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Abstract

Fatigue might be the governing limit state in marine structures mainly induced by the waves and wind.
Therefore, using a lap joint for the shell plating to replicate the appearance of a riveted joint for a retro
yacht is critical due to the limited fatigue resistance. For this joint type cracks initiated at the root, which
should always be avoided due to hard detectability, might appear. Arc- and laser-welded lap joints are
researched to estimate fatigue resistance and reduce the risk of root failure.

The hot spot peak stress of weld toe and weld root notches is insufficient to reflect the fatigue strength,
explaining why an effective notch stress parameter is used, able to deal with both weld toe and weld
root notch induced fatigue. Semi-analytical weld notch stress formulations are established in order to
avoid solid finite element modelling to capture the effective notch stress. Particular attention is paid to
the lap joint characteristic extreme weld notch load carrying level. A second-order weld load carrying
stress formulation is introduced. Since the (laser) weld is typically small in comparison to the plate
thickness, a dedicated way of weld modelling is proposed, assuming a shell finite element type of for-
mulation, allowing to capture the far field stress for both the weld toe and weld root notch accurately.
Fatigue tests are performed to obtain the laser-welded lap joint mid-cycle fatigue resistance informa-
tion, including the material characteristic length as effective notch stress coefficient. Particular attention
is paid to mean (residual) stress effects in comparison to the arc-welded joint equivalent to explain the
fatigue performance.

Comparing the lap joint fatigue resistance in arc-welded and laser-welded configurations to the resis-
tance of other joint types, the results turned out to be aligned. Investigating different material charac-
teristic parameters, either an effective point or an effective line is used. A line based parameter shows
a better performance. The main reason is that the actual notch stress gradient is explicitly considered.
The mean (residual) stress seems to be larger for arc-welded joints. Furthermore, the mean (residual)
stress correction seems at the same time to be one reason for toe induced- rather than expected root
induced failure. For arc-welded joints, the change in failure location induced by stress level depen-
dent secondary bending moments is another reason. The fatigue resistance parameter confidence for
laser-weld weld joints is relatively low in comparison to the confidence for arc-welded ones, as a result
of data size: respectively =190 and =3000.

When not considering the change in secondary bending moments in the fit of a S, — N curve, the
overall fit parameters and quality do not change significantly for arc-welded lap joints. However, the
influence on the effective stress range is substantial and changed the value on average by 4.7% and
up to 14.7%.

Considering only the mid-cycle fatigue resistance, laser welding is superior to arc welding when ex-
posed to low load and response ratios resulting from the lower residual stress level. The FAT class
design curve of arc-welded joints for the hot spot structural stress concept with a load and response
ratio of 0.5 can be used with a mean stress correction to estimate the fatigue resistance of laser welds.



Zusammenfassung

Dauerfestigkeit kann die mafigebliche Bemessungsgrofie in maritimen Strukturen sein, die hauptsach-
lich durch Wellen und Wind verursacht wird. Daher ist die Verwendung einer Uberlappungsverbindung
fur die AuRenhaut, um das Aussehen einer Nietverbindung fiir eine Retro-Yacht nachzubilden, we-
gen der begrenzten Dauerfestigkeit kritisch. Bei dieser Verbindungsart kdnnen an der Wurzel be-
ginnende Risse auftreten, die wegen der schweren Erkennbarkeit immer vermieden werden sollten.
Lichtbogen- und lasergeschweiRte Uberlappungsverbindungen werden erforscht, um die Dauerfes-
tigkeit abzuschatzen und das Risiko eines Wurzelversagens zu verringern.

Die Spitzenspannung von Schwei3naht- und Schweilwurzelkerben reicht nicht aus, um die Dauer-
festigkeit widerzuspiegeln. Deshalb wird ein effektiver Kerbspannungsparameter benutzt, der sowonhl
die durch die Schweil3naht- als auch die SchweilRwurzelkerbe induzierte Ermudung berlcksichtigt. Es
werden halbanalytische Formulierungen fur die Kerbspannungen aufgestellt, um ein Finite-Elemente
Volumenmodell zur Erfassung der effektiven Kerbspannungen zu vermeiden. Besonderes Augenmerk
wird auf die fir Uberlappungsverbindungen charakteristische, extreme SchweilRnaht-Trag- fahigkeit
gelegt. Hierfur wird eine Schweil3naht-Tragfahigkeitformulierung zweiter Ordnung eingefiihrt. Da die
(Laser-)Schweif3naht im Vergleich zu den Plattendicken typischerweise klein ist, wird eine spezielle
Art der Schweiflnahtmodellierung vorgeschlagen, die von einer schalenférmigen Finite-Ele- mente-
Formulierung ausgeht und es ermdglicht, die Strukturspannung sowohl fiir den SchweilRnahtiibgergang
als auch fir die Schweillnahtwurzelkerbe genau zu erfassen.

Es werden Ermidungstests durchgefiihrt, um Informationen iber die Dauerfestigkeit der laser-ge-
schweiRten Uberlappungsverbindung fiir mittlere Schwingzahlen zu erhalten, einschlieRlich der charak-
teristischen Materialldnge als effektiver Kerbspannungskoeffizient. Besonderes Augenmerk wird auf
die Auswirkungen der Eigenspannungen im Vergleich zur lichtbogengeschweifliten Verbindung gelegt,
um die Dauerfestigkeit zu erklaren.

Vergleicht man die Ermiidungsfestigkeit von Uberlappungsverbindungen in lichtbogengeschweiliten
und lasergeschweifldten Konfigurationen mit der Ermidungsfestigkeit anderer Verbindungsarten, so
zeigt sich, dass die Ergebnisse Ubereinstimmen. Es werden Parameter fur die Materialeigenschaften
untersucht, entweder mit einem effektiven Punkt oder einer effektiven Linie. Ein linienbasierter Param-
eter zeigt eine bessere Leistung. Der Hauptgrund ist, dass der tatsachliche Kerbspannungsgradient
explizit bertcksichtigt wird. Die mittlere Spannung (Eigenspannung) ist bei lichtbogengeschweilten
Verbindungen gréRer. Die Korrektur der mittleren Spannung (Eigenspannung) ist gleichzeitig ein Grund
fur das Versagen am Nahtlibergang und nicht das erwartete Versagen an der Wurzel. Bei lichtbo-
gengeschweilten Verbindungen ist die Anderung des Versagensortes, die durch spannungsniveauab-
hangige sekundare Biegemomente verursacht wird, ein weiterer Grund. Die Genauigkeit der Dauer-
festigkeitsparameter fir lasergeschweilRte SchweilRnahte ist im Vergleich zu lichtbogengeschweillten
Schweillnahten relativ gering, was auf die DatengréRe zurtckzufihren ist: ca. 190 bzw. ca. 3000
Datenpunkte.

Wenn die spannungsabhangige Anderung der sekundaren Biegemomente nicht beriicksichtigt wird,
verandern sich die Parameter und die Qualitat der Anpassungskuve fiir lichtbogengeschweilite Uber-
lappungsverbindungen nicht wesentlich. Der Einfluss auf die effektive Kerbspannung ist jedoch erhe-
blich und verandert den Wert im Mittel um 4,7% und bis zu 14,7%.

Betrachtet man nur die Dauerfestigkeit fir mittlere Schwingzahlen, so ist das Laserschweilten dem
Lichtbogenschweifen bei niedrigen Lastverhaltnissen aufgrund des geringeren Eigenspannungs-
niveaus Uberlegen. Die Bemessungskurve der FAT-Klasse von Lichtbogenschweiflverbindungen fur
das Strukturspannungskonzept mit einem Lastverhaltnis von 0,5 kann mit einer Mittelspannungskor-
rektur zur Abschatzung der Dauerfestigkeit von Laserschwei3nahten verwendet werden.
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Introduction

Marine structures sailing across the ocean are exposed to cyclic loading and response conditions,
meaning fatigue can be a governing limit state. Stress concentrations, hot spots, typically appear at
joints connecting the structural members, turn out to be the governing fatigue sensitive locations. Ma-
rine structures often serve at remote locations around the world. A failure could, therefore, lead to
severe damage. Hence, avoiding fatigue damage is essential.

1.1. Motivation

A future yacht project at Abeking & Rasmussen (A&R) shall appear like a yacht built in the 1920s
(fig. 1.1). At this time, joints connecting the ship’s structural members were still riveted. However, this
joining method is not feasible anymore because of the high production costs. To still achieve this par-
ticular look, the shell plating shall be lapped and welded (fig. 1.2). Nonetheless, lap joints are rarely
used within the marine industry, partly as their fatigue strength is inferior to that of a generally used
butt joint (Hobbacher et al., 2016). Laser welding does show a small weld geometry and a low heat
input (HI), hence a minor distortion. This ensures a good appearance which is of particular importance
for yachts. The fatigue resistance is influenced by laser welding (Remes et al., 2008). To still ensure a
safe yacht, the fatigue resistance has to be known.

Figure 1.1: Profile view of possible future yacht project (Yacht Forums, 2022)

So far, the nominal stress concept (NSC) has been used at A&R. This concept poses significant limita-
tions when assessing welds (Hobbacher et al., 2016). Firstly, this concept is not capable of predicting
the failure location. Hence, the fatigue strength for a failure from the root and the toe must be as-
sessed separately, where the lower fatigue strength is the governing one. For the given joint, the

1



2 Chapter 1. Introduction

fatigue strength for a root failure is only about 60% of that for a toe failure when arc welded (Hobbacher
et al., 2016), possibly resulting in a highly conservative estimation.

Secondly, although the NSC was already used for the estimation of the fatigue strength of laser-welded,
the needed geometric similarity between the specimen and designed joint makes it not applicable as
no laser-welded lap joints were adapted for this concept yet (Fricke et al., 2015; Fricke and Robert,
2012).

Riveted Joint Single lap joint DS (614)

[
Z N
N \S W S

Figure 1.2: Proposed welded lap joint and riveted lap joint

Using laser-welding for a lap joint imposes the problem that no fatigue concept has been validated yet.
Also, a more developed concept than the NSC should be chosen to predict the failure location and
enhance fatigue performance. Therefore, the following problem statement is identified.

Problem Statement
No fatigue concept is validated to estimate the fatigue strength of laser-welded lap joints. Reliable
fatigue strength and failure location estimation are required to ensure a safe structure.

1.2. Research goal

Validate a fatigue assessment concept for laser-welded lap joints. A fatigue damage criterion and the
corresponding fatigue resistance curve must be established for common laser-welded joints in steel
structures. Lap joint design guidelines will be provided to obtain weld toe-induced failure (WT) and
prevent weld root-induced failure (WR).

1.3. Scope

The research is limited to laser-welded lap joints with fillet welds made of steel under uniaxial
loading (Mode-l) with a CA in MCF. The fatigue resistance characteristics of arc-welded joints with
the same limitations will be established for reference. A fatigue assessment concept will be validated
for these limitations.

1.4. Relevance

Practical

So far, only the NSC has been used to estimate the fatigue strength of welds at A&R. However, this is
not State-of-the-Art anymore and cannot give reliable predictions of failure locations. A more accurate
fatigue assessment concept should be validated for day-to-day use. It is, moreover, enhancing the
design of future ships and minimising the need for fatigue tests. In addition, investigating the fatigue
behaviour of laser welds will help to avoid fatigue failure and enhance the knowledge acquired in the
last years during the implementation of laser welding in projects.

Scientific

The contribution concerning science is validating a fatigue assessment concept for lap joints with fillet
welds, both laser-welded and arc-welded, aiming to approve the good applicability of this concept.
Furthermore, the semi-analytical formulations for the weld notch stress distribution, which shall be
adopted, will help the concept as it will be usable for both arc- and laser-welded lap joints, especially
for the automotive industry, as lap joints are common there.



1.5. Fundamentals 3

Societal

The final aim of building a yacht might give ethical concerns as yachts are mostly pure pleasure vessels
owned by wealthy people and, therefore, only offer a minimal contribution to society apart from the
labour required to build and maintain it. In any case, as the possible yacht will look like an old yacht,
the heritage and history of shipbuilding can also be named.

However, the focus of the proposed research is to provide a safe yacht and, therefore, ensure the life
of the ones onboard.

1.5. Fundamentals

The development of fatigue cracks is a local, progressive damage process. The time to complete fail-
ure can be divided into three phases: initiation, growth, and fracture. The initiation covers the short
crack growth at the micro/meso-scale level. In contrast, the growth includes the long crack growth up
to the fracture at the macro-scale. The fracture phase is related to unstable crack growth and does not
add significantly to the lifetime (Schijve, 2008).

The first part of the initiation is the cyclic slip, where slip bands in the material shift. Followed by this
is the nucleation of a crack, which then grows into a microscopic crack. The crack growth phase takes
over as soon as the stress intensity at the crack tip is high enough to overcome the grain boundaries
(Schijve, 2008). Hence, initiation is related to the surface, and growth is to the bulk.

The microscopic stress concentration (msc) needed for initiation appear randomly over the whole
material surface, and their distribution is highly stochastic. Therefore, initiation will likely occur at a
macroscopic stress concentration (MSC). Welds are generally a MSC, making them prone to experi-
ence fatigue damage. In addition, the tensile residual stress introduced by welding leads to a higher
stress level.

The through thickness weld notch stress distribution divided into three zones is needed to understand
the fatigue behaviour (fig. 1.3). Zone 1 is mainly affected by the peak notch stress. It usually extends
from the surface up to a few per cent of the thickness. The influence of the notch typically expands
to around 10-20% of the thickness and is called zone 2. The far field stress dominates the remaining
thickness, Zone 3 (den Besten, 2015).

—Far field stress

(Notch stress
M

Zone 1
Zone 2

Zone 3

Figure 1.3: Schematic of different zones of notch stress

Wohler first attempted to establish a model for the fatigue lifetime (Wohler, 1860). However, only forty
years later, Basquin established a simple formula to describe this behaviour (Basquin, 1910). The
fatigue resistance data is plotted on a log-log scale, using the fatigue resistance constant (C) and the
fatigue resistance inverse slope (m) as parameters. The input is given by elastic stress range (S) to
obtain the number of cycles until failure (N) (eq. (1.1)). S is defined by the difference between the
minimum stress of the stress cycle (0,,i,) and the maximum stress of the stress cycle (0,,4x). The
Basquin equation is still predominantly used today, although other models also exist.

log(N) =log(C) —m=*log(S) (1.1)
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The fatigue lifetimes can be divided into low cycle fatigue (LCF)- N < 10*, mid cycle fatigue (MCF)
-10* < N < 4 = 10°- and high cycle fatigue (HCF) - 4 * 10® < N. For marine structures, MCF and
HCF are of main interest due to the long lifetime of ships reaching over 20 years. In the LCF, growth
dominates, as macroplastic deformation appears, whereas, in the HCF, initiation is governing related
to elastic behaviour (Schijve, 2008). Hence, these regions have different governing mechanisms. Ini-
tiation is a highly stochastic process due to the random location of the msc leading to an increasing
scatter with increasing cycles (fig. 1.4).

A
log(5)
log(C)
log(Seo) I
i
|
MCF region i HCF region
104 108 108 1010
log(N)

Figure 1.4: MCF and HCF fatigue resistance characteristics (Qin et al., 2020)

Due to the progressive behaviour of fatigue crack development, the damage accumulates over several
cycles. To estimate the damage, a linear model, the so-called Palmgren-Miner rule, was proposed
(Palmgren, 1924). The Palmgren-Miner damage sum (D) is defined by the cycles at a certain stress
level (n;) and the allowable cycles per stress level (N;)(eq. (1.2)). This model only applies for constant

amplitude loading (CA).
k
N
D= Z i (1.2)

i=1
The load in marine structures is largely driven by natural phenomena like wind and waves, which are
dynamic and not constant. Hence, assessing the damage with CA shows limited applicability. As
variable amplitude loading (VA) is complex, a spectral approach with different CA levels is mainly used
as a compromise. The damage is calculated for each contribution of the spectrum and summed up
over all the contributions.
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Three different loading modes can induce a fatigue crack (Janssen et al., 2004) (fig. 1.5). Mode-I
appears under normal and bending stress, which is governing for marine structures due to two reasons.
Firstly, normal stresses govern thin-walled structures. Another reason is the construction method of
stiffened panels. Here the hierarchy of the members, which yields an orthotropy, leads to normal
stresses corresponding to Mode-I. Due to the explained reasons, marine structures are barely subjected
to Mode-Il. Mode-Ill corresponds to out-of-plane shear stress, which may occur in marine structures.

Mode | Mode Il Mode Il

Figure 1.5: Three loading Modes

1.6. Outline

First, a literature view covers the current state-of-art to establish the research gap resulting in a hypoth-
esis and the formulation of research questions (part I). Afterwards, the research is conducted (part I1).
The first part establishes the semi-analytical formulations and models to obtain the notch stress needed
for the use of effective notch stress concept (ENSC) from a beam/shell model (chapter 6). Following the
fatigue assessment of arc-welded lap joints with different fatigue resistance concepts (section 7.2), the
same is done for laser-welded lap joints (section 7.3). An optimization of the weld geometry is added
for application (section 7.4). In the end, the conclusion is drawn with the addition of the discussion and
recommendations (part IIl)
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Fatigue assessment concepts

Following an overview of fatigue assessment concepts (section 2.1), the NSC (section 2.2) and hot spot
structural stress concept (HSSSC) (section 2.3) will be discussed for reference purposes. The ENSC
(section 2.4) will be investigated as the one is potentially used to obtain a fatigue damage criterion and
the corresponding fatigue resistance curve for laser-welded joints in steel structures.

2.1. Overview

To assess the fatigue lifetime of welds, different concepts have been established. These concepts have
different assumptions and consist of a criterion and an accompanying fatigue resistance curve. The
most prominent criteria differ in the following categories (den Besten, 2018):

+ global and local

* intact and cracked geometry

* energy, stress or strain criterion

* point, line, area, or volume criterion

The first category divides concepts into the area of which information is considered, varying in either
global or local information.

The next difference can be made by assuming an intact or cracked geometry. This is in line with the
initiation and growth period of the crack. When looking at a weld, several crack nuclei appear (Schijve,
2008). Therefore, it seems like cracked geometry concepts are the best choice. However, a significant
amount of time is spent in the notch-affected region; therefore, concepts assuming initiation are also
valid (den Besten, 2015). Furthermore, marine structures are mainly exposed to MCF and HCF, where
the initiation is dominant. The intact geometry concepts are coupled to a stress or strain concentration
factor (SCF). A stress or strain intensity factor (SIF) corresponds to the cracked geometry concepts.
When measuring the load on the weld, energy, stress, or strain can be considered parameters. Strain
criteria are primarily adaptations of a stress criterion. They mostly do not show different behaviour.
However, stress is the easiest to obtain.

A point criterion cannot consider the different zones of the fatigue lifetime. More detailed approaches
are line, area, or volume-based criteria.

Cracked geometry concepts need an estimation of the initial crack and a point where the transition
between the initiation and growth periods happens. Both of these parameters are difficult to obtain
(Schijve, 2008). Furthermore, the translation from the stress into a SIF requires added work. In addition,
as marine structures are looked at, yielding MCF and HCF, intact geometry parameters are further
considered in this chapter. For simplicity, only stress criteria are looked at. The energy criterion only
offers significant advantages in multi-axial loading states, which are outside the scope of this research
(den Besten, 2018). The concepts presented in this review are marked in fig. 2.1.
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Figure 2.1: Overview of different fatigue concepts (den Besten, 2018)

2.2. Nominal stress concept

This concept is the only one adopting a global approach using the nominal stress range (S,,). Itis an
intact point criterion. Although, only integrating global information leads to the need for a structural
detail for each different joint to include local information. Hence, each detail has its corresponding
fatigue resistance curve and a structural detail reference stress. However, only the most prominent
details of the infinite number of details are classified. The two most used collections of details are
the fatigue class (FAT) by the International Institute of Welding (IIW) (Hobbacher et al., 2016) and the
CAT from the CEN (Eurocode 3, 2007; Eurocode 9, 2007). Both collections have around 80 different
details and use a Basquin type of equation. However, only the C is changed for each detail, showing
the assumption that the failure mechanism is the same for all details as the m is not changed. The
FAT and CAT classes are based on CA testing. This might limit accuracy in marine structures, which
are mostly subjected to varying loads. Another assumption is neglecting the remote mechanical load
ratio (r;,-), which is needed in addition to the incorporated range to define a stress cycle. However, this
is reasoned by the residual stress, which is mostly highly tensile, reducing the influence of the mean
stress.

The NSC results are satisfactory if geometry, material, loading & response, environment, and failure
mechanism align with what the used code describes. However, defining the nominal stress from a
FE-calculation of a complex structure leads to complications.

2.3. Hot spot structural stress concept

Local information is considered by using the structural stress range (S;) S = S, * K; and an intact
geometry is assumed (Hobbacher et al., 2016; Eurocode 3, 2007; Eurocode 9, 2007). The theoretical
stress concentration factor (K, ) is obtained by dividing the structural stress at the toe (o) by the far field
stress. However, the g; can be obtained straight from FE calculations eliminating the need to obtain
the nominal stress. As the weld’s local geometry information is not considered, an infinite amount of fa-
tigue resistance curves are needed. The missing geometry information determines the self-equilibrium
equivalent stress. The solution is to establish a fatigue resistance curve of a Basquin type for a load
carrying (LC) and a non load carrying (NLC) weld with rules to decide on the load-carrying level.

As WR is hard to detect and should be avoided, the established rules by [IW and CEN only account for
WT. However, it was shown that the concept could be adapted to root failure (Fricke, 2013).
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Multiple methods can acquire S;. Surface extrapolation is one method to obtain it (Hobbacher et al.,
2016). This method can be used on real structures where different numbers and positions of extrap-
olation points from the weld toe for linear and non-linear extrapolation were established. The same
approach can be adopted for FE-calculations. However, the values for S, depend on the used mesh
size (e.g. Fricke, 2001; Fricke et al., 2013). To avoid this problem, the through-thickness linearization
was developed (Dong, 2005; Dong, 2001). This method gives the most accurate results. It can be
either adopted for shell models, where the nodal forces naturally provide the membrane and bending
structural stress, or for solid models, where the equilibrium of the nodal forces leads to the membrane
and bending structural stress. The method, where a virtual node is introduced, was developed for hot
spots at weld ends (Dong, 2005).

2.4. Effective notch stress concept

The notch radius (p) is highly stochastic, with measured values varying between 0 mm to 4 mm for
arc-welding (Lassen et al., 2005; Darcis et al., 2006; Smith and Smith, 1982; Tricoteaux et al., 1995;
Schubnell et al., 2020). Similar values with radii from 0.3 mm to 2 mm for laser welding were observed
(Fricke & Robert, 2012). As laser beam welding (LBW) is performed with robots, the values vary less
over the weld length. However, adopting one value for the weld radius is not deemed possible. Hence,
a notch radius of p = 0 should ensure a conservative approach. Taking the peak stress at the notch
for a related SCF K; would lead to a too-conservative approach. A notch stress support hypothesis is
adopted, a zone 1 and 2 parameter.

Different approaches were developed to obtain an effective notch stress range (S, ). The effective notch
stress can be described as the multiplication of the o by notch factor (K;) Sg = Ss*K;. Local information
is considered, making it more detailed than the before explained NSC and HSSSC. Hence, this concept
can be used to predict both root and toe-induced failure, which is essential for lap joints (Fricke, 2013;
Baumgartner J., 2013). Furthermore, size effects are taken into account.

An overview of different approaches to incorporate the notch support is given below. The approaches
b) to d) in fig. 2.2 are gathered under critical distance theories (CDT) (Taylor, 2008).
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Figure 2.2: Overview of different notch support hypothesis (Lang et al., 2017)
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2.4.1. Stress gradient approach

The concept marked with a) in fig. 2.2 uses the gradient of the stress distribution (Stieler, 1954). The
gradient can be obtained with an analytical solution considering the radius or with FE-calculations.
However, the analytical solution only considers the radius, not the opening angle. Yielding unsatisfac-
tory results under certain circumstances. For FE-calculations, the value highly depends on the mesh
size (Baumgartner J., 2013). Furthermore, this concept can hardly deal with small radii as the stress
becomes asymptotic, making this concept not applicable for welds where p = 0 is assumed (Lang
etal., 2017).

2.4.2. Line method

In this concept, the stress is averaged over a micro structural support length (p*) which follows the
assumed crack path, see fig. 2.2 b) (Neuber, 1985) (eq. (2.1)). This concept is based upon the theory
of the microstructural support thesis, in which the areas with high local stress are relieved, and in sur-
rounding areas, with lower load, the stress is increased (Neuber, 1968).

STNEIC
)y M\t tp '

One needs the microstructural length and the weld stress distribution for the criterion. The microstruc-
tural length p* is a material characteristic parameter directly obtained from experiments or semi-analytical
formulas (see. section 2.4.6). The stress distribution can be obtained from FE-calculation. Here the
mesh dependency is not as high as with the gradient concept, as averaging the stress yields a lower
influence of the singularity at the notch. However, using the semi-analytical weld stress distribution
(chapter 6) has the advantage of easier use, as no further FE-calculation is needed. Although the
weld stress distribution was developed for SIF and not SCF, it showed promising results (den Besten,
2015; Qin et al., 2019; Qin et al., 2020). Therefore, using them for the line method of critical distance
theories (LENSC) seems valid.

2.4.3. Point Method

Another way of establishing the S, is taking the stress at a certain depth along the crack path, related to
micro structural support point location (a*)(Peterson, 1938; Moore, 1945), see fig. 2.2 c). However, the
concept was initially developed for polished specimens where the surface layer is compressed, and the
strength is enhanced (Peterson, 1938). Hence, the cracks were initiated underneath the surface. The
initial values for a* were established under this assumption. However, these values for a* did not give
accurate results for welded joints and were, therefore, adapted (Taylor, 2008). This method is mainly
called the point method of the critical distance theories (PENSC). The a* is generally obtained from
experimental data with a maximum likelihood analysis (section 2.4.6). Furthermore, it depends on the
material, the heat-affected zone (HAZ) and the filler material. Only taking the stress at a certain depth
might have limitations when changing the notch radius. Hence, it depends not only on the material (G.
Zhang et al., 2012).

2.4.4. Area method

Another option is to average the stress in the circular area around the notch see fig. 2.2 d) (Shep-
pard, 1991). Itis also referred to as area method of the critical distance theories (AENSC), where the
characteristic parameter micro structural support radius (b*) is introduced. The microstructural support
effect appears along the cracked line and around the whole notch. Hence, it is an area effect which
is considered in this method. However, it assumes the same cross-section along a weld, yielding a
quasi-2-D geometry. For a 3-D geometry like hotspots at weld ends, the volume method of the critical
distance theories (VENSC) was developed, where the stress is averaged in a spherical volume around
the notch (Bellett et al., 2005).
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2.4.5. Fictitious notch radius concept

The most used concept currently is the fictitious notch concept, shown in fig. 2.2 e) (Neuber, 1985;
Radaj and Vormwald, 2007). In this concept, the existing radius p is enlarged by multiplying the mi-
crostructural support length p* with the support factor for the fictitious notch radius (s) to achieve the
fictitious notch radius (pr)(eq. (2.2)). The aim is to increase the notch radius so far that the maximum
stress at the surface of the fictitious notch radius has the same value as the averaged stress along the
crack path over p* as in the LENSC. However, the s depends on the weld geometry and stress/strain
conditions. This concept was developed as obtaining the through-thickness stress distribution was
coupled to a great effort before FE-calculations were common.

pr=p+sx*p’ (2.2)

The change in geometry leads to the loss of physical representation. In addition, the weld’s opening
angle, which significantly influences the stress, is no longer considered (G. Zhang et al., 2012). Fur-
thermore, the root can be modelled with a U-hole or a keyhole, which leads to different results. The
same applies to the utilised stress, the principal or the von Mises stress. These parameters have to
align with those used to create the fatigue curve. Hence, it is impossible to establish one support factor
for different conditions. Therefore, primarily the reference radius of 1 mm is used in engineering appli-
cations instead of calculating the p; according to the conditions(Hobbacher et al., 2016).

2.4.6. Material characteristic length

All the CDT rely on a microstructural support length. The microstructural length is a material-dependent
parameter independent of notch size and geometry. A formula was developed, where the material
length parameter (L) is described with the plain-specimen endurance limit (5g,) and the fatigue crack
propagation threshold (6K, ) (Tanaka, 1983; Taylor, 1999)(eq. (2.3)).

16K
L= th

T 80

(2.3)

However, the relation between the characteristic parameters for the PENSC, LENSC and AENSC is
different (fig. 2.3). Kawagoishi stated that the microstructural length depends on the grain size in the
crack zone (Kawagoishi et al., 2000). Hence, p* should be obtained with experiments, where it was
found that p* = 3 * d with the average grain size (d) (Kawagoishi et al., 2000).

Another way to obtain the microstructural length for the different approaches is by using a maximum
likelihood analysis with experimental data. Whether the principal stress or the von Mises stress has
been used is essential.

For the LENSC a p* of 1.23 mm is proposed when using p = 0 (Qin et al., 2019). Microstructural
lengths of 0.4 mm and 0.31 mm were also proposed (Sonsino et al., 1999; G. Zhang et al., 2012).
However, those results are obtained for the fictitious notch concept. Baumgartner established a value
of 0.35 mm for the principal stress and 0.15 mm for the von Mises stress by using a fictitious notch
radius of 0.05 mm to avoid a singularity but averaged the stress over the microstructural length (Baum-
gartner J., 2013).
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Figure 2.3: Characteristic length parameters of CDT (Liao et al., 2020)

For the PENSC, a value of 0.1 mm has been proposed by Baumgartner for principal stress under the
same conditions as for LENSC (Baumgartner J., 2013). This result aligns with the correlation between
a* and p* explained before. Other values of 0.15 mm and 0.21 mm were found with a sharp notch and
the analytical formula (Taylor, 1999; Radaj, 1975).

All of these values were obtained for arc-welded joints. As the crack is initiated in the HAZ where the
properties are affected by the welding method (section 3.3) the parameter will be different for laser-
welded.

In general, significant differences between the obtained values can be seen. The different approaches
with which the values were derived, and conditions like fictitious notch radii might be a reason.

2.4.7. Walker mean stress correction

The mean stress of the stress cycle (o) influences the fatigue strength. The influence occurs as
tensile stress enhances crack initiation and growth, whereas compressive stress inhibits those. The
mean stress determines the time spent in the compressive and tensile zone (fig. 2.4). Higher mean
stress reduces fatigue resistance. The mean stress is defined by r,- (eq. (2.4)). ltis, therefore, advised
to keep the r;,- constant when fatigue tests are performed (Hobbacher et al., 2016).

