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Improvements in the fatigue design of support structures 
for offshore wind turbines
Extended keynote paper of Eurosteel 2021

Peter Schaumann, Manuela Böhm, Karsten Schürmann

This article provides an overview of the various support struc-
tures for offshore wind turbines and addresses the challenges 
that arise for the different design variants. First of all, the exist-
ing types of support structures are explained and their benefits 
and shortcomings discussed. Following that, the focus is on 
material fatigue and its analysis, which is of great importance 
due to the cyclic loading on the structures. A central topic of 
this article is the experimental evaluation of fatigue strength 
using large-scale test setups and state-of-the-art measurement 
methods. Critical and complex design details such as welds for 
extremely thick plates, tubular joints, grouted connections, 
large HV bolts and ring flanges are investigated to improve 
methods of analysis. Further, the new series of German stand-
ards (DIN 18088) for support structures for wind energy tur-
bines and platforms is addressed. Finally, these topics are sum-
marized and the importance of offshore wind energy for the 
transition to cleaner energy is emphasized.

Keywords  offshore wind energy; support structures; fatigue strength; 
connections; welded steel joints; standardization

1	 Introduction

The large-scale use of wind energy is one of the most 
promising sources of regenerative energy. The global 
availability of wind at virtually any time, the relatively 
low cost of operation and the high level of technical de-
velopment ensure that wind energy is one of the most 
important electricity supply technologies worldwide. In 
the context of the European Green Deal, which states 
that the EU aims to become climate-neutral by 2050 [1], 
offshore wind energy will play a key role. To reach this 
goal it is estimated that approx. 450 GW of offshore wind 
capacity will be needed by 2050 [2]. Thus, the European 
installation rate needs to be significantly accelerated from 
3 GW per year to more than 20 GW in the mid-2030s. 
This is a major challenge for the wind energy industry, 
since the planning and approval of offshore wind farms is 
a multidisciplinary, time-consuming process. In addition, 
changes to legislation in Germany, for example, have led 
to an economically volatile situation, as demand for pro-
duction and installation capacity is continuously fluctuat-
ing.

A further challenge, particularly for structural engineers, 
arises from the constant increase in turbine diameters 
and power outputs, which increases the loads on the sup-
port structures. Three analyses are crucial for support 
structures: the ultimate limit state for extreme loads from 
wind and waves, the fatigue strength under the cyclic 
loads from operation, wind and waves, and the resonance 
properties of the support structure. In recent years, the 
influence of corrosion on the fatigue strength has gained 
significance. For connections, efforts are being made to 
achieve water and air tightness through design measures, 
but in practice, corrosion is an issue. This problem should 
be taken into account in the future, e.g. when defining ac-
ceptable execution tolerances for ring flange connections. 
However, the turbines already installed show that, in 
particular, the fatigue strength of the connections is a 
very critical issue and not all observed effects are fully 
understood. Further research is required to establish the 
behaviour of the different connections (grouted, bolted or 
welded) under alternating loads. Based on these findings, 
normative regulations can be extended to provide more 
detail.

This article provides an overview of the design types of 
this technology and an important aspect of stability – the 
fatigue analysis. Some of the latest findings and develop-
ments in fatigue research are summarized in this article 
and some examples of large-scale test setups and state-of-
the-art assessment methods are presented. Further, the 
new series of German standards, DIN 18088 [3], is intro-
duced, which provides regulations for special details of 
support structures for wind energy converters.

2	 Support structures

According to the current state of knowledge, the struc-
tural design of the support structure must be adapted to 
the specific requirements of each site; there is no univer-
sal solution. Hence, the different parameters that affect 
the design of these structures are considered on a case-by-
case basis. Almost all support structures are made of steel. 
Towers for offshore wind energy turbines are also con-
structed as tubular steel towers, in contrast to towers for 
onshore turbines, which these days are often built using 
prestressed concrete. Three parameters essentially deter-
mine the design of a support structure: turbine size, water 
depth and soil conditions. The capacity of the turbine de-
termines the mass distribution, the hub height and the 
tower base diameter. The water depth and the location 
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only one single steel pile. The largest monopiles reach di-
ameters of up to 12 m and individual weights of almost 
2500 t [6]. Although this type of structure requires a lot of 
material, the welding work has been automated to a high 
degree. In contrast to multi-pile solutions, which include 
jackets or tripods, for this type of structure the lateral soil 
bearing capacity is of particular importance for the bend-
ing moment transfer. The loadbearing behaviour of large-
diameter monopiles, especially under cyclic continuous 
loading, is not yet fully understood and still the subject of 
research. A transition piece with access ladders, fenders 
and platforms is usually placed between the monopile 

