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Pipeline defect detection with depth identification
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Abstract. The time-reversal method is employed to improve the ability of pipeline defect detection, and a new approach of
identifying the pipeline defect depth is proposed in this research. When the 1,(0,2) mode ultrasonic guided wave excited through
a lead zirconate titinate (PZT) transduce array propagates along the pipeline with a defect, it will interact with the defect and be
partially converted to flexural F(n, m) modes and longitudinal L(0,1) mode. Using a receiving PZT array attached
axisymmetrically around the pipeline, the L(0,2) reflection signal as well as the mode conversion signals at the defect are
obtained. An appropriate rectangle window is used to intercept the L(0,2) reflection signal and the mode conversion signals from
the obtained direct detection signals. The intercepted signals are time reversed and re-excited in the pipeline again, result in the
guided wave energy focusing on the pipeline defect, the L(0,2) reflection and the L(0,1) mode conversion signals being
enhanced to a higher level, especially for the small defect in the early crack stage. Besides the L.(0,2) reflection signal, the L(0,1)
mode conversion signal also contains useful pipeline defect information. It is possible to identify the pipeline defect depth by
monitoring the variation trend of L(0,2) and L(0,1) reflection coefficients. The finite element method (FEM) simulation and
experiment results are given in the paper, the enhancement of pipeline defect reflection signals by time-reversal method is

obvious, and the way to identify pipeline defect depth is demonstrated to be effective.
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1. Introduction

Common metal defects, such as corrosion and cracks,
are major safety hazards in the operation of industrial
pipelines (Hong et al. 2016a, b, Cahill et al. 2018, Feng et
al. 2017). Ultrasonic guided wave, as a nondestructive
detection technology, has been widely employed in many
structure health monitoring, including pipeline (Garg et al.
2016, Beena et al. 2017, Gomez et al. 2017, Niu et al. 2018,
Li et al. 2020). It is important to identify the defect
characteristics in the process of pipeline defect inspection.
Scholars have carried out research to study the interaction
between guided wave and defects in pipeline. Gazis (1959a)
firstly and completely derived the theoretical expression of
guided wave propagation in an infinitely length and
isotropic hollow cylindrical shell and carried out the
numerical computation, which lays theoretical foundation
for the study of the guided wave in the pipeline. Fitch and
Arthur (Fitch 1963) carried out experimental studies and
obtained the values of group velocity, which verified the
theoretical solution of Gazis. The FEM simulation
combined with experimental verification are commonly
used in pipeline structural health monitoring. Alleyne and
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Cawley (Alleyne and Cawley 1996, 1997) studied the
reflection of L(0,2) mode guided wave at circumferential
notches in a pipe by using FEM simulation and
experiments. Cawley et al. (2002) studied the reflection
signals of extensional guided waves from notches of
different axial, circumferential and through-thickness
dimensions in pipes. Lowe ef al. (1998a) investigated the
mode conversion of longitudinal guided waves at the pipe
defects. Some scholars (Wang et al. 2009; Wang and Hao
2014; Li et al. 2014; Zhang et al. 2018) have also studied
the structure damage detection using guided wave,
including pipeline defect detection (Wang et al. 2010;
Lovstad and Cawley 2011; Ratassepp et al. 2010).

Usually, the reflection signal from small defect is weak
and difficult to distinguish. To improve the inspection
ability of guided waves for small defect, time-reversal
method has been introduced to the field of ultrasonic guided
wave detection (Fink 1992, Wu ef al. 1992, Cassereau and
Fink 1992, Ing and Fink 1998, May and Dual 2006, Zadeh
et al. 2016), and lots of research results have provided
useful references for this new technology (Nuiez and
Negreira 2005, Gao et al. 2015, Leutenegger and Dual
2002, Liao et al. 2009). Deng et al. (2010) studied the
temporal-spatial focusing effect of time-reversal method on
the pipeline defect detection. Zhou (2012) investigated the
realization of guided wave inspection instrument using
time-reversal method. Fu et al. (2013) proposed a synthetic
time-reversal method which provides an effective means of
application in engineering. Xu et al. (2019) proposed a
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method of pipeline defect localization using time-reversal
and matching pursuit algorithm. Du ef al. (2016) used time
reversal method to conduct pipeline corrosion pit
monitoring test.

