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ABSTRACT

The fatigue performance of components in substructures of offshore
wind turbine generators is decisive for the design. Current standardised
fatigue assessment approaches neglect load history dependant material
behaviour and estimate a linear dependence between stresses and
strains. The present paper lines out basic theoretical considerations
about effects of varying load sequences and shows investigations con-
sidering their relevance to welded spatial tubular joints in jacket sub-
structures. All conducted investigations are based on the Uniform Ma-
terial Law and on relevant technical guidelines for substructures of
offshore wind turbine generators.
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INTRODUCTION

Support structures of offshore wind turbines (OWT) are exposed to a
combination of arbitrary wind and wave loads. During a desired life-
time of 25 to 30 years these structures have to endure enormous
amounts of cyclic excitations which cause material fatigue. In the ma-
jority of cases the bearing capacity of a support structure is limited by
its fatigue performance.

Other than material’s ultimate strength, the material and structural fa-
tigue strength depends decisively on:

notch effects,
surface roughness,
mean stress,
temperature, and
corrosion.

As a result, fatigue strength shows a much greater deviation throughout
the same base material than the material’s ultimate strength.

Especially welded spatial tubular joints, as they can be found in jacket
substructures (Fig. 1) are exposed to fatigue. The spatial intersection
leads to complex interference of stresses. Moreover, in the weakest
point of the intersection stresses have to be transferred between the

tubes by welds. Welding inevitably cause embrittlement of the material,
residual stresses and notches at the surface. These effects have to be
covered by a fatigue assessment.

Fig. 1. Offshore wind turbine with jacket substructure (Schaumann,
2010) and detail of a double K-Joint.

Today several methods for a fatigue assessment are available, e.g.
structural-stress approach or notch-strain approach. However, only few
methods are part of standards and certification guidelines. In the field
of offshore substructures, the structural-stress approach is state of the
art.

In order to reduce the expenses of assessing fatigue performance some
basic simplifications are part of current approaches. Regarding load
patterns it is the application of counting methods and therefore neglect-
ing the chronology of events. Regarding material behaviour it is the
assumption of a linear stress-strain relation. As a result, to identify the



influence of load patterns with similar loads but different chronologies,
counting methods must be skipped and a load history dependent mate-
rial law has to be utilised.

UNIFORM MATERIAL LAW

For the conducted investigations the authors chose the Uniform Materi-
al Law (UML) published by Baumel and Seeger (1990). The UML is a
combination of equations, rules, and tabulated parameters. Supplemen-
tary provisions are stated in Radaj, Sonsino and Fricke (2006) or Gude-
hus and Zenner (1999) and were also considered. Hence, the UML used
within the following examinations consists of:

constitutive equations for the stress-strain relation,

memory effects describing load history dependent behaviour,
a constitutive equation for a strain Woéhler curve and
tabulated material parameters.

Design basis for the UML are on uniaxial cyclic loading tests of speci-
men with a high length to diameter ratio, similar to the model concept
of the notch-strain approach. Therefore the following constitutive equa-
tions are one-dimensional.

Cyclic stress-strain curve

The basic stress-strain relation, the cyclic stress-strain curve (CSSC) is
based on a formulation by Ramberg and Osgood (1943) and is given in
Eq. (1) (cf. Fig. 2, solid line).
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The total strain is a combination of elastic ¢, and plastic ¢, strains.
Whereas the elastic strain ¢, is calculated according to Hooke’s law as
quotient of stress oand Young’s modulus E. And the plastic strain ¢, is
the quotient of stress oand cyclic strain-hardening coefficient X7, to the
power of the reciprocal value of the cyclic strain-hardening exponent r”.

This is the initial path for the stress-strain relation when starting to
load.

Hysteresis branch

After reaching a maximum load (load reversal point, Irp) on the CSSC,
an unloading process is going to be introduced. During the unloading
process, plastic deformations remain in the material and only elastic
deformations vanish until a total unloading. Subsequent loading in the
opposite direction introduces plastic strains again. This load history
dependent behaviour is known as hysteresis. The hysteresis branch
(HB) can be described by Eq. (2) (cf. Fig. 2, dotted line).
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Eq. (2) is based on a formulation by Masing (1926) and corresponds to
Eq. (1), shifted to the load reversal point (g, o). The doubling of
plastic strain covers kinematic hardening.

