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Abstract: The methodology based on reflected guided-wave by a reflector associated with an increase
or a decrease in the cross-sectional area has the challenge of determining their location and identity.
This paper presents a numerical investigation of a method for locating and identifying the reflector
based on guided-wave circumferential scanning and phase characteristics. To determine the axial
and circumferential positions of the reflector within the pipeline, the procedures of the guided
wave-based circumferential scanning were presented, including data preprocessing, median filter,
image smoothing and binary processing. Through theoretical analysis, we obtained the phase
relationship between the guided-wave excitation signal and reflection signals generated by a reflector,
such as corrosion, crack, weld and support, which caused the change in the cross-sectional area.
Consequently, an algorithm based on the phase characteristics was proposed to determine the change
and type of reflector. The spatial distances were calculated between the guided wave excitation
signals with different phases and the concerned reflection signals, subsequently identifying the
change and type of the reflector by comparing the distance values. An identification index named the
reliable index for the character of the reflector (RICR) was defined to evaluate the reliability of the
predicted results. Numerical and finite element simulation validations of the proposed method were
performed. It has been found that if RICR was larger than 1.05, the results predicting the reflector
type were reliable. The proposed method was found to be superior relative to the conventional
correlation coefficient method according to the numerical results. Finally, the simulation results
demonstrated that the proposed method could be potentially applied for locating and identifying
reflectors in pipelines.

Keywords: ultrasonic-guided wave; phase characteristics; circumferential scanning; steel pipes;
spatial distance

1. Introduction

Employing ultrasonic-guided waves is one of the most commonly used techniques for
non-destructive evaluation (NDE) and structural health monitoring (SHM) of the oil, gas, chemical and
petrochemical industries, due to its key advantages such as rapid screening with 100% cross-section
coverage, long-distance and large-range diagnostic capability and high detection efficiency [1–5]. A
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guided wave is of multiple modes which are sensitive to different types of acoustic reflectors as their
acoustic impedances are changed. The acoustic impedance of a reflector depends solely on their area
within a cross-section of a uniform pipe-material with the same density and velocity of the wave.
Therefore, when a short pulse of the guided wave is launched along a structure, a reflected signal will
be generated by the reflector which is associated with the change in the cross-section area. As shown
in Figure 1, the change can be either an increase or a decrease and can be caused by corrosions, cracks,
welds or supports in a pipeline. The reflected wave contains abundant information about the tested
reflector, which can then be utilized to locate and identify it.

 
Figure 1. Schematic of guided wave propagating in the pipe inspection. 

 

 

 

 

 

 

  

Figure 2. Schematic showing the pipe and its unrolled image by the guided-wave 

circumferential scanning technique: (a) numerical model; (b) circumferential scanning image. 
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Figure 1. Schematic of guided wave propagating in the pipe inspection.

Reflectors associated with changes like an increase or a decrease in the cross-sectional areas
exist in most structures. In the past few years, in order to understand the relationships between the
geometrical properties of the acoustic reflector and the guided-wave propagation characteristics, many
researchers have contributed to investigating the scattering and reflection from various reflectors,
such as cracks, notches, welds, supports and holes [6–13]. Because it represents an important role
in guided-wave inspection, the considerable amount of aforementioned work has mainly focused
on the direct problem of analyzing responses such as propagation, reflection and conversion coming
from different known reflectors, while more attention needs to be paid to the inverse problem of
automatically diagnosing and distinguishing the type of the unknown reflectors by their responses.
By following this direction of research, Zhang [6] recently studied the scattering of torsional flexural
guided waves from different defects in hollow cylinders and proposed a novel classification and
characterization method for defects in a pipe, which can be used to preliminarily categorize circular
holes and crack-like defects. Muñoz [14] proposed a novel signal processing approach which is able to
automatically identify notches in pipelines in short distances.

In practical applications, there is an urgent need to develop a quick and reliable method for
identifying and locating a reflector. This is due to the fact that reflectors causing an increase in the
cross-sectional area, such as supports, flanges and butt welds, usually belong to geometric features;
while reflectors which decrease it, such as corrosion and cracks, usually belong to defect features which
need to be detected and treated early to minimize their consequences. If the former and the latter
cannot be correctly identified and distinguished, it will usually lead to false positives or negatives being
recorded during a guided-wave inspection. Efficient methods based on guided-wave circumferential
scanning for identifying the reflector have not been proposed yet. Therefore, a study for identifying and
locating pipeline reflectors based on guided-wave circumferential scanning and phase characteristics
was carried out in this pager. The paper is organized as follows: Section 2 introduces the principle of
guided-wave circumferential scanning technique for a pipe. Theoretical analysis to find out the phase
characteristics of the guided wave reflected from a reflector is given in Section 3. Section 4 presents the
procedures of the proposed method and algorithm. The proposed method is then applied to numerical
and simulation signals to validate its validity and robustness in Section 5 followed by conclusions in
Section 6.
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2. Principle of Guided-Wave Circumferential Scanning Technique for a Pipe

The guided-wave circumferential scanning technique can obtain two-dimensional (2D) information
such as the circumferential size and distribution of a reflector over the conventional A-scan, meaning
that the location and extent of the reflector can be then presented on a map. Compared with the imaging
technique using the guided-wave multi-channel phased array technique [15,16], the circumferential
scanning technique with fewer circumferential transducers is more flexible and easier to operate [17].
As illustrated in Figure 2a,b, a pipe with a reflector is unwrapped by moving the transducer with a
given step η along the circumferential direction while the scanned 2D circumferential scanning image
of the reflector is reconstructed.

