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Abstract

:

Traditional methods for detecting damage in engineering structures often use offline static damage detection. To enable the real-time and precise identification of dynamic damage while maintaining symmetry in engineering structures, this study primarily concentrates on isotropic plate structures widely employed in engineering. Moreover, fiberglass board composite plates were opted as a specific research object. By utilizing the weak S0 mode signals generated by low-frequency ultrasonic Lamb waves, the non-stationary A0 wave signals in the composite symmetry plate structure are collected using the non-contact SLDV (Scanning Laser Doppler Vibrometer) technique. The frequency characteristic parameters in the vibration signals are obtained through HHT (Hilbert–Huang Transform) analysis, followed by filtering and noise reduction. Finally, the circular trajectory intersection method is employed to accurately locate dynamic damage sources in plate structures with different material properties, thereby validating the positioning effect of contact sensors in detecting impacts caused by random impulses.
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1. Introduction


The propagation characteristics of elastic waves in isotropic homogeneous media are generally classified into two categories: wave characteristics in infinite isotropic elastic bodies and wave characteristics in finite elastic bodies, including properties such as wave reflection, refraction, scattering, and plane wave behavior within structures [1,2,3]. Different vibration sources, due to their different causative mechanisms, result in distinct acoustic wave characteristics [4]. Therefore, dynamic signals generated by internal cracks, lattice dislocations, fiber fractures, and other sources of damage occurring and propagating within a material exhibit different dynamic properties [5]. Consequently, when ultrasound waves propagate in different media, they are influenced by factors such as the physical properties of the medium and the presence of damage sources. In practical applications, it is necessary to consider multiple factors comprehensively to obtain accurate detection results.



Composite materials are composed of two or more materials with different physical and chemical properties, resulting in anisotropic characteristics that differ from those of single materials. The symmetry structure of composite materials is highly complex, and there are various forms of internal damage, such as delamination, debonding, matrix fracture, and others. The propagation of elastic waves in composite structures is influenced by multiple factors, especially when coupled with damage, making the wave propagation process and characteristics within the composite material more complex [6]. Consequently, the propagation characteristics of ultrasound Lamb waves, which are suitable for damage detection in isotropic homogeneous plate structures, also exhibit features such as skew effects in composite panel structures [7,8]. Additionally, the phase velocity values of different Lamb wave modes in different directions are not the same, causing the wavefront of Lamb waves to be non-circular during propagation, as well as exhibiting anisotropic characteristics.



In the traditional damage detection of plate structures, a sensing network (contact-based) is typically applied, which is attached to the surface of the structure to primarily pick up the S0 mode signals in Lamb waves. The S0 mode waves in the plate structure remain relatively stable in the low-frequency range, making it easier to mitigate the effects of frequency dispersion. However, when using non-contact sensing methods to capture relevant information on the structural damage, the collected Lamb wave signals primarily consist of the A0 mode. The A0 mode of Lamb waves exhibits nonlinear, non-stationary frequency dispersion, and multimodal characteristics [9,10]. This can lead to inaccuracies in determining the transit time on which the localization of damage relies, ultimately affecting the precise positioning of the damage source.



