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The fundamental torsional wave mode, T(0,1), is typically preferred in monitoring defects in long-range pipe-like
¢ structures due to non-dispersive and low attenuation characteristics such that the wave packet is not distorted
Pipes with distance. However, the sensitivity of T(0,1) wave mode depends on the defect type and orientation. While it
g::)i‘;;scsiiif;‘:ence is highly sensitive to cracks along the axis of pipes, the sensitivity to detect thickness change is low as T(0,1)
Gradient-index lens wave mode generates tangential displacement motion around the pipe circumference. In this study, a gradient-

index phononic crystal (GRIN-PC) lens is integrated into a steel pipe to manipulate its dispersion characteristics
such that the phase velocity of T(0,1) wave mode is affected by the overall change in pipe thickness. The
modified behavior of T(0,1) wave mode within the GRIN-PC lens region increases the damage detection capa-
bility of T(0,1) wave mode. Numerical models involving a parametric unit cell study indicate that the phase
velocity of T(0,1) wave mode decreases as the thickness of the pipe with the GRIN-PC lens decreases, in contrast
with the conventional pipe. The signal difference coefficient (SDC) is applied to the acquired signal from the focal
point of GRIN-PC lens to quantify the uniform thickness change. Full-scale wave propagation simulations
involving solid mechanics coupled with the piezoelectric actuation demonstrate that the SDC increases as the
thickness decreases. The numerical results are validated with experiments using three steel pipes with different

wall thicknesses.

1. Introduction

Corrosion is one of the leading causes of failure in oil, hazardous
liquid, and gas pipelines [1]. Internal corrosion is common in oil pipe-
lines, whereas it does not occur in pipelines that carry dry gas unless
they are contaminated with corrosive fluids [2]. Uniform corrosion is
the predominant type of internal corrosion [3]. Failure is linked to the
decreased strength due to metal loss, resulting in property damage, and
even casualties [4]. Techniques such as cathodic protection are meant
for the external surface of pipelines, and are not effective against in-
ternal corrosion [5]. Early detection of metal loss due to corrosion in
steel pipes has been studied in the literature using nondestructive
evaluation (NDE) methods [6-11]. Guided wave ultrasonics is a well-
known NDE method for corrosion detection in oil and gas pipelines.
Honarvar et al. studied the pipe wall erosion/corrosion thinning rates
using cross-correlation and model-based estimation applied to ultra-
sonic data and estimated the thinning rates with good accuracy [12].
They showed that cross-correlation was a numerically more stable and

less complex method, compared to a model-based method with a high
computational cost. Nagy et al. investigated the corrosion and erosion in
steel pipes and other thin-walled structures with a novel approach based
on the fundamental flexural wave mode [13]. They took advantage of
the difference in the dispersiveness of group and phase velocities at high
frequencies, and carried out wall thickness assessment from phase angle
measurements within the constant group velocity range of the funda-
mental asymmetric mode. Corrosion imaging based on guided wave
tomography and helically-propagating Lamb wave modes were per-
formed to detect wall thickness changes in metallic pipes [14-16].
Signal difference coefficient (SDC) is a reference-based damage index
that has been adopted in order to quantify the statistical difference be-
tween two signals, based on the Pearson correlation coefficient [17].
Zhao et al. implemented SDC to examine the growth of corrosion defects
in an aircraft wing structure [18]. They associated increasing SDCs with
larger corrosion areas relative to the pristine condition. Furthermore,
other researchers showed SDC to be a reliable statistical quantity to
generate an image of the micro-corrosive defects through guided wave
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tomography in both plate-like [19,20] and pipe-like structures [14].
Still, the SDC applied to the T(0,1) wave mode by itself is not sensitive to
overall thickness change in a steel pipe, unless the dispersion charac-
teristics are modified. Being insensitive to the change in wall thickness
of conventional pipe structures limits the use of torsional wave mode to
detect uniform corrosion.