The Lead Zirconate Titinate (PZT) with strong
piezoelectric effect is the most commonly used
piezoceramic material (Luo et al. 2016, Xu et al. 2018,
Giannelli et al. 2017). PZT transducers are widely utilized
in the ultrasonic guided wave based health monitoring of
various structures (Wang et al. 2019, Huo et al. 2017, Lu et
al. 2017, Hosseinabadi et al. 2014, Jiang et al. 2017, Du et
al. 2017). In this research, two PZT transducer arrays are
arranged at the end of the pipeline axisymmetrically to
excite and receive ultrasonic guided wave in the process of
pipeline defect detection. When the excited L(0,2) mode
guided wave propagates along the pipe with a defect, it will
interact with the defect and be partially converted to
flexural F(n,m) modes as well as longitudinal L(0,1) mode
(Tang et al. 2007). The L(0,2) reflection and the mode
conversion signals at the defect are obtained from the
receiving PZT array, and these detection signals are
intercepted with an appropriate rectangle window. The
intercepted signals are time reversed and re-excited in the
pipeline again, leads to the wave energy focusing on the
defect, and result in the L(0,2) and L(0,1) reflection signals
being enhanced to a higher level. The enhancement of
L(0,2) and L(0,1) reflection signals at defect is investigated
by FEM simulation and experimental verification. Besides
the L(0,2) reflection mode, the L(0,1) conversion mode also
contains useful pipeline defect information. Define the
reflection coefficient as the ratio of the Peak to Peak value
of the reflected signal to that of the excitation signal. The
L(0,2) and L(0,1) reflection coefficient varies with different
pipeline defect depth. The variation trend of L(0,2) and
L(0,1) reflection coefficients provides an important
reference for pipeline defect depth identification.

2. Theory fundamentals
2.1 Basic equations of guided wave in pipeline

The propagation characteristics of guided waves in an
infinite, axisymmetric, and perfectly elastic pipe is
investigated by using the cylindrical coordinate system, as
shown in Fig. 1. Assume that the inner and outer radii of the
pipe are a and b, respectively. When the guided waves
propagate in the pipe, the particle displacements satisfy the
Navier equations (Gazis 1958, Jiang et al. 2014, Yan et al.
2018)

NN

z

Fig. 1 The cylindrical reference coordinate system
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where U is displacement vector; ¢ is time; A and pare the
Lame constants of pipe material; p is the density of
material; and V2 is the Laplace operator.

Based on the Helmholtz decomposition law, the
displacement vector U can be decomposed into an
expansion scalar potential functionpand an equal volume
vector potential function H, as show in following
U=Vp+VxH
{V "H=0 )

where the potential function ¢ and H satisfy the wave
equation

2
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where cpand cgare P-wave and S-wave velocity in an
elastic medium, respectively.

When air is filled inside the pipe, the stresses on the
inner and outer surfaces satisfy the following boundary
conditions

Urrlr:a,b = Urelr:a,b = Urz|r=a,b =0 4)

The final displacement, stress and potential function can
be obtained by solving the above wave equation.
Substituting the boundary conditions, the following linear
equations are obtained

[cijlexslA B A1 By A, B,]" =[000000]" ®)

To ensure non-zero solution to equation (5), the
coefficients determinant must be zero

|ci,.|6X6 =0, (i,j = 1to 6) (6)

where ¢;; is related to the frequency, wave number, the
pipe diameter, Lames constant, pipe material Poisson's ratio
and density.

Eq. (6) is the dispersion equation of the guided wave in
the hollow tubular, and Gazis (1959b) firstly derived the
exact solution under free boundary conditions. There are
different modes of propagation when ultrasonic guided
wave propagates axially in a hollow cylinder: the
axisymmetric longitudinal mode L(0,m), the axisymmetric
torsional mode T(0,m), and the non-axisymmetric flexual
mode F(n,m). By numerically solving the dispersion Eq.
(6), the dispersion curve can be plotted, and different modes
can be determined from the dispersion curves (Yan et al.
2012).

A 2000mm-long AISI304 steel pipe is used in this
research, and its inner and outer diameters are 68 mm and
76 mm, respectively. The corresponding dispersion curves
are shown in Fig. 2. In 70 kHz to 200 kHz frequency range,
the L(0,2) mode has the fastest group velocity, and its
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Fig. 2 Dispersion curves for the AISI304 steel pipe

@
&

[ Outside wall

[
<
o

1
1

1 o

| axial displacement
|

|

Radius (mm)
w

w 4 w

8 o <

w
&
o

\radial displacement

®

%)
G

” Inside wall N . . N
-1 08 06 04 02 0 02 04 06 08 1
Displacement

Fig. 3 Displacement profile of L(0,2)

dispersion is very slight. So that the L(0,2) mode is mostly
utilized for pipeline defect detection in practice.

Analyzing the displacement profile of guided waves
plays an important role in choosing appropriate guided
wave modes for pipeline defect detection (Lowe ef al.
1998b). The displacement profile for the L(0,2) mode in the
steel pipe at the frequency of 120 kHz is shown in Fig. 3,
which shows that the axial displacement is distributed
uniformly and relatively larger along the pipe wall. This is
beneficial to detect any defect on the cross section of the
pipe. The radial displacement is smaller, and the energy loss
is small in the propagation process. If the excitation signal
vibrates axially in a pipe, the L(0,2) mode will be
generated.

