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Abstract. Lamb wave time reversal method is a new and piliagibaseline-free damage
detection technique for structural health monitgriwith this method, damage can be detected
without baseline data. In the paper an online dar@detection and identification method is
presented using time reversal Lamb waves method uitnalsonic tomography for damage
diagnosis of composites. The principle and featwkshe time reversal lamb waves in a
composite plate have been introduced firstly. Tthentime reversal method has been adapted
to detect the local defects in composite platecttines by using active sensing system mounted
on a composite plate to excite and receive LambesaVhis method can identify the location
and size of the damage in a composite plate quisklyout relying on past baseline date. The
image that indicates the damage can be obtainethdyultrasonic tomography algorithm.
Experimental results demonstrate the applicakidlitgt effectiveness of the proposed method.

Keywords: Lamb waves, time reversal, ultrasonic tomograplaynage localization.
1. Introduction

Structural health monitoring (SHM) is an emergiegaarch area with multiple applications
in the evaluation of the safety and reliability arftical structures. A typical SHM system for
in-situ structural interrogation consists of a natkvof piezoelectric (PZT) sensors and the unit
for data collection and interpretation. PZT sendarshe system are small surface-mounted
transceivers capable of generating and detectingbLevaves in thin-wall structures [1]. As
guided waves, Lamb waves can travel for long distanith little amplitude loss and permit the
inspection of large areas of thin-wall structurestf a single location [2]. Some examples of
SHM with Lamb waves include crack detection in alwm plates, delamination detection in
composite plates and corrosion detection in piBeS]

Application of Lamb waves for SHM is complicatededo existence of at least two modes
at any given frequency and because of dispersiturenaf the modes. When a guided wave
mode is dispersive, an initial excitation startinghe form of a pulse of energy will spread out
in space and easily get overlapped with the réfladtom the defects in the structure. This fact
diminishes the spatial resolution and makes exmarial data hard to interpret, especially for
long distance testing. Some researchers havettriedmpensate this dispersion numerically by
taking into account the dispersion characteristit$he guided wave modes. However, their
work needs accurate group velocity data for thectitire, involves extensive computation, and
is not effective for real-time SHM system [6, 7].
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Furthermore, traditional guided wave SHM techniquiveloped from nondestructive
evaluation (NDE), such as pitch-catch method, palde® method, etc., depend on the
availability of a pristine structure baseline tosess the structural health. The detection is
performed through the examination of the guided evamplitude, phase, dispersion and the
time of the flight in comparison with the “pristihsituation. These methods may be sensitive
not only to small changes in the material stiffness thickness, but also to the temperature
changes. The baseline measured at one temperatane,not be a valid baseline for the
measurement made at another temperature. Moremantenance of the baselines database
needs extensive memory space. All these aspecit thm application of guided waves for
SHM.

Recently, attention has been paid to the time satenethod developed in modern acoustics
to compensate the dispersion of Lamb waves andnfwove the signal-to-noise ratio of
propagating waves [8—11]. For instance, a puls@-dihe reversal method, that is, the time
reversal method working in pulse-echo mode has leeeployed to identify the location and
size of defects in a plate [9-11]. In the time resaé method, an input signal can be
reconstructed at an excitation point (point A)rif@utput signal recorded at another point (point
B) is reemitted to the original source point (pofjtafter being reversed in a time domain as
illustrated in Fig. 1. This time reversibility (TRY waves is based on the spatial reciprocity and
time reversal invariance of linear wave equatioh®, [L3]. The specific goal of the research
described in this paper is to reconstruct the knewgitation signal at the original input location
through the time reversal process of Lamb waveghis study, an enhanced time reversal
method is proposed so that the reconstruction efitput signal can be achieved for Lamb
wave propagation. The ultimate goal is to useTitsof Lamb waves for damage diagnosis.

e -

(a) exerting input waves (b) reemittirgponse waves being reversed with time
Fig. 1. Time reversal concept

Although the application of the time reversal cgutc® Lamb waves is not a new idea
[8,12], the full reconstruction of the input sighels not been attempted before for Lamb waves.
To achieve this goal, a specific narrowband inpaveform is employed to enhance the TR of
Lamb waves. The complete reconstruction of the tirgignal cannot be achieved when a
broadband excitation is employed for Lamb wave pgapions. Due to the frequency
dependence of the time reversal process of Lamtesyalifferent frequency components of the
broad-band excitation are scaled differently during time reversal process and the original
input signal cannot be fully restored. This is tm@mary reason for using a narrowband
excitation. Once this TR is enforced for Lamb wavag vision is to detect certain types of
defects by examining the deviation of the recomsgu signal from the original input signal
without relying on any past baseline data.

