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1 Introduction, problem analysis and objectives

1.1 Introduction and problem analysis

In most design codes and in common engineering practice, the fatigue strength of welded high strength steel structures is
assumed to be comparable with the fatigue strength of mild steel structures.

It is shown in literature (Maddox, 1991; Gurney, 1979) that perfect smooth specimens of high strength steel perform
better in fatigue tests than their mild steel counterparts. However, as soon as discontinuities, notches, surface roughness
and all other imperfections that are unavoidable in practice are taken into account, the advantage of high strength steel
quickly diminishes.

To recover some of the advantages of high strength steel, several options can be used. The combination of welds and
other geometrical stress raisers can be omitted by design (for example by using cast steel nodes in trusses). Another
possibility, which can also be combined with the aforementioned solution, is a weld improvement. Weld improvements are
procedures executed after welding to improve the fatigue behaviour of the weld area by reducing tensile residual stresses,
improving geometry, removing weld flaws and inclusions or a combination of these improvements. This research will focus
on a weld improvement method called TIG dressing, in which the weld toe is remelted to provide a smoother weld profile.
The procedure of TIG dressing has proven on fillet welds to be beneficial for both low strength and high strength steels in
earlier research, but this effect is not always taken into account in current design codes and recommendations.

This research will compare TIG-dressed specimens with similar as welded specimens from the same material batches and
will attempt to explain differences in fatigue strength, based mainly on geometry changes.

1.2 Objectives

The objectives of this study are:
—  Determine the fatigue strength of TIG dressing on various high strength steel butt welded specimens in relation to
the fatigue strength of similar, as welded specimens
—  Describe the change of weld toe geometry due to the TIG dressing process on different high strength steel butt
welded specimens
—  Relate the alleged improved fatigue strength by TIG dressing to the changed geometry by means of a theoretical
analysis
To accomplish these objectives, a method needs to be found to accurately measure and describe the weld profile in a
consistent way. Furthermore fatigue tests will be executed on material from the same production batches as used in an
earlier research by Pijpers (2011). From this research, fatigue data and adjustment factors for various geometrical and
loading parameters will be used. To gain insight into the current state of knowledge and a theoretical background to couple
the weld geometry to fatigue strength, this study will start with a literature research into fatigue, high strength steel and
TIG-dressing.
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2 Introduction in high strength steel, fatigue and TIG dressing

2.1 Chapter outline

This chapter gives a general introduction in high strength steel, its production processes, possibilities and limitations.
Then a general introduction in fatigue is given, where the influencing factors of the fatigue process are discussed. The
material and the process of fatigue are then combined. Finally a short explanation of the TIG-dressing process is given and
its effects on the material and fatigue behaviour.

2.2 Introduction in high strength steel

2.2.1 Material

High strength steels are steels with a higher yield and tensile strength than the most commonly used steels. In current
practice in Europe, the steel grades S235 and S355 are most commonly used for mild steel structures. These steel grades
have a yield strength of at least 235 and 355 N/mm?, respectively. High strength steels have a specified minimum yield
strength (Re,) higher than 355 N/mmZ. Common high strength steels (HSS) range from S355 to $690. Higher strength steels
are referred to as very high strength steels (VHSS). Again the steel grade refers to a specified minimum strength, but
because higher strength steels do not always show a clear yield point, the specified ‘yield’ strength is the stress at which
after unloading a permanent deformation of 0.2% remains (Ry.,) (see figure 2.1).

O (stress)
O /__.”_\
or
o SO i f

¥ b

B
A
C
o & €2 B & (strain)

figure 2.1 Stress strain relationship for a high strength steel; A is the proportionality limit, B the elastic limit, y the
yield point. Line C is used to determine the point where a permanent deformation of 0.2% remains: the specified
‘yield’ point. (source: Engineering Archives, 2008)

High strength steels can be manufactured in different ways. The most common high strength steels are normalized steel,
thermomechanically rolled steel and quenched and tempered steel. All these manufacturing processes are focussed on
grain size reduction, which has a beneficial influence on the strength. Normalized steel and thermomechanically rolled steel
are available in moderate high strengths (up to S460). Quenched and tempered steel is available in higher strengths (VM
publication 125, 2008).

The different treatments have their influence on the microstructure of the material. The microstructure of steel depends,
among other things, on the carbon content, temperature and cooling rate. In figure 2.2 the iron-carbon diagram is shown.
The three important phases are liquid (L), ferrite (a) and austenite (y). Other forms are cementite (Fe;C) and pearlite
(a+Fe3C). Austenite is formed above the transition temperature (for most carbon contents 723° C) and will transfer back to
ferrite when cooled down. The possible excess of carbon, which is almost always the case when carbon is present, causes
cementite to be formed. However, when the steel is cooled down fast, the austenite will change to ferrite oversaturated
with carbon. This structure, called martensite, has a hard, crystalline and brittle structure with limited ductility. For this
reason, steel consisting of martensite should be checked for sufficient ductility. As martensite is not an equilibrium phase, it
is not visible in the iron-carbon diagram. Another possible crystalline structure is bainite. Bainite is created when austenite
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is cooled quickly, but not so quickly that martensite forms. Bainite consists of ferrite with a lot of dislocations combined
with cementite. The dislocations make the ferrite harder than ordinary ferrite.

Alomic %
0 25 5 7-5 10 12-5 15 17:5 20
a0 1 T [ [ 1 | |
1700 |—
1600 —
!53‘1. .ﬂ. Liquid

Liquid + J

Temperature |"C)

700|(3P 5 723 e

500 l I l I l | l I
0 05 10 5 20 25 30 35 4.0 45 50
Weight % Carbon

figure 2.2 The iron-carbon diagram (source: KEYtoMETALS.com)

Normalized steel mainly gains its strength by alloyed elements. The toughness of the steel is kept within boundaries by
the normalizing treatment, but the treatment also raises the strength to a certain extent, especially the ultimate tensile
strength. To normalize the steel it is heated to about 920° and then cooled by air.

Thermomechanically rolled steel has a low content of alloying elements and mainly gains its strength by grain size
reduction. This is achieved by controlling and limiting the temperature during the end stages of the rolling. The relatively
low temperature during the final deformation of the components requires rather strong rolling equipment. When the
material is processed further, heating beyond the transition temperature is not allowed to prevent loss of strength.

Quenched and tempered steel is quickly cooled down to achieve high strength. This produces a very strong, very hard
and very brittle material. To reduce hardness and restore ductility the material is reheated to a temperature below the
transition temperature. The energy for reheating can also be supplied by the core of thicker materials when only the
perimeters are quenched. This is called quenched self-tempered steel.

The three production methods each leave a characteristic microstructure. Normalized steel consist of fine grained ferrite
and pearlite. Thermomechanically rolled steel starts with long austenite grains caused by the rolling processes. When
cooled down a very fine grained ferrite structure is created. The microstructure of quenched and tempered steels mainly
shows bainite and martensite in a crystalline structure. The different microstructures are depicted in figure 2.3.
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figure 2.3 From left to right; microstructures of normalized S460, thermomechanically rolled S460 and quenched and
tempered $1100 (source: VM publication 125, 2008)

2.2.2 Possibilities and limitations

Possibilities

High strength steel offers designers certain advantages, but it also has some drawbacks. The first advantage of high
strength steel is directly related to its high strength: less material is needed to resist a certain force. Structures made of high
strength steel can therefore be made lighter than their conventional counterparts. This is especially beneficial in movable
structures, for example a movable bridge or mobile crane. Also most offshore structures benefit from this, because the
transport to the building site on barges is an important part of the design. The second advantage is related to welded
connections. In general, high strength steel structures have smaller plate thicknesses. Because the volume of added weld
material increases quadratic with increasing thickness of the plates to be connected, a significant cost reduction could be
made here, especially in western countries where wages are high.

100 %

welds

added wealding
material

base material

5155 5 480 5 550 5890 S 890 S 980
thickness 65 50 40 a3 25 23 mm

figure 2.4 Schematic view of the economic advantages of high strength steel (source: VM publication 125, 2008)

Limitations

A large disadvantage of high strength steel is the material cost and availability. Conventional mild steels are more readily
available and more easily produced and are therefore cheaper. High strength steels that are available, are mostly only
available as plate material and not as profiles. This disadvantage may be outweighed by the reduction of welding costs and
transportation costs. Another aspect of high strength steel is the fact that the Young’s modulus does not increase with
increasing strength. For simple beam structures, high strength steel will therefore more easily reach the deformation limits
set by the design code or dictated by secondary structures, such as internal walls and windows, than conventional steel
structures. Structures that are stiff by their nature, such as truss structures, can overcome this problem. For the same
reason, stability of high strength steel structures and components always needs attention. For columns, high strength steel
therefore is only beneficial with highly loaded columns with relatively short buckling lengths, for example in high rise
buildings. In beam structures, a high strength steel girder will probably not be a class 4 cross section. In tensile elements
stability problems obviously cannot occur and therefore they can be very slender, with the exception of the area in which
connections are made.

A bolted connection can cause problems, because the yield strength (or 0.2% proof stress) is much closer to the tensile
strength then it is for ordinary steels. The reduction of this ratio with increasing strength is visible in figure 2.5. The
allowable cross section reduction by holes is therefore limited. In general, all high strength steel structures and details
should be checked for sufficient deformation capacity because of the lower ultimate strain of higher strength steels (see
figure 2.5). Welded connections are possible in high strength steel, but current welding materials are limited to an ultimate
strength of 900 N/mm?. For steel grades higher then S890 this will have consequences for the welded connections.

Finally, the fatigue behaviour of high strength steel structures is commonly regarded as the same as for standard steel
structures. While a plain, polished specimen does show increasing fatigue strength with increasing yield strength, the
addition of surface roughness, imperfections, notches and residuals stresses, all caused by production or welding, severely
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reduce the fatigue strength of real structures and limits it to a level comparable with the fatigue strength of mild steels. This
will be elaborated on in paragraph 2.3.4.
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figure 2.5 Overview of material behaviour of steel with increasing strength (source: VM publication 125, 2008)

2.3 Introduction in fatigue

2.3.1 Definition

Fatigue can be defined as the mechanism whereby cracks grow in a structure (ESDEP). These cracks grow under
fluctuating stresses, generated by fluctuating loads. Failure of a fatigue loaded structure occurs when the crack has reduced
the cross section by such an amount, that the remaining cross section cannot carry the applied tensile loads.

Fatigue can occur after a relatively low amount of cycles to very large numbers of cycles. In general, fatigue can be
divided into low cycle fatigue, medium cycle fatigue and high cycle fatigue. Exact boundaries between these three regimes
are not apparent. Eurocode limits its use for applications with more than 10* cycles, which could be seen as a suitable
boundary between low cycle and medium cycle fatigue.

2.3.2 Parameters that influence the fatigue life

In fatigue, a number of parameters are important, primarily regarding the stresses in the material (see figure 2.6):
N =the number of cycles

Ao = the stress range. The stress range is defined as the maximum stress minus the minimum stress
Om =the mean stress
o, = the stress amplitude (half of the stress range)
. O
R = the stress ratio: R=—""

O,

max
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figure 2.6 Description of a fluctuating stress (source: ESDEP)

The mean stress influences the fatigue strength of the material. When the mean tensile stress increases, the fatigue
capacity decreases. This has been derived by different authors, all showing roughly the same behaviour, see figure 2.7.
When the static strength of steel increases, a higher mean stress in fatigue conditions can be endured. However, the
sensitivity to the mean stress increases with increasing static strength (Haibach, 2006), resulting in a steeper line in figure
2.7.
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figure 2.7 Mean stress effect shown in a Haigh diagram (source: ESDEP)

In principle, compressive stresses prevent cracks from opening, and therefore growing. Therefore, compressive stresses
in theory increase the fatigue life of components. However, in most structures residual tensile stresses are present as a
result of production and welding. This means that cracks in areas of the structure that are nominally under constant
compression can still show crack growth. Therefore the mean stress effect is not always present in actual structures. For
welded structures the residual stresses can be in the order of the yield limit, which severely reduces the fatigue strength.
This is closely related to the mean stress effect, because a crack cannot distinguish a residual stress from a mean stress, and
is called residual stress effect.

Besides the stress also the geometry of the material has a large influence on the fatigue strength. Fatigue cracks start at
small defects in the material. These defects, called notches, can occur at the surface of the material due to roughness,
inclusions or surface defects, at large discontinuities such as bolt holes or at small discontinuities, for example near the
weld. At these notches the stress is concentrated, thereby increasing the chance of a fatigue crack occurring in that area.
This is known as the notch effect.

Potential crack

/ Direction
of stress
«—

Butt weld and
cope hole

{not to scale)

figure 2.8 Examples of discontinuities where cracks can occur; on the left a large discontinuity: a cope hole' on the
right, on smaller scale, a small discontinuity: a weld (source: ESDEP)

Corrosion at these discontinuities can further decrease the fatigue strength. Also in plain specimens there is a clear
influence of corrosion on the fatigue strength, see figure 2.9.
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figure 2.9 Influence of corrosive environments on the fatigue strength of materials (source: ESDEP)

The size of the specimen also influences the fatigue strength. When the size of a specimen increases, the fatigue strength
drops. The total strength of the component may increase, but the allowable stress decreases. This is known as the size
effect, and is caused by (ESDEP):

A statistical effect. When the size of a component increases, the chance of a ‘weak link’, in the form of a notch,
small inclusion or residual stress, increases. Therefore also the chance of an initiating crack increases.

A technological size effect. The production processes and their associated surface conditions upon delivery have
an influence on the fatigue strength of a component.

A geometrical size effect. When the thickness of a plate increases the stress gradient at a notch (in figure 2.10 a
weld) decreases. When the inclusions or surface defects have the same size as they have in a thinner plate, the
stresses at the tip of the defect are higher in the case of a thick plate (see figure 2.10).

A stress increase effect. When the plate thickness increases, the notch size in general does not scale up to the
same amount, or may not scale up at all.
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figure 2.10 Influence of the plate thickness on the fatigue strength (source: ESDEP)

Finally there is the effect of the material strength. When the material size increases the fatigue strength of the plain
material also increases. However, when a crack occurs, the crack growth rate in all steels is roughly the same. This means
that once a crack is initiated, all steels have a similar lifetime until failure when exposed to the same stress. Therefore high
strength steels can only show a longer fatigue life if the material can longer resist crack initiation, this will be further
elaborated on in 3.4. Because in actual structures plain steel always needs a connection, there will always be notches, stress
raisers and, in the case of welding, inclusions present, which severely reduce the crack initiation life. Therefore, in current
design codes, high strength steel structures mostly are regarded to have a fatigue strength comparable with standard steel
structures. This subject is studied further in 2.3.4 and 4.2.
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figure 2.11 Material strength effect. Plain machined specimens show a clear increase in fatigue strength when the
material strength increases. At the same time it is clear that this increase is not entirely visible for notched specimens
(source: ESDEP)

2.3.3 S-Ncurve

The S-N curve is the relation between a stress range (Ao) or stress amplitude (o,) and the accompanying number of cycles
to failure. S-N curve can be defined for plain material, simple details such as a welded plate or entire connections.
The S-N curves generally follow the form of Basquin’s relation:
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o, N’ =constant (1.2)

Mostly both the horizontal axis and the vertical axis are shown in log-scale. Nowadays, most S-N curves are described by
the formula:

logN =loga—m-logAc (1.2)

The parameters a and m (equivalent to b in equation (1.1)) are determined based on of tests or calculations. The
parameters can for example depend on material, detail, post-weld treatments and weld quality guaranteed by certain
inspection methods. As mentioned before, the material strength is regarded as unimportant in most design codes. A
common example of an S-N curve is shown in figure 2.12. For loading with a constant amplitude the slope of the S-N curve
(m) is 3 and below a certain stress level no damage occurs, this is shown in figure 2.12 as the constant amplitude fatigue
limit. If the amplitude of the loading varies, there can be damage below this limit. The slope of the S-N curve changes and
again, at a certain stress level no damage occurs, even in the case of variable amplitude loading. This limit is known as the
cut-off limit. These characteristic points in the S-N curve are denoted with the symbols Ny for the constant amplitude
fatigue limit and N, for the cut-off limit with their accompanying stresses Aoy and Ao,. The third characteristic point in the
curve, denoted with N¢ and Ao is the point that marks the detail category. Detail categories will be further explained
chapter 3.2.

log A
Fatigue strength curve
)
fite} m=8
e
Ao Constant amplitude fatigue limit
Ao K Cut-off limit
>
2.10% 5.10° 10° g N
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figure 2.12 An S-N curve (source ESDEP)

2.3.4 High strength steel and fatigue

Higher strength steels generally also have higher fatigue resistance. However, according to Pijpers (2011) this mainly
affects the crack initiation period (N;). After a crack has initiated, the crack growth rate is the same as for ordinary steels
(see 3.4). Local notches in welded joints (see paragraph 2.3.2) effectively reduce the crack initiation time to a number of
cycles which is negligible (ESDEP). Therefore, in conventional welded structures, where initial imperfections are always
present, the material strength is of little influence on the fatigue strength. This effect is shown in figure 2.11. At very low
(non practical) strength there is a clear influence of the material strength on notched specimens, but at the strength level of
standard strength steels (R,,>400 N/mmz) and high strength steels there is almost no influence of the material strength
anymore.

Because of the effect shown in figure 2.11, most design codes do not distinguish standard steel from high strength steel
when regarding fatigue and if an improvement is made, the code only shows improvements in the lower strength steels up
to a certain steel grade. Above this steel grade (e.g. S355 in NPR-CEN/TS 13001-3-1) the fatigue performance of all materials
is regarded to be the same.

Structures that can benefit greatly from the advantages of high strength steel (less material and therefore light; less
welding) may also be loaded in fatigue. Examples of these structures are cranes, off-shore platforms and movable bridges.
Because the cross sections of high strength steel are reduced in comparison with their standard steel counterparts, the
stress range (Aa) is much larger in the high strength steel structure. If the fatigue strength of a high strength steel structure
is indeed not much different than from a standard steel structure, fatigue is potentially leading in the design of dynamically
loaded structures.

To make full use of the high strength steels several options are available. The details of the structure can be adjusted to
provide a smoother stress flow, thereby reducing stress concentrations. This geometrical improvement can be done on a
small scale, for example by using tapered plates instead of butt-welding two plates together with different thicknesses. A
geometrical improvement can also be used on a larger scale: adjust the design of the structure for fatigue. A good example
of this approach is the use of cast steel nodes in trusses, by which the fatigue sensitive welds are removed from the highly
stressed connection area (see figure 2.13). Another way to reduce the effective stresses is reducing the tensile residual
stresses in a welded structure. This is not always possible, and the effect depends on the stress ratio and mean stress. A
similar effect is reached if the mean stress caused by loading is less tensile, for example by lowering the self weight of the
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structure. Finally, the specimens can be treated in such a way after fabrication that surface defects and microcracks are
removed. This will increase the crack initiation time, and thereby the total fatigue life.

figure 2.13 A truss with cast steel nodes (source: Pijpers et al., 2010)

2.4 Introduction in TIG-dressing

2.4.1 Weld improvement techniques

In figure 2.11 it is clear that for plain specimens the fatigue strength increases with increasing material strength.
However, if notches are introduced a strength plateau can be observed, which limits the fatigue strength for steels with an
ultimate strength higher than approximately 400 N/mmz. These notches can be introduced by holes or changes in cross
sections, but are, in civil engineering structures, mostly caused by welding. Welds have a very rough surface, caused by the
nature of the process. Another drawback of the process is the possibility of small defects in the weld. These imperfections
might have no or a small influence on static strength, but in fatigue loading they may form the one weak link that is needed
to initiate a crack. Also, the weld itself causes a cross section change due to local thickening or the steep angle of a fillet
weld. In addition, these welds are in general positioned at locations which suffer from stress concentrations due to global
geometry of the structure. The notch effect is therefore very prominent in welded structures.

To reduce the strength reducing effects of the weld a number of weld improvement techniques can be used. The most
important techniques are (Haagensen et al., 2001):

—  Burrgrinding

—  Hammer peening
—  Needle peening
— TIG dressing

Burr grinding

The aim of burr grinding is to remove possible weld flaws at the weld toe where fatigue cracks can initiate, by removing
material with a high speed grinder. The stress concentration at the weld toe, caused by the sharp geometrical transition
from parent material to weld material is reduced by smoothing the weld profile.

Hammer peening

The aim of hammer peening is to introduce compressive stresses in the weld toe region by repeatedly hammering this
area with a pneumatic blunt-nosed chisel. The effect of the hammer peening process relies on the mean stress effect (see
2.3.2). Another beneficial effect may be the smoothing of the weld toe profile.

Needle peening

The aim of needle peening is also the introduction of compressive stresses in the weld toe region. In this case the single
chisel is replaced by multiple, smaller chisels. This makes the process more suitable for larges areas to be treated. The
effects of hammer peening and needle peening, and their aims in fatigue strength improvement are comparable.

TIG dressing

The aim of TIG dressing is to remove possible weld flaws by remelting the material at the weld toe. The remelting should
also have a beneficial effect on stress concentrations because the weld geometry is made smoother. Although the process
is carried out with welding equipment, no extra material is added. The melting of steel of course causes changes in the
stress state of the material. If high residual stresses exist at the surface, they will be reduced to a certain extent (see 4.3.3).
Also the heat affected zone will be enlarged. The effect of TIG-dressing will be discussed further in 2.4.2.
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More information on all these processes can be found in the IIW recommendations on weld improvement techniques
(Haagensen et al., 2001). Because in this study the focus lies on TIG dressing, the influence of this process on the material
and geometry is explained more thoroughly in the next paragraph.

figure 2.14 Effect of different weld improvement techniques: as welded, burr grinding, ultrasonic impact treatment
(comparable to the effects of hammer and needle peening) and TIG dressed (source Pedersen et al., 2010)

2.4.2 TIG dressing process and influence on fatigue strength

TIG dressing involves remelting of the material, which means that the original geometry of the weld toe is altered into a
new geometry. It also means that any defects in the weld toe may be removed. To prevent the new weld toe from having
the same imperfections and sharp geometry, some precautions must be taken.

The weld that is to be TIG dressed needs to be prepared by removing any mill scale, rust, oil, paint or any other possible
weld contaminant. This can be done by wire brushing, but light grinding might also be necessary. If the cleaning process is
not sufficient, gas inclusions in the weld can be the result, which severely lower the fatigue performance of the weld.

To guarantee the new geometry to be better than the original, a number of conditions must be met. The heat input must
not be too high to prevent undercuts. To optimize the overall shape of the new weld toe the TIG torch must be positioned
carefully. In lIW recommendations, the torch distance to the weld toe, angle of the torch in two directions and travel speed
in combination with the welding current are specified (Haagensen et al., 2001).

TIG-dressing improves the weld toe in principle by improving the geometry and removing weld toe flaws. The smoothing
of the geometry reduces the stress peak near the weld toe. This lower stress peak also has fewer flaws at which to cause a
fatigue crack. A secondary benefit of TIG dressing may be the release of high tensile residual stresses caused by welding.
These influences all mostly influence crack initiation time. Because crack initiation time is very important when high
strength steel is considered (see 2.3.4) the beneficial effect of TIG dressing may be expected to be larger for high strength
steel welded connections. This effect clearly shows when some previous research is studied where improvements of fatigue
strength varying from 18% to 85% are found, even within the same research programme. This will be elaborated on in 4.3.4.
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3 Literature review: Theory

3.1 Introduction and chapter outline
In all fatigue tests a wide scatter range is found because of the ‘weakest link” process. A crack initiates at a location where
global geometry, local geometry, surface defects, material defects and stress all combine to a worst case scenario. All these

influences cannot exactly be modeled, because of the random nature of welding.

A number of different calculation models have been developed to calculate the fatigue strength of a component. The
most common theories, nominal stress approach, structural stress approach and crack propagation approach, will be
covered first. Subsequently, more in depth analyses will be treated, which is specifically used in this research.

3.2 Nominal stress approach

3.2.1 Principles

The nominal stress approach classifies a wide range of widely used details and specifies their fatigue strength at a certain
number of cycles. In Eurocode 3 the fatigue strength of details is determined at 2-10° cycles. All S-N curves are parallel to
each other, therefore only the fatigue strength at 2-10° cycles is needed to determine the S-N curve (see figure 3.1), which
defines the allowable stress range at any number of cycles. The lines given in the code are design lines, which result in a

sufficiently safe structure.
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figure 3.1 A number of S-N curves belonging to different detail categories (source: ESDEP)

3.2.2 Calculation procedure

To design a structure, all stresses need to be determined and all details, welds and other discontinuities have to be
classified in a certain detail category. Detail categories can depend for example on local geometry, weld type, weld quality,
post weld treatments and define the maximum allowable stress at 2-10° cycles (see figure 3.2). Then for each detail the
allowable number of cycles at the calculated stress level can be determined, by means of the standardized S-N curves as
shown in figure 3.1. Possible misalighments and thickness effects have to be taken into account separately. This allowable
number of cycles can then be compared with the needed number of cycles in the structures lifetime. A few examples of the
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detail categories are shown in figure 3.2. The explained procedure is valid for normal stresses. Shear stresses can be taken
into account with a similar procedure.

ci::;a[iy Constructional detail Description Requirements
% Tt Without backing bar: - All welds ground flush to plate
— A <1/4 surface parallel to direction of
T~ = 1) Transverse splices in plates the arrow.
ﬁ\@ bE I b | and flats. - Weld run-on and run-off pieces
- 2) Flange and web splices in to be used and subsequently
size effect 0 T plate girders before assembly. removed, plate edges to be
for = \K\@ 3) Full cross-section butt welds | ground flush in direction of
112 +25mm: === - U4 > - of rolled sections without cope stress.
| 2 = [ {é\ holes. -Welded from both sides;
k=(25/" 4) ~—= 4) Transverse splices in plates or [ checked by NDT.
—— e ~ flats tapered in width or in Detail 3):
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—— sections, cut and rewelded.
)
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. . - holes. - Weld run-on and run-off pieces
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figure 3.2 Detail categories for transverse butt welds (source: NEN-EN 1993-1-9)

3.2.3 Benefits, drawbacks and application

The nominal stress approach can easily be applied on a wide range of designs because most common details are
incorporated in the codes. Calculations are relatively easy and quick to perform. When a detail is not classified, the nominal
stress approach cannot be used.

In the widely used Eurocode 3-1-9 (2006) no distinction is made between different materials for the nominal stress
design, and the calculation method is limited up to S700 since the issue of Eurocode 3-1-12 (2007). This means that the few
high strength steels that can be designed according to Eurocode (e.g. S460 and S690) are assumed to show no better
fatigue behaviour than standard steels. Also the use of post fabrication weld improvement techniques, other than stress
relief, is not covered by Eurocode 3-1-9. For a more complete overview of the current design codes regarding fatigue, see
4.2.1. There will be explained that some codes do reward post weld treatments or high strength steels with higher fatigue
strength to a certain extent. However, the nominal stress approach remains most useful for standard applications.
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3.3 Structural stress approach

3.3.1 Principles

In this case the maximum stress at a so called ‘hot spot’ is determined, where the stress reaches a peak at a notch. This
structural stress at the hot spot (o}) includes all stress raising effects at the detail, except the stress raising effect of the
weld geometry. This effect is left out of the analysis because the exact weld geometry differs greatly from weld to weld, and
is therefore incorporated in the scatter of the fatigue strength curve. The method is thus very similar to the nominal stress
approach, but applicable to all kinds of details, and not just the details listed in the design code.

a)

¢

figure 3.3 Some examples of stress distribution at structural details (source: Hobbacher, 2007)

3.3.2 Calculation procedure

The structural stress can be determined by means of FEM analysis or by direct measurement on the component. From a
certain number of measuring points the structural stress is then determined by extrapolation both in the case of FEM as
with direct measurements. An alternative method is a parametric calculation where the structural stress is previously

determined for a certain detail. A stress concentration factor (k;) can then be determined directly from a parametric
formula. The structural stress can be calculated:

o, =k, O

s nom (3.1)
Once the structural hot spot stress is known the allowable number of cycles can be determined with the design S-N

curves. Again these curves are dependent on the kind of detail but, as other stress raisers are already considered, only
apply to simple welding details such as depicted in figure 3.4.
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figure 3.4 Detail categories for the structural hot spot stress method (source: NEN-EN 1993-1-9)

3.3.3 Benefits, drawbacks and application

When a chosen detail does not exactly comply with the details given in the detail categories or where no clearly defined
nominal stress exists, the nominal stress approach cannot be applied. Then the structural hot spot stress can be an
adequate tool to analyze the fatigue strength of a component. A large drawback of this method is the extensive FEM
research or actual tests that need to be executed when no parametric formulae are available to determine the hot spot
stress.

The structural stress approach can only be applied to detail types where the crack grows from the weld toe, because the
stress needs to be determined along a certain number of extrapolation points at the surface of a plate. In figure 3.5 this
rules out details f to j. Therefore, to use this method, the designer must be sure the crack will initiate at the weld toe.
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figure 3.5 Various locations where cracks may occur in welded joints (source: Hobbacher, 2007)

3.4 Crack propagation approach

3.4.1 Principles

The crack propagation approach treats the part of the fatigue life of a component from the initiation of a crack to failure.
Both boundaries need to be determined in advance. For the initiation of a crack a commonly used crack length is 0.15
millimeter. The point at which a component is considered failed can be determined as the point where the crack is trough
thickness, an actual failure or when the crack growth rate reaches a certain value after which relatively few remaining
cycles are expected.

Once a crack has initiated the crack growth rate can be calculated with the Paris law:

da
——=C.-AK" 3.2
oG (3.2)
In which:
a crack length parameter [mm]
N number of cycles [-]

AK range of stress intensity factor [Nmm's/z]

Co,m  material constants [Nmm ], [-]

This relation holds if the crack is not too small (no crack propagation; AK<AKy,) or not too large. The Paris law and its
limits for too small or too large cracks is shown in figure 3.6. From this figure it can clearly be seen that the number of
cycles in region 1 (if AK>AKy,) and region 3 is relatively small. Therefore, the total number of cycles in the crack propagation
stage (N,) can be approximated with only the cracks in region 2 according to the Paris Law.
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figure 3.6 Crack growth rate vs. stress intensity factor (Paris law) (source: ESDEP)

The material constants C; and m are material dependent, even between different types of steel, but do not differ much
over the range of steels, see figure 3.7. This means that once a crack is initiated, it will propagate at approximately the same
rate whether high strength or low strength steel is used.
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figure 3.7 Crack growth rate for different steels (source: ESDEP)
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The stress intensity factor is used to describe the stress field around the crack tip, and depends on the geometry of the
crack and the surrounding specimen. The stress intensity factor can be determined by means of FEM analysis, but for a
wide range of joints the stress intensity factors can be directly calculated with parametric formulae. The threshold value of
AK, below which no crack propagation occurs, depends on the mean stress and environmental conditions.

3.4.2 Calculation procedure

To start the calculation a description of the stress field around the crack tip is needed. This is done by means of the stress
intensity factor K, which generally has the following form:

K=Y -AoJza (3.3)

In which Y, called the compliance function, takes the crack shape and overall geometry of the surrounding material into
account. If only propagating cracks are considered (AK >AKy,) the Paris law (equation (3.2)) can be rewritten to:

71”’ da :luf da
N_C;IAK’" C!Ao-my’"(\/%)m 5.4

Because the crack growth rate changes when the crack grows this integral cannot be solved directly, but muste be
approximated in small steps. In each of these steps the stress intensity factor is assumed constant.

