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Abstract: The third dataset dedicated to the Open Guided Waves platform aims at carbon fiber composite
plates with an additional omega stringer at constant temperature conditions. The two structures
used in this work are representative for real aircraft components. Comprehensive measurements
were recorded in order to study (I) the impact of the omega stringer on guided wave propagation,
and (II) elliptical reference damages of different sizes located at three separate positions on the structure.
Measurements were recorded for narrowband excitation (5-cycle toneburst with varying carrier
frequencies) and broadband excitation (using chirp waveforms). The paper presents the results of a
technical validation including numerical modelling, and enables further research, for example related
to probability of detection (POD) analysis.

Keywords: open guided waves; composite structures; omega stringer; reference damage

1. Introduction

Modern technical structures are presently often constructed as fiber reinforced composites due
to their low weight, high strength and superior fatigue behavior. Examples include aircraft structures,
wind turbine blades, ship components and automotive structures. Structural health monitoring (SHM)
systems have been researched for more than 20 years to improve safe operation, to reduce safety
factors in the structural design and to avoid unnecessary maintenance tasks [1]. Several techniques
were proposed in the literature to detect damage in complex composite structures, including acoustic
emission [2], low-frequency vibrations [3] and X-ray computed tomography [4]. One promising SHM
concept for thin-walled structures is based on ultrasonic guided waves (GW). Dienel et al. have shown
that such an SHM system has the potential of saving 5% of the structural mass of a vertical tail plane [5].
Applying this analysis to the whole aircraft fuel consumption could be reduced by roughly 1.8%.

The advantages of GW are the ability to propagate over long distances without substantial
attenuation and their high sensitivity to stiffness changes within the structure because of damages.
On the other hand, GW are dispersive and occur multimodally [6-9]. This makes signal analysis
to detect damage challenging and a good understanding of the phenomenology of GW propagation
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is needed. Simulation models can help to establish this understanding and additionally support
signal evaluation. For this purpose, however, these numerical models must be validated.

For the further development of GW-SHM systems an important challenge is the lack
of public, freely and permanently available, high-quality and well-documented benchmark datasets.
In particular, the measurements should be performed on specimens of different complexity in order
to validate the wide range of numerical methods [10] and signal processing methods. In recent years,
such data sets with different focus were provided, e.g., by Moll et al. [11,12] and Marzani et al. [13].

The central questions regarding the practical deployment of GW-based diagnostics are given
(i) by the relative performance of existing and novel SHM methods, and (ii) by the performance relative
to competing non-destructive testing (NDT) techniques. Here, the performance e.g., can be given
in terms of damage detection sensitivity or localization accuracy. These questions should ideally
be tackled by using an open dataset, because there exist significant differences in the published
modelling procedures or the manner in which experiments were conducted.

Due to this variability, a fair assessment of performance results is not feasible. This article presents
an amendment to the Open Guided Waves (OGW, www.openguidedwaves.de) online platform whose
datasets might be considered to be a reference standard. Through OGW existing algorithms for signal
analysis used in SHM and GW field processing can be compared without uncertainties because
of varying measurement equipment or different transducer technologies. Also the platform can
serve engineers or researchers with appealing ideas but without access to expensive instrumentation.
This potentially will lead to a stronger transdisciplinary cooperation between the scientific and technical
fields in order to promote GW-based SHM technology.

The OGW platform aims to provide relevant data sets for GW-based SHM of thin-walled structures.
In previous works, benchmark measurements were recorded on the so-called wave field plate with
one piezoelectric transducer placed in the center [11]. A 3D scanning laser Doppler vibrometer
(SLDV) recorded the acoustic wave field on a spatial grid of measurement points. In addition,
measurements from the SHM plate were taken based on an array of twelve piezoelectric transducers,
see [11,12]. Both plates were made of carbon fibre reinforced plastics (CFRP). Generally, fiber
composites have typically anisotropic material properties which affect the group velocity of GW.
Because the measurement setup was motivated by an aircraft-related structural element a typical
quasi-isotropic material was used for both plates. Therefore, no significant direction dependency
for the group velocity was measured. Li et al. [14] show that anisotropic effects are very
pronounced for uni-directional and cross ply laminates. As in [15] it is shown by Wang et al.,
that for quasi-isotropic layups and frequencies below the higher order GW modes, the group velocity
is approximately direction-independent.

