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ABSTRACT: In this work, a delamination model for millimeter-wave inspections of glass fiber reinforced polymer (GFRP) is proposed
that replicates the scattering characteristics of a real delamination. The model can be used not only for the performance assessment of
conventional nondestructive testing (NDT) approaches, but also for structural health monitoring (SHM) applications with permanently
installed radar sensors in the frequency band from 57 to 65 GHz. Parametric numerical and experimental investigations were carried out
for three different cases: (a) delamination represented by two GFRP plates with a defined air gap between the plates, (b) erosion protection
tape above a GFRP plate separated by an air gap, and (c) erosion protection tape on top of a rigid foam that has similar dielectric properties
to air. All signals have been processed using a damage indicator approach (DI). The numerical and experimental results show a high
degree of similarity in the DI curve as a function of the delamination thickness. The differences between simulation and experiment
are between 0 and 0.3 mm in delamination thickness. Hence, the proposed model can be used for the qualification of radar-based NDT
and SHM systems for various practical applications, e.g., wind turbine blades (WTBs), eliminating the need for expensive, destructive

testing.

1. INTRODUCTION

The need for nondestructive testing (NDT) methods, which
must be customized for individual applications, has rapidly
increased. Specifically, structural health monitoring (SHM)
with permanently installed sensors contributes to the improve-
ment of structural integrity and reliability of material systems.
Damage should be detected at an early stage using suitable sen-
sors and algorithms [1]. In recent years, composite materials
have been widely used in the design of technical structures due
to their low density, high corrosion resistance, and mechanical
stiffness [2]. This shows the need that SHM methods must be
applicable to composite structures as well, e.g., to detect delam-
inations.

Electromagnetic (EM) waves in the frequency range from
300 MHz to 300 GHz have proven to be suitable for NDT in-
spections [3]. In this context, frequency modulated continuous
wave (FMCW) radars are widely used to resolve targets in dis-
tance domain [4]. An example is given by the successful dam-
age detection during a full-scale fatigue test of a 31 m long wind
turbine blade (WTB) using 40 FMCW radars at 60 GHz [5]. In
addition, an embedded FMCW radar application in a multilayer
aerospace composite laminate can be found in [6]. The FMCW
radar can also detect vibration displacements using the exam-
ple of a fiberglass sandwich panel [7], a bridge model in the
laboratory [8], or a pedestrian bridge [9].
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Varying environmental and operational conditions pose a
challenge in signal processing and interpretation for automated
damage assessment. Changes over time in external parameters
such as temperature, humidity, wind, mass loading, and vibra-
tions influence the measured signals [10]. Mahendran etal. [11]
performed measurements with an FMCW radar to demonstrate
phase shifts in the signal with different temperature and humid-
ity settings. Simon et al. [12] compensated for the trend of the
temperature in the radar signals, which were measured during a
full-scale fatigue test of a WTB with FMCW radars. Machine
learning techniques are used in [13] to extract features from ex-
tensive data sets with various real-world scenarios. In the con-
text of WTB monitoring, Streser et al. [ 14] trained and tested a
conventional convolutional neural network with data obtained
during a full-scale fatigue test [5].

Delaminations are a type of damage in composite structures
that are characterized by the detachment of adjacent fiber lay-
ers. This type of damage can be modeled as a three-layer sys-
tem, where the middle layer is represented by air. Based on this
understanding, He et al. [15] investigated a delamination in a
thin asphalt pavement using ground penetrating radar (GPR).
A GPR was also used in the work of Liu et al. [16] for the
monitoring of reinforced concrete pavements. Near-surface de-
laminations and voids on a concrete test slab were detected by
Popovics et al. [17] using a synthetic aperture radar combined
with acoustic impact-echo imaging.

It is important for delamination modeling to consider de-
lamination growth and relevant delamination dimensions [18].
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FIGURE 1. Schematic representation of the three-layer delamination model for the cases: (a) delamination, (b) reference damage model with erosion
protection tape (reference damage model #1), and (c) air gap replaced by a layer of Rohacell® (reference damage model #2).

