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ABSTRACT 

 

During the service life of special vehicles, complicated working conditions and lack of maintenance might 

cause damage to their structures, and then the decline of dynamic performance, fuel economy and security 

reliability. So it is crucial, to this effect, to successfully detect the status of the key parts of special vehicles. 

Structural health monitoring technology has been widely applied in aeronautics, civil engineering, special 

equipment, etc. This paper applies this technology to the structural inspection of special vehicles and 

proposes a monitoring method based on ultrasonic guided waves. The ultrasonic guided waves are generated 

in the structure by the stimulus module and the echoes are received by the high-speed acquisition module. 

The ultrasonic echo signal is then processed by computer and the synthetic time reversal algorithm 

calculates and shows the position of the damage at the screen. Experimental results show that the algorithm 

has clear imaging effect and small computational complexity in experimental structural parts. The system 

successfully detects and displays the damage to key parts of special vehicles. The test results can provide 

intuitive and accurate information for users and engineers in vehicles’ daily inspection and maintenance.  
 

1. Introduction 
 

With the rapid development of national industrial technology, vehicles have become indispensable tools for 

human beings. Among them, special vehicles, as the key tool to undertake national production and 

construction, have been put into use in a large number of production lines in various fields. Special vehicles 

are generally designed to surpass ordinary vehicles in terms of weight, dimensions and scope of use. As a 

large-scale engineering vehicle undertakes a large number of production and construction tasks, and in 

general, its driving conditions, working environment is more complex and harsh. Therefore, with the 

increase of its service life, it will inevitably cause damage to all components. Among them, the engine and 

gearbox at the bottom of the vehicle are vulnerable to scraping. However, because the damage is too small 

and may be located within the structure, it is difficult to find the damage only by the naked eye and 

experience, which leads to danger and hidden dangers. The damage identification method based on 

ultrasonic guided wave is used in the special vehicle structure detection system, which can realize the 

damage detection of the key parts of the vehicle. At the same time, the damage location can be visually 

displayed on the screen by the imaging algorithm. It is very easy for engineers to maintain the vehicle daily. 

 

2. Ultrasonic guided wave technology with structural health monitoring 
 

The guided wave is a wave generated by the reflection and refraction of the upper and lower boundaries of 

the medium and the waveform conversion of the longitudinal wave and the transverse wave when the wave 

propagates through the wave-guide medium[1]. 

According to the vibration direction of the vibration source and the direction of the guided wave propagation, 

the guided waves can be divided into two categories: one type is called longitudinal wave (tight wave, 
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tension wave, no wave, P wave, etc.), and the other type is called transverse wave (shear wave, S wave). The 

longitudinal wave and the transverse wave propagate in different forms in the medium, and each propagates 

according to its characteristic speed without the phenomenon of waveform coupling. 

According to the frequency range, the guided waves can be classified into infra sound waves (f<20Hz), 

audible sound waves (20Hz<f<20kHz) and ultrasonic waves (f>20kHz). In this paper, the research content is 

limited to the ultrasonic range[2-4]. 

At present, the research on structural health monitoring technology is mainly divided into two types, the 

method based on structural vibration and the method based on ultrasonic guided wave in structure. The 

method based on structural vibration is susceptible to external environment such as temperature, humidity, 

boundary conditions, etc., and because its modal frequency is not sensitive to damage, it limits the 

application of structural vibration based methods in practical engineering. Ultrasonic guided waves based on 

the structure are used to excite ultrasonic guided waves in the structure by using externally loaded or pre-

embedded ultrasonic guided wave drivers[5-6]. During the propagation of guided waves, a series of 

phenomena, such as reflection and refraction, will occur. Through the receiving and analyzing processing of 

the reflected or refracted signal, the signal processing method is used to extract the characteristic signal 

reflected by the damage signal, and finally the corresponding damage identification and damage imaging 

algorithm is used to determine the form and location of the damage. Because of its sensitivity to damage, the 

method can respond well to structural damage. Ultrasonic guided wave based damage monitoring 

technology has become the focus of academic and engineering circles in recent years, and is gradually being 

applied to structural health monitoring practices in various fields[7-9]. 

