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Abstract: Piezoelectric electromechanical impedance 

(EMI) technology enables real-time, non-invasive 

monitoring of pipeline integrity by detecting impedance 

changes caused by cracks. This study experimentally 

validates its effectiveness using aluminum alloy pipes 

and various sensors to detect cracks from 1 mm to 7 mm. 

Results show a strong correlation between crack depth 

and impedance shifts, with specific frequency bands 

proving highly sensitive. EMI technology offers 

continuous, remote monitoring, reducing manual 

inspections and enhancing pipeline safety. Further 

research is needed to optimize its application across 

different pipeline materials. The study also highlights the 

importance of selecting appropriate frequency bands for 

monitoring, as different frequency ranges exhibit varying 

sensitivities to crack-induced impedance changes. This 

optimization is crucial for ensuring the reliability and 

accuracy of the monitoring system in real-world 

applications. 

 

Keywords: Piezoelectric electromechanical impedance 

technology, Crack damage monitoring, Piezoelectric 

Sensor, Structural health monitoring 

 

1. Introduction 

Pressure pipelines are crucial for delivering resources 

like petroleum, natural gas, water, and chemicals. Their 

safe operation is vital for economic stability and public 

safety. Structural failures, such as cracks or corrosion, 

can lead to environmental disasters, explosions, or leaks, 

causing significant economic and ecological damage. 

Real-time monitoring is essential to prevent such 

incidents. 

The increasing demand for energy and resources has 

led to the expansion of pipeline networks, making their 

maintenance and monitoring more challenging. 

Traditional inspection methods, while effective, are often 

time-consuming and require pipeline shutdowns, leading 

to operational inefficiencies and economic losses. 

Therefore, there is a growing need for advanced 

monitoring technologies that can provide continuous, 

real-time data without disrupting pipeline operations. 

Traditional methods like ultrasonic testing (UT) [1], 

radiographic testing (RT) [2], magnetic particle 

inspection (MPI) [3], and eddy current testing (ECT) [4] 

provide valuable pipeline integrity insights but often 

require shutdowns or manual inspections. These methods 

are limited by their need for physical contact and 

point-based measurements, making them less suitable for 

large-scale, continuous monitoring in complex 

environments. In contrast, piezoelectric 

electromechanical impedance technology, a cutting-edge 

method for structural health monitoring (SHM), offers 

significant advantages over traditional techniques. By 

exploiting the electro-mechanical coupling characteristics 

of piezoelectric materials, EMI technology allows for 

non-invasive, real-time monitoring of structural health by 

detecting subtle changes in mechanical impedance caused 

by damage such as cracks or fatigue. This technology 

offers the ability to continuously monitor pipelines, 

providing early detection of damage and reducing the 

need for frequent manual inspections. 

The integration of EMI technology into pipeline 

monitoring systems represents a significant advancement 

in the field of structural health monitoring. Unlike 

traditional methods, EMI technology can detect 

micro-level cracks and other forms of damage that may 

not be visible to the naked eye or detectable through 

conventional inspection techniques. This capability is 

particularly important for ensuring the long-term integrity 

and safety of critical infrastructure. 

Piezoelectric impedance-based monitoring systems 

operate by applying a high-frequency electrical signal to 

piezoelectric sensors attached to pipelines to assess 

structural health. This method detects potential damage 

by monitoring variations in structural impedance, and its 

fundamental principles have been extensively studied in 

various research works. Park et al.[5]summarized the 

hardware and software challenges associated with 

piezoelectric impedance technology in structural health 

monitoring and provided an overview of experimental 

and theoretical advancements in this field. Meanwhile, 

Fan et al.[6] highlighted that vibration-based structural 

health monitoring methods mainly rely on low-frequency 

modal information. The piezoelectric impedance method 

offers high sensitivity to localized damage through 

high-frequency excitations (typically above 30  kHz)[7]. 

Additionally, Na et al.[8] conducted a comprehensive 
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review of recent developments in the electromechanical 

impedance technique and discussed its future research 

directions. This technique has been applied to the health 

monitoring of complex structures such as wind turbines, 

with Le et al.[9] investigating its current applications and 

future prospects in wind turbine structural health 

monitoring. Notably, Baptista et al. [10] found that 

environmental temperature variations significantly affect 

the electrical impedance characteristics of piezoelectric 

sensors, posing challenges for practical engineering 

applications of this technology. Therefore, while 

piezoelectric impedance-based monitoring systems offer 

advantages in real-time damage assessment and early 

fault detection, further research is needed to address the 

impact of environmental factors and develop effective 

compensation methods.  

