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Abstract — A Lamb wave and linear PZT array based monitoring method for the 

detection and quantification of crack damage is presented in this paper. Because 

existing PZT array arrangements are not suitable for quantitative monitoring of crack 

damage both in orientation and in length, a sparse linear PZT array is introduced and 

applied to collect crack reflections. Based on this new array, a method for estimating 

crack orientation is proposed. An amplitude spectrum as a function of angle is 

mapped using time delayed and summed signals. By finding the peaks in the spectra, 

the central actuator element and corresponding orientation angle are determined. 

Furthermore, the ToF imaging method is modified to display and evaluate cracks 

quantitatively. Validating experiments are conducted on a T6061 aluminum plate, 

monitoring and evaluating single and connected cracks with various orientations in 

different locations. As suggested by the experiments, the orientation of most cracks 

can be well recognized and all cracks can be quantitatively displayed by the proposed 

methods. 

Index Terms—Sensor arrays; crack detection; monitoring; waveguide theory; 

signal processing. 
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I. INTRODUCTION 

Real-time detection and quantitative assessment of damage in metallic plate-like 

structures are of great significance for structural health monitoring. In consideration 

of the merits of low attenuation and high sensitivity to tiny discontinuities like cracks 

in a plate, Lamb wave based techniques using embedded sensor/actuator networks 

have attracted much attention [1-6]. Confirming the presence of damage is the basic 

requirement for detecting damage, achieved by comparing Lamb wave signals 

received from a damaged structure with those from an intact structure [7, 8]. Further 

detection and tracking of crack growth, including monitoring changes in both size and 

orientation trends, have exhibited potential value, especially for early stage cracks [9]. 

 

Crack growth is generally known to be an irregular process. Thus, a crack model 

cannot simply assume that damage is perpendicular to the propagation direction of 

Lamb wave [10]. To cope with this wave obliqueness, a common method is to build 

the relationship between crack length and features of measured data, such as 

transmission [11, 12], reflection coefficient [10], or time of flight (ToF) [3, 7]. For 

tiny cracks, shorter than wavelength, experimental results in [14] indicate that 

scattered signal amplitude is linearly proportional to crack size. Furthermore, some 

advanced algorithms, such as the Bayesian method [15] and particle filter [16,17], 

have been used to predict the growth trend of lengthening cracks. Published research 

has mainly focused on quantitative assessment of crack length; few studies have 

investigated crack orientation. One feasible solution is a Lamb wave based imaging 
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method with high resolution that distinguishes the two ends of a crack as two 

highlighted spots in the image [18]. This work has been limited to scenarios in which 

the location of a crack relative to a sensor network must be known. However, real 

crack occurrence is irregular and location is uncertain.  

 

With the aim of resolving this problem, a novel technique is proposed in this paper. 

As the phase information or arriving time delay of the crack reflection indicates the 

orientation of the damage, through extracting the time delays of signals received from 

two adjacent sensors and comparing their time delays, the orientation of the crack can 

be calculated.  

 

Furthermore, to effectively collect information about the orientation of crack damage, 

the arrangement scheme of piezoelectric lead zirconate titanate (PZT) should be 

designed and imposed. Basically, PZT arrays can be divided into two types: 

distributed array [19-25] and centralized array [26-29]. In a distributed PZT array with 

large detection range, damage can be illuminated from different directions. In this 

arrangement, scattered wave from the damage is mainly received by sensors based on 

the diffuse reflection of Lamb wave, which makes less contribution than reflection to 

calculating orientation. In a centralized PZT array, the PZT sensor/actuators are often 

linearly arranged close to each other to compose a dense array. This type of array is 

effective for receiving reflection from a crack, but inevitably is restricted to a very 

small detection area. Therefore, based on a combination having the advantages of 
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these two traditional PZT arrays, a sparse linear array is applied in this work. The 

interval between each element of the linear PZT array is increased to cover the entire 

width of a structure and to increase the area of detection.  

 

II. MODIFIED LINEAR PZT ARRAY FOR LAMB WAVE BASED MONITORING OF CRACK 

DAMAGE 

A. Modified linear PZT array for the collection of crack reflections 

Damage monitoring methodologies based on the scattering of Lamb wave are 

effective for many types of damage, including common impact holes, composite 

delamination, corrosion, etc. However, with crack or notch damage, specular 

reflections rather than diffuse reflections are probably likely to dominate reception. 

