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Concrete is widely used in bridges, tunnels, nuclear power plants and other buildings, the damage of concrete will bring significant safety hazards for the building, therefore, detecting concrete damage is of great significance. In this paper, the propagation characteristics of guided waves in concrete plates are investigated, and finite element simulation is used to analyze the sensitivity of guided waves to the damage of concrete materials under different excitation frequencies. Simulation experiments on guided wave propagation are performed on concrete materials containing damage in the excitation frequency range from 25 to 100 kHz. The signals received by the sensors are analyzed in the time domain, while the reflected wave signals resulting from the contact of the signals with the damage are analyzed in the frequency domain. The results show that the excitation frequencies of 25 and 60 kHz are more sensitive to damage, and the quantitative identification of damage without reference can be realized by using the peak signals in the frequency domain at different excitation frequencies.
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1 INTRODUCTION
Concrete has excellent compression resistance (Liao et al., 2023) and durability, it is the main material for construction engineering, and has a wide range of applications in the field of railroad tunnels, bridge works (Zhang et al., 2022a), nuclear power plants (Nasir Ayaz Khan et al., 2022) and so on. China produces more than 3 billion cubic meters of commercial concrete annually, and China is the world’s largest cement manufacturing country. The extensive use of concrete also brings with it a series of problems. Concrete is prone to structural damage under the influence of the external environment and load. The common damage defects include steel corrosion, cavity, crack, honeycomb and so on. Concrete is made by pouring method, which is easy to produce holes under the influence of internal gas and external environment. At the same time, due to the dense reinforcement inside, it is easy to have small diameter holes after a long time of use. These damages can affect material properties to different degrees. If defects can be discovered and maintained early, catastrophic incidents can be avoided, which is important for the protection of people’s property safety and maintenance of social stability, so the damage detection of concrete is particularly important.
The development of modern architecture has put forward higher requirements for the performance of concrete materials, which has triggered people’s research on concrete materials. For example, reinforcement fibers such as steel fiber (Cucuzza et al., 2023), basalt, and polyformaldehyde fiber (Yan et al., 2023) are added to improve the ability of concrete to resist cracking. Albidah et al. (2023) studied the effects of different coarse aggregate types on the properties of concrete materials. It is concluded that the increase of aggregate size reduces the number of cracks in the beam under four-point bending test and improves the shear strength of the beam. Xiao et al. (2023) analyzed the effect of pore structure on the performance of concrete.
Non-destructive testing (NDT) (Mićić et al., 2023) can detect the material without affecting the tested object. Common non-destructive testing methods include ultrasonic testing (Mousavi and Gandomi, 2021; Zhang et al., 2022b), acoustic emission method, infrared thermography, eddy current testing (Bao et al., 2021; Meng et al., 2021) and so on. Wang et al. (2023) used the acoustic emission method to observe the failure process of cemented asphalt filling mixes under different loads. Berthe et al. (2023) used high-speed infrared thermal imaging technology to observe materials under low-velocity impact and estimate the degree of damage. Every method has its advantages and limitations. Compared with these methods, ultrasonic guided wave method has the advantages of low cost, slow attenuation (Mei et al., 2020), sensitivity to small defects (Hu et al., 2022), and long propagation distance (Mitra et al., 2023). Over the years, a lot of achievements have been made in the directions of propagation mechanism, damage location (Feng et al., 2019), and healthy structure monitoring (Rautela et al., 2022; Mesnil et al., 2023). Therefore, the ultrasonic guided wave method can be used as an effective way to detect concrete damage detection.
