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Abstract: This paper presents research on the application of ultrasonic-guided wave technology
in corrosion defect identification, expounds the relevant ultrasonic-guided wave theories and the
principle of ultrasonic-guided wave non-destructive testing of pipelines, and discusses the Lamb wave
and shear horizontal wave mode selection that is commonly used in ultrasonic-guided wave corrosion
detection. Furthermore, research progress in the field of ultrasonic-guided wave non-destructive
testing (NDT) technology, i.e., regarding transducers, structural health monitoring, convolutional
neural networks, machine learning, and other fields, is reviewed. Finally, the future prospects of
ultrasonic-guided wave NDT technology are discussed.

Keywords: ultrasonic-guided waves; pipeline; non-destructive testing; structural health monitoring;
corrosion defect identification

1. Introduction

As vital components of industrial transportation, pipeline structures find extensive
applications in fields such as petroleum, chemical engineering, aerospace, nuclear power,
and more. During their service life, pipelines are susceptible to corrosion and degradation
due to environmental and other factors. Detecting corrosion and pitting defects is crucial, as
these can occur at various locations within pipelines and vessels, constituting a significant
portion of maintenance expenditures. These issues can lead to pipeline cracking, leakage,
reduced operational lifespan, and, in severe cases, catastrophic accidents resulting in
significant economic losses [1–7]. Therefore, it is crucial to detect corrosion and pitting
defects for the safety of the pipeline industry. It is necessary to conduct regular pipeline
inspections and to provide maintenance and repair of pipeline structures, ensure the safe
operation and use of pipelines, maximize the lifespan of pipelines, and pursue the most
significant economic and social benefits [8,9].

Non-destructive testing (NDT) technology is a method used to detect various defects in
components without causing damage to the inspected object or affecting the performance of
the testing components. It provides information on the size, location, quantity, and severity
of defects, allowing for the assessment of the component’s condition. NDT technology has
widespread applications across multiple fields and is crucial in product quality inspections
and equipment examinations. It makes it possible to identify the initial damage stage
in structures, prevent structural failure, and reduce economic losses; it therefore serves
as a valuable defect assessment method. Among the advantages of NDT are its remote
controllability, ease of operation, and low operating costs [10–14].

In infrastructure maintenance, NDT for pipelines has become an essential practice.
Standard techniques for pipeline defect identification include ultrasonic testing (UT), eddy
current testing (ECT), radiographic testing (RT), penetrant testing (PT), and magnetic
particle testing (MT) [15]. UT may be applied to various materials, including metals, non-
metals, and composite materials. It offers advantages such as a broad inspection range,
significant detection depth, precise defect localization, high sensitivity, low cost, lack of
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pollution, and ease of on-site use. However, UT is a point-by-point inspection method,
resulting in relatively slow inspection speeds.

Eddy current testing is widely used in various industrial fields. The procedure makes
it possible to perform rapid and automated inspections. However, this technique can
only be employed for surface defect detection in electrically conductive materials. For
seamless steel pipes such as those commonly used in pipelines, eddy current testing is
too fast; as such, more precision is needed for individual pipe inspections. Magnetic
particle testing is known for its high sensitivity and ability to visually display defects’
location and shape. However, this approach can only be used to detect surface defects
in ferromagnetic materials. Radiographic testing may be applied to various materials,
providing intuitive inspection results. However, it can be detrimental to the health of
inspectors due to radiation exposure and is associated with high inspection costs and low
efficiency. Traditional inspection methods involve point-by-point examinations in pressure
pipelines, steam pipelines, gas pipelines, and similar structures, requiring significant work
and demonstrating low efficiency. Metal defect features, such as general corrosion, result
in an attenuation in the energy of a propagating wave due to the rough corroded surface,
reducing the detection range. In contrast, defect sizes can reduce the detectable range for
identification [15–17].

Ultrasonic-guided waves propagate along the walls of pipes over long distances, and
their acoustic field covers the entire wall thickness of a pipe or plate. They possess high
energy levels and experience minimal self-attenuation over extended distances. With
strong penetrating capabilities, these waves can detect defects on the external surface
and within the internal structure of components. This capability significantly enhances
inspection efficiency and reduces the workload. As the theory of ultrasonic-guided waves
has been more deeply researched, the application areas of ultrasonic-guided wave testing
technology have gradually expanded, primarily in non-destructive testing and structural
health monitoring.

Ultrasonic-guided wave technology is applied to the non-destructive testing of ma-
terials such as pipelines, steel rails, high-voltage transmission lines, plates, composite
materials, and more. It is also used for damage detection and assessments of various
structural components in engineering structures, including honeycomb structures, aircraft
fuselage structures or components, and infrastructure [18–27]. For pipeline inspection, the
utilization of the multimodal and dispersive characteristics of a guided wave is essential.
Considering factors such as component properties, dispersion curves, and attenuation, it is
crucial to excite the appropriate guided wave modes to detect various types and levels of
defects. In the case of plate materials, ultrasonic-guided wave testing has proven to be an
effective means of inspecting critical components in metal plates. This involves selecting
suitable excitation methods to stimulate single-mode-guided waves. Analyzing the signals
from the defect location provides information about the position, size, and shape of the
defect [28].

Given the significance of pipeline corrosion detection and the diversity of research that
has been carried out on ultrasonic-guided waves, there is currently only a limited number
of comprehensive reviews of research on pipeline corrosion detection based on guided
waves. Recognizing the necessity of such a review, this article provides a comprehensive
overview of the research applications of ultrasonic-guided waves in detecting corrosion
defects in pipelines. It primarily elucidates the relevant theories of pipeline ultrasonic-
guided waves and discusses the modal selection of commonly used Lamb waves and
shear horizontal waves in ultrasonic-guided wave corrosion detection. Additionally, the
article explores the research progress in ultrasonic-guided wave non-destructive testing
technology for structural health monitoring and the combination of ultrasonic-guided
waves with fiber optic acoustics. The second section introduces the basic theory and
technical characteristics of ultrasonic-guided wave detection, while the third section delves
into the in-depth research on pipeline ultrasonic-guided wave detection technology, its
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development, and related transducer studies. The fourth section focuses on the application
of ultrasonic-guided wave detection technology in structural health monitoring.

2. Ultrasonic-Guided Wave Fundamentals
2.1. Concept of Ultrasonic-Guided Waves

Ultrasonic-guided waves pertain to either supersonic or subsonic mechanical or elastic
waves that propagate within a medium parallel to its boundary surfaces, exemplified by
pipes and plates. The propagation state of UGW is influenced by the geometric shape of
the waveguide. UGW comprises mechanical vibrations generated beneath the excitation
source and subsequently propagated through the waveguide [27,28]. At the interfaces
of elastic media, UGW can induce reflection, refraction, and waveform transformation.
During propagation, UGW carries distinctive information about both the excitation source
and the material. This unique characteristic, in conjunction with alterations in sound wave
intensity, establishes physical properties such as the size and location of internal defects
within the component [28].

Ultrasonic-guided waves emerge in elastic media when a particle is subjected to force,
inducing neighboring particles to experience a distinct force and oscillate around their equi-
librium positions. This sequential propagation results in the formation of mechanical waves.
As ultrasonic waves traverse a medium of a particular size, they traverse discontinuous
cross-sections, leading to multiple reflections, refraction, mode conversion, and interference.
This culminates in the creation of plate-like ultrasonic-guided waves, commonly referred
to as Lamb waves [29–32]. Classical surface wave propagation encompasses surface waves,
Lamb waves, and Stonely waves. Strictly speaking, Lamb waves propagate in uniformly
isotropic plates devoid of traction forces. Nevertheless, this term has been broadened to
encompass diverse structures, including plates, multilayer boards, rods, pipes, and beyond,
where Lamb wave-type propagation takes place. In Lamb waves, the components of the
wave vector can be parallel or perpendicular to the vertical plane of particle vibration, in
contrast to horizontal shear waves. As Lamb waves travel along a structure, particle motion
takes place solely in the horizontal plane, perpendicular to the wave vector [32–34].