Phononic crystals (PCs) are artificially engineered structures that can
be designed by periodically adding or embedding inclusions into a base
structure [21]. The periodic variation in the geometry or the mechanical
properties of the engineered structure results in the deviation of
dispersion branches from the base structure. PCs are applied to plate-like
and pipe-like structures to manipulate the propagating elastic waves by
blocking, redirecting and focusing. Theoretical and numerical studies on
vibration reduction in pipes using PCs can be found in the literature
[22,23]. A special case of PCs, gradient-index phononic crystals (GRIN-
PC), are refractive devices based on Snell’s law in optics [24] in which
the variation of elastic properties follows a hyperbolic secant profile that
bends the plane wave towards a focal point [25]. Consequently, prop-
agating elastic waves redirected to a focal point exhibit an increased
wave amplitude. In our previous studies, we demonstrated the focusing
of guided wave modes in pipe-like structures using a conformal GRIN-PC
lens [26,27]. The amplitudes of the received signals were approximately
doubled, which broke the limitation of propagation distance of elastic
waves due to attenuation. The influence of GRIN-PC lens to detect uni-
form corrosion using torsional wave mode and single receiving sensor in
hollow structures was not investigated numerically and experimentally.

In this paper, we present the control of torsional wave mode to pipe
wall thickness change with the GRIN-PC lens. In a pipe-like structure
integrated with a GRIN-PC lens, pipe wall thickness change results in a
shift in the phase velocity, which modifies the arrival time of torsional
wave mode, allowing for the SDC to be used in tracking the thickness
loss. We studied the influence of base structure thickness on band dia-
grams or dispersion curves with the unit cell approach. Six pipes with
identical outer diameters but different thicknesses were numerically
modeled with and without the GRIN-PC lens using COMSOL Multi-
physics software. The models included transmitters and receivers made
of piezoelectric transducers as well as the adhesive layer between the
sensor-structure interface. The numerical unit cell and the full-scale pipe
models are presented in Section 2. Three pipes with different thicknesses
were experimentally tested simulating the conditions of numerical
models. Section 3 includes the description of experiments and the re-
sults. The peak frequency was extracted as a feature and the SDC from
the time domain was selected as a damage index to quantify the overall
thickness change representing the uniform corrosion. The numerical and
experimental results show that the detectability of thickness change
using torsional wave mode and single receiving sensor is achievable
with the GRIN-PC lens. The conclusions of this study are presented in
Section 4.

2. Materials and methods

In this section, numerical models involving the unit cell and the full-
scale pipe structures as well as the experimental configuration are
described.

2.1. Specifications of the pipe configuration with the GRIN-PC lens

The GRIN-PC lens consists of cylindrical stubs that are periodically
arranged on the exterior surface of a hollow cylindrical structure. The
variables of the GRIN-PC lens are stub spacing, size and material. The
spacing defines the unit cell size, which is selected as 20 mm in this study
based on the wavelength of the target guided wave mode. The stub size
and material affect the composite action of the unit cell with respect to
base material. In this study, the stub material and diameter were
selected as structural steel and 10 mm, respectively. The stub height was
increased from 1 mm to 5 mm based on the refractive index profile as
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shown in Fig. 1(a). The refractive index n of each unit cell is calculated
by.
ne Y &

Vrx

where v is the reference phase velocity determined from the plain pipe;
vrx is the phase velocity of each unit cell for a specific stub height along
the I'X direction of wave vector. The refractive index values of different
stub heights are fit to the hyperbolic secant profile as:.

n(s) = npsech(as) (2

where ny is the refractive index of the unit cell located at the centerline
of the lens, a is the gradient coefficient, and s is the circumferential
position of the stubs in terms of unit cell size a. The focal point of the
GRIN-PC lens is determined as 7/2a. The selected stub heights are shown
in Fig. 1(b). The total array of GRIN-PC lens includes 10 x 13 stubs
positioned along axial and circumferential directions. The heights of the
stubs are 4.50 mm, 4.46 mm, 4.31 mm, 4.06 mm, 3.65 mm, 2.96 mm,
and 1.92 mm to focus the torsional wave mode at a focal point of 10a
[26].

The finalized geometry of GRIN-PC lens is shown in Fig. 2(a). The
cross-section of the steel pipe with the GRIN-PC lens, where the stub
heights are symmetrically decreasing from the center to the two edges of
the lens, is illustrated in Fig. 2(b). The top view of the pipe configuration
with the GRIN-PC lens focusing the T(0,1) plane wave can be seen in
Fig. 2(c).

