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Abstract

Delamination in composite structures plays a major role in lowering structural strength and stiffness, con-
sequently downgrading system integrity and reliability. The aim of this study was to show that Lamb waves
may be effectively generated using piezoelectric actuators embedded within a composite plate for use in
health monitoring applications. A Lamb wave-based quantitative identification technique for delamination
in VARTM (vacuum assisted resin transfer molding) composite structures was established. The propagation
of Lamb waves in composite plates was evaluated using dynamic FEM analysis, then an experiment was
carried out to verify the validity of the analytical study. The study assessed damage in the plates by fus-
ing information from multiple sensing paths of the embedded network. To eliminate interference, a wavelet
transform technique was applied to purify the acquired Lamb wave signals. The results showed that satis-
factory detection of defects could be achieved with the proposed method.

© Koninklijke Brill NV, Leiden, 2011

Keywords
Finite element analysis, health monitoring, wavelet transform

1. Introduction

Composite materials are widely used in high-performance structures due to their
high specific strength and stiffness coupled with their cost effectiveness over tra-
ditional materials [1]. When the composite material structures are damaged, the
appearance is unaffected. However, internal damage such as microcracks and de-
laminations are generated and can eventually cause catastrophic failures of the
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structures. Therefore, composite structures must be examined frequently. One of
the disadvantages of the current inspection techniques is that the structures have to
be taken out of service for inspection, making these techniques inconvenient and
inefficient. Furthermore, they are not suitable for structures that are currently in
service.

Non-destructive evaluation (NDE) techniques based on Lamb wave propagation
have been the subject of study for several decades. Lamb waves, the elastic waves in
plate-like structures, can propagate over a relatively long distance, even in materials
with high attenuation ratios, allowing for a broad inspection area using only a few
transducers. For this reason, structural health monitoring (SHM) techniques have
been introduced to provide up-to-the minute condition surveillance [2, 3]. In many
current applications, signals are collected using surface bonding or attached trans-
ducers, e.g., wedge-coupled ultrasonic probes [4, 5], because of their convenience
in attachment, maintenance and replacement. However, these approaches can be in-
efficient in aerospace applications because they normally require vehicle downtime
and incur excessive maintenance costs. Moreover, with sensors directly exposed to
the working environment, the capture of signals can be severely compromised by
noise from a variety of sources; therefore the reliability and repeatability of signal
acquisition may be inadequate.

Isolated from the ambient environment, embedded sensors may offer outstanding
stability in the generation and acquisition of interrogative signals, even in rugged
environments, as well as high sensitivity to structural damage. It has been demon-
strated [6] that embedded PZTs accurately detected cracks as small as 0.1 mm. Lin
and Yuan [7, 8] studied Lamb wave propagation in plates integrated with piezoelec-
tric sensor/actuators analytically and experimentally, employing the Mindlin plate
theory and considering the effects of transverse shear and rotary inertia in the host
plates. PZT disk actuators were mounted symmetrically onto the surfaces of the
plates, the piezoelectric effect of the disks was introduced as an equivalent bend-
ing moment, and thus the Ag mode of a Lamb wave was generated and collected.
Grondel et al. [9] extended the coupled finite element-normal expansion method
and developed an experimental technique to optimally generate the Ag mode of
a Lamb wave in a composite plate using surface-bonded piezoceramic transduc-
ers, which were also used for damage detection. On the basis of such observations,
Lamb waves, including symmetric (Sp) and anti-symmetric (Ag) modes, have been
widely exploited for nondestructive evaluation [10, 11].

The aim of the present study was to assess the utility of Sop and Ap modes
for the quantitative identification of delamination in composite plates. A practical
and effective real-time damage identification approach was developed for woven-
glass/phenol composite plates. The feasibility of this system was verified by appli-
cation to the plates for detection of known localized damage. Comparisons between
experimental and numerical studies of damage detection were made. Then, an ex-
periment was carried out to verify the validity of the analytical study based on finite
element models. A feasibility study was carried out to locate and gauge, based on
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the wavelet transform, damage in VATRM composites using data from the multiple
sensing paths in the embedded network.