2.2. Group Velocity and Phase Velocity of Guided Waves

In guided wave theory, the fundamental concepts of group velocity (cg) and phase
velocity (cp) play a crucial role. Owing to the dispersion characteristics, guided waves
manifest multiple frequencies as they propagate. Group velocity denotes the speed at which
an entire pulse wave propagates and encompasses a family of waves with comparable
frequencies. This is the speed at which the energy of the waveform travels. In the realm of
guided waves, it elucidates the movement of a guided wave pulse through the medium.
Conversely, phase velocity pertains to the speed at which a fixed phase point on a guided
wave travels in the direction of propagation. In simple terms, it signifies the speed at
which a point on the wave with a constant phase moves through the medium. However,
in the majority of cases, especially when dealing with guided waves in waveguides, the
term “propagation velocity” typically pertains to the group velocity, providing an overall
description of how guided waves traverse the medium [28,35]. The formulas for calculating
group and phase velocities are typically employed based on known frequencies.

2.3. The Excitation and Attenuation of Guided Waves

The guided wave testing of pipelines offers broad coverage for long-distance pipelines,
but its detectable range is constrained by various attenuation factors, encompassing energy
dispersion and absorption [16]. In elastic materials, wavefront dispersion is a prevalent
phenomenon. In contrast, viscoelastic materials not only demonstrate wavefront dispersion
but also manifest energy absorption phenomena [36].

The attenuation of guided waves denotes the phenomenon where the energy of the
waves progressively diminishes as they propagate through a medium with an increasing
propagation distance. The principal factors contributing to the attenuation of guided
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waves include diffusive attenuation, scattering attenuation, and absorption attenuation.
Diffusive attenuation arises as guided waves propagate over distances, leading to the
continuous expansion of non-planar wavefronts, resulting in a reduction of acoustic energy
per unit area as the distance increases. Scattering attenuation: Scattering attenuation stems
from non-uniformities in the material, resulting in variations in the acoustic impedance of
the medium. This induces the scattering of guided waves, generating thermal energy as
the waves persist in their propagation. Absorption attenuation: Absorption attenuation
takes place as guided waves propagate through a medium due to the viscous properties
of the material, leading to internal friction between particles and the conversion of some
acoustic energy into thermal energy [37]. When performing guided wave testing of pipeline
structures, scattering and diffusive attenuation are typically the more significant factors
to consider.

2.4. Dispersion and Multimodal Characteristics of Guided Waves

Leveraging plate and shell theory, Gazis investigated the propagation of guided waves
in infinite hollow cylindrical structures. He acquired comprehensive analytical solutions for
both axisymmetric- and non-axisymmetric-guided wave modes within an infinite hollow
cylindrical structure. He deduced frequency equations for diverse guided wave modes in
hollow cylindrical structures, illustrated dispersion curves depicting the propagation of
guided waves in hollow pipes, and ascertained cutoff frequencies for distinct modes. His
contributions have laid a theoretical groundwork for subsequent studies on guided waves
in pipelines [38,39]. Wave dispersion pertains to the alteration of group velocity and phase
velocity with frequency during the propagation of guided waves. Dispersion arises from
both geometric and physical factors. When ultrasonic waves propagate in waveguides like
plates and pipes, the velocity of the waves varies with frequency owing to the geometric
dimensions of the material structure, resulting in geometric dispersion.

Conversely, physical dispersion arises from the alterations in the physical properties of
the waveguide material itself. When guided waves traverse a pipeline, the group velocity
and phase velocity fluctuate with the product of frequency and thickness (frequency-
thickness product). The structural dimensions and frequency predominantly influence
the propagation of guided waves within the pipeline. Owing to the impact of dispersion
characteristics, guided waves with distinct frequencies exhibit varying propagation speeds.
Consequently, guided wave echoes with identical characteristics reach the transducer
at different times. As a result, the echo waveform progressively broadens in the time
domain as the propagation distance increases, giving rise to spatial energy dispersion.
Subsequently, this influences signal sensitivity and the signal-to-noise ratio, affecting the
inspection outcomes. Owing to the curvature of pipes and dispersion characteristics, wave
propagation in such structures becomes intricate and encompasses an infinite array of
possible wave modes.

Meitzler categorized modal-guided waves in hollow cylindrical pipes into three classes:
longitudinal modes L (n, m), torsional modes T (n, m), and flexural modes F (n, m). Here, m
symbolizes the azimuthal harmonic number, and n signifies the order of the guided wave
mode. When n = 0 denotes an axisymmetric mode, n > 0 indicates a non-axisymmetric
mode [40]. The multimodal nature of guided waves implies that various modes of guided
waves propagate concurrently at the same frequency. In pipes, for instance, within the
longitudinal modal-guided waves, the vibration displacement predominantly occurs in
the axial and radial directions. Conversely, the torsional modal-guided waves mainly
entail circumferential motion. The flexural modal-guided waves display concurrent axial,
circumferential, and radial displacement and are deemed non-axisymmetric modes. Rose
developed a methodology for solving dispersion curves of hollow cylindrical-guided
waves, considering the geometry and material properties of pipes. This method illustrates
the correlation between the nature of these wave modes and their frequencies. Figure 1
presents an example of a dispersion curve for a 3-inch Schedule 40 steel pipe [29,41].
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Dispersion and multimodality stand out as pivotal traits in the propagation of guided
waves within pipelines. Frequency-domain dispersion results in spectrum broadening as
frequency components, initially with the same phase shift when passing through the waveg-
uide, causing diminished frequency resolution [42]. In testing scenarios, the multimodal
characteristic of guided waves can result in mode interference, diminishing signal sensitiv-
ity and the signal-to-noise ratio, adversely affecting accurate detection. Nevertheless, if
the multimodal characteristics are efficiently harnessed, they can augment the detection
process. Different modes display diverse sensitivity to various defect types. Utilizing
multimodal characteristics enables the collection of more detection information, thereby
enhancing the accuracy of the detection results. In engineering applications such as pipeline
inspection, waveguides can accommodate multiple guided wave modes, each possessing
distinct energy and excitability characteristics. Hence, relying on the multimodal and
dispersion characteristics of ultrasonic-guided waves, it is crucial to select suitable guided
wave modes and frequencies based on specific inspection requirements and dispersion
properties to attain more sensitive and accurate detection results. In practical inspections,
factors like instrument constraints and coupling conditions can impact precise mode con-
trol. Therefore, in most cases, it is recommended to choose excitation frequencies with
fewer modes on the dispersion curve to minimize the occurrence of multimodal effects and
mitigate the impact of dispersion on the inspection process.

The utilization of ultrasonic-guided wave technology in pipeline inspection stems
from the exploration of both axisymmetric- and non-axisymmetric-guided wave modes [43].
Ultrasonic-guided waves showcase multimodal characteristics, requiring deliberations on
mode selection in guided wave inspections. Both axisymmetric and non-axisymmetric
mode-guided waves find application in long-distance pipeline inspections. The most
extensively investigated and commercially established applications of ultrasonic-guided
wave detection technology encompass the axisymmetric longitudinal mode L (0, 2) and
torsional mode T (0, 1) guided waves. Nevertheless, employing multimodal excitations
amplifies the complexity and challenges in analyzing reflected signals [44–46].

In practical applications, the axisymmetric longitudinal mode L (0, 2) is widely adopted
due to its ease of excitation and absence of dispersion within a specific frequency range,
among other favorable characteristics. When the L (0, 2) mode is introduced into a pipeline,
it often simultaneously excites the low-order longitudinal mode L (0, 1) guided wave,
which is commonly used in pipeline inspections [29,47]. The predominant motion direction
of guided wave pipeline particles in the L (0, 2) mode is axial displacement. In this mode,
both group velocity and phase velocity show limited changes with frequency across a broad
frequency range, yielding a stable and readily identifiable waveform. Furthermore, the
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L (0, 2) mode undergoes comparatively low energy attenuation during propagation within
the pipeline, rendering it suitable for long-distance transmission. Moreover, the L (0, 2)
mode is the fastest propagating mode and demonstrates equal sensitivity to internal and
external surface defects, as well as defects along the thickness direction [39,48–50]. While
the L (0, 1) mode frequently coexists with the L (0, 2) mode, its slower group velocity can
be eliminated in the time domain or suppressed by incorporating a ring into the transducer
or adjusting the length of the transducer unit.

