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Abstract

The proposed method is based on non-destructive and non-contact measurements of
displacements of modal shapes and then processing the acquired signals using spatial wavelet
transform. The experimental studies were carried out on the laminated composite plates with
artificially inputted impact damages with various energies of impacts and different geometric
properties of impactors. The application of different impactors allows for simulation of
different types of stress distributions (tension, shear or both stress components) and
consequently different types of damages. The modal shapes acquired experimentally were
analyzed using wavelet-based algorithm, which allow to extract diagnostic information about
the damage presence and location. The results of the damage detection studies prove the
effectiveness of the proposed method and a possibility of its practical application.

1. Introduction

Non-destructive testing (NDT) of composite structures is often differing from that of metallic
structures mainly due to their heterogeneity, anisotropy and the damaging mechanisms.
During their operation the different types of damages may occur, e.g. interphase cracks and
delaminations. The serious danger cause internal damages, which could propagate and may
induce catastrophic consequences, and which could not be visible on the surface of a
structure. One of the types of damages in composite structures, which often have internal
extension of cracks and delamination are the low-velocity impact damages. These damages
occur in many structural elements in aircraft and aerospace vehicles, where such structural
damages may occur during operation. The characteristic mechanisms of damaging of
composites during impacts cause both surface cracks and internal damages such as
delaminations. Often these damages are not visible on the surface of a structure, however their
internal structure may contain numerous cracks and delaminations in a wide area with respect
to the contact surface of an impact.

A typical low-velocity impact damaging of composite structures occurs in aircraft vehicles,
e.g. by lofting of stones and other foreign objects from the runways and roads by the vehicle’s
tires or wind flows [1,2] or caused by the hail [3]. During the lofting of stones the most
vulnerable part of the aircraft vehicles is a fuselage often made of composite materials. There
are two areas of increased frequency of incidents: bottom area of the fuselage just behind the
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front chassis and lateral areas on the fuselage behind the back chassis [4]. The actually
applied strategy of the fault tolerant design in the aircraft industry [5] requires information
about structural health of particular elements of the vehicles, therefore the development of
appropriate diagnostic and monitoring systems is necessary for this purpose.

The applied methods of damage evaluation should allow for detection of all types of damages
occurred in the composite structures during their operation. Many of the NDT methods are
limited to the laboratory conditions, because of the usage of the special equipment or due to
the special types of excitation. One of the NDT methods, which were successfully applied for
the damage assessment, is the modal analysis [6]. This type of analysis has several advantages
with respect to other methods: when the operational modal analysis is carried out there is no
necessity to unmount the tested element from the machine; moreover the measurements could
be carried out in the field conditions. However, the modal analysis allows for detection the
changes of natural frequencies of vibration and gives mere information about damage
presence and no information about its location. Following this, it is necessary to apply
adequate signal processing techniques in order to extract important diagnostic information
from the measurement data.

The promising signal processing technique, which was intensively developed in the last
decade [7-10], is the wavelet analysis of modal shapes. Due to the great sensitivity of the
wavelet analysis to any non-monotonicities and sudden changes of analyzed signals, it could
detect and localize even the smallest changes in the modal shapes. In the case of application
of wavelet analysis as a diagnostic tool several important factors should be considered. As it
was reported in the earlier studies [9,10] the accuracy of detection and localization of
damages in composite structures is strongly dependent on the type of wavelet transform,
selected wavelets and their parameters, the influence of measurement noise and boundary
effect, etc. All of these problems were discussed in the review paper [11]. Considering the
previous results [10] it was shown that the discrete wavelet transform (DWT) is the most
appropriate for the damage assessment problems due to its great accuracy with simultaneous
low time-consuming computational algorithm. In the previous studies DWT was used
together with 2D B-spline wavelets, which are separable, i.e. constructed from the
combinations of 1D scaling and wavelet functions. As a result one obtains a scaling function
and three wavelet functions: horizontal, vertical and diagonal. These wavelets have preferred
directions (vertical and horizontal) and the diagonal wavelet function does not have a
straightforward interpretation [12]. Such preferred directions not always coincide with the
shape of the identified damage, thus the direction-invariant wavelets seems to be more
suitable for the analysis.

The properties of direction invariance could be fulfilled by the non-separable wavelets. The
wavelets of such a type were developed by Van Der Ville et al. [12-14] and called quincunx
wavelets due to their lattice configuration. The subsampling scheme of these wavelets allows
for finer scale progression than the dyadic scheme used in classical DWT. The decomposition
with use of quincunx-based scheme results in a single set of approximation coefficients and a
single set of detail coefficients, regardless the DWT, where three directional sets of detail
coefficients were obtained after the single-level decomposition. The existence of only one set
of detail coefficients simplifies the analysis of damage identification.

The presented study deals with the detection and localization of low-velocity impact damages
in the composite square plates. The damages were artificially inputted into the structure by
various impactors with immersed stones, which allow simulating the real stone-impact
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damages occurred in the aircraft structures. The specimens prepared in such way were then
scanned by laser Doppler vibrometer (LDV) in order to acquire modal shapes of vibration of
them. From the obtained frequency response functions (FRF) the modal shapes were acquired
and analyzed using wavelet transform with quincunx wavelets. Selected results were
presented, compared with the ultrasound scans (C-scans) and discussed.