In contrast to the previous datasets, an omega stringer was attached to both plates
for representative aircraft components. The plates are again made of quasi-isotropic material, so thatno
anisotropic effects occur. Since measurements from the flat structure and the structure with the stringer
are available, it is possible to analyse the scattering behaviour of guided waves at the stringer.
For excitation a conventional narrowband toneburst, so as to reduce the impact of frequency dispersion
similar to [16,17], and a broadband chirp signal was used as presented in [18,19]. Since GW-based
SHM tests are limited by the high instrumentation effort and enormous costs, we have studied a
reversible reference damage that could be attached to the plates surface [20,21]. A representative
damage is used, which is easy to model in numerical simulation and experiment. The representative
damage is necessary to evaluate SHM systems in a standardized way. It should be able to represent
the key features of the damage (size, interaction with the excited GW-modes and stiffness change).
For this purpose, an elliptically shaped damage was chosen. Its size is motivated by the projected
surface of real impacts. The reference damage has been placed at different locations on the structure
in order to study spatially distributed probability of detection (POD) of GW-based SHM-systems [22].

The goal of the paper is to provide
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* measurements supporting current state-of-the-art GW-based SHM research for model-based
POD [23-27],

* adataset with multiple damage sizes for model validation,

*  afinite shell element-based model as starting point for numerical model validation.

The remainder of the paper is organized in the following way: Section 2 presents the CFRP (carbon
fiber reinforced plastics) structures with stringers as well as the elliptical reference damage model.
After that, Section 3 introduces the experimental setup for the SHM plate and the wave field plate with
stringer element. Results derived from those measurements are presented in Section 4. Section 5
gives an overview of the modeling approach and some results for comparison. Finally, conclusions
are drawn at the end.

2. Description of the Test Structures

2.1. CERP Structures with Stringers

Two CFRP plates were manufactured with a dimension of 550mm x 550mm and a
nominal thickness of 2 mm. The corresponding ply thickness is 0.125 mm. The plates were
manufactured with the prepreg Hexply® M21/34%/UD134/T700/300 with a quasi-isotropic (QI)
layup of [45/0/ —45/90/ —45/0/45/90]s. The material properties of a single unidirectional layer
were measured based on standard test procedures [11]. They are listed in Table 1. The omega
stringer was manufactured separately using the prepreg Hexply® M21/34%/UD194/T700/IMA-12K.
The stringer was built also in a quasi-isotropic layup [—45/0/90/45/90/ — 45]s with the dimensions
depicted in Figure 1. The nominal thickness is 1.5 mm with a ply thickness of 0.125 mm. The material
properties are listed in Table 2. Secondary bonding using Loctide Hysol 9466 fixed the omega stringers
to the plates. The adhesive was cured in vacuum and at room temperature. A photo of both specimens
with stringer including the material reference system is shown in Figure 2. Twelve piezoceramic
transducers were applied to the plate. Their positions are shown in Figure 3 and listed for the SHM
plate in Table 3.
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Figure 1. Front view of omega stringer (dimensions in mm).



Appl. Sci. 2020, 10, 3068

(a) Wave field plate (with stringer)
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(b) SHM plate (with stringer)

Figure 2. Photos (a,b) of the wave field plate and SHM plate with stringer.
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Figure 3. (a) SHM-plate: Visualization of the three damage positions D;—Dj relative to the transducer
locations T1—T7,. Given by the laminate stack the orientation of the reference damages is 45° (b) Wave
field plate: measurement area for SLDV measurements applying the reference damage (purple) and line
scan orthogonal to the stringer element to assess its influence on wave propagation (red).
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Table 1. Stiffness values and density for unidirectional Hexply ® M21/34%/UD134/T700/300 material
used for the plate, taken from [11].

Stiffness (GPa)
C2222 =112 C2233 =52
C3333 =112
Ci212=3
Cospz =42
Density (kg/m3)
p=1571

Table 2. Stiffness values and density for unidirectional Hexply ® M21/34%/UD194/IMA-12K as
material used for the stringer.