Researchers have comprehensively examined and applied the torsional mode T (0, 1)
as well. Based on dispersion curves, it is observable that T (0, 1) exhibits non-dispersive
advantages across the complete frequency spectrum. If the excitation signal frequency
stays below the cutoff frequency of other torsional modes, such as T (0, 2), they do not
become excited [30,51–54]. In the T (0, 1) mode, the primary motion direction of pipeline
particles is circumferential displacement. T (0, 1) guided waves display non-dispersive
characteristics throughout all frequency ranges. Additionally, longitudinal waves are prone
to circumferential defects in pipelines, whereas torsional waves exhibit greater sensitivity
to axial defects [19,48,53]. T (0, 1) is more sensitive to pipeline axial cracks than L (0, 2). In
addition to axisymmetric modes, in some cases, non-axisymmetric modes are also employed
for damage detection in pipelines after appropriate mode tuning. These non-axisymmetric
modes are sensitive to different types of defects, and therefore, the choice of excitation
method and frequency should be tailored to the type of defect. Longitudinal guided waves,
characterized by fast propagation speed and long detection distances, offer advantages
in the inspection of long-distance pipelines. However, the selection of an appropriate
excitation frequency should also take into account the material of the pipeline. The cutoff
frequencies for each guided wave mode provide effective separation, especially in the low
to mid-frequency range. Choosing an excitation frequency below the cutoff frequency of
higher-order modes makes it possible to excite a single mode effectively [55–57].

2.5. Ultrasonic-Guided Wave Non-Destructive Testing Technology Principle and
Technical Characteristics

Ultrasonic-guided wave non-destructive testing predominantly employs low-frequency
ultrasound to comprehensively screen pipeline damage by capturing scattered waves from
defects. As guided waves encounter discontinuous cross-sections, like cracks and voids,
during propagation, they experience reflection, transmission, and mode conversion at the
boundaries. This leads to changes in acoustic impedance, modifying the received signals.
These signals encapsulate pertinent information regarding the size and location of defects.
By processing the received echo signals and calculating the axial position of defects based
on wave velocity and signal time delay, it becomes feasible to ascertain the component’s
overall or local health status [37,55,58]. The schematic diagram of ultrasonic-guided wave
non-destructive testing technology for pipelines is depicted in Figure 2. The principle of an
ultrasonic-guided wave detection system is fundamentally centered on generating pulse
signals of a specific frequency using a pulse transmitter. After amplification by a power
amplifier, the signals are fed into guided wave transducers. During the propagation of
ultrasonic-guided waves in pipelines, the transducers convert the signals into electrical
signals upon encountering defects. Subsequently, these signals undergo conditioning and
amplification and are input into a computer for further processing to obtain results.

Ultrasonic-guided wave non-destructive testing technology is characterized by single-
point excitation, long propagation distances with minimal energy attenuation, high de-
tection efficiency, and the capability to achieve complete cross-sectional inspections. It
is particularly beneficial for the non-destructive testing of large-scale and long-distance
structures such as pipelines, plates, and railway tracks, significantly improving the ef-
ficiency of inspections. Ultrasonic-guided waves find wide-ranging applications in the
non-destructive testing of various material structures, with the detection echo signals con-
taining nearly all the information about the inspected structures. Its primary advantages
and characteristics are as follows [25,27,51,59–62]:
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(1) Single-point excitation allows for extensive and long-distance structural inspections.
By inducing vibrations in particles throughout the specimen, it achieves 100% full
coverage inspection of the entire cross-section of the tested component. This tech-
nology can inspect the component’s inner and outer surfaces, revealing internal and
external defects.

(2) Ultrasonic-guided wave exhibits minimal energy attenuation during propagation.
Low-frequency elastic waves can propagate over tens of meters within the component
with minimal attenuation, enabling long-distance inspections.

(3) Ultrasonic-guided wave possesses multimodal characteristics. Controlling the modes
and frequencies can significantly enhance the precision of inspections, providing high
redundancy and multidimensional inspection information.

(4) It has high inspection efficiency with relatively low costs. It eliminates the need for
probes, making it suitable for inspecting buried, pressurized, coated, and transmission
pipelines, among other components. Installing a single transducer at an appropriate
location can conveniently conduct inspections for complex structures.

UGW shows promising potential in detecting various defects in the pipeline network
at a long enough distance. However, for traditional guided wave detection, only the low-
frequency guided waves are usually used, and the low-frequency guided waves have less
attenuation. While low-frequency guided waves may not be very sensitive to small defects,
existing guided wave techniques often struggle to detect the responses generated by local
small defects or in cases where the wall is smoothly thinned. This limitation can lead to the
oversight and under-detection of defects, highlighting a challenge in current guided wave
inspection capabilities [63–66].
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Figure 2. Schematic diagram of ultrasonic-guided wave non-destructive testing technology
for pipelines.

3. Pipeline Structures Ultrasonic-Guided Wave Non-Destructive Testing Technology
3.1. Development and Application Status of Pipeline Ultrasonic-Guided Wave Non-Destructive
Testing Technology

The investigation into guided ultrasonic waves in pipelines has its origins in the early
20th century, marked by Rayleigh and Lamb’s initiation of the study on the propagation
theory of elastic waves in infinite media. They forged a connection between plate wave
numbers and frequencies [67,68]. Within the theoretical exploration of hollow cylindri-
cal structures, Love delved into investigating the propagation characteristics of guided
waves within hollow cylindrical pipes [69]. Gazis extensively explored the propagation
of guided waves in infinitely long hollow cylinders employing plate shell theory. This
led to the derivation of comprehensive analytical solutions for both axisymmetric and
non-axisymmetric mode-guided waves within infinite hollow cylindrical structures. Gazis
formulated frequency equations for diverse guided wave modes, charted dispersion curves,
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and analytically determined the cutoff frequencies for various modes through meticulous
data analysis. These contributions lay the essential theoretical groundwork for subsequent
research on guided waves in pipelines [38,39,70,71]. Rose et al. conducted theoretical
research on axisymmetric and non-axisymmetric surface waves in hollow cylinders at
low-order modes, elucidating the influence of amplitude parameters on propagation char-
acteristics and explaining the methods for solving the dispersion curves of guided waves
in hollow cylinders [41]. Silk, Bainton, and others studied guided ultrasonic waves ex-
cited in thin-walled metal pipes using piezoelectric ultrasound probes to investigate their
modes [72]. Lowe, Cawley, and others researched defects such as cracks, holes, and cor-
rosion in pipelines and found that when the L (0, 2) mode-guided waves propagate in
pipelines and encounter non-axisymmetric damaged defects, some of the L (0, 2) mode
waves undergo mode conversion, generating F (1, 3) and F (2, 3) mode waves. This high-
lights the significance of mode conversion at defect locations for pipeline inspection [73–75].
Brook verified the effectiveness of L (0, 2) mode-guided waves for detecting pipeline de-
fects [76]. Demma, Cawley, and others systematically analyzed the effects of the pipe size,
defect size, guided wave mode, and frequency on the reflectivity of notches. They studied
the relationship between the damage reflectance coefficient and the type of damage for
T (0, 1) mode-guided waves at different frequencies. Imperial College London developed
a detection system for controlling corrosion in long pipelines using guided ultrasonic
waves [19,77]. Sharma used guided ultrasonic waves for non-destructive testing to mon-
itor invisible corrosion in concrete [78]. Farhidzadeh et al. proposed a non-referenced
guided wave method for diagnosing corrosion in prestressed steel strands. This method
combines dispersion curves, continuous wavelet transforms, and velocity measurements to
quantitatively assess the corrosion damage in prestressed steel strands [79].

Extensive research has been conducted on the application of ultrasonic-guided waves
to coatings. Pan et al. explored the mode selection challenge of guided waves in elastic
steel plates with substantial coatings. Through an investigation into the influence of thick
elastic coatings and coating damping on dispersion and mode shapes, they identified
the introduction of new modes primarily associated with the coating. It was found that
within the range of 10 ≤ ω′ ≤ 13 , the modes S1, A1, and A0 of bare steel plates are most
suitable for the ultrasonic detection of stress corrosion cracks in gas pipelines with thick
elastic coatings. This can be applied to the ultrasonic testing of stress corrosion cracks in
thin-walled gas pipelines with coal tar protective layers [80]. Ostiguy et al. introduced a
technique based on guided waves to characterize the coating thickness. They employed the
S0 mode, which demonstrates linear behavior at low frequencies and is particularly suitable
for thin coatings. The variation in time-of-flight (ToF) of the S0 mode between two reference
measurements was carefully measured. The actual coating thickness, estimated to be as
low as 10 µm, can be precisely determined, underscoring the considerable potential of this
method [81]. Zhang et al. introduced a guided wave-based technique for characterizing
the bonding zone state of coatings. They employed FFT analysis of different bonding
zone states to demonstrate its effectiveness in characterizing the bonding zone state of
water-based coatings [17]. Duan et al. combined the traditional piezoresistive effect with
the tunneling effect to fabricate a graphene-based nanocomposite material sensor capable of
responding to ultra-low dynamic deformations. This sensor exhibits a response frequency
range of up to 1 MHz, providing sensitive and rapid responses to broadband ultrasonic
waves. With a high signal-to-noise ratio, it holds promising applications in structural
health monitoring [82]. Pinilla et al. applied an efficient Gauss–Lobatto–Legendre (GLL)
collocation method to establish a scale boundary finite-element method (SBFEM). They
investigated the influence of viscoelastic coatings on the dispersion, attenuation, and wave
structure in elastic–viscoelastic (steel–asphalt) double-layer structures. The study provided
insights into the relationship between the displacement amplitudes of the free plate and
coated plate under wave action [83]. Schmitz et al. applied machine learning and deep
learning techniques to non-destructively characterize the thickness and uniformity of
coatings in layered systems using dispersion curve analysis. Further, for coatings with
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non-uniform thickness, a convolutional neural network architecture was employed for
classification through deep learning. The assessment and testing of the method were carried
out [84].