are critical for the loads from waves, ocean currents and 
any ice loads. The soil conditions have a particular effect 
on the length of the anchoring piles. Fig. 1 shows six 
types of support structures currently common. In the fol-
lowing, the benefits and limitations of the individual de-
signs are briefly described. The numbers of substructures 
currently installed, categorized by type, are shown in 
Fig. 2.

The monopile (Fig. 1a, Fig. 3) is currently the type by far 
the most frequently built (see Fig. 2). The name of this 
construction method is derived from the fact that it has 

Fig. 1	 Support structures design types for offshore wind turbines: a) monopile, b) gravity foundation, c) tripod, d) jacket, e) suction bucket, and f) tension leg
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known from production platforms for the oil and gas in-
dustry. The individual members are made of circular 
tubes, which reduces the drag in the water, but makes the 
fabrication work at the nodes complicated. Therefore, re-
search work is currently being carried out [9] following 
the concept of prefabricated nodes and standard tubes. 
This is a promising approach for series production.

The bucket foundation or suction caisson (Fig. 1e) is a 
steel foundation in the form of a large cylinder with a 
sealed top which is installed in the ground with the open 
end downwards by means of negative pressure. The entire 
soil mass enclosed by the foundation contributes to the 
stability of the foundation. It can be used in water as deep 
as 40 m. The advantages are the low cost of the simple 
structure and easy dismantling: When air is pumped in, 
the foundation rises out of the ground again. A further 
advantage over driven piles is the prevention of noise 
emissions during construction, which affect marine fauna. 
Although small obstacles can be removed by means of 
local soil liquefaction, a homogeneous subsoil structure is 
required to apply this concept. Buckets also represent an 
alternative to piles for jackets. Prototypes of this variant 
are still being tested.

Floating structures are available for water depths > 50 m. 
These include the tension leg concept shown in Fig. 1f. 
This concept consists of a floating body with a cylindrical 
shape which is submerged but not set down on the sea-
bed. This floater is ballasted and several pontoons extend 
from it horizontally. The tendons are attached to these 
pontoons and anchored to the seabed. The tower is 
mounted in the middle of the platform. Other floating 
platform concepts are the spar, which is a pile-like buoy, 
and the semi-submersible, usually consisting of several 
columns and pontoons to create a large water plane, 
which also have reasonable draft and ballasting. The 
great advantage of floaters is that they can be easily 
moved to the offshore location. The research and devel-
opment of floating concepts is currently being heavily 
promoted and advanced, as they enable the use of wind 
resources in deeper waters. To achieve the expansion tar-

and the steel tower. This transition piece is connected to 
the monopile either via a grout connection (pipe-in-pipe 
plug connection with high-strength concrete in the joint) 
or via a bolted ring flange connection. Numerous cases of 
damage at the end of the first decade of this century led to 
intensive research work on the grouted connection [8]. 
The tubular steel tower installed above the grouted con-
nection usually consists of several segments connected by 
ring flanges.

The gravity foundation (Fig. 1b) corresponds to the clas-
sic, solid flat foundation. Alternatively, steel or concrete 
boxes can be used, which are sunk and ballasted. Investi-
gations into gravity foundations made of concrete for the 
first offshore parks in Denmark have shown that they be-
come uneconomical with increasing water depth due to 
the technical effort and costs involved.