Memory effects
Certain rules describing the load history dependent material behaviour

are stated by e.g. Gudehus and Zenner (1999) or Haibach (2006) and
have to be observed.

o Memory 1 (M1): After closing a hysteresis loop that started on the
cyclic stress-strain curve, the stress-strain path returns to the cyclic
stress-strain curve (cf. Fig. 2, path 1-2-1).

e Memory 2 (M2): After closing a hysteresis loop that started on a
hysteresis branch, the stress-strain path returns to the previous hys-
teresis branch (cf. Fig. 2, path 4-5-4).

e Memory 3 (M3): If a hysteresis branch that started on the cyclic
stress-strain curve exceeds the absolute value of its starting point
on the opposite side, the stress-strain path returns to the cyclic
stress-strain curve (cf. Fig. 2, path 3-6 and 7-8). This hysteresis
branch will stay unclosed.
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Fig. 2. Stress-strain plot of UML.
Strain Wohler curve

The stress-strain relation can be fully described by implementing the
previously introduced equations and rules in a numerical design tool.
However, Wohler curves are needed for a fatigue assessment. Based on
a formulation by Manson and Coffin (cf. Gudehus & Zenner, 1999)
strain Wohler curves for the UML can be calculated according to Eqg.
(3). Mean stress effects described by Morrow (1965) are included in

Eq. (3).

1
O, —0,
__r m
+£a,pl_

g, = (ZN)b +&,(2N) (3)

a,el

These strain Wohler curves are the sum of elastic ¢,; and plastic strains
&, and depend on the number of cycles N. The mean stress g, is in-
cluded in the elastic strain as well. Besides the Young’s modulus E the
material properties are described by the fatigue strength coefficient o/,
and exponent b, as well as the fatigue ductility coefficient gffand expo-
nent c.

A parameter comparison of Eq. (1) equated with Eq. (3) leads to the
following assumptions (cf. Gudehus and Zenner, 1999):
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Cyclic material parameters

In order to solve the introduced equations a set of parameters was pub-
lished by Baumel and Seeger (1990). These parameters result from



several material tests of uniaxially loaded specimen and a best fit anal-
ysis and therefore, can be assumed to be well validated. Parameters for
unalloyed and low alloyed steel are given in Table 1.

Table 1. Cyclic material parameters of unalloyed and low alloyed steel
(B&umel and Seeger, 1990).

o,=150-0, Fatigue strength coefficient
b=-0.087 Fatigue strength exponent

£, =059y Fatigue ductility coefficient
c=-0.58 Fatigue ductility exponent
c,=045.0, Technical stress endurance limit

&y = 0.45-% +1.95-10* -y Technical strain endurance limit

Number of full cycles at technical

_c5.10°
Ny =5-10 endurance limit
K'=165-0, Cyclic strain-hardening coefficient
n' =0.15 Cyclic strain-hardening exponent
1.0 for Zr<3.10°
E
v= o O
(1.375—125- “]SO for —+>3.107
E E

Implementation

A one-dimensional formulation of the UML was implemented in
ANSYS® User Programmable Feature (UPF) for a LINK180 spar ele-
ment. Besides the stress-strain relation, the overall damage for each
load step can be calculated at run-time. Based on the implemented ma-
terial law, load sequence effects in general can be investigated.

LOAD SEQUENCE EFFECTS

Load sequence effects were examined using UML calculations com-
pared to calculations of a bi-linear material law including kinematic
hardening (BKIN). The material properties correspond to a S355 struc-
tural steel with a plate thickness t < 100 mm (EN 10225, 2009).

Maximum load

Both material laws contain elastic strains correspondent to Hooke’s
law; the UML moreover includes plastic strains (Eq. (1)). To obtain the
yield stress level f, from test data the yield stress level is defined at a
plastic strain of:
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Therefore, different results between UML and BKIN are apparent for
stress levels beyond the following limit:

o =101.26 MPa . )

While the BKIN is based on loading tests with increased load until
rupture, the UML is a best fit regression of the stress-strain relation
after several thousand load cycles. And since the yield plateau, distinc-

tive within a static loading test, disappears after initial load cycles, the
yield stress of the UML is fairly low compared to the BKIN. In order to
cause plastifications, the maximum loads for the following examina-
tions are chosen accordingly.

