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ABSTRACT

THE EFFECT OF MISALIGNMENT ON THE STRESS FIELD AND
FATIGUE STRENGTH OF WELDED JOINTS

In this thesis, the fatigue resistances and performances of common welded joints were
numerically assessed based on different methods, such as the (modified) nominal stress
method, the structural hot spot stress method and the effective notch stress method. The main
aim of this project was to investigate the effect of misalignment on the predicted stresses and
— consequently - the fatigue strength, by including weld imperfections, and to compare the
results with the suggested stress magnification factors given by Eurocode 3 and the W
Recommendations.

In case of transverse butt welded joints, the shape of the weld plays a significant role in the
fatigue strength for cracks originating in the weld toes. Existing fatigue class catalogs, which
were created as a result of experimental measurements, mostly contain information about X-
joints, even though the numerical strength assessment can be performed for other weld shapes
(Y-, U-, I- welds, for example). In this thesis, the numerical study was also conducted for Y-
joints and inverse Y-joints. Additionally, fatigue class catalogs had quality level restrictions
especially for the height of weld convexity. Since different weld reinforcements yielded
separate fatigue strength, different qualities of welding were also modelled and compared to
each other. In addition to butt welds, a cruciform joint with fillet welds was investigated as
well.

The results show that the analytical stress magnification factors given by the 1IW
Recommendations are mostly applicable (with some exceptions) for transverse butt welded
joints with equal thickness and cruciform joints with fillet welds. Nevertheless, the values are
not precise enough to estimate the combined effect of misalignment and “planned”
eccentricities in the case of transverse butt welded joints with eccentric thickness transition,
and need a clearer specification of the considered boundary conditions of the plates adjacent
to the welds in all cases.

During this work, the FEM discretization level for element sizes and element meshing was
taken from the 2014 edition of the 1IW Recommendation for the fatigue resistance of welded
joints. However, in some cases the number of elements was not accurate enough for stress
convergence. Because of this reason, a convergence study was also carried out to discuss the
effects of mesh size on fatigue life prediction.

Keywords: nominal stress, structural hot spot stress, effective notch stress, fatigue assessment,

welded joints, finite element method, fatigue life cycle, axial misalignment




KURZFASSUNG

DER EFFEKT VON EXZENTRIZITATEN AUF SPANNUNGEN UND
ERMUDUNGSFESTIGKEIT GESCHWEISZTER ANSCHLUSSE

In dieser Arbeit wurde die Ermidungsfestigkeit einiger Ublicher Schweil3details mittels
verschiedener spannungsbasierter Methoden untersucht. Dabei wurden die Methode der
nominellen, der Struktur- und der (effektiven) Kerbspannungen angewandt. Das Hauptziel
dieser Studie war es, den Effekt von unvermeidbaren Kantenversatzen und Exzentritaten auf
die Spannungen — und damit die Lebensdauer bei Ermidung — im Schweildetail zu
quantifizieren. Dabei wurden die Methoden des Eurocodes und der Empfehlungen des W
berucksichtigt und verglichen.

Beim zundchst untersuchten Grundfall der StumpfstoRe zwischen Blechen gleicher Dicke
wurde festgestellt, dass die geometrische Form der SchweilRnaht eine groRe Bedeutung fir
Ermidungsrisse hat, welche von den Schweillnahtiibergdngen ausgehen koénnen.
Kerbfallkataloge aus der Literatur, welche auf Basis experimenteller Bauteilversuche erstellt
wurden, bericksichtigen vorwiegend das Verhalten von SchweillstoRen mit X-Néhten,
obwohl die numerische/normative Beurteilung fur alle Nahtformen erfolgen kann (auch fiir Y-
, U-, I- Nahte). In der vorliegenden Arbeit wurden daher auch Y- und umgekehrte Y-Nahte
berucksichtigt. Zusatzlich wurden auch die unterschiedlichen Anforderungen beziglich
Nahtiiberhbhung  beriicksichtigt.  Da  unterschiedlich  groBe  Uberhéhungen  zu
unterschiedlichen Spannungen fuhren, konnte der Zusammenhang zwischen Nahtform und
Kerbfall quantifiziert werden.

Die Ergebnisse dieser Arbeit zeigten, dass die bestehenden W Empfehlungen bezliglich der
Berlicksichtigung der Effekte von Exzentrizititen bei den Grundféllen des StumpfstofRes mit
Blechen gleicher Dicke und beim T-StoR mit Kehlnahten grundsatzlich (aber nicht immer)
sichere und sinnvolle Ergebnisse liefern. Bei anderen Konfigurationen, wie einem
Gurtdickentibergang, sind die Empfehlungen in den Normen jedoch unklar oder nicht
anwendbar. Prinzipiell zeigte sich zudem, dass die drei erwéhnten spannungsbasierten
Methoden auch bei den untersuchten Grundféllen zu h&ufig sehr unterschiedlichen
Ergebnissen der rechnerischen Lebensdauer fiihren; diese Tatsache wird durch das
Vorhandensein von Exzentrizitaten noch verstarkt.

AbschlieBend wurde in der Arbeit auch eine Konvergenzstudie des FEM-Netzes durchgefiihrt,
welche zeigte, dass die in der Literatur empfohlene Netzteilung bei gewissen Kerbfallen und
dem Strukturspannungskonzept noch nicht zur Konvergenz der Spannungsergebnisse fuhrt.
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1. Introduction

Introduction

Fatigue strength verifications based on the so-called nominal stress approach are needed for the
design of steel structures for many engineering applications. For this classical method, there exist
numerous experimentally acquired fatigue classes (FATS) of different joint types, which can be
used in fatigue life cycle calculations with this method, considering the classical beam-theoretical
stresses only (without considering geometric discontinuities in the proximity of the weld).

Another method, which utilizes the experimental data but grouping locally similar joint types
together, is the structural (or “hot spot”) stress method. This method accounts for stress
concentration effects due to local geometry, but excludes the local notch effect in the immediate
proximity of the weld. However, there are limited FAT classes for fatigue verification based on this
approach, many of which are generalizing the joint type.

Undoubtedly, testing of specimens often requires excessive effort; this led researchers to develop a
more general, purely numerical method, the effective notch stress method. On top of other
described methods, the effective notch stress method also includes the local notch stress raising
effects in the numerical calculation of stresses, and then treats all (welded) joints of a certain
material with one, single FAT class (in the case of steel structures, with FAT class 225). There are
different approaches for the application of this method. One common recommendation for the
rounding of notches can be seen in Fig 1.1. Assigning an r=1mm arch around the notch is said to
give consistent results for steel, when combined with the above-mentioned FAT class of 225 [2].

The number of cycles to failure is affected from imperfections such as weld tolerances and
misalignment in the joint geometry [3]. The International Institute of Welding (11W)
recommendation explains the effect of misalignment as: “Misalignment in axially loaded joints
leads to an increase of stress in the welded joint due to the occurrence of secondary shell bending
stresses” [2]. During the experimental tests, some misalignment was inevitably already included
and the resulting reduction of fatigue life cycles is reflected in part in the relevant S-N curves [2].
However, in some methods of calculation, the amount of already covered misalignment needs
further investigation. In some standards and recommendations (e.g. the Eurocode 3 [1] and W
Recommendations [2]), additional misalignment is specifically treated with either stress
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magnification factors Ky, (in IW) or resistance reduction factors ks (in EC3). These factors and their
applicability were verified in this study.

Radius = 1 mm

Y RN

Sang S

Fig 1.1 Fictitious rounding of weld notches for effective notch stress method [2].

1.1. Aim and Scope

In this study, both local and global approaches, namely the (modified) nominal stress, structural hot
spot stress and effective notch stress methods, are used for the fatigue life assessment of different
welded steel joints. The effects of imperfections on fatigue life cycles are also investigated.

This thesis is composed of six chapters. This very first one is the introduction and it includes
motivation, methodology and terminology.

In Chapter 2, the resulting stresses of butt welds in plates of equal thickness according to the
different stress calculation methods for fatigue design are presented. The cases with linear
misalignment and without misalignment are discussed separately and the fatigue life cycles
according to different approaches are calculated. Additionally, the recommended stress
modification factor kn, is plotted against normalized numerical stress calculation results (ratio
“stress with / without misalignment”). Fatigue life cycles are also calculated and shown in table
format.

There is no specific information about fatigue classes for the structural hot spot stress method for
butt welded joints in plates with thickness transition (found when a thicker plate is eccentrically
joined with a thinner one), and the information given for the nominal stress approach appears
ambiguous: no difference is made between flush butt welds and welds at (eccentric) thickness
transitions, in spite of the presence of a “planned” eccentricity in the latter case. To investigate these
points, some typical butt welded joints in thickness transitions are analysed in Chapter 3. After an
assessment of these joints in the “ideal” configuration, i.e. without additional misalignment, the
influence of a linear misalignment is also included and the results are discussed. Like in the
previous chapter, stress modification factors are discussed here. Fatigue life cycles are also
calculated and shown in table format.

In Chapter 4, a typical cruciform joint is investigated. The weld toe stresses are calculated with each
of the three different methods. However, weld root stresses are only calculated by using nominal
and effective notch stress method, since the numerical methods for the estimation of structural
stresses at weld root are still under research and not yet included in international design standards.
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During the analyses, a few possible sources of error or misinterpretation of the standard were
encountered, particularly concerning the meshing for the effective notch stress method; they are
presented in Chapter 5. Furthermore, a mesh convergence study was performed and the
recommended mesh sizes and element numbers given by 1IW Recommendations are compared
here.

The final Chapter 6 includes a brief summary of the results and the conclusions drawn from of the
results in this thesis.

1.2. Methodology

The finite element analyses in this thesis are performed with the Abaqus/CAE 6.10-1 software
package. Since all the three previously mentioned fatigue assessment methods are taking into
account linear elastic material behaviour, a single step linear elastic analysis was performed in all
numerical calculations.

Due to the nature of the welding process, the welded material is somewhat inhomogeneous in
reality [3]. However, in this thesis, isotropic and homogeneous material characteristics are assumed
and mechanical properties of construction steel (E=210GPa and v=0.28) are taken for both parent
material (steel plates) and weld metal (weld reinforcement).

In all cases, loading is applied uniaxially, which can be seen in Fig 1.2. Furthermore, the studied
joints are assumed to have a constant geometry in transversal (“out-of-plane”) direction. Therefore,
the models are able to be solved as part of a plane stress (or alternatively: plane strain) problem.
The magnitude of the applied external stress is chosen depending on the nominal fatigue strength of
the related joint type. For example, for assessment of transverse butt welded joints with “Weld
Quality B (according to 1SO 5817), a tensile loading of 80N/mm? is selected deliberately, because
the fatigue class based on the nominal stress approach of this joint type is FAT80.

Thus, the finite element method was used in this thesis to calculate the stresses for the structural
(hot spot) stresses and the effective notch stresses; the (unmodified) nominal stresses did not need
to be calculated, as they were equal to the applied load of the model according to the above
definition.
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Fig 1.2 External loading is applied axially and remotely from weld.

Thus, the fatigue class of the joint according to the nominal stress method always corresponds to the
resistance (in terms of stress amplitudes Ac) that lead to a fatigue life of 2x10° life cycle.

Note that, in calculations of fatigue life, throughout this thesis it was assumed that the loads will be
applied with constant amplitude, starting from zero load. Thus, the calculated stresses o always
were considered to also correspond to the applied stress amplitudes Ao in the fatigue life
calculations.

1.2.1. Finite Element Method — Meshing and Stress Calculation

In this thesis, 4-node linear shell elements were used. Element mesh sizes and numbers were chosen
according to recommendations given by 1IW, shown in Fig 1.3, Fig 1.4 and Fig 1.5.

Fig 1.3 Recommended element sizes at the surface for the assessment based on structural stress

Type of model Relatively coarse models Relatively fine models
and weld toe
Type a Type b Type a TypeD
Element [ Shells | txt 10 x 10 mm s04txtor <4x4mm
size max t X w/2” <0.4txW/2

method (1IW Recommendations, 2014 Table 2.2.-2).

Fig 1.4

Element type relative absolute No. of elements | No. of elements
size size [mm] [ in 45° arc in 360° arc

quadratic with < 1/4 <0.25 >3 > 24

mid-side nodes

linear <1/6 <0.15 >5 > 40

Recommended element sizes at the surface for the assessment based on effective notch

stress method (1IW Recommendations, 2014 Table 2.2.-3).
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Fig1l.5 Mesh generation recommendations based on effective notch stress method (I1W
Recommendations, 2014 Figure (2.2)-17).

An example for a generated mesh around a weld toe notch of a transverse butt welded joint can be
seen in Fig 1.6. In general, the minimum recommended number of elements is taken as basis during
modelling. For instance, only five elements around the weld toe notch are generated, which is the
minimum suggested by the recommendations (see Fig 1.4). However, in some cases the number of
elements around the notch is increased up to seven elements (in cases where the notch length was
significantly increased) and decreased up to three elements (in cases where the notch length was
significantly decreased).

The straight region just before the notch and the curved region around the weld imperfection should
also be observed during modelling [2]. Thus, the fine meshing around the notch is also kept around
the weld region and in the straight part as well (see Fig 1.7).

In Fig 1.8, the number of elements around the weld root and toes of a cruciform joint is shown. 40
elements per weld root (internal notch with 1mm radius) are used, according to suggestions shown
in Fig 1.4 and Fig 1.5. The region with relatively fine mesh is also shown in Fig 1.9.

For the fictitious rounding of weld toes and roots, an effective notch radius of r=1mm is chosen.
This value is said to give consisting results for steel material [2].

10
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0.1mm x 0.1mm
approximate size of 4-node linear element

Fig1.6 Element meshing at around weld notch in transverse butt welded double-vee joint.
(Screenshot from Abaqus model).

Y

L.

Fig 1.7 Element fine meshing region in transverse butt welded double-vee joint (Screenshot from
Abaqus model).

11
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5 elements each in 0.13mm x0.1mm size.

40 elements around the root st

Fig 1.8  Element meshing at weld roots and weld toes in the cruciform joint.

Y

Lo

Fig 1.9 Region of relatively fine meshing in cruciform joint (Screenshot from Abaqus model).

The structural hot spot stress ons was evaluated by surface extrapolation from the corner nodes of
two different elements. The type of hot spot stress is type “a” for both studied elements (meaning a
hot spot stress calculated at the toe of welds in a section perpendicular to the width of the plate, as

12
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opposed to type “b” for a section parallel to the width of the plate) and the resulting structural hot
spot stress is calculated with Eq.1.1 (IIW Recommendations [2], pg.24).

O = 167 * 0y, — 0.67 * 0, (1.1)

An example surface extrapolation is shown in Fig 1.10. In all configurations, the selected reference
plate thickness is equal to 20mm. However, in transverse butt welds with thickness transition, two
different plates with thickness 40mm and 20mm are welded, with a transition slope in the thicker
plate; nevertheless “t” in the above formula was considered to be 20mm on both sides of the weld
even in the thickness transition

1.2.2. Life Cycle Calculation

Fatigue lifes are estimated by using so called “S-N curves”, which are dependent on the applied
calculation method and the studied welded detail. (Note: in the following, “S” and “Ac” are used
equivalently, both representing stress amplitudes; the former is more common in English language
literature, while the latter is used e.g. in the Eurocodes). Since the S-N curves of design
recommendation and codes such as Eurocode 3 and the IW recommendation are represented by
(segmentally) straight lines when plotted on a log-log scale, the curves are described by using

Eq.1.2.
S m
N.=N..| 22

where m is the slope of the line, S; is the stress amplitude and N; is the corresponding reachable
number of fatigue loading cycles. An idealized example S-N curve is shown in Fig 1.11.