The tripod type (Fig. 1c) was built in the German test field 
Alpha Ventus and subsequently in two German wind 
farms in the North Sea. Three diagonal legs and horizon-
tal braces support this foundation type. The connection 
to the ground is achieved with piles, which are placed in 
sleeves at the end of the tripod legs and connected by 
grouting. The German companies Weserwind (Bremer-
haven) and Nordseewerke (Emden), which built this type, 
have unfortunately become insolvent. It turned out that 
this form of construction was extremely heavy and in-
volved a tremendous amount of fabrication work with 
complicated, manually produced welds. This combina-
tion did not prove to be competitive.

In contrast, jacket constructions are much lighter (Fig. 1d, 
Fig. 4). The jacket is a truss-like structure of tubular mem-
bers with a large footprint which, like the tripod founda-
tion, is anchored to the ground with piles. It is very stiff, 
making it well suited to greater water depths and adverse 
ground conditions. In general, jacket structures are 

Fig. 2	 Numbers of foundations connected to power grids in Europe by sub-
structure type up to 2019 [4]

Fig. 3	 Monopile at Steelwind, Nordenham
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waves and the extremely high number of more than one 
billion load cycles, verifying the fatigue strength is par-
ticularly important. Critical design details here are the 
connections, i.e. welds, bolted connections and the grout-
ed connections already mentioned.

Since the beginning of offshore wind energy, monopiles 
have been a dominant construction solution. The mono-
piles are driven into the seabed, then a transition piece 
with a slightly larger diameter is placed on top and the 
joint is grouted. This allows any inclination to be compen-
sated for. Until 2009, these cylindrical tube connections 
were mainly constructed with smooth steel surfaces and 
an overlap factor of approx. 1.5. This corresponded to the 
international state-of-the-art at that time, since a certain 
longitudinal shear loadbearing capacity had been experi-
mentally proved even with smooth surfaces. Shear keys, 
which are welded to the outside of the monopile and the 
inside of the transition piece, were not used at all due to 
their unfavourable influence on the fatigue strength.

Peter Schaumann, author of this article, started scientific 
investigations of this connection type in 2003 with the 
aim of optimization. Approaches were, for example, a re-
duction in the overlap length or the use of alternative 
grout materials such as normal-weight concrete instead of 
high-strength concrete. It was determined that the exist-
ing international regulations at the time were not safe. 
This finding was first made known by the author in a 
presentation at the European Wind Energy Conference in 
2008, which turned out to be too late. One year later, the 
first turbines in The Netherlands and the UK started slip-
ping. A total of 600 turbines experienced slippage, caus-
ing property damage amounting to hundreds of millions 
of euros. Grout connections are now equipped with shear 
keys as standard (Fig. 6).

Lotsberg [7] conducted experiments with special box 
specimens using full-size grout thickness and shear key 
geometry to derive an analytical design approach that ac-
counts for the compression struts that develop between 
shear keys by means of a vertical spring. The grout con-

gets, the industrial production of floating turbines and 
their installation in large numbers seems inevitable.

Offshore wind farms also include transformer platforms 
as shown in Fig. 5. These offshore platforms consist of the 
topside, the support structure and the foundation. For 
fixed platforms, jackets are usually constructed in combi-
nation with driven piles. The piles are driven through 
steel tubes (sleeves) attached to the side of the jacket legs. 
The so-called pile-sleeve connection is then grouted, i.d. 
the annular gap between driven pile and sleeve is filled 
with a high-strength mortar or concrete. The grout mate-
rial contains very fine aggregates; it is cast underwater 
and hardens to form the connection.

The offshore platforms form the central element of a wind 
farm. They serve as collection points for the submarine 
cables from the individual wind turbines and are there-
fore also known as power sockets on the high seas. On 
the topside, transformers convert the internal voltage 
level to the voltage level of the high-voltage network. The 
high-voltage lines then transmit the green electricity from 
the offshore platform to a high-voltage direct current 
(HVDC) transmission station or directly to the mainland. 
The transformer platform shown in Fig. 5 has a total 
weight of 33 000 t, with the steel substructure (jacket in-
cluding piles) weighing 10 000 t.

