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Abstract
Corrosion-induced wall thickness loss (CIWTL) can reduce the strength and integrity of a pipe, threatening its normal opera-
tion. Effective detection of CIWTL in pipes helps ensure their safe operation. This paper presents a novel methodology based 
on the reflected L(0,1) guided wave to quantitatively detect CIWTL in a continuous pipe. Investigating the effects of CIWTL 
and propagation length on time-of-flight (TOF) variation of the L(0,1) guided wave showed that increasing the accumulated 
propagation length of the L(0,1) mode improved its sensitivity to CIWTL. The reflected L(0,1) guided wave, which had a 
longer accumulated propagation length in a certain range, was generated by making discontinuities on both sides of a local-
ized section within a continuous pipe. Then, the TOF variation of the reflected wave was proposed as a CIWTL-sensitive 
feature, and a quantitative relationship between the TOF variation of the reflected wave and CIWTL was theoretically estab-
lished for quantifying the CIWTL of the pipe section. High-resolution measurement of CIWTL could be achieved through 
increased accumulated propagation length. Additionally, this methodology could be applied to measure CIWTL in the next 
pipe section and extended to realize the distributed detection of CIWTL in a continuous pipe. The effectiveness of this meth-
odology was validated experimentally. The experimental results indicated that the L(0,1) mode was clearly reflected from 
artificial discontinuities, CIWTL in the pipe was sensitively identified and accurately quantified using the proposed method, 
and the values of the CIWTL measured by the proposed method were consistent with those measured by ultrasonic testing 
(UT). This methodology has higher estimation performance for CIWTL than current guided wave-based (GWB) methods.

Keywords  Continuous pipe · Corrosion-induced wall thickness loss (CIWTL) · Quantitative detection · Reflected L(0,1) 
guided wave · Time-of-flight (TOF) variation

1  Introduction

Pipes are widely used to transport water, oil, gas, chemical 
raw materials, and other resources. The operating conditions 
of pipes are complex and severe [1–3], and they are usu-
ally located in humid and corrosive environments. Hence, 
pipes are susceptible to various types of corrosion, such as 
localized corrosion and general corrosion [4–7]. The effects 
of the corrosive media inside and outside the pipe, as well 
as scouring by high speed flow in the pipe, cause the pipe 
to undergo general corrosion, which induces thinning of 

the wall thickness. Corrosion-induced wall thickness loss 
(CIWTL) can degrade the strength and bearing capacity of 
a pipe, shorten its service life, and even cause failure. It 
is therefore vital to quantitatively detect CIWTL of pipes 
to effectively evaluate their integrity and remaining service 
life, ensure safe operation, and avoid catastrophic failures. 
The initiation and propagation of pipe corrosion is a long-
term dynamic process. Corrosion accumulates as the service 
time of the pipe increases. Under the influence of complex 
factors, the corrosion rate may be accelerated and result in 
sudden corrosion failure of pipe before routine inspection. 
Pipes are usually long, and they are inaccessible in some 
parts. Thus, there is an urgent need for a detection technique 
with high resolution and the ability to precisely quantify 
CIWTL and rapidly and comprehensively detect corrosion 
of an entire pipe.
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Ultrasonic testing (UT) [8] is one of the main conven-
tional nondestructive testing (NDT) methods used to inspect 
corrosion in pipes, and it has high resolution and precision 
for wall thickness measurement. Ultrasound has strong abil-
ity to penetrate and can perform in-depth inspection of a pipe 
without affecting its performance. Accordingly, pipe inspec-
tion gages based on UT sensors have been developed. They 
can be inserted into a pipe to inspect corrosion over a long 
distance during operation of the pipe [9, 10]. Unfortunately, 
this method is a pointwise inspection technique and requires 
scanning the pipe wall point by point, which implies low 
detection efficiency. Additionally, it is impossible to perform 
this method in hidden and inaccessible portions of a pipe; 
therefore, it is not suitable for complete coverage of long-
distance pipes. UT has demanding requirements for testing 
conditions; for instance, if the coupling effect between the 
ultrasonic probe and the surface of the pipe is poor or there 
are many corrosion pits and deposits of sediment, the inspec-
tion precision is greatly reduced. Eddy current, magnetic 
flux leakage, X-ray, and other conventional techniques are 
also widely used for corrosion inspection, but they all have 
defects similar to UT [11–13]. It is difficult to use these 
conventional methods to effectively detect CIWTL in pipes.

The guided wave-based (GWB) technique is an attractive 
alternative to conventional pointwise inspection methods and 
has been proven to be successful in detecting different types 
of damage in various structures, e.g., corrosion in plates [14, 
15], damage to beams [16, 17], localized and general cor-
rosion of steel bars [18, 19], and damage to pipes [20–23]. 
The GWB technique uses piezoelectric transducers to excite 
an ultrasonic guided wave in a structure, and the guided 
wave propagates along the structure. When the guided wave 
encounters corrosion defects, it undergoes reflection, trans-
mission, mode conversion, and other behaviors. By receiving 
and analyzing guided wave signals (that contain corrosion 
defect information) at a remote position, structural corrosion 
damage can be actively identified. Ultrasonic guided waves 
can propagate long distances along an entire pipe with low 
attenuation, and damage over long distances along the pipe 
can be detected using a single transmitting-receiving device 
mounted on the surface of the pipe. Additionally, guided 
waves are capable of quickly and comprehensively interro-
gating the full cross section of long-distance pipes, including 
physically inaccessible areas [24–28]. These characteristics 
enable the GWB technique to comprehensively and effec-
tively detect corrosion of long-distance pipe structures and 
perform distributed monitoring.