Eun et al. [19] modeled a multi-layer Dallenbach radar absorber
with glass/epoxy and glass/epoxy-multiwall carbon nanotubes
with delamination thicknesses from 0.1 mm to 0.5 mm. Xu et
al. [20] inspected a 16-layer CFRP structure using the eddy cur-
rent method with T-R pancake coil, in which a 20 mm x 20 mm
teflon film with a thickness of 0.125 mm was inserted between
different layers as a representative delamination. Akbar et
al. [21] performed time domain reflectometry on a 152 mm x
110 mm GFRP sample with 20 different delaminations from
10mm x 10mm x 1 mm to 20 mm X 20 mm x 15 mm.

The novelty of this work lies in the design, realization, and
characterization of a reversible reference damage model for the
imitation of a delamination in GFRP without compromising
the structure itself. Here, the reference structure is defined as
the intact structure, which severs as the baseline for compari-
son with damaged structures in SHM algorithms. The damage
model has a sandwich design consisting of three layers, which
is investigated numerically and experimentally from 57 GHz to
65 GHz. Figure 1 shows the overall concept for three different
cases:

(a) Delamination: Two GFRP plates are separated from each
other with an increasing air gap using steps of 0.1 mm.

(b) Reference damage model #1: Erosion protection tape is
stretched over a hollow PVC frame to replace the upper
GFRP plate. Similar to before, the erosion protection tape
can be translated in steps of 0.1 mm to change delamina-
tion thickness.

(c) Reference damage model #2: To increase mechanical sta-
bility, the erosion protection tape is attached to a layer of
Rohacell® with a specific thickness to replace the air gap
by solid rigid foam.

Only one material change was made in each step to identify
the smallest deviations for the conception of the final damage
model (c).
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A reversible damage model, as proposed here, has a large
impact on the effective experimental qualification of SHM sys-
tems, which requires comprehensive destructive experiments
for the probability of detection (POD) assessment. These tests
are time-consuming and extremely costly. In the context of ul-
trasonic SHM, Moll et al. [22] successfully used a reversible
damage model attached to the surface of a carbon fiber com-
posite plate to model the scattering characteristics of a delami-
nation.

The remainder of this paper is structured as follows. The
subsequent Section 2 describes the numerical modeling in the
target frequency range using Computer Simulation Technology
(CST) Microwave Studio. In Section 3, all three approaches
shown in Figure 1 are experimentally set up and measured in
the laboratory. The numerical and experimental results are pre-
sented in Section 4 using a damage indicator (DI) approach.
Section 5 contains a summary and a brief outlook of future re-
search.

2. NUMERICAL MODELING

2.1. Simulation Model and Dielectric Material Properties

The numerical modelling starts with the case of the delamina-
tion, where the distance between two GFRP plates with scaled
geometric dimensions of 25 mm x 25 mm x 0.5 mm is filled with
air. The air gap between the plates can vary in steps of 0.1 mm
to model delaminations of different thicknesses, see Figure 2.
The distance between the signal source, denoted as waveguide
port, and the first interface, which is the front GFRP plate, is
defined by L. Four distances are investigated in the simulation:
12.5mm, 25 mm, 37.5 mm and 50 mm. The size of the delam-
ination, i.e., the distance between the GFRP plates, is given by
d and ranges from O mm to 13 mm. The GFRP plates can be
moved away from or towards the signal source.
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FIGURE 2. Simulation model of a three-layer system in CST Mi-
crowave Studio. L denotes the distance from the radar to the first in-
terface and d the thickness of the delamination and reference damage,
respectively. The numbers are explained in Table 1.

Next, the design of the reference damage model #1 replaces
the upper GFRP plate by erosion protection tape specifically
designed for the application in WTBs. The tape is based
on polyurethane (PU) as carrier material with a thickness of
0.3 mm and an adhesive layer with a thickness of 0.06 mm.
Finally, reference damage model #2 replaces the air gap by
Rohacell® material which is specifically designed for high-
frequency applications and has similar dielectric properties to
air. The solid foam is light-weight, improves the mechanical
stability, and keeps the delamination thickness constant.

