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Influence of Superelement Support Structure Modeling on the Loads on an Offshore
Wind Turbine with a Jacket Support Structure
Ying Tu and Fabian Vorpahl*
Fraunhofer Institute for Wind Energy and Energy System Technology IWES, Bremerhaven, Germany
In aero-hydro-servo-elastic tools used for load simulations of offshore wind turbines (OWTs), the joint flexibilities of the
support structures are generally not modeled in detail. This may lead to lower accuracy of the resulting loads. In this study, the
influence of a superelement modeling approach (which includes the modeling of detailed joints) compared to the formerly-used
beam modeling approach on the simulated loads is investigated based on a generic 5-MW OWT with a jacket support structure.
To confirm the feasibility of the superelement approach, the mass and eigenfrequencies of the beam and superelement jacket
models are compared to those of a reference shell model. A static analysis is conducted to pre-check the different load-bearing
behaviors of the two models. Time-domain simulations are conducted with the software ADCoS-Offshore, using a reduced
fatigue load case set with two complete OWT models that include beam and superelement jackets, respectively, and the results
are analyzed. Conclusions are drawn regarding the necessary model fidelity for the simulations of this type of OWT under the
given conditions.

INTRODUCTION
OWTs are designed and certified according to respective standards
and guidelines that take various loads into consideration. An
optimal approach to calculate the loads on OWTs is based on
the so-called aero-hydro-servo-elastic (or coupled) simulation
tools (Vorpahl et al., 2013a). With these tools, wind and wave
loads, the control systems, and their dynamic interactions with the
elastic turbine structure are considered. However, these simulation
tools have limitations in modeling branched support structures,
namely, jackets, tripods and tripiles. The local flexibilities of the
joints of these support structures may be of great interest for the
realistic determination of the global dynamic behavior of OWTs.
Nevertheless, these flexibilities are generally not modeled in detail
with these tools (Vorpahl et al., 2013b).
In order to investigate the influence of these flexibilities, and to
obtain a more realistic load simulation approach, research has been
carried out by Vorpahl et al. (2010) and Vorpahl and Reuter (2011)
based on ADCoS-Offshore (Vorpahl, 2009), a coupled simulation
tool also used in this study. ADCoS-Offshore is able to model
branched support structures with finite element (FE) beams like a
few other coupled simulation tools. It also includes a substructuring
or “superelement” feature that allows a more accurate representation
of the joints. In the research, a generic OWT with a tripod support
structure in 45-m-deep water is modeled. Both the beam model
and the superelement model of the support structure are used.
Based on a realistic load case set, which is massively reduced in
comparison to what is used in certification simulations, simulations
are performed for both OWT models, and the results are compared.
The comparison shows that the application of the superelement
model leads to a significant difference in the calculated fatigue
loads from those of the beam model. This conclusion is of high
importance, because (1) the beam model is widely used, (2) it
can be assumed that the calculations with the superelement model
better represent the reality, and (3) the results of the calculations
(the loads) play an important role in the design and certification of
OWTs (IEC, 2009).
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In order to further understand its influence on the load simulations,
the superelement modeling approach can be investigated by being
applied to OWTs with other branched structures. In this study,
the investigation is based on a generic 5-MW OWT with a jacket
support structure in 50-m-deep water. The investigated OWT and its
respective models are first illustrated. Then, the external load cases
that are used for static and fatigue load simulations are introduced.
Results from the mass and eigenfrequency tests, static analysis, and
fatigue analysis are shown and discussed. Finally, a conclusion is
drawn based on the results.

OFFSHORE WIND TURBINE AND MODELS
The investigated OWT is the one used by the Offshore Code
Comparison Collaboration Continuation (OC4) project (Phase I)1 .
The rotor nacelle assembly (RNA) of the OWT is taken from
the NREL 5-MW baseline turbine (Jonkman et al., 2009). The
jacket support structure has four legs, four levels of X-braces, and
mudbraces. It is described in detail by Vorpahl et al. (2011). Some
basic parameters of the OWT are given in Table 1.
A global coordinate system is defined for the OWT as follows:
The x-axis lies in the main wind direction. The z-axis points
upwards through the tower centerline. The y-axis forms a righthanded coordinate system together with the other two axes. The
origin lies at the mean sea level (MSL). The coordinate system and
the investigated positions of the OWT that are used in this study
are shown in Fig. 1.
The jacket support structure is modeled in three different ways
by the general FE tool ANSYS. In the beam model, the joints of
the jacket are modeled by connecting the beam elements rigidly at
the points where the centerlines of the members intersect. Therefore,
no detailed joint flexibilities are included. In the superelement
model, the joints of the jacket are modeled as superelements, which
are derived from the joints made of FE shell elements by using
Guyan reduction (Guyan, 1965). The superelements have the same
stiffness representation as the detailed FE shell joints, but the
number of degrees of freedom (DOF) is lower. Moreover, a jacket
model made entirely of FE shell elements is also built. It serves as
a reference to be compared with the other two models, because
1