This paper takes advantage of this time reversahaodeto identify defects in composite
plates. Damage causes wave distortions due to s@atéering during the time reversal process
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and it breaks down the linear reciprocity of wavegagation. Therefore, the time reversibility
of waves can allow detecting damage, which causa®wistortions along a direct wave path.
It should be noted that the proposed damage detectiethod leaves out unnecessary
dependency on past baseline signals by instantiypaeoing the known input signal to the
reconstructed input signal. By eliminating the nded the baseline signals, the proposed
damage detection is immune to potential operatianal environmental variations throughout
the life span of a structure. This paper is orgadhias follows: Section 2 deals with the
characteristics of Lamb waves and the time reviitgitof Lamb waves. In particular, some
issues crucial to the time reversibility of Lambwea are briefly discussed. In Section 3,
application of the time reversal Lamb waves metftwdlamage detection in a composite plate
is introduced and a damage index is substituteddamage detection. In Section 4, Lamb wave
ultrasonic tomography approach is described. Ini&@e&, the validity of the proposed method
has been demonstrated through experimental stugfieanisotropic composite plate with
damage. Finally, this paper is concluded in Sediovith a brief summary and discussions.

2. Theory of Lamb wavetime rever sal
2.1. Lamb waves

Lamb waves, a.k.a. guided plate waves, are a typeltcasonic waves that remain
constrained between two parallel free surfaced) siscthe upper and lower surfaces of a plate

or shell. Lamb wave theory, which is fully docunezhtin several textbooks [14—16], assumes
the 3-D wave equations in the form of

2 2
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where ¢ and y are potential functionspi =(A+2u)lp and c=pulp are the pressure

(longitudinal) and shear (transverse) wave spdedsdpu are the Lame constants, amis the
mass density. The potentials are solved by impostiragn-free boundary condition at the upper
and lower faces of the plate.

Lamb wave in a plate can be modeled in rectanguigror cylindrical coordinates [18]. In
the first case, Lamb wave is assumed to be straigisted, while in the second case, Lamb
wave is assumed to be circular crested. In botles;asy applying the stress-free boundary
conditions at the upper and lower surfaces, Ralyldigmb wave equation can be obtained:

tangd g &2ap E @
tanad («f -B )

where, d is the half thickness of the plate, hiesspghase velocity, aridis the wave number, and

2 27A2 g2 p2_ 272 2 _ 2 2

@ =ole =5 prm0te =8 ,9& =w'lc The plus sign corresponds to symmetric (S)

motion and the minus to anti-symmetric (A) moti&y. (2) accepts a number of eigenvalues,
S S S A A A

S01611521 " and %051 152 ""respectively. To each eigenvalue corresponds a Lambe

mode shape. The symmetric modes are desigi@tedl, &2, ... , while the anti-symmetric are
designated\0, A1, A2, ... .
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Since the coefficients andg in Eq. (2) depend on the angular frequeacyhe eigenvalues

S A
G and G are functions of the excitation frequency. The disfon curve can be expressed in
terms of the product of the excitation frequencyl dhe plate thickness versus the group
velocity ¢, which is defined as.

¢, = do/d¢ )

For a uniform plate with constant thickness, thepdision curve can be represented as a
function of the frequency as illustrated in Fig.The change of wave speed with frequency
produces wave dispersion of a wave packet. At argivequency thickness product fd, each
solution of the Rayleigh—-Lamb equation generate®raesponding Lamb wave speed and a
corresponding Lamb wave mode. Also, there exidtweshold frequency value determined by
the material of the plate and the plate thicknbe&w which, onlyS0 andAO modes exist. At
low frequencies, th& Lamb wave mode can be approximated by an axadt plave; and the
A0 Lamb wave mode can be approximated by a flepleaé wave.
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Fig. 2. Group velocity curves of low modes in 1 mm thickralnum plate