, = omin (2.4)

To avoid the need for an S-N curve for each r;,., correction models were developed for fatigue assess-
ment concepts like the ENSC where the effect of the mean stress is not included. Walker introduced
a model where the influence of the mean stress is scaled by the load ratio coefficient (y), a material-
dependent parameter (Walker et al., 1970). A Walker mean stress corrected stress (0.5 ) is calculated
with the uncorrected stress value, r;,- and y (eq. (2.5)).
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Figure 2.4: Overview of different r,- values

This model is one of the most used ones, provides the most versatility and gives the most accurate
results (Gaia da Silva et al., 2021; Dowling, 2009). For those reasons, it will be used in this thesis. In
addition, the exponential behaviour of the walker model does provide a good fit for small stress ranges
and high mean stresses. This applies especially in the MCF and HCF, which are important regions for
marine structures.

o

aeff = (1 — T'lr)l_y (25)
The values for y must be determined by performing a regression analysis of experimental data with a
non-zero r;,- similar to the material characteristic length. A higher value for y yields a lower dependency
on the mean stress effect. For a typical application, y varies between 0.3 and 0.8. For arc welded steel
joints, a value of 0.92 was obtained (Qin et al., 2019). This value shows a low dependency on the mean
stress. However, only the mean stress of the loading is included and not the residual stress, which is
highly tensile, most likely explaining the low dependency.
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light amplification by stimulated emission of radiation (LASER)s provide another energy source for
welding than an electric arc, which is commonly used in the marine industry (fig. 3.1). The higher energy
density compared to arc welding yields different weld properties. However, the overall Hl is lower due
to the smaller welding area than arc welding. The different energy properties cause a change in micro-
structure, hardness and other factors. These lead to multiple advantages of LASER welds over arc
welds.

Arc welding Laser welding

Slag shielded Gas shielded

[SAW| [SMAW| |GTAW| |GMAW |—{Hybrid-laser welding]

[Keyhole|  [Conduction]

Figure 3.1: Welding methods in the marine industry

One of the most important advantages is the lower HI compared to other methods. This imposes
several further upsides, like low distortion, low residual stress and a small HAZ. Another critical factor
is the enhanced welding speed and the ease of automation (Cho et al., 2004). The high achievable
penetration with keyhole welding gives the opportunity for new constructions like sandwich panels or
full penetration with a single-sided weld (Fricke et al., 2016). More advantages are stated in table 3.1.
However, LBW poses challenges as well. The needed tight fit and the low toughness of the weld are
issues for the marine industry. A possible solution is the use of hybrid laser welding, where gas metal
arc welding (GMAW) or shielded metal arc welding (SMAW) and LBW are combined (fig. 3.1). This
process, however, is complex and has a higher HI than pure laser-welded. In addition, only minimal
filler should be applied to the yacht because the HI shall be as low as possible. The more extensive weld
geometry would destroy the appearance of a riveted joint. Due to these reasons, it is not considered
an option for this application.

17
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Characteristics Comment

High energy density - "keyhole” type weld Less distortion

High processing speed Cost-effective

Rapid start/stop Unlike arc process

Welds at atmospheric pressure Unlike electron beam welding

No X-rays generated Unlike electron beam

No filler required No flux cleaning

Narrow weld Less distortion

Relatively little HAZ Can weld near heat-sensitive materials
Very accurate welding possible Can weld thin to thick materials
Good weld bead profile No clean-up necessary

No beam wander in magnetic field Unlike electron beam

Little or no contamination Depends only on gas shrouding
Relatively little evaporation loss of volatile components  Advantages with Mg and Li alloys
Difficult materials can sometimes be welded General advantage

Relatively easy to automate General feature of laser processing
Laser can be time-shared General feature of laser processing

Table 3.1: Advantages of laser welding (Steen & Mazumder, 2010)

In this chapter, LBW will be explained by examining the different techniques (section 3.2) and sources
(section 3.1). Followed by the introduction of the properties of laser welded joints (section 3.3), paying
special attention to the ones that influence the fatigue properties. Lastly, the fatigue resistance of laser
welded joints will be looked at (section 3.4).

3.1. Sources

The production of a monochromatic, coherent beam with high brightness makes the LASER useful for
welding (lon, 2005). However, the LASER utilised for welding must have sufficient power to melt the
material. A LASER consists of a pumping source and an active medium between two mirrors (Dawes,
1992) (fig. 3.2). The pumping source stimulates the atoms of the active medium as electrons jump into
higher levels in the shell. Suppose a photon hits an atom, which activation energy equals the photon’s
energy. In that case, the activated atom emits a photon with the same phase angle and polarisation and
returns to the initial state. The mirrors reflect the LASER light through the active medium, enhancing
the chance of photons to stimulate other atoms.

Two different kinds of active mediums are commonly used in the industry application, namely the €0,
LASER and the Neodymium-doped yttrium aluminium garnet (ND:YAG) LASERs (Rooks, 2000).
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Figure 3.2: Basic elements of a laser (Dawes, 1992)
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3.1.1.CO, laser

Since the 1980s, €0, LASERs have been used for welding. They can provide high powers of up to 45
kW (Caccese, 2010). However, the LASER beam has to be deflected with mirrors due to the wave-
length of 10.7 nm (Rooks, 2000). This leads to limited application possibilities.

3.1.2. ND:YAG laser

ND:YAG LASERs were introduced later in the 1990s and only have a tenth of the wavelength of the
C0, LASERSs (Rooks, 2000). This provides several advantages, as this allows the LASER beam to be
transported in a fibre cable and has a higher absorption rate for steel (Rooks, 2000). The transport in
a fibre cable allows for flexible application in robots, for example. The higher absorption rate leads to
higher efficiency. Only half of the energy is needed compared to a C0, LASER (Rooks, 2000). One
downside of this kind of LASER is the lower power availability, where only recently LASER with in ex-
ceedance of 10kW power have been constructed (Caccese, 2010).

3.2. Techniques

A LASER beam is utilised as an energy source in laser welding. The power density of a LASER is
higher than that of traditional welding methods (fig. 3.3). This enables high welding speeds and lower
distortion due to a lower HI (Caccese, 2010). In general, there are two different methods of welding
modes for LBW: keyhole and conduction welding. Both of them will be presented in the following part.

Process Heat source intensity Fusion zone profile
(Wm™)
Flux-shielded arc welding 5x 10%-108 ——_—
—a— low
Gas-shielded arc welding 5 x 106-10%

_O_ high

—— low

_Q_ high

—— defocus

Plasma 5% 10°-10'0

Laser or electron beam 1019-10"2
focus

Figure 3.3: Power densities of different welding processes (Steen & Mazumder, 2010)
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3.2.1. Keyhole welding

The first method requires high energy levels (Caccese, 2010). The LASER is set up in such a way that
the metal evaporates (fig. 3.4). This forms a so-called keyhole (Steen & Mazumder, 2010). To achieve
this, an energy density of at least 10* mlj;z is needed. After the formation of the keyhole, the power drops
significantly (lon, 2005). At the surface of the keyhole, the surface tension and the hydrostatic pressure
of the surrounding melt pool and the pressure from the evaporating material have to equal each other
to achieve a stable melt pool (lon, 2005). The deep keyhole is possible due to multiple reflections of the
LASER beam inside the keyhole (lon, 2005). However, the high energy density also imposes the risk
of forming a plasma in between the nozzle and the weld material (Zhou & Tsai, 2005). The plasma can
absorb and scatter the LASER beam, lowering the available power for the actual weld. Using Helium
can solve this problem (lon, 2005). The number of physical phenomena, including keyhole formation,
weld pool dynamics, material melting, and their interaction, show the complexity of this process.

Laser
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surrounding material

Figure 3.4: Schema of laser keyhole welding process (Balbaa Figure 3.5: Micrograph of keyhole laser weld (Cranfield Univer-
et al., 2020) sity, 2022)

3.2.2. Conduction welding

Another way to use LASERSs for welding is conduction welding (Caccese, 2010). For this method, lower
powers of 103 mvyiz are required, which can be achieved by either reducing the power or defocusing the
LASER beam (lon, 2005). This method is relatively similar to the more conventional methods like arc
welding, as a hemispherical melt pool is formed (fig. 3.6)(lon, 2005). This offers wide weld beads and
low penetration (fig. 3.7). However, when thick parts should be welded, the distortion resulting from
the needed high energy input might be significant (lon, 2005). As only low energy is needed and the
weld bead is wide, the LASER beam can be of lower quality.
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Figure 3.6: Schema of laser conduction welding process (Bal- Figure 3.7: Micrograph of conduction laser weld (Cranfield Uni-
baa et al., 2020) versity, 2022)

3.3. Keyhole welding properties

The keyhole welding method will be used given the advantages. Hence, its properties will be assessed.
The energy density for LBW is high, but the heated area is small. Together with the high welding
speed this results in a steep temperature gradient from the weld through the HAZ to the base material
(BM), causing several material properties to change compared to arc welds. In addition, the different
geometry of the laser weld is apparent. Therefore, the influence of HI and geometry on the properties
will be discussed in this part.

3.3.1. Geometry

Using LBW with and without filler is generally possible. However, when not using filler material, several
risks emerge. Firstly, if a perfect fit of the welding specimen is not given, a lack of fusion might appear
(Caccese, 2010). In addition, the negation of filler can lead to an enhanced porosity in the weld (Remes
et al., 2008). Furthermore, Roland showed that solidification cracking and heat distortion might also
appear (Roland et al., 2004). Due to these reasons, it is recommended to use a filler, especially as a
zero-gap is tough to achieve in the marine industry. However, less filler is typically used than in arc
welds.

When looking at the geometry (fig. 3.8), the cross-section is smaller compared to arc welds, but a
higher penetration is achieved. In addition, the weld height is usually smaller due to less addition of
filler (Remes et al., 2008). Nevertheless, the weld shape also depends on the HI (Liu et al., 2017;
Caiazzo et al., 2017). With low HI, the weld shows a perfect keyhole and a nail-like shape. Increasing
the welding power leads to a more V-shape geometry. (fig. 3.8). Extending the weld pool to the root
might happen at very high HI. In this case, vapour will also leave at the root, widening the melt pool
and causing a peanut shape (fig. 3.8).
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Figure 3.8: Laser weld bead geometries: Peanut shape, nail-shape, V-shape (Liu et al., 2017)

3.3.2. Micro-structure

Looking at the micro-structure in fig. 3.9, the smaller HAZ for laser-welded is obvious. For the GMAW
process, the change in micro-structure is smoother, whereas the laser-welded process has a hard shift
between the different zones (see. fig. 3.9).

Both processes show a different micro-structure in the weld material (WM) compared to the BM. How-
ever, for the laser-welded, it is closer to the one in the BM with a grain size of 4.6 ym compared to
29 ym for GMAW (Remes et al., 2008). The lower HI causes a smaller grain size and a more rapid
solidification (lon, 2005; Némecek et al., 2012). For steels commonly used in the shipbuilding industry,
carbon contents exceed 0.12%, yielding a high risk of forming martensite inside the weld (Gerritsen
and Howarth, 2005; Caccese, 2010). Martensite shows brittle behaviour and should, therefore, be
avoided. This can be achieved by changing process parameters, like welding power and speed, or the
filler material (Gerritsen & Howarth, 2005).

Laser weld Arc weld

Figure 3.9: Micrograph of the transition zone from the base material to the weld material for laser and GMAW welding (Dourado
etal., 2014)
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3.3.3. Hardness

The micro-structure directly influences the weld’s hardness, strength, and toughness. The hardness
typically increases towards the weld. This can be seen in fig. 3.10, although the processes’ profile and
final values differ. For laser-welded, the hardness increase mainly occurs in the HAZ. Inside the weld,
the hardness does not change significantly. In this case, the hardness constantly increases from the
HAZ'’s start towards the weld material. In general, the maximum is observed in the HAZ for arc welding
(Wu et al., 2020) and hybrid-laser welding (Fricke & Robert, 2012). For LBW a similar behaviour in
contradiction to here shown distribution can be found as well (Fricke and Robert, 2012, Wan et al.,
2018, Weldingh and Kristensen, 2003). However, both distributions are equally reported for LBW. One
reason for the different reported distribution might be the smaller weld geometry of laser-welds, some-
times not allowing for tight measurement of hardness.

In addition, the hardness over match of laser-welded can be observed. The maximum value for
submerged arc welding (SAW) is only 175 HV5, whereas, for laser-welded, it is 220 HV5. The base
material S355 has a hardness of around 140 HV5. Similar observations were made in comparison to
arc welding, where the hardness for LASER welds is reported to be up to 2.5 times higher than the
hardness of the BM (Fricke and Robert, 2012; Oyyaravelu et al., 2016; Dourado et al., 2014; Némecek
et al., 2012).

It was proven that toughness has an inversely proportional relation to hardness (Oyyaravelu et al.,
2016). This poses a severe challenge to LBW as ductile and, therefore, tough behaviour is desired in
marine structures. To achieve this the process parameters have to be balanced carefully.

However, an interesting breaking behaviour might occur at a highly overmatched WM. The crack might
deviate from the over-matched weld into the base material (Gerritsen & Howarth, 2005). This appears
as, for lower-strength materials, the crack driving force is higher. Therefore, a crack initiated in the
weld metal with a high strength might deviate into the base metal. However, this is only sometimes
applicable, and a purely brittle failure might still occur (Gerritsen & Howarth, 2005).
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Figure 3.10: Hardness profile of SAW and Laser welding (Remes et al., 2008)

3.3.4. Defects

When welding, material flaws can occur due to the complex process. The same flaws as for GMAW
might appear. However, some are prone to emerge in laser-welded due to the high energy density.
For example, it is reported that solidification cracking and porosity are more likely appear (Gerritsen
and Howarth, 2005; X. Zhang et al., 2010).

Several properties of a LASER weld are superior to other conventional welding processes. However,
due to the energy density and the small weld, some challenges are imposed when balancing the pro-
cess parameters to achieve an acceptable hardness and toughness of the weld.
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3.3.5. Residual stress

Residual stress appears due to thermal expansion. The magnitude is highly dependent on the HI and
the material, but the influence of constraints cannot be neglected (Cho et al., 2004). Before all, as for
LBW a tight fit needs to be ensured the workpieces are mostly clamped. However, as expected, the
low HI causes less residual stress than arc-welding methods (see fig. 3.11) (Moraitis & Labeas, 2008).
The decrease in maximum residual stress is more than 30% in the given case (fig. 3.11).

In addition, the zone of residual stresses is smaller than for arc welding (X. Zhang et al., 2010; Moraitis
and Labeas, 2008). In some cases, it was shown that the residual stress in weld metal was compressive
(Yan et al., 2022). The extent of compression was mainly dependent on the oscillation of the LASER
(Yan et al., 2022). The drop in residual stress in the weld metal can also be seen in fig. 3.11.
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Figure 3.11: Residual stress perpendicular to the weld (X. Zhang et al., 2010)

3.4. Fatigue resistance

When looking at the fatigue performance of LASER welds, the laser-welding method, namely conduc-
tion or keyhole welding, and the addition of filler has to be accounted for. These factors influence fatigue
performance, and therefore, comparing them is difficult. However, in the last years, more testing was
performed on the fatigue performance of LASER welds.

In general, the fatigue performance of laser-welded is found to show different behaviour in compar-
ison to arc welding (Ring and Dahl, 1994; Weldingh and Kristensen, 2003). However, only in the last
years the amount of data was sufficient to make estimations of the actual performance (Baumgartner
et al., 2012). A flatter S-N curve was shown to have a good fit with an inverse slope of m = 5 rather
than the for arc-welded joints used inverse slope of m = 3 (Sonsino et al., 2010). The FAT value at
2 * 10% cycles was observed to be the same for the different welding methods. Hence, laser-welded
joints provide a better MCF and HCF fatigue performance and lower LCF fatigue performance than arc
welds. However, in both cases, only thin-walled specimens of up to 3 mm thickness were considered.
Fatigue tests with specimen thicknesses between 3 mm and 8 mm thickness showed that an inverse
slope of m = 5 fits thicker joints as well (Fricke et al., 2015). A similar behaviour was already observed
earlier, where the suggestion was to increase the inverse slope to m = 10. However, only butt joints
were tested (Remes et al., 2008).

There are several reasons for the different fatigue behaviour of LASER welded joints. The most ap-
parent change to other welding methods is the geometry. For arc-welded joints, a primary influence
of weld flank angle was shown (Anthes et al., 1993, Anthes et al., 1994). On the contrary, for LASER
welds, the notch depth and its root radius have a more significant influence on butt joints than the flank
angle (Remes et al., 2008). As the smaller weld cross-section mostly leads to a higher stress con-
centration, it can be assumed that this adds to the lower fatigue performance at LCF as this is mostly
growth dominated (Dourado et al., 2014).
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When looking at the decreased HI of laser welding, the lower residual stresses come to mind first.
Several studies have been performed showing that lower residual stresses lead to an increased fa-
tigue lifetime (Sepe et al., 2020; Sonsino, 2009; Kang et al., 2008; Cho et al., 2004). A relief of residual
stresses due to a post-weld treatment does only significantly influence the HCF, as in the LCF the addi-
tional stresses lead to plastic deformation of the weld and, therefore, a release of the residual stresses
(Sonsino, 2009). In addition, post-weld treatment has a more considerable influence if the weld geom-
etry does not have a crack-like geometry (Sonsino, 2009). Therefore, the lower residual stresses will
likely contribute to better fatigue performance. Although the HI is lower, the energy density increases
hardness and reduces the HAZ and weld material grain size. Both factors positively influence initi-
ations, contributing to the enhanced HCF (Remes et al., 2008). However, when the LASER weld is
subjected to a high pre-strain, the inverse slope changes to m = 3, meaning that the positive influence
of the increased hardness and smaller grains is neglected (Remes et al., 2008). Hence, the influence
of residual stress overcomes the one of micro-structure (Kang et al., 2008).

Multiple studies on the fatigue resistance of laser-welded have been performed (Sepe et al., 2020;
Sonsino et al., 2010; Eibl, 2003; Fricke et al., 2016; Frank et al., 2011; Fricke and Robert, 2012). How-
ever, the thicknesses used mainly (<3 mm) are lower than the ones applied in the marine industry.
Nevertheless, it was found for arc welds that a change in fatigue resistance appears around 7 mm
(Baumgartner et al., 2020). Hence, the assessed joint might still be represented by a thin specimen.
In the marine industry, hybrid laser-welding is preferred due to the not-needed zero gap; hence, more
fatigue data is available (Fricke and Robert, 2012; Gerritsen and Howarth, 2005). In addition, in recent
years, LASER showed sufficient power for welding thicker plates.

Most studies assess the fatigue performance of penetration joints, as this is a unique joint geometry
for LBW. This joint is mainly used in the automotive industry (Eibl, 2003). However, the opportunity
of laser welded sandwich panels for the marine industry is also examined (Fricke et al., 2016; Frank
et al., 2011).

For comparison purposes, 123 data points from literature for lap and other common joints in the ma-
rine industry are extracted (table 3.2 and fig. 3.12, detailed see appendix B). The tested specimens’
thickness ranges from 3 mm up to 12 mm. The r; is primarily close to zero (table 3.2). As described
before, the flatter behaviour of an S-N curve for laser-welded can also be seen here (fig. 3.12).
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Figure 3.12: Nominal stress based fatigue resistance of laser welded joints from literature
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Source Yield strength [MPa] code according to IW  tp [mm] 17y, number
Fricke and Robert, 2012 350 511 4 0 45

10 0 12
Remes et al., 2008 275 216 12 0 6
Dourado et al., 2014 350 615 3/2.5 0.01 15
Caccese et al., 2006 650 413 12.7 -1 17
Lillemae et al., 2012 407 216 3 0 10
Laitinen et al., 2001 350/420 511 12 0.1 18

Table 3.2: Overview of experimental fatigue data for laser welded joints



Lap joints

Different geometries of lap joints are possible (fig. 4.1). The single lap joint with a double-sided weld
(614) shall be implemented on the yacht. To achieve a broad view, the joints with a single-sided weld
(615) and the double-sided joint (611) will be looked at as well (fig. 4.1). The codes used to describe
the weld geometries are obtained from IIW (Hobbacher et al., 2016).

Single sided lap joint DS (614) - Double sided lap joint (611)

———— =

= —_—————— —_— —— e
= e —
v e e

Single sided lap joint SS (615) | Single sided lap joint penetration

: =] S N
L =~ ~—%

) T-joint (511 = Cruciform joint (413,414)
Butt joint (212

: == 5

Figure 4.1: Overview of common joint geometries

4.1. Applications

Lap joints can be found in all industry areas. Although, in some, it is more prominent than in others. In
the automotive industry, it is a common joint. There it is used as a substitution for butt joints, allowing
for bigger tolerances. For the butt joints, the plates need to be cut to fit exactly, whereas, for a lap joint,
it is not essential. This is further enhanced using a penetration weld instead of a fillet weld (fig. 4.1).
In this case, there is no need to align the joint as the penetration can be placed anywhere along the
lap. The fatigue resistance of this joint is decreased due to the small connected area compared to a
fillet welded joint (Sonsino et al., 2010). As the automotive industry can provide more resources to test
specific joints due to serial production, they can optimise joints to fit their demands.
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Lap joints are also common in the building industry. Here, double lap joints (611) are often found, e.g.
in the connection of two I-girders where two cover plates connect the web plates. Another example
is using penetration welds to produce a corrugated sandwich panel for a bridge (Nilsson et al., 2020).
Apart from specific projects like bridges, fatigue is not a common failure mechanism in the building
industry due to the relatively constant and not cyclic loading & response conditions. Hence, explaining
the common use of the easy-to-produce joint.

In marine structures, lap joints are rare nowadays. One reason is their insufficient fatigue resistance.
An exemption are cover plates, which were described as NLC double lap joints (611) (Fricke & Feltz,
2010). Due to their stiffness-attracted load path, their fatigue resistance is better than those of the
here-researched lap joints. Like the building industry, laser-welded sandwich panels are gaining more
popularity in the marine industry (Frank et al., 2011; Gerritsen and Howarth, 2005). Here, also, lap joints
with penetration welds are used sometimes. Looking at the past, though, lap joints were common in
the marine industry as riveted joints.

4.2. Load path characteristics

All single lap joints introduce eccentricity yielding an additional bending moment (section 4.2.1). Since
lap welds are typically not fully penetrated, a failure at the weld root might appear (section 4.2.2). The
possible root failure, non-symmetry and eccentricity make lap joints quite specific.

4.2.1. Secondary bending moments

The influence of the secondary bending moments depends on several factors. One set of factors are
the boundary conditions and applied forces (fig. 4.2). Similarly, the geometry, like lap length, plate
thickness, and overall length, contributes. In addition to the secondary bending moment, a shear force
is also introduced, pulling the two plates apart due to the deformation (Radaj et al., 2006).

(e) tandem MAG, 305 MPa (f) tandem MAG, 183 MPa

Figure 4.2: Schematic model of single-sided lap joint under Figure 4.3: Fracture shape of 615 joint after fatigue test (Kim

different loading conditions (Radaj, 1990) etal., 2017)
As the secondary bending moments depend on the load, their effect on the different fatigue regions
is not linear. The non-linear deformation imposes the size of secondary bending moments. Hence,
non-linear FE-calculations are needed to model the impact of secondary bending moments. When
the influence of the secondary bending moments might be significant at the LCF due to high forces,
the effect at the MCF and HCF might reduce significantly (Radaj et al., 2006). This behaviour was
also observed in experiments by the change of failure location for different fatigue regions (Hwang et
al., 2017; Baumgartner J., 2013; Bonnen et al., 2009; Kim et al., 2017). This behaviour was mainly
observed for single joints (615) where WR occurred for high load levels and changed to WT for low load
levels (fig. 4.3). In addition, the secondary bending moments influence the r;,., as it depends on the
minimum and maximum stress of the cycle, which do not scale proportionally due to secondary bending
moments. A correlation for this behaviour has not been observed yet, however. For misaligned joints,
the influence of secondary bending moments caused an increase of the stress by up to 45% (Hobbacher
et al., 2016).
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4.2.2. Root failure

For several fatigue concepts, it was shown that a prediction of root failure is possible (Fricke, 2013).
However, the assessment of root failure still shows some challenges. Two particular root failure-related
issues will be presented.

Firstly, it was calculated that the residual stress at the root of arc-welded fillet and butt welds could
be compressive (Barsoum, 2008;Barsoum and Barsoum, 2009). A relation between the number of
passes and the penetration was shown (Barsoum, 2008). For laser welds, compressive residual stress
was shown in the weld metal for butt joints (Yan et al., 2022). Compressive residual stress positively
influences fatigue life and enhances fatigue strength. This differs from the common toe failure where
tensile residual stresses appear (Hobbacher et al., 2016). Hence, not including the residual stress in
the failure criterion might lead to different toe and root failure results. It was observed for the peak
stress method that the specimens did not fail at the predicted location; an explanation for this might be
compressive residual stresses (Meneghetti, 2012; Fricke and Feltz, 2010).

In addition, the crack path might differ for different loading ratios. For a double joint (611), the influence
of different loading ratios on the crack path was shown (fig. 4.4). For tension loading, the crack path
extends through the weld metal close to the cover plate. Experiments also showed this behaviour
(Fricke and Feltz, 2010, Baumgartner J., 2013). However, for compressive loading, the crack path
develops along the weld bead into the baseplate (fig. 4.4). Nevertheless, this also depends on the
joints’ geometry.

Hence, not accounting for the residual stress at the root and the crack path might lead to inaccurate
results for the assessment with the fatigue concepts.

s
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Figure 4.4: Predicted crack paths from the root for different r,- of a double-sided lap joint (Nykanen, n.d.)

4.3. Fatigue resistance

The fatigue strength of lap welded joints is specific due to the previously described characteristics. The
properties of the two welding methods will be addressed: arc- and laser-welding. Afterwards, unique
design criteria for lap joints are introduced.

4.3.1. Arc-welded joints

Several studies investigated the fatigue strength of lap joints (table 4.1). It turned out that the double
lap joints behave like a LC cover plate (Fricke & Feltz, 2010). Furthermore, it was shown that post-
welding treatments like gas tungsten arc welding (GTAW) dressing or toe radius machining have a
bigger positive impact in comparison to other joints (Shiozaki et al., 2018; Lee and Oh, 2015). This can
be explained with the high MSC at the toe and, therefore, a greater impact of enhancement methods. A
high scatter in the fatigue resistance was found for thin plates compared to the thicker specimens. This
was explained by the more significant relative influence of changes in the welding process (Bonnen et
al., 2009). Furthermore, for thin plates, it was found that they have a decreased fatigue resistance for
a single lap joint (614) due to their lower resistance against bending induced by the secondary bending
moments (Bonnen et al., 2009).
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The generally assumed low influence of the yield strength of the material was proven as well (Bonnen
et al., 2009). Another study showed that pores in the weld only significantly influence the LCF and the
MCF (Kim et al., 2018).

A single lap joint (614) was shown to behave similarly in the HCF compared to riveted joints (Overbeeke
et al., 1984). However, this highly depends on the design of the welded and riveted joint.

From the literature, experimental results of fatigue tests were gathered (see. table 4.1 and fig. 4.5, de-
tailed see appendix A). 373 data points were found, equally spread over the three different geometries
and failure locations. However, only thin specimens (< 3.6 mm) were found for the single lap joints.
Furthermore, the r;,- has a limited range (table 4.1).
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Figure 4.5: Nominal stress-based fatigue resistance of arc-welded lap joints from literature
Source Yield strength [MPa] geometry tp [mm] 7, number
Dourado et al., 2014 355 615 2.5/3 0.01 15
Fricke and Feltz, 2010 355 611 12 0 20
Bonnen et al., 2009 different 614 3.4 0.1 45
615 3.4 0.1 40
Kim et al., 2017 590 615 2.3 0.1 14
Baumgartner J., 2013 340 614 1.5 0.1/0.5 20
615 15 0.1/0.5 19
355 614 3 0.1/0.5 17
615 3 0.1/0.5 16
Meneghetti, 2012 355 611 10 0.1 23
Overbeeke et al., 1984 560 614 6 -1 28
Sharifimehr et al., 2016 780 615 3.55 0.1/0.62 6
Hwang et al., 2017 590 615 2.3/26 0.1 53
Matsuda and Yonezawa, 2022 509 615 29 0.1 15
Kim et al., 2018 590 615 2.6 0.1 42

Table 4.1: Overview of experimental fatigue data for lap joints
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4.3.2. Laser-welded joints

As explained, the lap joint with a penetration weld is chiefly applied (section 4.1). For this joint, a large
amount of fatigue data is available (Baumgartner et al., 2012; Sepe et al., 2020). Hence, only limited
fatigue data is available for the investigated joints.

One study showed an increased fatigue resistance for a laser-welded single lap joint SS (615) compared
to an arc-welded joint (Terasaki et al., 2001). However, the welding was performed with conduction
laser welding and produced a big toe radius, partly explaining the enhanced fatigue strength (fig. 4.6).
These results are not applicable as the keyhole welding method will be used.

The same joint geometry (615) was also welded with the keyhole welding method (fig. 4.7, see fig. 3.12
for fatigue data). Increased fatigue resistance was also observed compared to an arc-welded joint
(Dourado et al., 2014). However, in this case, it was related to the enhanced properties of the welding
process (see. section 3.4). In addition, it can be seen that a change in weld angle would improve the
penetration, possibly avoiding the occurring root failure (fig. 4.7).

Figure 4.6: Micrograph conduction LBW lap joint Figure 4.7: Micrograph keyhole LBW lap joint (Dourado et al.,
(Terasaki et al., 2001) 2014)

4.3.3. Design aspects

Superficially, designing a lap joint might seem easy. However, the introduced eccentricity and the root
failure are two main concerns of a proper design. In addition, to the normal design parameters of a
welded joint, like the weld angle and penetration, the lap length is also to be considered.

The recommendations for lap joints are mostly based on engineering experience (File, 2001). This pro-
vides, in general, conservative results. The first studies have been performed to evaluate the influence
of geometry on the fatigue strength of lap joints. A parametric study was performed for a cover plate
that could be described as a NLC lap joint (Li et al., 2001). Here it was shown that an optimised weld
geometry highly depends on the boundary conditions and the loading. Hence, every lap joint needs to
be designed for its specific purpose. Furthermore, the appearance of a initial crack at the toe and root
did not influence the failure location under pure membrane force and compressive bending stress at
the weld toe (Li et al., 2001). The influence of porosity and weld bead shape on fatigue strength was
also studied (Kim et al., 2018; Hwang et al., 2017). However, the limited data does not allow for any
general conclusions.

As no general conclusions for a lap joint design can be drawn, each design needs to be evaluated
by a fatigue concept. Here, multiple concepts were validated to be used to assess toe and root fail-
ure (Baumgartner J., 2013; Meneghetti, 2012; Fricke, 2013). However, more advanced concepts that
consider the local contribution, like the ENSC, the peak stress method or the crack tip stress intensity,
must be used to predict the failure location. None of these concepts were validated for the change
in failure location for the single lap joint SS (615) described in section 4.2.1. However, it was shown
that the crack path aligns with the path of the highest stress obtained from FE-calculations (Matsuda &
Yonezawa, 2022).






Research Overview

A research gap (section 5.1) has been identified after the literature survey. A research hypothesis is
defined (section 5.2), followed by the research questions (section 5.3).

5.1. Research gap

The ENSC shall be used for this thesis as it incorporates local information compared to the NSC and
HSSSC. This allows for determining the failure location and only one fatigue resistance curve. In detail,
the PENSC and LENSC methods should be evaluated.

The gradient method will not be included as it did not show a better performance than the PENSC and
the LENSC for arc-welded lap joints (Baumgartner J., 2013). In addition, the gradient depends highly
on the mesh size and cannot be obtained for p = 0, which is assumed for this thesis (Baumgartner J.,
2013). Losing the physical representation leads to excluding the fictitious notch radius concept. Fur-
thermore, using the LENSC instead of the fictitious notch stress concept increases fatigue performance
by about 10% (Qin et al., 2019). The AENSC and VENSC are excluded as they only show improved
behaviour under multiaxial loading and are more complex to implement (Liao et al., 2020). Lastly, it was
revealed that the LENSC and the PENSC could be used to predict the failure location of arc-welded
lap joints (Baumgartner J., 2013). So far, the LENSC and PENSC are not validated for laser-welded
lap joints.

