-joint FE model against the experiment using the
calibrated GTN damage model. The necessity of including HAZ in the FE model and the
validity of the semi-empirical model for HAZ should be evaluated.

1.2.Research questions
The research questions corresponding to each objective are presented below:

e How to determine the measuring range of HAZ in the milled welded coupon
specimen using the DIC result? What HAZ and WM width should be used in
generating the FE model? How to correct the overestimated stress in the
measured stress-strain relationship of HAZ due to the transverse constraint?

e How to calibrate the GTN damage model, considering the different
combinations of the accumulated initial hardening strain and the void volume
fraction (VVF) due to a varying stress triaxiality?

e How to establish a semi-empirical material damage model for HAZ based on
the mechanical properties of BM?

e What is the varying range of the HAZ width in profiles with different steel
grades and thicknesses? Could a generic HAZ width be determined for the X-
joint model?

e Could the current design rule predict a safe resistance for the tested X-joints
without applying Cr and the 0.8f, restriction?

e Could the X-joint FE model, using the generic HAZ width and the calibrated
GTN model for HAZ and BM, correctly predict the load-deformation
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relationship and failure mode? What if the HAZ is not included in the FE model?
What if the semi-empirical damage model for HAZ is used?

1.3.0utline of the thesis

The thesis contains eight chapters. The outline of each chapter is as follows:

Chapter 1 introduces the research background, objectives, and research questions of the
thesis.

Chapter 2 presents the conducted experiments on the butt-welded cold-formed RHS
connection. The geometric and mechanical properties of HAZ are investigated based on
the low-force Vickers hardness tests, the microstructure observation, and the tensile
coupon test. The width of HAZ and the engineering stress-strain relationship of HAZ
and WM are obtained from experiments.

Chapter 3 develops a method to identify the boundary of different zones in DIC results.
Consequently, the width of HAZ and WM is determined. The identified HAZ and WM
regions are verified against hardness results.

Chapter 4 proposes a method to determine the true stress-strain relationship of HAZ. The
effect of the transverse constraint, imposed by BM and/or WM, on the measured stress
of HAZ is eliminated by a linear modification factor correlating to the true strain. The
modification factor is calibrated through a trial-and-error process based on the FE
analysis. In addition, a semi-empirical constitutive model is proposed for HAZ based on
the mechanical properties of BM.

Chapter 5 focuses on the calibration of the GTN damage model for HAZ and BM. The
yield-surface-related parameters (qi, g2, and gs) are calibrated through a computational
homogenization analysis using representative volume element models. The effect of
hydrostatic pressure, the accumulated initial hardening strain, and the void volume
fraction (VVF) on the yield surface are evaluated. An equation is proposed to describe
the relationship between VVF and g value. The parameters f; and f; are calibrated against
tensile coupon tests, including standard coupon specimens for BM and milled welded
coupon specimens for HAZ.

Chapter 6 evaluates the validity of Cr and the 0.8f, restriction experimentally based on
18 monotonic tensile tests on welded cold-formed RHS X-joints. Besides, a bi-linear
model, which is suitable for an elasto-plastic global analysis considering the post-
yielding stiffness, is proposed to characterize the non-linear behaviour of the joint.

Chapter 7 implements the calibrated GTN model in the fracture simulation of welded X-
joints. The X-joint FE model is validated against the experiment. The necessity of
including HAZ in the FE model is discussed by conducting an FE analysis without
considering the HAZ constitutive model. Besides, the semi-empirical HAZ constitutive
model is extended to a semi-empirical material damage model, which is further used in
the X-joint simulation of all 18 tested joints.
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Chapter 8 summarises the key conclusions of the thesis and provides recommendations
for future study.
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2.

Experimental investigation of the heat-
affected zone in butt-welded cold-

formed square hollow sections

In this chapter, the material properties of the heat-affected zone (HAZ) in butt-welded hollow
section connections are investigated experimentally. Vickers hardness and microstructure
investigations are reported for determining the HAZ hardness variations and the width of HAZ.
The stress-strain relationships of HAZ, the weld metal (WM), and the base material (BM) are
measured from tensile coupon tests.

This chapter is organised as follows. Section 2.1 introduces four major approaches for obtaining
HAZ stress-strain relationship. The design of the experiment, including the specimens and the
setup, is presented in Section 2.2. The test results are shown and discussed in Section 2.3.
Finally, the conclusions are drawn in Section 2.4.

Parts of this chapter appear in the journal article: ‘Rui Yan et al., Equivalent material
properties of the heat-affected zone in welded cold-formed rectangular hollow section
connections, Thin-walled structures, 2022°. Minor modifications have been made to suit
the thesis.
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2.1.Introduction

In steel construction, welding is one of the most essential methods of joining steel parts.
A welded connection comprises three main zones, namely the base material (BM), the
heat-affected zone (HAZ), and the weld metal (WM). The mechanical properties of HAZ
depend on several parameters, such as the steel manufacturing process, the cooling time
from 800°C to 500°C (tgs) during welding, and the heat input [1,2]. HAZ may have
comparable strength to BM for Quenching and Tempering (QT) steels with a low heat
input [1,3-5]. Otherwise, a significant strength degradation in HAZ may be observed for
QT and Thermo-Mechanically Controlled Process (TMCP) steels [1,6], especially for
high-strength steels (HSS). The difference in the strength degradation in HAZ could also
be observed from the hardness test results, as the hardness reflects the material strength.
The test results available in literature, which have similar steel grades to the material
investigated in this study, are presented in Table 2.1. A limited strength degradation in
HAZ was observed from S420 and S500 materials with low heat input, while the strength
degradation in S700 may reach up to 23%, as found in [7].

Table 2.1 Comparison of HAZ hardness reduction.

Yield . . Hardness
Steel Processing  Heat input L
References rade strength method [ky/mm] reduction in
g [MPa] HAZ [%]
Pisarski and Dolby, RQT
2003 [8] 501 550 QT 2.40 16-24
HOChha“se[;]Et al, 2002 o709 700 TMCP  0.42-0.76 12-16
Khurshid etal,, 2015 o7 700 TMCP 0.41 16
[10]
S420 420 0.48-1.48 0.3-7.5
Nguyen, 2018, [7] S500 500 TMCP 0.48-1.47 1.7-12
S700 700 0.61-1.37 19-23
Q550 550 QT 1-1.9 9-15
Q550 550 TMCP 1-1.9 11-17
Cai et al., 2022, [6]
Q690 690 QT 1-1.9 9-20

Q690 690 TMCP 1-1.9 15-21
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Three approaches have been proposed in the literature to directly obtain the HAZ stress-
strain relationship from the tensile coupon tests. In the first approach (micro specimen
approach), a micro tensile coupon specimen fabricated from a single material zone, such
as HAZ, can be used to establish the stress-strain constitutive model [11-14]. The
advantage of this method is that the stress and strain of a single zone could be directly
measured from the experiment, provided that the testing material in one specimen is
homogeneous. However, the microstructure of HAZ varies in directions perpendicular
to the welding seam direction, resulting in an irregular width of HAZ. It is rather difficult
to ensure the homogeneity of the material in the micro-specimen. In addition, the
fabrication and testing procedures are time-consuming and costly compared to the
standard coupon tests. Alternatively, a thermal simulation machine can be employed to
reproduce the temperature-time history in different HAZ sub-zones of a welded
connection [1,4,15]. In this approach (thermal simulation approach), the thermal cycles
are applied on steel plates to make the microstructure identical to the corresponding HAZ
sub-zone. Note that obtaining a homogenous HAZ microstructure is essential for this
method in order to correctly calibrate the material model for each zone. Finally, the
constitutive models of each HAZ sub-zones are obtained using the coupon specimens
fabricated from the thermal-treated plates.

In another (semi-)direct approach (equivalent material approach), a coupon specimen
with a butt weld in the middle transverse to the loading direction is tested in tension to
establish the stress-strain relationship of HAZ and WM, using the digital image
correlation (DIC) measuring technique [16-25]. The specimen is often milled to a thin
layer before testing to obtain a constant width of HAZ through the thickness. Note that
the measured stress-strain relationship of WM is extended using a theoretical model to
complete the relationship when the weld failure doesn't occur. This approach is often
accompanied by an inverse method to calibrate the material constitutive model of HAZ
with the aid of finite element (FE) analysis. In the inverse method, the constitutive model
is calibrated by fitting the FE results to the experimental results. The key parameters are
adjusted based on the difference between FE and experimental results. The stress is
obtained based on the uniform stress assumption [16], which is the total load divided by
the cross-sectional area. The strain is derived using the measured local deformation of
each zone. Note that the initial gauge length for measuring the local deformation may
vary in different zones.

In addition to the three direct approaches, attempts have been made to generate the HAZ
constitutive model through two indirect experimental approaches. Firstly, the Vickers
hardness test [6,14,26,27] can be used to predict the material yield and ultimate strength
according to the empirical correlation between the material hardness and strength. The
constitutive model parameters are determined based on the material strength derived
from the material hardness. Another indirect approach evaluates the material constitutive
model by the highest temperature measured during the welding process [28,29]. First, a
thermal FEA is conducted to obtain the highest temperature of each element in a welded
connection. Then, every element in the mechanical FEA is assigned a modified stress-
strain relationship depending on the highest temperature. Finally, the material model is
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validated by comparing the load-deformation relationships obtained from the experiment
and FEA.

In this chapter, nine butt-welded cold-formed rectangular hollow section connections,
encompassing three steel grades and three thicknesses, were used to investigate the
geometric and mechanical properties of HAZ. The low-force Vickers hardness tests and
microstructure observation were conducted to determine the width of HAZ and
investigate the hardness deterioration in HAZ. The stress-strain relationship of HAZ and
WM was obtained from the tensile coupon tests.

2.2.Experiments
2.2.1. Test specimens

The stress-strain constitutive model of HAZ is investigated using nine profiles in three
steel grades (S355J2H, S500MH, and S700MLH) and three thicknesses for each steel
grade (4 or 5 mm, 8 mm, and 10 mm). Note that the S355 material has double steel grades
S355J2H/S420MH. Five nominally identical tubular specimens for each profile were
fabricated by welding two tube pieces together, as shown in Fig. 2.1. The profiles were
square hollow sections (SHS) except for one rectangular hollow section (RHS) with a 5
mm thickness made of S355. The profile nominal dimensions, the thickness (t), and the
outer corner radius (r) of the hollow sections are presented in Table 2.2. The material
name of each profile consists of the steel grade and the nominal thickness. For example,
S355t8 stands for the profile with S355 material and 8 mm nominal thickness. All tubes
were manufactured by cold-forming thermo-mechanically rolled steel strips.

P— < T g e ve? s
- = N
it -

S500t8.
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g) S700t5. h) S700t8. i) S700t10.
Fig. 2.1 Welded tubes.

Table 2.2 Nominal dimensions of hollow sections and the position of coupon specimens.

Material Steel grade Profile t[mm]  r[mm]  d[mm]
S355t5 100x50%5 5 9 20
S355t8 S355 140%x140%8 8 20 25
S355t10 160x160%10 10 25 35
S500t4 140x140x4 4 8.5 25
S500t8 S500 140x140x8 8 20 25
S500t10 160x%160x%10 10 25 35
S700t5 120x120x5 5 9 25
S700t8 S700 120%x120%8 8 20 26
S700t10 120%120%10 10 25 17

A single-bevel V groove was prepared for both tubes in a connection before welding, as
shown in Fig. 2.2. Two beveled tubes were manually welded by a full-penetration butt
weld at a Dutch fabricator experienced in welding high-strength steels. The metal active
gas (MAG) welding process was used according to the standard EN ISO 3834-2:2005
[30]. The minimum preheat temperature and the maximum interpass temperature were
20 °C and 200 °C, respectively. The heat input ranged between 1 kJ/mm and 1.4 kJ/mm.
The shield gas contained 60% Ar, 30% He, and 10% CO,. The filler metal Carbofil 1
was used for S355 tubes, whereas S500 and S700 tubes were welded by Union NiMoCr.
The mechanical properties of filler metals provided by the fabricator are presented in
Table 2.3. The chemical compositions of the base material and the filler metal given in
the product certificate in weight percentage are shown in Table 2.4.

/ \
Single-bevel V groove

Fig. 2.2 The cross section of the weld zone.
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Table 2.3 Mechanical properties of filler metals.

Material Yield strength [MPa] Tensile strength [MPa] A [%]
Carbofil 1 502 574 28
Union NiMoCr 720 780 17

where A is the percentage elongation after the fracture based on the 5.65 coefficient of
proportionality, according to [31].

Table 2.4 Nominal chemical composition of the base material and the filler metal [wt%].

Material C Si Mn P S Cr Ni Cu Mo Ti Al

S355t5 0.07 019 143 0.013 0.010 0.047 0.044 0.019 0.010 0.014 0.026
S355t8 007 019 142 0.012 0.006 0.051 0.037 0.015 0.008 0.015 0.037
S355t10 008 019 143 0.012 0.004 0.040 0.036 0.013 0.002 0.018 0.037
S500t4 006 019 120 0.011 0.004 0.047 0.036 0.015 0.003 0.002 0.036
S500t8 0.06 017 121 0.010 0.004 0.044 0.037 0.012 0.003 0.002 0.031
S500t10 0.05 017 119 0.009 0.003 0.037 0.035 0.012 0.005 0.002 0.030
S700t5 006 021 172 0.012 0.001 0.055 0.043 0.209 0.011 0.100 0.032
S700t8 005 019 181 0.011 0.002 0.041 0.037 0.014 0.005 0.110 0.036
S700t10 0.06 018 1.81 0.011 0.003 0.045 0.034 0.012 0.005 0.113 0.041

Ca”l)"f" 0078 085 145 0008 0004 003 00l 001 001 002 <001
unmion 509 061 171 0005 001 019 147 003 051 006 <001
Nimocr

Three types of specimens were fabricated by water-jet cutting from the flat part of the
wall opposite the side with the longitudinal weld, as depicted in Fig. 2.3. Conventional
coupon specimens were extracted to obtain the BM stress-strain relationship. Two weld
samples, cut from welded tubes (N1 and N2), were used to conduct the low-force Vickers
hardness test (HV 0.5) and the microstructure observation. Welded coupon specimens
with a butt weld in the middle were taken from the fabricated tube. Due to the weld
reinforcement, the uniform stress assumption is not valid for HAZ, and the deformation
of a distinct material zone (HAZ or WM) is not measurable using DIC. Hence, the welded
coupon specimen was milled to a central thickness zone of 3 mm to have as "parallel” as
possible boundaries of HAZ and "perpendicular” to the applied load. In addition, since
the S355t10, S500t10, and S700t8 tubes were sufficiently wide, one additional row of
coupon specimens was cut from the centre of the tube. Two extra welded specimens were
not milled (weld reinforcement remained) to investigate the tensile behaviour of the
complete weld zone. The two cutting schemes for the wide and narrow tubes are
presented in Fig. 2.3. Note that the specimens, except for the central specimens, were
symmetrically positioned around the central axis of the tube with a distance (d), as shown
in Table 2.2.
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Butt weld in the middle Standard coupon specimen
N1 C N2 L — N3 N4, N5 .
Ll o
Weld sample Welded coupon specimen Longitudinal wel

a) For wide profiles (S355t10, S500t10, S700t8).

Butt weld in the middle Standard coupon specimen

N1 il | N2 N3, N4
't\
Weld sample Welded coupon specimen Longitudinal weld

b) For narrow profiles (S355t5, S355t8, S500t4, S500t8, S700t5, S700t10).
Fig. 2.3 Specimen cutting scheme.

The coupon specimen was designed with a 5.65 proportional coefficient following EN
ISO 6892-1 [31]. The basic dimensions of the coupon specimen are presented in Fig. 2.4.
The measured width (bo) and thickness (to) before tests are summarized in Table 2.5,
where the abbreviation 'No." indicates the tube number. 'W' and 'UMW' stand for the
milled and unmilled welded coupon specimens, respectively. The last letter, 'M',
indicates the specimen was taken from the centre row of the tube. Note there is no defined
thickness for the unmilled welded coupon since the weld reinforcement results in a
varying thickness. Besides, specimen S700t5WN?2 is not available.

S .
! ‘

176

e
-
=
~
R

7
Fig. 2.4 Basic dimensions of coupon specimen.

Table 2.5 Measured dimensions and annotation of coupon specimens.

Milled Unmilled
Standard
. welded welded
Material No. [mm] No. No.
[mm] [mm]
to bo to bo to bo

N1 49 160 WN2 3.0 16.0 - - -

S355t5 N2 49 160 WN3 3.0 156 - - -
- - - WN4 3.0 16.0 - - -

N1 81 100 WN2 3.0 101 - - -

535518 N2 81 100 WN3 30 99 - - -
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- - - WN4 3.0 100 - - -

N1 100 8.2 WN2 30 80 UMWNIM - 7.9

N2 99 80 WN3 30 81 UMWNSM - 8.1
S355t10 N2M1 98 79 WN3M 3.0 80 - - -
N2M2 98 80 WN4 3.0 80 - - -
- - - WN4M 3.0 8.0 - - -
N1 40 202 WN2 3.0 198 - - -
S500t4 N2 40 202 WN3 30 99 - - -
- - - WN4 30 99 - - -
N1 79 101 WN2 30 10.0 - - -
S500t8 N2 79 100 WN3 3.0 099 - - -
- - - WN4 30 99 - - -

N1 98 79 WN2 30 79 UMWNIM - 7.8

N2 99 80 WN3 30 80 UMWNSM - 8.0
S500t10 N2M1 98 80 WN3M 30 80 - - -
N2M2 100 80 WN4 30 81 - - -
- - - WN4M 3.0 8.0 - - -
N1 50 161 WN2 - - - - -
S700t5 N2 51 162 WN3 29 199 - - -
- - - WN4 3.0 199 - - -

N1 79 101 WN2 30 100 UMWNIM - 9.9

N2 79 101 WN3 30 100 UMWNSM - 101
S700t8 N2mM1 7.7 109 WN3M 30 101 - - -
N2M2 78 104 WN4 29 99 - - -
- - - WN4M 3.0 10.0 - - -
N1 100 8.1 WN2 30 79 - - -
S700t10 N2 100 80 WN3 3.0 80 - - -
- - - WN4 29 76 - - -

2.2.2. Metallurgical investigation

The weld sample of 40 mm, including an entire weld zone composed of BM, HAZ, and
WM, was prepared for the metallurgical investigation and low-force Vickers hardness
measurement. First, the sample was mounted in resin, allowing for convenient handling
for subsequent operations. The sample was then sanded using SiC abrasive papers with
196 pum, 75 pm, 46 pm, 21.8 um,15.2 um, and 10 um grit. Next, the sample was polished
using MD/DP-Nap (1 pm cloth) to achieve a perfect mirror-like surface. Then, the 2%
Nital solution was used to etch the prepared surface until the reflective surface became
gloomy. The etching time was approximately 25 s. Finally, a Keyence VHX-7000 digital
microscope was employed to observe the microstructure of the etched surface.

Since a mirror-like surface is preferred for the HV 0.5 hardness test, the polishing
procedure was repeated after the microstructure observation. The standard HV 0.5 test
[32,33] was conducted by an EMCO DuraScan 70 G5 automatic hardness tester. Fig. 2.5
shows the four indentation lines (in blue) for 8 mm and 10 mm thick samples, while three
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indentation lines were made on 4 mm and 5 mm thick samples. The parameter y;
describes the distance from the top edge of the surface to each indentation line. An
overview of the used yi is shown in Table 2.6. The orange lines in Fig. 2.5 indicate the
HAZ boundary preliminarily identified by the observed microstructure. A 0.25 mm
interval of indentation was used in regions including and close to HAZ, while a 1 mm
interval was applied for the other regions. Note that the boundary identified by the
microstructure is only used to determine approximate boundaries for the dense (0.25 mm
interval) hardness test. Fig. 2.6 presents the employed samples for metallurgical
investigation.

40
28 .
] /-7-(&0‘)‘\ Y1 )’2] Y3 ¥4 Z
Line 1 J
Line 2
Line 3
Line 4

BM  HAZ Y¥ WM HAZ BM

Fig. 2.6 Samples for the metallurgical
investigation.

Fig. 2.5 Hardness testing scheme [mm].

Table 2.6 The distance of the indentation line from the top edge [mm].

Material Y1 ) Y3 Ya

S355t5, S500t4, S700t5 0.5 2.0 35 -
S355t8, S500t8, S700t8 15 3.0 5.0 6.5
S355t10, S500t10, S700t10 2.0 4.0 6.0 8.0

2.2.3. Tensile coupon tests

An Instron testing machine with 200 kN capacity was used to conduct the tensile coupon
tests. Displacement-controlled loading with the rate of 0.01 mm/s was employed,
according to the requirements in [31]. Since the proportional coefficient of the coupon
specimen was 5.65, the initial gauge length for all coupon specimens was 50 mm. The
coupon specimens for BM have an initial bow due to residual stresses generated in the
tube during the cold-forming process. An extensometer was installed on the concave side
of the specimen. In addition to the extensometer, a 3D DIC (ARAMIS) was employed to
measure the deformation on the convex side, as shown in Fig. 2.7. The load-deformation
relationships measured from the two devices were averaged to eliminate the effect of the
initial bow [34]. The same measuring scheme applies to the milled welded coupon
specimen. The DIC and the extensometer results were identical, as the milled coupon
specimens were not curved. Hence, the testing results only from 3D DIC were used. For
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the unmilled coupon specimens, 3D DIC measured the deformation on the side with the
complete weld zone, as shown in Fig. 2.8.

Fig. 2.7 Arrangement of measurements in Fig. 2.8 Measured surface of the
the tensile test. unmilled welded coupon specimen.

2.2.4. DIC setup

The specimen’s surface, facing the DIC camera, was prepared with a speckle pattern. The
quality of the speckle has a significant influence on the accuracy of the results. Reu
[35,36] suggests that the speckle size should be between 3-by-3 and 7-by-7 pixels. The
imaging resolution is 67 microns/pixel (150 pixels for 10 mm) in the current research.
Therefore, the ideal range of the speckle size yields between 0.2 mm to 0.6 mm. The size
of the majority of sprayed speckles was between 0.2 mm and 0.3 mm in the tested
specimens.

The DIC system was calibrated using the calibration panel "CP40/MV320". During the
calibration, the panel was moved and rotated following the instructions from the software
"GOM ARAMIS professional”. The calibration was accomplished with 0.063 pixels
deviation, which satisfies the required limit deviation value of 0.1 pixels. In addition,
comparing the engineering strain measured by the extensometer and DIC, the maximum
deviation at the fracture point is less than 0.6%. This leads to the conclusion that the DIC
system is properly validated.

In the data processing, the deformation of the specimen is calculated based on the motion
of the subset (facet), which is a set of pixels in a square region. The number of involved
pixels on one side of the square region is the subset size. Sutton [37] recommends that at
least three speckles should be included in one subset in order to keep the uniqueness of
each subset. Hence, a three-time speckle size (9 pixels) is employed as the subset size.
Another critical dimension is the step size which is the distance between two adjacent
subset centres. A 5-pixels step size is adapted, resulting in 0.34 mm of the physical
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dimension. The step size is smaller than the minimum interval of the strain-ratio data
point (0.5 mm as illustrated in Section 3.3), indicating that the step size could satisfy the
accuracy requirement of the strain ratio analysis.

2.3.Results and discussions
2.3.1. Metallurgical investigations

The hardness results are plotted against the indentation position corresponding to the
centre of the weld in Fig. 2.9. In general, HAZ has the lowest hardness, indicating that
HAZ is the weakest region in the welded connection. The WM hardness is roughly equal,
higher, and lower than BM for S355, S500, and S700, respectively, indicating a
matching, overmatching, and undermatching filler metal was used correspondingly.
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Fig. 2.9 HV 0.5 hardness results.

Table 2.7 presents the HV 0.5 hardness results of all weld samples. An example of the
hardness characteristics is illustrated in Fig. 2.10. The measuring point with hardness
below the average BM/WM hardness is considered to be the boundary between HAZ and
BM/WM. The width of the HAZ is determined using these points, as shown in Fig. 2.10.
The maximum, minimum, and average HAZ widths of 6 or 8 measurements (2 x 3 or 4
indentation lines) in each sample are presented in Table 2.7. The difference between the
maximum and minimum HAZ width is not larger than 1 mm for half of the samples and
not larger than 2 mm for 13 out of 18 samples. Considering all indentation lines, the
majority (92%) of HAZ width varies between 2 mm and 4 mm. Since the HAZ width
does not show a clear correlation to the BM thickness and the steel grade, an average 3.2
mm HAZ width is obtained including all HAZ but not the significantly large HAZ in
S700t5N2 where an irregular shape of the weld was produced, as shown in Fig. 2.11.
The result excluding the extreme wide HAZ is presented in the parentheses in Table 2.7.

Table 2.7 HV 0.5 Hardness test results.

N1 N2

Material Hardness HAZ Width [mm] Hardness HAZ Width [mm]

BMave HAZmin R Max Min Ave BMave HAZmin R Max Min Ave

S355t5 208 169 019 30 25 28 193 161 0.17 35 2.8 3.1
S355t8 180 153 015 40 23 30 179 156 0.13 35 25 2.9
$355t10 188 169 010 40 30 33 189 166 0.12 3.8 2.8 3.3

S500t4 221 176 020 43 23 34 220 178 0.19 45 2.0 3.6
S500t8 210 162 023 33 25 30 211 164 0.22 55 3.0 4.1
$500t10 222 187 016 45 20 32 213 183 0.14 3.5 25 3.2

S700t5 285 221 022 55 30 42 287 208 0.27 85(35) 20 4.73.0)
S700t8 277 191 031 50 28 35 281 208 0.26 3.3 25 2.8
$700t10 287 223 022 35 20 25 306 222 0.27 3.5 15 2.6
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Fig. 2.10 An example of the hardness
test result.

Fig. 2.11 Irregular weld (S700t5N2).

The minimum HAZ hardness is compared to the average BM hardness by the ratio R =
1 - HAZnmin/BMaye, Which reflects the strength reduction in HAZ. The results from two
samples for each profile show good agreement. The hardness difference increases as the
steel grade increases. For S355 weld samples, the hardness of HAZ is 10% to 19% lower
than BM. The varying range increases to 14% — 23% for S500 weld samples and 22% —
31% for S700. The hardness difference indicates that the strength reduction in HAZ is
clearly greater in S700 than in S500 and S355. Note that no correlation is observed
between the HAZ hardness reduction and the plate thickness. The hardness difference of
the material investigated in this study is shown in Table 2.8, while the hardness
difference of material found in the literature is presented in Table 2.1.

Table 2.8 Hardness reduction in HAZ.

Steel Yield strength Processing Heat input Hardness reduction
grade [MPa] method [kJ/mm] in HAZ [%]
S355 355 1-1.4 10-19

S500 500 TMCP 1-1.4 14-23

S700 700 1-1.4 22-31

The hardness reduction in HAZ is plotted against the BM nominal yield strength in Fig.
2.12. The reference number is given for each result. The result of the current study is
represented by [*]. It is worth mentioning again that the S355 material used in this study
has double steel grades S355J2H/S420MH. The hardness reduction in HAZ is more
significant in the present study than in previous studies. One of the reasons is that the
minimum HAZ hardness is compared to the average hardness of BM, while the average
HAZ hardness is used in the literature. In addition, Pisarski and Dolby [8] found that the
hardness degradation in HAZ is greater with an undermatching weld than with an
overmatching weld, which might also explain the large hardness reduction of S700 HAZ
(undermatching) in the present study.
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Fig. 2.12 Hardness reduction in HAZ vs BM nominal yield strength.

Fig. 2.13 shows the microstructure of the N2 sample for each profile. The microstructure
of the material in the red dashed box is divided into four categories: i) BM, ii) the fine-
grain heat-affected zone (FGHAZ), iii) the coarse-grain heat-affected zone (CGHAZ),
and iv) WM. Typical microstructures of four regions are also presented. The boundary
of these regions, represented by the red dashed line, is identified based on the distinct
difference in the microstructure, which is also used to determine the regions with
different intervals in the hardness test. It can be seen that the identified microstructure
boundaries are in good agreement with the hardness results. The lowest hardness appears

in FGHAZ. The lowest hardness appears in FGHAZ, which is aligned with the results in
[15,28,38].
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Fig. 2.13 Microstructure observation and hardness contour plot. (FGHAZ: fine-grain
heat-affected zone; CGHAZ: Coarse-grain heat-affected zone)

2.3.2. Results of standard coupon specimens

The BM engineering stress-strain relationship based on a 50 mm initial gauge length is
shown in Fig. 2.14. The yield strength f, (0.2% proof stress), the ultimate strength fy,
Young's modulus E, the ultimate strain &,, and the elongation at failure &; are presented
in Table 2.9 for each specimen. The stress-strain relationships obtained from different
specimens show very close results. However, it is very interesting to recognise that the
results of S355t10N1 and S500t10N2 show a rather low fracture strain, and the fracture
zone is very close to the position where the extensometer clip is attached, see Fig. 2.15.
The measured f/fy ratio is relatively low, and the measured yield strength is much higher
than the nominal yield strength.
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Table 2.9 Material properties of BM.

Material Specimen  E[MPa] f,[MPa] f.[MPa] &,[%] & [%]
N1 186833 510 539 8.8 23.3

S35 N2 183609 499 546 5.0 25.3
N1 185500 504 535 15 26.9

535518 N2 186406 508 528 8.1 26.6
N1 183087 524 555 1.3 18.2

N2 182329 507 537 8.4 26.6

S355t10 N2M1 180145 491 534 10.2 29.7
N2M2 181409 514 531 11.1 27.9

N1 189596 565 635 9.9 22.5

S500t4 N2 191203 566 638 10.1 21.0
N1 188965 575 609 5.2 24.8

550018 N2 188252 585 614 1.9 24.9
N1 190383 568 607 2.1 21.2

N2 192398 597 630 1.2 16.7

S500t10 N2M1 185432 560 595 2.7 24.3
N2M2 184956 564 602 45 22.6

N1 204981 767 846 3.7 12.3

S700t5 N2 201576 756 837 35 12.9
N1 195246 772 845 2.1 13.4

N2 197939 784 857 2.0 13.8

S700t8 N2M1 201090 742 820 3.0 15.7
N2M2 191178 737 811 2.2 12.7

N1 201792 812 907 2.0 12.2

S700t10 N2 195227 819 902 1.9 12.9

2.3.3. Results of welded coupon specimens

Virtual extensometers are created to measure HAZ and WM deformation in the DIC
result of milled welded coupon specimens. The metallurgical investigation shows that
the HAZ width is around 3 mm, and the WM width is usually larger than 7 mm. The
fracture in HAZ aligns with the centre of the 3 mm extensometer, which measures the
HAZ deformation. In the only two cases where the fracture does not appear in HAZ
(S355t5WN3 and S500t10WN4 failed in BM), a 3 mm region with the highest strain at
the beginning of the plastic stage is measured. The WM deformation is measured from
the centre 5 mm of WM, smaller than the complete WM width (generally at least 7 mm)
to avoid possible transverse constraints from HAZ. An example that illustrates the
measuring range of virtual extensometers (range of red arrow lines) is shown in Fig. 2.16.
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Fig. 2.16 Measuring range of virtual extensometers in DIC.

The engineering stress-strain relationship of HAZ and WM is presented in Fig. 2.17. The
characterized mechanical properties are summarized in Table 2.10. In general, the stress-
strain relationships obtained from different specimens show a good agreement. The final
fracture appeared in HAZ for most specimens, except for S355t5WN3 and S500t10WN4,
where the specimen failed in BM. For S500 welded joint, since the filler metal is much
stronger than the base material, a limited deformation could be observed in WM. The
0.2% proof stress is not reached in specimens S500t10WN3 and S500t10WN4. Besides,
the data of specimen S700t5WN2 is not available.
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a) S355t5 HAZ. b) S355t5 WM.
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Fig. 2.17 Engineering stress-strain relationship of HAZ and WM.

Table 2.10 Material properties of HAZ and WM.

HAZ WM
Material ~ Specimen E fy fu & E fy
[MPa] [MPa] [MPa] [%] [MPa] [MPa]
WN2 201667 453 561 185 198757 451
S355t5 WN3 195676 430 549 16.6 213088 398
WN4 199704 431 545 20.0 205705 403
WN2 197465 465 545 23.0 198876 421

S355t8 WN3 199105 451 535 16.8 199841 405
WN4 199688 454 538 16.7 198364 393

WN2 192433 474 569 16.2 202069 454
WN3 195970 419 537 18.8 197755 408
S355t10 WN3M 191727 426 524 206 201232 402

WN4 194436 441 541 17.1 207247 409
WN4M 197363 430 535 18.6 201829 417
WN2 224179 522 643 155 191840 536
WN3 190073 518 645 149 197261 588

S500t4
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WN4 193515 522 638 16.2 189468 567
WN2 198800 531 606 17.0 196376 605
S500t8 WN3 191158 504 577 16.0 197312 577
WN4 193780 520 586 132 194907 586
WN2 195981 564 632 13.3 204595 606
WN3 193549 513 593 19.2 200354 593
S500t10 WN3M 190341 515 593 13.9 187204 585
WN4 193011 545 615 10.4 188181 -
WN4M 186305 532 610 12.7 199790 -
WN2 - - - - - -
S700t5 WN3 195360 585 795 147 197070 666
WN4 204304 673 793 10.1 207061 658
WN2 193877 589 712 117 197179 577
WN3 190010 608 717 12.3 201486 584
S700t8 WN3M 183993 632 726 11.3 187414 601
WN4 189003 606 709 12.7 184650 623
WN4M 186777 574 707 10.9 190230 581
WN2 188766 656 780 115 198675 672
S700t10 WN3 191829 696 789 139 203587 592
WN4 200371 701 798 9.2 210142 684

Fig. 2.18 presents the load-deformation relationship of the unmilled welded coupon tests.
The results of the two specimens for each profile are in good agreement. The fracture of
S355t10 and S500t10 specimens shifts from HAZ in the milled welded coupon specimen
to BM in the unmilled welded coupon specimen, while the S700t8 specimen failed in
HAZ in both the milled and unmilled specimens. Hence, the deformation capacity of
S355t10 and S500t10 specimens are significantly higher than S700t8 specimens. The
shift fracture position implies that the transverse constraint in the thickness direction,
especially resulting from the reinforcement of WM, may also contribute to the HAZ
resistance, which is also indicated by S700t8 unmilled specimens (S700t8UMWN1M
and S700t8UMWNS5M). The equivalent ultimate strength (the total load divided by the
cross-sectional area of the parallel part) of the S700t8 unmilled specimens is around 769
MPa which is 8% higher than the average ultimate strength of S700t8 milled specimens.
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Fig. 2.18 Load-displacement relationship of unmilled welded coupon specimens.