13
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92.456 N/mm?*

0.4%t

91.408 N/mm?

89.843 N/mm?

1.0% I

Fig 1.10 Determination of structural hot spot stress at weld toe of a transverse butt welded joint.
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Fig 1.11 Idealized S-N curve example.

cycles to failure, N

In Eurocode 3, the fatigue strength for nominal stress ranges is represented by a series of curves;
each corresponding to different fatigue classes. As mentioned earlier, those fatigue classes are
designated by a number which represents the resistance that leads to a fatigue life of 2x10° life
cycles. In Fig 1.12, the fatigue strength curves for direct stress ranges Ac given by Eurocode 3 are
shown. As can be seen in this graph, the constant amplitude fatigue limit (CAFL) begins at 5x10°
life cycles. Below this value no fatigue damage occurred during the tests under constant amplitude

14



1. Introduction

stress conditions [1]. In this thesis, the load is applied with constant amplitude. For this reason, the
fatigue life for stresses below the CAFL is assumed to be infinite.

1000 +

Direct stress range Aoy [N/mm?]

1 Detail category Ace

2 Constant amplitude
Jatigue limit Acp

10 f f f {
1,0E+04 1,0E+05 1,0E+06 2 5 1,0E+07 1,0E+08 1,0E+09 3 C;;;-oﬁffj;;;f;ﬂq

Endurance. number of cycles N

Fig 1.12 Fatigue strength curves for direct stress ranges (EN 1993-1-9:2005 Figure 7.1).

Furthermore, as stated previously, in this thesis only loading from “zero” (unloaded state) to the
applied load was considered whenever fatigue lives were calculated. This means that all stresses o
calculated in this thesis can directly be regarded as equivalent to a (fatigue relevant) stress
amplitude Ac.

15



1. Introduction

1.3. Definitions (taken from [2])

Classified or standard structural detail

A structural detail containing a structural
discontinuity including a weld or welds, for
which the nominal stress approach is applicable,
and which appear in the tables of these fatigue
design recommendations. Also referred to as
standard structural detail.

Effective notch stress

Notch stress calculated for a notch with a
certain assumed notch radius.

Fatigue

Deterioration of a component caused by the
crack initiation and/or by the growth of a crack.

Fatigue action

Load effect causing fatigue, i.e. fluctuating load.

Fatigue life Number of stress cycles of a particular
magnitude required to cause fatigue failure of
the component.

Fatigue limit Fatigue strength under constant amplitude

loading corresponding to a high number of
cycles large enough to be considered as infinite.

Fatigue resistance

Structural detail's resistance to fatigue actions
expressed in terms of a S-N curve or crack
propagation properties.

Fatigue strength Magnitude of stress range leading to a particular
fatigue life.
Fusion zone The weld volume forming after the welding

process.

Heat affected zone

The area which is not welded but affected by
welding operation.

Hot spot

A point in a structure where a fatigue crack may
initiate due to the combined effect of structural
stress fluctuation and the weld geometry or a
similar notch.

Local or modified nominal stress

Nominal
effects,

stress including macro-geometric
concentrated load effects and

16
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misalignments, disregarding the stress raising
effects of the welded joint itself.

Modified nominal stress

See 'Local nominal stress'.

Nominal stress

A stress in a component, resolved using general
theories, e.g. beam theory. See also local
nominal stress.

Nonlinear stress peak

The stress component of a notch stress which
exceeds the linearly distributed structural stress
at a local notch.

Notch stress

Total stress at the root of a notch taking into
account the stress concentration caused by the
local notch, consisting of the sum of structural
stress and nonlinear stress peak.

Shell bending stress

Bending stress in a shell or plate-like part of a
component, linearly distributed across the
thickness as assumed in the theory of shells.

S-N curve

Graph of the dependence of fatigue life N on
applied stress range S (Aog or Atg), also known
as Wohler curve.

Stress cycle

A part of a stress history containing a stress
maximum and a stress minimum, usually
determined by cycle counting.

Stress range

The difference between the maximum and
minimum
stresses in a cycle.

Stress intensity factor ratio

Ratio of minimum to maximum algebraic value
of the stress intensity factor of a particular load
cycle.

Structural discontinuity

A geometric discontinuity due to the type of
welded joint, usually to be found in the tables of
classified structural details. The effects of a
structural discontinuity are (I) concentration of
the membrane stress and (ii) formation of
secondary shell bending stresses

17
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Structural or geometric stress A stress in a component, resolved to take into

account the effects of a structural discontinuity,
and consisting of membrane and shell bending
stress components.

Structural hot spot stress The value of structural stress on the surface at a
hot spot.
Weld metal The melted and solidified material after welding

operation.

Weld reinforcement

The height of excess concavity in welds.

1.4. Symbols

Kkm

km,eff

Ot
Cb
Gnom
Ohs

Ohs,0

Gen,0
Ac
N.C

eccentricity, amount of offset misalignment

stress magnification factor due to misalignment
effective stress magnification factor due to misalignment
exponent of S-N curve

plate thickness, thickness parameter

normal tensile stress

shell bending stress

(modified) nominal stress

structural hot spot stress

structural hot spot stress without misalignment effects
effective notch stress

effective notch stress without misalignment effects
stress amplitude

not calculated

geometrically not available

18




2. Butt Welds in Plates of Equal Thickness

Butt Welds in Plates of Equal Thickness

In this chapter, as stated in the introduction, stresses, fatigue life predictions and the effect of
misalignment are studied for the basic case of butt welds in plates of equal thickness.

2.1. Considered Geometries and Misalignment

Several methods of edge preparations before welding are applied in practice, depending on the
different factors. These heavily influence the final geometry of the weld. In this chapter, two

different common edge preparations for welding are considered, which are marked in Fig 2-1.

Keﬁn- Werkstiick- Art der Symbol Schnitt MaRe
zahl Nr dicke Schweilt- (nach i Empfohlener
nahtvorbe- | ISO 2553) Winkel? Spalt® | Steg- | Flanken- Schweil-
' reitung hshe héhe prozess®
mm ) b c b (nach
i 1SO 4063)
mm mm mm
3
3</510 = 4P<as0 | =4 P
I 141
13 V- Fuge \V4 ~ <2 -
8<r<12 b" 6°<as<8 - 520
14 > 18 Steilflanken- u 5<b<15 _ _ m
: V-Fuge T 13
111
7 W
15 | 55:540 | Y-Fuge . % N - ~B0° | 1<bs4 |2<cz4 - 13
141
b
111
a=60°
141
251 Dioppel}-V- =1
Fuge 2
I 40° < o <60° 13
>10 y 1<b<3 <2
7%
) a1 = 60° 111
Unsymme- b a ~ 60° 141
trische O !
252 -~ & —
D(oppel)-V- 3
Fuge 5 ¥ 40° < 0y < B0° 1
,,,Z 40° < ap < 60°

Fig 2-1 Selected Y-joint and X-joint (ONORM EN ISO 9692-1:2004, Tables 1 and 2).
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2. Butt Welds in Plates of Equal Thickness

The edge preparation parameters such as the root gap “b”, root face depth “c” and included angle
“o” are chosen on the basis of the recommendations given in ONORM EN 1SO 9692-1. The final
chosen geometries prior to welding are shown in Fig 2-2 and Fig 2-3. Note that a plate thickness of
t=20mm was considered in all cases.

59,2mm , 21.6mm | 59,2mm
| |
a=60°

£
E
o
N

b=2mm E

(ap]

Il

(&)

Fig 2-2 Y-joint (or “single-vee”) edge preparation.
| 63,5mm 63,5mm |
= £
£ =
= o
T o

=

Fig 2-3  X-joint (or “double-vee”) edge preparation.

At first, the case without misalignment is considered in calculations. Following that, a linear
misalignment of up to 2mm (10% of the plate thickness) is applied and the results of the structural
hot spot and effective notch stresses are recorded in every step increase of 0.5mm. In order to
compare the results to other sources, different boundary conditions have to be considered.
Additionally, the applied tensile load is expected to change the sign of bending moments depending
on the direction of misalignment. Because of this reason, in some cases the direction of the
misalignment is applied in both positive and negative directions. In Fig 2-4, the different boundary
conditions, the applied tensile load vector and direction of misalignments can be seen.
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2. Butt Welds in Plates of Equal Thickness

Linear misalignment on different test setups

simple support simple support fixed support

- 2
no misalignment — A Q FA Q & 8

0.5mm misalignment — m — AT D — E
1.0mm misalignment %m — m — __E
|.5mm misalignment — m &— m — —-—E
2.0mm misalignment ‘%ﬁ — m — —'—E

Fig 2-4 Considered linear misalignments and static systems.

2.2. Weld Shapes and Imperfections

In this chapter, a fully penetrated butt weld is considered. Furthermore, the mechanical properties of
the weld metal, fusion zone and the heat affected zone are assumed to be equal to the parent metal.
Hence, the weld and parent metal are modelled as a single part.

In weld manufacturing, allowance for some imperfections in the weld geometry must necessarily be
made. Limitations such as the requirement for a smooth transition at the edges, or the heights of
excess weld penetration and weld metal are given in EN 1SO 5817:2007. In this standard, three
different “quality classes” for weld imperfections and tolerances are given: class D, C and B, with B
representing the highest quality.

In EN 1090-2:2008 [6], the fabrication standard for structural steel components used in combination
with the Eurocodes’ for the design, fabrication and erection of steel structures, the quality level “B”
complies with “Execution class 3” (EXC3). For fatigue design of structures or parts, quality level
“B” is the most common choice [3]. Consequently, quality B is selected as the main considered
quality level for calculations. Nevertheless, another class - called quality level “B-Fatigue” in this
thesis -, which has higher quality standards than “quality level B” to comply with fatigue-specific
requirements of e.g. the Eurocode (EN 1993-1-9), is also checked during the fatigue verification
(see for example Fig 2-12, blue rectangle for EC3 FAT class 90). The considered imperfection
limitations for quality class “B” are depicted in Fig 2-5 and Fig 2-6.
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2. Butt Welds in Plates of Equal Thickness

No. | Reference Imperfection Remarks t Limits for imperfections for quality levels

to ISO designation mm
6520-1:1998 D c
1.7 5011 Continuous Smooth transition is required. 0,5103 |Short imperfections Short imperfections Not permitted

5012 undercut This is not regarded as a systematic h=<02¢t h=<011

Intermittent imperfection.

undereut P >3 h <02t butmax. 1mm |k <0,17¢, h <0057

= but max. 0,5 mm but max. 0,5 mm
17 S
<~

L

1.8 |5013 Shrinkage groove 05103 |h<02mm+0,17¢ Short imperfections Not permitted
h=011
=3 Short imperfections Shart imperfections Short imperfections:
] h<02¢ butmax. 2mm |k < 0,17, butmax.1mm |# <0057,
i
but max. 0,5 mm
-
1.9 |502 Excess weld Smooth transition is required. =05 h<1mm+0255b, h<1mm+0/155, h<1mm+01b,
metal but max. 10 mm but max. 7 mm but max. 5 mm
(butt weld)

Fig 2-5 Selected excess weld metal limitation (BS EN 1SO 5817:2007, Table 1).

No. | Reference Imperfection Remarks t Limits for imperfections for quality levels
to I1SO designation mm
6520-1:1998 D c B

1.10 (503 Excessive =058 h<1mm+0255, h<1mm+0/155, h<1mm+0,1b,
convexity (fillet but max. 5 mm but max. 4 mm but max. 3 mm
weld)

1.11 (504 Excess 05t03 |h<1mm+06050 h<1mm+03b h<1mm+0,1b
penetration

>3 h<1mm+1005, h<1mm+06b, h<1mm+025b,
but max. 3 mm

but max. 5 mm but max. 4 mm

Fig 2-6  Selected excess weld penetration limitation (BS EN 1SO 5817:2007, Table 1).

The maximum values of the weld shape imperfection limitations are selected and applied to the
FEM model. The final weld shape dimensions including imperfections are shown in Fig 2-7, Fig 2-
8, Fig 2-10 and Fig 2-9. During modelling -for the case of misaligned plates- some toe locations
were almost vanished due to the misaligned geometry for upper values of misalignment, near the
tolerance limits. A stress assessment was not always possible in these cases. An example can be
seen in Fig 2-11 where the toe 4 is not visible anymore.
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2. Butt Welds in Plates of Equal Thickness

Fig 2-7 Quality level “B” single-vee joint. Weld imperfections in the Abaqus model. (all
measures are in millimeters)

Fig 2-8 Quality level “B-Fatigue” single-vee joint. Weld imperfections in the Abaqus model. (all
measures are in millimeters)
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Fig 2-9 Quality level “B” double-vee joint. Weld imperfections in the Abaqus model. (all
measures are in millimeters)

Fig 2-10 Quality level “B-Fatigue” double-vee joint. Weld imperfections in the Abaqus model. (all
measures are in millimeters)
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2. Butt Welds in Plates of Equal Thickness

Toe 4

Fig 2-11 Representation of the geometry, mesh and maximum in-plane principal stress results of a
single-vee joint with misalignment e=2.0mm. Toe 4 (at the root, on the bottom right side of the
weld) vanishes due to the misaligned geometry.

2.3. Applicable Fatigue Classes

The following tables and figures, taken from either Eurocode 3 (part 1-9) or the IIW
recommendation, show the applicable FAT classes considered for the details studied in this chapter.

2.3.1. Nominal Stress Approach

Both IIW Recommendations and EN 1993-1-9 show that the (nominal stress method) fatigue
strength of transverse butt welded joints is also dependent upon the height of weld reinforcement.
As can be seen in Fig 2-12, fatigue class 90 (FAT90) can be selected where the weld convexity is
smaller than 10% of the weld thickness. In case of a weld convexity which is smaller than 20% of
the weld thickness, a reduced strength, FATS80, is suggested (see Fig 2-13).
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2. Butt Welds in Plates of Equal Thickness

Detail . . e ) N, p
: Constructional detail Description Requirements
category
Without backing bar: - All welds ground flush to plate
stlfﬁace parallel to direction of
1) Transverse splices in plates the arrow.
and flats. - Weld rim-on and run-off pieces
) N 2) Flange and web splices in to be used and subsequently
sue‘eftect plate girders before assembly. removed, plate edges to be
for 3) Full cross-section butt'welds | ground flush in direction of
1z t=25mm: of rolled sections without cope stress.
k(25002 holes. o .| -Welded from both sides:
ST 4) Transverse splices in plates or | “checked by NDT.
flats tapered in width or in’ | Detail 3):
thickness. with a slope < Y%, Applies only to joints of rolled
N sections. cuf and rewelded.
5) Transverse splices in plates or || - The height of the weld convexity
flats. ~ 7 / to be not greater than 10% of the
6) Full crossrsection butt welds weld width, with smooth
of rolled sections without.cope  {_ transition to the Flate surface.
. - holes. - Weld run-on and run-otf pieces
size effect i § L )
for 7) Tzansvene. sph.ces in Plates or | tobeused and subsequently
P flats tapered in width or in removed. plate edges to be
920 t=25mm: .

k=(25/1)"

thickness witl a slope < Y.

| Translation'of welds to be
machined notch free.

eround flush in direction of
stress.