Furthermore, adapting the semi-analytical toe notch stress distribution for lap welds is missing, mainly
a fitting function for the weld load-carrying stress. For the root stress distribution, it should be assessed
if a similar breakdown of the stress contributions as for the toe stress distribution is possible. Here
particular attention shall be paid to the influence of secondary bending moments in single lap joints, as
the exact influence on the number of cycles and the loading ratio is unknown.

No experiments have yet been performed for laser-welded single lap joints DS (614). For the laser
welded lap joint welded only from one side (615), no fatigue tests with thicknesses in exceedance of
3 mm have been performed. The obtained data from experiments will be used to establish the missing
material characteristic parameter, p*, a* and y, for laser welded joints and S, — N curves for the chosen
concepts. Both fatigue assessment concepts should be validated to establish a prediction of the failure
location.

5.2. Research hypothesis

Can the fatigue strength, separately, be estimated for each failure location of a laser- and arc-welded
lap joint with the ENSC, and how is the fatigue performance?
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5.3. Research questions
The following research questions lead to the answer to the research hypothesis.

1.

N O o b

How do the weld root and weld toe stress distribution for different laser- and arc-welded lap joint
geometries look?

How do the secondary bending moments for a single-sided lap joint (614,615) influence the fatigue
resistance?

What is the fatigue strength of arc-welded lap welds, and is it in line with the Mode-I fatigue
resistance of other arc-welded joints in steel structures?

. Can the LENSC and PENSC reliably predict the failure location for laser-welded joints?
. Which of the two assessment concepts provides less conservative results?
. How much does laser welding enhance the fatigue strength compared to arc welding?

. What is the optimal geometry to avoid root failure and still show good fatigue strength?



35

Analysis & design






Through thickness weld notch stress
distribution

The through thickness weld notch stress distribution along the radial coordinate (r) is needed to un-
derstand the fatigue behaviour and is, therefore, implemented in fatigue concepts like the ENSC (sec-
tion 2.4). To obtain the weld notch stress, solid FE-calculations or the semi-analytical approach can be
utilised (den Besten, 2015). When using a solid FE-model, the mesh must be fine enough to ensure
no mesh dependency on the results. To avoid this time-consuming approach, a refined semi-analytical
expression for the stress distribution was established (den Besten, 2015).

The following section will introduce the separate parts. First, the division into two parts, namely the
self equilibrium equivalent part (section 6.2) and the equilibrium equivalent part (section 6.1), are intro-
duced (fig. 6.1). The weld load-carrying stress formulation is refined for highly weld load-carrying joints
(section 6.2.1). A linear superposition of the components with force and moment conditions yields the
notch stress at the toe (section 6.3). The formulation for the root is established alike (section 6.4).

.

Self Equilibrium Equilibrium

.+ F

V-shaped notch Weld load carrying Membrane Bending

SRR LY

Figure 6.1: Schematic weld toe stress distribution of different contributions
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Afterwards, parametric FE-studies are performed to introduce a fitting function for the €, and C,,,».
These fitting functions are established for the single lap joint DS (614) (section 6.6.3) and single lap joint
SS (615) (section 6.6.4) for both the root and the toe. To obtain the far field stress from a beam/shell
model, an enhanced model is introduced (section 6.7). The chapter is concluded with a discussion
(section 6.8).

6.1. Equilibrium equivalent part

The equilibrium equivalent part is often referred to as far field stress distribution (oy). It mainly influ-
ences zone 3 of the stress distribution and comprises the membrane and the bending part (Niemi,
1995). The structural bending stress ratio (r5) r; = ? and o, can be obtained from FE-calculations

with shell elements and from solid elements models with through thickness linearisation (section 2.3).
Applying the surface extrapolation does not yield the necessary bending part bending contribution to
the structural stress (o;,). The o; formulation for the symmetrical case (eq. (6.1)) is similar to the one
for the non-symmetrical case (eq. (6.2)).

T r T
af<—>=as{1—2*rs*—}v{os—Sl} (6.1)
P & tp
r r
Jf< >—05{1—4*rs*—}v{0§—50.5} (6.2)
P tp tp

6.2. Self equilibrium equivalent part

The self equilibrium equivalent part contains the weld load-carrying stress (section 6.2.1) and a V-
shaped notch stress component (section 6.2.2) (den Besten, 2015). Their contribution to the force and
moment integrated over the whole thickness is, by definition, zero.

6.2.1. Weld load carrying stress

The weld’s geometry change induces the weld load carrying stress as the neutral axis shifts, generating
a bending moment. The value of this stress distribution mainly depends on the geometry of the joint,
particularly the weld size and penetration. This part has the primary influence on Zone 2. This influence
is incorporated by the introduction of C,,,,,, which can be obtained by fitting the semi-analytical weld notch
stress formulation to the solutions from a solid model or with a parametric fitting function (den Besten,
2015; Qin et al., 2019; Bufalari et al., 2022). The formulation was established for symmetrical (eq. (6.4))
and non-symmetrical joints (eq. (6.3)) (den Besten, 2015).

O-bw<t1>=JS*CbW*{2*tL—1}V{OStLSI} (63)

P p p

T (5) = 0y * Co * {4* = - 1}\1{0 << 0.5} (6.4)
p p 14

2nd order weld load carrying

For high load carrying geometries, the linear weld load carrying does not represent the apparent weld
notch stress distribution (fig. 6.2). The maximum error occurs around half of the plate thickness and
at the surfaces, appearing to be of quadratic shape for this arbitrary joint. This behaviour was already
observed earlier, less pronounced though (den Besten, 2015).
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Figure 6.2: Example of through thickness stress distribution for single lap joint DS (614) at the toe with a high weld load carrying
(os =115 =-1)

Assuming for high load carrying load carrying joints, the neutral axis does not reach half of the plate
thickness at the weld toe (fig. 6.3). In addition, the height difference between the neutral axes of the
two plates enforces a moment on the weld leading to a bending behaviour inside the weld. This stress
distribution follows the neutral axis. However, as the neutral axis has not reached half of the plate
thickness at the location of the weld toe, the distribution only represents an upper part of the stress
distribution, depending on the position of the neutral axis. The lower part results due to the force and
moment equilibrium over the thickness. Hence, it has an opposite shape (fig. 6.3). In this case, the
neutral axis is assumed to be at 0.25 = t,, at the location of the weld toe leading to the symmetrical
behaviour. This triangular stress distribution shape is unrealistic as it is not continuous. Hence, a
continuous quadratic shape is considered. Furthermore, the linear weld load carrying part induced by
the change in the neutral axis is still apparent.

Joint geometry

A

A

Detailed view

Figure 6.3: Schematic sketch of geometry and load carrying stress
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To fulfil the independence of 2nd order weld load carrying formulation concerning the force and mo-
mentum equilibrium, the maximum is set to be at 0.5 = t,,. C,, is introduced for scaling the influence
of the 2nd order weld-load carrying. This leads to the following equations for the non-symmetrical and
symmetrical case (eq. (6.5), eq. (6.6)).

r T 1 roo1\ r
T T 1 o1\ T

Implementing the established equations for the arbitrary joint yields a better fit (fig. 6.4). However,
as the Least Squares fitting aims for the best overall fit, there is some overshoot from 0.2 = t,, up to
the notch. Furthermore, the highest value appears around 0.55 = t,,, showing the incorrectness of the
before-made assumption of the maximum being at 0.5+ ¢, but that the maximum point might depend on
the weld geometry and loading. However, the small error introduced by this and the increased effort to
change the maximum point according to the joint geometry leads to the decision to keep the maximum
position at 0.5 * t,,.

Notch stress distribution Error between FE-solution and notch stress
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Figure 6.4: Example of through thickness stress distribution for single lap joint DS (614) at the toe with 2nd order weld load
carrying (o5 = 1,15 = —1)

6.2.2. V-shaped notch stress

The missing contribution is the V-shaped notch stress distribution, covered by the Airy stress function
(), contributing the most to zone 1 (Williams, 1952). A notch radius p = 0 and linear elastic continuum
mechanics underpin this concept. The resulting stresses are given in a polar coordinate system. The
function incorporates symmetrical and anti-symmetrical terms (eq. (6.7)).

@ =M1 % [C) * cos{(A+ 1)8} + Cy * cos{(A — 1) + 0} + C3 * sin{(A + 1)0} + C, * sin{(A — 1) + 6}]
(6.7)

The different stress contributions are related to different derivatives of the Airy stress function (eq. (6.8)).
However, only the tangential stress component (polar coordinate) (o) and shear stress component
(polar coordinate) (g,¢) can introduce cracks. Therefore, the radial stress component (polar coordinate)
(0,) is neglected from now on.
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_1d¢  103%p
o= Y or T 12002
0%
00 = 3,2
d (10
96 = 3, (;ﬁ) (6.8)

Including the boundary conditions of zero tangential (gy9) and shear stress (o,.¢) at the surface, the
eigenvalue problem is obtained with notch angle (@) (eq. (6.9)) (den Besten, 2015).

Asin(2a) + sin(12a) =0
Asin(2a) — sin(A2a) =0

}vu > 0,1 % 1) (6.9)

The conditions for the eigenvalue include the finite strain energy (Barber, 2002) and no null-forms (den
Besten, 2015). The solution will consist of at least one eigenvalue for the symmetric (Mode-I) and
anti-symmetric (Mode-Il) part corresponding first eigenvalue of (anti-)symmetry part (1., 1;) and first
eigenvalue coefficient of (anti-)symmetry part (y,, xs) with stress angle (). Including the boundary
conditions in the equation for the tangential stress gives the final expression (eq. (6.10)) (den Besten,
2015).

As—1
%90 (}) = o + {(}) s + 1[cos{(hs + DB} = ¥scos{(As — DBY] (6.10)

p p

Aq—1
; (;) Haa + 1[sin{(Aa + 1B} = xasin{(Aa = Dﬁ}]}

D

6.3. Toe notch stress distribution

The crack path is assumed to progress vertically through the plate thickness for a Mode-I loading
(den Besten, 2015; Baumgartner J., 2013). For this case, the linear superposition of the three before-
mentioned contributions - o, weld load-carrying stress (a;,,) and ggy - gives weld toe notch stress
distribution (a,,) (eq. (6.11)) (den Besten, 2015).

As—1
On <t1) —Os T {(1) us(As + Dcos{(As + 1)B} — xscos{(As — 1)B}]

p tp

tp tp

Ag—1
+ (1> Ha(la + DIsin{(Aq + DB} = xasin{(Ag — DY + Cyuy * [2 . (1> - 1] ~2r, (})}
p
6.11)

The a and g are defined with the weld length (l,,,) and weld height (h,,) :

! + arct iy
= — % -
(24 ) T arctan lW

A

p=a-5

The weld joint geometries can be divided into symmetry and non-symmetry ones regarding %”. How-
ever, symmetrical joints are not covered by this thesis. Hence, only the non-symmetry solution is

presented here. The stress amplitude of (anti-)symmetry part (1, is) can be obtained using force
and moment conditions. The g,, must have the same moment and force over the thickness as the o

(eq. (6.12)).
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The solution of this system (eq. (6.12)) yields the p, us:

~ Cowlg + 1) +3(, — 1)

 6(Ag — A9)[cos{(As + 1B} — xscos{(As — DB}
Cow(ls + 1) + 3 — 1)

6(4q — A)[sin{(Aq + B} — xasin{(A1q — 1B}]

Us

Hq = —

6.4. Root notch stress distribution

Root failure typically occurs along the throat of a weld, but it depends on the loading conditions (Fricke,
2013; Nykanen, n.d.) (section 4.2.2). This introduces an artificial plate thickness (t;) and artificial
radial coordinate (r') along the crack path, correspondingly structural stress at the root (o;,) is added.
In addition, symmetrical cases are rare and not apparent in this work. Hence, only the solution for the
non-symmetrical joints is presented.

The Williams asymptotic solution, as presented before (section 6.2.2), describes the influence of the
notch. However, a« = 2w is assumed for the root due to the crack-like shape. Leading to a simplified
formulation of g4 (den Besten, 2015):

n

,rl T’ Ai—1
oY) <—,) = O * Z{(#) A (A + D) (pqi[cos{(A; + 1B} — xicos{(4; + DB}
tp — tp

= uzi[sin{(A; + DB} = sin{(4; — 1)ﬁ}])}

with

n
A =5n=13579.

A+ D
5= -

Using two terms of the Williams solution allows for fulfilling the moment and force condition, yielding
eigenvalue (asymptotic solution) (4;) and eigenvalue coefficient of asymptotic solution (y;). In addition,
making use of § = % a simplified v-shaped notch stress formulation is obtained:

r' 3%4/2 r' r'
oo | 7 | = ~Osr ——== \ 15 % | o | ¥ bae 5%\ o | % Bai — Hai — Bai
p 4 % r P P
\

Applying the same linear superposition of the three different contributions as for the toe distributions
leads to weld root notch stress distribution (a,,,-) (€q. (6.13)).

r 342 7' r'
Onr t_ =0r ) 1= 15« t_’ * Uy + 5% t_’ *Uzi — U1 — U3i
p 4 % r_’ p p
\pr
r' r'
+ Cpyy * [2 * (t_’) - 1] — 274y <t_’)} (6.13)
P p
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Only non-symmetrical joints are considered for a root-initiated crack. Utilizing moment and force con-
ditions on g,,,- (eq. (6.14)) yields the stress component amplitude (y;) (eq. (6.15)).

)Ll G E)
Lo () () Lot () (5) () 61

\/E(wa_g)
= g
V2(Cpy — 1

oy = 20w 2 1) (6.15)

6.5. Secondary bending moments

Single lap joints are eccentric joints. This characteristic introduces additional bending moments un-
der tensile loading, resulting in additional joint deformation. Under bending, no secondary bending
moments are apparent (Andrews, 1996). Hence, the magnitude of the secondary bending moments
depends on the load applied and boundary conditions, a nonlinear effect (section 4.2.1). Therefore,
every nominal stress introduces a different amount of additional secondary bending moments. Thus,
multiplying S,, with one K to obtain S, is not valid. The effective notch stress must be calculated for
every nominal stress in the stress cycle. However, this is not practical as it demands excessive com-
putation. Hence, it is assumed that the shape of the effective stress cycles still equals a sine curve
defined by the maximum and minimum effective stress related to the maximum and minimum nominal
stress.

o

‘ /\

A effective stress
\ / / far field stress

\ // A\\

nominal stress

|

Figure 6.5: Schematic nominal, structural and effective stress cycle

Furthermore, the secondary bending moments are an effect introduced by the overall geometry, not
the weld geometry specifically. Therefore, it is assumed that the secondary bending moments are far
field related. Hence, the far field stress and the effective stress are proportional (fig. 6.5).
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To prove this assumption, FE calculations under different nominal stresses are performed, simulating
a Mode-I uniaxial tensile loading. To capture the secondary bending effects, the FE calculations are
performed with non-linearity regarding the geometry. The modelled geometry is a single lap joint DS
(614) similar to the one used for the experiments (section 7.3.1). The calculations are performed for
oy = 1,100, 200,300,400[MPa].

Firstly, the notch stress distributions are plotted as absolute values (fig. 6.6), showing the different nom-
inal stresses. To compare them, they are normalized with the Nominal stress (ay ). Here the eccentricity
introduced bending can be seen proofing non-linearity between the nominal stress and the effective
stress. Normalizing the notch stress with g, gives already a better fit. Especially in Zone-I, where the
influence of g, is the more powerful than the one of r,. Furthermore, the alignment over the whole
thickness is improved. However, the bending contribution still separates the notch stress distributions
of different nominal stresses. To account for the bending contribution, the far field contribution is sub-
tracted. Hence, only the self equilibrium equivalent part is left. Now all five stress distributions align.
Therefore, it is proven that the secondary bending moments are a far field related effect. Although, a
slight difference is still likely to occur as the r is different for each nominal stress and a relation between
1, and Cp,, is proven (Bufalari et al., 2022) (section 6.6).
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Figure 6.6: Through thickness stress distribution of single lap joint DS (614) at the toe under different nominal stresses

6.6. Weld load carrying fitting function

The fitting functions yielding C,,, and C,,,, for lap joints are developed in this section. Firstly, the
methodology is introduced (section 6.6.1), followed by the Parametric FE-study (section 6.6.2). After-
wards, the fitting functions are established for the single lap joint DS (614) (section 6.6.3) and the single
lap joint SS (615) (section 6.6.4).
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6.6.1. Methodology

Initially, parametric FE studies are performed to obtain through thickness stress distributions. The nodal
forces in the x-direction along the crack path for the root and the toe are extracted from the FE calcu-
lations. In case of geometries welded from two sides the right weld is examined (fig. 6.10). To obtain
the far-field stress related g, and r, through-thickness linearization is utilized (Dong, 2005). The nodal
forces are transferred to stresses by dividing by the length represented by each element. A further
division by the width is unnecessary, as all calculations are performed in unit width. These results are
fitted with a nonlinear least squares approach from the Matlab Fit toolbox to the corresponding semi-
analytical distribution by changing the ¢,,, and C,,,,. For this fitting, the point at the surface é =0is

excluded due to the singularity.

Firstly, only cases with —1 < rs < 1 are included for the root. Extreme r; arise when the g, and g,
have a close absolute value but an opposite sign. Although these extreme r; might be realistic, they
do not allow finding a fitting function for the C,,, and are thus excluded.

Secondly, some extreme geometries do not allow the stresses to reach an equilibrium over the whole
thickness at the location of the toe/root. In those cases, the stresses only reach over a certain fraction
of the thickness (fig. 6.8). This behaviour cannot be covered with the established semi-analytical func-
tions as these assume a stress distribution over the whole thickness. Hence, when trying to fit such
a stress distribution to the semi-analytical formulas, non-realistic €}, and Cp,,, are achieved (fig. 6.8).
Hence, the quality of the fit is, in this case, not good.

Attempts to capture these extreme geometries by restricting the maximal allowed ¢y, and C,,,, values
did not work, as some not extreme geometries show higher values than some extreme geometries do
(fig. 6.7; here the maximum of 9 is derived from the final fitting fig. 6.16). Therefore, this restriction
does not lead to a clear separation. Furthermore, locating these extreme geometries by the quality
of fit between the semi-analytical stress distribution and the FE solution did not work either, as some
extreme geometries with unrealistic C,,, and C,,,, values still showed a good fit (fig. 6.7). Hence, this
restriction might work as an engineering-based approach but does not suffice the scientific standard.

[Chw| + [Chwal <9 R? > 0.95
tp = 12.00, Iw = 9.00, hw = 6.00, pn = 1.50, ov = 80.00 [mm] tp = 6.00, Iw = 3.00, hw = 4.00, pn = 0.50, ov = 60.00 [mm]
o cbw= 6.02, cbw2=-2.98, rs=0.11, crit=0.58 o cbw=7.35, cbw2=-1.53, rs= -0.21, crit=0.78
740\'\777777777
0.1 ° O
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L . 1
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.
..
0.7 | & notch stress | 0.7
..' far field stress
0.8 & 1 0.8

091
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far field stress
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Figure 6.7: Example of possible restrictions for single lap joint DS (614) at the root

Therefore, a geometry-based criterion is developed. The criterion expresses the relation between the
plate thickness and the height of an extension of the weld geometry until the location of the root reaches
(X) (fig. 6.9; eq. (6.16)). The idea is to describe the position up to where the stresses reach. For this, it
is assumed that the stresses follow the angle of the weld. This assumption seems reasonable looking
at fig. 6.7 and fig. 6.8. Therefore, a criterion value bigger than one relates to geometries where the
stress reaches over the whole thickness. This criterion is a simplified approach and does not entirely
cover the complex behaviour. Hence, this might exclude geometries where an equilibrium over the
whole thickness is reached and include ones where it is not.
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tp = 8.00, Iw = 2.00, hw = 2.00, pn = 0.50, ov = 100.00 [mm]
cbw=39.09, cbw2=-86.34, rs= -0.33, crit=0.31

®  FE-solution
notch stress |
far field stress

-10 -5 0 5 10 15 20

o, / o [-]

Figure 6.8: Example of extreme geometry for the root of a dou- Figure 6.9: Sketch of extreme criterion
ble lap joint DS (614)

o X  (pn+1lw)xhw
Criterion= — = ———

0 et (6.16)

Lastly, using dimensionless parameters describing the weld geometry, an exponential fitting function
for the ¢y, and C,,,, is obtained. One fitting function modelling laser- and arc-welded joints for ease
of use and better robustness is established with the MultiPolyRegress toolbox in Matlab. The fitting
function is limited to have at least an R? of 0.95 and not more than 100 coefficients to provide usability
by still achieving a reasonable accuracy. As done for other studies, the exponents for the dimensionless
parameters are limited to 4 (Qin et al., 2019; Bufalari et al., 2022).

6.6.2. Parametric Finite-element-study

The parameters for the studies are chosen to fit typical values of arc- and laser-welded joints (table 6.1;
fig. 6.10). Laser-welded joints typically show a smaller weld geometry and deeper penetration than arc-
welded joints. Joint geometries where the weld height exceeds the thickness are not modelled. The
lap length does not influence the single lap joint SS (615) as it is modelled without contact between the
upper and lower plate. Hence, for this joint, only the lap length of 10 mm is modelled.

The FE calculations are performed in ANSYS with 42 plane elements to capture the nodal forces with
linear elastic material behaviour (table 6.2). The element size is set to result in 50 elements over plate
thickness (t,,) as done in other studies (Bufalari et al., 2022). In addition, the element size is growing
between the lap part’'s penetration points to allow for reasonable calculation time (fig. 6.11). The left
side of the FE model is clamped. On the right side, the forces are applied (eq. (6.17)), where the g is
always kept to equal 1 MPa.
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Single lap joint DS (614)
oV lwy
2 of
pn
Single lap joint SS (615)
ov lwy
E [
pn
Figure 6.10: Weld geometry of single lap joints
arc-welded laser-welded
tp [mm] 2,4,6,8,10,12
hw/lw [-] 0.5,0.75,1,1.5
pn[mm] 0.5,1,1.523 2,3,4,6,8
ov [mm] 10,20,40,60,80,100
7s [ -1,-0.5,0,0.5,1
hw [mm] 2,4,6,8 1,1.5,2,3
Table 6.1: Geometry parameters for the Finite-element-model
gp = 15 * Oy
1
0n=crb*(——1) (6.17)
TS
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Figure 6.11: FE-model for a single lap joint DS (614)

E-modulus [MPa] 2.10 * 10°
Poison ratio [-] 0.33
Density [kg/mm?]  7.85 107

Table 6.2: Material properties of steel

6.6.3. Single lap joint DS (614)

The parametric study resulted in 23,680 unique geometries. The criterion is not employed in this fit.
To decide whether 2nd order weld load carrying is needed, the relative error between the FE-solution
and the semi-analytical stress distribution normalized with o, is calculated. The mean and standard
deviation of the error are plotted over the normalized thickness (fig. 6.12). Due to the asymptotic
behaviour of the notch stress, the error shows the same behaviour. Hence, considering the error close
to the surface does not reflect the fit quality. For the toe, linear weld load carrying gives sufficient results,
but the 2nd order behaviour is observed. The 2nd order weld load carrying shows an enhanced fit,
coupled with the higher accuracy in Zone 2, which significantly influences the value of the S,, resulting
in using this one.
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0 : : : 0 ‘ — ‘ ; ;
- TTTT N mean error
0.1 ™\ ] 0.1 A \/ — — — - standard deviation
/ N /
/ N
02r ’ 0.2 vy
7 1l \
/
0.3 031 0
|
|
041 04t e
!
- - \
— mean error — L V!
g 05 — — — -standard deviation g 05 \ 1
|
06 06 iR
I
0.7 07t AR
|
|
0.8 0.8 L
7
\
09t 09} Il
~ AR
1 1 1 1 L 1 1 1 1 1 1 1 ! 1 1 1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Relative error [-] Relative error [-]

Figure 6.12: 2nd order weld load carrying relative error for single lap joint DS (614) at the toe

Looking at an arbitrary joint, the semi-analytical formulas provide a perfect fit (fig. 6.13). In addition,
the ¢,,, and C,,,» values are already close to extreme values obtained for less load carrying joints
(Qin et al., 2019). The results for the geometry with the highest ¢;,, and C,,,, do not show a good fit.
However, this error is presumably caused by the fixed position of the maximum stress for the 2nd order
weld load carrying formulation, as the maximum seems to be close to 0.75t,. Hence, not the same
error type is observed compared to the one which the criterion was developed for. Interestingly, the
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stresses close to the notch are compressive, although the structural stress is tensile. The negative r; is
likely to be the reason for this. Overall, the resulting fit from the semi-analytical formulas is sufficiently
good, especially as the ENSC related material parameters are Zone 2 ones.

Arbitrary geometry Geometry with maximum Cp,,
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Figure 6.13: Example of through thickness stress distribution for single lap joint DS (614) at the toe

Geometries exceeding a value of 1 for the criterion for extreme geometries had to be excluded for the
root. Together with the restriction on the 7, 8334 geometries are looked at. For the root, the 2nd order
behaviour is highly apparent. When accounted for, it significantly improves the mean and the standard
deviation (fig. 6.14). The error occurring in the 2nd order weld load carrying, indicating a higher order
behaviour, is caused by the assumed location of the maximum stress in the definition of the 2nd order
weld load carrying. The maximum stress is set to be at 0.5¢,,, whereas the maximum, in this case on
average, seems to be at 0.6¢,,.
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Figure 6.14: 2nd order weld load carrying relative error for single lap joint DS (614) at the root

Similar to the toe, the arbitrary joint geometry shows a good fit between the FE-solution and semi-
analytical formulations (fig. 6.15). A worse fit is apparent when looking at the geometry with maximum
C,w- Here the criterion indicates that the stresses have reached the whole thickness. However, the
actual stress distribution only reaches about 0.8t,, showing the weakness of this criterion. Despite this
error, the fitting is still sufficient for a Zone 2 parameter.
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Arbitrary geometry Geometry with maximum C,,,

tp = 8.00, Iw = 12.00, hw = 8.00, pn = 1.50, ov = 60.00 [mm] tp = 10.00, Iw = 4.00, hw = 8.00, pn = 1.50, ov = 80.00 [mm]
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Figure 6.15: Example of through-thickness stress distribution for single lap joint DS (614) at the root

The non-dimensional parameters introduced for the fitting function at the toe are similar to the ones
used before (Qin et al., 2019; Qin et al., 2020; Bufalari et al., 2022)(eq. (6.18)). The load path related
parameter T is adapted to represent the lap length instead of the cross plate thickness of a cruciform/T-
joint (Bufalari et al., 2022). In addition, the variability in the penetration of the weld resulted in an
additional parameter linking the penetration to the weld height. A second load path related parameter
is introduced as well. Here the lap length is correlated to the overall length of the weld obtained by
adding the weld length and the penetration. Furthermore, r; is used as a parameter for the fitting func-
tions. Each non-dimensional parameter’s exponent is chosen to provide the best result with the least
number of coefficients under the given conditions (section 6.6.1).

pn
P=
ov * 0.5+ lw

T =log <T)
0— ov

lw+pn

lw
W= hw

lw
Q_E (6.18)

For the C,,, a good fit is found for P, 7, T*, 0%, W and Q (eq. (C.1)). Firstly, the C,,, values are signifi-
cantly larger than those discovered for other joints where values of 0.3 were extreme (Qin et al., 2019;
Bufalari et al., 2022)(fig. 6.16). However, no joints with a similar high weld load-carrying level have
been assessed yet. For C,,,, the laser-welded geometries show higher absolute values. The fitting
function represents both welding geometry well, seen in the same scatter band.

For the C,,,,, a high dependency on C,,, is located. Furthermore, this allowed to reduce the amount of
used dimensionless parameters to 5. A good fit is found for 0, T*, W, r, and C,,, (eq. (C.2)). Both arc-
and laser-welded geometries cover the whole range of C;,,, values (fig. 6.16). For —0.5 < C},, < 1
of arc-welded geometries, the scatter is significantly higher than for the laser-welded geometries. In
addition, the arc-welded geometries show higher values of C,,,,. A reason for the higher scatter cannot
be identified. Overall, the fitting functions can represent both arc-welded and laser-welded geometries.
Resulting in a fitting function for each the ¢, and C,,,,, which both show a sufficient accuracy (fig. 6.16).
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Figure 6.16: Goodness of fit scatter plot for the toe of the single lap joint DS (614)

For the fitting of the C},, values at the root, most of the factors from the fitting for the toe do show
a substantial influence. However, the Q is excluded due to insignificance. In exchange, S is added,
linking the structural stress of the root and the toe (eq. (6.19)). Although this is not a direct parameter,
as many factors are included in these values, no other parameter with a similar substantial influence is
found.

(6.19)

The optimum with regard to fitting quality and amount of coefficients is obtained at P2, r,, T*, 0, W, S
(eq. (C.3)). The values of ¢;,, are twice as high as the Cp,, for the toe (fig. 6.17). The (,,, exceeding
values of 3 seems to be extreme cases, which are not captured by the criterion, as seen for the geometry
with the maximum C,,, (fig. 6.15). Still, the weld load carrying of the root appears higher than that of the
toe. Interestingly, no difference in extreme C,,,, values for arc- and laser-welded geometries is observed,
opposite to the toe. The (},, values for arc-welded joints between 1 and 1.5 show an underestimation
of the fitting function, indicating a relation not covered by the fitting function.

Similar to the ¢,,,, for the toe, the number of dimensionless parameters included is reduced with the
optimum lying at P*, T2, 0, W, r, and Cp,, (eq. (C.4)). The C,,,, fitting function shows a higher scatter
for arc-welded geometries than for laser-welded geometries, similar to the toe. Furthermore, the range
of the Cy,,, values is similar to that of the toe. Most of the C},,,, values for laser-welded geometries are
negative, whereas the ones for the arc-welded geometries are equally distributed.
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Figure 6.17: Goodness of fit scatter plot for the root of the single lap joint DS (614)

6.6.4. Single lap joint SS (615)

The parametric study yielded 4100 unique geometries. Contrary to the single lap joint DS (614), only
one load path exists, leading to a higher weld load carrying. Hence, already for the toe, the geometries
had to be restricted to values smaller than 1 for the criterion, minimizing the available geometries fur-
ther to 1670.

Applying linear weld load carrying, the quadratic-shaped error behaviour indicates a 2nd order be-
haviour (fig. 6.18). However, the maximum error occurs at 0.7t,,, contrary to the assumed 0.5t,, in the
definition of the weld load carrying part. This might be the reason for the still noteworthy error when
using 2nd order weld load carrying, as the shape of the error is similar to the linear one. However, the
error’'s mean and standard deviation are reduced to a reasonable size. Hence, 2nd order weld load
carrying for the toe is applied.
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Figure 6.18: 2nd order weld load carrying relative error for single lap joint SS (615) at the toe

A good fit is observed for the arbitrary geometry (fig. 6.19). For the geometry with the maximum ¢,
the negative r; enforces compressive notch stress at the surface. Although the fitis decent, it is evident
that semi-analytical formulations barely cover this example. The reason most likely for this is to set the
maximum at 0.5t,, of the 2nd order weld load carrying. A maximum at 0.8t,, would provide a better fit.
However, the fit quality is still sufficient, allowing to use this semi-analytical approach.
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Figure 6.19: Example of through-thickness stress distribution for single lap joint DS (615) at the toe

By imposing the additional restriction of r; in addition to the criterion at the root, the unique geometries
are reduced to a total of 1533. Compared to the toe, the error is smaller for the linear weld load-
carrying and shows a less pronounced 2nd order behaviour (fig. 6.20). This is opposite to the behaviour
observed for the single lap joint DS (614). In addition, the location of maximum error over the thickness
is closer to 0.5t,,. Hence, 2nd order weld load carrying leads to an enhanced fit. Here, the mean error
is only significant towards the surfaces, shown by 0.1 and 1 relative thickness values. Furthermore,
the standard deviation and, therefore, the confidence bounds are quite tight. A shift in the location
of the maximum stress for the weld load carrying likely causes the shape of the standard deviation
error. Nonetheless, the alignment of the 2nd order weld load carrying with the FE solution confirms its
appropriateness for utilization.

