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Abstract

Wind turbines must endure a high number of load cycles during their service lifetime. Therefore, the fatigue strength veri-
fication plays an important role. Butt-welded joints are one of the most common structural details in the tower structure
of wind turbines. In general, the nominal stress method is used for their fatigue verification. The Eurocode 3 part 1-9 is
the current design standard for this field of application and defines the fatigue resistance by pre-defined FAT-classes. This
paper presents recent results of fatigue tests on small-scaled specimens and large components with transverse butt welds to
discuss the validity of the FAT-class. In addition, results from numerical simulations for the verification with the effective
notch stress and the crack propagation approach are used for comparison. For this purpose, macroscopic measurements of
the weld seam geometry and a 3D scan were used for a realistic consideration of the notch effect in the simulation. Based
on the consistency between the numerical results and the fatigue tests, the influence of the seam geometry on the fatigue
resistance was worked out. Furthermore, a prediction of the fatigue strength of butt-welded joints with plate thicknesses up
to 80 mm was carried out.

Keywords Transverse butt weld - Weld imperfections - Wind turbine tower - Fatigue strength - Local approaches - Large
components
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the optimization of the tower structure is a major issue in
the wind energy business. In this context, the circumferential
transverse butt-welded joints in the structure get into the
focus (see Fig. 1).

In general, structural steel S355 is used for on- and off-
shore steel tube towers. For onshore towers the plate thick-
nesses vary from 12 mm up to 70 mm, as offshore support
structures for wind turbines currently have plate thicknesses
up to 170 mm. Over the tower height, the plate thickness,
and the diameter of the tower increase from top to bottom
due to the increasing bending moment from the rotor thrust.
However, at two locations, another specific increase to the
plate thickness is needed, below the top flange (due to stift-
ness reasons) and around the door opening (due to buckling
reasons).

The butt-welded joints are in full penetration with no
systematic linear misalignment e. The standard welding
process in manufacturing is the submerged arc welding pro-
cess. Together with welding in flat position, high demands
on manufacturing execution can be fulfilled which are nec-
essary to achieve a required higher quality level acc. to the
ISO 5817 [3]. A weld seam geometry with a reduced weld
overfill 4 and smooth weld toe angles a results in a lower
notch effect and thus in a higher fatigue resistance [4]. Since
FAT-classes for a transversely loaded butt weld categorised
in guidelines and technical standards also cover weld seams
with lesser welding quality, it is desirable to re-evaluate the
FAT-class of butt-welded joints based on fatigue tests, espe-
cially for these high-quality weld seams.
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In this context, the use of numerically based local
approaches is a common way to investigate the influence
of large plate thicknesses, because tests for such plates are
very expensive. With the revision of the EN 1993-1-9 [5],
the effective notch stress approach was added. In project ref.
[6] for the re-evaluation and extension of the FAT-classes
according to the Eurocode 3, it was noted that a large data
base with n = 2,843 fatigue test exists for butt-welded joints.
However, complete documentation of the geometric dimen-
sions of the welds is only available for a few tests. In addi-
tion, most of these tests were done with specimens, which
had a plate thickness smaller than ¢ = 25 mm, as tests with
plate thicknesses bigger than r = 40 mm were not the sub-
ject of the belonging research studies. Within the range of
the investigated plate thicknesses, no significant thickness
reduction factor could be observed based on the results
from fatigue tests. In contrast, numerical studies based
on the effective notch stress approach in [6] show a clear
dependence.

In this paper, an overview of the available guidelines and
technical standards is given, which specify the fatigue resist-
ance of butt-welded joints by a FAT-class for certain condi-
tions and the main influencing parameters on the fatigue
strength of butt-welded joints are briefly discussed. Then,
results from new fatigue tests on butt-welded joints with and
without different plate thicknesses up to a plate thickness of
t =40 mm are presented. The new test results are flanked
by additional large component tests shown for the first time.
The results of the fatigue tests will be compared to results

Fig.1 Wind turbine from Enercon at the wind farm Holtgaste (left), schematic illustration of essential welded structural details in steel towers

(centre) and manufacturing of a tower section (right)
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from the notch stress and the crack propagation approach
for the tested specimens. In these analyses, the complete
documentation of the weld seams geometry of the speci-
mens is considered. All weld imperfections are measured by
a macroscopic image. The results from this analysis show
the potential of higher weld seam qualities when using sub-
merged arc welding process regarding the fatigue resistance.

In a further step, the gained knowledge is used for an
evaluation of different imperfections and their influence on
the fatigue strength of butt-welded joints. For this purpose,
the effective notch stress approach is applied on a real tower
section, manufactured in accordance with quality level B of
ISO 5817 [3]. This parameter study with typical weld seam
imperfections from the submerged arc welding process is
intended to show trends on the plate thickness influence. It will
be shown that the limitation of the linear misalignment e =
min (0.1-7; 3 mm) according to quality level B has
a favourable effect on the stress concentration and fatigue
resistance for large plate thicknesses. The effect will also be
discussed based on a 3D scan of a weld from a tower section.
Finally, the fatigue strength will be evaluated both accord-
ing to the specifications from technical standards and by
numerical methods as the notch stress concept and fracture
mechanics.

2 State of the art

2.1 Guidelines and technical standards
for the evaluation of welded structural details

Table 1 contains a summary of the FAT-classes for butt-
welded joints from guidelines and technical standards
which use the nominal stress approach. In general, it can
be assumed that the FAT-class 90 applies, which defines
an allowable nominal stress range of Ac = 90 N/mm? for
N =2 - 10° load cycles. One main difference between the
different guidelines and technical standards is the definition
of the thickness reduction factor. This factor is used for plate
thickness greater than the reference thickness f..; = 25 mm
and reduces the allowable stress range. Eurocode 3 [5, 7],
the IIW-Recommendations [8], and the FKM-Guideline [9]
use the formulation (z,../t)*? with the effective plate thick-
ness t.¢ = ¢. This equation is the result from experimental
studies by Gurney [10]. Since the 7th edition of the FKM-
Guideline, an additional thinness-effect for plate thickness
equal or smaller than ¢ = 25 mm can be used. The thinness-
effect increases the FAT-classes by a factor of 1.1 for plate
thickness smaller than ¢+ = 10 mm. Between a plate thick-
ness of + = 10 mm up to 25 mm, the positive influence is
described by the equation f, = (25 mm/¢)*!. In addition, a
modified slope of m = 5 for the S—N curve can be applied
for plate thicknesses t < 7 mm. The DNVGL-RP-C203 [11]

also uses the thickness reduction factor for plate thicknesses
¢t > 25 mm but with another definition for the effective plate
thickness 7. The effective plate thickness 7. is defined as
the smallest value of 7,y =min (16 mm+0.44 - L1); T) (see
Table 1 for definition of Ly and 7). For butt-welded joints
with large plate thicknesses and small weld bead width L,
a higher fatigue resistance is caused by this equation com-
pared to the Eurocode 3, IIW-Recommendations, or the
FKM-Guideline. The problem of such an approach is that
the structural engineer needs the information about the weld
seam bead width from the manufacturing process already in
the design phase. According to the BS 7608 [12], a thick-
ness reduction factor must also be considered. In addition
to this, a factor Q can be applied to the calculation. This
factor considers global bending effects, which has a more
favourable effect on fatigue. However, it is not applicable for
secondary bending effects caused by a linear misalignment e.
For butt-welded joints in crane steel structures, higher
FAT-classes are generally applied. A thickness reduction
factor is not included in EN 13001-3-1 [13]. The higher
FAT-classes are due to the workshop production and better
weld seam qualities.

2.2 Fatigue strength verification by nominal
stresses

In general, the fatigue strength verification of structural
details in towers of wind turbines is done with the global
concept of the nominal stress approach. In this approach,
the internal forces are used to determine the nominal stress
at the failure location. These stresses are compared with the
fatigue resistance, which is defined by FAT-classes with a
S—N curve and a partial safety factor. The FAT-class is the
result of extensive fatigue tests on specimens, which already
contain the geometric notch effect (local stress concentration
due to joint arrangement and weld seam geometry), the met-
allurgic notch effect, and the residual stresses. For compo-
nents with high residual stresses, such as in the welded joints
of towers for wind turbines, the nominal stress approach is
independent from the mean stress.

2.3 Fatigue strength verification by the effective
notch stress concept

Next to the fatigue strength verification with nominal
stresses, alternative approaches with local concepts are
increasingly used, e.g. due to the extension of the techni-
cal standards like prEN 1993-1-9 [5]. The effective notch
stress concept as one of these local concepts is used, for
example, when complex geometries do not allow the speci-
fication of a nominal stress [17]. Another reason may be
the lack of structural details with a specific FAT-class. In
comparison to the nominal stress approach, the effective
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Table 1 Comparison of the structural detail butt-welded joint from different guidelines and technical standards

Steel structures
Structural detail Description FAT
01 EN1993-1-9:2010-12 [7] Transverse splices in plates or flats 90
Tab. 8.3, Detail 5 Requirements:
<0.1b b - Welded from both sides
!Lb " t - Weld run-on and run-off pieces to be used and subsequently removed, plate
o —— I edges to be ground flush in direction of stress.
- checked by NDT
~— - Height of weld convexity 2 < 10 % of weld bead width b
/@ Thickness reduction factor:
<P for £>25 mm: k = (25 mm/n)*2
02  prEN 1993-1-9:2023 (E) [5] Splices in plates or flats of same thickness 90
Tab. 10.4, Detail 2 Requirements:
o - Welded from both sides in welding position PA (acc. to DIN EN ISO 6947 [14])

- Weld ground flush at plate edges in direction of stress, where relevant, after
removing weld run-off pieces.

