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Abstract 

In this paper, a recently proposed refined time-reversed Lamb wave method for damage 

detection is tested experimentally for detecting block mass  type damage in  isotropic plates. 

The best reconstruction frequency has been found out for the actuator-plate-sensor system by 

performing the time reversal process for a certain range of frequency, which is found to be 

very different from the sweet spot frequency, hitherto recommended for improving the 

performance of  the time-reversal process (TRP) based techniques. Damage indices (DIs) 

computed by using the conventional main wave packet of the reconstructed signal are less 

sensitive to an increase in damage size, which is consistent with some recently reported 

experimental results by other groups. The present method with extended signal length shows 

excellent sensitivity to damage, and also ensures a low threshold for the undamaged case 

when used at the best reconstruction frequency. The  DIs based on present method reflect the 

true severity of damage. It was observed that a  putty on the plate has no significant change 

in the DIs, whereas a baseline method would identify it as a damage due to very significant 

scattering by the putty .  

Keywords: Structural health monitoring, Time-reversal process (TRP), Lamb wave, 

Damage, Frequency tuning,  

 

1. INTRODUCTION 

One of the important concerns in critical  civil, aerospace, space and ship structures is to 

stop catastrophic failure during their service life by detecting  flaws and damages at the early 

stage of growth [1], which has led to the advent  of structural health monitoring (SHM) 

concept in the last two decade. Most SHM methods propose to achieve this objective by 

measuring the changes in structural dynamic response or wave signals from the baseline data 

corresponding to the healthy (undamaged) state of the structure. However, such changes can 

be caused by many other reasons such as the change in environmental conditions and hence 

cannot be always attribute to damage. Due to these difficulties in the baseline methods, there 

has been growing interest in developing baseline free structural health monitoring (SHM) 

techniques. The concept of time reversal process (TRP) of  Lamb waves proposed by Fink [2] 

in acoustics, is being currently studied as a promising candidate for  baseline free damage 

detection. Figure 1 shows the concept schematically. An input signal can be reconstructed at 

the source transducer if the output signal from the sensor is reversed in time and emitted back 

to the original source transducer. But, the linear reciprocity breaks in the presence of damage, 

due to the nonlinear interactions of the transmitted wave with the damage. Because the Lamb 

wave amplitude attenuation is generally dependent on the frequency (amplitude dispersion),  
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Figure 1: Schematic concept of damage identification in an isotropic plate through the time-

reversal process (TRP). 

 

the reconstruction of the time-reversed signal in the undamaged structure is not perfect. This 

has the direct impact on its effectiveness for damage detection. Wang et al. [3] showed both 

theoretically and experimentally that the time-reversal operator is a function of frequency, 

which renders it impossible to reconstruct the waveform of the original excitation, which they 

took as a Gaussian pulse, consisting of multiple frequency components. Park et al. [4] 

demonstrated that, by using a narrow-band excitation signal, it is possible to successfully 

reconstruct the original input waveform, and established this through experiments on quasi-

isotropic composite plates. In a later study, Park et al. [5] studied the effect of within-mode 

dispersion, multi-mode dispersion and reflection on the reconstructability of time-reversed 

Lamb waves. It was shown that the within-mode dispersion of a single mode is fully 

compensated during the TRP, whereas the existence of multiple wave modes and reflections 

creates additional side bands around the main response mode in  the reconstructed signal. Xu 

and Giurgiutiu [6] have studied single mode tuning effects on Lamb wave time reversal for 

damage detection. Gangadharan et.al [7] have shown that the damages in the metallic 

structure cannot be identified from the time reversibility of  Lamb waves, as the change in 

similarity index due to the  defects is not significant enough. Miao et al. [8] developed a 

damage diagnostic imaging algorithm based on correlation coefficients of time-reversed 

Lamb waves, to identify dual notches in an isotropic plate. Their results also showed very 

little change in the correlation of the reconstructed signal in the presence of the dual through-

thickness notches. Recently, Agrahari and Kapuria [9, 10] presented a refined method for 

computing the damage indices by introducing the concept of the 'best reconstruction 

frequency' and extended wave packet, which showed much-enhanced sensitivity to damages. 

Although a lot of work has been performed  to understand the  time reversibility, but very 

limited studies have been reported on the use of the TRP for actual damage detection 

effectively. 