Linear weld load carrying

mean error
— — — -standard deviation

-0.05 0 0.05 0.1 0.15

Relative error [-]

-0.2 -0.15 -0.1

0.2

2nd order weld load carrying

mean error
— — — - standard deviation

-0.2

-0.05 0 0.05 0.1 0.15

Relative error [-]

-0.15 -0.1

Figure 6.20: 2nd order weld load carrying relative error for single lap joint SS (615) at the root

0.2

As before, a good fit is evident when looking at the stress distribution of an arbitrary geometry (fig. 6.21).
However, a significant error is prominent for the geometry with the maximum C,,,, value. This is induced
by the same phenomena as before, the different positions in maximum stress of the weld load-carrying
part. In this case, itis around 0.7t,,. However, the fit is still considered sufficient for a Zone 2 parameter.
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Figure 6.21: Example of through thickness stress distribution for single lap joint DS (615) at the root

Most of the non-dimensional parameters are duplicated from the fitting of the single lap joint DS (614).
However, as only one load path exists, the second load path parameter O is redundant and the load
path parameter T is adapted (eq. (6.20)). Moreover, it is noteworthy that the parameters Q and P exhibit
negligible impact, resulting in their exclusion.

y
T = log (p"tb W) (6.20)

T3, W and r,* lead to the best fit for C,,, (eq. (C.5)). The absolute values of C,,, are similar to the ones
observed for the single lap joints DS (614) (fig. 6.22). For the C,,,, the scatter band is minimal, and no
significant differences between arc- and laser-welded geometries are observed (fig. 6.22).

For the Cp,,, the parameters are reduced even further to T* and C,,,° (eq. (C.6)). The C,,,, values
lower than -2 are likely to cover extreme cases similar to the ones of the C},,. In addition, the scatter is
increasing with the absolute value of C,,,,. However, both fitting functions show a good fit and can be

used.
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Figure 6.22: Goodness of fit scatter plot for the toe of the single lap joint SS (615)

The fitting function for the C,,, at the root is more complex than the one for the toe as five parameters
are included, where P*, T4, W3, S and r,? yield the optimum (eq. (C.7)). Interestingly, the C,,, values
for the root are smaller than the ones for the single lap joint DS (614) (fig. 6.23). A bigger diversion
from the set location of the maximum weld load carrying stress might be a reason, as observed before
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(fig. 6.21). Looking at the Cj,, values, the ones with values lower than -0.5 are likely to be extreme
cases. Furthermore, no difference between arc- and laser-welded geometries are observed.

The €y, fitting function has a similar complexity as the one for the Cp,, with five parameters, showing
the optimum at P, T3, W?2, r,3 and C,,,? (eq. (C.8)). The C,,,, mainly yields negative values contrary
to the single lap joint DS (614). The laser-welded geometries only yield C,,,, values between -1 and
0.5, whereas the arc-welded geometries show a more extensive range with values from -2.5 up to 0.
Overall, a good fit is obtained with both fitting functions.
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Figure 6.23: Goodness of fit scatter plot for the root of the single lap joint SS (615)

6.7. Far field stress from beam/shell model

The g, and r; need to be obtained from FE calculations with non-linearity regarding the geometry to
capture the secondary bending moments. As no solid model is needed for obtaining the C},, and C,,,»,
it should not be needed either for the g; and r,. Beam/shell models allow for obtaining the o, and r;
with through-thickness linearization (Dong, 2005). However, so far, mostly the two components of the
toe have been captured (den Besten, 2015; Qin et al., 2019). One method was established to obtain
the far field stress at the root (Turlier et al., 2014). However, this model does yield high errors for the
root and the toe in this case and is therefore excluded (table F.4). A reason for this is the high weld
load carrying and, therefore, the high sensibility regarding the weld geometry.

To model the weld in more detail, the use of two beam/shell elements is proposed instead of one.
The throat of the weld is modelled by one beam/shell, and the penetration is modelled by a second
beam/shell (fig. 6.24). The beam/shell modelling the weld throat is positioned in the middle of the weld
throat. It ends when reaching the weld boundaries from where it is vertically rigidly connected to the
beam/shell of the corresponding plate. The thickness of the throat beam/shell is the same as estab-
lished in literature (den Besten, 2015).

The penetration beam/shell is positioned in the middle of the penetration and runs vertically from the
lower to the upper plate. The thickness of this beam/shell equals the penetration of the weld (eq. (6.21)).
Other models were tested as well but did not provide accurate answers (appendix F).

The nodal force in the x-direction and the nodal moment around the z-axis for the o5 and r; are obtained
at the projected location of the toe/root to the corresponding plate. These values are transformed into
o, and r; with through-thickness linearization (Dong, 2005) (eq. (6.22)).

lw * hw

tpenetration =pn (6.21)
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Figure 6.24: Weld geometry beam model

To validate this model, the error between the g and r; obtained from the introduced beam/shell model
and a solid model is obtained. Four geometries close to the ones from the specimen (literature, ex-
periments) are taken. The boundary conditions are set to the one of a uniaxial tensile Mode-I test.
Hence, one side is fully clamped, whereas the other is only restricted in height, and the nominal stress
is applied at the end of the specimen. The models are subjected to five different nominal stresses to
show the change in secondary bending moments.

Single lap joint DS (614) Single lap joint SS (615)

welding laser arc laser arc
tp [mm] 4 3 7 1.5
Iw [mm] 1.4 5.3 1.4 1.45
hw [mm] 1.4 3 14 1.5
pn [mm] 6.1 1.7 6.1 1

ov [mm] 50 24 50 16
length [mm] 340 105 340 105

Table 6.3: Validation geometries beam model
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The error for the structural stress components between the solid model and beam model, in general,
increases with increasing applied nominal stress (table 6.4). However, the secondary bending is still
captured by the beam model. In addition, the membrane part for all joints and locations has a non-
significant error. Hence, the whole introduced error is caused by the bending part. Here the beam
model is consistently under-predicting the bending for the toe of the single lap joints DS (614) and the
root of the single lap joints SS (615). The opposite is observed for the corresponding other location of
each joint.

Overall, this adapted model for welds to obtain the far field distribution at the root and the toe does yield
accurate answers and incorporates the effect of changing secondary bending moments.

toe root
geometry | o, [Mpa] | om [[] | op [] s [-] rs [-] om [l | op [] s [-] rs [-]
614 laser | 1 0.00% | -0.46% | -0.32% | -0.14% | 0.00% | 0.05% | 0.01% | 0.03%
100 0.00% | -1.21% | -0.80% | -0.41% | 0.00% | 0.67% | 0.29% | 0.38%
200 0.00% | -1.36% | -0.87% | -0.49% | -0.01% | 0.15% | 0.06% | 0.09%
300 -0.01% | -1.74% | -1.09% | -0.66% | -0.06% | 0.21% | 0.07% | 0.14%
400 0.01% | -2.51% | -1.53% | -1.00% | -0.02% | 0.82% | 0.40% | 0.41%
615 laser | 1 0.00% | 0.88% | 0.64% | 0.23% | 0.00% | -0.88% | -0.66% | -0.22%
100 -0.01% | 1.54% | 1.13% | 0.41% | -0.01% | -2.15% | -1.61% | -0.55%
200 0.00% | 1.94% | 1.43% | 0.51% | 0.00% | -3.03% | -2.25% | -0.80%
300 0.01% | 2.25% | 1.65% | 0.58% | 0.01% | -3.74% | -2.76% | -1.00%
400 0.02% | 251% | 1.85% | 0.65% | 0.02% | -4.33% | -3.19% | -1.18%
614 arc 1 0.00% | -2.73% | -1.70% | -1.05% | 0.00% | 1.68% | 0.75% | 0.92%
100 0.00% | -3.33% | -2.05% | -1.31% | 0.00% | 2.00% | 0.92% | 1.08%
200 0.00% | -3.86% | -2.34% | -1.56% | 0.00% | 2.18% | 1.02% | 1.15%
300 0.00% | -4.33% | -2.58% | -1.80% | 0.00% | 2.27% | 1.08% | 1.18%
400 0.00% | -4.76% | -2.80% | -2.02% | 0.00% | 2.29% | 1.10% | 1.17%
615 arc 1 0.00% | 0.57% | 0.41% | 0.15% | 0.00% | -0.60% | -0.45% | -0.15%
100 0.00% | 0.85% | 0.62% | 0.22% | 0.00% | -1.93% | -1.44% | -0.50%
200 0.01% | 0.85% | 0.63% | 0.22% | 0.01% | -2.74% | -2.01% | -0.74%
300 0.06% | 1.12% | 0.83% | 0.29% | 0.05% | -3.21% | -2.33% | -0.89%
400 0.21% | 3.56% | 2.63% | 0.91% | 0.18% | -1.75% | -1.22% | -0.54%
Average | 0.02% | 2.12% | 1.40% | 0.73% | 0.02% | 1.83% | 1.18% | 0.66%

Table 6.4: Far field error of beam model for different geometries

6.8. Discussion

This chapter covered the research of the through thickness weld notch stress distribution. The before
obtained semi-analytical formulas (den Besten, 2015) are refined with an additional weld load carrying
term (section 6.6). This one covers the 2nd order behaviour occurring at highly weld load carrying
geometries. Similar to the toe formulation, a linear superposition of the stress distribution components
is proven to be valid for the root(section 6.4).

The secondary bending moments excited by the eccentricity of lap joints are investigated confirming
the far field dependency of o, and r; (section 6.5).

Fitting functions are established to obtain the weld load carrying coefficients, C,,, and C,,,,. For this,
parametric FE studies are run for different weld geometries and r, under unit o;. The resulting C,,,
are more extreme than the prior observed ones (Bufalari et al., 2022; Qin et al., 2019). The weld load
carrying coefficients obtained by fitting the semi-analytical formulations to the FE solutions are then
related to dimensionless parameters yielding a fitting function. These fitting functions are obtained for
single lap joints DS (614) and SS (615) correspondingly for the toe and the root. However, compared
to ones developed in other studies, these needed to be significantly more complex to yield good results
(Bufalari et al., 2022; Qin et al., 2019). Arc- and laser-welded geometries had shown similar relations
and could be covered together.
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The geometries had to be restricted by a criterion, as for some geometries the stress did not reach
the whole thickness at the root/toe location (section 6.6.1). The semi-analytical formulations could not
cover this behaviour. Furthermore, —1 < r; < 1 is set for the root as extreme values did not allow for
a fitting function.

Two phenomena did restrict the quality of the semi-analytical formulas. For some geometries the stress
did not reach the whole thickness; for this relation, a criterion is developed. However, this is a sim-
plified approach, not covering all geometries where the stress has not reached the whole thickness.
Secondly, the location of the maximum weld load carrying stress set to 0.5¢, is not always correct. It
was decided to set it to 0.5¢, to comply with force and momentum equilibrium correspondingly to the
before obtained u,, 1.

Overall, the through thickness weld notch stress distribution of lap joints for the toe and the root can
be covered by semi-analytical formulations. However, the applicable geometries are still limited due to
the observed phenomena.

The possibility of obtaining the far field stress from a beam/shell model reduces computing time sig-
nificantly. When applying a non-linear geometry dependency, the enhanced model can sufficiently
capture the secondary bending moments .



Fatigue assessment

In this chapter, fatigue resistance is assessed with the different fatigue concepts introduced earlier
(chapter 2). First, the used method is presented (section 7.1). Arc-welded joints are evaluated first
(section 7.2), followed by the assessment of laser-welded joints (section 7.3). Lastly, the weld geometry
for a laser-welded lap joint is optimized (section 7.4).

7.1. Modelling

The method used for the regression analysis, and implementation is explained first (section 7.1.1).
Afterwards, the use of FE models to obtain the fatigue concept related criterion is elaborated (sec-
tion 7.1.2).

7.1.1. Regression Model

In MCF, run-outs might already be part of the data set. This results in the need for a more advanced
method than the most utilised Least Squares method. Hence, the maximum likelihood regression is
used (den Besten, 2015; Dekking et al., 2005). This method is a statistical approach to estimate the
parameters of the regression model by maximising the likelihood of the given data. These parameters
are referred to as Maximum Likelihood Estimates (MLE). The data points are assumed to follow a
particular probability distribution, which is generally assumed for fatigue resistance data.

The Likelihood formulation is the joint probability density of all data points to occur under the given
parameters (6)(eq. (7.1)). The corresponding probility density function (PDF) value is used for a failure,
whereas, for a run-out, the joint probability for the failure to occur is used. Whether a failure or a run-out
emerged is marked by g, where o = 1 equals a failure and o = 0 shows a run-out.

L@:NIS) = | [orawisys 033111 = Fv1s;: 00y~ (7.1)
j=1

Adapting the log-likelihood function leads to a summation instead of a multiplication allowing for more
straightforward computation (eq. (7.2)). In addition, it neutralises the exponent appearing in the PDF
and cumulative probability density function (CDF). This formulation is valid as the natural logarithm is
a monotonically increasing function. The method is implemented in Matlab by minimising the negative
log-likelihood with the fmincon function (eq. (7.3)). In addition, the limited amount of data available
required bias corrected distributions.

LO:NIS) = ) n{f(N)1S;; 6} + (1 = g)In{1 = F(Nj5;; 0)} (7.2)
=1

min{—L(6; N|S)} (7.3)

59
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The fitting quality can be judged by the determined maximum log-likelihood value. As a model with
more parameters generally provides a better fit, these values can only be compared when the number
of parameters do not differ. Otherwise, the Akaike information criterion (AIC) has to be utilized (Akaike,
1973) (eq. (7.4)). In addition, the strength scatter index (T,s) is used to judge the fit.

AIC = —2{L(MLE; N|S) — k} (7.4)

7.1.2. Finite element model

The more advanced fatigue concepts (HSSSC and ENSC) use a criterion incorporating more details
of the geometry. Some geometries do not fulfil the criterion established for the fitting functions (sec-
tion 6.6.1). Therefore, FE calculations are utilised to obtain the stress distribution of the joints needed
for those criteria. ANSYS with PLANE42 elements is used, modelling a quasi 3-D geometry under
plane stress conditions. To account for the change in secondary bending moments, non-linear geom-
etry dependency is used. Furthermore, contacts are used to avoid penetration. The applied boundary
conditions are aligned with the testing conditions.

The FE calculations are run for five different nominal stresses for each series. Where the lowest stress
is the overall minimum resulting from the stress cycles of the data points, the same applies to the high-
est stress. The in-between values are equally distributed. With the FE results, a polynomial transfer
function is established for the notch stress in relation to the location along the crack path and the nom-
inal stress to ensure continuous behaviour. Only the nominal stress is incorporated for the transfer
function for the structural stress.

To incorporate the effect of secondary bending moments, the corresponding values for ¢,,,;,, and g,,4x
are obtained separately. The S,/S, is then obtained by the difference between the minimum effective
notch/structural stress and the maximum effective notch/structural stress. The 1y, is recalculated from
these values as well.

In addition, for all fittings the mean stress is corrected according to Walker et al., 1970 (section 2.4.7).

7.2. Arc-welded joints

In this section, the fatigue resistance of arc-welded lap joints is assessed. First, the fatigue resistance
data from lap joints is validated with fatigue resistance data from other welded joints (section 7.2.1).
For comparison reasons the NSC (section 7.2.2) and HSSSC (section 7.2.3) are established. After-
wards, two concepts of the ENSC (section 7.2.4) are assessed. Lastly, the results are discussed
(section 7.2.5).

7.2.1. Fatigue resistance data

Before using the fatigue resistance data obtained in the literature review for arc-welded lap joints (sec-
tion 4.3), it has to be validated. For this purpose, arc-welded fatigue resistance data of other joint
geometries is utilised ("Qin et. al.”, 2023). In combination with a log(normal) distribution, the LENSC
conceptis used, in line with "Qin et. al.”, 2023. p* and y are fixed due to the availability of data. Further-
more, the small amount of data from lap joints compared to the data from the other joints is likely not
to influence the material-dependent parameters. Hence, the regression is only performed for log(C),
m and Standard deviation (¢). As only MCF is in the scope of this thesis, all data points below 10*
and exceeding 4 * 10° cycles are excluded. Furthermore, series 1 and 2 are excluded as the small
specimen thickness yielded an unacceptable high scatter of the results, and the applied p* is close
to the t,, (appendix A). This leads to a total of 272 data points for lap joints. The S, — N curve of the
arc-welded lap joints and other joints (grey-coloured) is shown below (data from "Qin et. al.”, 2023).
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MLE's: logC = 13.32, m =3.14, 0 = 0.23, p* =0.95, v=0.88
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Figure 7.1: S, — N curve of arc-welded joints for data validation

Firstly, the data scatter of the lap joints, particularly the single lap joints (614,615), is higher than the one
for the other joint geometries. The general small plate thickness of the single lap joints (614,615) might
contribute to this higher scatter, as a smaller plate thickness leads to higher uncertainty. The single lap
joint DS (614) toe failure data is typically below the median, indicating a worse fatigue performance.
When looking at the curve parameters, the rise in scatter due to the lap joints is also apparent (ta-
ble 7.1). However, the difference is small, similar to the other parameters. Hence, the assumption to
keep the same material-dependent parameters is valid.

MLE log(C) m o
With lap joints 13.32  3.14 0.23
Without lap joints 13.36 3.15 0.22

Table 7.1: MLE of data validation for arc-welded lap joints

The change in secondary bending moments results in a more complex fitting. In addition, the curve
parameters do not change significantly when not accounting for the change in secondary bending
moments (table 7.2). Only a small change in the slope, as well as a different log(C), is observed,
whereas the scatter even stays constant.

MLE log(C) m o
Including change in secondary bending moments  13.32  3.14 0.23

Excluding change in secondary bending moments 13.25 3.12 0.23

Table 7.2: Influence of secondary bending moments on MLE

However, when comparing the S, for the single lap joints, the influence is consequential (fig. 7.2). The
values differ up to 15% with an average of 4.7%. Hence, although the overall fit is barely influenced,
the opposite is the case when looking at each fatigue resistance data point. Therefore, it is advised to
incorporate the change in secondary bending moments in the fatigue assessment of eccentric joints.
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Figure 7.2: Influence of change in secondary bending moments on S,

Overall, the fatigue resistance data of the lap joints lies within the scatter cloud of other joint geometries.
Therefore, the data points are assumed to be valid for further use. In addition, it shows that the fatigue
resistance of lap joints is in line with other arc-welded joints and the high influence of secondary bending
moments.

7.2.2. Nominal stress concept assessment

For comparison, the NSC is considered. This concept is based on structural details and the nominal
stress (section 2.2). To account for the mean stress influence and comply with the r;, = 0.5 of the FAT,
an adapted Walker mean stress correction is used (eq. (7.5)). No thickness correction is needed as all
joints do not exceed the thickness of 25 mm. In addition, the engineering-based approach to account
for the eccentricity of the single lap joints is excluded to keep the comparability to the other concepts.

a- 0.5)1_7
Sn,eff =Sn (1- Tlr)l_y (7.5)

Using the log-likelihood regression with a bias correction, due to the limited number of data points,
results for a log(Normal) and a log(Weibull) fitting are obtained (table 7.3). The log(Normal) distribution
provides significantly better results than the more extreme log(Weibull) distribution, according to both
o and AIC value. The mean stress did not show an influence, which relates to the limited availability of
1 in the literature data.

MLE log(C) m o y AIC
Normal 11.02 2.77 043 1 738
Weibull 10.72 264 055 1 796

Table 7.3: MLE of NSC for arc-welded lap joints

Applying the log(normal) distribution yields a T, = 1 : 1.71, which is larger than the commonly observed
value of 1:1.5. This reflects the scatter observed in the S,, — N plot (fig. 7.3). The m is smaller than
the typical value of m = 3, possibly caused by the exclusion of HCF data with N > 4 % 10°. The
single lap joints (614, 615) appear to have a similar fatigue resistance opposite to the double lap joint
(611) showing an increased fatigue resistance. The spread of the confidence bounds confirms the
uncertainty related to the NSC (table 7.4).
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Figure 7.3: S,, — N curve for NSC of arc-welded joints lap joints

Parameter C75LB MLE C75UB

log(C) 10.68  11.02 11.34
m 2.61 2.77 293
o 0.41 043 045
Y 096 1 1

Table 7.4: MLE and CB'’s for NSC of arc-welded lap joints

In addition, each structural detail is plotted with the corresponding FAT class curve (Hobbacher et al.,
2016). The design curve is set with a reliability of 0.977 with 0.75 two-sided confidence bounds. All
fatigue resistance data with 10* < N < 107 is considered as 107 is the knuckly point for the FAT class.
The value of y is restricted to the MLE obtained before, y = 1.

The eccentricity correction is included, as otherwise, the results do not align with the recommended
FAT class (fig. 7.5). The upper and lower plate thickness is always the same, allowing to simplify the
ki caicutatea- Multiplying the resulting k., s with the fatigue resistance data yields a design curve
that better aligns with the recommended FAT class. The considerable distance between the quantile
and the FAT design curve clearly shows the conservativeness coupled to this approach caused by the
empirical formulation for eccentricity and the only global information taken into account.

tl\ _le
o \/\T/L‘\tz

k _ km,calculated
meff = §
m,alreadycovered
km,alreadycovered =1.25
6e 15
t;  tFS5+edS

km,calculated =1+ =4

Figure 7.4: Axial misalignment correction according to Hobbacher et al., 2016
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Figure 7.5: S,, — N curve for NSC of arc-welded single lap joints DS (614)

For single lap joints SS (615), no FAT class has been proposed yet. Using the same methodology as
before, the toe failure data complies with the FAT of the single lap joint DS (614) (fig. 7.6). The inverse
slope value had to be restricted to m = 3. All data lies above the FAT design curve for the toe failure.
For the root, a FAT class of 36 is below the quantile R97.7C75 design curve. Overall, for single lap
joints SS (615), the same FAT classes as for single lap joints DS (614) are proposed.

Toe failure Root failure

104 MLE's: logC = 13.26, m = 3.00, o = 0.39, v = 1.00 " MLE's: logC = 12.35, m = 2.83, 0 =0.32, 7= 1.00

quantile R97.7C75 quantile R97.7C75

— — — -FAT class 36

— — — -FAT class 63

S [MPa]
S [MPa]

Figure 7.6: S,, — N curve for NSC of arc-welded single lap joints SS (615)

Lastly, looking at the toe failure of double lap joints (611) (fig. 7.7), the FAT design curve shows a good fit
with the design curve obtained from the fatigue resistance data. For the root, the quantile design curve
shows a flatter behaviour with m ~ 4 compared to the FAT design curve, where the resistance aligns
around N = 3 % 10* but for higher N, the quantile design curve shows enhanced fatigue resistance.
However, low confidence due to the small amount of data is apparent. Still, the corresponding FAT
value represents the fatigue resistance sufficiently for both root and toe failure.
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Figure 7.7: S,, — N curve for NSC of arc-welded double lap joints (611)

7.2.3. Hot spot structural stress concept assessment

The HSSSC corresponding S, — N curve is established to allow for a comparison between arc- and
laser-welded geometries. Taking local information into account by incorporating the S related far field
stress respectively the change in secondary bending moments. To account for the mean stress, the
same correction as used for the NSC is utilized (eq. (7.5)).

As for the NSC, the more simple log(Normal) distribution provides a better it than the log(Weibull)
distribution (table 7.5). Interestingly, the inverse slope differs quite significantly from the typical value of
m = 3. In addition, the performance parameter ¢, AIC and T, = 1 : 1.90 show a decreased fit quality
compared to the NSC. This behaviour is the opposite of the expected, as the more detailed HSSSC
should provide a more accurate fit.

MLE logC) m o y AIC
Normal 11.32 234 043 1 770
Weibull 11.40 239 0.57 1 840

Table 7.5: MLE of HSSSC for arc-welded lap joints

The double lap joints (611) with toe failure do lie beneath the rest of the fatigue resistance scatter
band, causing a worse fit of the R97.7C75 quantile design curve compared to the FAT design curve
(fig. 7.8). When excluding the double lap joints the quantile design curve aligns with the FAT design
curve (fig. 7.9). However, no reason for the poor fit of the double lap joints is located. In addition,
the implicitly included change in secondary bending moments might contribute to the higher scatter.
Furthermore, the HSSSC does not account for the exact weld geometry or initial cracks at the weld,
causing uncertainty.
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Figure 7.8: Sg — N curve for HSSSC of arc-welded joints lap joints

For the here apparent load carrying joints, a FAT value of 90 is recommended (Hobbacher et al., 2016).
The resulting quantile design curve has the same starting point at low cycles as the FAT design curve.
However, due to the smaller m, it falls beneath the FAT design curve for a higher number of cycles.
Here, the low fatigue resistance of the toe failure of the double lap joints is the reason.

Overall, the substandard quality is caused by the double lap joints (611). However, the comparable
performance to the FAT design curve when excluding those shows the applicability (fig. 7.9).

Parameter C75LB MLE C75UB

log(C) 10.99 11.32 11.64
m 220 234 248
o 0.41 043 045
Y 098 1 1

Table 7.6: MLE and CB’s for HSSSC of arc-welded lap joints

The not enhanced fit compared to the NSC is also reflected in the confidence bounds of the MLE
(table 7.6).
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Figure 7.9: Sg — N curve for HSSSC of arc-welded joints lap joints excluding double lap joints (611)

7.2.4. Effective notch stress concept assessment

Considering local information yields a more detailed approach like the ENSC. After the LENSC is
assessed (section 7.2.4), the PENSC is looked into (section 7.2.4).

Line method assessment

Adopting the LENSC for the arc-welded lap joint fatigue resistance data with a Walker mean stress
correction allows for obtaining y,p* and the corresponding S, — N curve. The change in secondary
bending moments over the stress cycle results in nonlinearity (section 7.1.2).

Comparing the AIC of the fitting based on the log(Normal) and the log(Weibull) distribution (table 7.7),
the higher flexibility of the log(Weibull) distribution does not yield a better fit. This result is in line
with earlier done research (Qin et al., 2019). The other performance parameters for the log(Normal)
distribution, ¢ and T, = 1 : 1.63, indicate a worse fit than the typical values, respectively 0.25 and
1:1.5.

The material dependent parameter -p* and y- deviate significantly from the log(Normal) fit obtained
generally for arc-welded joints (fig. 7.1). This might result from the missing thickness variation in the
fatigue resistance data. Similarly, missing variation in the r;,. of the data is likely to be the reason for
the observed y, which has a value close to 1 for both distributions. Furthermore, the m is bigger than
the commonly used value of m = 3 (Eurocode 3, 2007; Hobbacher et al., 2016). However, it is close
to the one obtained for all arc-welded joints (section 7.2.1).

MLE logC) m o p° y AIC
Normal 13.46 328 0.33 1.09 1 618
Weibull 1359 348 043 150 0.99 686

Table 7.7: Non-linear MLE of LESNC for arc-welded lap joints

To confirm the influence of secondary bending moments on the fitting shown earlier (section 7.2.1), the
regression analysis was also performed with K; and K; obtained from S, = 1MPa as it is done gen-
erally (table 7.8). Interestingly, the log(Weibull) distribution performs similarly whether the secondary
bending moments are considered. The log(Normal) distribution shows a slightly better fit when sec-
ondary bending moments are considered. Furthermore, a difference in m is apparent when secondary
bending moments are considered or not, showing the different influences on different stress levels.
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MLE log(C) m o p* y AIC
Normal 13.14 3.17 033 121 1 629
Weibull 13.25 3.32 043 152 1 684

Table 7.8: Linear MLE of LENSC for arc-welded lap joints

MLE's: logC = 13.46, m =3.28, 0 =0.33, p* =1.09, v=1.00
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Figure 7.10: S, — N curve for LENSC of arc-welded joints lap joints
All fitting parameters show a allowable confidence (table 7.9). However, the missing amount of data

and the lack of quality are apparent. The lack of quality data is most apparent in the log(C), m and p*
values.

Parameter C75LB MLE C75UB

log(C) 1311 13.46 13.81
m 314 328 342
o 0.31 033 0.35
p* 1.01 1.09 1.18
" 099 1 1

Table 7.9: MLE and CB’s for LENSC of arc-welded lap joints

Considering secondary bending moments does enhance the complexity of applying an ENSC. The ob-
servation of a reduced AlC, indicating improved model fitting alongside a more accurate representation
of reality, strongly supports the decision to incorporate the change of secondary bending moments. As
the more complex log(Weibull) distribution does yield an enhanced fit, the log(Normal) distribution is
sufficient.

For this combination, the scatter between WT and WR is similar, and both fit in the same scatter cloud
(fig. 7.10). Although the scatter should increase with a higher lifetime due to the change in the govern-
ing mechanism from growth to initiation, this data shows a more constant scatter.
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Point Method assessment

Assuming the effective notch stress is related to the stress at a point at the length a* along the crack
path leads to the use of the PENSC. Similar to the p* of the LENSC the a* is a material dependent
parameter.

Looking at the parameters of the log(Normal) and log(Weibull) distribution, the parameters are very
similar (table 7.10). However, the log(Normal) distribution provides a better fit according to AIC com-
parable to the results of the LENSC (section 7.2.4). The other performance parameters are ¢ = 0.35
and T, =1:1.67.

MLE log(C) m o a* y AIC
Normal 12.74 312 035 053 1 653
Weibull 1249 3.03 046 054 1 724

Table 7.10: Non-linear MLE of PENSC for arc-welded lap joints

When not accounting for the change in secondary bending moments, the fitting in general gets slightly
worse, indicated by the higher AIC (table 7.11). A small change in the slope also shows the influence
of the secondary bending moments.

MLE logC) m o a y AIC
Normal 12.64 3.07 037 054 1 689
Weibull 12.63 3.08 0.47 057 1 748

Table 7.11: Linear MLE of PENSC for arc-welded lap joints

Due to the above results, the change in secondary bending moments is taken into account and a
log(Normal) fit is used. Overall, both WT and WR fit in the same scatter cloud (fig. 7.11).

MLE's: logC = 12.74, m =3.12, 0 = 0.35, a* = 0.53, v=1.00
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Figure 7.11: S, — N curve for PENSC of arc-welded joints lap joints

The most fitting parameter shows decent confidence (table 7.12).
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Parameter C75LB MLE C75UB

log(C) 12.39 1274 13.09
m 298 312 326
o 033 035 0.36
a’ 051 053 0.56
¥ 099 1 1

Table 7.12: MLE and CB'’s for PENSC of arc-welded lap joints

7.2.5. Discussion

Firstly, the data obtained from the literature for arc-welded lap joints is considered usable (section 7.2.1).
The change in secondary bending moments only slightly influenced the overall fit, both on the curve pa-
rameters and the fit quality. However, the significant influence on the S, value of each data point results
in the implementation. Confirmed by the application of the LENSC and PENSC where considering the
change in secondary bending moments results in a better fit. However, for the PENSC, the negative
influence when not implementing the secondary bending moments is bigger than for the LENSC.