2. Delamination in Composite Plates

Laminated composite structures are highly susceptible to low-velocity impact,
resulting in invisible damage which manifests itself as fibre breakage, matrix crack-
ing, or local delaminating [12]. In particular, delamination appearing as the debond-
ing of adjoining plies is the most hazardous defect for laminated composites and can
be induced during careless manufacture or as a consequence of accidental impact.
The occurrence of delamination considerably lowers structural strength and stiff-
ness and severely reduces structural integrity. Both theoretical studies [13, 14] and
numerical simulations [4, 15] focusing on delamination in carbon fiber-reinforced
composite laminates and in which one- or two-dimensional assumptions were ap-
plied during modeling have been well-developed. This study, however, aimed at a
higher simulation precision, so a three-dimensional full-scale FEM modeling tech-
nique was developed.

3. Procedure for Evaluating Delamination

In non-destructive evaluation (NDE), a common understanding is that the ultra-
sonic scanning technique can usually detect damage with a characteristic size larger
than one-half of the wavelength of the ultrasonic wave. Successful Lamb wave
generation and acquisition are key prerequisites for a practical damage detection
technique. It has been observed that a higher algebraic product of frequency and
plate thickness is associated with more significant dispersion phenomena and more
multiple wave modes [16].

Usually a relatively low frequency is preferable where only two fundamental
modes, namely the Sy and Ag modes, are available. For this reason, the fundamen-
tal Ap mode is preferable and more sensitive to damage because its wavelength is
shorter than that of the So mode at the same frequency. However, the Ag mode ex-
hibits more severe dispersion at low frequencies, and more stringent experimental
configurations are normally required to prevent energy leakage from its substan-
tial out-of-plane vibrations. In contrast, the shape of the Sy mode is simple and
the stresses it causes are almost uniform throughout the thickness of the plate at
small products of frequency and plate thicknesses up to 1 MHz - mm [17]. Addition-
ally, for application in the excitation mechanism of a piezoelectric (PZT) actuator,
the Sp mode always exists in the actuated Lamb waves. To excite the Ap mode
solely at low frequencies, some specific method, such as dual actuators with re-
verse phase actuation, is required [18]. In this study, PZT actuators were embedded
within a composite plate to actuate Lamb waves wherein both Sy and Ag modes
were generated synchronously. Therefore, unlike in the previous studies, we ex-
cited two modes for quantitative evaluation and comparison since both Sy and Ag
modes have advantages and disadvantages in defect scanning.
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Figure 1. Specimen configurations in the FEM and experiment. This figure is published in color in
the online version.

Table 1.
Material properties of the VARTM specimen

E1; (GPa) E» (GPa) E33 (GPa) G2 (GPa) V12 v p (glem?)

20 20 5 2.49 0.08 0.08 2.00

3.1. Explicit Dynamic Analysis Using FEM

Explicit dynamic analysis is computationally efficient for the analysis of large
models with relatively short dynamic response times and is ideally suited for an-
alyzing high-speed dynamic events [19]. A four-ply VARTM composite plate with
dimensions 0.187 x 0.187 x 0.019 m? was considered and is shown in Fig. 1. The
mechanical properties of the plate are listed in Table 1. The effective material prop-
erties of the whole composite plate are considered using the laminate plate theory.
In the delaminated region, a volume-split was formed by separating two delami-
nation surfaces by a distance of one-half the thickness of an individual lamina, as
illustrated in Fig. 2. For accurate simulation of wave propagation, the model was
finely meshed using eight-node 3-D brick elements, with four layers of elements
in the plate thickness corresponding to the four laminates. At least ten elemental
nodes were allocated within the Lamb wave wavelength to guarantee the validity of
the simulated dynamic responses. This mesh density led to approximately 30 000
elements in total for the delaminated plate. A surface contact algorithm [19] was
introduced to process the contact problem arising from delamination by primar-
ily relaxing the restrictions on the two contactable surfaces. The contact algorithm
permits a small relative sliding displacement and an arbitrary rotation of the two de-
laminated surfaces. Both the upper and lower delamination surfaces were defined
using an element-based deformable surface [19], allowing interaction between the
two surfaces in the normal direction, but resisting mutual penetration. A full-scale
FEM model for the VARTM specimen was created using the HYPERMESH plat-
form.
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Figure 2. Modeling of delamination. This figure is published in color in the online version.