2.2. Description of the finite element models

The pipe wall thickness was varied from 6.00 mm to 3.18 mm to
simulate the uniform corrosion. Each unit cell model was made of 20
mm x 20 mm slice of the pipe wall, where the pipe wall thickness was
gradually decreased as shown in Fig. 3(a). The band diagrams and the
dispersion curves were obtained by analyzing the eigenfrequencies of
the unit cell in COMSOL Multiphysics. The Bloch-Floquet periodic
boundary condition, applicable for pipe-like structures [28], was
assigned to the axial and circumferential directions of the unit cell. The
wave number was swept along the edge of the first irreducible Brillouin
zone. First, the unit cell without any stubs representing conventional
pipe was investigated. Then, the unit cell with the 4.5-mm stub, as
illustrated in Fig. 3(a), was modeled. The unit cell with the 4.5-mm stub
also included a 0.15 mm-thick epoxy adhesive that attached the stub to
the pipe surface due to the impact on the dispersion properties as dis-
cussed in [27]. The unit cell model with linear tetrahedral mesh is
indicated and its boundary conditions are highlighted in Fig. 3(b).

Multiphysics numerical models of the full-scale pipe were built with
the physical fields of solid mechanics and piezoelectric actuation/
detection. The maximum element size of the mesh made of the first-
order tetrahedral elements was selected as one-twelfth of the wave-
length of the T(0,1) mode. The minimum element size of the mesh was
selected as the one-fifth of the maximum size to refine in the GRIN-PC
lens region and avoid any abrupt reductions in the element size. Thus,
the maximum element size was about 6.6 mm. The time step was
determined by conservatively assuming a Courant-Friedrichs-Lewy
number of 0.2. Hence, the time step was selected as 0.33 ps. The total
mesh of the plain pipe consisted of 79,603 domain elements, 44,020
boundary elements, and 1,365 edge elements. The total mesh of the pipe
with the GRIN-PC lens consisted of 150,857 domain elements, 75,792
boundary elements, and 6,236 edge elements. The selected frequency of
guided wave in the pipe model was 40 kHz, within the preferred range of
frequencies to detect defects in pipelines [29]. A seven-cycle Hanning
window loading function with a center frequency of 40 kHz was applied
to an array of eight d35 mode piezoelectric actuators with the di-
mensions of 15 mm x 15 mm x 1 mm to generate the plane torsional
wave mode. In this study, the through-transmission configuration of
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Fig. 1. (a) Hyperbolic secant profile fit to the refractive index values of stubs positioned along the pipe circumference normalized to the unit cell sizea, and (b)

corresponding stub heights.
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Fig. 2. (a) Steel stubs with varying heights that follow the hyperbolic secant profile. (b) The cross-section of the pipe that illustrates the 13-unit cells-wide GRIN-PC
lens made of steel stubs. (c) The top view of the full-scale steel pipe integrated with the GRIN-PC lens, manifesting the focusing behavior.
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Fig. 3. (a) Front view of the three-dimensional unit cell model with the 4.5 mm stub. Uniform corrosion is simulated as the thickness change of pipe wall. (b)
Perspective view of the meshed unit cell model indicating the boundary conditions.

guided wave ultrasonic testing was preferred, which is illustrated in
Fig. 4(a). The full-scale pipe configuration with an array of actuators to
excite the T(0,1) mode and a receiver at 10q, is shown in Fig. 4(b). The
arrangement of the GRIN-PC lens on the same pipe model is shown in
Fig. 4(c). The overall mesh schemes of the plain pipe and the pipe with
the GRIN-PC lens are shown in Fig. 4(d) and (e), respectively.

The constant dimensional variables were 114.3 mm as the outer
diameter, 1067 mm as the total length, and 746 mm as the distance
between the transducer array and the receiving sensor. Traction-free
boundary conditions were defined at the edges of the pipe to simulate
the experimental condition. The density, Young’s Modulus, and

Poisson’s ratio of the structural steel were defined as 7850 kg/m>, 200
GPa, and 0.30, respectively. The density, Young’s Modulus, and Pois-
son’s ratio of the epoxy were defined as 1700 kg/ms, 2.7 GPa, and 0.45,
respectively. The properties of the piezoelectric material in the models
are summarized in Table 1.