Various GWB methods have been proposed for damage 
detection of pipes. Lowe et al. [29] and Carandente et al. 
[30] used the reflection coefficients of incident L(0,2) and 
T(0,1) modes, respectively, to estimate defect sizes in pipes. 
The appearance of defect reflections indicated the presence 
of defects in pipes. There was a correlation between the 

reflection coefficient and defect size in a pipe, and this cor-
relation was used to qualitatively evaluate the defect size. 
Wang et al. [31] proposed using the reflection coefficient of 
symmetric modes converted by incident longitudinal modes 
to characterize defects, and the results indicated that the con-
verted symmetric modes could provide important informa-
tion about defects. Ennaceur et al. [32] evaluated defects 
in pipes using time-reversed technology. The experimental 
results showed that time-reversed technology could improve 
the amplitudes of defect reflections, thereby increasing 
the sensitivity to defects. Amjad et al. [33] calculated the 
time-of-flight (TOF) of transmitted wave modes to assess 
the diameter of circular defects in a pipe. The experimen-
tal results indicated that the TOF of the transmitted wave 
increased with increasing diameter of the circular defect. 
Guan et al. [34] applied nonlinear guided waves to detect 
fatigue cracks in pipes, proposed using the second harmonic 
wave generated by micro-cracks to identify fatigue cracks, 
and introduced a nonlinear index to evaluate the severity 
of fatigue cracks. The proposed method was verified by an 
experiment. Available studies have confirmed that signal 
strength, TOF, nonlinear parameters, and other indexes can 
identify pipe defects. However, these methods are mainly 
capable of providing a qualitative evaluation of the degree 
of damage of the pipe, i.e., slight, moderate and severe. The 
physical mechanism of the influence of corrosion depth on 
the evaluation indexes has not been sufficiently clarified on 
the basis of a theoretical model, and the quantitative rela-
tionship between the evaluation indexes and depth of cor-
rosion in a pipe has not yet been theoretically developed; 
thus, the CIWTL of a pipe cannot be quantified accurately. 
Additionally, these methods have weak capability for evalu-
ation of small losses of wall thickness, and their stability and 
repeatability have certain deficiencies. These considerations 
motivate the development of the GWB approach to quanti-
tatively detect CIWTL in pipes in this study.

In practical projects, continuous pipes are widely used 
except when segmented pipes are used. For continuous 
pipes, it is difficult to exploit end reflections due to the 
limited propagation range of guided waves. In this study, 
we proposed a novel detection methodology for sensi-
tive identification and accurate quantification of CIWTL 
in a continuous pipe based on the reflected L(0,1) guided 
wave. We studied the influences of CIWTL and propaga-
tion length on TOF variation of the L(0,1) guided wave 
in the selected dispersion range and found that increasing 
the accumulated propagation length of the L(0,1) guided 
wave could increase its sensitivity to CIWTL. Based on the 
mechanism of a guided wave in a discontinuous medium, 
we generated the reflected L(0,1) guided wave by making 
discontinuities on both sides of local pipe section within 
the continuous pipe. The change in TOF of the reflected 
L(0,1) guided wave with respect to the wall thickness was 
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extracted as a CIWTL-sensitive feature. The quantitative 
relationship between the TOF variation of the reflected wave 
and CIWTL was further established theoretically to quantify 
the CIWTL of the pipe section. The reflected L(0,1) guided 
wave increased the accumulated propagation length within 
a certain range, thereby achieving high-resolution measure-
ment of minor corrosion. Then, this proposed methodology 
could be used to detect CIWTL in the next pipe section. 
By repeating this process, the CIWTL of a continuous pipe 
could be detected in a large-scale and distributed manner. An 
experiment was performed to verify the effectiveness of the 
proposed methodology. The results showed that the L(0,1) 
mode was clearly reflected from artificial discontinuities, 
and this methodology was sensitive to minor corrosion and 
accurately quantified the CIWTL of the pipe.

2 � Detection principle

2.1 � Propagation characteristics of guided waves 
in pipes

A guided wave generated in a pipe by lead zirconate titanate 
(PZT) transducers propagates along the pipe, and the wall 
thickness variation caused by corrosion leads to a change 
in its propagation characteristics. Therefore, the corrosion 
damage of the pipe can be identified by detecting the change 
in the ultrasonic guided wave signal. The equation of motion 
of cylindrical guided waves propagating in a pipe satisfies 
the Navier’s displacement equation:

where � and � are the Lamé constants of the material; ∇2 is 
the Laplace operator; � is the density of the pipe; and u and 
t are the displacement and time, respectively.

According to the derivation of the displacement solution 
of Eq. (1) by Gazis [35], solving the displacement of the 
cylindrical guided wave ultimately reduces to solving the 
dispersion equation of the cylindrical guided wave in the 
pipe, namely

where Cij is a 6 × 6 matrix, i, j = 1, 2, 3, 4, 5, 6 ; Cij is related to 
the Lamé constants � and � , the density � , inner radius a and 
outer radius b of pipe, and other parameters [35].

The solution of Eq. (2) includes three types of guided 
wave modes: longitudinal guided wave, torsional guided 
wave and flexural guided wave. The guided wave mode can 
be represented by dispersion curves of the group velocity 
and the phase velocity of the guided wave, and the relation-
ship between them is [36]:

(1)�∇2u + (� + �)∇(∇ ⋅ u) = �
�2u

�t2

(2)
|||Cij

||| = 0

where Cg = d�∕dk and Cp = �∕k are the group velocity and 
phase velocity, respectively, k and � are wavenumber and 
circular frequency, respectively; f=�∕2� is frequency; and 
d is the wall thickness of the pipe. Equations (2, 3) indicate 
that the group velocity Cg of the guided wave in the pipe is 
a function of the wall thickness d of the pipe and the fre-
quency f  of the guided wave. The dispersion curves of the 
guided waves are calculated using the Disperse program [37] 
to numerically solve Eq. (2). Figure 1 illustrates the group 
velocity dispersion curves for a steel pipe with 60 mm outer 
diameter and 7 mm wall thickness.