2.3.4. Discussion on the coupon test results

The mechanical properties of BM are summarized in Table 2.9. Since the testing results
of each profile have a limited deviation, the yield strength fy, the ultimate strength f,, and
the elongation at fracture & are averaged and compared to the measured mechanical
properties of HAZ in Table 2.11. Fig. 2.19 presents the engineering stress-strain
relationship of the S355t8 profile. It can be seen that the ultimate strain (corresponding
to the ultimate stress) of the two specimens may differ significantly (0.015 for S355t8N1
and 0.081 for S355t8N2), although the two curves are almost identical from a global
perspective. Hence, the BM elongation at failure &, which can also reflect the ductility

of the material, is used to compare with the ultimate strain of HAZ.

Table 2.11 Comparison of HAZ and BM mechanical properties.

Material ~ Specimen fow  fuw Lowe fuow T Juwe Joow s
[MPa]  [MPa] foem | [MPa]  [MPa] LY 6] [%] Erom
WN2 453 0.90 561 1.03 185 0.76
S355t5 WN3 505 430 0.85 543 549 1.01 243 16.6 0.68
WN4 431 0.85 545 1.00 20.0 0.82
WN2 465 0.92 545 1.03 23.0 0.86
S355t8 WN3 506 451 0.89 531 535 1.01 26.8 16.8 0.63
WN4 454 0.90 538 1.01 16.7 0.62
WN2 474 0.92 569 1.04 16.2 0.63
WN3 419 0.81 537 0.98 18.8 0.73
S355t10 WN3M 516 426 0.83 546 524 0.96 256  20.6 0.80
WN4 441 0.85 541 0.99 17.1 0.67
WN4M 430 0.83 535 0.98 18.6 0.73
WN2 522 0.92 643 1.01 155 0.71
S500t4 WN3 566 518 0.92 637 645 1.01 218 14.9 0.69
WN4 522 0.92 638 1.00 16.2 0.74
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WN2 531 0.92 606 0.99 17.0 0.68
S500t8 WN3 580 504 0.87 612 577 0.94 24.9 16.0 0.64
WN4 520 0.90 586 0.96 13.2 0.53
WN2 564 0.97 632 1.02 133 0.63
WN3 513 0.88 593 0.96 19.2 0.91
S500t10 WN3M 582 515 0.88 618 593 0.96 21.2 139 0.66
WN4 545 0.94 615 1.00 104 0.49
WN4M 532 0.91 610 0.99 12.7 0.60
WN2
S700t5 WN3 762 585 0.77 841 795 0.95 12.6 14.7 117
WN4 673 0.88 793 0.94 10.1 0.80
WN2 589 0.76 712 0.84 117 0.84
WN3 608 0.78 717 0.84 12.3 0.88
S700t8 WN3M 778 632 0.81 851 726 0.85 13.9 113 0.81
WN4 606 0.78 709 0.83 12.7 0.91
WN4M 574 0.74 707 0.83 111 0.80
WN2 656 0.80 780 0.86 115 0.92
S700t10 WN3 816 696 0.85 904 789 0.87 12.6 13.9 111
WN4 701 0.86 798 0.88 9.2 0.73
——S355t8N1  —— S355t8N2 ——S$355t§N1 ——— §355t8N2
600 600
500
— — 550
F 400 £
% 300 % 500
2 3]
@ 200 7 450
100
0 400
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Strain [-] Strain [-]

Fig. 2.19 Example of different ultimate strains.

According to the data presented in Table 2.11, the measured material strength of HAZ is
plotted against the BM in Fig. 2.20. Fig. 2.20 a) demonstrates that the yield strength of
HAZ is lower than that of BM in all cases. The yield strength ratio shows that HAZ of
S355 and S500 material has a similar level of degradation, 0.87 and 0.91 on average,
respectively. However, the ultimate strength of HAZ does not show any degradation
compared to BM, where a matching or overmatching weld is used, as shown in Fig. 2.20
b). A significant strength reduction in HAZ could be observed in S700 welded coupon
specimens with an undermatching weld. The average yield strength ratio and the ultimate
strength ratio are 0.81 and 0.88, respectively. The average strain ratio of S355, S500, and
S700 are 0.72, 0.66 and 0.84, respectively. The strain ratio of the majority of specimens
(at least 9 out of 11 or 10) is not smaller than 0.6, 0.6, and 0.8 for S355, S500, and S700,
respectively, which is further used in Section 4.4. In addition, there is no clear
relationship between the ratios and the thickness of the original profile for all materials.
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Fig. 2.20 HAZ and BM material strength comparison.

.Conclusions

The mechanical and geometric properties of the heat-affected zone (HAZ) are
investigated experimentally in this chapter. Based on the presented results, the following
conclusions are drawn:

1)

2)

3)

The measured yield strength of S355 (with a matching weld) and S500 (with an
overmatching weld) HAZ are averagely 13% and 9% lower than the base
material (BM). However, the ultimate strength of HAZ does not show any
degradation compared to BM. A significant strength reduction is observed in
S700 HAZ, where an undermatching weld is applied. The average measured
yield strength ratio and the ultimate strength ratio are 0.81 and 0.88,
respectively.

The ultimate strain of S355, S500, and S700 HAZ are 0.72, 0.66 and 0.84 times
of the BM elongation at fracture, respectively. The strain ratio of the majority
of specimens (at least 9 out of 11 or 10) is not smaller than 0.6, 0.6, and 0.8 for
S355, S500, and S700, respectively. Note that the weld matching type might
influence the ratios presented above.

The low-force Vickers hardness test results show that the majority (92%) of
HAZ has a width ranging from 2 mm to 4 mm. The HAZ width does not show
any correlation to the steel grade and plate thickness. The mean value of HAZ
width is 3.2 mm.
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3.

A method for identifying boundaries
of the heat-affected zone in welded
coupon specimens using digital image

correlation

The coupon specimen with a transverse butt weld in the middle could be used for determining
local constitutive properties of the heat-affected zone (HAZ) and the weld metal (WM) based on
the digital image correlation (DIC). However, limited research is reported to demonstrate how
to identify the boundary of each region in DIC results. Accordingly, it is difficult to determine
the width of HAZ and WM which should be considered when creating virtual extensometers in
DIC to measure the strain of each zone and when generating the finite element (FE) model for
the milled welded coupon specimen to validate the stress-strain relationship of HAZ.

In this chapter, a method for identifying boundaries of different zones in DIC results is proposed.
First, the boundaries are determined based on the results of the Vickers hardness test and the
microstructure observation. Then, the boundary is identified in the DIC results using the
proposed method. Finally, the identified HAZ regions were verified against hardness results.

Parts of this chapter appear in the journal article: ‘Rui Yan et al., A method for
identifying the boundary of regions in welded coupon specimens using digital image
correlation. Materials & Design, 2021”. Minor modifications have been made to suit the
thesis.
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3.1.Introduction

Although many researches have been carried out on the material property investigation
using the milled welded coupon specimens [1-10], paper demonstrating how to obtain
the deformation from each zone is rare. It is indeed possible to extract strain from a single
facet point. However, a single point cannot represent the material of the whole HAZ,
considering the heterogeneity of HAZ. And the strain from a single facet point may
contain some noise which has a significant influence at the elastic stage and the onset of
yielding. Therefore, it is necessary to obtain the strain of each zone based on a virtual
extensometer with a certain gauge length in DIC. Moreover, the determined width of
HAZ and WM is needed for creating the finite element (FE) model to validate the
measured stress-strain relationship of each zone. A question arises on how to determine
the gauge length for each zone.

Fig. 3.1 presents an example of the major strain contour plot of an S700 welded coupon
tested in this study. The figures are generated based on 3D DIC results at the ultimate
load. The only difference among these figures is the maximum strain value used in the
legend, e.g. the refinement level of the contour plots. Two high strain stripes
corresponding to two HAZs exist in each figure. The width of the red colour stripe
decreases with the increase of the maximum strain in the legend. Therefore, the HAZ
boundary cannot be determined by the colour (width of the maximum strain strip) and
consequently by the magnitude of the strain used for the contour plot. Additionally,
Lockwood and Reynolds [4] conducted experiments on coupons with a transverse butt
weld. It was found that negative stress perpendicular to the loading direction existed in
zones (WM and BM) closing to HAZ boundaries during the experiments. The negative
stress would lower the yield strength of the material, resulting in the mitigation of strain
localisation. BM and WM adjacent to HAZ may have a larger strain than the material far
from the boundary. Hence, it is difficult to distinguish the "over-deformed” BM and WM
from HAZ, especially if the strength of BM, WM, and HAZ are very close. Therefore, it
is essential to develop a method for identifying the zone's boundary so that the strain can
be measured from the virtual extensometer within a single material zone using DIC.
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[%]

a) 5% max strain. b) 10% max strain. c) 15% max strain.

Fig. 3.1 Strain contour plot of an S700 welded coupon at the ultimate load with
different strain legends.

In this chapter, the results of milled welded coupon tests, presented in Chapter 2, are
analysed. First, the boundaries of different zones were determined using the low-force
Vickers hardness test (HV 0.5) and the microstructure observation. Then, the slope of
the minor strain-major strain relationship measured by 3D DIC is used to identify the
boundary of HAZ. Finally, the identified boundary is verified against the hardness test
results. The innovation of the proposed method is to directly identify the boundary of
HAZ from a single welded coupon test using DIC without any additional metallurgical
investigation. The identified width of HAZ and WM should be considered in generating
FE models to validate the measured stress-strain relationship. Since the proposed method
is independent of the material category, it might be used not only for steel but also for
aluminium, for example, in the case of the friction stir welded aluminium coupon.

3.2.Method
3.2.1. Principal strain analysis

Leitao et al. [1] verified a linear strain path (whereby the slope of the ey x-ewy relationship
is a constant in the stage beyond the yield strain, see Fig. 3.3) registered in the weld zone
by analysing the major and minor true strains evolution. The slope of the minor true
strain-major true strain relationship indicated the existence of constraints from the
adjacent zones. Therefore, the principal strain analysis is conducted based on the true
principal strains measured from single points in DIC. Fig. 3.2 shows the positions of the
strain measurement points, the white squares, on specimen S700t10WN2. The measuring
interval in HAZ is 0.5 mm, while the interval in the other zones is 1mm. The data
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measured from Point 8 in HAZ is used as an example to demonstrate the analysis

approach.
[%] &y [%]
I'O 0 2 4 6 8 10
. . . . .

Point 8

£, 4]

Y r— I 2 -4+ —g,le, =05
1 o Point 8
T—»x 2 -5 -

Fig. 3.2 Measuring points on specimen Fig. 3.3 eux- &ry relationship of Point 8
S700t10WN2 in DIC. in HAZ during the loading.

Since the specimen is loaded in the Y direction, the major and minor true strains are gy
and egx, respectively. The minor true strain-major true strain (ewx-ewy) relationship is
plotted until the maximum load in Fig. 3.3. Considering the volume preservation
assumption at the plastic stage approximated by Eq. ( 3.1 ), the strain ratio eyx/ewy
becomes close to -0.5 in a uniaxial tensile loading condition, see the solid red line in Fig.
3.3. Therefore, the principal strain ratio, which is the slope of the ewx-ewy, IS
approximated by the red dash line at the plastic stage, see Fig. 3.3. For simplicity, the
slope of the v x-ewy relationship is called the strain ratio hereafter. It is worth mentioning
that the true plastic strain should be used in this analysis. However, because the specimen
is under a bi-axial stress state and stress components are not predictable, the true plastic
strain in X and Y directions cannot be calculated based on DIC results. Moreover, the
elastic strain is much smaller than the plastic strain and has a small influence on the strain
ratio. Therefore, the true strains are used instead of true plastic strains to calculate the
strain ratio.

Eox Ty tE, = 0 (3.1)

3.2.2. Finite element analysis

A FE analysis is conducted to verify the effect of the zones' boundary constraint on the
strain ratio using the ABAQUS:2019 software package [11]. The following assumptions
are used in the model: 1) a sufficient length of every zone is possible to distinguish; 2)
the hardness difference between adjacent zones is clear; 3) plastic strains exist in every
zone. This ideal situation is introduced to illustrate the interaction between adjacent
zones. The model consists of two 100 mm zones, resulting in 200 mm in total. The width
and the thickness are constant,10 mm and 3 mm, respectively, which are identical to the
milled dimensions of the tested specimen. A 0.5 mm fine mesh is used except for the
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outer edges in the Y direction, "far" from the centre, where 2 mm coarse mesh is used,
as shown in Fig. 3.4. Two material properties, namely the Strong and Weak material, are
used in the model. The mechanical properties are presented in Table 3.1. The only
difference between these two materials is that the Weak material has a 100 MPa lower
ultimate true stress than the Strong material. The MPC beam constraint is applied to
constrain the end surface to a reference point at its centre by all degrees of freedom. The
load is applied by a 30 mm displacement at RP2 in the Y direction. The remaining
displacement degree of freedom at RP1 and RP2 is fully constrained.

The strain ratio is calculated based on the average strain of elements in three rows for
each cross section, shown as the solid red squares in Fig. 3.4. The strain ratio is plotted
against the distance from the zones' boundary in the middle. It can be seen that the strain
ratio smaller and larger than -0.5 exists in the vicinity of the Strong and Weak zones'
boundary. With the cross-section away from the zones' boundary, the strain ratio
gradually approaches -0.5, indicating that the constraint from the adjacent zone
disappears at a certain distance from the boundary.

Table 3.1 Mechanical property of a Strong and Weak material.

Material E [MPa] fy [MPa] otu [MPa] &t [%0]
Strong 200000 500 1000 20
Weak 200000 500 900 20

where E is Young's modulus; fy is the yield strength; ot is the ultimate true strength; ety
is the ultimate true strain.

S Y=0
Regions' boundary - 0.5 mm fine mesh
rRP T Lo, RP2

X Pt ~
e Strong material | Weak material Sl Z\mm coarse mesh

-0 -8 -6 -4 -2 0 2 4 6 & 10 [mm]

Fig. 3.4 Results of FEA using the Strong and Weak material connected in series.
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3.2.3. Transverse constraint at the boundary of zones

The tested milled welded coupon specimen consists of five zones in series, resulting in
four boundaries, as presented in Fig. 3.5. Due to the heterogeneity in the grain size of
two adjacent zones, transverse constraints in X and Z directions exist at the boundary.
Take the BM and HAZ boundary, for instance. BM is stronger than HAZ. Consequently,
BM has a less transverse deformation than HAZ during the tensile test, indicating that
BM tends to resist the transverse deformation of HAZ at the boundary due to the
continuity of the material. Accordingly, the HAZ longitudinal deformation in the loading
direction is reduced.

Since the thickness of the tested specimen is only 3 mm, a limited constraint is expected
in the thickness direction [1,4]. Hence, the out-of-plane deformation (er ;) is independent
of the constraint at the boundary. Eq. ( 3.1) is rewritten as:

Eir x =_1- Ev
Ery Sy

(32)

Eqg. (3.2) shows that the strain ratio decreases with the increase of the major true strain
ewy, given the independent out-of-plane deformation. The HAZ major strain is smaller at
the boundary than the middle of HAZ due to the transverse constraint of BM. Hence, a
relatively larger strain ratio is expected in HAZ closing to the boundary than in the other
zones. On the contrary, HAZ would increase the strain of BM at the boundary.
Consequently, a relatively smaller strain ratio is expected in BM closing to the boundary
than in the other zones. The more significant the hardness difference between BM and
HAZ, the greater the strain ratio difference.

Based on FEA results in Section 3.2.2, a conceptual strain ratio plot for a simplified
coupon satisfying the three assumptions mentioned above is presented in Fig. 3.5 a).
However, the assumptions do not hold so distinctly in different zones of a real welded
specimen. Therefore, Fig. 3.5 b) depicts the strain ratio distribution closer to the physical
evidence.

In Fig. 3.5 b), the first two assumptions are modified to: 1) the length of HAZ is not
sufficient to allow for the vanishment of the boundary constraint; 2) the significant
hardness difference only exists between WM and HAZ, while the last assumption
remains as in the simplified model. Because of limits in the length of HAZ, the strain
ratio cannot decrease to -0.5 in the middle of HAZ. The hardness difference between
HAZ and BM is relatively small. BM cannot impose a strong transverse constraint on
HAZ. Hence, the strain ratio in HAZ is still large at the boundary of WM and HAZ but
gradually decreases to -0.5 with a minor increase at the boundary of HAZ and BM. If the
hardness transition from HAZ to BM is very smooth, the minor increase in the strain
ratio may not exist. A close to "V" shape or a "Monotonic" shape of the strain ratio
distribution could be observed in HAZ. These hypotheses are verified by experimental
evidence, as shown in the following section.
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Fig. 3.5 Strain ratio distribution along with the welded coupon.

3.3.Results and discussions
3.3.1. HV 0.5 hardness and microstructure results

Table 3.2 presents the average hardness of the base material (labelled BMaye), the average
hardness of the weld metal (labelled WMa.), and the minimum hardness of HAZ
(labelled HAZin) from N2 weld samples of six profiles. The reason for using the
minimum hardness of HAZ and the average hardness of BM and WM is that the weakest
material layer in HAZ governs the strength of the coupon, while BM and WM are relative
homogeneous materials (which do not govern the failure mode of the specimen). BM
and WM are compared to HAZ concerning the hardness difference in columns BM-HAZ
and WM-HAZ of Table 3.2, respectively. Three combinations of the material strength
difference are identified in the specimens, assuming a constant link between the hardness
and the material strength in different zones of the welded specimens. Both BM and WM
are slightly stronger than HAZ in S355 coupons. For S500 coupons, BM is slightly
stronger, while WM is much stronger than HAZ. S700 coupons have much stronger
material in BM and WM. The larger the hardness difference, the stronger the transverse
constraint at the boundary of two zones. Therefore, three constraint combinations for
HAZ, which are the weak-weak, weak-strong, and strong-strong constraint, could be
recognized in the corresponding six tensile tests.

Table 3.2 HV 0.5 hardness test results.

. BM- WM- Constraint
Specimen  BMae  HAZmin - WMae 107 HAZ combination
S355t8N2 179 156 183

23 23 weak-weak

S355t10N2 189 166 185
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S500t8N2 211 164 253
S500t10N2 213 183 257
S700t8N2 281 208 264
S700t10N2 306 219 282

39 82 weak-strong

80 59 strong-strong

3.3.2. Tensile test results

Fig. 3.6 depicts the major (longitudinal) true strain distribution at the ultimate load of six
milled welded coupon tests. Two zones showing high strain accompanying the necking
phenomenon could be observed in all tests. It indicates that the deformation primarily
concentrates on HAZ, which governs the failure.

The engineering stress-strain relationships of six tensile coupon tests are plotted in Fig.
3.7. The engineering strain is obtained from a 50mm extensometer covering BM, HAZ,
and WM zones, indicating that a "constant” strain is assumed along the extensometer
base length. The 0.2% proof yield stress and the tensile strength are compared to BM in
Table 3.3. Significant yield and tensile strength reductions exist in S700 welded coupons,
while S355 and S500 welded coupons show much smaller (if any) strength reductions.
The reduction discrepancy could be explained by the hardness results shown in Table
3.2. The strength of the welded coupon is governed by HAZ, where the lowest hardness
value is obtained compared to BM and WM. The minimum hardness of S700 HAZ has
the most significant hardness reduction (80 on average), while S355 and S500 grade
specimens show a reduction of 23 and 39 hardness on average compared to BM,
respectively.

(%]

|1o

a) S355t8WN2. b) S500t8WN2. c) S700t8WNZ2.
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d) S355t10WN2. e) S500t10WN2. f) S700t10WN2.
Fig. 3.6 Contour plots of the major strain at the ultimate load.
— S355t10WN2
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Fig. 3.7 Engineering stress-strain relationships of the milled welded coupons.

Table 3.3 Comparison of mechanical properties obtained from the base material and
welded coupons.

Base material coupon Welded coupon
Specimen  Yield strength  Tensile strength  Yield strength ~ Tensile strength
[MPa] [MPa] [MPa] [MPa]
S355t8 506 536 442 545
S355t10 506 539 456 570
S500t8 580 617 534 607
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S500t10 593 630 576 632
S700t8 789 861 615 711
S700t10 830 902 688 781

3.3.3. Comparison of the hardness and the strain ratio results

The strain ratio is examined for all the "white points" shown in Fig. 3.2. Three points are
measured in each cross section. The average strain ratio of each cross section is compared
to the hardness results in Fig. 3.8. Since the coupon specimens were milled to the centre
zone of 3 mm thickness, the presented hardness results only include Line 2 and Line 3,
as shown in Fig. 2.5. The HAZ regions determined by the strain ratio are shown as the
grey stripes with a red dash box, see Fig. 3.8.

3.3.3.1. S355 coupons (matching weld)

HAZ in S355 coupons has the weak-weak boundary constraint, as demonstrated in Table
3.2. Fig. 3.8 a) and b) show that the variation of the strain ratio in the whole range is
relatively small compared to S500 and S700. A typical strain ratio distribution in WM,
referring to Fig. 3.5, is observed in the S355 coupons. The strain ratio is around -0.5 in
the middle of WM and slightly decreased at the boundary. A high strain ratio exists in
HAZ close to the WM boundary. Hence, the boundary of HAZ and WM is identified
between the highest ratio point in HAZ and the lowest ratio point in WM. The point next
to the highest ratio point is determined as the boundary. The boundary of HAZ and BM
does not show a significant discrepancy in the strain ratio plot because the hardness
transition is relatively smooth from HAZ to BM. Hence, the HAZ and BM boundary is
identified by the point where the strain ratio is on the average level of BM. Therefore,
two shapes of the strain ratio distribution for HAZ, which are the "Monotonic" shape in
S355t8 and the V" shape in S355t10, are characterised.

3.3.3.2. S500 coupons (overmatching weld)

Fig. 3.8 ¢) and d) demonstrate the results of S500 coupons. Since WM is much stronger
than HAZ, a significant constraint effect is observed in HAZ close to WM. The boundary
of HAZ and WM s identified accordingly. Similar to S355 coupons, the hardness of
HAZ and BM are very close. The strain ratio does not show a distinct variation at the
boundary. Therefore, it is identified by the point where the strain ratio is on the average
level as BM.

Additionally, the strain ratio is missing (not reliable) in a part of WM. According to the
hardness results in Table 3.2, WM is much stronger than HAZ, resulting in smaller major
strain (around 0.3%) developing in WM at the ultimate load. The deformation is too
small to generate a trend line similar to the one shown in Fig. 3.3, considering the actual
accuracy of DIC. Hence, the strain ratio could not be calculated.

3.3.3.3. 5700 coupons (undermatching weld)

BM and WM are much stronger than HAZ in S700 coupons. Due to the significant
hardness difference, a pronounced boundary constraint effect is observed in the strain
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ratio plot, and the boundary of HAZ is identified accordingly. A "V" shape strain ratio
distribution is observed in both specimens. Besides, the strain ratio in BM cannot be
processed for the same reason as WM in S500 coupons.

To summarise, from Fig. 3.8, it is clear that a good correlation exists between the strain
ratio and the hardness results. The HAZ zone identified by the strain ratio matches the
low hardness zone well. A "V" shape or a "Monotonic" shape of the strain ratio
distribution exists in the determined HAZ region. The widths of left and right HAZ
(HAZ,_and HAZR) determined by the hardness and the strain ratio are compared in Table
3.4. Note that the hardness result is the average of two widths determined by two
indentation lines. An absolute value of the width difference is calculated for each HAZ.
The maximum and average differences are 0.4 mm and 0.2 mm, respectively. Therefore,
it is concluded that a satisfactory result is obtained using the strain ratio method, and the
proposed method could identify the boundary of zones. Note that it is possible to improve
the accuracy of the strain ratio results if a smaller interval (smaller than 0.5 mm) is
adapted, as presented in Fig. 3.2. A smaller interval requires smaller facet and step sizes,
consequently a higher imaging resolution and a finer speckle size.

The final issue regarding the repeatability of the experiment should be addressed since
only one welded coupon was tested for each profile. Generally, HAZ may have a similar
material scattering as the BM, making it necessary to test many specimens to determine
the material property. Strictly interpreting experimental results, it is not sufficient to
obtain the material property based on one test for each profile. However, the main
purpose of this chapter is to propose a methodology for determining the zones' boundary
in a coupon with the strong and weak materials connected in series rather than to
investigate specific characteristics of the zones for various steel grades. Although HAZ
material scatters, the specimens still follow that HAZ is weaker than the base material
and the weld. Because the proposed method works for the situation where the strong and
weak materials are connected in series regardless of the specific strength of HAZ, the
HAZ material scattering does not influence the results. In addition, two specimens were
tested for each steel grade/matching type. The experiments are repeated from the steel
grade perspective, and the HAZ boundary could be identified in both specimens for each
steel grade.
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Fig. 3.8 Comparison of the hardness and the strain ratio results.
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Table 3.4 Comparison of HAZ width determined by the hardness test and the strain ratio.

HAZ_ [mm] HAZg [mm]
Specimen Hardness Stra}m difference Hardness Stra.un difference
ratio ratio

S355t8 3.3 3.0 0.3 3.6 35 0.1
S355t10 3.3 3 0.3 3.6 4 0.4

S500t8 4.0 4.0 0.0 3.9 4.0 0.1
S500t10 3.6 4.0 0.4 3.6 35 0.1

S700t8 2.9 3.0 0.1 3.1 3.0 0.1
S700t10 35 35 0.0 2.4 25 0.1

3.4.Conclusions

The boundaries of the heat-affected zone (HAZ) are analysed through the metallurgical
investigation and the tensile coupon test on the milled welded coupon specimen. A
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method is proposed to identify the boundaries of HAZ in the digital image correlation
(DIC) results. Based on the presented results, the following conclusions are drawn:

1)

2)

3)

The transverse constraint at the boundary of two zones could be identified by
comparing the slope of the minor true strain-major true strain relationship in the
stage beyond the yield strain (also called the strain ratio for simplicity),
considering a thin plate (3 mm) assuming almost no constraint in the thickness
direction. The strain ratio on the strong side is smaller than that on the weak
side. The strain ratio difference between the strong and weak sides is more
significant with an increasing hardness difference. Among the tested specimens,
the strain ratio difference is less distinct if the hardness difference between two
zones is equal to or smaller than 37, indicating that the proposed method is more
suitable for the welded high-strength steel where a severe strength reduction
exists in HAZ.

The strain ratio in HAZ is close to the "V" shape or "Monotonic" shape
distribution. The starting and the ending points correspond to the HAZ
boundaries constrained the most by the weld metal (WM) and the base material
(BM).

The HAZ zone determined by the strain ratio method shows a good agreement
with the hardness results, accompanying 0.4 mm maximum and 0.2 mm average
absolute deviation.
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4

The constitutive model of the heat-

affected zone

The strength of HAZ depends on the BM grade and manufacturing process, electrode grade, and
welding parameters. Under certain conditions, the heat-affected zone (HAZ) has a lower
strength than the base material (BM) and the weld metal (WM), especially for high-strength
steel. BM and WM impose a transverse constraint on HAZ during tensile loading due to their
different mechanical properties. Therefore, it is essential to understand the strength reduction
and the transverse constraint leading to strength increase in HAZ, to properly evaluate and
predict the behaviour of the welded connections.

In this chapter, a semi-empirical methodology for determining the true stress-strain relationship
of HAZ is proposed. This methodology is based on an engineering approach to consider HAZ as
an isotropic and homogeneous material, with no consideration of different volumetric fractions
of microstructures within a HAZ. The effect of the transverse constraint, imposed by BM and/or
WM, on the measured stress of HAZ is eliminated by a linear modification factor correlating to
the true strain. The modified constitutive model of HAZ is validated against the experimental
results obtained by DIC. Finally, the new methodology of a semi-empirical constitutive model
based on the Swift model was used to propose equivalent characteristics of HAZ as a function
of the mechanical properties of BM for a specific welding procedure considered in this study.

Parts of this chapter appear in the journal article: ‘Rui Yan et al., A method for
determining the constitutive model of the heat-affected zone using digital image
correlation. Construction and Building Materials, 2022 and ‘Rui Yan et al., Equivalent
material properties of the heat-affected zone in welded cold-formed rectangular hollow
section connections, Thin-Walled Structures, 2022°. Minor modifications have been
made to suit the thesis.
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4.1.Introduction

A welded joint consists of the following three major zones: the base material (BM), the
heat-affected zone (HAZ), and the weld metal (WM). HAZ often has the lowest material
strength among all three zones. Therefore, a proper constitutive model of HAZ is crucial
for predicting the behaviour of welded joints.

From a structural engineering perspective, it is essential to establish a HAZ stress-strain
relationship suitable for FEA of large-scale welded joints, such as welded hollow section
joints. Further detailed zone partition, such as the fine-grain heat-affected zone (FGHAZ)
and the coarse-grain heat-affected zone (CGHAZ), may not be practical in the large-scale
joint analysis. Since HAZ comprises different types of grain, the measured stress-strain
relationship before necking is not well fitted by the existing theoretical constitutive
model. Hence, the measured stress-strain relationship is used as the basis for input in the
analysis instead of a new theoretical constitutive model. The measured stress-strain
relationship should be modified, as illustrated below, in an attempt to simplify the
modelling of the HAZ effect. Given the scale of hollow section joints and the FEA result
difference due to the minimum parameter increment, the trial-and-error process is used
in the proposed simplified method.

Two issues should be addressed to obtain the correct stress-strain relationship of HAZ
using the (semi-)direct approach (equivalent material approach) introduced in Chapter 2.
The first issue is regarding the effect of the transverse constraint on HAZ. The welded
coupon specimen has a "strong" (BM and WM) and a "weak" (HAZ) zone connected in
series in the loading direction. The strong material would impose a transverse constraint
on the weak material, resulting in a biaxial tensile stress state (for a thin specimen) or a
triaxial tensile stress state (for a thick specimen) in the weak material. The von Mises
stress, om, Written in terms of the general stresses is presented in Eq. (4.1).

Ou =\/%|:(O'X —O'y)z +(O'y -0, )2 +(o,-0,) +6(rfy + T +Th )] (4.1)

where oy, oy, and o, are normal stresses in three directions. Considering the HAZ
elements close to the centre of the cross-section perpendicular to the loading direction
(Y direction), the influence of shear stresses 1y, 7y, and 7, are very limited and is
neglected in the analysis below. For a given value of owm, oy is higher under the biaxial
and triaxial stress states than under the uniaxial tensile stress state (without transverse
constraint). Accordingly, the measured stress (ay) under biaxial and triaxial stress states
is higher than the yield strength in the uniaxial stress state. For example, with om = 100
MPa, oy = 100 MPa under the uniaxial stress state while oy = 120 MPa if ox and o, are
20 MPa under the triaxial tensile stress state. Lockwood et al. [1] compared the yield
strength of different zones in a butt-welded thick (around 8 mm) specimen and a thin
(2.5 mm, milled from the thick specimen) specimen. The thin specimen has a lower and
higher yield strength in the weak (HAZ) and the strong (BM and WM) zone, respectively,
compared to the thick specimen. It indicates that the transverse constraint exists in the



Chapter 4 61

thickness direction of the thick specimen at the onset of yielding. Hochhauser et al. [2]
found that the tensile strength of the thick specimen is higher than that of the thin
specimen due to the transverse constraint in the thickness direction at the onset of
necking. Hence, the transverse constraint in the thickness direction may exist during the
entire loading process if HAZ has a lower yield and tensile strength than BM and WM.
Similarly, the transverse constraint would also exist in the width direction of the milled
thin specimen. Therefore, the stress-strain relationship of HAZ measured by DIC has a
higher stress at the strain hardening stage than the real material property.

The second issue concerns the gauge length used for measuring the deformation of HAZ,
as the boundary of HAZ is not visible on the specimen in DIC. A method to evaluate the
transverse constraint at the boundary of two zones using DIC is proposed in Chapter 3.
Milled coupon specimens (3 mm thickness) with a butt weld in the middle were tested
in tension. The major (along the loading direction) and minor strain were extracted from
the individual points along the loading direction. The slope of the minor-major strain
relationship for each measuring point at the plastic stage is used to identify the boundary
of HAZ. Consequently, the virtual extensometer, which measures the deformation
between two points in DIC, is created within the identified boundaries for HAZ and WM.