 
Figure 1. Schematic of guided wave propagating in the pipe inspection. 

 

 

 

 

 

 

  

Figure 2. Schematic showing the pipe and its unrolled image by the guided-wave 

circumferential scanning technique: (a) numerical model; (b) circumferential scanning image. 
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Figure 2. Schematic showing the pipe and its unrolled image by the guided-wave circumferential
scanning technique: (a) numerical model; (b) circumferential scanning image.

In this work, firstly, we can discriminate the geometric features like a flange, pipe end or girth weld
from the defect features by utilizing the circumferential scanning technique illustrated in Figure 3a–f,
as these reflecting features are continuous from bottom to top in the 2D circumferential scanned image
shown in Figure 3e,f due to their axisymmetric geometry. Compared with Figure 3c,d, Figure 3e,f
contain the circumferential distribution of the reflectors. However, it is difficult to judge whether
a reflector like a support is a defect feature such as a corrosion, since both the support and the
corrosion are both discontinuous from the bottom to the top in the circumferential scanned image as a
consequence of them being usually located within a small circumferential range (angle), as illustrated
in Figure 2b. This phenomenon introduces the serious possibility of false positives or negatives, such
as a support being incorrectly identified as a defect.
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Figure 3. Numerical simulation results of guided-wave A-scan and circumferential scanning 

in pipes by finite element software: (a) an undamaged pipe; (b) a pipe with a girth weld; (c) A-
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Figure 3. Cont.
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Figure 3. Numerical simulation results of guided-wave A-scan and circumferential scanning in pipes by
finite element software: (a) an undamaged pipe; (b) a pipe with a girth weld; (c) A-scan signal of the pipe;
(d) A-scan signal of the girth weld; (e) circumferential scanned image of the pipe; (f) circumferential
scanned image of the girth weld.

For the above problem, in order to further discriminate whether a reflector is a defect feature
decreasing the cross-sectional area or a geometric feature increasing it, a novel method based on the
phase characteristics is proposed. A further detailed discussion about its algorithm is covered in
Section 4.

3. Phase Characteristics of the Guided Wave Reflected from a Reflector

Based on reference [18], the guided waves propagating in the axial direction in pipes involve
torsional waves T(N,m) and longitudinal waves L(N,m), where the integer N denotes the circumferential
order and m represents the group order of a mode. Because the fundamental torsional guided wave
mode T(0,1) has the attracting characteristics of no dispersion, low probability of mode conversion,
uniform wave-structures in the thickness direction and no response to liquids that may exist at the
pipe surface, T(0,1) is most commonly used for pipe inspection [19] and was selected in this work for
investigation. This paper considers a case in which T(0,1) is incident on a reflector and only T(0,1)
could potentially propagate in the pipe (T(0,1) excited at a frequency lower than the T(0,2) cut-off
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frequency). The presence of the reflector causes guided-wave scattering, consequent reflection and
transmission of the incident wave (IN), as shown in Figure 4a. The chosen axial direction of the pipe
was the x-axis, and the coordinate origin is located at the reflector. The acoustic pressures pi, pr and pt

of IN, reflected wave (RE) and transmission wave (TR) are defined as the following form of simple
harmonic waves respectively:

pi = Pi0 exp(i(ωt− kx)) (propagation along the positive direction of the x-axis)
pr = Pr0 exp(i(ωt + kx)) (propagation along the negtive direction of the x-axis)

pt = Pt0 exp(i(ωt− kx))
(1)

where Pi0, Pr0 and Pt0 are the maximum acoustic pressures; k and ω are the wavenumber and
angular frequency, respectively. According to the relationship between acoustic pressure and acoustic
impedance [20], the corresponding particle velocities can be depicted as:

vi =
Pi0
ρc exp(i(ωt− kx))

vr = −
Pr0
ρc exp(i(ωt + kx))

vt =
Pt0
ρc exp(i(ωt− kx))

(2)

where ρ is the density of the pipe; c is guided wave velocity. Considering that the boundary conditions
should be continuous at the reflector, the acoustic pressure and volume velocity are continuous:

pi(0) + pr(0) = pt(0)
δ1 × (vi(0) + vr(0)) = δ2 × vt(0)

(3)

where δ1 and δ2 are the cross-sectional areas of the pipe and the reflector respectively. Substituting
Equations (1) and (2) into Equation (3), we obtain the relationship:

δ1 × (Pi0 − Pr0) = δ2 × (Pi0 + Pr0) (4)

scan signal of the pipe; (d) A-scan signal of the girth weld; (e) circumferential scanned image 

of the pipe; (f) circumferential scanned image of the girth weld. 