In Table 1, d35 is piezoelectric coupling coefficient, €33 is electric
permittivity constant, Y5, is Young’s Modulus in the longitudinal di-
rection, and Y¥33 is Young’s Modulus in the transverse direction. Elec-
trodes were placed on the top and bottom surfaces of piezoelectric
element, resulting in an electric field applied along the vertical direc-
tion. To model each transducer at different position around the pipe
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Fig. 4. (a) Through-transmission configuration of guided wave ultrasonic testing. (b) Full-scale finite element model of the plain pipe and (c) the pipe with the GRIN-
PC lens. (d) The overall mesh scheme of the plain pipe and (e) the pipe with the GRIN-PC lens.

Table 1

Properties of the piezoelectric material.
dss (10"2C/N) 590
€33 3400
Y*11 (GPa) 63
Y¥33 (GPa) 54

circumference, the local coordinates of each transducer were rotated in
COMSOL Multiphysics software.

2.3. Description of the experiments

Three steel pipes with different wall thicknesses (i.e., 6.00 mm, 4.75
mm, 3.18 mm) with the same outer diameter of 114.3 mm were inves-
tigated to simulate the uniform thickness loss due to corrosion. The
images of the three pipes are shown in Fig. 5. The lengths of the 4.75 mm
and 3.18 mm pipes were the same as their numerical counterparts, 1067
mm, while the length of the 6.00 mm pipe was 1500 mm. The pipe with
6 mm thickness also had the ends enclosed as this pipe was used to
simulate leak in our prior work [30].

An array of eight d35 mode APC 850 piezoelectric plates from
American Piezo with dimensions of 15 mm x 15 mm x 1 mm, were
uniformly arranged around the circumference of each pipe. The array
was placed 100 mm away from the edge, and coupled to the pipe surface
using epoxy. Another APC 850 piezoelectric plate was mounted at 10 a
position as the receiver. The excitation signal was a seven-cycle sine
burst signal with the peak frequency at 40 kHz and the bandwidth of
35.8-44.2 kHz (defined as +3dB change). The receiving sensor was
connected to a pre-amplifier with 40 dB gain. The data was collected
using a PCI-8 data acquisition system manufactured by MISTRAS with a

sampling rate of 1 MHz and a digital filter of 20-200 kHz.
3. Results and discussion
3.1. Numerical results

3.1.1. Parametric unit cell study of thickness change

Band diagrams corresponding to each wave mode were obtained by
extracting the frequency and wave number data from the periodic unit
cell simulations. Dispersion curves of the wave modes were generated by
converting the frequency and wave number to phase velocity based on
the relationship:.

-

X 3

Sp
where ¢, is the phase velocity, f is the frequency, and k is the wave
number. Since the unit cell approach was used to compute the dispersion
curves, the bands were bounded by the limits of the Brillouin zone at
-n/a and n/a. Thus, the wave vector was corrected after the boundary at
n/a by folding the next band in the first Brillouin zone. The band dia-
gram for a steel pipe with 6 mm wall thickness indicating the snapshots
of the propagating mode shapes for the L(0,1), L(0,2), and T(0,1) wave
modes is shown in Fig. 6.
In this case, the phase velocity was calculated using the equation:.

27
=% —fk (€)]

where a is the unit cell size. The band diagrams are shown in Fig. 7(a)
and (b) for the plain pipe and the stubbed cases, respectively. Similarly,
the dispersion curves are illustrated in Fig. 7(c) and (d) for the plain pipe
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Fig. 5. Experimental configuration showing steel pipes with wall thickness of (a) 6 mm, (b) 4.75 mm, (c) and 3.18 mm.
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Fig. 6. Band diagram for the pipe with 6 mm wall thickness depicting the axisymmetric wave modes (L(0,1), L(0,2), and T(0,1)) and their mode shapes.

and the stubbed cases, respectively.

