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Influence of Joint Flexibility on Local Dynamics of a Jacket Support Structure
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The effect of different modeling techniques of the local joint flexibility on the local dynamics of a jacket support structure
for an offshore wind turbine is investigated. Two numerical models of a jacket supporting a generic turbine are analyzed in the
aero-hydro-servo-elastic tool ADCoS-Offshore. The first model is set up with Euler-Bernoulli beam elements, while the second
model utilizes superelements for the joints’ representation and Euler-Bernoulli beams for the remaining parts of the structure.
Time-domain simulations are run for deterministic and stochastic load cases, and local jacket dynamics are investigated. The
local response of the braces is compared with the global response at the jacket legs in terms of power spectral densities (PSDs).
Damage equivalent loads (DELs) are calculated at several positions along the jacket to capture the impact of local and global
dynamics on those loads. It is observed that the superelement model leads in general to higher fatigue loads than the beam
model. A methodology to remove the global motion component from the displacement time history of the brace central joint is
discussed. Larger displacements of the brace central joints are observed for the superelement model than for the beam model.
It is recommended to use superelement modeling technique for a more accurate representation of joints in the jacket support
structures.

INTRODUCTION

The analysis of Offshore Wind Turbines (OWTs) relies on aero-
hydro-servo-elastic simulation tools. These time-domain-based
tools account for an interaction of various environmental loadings
and for the entire structural assembly of the OWT, including its
control system. Due to a high simulation effort involving a large
number of load cases, relatively simple beam models are commonly
used for modeling the OWT support structures in those tools, as
described by Vorpahl et al. (2014). Those modeling techniques
incorporate simplifications that may lead to inaccuracies when
simulating multi-member support structures.

In case of structures consisting of slender tubular members,
Euler-Bernoulli beam elements should usually lead to a sufficiently
accurate representation of the global structural loads. However,
some differences in the global structural loads were observed by
Vorpahl et al. (2014) and Tu and Vorpahl (2014) in the cases of
OWTs with tripod and jacket support structures, respectively, when
modeled with techniques other than Euler-Bernoulli beam theory.
Also, over- or underestimation of local loads at the joints and the
surrounding structural elements is possible in such cases.
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In reality, at the joints a tubular member is welded to another
one at its outer wall, resulting in deformation of the outer sections
of the chords – bending of a brace leads to a local indentation of
the chord. Such an effect cannot be accurately reproduced with
simple beam elements that are clamped at the intersection of the
centerlines of a joint’s tubular members. The members’ central axes
at the joints are almost unaffected by translational or rotational
movement in the vicinity of the connecting points (nodes). This
impacts the Local Joint Flexibility (LJF).

There are also other methods for considering LJF in space-frame
structures modeled with beams. For example, an additional node
at the outer wall of the chord may be introduced, where local
stiffness can be modeled with axial and/or rotational springs or
alternatively by short flexible beam elements. Nevertheless, none of
these methods can be considered as accurate as the one where
modeling of joints with shell elements is implemented. To obtain
correct spring stiffness in different load directions is not a trivial
task. These stiffnesses are usually derived with the parametric
formulas (Buitrago et al., 1993) that are based on the analysis of
shell models. More detailed description on the current state of
practice for modeling joints in jacket support structures of OWTs
can be found in Dubois et al. (2013).

To overcome these limitations, shell elements may be used for a
more precise modeling of joints. Deflections at a joint modeled by
using shell elements are usually larger than those obtained from a
beam model, whereas bending moments are reduced as the joint
connections are softer (Karamanos et al., 2010). Similar conclusions
were derived by Chung and Cheng (1996) and Cheng and Chung
(1997), who modeled elastic joints with translation and torsion
springs. Moreover, modeling of LJF would affect the dynamic
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characteristics of the structure in terms of loads distribution and
eigenfrequencies (Tu and Vorpahl, 2014).

However, a detailed representation of a joint with shell elements
would increase the computational time or would require more
computing power. To overcome this limitation, a sub-structuring
(superelement) approach can be used. The sub-structuring technique
is commonly used in FE analyses of structures modeled with many
FE elements. It allows reduction of the number of degrees of
freedom (DOFs) of the model. There are several reduction tech-
niques that may be utilized in conjunction with the sub-structuring
approach for the reduction of DOFs in the system. The most
broadly used ones are: Guyan (Guyan, 1965), Craig-Bampton
(Craig and Bampton, 1968), Dynamic Condensation (Paz, 1984),
and Improved Reduction System (IRS) Method (O’Callahan, 1989).
A comprehensive review of these techniques was presented by De
Klerk et al. (2008). In the present paper, the Guyan reduction is uti-
lized. It allows reduction of the number of DOFs and condensation
of the stiffness matrix without loss of its accuracy. The stiffness
relation between the master nodes of the element is preserved.
A drawback of this method is that inertial forces are not exactly
preserved due to the reduced mass matrix. However, the differences
are negligibly small for the application discussed in this paper.

A short summary of the Guyan reduction is presented below.
The static equilibrium of the system is described as:

Ku = f (1)

where K is the stiffness matrix, u is the displacement vector, and f
is the vector of all external loads.

Equation 1 can be written in a form that distinguishes the internal
(slave) and boundary (master) DOFs of a model, which is to be
reduced to a superelement. The subscripts i and b refer to the
equation components, which are associated with the internal and
the boundary DOFs of the model, respectively.