1 1 1

AN = (3.5)

m > m o 7
C-Ac"-a-x?-Y" \a? a7

In which:
3 the initial crack size [mm]
as the final crack size [mm]

If a limit is set to the crack size at which the specimen is considered failed, or the critical crack length is reached after
which unstable growth occurs (region 3 in figure 3.6), the total amount of cycles can be obtained by summation. To make
the calculation, the material dependent parameters C and m need to be obtained. This can either be done directly from
tests or from literature. Also the stress intensity factor can be obtained from literature, but a FEM-analysis can also be used.
However, this FEM-analysis must be made for different crack depths of the same crack to determine the change of K when
the crack dimensions increase.

3.4.3 Benefits, drawbacks and application

The crack propagation method can only calculate the number of cycles after crack initiation. Therefore, in design, it is
only useful when the crack propagation phase is dominant. In normal welded connections, this is generally the case
(ESDEP), in high strength steel welded connections this approximation can be too conservative.

If the compliance function is available from textbooks the analysis can be made rather quickly, especially when
specialized software is used which already incorporates the ‘small-step’-method depicted in equation (3.5). If the
compliance function is not available, in most cases it must derived from FEM analysis. Because the compliance function
among other things depends on the crack depth, this analysis can be very time consuming.

The crack propagation approach can be used to determine the lives of already damaged structures. It can also be used to
determine service intervals of structures. For this the time between a visible crack and failure is calculated.

3.5 Notch stress approach

3.5.1 Principles

As explained in 2.3.2, there is a clear notch effect in steel subjected to dynamic loading. At notches the stress is
concentrated which facilitates the initiation of cracks. The principle of the notch stress approach is to compare this notch
stress to the maximum stress a plain specimen can withstand. Therefore, at the root of a notch a small plain specimen is
imagined which is subjected to the same stresses as the tip of the notch. In a simple assessment of these notches only the
infinite fatigue life is considered and therefore only the fatigue limit is determined. If the plain machined specimens can
endure a certain stress level without cracking, then this stress level can also be endured at the notch root. In this method
one of the main assumptions is elasticity. This is not surprising, because (large) plastic deformations will eventually lead to
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cracks and failure, which contradicts with the infinite life that was assumed. The method covers only the process of crack
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figure 3.8 At a notch the local stresses are determined and applied to a local 'plain specimen’

This does not take into account the fact that cracks may be initiated but do not propagate (dormant cracks) and that
minor plastic deformation may take place without effect on the fatigue life (Radaj et al., 2006).
The stress concentration at the notch is calculated with the elastic stress concentration factor:

t nom

O,

notch —

Experiments have shown that this elastic notch stress does not determine the fatigue behaviour of the notched
specimen. Instead, a somewhat lower stress can be linked to the fatigue behaviour of the specimen. This effect is called the
‘microstructural support effect’ (Radaj et al., 2006). The stress that governs the fatigue behaviour is a stress averaged over a
small length or volume, characteristic for the considered material. This microstructural support does not only occur near
very sharp notches (as shown in figure 3.8) but also at milder notches, provided that they are sufficiently small. The
microstructural support effect therefore depends not only on the material but also the geometry of the specimen,
specifically the radius of the considered notch (see figure 3.9)

figure 3.9 One half of a butt weld and the corresponding notch radius (p) at the notch root

This microstructural support effect has been represented in different forms:
—  Critical distance approach (Peterson, 1974)
—  Stress averaging approach (Neuber 1937, 1946 and 1968)
—  Stress gradient approach (Siebel et al., 1993)
—  Highly stressed volume approach (Kuguel, 1961)

The stress at the notch that actually defines the fatigue behaviour of the component is expressed as:
Enotch :Kf *Oom (37)

Where the fatigue notch factor K; is determined with one of the theories depicted above. The difference between K and
K gives some information about the sensitivity of the material to notches. This is expressed in the notch sensitivity:
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g=-L (3.8)

A notch factor of 1 represents a material that is fully sensitive to notches, because the fatigue notch factor K; is equal to
the elastic stress concentration factor. If q=0 the material is insensitive to notches because Ki=K=1.

Different calculation approaches have been developed, each based on one of the earlier mentioned representations of
the microstructural support effects.

Critical distance approach

This method, developed by Lawrence from the original concept of Peterson, uses notch stress analysis to determine the
fatigue notch factor (Radaj et al., 2006). From there the method continues with the notch strain approach, which is not
covered by this research. Only the determination of K; will be discussed here.

The first step in the analysis is to determine where the crack will arise. For these locations the elastic notch stress
concentration factor needs to be determined. This can be done by FEM analysis or by using engineering formulae, if
available for the considered joint. The fatigue notch factor is derived from K; by using the critical distance approach
developed by Peterson. This approach states that the ratio between K; and K; depends on the ratio between a material
constant a* and the notch radius p. The material constant is approximated by Lawrence, and has been applied on low and
high strength steels:

2068] ' 39)

a*= 0.025{

M

Peterson also found a relation between the ultimate tensile strength and a*. The two relations are depicted in table 3.1.
Peterson also used some values based on hardness: a*=0.254 millimeter for soft-annealed steel (=170HB) and a*=0.0635
millimeter for quenched and tempered steel (x<360HB) (Radaj et al., 2006). The values in table 3.1 differ greatly in the low
strength range, but are very similar in the high strength range.

Rm [N/mm?’] 345 518 690 863 1035 1380 1725
a* [mm] Lawrence | 0.628 0.302 0.180 0.121 0.087 0.052 0.035
Peterson 0.380 0.250 0.180 0.130 0.089 0.051 0.033

table 3.1 Material constant a* from Lawrence and Peterson (Peterson derived the data from bars loading in bending)
(Radaj et al., 2006)

The relation between K; and K; is stated as:

K, =1+ 'a* (3.10)

The shape of this function is shown in figure 3.10. In this figure it can be seen that at a certain a*/p ratio of about 1 the
fatigue notch factor reaches its maximum. Because the notch radius scatters greatly at welds this worst case approach is
applicable for design analysis. If the notch geometry and its scatter is accurately known, a realistic approach can be made.
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figure 3.10 Elastic stress concentration factor (K,) for a butt joint and fatigue notch factor (K;) for different materials
(source: Radaj et al., 2006)

Because the method proceeds in the notch strain domain, no clear adjustments for mean and residual stresses are
described for a direct notch stress analysis.

Fictitious notch rounding approach

This method is developed by Radaj and is based on the Neuber microstructural support hypothesis (Radaj et al., 2006). It
has mainly been used for low strength steels, but is not restricted to these steels. To take account of the reduction of the
elastic stress to an effective stress the notch is imagined less sharp. This fictitious rounded notch leads to a lower elastic
stress concentration which is considered to approximate the fatigue notch factor of the original geometry.

The fictitious notch is given by:

pr=p+s-p* (3.11)
In which:
Pt the fictitious notch radius [mm]
the original notch radius [mm)]
S a multiaxiality coefficient [-]
p* a material constant [mm]

It has been shown that if in the critical distance approach a*=0.25 millimeter is chosen, this corresponds to a p; of 1
millimeter, because it can analytically be derived that p;=4a* (Radaj et al., 2006). The material constant p* is considered to
depend on the yield limit of the material, see figure 3.11. This figure only covers low strength steels, except for ferritic
steels.
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figure 3.11 Material constant p* for different steel types and strengths (source: Radaj et al.,2006)

Radaj advises the use of a p* of 0.4 millimeter in combination with s=2.5 when (low strength) steels are considered. This
is based on the assumption of cast steel for the weld deposit (for p*) and plane strain combined with the Von Mises
multiaxial strength criterion (for s). If a worst case scenario of p=0 is considered, this leads to a p; of 1 millimeter. This
would, as described above, be equivalent to a value of a* of 0.25 millimeter in the critical distance approach.

Static mean stresses can be taken into account via a Haigh diagram (see figure 2.7), but the Neuber microstructural
support hypothesis, on which the method is based, has not been proven with the inclusion of these mean stresses.

The introduction of an enlarged radius can cause an undercut near the weld toe (see figure 3.12). This may cause extra
stress concentration if this significantly reduces the load carrying cross section, especially when high stresses are involved. If
the undercut occurs, correction terms are given by Radaj et al. (2006).

symm.

figure 3.12 Undercut caused by fictitious notch rounding (source: Radaj et al., 2006)

Highly stressed volume approach

Sonsino (1993) has developed methods that try to determine the statistical size effect (see 2.3.2) and the effect of multi-
axial local stresses with in-phase and out-of-phase stress amplitudes with a calculation method based on the highly stressed
volume approach. In this approach the statistical size effect is combined with the microstructural support hypothesis. It is
assumed that the crack initiation time can be determined based on the stresses in a local volume of material. This volume
has been determined by Sonsino as having a depth below the notch and a surface area where the notch stress has dropped
to 90% of its maximum at the notch. Sonsino proposed the following relation for K;:

K. =-—¢ K (3.12)

In which:

o, theendurable stress amplitude in plain material [N/mm?]

0. theendurable stress at the notch [N/mmz]

Equation (3.12) expresses the fact that the endurable notch stress seems higher than the endurable stress for plain
material, instead of assuming that the stress at the notch is lower than elastically calculated, which was assumed in the
previous approaches. The specimens for which the strength of plain material is determined, must of course not show the
highly stressed volume effect themselves, therefore they must be of sufficient size. The endurable notch stress depends on
the highly stressed volume (Vg ):
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Groe = F (Vo) (3.13)

The highly stressed volume is defined as the area where 90% of the maximum notch stress is exceeded. The depth of the
region is determined by the normalized stress gradient (equations (3.15) and (3.16))

Voo = d0/9W~— (3.14)
8
dy, =22 (3.15)
V4
Z — 1 danotch (316)
o, dn

notch

The notch stress gradient depends on the notch radius, cross section dimensions and loading type and can be found in
literature or determined with a FEM analysis. The relation between highly stressed volume and allowable stress has been
derived by Sonsino. The results are shown in figure 3.13.
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figure 3.13 Endurable notch stress amplitude at weld toes in structural steel as a function of the highly stressed
volume; based on different tests including bending (B) and tension (T) loading (source: Radaj et al., 2006)

Now maximum stress for infinite fatigue life of the notched component can directly be derived from the infinite fatigue
life of a plain machined specimen.

Extension into finite life

Although the notch stress approach was derived for infinite lives, there also have been attempts to extend the
application into the finite life regime. Schijve proposes to construct an S-N curve on the basis of two asymptotes and the
intermediate Basquin relation (Schijve, 2001), see figure 3.14. The upper asymptote is determined by the ultimate strength
of the specimen and the mean stress. The lower asymptote can be calculated with the notch stress theory for infinite life, as
has been treated in the previous section. To complete the S-N curve only the slope of the Basquin relation needs to be
known. Schijve circumvents this and proposes to define a fixed number of relations for Ny, and Nymee as shown in figure
3.14.
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figure 3.14 Estimate of an S-N curve. Note the use of the stress amplitude (o,) instead of the stress range (Ao)

The values proposed for Ny, and Nyqee are 10? and 10° respectively, based on tests on notched specimens. A remark is
made that choosing 107 introduces a slight conservatism and that 10° would correspond better with test results. It must be
noted that the method proposed is derived for ‘notched specimens’, which the author distinguishes from welded joints. In
the chapter on welded joints a remark is made that the knee point (Nynee): “is found at a significantly higher fatigue life,
about 2-10””. For application for welded joints this most probably will be the more suitable value to use for Ny, When
constructing the S-N curve. The normative values for the fatigue limit specified by Eurocode (5-10% and W
recommendations’ (107) (Hobbacher, 2007) lie in between the proposed values of Schijve for constant amplitude fatigue
loading.

Another method was proposed by Hiick et al. (1981), which was summarized by Gudehus et al. (1999). Here the fatigue
limit of a component is also determined by a notch stress analysis, but the slope of the Basquin relation also depends on
the determined fatigue notch factor according to equation (3.17) for rolled steel and equation (3.18) for cast steel.

12
m=2243 (3.17)
Kf
5.5
m=o+6 (3.18)

The knee point of the fatigue strength curve is depending on the slope of the curve according to this method. The knee
point of the curve can be determined with equation (3.19) for rolled steel and equation (3.20) for cast steel.

6.4
=10 ™ (3.19)

=10 (3.20)

With the use of these two equations, the slope and knee point of the fatigue strength curve are determined. When the
fatigue limit has been determined with the notch stress analysis and the upper knee point (N, see figure 3.14) is ignored,
the fatigue strength curve is determined. The neglect of the upper plateau by not using Ny, results in a fatigue strength
curve only usable in medium and high cycle regimes.

! The IIW recommendations only show a constant amplitude fatigue limit for standard applications. For very high cycle applications, also
beyond 10’ cycles the S-N curve shows a slope.
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3.5.2 Calculation procedure

First the elastic notch stress concentration factor needs to be determined. This can be done with FEM-analysis,
measuring or functional analysis methods based on theory of elasticity (Radaj et al., 2006). The elastic notch stress
concentration factor is then defined as (rewritten from (3.6)):

K, = Zroter (3.21)

From this elastic notch stress concentration factor the fatigue notch factor K¢ needs to be determined. For this, one of the
theories explained above can be used. The maximum stress at which no crack initiation (G,otch;per) OCCUrs can now directly be
obtained:

o, =7I;orch (3.22)
f
O notch < O—notth;per (323)
In which:
O notchiper the permissible notch stress [N/mm?]
O oeh the actual notch stress, based on the nominal stress and analyses with respect to K¢ [N/mm?’]

The permissible notch stress can be derived from tests on plain specimens, or by mathematical relations between the
static strength and fatigue strength.

If any misalignments are present they must be taken into account. Formulas to take misalignments into account are given
by Hobbacher (2007). Once the stress limit for infinite life is known, an estimate of the maximum stress for a certain finite
life can be made by means of the method of Schijve, or the relations found by Hiick.

3.5.3 Benefits, drawbacks and application

This method requires more effort than the ‘standard’ methods. Besides that, some information on the material and local
geometry to determine the correct value of K; and K; is necessary. When these can be determined accurately enough, a
reliable estimate can be made of the fatigue limit of the considered component.

The method was developed to determine the stress level below which no crack initiation occurs. This is of course a very
important point in the S-N curve, but limits design possibilities to a ‘fail-free’ design. With the additions of Schijve and
Haibach the method includes crack initiation over both the medium and high cycle domain. This means that for civil
engineering structures the full fatigue life can be obtained if the analysis is combined with a crack propagation analysis.

This method currently does not find a lot of application in design, because of the required effort.
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4 Literature review: Practice

4.1 Chapter outline

In paragraph 2.3.4 it was mentioned that high strength steel does not always show a significantly better fatigue
behaviour than standard steel (see figure 2.11). In this chapter, this will be further investigated. First the current design
codes and recommendations are discussed with regard to fatigue and high strength steel. Then the actual behaviour
according to experiments will be discussed. First for plain material and then for non plain material, which contains both
notched and welded specimens.

The effect of TIG-dressing was discussed in general in 2.4.2. In this chapter the current state of design codes and
recommendations with regard to TIG-dressing and its beneficial effects is discussed. Then the influence of TIG dressing on
the specimen is discussed, followed by the actual behaviour of TIG-dressed specimens, both for standard and high strength
steel.

4.2 Literature regarding fatigue and high strength steel

4.2.1 Strength according to current design codes and recommendations

Three design codes will be discussed: Eurocode, IIW recommendations and NPR-CEN/TS 13001-3-1. Eurocode is taken
into account because it is widely used in European steel structures. The IIW recommendations and the NPR design code are
taken into account because they also cover very high strength steels.

Eurocode 1993-1-9 (2006)

Eurocode is applicable for steels up to S700 since the additional code NEN-EN 1993-1-12 (2007) was introduced. The code
is mainly focused on the nominal stress approach, but also includes an annex addressing the structural stress approach.
Both the detail categories specified for the nominal stress approach and the structural stress approach do not distinguish
different detail categories for different steel grades. This means that any beneficial effect of the parent material strength is
not referred to in the code. Therefore, two identical structures made from standard steel and high strength steel will have
the same fatigue resistance according to Eurocode.

IIW recommendations

The design recommendations by the International Institute of Welding (Hobbacher, 2007) cover design of structures
made of structural steels up to a yield strength of 960 N/mm?. The document covers various fatigue approaches: nominal
stress design, structural stress design, notch stress approach and crack propagation approach. If physical tests are
necessary, the document gives some information on test procedures and statistical analysis.

The detail categories that are specified for the nominal stress approach and the structural stress approach do not
distinguish different FAT-classes for high strength steel, and therefore do not differ from Eurocode in this aspect.

NPR-CEN/TS 13001-3-1

The CEN code is mainly applied to steel crane structures, but is interesting for this case because it, contrary to the
Eurocode and IIW recommendations, adjusts the fatigue strength of a component to a certain extent, depending on the
ultimate tensile strength of the material. The code is applicable to structures made of structural steels up to a yield strength
of 960 N/mm2 and covers the nominal stress design.

The code is different from the codes mentioned before, because it specifies the slope of the S-N curve depending on the
detail that is used, and specifies the FAT-value depending on the ultimate tensile strength of the base material. This
differentiation according to steel grade is only applied for plain material such as flat bars, plates and rolled profiles. The
code distinguishes steels with a yield strength lower than 275 N/mmz, between 275 N/mm2 and 355 N/mm2 and higher
than 355 N/mm? The fact that this differentiation only takes place in the standard grades and classifies all high strength
steels together may not be optimal, but is certainly less conservative than the approach of Eurocode and the IIW. An
example of the design line of NPR-CEN/TS 13001-3-1 is shown in figure 4.2.

4.2.2 Behaviour of plain material

Different authors have found the fatigue strength of a plain specimen at a certain number of cycles to be increasing with
increasing static strength (Maddox, 1991; Gurney, 1979). Gurney publishes a set of data from previous research, showing an
approximate linear relation between fatigue strength and ultimate tensile strength (see figure 4.1).
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figure 4.1 Relation between ultimate tensile strength and fatigue strength of plain machined specimens. Black data
points are originally bending tests, but analytically converted to tensile loading (source: Gurney, 1979)

Pijpers concluded not only that the fatigue strength of the plain specimens increases with increasing tensile strength, but
also found a slope of the S-N curve less steep than specified in certain codes (Pijpers et al., 2009). The comparison between
Eurocode, NPR-CEN/TS 13001-3-1 and the results are shown in figure 4.2. A comparison is not made with the IIW
recommendations, this line will be similar to the one specified by Eurocode but marginally more conservative.
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figure 4.2 S-N curve of base materials based on research from Pijpers (source: Pijpers et al., 2009)

In Pijpers’ research the $1100 specimens do not seem to perform better than the S690 specimens. In fact, the calculated
FAT-value for S690 was higher (391 N/mm?) than for $1100 (317 N/mm?). It was observed that in the $1100 specimens
cracks occurred outside the tapered cross-section, which had been grounded to place strain gauges. The cracks occurred in
the wider cross section where grinding had not taken place. Apparently these very high strength steels are very sensitive to
surface roughness. Unfortunately, no data exists where cracks occurred in a smooth section of the S1100 specimens, but
the fact that the cracks occurred outside the tapered sections, despite the higher stress in the tapered sections, shows that
for smooth material higher fatigue strengths can be reached than depicted in figure 4.2.

Different data sets show what was already stated in 2.3.2: if the static strength of steel increases, the fatigue strength
also increases for smooth specimens.

4.2.3 Behaviour of non-plain material

In practice, most structures will not made of plain material. Structures are welded, with the associated microcracks and
inclusions, have a certain surface roughness or other forms of notches. Gurney has collected data from previous
experiments where specimens with machined surfaces are compared with specimens which are tested as produced. The
effect of the present millscale and possible small defects is clear (see figure 4.3). Not only is the ratio between ultimate
tensile strength and fatigue strength lowered from 0.9-0.625 to 0.625-0.4, but also above an ultimate strength of
approximately 700 N/mm? the fatigue strength does no longer seem to increase with increasing ultimate strength.



39

800
Ao

400 -

Fatigue strength at 2 X 106 cycles (N/mm?)

| 1 | |
0 200 400 600 800 1000
Ultimate tensile strength (N/mm?)

figure 4.3 Comparison of plain machined specimens with as-produced specimens. The scatter band for specimens
with machined surfaces is derived from the data in figure 4.1 (source: Gurney, 1979)

The sensitivity to surface roughness that was assumed by Pijpers (see 4.2.2) is clearly shown in figure 4.3. Gurney found
that this effect becomes visible above a certain ultimate tensile strength, which also matches with Pijpers research, where
the S1100 specimens showed the very sensitive behaviour, while the S690 specimens cracked at the machined, reduced
cross section.

Results of welded connections are also available from Gurney. These specimens have more severe notches than the plain
machined specimens and as-produced specimens. Also, some residual stresses may be introduced and the microstructure
of the heat affected zone may differ from the parent material. The effect of welding on the specimens is clearly visible in
figure 4.4. The strength of the welded connections does not show the same increase of fatigue strength when the tensile
strength of the parent material increases. In fact, the ultimate tensile strength of the material does not seem to have any
influence at all.
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figure 4.4 Fatigue strength of welded specimens (source: Gurney, 1979)

Pijpers has collected data from different authors, which is very insightful in this matter, as shown in figure 4.5. The plain
machined specimens show the linear relation as was earlier described. When some roughness, notch or weld defects are
included the beneficial effect of high strength steel quickly diminishes.
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figure 4.5 Fatigue strength at 2:10° cycles for different specimens, both base material (BM) and transverse butt

welded (TBW); the numbers between brackets refer to the sources of the data points in the original article (source:
Pijpers et al., 2009)

Another large research project was executed by Anami, which focused only on welded joints. For different joints he
tested local joint specimens and girder specimens which included the same type of joint. From the large amount of data the
most striking examples are depicted in figure 4.6 and figure 4.7, in which it is clear that the high strength specimens mostly
completely blend in with the lower strength specimens. He found that welded high strength steel structures might even
behave worse than standard steel. This effect was most identifiable with the out of plane gusset girder specimens (a loaded
plate with a gusset plate attached; non load carrying fillet welds), see the right diagram in figure 4.7. Anami suggests that
this might be the case because in higher strength steel, higher residual stresses are possible. The fact that the effect is
mostly visible in the girder specimens is because in these specimens the residual stresses could arise due to constraints.
Other parameters, such as heat input and weld beat effects, where kept as constant as possible between the joints

specimens and girder specimens. Unfortunately, the applied stress ratio is not stated.
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figure 4.6 Fatigue test data for longitudinal welded joints. Left: joint specimens, right: girder specimens. The
mentioned strengths are tensile strengths (source: Anami et al., 2001)
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figure 4.7 Fatigue test data for out-of-plane gusset welded joints. Left: joint specimens, right: girder specimens. The
mentioned strengths are tensile strengths (source: Anami et al., 2001)

From the information gathered two conclusions can be drawn. First, there is indeed an effect of the material strength on
the fatigue strength of a component or joint. It is an approximately linear relation between fatigue strength and material
tensile strength. However, in real constructions it will be very complicated to actually achieve this improvement, because
high strength steels are more sensitive to roughness, notches and defects, caused by production or welding, which could
easily lead to a fatigue strength comparable to the fatigue strength of standard steel.

4.3 Literature regarding TIG-dressing and high strength steel

4.3.1 TIG dressing process

According to IIW recommendations the aim of TIG dressing is ‘to remove the weld toe flaws by re-melting the material at
the weld toe. It also aims to reduce the local stress concentration effect of the local weld toe profile by providing a smooth
transition between the plate and the weld face’ (Haagensen et al., 2001).

The remelting of the weld toe is done with a standard TIG machine. The process is relatively sensitive to weld
contaminants such as mill scale, rust, oil and paint. Therefore the area to be TIG dressed must be prepared by cleaning, wire
brushing and light grinding. A lot of parameters are of influence on the end result, such as the shielding gas, travel speed,
welding current, position of torch, etc. For exact specifications of the correct TIG-dressing procedure, reference is made to
the IIW recommendations (Haagensen et al., 2001). An example of a TIG dressed specimen is shown in figure 4.8, where the
right side of the weld has already been dressed and the left side is still in the as welded condition. The change in geometry
regarding the weld toe is clear.

figure 4.8 Two polished specimens. On the left as welded, on the right TIG dressed.

4.3.2 Strength improvement according to current design codes and recommendations

Eurocode

Eurocode NEN-EN 1993-1-9 does not specify any benefit from weld improvement techniques, such as TIG-dressing.
However, for certain detail categories grinding is specified. For example in table 8.3 of NEN-EN 1993-1-9, the detail category
112 is applicable for butt welds which, along with other quality specifications, have to be ground smooth. If this
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specification is not met, the detail category is lowered. Unfortunately, burr grinding, TIG dressing or hammer peening is not
appreciated in this manner.

IIW recommendations

The IIW recommendations acknowledge the possible beneficial effect of weld improvement techniques which are
classified in three categories:

—  Methods for improvement of the profile (machining the entire weld or weld toe and TIG/plasma/laser dressing)
—  Methods for improvement of residual stress conditions (peening, overstressing, thermal stress relief)
—  Methods for improvement of environmental conditions (painting, resin coating)

For the methods that improve the weld profile, recommendations are given. Only the possible improvements of TIG-
dressing will be further explained here.

First the applicability is discussed. The application of the recommendations is limited to joints that are suitable for
improvement, which are the ones where the crack starts from the weld toe. Furthermore, the recommendations are only
applicable for steels with a yield strength lower than 900 N/mm?, joints with plate thicknesses within specified boundaries
and high cycle fatigue. Some other specifications can be found in the IIW document (Hobbacher, 2007). All improvements
are given as an increase in fatigue strength with the as welded conditions as starting points and can only be used in the
nominal stress approach or structural stress approach.

The improvement in nominal stress design by TIG dressing is specified as a factor 1.3 in fatigue class for fatigue classes
with FAT<90, with a maximum possible fatigue class of 112 after improvement. In structural stress design table 4.1 is
applicable. Note that no difference in improvement is specified between mild steel and higher strength steel, while for
other improvement techniques, such as needle peening and hammer peening, high strength steel welded joints are
assumed to have higher fatigue strength improvement. With both methods it must be noticed that the fatigue resistance of
the improved joint is always limited by the fatigue resistance of the base material.

Material Load carrying fillet welds Non load carrying fillet welds and butt welds
Mild steel (f,<350 N/mm?’) 112 125
Higher strength steel (f,>350 N/mmz) 112 125

table 4.1 FAT classes for use with structural stress approach at joints improved by TIG-dressing. For as welded
connections the FAT classes are 90 or 100, depending on the specific detail (source: Hobbacher, 2007)

The beneficial effect of TIG-dressing is not taken into account in the notch stress approach as prescribed by the [IW
because the actual weld geometry, which improves due to the dressing, is replaced in this code by an artificial geometry
with a radius of 1 millimeter, because of the wide scatter and irregular geometry of a real weld profile.

NPR-CEN/TS 13001-3-1

In this design code the different weld classes specified in NEN-EN 25817 are used. To the different detail categories,
different FAT values are given, depending on the weld quality. CEN/TS 13001-3-1 specifies another extra-high quality
category for welds: B*. B* welds have to comply with, in addition to the B quality requirements:

—  Full penetration without initial points

—  Both surfaces machined flush ground down to plate surface; grinding in stress direction

—  The weld toe post-treated by grinding, remelting by TIG, plasma welding or by needle peening
—  Eccentricity of the joining plates less than 5% of thickness of greater plate

—  Sum of lengths of concavities of weld less than 5% of total length of the weld

— 100% NDT (inspection along whole weld length)

These B* quality welds have a higher FAT-value, just as the B quality welds have a higher FAT-value than the C quality
welds. Furthermore, the code allows C quality welds of any type to be upgraded to B quality welds for fatigue design if TIG
dressing is applied at the potential crack initiation zone in order to increase the fatigue strength.

To illustrate the benefits of this quality improvement, an asymmetric butt joint with normal stress across the weld is
taken as an example, see table 4.2. The 11% benefit of the upgrade from C quality to B quality is less than the 30% increase
the IIW prescribes, but the application of the upgrade is not limited to a certain FAT-value, as is the case in the IW
recommendations. The extensive weld treatment to upgrade a weld to B* quality, including grinding and TIG dressing also
grants about the same amount of extra fatigue strength.

FAT Weld quality Relative improvement

112 B* quality 1.12 (1.24 in relation to FAT140)
100 B quality 1.11

90 C quality 1.00

table 4.2 FAT values specified for different weld qualities (source: NPR-CEN/TS 13001-3-1)
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4.3.3 Influences of TIG-dressing on material and geometry

Geometry

In the IW recommendations on weld improvement techniques (Haagensen et al., 2001) detailed information is given on
the TIG-dressing progress and some global information is given on the geometrical result of the process. The torch position
resulting in the optimum shape in theory and an actual specimen are depicted in figure 4.9.

Optimum shape

> \

figure 4.9 Effect of TIG-dressing according to IIW recommendations (source: Haagensen et al., 2001)

The geometrical changes of TIG dressing can be quantified if the weld toe radius and weld toe angle are defined (see
figure 4.10). The main effect of TIG dressing is the increase of the weld toe radius which results in a lower stress
concentration at the weld toe. The weld toe angle remains approximately the same for fillet welds or butt welds with a cap
that is high enough. For rather flat butt welds the angle will be reduced. The reduction of weld defects such as microcracks
and small inclusions is more difficult to quantify, and is covered in the scatter of the results of most researches. In fact, the
TIG dressing should reduce scatter by reducing the defects.

figure 4.10 Definition of weld toe radius and weld toe angle

Different authors have done research on the change of weld toe radius as a result of TIG dressing. Pedersen has collected
a number of studies and has compared the weld toe radius of three weld improvement techniques with the as welded
condition (Pedersen et al., 2010). His results are shown in figure 4.11. It is clear that a significant improvement in weld toe
radius can be achieved by TIG dressing from an average of 1-1.5 millimeter to an average of 6 millimeter. However, the
variation of the radius also increases much compared with the as welded condition. Unfortunately it is not clear on which
weld type these analyses are made, but context suggest the considered studies are mostly focused on fillet welds. This
would also clarify the absence of measured weld toe angles.