 

3.  Hardware system of special vehicle structure health monitoring 

 
The special vehicle structure health monitoring system based on ultrasonic guided wave mainly includes 

four parts: high power multi-channel active excitation module; high speed acquisition module; damage 

characteristic parameter extraction and evaluation module; power supply and heat dissipation module. As 

shown in Figure 1. 
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Figure 1. Hardware system of special vehicle structure health monitoring 

 

Both the excitation and receiving probes in the system use piezoelectric sensors of the same specification. 

Piezoelectric sensor is a piezoelectric effect-based sensor with both positive and negative piezoelectric 

effects. When the probe is used as an excitation probe, the amount of voltage is converted into mechanical 

deformation and mechanical stress, that is, electrostrictive effect. When used as a receiving probe, it 

generates a charge amount on the surface due to deformation by an external force, that is, a positive 

piezoelectric effect[10-12]. 

The high-power multi-channel active excitation module integrates a power amplifier, a matrix switch, and a 

respective power supply module. This module mainly performs the work of amplifying a specific signal and 



 

switching the excitation signal. Signals output by signal excitation devices or by oscilloscopes are difficult 

to achieve in practical applications in both amplitude and power. For the detection of special vehicle 

structures, it is difficult for a small signal to excite the desired waveform in the structure and the excitation 

waveform is severely attenuated. At the same time, in order to meet the needs of damage imaging, multiple 

excitation signals are required to be completed together, and the time domain needs to be accurately 

switched by the upper computer. Therefore, after the power amplifier amplifies the signal, the matrix switch 

module is used to divide the signal into multiples. The on-off time and on-off duration of each channel of 

the matrix switch module are controlled by the host computer program. 

The high-speed acquisition module replaces the receiving probe and the charge amplifier module. Whether it 

is a piezoelectric sensor or a piezoelectric piece in the laboratory, the amount of charge is generated after the 

positive piezoelectric effect. Because the charge quantity is difficult to measure and save, the oscilloscope in 

the damage characteristic parameter extraction and evaluation module can be easily collected and processed 

by using the adjustable charge quantity conversion and amplification module to convert it into voltage 

value[13-15]. 

The damage feature parameter extraction and evaluation module is mainly composed of a PC and a PICO 

digital oscilloscope. The PICO digital oscilloscope can excite the specific signal required, and can 

simultaneously acquire the received signal in multiple channels at high speed and send it to the PC through 

the USB3.0 port at high speed. The PC completes the control function of each hardware part and also serves 

as the operating platform of the software host computer. After signal processing, the synthesized time 

inversion method is used for imaging processing. Finally, the damaged image is displayed on the high-

definition screen of the PC, and the image can be visually and clearly obtained the imaging result of the 

position and degree of the regional damage. 

 

4. Damage imaging algorithm 

 
Each channel signal receives a signal containing the damage information, and the damage imaging signal 

needs to be extracted by the damage imaging algorithm to achieve the result of the box. The components of 

the upper computer software control system work together, and also serve as a window for human-computer 

interaction. 

 

4.1 Damage imaging algorithm 

 
The ultrasonic guided wave signal is generated by the excitation sensor and conducted in the structure, and 

finally received by the receiving sensor. When the damaged position of the structure is encountered during 

the propagation, a series of changes such as reflection and refraction are generated, and the receiving sensor 

receives the complete signal and proceeds therefrom. The partial damage signal is peeled off, and key 

information such as amplitude time is extracted. 

Because of its smaller structure and metal structure, the influence of the wave velocity on the propagation 

direction of the structure is negligible, so the position of the damage is roughly calculated by the 

characteristics of the damage in the time domain. 

At the same time, using the energy of the signal as a standard, the signal energy of each position in the 

structure is mapped into a group of image matrices composed of pixels, and the image can be used as the 

result of damage imaging in the structure. This is the basic principle based on the anti-imaging algorithm in 

synthesis. 