Hence, although a traditional distributed PZT array has the advantage in large-area 

detection, it is limited in processing specular reflections of crack damage, so that only 

a few actuator-sensor pairs of the array can capture the reflection signals. A linear 

centralized array is more effective than a distributed array for collecting the 

orientation information of crack damage by extracting the arriving time delays of the 

received reflections. Nevertheless, with the limitation in length of a centralized array, 

the scanning area is always small. In this work, a linear centralized array is extended 

to cover the entire edge of a structure, as shown in Fig. 1. With an increased interval 

of the array (longer than half a wavelength), even at the expense of the quality of 

beam synthesis and imaging, the propagation time difference of each adjacent sensed 

damage reflection should be more easily distinguished, and more reflections would be 
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received by the sensor array. Generally, the location of the array depends on its 

monitoring area to be concerned. Based on the far field theory, similar to phased array 

techniques [27-28], there should be a certain distance (normally several wavelength) 

between the array and its monitoring area to reduce measurement errors caused by the 

non-parallelism of the wave front. 

 

B. Evaluation of orientation of crack damage using a modified linear array 

Because the wavefront of a reflected signal is approximately linear in the far field, the 

orientation of a crack can be calculated by comparing the arriving time delays of the 

sensing signals of adjacent sensors. As shown in Fig. 1, the element n acts as the 

actuator and the adjacent element k is used to receive the reflection wave as a sensor. 

Under the far-field condition, the incident direction θ of the actuator element n is 

identical to the direction of the signal received from sensor element k. Clearly, when 

the incident direction coincides with the normal line of orientation of a crack, the 

amplitude of the sensed signal of sensor k achieves or tends to maximum [30]. At the 

same time, the signal processed by the time delay and sum (DAS) of signals received 

from all adjacent sensors also achieves maximum. If the actuator n is assumed as 

reference point, the time delay of sensor k can be written as 

( ) vlnkvdst knkn cos−==                       (1) 

where v is the velocity of the excited Lamb wave mode, dskn is the difference in 

distance of the Lamb wave between the sensor k and the actuator n in the propagation 

direction, and l is the interval between adjacent elements. Because the initial crack 
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damage is usually very short, the width of the reflected beam is also short and only a 

few elements around the actuator are required. To reduce data redundancy and 

improve calculation efficiency, therefore, a moving window with 2p+1 (p=1, 2, 3, …) 

elements are considered. Through scanning the actuator n and searching the angle θ, 

the central actuator number nc and the angle θc that correspond to the normal direction 

of the crack can be obtained because the DAS signal is maximal. This orientation 

detection process can be expressed as 
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where fkn is the damage scattered signal actuated by element n and sensed by element 

k, n=p+1, p+2, p+3, …, N-p. N is the sum of the elements in the linear array. 

 

It should be noted that in Eq. (2), there will be several local maxima if multiple crack 

damage exist in the structure. Thus, it is possible to detect multiple damages 

simultaneously. Eq. (2) then is rewritten as 
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Here, each pair [ncm, θcm] represents one possible crack and m=1, 2, 3, …. In general, 

it is complex to determine orientation when the location is unknown. But this method 

can obtain the orientation without a priori knowledge. It should be noted that due to 

the limited number of elements and the sensing signals in single array, the more the 

damage is, the more complex the reflection is. Thus, when much more damages 
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happen, the pseudo local maxima may be increased in the DAS signal which 

decreased the accuracy of monitoring, and the damage shadowed by others is 

probably hard to be found because of no scattering signal, especially the small one. 

One more array can be added in other direction to compensate for this problem. 

 

C. Crack damage imaging and evaluation 

As discussed above, detection of orientation of crack damage can be achieved by 

calculating the synchronization of the reflected signals captured by the array. 

Therefore, ToF is the selected characteristic parameter. At the same time, the imaging 

method based on ToF is effective in searching for possible multiple damage in a 

structure using a limited number of sensors [31-34]. The ToF-based imaging 

algorithm is applied with the field value S at pixel (x, y), defined as 

( )

( ) ( ) ( ) ( )
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where Akn is the compensation coefficient for different attenuation and possible 

performance differences, t0 is the starting time of the Lamb wave excitation, n

xyR and 

k

xyR are the distances from pixel (x, y) to the element n and k respectively. This method 

is adopted here and further improved for crack detection and evaluation. Two 

concerns are addressed in the research: a) The boundary reflection of the plate is 

similar to the reflection from the crack and thus may create artefacts in the imaging; b) 

How to express the length of a detected crack. With the traditional imaging method, 

the damage region is searched and highlighted by the intersection of many elliptical 
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images, in most cases causing the final image to exceed the scope of the damage area. 

