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In this study, the feasibility of vibration-based damage assessment in a wind turbine tower (WTT) with gravity-based foundation
(GBF) under various waves is numerically investigated. Firstly, a finite element model is constructed for the GBF WTT which
consists of a tower, caisson, and foundation bed. Eigenvalue analysis is performed to identify a few vibration modes of interest,
which represent complex behaviors of a flexible tower, rigid caisson, and deformable foundation. Secondly, wave-induced
dynamic pressures are analyzed for a few selected wave conditions and damage scenarios are also designed to simulate the main
components of the target GBF WTT. -irdly, forced vibration responses of the GBF WTT are analyzed for the wave-induced
excitation. -en modal parameters (i.e., natural frequencies and mode shapes) are extracted by using a combined use of time-
domain and frequency-domain modal identification methods. Finally, the variation of modal parameters is estimated by
measuring relative changes in natural frequencies and mode shapes in order to quantify the damage-induced effects. Also, the
wave-induced variation of modal parameters is estimated to relatively assess the effect of various wave actions on the damage-
induced variation of modal parameters.

1. Introduction

-e wind turbine tower (WTT) with gravity-based foun-
dation (GBF) has three main subsystems such as tower,
caisson, and foundation bed [1]. -e flexible tower consists
of segmental slender columns fastened by bolted flanges and
a rotor operating nacelle on its top.-e rigid caisson consists
of a hollow concrete container and infill aggregates to
support the tower on its top and to carry external forces into
the foundation bed.-e deformable foundation bed includes
gravel mound, backfill layer, and natural ground to resist
against the external forces and energies transmitted from the
tower and the caisson. Under the severe operating envi-
ronment, the GBF WTT experiences extreme forces such as
typhoon and earthquake which may endanger the safety of
the system.

-e integrity of the structure-foundation system gets
into danger when extreme loadings mix with local damage in

critical subsystems. -e worst scenario is that those un-
wanted situations mix with the inborn characteristics such as
heavy self-weight and blade rotation-induced dynamic
loading [2, 3].-erefore, it should be noticed that a variety of
local damage types can occur in the subsystems. -e slender
tower damages as similar as local buckling, crack, or bolt
loosening in segmental joints.-e wave impact coupled with
the armor stone can cause local damage like crack or hole in
the concrete caisson, which results in the loss of infill sand.
-e heavy self-weight may create the settlement of the
seabed, and the severe wave condition may create the local
scouring in the caisson foundation [4].

Local damage that occurs in the subsystems (e.g., tower,
caisson, and foundation) leads to the change of structural
design parameters such as stiffness, mass, and damping,
which consequently result in the change of vibration
characteristics of the GBF WTT [5–8]. Over the left, it is
greatly important to utilize the vibration characteristics for
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assessing local damage and global integrity of the entire
system [9–12]. However, there are a few technical obstacles
to measure vibration responses for assessing damage in the
GBF WTT. A major concern is to monitor vibration re-
sponses of the mostly submerged system under restricted
conditions of sensor placement and excitation source. Lee
et al. [13] have made a research effort to locally measure
wave-induced acceleration signals from the top of caisson
and to interpret its responses related to the entire structural
system including the submerged caisson and foundation
properties.

Another major issue is to quantify relative effects of local
damage and wave action on the change of global vibration
characteristics [5, 14]. Potential damage types in the sub-
systems may include local stiffness loss of tower, mass
change of concrete caisson, and foundation damage such as
scour. -e variation of vibration characteristics would be
dependent on each damage type. Also, the vibration char-
acteristics of the GBFWTTwould be changed under various
waves which produce various excitations into the structure.
-erefore, the effect of uncontrollable wave conditions on
the vibration characteristics should be investigated to make
sure of damage assessment results from the wave-induced
vibration responses.

In this study, the feasibility of vibration-based damage
assessment in GBFWTTunder various waves is numerically
investigated. Firstly, a finite element (FE) model of GBF
WTT is generated. A few vibration modes, which represent
complex behaviors of flexible tower, rigid caisson, and de-
formable foundation, are identified by eigenvalue analysis.
Secondly, wave-induced dynamic pressures are analyzed for
a few selected waves. Damage scenarios which include
damages on tower, caisson, and foundation are also designed
to simulate main components of the target GBF WTT. -e
wave pressures are applied to the FE model of GBF WTT.
-en modal parameters are extracted by using a combined
use of time-domain and frequency-domain modal identi-
fication methods. Finally, damage-induced effects are
quantified from investigation of relative changes in natural
frequencies and mode shapes. Also, the effect of various
wave actions on the damage-induced variation of modal
parameters is assessed by the estimation of wave-induced
variation of modal parameters.

2. Description of Target GBF WTT

2.1. Numerical Modeling of Target GBF WTT. A gravity-
based foundation (GBF) wind turbine tower (WTT) con-
sists of three main components which are tower, caisson,
and foundation bed. A GBF WTT of 3.0MW capacity was
selected as the target structure, as shown in Figure 1. -e
geometry was based on Hankyung II Wind Park at Jeju
Island, Korea [15, 16]. -e WTT was assumed as partially
submerged under the still water level of 13.69m. -e su-
perstructure consists of a steel tubular tower, three blades of
6.6 ton, a nacelle of 68 ton, and a rotor of 20 ton. -e tower
has three main segments including one segment of 19.3m
and two segments of 29m fabricated by bolted flanges. Each
main segment was formed by several sections with thickness

changing along with the elevation, as outlined in Table 1.-e
tower’s top and bottom diameters were 2.316m and 4.150m,
respectively.