2. Experimental studies

The tests were performed on the 10-layered epoxy laminated plates reinforced with E-glass
cloth with the weight of 200 g/m” with dimensions of 300x300 mm and a thickness of 2 mm,
which were manufactured and supplied by Izo-Erg S.A., Gliwice. At the first stage of
experiments the plates were artificially damaged on the own designed test rig using four types
of impactors with immersed granite stones (see [15] for details). The difference between the
impactors is that the stones were oriented in different way: vertex-oriented, edge-oriented,
rough surface-oriented and flat surface-oriented, which allows to simulate different types of
damages. A test rig and used impactors were presented in Figs.la and 1b, respectively. The
specimens were impacted using the described impactors with various energy amounts in the
range of 5+40 J with a step of 5 J. As a result, 20 specimens were selected for the further
analysis considering that not every combination of an impactor shape and impact energy
amount resulted in visible changes of a given specimen.

Figure 1. Testing rigs and setups: a) impact testing rig, b) considered impactors, ¢) modal testing setup.

During the next stage of an analysis the modal testing of the selected specimens was
performed. The tests were carried out using scanning LDV for the measurements of FRFs of a
specimen and a point LDV for the reference signal. The specimens were clamped in the steel
frame along the edges and mounted on the electrodynamic shaker, which was excited the
specimen to vibrations by the pseudo-random noise signal. Considering that the frame
partially covered a specimen the measurement area was limited to 250x250 mm. On this
surface the net of 64x64 equidistant measurement points was defined. The frequency
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bandwidth was defined in the range of 0+3200 Hz with the a resolution of 1 Hz and the
sampling frequency of 8192 Hz. Five averaging cycles of the FRFs were defined. After the
modal analysis the modal shapes were selected for further analysis from the obtained FRFs. A
testing setup was presented in Fig.1c. Considering a fact that the detectibility of the damages
is strongly depended on the magnitude of velocity of displacements the modal shapes were
selected using the following rule: if the magnitude of velocity of displacements of a given
modal shape with respect to the magnitude of displacements of the first modal shape was
equaled or higher than 5%, then the given modal shape was considered in the further analysis.
The collected modal data were converted into Matlab® environment for performing the
wavelet analysis.

At the last stage the collected data were analyzed using wavelet-based algorithm with
application of quincunx wavelets. The application of this transform has numerous advantages,
1.e. a single set of details coefficients and avoiding the boundary effect, which occurs when
the separable wavelets are used [9]. This transform proposed in [14] is based on McClellan
transform (known also as diamond transform) and sampling on the quincunx lattice. The
chosen set of scaling and wavelet functions was based on the isotropic polyharmonic B-
splines [12] — the wavelets with emphasized isotropy, which converge to the Gaussian ones
during the increase of their order, similarly as the integer B-spline wavelets [9]. Such
wavelets could improve the sensitivity of the method due to more accurate features detection
and ensure rotation invariance. Only the second-level detail coefficients after decomposition
were selected due to the better localization of a damage and lower noise influence. For each
case the selected modal shapes (according the above-presented rule) the wavelet transform
was performed separately and the resulted second-level detail coefficients were added up
within the analyzed case in order to increase the detection and localization ability. Then, using
the single-parameter minimization procedure, the order of quincunx wavelet was selected.
The applied quincunx wavelet has an order of 1.8272. The selection of such a value could be
explained by the small support with high-magnitude values and their quick decay from the
origin of the wavelet.

3. Results and discussion

The processing procedure of modal shapes was performed for all of the selected cases. For
clarity of description of results the symbols A, B, C and D were assigned to the considered
impactors according to their order as it was presented in Fig.1b. In the cases A with all energy
amounts considered in the analysis none of the damages have been observed, which was
conducted both by the proposed method and by the reference method (ultrasound C-scans).
For the cases B the damages were detected for the range of impact energy amounts of 20+40
J, for the cases C the damages were detected for the range of 25+40 J, while for the cases D
the damages were detected for the range of 10+40 J. The selected results were presented in
Fig.2, where in the first column contains the images of damages obtained using transmitted
light imaging (see [16] for details), the second column consists results of analysis using the
presented method and the third column consists the C-scans of the investigated cases. Note
that the resulted images, obtained using proposed algorithm (second row), have the
dimensions of 250x250 mm.

The comparative study shows that the damage detection capability of the proposed method
with respect to ultrasound measurements seems to be similar. The great influence of the
damage detectibility has the geometry of the stone, which contacted with a composite
structure during the impact. The main advantage of the application of quincunx wavelets of
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optimally selected fractional order for the damage identification is the increasing the
sensitivity of the method with simultaneous decreasing of the computational time.
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Figure 2. Results and comparison of selected damaged plates using various methods: first row — case B-25],
second row — case B-40]J, third row — case C-30J, fourth row — case D-20J, fifth row — case D-35J.

The results of the damage detection studies prove the effectiveness of the proposed method
and a possibility of its practical application.
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