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ABSTRACT

Cost-effective and reliable damage detection is critical for the utilization of composite materials. This
paper presents part of an experimental and analytical survey of candidate methods for in-situ damage detection of
composite materials. Results are presented for the application of Lamb wave techniques to quasi-isotropic
graphite/epoxy finite element and test specimens containing representative damage modes, including delamination,
transverse ply cracks and through-holes. Optimal actuator and sensor configurations were developed from the Lamb
wave equations, along with appropriate driving parameters. A previous paper reported the results of linear wave
scans performed on narrow laminated specimen and sandwich beams with various cores by monitoring the
transmitted waves with piezoceramic sensors (PZT). The current work has focused on built-up structures, such as
stiffened composite plates and a composite sandwich cylinder. This method has also been applied to 2-D plates
during the present work. Lamb wave techniques have been proven to provide more information about damage type,
severity and location than previously tested methods (frequency response techniques), and may prove suitable for
structural health monitoring applications since they travel long distances and can be applied with conformable

piezoel ectric actuators and sensors that require little power.
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1. INTRODUCTION

Structural Health Monitoring (SHM) has been defined in the literature as the “acquisition, validation and
analysis of technical data to facilitate life-cycle management decisions.” [1] More generally, SHM denotes a system
with the ability to detect and interpret adverse “changes’ in a structure in order to improve reliability and reduce
life-cycle costs. The greatest challenge in designing a SHM system is knowing what “changes” to look for and how
to identify them. The characteristics of damage in a particular structure plays a key role in defining the architecture
of the required SHM system. The resulting “changes,” or damage signature, will dictate the type of sensors that are
required, which in-turn determines the requirements for the rest of the components in the system. The present
research project focuses on the relationship between various sensors and their ability to detect “changes’ in a
structure’ s behavior. Previous papers have focused on the application of modal analysis and Lamb wave techniques
to narrow laminated coupons [2-6]. Modal analysis techniques have shown good sensitivity to the presence of
damage, however not much information about the damage type of location can be determined by this inherently
global method. Lamb wave methods have recently re-emerged as a reliable way to locate damage in these materials
[7-9]. Various techniques have been implemented in the literature, which have been presented in previous papers.
The most complete work in this field can perhaps be found in Valdez's PhD thesis [10]. During the course of his
work he performed many experiments on quastisotropic graphite/epoxy composite specimens, pulsing them with
Lamb waves in various configurations to detect delaminations. He also simulated the propagation of Lamb wavesin
plates using afinite element code. Much of the research presented in this paper follows Vadez' s work, extending it

to various other types of damage, to built-up structures, and an attempt to optimize the testing parameters.

2. LAMB WAVE PROPAGATION PARAMETERS

Lamb waves are a form of elastic perturbation that can propagate in a solid plate with free boundaries [11,
12]. This type of wave phenomenon was first described in theory by Horace Lamb in 1917, however he never
attempted to produce them [13]. The present work utilizes PZT piezoelectric patches to excite the first anti-
symmetric Lamb wave (A0 mode). This wave was chosen since it can propagate long distances with little
dispersion, and no higher modes are present to clutter the resulting response waves [10]. There is currently no
standard or even a best-practice precedent for damage detection via Lamb wave testing. Several procedures have

been developed in the literature, each with valuable characteristics, and each with some degree of arbitrariness. A



major goal of the present research was to optimize the parameters used to propagate the Lamb waves based upon the
various equations that describe their motion. In previous Lamb wave papers, a detailed derivation has been
presented for the Lamb wave solutions to the wave equation, and the effects various variables had on the sensitivity
of these methods to damage was discussed. The present work places these findings into selection guidelines to
choose the appropriate actuating frequency, pulse shape, and sensor geometry for a particular Lamb wave
application. Also discussed in the following sections are the topics of sensor spacing and datainterpretation. All of
these guidelines were used to define the testing parameters for the experimental procedures that followed. This set
of tools could be used in parallel by an engineer developing a SHM system for a vehicle to decide if the Lamb wave
method would provide satisfying results for their application, and to determine the appropriate driving parameters to

obtain the best damage detection resolution.