When an arbitrary PZT patch (A) is used as an &mtwnd another distinct PZT patch (B)
is used as a sensor, as shown in Fig. 1, the respaitage at the sensing PZT patch B can be
represented as follows:

Vo (1, @) = K (@), (r, @) 4)

wherer, VB(a)), Ks and Es (@) are the wave propagation distance from the cesftéhe
actuating PZT patch to the sensing PZT patch, éspanse voltage at the sensing patch B, the
mechanical-electro-efficiency constant and the am@fstrain at the center of patch B with

respect to the angular frequenéy, respectively. The surface strain at patch B earefwritten
as follows:

E; (@) = [ (0)K, (@)G(r, ») (5)
where V K, and G are the input voltage at patch B, the counterpairt thoe

mechanical-eIectro-efficienc;}<S in Eqg. (4) and the frequency response functiopatéh B as
a result of the input at patch A, respectively.
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Specifically, the frequency response functi@n is obtained by applying appropriate
transformation techniques in the spatial domain #redtime domain to the wave equations
based on the Mindlin plate theory [14]:

izh? y,k’ad,(ka)H O (ky)

(re)==75 K2 — K
2

(6)

whereD, 7,,a, J;and H" are the flexural stiffness of the plate, the ratighe dilatational

wave to the vertical wave motion of the plate at\Wave numbek;, the radius of PZT patch A,
the first-order Bessel function and the zero-otdankel function of the first kind, respectively.
The wave numberg; andk, determined at thA0 mode and the second flexufdl mode of the
plate, respectively. The propagation of k& mode can be numerically simulated by using Eq.
(5). This numerical prediction will be compared lwiéxperimental results in a subsequent
session. Note that the Bessel function in Eq.g6)at only a function of the PZT radius put
also affected by the wave numbéy).(Because the wave number is a function of thesitign
flexural stiffness and thickness of the plate, Wave propagation characteristics described in
Eq. (6) depend on the fundamental properties oplate.

2.2. Timereversal Lamb waves

The origin of the time reversal method traces ltadkme reversal acoustics [9, 11]. In time
reversal acoustics, an input body wave can be kgxamtonstructed at the source location if a
response signal measured at a distinct locatiagimis-reversed (literally the time point at the
end of the response signal becomes the starting pioint) and reemitted to the original
excitation location. This phenomenon is referreé4ol R of body waves and has been used in
applications such as lithotripsy, ultrasonic braargery, non-destructive evaluation and
acoustic communications [9].

While the time reversal method for non-dispersivedyp waves in fluids has been
well-established, the study of the time reversathoé for Lamb waves on plates is still
relatively new. Because of the dispersion charatierof Lamb waves, wave packets traveling
at higher speeds arrive at a sensing point edhiar those traveling at lower speeds. However,
during the time reverse process at the sensingitocahe wave packets, which travel at slower
speeds and arrive at the sensing point later, emitted to the original source location first.
Therefore, all wave packets traveling at differspeeds concurrently converge at the source
point during the time reversal process, compengdtin the dispersion. The application of the
time reversal method to Lamb wave propagation canpensate the dispersion effect, which
has limited the use of Lamb waves for damage detecpplications [7, 8]. The effect of
dispersion on the time reversal analysis of Lamlvesain a homogeneous plate was first
studied by Wang et al. [19] by introducing the timeversal operator into the Lamb wave
equation based on Mindlin plate theory.

While a number of experimental results have shdvat the dispersion of Lamb waves is
well compensated through the time reversal prodhssTR of Lamb waves has not been fully
investigated unlike that of body waves. This stedyploys a narrowband excitation signal, not
only to reduce the frequency dependence of the téwersal process to an acceptable tolerance
level, but also to achieve a full reconstructiorhaf input signal.

With reference to Fig. 3, once a response signa, td the original input signal at PZT
patch A, is measured at PZT patch B, the recorstuimput signal at PZT patch A can be
obtained by reemitting the time-reversed respoitigakat PZT patch B. Note that the time
reversal operation of a signal in the time domaiequivalent to taking the complex conjugate
of the Fourier Transform of the signal in the freqoy domain. Therefore, the time reverse
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operation on the response signal at PZT patchdgjisvalent to taking the complex conjugate
of Eq. (4) in the frequency domain:

Vo (r,0) = K (@)E; (o) @

Response Signal

Input Signal

pes eAoY BWl | é

Compared
=

T
oL
> 0

Q
2 Z %

\ )