- As welded with flank angle a>150°

- Linear misalignment e <5 % of plate thickness ¢

- An eccentricity is considered by appropriate nominal stress modification.

Thickness r ion factor:

for #>25 mm: k ,=(25 mm/)°?
03  IIW-Recommendations 2016 [8] Transverse butt weld 90
Table 3.1, No. 212 Requirements:

- Welded from both sides, weld made in shop in flat position

- Weld run-on and run-off pieces to be used and subsequently removed, plate
edges to be ground flush in direction of stress.

- Misalignment 5 % of plate thickness ¢

- Weld reinforcement 10 % of thickness ¢

-NDT

Thickness reduction factor:

for t>25 mm: A0 = (tel 1" With £,,,=25 mm
for L/t>2: L=t
for L/t<2: t gg=max (0.5-L;1)
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Table 1 (Continued)

Steel structures

Structural detail Description FAT
04 BS 7608:2014 [12] Transverse butt weld D
Table 5, No. 5.2 Requirements: (90)

Elevation 4[] I max.

05 BS7608:2014 [12]
Table 5, No. 6.5
t

Mechanical engineerin

Structural detail

06 FKM-Guideline 2020 [9]
Table 5.4.1, Detail 212 ([ITW])

- Made from both sides by any arc welding processes in any position.

- Proved free of all flaws which are likely to degrade the joint below its stated
classification (see BS 7608:2014, 14.3.4).

- These classifications do not include allowance for any misalignment of the joint.

Thickness reduction factor by consideration of global bending stress:
for t>25 mm: k =25 mm/t,p)°? - [1+0.18- Q"4
k = {1+2[(25 mm/r)*?—1]}-[1+0.18 - Q']

for 4 mm <7<25 mm:

Without global bending stress: £2=0

for £>25 mm: k =(25 mm/z,p)"?

with L/t>2: t p=max (25 mm;?)

and L/t <2: t gg=max (25 mm;0.5-L)

for 4 mm <r<25 mm: ky=1

Steel pipes or tubes D
Requirements: 90)

- Weld made from one or both sides

- Proved free of all flaws which are likely to degrade the joint below its stated
classification (see BS 7608:2014, 14.3.4).

- This classification does not include allowance for any misalignment of the joint
or a thickness change.

Thickness reduction factor:

see BS 7608:2014, Table 5, No. 5.2

Description FAT
Transversely loaded butt weld 90
Requirements:

- Made in shop in flat position

- Height of weld convexity & < 10 % of plate thickness ¢
- Misalignment e < 5 % of plate thickness ¢

-NDT

Thickness reduction factor:

for 1< 10 mm: fi=11
for 10 mm <25 mm: fi=@5 mm/)*!
for £>25 mm: f=025 mm/r)°2
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Table 1 (Continued)

ran ] st I
Structural detail

07 EN 13001-3-1:2019-03 [13]
Table D.3, Nr. 3.1

t
t

A
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Support structures for wind turbines

Structural detail

08 DNVGL-RP-C203:2019-09 [11]
Table A.5, No. 4
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09 IEC 61400-6:2020-04 [15]
10  DIN 18088-3:2019-01 [16]

Description FAT

Symmetrical butt weld, normal stress transverse to weld
Requirements:

- Symmetrical plate arrangement

- Welded through seam

- Angular misalignment < 1°

- Quality level B

Components with normal residual stresses 125
t,=t,orslope <1:3

Components with high residual stresses 112
t ,=t,orslope <1:3

Components with high residual stresses 100
slope <1:2

Description FAT
Transverse splices in plates and flats D
Requirements: (90)

- Made in flat position in shop.

- Weld run-on and run-off pieces to be used and subsequently removed, plate
edges to be ground flush in direction of stress.

- Height of weld convexity & < 10 % of weld bead width b

- misalignment e < 10 % of thickness ¢ for plates

- misalignment e < 5 % of thickness 7 for tubes

Thickness reduction factor:
for £>25 mm: (/25 mm)°2

with: t p=min((14 mm+0.66 - L); T)

Reference to EN 1993-1-9:2005, Tab. 8.1 to 8.10 and B.1 and EN 1993-3-2:2006, Annex C
Reference to DIN EN 1993-1-9:2010-12, Tab. 8.1 to 8.10 and B.1

notch stress approach considers the stress concentration at
the point of failure caused by the weld seam geometry for the
assessment. The effective notch stress can be determined by
numerical simulation. As the plate thickness effect is already
taken into account by the modelling of the FE model, no fur-
ther reduction factor needs to be considered in this approach.
The IIW-Recommendations [8] and the DVS-Technical
Code 0905 [18] contain practical recommendations to deter-
mine the effective notch stress by numerical simulations.
The failure location of the weld seams must be rounded
with a fictitious radius (see Fig. 2). This size of the ficti-
tious radius depends on the plate thickness in the analysis.

@ Springer

In this paper, results from fatigue tests on butt welds with
plate thicknesses greater than > 5 mm are presented. For
this structural detail, the weld toe is the failure location, so it
was rounded according to the effective notch stress concept.

The fictitious radius is based on the consideration of the
micro-supporting effect acc. to Neuber [19] in the interpreta-
tion for welded joints by Radaj [20]. The micro-supporting
effect is gathered via the stress averaging approach. This
approach has been successfully used to evaluate the fatigue
strength of welded joints made of normal strength steel and
plate thickness range 1 mm < 7 < 20 mm [18]. The fatigue
resistance acc. to the effective notch stress concept is defined
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Fig.2 Recommendation according to IIW-Recommendations [8] for the rounding of the weld toe and root of different notch details (left), execu-

tion of the notch radius meshing (right)

as FAT 225 for N = 2 - 10° number of cycles for welded
steel joints. This resistance value is the result of extensive
experimental fatigue tests on different welded structural
details. For smaller plate thicknesses, failure at the weld
root or welded joints made of aluminium, different resist-
ances exist. For the determination of the notch stress o, from
numerical simulations with linear-elastic material behaviour
the maximum principal stress at the failure location is used.
This value is verified against the FAT 225. A verification
with Mises-equivalent stresses against FAT 200 acc. to
prEN 1993-1-9 [5] is also possible. The stress concentra-
tion factor K, can be determined acc to. Equation (1), if the
effective notch stress o, and the nominal stress o, are known:

o-e
K= (1)

The resistance nominal stress FAT ,-value from the notch
stress calculation is FAT 225 divided by the stress concentra-
tion factor K, as shown in (2):

FAT?225
FAT = ———
n Kt (2)

Further approaches for evaluating the fatigue strength of
welded joints are described in the technical standards. A
summary and evaluation of the different approaches used
in [8] can be found in [21-23]. In the following, the crack
propagation concept will be explained in more detail.

2.4 Fatigue strength verification based on fracture
mechanics

Cyclic loaded structures are prone to fatigue failure. Here,
the whole fatigue life of a structure can be subdivided into
the three phases crack initiation, crack propagation, and fail-
ure of the residual cross-section. In welded joints without
post treatment, the proportion of crack initiation in the entire
fatigue life is small and thus can be neglected. This neglect

is on the conservative side. The phase, where the crack
propagation is driven by elastic—plastic material mechanisms
(short crack behaviour) can be covered by the choice of a
damage equivalent initial crack a,. The crack propagation
calculation is performed by the use of the Paris-ErpOGAN
law from Eq. (3), starting with the initial crack a, to a final
one, which usually has a crack length of half of the plate
thickness 7.

da

" da
N =C, - AK" for AK > K, elseﬁ =0 3)

C, and m are material constants. The stress intensity fac-
tors K = aﬁ - Y(a) can be determined by parametric cor-
rection formulae Y(a), which may be found in the relevant
literature for usual joint configurations e. g. in BS 7910:2019 [24],
API 579-1/ASME FFS-1 [25], or in FKM-Guideline
for Fracture Mechanics Verification [26]. In many cases,
these formulae cannot cover special geometries such as e. g.
all types of misalignments. In those cases, the application of
the weight function approach is recommended.

The idea of a weight function is that a force and the
resulting stress intensity factor at the crack tip are consid-
ered (see Fig. 3). This is done for different distances x and
different crack lengths a. The results may be presented in
form of a table or an interpolation formula A(x, a). Now, an
arbitrary stress distribution can be described as a sum of
the differential forces dF . The stress intensity factor K is
received by a simple integration. The integration procedure

Fig.3 Weight function as
summation of the differential
forces dF

FT dF;= o(x)-dx
o(x)

> X
> \
l a crack

Fi
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must be programmed only once. It can be used for all types
of stress distribution. Here, the weight function formula by
N and GLINKA has been used. The advantage of the method
is that only a stress distribution must be determined by FEA,
which reduces the computational effort considerably.

dF = 6(x) - dx 4

dK = dF - h(x, a) %)
And so

K= / i o(x) - h(x,a) - dx (6)
x=0

If a crack grows larger and the stress intensity factor
approaches the fracture toughness of the material K, then
the crack propagation accelerates. This effect can be covered
by Eq. (7). K,,,,; can be estimated from Charpy-V-notch test
data and the SANz correlation [27].

da _ CO - AK™
dN (1 —R) . naK (N
K

mat

For the material constant C,, there is to distinguish
between a wrought and a cast material (Table 2). The first
is for cracks in the base material, e. g. at weld toes, and the
second for root cracks through the weld deposit material.
The constant m shall be assumed as m = 3.0.