- Welded from both sides:
checked by NDT.

Details 5 and 7:
Welds made in flat position. /

Fig 2-12 Selected detail category for transverse butt welds (EN 1993-1-9:2005 Table 8.3). Detail
category to be used in assessments based on nominal stress approach. Quality level “B-Fatigue”
due to additional geometric requirements, highlighted in small blue box.

M
[ 9) Transverse splices in welded | - The height of the weld convexi
plate girders without cope hole. to be not greater than 20% of the
10) Full cross-section butt welds | weld width, with smooth
of rolled sections with cope transition to the plate surface.
holes. - Weld not ground flush
11) Transverse splices in plates, | - Weld run-on and run-off pieces
size effect ﬂ_ats. rolled sections or plate to be used and subsequently
for girders. removed, plat.e edges to be )
80 25 mm: ground flush in direction of
stress.
k=(25 /t)“ -Welded from both sides;
checked by NDT.
\ )
Detail 10:
The height of the weld convexity
: to be not greater than 10% of the
weld width. with smooth
\, transition to the plate surface.

Fig 2-13 Selected

detail category for transverse butt welds (EN 1993-1-9:

2005 Table 8.3). Detail

category to be used in assessments based on nominal stress approach. “Quality level B”.

26



2. Butt Welds in Plates of Equal Thickness

No. Structural Detail Description FAT | FAT | Requirements and Remarks
(St.= steel; AL= aluminium) St. Al

200 Butt welds, transverse loaded

211 Transverse loaded butt weld (X-groove | 112 45 All welds ground flush to surface. grinding parallel to
or V-groove) ground flush to plate. direction of stress. Weld run-on and run-off pieces to be
100% NDT used and subsequently removed. Plate edges ground

flush in direction of stress. Welded from both sides
‘_h %\\\é—' Misalignment < 5% of plate thickness.

Proved free from significant defects by appropriate

NDT
212 Transverse butt weld made in shop in 90 36 Weld run-on and run-off pieces to be used and subse-
flat position. NDT quently removed. Plate edges ground flush in direction
weld reinforcement < 0.1 - thickness of stress. Welded from both sides. Misalignment <5%

of plate thickness.

213 Transverse butt weld not satisfying con- | 80 Weld run-on and run-off pieces to be used and subse-
ditions of 212, NDT quently removed. Plate edges ground flush in direction
of stress. Welded from both sides. Misalignment <10%
Al: Butt weld with toe angle <50° 32 of plate thickness.
Butt welds with toe anele >50° 23

Fig 2-14 Selected detail category for transverse butt welds (I1IW Fatigue Recommendations, 2014).
Detail category to be used in assessments based on nominal stress approach.

On the other hand, the IIW Recommendation relates this strength reduction to the thickness of the
plate. In Fig 2-14, two different fatigue classes due to different weld reinforcements are shown.
Where the convexity is smaller than 10% of the plate thickness, FAT90 is applicable. For cases
when the conditions of No. 212 are not satisfied, FAT80 is suggested.

2.3.2. Structural Hot Spot Stress Approach

Unlike in the nominal stress method, fatigue class recommendations for this method do not give any
information about the effects of weld reinforcement on fatigue strength. The fatigue class for all
transverse butt welded joints according to both 1IW Recommendations and EN 1993-1-9 are
suggested to be taken as FAT100 (see Fig 2-15 and Fig 2-16).

No. Structural detail Description Requirements FAT | FAT
Steel | Alu.

l Butt joint As welded, NDT 100 40

R =

Fig 2-15 Selected detail category for transverse butt welds (1IW Fatigue Recommendations, 2014).
Detail category to be used in assessments based on structural hot spot stress approach.
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2) Full penetration butt joint. 2)
-Weld not ground flush
-Weld run-on and run-off pieces

to be used and subsequently
100 @ Qé é} removed. plate edges to be
ground flush in direction of

stress
-Welded from both sides.
-For misalignment see NOTE 1

Fig 2-16 Selected detail category for transverse butt welds (EN 1993-1-9:2005 Table B.1). Detail
category to be used in assessments based on structural hot spot stress approach. “NOTE 1” in
the standard additionally indicates that misalignment should explicitly be included in the
calculations.

2.3.3. Effective Notch Stress Approach

The 1IW Recommendation suggests a fatigue class of 225 (FAT225) for all transverse butt welded
joints where a notch stress approach is used (see Fig 2-17). The Eurocode 3 does not mention the
effective notch stress method.

Quality of weld notch Description
1 Effective notch radius Notch as-welded, normal 225
equal to 1 mm replacing welding quality
weld toe and weld root
notch m=3

Fig 2-17 The only detail category (FAT225) for transverse butt welds based on effective notch
stress approach (IIW Fatigue Recommendations, 2014).

2.4. Comparison of Nominal, Structural Hot Spot and Effective
Notch Stress Methods - No Misalignment

By using the methods described in Chapter 1.3, stresses are calculated at four different weld toes,
namely toe 1, toe 2, toe 3 and toe 4, which are marked in Fig 2-18.

As mentioned before, to compare the fatigue life cycles of different methods, a tensile load which
creates 2x10° life cycle based on the nominal stress method is selected. The load is applied to the
free end of simple support in the Abaqus model.

As can be seen in Fig 2-19 and Fig 2-20 the static system (fixed or simple support) has (almost) no
influence on the results for the case without misalignment (the small differences stem from different
meshing in the models).
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Fig 2-18 The locations of toe 1, toe 2, toe 3 and toe 4

E 2
80ON/mm?
180 E
160 3 4
— 140
=
120
£
5 100
A 80
ot
] 60
()]
= 40
E 20
[¢5)
o 0
Toel Toe 2 Toe 3 Toe 4
m Nominal stress 80.000 80.000 80.000 80.000
m Hot spot stress 80.763 80.869 88.981 89.113
m Effective notch stress 159.275 158.048 132.961 131.730

Fig 2-19 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal tensile stresses for transverse butt welded joint with no
misalignment. Fixed supported, quality level “B” single-vee joint.
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T T2
80N/mm* &— A
A JAN
~ 3 4
= 160
E 10
<
2 120 —
= 100 _—
n
g 80
5 60
<
@ 40
20
0
Toel Toe 2 Toe 3 Toe 4
= Nominal stress 80.000 80.000 80.000 80.000
m Hot spot stress 80.808 80.818 88.980 89.113
Effective notch stress 159.275 157.559 132.960 131.730

Fig 2-20 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal tensile stresses for transverse butt welded joint with no
misalignment. Simply supported, quality level “B” single-vee joint.

The drop of the local notch stress raising effect between joints with different weld “reinforcements”
(i.e. the weld convexity, and thus the different geometric quality levels) can be observed in Fig 2-21
and Fig 2-22. In Fig 2-21, the same results of Fig 2-20 are used, but scaled to a reference load of 90
N/mm?, for better direct comparability of the results for the different quality levels (“B” or “B-
fatigue™). As can be seen in the comparison of the two figures, the effective notch stress at toe 1
with quality level “B” (Fig 2-21) is equal to 179.184N/mm?. On the other hand, the effective notch
stress at the same location and for the same external loading of 90N/mm? with quality level “B-
Fatigue” is 155.762N/mm? (Fig 2-22). A very similar observation can be made for X-joints, see the
comparison of Fig 2-24 and Fig 2-25. The structural stress values have almost the same value for all
cases, which indicates that the method is very weld-geometry dependent.

When the same quality X-joints and Y-joints are compared to each other based on the effective
notch stress (see Fig 2-20 vs. Fig 2-23 and Fig 2-22vs. Fig 2-25), it shows that the resulting stress at
X-joints are better distributed to each weld toe. The stress at two weld toes (toe 3 and toe 4) of Y-
joint are significantly lower, however the maximum stresses, which occur at toes 1 and 2, are only
minimally lower in Y-joints than in X-joints. This indicates that — for the case without
misalignment — no differences in fatigue life between Y- and X-joints of equal quality are to be

expected.
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T T2
90N/mm? &— A Q
200 — - .
N 180 7 |
=
g 160
£ 140
[75]
g 120
»h 100
(@]
g 80
2 60
()
o 40
20
0
Toel Toe 2 Toe 3 Toe 4
m Nominal stress 90.000 90.000 90.000 90.000
m Hot spot stress 90.909 90.920 100.102 100.252
m Effective notch stress 179.184 177.254 149.580 148.196

Fig 2-21 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal tensile stresses for transverse butt welded joint with no
misalignment. Simply supported quality level “B” single-vee joint, calculated here for a
reference load of 90 N/mm?2 for better comparison with Fig 2-22

9ON/mm? &— m J\—‘
180 - . 3 4 ‘_
N 160
e
e 140
£ 120
wn
§ 100
& g0
2
= 60
é 40
20
0
Toel Toe 2 Toe 3 Toe 4
m Nominal stress 90.000 90.000 90.000 90.000
m Hot spot stress 90.787 90.849 98.410 98.410
m Effective notch stress 156.400 156.320 124.925 125.013

Fig 2-22 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal tensile stresses for transverse butt welded joint with no
misalignment. Simply supported quality level “B-Fatigue” single-vee joint.
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2
8ON/mm? &— AN @
~ 180 — T~ a
e
§ 160
= 140
7
o 120
n 100
=X
= 80
>
3 60
o
40
20
0
Toel Toe 2 Toe 3 Toe 4
® Nominal stress 80.000 80.000 80.000 80.000
m Hot spot stress 82.122 82.183 82.183 82.122
m Effective notch stress 163.148 164.453 162.064 164.300

Fig 2-23 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal tensile stresses for transverse butt welded joint with no
misalignment. Simply supported quality level “B” double-vee joint.

o~z
9ON/mm? &—
A VA
— 200 e R e
=
180
e
> 160
7] 140
= 20
&3 1
g’ 100
s 80
3
o 60
40
20
0
Toe 1 Toe 2 Toe 3 Toe 4
= Nominal stress 90.000 90.000 90.000 90.000
m Hot spot stress 92.387 92.456 92.456 92.387
m Effective notch stress 183.541 185.010 182.322 184.838

Fig 2-24 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal tensile stresses for transverse butt welded joint with no
misalignment. Simply supported quality level “B” double-vee joint, calculated here for a
reference load of 90 N/mm? for better comparison with Fig 2-25.
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Lz
90N/mm? &— m
180 _ I
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&
£ 160
£ 10
=
* 120
83
= 100
n
g 80
=
> 60
wn
[¢B)
x 40
20
0
Toel Toe 2 Toe 3 Toe 4
® Nominal stress 90.000 90.000 90.000 90.000
= Hot spot stress 91.718 91.803 91.803 91.718
m Effective notch stress 156.344 156.133 157.159 152.414

Fig 2-25 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal tensile stresses for transverse butt welded joint with no
misalignment. Simply supported quality level “B-Fatigue” double-vee joint.

Fatigue Life Calculation — No misalignment case

The following Table 2-A shows a comparison of fatigue life predictions for the studied details and
quality classes according to the different calculation methods: nominal stress, structural hot spot
stress and effective stress approach. Thereby, as stated above, the nominal stress was always chosen
so that a fatigue life of 2 million load cycles is achieved.

Note that in these calculations no misalignment is considered; this means that — at least for the cases
of the effective notch stress and structural stress approach — the calculated fatigue life values are not
(yet) valid, as for these methods misalignment must be taken into account directly; see the fatigue
life calculations with misalignment case for this effect.

In all cases, the fatigue life is calculated using Eq. 1.2. The fatigue classes shown in section 2.3 are
used: FAT 80 or 90 for the nominal stress case, FAT 100 for structural stresses, and FAT 225 for
effective notch stresses. In all cases, the constant amplitude fatigue limit (CAFL) was assumed to be
at 5*10° load cycles and the slope of m=3 of the Eurocode 3 and IIW S-N curves was used.

33



2. Butt Welds in Plates of Equal Thickness

Ansne1-g, Agenb mmor-x

*9Sed JUsLLUBI[esILL O "SUONEINJ[ed 81940 8yl anbile) pue sassans pargnoe)  V-Z gel

., Amenb mmop-x

,ANEne I-g, AmEenb mwor-x

., Aenb mmop-x

L P e v AE
EQN 578°¢91 feam szacor|  ™LAVD
BN OLEL | BN OLEL “1AVD
_ edpy €5 EAIN 96°8¢ s I\
- L T~ T Z ) > ! TN ££799 dIN 96785 TAVD
snspes-g q Anend
90+H65°T 90+H85°T 90+485°T Q0+T65°T 06 ansne J-g adung mor-x nng ISIASUEBLT,
(sapPha |oped10e| sePAD | (s9pPdn |op+d00e| sePAd | (94 | 90+F09°c | se[Ad | (Sepda | 0p+d19E | sI[da 08 q ardung wnor-¥ nng ISFAASUEI]
g |90+F0TT| UORET | AU |90+F0TT| UOAWU | SWUGWD) | 00+HL9°T | vommr | swmgum) | 00+di9° | uonmm 06 sndpef-g | 2dung Jmof-X | NNg ISIASUELL
== 90+HEST [ == 90+d+8°T [ == 90+d6L 't [ = O+deL e A 08 g adung wmor-x nng 2SIRASUBLY
O0+HER'T 90+H+8°T 90+38L°E 90+H08°¢€ 08 g paxry nmor-x nng 2SIASUELT,
you ‘g2 [jods joy | -woum | -you-ga |[jodsyog| -woum | -jou -ga | jods oy mou [ -jou ‘g2 | yods joy won  [(zwmyy)peoT= Lnend [‘uwe) yoddng| 2dd jurop Supre AL
yaol £ 0L Ta0L T20L SSVID-IVA
SATOAD TATT ANDILVA [EaimopN
FIFTST | 81L716 | 00006 | 65T°LST | £08°'16 | 00006 | €£€1°95T £08'16 000706 | FFEQST | 8ILTI6 000706 06 ansRe I-g 2qdung Jor-x HOg ISIRASUELT
00€+0T | TCI'C8 | 000°08 | +00°C9T | €81°C8 | 00008 | ES++01 £81T8 000708 | 8F1°E91 | TTIC8 000708 08 g adung mor-x nng ISIASUEBLT,
E10°5CT | O1+'86 | 00006 | SCe+cCl | OI+'86 | 00006 | OTE9ST | 6+8°06 000706 | O0F9ST | LBLOG6 000706 06 anZnei-g S[dung wmor-x nng 2SIRASUBLY
OELTET | €11°68 | 00008 | 096°CET | 08688 | 00008 |655LST 818708 000708 | SLT6ST | 808708 000708 08 g adung jmor-x HOg 2SIASUELT,
OEL°TET | €11°68 | 000°08 | 196°CET | 186788 | 000708 | 8+0°8ST | 698708 000708 | SLT6ST | €9L708 000708 08 g paxry nmor-x Hng SIAASUELT,
Bagy SHgy | Wolgy | Wy SUgy | Wolgy | Uiy SUoy Wotigyy | Woy SHoy Wolgy Wrwmy)peoT=[ Gmend) |'wo) yoddng| addy jurop Supa
paol £90T 790 T30l SSVTIO-1IVA
[N STSSTMIS AALVINIIVD [eutton

34



2. Butt Welds in Plates of Equal Thickness

The following observations can be made about the above results:

i.  When misalignment is not explicitly included, the fatigue lives accordinging the structural
hot-spot and effective notch stress methods are higher than the nominal stress fatigue life
cycles; in the latter case, they are even “infinite” (because they are below the CAFL) in all
cases.

ii.  In the structural hot-spot stress case, this is due to the fact that the FAT class is higher than
for the nominal stress case (FAT 100 vs. 80 or 90), while the stresses are (almost) the same
for both methods.

iii.  In the effective notch stress method, the assumption that the CAFL is at 5*10° load cycles
for the used FAT class 225 means that all stress amplitudes below 0.74*225=164 N/mm?2
lead to infinite life predictions

2.5. Effect of Misalignment

All butt-welded joints of plates of equal thickness will inevitably feature some degree of
misalignment of the individual plate surfaces, which leads to an undesired eccentricity in the joints
and thus to some additional bending, which in turn increases the stresses in the joints. Part of these
effects will be included in the (nominal) FAT classes, as misalignment was also present in tests, but
the degree to which this is the case is not quite made clear in the literature. While the Eurocode is
not very explicit regarding the consideration of misalignment effects (it is stated that it must be
explicitly considered, but not how), the W Recommendation contains a formula for the direct,
analytical calculation of misalignment effects for transverse butt welded joints with equal plate
thickness. This recommended kp, factor is used as a multiplier to the stresses calculated without any
explicit consideration of misalignment and is calculated according to the following Eq.2.1 (IIW
Recommendations:2014 Table 6.3-1):
e*l,

K =1+ax—S 1
" t*(l, +1) (2.1)

where A =6 for unrestrained joints and | is the length of each welded plate.