2.1 Frequency Selection

The first step in defining an appropriate Lamb wave damage detection solution is to select an appropriate
driving frequency. This procedure commences by finding the Lamb solution for the wave equation, and plotting the
dispersion curves for each section to be monitored. By entering the stiffness and density properties for a particular
material, the resulting dispersion curves provide a range of potential wave velocities for the A g (first anti-symmetric)
mode driven at different frequency-thickness products. For a given thickness, ideally one would like to choose the
least dispersive driving frequency for the Lamb wave being generated, which generally exists where the slope of the
phase velocity curve is equal to zero. Thisis because at low frequencies, the dispersion curves have steep slopes
and thus are very sensitive to small variations in frequency making it difficult to maintain a constant velocity to
predict the time of flight. The Ag mode, however, follows a square root relationship with frequency until higher
values, thus the operating frequency needs to be chosen by a different criteria. The higher the frequency the smaller
the slope of the Ag dispersion curve, although at a certain point other higher order Lamb waves begin to exist
simultaneously and the signal becomes cluttered. The wave velocities are also much faster at higher frequencies,
increasing data acquisition requirements.

To balance these issues, the following procedure should be followed. First plot the dispersion curves for
the material, and locate the frequencies at which the Rayleigh velocity is obtained and where the A ; mode beginsto

be excited. If the Rayleigh velocity is below the point where the next anti-symmetric mode is generated (which



normally is not true) then this is the critical frequency; otherwise it would be wise to choose a point about 10%
below the A; origin point as the critical frequency. Next, it must be determined if the data acquisition capabilities
are able to capture a wave traveling at this velocity. Typically, the data acquisition rate should be 10 times the
frequency of the signal it is sampling, so the selected driving frequency may have to be lowered if the sampling rate
is unobtainable. Also, with knowledge of the effects of various damage types on the stiffness of a particular
material, the resolution of change for the resultant signal, or “observeability,” can be predicted in order to determine
the detection limitations with respect to flaw size for a given data acquisition capability. It would also be prudent to
check on the actuator capabilities to generate that range of frequencies. A final consideration to fine tune the driving
frequency is to calculate the natural frequencies of the structure to be monitored, either analytically or by finite
element models, and to select a driving frequency that coincides with a normal mode in the desired frequency range.
The natural frequencies of the structure play a small role in the amplification or attenuation of the transmitted wave,
whereas the wave can travel with less disturbance at a resonant frequency.
Using this procedure, an effective experimental test procedure was determined for the present research.

The material constants in the propagation direction for the composite laminates to be analyzed were calculated by
classical laminated plate theory, and then entered into the Lamb wave model. For the narrow coupon tests, 15 kHz
was selected as an optimal frequency, 50 kHz for the sandwich beam tests, and 40 kHz for the micro-satellite bus
structure (all to be described further in the experimental procedures section). These frequencies were obtained from
their slope and location on the dispersion curves, evidence from previous research suggesting these frequencies for
specimens of similar geometries, and brief experimentation using a function generator to verify the maximum
response amplitude for the range of driving frequencies. Following this procedure it was cetermined that
graphite/epoxy composite materials were a good candidate for Lamb wave methods, and that with the detection

capabilities of the data acquisition system that a reasonable change in stiffness (5-10%) could be resolved.

2.2 Pulse Shape Selection

The second set of variables explored was the actuation pulse parameters. These included the pul se shape,
amplitude and number of cycles to be sent during each pulse period. These parameters were varied analytically and
verified experimentally on a control specimen to observe their effect on the Lamb waves generated. First, several

candidate signal shapes were compared in MatlabQ by using their power-spectral-density (PSD) plots. Similarly



the effect of the number of cycles per period for the different shaped signals was observed in the PSD plots by
comparing the energy dedicated to the principal driving frequency. The more energy dedicated to the desired
driving frequency, the stronger the Lamb wave and the more accurate the wavespeed calculation, and hence the
more sensitive and reliable the damage detection capability. Of the signal shapes that were analyzed and
experimented, pure sinusoidal shapes appear to excite Lamb wave harmonics the most efficiently, since they are
periodic, smooth and have comparatively quick rise times to their peak amplitude as compared to a parabolic shape.
A Hanning window helps to narrow the bandwidth further to focus the maximum amount of energy into the desired
actuating frequency with the least “spill-over” from neighboring frequencies. For the present research, a signal of
3.5 sinewaves under a Hanning window was used.

