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Abstract. Lamb waves have been a promising candidate for quantitative damage identification for various
engineering structures, taking advantage of their superb capabilities of traveling for long distances with fast
propagation and low attenuation. However, the application of Lamb waves in damage identification so far
has been hampered by the fact that the characteristic signals associated with defects are generally weaker
compared with those arising from boundary reflections, mode conversions and environmental noises,
making it a tough task to achieve satisfactory damage identification from the time series. With awareness of
this challenge, this paper proposes a time reversal-based technique to enhance the strength of
damage-scattered signals, which has been previously applied to bulk wave-based damage detection
successfully. The investigation includes (i) an analysis of Lamb wave propagation in a plate, generated by
PZT patches mounted on the structure; (ii) an introduction of the time reversal theory dedicated for
waveform reconstruction with a narrow-band input; (iii) a process of enhancing damage-scattered signals
based on time reversal focalization; and (iv) the experimental investigation of the proposed approach to
enhance the damage identification on a composite plate. The results have demonstrated that signals scattered
by delamination in the composite plate can be enhanced remarkably with the assistance of the proposed
process, benefiting from which the damage in the plate is identified with ease and high precision.
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1. Introduction

Composite materials have been increasingly used in many engineering structures, including
aircraft, automobiles and ships, thanks to their high strength-to-weight and stiffness-to-weight
ratios. Monitoring the intergrity and reliability of composite structures is thereofore of great
significance. However, damage in composite structures can be very complicated, multiform, and
usually invisible, posing a challenge on damage analysis and identification. Without periodic
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assessment and maintenance, the damage could potentially lead to catastrophic failure of the
structure. To detect damage in composite structures, traditional nondestructive testing (NDT)
methods have apparent limitations due to their intrinsic natures of high cost, time consumption,
complicated manipulation, and point-by-point measurement (which makes it difficult in
monitoring structures of large dimensions). On the other hand, Lamb wave-based damage
detection techniques provide a promising solution to damage identification in composites with
their attractive features of cost-effectiveness, quick investigation, high sensitivity to damage, ease
of manipulation, and the ability to monitor structures of large areas (Yuan et al. 2003, Giurgiutiu
2000, Boller 2000).

As one of the most effective damage detection techniques, Lamb wave-based active diagnosis
approach is attracting increasing attention of researchers and engineers. However, the prevalence
of such an approach has been impeded by the complexity of the analysis and interpretation of
Lamb wave modes due to their dispersive and multimodal natures, as well as the low energy of
characteristic signals associated with defects. Allowing for this, most research efforts have been
dedicated to extracting damage-scattered signals by comparing monitored signals with baseline
data. Nevertheless, such a process may introduce unsolicited errors and suffer from low
signal-to-noise radios (SNR) of the signals of interest, because the signals containing damage
information are usually much weaker than the rest.

With awareness of those drawbacks, and in an effort to enhance the energetic strength of
characteristic signals pertinent to defects, this paper proposes a time reversal-based technique,
which has been investigated and implemented in a number of areas, including ultrasonic imaging
(Draeger et al. 1997, Ing and Fink 1998), underwater acoustic imaging, NDT (Bardos and Fink
2002, Fink 1999, Jeong 2009), and wireless communications (Song et al. 2006). The time reversal
technique has been applied to compensate for the dispersion of Lamb waves, and improve the SNR
of captured signals (Ing and Fink 1998, Bardos and Fink 2002, Fink 1999, Gangadharan et al.
2009, Jeong 2009, Ratneshwar and Ryan 2009, Zhang et al. 2010, Wang et al. 2004, Fink and
Lewiner 2000), with concentrations on the reconstruction or refocusing of excitation signals.
Although it has been employed successfully in a number of ultrasonic wave based detection
methods (Bardos and Fink 2002, Fink 1999), reports of applying time reversal to improve the
performance of defect-scattered Lamb wave signals are not common, largely due to the fact that
the acquisition of focalized scattered signals can become very challenging, thanks to the
complicated characteristics of Lamb waves. In recognition of such a dilemma, the proposed
method in this paper aims to resolve this problem by enhancing the recognizability of damage
scattered Lamb waves, and improve the practicality of baseline-dependent damage detection
methods.

