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Abstract
Recently renewable energy is one of the best mediums to increase the natural resources all around the world.
Hence, wind turbine technology has become a remarkable system to utilize the natural energy. Besides, due to
construction in earthquake-leaning territories and insufficient consideration about the seismic impact of wind
turbines may lead a great hazard. The inquisition will provide an overview on a comparison of the dynamic
responses of NREL 5 MW jacket supported offshore wind turbine (OWT) due to different earthquake loads using
time history analysis under linear and nonlinear cases. Three different types of the earthquake are selected to
assess the seismic response of the wind turbine by considering as per their different types of PGA. Finally, the
purpose of this study is to evaluate and compare the linear and nonlinear responses of the jacket supported OWT
due to each selected ground motions in a descriptive way.
Keywords: Wind Turbine, Seismic Loads, Time History Analysis, Nonlinear, Dynamic Analysis.

1 Introduction
A revolution in science has dominated all over the world greatly. During the last decades, the demand for
sustainable energy production has led to a plethora of innovative technological solutions. Due to depletion of
fossil fuel stocks and combined with the negative environmental effects such as global climate change through
carbon emissions, a recently renewable form of energy such as the wind and solar is one of the best mediums to
increase the natural resources all around the world. As a result, wind turbine technology has become a remarkable
system to utilize the natural energy over the past decade.
Indeed, Oﬀshore wind turbines (OWTs) have the potential to be a signiﬁcant contributor to global energy
production, due to the proximity of higher-quality wind resource to coastal energy loads, lack of potential noise
complaints and large available space for wind farm installation in the ocean (Gordon and Lacner, 2011). In recent
years, many researchers have focused on the study of the OWT. The horizontal axis wind turbine blade model has
been constructed on the basis of aerodynamics and produced FAST software for real-time simulation of wind
turbine operational status (Jonkman, 2009a). Various substructures are available for the OWT. For an OWT to be
viable for wind turbines, it must safely withstand the offshore environment, which includes the combined effects
of wind and wave loads (Jonkman, 2007). Offshore structures are always exposed not only wind and wave loads,
but also seismic loads. Recently, lots of researchers have devoted their attention to understand the behaviors of an
OWT under seismic loading condition. Many research and methods have been done and invented previously to
investigate seismic analysis of OWT such as seismic analysis in the time domain (Witcher, 2005), seismic fragility
analysis (Kim et al., 2014), seismic response due to earthquake and wind loading (Kjorlaug, et al., 2014), FAST
simulation of the wind turbine seismic response (Prowell and Elgamal, 2009) and so on. Based on the above
discussion, it is crystal clear that, the wind turbine response which is attained through a decoupled analysis refers
to separate wind and wave analysis or either the combined response is gained by superimposing both of them
together or including with seismic response, it is obliged to reduce the response for obtaining zenith fruits of the
structure. It is also clear that nonlinear dynamic analysis has been rarely executed with different types of
earthquakes under different PGA on the jacket supported OWT. Therefore, it is also required to investigate the
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nonlinear dynamic analysis under different earthquakes to check the nonlinear dynamic behavior of the structure.
The objective of the presented research is to investigate the dynamic behavior of jacket supported OWT structures.
In addition, linear and nonlinear responses of the structure have been evaluated through the dynamic analysis
result. For this purpose, a finite element model (FEM) of jacket supported OWT through SAP2000 has been
created and analyzed. To validate the FEM of jacket supported OWT at SAP2000, the reference standard model
5 MW wind turbine jacket foundation [National Renewable Energy Laboratory (NREL) 5 MW-OC4-Jacket]
previously obtained through FAST has been used here. This FEM has been exposed to acceleration time histories
to calculate the dynamic behavior of a jacket supported OWT during earthquakes. Based on the different peak
ground acceleration (PGA), three different earthquakes namely Northridge (1994), Loma Prieta (1989), and
Imperial Valley (1979) have been selected to explore the dynamic analysis behavior of the structure with different
aspects such as peak displacement response, root mean square (RMS), and lateral displacement aligned the tower
elevation. Finally, this observation leads to the termination that dynamic behavior especially nonlinear dynamic
analysis behavior has a great impact on the structure compared to the linear behavior.
2 Offshore Wind Turbine Model
The standard jacket foundation 5 MW reference OWT designed by the NREL (Jonkman et al., 2009b) has been
used in this current study. After that, the FEM of OWT performed by using the SAP2000 is shown in Fig. 1. The
jacket support structure consists of 64 nodes and 112 force beam-column elements. In addition, the 68m long
tower has been separated into different 9 force beam-column elements and bearing the rotor nacelle assembly
(RNA) lumped mass at the top of it. The transition piece (TP) among the baseline turbine and the jacket structure
are displayed as a rigid body, where TP has been enumerated as a density filling a rectangular body. The full
model consists of tower top mass, tower, TP, jacket structure and a circular foundation (monopile below the
mudline). The geometric parameters of the jacket supported OWT have been depicted in Table 1 (Huimin et al.,
2013; Vopahl et al., 2013). The natural frequencies of the FEM recognized by SAP2000 have been described in
Table 2 and corresponding mode shapes of the FEM are illustrated also in Figure 1. In the purpose of model
verification, the result of the fundamental natural frequencies of SAP2000 has been evaluated with the reference
standard model of NREL. Besides that, the gravitational load is also investigated through the SAP2000.All the
inquisitions indicated that the FEM of SAP2000 has been verified.