The displacement profile for L(0,1) mode in the steel
pipe at the frequency of 120 kHz is shown in Fig. 4. It can
be seen that the axial displacement of L(0,1) mode varies in
the direction of wall thickness, and both forward and
backward displacement exist. The radial displacement is
relatively larger along the pipe wall. If the excitation signal
vibrates radially in a pipe, the L(0,1) mode will be
generated.

In this research, we hope to excite single pure L(0,2)
mode for pipeline defect detection, and the excitation of
L(0,1) mode should be restrained. There are several kinds
of methods to suppress the undesired mode in the procedure
of signal excitation. To strengthen the excitation of L(0,2)
mode as well as to restrain that of the L(0,1) mode, the

axially vibrating PZT patch should be used. According to
Alleyne and Cawley (Alleyne and Cawley 1996, 1997), it is
possible to suppress the excitation of L(0,1) mode by
adjusting the length of the PZT patch to be an entire
wavelength of L(0,1) mode at specific frequency. In this
research, an 120 kHz Hanning windowed toneburst signal is
applied to the surface-bonded PZT array at one end of the
pipe to excite L(0,2) mode guided wave. It is know from the
phase velocity dispersion curves shown in Fig. 2(b) that the
L(0,1) mode phase velocity at 120 kHz is about 1937m/s, so
that the L(0,1) mode wave length is calculated as

1937
Al=——=16mm (7

Therefore, choosing 16 mm long length-expanding and
contracting piezoelectric elements to compose a
transmitting transducer array, and arrange this array at one
end of the pipe. Then the single pure L(0,2) mode guided
wave can be excited by applying a Hanning windowed
toneburst signal centered on the 120 kHz frequency to this
transducer array.

2.2 The influence of defect depth on
L(0,2) to L(0,1) mode conversion

According to Ditri (1994), the shape and size
characteristics of defect directly determine the guided wave
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mode conversion. When the excited incident L(0,2) mode
guided wave propagates along the pipe with a notch defect,
it will interact with the defect and be partially converted to
non-axisymmetric flexural F(n,m) modes and axisymmetric
longitudinal L(0,1) mode, and the L(0,1) conversion mode
varies with the defect depth. The following illustrate the
influence of defect depth on L(0,2) to L(0,1) mode
conversion. The axial displacement profile of L(0,1) mode
is shown in Fig. 5(a), and the axial displacement zero
location is labeled O. If both the forward and the backward
displacement components, labeled respectively as A and B,
exist in the pipe wall, the L(0,1) mode guided wave will be
generated.

As illustrated in Fig. 5(b), when the L(0,2) mode guided
wave propagates along the pipe, there is only one uniform
forward displacement in the pipe wall before a notch defect
is encountered. When encountering a not-through-thickness
notch defect, the L(0,2) mode guided wave will be
scattered. Some of L(0,2) mode guided waves will continue
to propagate forward after the defect, still showing forward
displacement A. The other portion of L(0,2) mode guided
waves will be reflected from the defect and propagate
backward, showing backward displacement B. At this
moment, the displacement profile in the pipe wall is similar
to that of the L(0,1) mode, therefore, some of L(0,2) mode
guided waves will be converted to L(0,1) mode at the
defect. If there is no defect in the pipe, the percentage of
displacement component B is zero. If the defect in the pipe
reached through-thickness, the percentage of displacement
component A is zero. In these two extreme cases, the
displacement profiles are not consistent with that of the
L(0,1) mode, so that the L(0,2) to the L(0,1) mode
conversion will not took place. If the defect in the pipe has
not yet reached through-thickness, the displacement
components A and B will exist simultaneously, and the

displacement profile is similar to that of L(0,1) mode. In
such a situation, the reflected signals at defect will contain
the L(0,1) conversion mode.

The variation trend of L(0,1) mode conversion in the
pipe wall is shown in Fig. 6. As illustrated in Fig. 6(a),
when the defect depth is zero (no defect in the pipe), there
is only forward displacement component A in pipe wall. At
this moment, there is no L(0,1) mode in the pipe. With the
defect depth extends further, the percentage of the backward
displacement component B increases. From this time on, the
displacement profile in pipe wall gradually matches that of
the L(0,1) mode, thus the L(0,1) mode emerges, and the
amplitude of L(0,1) mode waveform will increase. As
illustrated in Fig. 6(b), when the defect depth extends to
half-wall-thickness, both forward displacement component
A and backward displacement component B are the most
similar to that of the L(0,1) mode. At this moment, the
amplitude of the L(0,1) mode waveform reaches the
maximum value. As illustrated in Fig. 6(c), when the defect
depth extends to through-thickness, the percentage of the
backward displacement component B  continuously
increases to the maximum value, while the percentage of
the forward displacement component A decreases to zero.
Accordingly, the amplitude of the L(0,1) mode waveform
gradually decrease and eventually reaches zero. The entire
process results in the amplitude of the L(0,1) mode
waveform increasing first, then decreasing, and at last
reaching zero. Therefore, the variation trend of L(0,1) mode
waveform amplitude could be used to identify the pipe
defect depth.