Stiffness (GPa)

Cii1 = 174.145  Cyiop =4.076  Cyyz3 = 4.076
Car =9.611  Cazz = 2.950
Cazzs = 9.611

Cia12 = 3.330
Cazoz = 5.882
Cia13 = 5.882

Density (kg/m3)
o =1580

Table 3. Coordinates of piezoelectric transducers (center point) on the SHM plate; reference coordinate

system is shown in Figure 3.

Transducer ID  x-Coordinate (mm) y-Coordinate (mm)

1 50 470
2 130 470
3 210 470
4 290 470
5 370 470
6 450 470
7 50 30
8 130 30
9 210 30
10 290 30
11 370 30
12 450 30

2.2. Elliptical Reference Damage Model

For composite structures in the aviation industries, the relevant design-driving damage types
can be narrowed down to accidental damages, as the others are highly unlikely to occur [28]. For the
currently appointed visual inspection, allowable damage limits are generally described in terms
of dent depth or projected damage area. Tolerable damage sizes are specifically defined for each
airframe part. Damages equal to or larger than this threshold are assumed to reduce the residual
strength and must therefore be reliably detected by scheduled or directed field inspections. In a
standard aerospace application a residual strength analysis is not performed. This is because
airlines do not have the material information and critical load cases of the structure to perform
such analysis. In the current operational process, all deliminations are surrounded by an ellipse
and the area of the ellipse is determined. This area is compared with values of the maintenance
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manual provided by the aircraft manufacturer. If the area is defined as critical, the structure has
to be repaired or replaced. Based on the currently implemented certification, damage assessment
approaches requires repair action for projected damages beyond 600 mm? [29,30]. An example of a
projected damage is given in Figure 4. The example is taken from [31]. In this thesis, a model-based
evaluation of different impact damages was performed. For this purpose, an automated mapping
software (DaMapper) was developed. The software used standard ultrasonic measurement technique
and determines the delaminations between layers. The measurement was performed at the German
Aerospace Center with a Hillgus system equipped with an Olympus V309-2 transducer; 5 MHz
sampling rate and 0.25-0.25 mm measurement grid resolution [31]. Figure 4 shows delaminations
between 12 interfaces from a fourteen layer CFRP composite [45/0/135/90/135/0/45]s caused by a
20] impact. The surrounding ellipse illustrates the projected damage area.

Interface 10
Interface 9
Interface 8

Interface 6

Figure 4. Delaminations caused by an impact damage and projected area (surrounding ellipse).

In this paper, we consider a reversible damage model and demonstrate its application for the reliability
assessment of a GW-based SHM system. A metallic disc is used that is attached to the composite
structures by a tacky tape as introduced in [20]. The reference damage are not tuned to real impacts.
This would require a distribution function of the most frequently occurring impact damages.
However, the application of the reference damage to the outside causes a stiffness asymmetry
and despite its simplified shape, the interaction with GW is similar in terms of decrease in amplitude,
change in time of flight [21] and mode conversion [7]. Thirteen different sizes of the reference
damage at three locations are considered, cf. Figure 5a,b. Six sizes above and below the 600 mm? area
are used to model stiffness changes causing a relevant reduction of residual strength. Figure 5c shows
the reference damages made of steel after manufacturing.
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Figure 5. (a) Geometry of the elliptical reference damage (b) Area of the elliptical reference damage
(c) Fabricated reference damage (steel).
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3. Description of the Experimental Setups

3.1. Experimental Setup for the SHM Plate

Figure 6 depicts the experimental setup. The SHM plate is placed in a climate chamber (left figure)
at a constant target temperature of 23 °C and a relative humidity of 50% (DIN EN ISO 291). On the top
and bottom of the structure, two Pt-100 temperature sensors were attached to the surface of the SHM
plate to detect potential thermal gradients within the climate chamber. The temperature sensors
were coupled to a PT-104A device (Omega Engineering, Deckenpfronn, Germany) which enables
temperature measurements with a resolution of 0.001 °C and an accuracy of 0.01 °C.

Reference Damage

8 Vg M

n

Metal Block X

Electromagnet

-
fj\‘ » :
j

=5 |

Figure 6. Front view of the SHM plate in the climate chamber (left). Two temperature sensors were
installed on the top right and bottom right for surface temperature measurements. Side view (right)
before the fixation of a reference damage using a metal block and the electromagnet.