    In this article, we present an experimental study of an integrated actuator-plate-sensor 

system, to investigate the effectiveness of the refined TRP  method [9] in  detecting patch 

type of damage in isotropic plates. The sensitivity of the method to the presence of a putty 

type mass is also studied, since a  baseline approach would detect the same as a damage. 
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2. REFINED TIME REVERSED LAMB WAVE METHOD 

2.1 Damage Index 

In the conventional time-reversal method, the detection of damage is accomplished by 

comparing the waveform of the reconstructed signal after the time-reversal process with that 

of the original input signal, with both signals normalized using their peak amplitudes. The 

deviation between the two signals indicates the extent of the damage, which is quantified 

with a damage index (DI). In this study, two methods of computing the DI for TRP-based 

baseline-free damage detection  are used. The first DI, introduced by Sohn et al. [11] is based 

on the correlation coefficient (CC) of the two signals, and is defined as  

                                                        
where I(t) and V(t) are the normalized original and reconstructed signals, respectively, and ti 

and tf define the signal length used for the comparison. For a perfectly reconstructed signal, 

V(t), DICC = 0 and a high value means considerable dissimilarity, implying the presence of 

damage. The second one is based on the RMSD or the L2 error norm, which measures the 

relative distortion energy (DE) [11]  

 
For a perfectly reconstructed signal, V(t), DIDE = 0. The ratio (1-DIDE) is also known as the 

similarity index. 

 

2.2 Extended Wave Packet for Computing Damage Indices 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Extended wave packet length shown in the Hilbert envelope of reconstructed signal 

for a damaged plate [9]. 

 

 In view of the fact that the conventional main wave packet in the reconstructed signal does 

not show any significant distortion in the presence of damage, and that the presence of 

damage is best captured by the extra bands appearing between the main mode and the side 

 

 (2) 

 (1) 
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bands in the reconstructed signal [9], it is appropriate to use an extended wave packet ranging 

between the two side bands for the computation of the DIs. The extended packet is shown in 

the Figure 2 on  the Hilbert envelope of a reconstructed signal. The start and end time instants 

for the extended wave packet is thus defined by 
 

             

where tm denotes the time instant for the peak of the main wave packet, ts is the time interval 

between the peaks of the main mode and the side band. It is considered that the length of the 

side bands will be the same as that of the main wave packet due to compensation of velocity 

dispersion in the TRP. Note that ts is independent of the damage and can be determined 

theoretically or experimentally. 

 

 

3. EXPERIMENTAL STUDY  OF TRP  FOR DAMAGE DETECTION  

 

3.1 Test Setup 

 

 
 

Figure 3: 1. Scan Sentry High Voltage system 2. In-sight 2.1 software 3. Connection box  

4. Connection cable 5. PZT transducers 6. Plate. 

   

The experimental setup (Figure 3) consists of Scan Sentry High Voltage (SSHV) hardware 

system, made by Acellent Technologies USA, for Lamb wave actuation and sensing and a 

signal processing and visualization software. The experiment was conducted on an 

aluminium plate of dimensions 1500 mm × 1250 mm × 3.0 mm, with wafer type PZT SP-5H 

transducers of 10 mm square size, made by Sparkler Ceramics, India was used for actuation 

and sensing. The patch transducers were bonded to the plate surface using the commercially 

available Araldite epoxy adhesive. The thickness of the adhesive layer is 60 μm. The center 
to center distance between the actuator (PZT-A) and sensor (PZT-B) is taken as 300 mm. The 

adhesive was cured at room temperature (22-28 
o
C) for at least 48 hours. One transducer was 

actuated with a five-peak Hann window modulated tone burst signal of 20 V with its center 

frequency varying from 160 to 340 kHz, and the voltage output of the other transducer was  

measured. The sampling frequency was taken as 48 mega samples per second (MS/s), and an 

average of six runs was taken for each test to improve the signal-to-noise ratio of the sensor  

 (3) 
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Figure 4: Structural damages introduced in an isotropic plate (a) Putty, (b) block mass. 

output. The reflections from structural boundaries are avoided by choosing  appropriate time 

window in the wave signals. The damage in the form of putty and the added block mass has 

been considered for the analysis. A removable putty of circular shape with a diameter of 24 

mm and thickness 3 mm, placed between sensor and actuator as shown in   Figure 4(a) is 

considered first. Another study concerns with a square block mass of dimension 24 mm and 

thickness of 2 mm, pasted between the sensor and actuator as shown in Figure 4(b). It is 

pasted with the help of the structural epoxy adhesive.  In order to examine the sensitivity of 

the method to the damage, patches of four different thicknesses have been studied. 

 

4.  RESULTS AND ANALYSIS 

4.1 Sweet Spot Frequency and Frequency of Best Reconstruction for Undamaged Plate 

    The frequency corresponding to the maximum value of S0/A0 amplitude ratio is the sweet 

spot frequency (fss), at which only the S0 mode will be excited in the plate. Its value is 

obtained as 270 kHz for above actuator-plate-sensor configuration.  TRP has been performed 

over a range  of center frequency in order to get  the frequency of best reconstruction (frc). It 

has been obtained as 200 kHz from the experiment, which is much different from the sweet 

spot frequency. 