http://www.ieawind.org/task_30/task30_Public.html; September 2013

154 Influence of Superelement Support Structure Modeling on the Loads on an Offshore Wind Turbine with a Jacket Support Structure

Parameter

Value

Component

Rated power
Rotor diameter
Rated wind speed
Hub height

5 MW
126 m
11.4 m/s
90.55 m

FX
FY
FZ
MX
MY
MZ

Table 1 Basic parameters of the investigated OWT (Jonkman
et al., 2009; Vorpahl et al., 2011)

Table 3

Value [kN] [kNm]
740
−105
−3500
4220
185
−43

Static loads at the tower top

at the tower top position directly under the nacelle are averaged
and rounded. The derived static loads at the tower top are shown in
Table 3.
Fatigue Load Cases

Fig. 1 Coordinate system and investigated positions of the OWT;
modified sketch from Popko et al. (2013).
Model

Discretization

DOF

Beam
1 element per member
1,428
Superelement Joints: 28 elements per circumference; 1,164
Residual: 1 element per member
Shell
28 elements per circumference
1,346,496
Table 2 Discretization and number of DOF of different jacket
models
shell models are accepted as the state-of-the-art models for offshore
branched structures with tubular members.
Various pre-checks are conducted to ensure that the jacket
models have sufficient discretization while requiring minimum
computational effort. The optimized discretization and the resultant
number of DOF of the models are shown in Table 2. The joint sizes
of the superelement model are optimized to avoid the unrealistic
suppression of the ovalization (Dubois et al., 2013) and the
unrealistic distribution of the wave loads that results from the
redistribution of these member loads to the few master nodes of the
superelements. To keep the models comparable, the beam model
also spares joints of the same sizes as the superelement model. The
beam model and the superelement model of the support structure
are combined with the RNA model in ADCoS-Offshore to form
the whole OWT models for coupled simulations.

APPLIED LOAD CASES
Static Load Case
To allow the comparison of the static load distributions in the
support structures modeled by different methods, realistic static
loads are derived as follows: Normal operation of the turbine is
simulated with constant wind at rated speed. Wind shear is not
included. At rated wind speed, the rotor thrust is at its maximum
within the normal operation range of the turbine. The cyclic loads

In order to carry out the coupled simulations of the OWT in
ADCoS-Offshore for fatigue analysis, a reduced set of load cases
developed by Vorpahl and Reuter (2011) is used.
The load case set is composed of the reduced subcases from the
design load case (DLC) 1.2 of the IEC standard (IEC, 2009). The
site conditions are based on the design basis implemented for the
K13 Deep Water Site in the work package 4 of the UpWind project
(Fischer et al., 2010).
Between the cut-in and cut-out wind speeds, the wind speeds
fall into 11 wind bins, each of size 2 m/s, as shown in Table 4.
The turbulence intensity Ti , the significant wave height Hs , the
peak period of the Pierson-Moskowitz (PM) spectrum Tp , and the
summed yearly occurrence of this wind and wave combination
Oyear are also shown.
The wave direction considered in this study is aligned with the
global x-axis, thus further reducing the number of subcases. Yaw
errors are also taken into account and simulated by wind direction
modification of 8 . Three seeds for wave and wind are used to get
stochastically significant outputs. These assumptions lead to three
different settings for each wind bin during the simulation.
Combining the 11 wind bins with 3 different settings for each bin,
33 subcases are acquired. These subcases are a good representation
of the required OWT simulation load cases, while limiting the
simulation efforts to a feasible level in practice.