[

Kii Kib

Kbi Kbb

][

ui

ub

]

=
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fi
fb

]

(2)

The internal DOFs from Eq. 2 can be defined as:

ui = K−1
ii 4fi −Kibub5 (3)

The right side of Eq. 3 is used for elimination of ui from Eq. 2.
The elimination leads to the following:

4Kbb −KbiK
−1
ii Kib5ub = fb −KbiK

−1
ii fi (4)

On the left side of Eq. 4, the condensed stiffness matrix Kc of the
superelement can be identified as:

Kc = Kbb −KbiK
−1
ii Kib (5)

It should be noted that all stiffness components are maintained.
Therefore, there is no loss of accuracy in the condensed stiffness
matrix.

On the right side of Eq. 4, the generalized load vector fg can be
defined as:

fg = fb −KbiK
−1
ii fi (6)

Now Eq. 4 can be written in a form that resembles Eq. 1:

Kcub = fg (7)

Kc and fg can be formulated in a more generalized form as:

Kc = TT KT (8)

fg = TT f (9)

where the transformation matrix T is defined as:

T =

[

I
−K−1

ii Kib

]

(10)

where I is the identity matrix of a size that corresponds to a number
of the boundary DOFs ub .

The transformation matrix T is also used for the reduction of the
mass matrix M of the superelement:

Mred = TT MT (11)

It should be noted that the reduction of the mass matrix is an
approximation, as not all stiffness elements are included in the
transformation matrix T.

LJF affects not only the fatigue loads of a jacket sub-structure,
but also the static load paths through the structure (Tu and Vorpahl,
2014; Vorpahl, 2015) and the local dynamics. During load analyses
of jacket support structures, the out-of-plane vibrations of braces
were mostly reported in the lowest parts of the structure. Possible
regions of resonance, where local vibrations were induced by higher
rotor harmonics, were identified by different researchers (Seidel and
Foss, 2006; Böker, 2010; Kjetså and Saaghus, 2010; Popko et al.,
2012, 2014; Schafhirt et al., 2014). This phenomenon may affect
the fatigue loads and therefore the design requirements for jackets.
The effect of LJF on the local dynamics has not been studied in
detail yet. This paper focuses on this aspect, continuing the work
presented in Popko et al. (2014), where local vibration phenomena
and their couplings with higher rotor harmonics were investigated,
considering beam elements for the jacket support structure.

Specifically, in the present paper the effect of a more detailed
joint modeling on the local dynamics of a jacket support structure
for an OWT is investigated. Two numerical models of a jacket
supporting a generic turbine are analyzed in the nonlinear, aero-
hydro-servo-elastic tool ADCoS-Offshore (Kleinhansl et al., 2004).
The first model is set up with Euler-Bernoulli beam elements, while
the second one utilizes superelements for the joints’ representation
and Euler-Bernoulli beams for the remaining parts of the structure.
Timoshenko beam elements that take into account shear deformation
and rotational inertia effects are not utilized in this research as they
are not available in the ADCoS-Offshore coupled simulation tool.
The superelement jacket model used for this research originates
from the work of Tu and Vorpahl (2014). The procedure for applying
the superelement model in the coupled simulation tool comes
from Vorpahl et al. (2009). Time-domain simulations are run for
deterministic and stochastic load cases, and local jacket dynamics
are investigated. The local response of the braces is compared with
the global response at the jacket legs in terms of Power Spectral
Densities (PSDs). Damage Equivalent Loads (DELs) are calculated
at several positions along the jacket to capture the impact of local
and global dynamics on those loads. A methodology that helps to
remove the global motion component from the displacement time
history of the brace central joint is also discussed.

DEFINITION OF OFFSHORE WIND TURBINE MODELS

Two numerical models of the jacket support structure are used in
this study. They are shown in Figs. 1b and 1c. Both jacket models
are based on the UpWind reference jacket support structure defined
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(a) 3D visualization (b) Model with beams
fixed at axes intersections

(c) Model with
superelements at joints

Fig. 1 Model of jacket support structure

by Vemula et al. (2010) that was later adapted by Vorpahl et al.
(2013) for Phase I of the Offshore Code Comparison Collaboration
Continuation (OC4) project operated under the International Energy
Agency, Wind Task 30.

The first jacket model (beam jacket model) is set up with Euler-
Bernoulli beam elements. All joints are modeled by beams that are
rigidly connected at the intersection points of their central axes.
The total number of DOFs of the beam jacket model is equal to
1,428. This jacket model was used in the previous research on
local dynamics by Popko et al. (2014).

The second jacket model (superelement jacket model) utilizes
superelements for the joints’ representation and Euler-Bernoulli
beams for the remaining parts of the structure. This model was set
up and verified by Tu and Vorpahl (2014), where more detailed
information can be found. All joints were originally modeled as
shell elements and then reduced to the superelements by using the
Guyan reduction method. The reduction procedure was performed in
ANSYS software at four distinctive steps. The detailed description
of the reduction procedure from ANSYS can be found in Vorpahl
(2015). In the first step, a jacket model was decomposed into a
number of smaller parts such as joints, chords, and braces. In the
second step, all nodes belonging to shell joints were sorted into
internal (slave) and boundary (master) nodes. Chord and brace
beams remained intact, as they were not supposed to be reduced to
superelements. In the third step, the internal DOFs of the shell joints
were eliminated by Guyan reduction. Finally, DOFs of the boundary
nodes of the newly created joints’ superelements were coupled with
DOFs of the chord and brace beams. The mathematical background
of the reduction procedure is presented in Guyan (1965).