 

 

 

 

 

 

  

Figure 4. Guided wave propagation in a pipe and reflection coefficient (RC) in the complex 

plane: (a) guided wave propagation in a pipe with a reflector; (b) RC in the complex plane. 

 

 

 

 

 

 

 

 Figure 5. A reflector can be decomposed into a step down and a step up. 
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Figure 4. Guided wave propagation in a pipe and reflection coefficient (RC) in the complex plane:
(a) guided wave propagation in a pipe with a reflector; (b) RC in the complex plane.

Further assuming ξ =
δ1
δ2

, the reflection coefficient (RC) is obtained according to Equation (4):

RC =
Pr0

Pi0
=
ξ− 1
ξ+ 1

= Re+jIm (5)

where Re and Im are the real and imaginary parts of the RC, which are illustrated in the complex plane
in Figure 4b.

Therefore, the impedance angle and module of RC shown in Figure 4b are calculated respectively as:

|θ| =
∣∣∣arctan(Im/Re)

∣∣∣ = |θRe − θIn|

|RC| =
√

Im2+Re2 (6)
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where θIn and θRe are the phases of the incident wave and the reflection wave respectively. From
Equations (5) and (6), the phase characteristics of the guided wave reflected from a reflector can be
obtained as follows:

(a) If δ1 < δ2, namely RC < 0, so the phase shift |θ| =
∣∣∣arctan(Im/Re)

∣∣∣ = |θRe − θIn| = (2k− 1)π, k =

1, 2, . . . , n.
(b) If δ1 > δ2, namely RC > 0, so the phase shift |θ| =

∣∣∣arctan(Im/Re)
∣∣∣ = |θRe − θIn| = 2kπ, k = 0, 1,

. . . , n.
(c) If δ1 = δ2, RC = 0, this indicates there is no reflector in the pipeline.
(d) If δ1 � δ2, this means almost all of the incident wave is reflected back.

A defect or support reflector can be decomposed into a step down (front-edge of the reflector,
namely δ1 > δ2) and a step up (back-edge of the reflector, namely δ1 < δ2), as shown in Figure 5. Thus,
for a defect reflector, the incident wave is in the same phase with the reflection wave generated from
the front-edge of the reflector; while the wave reflected from the back-edge of the reflector is in the
opposite phase with the incident wave, according to the above conclusions.

scan signal of the pipe; (d) A-scan signal of the girth weld; (e) circumferential scanned image 

of the pipe; (f) circumferential scanned image of the girth weld. 
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Figure 5. A reflector can be decomposed into a step down and a step up.

4. Proposed Method Based on the Circumferential Scanning and Phase Characteristics

The guided-wave signals reflected from a reflector are the overlapping results of the reflection
components from the step down and the step up. Figure 6 illustrates the wave propagation paths
corresponding to the individual signals in a pipe with a defect reflector, where Si(t) and Sr(t) are the
incident signal and its reflection signal, respectively.

As shown in Figure 6, the RCs and transmission coefficients (TC) at the front- and back-edge of
the reflector are respectively defined as: reflection coefficient RC1 = RE1/Si(t), transmission coefficient
TC1 = TR1/Si(t), reflection coefficient RC2 = RE2/TR1, transmission coefficient TC2 = TR2/TR1, reflection
coefficient RC3 = RE3/RE2, transmission coefficient TC3 = TR3/RE2, and {RC1, TC1, RC2, TC2, RC3, TC3}
∈ [0, 1]. The reflection signals received from the reflector, Sr(t), may be modelled as:

Sr(t) = RE1 + TR3 + Ψ (t) = RC1 × Si(t) + TC1 × RC2 × TC3 × Si(t − t0) + Ψ (t) =

Sr1(t) + Sr2(t − t0) + Ψ (t), 0 < t < T
(7)

where Sr1(t) and Sr2(t) represent the reflection responses from the front- and back- edge of the reflector,
Ψ (t) corresponds to the uncorrelated noise, T is the observation time, and t0 is the time delay, estimated
by the axial length of the reflector and wave velocity. Reflections from the reflector cause different
degrees of signal decay, in a similar way to the acoustic energy marked in Figure 6. Obviously, Sr1(t) >
Sr2(t), which means that Sr1(t) generated from the front-edge of the reflector is the main component
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of Sr(t). Therefore, Sr1(t) includes the main information of the overlapping signals and determines
the characteristics of the reflector (shape and size), as illustrated in Figure 7. Consequently, only the
change of the front-edge (a step down or a step up) of the reflector needs to be identified by the phase
characteristics described in Section 3, then the type and shape of the reflector (geometric or defect
feature) can be determined.

 

Figure 6. Wave propagation paths corresponding to the individual signals in a pipe with a reflector. 

 

 

 

 

 

 

Figure 7. Reflection wave from the front- and back-edge of a reflector and their overlapping 

wave: (a) reflection wave from a reflector; (b) overlapping wave. 
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Figure 6. Wave propagation paths corresponding to the individual signals in a pipe with a reflector.
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Figure 7. Reflection wave from the front- and back-edge of a reflector and their overlapping wave:
(a) reflection wave from a reflector; (b) overlapping wave.