In the band diagrams, the colored lines represent the bands only for
the T(0,1) mode at different thicknesses. As it can be observed from the
plain unit cell in Fig. 7(a), the bands for the T(0,1) mode are straight
lines emerging from the origin and aligned with each other, whereas for
the unit cell with a stub height of 4.5 mm, the band diagram changes
depending on the base thickness, as seen in Fig. 7(b). The change in the
phase velocity can be determined from the dispersion curves in Fig. 7(c)
and (d). In this case, the T(0,1) wave mode is shown in a color scheme in
which different colors correspond to varying thicknesses. For the plain
unit cell, the phase velocity of the T(0,1) mode remains unchanged at
any studied thickness. Thickness of a guided structure influences the
phase velocity due to the reflections and mode conversions of propa-
gating wave between inner and outer surfaces. In the case of T(0,1) wave
mode, the particle motion is parallel to surface; therefore, its phase
velocity does not depend on thickness. For the unit cell with the stub
height of 4.5 mm, a band gap forms and becomes wider as the wall
thickness decreases. The T(0,1) band of the 3.18 mm-thick pipe wall
with the stub has a maximum value of 37 kHz, implying that the T(0,1)
mode cannot propagate above that level. However, as the GRIN-PC lens
consists of stubs with various heights that are smaller than 4.5 mm, the

band gap does not affect overall wave propagation, which was verified
with full-scale simulations in Section 3.1.2. Finally, the results from the
unit cell simulations suggest that, as the pipe wall thickness gradually
decreases from 6.00 mm to 3.18 mm, the phase velocity of the T(0,1)
mode does not change in the conventional pipe structure; nevertheless,
with the presence of the 4.5-mm stub in the unit cell, the phase velocity
of T(0,1) decreases.

3.1.2. Full-scale multiphysics simulations

The waveforms obtained from the receiving sensor at 10 a for the
pipes with 6 mm, 4.75 mm, and 3.18 mm wall thicknesses are plotted for
the plain pipe and the GRIN-PC lens cases in Fig. 8(a) and (b), respec-
tively. The waveforms in the frequency domain were obtained by
applying the Fast-Fourier Transform (FFT) to the T(0,1) window
demonstrated for the plain pipe and the GRIN-PC lens cases in Fig. 8(c)
and (d), respectively. The frequency spectra of time history signals were
normalized to their peak values to emphasize the shifts in the peak
frequency with the pipe thickness.

The wave packet corresponding to the T(0,1) mode is identified in
Fig. 8(a) and (b), based on the theoretical arrival time of T(0,1) mode.
For the plain pipe, the T(0,1) mode for all pipe thicknesses remains in



G. Okudan et al.

a) 80

—~ 60

Frequency (kHz

0 0.2 0.4 0.6 0.8 1
Wave vector, k, (7/a)

9 G0
5000
1000
a000 LREEARELS B R e B e
2000

1000

Phase velocity, €, (mm/ms)
-
~
c)
-
=

0

0 20 10 60 80
Frequency (kHz)

Ultrasonics 124 (2022) 106728

—~ 60} ]

Frequency (kHz

0 0.2 0.4 0.6 0.8 1
Wave vector, k, (7/a)

d) 6000

5000 +

mm/ms

= 4000 |

o)

- 3000,

M,

2000 | T(o.,ul) \N\\\

1000

Phase velocity

0 L . ]
0 20 10 60 80
Frequency (kHz)

Fig. 7. Band diagrams of the steel pipe with varying wall thicknesses, (a) without any stubs, and (b) with the 4.5-mm stub along with the 0.15-mm epoxy layer.
Dispersion curves of the steel pipe with varying wall thicknesses, (c) without any stubs, and (d) with the 4.5-mm stub along with the 0.15-mm epoxy layer.
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Fig. 8. Numerical waveforms in the time domain for the 6.00 mm, 4.75 mm, and 3.18 mm wall thicknesses, obtained from 10 a location in the case of (a) the plain
pipe, (b) and the pipe with the GRIN-PC lens. Normalized frequency spectra of time history signals for the 6.00 mm, 4.75 mm, and 3.18 mm pipe thicknesses,
obtained from 10 a location in the case of (c) the plain pipe, (d) and the pipe with the GRIN-PC lens.