After the reduction process, the total number of DOFs of
the superelement jacket model is equal to 1,164 (264 fewer
DOFs compared to the beam jacket model). The DOFs of each
superelement joint are only the DOF of its nodes connected to the
residual structure. The reduced number of DOFs corresponds to the
DOFs of the joints’ internal nodes that were eliminated.

The Rayleigh viscous damping was used for both jacket models
in ANSYS, where the damping ratio of 1% was provided as an
input (Vorpahl et al., 2013). For the jacket parts modeled with beam
elements, the damping matrix C consists of components that are
proportional to the corresponding mass M and stiffness K matrices
through the coefficients � and �, respectively. These coefficients
were calculated by ANSYS for the frequency region limited by
the two lowest eigenfrequencies related to the first fore-aft and
side-to-side eigenmodes. Within this frequency region the desired

damping ratio � of 1% was achieved. It should be emphasized
that damping matrices were not calculated in ANSYS for the joint
parts, which were modeled with superelements, although ANSYS
does allow for such a calculation. The reason for the negligence of
the damping matrices of the superelement parts was that they could
not be included in ADCoS-Offshore where the coupled simulation
of the entire OWT was performed at the later stage. The damping
at superelement joints may play a role during analysis of the local
dynamics of the jacket support structure. However, the extent to
which it affects local effects was not studied in this paper due to
the mentioned limitations of the software.

The additional masses, such as added mass, water in flooded legs,
and marine growth, have a strong effect on the dynamic response
of the structure. Therefore, they were included in both models.

As mentioned above, both jacket support structure models were
set up in ANSYS and exported to ADCoS-Offshore. The OWT
models, including the NREL 5-MW Offshore Baseline Turbine
(Jonkman et al., 2009), were set up in the coupled simulation tool
for the simulation needs.

LOAD CASES

A stepwise procedure for load analysis, comparable to the one
used by Popko et al. (2014), is chosen. Three Load Case (LC)
groups of increasing complexity are considered as defined in
Table 1.

The LC I group is focused on the modal analysis. Diverse
eigenmodes with contribution of local vibration phenomena in the
jacket braces are identified based on their visualizations for both
jacket models. Parameters such as added mass, water in flooded
legs, and marine growth are accounted for in the modal analysis.
Gravity and damping terms are not taken into account, as their
impact on eigenfrequencies is proved to be marginal, as shown by
Popko et al. (2012).

In the LC II group, deterministic wind loadings are used for
examining the effect of harmonic loading on local vibrations of the
braces resulting from the spinning rotor and the tower passage of the
blades. Herein, three wind speeds are analyzed: below rated speed
(8 m/s), around rated wind speed (12 m/s), and close to cut-out
wind speed (24 m/s). For the reason of simplicity, hydrodynamic
loading from waves is not applied in this LC. The effect of wave

LC group Description Wind Conditions Wave Conditions

LC I Modal analysis No wind No water

LC II Power production
under deterministic
wind,
3 individual load cases

Steady wind
Vhub = 8 m/s, 12 m/s,
24 m/s
�= 0.14

No waves, still
water

LC III Power production
based on DLC 1.2
from IEC (2009),
66 individual load
cases

NTM (Kaimal)
Vhub = 4 m/s, 6 m/s, … ,
24 m/s
�wind = 0�

�=−8�1 0�1 8�

�= 0.14

Irregular Airy with
PM
Hs = 1010− 3042 m
Tp = 5067− 7080 s
�wave = 0�

Idling based on DLC
6.4 from IEC (2009),
24 individual load
cases

NTM (Kaimal)
Vhub = 2 m/s, 26 m/s, … ,
30 m/s
�wind = 0�

�=−8�1 0�1 8�

�= 0014

Irregular Airy with
PM
Hs = 1007− 4046 m
Tp = 6003− 8086 s
�wave = 0�

NTM: Normal Turbulence Model in IEC (2005), PM: Pierson-
Moskowitz wave spectrum, �: wind shear exponent [-], �: yaw
error [�], �wave: wave direction [�], Hs: significant wave height [m],
Tp: peak-spectral wave period [s], Vhub: average wind speed at the
hub height [m/s], �wind: wind direction [�]

Table 1 Overview of load cases
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kinematics on fatigue loads of brace is not significant, as shown by
Popko et al. (2014). On the other hand, factors such as flooded
legs and marine growth are included. Increase of the structural
mass due to marine growth and water in legs affects the dynamics
of the jacket, which directly translates to higher DELs at braces, as
reported by Popko et al. (2014).

In the LC III group, the stochastic wind and wave loadings
are imposed on the OWT models. This LC group is based on
DLC 1.2 and DLC 6.4 from the IEC 61400-3 standard (IEC,
2009). These two cases represent the most significant part of the
turbine lifetime. Long-term wind and wave statistical data, such
as turbulence intensity distribution, significant wave height, peak-
spectral period, probability of occurrence, etc., are taken from the
UpWind design basis (Fischer, De Vries, and Schmidt, 2010). The
most significant load effects and the largest displacements were
reported for the loading directions that are perpendicular to the
jacket sides (Popko et al., 2014; Schafhirt et al., 2014). Therefore,
wind-wave misalignment is not accounted for in the simulations of
the present paper. Furthermore, turbine availability of 100% is
assumed, which is a conservative value for a turbine with jacket
support structure (Fischer, Popko, et al., 2010).

For each LC group, outputs are obtained at various nodal points
located along the jacket support structure, as shown in Fig. 1a.
Sensor names result from leg numbering, side numbering, height
level, and joint type. The sensors are arranged in a way that allows
for capturing global and local dynamics of the jacket.