As shown in Figure 1(b), the caisson consists of tubular
and conical parts with infill aggregates. -e geometric shape
was roughly scaled down with a factor of 0.75 from a design
example of offshore wind turbine supporting structure [17].
An anchor had the height of 1.2m and the thickness of
0.95m, and it was designed on top of the tube part to connect
the caisson with the tower. In the caisson, a stiffener had the
height of 0.75m and the thickness of 0.75m, and it was
located between the tube and conical part. As shown in
Figure 1(c), the foundation consists of a scour protection
layer, backfill layer, gravel, and filter layers above natural
ground. -e geometry was designed on the basis of an
example from-ornton Bank Offshore Wind Farm [18–20].
-e domain of the foundation bed was selected as four times
of the bottom diameter of the caisson. Individual compo-
nents of the foundation bed were simulated as indicated in
Figure 1(c). Material properties of all components of the
GBF WTT are outlined in Table 2.

2.2. FE Model of Target GBF WTT. -e wind turbine tower
with the varying thickness (as listed in Table 1) was modeled
by using shell elements, as shown in Figure 2. Along the
perimeter, 36 elements were meshed at every section to
maintain continuity in the FE model. Each shell element has
1/5 for width-to-height ratio. Four flanges connecting main
segments were also modeled by using the shell elements. -e
rotor and nacelle on the top were simplified as two lump
mass elements linked rigidly to the top flange of the tower
(Figure 2(a)). -e distance from the masses of the rotor and
the nacelle to the center of the tower is 1.8m and 4.8m,
respectively. -e caisson foundation was modeled by using
two element types: shell elements for concrete wall and solid
elements for infill sand. To consider the submerged con-
dition of the caisson foundation, the effective mass of sea-
water Mw was simulated on the basis of Westergaard’s
equation of hydrodynamic water pressure [21]:

Mw � 􏽚
h2

h1

7
8
ρw

����

Hwh

􏽱

dh, (1)

where Mw is the hydrodynamic mass, ρw is the seawater
density of 1027 kg/m3,Hw is the depth from the water level to
the foundation, and h is the water level to the point of
hydrodynamic pressure. For 36 vertical planes, the added
masses were calculated via the integration along the
elevation.

-e scour protection layer was modeled as added mass
elements. All other layers in the foundation bed and the
natural ground (i.e., 13m depth assigned in Figure 1) were
simulated using solid elements. -e caisson and the scour
protection layer are rigidly connected and the nodes are
shared for contact surface between them. -e remainders of
the natural ground were modeled by using translational
springs by assigning to bottom nodes and surrounding
surfaces of the FE model. -e x-, y-, and z-directional spring
constants (i.e., kx, ky, and kz) were computed by multiplying
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elastic compressive coefficients (e.g., Cz � 7.5 kg/cm/cm2 and
Cx �Cy � 3.75 kg/cm/cm2 for sand) with supported area [22].
An array of pseudosensors was simulated by equally

distributing along the tower, as shown in Figure 2(b).
Considering the water level and potential wave heights,
Sensor 1 was placed at 30.24m height from the foundation
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Figure 1: Geometry of target GBF WTT. (a) Lateral view of GBF WTT. (b) Caisson. (c) Foundation.

Table 1: Cross-sectional thickness of the wind turbine tower [16].

Height (m) -ickness (mm) Height (m) -ickness (mm)
0∼5.4 40 42.2∼50.9 21
5.4∼21.9 26 50.9∼53.8 19
21.9∼30.6 24 53.8∼56.7 18
30.6∼36.4 23 56.7∼59.6 17
36.4∼42.2 22 59.6∼77.3 16

Table 2: Material properties of the wind turbine tower with caisson foundation.

Structural component Material type Modulus of elasticity, E (MPa) Poisson’s ratio, ʋ Mass density, ρ (kg/m3)
Wind turbine towera Steel 2.10E+ 05 0.3 7698

Caisson foundationb Concrete 3.35E+ 04 0.2 2500
Infill sand 66.5 0.325 1620

Foundation bedc
Scour protection layer — — 1800

Backfill layer 66.5 0.325 1620
Gravel layer 140 0.3 1500
Filter layer 140 0.3 2100

Natural groundc Sand layer 66.5 0.325 1620
aNguyen et al. [16]; bDaewoo E&C [17]; cLee et al. [13].
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bed. Totally 11 pseudosensors were assigned to obtain ac-
celeration responses, from which flexural vibration modes
were extracted for the target structure.

2.3. Eigenvalue Analysis of FE Model. Eigenvalue analyses
were performed to identify natural vibration characteristics
of the FE model of the GBF WTT. As described in Table 3
(and also shown in Figures 3 and 4), totally six natural
vibration modes were analyzed for the GBFWTT, including
three along-wave directional bending modes and three
across-wave directional bendingmodes. All modes represent
modal motions of the flexible tower, the rigid caisson, and
the deformable foundation. Natural frequencies of the six
modes were summarized in Table 3.-e tower’s motions can
be classified as bending with respect to x-axis or y-axis.

Based on the tower’s motions, three along-wave di-
rectional bending modes (i.e., flexural motions with respect
to x-axis) were analyzed as shown in Figure 3. Modes Bx1,
Bx2, and Bx3 were found at 0.2830Hz, 1.5619Hz, and
2.4006Hz, respectively. Also, three across-wave directional
bending modes (i.e., flexural motions with respect to y-axis)
were analyzed as shown in Figure 4. Modes By1, By2, and
By3 were found at 0.2840Hz, 1.5897Hz, and 2.4576Hz,
respectively. It is observed that the tower’s flexural motions
were identified along with the foundation’s deformable
motions.

As described in Figure 2(a), wind turbine blades were
considered as lumped mass with the rotor. Eigenvalue
analysis of the blades-detailed FE model was conducted to

investigate modal characteristics with respect to the orien-
tation of the blades. -e blades were considered as lumped
masses with rigid link elements for each blade as described in
Figure 5(a).