In this study, a time reversal-based signal enhancing method is presented to strengthen the
damage-scattered waves, hence to improve identification results, which is organized as follows: (i)
an analysis of the propagation of Lamb waves generated by PZT patches mounted on a plate is
described in Section 2; (ii) in Section 3, a signal amplification method based on the time reversal
theory is investigated to focus and enhance the scattered signals, and a damage imaging approach
is also addressed; and (iii) experimental investigations are presented in Section 4 to demonstrate
the validity of the proposed method.

2. Time reversal process of lamb waves using PZT arrays
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2.1 Lamb waves in a plate

Lamb waves are a kind of elastic waves propagating in plate- or shell-like structures. Unlike
bulk waves, the use of Lamb waves is complicated due to their dispersive and multimodal features
(Ing and Fink 1998). Theoretically, these two features can be investigated by solving the
Rayleigh—-Lamb equations defined by the symmetrical and anti-symmetrical modes on an infinite
plate with a thickness denoted by 2/ (Ing and Fink 1998)

(k2 + 52 ) cosh(gh)sinh(sh) -4k gs sinh(gh)cosh(sh) =0 (1a)
(k? + 52 ) sinh(gh)cosh(sh)— 4k2gs cosh(gh)sinh(sh) =0 (1b)

where ¢® =k* —k/ and s®=k? —k?. Furthermore, k denotes the wave number, and k; and k;

are the wave numbers for the longitudinal and shear modes, respectively. The dispersion curves
can be determined by solving Egs. (1(a)) and (I(b)), and expressed in terms of the
frequency-thickness product versus the group velocity C,, which is defined as

dw
C, =—
& dk

where w denotes the angular frequency. For a plate with a constant thickness, the dispersion curve
can be represented as a function of the frequency. The dispersive nature of Lamb waves causes the
different frequency components of Lamb waves to travel in the plate at different speeds, thus
altering the shape of the wave packet. It should be noted that multiple wave modes can be
extracted from Eq. (1). The symmetric modes are designated So, Si1, S, etc., while the
antisymmetric are designated Ao, 41, Ay, etc.

The exact solution to Lamb wave propagation can be quite complex. Consider a homogeneous,
isotropic elastic plate, as shown in Fig. 1, on which wo PZT patches are attached with one serving
as an actuator (P;) and the other as a sensor (P). The response voltage at P, can be represented as

Ve, (@)= Kp, (co)]%2 (r,®) 3)

)

where 7, VF,2 , KF,2 and EPz are the wave propagation distance from the center of P to that of

P,, the response voltage at P,, the electro-mechanical efficiency constant and the surface strain at
the center of P, with respect to the angular frequency w, respectively. Here, the surface strain was
assumed uniform, which, at P,, can be rewritten as

EPz (r,a))=f(w)Kpl(w)G12(r,w) (4)

where 1 , KF,1 and Gy, are the input voltage at P;, the electro-mechanical efficiency constant of P,

with respect to angular frequency w, and the frequency response function, respectively. The
frequency response function Gy, is complicated, and is usually analyzed with Green function
(Wang et al. 2004, Park et al. 2009). Xu and Giurgiutiu (2007) and Yu et al. (2010) have
developed a theoretical model for the analysis of PZT active sensor related to Lamb wave
excitation and transmission. To make the presentation straightforward and easy to understand, Gi,
is simplified based on this theoretical model, and can be written as (Xu and Giurgiutiu 2007)
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Gy, (’”’ a)) = za,lqz (7”. a)) e 4 Zaf (r, a))e_jksnr,kA =k, =— )
A4, ! S, " C

where afn (r,a)), kAn, c, are respectively the amplitude, wave number and velocity of 4,
mode, and ag‘: (r, a)) , ks,, , Cg are the corresponding counterparts of S, mode. From the Eqg. (5),

we can find that Gy, is dependent on the frequency (@) and the wave numbers (k 4 and ks,, ).

Because the wave number is a function of the density, flexural stiffness and thickness of the plate,
the wave propagation characteristics described in Eq. (5) depend on the fundamental properties of
the plate.

