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ABSTRACT: Existing research in the seismic response of wind turbine tubular towers subjected to long-period
ground motions is lacking, especially when soil-structure interaction (SSI) is considered. This paper discusses the
seismic performance of typical pitch-controlled 1.25SMW wind turbine systems, with particular focus on the
influences of SSI effect and ground-motion characteristics. Modal analysis and resonance analysis are carried out
first, ensuring that resonance does not occur when the tower is in operation. Two long-period waves and a bedrock
wave are selected from the worldwide earthquake record database, followed by detailed dynamic time history
analysis. The results indicate that the maximum displacement, acceleration, stress level and internal force responses
of the tower subjected to the long-period ground motions are significantly larger than the corresponding values
induced by the bedrock wave. Some responses can be further amplified due to the SSI effect, and this highlights the
importance of incorporating the SSI effect into seismic design of wind turbine towers, especially for those located in
soft soil regions. Furthermore, neglecting the vertical seismic action could lead to unsafe design. Other important
issues, including the risk of pounding, stress concentration near the door regions, spindle shear fracture, and
foundation failure, are also discussed, and summarized as references or comments for design and analysis of such
structures.
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1. INTRODUCTION

Since the 20™ century, traditional energy source has been exhaustingly consumed, leading to global
energy crisis. After the 1970s, the concept of sustainable energy became prevalent, and wind power,
which is a renewable source of energy, has been extensively developed [1]. Modern commercial
wind turbine system originated in Northern Europe which is not a seismically active region;
therefore engineers were more concerned about the wind-induced dynamic response at that time.
However, with an increasing number of wind turbine systems being constructed in the seismically
active region all over the world [2], it is essential to revisit the dynamic performance of these
systems against seismic action.
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Figure 1 Typical Wind Turbine Lattice Tower and Wind Turbine Tubular Tower

There are two common types of the horizontal-axis wind turbine towers, namely, lattice tower and
tubular tower, as shown in Figure 1 [2, 3]. Lattice towers, which are widely used in small and
medium-sized wind turbine systems, have their merits of low cost and convenient transportation,
but turbulence issues for blade along the downwind direction may be caused. On the other hand,
tubular towers have the advantages of elegant appearance, good vibration performance, and
convenient maintenance. Therefore, tubular towers, which are the focus of the current study, are
widely employed in large-scale wind turbine systems [2].

Some researchers have conducted a series of modeling and dynamic analysis on wind turbine
tubular towers. Lobitz [4] proposed a mass-damping-spring model for wind turbine towers and
carried out dynamic time history wind analysis; however, no seismic analysis was conducted.
Through using mass-damping-spring model in seismic dynamic time history analysis, Bazeos et al.
[5] found that the soil-structure interaction (SSI) effect has a significant influence on the dynamic
response of tubular towers. Lavasas et al. [6] presented a finite element model containing both the
tubular tower and the foundation, where the SSI effect was considered through introducing contact
elements. However, in that study, only static analysis was performed without considering any
dynamic effects. It is noted that in their studies [5, 6], the blades and nacelle were not directly built
in the models. Witcher [7] used both time domain and response spectrum methods to study the
seismic response of a 2 MW wind turbine tower. The results showed that the time domain method
is more accurate. Based on a shear transfer mechanism, Murtagh et al. [8, 9] developed a coupling
finite element model for connecting the tower and blades. The coupling mechanism was defined in
detail and dynamic time history analysis was conducted to investigate the wind load effect. Taking
SSI effect into account through introducing springs and dampers, Zhao and MaiBler [10,11]
established multi-body dynamic models for the wind turbine towers to investigate the seismic
behavior in time domain and confirmed that the SSI effect plays more significant roles in higher
mode vibrations. Through adopting a combined modal and multi-body dynamic formulation,
Prowell et al. [12] examined the seismic behavior of a typical SMW wind turbine system and
concluded that the bending vibrations of the towers induced by earthquake loading need to receive
sufficient attention in the design. Diaz et al. [13] presented an analytical model of an operating
wind turbine subjected to three components base accelerations. The results indicated that in strong
earthquake regions, the wind turbine design, especially the tubular tower section, can be controlled
by the combined action of the earthquake and wind load. Based on a simplified soil spring model
and Boundary Element Method, Taddei et al. [14] established a simplified finite element model of
wind turbine towers and adopted a spectrum-compatible synthetic acceleration method to evaluate
the applicability of the simplified soil representation in the practical seismic design. The results
showed that with increasing thickness of the soil layer, their natural frequencies decrease, and the
simplified soil spring model could have better agreement with more sophisticated and accurate soil
models. Alati et al. [15] inveatigated the seismic behaviour of fully coupled offshore wind turbine
models with fixed and flexible foundations under some typical load cases, and it was concluded
that the fully coupled models can provide better prediction on the dynamic responses of the blades,
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which are more sensitive to the foundation flexibility. More recently, some innovative vibration
reduction solutions, adoping smart materials such as shape memory alloys [16, 17], were also
proposed for wind turbine towers[18, 19].