SAP2000 FEM

First side-side mode

First fore-aft mode

Second side-side mode

Second fore-aft mode

Figure 1. FEM and fundamental mode shapes of the jacket supported OWT.
Table 1. Jacket supported OWT structure properties.
Parameter

Tower base OD (m)
Tower base thickness (m)
RNA Mass (kg)
TP Dimension (m3)
Mass density for TP (kg/m3)
Mass density (kg/m3)
Shear Modulus (N/m2)
Jacket Mass (kg)
Note: OD=Outer diameter.

Value

Parameter

5.6
0.032
350×103
9.6 × 9.6 × 4
1807
7850
8.08×1010
655.83×103

Tower top OD (m)
Tower top thickness (m)
Tower Mass (kg)
TP Mass (kg)
Poisson’s ratio of TP
Poisson’s ratio
Young Modulus (N/m2)
Total OWT mass (kg)
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Value

4
0.03
230×103
666×103
0.18
0.3
2.1×1011
1.9018×106
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Table 2. The natural frequency of FEM of the structure.
Mode

FAST (Hz)

First Fore-Aft mode
First Side-Side mode
Second Fore-Aft mode
Second Side-Side mode

SAP2000 (Hz)

0.3190
0.3190
1.1944
1.1944

0.32747
0.32747
1.17443
1.17443

2 Application of Ground Motions
In the current study, three types of ground motion acceleration such as Northridge (1994), Loma Prieta (1989),
and Imperial Valley (1979) have been applied and for each earthquake response, the performance of linear and
nonlinear dynamic analysis has been evaluated. In the case of selection of ground motions, verities PGA, and
different time steps have been considered for assessing the both analysis response efficiency. The motive for
applying several earthquakes is that different earthquakes contain distinctive frequencies. As a result, every
passive controlling system gives the best performance where the time history signal had to optimize the design of
the controlling system. The application of ground motion and its PGA and time interval are given below in Table
3. Figure 2 represents the time histories of ground motions applied in this analysis.

Figure 2. Applied ground motions.
Table 3. Applied ground motions and consideration factor of applied ground motion.
Ground motion

Northridge (1994)
Loma Prieta (1989)
Imperial Valley (1979)

Load steps

Time steps (sec)

2000
7990
1115

0.01
0.005
0.01

PGA (g)