The approach and preferred method for dealing with nonlinear and non-stationary ultrasonic-guided wave signals involve a linearization of the system [11]. Ultrasonic-guided wave signals are generally considered stationary or piecewise stationary, and appropriate analysis methods such as short-time Fourier transform [12], wavelet transform [13], etc., can be used to obtain the time-frequency distribution information of the signals. Among various analysis methods for ultrasonic signals, the time-domain analysis refers to analyzing the complete information of the signal in the time domain. It commonly involves parameters that describe the temporal characteristics of the waveform, such as the maximum amplitude and autocorrelation function [14,15]. However, the time-domain analysis cannot fully reflect the local features of the damage-related signals and can only provide overall information contained in the signal. Its ability to identify local signal features is limited, making it challenging to detect defect damage through a time-domain analysis. Spectral analysis, based on Fourier transform, calculates the amplitude components, power, and phase of different frequency components in the signal, allowing the spectrum to reflect the time-frequency position of the signal’s spectral peaks and their temporal variations [16]. However, it is only suitable for analyzing stationary signals and cannot fully capture the essential characteristics of non-stationary signals at a particular moment [17]. Time-frequency domain analysis, on the other hand, is an analysis method that combines both time and frequency. It can analyze non-stationary signals and provide a more comprehensive description of the signal’s characteristics and energy distribution in different time and frequency domains. It captures the relationship between local frequency and time, making it suitable for a comprehensive analysis and damage-related analysis of signals in the time-frequency domain [18]. In practice, ultrasonic waveforms contain comprehensive damage signal information. In recent years, the waveform analysis has shown high recognition and analysis capabilities for signals, enabling the acquisition of comprehensive damage information. Extracting relevant damage feature information using waveform analysis methods can effectively assess damage.



The combination of the well-known Hilbert spectral analysis (HAS) and the recently developed empirical mode decomposition (EMD), designated as the Hilbert–Huang transform (HHT) by NASA, indeed, represents a paradigm shift of data analysis methodology [19]. HHT is specially designed for analyzing nonlinear and non-stationary data. The key part of HHT is EMD, which can be used to decompose any complex data set into a finite and usually a small number of intrinsic modulus functions (IMF). Using the instantaneous frequency defined by the Hilbert transform to represent the physical meaning of local phase changes is better for IMF than for any other non-IMF time series. This decomposition method is adaptive and thus efficient. Since the decomposition is based on the local properties of the data, it is suitable for nonlinear and non-stationary processes [20].



Based on the characteristics of the Hilbert–Huang transform, it can be well suited for research in the field of acoustic emission. In order to obtain more coal-rock instability mesostructure characteristics at different loading stages, Li Xuelong et al. used the HHT method to analyze the acoustic emission waveform characteristics at different loading stages [21]. Kexin Liang et al. proposed a monitoring and early warning technology for internal cracks in the rail head. The data driving the algorithm can be obtained through Lamb wave finite element simulation and actual experiment of rail cutting. They used Shannon wavelet transform (SWT) to extract the first arrival wave and used Hilbert–Huang transform (HHT) to analyze its time-frequency characteristics [22]. In this paper, the signal is analyzed and processed using HHT after the experiment to obtain the IMF components in the main frequency range.



In this study, the non-contact SLDV technique is used to collect non-stationary A0 wave signals in symmetry composite panel structures, and frequency characteristic parameters are obtained through HHT analysis of the vibration signals. The circular trajectory intersection method is employed to locate dynamic damage sources in panel structures with different material characteristics. The research aims to explore dynamic damage detection methods for composite panels in engineering structures.




2. The Basic Principle of Circular Trajectory Intersection Localization and Time-Domain CSM Imaging


The circular trajectory intersection method is a planar localization algorithm suitable for damage localization in plate structures [23]. It utilizes three or more sensors to collect signals on the plate structure and converts them into displacement or velocity signals. The relative time delays with respect to a reference sensor are then calculated and converted into distance differences. In this way, the time delays and distance differences obtained by multiple sensors form several circular trajectories. By comparing these circular trajectories, the region with the most concentrated intersection points can be identified to determine the location of the damage. The waves propagated in the thin plate structure employed in this paper are Lamb waves. The guided wave model in the frequency domain can be represented as F(ω),


  F ( ω ) = X ( ω )    1   x       e  − j k ( ω ) x    



(1)







In Equation (1), X(ω) is a wave packet of Lamb waves,   1 /  x    represents the geometric loss in Lamb wave propagation, and, additionally, j =     − 1    is the characteristic of dispersion. k(ω) represents the wave number in Lamb propagation. If the wave number is defined as aω, Equation (1) can be expressed using a non-dispersive equation:


  M ( ω ) = X ( ω )    1   x       e  − j ω x    



(2)




where M signifies torque, t = ax, and the group velocity Cg = 1/a. In this experiment, the non-contact vibration modal signals acquired by SLDV laser are used, specifically the A0 mode Lamb wave.