3.2. FEM Simulation

A Lamb wave was numerically generated in the delaminated plate. A previous study
[20] verified that a Lamb wave with a waveform of five-cycle sinusoid tone bursts
windowed by the Hanning function can benefit the signal identification. It also ef-
fectively prevents wave dispersion and makes the signal interpretation explicit. In
this study, PZT disc transducers were chosen as transmitters and receivers since they
exhibit simultaneous actuator and sensor behaviors. The Lamb wave was activated
at a central frequency of 0.265 MHz by evenly applying a horizontal displacement
at all of the nodes across the thickness of the plate, as illustrated in Fig. 3. The gener-
ated Lamb wave with its frequency spectrum determined via fast Fourier transform
(FFT) is also exhibited in Fig. 3. A majority of its energy was observed to centralize
around 0.265 MHz. Lamb wave propagation in the delaminated laminate was simul-
taneously monitored at a sampling rate of 20.48 MHz. The dynamic simulation was
conducted using ABAQUS/Explicit with a time step for dynamic calculation that
was less than the ratio of the minimum distance between any two adjoining nodes
to the maximum Lamb wave velocity in the excitation frequency range. Due to the
absence of an element type with piezoelectric function in ABAQUS/Explicit, a spe-
cific modeling technique for the PZT actuator model and sensor has been introduced
[21]. In the actuator model, a uniform radial displacement in the x—y plane was ap-
plied to all nodes along the edge of the actuator in order to generate the fundamental
symmetric and anti-symmetric Lamb wave modes. The actuation case was applied
to study the interaction of the Lamb wave modes with a delamination. A single PZT
actuator embedded within the plate was simulated by applying both a shear force
and a bending moment to generate the So and Ag modes simultaneously [22].

3.3. Experimental Characterization

A specimen with the same geometry, mechanical properties, and boundary con-
ditions as those in the FEM simulation was experimentally evaluated. Figure 4
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Figure 3. Input excitation signals in the (a) time domain, (b) frequency domain.

illustrates the active real-time structural health monitoring system developed in this
study. In this system, PZT disc transducers with a circular shape (Kyungwon Inc.)
were chosen as transmitters and receivers since they can exhibit simultaneous actu-
ator and sensor behaviors. Transducer arrays in each region were used to measure
the group velocity. A function generator (Ram-10000, Ritec) was used to excite the
transmitting actuators. The applied excitation signal was five cycles of a 0.265 MHz
sinusoidal tone burst enclosed in a Hanning window. The received signals were col-
lected with a digital oscilloscope (CS225, Gage Inc.). The validity of this system
was studied using a four-layer woven-glass/phenol laminate plate with predeter-
mined delamination. Teflon tape with a length of 69 mm and width of 15.5 mm
was inserted between the second and third layers to simulate common delamina-
tion. The center of the delamination was 72.5 mm from the left and bottom edges
of the plate. The received signals were acquired at a sampling rate of 2.0 MS/s by
the oscilloscope, which averaged 32 samples, to improve the S/N ratio. The central
frequency of the transmitting signal was 0.265 MHz. However, the central frequen-
cies of the received signals when Lamb waves were propagated within each region
did not correspond to this value. In other words, there was a deviation from the
central frequency of the transmitting signal. All signal analyses were performed on
the MatLab Platform.
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Figure 4. Schematic drawing of the experimental setup. This figure is published in color in the online
version.