2.2 Time reversal process

Similar to the time reversal mirror for ultrasonics (Fink and Lewiner 2000), Lamb waves
sensed by several different sensors with a single actuation can be focused at the source by
performing a time reversal process as shown in Fig. 2, while the original input signal also can be
rebuilt in the process. In such a case, several PZT patches attached to a plate-like structure are used
to configure a sensor array, with one of them serving as an actuator (P,) and the others as sensors
(P, i =1, 2, 3...). After collecting all the Lamb wave responses to the input signal | at Pa, the
following steps are performed in the time reversal process.

i

Yo,

= AW”WW'U\M

Fig. 1 Lamb wave propagation in a plate
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[ —
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Fig. 2 A typical time reversal process
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(1) Time-reverse the collected response signals ¥p; which was presented in Egs. (3) and (4).
Note that the time reversal operation on the response signal at Pi is equivalent to taking the
complex conjugate in the frequency domain:

I}pt (]/;’a)):K;lEA';[(I’;,CU) (6)

where the asterisk denotes the complex conjugate, r; , Vp; , Kp; and Epi are the wave propagation

distance from the center of P, to that of P; the response voltage at P, the electro-mechanical
efficiency constant and the surface strain at the center of P; with respect to angular frequency w,
respectively.

(2) Re-emit the time-reversed signal I};, at P; and collect the response at Pa. The response can
be represented in a similar fashion as in Eq. (3)

Vo (r0)=Ke B (o) W)
where

ZVPH (0)G,, (1, ) (8)

Gy is the frequency response function of P; with a similar form as in Eq. (5). Combining Eqgs.
(4), (6) and (8), Eq. (7) can be rewritten as (Wang et al. 2004, Park et al. 2009, Yu et al. 2010)

14 0 (0)= f*(a))ZK;A (@)K (@)K, (0) Ky (0)G (1, 0) G (1, 0) 9)
Performing an inverse Fourier transform, the refocused input signal ¥, at P, is
VPA (t) ZKAI Ai )GAI‘(”['C‘)) G,:i(”i'a))e_jwtdw (10)

where K; denotes the product of KF,A and Kp;. When only the 4, and Sy modes exist in the

27r —0

structure,

2
In Eq. (11), the term |a’! ‘ +‘ a))‘ indicates that the dispersion is compensated

A0
because both ajoi (r,®) and as0 '(r,,®) are amplitudes without phase and time information,
namely there is no phase between them, and different Lamb wave modes arrive at the actuator
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- - - Ai 2 Ai 2 -
simultaneously. Thus, there exists a cumulative term Z(‘% (rla))‘ +‘a50 (rla))‘ ) in Eq. (10),

the focalization of all the amplitudes from different sensors, which should be significantly greater
than others as shown in Fig. 2(b). It also can be learned that more sensors result in more significant
focalization. Meanwhile, it should be noted that the onset of each captured signal must be uniform
and synchronized to the input waveform.

Wang et al. (2004) has experimentally validated this process with both broadband and
narrowband input signals, and achieved apparent focalization and good compensation for the
dispersion of Lamb waves. However, in the context of time reversal applications for Lamb waves,
it is found that the time-reversed results are considerably complicated under the broadband input,
as a result of abundant frequency components in the captured signals. In Egs. (10) and (11), when
the number of sensor is limited, the exact reconstruction of the original excitation 7 is achieved
only if K ,(0)K (@) and G, (r,®)G,(r,®@) are independent of the angular frequency
(Wang et al. 2004, Park et al. 2009, Yu et al. 2010). Consequently, the original input signal cannot
be properly reconstructed if a broadband input signal is used (Wang et al. 2004). In fact, a
reconstruction of simple waveforms (i.e., narrowband inputs) can instead be advantageous in the
subsequent signal analysis and processing, especially for damage detection, because the process
transforms complicated structural responses into simple ones. By choosing a narrowband input
waveform at a specific frequency, the independence of the angular frequency w is approximated,
with limited Lamb wave modes excited in the structure. Thus, K becomes constant. The frequency

response function G is simplified and only determined by the distance ». Egs. (10) and (11) can be
rewritten as

Vo (=== T (0) X K36 ()G (rn)e " de (12)

af () +a (n)ad () a3)