Research into ultrasonic-guided wave non-destructive testing techniques for pipeline
corrosion defects has been increasingly widespread and in-depth. For instance, Zhu et al.
conducted numerical studies to assess the generation and reflection of guided elastic waves
in hollow cylindrical structures with corrosion defects for non-destructive evaluation
(NDE) of pipeline-like structures. They employed finite-element simulations to model
time-delayed pitch-catch annular arrays (TDPRAs) and analyzed axisymmetric- and non-
axisymmetric-guided wave reflections. The study validated the correlation between mode
conversion (the L (0, 1) and L (0, 2) modes) of guided waves with the corrosion depth,
axial, and circumferential extent within hollow cylindrical bodies [85,86]. Shivaraj et al.
employed high-order cylindrical-guided ultrasonic waves to detect and quantify hidden
pitting corrosion in concealed gap areas (between the pipelines and supports). They
designed a manually operated pipe crawler and examined experimental parameters such
as guided wave mode dispersion, particle displacement, and wavelength to address this
issue, providing a device for securing wedges [87]. Demma et al. systematically analyzed
the impact of the pipeline dimensions, defect sizes, guided wave modes, and frequencies
on defect reflections. They identified the maximum and minimum values of the reflection
coefficients within different axial ranges and employed them for defect quantification. An
extrapolation formula was proposed and assessed to extend these results to other pipeline
dimensions [77].

Moustafa et al. introduced a novel approach based on guided ultrasonic waves and
fractal analysis for monitoring the corrosion evolution path in post-tensioning systems.
They utilized permanently attached piezoelectric transducers on rebars to transmit and
receive guided waves and proposed an outlier detection algorithm to enhance sensitivity
to corrosion damage [88]. Løvstad et al. investigated reflections of the T (0, 1) mode from a
cluster of pits, evaluating the relationship between the maximum pit depth and maximum
reflection coefficient. They extensively studied the issue of obtaining low maximum
reflection coefficients from clusters with deep maximum pit depths, aiding in estimating
the maximum depth of problematic corrosion profiles [89]. Cawley et al. reviewed the
application of ultrasonic-guided waves in the long-range detection of large structures [90].
They measured the attenuation characteristics of the fundamental torsional guided wave
mode under different inspection frequencies for pipes with three standard anti-corrosion
coatings, assessing the degree of corrosion in coated pipes [91]. Toppe et al. utilized
ultrasonic-guided wave technology for corrosion and erosion monitoring in pipelines [92].

Yuan et al. introduced a non-destructive testing method to address the challenge of
wall thinning due to corrosion in the bending region of an L-shaped pipe. They applied
the time reversal focused guided wave (FGW) technique to evaluate the wall thickness
reduction caused by corrosion in the L-shaped bent pipe. The SAFE-PML method was
utilized to compute the dispersion and transmission characteristics of the L-shaped bent
fiber Bragg grating. Through the analysis of the attenuation, wave structures, and energy
concentration coefficients of the FGW modes in these bends, they investigated the interac-
tions with wall-thinning defects in the bending region [93]. Zhu et al. integrated numerical
simulations with the boundary element method (BEM) for experimental investigations into
hidden corrosion detection using ultrasonic waves. They examined corrosion simulation
specimens created through machine cutting and electrochemical processing of naturally
corroded samples. By simulating the transmission and reflection of guided waves upon
entering the corroded region, they devised a method to evaluate the hidden corrosion depth
using guided waves, employing hybrid boundary element calculations [94]. Sargent et al.
measured the amplitude of ultrasonic Lamb waves reflected from single 6 mm diameter
flat-bottom holes near welds in 20 mm thick butt-welded steel plates. They simulated
corrosion defects within the heat-affected zone. They assessed the applicability of using
the fundamental S0 Lamb wave to remotely detect tank corrosion filled with liquid [95].
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Pouyan Khalili et al. systematically analyzed the detection performance of each method
for sharp and gradient defects, as well as their sensitivity to attenuation coatings, liquid
loads, surface roughness, and features other than defects. They proposed the use of the
A1 reflection mode for severe, sharp, pitting-type defects and the SH1 reflection mode
for remote-guided wave reflection in the case of large area thinning and shallow gradient
defects [25]. In recent years, many studies have applied deep learning to guided ultrasonic
wave non-destructive testing. Xu et al. proposed a guided wave convolutional neural
network for diagnosing fatigue cracks and evaluating 19 crack grades [96]. To address the
diffraction limit and dispersion issues of guided waves, Song et al. proposed a subwave-
length defect non-contact super-resolution guided wave array imaging method based on
multiscale deep learning [97]. Wang et al. introduced a rapid guided wave imaging method
based on convolutional neural networks (CNN) for quantitative evaluation of corrosion
damage [98].

3.2. Key Components of Pipeline Ultrasonic-Guided Wave Detection Technology-Transducer

Transducers primarily transform electrical energy into acoustic energy and vice versa.
They function as waveguide transmitters, converting electrical energy into acoustic en-
ergy, and as receivers, converting acoustic energy into electrical energy. The transducers
utilized to generate ultrasonic-guided waves are primarily classified into piezoelectric,
magnetostrictive, electromagnetic acoustic transducer (EMAT), and laser ultrasonic types
based on their transduction mechanisms. Inadequate control over the dispersion and
multimodal characteristics of ultrasonic-guided waves can result in mode conversion,
waveform broadening, and a diminished signal-to-noise ratio. Consequently, the precise
choice of transducers for both exciting and receiving guided waves plays a critical role
in the ultrasonic-guided wave testing process. Frequently employed ultrasonic-guided
wave instruments are predominantly grounded in piezoelectric and magnetostrictive prin-
ciples. Piezoelectric ultrasonic-guided wave instruments are predominantly multi-channel
systems, facilitating multimodal detection and approximate circumferential localization.
Nonetheless, they necessitate distinct transducers tailored to different test objects, which
might incur expenses. Magnetostrictive ultrasonic-guided wave instruments typically
manifest as single-channel systems with steadfast structures. They can be adapted to the
pipeline and facilitate an accurate circumferential localization of defects, rendering them
convenient for detection and extensively adopted.

3.2.1. Piezoelectric Transducers

Piezoelectric transducers are widely used, and PZT can be fabricated into various
shapes with modal selectivity [99]. Commonly used piezoelectric-based transducers include
lead zirconate titanate (PZT) and PVDF (polyvinylidene fluoride film) transducers. In addi-
tion, there are EMATs, such as Lorentz force EMATs and magnetostrictive EMATs [31,100].
PVDF transducers have several advantages, including being lightweight, flexible, and
have the ability to customize electrode shapes. Current research on PZTs has focused on
developing transducers for specific guided wave mode excitation and investigating the
effect of the coupling layer on detection [101]. Hay and Rose proposed a flexible PVDF mul-
timodal comb-like transducer, improving coupling reliability in pipeline monitoring [102].
Additionally, piezoelectric spray comb-like sensors have shown excellent performance
in measuring the state of cracks in high-temperature pipeline materials, making them
potentially useful in the health monitoring of steam pipelines. Although PVDF exhibits
high flexibility and weak piezoelectric properties, its usage as an exciter and receiver is
limited due to constraints such as the inability to embed PVDF thin films into composite
structures. [103,104].