Based on the above analysis, the method for locating and identifying the reflector in pipelines
is proposed as follows. Firstly, a 2D image of the reflecting features in the pipe is reconstructed
through the guided-wave circumferential scanning technique and image processing, and the axial
and circumferential positions of the reflector are obtained. Secondly, to identify the change of the
front-edge and further obtain the type of the reflector, the method based on phase characteristics is
developed by calculating the spatial distances between Si(t) and Sr(t). According to Equation (7),
discrete signals Si(n) and Sr(n) are obtained by sampling Si(t) and Sr(t). Before calculating, the distances

between Si(n) and Sr(n), Sr(n) need to be preprocessed first to obtain the data matrix YM×Γi =


sr1

sr2
...

srM

 =
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sr11 sr12 · · · sr1Γi

sr21 sr22 · · · sr2Γi
...

... · · ·
...

srM1 srM2 · · · srMΓi

 by applying a rectangular window function w(n) =
{

1, 0 < n ≤ Γi
0, otherwise

and

an analysis step γ ∈ [1,Γi], and M = [
(Γr−Γi)
γ + 1], where [

(Γr−Γi)
γ + 1] denotes the largest integer no

more than (Γr−Γi)
γ + 1, Γi and Γr are the dimensions of Si(n) and Sr(n), respectively. We adopt the

standard Euclidian distance to calculate the distance values D(Si, Sri) between YM×Γi and Si(n), which
is written as:

D(Si, Sri) =

√√√√ N∑
j=1

(
si − sri j

τi
)

2
∈ [0,∞), (i = 1, 2, . . . , M) (8)

where τi is the standard deviation of Sri(n). Similarly, the distance values D(Si, Sri) are obtained

according to Equation (8), where parameters of Si are the same as Si except that the phase is opposite.

Then, the minimum values of D1 = min{D(Si, Sri)} and D2 = min{D(Si, Sri)} are found. The change of
the front-edge can be identified by comparing D1 and D2 and the shape of the reflector can be further
determined. Finally, the results are updated into the 2D image using different colours.

To estimate the reliability and accuracy of the method, an identification index named the reliable
index for the character of the reflector (RICR) is defined as:

RICR = 10 ∗ lg(|D1 −D2|), RICR ∈ [−∞,∞) (9)

Based on the test results, it has been found that if RICR was larger than 1.05, the predicted results
for the reflector type were reliable.

The main steps and workflow are described as:
Step 1: A 2D data matrix Hi*j is obtained by moving the transducer with a given step η along the

circumferential direction of a pipe.
Step 2: The data matrix Hi*j is preprocessed to obtain upper envelopes, then an original 2D

scanned image is constructed.
Step 3: The original image is further processed to obtain an enhanced 2D scanned binary image

by using image enhancement, image smoothing and binary processing to improve the resolution and
inspection accuracy. A reflector is then found, which is discontinuous from bottom to top in the 2D
circumferential scanned image. Otherwise, the process returns to Step 1.

Step 4: The incident signal Si with initial phase θIn is excited to generate T(0,1) mode guided
wave, and Sr is received by sampling guided wave signals.

Step 5: A data matrix YM×Γi is constructed by gating Sr using the rectangular window function
w(n) with analysis step size γ.

Step 6: Calculate standard Euclidian distance values D(Si, Sri) and D(Si, Sri) to produce the spatial
distance curves Ψ1 and Ψ2 respectively.

Step 7: D1 = min{D(Si, Sri)} and D2 = min{D(Si, Sri)} are obtained from the above distance curves
(except distance values of the incident wave and reflected waves from a pipe end or flange).

Step 8: If D1 < D2, the front-edge of the reflector is a step down, it indicates the reflector is a
defect feature. Else if D1 > D2, the front-edge of the reflector is a step up, it means the reflector is
a geometric feature (like a support or local weld). Otherwise, if D1 = D2, the compared result is
deemed inconclusive.

Step 9: The value of the RICR is calculated using Equation (9), if RICR >1.05, the judgement
is reliable.
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Step 10: The enhanced 2D scanned binary image is updated with the result, the locations and
type of the reflector are intuitively shown, as red indicates the reflector is a defect feature, and blue
indicates the reflector is a geometric feature.

5. Numerical Simulation and Verification

In this section, the validity and robustness of the proposed method were investigated using
numerical and simulated signals.

5.1. The Choice of the Incident (Excitation) Pulse Signal

The modulated Gaussian pulse was chosen (also known as the Gabor pulse) as the excitation pulse:

g(t) = exp−(t−µ)
2/2σ2

cos(2π fc(t− µ) + θ) (10)

where σ, µ, fc and θ represent the width of the pulse, time shift, centre frequency and phase, respectively.
The main motivation for using Gabor pulse is that the Gabor waveform has the best time–frequency
resolution [21].