Once the driving frequency and signal shape have been selected, there is then a trade between the number
of wavesthat can be sent in an actuating pulse and the distance from abrupt featuresin the structure. The number of
cycles of aperiodic function desired to actuate the piezoel ectric actuator is one of the more complicated decisions to
be made for Lamb wave techniques. The fast Fourier transform (FFT) of a continuous sine wave would yield a
single peak at the driving frequency, however for a few finite cycles, the FFT appears as a Gaussian curve with a
peak at the driving frequency. Thus, the more waves sent into a driving pulse, the narrower the bandwidth and the
less dispersion. The problem in a short specimen though, is the more waves in the pulse, the less time between the
last signal sent and the first returning reflected signal, so the response is more difficult to interpret. An appropriate
number of cycles can be determined by the maximum number of waves that can be sent in the time it takes for the
lead wave to travel to the sensing PZT patch. It is also convenient to use intervals of half cycles so that the sent
sinusoidal pulse becomes symmetric. Research from the literature has used signals varying from 3.5 to 13.5 cycles
per actuating pulse [7-10]. Since the specimens in the current research are relatively short, few cycles could be
actuated without disturbing the received signal; thus 3.5 cycles were used to drive the piezoceramic actuators.
Lastly, by increasing the driving voltage the magnitude of the strain produced by the propagating Lamb wave
proportionately increases. In these experiments, driving with 510V produced a 10-25 mV response due to the wave
sensed by the PZT patch. Increasing the amplitude also increases the signal to noise ratio to yield a clearer signal,
since the static noise received by the PZT patch is usually in the 1-5 mV range. Also, a SHM system should be as
low power as possible, thus the voltage should be chosen to be the minimum required to resolve the desired damage

size. The optimal driving voltage was therefore chosen to be 5V peak-to-peak for these experiments.



2.3 Actuator Dimensions

PZT piezoceramic actuators were chosen for the present research due to their high force output at relatively
low voltages, and their good response qualities at low frequencies. The generic shape of the actuator should be
chosen based upon desired propagation or reception directions. Several researchersin various fields have examined
the effects of piezoelectric wafer dimensions on the efficiency of their actuation [14, 15]. Waves propagated parallel
to each edge of the actuator, i.e. longitudinally and transversely for arectangular patch and circumferentially from a
circular actuator. The width of the actuator in the propagation direction is not critical, however the wider it is, the
more uniform the waveform created. As cited in the literature though, there is an important sinusoidal relationship
between actuating frequency and actuator length [11]. In the direction of propagation the desired actuator length 2a
for most efficient signal is: .. ..

’ 2a=1 F+10=5R .10 fon-01,23. (1)

2 2
This value of 2a could either be a rectangular side length or the diameter of acircular actuator. This equation could
also be used to determine actuator minimum dimensions, in order to inhibit waves from propagating in undesired
directions. For the experimental procedures in the present research, PZT actuators of 1.5 cm x 0.75 cm were

selected based upon this equation.

2.4 Sensor Spacing

Two important concepts to understand in wave propagation are dispersion and attenuation. Dispersion is
the change in wavespeed in a material with respect to frequency, which was demonstrated gaphically in the
previous section. Since the group velocity isrelated to the rate of change of the phase velocity at a given frequency,
the phase and group velocities are the same for a non-dispersive material. Attenuation isthe change in amplitude of
atraveling wave over a given distance. While propagating through a solid medium, energy is transferred back and
forth between kinetic and elastic potential energy; when this transfer is not perfect, attenuation occurs. Thislossin
energy can be due to heat being generated, waves leaking into sideband frequencies or spreading into different
propagation paths, restraints such as a bonded core, or in the case of composite materials, the fibers can provide

reflecting surfaces, which would deteriorate the transmitted wave strength. These two concepts influence each other



as well, as increased dispersion causes higher attenuation, and vice-versa. A mathematical approximation to this
correlation from the literature that relates the attenuation as afunction of propagation distanceis:
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where A is the attenuation factor and L is the propagation distance. The attenuation tends to the slower Rayleigh
attenuation value as the specimen becomes thicker [11]. An example of this relationship can be seen in the
symmetric Lamb wave modes that tend to not travel as far as the anti-symmetric ones, which can be attributed to
their dispersive nature (it is difficult to keep the two surfaces of the medium in phase with each other, which causes
a high rate of phase velocity change). It has also been experimentally determined that fluids on the surface of asolid
can affect the attenuation of the wave, however this effect is limited mostly to the symmetric modes so will not be
discussed in detail in this paper [12]. Analytical studies have also been performed to formulate the change in
dispersion (and hence attenuation) in curved panels [11]. It was found that the phase velocity is changed by the
: - P
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where g, is the original phase velocity and R is the radius of curvature. When the phase velocity dispersion curveis
adjusted by this formula, the slight increase in dispersion is readily apparent. Using these two relationships, an
approximation can be made to determine the appropriate spacing between the actuators and sensors on a structure.
The design objective of a SHM system is to achieve the most structural coverage with the least number of sensors,
thus the optimal sensor spacing must be calculated. Using Equation 2, which specified an inversely proportional
relationship between propagation distance and signal amplitude that was also dependant on the wave number, an
acceptable signal loss can be specified for the voltage sensitivity of a data acquisition system. For the present
research this was determined to be 25%, and from this percentage an estimated actuator-sensor spacing was be