3.2.2. Electromagnetic Ultrasonic Transducer

EMAT is a device with the capability to generate and detect ultrasonic waves in
metals [105]. EMATs possess the advantage of not necessitating extensive surface prepa-
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ration of the specimen. They can be readily configured for mode selection, generating
families of SH-wave modes under non-contact conditions and demonstrating tolerance to
surface conditions. These merits render them a swift screening tool for pipeline inspec-
tion [106–109]. Nevertheless, they do have certain limitations, including the low energy
of emitted ultrasonic waves, a low signal-to-noise ratio, bulky equipment, dependency of
induced energy on the proximity of the probe to the tested object (typically within 1 mm in
practical applications and material testing), and low energy conversion efficiency [110–112].

PPM EMAT transducers are commonly used to excite torsional mode-guided waves
in pipelines, and the width of the permanent magnet determines the excitation wave-
length [31,100]. Compared to the excitation based on the Lorentz force principle, guided
wave excitation based on magnetostrictive effects typically generates higher power [85].
Table 1 is a part of the list of GW detection techniques for pipeline corrosion through
transducers, mainly for different transducers, guided wave modes, and a brief overview of
the detection defects. There are many options for transducers used in pipeline corrosion.
Here is only a part of the list, but we must continue to summarize and improve.

Table 1. GW detection technology of pipeline corrosion based on partial transducer.

Different Types of
GW Transducers

Guided Wave
Mode and Type A Brief Introduction of the Research Content Defect Type

Piezoelectric
transducers

(PZT)

L (0, 1) and L (0, 2)
F (1, 1), F (1, 2),

and F (1, 3)

(1) Quantitative characterization of defects
was performed

(2) FE simulation is used to show the
complexity of the result of the defect
reflection signal received from the overlap
between the reflections of the defect edges
with different characteristics [49].

Corrosion and notch-type
defects

Higher-order
circumferential

The 2D FE model using ABAQUS® verified that
the system can detect defects as small as 1.5 mm
in diameter and 25% of the penetrating wall
thickness [87].

(1) Defects in the
pipe support

(2) Pitting corrosion

Phased array
transducers (PA)

Circumferential
GWs

(1) Higher-order mode cluster (HOMC)-GW
(2) Identifying defect sizes through

high-frequency mode recognition.
(3) Improving small defect imaging capability

through cross-sectional (CS) views of the
pipeline [113].

(1) axial cracks
(2) Pinhole-like corrosion

L (0, 1) and L (0, 2)

Three-dimensional and two-dimensional
finite-element simulation analysis was employed
to study the reflection of guided waves (GWs)
from non-axisymmetric and axisymmetric
corrosion defects [86].

Non-axisymmetric
and axisymmetric
corrosion defects

T (m, 1) and
L (m, 2)

(1) Performing circumferential scans at the
defect location to determine the
circumference of the defect, enabling
circumferential and axial positioning, as
well as defect detection.

(2) By applying different delay inputs and
amplitudes to the phased array (PA), the
energy of the GW is concentrated to cover
the entire pipeline. This enhances
resolution and penetration.

(3) Ring-shaped distributed PA used for
focusing techniques [114].

(1) volumetric through-wall
hole

(2) Volumetric elliptical
corrosion
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3.3. Selection of Guided Wave Modes for Assessment of Pipeline Corrosion Defect Identification

Ultrasonic-guided waves have found extensive application in defect detection through
the monitoring of reflected and transmitted signals, showcasing significant promise in
evaluating the distributed corrosion across extensive pipeline distances. Conventional low-
frequency guided wave testing is frequently utilized due to its capacity to offer comprehen-
sive coverage from a singular sensor location. Nevertheless, the testing of ultrasonic-guided
waves poses challenges when dealing with extremely shallow and sharp defects, owing to
the constrained sensitivity of low-frequency guided waves to such characteristics. In the
propagation of guided waves within an elastic medium in a hollow cylindrical structure,
we commonly simulate this phenomenon by employing the displacement described in the
Navier equation, as illustrated in the following Equation (1) [29,115].

(λ + µ)

Coatings 2024, 14, x FOR PEER REVIEW 12 of 25 
 

 

(2) By applying different delay inputs and amplitudes to the phased
array (PA), the energy of the GW is concentrated to cover the entire 

pipeline. This enhances resolution and penetration. 
(3) Ring-shaped distributed PA used for focusing techniques [114]. 

elliptical corrosion 

3.3. Selection of Guided Wave Modes for Assessment of Pipeline Corrosion Defect Identification 
Ultrasonic-guided waves have found extensive application in defect detection 

through the monitoring of reflected and transmitted signals, showcasing significant prom-
ise in evaluating the distributed corrosion across extensive pipeline distances. Conven-
tional low-frequency guided wave testing is frequently utilized due to its capacity to offer 
comprehensive coverage from a singular sensor location. Nevertheless, the testing of ul-
trasonic-guided waves poses challenges when dealing with extremely shallow and sharp 
defects, owing to the constrained sensitivity of low-frequency guided waves to such char-
acteristics. In the propagation of guided waves within an elastic medium in a hollow cy-
lindrical structure, we commonly simulate this phenomenon by employing the displace-
ment described in the Navier equation, as illustrated in the following Equation (1) 
[29,115].  (𝜆 + 𝜇) 𝛻 𝛻 ∙ 𝑢 + 𝜇𝛻 𝑢 = 𝜌   (1) 

where 𝜇 and 𝜆 are the Lamé constants, ρ is the density, t is time, ∇   is the Laplace operator, 
and u is the displacement vector. 

Following guided wave excitation and propagation, signal processing becomes im-
perative. Conventional methods for processing ultrasonic-guided wave signals encom-
pass the wavenumber-domain, time-domain, and frequency-domain techniques [116,117]. 
For time-domain analysis, the Hilbert transform is commonly used for processing ultra-
sonic-guided wave data signals, as represented by the following Equation (2) [118]: 𝑋(𝑡) = ( ) 𝑑𝜏  (2) 

where 𝑋(𝑡) is the Hilbert transform of the signal 𝑋(𝑡). 
c primarily acquires information from ultrasonic-guided waves through the Fourier 

transform for signal analysis in the frequency domain. The Fourier transform is given by 
the following Equation (3): 𝑢(𝜔) = 𝑒 𝑢(𝑡)𝑑𝑡  (3) 

where 𝑢(𝜔) represents the signal in the frequency domain, 𝑢(𝑡) is the original time-do-
main signal, 𝜔 is the angular frequency, and j is the imaginary unit. 

When employing ultrasonic waves for the detection of corrosion defects in pipelines, 
directly measuring wall loss is not a precise method. Auyeung et al. identified the instan-
taneous damage resulting from corrosion by leveraging additional current density 𝐼  and 
the material characteristics of the pipeline. The cumulative corrosion damage (CCD) in 
the wall thickness of the metal pipe over time index 𝑛 is measured by the following Equa-
tion (4) [91,119,120] : 𝐶𝐶𝐷(𝑛 ) = ∑ ∙ 𝐼 (𝑛)  (4) 

where 𝐴  represents the steel atomic weight, F is the Faraday’s constant, and 𝜌  is the 
density of iron. For the Fe/Fe2+ reaction, the rate constant (k) is equal to 2, taking into ac-
count the anticipated current level. 

With the progress of guided wave theory research, high-order guided wave modes 
are commonly employed. These modes propagate along the circumferential direction of 
the pipeline, rendering them more sensitive to minor variations in the wall thickness. Nev-
ertheless, contemporary high-order guided wave techniques predominantly rely on non-
dispersive shear modes or HOMC waves, primarily attuned to surface defects. Hence, 

Coatings 2024, 14, x FOR PEER REVIEW 12 of 25 
 

 

(2) By applying different delay inputs and amplitudes to the phased
array (PA), the energy of the GW is concentrated to cover the entire 

pipeline. This enhances resolution and penetration. 
(3) Ring-shaped distributed PA used for focusing techniques [114]. 

elliptical corrosion 

3.3. Selection of Guided Wave Modes for Assessment of Pipeline Corrosion Defect Identification 
Ultrasonic-guided waves have found extensive application in defect detection 

through the monitoring of reflected and transmitted signals, showcasing significant prom-
ise in evaluating the distributed corrosion across extensive pipeline distances. Conven-
tional low-frequency guided wave testing is frequently utilized due to its capacity to offer 
comprehensive coverage from a singular sensor location. Nevertheless, the testing of ul-
trasonic-guided waves poses challenges when dealing with extremely shallow and sharp 
defects, owing to the constrained sensitivity of low-frequency guided waves to such char-
acteristics. In the propagation of guided waves within an elastic medium in a hollow cy-
lindrical structure, we commonly simulate this phenomenon by employing the displace-
ment described in the Navier equation, as illustrated in the following Equation (1) 
[29,115].  (𝜆 + 𝜇) 𝛻 𝛻 ∙ 𝑢 + 𝜇𝛻 𝑢 = 𝜌   (1) 

where 𝜇 and 𝜆 are the Lamé constants, ρ is the density, t is time, ∇   is the Laplace operator, 
and u is the displacement vector. 