Load patterns

To examine effects of different load sequences, a set of artificial load
patterns was generated. These patterns differ in their sequences but lead
to equal rainflow matrices when applying the Rainflow HCM (Clor-
mann and Seeger, 1986). Choosing load patterns with different se-
quences but equal rainflow matrices allows examining sequence effects
only. This is due to the fact that similar rainflow matrices will lead to
same damage values. The generated load patterns are varied by the
following aspects:

position of a single primary peak,

position of two single primary peaks with equal signs,

position of two single primary peaks with different signs,
amplitude of secondary peaks (in- or outside plastic range), and
mean load level.

All investigations were conducted strain and stress-driven, as well as
with inversed amplitudes. For the sake of clarity the values are plotted
continuously instead of discrete and almost only strain-driven results
are presented.

Single primary peak

When the primary peak exceeds the elastic limit, plastic deformations
occur causing a lower stress maximum than calculated by the BKIN
material law (Fig. 3). The stress difference between UML and BKIN
stays impressed in the material by means of a mean stress. Thereby the
sign of the mean stress level is opposite to the peak which caused plas-
tification. The subsequent secondary peaks lead to purely elastic mate-
rial behaviour, as could be expected. Inversed amplitudes lead to an
inversed mean stress level (Fig. 4).
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Fig. 3. Stress-strain relation for a stress-driven calculation of a load
pattern with an early positive primary peak.
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Fig. 4. Stress-strain relation for a stress-driven calculation of a load
pattern with an early negative primary peak.

Stress- or strain-driven

While in a strain-driven calculation plastification leads to a mean stress
level inverse to the plastic peak, a stress-driven calculation leads to a
mean strain level in the same direction as the plastic peak (Fig. 5).
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Fig. 5. Stress-strain relation for a strain-driven calculation of a load
pattern with an early primary peak.

Position of a single primary peak

Despite the strain or stress-driven calculation, the effect of a plastic
primary peak in a total elastic set of secondary peaks is independent of
the chronology of peaks (Fig. 3~5). Nevertheless, the period with a
mean strain or stress level differs.
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Fig. 6. Stress-strain relation for a stress-driven calculation of a load
pattern with a late primary peak.

Position of two single primary peaks with equal signs

No further plastic strains are caused until the initial plastic zone is ex-
ceeded again after initial plastification (Fig. 7). This is predictable as
the hysteresis loop shows a kind of a delay in the stress-strain relation
but no plastic increase in the direction of the initial plastification.
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Fig. 7. Stress-strain relation for a strain-driven calculation of a load
pattern with two single primary peaks with equal signs.

Position of two single primary peaks with different signs

A second primary peak with a different sign than the first primary peak
leads to plastic deformations on the opposite side (Fig. 8). Each prima-
ry peak on its own induces the same effect as described before. But
exceeding the elastic limit in the opposite direction of a prior primary
peak reverses the sign of the mean strain level. Therefore, plastic load-



ing in one direction cannot be reset to zero by loading with the same
amplitude to the opposite direction. This behaviour corresponds to kin-
ematic hardening.
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Fig. 8. Stress-strain relation for a strain-driven calculation of a load
pattern with two single primary peaks with opposite signs.

Amplitude of secondary peaks

Additionally to a primary peak, increasing the amplitude of secondary
peaks above the purely elastic range leads to a constant reduction of the
mean stress level. This reduction is caused by plastification in the op-
posite direction of the primary peak (Fig. 9). Other than that, no further
effects are visible.
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Fig. 9. Stress-strain relation for a strain-driven calculation of a load
pattern with a single primary peak and plastic secondary peaks.

Mean load level

A constant mean load level shows no significantly new findings. But in
Fig. 10 an increase in the mean stress level is already perceptible after
the first load peak. This corresponds to prior statements.
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Fig. 10. Stress-strain relation for a strain-driven calculation of a load
pattern with a single primary peak, plastic secondary peaks and a con-
stant mean strain.