-e eigenvalues of the blades-detailed FE model were
examined.-ree types of orientation were considered as shown
in Figure 5(b). Six eigenvalues for Modes Bx1–3 and Modes
By1–3 were resulted as follows: 0.307963Hz, 1.57009Hz,
1.85594Hz, 0.309149Hz, 1.595Hz, and 1.88696Hz. -e dif-
ferences in eigenvalues between the blades-simplified model
and the blades-detailed model were examined. -e amount of
differences was 8.8% in Modes Bx1 and By1, 0.3∼0.5% in
Modes Bx2 and By2, and 0.2∼0.3% inModes Bx3 and By3.-e
effect of the way to considering the blades on eigenvalues were
larger in lowermodes. Variation of the eigenvalues with respect
to the orientation of blades was not found in five decimal
places. -erefore, the effect of the orientation of blades on
modal characteristics is very small. Note that the dynamic
effects of blades’ movement resulted by operating the wind
turbine tower were not considered in this study.
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Figure 2: FE model of the wind turbine tower with caisson foundation. (a) FE model. (b) Sensor location.

Table 3: Natural frequencies of free vibration modes.

Order f (Hz) Description
1 0.2830 Mode Bx1: 1st bending about x-axis
2 0.2840 Mode By1: 1st bending about y-axis
3 1.5619 Mode Bx2: 2nd bending about x-axis
4 1.5897 Mode By2: 2nd bending about y-axis
5 2.4006 Mode Bx3: 3rd bending about x-axis
6 2.4576 Mode By3: 3rd bending about y-axis
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Figure 3: Along-wave directional bending modes from eigenvalue analysis. (a) Mode Bx1 (0.2830Hz). (b) Mode Bx2 (1.5619Hz). (c) Mode
Bx3 (2.4006Hz).
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3. Waves and Damage Scenarios on GBF WTT

3.1. Analysis of Wave-Induced Dynamic Pressures on
GBF WTT

3.1.1. Wave Field Modeling. As schematized in Figure 6, the
wave field has the following dimensions: 1500m in length,
70m in width, and 18m in height. -e incident wave
propagated in the X direction, and the caisson foundation was
located at 70m far from the wave generation source. -e
dimensions of the wave field were determined so that the
influence of reflecting waves could be minimized. Regarding
the boundary condition, the min-X plane was the plane of
wave generation while the max-X plane was the outflow of the
domain. -e min-Z plane was set to be a wall as the rep-
resentation of the seabed. -e remaining planes were defined
as the symmetry condition, as shown in Figure 6. As listed in
Table 4, four wave cases were selected to simulate the wave-
induced dynamic pressure on the GBF WTT. -e wave data
were observed at 32°N-127°E near Jeju Island (Korea) in
January 2017 [23].-e selected wave height ranges from 0.5m
to 4.6m while the selected wave period ranges from 5.5 s to
6.5 s. was used as an input for the wave field.

3.1.2. Simulation of Wave-Induced Dynamic Pressures.
From the wave field analysis, wave pressures were simulated
on the caisson foundation. Figure 7 shows the wave pressure
calculated for Wave 2 at t� 0.9 s and 4.0 s. Wave crest is
located at behind of the caisson foundation when t� 0.9 s
while crest of Wave 2 is located in front of the caisson
foundation when t� 4.0 s. In the direction of wave propa-
gation, as indicated in Figure 7(a), Node 1 behind the caisson
foundation had the largest pressure while Node 19 in front of
the caisson foundation had the smallest pressure when
t� 0.9 s. Node 19 in front of the caisson foundation had the
largest pressure when t� 0.9 s, while Node 1 behind the
caisson foundation had the smallest pressure. -e wave
pressure at each node also changed with the depth. As shown
in Figure 7(b), wave pressures at Node 1 and Node 19 in-
creased linearly with the depth in both cases of t� 0.9 s and
4.0 s; meanwhile, the pressure gap between them slightly
decreased with the depth. Dynamic wave pressures at Node 1
were simulated for two different depths (e.g., d�−2.2m and
d�−11.2m), as shown in Figure 8. Under the regular wave
condition, the pressure fluctuation was decreased as the
depth was increased.

3.2. Analysis of Damage Scenarios on GBF WTT

3.2.1. Selection of Damage Types. As previously described in
Figure 1, the GBF WTT consists of three subsystems
(i.e., tower, caisson, and foundation bed). In this study,
typical three damage types of the subsystems are selected to
examine their relative impacts on vibration characteristics of
the GBF WTT.

Damage type 1 was bolt failure in the segmental tower.
-e tower was fabricated by several segments connected by
bolted flanges, as previously described in Figures 1 and 3.

-e failure of local bolts in the flange connection would
cause severe reduction of flexural rigidity at the local zone;
therefore, the damage should be monitored at its incipient
stage. Otherwise, undetected extensive damage would result
in global failure of the tower under extreme loading
conditions.

Damage type 2 was the loss of infill aggregate in the
caisson. -e infill sand plays a primary role to maintain the
stabilization of the GBFWTTunder the sea environment, as
shown in Figure 1(b). -e loss of infill can occur by the
leakage of infill through cracks and low quality of the
construction. In gravity-type structure, loss of weight is one
of the major damage types. -e effect of crack on structural
integrity is relatively smaller than those of weight loss due to
the leakage of infill.

Damage type 3 was the scouring in the foundation bed.
As shown in Figure 1(c), the foundation bed consists of the
scour protection layer, gravel and filter layer, backfill layer,
and natural ground. For example, wave-induced vortex
would cause the local scour or erosion. In the field, the
foundation bed of the gravity-based system is vulnerable to
the local scour or erosion phenomena which would even-
tually result in the instability of the entire system. -e
scouring occurs with respect to current direction. -e
scouring starts behind the structure and expands in the
current direction with increased width.