4. Wavelet Transform

It can be concluded that an embedded PZT sensor, protected from the environ-
ment, allows for excellent immunity to environmental noise delivering an enhanced
signal-to-noise ratio (SNR) and a steady amplitude output. However, an embedded
PZT sensor normally generates both symmetrical and anti-symmetrical wave modes
simultaneously. Meanwhile, mode reflection occurs at boundaries, discontinuities,
or structural defects, resulting in a complicated multimode wave signal. Further-
more, other sources of interference, for example material attenuation, natural struc-
tural vibration, and experimental broadband noise, also inevitably deteriorate the
wave signal and obscure the signal characteristics. For this reason, appropriate sig-
nal processing methods must be applied to wave signals in order to distinguish
and extract the characteristic information. Advanced signal processing algorithms
combining time, space, and frequency information, such as the short time Fourier
transform (STFT), two-dimensional Fourier transform (2DFT), and wavelet trans-
form (WT), have been applied extensively for signal processing in structural health
monitoring. In this study, the WT technique was adopted to process the acquired
wave signals. The WT is an important linear time—frequency representation of sig-
nals which maps a one-dimensional time signal into a two-dimensional function of
time and frequency. In contrast to the STFT, the WT automatically scales the time
window function to cover both high-frequency and low-frequency signal resolu-
tions [23].
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A continuous wavelet transform (CWT) of a signal can be written as [24]:

I ft—D
(W‘l’)(a’b):ﬁ/mxmw (T) dr, (D

where a, b, V() and W* are the scale parameter, time shift, basic wavelet, and com-
plex conjugate of W*, respectively. The CWT is then correspondingly simplified as
the discrete wavelet transform (DWT), and the original signal can be reconstructed
from the wavelet synthesis formulas using [24]:

+00
Xm() =" amna(t), )
n=—oo
where n, m and a; are the dyadic time-scale integers and the wavelet amplitude,
respectively. Unlike the CW'T, which operates at every scale and over a continuous
time shift across the full domain of the analyzed signal, the DWT decomposes and
rebuilds the signal at separate levels of frequencies with multi-resolution analysis
using the Matlab algorithm to reduce redundant coefficients of equal magnitude
[25]. The notion of scale or level in the WT is proportional to its reciprocal and is
a substitute for frequency. Each scale or level in the time-scale domain corresponds
to a certain region of frequencies in the time—frequency domain. In this work, both
the DWT and the CWT were performed successively to extract the characteristics
of the acquired Lamb wave signals.

5. Results

In the numerical and experimental studies, the group velocities of the Lamb wave
modes excited by PZT sensors in the signals from the specimens without delamina-
tion were determined by calculating the time of flight between a pair of transducers
at a certain distance. As the fastest mode, the Sy mode arrived prior to all available
Lamb wave modes in the time sequence. The theoretical dispersion curves for the
group velocity were derived using the formalism of Nayfeh [26]. The dispersion
curves in Fig. 5 show that there can be two modes (Sp, Ag) at 0.265 MHz. The
group velocities were 3.2 km/s for the Sy mode, and 1.1 km/s for the Ap mode at
a center frequency of 0.265 MHz. The group velocities of only two Lamb wave
modes could be detected in the specimens without delamination because they are
non-dispersive in this range.

The procedure for the feature extraction from the Lamb wave signals is ex-
plained. First, the raw signals were decomposed into multiple frequency regions
via the DWT, and the relevant level comprising the excited frequency of 0.265 MHz
was selected to filter the noise from other frequency bands. Second, wavelet coef-
ficients were calculated in the time-scale domain via the CWT from the purified
signals. Then, the energy spectrum based on the wavelet coefficients was integrated
along the scale axis to construct the energy profile in the time domain for feature
extraction and damage assessment. This procedure ensures that the wave signal and
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Figure 5. Dispersion curves for group velocity in the VARTM specimen. This figure is published in
color in the online version.
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Figure 6. Multiple resolution of the DWT analysis of signals along the delamination path. This figure
is published in color in the online version.