At this point, different definition of a crack depth must be
considered. The definitions may be contradictory:

e Technological crack of approx. @ = 1 mm, a conventional
value often used

e Smallest detectable crack depth a = 2 mm acc. to BS
7910:2019 [24]

e Crack depth by EN 1993-1-10 [28] of @ =0.5 - In(?), giv-
ing a = 1.5 mm at # = 20 mm plate thickness

e Requirement of free of cracks (?) acc. to ISO 5817:2023—
07 [3]

e Equivalent initial crack for “crack free* welded joints of
a=0.1...0.15 mm

The requirement “crack free” according to ISO 5817 [3]
can hardly be verified by the existing NDT methods. There-
fore, it must be relied on experience and confidence instead.

NDT may serve to give an indication, if the confidence in
production is still justified. An adequate safety must be
assured by regular inspection or redundancy of the structure.

2.5 Parameters influencing the fatigue strength
of butt-welded joints

The different influencing parameters on the fatigue strength
of welded joints cannot be considered isolated from each
other as there is often an interaction between these param-
eters. The parameters described in the following are the most
important ones for butt-welded joints (however, there is no
claim to completeness). The fatigue behaviour of welded
joints in condition “as welded” is characterised by a short
crack initiation phase related to the total service life. Due to
this behaviour, the fatigue strength of welded joints is more
or less independent of the material strength. Welded joints
behave like components with high notch effects or corroded
components. Therefore, the FAT-class depends only on the
material group and not on its strength. Surface conditions as
the waviness from steel machining, slight corrosion, minor
near-surface damages to the rolling skin, or roll inclusions
only have a minor influence on the fatigue resistance of
welded components. In contrast the weld toe or root domi-
nates the fatigue resistance due to the high(er) notch effect.
Small-scaled specimens (except longitudinal stiffeners) gen-
erally show a mean stress influence regarding the fatigue
resistance. Welded assemblies, on the other hand, behave
differently. For specimens like structural components, the
influence of mean stress is relatively small. This is due to
high residual stresses. They are usually in the region of the
yield strength of the base material at the critical crack loca-
tion. In welded structures with high residual stresses like
tower segments of wind turbines, residual stresses and load
stresses superpose. As a result, the effective stress at the
weld toe is always a tensile stress, which leads to an inde-
pendency from the present mean stress level. That is why
small-scaled specimens need to be tested with high tensile
mean stresses or R-ratios. The geometric shape of a welded
joint (cruciform joints, butt joints, etc.) is the most impor-
tant parameter regarding its fatigue resistance. In addition,
the weld seam geometry at the weld toe or root has a big

Table2 Overview material
parameter C as a function of
crack location

Crack location

Material parameter C,,

[N;mm]
Characteristic value of base material 3.00-10713 API/ ASME [25]
Characteristic value of weld deposit material 5211071 BS 7910 [24]
Mean value used in EN 1993-1-10 1.80-10713 Gurney TWI [10]
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influence. A third important effect is metallurgical notches
or seam defects by porosity and slag inclusions.

Figure 4 shows different failure modes of butt-welded
joints. In general, butt-welded joints fail at the weld toe
(Fig. 4a). For butt welds with flat seams and smooth seam
transitions, the crack location can occur also between cover
seam layers as shown in Fig. 4c. For butt-welded joints of
different plate thickness and no linear misalignment e, the
failure may occur on site with larger nominal cross-section
(see Fig. 4d). Figure 4b also shows a failure starting from an
inclusion. For this failure mode the crack propagation path
runs from the in- to the outside. In service condition, this
cannot be detected by regular inspections using near-surface
non-destructive testing technique [4, 29].

Further effects are caused by the component dimension.
For components with larger plate thicknesses and a compa-
rable weld geometry, a higher notch effect at the weld toe
results, especially due to greater residual stresses. During
crack propagation, the crack initially localises in a larger
area of unfavourable tensile stress, which leads to a higher
crack propagation rate according to [30]. With increasing
weld volume also, the possibility of irregularities increases.
This is justified with the statistical influence of size.

2.6 Limits of imperfect shape and dimension acc.
to1SO 5817

The fatigue resistance of butt-welded joints is significantly
influenced by local imperfections. Table 3 contains the
permissible limits for different imperfections of butt welds
according to quality level B of ISO 5817 [3]. According to
DIN 18008-3 [16], the execution class EXC3 is required for
the shell of a steel tube tower. In conformity with paragraph
7.6.1 of EN 1090-2 [31], the limits for the imperfections
of quality level B acc. to ISO 5817 [3] must be complied.
Higher quality requirements are specified by the quality level

B125, which are described in the Annex C of the ISO 5817
[3]. The quality level B125 defines the requirements to
achieve a fatigue resistance of FAT 125. It should be noted
that the fulfilment of the requirements is not achieved by
welding alone. In addition, the authors would like to emphasise
that the tower sections do not have an angular misalignment f
in the execution practise.

3 Experimental studies

3.1 Specification for performing fatigue tests
on welded joints

There is no generally applicable standard for determining
the fatigue strength of welded joints. Nevertheless, the
most important specifications according to the [IW-Rec-
ommendations [8], the ISO/TR 14345 [32], DVS-Techni-
cal Code 2403 [33], and the Eurocode 3 part 1-9 [7] and
its revision [5] should be mentioned with regard to the test
programme. The IIW-Recommendations [8] requires test-
ing at a high tensile mean stress level with a load ratio of
R =0.5. For tests done at lower tensile mean stress level,
experimental FAT-values need to be reduced by 20 %.
According to the authors, this assumption is not generally
to be applied. Especially for welded joints with post weld-
treatment and small notch effects, this requirement is not
purposeful. The ISO/TR 14345 [32] defines for the tests
on small-scaled specimen a high mean stress level or a
high load ratio R. The nominal stresses must be below the
yield strength of the base material. By this requirement,
the high residual stress in the real structure shall be cov-
ered in the fatigue tests with small-scaled specimen. This
leads to S—N curves that have a steeper slope and are
below those with low mean stresses. According to
Eurocode 3 part 1-9 [7], Sect. 7.1, at least n = 10 tests

Fig.4 Different failure modes of specimens with butt-welded joints [2]
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Table 3 Limit values for imperfections of butt-welded joints acc. to ISO 5817 [3]

imperfection | reference acc. to ISO 6520-1 | ISO 5817: B (Table 1) | ISO 5817 Annex C: B125
weld overfill h
b
— -— ~
o 502 h < 1mm+0.15 h <02 mm +0.1b
r/ A A\Q but max. 5 mm
weld toe angle a
[\)
‘@ 505 a > 150° a > 150°
weld toe radius r
505<
linear misalignment e
J << o< e<0.1t e <0.05t
BN T{/ Z8 5071 but max. 3 mm but max. 1.5 mm
bt 0.5 0.5
o I e <0.5t e <0.5t
%E[\\ te >072 but max. 2 mm but max. 1 mm
angular misalignment
% B
VAN 508 ] g<io

are required for the definition of a FAT-value based on
tests. The IIW-Recommendations [8] suggest tests on
two stress levels. Failure of the specimen should occur
between N =5 - 10* and N = 10° load cycles. In compari-
son, the ISO/TR 14345 [32] defines the requirement for
as many tests as necessary for the statistical evaluation,
but a minimum of n = 8...10 samples. Every stress level
shall be tested with at least two samples. The regulations
according to DVS-Technical Code 2403 [33] require tests
on three stress levels with n = 3 samples on each level,
whereby the number of load cycles must be N < 10%. In
addition, n = 3 (better n = 5) samples should be tested
until N = 107 number of cycles. If only a small number
of samples (n < 10) is available, the tests can be per-
formed with the pearl string method [33]. For tests that
shall be representative for a specific quality level (e.g.

quality level B acc. to ISO 5817 [3]) the DVS-Technical
Code 2403 [33] states that the samples must be mixed
with respect to their weld seam quality. Specimens with
similar quality characteristics should not be tested at the
same stress level. It is known that the weld toe radius r
and the weld toe angle a have a significant influence on
the fatigue strength in tests. Furthermore, in butt-welded
joints secondary bending effects caused by the linear
misalignment e and angular misalignment f affect the fatigue
resistance. Therefore, a documentation of the tested speci-
mens with all geometrical parameters of the weld seams
is recommended. The ISO/TR 14345 [32] and the DVS-
Technical Code 2403 [33] provide some information on
this. Furthermore, the mechanical and chemical character-
istics of the base materials should be determined by tests.

series 01 —t =20 mm

series 02 — t = 40 mm

series 03 — t;/t, =25 mm /50 mm

25
50

Fig.5 Overview of the butt-welded specimens
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3.2 Test programme and specimens

The geometrical dimensions of the small-scaled specimens
are shown in Fig. 5. The specimens were manufactured as
described in the following. The heavy plates were cut to size
using the autogenous flame cutting. The plates received a dou-
ble-V weld preparation with broad root face for a DV butt weld.
According to ISO 9692-2 [34], a weld seam opening angle
a =60° and a gap of b =4 ... 6 mm was set on both sides. For
a good weld execution, run-on and run-off pieces were attached.
An inverter welding power source from Fa. Lincoln Electric
was used for joining the plates by the submerged arc welding.
The root pass was welded manually using the GMAW process,
then overlaid by an SMA process and subsequently ground out
before the back run was welded on. The execution of the filler
and cover layers was done with the submerged arc welding sin-
gle wire process in alternating double-sided weld runs. Due to
the alternating welding run, the angular misalignment § was
largely balanced out. The plates with a thickness of # =40 mm
were preheated to a temperature of at least 7, = 100 °C. The
short specimens (L =500 mm) were cut from the welded plates
by saw cut. The specimens with a plate thickness of # =40 mm
were cut by jet cutting. The mechanical processing of the sec-
tional taper was done afterwards.