 

In the imaging process, all the received signals are delayed according to the 

orientation of the crack that is first detected. Though this post-processing, the 

direction of the array is virtually rotated with sensor n as the center to be parallel to 

the crack, as shown in Fig. 2. Then the arrival times and phases of all the crack 

reflections become consistent. These reflected signals are superimposed and enhanced 

during imaging. On the other hand, if the crack is not parallel to the plate boundary, 

the boundary reflection cannot become consistent and is counteracted in the imaging. 

For each imaging ellipse and actuator-sensor pair, the possible location of the crack 

should be around the intersection of the ellipse and the perpendicular bisector of the 

actuator-sensor pair. Thus, only the points around the intersection need to be assigned 

during imaging. For any possible crack and identified [ncm, θcm], the modified 

assignation process for image pixel (x, y) can be expressed as: 

( )

( ) ( )
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where r is the distance from (x, y) to the intersection of the imaging ellipse and the 

perpendicular bisector of the actuator-sensor pair, σ is the attenuation coefficient. 
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III. EXPERIMENTAL RESEARCH 

Two experiments were performed to validate the crack evaluation and imaging 

method. The first illustrated the ability to detect and evaluate the feature of orientation 

in two typical scenarios, including one single and two connected cracks. The 

monitoring results were also shown by imaging. The second experiment demonstrated 

that the method monitored and tracked crack growth from the initial occurrence and 

progress through several statuses, a very important condition to ensure structural 

safety. 

 

A. Experimental setup 

An aluminum plate (6061-T6, density: 2711 kg/m3, and Young’s modulus: 71 GPa) 

with the dimensions 600 mm × 600 mm × 2 mm was used, as shown in Fig. 3. A 

linear PZT array composed of 15 PZT elements (1#~15#) was located about 100 mm 

from the plate boundary. The type of the PZT element is PSN-33. Its piezoelectric 

constant d31 is 160×10-12 C/N and resonant frequency is around 200 kHz. All PZT 

elements are 8 mm in diameter and 0.48 mm in thickness. The interval between 

adjacent PZT elements in the array was 30 mm. The cracks and their growth were 

simulated by attaching metal bars and cutting grooves. Thus cracks in different 

directions and locations were artificially produced. 

 

An integrated Lamb wave modularized structural health diagnosis system was used to 

generate and collect the Lamb wave structural responses [34]. Studies have shown 
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that the mode selection can be achieved by tuning the frequency of narrow band 

excitation to obtain a single mode mainly Lamb wave signal, for example, S0 or A0 

[20]. Damage detection capability, signal conditioning difficulty and PZT actuator 

working efficiency are also taken into account in the experimental research. An NI® 

PXI-5412 arbitrary waveform generator (AWG) with a sampling rate of up to 100 

MS/s was utilized to excite S0 Lamb wave mode with Hanning window-modulated 

five-cycle sinusoidal tone bursts at the central frequency of 200 kHz. Lamb wave signals 

were observed using an 8-channel NI® PXI-5105 oscilloscope module with a sampling 

rate of up to 60 MHz per channel. An NI® PXI-2529 high-density matrix switch was 

used to control selection of the actuator-sensor pairs. An APA40 linear power 

amplifier and an EO-LNa-3 pre-amplifier were also used in the measurement system. 

All the modules were integrated on a PXI bus platform (NI® PXIe-1071) to configure 

a compact diagnosis system. 

 

B. Experimental results 

1) Evaluation of crack orientation 

To verify the orientation evaluation method, two kinds of artificial damage were studied 

in this experiment: (a) a single 100 m crack with normal direction 60° and (b) two 

connected cracks (like hole-edge cracks) with lengths of 100 mm and 145 mm and 

normal directions of 135° and 60° respectively, as shown in Fig. 4.  

 

 (a) Single crack 

The waveform of five-cycle tone bursts shown in Fig. 5(a) was output from the AWG to 
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actuate element 9#. Baseline Lamb wave signals of the array in a plate without damage 

are shown in Fig. 5(b). The sensed wave contains the crosstalk wave induced by the 

electric circuit, direct waves from the actuator (element 9# in this figure) to other sensors, 

and boundary reflections. When the single artificial crack C1 100 mm in length was 

located at the right of the center of the plate, as shown in Fig. 4(a), the damage 

reflections were obtained by comparing the baseline signal and received signal in the 

damaged structure, as shown in Fig. 5(c). As well as the unwanted direct waves and 

boundary reflections, crosstalk waves existing in all element sensors were eliminated. 