calculated to be 0.5m.

2.5 Signal Interpretation

The key to reliable and high-resolution damage detection is good signal interpretation. Perhaps the most
important factor that has allowed Lamb wave techniques to flourish recently is the development of wavelet analysis.

Wavelet decomposition is analogous to the Fourier decomposition, however instead of just using sines and cosines,



complex “mother wavelets’ are used to break down the signal [16]. The idea for the wavelet decomposition was
first presented by Haar in 1910, however the square wave he used was not very practical for most applications. It
was not until 1988 when Daubechies introduced a fractal-like mother wavelet, was the full potential of wavelet
analysis for signal decomposition and compression realized. The mother wavelet is essentially used as an
orthogonal basis vector to filter the signal, and is scaled and shifted to approximate the frequency components of the
signal. The virgin signals taken from the sensors were in the form of a time history of small voltages caused by
strains induced by the impinging Lamb waves. These measurements were then passed to Matlaba , where the
Morlet wavelet was used to deconpose the signals, since its shape was closest to the driving pulse shape, which
makes the processing more accurate and efficient [17]. To analyze the measurements, the Morlet wavelet was
scaled between 0 Hz and twice the driving frequency and it was subsequently shifted through the entire time axis.
The results of this analysis could be visualized in two forms. The first was a waterfall plot, which plots all the
frequency scales versus time, representing the energy present at a point by color-coded intensity. Secondly, each of
these scale bands could be plotted independently to allow observation of the numerical amplitude of signal energy
versustime. Using the second method, by looking at the central scale band one could filter out all frequencies other
than the central driving frequency from the received signals. This provides a clear, filtered view of the transmitted
energy from the actuator to the sensors over time for an accurate time of flight measurement. Then, by looking at
the waterfall plot, one could potentially gain insight into the damage in the specimen from the intensities of energy
that have been shed into sideband frequencies. The experimental results presented later in the present research were

created using this procedure.

3. EXPERIMENTAL PROCEDURE

3.1 Narrow Coupon and Sandwich Beam Tests

The experimental procedures for the present research followed a building block approach [18], and the first
set of experiments conducted on narrow composite coupons was presented in a previous paper. The laminates were
25 x 5 cm rectangular [90/+45/0]s quasi-isotropic laminates of the AS4/3501-6 graphite/epoxy system with various
forms of damage introduced to them, including matrix-cracks, delaminations and through-holes. PZT piezoceramic

patches were affixed to each specimen using 3M ThermoBondO thermoplastic tape. Both the actuation and the data



acquisition were performed using a portable NI-Dagpad® 6070E data acquisition board, and a laptop running
LabviewO as a virtual controller. A single pulse of the optimal signal found in the previous section was sent to the
driving PZT at 15 kHz to stimulate an Ag mode Lamb wave, and concurrently the strain-induced voltage outputs of
the other two patches were recorded for 1 ms to monitor the wave propagation. By plotting the magnitude of the
wavelet coefficient at the peak driving frequency, the energy remaining from the input signal could be compared
[16]. This procedure was also carried out for beam specimens with four different cores: low and high density
(referred to as LD and HD) aluminum honeycomb, NomexO, and RohacellO, with a driving frequency of 50 kHz

for these tests.