In the following, this formula will be compared with the equivalent results of the numerical stress
calculations carried out in this thesis. The results of the latter are presented as follows for both the
structural hot spot (“hs”) and the effective notch (“en”) approaches:

- For the different notches (toes of the weld), first the hot spot or effective notch stress is
calculated for the case without misalignment (see section 2.4), leading to opsp and Geno,
respectively.

- Then, the hot spot and effective notch stresses are calculated for different levels of
misalignment in the numerical model, progressing step-wise from zero to the maximum

35



2. Butt Welds in Plates of Equal Thickness

tolerance of 10% of the plate thickness in this case (valid for FAT class 80, i.e. weld quality
level “B”, while 5% are permissible for FAT 90 / weld quality level “B-Fatigue”). This
leads, for the individual cases, to the stresses ops and cen.
- Finally, the ratio of ops/onso respectively cen/oeno is calculated and compared with the kp,

factor of the recommendation; effectively, these ratios represent the “real” values of k, as
retrieved from the numerical calculations.

2.5.1. Structural Hot Spot Stress Changes Due to Misalighment

The results are presented in form of graphs and tables; the cases are description in the
corresponding captions.

direction of misalignment e .
80N/mm? /
Ghs/Ghs,O P— Z x 3 4

1.35 [
1.25 7.@_&_]_
1.15 ?,‘/_"’ —@—Toe 2
105 == / . Toe 3

:/ —>e=Toe 4
0.95 .\

IIW formula
0.85 \
\
0.75 ‘T
0.65
0.00 0.02 0.04 0.06 0.08 0.10 0.12
elt

Fig 2-26 Effect of increasing misalignment (upwards) on structural stress. Stress magnification
factor (km) according to [2] is also shown as “IIW formula”. Simply supported, quality level

“B”, single-vee joint.

Toe 1l \ Toe 2 ] Toe 3 | Toe 4
Hot spot stress (ohs0in N/mm?)
80.808 | 80.818 88.980 | 89.113
P (N/mm?) | e(mm) | t(mm) e/t Normalized stress ratio (6ns/Ghs,0)
80 0.0 20 0.000 1.000 1.000 1.000 1.000
80 0.5 20 0.025 0.935 1.065 1.057 0.937
80 1.0 20 0.050 0.871 1.129 1.113 0.867
80 15 20 0.075 0.806 1.192 1.166 0.788
80 2.0 20 0.100 0.741 1.255 1.216 -

Tab 2-1 Normalized structural stress results. Values are depicted in Fig 2-26.
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direction of misalignment L T2
80N/mm?’ Z:
GI’ISIGhS,O _ 3 4
1.350 |
1.150 /& —8—Toe 2
T
1.050 7“ oe3
=>¢=Toe 4
0.950 - —r——
— lIW formula
0.850 o
\
0.750 ~T
0.650
0.000 0.020 0.040 0.060 0.080 0.100 0.120
et

Fig 2-27 Effect of increasing misalignment (downwards) on structural stress. Stress magnification
factor (km) according to [2] is also shown as “IIW formula”. Simply supported quality level “B”
single-vee joint.

Toel \ Toe 2 \ Toe 3 \ Toe 4
Hot spot stress G o (N/mm2 )
80.759 | 80.817 | 88.980 | 89.113
(N /rlrjlmz) e(mm) | t(mm) e/t Normalized stress (6hs/0ns ) ratio
80 0 20 0.000 1.000 1.000 1.000 1.000
80 0.5 20 0.025 1.065 0.936 0.937 1.057
80 1 20 0.050 1.130 0.873 0.868 1111
80 15 20 0.075 1.194 0.809 0.789 1.164
80 2 20 0.100 1.257 0.744 - 1.216

Tab 2-2 Normalized structural stress results. Values are depicted in Fig 2-27.

Depending on the direction of misalignment, the critical weld toe has changed as expected. As can
be seen in Fig 2-26, the critical weld toe is toe 2, while in Fig 2-27 the critical weld toe is toe 1. The
reason for the slight change in normalized stress ratios between the two models (compare the value
of 1.255 in Tab 2-1 with the value of 1.257 in Tab 2-2; they theoretically should be equal) is due to
a slightly unsymmetrical automatic meshing. However, this small error is negligible. Secondly, the
stress change curves are under the “IIW formula” curve, which means the given kn, formula in
Eq.2.1 can be safely applied to practical calculations.
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2. Butt Welds in Plates of Equal Thickness

In Fig 2-28, the normalized structural stress results of quality level “B” single-vee joint with fixed
support condition (one-sided encastre) is shown. It is interesting to note that, in this case, the

recommended Ky, formula leads to values that are only half as large as the normalized stress ratio at
toe 2, which shows that the 4=6 value in Eq.2.1 should be replaced with A =12 in fixed support
conditions. Note that this difference due to boundary conditions is not clearly mentioned in the 1IW

recommendation.

direction of misalignment =~ 1 _——— 2 |
80N/mm? E
GhS/GhS,O E 3 4
1.8
16 /I ——Toe 1
== Toe 2
1.4 /
/I/ Toe 3
12 / - Toe 4
1 < o | o N W formula
0.8
06 ——;
0.000 0.020 0.040 0.060 0.080 0.100 0.120
elt

Fig 2-28 Effect of increasing misalignment (upwards) on structural stress. Stress magnification
factor (km) according to [2] is also shown as “IIW formula”. Fixed supported quality level “B”

single-vee joint.

Toel ‘ Toe 2 ‘ Toe 3 ‘ Toe 4

Hot spot stress oo (N/mm2 )

80.763 | 80.869 | 88.981 | 89.113

)

(N /mmz) e(mm) | t(mm) elt Normalized stress ratio (chs/0ns o)
80 20 0.000 1 1 1 1
80 20 0.025 |1.000313|1.153398|0.998076|0.877957
80 20 0.050 |1.000258|1.306674 |0.991491|0.751027
80 20 0.075 |0.999344 | 1.45799 |0.982598|0.621274
80 20 0.100 |0.998673|1.610712|0.967015 -

Tab 2-3 Normalized structural stress results. Values are depicted in Fig 2-28.
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1 2
direction of misalignment ~ —————
90N/mm? v
o./o — A 3 a
hs' “hs,0
135 :
1.25 7-¢
1.15 /‘?“Z efil=Toe 2
0.95 >ﬁ\ =36=Toe 4
0.85 T —— W formula
0.75
0.65
0.00 0.02 0.04 0.06 0.08 0.10 0.12
elt

Fig 2-29 Effect of increasing misalignment (upwards) on structural stress. Stress magnification

factor (km) according to [2] is also shown as “ITW formula”. Simply supported quality level “B-

Fatigue” single-vee joint.

Toel \ Toe?2 \ Toe 3 \ Toe 4

Hot spot stress 6ps0 (N/mm?)

90.787 | 90.849 | 98.410 | 98.410

P (N/mm?) | e (mm) | t (mm) ot Nominalized stress ratio (6hs/ns,0)
80 0.0 20 0.000 1.000 1.000 1.000 1.000
80 0.5 20 0.025 0.935 1.064 1.054 0.927
80 1.0 20 0.050 0.869 1.127 1.105 N.C
80 15 20 0.075 0.803 1.190 1.154 N.C
80 2.0 20 0.100 N.C 1.252 1.202 N.C

Tab 2-4 Normalized structural stress results. Values are depicted in Fig 2-29.
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In Fig 2-30, the normalized structural stress results of a quality level “B” double-vee joint is shown.
The toes, which are now symmetric about the diagonal axes of the weld (toe 1 and 4, toe 2 and 3 are
equal), show the same results as expected.

Additionally, both X-joint and Y-joint with different qualities result in very similar stress increases
with the increasing misalignment, which also confirms that the structural stress does not include
local effects of the weld geometry. This can be seen for example by comparing Fig 2-30 and Fig 2-
31, where the resulting normalized ratios are very similar.

direction of misalignment T T2
80N/mm? /
Ghs/Ghs 0 : I
135 |
1.25 | =4=Toel -
115 . - ——Toe 2
105 — - Toe 3
~—— =>=Toe 4
095 W formul
ormula
0.85 \l\\
0.75 \NT‘
0.65
0.000 0.020 0.040 0.0/6t0 0.080 0.100 0.120
€

Fig 2-30 Effect of increasing misalignment (upwards) on structural stress. Stress magnification

factor (km) according to [2] is also shown as “IIW formula”. Simply supported quality level “B”

double-vee joint.

Toel \ Toe?2 \ Toe 3 \ Toe 4

Hot spot stress opso (N/mm?)

82.122 | 82.183 | 82.183 | 82.122

(N/anmz) e(mm) | t(mm) ot Normalized stress ratio (6hs/cns o)
80 0 20 0.000 1 1 1
80 0.5 20 0.025 |0.9311267| 1.06535 | 1.06535 |0.931127
80 1 20 0.050 |0.8631734|1.131317|1.131317{0.863173
80 1.5 20 0.075 |0.7950577|1.192286|1.192286 | 0.795058
80 2 20 0.100 |0.7254917|1.257149|1.257149 | 0.725492

Tab 2-5 Normalized structural stress results. VValues are depicted in Fig 2-30.
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direction of misalignment L 2
90N/mm? ve
Ohs/Ohs 0 | I T
1.4
1.3 — =f=—Toe 1
1.2 ; = ~ =Toe2
1.1 = . Foe3—
L aS— =%=Toe4 |
0.9 N ——
: \! [IWformula
0.8
0.7
0.6
0.000 0.020 0.040 0.060 0.080 0.100 0.120
elt

Fig 2-31 Effect of increasing misalignment (upwards) on structural stress. Stress magnification
factor (km) according to [2] is also shown as “ITW formula”. Simply supported quality level “B-

Fatigue” double-vee joint.

Toel \ Toe?2 \ Toe 3 \ Toe 4

Hot spot stress opso (N/mm?)

91.718 | 91.803 | 91.803 | 91.718

(N /rlrjlmz) e(mm) | t(mm) e/t Normalized stress ratio (6hs/ohs0)
90 0 20 0.000 1 1 1 1
90 0.5 20 0.025 |0.929839 |1.064159|1.064159 | 0.929839
90 1 20 0.050 |0.859373|1.129331|1.129331 |0.859373
90 15 20 0.075 - 1.190288 | 1.190288 -
90 2 20 0.100 - - - -

Tab 2-6 Normalized structural stress results. Values are depicted in Fig 2-31.
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2.5.2. Effective Notch Stress Changes Due to Misalignment

The effects of misalignment on stresses based on effective notch stress are shown in figures from
Fig 2-32 to Fig 2-38.

direction of misalignment | 1 — —~2
80N/mm? /
Gen/Gen 0 i i: : 3 4
1.65 T
155 + Toe1l
1.45 Toe 2
== Toe
1.35
1.25 | 1 Toe 3
1.15 i Toe 4
;gg —Sy-—_ IIW formula
. —
\ \
0.85 -~ —
0.75 \ \
. \
0.65 =
0.000 0.020 0.040 0.060 0.080 0.100 0.120
elt

Fig 2-32 Effect of increasing misalignment (upwards) on effective notch stresses. The stress
magnification factor according to [2] is also shown as “ITW formula”. Simply supported, quality

level “B” single-vee joint.

Toel \ Toe?2 \ Toe 3 \ Toe 4

Eff. notch stress 6eno (N/mm?)

159.274 | 157.559 | 132.960 | 131.729

(N /npwmz) e(mm) | t(mm) e/t Normalized stress ratio (Gen/Geno)
80 0 20 0.000 1 1 1 1
80 0.5 20 0.025 | 0.89926 | 1.06448 |1.179725|0.763509
80 1 20 0.050 [0.777603|1.116286 | 1.296791|0.471531
80 1.5 20 0.075 |0.693142|1.163584 | 1.452567 | 0.223204
80 2 20 0.100 |0.593066 | 1.205887 | 1.598925 -

Tab 2-7 Normalized effective notch stress results. Values are depicted in Fig 2-32.
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Fig 2-32, Fig 2-33 and Fig 2-34 show that the recommended “IIW formula” is not fitting well for
the estimation of misalignment effects for the effective notch stress approach for single-vee (“Y-*)
joints of quality level “B”. However, as can be seen in Fig 2-36 and Fig 2-38, the formula is above
the resulting normalized stresses for a double-vee joint, where all toes have equal geometry. As a
result, one can conclude that the ky,, formula is valid only for double-vee joints in calculations based
on the effective notch stress.

direction of misalignment LT TN
S
8ON/mm? ﬂ
Gen/Gen,O 3 4
1.65 —
1.55 C o
1.45 ] ' T' 21
1.35 / =fi—=Toe
1.25 — i Toe 3
1.15 *_2 foo
w02 —_— i IIW formula
095 = —
0.85 i —
0.75 —
0.65 S—
0.000 0.020 0.040 0.060 0.080 0.100 0.120
e/t

Fig 2-33 Effect of increasing misalignment (downwards) on effective notch stresses. A stress
magnification factor according to [2] is also shown as “IITW formula”. Simply supported quality
level “B” single-vee joint.