One of the keys of the GWB technique is to select and 
exploit a single mode. In general, when the guided wave is 
dispersive, its group velocity depends on the product of fre-
quency and thickness of the pipe in which it is propagating. 
As illustrated in Fig. 1, the group velocity of the torsional 
mode T(0,1) is insensitive to the change in wall thickness 
since it is nondispersive. Although the flexural modes are 
dispersive, they have high attenuation. Moreover, the flex-
ural modes are various, their acoustic fields are complex, and 
the wave velocities of these flexural modes are close, which 
causes modal aliasing. The L(0,2) guided wave is disper-
sive in the range of approximately 32.63–60 kHz, indicating 
that the group velocity of the L(0,2) guided wave in this 
range is dependent on the product of frequency and thick-
ness. Unfortunately, in this range, the L(0,1) guided wave 
is present along with the L(0,2) guided wave at a given fre-
quency, which easily causes modal interference and makes 
signal interpretation difficult. In the whole frequency range, 
the L(0,1) guided wave is dispersive, so its group velocity 

(3)Cg = C2
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Fig. 1   Group velocity dispersion curves in a pipe
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is affected by the wall thickness variation. The longitudi-
nal guided waves are easily excited and controlled, and the 
attenuations are small during the propagation process. When 
the excitation frequency is less than the cutoff frequency 
of the L(0,2) guided wave, a pure L(0,1) guided wave can 
be excited, which facilitates signal analysis. As mentioned 
above, the L(0,1) guided wave was selected to detect the 
CIWTL of a pipe. CIWTL in a pipe changes the group 
velocity of the L(0,1) guided wave at a constant frequency 
and thus changes the TOF of the L(0,1) guided wave. There-
fore, the CIWTL of the pipe can be detected by analyzing 
the TOF variation of the L(0,1) guided wave.

2.2 � TOF variation of L(0,1) guided wave caused 
by CIWTL

To accurately quantify the CIWTL of a pipe, it is necessary 
to further investigate the effect of CIWTL on the propaga-
tion characteristics of the L(0,1) guided wave in theory to 
extract CIWTL-sensitive features and establish a quantita-
tive relationship between a sensitive feature and CIWTL. 
Figure 2 depicts the group velocity curves of the L(0,1) 
guided wave generated for various wall thicknesses ranging 
from 7 to 5 mm. In the frequency range of approximately 
0–30 kHz, the group velocity of the L(0,1) guided wave 
at a constant frequency decreases as the wall thickness 
decreases. Therefore, the TOF of the L(0,1) guided wave 
at a constant frequency increases with increasing CIWTL 
in the pipe. To investigate the relationship between group 
velocity variation and frequency, the group velocity varia-
tions caused by wall thickness loss of 0.5 mm at different 
frequencies were obtained by subtracting the group velocity 
curve for the wall thickness of 7 mm from that for the wall 

thickness of 6.5 mm. As illustrated in Fig. 3, in the fre-
quency range of 0–28.05 kHz, the change in group velocity 
increases as the frequency increases. In the frequency range 
of 28.05–30 kHz, the higher the frequency is, the smaller 
the change in group velocity. The frequency of 28.05 kHz 
is most sensitive to the change in wall thickness. Hence, 
to more effectively detect CIWTL in a pipe, the excitation 
signal with a central frequency close to 28.05 kHz should 
be selected as far as possible under the condition that it can 
excite a pure L(0,1) guided wave and receive a pure L(0,1) 
guided wave with clear amplitude.

To simulate the influence of corrosion on group velocity, 
the initial inner radius ah of the pipe and the inner radius 
ac of the pipe after corrosion were substituted into Eq. (2). 
The group velocity curves corresponding to the initial wall 
thickness dh of the pipe and the wall thickness dc of the pipe 
after corrosion were generated, and then the corresponding 
group velocities Cgh and Cgc were obtained at the constant 
frequency fo , respectively. The expressions for the CIWTL 
of the pipe and the corresponding TOF variation of the 
L(0,1) guided wave are as follows:

where Δd and Δt are the CIWTL of the pipe and the corre-
sponding TOF variation of the L(0,1) guided wave, respec-
tively; th and tc are the TOF of the L(0,1) guided wave before 
and after corrosion, respectively; and L is the propagation 
length of the L(0,1) guided wave.

Equation  (4) shows that the TOF variation Δt of the 
L(0,1) guided wave can be used to assess the CIWTL Δd of 
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the pipe. By calculating the TOF variations corresponding to 
different CIWTLs, the relationship curve between the TOF 
variation and the CIWTL was established. Taking the fre-
quency of 25 kHz and the reduction in wall thickness from 
7 mm to 5.4 mm as an example, the quantitative relationship 
curves of TOF variation and CIWTL were established theo-
retically when the propagation lengths were 1, 2 and 3 m, 
respectively. Figure 4 illustrates that under the conditions of 
a constant frequency fo and a certain propagation length, the 
TOF variation Δt was positively associated with the CIWTL. 
The explicit quantitative relationship between the TOF vari-
ation and CIWTL was used to quantify the CIWTL of the 
pipe. Moreover, at a constant frequency fo and a certain wall 
thickness loss Δd0 , the TOF variation Δt was proportional to 
the propagation length of guided wave.

