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ABSTRACT. This paper presents a method for analyzing ultrasonic wavefield data
using the Continuous Wavelet Transform (CWT) applied in the spatial domain.
Unlike data obtained by sparse arrays of transducers, full wavefield data contains
information local to the structure and can be used to obtain more detailed
measurements of damage type, location, size, etc. By calculating the CWT of the
wavefield in the spatial domain, the wavenumber spectrum is determined for the
inspected locations. Because wavenumber is affected by the local geometry and
material properties of the structure through which Lamb waves propagate, the
wavenumber spectrum can be analyzed to assess the location, severity, and size of
damage. The technique is first applied to experimental wavefield data obtained using
a laser Doppler vibrometer and automated positioning stage. The out-of-plane
velocity along the length of a composite stringer was measured to detect the presence
of delaminations within the composite overwrap. Next, simulated corrosion is
detected and measured within an aluminum plate using the two dimensional CWT.
The experimental results show the usefulness of the technique for vehicle structure
inspection applications.
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INTRODUCTION

Guided waves, such as Lamb waves, have found many applications towards
damage detection, localization, and measurement. Permanently mounted transducers can
be used to generate and detect guided waves in structures [1]. However, the number and
locations of the bonded transducers limit resolution and fidelity of defect detection and
measurement [2]. It is possible to supplement structural health monitoring provided by
permanently mounted transducers with non-contact wavefield measurements performed
over the surface of the structure [3,4]. Researchers have investigated multiple methods of
interpreting the very large datasets obtained in this manner [5-7]. Of particular interest is



the use of laser Doppler velocimeters to obtain the wavefield data due to its non-contact
nature and its ability to scan large areas [8]. This paper presents a method for local analysis
of wavefield data that effectively highlights the presence of defects and provides a means
to quantify defect severity.

EXPERIMENTAL METHODS

PRSEUS Composite Stringer

Two samples were utilized in this work. First, a composite stringer consisting of a
9.5 mm diameter pre-cured, pultruded carbon fiber rod with carbon fiber reinforced epoxy
overwrap was investigated. The stringer is part of the PRSEUS (Pultruded Rod Stitched
Efficient Unified Structure) composite structural system with an overwrap layup of [+45,-
45,0,90,0,-45,45]. A 1.0 MHz Panametrics V103 transducer was coupled to the end of the
rod using gel couplant. The transducer was excited by a 5-cycle 250 kHz sine burst with
amplitude 70 V to generate guided waves that travel along the length of the stringer. The
acoustic wavefield was measured with a Polytec OFV-505 laser Doppler vibrometer
(LDV) and recorded by a LeCroy 6030 8-bit oscilloscope at a rate of 50 MHz. The stringer
was placed in an automated scanner and measurements were recorded every 0.5 mm along
the length of the stringer in a linear manner at 45°, 90°, and 135° angular locations. The
stringer was also inspected by an immersion ultrasonic probe with the sample placed on a
turntable. 240 mm of the stringer length was inspected in 1.27 mm increments and 180°
rotation in 1° increments using a 5 MHz probe with 101.6 mm focal length.

The stringer contained delaminations that were unintentionally created during
manufacturing. Data recorded by the LDV and X-Ray Computed Tomography (CT) cross-
section images of the delamination are shown in Figure 1. The wave is seen to propagate
without disruption along the stringer until it reaches 120 mm where scattering and mode
conversion occurs, coinciding with the start of the delamination.
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FIGURE 1. Recorded data obtained along the length of the stringer at 90° angular location and an X-ray CT
image of stringer cross section showing the three inspection angular locations



Aluminum Plate

The second sample is a 2.2 mm thick 6061 aluminum plate with four machined
pockets. The pockets are designated A-D and have geometries as listed in Table 1. Both
A0 and SO mode Lamb waves were generated in this sample by a 9.6 mm diameter, 0.8
mm thick PZT disk bonded to the center of the plate. The transducer was excited by a 5
cycle 250 kHz sine burst. An automated scanner performed positioning of the plate in front
of the LDV. Signals were recorded on a Cartesian grid with 0.8 mm resolution in 100x100
mm square regions surrounding each defect.