According to the above ideas, the assignment process of the damage imaging algorithm is specifically 

introduced. First, the area to be tested is evenly divided into n×n grids and the image matrix S is 

sequentially created, as shown in the figure2, where in each individual grid represents a small area of the 

structure; secondly, each signal with damage information is collected and processed. Finally, each point is 

assigned to the n×n grid and all the waveform information is reflected in the image matrix S. 
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Figure 2. Imaging algorithm schematic 

 

For any point in the matrix, according to the above theory, the magnitude loaded at that point is: 
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nA is the weighting coefficient of each channel signal, nf is the nth channel receiving signal, nt is the 

starting time of each channel signal excitation, 
a

ijnR and
s

ijnR  respectively represent the distance between the 

excitation sensor and the receiving sensor reaching ),( jiS , and v  is the ultrasonic guided wave. The wave 

speed in the structure, vf  is the resolution of the displayed image. The smaller the vf  is, the higher the 

resolution of the image is. The high resolution also causes the data volume to increase and the processing 

speed to slow down. Therefore, the choice of vf  should be determined according to the situation. 

a

nx and
a

ny are the horizontal and vertical coordinates of the excitation sensor, and 
s

nx and
s

ny  are the 

horizontal and vertical coordinates of the receiving sensor. The signals of ①、②、③、④ all contain 

damage components and will form a focus at the damage, thus achieving the effect of damage imaging. 

In the above formula, since the excitation and receiving sensors are placed close to each other, it can be 

approximated as 
s

ijn

a

ijn RR  , and in order to make the calculation easier, the excitation signal start time is 

redefined at the beginning of each signal, that is 0nt , Equation (1) can be simplified as 

                                   4,3,2,1)
2

(),(  n
v

R
fAjiS

N

n

a

ijn

nn ，                               (4) 

 

4.2  Damage imaging of complex structures 

 
In the real structure of a special vehicle, it is difficult to have a more regular shape, so this section needs to 

study the impact of the imaging algorithm in dealing with damage imaging in complex structures. 

The actual structure is simulated with the specimen with stiffener structure. In the process of ultrasonic 

guided wave propagation, the stiffener in the structure will produce the boundary reflection signal with large 

energy, so it will produce more serious interference to the damage monitoring signal. 



 

                     
Figure 3. The location of probe array 

 

As shown in Figure 3. In order to eliminate the effect of stiffeners on damage imaging, two piezoelectric 

columns were arranged on both sides of the intermediate stiffeners to collect the structural response signals 

in the region. At this point, the ultrasonic guided wave reflection signal caused by the stiffener will be mixed 

with the direct propagation signal, and the time window function can eliminate the influence. 

     
Figure 4. Typical ultrasonic guided wave response signals of stiffened panel structures 

 

     
Figure 5. The damage signal processed by window function 

 

 

 

 

 

 



 

5. Experimental verification 
 

In order to verify the accuracy of the damage imaging results and the observation effect, we manufactured a 

small piece of damage artificially on the test work-piece, extracted a number of wave-forms with the damage 

signal, and used the damage imaging algorithm in MATLAB to process it. 

       
Figure 6. Experimental results of damage imaging 

 

The red circle is an artificial damage location in the scanning area corresponding to the image in the red box 

of the right picture. The left image shows the imaging results processed by the damage imaging algorithm in 

MATLAB. The position and degree of damage can be clearly distinguished from the picture by the color 

depth, and the accuracy is high, which meets the requirements of practical work. 

 

6. Conclusion 

 
Most of the key parts of special vehicles are detected by experience and visual inspection. In order to 

improve the detection accuracy and achieve the purpose of improving safety, this paper applies the structure 

monitoring technology to the detection of key components of special vehicles. Damage imaging algorithm 

can clearly and accurately detect the location and degree of damage, and the system integration is very high, 

which has high practical value in engineering. 
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