3.2 Stiffened Plate Tests

The next set of experiments examined damage detection in more complex stiffened specimens using Lamb
waves. Laminated plates were manufactured similarly to the ones from the previous sections, however these
specimens included a secondary cure in which ribs were bonded across the center of the plate using Cyteca FM-123
film adhesive. Three different configurations of ribs were tested during this section of research. The first had athin
2.5 cm wide aluminum Gchannel rib with 1.2 cm tall webs, which was adhered to the laminate with the flat side
facing down and the channel parallel to the sensors. The second configuration used two scrap pieces of the same
composite laminate, one 2.5 cm wide the other 1.2 cm wide, which were bonded with FM-123 in a pyramid-like
stack in the center of the laminate, again parallel to the sensors [18]. The final configuration was identical to the
second one, except it had a 2.5 cm square Teflon strip inserted between the stiffening rib and the composite to create
an artificial delamination in the center of therib. For each of the configurations, actuating and sensing PZT sensors
were affixed to opposite sides of the rib on the edges of the laminate in three locations—one pair that was centered
on the laminate and one pair on either side of the centerline spaced 7.5 cm away. The purpose of these experiments
was first to examine how the rib would effect the propagation of the Lamb waves, then to compare the propagation
through ribs of various stiffness, and lastly to ascertain the feasibility of locating a delaminated region under arib by
comparing the received signal with undamaged regions. The test setup and data analysis procedure for the stiffened

panel experiments wereidentical to that of the thin specimenswith adriving frequency of 15 kHz.
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3.3 Composite Sandwich Cylinder Test

The next level of complexity involved examining a relatively large built-up structure, a cylinder with a 40
cm diameter and length of 120 cm, which was constructed during previous research as a composite micro-satellite
structure [19]. The two facesheets of the sandwich structure were manufactured from the same composite material
as the other tested specimens and were of similar layup, and a 2.5 cm thick low-density aluminum honeycomb was
bonded between them. Anidentical setup to that used on the other specimens was used on this cylinder to determine
the feasibility of detecting known damaged regions in a large curved built-up structure. First, in a control region
with no visual damage, an actuating piezo was placed on one end of the cylinder, and then sensing piezoceramic
patches were placed down the length of the cylinder every 10 cm for 60 cm. These tests would not only provide a
controlled time of flight for the structure, but would also provide data for the attenuation of the wave in a
representative structure. Next piezo sensors were placed every 10 cm circumferentially over a 30 cm span to
examine the attenuation of the Lamb wave signal in a curved section. Lastly, piezo sensors were adhered in
positions 10 cm away longitudinally and at 5 cm increments circumferentially to attempt to quantify how far away
from the main propagation channel the sensors could be placed to still sense a reliable measurement. Once again,
the data analysis procedure for these experiments were identical to that of all the others, with a driving frequency of

40 kHz in this case because of the honeycomb core and slightly different layup.

3.4 2-D Plate Tests

The final test performed in pulsetransmission mode was to scan 2D laminated plates for damage.
Graphite/epoxy panels measuring 30 x 30 cm were manufactured similarly to those of the previous experiments, but
were not milled into smaller specimen for these experiments. Square PZT sensors measuring 1.5 cm on each side
were affixed along the perimeter of the laminate, in the center of each side. The driving pulse was sent to actuate
each PZT piece one at a time at 15 kHz, and simultaneously readings of resulting strains were measured from each
of the other three patches; this would occur four times, each time actuating a different piezo. These results were also

decomposed using the Morlet wavelet.
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3.5 Sdf-Sensing Actuator Tests

As an alternative to pulsetransmission, some preliminary testing was also performed for the pulse
reflection of Lamb waves. Theoretically, this method should provide more information about damage location,
since the time of flight of damage from reflection sites would be recorded so a triangulation could be performed.
The setup for these tests was identical to the configuration from the 2-D plate tests, with PZT sensors placed in the
center of each side. The only difference for these tests was that each PZT piece would serve as both a sensor and
receiver simultaneously, collecting the reflected as well as the transmitted strain data for each pulse actuation. This
“self-sensing” capability was achieved by using a full bridge circuit, represented in Figure 1, which was devel oped
in the literature and adapted for use in these experiments. This circuit design would allow the data acquisition
equipment to monitor the 10 mV strain measurements from the PZT without being overwhelmed by the 5 V driving

signa [20].