RESULTS AND DISCUSSION
Basic mass and eigenfrequency tests are performed to compare
the beam model and the superelement model to the shell model of
the jacket support structure. The static analysis serves as a precheck to provide an idea of the load bearing behavior of the beam
V [m/s]

Ti [%]

Hs [m]

Tp [s]

Oyear [h]

4
6
8
10
12
14
16
18
20
22
24

20.42
17.50
16.04
15.17
14.58
14.17
13.85
13.61
13.42
13.26
13.13

1.10
1.18
1.31
1.48
1.70
1.91
2.19
2.47
2.76
3.09
3.42

5.88
5.76
5.67
5.74
5.88
6.07
6.37
6.71
6.99
7.40
7.80

780.6
1230.6
1219.7
1264.9
1121.8
881.3
661.7
427.3
276.1
168.6
85.6

Table 4 Basic parameters of the load cases based on the site
conditions (Vorpahl and Reuter, 2011); modified table from Fischer
et al. (2010)
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model and the superelement model of the jacket support structure.
A fatigue analysis illustrates the influence of the superelement
modeling approach on the loads of the OWT compared to the
beam modeling approach. The comparisons aim to reveal the
differences caused by different modeling approaches, so only some
representative results are selected and shown. All relative differences
are calculated by using the higher-fidelity model as the reference.
Masses and Eigenfrequencies
The masses, mode shapes, and eigenfrequencies each calculated
with the beam model, the superelement model, and the shell model
are compared. Six DOF of the legs of the jacket models are
constrained at the mudline.
Table 5 shows the total masses of the three different models. The
mass differences of the beam model and the superelement model
relative to the shell model are also listed. The difference between
the masses of the superelement and the shell model is only 0.02%.
This means that the superelement model is a good approximation
of the shell model and is suitable for the simulation of the structure
concerning mass. The difference between the masses of the beam
model and the shell model is about 3.5%. The overestimation of
the mass for the beam model mainly results from the doubling of
mass caused by overlapping joint parts (Vorpahl, 2010). These
overlaps are excluded from the shell model.
The first 10 common mode shapes and the corresponding
eigenfrequencies from the three jacket models are illustrated in
Fig. 2. It is clear from the figure that the model with the higher
fidelity has lower eigenfrequencies in general. The eigenfrequency
differences between the superelement model and the shell model
are small, while the differences between the beam model and the
shell model are comparatively larger.
Figure 3 provides an insight to the eigenfrequency differences
between the superelement model and the shell model, and between
the beam model and the shell model. The former is significantly
lower than the latter. For the first 4 modes, the differences between
the superelement model and the shell model are below 0.5%, which

Beam [t] Super [t] Shell [t] Diff. beam-shell Diff. super-shell
1489.3

1438.8

1438.5

3.53%

0.02%

Table 5 Masses of the jacket support structure models and comparisons

Fig. 2 First 10 common modes and corresponding eigenfrequencies
of the jacket support structure models

Fig. 3 Eigenfrequency differences between the beam model and
the shell model, and between the superelement model and the shell
model of the jacket support structure
are almost negligible. For the last 5 modes, the eigenfrequency
differences are reduced significantly, when the superelement model
is used instead of the beam model. The eigenfrequency difference
of the first global torsion mode is also reduced by more than 50%
when the superelement model is implemented.
To summarize, the mass and eigenfrequency results acquired
from the superelement model are very close to the results of
the shell model, while the results of the beam model are far
off. The shell model is supposed to be the most realistic, but
it is far too complex for coupled simulations. In contrast, the
superelement model increases the accuracy significantly compared
to the beam model, and is suitable for coupled simulations in terms
of computational efficiency.
Static Analysis
Prior to dynamic analysis, a static analysis is conducted to help
understand the global-load-bearing behavior of the structure. In
this analysis, the displacements and the loads of the beam model
and the superelement model of the jacket support structure, which
are calculated in the ANSYS simulations, are compared. The
applied external loads include the static load components at the
tower top (see Table 3) and the gravity load G caused by the
self-weight of the structure. Depending on the testing purpose,
these load components are applied to the structure together or
separately. Three translational DOF of the legs of the jacket models
are constrained at the mudline.
The global displacement patterns of the beam model and the
superelement model are compared. To conduct a clear analysis,
each displacement component is checked separately, and each load
component is applied to the models individually, as well. As an
example, Fig. 4 shows the distributions of the translational displacement component Ux for the beam model and the superelement
model when only the static load component FZ is applied. It is
obvious that both models have similar global displacement patterns
with the maximum displacements at the same positions (the connection points of the lowest-level double-K joints). When different
load components are applied and different displacement components are checked, similar displacement behaviors of both models
are observed, which provides an idea that the overall structural
behaviors of the models are comparable.
Table 6 shows global tower top displacements (with three
translational components and two rotational components) of the
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Fig. 4 Distributions of the displacement component Ux for the
beam model and the superelement model when the static load
component FZ is applied to the structure. The towers are not shown,
since their Ux values are zero, as expected.

