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1 Introduction

The development of more efficient Wind Energy Converters (WEC) as well as the plan-
ning of offshore windfarms leads to strongly increasing requirements on the construc-
tion. Actual problems arise in the German area of the North Sea with water depths up to
35 m. WEC are subjected to high cycle loading with number of load cycles up to 10° for
onshore locations and in addition 10% load cycles for offshore structures. Therefore, the
fatigue design becomes more important for concrete concstruction and the influence of

multi-stage and multiaxial fatigue loading have to be considered [1,2].

2 Uniaxial fatigue loading

In order to design concrete components and concrete construction for WEC under fa-
tigue loading a linear damage accumulation law is often used [3-6] devised by Palmgren
in 1924 and extended by Miner. This damage model is based on the assumption, that
each load cycle generates a part of damage which is linearly accumulated until a critical
damage value is exceeded and fatigue failure occurs, equation 1. It is also assumed,
that the damage accumulation is independent of the order of load cycles and the order

of load cycles does not affect the resulting fatigue life respectively.

i N.
D= — <D, (1)
i=1 NFi "
With:
N; = Number of load cycles with the same amplitude and range
NEi = Corresponding total number of cycles to fatigue failure, e.g. [4]

But many experimental investigations have indicated, that a linear damage law couldn "t
sufficiently consider real non-linear damage evolution in concrete under fatigue loading.
Therefore, the application of the simplified linear damage law by Palmgren and Miner

could lead to unsafe or uneconomical concrete constructions for WEC [7].

In figure 1 typical non-linear strain accumulation of concrete with increasing of fatigue
loading is illustrated. Therefore, the fatigue process can be devided into three parts. The
primary part covers the first twenty percent of the fatigue life and is initiated by exten-
sion of pre-existing microcracks. These microcracks are mainly caused by tensile
stresses between the coarse aggregates and the mortar matrix resulting from the hydra-
tion process and shrinkage of concrete. Beyond the first part the strain accumulation is
governed by a stable crack propagation and generation of new cracks. This part contin-
ues until eighty percent of the fatigue life is achieved. During the second part the micro-

cracks join to macrocracks, so that in the remaining fatigue life an unstable crack propa-
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gation can be observed, which leads to formation of fracture surfaces and finally to the

failure of concrete under fatigue loading.
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Figure 1: Strain accumulation under constant — amplitude loading

There are many modifications for adjusting the Palmgren-Miner assumption to the realis-
tic fatigue behaviour of concrete. The most approaches are only limited on the descrip-
tion of separate experimental results and do not contain a mechanical constitutive fail-
ure model.

A new fatigue damage model for concrete under constant amplitude loading, basing on
a fracture energy approach, was introduced by Pfanner [8].Through a comparison of the
dissipative energy the fatigue damage state in concrete can be related to a monotonic
damage state. Following, the damage state can be determined by a existing damage law
for concrete under monotonic loading. If the damage state is calculated, the stiffness
degradation can be determined in a common way by reducing the modules of elasticity,
equation 2. Subsequently, a non-linear structure analysis can be performed.
chat — ( 1 _ Dfat ) . ECO (2)

In figure 2 the damage evolution for several fatigue loading are illustrated. It is in evi-
dence, the non-linear material behaviour of concrete can be very well reproduced by the
established fatigue model and the computed fatigue damage values are in good confor-
mity with experimental results. The fatigue model could be used for compression as well
as tension fatigue loading. Consequently, there is a mechanical constitutive damage

model for calculating damage evolution in concrete under fatigue loading.
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Figure 2: Fatigue damage evolution under constant — amplitude loading

In general, constructions for WEC are permanent subjected to different load levels and a
high number of load changes during their life cycle. Therefore, at the institute of con-
crete construction we have started to extend the introduced fatigue model for applica-
tion by multi-stage fatigue loading [7]. Figure 3 illustrated first researched results for a
simplified two stage fatigue process estimating with the extended fatigue model. You
can recognize that the order of load stages obviously affects the resulting fatigue proc-
ess. For example, series 1, started with a lower amplitude and followed by a higher one,
reduces the fatigue life compared with the linear Palmgren-Miner assumption. But a load
order in the opposite direction, series 2, leads to an increasing of the fatigue life. These
calculated effects agree in principle with testing results available in literature. But further
theoretical and experimental investigations are necessary for validating this extended

fatigue approach for multistage fatigue loading.