A log(Normal) distribution provided better results for all applied fatigue concepts. The NSC yielded a
significant scatter, as expected (section 7.2.2). However, the fatigue resistance data from the litera-
ture did align quite well with the corresponding FAT design curves, showing the conservativeness of
the NSC. Utilizing the HSSSC to obtain a S, — N curve did show a worse performance than the NSC
(section 7.2.3). This is unexpected but is caused by the poor fatigue resistance of double lap joints.
Therefore, excluding this data the arc-welded lap joints could be represented with a FAT design curve.
For the applied effective notch stress concepts, LENSC and PENSC, a factor of 2 was obtained be-
tween p* and a”. In contrary to the semi-analytical p* = 4 = a* (section 2.4.6). In literature, only fittings
were found where a fictitious notch radius while applying the LENSC and PENSC was modelled. This
generally leads to smaller values of the material-dependent parameters as the singularity at the sur-
face is less effective. However, there a relation close to a factor 3 was obtained (Baumgartner et al.,
2011; Baumgartner et al., 2015; Baumgartner J., 2013). Furthermore, for mild notches, a deviation to
p* = 2*a* was proposed (Baumgartner et al., 2020) Hence, the here obtained factor of 2 between the
two values is still considered to be realistic.

The PENSC generally provides slightly worse results than the LENSC in this study. This behaviour
was also observed before (Baumgartner J., 2013; Hensel et al., 2022). A main factor contributing to
the worse performance of the PENSC is based on the method, as taking the stress at a single point is
more sensible to changes than an averaged stress. Hence, the LENSC is considered superior due to
a more robust and better fit.

Some failures are initiated at the weld toe, although a failure at the root is predicted. For the LENSC
the S, at the root was in some cases 20% higher than at the toe, and still toe failure occurred (fig. 7.12).
Lower values occur at the PENSC.
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Figure 7.12: Histogram effective stress at the toe and the root

The wrongly predicted toe failures occurred when the secondary bending moments caused a change
in failure location for the single lap joints SS (615) (fig. 7.13). The failure location of the single lap joints
DS (614) was always predicted correctly. Hence, although the change in secondary bending moments
is accounted for this does not result in a reliable prediction of the failure location. In addition, no root
failures occurred where toe failures were expected. This enables the avoidance of hard detectable root
failure. No mean stress influence is found resulting from the low available range of r;, as discussed
before.
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Figure 7.13: Effective stress at the toe and the root

7.3. Laser-welded joints
After obtaining fatigue resistance data from experiments (section 7.3.1), this and data from literature

are assessed by different fatigue concepts, namely the NSC (section 7.3.3), the HSSSC (section 7.3.4)
and the ENSC (section 7.3.5). The section is concluded with a discussion (section 7.3.6).

7.3.1. Fatigue testing

The limited availability of fatigue resistance data for laser-welded single lap joints DS (614) imposed
the need for experiments (section 5.1). Firstly, this section introduces the specimens. Afterwards the
experimental set-up is presented, followed by validation of the idealized weld shape.
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Specimen

The specimen design follows the joint design, which shall be used at the yacht, meaning a single lap
joint DS (614) with a lap of 50 mm and a thickness of 7 mm (fig. 7.14). To capture size effects, a
second thickness of 4 mm is introduced. Furthermore, the single lap joint DS (614) is welded from both
sides, likely yielding WT. As WR should be assessed as well, specimens with a weld only on one side
are introduced, single lap joints SS (615). This leads to 4 different series (table 7.13). Three stress
levels are tested with three tests each, resulting in 9 specimens per series. To capture y, the mean
stress correction, two different 1;,. per series are tested. Overall, this leads to 18 needed specimens
per series. For one series, a r;, = —1 is tested to capture compressive cycles as well.
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LASER WELD

500 TIG TACK WELD
‘—SOﬂ \"50.‘
[ |

~
-
<

PLATE FOR CLAMPING
BOTH SIDES WELDED
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Figure 7.14: Side view of specimens

Name 4DS 4SS 7DS 7SS

Geometry 614 615 614 615

Welding double-sided | single-sided | double-sided | single-sided

Thickness [mm] | 4 4 7 7

Number 26 17 39 20

Table 7.13: Overview of specimen series for experiments

The specimens are made of S355 G1 S (1.0583). The welding is performed at the Photon AG using the
3-D laser-welding plant from A&R (fig. 7.16). This plant allows for welding 3-D deformed parts common
in shell plating of marine structures. The welding characteristics are constant for each plate thickness
(table 7.14). G4Si1 was used as afiller. The welding is performed under the lowest possible weld angle
to ensure a high penetration avoiding WR for the single lap joint DS (614).
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Specimen thickness [mm] 7 4
Laser power [kW] 8 75

Table 7.14: Laser welding parameter

The weld geometries obtained are typical for laser welds resulting in a high weld penetration (pn) and
asmall h,, and [,, (table 7.15). However, the small weld dimensions are hard to measure precisely and
may introduce uncertainty when applying the ENSC. In addition, the relative change in geometry along
the weld is more substantial in smaller weld geometries even if performed with a robot as common for
LBW.

Specimen thickness [nm] 7 4

h,, [mm] 14 1.8
hy [mm] 14 0.9
pn [mm] 6.1 5.1

Table 7.15: Laser weld geometry properties

When looking at the macrographs (fig. 7.15) both show the typical geometry of keyhole weld similar to
the one observed in the literature review (section 3.3.2). The weld for the 7 mm thick specimen shows
the parallel boundaries of the keyhole. Closer to the material surface, a circular weld bead appears
due to less heat conduction possibilities closer to the surface than deeper inside the material. In ad-
dition, in both cases, the laser power could be lowered as the WM exceeds the penetration; for the 7
mm specimens, this is more the case than for 4 mm thick ones. Both welds show a radius at the weld
toe; gravity likely influenced this behaviour (Barsoum & Jonsson, 2011). A slight undercut appears in
both welds for the upper transition from WM to BM. The weld geometry is bulkier for the 4 mm thick
specimens compared to the 7 mm thick ones, related to the amount of filler added during the welding
process.

The small HAZ can be seen when looking at the microstructure, typical for laser welds. Furthermore,
a slight difference in the microstructure between the HAZ and the BM is apparent, similar to the obser-
vations from the Literature study section 3.3.2.

4 mm 7 mm

Figure 7.15: Macrograph of laser welds for the different thicknesses of the specimens

The specimens are clamped during the welding process to ensure a zero gap between the plates
(fig. 7.16). This introduces residual stresses. However, it represents the industrial production process
as a zero-gap is needed for good weld quality. For production purposes, 800 mm long panels are
welded and afterwards sawed into the 50 mm wide specimen (fig. E.1). The flash of the sawing at the
edges is removed with a flap grinder. Here, it is avoided to produce round edges.
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Figure 7.16: Laser welding set up

Some issues in the production process lead to limited availability of the series welded from a single
side (table 7.13). This resulted in the decision to only test two specimens at each stress instead of
three for the single lap joints SS (615). However, overall more specimens than needed are obtained.

Experimental set up

The testing is performed under CA uniaxial Mode-I loading. The servohydraulic machine used for the
fatigue tests is an INSTRON 8854 (table 7.16). The machine features a digital controller and a fatigue-
rated load cell. The length between the clamping grips is adapted to 340 mm, fitting the specimen.

max. force [kN] 250
max. torsion moment [Nm] 2000
fmax [HZz] 30

Table 7.16: Properties of INSTRON 8854
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Figure 7.17: Experimental set up

Due to the secondary bending moments imposed on the machine, the lower grip connected to the load
cell moved sideways. To assess the effect of this sideways movement, the magnitude of the sideways
movement is captured. For this, a specimen of the 7DS series is clamped in the machine and subjected
to a static load in steps of 10 kN from 10 kN up to 60 kN. For every load step, three pictures are taken.
Using the thickness of the specimen as a reference and taking the average of the three pictures, the
sideways movement at every load step is obtained. A linear relation between the applied force and the
resulting movement is observed (fig. 7.18). Under dynamic load, a movement of 1 mm with a force of
20 kN under 20 Hz is observed. Hence, a dynamic factor 4 is assumed to fit the static results to the
dynamic ones.
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Figure 7.18: Clamp movement under static load
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Performing an FE-calculation where the specimen is allowed to move sideways at the clamped side
(fig. 7.19) resulted in the need for obtaining the stiffness. The spring is assumed to have a constant
stiffness due to the proportional behaviour observed between the force and the movement (fig. 7.18).
The stiffness is set to fit the resulting deformation of 1 mm under 20 kN of load.

A
< -

Figure 7.19: FE-model boundary conditions with spring

n

For the experimental results the S, are calculated with and without a spring under the obtained p* and
y (fig. 7.20). No significant change in S, is apparent. Therefore, the insignificance of the sideways
movement of the clamp is verified.

18

= 1.10, 7= 0.62
T

Number of test

0.997 0.998 0.999 1 1.001 1.002 1.003 1.004 1.005 1.006
Se of without spring / Se with spring

Figure 7.20: Impact of sideways movement on S,

Finite-element-model

For this research the weld shall be modelled in a triangular shape. However, the real weld shape
is different (fig. 7.21). Therefore, FE-calculations under a nominal tensile stress of 500MPa for the
specimens are performed for both shapes.
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Figure 7.21: Shape of real and idealized geometry of welds based on fig. 7.15

The 7SS series showed the most extreme results. However, the weld notch stress distribution is not
significantly influenced by the difference in shape (fig. 7.22). At the toe there is no influence, caused by
the not apparent change in cross section and the calculation of the stresses only from the nodal forces
in x-direction. Only the x-direction is taken into account as the crack appears vertical through the
thickness. In addition, for the root, there is only a negligible influence. This results from a different weld
load carrying behaviour due to the slight change in weld geometry. Hence, using the idealized weld
geometry is allowed for obtaining the notch stress distribution. All results can be found in appendix E.2.
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Figure 7.22: Difference in weld notch stress distribution for 7 SS series with g,, = 500MPa

7.3.2. Fatigue resistance data

The number of cycles until complete failure is obtained from the experiments. Overall, 80 experiments
are performed (fig. 7.23; table E.1). Although HCF is excluded from this thesis, the inaccurate estima-
tion of stress levels lead to a few data points in this region.

Looking at the results, the scatter increases for lower stress levels as generally assumed. This applies
to both the SS and DS joints. The scatter for the r;,, = 0.5 is the smallest; the other two ;- shows a
higher scatter. Changing the r;,- caused, as expected, a vertical shift in the data where bigger r;,- yield
a shorter lifetime, respectively higher stress levels and more minor r;, show the opposite behaviour.
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The DS joints show a better fatigue resistance than the SS joints based on S,,. This is expected as only
one weld leads to a higher stress concentration. For the SS joints root failure is expected. However,
all 7 mm thick specimens apart from one failed at the toe. Showing a similar behaviour to arc-welded
lap joints (section 7.2.5).

The results show a flattening behaviour already at N = 10° whereas, for arc-welded joints, it is pre-
dominantly assumed to be at N ~ 107 (Hobbacher et al., 2016; Qin et al., 2020). This indicates a better
HCF fatigue resistance.
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Figure 7.23: Fatigue resistance data obtained from experiments

7.3.3. Nominal stress concept assessment

Only experimental data is assessed to keep comparability to the arc-welded lap joints (section 7.2.2).
As observed before, the log(Normal) distribution provides a more accurate result (table 7.17). The
inverse slope is close to the expected value of m = 3. In addition, the fit is already quite good with
T,s = 1:1.82 and ¢ = 0.24. However, the y is at the lower bound observed for arc-welded joints with
values between 0.7 and 1.0. This shows the higher dependency on the mean stress level.

MLE logC) m o y AIC
Normal 10.58 275 027 0.70 141
Weibull 1058 2.76 0.36 0.71 166

Table 7.17: MLE of NSC for experimental data

Looking at the S,, — N curve, the DS joints show a better fatigue resistance in line with the experiments
(section 7.3.2; fig. 7.24). For the SS joints, no difference is apparent between WR and WT. One set
of outliers is apparent at N = 1.5 * 10°. These are tests performed at r;,, = —1. The rest of the data
shows already a good fit.
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Figure 7.24: S,, — N curve for NSC of experimental data

The confidence bounds reflect the fit (table 7.18). Only the y shows a wide range, although special
attention was paid during the experiments to cover different ;..

Parameter C75LB MLE C75UB

log(C) 1021 1058 10.94
m 255 275 295
o 024 027 0.29
Y 064 070 0.76

Table 7.18: MLE and CB’s for NSC of experimental data

No FAT classes are determined so far for laser-welded joints. Therefore, the resultant quantile design
curve R97.7C75 is compared to the corresponding FAT design curve for arc welding. To incorporate a
consistent correction of the mean stress effect y = 0.70 is adapted as obtained above.

For the butt joints (216), m is set to 3 as the relation of scatter over the available stress range is too
big to fit a reasonable curve (fig. 7.25). As the weld is fully penetrating, a root failure is initiated at the
bottom of the plate instead of the top. The quantile design curve yields smaller values than the FAT
design curve. However, all data, excluding one test point, lie above the FAT design curve. The high
scatter causes a low certainty. Hence, this FAT class might still represent laser welds.

The scatter is lower for single lap joints DS (614), causing a closer quantile design curve. The eccen-
tricity is accounted for in the same way as for arc-welded joints (section 7.2.2). This curve lies above
the FAT design curve and shows a similar slope. Here the laser-welded joints are represented by the
FAT class for arc-welded joints.
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Figure 7.25: S,, — N curve for NSC of laser-welded joint Part |

Opposite to the other two joint types, the fatigue resistance data of T-joints is already partly below the
FAT design class (fig. 7.26). In addition, serious scatter is apparent, yielding a low quantile design
curve. This data does not comply with the arc-welded FAT class design curve. The reason for this is a
significant deformation of the specimens caused by the welding process which is not taken into account
in the NSC (Fricke & Robert, 2012). For the HSSSC and ENSC, this deformation is taken into account
by the FE calculations.

The amount of available data for the cruciform join (413), results in limited applicability. However,
although the t,, = 12.7mm and values of m ~ 5 appear predominantly for thin plates, the inverse slope

does have a value of 4.66. Although this restricted data does not comply with the FAT design curve,
this must not generally hold.
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Figure 7.26: S,, — N curve for NSC of laser-welded joint Part Il

A flatter slope is also observed for the toe failure of single lap joints SS (615) (fig. 7.27). However,
in this case, it lies consistently above the FAT design curve, due to the small scatter. For this joint,
the fatigue resistance can be represented by the FAT class value of the arc welded joint. Even more

extreme behaviour is apparent for the WR, where the quantile design curve shows values more than
twice as high as the FAT design curve.
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Figure 7.27: S,, — N curve for NSC of laser-welded single lap joints SS (615)

7.3.4. Hot spot structural stress concept assessment

Utilizing the HSSSC enhances the fit. The AIC is close to 100 for the log(normal) distribution together
with the T, of 1:1.74. The slope and the y do not differ significantly between the distributions. However,
the log(Normal) distribution yields better results.

MLE log(C) m g y AlIC
Normal 12.80 3.07 0.20 0.69 102
Weibull 1299 3.16 0.28 0.68 127

Table 7.19: MLE of HSSSC for experimental data

The quantile design curve aligns with the FAT design curve showing the applicability of the FAT class
for arc-welded structures. Furthermore, both WR and WT lie in the same scatter cloud proofing the
usability of the HSSSC.
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Figure 7.28: Sy — N curve for HSSSC of experimental data

The confidence bounds are still large, related to uncertainty (table 7.20).
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Parameter C75LB MLE C75UB

log(C) 1242  12.80 13.16
m 291 307 323
o 018 020 0.22
y 065 069 0.73

Table 7.20: MLE and CB’s for HSSSC of experimental data

7.3.5. Effective notch stress concept assessment

Two notch stress hypotheses are evaluated, namely the LENSC (section 7.3.5) and the PENSC (sec-
tion 7.3.5). For both methods, first, a fit is established with both the experimental results (75 data points)
and the data from the literature (111 data points) (appendix B). However, series 14 of the literature data
is excluded as the penetration weld from one side resulted in a complete outlier. Secondly, a fit for
only the experimental data is obtained to compare the performance to the other fatigue concepts and
arc-welded lap joints.

Line method assessment

Due to the better performance of ¢ and AIC, a log(normal) distribution is taken (table 7.21). In addition,
the choice of distribution significantly influences the curve and material parameter.

The m is close to the typical value of m = 3. The p* is in the proximity of the one for arc-welded joints
p* = 0.95. However, it is larger than observed for laser welds in literature where a p = 0.05 is used,
implicitly yielding smaller p* (Hensel et al., 2022; Marulo et al., 2017). The same relation is observed
for arc welding when introducing a p = 0.05 (section 2.4.6). The y is in line with the before observed
ones for the NSC (section 7.3.3) and HSSSC (section 7.3.4).

MLE log(C) m o p* y AlC
Normal 1262 293 0.31 1.10 0.62 408
Weibull 1296 3.06 040 1.05 0.52 454

Table 7.21: MLE of LENSC for laser-welded joints

At the upper end of the MCF, significant scatter starts to appear, indicating a knuckle point at N = 10°.
For the rest, the scatter is rather constant. The cruciform joints lie at the boundaries of the scatter
cloud, possibly caused by the number of cycles obtained at a doubled initial opposite to complete
failure (Caccese et al., 2006). For the rest of the joints, the scatter appears around the proposed S, — N
curve yielding T,s = 1 : 2.01.
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Figure 7.29: S, — N curve for LENSC of laser-welded joints joints

7

The confidence bounds are still fairly wide possibly caused by the larger amount of data compared to
before and the added material dependent parameter (table 7.22).

Parameter C75LB MLE C75UB
log(C) 12.19 12.62 13.08
m 2.75 293 3.11

o 0.29 0.31 0.32
p* 1.02 1.10 1.16

y 0.57 0.62 0.67

Table 7.22: MLE and CB’s for LENSC of laser-welded joints

Limiting the fit to lap joints results in a good fit. The y did not change, opposite to the p* showing the
same value as for arc-welded joints. The fit is enhanced compared to the HSSSC with ¢ = 0.18 and

Tye=1:71.
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Figure 7.30: S, — N curve for LENSC of experimental data

Parameter C75LB MLE C75UB

log(C) 1345 13.84 14.23
m 3.21 3.37 353
o 017 018 0.20
p* 0.86 095 1.03
¥ 059 062 065

Table 7.23: MLE and CB’s for LENSC of experimental data

Point Method assessment

The values for the curve and material parameter obtained by the two distributions differ greatly (ta-
ble 7.24). As commonly observed so far, the log(normal) distribution provides a better fit. Still, the
performance is slightly worse than the one of the LENSC (section 7.3.5). Especially, the steeper slope
of m = 2.46 is noticeable, resulting from the different notch hypotheses. In addition, the a* is only about
a tenth of the observed p*. This diverts from any observed factor in literature where a factor of 0.25
is observed for laser welds (Marulo et al., 2017; Hensel et al., 2022). However, the absolute value is
comparable to the literature’s a* = 0.1,0.08mm. The geometry of laser welds is small; hence, the rela-
tive errors appearing are significant. Secondly, only a limited amount of data is available. Furthermore,
already for arc-welded joints, a dependency of the fit on the quality of data is found (section 7.2.4).

MLE log(C) m o a’ y AlC
Normal 11.89 246 0.33 0.14 0.79 429
Weibull 1270 2.76 0.41 0.12 0.65 465

Table 7.24: MLE of PENSC for laser-welded joints

The same scatter behaviour as observed for the LENSC is apparent, yielding a T, 5 of 1:2.26 (fig. 7.31).
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Figure 7.31: S, — N curve for PENSC of laser-welded joints

The confidence bounds of the curve parameter are approximately the same as for the LENSC (ta-
ble 7.25). However, the material parameters show bigger relative confidence bounds.

Parameter C75LB MLE C75UB
log(C) 11.46 11.89 12.33
m 2.28 246 2.64
o 0.31 0.33 0.35
a* 0.12 0.14 0.15
y 0.72 0.79 0.86

Table 7.25: MLE and CB’s for PENSC of laser-welded joints

The a* only changed slightly when only examining lap joints compared to all joints (fig. 7.32). However,

the y is lower.

Compared to the HSSSC (section 7.3.4), the fit is slightly enhanced with a T, s of 1:1.85. The scatter
observed at the root failures is higher than the one for the toe failure.
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Figure 7.32: S, — N curve for PENSC of experimental data

Compared to the assessment with all laser-welded joints the fit for only lap joints tighter the confidence
bounds apear caused by the small scatter apparent in the fatigue resistance data (table 7.26).

Parameter C75LB MLE C75UB

log(C) 13.29 13.70 14.11
m 2.93 3.09 325
o 0.18 0.20 0.22
a 0.12 0.16  0.18
y 0.65 069 0.73

Table 7.26: MLE and CB’s for PENSC of experimental data

7.3.6. Discussion

First, experiments are performed, yielding 80 new data points (section 7.3.1). Different stress levels,
1, and specimens are tested to capture different influences. The sideways movement of the lower
clamp, which is observed during the experiments, only has a negligible influence on the S,.

When using the NSC, the laser-welded joints can largely be represented by the corresponding FAT
design curve of arc-welded joints (section 7.3.3). Compared to arc-welded joints, a smaller y is already
observed (0.70). The primary influence for this parameter is the residual stress which is lower for laser-
welded joints (section 3.3.5). Hence, the influence of the mean stress is more prominent.

For the HSSSC, the laser-welded lap joints did perfectly fit the FAT design curve of arc-welded joints
(section 7.3.4). A similar behaviour is found in literature (Fricke et al., 2015). The y is very close to
the one of the NSC with a value of 0.69 but an improved fit is apparent compared to the NSC. In
addition, the scatter is smaller for laser-welded joints than for arc-welded joints. Robots performed all
laser-welded joints, so the human factor does not introduce uncertainty. However, the small amount
of available data might also be a reason.

For the LENSC, the material parameters differ from the ones for arc-welded joints. For laser-welded
joints, a p* = 1.10 is proposed compared to the one for arc-welded joints of p* = 0.95 ("Qin et. al.”,
2023). Only looking at the material characteristics; microstructure (section 3.3.2), hardness (sec-
tion 3.3.3); of laser welds p* should be smaller (Atzori et al., 2005). However, laser welds have a
smaller toe weld radius than arc welds (section 2.4). Therefore, as p = 0 is assumed, the p* needs to
be bigger. Resulting in a higher geometrical influence than the one from the material. The proposed y
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is similar in all concepts is similar with values between 0.62 and 0.8. Opposite to observations in liter-
ature (section 3.4), the m = 2.93 is close to the one of arc-welded joints m = 3.15 ("Qin et. al.”, 2023).
Furthermore, the knuckle point related to HCF seems to be at N = 10° as the material characteristics
indicate a better initiation behaviour than arc-welded joints. Hence, a better HCF fatigue resistance is
expected (section 3.4). A similar knuckle point is observed in literature (Sonsino et al., 2010).

For a few data points, the LENSC does not predict the correct failure location (fig. 7.34). No clear
border value can be obtained. In addition, failure occurred at the root when predicted at the toe.
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Figure 7.33: Influence of residual stress at the root
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Figure 7.34: Influence of residual stress at the root

To validate the influence of the different residual stress at the root the ys are obtained separately for
each failure location (fig. 7.35). The curve parameters and p* did not change significantly. However,
the y obtained for the root is significantly lower, whereas the one for the toe is close to the one obtained
before y = 0.62. This indicates a lower residual stress at the root of laser-welded joints. The general fit
quality is not improved with this adaptation. In addition, the occurring toe failure predicted root failures
are still apparent with the same error (fig. 7.33). However, the root failures are closer to be predicted
as those. Hence, the residual stress difference between the failure locations partly causes the wrong
prediction.
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Figure 7.35: Fitting with separate mean stress correction with LENSC

When using the PENSC the prediction of the failure locations is even worse (fig. 7.36). In combination
with the worse general fit, the mean stress influence is not elaborated for the PENSC.
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Figure 7.36: Influence of residual stress at the root

No relation can be obtained between the a* for the arc-welded and laser-welded joints, where the one
for arc-welded joints is a factor 4 bigger. Neither the material characteristics nor the weld geometry
explain this relation. It seems to result from the PENSC when only taking one point to obtain the stress
results in a high dependency on the amount and quality of the available data. Furthermore, the slope
change likely results from the a*.

Overall, the fatigue resistance of laser-welded joints is not significantly better than that of arc-welded
joints. The apparent improvement in the MCF is so small that using the design curves of arc-welded
joints is advised. In addition, the slope is similar to the one of arc-welded joints. However, the influence
of the mean stress is higher for all fatigue concepts related to smaller y. The material-dependent p* is
slightly bigger and likely caused by the smaller toe radius. For the PENSC, no explanation is found for
the relation between the a*s for arc- and laser-welded joints. Hence, it is advised to use the LENSC
due to its robustness, although the PENSC only provides slightly less accurate results.
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7.4. Weld geometry optimization

When welding is performed, the weld angle, as well as the width of the laser beam, can be varied. For
the laser welds, a perpendicular relation between the surface of the weld throat and the keyhole direc-
tion is observed (fig. 7.37). However, this only holds as long as the weld angle is not too extreme, as
gravity causes a different geometry (fig. 7.15). Furthermore, a penetration deep enough into the mate-
rial is assumed. The amount of filler added is assumed to lead to a triangular weld geometry, opposite
to the one observed for the 4 mm thick specimen (fig. 7.15). Hence, a laser weld can be described by
the weld width and the corresponding weld angle yielding a triangular weld shape (fig. 7.38).
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Figure 7.37: Macrographs of earlier weld tests

Figure 7.38: Model for optimization of weld angle and weld thickness

For the used 7 mm thick single lap joint DS (614) specimen from the experiments, the weld angle is
varied (a) from 25° until 60° and correspondingly, the weld thickness (w) is varied from 1 mm until 3
mm. ¢! (c!)alculations are performed as the criterion established to cover geometries where the stress



90 Chapter 7. Fatigue assessment

is distributed over the whole thickness is not fulfilled. The effective stress is obtained by using the
LENSC with the established p* (section 7.3.5).
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Figure 7.39: S./S, at Sn=100 MPa

First, a S, of 100MPa with r,, = 0.1 is applied (fig. 7.39). A bigger weld thickness relates to lower
effective stress for the toe and the root. However, a maximum occurs with a position dependent on
the weld thickness for the weld angle at the toe. Hence, small or high weld angles must be chosen for
low effective stress. The V-shaped notch contribution is small for the low weld angle, but the weld load
carrying is high due to the small penetration. The influence of the V-shaped notch contribution gets
more significant for higher weld angles, and the weld load-carrying influence decreases due to higher
penetration. Around 45° a maximum occurs as both contributions of the self equilibrium equivalent
stress have a high value.

For the root, no such behaviour is observed. Here, a higher weld angle results in lower stress. This
can be related to the increase in penetration, the main factor for the stress at the root.
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Figure 7.40: S./S, at Sn=30 MPa

When a §,, of 30MPa is applied the patterns are the same as observed for the application of 100MPa
(fig. 7.40). However, the change in the influence of secondary bending moments is apparent, meaning
the effective stresses do not scale proportional to the applied stress. Lower S,, cause relatively high S,.
This influence is higher for the toe than for the root. Dividing the S, of the toe by one of the root gives
insight into the failure location (fig. 7.41). For all here given joints, the failure always occurs at the toe,
even for the ones with a small weld angle and small weld thickness. However, with a lower S,,, a failure
at the root is generally more likely.
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Figure 7.41: Se_toe/Se—root Of Optimization

From this, the following conclusions are drawn. A higher weld thickness always positively influences
fatigue resistance. The fatigue resistance depends on the weld angle. Therefore, small or high weld
angles should be chosen where a small weld angle provides better fatigue resistance. However, the
safety that no root failure might occur is lower. Hence, it is advised to use welds with a high weld angle
and a high weld thickness, even more for welds under low stress than ones subjected to high stress.
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Conclusion

The problem statement in combination with the literature review yielded the

Research hypothesis:

Can the fatigue strength, separately, be estimated for each failure location of a laser- and arc-welded
lap joint with the ENSC, and how is the fatigue performance?

To answer the different parts of the research gap, research questions were established section 5.3.
The corresponding answers are presented in the following part leading to the result of the research
hypothesis :

1. How do the weld root and weld toe notch stress distribution for different laser- and arc-
welded lap joint geometries look?

The weld root notch stress distributions follow the same principles for the toe. Hence, a semi-
analytical formulation for the root is established (section 6.4).

Lap joints have a high weld load carrying level which introduces a 2nd order weld load carrying
behaviour, different from other joints (section 6.2.1). The maximum stress occurs around 0.5t,,.
Some extreme geometries do not allow the stresses to reach the whole thickness of the plate.
Semi-analytical formulations cannot capture this behaviour (section 6.6.1). Hence, a criterion is
developed to exclude these geometries.

The ¢,,, and Cp,, fitting functions are developed covering both laser- and arc-welded joints, as
they follow the same principles (section 6.6).

The stress distributions of lap joints show a higher weld load carrying than the one of other welded
joints.

2. How do the secondary bending moments for a single-sided lap joint (614,615) influence
the fatigue resistance?

The secondary bending moments are a far field related phenomenon that occurs under uniaxial
loading (section 6.5). The influence of the secondary bending moments changes correlatively to
the applied stress. Hence, they are not proportional to the applied nominal stress. Furthermore,
the influence on the root and toe changes over the applied stress.

The overall fit of the S, — N curve is insignificantly influenced by the change in secondary bending
moments. However, each S, is noticably influenced (section 7.2.1).

3. What is the fatigue strength of arc-welded lap welds, and is it in line with the Mode-I fatigue
resistance of other arc-welded joints in steel structures?

Arc-welded lap joints do align with the fatigue resistance of arc-welded joints (section 7.2.1).

However, the scatter is slightly higher, which can be related to the literature data, limited to the
small thickness, causing higher relative errors.
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4. Can the LENSC and PENSC reliably predict the failure location for arc- and laser-welded
joints?

In general, both concepts can predict the failure location of arc- and laser-welded joints (sec-
tion 7.2.5; section 7.3.6). Nevertheless, both concepts show partly a wrong prediction of root
failure. For the arc-welded joints, it is caused by the influence of secondary bending moments.
For laser-welded joints, wrong predictions for both failure locations occur. Here, a reason is the
difference in residual stress at the failure locations. Where the mean stress influence at the root
is higher than the one at the toe.

5. Which of the two assessment concepts provides less conservative results?

Overall, the LENSC provides slightly better results for arc- and laser-welded joints (section 7.2.5;
section 7.3.6). In addition, the performance of the PENSC depends on the amount and quality of
data used to establish the S, — N curve, making it unreliable.

6. How much does laser welding enhance the fatigue resistance compared to arc welding?

Laser welding only enhances the fatigue resistance compared to arc welding in the MCF at low
11, (section 7.3.6). The same FAT design curve for r;,, = 0.5 can be used with a mean stress
correction. In addition, the material-dependent parameters of the ENSC are different for laser
welds. The higher influence of the mean stress is especially apparent. The slope is similar to the
one recommended for arc-welded joints m = 3.