Damage

Damage estimations for the presented load patterns were calculated in
three ways. In the first place, the Manson and Coffin (MC) equation
(Eq. (3)) was solved for the maximum number of endurable cycles N
per hysteresis loop and the result was inserted in Miner’s sum (Eq. (8)).

The damage D is the sum of the quotient of number of effective cycles
n; and maximum amount of endurable cycles N; per similar hysteresis
loop.

In the second place, the damage parameter Pgyr by Smith, Watson and
Topper (SWT) (1970) was calculated (Eq. (9)).

PSWT: (O_a+o—»z)'gu'E 9)

The damage parameter Pgyr depends on the stress amplitude o, and
mean value o;,, as well as the strain amplitude &,. The resulting damage
was estimated by equating Eq. (10) with the previously calculated pa-
rameter Pgyr and solving it for the maximum number of endurable
cycles N per hysteresis loop.

Poyr = \/(J; )2 '(ZN)Zb + O-;' '8; E- (ZN)b+C (10)

Eq. (10) includes the same parameters as the Manson and Coffin Eqg.
(3). The estimated damages are shown in Fig. 12 and Table 5. Both
ways of calculation show significant effects on the damage sum when
taking load sequence effects into account. A compressive mean stress



introduced by plastification reduces damage significantly. Whereas a
tensile mean stress leads to an increase of damage. This corresponds to
the general comprehension of tensile stresses to be mainly relevant for
fatigue.

The damage parameter by Smith, Watson and Topper is more sensitive
towards tensile mean stresses than Manson and Coffin (cf. Table 5: Fig.
4 and Fig. 8).

In the third place, the damage was calculated according to DNV-OS-
J101 (2010) standard, which will be described in the following.

RELEVANCE FOR SPATIAL TUBULAR JOINTS

To estimate the relevance of previous observations for spatial tubular
joints, as they can be found in jackets, it was examined to what extent
different results can be expected for an UML based calculation in com-
parison to current standard conform approaches.

The frequency of fatigue relevant loads in an OWT substructure can be
assumed to be in range of the first eigenfrequency. For most OWTs
founded on jackets this frequency is about f=0.26 Hz (cf. Boker,
2009). Hence, the maximum number of endurable load cycles in a life-
time of 25 years will be assumed to:

N =0.26-60-60-24-365-25~2-10° . (11)

As already mentioned, current state-of-the-art method for fatigue as-
sessment of jacket structures is the structural stress approach (cf. DNV-
0S-J101, 2010). Utilising both counting methods and a linear material
law, different results for a standard conform and an UML calculation
have to be expected.

For fatigue assessment of tubular joints the DNV-0S-J101 (2010) de-
fines three different S-N-curves, which depend on environmental con-
ditions. They can be calculated by Eq. (12) using the parameters tabu-
lated in Table 2. The resulting curves are plotted in Fig. 11.

Table 2. S-N curve parameters to solve Eq. (12). (DNV-0S-J101, 2010)

log,, (N)=log,,(a)—m-log,| Ac - [tJ (12)
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Fig. 11. Characteristic S-N-curves for a thickness of 35 mm according
to DNV-0S-J101 (2010). (ia: in air; is: in seawater; fc: free corrosion)

The overall damage is calculated by Miner’s sum (cf. Eq. (8)) including
design fatigue factors (DFF). Two different methods to include the DFF
are available in DNV-0S-J101 (2010). Method 2, which considers the
DFF by partial safety factors for the material, will be used in the fol-
lowing. The factors dependent on environmental conditions are pre-
sented in Table 3 and Table 4.

Table 4. Material partial safety factors. (DNV-0S-J101, 2010)

DFF o
1.0 1.0
2.0 1.15
3.0 1.25

Environment

Structural detail In air In seawater with corrosion protection Free corrosion
logy(a) m  Rangeofvalidity & | logg(a) ~m  Rangeofvalidity & | log,(a) m &k
Weld in tubular joint 12.164 3 N <10’ 0.25 11.764 3 N < 10° 0.25
' 7 5 11.687 3 025
(acc. to Fig. 1) 15.606 5 N> 10 0.25 15.606 5 N <10 0.25

Table 3. Definition of design fatigue factors. (DNV-0S-J101, 2010)