The three models of the three-layer system were modeled in
CST Microwave Studio. EM simulations were carried out with
open boundaries and the time domain solver in the frequency
range from 57 GHz to 65 GHz, as this frequency range is also
provided by the FMCW radar used for the experimental stud-
ies. In CST, a Gaussian pulse is used to excite plane EM waves
at the defined waveguide port at the rectangular cross section.
The reflected pulses are detected again at the waveguide port.
The material systems are described in Table 1 with the material
properties listed in Table 2.

A graphics processing unit (GPU) was used for the sim-
ulations. It consists of an AMD Ryzen 3950X processor
with 16 cores, a 128 GB random-access memory (RAM) and
a 32 GB Nvidia Quadro GV100 graphics card. In this high-
frequency range, the grid cells in the simulation are very
fine, which is why the defined dimensions are scaled 20 times
smaller compared to the experimental setup due to limited
RAM. The delamination thickness d and the thickness of the
erosion protection tape were modeled in the correct dimensions.

TABLE 1. Materials of the three-layer system: delamination, reference
damage model #1 and reference damage model #2.

Material no.

1 2 3
Dam. model
Delamination GFRP Air GFRP
Ref. dam. #1 GFRP Air PU
Ref. dam. #2 GFRP  Rohacell®  PU

TABLE 2. Dielectric properties of the three layer system, where ). is
the real part of the permittivity, tan(d) the dielectric loss tangent and
f the frequency.

Material e tan(4) f (GHz) Reference
Air 1.00059 0 n. s. CST

GFRP 5.5 0.04 1 MHz Data sheet
PU 35 0.1 10 GHz [23]

Rohacell® ~ 1.1 ~ 0.01 2.5-26.5GHz Data sheet

2.2. Physical Interpretation of Simulated Signals

Figure 3 shows the simulated signals in the time domain for
the case of delamination in terms of typical delamination thick-
nesses d = 0.1 mm, 0.2 mm, 0.5 mm, 1 mm, and 2.5 mm. The
radar distances L = 12.5mm and 50 mm were selected here
exemplarily for the output signals. The delamination thickness
was increased away from the radar. The input signals are the
same for all L and d.

Compared to the input signals, the output signals are shifted

in time after
2L4\/el\/1 + tan® (§)
At = !

€o

: (M

where cg is the speed of light, /. the real part of the permittivity,
and tan(9) the dielectric loss tangent for non-magnetic materi-
als [24, 25]. The factor 2 results from the double distance length
with a reflection at an interface.

The first echo is assumed as the main contribution to the out-
put signal in Equation (1), because all other echoes already have
less signal energy due to previous reflections. For L = 50 mm,
two more peaks can be seen, each occurring after a further
100 mm. In addition, the reference state (¢ = 0 mm) has two
fewer boundary conditions than the damaged state (d > 0 mm).
Hence, the total reflectivity increases with the number of inter-
faces, as there is another share in reflection at each interface.
The highest reflectivity is given for d = 1 mm.

A frequency domain representation is shown in Figure 4. The
increase of the intensity is confirmed from d = 0 mm to 1 mm.
The similarity of the trends for d = 0.5 mm and 1 mm as well as
a decrease of the signal intensity until 2.5 mm is recognizable.
More minima (dips) can be seen in the signals for L = 50 mm,
indicating a higher correlation of the radar distance with the
transmission behavior. More oscillations of the EM waves ap-
pear for larger L.

Taking into account the inverse of Equation (1), considering
basically the first echo again, the dips are discretized in this
one-dimensional problem in frequencies

Co
fmi

2L4\/el\/1 + tan? (9)

where m is the number of the wave mode [25]. At frequency
intervals f,, — fin—1, oscillations are possible as multiples of
half the wavelength A\ within L. The dips occur for L = 50 mm
every 3.00 GHz, as can be verified in Figure 4(b).

m 2)
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FIGURE 3. Simulated signals in the time domain for typical delamination thicknesses d directed away from the radar. The radar distances are (b)
L = 12.5mm and (c) 50 mm to demonstrate exemplary the increasing time difference between (a) the input signal and (b)—(c) the corresponding

output signal by increasing L.
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FIGURE 4. Simulated signals in the frequency domain for typical delamination thicknesses d directed away from the radar. The radar distances are
(a) L = 12.5mm and (b) 50 mm to demonstrate exemplary the frequency dependence of the reflection intensity. The highest intensity is given at
d = 1 mm. The greater the radar distance L, the more frequencies influence the transmission behavior of EM waves through the interface.