Guided wave is a kind of elastic wave composed of transverse and longitudinal waves, and the propagation state is constrained by the geometry of the propagation medium. The interaction between guided wave and structural damage will produce phenomena such as reflection, scattering, and waveform conversion. The use of signal processing technology and damage discrimination methods to process the damage signal can be used to determine the type and location of the damage. Common materials include aluminum plates, composite plates, stiffened plates and so on. Lamb wave is a kind of guided wave transmitted in plate structure, which has the advantages of slow attenuation and long propagation distance and is suitable for damage monitoring of plate structures. Dr. Yongqing Yang used Lamb waves to analyze the dispersion curves of concrete plates under different conditions and the effect of the surrounding soil on the dispersion phenomenon. Hua et al. (2022) proposed an improved lamb-wave minimum variance imaging method to detect aluminum and composite laminates, which effectively identifies the damage location and reduces the imaging error. Some scholars have proposed a damage location algorithm (Pineda Allen and Ng, 2023) based on the contact non-linear combined frequency waves generated by the interaction between guided waves and damage, which can determine the layering damage location of composite laminates. Sikdar et al. (2023) proposed a structure monitoring method based on deep learning, it uses wavelet transform (Wu et al., 2021) to convert the high harmonics generated by the guided wave in contact with the damage into an image, and the damage of the stiffened plate can be obtained by analyzing and processing the image using deep learning. Feng et al. (2023) carried out low-speed impact experiments on carbon fiber composites, extracted time-frequency characteristics of signals, and used neural networks (Feng et al., 2022) to accurately detect impact locations.
Based on the research of guided wave properties, NDT technology have also been used in the field of construction. Some scholars have used stress waves to test concrete covered with soft coatings for judging the material properties of modified concrete (Xu et al., 2022). Yu et al. proposed a theoretical method (Yu et al., 2021) for the location of concrete surface cracks based on the attenuation of Rayleigh wave propagation energy and conducted numerical verification. Liu et al. (2022) studied the effects of steel bar type, water-cement ratio, and concrete thickness on the corrosion process through ultrasonic guided wave amplitude. Aseem and Ng (2021) analyzed the de-bonding of reinforced concrete structures by using the nonlinear characteristics of ultrasonic guided wave in de-bonding detection. Lead zirconate titanate (PZT) sensor is one of the commonly used equipment when using guided wave to inspect concrete. Lim et al. (2016) monitored the material properties of concrete beams during the forming process by attaching PZT sensors to the surface. Yu et al. (2020) measured the material properties of concrete blocks using an embedded PZT sensor.
The above scholars have imaged and localized the damage and analyzed the material properties of concrete based on guided wave characteristics, which promotes the development of nondestructive testing technology. However, the selection of guided wave frequency was not described in detail, and the quantitative identification (Feng et al., 2020) of damage was not carried out. Selecting the excitation frequency sensitive to damage is helpful to improve the accuracy of damage identification and location. Therefore, based on the propagation characteristics of guided waves in concrete, this paper analyzes the concrete under damage conditions in the excitation frequency range of 25–100k Hz, and obtains the guided wave frequency sensitive to damage. Meanwhile, the concrete cavity type damage is quantitatively identified according to the amplitude value under different damage conditions.
2 BASIC THEORY OF LAMB WAVES
Lamb wave is a kind of elastic stress wave propagating in a thin plate. Lamb waves (Lamb, 1917) were obtained by H. Lamb in England in 1917 when solving the fluctuation equations by the flat plate free boundary condition. Lamb waves have dispersion characteristics and multimodal characteristics (Li et al., 2022). The dispersion characteristic refers to the different propagation speed of the waves with different frequencies. The propagation speed of Lamb waves at different frequencies can be obtained by calculating the dispersion curve. The multimodal characteristic means that the mode of the wave will change after the wave is transferred to the upper and lower boundary. The wave modes in a thin plate can be divided into two kinds according to the different vibration directions of the particles in the plate: symmetric mode and antisymmetric mode. The two modes can be described by the Rayleigh-lamb equation:
Symmetry mode:
[image: image]
Antisymmetric model:
[image: image]
Where, [image: image], [image: image], [image: image] represents longitudinal wave velocity, [image: image] represents transverse wave speed, [image: image] is the wave number. Phase velocity and group velocity are two important parameters of Lamb waves, and due to the dispersive nature of Lamb waves, each individual wave has a specific propagation velocity. Phase velocity is used to express the rate of phase change of a certain frequency, which can be expressed as:
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[image: image] represents the excitation signal frequency, [image: image] represents the number of harmonic waves. In the transmission process of the signal in the plate, the waveform of different frequencies will be superimposed and then change the amplitude. Each wave packet in the Lamb wave is formed by the superposition of the amplitudes of several different waves. Assuming that two signals with the same amplitude and frequencies [image: image] , [image: image] are superimposed
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[image: image] represents the amplitude and [image: image] and [image: image] represent the wave numbers of the two harmonics, respectively. The following results can be obtained by transforming using the trigonometric formula.