5.2. Numerical Investigation of the Proposed Method

For simplification, only Steps (5) to Step (9) in Section 3 are first checked for noise robustness in
this section. Considering that the signal-to noise ratio (SNR) of the actual guided wave signal was
poor, artificial noises were added into the numerical signals. A numerical guided wave signal x̂(t)
including two Gabor pulses x1(t), x2(t) and a random white noise ς(t), can be represented as:

x̂(t) = x(t) + ς(t) = x1(t) + x2(t) + ς(t) =
2∑

i=1

Aigi(σi, ui, fci,θi)(t) + ς(t) (11)

where the SNR of x̂(t) is defined as:

SNR = 10 log10

∫ ∣∣∣x(ti)
∣∣∣2dt∫ ∣∣∣n(ti)
∣∣∣2dt

(dB) (12)

In the first case, the two Gabor pulses in x̂(t) are not overlapped, which means that the axial
length of the reflector is long enough. x1(t) and x2(t) represent the reflection signals from the front- and
back-edge of a reflector, respectively, while the reflector is set as a defect. The sampling frequency is
assumed to be fs = 3000 kHz. The Gabor excitation pulse Si is (σ, µ, θn, fc) = (4 × 10−6 s, 2 × 10−6 s,
π/2rad, 64 kHz). The specific parameters of the Gabor pulses g1(t) and g2(t) are tabulated in Table 1.

Table 1. Parameters of Gabor pulses x1(t) and x2(t).

Pulses Ai σ u (s) f c (kHz) θ (rad)

x1(t) 1 4.0 × 10−6 3.6 × 10−4 64 π/2
x2(t) 0.5 4.0 × 10−6 4.0 × 10−4 64 −π/2

After calculating in MATLAB, Figure 8 shows the numerical signals with different SNRs as well as
comparisons of the results obtained from the proposed method and the correlation coefficient method.
The observation time is T = 7 × 10−4 s. The dimensions of Si(n) and x̂1(n) are Γi = 181 and Γr = 2101,
respectively. The analysis step γ is equal to 1; therefore, the total number M = 1920. The horizontal axis
represents the number M of calculations; while the vertical axis represents the signal spatial distances
or correlation coefficients. For x̂1(t) with SNR = 1 dB shown in Figure 8a, the minimum values of

the distance curves in Figure 8b are D1 = min{D(Si, x̂1)} = 95.87 and D2 = min{D(Si, x̂1)} = 110.21,
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respectively. D1 < D2, therefore the front-edge of the reflector is a step down, indicating the reflector as
a defect feature. The value of the RICR is equal to 11.56 (RICR >1.05), thus the judgement is reliable.
For x̂2(t) with SNR = 0.1 dB in Figure 8c, the minimum values in Figure 8d are D1 = min{D(Si, x̂2)} =

96.7 and D2 = min{D(Si, x̂2)} = 109.12, respectively. D1 < D2, therefore the front-edge of the reflector is
a step down, indicating the reflector being a defect feature. The value of the RICR is equal to 10.94
(RICR >1.05), so the judgement is reliable.

By contrast, Figure 8e,f present plots of the correlation curves of the signals based on the Pearson’s
correlation coefficient method (PCCM), with the Gabor excitation pulse Si employed as a reference.
The results using the PCCM could not represent the differences of x1(t) (the reflection signal from the
front-edge) and x2(t) (the reflection signal from the back-edge) in amplitudes, and their SNRs are lower.
Therefore, the PCCM failed to determine and evaluate the front-edge and the type of the reflector,
especially when the pulses are overlapped.
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Figure 8. Numerical signals with different signal-to noise ratios (SNRs) and comparisons of the results
by the proposed method and correlation coefficient method; (a) x̂1(t) with SNR = 1 dB; (b) Distance
curves Ψ1 (Up) and Ψ2 (Down) of x̂1(t); (c) x̂2(t) with SNR = 0.1 dB; (d) Distance curves Ψ1 (Up)
and Ψ2 (Down) of x̂2(t); (e) Pearson’s correlation coefficient method (PCCM) curves Ψ1 (Up) and Ψ2

(Down) of x̂1(t); (f) PCCM curves Ψ1 (Up) and Ψ2 (Down) of x̂2(t).

The second case is performed for two overlapped pulses. This situation is even more common
in the guided-wave inspection, but it is more difficult to judge the character of the reflector from the
measured signals. The specific parameters of the Gabor pulses g1(t) and g2(t) were tabulated in Table 2.
The reflector is set as a defect. The sampling frequency is assumed to be fs = 3000 kHz. The Gabor
excitation pulse Si is (σ, µ, θin, fc) = (4 × 10−6 s, 2 × 10−6 s, π/2rad, 64 kHz).

Table 2. Parameters of Gabor pulses x1(t) and x2(t).