Figure 1 depicts a triangular sensor array consisting of sensors 1, 2, and 3, with r representing the distance between the ultrasonic source A and sensor 1. The angle between the line connecting the source and sensor 1 and the x-axis is denoted as θ. The distance difference between the source and sensors 1 and 2 is denoted as δ1, and the distance difference between the source and sensors 1 and 3 is denoted as δ2. The time differences between the arrival of the damage signal at sensors 1 and 2, and sensors 1 and 3, are represented as Δt12 and Δt13, respectively. The propagation velocity of the ultrasonic wave is denoted as v. Based on the measured time differences, three circles can be drawn with the centers at the midpoint of sensors 1, 2, and 3, and radii of r, r + δ1, and r + δ2, respectively. The intersection points of the three circles represent the location of the ultrasonic source A.



Where the distance differences can be expressed as,


δ1 = vΔt12,    δ1 = vΔt13



(3)







Based on the geometric relationship,


  r =    A 1    2 (  x 1  cos θ +  y 1  sin θ +  δ 1  )   =    A 2    2 (  x 2  cos θ +  y 2  sin θ +  δ 2  )    



(4)




where,


   A 1  =  x 1 2  +  y 1 2  −  δ 1 2  ;    x 1  cos θ +  y 1  sin θ +  δ 1  ≠ 0  



(5)






   A 2  =  x 2 2  +  y 2 2  −  δ 2 2  ;    x 2  cos θ +  y 2  sin θ +  δ 2  ≠ 0  



(6)







Simplifying Equation (4),


  θ = arctan    A 1   y 2  −  A 2   y 1     A 1   x 2  −  A 2   x 1    ± arccos      A 2   δ 1  −  A 1   δ 2   B    + 2 m π  



(7)







In Equation (7),   B =          A 1   x 2  −  A 2   x 1     2  +      A 1   y 2  −  A 2   y 1     2       1 2    , m = 0 , ± 1 , ± 2  , where θ has two solutions within the range of −π to π, but the value of θ must be chosen to make δ2 positive. Based on Equations (4) and (7), the position of the ultrasonic source (x, y) can be determined as follows: x = rcosθ, y = rsinθ.



In general cases, there is only one ultrasound source; thus, a pair of time differences (Δtba and Δtca) is only valid when θ has a unique solution. When θ has two possible values, the position of the ultrasound source cannot be uniquely determined, resulting in one true and one false solution. To eliminate the false solution, a fourth ultrasound sensor can be added to obtain additional time difference data using the same hyperbolic localization principle. By analyzing the existing solutions, the position of the ultrasound source can be determined, and the false solution can be discarded. The Circular Trajectory Intersection Localization method provides an effective approach for determining the location of a target using multiple sensors. However, when dealing with non-linear and non-stationary ultrasonic wave signals, additional signal processing techniques are required to extract the relevant information accurately. The HHT method is a powerful tool for analyzing non-linear and non-stationary signals, making it a suitable candidate for enhancing the circular trajectory intersection localization method.



As shown in Figure 2, the plate-like structure is divided into grid cells of appropriate sizes. Figure 2a shows the signal receiving diagram of the SLDV rectangular array, and Figure 2b shows the signal receiving diagram of the ring DE-IDT array.



Excitation source at coordinate (x1, y1), receiving array element at coordinate (xi,yj). Through the geometric relationship, the distance between the damage point and the excitation source and receiving point can be calculated, and its expression equation is shown as follows:


   d 1  ( x , y ) =     ( x −  x 1  )  2  +   ( y −  y 1  )  2     



(8)






   d  i j   ( x , y ) =     ( x −  x i  )  2  +   ( y −  y j  )  2     



(9)







Therefore, the transit time of the guided wave from the excitation source (x1, y1) to the damage point (x, y) can be expressed as:


   t 1  ( x , y ) =       ( x −  x 1  )  2  +   ( y −  y 2  )  2       c  g , θ      



(10)







The transit time of the guided wave from the damage point (x, y) to the receiving point (xi, yj) can be expressed as:


   t 2  ( x , y ) =       ( x −  x i  )  2  +   ( y −  y j  )  2       c  g , α      



(11)




where cg, θ and cg, α are the corresponding center frequency group velocities corresponding to different angles.