Following guided wave excitation and propagation, signal processing becomes im-
perative. Conventional methods for processing ultrasonic-guided wave signals encom-
pass the wavenumber-domain, time-domain, and frequency-domain techniques [116,117]. 
For time-domain analysis, the Hilbert transform is commonly used for processing ultra-
sonic-guided wave data signals, as represented by the following Equation (2) [118]: 𝑋(𝑡) = ( ) 𝑑𝜏  (2) 

where 𝑋(𝑡) is the Hilbert transform of the signal 𝑋(𝑡). 
c primarily acquires information from ultrasonic-guided waves through the Fourier 

transform for signal analysis in the frequency domain. The Fourier transform is given by 
the following Equation (3): 𝑢(𝜔) = 𝑒 𝑢(𝑡)𝑑𝑡  (3) 

where 𝑢(𝜔) represents the signal in the frequency domain, 𝑢(𝑡) is the original time-do-
main signal, 𝜔 is the angular frequency, and j is the imaginary unit. 

When employing ultrasonic waves for the detection of corrosion defects in pipelines, 
directly measuring wall loss is not a precise method. Auyeung et al. identified the instan-
taneous damage resulting from corrosion by leveraging additional current density 𝐼  and 
the material characteristics of the pipeline. The cumulative corrosion damage (CCD) in 
the wall thickness of the metal pipe over time index 𝑛 is measured by the following Equa-
tion (4) [91,119,120] : 𝐶𝐶𝐷(𝑛 ) = ∑ ∙ 𝐼 (𝑛)  (4) 

where 𝐴  represents the steel atomic weight, F is the Faraday’s constant, and 𝜌  is the 
density of iron. For the Fe/Fe2+ reaction, the rate constant (k) is equal to 2, taking into ac-
count the anticipated current level. 

With the progress of guided wave theory research, high-order guided wave modes 
are commonly employed. These modes propagate along the circumferential direction of 
the pipeline, rendering them more sensitive to minor variations in the wall thickness. Nev-
ertheless, contemporary high-order guided wave techniques predominantly rely on non-
dispersive shear modes or HOMC waves, primarily attuned to surface defects. Hence, 

·u + µ

Coatings 2024, 14, x FOR PEER REVIEW 12 of 25 
 

 

(2) By applying different delay inputs and amplitudes to the phased
array (PA), the energy of the GW is concentrated to cover the entire 

pipeline. This enhances resolution and penetration. 
(3) Ring-shaped distributed PA used for focusing techniques [114]. 

elliptical corrosion 

3.3. Selection of Guided Wave Modes for Assessment of Pipeline Corrosion Defect Identification 
Ultrasonic-guided waves have found extensive application in defect detection 

through the monitoring of reflected and transmitted signals, showcasing significant prom-
ise in evaluating the distributed corrosion across extensive pipeline distances. Conven-
tional low-frequency guided wave testing is frequently utilized due to its capacity to offer 
comprehensive coverage from a singular sensor location. Nevertheless, the testing of ul-
trasonic-guided waves poses challenges when dealing with extremely shallow and sharp 
defects, owing to the constrained sensitivity of low-frequency guided waves to such char-
acteristics. In the propagation of guided waves within an elastic medium in a hollow cy-
lindrical structure, we commonly simulate this phenomenon by employing the displace-
ment described in the Navier equation, as illustrated in the following Equation (1) 
[29,115].  (𝜆 + 𝜇) 𝛻 𝛻 ∙ 𝑢 + 𝜇𝛻 𝑢 = 𝜌   (1) 

where 𝜇 and 𝜆 are the Lamé constants, ρ is the density, t is time, ∇   is the Laplace operator, 
and u is the displacement vector. 

Following guided wave excitation and propagation, signal processing becomes im-
perative. Conventional methods for processing ultrasonic-guided wave signals encom-
pass the wavenumber-domain, time-domain, and frequency-domain techniques [116,117]. 
For time-domain analysis, the Hilbert transform is commonly used for processing ultra-
sonic-guided wave data signals, as represented by the following Equation (2) [118]: 𝑋(𝑡) = ( ) 𝑑𝜏  (2) 

where 𝑋(𝑡) is the Hilbert transform of the signal 𝑋(𝑡). 
c primarily acquires information from ultrasonic-guided waves through the Fourier 

transform for signal analysis in the frequency domain. The Fourier transform is given by 
the following Equation (3): 𝑢(𝜔) = 𝑒 𝑢(𝑡)𝑑𝑡  (3) 

where 𝑢(𝜔) represents the signal in the frequency domain, 𝑢(𝑡) is the original time-do-
main signal, 𝜔 is the angular frequency, and j is the imaginary unit. 

When employing ultrasonic waves for the detection of corrosion defects in pipelines, 
directly measuring wall loss is not a precise method. Auyeung et al. identified the instan-
taneous damage resulting from corrosion by leveraging additional current density 𝐼  and 
the material characteristics of the pipeline. The cumulative corrosion damage (CCD) in 
the wall thickness of the metal pipe over time index 𝑛 is measured by the following Equa-
tion (4) [91,119,120] : 𝐶𝐶𝐷(𝑛 ) = ∑ ∙ 𝐼 (𝑛)  (4) 

where 𝐴  represents the steel atomic weight, F is the Faraday’s constant, and 𝜌  is the 
density of iron. For the Fe/Fe2+ reaction, the rate constant (k) is equal to 2, taking into ac-
count the anticipated current level. 

With the progress of guided wave theory research, high-order guided wave modes 
are commonly employed. These modes propagate along the circumferential direction of 
the pipeline, rendering them more sensitive to minor variations in the wall thickness. Nev-
ertheless, contemporary high-order guided wave techniques predominantly rely on non-
dispersive shear modes or HOMC waves, primarily attuned to surface defects. Hence, 

2u = ρ
∂2u
∂t2 (1)

where µ and λ are the Lamé constants, ρ is the density, t is time, ∇2 is the Laplace operator,
and u is the displacement vector.

Following guided wave excitation and propagation, signal processing becomes imper-
ative. Conventional methods for processing ultrasonic-guided wave signals encompass the
wavenumber-domain, time-domain, and frequency-domain techniques [116,117]. For time-
domain analysis, the Hilbert transform is commonly used for processing ultrasonic-guided
wave data signals, as represented by the following Equation (2) [118]:

X̂(t) =
1
π

∫ +∞

−∞

X(t)
t − τ

dτ (2)

where X̂(t) is the Hilbert transform of the signal X(t).
c primarily acquires information from ultrasonic-guided waves through the Fourier

transform for signal analysis in the frequency domain. The Fourier transform is given by
the following Equation (3):

u(ω) =
∫ +∞

−∞
e−jωtu(t)dt (3)

where u(ω) represents the signal in the frequency domain, u(t) is the original time-domain
signal, ω is the angular frequency, and j is the imaginary unit.

When employing ultrasonic waves for the detection of corrosion defects in pipelines,
directly measuring wall loss is not a precise method. Auyeung et al. identified the in-
stantaneous damage resulting from corrosion by leveraging additional current density Id
and the material characteristics of the pipeline. The cumulative corrosion damage (CCD)
in the wall thickness of the metal pipe over time index ni is measured by the following
Equation (4) [91,119,120]:

CCD(ni) =
ni

∑
n=0

AW
k·FρFe

Id(n) (4)

where AW represents the steel atomic weight, F is the Faraday’s constant, and ρFe is the
density of iron. For the Fe/Fe2+ reaction, the rate constant (k) is equal to 2, taking into
account the anticipated current level.

With the progress of guided wave theory research, high-order guided wave modes
are commonly employed. These modes propagate along the circumferential direction
of the pipeline, rendering them more sensitive to minor variations in the wall thickness.
Nevertheless, contemporary high-order guided wave techniques predominantly rely on
non-dispersive shear modes or HOMC waves, primarily attuned to surface defects. Hence,
there is a necessity to investigate additional modes that can augment resolution and
sensitivity to local corrosive-type defects.