The design rules for welded connections (up to S460) in EN 1993-1-8 [3] do not consider
the strength reduction in HAZ and the strength enhancement due to the transverse
constraint. Since the strength reduction in HAZ is rather limited for mild steels in
practical applications, it is reasonable to design the connection without considering the
effect of HAZ. The new version of prEN 1993-1-8 [4] stipulates that the strength of the
filler metal should be included in design of a butt weld if BM is higher than S460 and
different filler metal and BM are used. However, for HSS and ultra-high-strength steel
(UHSS, steel grade higher than S700), the strength of HAZ may be significantly lower
than BM and WM. Using only the strength of filler metal in the design may lead to an
unsafe prediction of the connection resistance. On the other hand, the resistance of the
HAZ could be significantly improved by the strong transverse constraint from BM and
WM. Consequently, the effect of transverse constraints on both the strength degradation
and the strength enhancement in HAZ should be considered to provide a safe and
economical design recommendation for welded connections made of HSS and UHSS.

In this chapter, the constitutive model of HAZ is developed to account for the transverse
constraint imposed by the material differences among the BM, WM, and HAZ. The aim
is to provide an improved material model that can be used in the advanced simulation of
welded hollow section joints involving high-strength steels. The engineering stress-strain
relationships for HAZ and WM were obtained from milled welded coupon specimens
based on the identified zones' boundaries. FEA was carried out to calibrate a linear
modification factor for reducing the true stress of the measured HAZ constitutive model.
The modified stress-strain relationship is validated against the experimental results
measured by DIC. The novelty of the proposed method is in correcting the overestimated
material strength by a linear modification factor. Using the modified HAZ material
property, the effect of the transverse constraint on the HAZ constitutive model is
eliminated. Numerical simulations demonstrate that, using the proposed method, the
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tensile behaviour of the welded joint can be accurately predicted by the FE model,
especially for the joint with a significant strength difference between HAZ and BM/WM,
such as HSS undermatching welded joints. Besides, the linear modification factor brings
light onto the effect of the transverse constraint on the welded joint behaviour, which
could be further used in evaluating the resistance and deformation of the welded joint
made of HSS and ultra-HSS. Finally, from a practical perspective, a semi-empirical
stress-strain constitutive model following the Swift model [5] is proposed for HAZ,
based on the mechanical properties of BM.

4.2.Method
4.2.1. Uniaxial stress-strain relationship

The six milled welded coupon specimens analysed in Chapter 3 are employed in this
chapter. The determined widths of two HAZs, namely HAZ; and HAZ,, are shown in
Table 4.1. The HAZ deformation is measured from one of the HAZs, where the fracture
appears. The gauge length is equal to the determined HAZ width. Since the HAZ
boundaries are identified, the width of WM is determined accordingly, as presented in
Table 4.1. WM has a relatively homogeneous material. It was reported that the yield
strength of WM measured from the thick and thin specimen was very close [1], indicating
that a limited transverse constraint exists in the middle of WM. Therefore, it is assumed
that the effect of the transverse constraint on the longitudinal deformation does not exist
at the centre 5 mm of WM. An extensometer covering the centre 5 mm of WM is used
to measure the WM deformation. The load-deformation relationship of WM and HAZ is
converted to an engineering stress-strain relationship based on the measured cross-
section area and the gauge length. The engineering stress-strain relationship of BM is
obtained from the tensile test of the standard coupon specimen (see Fig. 2.3) with a 50
mm gauge length.

Table 4.1 The determined width of HAZ and WM. [mm]

Specimen S700t8  S700t10  S500t8  S500t10  S355t8  S355t10
WN?2 WN?2 WN2 WN2 WN2 WN2
HAZ; 3.0 3.5 4.0 4.0 3.0 3.0
HAZ, 3.0 2.5 4.0 3.5 3.5 4.0
WM 9.5 9.0 9.0 9.0 140 115

The purpose of this study is to propose a method to determine the true material property
of HAZ (without the transverse constraint) for the FE analysis. Such a model is suitable
for the range before necking. The calibrated material model is useful for establishing the
post-necking stress-strain relationship by extrapolating the existing theoretical models.
Therefore, the stress-strain relationship of HAZ, until the ultimate engineering stress, is
used in FEA. A linear combination of the power law (the Swift model) [5] and the linear
law [6] is used to generate the BM undamaged material model, which is validated against
the standard coupon test following the procedures presented in Chapter 5. The equations
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of the linear combination, the linear model, and the Swift model are given in Eq. (4.2),
Eq. (4.3),and Eq. (4.4), respectively.

o, =Wo,, +(1-W)os (4.2)
o, =a+be (4.3)
Ois :k(gt""go)n (4.4)

where W is the weighting factor; k, &, and n are the Swift parameters; ois is the true
stress predicted by the Swift model; a and b are the linear law parameters; oy is the true
stress predicted by the linear law; oy and & are the true stress and the true strain,
respectively. Since the failure does not appear in WM, the obtained true stress-true strain
relationship of WM is extended by fitting the Swift model [5]. The calibrated parameters
for each specimen are shown in Table 4.2. Note that the equations are valid for the plastic
deformation stage.

Table 4.2 Parameters for material property extrapolation.

BM WM
W k n € a b k n €
S700t8 0 949 0.0191 -0.0075 1433 845 | 1075 0.1030 -0.0027
S700t10 | 0 1000 0.0185 -0.0081 1636 889 | 1299 0.1500 0.0111
S500t8 | 0.9 757 0.0626 00196 493 617 | 1075 0.1030 -0.0027
S500t10 | 0.8 851 0.0900 0.0235 554 649 | 940 0.0735 0.0000

S355t8 | 1.0 785 0.1400 00142 549 528 | 982 0.2120 0.0144
S355t10 | 0.8 575 0.0120 -0.0065 1181 526 | 894 0.1540 -0.0053

Specimen

4.2.2. A linear stress modification factor

The welded coupon specimen consists of three materials. The "strong” (BM and WM)
and "weak" (HAZ) materials connect in series along the loading direction. Since the
strong material imposes a transverse constraint on the weak material during the tensile
loading, the measured stress-strain relationship of the weak material cannot represent the
constitutive model under the uniaxial stress state. According to the von Mises yield
criterion, the transverse tensile stress (ox) would result in higher stress in the loading
direction (oy) than that of the uniaxial tensile stress state at the plastic stage. Meanwhile,
considering the volume preservation assumption at a plastic stage, the strain in the
loading direction (sy) under the biaxial tensile stress state is smaller than that would be
in the uniaxial stress state. Thus, the measured stress and strain, using DIC, are larger
and smaller than the stress and strain measured under the uniaxial stress state,
respectively.
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If the measured stress-strain relationship is directly used in FEA, the predicted resistance
would be higher than the experiment due to the transverse constraint in the 3D FE model.
The overestimated resistance results in a higher strain in BM and WM. Consequently,
the total deformation of the welded connection predicted by FEA is more significant than
that of the experiment. The overestimated deformation would be even larger if a longer
gauge length is used.

The extent of the transverse constraint depends on the difference in the hardening level
between the strong and weak materials. With a strong BM and WM, the transverse
constraint may increase with the plasticity in HAZ, such as S700 and S355 welded
connections in this study. With a less strong BM and WM, the transverse constraint may
vanish at the HAZ onset of necking, such as S500 welded connections in this study.
Therefore, a linear modification factor is proposed to consider different combinations of
the materials.

Young's modulus of HAZ, BM, and WM at the elastic stage has a limited variation,
resulting in a negligible transverse constraint at the zones' boundary. The transverse
constraint appears, and the stress modification starts when HAZ yields. Two
modification factors, MF; and MF,, which are calibrated based on FEA, are applied to
the modification initiation point and the onset of necking, respectively, as shown in Fig.
4.1. The linear interpolation equation for the modification factor at the hardening stage
is given in Eq. (4.5). The true stress could be modified following Eq. (4.6 ). It has to
be emphasized that the constraint level is related to the relative hardening performance
(the difference in the stress-strain stiffness) between HAZ and BM/WM. The constraint
gradually increases after the proportional limit of HAZ, resulting in an increasing
modification factor. The stiffness of the HAZ stress-strain relationship reduces to a
relatively low and stable value at the 0.2% proof stress yield point. Therefore, as a
practical approach, the yield point of HAZ is considered the modification initiation point.
Besides, the ultimate strength point is taken as the onset of the necking point.

Onset of necking Onset of necking
Measured v Measured '
property PP T s property oot
\ ,"'_::-:':“"”'—‘—T § \,',.. 4::"::_..:-0—""': §
e i g P ! g
- r’:‘ Modified property L‘; » | #™ Modified property 1 ";
7] %) | i
gl i\ I B : S
8 | Modification Modlﬁcat]lon § B | Modification initiation poinf ‘é
1 ' = Q R R Q
2 [ initiation point factor ™, - MF, = B ! i 1TIME, 2
jam I \ I = = [ 1 I =
I ! < I ~ : <
! : ———————————————————— - IMF, ! E Modification factor : --|MF,
£ . £ :91 . SIz
True strain True strain
a) Ascending modification factor. b) Descending modification factor.

Fig. 4.1 Schematic diagram of the linear stress modification factor.
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_ MFz _MF]_

&~ &

MF, (g—e;"l)+MF1 (45)

Gg,modi = (l_ ME,)G.s ( 46 )

where &1 and & are the true strain corresponding to the modification initiation point and
the onset of necking, respectively; ogmodai iS the modified true stress. In the schematic
diagram, the blue and red scatter lines represent the measured and modified true stress-
true strain relationship, respectively. Note that the linear modification factor could be
ascending or descending depending on the material property difference between HAZ
and adjacent materials (BM and WM).

4.2.3. Finite element analysis

The ABAQUS:2019 software package [7] is used to conduct FEA. A 3D FE model is
created for each milled welded coupon specimen based on the measured dimensions, as
shown in Fig. 4.2. The model includes five parts separated by four boundaries (see black
lines in Fig. 4.2 a)). The width of HAZ and WM is based on the experimentally
determined width presented in Table 4.1. According to the hardness results from the
central layer (referring to Line 2 and Line 3 in Fig. 2.5), a limited variation of the HAZ
width through the thickness was found. Hence, a constant width for HAZ and WM is
assumed in the FE model of the milled welded coupon specimen. Note that the width
could be slightly adjusted considering the accuracy of DIC results compared to hardness
results. In addition, a FE model containing the entire welded zone is created for S500
and S700 unmilled coupon specimens to verify the constitutive model of HAZ, as shown
in Fig. 4.2 d). The widths of the welded zone components are in accordance with the
metallurgical results of weld samples, as illustrated in Section 2.3.1. Furthermore, to
evaluate the effect of the transverse constraint in the width direction (the X direction in
Fig. 4.2 a) and d)) on the resistance of the welded connection, a quarter of welded SHS
was created by extruding the weld cross-section of the S700 unmilled coupon specimen,
as presented in Fig. 4.2 e). No experimental tests were conducted on a complete welded
SHS cross-section.

Elements for the true strain evaluation

a) Plane view.
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Elements for the true strain evaluation

b) Elements for the true strain evaluation.

Elements for the shear stress evaluation

c) Elements for the shear stress evaluation.

URy=URy=0
Surface\A: U,=0
~

" Surface B:
UR,=UR,=0

z
Xupyy Ux0

d) Unmilled welded coupon
specimen.

e) A quarter of welded SHS.

Fig. 4.2 FE model of the welded coupon specimen.

For the FE model of coupon specimens, the part within the 50 mm gauge length was
meshed with 0.5 mm mesh size, while the remaining part uses a coarse mesh in the
loading direction. The grip part of the specimen was not modelled to reduce the
computational burden. For the FE model of the welded SHS, the 0.5 mm fine mesh was
only used for HAZ, WM, and 5 mm BM region close to the HAZ boundary on both sides.
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Two reference points (RP1 and RP2) were generated at the centre of two end surfaces or
the centre of the entire SHS end surface. The end surface was controlled by the
corresponding reference point in terms of all three translations and three rotations using
the multi-point beam constraint (MPC beam). A positive displacement in the Y direction
was applied at RP2 while the other degrees of freedom of the two reference points were
fixed. Additionally, for the welded SHS, a symmetric boundary condition was applied
on Surface A and B to model the entire SHS cross-section, as shown in Fig. 4.2 e). Quasi-
static analysis was conducted using an explicit solver with a 100 s period and a 0.0001 s
target time increment. Eight-node hexahedral solid elements with reduced integration
(C3D8R) were used throughout the whole model except for a small transition zone
(enlarging the element size in BM) where C3D10 is used.

4.3.Results and discussions

A parametric study is carried out based on the FE model introduced in Section 4.2. The
load-deformation relationship (with 50 mm gauge length) and the true strain distribution
(in elements in the middle of the surface marked with red colour in Fig. 4.2) are used to
calibrate the modification factor MF; and MF.

4.3.1. Calibration of the modification factor

The modification factor is calibrated by a trial-and-error process based on the load-
deformation relationship and the strain distribution plot at two deformation levels. Fig.
4.3 presents three typical strain distribution plots during the calibration. The black solid
line is the experimental result. The blue and the red dash line represents the FE result
using the measured original HAZ material property and the modified material property,
respectively.

— Experiment — Experiment — Experiment
----- FEA-ori ----- FEA-ori ----- FEA-ori

rrrrrrrr FEA-modi - FEA-modi ~ FEA-modi

True Strain
True Strain
True Strain

Y Coordinate

Y Coordinate Y Coordinate
a) Correct HAZ b) Narrower HAZ ¢) Wider HAZ
width. width. width.

Fig. 4.3 Three typical longitudinal true strain distribution plots.

First, the FE model is created based on the measured and identified dimensions (HAZ
and WM width), as illustrated in Section 4.2. The measured original HAZ stress-strain
relationship is used in FEA for the first trial. If the predicted resistance is higher than the
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experiment for a specific deformation level, a modification factor is needed, shown as
Condition 3 in Fig. 4.4. Meanwhile, the predicted strain in HAZ is smaller while larger
in BM and WM than the experiment shown as the blue dash line in Fig. 4.3. Therefore,
in the second step, a modification factor should be applied to reduce the stress.
Depending on the deviation level, the increment of the modification factor can be 3% in
the beginning and gradually reduce to 1% in the subsequent iteration steps. The
resistance and the strain distribution at the specific deformation level predicted by FEA
should match the experimental results well if an appropriate modification factor is used.
The strain distribution of FE results using the modified HAZ material property is
presented by the red dash line in Fig. 4.3 a). The matching level is evaluated visually
since the strain distribution shows an adequate difference with a 1% modification factor
increment, which is the minimum increment used in this research. A cost function can
be used to calibrate the modification factor with a finer increment. However, the current
research object is to establish a HAZ stress-strain relationship suitable for the FEA of
large-scale welded hollow section joints. The evaluation approach is sufficient
considering the efficiency and the accuracy. If an excessive modification factor is applied,
such as Condition 2 in Fig. 4.4, the predicted strain in HAZ and the predicted resistance
would be greater and smaller, respectively, than the experiment. By repeating the second
step, an appropriate modification factor could be calibrated. Note that if BM and WM
impose a limited transverse constraint on HAZ, the modification factor may not be
necessary. Consequently, the FE strain distribution may fit the experimental result well
using the measured original HAZ stress-strain relationship.

FE model with

idcmit'lcd HAZ and Load-deformation
| WMwidth | relationshipand strain |~
istribution fi FE 1
Measured HAZ stress- ‘ distribution from FE mode

strain relationship

Increase
HAZ width }—. — — i
Decrease ME

results at specific
deformation level

Condition 1 Condition 2 Condition 3 Condition 4 -
Resistance: FE=EXP || Resistance: FE<EXP | | Resistance: FE>EXP || Resistance: FE=EXP Matching well
£paz: FEZEXP &yaz: FEEXP euaz: FE<EXP eyaz: FE<EXP l
ewnvnn: FE<EXP ewmmn: FE<EXP swnen: FEEXP ewmam: FEEXP
‘[ [ ] ‘[ Calibration completed
|
Discrepancy exists

Fig. 4.4 The complete calibration procedures.

This calibration procedure should be done at least at the early hardening stage (0.5 mm
deformation in this study) and the onset of the necking for calibrating the linear
modification factor. More deformation levels should be involved in the calibration if a
non-linear modification factor is required.
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In addition, the identified HAZ width used in the FE model may slightly deviate from
the experiment, given the accuracy of the DIC measurement. The width deviation could
be eliminated in the calibration procedures. Fig. 4.3 b) and c¢) show the strain distribution
in the FE model with a narrower and a wider HAZ, respectively. The red dash line
represents the strain distribution of the FE model, where the modified stress-strain
relationship is used, and the predicted resistance fits the experiment at a specific
deformation level. Take the FE model with a narrower HAZ width, for example. The
narrower HAZ width in the FE model results in a higher level of the transverse constraint
from BM and WM. Hence, a more significant modification factor is required for
accurately predicting the resistance, leading to the excessive strain localisation in HAZ,
corresponding to Condition 1 in Fig. 4.4. By slightly increasing the HAZ width with a
0.5 mm increment, a smaller modification factor is required for fitting the resistance, and
the problem of the excessive strain localisation in HAZ is solved. The adjusted width of
HAZ and WM is summarised in Table 4.3. In the presented investigation, by 5 to 10
iterations, the HAZ constitutive model and width could be determined. A detailed
flowchart illustrating the complete calibration procedures is shown in Fig. 4.4.

Table 4.3 The adjusted width of HAZ and WM. [mm]
S700t8  S700t10  S500t8  S500t10  S355t8  S355t10

Specimen N2 WN2 O WN2 WN2 WN2 WN2
HAZ, 4 35 4 5 4 25
HAZ, 3 25 45 4 35 3
WM 9.5 10 8.5 9 145 12

4.3.2. Calibration results

The results of two FE analyses, FEA-ori and FEA-modi, are compared to the
experimental results in Fig. 4.5-Fig. 4.7. FEA-ori uses the measured original HAZ
material property without the modification factor, while FEA-modi uses the modified
true stress-true strain relationship of HAZ with the calibrated modification factor.

The load-deformation curves obtained from the experiment and FEA are compared in
Fig. 4.5-Fig. 4.7 b). A solid "Star" symbol is used to show the ultimate resistance point,
at which HAZ reaches the necking strain, for each curve. After the " Star " symbol, the
post-necking part of the FE result is shown in a grey colour. Note that further damage
model analysis is required for fitting the post-necking part of the curve.

Two longitudinal true strain distribution diagrams at two levels of the longitudinal
deformation, which are used for calibrating the modification factor, are presented in Fig.
4.5-Fig. 4.7 ¢) and g) for each specimen. The first deformation level is 0.5 mm and
corresponds to the early hardening stage. The second deformation level corresponds to
the ultimate resistance obtained in the experiment. The longitudinal strain distribution at
the middle of the abovementioned two deformation levels is investigated for validation,
as shown in Fig. 4.5-Fig. 4.7 e). Besides, the corresponding transverse true strain
distributions at the three deformation levels are presented in Fig. 4.5-Fig. 4.7 d), f), and
h), which are used to evaluate the validity of the Mises yield criterion considering the



70 Chapter 4

material anisotropy in the weld region. The region of two HAZs is marked with a grey
background in these true strain distribution plots. It has to be clarified that the same
stress-strain relationship is used in two HAZs of each specimen (with the same
modification factors). The difference in the maximum strain of two HAZs results from
the different widths of two HAZs.

The coordinate system in the FE model is positioned such that the necking always
appears in the left HAZ, referring to Fig. 4.2 a). Therefore, the shear stress (zy) in the
left HAZ at two boundary surfaces is investigated to illustrate the level of the transverse
constraint based on FEA-modi. The shear stress distribution in HAZ boundary elements
close to BM and WM is presented in Fig. 4.5-Fig. 4.7 i) and j), respectively. The elements
are in the central layer of HAZ, as presented in Fig. 4.2 c). The shear stress is positive if
it acts on a positive face in a positive direction or if it acts on a negative face in a negative
direction. In addition to the two levels of the longitudinal deformation for obtaining the
true strain distribution, two more levels at the elastic stage (0.1 mm) and the onset of the
yielding (0.25 mm) is investigated.

The detailed result of the specimen with 8 mm original nominal thickness (before milling)
for different steel grades is discussed below. The calibrated modification factor and the
evaluation of the deviation between experiments and FEA predictions for all six
specimens are presented in Table 4.7 at the end of this section.

4.3.2.1. ST00t8WN2 milled welded coupon specimen (undermatching
weld)

Fig. 4.5 a) presents the true stress-true strain relationship of different zones used in the
FE of the S700t8 welded coupon specimen. The black solid and dash lines represent BM
and WM, respectively. The blue dash line, namely HAZ-ori, is the original relationship
without the stress modification, while the red dash line is the modified relationship with
the reduced true stress. The modification factors MF; and MF, are 4% and 8%,
respectively. From Fig. 4.5 ), it is evident that BM and WM are stronger than HAZ. BM
and WM would experience a limited plastic strain as HAZ reaches the necking point.
The level of the transverse constraint increases during loading since the HAZ hardening
performance (tangent of the true stress-true strain curve) reduces with the increase of the
true strain. It can also be proved by Fig. 4.5 i) and j) where the shear stress imposed by
BM and WM increases with the level of the deformation, indicating that the transverse
constraint keeps increasing during loading. Consequently, the modification factor
ascends with the increase of the true strain, conforming to the case in Fig. 4.1 a). It must
be clarified that the transverse constraint does not exist at the elastic stage since the shear
stress is nearly 0 MPa at 0.1 mm deformation. The non-existing transverse constraint at
the elastic stage could also be observed in specimens S500t8 and S355t8.

The load-deformation relationship obtained from the experiment and FE analysis based
on 50 mm gauge length is compared in Fig. 4.5 b). The ultimate resistance and the
corresponding deformation (peak deformation) are shown in Table 4.4. FEA-ori has a 5%
higher resistance and 30% higher peak deformation compared to the experimental results.
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Using the modified HAZ property, the ultimate resistance is 1% lower than the
experimental results and the peak deformation is well predicted with 0% deviation.

The true strain in the longitudinal direction (ey) and the transverse direction (&) is
extracted from elements (in DIC and the FE model) in the middle of the specimen surface,
as shown in Fig. 4.2 b). The longitudinal true strain distribution at 0.5 mm, 0.75 mm, and
1.04 mm (corresponding to the ultimate resistance in the experiment) deformation is
plotted against the elements' Y-coordinate in Fig. 4.5 c), €), and g), respectively.
Compared to the experiments, results from FEA-ori have a smaller strain in HAZ while
a larger strain in WM. It indicates that the HAZ strength is overestimated at all
deformation stages, resulting in a higher resistance and, consequently, a higher strain
level in WM and BM. With the same total deformation, the contribution from each zone
to the total deformation is different between FEA-ori and the experiment. Using the
modified material property, the true strain distribution of FEA-modi matches the
experimental result much better. Besides, the transverse strain in experiments and FEA
are compared in Fig. 4.5 d), f), and h). Good agreements are observed, demonstrating
that HAZ and WM can be modelled as isotropic materials that follow the Mises yield
criterion. Therefore, the modified HAZ stress-strain relationship is successfully
calibrated until the onset of necking. In addition, considering all six true strain plots, it
can be seen that the peak strain in HAZ does not appear in the middle of each HAZ but
is slightly close to the side (BM or WM) with a weaker material which is WM in this
case. This strain pattern also exists in S500 and S355 specimens.
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Fig. 4.5 Comparison of FE and DIC results (S700t8WN2).
Table 4.4 Comparison of the ultimate resistance and the peak deformation (S700t8WNZ2).

-ori - FEA-modi
EXP  FEAori ooon FEA- - PEAMOQ

EXP modi EXP
Ultimate resistance 21.31 kN 22.33 kN 1.05 21.11 kN 0.99
Peak deformation  1.04 mm 1.35mm 1.30 1.04 mm 1.00

4.3.2.2. S500t8WN2 milled welded coupon specimen (overmatching weld)

The true stress-strain relationship of different materials is shown in Fig. 4.6 a). MF; and
MF, are 5% and 3%, respectively. Since the strain hardening of BM is relatively low, the
true stress of BM and HAZ gets closer when the true strain approaches the HAZ necking
strain, as shown in Fig. 4.6 a). In Fig. 4.6 i), the shear stress on the BM-HAZ side
decreases as the deformation approaches the ultimate stage. Therefore, the level of the
transverse constraint reduces, and the modification factor descends with the increase of
the true strain, aligning with the case in Fig. 4.1 b). Besides, Fig. 4.6 i) and j) illustrate
that the constraint level on the WM side is larger than the BM side, indicating that an
overmatching weld was applied.

Fig. 4.6 b) presents the load-deformation relationship obtained from FEA and the
experiment. The model (FEA-ori) with the original HAZ property has a higher resistance
at the beginning of the plastic stage, while the ultimate resistance is very close to the
experimental result (1% deviation). However, the peak deformation of FEA-ori is 28%
larger than the experimental results, as shown in Table 4.5. In Fig. 4.6 g), the strain in
BM of FEA-ori is much higher than that of the experiment, resulting in a hugely
overestimated deformation in BM. Using the modified constitutive model, FEA-modi
underestimates the peak deformation by 3%, while the ultimate resistance is well
predicted with 0% deviation, as presented in Table 4.5. In addition, the overestimated
resistance at the beginning of the plastic stage is corrected by using the modified
constitutive model.
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Similar to the S700t8 welded coupon specimen, the strain in HAZ predicted by FEA-ori
is smaller than that of the experiment at three deformation stages (0.5 mm, 1 mm, and
1.7 mm), as shown in Fig. 4.6 c), €), and g). Using the modified material property, the
strain distribution predicted by FEA-modi matches the experimental result well. Fig. 4.6
c), e), and g) also demonstrate that HAZ and WM are the isotropic material following
the Mises yield criterion. Therefore, it can be concluded that the stress reduced property
of HAZ is successfully calibrated until the onset of necking.

1000 — 24 =
— 800
[
S
2 600 =
3 =3
o
& 400 }g
2 4 ] —EXp
= 200 — - - - HAZ-ori i --- FEA-ori
1 HAZ-modi | ------ FEA-modi
0 T T T T T 0 T T T T
I I I I I [ [ I |
0 4 8 12 16 20 0 1 2 3 4
True Strain [%] Deformation [mm]
a) True stress-true strain . . .
) X . b) Load-deformation relationship.
relationship.
18 ] —EXP ]
15 — - - - FEA-ori
4 e FEA-modi )
< 12 S
.% 9 — 'g 4 -
& 1 &
& ] i
3 6 i é 6 — ——EXP
Fog | - - - FEA-ori
Y . U e FEA-modi
0 ST T T T T ]
0 0 10 20 3 40 50
Y Coordinate [mm] Y Coordinate [mm]
c) Longitudinal strain distribution d) Transverse strain distribution at

at 0.5 mm deformation. 0.5 mm deformation.



Chapter 4

75

—EXP
- - - FEA-ori
FEA-modi

15 —

12 —

True Strain [%)]

0 M/\IARn -

0 10 20 30

Y Coordinate [mm]

e) Longitudinal strain distribution
at 1 mm deformation.

—EXP
- - - FEA-ori
FEA-modi

True Strain [%]

Y Coordinate [mm]

g) Longitudinal strain distribution
at 1.7 mm deformation.

150 —
100 —
'é‘_i‘ 4
50 —
éx {F99:9:9:86:
0 —{mememememem-n EE Ry :;:--l-l-l-l-l-l
3 . R 40 & SO )
£ 50 _
= |—m—0.1 mm deformation
< __|—®—0.25 mm deformation
5 100 i 0.5 mm deformation
—v—17 def i
_150 v mm eormatllon I : I : I

0 2 4 6 8
X Coordinate [mm]
i)  Shear stress distribution in
HAZ at HAZ-BM boundary
(FEA-modi).

True Strain [%]
A
|

6 - —EXP
_ - - - FEA-ori
------ FEA-modi
8 T T T T T T T 1
0 10 20 30 40 5C

Y Coordinate [mm]

f) Transverse strain distribution at
1 mm deformation.

g

=

g

»

s —EXP

2 5 |

. _ - - - FEA-ori

------ FEA-modi
'8 T I T I T I T I T I
0 10 20 30 40 50

Y Coordinate [mm]

h) Transverse strain distribution at
1.7 mm deformation.

150 —
100
g
s 50
b-;‘ 0
)
8 o-®"
£ -50
2 4 v,v’v/ —a—0.1 mm deformation
3 _lv. v —e— 0.25 mm deformation
< -100 (S o ;
n i 0.5 mm deformation
—v— 1.7 _mm deformation
B R L B LI L

0 2 4 6 8
X Coordinate [mm]
j)  Shear stress distribution in
HAZ at HAZ-WM boundary
(FEA-modi).

10

Fig. 4.6 Comparison of FE and DIC results (S500t8WN2).
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Table 4.5 Comparison of the ultimate resistance and the peak deformation (S500t8WNZ2)

. FEA-ori FEA- FEA-modi

EXP FEA-ori . —_—
EXP modi EXP
Ultimate resistance  18.13 kN  18.28 kN 1.01 18.11 kN 1.00
Peak deformation  1.83mm 2.35mm 1.28 1.77 mm 0.97

4.3.2.3. S355t8WN2 milled welded coupon specimen (matching weld)

WM vyields at a lower strength than HAZ, as shown in Fig. 4.7 a). Therefore, MF1 is 0%.
The 0% maodification factor can also be justified by Fig. 4.7 c), where the strain
distribution obtained from FEA-ori matches the experimental result well. Fig. 4.7 a)
shows that WM has a stronger hardening performance than HAZ. Thus, the transverse
constraint increases during the loading. At the onset of necking, the underestimated strain,
consequently the overestimated stress, could be observed in Fig. 4.7 g) where the strain
in FEA-ori HAZ is smaller than in the experiment. Based on the parametric study, a 4%
reduction is calibrated for MF,. Fig. 4.7 i) and j) demonstrate that the shear stress is
relatively low at the beginning of plastification, increasing to its maximum at the onset
of the necking. A similar shear stress level is observed on BM and WM sides, indicating
that the connection has a matching weld. Therefore, the modification factor is in an
ascending trend matching the situation in Fig. 4.1 a). Besides, since WM has a lower
yield strength than HAZ, HAZ imposes a transverse constraint on WM presented by
curves with 0.25 mm and 0.5 mm deformation in Fig. 4.7 j).

The load-deformation relationships obtained from FEA and experiments are compared
in Fig. 4.7 b). The ultimate resistance and the peak deformation are presented in Table
4.6. The ultimate resistance predicted by FEA-ori shows a good agreement with the
experimental result within a 3% deviation. However, the peak deformation of FEA-ori
is 14% larger than that of the experiment. With a modified material property, FEA-modi
predicts the peak deformation to be 3% smaller than that of the experiment, while the
ultimate resistance is predicted with a 0% deviation.

In Fig. 4.7 ¢), e), and g), the longitudinal strain distributions at three deformation stages
(0.5 mm deformation at the beginning of the plastic stage, 1.5 mm at the middle of the
hardening stage, and 3.5 mm at the ultimate load) predicted by FEA-modi with the stress
reduced material property show good agreement with the experimental results. Besides,
the HAZ and WM material isotropy are demonstrated in Fig. 4.7 d), f), and h). Therefore,
it is concluded that the modified material property of HAZ is successfully calibrated until
the onset of necking.
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Fig. 4.7 Comparison of FE and DIC results (S355t8WN2).
Table 4.6 Comparison of the ultimate resistance and the peak deformation (S355t8WN2).

-0ori - FEA-modi

EXP  FEA-ori —oAot  FEA- - FEAMOdI
EXP modi EXP
Ultimate resistance  16.35 kN 16.83 kN 1.03 16.38 kN 1.00
Peak deformation  3.54mm  4.05mm 1.14 3.45 mm 0.97

The calibrated modification factor, the deformation ratio, and the resistance ratio are
summarised in Table 4.7. The ultimate resistance predicted by FEA using the original
HAZ material property is slightly higher than the experimental result within a maximum
5% deviation. However, the peak deformation is overestimated by at least 14% among

all specimens, except for the specimen S500t10 where the BM material property is
relatively soft resulting in a 0% MF.
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Table 4.7 Summary of the calibrated parameters and the prediction results.

ori Dori Rmodi Dmodi M Fl M F2 €1 €2
REXP DEXF’ REXP DEXP [%] [%] [%] [%]

S700t8 1.05 1.30 0.99 1.00 4 8 051 11.25

Specimen

S700t10 1.04 1.29 0.99 1.00 4 6 052 9.16
S500t8 1.01 1.28 1.00 0.97 5 3 045 1217
S500t10 1.00 1.03 1.00 0.98 5 0 0.49 10.04
S355t8 1.03 1.14 1.00 0.97 0 4 0.41 17.05
S355t10 1.02 1.19 1.00 0.97 0 5 044 14.97

where Ri/Rexp and Di/Dexe (i = ori or modi) are the resistance ratio and the deformation
ratio, respectively.

In the scope of this experimental and numerical investigation, FEA-ori of the S700
specimen with an undermatching weld has the most significant overestimation (around
30%) on the peak deformation. Consequently, a large modification factor, with a
combination of an average 4% MF; and 7% MF, is applied to the HAZ material property.
For the S500 material with an overmatching weld, a descending linear modification
factor with a 5% MF;and 2% MF, combination is obtained. For the S355 material with
a matching weld, MF; is 0% since WM has a lower yield strength than HAZ. The
modification factor increases to an average of 5% at the onset of necking. The
deformation is overestimated at around 17% by FEA-ori.