As welded TIG dressed

- (18] [17][13]
{18%{19% .\
[16][17]

0 2 4 6 8 10 0 2 4 6 8 10
Toe radius, R [mm]

Probability density

figure 4.11 Comparison of toe radii in as welded and TIG dressed condition; the numbers between brackets refer to
the sources of the graphs in the original article (source: Pedersen et al., 2010)

Residual stresses and microstructure

The additional weld process will have its influence on the residual stress distribution in the specimen, the microstructure
and the associated hardness of the material in the (new) fusion zone and HAZ. A concern when TIG dressing is applied to
high strength steel connections is the possibility of excessive softening of material (Pedersen et al., 2009). His investigation
showed a hardness drop of 15% to 20% in the TIG dressed area.
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A numerical analysis of the influence of TIG dressing on S690 base material has been made by Hildebrand (Hildebrand et
al., 2006). His results show a strong increase in martensitic structure in the TIG dressed region where the previous state was
mainly bainite. He also found a reduction in residual stress at the surface of the joint, while internally the area with high
residual stressed increased. The results of the simulation for a butt joint are shown in figure 4.12.
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figure 4.12 Microstructure and residual stress in simulated, TIG-dressed butt joint (source: Hildebrand et al., 2006)

These results agree well with the research of Lopez Martinez (1997), where residual stresses where measured in actual
specimens, before and after TIG-dressing. The material that was used has a yield strength of 590 N/mm? and a tensile
strength of 757 N/mm? He also found evidence that TIG-dressing does not only influence the fatigue strength by
geometrical modification of the joint, but also by lowering the residual stresses at the surface of the plates. The tests were
executed on test specimens as shown in figure 4.13 . In figure 4.15 to figure 4.18 his findings are shown.
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figure 4.13 Geometry of specimens tested by Martinez (source: Lopez Martinez et al., 1997)
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figure 4.14 Upper view of test specimen with locations for residual stress measurements (source: Lopez Martinez et

al., 1997)
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figure 4.15 Longitudinal residual stress distribution in A-section of as welded specimen (source: Lopez Martinez et

al., 1997)
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figure 4.16 Longitudinal residual stress distribution in B-section of as welded specimen (source: Lopez Martinez et

al.,, 1997)
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figure 4.17 Longitudinal residual stress distribution in A section of TIG-dressed specimen (source: Lopez Martinez et

al., 1997)
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figure 4.18 Longitudinal residual stress distribution in B section of TIG-dressed specimen (source: Lopez Martinez et
al., 1997)

It is clear that the maximum residual stress increases due to TIG-dressing. For example, the maximum stress in the stress
state of figure 4.15 is 556 N/mm? while in the stress state of figure 4.17 this is increased to 699 N/mm?. At the surface
however, the residual tensile stresses are reduced from 360 N/mm2 to 256 N/mmz. As explained in 2.3.2, tensile residual
stresses have a detrimental influence on the fatigue strength of a component. Therefore, a reduction of tensile residual
stresses can increase the fatigue strength of the joint. At some distance from the weld toe, section B in figure 4.14, the
tensile stresses at the surface increase due to the TIG-dressing, compare figure 4.16 and figure 4.18. This has of course the
effect that the compressive residual stresses near the edge of the specimens increase. For welds, the most likely location
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for crack initiation is at the weld toe at the surface. This is exactly the location where the residual stresses are reduced,
which explains the beneficial effect of the change of the residual stress state.

4.3.4 Influences of TIG dressing on fatigue strength

In the previous paragraphs the main influences of TIG dressing are discussed:
— Increase of weld toe radius
—  Change of residual stress state
—  Change of microstructure
—  Reduction of weld flaws and inclusions at the weld toe

Especially the reduction of weld flaws and inclusions in combination with the increase in weld toe radius is assumed to
create the beneficial behaviour of TIG dressed specimens when compared with as welded specimens.

In general, two results are reported in research concerning the increase in fatigue strength: the fatigue strength at a
certain number of cycles (usually 2-10° is taken as an example) increases and the fact that this strength increase is most
notable at a high number of cycles. This second result means a higher m-value, or flatter S-N curves. Some examples of
these effects are shown below, from a study by Dahle on fillet welds. The flatter appearance of the S-N curve is caused by
the increase in crack initiation time, which mostly occurs at lower stresses and higher cycles. Because the high cycle regime
has more benefit from the treatment, the S-N curve rotates and the m-value is increased. The fact that crack initiation
becomes important means that the governing factors for fatigue are stress concentration factor, material strength, mean
stress, residual stress, stress range, etc. (Dahle, 1998). For high strength steel the crack initiation time is more important
with respect to the total fatigue life than it is for standard steel, therefore the high strength steel data show a clearer
flattening of the S-N curve due to TIG dressing (see figure 4.19) and increase of fatigue strength than standard steel.
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figure 4.19 S-N curves of TIG-dressed fillet weld specimens compared to an as welded reference scatter band. Left:
S590 steel, right: S900 steel (source: Dahle, 1998)

Dahle has coupled the change in m-value, log(C) value and FAT-value to the material strength. The results of this
regression are shown in figure 4.20. It is clear that both the m-value and the value of intersection with the vertical axis
increase when the material strength increases. This will also result higher FAT values. The algebraic formula for the
improvement of the FAT-value is:

AFAT =0,001056 R, , +0,65982 (4.1)

It must be noted that this FAT-value does not correspond directly to the standard detail categories, but is to be used with
the also adjusted slope m and intersection log C as shown in figure 4.20.

This formula leads to a relatively low increase in fatigue strength for normal steel strengths, but matches with the data. A
remark is made that the wide scatter of the data resulted in a very conservative design line.
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figure 4.20 Influence of material strength on S-N curve parameters. Left: m and C. Right: FAT-value. (source: Dahle,
1998)

Dahle also calculated the increase in fatigue strength of the individual data points with respect to the reference
scattering band. In table 4.3 the average outcomes of this calculation are shown per steel grade. It is clear that the material
strength has an influence on the beneficial effect from TIG dressing. Both data from constant amplitude loading and
variable amplitude loading are incorporated in the calculation.

Steel Grade Yield strength [N/mm’] Average improvement of fatigue strength
350 398 1.185
590 615 1.424
700 780 1.725
900 900 1.894

table 4.3 Increase in fatigue strength (source: Dahle, 1998)

Similar results arise from the research of Pedersen et al. (2009), where the free slope of the fatigue curve of TIG-dressed
S700 grade specimens increases to 5.9 compared to 4.2 for as welded specimens of mixed steel grade. The reported
beneficial effect at 10° cycles is around 38% and around 70% at 2-10°. This research also considers fillet welds only

More research on the beneficial effect of TIG dressing on fillet welds has been done by Huo (2005). This research does
not focus on high strength steel but distinguishes results for constant amplitude loading and variable amplitude loading.
The results, comparing two post weld treatments to the as welded condition, are shown in figure 4.21. The test data show
much less scatter than the low strength data of Dahle, which leads to a greater increase of the fatigue strength:
approximately 37% for steel with 0,=390 N/mmZ.
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figure 4.21 Comparison of two weld improvement techniques with the as welded situation for a steel with a yield
limit of 390 N/mm’ and a tensile strength of 590 N/mm’. Tested on fillet weld specimens (source: Huo et al., 2005)

The effects discussed by Dahle are partially visible in the data published by Huo. If only the constant amplitude (CA) data
published by Huo are considered it is clear that the fatigue strength of the connection increases, but the higher m-value is
barely visible. This might be due to the fact that the steel in question is of standard quality, while the flattening effect in the
study of Dahle was most notable for higher strength steels.
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Other results are published by Haagensen, who found an average increase of 44% in the fatigue strength of a fillet weld
joint, but no change in slope of the S-N curve (Haagensen et al., 1987). This result was also found for standard steel with a
yield strength of 365 N/mm?, which means it does not exclude the flattening effect for higher strength steels.

All research shows an increase in fatigue strength of TIG dressed specimens. The increase in fatigue strength differs from
20% to 40% for standard steels and can be as high as 90% for very high strength steels. The research data by Dahle and
Pedersen also shows a rotation of the S-N curve, especially for high strength steels in the case of Dahle. Other researches
do not show this effect, but also do not incorporate high strength steels, so they do not confirm nor refute the presence of
this effect. All discussed researches consider fillet welds only. Whether the effect will be similar on butt welds shall have to
show from this testing programme.
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5 Test setup

5.1 Chapter outline

In this chapter the testing programme and test setup are discussed. In paragraph 5.2, the identification, dimensions and
fabrication of the specimens is discussed. The test setups that have been used for the different experiments are shown and
explained in paragraph 5.3.

5.2 Testing programme

5.2.1 Identification of test specimens

In total there were 11 plates available for testing, each with different specifications. The specimens indicated by a V
consist of two rolled plates connected by a V-butt weld. The specimens indicated by a C consist of a rolled plate and a cast
plate of similar static strength, connected by a V-butt weld. The cast steel plate is in general slightly thicker (about 5%) than
the rolled steel plate. The number in the specimen identification code refers to the first two numbers of its steel grade. The
available plates are:

—  Plates V89, V46, V69, C69 and C46 with approximate dimensions 330 x 25 x 950 mm?.

—  Plates C11 and V11 with approximate dimensions 330 x 20 x 950 mm>.

—  Plate C89 with approximate dimensions 320 x 25 x 950 mm?, with a longitudinal cut along the full length except
for the weld area.

—  Plate C89a with approximate dimensions 160 x 25 x 950 mm’.

With the available material 24 strips with a width of approximately 100 millimeter were produced for fatigue testing.
Each plate, except C89 and C89a, is therefore divided in three pieces of approximately 100 millimeter and one +25
millimeter residual strip which can be used for hardness measurements. The C89 plate is divided in two specimens and the
third C89 specimen is produced from plate C89a. The produced specimens are shown in Annex B in tabulated form. The
material specifications can be found in the material certificates provided in Annex D.

5.2.2 Preparation of specimens

The specimens were prepared according to IIW recommendations on TIG dressing (Haagensen et al., 2001). Both the cap
and root sides of the V-butt weld were TIG dressed. To provide a suitable geometry on which to apply TIG dressing, the
weld root was ground off until a limited height remained. The weld roots of two specimens could not be TIG dressed:

—  C69. After grinding the weld root, small porosities were visible. To prevent these gas inclusions swelling up during
the TIG dressing process, resulting in an unsatisfactory end result, this root was not TIG dressed. It would be
interesting to investigate whether these gas inclusions would indeed have spoiled the TIG dressing process,
whether these inclusions would show up on an X-ray test and whether they would pass or fail this test. Depending
on the answers on these questions these porosities could have serious consequences for the practical application
of the TIG dressing process.

—  (C89. This plate consists of 2 butt welded specimens joined together longitudinally. One half of the plate had
insufficient weld height to prevent the TIG dressing process causing undercut. Therefore, this half was not TIG
dressed on the weld root.

In both these cases only the weld toes at the weld cap were TIG dressed. Because the misalignment due to welding will
cause extra tensile stresses at the weld cap when the fatigue tests commence, the fatigue cracks are expected to initiate
there. Therefore the decision not to TIG dress the weld roots will probably not have any influence on the outcome of the
tests.

All plates were flame cut into strips of approximately 100 millimeter in width. Subsequently a reduction in cross section
was made near the weld to prevent fatigue cracks in the parent material near or in the clamps of the testing rig. The final
dimensions of all specimens are depicted in Annex B.
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5.3 Test setup

5.3.1 Measurement of weld geometry

To make an accurate measurement of the weld geometry a sensor has been mounted to an X-Y motor. This laser sensor

measures the distance from its own position to the object that is to be scanned. An overview of the measuring setup is
shown in figure 5.1.

figure 5.1 Setup to measure the geometry of welds

The X-Y motor has a precision of 1/160 millimeter in both directions. The laser sensor has a resolution of 1/1000
millimeter over its full bandwidth which can be increased by sample averaging to 1/10000 millimeter. An overview of the
type of laser sensor that has been used is shown in figure 5.2.

MR Measuring Range
S0 Standoff Distance
0D Offset Distance

figure 5.2 Type of laser sensor used in measuring the weld geometry

Silicon rubber casts

To speed up the total process of measuring and preparation of the specimens and to make the changing of specimens
more manageable, silicon rubber casts were made of the welds. The casts are an exact negative reproduction of the weld.
The specifications of the used silicon rubber can be found in the manufacturer’s website. The used rubber is of the type
PS81020 from Polyservice in The Netherlands. In figure 5.3, laboratory staff is casting the silicon rubber onto the steel
plates. The result of the casting is shown in figure 5.4.
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figure 5.3 Casting of the silicon rubber onto the steel plates

figure 5.4 Silicon rubber cast of C89a plate

5.3.2 Measurement of fatigue life

The prepared specimens are tested under axial loading in the Stevin Laboratory of the Delft University of Technology. The
used test rig is depicted in figure 5.5. The testing rig has a maximum load of 600 kN.

Specimen

1000

Hydraulic
jack

,,,,,,,

figure 5.5 Schematic of testing rig (image source: Pijpers, 2011)
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The starting point of each measurement is the unclamped, unloaded specimen. This means that the deformation arising
from the static clamping of the imperfect specimens already results in non-zero measured tensile strains at the weld cap.

For all specimens the intention is to test at R=0.1, but due to the aforementioned tensile strains and the resulting
stresses, this requires the minimum load to be a compression load in many cases. This is deemed unpractical, and possibly
unsafe, therefore a minimal tensile load of 10 kN is taken as a lower bound for the minimum load. The actual R-value is
documented, based on both the strain gauges and the measured force.

Twelve strain gauges were placed on each specimen. The location of the strain gauges and global dimensions of the
specimens are depicted in figure 5.6. The numbering of the strain gauges is depicted in Annex B.

L
1

100
]
70

200

figure 5.6 Global dimensions of specimen and location of strain gauges

Crack monitoring

When one of the strain gauges starts showing a strain range which deflects significantly from its average, the system
shuts down the test rig so that, when restarted, crack monitoring can take place. When the crack occurs near one of the
strain gauges it can be detected at a crack length of about 10 millimeter. If the crack occurs further away, the crack length
at detection can be much longer, up to 40 millimeter.

Cracks are monitored in two ways. To visualize the crack, some petroleum is brushed onto the surface of the specimen
and subsequently wiped away. The length of the crack at the surface can then directly be measured with a vernier caliper.
This measurement can be executed relatively frequent.

Another method to monitor cracks is crack marking. This involves raising the lower stress in the specimen to about 90%
of the upper stress in the specimen, thereby greatly reducing the stress range, for 2% to 10% of the expected total number
of cycles to failure. This results in visible ‘beach marks’ on the crack surface after failure of the specimen. Because the stress
range is much lower during this procedure, the number of stress cycles made in this procedure can be neglected in the total
amount of stress cycles before failure. A good example of the result of crack marking is shown in figure 5.7, but not all
specimens give the good results as shown in the image. Some specimens fail rather quick after crack initiation, thus
allowing only two or three crack markings. In other specimens, while the crack marking was executed more often, none or
not all marks are visible. In general, crack marking cannot be executed as frequently as the surface measurement, because
the markings must have some distance in between each other, preferable a few millimeters. Furthermore, the assumption
that the number of cycles during marking can be neglected will become dubious if crack marking is executed to frequently.

figure 5.7 Beach marks visible in a specimen

5.3.3 Measurement of material hardness

Of all plates a small piece of material has been polished and etched to distinguish the weld material, heat affected zone
and parent material. On the different zones hardness measurements have been carried out. This is a standardized test and
is executed according to the applying codes. For more details on the testing, reference is made to Annex H. The results are
discussed in 7.4.
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6 Processing and results of laser measurements

6.1 Chapter outline

In this chapter the results of the laser measurements are discussed. In paragraph 6.2 is discussed how the raw data is
processed to usable results. Any issues that were encountered are discussed and a solution is presented. The distribution of
the weld toe parameters and any differences between cast and rolled steels or different steel strengths are discussed in
paragraph 6.3.

6.2 Test output and processing laser measurements

6.2.1 Test output

The direct output from the laser scan is a table containing the position of the laser and the measured distance. For post
processing the laser position and measured distance are separated and the measured data are leveled out by subtracting a
plane from the data in such a way that the parent plate has value 0. The matlab scripts to perform these actions, and all
coming processing actions are shown in Annex F. Now the first results can be plotted in 3D, as shown in figure 6.1 and
figure 6.2.

0 i

figure 6.1 3D overview of a the weld of plate V46 before TIG dressing, no gridlines are shown to keep the image clear
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figure 6.2 Zoomed in on figure 6.1, with gridlines at a 0.05x0.5 mm? grid
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From the same datasets weld cross sections can be plotted (see figure 6.3), which can be used to determine the
20

geometry of the weld toe.
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In figure 6.4 these characteristic values are shown on a fictive, exaggerated weld toe cross section
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Four characteristic values have been chosen to describe the weld toe:
1.
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schematisation of weld toe

example of measured weld profile

weld height

weld toe angle

weld toe radius

undercut

figure 6.4 Possible measured weld profile (exaggerated) and its accompanying schematization

6.2.2 Determining the weld radius

The radius is measured by creating a fine grid around an estimated midpoint for the circle which coincides with the notch
root. For each grid point the distance to each data point of the weld geometry is calculated over a user specified section.
The grid point that shows the least variation in these distances is the best suitable midpoint and the accompanying weld toe
radius is determined by averaging all distances. The script of this process is shown in Annex F. Some steps of the process are
shown in figure 6.3 and figure 6.5.
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figure 6.5 Optimized circle for the left weld toe (red) of the same weld cross section as shown in figure 6.3. The
optimal midpoint is marked. Axes are in millimeters

Unfortunately, the process is not completely automatic. The user must specify the boundaries of the grid by specifying an
expected circle midpoint and the grid width and height. If this is not done properly the optimized midpoint will lie at the
edge of the grid, because the actual optimal midpoint lies outside the gird. In this case the user can specify a larger grid or
relocate the expected midpoint until the optimized midpoint lies at a satisfactory distance from the edge of the grid. The
user must also specify boundaries between which the circle must be optimized. In figure 6.5 these boundaries are chosen as
5.25 millimeter and 5.75 millimeter. Of course these boundaries are estimates and could also be estimated at slightly
different values. In figure 6.6 a plot is shown where the optimization boundaries where varied to a certain extent.
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figure 6.6 Different radii for different optimisation boundaries. Axes are in millimeters.

In figure 6.6 different circles are shown as the result of different optimization boundaries. Unfortunately, there is no
absolute way of determining which circle is the best optimization. An obvious indication of the best circle is the variation in
the distances from its midpoint to the data points: the circle for which the total variation is the least fits the weld geometry
the best. However, because the number of data points is reduced when the optimization boundaries are narrowed, it is
easier for the program to make a better optimization. Therefore, narrower optimization boundaries will always result in a
lower variation. From figure 6.6 can be concluded that rather large differences in weld toe radius can be found if the
optimization boundaries are varied. The boundaries and their accompanying radii as drawn in figure 6.6 are shown in table
6.1.

Optimisation boundaries [mm] Radius [mm)]
5.15-5.85 1.61
5.20-5.80 1.40
5.25-5.75 1.20
5.30-5.70 1.24
5.35-5.65 1.04
5.40-5.60 0.74

table 6.1 Different determined radii for different optimisation boundaries

From figure 6.6 cannot clearly be concluded which of the circles fits best. If a zoomed in version of figure 6.6 is
considered (figure 6.7) it is clear that the circle with the smallest radius (0.74 millimeter) is too pessimistic. The circle with
the largest radius is too optimistic, especially on the right side of the figure. To the eye, the circles with radii 1.20, 1.24 and
1.40 millimeter seem to match best with the weld.
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figure 6.7 Zoomed in on figure 6.6. Axes are in millimeters.

Another remark must be made on the small dimple in the weld geometry that can be seen around 5.55 on the horizontal
axis of figure 6.7. This could also be regarded as a very small notch, with a very small radius. These types of dimples or other
irregularities that could be interpreted as a small notch occur in a large number of weld cross sections, both as welded and
TIG-dressed. A choice must be made to either use the large radius or use the small radii as characteristic value.

The following sections will first address the possible subjectivity of the determination of the radii and ways to make it as
objective as possible. Then the issues concerning the additional smaller radii will be discussed.

Choosing the ‘correct’ radius for the weld toe

As described above, the determining of the weld toe radius cannot be done entirely automatic. The user of the program
influences the outcome to a certain extent. To determine whether the found weld toe radius is acceptable, a number of
checks can be made:

1. Where the found radius intersects or meets the measured weld profile, the tangent of the circle must coincide
with the tangent of the measured weld profile.

2. When the boundaries are varied a small amount, the found radii must not greatly differ from each other. For
example, the three radii in figure 6.7 which are deemed to fit rather well, are all determined with different
boundaries but do not differ greatly. However, if the boundaries of the smallest circle are slightly enlarged the
radius varies greatly. In this case, the smallest circle is influenced too much by the small dimple in the measured
weld profile.

3. The overall image must be satisfactory. This is of course extremely subjective, but is one of the most important
tools to judge a radius. For example: for the program it is very difficult to filter out the small dimple in the
middle of figure 6.7, but a person can easily see that, if the large radius has to be determined, the small dimple
can be ignored.

To get an estimate of the amount of subjectivity involved in the process, the analysis process has been carried out twice
for one weld cast. The results of this are shown in table 6.2. It is clear that the differences in mean and standard deviation
are very small. The differences in mean value can even be neglected when the size of the standard deviation is taken into
account.

Radius Angle
Measurement 1 2 1 2
Mean [mm] 1.26 1.28 25.64 24.98
Standard Deviation [mm] | 1.12 1.02 5.40 5.07

table 6.2 Comparison of measured weld radii and angle for two different measurements of the same weld profile

This test does not prove that the weld profile measurements are fully objective, but can be used as an indication of the
amount of variation to be expected in the weld toe parameters by the user input in the program.
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Choosing between large and small radius

In figure 6.7 two radii can be seen, a large one, for which the circles are drawn, and a smaller dimple in the middle of the
figure. Both these radii could be used to determine the ‘characteristic radius’ for this weld toe profile. This problem is not
unique for the weld profile shown in the figure, but occurs regularly.

To solve the problem, experts on welding and fatigue at the faculty of mechanical engineering of Delft University of
Technology were consulted. A suggestion was made that the small radius might be too small to have influence on the crack
initiation of the specimen. In fracture mechanics this problem is addressed with the Kitagawa-Takahashi diagram (Janssen
et al., 2002). This diagram describes the influence of a surface imperfection on the fatigue limit of the specimen. On the
horizontal axis the size of the imperfection (a) is shown, which in this case is the depth of the small radius in relation to a
‘smooth’ larger radius. On the vertical axis the threshold stress range to initiate a crack in plain material is shown (o). The
diagram is build of out of two lines, one describing the fatigue limit, and one line depending on the threshold value of K, as
used in fracture mechanics (see 3.4). In the example of figure 6.8 the threshold stress to initiate a crack lies around 350
N/mmZ for small defects. When defects increase to a size greater than a certain value, the threshold stress will start to
decline. As a rule of thumb we can state that below the intersection point of the two dotted lines, Iy, the threshold stress
does not decline by a large amount. This means that if a small defect (the small radius) is smaller than |, it will not influence
the minimal stress to initiate a crack, and will therefore not influence the fatigue life.
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figure 6.8 Example of a Kitagawa-Takahashi diagram for a nodular cast iron (Ac. = 320 MPa AK,,=6.2 MPavm)
(source: Janssen et al., 2002)

To determine whether the small radii have to be taken into account, first Iy has to be determined for the different
materials. When both o, and AKy, are known, the value of |, can be determined. To quickly assess the influence of the small
radii not all materials are considered, but a selection of two materials is made: S690 and S1100. It is especially important
that $1100 is considered because previous research (Pijpers, 2011) has shown that these specimens are very sensitive for
surface roughness.

For the endurable stress range in plain material (0.,=0¢) reference is made to experiments carried out on this material
(Pijpers, 2011). On plain specimens, with mill skin in place, tests were performed. For both materials a runout was found
below a certain stress. This stress will here be used as o¢. The values of the used fatigue limits are given in table 6.3.

Material o [N/mm?]
S690 270
$1100 378

table 6.3 Endurable stresses on plain material

Different authors have reported on the value of AKy,. The different recommendations are shown in table 6.4. A remark
must be made on the recommendation of the IIW (Hobbacher, 2007), in which for very small surface cracks it is reported
that the Ky, may be lower than specified in table 6.4. However, based on the experiences of all other authors, where no
such remark is made, a value of 63 Nmm 2 is assumed to be sufficiently conservative.
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DKy, [Nmm’a/z] author

101 up to 120 Wanhill, 1991
102.2 up to 208.7 Romeijn, 2006
240-173-R Gruney, 1979
170-214-R>63 Hobbacher, 2007

table 6.4 Different estimates of AKy,

With these data the value of |y can be determined. For a limited number of weld cross sections an analysis is made of the
depth of the ‘small radius’ if one is present. The results of this, and the calculated |, are shown in table 6.5. It is clear that
most radii lie around the value of |, (note that the Kitagawa-Takahashi diagram uses log-scales on both axes). The small radii
may therefore have an influence on the fatigue strength of that local material, but as this influence is relatively small it can
probably be ignored, especially when it is taken into account that for AKy, values can occur which significantly increase the
value of |,.

Vil V69

x [mm]| toe radius [mm]| depth of 'small radius' [mm]| x[mm]| toe radius [mm]| depth of 'small radius' [mm]
30 4.5732 0.0255 30 0.9837 0.0086
60 0.1614 N/A 60 0.8090 0.0149
90 1.7606 0.0189 90 1.7725 0.0287
120 2.7126 0.0171 120 0.3471 N/A
150 0.9171 0.0086 150 0.5420 0.0056
180 1.3947 N/A 180 0.2387 N/A
210 2.2831 0.0088 210 0.5109 N/A
240 1.7988 0.0047 240 1.1260 N/A
270 1.0579 0.0066 270 1.7184 0.0227
300 0.6709 N/A 300 2.0000 0.0187
330 3.6710 0.0381 330 0.4925 N/A
Mean 1.9092 0.0160 Mean | 0.9583 0.0165
Stdev 1.3260 0.0114 Stdev | 0.6212 0.0086
lo 0.0088 lo 0.0173

table 6.5 Analysis of occurring small radii and their depth in relation to a 'smooth' curve

Furthermore, these smaller radii occur mostly at some distance into the weld, where the maximum stress peak is not
located, and therefore suffers from a lower stress range.

As a final argument to choose the larger radius as characteristic, is the fact that the smaller radii occur both in the as
welded specimens and TIG-dressed specimens, with comparable regularity. Therefore, the large radius is the changing
factor and thus interesting to record.

6.2.3 Determining the weld toe angle, weld height and undercut

For the determination of these tree values a platform of straight parent material is used as base value. From this base the
angle, height or undercut at the weld toe can be determined. To save time, the measurements only incorporate a limited
distance of parent material (a few millimeters). This sometimes leads to difficulties because undercuts cannot always be
distinguished from the straight parent material. If additional research is done on this topic, a wider measurement scope is
highly recommended. About 10 millimeter of parent material, measured from the weld toe, will probably suffice. It might
be possible to increase the across-the-weld grid size at distances greater than a few millimeters from the weld toe, to keep
the measuring time within limits.

6.3 Results

6.3.1 Observed geometries

The analysis of weld geometries has resulted in around 750 radii, angles and undercuts and about 375 weld heights for
both the as welded condition and the TIG-dressed condition. The as welded geometries all looked very similar, but the TIG-
dressed geometries showed four characteristic shapes, which all appeared in different regularity. The global shape of the
observed weld toe shapes for both the as welded and TIG-dressed condition are shown in figure 6.9.
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Typical As-welded Typical TIG-dressed  Typicial TIG-dressed  Typical TIG-dressed  Typical TIG-dressed
Type 1 Type 2 Type 3 Type 4

figure 6.9 Observed weld toe shapes (fictive geometries, for communication purposes)

—  Typical As welded. The as welded specimens generally have, to the eye, the same geometry. The parent material
shows no great undercuts. Then the weld material starts after a relatively small radius. The angle of the weld
material is rather steep.

—  Typical TIG-dressed, Type 1. This is the desired effect of TIG dressing (see 4.3.3, especially figure 4.9). The overall
weld geometry is much smoother. The weld radius is much larger than in the as welded state, and the weld toe
angle is reduced.

—  Typical TIG-dressed, Type 2. A significant undercut is visible, even to the naked eye on the weld itself. The
undercut has depths up to about 0.5 millimeter. The weld toe radius is generally larger than observed in Type 1,
and the weld toe angle somewhat steeper than for Type 1. Type 2 does occur, but not very frequently, and also
not in every weld.

—  Typical TIG-dressed, Type 3. To the eye this looks very similar to Type 1. However, a small ridge can be felt with a
sharp object or the fingernail. It seems the weld has solidified before an entirely smooth geometry was formed. In
the measurements, the radius and angle of the first, and in all cases smallest, radius was measured. The weld
angle of this type is similar to the weld angle of Type 1. Type 3 occurs rather frequently, and can be found in most,
if not all studied welds.

—  Typical TIG-dressed, Type 4. A small weld toe radius followed by a rather steep angle (similar to as welded) for a
very short distance. After this, the angle declines back to similar values as found in Type 1 and Type 3. Type 4
occurs far less frequent than Type 1 and Type 3.

It would be very interesting to make an inventory of the exact frequency of the different types, which could be matched
to fabricating conditions (experience of the welder, heat input, etc.) and to the point of crack initiation. Furthermore, it
would be very interesting to investigate the existence and frequency of these typical geometries in TIG-dressed welds in
practice. The welds studied in this research were all TIG-dressed by the same welder, under the same conditions on the
same day. Furthermore, all considered weld cross sections are taken from a very limited number of welds, which could
influence the results.

6.3.2 Comparison between rolled and cast steel

All data have been gathered and can be split in TIG-dressed and as welded or rolled and cast steels. It is visible to the eye
that TIG-dressing has had great influence on the weld geometry. Whether there is a clear difference between rolled and
cast steels has to result from the data from the weld geometry measurements. Only the parameters weld toe radius, weld
toe angle and undercut will be compared, because the weld height is deemed independent from the parent material,
especially since cast plates are always welded to a rolled plate in this research.
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Weld toe radii

Bar diagrams of the density of measured radii for both rolled and cast steel are shown in figure 6.10. An overlay of these
two diagrams is shown in figure 6.11. It is clear that the cast steel radii show a sharper peak, in contrast with the smoother
diagram shown by the rolled steel data. The location of the peaks of both diagrams shows no large difference, especially
when the spread of the data is taken into account.
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figure 6.10 Comparison of as welded radii between rolled steel and cast steel [mm]
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figure 6.11 Overlay of as welded radii; cast (—) and rolled (- - -) steel [mm]
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Density bar diagrams for TIG-dressed radii are depicted in figure 6.12 with an overlay in figure 6.13. The radii of the rolled
steel show a density peak roughly at the same location as the cast steel and an additional peak of smaller radii. This can be
a significant difference, but can also arise from the fact that all data result from a limited number of welds. One weld bead
that has a lower quality, can easily influence the results to an extent that the differences between the two figures can be
explained. Aside from the additional peak the global shape of the diagrams appears roughly the same.
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figure 6.12 Comparison of TIG-dressed radii between rolled steel and cast steel [mm]
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figure 6.13 Overlay of TIG-dressed radii of cast (—) and rolled (- - -) steel [mm]
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Weld toe angles
In figure 6.14 density bar diagrams are shown for the weld toe angles of as welded specimens. An overlay of both
diagrams is shown in figure 6.15. It is clear that the diagrams are very similar.
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figure 6.14 Comparison of as welded angles between rolled steel and cast steel
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figure 6.15 Overlay of as welded angles of cast (—) and rolled (- - -) steel
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In figure 6.16 density bar diagrams are shown for weld toe angles of TIG dressed specimens. An overlay is shown in figure
6.17. The peak of both data samples differs, but when the spread of the data is taken into account, it is questionable
whether this is a significant difference.
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figure 6.16 Comparison of TIG-dressed angles between rolled steel and cast steel
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figure 6.17 Overlay of TIG-dressed angles of cast (—) and rolled (- - -) steel
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Undercuts

Density bar diagrams of the undercut of as welded specimens are shown in figure 6.18. An overlay of both diagrams is
shown in figure 6.19. It is clear that the diagrams look very similar, with most undercuts being zero. It must be noted that
both bar diagrams are cropped at 0.22 millimeter, while both the rolled steel and cast steel specimens shown a sporadic
data point at deeper undercuts. For clarity of the comparison the diagrams are cropped.
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figure 6.18 Comparison of as welded undercuts between rolled steel and cast steel [mm]
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figure 6.19 Overlay of as welded undercuts of cast (—) and rolled (- - -) steel [mm]
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The density bar diagrams of the undercuts of TIG-dressed specimens are shown in figure 6.20. An overlay of both
diagrams is shown in figure 6.21. For small undercuts both diagrams show similar behaviour, but for deeper undercuts, the
cast steel specimens show much more undercuts. This can attributed to the fact that the large majority of typical TIG-
dressed type 2 weld geometries (see figure 6.9) occurred in one weld in the C69TIG plate on the cast side.
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figure 6.20 Comparison of TIG-dressed undercuts between rolled steel and cast steel [mm]

80 T T

70 .