3.2.2. Simulation of Bolt Damage in Tower Flange (Damage
Type 1). -e tower has three main segments which are
tightly connected by using four flanges (Figure 2(a)). -e
first flange has 140 bolts, while the second and third flanges
have 108 and 100 bolts, respectively. -e fourth flange is
used to connect the hub with the tower. In the flange, a bolt
failure is assumed as a totally loosened state. As shown in
Figure 9, the bolt failure was simulated by splitting nodes
corresponding to the bolt between upper and lower flange
elements. It is noted that damaged bolts were placed at the
along-wave (x) direction. -e severity was computed by the
ratio of the number of loosened bolts in the flange. -ree
damage scenarios of bolt loosening were simulated as
outlined in Table 5.

3.2.3. Infill Sand Loss in Caisson (Damage Type 2). -e loss
of infill sand would cause negative effects on the structural
performance. In the simulation, it was assumed that the
effect of crack is relatively small and focused on weight loss
via reducing volume of infill sand without crack modeling.
-e saturation of infill sand due to refill of water into the
caisson was not considered since the crack was not defined
in this simulation. As shown in Figure 10, the loss of infill
sand was simulated by removing elements of the lost region
in the FE model. -ree damage cases were inflicted as
follows. -e total volume of the infill sand was calculated as
3,115.5m3. In the first case (DC1), the lost volume was
inflicted as 69m3 and the severity was estimated as 2%. In the
second case (DC2), the lost volume was 138m3 and the
severity was 4%. In the third case (DC3), the lost volume was
207m3 and the severity was 6%. -e severity was estimated
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as the ratio between the lost to the total volume of the infill
sand in the concrete caisson.-e damage was not oriented to
any direction due the lost volume.

3.2.4. Scouring in Foundation Bed (Damage Type 3). -e
scouring in the foundation bed was simulated via removing
elements of the scouring region in the FEmodel, as shown in
Figure 11. -ree damage cases were inflicted as follows. -e
total volume and the surface area of the foundation bed were
calculated as 128,299m3 and 6,232m2, respectively. In the
first case (DF1), damage was simulated with the severity of
0.4% by selecting the scouring depth of 0.4m and the surface
area of 120.2m2. In the second case (DF2), damage was
simulated with the severity of 1.7% by selecting the scouring
depth of 6.3m and the surface area of 354.2m2. In the third
case (DF3), damage was simulated with the severity of 4.4%
by selecting the scouring depth of 6.3m and the surface area
of 885.1m2. -e severity was estimated as the ratio between
the scouring over the total volume of the foundation bed. It
is noted that the scouring damage was simulated back of the
tower along the wave flow direction.

4. Analysis of Vibration Characteristics of
GBF WTT

4.1. Wave-Induced Vibration Responses. Vibration moni-
toring in the GBF WTT is limited due to the restriction of
sensor placement and excitation source. Since the caisson
foundation is submerged under seawater, only the tower is
accessible for vibration measurement. -e wave-induced
excitation on the rigid caisson produces complex vibration
responses that represent both the flexible tower and the
deformable foundation. In field practice, however, it is very
hard to estimate the input wave load acting on the GBF
WTT so that the available information is limited as the
output vibration response (e.g., acceleration signal of the
WTT).

-e vibration measurement condition in real would be
the operating status of the wind turbine blade.-e operating
status is resulting noises from unwanted vibration causes by
wind, operated rotor, and blades. On the contrary, the vi-
bration monitoring method has not been studied for various
damage types. A few studies dealt with the monitoring of the
tower part [24–26]. -erefore, the noisy condition was not
considered to focus on the effect of three damage types on
modal parameters.

Since a structural system is represented by stiffness,
mass, and damping properties, its acceleration responses
depend on the structural properties as defined:

€ut � [M]
−1

F{ }− _ut[C]− ut[K]( 􏼁, (2)

where ut, _ut, and €ut represent the displacement, velocity, and
acceleration vectors, respectively; [M], [K], and [C] rep-
resent the mass, stiffness, and damping matrices of the GBF
WTT system, respectively; and F{ } is the vector of external
wave forces. -e acceleration response provides the in-
formation on the dynamic characteristics that may be fea-
sible for structural integrity assessment.

To analyze the wave-induced vibration responses, the
wave pressures simulated from the wave field (Figures 7 and
8) were applied to the FE model of the GBFWTT (Figure 2).
-e measuring period and the sampling rate were set as
330 sec and 50Hz, respectively. It is noted that the x, y, and z
directions in the FE model indicate the along-wave, the
across-wave, and the vertical directions. Figure 12 illustrates
the three-directional acceleration signals of Sensor 7 com-
puted under Wave 2 (as outlined in Table 2).

Acceleration responses were analyzed for the four
waves. Table 6 outlines maximum values of acceleration
signals obtained for the x, y, and z directions. For Wave 2,
the maximum acceleration values of Sensor 7 were com-
puted as follows: (a) the along-wave direction had 0.076m/
s2 occurred at the first 5 sec, (b) the across-wave direction
had only 0.021m/s2 within the first 10 s, and (c) the vertical
direction had 0.924m/s2 occurred instantly at the wave
action. -e vertical acceleration response was similar to
the response induced by an impact excitation.

4.2. Modal Parameter Estimation of GBF WTT

4.2.1. Output-Only Modal Analysis Method. For the wave-
induced random excitation, vibration responses are output-
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Table 4: Wave properties for numerical modeling.