Using the calibrated modification factor, the ultimate resistance and the peak
deformation predicted by FEA-modi has a maximum 1 % and 3% deviation from the
experiment, respectively.

4.3.3. Effect of transverse constraint on the HAZ resistance

The original and modified HAZ constitutive models are used to simulate the unmilled
coupon specimen and the welded SHS connection. The load-deformation relationships
are shown in Fig. 4.8. The full experimental curve is presented while the FE curves are
plotted until the ultimate resistance. The ultimate resistance point is marked by a solid
"star" with the same colour as the corresponding curve.
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Fig. 4.8 Load-deformation relationships.

Fig. 4.8 a) shows the load-deformation relationship of the unmilled welded specimen.
The FE model using the original and modified HAZ property does not show a significant
difference in the predicted resistance and deformation at the ultimate stage for the S500
specimen. However, for the S700 specimen, the FE model overestimates the ultimate
resistance and peak deformation by 5% and 14%, respectively, using the original HAZ
property. The FE result deviates less than 1% from the experimental result using the
modified HAZ property. The strain contour plot of the FE model using the modified
HAZ property shows good agreement with the experiment, as shown in Fig. 4.9. The
position of the high-strain region (in HAZ for the S700 specimen and BM for the S500
specimen) is well predicted.

Sopooeeeeee
coosossoge=
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a) S700 specimen. b) S500 specimen.
Fig. 4.9 True strain contour plot in the unmilled welded coupon specimen.

The effect of transverse constraint in the width direction on the resistance of the welded
connection is evaluated based on the one-quarter welded SHS FE model (see Fig. 4.2 ¢)).
Note that the width direction of the specimen refers to the X direction of the milled and
unmilled specimen and the X/Z direction of the SHS model. S355 and S500 unmilled
welded coupon specimens failed in BM, indicating the failure of SHS connections using
S355 and S500 materials would be in BM as well. Therefore, the increasing effect of the
transverse constraint in the width direction cannot be evaluated by testing S355 and S500
materials in the welded SHS connection. Hence, only the calibrated HAZ stress-strain
relationship of S700t8 was used to further study the one-quarter welded SHS FE model.
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In addition, a FE model using the BM property for all three regions (BM, HAZ, and WM),
shown as FEA-BM, is made for comparison. Fig. 4.8 b) compares the load-deformation
relationship obtained from FE models based on a 200 mm gauge length. Compared to
the model using the modified HAZ property, the model using the original HAZ property
and BM property have a 2% and 4% higher resistance, respectively, while a 49% and 34%
higher peak deformation, respectively. On the other hand, although the model using the
modified constitutive model still fails in HAZ, the HAZ equivalent ultimate strength (the
total load divided by the SHS cross-section area) significantly increases to fynazsws =
848 MPa, which is almost identical to the ultimate resistance (880MPa) of the model
using the BM stress-strain relationship for all zones.

The verified MF, for S700t8 indicates that the transverse constraint in the width direction
of the milled welded coupon specimen results in an 8% strength enhancement in HAZ at

the ultimate state ( f; ., =0.92x f, 1, g )- COMparing the average ultimate strength

(S700t8) of the unmilled welded coupon specimens to the milled welded coupon
specimens, the ultimate strength increases by 8% due to the transverse constraint in the
thickness direction ( f =1.08% f, a7 minea ). Therefore, the BM and WM of a

full-thickness weld connection may enhance the HAZ ultimate strength (without the
transverse constraint) by 17% ( f, iz umies =1.08/0.92x f,,,., ). Furthermore, the

u,HAZ, unmilled

enhancement would be even higher if a wider specimen is considered, such as the welded
SHS connection, where the HAZ ultimate strength is improved by 29% compared to the

HAZ ultimate strength ( f, . qus =1.29% fy100)-

Although the FE model with the calibrated modification factor is validated against the
experiment, it is essential to calibrate the modification factor for other welded
connections with different steel grades and filler metals to accurately predict the
deformation in the weld zone, consequently the deformation capacity of the welded
connection.

4.4.A semi-empirical constitutive model for HAZ
4.4.1. The theoretical model

All approaches introduced in Chapter 2 are rather complicated to implement in practice.
A semi-empirical material model for HAZ based on the mechanical properties of BM
would be ideal because it will significantly facilitate the advanced analysis of welded
connections where HAZ is critical. Hence, a semi-empirical constitutive model for HAZ
is proposed in this Section. The Swift model [5] (power law) is employed to generate the
true stress-true strain relationship of HAZ. The expression of the original model is given
in Eq. (4.4). Engineering stress . and engineering strain & can be converted to oy and &
for the constitutive model in the range before necking using Eq. ( 4.7 ). Hence, the o -
&e relationship following the Swift model is obtained by substituting Eq. ( 4.7 ) into Eq.
(4.4), as shown in Eq. (4.8).
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o, =0,(l+¢,) (47)
g =In(l+¢,) '

~ A[In(1+ ge)+go]”
Te = (1+¢,) (48)

The three Swift parameters can be determined by three equations, as presented in Eq.
(14.9). The first two equations are established by substituting the stress and strain at the
yield strength point and the ultimate strength point in Eq. ( 4.8 ). In addition, the
derivative of g. with respect to ¢. equals 0 at the ultimate strength point, which is the third
equation.

n

A[In(l+5y)+goJ

f =

Y (1+5y)

¢ _ A[In(l+gu)+50]n (49)
’ (1+¢,)

do, __A[In(1+5u)+50]n71(|n(1+5u)+50—n) o

de, - - (1+e, )2 -

where fy and f, are the yield and ultimate strength, respectively. In order to determine the
Swift parameters for HAZ, engineering stress and engineering strain at the yield point
and the ultimate point are required. Three reduction factors (RFs) are proposed to
correlate the mechanical properties of BM and HAZ, as shown in Eq. ( 4.10 ). Note that
the elongation at fracture ¢;of BM is correlated to the ultimate strain of HAZ. The reason
is explained in Section 4.4.2.

fy,HAZ =RF x fy,BM

fu,HAZ =RF, x fu,BM (4.10)

Eunaz = RF; X &gy

4.4.2. Determination of the parameters

The yield strength f, (0.2% proof stress), the ultimate strength f,, and the elongation at
failure & are determined for BM, as shown in Table 4.8.

Table 4.8 Mechanical properties of BM.

fy fu &f . fy fu &f
MPa] [MPa] ] | MM ONO- v vPal [

S355t5 N1 510 539 23.3 | S355t10 N1 524 555 18.2

Material | No.
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N2 | 499 546  25.3 N2 507 537  26.6
N1 N2M1 29.7
S35518 504 535  26.9 491 534
N2 508 528  26.6 N2M2 | 514 531 279
N1 N1 21.2
S50015 " 565 635 225 " 568 607 o
= 566 638 210 | o010 e 597 630 24-3
50018 575 609 248 560 595 .
N2 | 585 614 249 N2M2 | 564 602 226
N1 N1 13.4
7005 " 767 846 123 " 772 845 o
ke 756 837 129 | oo e 784 857 15-7
S700t10 812 907 122 742 820 .
N2 | 819 902 129 N2M2 | 737 g11 127

The modification factors MF; and MF, were calibrated for one specimen of each profile,
as shown in Table 4.9. Compared to S355 and S500, S700 has higher MFs, which aligns
with the hardness results. Besides, MFs of S700t5 are significantly higher than S700t8
and S700t10. The reason is that the width of S700t5 was 20 mm while the other two
specimens are not wider than 10 mm, which also implies that the width of the specimen
may affect the extent of the transverse constraint. The calibrated MFs were used to
calculate the modified yield strength f,” and the modified ultimate strength f,” for the
other specimens extracted from the same profile, see Eq.( 4.6 ). The measured strength,
the modified strength, and the ultimate strain ¢, of HAZ are presented in Table 4.10 for
all welded coupon specimens. Since the yield and ultimate strength of BM for each
profile show good consistency, the average mechanical properties of BM are compared
to HAZ to reveal the correlation between HAZ and BM. Note that the ultimate strength
of HAZ in specimens S500t10WN2 and S500t10WN4 is higher than BM, as the average
ultimate strength is used for BM. The reason for using the elongation at fracture of BM
is demonstrated in Section 2.3.4.

Table 4.9 The calibrated modification factors MF1 and MF2 [%)].

MFs | S355t5 S355t8 S355t10 S500t4 S500t8 S500t10 S700t5 S700t8  S700t10

MF, 0 0 0 5 5 5 14 4 4

MF, 4.5 4 5 7.5 3 0 10 8 6

Table 4.10 Comparison of HAZ and BM.

Specimen fy‘BM foha fyTHAZ f;i fuem fu,HAZ f:HAZ ﬁ cBM  Gupaz  SubAZ
[MPa] [MPa]  [MPa] fiem | [MPa]  [MPa]  [MPa] foem ool %] Eipm

S355t5WN2 453 453 0.90 561 533 0.98 185 0.76
S355t5WN3 505 430 430 0.85 543 549 521 0.96 243 16.6 0.68
S355t5WN4 431 431 0.85 545 518 0.95 20.0 0.82
S355t8WN2 465 465 0.92 545 523 0.99 23.0 0.86
S355t8WN3 506 451 451 0.89 531 535 514 0.97 26.8 16.8 0.63
S355t8WN4 454 454 0.90 538 516 0.97 16.7 0.62
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S355t10WN2 474 474 0.93 569 541 1.00 16.2 0.63
S355t10WN3 419 419 0.82 537 510 0.95 18.8 0.73
S355t10WN3M 509 426 426 0.84 539 524 498 0.92 256 206 0.80
S355t10WN4 441 441 0.87 541 514 0.95 17.1 0.67
S355t10WN4M 430 430 0.84 535 508 0.94 18.6 0.73
S500t4WN2 522 496 0.88 643 596 0.94 15.5 0.71
S500t4WN3 566 518 492 0.87 637 645 598 0.94 218 149 0.69
S500t4WN4 522 496 0.88 638 587 0.92 16.2 0.74
S500t8WN2 531 504 0.87 606 588 0.96 17.0 0.68
S500t8WN3 580 504 479 0.83 612 577 560 0.92 249 160 0.64
S500t8WN4 520 494 0.85 586 573 0.94 13.2 0.53
S500t10WN2 564 536 0.94 632 632 1.04 13.3 0.63
S500t10WN3 513 487 0.85 593 593 0.98 19.2 0.91
S500t10WN3M 572 515 489 0.85 609 593 593 0.97 212 139 0.66
S500t10WN4 545 518 0.91 615 615 1.01 10.4 0.49
S500t10WN4M 532 506 0.88 610 610 1.00 12.7 0.60
S700t5WN2 - - - - - - -
S700t5WN3 762 585 503 0.66 841 795 716 0.85 126 147 117
S700t5WN4 673 579 0.76 793 713 0.85 10.1 0.80
S700t8WN2 589 566 0.75 712 655 0.79 11.7 0.84
S700t8WN3 608 583 0.7 717 660 0.79 12.3 0.88
S700t8WN3M 759 632 607 0.80 833 726 668 0.80 139 113 0.81
S700t8WN4 606 581 0.7 709 654 0.79 12.7 0.91
S700t8WN4M 574 551 0.73 707 650 0.78 11.1 0.80
S700t10WN2 656 630 0.7 780 733 0.81 11.5 0.92
S700t10WN3 816 696 668 0.82 904 789 741 0.82 126 139 111
S700t10WN4 701 673 0.83 798 750 0.83 9.2 0.73

The yield strength ratio f,,,,, / f g, the ultimate strength ratio f,,,., / f g, . and the
strain ratio &,,,, / &gy Of all tested welded coupon specimens are presented in Table

4.10. The ratios of S355 and S500 vary in a very similar range, where the yield strength
and the ultimate strength of HAZ are on averagely 13% and 4% lower than BM,
respectively. A significant strength reduction in HAZ is observed in the S700 material,
as the average yield strength ratio and the ultimate strength ratio are 0.76 and 0.81,
respectively. It is worth mentioning that the ultimate strength reduction in HAZ varies in
a very similar range with a maximum 4% difference compared to another research [8],
where the HAZ ultimate strength is predicted based on the hardness result. The average
strain ratio of S355, S500, and S700 are 0.72, 0.66 and 0.84, respectively. Besides, there
is no clear relationship between the ratios and the thickness of the original profile for all
materials.

The yield strength ratio, the ultimate strength ratio, and the strain ratio of most specimens
(at least 9 out of 11 or 10) are not smaller than 0.84, 0.94, and 0.6 for S355 and S500,
and not smaller than 0.7, 0.79, and 0.8 for S700, respectively. Hence, a set of rather
conservative reduction factors (RFs), introduced in Eq. (4.10 ), are determined for each
steel grade, as presented in Table 4.11. Based on the BM average mechanical properties
and the determined RFs, the three Swift parameters are derived for three profiles
(S355t10, S500t10, S700t8); see Table 4.11. The derived constitutive model of HAZ is
further validated by FEA of unmilled welded coupon tests. In addition, it has to be
emphasised that the proposed RFs are only valid for the joints using the same BM and
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welding parameters, as the mechanical properties of HAZ are very sensitive to the
welding details [9-11].

Table 4.11 Determined constitutive parameters for HAZ.

Steel grade RFi  RF, RF3 Material A n £
S355 085 095 0.6 S355t10 797 0.167 0.0236
S500 085 095 0.6 S500t10 851 0.132 0.0122
S700 0.7 0.8 0.8 S700t8 942 0.108 0.0024

4.4.3. Results of the semi-empirical constitutive model

Fig. 4.10 presents the load-deformation relationship of the unmilled welded coupon tests.
The results of the two specimens for each profile are in good agreement. The fracture of
S355t10 and S500t10 specimens shifts from HAZ in the milled welded coupon specimen
to BM in the unmilled welded coupon specimen, while the S700t8 specimen failed in
HAZ in both the milled and unmilled specimens, as shown in Fig. 4.11. Hence, the
deformation capacity of S355t10 and S500t10 specimens are significantly higher than
S700t8 specimens. Note that the low deformation capacity of S700t8 specimens is not
attributed to the lower ductility of S700 BM compared to S355 BM and S500 BM, as a
limited strain (around yielding) was observed in BM. The lower deformation capacity of
S700t8 specimens is also demonstrated by the fact that the modified ultimate strength of
HAZ is smaller than the yield strength of BM, implying that the HAZ fails before
yielding in BM. Besides, with an increasing measuring length, the deformation capacity
increase of S355 and S500 specimens would be even larger than S700 specimens since
the S355 and S500 specimens have a significantly higher strain in BM than the S700
specimen.

——3S8355t10UMWNIM — —8500t10UMWNIM ----- 8700t8UMWNIM
——8355t10UMWNSM  — —S500t10UMWNSM ----- S700t8UMWNSM
——8355t10UMW-FEA — —S500t10UMW-FEA ----- S700t8UMW-FEA

Displacement [mm]

Fig. 4.10 Load-displacement relationship of unmilled welded coupon specimens.
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S355t10 S500t10 S700t8  S355t10  S500t10  S700t8
UMWNIM UMWNIM UMWNIM WN2 WN2 WN2

Fig. 4.11 Failure of milled and unmilled welded coupon specimens.

The FE models of the unmilled welded coupon specimen introduced in Section 4.2.3 are
used for validating the semi-empirical constitutive model. The FE results are compared
to the experiments in Fig. 4.10. It can be seen that the tensile behaviour of the unmilled
coupon specimen is well predicted using the derived HAZ constitutive model based on
the BM mechanical properties and corresponding RFs. Comparing the FE ultimate
resistance to the experiment, the maximum deviation is less than 3%. In addition, the FE
models successfully predicted the necking position in experiments (HAZ for S700 and
BM for S355 and S500), which may reliably indicate the position of the final fracture if
the damage model was applied. Hence, it is concluded that the derived HAZ equivalent
constitutive model can effectively represent the HAZ mechanical properties.

4.5.Conclusions

The equivalent mechanical properties of the heat-affected zone (HAZ) are investigated
using a semi-empirical methodology. HAZ is considered a homogeneous material, with
no distinction of different volumetric fractions of microstructures. Based on the
presented results, the following conclusions are drawn:

1) The weld metal (WM) and/or the base material (BM) impose a transverse
constraint on HAZ regardless of the steel grade if HAZ is the weakest
component of a welded connection. The larger difference in the material
hardening behaviour between HAZ and WM and/or BM, the heavier the
transverse constraint is. It leads to a higher overestimation of the HAZ material
strength obtained from the digital image correlation (DIC) system.

2) A linear modification factor is proposed to modify (reduce) the true stress of
the measured HAZ material property. A combination of an average 4% MF; (at
yielding) and 7% MF, (at the onset of necking) modification factor is calibrated
for S700 material. MF; and MF; are on average 5% and 2% for S500 material,
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3)

4)

5)

6)

7)

respectively. For S355 material, the modification factors MF; and MF; are 0%
and 5% on average, respectively. The modification factors account for the
transverse constraint imposed by BM and WM on HAZ, as the transverse
constraint increases the resistance of HAZ. In an S700t8 welded connection, the
ultimate strength of HAZ in the unmilled welded coupon specimen is 17%
higher than the modified ultimate strength of HAZ. The difference is increased
to 29% due to the higher constraint in the case of the complete butt-welded SHS.
The finite element (FE) model using the original measured HAZ material
property (FEA-ori) predicts a reasonably correct ultimate resistance within 5%
overestimate, while the peak deformation, corresponding to the onset of HAZ
necking, could be overestimated up to 30%. Regarding the butt welded S700
SHS joint, the predicted resistance using BM or original HAZ constitutive
model for HAZ has a maximum 4% scattering in resistance, but a up to 49%
overestimation on the ultimate deformation, compared to the model using the
modified constitutive model.

HAZ and WM are "sufficiently" the isotropic material, and therefore the Mises
yield criterion is suitable.

For S355 and S500, the modified yield strength and the modified ultimate
strength of HAZ are on average 13% and 4% lower than the base material (BM).
The S700 HAZ modified yield and ultimate strength degradation are 24% and
19% compared to BM, respectively.

Three reduction factors (RFs) are proposed to correlate the mechanical
properties of BM and HAZ. The proposed RFs for the yield strength, the
ultimate strength, and the ultimate strain are 0.85, 0.95, 0.6 for S355 and S500,
and 0.7, 0.8, 0.8 for S700, respectively. The derived HAZ mechanical properties
are used to generate a semi-empirical stress-strain relationship before necking
based on the Swift model. The derived HAZ constitutive model for each steel
grade is successfully validated against the experiments.

Although the modification factor is validated for three steel grades in this study,
it is essential to calibrate the modification factor for other welded connections
made of different steel grades, material processing methods, filler metals, and
welding procedures. The true strain distribution along the loading direction and
the load-deformation relationship obtained from DIC and FEA should be used
to validate the material property before necking. Damage modelling is required
to model the connection behaviour properly after necking.
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D.

Calibration of Gurson-Tvergaard-
Needleman (GTN) damage model for
the heat-affected zone and the base

material

Prediction of fracture failure modes for welded joints by finite element simulations requires
modelling of the material damage. An appropriate damage model effectively reveals the fracture
zone of the joint.

In this chapter, the parameters of the Gurson-Tvergaard-Needleman (GTN) damage model are
calibrated for the base material (BM) and the heat-affected zone (HAZ) of butt-welded cold-
formed RHS connections. A computational homogenization analysis is carried out using
representative volume element models to calibrate the pressure-dependent yield surface
parameters of the GTN damage model, considering the different combinations of the
accumulated initial hardening strain and the void volume fraction (VVF) due to a varying stress
triaxiality. The critical and final VVFs are calibrated against tensile coupon tests.

Parts of this chapter appear in the journal article: ‘Rui Yan et al., Ductile fracture
simulation of cold-formed high strength steel using GTN damage model. Journal of
Constructional Steel Research, 2021’ and ‘Rui Yan et al., Fracture simulation of welded
RHS X-joints using GTN damage model, Advances in Structural Engineering, 2022’.
Minor modifications have been made to suit the thesis.
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5.1.Introduction

The existing rules for steel structures according to the standard EN 1993-1-8 [1] are
limited to the material behaviour of mild steels with the steel grade up to S460.
Supplementary rules proposed in EN1993-1-12 [2] are used to design structures made of
high-strength steel (HSS), which has higher strength but lower ductility compared to
mild steel. It is an open question whether the research on HSS joints undertaking
worldwide is sufficiently systematic and comprehensive to predict the ultimate state of
HSS joints accurately. The precise prediction of fracture becomes very important in
predicting the ultimate state and the post-ultimate load behaviour of HSS structural
members and welded joints.

The traditional elastoplastic hardening model may overestimate the plasticity's
localisation effect in the necking zone if the material damage is not considered [3,4].
Diverse damage theories combining elastoplastic constitutive models have been
developed to simulate fracture initiation and propagation. Three main approaches
classified from pioneering works are developed [5], namely the continuum damage
model, the uncoupled damage model, and the micromechanics-based damage model, to
simulate the fracture of the material. The uncoupled damage model generally uses the
equivalent plastic strain as an external variable uncoupled from the yield surface to
govern the failure criteria. The material is damaged when the external variable reaches a
critical value, as shown by several proposed models [6,7]. However, the parameter
calibration process is firmly based on reliable experimental data. The continuum damage
mechanics approach considers damage by correlating the damage with an internal
variable. Lemaitre [8] proposed a damage model under the thermodynamics framework
by modifying the Cauchy stress tensor to an effective stress tensor with a damage factor.
Effective stress is used in the constitutive equation, indicating that the damage is coupled
with the yield surface. The last approach is the micromechanics-based damage model.
Under the framework of micromechanics damage models, the ductile fracture process
could be described as the nucleation, growth, and coalescence of the microvoids [9]. The
process initiates when the microvoids nucleate at inclusions or second phase particles by
particle-matrix interface de-cohesion or particle cracking. These voids grow and change
the shape accompanying the plastic deformation of the matrix, and eventually, the
microvoids coalesce resulting in the final failure of the material.

Several studies have shown that the Lode angle and the stress triaxiality are essential
parameters for ductile fracture [7,10-14]. The growth and coalescence of microvoids
could explain the stress triaxiality and Lode angle dependency phenomenon at the
microscale. At a high-stress triaxiality level, the voids grow volumetrically, and the
necking of inter-void ligaments results in the coalescence of the voids [13]. On the other
hand, the voids may grow, but the shear localisation at the inter-void ligaments governs
the fracture initiation under a low-stress triaxiality. It demonstrates that the final fracture
also depends on the Lode parameter, which represents the shear state of the material
[13,14]. Gurson-Tvergaard-Needleman (GTN) Damage Model, as one of the most
popular micromechanics-based porous plasticity models, links the macroscopic damage



Chapter 5 91

with the evolution of micro void volume fraction (VVF). It was initially proposed by
Gurson [15], considering the growth of the voids only. Tvergaard [16,17] and Needleman
and Tvergaard [18] improved the model by involving void nucleation and coalescence.
Furthermore, researches [19-23] have been done to extend the application range of the
GTN model to the low-stress triaxiality state.

Generally, the effects of the stress triaxiality and the Lode Angle on failure modes and
fracture properties could be investigated experimentally and numerically. A large
number of specimens are required to identify the parameters of the damage model for
each test series. Different types of coupon specimens, such as smooth, notched bars, or
compact tension specimens, can be used to determine the fracture process [7,10-13,21].
However, it is difficult to conduct all kinds of reliable experiments to generate different
stress states through different initial specimen geometries or by applying different load
combinations for specific parts in the civil engineering sector, such as welds, HAZ, bolts,
headed studs and fillet corners of cold-formed tube. Hence, the micromechanical analysis
could be used as a surrogate model to numerically calibrate the ductile fracture
parameters. Fritzen et al. [24] investigated the pressure dependency of the deviatoric
limit stress of three-dimensional microstructures. The stress triaxiality is varied by
applying different load conditions in addition to the periodic boundary condition. The
GTN parameters for elastoplastic porous metals are identified using three-dimensional
representative volume elements (3D RVE). Xin et al. [25] calibrated the material
parameters of the orthotropic GTN model inferred from microstructures generated from
high-fidelity discrete element simulations. Xin et al. [26] calibrated the friction angle,
the ratio of the yield stress in triaxial tension to the yield stress in triaxial compression,
and the dilation angle of the linear Drucker-Prager plastic model based on the
experimental result and the computational homogenisation.

In terms of the damage modelling of the cold-formed HSS, Pavlovic et al. [27] calibrated
the damage model under the framework of the void growth model (VGM) for the HSS
cold-formed material [28]. The FE prediction is generally agreed well with experimental
observations, except that the resistance of FE results is larger than that of the test results
at the descending stage, mainly because the fracture locus is not well considered at the
lower stress triaxiality in the VGM model. Yan et al. [29] attempted to calibrate the GTN
damage parameters for mild steel S355 based on the engineering stress-strain
relationship. The 3D RVE is employed to determine the parameters qi, 02, and gs with
constant values. A parametric study is carried out on the coupon simulation to calibrate
VVF correlated parameters f and f;.

In this chapter, the GTN damage model is calibrated for the base material and the heat-
affected zone of welded cold-formed RHS connections. The computational
homogenisation method is employed to investigate the pressure dependency of the
deviatoric stress. Different load conditions corresponding to different stress triaxiality
levels are applied to eighteen unit cells with random spherical pores. VVF of unit cells
varies from 0.1% to 25%. The parameters gi1 and gz, which describe the yield surface of
the material, are calibrated based on the inelastic deformation within the unit cell. An
equation is proposed to describe the relationship between VVF and q; value. The
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parameters f. and f; are calibrated against tensile coupon tests, including standard coupon
specimens and milled welded coupon specimens. The calibrated GTN damage model is
successfully validated under the stress triaxiality higher than 0.33 based on notched
coupon tests for HSS.

5.2.Theoretical background
5.2.1. GTN model

The GTN model involves nine constitutive parameters. Three constitutive parameters gz,
02, and gz are used to describe the shape of the yield surface. The other six parameters
are employed to define the evolution of VVF. The yield surface of the GTN model is
presented in Eq. (5.1):

2
¢=[%] +2q1f*cosh[322%]—l—q3f*z=0 (5.1)

t y

where: geq, om, and oy are the von Mises equivalent stress, the hydrostatic pressure, and
the flow stress of the undamaged material matrix, respectively. The expressions for oeq
and om are given below:

On = §Gijé‘ij

3 1 1
O = \/E(O-ij _go-ijé‘ijjtaij _go-ijdijj (5.3)

where o; and o; are the stress tensor and the Kronecker delta, respectively.

(52)

The evolution of VVF consists of the new void's nucleation and the growth of the existing
void, see Eq. (5.4 ). The nucleation of the void may occur because of decohesion of the
particle-matrix interface and microcracking. It follows a normal distribution regarding
the equivalent plastic strain. Hence, the void nucleation rate involves three parameters:
the total nucleated VVF f,, the mean value of the normal distribution of the nucleation
strain &, , and the standard deviation S,. The expressions are given in Eq. (5.5) and Eq.

(5.6). The growth of the existing void is based on the law of conservation of mass. The
rate of the void growth is expressed in terms of the plastic hydrostatic strain rate, as
shown in Eq. (5.7 ). f* is the modified VVVF, a function of the critical VVF f; and final
VVF f. The amplification of VVF starts and completes when f; and f; are reached,
respectively. The expression is given in Eq. ( 5.8 ). When the damage variable VVF
reaches fr, the material fails. The parameters f; and f; describe the process of the void
coalescence. f; is VVF at the initiation of the void coalescence. f; corresponds to the end
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of the void coalescence but does not have a physical meaning, as f* is modified to f,",
which is VVF at the onset of failure.

f=f+f (5.4)

f, = A (5.5)

{;[5{7 H (56)

f
A=—1_¢
S,\27
fo=(1- )&l (5.7)
f f<f, .
fr=qfo+K(f=1f) fo<f<f K=f“_f° (5.8)
f f>f, o

5.2.2. Periodic boundary condition

The Hill-Mandel computational homogenisation method could establish the link between
micro-scale and macro-scale behaviour. Under the micro-scale level, the Cauchy stress
G; in the unit cell domain could be upscaled to the Cauchy stress o at the macro-scale

level by the following form [30]:
[&,d© (5.9)

where: &; is the micro-scale Cauchy stress, o; is the macro-scale Cauchy stress, © is
the domain of the unit cell. The micro-scale displacement u/' (x,y) is expressed in Eq.

( 5.10 ) [30]. It can be given by the leading order translation-free micro-scale
displacement.

u' (%, y)=&y; +uP(x,y) (5.10)

where: g is the strain tensor in the macro-scale domain, u®(x,y) is the perturbation

displacement in the micro-scale, x is the macro-scale position vector in the macro-scale
domain, and y is the micro-scale position vector in the unit cell domain.
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The micro-scale displacement at a master node M and a slave node S, located on the
opposite sides of the unit cell, is expressed as Eq. (5.11 ) and Eq. (5.12).

u' (x yM) =&yl +u® (x,y)") (5.11)
u' (%, y%) =¢y; +ul(x,y;) (5.12)

where: y" and y* are the micro-scale coordinates.

The periodic boundary condition on the unit cell requires the same perturbation
displacement at M and S nodes. Hence, Eq. ( 5.11 ) and Eq. ( 5.12 ) yield a constraint
equation between the master node and the slave node, as expressed in Eq. (5.13).

u' (6 Y -ul () =& (v) - y)) (5.13)

5.2.3. Undamaged uniaxial stress-strain relationship

The undamaged true stress-true strain relationship consists of pre- and post-necking parts.
The pre-necking part is obtained from the tensile coupon test by converting the
engineering stress-strain relationship until the ultimate strength to the true stress-strain
relationship following Eq. (5.14).

o, =0o,(l+¢,) (514)
& =In(l+s,) '

where subscripts e’ and 't' denote 'engineering' and 'true’, respectively. The post-necking
part is generated based on the extrapolation of three theoretical models, which are the
Voce model [31] (Eq. (5.15)), the Swift model [32] (Eq. (4.4 )), and the linear model
[4] (Eq. ( 4.3)). The parameters of the theoretical models are determined by fitting the
pre-necking data using the least-squares method.

o =k, +Q(1-e ) (5.15)

where k,, Q, £, are the Voce parameters. A linear combination of the Swift model and

the linear model using a weighting factor W is adopted to generate the undamaged true
stress-true strain relationship of BM, as shown in Eq. ( 4.2 ). The Swift model and the
Voce model are used for WM and HAZ, respectively. A detailed illustration for choosing
the specific material model is presented in Section 5.4.2.
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5.3.Calibration method
5.3.1. Representative volume element models

The steel material contains voids and steel matrix. It is impossible to create the voids in
the coupon specimens or welded joints, as the extremely small voids result in problems
with meshing and computation. Hence, the voids are created in a unit cell representing a
homogenised material, as shown in Fig. 5.1. The mechanical response of the
homogenised material is obtained by varying boundary conditions. Accordingly, some
constitutive parameters, such as gq; and gz in this study, could be determined based on the
simulation results. This simulation procedure is called the computational
homogenisation analysis.

Steel
»~ Matrix Void

Steel
&~ Matrix

Fig. 5.1 An example of the representative volume element model.

The ABAQUS:2021 software package [33] is used to conduct the FE analysis. The
computational homogenisation analysis is performed based on eighteen representative
volume element (RVE) models with VVF varying from 0.1% to 25%. The side length of
the cubic model is 1 mm. Non-overlapping voids with a constant radius R are randomly
scattered in the unit cell, as presented in Fig. 5.1. All RVE models mesh with a 0.1 mm
universal mesh, which is sufficient to avoid convergence problems, as illustrated in
[24,29,34]. Table 5.1 presents detailed information about each RVE regarding VVF, the
number of voids (N), and the radius of the void (R). The rationale for the selected VVF
values is given in Section 5.3.2.

Table 5.1 Void details of RVEs.

f[oe] | 0.1 0.3 0.6 1.0 1.6 2.3 31 4.0 5.0

N 20 20 20 40 40 40 40 40 40
[mRm] 0.0229 0.0330 0.0415 0.0391 0.0457 0.0516 0.0570 0.0620 0.0668
f [%] 6.0 7.0 8.1 9.1 10.0 11.0 15.0 20.0 25.0

N 40 40 80 80 80 80 80 80 80

R

0.0710 0.0748 0.0623 0.0648 0.0668 0.0690 0.0765 0.0842 0.0907

[mm]

A periodic boundary condition adopted by [24,29,34] is applied to the RVE model on
three pairs of opposite surfaces. A uniform displacement along the normal of a surface
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is applied on different surfaces of the RVE model to vary the stress triaxiality in the
model. Fritzen et al. [24] proposed two parameters, a; and az, to control the strain-driven
load, as shown in Eq. ( 5.16 ). As the maximum stress triaxiality among all X-joint
models is below 3, the relationship between the hydrostatic pressure dependency and the
macroscopic Yyield surface is investigated by applying six loading conditions. The
parameters for different loading conditions are presented in Table 5.2.

1 00 100
[E]:al 0 -1 0|+a,|0 1 O (5.16)
0 0 0 001

Table 5.2 Parameters for different loading conditions.