Data recorded in the vicinity of defect A at various times is shown in Figure 2. The
incident SO mode reaches the defect at approximately 45 ps and causes scattering of an AQ
mode within and away from the defect. The A0 mode reaches the defect at approximately
65 ps. The circular wave front is disrupted due to slowing of the wave within the defect
and A0 mode scattering is also present.

TABLE 1. Defect geometries present in the aluminum plate.

Designation Width (mm) Height Depth
A 25 25 0.36
B 25 25 0.18
C 12.5 12.5 0.36
D 12.5 12.5 0.18

Y [mm]
Y [mm]
Y [mm]

X [mm] X [mm] X [mm]
FIGURE 2. Recorded data obtained at various times in the vicinity of a 25x25x0.36 mm pocket. The SO
mode is seen interacting with the pocket at 52-64 us. The A0 mode is seen interacting with the pocket at 76-
100 ps. Scattering from the edge of the plate enters the image at 100 ps.



WAVENUMBER ANALYSIS METHODS

1-D Continuous Wavelet Transform

The Continuous Wavelet Transform has been used to analyze the time-frequency
content of guided waves [9]. The one dimensional CWT coefficients, C(a,b), of a signal
S(t) are given as:
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where a is the scale, b is a translational value, and y/(?) is the mother wavelet [10]. In this
work, the complex Morlet mother wavelet is used and is defined as
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The scale and translational value can be related to a pseudo frequency and time,
respectively, and can thus be used to create a time-frequency representation of the signal
where the magnitude of a coefficient is proportional to the energy at a given time and
frequency. Alternatively, if the signal is a function of a spatial quantity, the CWT results in
a space-wavenumber representation [11,12]. The use of the 1D CWT is applicable for data
obtained along a linear path such as the case for the composite stringer. However, the
resulting spectrum will only contain the component of the wavenumber in the direction of
the linear path and therefore cannot be used for quantitative analysis in all cases.

2-D Continuous Wavelet Transform

Two-dimensional data can be processed using the 2D CWT to produce coefficients that are
functions of the two spatial locations, x and y, wavenumber, and wave propagation
direction, 6.
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The two dimensional Morlet wavelet is defined as a complex plane wave windowed by a
Gaussian function:
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In order to obtain the wavenumber spectrum irrespective of direction, the CWT
coefficients obtained for multiple directions are recorded and their magnitudes summed.

RESULTS

Figure 3 shows the data obtained along the length of the composite stringer. The
incident wave is clearly seen to be propagating from the right side of the figures towards



the left with a relatively long wavelength. The space-wavenumber representation shows
the wavenumber is approximately k=30 m™. When the wave reaches the delamination
within the overwrap at approximately x=120 mm, the wavenumber abruptly changes with
energy present from k=100 to 200 m™". This is due to the geometry of the thin delaminated
region supporting a shorter wavelength at the wave frequency. As the wave continues to
propagate along the stringer, the wavenumber distribution is broadened and energy is
present at k=45 m™. The change in wavenumber demonstrates the existence of a defect at
that spatial location. However, a model is necessary to identify delamination geometry
based on the measured wavenumber.

Previously, multidimensional Fourier transforms have been used to identify
modal content in guided waves [6]. A two-dimensional transform of the recorded data for
the stringer was performed and is presented in Figure 4a in normalized, linear units. For
comparison, the spatial spectrogram was calculated for 40-150 ps and summed as shown
in Figure 4b. The two dimensional transform shows a bandwidth of 210-260 kHz and -
220-220 m™'. While the 2D FT is not readily interpreted, some features can be identified.
The incident wave is indicated by the dark region present over the frequency bandwidth
from 20-35 m". Another dark region is apparent from +120-210 m™, most likely
corresponding to the large response at the delamination at x=120 mm. The good agreement
between the two transforms suggests the spatial spectrogram can be used to measure
wavenumber spectra as a function of location within a structure.
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FIGURE 3. Recorded data and spatial-spectrogram representations for the composite stringer obtained at 60
(left column), 75 (center column), and 90 ps (right column). The incident, low wavenumber (approx. 30 m™)
wave propagates towards x=0. High wavenumber (approx. 140 m™") modes are created when the incident
wave reaches the delaminations at x=120 mm. As the wave continues to propagate, elevated wavenumber
(approx. 45 m™) is apparent from x=0 to x=100 mm.
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FIGURE 4. Two dimensional Fourier Transform (a) and spatial spectrogram (b) of composite stringer data
presented in a normalized linear scale. The wavenumber bandwidths of the two transforms are comparable.
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FIGURE 5. Computed damage indexes (a) corresponding to the three dashed lines in (b) and ultrasonic C-
Scan (b) for the composite stringer. Offsets are added to the damage index equal to the angular location of
the measurements for clarity.