2.3 The synthetic time-reversal method

When using guided wave in pipeline defect inspection,
the time-reversal method can be used to improve the ability
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of small defect detection (Deng et al. 2010). General time-
reversal method requires a multi-channel synchronous
excitation-reception system to fulfill two synchronous
excitations, and this is complicated as well as inconvenient.
In this research a new approach of synthetic time-reversal
method is used instead. The synthetic time-reversal is a
signal processing method that employs the single-channel
apparatus to synthesize the multi-channel synchronous
excitation system (Fu ef al. 2013).

As shown in Fig. 7, (zp,0p,1p) denotes the pipe
defect, (z;,0;,1;) and (z,0y,1,) represent the central
position of transducer E;and E; (i, k =1, 2, 3,..., N) in an
array of N transducers uniformly distributed along the pipe
circumference, respectively. The transducer array En is
utilized to excite and to receive guided wave for pipe defect
detection.

The guided wave propagates in the pipe satisfies
reciprocity theorem (Fink 1992). The defect serves as a
passive source, and it will generate many new conversion
modes while reflecting the excitation modes. Employing the
time-reversal method for pipe defect detection leads to the
guided wave energy focusing on the defect position, and
result in the amplitude of the defect detection signal
reaching the maximum value (Xu et al. 2019).

The transducer array Ey is composed of N transducers
that are evenly distributed along the circumferential
direction at one end of the pipeline. The ultrasonic guided
waves synchronously excited by the transducer array will
propagate forward along the pipeline. When ultrasonic
guided waves arrive at defect (zp,0p,1p), scattering and
mode conversion will occur. At this moment, the defect can
be regarded as a new wave source to emit ultrasonic guided
waves outward as reflected wave. The reflected wave will
propagate back to the transducer array along the pipeline
and be received by the transducers. The signal received by
the transducer E is as follows

5e@0) = ) Hpe(@)$i(@0) Hip(wo) — (8)

i=1

where Hp,(w) is the transfer function from defect
(zp,0p,71p) to the transducer Ejy; S;(wq) is the Fourier
transformation of the initial excitation signal; H;p(w) is
the transfer function from the transducer E; to defect
(zp,0p,71p); and N is the number of transducers in the
transducer array.

Guided waves propagating in pipelines satisfy
reciprocity theorem, based on the time reversal method, we
take the complex conjugate of the received signal in the
frequency domain where 7 is an overall delay necessary to
ensure causality, so that the time-reversal signal generated
by the received signal at transducer Ej, is

Stri(Wo) =ei“”572 (wo)
N

. 9
_ e“*’fzHBk(wo)Sf(wo)Hi*D(“’O) )
i=1

ko

where denotes the complex conjugate, subscript “7R”
denotes the time-reversal signal.

A total of N time reversal signals are produced. All of N
time-reversal signals are synchronously excited again via
corresponding transducers, and the time-reversal focusing
signal at defect (zp,0p,1p) is

N
SpR(wp) = Z Hyp (0o)Str K (Wo)

L (10
- eiw‘rz HkD(wO)HBk(wO)SI((Uo) Hi*D((UO)
k=1i=1

1i

where Hpp(wy) is the transfer function from the
transducer Ej to defect (zp,0p,7p).

After time reversal, the final focusing signal received by
the entire transducer array can be expressed as

Sprr(Wo) = Hp;i(wo) SgR (wo)

-
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where Hp;(wg) is the transfer function from defect
(zp,0p,1p) to the transducer E;.
Let

SiTkR(wO) =Hpi(wo)Str Kk (Wo)Hip(wo) (12)

The Eq. (11) can be rewritten as

N
RS (13)

k=1

N
Srrr(Wo) =
i=1
It can be seen from Eq. (13), the final focusing signal
received by the entire transducer array is the linear
superposition of N X N independent items S}%(w,). From
Eq. (12), it is clear that each independent item denotes the
time reversal signal Srgj(w,) excited by the transducer
E}, after being reflected by the defect and then received by
transducer E;. That is to say, the final detected signal from
multi-channel synchronous excitation system can be
decomposed into N X N independent single-channel
signals. Therefore, a simple single-channel apparatus can be
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used to replace the complicated multi-channel synchronous
excitation system in practice to fulfill the time-reversal
method. By repeatedly acquiring the signal from the single-
channel apparatus and then taking the linear superposition,
the equivalent results of multi-channel synchronous
excitation system function is obtained, so as to realize the
synthetic time-reversal method.

3. FEM simulation

The schematic of pipe with a single notch defect is
shown in Fig. 8. The pipe dimension and material
parameters are shown in Table 1.