While continuous progress has been made looking into the seismic performance of wind turbine
towers, relevant investigations on the influences of long-period ground motions and the SSI effect
are generally lacking. Far field, long-period seismic ground motions could bring serious damage to
flexible structures [20]. So far, long-period ground motion characteristics and response spectrums
have been investigated by various researchers [21, 22], with the main focus on high-rise buildings
[23, 24]. However, relevant studies on wind turbine tubular towers subjected to long-period ground
motions are still insufficient, and in addition, the long-period range of the response spectrum in
major codes [25,26] may not fully meet the design requirement for long-period structures including
wind turbine systems. Pounding between the blades and the tower under certain circumstances can
be another issue which needs to be carefully addressed. Therefore, it is necessary to take an
in-depth look into the seismic response of wind turbine tubular towers subjected to long-period
ground motions, taking the SSI effect into account.

In light of the above, a detailed finite element model, consisting of rotor, nacelle, tower and
foundation, is established and discussed in this study. The study starts with the introduction of the
prototype wind turbine system and the modeling strategy, followed by the discussions of modal
analysis and resonance analysis results. A set of dynamic time history analysis are then conducted,
where different types of seismic ground motions are considered and the structural responses under
long-period seismic ground motions (waves) and bedrock seismic ground motion (wave) are
discussed in detail. Based on the numerical results, some preliminary design and analysis
recommendations are finally made.

2. INTEGRATED FINITE ELEMENT MODEL
2.1 Description of Prototype Wind Turbine System

This study considers a typical pitch-controlled 1.25MW wind turbine system, based on which an
integrated finite element model was built. The key material properties of the blade, nacelle and
tower body are listed in Table 1. In the current study, the material was assumed to remain elastic
under the considered design earthquakes; in other words, only elastic time-history analysis was
performed for the tower. In addition, the three blades were simplified as cantilever beams with a
rectangular cross section. The length, width and depth of each blade are 32.175m, 1.5m and 0.3m,
respectively. The mass of the rotor (including the blades and hub) is 27470kg. The nacelle and its
internal components were treated as an integrated part in the model. The length, width and height of
the nacelle are 9.8m, 3.22m and 3.01m, respectively. The mass of the whole nacelle is 52000kg.
The main body of the tower is comprised of three segments with varying cross section properties,
and the height of each segment is 10.14m, 21.486m and 30.211m (from bottom to top), making a
total height of 61.837m. The corresponding tube wall thicknesses for the three segments are 20mm,
16mm and 12mm, respectively. The diameter of the tower increases linearly from 4.2m at the
bottom to 2.58m at the top. In order to facilitate maintenance and testing, a door is opened near the
bottom of the tower. The height and width of the door is 1.8m and 0.8m respectively in the vertical
projection plane. In order to avoid local shell buckling, a doorframe is also installed, as shown in
Figure 2b. A 10m X 10m X 1.8m reinforced concrete raft foundation is located at the bottom of the
tower, and the yaw angle of the tower is 0 degree. As defined in Figure 2a, the blades rotational
plane is perpendicular to X-Direction, the direction along the tower height is labeled as Z-axis, and
the location where the blade is parallel to the positive direction of Z-axis is defined as 0°azimuth
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angle. Murtagh et al. [9] observed that the most unfavourable location of the blades is 0°. In
addition, Alati et al. [15] found that the influences of different spatial positions of the blades on the
seismic responses are not notable. Therefore, this study only considers the critical location (0°) of
the blades to investigate the seismic performance of wind turbine systems, as shown in Figure 2a.

Table 1. Material Properties of Structural Components used in ANSYS

Components Material Modulus of elasticity (GPa) Poisson's ratio
Blade Glass Reinforced Plastic 42.60 0.22
Nacelle Steel(Q345D) 206 0.30
Tower Steel(Q345D) 206 0.30

X‘i'Y
(a) Integrated finite element model (b) Doorframe
Figure 2. Integrated Finite Element Model and Doorframe

2.2 Modeling

Using the commercial software ANSYS [27], an integrated finite element model was established
(see Figure 2a). Eight-node shell elements (SHELL181) were adopted to model both the blades and
the tower. The nacelle including inner components was simulated by beam elements (BEAM 189).
Following the GL Guideline [28], solid elements (SOLID 95) were used to simulate the doorframe.
The foundation section was modeled using reinforced concrete solid elements (SOLID 65). Due to
the differences of element types and mesh densities among components, constraint equations and
coupling interactions were applied to connect different types of elements. In particular, Rigid Zone
connections using the CERIG command were employed between the tower top circular nodes and
nacelle beam nodes. Rigid Zone connections were also used between the central nodes of the three
blades and the end nodes of the nacelle beam, as shown in Figure 3a. Apart from that, coupling
interactions were utilized between the tubular tower nodes along the thick direction and the
doorframe nodes through the CPINTF command (see Figure 3b). Constraint equation connections
were applied between the tower bottom circular nodes and the foundation top nodes using the
CEINTF command (see Figure 3c).
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Nacelle including
spindle

(b) Coupling connection (c) Constraint equation
(a) Rigid Zone connection between tubular tower and connection between tubular

doorframe tower and foundation
Figure 3. Constraint Equations and Coupling Interactions between Different Types of Elements

In order to examine the influence of the SSI effect on the dynamic behavior of the wind turbine
system, two models were compared in this study: one model taking account of the SSI effect and
the other one excluding this effect. Wolf [29] and Richart et al. [30] suggested that the influence of
SSI effect on structural dynamic performance could be achieved by introducing a series of discrete
springs and dampers between the soil and the foundation. Using this strategy, a series of discrete
springs and dampers were incorporated into the soil-foundation interface. Elements COMBIN14
were applied to simulate the interaction between the foundation and soil in ANSYS. The details of

the mechanical model considering the SSI effect are shown in Figure 4, and the values of the
foundation soil parameters are provided in Table 2.