W Reemitted Signal

Restored Signal
Fig. 3. Generation and sensing of Lamb waves on a platesiog PZT patches

The reconstructed signal at PZT patch A from themiéted signal at PZT patch B can be
represented in a similar fashion as Eq. (4)

V,(r,0) = K (@)E L (r, @) @)
where
EA(ro)=V; (0K, @)G({ o) ©)

By using Egs. (5), (7), (8) and (9), the Fouriemsform of the reconstructed signal can be
rewritten as

Vi (r,0) = (@)K (@)K (@)K, (@)K, (@)G(r,0)G" (o) (10)

Performing an inverse Fourier transform, the retrooted input signalvA at PZT patch A
is
v, (t) = zi [" (@KL (@)K (@)G (1, @)e“ ™ de (11)
T Y

whereK s denotes the product betwekpandKs andT represents the total time period for the

signal. If the TR of waves was satisfied, the ratarcted signal\7A(t) in Eq. (11) would be

identical to the time-reversed original sighdlT-t). To directly compare with the original input
signalla(t) at PZT patch A, Eq. (11) should be time reverseds:
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V, (T -t) = ij‘” | (0)K g (0)Grg (1, 0)e” dev (12)
2 J—
where
Kir (@) = K (@)K (@), G =G(r,0)G" (r,w) (13)

Here,Ktr is a constant determined by the electro-mechasitigiency of the PZT patch,
andGrr is referred to as a time reversal operator of Laraies in the Mindlin plate theory. In
Eqg. (12), the TR is achieved onlyKfr andGrr are independent of the angular frequesmcy

However, because the impulse response functg{n,») of a plate structure is frequency

dependent and the time reversal operator is defae@(r,»)G (r,»), the time reversal

operatorGrr varies with respect to the frequency. This indisathat the wave components at
different frequency values are non-uniformly scatke to the fundamental properties of the
plate. Therefore, the original input signal canpetproperly reconstructed if a broad-band input
signal is used.

To alleviate this problem, a narrowband excitatggnal is used with a multi-resolution
signal analysis technique so that the time reversathod yields a reconstructed signal
sufficiently close to the emitted signal. Note thdien a single frequency input is used, the
frequency dependence shown in Eq. (13) disappekosying for proper reconstruction of the
original input signal.

3. Application of timereversal Lamb wavesto damage detection in a composite plate

Intact composites possess atomic linear elaststwater and copper do. The atomic elastic
material is well described by the classical linedastic constitutive law and linear wave
propagation equations. However, it should be notedt the atomic elastic materials
demonstrate nonlinear mesoscopic elasticity thatears to be much like that in rock or
concrete if they have been damaged. Nonlinear roepas elastic materials have hysteretic
nonlinear behaviors yielding acoustic and ultrasowiave distortion, which gives rise to
changes in the resonance frequencies as the ad®lituthe excitation changes, generation of
accompanying harmonics, nonlinear attenuation andtiptication of waves at different
frequencies [20, 21]. It has also been shown tratks and delamination with low-aspect-ratio
geometry are the scattering sources creating rearliwaves, which arise from hysteresis in the
wave pressure—deformation relation [22]. Wave scatyj can be also caused by either
horizontal or vertical mode conversion in which #mergy of the incident Lamb waves at a
specified driving frequency is redistributed inighboring Lamb wave modes as illustrated in
Fig. 2. Because damage change the internal ge@msitindary conditions in a composite
plate, diffraction and reflection of the waves calso produce wave scattering when the
incident Lamb waves pass through damage.

Because the TR of waves is fundamentally basethetirtear reciprocity of the system [12,
13], the linear reciprocity and the TR break dowrthere exists any source of nonlinearity
along the wave path. Therefore, by comparing teerdpancy between the original input signal
and the reconstructed signal, damage such as epeeking-and-closing, delamination and fiber
breakage could be detected.

In most conventional damage detection techniquasiagie is inferred by comparing newly
obtained data sets with baseline data from measnesmvhen the condition of the system was
good. Because there might have been numerous ivasasince the baseline data were
collected, it would be difficult to blame structurdamage for all changes in the measured
signals. For instance, operational and environm&ataditions may affect the system behavior
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and these conditions may be different from thossemt when the baseline data were collected.
Therefore, data normalization, which attempts tstidguish signal changes originated from
structural damage from those caused by naturatianis of the system, needs to be addressed
[18].