These sensors generate mechanical vibrations in 

response to the electrical signal, and the resulting 

impedance changes are analyzed to detect any anomalies. 

The high-frequency nature of this method ensures high 

sensitivity to micro-level cracks, which can be difficult to 

detect with traditional inspection methods. This study 

aims to demonstrate the effectiveness of piezoelectric 

impedance technology in detecting and monitoring crack 

damage in pressure pipelines. A novel distributed pipeline 

monitoring system based on piezoelectric impedance 

technology was developed for real-time and continuous 

monitoring of large-scale pipeline networks. The details 

of the self-developed pipeline monitoring system were 

illustrated in the previous paper. 

2. Experiment 

To explore the effectiveness of piezoelectric 

impedance technology for monitoring pipeline crack 

damage, a series of experimental trials were conducted. 

The experimental setup involved using aluminum alloy 

pipes, which are commonly used in various industries due 

to their corrosion resistance and high strength-to-weight 

ratio. The test pipe had an outer diameter of 100 mm, a 

wall thickness of 10 mm, and a length of 100 mm, and 

was subjected to artificial crack damage to simulate 

real-world conditions. The aim was to assess the 

sensitivity of the system in detecting cracks of varying 

depths, from small (1 mm) to larger cracks (up to 7 mm). 

The selection of aluminum alloy pipes for the 

experiment was based on their widespread use in 

industrial applications, particularly in environments 

where corrosion resistance and durability are critical. By 

using these pipes, the study aimed to replicate real-world 

conditions as closely as possible, ensuring that the results 

would be applicable to actual pipeline monitoring 

scenarios. 

Various piezoelectric (PZT) sensor configurations were 

selected to capture the effects of crack damage. The 

sensors used in the experiment had different diameters 

and thicknesses: 1# sensor (20 mm diameter, 2 mm 

thickness), 2# sensor (20 mm diameter, 0.4 mm 

thickness), 3# sensor (14 mm diameter, 0.4 mm 

thickness), and 4# sensor (10 mm diameter, 1 mm 

thickness). These sensors were strategically placed on the 

outer surface of the pipeline to monitor impedance 

changes at different locations. The sensor layout of the 

pipeline crack damage monitoring experiment is shown 

in Figure 1. 

The use of multiple sensor configurations allowed for 

a comprehensive analysis of the system's performance 

under different conditions. By varying the size and 

thickness of the sensors, the study aimed to determine the 

optimal sensor configuration for detecting cracks of 

varying depths and sizes. 

 
Figure 1. Sensor layout of the pipeline crack damage 

monitoring experiment 

The cracks were introduced using a steel saw, and their 

depth was controlled in increments of 1 mm, starting 

from a 1 mm crack and increasing to 7 mm. A series of 

measurements were taken to monitor the response of the 

sensors to these simulated cracks. Each measurement was 

taken at specific frequency bands, which were selected 

based on prior research that indicated high sensitivity to 

crack-induced impedance changes in these ranges. The 

frequency range selected for monitoring was between 60 

kHz and 130 kHz, with 801 measurement points collected 

during each test. 

The incremental introduction of cracks allowed for a 

detailed analysis of the system's sensitivity to different 

levels of damage. By gradually increasing the crack depth, 

the study was able to determine the minimum detectable 

crack size and the system's ability to track crack growth 

over time. 

In the experiment, the following procedures were 

followed for each trial: (1) Measurement of impedance 

and phase at baseline (without crack damage). (2) 

Incremental introduction of cracks, with impedance and 

phase measurements taken after each change in crack 

depth. (3) Comparison of the measured data to identify 

the frequency bands that exhibited the most significant 

changes in response to crack damage. 

The systematic approach to data collection and 

analysis ensured that the results were both accurate and 

reproducible. By comparing the impedance and phase 

measurements at each crack depth, the study was able to 

identify the specific frequency bands that were most 

sensitive to crack-induced changes, providing valuable 

insights for future system optimization. 

3. Results 

The results obtained from the piezoelectric impedance 

monitoring system showed a clear correlation between 
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crack depth and the corresponding impedance and phase 

shifts in the frequency bands selected for analysis. For 

each sensor, the impedance and phase responses 

exhibited notable changes as the crack depth increased. 