Kx

Cx Kz cz  Co !
ko2 4co

Figure 4. Mechanical Model Considering SSI Effect

Table 2. Parameters of Foundation Soil

Density  Cohesive stress ~ Poisson's Shear modulus Shear wave Internal friction Dilatancy
(Kg/m?) (Pa) ratio (Pa) velocity (m/s) angle (°) angle (°)
1900 19000 0.333 5.60E+06 150 25 29

As can be seen in Figure 4, the soil-structure interaction can be modeled with two-dimensional soil
spring stiffness coefficients, damping coefficients and mass of springs [29-32]. The basic properties
of the springs and dampers were determined from the following equations[29, 30]:
3
K, =K, _ 8GR, K, _4GR, K, = 8G,R; ZEGSRS (1)
2-v, 1-v, 3(1-v,) ¢

c.- 46R '_sps C_34R o _0.745R! Gp C,—08ISRGop, @
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Where K,and K, are the horizontal stiffness coefficients; K, is the vertical stiffness coefficient;
K, is the rotational stiffness coefficient; K is the torsional stiffness coefficient. Similarly,
C.,M,(i=X,Y,2,0,¢) are the corresponding damping coefficients and mass of springs, respectively;

R,is the radius of the circular foundation; G,,v,and p,are the shear modulus, Poisson ratio and
density of the soil, respectively.

Substituting the considered soil parameters given in Table 2 into Eq. 1 through Eq. 3, the spring and
damper parameters used in ANSY'S are calculated and given in Table 3.

Table 3. Property of Springs and Dampers

Directions of degree of freedom Stiffness coefficients Damping coefficients Mass of springs
Horizontal direction 1.34E+08 N/m 7.12E+06 N-s/m 1.08E+05 Kg
Vertical direction 1.68E+08 N/m 1.31E+07 N-s/m 3.85E+05 Kg
Rotational direction 2.80E+09 N'm 7.20E+07 N-s'm 5.70E+06 Kg-m?
Torsional direction 3.73E+09 N'm 5.25E+07 N's'm 1.43E+06 Kg'm?
3. SEISMIC ANALYSIS PROCEDURES
3.1 Modal Analysis

The basic vibration characteristics of the wind turbine system are first determined through modal
analysis, where the Lanczos Block method was adopted. The comparisons of the natural
frequencies of the wind turbine system with and without considering the SSI effect are given in
Table 4. As shown in Figure 5, the first mode vibration is governed by flexural deformation of the
tower along with the blades flap-wise motion (in X-Direction), and the second mode vibration is
featured by the lateral bending vibration (in Y-Direction) of the tower along with the blades
flap-wise motion. The third and fourth mode shapes mainly involve local vibration of the blades.
The modal analysis results imply that a coupling model including the blades and tower should be
adopted in the dynamic analysis of wind turbine systems in order to obtain accurate results. In
general, the natural frequencies considering the SSI effect are smaller than the corresponding
values without considering the SSI effect.

Table 4. Comparison of Frequencies of Models with &without Considering SSI Eftfect

Frequency (Hz) . o
Mode number Without considering SSI effect ~ Considering SSI effect Difference /%
1 0.345 0.328 2.27
2 0.402 0.380 343
3 0.411 0.403 1.95
4 0.425 0.410 3.53
5 0.994 0.971 2.31
6 1.472 1.342 8.83
7 2.032 1.353 333
8 2.063 1.362 339
9 2.446 1.381 434
10 2.502 1.417 43.3
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Figure 5. The First Four Modal Shapes of the Wind Turbine Towers:
a) The first-order modal shape; b) The second-order modal shape;
c¢) The third-order modal shape; d) The fourth-order modal shape

3.2 Resonance Analysis

The purpose of performing resonance analysis is to avoid resonance when the tower is in operation.
This requires that the structural natural frequencies should be sufficiently ‘far away’ from the
external excitation frequency to ensure that structural dynamic response is within the controlled
range. A common practice is that for wind turbine systems, all the natural frequencies f must stay

away from the blade rotational frequency f, and blade passing frequency f,_(The subscript n is the

number of blade), with the required differences larger than 10%. The number of the blade in this
study is three, thus the blade-passing frequency f, is three times of the blade rotating frequency,

namely, f, =3f .