In this study, the dependency on the baseline miat@sured at some previous point in time
is completely eliminated by almost instantly conipgrthe emitted input signal and the
reconstructed input signal. Furthermore, the adfi¥d sensing system employed in this study
allows for an easy implementation of the time remkiprocess. The generation of the input
signal, excitation of the actuation PZT and acqoisi of the response signal are fully
automated and the entire time reversal processrfeparticular path takes less than a minute.

Our ultimate goal is to estimate damage by compeattie shape of the original input signal
with that of the reconstructed signal. The inifigbut waveform is well restored through the
time reversal method when there is no defect incthraposite plate tested. A damage index
(DI) based on this observation is defined as foiow

{jl‘ | (t)V (t)dt}z
TL(t)2dt| TV ()2 dt
J. J.

DI =1-
(14)

where thd(t) andV(t) denote the known input and reconstructed sgtahndt; represent the
starting and ending time points of the baselineaigpf the Lamb wave. The value of DI
becomes zero when the TR of Lamb waves is preseNei@ that the root square term in Eq.
(14) becomes 1.0 if and only ¥ (t) =l (t) for all t wheret,<t<t,and « is a non-zero

constant. Therefore, simple linear attenuation sigaal will not alter the damage index value.
If the reconstructed signal deviates from the irgighal, the damage index value increases and
approaches 1.0, indicating the existence of daraboge the direct wave path.

One potential advantage of the time reversal aimlgsthat damage might be inspected
without requiring any baseline data to be obtaiaedome previous time. This advantage over
conventional damage detection techniques helpsniizei false warnings of damage. For
instance, if the operational temperature or boundanditions of a system change after the
baseline data are collected, most pattern recognitechniques will have difficulties in
discerning signal changes caused by damage frosetboe to the temperature or boundary
condition changes. In other words, if there are emnges in the newly measured signal since
the baseline signal is obtained, it is hard to meilee what the cause of this change is.
However, by instantly comparing the input wavefomith the reconstructed signal, the
time-dependent issue of the conventional pattecogweition techniques can be eliminated,
making it much easier to distinguish signal changgssed by damage from those caused by
natural variation of the system.

4. Lamb wave ultrasonic tomography approaches

Defect detection, growth monitoring and locationpmiag with guided wave arrays has
been studied through computer tomography approaalssg wave speed, attenuation or
energy as features for image reconstruction [23, @/hile accurate defect images can be
obtained, however, those approaches are quite tiomsuming and the sensitivity is not
satisfactory with sparse sensors. A simple yetctffe correlation analysis technique was
developed in this study to detect defects by méaguhe differences in the guided wave
signals between original and restored using timersal method.

In order to determine the location of the defeat, agsume that the probability of a defect
occurrence at a certain point can be estimated fhmrseverity of the signal changes between
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original and restored of different sensor paira assult of this defect and its relative position t
the sensor pairs. The physical intuition behind tisi that a defect would cause the most
significant signal change in the direct wave pathd that the signal change effect would
decrease if the defect is away from the direct pétthe sensor pair. (Note that there might be
cases that mirror reflection exists with the defaud the above assumption does not apply; the
statistical nature of multiple sensor pairs caroaunodate it to some extent.)

Indirect path

Transmitter Receiver

Direct path

Fig. 4. lllustrations of the elliptical distribution functih of the RAPID algorithm

Defect distribution probability within the sensagtwork can thus be expressed as a linear
summation of all the signal change effects of eyagsible transmitter-receiver pair, each of
which has a spatial distribution. Here a simplesdily decreasing elliptical distribution is
assumed shown in Fig.4, with the transmitter aneiver PZT at the foci. Assuming there are
total N PZT elements in an array cluster of a sensor né&twibie estimation of the defect
probability at position (x, y) within the reconsttion regionP(x, y) can be written as:

a

POLY) =X D P (X Y)
i=1 j=i+1 (15)
_ ¢ B - RDij(va) ‘
2P R Ly

Here, Py (X, y) is the defect distribution probability estimatiororh the transmittei and
receiverj sensor pairD; is the signal difference coefficient of the sengair S; and following
equation (14 is the signal enhancement factor. Note that, dueetiprocity, the signal
collected from sensor pa8 should be the same as that fr@n, thus onlyN(N-1)/2 sets of
data are needed. In the real experiment, the sighaknsor pailS; was still collected for
verification and averaging purposg-RDji(x, y))/(5-1) is the non-negative linearly decreasing
spatial distribution function o§; , with its contour in the shape of a set of ellpsgigure 4
shows the geometric interpretation of this disttitmu function. In the formula,