First numerical results of a simplified investigation for a pre-stressed concrete tower of a
5-MW-WEC subjected to multi-stage fatigue loading are illustrated in figure 4. The
stress changes and the damage state due to the fatigue process could be simulated and
determined respectively. The computed maximum damage state was much more less

magnitude compared with the linear accumulation law by Palmgren and Miner.
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Figure 3: Computed two — stage fatigue process

Number of load cycles: N = 10°
Fatigue damage: D™ = 0,1

Elasticity modulus:  E” = (1 - 0,1)-E°

Figure 4: Preliminary damage analysis of a pre-stressed concrete tower
fora 5 MW-WEC
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3 Multiaxial fatigue loading

In many cases, concrete constructions for WEC are not only stressed by uniaxial load-
ing. Especially at spatial shell structures but also in connecting zones for load transfers
from steel adapters to concrete components as well as the leading-in of highly concen-
trated loads, figure b and figure 6, often lateral simultaneous pressure or tension loading

occur reducing or increasing the effective fatigue strength [9].
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Bild 5: Pre-stressed concrete shank with piled foundation for multi megawatts WEC,
Design®: G + S Planungsgesellschaft mbH , Hamburg
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Bild 6: Floatable concrete gravity foundation
Design: ©: G + S Planungsgesellschaft mbH, Hamburg
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It is getting more complicated if a high performance concrete framework is analysed,
figure 6, since in the central concrete joint multiaxial fatigue loading occurs and there

are no design rules to consider the influences of multiaxial loading to the effective fa-
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Bild 7: High performance concrete framework for foundation of Offshore-WEC.
Design ©: Fa. Oevermann GmbH & Co. KG, Miinster, Germany

Only a few measurements data for concrete subjected to biaxial fatigue loading are
available in literature. Biaxial compression fatigue test have been performed by Su [10].
The aim of this research was to determine the biaxial compression fatigue strength for
concrete under different principial stress ratios. The results are assembled as failure en-
velopes in figure 8. It is in evidence, that the fatigue strength for all load cycles under
biaxial compression is higher than the uniaxial fatigue strength. Furthermore, you can
realize a decreasing of the distance between the several failure curves for different total
numbers of cycles, which is caused by an embrittlement of concrete behaviour during
the fatigue process. For combined loading in the tension — compression or tension -
tension area, the fatigue test haven 't been performed and general there are hardly

measurements data available in this respect.

In order to define failure curves for this area, we derived different damage parameters
for the tensile and compression meridians by the experimental results as shown men-
tiond before [11]. Following, the damage evolution of the main meridians have been

induced in the common five —parameter concrete model by Willam - Warnke [12]. So
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failure curves for biaxial fatigue could be computed and calibrated with the measure-
ments data. Such computed failure curves are shown in figure 9. Further experimental
test are necessary for validating and verification this approach for the failure curves for

biaxial fatigue loading.
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Bild 8: Fatigue test results for concrete in Bild 9: Computed failure curves for biaxial fatigue
biaxial compression [10] loading [10]

The computed results permit the assumption, that the positive influence of a lateral
pressure to the fatigue strength could be taken into account for a structural analysis for
WEC. Corresponding to the proceeding under monotonic loading [4], the biaxial fatigue
in compression may be considered by modification of the uniaxial compressive fatigue
strength and adjusted Wd&hler — curves respectively. But you can also recognize in figure
9, that a simultaneous lateral tension loading leads to a significant decreasing of the
uniaxial fatigue strength. This influence should also have been regarded by structural

analyses and could be essential for the fatigue life of the structures.

Based on the introduced proceeding anisotropic failure surfaces for different total num-
bers of cycles have been computed [11]. So fracture surfaces of plain concrete under
multiaxial fatigue loading could be determined. The resulted boundary curves are shown
in figure 10. Actually, an external algorithm is developed and associated with a nonlin-
ear finite element program. The calculated damage state will be transferred to the con-
crete plasticity damage model of the FEM-Program during the nonlinear processing.
Therefore, the damage evolution of concrete constructions for the foundation of OWEC

subjected to multiaxial fatigue loading will be computed.
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Bild 710: Boundary curves of multiaxial fatigue damage (in the main meridian section)

4 Conclusion and further research

e The fatigue design rules for concrete could lead to unsafe or uneconomical struc-

tures for Wind Energy Converters.

e A new fatigue damage approach based on the regard of fracture energy could re-
alistically compute the damage evolution in concrete and could be extended for

multi-stage fatigue loading.

e Derived from measurement data for biaxial fatigue tests, damage parameter
could be developed for considering multiaxial fatigue loading and should be asso-
ciated with a FEM-Program.

e Purpose: Modification of the design rules for concrete construction of WEC in or-

der to consider the influence of multiaxial loading.
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