Component Beam [m] [rad] Super [m] [rad] Diff. beam-super
Ux
Uy
Uz
x
y

004417
−000480
−000112
0000147
000083

004776
−000498
−000126
0000148
000086

−8%
−4%
−11%
−1%
−3%

Table 6 Tower top displacements for the beam model and the
superelement model when all static load components are applied
beam model and the superelement model, and their respective
differences when all the static load components are applied to the
structure. The values of rotational displacement around the z-axis
z are very small, so they are not shown here. All the displacement
components acquired from the beam model have smaller absolute
values than those acquired from the superelement model. The
relative differences are up to 11%. This can be explained by the
fact that the superelement model is generally more compliant. This
is in accordance with the result that the superelement model has
lower eigenfrequencies than the beam model (see Fig. 2).
The individual reactions of the four legs at the mudline and the
differences between the two models are compared, when all the
external static load components are applied. Table 7 compares the

mudline reaction forces Fx at each leg of the models, and gives the
summed reaction forces of the four legs. As expected, the summed
reaction forces for both models have the same values, which are
equal to the exerted external load in the x-axis direction at the
tower top. However, the reaction forces are distributed differently
to each leg of the two models. The differences are up to 31%.
Further checks reveal that the Fx reaction forces have a very large
difference between the beam model and the superelement model,
when only FZ at the tower top and the self-weight load G are
applied to the models. This is the main reason for the different Fx
distribution. When the reaction components Fy and Fz are checked,
similar difference patterns with larger relative difference values can
be observed.
Various tests are also performed to compare the axial loads
in the legs and the braces of the two models. The static loads
are distributed to the legs and the braces of the jacket. When the
legs of the beam model have higher axial load values than the
superelement model at a certain jacket level, the braces of the
beam model correspondingly have lower values, and vice versa.
Combining the acquired results of axial loads and reactions, the
load transfer paths in the two models can be roughly figured out.
An analysis of the local forces around the mudbrace is given as an
example. To better understand the structural behavior, the loading
is further simplified, and only FZ is applied to the models.
As shown in Fig. 5, pressure loads resulting from FZ are
transferred down as axial loads in the legs and braces to the
double-T joints formed by legs and mudbraces. Since the legs
are inclined, the loads have components pushing horizontally
outwards (radially out of the jacket center) at the joints. These
components are counteracted by the tensions in the mudbraces and
the reaction forces at the mudline. The values of the horizontal
reaction components at the mudline and axial tensions in the
mudbraces are shown in Table 8 for both models. The more
compliant superelement model leads to larger tensions in mudbraces
and to larger horizontal reactions at the mudline correspondingly,
while their differences, which imply the horizontal components
of the loads transferred from the top, are reduced slightly. Such
force distribution differences between the two models also occur at
other joints, which indicates that the external loads applied to the
structure go through different paths in the beam model and the
superelement model.

Fig. 5 Loads transferred down, horizontal reaction components on
the legs at the mudline, and axial tensions in mudbraces
L1
L2
L3
L4
Sum

Beam [kN]

Super [kN]

Diff. beam-super

−190067
−181013
−180006
−188014
−740000

−150004
−221075
−224062
−143059
−740000

27%
−18%
−20%
31%
0%

Table 7 Mudline reaction forces Fx at each leg and the summed
values of the four legs

Horizontal reaction component
Axial tension in mudbraces

Beam [kN]

Super [kN]