Table 4 shows the test programme. Specimens with butt-
welded joints without systematic linear misalignment e
were tested. Besides of the weld toe radius r, which
was not taken into account in the measurements, most
of the small-scaled specimen meet the requirements
of the quality level B90 according to ISO 5817 [3]. In
addition, some of the samples even satisfy the limits

Table 4 Test programme for structural detail butt-welded joint

for quality level B125. The series 01 (¢ = 20 mm) and
02 (¢t = 40 mm) were tested at high mean stress level
(R >0.3). For both series a total number of n =22 speci-
mens were tested until failure in the high cycle fatigue
region. The tests were performed at constant stress levels
using the load level method. For this test method, three
stress levels (n = 5 specimens on each level) were tested.
When selecting the test specimens, care was taken to
select them acc. to their weld imperfections. This ensured
that their imperfections were suitably represented. The deter-
mination of the endurance limit was not part of the study.
Specimens with high linear e or angular misalignment f
were tested as runouts at a load ratio of R = 0.5 to secure
the design S—N curve. For the tapered specimen with-
out systematic linear misalignment e, different plate
thicknesses ¢, = 25 mm and #, = 50 mm were used. The
larger plate had a 1:4 chamfer for better load transfer.
Due to production-related difficulties, most of the sam-
ples had imperfections that did not meet the requirements
of quality level B acc. to ISO 5817 [3]. This caused a
reduced sample size of n = 10 specimens. These speci-
mens were tested at a load ratio of R =0.1.

For the specimen manufacturing, a structural steel
S355J2+ N acc. to EN 10025-2 [35] was used. The
mechanical properties of this material meet the require-
ments for the yield R,; and ultimate tensile strength R,
according to the standard (Table 5). The surface condition
was “as rolled” with a typical surface roughness for mill
scale. An additional grit-blasting to achieve a defined sur-
face preparation level was not part of the manufacturing
process.

series  structural detail welding process steel grade

plate thickness t load ratio R sample number n

[mm] [-] []

01 X r 20 0.3]0.5V 22
02 : \Y SA (121) S355J2+N 40 0.3]0.5? 22
03 = . Tapered plates 25/50 0.1 10
sample number X 54
D Runout at R = 0.5
2 Fracture or runout at R = 0.5
Table 5 Mechanical and chemical properties of the base material S355J2 + N
t [mm] R, [N/mm?] R, [N/mm?] R, [N/mm?] A (%] KV[J] Cl%] Sil%] Mn[%] P[%] S[%] NI[%] Cul%]
20 526 431 386 1570 226 0.150 0.185 1.24 0.016 0.0039 0.014 0.009
40 544 342 335 14.45 166 0.163 0202 154 0.018 0.0027 0.017 0.031
25 527 391 358 13.97 209 0.176  0.154 1.42 0.015 0.0031 0.018 0.023
50 511 342 335 12.63 138 0.113 0227 134 0.015 0.0078 0.018 0.158

*KV taken from the 3.1 Inspection certificate and determined at 7 = —20 °C
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In accordance with the note from ISO/TR 14345 [32] or
DVS-Technical Code 2403 [33], the specimens were meas-

ured and documented with regard to imperfections (Group
5, IS0 6520-1 [36]).

This includes the following:

e Linear misalignment e (5072 or 5071 acc. to ISO 6520-1
[36])

o Excess weld metal with weld overfill & (502 acc. to
ISO 6520-1 [36])

e  Weld toe angle a (505 acc. to ISO 6520-1 [36])
e Angular misalignment § (508 acc. to ISO 6520-1 [36])

21.7 mm

4 0.39 mm <

20.9 mm
ey

Figure 6 shows an example of a macroscopic image
for a specimen of the plate thickness # = 20 mm. The
measurement results of the geometrical imperfections
for this specimen meet the requirements of the qual-
ity level B125 from Table 3, with the exception of the
weld toe radius . Exemplary macrosections of the dif-
ferent specimens are also shown to illustrate their weld
geometries.

A comparison of the allowable and the measured imper-
fections of the specimens can be seen in Fig. 7. This com-
parison clarifies that the submerged arc welded specimens
comply to the quality level B.

*1.50 mmv

S t =20 mm

t =25/50 mm

10 mm

Fig.6 Macroscopic image for measuring the weld imperfections and macrosections of the weld seams

weld overfill /

weld toe angle o
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Fig.7 Comparison of allowable (ISO 5817) and measured imperfections of the tested specimens from series 01 to 03
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Fig.8 Servo-hydraulic testing machine Zwick/RoeLL HB1000 in the
test laboratory of the Fraunhofer IGP and the Form+ TEsT at BAM
Berlin

3.3 Fatigue tests on small-scaled specimens
and statistical evaluation

The tests were performed on servo-hydraulic testing
machines. Figure 8 shows the servo-hydraulic testing
machine Zwick/Roell HB1000 with a specimen of series
01 at Fraunhofer IGP and the testing machine Form + TEsT
with a specimen of series 02 at Federal Institute for Material
Research and Testing (Bundesanstalt fiir Materialforschung
und -priifung BAM) Berlin. The fatigue tests were carried
out force-controlled with constant amplitude loading. The
test stopped if complete fracture of the specimen or a defined
number of cycles was reached without failure (=run-out).
The test frequencies were between f = 12 Hz and 18 Hz.

For all specimens, crack initiation was observed at the weld
toe only.

The test results are statistical evaluated according to
the Background Information of the EN 1993—1-9 [37]. For
each test series, the characteristic fatigue strength (Ao ) is
determined, which is defined as the “one-sided confidence
interval with a lower limit defining a 95 % probability of
survival for log (N) test data” [37]. Table 6 contains the
results from the statistical evaluation. Furthermore, a sepa-
rate evaluation is done for a subset of specimens from test
series 01 that fulfils the requirement for the higher quality
level B125 except for the radius of the weld toe r.

For test series 01 (f =20 mm), a value of Ac - =100.97 N/mm?
is determined for a constant slope of m = 3. Based on
the test data, the variable slope of the S—N curve leads to an
exponent m = 3.68. The corresponding fatigue strength is then
Ao, =111.90 N/mm?. The common standards [7, 8] define
a constant slope of m = 3 for welded joints under nominal
stress range Ao. Considering the standard deviation of the
S—N curve exponent, the standardised slope of m = 3 seems
to be justified for this test series as well. The scatter of the
number of cycles at one stress level (see Fig. 9a and b) can
be explained by the existing imperfections of the specimens.
A sufficient representation of the permissible imperfections
according to the quality level B of ISO 5817 [3] was given
in series 01 (see Fig. 7). Wind turbines are exposed to a high
number of cycles N and low nominal stress range Ao dur-
ing their service life. For this purpose, additional tests were
done to ensure the validity of the design S—N curve of FAT
100 (m = 3). Two samples were tested at high load ratio of
R =0.5 with a stress level of 1.5 times the constant amplitude
fatigue limit Ao, related to FAT 100. Both samples reached
the predefined maximum number of cycles N = 5 - 10° without

Table 6 Results from the statistical evaluation according to the background information of the Eurocode 3

slope FAT-value
series weldine process plate thickness ¢ R #data -3 _ Aoc Ao
P [mm] (1 [ " " m=3)  m=va)
[N/mm?] [N/mm?]
3.68 100.97 111.90
)] 2)
o1 SA (121) 20 0.3% 17 3 0.547 (123.02)  (13731)
102.79 142.25
- 2)
01 -B125 SA (121) 20 0.3 7 3 5.10 (130.20) (163.27)
3,90 95.46 116.56
] 3) 5
02 SA (121) 40 0.3 20 3 0.191 (116.68) (130.51)
Tapered plates 4.86 83.24 130.96
1
03 SA (121) 25/50 0.r 10 3 0.397 12127)  (151.17)
Legend Structural detail
D Imperfection according to quality level B WT ( 1:4

2 Runout at R = 0.5

3 Runout and fracture at R = 0.5

B125 — Quality level B125 acc. to ISO 5817 [4]
(...) values for probability Ps = 50 %

ltalics — standard deviation of slope parameter

4_|__

A
[P —, GI g
—>
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a)

Series 01: butt weld t =20 mm

- quality level B according to ISO 5817 -
500

b)