Equation (4) and Fig. 4 show that the measurement pre-
cision of the TOF variation determines the resolution and 
quantification precision for the CIWTL. In practice, how-
ever, due to the influences of random and systematic errors, 
there is some uncertainty in the measurement of TOF vari-
ation. When the TOF variation of the L(0,1) guided wave 
caused by corrosion is small, the precision of the measured 
TOF variation is low, resulting in low precision for the quan-
tification of CIWTL in the pipe. Therefore, to sensitively 
identify minor corrosion and accurately quantify CIWTL 
in the pipe, it was necessary to increase the TOF variation 
caused by corrosion as much as possible. At a constant fre-
quency fo and a certain corrosion degree Δd0 , the TOF vari-
ation mainly depends on the propagation length L . Thus, a 
longer propagation length was needed to obtain a larger TOF 
variation. The propagation length of the direct wave is the 
distance between the transmitting and receiving transducers. 
For a given pipe, the distance between the transmitting and 
receiving transducers is constant. At a constant excitation 

frequency, the resolution and quantification precision of the 
TOF variation of the direct wave to the CIWTL of the pipe 
were determined. Using the TOF variation of the direct wave 
to detect the CIWTL of the pipe may have low resolution 
and quantification precision, which is easy to cause misjudg-
ment of corrosion and has certain limitations.

2.3 � CIWTL detection based on the reflected L(0,1) 
guided wave for a continuous pipe

The reflected wave propagates back and forth in a pipe, 
which can significantly increase its accumulated propaga-
tion length in a certain range. Reflected waves are gener-
ated when the incident guided wave encounters discontinui-
ties in the structures [25, 38, 39]. Significantly, the L(0,1) 
guided wave is the axisymmetric longitudinal mode, and 
the generated reflected waves contain only the axisymmetric 
longitudinal modes, provided that these axisymmetric lon-
gitudinal modes act on axisymmetric structural features in a 
pipe, such as flanges [40, 41]. Thus, a pure L(0,1) mode can 
be reflected from axisymmetric structures, while the L(0,1) 
guided wave with frequencies less than the cutoff frequency 
of an L(0,2) guided wave is excited in the pipe. However, 
in comparison with the whole length of continuous pipe, 
the propagation length of the L(0,1) guided wave is very 
limited because of the attenuation of the stress wave and 
confined energy of the actuator. Thus, the challenge was how 
to create the reflected L(0,1) guided wave in the localized 
section within the continuous pipe. Based on the mechanism 
of a guided wave in a discontinuous medium, we proposed 
a novel method to detect the CIWTL of a continuous pipe 
based on the reflected L(0,1) guided wave. The approach 
involved two parts: (1) a detection scheme for generating the 
reflected L(0,1) guided wave in a continuous pipe and (2) a 
quantitative algorithm for detecting CIWTL.

The CIWTL detection scheme for a continuous pipe is 
shown in Fig. 5. First, the transmitting and receiving arrays 
are installed at the positions of interest on the continuous pipe, 
and the pipe section with a certain length containing the trans-
mitting and receiving arrays is selected as the measurement 
section. The distance between the transmitting array and the 
left side of the pipe section is equal to the distance between 
the receiving array and the right side of the pipe section. Two 
identical metal rings are bonded on both sides of the pipe sec-
tion using epoxy resin, thereby creating artificial discontinuous 
impedances and forming axisymmetric structural features in 
the continuous pipe. Second, the L(0,1) guided wave whose 
frequencies are less than the cutoff frequency of the L(0,2) 
guided wave is selected as the excitation signal to act on the 
pipe, and the L(0,1) mode can be reflected from the metal 
rings. Under the conditions that the reflected wave generated 
at the metal rings can be separated from the reflection signals 
from other places in the continuous pipe and the clear reflected Fig. 4   Quantitative relationships between TOF variation and CIWTL
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wave can be received, the reflected L(0,1) guided wave tra-
versing the pipe section between the two metal rings as many 
times as possible can be used. A longer propagation length is 
used to obtain higher sensitivity and quantification precision 
for CIWTL. Third, the TOF variation of the reflected L(0,1) 
guided wave is calculated to quantitatively identify the CIWTL 
of this pipe section. Finally, after the CIWTL detection of the 
pipe section is completed, along the pipe detection direction, 
the metal ring far away from the next pipe section can be dis-
assembled and bonded on the other side of the next pipe sec-
tion, and the CIWTL of the next pipe section can be detected. 
Therefore, the CIWTL of different pipe sections i (i = 1, 2, 
3, …, n) can be detected separately, and large-scale and dis-
tributed detection of the CIWTL in a continuous pipe can be 
realized. Each metal ring is composed of two identical metal 
semirings, which is convenient for bonding, ensures excellent 
coupling between the metal ring and the surface of the pipe 
and enables the metal ring to be disassembled and reused.

The propagation length of the reflected wave is larger than 
that of the direct wave, which can significantly improve the 
resolution and quantification precision for the CIWTL of the 
pipe section. In pipe section i, the TOF variations of the direct 
wave and the reflected wave under the same wall thickness loss 
can be written as:

where Δtdi and Δtri are the TOF variations of the direct 
wave and the reflected wave corresponding to pipe section 
i, respectively; t(dh)i and t(dc)i are the TOFs of the direct wave 
when pipe section i is in an intact state and subjected to 
corrosion, respectively; t(rh)i and t(rc)i are the TOFs of the 

(5)
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reflected wave when pipe section i is in an intact state and 
subjected to corrosion, respectively; Ldi and Lri are the prop-
agation lengths of the direct wave and the reflected wave 
corresponding to pipe section i, respectively; and C(gh)i

 and 
C(gc)i

 are the group velocities of the L(0,1) guided wave at 
constant frequency fo when pipe section i is in an intact state 
and subjected to corrosion, respectively.