Toel Toe 2 Toe 3 Toe 4
Eff. notch stress Geno (N/mm2 )
159.274 | 158.048 | 132.961 | 131.729
(N /r};mz) e(mm) | t(mm) e/t Normalized stress ratio (Gen/Geno)
80 0 20 0.000 1 1 1 1
80 0.5 20 0.025 | 1.05203 |0.906886 | 0.770773|1.192236
80 1 20 0.050 |1.100315|0.799864 | 0.395986 | 1.358482
80 15 20 0.075 |1.151133| 0.69265 |0.221586 | 1.499479
80 2 20 0.100 |1.193266|0.598462 - 1.590924

Tab 2-8 Normalized effective notch stress results. Values are depicted in Fig 2-33.
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Note that there is steep stress increase at weld toes 3 and 4 of Y-Joints (see Fig 2-32 and Fig 2-33).
Recall that in Fig 2-11 it has already been shown that due to increasing misalignment, the opposite
weld toes (depending on the direction of misalignment; toe 3 or toe4) tend to vanish. The reason of
this steep stress increase could thus be that the structural discontinuity only remained at one side of
the weld, and is very “sharp” there now. In Fig 2-37, the remaining structural discontinuity at weld
toe 3 is shown.

direction of misalignment 1 —  —~2
80N/mm? | E
Gen/ Gen,O E 3 4
1.65
1.55 56
1.45
== Toe 2
1.35
1.25 - | Toe 3
1.15 / Toe 4
1.05 7/_
IIW formula
Sﬂ
0.85 ——
0.65 N
0.000 0.020 0.040 0.060 0.080 0.100 0.120
elt

Fig 2-34 Effect of increasing misalignment (upwards) on effective notch stresses. A stress
magnification factor according to [2] is also shown as “IIW formula”. Fixed supported, quality
level “B” single-vee joint.

Toel \ Toe?2 \ Toe 3 \ Toe 4
Eff. notch stress Geno (N/mm?)
159.275 | 158.048 | 132.960 | 131.729
(N /npwmz) e (mm) | t(mm) e/t Normalized stress ratio (Gen/Gen,0)
80 0 20 0.000 1 1 1 1
80 0.5 20 0.025 |0.963376|1.148805|1.113961 |0.729839
80 1 20 0.050 | 0.89502 |1.287463|1.154594|0.447015
80 1.5 20 0.075 |0.859958 |1.420662 | 1.198781|0.174215
80 2 20 0.100 |0.797687|1.549741 |1.225306 -

Tab 2-9 Normalized effective notch stress results. Values are depicted in Fig 2-34.
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2
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elt

Fig 2-35 Effect of increasing misalignment (upwards) on effective notch stresses. A stress
magnification factor according to [2] is also shown as “IITW formula”. Simply supported, quality
level “B-Fatigue” single-vee joint.

Toel \ Toe 2 \ Toe 3 \ Toe 4

Eff. notch stress 6eno (N/mm?)

156.400 | 156.320 | 124.925 | 125.013

P (N/mm?) | e(mm) | t(mm) elt Normalized stress ratio (Gey/Gen )

90 0 20 0.000 1 1 1 1
90 0.5 20 0.025 |0.875614 |1.043532|1.245635 | 0.5851551
90 1 20 0.050 |0.741771|1.070439 | 1.469898 N.C
90 15 20 0.075 N.C 1.10229 |1.676182 N.C
90 2 20 0.100 N.C |1.115551|1.764907 N.C

Tab 2-10 Normalized effective notch stress results. Values are depicted in Fig 2-35.

45



2. Butt Welds in Plates of Equal Thickness

direction of misalignment T2
8ON/mm? /
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Fig 2-36 Effect of increasing misalignment (upwards) on effective notch stresses. A stress
magnification factor according to [2] is also shown as “IIW formula”. Simply supported quality
level “B” double-vee joint.

Toel \ Toe 2 \ Toe 3 \ Toe 4
Eff. notch stress Geno (N/mm?)
163.147 | 164.453 | 162.064 | 164.300
(N /rimz) e(mm) | t(mm) et Normalized stress ratio (Gen/Gen,0)
80 0 20 0.000 1 1 1 1
80 0.5 20 0.025 |0.903858 | 1.071493|1.090488 | 0.903158
80 1 20 0.050 |0.795032|1.137701|1.140192 | 0.791866
80 15 20 0.075 |0.687884|1.172018| 1.16099 |0.683994
80 2 20 0.100 |0.571938|1.228453 | 1.24296 |0.568422

Tab 2-11 Normalized effective notch stress results. Values are depicted in Fig 2-36.

Fig 2-37 Zoomed view to weld toes 3 and toe 4 of Y-Joint with 2.0mm misalignment.
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direction of misalignment 2 |
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Fig 2-38 Effect of increasing misalignment (upwards) on effective notch stresses. Stress
magnification factors according to [2] are also shown as “IIW formula”. Simply supported
quality level “B-Fatigue” double-vee joint.

Toe 1l ‘ Toe 2 ‘ Toe 3 ‘ Toe 4
Eff. notch stress Geng (N/mm2 )
156.344 | 156.133 | 157.159 | 152.414
(N /nF:mz) e(mm) | t(mm) e/t Normalized stress ratio (Gen/Geno)
90 0 20 0.000 1 1 1 1
90 0.5 20 0.025 |0.833502|1.039088| 1.0387 |0.855302
90 1 20 0.050 |0.6632751.059545 |1.054753|0.683704
90 15 20 0.075 - 1.083339|1.076209 -
90 2 20 0.100 - - - -

Tab 2-12 Normalized effective notch stress results. Values are depicted in Fig 2-38.

Fatigue Life Calculations — Case with misalignment

The Table 2-B shows a comparison of fatigue life predictions for the studied details and quality
classes according to the different calculation methods: nominal stress, structural hot spot stress and
effective notch stress approach. Thereby, as stated above, again the nominal stress was always
chosen so that a fatigue life of 2 million load cycles is achieved. Note that in these calculations the
misalignment effect is considered, in the following way:

According to 1lW Recommendations, in cases where the stress magnification factor ky, is calculated
directly (meaning: it is included in the numerical model, instead of using formulae), the
misalignment effect should be calculated (or modified) with an effective stress magnification factor
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called kmefr [2]. Note that ket iS calculated by dividing the numerically calculated ki, by 1.05 (the
amount of misalignment which is already covered in the structural hot-spot and effective notch

stress S-N curves) [2], see the following table.

Type of k, analy- | Nominal stress Structural hot spot. effective notch and fracture me-

sis approach chanics appoach

Type of welded k, already covered in | k, already covered in Default value of effective

joint FAT class SN curves k,, to be considerad in
stress

Butt joint made in 1.15 1.05 1.10"

shop in flat posi-

tion

Other butt joints 1.30 1.05 1.25"

cruciform joints 1.45 1.05 1.40"

Fillet welds on 1.25 1.05 1.20"

one plate surface

Fillet welds on 1.25 1.05 1.10™

both plate surfaces

*) but not more than (1 + 2.5 e,_,
t = wall thickness of loaded plate

*#) but not more than (1 + 0.2t
resistance curves

##%) but not more than (1 +0.1- t
resistance curves

/t), where e, = permissible misalignment and
/t), where ;= reference wall thickness of fatigue

/t), where t_, = reference wall thickness of fatigue

Fig 2-39 Consideration of stress magnification factors due to misalignment (IIW Fatigue

Recommendations:2014, Table 3.8-2).

In Fig 2-39, the stress magnification factors (k) which are already covered in verification methods
and effective stress magnification factor (kmetr) Which should be considered in calculations, are
shown. The following procedure thus explains the calculation of fatigue life cycles in the case with

misalignment:

- The allowable misalignment is given by IIW Recommendations in fatigue class tables for
nominal stress approach (see Fig 2-14). Based on these restrictions, two different
misalignment values (e= 1.0mm for quality level “B-Fatigue” and e= 2.0mm for quality
level “B”) have been selected for different joint types (see Table 2-B “considered

misalignment” column).

- The quality level “B-Fatigue” joints are assumed to be welded in flat position. However,

quality level “B” joints are calculated according to “other butt joints” classification given in

Fig 2-39.

- For the structural and the effective notch stress methods, the “calculated” kn factor is

equivalent to the ratio Acns/Achso (respectively Acen/Acen) calculated as farther above, i.e.
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by comparing the results of a model with the considered amount of mislaignment with a
model without any misalignment.

- The “effective” value of kmesr to be finally used in the fatigue life calculations is however
needed, to calculate the “effective” value of the stress amplitude Acgr.

- All fatigue life cycles are thus calculated with Aces, Where the factor is calculated with the
expressions given in Eq.2.2 and EQg.2.3. Note that Acesr = ot because the load is applied
with constant amplitude and with a single load step.

For quality level “B” joints;

A Ghs(en)

if <125, a0, =1.25%a0 40, (2.2)

AO-hs(en),o *105

AO-hs(en)

else aoy = 105

For quality level “B-Fatigue” joints;

AO-hs(en)

if

* <1.10, AO :l'lo*AO-hs(en),O
AGhs,(en),o 105 (23)

AGhs(en)

else roy = T05

where the Achsen) / Achseny0 ratios and Acnsen)o Values are already available in tables from Tab 2-1
to Tab 2-12.

Note that the fatigue life cycles are only calculated for those weld toes where increasing
misalignment led to an increase in stress (see tables from Tab 2-1 to Tab 2-12). The calculations are
carried out for the configuration with the “maximum” amount of misalignment according to
tolerances (1mm or 2mm acc. to [2], depending on the FAT class).

Furthermore, note that in the following table values of Acns or Ace, are given, which were
calculated numerically, but not plotted directly in the tables further above (Tab 2-1 to Tab 2-11).
These values can be retrieved, however, from Ao times the ratio (Acns/Acns) in those tables. For
example, the value of effective notch stress of Acen =189,998 N/mm? at Toe 2, Transverse Bultt
Weld, Y-Joint, e=2mm, Simple support conditions, Quality Class “B”, can be found from the values
in Tab 2-7: Achs0=157,559 times (Achs/Achs0)=1,205887 =189,998 N/mm?.
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2. Butt Welds in Plates of Equal Thickness

The following observations can be made about the above results:

When misalignment is explicitly included, the fatigue lives at the critical toes according to
the structural hot-spot and effective notch stress methods are quite different, sometimes
lower and sometimes larger, than the nominal stress fatigue life cycles. In the case of the
structural hot-spot stress, the differences are small expect for the case with “fixed”” boundary
condition, where it was already discussed that higher additional bending moments occur.
The effective notch stresses lead to fairly similar, but mostly higher life predictions at the
relevant toe.

In the structural hot-spot stress case, the fact that the stresses of the “non-misaligned” case
have to be increased by a factor of at least 1,25 (over-)compensates for the difference in
fatigue classes (FAT 100 vs. 80 or 90).
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3. Butt Welds at Thickness Transitions

Butt Welds at Thickness Transitions

3.1. Considered Geometries and Misalignment

In bridge girders, another common application where misalignment may play a role is butt welding
of plates with different thicknesses, with one surface of the joint (nominally) flush. In this type of
joint, relatively large eccentricities are present even in the “perfect” configuration. After
considering a slope value of 1:4, the edge preparations prior to welding are prepared as seen in Fig
3-1, Fig 3-2 and Fig 3-3., depending on whether a single-vee, inverse single-vee or double-vee

(“X™) joint is fabricated.

21,6mm
g |
5 /
£
E
5
b=2mm
310mm 310mm
Fig 3-1 Edge preparation of V-joint.
£ b=2
S _T— mm
(=)
N £
£
(=}
™
300,2mm 21,6mm 300,2mm

Fig 3-2 Edge preparation of reverse V-joint.




3. Butt Welds at Thickness Transitions
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300,2mm 13mm || 300,2mm

Fig 3-3 Edge preparation of double-vee (“X”) joint.

Similarly to Chapter 2, at first a case without (additional) misalignment is considered in
calculations. Note that in this joint geometry, there is a (large!) eccentricity of the plates even
without additional, “undesired” misalignment. Following that, a linear misalignment up to 2mm is
applied and the results are recorded in every step increase of 0.5mm. However, only a simple
supported static system is considered in this chapter (omitting the case of encastre) and the
misalignment is applied in one direction (upwards) only (see Fig 3-4), i.e. the direction which
further reinforces the always-present eccentricity of the two plates. Note that for these boundary
conditions, the plates are fully “free” to deform transversally to their plane, except at the supports;
in real configurations, this type of joint is often used in flanges, were additional restraint to this
deformation is given by the girder web. However, since mostly relative effects are looked at here
(nominal vs. structural vs. effective notch stress; effect of misalignment vs. no misalignment), the
results remain general enough.

A tensile uniform loading of 90N/mm? is applied in the thin plate (20mm plate) side.

direction of misalignment

: | 90N/mm?

Fig 3-4 Considered static system and direction of misalignment (upwards).
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3. Butt Welds at Thickness Transitions

3.2. Weld Shapes and Imperfections

In this chapter, a fully penetrated butt welding is considered. Furthermore, the mechanical
properties of the weld metal, fusion zone and the heat affected zone are again assumed to be equal
to the parent metal. Hence, the weld and parent metal are modelled as a whole part.

Unfortunately, the EN 1SO 5817:2007 does not suggest clear weld imperfection tolerances for
precisely this type of configuration, since it is not clear what plate thickness should be used as
reference. For this reason, imperfections such as requirement for smooth transition, the heights of
excess penetration and weld metal are selected in a way that is similar (but not perfectly equal) to
the case with plates of equal thickness.

The considered geometries including the imperfections can be seen in Fig 3-5, Fig 3-6 and Fig 3-7,
which show “zoom-in” views of the weld area (the thickness transition is to the left).

Fig 3-5 Quality level “B-Fatigue” V-joint between plates of different thicknesses. Weld
imperfections in the Abaqus model (all measures are in millimeters).
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3. Butt Welds at Thickness Transitions

Fig 3-6  Quality level “B-Fatigue” inverse V-joint between plates of different thicknesses. Weld
imperfections in the Abaqus model (all measures are in millimeters).

Fig 3-7 Quality level “B-Fatigue” double-vee joint between plates of different thicknesses. Weld
imperfections in the Abaqus model (all measures are in millimeters).
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3. Butt Welds at Thickness Transitions

3.3. Applicable Fatigue Classes

The fatigue classes of these types of joints in EN 1993-1-9:2005 for the nominal stress approach
were already shown in Fig 2-12. The recommended class was FAT90 for all cases considered in this
chapter. However, IIW Recommendations suggest different classes depending on the slope of
transition (see Fig 3-8). In this thesis, FAT90 is uniformly selected as basis for fatigue strength
verifications based on the nominal stress approach, following the Eurocode value.

For fatigue assessment based on structural stress, there is no available specific fatigue class for this
type of joints yet. A comparison can be made with the classes already shown in Fig 2-15 and Fig 2-
16 (FAT 100), because there is no information about the thickness transition. Correspondingly, the
FAT 225 is again considered for the effective notch stress approach.

[
]

Transverse butt weld made in shop. Weld run-on and run-off pieces to be used and subse-

welded in flat position. weld profile quently removed. Plate edges ground flush in direction
controlled. NDT. with transition in of stress.
thickness and width:

slope 1:5 90 Misalignment due to deliberate thickness step to be
slope 1:3 80 considered. see Section 3.8.2. Additional misalignment

q_gg—» slope 1:2 72 due to fabrication imperfection < 5% of plate thickness.