Pulses Ai σ u (s) f c (kHz) θ (rad)

x1(t) 1 4.0 × 10−6 3.8 × 10−4 64 π/2
x2(t) 0.5 4.0 × 10−6 4.0 × 10−4 64 −π/2

After calculating in MATLAB, Figure 9 indicates the numerical signals with different SNRs and
comparisons of the results by the proposed method and the PCCM. For x̂1(t) with SNR = 1 dB in
Figure 9a, the minimum values of the distance curves in Figure 9b are D1 = min{D(Si, x̂1)} = 98.49

and D2 = min{D(Si, x̂1)} = 115.12, respectively. D1 < D2, therefore the front-edge of the reflector is a
step down, indicating the reflector as a defect feature. The value of the RICR is equal to 12.21 (RICR
>1.05), thus the judgement is reliable. For x̂2(t) with SNR = 0.1 dB in Figure 9c, the minimum values

in Figure 9d are D1 = min{D(Si, x̂2)} = 94.1 and D2 = min{D(Si, x̂2)} = 109.29, respectively. D1 < D2,
therefore the front-edge of the reflector is a step down, indicating the reflector is a defect feature. The
value of the RICR is equal to 11.82 (RICR >1.05), as a result, the judgement is reliable. The PCCM
found difficult to determine and evaluate the front-edge and the type of the reflector, as shown in
Figure 9e,f. It should be noted that, due to the differences in amplitudes, the front-edge (x1(t)) in the
proposed method was more distinct than that in the PCCM, which is more convenient to identify the
change and type of the front-edge as well as the reflector.
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5.3. Simulation Investigation and Verification

The finite element (FE) is widely used to investigate the interaction between guided waves
propagating along a structure and features within the structure [22–27]. In this section, in order to test
the functionality and reliability of the proposed method, numerical simulations in sample pipes were
conducted. The three-dimensional solid and finite element model of the sample pipes were constructed
in a commercial FE software package [28].

5.3.1. Finite Element Model

As displayed by the three-dimensional schematic diagrams in Figure 10a,b, a sample pipe with an
inner radius of r, an outer radius of J and a length of B is used. Circumferential grid nodes on one end
of the pipe are chosen as the excitation nodes. Receiving nodes of guided-wave signals are E away
from the excitation nodes. The reflector, whose front-edge is located F away from the excitation nodes,
is characterized by the parameters of the axial length Z, the slope angle α, the radial depth Q and
the circumferential extent β, respectively. Three test cases with different types of models depicted in
Figure 10b were investigated. The geometrical and physical parameters of the sample pipes are listed
in Table 3. The physical parameters in all models include the Poisson’s ratio, Young’s modulus and
density, which are set with the values for a steel pipe [6]. Model 1 and Model 2 represent reflectors
with different structures, and their slope angles are different (typical values: 90◦ and 120◦) in Cases 1
and 2. Considering that Case 3 contains multiple reflectors, to show the results clearly, the values of
geometrical parameters in Case 3 are larger than those in Cases 1 and 2. The types of the reflectors in
Model 1 and Model 2 are defect features, while Model 3 contains a geometric feature. The predicted
results using the proposed method were presented and discussed below.
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Figure 10. Schematic illustration of the finite element models in the sample pipe: (a) three-dimensional
schematic diagram; (b) schematic of a sample pipe with different types of models.
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Table 3. Geometrical and physical parameters of the sample pipes.

Category
Outer

Radius
(J)/mm

Inner
Radius
(r)/mm

Axial
Length
(Z)/mm

Circumferential
Extent β/deg

Slope
Angle
α/deg

Depth
(Q)/mm

Length
(B)/mm

Length
(F)/mm

Density
Kg/m3

Distance
(E)/mm

Poisson’s
Ratio

Young’s
Modulus/GPa Reflector’s Type

Case 1 204 200 2 5 90 2 650 390 7800 230 0.28 210 Defect feature
(Model 1)

Case 2 204 200 2 5 120 2 650 390 7800 230 0.28 210 Defect feature
(Model 2)

Case 3 204 200
4 10 90

4 650
390

7800 230 0.28 210

Geometric feature
(Model 3)

2 8 90 318 Defect feature
(Model 1)
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5.3.2. Investigation for Case 1

The numerical model of the test Case 1 with parameters shown in Table 3 was established in
ABAQUS/Explicit, as illustrated in Figure 10b. This reflector was set on the outer surface of the pipe.
The C3D8R type elements with mesh size l = 1 mm were used in the model to ensure convergence
and solution accuracy. Steps (1) to (3) were performed first. As illustrated in Figure 2, the size of the
transducer elements is approximately 48◦, and the step is η = 12◦, the circumferential displacements
(uθ) were recorded and 30 sets of data were obtained after scanning along the pipe for 360◦. The
received signals formed a 2D data matrix Hi*j. The upper envelopes of Hi*j shown in Figure 11a were
obtained by applying the Hilbert transform. Subsequently, the 3D representation of the scan results
was illustrated in Figure 11b, and was constructed with the upper envelopes. In order to obtain the
axial and circumferential positions of the reflector, the original scanned image was processed in order
to improve the detection accuracy by applying a median filter, bilinear interpolation algorithm and
binary processing; the enhanced 2D scanned image, smoothed 2D scanned image and enhanced 2D
scanned binary image obtained are illustrated in Figure 11c,d respectively. The images were displayed
as an unwrapped pipe, with the top and bottom of the images being at the same circumferential
location, the vertical axis as the circumferential location, and the horizontal axis as the axial position.
The axial and circumferential positions of the reflector are shown clearly in the images.
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(b) 

Figure 11. Cont.