60+ N

i SFIL £l mﬂ__ﬂﬁ i n ! I‘ﬂ ! n ! I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
TIG-dressed undercuts; Cast and rolled steel

figure 6.21 Overlay of TIG-dressed undercuts of cast (—) and rolled (- - -) steel [mm]

Conclusion

The overlay diagrams of the weld toe radii, weld toe angles and undercuts show different results. In some cases the
results match almost exactly, and in some cases the cast and rolled steels show rather different results. Before a conclusion
can be drawn, a few factors must be considered.

First of all, the data set for cast steels is much smaller than for the rolled steels, since all cast steel plates are welded to a
rolled steel plate. This results in a roughly three times larger data set for the rolled specimens. This could explain some of
the sharp peaks the cast steel data show (e.g. see figure 6.11). Furthermore it must be noted that all data result from only
nine welds in total, which in turn may be built up from multiple weld beads. This means that in total only eighteen weld
beads have been measured (one for each weld toe). If one of those weld beads has been fabricated in a less than perfect
way, this can very easily translate into large differences in the above analysis. For example, the large majority of large
undercuts that are visible in cast steel appear in the C69TIG plate.

Based on these considerations and the fact that the differences between peaks generally do not exceed the standard
deviation, it is assumed that the welds in cast steel and rolled steel have similar distributions of geometry.
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6.3.3 Comparison between different steel grades

The data sets of the individual measured plates consist of relatively few data points. This will result in very rough bar
diagrams. This effect was already noted in 6.3.2 where the rolled and cast measurements were compared. In this case there
is not a difference in data size, but the small size of the data set severely distorts the overlay of two bar diagrams.
Therefore, in this paragraph only mean values and standard deviations will be compared. The results for weld height are
not taken into account, because this differs greatly between plates, and mainly depends on the skill of the welder and the
amount of added weld material. In table 6.6 to table 6.8 the comparison between the different materials can be made, both
for the as welded as TIG-dressed situation. For the weld toe radius and weld toe angle hardly any differences can be
observed, and any differences are small when compared with the standard deviation. For the undercut in the as welded
situation there seems to be a material dependent influence, but as this influence is not apparent in the TIG-dressed
situation it is concluded that the steel grade has no influence on the weld toe parameters.

As welded TIG-dressed
mean [mm]| stdev[mm]| mean [mm]| stdev[mm]
S1100 1.4188 1.0184 4.5360 2.9817
S890 1.5691 0.9458 4.9847 4.4375
S690 1.5210 1.1274 4.5058 3.1078
S460 1.8761 1.6850 3.6718 3.2851

table 6.6 Comparison of mean value and standard deviation of weld toe radii. The given values are also applicable to
the cast steel counterpart of the mentioned rolled steels.

As welded TIG-dressed
mean [-] stdev [-] mean [-] stdev [-]
$1100 29.0235 5.9754 14.5088 4.2531
S890 28.3556 5.5604 14.1985 4.8029
S690 27.9500 6.2554 17.0907 6.0301
S460 26.0104 7.9736 15.7443 3.7348

table 6.7 Comparison of mean value and standard deviation of weld toe angles. The given values are also applicable
to the cast steel counterpart of the mentioned rolled steels.

As welded TIG-dressed
mean [mm]| stdev[mm]| mean [mm]| stdev[mm]
$1100 0.0217 0.0534 0.0231 0.0369
S890 0.0176 0.0352 0.0161 0.0314
S690 0.0077 0.0120 0.0368 0.0850
S460 0.0067 0.0102 0.0142 0.0151

table 6.8 Comparison of mean value and standard deviation of undercuts. The given values are also applicable to the
cast steel counterpart of the mentioned rolled steels.

6.3.4 Distribution of weld geometry parameters

Based on the previous paragraphs, the data for cast and rolled steel or different steel grades will not be analyzed
separately. In this paragraph collected data of all weld geometry parameters will be plotted.

Weld toe radius

In figure 6.22 the results of the laser measurements are shown for as welded and TIG-dressed specimens. An overlay of
both diagrams is shown in figure 6.23. The overall trend is what is to be expected from TIG-dressing: the weld toe radius
increases. However, very small radii still occur and their numbers are still significant. This will be due to the occurrence of
typical TIG-dressed geometries type 3 and 4 (see figure 6.9). The spread of the TIG-dressed radii is much larger than for the
as welded radii with the occurrence of the aforementioned small radii, but also very large radii occur. A tabulated summary
of the results is given in table 6.9. Note that the values of the weld toe radii are not normally distributed. The values in table
6.9 should therefore not be used as such.
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Mean [mm] Standard dev. [mm]
As welded 1.5940 1.2256
TIG-dressed 4.6807 3.5462

table 6.9 Mean and standard deviation of measured radii

20
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Weld toe angle

In figure 6.24 the results of the laser measurements are shown for as welded and TIG-dressed specimens. An overlay of
both diagrams is shown in figure 6.25. The trend is exactly as expected: the average angle decreases. Of course a few
steeper angles occur in the TIG-dressed situation, but not with a frequency that is disproportionate with the overall shape
of the distribution. The spread of both data is in the same order of magnitude. A tabulated summary of the results is given
in table 6.10.
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figure 6.24 Comparison of as welded and TIG-dressed angles [mm]
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figure 6.25 Overlay angles of as welded (—) and TIG-dressed (- - -) specimens [mm]

Mean [mm] Standard dev. [mm]
As welded 27.8480 6.5577
TIG-dressed 15.3052 4.9701

table 6.10 Mean and standard deviation of measured angles
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Undercut

In figure 6.26 the results of the laser measurements are shown for as welded and TIG-dressed specimens. An overlay of
both diagrams is shown in figure 6.27. The diagrams show a slight increase in non zero undercuts for TIG-dressed
specimens, but both TIG-dressed and as welded specimens have hardly any undercuts larger than 0.05-0.1 millimeter. The
TIG-dressed specimens contain a few deeper undercuts as described above. A tabulated summary of the results is given in

table 6.11.
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figure 6.27 angles of as welded (—) and TIG-dressed (- - -) specimens [mm]

Mean [mm] Standard dev. [mm]
As welded 0.0136 0.0335
TIG-dressed 0.0229 0.0512

table 6.11 Mean and standard deviation of measured undercuts
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Weld height

Because TIG-dressing takes place at the weld toe, the weld height is assumed not be influenced to a great extent.
Therefore, only as welded data will be shown in diagrams. A comparison of mean and standard deviation of the weld height
data between as welded and TIG-dressed specimens is shown in table 6.12. The results in this table strongly support the
assumption that the weld height is not influenced by TIG-dressing.

Mean [mm] Standard Deviation [mm]

As welded | TIG-dressed | Aswelded | TIG-dressed
C11 3.9384 3.9188 0.4697 0.4557
C89 4.1151 4.1485 0.2928 0.2747
C89a 4.3455 4.3803 0.2212 0.1790
C69 2.3018 2.2875 0.1935 0.1943
C46 1.7768 1.7068 0.1662 0.1107
V11 3.6734 3.7067 0.2278 0.2193
V89 3.0152 3.0438 0.2569 0.2421
V69 2.4594 2.4965 0.1445 0.1342
V46 2.1462 2.1428 0.1875 0.2023

table 6.12 Comparison of mean and standard deviation of weld heights for as welded and TIG-dressed specimens

From the given values for the mean and standard deviation in table 6.12 can be deducted that the weld height can vary
very significantly between welds, but shows very limited variation along one weld. Therefore, in figure 6.28 and figure 6.29
the distribution of weld heights is specified for each plate separately.
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6.3.5 Evaluation of influence of TIG-dressing

The intention and expected result of TIG-dressing is the increase of the weld toe radius and, for butt welds, the reduction
of the weld toe angle. Both these effects are clearly visible in the measured weld geometries.

The mean value and standard deviation that are found for the weld toe radius before and after weld improvement
comply reasonably with earlier research (see figure 4.11) with the remark that the measured radius for TIG-dressed
specimens is somewhat lower than is shown in earlier research. However, if the actual distribution of as welded and TIG-
dressed specimens is observed it is clear that, although the average radius increases significantly, a large amount of small
radii still occurs in the TIG-dressed specimens. The fitting of a statistical distribution has been omitted. While the as welded
data comply reasonably well with a log-normal distribution, the TIG-dressed data shows an additional peak near the smaller
radii which makes accurate mathematical description difficult.

The average weld toe angle has decreased significantly and shows smaller spread after TIG-dressing. The data sets before
and after TIG-dressing show a distribution shape similar to a normal distribution. The distribution of undercuts after TIG-
dressing shows similar behaviour as before the treatment, with the exception of an increase of very deep undercuts (typical
TIG-dressed geometry type 2, see figure 6.9). The large majority of undercuts lies below 0.05 millimeters depth. The weld
height of each separate weld does not seem to be influenced by TIG-dressing. The spread of weld heights over each weld is
very small, but weld heights of different welds can show significant spread.

When fatigue is considered to be a weakest link process, it is questionable whether these results justify a fatigue strength
increase due to changed geometry. The average weld geometry shows significant improvement with a larger weld toe
radius and smaller weld toe angle, but in the worst case scenario this might not be the case. Especially the weld toe radii
show a significant peak near the smaller radii.

A few remarks must be made concerning this conclusion. First of all, although the worst case radius does not seem to
show improvement, it is very likely combined with a smaller weld toe angle, which reduces the stress concentration near
the weld toe anyhow. Secondly, the measured smaller radii in the TIG-dressed specimens mainly occur in typical TIG-
dressed geometries type 3 and 4 (see figure 6.9). In type 3 the stress concentration is expected to be lower due to the weld
plateau directly after the weld toe. Type 4 is rather rare, and a worst case scenario with a combination of geometry type 4
and other parameters such as a large inclusion and high residual stresses, which makes it comparable with the as welded
weld, is not very likely.

If a database would be made of the different occurring geometries (see figure 6.9), the dependencies between the weld
toe parameters, which are very likely present, can be investigated and documented. This would make an analysis of the
worst case scenario possible. This will be elaborated in 8.3.2.
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7 Processing and results of fatigue tests and hardness measurements

7.1 Chapter outline

In this chapter the results of the fatigue tests are discussed. The output of the testing rig and determination of the values
of N;, R and o, is discussed the first two paragraphs. In paragraphs 7.3, 7.4 and 7.5 the results of the fatigue tests, hardness
measurements and crack monitoring are presented.

7.2 Test output and processing

7.2.1 Test output

The fatigue tests result in data from the strain gauges, coupled to the number of cycles and notes made during the
experiment which contain crack length at various stages during the crack propagation life and number of cycles at failure.
When the specimen has failed it can be examined for beach marks, created by the crack marking procedure as described in
5.3.2. An example of the acquired strain gauge data is shown in figure 7.1, and an example of the acquired crack
propagation data is shown in figure 7.2.
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figure 7.1 Strain gauge data from specimen C69-2. The crack markings are clearly visible in the form of a lowered
strain range.
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figure 7.2 Crack propagation data from specimen C69-2. Most data points are directly measured during the test. The
crack marking data are rarer due to the complexity of the procedure, but fit in well with the other data.
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7.2.2 Determining N;, nominal stress and stress ratio

The test rig is programmed to shut down when the measured strain range deviates more than 5% from the average
measured value. When the test rig shuts down to start crack monitoring (see 5.3.2), the crack size is fairly substantial most
of the time. For example, the crack size at the first measurement in figure 7.2 is already 14 millimeter. Because TIG-dressing
is expected to especially increase the crack initiation life of the specimens, the number of cycles at crack initiation (N;)
needs to be determined. This point is determined with the aid of the strain gauge data. The first point where one of the
strain gauge lines starts to deflect from its average straight line is marked as the crack initiation point. In collaboration with
TNO an alternate method to detect the crack initiation site and determine the number of cycles to crack initiation has been
experimented with. Instead of the strain gauge data, acoustic emission of the crack was used. The procedure and
experiences are added in Annex G.

After failure of the specimen the crack surface can be inspected more thoroughly to find the crack initiation site. This is
usually darker due to the longer exposure to petroleum (see 5.3.2, crack monitoring). Also the presence of beach marks due
to crack marking can help identify the crack initiation site. When the location of crack initiation is determined, the nominal
stress is determined on the basis of measurements of the nearest strain gauge(s). In the tabulated fatigue test results in
Annex C the used strain gauges are specified. Annex B shows the location of the numbered strain gauges.

In the tabulated fatigue test results, two different values of the stress ratio R are specified. One is based on the strain
gauge(s) which were also used to determine the nominal stress. The other stress ratio is based on the measured values of
the force.

7.3 Results of fatigue tests

In this paragraph only the results of the fatigue tests will be shown without any adjustments (see 9.2.2). The results will
be split according to the static strength of the specimens. Cast and rolled results will be plotted in one graph. Based on
certain considerations, some results will be excluded from the analysis later. In the figures below all results are plotted. The
exclusion of data will be elaborated on in 9.2.1.

Three different failure mechanisms have been observed:

—  Base material failure (indicated with BM in the graphs and Annex C)
—  Weld toe failure (indicated with WT in Annex C)
—  Weld material failure (indicated with WM in Annex C)

The first two mechanisms were also observed in the as welded tests by Pijpers (2011). The weld material failure
mechanism was only very rarely observed in his quite substantial data set, while in the much smaller data set of this
research seven of such failures are observed, which accounts for roughly 30% of all results. A total of five failures were
found in the base material and only in the S890 and $1100 specimens. Several specimens have not failed and were stopped
at a certain number of cycles. These runouts are marked in all graphs.

The total failure of specimens is marked as defined as the number of cycles to failure: N;. The point where the first
deviation of a strain range from its average can be noticed is defined as the number of cycles to crack initiation: N;.
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figure 7.3 Results of tests on $S460 specimens.
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7.4 Results of hardness measurements

The results of the hardness measurements are shown in Annex H, in this paragraph the results will be discussed. The
general trend is that TIG-dressing increases the hardness of the material, both where the TIG-dressing has melted the
material and where the material has been influenced by the heat of TIG-dressing. Exceptions to this trend are the
specimens C89, C11 and V11, all of which are in the very high strength range. In these cases little to no hardness increase
has been observed. In some exceptional cases, the hardness has been lowered by TIG-dressing on these specimens.

The extensive study of these results lies out of the scope of this study, but the results can lead to some interesting
possible conclusions. The material hardness can be linked to the ultimate strength of the steel according to equation (7.1)
(Van Wortel, 2006).

R, =3.02-HV10 (7.1)

If the notch stress analysis is used, the ultimate strength is used in different steps of the calculation and directly linked to
the fatigue strength. The material constant a*, proposed by Lawrence (Radaj et al., 2006) (see 3.5.1 and equation (3.9))
depends on the ultimate strength. If the ultimate strength increases, a* decreases, which results in a higher notch
sensitivity of the material (see figure 3.10).

Different authors have reported on the relation between the static strength and fatigue strength (see figure 2.11). These
relations generally take the form of a linear equation, where increasing static strength leads to increasing fatigue strength.
This effect will be stronger than the effect of a* (see figure 2.10, where a factor 2.5 in R, leads to a factor of about 1.3 in
Kf).

If both these relations can be proven to be valid in the conditions that are considered, the increased hardness caused by
TIG-dressing may increase the fatigue strength of the weld, even when the changed weld geometry, residual stresses and
reduced defects are absent.

Earlier research by Pedersen et al. (2010) has shown the opposite of the results from this research: there a hardness drop
of 15 to 20% was shown (see 4.3.3). The exact effect of TIG-dressing on the hardness on the material and the consequences
of these effects therefore deserves a more thorough research.

7.5 Results of crack monitoring

On all specimens crack monitoring has taken place. However, in some cases fewer data points are available because the
crack had been detected in later stadium, or the beach marks which should be visible due to crack marking could not be
found. All usable results are collected in Annex I. The results can be used to verify the number of cycles to crack initiation,
or to determine material parameters needed for a crack propagation analysis. It could be investigated if the cracks grow in a
different rate after TIG dressing, and to what extent this can be explained by the changed geometry only. This research will
omit such calculations, because the focus lies on the extension of the crack initiation life.
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8 Analytical determination of fatigue strength

8.1 Introduction and chapter outline

As previously discussed, TIG dressing has a number of possible influences on the weld toe:
—  Geometry change
—  Reduction of imperfections
—  Change in residual stress state
—  Change of metallurgical state

The laser measurements of the weld geometry (see 5.3.1) result in extensive data concerning the first parameter. Surface
imperfections can possibly also be traced to a certain extent with the laser measurements, but this has not been done in
this research because deeper imperfections (inclusions) cannot be traced in this manner. Non-destructive testing could give
insight into the change in number and size of these imperfections, but to limit the duration of the research these tests have
not been carried out. The hardness measurements (see 7.4) give insight into the change of metallurgical state of the weld
toe. The change in residual stress shall be estimated, based on previous research.

In this chapter the fatigue strength of TIG-dressed specimens will be predicted based on the measured or estimated
parameters stated above. Because most standard fatigue assessments incorporate the weld geometry and imperfections in
the scatter, these methods for prediction cannot be used. The notch stress method (see 3.5) uses the actual geometry,
stress range, residual stress state and metallurgical state at the crack initiation site. This method is therefore suitable to
compare the state of the specimens before and after TIG dressing and predict the fatigue strength.

This chapter will first discuss the determination of the stress concentration factor and fatigue notch factor. Then other
influence factors will follow, leading to a prediction of the fatigue strength of the considered specimens.

8.2 Factors determining fatigue strength

According to the notch stress approach, the crack initiation life of welded joints can be compared with the crack initiation
life of plain material, if the corrections are made for the stress concentration effect of notches. However, as mentioned in
2.3.2 there are other factors influencing fatigue life. All these factors will be considered to determine the expected crack
initiation life:

—  Fatigue notch factor: K; (depends on the elastic stress concentration factor: K;)
—  Mean stress factor: f,

—  Thickness factor: f..,,.xi (only applicable to crack initiation life)

—  Loading mode factor: fi..ni (Only applicable to crack initiation life)

In the coming paragraphs each influence factor will be determined. Furthermore, the fatigue strength of the base
material needs to be determined, to which is referred in the notch stress analysis. Different relations between the fatigue
endurance limit and the static material strength have been developed. Pijpers (2011) has compared several formulas, and
found equation (8.1), as proposed by Haibach 2006, to be most applicable because of the distinction between rolled and
cast steel.

O—aE;O = fmat ! O_u (81)

In which:
fmat ~ Mmaterial factor for either rolled steel (0.45) or cast steel (0.34) [-]

In equation (8.1), the used value for the ultimate strength is the value specified in the material certificates and has not
been linked to the hardness measurements. When the fatigue limit of the base material is corrected for the influences
described above, the fatigue strength curve can be determined using the approach by Schijve or Hiick as described in 3.5.1.

8.3 Determination of stress concentration factor and fatigue notch factor

For butt welds without undercut, the elastic stress concentration factors have been studied before (Anthes et al., 1993)
and have let to a formula to determine the elastic stress concentration factor at the weld toe.
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the plate thickness [mm]
the weld toe radius [mm]
the weld toe angle [-]; degrees

Other parameters are specified in the table below:

Factor EN EN ay as b, b, [ I, I3
Tension 0.169 1.503 -1.968 0.713 -0.138 0.2131 0.2491 0.3556 6.1937
Bending 0.181 1.207 -1.737 0.689 -0.156 0.207 0.2919 0.3419 3.283

table 8.1 Influence factors for equation (8.2)

Unfortunately, this formula does not cover welds with undercuts. While the influence of small undercuts, such as found
in most geometries, is unknown, the influence of the large undercut of Typical TIG-dressed type 2 (see figure 6.9) will
certainly be significant. Furthermore, the weld height is not incorporated in the formula, as it is assumed by Anthes that
weld height and weld angle are directly related. For the observed weld toe geometries after TIG-dressing (see figure 6.9)
this is not the case, because the TIG-dressing process has changed the angle but not the weld height. To obtain stress
concentration factors for the specific geometries which were found, a FEM model of the local weld geometry is made.

8.3.1

FEM analysis of weld toe

A parametric model has been set up in which the following parameters can be adjusted:

Length
Thickness

Weld toe radius
Weld toe angle
Undercut

Weld height

Because the weld is relatively long compared to the dimensions of the weld toe notch, a 2D model consisting of plane
strain elements is chosen. An example of a possible weld geometry and the accompanying mesh are shown in figure 8.1.
Only one side of the weld is modeled, and the assumption is made that this will not influence the result. This will be shown
to be plausible later on.

figure 8.1 Example of FEM model

The main concern when modeling the weld toe notch is the size of the elements near the expected location of the stress
peak. IIW recommendations (Hobbacher, 2007) state that for linear elements the size of the elements should not exceed
1/6 of the weld toe radius, or 1/4 of the weld toe radius for higher order elements. To determine an acceptable mesh size,
four geometries were analyzed three times, with radius to element size ratios of approximately 5, 10 and 15. In the
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diagrams below the results of this investigation are shown. Each diagram shows three lines for the different radius to
element size ratios. The lines show the value of the largest principal stress along the arc of the weld toe. In the
accompanying legends the number of elements in the curve of the weld toe is also stated.
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figure 8.4 Principal stress along notch radius. p=2mm, © = 20°, Undercut=R/25
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figure 8.5 Principal stress along notch radius. p=0.5mm, © = 30°, Undercut=R/5

From figure 8.2 till figure 8.5 can be concluded that the ratio between element size and weld toe radius (R/E) alone is not
enough to judge the element size, because, although the three depicted R/E ratios are the same for each diagram,
significant differences in smoothness of the stress diagram can be observed. The other parameter which is specified in the
diagrams, the number of elements in the curve, provides a better guideline to the correctness of the element size. As a rule
of thumb the maximum element size will be set at R/E>10 and a minimum of 8 elements in the notch radius. A remark must
be made that the height of the stress peak differs no more than 1.2% in the cases considered. The [IW guideline therefore
seems to be applicable, but a smoother stress diagram gives more faith in the results, especially when in the coming
analyses no mesh refinement is made. The choice for a possibly too fine mesh can be easily made, because the total
calculation time of the model does not exceed one minute. Given the fact that further mesh refinement does not result in
significantly different values and that the stress pattern is smooth, it can be concluded that the FEM model performs
satisfactory.

In an overview of the results of the model (see figure 8.6) it is clear that for all applicable geometries the assumption that
the other side of the weld does not have to be incorporated is reasonable, because after a very short distance the stress
pattern recovers from the stress peak near the weld toe notch compared with the generally long width (>35 millimeter) of
the weld.

figure 8.6 Stress pattern in horizontal direction presented as contour levels. p=2, ©=20°, no undercut

The developed model can be compared with the parametric formula by Anthes to see whether they give comparable
results for a set of realistic parameters. A comparison for a weld profile with a height of 3 millimeter, a weld angle of 28°, a
plate thickness of 25 millimeter and varying weld toe radius is made in figure 8.7. Obviously, no undercut is present, as the
formula does not cover undercuts. Based on the comparison it can be assumed that the model and the formula give
reasonably similar outcomes. The stress concentrations differ by about 5%, and a little more for radii larger than
approximately 4 millimeter. This 5% difference between the parametric formula and actual results was already specified by
Anthes when publishing his parametric formula. Some minor differences could also be attributed to a difference in Poisson-
factor, which is not specified by Anthes, or the difference in analysis (Boundary Element Method by Anthes vs. plane strain
FEM in this research). Most importantly it must be remarked that Anthes directly couples the weld toe angle © and the
weld height, whereas in the FEM model they can be given values independently. The maximum difference lies around 5%,
which is in line with the expected possible deviation specified by Anthes. However, if a non-regular weld is modeled, such
as a TIG-dressed weld with a smaller angle but the same weld height as the as welded specimen, Anthes’ formula predicts
the stress concentration factor even better. This is remarkable because the fixed weld angle — weld height relation used by
Anthes implies that for one of the analyzed situations the weld height used in the formula and the model should differ
significantly. If the weld height has any influence on the elastic stress concentration factor, this should become clear by
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means of a great difference between the formula by Anthes and the FEM results for one of both analyzed geometries. A
more thorough investigation on the influence of the weld height is provided below.

Anthes (As Welded)
— 4 — FEM (As Welded)
= = =— = Anthes (TIG-dressed)
——&——FEM (TIG-dressed)

0 1 2 3 4 5 6 7

Radius [mm]

figure 8.7 Comparison of parametric formula (Anthes et al., 1993) and FEM model of weld toe. Parameters of
analyzed geometries (weld toe angle, weld height, plate thickness, undercut): As Welded (28,3,25,0); TIG-dressed
(15,3,25,0)

The influence of the weld toe radius and weld toe angle is clearly very large. Not only can this easily be seen in figure 8.7,
but the presence of these two parameters in the formula of Anthes confirms that the value of K; will be very sensitive to
these parameters. The influence of the other parameters: weld height, plate thickness and undercut, is not apparent. To
gain more insight in the behaviour of K; under influence of changing parameters a short parameter study will follow. The
influence of the plate thickness will not be considered, because these values are very accurately known, and show little
variation, especially when compared with the variation of other parameters.

Influence of weld height

To study the influence of the weld height on the elastic stress concentration factor, a number of analyses has been
executed on a typical as welded geometry and a typical TIG-dressed geometry. The results are shown in figure 8.8 and
figure 8.9.

The typical as welded geometry (figure 8.8) shows limited sensitivity to the variation of weld height. As expected, a
higher weld increases the stress concentration factor, and lowering the weld height decreases the stress concentration
factor. From a certain weld height, in this case around 3 millimeter, increasing the weld height does not influence the stress
concentration factor any more. Also a height of 2 millimeter shows limited variation from the base value of 3 millimeter, up
to 6% for very small radii and no more than 4% for common radii (>0.5 millimeter). If the weld height is lowered to an
extreme value of 0.25 millimeter, the maximum variation with respect to the base value of 3 millimeter is 35% which
gradually decreases to 27% for very large radii. This is a considerable difference, but relatively limited considered that the
weld height has reduced by more than a factor 10. It must be noted that any differences between the K; curves will become
smaller when the transformation to K; is made. This also holds for differences due to weld toe angle, weld toe radius and
undercut. This effect is most pronounced near the smaller radii.
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figure 8.8 Comparison of K, for different weld heights for a typical as welded geometry. Parameters of analyzed
geometries (weld toe angle, weld height, plate thickness, undercut): (28, ?, 25, 0)

The typical TIG-dressed geometry (figure 8.9) shows similar behaviour as the typical as welded geometry. From a certain
weld height, in this case 2 millimeter, further increase of the height hardly influences the stress concentration factor. A
height value of 1 millimeter shows relatively small variations to the base value of 3 millimeter of about 5% over the whole
considered range of radii. The extreme case of a weld height of 0.25 millimeter leads to a variation of maximum 18% with
respect to the base value of 3 millimeter.

4
3 4 ——H=3
—&—H=2
Kt [-] —h—H=1
—X—H=0.5
2 —X¥—H=0.25
1
0 1 2 3 4 5 6 7 8

Radius [mm]

figure 8.9 Comparison of K, for different weld heights for a typical TIG-dressed geometry. Parameters of analyzed
geometries (weld toe angle, weld height, plate thickness, undercut): (15, ?, 25, 0)

Based on the parameter study it can be concluded that the stress concentration factor is relatively insensitive to weld
height variations around commonly observed values. Because all weld heights are recorded they can relatively easily be
incorporated in the model, but this conclusion is of great value when the model will be compared to reality later on. When
weld heights as low as the weld plateau in typical TIG-dressed geometry number 3 (see figure 6.9) are considered, a
significant influence is observed. This will be addressed later on.

It must be noted that this insensitivity of the model to weld height also explains why the model and Anthes’ formula
comply so well for varying weld toe angle while the weld height in the model did not change.

Influence of undercut

To study the influence of the undercut on the elastic stress concentration factor, a number of analyses has been executed
on a typical as welded geometry and a typical TIG-dressed geometry, the results are shown in figure 8.10 and figure 8.11.

The stress concentration of the typical as welded geometry (see figure 8.10) increases as expected when an undercut
arises, and increases further when the depth of this undercut increases. For all common measured undercuts (<0.06
millimeter) this variation with respect to the base value of no undercut is not larger than 20%. For common radii (>0.5
millimeter) the variation decreases to 10% or less.
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figure 8.10 Comparison of K, for different weld heights for a typical as welded geometry. Parameters of analyzed
geometries (weld toe angle, weld height, plate thickness, undercut): (28, 3, 25, ?)

The typical TIG-dressed geometry (see figure 8.11) shows similar behaviour to the as welded geometry, but is a bit more
sensitive. For common undercuts the variation has a maximum value of 27%, which decreases to 12% or less when only
common radii are considered.

——Uuc=0
——UucC=0,02
—A—UC=0,04
—>—UC=0,06
—¥—UC=0,1

Radius [mm]

figure 8.11 Comparison of K, for different weld heights for a typical TIG-dressed geometry. Parameters of analyzed
geometries (weld toe angle, weld height ,plate thickness, undercut): (15, 3, 25, ?)

Based on this analysis it can be concluded that the influence of the undercuts that were measured is relatively limited but
has to be taken into account in the analysis, with the possible exception of typical TIG-dressed geometry type 2 (see figure
6.9) where the influence may be larger. While the influence may be limited, the undercut data is available and easily
translated into the parametric model. Any influences of the undercut will therefore be taken into account in the fatigue
strength prediction.

The larger undercuts, such as are present in typical TIG-dressed geometry type 2, are not present in this analysis.
However, based on the behaviour for smaller undercuts it is very likely that the increase of K; due to the larger undercut will
very probably be smaller than the decrease of K; due to the very large radius (>10 millimeter) which is commonly associated
with this geometry.

Relation between model and reality

The model is of course a simplification of reality. In figure 8.12 a rough overlay of a possible weld geometry and its
accompanying model is shown. In two areas the model shows a clear difference with reality. First in the transition from
base material into the undercut (marked with line 1 in the figure). Secondly in the transition from the inclined weld material
to the top of the weld material (marked with line 2 in the figure). The first difference is rather small, and does not lie in the
area of the largest stress concentration. The second difference can be very large. However, the previous parameter study
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has shown a relative insensitivity of the model to the weld height. The difference of between the two lines in figure 8.12
will therefore not have a large impact on the stress concentration factor at the weld toe. Furthermore, the top of the real
weld profile consist of a number of side by side weld beads, and therefore is not completely flat (e.g. see figure 6.3). With
the same reasoning as stated above, it can be argued that this will also not influence the stress concentration factor
significantly.

schematisation of weld toe

example of measured weld profile

weld height
weld toe angle
weld toe radius
______________________ L _ _
undercut
1 : 2 :
—e [ ®

figure 8.12 Overlay of an exaggerated possible real weld geometry and the model used to represent this geometry

The possible weld geometry as shown in figure 8.12 can represent most measured geometries, except typical TIG-dressed
type 3 (see figure 6.9). In this weld shape a clear plateau is visible after the weld toe radius. This can be modeled with the
available model in two ways. The plateau can be ignored, resulting in too much weld material, or the plateau could be seen
as the maximum height of the weld which results in ignoring most of the weld material. The two proposed models and a
fictive ‘real’ weld are depicted in figure 8.13.

figure 8.13 Two possible representations of typical TIG-dressed type 3 and a fictive real weld profile (exaggerated
drawings of the weld)

To analyze the consequences of choosing for one of those two models, one typical TIG-dressed geometry has been
modeled to calculate how the stress concentration factor of this geometry will relate to the stress concentration factors of
both proposed models. The results are presented in figure 8.14. It is clear that the ‘real’ model lies in between the two
proposed models. Because of time constraints, in this research the choice will be made for one of both models. This will be
the model on the right in figure 8.14 because here the difference with the ‘real’ model is the smallest. It must be noted that
this approximation only has to be made for the specific geometries which show a plateau in the weld.