* . 2
G (7) G () =|ay ()] +
Solving Eq. (12) yields

Vo ()= ’; {(\a;; () +|as (n)‘z)l(—t)+aj: (n)ad (n) [t (rfe, —n/e )}} (14)

i

It can be seen that I;PA (t) is composed of a main lobe at zero time and symmetrical sides at

the time of =+ (ri/cA0 - rl./cso), with the main lobe dominating the whole domain. Such
dominance becomes more intensive if more Lamb modes are involved. As a result, the main lobe

2
Z%( ay (’?)‘2 +‘a§‘0" (n)‘z)l(—t) can be considered as the focusing of different modes and
T~ 2r

the exact reconstruction of the original excitation 7. Here, it should be noted that the time
resolution of the signals may decrease when a narrow-band input signal is excited.

For the sake of signal interpretation and processing, it is preferred to generate a single Lamb
mode in practice. Xu and Giurgiutiu (2007) and Yu ez al. (2010) discussed the single mode tuning
effects on the propagation of Lamb waves generated by PZT sensors, and discovered that the
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normalized amplitude of each mode under the excitation of PZT wafers followed the general
pattern of a sine function, which hit zeros when the half length of the PZT sensor equaled an odd
multiple of one of the wave numbers of the Lamb waves. Thus, using smoothed tone-burst
excitation at the carrier frequency f. and frequency tuning, it is possible to confine the excitation to
a particular Lamb wave mode. Eq. (14) can be further simplified as follows, if only 4, is generated

X 2
- n N Kjl. a’ v .
RO Sl N ) PP a9

1

The discussion above indicates that the time reversal process should be helpful for signal
analysis and simplify the applications of Lamb waves. In the next section, an improved damage
detection methodology will be further discussed based on the time reversal process of Lamb
waves.

3. Improved damage detection using Lamb waves
3.1 Time reversal enhancement of damage scattered lamb waves

In the context of Lamb wave-based active diagnosis, damage is deemed as a wave source to
emit scattering signals to sensors. By collecting those signals and applying certain algorithms, the
damage can be visually detected via imaging (Zhang et al. 2010, Wang et al. 2004). However,
Lamb wave propagations and the frequency response function G are complicated due to wave
reflections at boundaries and mode conversions in practice, with which damage-scattered signals
are usually inundated. As a result, it becomes difficult to discriminate the damage scattered signals
from other disturbances, impairing Lamb wave-based damage detection.

With such awareness, there is an increasing attention to adopt the time reversal technique to
enhance damage-scattered signals. The theory can be simply depicted in the following steps: (i) the
damage is first considered as the wave source to generate scattering waves; (ii) the captured
signals at each sensor is time-reversed; and (iii) the time-reversed signals are re-emitted from the
sensors. Hence, all the waves scattered by the damage can be finally focalized at the damage and
accordingly enhanced. On the other hand, signals from reflections and mode conversions cannot be
focalized during the time reversal process and would finally counteract each other, since these
waves do not have a uniform and common source to enable the focalization. Following the above
discussion, the time reversal enhancing process can be expressed below.

(1) For a given tone-burst at a certain center frequency, the difference between the acquired
signals before and after the introduction of damage can be considered as the damage-scattered
signal. As already addressed, the merits of using narrowband input waveforms are threefold: (1)
the independence of the angular frequency w, (2) the electro-mechanical efficiency constant of the
PZT sensors remains unchanged (Wang et al. 2004, Park et al. 2009, Yu et al. 2010), and (3) a
dominant wave mode, such as A, mode, exists at the certain center frequency, making the
frequency response function and the signal process straightforward. Considering a PZT patch P,
serving as the actuator, a tone-burst at a certain center frequency is generated, similar to Eqgs. (4)
and (14), the incidence (single Lamb mode) upon the damage is
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D, =1-K, -G, (n)= I-K, -a, (C)e_jk/‘ori (1=1,2,3.) (16)

where D; is the amplitude of the wave mode arriving at the damage caused by the excitation of P;,
GF,ID (rl) is the frequency response function, and r; is the distance between P; and the damage.
Therefore, the signals sensed by the PZT P, can be written as