For the 1.25MW wind turbine system studied here, the working speed of the rotor is 9.6~17.8 r/min,
and therefore the corresponding rotational frequency range is 0.16~0.29 Hz and the passing
frequency range of the blade is 0.48~0.87 Hz. It is seen from Table 4 that these frequencies ranges
stay away from the natural frequencies of the structure, and therefore, it can be concluded that no
resonance will happen whether the SSI effect is taken into account or not. The comparisons of the
natural frequencies against the rotating frequencies can also be done via the Campbell diagram
shown in Figure 6.
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Figure 6. Campbell Diagram of Vibration in Wind Turbine System
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3.3 Seismic Ground Motion Selection and Characteristic Comparisons
3.3.1 Ground Motion Records Selection

The EI-Centro (NS) wave, a typical bedrock wave which is widely used for seismic analysis, was
chosen and two additional long-period seismic waves, namely, the HKD054 (EW) wave recorded in
the Tokachi Oki earthquake in Japan in 2003 [20] and the CDAO (EW) wave recorded in the
Mexico City of Mexico in 1985, were selected from the worldwide earthquake record database. The
basic information of the three seismic waves is given in Table 5, and the acceleration time history
curves of the three seismic waves are plotted in Figure 7. Hereafter, for ease of discussion, ‘bedrock
wave’ stands for the EI-Centro (NS) wave, and the HKD054 (EW) wave and CDAO (EW) wave
are referred as ‘long-period waves’.

300 50 H H H 90 | | |
77777777777777 E ICGmmWave HKD054-EW Wave . - CDAO-EW Wave
\; 150 \|‘\ It ,,,,,,,,,, NE 25 : ‘ ‘ é 45 [y """ S T ’ """""""
\g 0 g 0}- 5 0 H”” H “ ”1 \””' g
Sasof M 825 8 as | R ]
< < < |
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0 15 30 45 0 50 100 150 200 0 45 90 135
Time (s) Time (s) Time (s)
Figure 7. Time History Curves of Considered Seismic Waves
Table 5. Basic Information of Considered Seismic Waves
. Original record Peak ground Site
Earthquake wave Magnitude Date time (s) acceleration (gal) classification
EI-Cento(NS) 6.4 6-Jun-1938 53.76 341.7 1]
HKDO054(EW) 8.0 25-Sep-2003 213 50.53 v
CDAO(EW) 8.1 19-Sep-1985 180 79.98 v

It was considered that the site soil classification for the construction site of the wind turbine system
is IV and the fortification intensity is VIl [26]. For comparison purposes, the PGA of all the
seismic waves was scaled to 35gal. For each seismic wave, three components were considered in
the elastic time history analysis, and the accelerations along the horizontal principal direction
(X-Direction), the lateral direction (Y-Direction) and the vertical direction were proportioned with
the scaling coefficients of 1.0:0.85:0.65, respectively [26]. Raleigh damping was adopted in the
structural model. The Rayleigh damping factor was calculated based on assigning 2% damping
ratio to the first two modal frequencies. Due to the relatively long durations of the long-period
seismic waves, a reduced duration of each wave was taken, starting from the time when 0.3PGA
(peak ground acceleration) is first reached and ending when 0.3PGA last appears [33]. The main
purpose of using reduced periods of seismic wave was to reduce the computational time, noting that

the selected duration of seismic waves meets the relevant requirement for time history analysis [26].

No such reduction was made for the EI-Centro (NS) wave because the duration of the bedrock
seismic waves is reasonably short. The time intervals and durations, for the analysis using, of the
three seismic waves are illustrated in Table 6.

180
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Table 6. Time Interval and Duration for Analysis of Considered Seismic Waves

Seismic Wave EI-Centro(NS) HKDO054(EW) CDAO(EW)
Time internal (s) 0.02 0.01 0.005
Duration (s) 53.76 42.20 79.72

Apart from the seismic excitation, gravity load and wind load were also taken into account in the
analysis. It was assumed that the wind turbine system is in shutdown state when earthquake
happens, and therefore the dynamic effect of rotating blade was not considered. The gust loading
factor (GLF) method [34] was used to obtain the equivalent static wind load, i.e. mean wind load
multiplied by a gust loading factor. It is worth mentioning that the gust-loading factor was obtained
by a spectrum analysis method adopting the wind-induced random vibration theory along the wind
direction. The calculated results of GLF and equivalent static wind load are detailed in Appendix A.
In this study, the wind load was only applied in the X-direction, and therefore the modeling results
obtained from the X-direction are used to reflect an extreme structural response where the
maximum wind load and the earthquake occur concurrently. No wind load is applied in the
Y-direction, and therefore the Y-direction response can be used to discuss the sole influences of
earthquake characteristics. Multi-core parallel computing technology was adopted in the computing
process.

3.3.2 Basic Characteristics of Selected Ground Motions

The frequency characteristics of the selected ground motion records can be shown with Fourier
spectrums using the fast Fourier transform (FFT) method, as shown in Figure 8.
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Figure 8. Fourier Frequency Spectrums

It can be seen that dominating frequency components are approximately distributed in 0.4-6 Hz for
the EI-Centro (NS) wave. However, the dominating frequency ranges of the HKD054 (EW) and
CDAO (EW) waves are approximately 0.2-1.3Hz and 0.22-0.8Hz, respectively. It is worth noting
that the basis for determining the dominating frequency ranges for three seismic waves is that the
ratio of area covered by the dominating frequency ranges to the total area of the Fourier amplitude
spectrum reaches 80% in this study. Being different from the bedrock wave which involves
significant high frequency components, the long-period waves are mainly governed by low
frequency components. This may cause more significant seismic response for structures with long
periods.