K=1,46 (92%) K:=1,59 (100%) K.=1,69 (106%)

figure 8.14 Outcome of three different models for the same weld (exaggerated drawings of the weld)

8.3.2 Determination of K;

Fatigue is a weakest link process. This property makes it very hard to predict the combination of geometry parameters
which have to be taken into account to create the ‘characteristic weld toe’ in a model. The fact that the TIG-dressed weld
toe radii showed significant spread and a small additional peak near the main peak of the as welded radii, indicating a
possible lack of improvement of this ‘characteristic weld toe’, makes the analysis even more complicated.

The choice is made to execute two types of analyses, one where for all parameters the main peak value is considered
both for as welded and TIG-dressed specimens and one where the radius of the TIG-dressed specimens has a similar value
as the as welded radii while all other parameters are assumed to be at their peak value. Subsequently, influencing
parameters will be varied, resulting in an expected bandwidth of K.
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Some parameters will be calculated, such as the mean of the, nearly normal distributed, weld toe angles. Others will be
estimated with the aid of the diagrams provided in 6.3.4. This introduces some extra uncertainty, but calculation would
require the fitting of a probability density function, which also has an error margin, especially when the results do not fit
the distribution very well. If the results of the laser measurements of the weld toe would have been categorized and any
possible dependencies would have been documented, a statistic analysis could be performed which can, based on the
occurrence of different geometries, more accurately predict the mean and standard deviation of K.. Because such elaborate
documentation of the weld toe parameters has been omitted in this research, the variation of K, and K; will be based on
estimates.

First analysis, peak values

The base values of this analysis are depicted in table 8.2. It is indicated in the table for each variable how it has been
determined.

As welded TIG-dressed| determined by
Weld toe radius [mm] 1.0 3.8 estimate
Weld toe angle [-] 27.8 15.3 calculated mean
Weld height [mm] C11 3.9 3.9 calculated mean
C89 4.1 4.1 calculated mean
C89a 4.3 4.3 calculated mean
C69 23 2.3 calculated mean
C46 1.8 1.8 calculated mean
V11 3.7 3.7 calculated mean
V89 3.0 3.0 calculated mean
V69 2.5 2.5 calculated mean
V46 2.1 2.1 calculated mean
Undercut [mm] 0 0 estimate
Plate thickness [mm] S$1100 | 20 20 measured
other 25 25 measured

table 8.2 Peak values of weld toes

The weld toe as described in table 8.2 will be considered as the base value. A short sensitivity analysis will follow, where
all values are related to this base value. In figure 8.15 to figure 8.18 the results are presented for a variation of a certain
amount to both sides of the chosen base value. The diagram shows the variation of K; in relation to its base value as stated
in table 8.2, when this base value is varied (see also equation (8.4)). For the weld toe angle and radius the values are varied
for one standard deviation to both sides of the base value. For the undercut a value of 0.06 was chosen, based on the
diagrams in 6.3.4. The weld height is varied over a wider band to cover the mean and standard deviation of all considered
plates and has a base value (valued 1 in the graph) of 3. The assumption is that the influence of one parameter is not
influenced by the change of another parameter. If for example the radius is determined at a slightly different value, it is
assumed that the influence of the weld toe angle (see figure 8.16) is similar. Based on observations on the diagrams below,
this seems a reasonable assumption because the diagrams all look similar while they are determined for two very different
geometries.

1.05 1.05
f t 25
» L - —_—t=
f['_”]“ 0.95 - [_]“ o5+ o
0.9 0.9 A
0.85 0.85
1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5
Weld height [mm] Weld height [mm]

figure 8.15 Variation of K; with variating weld height for as welded (left) and TIG-dressed joints (right)
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figure 8.16 Variation of K, with variating weld height for as welded (left) and TIG-dressed joints (right)
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figure 8.17 Variation of K; with variating weld height of as welded (left) and TIG-dressed joints (right)

1.4 - 1.4 -
fo 1.2 1 f, 1.2 t=25
[ 1 SN e t=20

1 |
0.8 0.8 —
0 0.5 1 1.5 2 0 3 5 6 7

Weld toe radius [mm] Weld toe radius [mm]

figure 8.18 Variation of Kt with variating weld height of as welded (left) and TIG-dressed joints (right)

With the aid of the graphs above, a larger K; will be determined. The assumption is a variation of one standard deviation
of all parameters, which results in multiplication factors for each weld toe variable. Because K; also depends on the radius
of the weld toe (see 3.5), the influence of radius variation will be covered in the next section. As can be seen in the
diagrams above, the influence of the thickness on the influence of the weld toe radius, weld toe angle and undercut is very
limited. Therefore no difference in thickness for these parameters will be made. For the weld height the differences are
somewhat larger, therefore in these factors the difference between the 20 and 25 millimeter plates are incorporated. The
different correction factors that are derived can be found in table 8.3. The total influence of weld toe angle, weld height

and undercut variation seems limited and can be calculated with equation (8.3).
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As welded TIG-dressed
Base value| Variedto| Factorf| Basevalue| Variedto| Factorf;
Weld toe angle [-] 27.8 34.4 1.05 15.3 20.2 1.05
Weld height [mm]  C11 3.9 4.4 1 3.9 4.4 1
C89 4.1 4.4 1 4.1 4.4 1
C89a 4.3 4.5 1 4.3 4.5 1
C69 23 2.5 1.01 23 2.5 1
C46 1.8 2.0 1.01 1.8 2.0 1
V11 3.7 3.9 1 3.7 3.9 1
V89 3.0 33 1.01 3 33 1
V69 25 2.6 1 25 2.6 1
V46 2.1 2.3 1.01 2.1 2.3 1
Undercut [mm] 0 0.03 1.04 0 0.05 1.04

table 8.3 Influence factors for variation of one standard deviation of weld toe angle, weld height and undercut

K:;adj:fy'ﬁ,c'fwh (8.3)

In which:

fo= influence factor for variation of weld toe angle [-]
fuc= influence factor for variation of undercut [-]

fwh= influence factor for weld height [-]

f= K, (i = base value) (8.4)

K, (i=base value)

Second analysis, no improvement in TIG-dressed radius

For this analysis all values of the as welded weld toe are the same as stated in table 8.2. The values of the TIG-dressed
specimen are also assumed the same, with the exception of the weld toe radius. Based on observations on figure 6.22 it is
very well possible that the weakest link radius of the TIG-dressed specimens has a similar value as in the as welded
specimen, resulting in a base value radius of 1 millimeter. An additional sensitivity for the new TIG-dressed base geometry
is presented in figure 8.19 and figure 8.20.
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figure 8.19 Variation of K; with variating weld height (left) and weld toe angle (right) for the TIG-dressed weld toe
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figure 8.20 Variation of K; with variating undercut (left) and weld toe radius (right) for the TIG-dressed weld toe
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A remark must be made on the variation of the weld toe angle and undercut which seem to have more influence for this
geometry than they have for the standard as welded geometry or the previously considered TIG-dressed geometry.
Furthermore, the weld toe radius influence seems far less, but this is fully caused by the change of base value (p=1 instead
of p=3.8) which distorts the diagram. The correction factors for the adjusted TIG-dressed weld toe are given in table 8.4.

TIG-dressed (p=1)
Base value Varied to Factor f;
Weld toe angle [-] 15.3 20.2 1.1
Weld height [mm]  C11 3.9 4.4 1
C89 4.1 4.4 1
C89a 43 4.5 1
C69 23 2.5 1
C46 1.8 2.0 1
V11 3.7 3.9 1
V89 3.0 33 1
V69 2.5 2.6 1
V46 2.1 2.3 1
Undercut [mm] 0.0 0.05 1.08

table 8.4 Influence factors for variation of one standard deviation of weld toe angle, weld height and undercut

8.3.3 Determination of K;

For the determination of K; the critical distance approach (see paragraph 3.5) will be used, because of the lack of
experience with high strength steel in the fictitious notch rounding approach and the highly stressed volume approach
would force the use of diagrams instead of formulas to determine the equivalent notch stress. These diagrams are not
available for all steel grades. If equation (3.9) is used to determine a*, the following values can be found for the different
steel types:

Material R [N/mm?] | a* [mm]
G20Mn5 (combined with S460) 622 0.217
599 0.233
611 0.224
G10MnMoV6-3 (combined with S690) | 799 0.138
785 0.143
841 0.126
G18NiMoCr3-6 (combined with S890) 1042 0.086
1052 0.084
1070 0.082
G22NiMoCr5-6 (combined with $1100)| 1185 0.068
1163 0.070
1171 0.070
S460 590 0.239
S690 843 0.126
S890 1065 0.083
1051 0.085
$1100 1373 0.052

table 8.5 Calculated values of a* for the different steel plates used

With the use of equation (3.10) the K; of all possible geometries can be transformed into a fatigue notch factor K.
Although the values of R,, and a* for the paired cast steel and rolled steel of the C-specimens show some difference (see
table 8.5) the difference in fatigue notch factor (K;) is always less than 1% between the two halves of one C-plate in the
cases considered. Therefore, no distinction is made between cast steel and rolled steel cracks with regard to the fatigue
notch factor. In figure 8.21 to figure 8.23 the behaviour of K; and K is shown for the four different considered steel grades,
both for the peak values, as well as the adjusted values (K.q; and Kg,,q;) for deviating weld height, undercut and weld toe
angle (see table 8.4 for the influence factors). The figures are depicted for the as welded situation, TIG-dressed situation
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and TIG-dressed situation without radius improvement. All plates have slightly different weld height (see table 8.2),
resulting in slightly different fatigue notch factors. These differences will be included in the analysis, but the differences
between plates of the same steel grade (e.g. V890 and C890) are not shown here, because the overall shape of the
diagrams is the same, and any quantitative differences are small.

4 V460 4 V690
3.5 4
3 4
K[-]2.5
2 4
1.5 .
1 1 T T T T
0 0.5 1 15 2 0 0.5 1 1.5 2
Weld toe radius [mm] Weld toe radius [mm)]
4 V890 4 V1100

0 0.5 1 1.5 2 0 0.5 1 15 2
Weld toe radius [mm] Weld toe radius [mm]
— K K¢ _ Kt;adj ..... Kf;adj

figure 8.21 Influence of radius variation on K; (—) and K; (- - -) for different steel grades in the as welded situation.
Peak values are plotted in black, adjusted values in grey.
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figure 8.22 Influence of radius variation on K, (—) and K; (- - -) for different steel grades in the TIG-dressed situation.
Peak values are plotted in black, adjusted values in grey.
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figure 8.23 Influence of radius variation on K; (—) and K; (- - -) for different steel grades in the TIG-dressed situation
without radius improvement. Peak values are plotted in black, adjusted values in grey.

The fatigue strength curve of each material will be determined for different cases. One analysis uses the peak value of
the weld toe radius, combined with the peak value of all other weld toe parameters. In case of the TIG-dressed situation
without radius improvement an exception is made for the weld toe radius, which is kept at the peak value of the as welded
situation. Another analysis will be made using the weld toe parameters which are corrected to simulate the possibility of a
‘weakest link’. All parameters except the weld toe radius were already varied over a value of one standard deviation in
8.3.2. A similar variation of the weld toe radius would lead to very small differences between the three considered
situations, because especially the TIG-dressed radii show a large standard deviation. Because small radii in combination
with other TIG-dressed weld toe parameters are already covered in a separate situation, such a large variation is deemed
too conservative and is therefore omitted. The chosen variation of the weld toe radius is determined at half of its peak
value, which covers the bulk of the weld toe radii (see 6.3.4). This leads to an adjusted weld toe radius of 0.5 millimeter for
the as welded situation and an adjusted weld toe radius of 1.9 millimeter for the TIG-dressed situation. The calculated
stress concentration factors and fatigue notch factors for both the peak values (K; and K;) and the corrected values after
variation of the weld toe parameters (K, and Ks.,q;) can be found in table 8.6 and table 8.7. Some slight differences may
exist between the cast and rolled side of the specimens. This is not depicted in table 8.6 and table 8.7, but is incorporated in
the model and the comparison with the fatigue tests in 9.4.3.

As welded TIG-dressed TIG-dressed (p=1)

Kt Ktadj Kt Ktadj Kt Ktadj
C1100 2.16 2.79 1.47 1.78 1.79 2.35
C890 2.26 2.92 1.52 1.84 1.85 2.43
C890a 2.26 2.92 1.52 1.84 1.85 2.42
C690 2.17 2.83 1.50 1.82 1.83 2.40
C460 2.11 2.75 1.49 1.81 1.81 2.38
V1100 2.15 2.78 1.47 1.78 1.79 2.35
V890 2.22 2.89 1.52 1.84 1.84 2.42
V690 2.19 2.82 1.51 1.83 1.83 2.41
V460 2.15 2.80 1.50 1.82 1.82 2.39

table 8.6 Calculated elastic stress concentration factors for the three distinguished situations for peak values and
adjusted values
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As welded TIG-dressed TIG-dressed (p=1)

K Ke.adi K Ke.adi K Ke.adi
C1100 2.10 2.61 1.47 1.76 1.75 2.22
C890 2.16 2.63 1.51 1.80 1.78 2.22
C890a 2.16 2.64 1.51 1.80 1.78 2.22
C690 2.04 2.45 1.49 1.77 1.74 2.12
C460 1.91 2.19 1.46 1.72 1.66 1.95
V1100 2.10 2.61 1.47 1.76 1.75 2.22
V890 2.12 2.61 1.50 1.80 1.77 2.21
V690 2.05 2.44 1.49 1.77 1.74 2.12
V460 1.93 2.20 1.47 1.72 1.66 1.94

table 8.7 Calculated fatigue notch factors for the three distinguished situations for peak values and adjusted values

8.4 Determination of mean stress factor

The fatigue strength of specimens is also influenced by a mean stress (see figure 2.7). This mean stress is determined by
the stress ratio R (see 2.3.2) and by the residual stress o,. For welded connections, a residual stress equal in magnitude to
the yield stress is usually assumed. The TIG-dressing process is expected to lower residual stresses. Due to time limitations,
measurements on residual stresses could not be done. To make a reasonable assumption, reference is made to literature.
As shown in 4.3.3, Lopez Martinez has investigated the residual stress before and after TIG dressing. Before TIG-dressing he
found a residual stress at the surface of 0.610,, which was reduced to 0.43 o, after TIG-dressing. In deeper layers of the
material the residual stress increased, but because the cracks are assumed to initiate at the surface, which is well supported
by observations on the specimens, a similar residual stress reduction is assumed to occur in the specimens. When for the as
welded specimens o,= g, is assumed, the residual stress after TIG-dressing can be assumed as:

o, =——0,=0.70 (8.5)

The mean stress of all specimens will be adjusted to a value of o,=)0,. Therefore the analytical values will also be
adjusted to this value. Based on Haibach (2006), Pijpers (2011) proposed equation (8.6) to determine a mean stress factor
including the effect of residual stresses:

1 +
e when O 9, <-1
1-Mm; Ot
1 +
5 1o when —1<G” G’<1
1+M, = Oue0
O-uE;O
= 8.6
fm,Hmbach Mf ( )
1+— o +0
1\3 when1l<—"—r<3
+ O 4,
(1+Mf)‘ 1424 Ot O, £i0
3 O-nE;O
M
1+ o,+0
732 when 3<—2—F
(1+Mf) Ot

with M, =0.00035-R, —0.1
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In which:
¢ O, foro, #0and o, 20
m;Haibach

Ouep fOr o, =0and o, =0
Mg mean stress subfactor [N/mmz]

2

Om mean stress [N/mm~]
o, residual stress [N/mm?]
Oak0 fatigue endurance strength at alternating load [N/mm?]

8.5 Determination of thickness factor

The plate thickness of a specimen can influence the fatigue strength. Thicker plates generally show less favourable
fatigue behaviour. The calculation procedure as described in this chapter leads to the fatigue resistance at a reference
thickness of 25 millimeter. Because the fatigue test results are all adjusted to a thickness of 25 millimeter, the fatigue
strength prediction does not need to be adjusted. The determination and use of the thickness factor will be explained in
9.2.2.

8.6 Determination of loading mode factor

The method that is used refers to tensile loading of the specimens. In the fatigue testing in this research also only tensile
loading will be applied. Due to misalignments the load will be partly in bending, but only the results of the actual tests will
be adjusted for any influence of the bending loading mode. The fatigue strength prediction will refer to pure tension, thus
eliminating the need for any loading mode factor. The correction of the fatigue test results will be explained in 9.2.2.

8.7 Prediction of fatigue strength curve

The fatigue strength curve for crack initiation is determined in several steps. First the fatigue limit of the base material is
determined with equation (8.1). This value is then corrected for notches, mean and residual stress and displayed as a stress
range instead of a stress amplitude, see equation (8.7).

Ao,

2
E;specimen :?/'fm 'O-a;E;U (87)

Subsequently, the fatigue strength curve is determined with either the approach by Schijve or Hiick et al. (see 3.5.1). The
knee point for the fatigue strength curve in the approach by Schijve is set at 2:10 according to the recommendation in his
publication (see 3.5.1).

This results in several design lines per plate. First of all there are the three considered situations: as welded, TIG-dressed,
and TIG-dressed without radius improvement. Furthermore, to investigate the sensitivity of the fatigue strength to variation
of the weld toe parameters, two values for K¢ have been calculated in 8.3.2 and 8.3.3. One of these values, Ks.,q is the result
of an unfavourable variation of all weld toe parameters for a certain amount. This variation does not result in a specific
failure chance, and has no more value than a sensitivity analysis. The difference between the lines determined with K; and
Kt 8ives insight in the sensitivity of the results for slight variation of the weld toe geometry. This will be commented on in
9.4.3.
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9 Analysis of fatigue test results

9.1 Chapter outline

In this chapter the fatigue data will be analyzed. First, a selection and adjustment of the test data will be discussed. Then
the statistical analysis of the data follows, which leads to mean and characteristic S-N curves. In paragraph 9.3, the data of
the TIG-dressed specimens is compared with different design codes, as welded data and the analytical determination of the
fatigue strength. The influence of TIG-dressing is summarized in paragraph 9.4.

9.2 Analysis of raw data

9.2.1 Exclusion of data

Not al data is deemed representative for analysis. In some cases the failure mechanism that was observed cannot occur
in common practice. These data points will therefore be excluded and not be used in the statistical analysis of the fatigue
data, but can still be found in the tabulated fatigue results in Annex C.

Excluded data

The data points of the following specimens have been excluded from analysis:
- C46-2
- (C69-3
- (C89-2
- Vi11
Due to a failure of the testing rig, specimen C46-2 has been compressed and has buckled (see figure 9.1). The permanent
deformation resulting from this buckling or the straightening needed for testing will very probably influence the result, if
the specimens is tested for fatigue strength. Therefore specimen C46-2 was not tested, and is thus absent in the fatigue
data tabulation in Annex C.

figure 9.1 Damaged specimen C46-2

The backside of plate C69 could not be TIG-dressed (see 5.2.2). This resulted in a weld root with rather sharp notches (see
figure 9.2). With specimen C69-1 this still resulted in weld cap failure, but at specimen C69-3 these notches initiated a crack
on the back of the specimen. Because notches of these depth and sharpness will never pass quality control in any practical
structure, this data point is eliminated. To prevent a similar failure with specimen C69-2, the weld root was ground smooth.
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figure 9.2 Backside of specimen C69-1 with sharp notches at the weld root

C82-2 showed very large flaws in the cast plate, with depths of a few millimeters. To repair the plate these flaws were
removed by milling and the resulting grooves were filled with weld material. Unfortunately, also the repaired specimen was
not free of flaws in the cast base plate. Furthermore, the weld root could not be TIG-dressed (see also 5.2.2). This resulted
in simultaneous crack initiation in the parent material and the weld root. Because both crack initiation sites would not have
passed quality control in practice, this data point is eliminated.

In figure 7.6 it can clearly be seen that one data point does not cohere with the rest of the data. This specimen (V11-1)
has failed in the parent material, on the root side of the weld. On the root side of the weld, stresses are much lower due to
the misalignment. Although no clear defect could be found which can lead to exclusion of this data point, the data point will
not be included in the analysis. It is reasonable to assume that the defect that caused the initiation of this crack has not
been influenced by the TIG dressing because the crack occurred at the relatively large distance of a few centimeters from
the weld toe. If this specimen had not been TIG-dressed, the crack would likely arise at the same location, because the data
point also lies lower than most as welded data points which were tested by Pijpers (2011). Therefore, for the investigation
of the influence of TIG-dressing, this specimen provides no useful information.

Reruns of specimens

Some specimens have shown crack initiation in the base material. Three of those base material cracks were outside of
the cross section reduction. This concerns the specimens:
- Cl1-2
- (C89-1
- (C89-2
As described above, C89-2 will be excluded from the analysis. The remaining two specimens have a clear crack initiation
site at a flaw in the material, which could have been visually assessed during quality control. Because the crack occurred at
a significant distance from the cross section reduction it was possible to continue testing the specimen after it failed in the
base material at approximately the same stress level. For several reasons the stress level of a second test will never be at
exactly the same level. This is caused by the reduced specimen length, resulting in a changed misalignment, and the
uncertainty where cracks will initiate. The stresses in the second test are matched to stresses in the first test from a strain
gauge close to a likely, highly stressed, crack initiation point. This is not necessarily the crack initiation point of the second
test. To calculate the combined stress for the final result, equation (9.1) has been used.

. m (my=m, ) . m,
Ao .:mll.Z(”" AG’*S"’)"LM“’ 2.(n, AG"'S"’) (Hobbacher, 2007) (9.1)

eaisid D din+>n,

In which:

D Miner sum of total damage [-]

Aoisy value of characteristic equivalent stress range [N/mmz]

my slope of S-N curve above the knee point [-]

m, slope of S-N curve below the knee point [-]

Aoisq stress ranges (loads) above the knee point [N/mm?]

Aojsy stress ranges (loads) below the knee point [N/mmz]

Aoy stress range (resistance) at the knee point of the S-N curve [N/mmZ]
n; number of cycles belonging to Ac;[-]

n; number of cycles belonging to Ag; -]

In the calculation the Miner sum of total damage is assumed to be 1. All stress ranges are assumed to lie above the knee
point of the S-N curve, thereby omitting the need for values of m, and Ao 4. The slope of the S-N curve above the knee
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point (m;) is assumed to be 3. All these assumptions do not influence the result much because the stress ranges of the two
tests are relatively close together. Other equivalent parameters are combined according to the number of cycles of each
test, see equation (9.2). The limited influence of the assumptions for equation (9.1) show when equation (9.2) is used for
the calculation of the combined stress: practically the same combined stress follows from both formulas.

Xl n +X/I ny

Xe nen, (9.2)
In which:
Xeq equivalent parameter [-]
X parameter value in first test [-]
N, number of cycles in first test [-]
Xy parameter value in second test [-]
n number of cycles in second test [-]

All presented results in graphs for specimen C11-2 and C89-1 represent the results of the final failure. In the tabulated
test results in Annex C the values from the separated tests are available together with their combined value.

Failure outside weld region

Finally, some specimens must be mentioned which have shown failure outside the weld region, but will not be excluded
from the data:
- Cl11
—  C11-2 (after rerun)
- Vii-1
—  (C89-1 (after rerun)

All specimens show a crack in the parent material, but inside the reduced cross section. Because there is no clear, large
defect at which the crack has initiated which should not pass quality control in practice, these data points will not be
excluded from the analysis. Their failure mode however, is different from all weld toe or weld material cracks. This could
either be the result of a defect and the higher sensitivity of very high strength steels (especially $1100) for these defects
(see 4.2.2) or an improvement of the fatigue strength in the weld region, caused by TIG-dressing. Such an improvement
may have led to the base material being the weakest link. These data points will be marked in graphs to identify them if
they show significant different behaviour than the other specimens. Any base material failures from the as welded tests will
also be marked. If the base material failures after TIG-dressing show better fatigue behaviour than the as welded base
material failures, this may be an indication that the base material failures in this research may have been caused by
improving the weld toe, and shifting the weakest link to the base material. Failures in the weld material are considered to
necessarily be an improvement of the connection, because such failures did not occur in the research by Pijpers. For this
reason these results are judged as regular and will not be marked separately. In Annex C all different failure mechanisms
are listed per specimen.

9.2.2 Adjustment of test data

To correctly compare the test data to the standardized cases in design codes, and to the previous experiments carried
out by Pijpers (2011), the nominal stress levels will be adjusted. For the definition and determination of these factors this
research relies to a great extent on the work by Pijpers (2011). Correction factors will be applied to correct for:

—  Mean stress; nominal stresses are adjusted to a mean stress value of 6,,=0.5-0,

—  Residual stress; nominal stresses are adjusted to a loading with a certain representative residual stress
—  Thickness; nominal stresses are adjusted to a reference thickness of 25 millimeter

— Loading mode; nominal stresses are adjusted to a pure tension loading mode

The adjusted nominal stress can then be calculated with the use of equation (9.3) for base material cracks and equation
(9.4) for weld toe cracks.

1 1 As (9.3)

ft;u;N/ flm;u;Nf

AO-n;u;Nf = fm :

In which:

fm Mean stress factor [-]

fuuns  Thickness factor for fatigue life of base material cracks [-]
fimung Loading mode factor for fatigue life of base material cracks [-]
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1 1

f;;w;Nf f;m;w;N[

Ao (9.4)

n

AGn;w;Nf = fm

In which:

fn Mean stress factor [-]

fewng  Thickness factor for fatigue life of weld toe cracks [-]
fimw;ng Loading mode factor for fatigue life of weld toe cracks [-]

Because the study of Pijpers showed no cracks in the weld material, no adjustment factors were derived for this failure
mode. Due to time limitations, the choice is made to treat weld material cracks as weld toe cracks in this research.
Furthermore, most correction factors derived by Pijpers show some variation for thickness and weld toe shape. The same
corrections factors have been used in this research. It is recommended to investigate the change in these correction factors
if the TIG-dressed geometries and weld material cracks are accounted for.

Mean stress factor

The as welded specimens tested by Pijpers (2011) were conservatively assumed to have a residual stress of 0 N/mm?.
Subsequently the results were adjusted to a value where o,= o, and 0,,=%:0,, which is the standard reference value for S-N
curves. After TIG-dressing, the residual stresses are expected to be lower, but cannot become compressive, due to the still
present cooling of the weld toe. Therefore, a reasonable and conservative assumption still is a residual stress of O N/mm?in
the specimen. The TIG-dressed data are also adjusted to a reference value. For this, the residual stress reduction deducted
from Lopez Martinez (see 8.4) is used. The test results are adjusted to 6,=0.70,

To adjust the test results, the assumed residual stress of 0 N/mm2 and the measured value of o, were used in
combination with equation (8.6) to obtain the equivalent stress for 6,,=0 and 0,=0. From there adjustment to o,,=%0, and
0,=0.70, can be determined using the same equation. The total result of these adjustments is displayed as f, in the
tabulated fatigue test results.

Thickness factor

In general, if plate thicknesses increase, the resistance to fluctuating stresses at a notch decreases (see 2.3.1). The
thickness effect is described in Eurocode according to equation (9.5). Note that this factor applies to the total fatigue life

(Ng)

ft;W;Nf :(éj . (95)
t

Pijpers (2011) used equation (9.6) and equation (9.7) to calculate the thickness effect for the crack initiation life, based
on a parameter study. Pijpers did not find a confirmation of the thickness effect during the crack propagation life, resulting
in f,wnp=1. Equation (9.6) is valid for weld toe angles of 25°, and more pronounced thickness effects have been found for
steeper angles (equation (9.7)). It therefore seems reasonable to expect a decreased thickness effect for TIG-dressed
specimens due to the reduced weld toe angle.

25\

Fown, :(Tj for ©=25° (9.6)
0.7

Frnm, :(%) for @=65° (9.7)

Although Pijpers uses a factor which is more conservative than Eurocode, and there is reason to assume a less
detrimental thickness effect because of the lower weld toe angle in TIG-dressed specimens, equation (9.6) will be used
because of the differentiation between crack initiation life and crack propagation life. Equation (9.5) applies to the full
fatigue life, while only the crack initiation life is covered by the notch stress approach and the alleged improvement of TIG-
dressing applies mainly to the crack initiation life. Furthermore, the thickness effect proposed by Pijpers is more
pronounced than stated in Eurocode which makes the use of equation (9.6) conservative, at least during the crack initiation
life.

The adjustment for thickness is used to refer to a standard thickness of 25 millimeter. Most specimens approximate a
thickness of 25 millimeter, except for the $1100 specimens, which have a thickness of 20 millimeter. The thickness
adjustment factor consists of an adjustment factor which is applicable during the crack initiation life and an adjustment
factor which is applicable during the crack propagation life. The thickness factor for the total fatigue life for weld toe cracks
can then be calculated with the use of equation (9.8).

Fomy = Fom “Fo, + Fonm, “Fo, (9.8)
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In which:
fewni Thickness factor for crack initiation life [-]
i Crack initiation life ratio [-]

fewnp  Thickness factor for crack propagation life [-]
Frp Crack propagation life ratio [-]

Pijpers did not find a thickness effect for base material cracks, resulting in fi,yn=ftuni=feunp=1

Loading mode factor

The adjustment for loading mode is used to refer to a standard loading mode of pure tension. Because all specimens had
a certain misalighment, part of the load was bending. The correction factor can be calculated with the use of equation (9.9)
for base material cracks and equation (9.10) for weld toe cracks.

f;m;u;N] :f;m;u;N, 'fN, +f;m;u;Np 'pr (99)

In which:
fimuni  Loading mode factor for crack initiation life; 1.0 (Pijpers, 2011) [-]

fui Crack initiation life ratio [-]
fimunp Loading mode factor for crack propagation life; 1.09 (Pijpers, 2011) [-]
Frp Crack propagation life ratio [-]

f;m;w;Nf :f;m;w;Nl .fN,. +f;m;w;Np .pr (910)

In which:

fimwni Loading mode factor for crack initiation life; 1.2 (Pijpers, 2011) [-]

fui Crack initiation life ratio [-]

fimwnp Loading mode factor for crack propagation life; 1.37 (Pijpers, 2011) [-]
frp Crack propagation life ratio [-]

The applicable correction factor for the misaligned axially loaded specimens can be calculated with the use of equation
(9.11).