The notch defect is introduced at 800 mm from one pipe
end, and the defect depth is 1 mm with 2 mm axial width
and 35 mm circumferential length. Two PZT transducer
arrays are axisymmetrically arranged at the end of the pipe
to excite and to receive ultrasonic guided wave signals in
the process of pipe defect detection.

The ABAQUS software is used for finite element
method (FEM) simulation, and the pipe FEM model was
built with C3D8R solid unit as shown in Fig. 9(a). Along
the pipe circumference 32 elements are divided evenly, and
4 elements are divided along the pipe wall. At the end of
pipe FEM model, 32 excitation nodes and 32 receiving
nodes at the adjacent 2 mm are placed axisymmetrically. To
ensure that there are enough elements in one wavelength

j¢—— 800 mm —pje———— 1200 MM ——noc—p|

receiving PZT array circumferential notch defecct

L Pipe

excitation PZT array

Fig. 8 Schematic of pipe with a single notch defect

Table 1 Pipe dimension and material parameters

and to control the propagation error of guided wave within
0.5%, the element length should satisfy L <Am/8, where the
Am is the minimum wavelength of excitation signal mode
(Deng et al. 2010). In this research the element length is
selected to be 2 mm, and the FEM simulation time step is
0.1 ps with 120 kHz frequency. With these parameters, the
FEM simulation accuracy convergence is satisfactory.

As shown in Fig. 9(b), a 120 kHz Hanning windowed
10-cycle sinusoidal signal is applied to all 32 excitation
nodes synchronously to excite the L(0,2) mode guided wave
in the pipe. When the generated L(0,2) mode guided wave
propagates along the pipe with a circumferential notch
defect, it will be partially mode converted at the notch
defect to give flexural F(n, m) modes such as F(1,3), F(2,3),
as well as the longitudinal L(0,1) mode (Tang et al. 2007).
The individual direct detection signal is shown in Fig. 10.

The deformation of the F(n, m) modes at the
axisymmetrical position of pipe is just opposite, so that the
F(n, m) conversion modes can be effectively suppressed by
summing up all the signals from 32 receiving nodes
axisymmetrically placed at the end of the pipe (Jiang et al.
2014). The normalized direct detection signal after
summing up 32 receiving signals is shown in Fig. 11. We
have introduced only one defect in the pipe, there are two
detected wave packets in the normalized direct detection
signal. According to the group velocity dispersion curves
shown in Fig. 2, by analyzing and computing the position of
the wave packets, the first wave packet is the L(0,2)
reflection mode from the defect, and the second wave
packet is the L(0,1) conversion mode produced by the
interaction between the incident L(0, 2) mode guided wave
and the defect.

It can be seen from Fig. 11 that the two detected wave
packets are very small. Such small signals, in practice, are
often submerged by noise, and may not be detectable. Using
the time-reversal method for pipe defect detection leads to
guided wave energy focusing on the defect, result in defect

Pipe dimension

Pipe material

Length Outside diameter ~ Wall thickness

Density Elastic modulus ~ Poisson’s ratio

2000 mm 76 mm 4 mm

7850 kg/m? 210 x10° Pa 0.28

I.

Excitation node.

(a) The pipe finite element model
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(b) Hanning windowed 10-cycle sinusoidal signal

Fig. 9 The pipe finite element model and excitation signal
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reflection signals being enhanced to a higher level (Deng et
al. 2010, Zhou 2012). This feature is used to improve the
ability of small defects detection. As shown in Fig. 10, an
appropriate rectangular window is used for the interception
of defect L(0,2) reflection and F(n,m) conversion modes
from every individual direct detection signal. The
intercepted signal is recorded as f{(f). Each f(r) is time
reversed to produce the time-reversal signal f7z(f), and these
two signals satisfy frz(f) = f{z-t), where 7 is the width of the
interception window. A total of 32 time-reversal signals are
produced. These time-reversal signals are re-excited from
corresponding excitation nodes synchronously, and the
reflection signals are obtained from 32 receiving nodes.
After summing up all 32 reflection signals, the normalized
time-reversal detection signal is obtained, as shown in Fig.
12.

From Fig. 12 we can tell that both L(0,2) and L(0,1)
amplitudes of time-reversal detection signals are enlarged
as compared with that of direct detection signals, and they
are easier to distinguish. Thus, the ability of small defect
detection is improved. The comparison of FEM 1(0,2) and
L(0,1) reflection coefficients between direct detection and
time-reversal detection is shown in Table 2.

The reflection coefficient is defined as the ratio of the
Peak to Peak value of the reflected signal to that of the
excitation signal. Using direct detection method the

1
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Fig. 12 The FEM normalized time-reversal detection signal

Table 2 Comparison of FEM 1(0,2) and L(0,1) reflection

coefficients
Reflection Direct Time-reversal Times of
coefficient detection detection enhancement
L(0,2) 0.0215 0.1123 5.22
L(0,1) 0.0208 0.1082 5.20

reflection coefficient of L(0,2) or L(0,1) is 0.0215 or 0.0208
respectively. While using time-revers detection method both
reflection coefficients are 0.1123 and 0.1082. Times of
enhancement for L(0,2) or L(0,1) reflection coefficient is
5.22 or 5.20, both reflection coefficients enhancement are
more than 5 times.