13
467

97
532

Table 8 Horizontal reaction components on each leg at the mudline, and axial tensions in the mudbraces, for the beam model and
the superelement model
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The following conclusions are drawn for the static analysis:
• The beam model and the superelement model have similar
overall displacement behaviors.
• The superelement model is globally more compliant than the
beam model. The difference in the investigated displacements is up
to 11%.
• The load-bearing behaviors of the beam model and the superelement model are different, as the different stiffness of the joints
significantly influences the load paths through the structure.
Fatigue Analysis
In the fatigue analysis, the structural dynamic behaviors of an
OWT model including a beam support structure (named “RNABeam”), and an OWT model including a superelement support
structure (named “RNA-Super”) are compared. The simulations are
conducted in ADCoS-Offshore. Three translational DOF of the
legs of both models are constrained at the mudline. In order to
better resemble the real marine conditions, the support structure
models used in this analysis include water in flooded legs and
marine growth.
The investigated results are displacements and loads at nodes and
members of the OWT. Time series of the displacements and loads
are first investigated as a basic check. Then, the displacements are
analyzed in the form of statistical parameters such as the mean
and the standard deviation, while the loads are analyzed in postprocessed format, namely, the damage equivalent load (DEL) and
overall mean values for all the load cases. All DELs in this study
are calculated with a reference number of cycles of Nref = 2E8
and an extrapolation to 20 years, according to the occurrence of
each load case shown in Table 4. The Wöhler material exponent is
steel = 3 for the steel components, and blade = 10 for the blade.
A piece of time series is selected from one load case for
observation. The time series covers the wind speeds above and
under the rated speed, leading to both zero and non-zero values for
the pitch angle. It provides an exemplary view of the time-domain
behaviors of the displacements and loads of the structure. This is
selected as an example because the maximum thrust force to the
rotor appears at the rated wind speed, and the pitch action of the
OWT and the respective dynamics can be observed.
The time series of the thrust force at the tower base is illustrated
in Fig. 6. As the same load case is exerted to the RNA-Beam
model and to the RNA-Super model, the tower base thrusts of both
models generally have very similar values. A slight difference still
exists, as expected, due to the different dynamics of the models.
Due to the similar thrust forces, the tower base translational
displacements along the global x-axis of the two models also

follow similar patterns, as represented in Fig. 7. However, the
displacement time series of the RNA-Super model shifts to higher
values compared to that of the RNA-Beam model, which is caused
by the more compliant RNA-Super model. This is expected and
confirms the results of the static analysis (see Table 6). The
difference in the displacements is approximately 20%.
For the RNA-Beam model and the RNA-Super model, the
mudline reaction forces along the global x-axis are distributed
differently to the four legs. Figure 8 provides the x-component
reactions to L1 and L2, which are at one side of the jacket. With
the RNA-Beam model, the downwind leg L1 and the upwind leg
L2 acquire the same x-component reactions. With the RNA-Super
model, the absolute x-component reaction in L1 is lower, while the
absolute value in L2 is higher. This load distribution difference is
also observed when the x-direction reactions to L3 and L4 are
compared. This confirms again the result in static analysis (see
Table 7) and clearly illustrates the different load-bearing behavior
of the structure due to the different models.
As compared in Fig. 9, the mudline reaction forces in the global
z-axis direction at the four legs have very small differences between
the RNA-Beam model and the RNA-Super model. The latter has
slightly lower values to all four legs compared to the former,
which is caused by the mass difference between the two modeling
methods. The downwind legs bear higher forces than the upwind
legs, and the legs in the positive y-axis direction bear higher forces
than the legs in the negative y-axis direction, which is reasonable
considering the external loads.
The time series of the X4 level axial loads in the legs of the
jacket structure shows the same pattern as the z-component of the

Fig. 6 Time series of the thrust force at the tower base in global
coordinates

Fig. 8 Time series of the mudline reaction force component Fx at
the four legs in global coordinates

Fig. 7 Time series of the displacement component Ux at the tower
base in global coordinates
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Component

RNA-Beam [m]

RNA-Super [m]

Diff.

000293
−000026
−000075

000377
−000031
−000087

−22%
−17%
−14%

Ux
Uy
Uz
Table 9

Mean values of the tower base displacement components

Component

RNA-Beam [m]

RNA-Super [m]

Diff.