Loading conditions 1 2 3 4 5 6
a1 1 1 1 1 1 1
a 0.1 0.3 0.5 0.7 0.9 1.2

5.3.2. Correlation between the void volume fraction and initial
hardening strains

The input data (stress-strain relationship) in the RVE model is considered the constitutive
model of the steel matrix, excluding the effect of the void on the stress-strain relationship
of the material. The RVE model contains the steel matrix and the void, representing a
material unit in the real specimen. It can be used to simulate the behaviour of the material
unit under different loading conditions and various stages of damage. Hence, the
mechanical response of the material unit under different stress states could be obtained
from the RVE model. It is assumed that the volume of the steel matrix is unchangeable,
indicating that the volume of the homogenised material may change during loading as
the void volume changes. Hence, the plastic hydrostatic strain rate, see Eq. (5.7 ), is not
zero.

With different stress triaxialities, the evolution of the plastic strain component is different.
Take two sets of the plastic strain increment with the same plastic hydrostatic strain rate
(0.003), for instance. The first set of the plastic strain rate is 0.011, 0.001, and -0.009
for , , and , respectively. The second set of the plastic strain rate is 0.012, 0.001, and -
0.010 for, , and , respectively. The VVF increment of these two examples is identical
since the plastic hydrostatic strain rate is the same. However, the equivalent plastic strain
rate of the first and second sets is 0.012 and 0.013, respectively. It indicates that a given
VVF corresponds to a range of equivalent plastic strain instead of a unique value, and
vice versa. Hence, a modified stress-strain relationship should be used to analyse the
RVE model with VVF larger than the initial VVVF. The effect of the various combinations
of initial hardening strains and VVVFs on the material yield surface is evaluated. Fig. 5.2
depicts a schematic drawing of modifying the true stress-strain relationship based on
different initial hardening strains. The black line represents the original true stress-strain
relationship. The red, blue, and yellow lines are the modified relationships with an
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ascending level of the initial hardening strain Aeu, Aep, and Aes, respectively. The initial
hardening strain of the modified relationship is set to zero (graphically offset the curves)
to generate input data for the computational homogenization analysis.

o) =]

_.L_.L—I-—‘—"—“L"‘ -_— -

Offset curves

0 Agy Agp Aeg & 0 &
Fig. 5.2 True stress-strain relationship with different initial hardening strains.

A given VVF corresponds to a range of equivalent plastic strain instead of a unique value.
An iteration analysis is conducted based on the RVE model to find the relationship
between the range of the accumulated initial hardening strain and a specific VVF. The
BM of the XS700A2 chord, denoted XS700A2B, is employed here for illustration. First,
the original true stress-strain relationship is used in the RVE model with 0.1% VVF. For
the model loaded with a minimum (e = 0.1) stress triaxiality, the equivalent plastic strain
and VVF at the yield point are 0.062 and 0.258%, respectively. The model loaded with
a maximum (a2 = 1.2) stress triaxiality has a 0.00382 equivalent strain and 0.343% VVF
at the yield point. Comparing the results of the two models, VVF has a limited variation
while the equivalent strain shows a significant difference. Hence, an RVE model with
0.3% VVF, which is approximately the average of two VVFs at the yield point (0.258%
and 0.343%), is created for the second step analysis. As 0.062 and 0.00382 are the
maximum and minimum equivalent plastic strains that may appear in the material with
0.3% VVF, the strains are used as the initial hardening strain (see Fig. 5.2) to modify the
original true stress-strain relationship. Note that the maximum and minimum initial
hardening strains are slightly adjusted within the varying range to have simple numbers.
In addition, the average of the maximum and minimum initial hardening strain is used to
generate a moderate constitutive model. The three modified stress-strain relationships
are used in the second step analysis.

The model using the stress-strain relationship modified by the maximum initial
hardening strain has the highest equivalent strain at the yield point under the o, = 0.1
loading condition, while the model using the minimum-strain modified stress-strain
relationship has the lowest equivalent yield strain under the a; = 1.2 loading condition.
VVF of these two models at the yield point shows a slight difference (0.554% and
0.663%). The average of two VVFs (approximately 0.6%) is used to create the RVE
model for the third step. Similar to the first step, the original stress-strain relationship is
modified using the accumulated initial hardening strain, which is the sum of maximum
(or minimum) initial hardening strains. Again, a moderate modified constitutive model
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is created using the average of the maximum and minimum accumulated initial hardening
strains.

The iteration analysis is conducted up until models with an 11% VVF. In the last several
steps (VVF from 7% to 11%), a minimum 0.01 and maximum 0.04 hardening strain
increment is obtained for every 1% VVF increment. Hence, the modified stress-strain
relationship is estimated for models with a 15%, 20%, and 25% VVF concerning the
calculation efficiency. The used accumulated initial hardening strains (A&, Aem, Aen) for
all RVE models are presented in Table 5.3. Note that the same combinations of VVF and
the accumulated initial hardening strain are used for other materials, as a similar result is
observed in XS355A3B and S700t10H (HAZ of S700t10).

Table 5.3 The accumulated initial hardening strains for different VVFs.

f [%] 0.1 0.3 0.6 1.0 1.6 2.3 3.1 4.0 5.0

Agl - 0005 001 002 003 004 005 006 0.07
Aem 0 0.03 0.05 0.08 0.1 016 019 022 025
Aen - 0.05 0.1 0.16 022 027 032 037 042

f[%] | 60 70 81 91 100 110 150 20.0 250
Aer | 008 009 01 011 012 013 017 022 027
Aem | 027 03 032 036 038 04 051 063 076
Aen | 047 052 056 06 064 068 084 104 124

5.3.3. Coupon specimen models

FE models are created based on the measured dimensions for the standard coupon
specimen and the milled welded coupon specimen to calibrate the GTN parameters for
BM and HAZ, as shown in Fig. 5.3. The welded coupon specimen contains two HAZ
zones and one WM zone. The FE models finely mesh with 0.5 mm element size in the
central part 50 mm long, the base length where the extensometer was installed. The
remaining part uses a coarse mesh in the loading direction. In order to reduce the
computational burden, the grip part of the specimen is not created. Two reference points,
RP1 and RP2, are employed to control all three translations and three rotations of the end
surfaces using the multi-point beam constraint (MPC beam). A positive displacement in
the Y direction is applied at RP2, while the other degrees of freedom of RP1 and RP2
are fixed. The explicit solver with a 100 s period and a 0.0001 s target time increment is
used to perform the quasi-static analysis. Eight-node hexahedral solid elements with
reduced integration (C3D8R) are employed in the model.
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b) Milled welded coupon
specimen.

a) Standard coupon specimen.

Fig. 5.3 Finite element model for coupon specimens.

The tensile behaviour of the coupon specimen could be well predicted up to the necking
point. After the necking point, the critical cross-section starts to lose resistance due to
the nucleation, growth, and coalescence of the void, although the true stress of the
undamaged material might continuously increase. The calibration process is proceeded
by comparing the FE and experimental engineering stress-strain relationship. The FE
engineering stress-strain relationship is obtained by analysing the elongation of the gauge
length and the reaction force at the reference point. The post-necking part of the
experimental engineering stress-strain relationship is fitted by varying the weighting
factor. Based on the determined weighting factor, the critical VVF f; and final VVF f;
that govern the acceleration of VVVF evolution are calibrated. Note that the nucleation of
the void is not involved in the current research.

5.4.Results
5.4.1. Identification of parameters g1 and g2

An example of the RVE simulation result concerning a 5% VVF, a 0.07 accumulated
initial hardening strain, and the Swift model extrapolation is presented in Fig. 5.4. The
equivalent stress-strain relationship is used to characterise the yielding of the RVE model.
When the slope of the curve decreases to 1% of the initial elastic stiffness, the point is
considered the yield point. Fig. 5.4 b) illustrates the pressure dependence of the yield
surface, where the von Mises yield stress decreases with the increase of the mean stress.

—a2=0.1 —a2=0.3 —a2=0.5 a2=0.7 —a2-0.] —u203 —u2-05 w207
—u2=09 —u2=12 ® Yield point —02=0.9 —02=12 ® Yield point
1000 1000

800 800

600 600

|[MPa]
[MPa]

7 400 g 400
©

o,

200 200

0 0.003 0.006 0.009 0.012 0 400 800 1200 1600
B [-] oy [MPa]
a) Oeq-eq relationships. D)  oeq-om relationships.

Fig. 5.4 Example of RVE results (f=5%, 0.07 strain hardening, Swift model
extrapolation).
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The Mises stress, the mean stress, VVVF, and the equivalent plastic strain at the yield point
of all RVE models are used for determining the yield surface parameters g; and da.
According to the original GTN model, g; equals g;2. f* and ot in Eq. (5.1 ) are VVF of
the RVE model and the flow stress corresponding to the equivalent plastic strain
according to the input data of the true stress-true plastic strain relationship, respectively.
Substituting the variable values obtained from one RVE model into Eq. (5.1 ), an error
could be calculated using a specific combination of giand g.. The errors from all RVE
models, including different VVVFs, accumulated initial hardening strains, and o, values,
are used to calibrate a constant gz using the least-squares method. Based on the
determined g3, the sum of errors from models with different a, values but the same VVF
and accumulated initial hardening strain is used to identify q:, where a minimum sum of
errors is obtained. The calibrated results for XS700A2B are presented in Table 5.4.

Table 5.4 Calibrated parameter q;.
f [%] 0.1 0.3 0.6 1.0 1.6 2.3 3.1 4.0 5.0

a6l - 220 238 222 230 212 208 204 199
Quasm | 291 256 254 232 231 212 210 205 200
Qu.aeh - 261 257 232 232 212 210 206 200

f [%] 6.0 7.0 8.1 9.1 100 110 150 200 250
016l 18 199 176 179 177 166 162 157 151
01,a6m 186 200 177 179 178 166 161 157 151
Q1,a¢h 186 200 177 179 178 167 159 157 151

Fritzen et al. [24] found that g; decreases with an increasing VVF and a constant gz. An
expression correlating g: and VVVF is proposed, as presented in Eq. ( 5.17).

g =A f° (5.17)

where A and B are two constitutive parameters determined by fitting the data presented
in Table 5.4. As the primary purpose of this study is to implement the GTN damage
model on the fracture simulation of welded cold-formed rectangular hollow section X-
joints, it will be very time-consuming to conduct the computational homogenization
analysis for all materials involved in the X-joints, considering the number of RVE
models. Hence, the materials with a similar strain hardening behaviour use the same A,
B, and g, parameters. Fig. 5.5 presents two examples of materials with a similar strain
hardening behaviour, a) for BM and b) for HAZ. The engineering stress is normalised
by dividing the ultimate strength to compare the hardening behaviour of materials with
different strengths. It can be seen that the curves in each diagram are almost identical
until the ultimate strength point, where the extrapolation starts. Note the example of BM
is from the chord of the A-series X-joint, which will be illustrated in detail in Chapter 6.
X, S700, Al, and B in the name XS700A1B represent X-joint, S700 steel grade, first
specimen in A series, and BM, respectively. S700t10H is HAZ of the S700t10 butt-
welded RHS profile. BM and HAZ are sorted into four and two categories by visually
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inspecting the curves' shape, respectively. The analysed material and the material with a
similar hardening behaviour are presented in Table 5.5.

—XS8700A1B —XS700A2B

—=S8700t10H —S700t8H —S500t10H S500t4H
12 12
= N
208 208
206 - 0.6
204 204
g02 202
Z 0 % 0
“ 0 003 006 009 012 015 0 003 006 009 012
Strain [-] Strain [-]
a) BM. b) HAZ
Fig. 5.5 Materials with a similar strain hardening behaviour.
Table 5.5 Material categories.
Analysed material Similar material
XS700A3B -
XS700A2B XS700A1B
BM XS500A1B, XS355A2B, XS355A1B, S355t5B,
XS500A2B S355t8B, S500t8B
XS355A3B XS500A3B
HAZ S700t10H S500t4H, S500t10H, S700t8H
S355t8H S355t5H, S355t10H, S500t8H, S700t5H

The determined values of A, B, and g, are presented in Table 5.6. L, S, and V denote the
linear, Swift, and Voce models, respectively. The undamaged true stress-strain
relationship of BM can be generated using a weighting factor based on the Swift model
and the linear model, as shown in Eq. ( 4.2 ). Accordingly, the constitutive parameters
(A, B, and g2) can also be determined using the same weighting factor, as reported in

[34].

Table 5.6 Determined constitutive parameters.

BM HAZ
Parameters XS700A3B XS700A2B XS500A2B XS355A3B S700t10H  S355t8H
L S L S L S L S \ \%
A 1.263 1.338 1.294 1.351 1.288 1.334 1.363 1.383 1.417 1.443
-0.132  -0.106 -0.127 -0.116 -0.125 -0.107 -0.094 -0.085 -0.079 -0.068

gz 0.968 1.016 0.961 1.006 0.982 1.014

1.010 1.019 1.015

1.015
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5.4.2. Calibration of the parameters fc and ft

The undamaged true stress-strain relationship is used in the coupon specimen analysis.
The pressure-dependent yield surface of the GTN model is realised by the porous metal
plasticity in ABAQUS. A user subroutine VUSDFLD, as presented in Appendix 5.A, is
used to consider the relationship between g1 and VVF. The initial VVF fy is 0.001,
resulting in a 0.999 relative density.

Fig. 5.6 a) presents the engineering stress-strain relationship of XS700A3B. The solid
black line is the experimental result. The results of FE1, FE2, and FE3 are extracted from
the FE model with a 0, 0.1, and 0.2 weighting factor referring to Eq. (4.2 ), respectively.
The FE model with a 0.1 weighting factor fits the experimental result best. The VVF
contour plot of the half FE model at the failure point, where the load decreases sharply,
is presented in Fig. 5.6 b). It can be seen that the highest VVVF appears at the centre of
the cross-section, indicating the fracture initiates from the centre. The maximum VVF is
taken as f.. The value of f; is determined based on a trial-and-error process by varying f:.
Fig. 5.6 ¢) compares the experimental and the FE results, where FE2-1, FE2-2, and FE2-
3 use 0.05, 0.1 and 0.15 f;, respectively. The model FE2-1 with a 0.05 f; fits the
experimental result best, although a minor difference could be observed among all three
FE results. Note that the FE model with an f: smaller than the proposed value would not
notably influence the stress-strain relationship obtained from the FE result. Hence, an f;
which is maximally 0.05 larger than f; is adopted in this study. The parameters calibrated
for BM (referring to Eq. ( 4.2 )-Eq. ( 4.4 )) and HAZ (referring to Eq. ( 5.15)) are
summarized in Table 5.7 and Table 5.8, respectively.

—EXP ---FEI FE2 FE3

1000
800 /7 A

VVF
(Avg: 75%)

Failure point +4.818¢-02

E | »44%5&'-02
= 600 | T§33§=§5
2 400 | 13834003
£ -' R T
w200 | +2.069¢-02
: +1.676¢-02
‘ A
0 004 008 0.2 0.6 98103
Strain [-] i
N b) VVF contour plot at the failure
a) Weighting factor. .
) ghting point.
—EXP ——FE2-1 ——FE2-2 — —FE2-3
1000
- P R T ——
T 800 |, o
= 600 | ~
1
= N
Z 200 | %
(] -
0 004 008 012 0.6
Strain [-]
c) f.andfs. d) Final fracture.

Fig. 5.6 Determination of constitutive parameters.
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Table 5.7 Calibrated constitutive parameters for BM.

Material w k n £0 a b fc fe
XS355A1B 0.9 836.2 0.1460 0.0095 598.2 549.9 0.0645 0.10
XS355A2B 0.9 7727 0.1400 0.0068 563.3 511.8 0.0350 0.05
XS355A3B 1.0 750.0 0.1400 0.0336  473.3 520.7 0.0350 0.05
XS500A1B 0.8 738.1 0.0635 0.0150 508.1 595.8 0.1120 0.15
XS500A2B 0.6 696.0 0.0240 -0.0041 763.0 6154 0.1290 0.15
XS500A3B 0.7 8514 0.0631 -0.0022 739.0 667.0 0.0760 0.10
XS700A1B 0.1 9429 0.0216 -0.0066 1237.4 834.6 0.0990 0.15
XS700A2B 0.1 919.0 0.0200 -0.0070 1293.2 816.7 0.0500 0.10
XS700A3B 0.1 997.2 0.0324 -0.0051 1052.0 853.4 0.0482 0.05

S355t5B 0.8 8015 0.1400 0.0151 5574 539.4 0.0267 0.05

S355t8B 1.0 7854 0.1400 0.0142 549.0 5276 0.110 0.15

S500t8B 09 7571 0.0626 0.0196 4932 616.6 0.123 0.15

Table 5.8 Calibrated constitutive parameters for HAZ.

Material ko Q Bo fe fr
S355t5H 480.7 274.7 4.26 0.0116 0.05
S355t8H 481.0 285.1 4.03 0.0329 0.05
S355t10H 459.5 191.6 13.89 0.0280 0.05
S500t4H 552.0 191.6 8.33 0.0094 0.05
S500t8H 363.3 336.7 17.25 0.0145 0.05
S500t10H 578.6 207.2 8.68 0.0226 0.05
S700t5H 627.7 355.7 5.28 0.0165 0.05
S700t8H 598.6 205.0 10.47 0.0337 0.05
S700t10H 661.0 179.4 13.59 0.0177 0.05

5.4.3. Validation against notched coupon specimens

The tensile test results of standard and notched coupon specimens (S700 steel grade)
reported by Turan and Horvath [35] are employed to validate the GTN damage model
under different stress triaxialities. The GTN model is calibrated following the general
procedure in Section 5.3. The notched coupon specimen has a circular hole in the centre.
The nominal diameter of the hole varies from 8 mm to 40 mm with an 8 mm interval. By
varying the diameter of the hole in the specimen, the influence of the stress triaxiality,
higher than 0.33, on the vyield surface could be investigated experimentally. The
measured dimension and the original name (in the literature) of the notched specimen
are listed in Table 5.9, where b is the width of the parallel part, t is the thickness, d is
the diameter of the hole, e; and e are the distance from the centre of the hole to the two
edges of the specimen. FEMs are employed to simulate the tensile performance of the
notched coupon specimen. The measured dimension is used in FEM. The same basic
setting and parameter introduced for simulating standard coupon tests are used to
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simulate the notched coupon tests. The meshed FE models are shown in Fig. 5.7.
Comparing the FE result to the experimental result, the interaction of the hydrostatic
stress and the Mises yield stress of the calibrated GTN model could be verified.

Table 5.9 Measured dimensions and maximum resistance of specimens.

Specimen b t do el ez Fmaxexp  Fmax-re Error
name [mm]  [mm] [mm] [mm] [mm] [kN] [kN] [%]
S700/8 (B) | 80.20  7.93 7.86 4055 39.65 460.2 483.1 4.98
S700/16 (B) | 80.11  7.91 1585 40.36 39.75 405.5 427.9 5.52
S700/24 (B) | 80.07 7.97 2376 40.44  39.63 350.0 377.7 7.91
S700/32 (B) | 80.11 7.86 3187 40.39 39.72 302.0 319.4 5.76
S700/40 (B) | 80.20 7.88  39.77 40.38  39.82 257.8 267.0 3.57

Fig. 5.7 Meshed model of notched coupon specimens. (8 mm to 40 mm hole from
left to right)

The FE and experimental load-deformation relationships are compared in Fig. 5.8. The
ultimate resistance of the FE result is approximately 5.7% higher than the experimental
result, as indicated in Table 5.9. The discrepancy may result from two possible reasons,
which are the effect of stress triaxiality and the effect of loading rate.
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Fig. 5.8 Comparison of the load-deformation curves.

Yan-Bo Wang et al. [36] and Yuan-Zuo Wang et al. [37] conducted a comprehensive
experimental and numerical investigation on the yield criterion and the damage model
of HSS. It was found that the influence of high-stress triaxiality (greater than 0.33) on
the Mises plasticity model of HSS is negligible, while the stress triaxiality plays a crucial
role in the damage criterion. Hence, the Mises yield criterion is employed in the FEMs
to verify the influence of stress triaxiality. The results are plotted in Fig. 5.8. It can be
seen that the results using the Mises yield criterion fit the results using the GTN damage
model well with 1% maximum resistance discrepancy, indicating that the higher
resistance predicted by the FEM is not due to the effect of stress triaxiality.

In the investigated testing series, the loading rate for the standard coupon specimen was
higher than the notched coupon specimen, indicating that a higher material strength is
obtained from the standard coupon test due to the strain rate effect. Therefore, it is
reasonable to obtain a higher ultimate resistance in the FEM than in the experiment. In
order to eliminate the strain rate effect, the displacement of the stroke should be held for
at least 60 seconds during the coupon test [38]. Static stress is obtained from each loading
suspension point. Then, the static stress-strain relationship from the standard coupon test
and the static load-displacement relationship from the notched coupon test are obtained
based on several static stress points. Finally, the static behaviour of the standard and the
notched coupon tests are predicted using the static stress-strain relationship obtained
from the standard coupon test. And the strength deviation in Fig. 5.8, due to the strain
rate effect, could be eliminated. However, the standard coupon test and the notched
coupon test were conducted without the loading suspension [35]. Consequently, it is not
possible to eliminate the strain rate effect in the FE analysis. In order to compare the FE
and the experimental results focusing on the post ultimate load behaviour, the load is
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normalized by dividing the maximum load, respectively. Therefore, the maximum
normalized load of each curve is 1. Note that the displacement is not normalized.

The normalised load-displacement relationships for each test are depicted in Fig. 5.9-Fig.
5.13. It can be seen that very good agreements exist between the FE and the experimental
results. Three points are characterised in the FE result. The characterised (CH) points A,
B, and C corresponds to the maximum load, the initiation of the fracture, and the largest
deformation in the experiment, respectively. The fracture initiation happens when the
first element deletion is observed in the critical net cross-section in FEM. VVF contour
plot of the isolated net cross-section at each characterised point is shown in Fig. 5.9-Fig.
5.13. It can be seen that VVVF at the centre of the cross-section develops faster than the
edge. Consequently, the fracture initiates from the centre and grows to the edge. The
maximum VVF in all figures is lower than the final VVF f;, because the element is
deleted from the model if ftis reached. The displacement and the normalised load at
fracture initiation point B are compared to the experimental result at the point when the
load starts to drop significantly in Table 5.10. The average deviation of the displacement
and the normalised load is -1.7% and 1.0%, respectively. It can be concluded that the
calibrated GTN model could effectively predict the damage initiate point under different
high-stress triaxialities. The validated up limit of the stress triaxiality is investigated
based on the average stress triaxiality extracted from elements in the central two layers
of the net cross section. The 1st, 5th, 10th, 15th, and 20th elements from the hole edge,
as shown in Fig. 5.14, are employed to demonstrate the stress triaxiality level during the
loading. The stress triaxiality is plotted against the loading step for each model in Fig.
5.15. The relationship is plotted up until the characterised fracture initiation point B.
From Fig. 5.15, it can be concluded that the validated maximum stress triaxiality is
around 1.6.
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c) VVF distribution of isolated cross section at point A, B, C.

Fig. 5.9 8 mm notched coupon specimen.
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c) VVF distribution of isolated cross section at point A, B, C.
Fig. 5.10 16 mm notched coupon specimen.
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¢) VVF distribution of isolated cross section at point A, B, C.
Fig. 5.11 24 mm notched coupon specimen.
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c) VVF distribution of isolated cross section at point A, B, C.

Fig. 5.12 32 mm notched coupon specimen.
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¢) VVF distribution of isolated cross section at point A, B, C.
Fig. 5.13 40 mm notched coupon specimen.

X Y
Y
§ - tr ottt

1st gth 10th 15th  20th

Fig. 5.14 Position of the investigated elements.
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Table 5.10 Comparison of the fracture initiation point.

. Displacement Normalised force
Specimen — —
hame EXP FE Deviation EXP FE Deviation

[mm] [mm] [%] [KN/KN] [KN/KN] [%]

S700/8 (B) 4.05 4.04 -0.04 0.95 0.96 1.93
S700/16 (B) 5.04 5.00 -0.72 0.92 0.91 -0.81
S700/24 (B) 5.69 5.48 -3.82 0.87 0.88 1.46
S700/32 (B) 5.79 5.57 -3.72 0.80 0.84 4.90
$700/40 (B) 5.88 5.85 -0.37 0.80 0.78 -2.32

5.5.Conclusions

The GTN damage model is implemented into the fracture simulation of welded cold-
formed rectangular hollow section (RHS) X-joints. Based on the presented results, the
following conclusions are drawn:

1)

2)

3)

4)

The computational homogenisation is conducted to calibrate the GTN vyield-
surface parameters (i and ), considering the different combinations of the
accumulated initial hardening strain and the void volume fraction ( f ).
Parameter g is correlated to the void volume fraction f using the power law,
q, = Af ®, for a constant g calibrated for different models shown in Table 5.6.

All values of g for different materials considered are close to 1. Parameter g
gradually decreases from 3 to 1.5 with an increasing f.

The undamaged true stress-true strain relationship of the base material (BM) is
generated using a weighting factor (W) based on the Swift model and the linear
model. The weighting factor decreases with the increase of the steel grade,
which is around 0.9, 0.7, and 0.1 for S355, S500, and S700 materials,
respectively. It indicates that the BM undamaged constitutive model gradually
transfers from the linear model to the Swift model concerning an ascending steel
grade. The heat-affected zone (HAZ) material has a weaker post-necking strain
hardening behaviour than BM. The Voce model is suitable for generating the
undamaged constitutive model for all HAZ materials.

The damage of the element is sensitive to the value of the fracture parameter f.
fr has a minor influence on the failure process. The value of f;, up to 5% larger
than f¢, is validated in this study.

The calibrated GTN model could efficiently predict the behaviour of the
notched coupon specimens. The average deviation of the displacement and the
normalised load at the fracture initiation point is -1.7% and 1.0%, respectively.
The validated range of stress triaxiality is up to 1.6.
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Appendix
Appendix 5.A ABAQUS user subroutine

subroutine vusdfld(

¢ Read only -

* nblock, nstatev, nfieldv, nprops, ndir, nshr,
jElem, KIntPt, kLayer, kSecPt,

stepTime, total Time, dt, cmname,
coordMp, direct, T, charLength, props,
stateOld,

% %k %

¢ Write only -

* stateNew, field )
include 'vaba_param.inc'

dimension jElem(nblock), coordMp(nblock,*),
* direct(nblock,3,3), T(nblock,3,3),
charLength(nblock), props(nprops),
stateOld(nblock,nstatev),
stateNew(nblock,nstatev),
field(nblock,nfieldv)

character*80 cmname

L .

parameter(nrData=6,RP1=3.141592653D0)

character*3 cData(maxblk*nrData), jData(maxblk*nrData)
dimension rStrainData(maxblk*nrData)

dimension strain(nblock,nrData)

C Parameters used in the simulation
C HHHHHHHHHHHH R R

c

RVVFINITIAL =0.001 ! Initial void volume fraction
RVVFINITIALC =0.008 I fc
RVVFFINALC = 0.055 I ff
RA=1.144 I Paramters to calculate Q1
RB =-0.263 I Parameters to calculate Q1
RQ2 =0.668 I Parameter Q2
C HHHHH R R T R
jStatus =1

call vgetvrm( 'PE', rStrainData, jData, cData, jStatus )
strain = reshape(rStrainData,(/ nblock,nrData/))

if( jStatus .ne. 0) then
field(k,1) = RVVFINITIAL
call xplb_abgerr(-2,'Utility routine VGETVRM '//
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*  ‘'failed to get variable.',0,zero," ")
call xplb_exit

end if

do k =1, nblock

PE11_OLD = stateOld(k,1)

PE22_OLD = stateOld(k,2)

PE33_OLD = stateOld(k,3)

stateNew(k,1) = strain(k,1)

stateNew(k,2) = strain(k,2)

stateNew(k,3) = strain(k,3)

PE11INC = strain(k,1) - PE11_OLD

PE22INC = strain(k,2) - PE22_OLD

PE33INC = strain(k,3) - PE33_OLD

IF(stateOld(k,4) .GT. 0.0) THEN

stateNew(k,4) = stateOld(k,4) + (1 - stateOld(k,4))*(PEL11INC +
1 PE22INC + PE33INC)

ELSE

stateNew(k,4) = RVVFINITIAL

ENDIF

RQ1 = RA*(field(k,1))**RB
RQ3 = RQ1**2.0
RVOIDFAILURE = (RQ1 + SQRT(RQ1**2.0-RQ3))/RQ3

IF (field(k,1) .GT. RVOIDFAILURE) THEN
stateNew(k,5) = 0.0
ELSE
stateNew(k,5) = 1.0
C DEFINE THE VOLUME FRACTION
IF(stateNew(k,4) .LT. RVVFINITIALC) THEN
field(k,1) = stateNew(k,4)
ELSE IF (stateNew(k,4) .GT. RVVFFINALC) THEN
field(k,1) = RVOIDFAILURE
ELSE
field(k,1) = RVVFINITIALC + (RVOIDFAILURE - RVVFINITIALC) /(
1 RVVFFINALC-RVVFINITIALC)*(stateNew(k,4)-RVVFINITIALC)
ENDIF
ENDIF
end do
return
end



0.

Experimental investigation on the
tensile behaviour of welded

rectangular hollow section X-joints

The newest version of prEN 1993-1-8 (2022) prescribes a material factor (Cs) to reduce the
design resistance of welded joints made of high strength steel (HSS) mostly due to the lack of
available experiments, given the less ductility of HSS compared to mild steel. Additionally, it is
stated that the material design yield strength should not exceed 0.8 times the ultimate strength
(f)) for the chord punching shear failure and the tensile brace failure. The mechanical
background behind Cr and the 0.8f, restriction for different types of joints and loading conditions
is vague.

In this paper, the validity of Cs and the 0.8f, restriction is investigated experimentally by
considering 18 welded rectangular hollow section X-joints tested in tension. A bi-linear model,
which is suitable for an elasto-plastic global analysis considering the post-yielding stiffness, is
proposed to characterize the nonlinear behaviour of the joint. The predicted resistance and
failure mode, with and without considering the Cr and/or the 0.8f, restriction, are compared to
the experimental results. In addition, the predicted resistance corresponding to the experimental
failure mode is investigated. It is concluded, based on the tested joints in this paper and
literature, that Cs and the 0.8f, restriction are not necessary for the design according to
prEN1993-1-8. However, the predicted brace failure resistance is unconservative for tested
joints that failed by brace failure if C; for S700 or the 0.8f, restriction for all steel grades is not
considered.

Parts of this chapter appear in the journal article: ‘Rui Yan et al., Experimental
investigation on the tensile behaviour of welded RHS high strength steel X-joints,
Engineering Structures, 2022°. Minor modifications have been made to suit the thesis.
Credit is also given to the master thesis: ‘Hagar El Bamby, Experimental and numerical
investigations on the structural performance of mild and high strength welded X-joints’.
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6.1.Introduction

Welded joints between tubular members are often used in trusses and building frames,
bridges, and off-shore structures. In Europe, welded tubular joints are designed according
to the approved standard EN 1993-1-8 (2005) [1], which presents a series of design rules
that take into account the configuration of the joint, and the various failure modes that
have been identified in research. These rules have been developed based on extensive
experimental and numerical investigations on joints made of mild steel (S235 and S355)
before 2005. To allow using steel grades higher than S355, a material factor (Cs= 0.9)
for reducing the design resistance has been stipulated for joints using materials higher
than S355 and up to S460 [1].

Due to advanced material manufacturing techniques, such as Thermo-mechanical control
process (TMCP) and Quenching & Tempering (QT), high strength steel (HSS) hollow
sections (460 MPa < fy, < 700 MPa) have become more readily available in recent years.
HSS has higher strength, but lower ductility compared to mild steel. The size of structural
members can be effectively reduced using HSS, resulting in a lower self-weight, less
welding because of thinner profiles, and consequently, substantial economic and
environmental benefits. A very good practical example of considerable cost saving was
accomplished in the Friends Arena in Stockholm [2], where HSS (S460, S690, and S900)
hollow sections and other profiles were used for the roof of the stadium. The financial
cost and greenhouse gas emissions were reduced by 14.5% and 17.0%, respectively,
compared to the mild steel design.

Regarding the design of HSS welded tubular joints, EN 1993-1-12 [3] provides
supplementary rules for EN 1993-1-8 [1], extending the range of steel grades up to S700.
The general approach of EN 1993-1-12 [3] is that HSS welded tubular joints are designed
by the same expressions as joints of mild steels, and the material factor (Cr = 0.8 for 460
MPa < fy, < 700 MPa steels) is applied to the obtained resistance. In the latest version of
the updated revision, prEN1993-1-8 [4], Cr was increased from 0.8 to 0.86 for 460 MPa
< fy <550 MPa materials. In addition, a material ductility restriction on the yield strength
(fy) was imposed for punching shear failure (PSF) and tension brace failure (BF), stating
that in design, the value of the yield strength should be limited to 0.8 times the ultimate
strength (f,). However, applying Ct and the 0.8f, restriction partially eliminates the
benefits of using HSS, limiting its competitiveness.