4. Experiment
4.1 Pipe with a single defect

An AISI304 steel pipe with the parameters shown in
table 1 is used in this research. A single notch defect is
introduced at 800 mm from one pipe end, as shown in Fig.
13(a). The defect depth is 1 mm with 2 mm axial width and
35 mm circumferential length. Two PZT transducer arrays
are arranged axisymmetrically around the pipe end, and
each array is composed of 16 PZT patches as shown in Fig.
13(b).

In this research, several experiments have been
employed to strengthen the excitation of L(0,2) mode as
well as to restrain that of the L(0,1) mode. We have tested
many size of length-expanding and contracting PZT patch.
Calculating the L(0,1) mode wave length according to
equation (7), the PZT patch size is finally chosen as
16mm X 3mm X 1mm, and the distance between the two
transducer arrays is Imm (Alleyne and Cawley 1996, 1997).
It is validated that with this size of PZT patch, the single
pure L(0,2) mode guided waves can be generated in the
pipe, and the flexural F(n,m) modes are also minimized by
applying a Hanning windowed toneburst signal centered on
the 120 kHz frequency to the transducer array. The
properties of piezoelectric material for PZT patch are shown
in Table 3.
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(a) A single notch defect in pipe

Receiving PZT array

Excitation PZT array

(b) The transducer array layout

Fig. 13 Pipe with a single notch defect and the transducer array layout

Table 3 Properties of piezoelectric material for PZT patch

Parameter Symbol Value Unit
Piezoelectric constants e31 -5.2 Clm2
Piezoelectric charge constants dsi -123 pmlv
Density 7500  kg/m?

Frequency constant 2 MHz * mm

N S~ =z o

Length of piezoelectric material 16 mm
Width of piezoelectric material 3 mm
Thickness of piezoelectric material mm

Notch defect

ATSI304 pipe specimen

SDG2122 I

ATA2021H

Fig. 14 Experimental setup

The experimental setup is shown in Fig. 14. The
AISI304 pipe specimen is rested on a wooden support. The
Siglent SDG2122 arbitrary waveform generator is
employed to generate a 120 kHz Hanning windowed 10-
period sinusoidal signal. This signal is amplified to 100 Vpp
by the Agitek ATA2021H power amplifier, and then is
applied to the excitation transducer array to generate L(0,2)
mode guided wave in the pipe. The reflection signal is
detected by the receiving transducer array, the Tektronix
MSO02014 digital oscilloscope is used to collect the
reflection signal, and the computer is utilized for data
processing. The following are the experiment steps.

0.3

L(0,2) excitation signal

reflection from end

0.2

L(0,1) and F(n,m)
conversion modes

°

interception window

o

Amplitude (V)

L(0,2) reflection mode
and F(n,m) conversion modes

S

0.2

0.3

0 0.1 0.2 0.3 04 0.5 0.6 07 08 09 1
Time (s) 102

Fig. 15 The experimental direct detection signal obtained
from individual receiving PZT transducer

Step 1: An 120 kHz Hanning windowed 10-period
sinusoidal signal is applied to the excitation PZT array, and
16 defect reflection signals from the receiving PZT array
are recorded by the digital oscilloscope. The individual
direct detection signal is shown in Fig. 15.

After summing up all 16 individual receiving signals,
the F(n,m) conversion modes are suppressed, and the
experimental normalized direct detection signal is shown in
Fig. 16. Although we have only introduced one defect in the
pipe, there are two detected wave packets in the
experimental normalized direct detection signal. By
analyzing and computing the position of the wave packets
with the same approach as FEM simulation, the first wave
packet is the L(0,2) reflection mode from the defect, the
second wave packet is the L(0,1) conversion mode
produced by the interaction between the incident L(0, 2)
mode guided wave and the defect in the pipe. Both L(0,2)
and L(0,1) wave packets are quite small and may not be
distinguished with noise in practice. To improve the ability
of small defect detection, the synthetic time-reversal
method is utilized in the next experiment steps.

Step 2: As shown in Fig. 15, an appropriate rectangular
window is used to intercept the defect L(0,2) reflection and
F(n,m) conversion modes from every individual direct
detection signal. The intercepted signal is time reversed to
produce the time-reversal signal, a total of 16 time-reversal
signals are produced. Each time-reversal signal is re-excited
from corresponding excitation PZT transducer with the



Pipeline defect detection with depth identification using PZT array and time-reversal method 261

1 . .
o L(0.2) excitation signal reflection from end
0.6
o 04
3
3 02 L(0,1) conversion mode
£
©
b i
[
N
E -0.2
S L(0,2) reflection mode
Z 04
-0.6
-0.8
-1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (s) <107

Fig. 16 The experimental normalized direct detection signal

same circumferential position of the receiving transducer,
totally re-excite 16 times. After each excitation, 16
reflection signals are recorded from the receiving PZT array
by the digital oscilloscope.