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Substituting Eq. 3 gives the following result:
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The resulting waveform can be regarded as a combination of low frequency and high frequency terms. The phase velocity [image: image] is in the high frequency term, and the group velocity [image: image] is in the low frequency term. The formula for calculating group velocity can be written as
[image: image]
3 SIMULATION ANALYSIS OF GUIDED WAVE PROPAGATION IN CONCRETE
3.1 Simulation model
In practical engineering, the damage of concrete is complicated. In order to find out the excitation frequency sensitive to structural damage, this experiment selects the hole-type damage as a common damage for simulation. ABAQUS finite element software was used for simulation, and the size of concrete slab was set as 600 mm*600 mm*20 mm. As shown in Figure 1, the model is equipped with a total of 9 sensors, ranging from S1 to S9. Which S1 (180, 300) as the exciter, S2∼S9 as the sensors to receive the signal, the coordinates of sensor S2 are (300, 300), and A (510, 300) as the damage center, the schematic diagram is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Simulation diagram.
The concrete parameters of model C60 were used for simulation in the experiment, and the specific material parameters are shown in Table 1.
TABLE 1 | C60 concrete material parameters.
[image: Table 1]The parameters in Table 1 were used for calculation. In order to ensure the accuracy of numerical simulation, at least 10 grids should be included in a wavelength range. The shear modulus is as follows:
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The minimum phase velocity [image: image] is equal to the shear wave velocity [image: image], and the shear wave velocity and longitudinal wave velocity [image: image] are calculated as follows:
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The higher the frequency, the smaller the corresponding wavelength, and the higher the corresponding grid requirements. Select 100 kHz for calculation:
[image: image]
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The raw materials of C60 concrete material are cement, mineral powder, fly ash, medium sand, 5–25 mm crushed stone and water. The wavelength of the 100 kHz excitation signal is about 25 mm, which is larger than the diameter of the coarse aggregate, so the scattering and diffraction attenuation of the coarse aggregate is ignored, and the concrete material is simplified to a uniform and isotropic medium (Lim et al., 2018). Lead zirconate titanate (PZT) sensor is often used to transmit and receive stress waves when testing concrete materials with guided waves. In the simulation process, the sensor is simplified as the excitation point, and the loading direction of the excitation signal is set as the vertical incidence excitation.
The signal propagates in the concrete plate, and is reflected and transmitted after contact with the hole type damage, and the reflected wave generated is received by the sensor. Because of the different excitation frequency and damage diameter, the amplitude and phase of the reflected wave will change.
The concrete plate model is established, and the material parameters are set according to Table 1. The center frequency is scanned from 25 to 100 kHz in steps of 10 and 15 kHz. The formula for the excitation frequency is as follows:
[image: image]
Where A represents the amplitude, [image: image] represents the frequency, n represents the number of signal cycles (n = 5), and t represents the propagation duration of the waves. The sampling frequency is 1 × 107. The damage in the simulation is realized as through holes with a diameter range of 0–25 mm, and the step size of 5 mm. The concrete is constructed using a hexahedral reduced-integral three-dimensional solid cell (C3D8R). The mesh size of finite element simulation modeling is 2.5 mm and the number of cells is 460,800.
3.2 Simulation cloud map and time domain signal analysis
After contacting the damage, Lamb wave will produce more obvious reflected wave signal, which can be used to distinguish the damage of concrete. Taking the ex-citation frequency of 60 kHz as an example, the propagation cloud image of the simulation model before and after damage at the same time is shown in Figures 2, 3.