The response spectrums, as shown in Figure 9 in a normalized manner, can further reflect such
dynamic characteristics of the selected seismic waves [22]. Here, the dynamic magnification factor
is defined as the acceleration response spectrum normalized by the peak ground acceleration (PGA)
value.
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Figure 9. Acceleration Response Spectrums (6=0.02)

4.1 Displacement Response

Considering both cases of fixed (rigid) foundation and that considering the SSI effect, the
comparisons of the maximum height-wise displacements (in three directions) of the towers under
the excitation of the bedrock and long-period seismic waves are shown in Figure 10. Some key
response values are provided in Table 7. For ease of discussion, F model denotes the one with fixed
(rigid) foundation, and S model refers to the one with ‘elastic foundation’, i.e. considering the SSI

effect.

Table 7. Comparison of Maximum Displacements in Three Directions

The maximum The maximum The maximum
Seismic Wave displacement in displacement in displacement in
X-Direction (mm) Y-Direction (mm) Z-Direction (mm)
EI-Centro-NS 890.36 25.53 32.01
HKDO054-EW(F Model) 920.41 124.67 33.32
CDAO-EW(F Model) 984.14 65.64 35.76
HKDO054-EW(S Model) 1170.95 111.72 38.46
CDAO-EW(S Model) 1239.53 147.31 40.89
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Figure 10. Nodal Displacement Analysis Results: a) Envelope Diagram of Horizontal Displacement
in X-Direction; b) Variation of SSI Influence Factor (X-Direction); ¢) Envelope Diagram of
Horizontal Displacement in Y-Direction; d) Variation of SSI Influence Factor (Y-Direction); e)
Distribution of Drift Angle between Segments along Tower Height

It can be seen from Figure 10a and Figure 10c that with increase in height, the maximum nodal
displacements in the two directions gradually increase, where the maximum displacement is
observed at the tower top. Moreover, the displacement responses induced by the long-period
seismic waves are obviously greater than the corresponding values caused by the bedrock seismic
wave, especially at the top of the tower (see Table 7). Taking the deformation response along the
Y-Direction for instance (F models), the maximum displacements induced by the long-period
seismic waves can be 4.9 times of the corresponding values caused by the bedrock seismic wave.
Due to the presence of the equivalent wind load applied along the X-Direction, the influence of the
seismic wave types on the maximum nodal displacement in the X-Direction seems to be less
pronounced. In general, the maximum top displacement (in X-Direction) under the combined wind
and seismic action can reach nearly 1.0 m (see Figure 10a) when the tower is subjected to
long-period seismic waves. Another issue that needs to be carefully addressed is the risk of
pounding (between the blades and the tower) which can severely damage the entire wind turbine
system (see Figure 11a), especially when the tower is in operation during an earthquake. Figure 11b
and Figure 11c¢ show the minimum gap between the blades and the tower during the considered
earthquakes, taking account of the wind effect. It is clearly seen that the long-period waves lead to
more noticeable vibrations of the blades and thus smaller minimum blade-tower gaps. In particular,
HKDO054 wave (F Model) leads to a minimum gap of -0.08 m, indicating that pounding would
occur when the tower is hit by the considered wind and seismic loads. No such risk is observed for
the case of bedrock wave.
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Figure 11. Relative Distance between the Blade Tip and the Tower: a) Illustration of Pounding
between the Blades and the Tower; b) F Model Response; ¢) S Model Response

The displacement response is also affected by the SSI effect. In general, the nodal displacements of
the towers including the SSI effect are larger than those without considering the SSI effect (see
Figure 10a). When the SSI effect is considered, the maximum tower top displacement can achieve
more than 1.2 m, corresponding to a drift level of approximately 2%. This drift level may cause
failure of the foundation, leading to overturn of the tower. This effect should receive sufficient
attention in future studies. In addition, the inclusion of the SSI effect may further exacerbate the
influence of the long-period waves. As can be seen in Table 7, for the S-models, the maximum
displacements induced by the long-period seismic waves can be 5.8 times that of the corresponding
values caused by the bedrock seismic wave. This level of amplification is larger than that found in
the F-models. This highlights the importance of considering the SSI effect for predicting the
maximum deformation of the towers, especially when long-period seismic waves are considered. It
is worth noting that the SSI effect seems to reduce the risk of pounding, as shown in Figure 11c.
This is possibly due to the fact that the soil can help dissipate some input energy, leading to
decreased vibration effect of the blades themselves. It is also of interest to see that some parts of the
tower could have slightly decreased maximum deformation in Y-Direction when the SSI effect is
included (under the HKDO054-EW wave). This is because that the predominant frequency of the
HKDO054-EW record is closer to the second modal frequency of the F-model (compared with the
S-model).

In order to more clearly show the influence of the SSI effect, a SSI influence factor, 7, is defined
by:
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Elastic foundation response value-Fixed foundation response value 4)
77 =

Fixed foundation response value

As indicated in Figure 10b and Figure 10d, for all the considered seismic waves, the influence of
the SSI effect on the maximum nodal horizontal displacements at the lower part of the tower are
significant. With increasing height, the influences of the SSI effect become less remarkable.

It can be observed in Figure 10e that the drift angle of key segments induced by the long-period
waves are greater than the corresponding values for the case of bedrock wave, although a certain
level of fluctuations can be observed. These fluctuations correspond to the stepped tube wall
thickness variation locations as well as the locations where flexural stiffness change abruptly.