Series 01: butt weld t = 20 mm
- quality level B125 according to ISO 5817 -

E— 500
S$355J2+N S$355J2+N
400 t=20 mm 400 t=20 mm
:.E' R=03|=05 = R=0.3
£ ]
300 \ 300 ~
E E
£ Z
5 =
b
< 200 g 200
2 o
[ 0 -
— [ e 2
b = \
“ »
= ——PS=50% = p
£ 100 _ps=05% g 100
g + failure t =20 mm (R = 0.3) i £ ——PS=50%
c £ runout t = 20 mm (R=0.3) v g -—-PS=95%
& runoutt =20 mm (R = 0.5) \\ + failure t =20 mm (R = 0.3)
& @ fracture mechanics PS=50% % ¢ runoutt =20 mm (R = 0.3)
10.000 100.000 1.000.000 10.000.000 10.000 100.000 1.000.000 10.000.000
N[-] N[
c) d)
Series 02: butt weld t = 40 mm Series 03: butt weld t,/t,= 25/50 mm
- quality level B according to ISO 5817 - sti0 - quality level B according to SO 5817 -
500
$355J2+N 14
S35502+N t WT 1,/,=25/50 mm i
400 t=40 mm 400 R=0.1 A
g L R Y T |
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100 - red ! ¢ failure 25/50 mm (R =0.1)
&6 @ fracture mechanics PS=50% \[ 50 @ fracture mechanics PS=50%
10.000 100.000 1.000.000 10.000.000 10,000 100,000 1,000,000 10,000,000
N[ N[]

Fig.9 Classification and statistical evaluation of the samples from series 01 to 03 in the S—N chart for nominal stress range according to the EN

1993-1-9

any failure. Another specimen with extremely linear
misalignment (e = 1.83 mm) and sharp weld toe angle
(a =148°) survived N = 10" number of cycles at a stress level of
the constant amplitude fatigue limit Ao, =73.7 N/mm?. Thus,
the FAT-class of 100 (m = 3) can be considered validated for
the intended field of application.

The influence of the plate thickness is the subject of
investigation in test series 02 (¢t = 40 mm). Again, butt-
welded specimens were tested at a load ratio R = 0.3 and
three stress levels. All failures occurred at the weld toe. This
series comprises n = 20 fractured specimens. The statistical
evaluation results in a fatigue strength of Ao, = 95.64
N/mm? for a constant slope of m = 3. When considering
the thickness reduction factor as required in [7] and [8] by
k, = (25/1)"2, the FAT-class 100 from series 01 is reduced
0 A0 Cred =91 N/mm? (see green line, Fig. 9). It can be stated

@ Springer

that the consideration of the plate thickness allows a reliable
design. The variable slope of the S—N curve from the statisti-
cal evaluation m = 3.9 is slightly flatter. The FAT-class for
this variable slope is A = 116.56 N/mm?. A comparison of
the FAT-classes for a survival probability of 50 % of the two
series shows a reduction of the fatigue strength of almost 5 %,
as the thickness reduction factor leads to a reduction of 10 %. A
closer look on the imperfections of the tested specimens revealed
a smaller angular misalignment g for the specimens with larger
plate thicknesses 7. The related linear misalignment (e/t)
for the specimens with smaller plate thickness is 2.1 %.
The thicker specimens (f = 40 mm) have only 1.35 %.
The linear misalignment e is limited to e <3 mm (5071) or
e <2 mm (5072). For this reason, the fatigue strength reduc-
ing effect of the linear misalignment e is likely to diminish
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with larger plate thicknesses . A detailed examination of
this issue will be carried out in the numerical investigations.

Figure 9b shows a subset (n =7) of series 01. These spec-
imens meet the higher requirements of quality level B125
according to ISO 5817 [3]. Excluded from this assessment
is the weld toe radius r. The variable slope from the statisti-
cal evaluation flattens out to m =5.1. The FAT-class for this
slope is Ao = 142.25 N/mm? for a survival probability of
95 %. The increase in fatigue strength allows the assump-
tion that especially the linear misalignment e and the angu-
lar misalignment f are sensitive to the fatigue resistance of
the tested plate thickness 7. Higher quality levels seem to
flatten the S—N curve. An evaluation of the fatigue resistance
only based on the consideration of the linear misalignment e
by SCF’s cannot provide generally valid statements for
a reliable design. This is due to the mutual influence of
the individual parameters from the weld seam geometry.
Therefore, it is recommended to generate a database which
covers manufacturing-typical characteristics related to weld
imperfections.

In series 03, the influence of a chamfer on the fatigue
resistance was investigated. For this purpose, n = 10 tapered
specimens (t, /t, = 25/50 mm) were tested with a constant
load ratio of R =0.1. The tested specimens have the largest
linear e and angular misalignment § compared to those with-
out chamfer from series 01 and 02. Because of this, the spec-
imens from series 03 are characterised by a sharp weld toe.
The measurement of the weld seam geometry delivered weld
toe angles « less than 150°. As a result, the fatigue failure
mostly occurred on the side of the thicker plate. The statisti-
cal evaluation shows a FAT-class of Ao = 130.96 N/mm?>
with a survival probability of 95 %. In chapter 3.1, it was
pointed out that for small load ratios R the S—-N curve flattens
and higher values of fatigue strength are achieved. Even if a
reduction of 20 % according to IIW-Recommendations [9] is
applied on the experimentally determined FAT-class, because

o - -
Strain gauges & gi.
T : _‘a
T T ——
= ° yo o =
RS RS L B B
l WEL T I —
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the load ratio was smaller than 0.5, the test series would still
result in a FAT-class 100 (m = 3) for butt-welded joints with
a 1:4 chamfer on both sides. In summary, it can be stated that
the submerged arc welding process results in higher quality
levels of welded joints compared to manual welding. The
measured weld overfills & were below the normative lim-
its. It must also be noted that the linear misalignment e and
angular misalignment § are dominant parameters regarding
the fatigue strength of butt-welded joints. Nevertheless, for
butt-welded joints produced with the submerged arc welding
process, a classification into the next higher FAT-class 100
seems possible. This classification is linked to the limits of
quality level B, which must be complied with.

3.4 Fatigue tests on large components
with butt-welded joints

To evaluate the transferability of the observed results from
the fatigue tests performed on small-scaled specimens,
additional fatigue tests were carried out on the component
level. Such investigations are considering structural influ-
ences resulting from manufacturing procedures as well
as from the specific bearing behaviour of the component
itself. Residual stresses from manufacturing due to the high
stiffness of the components and larger imperfections are
some important effects. The objective of the large com-
ponent tests is to validate positive effects of the high weld
quality of submerged arc welding on the structural detail
butt-welded joint also on the component level. The com-
ponent tests were carried out at the Federal Institute for
Materials Research and Testing (BAM) in Berlin, Germany
(see Fig. 10). Also shown in Fig. 10 are some specimens
before testing.

The choice of the specimen geometry is defined by dif-
ferent boundary conditions. The specimens should be rep-
resentative for typical butt welds in wind turbine tower

Butt Weld thom = 17.5mm

% | 4350mm | t—
|
]

- }D~660mm

8,700 mm

Fig. 10 Test rig at BAM Berlin for fatigue tests on tubes with butt-welded joints, geometry of the specimens, and position of strain gauges
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segments, both in terms of structural detail as well as to
the manufacturing process. Furthermore, the comparabil-
ity to the fatigue tests on small-scaled specimens must be
ensured, and finally, the possibilities of the test facility have
to be considered. Based on these parameters, butt-welded
tubes are chosen with a geometry given in Fig. 10. In this
test series 04, n = 4 component specimens are tested. As
tube material a S355J2 + N was used. The butt weld was
executed as double-V-butt by submerged arc welding from
inside with an additionally weld from the outside. Both ends
of the welded tube were closed with steel plates due to allow
measuring of an applied inner air pressure as an additional
crack indicator. The specimens were manufactured by a con-
struction company active in the area of manufacturing wind
energy structures. Thereby, realistic manufacturing condi-
tions of the specimens were ensured. A summary of the test
programme is given in Table 7.

At all specimens the geometrical imperfections were doc-
umented from the outside before testing. The weld imperfec-
tions have to meet the requirements of quality level B acc. to
ISO 5817 [3]. For this purpose, the plate thicknesses ¢, tube
diameter D, weld bead width b, weld overfill &, and linear
misalignment e were determined by ultrasonic and a 3D-scan
of the weld seam surface. The results from this 3D-scan and
general measurement are summarised in Table 8. It was not
possible to document the weld condition on the inside of
the tubes. But it can be stated that weld bead width » and
weld overfill 2 were generally larger compared to the outside
conditions due to the defined welding procedure.

For the fatigue tests, a four-point bending configuration
was chosen as illustrated in Fig. 10. With this configura-
tion, a constant bending moment was generated in the mid-
dle area of the specimen where the butt weld was located.