7. What is the optimal geometry to avoid root failure and still show good fatigue strength?

For single lap joints DS (614), a high penetration and corresponding high weld angle are rec-
ommended, yielding a low weld load carrying (section 7.4). Nonetheless, fatigue resistance is
better at a small weld angle corresponding to a high V-shaped notch stress contribution. How-
ever, the probability of a root failure is enhanced, especially at lower stress levels. Welds with
angles around 45° should be avoided as those show high effective stress.

A thicker weld yields better fatigue resistance in this case.

The research hypothesis can be split into two parts. The first one is the validation of the ENSC to
predict the failure location. This is partly covered by research question 4. Both assessed concepts
LENSC and PENSC can reliably predict toe failure. However, some predicted root failures resulted in
toe failure.

The fatigue performance of arc-welded lap joints is in line with other arc-welded joints; see research
question 3. Against the expectations, the fatigue resistance of laser-welded lap joints is not better than
the one for arc-welded joints in the MCF; see research question 6. However, the material-dependent
parameters do differ compared to arc-welded joints.

Research goal

Validate a fatigue assessment concept for laser-welded lap joints. A fatigue damage criterion and the
corresponding fatigue resistance curve must be established for common laser-welded joints in steel
structures. Lap joint design guidelines will be provided to obtain weld toe and prevent weld root failure.

The above-stated research goal is fulfilled with the performed research.



Discussion

The research gave new insight into the through thickness weld notch stress distribution of highly load
weld carrying joints. In addition, a semi-analytical formulation similar to the one for the toe is adapted
for the root.

A 2nd order weld load carrying behaviour is apparent for welds with a high weld load carrying. A cor-
responding formulation is developed (section 6.2.1). For simplicity, the point of maximum stress is set
at 0.5 « t,,, allowing for no effect on the force and moment equilibrium. Regardless, for multiple geome-
tries, the point of maximum stress is not at half of the thickness. In addition, the stress distribution do
not reach over the whole thickness for extreme geometries. However, the semi-analytical formulations
can only be applied when the notch stress distribution covers the whole thickness. Therefore, a ge-
ometry engineering-based criterion is established to exclude these extreme geometries. Nevertheless,
an influence of the loading seems to be apparent, leading to unexact results of the criterion. Still, the
criterion excludes most extreme geometries. Therefore, the formulation did not yield a perfect fit for all
geometries (section 6.8).

The secondary bending moments are a non-linear far field related phenomenon and do not need to be
implemented in the semi-analytical formulations but in calculating the far field stress.

In general, arc- and laser-welded geometries can be described with the same formulations, showing
applicability regardless of the geometry. This allowed to establish C,,,, and Cp,,, fitting functions cover-
ing both welding methods. The fitting functions are more complex than the ones so far established. In
addition, the range of fitted geometries is limited.

Overall, existing semi-analytical formulations are adapted and extended to cover highly weld load-
carrying joints with the failure location at the toe and the root.

The fatigue assessment compared multiple concepts for arc- and laser-welded geometries. The fa-
tigue resistance data for arc-welded lap joints does align with the fatigue resistance of other arc-welded
joints when utilizing the LENSC. However, the increased scatter is influenced by the small thickness of
the data. Against the expectations, laser welding does not noticeably enhance the fatigue resistance
in the MCF. Applying the HSSSC, the quantile design curve aligns with the FAT design curve for arc-
welded joints (section 7.3.4). Furthermore, the m is found to be equal to the recommended value of
m = 3 for arc welded joints (Hobbacher et al., 2016). This is in contrast to other observations where
flatter S — N curves with values around m = 5 are found (Sonsino et al., 2010, Remes et al., 2008,
Fricke and Robert, 2012). The influence of the microstructure and hardness seems negligible in the
MCF, and the crack growth is more dominant than expected. This aligns with the only small change
in the material dependent parameter, p* and a*. However, a transition into the HCF is observed at
N ~ 108, compared to N107 assumed for arc welds (Hobbacher et al., 2016). This indicates a better
HCF resistance, which cannot be assured due to the limitation of this thesis to MCF. Furthermore, the
mean stress influence for laser-welded joints is significantly higher than for arc-welded ones. This is
related to the lower residual stress for laser welds. The amount and diversity of fatigue resistance data
of laser-welded joints are singular so far and therefore give more certainty to the findings. However,
comparing the number of data points for laser-welded joints (=190 data points) to one of the arc-welded
joints (=3000 data points) the lack of available data prohibits the conclusion of exact trends.
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A change in slope is observed, and a more realistic representation yields the inclusion of the change in
secondary bending moments. Although including this only results in a slightly better fit. However, the
influence on the S, of each data point is significant and cannot be neglected.

As expected, the NSC reflects a conservative approach, which is also needed due to the high scatter
apparent confirmed by this research. The FAT design curve only recommended a better fatigue resis-
tance than the experimental results for a few joints. In general, an increased performance is observed
when using more advanced fatigue assessment concepts. For arc-welded lap joints, the HSSSC posed
an exception as it showed a higher scatter than the less sophisticated NSC. Of the two assessed ENSC,
the LENSC yielded better performance for both arc- and laser-welded joints. The value of a* seems to
be dependent on the number and quality of the data used for the fit. This is proved when the PENSC
is applied to the laser-welded data. There the a* is only a tenth of the reasonable p*, whereas in liter-
ature, a third is observed (Baumgartner et al., 2011; Baumgartner J., 2013; Baumgartner et al., 2015).
Furthermore, the small welding dimensions of laser welds cause significant uncertainty when obtaining
the geometry parameter (h,,, L,,, pn). In addition, a dependency of a* on the notch radius of the weld
was proven before (G. Zhang et al., 2012).

Both ENSC show problems in reliably predicting the failure location. For the arc-welded joints, the
change in failure location caused by secondary bending moments cannot be predicted. Although the
change in secondary bending moments is already implemented. For the laser-welded joints, the differ-
ent residual stress levels at the failure locations are proven to be one influence for the wrong prediction
of the failure location. However, a still significant error is apparent. Therefore, using the ENSC for the
failure location prediction is not reliable.
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Recommendations

Regarding the through thickness weld notch stress distribution, several recommendations can be given.
Firstly, the position of the maximum stress in the 2nd order weld load carrying yielded a significant er-
ror. Hence, a formulation should be developed covering the different positions of the maximum stress
and the corresponding relation to the geometry and load. Another issue are the geometries, where
the stress had not reached the whole thickness. The criterion developed allows for a good first guess.
However, excluding all geometries where this problem occurred is not sufficient. Here, including the
loading is recommended to obtain a more robust criterion.

For the C,,, and Cp,,, fitting functions, a wider range of geometries should be assessed, allowing for
better applicability within engineering. Furthermore, the C,, and C,,,, fitting functions for the double
lap joints (611) should be established to cover the full range of lap joints.

The difference between the LENSC and PENSC is small in this work and the literature for arc-welded
joints. Hence, the comparison between LENSC and PENSC should be broadened to cover all joint
geometries as well as the HCF. In addition, the prediction of both concepts of the failure location is
sometimes incorrect, caused by the influence of secondary bending moments. Here, more data should
be assessed to manifest this reason.

The amount of laser-welded fatigue resistance data is insufficient to accurately estimate the material-
dependent parameter, p* and y. Therefore, more tests should be conducted and extracted from the
literature. This data should also be assessed regarding HCF. Here more advanced S —N curve models
shall be implemented with fatigue limits. Particularly, the HCF is of interest as the experimental data
indicates an earlier transition to the HCF as well as better behaviour. Similar to the arc-welded joints,
some failure locations are predicted wrong by the ENSC concepts. Hence, the above-made recom-
mendations should be extended to cover laser-welded joints as well.

Lastly, the adapted beam/shell model is only validated for single lap joints. Proving the usability for
different weld geometries is recommended to simplify the assessment of root-initiated fatigue failure.
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Implementation

The findings of this research shall be integrated into engineering design. To show the approach the
following Roadmap is provided:

Joint geometry and loading ’

|

CBW fitting
functions can be used?
(section 6.6.1)

Non-linear FE
solid model

Non-linear FE
bar/shell model
(section 6.7)

Establish C;,,
(section 6.6)

/ Calculate S, with given p* and y /

The geometry of the weld shall be established from a macrograph, as the welding geometries of laser
welds are quite small and this allows obtaining the penetration. As macrographs are produced to check
the welding parameters, this does not pose additional work.
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The established C,,, fitting functions are still quite limited, but in case they can be applied the developed
beam/shell model can be used. Otherwise, a solid-model has to be created. For both the influence of
non-linear geometry has to be taken into account due to the significant influence of secondary bending
moments. This requires a calculation of the minimum and maximum stress of the cycle. When the
accuracy can be lower, an engineering-based approach can be taken where only unit stress is applied.
This one shows conservative results (section 7.2.1).

With the stress distribution either obtained from a solid model or from the semi-analytical formulations
the S, can be established with the corresponding p* and y. Afterwards, the established design quantile
design curves R97.7C75 can be used to obtain the N; (fig. 11.1; fig. 11.2).

MLE's: logC =12.82, m = 3.14, 0 = 0.23, p* = 0.95, v=0.88
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Figure A.1: Naming convention for arc-welded lap joints
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110 Appendix A. Arc-welded lap joint fatigue resistance data

. yield strength rs tp tb
source series [MPa] geometry 0 [mm] [mm]
Baumgartner J., 2013 1 340 614 0 15 15
Baumgartner J., 2013 2 340 615 0 15 1.5
Baumgartner J., 2013 3 355 614 0 3 3
Baumgartner J., 2013 4 355 615 0 3 3
Meneghetti, 2012 5 355 611 0 10 10
Meneghetti, 2012 6 355 611 0 10 10
Dourado et al., 2014 7 355 615 0 25 3
Fricke and Feltz, 2010 8 355 611 0 12 12
Fricke and Feltz, 2010 9 355 611 0 12 12
Overbeeke et al., 1984 10 560 614 0 6 6
Overbeeke et al., 1984 11 560 614 0O 6 6
Bonnen et al., 2009 12 1000 614 0 34 3.4
Bonnen et al., 2009 13 285 614 0 34 3.4
Bonnen et al., 2009 14 420 614 0 34 3.4
Bonnen et al., 2009 15 330 614 0 34 3.4
Bonnen et al., 2009 16 285 615 0 34 3.4
Bonnen et al., 2009 17 420 615 0 34 3.4
Bonnen et al., 2009 18 330 615 0 34 3.4
Bonnen et al., 2009 19 1000 615 0 34 3.4
Kim et al., 2018 20 590 615 0 23 2.3
Hwang et al., 2017 21 590 615 0 23 23
Hwang et al., 2017 22 590 615 0 23 2.3
Hwang et al., 2017 23 590 615 0 26 2.6
Hwang et al., 2017 24 590 615 0 26 2.6
Kim et al., 2017 25 590 615 0 26 26
Kim et al., 2017 26 590 615 0 26 2.6
Kim et al., 2017 27 590 615 0 26 2.6
Matsuda and Yonezawa, 2022 28 506 615 1 29 29
Matsuda and Yonezawa, 2022 29 506 615 1 29 2.9
Sharifimehr et al., 2016 30 780 615 0 355 355

Table A.1: Overview of arc-welded lap joint fatigue test series Part |
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weld dimensions

. length overlap offset penetration leg height
source series mm]  [mm] [mm]  [mm] [mm]  [mm]
Baumgartner J., 2013 1 105 271 0 1.8 1.5 1.5
Baumgartner J., 2013 2 105 16.1 0 1.85 1.5 1.5
Baumgartner J., 2013 3 105 24 0 1.74 5.3 3
Baumgartner J., 2013 4 105 22.8 0 1.4 54 3
Meneghetti, 2012 5 480 100 0 0 4.3 4.3
Meneghetti, 2012 6 480 100 0 0 8.5 8.5
Dourado et al., 2014 7 450 30 0 1.2 4 3
Fricke and Feltz, 2010 8 480 100 0 1.2 4.3 4.3
Fricke and Feltz, 2010 9 480 100 0 0 9.9 9.9
Overbeeke et al., 1984 10 360 70 0 1.1 4.4 6
Overbeeke et al., 1984 11 360 70 0 1.1 4.4 6
Bonnen et al., 2009 12 135 25 0 0 3.4 3.4
Bonnen et al., 2009 13 135 25 0 0 3.4 3.4
Bonnen et al., 2009 14 135 25 0 0 3.4 3.4
Bonnen et al., 2009 15 135 25 0 0 3.4 3.4
Bonnen et al., 2009 16 140 25 -125 0 3.4 3.4
Bonnen et al., 2009 17 140 25 -125 0 3.4 3.4
Bonnen et al., 2009 18 140 25 -125 0 3.4 3.4
Bonnen et al., 2009 19 140 25 -125 0 3.4 3.4
Kim et al., 2018 20 175 25 0 1.9 4.4 2.3
Hwang et al., 2017 21 175 25 0 3.2 3.3 2.3
Hwang et al., 2017 22 175 25 0 3.9 29 23
Hwang et al., 2017 23 175 25 0 4.8 4.3 2.6
Hwang et al., 2017 24 175 25 0 3.3 3.3 2.6
Kim et al., 2017 25 100 25 0 3.8 23 26
Kim et al., 2017 26 100 25 0 4.1 3.6 2.6
Kim et al., 2017 27 100 25 0 3.6 4.6 2.6
Matsuda and Yonezawa, 2022 28 65 10 -7 2.2 2.5 29
Matsuda and Yonezawa, 2022 29 65 10 -7 41 2 2.9
Sharifimehr et al., 2016 30 82 38 0 3.8 3.6 3.6

Table A.2: Overview of arc-welded lap joint fatigue test series Part II



112 Appendix A. Arc-welded lap joint fatigue resistance data
series num. i failure Sn cycles series num. i failure Sn cycles
I (MPa] ] I (MPa] ]

1 1 0.1 wt 200.0 2.39E+05 3 4 0.5 wt 110.0 2.67E+05
1 2 0.1 wt 140.0 5.46E+05 3 5 05 wt 80.0 3.73E+06
1 3 0.1 wt 270.0 1.67E+05 3 6 05 wt 100.0 6.54E+05
1 4 0.1 nd 110.0 1.00E+07 3 7 0.5 wt 160.0 2.95E+05
1 5 0.1 wt 360.0 1.95E+04 3 8 05 wt 90.0 1.49E+06
1 6 0.1 wt 120.0 1.60E+06 3 9 0.5 wt 160.0 1.68E+05
1 7 0.1 wt 270.0 6.46E+04 3 10 0.5 wt 90.0 1.57E+06
1 8 0.1 wt 170.0 3.22E+05 3 11 05 wt 120.0 5.82E+05
1 9 0.1 wt 120.0 3.43E+06 3 12 05 wt 70.0 3.41E+06
1 10 0.1 wt 270.0 1.13E+05 3 13 0.5 wt 60.0 3.89E+06
1 11 0.1 wt 140.0 2.31E+05 3 14 05 wt 50.0 5.83E+06
1 12 0.1 wt 140.0 2.75E+06 3 15 05 wt 40.0 1.25E+07
1 13 0.1 wt 200.0 2.04E+05 4 1 0.1 wr 140.0 5.20E+04
1 14 0.1 wt 110.0 3.75E+06 4 2 0.1 wr 60.0 3.30E+06
1 15 0.5 wt 140.0 2.66E+05 4 3 0.5 wr 100.0 1.93E+05
1 16 0.5 wt 110.0 1.98E+06 4 4 0.5 wr 80.0 2.84E+05
1 17 05 wt 120.0 1.59E+06 4 5 05 wr 60.0 1.25E+06
1 18 0.5 wt 130.0 2.90E+06 4 6 05 wr 140.0 7.33E+04
1 19 0.5 wt 160.0 6.99E+05 4 7 0.5 wr 100.0 1.34E+05
1 20 05 wt 200.0 7.02E+05 4 8 05 wr 60.0 1.29E+06
2 1 0.1 wr 80.0 4.18E+06 4 9 05 wr 140.0 7.44E+04
2 2 0.1  wr 160.0 4.96E+04 4 10 0.5 wr 80.0 3.96E+05
2 3 0.1 wr 100.0 1.52E+05 4 11 05 wr 140.0 5.59E+04
2 4 0.5 wr 100.0 2.39E+05 4 12 05 wr 50.0 2.77E+06
2 5 05 nd 60.0 9.65E+06 4 13 0.5 wr 40.0 4.93E+06
2 6 0.5 wr 120.0 1.34E+05 4 14 05 wr 32.0 9.28E+06
2 7 0.5 wr 160.0 2.95E+04 4 15 05 nd 50.0 1.00E+07
2 8 05 nd 64.0 5.00E+07 4 16 0.5 wt 80.0 3.08E+05
2 9 0.5 wr 128.0 1.05E+05 4 17 0.5 wt 60.0 1.33E+06
2 10 0.5 wr 140.0 7.29E+04 4 18 05 wt 55.0 1.81E+06
2 11 0.5 wr 72.0 1.65E+06 5 1 0.1 wr 100.0 3.96E+05
2 12 0.5 wr 140.0 5.76E+04 5 2 0.1 wr 150.0 1.34E+05
2 13 0.5 wr 72.0 1.67E+06 5 3 0.1 wr 80.0 1.25E+06
2 14 0.5 wr 72.0 2.10E+06 5 4 0.1 wr 200.0 2.44E+04
2 15 0.5 wr 100.0 2.72E+05 5 5 0.1 wr 80.0 9.86E+05
2 16 0.5 wr 140.0 1.22E+05 5 6 0.1 wr 80.0 7.38E+05
2 17 0.5 wr 66.0 144E+06 5 7 0.1 wr 180.0 3.19E+04
2 18 0.5 wt 80.0 6.74E+05 5 8 0.1 wr 150.0 9.88E+04
2 19 05 wt 100.0 6.83E+05 5 9 0.1 wr 70.0 1.47E+06
3 1 0.1 wt 180.0 7.97E+04 5 10 0.1 wr 100.0 5.24E+05
3 2 0.1 wt 90.0 240E+06 5 11 0.1 nd 72.0 2.00E+06
3 3 05 wt 140.0 1.63E+05 6 1 0.1 wt 153.0 3.79E+05

Table A.3: Arc-welded lap joint fatigue test data Part |
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i failure Sn cycles series failure Sn cycles
0 (MPa] ] [MPa] ]
6 2 0.1 wt 196.6 2.65E+05 9 7 wt 180.0 2.32E+05
6 3 0.1 wt 100.0 1.46E+06 9 8 wt 210.0 1.75E+05
6 4 0.1 wt 250.0 7.26E+04 9 9 wt 210.0 1.72E+05
6 5 0.1 wt 100.0 1.72E+06 9 10 wt 150.0 6.41E+05
6 6 0.1 wt 200.0 1.45E+05 10 1 wt 100.0 7.50E+04
6 7 0.1 wt 250.0 8.13E+04 10 2 wt 100.0 1.17E+05
6 8 0.1 nd 60.0 2.00E+06 10 3 wt 100.0 1.22E+05
6 9 0.1 wt 150.0 3.61E+05 10 4 wt 740 2.18E+05
6 10 0.1 wt 130.0 3.96E+05 10 5 wt 740  2.35E+05
6 11 0.1 wt 130.0 4.41E+05 10 6 wt 74.0  2.55E+05
6 12 0.1 wt 90.0 1.16E+06 10 7 wt 60.0 5.78E+05
7 1 0.01 wr 119.0 5.61E+04 10 8 wt 60.0 6.93E+05
7 2 0.01 wr 119.0 5.72E+04 10 9 wt 60.0 7.32E+05
7 3 0.01 wr 119.0 4.99E+04 10 10 wt 55.0 1.07E+06
7 4 0.01 wr 119.0 6.16E+04 10 11 wt 55.0 2.07E+06
7 5 0.01 wr 119.0 3.83E+04 10 12 wt 55.0 5.83E+06
7 6 0.01 wr 99.0 1.33E+05 10 13 wt 50.0 2.31E+06
7 7 0.01 wr 99.0 1.07E+05 10 14 wt 50.0 1.02E+07
7 8 0.01 wr 99.0 1.17E+05 10 15 wt 46.0 1.68E+06
7 0.01 wr 99.0 9.95E+04 10 16 wt 46.0  3.05E+06
7 0.01 wr 99.0 1.31E+05 10 17 wt 46.0 9.04E+06
7 0.01 wr 79.0 3.98E+05 10 18 nd 40.0 2.01E+07
7 0.01 wr 79.0 3.94E+05 10 19 nd 40.0 2.24E+07
7 0.01 wr 79.0 3.25E+05 11 1 wt 111.0 4.97E+04
7 0.01 wr 79.0 3.21E+05 11 2 wt 74.0 1.59E+05
7 1 0.01 wr 79.0 2.33E+05 11 3 wt 74.0 2.66E+05
8 1 0 wr 120.0 1.58E+05 11 4 wt 740 3.11E+05
8 2 0 wr 110.0 3.40E+05 11 5 wt 46.3  5.15E+05
8 3 0 wr 110.0 1.65E+05 11 6 wt 46.3  8.48E+05
8 4 0 wr 100.0 1.68E+06 11 7 wt 46.3 1.03E+06
8 5 0 wr 100.0 1.08E+06 11 8 wt 46.3  2.36E+06
8 6 0 wr 120.0 1.74E+05 11 9 wt 46.3  2.49E+06
8 7 0 wr 90.0 1.35E+06 12 1 wt 110.7 1.31E+05
8 8 0 wr 120.0 4.14E+05 12 2 wt 68.5 4.76E+05
8 9 0 wr 120.0 1.97E+05 12 3 wt 416.5 2.73E+03
8 10 0 wr 120.0 3.68E+05 12 4 wt 370.6 3.68E+03
9 1 0 wt 150.0 3.91E+05 12 5 wt 2294 1.31E+04
9 2 0 wt 150.0 6.64E+05 12 6 wt 3224 5.30E+03
9 3 0 wt 120.0 1.37E+06 12 7 wt 322.4 5.75E+03
9 4 0 wt 150.0 5.69E+05 12 8 wt 3224 6.29E+03
9 5 0 wt 150.0 8.86E+05 12 9 wt 2294 1.56E+04
9 6 0 wt 180.0 3.10E+05 12 1 wt 2294 1.71E+04

Table A.4: Arc-welded lap joint fatigue test data Part Il



114 Appendix A. Arc-welded lap joint fatigue resistance data
series num. i failure Sn cycles series num. i failure Sn cycles
I (MPa] ] I (MPa] ]

12 11 0.1 wt 68.1 6.23E+05 16 7 0.1 wr 90.0 2.56E+05
12 12 0.1 wt 68.0 6.09E+05 16 8 0.1 wr 90.0 3.37E+05
12 13 0.1 nd 55.2 5.14E+06 16 9 0.1 wr 82.4 2.39E+05
13 1 0.1 wt 104.7 3.09E+05 16 10 0.1 wr 71.9 1.43E+06
13 2 0.1 wt 87.1 1.35E+05 16 11 01 nd 54.1 6.80E+06
13 3 0.1 wt 104.7 4.52E+05 17 1 0.1 wr 185.9 1.03E+04
13 4 0.1 wt 1741 4.89E+04 17 2 0.1 wr 184.7 1.14E+04
13 5 0.1 wt 1741 4.67E+04 17 3 0.1 wr 137.6 3.51E+04
13 6 0.1 wt 87.1 1.18E+06 17 4 0.1 wr 137.6 3.59E+04
13 7 0.1 wt 871 1.02E+06 17 5 0.1 wr 137.6 6.30E+04
13 8 0.1 wt 69.8 8.76E+05 17 6 0.1 wr 73.5 5.86E+05
14 1 0.1 wt 182.4 2.42E+04 17 7 0.1 wr 73.5 8.54E+05
14 2 0.1 wt 182.4 3.48E+04 17 8 0.1 wr 73.5 1.70E+06
14 3 01 nd 78.0 8.96E+06 17 9 0.1 nd 55.1 6.08E+06
14 4 0.1 wt 129.4 7.76E+04 18 1 0.1 wr 1329 5.85E+04
14 5 0.1 wt 103.8 2.04E+05 18 2 0.1 wr 68.9 1.14E+06
14 6 0.1 wt 103.8 5.16E+05 18 3 0.1 wr 176.5 1.24E+04
14 7 0.1 wt 78.0 5.07E+05 18 4 0.1 wr 176.5 1.29E+04
14 8 0.1 wt 103.8 8.13E+05 18 5 0.1 wr 176.5 1.58E+04
14 9 0.1 wt 182.4 4.24E+04 18 6 0.1 wr 134.1 5.03E+04
14 10 0.1 wt 182.4 4.09E+04 18 7 0.1 wr 134.1 5.47E+04
14 11 0.1 wt 2341 1.28E+04 18 8 0.1 wr 102.4 1.23E+05
14 12 0.1 wt 234.1 1.56E+04 18 9 0.1 wr 88.2 2.04E+05
15 1 0.1 wt 261.2 9.90E+03 18 10 0.1 wr 67.1 8.56E+05
15 2 0.1 wt 202.4 2.48E+04 18 11 0.1 wr 55.3 2.49E+06
15 3 0.1 wt 202.4 2.50E+04 18 12 01 nd 447 8.11E+06
15 4 0.1 wt 2024 2.10E+04 19 1 0.1 wr 2224 5.13E+03
15 5 01 nd 69.9 6.03E+06 19 2 0.1 wr 2224 5.49E+03
15 6 0.1 wt 116.5 1.85E+05 19 3 0.1 wr 132.9 3.09E+04
15 7 0.1 wt 261.2 1.20E+04 19 4 0.1 wr 132.9 3.28E+04
15 8 0.1 wt 261.2 1.25E+04 19 5 0.1 wr 89.3 6.96E+04
15 9 0.1 wt 116.5 1.28E+05 19 6 0.1 wr 66.8 3.90E+05
15 10 0.1 wt 87.6 6.11E+05 19 7 0.1 wr 44.5 1.92E+06
15 11 0.1 wt 87.6 6.49E+05 19 8 01 nd 29.2 5.89E+06
15 12 0.1 wt 87.6 6.98E+05 20 1 0.1 wt 243.0 1.80E+04
16 1 0.1 wr 143.5 1.74E+04 20 2 0.1 wt 121.0 2.03E+05
16 2 0.1 wr 143.5 1.82E+04 20 3 0.1 wt 365.0 5.96E+03
16 3 0.1 wr 143.5 2.18E+04 20 4 0.1 wt 243.0 1.13E+04
16 4 0.1 wr 107.6 6.75E+04 20 5 0.1 wt 305.0 9.23E+03
16 5 0.1 wr 107.6 8.26E+04 20 6 0.1 wt 305.0 7.99E+03
16 6 0.1 wr 107.6 9.86E+04 20 7 0.1 wt 305.0 9.57E+03

Table A.5: Arc-welded lap joint fatigue test data Part Il
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series num. i failure Sn cycles series num. i failure Sn cycles
I [MPa] ] I (MPa] ]

20 8 0.1 wt 365.0 5.83E+03 23 5 0.1 wr 219.6 6.80E+04
20 9 0.1 wt 365.0 5.74E+03 23 6 0.1 wr 219.6 5.98E+04
20 10 0.1 wt 183.0 4.52E+04 23 7 0.1 wr 3294 9.92E+03
20 11 0.1 wt 193.0 4.29E+04 23 8 0.1 wr 2745 2.83E+04
20 12 0.1 wt 122.0 1.44E+05 23 9 0.1 wr 2745 3.16E+04
20 13 0.1 wr 92.0 6.78E+05 23 10 0.1 wt 164.7 3.62E+05
20 14 0.1 wr 92.0 4.94E+05 23 11 0.1 wt 164.7 3.90E+05
21 1 0.1 wr 219.6 1.02E+04 23 12 0.1 wr 329.4 1.13E+04
21 2 0.1 wt 82.8 2.75E+05 23 13 0.1 wr 329.4 8.80E+03
21 3 0.1 wt 82.8 3.26E+05 24 1 0.1 wr 163.8 1.39E+04
21 4 0.1 wr 219.6 1.77E+04 24 2 0.1 wr 163.8 1.83E+04
21 5 0.1 wr 3294 7.91E+03 24 3 0.1 wr 109.8 9.70E+04
21 6 0.1 wr 2745 9.56E+03 24 4 0.1 wr 109.8 1.31E+05
21 7 0.1 wr 2745 9.10E+03 24 5 0.1 wr 219.6 6.60E+03
21 8 0.1 wr 219.6 5.87E+03 24 6 0.1 wr 163.8 3.29E+04
21 9 0.1 wr 164.7 3.57E+04 24 7 0.1 wr 2745 3.74E+03
21 10 0.1 wr 164.7 4.07E+04 24 8 0.1 wr 2745 3.21E+03
21 11 0.1 wr 164.7 4.49E+04 24 9 0.1 wr 219.6 5.51E+03
21 12 0.1 wr 109.8 2.01E+05 24 10 0.1 wr 219.6 4.72E+03
21 13 0.1 wr 109.8 1.19E+05 24 11 0.1 wt 81.9  5.94E+05
21 14 0.1 wr 109.8 1.03E+05 24 12 0.1 wr 109.8 1.65E+05
21 15 0.1 wt 81.9 590E+05 24 13 0.1 wt 81.9  5.25E+05
21 16 0.1 nd 55.8 2.00E+06 24 14 0.1 nd 55.8  2.00E+06
22 1 0.1 wr 218.7 3.76E+04 25 1 0.1 wt 92.0 5.90E+05
22 2 0.1 wt 109.8 6.12E+05 25 2 0.1 wr 2440 4.75E+03
22 3 0.1 wr 327.6 4.18E+03 25 3 0.1 wr 2440 5.56E+03
22 4 0.1 nd 110.0 1.98E+06 25 4 0.1 wr 122.0 1.65E+05
22 5 0.1 wr 329.4 6.11E+03 25 5 0.1 wr 2440 6.60E+03
22 6 0.1 wr 2745 8.84E+03 25 6 0.1 wt 92.0 5.24E+05
22 7 0.1 wr 2745 9.91E+03 25 7 0.1 wr 122.0 9.67E+04
22 8 0.1 wr 219.6 5.93E+04 25 8 0.1 wr 122.0 1.30E+05
22 9 0.1 wr 164.7 2.42E+05 25 9 0.1 wr 366.0 3.58E+03
22 10 0.1 wr 164.7 1.70E+05 25 10 0.1 wr 305.0 3.73E+03
22 11 0.1 wr 164.7 1.54E+05 25 11 0.1 wr 183.0 1.84E+04
22 12 0.1 wt 109.8 8.62E+05 25 12 0.1 wr 183.0 1.40E+04
22 13 0.1 wt 109.8 5.82E+05 25 13 0.1 nd 62.0 2.00E+06
22 13 0.1 wt 109.8 8.60E+05 25 14 0.1 wr 183.0 3.38E+04
23 1 0.1 wr 219.6 8.80E+04 25 15 0.1 wr 305.0 3.18E+03
23 2 0.1 wt 164.7 2.45E+05 25 16 0.1 wr 366.0 2.37E+03
23 3 0.1 wr 2745 2.39E+04 25 17 0.1 wr 366.0 2.45E+03
23 4 01 nd 99.0 2.00E+06 26 1 0.1 wt 122.0 3.45E+05