The simulation time for the deterministic LC group is set to
60 s, and the simulation time for the stochastic one is set to 600 s.
Additional pre-simulation time, which is not included in the results,
is used for removing the initial transients. The simulation time step
for all LCs is 0.02 s. Simulation results are post-processed in terms
of PSDs and DELs. DELs are calculated with 2E+8 equivalent
load cycles for 20 years of the turbine lifetime with the S-N slope
equal to 4.

SELECTED RESULTS AND DISCUSSION

This section presents results of the coupled simulations of the
OWT with the two jacket models for the LC groups presented in
Table 1. The effect of the modeling technique on the local vibration
phenomena is analyzed and discussed. The most interesting findings,
according to the authors, are presented.

Eigenanalysis (LC I) and Campbell Diagram

A number of eigenmodes with contributions of local vibrations
of the braces are detected for both jacket models at frequencies
above 3.1 Hz. These modes usually involve deformations of the
rotor blades, tower, and jacket with local out-of-plane displacement
of the braces. The majority of these eigenmodes are governed by
higher-order flap- and edgewise modes of the blades. Selected
mode shapes with contribution of local vibrations of the braces and
higher rotor modes are shown in Fig. 2. Lower eigenfrequencies
are observed for the superelement jacket model than for the beam
jacket model at the corresponding eigenmodes. This is especially
pronounced in the eigenmodes that involve bending of the jacket
where the joint stiffness plays a key role—and also where local
vibrations may occur. More detailed analysis of eigenmodes and
eigenfrequencies for both models can be found in Tu and Vorpahl
(2014).

Local vibrations may also be observed for the global eigenmodes
where there is no coupling with the rotor, as shown by Popko
et al. (2014) and Schafhirt et al. (2014). However, this was only
detected for the marginal number of the eigenmodes, which are not
analyzed herein.

(a) 3.19 Hz, 3rd global
side-to-side and 2nd

collective edgewise

(b) 4.78 Hz, 3rd global
side-to-side and 3rd rotor

asymmetric flapwise

(c) 5.15 Hz, 3rd global
side-to-side and 3rd rotor

collective edgewise

(d) 3.11 Hz, 3rd global
side-to-side and 2nd

collective edgewise

(e) 4.56 Hz, 3rd global
side-to-side and 3rd rotor

asymmetric flapwise

(f) 5.11 Hz, 3rd global
side-to-side and 3rd rotor

collective edgewise

Fig. 2 Exemplary eigenmodes with contributions of local vibrations
for beam (top row) and superelement model (bottom row). Blue
color symbolizes undeformed OWT; deformed shape is shown in
red.

Regions of resonant vibrations of the braces resulting from
interaction with the spinning rotor can be identified in the Campbell
diagram shown in Fig. 3. Subsequent eigenfrequencies of both
OWT models are plotted as horizontal lines, which is a sort of
simplification. In reality, these frequencies vary depending on the
rotor rotational speed and the associated centrifugal stiffening
effect. They are also influenced by backward and forward whirling
modes of the rotor and by the aerodynamic loads. However, this
simplification is fair enough for the basic identification of regions
of possible resonance. The inclined lines symbolize multiplications
of 1P (full revolution of the rotor) and 3P (the tower passage
of the blades) frequencies. The resonance may occur when the
inclined lines intersect with the eigenfrequency lines. The resonance
phenomena are marked with circles indicatively for two wind
speeds of 8 m/s and 12 m/s.

Deterministic Wind (LC II)

In the LC II group (Table 1), only deterministic wind loading is
applied on the OWT. This loading causes the rotor to spin with a
constant rotational speed corresponding to a cyclic loading.

Fig. 3 Campbell diagram for OWT with beam and superelement
jacket models
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The lack of stochastic load components allows for a more direct
identification of the effects that different modeling techniques may
have on the local dynamics of the jacket. The stochastic wind
load would lead to a nonlinear variation of the response spectrum.
Therefore, the identification of resonance effects would be more
difficult.

The results are analyzed in terms of PSDs that show the signal
power intensity in the frequency domain. The PSD of the out-of-
plane displacement of the X4E node (see Fig. 1a) located in the
center of the lowest bay of the jacket is shown in Fig. 4, indicatively
for the wind speed of 12 m/s of LC II. Frequency peaks at the
subsequent rotor harmonics are well pronounced. In the frequency
range from 0 to 2.5 Hz, all peaks are very close between the beam
and the superelement jacket models. In this frequency range, the
response of the OWT is mostly dominated by its global modes,
where the X-joint deflection due to local vibrations is small. Jacket
global modes are not influenced much by the two different modeling
techniques described in this paper. For frequencies larger than
3.0 Hz, the energy content of the response peaks of the X4E node
of the OWT with the superelement jacket model is of approximately
0.2 to 1 order of magnitude higher than the content of the peaks
obtained for the beam model. This can be explained by the fact
that local effects in the jacket braces start to be more pronounced
in the eigenmodes corresponding to higher eigenfrequencies. Softer
joints modeled with the superelement technique are more prone to
local vibrations; thus, the energy content of their response to the
harmonic loading is higher. Furthermore, the energy is kept at a
relatively constant level along the frequency bandwidth between
harmonics of 18P and 27P at the X4E node—there is no energy
drop for the beam jacket model, whereas for the superelement
the energy decreases by one order of magnitude. However, this
decrease is only related to the fact that the superelement jacket
model had a higher initial energy content at the harmonic of 18P
compared to the beam model.