Cases Observation
time Wave type Wave height (m) Wave

period (s)
Wave 1 1st Jan. 2017 Significant 0.5 6
Wave 2 3rd Jan. 2017 Significant 1.34 6.1
Wave 3 5th Jan. 2017 Maximum 2.8 5.5
Wave 4 9th Jan. 2017 Maximum 4.6 6.5
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only (i.e., unknown input force) data. For the output-only
vibration responses, time-domain and frequency-domain
approaches are selected to extract modal parameters such
as natural frequency, modal damping, andmode shape of the
GBF WTT system.

As the time-domain method, we selected the stochastic
subspace identi�cation (SSI) method [13,27–29]. Firstly,
cross-correlation matrices are calculated from measured
time signals. Hankel matrix [H] is constructed from the
obtained correlation matrices, and invertible weighting
matrices W1 and W2 are multiplied to the Hankel matrix.

�en, this matrix is decomposed into the observability On1
and the system matrix A as

W1HW2 � U1 · U2[ ]
∑
1

0

0 0

 
VT

1

VT
2

[ ]

≈ U1∑
1
VT

1 ⇔W1 On1On2W2,

(3)

whereU,V, and∑1 are the unitary matrices and the singular
value matrix, respectively. Next, the system matrix A is
obtained from the observability matrixOn1. �e eigenvalues
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Figure 7: Wave pressure on the caisson foundation at t� 0.9 s and 4.0 s under Wave 2. (a) Wave pressure at depth d�−2.2m. (b) Wave
pressure vs depth.
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Figure 8: Wave pressure on the caisson foundation at Node 1 under Wave 2. (a) Depth d�−2.2m. (b) Depth d�−11.2m.
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μ and the eigenvectors ψ of the system are computed by
decomposing the system matrix A as

AΨ � ΨM(M � diag μ1, μ2, . . . , μN( ) ∈ RN×N,

Ψ � ψ1,ψ2, . . . ,ψN[ ] ∈ RN×N).
(4)

�en a proper system order is decided via the stabili-
zation chart.

We also selected the frequency-domain decomposition
(FDD) method [29, 30]. Firstly, a power spectral density
(PSD) matrix is calculated from a set of output responses
acquired from n sensors on a structure.�en the PSDmatrix
is decomposed by using the singular value decomposition
(SVD) algorithm as follows:

Syy(ω) � U(ω)T∑(ω)V(ω), (5)

where ∑ (ω) is the diagonal matrix containing the singular
values σi(ω) (i� 1, 2, . . ., n) and U(ω) and V(ω) are unitary
matrices. U(ω) equals to V(ω) since the PSD matrix Syy(ω)
is symmetric. Next, peak frequencies (i.e., natural frequency
ωn) are identi�ed in the �rst singular value σi(ω). �e mode
shapes are extracted from the column vectors of U(ω) at the
corresponding peak frequencies.

4.2.2. Modal Parameter Estimation. �e wave-induced
forced vibration analysis was performed, and the accelera-
tion signals were extracted as shown in Figure 12. Regarding
the acceleration signals, the sampling frequency was fs� 50Hz
and the measuring period was T� 330 s; hence, the Nyquist
frequency was 25Hz. In all vibrationmodes, the FDDmethod
(resolution 0.012Hz) was �rst employed by using accelera-
tions from Sensors 1 and 11 (as indicated in Figure 2(b)), and
then the combined FDD and SSI methods (resolution

0.006Hz) were utilized by using accelerations from all sensors
to identify reliable modal parameters. Six bending modes
(i.e., three along-wave bending modes and three across-wave
bending modes) were identi�ed at similar frequency with the
eigenvalues (Table 3). Small di�erences were observed from
natural frequencies, and it would come from di�erent exci-
tation conditions and discrete signal process.

Along-wave directional bending modes were identi�ed
as shown in Figure 13. �e �rst peak at 0.1634Hz resulted
from the incident wave (i.e., Wave 2 with the signi�cant
wave period Ts� 6.1 s). Likewise, this phenomenon was also
observed in other small aliasing peaks (i.e., nonstructural
frequency responses). �e �rst three along-wave bending
modes were identi�ed at 0.2933Hz (Mode Bx1), 1.5606Hz
(Mode Bx2), and 2.4069Hz (Mode Bx3). �e corre-
sponding mode shapes were extracted as shown in
Figure 13(b). �ese extracted natural frequencies matched
with those from the eigenvalue analysis, as listed in Table 7.
It is observed that the di�erence between the eigenvalue
and the wave-induced analyses was 0.26%∼3.51%, with the
largest gap in Mode Bx1.

Next, across-wave directional bending modes were
identi�ed as shown in Figure 14. �e �rst three along-wave
bending modes were identi�ed at 0.2784Hz (Mode By1),
1.5983Hz (Mode By2), and 2.4632Hz (Mode By3). �e
corresponding mode shapes were extracted as shown in
Figure 14(b). �ese extracted natural frequencies matched
with those from the eigenvalue analysis, as listed in Table 8. It
is observed that the di�erence between the eigenvalue and
the wave-induced analyses was 0.23%∼2.01%, with the
largest gap in Mode By1.

5. Damage Assessment by Quantifying
Modal Parameters

5.1. Quanti�cation of Modal Parameter Variation. Two
measures were implemented to quantify changes in modal
parameters induced by the three damage types. Firstly, the
systematic variation of natural frequency was estimated
between the intact and the damaged states. �e relative
variation of ith natural frequencies before and after in�icting
damage was calculated as

ΔFRi �
f∗i −fi( )
fi

× 100, (6)

where fi and f
∗
i are the ith natural frequencies obtained

from the intact and damaged states, respectively. �e neg-
ative value of ΔFRi indicates that the relative variation of the
ith natural frequency decreases due to the reduction of the
system sti�ness or the increase of the systemmass of the GBF
WTT. Otherwise, the positive value of ΔFRi indicates
contrarily the increase of the system sti�ness or the re-
duction of the system mass. Considering the simulated
damage types on the GBF WTT (Figures 9–11), there would
be two possible options: sti�ness reduction or mass re-
duction.�erefore, any negative ΔFRi value would be caused
by the sti�ness reduction, and any positive ΔFRi value would
be caused by the mass reduction in the GBF WTT.
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n – 1
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Loosening bolt
Intact bolt

n Number of bolts

Figure 9: Simulation of damaged bolts in the tower �ange.