With the use of Eq. (5), under the same wall thickness 
loss, when the propagation length of the reflected wave is 
m times that of the direct wave (i.e., Lri = mLdi ), the TOF 
variation of the reflected wave is m times that of the direct 
wave. Therefore, the resolution of the TOF variation of the 
reflected wave to the CIWTL of pipe section i is m times 
that of the TOF variation of the direct wave to the CIWTL 
of pipe section i. The TOF variation of the reflected wave 
is larger than that of the direct wave and has higher quan-
tification precision for the CIWTL of pipe section i. The 
TOF variation of the reflected wave is therefore proposed as 
a CIWTL-sensitive feature to identify the CIWTL of pipe 
section i. At the constant frequency fo and the propagation 
length Lri of the reflected wave, the quantitative relationship 
between the TOF variation of the reflected wave and the 
CIWTL of pipe section i is established theoretically to quan-
titatively evaluate the CIWTL of pipe section i. The value 
of the CIWTL of pipe section i is further deduced using 
the TOF variation of the reflected wave extracted from the 
measured guided wave signals and the quantitative relation-
ship to effectively detect the CIWTL of pipe section i. Each 
pipe section can be quantified using this method separately, 
and thus the CIWTL of a continuous pipe can be quantified 
in a distributed manner. To reduce the impact of noise and 
accurately extract the TOF of the guided wave at the central 
frequency, continuous wavelet transform (CWT) technol-
ogy [42] is used to perform time–frequency analysis on the 
received guided waves. The TOF corresponding to the maxi-
mum value of the wavelet coefficient at the center frequency 

Fig. 5   CIWTL detection 
scheme for a continuous pipe
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is extracted, and the TOF variations of reflected wave under 
different corrosion degrees are obtained.

3 � Experimental investigations

An experiment was performed to validate the effectiveness 
of the proposed methodology. The experimental setup is 
depicted in Fig. 6. The experimental carbon steel pipe had 
a length of 5.06 m, an outer diameter of 60 mm, and a wall 
thickness of 7 mm. PZT transducers with a size of 25 × 4 × 1 
mm were used as transmitters and receivers. The transmit-
ting array was composed of 16 PZTs with equal circumfer-
ential spacing, and the receiving array was composed of 4 
PZTs with equal circumferential spacing; all the PZTs were 
bonded on the pipe using epoxy resin. The transmitting array 
and the receiving array were 2.055 m and 3.005 m from 
the left end of the pipe, respectively. All the transmitters 
were connected in parallel, and they were excited equally 
and simultaneously. Each receiver individually received 
guided wave signals. The guided wave signals received 
by each receiver mainly contained the information about 
the corrosion depth on the axial path of the pipe where the 
receiver was located. The receivers were numbered PZT1, 
PZT2, PZT3 and PZT4, and the corresponding axial detec-
tion paths of the pipe were path1, path2, path3 and path4, 
respectively. Two identical metal rings were symmetri-
cally installed on the pipe to make discontinuities and form 
axisymmetric structural features, thus generating reflected 
waves in the pipe. The 20-cycle sine wave modulated by 
a Hanning window was used as the excitation signal, and 
a narrower bandwidth was selected to minimize the signal 
attenuation caused by dispersion. Based on the investigation 
of frequency selection in Sect. 2.2, the center frequency of 
the excitation signal was preliminarily limited to the range 

of 23–27 kHz. According to the calculated theoretical wave 
velocities corresponding to these frequencies and the length 
of the pipe, it could be roughly judged that the reflected wave 
generated at the metal rings could be effectively separated 
from both direct wave and end reflection signals when the 
distance between the two metal rings was approximately 
within 2.8–3.2 m. Thus, to obtain better sensitivity and 
quantification precision for CIWTL, these two metal rings 
were bonded on the pipe 1.055 m from the left of the trans-
mitting array and 1.055 m from the right of the receiving 
array using epoxy resin. Notably, we only received the first 
reflected L(0,1) guided wave from the metal rings due to the 
limitation of the length of the experimental pipe. Guided 
waves usually propagate tens of meters. In practical applica-
tions, with a certain distance between the two metal rings, 
the reflected L(0,1) guided wave traversing the pipe section 
between the two metal rings as many times as possible can 
be used under the conditions proposed in the second step of 
the detection scheme in Sect. 2.3. Thus, higher resolution 
and quantification precision for CIWTL can be obtained.

The waveforms generated by the arbitrary waveform gen-
erator card (PXI-5421) were amplified by the power ampli-
fier (Trek 2100HF) and then sent to the transmitting array to 
excite the guided wave signal in the pipe. The oscilloscope 
card (PXI-5122) was connected to each receiver to record 
the guided wave signals independently. The sampling fre-
quency was 4 MHz, and the sampling time was 2 ms to 
ensure that the direct wave and the reflected wave signals 
were completely acquired. The PXI-5421 and PXI-5122 
cards were included in the National Instruments (NI) PXI-
1033 chassis. A computer with a LabVIEW program was 
used for setting the excitation signal, data acquisition, and 
synchronization control in the experiment. Figure 7 shows 
the fabricated metal rings. Each metal ring was made of steel 
and had a height of 15 mm, an outer diameter of 80 mm, and 
a wall thickness of 10 mm.