Figure 5 shows the PSD of the out-of-plane displacement at
the K4SE node located at the jacket leg (see Fig. 1a) for the
wind speed of 12 m/s of LC II. In the frequency range from 0
to 2.5 Hz, the energy peaks are very close for both models, as
was also reported for the X4E node shown in Fig. 4. However, for
frequencies larger than 3.0 Hz, there is a significant drop in energy
along the frequency bandwidth—approximately three orders of
magnitude for both jacket models. This indicates that the local
effects are mostly limited to braces.

Fig. 4 PSD of out-of-plane displacement at X4E node for deter-
ministic wind of 12 m/s

Fig. 5 PSD of out-of-plane displacement at K4SE node for deter-
ministic wind of 12 m/s

Stochastic Wind (LC III)

In the LC III group (Table 1), the OWT is excited not only by
the cyclic rotor loading, but also by a broad range of frequencies
resulting from stochastic wind and wave loads.

Figures 6 and 7 present DELs of the out-of-plane bending
moments at two positions—the X4E brace and the K4SE chord
shown in Fig. 1a for all Vhub wind speeds considered in LC III.
The bending moment at the brace is an indicator of the local
jacket behavior, whereas the bending moment at the chord indicates

Fig. 6 DEL of out-of-plane bending moment My at X4E brace for
LC III

Fig. 7 DEL of out-of-plane bending moment My at K4SE chord
for LC III
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the global response of the OWT. All DELs are normalized with
respect to the maximum DEL value. The presented DELs are not
accumulated over the turbine lifetime with the Weibull distribution.
This means that the equivalent load corresponding to the 20-year
lifetime of the OWT is calculated for every single wind speed bin.
Popko et al. (2014) reported different rates of change of DELs at
the subsequent wind speed bins, depending on the wind speed
region, where the turbine operates. Therefore, linear fits are applied
to DELs located in three different wind speed ranges:

• partial loading range from 4 to 8 m/s, where the rotor speed
increases linearly with the wind speed to maintain the constant
tip-speed ratio and the optimal turbine efficiency;

• transition at around 10 m/s and full loading region from 12 to
24 m/s, where the rotor speed is relatively constant and its velocity
is controlled by pitching of blades;

• idling from above the cut-out wind speed of 25 m/s, where
blades are pitched-out and the rotor idles.

In general, the increase in the wind speed results in an increase
in DELs for both OWT models. The only exception is for wind
speeds above 26 m/s, where the turbine is idling with its blades
being pitched out, resulting in highly reduced thrust force and no
cyclic loading.

For the wind speed region from 4 to 8 m/s, DELs of both
jacket models at the X4E brace (Fig. 6) have a similar increase
rate—comparable slopes of the continuous line and the dashed
line are observed. On the other hand, at the K4SE chord (Fig. 7),
the relative change of DELs for the superelement jacket model
is much larger than for the beam, as the slope marked with the
dashed line is much steeper. This indicates that at the relatively
low wind speeds in the partial loading region, global loads of the
jacket are mostly influenced by the superelement jacket model,
whereas brace loads are less affected.

For the wind speed region from 10–24 m/s and the X4E brace
(Fig. 6), the DELs of the OWT with the superelement jacket model
have slightly larger values than those corresponding to the beam
jacket model. The percentage difference varies within the range
of 8% to 12%. Larger percentage differences are observed at
the K4SE chord (Fig. 7), varying between 31% and 45%. Very
interesting is the fact that the slopes describing the relative change
in DEL from one wind speed to another are steeper at the X4E
brace compared to those at the K4SE chord for both OWT models.
This indicates that local dynamic effects are more significant in
the full loading region, where the rotor speed is quite constant
and harmonic excitations are not smeared out along the frequency
bandwidth. The smearing-out problem of the excitation frequencies
was discussed in more detail in Popko et al. (2014).

For the wind speeds above 25 m/s and for the K4SE chord
(Fig. 7), a rapid increase in DELs is observed in the case of the
superelement jacket model at subsequent wind speed bins. For the
beam jacket model, the slope is quite gentle; it is comparable to the
one in the partial loading region. The percentage difference between
the two jacket models varies between 55% to 80%, depending on
the wind bin. This indicates that the superelement modeling of the
joints has a considerable impact on the global jacket loads. On
the other hand, a much smaller difference in terms of the slope
inclination is observed at the X4E brace (Fig. 6) between both jacket
models. This indicates that there is a smaller effect of different
modeling techniques on the brace loads in the idling conditions.

Total and Local Out-of-Plane Displacements

The total displacement of the central X-brace joint consists
of contributions from global and local displacements. Global
displacements are related to global bending shapes of the entire

Fig. 8 Definition of local out-of-plane displacement

OWT, whereas local displacements are confined to smaller structural
members (like braces) that are located in particular sections of the
jacket support structure.

The time series of the total and local out-of-plane displacement
are analyzed for the wind speeds of the LC III group for both
OWTs’ jacket models. Results are presented for joints X4E, X3E,
X2E, and X1E, which are located at the four bays of the jacket
(see Fig. 1). The comparison between the total and the local out-of-
plane displacements is done in terms of their maximum values and
standard deviations.

The magnitude of the local out-of-plane displacement of the
brace central joint is calculated based on the methodology derived
by Schafhirt et al. (2014). Specifically, the local out-of-plane
displacement component is defined as the horizontal distance
between the displaced X-joint and the plane defined by the nodes
of the K-joints at both legs, as shown in Fig. 8. The position of
the plane and the distance of the X-brace joint to this plane are
recalculated at each time step of the simulation.