A/2 can be calculated by converting Equation (2)to L = \/2
and setting m = 1. This results in 2.50 mm for 60 GHz. L was
chosen accordingly as a multiple of 2.50 mm for the numerical
model and the experimental setup. Theoretically expected, the
signal intensities have a periodic extremum every d = /2.
Damage detection in the time domain will therefore essentially
depend on the signal intensities.

3. EXPERIMENTAL SETUP

3.1. Description of Reference Damage Realization

Figure 5 shows a drawing of the experimental setup and Fig-
ure 6 its practical realization. In the case of the delamination
experiment, see Figure 1(a), two rectangular GFRP plates from
CG TEC GmbH with the dimensions of 500 mm x 500 mm x
10mm have been used. Only the lower GFRP plate is fixed
to the vertical aluminum profiles. The upper GFRP plate can
be moved upwards using micrometer screw gauges of type 148-
104-10 from Mitutoyo with a nonius scale accuracy of 0.01 mm.

Measurements were performed from 0 mm to 11 mm in steps
of 0.1 mm. The three-layer system can be moved vertically to
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change the distance to the radar L. Four lengths were chosen
for the measurements series: 250 mm, 500 mm, 750 mm and
1000 mm. The radar is centrally positioned below the GFRP
plate to measure the increase in the delamination thickness d
directed away from the radar (radar position 1). In another ex-
periment, the radar is screwed to a wooden plate to study vari-
able damage size towards the radar (radar position 2).

Figure 6(b) shows the realization of reference damage #1,
see Figure 1(b). A transparent erosion protection tape of type
Wind Protection Tape 2.0 from 3M™ was stretched over a PVC
frame. At the beginning of the measurement series, the PVC
frame is placed on top of the GFRP plate with the erosion pro-
tection tape in direct contact with the GFRP plate. Micrometer
screw gauges are used at the corners of the PVC frame to in-
crease delamination thickness in steps of 0.1 mm.

The frame has the dimensions of 250 mm x 250 mm x 15 mm,
which means that the reference damage #1 does not cover the
entire GFRP plate. However, assuming an azimuthal radia-
tion of the dielectric lens antenna of 8° at a distance of L =
1000 mm leads to an inspection area on the specimen with a
diameter of 140 mm which is significantly smaller than the di-
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FIGURE 5. Tllustration of the three-layer systems in the laboratory: (a) delamination, (b) reference damage model #1, and (c) reference damage
model #2. The wooden plate with mounted radar is only necessary for radar measurements, when the damage size is changed towards the radar
(radar position 2). For the damage directed away from radar, the radar is placed on an optical table (radar position 1). Aluminum profiles and angular
sets are used to improve the stability of each setup. L denotes the distance from the radar to the first interface and d the thickness of the delamination.

Damage directed away from radar Damage directed towards radar

FIGURE 6. Experimental setup showing (a) delamination, (b) reference damage model #1, and (c) reference damage model #2. On the left side, the
delamination thickness increases away from the radar, and on the right side towards the radar. L denotes the distance from the radar to the first

interface and d the delamination thickness.

mension of the frame. Because of this, the measurements solely
include the effect of the EM waves with the reference dam-
age #1.