Table 5: Scenarios of bolt damage in the tower �ange.

Case
Damage location Number of

bolts Bolt loss
rate (%)

Member Height (m) Total Damage
DT1 Flange 1 0 140 28 20
DT2 Flange 2 19.76 108 21 20
DT3 Flange 3 48.77 100 20 20
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Figure 12: �ree-directional acceleration signals of Sensor 7 under Wave 2. (a) Along-wave (x) direction. (b) Across-wave (y) direction.
(c) Vertical (z) direction.

Table 6: Maximum accelerations from Sensor 7 under various waves.

Cases
Maximum value of acceleration (m/s2)

Along-wave x direction Across-wave y direction Vertical z direction
Wave 1 0.0152 7.00E-07 0.9064
Wave 2 0.0760 0.0210 0.9240
Wave 3 0.6611 0.1980 0.9034
Wave 4 0.2284 0.1501 1.0038
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Figure 13: Modal parameter estimation for along-wave bending modes. (a) Singular value chart. (b) Mode shapes.

Table 7: Natural frequencies of along-wave bending modes.

Analysis type
Along-wave mode

Bx1 Bx2 Bx3
Eigenvalue 0.2830Hz 1.5619Hz 2.4006Hz
Wave induced 0.2933Hz 1.5606Hz 2.4069Hz
Di�erence 3.51% 0.08% 0.26%
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Figure 14: Modal parameter estimation for across-wave bending modes. (a) Singular value chart (b) Mode shapes.

Table 8: Natural frequencies of across-wave bending modes.

Analysis type
Along-wave mode

By1 By2 By3
Eigenvalue 0.2840Hz 1.5897Hz 2.4576Hz
Wave induced 0.2784Hz 1.5983Hz 2.4632Hz
Di�erence 2.01% 0.54% 0.23%
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Next, the variation of mode shape was estimated between
the intact and three damage states. To quantify the level of
linear correlation between two sets of mode shapes of the ith
mode, the modal assurance criterion was calculated as [31]

MAC Φi,Φ
∗
i( 􏼁 �

ΦT
i Φ
∗
i􏼂 􏼃

2

ΦT
i Φi􏼂 􏼃 Φ∗Ti Φ

∗
i􏼂 􏼃

, (7)

whereΦi andΦ∗i are vectors of the ith mode shapes obtained
from the intact and the damaged states. -e unity of MAC
indicates that the two mode shapes are completely identical
and no change is induced by damage. Otherwise, the MAC
value less than the unity indicates that the two mode shapes
have systematic difference due to the occurrence of damage.
Usually, damage severity becomes relatively high as the
MAC value becomes lower. Considering the complex be-
havior of the GBF WTT (which mainly includes the tower’s
flexible motion, the caisson’s rigid motion, and the foun-
dation’s deformable motion), it is important to quantify the
relative MAC values of the mode shapes with respect to the
damage types.

5.2. Variation of Modal Parameters Induced by @ree
Damage Types

5.2.1. Damage Assessment Results: Damage Type 1. -e
variation of modal parameters of the GBF WTT was esti-
mated for the bolt damage simulated in the tower flange
(Figure 9 and Table 5). Firstly, relative changes in natural
frequencies of the along-wave and across-wave bending
modes were estimated as outlined in Tables 9 and 10. In the
along-wave bending modes (Table 9), natural frequencies
were reduced due to the inflicted damage, which was sim-
ulated by the bolt failure in the tower flange.-e variation of
natural frequency (ΔFR) ranged about 1.9%∼4.4% for Mode
Bx1, which was relatively high as compared to other modes.
It is observed that the ΔFRwas relatively high for the damage
case DT2 (Figure 2(a)) due to the difference of damage
location inflicted at the tower. In the across-wave bending
modes (Table 10), there was no significant variation of
natural frequencies due to the bolt damage (which was
oriented to the along-wave sensitive position in the flange
section). Note that the rate of bolt loss was set big enough to
analyze the variation of modal parameters. For the in-
vestigation of detectability with respect to damage size,
additional analyses with various damage scenarios are
needed.

Next, mode shapes of the along-wave and across-wave
bending modes were estimated for the bolt damage simu-
lated in the tower, as shown in Figures 15 and 16, re-
spectively. -e variation of mode shapes was quantified by
themodal assurance criterion (MAC), as shown in Figure 17.
Regarding the along-wave mode shapes, there were only
small changes in modal amplitudes of Modes Bx1 and Bx3
before and after damage. While the MAC value was nearly
unity as shown in Figure 17(a), it varied highly in Mode Bx1
compared to other modes. Regarding the across-wave
bending mode shapes, the mode shapes were not changed
at all modes as shown in Figure 16. -e MAC values were

unities as shown in Figure 17(b). -ese results might be due
to the orientation of the damaged region located at the
along-wave direction. In the result of MAC, variations of
mode shapes were rather small to compare with those of the
natural frequency. It addressed that the only use of mode
shapes would not be proper to identify the bolt-loss damage.