The magnitude of the maximum total out-of-plane displacement
increases when moving from the lowest to the highest bay, as
shown in Fig. 9 for the exemplary wind speed of 24 m/s of LC III.
The same pattern is observed for other analyzed wind speeds
considered in LC III. This is reasonable, as the global motion of
the OWT is mostly governed by the first two eigenmodes that
resemble the one quarter and the half of a sine wave, respectively.
In such a case, horizontal displacements of smaller magnitudes
are observed in the lower parts of the jacket (close to the seabed),
whereas larger displacement magnitudes are observed when moving
further up from the seabed.

Considering all the calculations conducted for all examined
wind speeds of LC III (results are not included here due to space
constraints), the largest maximum total out-of-plane displacements
are observed at all bays for both models for a wind speed of 12 m/s.
This is reasonable, since the largest thrust force is expected at
the rated wind speed. For wind speeds in the full-loading region
(14 m/s – 24 m/s), where the thrust force is close to its maximum,
similar displacements are observed.

Furthermore, the superelement jacket model leads to higher out-
of-plane displacements compared to the beam jacket model. This is
attributed to the fact that the joints modeled with superelements are
more compliant compared to those modeled with clamped beams.
The difference between the two jacket models varies significantly
from around 6% up to around 70% depending on the wind speed and
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Fig. 9 Maximum total out-of-plane displacement and standard
deviation at X-joints for wind speed of 24 m/s

the position of the X-brace bay. The biggest percentage differences
are observed for the joint X4E located in the lowest bay and for
the wind speeds below the rated speed. However, the displacements
at this joint have the smallest magnitude. The differences between
the two examined jacket models tend to diminish for higher wind
speeds and bays.

Standard deviations of displacement increase in a similar way
as maximum displacements—from the lowest to the highest bay,
as shown in Fig. 9 indicatively for wind speed 24 m/s of LC III.
Standard deviations are larger for the superelement jacket model
than for the beam one. This indicates that the variation of the X-joint
out-of-plane displacement is larger in the case of the superelement
jacket model. This behavior is reasonable for more flexible joints.
The discrepancy increases for bays located in the upper part of the
jacket where the amplitude of horizontal displacement is larger.

It should be also mentioned that based on the calculations
conducted for all examined wind speeds of LC III, no clear trend
was observed for the maximum values of the local out-of-plane
displacements between the jackets’ joints. In the partial loading
region, the maxima were mainly observed, for both jacket models,
at the X1E and X2E joints in the upper part of the jacket. In
the full loading region, differences in maximum values between
subsequent jacket bays diminished due to the increase of the local
displacements in X-joints in the lower jacket bays.

The contribution of the local to the total out-of-plane displacement
is defined as the ratio of the maximum values of the former to the
latter and is calculated for all wind speeds of LC III and for both
jacket models. The exemplary results are shown in Fig. 10 for
the wind speed of 24 m/s. The largest contribution is observed at
the X4E joint located in the lowest bay, where the braces are the
longest, while the contribution of the local displacement to the
total one is decreased in higher bays, where braces are shorter.
These trends are reasonable because: (1) the total magnitude of the
displacement is relatively low in the lowest jacket bay; (2) long
braces can have larger local displacement compared to shorter
ones. It should also be mentioned that for the lowest bays the
contribution of the local to the total displacement is increased
in the case of the superelement jacket model. This fact may

Fig. 10 Contribution of local to total out-of-plane displacement
component at X-joints for wind speed of 24 m/s

be attributed to the existence of larger flexibility of the joints
in the case of the superelement jacket model compared to the
beam one.

In summation, the maximum total displacement can be expected
in the top bay of the jacket, whereas the highest contribution from
the local displacement component is observed in the lowest jacket
bay.

CONCLUSIONS

The effect of different modeling techniques of the LJF on the local
dynamics of a jacket support structure for an OWT was investigated.
Two numerical models of a jacket structure were analyzed in the
nonlinear, coupled simulation tool ADCoS-Offshore. The first
model was set up with Euler-Bernoulli beam elements, while the
second one utilized superelements for the joints’ representation
and Euler-Bernoulli beams for the remaining parts of the structure.
A large number of time-domain simulations were performed for
deterministic and stochastic load cases, and local jacket dynamics
were investigated. The local response of the braces was compared
with the global response at the jacket leg element in terms of PSDs
and DELs. The contribution of the local to the total displacement
was analyzed at the X-joints of four jacket bays at different
heights.

A number of eigenmodes with contributions of local vibrations
of the braces were detected for both jacket models at frequencies
above 3.1 Hz. Possible regions of resonance were identified from
the Campbell diagram. It was found that:

• Eigenfrequencies of the OWT with the superelement jacket
model were slightly lower than those of the beam jacket model.

• Larger reduction of eigenfrequencies was observed for the
eigenmodes dominated by global bending of the jacket (results
are not included due to space constraints). These modes may also
include local contribution.

• Smaller reduction of eigenfrequencies was observed for the
eigenmodes dominated by rotor or drivetrain modes.

• In the case of the OWT with the superelement jacket model,
the resonance regions could be induced by lower rotor harmonics
that carry more energy.
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Regarding the analyzed results in terms of PSD of the out-of-
plane displacement, it was found that:

• In the frequency range from 0 to 2.5 Hz, where the OWT’s
response is mostly dominated by its global modes, the energy
content of the response peaks was very close between the two
jacket models. For frequencies above 3.0 Hz, the superelement
jacket model led to higher energy peaks.

• For both jacket models, the energy content between rotor
harmonics 18P and 27P was kept at a relatively constant level at
the X-joint, while a significant drop in energy was observed at the
K-joint, indicating that local effects are mostly limited to braces.