Appl. Sci. 2020, 10, 1799 16 of 24

 
(c) 

 
(d) 

Figure 11. Analysis results based on the proposed method: (a) the upper envelopes of the 

guided-wave simulation signals: (b) 3D representation of the reflector; (c) original 2D scanned 

image (Up), enhanced 2D scanned image (Middle) and smoothed 2D scanned image (Down); 

(d) enhanced 2D scanned binary image. 

 

 

 

 

 

 

 

 

  

Figure 11. Analysis results based on the proposed method: (a) the upper envelopes of the guided-wave
simulation signals: (b) 3D representation of the reflector; (c) original 2D scanned image (Up), enhanced
2D scanned image (Middle) and smoothed 2D scanned image (Down); (d) enhanced 2D scanned
binary image.

The end of the pipe and the incident signals are continuous from the bottom to the top in the
scanned images, while the reflector is discontinuous and is located within a small circumferential
range. To identify the reflector, steps (4) to (10) were further performed. Based on the wave structural
characteristics of the torsional guided wave mode [29], the incident signal Si(n) of the T(0,1) mode was
generated by uniformly applying the excitation displacement of the Gabor pulse with parameters (σ, µ,
θin, fc) = (3 × 10−5 s, 1.5 × 10−5 s, π/2rad, 64 kHz) depicted in Equation (10) on the excitation nodes.
The centre frequency fc = 64 kHz is below the cut-off frequency of the T(0,2) mode shown in Figure 12.
Therefore, the mode conversion was not considered in this study. The reflected signals Sr(n) were
obtained through the receiving nodes.
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Figure 12. Dispersion curves of pipes illustrated in Table 1: (a) phase velocity curves; (b) group
velocity curves.

The observation time is T = 6 × 10−4 s. The dimensions of Si(n) and Sr(n) are ΓI = 43 and Γr =

574 respectively. The analysis step γ is equal to 1, so the total number M = 531. Through steps (6)
and (7), the standard Euclidian distance curves Ψ1 and Ψ2 were calculated in MATLAB and shown in
Figure 13a. The minimum values of the distance curves were D1 = 33.75 and D2 = 34.11, respectively.
D1 < D2, therefore the front-edge of the reflector was a step down, indicating that the reflector was a
defect feature. The value of the RICR was equal to 1.43 (RICR > 1.05), thus the judgement is reliable.
Finally, the enhanced 2D scanned binary image was updated and as shown in Figure 13b, the reflector
was marked in red. The final Figure 13b presented the location information and character of the
concerned reflector in an intuitive way.
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Figure 13. Analysis results based on the proposed method; (a) distance curves Ψ1 (Up) and Ψ2 (Down);
(b) updated judgment results to the enhanced 2D scanned binary image with different colours.
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5.3.3. Investigation for Case 2

The geometrical and physical parameters of the steel pipe used in case 2 are shown in Table 3.
Similarly, the 3D finite element model was constructed in ABAQUS/Explicit and steps (1) to (3) were
performed first. After the circumferential scanning simulations, 30 sets of data were obtained in total,
then the original scanned image, the enhanced 2D scanned image, smoothed 2D scanned image and
enhanced 2D scanned binary image shown in Figure 14a,b were constructed with the simulated signals.
The circumferential and axial positions of the reflector were displayed in the images clearly. In order to
determine the type of the reflector, steps (4) to (10) were carried out. The displacement loads of the
Gabor pulse excitation signal Si(n) with parameters (σ, µ, θin, fc) = (3e − 5s, 1.5e − 5s, π/2rad, 64 kHz)
were uniformly applied in the tangential direction of the excitation nodes to generate the T(0,1), Sr(n)
were obtained through the receiving nodes.

Through steps (6) and (7), Ψ1 and Ψ2 were calculated in MATLAB and shown in Figure 14c. The

minimum values were D1 = min{D(Si, Sri)} = 31.65 and D2 = min{D(Si, Sri)} = 32.97, respectively. D1 <

D2, therefore the front-edge of the reflector was a step down, indicating the reflector to be a defect
feature. The values of the RICR was equal to 3.75 (RICR > 1.05), thus the judgement was reliable.
Finally, the result was updated to the final 2D image, as shown in Figure 14d.

 

 

(a) 

 

(b) 

 

(c) 

Figure 14. Cont.
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Figure 14. Analysis results based on the proposed method:(a) original 2D scanned image (Up), 

enhanced 2D scanned image (Middle) and smoothed 2D scanned image (Down); (b) enhanced 
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Figure 14. Analysis results based on the proposed method: (a) original 2D scanned image (Up),
enhanced 2D scanned image (Middle) and smoothed 2D scanned image (Down); (b) enhanced 2D
scanned binary image; (c) distance curves Ψ1 (Up) and Ψ2 (Down); (d) updated judgment results to
the enhanced 2D scanned binary image with different colours.