Since there is only one excitation source of CSM, the array signal is collected by the principle of one-dose and multiple-receive; thus, the total transit time of the guided wave from excitation source (x1, y1) to damage point (x, y), and then from damage point (x, y) to receiving point (xi, yj), can be expressed as:


  t ( x , y ) =  t 1  ( x , y ) +  t 2  ( x , y ) =       ( x −  x 1  )  2  +   ( y −  y 2  )  2       c  g , θ     +       ( x −  x i  )  2  +   ( y −  y j  )  2       c  g , α      



(12)







By filling the signal amplitude of the corresponding time into the corresponding grid unit, the pixel of the corresponding grid unit on the board can be represented. Its expression equation is as follows:


  A ( x , y ) =   ∑  i = 1  N     ∑  j = 1  M    u  i j   ( t ( x , y ) )      



(13)







In the equation are the number of elements in the x and y directions of the rectangular array, respectively, representing the time domain signals collected by different receiving array elements; the final A (x, y) pixel matrix represents the imaging results.




3. Experimental Setup for Impact Source Localization on Composite Plate Based on SLDV


Due to the complex nature and anisotropic characteristics of composite symmetry plate structures, the propagation properties of stress waves are intricate. The non-contact laser detection method used to capture the A0 mode signal of Lamb waves exhibits significant dispersion effects and nonlinearity. This leads to inaccurate propagation transit times, making it challenging to directly apply the circular trajectory intersection localization method for damage localization on the structure. Therefore, a waveform analysis method based on HHT is employed. In this approach, the obtained raw damage signals are subjected to Intrinsic Mode Function (IMF) decomposition through HHT. This allows for the effective identification of the signals containing relevant damage features and discrimination from noise. Information related to material damage is extracted, and a corresponding database of damage features is established.



The experimental setup uses a PSV-500 SLDV vibrometer. Figure 3 shows the non-contact signal acquisition setup for impact source in fiberglass composite plates. The setup is used to test a 1000 × 1230 mm × 10 mm single-layer composite plate made of 45° glass fiberglass board-reinforced epoxy resin. The surface of the plate is marked with 8 signal acquisition points (1–8) where retroreflective stickers are placed, and there are 4 impact points for simulating impact signals. The plate is struck at points A, B, C, D using a small iron hammer, and the signals are collected using the SLDV. If the knocking energy is too large, the waveform distortion will be caused; thus, it is necessary to repeat the knocking several times, so that the repeatability of the waveform is good.




4. Impact Source Localization Results


In the experiment, SLDV is used to non-contactly collect experimental data of the out-of-plane vibration modal signals from four groups of plate structures. Among them, one group of experimental data, denoted as a1~a4, is selected and imported into the HHT impact source algorithm for processing and analysis. The number of data points collected is 214 = 16,384, and the sampling frequency is 5.12 MHz. The steps of the vibration measurement experiment are as follows: (1) Start the system. (2) Acquire the shape data using the laser probe. (3) Define the grid. (4) Focus the laser point. (5) Start scanning and save the received signals. The collected data are represented by a time axis on the horizontal axis and a velocity parameter on the vertical axis.



The ultrasonic signal data from each group is decomposed using Empirical Mode Decomposition (EMD) to obtain the Hilbert spectrum. The extracted IMFs exhibit a gradual decrease in frequency. EMD decomposition arranges the components in order of decreasing frequency, with the highest frequency component, IMF1, being extracted first, followed by gradually decreasing frequencies. By comparing waveform information and considering the characteristics of the impact signal, the corresponding IMF components that constitute the effective components of the signal can be determined.