For GW actuation, piezoceramic transducers are used to excite the signal. A Handyscope
HS5 (TiePie Engineering) is employed to generate arbitrary waveforms and to record signals
by analog-to-digital conversion (14 bit resolution). A broadband amplifier PD200 (PiezoDrive Ltd,
Shortland, NSW 2307, Australia) enhances the excited waveforms and feeds the signals to a dedicated
multiplexing device that is described in greater detail in [32]. This custom device is also used
to measure all actuator-receiver pairs by time-division multiplexing. A sine with five cycles was
Hann-windowed which is represented by w(t) in the subsequent formula

U(t) = Uw(t) sin(2rfet). (1)

The voltage amplitude was defined as I =100 V. The central frequency f, is in a range from
40 kHz to 260 kHz in steps of 20 kHz. Moreover, a broadband excitation was used (see Figure 7),
namely a linear up-chirp with 0.125 ms duration, start frequency of 20 kHz and stop frequency
of 500 kHz. The structured process of data acquisition regarding the SHM plate consists of seven phases.
For measurements with reference damage, only a single defect D, D, or D3 was used at the same time.
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Figure 7. Depiction of the employed actuation waveforms: Exemplary time-domain signals (left)
and the spectrum of all waveforms (right).

Phase 1
Five baseline measurements of the pristine structure were recorded.
Phase 2

Reference defects were attached to the plate at position D1, see Table 4. For maximum reliability
an electromagnet supported by a metal block was used to press the reference damage to the structure.
In a next step, the electromagnet was removed so that only the reference damage was in contact with
the structure. For every of the 13 damage sizes and each damage position, the measurement was
repeated independently five times. Each time the procedure includes the following steps: fixation
of the model defect with tacky tape, measurement, detaching, removal of tacky tape, renewed fixation.

Phase 3
Another 5 baseline measurements were recorded without any applied reference damage.
Phase 4
the damage positions Dy, see Table 4, was considered and the procedure of phase 2 was followed.
Phase 5
Another 5 baseline measurements were recorded without any applied reference damage.
Phase 6
The damage positions D3, see Table 4, was considered and the procedure of phase 2 was followed.

Phase 7

Finally, in the last phase, five baseline measurements were acquired.

Table 4. Coordinates of damage position (center position of the elliptical disc).

Damage ID x-Coordinate (mm) y-Coordinate (mm)
D, 210 350
D, 130 100
Ds 290 150

The temperature in the climate chamber showed a standard deviation of 0.12 °C (sensor on top),
0.08 °C (sensor at the bottom) and an average temperature gradient between both temperature sensors
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of 0.49 °C. All datasets were saved in a HDF5 container file format. Experimentation was carried out
sequentially by two independent persons.

3.2. Experimental Setup for the Wave Field Plate

The experimental setup for the wave field plate measurements is shown in Figure 8. The wave field
was recorded by a 3D scanning laser Doppler vibrometer PSV-400-3D from Polytec GmbH (Waldbronn,
Germany) with an additional PCI 6110 National Instruments measurement card to increase the sample
rate to 2.56 MHz. In a first step, the full wave field is captured, as described in Ref. [11] and indicated
by the purple region in Figure 3b. Next, a B-scan is recorded vertically to assess the influence
of the stringer on the acoustic wavefield (marked in red in the same figure). All measurement
parameters of the 3D scanning laser Doppler vibrometer (SLDV) are listed in Table 5. The temperature
was measured before every 3D-LDV measurement with a GTH 1200 (Greisinger electronic) with an
accuracy of 0.1°C.

Reference
Damage
THI

Figure 8. Scanning laser Doppler vibrometer (SLDV) setup for the wave field plate with stringer.
The electromagnet was removed for the wave field measurements.

Table 5. Measurement parameters (SLDV system).

Properties Value
Time samples (per signal) 8192
Sampling rate 2.56 MHz
Number of spatial sampling points 45,287
Measurement range +200 mm/s
Pixel spacing ~1.2 mm
Averaged measurements per pixel 50
Temperature 21.1+£0.14°C
Filter bandpass (15-250 kHz)

The coordinates of the piezoelectric actuator and the reference damage locations are listed in Table 6.
This table also includes information on the omega stringer placement and the measurement area.
The properties of the excitation signals are listed in Table 7. The arbitrary signals were generated by an
(Agilent, Santa Clara, CA 95051, United States) 33500 B and amplified by a (Falco, 2225 TH Katwijk
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aan Zee, The Netherlands) Systems WMA-300 5 MHz high voltage amplifier. The reference damage
was attached to the structure in the same way as in the SHM measurements.