V=D, -Gy (1) Ky =D, Ky -a, (r,)e ™", ik=123..i%k 17)

where, similar to Eq. (16), GF,/(D (rk) is the frequency response function, and r; is the distance

between the sensor (PZT k) and the damage.
(2) Time-reversed and re-emitted signal at each PZT sensor is focalized at the damage (Wang et
al. 2004). By Egs. (9), (15) and (17), the focused wave at the damage can be expressed as

*

Di’ _ zl}l; a, (rk)e—jkAOrk .ka _ Di* 'ZaAO (rk)eajkmrk _ka _(aAO (rk)ea/‘kAork .ka )
k k

:D:(a))-zk:‘aAo (n)-K |

Comparing Eq. (18) with Eg. (16), an accumulated coefficient can be noticed in Eq. (18), i.e.,

(18)

2
Z‘aAO (Vk)'ka‘ , Which is the focalization of the sensing signals at the damage. As a result of
k

amplification, the amplitude or power of the focused wave D/ is greater than that of the wave D,

which is achieved without applying the time reversal focalization. It also can be seen that the
focalized wave is not the original input signal 7, but instead the wave D;. Thus, if multi-modes are
excited, they all exist in the focalized wave. However, it is difficult to choose the characteristic
mode related to the damage in the re-scattering waves, which is also one of the reasons why
narrowband input signal for single mode excitation is adopted in this study as mentioned earlier.

Note again that the damage-scattered signals recorded by the sensors are of greater amplitude
than that of the signals collected without the time reversal procedure. Combining Egs. (16) and
(18), the amplified scattering signals collected by PZT P; can be obtained as

> —jk 1y * 2
Vi =a,, (7)e" " Ky D] () Xfa, (7) K|
k
— I* 'Z(QAO (ri)ef/'/f/{or/ 'KP_ 'aAO (rk)e*./k,;orl( .ka) (19)
k
-(aAO (rk)efjkA"r" Ky -a, (r,)eijk""r’ 'Kp,) ik(1=123.i#l+k

Such a process can be achieved conveniently in ultrasonic nondestructive testing (Fink and
Lewiner 2000). However, aimed at Lamb wave-based damage detection for plate-like structures,
the amplification of damage-scattered waves are difficult to be obtained by traditional techniques.

Figure 3 shows the time reversal process of the damage-scattered waves in a plate by traditional
equipment. In this situation, PZT sensors and actuators are bonded on the surface of the plate so
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that the sensor (e.g., P; in Fig. 3) receives the amplified damage-scattered waves (dotted line in Fig.
3) and the waves directly from the actuators (solid lines in Fig. 3) synchronously, resulting in an
overlapped signal.

Here a signal processing technique is proposed to realize the amplification of damage-scattered

signals. In Eq. (19), the term (aAO (n)e ™" K, -a, (r,)e " -ka) denotes the transfer
function of the scattering signals from P; to P The term
(aA0 (r,)e " K, -a, (r)e " ‘KP,) denotes the transfer function from P, to P,. If these
transfer functions are known beforehand, the amplified signals can be calculated by Eq. (19).
Obviously, all those equations are only correlative with the damage-scattered signals, which can be
obtained easily using traditional equipment. However, it is difficult to directly model these transfer
functions due to the dispersive and multimodal natures of Lamb waves. To resolve such a problem,
the unknown transfer functions are replaced by known damage-scattered signals. Following the

above derivation, and by multiplying both sides of the Eg. (19) with the input wave 7, Eq. (19) can
be re-written as

_ (]_aAO (ri)eaik/aor,‘ K, a, (rk)efjk,aork ‘ka )*
(20)

Pj ¢

Fig. 3 Time reversal process of damage—scattered waves in a plate using traditional equipment
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where I7l.k and I7k, are the damage-scattered signal sensed by P, (P; acts as the actuator) and P,
(P, acts as the actuator), respectively. The asterisk means time reversal in the time domain. These
scattering signals were obtained in step (i) (Section 3). Actually, Vl.,’E is the amplified

damage-scattered signal under the input wave I°-I which has the same frequency
characteristics as those of the signal 7. As a result, such a process does not change the velocities of
Lamb waves and the arrivals of the damage-scattered signals sensed by the PZT sensors, and
transfer functions are not required any more.