its corresponding energy distribution in the time domain were concentrated in a
narrower band of the excited frequency after the WT analysis so as to enhance the
wave scattering for defect detection. Using a Daubechies wavelet, the raw wave sig-
nals were decomposed into eight levels corresponding to the frequency regions. The
chosen sampling frequency of 20.48 MHz provided an effective sampling range up
to 10.24 MHz based on the Nyquist sampling theory [27]. It can therefore be ob-
served in Fig. 6 that the main components of the source wave signal were focused
in a detailed part of Level 6. The analytical results from DWT at the 6th Level are
shown in Fig. 7.
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Figure 7. CWT analysis of signals on plates without and with delamination: (a) FEM (without de-
lamination), (b) experimental (without delamination), (¢) FEM (with delamination), (d) experimental
(with delamination).

Figure 7 shows DWT analysis signals from plates with and without delamination.
Good correlation between the numerical and experimental results was observed for
the incipient Sop and Agp modes with the discrepancy in propagation velocity being
less than 5%. In the figure, the two modes are clearly identified as the Sp and Ao
modes. The normal displacement amplitude of the Sy mode was in fact twice as
large as that of the Ag mode. This quantitative result is in agreement with the theory,
as indicated in Fig. 5. However, when delamination existed in the Lamb wave paths,
the signals showed significant changes (Fig. 7). Therefore, it is possible to judge the
presence of internal defects by monitoring the changes in the received signals. It is
noted in Fig. 7 that the extra wave packet induced by the delamination, defined as
Sdel, can be clearly observed between the incipient wave packet (Sgp) and the wave
packet reflected from the boundary (Siefr) in the wavelet-reconstructed signals.

After being normalized to the maximum amplitude of the incipient wave packet
in the plate without delamination, the amplitude of the incipient wave packet in the
delaminated plates can be seen to decrease. It is believed that more incident waves
were scattered at the delamination site, contributing to greater dissipation of wave
energy. Similar characteristics were also observed in the distribution of wavelet
coefficients in the time-scale domain in the CWT analysis (Fig. 8). The extra strip
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Figure 8. 2D CWT spectra signals from plates without and with delamination: (a) FEM (without de-
lamination), (b) experimental (without delamination), (¢) FEM (with delamination), (d) experimental
(with delamination). This figure is published in color in the online version.

of energy density induced by the delamination is emphasized between the Sy and
Sref parts, and the blue scales in Fig. 8(c) and 8(d) represent the greater amount
of energy scattered with the increase in delamination. Thus, even if the sensor in
lower than the selected cut-off frequency, the center frequency appropriate to each
specimen should be determined experimentally. The results also showed that the Sg
mode was more effective than the Ag mode at detecting delamination.

6. Conclusions

Delamination is a common type of damage widely found in advanced composite
structures. In this study, an embeddable active PZT sensor network was developed
to increase the functionality and reliability of damage assessment and to moni-
tor the conditioning of the composite structures. The propagation characteristics of
Lamb waves generated and collected by the embedded sensor network were numer-
ically and experimentally evaluated. The analytical results of the numerical study
using finite element models showed successful damage prediction consistent with
the trends in the experimental study. Numerical and experimental investigations
showed that the Sp mode was dominant over the Ap mode during propagation in a
VARTM specimen. The embedded sensor network had an immunity to environmen-
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tal noise, excellent stability, and repeatability in data acquisition when compared
with traditional surface-bonded PZT sensors. The generated wave exhibited non-
dispersive properties under an excitation frequency of 0.265 MHz in the VARTM
specimen. A feasibility study was conducted using the embedded sensor network
for detection of damage in the VARTM specimen on the basis of wavelet transform.
It was shown that good diagnostic results can be achieved with this method. The
wavelet transform method can be used for the detection of delamination in com-
posite plates. Its excellent identification capabilities show significant potential for
improving the integrity of composite structures. Further studies will focus on the
development of identification techniques for the extent of delamination.
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