(S
oGO D

Fig 3-8 Selected detail category for transverse butt welds with thickness transition (1IW Fatigue
Recommendations, 2014). Detail category to be used in assessments based on nominal stress
approach.

3.4. Comparison of Nominal, Structural Hot Spot and Notch Stress
Methods -No Misalignment

In order to easily compare the fatigue life cycles of different methods, a tensile load of 90N/mm?
which (when considered as a stress amplitude Ac) leads to a fatigue life (95% survival probability)
of 2x10° life cycle based on the nominal stress method for FAT class 90, is selected deliberately.
The load is applied to the free end of the simply supported case in the Abagqus model.

In case of butt welds at thickness transition, there is however already a planned misalignment (or
rather: eccentricity) due to geometry (e= (40-20)/2= 10mm). This effect, while not clearly stated in
the Eurocode, must be included in order to make the nominal stresses meaningful. Thus, “modified”
nominal stresses are also reported in the following. These can be calculated by multiplying the
applied 90N/mm? with a factor kp,, obtained with Eq.3.1 (see further below) by using the “planned
eccentricity” of e=10mm; the resulting k,=1.783, which is a constant for the studied joints, can be
multiplied with nominal stress values as a constant in order to find modified nominal stress values.
The results of the four stress calculation methods are shown in the following figures.
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3. Butt Welds at Thickness Transitions
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Toel Toe 2
® Nominal stress 90.000 90.000
® Modified nominal stress 160.470 160.470
= Hot spot stress 152.720 225.550
m Effective notch Stress 340.781 431.754

Fig 3-9 Comparison of nominal, modified nominal, structural hot spot and effective notch
stresses. Resultant maximum in-plane principal tensile stresses for transverse butt welded joint
with no misalignment. Simply supported quality level “B-Fatigue” single-vee joint with

thickness transition.

450
400
- 350
(g
e 300
£
= 250
A 200
L
n 150
[@)]
g 100
2 50
nd
0
Toel Toe 2
® Nominal stress 90.000 90.000
= Modified nominal stress 160.470 160.470
= Hotspot stress 201.543 219.397
m Effective notch stress 385.559 302.985

Fig 3-10 Comparison of nominal, modified nominal, structural hot spot and effective notch
stresses. Resultant maximum in-plane principal tensile stresses for transverse butt welded joint
with no misalignment. Simply supported quality level “B-Fatigue” inverse single-vee joint with

thickness transition.
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3. Butt Welds at Thickness Transitions

450 —
eccentricity \L
400 — ~, o —
‘—'I. '> D i
350 |— e Y ]
< 300
1=
2 250
a 200
L
& 150
2 100
E 50
[¢B)
o 0
Toel Toe 2
m Nominal stress 90.000 90.000
® Modified nominal stress 160.470 160.470
Hotspot Stress 151.324 226.355
m Effective Notch Stress 298.437 415.111

Fig 3-11 Comparison of nominal, modified nominal, structural hot spot and effective notch
stresses. Resultant maximum in-plane principal tensile stresses for transverse butt welded joint
with no misalignment. Simply supported quality level “B-Fatigue” double-vee joint with
thickness transition.

Fatigue Life Calculation — No misalignment case

The following Table 3-A shows a comparison of fatigue life predictions for the studied details and
quality classes according to the different calculation methods: nominal stress, modified nominal
stress, structural hot spot stress and effective stress approach. Thereby, as stated above, the nominal
stress was always chosen so that a fatigue life of 2 million load cycles is achieved.

Note that in these calculations no misalignment is considered; this means that — at least for the cases
of the effective notch stress and structural stress approach — the calculated fatigue life values are not
(yet) valid, as for these methods misalignment must be taken into account directly; see the fatigue
life calculations with misalignment case for this effect.

Additional explanations to the variables and methods used for the calculations in this table were
already given in chapter 2 of this thesis, for the analogous case. The only new variable is Acm nom,
symbolizing the modified nominal stress.
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3. Butt Welds at Thickness Transitions

The following observations can be made about the above results:

i.  The most obvious observation is the the “pure”, unmodified nominal stress would lead to far
too high fatigue life predictions in this case. Obviously, it is not possible to neglect the
presence of the (very large) “planned” eccentricity in this type of joint.

ii.  When the modified (by k) nominal stresses are used as basis of the comparisons, one can
see that the structural and effective notch stress methods lead to fatigue life predictions that
are quite different from the (modified) nominal case. Mostly, at the critical toe, these life
predictions can be very significantly lower than according to the modified nominal method,
even in the case studied up to now, which completely neglects any additional misalignment
effects.

3.5. Effect of Misalignment

For the case of butt-welded plates of unequal thickness (to which the studied configuration can be
counted, even though the formula is valid also for butt welds with plates of different thickness, but
without any thickness transition), a formula for the consideration of misalignment is given in the
IIW Recommendations. This recommended k., value is calculated according to the following
Eqg.3.1 (IIW Recommendations:2014 Table 6.3-1):
n
Ko =1+E*% (3.1)
Lt G +5Y)

where n=1.5and t,>t;

In the following comparisons, this formula is applied only for the “unplanned”, i.e. truly
“misaligned” portion of the total eccentricity. This is possible in the comparisons, because the
numerical results (for the structural hot-spot and effective notch stresses) are also normalized
against the stresses in the “perfect” configuration, which has an eccentricity of (40-20)/2=10mm,
but no misalignment. Thus, the effect of this eccentricity is already included in the calculation of the
basic stresses ons o respectively cen o.
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3. Butt Welds at Thickness Transitions

3.5.1. Structural Stress Changes Due to Misalignment

dircction of misalignment \L
Flj 90N/mm?
Ops/Ops, 0 — -
1.25 |
1.15 —
- Toe 1l
1.05 —
- =l—-Toe 2
Q\
0.95 ———— —HwW-formula
0.85 —*
0.75
0.65
0.000 0.020 0.040 0.0/6t0 0.080 0.100 0.120
e

Fig 3-12 Effect of increasing misalignment (upwards) on structural stress. Stress magnification
factor (km) according to [2] is also shown as “IIW formula”. Simply supported quality level “B-
Fatigue” V- joint with thickness transition.

Toel ‘ Toe 2 ‘ Toe 3 ‘ Toe 4
Hot spot stress G o (N/mm2 )
152.720 [ 225550 | N.C | N.C
(N /r?wmz) e(mm) | t(mm) e/t Normalized stress (Ghs/Ons 0)
90 0 20 0.000 1 1 N.C N.C
90 0.5 20 0.025 |0.973559|1.023738 N.C N.C
90 1 20 0.050 [0.943576|1.054853 N.C N.C
90 15 20 0.075 0.90239 |1.082075 N.C N.C
90 2 20 0.100 [0.874666|1.111049 N.C N.C

Tab 3-1 Normalized structural stress results. Values are depicted in Fig 3-12.

Note that in the above results, the stresses for toes 3 and 4 are not plotted / printed because they
become very small or even negative due to the bending moment due to eccentricity + misalignment,
and are thus not relevant. This pattern is repeated in the following figures and tables whenever

results become (clearly) not relevant - they are then “N.C.” for “not calculated”.
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3. Butt Welds at Thickness Transitions
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Fig 3-13 Effect of increasing misalignment (upwards) on structural stress. Stress magnification
factor (km) according to [2] is also shown as “ITW formula”. Simply supported quality level “B-
Fatigue” inverse V- joint with thickness transition.

Toel \ Toe?2 \ Toe 3 \ Toe 4

Hot spot stress oo (N/mm?)

201.543 | 219.397 | -4.312 | -43.296

P

(N/mm?) e(mm) | t(mm) eft Normalized stress (Ghs/Ghs,0)
90 0 20 0.000 1 1 1 1
90 0.5 20 0.025 | 0.934173 | 1.008419 | -1.65005 |1.001501
90 1 20 0.050 - 1.012461 | -4.18112 |1.001778
90 15 20 0.075 - 1.013815 | -6.63984 |1.012288
90 2 20 0.100 - 1.017489 | -9.10181 |1.014713

Tab 3-2 Normalized structural stress results. Values are depicted in Fig 3-13.
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3. Butt Welds at Thickness Transitions

direction of misalignment \/b
m% 90N/mm?
Ghs/Ghs,O T N7
1.25 |
1.15 —
—0—Toe 1l
1.05 = - = = =l—-Toe 2
\
0.95 ~—HW-formula
0.85 \Q\\‘
0.75
0.65
0.000 0.020 0.040 0.0/6t0 0.080 0.100 0.120
e

Fig 3-14 Effect of increasing misalignment (upwards) on structural stress. Stress magnification

factor (km) according to [2] is also shown as “IIW formula”. Simply supported quality level “B-
Fatigue” double-vee joint with thickness transition.

Toel \ Toe 2 \ Toe 3 \ Toe 4
Hot spot stress oo (N/mm?)
151.324 | 226355 | 1962 | N.C
(N /rfmmz) e(mm) | t(mm) eft Normalized stress (Ghs/Ghs,0)

90 0 20 0.000 1 1 1 N.C
90 0.5 20 0.025 |0.930163 | 0.997526 | 5.9862385 N.C
90 1 20 0.050 |0.862216 | 0.996669 | 10.846075 N.C
90 15 20 0.075 |0.787866 | 1.00167 | 16.001529 N.C
90 2 20 0.100 - 0.99484 | 20.53262 N.C

Tab 3-3 Normalized structural stress results. Values are depicted in Fig 3-14.
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3. Butt Welds at Thickness Transitions

3.5.2. Effective Notch Stress Changes Due to Misalignment

direction of misalignment w
4\ ,
F 90N/mm?
Gen/ Gen,o E— 3
1.25
1.15 )—4 —e=
I —=—Toe 1
1.05 e
| ——Toe 2
0.95 \ = 1IWformula
\
0.85 ‘*\*
0.75
0.65
0.000 0.020 0.040 0.060 0.080 0.100 0.120
elt

Fig 3-15 Effect of increasing misalignment (upwards) on effective notch stress.

Stress

magnification factor (km,) according to [2] is also shown as “IIW formula”. Simply supported
quality level “B-Fatigue”, V- joint with thickness transition.

Toel \ Toe?2 \ Toe 3 \ Toe 4

Eff. notch stress oeno (N/mm?)

340.781 | 431.754 | -2.215 | -5.614

P

(N/mm?) e(mm) | t(mm) eft Normalized stress (Gen/Gen o)
90 0 20 0.000 1 1 N.C N.C
90 0.5 20 0.025 |0.940795|1.049927| N.C N.C
90 1 20 0.050 |0.884374|1.097454| N.C N.C
90 1.5 20 0.075 |0.839932(1.137954| N.C N.C
90 2 20 0.100 |0.778344|1.192364| N.C N.C

Tab 3-4 Normalized structural stress results. Values are depicted in Fig 3-15.
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Fig 3-16 Effect of increasing misalignment (upwards) on effective notch stress.
magnification factor (km) according to [2] is also shown as “IIW formula”. Simply supported
quality level “B-Fatigue” inverse V- joint with thickness transition.

Toel ‘ Toe 2 ‘ Toe 3 ‘ Toe 4

Eff. notch stress oen,0 (N/mm2 )

385.559 | 302.985 | -28.979 | -74.107

(N /nF:mZ) e(mm) | t(mm) eft Normalized stress (cen/cen,0)
90 0 20 0.000 1 1 N.C N.C
90 0.5 20 0.025 |0.722821|1.216011| N.C N.C
90 1 20 0.050 - 1.417539| N.C N.C
90 15 20 0.075 - 1.576309| N.C N.C
90 2 20 0.100 - 1.625417 N.C N.C

Tab 3-5 Normalized structural stress results. Values are depicted in Fig 3-16

Stress

Fig 3-16 and Tab 3-5 show that for this case —the configuration of an inverse single-vee joint, with
the (small) root at the location where tension from bending overlaps with the global tension — the
stresses at the critical toe (toe 2) can become much larger than for the “not-misaligned” case, much
more so than predicted by the 1IW recommendation formula. This may be explained by the fact that,

for larger values of “unplanned” misalignment, the weld geometry becomes very irregular

(increased discontinuity) at the (now critical) root: for example, there is no real “toe” anymore on

the side of “toe 1” beginning at an eccentricity of Imm, while “toe 2” looks very irregular (see Fig

3-17). This may explain the additional, high stresses which are observed.
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L[]}

rrrrrr

Fig 3-17 Unplanned misalignment e=2.0mm. Simply supported quality level “B-Fatigue” inverse

single-vee joint with thickness transition. Toe 1 vanishes due to unplanned misalignment.

direction of misalignment \/p
N\ L 2
F 90N/mm?

Gen/ Gen,O — 3 4

1.25
1.15 /I—ﬁf —=
/ —4—Toe 1

1.05 i —f—Toe 2
0.95 \\ —niw formula
0.85 —~

0.75 \\
0.65

0.000 0.020 0.040 0.060 0.080 0.100 0.120
eft

Fig 3-18 Effect of increasing misalignment (upwards) on effective notch stress. Stress
magnification factor (km) according to [2] is also shown as “IIW formula”. Simply supported

quality level “B-Fatigue” double-vee joint with thickness transition.
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3. Butt Welds at Thickness Transitions

Toel \ Toe?2 \ Toe3 \ Toe 4
Eff. notch stress oeno (N/mm2 )
298.423 | 413.348 | -5.352 | -48.246
™ /r’;mz) emm) | t(mm) | en Normalized stress (Go/Geno)
90 0 20 0.000 1 1 N.C N.C
90 0.5 20 0.025 [0.884543|1.074064| N.C N.C
90 1 20 0.050 [0.780453|1.148233| N.C N.C
90 15 20 0.075 [0.675059(1.169317| N.C N.C
90 2 20 0.100 - 118841 | N.C N.C

Tab 3-6 Normalized structural stress results. Values are depicted in Fig 3-18.

Fatigue Life Calculations — With misalignment case

The Table 3-B shows a comparison of fatigue life predictions for the studied details and quality
classes according to the different calculation methods: nominal stress, modified nominal stress,
structural hot spot stress and effective notch stress approach. Thereby, as stated above, again the
nominal stress was always chosen so that a fatigue life of 2 million load cycles is achieved. Note
that in these calculations the misalignment effect is considered. As mentioned in chapter 2,
according to 1IW Recommendations, in cases where the stress magnification factor k, is calculated
directly, the misalignment effect should be calculated with an effective stress magnification factor
called Kmefr [2].

In Fig 2-39, the stress magnification factors (km) which are already covered in verification methods
and effective stress magnification factor (kmetr) Which should be considered in calculations, are
shown. The following procedure explains the calculation of fatigue life cycles:

- The allowable misalignment is given by IIW Recommendations in fatigue class tables for
nominal stress approach (see Fig 3-8). Based on this restriction, e=1.0mm (5% of the plate
thickness) is taken as the considered unplanned misalignment in all cases. So, an additional
1mm of planned misalignment is to be added for the calculation of modified nominal stress
(e=10mm+1mm= 11mm). The updated kn, factor is equal to 1.861.

- The quality level “B-Fatigue” joints are assumed to be welded in flat position so the ky,
factors are selected accordingly (see Fig 2-39).