K
Sy =7 (9.11)
K, -1
1+
flm;w;Nf
In which:
Kin Misalignment factor. [-] Hobbacher (2007) proposed a formula based on geometry to calculate a stress increase

factor. In this research K, is based on the ratio between F/A and the measured stress near the weld [-]
fimwns Loading mode factor for total fatigue life for weld toe cracks. [-] If base material cracks are considered, fimwns is
replaced by fi,...ny (cracks in the weld material will regarded as weld toe cracks) [-]

9.2.3 Statistical analysis

The fatigue data are analyzed according to the method described by Brozzetti et al. (1989) which is also prescribed by
Eurocode. For a given dataset a mean regression line is constructed with a survival probability of 50% (see equation (9.12))

y,=ay+b-x,+¢& (9.12)
In which:
Vi Log N¢ [-]
X Log Ao [-]
an intersection on log N axis [-]
b regression coefficient [-]
£ sum of unknown random errors [-]

The residual random errors € are minimized when ay and b are estimated with the least squares method:
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DRIV D¥] (9.13)
n-20x =(Xx)

1
aN:;'(zyi_b'zxi) (9.14)
In which:
n number of specimens [-]

The slope of the S-N curve (b from equation (9.13)) can either be determined by the least squares method, or fixed to a
certain value. Especially for small batches of fatigue tests (smaller than 10) the fixed value of the slope is a sensible solution.
A common value for the slope is 3 for as welded joints. As mentioned in 4.3.4, different authors have found the slope to
increase (i.e. a flatter S-N curve) when TIG-dressing is applied. Therefore, although the number of specimens is limited, an
S-N curve with a free slope and a fixed slope of -3 will both be determined.

For comparison with Eurocode detail categories and as welded data, the mean stress range with a probability of survival
of 50% and 95% at N = 2-10° cycles is calculated. The mean stress with a 50% probability of survival at 2-10° is calculated
with equations (9.15), (9.16) and (9.17).

A0y, =10 (9.15)
X0y = yso%b_a/v (9.16)
Vs, =log(2-10°) (9.17)

To calculate the stress range with a 95% survival probability, the coefficient of variation first needs to be determined. This
can be done with equation (9.18).

Z(yi —(ay +b~x,.))2

when b is calculated

o n-2 i (9.18)
—(a,+b-x
Z(y' (o ')) when b is fixed
n-1
In which:
S coefficient of variation [-]

Now the characteristic stress range at 2-10° cycles is calculated for a 75% confidence level of 95% probability of survival.
As statistical distribution the student-t-distribution is used.

ACygy =10 (9.19)
lo %) —0

Xgse, = W (9.20)

Oy, = 055 —Logsn s S (9.21)

In which:
toos;nf The student-t-distribution factor for n-f degrees of freedom and a 95% probability of survival. n is the amount of

data points, f is 1 for a fixed b-value and 2 for a calculated b value. [-]

Brozetti has stated some conditions for these formulas to give a reliable result. Runouts should not be considered, where
all results with N;>5-10° should be considered as such. The slope of the S-N curve should be fixed to -3 and the minimum
sample size is 12. Because literature has shown that the use of high strength steel (Pijpers, 2011) and TIG-dressing (Dahle,
1998) can lead to higher m-values, two analyses have be carried out for each material, one with the prescribed fixed slope
of -3, and one where the slope is optimized. The sample sizes of all fitted S-N curves will be much lower than the prescribed
value of 12. Because of these differences, the results should not be seen as normative, but only as indicative.
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9.3 Fitted S-N curves

9.3.1 Raw data

In the following graphs, S-N curves have been fitted for all non excluded data (see 9.2.1). This means that three failure
mechanisms are considered:
—  Weld toe failure
—  Weld material failure
—  Base material failure
All results are plotted together for two reasons. First of all, the number of data points for each failure mechanism would
be very small, sometimes only one or two if each failure mechanism would be considered separately. This would make a
decent analysis impossible. Secondly, the TIG-dressing is expected to significantly improve the fatigue resistance of the
weld toe. This can lead to a change in the dominant failure mechanism, which still leads to the failure of the connection
overall. The fatigue tests have shown that next to the two failure mechanisms which were observed during the as welded
tests (weld toe and base material) another failure mechanism has presented itself: weld material failure. This mechanism
has not been observed in the as welded tests, but has been responsible for seven of the twenty failed specimens during the
TIG-dressed tests. Apparently the weld toe fatigue strength has been improved, causing failure in the next ‘weakest link’.
Because all three failure mechanisms lead to failure of the component, and non practical failures have been excluded, all
data is analyzed together.
The characteristic values of the S-N curves that result from the statistic analysis are shown in table 9.1. The S-N curves are
plotted with the accompanying data points in figure 9.3 to figure 9.6.

calculated slope fixed slope

DOmean IN/MM?] | A0gsy IN/MM?] | M [-] | AGmesn IN/MM?] | Adosy, [N/mm?] | m [-]
S460 154 120 2.72 163 136 3
S690 212 165 4.45 171 126 3
S890 204 97 3.14 200 119 3
$1100 197 106 3.15 189 125 3

table 9.1 Characteristic values of fitted S-N curves. raw data
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figure 9.3 Fitted S-N curves for S460, raw data
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figure 9.4 Fitted S-N curves for $S690, raw data
1000 ~=
~ Iy \\
\\\ - \D \-.J\ ™ [ | V89
[ N
=~ [ =3 [= ]
~ < — — runout
~
Ac . 100 4 \\\ <4 * BM failure
[N/mm?] m =3.14 [50%)
m =3.14 [95%]
— — — m=3[50%]
— — — m=3[95%]
10
1.0E+04 1.0E+05 1.0E+06 1.0E+07
N¢[-]
figure 9.5 Fitted S-N curves for S890, raw data
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9.3.2 Adjusted data

In the following graphs, S-N curves have been fitted for all non excluded data after adjustment. For the same reasons as
explained in 9.3.1, all datapoints will be considered in one graph. The characteristic values of the S-N curves that result from
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figure 9.6 Fitted S-N curves for $1100, raw data
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the statistic analysis are shown in table 9.2. The S-N curves are plotted with the accompanying data points in figure 9.7 to
figure 9.6.

calculated slope fixed slope

DOmean IN/MM’] | AGgsy [N/mm?®] | m [-] | AGmean [N/mm?] | Adgss IN/mm?]| m[-]
S460 136 102 2.53 152 123 3
S690 169 129 4.06 142 107 3
S890 145 61 2.73 153 91 3
S$1100 141 76 3.05 140 92 3

table 9.2 Characteristic values of fitted S-N curves. adjusted data
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figure 9.7 Fitted S-N curve for S460, adjusted data
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figure 9.8 Fitted S-N curve for S690, adjusted data
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figure 9.9 Fitted S-N curve for S890, adjusted data
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figure 9.10 Fitted S-N curve for $1100, adjusted data

9.3.3 Discussion

Some results show significant deviation from the total dataset (for example, the C89 point near N=1-105). Some of these
points contain base material failure, but others, such as the example point in figure 9.5, are other mechanisms. Because of
the limited size of the dataset it is hard to determine whether these points are indeed a rare exception or part of a widely
scattered dataset. Except for the excluded data as described in 9.2.1, no other data points are excluded from the regression
in this paragraph or coming paragraphs.

The small data set leads to high values of tgos.n¢ (see 9.2.3), resulting in large difference between the mean and
characteristic curve. This effect is even stronger because of the large influence single data points can have on the standard
deviation due to the small sample size.

Furthermore, it must be noted that most observed runouts lie greatly above the fatigue limit which is derived from the
value of the fitted S-N curve at 5-10° cycles. It is therefore questionable whether the chosen knee point is correct. Due to
the limited number of results, especially for Nf>1-106 only a presumption with respect to the knee point can be expressed.

9.4 Comparison

9.4.1 Comparison of data with design codes

The connection that was tested, is judged by different design codes in different ways. In table 9.3 the characteristic data
for a given probability of survival (P;) are shown for the design S-N curves prescribed by different codes. The design curves
are plotted and compared without any further safety factors.
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Ao [N/mm’] | m[-] P, [-]
Eurocode* 71 3 95.0%
[IW** 92 3 95.0%
NPR-CEN/TS 13001-3-1*** | 100 3 97.7%

table 9.3 Characteric values of design S-N curves for the tested specimens

*Welds checked by NDT from both sides, safety factor not considered. Design curve limited to steels up to R,.,=700
N/mm’

** Welds checked by NDT and misalignment <10% of plate thickness. This criterion is not met in the specimens.
Design curve limited to steels up to R.;,=900 N/mm’

***Weld quality B. Detail category for asymmetric butt welds also incorporates asymmetric plate arrangement,
which is not the case with the tested specimens. Design curve limited to steels up to R.,=960 N/mm?

When table 9.1, table 9.2 and table 9.3 are compared, it is clear that the very high strength steel specimens (5890 and
$1100) do not always match the codes when the characteristic strengths are compared. However, the characteristic curve
value is influenced to a great extent by the uncertainty of the data caused by the small sample size. Below, all data points
will be compared with the design lines specified in table 9.3.

Raw data

In figure 9.11 to figure 9.14 the raw data points are compared with the design lines of the different codes and
recommendations as specified in table 9.3.
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figure 9.11 S460 data points compared with design lines, raw data
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figure 9.12 S690 data points compared with design lines, raw data
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figure 9.13 S890 data points compared with design lines, raw data
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figure 9.14 S1100 data points compared with design lines, raw data
Adjusted results

In figure 9.15 to figure 9.18 the data points after adjustment are compared with the design lines of the different codes
and recommendations as specified in table 9.3.
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figure 9.15 S460 data points compared with design lines, adjusted data
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figure 9.16 S690 data points compared with design lines, adjusted data
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figure 9.17 S890 data points compared with design lines, adjusted data
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figure 9.18 $1100 data points compared with design lines, adjusted data

Discussion

All specimens have performed according to the three considered design codes or better, both before and after
adjustment of the data. It is noteworthy that all found runout specimens show this behaviour at a significantly higher stress
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range (factor 3-4 for raw data and a factor 2-3 for adjusted results) than specified in the design lines. A phenomenon which
was also noticed when the data points were compared with the fitted S-N curves (see 9.3).

9.4.2 Comparison of data with as welded fatigue tests

From the TIG-dressed specimens all non excluded data are considered, for reasons explained in 9.3. In the study by
Pijpers (2011), data were split according to their failure mechanism (base material or weld toe). The arguments to include
all data in the analysis which were valid for TIG-dressed specimens, are not for the as welded data. Therefore, in principle it
is only interesting to compare the results of this research with cap weld toe failures from the research by Pijpers. However,
all base material failures that were found in this research can be the result of removing the weakest link from the chain by
improving the weld toe, but could also already have been the weak link before TIG-dressing. Therefore, the weld toe
failures from the cap side are plotted but also all base material failures are plotted. As was the case for the TIG-dressed
data points, the base material failures will be marked in all diagrams.

Full fatigue life, raw data

In table 9.4 the mean stress range and characteristic stress range at 2-10° cycles are depicted for the as welded
specimens and the TIG-dressed specimens. A graphic representation of the table can be found in figure 9.19. Although in
figure 9.20 to figure 9.23 the TIG-dressed data points seem to lie in the middle and upper region of the as welded scatter
band, the mean and characteristic values in table 9.4 and figure 9.19 do not show a strength increase due to TIG-dressing in
most materials. This strength decrease may be explained by the fact that most as welded specimens were tested under
bending, which in general gives better results in fatigue tests (see 9.2.2). The adjusted data therefore may show a different
behaviour. The difference between as welded and TIG-dressed specimens increases when the characteristic stress range is
considered for most materials. This can be caused by the fact that a small data set results in more uncertainty of the
variation, and therefore results in a lower characteristic stress range. Furthermore, the flattening of the S-N curve due to
TIG-dressing (see 4.3.4) cannot be observed in most results. Only the steel grade S690 behaves in a way that can be
expected, based on literature research: the mean and characteristic strength increase, and the m-value of the S-N curve
increases.

calculated slope fixed slope

AOmeany [N/mm’] | ACgsy [N/mm’] | m [-] | AOmean IN/mm’] | Aosy IN/mm’] | m [-]
S460 TIG 154 120 2.72 163 136 3
S460 AW 192 165 3.99 171 138 3
S690 TIG 212 165 4.45 171 126 3
S690 AW 193 124 3.68 183 108 3
S890 TIG 204 97 3.14 200 119 3
S890 AW 259 222 6.95 208 138 3
S1100 TIG 197 106 3.15 189 125 3
S1100 AW | 169 114 2.56 | 180 130 3

table 9.4 Comparison of mean and characteristic values at 2:10° cycles before and after TIG-dressing, raw data

calculated slope fixed slope
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figure 9.19 Graphic overview of table 9.4: mean and characteristic stress range at 2:10° cycles, raw data
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figure 9.20 Comparison between as welded data and TIG-dressed data, raw data
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figure 9.22 Comparison of as welded data and TIG-dressed data, raw data
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figure 9.23 Comparison of as welded data and TIG-dressed data, raw data

Full fatigue life, adjusted results

In table 9.5 the mean stress range and characteristic stress range at 2-10° cycles are depicted for the as welded
specimens and the TIG-dressed specimens after adjustment of the data points. A graphic representation of the table can be
found in figure 9.24. In the figure can be seen that still for most materials TIG-dressing does not seem to provide a
significant increase in fatigue strength at 2-10° cycles, except for steel grade S690. It is remarkable that the fatigue strength
increase at 2-10° cycles of TIG-dressed specimens seems to become larger when the S-N curve with a fixed slope is
considered (see figure 9.24, right hand side), while a free slope is expected to perform better due to the flattening effect of
the S-N curve (see 4.3.4). This flattening effect is not apparent in the results. When looking at the data points in figure 9.25
to figure 9.28 it is clear that the TIG-dressed data points generally lie in the upper part of the as welded scatter band with
the S1100 data points as possible exception. Because the m-value of the curves decreases for all results and most data
points lie in the region below 1-10° cycles, the characteristic strength at 2-10° is strongly influenced. Based on the
observations of the scatter plots, at positive effect of TIG-dressing is likely.

calculated slope
AGpmean [N/mm’]

Agsy; [N/mm?’]

m [-]

fixed slope
AGean [N/mm’]

AGgsy [N/mm’]

S460 TIG
S460 AW
S690 TIG
S690 AW
S890 TIG
S890 AW
$1100 TIG
$1100 AW

136
150
169
144
145
168
141
112

102
127
129
106
61
122
76
65

2.53
4.72
4.06
4.72
2.73
3.77
3.05
2.14

152
127
142
129
153
155
140
131

123
96
107
79
91
106
92
87

w wwwwww w3

table 9.5 Comparison of mean and characteristic values at 2:10° cycles before and after TIG-dressing, adjusted data
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calculated slope fixed slope
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O Mean value
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figure 9.24 Graphic overview of table 9.5: mean and characteristic stress range at 2:10° cycles, adjusted data
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figure 9.25 Comparison of TIG-dressed and as welded data, adjusted data
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figure 9.26 Comparison of TIG-dressed and as welded data, adjusted data
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figure 9.27 Comparison of TIG-dressed and as welded data, adjusted data
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figure 9.28 Comparison of TIG-dressed and as welded data, adjusted data

Because TIG-dressing is expected to influence the crack initiation life to a greater extent than the crack propagation life,
the crack initiation lives of the as welded data will be compared with the crack initiation lives of the TIG-dressed data. No S-
N curves are fitted to the data, but only the overall effect of TIG-dressing will be discussed.

The earlier discussed trend, where the TIG-dressed data points mainly lie in the middle and upper region becomes
somewhat more distinct in figure 9.29 to figure 9.32. Another way to analyze the effect of TIG-dressing on the crack
initiation time is to compare the average crack initiation life ratios (fy;) of the TIG-dressed data set and the as welded
dataset. In table 9.6 this comparison is made, and based on this table it seems clear that the TIG-dressing has increased the
crack initiation life. An important remark to this table must be made. The specimens tested by Pijpers were provided with
three strain gauges at each weld toe, instead of two in this research, but are also wider. If a crack initiates closer to a strain
gauge it can be detected earlier. Two strain gauges in Pijpers’ research were placed at the edge of the specimen, where a
lot of cracks were found in that research. The results in table 9.6 may be distorted due to these differences, but it is not
sure to what extent these geometrical differences between the specimens influence the result.

fnTIG ] | fni AW []
$460 0.70 0.49
$690 0.64 0.40
$890 0.83 0.61
$1100 0.83 0.64

table 9.6 Comparison of fy; of TIG-dressed specimens and as welded specimens. Runouts are not considered
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figure 9.29 Comparison of crack initiation life of TIG-dressed and as welded data, raw data
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figure 9.30 Comparison of crack initiation life of TIG-dressed and as welded data, raw data
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figure 9.31 Comparison of crack initiation life of TIG-dressed and as welded data, raw data
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figure 9.32 Comparison of crack initiation life of TIG-dressed and as welded data, raw data

Crack initiation life, adjusted results

When the adjusted results are considered, the same effect as for raw data can be observed because the crack initiation
life ratios are the same. The TIG-dressed specimens lie in the upper regions of the as welded scatter band. This effect is
somewhat clearer than for the adjusted full fatigue life results.
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figure 9.33 Comparison of crack initiation life of TIG-dressed and as welded data, adjusted data
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figure 9.34 Comparison of crack initiation life of TIG-dressed and as welded data, adjusted data
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figure 9.35 Comparison of crack initiation life of TIG-dressed and as welded data, adjusted data
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figure 9.36 Comparison of crack initiation life of TIG-dressed and as welded data, adjusted data
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Discussion

The scatter plots of the raw data show little or no benefit due to TIG-dressing. When the results are adjusted according to
9.2.2, the effect of TIG-dressing seems positive, based on observations on the scatter plots. A remark must be made that
the used correction factor for the loading mode has been defined as conservative by Pijpers. This means that it is possible
that slightly higher fatigue strength should be attributed to the as welded results which were loaded in pure bending.

When S-N curves are fitted to the results, the TIG-dressed results show a steeper S-N curve most of the time. Because
most results are located below 1-10° cycles, this steeper curve results in lower mean and characteristic stress ranges at
2-10° cycles for TIG-dressed data when compared with as welded values. When the slope of the S-N curve is fixed to a value
of 3, the results for TIG-dressed data become less unfavourable, but a clear strength increase can not always be observed.

To investigate the possible positive influence of TIG-dressing in the medium cycle regime, the fitted S-N curves of both
the as welded data and TIG-dressed data are plotted in figure 9.37.
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figure 9.37 Comparison of fitted S-N curves. Adjusted data, calculated slope.

From figure 9.37 can be concluded that especially in the medium cycle range a beneficial effect due to TIG-dressing can
be observed for most materials. Therefore, the mean and characteristic values of the fitted S-N curves at N=4-10° (instead
of N=2-106) are depicted in table 9.7 and figure 9.38. This table and diagram clearly show a mean fatigue strength increase
due to TIG-dressing for materials S460 and S690. The two steel grades which showed a lot of failures in the base material,
$890 and S1100 still perform about similar to the as welded specimens. The characteristic values of all steel grades do not
always show the results as described above, but this may cohere with the smaller data set of the TIG-dressed specimens, as
explained earlier.

calculated slope fixed slope

AOmean IN/MM?] | Adosy [N/mm’] | m [-] | AGmean [N/mm’] | Adssy IN/mm?] | m [-]
S460 TIG 257 192 2.53 260 210 3
S460 AW 211 178 4.72 217 164 3
S690 TIG 251 191 4.06 243 183 3
S690 AW 203 150 4.72 221 135 3
S890 TIG 261 110 2.73 262 156 3
S890 AW 257 187 3.77 265 181 3
S1100TIG | 239 129 3.05 239 157 3
S1100 AW | 238 138 2.14 224 149 3

table 9.7 Comparison of mean and characteristic values at 4-10° cycles before and after TIG-dressing, adjusted data
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calculated slope fixed slope
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figure 9.38 Graphic overview of table 9.7: mean and characteristic stress range at 4-10° cycles, adjusted data

The exceptions to the trend described above are the data from S690 steel. Here, the data points in the scatter plot
behave better and the fitted S-N curves also show a strength increase due to TIG-dressing at higher cycles (2-106). The fitted
S-N curve of the TIG-dressed data has a higher m-value than the fitted S-N curve to the as welded data in case of the raw
data. When the tabulated fatigue test data are consulted (see Annex C) it can be seen that all failed S690 specimens failed
at the weld toe. No base material or weld material failures have been observed in these specimens. Closer inspection of the
weld leads to no additional information: the welds in S690 look similar to the welds of S460, where almost only weld
material failures occurred. It may be interesting to analyze the geometry of the weld cap with the aid of the already
available laser measurement data in future research. Also any changes in residual stress in the weld material may have
occurred due to the TIG-dressing procedure, which, if it concerns a residual stress increase, can lead to worse fatigue
behaviour of the weld material than in the as welded case.

An opposite trend can be seen in the S1100 specimens. Only one S1100 specimen has failed at the weld toe, and all
others failed in the base material and the S1100 TIG-dressed data points more or less blend in with the as welded results,
especially at high cycles.

It may be possible to explain these observations in the following way. TIG-dressing has improved the weld toe and
removed it as ‘weakest link’ from the chain. For specimens where even after TIG-dressing the weld toe was the, now
stronger, ‘weakest link’, an improvement in fatigue strength can be observed. Specimens which have ‘weak links’ with
marginally higher fatigue strength elsewhere in the base material or weld material show only marginal improvement. If the
weak link in the as welded specimen was placed outside the weld region, resulting in a base material failure, this will still be
the case in the TIG-dressed situation. In that case, not improvement is observed. In the graphs of the steels that show base
material failures, it can be observed that the base material failures indeed blend in with the as welded results, while the
rare weld toe or weld material failures lie slightly above the as welded scatter band.

The crack initiation life of the TIG-dressed specimens seems to be improved with respect to the as welded specimens,
resulting in a higher N;/N; ratio. However, due to differences in geometry between the TIG-dressed specimens and the as
welded specimens, these results may have been distorted.

9.4.3 Comparison of data with analytical determination of fatigue strength

The used analysis method is only valid for the crack initiation life of weld toe cracks. Therefore, only the crack initiation
life of specimens failed at the weld toe and runouts will be compared with the analytical results. This selection results in a
relatively limited number of data points which can be compared for the TIG-dressed case, because several specimens
showed other failure mechanisms than a weld toe failure (see 7.3).

Furthermore, the analysis method contains corrections for the means stress. The results of the analysis will therefore
only be compared with the results of the tests corrected for means stress, thickness and loading mode.

Comparison of as welded data with model based on peak values of as welded geometry

In figure 9.39 to figure 9.49 the comparison is made between the model as described and derived in chapter 8 and the
fatigue test results by Pijpers in the as welded situation. Almost all predicted results lie significantly higher than the test
results. Especially the model as derived by Schijve shows very different behaviour than reality. When the knee point in the
model by Schijve would be adjusted to 10° cycles (as is recommended for notched, not welded specimens) it would show
similar results as the model derived by Hiick.
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figure 9.39 Comparison of crack initiation life of V46 specimens with weld toe failure and modeled fatigue strength
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figure 9.40 Comparison of crack initiation life of C46 specimens with weld toe failure on cast side and modeled
fatigue strength
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figure 9.41 Comparison of crack initiation life of C46 specimens with weld toe failure on rolled side and modeled
fatigue strength
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figure 9.42 Comparison of crack initiation life of V69 specimens with weld toe failure and modeled fatigue strength
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figure 9.43 Comparison of crack initiation life of C69 specimens with weld toe failure on cast side and modeled
fatigue strength
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figure 9.44 Comparison of crack initiation life of C69 specimens with weld toe failure on rolled side and modeled
fatigue strength
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figure 9.45 Comparison of crack initiation life of V89 specimens with weld toe failure and modeled fatigue strength
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figure 9.46 Comparison of crack initiation life of C89 specimens with weld toe failure on cast side and modeled
fatigue strength
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figure 9.47 Comparison of crack initiation life of C89 specimens with weld toe failure on rolled side and modeled
fatigue strength
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figure 9.48 Comparison of crack initiation life of V11 specimens with weld toe failure and modeled fatigue strength
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figure 9.49 Comparison of crack initiation life of C11 specimens with weld toe failure on cast side and modeled
fatigue strength

Comparison of TIG-dressed data with model based on peak values of TIG-dressed geometry

In figure 9.50 to figure 9.54 the comparison is made between the model as described and derived in chapter 8 and the
fatigue test results in the TIG-dressed situation. Similarly to the as welded situation, almost all predicted results lie
significantly higher than the test results. It seems that the discrepancy between the model and the results is even larger in
the TIG-dressed situation.
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figure 9.50 Comparison of crack initiation life of C46 specimens with weld toe failure on rolled side and modeled
fatigue strength
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figure 9.51 Comparison of crack initiation life of V69 specimens with weld toe failure and modeled fatigue strength
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figure 9.52 Comparison of crack initiation life of C69 specimens with weld toe failure on rolled side and modeled
fatigue strength
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figure 9.53 Comparison of crack initiation life of V11 specimens with weld toe failure and modeled fatigue strength
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figure 9.54 Comparison of crack initiation life of C11 specimens with weld toe failure on cast side and modeled
fatigue strength

Comparison of TIG-dressed data with model based on peak values of TIG-dressed geometry and as welded radius

In figure 9.55 to figure 9.59 the comparison is made between the model as described and derived in chapter 8 and the
fatigue test results in the TIG-dressed situation. The results show a similar behaviour as for the previous two comparisons
with the model. Because a higher stress concentration factor and fatigue notch factor is attributed to the TIG-dressed weld
toes, the model and actual tests approach each other better than in the previous analysis where only peak values were
considered. However, because the as welded results also did not match very well, this is no valid reason to assume that the
model with peak values of the TIG-dressed geometry with an as welded radius is the best model of the TIG-dressed joint.
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figure 9.55 Comparison of crack initiation life of C46 specimens with weld toe failure on rolled side and modeled
fatigue strength
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figure 9.56 Comparison of crack initiation life of V69 specimens with weld toe failure and modeled fatigue strength
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figure 9.57 Comparison of crack initiation life of C69 specimens with weld toe failure on rolled side and modeled
fatigue strength
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figure 9.58 Comparison of crack initiation life of V11 specimens with weld toe failure and modeled fatigue strength
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figure 9.59 Comparison of crack initiation life of C11 specimens with weld toe failure on cast side and modeled
fatigue strength

Discussion

Almost all test results, both as welded and TIG-dressed show significant differences with the modelled behaviour. The as
welded model seems to perform the best. Both TIG-dressed models perform a little bit worse, with the peak value model
being the least dependable.

The sensitivity of the model to slight differences in the weld toe parameters is relatively limited as can be seen from the
figures. The grey lines indicate a varied weld toe to an extent that the bulk of all weld toes are covered (see 8.3), but this
only results in a rather small fatigue strength variation. The variation that is found is smaller than a typical fatigue test
scatter band (see the figures above).

The use of the TIG-dressed model with the as welded radius instead of all peak values leads to a difference of 13-20%,
depending on the steel grade. The model predicts a fatigue strength increase due to TIG-dressing of 30% for S460, which
steadily increases to a 52% strength increase for $1100. This fatigue strength increase difference is partly related to the
difference in K¢ and is partly caused by the assumed higher absolute reduction of residual stresses in higher strength steels.
Due to the inaccuracy of the model, it is very hard to rate these numbers at their true value. However, when these values
are compared with figure 9.38, it seems that the model overestimates the beneficial effect of TIG-dressing.

To make a good estimation of the validity of the model for the TIG-dressed specimens, it is important that the as welded
model gives good predictions of the fatigue strength. Because this is not the case, it is very hard to evaluate the accuracy of
the TIG-dressed model. When these issues are set aside and only the relative difference between the as welded model and
TIG-dressed model is considered, it is noticed that the test data lies further beneath the predicted line in the TIG-dressed
situation than in the as welded situation. This is expected to be the other way around, because only the change in geometry
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and residual stresses is incorporated in the model. The removal of weld flaws should also give a beneficial effect, which
should lead to a tested fatigue resistance which is higher than the model. Unfortunately, this is not the case.

A remark must be made on the used model to determined K;. As is explained in 3.5.1, literature recommends the use of
p=a* in the determination of K¢, because this leads to the maximum value of K; and thus the most conservative result.
Because the actual geometry of the weld was measured in this study, the value of the radius to determine K; was based on
these measurements and not on the most conservative value possible. When the radius would be set at this worst case
value an increase in K; would be found, resulting in a lowering of the predicted S-N curves, thereby increasing the model
accuracy. The increase of K¢ can vary from a few percent for S460 for more than 30% for S1100. The actual value could not
be determined because the a* value of this material is so small, that the accompanying radius has not been modelled. The
indication of 30% increase in K; is based on the smallest radius that has been modelled. However, when this approach
would be used, the measurement of the actual weld toe radius is no longer used, which partly eliminates the beneficial
effect for the TIG-dressed specimens.

To omit this question, another approach could also be used. It is possible to link the fatigue notch factor to the stress
gradient. This method is related to the highly stressed volume approach as discussed in 3.5.1, but has not been considered
in this research. A more thorough analysis of the possibilities to determine K¢, while incorporating the measured weld
profile should be subject of further investigation.

9.5 Evaluation of TIG-dressing influence

There are several indications that the TIG-dressing procedure has had a positive effect on the fatigue strength of the weld
toe. First of all, a new failure mechanism has shown, which was not observed in the as welded specimens tested by Pijpers.
Seven of the twenty non-excluded results showed this new failure mechanism: a crack in the weld material. Whether this is
only caused by weld toe improvement, or TIG-dressing also had influence on the weld material, possibly by increasing
residual stresses, may be the subject of further investigation. Other specimens still showed failure at the weld toe, but
these data points can mostly be found in the upper regions or above the scatter band of the as welded specimens, thus
suggesting a fatigue strength improvement. Finally, some specimens failed in the base material. Whether this base material
was already a weak link in the chain before TIG-dressing or it became the weakest link after the weld toe was improved
cannot be proven. However, the scatter plots in 9.4.2 show that the base material failures more or less blend in with the
base material results from the as welded tests. This indicates that the observed failure location would also have been the
weakest link in an as welded situation. This might be a possible explanation for the relatively poor performance of some the
TIG-dressed specimens of the steel grades S890 and S1100 when compared with the fatigue strength increase of lower
strength specimens. Apparently the, very likely improved, weld toe was not the weakest link, even in the as welded
situation. One specimen that was excluded from the analysis, specimen V11-1, may also fall into this category. Here also a
base material failure was observed, which would be the weakest link, both in the as welded state and the TIG-dressed state.

The overall trend seems to be an improvement at the weld toe as a result of TIG-dressing especially in the medium cycle
regime. Clear information on the high cycle regime is not available, due to the scarcity of test data is this regime. Due to
other failure mechanisms, not necessarily the whole specimen shows fatigue strength increase. If the weld toe is improved,
but the next weak link only behaves marginally better, the TIG-dressing has limited influence. It must also be noted that the
runout test results mostly lie in the upper region of the as welded runouts, but greatly above the fitted fatigue limits or the
fatigue limits specified by codes. This is not translated into the fitted S-N curves, and therefore worth an extra remark.

The analytical results do not comply with the test data in a sufficient way to use the developed model to predict the
fatigue strength of components. The test results deviate significantly from the predicted values and the modeled results are
non conservative. From the analytical approach it is found that variations of the weld toe parameters within such limits that
the bulk of all measured weld toes are covered, have relatively low consequences on the fatigue strength. The differences
that are found when such an analysis is made are generally smaller than a typical fatigue test scatter band. To effectively
predict the fatigue strength of butt welded specimens, extra research is necessary.

Because of the limited number of tests per material and the limited accuracy of the model, this report refrains from
strength increase factors and only the overall trend has been described. For the same reason, and because $890 and 51100
do not show a clear strength improvement as discussed earlier, no material dependent improvement is described.