 

4.2 Removable Putty Damage 

 TR analysis has been performed at the  best reconstruction frequency of 200 KHz. For plate 

with removable putty, the forward response at PZT-B, the scattered signal obtained from the 

difference between damaged and undamaged plate, the reconstructed signal at PZT-A and the 

comparison of  the extended mode of the normalized reconstructed signal with the original 

five-peak tone burst input, obtained as the best reconstruction  frequency  (200 kHz) are 

plotted in Figure 5. It is found  that the similarity changes only marginally from 87.91% for 

the undamaged plate  to  84.31%  in presence of  the putty, even for the extended mode. The 

removable putty only caused a reduction of  the amplitude of S0 and A0 mode due to its 

damping effect,  but did not affect the waveform. Thus,  the present method  would not detect 

(a) 

(b) 
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the removable putty pasted in the plate as a damage. But, since the scattering of the forward 

response is significant, a baseline method would identify it as a damage. 
 

 

Figure 5:  Reconstruction in a plate with a putty of 24 mm diameter and 3 mm thickness 

under excitation at the best reconstruction frequency (200 kHz): (a) Forward response at 

PZT-B, (b) scattered signal, (c) reconstructed signal at PZT A, (d) comparison of the 

proposed extended mode with the original input signal. 
 

4.3 Block Mass/Patch Damage 

  The next type of damage studied is in the form of  a square block mass of length 24 mm and 

thickness of  2 mm. From the Figure 6, it is seen that the block mass affects the forward 

signal of the Lamb wave propagation as well as the time reversal of Lamb wave. There is an 

extra packet between S0 and A0  (Figure 6(a)), which leads to side bands around the  main 

wave packet in the reconstructed signal. At the best reconstruction frequency of 200 kHz, % 

similarity of the reconstructed signal changes from  87.9% in the undamaged plate  to 74.8%  

in presence of the block mass,  when computed using the main mode, and from 87.1% to 

64.5% for the same computed using the proposed extended mode. At the sweet spot 

frequency (270 kHz),  which has been proposed to be used by many researchers for achieving 

better performance through single mode tuning, the % similarity changes from 73.5% to 

65.9% for the main mode, and 72.1 to 64.1% for the extended mode, due to the block mass. 

First, the threshold % similarity (undamaged plate) is much higher at the best reconstruction 

frequency than the sweet spot frequency, and second, the sensitivity of the DI to the damage 

is much higher when the proposed extended wave packet is considered than when the 

conventional main wave  packet is considered, at the best reconstruction frequency. The 

same, however, does not hold true at the sweet spot frequency due to negligible extra band .  
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Figure 6: Reconstruction in a plate with a square patch of  24 mm length  and 2 mm thickness 

under excitation at the best reconstruction frequency (200 kHz): (a) Forward response at 

PZT-B, (b) reconstructed signal at PZT-A, (c) comparison of the main mode with the original 

input signal, (d) comparison of the proposed extended mode with the original input signal. 

 

   To examine  the sensitivity of the DIs to the thickness of the patch, the ratios of the refined 

DIs to their respective threshold values corresponding to the undamaged plate are plotted in  

Figure 7 at both  fss and frc, and compared with the respective variations in the conventional 

DIs based on the main wave packet. It is observed that  at the sweet spot frequency, the DIs 

remain  very close to 1 (undamaged) in the presence of  the block mass and do not increase 

much with the increase in its thickness. However, at the best reconstruction frequency frc, the 

DIs show much greater sensitivity to the block mass thickness. Also the refined DIs based on 

the extended wave packet at  frc  have much higher  sensitivity to the patch thickness, than 

their  counterparts based on the main wave packet.  

 
 

 
Figure 7: Effect of patch thickness on DI ratios. 
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5. CONCLUSIONS 

The effectiveness of the time-reversed Lamb wave based baseline-free damage detection 

technique has been critically examined for putty and patch types of damage in isotropic 

plates, through experimental analysis. The best reconstruction of the diagnostic signals after 

the TRP does not occur at the sweet spot frequency where only S0 mode is excited, but is 

generally achieved at a frequency when both S0 and A0 modes are excited.  It can be seen that 

the threshold values for the DIs are much smaller at frc than at fss for both the main and 

extended mode signal lengths. The damage index computed based on the conventional main 

wave packet is much less sensitive to the presence of added mass block, even at the best 

reconstruction frequency. At the sweet spot frequency, suggested by many for single mode 

tuning, both the DIs remain close to 1 (undamaged case) as are ineffective. The refined DI 

based on the extended wave packet, has excellent sensitivity to patch thickness when excited 

at the best reconstruction frequency. This is because of the extended wave packet captures 

the extra bands around the main wave packet, generated from interactions with the damage 

and the threshold DI for the undamaged plate is much lower at the best reconstruction  

frequency. The value of the refined DICC and DIDE increase up to a certain thickness of the 

patch, beyond which they decrease. The presence of a removable putty on the plate may be 

detected as a damage by a baseline based Lamb wave methods. But the proposed TRP based 

method will not detect it as a damage. 
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