the same phase. For the pipe with the GRIN-PC lens, the shift in the T
(0,1) mode is clearly visible, and it is due to the changes in dispersion
characteristics with the presence of the GRIN-PC lens. The frequency
domain of the T(0,1) window implies that the peak frequency barely
changes from 43.22 kHz at 6 mm thickness, to 43.24 kHz at 4.75 mm,
and to 43.35 kHz at 3.18 mm wall thickness, in the case of the plain pipe,
as observed in Fig. 8(c). However, for the pipe with the GRIN-PC lens,
the peak frequency decreases from 38.94 kHz to 37.84 kHz, and then to
36.56 kHz, as the overall pipe thickness decreases from 6 mm to 4.75
mm, and then to 3.18 mm, as seen in Fig. 8(d). In summary, the GRIN-PC
lens modifies the phase velocity of the T(0,1) mode depending on the
base thickness, which leads to shifts in the arrival times of the T(0,1)
mode. Furthermore, as the thickness decreases, the peak frequency shifts
further away from 40 kHz for this GRIN-PC lens configuration because
the dominant torsional frequency is reduced with thickness reduction as
seen in Fig. 8(d). Hence, the GRIN-PC lens allows for more sensitivity to
thickness change with the ultrasonic T(0,1) wave mode as compared to
the conventional steel pipe.

3.2. Experimental validation

A procedure similar to the numerical demonstration was followed to
analyze the experimental results. The waveforms obtained from the
focal point for the pipes with 6 mm, 4.75 mm, and 3.18 mm wall
thicknesses are plotted for the plain pipe and the GRIN-PC lens cases in
Fig. 9(a) and (b), respectively. The waveforms in the frequency domain
were obtained by applying the FFT to each T(0,1) window, and they are
demonstrated for the plain pipe and the GRIN-PC lens cases in Fig. 9(c)
and (d), respectively.

In the time domain, the T(0,1) wave mode for each thickness is
nearly in the same phase for the plane pipe, whereas the phases of T(0,1)
modes for the pipes with GRIN-PC lens are modified with the change in
pipe thickness. The peak frequencies are 41.03 kHz, 42.82 kHz, and
43.07 kHz, respectively, for 6 mm, 4.75 mm, and 3.18 mm wall thick-
nesses. In the case with the GRIN-PC lens, the peak frequencies are
40.88 kHz, 41.82 kHz, 39.79 kHz, respectively, for 6 mm, 4.75 mm, and
3.18 mm. The signal obtained from the 6 mm-thick pipe has an initial
leftward shift in the peak frequency to 41.03 kHz in the plain pipe case
compared to the other two thicknesses, resulting in a different outcome
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Fig. 9. (a) Experimental waveforms in the time domain for the 6.00 mm, 4.75 mm, and 3.18 mm wall thicknesses, obtained from 10 a location in the case of the plain
pipe, (b) and the pipe with the GRIN-PC lens. (c) Normalized frequency spectra of time history signals for the 6.00 mm, 4.75 mm, and 3.18 mm pipe thicknesses,
obtained from 10 a location in the case of the plain pipe, (d) and the pipe with the GRIN-PC lens.

than the numerical models. The numerical model was revised with the
experimental pipe length of 1500 mm, indicating the reason for the shift
in peak frequency as compared to the first numerical pipe length of
1067 mm. The trends of peak frequency versus pipe thickness are
influenced by the difference in pipe lengths. Moreover, for the case of
the pipe with the GRIN-PC lens, the peak frequency is affected by the
pipe thickness due to composite behavior caused by stubs. Peak fre-
quency is a useful feature that can be exploited to compare pipes of the
same length, which would suit the purpose of uniform corrosion
detection. However, since the length of the 6 mm pipe is different than
the rest of the pipes, SDC is selected as the damage index as it is a
quantity that is not affected by the length.

Based on the qualitative observation from Fig. 9(a) and (b), the ex-
periments validate the change in dispersion characteristics for the T(0,1)
mode dependent on the pipe thickness with the presence of the GRIN-PC
lens. The phase difference in the T(0,1) window of the time domain
signals were quantified by SDC. The baseline T(0,1) window obtained
from the pipe with the 6 mm thickness was used as a reference to
compute the SDC from different wall thicknesses using the following
equation:.