To define strength increase factors for S460 and S690, and to examine whether S890 and S1100 specimens as a whole
show a strength increase more testing is necessary, especially in the high cycle regime.
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10 Conclusions and recommendations

10.1 Conclusions

10.1.1

10.1.2

Influence of TIG-dressing of fatigue strength of butt welded specimens

Design codes do not always incorporate a fatigue strength increase due to TIG-dressing. The fact that all TIG-
dressed specimens show a fatigue strength above the design line of the considered design codes is therefore not
surprising.

When the TIG-dressed specimens are compared with similar as welded specimens, the scatter plots show a trend
towards a better fatigue behaviour of the TIG-dressed specimens for all specimens which have shown failure in
the weld area. For steel grades S460 and S690 this concerns almost all specimens. For the higher strength steels a
lot of specimens have shown base material failure. Quantitative conclusions cannot be drawn due to the relatively
small number of tests.

The materials that have shown base material failures in the as welded condition, S890 and S1100, show little to
no improvement of the fatigue strength, because any beneficial effect of the weld toe improvement can only
have an effect on specimens that would not have shown base material failure in the as welded condition. The few
specimens that have shown weld material failure after TIG-dressing in these steel grades generally show the
above described trend towards fatigue strength improvement.

The failure mechanism in the weld material has become much more prominent. This failure mechanism has only
very rarely been observed in the as welded tests, but has been observed on a significant number of the TIG-
dressed specimens. This is a very good indication that the weld toe indeed has been removed as the weakest link
from the chain. Whether the weld material is simply the next weak link or has been influenced by TIG-dressing is
not clear.

The main fatigue improvement of TIG-dressed specimens is expected from improvement of the crack initiation
life. When scatter plots of TIG-dressed and as welded specimens are compared, the difference between the as
welded scatter band and the TIG-dressed specimens seems larger when only the crack initiation life is considered,
thus confirming this expectation. It must be noted that differences in geometry of the specimens and
instrumentation which were present, can distort this graph because they influence the accuracy with which the
crack initiation time can be determined.

Influence of TIG-dressing on weld geometry of butt welded specimens

As welded weld toe geometries of the considered specimens generally show one geometry variant. When these
welds are TIG-dressed different weld toe geometries can be observed (see figure 6.9). Different variants occur in
different frequencies but no single geometry variant dominates the measurements.

The peak value of the distribution of weld toe radii increases from ~1.0 millimeter for as welded specimens to
~3.8 millimeter for TIG-dressed specimens. The TIG-dressed results also show a peak in the region of the as
welded peak. The spread of weld toe radii increases due to TIG-dressing.

The peak value of the distribution of weld toe angles decreases from ~27.8° for as welded specimens to ~15.3° for
TIG-dressed specimens. The spread of the data before and after weld toe improvement is similar.

The peak value of the distribution of undercuts is similar for the as welded specimens as for the TIG-dressed
specimens and lies at 0 millimeter. The number of non-zero undercuts is somewhat larger for the TIG-dressed
specimens. One specific geometry variant shows significantly deeper undercuts than all other considered weld
toe geometries, both as welded as TIG-dressed. This geometry is also consistently associated with a very large
weld toe radius and therefore will very likely not be the weakest link in fatigue.

Because the width of the weld is much larger than the influence of TIG-dressing, the weld improvement has no
influence on the weld height. Within one plate specimen the weld height shows only a slight variation. Larger
differences in weld height between specimens were found.

The discussed influences, with exception of the undercut influences, lead to an ‘average’ weld toe geometry with
a lower stress concentration factor. However, due to the occurrence of a number of smaller weld toe radii in the
TIG-dressed specimens, which is disproportionate with respect to the overall distribution, the theoretical
improvement of the fatigue strength is not necessarily as high as is to be expected based on the average
improvement.
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10.1.3 Theoretical influence of changed weld geometry on behaviour of TIG-dressed

specimens

The found spread in the weld geometry data is, based on a sensitivity analysis, not likely to cause a scatter band
with the width that is usually associated with fatigue testing.

The fatigue notch factor shows reduction due to TIG-dressing with slight dependency on the material static
strength. Higher strength steels show a greater reduction in fatigue notch factor, due to the difference in the
parameter a*. Further differences in fatigue strength improvement due to TIG-dressing can be sought in other
factors, such as residual stress reduction. In the used model in this research the residual stress was assumed to be
a fixed fraction of the yield strength, thereby increasing the fatigue strength increase differences between
different steel grades

The model shows a reduction of the fatigue notch factor due to the changed weld toe geometry, even if no
improvement of the weld toe radius is achieved. This reduction is then mostly caused by a reduction of the weld
toe angle.

The model that is used shows poor accuracy for both as welded and TIG-dressed specimens. Also, the discrepancy
between the model and tested specimens is not constant. Any quantitative or qualitative predictions of a fatigue
strength increase due to TIG-dressing can therefore not be expressed.

10.2 Evaluation and recommendations

10.2.1 Assumptions and approximations

In this paragraph the main assumptions and approximations will be described so that the conclusions from 10.1 can be
rated at their true value.

All weld toe geometries have been analyzed together, while a few different typical geometries have been
observed. One model has been used to represent all TIG-dressed geometries, leading to an approximation for
typical TIG-dressed geometry type 3 (see figure 6.9).

No probability distribution has been fit to the results of the weld toe parameters. The peak values now have been
estimated based on the bar diagrams. Fitting a distribution would make an accurate calculation of the peak value
of the distribution possible, but not for all data sets an accurate fit could be made. The accurate calculation of a
peak value with a fitted distribution is therefore an illusion.

When analyzing the weld toe geometry, discussion arose as to whether a large notch or a smaller notch inside this
main notch should be documented. Based on various arguments, only the main notch was documented.

This research only focuses on the geometrical improvement of TIG-dressing. Any improvement by removing weld
toe flaws is not taken into account. The reduction of residual stresses is approximated, based on literature.

The critical distance approach has not been proven in the finite life region. This research has extended the infinite
life that has been determined with this approach into the finite life.

Peterson (1974) has recommended the use of Ks,,.x When determining the fatigue strength of notched specimens.
This research has used the actual measured geometry.

Correction factors for thickness, loading mode, mean stress and residual stress have been acquired from the
research by Pijpers (2011). The influence of these factors can also be dependent on the weld toe geometry. In this
research the same correction factors as used by Pijpers were used, although it is not certain that these factors will
have exactly the same value for TIG-dressed joints.

Various specimens have shown failure inside the weld material. This failure mechanism was not observed in the
as welded joints by Pijpers (2011). Therefore, no correction factors for thickness, loading mode, mean stress and
residual stress are available. These cracks have been regarded as weld toe cracks.

10.2.2 Recommendations for further research

Recommendations regarding the TIG-dressing procedure

At some locations the TIG dressing procedure could not be executed because after grinding gas inclusions
appeared. To prevent them from expanding rapidly when heated and possibly ruining the weld, these locations
were not TIG-dressed. It should be investigated whether these gas inclusions would be visible on an X-ray test,
and in what frequency these inclusions appear. Furthermore, it should be investigated whether welds where
these inclusions have been observed can be TIG-dressed without any problems.

Different TIG-dressed geometries have been observed (see figure 6.9). Only one of these geometries is expected
and described by the IIW and other literature. Further research should determine whether these different
geometries always occur for butt welded specimens. The welds that were studied in this research were relatively
few in number and all executed by one person under the same conditions. To gain a more complete image of the
possible geometries, these factors should be varied.
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Recommendations regarding the laser measurements

All weld geometries have been considered together after the split between as welded and TIG-dressed was made.
When each weld toe parameters and their mutual dependency are recorded and coupled to one of the weld toe
variants specified in figure 6.9, the value of the database will increase greatly.

In a lot of weld toe geometries, different notches can be observed. In this study the choice is made to consider
only the largest ‘main’ notch, based on a relatively quick assessment of the influence of the smaller notches.
Further research should show to what extent these smaller notches influence the fatigue behaviour and should
try to match the crack initiation sites on the specimens on any possible local smaller notches which may be
present.

In this research a very limited amount of parent material has been incorporated in the research to limit the
measuring time. Extending the amount of measured parent material to about 10 millimeter will greatly increase
the ability to accurately determine the weld toe angle, weld toe height en undercut, because all these parameters
are defined with the parent material as baseline.

A number of specimens have failed in the weld material. Although data is available of this area of the weld, the
exact geometry of any present notches has not been determined. To accurately model these failures, this area of
the weld should be analyzed thoroughly. This analysis may also lead to an explanation of the fact that the S460
specimens have shown a lot of weld material failures and the S690 specimens have none while they have, to the
eye, a similar weld material geometry.

Recommendations regarding the fatigue testing

To avoid runouts, most specimens were tested at relatively high stresses. This leads to an uncertain
determination of the slope of the S-N curve. More tests should be done at lower stress ranges leading to failure at
higher cycles

A high uncertainty exists in the variation of the dataset due to the limited number of data points per steel grade.
Additional testing should give more certainty of the actual scatter band of the TIG-dressed results.

Recommendations regarding the modelling and adjustment of the fatigue strength

In this research an assumption was made concerning the reduction of residual stresses at the weld toe before and
after TIG-dressing. Additional research on residual stresses in TIG-dressed butt welded joints is necessary to
accurately model a fatigue strength increase. The residual stresses in the weld material are also interesting to
measure, because an increase of residual stresses in the weld material may explain the occurrence of the extra
failure mechanism in the weld material.

When the weld toe geometries have been analyzed more thoroughly as described above, it may be possible to
determine a worst case scenario by combining different weld toe parameters according to their actual occurrence
and dependencies. This can lead to an accurate worst case value of K;.

All correction factors for thickness, mean stress and loading mode have been based on the research by Pijpers
(2011). The influence of some factors depends on the weld geometry as well. Further research should investigate
whether the used correction factors are also valid for TIG-dressed geometries or define new correction factors.

All correction factors for thickness, mean stress and loading mode have been based on the research by Pijpers
(2011). Because in the research by Pijpers no weld material failures were observed, no such correction factors
were available for the current research. Additional research should focus on correction factors when failure is
observed in the weld material.

The developed model of the fatigue strength is inaccurate. Due to assumptions made when applying the critical
distance approach, the determination of K; may be less precise, leading to a less accurate model. Omitting these
assumptions may improve model accuracy but will partly neutralize the beneficial geometrical influence of TIG-
dressing. Other methods to determine the fatigue notch factor, such as the stress gradient approach, may also
lead to better results.

Recommendations regarding unused data of crack monitoring and hardness measurements

The crack monitoring data which is presented in Annex |, has not been analyzed. Although limited, this database
may give insight into any influences of the TIG-dressing procedure on the crack propagation life when combined
with similar measurements on as welded specimens from Pijpers (2011). This calculation could also be used to
verify the measured number of cycles to crack initiation.

The hardness measurements show rather different results than found in literature. Based on observations,
interesting conclusions can be drawn if a relation can be made between hardness and fatigue strength. A more
thorough research of more TIG-dressed specimens can lead to more conclusive results.
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Annex B: Test specimens

On the following pages the geometry of the produced test specimens will be depicted.

The geometry of tested specimens is tabulated for each specimen separately. The figure below gives guidance to the
location of the various measurements.
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Fatigue test data

Annex C
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Annex D: Material certificates
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Friedrich Wilhelms-Hutte Stahlguss GmbH
Postfach. 45466 Milheim an der Ruhr

Delft University of Technology
Att: Richard Pijpers

PhD researcher

P.O. Box 5049

2600 GA Delft

Netherlands

Inspection certificate 3.1

Friedrich Wilhelms-Hutte
Stahiguss GmbH

Mulheim an der Ruhr, den

according to EN 10204

23.07.08

Iltem Piece Description of Casting Drawing-No. Pattern-No Customer-No.
010 3 Test plates for welding and fatigue
strength test 1000x500x25
Material: G20Mn5 Customers order No.: Del.-No.:
Order-No.: Date of delivery:

Compliance with the specified quality level has tested applying the following methods:

1) External condition: (x ) Magnet particle test

( ) Liquid penetrant test

Chemical analysis

2) Internal condition:

(x ) Ultrasonic test
( ) Radiographic test

ftem | Plece | Heat e | c% | Si% |Mn% | P% | S% | Cr% |Mo% | Ni% | V%
Min
Max
010 | 1 S1319A 6/08-1 0,21 0,56 1,45 0,013 0,002 0,15 0,13 0,20
010 | 1 S1319A 6/08-2 0,21 0,56 1,45 0,013 0,002 0,15 0,13 0,20
010 | 1 S1319A 6/08-3 0,21 0,56 1,45 0,013 0,002 0,15 0,13 0,20
Physical properties
ltem | Piece | Date of Yield-/ 0,2- Tensile- Elonga | Reduktion | Shape of specimen:ISO-V HB
Casting strength N/mm2 strength tion % of area % Temp. Joule Temp. Joule 2)
N/mm2 -40°C °C 1)
mid
010 | 1 6/08-1 510 622 25,6 64,0 85 116 92 98 | 185
010 | 1 6/08-2 485 599 27,0 64,0 131 90 80 100 | 180
010 | 1 6/08-3 512 611 26,6 67,5 104 111 84 100 | 180

1)  Average values from 3 single values
2) Min/Max - values

Impact values at RT: 172-181 Joule ISO-V

Heat treatment: 940°C/water
+680°C/water

The requirements are fulfilled!

Friedrich-Ebert-Stralle 125

45473 Mulheim an der Ruhr
Telefon: (0208) 4518
Telefax: (0208) 451-73 03

o

FRIEDRICH WILHELMS-HUTTE STAHLGUSS GmbH

Inspector steel foundry




Friedrich Wilhelms-Hitte
Stahlguss GmbH

Friedrich Wilhelms-Hitte Stahlguss GmbH
Postfach. 45466 Milheim an der Ruhr

Delft University of Technology
Att: Richard Pijpers

PhD researcher

P.O. Box 5049

2600 GA Delft

Netherlands

Mualheim an der Ruhr, den 28.08.08

|nSpeCti0n Certiﬁcate 31 according to EN 10204

ltem Piece Description of Casting Drawing-No. Pattern-No Customer-No,
010 3 Test plates for welding and fatigue
strength test 1000x500x25
Material: G10MnMoV 6-3 Customers order No.: Del-No.:
Order-No.: Date of delivery:

Compliance with the specified quality level has tested applying the following methods:

1) External condition: {x) Magnet particle test 2) Internal condition: (x) Ultrasonic test
() Liquid penetrant test () Radiographic test

Chemical analysis

ltem | Piece |  Heat Cosing | C% | 8% | Mn% | P% | S% | Cr% |Mo% | Ni% | V%

Min
Max

010 1 $1293B 6/08-1 0,11 0,45 1,70 0,011 0,003 0,11 0,39 0,46 0,10

010 1 $1293B 6/08-2 0,11 0,45 1,70 0,011 0,003 0,11 0,39 0,46 0,10

010 1 $1293B 6/08-3 0,11 0,45 1,70 0,011 0,003 0,11 0,39 0,46 0,10
Physical properties

Date of Yield/ 0,2- Tensile- Elonga | Reduktion Shape of specimen: ISO-V HB
ltem | Piece Castin strength strength tion of area Temp. Joule Temp. Joule 2)
9 N/mm2 Nmm2 | (A5) % % -40°C ¢ 1)
Ave
age

010 | 1 6/08-1 743 799 18,6 64,0 41 36 33 37 245

010 [ 1 6/08-2 718 785 21,2 70,8 35 38 62 45 243

010 [ 1 6/08-3 775 841 18,0 67,5 37 48 36 40 257
1)  Average values from 3 single values
2) Min/Max — values
Impact values at RT: 98 - 135 Joule ISO-V
Heat treatment: 940°C/water

+620°C/water

The requirements are fulfilled! %\
Friedrich-Ebert-StraBe 125 FRIEDRICH WILHELMS-HUTTE STAHLGUSS GmbH
45473 Milheim an der Ruhr Inspector steel foundry

Telefon: (0208) 4518
Telefax: (0208) 451-73 03



Friedrich Wilhelms-Hutte
Stahlguss GmbH

Friedrich Wilhelms-HUtte Stahlguss GmbH
Postfach. 45466 Milheim an der Ruhr

Delft University of Technology
Att: Richard Pijpers

PhD researcher

P.O. Box 5049

2600 GA Delft

Netherlands

Milheim an der Ruhr, den 23.07.08

Inspection certificate 3.1  according to EN 10204

ltem Piece Description of Casting Drawing-No. Pattern-No Customer-No.
010 3 Test plates for welding and fatigue
strength test 1000x500x25
Material: G18NiMoCr3-6 Customers order No.: Del.-No.:
Order-No.: Date of delivery:

Compliance with the specified quality level has tested applying the following methods:

1) External condition: (x ) Magnet particle test 2) Internal condition: (x } Ultrasonic test
( ) Liquid penetrant test () Radiographic test
Chemical analysis
am: | Fiece: | Het o C% | Si% |Mn% | P% | S% | Cr% | Mo% | Ni% | V%
Min
Max
010 | 1 S1288A 6/08-1 0,22 0,40 1,16 0,012 0,003 0,89 0,61 0,80
010 | 1 S1288A 6/08-2 0,22 0,40 1,16 0,012 0,003 0,89 0,61 0,80
010 | 1 S1288A 6/08-3 0,22 0,40 1,16 0,012 0,003 0,89 0,61 0,80
Physical properties
ltem | Piece | Date of Yield-/ 0,2- Tensile- Elonga | Reduktion | Shape of specimen:ISO-V HB
Casting strength N/mm2 strength tion of area % Temp. Joule Temp. Joule 2)
N/mma2 % -40°C °C 1)
mid
010 | 1 6/08-1 976 1042 15,8 57,7 41 40 48 43 | 321
010 | 1 6/08-2 972 1052 13,8 46,7 53 40 44 46 | 331
010 | 1 6/08-3 1001 1070 12,0 36,0 37 36 35 36 | 333

1)  Average values from 3 single values
2) Min/Max - values

Impact values at RT: 67-80 Joule ISO-V

Heat treatment: 920°C/water
+580°C/water

The requirements are fulfilled!

Friedrich-Ebert-StraRe 125 FRIEDRICH WILHELMS-HUTTE STAHLGUSS GmbH

45473 Milheim an der Ruhr Inspector steel foundry
Telefon: (0208) 4518
Telefax: (0208) 451-73 03




Friedrich Wilhelms-Hutte
Stahlguss GmbH

Friedrich Wilhelms-Hiitte Stahlguss GmbH
Postfach. 45466 Mulheim an der Ruhr

Delft University of Technology
Att: Richard Pijpers

PhD researcher

P.O. Box 5049

2600 GA Delft

Netherlands

Mulheim an der Ruhr, den 27.10.08

Inspection certificate 3.1 according to EN 10204

Item Piece Description of Casting Drawing-No. Pattern-No Customer-No.
010 3 Test plates for welding and fatigue
strength test 1000x500x35
Material: G22NiMoCr5-6 Customers order No.: Del.-No.:
Order-No.: Date of delivery:

Compliance with the specified quality level has tested applying the following methods:

1) External condition: (x) Magnet particle test 2) Internal condition: (x) Ultrasonic test
() Liquid penetrant test ( ) Radiographic test
Chemical analysis _
T[S o Costmg | C% | Si% |[Mn% | P% | S% | Cr% | Mo% | Ni% | V%
Min
Max
010 |1 S$1605B 9/08-1 0,23 0,47 0,96 0,011 0,002 0,80 0,57 0,20
010 | 1 S1605B 9/08-2 | 0,23 0,47 0,96 0,011 0,002 0,80 0,57 0,20
010 | 1 516058 9/08-3 0,23 0,47 0,96 0,011 0,002 0,80 0,57 0,20
Physical properties
Item | Piece | Date of Yield-/ 0,2- Tensile- Elonga | Reduktion | Shape of specimen:ISO-V HB
Casting strength N/mm2 strength tion % ofarea % | Temp. Joule Temp. Joule 2)
N/mm2 -40°C °C 1)
mid
010 | 1 9/08-1 1126 1185 12,6 40,7 28 35 35 33 | 366
010 |1 9/08-2 1113 1163 12,8 42,4 41 37 40 39 | 363
010 | 1 9/08-3 1118 1171 12,6 42,2 34 31 31 32 | 363

1)  Average values from 3 single values
2) Min/Max = values

Impact values at RT: 86-75 Joule 1ISO-V

Heat treatment: 920°C/water
+545°C/water

The requirements are fulfilled!

Friedrich-Ebert-Stralte 125 FRIEDRICH WILHELMS-HUTTE STAHLGUSS GmbH

45473 Miilheim an der Ruhr Inspector steel foundry
Telefon: (0208) 4518
Telefax: (0208) 451-73 03
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Annex E: Production data sheets TIG Dressing

On the following pages the production data sheets from the TIG-dressing are displayed. Unfortunately some of the
comments are in Dutch language.



PRODUCTION DATA SHEET
for WELD TOE IMPROVEMENT by

International Institute of
Welding

TIG DRESSING Commission Xlli
WELDING SPECIFICATION COMPONENT
Base material: > Pdo
J Type:

Filler material:
Welding procedure No: C on/

il (€
Identification: _( f(”:j 1

EQUIPMENT
Make and model: _ A& wn PR

Power capacity: LS5 oo \/éfw-\f'
2. 2

{ O Vb

Electrode diameter:

Gas cup diameter:
Shielding gas: _ A R Ly b

TREATMENT DATA

Dressing position (1G, 2G) etc: A 6
Preheat temperature: _- <5 ¢» < ¢

_ \S_ C /oV\'\\l
Work angle, sideways: /~ Q - f}ﬁ ('J.G

Gas flow rate:

Work angle, weld direction:__{ (3 i
Travel speed (S): _/ 22 My / T

[~ »7
Voltage (V): /2 - ;22 Current (): 25w (KW\‘/‘

SKETCH OR PHOTO
i \

o

x Sx1

Heat input: H= DUl =

1000xV
(kd/mm)

INSPECTION
O Visual & Photo O Geometry REMARKS : B
measurements\ \ & OVLU S vt 90 e
. . \ : , - ©

Equipment: _ \SANVK Voorweemen F€ Lnnsy 123

TOE GEOMETRY MEASUREMENTS
Spacing of measurement points (mm):

Gaoneldemsy 2ge AmP 9 x

Max. Min. Mean
Toe radius (mm):
Groove depth (mm):
Measurements report:
OPERATOR

Experience: a). Hours:

b). Length of weld treated:

{ C;d) SN

Operator’s name: () . ({ V3 ENEN \(){/tc)\

Date: 52CD/ 4 é/ ’}f




T

)

{

PRODUCTION DATA SHEET
for WELD TOE IMPROVEMENT by
. TIG DRESSING

Welding
Commission XliI

A International Institute of

WELDING SPECIFICATION COMPONENT
Base material: _(;’. &6

Type:

Fill terial: ’ =
iller materia o p (7/6

o Identification:
Welding procedure No: [4/ 6 :

EQUIPMENT '

Make and model: l N ﬁ—m./nf)"': SKETCH OR PHOTO

Power capacity:_ 2 &=¢ A'uu\,f‘

Electrode diameter: 2. 2
Gas cup diameter: _ A O \\Awwn
Shielding gas: AVI(/\/'«,\ L« /

TREATMENT DATA

Dressing position (1G, 2G) etc: _{ &s

Preheat temperature: So g

Gas flow rate: I s

Work angle, sideways: Lot~ 4o’ C
Work angle, weld direction: W) il :
Travel speed (S): l 2 7 S M/ My
Voltage (V): Current (: 23 a /\wg!

Heat input: H= % __['L [(7/G‘toa
1000>§_‘\Z/>

(kd/mm)

INSPECTION
O Visual O Photo O Geometry REMARKS

measurements . . ; R
‘ : C—' /7/6 /ZV ﬁ '.‘(7_,/‘“)'*&‘6‘%‘4"/(

Equipment: \ N R

TOE GEOMETRY MEASUREMENTS
Spacing of measurement points (mm):

\ — 2co0 /%W\@
/Dal V‘A

Max. Min. Mean \
.,‘ff_b “ Z{- \’“W\/N\\\A.

Groove depth (mm):

L‘()

Toe radius (mm):

Measurements report:

OPERATOR _
Experience: a). Hours: b). Length of weld treated: S Wavia

7 e 0P/ub )
Operator's name: /) (‘\/L(r« (VA% \\f}(zij/ Date: 4«(4[\/() i/“




PRODUCTION DATA SHEET
for WELD TOE IMPROVEMENT by

TIG DRESSING

TEN . International Institute of
/ Welding
Commission XlII

WELDING SPECIFICATION
Base material: S 6 CZ?CS -

Filler material:
Welding procedure No: C/tf 'T&C}{‘Lf’fszs} e

COMPONENT

Type:

Identification: _ € 5/(,

EQUIPMENT
Make and model: s /”)'D:

Power capacity: 2406 Am P
Electrode diameter: ¢ .

Gas cup diameter: __ /© 1> m
Shielding gas: /9/)4313,«/ <y £

TREATMENT DATA

Dressing position (1G, 2G) etc: _| C

Preheat temperature: _ 7S¢
Gasflowrate: /5 £ P/in
/o
Work angle, sideways: élc/ - ‘2@
Work angle, weld direction:__//3 *
Travel speed (S): __ /2D pom / s
Voltage (V): itz - /& (Current (I): 25© g)wf
XoX
Heat input: =—60 5 I:
1000xV

(kd/mm)

SKETCH OR PHOTO

INSPECTION
O Visual O Photo O Geometry
measurements

Equipment:

TOE GEOMETRY MEASUREMENTS
Spacing of measurement points (mm):

Max. Min.. Mean

Toe radius (mm):

Groove depth (mm):

Measurements report:

REMARKS
Geep Pa efjc:/vé 4%
3 {

LV 47

PoReus: bert

OPERATOR

Experience: a). Hours: ‘ b). Length of weld treated: S{z B Mam

= ;
Operator’s name: G 2O & o £ 22

Date: 27 { Yoy




PRODUCTION DATA SHEET

for WELD TOE IMPROVEMENT by

h International Institute of

Welding

TIG DRESSING Commission XIlI
WELDING SPECIFICATION COMPONENT
Base material: f; /1 OO
; : Type:

Filler material: -

. . ' ) Identification: ¢ /I
Welding procedure No:™i ig drrssin i |

EQUIPMENT

Make and model: _ A= m ,”‘/“, SKETCH OR PHOTO
Power capacity: 25 Rm P

Electrode diameter: _ 2.2 =

Gas cup diameter: __ /& i m
Shielding gas: Aﬂéjh"‘s,\/ Ao £

TREATMENT DATA

Dressing position (1G, 2G) .etc: e
Preheat temperature: _- /745 < <
Gasflowrate: _ /5 /Z )ﬁ/ ey
Work angle, sideways: /() = Lt( _

Work angle, weld direction:_/&__
Travel speed (S): /:2 Qs
Voltage V) /2- 18 Current (I): 280 A

Heat input: H= M =2
1000xV
(kd/mm)
INSPECTION REMARKS
O Visual 0O Photo O Geomet Ao %
measurements o . (////1 OS 200 A [
L4 ' = /
Equipment: /0,9 -@ b

TOE GEOMETRY MEASUREMENTS
Spacing of measurement points (mm):

Max. Min. Mean

Toe radius (mm):

Groove depth (mm):

Measurements report:

~ o .
by ma /A

OPERATOR

Experience: a). Hours: b). Length of weld treated: »;5/ Nam

- )
Operator's name: _ (& - Geoenven /\.g,’lc>
L i

Date: 2"’7'u 4~ 264




PRODUCTION DATA SHEET

for WELD TOE IMPROVEMENT by

International Institute of
Welding

TIG DRESSING Commission XlII
I./VELDINQ SPE._C{\FICA TION COMPONENT
Base material: _& RGO Qg
_ X v Type: < /
Filler material: _ v
) e - Identification:
Welding procedure No: [ | <.‘f;<”.af;"u,u%
EQUIPMENT
Make and model: __ &= MP P SKETCH OR PHOTO
Power capacity: 250 A 17
Electrode diameter: 2.9 s s
Gas cup diameter: __/O /7 11
Shielding gas: /f(;{gc;uv i d
TREATMENT DATA
Dressing position (1G, 2G) etc: _{ &
Preheat temperature: /124 ¢ <
= —
Gas flow rate: 154 I /mw
Work angle, sideways: Ao - Go
Work angle, weld direction:_ /¢
Travel speed (S): /}7—-’). My Tﬁ// R
Voltage (V): /}« ‘2 Current (I): _250 _APM7P
., B0xSx
Heat input: H= S0wow/ =
1000xV .
(kd/mm)
INSPECTION
O Visual O Photo O Geometry REMARKS [/, o 3
measurements GRENALAAQ S
£ ?(JC‘} 77 v i3 .
uipment: o /
qauip /{77 2 W é Z
TOE GEOMETRY MEASUREMENTS . ’( . FI
Spacing of measurement points (mm): GRe we %’qg',jx -l A
i - " Awveldosasle C/f ke
- G e voo 2, =775 & AR Esxe /U(:S
Toe radius (mm): ke2 :
Groove depth (mm):
Measurements repori:
OPERATOR

Experience: a). Hours:

b). Length of weld treated: " 3/35 s+ m

Operator's name: _& A= wenvheER CS

Date: 'QC;/ £ =98 i)




¢

PRODUCTION DATA SHEET
for WELD TOE IMPROVEMENT by

i International Institute of

Welding

. TIG DRESSING Commission XllI
WELDING SPECIFICATION COMPONENT
Base material: _S O ge
Filler material l Type:
ille - ‘
) Identification: \/é 7
Welding procedure No: l
EQUIPMENT
Make and model: _A~m P SKETCH OR PHOTO
Power capacity: 250 Ar 2

Electrode diameter: 5. 2

Gas cup diameter: ___ /O M m
Shielding gas: Aﬂj ON - 4 8

TREATMENT DATA

Dressing position (1G, 2G) etc: _/ &

Preheat temperature: _-/£C < -
Gas flow rate: o /4 Z 1 //m N
Work angle, sideways: be> - i/’a )

Work angle, weld direction:__ /& *
Travel speed (S): /YL o L/

/

Voltage (V): /3~ /2  Current (I): _ 250

TOE GEOMETRY MEASUREMENTS
Spacing of measurement points (mm):

Max. Min. Mean

| Toe radius (mm):

Groove depth (mm):

Measurements report:

60xSx/
Heat input: H=———=

1000xV
(kd/mm)

INSPECTION
0 Visual O Photo 00 Geometry REMARKS -
measurements ZHENCES
. /OO ‘¢

Equipment: LS Am l.—;

)52

OPERATOR

Operator’s name: éa?ddfua NAer 3

Experience: a). Hours: _. b). Length of weld treated: 3:’2?2 o/

Date: J0 -8 2041




PRODUCTION DATA SHEE
for WELD TOE IMPROVEMENT by
TIG DRESSING

T International Institute of
Welding

Commission XllI

WELDING SPECIFICATION
Base material: S L',,AC)

Filler material:

Welding procedure No: "chc-.(}u»w;lma:\

COMPONENT
Type:
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EQUIPMENT
Y éﬂ’)/f’{)?a 2500

26 Ang
D2 v

SO A
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Make and model:
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15 /4
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0"

™y l /75,

250 AmY

Preheat temperature:

2
Gas flow rate: WVYPLY,

Work angle, sideways:
Work angle, weld direction:
Travel speed (S): __/ 72—
Voltage (V): 42- /8 ’ cument (1):
60xSx/
1000V

Heat input: H=
(kd/mm)

SKETCH OR PHOTO

INSPECTION
O Visual 0O Photo O Geometry
measurements

Equipment:

TOE GEOMETRY MEASUREMENTS
Spacing of measurement points (mm):

Max. Min. Mean

Toe radius (mm):

Groove depth (mm):

Measurements report:

/u;)ze.