- All fatigue life cycles are calculated with Aces, Where the value is calculated with the
expressions given in Eq.2.3. According to Fig 2-39, the “default value of knyerf” is now 1,10
(quality class “B-Fatigue™) , instead of 1,25 (which was valid for class “B”).

- Due to high planned eccentricity, toe 3 and toe 4 are under compression and the minimum
in-plane stresses are usually relatively low. The fatigue life cycles are not calculated at these
points.

- Further, more generally valid explanations were already given in chapter 2.
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3. Butt Welds at Thickness Transitions

Note that the fatigue life cycles are only calculated for the weld toe 2, where increasing
misalignment led to an increase in stress (see tables from Tab 3-1 to Tab 3-6). Stress results are not
available at toe 1 in case of inverse single-vee joint due to geometrically unavailability (toe
disappears to increasing misalignment).

The following observations can be made about the above results:

i.  Again, the most obvious observation is the the “pure”, unmodified nominal stress would
lead to far too high fatigue life predictions in this case.

ii. Now that misalignment was explicitly included in accordance with the 1IW
recommendations, the structural hot-spot and effective notch stress methods always lead to
significantly lower fatigue life predictions than even the modified nominal stress approach.
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4. Cruciform Joints

Cruciform Joints

In this chapter, one exemplary configuration for cruciform joints is studied as well. This is done in
order to include joints with fillet welds into the study. This leads to the possibility (for the nominal
and the effective notch approaches) of including cracking from the root in our considerations in this

study.

4.1. Considered Geometries and Misalignment

The considered cruciform joint is formed by the joining (by welding) of three different 20mm thick
steel plates as schematically shown in Fig 4-1. The plates are fillet welded without any edge
preparation. The vertical plate is supported by a roller support at the top and a pin support at the
bottom. The middle plate is continuous and is free to rotate and move. The static system is depicted

in Fig 4-1.

140mm

20mm

390mm

140mm

20mm

<

Fig4-1 Considered dimensions and static system for cruciform joint.

¥

390mm
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4. Cruciform Joints

In EN 1993-1-9:2005 table 8.5, it is stated that the maximum allowable misalignment is limited to
15% of the thickness of the intermediate plate. In spite of this, in this example, a linear
misalignment of up to 2mm (10%) is explicitly applied to the structure (see Fig 4-4), and considered
to be the upper limit of tolerance. The direction and applied misalignment step are shown in related
tables and figures.

4.2. Weld Shapes and Imperfections

Excess weld convexity (weld reinforcement) is a source of “imperfection” in fillet welds, even
though (for the fillet weld itself) it represents a “reinforcement” because the throat thickness
increases. In this thesis, it was decided to take this additional weld thickness into account. The
amount which is taken into account can be seen in Fig 4-2. With the contribution of additional weld
reinforcement, the (actual) weld throat thickness a,, becomes 13mm. The weld reinforcement is a
geometric imperfection which, in this case, actually “strengthens” the weld itself with regards to
root cracking (for example, the “actual nominal” stress is thereby automatically decreased by a
factor of 10/13), but makes the toe stresses worse.

No. | Reference Imperfection Remarks I Limits for imperfections for quality levels
to ISO designation mm
6520-1:1998 D c r B |

1.10 |503 Excessive =05 h=<1mm+025h, h<1mm+0,155, h=1mm+0,1b,
but max. 5 mm but max. 4 mm but max. 3 mm

convexity (fillet
weld)

Fig 4-2 Selected excess weld metal limitation for fillet weld (BS EN ISO 5847:2007, Table 1).

As previously mentioned in Chapter 2, in EN 1090-2:2008, the quality level “B” complies with
“Execution class 3” (EXC3), which is a common choice for fatigue design of structures or parts.
The height of weld imperfections can also be seen in the following figure taken from Abaqus model
, Fig 4-3. Fig 4-4 shows a figure of a mesh (with contour plots of stresses) for a misaligned case,
showing that the misalignment of 2mm alread leads to a “visually” observable, distorted shape (this
is why the eccentricity tolerance of 3mm was considered excessive here).
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4. Cruciform Joints

Fig 4-3 Imperfections at the fillet weld of quality level “B” cruciform joints. (all measures are in

millimeters)

S, Max. In-Plane Principal

(Avg: 75%)
+5.152e+02
+4.714e+02
+4.275e+02
+3.837e+02
+3.398e+02

+1.645e+02
+1.206e+02
+7.677e+01
+3.292e+01
-1.092e+01

Y ODB: Job-S.0db  Abaqus/Standard 6.10-

Step: Step-1, gg
I—. X Increment  1: Step Time =  1.000

Primary Var: S, Max. In-Plane Principal

Fig4-4 View of the mesh and maximum in-plane principal stresses at cruciform joint with
e=2mm misalignment.
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4. Cruciform Joints

4.3. Applicable Fatigue Classes

In fillet welds, fatigue cracking usually — but not always — initiates from the root [1]. Therefore,
verification at both weld root and weld toes is essential. As mentioned earlier in the thesis, the
determination of hot spot stresses at weld root is not covered in this thesis, as it is not yet
standardized and many (conflicting) methods are mentioned in the specialized literature.
Nevertheless, the other assessment methods (nominal and effective notch stresses) can be used to
determine stresses — and thus fatigue life - at the weld root.

4.3.1 Nominal Stress Approach

ITW Recommendations and EN 1993-1-9 recommend slightly different fatigue classes for cruciform
joints with fillet welds. In Fig 4-5, the recommendations given by EN-1993-1-9 can be seen. Since,
| = 48.284mm in the studied case (20mm + 2*(10% + 10%)Y?), the first detail category FATSO is
applicable for checks against toe failure. For the checks against root failure, FAT36 is applicable.
Besides this, there is no restriction regarding the height of the weld reinforcement, which means
that a “fatigue-appropriate” quality level without any “extra requirements” can be considered to

apply, which normally means weld quality level “B”.

Detml‘ Constructional detail Description Requirements
BSICEEAY
< all t Cruciform and Tee joints: 1) Inspected-and found free from
80 (<50 mm 4 ¢ ! Nl N
[mm] - - - - discontinuities and misalignments

71 50<(=80 all t 1) Toe failure in full penetration | outside the tolerances'of

63 80<(=100 all t Y ¥+ | butt welds and all partial EN1090.

56 100<(<120 all t . 4| penetration joints.

56 =120 t=20 2) For computing Ac, use

120<0<200 20 @ modified nominal stress.
0 2200 | 20<1<30 | T
< 200<(<300 t‘:O a— @\‘ 3) Inpartial penetration joints fwo
4 =300 30<t=50 fatigue assessments are required.

Firstly, root cracking evaluated

40 (=300 50 .
flexible panel 2) Toe failure from edge of accqrdmg 10 stresses de.fn:ecl m :
W ¢ attachment to plare; with stress S_ECUOH 5 .‘usmg categfu}f 36% for
As B - - peaks at weld ends due to local ’—\G\j and Lareg(?¥y‘89 for Aty
detail 1 . plate deformations: Secondly. toe uan,kl.ng' is ,
. @ evaluated by determining Ac in
Ta blll‘; 85 T —— | — I t the load-carrying plate.
/ﬁ/ Details 1) to 3):
1he nusalignment of the load-
3) Root failure in partial carrying plates should not exceed
T penetration Tee-butt joints or 15 % of the thickness of the
36" TE:' fillet welded joint and effective | intermediate plate.
@ T full penetration in Tee-butt joint.

Fig 4-5 Selected detail categories for cruciform joints with fillet weld (EN 1993-1-9:2005 Table
8.5). Detail category to be used in assessments based on nominal stress approach.
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4. Cruciform Joints

No. Structural Detail Description FAT | FAT | Requirements and Remarks
St.= steel; Al.= aluminium St. Al
400 Cruciform joints and/or T-joints
411 t N N Cruciform joint or T-joint. K-butt 80 28 Advisable to ensure that intermediate plate was
welds, full penefration, weld foes checked against susceptibility to lamellar tearing.
{7 /) - ground. potential failure from weld toe. Misalignment <15% of primary plate thickness in
[ Single sided T-joints 90 32 cruciform joints.
t <) e » . . ~ . i ) . .
412 l l Cruciform joint or T-jeint, K-butt 71 25 Advisable to ensure that intermediate plate was
V welds, full penetration. potential failure checked against susceptibility to lamellar tearing.
- heast . . =0/ . . B
B from weld toe. Misalignment <15% of primary plate thickness in
N Single sided T-joints 80 28 cruciform joints.
413 t = ¢ Cruciform joint or T-joint, fillet welds 63 22 Advisable to ensure that intermediate plate was
l or partial penetration K-butt welds. checked against susceptibility to lamellar tearing.
-7 - potential failure from weld toe. Misalignment <15% of primary plate thickness in
[ Single sided T-joints 71 25 cruciform joints.
Also fo be assessed as 414 y,
414 Cruciform jomt or T-joint. fillet welds 36 12 Analysis based on stress in weld throat
or partial penetration K-butt welds _ =/
including toe ground joints. potential Oy = Ff Z (n" N
failure from weld root. 1=length of weld. a, = load carrying weld throat. Also
For a/t==1/3 40 14 to be assessed as 413.
Il

Fig4-6 Selected detail categories for cruciform joints with fillet weld (IIW Fatigue
Recommendations, 2014). Detail category to be used in assessments based on nominal stress
approach.

According to the IIW recommendation (Fig 4-6), a fatigue class of FAT63 is suitable for checks
against toe cracking, which is lower than the value given by EN 1993-1-9. The W
Recommendations here makes a distinction between fatigue classes for weld root failure depending
on the ratio of weld throat thickness a,, to the plate thickness t (see Fig 4-6). In our case, where a=
13mm and t=20mm, FAT36 is applicable. This is also identical to the value given by EN 1993-1-9.

4.3.2 Structural Hot Spot Approach

As can be seen in Fig 4-7, a fatigue class of FAT90 against weld toe failure is given by EN 1993-1-
9:2005. It is also noted in “NOTE 1” that misalignment should explicitly be included in the
determination of stress. W Recommendations put forward the same fatigue class FAT90 against
failure at weld toe (see Fig 4-8).

4.3.3 Effective Stress Approach

As seen and discussed previously, the IIW Recommendation suggest a fatigue class of 225
(FAT225) for all types of joints where a notch stress approach is used (see Fig 2-17).
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4. Cruciform Joints

90

—_— 7) Cruciform joints with load-
! ! carrying fillet welds.

7)
- Weld toe angle <60°.

-For misalignment see NOTE 1.

-See also NOTE 2.

NOTE/1 Table B.1 does not cover effects of misalignment. They have to be considered explicitly in

determination of stress.

NOTE 2 Table B.1 does not cover fatigue initiation from the root followed by propagation through

the throat.

Fig 4-7 Selected detail category for cruciform joints with fillet welds (EN 1993-1-9:2005 Table
B.1). Detail category to be used in assessments based on structural hot spot stress approach.

No.

Structural detail

Description Requirements FAT
Steel

Cruciform joints Fillet welds. as welded 90

with load-carrying
fillet welds|

Fig 4-8 Selected detail

category for cruciform joints with fillet welds (IIW Fatigue

Recommendations, 2014). Detail category to be used in assessments based on structural hot spot
stress approach.
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4. Cruciform Joints

4.4. Comparison of Nominal, Structural Hot Spot and Effective
Notch Stress Methods - No Misalignment

By using the methods previously mentioned in Chapter 1.3, stresses are calculated at four different
weld toes (toe 1, toe 2 , toe 7, toe 8) and four different weld roots (root 3, root 4, root 5, root 6)
which are marked in Fig 4-9.

Y ODB: Job-1.0db Abaqus/Standard 6.10-1 M

I Step: Step-1, gg
X Increment t 1: Step Time = 1.000

Fig 4-9 The locations of weld toes and roots.

Since two different sources of crack (toe or root) were studied simultaneously here, it was not
sensible/possible to apply directly the “nominal” stress that leads to a calculated fatigue life of
2*10° load cycles in this case. Instead, a uniform tensile stress of 6,m=100N/mm?is applied to the
top end of the vertical plate. The loaded region can be seen in Fig 4-1 as well. Due to the “weld
reinforcement” (i.e. larger actual weld throat thickness) considered, it was decided that — for better
comparison — the nominal root stress will be calculated under consideration of this extra thickness
in this thesis. This was considered necessary because otherwise the nominal stress approach could
not benefit from the extra thickness, while the effective notch stress “automatically” would. The
nominal stress at the weld root can be determined with the following Eq.4.1:

o *t
Gnom,root = ;)Tma (41)

where t is the plate thickness of the loaded plates and a is the weld throat thickness, including the
reinforcement (imperfection) of 3mm when present.
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4. Cruciform Joints

500

100N/mm? ’cg 450
| £ 400 —
Z 350 —
¢ 300 —
£ 250 —
2 200 -
S 150 —
§ 100 —
S & EEINININEE N &
. 0 Toel Toe 2 Root 3 Root 4 Root 5 Root 6 Toe 7 Toe 8
= Nominal stress 100.000 | 100.000 | 76.923 76.923 | 76.923 76.923 | 100.000 | 100.000
m Hot spot stress 96.260 | 96.746 95.907 | 95.829
Effective notch stress| 434.389 | 434.555 | 463.999 | 462.476 | 463.205 | 468.960 | 434.516 | 434.794

Fig 4-10 Comparison of nominal, structural hot spot and effective notch stresses. Resultant
maximum in-plane principal stresses for cruciform joints with fillet weld. Weld reinforcement
of 3mm is included. No misalignment case.

The results of the comparison of stresses can be seen in Fig 4-10. As stated previously, the
structural hot-spot stress could not be calculated in the weld root. The small differences in effective
notch stresses between otherwise “symmetrical” weld toes or roots (e.g. root 3 and root 6) are due
to slight asymmetries in the mesh geometry. The differences are, however, at or below 1%.

Fatigue Life Calculation — No misalignment case

The following Table 4-A shows a comparison of fatigue life predictions for the studied details and
quality classes according to the different calculation methods: nominal stress, structural hot spot
stress and effective stress approach. Since the fatigue classes are different in Eurocode 3 and 1IW
Recommendations for the weld toe strengths based on nominal stress, the life cycles for these points
are calculated separately.

Note that in these calculations no misalignment is considered; this means that — at least for the cases
of the effective notch stress and structural stress approach — the calculated fatigue life values are not
(yet) valid, as for these methods misalignment must be taken into account directly; see the fatigue
life calculations with misalignment further down for this effect.
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4. Cruciform Joints
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4. Cruciform Joints

The following observations can be made about the above results:

i.  When no misalignment is considered, for toe cracking the structural hot-spot method gives
far higher fatigue e life predictions than the nominal stress approach. This is due to the
higher FAT class (FAT 90 vs. 80 or even 63) combined with almost identical stresses (the
structural stress is even lower due to some stress reorientation near the weld toe,
approaching the weld).

ii.  Again for toe cracking, the effective notch stress method, on the other hand, gives generally
lower fatigue life predictions than the nominal stress approach. This is significantly so in the
case of the Eurocode nominal FAT class (80), less so for the IIW FAT class (63).

iii. In the roots, the predictions of the nominal and effective notch stress methods are similar.