Figure 6(c) shows the final experimental setup with reference
damage #2, see Figure 1(c). The transparent erosion protection
tape is now attached to a Rohacell® sheet to enhance mechan-
ical stability. Rohacell® 51 HF from Gaugler & Lutz was ex-
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FIGURE 7. (a) Experimental measurements for typical delamination thicknesses d directed away from the radar. The radar distances are L = 250 mm
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FIGURE 8. DI as a function of delamination thickness d directed (a) away from the radar and (b) towards the radar in four different radar distances

L. The damage size step width is 0.1 mm. The black arrows on the left indicate the extrema.

depicted in Figure 8 and Figure 9, a thickness of 1.25 mm would
be optimal, as this is the first maximum, which indicates the

plicitly selected, because it is a lightweight solid foam, has sim-
maximum delamination detectability. However, due to man-

ilar dielectric properties to air and can be manufactured with a
minimum thickness of 1 mm. As shown later in the DI trends
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damage size step is 0.1 mm.

ufacturing tolerances, the effective thickness of the Rohacell
sheet was 1.64 mm.

3.2. Radar Signal Data Acquisition

The sR60-12RLi radar from IMST GmbH can operate in both
CW and FMCW modes. CW radars emit EM radiation con-
tinuously at one frequency. This only enables velocity mea-
surements via the Doppler effect. However, FMCW mode is
required to determine the location of targets [4]. The frequency
in this work ranges from 57 GHz to 65 GHz. This corresponds
to a bandwidth of B = 8 GHz. Frequency ramps are linearly in-
creased according to a sawtooth function. With a sampling fre-
quency of the analog digital converter (ADC) fapc = 1 MHz,
the elapsed time per data point n. € [0, N — 1] is given by

n
ln

3)

~ fanc

A maximum of N = 2048 data points can be recorded by a sin-
gle ramp. Hence, the total ramp duration is ¢t y_1 = 2.047 ms.

A chip-integrated patch antenna, which is controlled by a
microcontroller unit (MCU), acts as a transmitter and receiver.
The reflection signals are mixed with the transmitted signal and
detected in the real part without phase shift and in the imaginary
part with a phase shift of 90°. The complex signal is trans-
formed into the frequency domain via fast Fourier transform
(FFT) directly on the MCU. The frequency axis is based on the
definition of the range resolution [24]

4)
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which leads to a distance axis of:
R,, = 6grn. 5)

The range resolution depends mainly on the bandwidth B,
which is here g = 18.74 mm. It should be noted that d5 is
greater than typical delamination thicknesses. Therefore, it is
crucial to consider the signal intensities for the mathematical
formulation of a DI in this millimeter wave application.

Due to statistical fluctuations, 20 ramps are recorded for each
structural state. One ramp requires a measurement and signal
processing time of about 3 s, resulting in a measurement time of
1 min per structural state. The radar is controlled by a standard
PC via an SPI cable with a USB connection.

All measurements were carried out under laboratory condi-
tions. Temperature and humidity are assumed to remain con-
stant in order to consider only structural changes in the evalua-
tion of radar signals. In addition, irregular defects, nonuniform
air distribution, and the mechanical dynamics of the structure
during operation have not been taken into account so far. This
means that the results extracted from the measurement data rep-
resent a simplification of real-world scenarios.

3.3. Interpretation of Experimental Radar Signals

Figure 7 shows the radar signals for a delamination directed
away from the radar in the time and frequency domains at
two radar distances L = 250 mm and 1000 mm. Five typ-
ical delamination thicknesses are compared: d = 0.1 mm,
0.2mm, 0.5mm, 1 mm, and 2.5mm. The first two echoes in
the frequency domain signals are particularly distinctive. For
L = 0.25 m, the peaks are detected at 0.26 m and 0.51 m, and

WWwWw.jpier.org
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FIGURE 11. Experimental DI for reference damage model #2 (a) directed away from the radar and (b) towards the radar in four different radar

distances L. One DI represents the average of five frequency ramps.

for L = 1m, they occur at 1.0l m and 2.00 m. For both radar
distances, a peak can also be seen at around 2.23 m due to the
reflection of EM waves at the ceiling.