[image: Figure 2]FIGURE 2 | Cloud image of guided wave propagation under undamaged concrete at different time. (A) 0.103 ms; (B) 0.166 ms; (C) 0.195 ms; (D) 0.219 ms.
[image: Figure 3]FIGURE 3 | Cloud image of guided wave propagation under damaged concrete at different time. (A) 0.103 ms; (B) 0.166 ms; (C) 0.195 ms; (D) 0.219 ms.
As can be seen from Figure 2, the guided wave propagates around from the excitation point and generates an obvious reflected wave after contacting the boundary. In Figure 3, in addition to the boundary reflected wave, the guided wave also produces obvious reflected wave signal after contact with the concrete damage. Next, excitation signals of different frequencies are used for simulation. Sensor S6 in Figure 1 is used to collect signals. The Lamb wave signals collected are shown in Figure 4. The boxed portion of Figure 4 contains the echo signal generated by the reflection of the signal after contact with the damage.
[image: Figure 4]FIGURE 4 | Time domain signal diagram of 25–100 kHz excitation frequency under different damage. (A) 25 kHz; (B) 40 kHz; (C) 50 kHz; (D) 60 kHz; (E) 70 kHz; (F) 80 kHz; (G) 90 kHz; (H) 100 kHz.
As can be seen from Figure 4, the first point is that as the frequency of the excitation signal increases, the obtained time-domain signal becomes intensive, and the amplitude gradually decreases. The second point is that with the change of the damage diameter, the peak size of the reflected signal wave packet fluctuates. At 25 and 40 kHz, it changes regularly: with the increase of the damage diameter, the amplitude of the reflected signal decreases. As the excitation frequency increases, the waveform becomes more complex. In order to obtain a more intuitive signal difference, the reflected signals in the boxed section are observed below by converting them from time-domain signals to frequency-domain signals.
3.3 Damage reflected wave frequency domain signal analysis
The reflected wave part of Lamb wave time domain signal collected by sensor S6 in Figure 1 is converted into frequency domain signal, as shown in Figure 5:
[image: Figure 5]FIGURE 5 | The frequency domain signal diagram of 25–100 kHz reflected wave signal under different damage. (A) 25 kHz; (B) 40 kHz; (C) 50 kHz; (D) 60 kHz; (E) 70 kHz; (F) 80 kHz; (G) 90 kHz; (H) 100 kHz.
From the frequency domain signal plot in Figure 5, the first is that the frequency corresponding to the peak value of the frequency domain signal is close to the frequency of the excitation signal. The second is that the peak value of the frequency domain changes at different damage diameters. Among them, the peak signals in the frequency domain with excitation frequencies of 50, 70, 80, 90, and 100 kHz did not make regular changes with damage changes. They do not have an advantage when selecting the excitation signal sensitive to damage, while the frequency domain amplitude of excitation frequency of 25, 40, and 60 kHz increases with the increase of damage diameter, and the frequency domain peak value is consistent with the damage size arrangement.
From the perspective of amplitude and signal variation, 25, 40, and 60 kHz excitation signals are more conducive to signal acquisition and identification and are more sensitive to damage.
4 QUANTITATIVE IDENTIFICATION
4.1 Signal propagation distance and amplitude variation
In order to study the variation of the signal frequency domain amplitude with the propagation distance, seven sensors were set up on the model, and the sensor spacing is 30 mm, as shown in S2∼S8 in Schematic Figure 1. The excitation signals sent by the sensor S1 pass through the sensors S2∼S8, and the direct wave signals received by the sensor are selected for frequency domain analysis. As shown in Figure 6.
[image: Figure 6]FIGURE 6 | Frequency domain amplitude variation with propagation distance.
The direct wave signal received by the evenly spaced sensor s2∼s8 is converted into the frequency domain signal, and the change of the peak signal and the propagation distance in the frequency domain is plotted. As can be seen from Figure 6, with the increase of the propagation distance, the peak value of the signal in the frequency domain decreases continuously, indicating that concrete is the attenuation medium of sound wave. Meanwhile, with the increase of frequency, the peak value of the signal in the frequency domain decreases continuously, proving that the amplitude of the low-frequency wave is large.