ROGey) = {/FzDF:S(yX)Q; b= s (16)
where:

RD(X, ¥, Xy s Yo X » Y )

%)+ (Y= Y)? (=) P+ (Y= ¥, €y

\/(X:Lk - 2k)2 +(ka - y2<)2
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is the ratio of the sum of distance of the poiqty] to the transmitter and receivey (the focal
radii) to the distance between the transmitter egwkiver. is a scaling parameter which
controls the size of the effective elliptical distition area, ang > 1. WhenRDjj(x,y) =1, i.e. the

point (, y) is on the direct line of the transmitter—receivairg; , P;(x, y)=DIjj(x, y); when
RD;(x, y)=p, i.e. the pointX, y) is on the boundary of the effective distributioraP;(x, y)=0.
Usually, 8 is selected to be around 1.05. Artifacts will b&dduced if$ is too small, and
resolution is lost if3 is too large. Generally, if a defect occurs, acdetensor pair signals will
be affected. As a result, in the defect distribuwobability image, the point where the defect
is located will have dominantly larger probabil@dgmpared to the other points. Consequently,
by applying image processing techniques, suchdisiqusly selecting a threshold to the defect
estimation image, the defect location can be esticha

5. Experimental study

A composite plate of this study is shown in FigThe test setup consists of the composite
plate with a surface-mounted sensor layer, a patsmomputer with a built-in data acquisition
system and an external signal amplifier. The dirmansf the composite plates is 250x250x2
mm. The main instruments used in this experimemt\NirPXI-5411 Waveform Generator, K-H
Model 7602 Power Amplifier, Tektronix TDS3012 DajitOscilloscope and computer. The
transmitting sensor is activated by applying a maband voltage signal given by Eq. (4.1)
from a signal generator after amplified by the poamplifier. Then the received signals are
displayed by the oscilloscope and analyzed by tmepaiter:

V(t) = AH(t) —H(t—n/ f,)]@-cos(2z f.t/n))sin Z f t (18)
whereA is the amplitude modulation of the signalis the center frequency of the waweis
the number of the signal cycles aA@) is Heaviside step function. Figure 6 shows a @fic
waveform of the signal with the center frequency@® kHz.

A commercially available thin film with embedded PZensors is mounted on one surface
of the composite plate as shown in Fig. 5. A tofal2 PZT patches are used as both sensors
and actuators to form an “active” local sensinygtem. Because the PZTs produce an electrical
charge when deformed, the PZT patches can be gs#ghamic strain gauges. Conversely, the
same PZT patches can also be used as actuatoasiskeelastic waves are produced when an
electrical field is applied to the patches. Theg& Bensors/actuators are inexpensive, generally
require low power and are relatively non-intrusive.

Fig. 5. Composite plate and PZT sensors
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x10°
Fig. 6. The excitation signal at the center frequencyGff kHz

The personal computer has built-in analog-to-digaad digital-to-analog converters,
controlling the input signals to the PZTs and rdomy the measured response signals.
Increasing the amplitude of the input signal yields clearer signal, enhancing the
signal-to-noise ratio. On the other hand, the inpoitage should be minimized for field
applications, requiring as low power as possihtethis experiment, the optimal input voltage
was designed to be near 45 V, producing 1-5 V dawupitage at the sensing PZTs. For the time
reversal analysis, a tone burst excitation is ectatt 100 kHz so that only two fundamental
modes are generated and the magnitude of the guergal operator is maximized. PZTs in a
circular shape are used with a diameter of onlynl ¢

Typical results of the time reversal method obtadiffem the composite plate used in this
study are presented in Fig. 7. First, one PZT p&#@hs designated as an actuator, exerting a
predefined waveform into the structure (Fig. 6) ofkrer PZT patch S1 becomes a strain sensor
and measures a response signal (Fig. 7(a)). Tleereiponse signal was reversed in time. This
processed response signal is reemitted from theique sensing PZT S1, which is now an
actuator. The reconstructed response signal abrijaal input PZT location is shown in Fig
7(b). This process of the Lamb wave propagationthadime reversal analysis are repeated for
different combinations of actuator—sensor pairdotal of 66 different path combinations are
investigated. Finally, the original input signaldatihe reconstructed signal at the original input
point are shown for the actuation PZT S6 and thsieg PZT S1 in Fig. 7(c).