5.2.2. Damage Assessment Results: Damage Type 2. -e
variation of modal parameters of the GBF WTT was esti-
mated for the loss of infill sand simulated in the concrete
caisson (Figure 10). Relative changes in natural frequencies
of the along-wave and across-wave bending modes were
estimated as outlined in Tables 11 and 12. Overall, natural
frequencies of those modes were increased due to the
inflicted damage, which was simulated by infill sand loss in
the caisson.-e variation of natural frequency (ΔFR) ranged
about 1.9%∼3.7% for Mode Bx2 and 2.0%∼3.5% for Mode
By2, which were relatively high as compared to other modes.
Damage DC1 (i.e., 2% loss of infill sand) had relatively high
variation of natural frequency as compared to Damage DC2
(i.e., 4% loss of infill sand) and Damage DC3 (i.e., 6% loss of
infill sand). It is noted that the infill sand loss caused the
relative increase of flexural rigidity with respect to the po-
sition of the loss so that it contributed relatively to natural
frequencies of the bending modes.

-ere were very small changes in mode shapes of the
tower when the loss of infill sand was inflicted to the
concrete caisson. It is noted that the tower was assumed to be
measurable subsystem, while the caisson and foundation
submerged. As shown in Figure 18, all MAC values were
close to unities, which indicated insignificant change in
mode shapes due to the damage. -e MAC value slightly
decreased up to 0.997 as the mode order increased both in
along-wave and across-wave modes. Note that the variation
of the modal parameter would be smaller when the refill of
seawater through the crack is considered. In the result of
MAC, variations of mode shapes were rather small to
compare with those of the natural frequency. It addressed

Table 9: Natural frequencies of along-wave bending modes:
damage type 1.

Case
Mode Bx1 Mode Bx2 Mode Bx3

f (Hz) ∆FR (%) f (Hz) ∆FR (%) f (Hz) ∆FR (%)
Intact 0.2933 — 1.5606 — 2.4069 —
DT1 0.2826 −3.65 1.5552 −0.35 2.3969 −0.42
DT2 0.2803 −4.43 1.5576 −0.19 2.4005 −0.27
DT3 0.2878 −1.88 1.5471 −0.87 2.3939 −0.54

Table 10: Natural frequencies of across-wave bending modes:
damage type 1.

Case
Mode By1 Mode By2 Mode By3

f (Hz) ∆FR (%) f (Hz) ∆FR (%) f (Hz) ∆FR (%)
Intact 0.2784 — 1.5983 — 2.4632 —
DT1 0.2786 0.07 1.5982 −0.01 2.4589 −0.17
DT2 0.2787 0.11 1.5982 −0.01 2.4560 −0.29
DT3 0.2784 0.00 1.5981 −0.01 2.4598 −0.14
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that the only use of mode shapes would not be proper to
identify the weight-loss damage.

5.2.3. Damage Assessment Results: Damage Type 3. �e
variation of modal parameters of the GBF WTT was esti-
mated for the scouring simulated in the foundation bed
(Figure 11). Relative changes in natural frequencies of the

along-wave and across-wave bending modes were estimated
as outlined in Tables 13 and 14. In the along-wave bending
modes, natural frequencies were mostly decreased due to the
in�icted damage, which indicates the sti�ness reduction in
the GBF WTT. �e variation of natural frequency (ΔFR)
ranged about 0.2%∼1.7% for Mode Bx1 and 0.8%∼2.4% for
Mode Bx2. However, natural frequencies of the across-wave
bending modes were not changed with a clear trend. It is
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Figure 15: Along-wave bending mode shapes: damage type 1. (a) Mode Bx1. (b) Mode Bx2. (c) Mode Bx3.
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Figure 16: Across-wave bending mode shapes: damage type 1. (a) Mode By1. (b) Mode By2. (c) Mode By3.
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assumed that the position of the simulated scour had little
impact on those modes.

�ere were very small changes in mode shapes of
the tower when the scouring was in�icted to the foun-
dation bed. It is reminded that the tower was the
only measurable subsystem. As shown in Figure 19, there

was no clear trend in MAC values. All MAC values were
close to unities, which indicated insigni�cant change in
mode shapes due to the damage. �e MAC slightly de-
creased up to 0.9994 as the mode order increased; how-
ever, the value would not be physically measurable in the
�eld.
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Figure 17: Modal assurance criterion (MAC) of mode shapes: damage type 1. (a) Along-wave modes. (b) Across-wave modes.

Table 11: Natural frequencies of along-wave bending modes: damage type 2.

Case
Mode Bx1 Mode Bx2 Mode Bx3

f (Hz) ∆f (%) f (Hz) ∆f (%) f (Hz) ∆f (%)
Intact 0.2933 — 1.5606 — 2.4069 —
DC1 0.2935 0.07 1.5899 1.88 2.4270 0.84
DC2 0.2933 0.00 1.6098 3.15 2.4386 1.32
DC3 0.2934 0.03 1.6186 3.72 2.4480 1.71

Table 12: Natural frequencies of across-wave bending modes: damage type 2.

Case
Mode By1 Mode By2 Mode By3

f (Hz) ∆f (%) f (Hz) ∆f (%) f (Hz) ∆f (%)
Intact 0.2784 — 1.5983 — 2.4632 —
DC1 0.2786 0.07 1.6305 2.01 2.4721 0.36
DC2 0.2787 0.11 1.6452 2.93 2.4850 0.89
DC3 0.2787 0.11 1.6535 3.45 2.5002 1.50
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Figure 18: Modal assurance criterion (MAC) of mode shapes: damage type 2. (a) Along-wave modes. (b) Across-wave modes.
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5.3. Wave-Induced E�ect on Damage-Induced Modal Pa-
rameter Variation. �e e�ect of various wave conditions
(e.g., wave height and wave period) on modal parameters
of the GBF WTT was estimated by the two measures,
ΔFRi and MAC. Firstly, natural frequencies and mode
shapes were analyzed for the four di�erent wave con-
ditions (i.e., Waves 1−4), as described in Table 4. Dy-
namic wave pressures corresponding to the four waves
were simulated from the wave �eld analysis, as outlined
in Table 7. �en three-directional acceleration response
signals of the GBFWTTwere analyzed for the four waves,
as shown in Figure 12. From the wave-induced accel-
eration signals, natural frequencies and mode shapes
were identi�ed from the combined use of the SSI and
FDD methods.