4.2 Acceleration Response

Apart from the displacement response, it is also necessary to investigate the acceleration response
which may affect the functionality of electro-mechanical equipment. In this study, the structural
acceleration response is presented by acceleration amplification coefficients, i.e. the ratio of
maximum structural acceleration over the peak ground acceleration (PGA). The maximum
acceleration amplification coefficients of the towers with and without considering the SSI effect are
provided in Figure 12a through Figure 12c.

Table 8. Comparison of Maximum Acceleration Responses in Three Directions

. The maximum acceleration  The maximum acceleration  The maximum acceleration
Seismic Wave

in X-Direction (cm/s?) in Y-Direction (cm/s?) in Z-Direction (cm/s?)
EI-Centro-NS 236.95 29.75 332.61
HKDO054-EW(F Model) 275.66 88.36 614.02
CDAO-EW(F Model) 323.58 46.11 740.29
HKDO054-EW(S Model) 268.38 64.86 612.66
CDAO-EW(S Model) 313.53 75.27 738.92
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Figure 12. Acceleration Response Analysis Results: a) Envelope Diagram of Acceleration
Amplification Coefficient (X-Direction); b) Envelope Diagram of Acceleration Amplification
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It can be seen that the structural acceleration amplification coefficients induced by the long-period
seismic waves are clearly larger than the corresponding values caused by the bedrock seismic wave,
as detailed in Table 8. Taking the acceleration response along the Y-Direction for instance, the
maximum acceleration response of the towers subjected to the long-period waves can be nearly 3
times that of the corresponding value for the case of the bedrock wave. In the X-Direction, at
approximately 1/2-2/3 height of the tower, the acceleration amplification factor reaches its peak,
and beyond this height the amplification coefficient starts to decrease. Similar behaviors were also
reported by other researchers [15]. It is noted that at the top of the tower, the location of particular
interest in terms of electric machine functionality, the maximum acceleration response (in the
X-Direction) is not substantially increased when the long-period waves are considered instead of
the bedrock wave. In the Y-Direction, the maximum acceleration response is slightly increased
when the long-period waves are considered. This indicates that the maximum horizontal
accelerations that the electric machines experience are not significantly influenced by the
long-period waves. More attention needs to be paid for the acceleration in the vertical direction (i.e.
Z-Direction), as the maximum height-wise accelerations in the Z-Direction increase apparently and
the associated acceleration amplification is greater than those in the X and Y-Directions. At the top
of the tower, the peak acceleration is 30 times more than the PGA under the long-period waves.
This implies that the vertical earthquake action needs to receive sufficient attention in the design of
wind turbine systems, especially when the tower is subjected to the long-period waves and the
vertical acceleration at the tower top is of critical importance in design. Neglecting the vertical
seismic action may lead to unsafe design.

The SSI effect tends to have inconsistent influence on the structural acceleration responses, as
typically shown in Figure 12d. However, compared with the influence on nodal displacement (see
Figure 10d), the influence of the SSI effect on acceleration is much less significant. Under certain
conditions (e.g. HKD054-EW in X-Direction), the SSI effect tends to decrease the acceleration, and
this is because that the soil could help dissipate some energy and thus to decrease the responses of
the superstructure. It is noted that the maximum structural acceleration response is also affected by
the relationship between the predominant frequency of the earthquake record and the critical modal
frequencies of the structure, which explains the inconsistency of the SSI influence factors.
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4.3 Stress Response
The height-wise maximum von Mises stresses (excluding the stress concentration effect near the
door frame) of the tubular tower under the combined action of seismic load and wind load are

shown in Figure 13a through Figurel3c.

Table 9. Comparison of Height-wise Maximum Von Mises Stresses

Seismic Wave

The maximum von Mises stress (MPa)

EI-Centro-NS 209.77
HKDO054-EW(F Model) 213.74
CDAO-EW (F Model) 226.65
HKDO054-EW(S Model) 209.38
CDAO-EW (S Model) 22447
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Compared with the bedrock seismic wave, the long-period seismic waves could lead to higher
stresses in the tower, as shown in Table 9.

In addition, as shown in Figurel3a, compared with the case of fixed foundation, SSI effect could
lead to slight decrease of the stress level near the foundation. As mentioned previously, this could
be due to the extra energy dissipated by the surrounding soil. On the other hand, within the range
between 15m and 50m of the tower height, the SSI effect can slightly increase the stress level.
Moreover, with increase in height, the influence of the SSI effect on stress level decreases (see
Figure 13c). In general, compared with the displacement and acceleration response, the influence of
the SSI effect on stress response is much less significant.

For all the considered cases, the maximum von Mises stresses generally follow a decreasing trend
with the increase of the tower height, although a certain level of fluctuations are observed. These
fluctuations correspond to the stepped tube wall thickness variation locations as well as locations
where the bending stiffness changes obviously. In general, the stress level along the height of the
main body of the tower is within 230MPa, which is within the elastic range for normal
constructional steel, and the stress distribution shows that the tapering design of the tower is quite
economical in terms of material strength utilization.

Another important finding is that the local stress variation condition is more sensitive to the seismic
waves and the SSI effect. The results given in Figure 13d show that the long-period waves could
lead to increased level of stress concentration near the doorframe (see Figure 15). When the SSI
effect is considered, the local stress near the doorframe is further increased, and the peak value
could achieve nearly 460MPa. This indicates that the junctions between the tower and doorframe
could experience significant stress concentration due to geometric discontinuity, and special
attention needs to be paid to address this issue, especially when the long-period waves are
considered.