Justifications of Cs were based on experimental and numerical studies on gap K-joints
[5-8]. However, the mechanical background behind Cs for different types of joints and
loading conditions is vague. For PSF and BF in HSS joints, the fracture occurs in the
heat-affect zone (HAZ), whose mechanical properties are heavily influenced by the
parameters of the welding process, such as the heat input, the cooling time, the welding
technique [9,10], and mechanical properties of hollow section (the base) material. In
general, the higher the steel grade is followed by the more severe the HAZ strength
reduction [10,11]. Javidan et al. [12] found an approximate 30% strength reduction in
S960 HAZ compared to the base material. A 15% ultimate strength reduction in S700
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HAZ was observed in this study, while a limited strength reduction was observed in S700
HAZ using the laser welding technique [10]. Although BF and PSF are closely related
to the HAZ strength, the HAZ material softening, especially for HSS, has not been
explicitly considered in prEN1993-1-8 [4]. In the latest discussion regarding prEN1993-
1-12 [13], the HAZ strength deterioration in ultra-high strength steel (UHSS) with steel
grade above S700 is recognized as one of the important research questions.

In the last decade, many investigations have been carried out on different types of HSS
joints. Bjork and Saastamoinen [14] conducted 20 tensile tests on welded X-joints made
of double grades S420MH/S355J2H RHS at a low ambient temperature (-40 °C). No
adequate reason was found to use Cs (0.9) for S420 joints, which was confirmed in [15-
17] at normal ambient temperature. Although the validity of the 0.8f, restriction was not
discussed in the original paper, the presented data proves that the restriction is not
necessary. Besides, for tested joints with g (the brace-to-chord width ratio) > 0.8 [14],
the enhancement of the resistance and the deformation capacity was negligible by
increasing the weld throat thickness from 1.11 to 1.48 times the brace thickness (t1). The
1.11t; weld might be sufficient for BF and PSF. For f < 0.8 joints where the chord face
failure (CFF) dominated, the weld thickness is crucial for the resistance since the ultimate
resistance was reduced by 22% due to a 15% weld thickness reduction (from 0.98t; to
0.83ty) in specimens with = 0.53 (XA4 and XADb).

Feldmann et al. [16] found that no reduction was needed for S500 joints, but a 0.9 and
0.8 reduction factor was necessary for S700 and S960 joints, respectively. This
conclusion was drawn based on 106 RHS X- and K-joints tension and compression tests.
The original report did not distinguish Ct for the different types of joints and loading
conditions. The 16 tensile tests on X-joints, with a nominal 6.5 mm fillet weld (larger
than 1.1t;, three welding passes), demonstrate that design rules could safely predict the
resistance without considering Cr and the 0.8f, restriction, except for two S960 joints
with > 0.93. Besides, a group of tensile tests on X-joints with a single welding pass
(nominal thickness varying from 3 mm to 5 mm) was conducted to investigate the
influence of a small weld on the joint resistance. The test results indicate that Cr and the
0.8fy, restriction are unnecessary for S500 and S700 joints (23 joints) even with a small
weld (generally smaller than 1.1t;), while the prediction without considering Cs and the
0.8f, restriction is unsafe for 5 out of 17 S960 joints. The experiments also show that by
changing the fillet weld (nominal 0.79t;) to the butt weld (8 = 0.8, S960), the failure
mode transfers from BF to PSF, accompanying an up to 20% resistance reduction,
indicating the weld type has a significant effect on the joint behaviour.

Tuominen and Bjork [17] tested 20 X- (18 in tension and 2 in compression) and 10 K-
joints made of cold-formed and hot-finished RHS. The material steel grades were S420
and S460. The joints were made with 1.0t; single bevel weld and 1.1t fillet weld, which
were relatively smaller than the stipulation in EN1993-1-8 [1]. It was found that the
material factor was not necessary for S420 and S460 in validating all experiments. Based
on the presented data in [17], it can also be concluded that the 0.8f, restriction is not
necessary. An attempt of the finite element analysis was made to demonstrate the
influence of the weld thickness on the joint capacity. For a joint with #=0.67 and t; = 6
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mm, the resistance increased by 14% by changing the weld thickness from 0.88t; to
1.18t;. Hence, the weld thickness is crucial for joints with a small g, as proved in [14].
Besides, it was found that the -40 °C temperature did not influence the joint resistance
and the deformation capacity, indicating that the data in [14] should be included in the
database of tensile X-joint regardless of the testing temperature.

Becque and Wilkinson [18] carried out tension and compression tests on 4 T- and 11 X-
joints made of C450 RHS. It was concluded that C; (0.9) was not necessary for ductile
failure modes, CFF and the side wall buckling, provided the geometric constraints
imposed on the CIDECT provisions [19] were satisfied. But Cr was required for PSF and
BF. The conclusions were drawn considering a safety factor, y = 1.25 for brittle failure
modes and y = 1 for ductile failure modes. Such distinction is not included in EN1993-
1-8 [1]. However, based on the presented data, it is found that the predicted resistance
without considering Cr and the 0.8f, restriction is lower than the experiments.

In recent years, extensive experimental and numerical investigations on HSS and UHSS
tubular X- and T-joints in compression were carried out [20—26]. Pandey and Young [20]
investigated the compression capacity of welded cold-formed UHSS (S900 and S960)
T-joints. 15 RHS-RHS and 7 CHS-RHS T-joints were tested with the chord fully
supported. It was concluded that the design rules overestimated the resistance of joints
with small S. However, the equal-width (5 = 1) joint resistance was significantly
underestimated, which was also reported by Kim et al. [21]. Hence, the material factor
was required for joints with small £ but not equal-width joints. Similar conclusions were
drawn for welded cold-formed UHSS X-joints in compression based on 24 RHS-RHS
and 10 CHS-RHS tests [22]. Lan et al. [23] investigated the axial compression behaviour
of welded built-up RHS X-joints based on 8 UHSS X-joint experiments and intensive
numerical studies. It was found that HSS and UHSS joints had sufficient deformation
capacity, at least two times 3%b, deformation. The CIDECT strength prediction [19] was
increasingly unconservative with increasing steel grade, increasing 2y ratio, and
decreasing g ratio for CFF. Similar conclusions were drawn in [24] based on 7 built-up
UHSS RHS T-joint compression tests. Kim et al. [21] tested RHS X-joint made of mild
steel and HSS. The tubes were fabricated by two 15 mm cold-formed channels. It was
found that the experimental compressive resistance was higher than the EN1993-1-8 [1]
prediction without using Cs. Lee et al. [25,26] investigated the compressive behaviour of
cold-formed mild steel and HSS CHS X-joints based on 9 tests. The strength and ductility
of HSS joints were comparable with that of mild steel joints. C¢ for CFF was too
conservative, and the joint strength equations were less conservative for joints with small
£, aligning with conclusions for RHS joints [20-24].

Havula et al. [27] tested 20 RHS HSS T-joints to study the in-plane bending behaviour.
The joints were fabricated using three types of welds, namely butt weld, 6 mm fillet weld,
and 10 mm fillet weld. It was found that the thickness of the fillet weld significantly
influenced the joint resistance and stiffness. Without considering the effect of weld
thickness, the material factor was necessary for all butt-welded joints and S700 joints
with small fillet welds. The material factor was re-evaluated for the chord side wall
failure (CSWF) and BF by Wardenier et al. [28]. An equation was proposed to correlate
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the steel grade and the material factor, which is more appropriate than prEN1993-1-8 [4],
where the same factor is used for a range of steel grades.

All the above-mentioned literature is summarized in Table 6.1. Note that the information
in the “Conclusions” and “Comments” columns are from the original paper and a re-
evaluation of this study, respectively, based on the presented experimental data. It can
be seen that the available tensile tests on cold-formed RHS X-joints with material above
S460 are still quite limited. Therefore, in this study, the results of 18 tensile tests on
welded RHS X-joints made of mild steel and HSS are reported and analysed. The aim of
the research is to examine the validity of Cr and the 0.8f, restriction. The predicted failure
modes are compared to the experimental failure modes. Additionally, a bi-linear model,
suitable for an elasto-plastic global analysis considering the post-yielding stiffness, is
proposed to characterize the nonlinear behaviour of the joint. It is concluded that Cr and
the 0.8f, restriction are not necessary for the resistance prediction of tested joints in this
paper and literature, using prEN1993-1-8 [4]. However, the predicted BF resistance is
too optimistic for tested joints that failed in the brace if C¢ for S700 or the 0.8f, restriction
for all steel grades is not considered.
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Table 6.1 Summary of the literature review.

References Joints Shape Steel grade Load Note Conclusions Comments
Bjork and o
Saastamoinen, 20 X- RHS S420MH (S355J2H) Tension -40 °C, cold-formed tubes, Cy is not necessary. Both Crand 0.8, are
joints 1.03~1.62t; fillet weld not necessary.
2012 [14]
Feldmann et al 68 X- and Tension and Cold-formed and hot-finished Ctis necessary for S700 Bcr)1t0ht (ri;sgsds:rls?oire
2016 [16] 3B K- RHS 5500, 5700, 5960 compression tubes, 0.69~L57t, filletweld 219 5960 PUNOLSSO0 5504 4n 5700 x-
joints joints. o :
joints in tension.
) 20 X- and ) Cold-formed and hot-finished Both Crand 0.8f, are
Tuominen and 10 K- RHS $420 460 Tension and tubes, 1.0t; single bevel butt Ct is not necessa not necessary for X-
Bjork, 2017 [17] . ' compression weld and 1.04~1.45t, fillet f - L necessary ¥
joint weld joints in tension.
Becque and 4 T-and Tension and b§3é?g3:tnxgléu5?éil??IIIZ'[ Cs is necessary for PSF Both Crand 0.8f, are
Wilkinson, 2017 11 X- RHS C450 (fy, = 450 MPa) ; _ L and BF but not CFF and not necessary for X-
L compression weld, y = 1.25 for PSF and . . A .
[18] joints . the side wall buckling. joints in tension.
BF considered
Lee et al., 2017 9 X- SM490 (fyn f 825 MPa), . Cold-formed tubes, single C: (0.8) is too
[25], 2018 [26] joints CHS SMS70 (f, = 420 MPa), Compression bevel butt weld + fillet weld conservative
' ] HSAB00 (f,, = 650 MPa) :
Kimetal., 2019 . SM490 (f,, = 325 MPa), . Cold-formed channel tubes, -
[21] 6 X-joints RHS HSAB00 (f,, = 650 MPa) Compression single bevel butt weld Cs is not necessary.
Pandey and 22 T-and Cs is necessary for all
Young, 2019 [20], 34 X- C:js& 900, 5960 Compression chgidlg)lriniﬂ |tel£/32| . joints but not the equal-
2020 [22] joints SR width (8 = 1) joint
. New C; was proposed.
Lanetal., 2019 8 X-and CHS & _ . Built-up tubes, 0.77~1.0t; . L
[23], 2021 [24] 7 T-joints RHS Q890 (fyn = 890 MPa) Compression fillet weld Conservative prediction
for large g.
. Cs is necessary for all
Cold-formed tubes, single L
Havula et al., 20T- . L butt weld joints and
2018 [27] joints RHS S420, S500, S700 Bending bevel butt weld, 0.75t; fillet $700 joints with 0.75t;

weld, 1.25t, fillet weld

fillet weld.
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6.2.Experiments
6.2.1. X-joint tensile tests

Consider a welded hollow section X-joint consisting of two braces and a chord, as shown
in Fig. 6.1. The braces are welded to the opposite surfaces of the chord such that the joint
is symmetric. A tensile load is applied to the braces.

(I
N
Side Bt } < P
17 e ™~
# SideA i N
AN
/ \
Load Load / | \
Y | ‘ 30y
Brace \ 12 : 4 /
[ \ /
by | A Chord /
T ¥ / -'\\‘ \\\ //
A— ~ = #\: // | — —
~ =
Chord =
- _} fU = = —_ — = = —
f | 425 mm
B || Indentation
race
L L S,y |
Load Load

Fig. 6.1 Schematic of an X-joint.

The tested X-joints were made of three steel grades, namely S355, S500, and S700. S355
represents a reference case to which the HSS grades are compared. Specimens for each
steel grade included three configurations with various brace width to chord width ratios
(8). The main purpose for selecting three £ values is to test joints with different
deformation capacities and failure modes, as f governs the failure mode according to
prEN 1993-1-8 [4]. Given the welding quality of different companies, two Dutch
fabricator (A and B), experienced in welding HSS, were employed to fabricate 9 joints
each, resulting in 18 joints in total. The nominal and measured dimensions of each joint
are presented in Appendix 6.A and Table 6.2, respectively. The symbols “A” and “B”
represent the specimens fabricated by the fabricator A and B, respectively. The nominal
RHS dimensions for each joint were identical between Company A and B, except for the
chord of XS500A/B1, XS700A/B2, and XS700A/B3. The length of the chord and the
brace was 1.5 m and 0.4 m, respectively. The outer radius for nominal 4 mm, 5 mm, 6
mm, 8 mm, and 10 mm tubes were 8.5 mm, 9 mm, 13 mm, 20 mm, and 25 mm,
respectively. Note the chord of XS500B1 and the brace of XS700A/B1 had the ho/bg ratio
of 0.45 and 3, respectively, which were beyond the stipulated limit (0.5 to 2).
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Additionally, g = 0.25 for XS355A/B1 is below the required minimum value
0.1+0.01bo/to = 0.35, according to the range of validity for welded joints [4].

Table 6.2 Measured geometric property of X-joints. (See Fig. 6.1 for the definition of
dimensions.)

Specimen Steel bo ho to b1 hy t ; AsideA  AsideB
grade [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
XS355A1 199.0 1004 79 502 1003 50 025 51 5.3
XS355A2 S355 159.6 1605 10.0 140.1 139.6 83 088 - 6.2
XS355A3 1505 1499 6.1 1499 1504 6.0 1 - 5.4
XS500A1 2000 1011 79 905 1599 79 045 6.6 6.6
XS500A2 S500 1609 1608 9.8 1404 1404 79 087 - 8.6
XS500A3 150.7 150.2 6.0 1505 150.3 6.0 1 - 51
XS700A1 1204 1203 79 510 1532 6.0 042 6.3 6.2

XS700A2 S700 1615 1605 9.9 80.5 100.7 4.1 0.5 55 5.6

XS700A3 1399 1404 59 1206 804 6.0 0.86 - 5.4
XS355B1 199.9 101.0 8.1 50.5 1000 51 025 59 51
XS355B2 S355 1605 1605 10.0 140.1 1401 81 0.87 - 7.5
XS355B3 1505 1510 6.2 1508 1508 6.2 1 - 7.7
XS500B1 180.5 80.7 8.0 90.7 1600 8.1 0.5 8.5 9

XSs500B2 S500 160.2 160.1 99 1403 1403 8.0 0.88 - 8.5
XS500B3 1515 1505 59 1510 1510 6.2 1 - 7.9
XS700B1 120.6 1205 8.1 51.0 1538 61 042 6.1 6.5

XS700B2 S700 1519 200.0 9.8 809 100.7 42 053 58 6

XS700B3 1418 181.0 53 1203 80.8 6.1 0.85 - 6.8
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The brace was welded to the chord with a full-penetration butt weld. A single-bevel
groove was produced in the brace before welding. A butt weld typically consists of three
types of welding pass: the root (pass 1), the fill (passes 2 and 3), and the cap (passes 4
and 5), as shown in Fig. 6.1. The cap pass results in an extra fillet weld, making the
whole weld thicker than the parent plate. Therefore, the throat thickness (a) of the fillet
weld was measured. Note that the throat thickness is not applicable on Side A (see Fig.
6.1) of the joint with a large $ value. The average throat thickness is presented in Table
6.2. It is worth mentioning that the investigated joints are fabricated with one type of
welding detail. As HSS is sensitive to the welding parameters, the welded connections
must be properly and professionally executed. A comprehensive discussion regarding
the execution rules can be found in [29,30].

The fabricator A used the filler metal Carbofil 1 to weld S355 tubes, while the filler metal
Union NiMoCr welded S500 and S700 tubes. The fabricator B used the filler metal
MEGAFIL 710M for S355 and S500 joints and MEGAFIL 742M for S700 joints. Both
companies used the metal active gas (MAG) welding process. The minimum preheated
temperature, the maximum interpass temperature, the heat input, and the mechanical
property of filler metal for each steel grade are presented in Table 6.3. The main reason
for employing two welding companies instead of carrying out the welding in laboratory
conditions was to get test specimens welded with current industry practices and quality
control. The welding companies provided some data from their Welding Procedure
Specification (WPS) as presented in Table 6.3. However, more detailed data of the
welding process was not obtained for this study.

Table 6.3 Welding details.

. Min Max Heat
Welding  Steel 0 et fy fu ;A preheat interpass  input
company  grade [MPa] [MPa] [%] [°C] [°C] [Ky/mm]

S355  Carbofil 1 502 574 28 20 200 1-14
Union
ComAE)any S500 NiMoCr 720 780 17 20 200 1-14
Union
S700 NiMoCr 720 780 17 20 200 1-14
MEGAFIL
S355 710 M 551 609 24 20 150 0.4-1.0
Company MEGAFIL
B S500 710 M 551 609 24 50 135 0.8-1.5
MEGAFIL
S700 742 M 763 790 20 50 100 0.6-1.1

The X-joints were tested in a setup with 2 MN capacity (Fig. 6.2 a)), except for 8 X-
joints X355A/B2, X355A/B3, X500A/B2, and X500A/B3, which were tested ina 10 MN
setup (Fig. 6.2 b)). A constant loading rate of 0.01 mm/s was used during the whole
testing process. For the joint XS355A/B1, the loading rate was changed to 0.1 mm/s at
the plastic stage as a significant deformation appeared. All joints were tested until the
final failure with an obvious fracture and a sudden load drop.
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Four Linear Variable Differential Transformers (LVDTs) were used to measure the
longitudinal deformation of the A-series joints based on a 2y initial gauge length. An
indentation LVDT was positioned at the centre line of the chord top surface to measure
the chord top surface indentation, as shown in Fig. 6.1 and Fig. 6.2 a). The measuring
point was 30 mm from the out surface of the brace. The base for holding the LVDT was
425 mm from the measuring point. Besides, the 3D digital image correlation (DIC) was
used to measure the deformation of the specimen. The calibrated measuring volume was
350 mmx280 mmx280 mm with a maximum 0.05 pixel deviation. It was found that the
results from LVDT and DIC showed a good agreement. Therefore, the LVDTs were not
used in the B-series testing.

Longitudinal
LVDTs

a) Setup with 2 MN capacity. b) Setup with 10 MN capacny
Fig. 6.2 X-joint test setup.

6.2.2. Tensile coupon tests

Tensile coupon tests were conducted to obtain the mechanical property of RHS in X-
joints. Coupon specimens were taken from the wall opposite the longitudinal weld of
RHS, as shown in Fig. 6.3. Two specimens were symmetrically positioned around the
symmetric axis of the tube with a distance (d), as summarised in Appendix 6.A. In
Chapter 2, it is found that the testing results of two symmetrically positioned specimens
do not show any significant scattering. Hence, only two specimens were designed for
each profile. According to 1SO 6892-1 [31], a 5.65 proportional coefficient was used,
resulting in a 50 mm initial gauge length and an 80 mm? cross-sectional area. The basic
dimensions of the coupon specimen are presented in Fig. 6.4.
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Fig. 6.4 Basic dimensions of coupon

Fig. 6.3 Specimen cutting scheme. specimen [mm].

The measured thickness (t) and the width (b) are summarized in Appendix 6.B. Note that
the cross-sectional area of minor specimens was not 80 mm? but 50 mm initial gauge
length was used for all coupons. The coupon specimen was only fabricated from the
chords for the A-series joints. Since specimens XS355A3 and XS500A3 used the same
profile for the chord and brace, the dimensions of the brace coupon specimen were the
same as the chord. For other braces in A-series, the material property referred to other
profiles with the same thickness as the brace and delivered as the same batch material.
Besides, only one specimen was tested for the brace of XS355B3.

The tensile coupon test was carried out in an Instron testing machine with a 200 kN
capacity. The loading controlled by the displacement was 0.01 mm/s, satisfying the
loading rate requirement in [31]. The deformation was measured by two 3D DICs
positioned perpendicular, as shown in Fig. 6.5. One DIC faced the side surface of the
coupon specimen, while another DIC measured the convex surface of the specimen. The
elongation of the specimen was extracted from DIC facing the side surface. Three virtual
extensometers were created at three positions close to the concave side, close to the
convex side, and at the centre, as shown in Fig. 6.6. Since an initial bow existed in the
coupon specimen, the measured three deformations were averaged to obtain the
elongation of the specimen. The measuring volume of two 3D DIC devices was 85
mmx60 mmx40 mm.

| Specimen

A

Fig. 6.6 Three virtual extensometers in
DIC.

Fig. 6.5 Coupon test setup.
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6.3.Results and discussions
6.3.1. Coupon test results

According to [32], the yield strength f, (0.2% proof stress), the ultimate strength f, the
ultimate strain &, and the elongation at failure & are determined for each specimen and
summarised in Appendix 6.C. The stress-strain relationships are presented in Appendix
6.D. Note that ‘C’ and ‘B’ in the name of the specimen represent ‘chord’ and ‘brace’,
respectively.

6.3.2. X-joint test results

All X-joints were broken at HAZ, either BF or PSF, except for XS355A3 with CSWF
(for this joint, g = 1). The total deformation (D) of the joint was measured between two
cross-sections with a 2bg distance, see Fig. 6.1 and Fig. 6.2 a). The indentation of the
chord surface was converted to a deformation ratio (D*) by dividing the indentation by
bo to trace the 3%by deformation limit. If the 3%bg deformation limit was reached before
the ultimate resistance (Ry), the joint failure was characterized as a combined failure
mode of CFF and the failure mode corresponding to the final fracture, and the ultimate
resistance was modified to the load at 3%b, deformation (Rugsw). If the 3%bq
deformation limit was not reached, Rugsx% equals Ry.

The deformation measured by LVDTs and DIC was used for the A- and B-series
specimens, respectively. Besides, the descending part corresponding to the final failure
was missing for some of the load-deformation relationships presented in this section
since 3D DIC could not recognize the speckle pattern on the specimen after the final
failure. Therefore, the last point in the curve is the moment just before the final failure.

6.3.2.1. S355 X-joints

Fig. 6.7 presents the failure mode of S355 joints. Due to the small g value, a profound
chord face plastification appeared in XS355A/B1, which eventually failed in the chord.
From Fig. 6.8 b), it can be seen that the 3%bg deformation limit, highlighted in yellow,
was reached at an early stage. Hence, the failure mode of XS355A/B1 was a combination
of CFF and PSF. The load-displacement relationships of each configuration show good
agreements. Ry, Ruesw, and the failure mode are summarized in Table 6.4.

a) XS355A1 b) XS355A2 c) XS355A3
(8=0.25, CFF&PSF). (=0.88, BF). (=1, CSWF).
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d) XS355B1 e) XS355B2 f) XS355B3

(8=0.25, CFF&PSF). (8=0.87, BF). (=1, PSF).
Fig. 6.7 Failure modes of S355 X-joints.
— XS355A1 —— XS355A2 — XS355A3 —— XS355A1 —— XS355A2 —— XS355A3
—=--XS355B1 ---- XS355B2 - - - - XS355B3 ----XS355B1 ---- XS355B2 - - - - XS355B3
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a) Total deformation. b) Chord face indentation ratio.
Fig. 6.8 Load-displacement relationship of S355 X-joints.

Table 6.4 X-joint test results.

A
XS355A1 0.25 546 215 CFF&PSF XS355B1 0.25 532 240 CFF&PSF
XS355A2 0.88 1972 1972 BF XS355B2 0.87 1883 1883 BF
XS355A3 1 1374 1374 CSWF XS355B3 1 1424 1424 PSF
XS500A1 045 897 428 CFF&PSF XS500B1 0.5 887 589 CFF&PSF
XS500A2 0.87 2213 2213 BF XS500B2 0.88 1981 1981 PSF
XS500A3 1 1713 1713 BF XS500B3 1 1557 1557 BF&PSF
XS700A1 042 890 852 CFF&PSF XS700B1 0.42 1030 863 CFF&PSF
XS700A2 0.5 784 784 BF XS700B2 0.53 788 788 BF
XS700A3 0.86 962 962 PSF XS700B3 0.85 716 716 BF

The 3%b, deformation limit was not reached by specimens XS355A/B2 and XS355A/B3,
although XS355A2 and XS355A3 were very close (see Fig. 6.8 b)). Hence, CFF did not
appear in these four specimens. Both specimens with a moderate $ (0.87 and 0.88) failed
in the brace, while the specimens with g = 1 had different failure modes: CSWF and PSF
for A-series and B-series, respectively. The ultimate resistance between the two series
agreed well, with less than 5% variation.
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6.3.2.2. S500X-joints

The chord width (bg) used in XS500A1 was larger than that of XS500B1, while the
dimension of the brace was kept the same. Consequently, the load at 3%b, deformation
for XS500B1 (589 kN) was higher than XS500A1 (428 kN), as shown in Fig. 6.10 b).
Note that the LVDT measuring the chord face indentation of XS500A1 reached the
maximum range at approximately 500 kN. Hence, the curve went straight up after 500
kN. Both specimens had a PSF, where a thorough fracture around the brace appeared in
the chord of XS500A1 (Fig. 6.9 a)), and only one side of XS500B1 (Fig. 6.9 d)) failed.
The ultimate loads of XS500A1 and XS500B1 were 897 kN and 887 kN, respectively.
Besides, the stiffness at the plastic stage increased as the load was above 700 kN,
indicating that the dominant mechanism changes from the chord face in bending to the
chord face in tension which is so called the membrane effect.

a) XS500A1
(8=0.45, CFF&PSF).

b) XS500A2
(8=0.87, BF)

c) XS500A3
(=1, BF).

f) XS500B3

d) XS500B1 £) XS500B2

(6=0.5, CFF&PSF). (5=0.88, PSF). (6=1, BF&PSF).
Fig. 6.9 Failure modes of S500 X-joints.
—— XS500A1 ——XS500A2 —— XS500A3 ——XS500A1 —— XS500A2 —— XS500A3
----XS500B1 ---- XS500B2 ---- XS500B3 ----XS500B1 ---- XS500B2 - - - - XS500B3
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Fig. 6.10 Load-displacement relationship of S500 X-joints.

Different failure modes, BF and PSF, were obtained from XS500A2 and XS500B2 (Fig.
6.9 b) and e)), respectively, although the dimensions of the members were the same. The
ultimate loads of XS500A2 and XS500B2 were 2213 kN and 1976 kN, respectively. Fig.
6.10 a) shows that the ultimate resistance and the deformation capacity of XS500B2 were
smaller than XS500A2. The same trend was observed in the specimens XS500A/B3. A
possible reason for this difference is that the filler metal used in S500 B-series was much
weaker than A-series, resulting in a softer HAZ in B-series, and consequently lower
deformation and resistance.

Both specimens with g = 1 failed in the brace, as shown in Fig. 6.9 c) and f). In addition,
a short fracture occurred at the corner of the chord in XS500B3, indicating that the
resistance of BF and PSF was very close. The ultimate resistance of XS500A3 and
XS500B3 was 1713 kN and 1557 kN, respectively. The 3%hb, deformation limit was not
reached.

6.3.2.3. S7T00X-joints

The same failure mode PSF was obtained from the specimens XS700A/B1, as shown in
Fig. 6.11 a) and d). Fig. 6.12 demonstrates a good match between XS700A1 and
XS700B1 before the 3%b, deformation limit. Fig. 6.11 b) and e) present the failure mode
(BF) of XS700A/B2. A thorough fracture involving the whole brace cross-section
suddenly appeared at the end of testing. Neither specimen reached the deformation limit,
as shown in Fig. 6.12 b). Ry, Rueaw, and the failure mode are shown in Table 6.4.

==

b 3 --
2) XS700A1 b) XS700A2 ¢) XS700A3

(=0.42, CFF&PSF). (8=0.5, BF). (8=0.86, PSF).

d) XS700B1 e) XS700B2 f) XS700B3
(8=0.42, CFF&PSF). (8=0.53, BF). (6=0.85, BF).
Fig. 6.11 Failure modes of S700 X-joints.
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Fig. 6.12 Load-displacement relationship of S700 X-joints.

Fig. 6.12 b) demonstrates that XS700A/B3 did not reach the 3%b, deformation limit.
Although the chord of XS700B3 was thinner than XS700A3, the failure mode
transformed from PSF in XS700A3 to BF in XS700B3, as shown in Fig. 6.11 c) and f).
And the resistance of XS700B3 (716 kN) was much lower than XS700A3 (962 kN). It
indicates that the welding process, consequently the HAZ material property, has a crucial
influence on the joint behaviour.

6.3.2.4. X-joints with different steel grades

As most of the specimens’ dimensions among different steel grades are not identical,
only two sets of specimens could be used to reveal the effect of the steel grade on the
joint behaviour. The specimens XS355A/B2, XS500A/B2, and XS700A/B3 have a
similar  value (around 0.87). The test results show that the ultimate deformation of S355
and S500 specimens is at least 0.014b0, while S700 specimens have a deformation of
around 0.01b0. Similarly, with the same f value, XS700A2 has a significantly smaller
ultimate deformation than XS500B1, indicating that the deformation capacity of the joint
decreases with the increase of the steel grade. The explicit effect of the steel grade on the
failure mode is not observed in the experiments. As the dimensions of the two sets of
specimens vary, a direct comparison of the resistance is impossible.

6.3.3. Characterization of the joint yield resistance

According to the design guide [19], the joint resistance is defined by the lower of the
ultimate resistance and the load corresponding to the 3%hb, deformation limit (if reached).
However, in an elasto-plastic global analysis, it is essential to describe the full-range
behaviour of a joint using a simplified model, such as a bi-linear model in prEN 1993-1-
8 [4].

Zanon and Zandonini [33] proposed a model for characterising the joint yield flexural
resistance based on the initial and post-yielding stiffness, as shown in Fig. 6.13 a). It is
straightforward to determine the initial stiffness using the linear part. However, the
criterion for determining the post-yield stiffness is rather elusive. Different post-yielding
part of the curve leads to different post-yielding stiffness, resulting in an arbitrary yield
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resistance. Lee et al. [25] appraised the joint ductility based on the equal energy criterion,
see Fig. 6.13 b). The initial tangential stiffness line is used as a reference. A horizontal
line is adjusted such that the two hatched blue areas are equal. The ratio D,/Ds is used to
identify joint ductility. The nonlinear load-deformation relationship is converted to an
equivalent elasto-plastic bi-linear model. However, the post-peak part is involved in the
energy equilibrium. The energy consumed at the hardening stage is overestimated,
resulting in an unconservative equivalent elasto-plastic behaviour. Moreover, the joint
hardening behaviour cannot be recognized by Model 2.

r r
RIJ
R)‘ Rv
E 3 3
3 S S
Suli[iul Smmu] DL DZ S“"i'“" Dl ‘D2
Deformation Deformation Deformation
a) Model 1 [33]. b) Model 2 [25]. c) Model 3.

Fig. 6.13 Bi-linear models.

Based on the aforementioned two models, a modified bi-linear model is proposed in this
paper, as shown in Fig. 6.13 c¢). The initial stiffness line is the same as in the other two
models. The horizontal plastic line in Model 2 is modified to an inclined line that ends
at the ultimate resistance point. Shifting the intersection point of elastic and plastic lines,
the two hatched blue areas vary. The yield resistance (Ry) is characterised by making the
two areas equal. The advantages of the proposed model are primarily on properly
addressing the following three aspects. First, a yield resistance is determined uniquely
without a potential variation due to the “arbitrary” determined post-yielding stiffness.
Second, a higher yield ratio (Ry/Ry) is rather correctly influenced by better ductility, e.g.
higher D./D; ratio of a joint, as discussed in the next section. Third, the bi-linear model
properly considers the post-yielding behaviour, which enables an adequate elasto-plastic
global analysis.

6.3.4. Comparison of experimental and semi-analytical results

The yield and ultimate strength of each profile, shown in Appendix 6.C, are averaged to
calculate the joint resistance. Cy is derived for each yield strength according to Table 6.5
[4]. Table 6.6 presents the average yield strength of the chord (fyo) and the brace (fy1), the
ultimate strength of the chord (fyo) and the brace (fu1), the modified yield strength of the
chord (fyo,m) and the brace (fy1,m) according to the 0.8f, restriction, and the corresponding
Cr.
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Table 6.5 Material factor Cs [4].

Yield strength range Material factor Ct

fy <355 MPa 1.00

355 MPa < fy <460 MPa 0.90

460 MPa < fy < 550 MPa 0.86

550 MPa < fy < 700 MPa 0.80

Table 6.6 Average material strength and corresponding material factor.
Chord Brace
Specimen fyo fuo fyom fy1 fur fyr,m

MPa] ©° [MPal [MPal " [MPa]l [MPa] [MPa ™V

XS355A1 522 086 553 442 0.90 505 543 434 0.90
XS355A2 486 086 516 412 0.90 506 532 425 0.90
XS355A3 452 090 510 408 0.90 452 510 408 0.90
XS500A1 558 0.80 597 477 0.86 580 612 489 0.86
XS500A2 589 080 624 499 0.86 580 612 489 0.86
XS500A3 609 080 670 536 0.86 609 670 536 0.86
XS700A1 751  0.80 846 677 0.80 780 861 689 0.80
XS700A2 726 080 831 665 0.80 741 848 678 0.80
XS700A3 780 080 861 689 0.80 780 861 689 0.80
XS355B1 519 086 549 439 0.90 546 590 472 0.86
XS355B2 499 086 532 425 0.90 530 547 438 0.90
XS355B3 484 086 523 419 0.90 484 523 419 0.90
XS500B1 598 080 634 507 0.86 550 584 467 0.86
XS500B2 573 080 617 493 0.86 617 648 518 0.86
XS500B3 506 0.80 646 516 0.86 596 646 516 0.86
XS700B1 783 080 861 689 0.80 792 867 693 0.80
XS700B2 743  0.80 808 647 0.80 741 848 678 0.80
XS700B3 722 080 825 660 0.80 784 864 691 0.80

6.3.4.1. General comparison

The results of the bi-linear model and the prEN 1993-1-8 [4] are presented in Table 6.7.
The equations for predicting the X-joint tensile resistance are presented in Appendix 6.E.
Ry is the character yield resistance of the proposed bi-linear model (Model 3) in Section
6.3.3. Three design resistances are calculated, which consider a) Cs and the 0.8f,
restriction (Recs), b) the 0.8f, restriction (Recsnon-cf), and c) no restriction (Recznon). Note
that Recs non-cf and Recs non are the same for the CFF and CSWEF since the 0.8f,, restriction
is not required for these two failure modes. The corresponding failure mode is also shown
in the table. Since a linear interpolation is applied between the governing resistances at
£ =0.85and g =1, acombined failure mode is presented for some joints.
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Table 6.7 Results of the bi-linear model and prEN 1993-1-8 [4].