The first arriving wave packet was the reflected S0 wave mode from the crack C1. Other 

later arriving wave packets in the array signals were composed of mode conversion and 

multiple reflections, but only the first arriving wave packet was useful for the orientation 

evaluation. For each actuator, as the tuning angle changed, the temporal and angular 

spectrum was mapped by a set of DAS signals according to Eqs. (2) and (3), as depicted 

in Fig. 6. The scanning angle θ tuned from 35° to 145° and the number of elements in 

the moving window (shown in Fig. 1) was set at five (p=2) in the monitoring. Then the 

orientation (normal direction of the crack) equaled the tuning angle corresponding to the 

maximum amplitude of the spectrum. In this spectrum, when the tuned angle was around 

62°, the spectrum amplitude reached the maximum. As the window was moved, 

elements 3# to 13# sequentially acted as actuator, and several spectra were obtained, 

as shown in Fig. 6. From these spectra, it can be read that the maximum appearing as 

the center element nc1 is 9# and the angle θc1 is 62°. Therefore, it could be seen that 

when the actuator was located on the normal line of the crack, the amplitude of the 
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processed signal achieved its maximum. 

 

In accordance with the evaluated crack features of center nc and orientation θc, the 

damage imaging could be reconstructed using the assigning equation given as Eq. (5). 

The imaging result for the crack C1 in Fig. 4(a) is shown in Fig. 7(a). Thresholding 

was employed, and the value was set at half of the maximum pixel value of the 

images. This same thresholding value was adopted for the other images in this paper. 

From the imaging result, cracks are revealed and their orientation and length can be 

determined from the monitoring result, that is identical to the practice crack marked in 

red. There is almost no interference from boundary reflections. The artefacts parallel 

to the crack image are caused by the re-reflection of the boundary below the linear 

array and can be further eliminated by thresholding. 

 

For comparison, the measured array data was used to reconstruct the damage imaging 

by the traditional ToF damage imaging method, as shown in Fig. 7(b). For single 

crack damage, both methods can obviously reveal the damage region. The difference 

is that the ToF damage imaging suffers severe influence from the boundary reflection. 

These artefacts were difficult to eliminate, although the same threshold value was 

used as in the modified method. At the same time, more artefacts were generated in 

this image, making damage estimation difficult to achieve. 

 

 (b) Two connected cracks 
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Cracks usually grow irregularly in all directions and can form a hole-edge crack, like 

the two connected cracks C2 and C3 shown in Fig. 4(b). Because the two cracks are 

connected, multiple reflections can be generated between them. Damage monitoring 

thus becomes much more complex than in single crack situations. Typically, the 

damage reflections actuated by element 6# and 9# are shown in Fig. 8. It can be seen 

clearly from figures that the incident angle of Lamb waves are different because of the 

different relative position between the excited elements and the normal lines of the 

cracks. Therefore, the reflections of the cracks C2 and C3 captured by the array are 

completely different. In detection of the orientation of cracks C2 and C3, Fig. 9 shows 

that two peaks exist in the amplitude spectra of the phase tuning and superimposing of 

crack reflections in accordance with Eq. (4). One peak locates at θc2 of 62° excited by 

element 6# and the other locates at θc3 of 133° excited by element 12#.  

 

The results of use of the modified imaging and traditional ToF imaging methods for 

cracks C2 and C3 are shown in Fig. 10. The location, length, and orientation of the two 

connected cracks can be seen in Fig. 10(a), in which the imaging is identical to the actual 

damage. The figure also shows that the image of the connection of the two cracks has the 

highest intensity. Compared with the imaging of a single crack, the imaging quality is 

not decreased, but more artefacts are generated due to the multiple reflections. In the 

image using the traditional method (Fig. 10(b)), the cracks can scarcely be distinguished, 

with a low contrast ratio and high noise disturbance. Around the image of the cracks 

there are many artefactual regions with high intensity formed by the repeated 
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superposition of crack reflections. Therefore, in a complex damage environment, the 

modified imaging method has the ability to reconstruct a higher quality image.  

 

It is also to be concerned that for real engineering applications, the effects of ambient 

temperature and stress changes on the structural response signals also needs to be 

considered for the baseline based damage monitoring method, which will bring errors to 

the monitoring results. In terms of temperature compensation, there have been some 

achievements which were proved to be effective, such as optimal baseline selection 

(OBS), baseline signals stretch (BSS) or combination of OBS and BSS [35, 36]. 