Table 6. Coordinates of the measurement setup (SLDV system) of the wave field plate. Please note
that the SLDV system has two coordinate systems, one related to the structure and one related
to the built-in camera.

Damage ID Coordinate System (Structure/Camera [SLDV Built-In])

x-Coordinate (mm) y-Coordinate (mm)
Transducer 250/165 250/ —65
Damage 125/40 125/-190
Measurement area 0-275 0-275
Omega stringer 0-500 contact area (top) 410435

contact area (bottom) 320-345

Table 7. Excitation signal parameters (SLDV system).

Signal Type Parameter Value
Tone burst Center frequencies 30, 40, 50, 100, 150, 200 kHz
Number of cycles 5
Windowing function Hann
Amplitude +150V
Chirp Center frequencies 20-200 kHz
Chirp duration 0.366 ms
Amplitude +£150V

4. Results

4.1. SHM Plaate with Stringer

The following analysis is subdivided into two parts: First, the damage detection results
are presented followed by a comparison between the SHM plate (OGW1 dataset from Ref. [11])
and the SHM plate with stringer (OGW3 dataset from the present work). Finally, tomographic image
reconstructions for different damage sizes are presented.

4.1.1. Comparison of SHM Plate and SHM Plate with Omega Stringer

To study the influence of the omega stringer to the ultrasound signals the SHM plate without
and the SHM plate with stringer are analysed. Both plates are made of the same composite layup as
described in Section 2.1. Figure 9 presents the comparison between the measurements for f. = 260 kHz
of both plates. Addtional results are provided in the datasets available at the OGW website. In this
example, the first transducer Tj is the actuator and all other transducers To—Tj, serve as receivers.
The influence of the stringer can be clearly identified especially for receivers T;—T7, that are located on
the opposite side of the stringer. The amplitude of the sensor signals at the excitation side are larger,
and smaller for the opposing side for the SHM plate with stringer. This is due to reflections at
the stringer.
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Figure 9. Ultrasound measurements at f, = 260 kHz of the flat SHM plate (OGW1) and the SHM
plate with stringer (OGW3). In this example, the first transducer T; works as actuator and all other
transducers T,—Tj; serve as receivers. The influence of the stringer can be clearly identified especially
for receivers T;—Tj; that are located on the opposite side of the stringer.

4.1.2. Detectability of Damage

The starting point for the analysis of the measurement data obtained from the SHM plate is shown
in Figure 10. This visualization contains a full analysis of the complete SHM-dataset by means
of the signal energy of the differential signal. Therefore, the average signals of the 20 baseline
measurements for each actuator-sensor pair serves as reference. The arrows on top indicate the baseline
state (B) and the damage states D; to D3. An increasing damage indicator can be seen for each structural
condition due to the increasing damage size.

In addition, we have considered the signal energy to evaluate the differences between the
20 baseline measurements ufj [t] and the measurements for damage D; to D3 represented by u; [t].
The index i denotes the i-th actuator and the index j the j-th receiver. We have first bandpass-filtered
the data—separately for each transmitter-receiver pair— and computed the average from all baseline
measurements. In a next step, the signal energy of the differential signal E(i, j) for each reference
damage size was computed according to:

N 2
EG,j) = Y (igltd —ufjlt)) - @
k=1

In this equation, the variable N denotes the number of time domain samples.

Figure 11 shows the analysis of this metric for three representative actuator-sensor combinations.
The differential signal E(i,j) is plotted over the damage size. It must be noted, that each damage
size has 5 samples in this graph for the 5 separately performed measurements. The biggest changes
in E(i, j) are in the pairings where the reference damage lies on the vertical line between the transducers.
Moreover, the metric increases in proportion to the damage size so that the proposed reference damage
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seems to be a good candidate for reliability assessment of GW-SHM systems. Since a reference damage
with a stepwise adjustable size was used, the corresponding damage metric should also have a step-like
behaviour as shown in the beginning for the reference damage D,. However, the metric is still sensitive
to the repeating application of the reference damage leading to fluctuations. In conclusion, the E(i, j)
curve is a robust indicator for damage occurence.
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Figure 10. Overall analysis of the complete dataset recorded from the SHM plate with stringer using
the signal energy of the differential signals. The normalization was performed using the maximum
signal energy for all transducer pairs for a specific carrier frequency. The arrows on top indicate the
baseline state (B) and the damage states D; to D3. An increasing damage indicator can be observed
for each structural condition due to the increasing damage size. Few black spots exist related to outliers
especially for the actuator-receiver pair To—Tjg (channel 61). In this representation, a channel means
one actuator-sensor pair.