Next, the relative variation of natural frequencies in-
duced by the variousWaves 1–4 was estimated for the along-
wave and across-wave modes, as shown in Figure 20. To
estimate the relative variation, the natural frequency of the
eigenvalue analysis (Table 2) was utilized as the reference. In
the along-wave bending modes, the variation of natural
frequency (ΔFR) ranged about 0.03%∼2.92% for Mode Bx1,
0.06%∼0.56% for Mode Bx2, and 0.06%∼0.65% for Mode
Bx3. In the across-wave bending modes, the variation of

natural frequency (ΔFR) ranged about 0.14%∼1.97% for
Mode By1, 0.05%∼0.86% for Mode By2, and 0.003%∼0.72%
for Mode By3.

Finally, the variation of mode shapes induced by the
various Waves 1–4 was quanti�ed by the modal assurance
criterion (MAC), as shown in Figure 21. �e MAC values of
the along-wave and across-wave bending modes were es-
timated by comparing with the reference mode shapes from
the eigenvalue analysis. For the along-wave mode shapes,
there were small changes in modal amplitudes of Modes Bx1
under the various wave conditions (e.g., especially Wave 2).
All other MAC values were nearly unities as shown in
Figure 21(a). For the across-wave mode shapes, the mode
shapes were not changed at all modes by indicating theMAC
values close to unities, as shown in Figure 21(b). It is ob-
served that the mode shapes of Mode Bx1 and Mode By1
were likely to change with the variation of wave conditions.
So it is noted that the wave action had relatively high in-
�uence on the modal parameters when the wave period
(i.e., the inverse of wave frequency) occurred near the
natural frequency of the GBF WTT. Furthermore, it is
recognized that the change in modal parameters induced by
the three damage types could be hidden from the variation of
waves in the �eld.

Table 13: Natural frequencies of along-wave bending modes: damage type 3.

Case
Mode Bx1 Mode Bx2 Mode Bx3

f (Hz) ∆f (%) f (Hz) ∆f (%) f (Hz) ∆f (%)
Intact 0.2933 — 1.5606 — 2.4069 —
DF1 0.2926 −0.24 1.5483 −0.79 2.4052 −0.07
DF2 0.2893 −1.36 1.5369 −1.52 2.4358 1.20
DF3 0.2882 −1.74 1.5228 −2.42 2.4180 0.46

Table 14: Natural frequencies of across-wave bending modes: damage type 3.

Case
Mode By1 Mode By2 Mode By3

f (Hz) ∆f (%) f (Hz) ∆f (%) f (Hz) ∆f (%)
Intact 0.2784 — 1.5983 — 2.4632 —
DF1 0.2785 0.04 1.5958 −0.16 2.4448 −0.75
DF2 0.2790 0.22 1.5980 −0.02 2.4799 0.68
DF3 0.2787 0.11 1.5884 −0.62 2.4774 0.58
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Figure 19: Modal assurance criterion (MAC) of mode shapes: damage type 3. (a) Along-wave modes. (b) Across-wave modes.
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6. Conclusion

�e feasibility of vibration-based damage assessment was
numerically investigated for a wind turbine tower (WTT) with
gravity-based foundation (GBF) under various waves. Firstly, a
�nite element (FE) model of GBF WTT was generated. Ei-
genvalue analysis was performed, and six vibration modes of
along-wave and across-wave directions were observed. Sec-
ondly, wave-induced dynamic pressures were analyzed for four
waves selected from wave records of the target site. �ree
damage types which include bolt failure in tower �ange, in�ll
sand loss in concrete caisson, and scouring in foundation bed
were also designed to simulate main components of the target
GBF WTT. Modal parameters were extracted for the wave
scenarios and the damage scenarios by a combined use of time-
domain and frequency-domain modal identi�cation methods.
Finally, damage-induced e�ects were quanti�ed from in-
vestigation of relative changes in natural frequencies andmode
shapes. Also, the e�ect of various wave actions on the damage-
induced variation of modal parameters was assessed by esti-
mation of wave-induced variation of modal parameters.

From the numerical investigation, the following con-
cluding remarks can be made:

(1) �e observed modes represented complex behaviors
of the �exible tower, rigid caisson, and deformable
foundation. �is addressed that vibration responses

measured from the tower could be utilized in
structural assessment relative to not only the tower
but also caisson and foundation.

(2) �e selected damage types had relatively di�erent
e�ects on the modal parameters of the GBF WTT.
�e damages which include bolt failure of tower
�ange and scouring of foundation resulted in de-
crease of most natural frequencies, while in�ll loss of
the caisson resulted in increase of the natural fre-
quencies. Also, mode shapes had relatively small
variation with respect to the damages so that a single
use of mode shapes would not be proper in structural
assessment of the GBF WTT.

(3) �e wave action had relatively high in�uence on the
modal parameters when the wave period (i.e., the
inverse of wave frequency) occurred near the natural
frequency of the GBFWTT. Also, it is concluded that
the change in modal parameters induced by the three
damage types could be hidden from the variation of
waves.

Data Availability

�e data for numerical modeling of this study are included
within the article. �e other data are available from the
corresponding author upon request.
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Figure 20: Variation of natural frequencies of Waves 1–4 relative to eigenvalue analysis. (a) Along-wave bending mode. (b) Across-wave
bending mode.
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Figure 21: MAC values of mode shapes of Waves 1–4 relative to eigenvalue analysis. (a) Along-wave bending mode. (b) Across-wave
bending mode.
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