To select the appropriate center frequency, we set the 
center frequencies as 23, 24, 25, 26, and 27 kHz. According 
to the initial guided wave signals received in the experi-
ment, when the center frequency was 25 kHz, the received 
L(0,1) guided waves had large amplitudes and clear modes. 
Additionally, all wave packets were effectively separated, 
and there was no modal interference. Therefore, it was easy 
to analyze the received signals and extract the TOF of each 
wave packet. When the center frequency exceeded 25 kHz, 
the signals had obvious attenuations and gradual waveform 
distortions, and other modes gradually appeared, which 
resulted in modal aliasing. A 20-cycle 25 kHz sine wave 
modulated by a Hanning window was thus used as the exci-
tation signal. The transmitters were length expander-types, 
and their number was sufficient; thus, only the longitudi-
nal modes were excited. The frequencies contained in the 
excitation signal were less than the cutoff frequency of the Fig. 6   Experimental setup
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L(0,2) guided wave, the peak frequency of each wave packet 
was almost 25 kHz, and its corresponding group velocity 
was consistent with the group velocity corresponding to the 
L(0,1) guided wave. This confirmed that all measured wave 
packets were L(0,1) modes.

To simulate the CIWTL of the pipe, the experimen-
tal steel pipe was subjected to accelerated corrosion tests 
using the impressed direct-current (DC) technique. A stain-
less steel pipe with a length of 5.5 m, an outer diameter of 
20 mm, and a wall thickness of 1 mm was centered inside the 
pipe along its axis. The stainless steel pipe was connected 
to the cathode, and the experimental carbon steel pipe was 
connected to the anode. Each end of the pipe was sealed 
by attaching a piece of plexiglass plate using epoxy resin. 
A plastic pipe was used to connect one end of the pipe to a 
bucket filled with 3.5% NaCl solution, and a pump was used 
to fill the inside of the steel pipe with NaCl solution. The 
other plastic pipe was used to connect the other end of the 
pipe to the bucket to discharge the gas and corrosion prod-
ucts induced by corrosion. A DC power supply was used to 
impress a DC to accelerate the corrosion of the pipe. The 
value of the current was set at 18 A, and the corresponding 
current density was small, approximately 2.46 mA/cm2. In 
each case of corrosion, the left and right sides of the pipe 
were alternately used as the input end of the current, and the 
corrosion test was conducted for the same length of time. 
Thus, the difference in corrosion rates between the two sides 
of the pipe was minimized, and the inner wall of the pipe 
corroded uniformly. The accelerated corrosion tests contin-
ued for 470 h. The CIWTL of the pipe was detected after 
140, 200, 327 and 470 h of corrosion. Figure 8 illustrates the 
details of the accelerated corrosion device, and Fig. 9 shows 
the diagram of different degrees of corrosion.

The steel pipe was cleaned and dried before each data 
acquisition. Values of the CIWTL of the pipe were obtained 
using an ultrasonic thickness gage (Olympus MG2-DL) to 
measure the wall thicknesses of the steel pipe before and 
after corrosion. Figure 10 illustrates the wall thickness meas-
urement of the pipe. Starting at 1.44 m from the left end of 

the pipe, 6 equally spaced (i.e., 0.44 m) points for measur-
ing the wall thickness were set on each detection path of 
the outer surface of the pipe. The average value of the wall 
thicknesses at 6 measuring points was calculated as the aver-
age wall thickness of the corresponding detection path. In 
all corrosion cases, the wall thickness loss of each path was 
acquired by subtracting the average wall thickness of the 
path in the corrosion case from the initial average value. The 
wall thickness losses of 4 paths under different corrosion 
cases are tabulated in Table 1. These results indicated that 
the inner wall of the pipe was underwent relatively uniform 
corrosion throughout the process.

4 � Experimental results and discussion

4.1 � Analysis of guided wave signals

The guided wave signals received by the four PZTs were 
almost the same. Figure 11 shows the guided wave signal of 
PZT1 at the baseline and corresponding CWT. As expected, 
each guided wave signal contained two complete wave pack-
ets; the first wave packet was the direct wave, whereas the 
second wave packet was the reflected wave generated at the 
metal rings. The received guided wave signal was explicitly 
separated into two wave packets through CWT, which had 
high time–frequency resolution. The propagation lengths of 
the two wave packets are depicted in Fig. 12. The propaga-
tion lengths of the direct wave and the reflected wave were 
0.95 and 3.06 m, respectively. The propagation length of 
the reflected wave was approximately 3.22 times that of the 
direct wave. According to Eq. (5), theoretically, the resolu-
tion of the TOF variation of the reflected wave to the CIWTL 
of the pipe was 3.22 times that of the direct wave. The cal-
culated TOF of the second wave packet was 3.27 times that 
of the first wave packet, which was in good agreement with 
theory.

Figure 13 shows the guided wave signals of PZT1 at the 
baseline and different corrosion times. The guided wave 

Fig. 7   Fabricated metal rings
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signals gradually shifted to the right with increasing cor-
rosion time; the amplitudes of guided waves showed slight 
fluctuations during the whole corrosion process. These 
observations were attributed to variations in the propaga-
tion characteristics of guided waves. Corrosion leads to the 
gradual thinning of the wall thickness of the pipe, which 
changes the propagation characteristics of the guided wave 
and gradually reduces the group wave velocity of the guided 
wave. As a result, the TOFs of the received guided wave 
signals gradually increase, and the amplitudes change. Dur-
ing the whole corrosion process, the frequency of each peak 
was basically always maintained at 25 kHz, and the received 
guided wave modes remained constant. When the corrosion 
degree was small, the TOF of the direct wave did not change 

Fig. 8   Accelerated corrosion device

Fig. 9   Diagram of different degrees of corrosion

Fig. 10   Wall thickness measure-
ment of the pipe
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significantly, whereas the TOF of the reflected wave changed 
greatly. At the same corrosion degree, the TOF variation of 
the reflected wave was much greater than that of the direct 
wave, which indicated that the reflected wave was more sen-
sitive than the direct wave to corrosion. The variations in 
guided wave signals qualitatively evaluated the corrosion of 
a pipe. The reflected wave signals provided more accurate 

information about propagation of corrosion, which could be 
more effective in detecting the CIWTL of the pipe.