4.1.3. Tomographic Damage Imaging

In this section, we apply the reconstruction algorithm for probabilistic inspection of damage
(RAPID) described in [33] for the analysis of tomographic damage imaging. Instead of the signal
difference coefficient used in the original implementation, we have used Equation (2) to weight
the contribution of each transducer path. Analog to Ref. [11] we have considered only those
measurements in the analysis where the transducer pairs are on opposite sides (top and bottom).

Tomographic images for damage D; and the case of 60 kHz are shown in Figure 12 for four
different damage sizes. It can be clearly seen that the peak intensity increases with damage size.
This observation confirms the previous results reported in Figures 10 and 11. In addition, processing
all 65 tomographic images reveals a clear rising trend in the peak intensity at the damage location D,
as shown in Figure 13.
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Figure 11. Analysis of the normalized signal energy of the differential signal for three representative

actuator-sensor pairs (horizontal axis is proportional to an increasing damage size). The normalization

was performed using the maximum signal energy for each transducer pair. Damage can be identified

best on the straight line between the respective actuator and sensor given by the highest score.
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Figure 12. Tomographic image reconstruction for damage D; and the damage sizes 2, 6, 10 and 13.

The peak intensity increases of larger damage sizes as shown by the colorbar. The scaling parameter
of the RAPID algorithm was defined here as g =1.1.
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Figure 13. The peak intensity at the damage location D; increases with damage size.

4.2. Wave Field Plate with Stringer

The wave field measurements aim at the analysis of the ultrasound scattering at the reference
damage that has stepwise adjustable size. Moreover, the influence of the stringer will be investigated.

4.2.1. Comparison of Wave Propagation of Wave Field Plate with and Without Stringer

A study was performed with the SLDV to show the influence of the applied omega stringer. Therefore,
a B-scan was recorded along the entire plate and perpendicular to the omega stringer. The corresponding
time-distance representation is shown in Figure 14 for different frequencies and excitation signals. The chirp
signals were pulse-compressed using a matched filter. Moreover, the envelope of the signal was applied
before imaging [34]. A logarithmic scale was used to increase the image dynamic.

The dashed black lines indicate the position of the actuator on the plate (y = 0.25 m); the dashed red
lines show the contact area between the stringer and the plate. As soon as the first wave hits the stringer
area, a reflection can be detected at any center frequency. A second and third reflection can be detected
at the second, respectively the third, impedance discontinuity caused by the bonded stringer. This effect
is more pronounced at lower frequencies. This study demonstrates the influence of the omega stringer
on the wave propagation. In principle, prediction of frequency-selective reflection and attenuation
is challenging, because it depends on the exact boundary conditions of a discontinuity, such as
the bonding of a stringer. However, from the study of tapered waveguides, it is known that the change
of thickness, e.g., due to the foot of a stringer, can lead to a frequency-selective velocity alteration
in the Sg-mode [35] and Ap-mode [36].

The phenomenon of wave mode conversion at adhesively bonded joints was studied in [37,38].
A detailed understanding of the geometry and material as well as geometric discontinuities or
transitions is of high importance. The SLDV studies performed in this work also reveals wave
mode conversion that can be seen in Figure 14f. The Ag-mode and Sg-mode can be identified by their
different group velocities, which is represented by the slope of the propagating waves in the B-scan.
The group velocity of the wave changes when the faster symmetric mode hits the stringer (40 ps).
This is shown in the change of the wave front in Figure 14f. Beneath the stringer, the formerly Syp-mode
burst was converted almost completely to a slower Ap-mode.
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Figure 14. B-Scans of the plate for different excitation signals. Figure (a-g): 5-cycle tone burst

for different frequencies, (h): chirp signal. The influence of the stringer can be seen on the upper

half space.