4.4 Internal Forces

Based on the stress distributions, the internal forces, including base moment, base shear force, and
axial force, of the tower can be extracted from the model.
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Table 10. Comparison of Maximum Internal Force Responses

Shear force  Shear force  Axial force Bending Bending .
. . . Torsion about
Seismic Wave n n n moment about moment 7-axis
X-Direction Y-Direction Z-Direction X-axis about Y-axis (kN"m)
(kN) (kN) (kN) (KN-m) (kN-m)
EI-Centro 915.16 21.05 662.95 1107.51 44890.50 34.99
HKDO054 (F 928.64 91.74 924.32 5611.71 45761.25 12535
Model)

CDAO (F Model) 976.68 52.77 1114.51 3012.01 48814.91 76.06
HI;[DO(();T)(S 927.27 64.50 933.81 3950.30 44142.22 137.20
CDAO (S Model) 971.31 80.50 1126.40 4750.53 46516.37 133.17
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Table 11. Comparison of spindle shear force responses

Seismic Wave Shear force in Z-Direction Shear force in Y-Direction Resultant shear force
(kN) (kN) (kN)
EI-Centro 634.24 14.28 634.41
HKDO54(F Model) 781.07 67.33 783.97
CDAO(F Model) 864.15 35.85 864.89
HKDO054(S Model) 797.56 47.09 798.95
CDAO(S Model) 884.15 57.29 886.01

According to Table 10 and Figure 16a through Figure 16b, the base shear forces, bending moments
and torsions of the towers subjected to the long-period waves are greater than the results from the
case of the bedrock wave. Taking the internal force responses along the Y-Direction for instance,
the shear forces and bending moments (about X-axis) of the towers when subjected to the
long-period waves are 2~5 times of the responses caused by the bedrock wave. It is noted that a
similar degree of the increase in the displacement response is also observed. Due to the presence of
the equivalent wind load applied along the X-Direction, the bending moment about Y-axis and the
shear force along the X-Direction are quite significant. The combined moment and shear action
may cause collapse of the towers if the foundation or the foundation embedded ring of the tower is
not strong enough.

Another issue that needs to receive attention is the shear capacity of the spindle that links the blades
to the nacelle (see Figure 3a). The vertical and horizontal vibrations of the tower in conjunction
with the torsional effects could cause significant shear force at the spindle of the rotor. As can be
seen in Table 11, the maximum shear force at the spindle generally exceeds 600 kN. The
long-period seismic waves cause larger shear forces onto the spindle of the rotor, and the SSI effect
could further increase this shear effect. It is worth mentioning that if the tower is in operation
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during the earthquake, the rotating blades could cause an even larger dynamic shear force applied
onto the spindle of the rotor. This cautions that if the shear force is too large, fracture of the spindle
could happen.

5. PRELIMINARY DESIGN AND ANALYSIS ADVICE

Based on the information obtained from the finite element analysis, the fundamental seismic
performances of the wind turbine tubular towers under long-period ground motions with the
consideration of the SSI effect are understood, and some issues are also identified. Based on the
research findings, some preliminary design comments are given as follows.

51 Door Frame

It can be seen from the analysis results that the junctions between the doorframe and tower door
experience high stress levels (due to stress concentration). As a result, the weld of the doorframe
may experience low-cycle fatigue failure during earthquakes and also potentially high-cycle fatigue
failure under the wind action [35]. These areas may need to be strengthened locally if the tower is
required to behave elastically during a design earthquake. Alternatively, an optimization study,
examining the influences of varying geometric configurations of the door, may be performed to
minimize the stress concentration effect near the doorframe. This is worth future investigations.

5.2 Foundations

The current study reveals that under a combined strong wind and seismic action, especially when
the long-period waves are considered, considerably large displacement response can be induced at
the top of the tower, noting that this is the location where the mass is concentrated. This
displacement is further enlarged due to the SSI effect. This warns that overturn failure is a potential
risk for towers located at soft soil regions. In recent years, the majority of the manufacturers adopt
the embedded ring to connect the tubular tower and the foundation (see Figure 14). Although the
peak stress for the current model is within the elastic range, a more severe earthquake may cause
failure of the foundation, originating from the embedded ring. In fact, a number of overturn failures
of such wind turbine towers have been reported [36]. Considering this, appropriate construction
detailing may need to be applied to strengthen this “weak area”. To fix this problem, the recently
developed prestressed-anchor foundation and prefabricated prestressed cylinder foundation, as
shown in Figure 18, may be used, noting that the latter foundation form was specifically developed
for soft soil regions.
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(a) A beam-slab prestressed-anchor foundation (b) A prefabricated prestressed cylinder
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Figure 18. New-type Foundation Forms for Wind Tubular Towers
(http://www.goldenocean.cc/index.asp)

5.3 Ground Motion Selection and SSI Effect

Based on the current analysis results, SSI effect can amplify the structural responses (e.g.
displacement, torsion effect, and axial force) under certain circumstances. With numerous wind
turbine systems constructed in the soft soil regions, simplifying the foundation as a fixed constraint
may be unsafe. In addition, the long-period seismic waves in the far field soft soil regions can also
significantly increase the structural responses and the risk of pounding between the blades and the
tower. In view of this, long-period seismic waves in conjunction with the SSI effect should be
considered in the seismic design of the wind turbine systems in soft soil regions.