3.2 Time-reversal-based imaging approach

Consider a distributed PZT array consisting of N active actuators/sensors bonded in the
monitored area. It is assumed that ¢ is the time when the damage-scattered waves come forth, and
t,, is the final time of the sensing signals. The signals captured by each sensor are intercepted by a
time window from ¢, to #,. Consequently, the time-reversed and re-emitted signals are inversely fed
into the same PZT element. With such a process, the focalization of the waves at the damage can
be achieved with the captured signals of an enhanced SNR, facilitating damage identification. With
the damage-scattered signals, the damage can be visualized by virtue of an imaging technique by
relating the contrast at a particular pixel (or focal point) in an image to the amplitude of the
amplified scattering signal received by every sensor in the sensor network (Zhang et al. 2010,
Wang et al. 2004). The contrast S at a particular location or imaging pixel (i, ) can be expressed as

S(i, j)= max{iamfm (-1, )} (21)

m=1

™ and a =

1
— . =——. Ju(?) denotes the amplified scattering signal captured
c ma x| fm|

where 7, =
4

by sensor P,, f, is the time when damage scatters the signals, #,; is the propagation time of the
Lamb wave from the sensor m to the pixel (i, j) in the image, R,,; designates the distance between
P., and the pixel S(i, /), cq is the group velocity of the collected signal in the structure, and a,, refers
to the appropriate aperture weighting to each sensor, which compensates for the amplitude
differences among different sensors. All the notations can be seen in Fig. 4.

Fig. 4 Notations for time-reversal-based imaging approach
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4. Experiments

A quasi-isotropic glass-reinforced epoxy composite plate (800x800x2 mm?®) was ultrasonically
examined as shown in Fig. 5. A delamination with a diameter of circa 20 mm was introduced to the
plate at (50 mm, 102 mm) using a hammer, as shown in Fig. 5(a). Five piezoelectric elements, 8
mm in diameter and 0.48 mm in thickness, were permanently attached to the plate, forming a
sensor network. Positions of all the PZT sensors in the plate are listed in Table 1. A PZT scanning
and damage diagnostic system was designed to generate and collect the signals (Qiu and Yuan
2009), as illustrated in Fig. 5(c). In this experiment, a five-cycle Hanning-windowed sine burst at a
center frequency of 40 kHz was excited. The generated Lamb waves are representatively shown in
Fig. 6 with 4, dominating the whole domain. The sensing signals were sampled by the diagnostic
system at a sampling rate of 5 MHz.

9
iy
iy

P, ® ® F,
@ Qua5|—|_sotrop|c epoxy glass-reinforced composite (b) Locations of the PZTs within the sensor network
plate with PZT array
| R e e -
1 Computer i
' Data Bus :
1
I = —
I
| ] i i
\ Arbitrary Function Charge = Data !
! Generator Amplifier "| Acquisition | 1
N i _____________ 1
Power —> Channel Switch
amplifier

/3ZT 3'—| T—i /

(c) PZT scanning and damage diagnostic system

Fig. 5 Experimental set-up
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Table 1 PZT sensor coordinates

PZT Coordinates (x, y) [mm]

P1 (177, 177)
P, (-177, 177)
P, (-177,-177)
P, (177, -177)
Ps (250, 0)

— 17

>

';' 0.5

2o

g -0.5

-1k ‘ ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6
Time [ms]

Fig. 6 The excitation waveform (Wang et al. 2004, Park et al. 2009)

As shown in Fig. 5(b), five PZTs are collocated in four quadrants. If one PZT serves as an
actuator, the others as sensors, there are 16 actuator-sensor pairs in total, corresponding to 16
captured signals. Fig. 7(a) shows the damage-scattered signals in the time domain captured by
PZTs P2-P5 when P1 acted as the actuator, respectively named fi,, f13, f14 @and fisin time domain,
and V,, V3, Vi, and V. inthe frequency domain as indicated in Eq. (17) - Eq. (20). Fig. 7(b)
shows the corresponding envelopes of the captured signals in the time domain. Because of their
short distance to the actuator and damage, the damage-scattered waves received by P, and Ps were
of strong energy and well observable, as can be seen in Fig. 7. However, those sensed by P; and P,
were of small amplitude due to their relative large distance from the damage and actuator. The
maximum peaks appear at other times as shown in Fig. 7(b), and error may be introduced when
these signals are used. Figure 8 presents the damage identification image based on the signals from
Fig. 7. It can be seen that there is no visible focalization at the damage (as indicated by the red
circle), but rather at scattered points, presenting improper identification results.