Table A.6: Arc-welded lap joint fatigue test data Part IV



116 Appendix A. Arc-welded lap joint fatigue resistance data
series  num. r failure Sn cycles
[l [MPa] ]
26 2 0.1 nd 91.0 2.00E+06
26 3 0.1 wr 183.0 3.15E+04
26 4 0.1 wr 243.0 1.44E+04
26 5 0.1 wr 2440 1.14E+04
26 6 0.1 wr 2440 1.00E+04
26 7 0.1 wr 183.0 3.63E+04
26 8 0.1 wr 266.0 4.33E+03
26 9 0.1 wr 266.0 3.99E+03
26 10 0.1 wr 305.0 5.15E+03
26 11 0.1 wr 305.0 5.66E+03
26 12 0.1 wr 305.0 5.38E+03
26 13 0.1 wr 183.0 4.14E+04
27 1 0.1 wr 2440 8.87E+04
27 2 0.1 wt 183.0 2.45E+05
27 3 0.1 wr 305.0 2.83E+04
27 4 01 nd 122.0 2.00E+06
27 5 0.1 wr 305.0 3.18E+04
27 6 0.1 wr 2440 6.85E+04
27 7 0.1 wr 2440 B5.99E+04  _ooc um. []I failure [Serlpa] Eycles
27 8 0.1 wr 305.0 2.41E+04
27 9 0.1 wr 366.0 8.28E+03 30 01 wr 984  293E+05
27 10 0.1 wr 366.0 8.80E+03 30 062 wr 984  116E+05
27 11 0.1 wt 183.0 3.64E+05 30 062 wr 984  T44E+05
27 12 0.1 wt 183.0 3.89E+05
28 1 0.1 wr 334.0 4.30E+05
28 2 0.1 wr 273.0 5.12E+05
28 3 0.1 wr 252.0 7.51E+05
28 4 0.1 wr 235.0 9.31E+05
28 5 0.1 wr 198.0 1.44E+06
28 6 0.1 wr 183.0 3.38E+06
28 7 0.1 nd 178.0 1.00E+07
28 8 0.1 nd 149.0 1.00E+07
29 1 0.1 wr 405.0 4.66E+05
29 2 0.1 wr 327.0 7.46E+05
29 3 0.1 wr 304.0 1.50E+06
29 4 0.1 wr 271.0 3.25E+06
29 5 0.1 wr 249.0 5.03E+06
29 6 0.1 wr 238.0 4.92E+06
29 7 0.1 wr 232.0 1.00E+07
30 1 0.1 wr 984  2.28E+05
30 2 0.1 wr 98.4  2.54E+05
30 3 0.1 wr 984  4.34E+05

Table A.7: Arc-welded lap joint fatigue test data Part V



Laser-welded joint fatigue resistance
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Figure B.1: Naming convention for laser-welded joints
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Appendix B. Laser-welded joint fatigue resistance data
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source series vyield strength [MPa] geometry tp[mm] tb[mm] i1 [mm] i2[mm] w1[mm] w2[mm] Ilength [mm]
Fricke and Robert, 2012 1 355 511 5 4 80 1.45 1.1 0.8 600
Fricke and Robert, 2012 2 355 511 5 4 80 1.3 0.25 0.3 600
Fricke and Robert, 2012 3 355 511 5 4 80 1.3 1.15 1 600
Fricke and Robert, 2012 4 355 511 5 4 80 2 0.7 1.1 600
Fricke and Robert, 2012 5 355 511 5 4 80 2 0.7 1.1 600
Fricke and Robert, 2012 6 355 511 10 10 80 3 1 2 600
Remes et al., 2008 7 275 216 12 12 1.68 0.53 2.85 0.06 250
Laitinen et al., 2001 8 420 511 12 12 100 6 1.2 1.2 500
Lillemae et al., 2012 9 407 216 3 9 1 0.2 3 0.4 250
Dourado et al., 2014 10 355 615 3 3.6 30 1.2 0.25 0.25 450
Caccese et al., 2006 11 650 413 12.7 12.7 95 6.35 7 7 355
Caccese et al., 2006 12 650 413 12.7 12.7 95 6.35 2 2 355
Caccese et al., 2006 13 650 413 12.7 12.7 95 6.35 4.5 4.5 355
Laitinen et al., 2001 14 420 511 12 12 100 6 1.2 1.2 500

Table B.1: Overview of laser-welded joint fatigue test series
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series num. i failure Sn cycles series num. i failure Sn cycles
I [MPa] ] I (MPa] ]

1 1 0 wt 170 3.46E+05 5 8 0 wt 200 7.95E+04
1 2 0 wt 160 1.94E+06 5 9 0 wt 175 1.13E+05
1 3 0 wt 190 1.77E+05 5 10 0 wt 175 7.91E+04
1 4 0 wt 210 3.08E+05 5 11 0 wit 175 1.26E+05
1 5 0 wt 200 3.49E+05 6 1 0 wt 290 1.85E+05
1 6 0 wt 180 8.07E+05 6 2 0 wt 255 4.37E+05
1 7 0 wt 175 4 .52E+05 6 3 0 nd 235 1.00E+07
1 8 0 wt 190 1.74E+05 6 4 0 wt 280 3.43E+05
1 9 0 wt 170 1.78E+05 6 5 0 wt 220 9.28E+05
1 10 0 wt 160 2.88E+05 6 6 0 wt 230 8.32E+05
1 11 0 wt 150 1.81E+05 6 7 0 nd 200 1.00E+07
1 12 0 wt 200 9.41E+04 6 8 0 wt 210 7.22E+05
2 1 0 wt 190 1.76E+05 6 9 0 wt 250 4.87E+05
2 2 0 wt 225 1.32E+05 6 10 0 wt 260 3.26E+05
2 3 0 wt 200 7.28E+05 6 11 0 wt 270 2.96E+05
2 4 0 wt 220 2.23E+05 6 12 0 wit 240 7.77TE+05
2 5 0 wt 180 5.29E+05 7 1 0 wr 170 9.04E+05
2 6 0 nd 150 1.00E+07 7 2 0 wt 190 4.74E+05
2 7 0 wt 230 1.58E+05 7 3 0 wt 251 1.66E+05
2 8 0 wt 210 2.14E+05 7 4 0 wr 249 8.05E+04
2 9 0 wt 240 1.10E+05 7 5 0 wr 201 3.60E+05
2 10 0 wt 200 1.28E+05 7 6 0 wit 201 3.12E+05
2 11 0 wt 200 2.00E+05 8 1 0.1 wt 318 8.83E+04
3 1 0 wt 100 6.06E+05 8 2 0.1 wt 290 1.82E+05
3 2 0 wt 189 1.57E+05 8 3 0.1 wt 224 4.70E+05
3 3 0 wt 150 2.90E+05 8 4 0.1 wt 199 7.61E+05
3 4 0 wt 180 2.27E+05 8 5 01 nd 159 2.45E+06
3 5 0 wt 200 1.53E+05 8 6 0.1 nd 175 2.29E+06
3 6 0 wt 120 6.63E+05 8 13 0.1 wt 266 1.79E+05
4 1 0 wt 129 9.61E+05 8 14 0.1 wt 180 4 .59E+05
4 2 0 wt 139 5.51E+05 8 15 0.1 wt 157 8.71E+05
4 3 0 wt 158 3.37E+05 8 16 0.1 wt 128 1.15E+06
4 4 0 wt 168 2.26E+05 8 17 01 nd 135 2.08E+06
4 5 0 wt 127 4.81E+05 8 18 0.1 nd 113 2.25E+06
5 1 0 wt 195 4 41E+05 9 1 0 wr 270 6.97E+05
5 2 0 wt 215 1.41E+05 9 2 0 wr 269 1.10E+06
5 3 0 wt 205 2.53E+05 9 3 0 wr 328 1.46E+05
5 4 0 wt 185 1.20E+05 9 4 0 wr 295 4.61E+05
5 5 0 wt 175 1.39E+05 9 5 0 wr 344 2.79E+05
5 6 0 wt 200 9.32E+04 9 6 0 wr 278 9.19E+05
5 7 0 wt 165 5.59E+05 9 7 0 wr 291 6.92E+05

Table B.2: Laser-welded joint fatigue test data Part |



120 Appendix B. Laser-welded joint fatigue resistance data
series  num. f failure Sn cycles
I [MPa] ]

9 8 0 wr 278 5.63E+05
9 9 0 wr 297 1.76E+05
9 10 0 wr 345 1.31E+05
10 1 0.01  wr 119 7.23E+04
10 2 0.01 wr 119 5.86E+04
10 3 0.01 wr 119 6.62E+04
10 4 0.01  wr 119 6.90E+04
10 5 0.01 wr 119 6.58E+04
10 6 0.01 wr 99 1.42E+05
10 7 0.01  wr 99 1.43E+05
10 8 0.01 wr 99 1.04E+05
10 9 0.01 wr 99 1.19E+05
10 10 0.01  wr 99 1.15E+05
10 11 0.01 wr 79 4.23E+05
10 12 0.01 wr 79 3.93E+05
10 13 0.01  wr 79 2.94E+05
10 14 0.01 wr 79 3.04E+05
10 15 0.01 wr 79 3.26E+05
11 1 -1 wit 207 3.59E+06
11 2 -1 nd 207 2.03E+07
11 3 -1 nd 207 2.00E+07
11 4 -1 nd 207 2.00E+07
11 5 -1 wt 414 2.12E+05
11 6 -1 wt 414 2.22E+05
11 7 -1 wt 414 2.14E+05
11 8 -1 wt 414 2.63E+05
11 9 -1 wt 620 1.85E+04
11 10 -1 wit 620 1.85E+04
11 11 -1 wit 620 1.54E+04
11 12 -1 wt 620 1.32E+04
12 1 -1 wt 414 2.28E+04
12 2 -1 wt 414 2.64E+04
12 3 -1 wt 414 2.05E+04
13 1 -1 wit 414 4.35E+04
13 2 -1 wit 414 4.77E+04
14 1 0.1 wt 542 1.55E+05
14 2 0.1 wit 452 2.69E+05
14 3 0.1 wit 356 4.43E+05
14 4 0.1 wt 264 9.81E+05
14 5 0.1 nd 204 2.16E+06
14 6 0.1 wit 226 2.51E+06

Table B.3: Laser-welded joint fatigue test data Part Il



CBW fitting

C.1. Toe of single lap joint DS (614)

Cow—toe—o14 = 0.2797; + 0.0953T + 0.06260 — 0.11W + 0.009457, — 0.00564Q
— 0.000556T202 — 0.3077,T — 0.04337,0 — 0.151,W + 0.0148T0 — 0.007797,7;
— 0.209TW — 0.06887;Q + 0.0405T1; + 0.01650W + 0.238TQ — 0.0058607; — 0.00380Q
— 0.0194Wr, + 0.0907WQ — 0.06017,Q + 0.5437,T2 — 0.1887,T3 + 0.00157,02
+0.00246T0% — 0.0355T20 — 0.215T2W + 0.00896T30 — 0.0286T 27
+0.157T3W — 0.001202W — 0.0893T2(Q + 0.00507T 37, + 0.000218027;
+0.0288T3Q + 0.002302Q — 0.202T2 + 0.161T3 — 0.00290% — 0.0366T*
—0.0006467,T0? + 0.01657,T20 — 0.094671,T2W + 0.02221,T2r; — 0.0002527,02W
+0.1657,T2Q — 0.0001267;027; + 0.000597T02W — 0.0215T20W + 0.0001587,02Q
—0.000084T 027, + 0.001T 207, — 0.000442T02Q + 0.0137T20Q + 0.00414T2Wr,
— 0.0772T2WQ + 0.00021102Wr, — 0.0597T27,Q + 0.0010702W Q + 0.000887027,Q
—0.02057,T0 + 0.157,TW — 0.05517,Tr; — 0.01667,0W — 0.281r,TQ + 0.006757,07;
+0.0275TOW + 0.03851,0Q + 0.03861,Wr, — 0.000627T 07, + 0.1747,WQ — 0.0572T0Q
+0.0168TWr, — 0.03097%,7,Q + 0.0663TWQ + 0.003980Wr, + 0.138T7;Q + 0.0650W Q
+0.0066207,Q + 0.0386W1,Q + 0.00994r,TOW — 0.000992r,TOr; — 0.02r,T0Q
—0.0195r,TWr, — 0.101r,TWQ — 0.0003841,0Wr; + 0.02467,Tr,Q + 0.01377,0W Q
— 0.00433TOWr; + 0.01447,07,Q — 0.023TOWQ — 0.0133r,Wr,Q — 0.00783T0r,Q
—0.0237TWr,Q + 0.007810Wr,Q + 0.035 (C.1)

121



122 Appendix C. CBW fitting

.. T O W P Q coefficient . T O W P Q Ccoefficient
0O 0 0 0 0 1 -564E-03 0 2 0 0 1 0 -286E-02
0O 0 0 0 1 0 945E-03 0 2 0 0 1 1 -597E-02
O 0 0 0 1 1 -6.01E-02 0 2 0 1 0 0 -215E-01
0O 0 0 1 0 O -1.10E-01 0 2 0 1 0 1 -7.72E-02
0O 0 0 1 0 1 9.07E-02 0 2 0 1 1 0 4.14E-03
0O 0 0 1 1 0 -1.94E-02 0 2 1 0 0 0 -3.55E-02
0O 0 0 1 1 1 3.86E-02 0 21 0 0 1 137E-02
0 01 0 0 O 6.26E-02 0 21 0 1 0 1.00E-03
0O 01 0 0 1 -3.80E-03 0 2 1 1 0 0 -215E-02
0O 01 0 1 0 -586E-03 0 2 2 0 0 0 -556E-04
0O 01 0 1 1 6.62E-03 0 3 0 0 0 0 161E-01
0O 0 1 1 0 0 1.65E-02 0 3 0 0 0 1 288E-02
0O 01 1 0 1 6.50E-02 0 30 0 1 0 5.07E-03
0O 01 1 1 0 3.98E-03 0 3 0 1 0 O A1.57E-01
o o1 1 1 1 781E-03 0 3 1 0 0 0 8.96E-03
0O 0 2 0 0 O -290E-03 1 0 0 0 0O 0 279-01
0O 0 2 0 0 1 230E-03 1 0 0 0 0 1 -6.88E-02
0 0 2 0 1 0 218E-04 1.0 0 0 1 0 -7.79E-03
0O 0 2 0 1 1 8.87E-04 1 0 0 0 1 1 -3.09E-02
0O 0 2 1 0 0 -1.20E-03 1 0 0 1 0 0 -1.50E-01
0O 0 2 1 0 1 1.07E-03 1. 0 0 1 0 1 1.74E-01
0O 02 1 1 0 21E-04 1 0 0 1 1 0 3.86E-02
0 1 0 0 0 O 953E-02 1 0 0 1 1 1 -133E-02
0O 1.0 0 0 1 238E-01 1 01 0 0 0 -433E-02
0 1. 0 0 1 0 4.05E-02 1 0 1 0 0O 1 3.85E-02
O 1.0 0 1 1 1.38E-01 1 0 1 0 1 0 6.75E-03
0O 1.0 1 0 0 -209E-01 1. 0 1 0 1 1 144E-02
0O 1.0 1 0 1 6.63E-02 1 0 1 1 0 0 -1.66E-02
0O 1.0 1 1 0 1.68E-02 1. 0 1 1 0 1 137E-02
o 1.0 1 1 1 -237E-02 1 0 1 1 1 0 -3.84E-04
0 1.1 0 0 0 148E-02 1 0 2 0 0O 0 1.50E-03
o 11 0 0 1 -572E-02 1 0 2 0 0 1 1.58E-04
0O 11 0 1 0 -6.27E-04 1 0 2 0 1 0 -1.26E-04
o 1 1 O 1 1 -7.83E-03 1 0 2 1 0 0 -252E-04
o 11 1 0 0 275E-02 1 1 0 0 0O 0 -3.07E-01
o 11 1 0 1 -230E-02 1 1 0 0 0 1 -281E-01
o 11 1 1 0 -4.33E-03 1 1 0 0 1 0 -551E-02
0 1 2 0 0 0 246E-03 11 0 0 1 1 246E-02
0 1 2 0 0 1 -442E-04 1 1 0 1 0 0 1.50E-01
0 1. 2 0 1 0 -840E-05 1 1 0 1 0 1 -1.01E-01
0 1. 2 1 0 0 597E-04 11 0 1 1 0 -1.95E-02
0 2 0 0 0 O -202E-01 1 11 0 0 0 -205E-02
0O 2 0 0 0 1 -893E-02 1 11 0 0 1 -200E-02




C.1. Toe of single lap joint DS (614) 123

coefficient
-9.92E-04
9.94E-03
-6.46E-04
5.43E-01
1.65E-01
2.22E-02
-9.46E-02
1.65E-02
-1.88E-01
3.50E-02
-3.66E-02

Iy

olo|alalalalalalalal-
Alo|lw[Nn|[Nv[NMIN N2l H
o|lo|lo|~|o|o|o|jo|Md|=2|=2|0
o|lo|o|o|~|o|o|lo|lo|=|o|s
o|lo|o|o|o|-~|o|o|o|o|~|T
o|lo|o|o|o|o|~|o|o|o|o|p

Table C.1: Coefficients for Cp,, of the toe of single lap joints DS
(614)



124 Appendix C. CBW fitting

Cowr—toe—s14 = 0.911Cp,, + 0.3347; + 0.383T + 0.03610 + 0.211W — 0.184Cp,7;
—0.327C,, T + 0.0869C;,,0 + 0.05487,T — 0.623Cp,, W — 0.05267,0 — 0.118r, W
—0.0982T0 — 0.163TW — 0.01230W — 0.212Cp,, T2 + 0.129C},, T — 0.2057, T2
+0.04637,T2 + 0.0512T20 + 0.0225T2W — 0.00729T30 + 0.00488T3W + 0.172T*2
—0.18T3 + 0.0288T* + 0.0423Cp,,7s T2 — 0.0091C},, T20 + 0.159C,,, T2W
—0.008197,T20 + 0.002277,T2W — 0.00391T20W — 0.0235C},, 7T + 0.0285C},, 750
+0.0669Cy,, 7sW — 0.00476C},, TO — 0.209C;,, TW + 0.04471,TO + 0.0538C},, OW
+0.05297,TW + 0.009057,0W + 0.0168TOW — 0.0143Cj,,7sTO — 0.00568C,,, 7s TW
—0.00328C},, 7sOW — 0.0329C;,, TOW — 0.004267,TOW — 0.344 (C.2)



C.1.

Toe of single lap joint DS (614)

125

wa

Coefficient

-5.68E-03

-1.43E-02

4.23E-02

-3.44E-01

1
1
1
0
0

OO | | A

Alo|dv|lalal—+

o|lo|o|=~|o|0O

OOOO—\E

2.88E-02

Chw = T O W Coefficient
0 0 0 0 1 21E-01
0 0 0 1 0 3.61E-02
0 0 0 1 1 -1.23E-02
0 0 1 0 0 3.83E-01
0 0 1 0 1 -1.63E-01
0 0 1 1 0 -9.82E-02
0 0 1 1 1 1.68E-02
0 0 2 0 0 1.72E-01
0 0 2 0 1 225E-02
0 0 2 1 0 512E-02
0 0 2 1 1 -391E-03
0 0 3 0 0 -1.80E-01
0 0 3 0 1 4.88E-03
0 0 3 1 0 -7.29E-03
0 1 0 0 0 3.34E-01
0 1 0 0 1 -1.18E-01
0 1 0 1 0 -5.26E-02
0 1 0 1 1 9.05E-03
0 1 1 0 0 548E-02
0 1 1 0 1 5.29E-02
0 1 1 1 0 447E-02
0 1 1 1 1 -426E-03
0 1 2 0 0 -2.05E-01
0 1 2 0 1 227E-03
0 1 2 1 0 -8.19E-03
0 1 3 0 0 4.63E-02
1 0 0 0 0 91E-01

1 0 0 0 1 -6.23E-01
1 0 0 1 0 8.69E-02
1 0 0 1 1 538E-02
1 0 1 0 0 -3.27E-01
1 0 1 0 1 -2.09E-01
1 0 1 1 0 -476E-03
1 0 1 1 1 -3.29E-02
1 0 2 0 0 -212E-01
1 0 2 0 1 1.59E-01
1 0 2 1 0 -9.10E-03
1 0 3 0 0 1.29E-01
1 1 0 0 0 -1.84E-01
1 1 0 0 1 6.69E-02
1 1 0 1 0 285E-02
1 1 0 1 1 -3.28E-03
1 1 1 0 0 -2.35E-02

Table C.2: Coefficients for Cy,,, of the toe of single lap joints

DS (614)
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C.2. Root of single lap joint DS (614)

Cow—root—614 = 0.386P — 6.17; + 36.8T + 11.80 + 9.28W — 0.914S + 0.00294P2T?
—0.339Pr, — 1.62PT — 2.39P0 — 35.87,T + 11.8PW — 12.0r,0 — 0.0315PS — 8.89r,W
+2.91T0 — 0.1187,S — 67.2TW — 4.52TS — 30.20W — 1.420S — 1.08WS + 0.22P?r;
— 2.85PT? — 0.968P2T — 0.00976PT?3 + 6.34r,T? + 0.283P20 + 10.8r,T3 — 1.42P?W
+ 0.027P2S — 0.703T20 + 65.3T?W — 0.0021T30 + 0.777T?S — 0.0346T3W + 1.36T3S
—0.22P? — 7.22T? — 10.5T3 — 0.033T* + 2.88Pr,T? + 0.958P%1r,T — 0.281P?1,0
—0.00174PT?0 + 1.43P%r,W — 0.000632P?T0O — 0.0347PT?W + 0.707r,T%0
—0.000266P?r,S — 0.00498P2TW + 0.363PT?2S — 64.97,T?>W + 0.119P2TS
+ 0.0000553P20W + 0.006177,T?S — 0.035P20S + 0.18P2WS + 0.0272T*0W
+0.0913T2%0S — 8.14T?WS + 1.59P7,T + 2.37Pr,0 — 12.0Pr;W — 0.306PTO
+ 0.0182P7,S + 16.8PTW — 2.841,TO + 0.202PTS + 1.76POW + 66.1r,TW
+ 0.295P0S + 0.04197,TS + 30.5r,0W — 1.51PWS + 0.00567,0S + 4.28TOW
+ 0.0857r,WS — 0.388T0S + 8.38TWS + 3.790WS + 0.317Pr,TO — 16.6Pr,TW
+ 0.000793P7,TS — 1.79P1,0W — 0.00102P7,0S + 0.00858PTOW — 0.00945Pr,WS
+ 0.0397PTOS — 4.481r,TOW — 2.08PTWS — 0.000993r,TOS — 0.223POWS
—0.0318r,TWS — 0.005077,0WS — 0.551TOWS + 6.59 (C.3)



O
N

. Root of single lap joint DS (614)

127

Py

Coefficient

-9.14E-01

Py

Coefficient

9.28E+00

-6.49E+01

-1.08E+00

7.07E-01

1.18E+01

1.08E+01

-1.42E+00

3.86E-01

-3.02E+01

-3.15E-02

3.79E+00

1.18E+01

3.68E+01

-1.51E+00

-4.52E+00

-2.39E+00

-6.72E+01

2.95E-01

8.38E+00

1.76E+00

2.91E+00

-2.23E-01

-3.88E-01

-1.62E+00

4.28E+00

2.02E-01

-5.51E-01

1.68E+01

-7.22E+00

-2.08E+00

7.77E-01

-3.06E-01

6.53E+01

3.97E-02

-8.14E+00

8.58E-03

-7.03E-01

-2.85E+00

9.13E-02

3.63E-01

2.72E-02

-3.47E-02

-1.05E+01

-1.74E-03

1.36E+00

-9.76E-03

-3.46E-02

-3.39E-01

-2.10E-03

1.82E-02

-6.10E+00

-1.20E+01

-1.18E-01

-9.45E-03

-8.89E+00

2.37E+00

8.57E-02

-1.02E-03

-1.20E+01

-1.79E+00

5.60E-03

1.59E+00

3.05E+01

7.93E-04

-5.07E-03

-1.66E+01

-3.58E+01

3.17E-01

4.19E-02

2.88E+00

6.61E+01

-2.20E-01

-3.18E-02

2.70E-02

-2.84E+00

-1.42E+00

-9.93E-04

1.80E-01

-4.48E+00

2.83E-01

6.34E+00

-3.50E-02
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Appendix C. CBW fitting

o

Coefficient

1.19E-01

-4.98E-03

-6.32E-04

2.94E-03

2.20E-01

-2.66E-04

1.43E+00

-2.81E-01

9.58E-01

6.59E+00

OIOINININININDNINMNINMNINMIN|T
OOl ~a|lAa|lAala|la|lOO|lO|lO| O

Alo|a|o|lo|lojo|N|=a=a-|+

O|lo|Oo|=_|O|O|O|OC|=2|O|O|0O

OOOO—\OOOO—\Oé

oO|oo|Oo|lOo|Oo|~|O|O|OC|O|~|W

-3.30E-02

Table C.3: Coefficients for Cy,, of the root of single lap joints

DS (614)
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Cow2—root—614 = 0.86171; — 0.849P — 1.99C,,,, + 0.397T + 0.06760 + 5.95W — 0.0081P>T?
+ 1.63Cp,, P + 2.03Cy,, 75 + 1.22C,,, T + 0.806Pr, — 0.0716C,,, 0 + 1.21PT
—4.1Cp,W — 0.161P0 + 0.1267,T — 0.97PW — 0.572r,0 — 4.01r,W + 0.0956T0
— 6.0TW + 0.9030W — 0.154Cp,,P? + 0.00165Cp,, P — 1.3Cy,,, T? — 0.384P?r;
—0.257PT? — 0.042P?T + 0.0293P3r, + 1.267,T? — 0.00263P?0 — 0.00715P3T
— 0.0253P%W + 0.000481P30 + 0.00309P3W — 0.00782T20 + 2.06T?W + 0.229P?
—0.00554P3 — 0.000532P* — 0.297T? — 0.0166C,,, P>, + 0.586C},, PT?
+0.0721Cp,, P?>T — 1.05Cp,, 7 T? + 0.00114C,,, P20 + 0.165C,,,, P?W
+ 0.0605P7,T? + 0.166P2r,T — 0.0295C},,, T?>0 — 0.0157P%1r,0 — 2.48Cy,,, T*W
+ 0.00511PT20 — 0.188P%r,W + 0.00337PT0 — 0.0284PT?W — 0.0197,T20
+ 0.023P2TW — 0.771r,T?W — 0.00471P20W + 0.0108T20W — 0.428Cp,, P
—1.52Cp,, PT + 0.00718Cp,, PO + 2.52Cp,,7sT — 0.981C},, PW — 0.332Cy,, 70
— 1.57Pr, T — 2.18Cy,,, s W + 0.094C},,TO + 0.368Pr,0 + 5.5C,,, TW + 2.21Pr;W
+ 0.0182PT0 + 0.236C},,0W + 0.403PTW + 0.1167,TO + 0.0223POW + 3.54r,TW
— 1.57r,0W — 0.341TOW + 0.0951Cy,, Pr,T — 0.00468C},,, P10 + 0.405C,,, PrsW
—0.00514C,,,,PTO — 0.204Cy,,, PTW + 0.103C,,7sTO — 0.0353C},,,POW
— 0.546C,,,xsTW — 0.0856P1,TO + 0.143Cp,,;OW — 0.438Pr,TW + 0.0504C},,TOW
+ 0.0969Pr,0W — 0.0135PTOW + 0.39r,TOW — 1.55 (C.4)
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Cbw P 1 T O W Coefficient Cow P 7 T O W Coefficient
0 0 0 0 0 1 595E+00 0 2 0 0 1 1 -471E-03
0 0 0 0 1 0 6.76E-02 0 2 0 1 0 0 -420E-02
0 0 0 0 1 1 9.03E-01 0 2 0 1 0 1 230E-02
0 0 0 1 0 0 3.97E-01 0 2 0 1 1 0 3.37E-03
0 0 0 1 0 1 -6.00E+00 0 2 0 2 0 0 -8.10E-03
0 0 0 1 1 0 956E-02 0 2 1 0 0 0 -3.84E-01
0 o o 1 1 1 -34E-01 0 2 1 0 0 1 -1.88E-01
0 0 0 2 0 0 -297E-01 0 2 1 0 1 0 -157E-02
0 0 0 2 0 1 2.06E+00 0 2 1 1 0 0 1.66E-01
0 0 0 2 1 0 -7.82E-03 0 3 0 0 0 0 -554E-03
0 0 0 2 1 1 1.08E-02 0 3 0 0 0 1 3.09E-03
0 0 1 0 0 0 8.61E-01 0 3 0 0 1 0 4.81E-04
0 0 1 0 0 1 -401E+00 0 3 0 1 0 O -7.15E-03
0 0O 1 0 1 0 -572E-01 0 3 1 0 0 0 2093E-02
0 01 0 1 1 -157E+00 1 0 0 0 0 0 -199E+00
0 0 1 1 0 0 1.26E-01 1 0 0 0 0 1 -410E+00
0 0 1 1 0 1 3.54E+00 1 0O 0 01 0 -7.16E-02
0 o 1 1 1 0 1.16E-01 1 0 0 0 1 1 236E-01
0 o 1 1 1 1 3.90E-01 1 0 0 1 0 0 1.22E+00
0 0 1 2 0 0 1.26E+00 1 0 0 1 0 1 550E+00
0 o1 2 0 1 -7.71E-01 1 0 0 1 1 0 940E-02
0 0 1 2 1 0 -1.90E-02 1 0 0 1 1 1 5.04E-02
0 1 0 0 0 O -8.49E-01 1 0 0 2 0 0 -1.30E+00
0 1 0 0 0 1 -9.70E-01 1 0 0 2 0 1 -248E+00
0 1 0 0 1 0 -1.61E-01 1 0 0 2 1 0 -295E-02
0 1 0 0 1 1 223E-02 1 0 1 0 0 0 2.03E+00
0 1 0 1 0 0 1.21E+00 1 0 1 0 0 1 -218E+00
0 1 0 1 0 1 4.03E-01 1 0 1 0 1 0 -3.32E-01
0 1 0 1 1 0 1.82E-02 1 0O 1 0 1 1 1.43E-01
0 1. 0 1 1 1 -1.35E-02 1 0 1 1 0 0 252E+00
0 1 0 2 0 0 -257E-01 1 0 1 1 0 1 -546E-01
0 1 0 2 0 1 -2.84E-02 1 0O 1 1 1 0 1.03E-01
0 1 0 2 1 0 51ME-03 1 0 1 2 0 0 -1.05E+00
0 1 1 0 0 0 8.06E-01 1 1 0 0 0 0 1.63E+00
0 1 1 0 0 1 221E+00 1 1 0 0 0 1 -9.81E-01
0 1 1 0 1 0 3.68E-01 1 1 0 0 1 0O 7.18E-03
0 1 1 0 1 1 9.69E-02 1 1 0 0 1 1 -3.53E-02
0 11 1 0 0 -1.57E+00 1 1 0 1 0 0 -1.52E+00
0 1 1 1 0 1 -4.38E-01 1 1 0 1 0 1 -2.04E-01
0 11 1 1 0 -856E-02 1 1 0 1 1 0 -514E-03
0 1 1 2 0 0 6.056-02 1 1 0 2 0 0 5.86E-01
0 2 0 0 0 0 229E-01 1 1 1 0 0 0 -4.28E-01
0 2 0 0 0 1 -253E-02
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3
S

o

Coefficient

4.05E-01

-4.68E-03

9.51E-02

-1.54E-01

1.65E-01

1.14E-03

7.21E-02

-1.66E-02

1.65E-03

-1.55E+00

Olo| alalalalalalalala

A O|IWINININ|IN|IN(=|~|=-~]|T

OO0 |O|OCO|OC|O| ||~

oO|lo|loOo|lOo|~|O|O|O|~|O|OC|H

OoOlo|lo|lOo|lOo|~|O|OC|OC|=|O|0O

OOOOOOAOOO—‘E

-5.32E-04

Table C.4: Coefficients for Cp,,, of the root of single lap joints

DS (614)