A servo-hydraulic test cylinder with a maximum load of
1600 kN and a test frequency of f = 0.7 Hz was used. For
the tests, a vertical compression load was applied on the
specimens. This results in tensile stresses at the bottom side
of the horizontal tube. Both lower supports of the specimen
were movable on rolls to avoid additionally stresses from any
constrains. During the tests the applied load, the vertical dis-
placement as well as the load cycles were measured. Addi-
tionally, it was intended to observe the crack initiation and
the breakthrough event. Therefore, the applied inner air pres-
sure (0.5 bar) of the tube was measured to detect a break-
through event. Strain gauges were applied on the outside
to measure nominal strains (stresses) as well as structural
strains (stresses) during the tests as illustrated in Fig. 10.
Comparable to the fatigue tests on small-scaled speci-
mens, the component tests were carried out force-controlled
with constant amplitude loading and a load ratio of R =0.3.
Two stress levels were chosen based on the results of the
fatigue tests on small-scaled specimens. The determination
of the belonging target load level was done over the meas-
ured nominal strains of the strain gauges (see Fig. 10) by
static preloading tests. To reduce effects of residual stresses,
the target load was applied several times before the cyclic
test load was finally defined. Stresses resulting from the dead
weight of the tube and the load application system were
determined before any load application and finally consid-
ered in the calculation of the loads for the cyclic test. For
the detection of crack initiation, the deviation of the strain
measurements of the strain gauges was used. The break-
through event was detected by the pressure loss of the inner
air pressure of the specimen, which was used as result for
the number of cycles. This definition is comparable to the
failure definition of the fatigue tests on small-scaled

Table 7 Test programme for structural detail transverse butt-welded joint on component level

Series Structural detail Welding process Steel grade Plate thickness ¢ Load ratio R Sample number n
[mm] [-] [-]
04 ‘\/ SA (121) S35512+N 17.5 0.3 4
TabIeSt 'O\;ervli ew offmeas'ured Specimen Diameter left Diameter Plate Plate Weld Weldbead Linear
geometrical vaiues ob specrmen Dot right thickness left thickness right overfill width misalignment
outside before testing
[mm] Dyigne Biefy Tright h b e
[mm] [mm] [mm] [mm] [mm] [mm]

01 659.9 660.2 17.27 17.31 1.65 29.8 -0.40

02 662.2 662.9 17.09 17.40 1.52 29.9 -0.35

03 661.0 659.4 17.19 17.18 1.60 26.2 0.09

04 660.4 659.8 17.32 17.42 1.70 28.2 0.49
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specimen where the fracture of the specimens was used. The
fatigue test was finally stopped after reaching a certain value
of vertical displacement. Crack initiation took not place at
the outer surface of the tubes in all tests. The strain measure-
ments indicate instead crack initiation at the inner surface
of the tube near the weld toe of the butt weld. However,
due to the major relevance of the breakthrough event, this
information was sufficient for a rough detection of the crack
initiation point. On the contrary, the breakthrough event was
clearly detected by the air pressure loss, which was addition-
ally confirmed by video observation of the weld. In Fig. 11,
the measurements for crack initiation by strain gauges and
breakthrough by air pressure are illustrated for specimen
number 2. The decrease of strain indicates that the fatigue
crack took place in front of the strain gauge at the inner tube
surface at right side of the weld. The opposite weld side
remains unaffected until shortly before the breakthrough.
The final state of the fatigue crack is shown exemplarily
in Fig. 11 for specimen number 2. It was similar for the other
three specimens. Figure 12 points out that the results of the
component tests fit well into the scatter range of the small-
scaled specimens of the plate thickness ¢ =20 mm. Here, the
number of load cycles at the breakthrough event was used
for the comparison. The component results confirm the clas-
sification of the structural detail in FAT 100. Based on the
location of the results from component tests, a flatter slope
of the S—N-curve than m = 3 seems not to be appropriate.

4 Numerical studies using the FEM

4.1 Effective notch stress concept

In addition to fatigue testing on butt-welded joints, numeri-
cal simulations are carried out. These are used to analyse the

interaction between the imperfections of the weld geometry
and the expected fatigue strength in more detail. For this

Series 01: butt weld t =20 mm
- quality level B according to ISO 5817 -

500
$355J2+N

400 t=20 mm
b R=03|=05
£
£ 300
~
4
—_
2 200
(2]
()
e
o
()
g
£ 100 —PS=50%
g -—-PS=95% %0
c + failuret=20 mm (R=0.3) K

o” runout t = 20 mm (R = 0.3) N
o” runout t = 20 mm (R = 0.5) N
50 o failure on large components (R = 0.3)
10.000 100.000 1.000.000 10.000.000
N[

Fig. 12 Classification of test results from large component tests of
series 04 into the scatter range of the small scaled tests of test series
01

purpose, considerations are made acc. to the effective notch
stress. The effective notch stress concept allows to consider
the real weld geometry. The aim of this study is to show that
a higher fatigue resistance from the fatigue tests on butt-
welded specimens is directly linked to the higher quality
level of the weld seam geometry. Further, this analysis is
extended to a tower segment.

4.1.1 Boundary conditions for the FE analysis
of butt-welded specimen

In a first step, the results from the numerical simulation
should be compared to the results from the fatigue tests. The
goal here is to work out the influence of the local geomet-
ric quality on the expected value of the stress concentration

Breakthrough| 0.6 Breakthrough|

lCrack initiationl
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Fig. 11 Strain measurement for crack initiation (left), air pressure development for breakthrough event at specimen number 2 (middle) and

image of final crack location at specimen number 2 (right)
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top side left

bottom side left

Fig. 13 Transfer of the real weld seam geometry from macroscopic measurement into FE model

factor K,. For this study, the real geometry of the weld seam
from macroscopic measurement is used as input parameter
for the numerical model. Figure 13 shows an example of
the weld seam geometry approximated by the mesh and the
geometry parameters of the weld seam.

For analysis a 3D model of the specimen was created in
ANsys2021 R1. This allows to consider the real installation
situation in the testing machine. An overview of the bound-
ary conditions of the FE model is given in Fig. 14.

The verification according to the notch stress concept is
generally considered to be computationally time and capac-
ity intensive with a high modelling effort. For a better effi-
ciency of the numerical simulation, a fully parameterized
half-model was built up. This resulted in the use of the sym-
metry boundary condition (boundary condition E) on the
sectional plane. The width to thickness ratio in the critical
net cross-section was set to b/t = 2 for all specimen geom-
etries. This was realised by cross-sectional tapering of the
specimens. Applying a unit load (boundary condition D) as
a pressure of p = — 0.5 MPa on the end face of the speci-
men results in a nominal stress of ¢, ~ 1 MPa in the nominal
cross-section. Through this setting, the value of the maxi-
mum principal stress at the weld toe can be directly assumed
as the effective notch stress o,. The test setup in the testing
machine was modelled by using a boundary condition which
blocked the displacement in global Y-direction (boundary

condition B & C) of clamping area. To achieve a statically
determined system the displacement of the end face of the
specimen was blocked in global X-direction by an additional
boundary condition (boundary condition A). The mate-
rial behaviour was chosen to linear elastic with an elastic-
ity modulus of E = 210,000 MPa and a Poisson’s ratio of
v = 0.3. Based on the modelling specification acc. to the
DVS-Technical Code 0905 [18] for the effective notch stress
concept, the weld toe was rounded by a fictitious radius of
¢ = 1 mm. The settings for the local mesh at the weld tip
also met the requirements of the DVS-Technical Code 0905
[18] and the IITW-Recommendations [8]. Thus, the correct
determination of the effective notch stress can be ensured.
For the meshing of the geometry, only solid elements with
quadratic displacement function were used (SoLip 186 &
187). The parameters of the real weld geometry vary over
the length and width of the weld. By using the results from
a 2D macroscopic measurement of the cross-sectional weld
seam geometry, an idealised assumption was made by the
authors.

4.1.2 Evaluation of the FE analysis of butt-welded
specimens

For the evaluation of the results obtained from the numerical
simulations, the nominal stresses levels from the tests are

model

boundary conditions

results

SOLID 186
o 1 . o Pressure
D Ay Time: 1,5

N A [Displacement
B |Displacement 3
C |Displacement 2
Pressure: 0.5 MPa

Symmetry Region

P
SOLID 187

B: butt weld t=20mm effective notch stress

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1

™ 2.16 Max
1.7466

E 1.3332
0.91984

I 0.29977 Min

Fig. 14 Overview of the FE model of the butt-welded specimen
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multiplied by the value of the stress concentration factor K,
giving the notch stress o, and then presented in an S—N chart
together with the number of load cycles N achieved in the
fatigue tests. In addition, the S-N curve FAT 225 for welded
steel joints acc. to the effective notch stress concept is plot-
ted in the diagram for the comparison with the tests results.
The results for series 01 to 03 are shown in Fig. 15. In 34 of
47 cases, the locations of highest notch stress from the FE
analysis matches with the fracture locations from the fatigue
tests. For the remaining specimens, the difference between
the notch stresses at the location of highest notch stress and
the fracture location amounts to a maximum of 10%. There-
fore, it can be said that there are competing types of fracture
locations. One possible reason for the deviation can be seen
in the method to determine the imperfections through a mac-
roscopic cross-sectional image. These images do not capture
the entire weld seam geometry along the specimen width.

Most of the test results are above the S—-N curve of
FAT 225. Only a few specimens of series 02 (f = 40 mm)
in the high stress range area are lying below the S—N curve,
which would lead to an uncertain statement about the fatigue
resistance for these specimens. Nevertheless, it can be posi-
tively emphasised that a safe design is possible if knowledge
of the seam geometry exists so that the notch stress concept
can be safely applied. Therefore, a possibility of a fatigue
strength verification based on 3D scans of the weld geom-
etry is given. Conversely, the fatigue strength of welded
joints can be adjusted via compliance with permissible limit
values.