4. ANALYTICAL PROCEDURE

Finite element models were created in ABAQUSO to observe the small changes in time of flight caused by
discontinuities in geometry or material properties. Models were built to represent each of the experiments that were
performed, including narrow coupons, sandwich beams, 2D plates with and without stiffening ribs, and finally a
tube structure with sandwich construction. Each of these models were constructed identically to those described in a
previous paper written on frequency response methods, using 1 cn’ square shell elements, where the actuators were
simulated by a coupled nodal moment. Again regions of cracked matrix were modeled as a local loss in stiffness,
and delaminations were modeled by two half laminates with coincident unconnected nodes. Once processed, the
time-steps were visualized as a movie file to measure the time of flight of the Lamb waves across the specimens, and
to record visual evidence of dispersion and attenuation. By comparing the times of flight in these models, it was
possible to determine the required distance between the piezoceramic actuator and sensors hecessary to resolve the

difference between waves traveling in a control versus a damaged specimen.
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5 RESULTS
5.1 Experimental Testing Results

There were two sets of results obtained for both the thin coupons and the narrow sandwich beams. The
first set of results included the virgin time traces of voltage from the PZT sensor at the far end of the specimen. The
time traces for one of each type of specimen along with a superimposed control specimen are shown in Figure 2,
and Table 1 summarizes the estimated time of flight for each of the specimen based upon the plots. The second set
of results for each specimen group was the outcome of the wavelet decomposition. Finally, Figure 3 displays the
wavelet coefficient results for the “blind test,” comparing the two high density aluminum core control specimens
with one known and one unknown damaged specimen.

Similar results were found for the built-up composite structures. The wavelet plots for each of the stiffened
plate tests can seen in Figure 4. As described in the experimental procedure section, several sensors were placed
along the composite sandwich cylinder at regular intervals. The wavelet plots for the axial propagation of the Lamb
waves can be seen in Figure 5. Similar plots for the sensors along the path of the delaminated region are seen in
Figure 6. The last sets of results are for the 2-D plate specimen. The wavelet plots for each of the four independent
tests actuating with different piezoceramics can be seen in Figure 7. Thetimetrace for the single “ self-sensing” test
performed at 45 kHz proved the feasibility of an actuator being used as a sensor as well, by sensing awavefront with
twice the time of flight as a sensor on the opposite side of the specimen. The reflected signal was quite small

however, and more work would need to be performed to use thiskind of sensor in future tests.

5.2 Analytical Results

The finite element models created in ABAQUSO simulated the behavior of the Lamb waves as they
traveled across the thin-shelled laminate. The products of these analyses were movie files that animated the vertical
displacement of the nodes over time as the Lamb waves propagated from the loaded nodes. A series of still shots of
a Lamb wave propagating in a control model can be seen in Figure 8 and for a delaminated model in Figure 9. A
summary comparing the recorded times of flight for each of the models that were analyzed can be found in Table 2.
The FE results did not show much of a change between the control and cracked models for time of flight, however
there was a noticeable reflected wave traveling from the cracked region after the Lamb wave had passed over it.

The model with the through-hole exhibited a slight change in time of flight, and a small reflected wave was
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observed as well. For both delamination models there was a significant increase in the time of flight due to the
damaged region, as well as the introduction of a reflected wave with aimost half the amplitude of the traveling wave.
Additionally, the model with the asymmetric delamination created two wave fronts traveling at different speeds,
which began to interfere with each other as they continued down the laminate. These FE results appear to be
consistent with the experimental results, aswill be further discussed in the following section.

Comparable results were found for each of the sandwich beam models, control and stiffened plate models
and curved sandwich panel models. The time of flight measured for each of these models is documented in Table 3.
Perhaps the most interesting results were discovered for the stiffened plate models. First, Figure 10 displays the
Lamb wave as it propagated across a plate with no stiffener attached as a controlled reference. Next, as seen in the
series of stills for the plate with bonded composite stiffeners in Figure 11, as the wave traveled radially from the
actuation region and reached the stiffened region, a uniform reflected wave began to propagate back towards the
actuator, while the forward moving wave continued towards the opposite side, briefly speeding up in the stiffened
region and shrinking in amplitude. For the stiffener with a delaminated region, seen in Figure 12, when the Lamb
wave reached the stiffener it continued at the same speed and amplitude through the delaminated region while
changing speed and displacement amplitude in the non-delaminated region. Perhaps the fascinating result was that
the delaminated “slot” caused a fringe pattern to appear in both the continuing and reflecting waves, which there
were regions of maximum and minimum displacement amplitudes radiating in constant angle intervals from the
front of the delaminated area. The effect of a delaminated region in a curved sandwich panel was similar, where a

very small amplitude wave propagated across the thick panel and was significantly reflected by the damaged region.