These shifts were particularly evident in specific 

frequency ranges that had been optimized for crack 

detection. Figure 2 illustrates the impedance magnitude 

and phase changes in response to cracks of varying 

depths for the 1# PZT sensor. In Figure 2, the label 

yuanshi refers to no damage of aluminum alloy pipe. 

The observed correlation between crack depth and 

impedance shifts highlights the potential of EMI 

technology for real-time pipeline monitoring. The ability 

to detect and quantify crack growth through changes in 

impedance and phase provides a powerful tool for 

ensuring the structural integrity of pipelines in various 

industrial applications. 

For the 1# sensor, a significant increase in impedance 

magnitude was observed when the crack depth reached 3 

mm and above, with clear peaks in the impedance curve. 

These peaks corresponded to the resonance frequencies 

of the PZT sensor, which are highly sensitive to 

mechanical damage. Similarly, phase shifts were 

observed in the same frequency bands, indicating a strong 

coupling between the crack growth and the mechanical 

impedance of the pipe. 

The presence of clear peaks in the impedance curve at 

specific resonance frequencies demonstrates the high 

sensitivity of the PZT sensors to mechanical damage. 

This sensitivity is crucial for early detection of cracks, 

allowing for timely intervention before the damage 

becomes severe. 
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Figure 2. Impedance magnitude and phase detection results of No.1 PZT under different damage conditions 

The other sensors (2#, 3#, and 4#) also exhibited 

similar patterns of impedance change with varying crack 

depths. However, the sensitivity differed slightly 

depending on the sensor configuration. Larger sensors 

(e.g., 1# PZT) generally showed more pronounced 

impedance shifts compared to smaller sensors (e.g., 2# 

PZT), which could be attributed to the larger surface area 

and better coupling with the pipeline material. 

The variation in sensitivity between different sensor 

configurations underscores the importance of selecting 

the appropriate sensor for a given application. Larger 

sensors may offer higher sensitivity, but they may also be 

more challenging to install and maintain in certain 

environments. Therefore, the choice of sensor should be 

based on a careful consideration of the specific 

monitoring requirements and constraints. 

The impedance magnitude and phase shifts at different 

frequencies for cracks of various depths. The data clearly 

demonstrate the ability of the piezoelectric impedance 

system to detect cracks from as shallow as 1 mm to as 

deep as 7 mm, with good resolution in the selected 

frequency bands. 

The ability to detect cracks across a wide range of 

depths highlights the versatility of the EMI technology. 

This capability is particularly important for monitoring 

pipelines in environments where crack growth may occur 

at varying rates, ensuring that the system can provide 

accurate and reliable data regardless of the extent of the 

damage. 

4. Conclusions 

The results of this study demonstrate that piezoelectric 

impedance technology is a highly effective method for 

monitoring crack damage in pressure pipelines. The 

system was able to detect cracks as small as 1 mm and as 

large as 7 mm with high sensitivity and accuracy. The 

experimental results confirmed that specific frequency 

bands (such as 60-68 kHz, 70-78 kHz, and 80-88 kHz) 

are optimal for detecting crack-induced impedance 

changes, making this technology well-suited for real-time, 

online monitoring of pipeline health. 

The identification of optimal frequency bands for 

crack detection is a significant contribution to the field of 

pipeline monitoring. By focusing on these frequency 

ranges, future monitoring systems can be designed to 

maximize sensitivity and accuracy, ensuring that even the 

smallest cracks are detected and addressed promptly. 

The piezoelectric impedance-based monitoring system 

offers several advantages over traditional inspection 

methods. Its non-invasive, continuous monitoring 

capability ensures that cracks can be detected early, 

reducing the risk of catastrophic failure. The ability to 

monitor large pipeline networks remotely also reduces 

the need for frequent manual inspections, lowering 

operational costs and improving safety. 

The potential cost savings associated with reduced 

manual inspections and early detection of damage make 

EMI technology an attractive option for pipeline 

operators. By minimizing the need for costly and 

time-consuming inspections, this technology can help to 

improve the overall efficiency and profitability of 

pipeline operations. 

Further research is needed to refine the system's 

sensitivity, expand its applicability to different pipeline 

materials, and integrate it with other monitoring 

technologies for a more comprehensive health assessment. 

Nevertheless, the findings of this study highlight the 

significant potential of piezoelectric impedance 

technology in the field of pipeline monitoring and 

maintenance.By combining multiple monitoring 

techniques, it may be possible to achieve even greater 

accuracy and reliability in detecting and characterizing 

pipeline damage. 
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