SDC =1- 5)

C()V(S()., S[ )
000

where cov(Sy, S1) represents the covariance between the baseline signal
So and the signal from each wall thickness S;, and 69 and o7 are the
standard deviations of Sy andS;, respectively. The overall relationship
between the varying wall thickness and the SDCs for both the plain pipe

a)
O plain
11| © GRIN-PC lens
u]
0.8 o
SDC = -0.3544t, + 2.015
(S) R2=0.8864 4
S 0.6
w0
0.4 0 )
0.2 > o
0e & o—o—o0—o—o
6 5.38 4.75 4.36 3.97 3.57 3.18

> -

Pipe wall thickness (mm)

and the pipe with the GRIN-PC lens is plotted in Fig. 10(a) and (b) for the
numerical and the experiments results, respectively.

The SDC values relative to the 6 mm pipe wall thickness were plotted
with extra data points obtained from the full-scale numerical models
with 5.38 mm, 4.36 mm, 3.97 mm, and 3.57 mm wall thicknesses, in
addition to 4.75 mm and 3.18 mm. The SDC does not change for the case
of the plain pipe, remaining perfectly at 0, whereas it gradually increases
in the case of the pipe with the GRIN-PC lens. The relationship between
pipe wall thickness and the SDC in the case with the GRIN-PC lens was
quantified by linear polynomial fitting as indicated in Fig. 10(a). A linear
regression analysis was performed and the R? value was determined as
0.89. The SDC results from the experimental pipes are plotted in Fig. 10
(b) along with the linear polynomial fitting. In the case of the plain pipe,
the SDC values are 0.15 and 0.13 for the 4.75 mm and 3.18 mm thick-
nesses, respectively. There is an upward shift for these pipes relative to
the original thickness, as a result of the different lengths of the 6 mm
pipe, but their values remain approximately the same. In the case of the
pipe with the GRIN-PC lens, the SDC values are 0.10 and 1.00 for the
4.75 mm and 3.18 mm thicknesses, respectively. The R? value is 0.83 in
this case. The numerical data has a better fit with a higher R? value,
compared to the experiments, due to the contribution of extra data
points. Despite the underfitting of the experimental data, the slope and
the y-intercepts of both linear models are approximately the same as the
numerical data. The numerical and experimental results show that the
change in SDC with the presence of the GRIN-PC lens is significant.
Hence, the detection of overall thickness change simulating uniform
corrosion becomes possible using the T(0,1) mode.

b)

O plain
1 o GRIN-PC lens

0.8
SDC =-0.3492t, + 1.951
D) R2=10.8288
2 0.6

S

0.4

6 4.75 3.18
Pipe wall thickness (mm)

Fig. 10. Pipe wall thickness versus the SDC obtained from (a) the numerical models, and (b) the experiments.
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4. Conclusions

The phase velocity of the non-dispersive torsional wave mode T(0,1)
in pipe-like structures is conventionally insensitive to thickness change.
The integration of the GRIN-PC lens to pipe structure modifies the
dispersion characteristics in favor of the T(0,1) wave mode, such that the
detectability of thickness change can be achieved, according to the unit
cell study. The unit cell results are supported by full-scale numerical
models. For the same pipe lengths, the thickness variation can be tracked
by using the peak frequency feature of the signal, as well as the damage
index of signal difference coefficient relative to the original wall thick-
ness. Experimental results with varying pipe length while keeping outer
diameter the same show that there is a shift in the peak frequency
depending on the pipe length. Therefore, the numerical models of finite
pipe lengths with respect to wavelength need to consider actual pipe
length with traction-free boundary conditions to match the experi-
mental results. On the other hand, signal difference coefficient is less
sensitive to pipe length while it becomes more sensitive to thickness
variation if the pipe is designed with the GRIN-PC lens. The GRIN-PC
lens is a mechanical lens without requiring any electronics. Hence, the
GRIN-PC lens integrated with pipe provides an easy solution to make the
T(0,1) mode more in favor by increasing the detectability of different
defect types. As future work, the influence of the GRIN-PC lens on the
detection of localized defects in pipe-like structures will be investigated
with numerical models and experiments.
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