6. DISCUSSION

6.1 Effect of Damage on Lamb Waves

There are generally five goals for damage detection, each of which is gained with increasing difficulty and
complexity. The first is the determination of the presence of damage in a specimen. The second is an estimation of
the severity of the damage. The third goal is to be able to differentiate between various different types of damage.
The fourth is to be able to calculate where the damage is located. The final is to estimate the dimensions of the

damage. It appears that Lamb wave methods carry enough information potentially to meet all of these goals with a
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strategically placed array of sensors and suitable processing codes, however the current scope of this research
focuses on the first two goals.

The results from the narrow coupon tests clearly show the presence of damage in all of the specimens.
Time traces were reproducible within a single specimen, although the results were not consistent across multiple
specimens with identical forms of damage. This was due to the scatter and reflection of the waves from the various
feature of damage which may not be identical specimen to specimen, which makes a “damage signature” difficult to
define. The most obvious method to distinguish between damaged and undamaged specimens however is by
regarding the wavelet decomposition plots. The control specimens retained over twice as much energy at the peak
frequency as compared to all of the damaged specimens, and especially contained much more energy in the reflected
waves. The loss of energy in the damaged specimens was due to reflection energy, and dispersion caused by the
micro-cracks within the laminate in the excitation of high-frequency local modes.

The sandwich beam results were more difficult to interpret, due to the damping nature of the cores, which
significantly reduced the voltage generated by the PZT sensors. Probably the most significant result of the present
research was the “blind test.” Four high density aluminumcore beam specimen were tested, one of which had a
known delamination in its center, while of the remaining three specimens it was unknown which contained the
circular disbond and which two were the undamaged controls. By comparing the four wavelet coefficient plots in
Figure 6 one can easily deduce that the two control specimens are the ones with much more energy in the
transmitted signals, while the third specimen (Control C) obviously has the flaw that reduces energy to a similar
level to that of the known delaminated specimen. Thistest serves as atestament to the viability of the Lamb Wave
method being able to detect damagein at least simple structures.

Similar effects of damage were observed in each of the built-up composite structure cases. In the stiffened
plates, the Lamb waves were able to propagate across the stiffened region without much dispersion since they were
well bonded and uniform across the specimen. By comparing the stiffened plates with and without a delamination, a
reproducible signal was transmitted across each of the intact portions of the composite stiffeners while it was
obvious that the signal traveling through the delaminated region was propagating at a different speed. Finally, inthe
composite sandwich cylinder the impacted region caused severe dispersion of the traveling Lamb wave, which in
turn attenuated the received signal at each sensor further down the tube. For all of the tested specimens, all forms of

damage were easily perceived by comparing the time of flight and wavelet coefficient magnitudes for the control
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versus damaged signal. This result contributes to the argument that Lamb wave techniques could provide valuable

information for thein-situ inspection of composite materials.

6.2 Comparison of Experimental and Analytical Results

Good correlation was found between the FE and experimental results. By comparing Table 1 with Table
2 amargin of error between 10-15% is found between the predicted and measured results for each of the narrow
coupon specimens. The best agreement was found between the control model and the analog experiment since the
representative damage in the test specimens did not correspond exactly to how they had been modeled, and often
there were multiple forms of damage present in each specimen. It was difficult to compare the built-up composite
structure experiments with the FE results for two reasons, firstly because the received signal was highly attenuated,
and secondly because at the higher driving frequencies in the stiffer structures the Lamb waves traveled much
quicker so that the response wave was received within the noise of the actuating signal (as described in the above
section on parasitic capacitance). While the time of flight was difficult to compare for these structures, the trends
observed in each of the models was verified by experimental results. Lamb waves propagating in sandwich
structures of any core material demonstrated much lower displacement amplitudes than those traveling in thin
laminates. More attenuation due to higher dispersion was observed in Lamb waves propagating in the
circumferential direction of curved models and specimens. Lastly, good correlation was found between the
experimental results and the FE results for the times of flight in the stiffened plate with and without delamination,
with margins of error of 10% and 2% respectively. The results for Lamb wave propagation within laminates
appeared to have matched well enough to be able to use a simple structural FEM to simulate the waves' interaction
with damage with confidence for design purposes. For sandwich structures some of the effects were captured by the
2-D shell model, however a 3D or plain-strain model was necessary to capture all of the effects of Lamb waves
traveling at different velocities in various layers. Neither of these types of models for composite material are
practical to be incorporated into a vehicle structural model, so some more investigation may have to be performed in

thisareain the future to design a Lamb wave system for a composite sandwich structure based on FEA.
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6.3 Implementation of Lamb Wave Techniquesin an SHM System