6. SUMMARY AND CONCLUSIONS

In this paper, an integrated finite element model consisting of rotor, nacelle, tower and foundation
was established. To investigate the influence of long-period seismic waves and SSI effect on
structural dynamic performances, two comparative models were built, and modal analysis,
resonance analysis, and seismic time history analysis were conducted. Based on the numerical
simulation results, the main conclusions are drawn as follows:

1) Considering the SSI effect can reduce the natural frequency of the wind turbine system.
Therefore, the SSI effect should receive sufficient attention, especially when the towers are located
in soft soil regions. Moreover, in order to capture some key responses including shear forces of the
spindle and the risk of pounding, it is recommended that a coupling model including both the
blades and tower is adopted in dynamic analysis of wind turbine towers.

2) The maximum displacement, acceleration, stress level and internal force responses of the tower
subjected to the long-period seismic waves are significantly larger than the values obtained from
the bedrock seismic wave. The long-period waves can also increase the risk of pounding between
the blades and the tower. Therefore, long-period seismic waves are suggested to be considered in
seismic design of such towers.

3) The influence of the SSI effect depends on a number of factors including the fundamental
characteristic of the seismic wave and the modal frequencies of the tower itself. In general, the
influences of the SSI effect on the maximum acceleration, stress level, and internal forces are not
significant, whereas the maximum displacement response is much more sensitive to the SSI effect.
4) The acceleration amplification coefficients in the vertical direction are quite large, especially
when the tower is subjected to long-period waves. As a result, neglecting the vertical seismic action
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in seismic dynamic response analysis may lead to unsafe design, especially for electro-mechanical
equipment functionality.

5) Adequate attention should be paid to the bottom part of the tower as well as the door regions.
When the long-period waves are considered, the bending moment, shear force and von Mises
stresses at the tower base section are apparently increased, and significant stress concentration
effect can be observed near the doorframe. Appropriate strengthening approaches may be needed to
decrease the stress demand at these critical locations, and thus to avoid extensive yielding as well
as potential fatigue issues.

Finally, it is worth mentioning that the effect of the rotating blades is not considered in this paper.
With the rotating blades disturbing the air flow, the wind field can be more complex. In future
studies, a more accurate rotating wind speed spectrum model may be established for the dynamic
response and fatigue analysis. Moreover, refined models should be established for the nacelle and
flange plates to understand the dynamic response at these connection locations of the different
components.
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Appendix A.
The calculated results of the gust loading factor (GLF) and the Equivalent static wind load

gt

Figure 19. Wind Load on Wind Turbine Towers

According to the load code for the design of building structures [37], the basic wind pressure for
the construction site of the wind turbine towers is 0.55 kN/m?. In addition, the surface roughness
classification is A. Moreover, the Simiu spectrum is adopted to obtain the wind-induced response in
this study and the peak value factor is 2.2. Here, the blade parallel to the Z-axis is defined as blade
1, the other two blades are called blade 2 and blade 3 along the counter-clockwise direction. It is
noted that the GLF values and the equivalent static wind load of the blade 2 are the same as those
of the blade 3.

Table 12. GLF Value and Equivalent Static Wind Load of the Tower Body

Height (m) 3.32 9.95 16.59 2322  29.89 36.50 43.13 49.76 5640  59.72
GLF 2114 2.128  2.141 2.153  2.165 2.177 2.191 2204 2221 2.238
the equivalent
static 31.256 39.243 42.643 44342 45069 45.137 44752 43973 42903 42.429
wind load (kN)

Table 13. GLF Value and Equivalent Static Wind Load of the Blade 1

The equivalent static wind load

Height (m) GLF (kN/m?)
64.95 2.244 3.228
66.56 2.248 3.253
68.17 2.251 3.277
69.78 2.256 3.301
71.39 2.259 3.325
72.99 2.264 3.349
74.60 2.267 3.372
76.21 2.271 3.395
77.82 2.276 3.418
79.43 2.280 3.441
81.04 2.283 3.464
82.65 2.288 3.487
84.26 2.292 3.509
85.86 2.297 3.532
87.47 2.301 3.554
89.08 2.304 3.576
90.69 2.308 3.598
92.30 2313 3.620
93.91 2317 3.641

95.52 2.322 3.663
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Table 14. GLF Value and Equivalent Static Wind Load of the Blade 2 and Blade 3

The equivalent static wind load

Height (m) GLF (kN/m?)
62.54 2.238 3.191
61.73 2237 3.178
60.93 2.235 3.166
60.12 2.233 3.153
59.32 2231 3.140
58.52 2.229 3.127
57.71 2227 3.114
56.91 2.225 3.101
56.10 2.223 3.088
55.30 2.222 3.075
54.49 2.220 3.061
53.69 2.218 3.048
52.89 2216 3.034
52.08 2214 3.021
51.28 2212 3.007
50.47 2211 2.993
49.67 2.209 2.979
48.86 2.207 2.965
48.06 2.205 2.951

47.25 2.203 2.937