Step 3: The 16 X 16 reflection signals from the
receiving PZT array are summed up to obtain the equivalent
multi-channel ~ synchronous excitation  time-reversal
detection signal. The experimental normalized time-reversal
detection signal is shown in Fig. 17. It is clear that both
L(0,2) and L(0,1) amplitudes of time-reversal detection
signals are enhanced to a higher level, and they are easier to
identify in practice.

The comparison of experimental L(0,2) and L(0,1)
reflection coefficients between the direct detection and the
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Fig. 17 The experimental normalized time-reversal
detection signal

Table 4 Comparison of experimental L(0,2) and L(0,1)
reflection coefficients

Reflection Direct Time-reversal Times of

coefficient detection detection enhancement
L(0,2) 0.0211 0.1057 5.01
L(0,1) 0.0208 0.1040 5.00

time-reversal detection is shown in Table 4. The
enhancement of both reflection coefficients is about 5
times. The experimental result is in good agreement with
FEM simulation.
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L(0.1) converssn mode
e i
L(0,2) reflection mode
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(d) 4 mm defect depth

Fig. 18 The experimental normalized direct detection signals with different defect depth
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Fig. 19 The experimental normalized time-reversal detection signals with different defect depth

Table 5 Comparison of experimental L(0,2) and L(0,1)
reflection coefficients with different defect depth

Reflection coefficients

Defect  Signal - - Times of
depth mode Direct  Time-reversal ¢phancement
detection detection
L(0,2) 0.0201 0.1031 5.11
1 mm
L(0,1) 0.0197 0.0995 5.05
L(0,2) 0.0452 0.2158 4.79
2 mm
L(0,1) 0.0431 0.2102 4.87
L(0,2) 0.0843 0.3881 4.61
3 mm
L(0,1) 0.0398 0.1891 4.75
L(0,2) 0.1304 0.5998 4.60
4 mm
L(0,1) 0 0 0

4.2 Pipe with defect of different depth

A single notch defect is introduced at 800 mm from the
AISI304 steel pipe end. The defect axial width is 2 mm with
35 mm circumferential length, and the defect depth expands
from 1 mm to 4 mm. The direct detection signals and the
time-reversal detection signals are shown in Figs. 18 and
19, respectively. With the defect depth increase, the
amplitude of L(0,1) increase first, then decrease, and at last
reaches zero, while the amplitude of L(0,2) increase
monotonously. The experimental result is consistent with
the analyzing of the influence of defect depth on L(0,2) to

L(0,1) mode conversion in section 2.2. The amplitudes
variation trend of L(0,2) and L(0,1) with different defect
depth provides an important reference for pipeline defect
depth identification.

The comparison of experimental L(0,2) and L(0,1)
reflection coefficients between direct detection and time-
reversal detection with different defect depth is shown in
Table 5. It is obvious that the reflection coefficients of time-
reversal detection signals are larger than that of direct
detection signals, especially for the small defect in the early
crack stage. The smaller the defect is, the more
enhancement of the reflection coefficients occurs. This
feature makes it easier to distinguish the small pipeline
defects.

5. Discussion

Minor defects in pipeline only introduce weak
reflections of guided wave, which limits the detection range
and make it ineffective to use guided wave signals for
reliable pipeline defect detection. To enhance the inspection
potential ability of guided waves for small defect, time-
reversal method has been introduced to the field of pipeline
defect detection and found effective in a solid circular
waveguide for the dispersed multi-mode signals. When the
excited L(0,2) mode guided wave propagates along a
pipeline with defect, the echo signals will contain the L(0,2)
reflection mode and other conversion modes including the
L(0,1) mode. Using the time-reversal method for pipeline
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Fig. 20 Variation trend of L(0,2) and L(0,1) reflection
coefficients with different defect depth, (defect
circumferential length is fixed to 20%
circumference)

defect detection, the amplitudes of L(0,2) and L(0,1) mode
reflection signals at the defect are enhanced to a higher
level, so as to distinguish the small defect more easily. In
addition to the L(0,2) reflection mode, the L(0,1)
conversion mode also contain useful information in the
process of pipeline defect detection.

5.1 The L(0,2) and L(0,1) reflection characteristics
with different defect depth

To evaluate quantitatively the pipeline defect depth
identification with L(0,2) and L(0,1) reflection coefficients,
the defect circumferential length is fixed to 20% of
circumference, and the defect depth is divided into 10
grades, from 10% to 100% of wall thickness with an
increment of 10%. With the 120 kHz excitation signal, the
FEM simulation and the experiment of time-reversal defect
detection are carried out, and the results of L(0,2) and
L(0,1) reflection coefficients with different defect depth are
shown in Fig. 20.