Accessibility for inspec-
Location tion and repair gf initial Corrosion protection | Corrosion allowance S-N curve DFF
fatigue and coating dam-
ages
Atmospheric zone Yes Coating No In air 1.0
Yes Combination of curves 2.0
Splash zone No Coating Yes marked “air” and “free 3.0
corrosion” '
Submerged zone T\I? Cathodic protection No gg
Scour Zone No and optional coating Yes 30
Below seabed No None No 3.0
- - In seawater —_—
Yes Cathodic protection, 2.0
Closed compartments with coating near free sur- Yes
seawater No faces and above free 3.0
surfaces




Considering that a single peak above the yield stress f, 1, introduces a
constant mean stress level (cf. Fig. 3), the characteristic S-N curves
plotted in fig. 11 do not exclude plastic deformations. Dependent on
maximum amplitude and mean value these S-N curves allow almost
N =10° cycles within the UML’s total plastic range and up to N = 10°
cycles within the UML’s elastic-plastic range. Considering the most
conservative DFF of 3.0, about N =8-10* cycles within the UML’s
elastic-plastic range are still admissible.

For a cyclic load with constant amplitude and a frequency of
f=0.26 Hz a stress-range of about Ac = 10 N/mm2 is admissible in free
corrosion conditions for a life-time of 25 years. Therefore, a numerical
example was conducted. An artificial load pattern (LC1) with second-
ary peaks at o =25 N/mm? and a primary peak at ¢ = 150 N/mm? in
every 4000" cycle, similar to the load pattern plotted in Fig. 7, leads to
a damage of D = 0.85 according to DNV-0S-J101 (2010) (cf. Table 5).
The same load pattern but with inversed amplitudes (LC2) leads to the
same result according to DNV-0S-J101 (2010).

Damage estimations according to MC or SWT were between 10 and
10°® times lower (cf. Table 5) for all presented load patterns. Especially
for the last two load patterns the difference in the MC and SWT dam-
age sum caused by the negative mean stress level was remarkable.

CONCLUSION AND OUTLOOK

The investigations carried out elucidate effects of different load se-
quences. As expected, an effect is evident and becomes apparent by

means of a mean level. Decisive for the mean load level are the previ-
ous extreme values, as well as the way of calculating (i.e. stress or
strain-driven). After an initial plastification in one direction, the gener-
ated mean level can only be changed by a further plastification in the
same direction or by an initial plastification in the opposite direction.

In case of a strain-driven calculation the mean stress level is on the
opposite side of the crucial load reversal point. Hence the commonly
used BKIN, compared to the UML, overestimates the maximum stress
level in a cyclic loading test (cf. Fig. 3). In case of a stress-driven cal-
culation the mean strain level is on the same side as the crucial load
reversal point and the BKIN underestimates the maximum strain levels
(cf. Fig. 5).

These effects have an impact on the fatigue performance. Fatigue sensi-
tive areas mainly bear notches or micro cracks. These cracks grow un-
der tensile loading. Because the crack surfaces cannot convey tensile
loads, the dedicated loads focus in the crack root and overload the ma-
terial.

A compressive mean load level, regardless of stress or strain, improves
the fatigue performance because cracks do not open as far as without a
compressive mean load level. In contrast to that, a tensile mean load
level decreases the fatigue strength because cracks will remain open.
Thus this negative effect has to be included in damage estimation.

Even though these results are based on well validated material laws,
they are numerical results and therefore only show differences between
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Fig. 12. Plots of damage estimations for presented results, given in Table 5.
Table 5. Damage estimations for results presented in Fig. 12.
Fig. 3 Fig. 4 Fig. 6 Fig. 7 Fig. 8 Fig. 9 Fig. 10 LC1 LC2
Dy 1.87E-12 1.87E-12 1.87E-12 4.18E-08 1.87E-12 5.18E-09 1.27E-08 1.95E-06 2.01E-07
MC Dy, 1.48E-12 241E-12 177E-12 3.05E-08 1.58E-12 5.01E-09 9.93E-09 1.87E-06 2.09E-07
Dy [ Dyn 0.79 1.29 0.95 0.73 0.84 0.97 0.78 0.96 1.04
Dy 1.90E-12 1.90E-12 190E-12 157E-07 1.90E-12 5.33E-09 5.19E-08 2.61E-05 8.19E-14
SWT Dy, 5.17E-13  8.65E-12 1.55E-12 9.05E-08 2.55E-12 4.80E-09 3.08E-08 2.37E-05 8.70E-13
Dy / Dy 0.27 4.55 0.82 0.58 1.34 0.90 0.59 0.91 10.62
Dy 1.67E-05 1.67E-05 167E-05 6.54E-05 1.67E-05 1.34E-04 1.33E-04 855E-01 8.55E-01
DNV Dy, 1.67E-05 1.67E-05 167E-05 6.34E-05 1.67E-05 1.33E-04 1.32E-04 855E-01 8.55E-01
Dy [ Dy 1.00 1.00 1.00 0.97 1.00 1.00 0.99 1.00 1.00