000123
000028
0000003

000160
000037
0000004

−23%
−23%
−23%

Ux
Uy
Uz
Fig. 9 Time series of the mudline reaction force Fz at the four legs
in global coordinates
mudline reaction, although the absolute values are slightly lower.
This is in accordance with the expectation that the legs of the
jacket structure bear the main part of the loads.
Based on the above-mentioned time series comparisons for the
fatigue analysis, the following points can be summed up:
• The RNA-Super model is more compliant than the RNA-Beam
model, as illustrated by the different displacements resulting from
the similar thrust forces at the tower base.
• The load-bearing behaviors of the models are different, which is
demonstrated by the significant difference in the mudline reactions
Fx distributed to each leg of the two models.
• The load-bearing behaviors of the models are reasonable,
considering the structural properties and the external loads. The
mudline reactions Fz are different due to the self-weight difference.
The legs of the jacket structure bear the main part of the loads, as
expected.
The results of the time series comparisons are plausible and confirm what is observed in the static analysis. Now, the displacements
and loads are examined in post-processed formats, taking all load
cases over the 20-year lifetime of the OWT into account, so as to
obtain a more exact and complete picture of the differences in
results between the two models.
Similar to the time series comparisons, the tower base load is
checked first. However, all 6 components in the global coordinate
system are taken into account this time. The overall mean values
of all the load components are almost the same for both models,
except for Mz , in which the value of the RNA-Beam model is 2%
lower than that of the RNA-Super model. The DELs of different
components are shown in Fig. 10. For Fx , Fz , and Mz , the RNASuper model leads to decreases of 5%, 4%, and 3%, respectively,
while for the residual components, DEL values from both models
are almost the same. So the difference in DELs between the two
models is small and follows no clear tendency with respect to all
the components.

Table 10 Standard deviations of the tower base displacement
components
To check the tower base displacements, the values and the
differences of the mean and the standard deviation of the tower base
displacement components between the two models are compared in
Table 9 and Table 10. The rotational components have very small
absolute values and are not further investigated herein. With similar
mean values of the tower base load components, the RNA-Super
model has higher absolute values in both statistical parameters. This
means the RNA-Super model leads to generally higher tower base
displacements than the RNA-Beam model. The mean values of the
displacements are small, as they are averaged over the time series,
but the differences between the models are still significant. The
value of Ux is most significant among the three components, and its
differences for both mean and standard deviation are over 20%. This
displacement pattern further confirms the larger deflections of the
structure, as illustrated in the time series comparison (see Fig. 7).
For the mudline reaction force in global x-direction, Table 11
and Table 12 illustrate the overall mean values and DELs for
RNA-Beam and RNA-Super models. They are also compared to
the values of the tower base thrust.
In the RNA-Beam model, the overall mean values of the mudline
reaction forces Fx are very similar for upwind and downwind
legs, if both legs are at the same side in the positive or negative
y-axis directions. In the RNA-Super model, however, these values
increase for upwind legs and decrease for downwind legs. In both
models, the sum of the values at the four legs is very close to

Component
Mud.Rea. Fx at L1
Mud.Rea. Fx at L2
Mud.Rea. Fx at L3
Mud.Rea. Fx at L4
Tower Base Thrust

RNA-Super [kN]

Diff.

−118053
−116062
−86050
−87013
397081

−78080
−158030
−129051
−42049
398021

50%
−26%
−33%
105%
0%

Table 11 Overall mean values of the mudline reaction force Fx at
the four legs and the tower base thrust
Component
Mud.Rea. Fx at L1
Mud.Rea. Fx at L2
Mud.Rea. Fx at L3
Mud.Rea. Fx at L4
Tower Base Thrust

Fig. 10 DELs at tower base

RNA-Beam [kN]

RNA-Beam [kN] RNA-Super [kN]
82.97
82.89
77.71
77.79
76.42

91.73
91.23
86.91
86.86
72.61

Diff.
−10%
−9%
−11%
−10%
5%

Table 12 DELs of the mudline reaction force Fx at the four legs
and the tower base thrust