In this experiment, Figure 4 shows that the waveforms of the first three IMFs are relatively weak, while the waveforms of IMF4, IMF5, IMF6, and IMF7 contain complete and significant information. The amplitude of the impact characteristic signal is large. By performing Hilbert transform on the IMFs and reconstructing the time-domain signal, unrequired frequency components are removed while preserving the essential components. By extracting the IMF with the maximum amplitude and performing Hilbert transform reconstruction, the 3D Hilbert spectrum shown in Figure 5a–d is obtained. Most of the energy is concentrated in the low-frequency range, which corresponds to the low-frequency characteristics of impact vibration signals. By observing the amplitude dimension, it is typically found that the first peak represents the damage signal.



The experiment involves using SLDV technology to obtain the out-of-plane vibration signals of the composite material plate caused by impacts and measure their displacement information. The signals are then analyzed and processed using HHT to obtain IMF components in four major frequency ranges. By removing unnecessary frequency components and retaining the relevant information, signal filtering is achieved. After selecting the characteristic IMF, the Hilbert spectrum is obtained through Hilbert transformation. In waveform analysis, HHT possesses adaptive characteristics, allowing for the generation of time-frequency energy spectra and extraction of IMF. This method can effectively reflect various sound source mechanisms and the extent of component damage, making it versatile in its application.



To eliminate the influence of multiple reflections and improve the accuracy of target damage localization, an experimental setup is used, as shown in Figure 3. Eight-channel signals are obtained for circular trajectory intersection imaging. The spacing between each signal receiving point is 25 mm. Based on HHT analysis of the signals received by SLDV, EMD decomposition is performed to obtain a series of Intrinsic Mode Functions (IMFs) representing different time-scale characteristics. The Hilbert spectrum features of the IMFs are also obtained. The time-domain waveform of IMF4, which is associated with the impact frequency, is extracted. Using Equations (2) and (3), different amplitude distributions corresponding to the reflection time are allocated to possible circular trajectory points. Figure 6a,b show the circular trajectory localization imaging results for points A and D with impact-induced source, respectively. The black circles represent the actual damage locations at A (180, 210) and D (180, 0), while the darker red positions indicate the localized damage center positions. The center localization errors are 7 mm and 5 mm, respectively. The experimental results demonstrate that the damage detection accuracy is significantly improved by using the circular trajectory localization method after HHT analysis.




5. Conclusions


In order to identify the dynamic damage in engineering structures accurately and to verify the effectiveness of random impact on contact-based sensor detection for impact localization, this study is based on the weak S0 modal signal generated by ultrasonic Lamb waves in the low-frequency range. It utilizes non-contact SLDV to collect the non-stationary A0 wave signal in the composite material board structure and applies HHT analysis to extract frequency feature parameters from the vibration signal and perform filtering and noise reduction. Finally, the circular trajectory intersection method is employed to achieve precise localization of dynamic damage sources in plate structures with different material properties. This provides a method for the dynamic damage detection of composite symmetry material boards in practical engineering structures. Compared with the Lamb wave detection results [1,2], the algorithm shows it is imaging faster and fit for the composite material.
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Figure 1. Schematic Diagram of Circular Trajectory Localization with Three Sensors. 
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Figure 2. Time domain CSM imaging schematic. (a) The signal receiving diagram of SLDV rectangular array. (b) The signal receiving diagram of ring DE-IDT array. 
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Figure 3. Experimental setup for non-contact acquisition of impact source in fiberglass composite plates. 
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Figure 4. IMF of each order obtained by EMD decomposition: (a–d), respectively, correspond to the EMD decomposition diagrams of the signals at points 1 to 4. 
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Figure 5. Hilbert Spectrum: (a–d) correspond to the 3D Hilbert spectra of signals from points 1 to 4. 
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Figure 6. Damage imaging results using circular trajectory localization on fiberglass board: (a) Image of impact localization at point A; (b) image of impact localization at point B. 
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