DELs of the out-of-plane bending moments were analyzed at
two positions indicating global and local behavior of the structure:
at the brace in the lowest jacket bay and at the chord, respectively.
It was found that:

• DELs calculated for the superelement jacket model were
always larger than those for the beam jacket model at the analyzed
nodes. An increase in the wind speed resulted in an increase in
DELs for both OWT models.

• There was a different relative change of DEL values at the
subsequent wind speed bins, depending on the wind speed region,
where the turbine operates.

• In the partial loading region (wind speeds from 4 to 8 m/s),
DELs resulting from the global loads were increased in the case of
the jacket with superelement joints, whereas DELs at the brace
members were much less affected.

• In the full loading region (wind speeds from 10 to 24 m/s),
DELs at the chord member resulting from the superelement jacket
model were much larger (percentage differences between 31%
and 45%) than those obtained from the beam model. For both
jacket models, the relative change in the DEL values from one
wind speed to another was much higher at the brace member than
at the chord member.

• For the wind speeds above 25 m/s, a rapid increase in DELs was
observed at the subsequent wind speed bins at the chord member of
the jacket modeled with superelement joints. Furthermore, the DEL
values of the superelement jacket model were larger (percentage
differences of 55% to 80%) compared to those of the beam jacket
model. The differences at the brace member were less significant.

The superelement jacket model leads to more accurate represen-
tation of the jacket support structure due to more realistic modeling
of joint stiffness. Consequently, it results in larger deflections near
joints, which are translated as larger amplitudes of the fluctuating
out-of-plane bending moments. Therefore, the jacket support struc-
ture model that considers LJF should be used in the simulations of
OWTs for a more realistic estimation of the fatigue life.

The total and local out-of-plane displacements were analyzed at
all four bays of braces. It was found that:

• The magnitude of the maximum total out-of-plane displacement
at X-joints increased when moving from the lowest to the highest
jacket bay. The same pattern was observed for both jacket models
at all analyzed wind speeds.

• The superelement jacket model led to higher total out-of-plane
displacements at X-joints compared to the beam jacket model. This
is due to the fact that the joints modeled with superelements are
more flexible compared to those of the clamped beams.

• Standard deviations of the total displacement increased in a
similar way to maximum displacements – from the lowest to the
highest bay. Standard deviations are larger for the jacket model with
superelement joints, indicating larger variation of the out-of-plane
displacements.

• No clear trend was observed for the maximum values of the
local out-of-plane displacement component between the jacket’s
joints. The maxima were mainly observed at the two top bays.

• The contribution of the local to the total out-of-plane displace-
ment was largest at the lowest bay, where the longest braces were
used, while a decrease in the local component contribution was
observed at higher bays, where the braces are shorter.

Recommendation for Further Research

The effect of the superelement joint representation on the ultimate
loads of the support structure should be evaluated. A decrease in
some of the structural load effects might be expected. The mean
and the maximum values of the out-of-plane bending moments
at X-joints and K-joints were found in this paper to be generally
smaller in the case of the jacket model with superelement joint
representation than for the beam jacket model.

Damping matrices should be included in the joint superelements
for more precise evaluation of dynamic responses. It might be
expected that damping would decrease the mean bending deflec-
tion of X-braces, reducing the discrepancy between beam and
superelement jacket models.

ACKNOWLEDGEMENTS

This research was realized within the GIGAWIND life project
focused on the lifetime assessment of offshore support structures in
the Alpha Ventus wind farm. The GIGAWIND life project was
funded by the German Federal Ministry for Economic Affairs and
Energy. The research at Alpha Ventus wind farm is supported by the
RAVE research initiative. Tu Ying from the Norwegian University
of Science and Technology is acknowledged for her explanations
and support concerning the simulations of the superelement jacket
model.

REFERENCES

Böker, C (2010). Load Simulation and Local Dynamics of Support
Structures for Offshore Wind Turbines, PhD Thesis, Leibniz
Universität Hannover, Hannover, Germany.

Buitrago, J, Healy, BE, and Chang, TY (1993). “Local Joint
Flexibilty of Tubular Joints,” Proc 12th Int Conf Offshore Mech
Arct Eng, Glasgow, UK, ASME, 1, 405–416.

Cheng, B, and Chung, JS (1997). “Effects of Axial Dampers and
Elastic Joints on the 3-D Dynamic Responses of a Deep-ocean
Pipe with Torsional Coupling,” Int J Offshore Polar Eng, ISOPE,
7(1), 36–43.

Chung, JS, and Cheng, BR (1996). “Effects of Elastic Joints on
3-D Nonlinear Responses of a Deep-ocean Pipe: Modeling and
Boundary Conditions,” Int J Offshore Polar Eng, ISOPE, 6(3),
203–211.

Craig, RR, and Bampton, MCC (1968). “Coupling of Substructures
for Dynamic Analyses,” AIAA J, 6(7), 1313–1319.
http://dx.doi.org/10.2514/3.4741.

De Klerk, D, Rixen, DJ, and Voormeeren, SN (2008). “General
Framework for Dynamic Substructuring: History, Review, and
Classification of Techniques,” AIAA J, 46(5), 1169–1181.
http://dx.doi.org/10.2514/1.33274.

Dubois, J, Muskulus, M, and Schaumann, P (2013). “Advanced
Representation of Tubular Joints in Jacket Models for Offshore
Wind Turbine Simulation,” Energy Procedia, 35, 234–243.
http://dx.doi.org/10.1016/j.egypro.2013.07.176.