Khalili et al. conducted a comprehensive study on applying Lamb waves and shear
horizontal waves to detect defects in pipelines, including corrosion. Their research sys-
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tematically examined various modes, such as the S0 mode, SH0 and SH1 modes, M-skip,
and high-order mode clusters (A1 mode at approximately 18 MHz-mm) [25,121,122]. Ad-
ditionally, they investigated the possibility of exciting low-dispersion single-mode Lamb
waves at around 20 MHz-mm thickness and the SH1 mode at approximately 3 MHz-mm
thickness. Figure 3 shows the phase velocity dispersion curves of guided waves in steel
plates. Table 2 contains relevant information about some commonly used Lamb wave and
shear horizontal wave modes in pipeline defect detection.

Table 2. Lamb wave and shear horizontal wave modes in pipeline defect detection.

Phase Velocity
Dispersion Curves of

Guided Waves in
Steel Plate

Frequency-
Thickness Key Information Partial Scope of

Application Defect Type See for Details

Lamb modes S0 1 MHZ-mm
1.5 MHZ-mm

(1) It exhibits ideal
characteristics in the
1 MHz to millimeter
range and shows
minimal dispersion
at low frequencies.

(2) Provides
approximate constant
sensitivity to defects
at different depths.

(1) Provides
approximate
constant sensitivity
to defects at
different depths.

(2) Pipe supports
(3) S0 mode in

transmission used
for guided wave
tomography
configuration in
CUPS monitoring.

(1) Defects of different
depths

(2) Pitting
Khalili et al. [25]

A1 20 MHZ-mm

(1) Non-dispersive
nature

(2) Low surface motion
at high-frequency-
thickness products

(3) It is very similar to
HOMC

(4) Sensitivity to small
defects

(1) Pure mode
generation at
high-frequency-
thickness products

(2) T-joints

severe, sharp,
pitting-type defects

Balasubramaniam
et al. [123,124]

and Khalili
et al. [121]

Shear horizontal
(SH) modes

SH0 2.5 MHz-mm

Not affected by non-viscous
liquid loads on the structure.
Non-dispersive inspection
can be conducted in the
fundamental SH0 mode.

For pipes with relatively
thin walls (<15 mm),
EMATs are employed to
excite SH0 and
SH1 modes.

(1) Corrosion
detection in
inaccessible
regions

(2) Axial and
circumferential
corrosion defects

Cawley
et al. [33–37]

SH1 3 MHz-mm

The mode exhibits
dispersion characteristics
around 3 MHz·mm and
demonstrates a mode shape
with high surface energy.

Advantageous for
short-range detection and
very shallow crack-like
defects.

SH1 mode to very
shallow (<10% thickness
loss) crack-like defects

Howard
et al. [125]Coatings 2024, 14, x FOR PEER REVIEW 14 of 25 
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While these techniques can yield satisfactory results, they are not without limitations.
The critical selection of an appropriate inspection mode is imperative for successfully
assessing the corrosion levels. Mode selection criteria should encompass considerations
such as mode excitability and receptivity, leakage loss, attenuation, dispersion, and velocity.
Certain studies have indicated that conventional inspection techniques primarily utilize
PZT transducers for exciting asymmetric wave modes, while methods involving shear mode
excitations necessitate the use of EMATs. Conversely, symmetric modes are typically less
susceptible to liquid loading, ensuring extended inspection distances [126,127]. Advanced
technologies incorporating higher frequencies and selective higher-order symmetric mode
generation hold the potential to enhance defect detectability and inspection coverage.

Cirtautas et al. [7] conducted a comprehensive study on the utilization of high-order
symmetric modes for corrosion detection, underscoring the significance of evaluating
various factors associated with higher mode selection, wave excitability, detectability,
defect sensitivity, and leakage loss. Figure 4 represents the normalized displacement
distributions of the A0-A3 and S0-S3 modes estimated at 1 MHz. The findings suggest that
the out-of-plane displacement of the S3 mode peaks at depths of 1 mm and −1 mm relative
to the surface and mid-thickness of the plate, respectively. Conversely, all symmetric
modes demonstrate near-zero out-of-plane displacement at the mid-thickness of the plate,
distinguishing them from the asymmetric modes. The S2 mode possesses a robust in-plane
component at the plate’s surface, leading to comparatively low leakage loss, rendering
it more apt for detecting shallow surface defects. Nonetheless, the S2 mode displays a
relatively low group velocity at 1 MHz, complicating the analysis of incoming signals.
Moreover, the leakage loss of this mode becomes unacceptable above 1 MHz. Cirtautas
employed high-order symmetric modes for the corrosion assessment, employing techniques
like phased array or angle-beam excitation to selectively induce chosen wave modes into the
structure, thereby minimizing the generation of unnecessary waves. The study illustrated
that the S3 mode is prone to generating local and distributed defects associated with
corrosion in metal structures, rendering it suitable for swift screening around pipelines.
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Moreover, Raišutis introduced a highly efficient technique relying on fundamental
UGW spiral waves to assess the integrity of steel pipe walls. By conducting finite-element
(FE) modeling and experimental investigations, the generation and reception mechanisms
of UGW spiral waves were systematically examined. This research substantiated the
efficacy of spiral UGW in the detection and characterization of defects [128]. Figure 5
illustrates simulated B-scan images featuring circular defects of diverse diameters and
depths. The results depicted in Figure 5b,d,f,h indicate that the phase delay values of the
signal amplitude peaks for spiral waves are elevated in the defect area.
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Figure 5. Simulated B-scan images capturing the propagation of direct waves and spiral waves
in the presence of circular defects with varying diameters and depths are presented. The B-scan
images portray both direct waves and spiral waves (a,c,e,g) alongside specifically chosen spiral waves
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(c,d)—30 mm (75%), (e,f)—40 mm (25%), and (g,h)—60 mm (25%). The dashed lines indicate the
phase delay values of the signal amplitude peaks for spiral waves [128].
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4. Structural Health Monitoring Based on Pipeline Ultrasonic-Guided Wave

Some characteristic differences between NDT and structural health monitoring (SHM)
are that NDT is an offline assessment that uses time-based maintenance, discovers the
presence of damage, has more cost and labor, and the test system is independent of the
test bed and does not require a baseline. In contrast, SHM is an online assessment that
determines the suitability and service life of equipment through online evaluation, with
lower costs and less labor involved. A test system integrated into the test bed requires
baselines and has more requirements for algorithms, energy harvesting, data transmission,
and processing while maintaining safety standards [32].

The SHM methods encompass data collection from various sensors installed on struc-
tures, interpreting the results to achieve reliable and cost-effective diagnostics under di-
verse operating conditions. Technologies for health assessment, including guided wave
ultrasonics, X-rays, infrared thermography, and eddy current, have proven effective for
non-destructive evaluations of structures. However, these technologies find quicker and
more convenient applications in inspecting extensive structures such as pipelines, ships,
and aerospace components [35]. Guided waves can propagate over large areas with min-
imal attenuation and energy loss [32,90]. This method can be employed for the integrity
assessment of large continuous pipelines. Guided waves have the potential for applica-
tion within curved structures, making them suitable for detecting various shapes and
geometries over longer distances. Due to their excellent remote diagnostic capabilities, this
method can effectively detect cracks, material losses, and fatigue defects in both isotropic
and anisotropic structures. Ultrasonic-guided waves are one of the most commonly used
techniques in current non-destructive testing and structural health monitoring of structural
components [129].

Guided wave-based SHM uses non-destructive reference signals as baselines and
extracts the defect signals by subtracting them from the baseline. As a result, it is more sen-
sitive to small defects, enabling the timely detection of maintenance needs and predicting
the remaining lifespan based on the condition of the pipeline [130]. The components of the
complete pipeline SHM process and the requirements for an ideal pipeline SHM system
are illustrated in Figure 6 [131,132].
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Contrary to the limitations associated with other defect diagnostic techniques, guided
waves have lower operational barriers across various materials and environmental con-
ditions. The flexibility of both contact and non-contact methods enhances their appli-
cability. They are widely used in magnetic/non-magnetic, metal/non-magnetic, and
isotropic/anisotropic structures of various shapes. SHM systems used for pipes buried
in soil, insulation, exhaust and air conditioning pipes, railroad tracks, marine pipelines,
etc., are frequently used to study defects in complex, sensitive, dynamically loaded struc-
tures. SHM systems collect data from sensors permanently installed on structures and
diagnose damage by processing the collected data. Typically, damage detection is achieved
by comparing the acquired data during the structure’s healthy state with reference data.
Automatic damage detection is triggered when the data deviates from the reference data,
prompting an alarm.