From Figure 6, the frequency domain amplitude decreases with increasing propagation distance and shows a clear linear variation. It can be concluded that the amplitude of the excitation signal decreases with the increase of the propagation distance. The transmissive wave at S9 was analysed, and the results show that the signal shows a regular arrangement only at 80–100 kHz: with the increase of the damage diameter, the amplitude of the transmissive wave frequency domain decreases.
4.2 Direct and reflected waves
To better analyze the amplitude changes before and after the damage, the direct and reflected waves at the sensor S6 in schematic Figure 1 were analyzed, and the diameter of the reflected wave damage was selected to be 5 mm, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Direct wave and reflected wave comparison diagram.
From Figure 7, under the no damage condition, the amplitude in the frequency domain decreases with increasing frequency, and the overall reflected wave increases with increasing frequency, while a larger amplitude facilitates damage detection, so it is more appropriate to choose a lower excitation frequency. 25–70 kHz direct wave and reflected wave have obvious amplitude difference, but 40 kHz reflected wave frequency domain amplitude is small, so it is difficult to be used as a judgment condition.
4.3 Change of damage reflection amplitude
The variation of the frequency domain amplitude of the reflected wave with the size of the damage diameter at different frequencies is plotted, and it is concluded that the frequency domain amplitude of the reflected wave changes regularly with the increase of the damage diameter at the excitation frequencies of 25, 40, and 60 kHz, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Reflection amplitude variation with damage diameter in frequency domain.
From Figure 8, the frequency domain amplitudes at all three frequencies become larger with the increase of damage diameter, and the regularly changing amplitudes are more favorable for damage discrimination. The three curves were linearly fitted using Origin software, and the corresponding fits for 25, 40, and 60 kHz were 0.79, 0.93, and 0.9, respectively. It can be concluded that the changes of reflected wave with damage diameter are more linear and regular under the excitation frequency of 40 and 60 kHz.
In Section 3 of the article, the frequency domain amplitude of the reflected wave increases with the increase of the damage diameter under the excitation frequency of 25, 40, and 60 kHz. Then, through the linear analysis of the reflected wave signal at 25, 40 and 60 kHz, and the comparison of the amplitude of the reflected wave and the direct wave, it is concluded that the excitation frequency of 60 kHz is the most suitable for damage detection. However, in Figure 8, the correlation coefficient R square of the peak signal in the frequency domain corresponding to 60 kHz after fitting is 0.9, which indicates that it has a good fitting effect, and further indicates that the relationship between the damage diameter and the peak value in the frequency domain is approximately linear. Therefore, based on this linear relationship, damage can be quantitatively identified without reference by measuring the peak value of a specific frequency in the frequency domain, and the magnitude of damage can be determined by comparing the detected data with the experimental data.
5 CONCLUSION
In this paper, the propagation characteristics of Lamb waves in concrete slabs are analyzed according to the relevant theories of ultrasound. Based on simulation, the damage detection of concrete plate is carried out, and the sensitivity of different excitation frequency to material damage is analyzed. Finally, quantitative identification without reference is carried out. The main conclusions are as follows:
(1) According to the simulation results, the increase of excitation frequency or propagation distance will reduce the signal amplitude, so the selection of lower frequency excitation signal is conducive to signal acquisition and damage discrimination.
(2) The Lamb wave produces a reflected wave signal upon contact with the damage. The peak value of the reflected wave signal generated by 25, 40, and 60 kHz is consistent with the damage size in the frequency domain and is more sensitive to the damage size. There is a suitable difference between the direct wave and the reflected wave amplitude of 25 and 60 kHz signals, and 60 kHz has better sensitivity, so it is more suitable as the excitation frequency for damage detection.
(3) The simulation results can be used for quantitative damage identification of signals at 25 and 60 kHz excitation frequencies without reference. The material is tested under the set excitation frequency, and the damage diameter can be obtained by comparing the detection result with the frequency domain peak value in the simulation result.
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