theoretical formulations. Moreover additional cyclic effects, i.e. mean
stress relaxation and mean strain creep (cf. e.g. Radaj, Sonsino and
Fricke, 2006 or Gudehus and Zenner, 1999), are not included in the
implementation but might have a significant effect on the results.

The numerical example presented in the end concludes that load se-
quence effects are not excluded in a current standard conform fatigue
assessment. Certainly stress ranges with constant amplitude within the
UML’s plastic range are not admissible for a lifetime of 25 years, but
the investigations of simple load patterns show significant effects for
single peaks above the elastic range.

Comparing the damage sums of the DNV to the damage sums of MC or
SWT leads to the conclusion that DNV is on the safe side since it is
rather conservative. This might also be the reason for the approved
reliability of the structural stress approach. Moreover mean stress re-
laxation and mean strain creep might reduce both positive and negative
effects of plastification by reducing the mean threshold over time.

All presented investigations are conducted for artificial load patterns
and with the assumption of a stress and strain free specimen. For appli-
cation on real structures two unavoidable circumstances need to be
considered. On the one hand manufacturing processes such as forming
and welding will introduce stresses to the material that need to be in-
cluded in a UML calculation. And on the other hand wind and wave
loads are totally arbitrary and therefore are not predictable in detail. So
for example, when designing a structure for a load pattern that intro-
duces a compressive mean stress in the beginning of the life-time, the
fatigue performance will be overestimated if the plastification stays out.

SUMMARY

In this paper, the effects of load sequences on the fatigue performance
of welded spatial tubular joints were investigated. The current state-of-
the-art approach for a fatigue assessment does not consider load se-
quence effects. A one-dimensional version of the Uniform Material
Law according to Baumel and Seeger was implemented in the ANSYS®
User Programmable Feature. Based on this implementation, simple
artificial load patterns with different load chronologies were investigat-
ed by their resulting stress-strain relations. Finally, the relevance of
load sequence effects to the current standard fatigue assessment was
estimated.

The UML shows a low yield strength and therefore plastification at
lower stress levels than the bilinear material law. As a result, single
peaks above the yield level lead to a shift in the mean values. In stress-
driven calculations a strain mean level and in strain-driven calculations
a stress mean level occurs having a positive or negative influence on
the fatigue performance depending on whether they are tensile or com-
pressive.

A practical consideration of load sequence effects is possible, but needs
particular attention. In general, it is important to precisely describe the
load chronology and the maximum peaks. This is only possible for a
design process if stochastic deviations of the load can be excluded.
Otherwise severe over- or underestimations of the fatigue life will be
the result. For a re-evaluation of an existing structure, where a precise
load history is available, load sequence effects can be considered and a
fatigue life prolongation can be investigated. Nevertheless, including
load sequence effects in a fatigue life calculation rapidly increases the
amount of computational time and for example, prohibits the simplifi-
cation of the superposition principle.

The influence of load sequence effects on a double K-Joint of a Jacket
offshore support structure was shown in an example. The current stand-
ard fatigue assessment approach does not exclude load sequence effects
but reduces their influence to a minimum by means of conservatism.

Based on the investigations which were carried out, the following steps
are desirable to further deepen the insights on load sequence effects.

On part of the numerical calculation, the presented one-dimensional
implementation of the UML should be extended to a three dimensional
formulation including possibilities to consider mean stress relaxation
and mean strain creep. Based on the three-dimensional implementation
spatial interference of plastifications should be investigated.
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