Fischer, T, De Vries, W, and Schmidt, B (2010). UpWind Design
Basis (WP4: Offshore Foundations and Support Structures),
Technical report, Endowed Chair of Wind Energy (SWE) at the
Institute of Aircraft Design University of Stuttgart, Stuttgart,
Germany.



Journal of Ocean and Wind Energy, Vol. 3, No. 1, February 2016, pp. 1–9 9

Fischer, T, Popko, W, Sørensen, JD, and Kühn, M (2010). “Load
Analysis of the UpWind Jacket Reference Support Structure,”
Proc Deutsche Windenergie-Konferenz 2010, Bremen, Germany,
DEWI—German Wind Energy Institute, 128.

Guyan, R (1965). “Reduction of Stiffness and Mass Matrices,”
AIAA J, 3(2), 380–380. http://dx.doi.org/10.2514/3.2874.

IEC (2005). IEC 61400-1 Wind Turbines—Part 1: Design Require-
ments, 3rd Ed, International Electrotechnical Commission,
Geneva, Switzerland.

IEC (2009). IEC 61400-3 Wind Turbines—Part 3: Design Require-
ments for Offshore Wind Turbines, International Electrotechnical
Commission, Geneva, Switzerland.

Jonkman, J, Butterfield, S, Musial, W, and Scott, G (2009). Defini-
tion of a 5-MW Reference Wind Turbine for Offshore System
Development, Technical Report NREL / TP-500-38060, National
Renewable Energy Laboratory, Golden, CO, USA.

Karamanos, SA, Romeijn, A, and Wardenier, J (2010). “On the
Fatigue Design of K-joint Tubular Girders,” Int J Offshore Polar
Eng, ISOPE, 10(1), 50–56.

Kjetså, A, and Saaghus, LJ (2010). Local Dynamics of Offshore
Wind Turbine Jacket Sub-structures, Master’s Thesis, Norwegian
University of Science and Technology, Trondheim, Norway.

Kleinhansl, S, Mayer, M, and Mangold, A (2004). “ADCoS
– A Nonlinear Aeroelastic Code for the Complete Dynamic
Simulation of Offshore-Structures and Lattice-Towers,” Proc
Deutsche Windenergie-Konferenz 2004, Wilhelmshaven, Germany,
DEWI—German Wind Energy Institute.

O’Callahan, J (1989). “A Procedure for an Improved Reduced
System (IRS) Model,” Proc 7th Int Modal Anal Conf, Las Vegas,
NV, USA, 17–21.

Paz, M (1984). “Dynamic Condensation,” AIAA J, 22(5), 724–727.
http://dx.doi.org/10.2514/3.48498.

Popko, W, Antonakas, P, and Vorpahl, F (2014). “Investigation of
Local Vibration Phenomena of a Jacket Sub-structure Caused by
Coupling with Other Components of an Offshore Wind Turbine,”
J Ocean Wind Energy, ISOPE, 1(2), 111–118.

Popko, W, et al. (2012). “Offshore Code Comparison Collaboration
Continuation (OC4), Phase I – Results of Coupled Simulations
of an Offshore Wind Turbine with Jacket Support Structure,”
J Ocean Wind Energy, ISOPE, 1(1), 1–11.

Schafhirt, S, Hembre, JM, and Muskulus, M (2014). “How to Detect
Local Out-of-plane Vibrations in Jacket Support Structures for
Offshore Wind Turbines,” Proc 33rd Int Conf Ocean Offshore
Arct Eng, San Francisco, CA, USA, ASME, 9B, V09BT09A031.
http://dx.doi.org/10.1115/OMAE2014-24245.

Seidel, M, and Foss, G (2006). “Impact of Different Substructures
on Turbine Loading and Dynamic Behaviour for the DOWNVInD
Project in 45m Water Depth,” Proc Eur Wind Energy Conf,
Athens, Greece, European Wind Energy Association.

Tu, Y, and Vorpahl, F (2014). “Influence of Superelement Support
Structure Modeling on the Loads on an Offshore Wind Turbine
with a Jacket Support Structure,” J Ocean Wind Energy, ISOPE,
1(3), 153–160.

Vemula, NK, De Vries, W, Fischer, T, Cordle, A, and Schmidt, B
(2010). Design Solution for the UpWind Reference Offshore
Support Structure, UpWind Deliverable D4.2.6 (WP4: Offshore
Foundations and Support Structures), Rambøll Wind Energy,
Esbjerg, Denmark.

Vorpahl, F (2015). Modeling of Offshore Wind Turbines with
Braced Support Structures, PhD Thesis, Leibniz Universität
Hannover, Hannover, Germany.

Vorpahl, F, Popko, W, and Kaufer, D (2013). Description of a Basic
Model of the ‘UpWind Reference Jacket’ for Code Comparison
in the OC4 Project under IEA Wind Annex 30, Technical
report, Fraunhofer Institute for Wind Energy and Energy System
Technology IWES, Bremerhaven, Germany.

Vorpahl, F, Blunk, M, Van Wingerde, A, Busmann, HG, and Klein-
hansl, S (2009). “Implementation of a Superelement Approach in
a Design Tool for Offshore Wind Turbines with Arbitrary Sup-
port Structures,” Proc Eur Offshore Wind, Stockholm, Sweden,
EWEA, 3, 1850–1858.

Vorpahl, F, et al. (2014). “Verification of Aero-elastic Offshore
Wind Turbine Design Codes under IEA Wind Task XXIII,”
Wind Energy, 17(4), 519–547. http://dx.doi.org/10.1002/we.1588.