4.5. Effect of Misalignment

The effect of misalignment (linear misalignment between the loaded plates) is studied for this detail
as well. A formula for the explicit, analytical consideration of stress magnification factor ky, is
again given by the IIW Recommendation and is shown in Fig 4-11 and Fig 4-12. The Eurocode 3

has equivalent formulae, but on the resistance side (factors “ks”).

L J|
7 Axial misalicnment of cruciform joints (toe cracks)
e el
to kpy = 140 — )
T— —_— t (f 1 +22)
1 . 12 2. 1s dependent on restraint
1< 2

A varies from 2=3 (fully restrained) to =6 (unrestraint). For unrestrained remotely

loaded joints assume: 1,=1, and A=6
r i

Fig 4-11 Stress magnification factor kp, for axially misaligned cruciform joints where toe cracking
is expected (1IW Fatigue Recommendations:2014 Table 6.3-1)
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4. Cruciform Joints

9 Axial misalisnment in fillet welded cruciform joints (root cracks)
k = 1+i
Y "
-_— —x
b

Fig 4-12 Stress magnification factor kn for axially misaligned cruciform joints where root
cracking is expected (IIW Fatigue Recommendations:2008 Table 6.3-1)

In the following subsections, these formulae will be compared to the stress raising effects of
misalignment seen in the numerically calculated stresses, separate for structural hot spot stress ops
and the effective notch stress e, and for the locations (toes and roots) depicted above (the roots
only in the case of effective notch stresses). These stresses are again normalized by dividing them
by the stresses calculated with the numerical model without misalignment at the same location.
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4. Cruciform Joints

4.5.1 Structural Hot Spot Stress o}, - Changes Due to Misalignment

100N/mm?

Ghs/Ghs,O

1.35

25

direction of 15
misalignment

05

95

85

0.75

0.65

—@—=Toel =ll=Toe2

Toe7 ===Toe$8

IIW formula

/--'r

—_

’/
‘\

0.00

0.02

0.04

0.06
elt

0.08

0.10 0.12

Fig 4-13 Effect of misalignment on structural stress. Stress magnification factor kn, according to

[2] is also shown as “IIW Formula”. Simply supported cruciform joint with fillet welds, case
with weld reinforcement of 3mm.

Toel | Toe2 | Toe7 | Toe8

Hot spot stress oo (N/mm?)

96.260 | 96.746 | 95.907 | 95.829

(N /rlrjlmz) e(mm) | t(mm) e/t Normalized stress (6ns/Ohs )
90 0.0 20 0.000 1.000 1.000 1.000 1.000
90 0.5 20 0.025 0.927 1.075 1.062 0.926
90 1.0 20 0.050 0.856 1.138 1.146 0.854
90 15 20 0.075 0.791 1.212 1.219 0.779
90 2.0 20 0.100 0.712 1.286 1.293 0.706

Tab 4-1 Normalized structural stress results. Values are depicted in Fig 4-13.

As can be seen in the above figure and table, the effect of misalignment on the toe stresses
according to the structural hot spot stress approach is considerable, but well predicted by the W
formula. The implications on the predicted fatigue life are discussed below.
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4. Cruciform Joints

4.5.2 Effective Notch Stress Changes Due to Misalignment

Two separate graphs and tables are reproduced, one dealing with the stresses in the weld toes, and
one in the weld root. Of course, the appropriate IIW formula (see Fig 4-11 vs. Fig 4-12) was applied
in each case.

Gen/Gen,O —¢—Toel =l=—Toe?2 Toe7 =>=Toe$§ IIW formula
1.25
100N/mm”
1.15 /.’- \ IE—
dlt_‘ECt_]OI’l of 1.05 —_/
misalignment P
0.95 &Q\&
0.85 A
0.75
0.65
0.000 0.020 0.040 0.060 0.080 0.100 0.120
eft

Fig 4-14 Effect of misalignment on effective notch stress in the weld toes. Stress magnification
factor ky, according to [2] is also shown as “IIW Formula”. Simply supported cruciform joint

with fillet welds, case with weld “reinforcement” of 3mm.

Toel | Toe2 | Toe7 | Toe8

Eff. notch stress Geno (N/mm?)

434.389 | 434.555 | 434.516 | 434.794

(N /;mz) e (mm) | t(mm) e/t Normalized stress (Gen/Geno)

90 0 20 0.000 1 1 1 1
90 0.5 20 0.025 |0.953054|1.049575| 1.03332 |0.966492
90 1 20 0.050 |0.905297|1.094372|1.071445|0.938651
90 15 20 0.075 |0.855659 |1.141752|1.103469 | 0.904677
90 2 20 0.100 |0.799756 | 1.185585|1.136718 | 0.867218

Tab 4-2 Normalized effective notch stress results. Values are depicted in Fig 4-14.

Again, the above figure and table show that — also for the case of the effective notch approach — the
stress increases in the critical toes due to misalignment are significant, but predicted fairly well by
the appropriate W formula for misalignment and toe cracking.
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4. Cruciform Joints

Genlcen,o =¢-—Root3 =ll=Root4 Root5 ==¢=Root6 IIW formula
1.07 |
100N/mm>
1.05 |
direction of
misalignment I -
101 [— G >
\
e O —
0.99 \
S~ ~
0.97 \\
0.95
0.000 0.020 0.040 0.060 0.080 0.100 0.120
elt

Fig 4-15 Effect of misalignment on effective notch stress in the weld roots. Stress magnification
factor ki according to [2] is also shown as “IIW Formula”. Simply supported cruciform joint
with fillet welds, case with weld reinforcement of 3mm.

Root 3 ‘ Root 4 ‘ Root 5 ‘ Root 6

Eff. notch stress ceng (N/ mm? )

463.999 | 462.476 | 463.205 | 468.960

(N /r?wmz) e(mm) | t(mm) e/t Normalized stress (Gen/Gen o)

90 0 20 0.000 1 1 1 1
90 0.5 20 0.025 |1.012358|1.013715|1.007571| 0.99398
90 1 20 0.050 0.991 | 1.00258 |1.029255|0.973162
90 15 20 0.075 ]0.992791|1.021376| 1.02177 |{0.978683
90 2 20 0.100 |1.009101|1.011616|1.045548|0.947876

Tab 4-3 Normalized effective notch stress results. Values are depicted in Fig 4-15.

The above figure and table shows that the changes in root cracks (effective notch stresses) are less
predictable in their pattern. This again could be due to the changing geometry with increasing
misalignment, which makes the changes from one model to the next (with more misalignment)
more “non-linear”. However, the IIW formula for this case represents an upper bound to the
calculated stress increases in the relevant roots
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Fatigue Life Calculations — With misalignment case

The Table 4-B shows a comparison of fatigue life predictions for the studied detail to the different
calculation methods: nominal stress, modified nominal stress, structural hot spot stress and effective
notch stress approach. Note that in these calculations the misalignment effect is considered. As
mentioned in chapter 2, according to IIW Recommendations, in cases where the stress
magnification factor ky, is calculated directly, the misalignment effect should be calculated with an
effective stress magnification factor called Km s [2].

In Fig 2-39, the stress magnification factors (km) which are already covered in verification methods
and effective stress magnification factor (kmetr) Which should be considered in calculations, are
shown. The following procedure explains the calculation of fatigue life cycles:

The allowable misalignment is given by 1IW Recommendations in fatigue class tables for
nominal stress approach (see Fig 4-6). Based on this restriction, the unplanned misalignment
IS possible up to e=3.0mm (15% of the intermediate plate thickness). In this thesis, the
maximum unplanned misalignment is however taken as e= 2.0mm.

km and km et factors are selected according to given values for cruciform joints (see Fig 2-
39). However, due to additional limitations given on the footnote of the same figure, the
default (minimum) value of ks factor is selected as 1+2.5*(2/20)=1.25.

All fatigue life cycles are calculated with ce, Where the value is calculated with the
expressions given in Eq.4.1. Note that Acerr = oefr because the load is applied with constant
amplitude and with a single load step.

Further, more generally valid explanations for the methodology used in the table were
already given in chapter 2.

AGhs(en)

if

D <1.25, a0y =1.25%200n,
AO-hs(en),o 105 (41)

AGhs(en)

else ao, = 105
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4. Cruciform Joints

The following observations can be made about the above results:

The fatigue lives were only calculated for toes 2 and 7, as these become dominant due to the
superposition with the bending stresses due to misalignment.

In case of toe cracking the structural hot spot method gives higher fatigue life predictions
than the nominal stress approach according to W FAT class 63. On the other hand,
structural hot spot method gives lower fatigue life predictions than the nominal stress
approach when Eurocode 3 FAT class 80 is considered.

The effective notch stress method for toe cracking now leads to even lower fatigue life
predictions than for the case without misalignment.

In the roots, the predictions of the nominal and effective notch stress methods are still
similar, but are now more conservative according to the effective notch stress method.
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Sources of Error and Stress Sensitivity

5.1 Mesh Sensitivity

As mentioned earlier in Chapter 1.3, the element sizes and number of elements for the FEM
modelling are selected according to suggestions given by IIW Recommendations (see Fig 1.4 and
Fig 1.5). The minimum numbers of elements of the recommendation was taken as basis for the
calculations, initially without a check of convergence. In some notch locations, while reading the
results of effective notch stresses, a few illogical output values were examined. Increasing the
number of elements had solved the problem; however this raised questions on the level of stress
convergence in the models. For this reason, a mesh convergence test is conducted for an inverse
single-vee (“Y”) butt welded joint here (geometries from chapter 2, quality level “B”). The
convergence error is shown in percentage and it is calculated by measuring the difference between
current model and previous model [4].

The mesh refinement is only performed at one toe location (toe 2). The “current” element meshing
(meaning the mesh used in this thesis) is shown in Fig 5-1 and the refined models are shown in Fig
5-2 and Fig 5-3.

Fig5-1 The current mesh generation with 5 equal size linear elements at the surface. Inverse Y-
joint. The notch is located at toe 2.
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Fig 5-2 Updated mesh generation with 10 equal size linear elements at the surface. Inverse Y-
joint. The notch is located at toe 2.

Fig 5-3 Updated mesh generation with 20 equal size linear elements at the surface. Inverse Y-
joint. The notch is located at toe 2.

The results in Fig 5-4 and Tab 5-1 show that the stress convergence is satisfactory. The curve slope
starts decreasing at around 10 elements case.

Another study is conducted for the weld root of cruciform joints. The current generated mesh is
shown in Fig 5-5. The number of elements is increased to 50 at first and 60 in the latter.
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Fig 5-4  Stress convergence at toe 2 location.

Number of Elements | Maximum Principal Convergence Error
Stress (in Mpa) (% difference between one
model and the previous)

5 302.985 N.C

10 318.747 4.944987718
15 323.028 1.325272113
20 325.267 0.688357565

Tab 5-1 Stress convergence test results at toe 2 location.

Fig 5-5 The current mesh generation with 40 equal size linear elements at the surface. Cruciform
joint with fillet weld. The rounding is located at root 3.

The results of the convergence test are shown in Fig 5-6 and Tab 5-2. The stress starts converging at
around 50 elements. Unlike in the previous example, this time the stress difference between the first
and second model are quite high. This could create a significant error for the fatigue life cycle
estimations with effective notch stress method.
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Fig 5-6  Stress convergence at root 3 location.

Number of Elements

Maximum Principal
Stress (in Mpa)

Convergence Error
(% difference between one
model and the previous)

40
50
60

463.999
513.226
513.607

N.C
9.591680858
0.074181232

Tab 5-2 Stress convergence test results at root 3 location.
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Summary

In this thesis, common welded joints were numerically assessed with different methods like
(modified) nominal stress method, structural hot spot stress method and effective notch stress
method. The aim of this project was to investigate the effect of misalignment by including weld
imperfections and to compare the results with the suggested stress magnification formulas given by
Eurocode 3 and 1lW Recommendations.

The fatigue life cycles of different joints such as butt welded joint with equal plates of thickness,
butt welded joint with thickness transition and fillet welded cruciform joint were also calculated. In
the first case, no misalignment was included. Afterwards, the stress magnification factors for
misalignment suggested by 1IW Recommendations are used and the life cycles are recalculated.

Finally a mesh convergence test was performed to control the number of recommended elements
given by IIW Recommendations.

Conclusions

Several conclusions can be drawn from the calculations carried out in this thesis:

i.  The different stress-based methods for the fatigue calculation of welded joints do not lead to
consistent predictions of fatigue life; contrary to what is led to believe in the codes and
literature, there can be significant differences in the predicted lives, even for the simple,

“basic” cases of joints studied in this thesis.

ii.  The design codes (Eurocode 3, IIW recommendation) for fatigue design are not very clear,
and not consistent, in their definition of how misalignment shall be included in the
calculation of stresses for the fatigue life calculation of welded joints with (possible) linear
misalignment.

iii. It is obvious, from the calculations carried out in this thesis, that the effective notch stress
and the structural hot-spot stress methods require an explicit consideration of misalignment
in order to be compatible with the nominal stress method or safe-sided in (almost) all cases.
In the nominal stress approach, on the other hand, the calculations in this thesis seem to
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Vi.

Vii.

viii.

indicate that “unplanned” misalignment does not need to be taken into account explicitly at
all, as long as the tolerances for misalignment mentioned for the different FAT classes in the
ITW recommendation (but not in Eurocode 3!) are observed. Eurocode 3 is not clear about
this either.

For the two numerical methods (structural stress method, effective notch method), the
consideration of misalignment can be carried out explicitly, meaning that misalignment is
considered directly in the FEM model. However, this always requires that two models (one
with and one without misalignment) are calculated.

Alternatively, the IIW recommendation gives analytical, “hand formulae” for the calculation
of the misalignment effect. These kn factors given by the IIW Recommendations (or,
equivalently as ks factors, in the Eurocode) are used to increase the stress calculated in a
system without misalignment. The results in this thesis showed that the formulae are mostly
safe-sided for the cases studied, with some exceptions.

One exception to the above statement is represented by cases with boundary conditions that
differ from the “simply supported plates”, e.g. plates with one-sided encastres (fixed ends)
and the other end free. In this case, the actual stress increase due to misalignment is
consistently twice as large as predicted by the IIW formulae for kn. Furthermore, in some
cases of the effective notch stress method, misalignment can lead to very inconvenient
shapes of smaller weld roots, which in turn leads to very high effective notch stresses. In this
case, the effects covered by the IIW formulae for kp, is not sufficient to cover the stress
increase due to misalignment. Thus, the formulae for k., are accurate for some cases (for

which they were clearly derived), but are not really “general”.

For the butt welds at (eccentric) thickness transitions, it was shown very clearly that the
nominal stress approach would be severely unsafe if applied without considering the always
present, “planned” eccentricity in the joint. This was particularly severe in the studied case,
where “free” plates (simple supports at the ends only) were considered, but would still be
the case in more realistic boundary conditions, i.e. when the joint plates are for example part
of the flange of a bridge girder and are thus additionally vertically supported by the girder
web.

Finally, a mesh convergence study has shown that — for some potential crack sources,
especially weld toes — the “minimum” mesh sizes according to I[IW do net yet lead to results
that have “converged” in some of the studied models. For the effective notch stress method,
the FAT class is however always connected with a certain mesh size, so it probably would
be better if the [IW recommended a “prescribed” mesh size in order to avoid ambiguous
results.
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