4.2 � Quantitative estimation of the CIWTL 
of the pipe

The CIWTL in a pipe can be qualitatively identified only 
by analyzing the variation trends of the reflected waves. To 
accurately quantify the CIWTL in a pipe, the quantitative 
relationship curves between the TOF variation of the direct 
wave and the CIWTL for each path and between the TOF 
variation of the reflected wave and the CIWTL for each 
path were established theoretically based on the analysis 
in Sect. 2. The CIWTL of the pipe was quantitatively esti-
mated using the TOF variations of the direct waves and the 
reflected waves extracted from the measured guided wave 
signals and these quantitative relationship curves.

As illustrated in Fig. 14, the TOF variations of the direct 
waves corresponding to the four paths generally showed an 
increasing trend with increasing corrosion degree, but there 
were some fluctuations. Furthermore, there were some cases 
in which the deviations between the measured TOF varia-
tions of the direct waves and the corresponding theoretical 
TOF variations were large, which resulted in the inability to 
distinguish different CIWTLs. These results indicated that 
although the TOF variation of the direct wave can evaluate 
the CIWTL to a certain extent, it was insufficiently sensi-
tive to the CIWTL of the pipe; this was likely to cause mis-
judgment and could not sensitively identify and accurately 
quantify the CIWTL of the pipe. Figure 15 shows that the 
TOF variation of the reflected wave was very sensitive to 
the CIWTL of the pipe. After one instance of corrosion, 
the wall thickness losses of the four paths were slight, and 
the TOF variations of the reflected waves corresponding to 
the four paths changed significantly. The TOF variation of 
the reflected wave corresponding to each path was relatively 
consistent with the corresponding theoretical TOF variation, 

Table 1   Wall thickness losses of 4 paths of the pipe

Path Wall thickness
Losses

Corrosion time (hour)

140 200 327 470

1 Δd/mm 0.31 0.50 0.82 1.14
2 Δd/mm 0.34 0.48 0.75 1.09
3 Δd/mm 0.33 0.53 0.86 1.20
4 Δd/mm 0.27 0.49 0.77 1.14

Fig. 11   Guided wave signal of PZT1 at the baseline and correspond-
ing CWT​

Fig. 12   Diagram of the propa-
gation lengths of the guided 
waves
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indicating that the TOF variation of the reflected wave could 
sensitively identify and accurately quantify minor loss of 
wall thickness. The TOF variation of the reflected wave 
in each path increased gradually as the corrosion degree 
increased. The TOF variations of the reflected waves cor-
responding to the four paths were in agreement with the 
corresponding theoretical TOF variations. Therefore, the 
CIWTL of each path was effectively quantified using the 
TOF variation of the reflected wave corresponding to that 
path. At the same corrosion degree, the TOF variation of the 
reflected wave corresponding to the same path was signifi-
cantly larger than that of the direct wave, indicating that the 
TOF variation of the reflected wave was more sensitive than 
the direct wave to the CIWTL. These results demonstrated 
that the TOF variation of the reflected wave could be used 
to sensitively identify and accurately quantify the CIWTL 
of the pipe.

The CIWTLs measured by the TOF variations of the 
direct waves were deduced by combining the TOF varia-
tions of the direct waves calculated in the experiment and 
the quantitative relationship between the TOF variation of 
the direct wave and the CIWTL for each path. Likewise, the 
CIWTLs measured by the proposed method were deduced 
by combining the TOF variations of the reflected waves cal-
culated in the experiment and the quantitative relationship 
between the TOF variation of the reflected wave and the 
CIWTL for each path. These values measured by the TOF 

variations of the direct waves and the proposed method were 
compared with the corresponding values measured by UT.

The wall thicknesses measured by UT showed that for 
the same corrosion case, there was little difference in the 
wall thickness losses at all measuring points on the same 
axial path, and the corresponding standard deviation was 
small. The CIWTLs of the four paths measured by the TOF 
variations of the direct waves and those measured by UT 
are shown in Fig. 16. With increasing corrosion time, the 
CIWTLs of the four paths measured by the TOF variations 
of the direct waves fluctuated, although the overall trends 
increased. Moreover, there were some cases in which the 
relative errors between the values measured by the TOF 
variations of the direct waves and the corresponding values 
measured by UT were large. Therefore, the precision of the 
CIWTLs of the four paths measured by the TOF variations 
of the direct waves were insufficient, and the CIWTL of the 
pipe was not effectively detected. Figure 17 illustrates the 
CIWTLs of four paths measured by the proposed method and 
measured by UT. After 140 h of corrosion, the CIWTL of 
each path of the pipe was slight. The values measured by UT 
were 0.31, 0.34, 0.33, and 0.27 mm, and the standard devia-
tions were 0.026, 0.023, 0.028, and 0.015 mm, respectively; 
the values measured by the proposed method were 0.323, 
0.377, 0.364, and 0.243 mm. The results showed that the 
discreteness of wall thickness losses of all measuring points 
on the same path was small. The relative errors between 
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the values measured by the proposed method and the cor-
responding values measured by UT were small, which indi-
cated that the proposed methodology was sensitive to minor 
wall thickness loss, had high resolution for the CIWTL, and 
accurately quantified CIWTL values as small as 0.27 mm. 
The CIWTLs of the four paths of the pipe measured by the 
proposed method gradually increased as the corrosion time 
increased, and there were no fluctuations. After 470 h of 
corrosion, the CIWTLs of the four paths were severe and 
exceeded 15% of the initial wall thickness. The values meas-
ured by UT were 1.14, 1.09, 1.20 and 1.14 mm, and the 
standard deviations were 0.032, 0.05, 0.031, and 0.067 mm, 
respectively; the values measured by the proposed method 
were 1.007, 0.96, 1.057 and 1.01 mm. Therefore, the fluctua-
tions of wall thickness losses at all measuring points on the 
same path were small, and there was still good agreement 
between the values measured by the proposed method and 
those measured by UT. During the whole corrosion process, 
the values measured by the proposed method were relatively 