4.1.3 Boundary conditions for the FE analysis
of butt-welded joints in tower sections

The sensitivity of the local weld geometry on the expected
fatigue resistance of butt-welded joints in tower structures
is considered in an additional FE analysis using ANsys2021
R1. For this purpose, the existing geometric irregularities
of butt welds in the tower segment were considered. The
numerical study includes the parameters listed below:

Series 01: butt weld t =20 mm
0 quality level B according to ISO 5817 -

=3
S

1.000

R=0.3]05

Series 02: butt weld t = 40 mm
- quality level B according to ISO 5817 -

S$355J2+N S$355J2+N
t=20 mm t=40 mm %
R=0.3]=05

Weld overfill 27 [mm]

Weld toe angle « [°]

Linear misalignment e [mm]
Weld bead width b [mm]

For each plate thickness ¢, a basic parameter set is used,
which are shown in Table 9. During the parameter study,
just one of the geometrical parameters was varied. The other
parameters were kept constant according to the specifica-
tions in Table 9. The parameters were varied within the per-
missible limits of the quality level B acc. to ISO 5817 [3].

Again, a parametric 3D model is used. An overview of
the boundary conditions in the model is shown in Fig. 16.
Compared to the FE model of the specimen, a partial tower
section is generated by rotating the weld geometry with a
radius of R = 1,500 mm. This radius is defined as the dis-
tance between the rotation axis and the tower shell centre
plane. As similar to the FE model of the specimen, a nomi-
nal stress of o, &% 1 MPa in the tower shell is generated by
a pressure of p = — 1 MPa (boundary condition D). This
allows the effective notch stress o, to be determined directly.

For an optimization of the computational time, a rotation
symmetry (boundary condition A) is defined in the model.
The radial displacement of the tower section is left free.
The load application on the section is realised by a bound-
ary condition B & C which suppresses the displacement
in global X-direction at the end face. Also, in this model,
linear-elastic material behaviour (E = 210,000 MPa, v =0.3)
is assigned. The discretisation of the tower geometry is done

Table 9 Overview of the basic parameter sets for the FE analysis

Plate Weld overfill Weld toe angle Linear Weld
thick- h [mm] a[®] misalign- bead
ness ment width
t [mm)] e [mm] b[mm)]
20 1.75 155 0 20

40 2.0 155 0 40

60 2.5 155 0 60

Series 03: butt weld t,/t, = 25/50 mm
- quality level B according to ISO 5817 -
S355J2+N

t/t= N~ e .
25/50 mm 1 o
R=0.1 1

1.000

t WT
}

\225\

1:4

« failure t =20 mm (R = 0.3)
<run outt =20 mm (R = 0.3)
<run outt =20 mm (R = 0.5)
—FAT 225

effective notch stress Ac [N/'mm?]
=)
o

effective notch stress Ao [N/'mm?]
5]
o

10 10 —FAT 225

« failure t = 40 mm (R = 0.3)
« failure t = 40 mm (R = 0.5)
<run outt =40 mm (R = 0.5)

tl
A
z== @R

+ failure 25/50 mm (R = 0.1)
10 —FAT 225

effective notch stress Ao [N/'mm?]
)
o

10.000 100.000 1.000.000  10.000.000 10.000
N[]

100.000 1.000.000
N[

10.000.000 10.000 100.000 N[ ]1.000.000 10.000.000

Fig. 15 Comparison of the test results from fatigue tests based on effective notch stresses and the S—-N curve of FAT 225
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Fig. 16 Overview of the FE model of transversal butt weld in tower section

with a mesh of SoLip 187 elements which have a quadratic
displacement function. The DVS-Technical Code 0905 [18]
does not contain a recommendation of the reference radius
for plate thicknesses greater than 50 mm. Therefore, a refer-
ence radius r,.; = 1 mm and the belonging S—-N curve with
FAT 225 is used for all plate thicknesses ¢t =20 | 40 | 60 mm.
For tower sections of wind turbines, plate thicknesses larger
than # = 50 mm are highly relevant. However, the upper limit
of the scope of DVS-Technical Code 0905 [18] is limited in
this respect. Other approaches like the nominal stress or the
structural hot-spot approach can be used, but do not consider
the weld seams geometry. As a result, the local geometry of
the weld seams has no influence on the results of the fatigue
resistance.

4.1.4 Evaluation of the FE analysis on the structural detail
butt-welded joints in tower sections

Figure 17 shows the results from the numerical analysis on
the fatigue resistance of butt-welded joints in tower sections
by the effective notch stress approach. In addition, the allow-
able limits for the imperfections of butt-welded joints acc. to
ISO 5817 [3] are presented. This illustration highlights the
fact of a decreasing fatigue resistance when the imperfec-
tion gets close to the permitted limits. This is state of the
art [38]. A more differentiated view on the influence of the
different imperfections can be found by a comparison of the
diagrams. The weld bead width b is a parameter which has a
minor influence on the fatigue resistance. All values of the
allowable stress range are on the same level independent on
the weld bead width b and plate thickness ¢. For all other
parameters, a significant influence on the fatigue resistance
is found. The parameters weld toe angle a and weld overfill 4
are less affected by the plate thickness . In contrast,
the parameter linear misalignment e shows a high depend-
ence on the plate thickness ¢. This interaction is caused
by the resulting secondary bending effects. A larger plate thick-
ness ¢ is less effected by an increasing linear misalignment e
than a small plate thickness. This is shown by the
crossing graphs of different plate thicknesses in Fig. 17.

@ Springer

The geometrical parameters of weld seams are correla-
tive. The parameter study with a fixed parameter set and
variation of only one parameter does not allow a considera-
tion of the full interaction between the different geometrical
parameters. For clarification, a multiple regression can be
used. The entire parameter area and the FAT-class are used
for this regression. As a result, Eq. (8) could be found. By
comparing the coefficients of the different geometrical
parameters, the weld toe angle « and the ratio of ¢/t are the
relevant parameters. The weld toe angle a is directly linked
to the parameter weld overfill 2. With a correlation coeffi-
cient of R* = 0.9508, a good accuracy of the equation can
be assumed. The standard error for the FAT-class with
a<§> =2.509 MPa is moderate.

FAT = ~40.44 — 390.94 +0.086b ~8.8h + 1.07a  (3)

4.2 Fracture mechanics

Besides of the assessment in respect to fatigue by effective
notch stress concept, fracture mechanics gains more and
more attendance. This required additional measurements
of the real geometry of the weld profile. So, the weld toe
radius r was measured at n = 10 specimens of the series 01
by macroscopic images (see Fig. 18).

In the considered area, radii of r = 0.14...3.94 could be
measured. Most of the individual measured values as well
as the mean of r = 1.23 are close to the reference radius of
r =1 mm used for the effective notch stress concept. This
radius coincides also with measured results from the real
tower structure (see Fig. 20). For this reason, a radius of
r =1 mm was chosen for the numerical simulations. The
input parameters for the FE simulations of the small-scaled
specimen and full-size tower segment are listed in Table 10.

For the fracture mechanics calculation, the most
important input is the distribution of the first prin-
cipal stress along the anticipated crack path. Since
the initial crack depth is defined as ¢ = 0.1 mm, a
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Fig. 17 Results from the parametrical study on the structural detail transversal butt welds in tower section

Fig. 18 Macroscopic measure-
ment of the weld toe radius r
on the butt weld test specimen
t =20 mm

Table 10 Overview of the input parameters for determining the stress gradient

Plate thickness Weld overfill Weld toe angle Linear Angular Weld bead

h [mm] a[°] misalignment misalignment width

e [mm] BI°] b [mm]

t [mm] Above Below Aboveleft Aboveright Below left Below right Above Below
20 1.43 1.70 152 155 158 156 0.36 0.35 20.06 21.67
40 2.73 1.97 154 156 155 149 0.57 0.48 36.63 33.85
25/50 1.73 1.81 147 153 152 149 0.97 1.11 21.05 22.05
6092 3.48 140 153 153 140 1.92 - 60.02
80b2

DFE model, tower segment
DWeld scan

Selected weld toe radius = 1 mm

very fine meshing near the surface was necessary, It should be mentioned that the weight function proce-
deeper down that may be coarser. Figure 19 shows  dure leads to an improper integral, which needs very small
the stress distribution at the specimen of t = 20 mm  steps near the surface.

plate thickness.
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Fig. 19 Stress distribution by FEA

Calculation of number of cycles N from stress distribu-
tion Ao (x) and weight function h(x, a)

N 1 / = dx
o x=a, [ / i:ga(x) -h(x,a) dx]m

According to IW-Recommendations [8], the following
parameters have been used (see Table 11).

Table 12 shows the calculated results, derived from
stress distributions and a characteristic value of the mate-
rial constants C, = 3.0-107"* and m = 3.0.

A comparison between the experimental results
from Table 6 and Fig. 9 shows a good agreement with
the fracture mechanics calculation from Table 12. The
favourable behaviour of the large specimens is since

the imperfections become relatively smaller as the plate
thickness increases.

4.3 Submerged arc butt-welded joints
in the manufacturing of tower sections

The determination of weld seams imperfections during the
manufacturing process is a challenge for the manufacturer.
However, this is a necessary condition for factory production
control. An economical solution is offered by 3D measure-
ments of the weld seams geometry with subsequent com-
puter-aided, algorithmic evaluation. The points where par-
ticularly strong curvatures occur can thus be localised and
used as candidates for further algorithms. This method was
used to determine the imperfections for a butt weld in tower
section with an outer diameter of D ~ 7,700 as shown in
Fig. 20. The determined imperfections include the weld bead
width b, weld toe angle «, weld toe radius r on the left and
right side of the weld seam, weld overfill &, and the linear
misalignment e. The measured imperfections include results
from n = 20 equidistant section profiles with a distance of
s = 64 mm on the circumference of the three-dimensional
data set of the weld. The basis of the calculation is the deter-
mination of the curvature along the section profile. The total
measured distance corresponded to approximately 1.28 m
with one section profile determination per 1°. The choice of
a suitable resolution of the profile in the recording process
has a decisive influence on the accuracy of the results.