With the time reversal process, the damage-scattered signals captured by each actuator-sensor

pair can be enhanced. For example, the enhanced signal 171;_E in the frequency domain at P, is
V1’2E:V1§'V32+V12'V42+VE'V52 (22)
Fig. 9 shows the time reversal enforcing process of each signal from Fig. 7. Amplified signals
in the time domain are named 1”15, /13, f '14 and /15, and their counterparts in frequency domain are
Vl’ZE : 171’3E : Vlf and 171’55 , respectively, as expressed in Eg. (20). The denotation s in Fig. 9
refers to the enhanced signal /14, and s1, s2, s3 refer to the accumulation parts as expressed in Egs.

(20) and (22). Here, it should be noted that the scattering point around the damage may vary from
one sensor to another. Meanwhile, the wavelengths of the excited waves are small, so that the
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phase difference caused by this problem is not negligible in the time reversal process. Destructive
superposition may happen when the damage-scattered signals are used directly. Thus, envelopes of
the signals are time-reversed and superimposed to realize the focalization, because the length of
the wave packet is as five times long as the wavelength, and the influence of the phase difference
becomes limited and negligible. The superposition of signal envelopes are displayed in Fig. 9, with

one main peak much higher than others in each focalized signal.

Voltage [V]

fo | e ! !
0Pt —] AN | ‘
| VY Y N \ |
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05 ‘ : \6\ ‘ ‘
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(a) Damage scattering waves sensed by PZT P,, P, P, and Ps
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Fig. 7 Damage scattering waves and their envelopes sensed by PZT P,, P, P, and Ps

0.5

| | |
| | |
777777 [ R 2 B G T - T
alena. 1 1
0 0.2 0.4 0.6 0.8 1 1.2
| | | | |
| | | | |
777777 [ 2 T N N N A
| | |
e | 1
0 0.2 0.4 0.6 0.8 1 1.2

Time [ms]
(b) Envelopes of signals sensed by PZT P,, P3, P, and Ps



1476 Qiang Wang, Shenfang Yuan, Ming Hong and Zhongqing Su

200

100

[mm]

-100

-200

-150 0

[mm]

150

Fig. 8 Damage imaging results by the signals shown in Fig. 5 (white circles indicate the PZT sensors,
and the red one is the actual damage center)

Because the specimen (i.e., the glass-enforced epoxy plate) used in this study is quasi-isotropic,
the group velocities of Lamb waves in this material can be regarded as a constant. Using time
reversal imaging method, the damage was well detected as displayed in Fig. 10. To illustrate the
location of the damage more clearly, this image can be improved with a threshold value set as a
percentage of the maximum value of the whole image so that irrelevant information, such as noise,
can be filtered. Fig. 11 shows the result with a preset threshold of 80%.
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Fig. 9 The time reversal enforcing process to each signal (s=s1+s2+s3)
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Fig. 10 Damage detection result (white circles indicate the PZT sensors, and the black one is the
damage center)
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Fig. 11 Improved image by applying a threshold value to the image in Fig. 10
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5. Conclusions

In this paper, a damage detection and imaging method based on time-reversal enhanced Lamb
waves was proposed for identifying damage in a composite plate. First, the propagation
characteristics of Lamb waves in a plate as well as the corresponding time reversal process were
discussed. A narrowband excitation was addressed to be advantageous to reduce the frequency
dependence of the time reversal operator. Second, the approach of time reversal-based signal
enhancement was presented and discussed. The ability of the source focusing based on the time
reversal process was adopted to amplify the damage-scattered waves. With the assistance of the
time reversal imaging, damage could be well identified. Finally, experiments were conducted to
validate the method by ultrasonically examining a quasi-isotropic glass-reinforced epoxy plate.
Composite delamination was detected successfully. Further research will investigate the damage
evaluation, including damage size, degree and type.
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