5.3.4. Investigation for Case 3

Case 3 investigated multiple reflectors in a pipe. The parameters of the steel pipe used in Case 3
are shown in Table 3, and the 3D finite element model constructed and illustrated in Figure 15a is the
combination of Model 1 and Model 3, as it contains two types of reflectors: a defect feature (reflector 1)
and a geometric feature (reflector 2). The size of the transducer elements is about 60◦, and the step is η
= 12◦. Steps (1) to (3) were performed first. After simulations, 30 sets of data were obtained, then the
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original scanned image, the enhanced 2D scanned image, smoothed 2D scanned image and enhanced
2D scanned binary image shown in Figure 15b,c were constructed. Compared with Figure 11c or
Figure 14a, the reflection waves were strengthened when the size of the transducer elements was
increased. To determine the type of the reflectors, steps (4) to (10) were carried out. Through loading
the excitation displacement on the excitation nodes, Sr(n) were obtained by the receiving nodes.

Through steps (6) and (7), Ψ1 and Ψ2 were calculated in MATLAB and shown in Figure 15d. For

reflector 1, D1 = min{D(Si, Sri)} = 33.95 and D2 = min{D(Si, Sri)} = 34.22, D1 < D2, thus the front-edge
of the reflector was a step down, indicating the reflector was a defect feature. The RICR was equal to
1.31 (RICR > 1.05), thus the judgement is reliable. For reflector 2: D1 = 36.6 and D2 = 36.5, D1 > D2,
thus the front-edge of the reflector was a step up, indicating the reflector was a geometric feature. The
value of the RICR was equal to 1.10 (RICR > 1.05), thus the judgement is reliable. Lastly, the enhanced
2D scanned binary image was updated with the results, as shown in Figure 15e.
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Figure 15. Analysis results based on the proposed method:(a) a sample pipe with two reflectors; 

(b) original 2D scanned image (Up), enhanced 2D scanned image (Middle) and smoothed 2D 

scanned image (Down); (c) enhanced 2D scanned binary image; (d) distance curves Ψ1 (Up) 
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Figure 15. Analysis results based on the proposed method: (a) a sample pipe with two reflectors;
(b) original 2D scanned image (Up), enhanced 2D scanned image (Middle) and smoothed 2D scanned
image (Down); (c) enhanced 2D scanned binary image; (d) distance curves Ψ1 (Up) and Ψ2 (Down);
(e) updated judgment results to the enhanced 2D scanned binary image with different colours.

6. Conclusions

In this paper, a novel method for locating and identifying pipeline reflectors is proposed based
on guided-wave circumferential scanning and phase characteristics. The method is a combination of
two different techniques. The first technique determines the circumferential and axial positions of the
reflectors by circumferential scanning, leading to an enhanced 2D scanned binary image constructed
from a series of image-processing methods used to improve the resolution and detection accuracy. The
second technique utilizes the one-to-one phase characteristics between the incident wave and reflection
waves to identify the change and type of reflector. Then, the predictions are updated to the enhanced
2D scanned binary images and marked with different colours. An identification index named the
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reliable index for the character of the reflector (RICR) was proposed to evaluate the reliability of the
predicted results. FE software ABAQUS/Explicit was used to build 3D solid and finite element models
of the sample pipes. Numerical signals with different SNRs and FE simulation signals with different
models were successfully performed to validate the proposed method.

The proposed method and conclusions will offer guidance for further applications, and the
findings presented in this paper can serve as a foundation. For future studies on this topic, other
factors such as reflectors of different materials and geometric parameters as well as multi-modes of
the guide wave will be investigated. Although numerical simulations have validated the proposed
method, experimental validation will be conducted in future work.
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Nomenclature and Abbreviations

Ai Signal amplitude
B Length of the pipe
c Guided wave velocity
D Standard Euclidian distance
E Location of the excitation nodes
F Location of the reflector
fc Center frequency
g The Gabor pulse
Hi*j Data matrix of original guided wave signals
Im Imaginary part of the RC
J Outer radius
k Wavenumber
p Acoustic pressure
P Maximum acoustic pressure
Q Radial depth
r Inner radius
Re Real part of the RC
Si, Sr Incident signal and reflection signal

Si The same as Si except that the phase is opposite
T Observation time
t0 The time delay
uθ Circumferential displacement
v particle velocity
w Rectangular window function
x̂ Numerical guided wave signal (including two Gabor pulses: x1, x2)
Y Data matrix of guided wave signals after preprocessing
Z Axial length
α Slope angle
β Circumferential extent
γ Analysis step
ω Angular frequency
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ρ Density of the pipe
η Scanning step
δ2 Cross-sectional area
ξ Ratio of the cross-sectional areas
µ Time shift
θ Guided wave phase (θIn and θRe: phases of incident wave and reflection wave)
τi Standard deviation
σ Pulse width
Ψ Spatial distance curve
Γi, Γr The dimensions of Si and Sr

2D Two-dimensional
3D Three-dimensional
C3D8R Type of the elements in ABAQUS/Explicit
FE Finite element
IN(i) The i-th incident wave
L(N, m) Longitudinal guided wave
NDE Non-destructive evaluation
PCCM: Pearson’s correlation coefficient method
RC(i) The i-th reflection coefficient
RE(i) The i-th reflected wave
RICR Reliable index for the character of the reflector
SHM Structure Health Monitoring
SNR Signal-to noise ratio
T(N, m) Torsional guided wave mode
TC(i) The i-th transmission coefficient
TR(i) The i-th transmission wave
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