consistent with those measured by UT, and the maximum 
error was -11.93%. These results demonstrated that the pro-
posed methodology had not only high quantification preci-
sion and a large detection range for the CIWTL of the pipe 
but also good stability and feasibility. However, evaluation 
indexes, such as signal strength and nonlinear parameters, 
are easily perturbed by external factors, such as bonding 
conditions between transducers and pipe, noise, and so forth, 
and it is difficult to guarantee stability and repeatability. The 
corrosion of each path for the pipe was comprehensively 
detected using the deployed receiver network.

The experimental results showed that the CIWTL of 
the pipe was effectively identified and quantified using the 
first reflected L(0,1) guided wave signal. In practical appli-
cations, the reflected L(0,1) guided wave traversing the 
pipe section between the two metal rings as many times as 
possible can be used under the conditions proposed in the 
second step of the detection scheme in Sect. 2.3. Thus, the 
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Fig. 14   Time-of-flight variations of the direct waves with different wall thickness losses: a path1, b path2, c path3, and d path4
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accumulated propagation length in a certain range can be 
further increased, and higher resolution and quantification 
precision for CIWTL can be obtained. The proposed meth-
odology can effectively detect the CIWTL of a continuous 
pipe, and thus, the strength and integrity of the pipe can be 
comprehensively evaluated, and the remaining service life 
of the pipe can be effectively predicted. This methodology 
is simple and cost-efficient and can provide distributed 
monitoring. The corrosion of long-distance pipes can be 
quantitatively detected in a fast and comprehensive way 
using only a few permanent detection points. In contrast, 
point-by-point UT is inefficient, unable to detect physi-
cally inaccessible regions, and cannot comprehensively 
and quantitatively detect the CIWTL of long-distance 
pipes in a continuously distributed manner. Moreover, its 
detection precision is affected by various factors, such as 
coupling effect. The proposed methodology makes up for 
these drawbacks of the conventional UT.

5 � Conclusions

In this study, an innovative CIWTL detection methodol-
ogy based on the reflected L(0,1) guided wave in continu-
ous pipes was proposed. A theoretical analysis showed 
that increasing the accumulated propagation length of the 
L(0,1) guided wave improved its sensitivity to CIWTL 
in the selected dispersion range. The reflected L(0,1) 
guided wave, which had a longer accumulated propaga-
tion length in a certain range, was generated by making 
discontinuities on both sides of local pipe section within a 
continuous pipe. The TOF variation of the reflected L(0,1) 
guided wave was proposed as a CIWTL-sensitive feature 
to identify the CIWTL of the pipe section. Furthermore, 
the quantitative relationship between the TOF variation of 
the reflected wave and CIWTL was established theoreti-
cally and used to quantify the CIWTL of the pipe section. 
The increase in accumulated propagation length enabled 
high-resolution measurement of the CIWTL. Then, the 
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Fig. 15   Time-of-flight variations of the reflected waves with different wall thickness losses: a path1, b path2, c path3, and d path4
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proposed methodology could be used to detect the CIWTL 
of the next pipe section and extended to detect the CIWTL 
of a continuous pipe in a large-scale and distributed man-
ner. The effectiveness of this methodology was demon-
strated through an experiment. The experimental results 
indicated that the reflected L(0,1) mode was generated by 
artificial discontinuities, and this methodology effectively 
detected the CIWTL of the pipe. The TOF variation of the 
reflected wave was sensitive to minor wall thickness loss, 
and a small wall thickness loss of 0.27 mm was quantified. 
Compared with the TOF variation of the direct wave, this 
methodology improved the resolution of CIWTL meas-
urement. During the whole corrosion process, the TOF 
variation of the reflected wave increased as the CIWTL 
increased, and the TOF variations of the reflected waves 
were consistent with the corresponding theoretical TOF 
variations. This methodology had a large detection range 

for the CIWTL and could effectively detect values of the 
CIWTL exceeding 15% of the initial wall thickness. The 
CIWTL of the pipe was accurately quantified using the 
proposed methodology. The relative errors between the 
values measured by the proposed method and those meas-
ured by UT were small; the maximum relative error was 
-11.93%. The CIWTLs of different paths of the pipe were 
effectively estimated through the deployed receiver net-
work. The proposed methodology has higher resolution 
and quantification precision for CIWTL than current GWB 
methods. Additionally, this methodology has high effi-
ciency and anti-interference and can quantitatively detect 
corrosion in a continuous pipe in a distributed manner, 
which overcomes the weaknesses of conventional point-
wise NDT methods such as UT. Notably, this proposed 
methodology has only been proven to quantitatively detect 
CIWTL in pipes. For the effective detection of localized 
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corrosion of a pipe, it will be necessary to further study 
the interaction mechanism of guided waves and local-
ized defects, and high-performance signal processing 
techniques.
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