Bi-linear model prEN1993-1-8

Specimen R, R, D, Recs Failure  Recsponor Failure Reca non Failure

[KN] R, D, [kN] mode [kN] mode [kN] mode
XS355A1 165 047 3.16 168 CFF 195 CFF 195 CFF
XS355A2 1563 0.79 341 1039 CFF&BF 1193 CFF&BF 1223 CFF&CSWF
XS355A3 1203 0.88 3.57 877 BF 974 BF 988 CSWF
XS500A1 357 052 375 233 CFF 291 CFF 291 CFF
XS500A2 1790 0.81 279 1090 CFF&BF 1343 CFF&BF 1379 CFF&CSWF
XS500A3 1388 0.81 291 1097 BF 1275 BF 1322 CSWF
XS700A1 605 0.68 249 357 CFF 446 CFF 446 CFF
XS700A2 501 064 214 467 CFF 583 CFF 583 CFF
XS700A3 707 0.74 237 421 CFF&BF 523 CFF&CSWF 523 CFF&CSWF
XS355B1 174 049 325 172 CFF 200 CFF 200 CFF
XS355B2 1448 0.77 2.88 1014 CFF&BF 1169 CFF&BF 1191 CFF&CSWF
XS355B3 1171 082 392 933 BF 1037 BF 1082 CSWF
XS500B1 540 0.74 277 283 CFF 354 CFF 354 CFF
XS500B2 1553 0.78 2.78 1140 CFF&BF 1395 CFF&BF 1428 CFF&CSWF
XS500B3 1235 0.79 2.86 1056 BF 1236 BF 1249 CSWF
XS700B1 662 0.64 290 391 CFF 489 CFF 489 CFF
XS700B2 508 0.64 220 495 CFF 619 CFF 619 CFF
XS700B3 525 0.73 221 286 CFF 357 CFF 357 CFF

Fig. 6.14 presents the varying range of Recs/Rugaw and Recsnon/Rugsw regarding the
average yield strength for each steel grade. The average yield strength of S355, S500,
and S700 are 498 MPa, 587 MPa, and 760 MPa, respectively. Since the f value of
XS355A/B1 (0.25) is out of the valid geometry range in prEN 1993-1-8 [4]
(0.1+0.01by/ty = 0.35), the resistance ratio is shown by the black point. Comparing Recs
to Rueaw, Reca/Ruesw Of S355 and S500 joints varies in a similar range, as shown in Fig.
6.14 a). Recs/Russw of S700 joints is slightly lower than S355 and S500 joints. Note that
the lower Reca/Rugsy 0f S700 joints does not mean the design rule for S700 joints is more
conservative than S500 and S355 joints because the f value of tested specimens varies
in different steel grades. Comparing Fig. 6.14 b) to a), the resistance ratio difference
between S700 and S355/S500 slightly decreases without considering Cr and the 0.8f,
restriction. The maximum, average, and minimum resistance ratios are summarised in
Table 6.8. The ratio excluding XS355A/B1 is presented in parentheses. Hence, a
conclusion can be drawn that the design rule without using C and the 0.8f, yield strength
restriction predicts a conservative resistance. Note that this conclusion holds for all
experimental studies of X-joints in tension presented in Table 6.1.
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Fig. 6.14 Varying range of the resistance ratio.

Table 6.8 Range of resistance ratios.

Average f Recs Recanon Ry

Steel grade [MP%] Y Type a a R_u
maximum 0.78 (0.66) 0.91 (0.76) 0.88

S355 498 average 0.64 (0.59) 0.75 (0.68) 0.70
minimum 0.53 0.62 0.47

maximum 0.68 0.80 0.81

S500 587 average 0.57 0.70 0.74
minimum 0.48 0.60 0.52

maximum 0.63 0.79 0.74

S700 760 average 0.49 0.61 0.68
minimum 0.40 0.50 0.64

In addition, the joint nonlinear behaviour is characterised by the proposed bi-linear
model. Note that the point where the post-yielding stiffness starts increasing is
considered the ultimate resistance point of XS355A/B1 and XS500A/B1 since the
membrane effect appeared. The yield ratio Ry/R, varies between 0.47 and 0.88. For
S355/S500 joints with 8 < 0.5, the ratio is around 0.5. For S355/S500 joints with 8> 0.5
and S700 joints, the ratio is close to 0.7-0.8.

An example is presented in Fig. 6.15 a) to reveal the relationship between the joint
ductility D»/D1 and the yield ratio Ry/Ru. The bi-linear model is characterised for two
specimens with different ductility. Since the nominal dimensions of the two specimens
are identical, the initial stiffness is the same. XS355A3 displays more ductile behaviour
than XS500A3. D./D; = 3.57 and Ry/R, = 0.88 for XS355A3 whereas D»/D; = 2.91 and
Ry/R, = 0.81 for XS500A3. Ry/Ry is plotted against D,/D; in Fig. 6.15 b), including all
tested joints. In general, the better the joint ductility is, the higher the yield ratio is.
Besides, D»/D1 and Ry/Ry decrease with the increase of the steel grade. Consequently, a
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larger safety margin (1-Ry/Ry) is obtained for joints made of HSS than for mild steel.
Three joints (XS355A/B1 and XS500A1 with low ) show good ductility (above 3) but
a rather conservative yield ratio (below 0.6) because the joints yielded at a very early
stage and the deformation at the ultimate stage was substantially larger than other joints
(see Fig. 6.8 and Fig. 6.10). Regardless of the low Ry/Ry, the three joints also demonstrate
the same trend between D,/D; and R,/Ry as other joints.

—XS8355A3 ---XS500A3 * S355 = S500 +S700
2000 ~ 10
= .
—_ >
z 1500 <08 ¥ .
= 1000 £
g 06 c
— 500 =2 -
‘>-: L
0 0.4
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Deformation [mm] Ductility (D,/D))

a) Example of joint
characterisation.
Fig. 6.15 Relationship of the yield ratio and the ductility.

b) Sum of all joints.

6.3.5. Comparison of specific failure modes

Comparing Table 6.4 to Table 6.7, it can be seen that the failure mode of HSS joints is
often mispredicted, which was also reported in the RUOSTE project [16]. Therefore, the
resistance corresponding to the experimental failure mode is discussed in this section.

CFF is a dominant failure mode for tested joints with g < 0.85, as shown in Table 6.7.
However, CFF was not observed in the experiments for XS700A2 (f = 0.5), XS700B2
(8 =0.53), and XS700B3 (f = 0.85), even though prEN 1993-1-8 predicts CFF to be the
governing failure mode. The same phenomenon is observed in the RUOSTE project [16].
Two configurations of X-joints, namely TTX8 and TTX8W with g = 0.67, were made of
S500, S700, and S960. CFF was predicted for all six joints, while BF was observed from
two S960 and one S700 specimens. Besides these six joints, most of the joints had BF or
PSF, while CFF was predicted. This discrepancy in the predicted and observed failure
modes indicates that the design rule of prEN 1993-1-8 for X-joints in tension may need
to be revised. One option might be the reduce the upper bound of j (0.85) for CFF as a
function of steel grade. For joints with /5 between 0.85 and 1, the CFF resistance is used
to determine the joint resistance by linear interpolation. Since CFF was not observed in
the joints with g > 0.85, it might be reasonable to exclude CFF from the resistance
determination. Besides, PSF appeared in joints with £ = 1, which was also reported in

[14,17,18], indicating that the upper bound of g which is 1-2ty/bo for PSF may need to be
revised.
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The resistances of the joints according to prEN 1993-1-8 corresponding to the
experimental failure modes are summarised in Table 6.9. Recs,i, Recsiinon-cf, and Recs,inon
are the predicted resistance considering a) Cr and the 0.8f, restriction, b) the 0.8f,
restriction and c) no restriction, respectively. The PSF resistance of XS500B3 is
presented in parentheses.

Table 6.9 Comparison of the resistance for the experimental failure mode.

specimen oo e b o e
XS355A1 0.25 CFF 215 168 195 195
XS355A2 0.88 BF 1972 1429 1588 1882
XS355A3 1 CSWF 1374 988 988 988
XS500A1  0.45 CFF 428 233 291 291
XS500A2 0.87 BF 2213 1556 1810 2137
XS500A3 1 BF 1713 1097 1275 1449
XS700A1 0.42 CFF 852 357 446 446
XS700A2 05 BF 784 766 958 1045
XS700A3 0.86 PSF 962 493 616 698
XS355B1 0.25 CFF 240 172 200 200
XS355B2  0.87 BF 1883 1449 1610 1920
XS355B3 1 PSF 1424 570 633 731
XS500B1 0.5 CFF 589 283 354 354
XS500B2  0.88 PSF 1981 1106 1286 1494
XS500B3 1 BF(PSF) 1557  1056(625) 1228(727) 1414(838)
XS700B1  0.42 CFF 863 391 489 489
XS700B2 0.53 BF 788 793 991 1082
XS700B3  0.85 BF 716 712 890 997

Recs,i and Recs,inonare compared to Rueaw in Fig. 6.16 for all 6 CFF joints. The resistance
ratio is the predicted resistance (Recsi Or Recsinon) Over the experimental resistance
(Ruga%). The names in the legend, for example, ‘S355” and ‘S355,non’, denote the ratio
with and without considering Cr and the 0.8f, restriction, respectively. Fig. 6.16 shows
that all resistance ratio is below 1, including the joints out of the valid geometry range.
Comparing S700 joints to S500 joints, the average Recs;inon/Ruasw ratio decreases from
0.53 to 0.44, although the average elongation at failure of S700 material is 41% lower
than S500. The reduced material ductility has a limited influence on the conservative
level of CFF prediction. In the literature, CFF of HSS X-joints in tension was only
observed in the RUOSTE project [16], where the resistance ratio varies between 0.36
and 0.38 for joints up to S700 without using Cs and the 0.8f, restriction. Hence, among
the tested specimens in this study and literature, the material factor Cs is unnecessary
among the tested specimens with CFF.
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Fig. 6.16 Resistance ratio against $ for CFF.

Besides, XS500A/B1 shows that the prediction is slightly more conservative with the
increase of the B value, and XS700A/B1 shows that the prediction is less conservative
with the rise of the material yield strength. These two observations align with the
conclusion in [23,24]. With the increase of the steel grade, the elastic strain at yielding,
f,/E, increases. For example, the elastic strains at yielding of nominal S700 and S500 are
0.0035 and 0.0025, respectively, considering a 200GPa Young’s Modulus. For a joint
with a small $, the chord face bending dominates the deformation. Assuming the plane
section remains plane at the plastic hinge, with the same 3%b, deformation, S700 and
S500 plastic hinges are expected to have the same linear strain distribution through the
thickness. Since S700 has a larger elastic strain at yielding, the material central layer
remaining in the elastic stage is thicker, and the portion of the elastic strain over the total
strain in the outer (yielding) layer is higher, compared to S500. Hence, the higher the
steel grade is, the less the plastic deformation and the material strain hardening are. In
addition, material strain hardening generally reduces with the rise of the steel grade.
Therefore, with less material hardening at the same deformation, the resistance
prediction is less conservation for joints made of HSS and UHSS than mild steel. It might
seem strange that the resistance ratio of S700 is lower than for S500, which seems against
the trend explained above. This is due to the stronger material hardening behaviour of
S700 than S500, as the average strength ratio (fu/fy) of S500 and S700 is 1.07 and 1.12,
respectively.

8 joints failed with BF. Recs,i/Ruesw 0f S355 and S500 joints vary in a small range (0.64—
0.77), with 0.75 and 0.67 on average, respectively, as shown in Fig. 6.17. Without
applying Cs, the varying range of the resistance ratio increases to 0.74-0.86 for S355 and
S500 joints. And the range further increases to 0.85-1.02, if Cr and the 0.8f, restriction
are not applied. However, the Recsi/Rugsw 0f S700 joints varies between 0.98 to 1.01.
The average ratio is 1.37 if Cs and the 0.8f, restriction are not applied. The reason for the
prediction difference among different steel grades is that a more severe HAZ strength
reduction was found in S700 material than in S500 and S355 material, as illustrated in
Chapter 4. Hence, the HAZ strength has a significant influence on the BF resistance. As
the weld type could influence the shape of HAZ, consequently the resistance of BF, only
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the butt-welded X-joints in literature are included in this discussion. The resistance of
four butt-welded X-joints made of C450 [18], S420 and S460 [17] with BF are safely
predicted without using Cs. The resistance ratio varies between 0.73 and 0.88, which
shows good agreement with the current experimental study. Therefore, among the tested
specimens in this study and literature, Cs is not necessary for BF joints with steel grades
up to S500, while the 0.8f, restriction is needed for all steel grades.

o 8355 o S$500 » §700 o 8355 o S500 = 8700
* S355,non = $500,non + S700,non * S355,non = S500,non + S700,non
2 1.50 =150
2 . i 2
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Fig. 6.17 Resistance ratio against g for Fig. 6.18 Resistance ratio against f for
BF. PSF.

The PSF resistance is substantially underestimated, especially for joints with g = 1, by
design rules considering Cr and the 0.8f, restriction, as Recsi/Ruesw is generally below
0.57 among all steel grades, see Fig. 6.18. Relaxing C; and the 0.8f, restriction, the
maximum resistance ratio increases to 0.75, which is still relatively low. Only one butt-
welded X-joint with PSF is found in the literature [18]. The X-joint is made of C450 and
the resistance ratio is 0.87 (without considering Cr and the 0.8f, restriction). Hence,
among the tested specimens in this study and literature, Cr and the 0.8f, restriction could
be relaxed for PSF for steel grades up to S700.

XS355A3 is the only specimen with CSWF, which has a 0.72 Recsi/Rugs%. Cr and the
0.8f, restriction are not relevant for this failure mode.

To conclude, among the tested specimens in this paper and in the literature, the material
factor Ct is not necessary for X-joints with a butt weld except for BF with S700 material.
The 0.8f, strength restriction can be relaxed for PSF but not for BF for butt-welded X-
joints with steel grades up to S700. Although the prediction on PSF and CFF is
conservative in general, it has to be emphasized that the weld type (butt weld or fillet
weld) and the weld thickness have a significant influence on the joint resistance and
stiffness, as illustrated in [27]. The tested specimen presented in this paper has the extra
fillet weld due to the cap pass which may increase the ultimate resistance and stiffness
of the joint. Hence, a further study should be carried out to investigate the effect of the
weld type and the cap pass on the joint behaviour. Besides, BF and PSF highly depend
on the HAZ strength. Since the HAZ strength reduction depends on the base material
type and the welding parameters, it is essential to consider the HAZ strength reduction
in the BF and PSF design.
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6.4.Conclusions

The 18 tests on RHS X-joints in tension presented in this study, and a review of published
results within the same area, provide additional insight into the requirement for the
material factor Cr and the 0.8f, restriction. The experiments of this study cover the steel
grades S355J2H, S500MH, and S7T00MLH. The most relevant geometric parameters, S
(the width ratio) and the member thickness, were varied in a wide range of values. For
example, the g ratio had values between (and including) 0.25 and 1.0 such that all
relevant failure modes could be obtained. The nominal chord and brace wall thickness
ranged between 4 mm and 10 mm, which covers many practical design situations. In all
specimens, the braces were connected to the chord by butt welds. The potential of
quantified improvements of the joint resistance using fillet welds, rather common in
practice and in the most of literature, is left out of the scope. The role of welding
specifications (heat input, cooling time, etc.) should be explored further, especially for
newer sorts of S500 and S700. The following key observations are highlighted:

1) The latest version of prEN 1993-1-8 predicts a conservative tensile resistance
(Recanon), Tor steel grade up to S700, even without applying Cs and the 0.8f,
restriction. This conclusion also holds for the X-joints tested in tension found
in the literature, regardless of the weld type (butt weld or fillet weld).
Comparing Recsnon t0 Rugaw (the lower of the ultimate resistance (Ry) and the
load at 3%b, deformation), the maximum Recsnon/Rugas iS 0.8, excluding two
S355 joints (B = 0.25, out of validated geometry range 0.1+0.01bo/to = 0.35)
which have a maximum of 0.91 Rec3 non/Rug3%.

2) Except for joints with chord face failure (CFF), prEN 1993-1-8 (2022) does not
in general accurately predict the governing failure mode of the specimens
presented in this paper and in the literature. The scope of the resistance
expressions for the various failure modes should be explored further. For
example, prEN 1993-1-8 predicts CFF in cases where it was not observed in the
tests, especially for S700.

3) A modified bi-linear model is proposed to characterise the joint nonlinear
behaviour and the yield resistance (Ry). The yield ratio Ry/R, varies between
0.47 and 0.88. For S355/S500 joints with g < 0.5, the ratio is around 0.5. For
S355/S500 joints with > 0.5 and S700 joints, the ratio is close to 0.7-0.8. The
better the joint ductility is, the higher the yield ratio is.

4) Regarding the predicted resistance corresponding to the experimental failure
mode, it is found that Cs factor is not necessary except for the brace failure (BF)
with S700 material. The 0.8f, restriction could be relaxed for PSF but not for
BF concerning steel grades up to S700. This conclusion holds for X-joints with
a butt weld in this study and in the literature.

5) The material elongation at failure & has a limited influence on the CFF
resistance, but the material hardening behaviour does influence the CFF
resistance. The material strength reduction in the heat-affected zone
significantly affects the BF resistance.
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The above observations and the results of the experiments lead to the following
recommendations for updating the design rules for welded X-joints under tension loading
in the braces:

1)

2)
3)

4)

5)

The experimental results imply that the upper bound of g for CFF decreases
with increasing steel grade, and the upper bound of $ for punching shear failure
(PSF) might not be necessary, regardless of the weld type (butt weld or fillet
weld).

Cs and the 0.8f, restriction are not necessary based on the current design rules,
regardless of the mispredicted failure modes and the weld type.

For X-joints with a butt weld, if the failure mode is well predicted, Cs can be set
to 1.0 for all failure modes for steel grades up to S700, except for BF for S700.
For X-joints with a butt weld, if the failure mode is well predicted, the 0.8f,
restriction can be neglected for all steel grades up to S700, except for BF for all
steel grades.

As the heat-affected zone (HAZ) governs BF, a strength reduction factor for
HAZ, especially for HSS and ultra-HSS, should be included in the formula of
BF. Then, neither C; nor the 0.8f, restriction may be necessary for BF,
regardless of the steel grade.

These recommendations are based on two experimental campaigns (18 experiments) and
all available data in literature, and certainly more evidence obtained on modern steel
types and welding technologies is needed to improve the competitiveness of welded
joints in design standards.
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Appendix
Appendix 6.A Nominal dimension of X-joints and position of coupon specimens.
Steel bo ho o do by hy 1 d;

Specimen grade [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
XS355A1 200 100 8 20 50 100 5 20
XS355A2 S355 160 160 10 25 140 140 8 25
XS355A3 150 150 6 20 150 150 6 20
XS500A1 200 100 8 25 90 160 8 25
XS500A2 S500 160 160 10 25 140 140 8 25
XS500A3 150 150 6 20 150 150 6 20
XS700A1 120 120 8 20 51 152 6 25
XS700A2 S700 160 160 10 25 80 100 4 20
XS700A3 140 140 6 25 120 80 6 25
XS355B1 200 100 8 25 50 100 5 20
XS355B2 S355 160 160 10 25 140 140 8 25
XS355B3 150 150 6 25 150 150 6 25
XS500B1 180 80 8 25 90 160 8 25
XS500B2 S500 160 160 10 25 140 140 8 25
XS500B3 150 150 6 25 150 150 6 25
XS700B1 120 120 8 20 51 152 6 25
XS700B2 S700 150 200 10 25 80 100 4 20
XS700B3 140 180 5 25 120 80 6 25
Appendix 6.B Measured dimensions of coupon specimens.
Chord Brace Chord Brace
Specimen  NO. [mm] [mm] Specimen  NO. [mm] [mm]
t b t b t b t b

XS355A1 N1 79 100 49 16.0 XS355B1 N1 79 102 51 16.2

N2 78 100 49 16.0 N2 80 102 51 16.2
XS35EA2 N1 98 78 81 100 XS35582 N1 99 83 80 203

N2 98 79 81 100 N2 99 81 81 20.2

N1 6.0 13.0 6.0 13.0 N1 59 203 6.0 20.2
XS355A3 XS355B3

N2 59 129 59 129 N2 6.0 202 - -

N1 79 102 79 101 N1 79 102 7.8 133
XS500A1 XS500B1

N2 78 101 79 10.0 N2 78 101 79 132
XSE00A2 N1 98 78 79 101 XS50082 N1 98 83 79 203

N2 9.7 79 79 100 N2 99 81 79 20.2

XS500A3 N1 59 130 59 13.0 XS500B3 N1 6.0 202 6.0 20.2
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N2 59 13.0 59 130 N2 6.0 203 59 126
1 79 103 5.8 133 N1 79 102 6.3 10.2
XS700A1 XS700B1
N2 78 101 58 133 N2 80 101 6.4 10.2
1 99 104 4.0 203 N1 94 84 40 203
XS700A2 XS700B2
N2 98 83 4.0 202 N2 94 82 40 202
1 58 133 58 133 N1 52 159 6.0 132
XS700A3 XS700B3
N2 58 133 58 133 N2 52 164 59 132
Appendix 6.C Coupon test results.
Chord Brace
Specimen  NO. fy fu &u & fy fu &y &f
[MPa] [MPa] [%] [%] [MPa] [MPa] [%] [%]
N1 528 552 70 26.0 510 539 88 233
XS355A1
N2 516 553 105 27.3 499 546 50 25.3
N1 477 515 95 27.2 504 535 8.1 26.9
XS355A2
N2 495 516 10.3 30.6 508 528 8.1 26.6
N1 461 510 125 28.2 461 510 125 28.2
XS355A3
N2 442 509 134 293 442 509 134 293
N1 571 603 16 223 575 609 52 248
XS500A1
N2 544 590 52 246 585 614 19 249
N1 600 631 1.3 203 575 609 52 248
XS500A2
N2 578 617 26 205 585 614 19 249
N1 612 671 6.9 229 612 671 6.9 229
XS500A3
N2 605 668 84 241 605 668 84 241
N1 734 853 27 128 781 858 36 120
XS700A1
N2 768 839 1.8 125 779 864 31 131
N1 710 836 29 173 740 850 35 101
XS700A2
N2 742 826 19 125 741 846 3.3 104
N1 781 858 36 120 781 858 36 120
XS700A3
N2 779 864 3.1 131 779 864 3.1 131
N1 506 545 119 277 551 590 15 18.2
XS355B1
N2 532 552 105 26.8 541 590 1.3 178
N1 501 535 1.3 26.7 524 547 16 29.7
XS355B2
N2 496 528 78 279 535 547 18 273
N1 471 520 13.6 293 487 524 11.3 29.2
XS355B3
N2 493 526 12.2 29.0 - - - -
N1 593 629 1.7 195 541 574 19 238
XS500B1
N2 603 639 1.7 195 558 593 12 187
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XS500B2 N1 574 610 1.7 197 609 648 1.4 1938
N2 572 623 1.3 198 624 648 12 187
XS500B3 N1 595 644 75 228 598 643 69 232
N2 580 638 9.0 243 610 657 6.0 21.2
XS700B1 N1 773 855 24 144 791 864 29 125
N2 792 867 20 135 792 869 27 127
XS700B2 N1 745 808 31 175 740 850 35 101
N2 741 808 31 168 741 846 33 104
XS70083 N1 720 823 49 135 777 860 22 121
N2 724 827 47 156 791 867 22 127
Appendix 6.D Stress-strain relationships of tested coupon specimens.
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Appendix 6.E Desige equations in prEN 1993-1-8 for X-joints in tension.

Failure mode Equations
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where 0 is the angle between the brace and the chord (6, = 90° for the tested specimens),
Qris the chord stress factor (Qr = 1 for the tested specimens). For 0.85 < £ <1.0 linear
interpolation may be applied between the governing resistances as g = 0.85 (CFF,BF,

and PSF) and g =1 (CSWF and BF).
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Fracture simulation of welded
rectangular hollow section X-joints
using Gurson-Tvergaard-Needleman
(GTN) damage model

A welded rectangular hollow section (RHS) X-joint exposed to tension loading has three typical
fracture-related failure modes: Punching shear failure, Brace failure, and Chord side wall
failure. Implementing an appropriate damage model accurately predicts the behaviour of the
fracture zone and provides the necessary information to improve design rules for welded high-
strength steel (HSS) rectangular hollow section (RHS) X-joints based on parametric studies
using validated model.

In this chapter, the Gurson-Tvergaard-Needleman (GTN) damage models calibrated for the
base material and the heat-affected zone of welded cold-formed RHS connections are used in
the fracture simulation of nine welded cold-formed RHS X-joints in monotonic tension. The finite
element model successfully predicts the experimental load-displacement relationships and
fractured zones, indicating the calibrated GTN models could effectively be used in parametric
study of welded cold-formed RHS X-joints. Then, the importance of including HAZ in the FE
model is illustrated by conducting the FE analysis without using HAZ constitutive model.
Finally, the semi-empirical HAZ constitutive model is extended to a semi-empirical material
damage model, which is further used in the simulation of all 18 X-joints.

Parts of this chapter appear in the journal article: ‘Rui Yan et al., Fracture simulation of
welded RHS X-joints using GTN damage model, Advances in Structural Engineering,
2022’. Minor modifications have been made to suit the thesis. Credit is also given to the
master thesis: ‘Hagar El Bamby, Experimental and numerical investigations on the
structural performance of mild and high strength welded X-joints’.
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7.1.Introduction

Welded hollow section joints may fail with a fracture in the heat-affected zone (HAZ) or
in the base material (BM). It is essential to conduct an advanced numerical study
considering both the stress-strain relationship of HAZ and the material damage model.
Such advanced numerical models enable a better understanding of the various failure
mechanisms and provide confidence in numerically generated data to improve the design
rules of welded hollow section joints.

Different damage models have been implemented in the fracture simulation of welded
joints in recent years[1-5]. Ma et al. [1] extended a damage-mechanics-based model to
predict PSF in hollow section joints, considering the effect of the stress triaxiality and
the Lode angle. It was argued that the fracture strain at the fracture initiation point of the
joint would be overestimated under a shear-dominated stress state if the effect of the
Lode angle was not considered in the damage model. However, the paper did not present
the global load-deformation relationship from the model without considering the Lode
angle. The effect of the high fracture strain in a limited number of elements on the joint
global behaviour is vague. Liu et al. [2] proposed a shear-modified Gurson-Tvergaard-
Needleman (GTN) model [6] to simulate the fracture propagation of the X-joint PSF.
The shear-modified GTN model was first calibrated against traditional tensile specimens,
notched specimens, and shear specimens for the base material (BM) of the hollow
sections and the weld metal (WM). The calibrated shear-modified GTN model was
subsequently implemented in the X-joint fracture simulation. It was found that the
original GTN model without considering the material shear damage could properly
predict the crack initiation point (the ultimate resistance) but failed to predict the fracture
propagation under a shear-dominated stress state. The shear-modified GTN model
showed a better performance in predicting the fracture process after the peak load
compared to the original GTN model. The accurate prediction of the ultimate state
considering the Lode angle is necessary at a low triaxiality in the fracture zone, but the
Lode angle has limited influence on the fracture plastic strain at a high stress triaxiality
and can be neglected [1,7-9].

Although many numerical studies have been carried out on welded hollow section joints,
the mechanical and geometric properties of the heat-affected zone (HAZ) are rarely
considered in the FE analysis, which may lead to an unsafe prediction of the joint
resistance, especially for HSS joints. Lan et al. [10] conducted experimental and
numerical studies on the welded HSS RHS X-joints in compression. HAZ was modelled
based on some simplified mechanical and geometric assumptions. It was concluded that
the strength degradation of the HAZ significantly influenced the joint resistance.

The mechanical properties of HAZ have been reported by many researchers [11-16].
Chapter 4 shows a 13% yield and 4% ultimate strength degradation in HAZ compared to
BM in S355 and S500 butt-welded cold-formed RHS connections, while a larger strength
reduction, 24% and 19% for the yield strength and the ultimate strength, respectively,
were observed in S700 connections. A constitutive model correlating to BM mechanical
properties was proposed for HAZ, which was established based on experimental and
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numerical studies on the tensile behaviour of milled welded coupon specimens with a
butt weld in the middle. The HAZ strength degradation in butt-welded connections was
also examined in [16] using the Vickers hardness test. The strength of HAZ was predicted
according to the empirical relationship between hardness results and material strength.
The HAZ strength degradation varies in a very similar range with less than a 5%
difference compared to the results presented in Chapter 4 concerning the material
strength ratio and the complete welded connection strength ratio. Moreover, Cai et al.
[16] investigated the effect of the BM processing method (TMCP or QT) on the HAZ
mechanical properties, which is not considered in the current design rules and might lead
to an unsafe design for HSS or ultra HSS welded hollow section joints. It is worth
mentioning that the HAZ strength degradation is closely related to the welding technique
and parameters used. The HAZ strength could be comparable to the BM if appropriate
welding technique and parameters are employed, as demonstrated in [11].

In this chapter, the fracture simulation of welded cold-formed RHS X-joints is conducted
using the GTN damage model. First, the calibrated GTN damage model is implemented
in the fracture simulation of the A-series X-joints. A good agreement is obtained between
the experimental and FE results, indicating that the calibrated GTN model for HAZ and
BM can effectively predict fracture failure in welded RHS X-joints. Then, the HAZ
constitutive model is excluded from the X-joint FE model to demonstrate the importance
of HAZ in the FE analysis. Finally, the semi-empirical constitutive model for HAZ,
presented in Chapter 4, is extended to a semi-empirical material damage model, which
is further used in the simulation of all 18 X-joints.

7.2.Finite element analysis
7.2.1. X-joint models

As the A-series X-joint and the butt-welded short tubes were fabricated by the same
company using the same welding parameters, the calibrated GTN damage model for
HAZ and BM, presented in Chapter 5, is employed to simulate the fracture failure of the
tested A-series X-joints in Chapter 6. FE models are generated to verify the GTN damage
model and the experiments. The models are built up with the measured geometric
dimension, as shown in Fig. 7.1. Only a quarter of the joint is created to reduce the
computational burden. Fig. 7.1 shows an example of the FE model for specimen
XS500A2. Reference points (RP1 and RP2) are made at the centre of the entire RHS end
surfaces (marked with yellow). Each reference point controls all translations and
rotations of the corresponding end surface through the MPC beam constraint. The
loading is applied as a positive displacement at RP1 in the Y direction. The remaining
degrees of freedom at reference points are fixed. In addition, symmetry boundary
conditions are applied on Surface 1 and Surface 2, see Fig. 7.1. The quasi-static analysis
is conducted using the explicit solver with a 100 s period and a 0.0001 s target time
increment.
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Fig. 7.1 Finite element model for X- Fig. 7.2 HAZ and WM regions in a weld

joints. zone.

The weld zone consists of five material regions: Chord, Chord HAZ, WM, Brace, and
Brace HAZ. Fig. 7.2 shows the HAZ and WM regions in the FE model. The HAZ width
in the butt welded tubes, referring to Fig. 2.3, is measured based on the Vickers hardness
tests. It was found that the majority (92%) of the HAZ width varies between 2 mm and
4 mm, with an average 3.2 mm width regardless of the steel grade and the thickness of
the profile. Hence, a 3.2 mm HAZ width is used in all X-joint models. 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 C3D8R element is used for modelling joints with g < 0.8, i.e. the joints XS355A1,
XS500A1, XS700A1, and XS700A2 (see Table 6.2). A 0.5 mm mesh size is adopted for
critical regions concerning HAZ, WM, and part of BM close to HAZ. The BM mesh size
along the profile length direction gradually changes to 5 mm (100 mm far from the weld
zone). Due to the complex geometry at the chord corner of joints with 5> 0.8 (XS355A2,
XS355A3, XS500A2, XS500A3, and XS700A3), it is not possible to mesh using the
C3D8R element. The ten-node tetrahedral element C3D10 is employed. A universal 1
mm mesh size is used for HAZ, WM and part of BM close to HAZ. Note that the chord
front face of XS355A3 also meshed with 1 mm elements as a chord side wall failure
(CSWF) appeared in the experiment. Two examples of FE mesh using C3D8R and
C3D10 elements are presented in Fig. 7.3 a) and b), respectively.
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a) XS700A1 with the C3D8R b) XS500A2 with the C3D10
element. element.