Journal of Ocean and Wind Energy, Vol. 1, No. 3, August 2014, pp. 153–160
the overall mean of the tower base thrust. This confirms that the
same load at the tower base and the same load on the jacket are
transferred differently to the bottom of the structure due to the
different structural properties. This load distribution feature is in
accordance with what is observed in time series analysis of the
mudline reaction (see Fig. 8).
The more compliant superelement structure leads to higher
fatigue damage at the constrained bottom of the structure. This is
reflected by the higher DEL values for the RNA-Super model in
Table 12. The difference between the DELs of the mudline reaction
force Fx for the two models is about 10% at each leg. On the other
hand, the tower base fatigue damage decreases due to the more
compliant superelement model.
Similar fatigue damage differences between the models can be
observed from the DELs of the mudline reaction force Fz and
tower base load Fz component, although the differences are less
significant.
The DELs and overall mean values of the axial forces in the legs
at the X4 level are not shown in detail here, since they resemble the
pattern of mudline reaction component Fz , while both the absolute
values and the differences are lower.
After checking the influence of different modeling methods on
the support structure, the possible influence on the RNA is also
investigated. The tower top displacements pattern is similar to what
is shown in Table 9 and Table 10 for the tower base. The absolute
values of the tower top displacements are higher due to the bending
of the tower and the geometry. However, the relative differences
between the two models are smaller. These differences are also
very small for a turbine of this size and thus have no significant
influence on the RNA.
The tower top load is also analyzed. The overall means of
RNA-Beam and RNA-Super are close for all components, except
for Mz , which has a 2% difference, but the absolute value of this
component is small. DELs of the six components at the tower top
do not show a clear trend of change when superelements are used.
Since the differences are all less than 5%, the influence on the
RNA design is expected to be small.
The blade root load components of the OWT are studied based
on the GL coordinate system (Germanischer Lloyd, 2010). For all
of the components, both overall means and DELs between the
RNA-Beam model and the RNA-Super model have differences of
less than 1%. The influence on the blade design by changing the
modeling method is very small.
Based on the investigation of the dynamic behavior of the support
structure, as well as of a few key loads and displacements on
the RNA, the following conclusions are deduced for the fatigue
analysis:
• Using superelements leads to a more compliant structure, thus
causing higher deflections.
• Due to the superelement modeling, the load distribution
behavior of the structure is changed. The differences in the mean
loads are up to 105%, depending on the output position and the
load component.
• The superelement modeling results in higher fatigue damage on
the legs at the mudline and slightly lower fatigue damage at the top
of the support structure. The differences in DELs are up to 11%.
• Using superelement modeling has a small influence on the
RNA loads.
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Three jacket support structure models were built and optimized
using ANSYS. The commonly used beam model does not include
detailed modeling of the joints. The superelement model includes
the joints that have the same stiffness representations as the shell
joints. The shell model represents the whole structure with higher
flexibility and is considered to be closest to the reality. After the
model optimization, the superelement model had a comparable
number of DOF to the beam model, and the computational effort
when simulating with both models was also similar.
Basic mass check and modal analysis conducted with the abovementioned models led to the following results: The mass difference
between the beam model and the shell model was more than 3%.
However, this difference was only 0.02% between the superelement
model and the shell model. For the investigated eigenfrequencies,
the differences between the beam model and the shell model were
much higher than the differences between the superelement model
and the shell model. The results obtained with the superelement
model were closer to the results of the shell model than the results
obtained with the beam model. This indicates that the superelement
model better represents the real jacket support structure compared
to the beam model.
In the static analysis, the two jacket models were simulated
with ANSYS using the same static load case. The globally more
compliant superelement model led to larger displacements, and the
maximum difference between the beam model and the superelement
model was more than 10%. The static load-bearing behavior of the
superelement model was significantly different from that of the
beam model, as the different stiffness of the joints influenced the
load paths through the structure.
The fatigue analysis was based on the results from the timedomain simulations conducted in ADCoS-Offshore. The superelement model of the support structure is more compliant and had
different load-bearing behavior compared to the beam model. This
confirms the findings of the static analysis. The differences of the
mean loads between the two models were up to 105% for the
investigated output positions. The damage effect caused by the
fatigue loads to the support structure was changed by using the
superelement model. The DEL differences between the beam model
and the superelement model were up to 11% for the investigated
output positions. However, the superelement model had no evident
influence on the loading of the RNA.
To sum up, the superelement model better represents the real
jacket support structure compared to the commonly used beam
model, while keeping the similar computational efficiency as
the beam model. Furthermore, the superelement model yields
lower eigenfrequencies, higher structural flexibilities, different
load-bearing behavior, and different fatigue damage effect to the
support structure compared to the beam model. These differences
can influence the design of the support structure. Therefore, the
superelement modeling strategy should be used for this type of
structure in the aero-hydro-servo-elastic simulations of OWTs when
the above-mentioned differences play a significant role in the OWT
design.
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