3	 Verification of fatigue limit

The usual catalogue of structural stability analyses must 
be performed and checked for offshore wind turbines. 
Owing to the cyclic loads from wind, operation and 

Fig. 4	 Jacket in the Alpha Ventus wind farm
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tests must be carried out. For this purpose, special meas-
uring bolts are equipped with strain gauge measuring 
technology to quantify axial force and bending and tor-
sion moments in the bolt (Fig. 7). Further, in situ monitor-
ing data from offshore wind turbines equipped with an 
instrumented bolt in the monopile-to-transition piece 
bolted flange connection and strain gauges above that 
flange are used to derive empirical load transfer functions 
(LTF) [13]. The LTFs from the measured data are com-
pared with the tri-linear function according to Schmidt/
Neuper and a finite element model considering the mono-
pile-flange inclination, which shows good agreement. As 
an alternative to ring flange connections, Veljkovic et al. 
[14] suggested the construction of friction connections for 
large steel towers. This connection type would avoid ring 
flange-to-shell welds and tensile forces in the bolts, both 
of which exhibit poor fatigue resistance.

In addition, the fatigue strength of the welds to extremely 
thick plates, as shown in Fig. 8, poses a particular chal-
lenge. Recent research investigated the behaviour under 
fatigue loading and tested new welding methods and post-
weld treatment processes for the butt welds of monopiles 
[15]. Owing to the further development of laser-based and 
optical scanning methods, the field of reverse engineering 
is increasingly gaining attention in numerical fatigue as-
sessment, which also includes a further enhancement of 
the fatigue analysis approaches [17]. The digitized 3D 
weld geometry surfaces are prepared for FE simulations 
of the real notch factor Kt to estimate the fatigue-critical 
weld transition numerically in terms of the maximum Kt 
value, see Fig. 9. Combining the test results with the sta-
tistical evaluation of the notch factors revealed a definite 
correlation between fatigue life and geometrical notch ef-
fect. Besides geometric effects, stresses and mechanical 
and fracture properties play a large role in fatigue behav-
iour. The latter were investigated by Mehmanparast et. al 
[16] with interlaboratory tests.

To increase the competitiveness of jacket substructures 
compared with monopiles, it is necessary to switch from 
individual to serial jacket production based on automati-
cally fabricated tubular joints combined with standard-
ized pipes. Besides the improvements for a serial manu-
facturing process, the automatically welded tubular joints 
show great potential in terms of fatigue resistance, for ex-
ample, due to a smooth and highly reproducible weld ge-
ometry. However, owing to the lack of suitable S-N 
curves, these benefits are not considered yet within the 
fatigue design process of automatically fabricated jacket 

nections of lattice structures are usually located underwa-
ter. However, the influence of the surrounding water on 
the fatigue behaviour was neglected in earlier tests and in 
the design methods. Further tests were conducted under 
submerged conditions [8]. The experimental investiga-
tions described involving small- and large-scale fatigue 
tests showed a significant decrease in endurable load cy-
cles and identified a damage scenario that had not been 
observed before.

The damage to the grouted connections has led to con-
cepts based on using bolted ring flange connections with 
high-strength prestressed bolts for monopiles instead of 
the grouted connections. This development was favoured 
by the fact that the monopiles can be driven vertically 
with such precision that subsequent correction is usually 
not necessary. Very large bolts are used for this connec-
tion technique, the largest of which currently available as 
high-strength prestressed bolts (HV bolts) are M72. How-
ever, it is now known that this connection also presents a 
number of technical challenges [11].

A research project to study these bolts was also carried 
out at the Institute for Steel Construction. The project 
compared the influence of various hot-dip galvanizing 
processes (normal temperature hot-dip galvanizing, high-
temperature hot-dip galvanizing) with black bolts [12]. In 
this paper, probabilistic fatigue assessment, using the 
Monte Carlo Simulation technique, is utilized to compute 
the failure probability and investigate the influence of the 
scattering parameters on the fatigue performance of HV 
bolt sets in ring flange connections. Subsequently, an ana-
lytical fatigue calculation approach for large-size bolts, 
based on the local strain-life concept, is introduced. Re-
sults are compared from two different methods for deter-
mining the base material properties required. The under-
lying experimental investigations demonstrated the detri-
mental impact of hot-dip galvanizing on the fatigue 
performance of high-strength bolts. The decrease in the 
fatigue curve is about 20 % compared with black bolts. 
Nevertheless, the existing Eurocode 3 design curves 
could be confirmed. For very large bolts, however, further 

Fig. 6	 Opened test body of a grout connection
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Fig. 7	 M72 measuring bolt
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To test the specimens in the aforementioned projects and 
many other important research projects, the Support 
Structures Test Centre of Leibniz University Hannover 
(TTH) (Fig. 12) was opened in 2014 in the immediate vi-
cinity of the wave channel for investigations in coastal 
engineering.