Fig. 7.3 Examples of mesh used in the FE models.

7.2.2. Calibrated material damage model

HAZ exists in both the brace and the chord of X-joints. The constitutive model of the
HAZ that was developed for the butt-welded short tube is used for modelling the HAZ
in the X-joint. The material model varies according to the thickness of the profile. The
calibrated constitutive parameters for BM and HAZ are summarized in Table 5.7 and
Table 5.8, respectively.

Table 7.1 Calibrated constitutive parameters for BM.

Material w k n £ a b fe f f f
XS355A1B 0.9 836.2 0.1460 0.0095 598.2 549.9 0.0645 0.10 -
XS355A2B 09 772.7 0.1400 0.0068 563.3 511.8 0.0350 0.05 0.0350 0.05
XS355A3B 1.0 750.0 0.1400 0.0336 473.3 520.7 0.0350 0.05 0.0300 0.05
XS500A1B 0.8 738.1 0.0635 0.0150 508.1 595.8 0.1120 0.15 - -
XS500A2B 0.6 696.0 0.0240 -0.0041 763.0 6154 0.1290 0.15 0.0900 0.10
XS500A3B 0.7 8514 0.0631 -0.0022 739.0 667.0 0.0760 0.10 0.0700 0.08
XS700A1B 0.1 9429 0.0216 -0.0066 1237.4 834.6 0.0990 0.15 - -
XS700A2B 0.1 919.0 0.0200 -0.0070 1293.2 816.7 0.0500 0.10 - -
XS700A3B 0.1 997.2 0.0324 -0.0051 1052.0 853.4 0.0482 0.05 0.0706 0.08

S355t5B 0.8 8015 0.1400 0.0151 557.4 539.4 0.0267 0.05 -

S355t8B 1.0 7854 0.1400 0.0142 549.0 527.6 0.110 0.15 0.0600 0.08

S500t8B 09 7571 0.0626 0.0196 493.2 616.6 0.123 0.15 0.0900 0.10

Table 7.2 Calibrated constitutive parameters for HAZ.

Material ko Q Bo fe s f fi’
S355t5H | 480.7  274.7 4.26 0.0116  0.05 - -
S355t8H | 481.0  285.1 4.03 0.0329 005 0.0186 0.05
S355t10H | 4595 1916  13.89 0.0280  0.05 0.0550 0.10
S500t4H | 552.0 1916 8.33 0.0094  0.05 0.0250 0.05
S500t8H | 363.3 3367  17.25 0.0145  0.05 0.01447 0.5
S500t10H | 5786  207.2 8.68 0.0226  0.05 0.0150 0.05
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S700t5H 627.7 355.7 5.28 0.0165 0.05 0.0470 0.05
S700t8H 598.6 205.0 10.47 0.0337 0.05 - -

S700t10H | 661.0 179.4 13.59 0.0177 0.05 - -

The WM constitutive model is obtained from the milled welded coupon tests. The stress-
strain relationship of WM extracted from DIC results is extrapolated using the Swift
model. The same WM constitutive model is used for S500 and S700 joints, as the same
electrode was used for welding. As coupon tests were not conducted for the brace, the
material property of the brace refers to BM of the chord and the welded short tubes,
according to the thickness. The employed materials for the X-joint simulation are
summarized in Table 7.3, and the corresponding undamaged true stress-true plastic strain
relationships are shown in Appendix 7.A. The 1 mm C3D10 element is used at the
possible fracture regions (HAZ, WM, BM close to HAZ) for joints with > 0.85. Since
the fracture parameters are closely related to the element volume, the values of f. and f;
are adjusted for coupon models with 1 mm C3D10 element following the calibration
procedure presented in Section 5.4.2. The adjusted values are shown as f¢"and f¢" in Table
5.7 and Table 5.8.

Table 7.3 Employed material for A-series X-joint analysis.

X-joint Chord Brace WM
BM HAZ BM HAZ
XS355A1 XS355A1B S355t8H S355t5B S355t5H S355t8W
XS355A2 XS355A2B  S355t10H S355t8B S355t8H S355t8W
XS355A3 XS355A3B S355t8H XS355A3B  S355t8H S355t8W
XS500A1 XS500A1B S500t8H S500t8B S500t8H S700t8W
XS500A2 XS500A2B  S500t10H S500t8B S500t8H S700t8W
XS500A3 XS500A3B S500t4H XS500A3 S500t4H S700t8W
XS700A1 XS700A1B S700t8H XS700A3B  S700t5H S700t8W
XS700A2 XS700A2B  S700t10H | XS700A3B  S700t5H S700t8W
XS700A3 XS700A3B S700t5H XS700A3B  S700t5H S700t8W

7.2.3. A semi-empirical material damage model

In Section 4.4, a semi-empirical material model for HAZ is proposed as a simplified
approach for generating the HAZ stress-strain relationship (before necking), which is
purely based on the mechanical property of BM. The generated stress-strain relationship
is further used in the X-joint simulation and validated against all 18 X-joint tests. In order
to extend the semi-empirical material model to a semi-empirical damage model, two
issues related to the extrapolated stress-strain relationship after necking and the GTN
parameters should be addressed.

It is found that the Voce model is suitable for generating the undamaged constitutive
model for all HAZ, as demonstrated in Section 5.4.2. Hence, the generated semi-
empirical model is extended, starting from the necking point, according to Eq. ( 5.15).
Considering the continuity of the stress-strain relationship at the necking point, three
conditions in Eq. ( 7.1 ) should be satisfied. The expressions for the Swift and Voce
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models are presented in Eq. (4.4 ) and Eq. ( 5.15 ), respectively. Based on these three
conditions, the three parameters in the Voce model can be determined for all HAZs,

which are summarized in Table 7.4.

O-uS = O-u,V
dos _ do,,
des |, o, ol (7.1)
dZO'tYS dZO't’V
de’s del,
T e s=éy, ! s =€ty
Table 7.4 Determined parameters for HAZ using the semi-empirical model.
Parameters for corresponding HAZ
BM Element f, f, £
MPa]  [MPa] %] <" ok Qfo
XS355A1B  Chord 444 525 160 826 0.175 0.02700 486 271 4.08
XS355A2B  Chord 413 490 173 789 0.193 003332 452 282 356
XS355A3B  Chord 384 484 17.3 771 0177 001761 439 262 4.24
XS500A1B  Chord 474 567 141 857 0.148 001604 525 245 521
XS500A2B  Chord 501 593 122 864 0.127 001125 553 218 6.33
XS500A3B  Chord 517 636 141 958 0.143 001101 585 271 557
XS700A1B  Chord 526 677 101 934 0.096 0.00003 629 196 9.37
XS700A2B  Chord 508 665 119 953 0.114 000161 611 230 7.65
XS700A3B  Chord 546 689 100 949 0.096 0.00057 641 198 9.34
S355t5B - 429 515 146 787 0.153 001710 476 233 4.97
S355t8B - 430 505 161 797 0.179 0.02997 468 265 3.93
S500t8B - 493 581 149 897 0.161 0.02247 539 274 456
Chord 441 521 164 826 0.181 002926 482 278 3.90
XS355B1B
Brace 464 561 108 789 0.108 0.00506 523 176 7.92
Chord 424 505 164 799 0.179 0.02693 466 268 4.00
XS355B828
Brace 450 520 17.1 840 0201 0.04294 485 307 3.28
Chord 410 497 175 799 0.188 0.02685 455 282 3.78
XS355B3B
Brace 414 498 175 802 0.191 002934 457 286 3.68
Chord 508 602 117 868 0.120 0.00934 562 209 6.80
XS500B1B
Brace 467 554 128 817 0.133 001275 516 214 5096
Chord 487 586 119 845 0.120 0.00789 545 205 6.89
XS500B828
Brace 524 616 116 885 0.119 001012 576 212 6.80
Chord 499 609 141 919 0.145 001246 561 261 545
XS500B3B
Brace 513 618 133 919 0.137 001203 572 249 579
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Chord 548 689 112 974 0.108 0.00226 638 223 8.08
XS§700B1B

Brace 554 693 101 957 0.097 0.00000 645 201 9.23

Chord 520 646 137 965 0.137 0.00857 594 265 5.92
XS700B2B -

Brace 518 678 82 894 0.077 0.00172 637 157 12.24

Chord 505 660 116 941 0.111 0.00135 608 223 7.88
XS700B3B

Brace 549 691 99 950 0.095 0.00048 643 196 9.47

Regarding the GTN parameters, the calibrated yield surface parameters (A, B, qz) for
two HAZ materials are very close to each other, as shown in Table Table 5.6. Hence, the
average values, 1.43, -0.0735, and 1.015, are used for A, B, and gy, respectively. Table
5.8 presents the calibrated values of the fracture-related parameters f; and f; for different
types of elements. The majority of f. is below 0.02 regardless of the element type,
although two of them are close to 0.05. Therefore, as a conservative estimation of the
parameters, 0.01 and 0.05 are adopted for f. and ft, respectively.

7.3.Results and discussions
7.3.1. Using the calibrated material model

The failure mode and the load-displacement relationship of X-joint FE models are
compared to the experimental results in Fig. 7.4-Fig. 7.9. The predicted load-
displacement relationships show a good agreement with the experimental results,
although the resistance of FE results is slightly lower than the experiments at the plastic
stage, which might be due to the pessimistic assumption of the constitutive model of the
corner region in the cold-formed RHS. The material in the corner region has higher
strength but lower ductility than the material in the flat region [17,18]. The absence of
the corner material model may also result in a more significant deformation at the
ultimate load since the stress concentration is relaxed at the corner region, where the low
ductility may lead to a premature fracture. For a joint with a small g, the deformation is
mainly due to the deflection of the chord surface, and the role of the corner in the overall
behaviour of the joint is less pronounced. For a joint with a large f, the corner region
acts more strongly in the load transfer, and the material at the corner undergoes more
severe yielding that may lead to failure. Consequently, omitting the work-hardening of
the corner region in the material model may have a stronger influence on the FE results
for joints with larger £ values. In addition, the FE model is only one-quarter of the
specimen, and symmetric boundary conditions are applied. The deformation obtained
from the FE model may be larger than the experiments, as the fracture appears only on
the weaker side of most joints.
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a) XS355A1 b) XS355A2 ) XS355A3

(6=0.25, CFF&PSF). (6=0.88, BF). (6=1, CSWF).
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d) XS355A1-FE. e) XS355A2-FE. f) XS355A3-FE.
Fig. 7.4 Failure modes of S355 X-joints.
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Fig. 7.5 Load-displacement relationship of S355 X-joints.

a) XS500A1 b) XS500A2 c) XS500A3
(8=0.45, CFF&PSF). (8=0.87, BF). (8=1, BF).
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d) XS500A1-FE. e) XS500A2-FE.
Fig. 7.6 Failure modes of S500 X-joints.
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Fig. 7.7 Load-displacement relationship of S500 X-joints.
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a) XS700A1 b) XS700A2 c) XS700A3
(6=0.42, CFF&PSF). (6=0.5, BF). (6=0.86, PSF).

d) XS700A1-FE. e) XS700A2-FE. f) XS700A3-FE.
Fig. 7.8 Failure modes of S700 X-joints.
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Fig. 7.9 Load-displacement relationship of S700 X-joints.

The ultimate resistances obtained from FE models are compared to the experiments in
Table 7.5. The FE/EXP resistance ratio varies from 0.91 to 1.02, with an average value
of 0.98. It is worth mentioning that the resistance of PSF is well predicted even though
the shear damage model is not considered in the employed GTN model. The same finding
was reported by Liu et al. [2], where the proposed shear—-modified GTN model can
improve the results of the fracture propagation but not the ultimate resistance and the
corresponding deformation. The reason for the accurate prediction of the ultimate
resistance is that the Lode angle has limited influence on the fracture plastic strain under
a high stress triaxiality [1,7-9]. The stress triaxiality in the elements involved in fracture
of four PSF models varies between 0.6 and 1.5. In addition, the number of elements in
the FE model exposed to a shear stress state is very limited, which has a minor influence
from a joint global behaviour perspective.

Table 7.5 Comparison of FE and experimental ultimate resistances.

Al A2 A3
EXP FE FE/EXP | EXP FE FE/EXP | EXP FE  FE/EXP
[kN]  [kN] [] [kN]  [kN] [] [kN]  [kN] [-]
XS355 | 546 555  1.02 [ 1964 1911 097 | 1344 1355  1.01
XS500 | 897 919  1.02 | 2181 2020 093 | 1713 1647  0.96
XS700 | 875 793 091 | 769 780 101 | 952 910 0.96

The fracture surface of all joints, except for XS700A1, is well predicted using the
calibrated GTN damage model. Only XS355A3 had CSWF with an arc-shaped fracture.
The FE predicted fracture has a similar shape but is slightly closer to the corner of the
chord, which might be due to the absence of the constitutive model of the corner region.

Two orientations of the fracture surface for PSF were observed in the experiments. The
fracture of XS355A1, XS500A1, and XS700A3 initiated at the weld toe and cut through
the thickness of the tube (see Fig. 7.4, Fig. 7.6, and Fig. 7.8), which is successfully
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predicted by the FE model. The fracture surface of XS700A1 propagated below the weld,
as shown in Fig. 7.10 (solid red line for the experiment and red dash line for the FE
model), which fails to predict.

s /Bface HAZ
= WM
Chord HAZ

Experiment  FE model\a

a) Fracture surface in b) Fracture surface c) A sketch of the fracture
experiment. in FEA. surface.

Fig. 7.10 Fracture surface in the experiment and FEA of XS700A1.

The fractures of all BF have the same orientation, as shown in Fig. 7.4, Fig. 7.6, and Fig.
7.8. A detailed shape of the fracture surface is shown in Fig. 7.11 a). The normal direction
of the fracture surface points out of the X-joint. As the fracture starts from the toe of the
weld, the fracture involves HAZ and BM. The FE model successfully predicts the failure
mode.

Normal
direction

e P —
direction \

Chord HAZ

a) Fracture surface in b) Fracture surface in c) A sketch of the fracture
experiment. FEA. surface.
Fig. 7.11 Fracture surface in experiments and FEA of XS700A2.

7.3.2. Without considering HAZ

The GTN damage models calibrated for BM and HAZ are used in the X-joint fracture
simulation in Section 7.3.1. The FE model without considering HAZ (denoted as FEnH),
where the calibrated BM constitutive model is used in the HAZ region, is employed to
reveal the importance of HAZ in the simulation of X-joint.

The load-deformation relationships predicted by the model without considering HAZ are
compared to the experimental results in Fig. 7.12. In addition, the FE results discussed
in Section 7.3.1 are also presented for comparison. It is rational that FEnH predicts a
larger ultimate resistance and deformation than the model considering HAZ, as the
constitutive model of HAZ is weaker than BM. The resistance predicted by FEnH is
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compared to the experimental results in Table 7.6. The prediction of only one joint is on
the safe side, although the effect of the corner material in cold-formed profiles is not
taken into consideration. The resistance ratio varies between 0.98 and 1.39. The ultimate
deformation is generally overestimated, especially for joints with BF where the
deformation is overestimated up to 3.31 times (XS355A2). The reason is that the higher
resistance results in a higher strain in the brace and the chord, consequently a larger
ultimate deformation. Depending on the material hardening level in the brace and the
chord, the level of the deformation overestimates varies, as the strain increment is larger
at a higher material hardening level given the same stress increment. For example, the
joint with BF normally has a higher strain level in the brace. A limited increase in
resistance results in a significant increase in deformation.

— X8355A1 —X8355A2 — X8355A3
- — —XS8355A1-FE — — —XS8355A2-FE — — — XS355A3-FE
— - =XS355A1-FEnH — - =XS355A2-FEnH — - - XS355A3-FEnH
2400
1800
= 1200
<
]
b—] , -
600 = N\
\
0 \
120 150
D [mm]
a) S355 X-joints.
—XS500A1 — XS500A2 —— XS500A3
- = = XS500A1-FE - = = XS8500A2-FE - = = XS500A3-FE
— - -XS500A1-FEnH — - -XS500A2-FEnH — - -XS500A3-FEnH
2400
1800
= 1200
[5~]
=]
—
600
0

D [mm]

b) S500 X-joints.
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—XS700A1 —— XS700A2 —— XS700A3

- — = XS700A1-FE - — = XS700A2-FE — — = XS700A3-FE

— - =XS700A1-FEnH — - -XS700A2-FEnH — - -XS700A3-FEnH
1200

900

600

Load [kN]

300

D [mm] ‘

c) S700 X-joints.
Fig. 7.12 Load-deformation relationships.

Table 7.6 Comparison of FEnH and experimental ultimate resistances.

Al A2 A3

EXP FEnH FE/EXP| EXP FEnH FE/EXP| EXP FEnH FE/EXP
[kN] [kN] [] | [kN] [kN]  [] | [kN] [kN]  []

XS355| 546 762 139 |1964 2100  1.07 |1344 1353  1.01
XS500| 897 1074 120 |2181 2305 106 |1713 1709  1.00
XS700| 875 874 100 | 769 907 118 | 952 932  0.98

The failure modes of the FE models without considering HAZ are presented in Fig. 7.13.
The FE models successfully predict the experimental failure modes except for two joints,
XS355A1 and XS500A3, where a fracture in the brace and CSWF are observed,
respectively. Although BF is predicted in XS355A2-FEnH, the fracture initiates at the
corner of the brace and propagates to Side B (referring to Fig. 6.1), while the fracture is
on Side A in the experiment.

PEEQ 2 PEEQ
8'22’ 9.50
5 0.38 E“\ 0.38
m 03| E—
T OT?
0.13 0.13
. 0.06 0.06
0.00 0.00

a) XS355A1-FEnH. b) XS355A2-FEnH. €) XS355A3-FEnH.
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d) XS500A1-FEnH. f)

g) XS700Al-FEnH. h) XS700A2-FEnH. i) XS700A3-FEnH.
Fig. 7.13 Failure modes of FE models without considering HAZ.

7.3.3. Using the semi-empirical material model

The FE models are created for the second batch of X-joint (B-series) using the same
parameter settings illustrated in Section 7.2.1. As the engineering stress-strain
relationship of BM in the B-series X-joint is very close to at least one material model in
the A-series, the calibrated GTN model for BM of the A-series is employed in the B-
series simulation. The employed materials are shown in Table 7.7.

Table 7.7 Employed material for B-series X-joint analysis.

X-joint Chord BM Brace BM WM
XS355B1 XS355A1B S355t5B S355t8W
XS355B2 XS355A2B S355t8B S355t8W
XS355B3 XS355A3B XS355A3B S355t8W
XS500B1 XS500A2B XS500A1B S700t8W
XS500B2 XS500A2B XS500A2B S700t8W
XS500B3 XS500A3B XS500A3B S700t8W
XS700B1 XS700A1B XS700A1B S700t8W
XS700B2 XS700A2B XS700A3B S700t8W
XS700B3 XS700A2B XS700A3B S700t8W

For A-series, the name of the employed constitutive model for BM is shown in Table 7.3.
And the HAZ semi-empirical model corresponding to the employed BM is used in the
FE analysis. For B-series, the GTN damage model for BM refers to BM of the A-series
and welded RHS profiles, as illustrated in Table 7.7. The HAZ semi-empirical model is
derived based on tested results of the chord and the brace in the B-series X-joint. The
semi-empirical material models of HAZ for all BMs are presented in Table 7.4.
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The load-deformation relationships of FE models using the derived HAZ (dH)
constitutive property are compared to experiments in Fig. 7.14. Generally, the load-
deformation relationship of the FE model shows a good agreement with the experimental
result. Table 7.8 compares the ultimate resistance of the FE model and the experiment.
The resistance ratio (EF/EXP) of the A-series varies between 0.73 and 1.01. For the B-
series, the resistance of most joints, 7 out of 9, can be well predicted with a resistance
ratio ranging between 0.74 and 1.02, while the predictions of two joints, XS500B3 and
XS700B3, are rather unconservative with a 1.07 and 1.19 resistance ratio, respectively.
Section 6.3.2.3 presents that the failure mode transformed from PSF in XS700A3 to BF
in XS700B3, although the chord of XS700B3 was thinner than XS700A3. It was argued
that the welding process has a crucial influence on the joint behaviour. As the semi-
empirical material model is established based on the welded connections fabricated by
welding Company A (producer of A-series X-joints), the parameters in the semi-
empirical material model might not be very suitable for joints manufactured by welding
Company B. Additionally, in the B-series, the resistance ratio increases with the steel
grade, indicating that the semi-empirical material model tends to be unconservative with
an ascending steel grade. A more significant scattering concerning the HAZ strength
degradation is expected for HSS than the mild steel. Hence, further studies are required
to calibrate the semi-empirical material model for different welding processes and
parameters, especially for HSS.

—XS355A1 — - =XS355A1-FEdH ——XS355B1 — - =XS355B1-FEdH

—XS355A2 — - =XS355A2-FEdH ——X8S355B2 — - =XS8355B2-FEdH

—— XS355A3 — - -XS355A3-FEdH —— XS355B3 — - =XS355B3-FEdH
2400 2400

1800 1800

1200 1200

Load [kN]
Load [kN]
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0 20 40 60 80 100 120 0 20 40 60 80 100
D [mm] D [mm]

a) S355 X-joints A-series. b) S355 X-joints B-series.
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e) S700 X-joints A-series. f) S700 X-joints B-series.
Fig. 7.14 Load-deformation relationships.

Table 7.8 Comparison of FEdH and experimental ultimate resistances.

Specimen EXP FEdH FEdH/EXP Specimen EXP FEdH FEdH/EXP
kNl [kN] O[] kNl [kN] []
XS355A1| 546 397 0.73 XS355B1| 532 396 0.74
XS355A2 | 1964 1695 0.86 XS355B2 | 1883 1740 0.92
XS355A3 | 1344 1352 1.01 XS355B3 | 1424 1353 0.95
XS500A1| 897 676 0.75 XS500B1| 887 730 0.82
XS500A2 | 2181 1926 0.88 XS500B2 | 1981 1898 0.96
XS500A3 | 1713 1693 0.99 XS500B3| 1557 1668 1.07
XS700A1| 875 834 0.95 XS700B1| 1030 848 0.82
XS700A2 | 769 692 0.90 XS700B2 | 788 803 1.02
XS700A3| 952 774 0.81 XS700B3| 716 851 1.19
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The failure modes of the FE models using the derived HAZ constitutive model are
presented in Fig. 7.15. The FE models well predict the experimental failure modes of 13
joints. The mispredicted failure modes involve three S355, one S500, and one S700 X-
joints. BF in XS355A2, XS355B2, XS500A2, and XS700B3 are predicted as PSF. A
possible reason for this is that the material property of the chord corner is not considered
in the FE model, resulting in a weak corner region in the chord. In addition, CSWF is
predicted for XS355B3, while a PSF appeared in the experiment.
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Fig. 7.15 Failure modes of FE models using derived HAZ constitutive model.

7.4.Conclusions

The GTN damage model is implemented into the fracture simulation of welded cold-
formed rectangular hollow section (RHS) X-joints. Based on the presented results, the
following conclusions are drawn:

1) The calibrated GTN damage model for BM and HAZ could effectively predict

2)

3)

the fracture-related failure modes: Punching shear failure (PSF), Brace failure
(BF), and Chord side wall failure (CSWF) of welded RHS X-joints in tension,
although the material shear failure mechanism is not considered. Comparing the
ultimate resistance of the finite element (FE) models and the experiments
(EXP), the FE/EXP ultimate resistance ratio varies from 0.91 to 1.02, with an
average 0.98 ratio.

Two orientations of the PSF fracture surface are observed in experiments. The
FE model successfully predicts the fracture cutting through the profile thickness
of the chord, while the fracture propagated below the weld was not accurately
predicted. The fractures of BF and CSWF are well predicted. Both BM and
HAZ contributed to the fracture of BF. The predicted fracture shape of CSWF
may be improved by considering the constitutive model of the corner material
in cold-formed RHS tubes.

Based on the calibrated X-joint FE model, an attempt is made to investigate the
tensile behaviour of X-joint without considering the heat-affected zone (HAZ)
constitutive model. Compared to the experimental results, the predicted
resistance of only one joint is on the safe side, although the effect of the corner
material in cold-formed profiles is not considered. The resistance ratio (FE/EXP)
varies between 1.00 and 1.39 except for one joint with 0.98 ratio.
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4) A semi-empirical material damage model is proposed for HAZ based on the
calibrated parameters for all HAZs. The load-deformation relationship of the
FE model shows good agreement with the experimental result. Generally, the
failure mode is well predicted. The mispredicted failure mode could be
improved by considering the constitutive model of the chord corner. The
resistance ratio (FE/EXP) varies between 0.73 and 1.01 for the A-series X-joint.
The ratio varies between 0.74 and 1.02 for B-series except for two joints with a
1.07 and 1.19 resistance ratio. Further studies are required to calibrate the semi-
empirical material model for different welding processes and welding
parameters, especially for HSS.
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Appendix

Appendix 7.A Undamaged true stress-true plastic strain relationships for X-joint

simulations.
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8.1.Conclusions

This dissertation presents a systematic approach toward the heat-affected zone
(HAZ) in welded connections from the material level to the structural joint level
concerning S355, S500, and S700 materials. The final goal of this research is to
promote the application of high-strength steel (HSS) on welded hollow section joints.
A weld region consists of three material zones: HAZ, the base material (BM), and
the weld metal (WM). Under certain conditions, HAZ has the lowest strength among
the three material zones, which may govern the failure. The strength degradation in
HAZ is more significant for HSS than mild steel. Therefore, it is essential to evaluate
the HSS joint behaviour considering the HAZ constitutive model.

On the material level, this research provides new knowledge on obtaining the
uniaxial stress-strain relationship of HAZ considering ductile failure mode (under
the monotonic loading) using the digital image correlation (DIC) technique and the
finite element (FE) analysis. The obtained HAZ constitutive model provides
necessary information for the FE analysis of welded connections. The Gurson-
Tvergaard-Needleman (GTN) damage model is calibrated for BM and HAZ of the
welded connection. On the joint level, the tensile behaviour of welded cold-formed
rectangular hollow section (RHS) X-joints is investigated experimentally. The
necessity of the material factor Cr and the design yield strength restriction (f, < 0.8f,)
for HSS is evaluated. Finally, the calibrated GTN model was successfully
implemented in the fracture simulation of welded RHS X-joints. Based on the
presented study, the following conclusions are drawn.

1. A method is proposed to identify the HAZ boundaries of the milled welded
coupon specimen in DIC results. The boundary is identified by comparing the
slope of the minor true strain-major true strain relationship (also called the strain
ratio for simplicity) in the stage beyond yielding, as the transverse constraint at
the boundary of two material zones may result in different stress states,
consequently, a varying strain ratio. The strain ratio in HAZ is close to a "V"
shape or "Monotonic" shape distribution, which is successfully validated
against the hardness result. The identified boundary reveals the width of HAZ
and WM, which provides geometry information for determining the gauge
length of virtual extensometers in DIC and for creating FE models to validate
the HAZ stress-strain relationship.

2. A method is proposed to correct the measured stress-strain relationship of HAZ,
as the measured HAZ stress is overestimated during the plastic deformation due
to the transverse constraint imposed by BM and WM. A linear modification
factor (MF; and MF,), as a function of the true strain, is used to modify the
measured HAZ stress. The modified stress-strain relationship is successfully
validated against the coupon test based on the load-deformation relationship
and the strain distribution on the specimen surface. In an example of S700
welded connections, the ultimate strength of HAZ in the unmilled welded
coupon specimen is 17% higher than the modified ultimate strength of HAZ.
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The difference is increased to 29% if the complete butt-welded SHS is
considered.

3. The mechanical properties of HAZ are correlated to BM using three reduction
factors (RFs), which is an alternative simplified approach to obtaining the HAZ
constitutive model. The proposed RFs for the yield strength, the ultimate
strength, and the ultimate strain of HAZ are 0.85, 0.95, 0.6 for S355 and S500,
and 0.7, 0.8, 0.8 for S700, respectively. Note that the ultimate strain of HAZ is
correlated to the elongation at fracture of BM. The derived HAZ mechanical
properties are used to generate a semi-empirical constitutive model before
necking based on the Swift model. The derived HAZ constitutive model for
each steel grade is successfully validated against the experiments.

4. A metallurgical investigation is carried out based on the low-force Vickers
hardness test and the microstructure observation. It is found that the majority
(92%) of HAZ width varies between 2 mm and 4 mm. The HAZ width does not
show any correlation to the steel grade and plate thickness. The average HAZ
width is 3.2 mm.

5. The GTN damage model is calibrated for HAZ and BM of the butt-welded cold-
formed RHS. The computational homogenization analysis is conducted to
evaluate the effect of hydrostatic pressure on the yield strength, considering the
relationship between the material accumulated initial hardening strain and the
void volume fraction f. An equation is proposed to correlate the parameters gx
and f with a constant q,. All values of g, for different materials are close to 1.
Parameter q; gradually decreases from 3 to 1.5 with an increasing f. The
undamaged true stress-true strain relationship of BM is generated using a
weighting factor (W) based on the Swift model and the linear model. The
weighting factor decreases with the increase of the steel grade, which is around
0.9, 0.7, and 0.1 for S355, S500, and S700 materials, respectively. The Voce
model is suitable for generating the post-necking undamaged constitutive model
for all HAZ materials. The fracture parameters f; and f; in the GTN model are
calibrated based on the tensile coupon tests. The damage of the element is
sensitive to the value of f.. frhas a minor influence on the failure process. The
value of f;, up to 5% larger than f., is validated in this study.

6. The tensile behaviour of welded cold-formed RHS X-joint is investigated
experimentally based on 18 joint tests. The profiles are mild and high-strength
steel, including S355, S500, and S700. It is found that prEN 1993-1-8 predicts
a conservative tensile resistance for steel grade up to S700, even without
applying the material factor Cs and the 0.8f, yield strength restriction. In
addition, a bi-linear model is proposed to characterise the joint nonlinear
behaviour and the yield resistance. The better the joint ductility is, the higher
the yield ratio (yield resistance over ultimate resistance) is.

7. The calibrated GTN damage model for BM and HAZ could effectively predict
the fracture-related failure modes: Punching shear failure (PSF), Brace failure
(BF), and Chord side wall failure (CSWF) of welded RHS X-joints in tension,
although the material shear failure mechanism is not considered. Comparing the
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ultimate resistance of the finite element (FE) models and the experiments
(EXP), the FE/EXP ultimate resistance ratio varies from 0.91 to 1.02. The FE
model overestimates the ultimate resistance of most joints (17 out of 18) without
considering the HAZ constitutive model. The resistance ratio (FE/EXP) varies
between 1.00 and 1.39 except for one joint with 0.98 ratio.

The semi-empirical constitutive model for HAZ is extended to a semi-empirical
material damage model based on the GTN model. Generally, using the semi-
empirical material damage model, the FE model predicts the experimental load-
deformation relationship and the failure mode well. The resistance ratio
(FE/EXP) varies between 0.73 and 1.01 for the A-series X-joint. The ratio varies
between 0.74 and 1.02 for B-series except for two joints with a 1.07 and 1.19
resistance ratio. The reason for the overestimated resistance of the B-series is
that the reduction factors for generating the semi-empirical constitutive model
of HAZ are determined based on A-series welding procedures and parameters.
Further studies are required to calibrate the semi-empirical material model for
different welding processes and parameters.

8.2.Future work

The mechanical property of HAZ is sensitive to the welding processes and
parameters, such as the cooling time t8/5 (from 800°C to 500°C), the heat input,
and the weld matching type. Although the proposed constitutive model for HAZ
can be adopted in the FE analysis of welded connections using the same BM
and the welding parameters as in the experiments, more experiments with
different BM and welding parameters are required to expand the valid range of
the reduction factors which correlates the mechanical properties of HAZ and
BM. This work is more necessary for HSS and ultra-HSS than mild steel, as the
strength degradation in HAZ generally increases with an ascending steel grade,
indicating a more critical HAZ in HSS and ultra-HSS welded connection. In
addition, the effect of strain ageing is not considered in the presented work.
Given the plastic deformation during the cold-forming process and the high
temperature introduced by welding, strain ageing may influence the mechanical
property of HAZ in welded cold-formed hollow section joints and should be
further studied.

For some X-joints with a large brace-to-chord width ratio (5), the fracture
appears in HAZ at the corner region of the chord. The presented research does
not consider the constitutive model of BM and HAZ at the corner region, which
should be considered in future studies. Using the validated corner material
model, the FE model will be completed to evaluate the effect of the high
strength and low ductility of corner material on the joint mechanical behaviour.
The main limitation of the employed GTN damage model is that the effect of
the Lode angle on the material yield and failure criterion is not considered,
although the predicted ultimate resistance fits the experiments well. It should
be considered in future work, and a generic FE model should be validated at
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various stress states. Moreover, the calibrated GTN damage model is valid for
monatonic loading. The fatigue behaviour is not considered in this study.

4. The current design rule for welded connections does not consider the HAZ
strength degradation and the HAZ strength enhancement due to the transverse
constraint. The numerical example of the welded SHS connection shows that
the HAZ strength degradation could be compensated by the transverse
constraint, which may increase the HAZ ultimate strength by 29%. Hence, the
combined effect of strength degradation and enhancement in HAZ on the
behaviour of the welded connection should be systematically evaluated to
develop a safe and economical design approach.
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