4.2.2. Detectability of Damage

The acoustic wave field recorded by the SLDV is processed with the root mean square (RMS)
metric resulting in a scalar value for each measurement point [39]. Mathematically, the RMS-map for a

plate with the positions x and y can be defined as:

RMS(x,y) =

N

5 3 sl vyl )

k=1
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In this equation, N denotes the number of sampling points. The RMS-maps for the baseline
condition and selected reference damage scenarios are shown in Figure 15. For a better comparison,
those images were normalized to the maximum RMS value to have a range from RMS = 0 to RMS = 1.
The yellow dot in the upper right corner of every RMS-map represents the location of the actuator
and has the normalized amplitude of RMS = 1. The deep blue area (normalized RMS = 0)
in the middle of the structure represents the reference damage position. The radially extending
shades in the RMS-maps can be considered as artefacts coming from the SLDV. The reference
damage locations can be clearly identified. However, for the largest reference damage the map
underestimates the actual size. This effect probably comes from a reduced contact pressure generated
by the electromagnet for larger damage sizes.

a) b)

damage state 1

X [m] x [m]

c) d)

5 damage state 8 damage state 13

y [m]

-0.05 0 0.05 0.1 015 -0.05 0 005 01 ll‘\
x [m] x [m]

Figure 15. (a-d) RMS-maps of the wave field plate with stringer for different damage states. All images
are normalized for a better comparability. The yellow spot in the upper right corner is the actuator;
the blue spot in the middle represents the damage location.

5. Finite Element Reference Model

For analysis purposes, a simplified finite element shell model of the SHM-plate was created.
As Kudela and Ostachowicz showed, shell elements are valid for the frequency domain (under the
first cut off frequency) considered in this analysis [40]. The geometries of plate and stringer
are given in Figure 3a and Figure 1. The material properties of a single layer are given in Table 1
and the layups are illustrated in Section 2.1. In Figure 16 the finite element model created in Abaqus
is shown. The detailed modeling can be checked within the provided finite element model mesh
(available online).

The transducers in the model are nodes at the center position of the real piezoceramics and used
for actuation and sensing. For excitation, the amplitude signal in Equation (1) is applied as a force
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perpendicular to the plate surface. For each damage size D; a separate mesh is created and analysed.
As time integration scheme the explicit solver without any non-linearity was used.

In this first study, the simulation tries to reproduce the trend curves of Figure 11 using Equation (2).
The damage D; curve is shown in Figure 17. The result looks promising if the time signal analysis
is done in an interval between 0-500 ps. This value was chosen, because the measured signal is more
or less damped at this stage for 260 kHz, cf. Figure 9.

Figure 16. Illustration of the finite element shell element modelled in Abaqus. The plate and the stringer
are modelled with linear reduced integrated shell elements (54R) with a seed length of 1 mm.

1.0 1
0.8 -
0.6 -
0.4 1
0.2 1
0.0 -
10 20 30 40 50 60

Damage size [mm]

Normalized Energy [-]

Figure 17. Normalized energy for path T3-Ty for various damage sizes of D; and a measurement time
of 500 ps for f. = 40 kHz.

6. Conclusions

This work presented a benchmark datasets for carbon fiber composite plates with omega
stringer elements. A reversible reference damage with 13 different sizes was placed at three locations
of the structure to study the ability of guided-wave-based systems to detect damage of variable
size. In addition, wave field measurements were recorded using a 3D-laser Doppler vibrometer with
narrowband and broadband excitation. The main conclusions can be summarized as follows:
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e the stringer has a significant influence on guided wave propagation leading to strong
signal modifications. This was demonstrated for both specimens.

*  Placing the reference damage at different locations leads to an increasing damage index (DI) when
the size of the reference damage becomes larger.

e  Damage severity can be derived from tomographic image reconstructions. The larger the damage
the higher the peak intensity in the reconstructed images.

e Numerical modelling using finite element analysis is able to reproduce the trend towards larger
damage sizes observed in the experiment.

* Analysis of the acoustic wavefield shows the localization of the reference damage at
the correct position. Moreover, mode conversion phenomena at the stringer element can
be observed.

¢  The technical validation of the measurements from both specimens shows that the dataset can
be used for detailed probability of detection (POD) studies.
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