0.343
0.169
0.326

3 Numerical Analysis
The structure has been analyzed to the static wind and wave loads accompanied with the dynamic earthquake
loads. The wind and wave loads have computed through the FAST solver which is originated by NREL. Initially,
the static analysis has been performed at the SAP2000 FEM by the external maximum nodal wind and wave loads.
After that, the dynamic earthquake analysis has been started from the previous static analysis. Two types of
analysis have been evaluated in this research, such as linear time history and nonlinear time history analysis. The
dynamic seismic analysis has been carried out through the Newmark’s-β direct integration method. By using
Rayleigh proportional damping, 5% structural damping has been considered to operate both time history analysis.
The linear direct integrated analysis has been executed under three distinctive earthquakes to compare with the
nonlinear analysis, are generally considered more accurate for the nonlinear analysis case. The later section has
been given a clear overview about the outcome analysis. All the dynamic analysis has been done by SAP2000 and
all the illustrations have been drawn using MATLAB.
3.1 Earthquake Response Analysis
Figure 3 (a and b) represents the time series of the displacement responses at the top of the tower for linear and
nonlinear analysis under the selected seismic excitations separately and also associated with operational loads
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respectively. Based on Figure 3 (a), it is clearly visible that increasing amounts of maximum tower top
displacement response for nonlinear analysis case compared to the linear analysis are around 17%, 38%, and 4%
respectively under the Northridge, Loma Prieta, and Imperial Valley earthquake. According to Figure 3 (b), the
nonlinear responses have been increased around 1.5%, 2%, and 4.5% for the Northridge, Loma Prieta, and
Imperial Valley earthquakes associated with operational loads compared to the linear analysis outcome
successively. The point to be noted that, in the case of the isolated seismic loads, the increasing amount of
nonlinear response is greater than a linear response compares to the seismic loads associated with operational
loads in each selected seismic excitation. Another remarkable matter is that the combined response has been
gained by superimposing seismic and operational loads together, which is moved upward from the initial response
position of the structure in both analysis cases. Therefore, the interaction between wind, wave and seismic loads
has a great influence on the jacket supported structure, even though it is invisible through both the peak
displacement analysis and also its clearly vivid that, the nonlinear analysis response has a massive impact
comparable to the linear analysis response.

(a) Earthquake loads

(b) Earthquake associated with operational loads

Figure 3. Displacement response assessment at the top of the tower.
3.2 Lateral Displacements
The distribution of the maximum lateral displacement attained from all simulations of the earthquake along the
tower elevation is plotted in Figure 4. It is noticeable that the lateral displacements have been increased uniformly
at all tower heights of the structure due to both linear and nonlinear analysis. It shows that the top lateral
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displacement of the tower is more compared to the tower base of the structure in both analysis case under all three
seismic excitations, which is expectedly behaving like a cantilever beam. Apart from this, it is found that the
seismic loads accompanied with operational loads have a significant contribution in vibration response of the
jacket supported OWT structure compared to the isolated seismic loads and both analysis responses are almost
identical in both load cases. All the illustrations have been carried maximum response for the nonlinear analysis
case which needs to be evaluated more accurately.

Figure 4. Maximum lateral displacements along the tower elevation.
3.3 Root Mean Square (RMS)
The performance has been analyzed and computed through the RMS. In order to grasp attributes of response
displacements and to show the effectiveness of responses. The RMS value on seismic loads associated with
operational loads has been portrayed in Figure 5. Based on computed RMS value in Figure 5, it is observed that
the increasing amount of nonlinear displacement responses is around 7.5%, 19%, 4% respectively on top of the
tower with respect to the linear time history analysis due to Northridge, Loma Prieta, and Imperial valley
respectively. According to this result, it can be illustrated that nonlinear dynamic analysis has a large influence on
the jacket supported OWT structure rather than linear analysis under operational loads, which is not clear through
the consequence of peak displacement analysis result previously. It is also observed through the discussion that
nonlinear analysis has been more fluctuated for the Loma Prieta and Northridge earthquakes then Imperial Valley.

Figure 5. RMS displacement value for seismic loads associated with operational loads.
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4 Conclusion
The current research has been developed the influence of different types of ground motions on the OWT with
reference to the linear and nonlinear direct integration analysis. The principals of the relevant finite element
modeling have been developed to get the correct response of the structure. Linear direct integration analysis has
been chosen as a basis for comparing with nonlinear analysis of the OWT induced by the three distinctive
earthquakes separately and also with the operational loads. Based on the tower top displacement response,
maximum lateral displacement aligned with the tower height and RMS displacement response, both linear and
nonlinear analysis have been examined for obtaining the clear concepts about the dynamic behavior of the
structure. Finally, the observation leads to the conclusion that nonlinear analysis response has an extensive impact
compared to the linear analysis of the jacket supported OWT structure, which is certainly required to consider the
seismic analysis case. In addition, more parameters must be considered to investigate the nonlinear dynamic
analysis of jacket supported OWT.
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