The circular annotated curves are L(0,2) reflection
coefficients, the square annotated curves are L(0,1)
reflection coefficients. Meanwhile, the solid lines denote
the experimental results, and the dotted lines denote the
numerical simulation results. It is clear that the FEM
simulation are in good agreement with the experimental
results.

With increase of defect depth, the L(0,2) reflection
coefficient increases monotonously, while the L(0,1)
reflection coefficient increases first, and then decreases.
Before the defect reaches half-wall-thickness, the L(0,2)
and the L(0,1) reflection coefficients are almost the same.
When the defect depth reaches half-wall-thickness, the
L(0,1) reflection coefficient reaches the maximum value. As
the defect depth extends further, the L(0,1) reflection
coefficient gradually decreases while the L(0,2) reflection
coefficient still increases. When the defect depth reaches
through-thickness, the L(0,1) reflection coefficient
decreases to zero, and the L(0,2) reflection coefficient
reaches the maximum value. This feature is significant for
pipeline defect depth identification.

By fitting the experimental data of L(0,2) or L(0,1)

reflection coefficient with defect depth using the least
squares method, the following theoretical equations are
obtained, which can be used to evaluate quantitatively the
defect depth of the tested pipe.

{RLZ = 0.0057x — 0.029 »
R, = 0.00003x2 — 0.0043x — 0.0014 (14)

Where R;> or R;; is the L(0,2) or L(0,1) reflection
coefficient respectively, and x is the percentage of defect
depth along wall thickness.

5.2 The L(0,2) and L(0,1) reflection characteristics
with different defect circumferential length

The defect depth is fixed to 70% of wall thickness, and
the defect circumferential length is divided into 10 grades,
from 10% to 100% of the circumference with an increment
of 10%. With the 120 kHz excitation signal, the FEM
simulation and the experiment of time-reversal defect
detection are carried out, and the results of L(0,2) and
L(0,1) reflection coefficients with different defect
circumferential length are shown in Fig. 21.

The L(0,2) and L(0,1) reflection coefficients are
nonlinearly increasing with the defect circumferential
length. At the beginning, the rate of increase is larger, then
gradually saturating. This is because the time-reversal
method is used to conduct guided wave detection, and the
energy of the guided wave will focus on the defect. The
guided wave energy gradually disperse with the increase of
the defect circumferential length, and result in its
distribution in the circumferential direction inconsistent.
With the defect circumferential length extends further, the
energy of the guided wave will be distributed uniformly
throughout the circumference of the pipe when the defect
circumferential length reaches full circumference.

The defect depth is fixed to 100% of wall thickness,
with the 120 kHz excitation signal, the L(0,2) and L(0,1)
reflection coefficients with different defect circumferential
length are shown in Fig. 22.

The 1L(0,2) reflection coefficients increases nonlinearly
with the defect circumferential length, while the L(0,1)
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Fig. 21 Variation trend of L(0,2) and L(0,1) reflection
coefficients with different defect circumferential
length, (defect depth is fixed to 70% of wall
thickness)
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reflection coefficient is approximately zero. This feature
indicates that the L(0,2) mode will not be converted to
L(0,1) mode at a through-thickness defect, and it is another
important reference for pipeline defect depth identification.

6. Conclusions

In this paper, the time-reversal technology in pipeline
defect detection is investigated by FEM simulation and
experiments, and a new approach of pipe defect depth
identification is proposed. The following are some
important conclusions drawn from this research.

e The ability of pipeline defect detection is effectively
improved by using the time-reversal method,
especially for the small defect in the early crack
stage. Utilizing the PZT transducer array and the
principle of linear superposition, the equivalent
function of multi-channel synchronous excitation
time-reversal detection is realized by using a single-
channel apparatus with synthetic time-reversal
method.

e When the excited L(0,2) mode guided wave
propagates along the pipeline with a circumferential
notch defect, the L(0,2) mode will be partially
converted to other modes including the L(0,1) mode.
If the defect is through-thickness, the L(0,1) mode
will not be converted.

e In addition to the L(0,2) reflection mode, the L(0,1)
conversion mode also contain useful pipeline defect
information. With almost the same L(0,2) and L(0,1)
reflection coefficients, the defect depth have not
reached half-wall-thickness. When the L(0,1)
reflection coefficient reaches the maximum value,
the defect depth reaches half-wall-thickness. When
the L(0,1) reflection coefficient begin to decrease,
the defect depth reaches over half-wall-thickness.
When the L(0,1) reflection coefficient reaches zero
while that of L(0,2) reaches the maximum value, the
defect depth reaches through-thickness. The defect
depth can be easily identified by monitoring the

variation trend of L(0,2) and L(0,1) reflection
coefficients, and using Eq. (14) the defect depth of
the tested pipe could be evaluated quantitatively.
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