Figure 5 shows a comparison of the C-scan obtained using an immersion
scanning system with the wavenumber imaging results. The CWT coefficients for
wavenumbers above 60 m™ were summed for each location to obtain a damage index as
shown in Figure 5a. The damage index at 45° and 90° agree with presence of the
delamination in the c-scan. The damage index obtained at 135° increases slightly
compared to locations to the right but to a smaller extent than other inspections, showing
less sensitivity to the presence of the delamination.

The utility of the technique for inspection of two-dimensional structures was
investigated. First the 2D CWT is applied at a single wavenumber to determine if it is
capable of acting as a filter to highlight and locate damage within a plate. The transform is
performed at k=128 m™' for the wavefield data at 50 us in order to highlight the A0 mode
scattered by the incident SO mode. Figure 6 shows the raw and filtered data for the four
defects. The filtered data clearly shows the presence and approximate size of the defects
and significantly reduces the amplitude of the SO mode. Unsurprisingly, the deeper defects,
A and C, show a larger signal strength than the shallower defects with the same size, B and
D.

The filtered data gives a good indication of the presence and location of a defect
but does not provide a measure of the depth of the defect. Previous research has shown that
plate thinning will cause the wave speed of the A0 mode to decrease [13]. This is observed
in the raw data by the distortion of the circular wavefronts. The extent of the thinning is
indicated by the shift in wavenumber within the region of the defect. To measure the
wavenumber, the spectrum is calculated at each location and the dominant wavenumber is
determined by a centroid calculation. The resulting wavenumber maps are shown in
Figures 7c and 7d. Edge effects are present at the boundaries of the scanned regions where
the wavenumber 1is artificially increased. The wavenumber is also higher in the defect
regions than in the pristine regions and a larger increase is present within defect A (from
97 to 105) than within defect B (from 97 to 100). The smaller defects did not show a clear



difference between the two depths, possibly due to the defects being on the order of a
wavelength in size.

SUMMARY AND CONCLUSIONS

The utility of continuous wavelet transform methods has been presented for
visualizing and measuring the severity of defects in wavefield data. New methods were
introduced for filtering wavefield data using both the one- and two-dimensional CWT.
Data was processed that was obtained in linear paths along the length of a composite

airframe stringer and in Cartesian grids in the vicinity of machined pockets in an
aluminum plate.
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FIGURE 6. Raw and filtered data showing location and size of pockets machined in 2.2 mm thick
aluminum plate. Recorded data obtained in the vicinity of defects A-D (a-d). Filtered data corresponding to
(a-d) at k=128 m™ (e-h) where darker regions represents larger amplitude at the filtered wavenumber.
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FIGURE 7. Recorded data and measured wavenumber obtained at 80 ps for Defect A (a) & (¢) and Defect B
(b) & (d). Wavenumber measurements show increased wavenumber within defects due to plate thinning.



By applying the one dimensional CWT, the wavenumber spectrum of the acoustic
wavefield is determined as a function of location along the scan line, permitting local
propagation characteristics to be observed. The method allows visualization of
wavenumber as the wave propagates through defect regions with significant changes in
geometry. The presence of elevated wavenumber has been shown to correlate to overwrap
delaminations in composite stringer structures. Thresholding the spectrum is a simple and
effective means of providing an indicator of presence of damage.

The presented analysis of two dimensional wavetfield data provides quantitative
measurements of the wavenumber spectrum irrespective of propagation direction. This
permits visualization of damage through simple filtering schemes or more advanced
processing of the wavenumber spectrum to measure propagation characteristics.
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