 

2) Evaluation of crack growth 

Crack growth from the initial appearance can be rapid; thus, quantitative monitoring and 

tracking is very important to ensure structural safety. A simple process of crack growth 

with eight statuses was observed. Fig. 11 shows that the initial length of the single crack 

C4 is 20 mm (Status1). The length gradually increases to 50 mm (Status2), 80 mm 

(Status3), and 100 mm (Status4). The normal direction of crack C4 is about 135º. Then 

another crack C5 is generated by cutting grooves at the end of crack C4 with the initial 

length of 20mm (Status5), with subsequent growth to 50mm (Status6), 80mm (Status7), 

and 110mm (Status8).  

 

The entire process was monitored and tracked by the proposed method. The detected 

orientations of cracks C4 and C5 are listed in Table. 1. For the first four statuses, when 
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only a single crack exists in the structure, the monitoring results of crack C4 are in good 

agreement with the actual situations. However, for crack C5 in the initial Status5 and the 

following Status6, errors in the detected orientations are close to 20°. The reason is 

that the reflected signal is rather weak and is overlapped in multiple reflections, when 

the crack length is short. As the crack continues to grow, the primary reflection from 

C5 is eventually greater than other multiple reflections. Thus, errors in the detection 

results are greatly reduced and are only 3° and 0° respectively for Status7 and Status8. 

   

All eight statuses were then imaged based on the parameters θc and nc in Table 1, and 

the results are shown in Fig. 12. As in the orientation monitoring results, the 

monitoring results of the cracks in the first four statuses in Fig. 12(a)~(d) show good 

agreement with the actual situations. The only issue that needs to be noted is that the 

pixel values in the detected damage region in Status1 are weak due to the short crack 

length and limited reflection. Fortunately, it is sufficient to show the location and 

orientation of the crack. The maximum deviations are still evident in the monitoring 

results of Status5 and Status6, as shown in Fig. 12(e)~(f). For the detected θc and nc 

with large errors, the damage regions in the imaging of crack C5 are a little further 

from the actual location. This is because that the crack C5 in these two Statuses is 

relative small so that its reflection is disturbed by noises such as boundary reflection. 

With the subsequent growth of crack C5, the monitoring results for Status7 and 

Status8 have relatively high accuracy when compared with the actual locations, as 

shown in Fig. 12(g)~(h). The results of use of the traditional ToF imaging methods for 
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cracks C4 and C5 are shown in Fig. 13. Similar to the comparison shown in Fig. 10, 

in the images using the traditional method, only the probable location of the cracks 

can be indicated. However, it's hard to distinguish the growing of the cracks from the 

images. 

 

Compared with the existing baseline based damage detection techniques, such as the 

damage index based monitoring methods [37-39], the characteristic of the crack 

reflection field is analyzed and used in this proposed method. Therefore, the 

applicability of this method is more focused on crack or notch. Actually, the 

improvement in this paper is to detect the reflection signal wavefronts of possible 

cracks (also used to detect the orientation of crack) and to image them. If the 

reflection field is not existed, the happened damage can also be diagnosed by using 

the ToF-based imaging algorithm. 

   

IV. CONCLUDING REMARKS 

Lamb wave based quantitative crack monitoring and imaging method is the focus of 

this paper. A modified sparse linear PZT array was studied for capture of the 

reflection from the cracks to ensure the collection of sufficient damage information. 

Then the orientation detection algorithm and the modified ToF imaging method were 

proposed for crack monitoring based on a modified sparse linear PZT array. Several 

verification experiments were performed on an aluminum plate. Evaluation of θc and 

nc of a single crack and two connected cracks indicated that the proposed method was 
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effective in quantitative monitoring. Using these θc and nc, the images were 

reconstructed and the results showed improvement of the modified method compared 

with the traditional method. For tracking the growth of cracks connected to other 

cracks or featuring a change in the direction of growth, the new method showed good 

agreement with the actual damage growth in different statuses. When the length of 

one of the cracks was short, the monitoring accuracy was affected by the near crack, 

although the new crack could be sensed in the detection and imaging of orientation. 

With extension of the crack, the monitoring became more accurate and the cracks were 

evaluated with errors within 3°. Future research will focus on precise monitoring and 

evaluation of cracks in all stages. 
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