132 Appendix C. CBW fitting

C.3. Toe of single lap joint SS (615)

Cow—toe—1s = 0.791T — 1.1W + 0.4487, + 0.0534T2W2 + 1.34TW — 1.59Tr; + 1.03Wr,
—0.938TW2 — 0.781T2W + 0.275TW3 + 1.65T%r, + 0.281T3W — 0.566T3r, — 1.07W 27,
+0.331W3r, — 0.885T2 + 0.514T3 + 1.04W2 — 0.152T* — 0.307W3 + 0.0876TW ?r;

+ 0.15T?Wr, — 0.359TWr, — 0.00343 (C.5)
T W 1, Coefficient
0 0 1 4.48E-01
0 1 0 -1.10E+00
0 1 1 1.03E+00
0 2 0 1.04E+00
0 2 1 -1.07E+00
0 3 0 -3.07E-01
0 3 1 3.31E-01
1 0 0 791E-01
1 0 1 -1.59E+00
1 1 0 1.34E+00
1 1 1 -3.59E-01
1 2 0 -9.38E-01
1 2 1 8.76E-02
1 3 0 275E-01
2 0 0 -8.85E-01
2 0 1 1.65E+00
2 1 0 -7.81E-01
2 1 1 1.50E-01
2 2 0 5.34E-02
3 0 0 5.14E-01
3 0 1 -566E-01
3 1 0 281E-01
0 0 0 -3.43E-03
4 0 0 -1.52E-01

Table C.5: Coefficients for C;,, of the toe of single lap joints SS (615)
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Cowz—toe—615 = —0.116C3, T — 0.0715C3,, + 0.82C2,,T? + 0.426C2,T
—0.0379C2,, — 1.22Cpy,, T + 1.01Cp,, T? + 0.542Cy,, T + 1.08Cy,, — 0.211T*
+0.689T3 — 0.416T2 — 0.128T — 0.0653 (C.6)

Coefficient
-1.28E-01
-4.16E-01
6.89E-01
1.08E+00
5.42E-01
1.01E+00
-1.22E+00
-3.79E-02
4.26E-01
8.20E-01
-7.15E-02
-1.16E-01
-6.53E-02
-2.11E-01

s
S

OO W[IW|IN|ININ|~A|||~rO|lO|O
RO 2O N| 2 |O[WIN|~|O|lWIN|~|H

Table C.6: Coefficients for Cy,,, of the toe of single lap joints SS (615)
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C.4. Root of single lap joint DS (615)

wa—root—615

= 74800.0T — 143000.07; — 35900.0P + 161000.0W — 3140.0S + 8340.0P%r2
—0.00173P2T2 — 0.000628P2W? — 3680.0r2T2 — 174000.0r2W2 + 0.043T2W?2
+116000.0Pr; — 45400.0PT + 50000.0PW — 194000.07,T + 5130.0PS — 89200.0n,W
+16900.07,S + 103000.0TW — 10700.0TS — 22900.0WS — 86100.0Pr2 — 6380.0P?r;
— 5180.0PT2 — 1870.0P2T — 721.0P3r, — 0.00386PT3 — 3620.0PW?2 — 23900.07, T2
+ 1040.0P2W + 0.000699P3T + 124000.072T — 0.00138PW 3 + 9300.07, T3
+603000.0r, W2 + 115.0P2S + 0.000097P3W — 108000.0r2W — 112000.07, W3

— 4900.0TW? — 90.1P3S — 0.64812S + 305.0T2W + 0.0152TW3 — 3380.0T2S
+0.0409T3W + 1160.0T3S + 56400.0W2S — 14000.0W3S — 805.0P2 + 631.0P3
+135000.072 + 0.000429P* + 23700.0T2 — 8140.0T3 — 394000.0W2 — 0.0902T*
+98200.0W3 + 5920.0P7, T2 — 70800.0P72T + 2140.0P%7,T + 4140.0Pr,W?2
+89000.0PT2W — 1190.0P2r,W + 0.00426PTW? + 0.205P72S + 0.00488PT2W

+ 1040.0P27,S + 0.00284P2TW + 740.0PT2S + 5600.0r,TW?2 — 348.0n,T2W

+ 267.0P2TS + 165000.0r2TW + 517.0PW2S — 459.00,T2S — 149.0P2WS

+ 0.5672TS — 21800.07,W2S + 0.505r2WS + 700.0TW2S — 43.5T2WS

+ 114000.0Pr,T — 135000.0Pr;W — 10800.0P7,S + 17000.0PTW + 6490.0PTS
—262000.0r,TW — 7150.0PWS + 15500.07,TS — 13500.0r,WS — 14700.0TWS

— 19400.0Pr;TW — 8850.0Pr,TS + 11100.0Pr,WS — 2430.0PTWS + 20600.0r,TWS
+22000.0 (C.7)
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Coefficient

Py

-3.14E+03

1.61E+05

-2.29E+04

-3.94E+05

5.64E+04

9.82E+04

-1.40E+04

7.48E+04

-1.07E+04

1.03E+05

-1.47E+04

-4.90E+03

7.00E+02

1.52E-02

2.37E+04

-3.38E+03

3.05E+02

-4.35E+01

4.30E-02

-8.14E+03

1.16E+03

4.09E-02

-1.43E+05

1.69E+04

-8.92E+04

-1.35E+04

6.03E+05

-2.18E+04

-1.12E+05

-1.94E+05

1.55E+04

-2.62E+05

2.06E+04

5.60E+03

-2.39E+04

-4.59E+02

-3.48E+02

9.30E+03

1.35E+05

-6.48E-01

-1.08E+05

5.05E-01
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-1.74E+05
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Coefficient

1.24E+05

5.60E-01

1.65E+05

-3.68E+03

-3.59E+04

5.13E+03

5.00E+04

-7.15E+03

-3.62E+03

5.17E+02

-1.38E-03

-4.54E+04

6.49E+03
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-2.43E+03
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-5.18E+03
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4.88E-03

-3.86E-03
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-1.49E+02
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2.84E-03

-1.73E-03
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Coefficient
1.04E+03
-1.19E+03
2.14E+03
8.34E+03
6.31E+02
-9.01E+01
9.70E-05
6.99E-04
-7.21E+02
2.20E+04
4.29E-04
-9.02E-02

o

O| B[O W| W W|IW[IWIN|IN|ININ|T
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Table C.7: Coefficients for Cp,, of the root of single lap joints
DS (615)
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waZ—root—615

= 6.28P — 23.9Cy,,, — 126.0r; — 27.1T + 30.3W — 9.47Cy,, P

+ 113.0Cpy, 75 + 59.0Cp,, T — 12.5P1; — 80.7Cy,,, W — 0.205PT + 1.1PW

+ 4447, T — 55.5n,W + 7.96TW + 1.67C2,,P — 90.2Cy,,, 7% — 13.0C2,, 7%

+ 12.8Cp,, T? + 5.92P1r% — 10.3C2,, T + 22.0Cp,,W? — 0.137PT?
+29.4CE,W + 0.0468PW? — 5.93r,T? — 15.712T + 4.98r,W? + 22.7r¢W
+ 0.23TW? — 1.79T2W — 8.55C%,, + 166.0r2 — 69.913 + 1.07T*>

+ 1.78T3 — 5.66W? + 8.83Cy,, Pry — 3.32Cp,, PT — 2.98C,,,,PW

— 28.0Cp 75T + 62.9Cp,, 7sW + 0.817P7,T — 49.5Cy,, TW — 1.11P1r;W

— 0.106PTW — 2.241,TW + 29.7

(C.8)



138

Appendix C. CBW fitting

3
S

Py

Coefficient

3.03E+01

-5.66E+00

-2.71E+01

7.96E+00

2.30E-01

1.07E+00

-1.79E+00

-1.26E+02

-5.55E+01

4.98E+00

4.44E+01

-2.24E+00

-5.93E+00

1.66E+02

2.27E+01

-1.57E+01

6.28E+00

1.10E+00

4.68E-02

-2.05E-01

-1.06E-01

-1.37E-01

Chw P 1 T W Coefficient
2 0 1 0 0 -1.30E+01
2 1 0 0 0 1.67E+00
0 0 0 0 0 297E+01
0 0 3 0 0 -6.99E+01
0 0 0 3 0 1.78E+00

-1.25E+01

-1.11E+00

8.17E-01

5.92E+00

-2.39E+01

-8.07E+01

2.20E+01

5.90E+01

-4.95E+01

1.28E+01

1.13E+02

6.29E+01
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-3.32E+00

8.83E+00

-8.55E+00

2.94E+01
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Table C.8: Coefficients for Cp,,, of the root of single lap joints
SS (615)



Arc-welded joints fatigue assessment

D.1. NSC

rel. parameter profile likelihood: MLE = 11.02, CBO 75= [10.68, 11.34] rel. parameter profile likelihood: MLE = 2.77, CB0 75 = [2.61,2.93]
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Figure D.1: Likelihood distribution for log(C) with NSC and Figure D.2: Likelihood distribution for m with NSC and
log(normal) log(normal)
rel. parameter profile likelihood: MLE = 0.43, CB075 =10.41, 0.45] rel. parameter profile likelihood: MLE = 1.00, CB0 75= [0.96, 1]
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Figure D.3: Likelihood distribution for o with NSC and Figure D.4: Likelihood distribution for y with NSC and
log(normal) log(normal)
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Appendix D. Arc-welded joints fatigue assessment

D.2.

HSSSC

rel. parameter profile likelihood: MLE = 11.32, CB . = [10.99, 11.64]

two-sided 75[%] confidence level
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logC

rel. parameter profi

le likelihood: MLE = 2.34, CB
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Figure D.5: Likelihood distribution for log(C) with HSSSC and Figure D.6: Likelihood distribution for m with HSSSC and

log(normal)

rel. parameter profile likelihood: MLE = 0.43, CB
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Figure D.7: Likelihood distribution for o with HSSSC and Figure D.8: Likelihood distribution for y with HSSSC and
log(normal)

D.3.
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LENSC

rel. parameter profile likelihood: MLE = 13.46, CB0 75 = [13.11, 13.81]
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Figure D.9: Likelihood distribution for log(C) with LENSC and Figure D.10: Likelihood distribution for m with LENSC and

log(normal)

log(normal)
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rel. parameter profile likelihood: MLE = 0.33, CB075 =1[0.31,0.35] rel. parameter profile likelihood: MLE = 1.09, CB0 75= [1.01, 1.18]
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rel. parameter profile likelihood: MLE = 0.35, CB075 =10.33,0.36] rel. parameter profile likelihood: MLE = 0.53, CB0 75= [0.51, 0.56]
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Figure E.1: Drawing test specimen
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Name rl failure Sn[Mpa] cycles]|] frequency [Hz]
4DS |1 0.1 wt 204 3.40E+04 15
4DS113 0.1 wt 170 4.59E+04 15
4DS 12 0.1 wt 80 4 87E+05 15
4DSI112 01 nd 40 9.15E+06 15
4DS13 0.1 wt 60 1.23E+06 20
4DS111 0.1 wt 50 5.77E+06 20
4DS 14 0.1 wt 150 6.78E+04 20
4DS110 0.1 wt 150 7.20E+04 20
4DS15 0.1 wt 150 6.84E+04 20
4DS19 0.1 wt 55 2.50E+06 20
4DS16 0.1 wt 90 2.82E+05 20
4DS18 0.1 wt 90 3.26E+05 25
4DSI|7 0.1 wt 55 1.64E+06 25
4DS 1 0.1 wt 55 9.14E+05 25
4DSI1I13 0.1 wt 90 2.85E+05 20
7DS 11 0.1 wt 90 1.75E+05 20
7DS113 0.1 wt 70 3.07E+05 20
7DSI2 0.1 wt 70 4.29E+05 20
7DS112 0.1 wt 120 6.25E+04 20
7DS13 0.1 wt 120 6.17E+04 20
7DSI11 01 nd 35 1.00E+07 25
7DS 14 0.1 wt 120 6.25E+04 20
7DS110 0.1 wt 70 3.41E+05 20
7DSI5 0.1 wt 50 1.88E+06 25
7DS19 0.1 wt 50 1.12E+06 20
7DS16 0.1 nd 50 4.85E+06 20
7DSI18 0.5 wt 70 3.02E+05 20
7DS 11 0.5 wt 115 9.19E+04 20
7DS1113 05 wt 115 8.74E+04 20
7DSII2 05 wt 70 2.73E+05 20
7DS1112 0.5 wt 70 2.54E+05 20
7DSII3 05 wt 115 9.12E+04 20
7DSII11 05 wt 45 9.89E+05 20
7DS114 05 wt 45 1.03E+06 20
7DS1110 0.5 wt 45 1.08E+06 20
7SS 11 0.5 wt 55 3.82E+05 15
7SS19 0.5 wt 90 7.13E+04 15
78S12 05 wt 30 6.17E+06 20
7SS18 0.5 wt 55 3.52E+05 20
7SS13 0.5 wr 90 7.61E+04 15
78SI17 05 wt 35 1.92E+06 20
7SS14 0.5 wt 35 1.56E+06 20
7SS16 0.1 wt 55 5.29E+05 20

Table E.1: Experimental fatigue resistance data of laser-welded lap joints Part |
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Name rl failure Sn[Mpa] cycles[] frequency [Hz]
7SS15 0.1 wt 55 5.46E+05 20
7SSII11 0.1 wt 40 2.11E+06 20
7SS Il1 0.1 wt 40 1.40E+06 20
7SSI1110 0.1 wt 95 6.84E+04 15
7SS112 0.1 wt 95 8.08E+04 15
7DS 15 -1 wt 125 2.02E+05 15
7DS19 -1 wt 105 4 31E+05 15
7DS 16 -1 wt 160 7.15E+04 15
7DS 17 -1 wt 160 6.51E+04 15
7DS17 -1 wt 160 9.75E+04 15
7DS 118 -1 wt 80 7.78E+05 15
7DS 1 -1 wt 70 3.93E+06 18
7DSHI13 -1 wt 105 3.76E+05 18
7DSI2 -1 wt 80 2.07E+06 18
7DSI12 -1 wt 105 451E+05 18
7DSII3 -1 wt 80 1.83E+06 18
4DS 112 0.5 wt 85 3.39E+05 20
4DSI1I12 05 wt 145 1.39E+05 20
4DS I3 0.5 wt 50 2.79E+06 20
4DSII11 05 wt 50 3.01E+06 20
4DS 114 0.5 wt 85 4 15E+05 20
4DSI110 0.5 wt 145 1.32E+05 20
4DSII5 0.5 wt 85 3.82E+05 20
4DS 19 0.5 wt 145 1.27E+05 20
4SS 11 0.5 wr 65 3.10E+05 20
48S110 05 wr 100 8.79E+04 20
4DS 16 0.5 wt 50 2.54E+06 20
4S8S12 0.5 wr 65 2.99E+05 20
48S19 0.5 wr 100 7.15E+04 20
48S13 0.5 wr 40 1.41E+06 20
4SS18 0.5 wr 40 1.14E+06 20
4SS14 0.1 wr 75 2.53E+05 20
48S17 0.1 wr 115 5.26E+04 20
4SS15 0.1 wr 115 5.45E+04 20
4SS16 0.1 wr 75 1.92E+05 20
4SS11 0.1 wt 45 1.31E+06 20
4SS 117 0.1 wr 45 1.54E+06 20
7SS12 0.5 wt 30 6.17E+06 20
7SS18 0.5 wt 55 3.52E+05 20
78SS13 0.5 wr 90 7.61E+04 15
7SSI17 0.5 wt 35 1.92E+06 20
7SS 14 0.5 wt 35 1.56E+06 20
7SS16 0.1 wt 55 5.29E+05 20

Table E.2: Experimental fatigue resistance data of laser-welded lap joints Part Il



E.1. Experimental results

147

Name rl failure Sn[Mpa] cycles [] frequency [Hz]
7SS15 0.1 wt 55 5.46E+05 20
7SSII11 0.1 wt 40 2.11E+06 20
7SS II1 0.1 wt 40 1.40E+06 20
7SSI1110 0.1 wt 95 6.84E+04 15
7SS112 0.1 wt 95 8.08E+04 15
7DS 15 -1 wt 125 2.02E+05 15
7DS 19 -1 wt 105 4 31E+05 15
7DSII6 -1 wt 160 7.15E+04 15
7DS1I7 -1 wt 160 6.51E+04 15
7DS17 -1 wt 160 9.75E+04 15
7DS 118 -1 wt 80 7.78E+05 15
7DS 1 -1 wt 70 3.93E+06 18
7DSHI13 -1 wt 105 3.76E+05 18
7DSI2 -1 wt 80 2.07E+06 18

Table E.3: Experimental fatigue resistance data of laser-welded lap joints Part Il
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E.2. FE-model validation
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rel. parameter profile likelihood: MLE = 0.27, CB075 =1[0.24, 0.29] rel. parameter profile likelihood: MLE = 0.70, CB0 75= [0.64, 0.76]
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Figure E.8: Likelihood distribution for ¢ with NSC and Figure E.9: Likelihood distribution for y with NSC and
log(normal) log(normal)
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E.5. LENSC

rel. parameter profile likelihood: MLE = 12.62, CB0 75 = [12.19, 13.08] rel. parameter profile likelihood: MLE = 2.93, CBn 5= [2.75,3.11]
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rel. parameter profile likelihood: MLE = 13.84, CBO 75= [13.45, 14.23] rel. parameter profile likelihood: MLE = 3.37, CB

y 75 =[321,3.53]
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Figure E.19: Likelihood distribution for log(C) with LENSC and Figure E.20: Likelihood distribution for m with LENSC and
log(normal) of experimental data log(normal) of experimental data

rel. parameter profile likelihood: MLE = 0.18, CB
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Figure E.21: Likelihood distribution for ¢ with LENSC and Figure E.22: Likelihood distribution for p* with LENSC and
log(normal) of experimental data log(normal) of experimental data

rel. parameter profile likelihood: MLE = 0.62, CB . =10.59, 0.65]
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Figure E.23: Likelihood distribution for y with LENSC and
log(normal) of experimental data
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rel. parameter profile likelihood: MLE = 11.89, CB0 75 = [11.46, 12.33] rel. parameter profile likelihood: MLE = 2.46, CBn 75 = [2.28,2.64]
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Figure E.24: Likelihood distribution for log(C) with PENSC and Figure E.25: Likelihood distribution for m with PENSC and
log(normal) log(normal)

rel. parameter profile likelihood: MLE = 0.33, CBL)7S =1[0.31,0.35] rel. parameter profile likelihood: MLE = 0.14, CB0 75= [0.12, 0.15]
1.1 T T T T T T —— T 1.1 T T T - T
1.0 - 1 1.0+ 1
09 1 09 1
08 1 0.8 1
0.7 1 0.7 1
06 : 061 :
a” two-sided 75[%] confidence level - two-sided 75[%] confidence level|
[ e Y N B LR B
04+ 1 041 4
03 1 03 1
02f two-sided 95 [%] confidence level | 02r two-sided 95 [%] confidence level
0.1 1 0.1 1
0.0 . . . . . . 0.0 . . .
005 0.10 0.5 020 025 030 035 040 045 050 0.55 0.00 0.20 0.40 0.60 0.80 1.00
a *
a

Figure E.26: Likelihood distribution for o with PENSC and Figure E.27: Likelihood distribution for a* with PENSC and
log(normal) log(normal)

rel. parameter profile likelihood: MLE = 0.79, CB . =10.72, 0.86]
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Figure E.28: Likelihood distribution for y with PENSC and
log(normal)
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rel. parameter profile likelihood: MLE = 13.70, CBO 75= [13.29, 14.11] rel. parameter profile likelihood: MLE = 3.09, CB0 75= [2.93,3.25]
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Figure E.29: Likelihood distribution for log(C) with PENSC and Figure E.30: Likelihood distribution for m with PENSC and

log(normal) of experimental data log(normal) of experimental data
rel. parameter profile likelihood: MLE = 0.20, CB075 =[0.18,0.22] rel. parameter profile likelihood: MLE = 0.16, CB0 75= [0.12, 0.18]
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Figure E.31: Likelihood distribution for o with PENSC and Figure E.32: Likelihood distribution for a* with PENSC and
log(normal) of experimental data log(normal) of experimental data

rel. parameter profile likelihood: MLE = 0.69, CB075 =1[0.65, 0.73]
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Figure E.33: Likelihood distribution for y with PENSC and
log(normal) of experimental data
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158 Appendix F. Beam/shell model
toe root
geometry | on[Mpa] | om [-] ob [] os [-] rs [-] om [-] ob [] os [-] rs [-]
614 laser | 1 0.00% | -0.47% | -0.33% | -0.14% | 0.00% | 46.53% | 15.52% | 26.85%
100 0.00% | -1.40% | -0.93% | -0.48% | 0.00% | 34.52% | 14.74% | 17.23%
200 0.00% | -1.76% | -1.13% | -0.64% | -0.01% | 30.31% | 14.19% | 14.12%
300 -0.01% | -2.35% | -1.47% | -0.89% | -0.06% | 28.94% | 14.15% | 12.95%
400 0.01% | -3.32% | -2.02% | -1.32% | -0.02% | 29.05% | 14.59% | 12.61%
615 laser | 1 0.00% | -0.13% | -0.09% | -0.03% | 0.00% | -0.01% | -0.01% | 0.00%
100 -0.01% | -0.22% | -0.17% | -0.06% | -0.01% | -0.57% | -0.43% | -0.14%
200 0.00% | -0.38% | -0.28% | -0.10% | 0.00% | -0.93% | -0.69% | -0.24%
300 0.01% | -0.53% | -0.39% | -0.14% | 0.01% | -1.22% | -0.90% | -0.32%
400 0.02% | -0.65% | -0.47% | -0.18% | 0.02% | -1.48% | -1.08% | -0.40%
614 arc 1 0.00% | -2.72% | -1.70% | -1.04% | 0.00% | 10.67% | 4.78% 5.63%
100 0.00% | -3.32% | -2.04% | -1.31% | 0.00% | 10.99% | 5.04% 5.66%
200 0.00% | -3.85% | -2.33% | -1.56% | 0.00% | 11.17% | 5.22% 5.65%
300 0.00% | -4.32% | -2.58% | -1.79% | 0.00% | 11.27% | 5.36% 5.62%
400 0.00% | -4.75% | -2.79% | -2.01% | 0.00% | 11.32% | 5.45% 5.57%
615 arc 1 0.00% | 0.06% | 0.04% | 0.02% | 0.00% | -0.17% | -0.13% | -0.04%
100 0.00% | -0.24% | -0.17% | -0.06% | 0.00% | -0.90% | -0.67% | -0.23%
200 0.01% | -0.61% | -0.45% | -0.17% | 0.01% | -1.31% | -0.96% | -0.35%
300 0.06% | -0.65% | -0.46% | -0.19% | 0.05% | -1.46% | -1.06% | -0.41%
400 0.21% | 1.49% | 1.13% | 0.35% | 0.18% | 0.29% 0.26% 0.03%
Average | 0.02% | 1.66% | 1.05% | 0.62% | 0.02% | 11.66% | 5.26% 5.70%
Table F.1: Bar model to capture far field stress version 1
toe root
geometry | on[Mpa] | om [-] ob [-] os [-] rs [-] om [-] ob [] os [-] rs [-]
614 laser | 1 0.00% | -0.44% | -0.31% | -0.13% | 0.00% | 43.85% | 14.62% | 25.50%
100 0.00% | -1.07% | -0.71% | -0.36% | 0.00% | 32.29% | 13.79% | 16.26%
200 0.00% | -1.16% | -0.74% | -0.42% | -0.01% | 28.16% | 13.18% | 13.23%
300 -0.01% | -1.50% | -0.94% | -0.57% | -0.06% | 26.75% | 13.08% | 12.09%
400 0.01% | -2.26% | -1.37% | -0.90% | -0.02% | 26.80% | 13.46% | 11.75%
615 laser | 1 0.00% | 0.08% | 0.06% | 0.02% | 0.00% | -0.19% | -0.14% | -0.05%
100 -0.01% | 0.14% | 0.10% | 0.04% | -0.01% | -0.89% | -0.67% | -0.22%
200 0.00% | 0.10% | 0.07% | 0.03% | 0.00% | -1.36% | -1.01% | -0.35%
300 0.00% | 0.05% | 0.04% | 0.01% | 0.00% | -1.73% | -1.28% | -0.46%
400 0.02% | 0.01% | 0.01% | 0.00% | 0.01% | -2.05% | -1.51% | -0.55%
614 arc 1 0.00% | -1.04% | -0.65% | -0.39% | 0.00% | 6.99% 3.13% 3.74%
100 0.00% | -0.33% | -0.20% | -0.13% | 0.00% | 5.63% 2.58% 2.97%
200 0.00% | 0.36% | 0.22% | 0.14% | 0.00% | 4.48% 2.10% 2.34%
300 0.00% | 1.04% | 0.62% | 0.42% | 0.00% | 3.48% 1.65% 1.80%
400 0.00% | 1.69% | 1.00% | 0.69% | 0.00% | 2.60% 1.25% 1.33%
615 arc 1 0.00% | 0.96% | 0.70% | 0.26% | 0.00% | -0.92% | -0.70% | -0.23%
100 0.00% | 1.88% | 1.38% | 0.50% | 0.00% | -2.76% | -2.05% | -0.72%
200 0.01% | 2.33% | 1.71% | 0.61% | 0.01% | -3.88% | -2.86% | -1.05%
300 0.05% | 297% | 2.18% | 0.77% | 0.04% | -4.88% | -3.34% | -1.28%
400 0.20% | 5.78% | 4.23% | 1.49% | 0.17% | -3.33% | -2.37% | -0.98%
Average | 0.02% | 1.26% | 0.86% | 0.39% | 0.02% | 10.14% | 4.74% 4.85%

Table F.2: Bar model to capture far field stress version 2
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toe root
geometry | on[Mpa] | om [-] ob [] os [-] rs [-] om [-] ob [] os [-] rs [-]
614 laser | 1 0.00% | -0.43% | -0.30% | -0.13% | 0.00% | 0.18% | 0.06% | 0.12%
100 0.00% | -0.87% | -0.58% | -0.30% | 0.00% | 0.11% | 0.05% | 0.06%
200 0.00% | -0.76% | -0.49% | -0.27% | -0.01% | -0.69% | -0.33% | -0.36%
300 -0.01% | -0.90% | -0.56% | -0.34% | -0.06% | -0.81% | -0.43% | -0.38%
400 0.01% | -1.46% | -0.89% | -0.58% | -0.02% | -0.34% | -0.18% | -0.16%
615 laser | 1 0.00% | 1.05% | 0.77% | 0.28% | 0.00% | -1.03% | -0.78% | -0.25%
100 -0.01% | 1.85% | 1.36% | 0.49% | -0.01% | -2.42% | -1.81% | -0.62%
200 0.00% | 2.36% | 1.73% | 0.61% | 0.00% | -3.40% | -2.52% | -0.90%
300 0.00% | 2.75% | 2.02% | 0.71% | 0.00% | -4.17% | -3.08% | -1.12%
400 0.02% | 3.09% | 2.27% | 0.80% | 0.01% | -4.83% | -3.56% | -1.32%
614 arc 1 0.00% | -1.09% | -0.68% | -0.41% | 0.00% | 0.97% | 0.43% | 0.54%
100 0.00% | -0.42% | -0.26% | -0.16% | 0.00% | -0.36% | -0.17% | -0.20%
200 0.00% | 0.22% | 0.14% | 0.09% | 0.00% | -1.50% | -0.70% | -0.80%
300 0.00% | 0.85% | 0.51% | 0.34% | 0.00% | -2.49% | -1.18% | -1.32%
400 0.00% | 1.46% | 0.86% | 0.60% | 0.00% | -3.36% | -1.62% | -1.77%
615 arc 1 0.00% | 1.39% | 1.01% | 0.37% | 0.00% | -1.28% | -0.97% | -0.32%
100 0.00% | 2.80% | 2.05% | 0.73% | 0.00% | -3.64% | -2.70% | -0.96%
200 0.01% | 3.56% | 2.61% | 0.93% | 0.01% | -5.09% | -3.75% | -1.39%
300 0.05% | 4.45% | 3.26% | 1.15% | 0.04% | -6.05% | -4.42% | -1.70%
400 0.20% | 7.51% | 5.48% | 1.92% | 0.17% | -5.05% | -3.62% | -1.49%
Average | 0.02% | 1.96% | 1.39% | 0.56% | 0.02% | 2.39% | 1.62% | 0.79%
Table F.3: Bar model to capture far field stress version 3
toe root
geometry | on[Mpa] | om [-] ob [-] os [-] rs [-] om [-] ob [-] os [-] rs [-]
614 laser | 1 0.00% -1.71% -1.20% -0.52% | -9.85% -68.06% | -29.26% | -54.85%
100 0.00% -5.50% -3.65% -1.92% | -11.40% | -51.37% | -28.47% | -32.02%
200 0.00% -7.71% -4.93% -2.92% | -12.51% | -45.50% | -27.96% | -24.34%
300 -0.01% -9.61% -5.99% -3.85% | -13.52% | -41.48% | -27.23% | -19.58%
400 0.01% -11.53% | -7.04% -4.83% | -14.42% | -37.87% | -26.20% | -15.81%
615 laser | 1 0.00% 10.64% | 7.78% 2.65% | 0.00% -9.59% -7.24% -2.53%
100 -0.01% 11.44% | 8.40% 2.80% | -0.01% -17.23% | -12.89% | -4.99%
200 0.00% 11.18% | 8.22% 2.73% | 0.00% -19.92% | -14.80% | -6.01%
300 0.00% 10.53% | 7.74% 2.59% | 0.00% -20.44% | -15.12% | -6.27%
400 0.02% 10.44% | 7.67% 2.58% | 0.01% -19.14% | -14.11% | -5.86%
614 arc 1 0.00% -6.31% -3.94% -2.47% | -10.80% | -40.30% | -24.01% | -21.43%
100 0.00% -7.88% -4.84% -3.20% | -11.45% | -37.26% | -23.29% | -18.21%
200 0.00% -9.25% -5.59% -3.87% | -12.06% | -34.62% | -22.61% | -15.52%
300 0.00% -10.45% | -6.23% -4.50% | -12.63% | -32.24% | -21.95% | -13.18%
400 0.00% -11.53% | -6.78% -5.09% | -13.18% | -30.03% | -21.29% | -11.10%
615 arc 1 0.00% 11.94% | 8.69% 2.99% | 0.00% -10.59% | -8.02% -2.80%
100 0.00% 10.55% | 7.73% 2.61% | 0.00% -19.89% | -14.78% | -5.99%
200 0.01% 9.78% 7.16% 2.44% | 0.01% -14.64% | -10.79% | -4.32%
300 -17.79% | -3.53% -7.39% 4.17% | -17.96% | -20.25% | -19.64% | -0.76%
400 -32.64% | -15.60% | -20.33% | 5.94% | -33.19% | -28.67% | -29.91% | 1.77%
Average | 2.52% 9.36% 7.07% 3.23% | 8.65% 29.95% | 19.98% | 13.37%

Table F.4: Bar model to capture far field stress according to Turlier et al., 2014
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