The wave channel is used for the testing support struc-
tures under hydrodynamic loading and will be further ex-
panded in the next few years. It will then not only be 
possible to study the effect of waves on structures, but 
also the simultaneous effect of currents in a deep section. 
The wave channel is currently 320 m long × 5 m wide × 
7 m deep. The deep part of the channel will later have a 
depth of between 15 and 20 m. This test facility will be 
unique worldwide.

In the test centre, support structures (towers and founda-
tions) can be investigated experimentally at a scale of 
1:10 to 1:3. For this purpose, a foundation test pit 10 m 
deep and a span with abutment walls standing over cor-
ners are available. In addition, the test centre houses spe-
cial laboratories for steel, concrete, fibre-reinforced com-
posites and geotechnical investigations.

Clearly defined test conditions up to extreme loads guar-
antee reproducible results that provide answers to com-
plex questions. By combining structural models, numeri-
cal calculations and large-scale experiments, onshore and 
offshore wind turbines can be further developed and sim-
ulation models validated with regard to higher turbine 
availability and cost efficiency. The fatigue behaviour of 
the structures under the continuous actions of waves, 
wind and system operation can be investigated in fast mo-
tion. Optimization approaches and system reserves can 

substructures according to current standards. Therefore, 
axial fatigue tests on automatically welded tubular X-
joints have been performed as shown in Fig. 10. Based on 
these tests, a fatigue strength increase of about 10 % (FAT 
126) compared with the currently valid S-N curve (FAT 
114) was obtained with a comparatively low standard de-
viation of sN = 0.147 [18]. Similar results of fatigue tests 
on robot-welded tubular joints were published in [19] and 
[20].

As a synergy effect, an application of the digital image 
correlation (DIC) technique to cyclically loaded welded 
joints was developed to identify and analyse the transi-
tion from crack initiation to crack propagation [21]. By 
doing so, initial macroscopic cracks with lengths of about 
1–1.5 mm could be detected [22], [23]. Owing to the 
chronological storage of the 3D digital images during the 
fatigue test, the DIC method used also includes the op-
tion of reviewing the history of the fatigue test and the 3D 
surface of the specimen to analyse, for example, the oc-
currence of outliers due to undercuts or sharp notches 
afterwards. As an example, Fig. 11 shows the typical evo-
lution of the fatigue-induced damage within the hot spot 
of the tubular X-joints tested. In Fig. 11b several damage-
induced strain hot spots can be seen within the cord-sid-
ed notch. These relatively widely distributed hot spots in-
creased and merged during the ongoing fatigue test to 
create the larger damaged area as shown in Fig. 11c. Fi-
nally, a first crack could be visually detected in the ARA-
MIS images as shown in Fig. 11d.

Fig. 8	 Test body of a fatigue-stressed weld with cracking clearly visible
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Fig. 9	 Reverse engineering application on butt-welded joint

Fig. 10	 Test setup for axial fatigue tests on automatically welded tubular 
X-joints including two ARAMIS digital image correlation systems
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Part 3 is the part of DIN 18088 that is crucial for verifying 
the loadbearing resistance in terms of ultimate and fa-
tigue loads on the steel support structures for wind tur-
bines and platforms. This part regulates the assessment 
methods for structural design and describes some special 

thus be identified and developed in a time-saving manner. 
Environmentally compatible construction techniques can 
also be systematically examined in the test centre.