REMARKS

4 &.ﬁ-lb/l/‘}/q“s
o 7 N
/'3 w74V

Va2 R i »

/9038«\ /),v;PL”czfsc LNr7

<o <

-

OPERATOR
Experience: a). Hours:

6 G/’xoc’/ud/u/vc?;?ub

Operator’'s name:

b). Length of weld treated: 2% /Q o

Date; 2 - J‘" 20 ¢ 4
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WELDING SPECIFICATION . COMPONENT
Base material: ) 801 &,

Type:

Filler material: - 5
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Welding procedure No: /

EQUIPMENT ,
Make and model: /5’-/}4;9':7: ZS500 W SKETCH OR PHOTO
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Electrode diameter: _ 3.2 M m

Gas cup diameter: ___ /& m 7

Shielding gas: __A :Z;’sd‘,'\z Ly C

TREATMENT DATA

Dressing position (1G, 2G) ete: _ &
Preheat temperature: _- /24 “<
Gasflowrate: _ /45 [ / .'(//Nu‘/\)

I3

Work angle, sideways: _4¢ - (l?o
Work angle, weld direction:___ /¢
Travel speed (S): 170 mm T //‘/h sty
Voltage (V): 2« /& Current (1): 9« /?e,-—»n[f‘
Heat input: A= GOX—SXI =

1000xV

(kd/mm)

INSPECTION
O Visual O Photo O Geometry REMARKS

measurements L;‘,?,G»'U(J[éczq D) _(g,@Z(k} )

Equipment: | 2860 Amp

(50 Vel £

TOE GEOMETRY MEASUREMENTS : Lo
Voo st R /75 ¢

Spacing of measurement points (mm):

Max. Min. Mean

Toe radius (mm):

Groove depth (mm):

Measurements report:

_ OPERATOR .
Experience: a). Hours: b). Length of weld treated: 222

| . -
Operator's name: (». & 2epmenbdns_ ' )
pera (s C N AL = Date: RO - & - 20 /¢
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WELDING SPECIFICATION COMPONENT
Base material: & //dC
o Type:
Filler material:
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,
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Welding procedure No: "7 /(’:\,C(-QGSS; oy

EQUIPMENT
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Gas cup diameter: /RS, M pn
Shielding gas: Achja/\/ 4. 4

TREATMENT DATA

Dressing position (1G, 2G) etc: __! e
Preheat temperature: _- /9% =

i = -
Gas flow rate: 74 J I e

Work angle, sideways: P ‘-{rcs/

Work angle, weld direction:__/¢ © ‘
Travel speed (S): AP, i /:/%
Voltage (V): /2. /8  Current (I): _2 SO
60xSx/
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Heat input: H=
(kd/mm)

INSPECTION
O Visual O Photo [0 Geometry REMARKS
measurements

Equipment:

TOE GEOMETRY MEASUREMENTS
Spacing of measurement points (mm):

Max. Min. Mean

Toe radius (mm):

Groove depth (mm):

Measurements report:

OPERATOR
Experience: a). Hours: " b). Length of weld treated: . 3[ )

/ . 5
@) ’ GG Rgeave~n ber 5
perator's name C G NG =N Dader 2% wé .20
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Annex F: Matlab scripts to process weld geometry data

Splitting of laser position and measured data and subtracting a plane.

$split A in X, Y en Z values

gr=size(A);

rijen m=gr(l,1);

kolommen n=gr(1l,2);

Xs=A(1,:);

X=Xs(l,2:kolommen n(l,1)); S%create vector containing x-values
Ys=A(:,1);

Y=Ys(2:rijen m(1,1),1); S%create vector containing y-values
Zster=A(2:rijen m(1l,1),2:kolommen n(l,1)); %extract Z values

%$Construct a plane to level the weld cross sections at 0
x1=0; %first point to equal to zero

y1l=7;

z1=1.4481;

x2=53; %$second point to equal to zero
y2=";
z2=0.1411;

x3=0; Sthird point to equal to zero
y3=140;
z3=0.7353;

gridsizex=0.01; %define grid size of data
gridsizey=7;

F=[x1 y1 1; x2 y2 1; x3 y3 11; v=[zl; z2; z3];
abc=F\v;

VLAK=zeros (rijen m(1l,1)-1,kolommen n(l,1)-1);
for n=1: (kolommen n(1,1)-1)
for m=1:(rijen m(1,1)-1)
xwaarde=X(1l,n);
ywaarde=Y (m, 1) ;
VLAK (m, n) =abc (1, 1) *xwaarde+tabc (2, 1) *ywaarde+abc (3,1) ;
end;
end;

%$Substract created plane from Z values
Z=(Zster-VLAK) *-1;

$Plot Weld

surf(X,Y,Z, 'LineWidth', 0.1, 'Linestyle','-") S%create 3D plot
title('Weld geometry'), xlabel ('Dimension across the weld'),
ylabel ('Dimension along the weld'), axis equal;

clear Xs ¥Ys Zster x1 yl x2 y2 x3 y3 z1 z2 z3 xwaarde ywaarde VLAK gr m n

abc F v;
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Determining the weld toe radius

%define optimalisation boundaries

ondergrens=46; Slower boundary, use steps of size: [gridsizex]
bovengrens=47; S%upper boundary, use steps of size: [gridsizex]

apphmid=2; %estimate of height of circle midpointé
hoogtegrid=2.5; %height of grid in mm
breedtegrid=2.5; Swidth of grid in mm
gridstap=0.025; %grid spacing

%building of the grid
lgrid=breedtegrid/gridstap+1;
hgrid=hoogtegrid/gridstap+1;
hcoor=zeros (1, 1lgrid);
vcoor=zeros (hgrid, 1) ;
for k=1l:1grid

hcoor (1, k) = (bovengrens+ondergrens) /2-breedtegrid/2+ (k-1) *gridstap;
end
for 1=1:hgrid

vcoor (1, 1)=apphmid+hoogtegrid/2-(1-1) *gridstap;
end

%build two vectors to show the grid

vectorgridplothor=hcoor;

m=1;

while m<hgrid;
vectorgridplothor=[vectorgridplothor hcoor];
m=m+1;

end

vectorgridplotver=vcoor(l,1) *ones (1, 1lgrid) ;

mm=2;

while mm<hgrid+1;
hulpvector=vcoor (mm, 1) *ones (1, 1lgrid) ;
vectorgridplotver=[vectorgridplotver hulpvector];
mm=mm-+1 ;

end

scatter (vectorgridplothor,vectorgridplotver, '.g")

axis equal

hold on;

$for all gridpoints, calculate distance to all data points within
%optimalisation boundaries, determine average distance and deviation
Mafw=zeros (hgrid, lgrid) ;

Mstr=zeros (hgrid, lgrid) ;

vanscancol=round (ondergrens/gridsizex+1) ;

totscancol=round (bovengrens/gridsizex+1) ;
scanpointsx=X(1l,vanscancol:totscancol);

scanpointsy=Z (rij,vanscancol:totscancol);

grscptx=size (scanpointsx) ;

afst=zeros (grscptx(1,2),1);

for g=1l:hgrid
for r=1:1grid
for t=l:grscptx(1,2)
afst(t,1l)=sqrt((hcoor(l,r)-scanpointsx(l,t)) "2+ (vcoor(q,1l)-
scanpointsy(1l,t))"2);
end
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gem=mean (afst) ;
vgem=gem*ones (grscptx (1,2),1);
afw=afst-vgem;
Mstr (g, r)=gem;
Mafw (g, r)=sum(abs (afw));
end
end

%find minimum value in matrix Mr
[minpercol,rijentry]l=min (Mafw) ;

[mintot, colentry]=min (minpercol) ;
entryrijcol=[rijentry(l,colentry) colentryl];

%$find calculated optimum radius and midpoint coordinates
ropt=Mstr (entryrijcol(l,1),entryrijcol(1,2));
afwijkingvangem=Mafw (entryrijcol(l,1),entryrijcol(1,2));
xopt=hcoor (1,entryrijcol(1,2));

yopt=vcoor (entryrijcol(1,1),1);

$draw optimum midpoint
scatter (xopt, yopt, 'or'");

$draw circle
for tel=1:1000
cirkelx (tel)=ropt*cos (tel/100)+xopt;
cirkely(tel)=ropt*sin(tel/100)+yopt;
end
plot (cirkelx, cirkely);
clear cirkelx cirkely grscptx afst afw vgem Mstr Mafw minpercol rijentry
colentry afwijkingvangem;
clear ondergrens bovengrens apphmid hoogtegrid breedtegrid gridstap lgrid
hgrid hcoor vcoor;
clear k 1 vectorgridplothor vectorgridplotver mintot entryrijcol
afwijkingvangem tel;

Determining the weld toe angle

$determine weld toe angle

vanmoe=44; S$start of straight parent material, use steps of size
[gridsizex]

totmoe=45; %end of straight parent material, use steps of size [gridsizex]
vanlas=50; %start of straight weld material, use steps of size [gridsizex]
totlas=52; %end of straight weld material, use steps of size [gridsizex]

vanhoekmoecol=round
tothoekmoecol=round
vanhoeklascol=round
tothoeklascol=round

’

vanmoe/gridsizex+1) ;

totmoe/gridsizex+1) ;
)
)

’

vanlas/gridsizex+1
totlas/gridsizex+1

r

P

Xmoepoints=X (1, vanhoekmoecol:tothoekmoecol) ;
Zmoepoints=Z (rij, vanhoekmoecol:tothoekmoecol) ;
Xlaspoints=X(1l,vanhoeklascol:tothoeklascol);
Zlaspoints=Z (rij,vanhoeklascol:tothoeklascol);

moe=polyfit (Xmoepoints, Zmoepoints, 1) ;
las=polyfit (Xlaspoints,Zlaspoints,1);

$plot of both fitted lines
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xmoe=vanmoe:gridsizex:totmoe;
zmoe=moe (1) *xmoe+moe (2) ;

plot (xmoe, zmoe)

hold on;
xlas=vanlas:gridsizex:totlas;
zlas=las (1) *xlas+las(2);
plot(xlas, zlas);

hoekmoe=atand (moe (1)) ; %angle of parent material with horizontal
hoeklas=atand (las (1)) ; %angle of weld material with horizontal
hoekverschil=abs (hoeklas-hoekmoe) ; sangle between parent material and
weld

clear vanhoekmoecol tothoekmoecol vanhoeklascol tothoeklascol Xmoepoints
Xlaspoints Zlaspoints moe las xmoe zmoe xlas zlas hoekmoe hoeklas;

Determining the weld height

%determine undercut of weld in relation to parent material

left=3.; %left location of parent material, use steps of size [gridsizex]
right=50; %right location parent material, use steps of size [gridsizex]
vanh=5; %start of area under investigation for weld height use septs of
size [gridsizex]

toth=52; %end of area under investigation for weld height use steps of size
[gridsizex]

$construct refenence line
leftcol=round(left/gridsizex+1);
rightcol=round(right/gridsizex+1);
leftz=7(rij, leftcol);
rightz=Z (rij, rightcol);
xline=[left right];

zline=[leftz rightz];
parent=polyfit(xline,zline,1);
plot (xline,zline);

%determine distance of weld to reference line
vanhcol=round (vanh/gridsizex+1) ;
tothcol=round (toth/gridsizex+1);
scanpointsx=X(1l,vanhcol:tothcol);
scanpointsz=Z (rij,vanhcol:tothcol);
grscptx=size (scanpointsx) ;
Dist=zeros (l,grscptx(1,2));
for dtel=l:grscptx(1l,2);
Dist (1,dtel)=scanpointsz(1l,dtel) -
(parent (1,1) *scanpointsx (1,dtel) +parent (1,2));
end
weldheight=max (Dist) ;
clear left right vanh toth leftcol rightcol leftz rightz xline zline
parent;
clear scanpointsx scanpointsz vanhcol tothcol grscptx Dist;

Determining the undercut

%determine undercut of weld in relation to parent material

vanmoe=48; S$start of straight parent material, use steps of size
[gridsizex]

totmoe=49; %end of straight parent material, use steps of size [gridsizex]
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vancut=47; S%start of area under investigation for undercut use steps of
size [gridsizex]

totcut=51; %end of area under investigation for undercut use steps of size
[gridsizex]

vancutmoecol=round (vanmoe/gridsizex+1) ;
totcutmoecol=round (totmoe/gridsizex+1) ;
vancutweldcol=round (vancut/gridsizex+1) ;
totcutweldcol=round (totcut/gridsizex+1)

r

Xmoepoints=X(1l,vancutmoecol:totcutmoecol) ;
Zmoepoints=Z (rij, vancutmoecol:totcutmoecol) ;
moe=polyfit (Xmoepoints, Zmoepoints, 1) ;

scanpointsx=X(1l,vancutweldcol:totcutweldcol);
grscptx=size (scanpointsx) ;
scanpointsz=Z (rij,vancutweldcol:totcutweldcol) ;

reflijnx=X(1l,vancutweldcol:totcutweldcol);
for reftel=1l:grscptx(1l,2)
reflijnz (1, reftel)=moe (1) *scanpointsx(l,reftel) +moe (2);
end
plot (scanpointsx,reflijnz);

Dist=zeros (l,grscptx(1l,2));
for dtel=l:grscptx(l,2)
Dist (1,dtel)=reflijnz(1l,dtel)-scanpointsz (1,dtel);
end
undercut=max (Dist) ;
clear vanmoe tot moe vancut totcut vancutmoecol totcutmoecol wvancutweldcol;
clear totcutweldcol Xmoepoints Zmoepoints moe scanpointsx grscptx;
clear scanpointsz reflijnx reftel reflijnz Dist dtel;
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Annex G: Collaboration with TNO: Acoustic emission

In this research the location of cracks and crack initiation time have been determined with the aid of strain gauges.
Another possibility is the use of the acoustic emission of the steel when a crack is growing. To detect these sound emissions
of the steel, sensors have been applied on a number of specimens. To reduce background noise from the hydraulics of the
testing rig, plasticine dampers have been applied. The resulting test setup can be seen in figure G.1.

figure G.1 Left: test setup with sensors and dampers applied to the specimen. Right: close up of three sensors
without any cables attached and two dampers made of plasticine, pretensioned with bicycle tires.

Due to the nature of the testing rig a very high background noise level was measured. This can be damped by the
dampers as depicted in figure G.1 or by placing insulating material between the clamps of the test rig. Because the
considered rig is an axial test rig which uses clamping to fix the specimens, the second option for background noise
reduction was not possible. The dampers are able to reduce the background noise to a certain extent, but not always to the
desired level, depending on the thickness of the specimen and the magnitude of the applied load and frequency.

The sensors are able to locate a crack via triangulation of the signal at different sensors. The software then produces a
summation of all ‘hits” which results in an image as can be seen in figure G.2. This location of the crack can only be done in
a rather coarse manner because of the relatively large size of the sensors in relation to the weld. In practice, larger
structures will be observed and smaller sensors are available.
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figure G.2 Increase of ‘hits’ during the test of a specimen from the first hit (top left) to the final crack (bottom right)
The green symbols represent the sensors on both sides on the weld, the red dots are hits.

Most results of the experiment are of limited importance for the current research. For these results reference is made to
TNO publications on the matter. It is however very interesting to compare the crack initiation time as defined in this
research and the crack initiation time as found with the acoustic emission. In this way, the crack initiation time as defined
by the method of deviating strain gauges can be evaluated. Unfortunately these results are not available at the publishing
date of this report.

If additional research is done on the matter, it would be very insightful to obtain the reports of TNO which contain
several practical tips. Further testing should, when possible, be done in such a testing rig, that damping of the background
noise is possible by placing isolation material between the rig and the specimen (i.e. a bending test).
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Annex H: Hardness Measurements

From each plate material one strip of residual material has been polished. Pijpers (2011) has shown on similar specimens
from the same material that the hardness does not vary significantly over the height of the specimen, but only shows
differences between the different material states (fusion zone FZ, heat affected zone HAZ and base material BM). From
each specimen the as welded situation is plotted. All measurements are executed after TIG-dressing, but only in the middle
of the specimen, which is assumed to be out of the influence of TIG-dressing.

Then, the comparison with the effect of TIG dressing is made. The different zones that occur after the initial welding
process (FZ, HAZ and BM) can each separately be influenced by the TIG dressing, by being remelted or heat affected. In the
diagrams the different zones that occur after initial welding are stated as the ‘as welded’ situation, and the effects of TIG-
dressing (melting of heat affecting) on these original zones are plotted for comparison. For example: figure H.4 shows
datapoints which were in the BM zone after welding. Some areas of the BM zone have been influenced by TIG dressing,
denoted by TIG Fluid Zone and TIG Heat Affected Zone. These points are plotted in white and grey. Because of the complex
geometry of the different zones after TIG-dressing, the X-axis in these comparison diagrams has no meaning, the diagram is
simply a comparison of different measured values.

An example of the as welded state of a specimen is shown in figure H.1. The effect of TIG-dressing is shown in figure H.2.
Note that in figure H.2 the fluid zone of TIG-dressing at the cap side of the weld extends into the as welded FZ, HAZ and BM.
This is in reality not always the case. Similar remarks can be made at the other fluid zones and heat affected zones.

figure H.1 Zones in the as welded specimens

HAZTIG FZTIG I:ZTIG HAZTIG

BM “HAZ, FZ KAz BM

—— ]
FZne HAZy6

figure H.2 Effect of TIG-dressing
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figure H.3 C11: As welded. Cast material on the left, rolled material on the right side of the weld
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figure H.4 C11: Base material before and after TIG-dressing [Cast]
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figure H.5 C11: Base material before and after TIG-dressing [Rolled]
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figure H.6 C11: Heat affected zone before and after TIG-dressing [Cast]
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figure H.7 C11: Heat affected zone before and after TIG-dressing [Rolled]
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figure H.8 C11: Fluid zone before and after TIG-dressing
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figure H.9 C89: As welded. Cast material on the left, rolled material on the right side of the weld
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figure H.10 C89: Base material before and after TIG-dressing [Cast]
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figure H.11 C89: Base material before and after TIG-dressing [Rolled]
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figure H.12 C89: Heat affected zone before and after TIG-dressing [Cast]
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figure H.13 C89: Heat affected zone before and after TIG-dressing [Rolled]
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figure H.14 C89: Fluid zone before and after TIG-dressing
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figure H.15 C89a: As welded. Cast material on the right, rolled material on the left side of the weld

550.0

500.0 A
450.0 A
400.0 A
350.0 A
HV10
300.0 A
250.0 A

200.0 A

150.0 -

B As Welded
OTIG Fluid Zone
OTIG Heat Affected Zone

100.0

figure H.16 C89a: Base material before and after TIG-dressing [Cast]
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figure H.17 C89a: Base material before and after TIG-dressing [Rolled]
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figure H.18 C89a: Heat affected zone before and after TIG-dressing [Cast]
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figure H.20 C89a: Fluid zone before and after TIG-dressing

figure H.19 C89a: Heat affected zone before and after TIG-dressing [Rolled]
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figure H.21 C69: As welded. Cast material on the right, rolled material on the left side of the weld
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figure H.22 C69: Base material before and after TIG-dressing [Cast]
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figure H.23 C69: Base material before and after TIG-dressing [Rolled]
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figure H.24 C69: Heat affected zone before and after TIG-dressing [Cast]
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figure H.25 C69: Heat affected zone before and after TIG-dressing [Rolled]
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figure H.26 C69: Fluid zone before and after TIG-dressing
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figure H.27 C46: As welded Cast material on the right, rolled material on the left side of the weld
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figure H.28 C46: Base material before and after TIG-dressing [Cast]
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figure H.29 C46: Base material before and after TIG-dressing [Rolled]
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figure H.30 C46: Heat affected zone before and after TIG-dressing [Cast]
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figure H.31 C46: Heat affected zone before and after TIG-dressing [Rolled]
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figure H.32 C46: Fluid zone before and after TIG-dressing
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figure H.33 V11: As welded
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figure H.34 V11: Base material before and after TIG-dressing
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figure H.35 V11:Heat affected zone before and after TIG-dressing
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figure H.36 V11: Fluid zone before and after TIG-dressing
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figure H.37 V89: As welded
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figure H.38 V89: Base material before and after TIG-dressing
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figure H.39 V89: Heat affected zone before and after TIG-dressing
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figure H 40 V89: Fluid zone before and after TIG-dressing
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figure H.41 V69: As welded
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figure H.42 V69: Base material before and after TIGO-dressing
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figure H.43 V69: Heat affected zone before and after TIG-dressing
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figure H.44 V69: Fluid zone before and after TIG-dressing
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figure H.45 V46: As welded
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figure H.46 V46: Base material before and after TIG-dressing
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figure H.47 V46: Heat affected zone before and after TIG-dressing
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figure H.48 V46: Fluid zone before and after TIG-dressing
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Annex |: Crack monitoring results

In the following diagrams the results of the crack monitoring are plotted. All values are given in the crack dimensions a
and c. For edge cracks this is equal to the length and diameter of the crack, for surface cracks the actual crack width is 2:c

Only the specimens which have shown usable results are plotted. Note that the crack depth g measured from surface
measurements can differ from the crack marking measurements because the depth of the crack at the side is not
necessarily the same as the maximum depth anywhere in the cross section. In case of a rerun specimen, only the second
test is considered.
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figure 1.1 Crack propagation data of specimen C11-2
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figure 1.2 Crack propagation data of specimen C89-2
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figure 1.3 Crack propagation data of specimen C89a-1
40.0
30.0 ]
A
alc [mm] 20.0 [ ] JA
' g,
A
10.0 A n
A
A A
0.0 A A A AAA—
1.00E+05 1.10E+05 1.20E+05 1.30E+05 1.40E+05 1.50E+05 1.60E+05
N
figure 1.4 Crack propagation data of specimen C69-1
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figure |1 5 Crack propagation data of specimen C69-2
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figure 1.6 Crack propagation data of specimen C69-1
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figure 1.7 Crack propagation data of specimen C46-1
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figure 1.8 Crack propagation data of specimen C46-3
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figure 1 9 Crack propagation data of specimen V11-1
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figure 1 10 Crack propagation data of specimen V11-2
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figure | 11 Crack propagation data of specimen V89-1
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figure 1 12 Crack propagation data of specimen V89-3
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figure 1 13 Crack propagation data of specimen V69-2
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figure 1 14 Crack propagation data of specimen V69-3
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figure 1 15 Crack propagation data of specimen V46-1
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figure |1 16 Crack propagation data of specimen V46-2
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figure |1 17 Crack propagation data of specimen V46-3
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Annex J: Diana Model

The model that was used needs to be easily adjustable to calculate the stress concentration factor for different weld toe
geometries. To achieve this, an excel sheet was designed which generates a list of TNO Diana commands, based on the
given input parameters. The sheet offers the possibility to alter the geometry, but also the meshing division of the different
contour lines. Because of the large changes in geometry, the meshing division needs to be changed in such a way that the
automatic meshing generator in TNO Diana can find a suitable mesh.

In this annex, only two geometries will be covered, with the following parameters:

Radius: 2 mm

Weld toe angle:  15.3 degrees
Weld height: 3 mm

Length: 100 mm
Thickness: 25 mm
Undercut: 0mmor 0.1 mm

Any different geometries are simply an alteration of the described procedure. The difference between the two
considered geometries is the occurrence of an undercut, which slightly alters the model build up. The model is constrained
in horizontal direction and all rotations on the right side. A horizontal line load is applied on the left side of the model.

figure J.1 Left: overview of the contour lines and meshing aid lines of the model. Right: detail of weld toe with
undercut (top) and without undercut (bottom)

In between the meshing aid lines (as seen in the details in figure J.1) and in the left rectangular section to which the load
is applied a mapped mesh is used. This results in a mesh similar to the one depicted in figure 8.1. Finally, the Diana
commands to construct the mesh of figure J.1 with undercut are show below.

FEMGEN Annex_UC
PROPERTY FE-PROG DIANA STRUCT_PE
yes;

UTILITY SETUP UNITS LENGTH MILLIMETER
UTILITY SETUP UNITS MASS KILOGRAM

UTILITY SETUP UNITS FORCE NEWTON

UTILITY SETUP UNITS TIME SECOND

UTILITY SETUP UNITS TEMPERATURE CELSIUS
CONSTRUCT SPACE TOLERANCE ABSOLUTE 0.0005
MESHING DIVISION DEFAULT 2

ldefine basic weld shape
GEOMETRY POINTP1000
GEOMETRY POINT P2 10000
GEOMETRY LINE STRAIGHT L1 P1 P2
GEOMETRY POINTP3 0250
GEOMETRY LINE STRAIGHT L2 P1 P3
GEOMETRY POINT P450250
GEOMETRY LINE STRAIGHT L3 P3 P4
GEOMETRY POINT P5 100 250
GEOMETRY POINT H 100 28 0
GEOMETRY LINE STRAIGHT L4 P2 P5
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GEOMETRY LINE STRAIGHT L5 PS5 H

GEOMETRY LINE ANGLE CL6 L5 90 H XY 100
GEOMETRY LINE ANGLE CL7 L3 15.3 P4 XY 40
GEOMETRY POINT INTERSECT P8 CL6 CL7
UTILITY DELETE LINES CL6 CL7

YES;

GEOMETRY LINE STRAIGHT L6 H P8
GEOMETRY LINE STRAIGHT L7 P4 P8

ldefine weld root notch

GEOMETRY LINE PARALLEL CL1 L7 P62

GEOMETRY POINT INTERSECT CP1 CL1 L3

GEOMETRY LINE ANGLE CL2 CL1 0 CP1 xy 7.20043217846358
GEOMETRY LINE CIRCLE P11 2

GEOMETRY LINE PERPENDIC CL3 L7 P11 P15 10

GEOMETRY POINT INTERSECT P20 CL3 L11

UTILITY DELETE LINES L7

YES ;

GEOMETRY POINT INTERSECT P21 L3 L10

GEOMETRY LINE STRAIGHT L12 P20 P8

GEOMETRY LINE STRAIGHT L13 P3 P21

GEOMETRY LINE ARC L14 P21 P15 P11

GEOMETRY LINE ARC L15 P15 P20 P11

UTILITY DELETE LINES CL3 CL1 L9 L8 CL2 L3 L10 L11

YES ;

UTILITY DELETE POINTS P16 P13 P9 P10 P6 P7 CP1 P14 P12 P4
YES ;

Irenaming in orderly fashion
UTILITY NAME L13 L3
UTILITY NAME L4 L9

UTILITY NAME L5 L8

UTILITY NAME L6 L7

UTILITY NAME L12 L6
UTILITY NAME L15 L5
UTILITY NAME L14 L4
UTILITY NAME P2 P9
UTILITY NAME P3 P2
UTILITY NAME P21 P3
UTILITY NAME P15 P4
UTILITY NAME P8 P6
UTILITY NAME P5 P8
UTILITY NAME P20 P5
UTILITY NAME H P7

UTILITY NAME P11 PCENTER

Icreate meshing aid lines

GEOMETRY LINE CIRCLE PCENTER 5
GEOMETRY LINE PERPENDIC CL1 L6 PCENTER P20 20
GEOMETRY POINT INTERSECT P12 CL1 L19
UTILITY NAME P20 P11

UTILITY DELETE LINES L16 L17 L18 L19

YES

GEOMETRY LINE ARCL11 P11 P12 PCENTER
GEOMETRY LINE ANGLE CL2 L6 0 P12 XY 40
GEOMETRY POINT INTERSECT P13 CL2 L7
UTILITY DELETE LINES CL1 CL2

YES

UTILITY DELETE POINTS P17 P18 P19 P21 P22
YES



GEOMETRY LINE STRAIGHT L12 P12 P13
GEOMETRY LINE ANGLE L10 L1 180 P11 XY 10
GEOMETRY LINE PERPENDIC CL1 L10 P23 PCENTER 10
GEOMETRY POINT INTERSECT P10 L3 CL1
UTILITY DELETE LINES CL1

YES

GEOMETRY LINE STRAIGHT L13 P23 P10
UTILITY DELETE POINTS P24

YES

GEOMETRY LINE STRAIGHT L14 P4 P11
GEOMETRY LINE STRAIGHT 115 P5 P12
UTILITY DELETE LINES L3 L7

YES

GEOMETRY LINE STRAIGHT L3 P2 P10
GEOMETRY LINE STRAIGHT L7 P13 P7
GEOMETRY LINE STRAIGHT L16 P10 P3
GEOMETRY LINE STRAIGHT L17 P6 P13
UTILITY DELETE LINES L3

YES

GEOMETRY POINT P16 10250
GEOMETRY LINE STRAIGHT L20 P2 P16
GEOMETRY LINE STRAIGHT L3 P16 P10
GEOMETRY POINT P171000

UTILITY DELETE LINES L1

YES

GEOMETRY LINE STRAIGHT L1 P17 P9
GEOMETRY LINE STRAIGHT L18 P1 P17
GEOMETRY LINE STRAIGHT L19 P17 P16

Icreate surface

GEOMETRY SURFACE 4SIDES SURF1 L1 +L9 L8 +L7 +L12 +L11 +L10 +L13

L3 L19

GEOMETRY SURFACE 4SIDES SURF2 L10 L14 +L4 L16 L13
GEOMETRY SURFACE 4SIDES SURF3 L11 L15 L5 L14
GEOMETRY SURFACE 4SIDES SURF4 L12 L17 L6 L15
GEOMETRY SURFACE 4SIDES SURF5 L18 L19 L20 L2

Iboundary conditions
PROPERTY BOUNDARY CONSTRAINT L8 1456
PROPERTY BOUNDARY CONSTRAINT L9 1456

lloading
PROPERTY LOADS PRESSURE LO1 1 L2 -100 X

Imaterials

PROPERTY MATERIAL S1100 ELASTIC ISOTROP 210000 0.3
PROPERTY MATERIAL S890 ELASTIC ISOTROP 210000 0.3
PROPERTY MATERIAL S690 ELASTIC ISOTROP 210000 0.3
PROPERTY MATERIAL S460 ELASTIC ISOTROP 210000 0.3
PROPERTY ATTACH ALL MATERIAL S1100

Iproperties
PROPERTY PHYSICAL TH1 GEOMETRY THINFSHL 1
PROPERTY ATTACH ALL TH1

Imeshing

CONSTRUCT SET SURFS APPEND SURFACES ALL
MESHING TYPES SURF1 CQ16E

MESHING TYPES SURF2 CQ16E

MESHING TYPES SURF3 CQ16E

MESHING TYPES SURF4 CQ16E

MESHING TYPES SURF5 CQ16E
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MESHING DIVISION LINE L1 90

MESHING DIVISION LINE L2 40

MESHING DIVISION LINE L3 -998

MESHING DIVISION LINE L4 10

MESHING DIVISION LINE L5 8

MESHING DIVISION LINE L6 660

MESHING DIVISION LINE L7 660

MESHING DIVISION LINE L8 10

MESHING DIVISION LINE L9 40

MESHING DIVISION LINE L10 248

MESHING DIVISION LINE L11 8

MESHING DIVISION LINE L12 660

MESHING DIVISION LINE L13 30

MESHING DIVISION LINE L14 530

MESHING DIVISION LINE L15 530
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