The results of the scan primarily show above all the good
and reproducible weld seam quality of the submerged arc
welding process. Nevertheless, some individual results of the
linear misalignment e and weld toe angle a exceed the limit for

Table 11 Parameter set of the

fracture mechanics calculation Crack depths

Material constants

Toughness

o Equivalent initial crack a; = 0.1 mm
e Final crack a, = 1/2

o Cy= 1.8:107"3 [N; mm] (experimental mean) [10]
o Cy =3.0-107'3 [N; mm] (characteristic value) [25]
em =30

oK, =5600 N mm >

mat

o Estimation by Sanz and WALLIN for S355J2 at T =20 °C

Table 12 Results from the fracture mechanics calculation by stress distribution and weight function

Series  Plate thickness Stress range Load ratio Linear mis- Angular Number of cycles FAT-value
¢ [mm] Ao [N/mm?]  R[-] alignment  misalign- N [-] [N/mm?]
e [mm] ment
B Pg=50% Pg=977%
BI°]
01 t =20 mm 190 0.3 0.36 0.35 492,000 119 99
02 t =40 mm 250 0.3 0.57 0.48 180,000 112 92
03 t,/t, =25 mm/50 mm 200 0.1 0.97 1.11 244,000 101 84
- t =60 mm 200 0.5 1.92 0.00 280,000 104 88
- t =80 mm 200 0.5 1.92 0.00 300,000 106 90
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Fig. 20 Results for imperfect shapes and dimensions (left) and top-view on CAD model with illustrated cross-section from a 3D weld seam scan

(right) [39]

the quality level B of the ISO 5817 [3]. These two quantities
were found to be particularly sensitive to the fatigue strength
in the previous investigations. For this reason, additional
numerical and fracture mechanics analysis were carried out
to predict the fatigue resistance. For this purpose, the mean
values of the individual results from the weld seam scan were
transferred to the parametric model of the tower section. This
allows the determination of the effective notch stress o, and
the stress along the anticipated crack path (see Table 13).

5 Comparison of normative requirements
with experimental and numerical results

The use of the fully mechanised submerged arc welding
process in the manufacturing of towers for wind turbines
enables the production of welded joints with high execution
quality and reproducibility. In conjunction with the increas-
ing execution quality by complying with imperfection limits,

the fatigue resistance of butt-welded joints can be increased.
This increase is not yet covered by technical standards but
has been demonstrated in experimental studies. A com-
parison was made between the experimentally determined
FAT-classes and those determined by numerical simula-
tion and application of the local approaches. In the latter
verifications, the real weld seam geometry was considered.
Finally, the results were also compared with the specifi-
cations according to the technical standards (Eurocode 3,
ITW-Recommendations, DNVGL-RP-C203). Table 13 was
prepared for this purpose.

The FAT-classes from the fatigue tests on butt-welded speci-
mens of the same plate thickness are Ao = 100.97 N/mm?
(t =20 mm) and Ac - =95.46 N/mm? (t =40 mm). The FAT-
classes from the calculation according to the crack propagation
or the effective notch stress concept provide comparable results.
From this, it can be deduced that butt welds with higher weld
seam quality have a higher fatigue strength compared to the
value from the technical standard with a FAT-class of 90 N/mm?.

Table 13 Comparison of FAT-classes from experiment, technical standards and the application of the effective notch stress and fracture

mechanic concept

Series Plate thickness ¢ Weld bead  Experiment FAT Calculated prediction FAT Technical standards
[mm)] width b [N/mm?] [N/mm?] characteristic value
[mm] : - [N/mm?]
Fracture mechanic ~ Effective
notch stress 1 2
Ps=50% Ps=95% Ps=977% r —1mm EC3"ITIW?»  DNVGL-
m=3 m=3 R=05 e 05 RP-C203
. 3
01 20 mm 20.94 123.02 100.97 99 103 90 90
02 40 mm 33.07 116.68 95.46 92 102 82 84
- 60 mm 60.02 - - 88 87 76 77
- 80 mm 60.02 - - 90 88 71 77

Yk, = (25 mm/r)*?

Pt >25 mm: f(1) =25 mm/0)** | L/t > 2: 1, = 1| L/t < 2:t,¢r = max (0.5 -Lsr)

Dt > 25 mm: (25 mm/t,e)*? with z,¢; = min ((14 mm + 0.66 -L);T
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With the knowledge of the weld seam geometry of butt-
welded joints, a smaller reduction of the FAT-class was
found for joints with plate thicknesses of # = 60 mm and
t = 80 mm when evaluated with the two concepts. This is
caused by lower secondary bending moment due to the linear
misalignment e = 1.92 mm for larger plate thicknesses ¢.

For plate thicknesses larger r > 25 mm, a thickness reduc-
tion factor for butt-welded joints is used in the technical stand-
ards. A summary of reduced FAT-classes according to different
technical standards can be found in Table 13. The reduction
factor of the EC3 only consider the plate thickness 7. In the
II'W-Recommendations and in the DNVGL-RP-C203, the weld
bead width L £ b also influences this reduction factor. By using
these different formulations on butt-welded joints with a plate
thickness between t = 25 mm and ¢ = 80 mm, the FAT-class
decrease from 90 to 71 N/mm? for the EC3 and ITW-Recom-
mendations and for the DNVGL-RP-C203 to 77 N/mm?. The
numerical based fatigue strength analysis showed no indication
of a reduction of this magnitude. This suggests a more benign
plate thickness influence. The scope in the DVS-Technical Code
0905 [18] of the effective notch stress concept is limited to plate
thicknesses ¢+ <50 mm. For this reason, the analysis carried out
for plate thicknesses t = 60 mm and ¢ = 80 mm are not covered
by these recommendations. Nevertheless, the two calculation
methods showed comparable results, and an applicability of the
effective notch stress concept to larger plate thicknesses ¢ seems
to be given. The used calculations methods based on the consid-
eration of the weld seam geometry and so the geometrical notch
effects at the failure location. Next to this, the metallurgical
notch effect and the residual stresses also influence the thick-
ness reduction factor. In addition, for larger plate thicknesses,
the number of internal defects increases with increasing seam
volume due to multilayer technology. A general statement on
the thickness reduction factor and the area of application of the
effective notch stress concept seems only possible to a limited
extent at the present time and should be further validated by
tests.

6 Summary and outlook

In this paper, results from fatigue tests on butt-welded speci-
mens made of different plate thicknesses ¢ were presented.
These butt welds were made by the submerged arc weld-
ing process which leads to weld seams with higher weld
seam quality. Based on the fatigue tests carried out, a higher
fatigue strength of butt-welded joints was found. Butt-
welded joints can be classified in FAT-class 100 (m = 3) if
this manufacturing process is used. This requires compliance
with the limit values for imperfections of the weld geometry
acc. to ISO 5817 quality level B [3].

The tested specimens showed scattering at one stress level
due to different geometrical irregularities. Nevertheless, a
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safe FAT-class could be determined. In addition to these
tests, investigations were carried out on large components.
The results were within the scatter range of the small-scaled
specimens and confirm the slope parameter m = 3 of the
S—N curves. Numerical simulations were also performed
to find this increasing fatigue strength in the approaches
as well. It could be shown a good compliance between the
results from the fatigue tests and the FAT-classes deter-
mined by the effective notch stress and the fracture mechanic
approach. Moreover, the fatigue resistance of larger plate
thicknesses in a tower section was part of this study. The
used weld imperfections were taken from a 3D scan of a
weld seam geometry of a tower section. Both approaches
result in comparable fatigue resistances and show a lower
thickness reduction effect. This can be justified in terms of
stress mechanics by the decay of the influence imperfec-
tions and is in contradiction with the specifications from
the technical standards. These uniformly formulate a greater
thickness reduction factor starting from a plate thickness of
t =25 mm.

From the analyses, the following statements could be
made about the influence of weld imperfections. Both, the
weld overfill 4 and the weld toe angle a affect this value
without any interaction to the plate thickness 7. The linear
misalignment e and the plate thickness ¢ are directly linked
to each other and so the FAT value. A greater influence on
this value is to be expected for smaller plate thicknesses ¢.
In this analysis, the metallurgical notch effect and residual
stresses were not considered. Caused by missing test results
for butt-welded joints with larger plate thicknesses, a final
assessment is not possible. Therefore, the authors believe
that further research is needed on the structural detail of the
butt-welded joint. The advantage of the crack propagation
approach in comparison to other local or global approaches
is the consideration of the crack length a as a parameter in
the calculation. This can be used for non-destructive test-
ing from the point of view of predicting the remaining ser-
vice life or inspection intervals. Under the aspect of the re-
evaluation of the FAT-class for submerged arc butt-welded
joints, the service lifetimes of existing wind turbines can be
extended. This is of economic interest in the context of an
extension of the service lifetime after expiry of the approval
period.
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