Fig. 12 shows the 10 m deep foundation pit filled with 
sand. The sand is installed according to a special tech-
nique to examine the behaviour of the soil in detail, for 
example, during pile penetration. The facility can also be 
flooded to simulate real conditions as in the North and 
Baltic Seas. In the rear part there is a strong 3D wall/
floor ensemble with not only a horizontal part, but also 
two walls at right-angles. Loads can be applied three-di-
mensionally here.

4	 DIN 18088 – the new series of standards covering 
support structures for wind energy turbines and 
platforms

Since November 2014, experts at the German Institute 
for Standardization (DIN) have been developing the 
standard texts for DIN 18088 “Supporting structures for 
wind turbines and platforms” [3]. In future, this will be 
the standard applicable in the approval procedure for 
onshore and offshore wind turbines. This series of stand-
ards includes regulations on the effects on support struc-
tures for onshore and offshore wind turbines and plat-
forms, the safety concept and design rules for support 
structures using prestressed concrete and steel, and for 
foundations. Parts of the standards which are still to be 
developed deal with grout connections and monitoring 
and maintenance.

Fig. 11	 Measured fatigue damage evolution within the hot spot of a robot-welded tubular X-joint (durability N3 corresponds to through-thickness cracking)

Fig. 12	 View of the Support Structures Test Centre at Leibniz University 
Hannover
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joints, the high quality of the welded seams needs to be 
considered. Analysis methods based on local concepts for 
fatigue verification need further development and the ac-
tual geometry of the welds has to be distinguished more 
precisely. Furthermore, the impact of ring flange toler-
ances on the fatigue behaviour of the bolts has to be 
quantified. Considering the grouted connections, the im-
pact of submerged conditions on the fatigue performance 
has to be evaluated. The research at the Institute for Steel 
Construction focuses on tackling these issues.

Further, there are special normative regulations for the 
design of offshore wind turbines. Wherever possible, ref-
erence is made to the Eurocodes. However, many issues 
are not addressed in the Eurocodes. Therefore, the ap-
provals must be based on additional regulations.

In Germany, the political boundary conditions are just 
changing. The intended capacity for offshore wind energy 
has recently been increased to 20 GW in 2030 and 40 
GW in 2040. This gives hope to the industry after a peri-
od of regression. It will require great efforts to achieve 
these goals. For climate protection, it will be worthwhile 
in any case.
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verifications that are not addressed in the Eurocodes. 
Those include, for example, regulations for the pre-
stressed bolted connections of the ring flanges. A section 
of particular importance is that on the selection of materi-
als for fracture toughness and through-thickness proper-
ties. Based on statistical data from meteorological meas-
urements and stress spectra of wind turbines, the dimen-
sioning tables of Eurocode 3, Parts 1–10, were adapted to 
the conditions for offshore wind turbines in the German 
North and Baltic Seas.

Although inclusion in the BSH (Federal Maritime and 
Hydrographic Agency) standard [24] is still pending, these 
new standards will have an impact on future wind energy 
projects.

5	 Final remarks and further challenges

Offshore wind turbines are essential as part of the transi-
tion to cleaner energy. The operating results of the first 
wind farms prove the excellent conditions under which 
they can use the wind supply out in the North and Baltic 
Seas. Unlike these locations, where structures fixed to the 
seabed can be used, floating structures are being devel-
oped for the Mediterranean Sea and Atlantic Ocean. In 
addition, as turbines are located far off the coast, they 
have the great advantage that acceptance among the 
population is much higher than is the case with onshore 
wind farms.

Owing to the water depths, soil conditions and size of the 
turbines (up to 14 MW offshore), support structures are 
becoming larger and larger; monopiles these days reach 
diameters of 10 m. At the same time, however, the accu-
racy requirements for the ring flange connections are in-
creasing, since the greater rigidity of this type of construc-
tion requires preparation and shape accuracy of the parts 
that is even more precise. This pushes the technical feasi-
bility of these structures to their limits.

Furthermore, fatigue analysis still raises challenges that 
need to be addressed. These include the analysis of the 
three common connection types: welds, ring flanges and 
grouted connections. Regarding the welds, the thickness 
reduction must be checked for the fatigue resistance of 
steel plates about 100 mm thick. In addition, when calcu-
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