Lamb wave techniques have good potential for implementation in a SHM system. These methods provide
useful information about the presence, location, type, size and extent of damage in composite materials, and can be
applied to a structure with conformable piezoelectric devices. The major disadvantage of this method is that it is
active; it requires a voltage supply and function generating signal to be supplied. This can be complicated in alarge
structure, especialy if the SHM system is to be implemented wirelessly; it has been suggested in the literature
however that PZT can be actuated remotely using radio frequency waves [10]. Another difficult requirement is the
high data acquisition rate needed to gain useful signal resolution. If a system is sampling at 0.5 MHz from several
sensors, a large volume of data will accumulate quickly; this implies the need for local processing. The data
acquisition capabilities dictate the limitations of flaw size able to be resolved by a system using this method. In
order to conserve power and data storage space, the Lamb wave method should most likely be placed into a SHM
system in conjunction with another passive detection method, such as a frequency response method. The
piezoelectric patches used to actuate the Lamb waves could passively record frequency response data until a certain
threshold of change is surpassed, and then trigger the generation of Lamb waves to gain more specific data about the
damaged region. Three to four piezoel ectric multi-functioning actuator/sensor patches would be placed in the same
vicinity in order to be able to triangul ate damage location based upon reciprocal times of flight and reflected waves.
Another possible scheme could rely on long strips of piezoelectric material, which would be able to send and receive
large uniform Lamb waves, and integrate the received and reflected energy in order to determine the state of the
material between them. The separation between sensing patches in either of these configurations would depend on
several parameters such as the material properties, damping characteristics and curvature of the structure, which for
flat areas could be as large as 2 meters apart [10]. The detailed specifications of the Lamb wave driving parameters
to be used for a particular application would be designed by the procedure described in the optimization section.

In the previous discussion sections, it has been shown that there is a reasonable correlation between FE
models and experimental results for Lamb wave propagation, so the effectiveness of this method in a particular
application can be simulated easily using existing structural models with slight modifications. Lamb wave methods
have demonstrated their effectiveness in detecting the presence of several forms of damage in a variety of shapes
and constructions of composite components. From these experiments it has also been shown that with more

research it should be possible to measure the severity, size and location of damage using these methods. For the
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delaminated stiffener for example, by integrating the energy present in a series of time steps the presence of
delamination should be obvious due to the non-uniform wave front, while the fringe pattern in the transmitted and
reflected waves should contain enough information to determine the width of the delamination. Similarly, for the

impact damaged cylinder case, atime integration of the energy transmitted would clearly reveal the damage present.

7. CONCLUSIONS

This paper has explored the optimization and application of Lamb wave methods to damage detection in
composite materials. A collection of equations is offered in order to optimize the driving parameters and actuator
dimensions for testing. With these tools, an optimal configuration was selected for the experimental section of this
research. Using this procedure, several narrow graphite/epoxy specimens were tested with various forms of pre-
existing damage, such as delamination, matrix-cracks and through-thickness holes. Similar tests were also
performed on narrow sandwich beams using cores of various densities and stiffness. These tests demonstrated the
feasibility of detecting several types of flaws in representative composite structures, and this method was validated
successfully by a “blind test” of several beam specimens. Tests were also performed on built-up composite
structures such as stiffened plates and curved sandwich structures. Analytical modeling of these specimens yielded
similar results. Lamb wave techniques have the potential to provide more information than previously tested
methods such as frequency response methods since they are more sensitive to the local effects of damage to a
material than the global response of a structure. Similar to frequency response methods, their results are limited at
higher frequencies, however their low frequency results should provide sufficient data to predict damage. The
disadvantage of Lamb wave methods is that they require an active driving mechanism to propagate the waves, and
the resulting data can be more complicated to interpret than for many other techniques. Overall however, Lamb
wave methods have been found to be the most effective for the in-situ determination of the presence and severity of
damage in composite materials of the methods examined in this research project. Future experimentation will be
aimed at testing two-dimensional and built up structures using this technique, and the application of Lamb wave
methods using a singe multi-purpose actuator and sensor. Structural heath monitoring systems will be an important
component in future designs of air and spacecraft to increase the feasibility of their missions, and Lamb wave

techniques will likely play arolein these systems.
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