In Figure 7(a), one can see that there is more random noise
at the beginning and at the end of the signal. This is caused by
the ADC. Hence, a time gate is applied from 0.2 ms to 1.78 ms.
The signal intensities between 0.8 ms and 1.3 ms for d = 1 mm
(green line) are remarkable.
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4. NUMERICAL AND EXPERIMENTAL RESULTS

4.1. Signal Processing Using a Damage Indicator Approach

Figure 10 shows that the data processing pipeline for numeri-
cal and experimental signals is similar. The evaluation is per-
formed by calculating DIs for simulated and averaged exper-
imental signals in the time domain. Therefore, the root mean
square deviation (RMSD) is computed based on the signal dif-
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ference between the damaged state Sy, and a reference state
Sref :

1 N—-1
2
DI = N nz::o |Sdam [tn} - Sref [th . (6)

The equation accounts for the complex-valued nature of the
radar signals. The simulation data does not have an imaginary
part, so it can be neglected in this equation. Within one graph,
the DIs are normalized to 1 for comparability. The DIs are plot-
ted as a function of d in the following subsections. Even though
CST uses pulsed signals and the FMCW radar uses continuous
intermediate frequency signals, the DIs are the resulting signal
responses, which show for both waveforms a periodic trend.
The periodicity of the recurring minima and maxima every A/2
is discussed by comparing the deviations between simulation
and experiment.

4.2. DI Analysis for Delamination

Figure 8 shows the normalized DIs from the simulated and ex-
perimental data for a delamination with increasing thickness.
A periodic trend can be observed in all cases. The deviations
between the minima and maxima of the simulated and experi-
mental DI curves are between 0 mm and 0.3 mm. The DI from
the simulated signals shows in particular that the radar distance
L has a negligible effect on the overall DI characteristic. The
experimental measurements with the wooden plate, in which
the delamination is directed towards the radar, show that the DI
curves are more similar to each other.

4.3. DI Analysis for Reference Damage #1

Figure 9 depicts the normalized DIs for the simulated and ex-
perimental data for reference damage #1. A periodic trend can
also be seen here in all cases. The deviations of the minima and
maxima of the simulated and experimental DI curves are be-
tween 0 mm and 0.2 mm. Compared to Figure 8, the DI curves
are smoother, which shows the simplified experimental imple-
mentation with the PVC frame. However, the green line for
L = 1000 mm with the reference damage directed towards the
radar shows that the minima are slightly higher than for other
radar distances. The periodic trend of the DIs with the wooden
plate is slightly different from Figure 8, because the first inter-
face is the erosion protection tape, which has a smaller permit-
tivity than the GFRP plate.

4.4. DI Analysis for Reference Damage #2

Figure 11 shows the normalized DIs from the experimental
data for a reference damage #2 with a Rohacell® thickness of
1.64 mm. The DI is based on five averaged frequency ramps
leading to four DIs. The analysis includes radar positions 1
and 2. Two aspects should be noted: First, the fluctuations of
the DIs for each structural state are small, and second, the dif-
ference of the DIs between the structural states relative to each
other is significant. In all cases the damage can be clearly iden-
tified with the proposed DI approach.
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5. CONCLUSIONS

In this work, a reversible damage model for millimeter-wave in-
spections of GFRP materials was designed, manufactured, and
experimentally characterized using numerical and experimental
methods. Simulations and measurements were performed in the
frequency band from 57 to 65 GHz. The delamination thickness
was increased towards and away from the signal source. The
DIs showed a periodic trend when the delamination increased.
Between simulation and experiment, the maximum deviation
of the minima and maxima in the DI curves was 0.3 mm. In the
reference damage model with Rohacell® as intermediate layer,
there was a clear distinction from the reference state of the intact
structure. The radar distance to the structure is approximately
negligible compared to the delamination thickness.

In future research, the probability of detection (POD) of
the reference damage will be calculated. The reference dam-
age model will also be used to develop algorithms for radar-
based SHM systems for various nondestructive applications
with composite structures, e.g., in WITBs. Parametric studies
will be performed in a climatic chamber to study and compen-
sate for temperature, humidity, and ice formation effects. In
the future, it is planned to apply the proposed damage model in
field studies on a WT. The binary classification with machine
learning methods becomes important, taking into account the
large amount of data over all seasonal environmental and oper-
ational conditions.
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