Our ultimate goal is to estimate damage by compattie shape of the original input signal
with that of the reconstructed signal. Results ig./c) demonstrate that the initial input
waveform is well restored through the time revemsathod when there is no defect in the
composite plate tested. Deal with the damage irtdexDI of the path of PZT S1 to S6 is
0.06723. Because of measurement error and theeinh@roperties of composite materials,
reversal focusing signal and excitation signal sanbe exactly the same. In this study, for the
case when there is no damage on the path, the dandax is always smaller than 0.26.

Fig. 8 shows the damage path PZT S3-S9. The mehstnan response of the path from
PZT S3 to PZT S9 is shown in Fig. 8 (a). The respasignal was reversed in time. Then this
processed response signal is reemitted from thaqu® sensing PZT S9.The compared signal
of the original input signal (dotted) and the restbsignal (solid) is shown in Fig. 8 (c). As can
be seen from the figure, the damage path has nmwbvocus signal. The damage index of
path S3-S9 is 0.963. Table 1 shows the maximum darnmalex of 12 paths.
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Fig. 7. The signal of no damage path S1-S6 (a) the medsirain response of the path from PZT S6 to
S1.(b) a response signal at the original actuaAgd. S6 (c) the original input signal (dotted) athe
restored signal (solid)
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restored signal (solid)
265

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2011.VOLUME 13,1SSUE2. ISSN1392-8716



630.COMBINATION OF TIME REVERSAL PROCESS AND ULTRASONICOMOGRAPHY APPROACHES FOR BASELINEREE DAMAGE DIAGNOSIS
Y ONGMING FENG, LI ZHou

Table 1. The maximum damage index of 12 paths

Path DI Path DI Path DI

1-8 0.945 3-9 0.963 6-10 0.914
1-9 0.561 4-9 0.763 6-11 0.833
2-8 0.680 5-9 0.654 7-10 0.845
2-9 0.885 5-10 0.823 7-11 0.943

Substitution of DI into the RAPID algorithm will selt in the damage image. Figure 9 (a)
and (b) indicate the damage image when the imagm®rfax=1 and « =5. Figure 9 (c)
shows the actual damage using ultrasonic C scaanltbe seen by comparing the obtained by

RAPID algorithm and the actual damage image, whiedaenage location or size are relatively
close.

Y(mm)
Y(mm)

(o 50 100 150 200 250
X(mm) x(mm)

(a) (b)

(c)
Fig. 9. (a) the damage image when the image faato=1, (b) the damage image when the image factor
a =5, (c) the actual damage image using ultrasonicad sc

6. Conclusions

In this study, the applicability of a time reverga¢thod to health monitoring of a composite
plate is investigated. In particular, a unique inpaveform is employed to improve the TR of
Lamb waves. First, a narrowband excitation wavefisnemployed to address the frequency
dependence of the time reversal operator. By usictive sensing system mounted on a
composite plate, it has been demonstrated that inpueform exerted at an actuating PZT can
be reconstructed at the excitation point after gsstg the response signal measured at a
distance from the excitation point and reemittihg processed signal at the sensing location
after being reversed in time. The reconstructedaiwill deviate from the known input signal
if there are certain types of defects along the evpropagation paths. Then the lamb wave
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ultrasonic tomography approaches using the damadgxifrom the time reversal method was
investigated. Experimental study results demoresttia¢ applicability and effectiveness of the
proposed method.

The development of the technique is currently uwdgrto classify different representative
damage types based on the distortion characterisitween the input waveform and the
reconstructed signal. Further research is alsoanted to optimally design the parameters of
the active sensing system, such as the spacingbstthe PZT patches, the actuating frequency
and the power requirement for the PZTs. It sho@gbinted out that the procedure developed
in this study has only been verified on a relagiveimple laboratory test specimen. To fully
verify the proposed approach, it will be necessargpply the proposed approach to different
types of representative structures.
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