However, the detection of UGW is highly sensitive to the presence of damage and is
also affected by various factors, primarily changes in the environmental and operational
conditions (EOCs). These EOCs can significantly impact the reference data, leading to false
alarms [133]. Although there is a growing number of publications on employing SHM to
detect damage in fully operational structures, many proposed SHM methods have been
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developed under controlled laboratory or simulated conditions, neglecting the influence of
EOCs [134–137]. Mountassir et al. have systematically investigated the effect of EOCs on
guided-wave-based SHM, with a particular focus on the impact of EOCs. The overview
delineates various methods and strategies for reducing false alarms in SHM caused by
EOCs. Each method is comprehensively described, identifying its optimal application
and elucidating how to effectively implement it under natural conditions [27]. Methods
tailored to specific environments should be chosen for SHM to mitigate the effects of EOCs,
thereby enhancing the accuracy of SHM monitoring and ensuring the safety and stability
of engineering applications.

Moreover, guided-wave non-destructive testing has the potential to significantly
reduce the number of sensors required for structural monitoring. Therefore, the excitation
transducer is frequently utilized as a measurement sensor in guided ultrasonic wave
sensing to measure the backscattered ultrasonic waves. However, this installation scheme
is limited by the information that can be extracted, as it is constrained by the measurement
of excitation positions. This limitation may be particularly significant when detecting
defects in long-distance and remote areas. An alternative solution has been proposed,
utilizing distributed optical fiber sensors as measurement sensors, which can be strategically
placed at multiple points along the pipeline to monitor damage [138,139]. Zhang et al.
proposed a pipeline health monitoring method based on quasi-distributed fiber optic
sensors, integrating simulated guided wave results with simulations of DAS/quasi-DAS
systems. This work exploits the spatiotemporal data matrix in a fully distributed sensor
system to generate a simulated dataset, holding significant potential for applications in
pipeline SHM and defect identification using DAS data. The integration of physics-based
simulated datasets with DAS systems enables real-time data analysis for detecting and
identifying pipeline defects, thereby significantly enhancing the accuracy of SHM [139].

Various studies indicate that guided waves can be utilized for inspecting underwater
structures, such as pipelines, coatings, or other difficult-to-reach structures, demonstrating
excellent sensitivity. However, due to the dispersive nature of guided waves, mode conver-
sion phenomena at defect locations, and variations in the wave structure of different mode
waves at different frequencies, classifying and determining the size of defects detected
by guided waves remains a challenge to be addressed. In recent years, the interaction of
horizontal SH waves with various cracks and corrosion boundaries in structures has high-
lighted the significant potential of guided waves in addressing issues related to structural
defect characterization and measurement [16].

5. Prospects of Ultrasonic-Guided Wave Detection Technology

Ultrasonic-guided waves exhibit substantial promise in identifying diverse defects
within pipeline networks over considerable distances. Nevertheless, conventional guided
wave detection often relies on low-frequency guided waves because of their reduced
attenuation. While guided waves propagate, the signal amplitude gradually diminishes
with increasing propagation distance. Consequently, the reflection wave packet from
early defects becomes heavily contaminated or may even be submerged in noise, posing
challenges in effectively identifying defect characteristics [140]. While low-frequency
guided waves may not be very sensitive to small defects, in cases of locally small defects or
wall thinning with smooth surfaces, existing guided wave technologies often struggle to
detect the responses generated by defects. This limitation can lead to missed detections
and new leaks, presenting challenges in current guided wave detection [63–66].

In contrast to the limitations associated with alternative defect diagnostic techniques,
guided waves boast low operational barriers, making them applicable in diverse material
and environmental conditions. The flexibility of employing contact or non-contact methods
further broadens their range of utilization. They find extensive application in structures
of various shapes, whether magnetic or non-magnetic, metal or composite, isotropic or
anisotropic. In piping applications, such as those involving pipes buried in soil, insula-
tion, exhaust and air conditioning pipes, railroad tracks, marine pipelines, etc., guided
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waves are often employed to investigate defects in complex, sensitive, and dynamically
loaded structures.

Nevertheless, the intricate propagation characteristics of ultrasonic-guided waves
within in-service pipeline engineering structures present formidable challenges for de-
veloping precise and efficient methods of signal feature extraction. Current methods for
detecting damage using ultrasonic-guided waves in pipelines exhibit shortcomings in terms
of their recognition efficiency and reliability, thus falling short of meeting the engineering
requirements. With the advancement of machine learning (ML), numerous researchers are
incorporating it into the diagnostic technology of ultrasonic-guided wave SHM in practical
engineering structures. In SHM systems employing guided waves, data are collected from
sensors permanently mounted on the structure, and the damage is diagnosed through
the processing of the collected data. Typically, damage detection involves comparing the
reference data acquired during the healthy state of the structure. An alarm is activated to
ensure the automatic detection of damage when the data deviates from the reference data.

ML technology has shown significant advantages in the realm of SHM based on
guided waves in recent years. Nevertheless, ML-based guided wave diagnostic techniques
encounter crucial challenges, including dependable in-service data collection/management,
ML models with generalization and real-time monitoring capabilities, integration of data
from multiple frequency bands for passive collision and active damage-guided wave
monitoring, in-service health assessment, and lifespan prediction, among others [117].
Further research is needed on the propagation model of guided waves, particularly in
areas like data analysis and simulation data. The extension capability of machine learning
models in guided wave structural health monitoring (SHM) also requires improvement,
taking into account the sensitivity of guided waves to factors like structural types, noise,
and temperature variations, as mentioned earlier. In large-scale engineering structures
such as pipelines, these models might yield inaccurate prediction results. Presently, there is
limited research on the correlation between machine learning-based damage detection and
in-service structures, as well as environmental changes.

In addition, for ultrasonic-guided wave detection in large structures such as pipelines,
as the guided waves propagate, the signal amplitude gradually attenuates with increasing
propagation distance. This phenomenon leads to the reflection wave packet from early
defects being severely contaminated or even submerged in noise, making it challenging
to effectively identify defect features. In the future, to detect defects at an early stage and
ensure structural safety, further research should be conducted on suppressing background
noise and enhancing the reflection wave packet from defects.

6. Conclusions

This paper provides a review of the application of ultrasonic-guided wave technology
in pipeline defect assessment, discussing the principles and applications of ultrasonic-guided
wave-related theories and ultrasonic-guided wave non-destructive testing technology.

1. It elaborates on the standard modal selections of Lamb waves and shear horizontal
waves commonly used in corrosion detection using ultrasonic-guided wave non-
destructive testing technology.

2. The study focused on the research progress of non-destructive testing techniques for
pipeline ultrasonic-guided waves. It highlighted the applications of ultrasonic-guided
waves in coating research, relevant studies on transducers, and advancements in struc-
tural health monitoring. The paper elucidated the applications of ultrasonic-guided
waves in conjunction with convolutional neural networks and machine learning for
signal processing and visualizing the measurement results in related research areas.

3. The paper also introduces relevant research advancements. The comprehensive
literature survey indicates that ultrasonic-guided wave technology is considered an
ideal technical approach for pipeline defect detection and safety assessment, providing
convenience to ensure the safety and stability of pipeline operation and maintenance
while also achieving cost savings.
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Currently, research into ultrasonic-guided wave theory is continuously deepening, and
ultrasonic-guided wave detection technology is increasingly integrating and innovating
with computer and simulation technologies. This has led to the gradual maturation of
ultrasonic-guided wave detection technology, allowing it to serve in various fields.

In the future, research on ultrasonic-guided wave detection technology for pipelines
should persist in concentrating on multimodal characteristics and optimizing interference
modes. This can be accomplished by continuously improving the neural network intelligent
algorithms and conducting simulation experiments. To quantitatively characterize defects
in components, the precise feature recognition ability of defect signals needs improvement.
The accuracy of multi-type defect detection should be heightened to minimize errors.
Continuous efforts to optimize structural health monitoring based on ultrasonic-guided
waves will further reduce the likelihood of false positives and omissions. It is hoped that the
personnel involved in pipeline inspection and technicians unfamiliar with this technology
can gain a better understanding of it through this manuscript, thereby providing assistance
in enhancing the accuracy and convenience of engineering pipeline inspection. Ultimately,
these efforts will contribute to the growing maturity of ultrasonic-guided wave inspection
technology, laying a solid foundation for maintaining engineering safety and ensuring
stable industrial operations.
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