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Modeling the Effect of Anisotropy in
Ultrasonic-Guided Wave Tomography
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Abstract— Most of the existing ultrasonic-guided wave
tomography approaches to map structural changes in
plate-like waveguides are based on the assumption of an
isotropic material model. However, there are many other
engineering applications that are made of anisotropic mate-
rials and structures. Applying these techniques on such
structures becomes complicated due to the anisotropic
wave propagation behavior. The main challenge is to
develop a suitable forward model that describes the wave
propagation in such material, thereby enabling accurate
reconstruction of the material properties. The present study
proposes an anisotropic formulation of the acoustic forward
model to map velocity variations induced by defects in
anisotropic plates. The anisotropic behavior of the waves
along the plate is simulated by implementing approxi-
mate anisotropic parameters. The velocity reconstruction
is based on a full-waveform inversion algorithm, and its
performance is investigated in the case of different degrees
of anisotropy of the plate material and the defect. The results
suggest that the method is highly suitable for imaging
velocity changes due to defects. This is found to be the
case when the defect has a similar anisotropic structure to
the surrounding plate material. The validation experiment is
performed on a multilayered composite plate with a circular
defect of stiffness reduction using Ay mode, showing a very
good performance of the reconstruction algorithm.

Index Terms— Acoustic forward model, anisotropy, full-
waveform inversion (FWI), guided wave tomography (GWT).

|. INTRODUCTION

UIDED wave tomography (GWT) is an attractive
method that enables the imaging of spatially varied
material properties, by analyzing the ultrasonic signals cap-
tured by a transducer array around the inspection area. Thus,
it is possible to quickly assess large inaccessible areas which
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are difficult and slow to inspect by conventional point-by-point
measurement techniques. The majority of the research work on
GWT has concentrated on isotropic materials: mainly metals.
For example, several GWT algorithms have been developed
for estimating the remnant thickness of corrosion patches in
plate-like structures [1]-[7] and pipelines [8]-[10], which is
a significant problem in the petrochemical and nuclear indus-
tries. However, there also exist many high-performance struc-
tural applications where anisotropic materials and structures
are used. Composite pressure vessels [11], pipe elbows [12],
and anisotropic stainless steel pipes [13] are some examples of
such structures where routine inspection is required. Although
guided wave testing has been proven to be a cost-effective
and efficient nondestructive evaluation tool for anisotropic
waveguides [14], [15], its utilization poses many difficulties.
The ultrasonic wave behavior in these structures can be
complicated by the directional dependence and complex defect
geometry types, which make their analysis and application
much more challenging [16], [17]. One of the key issues
when using GWT for evaluating anisotropic waveguides is the
proper modeling of velocity variations induced by anisotropy
to obtain more accurate imaging results [18].

The reconstruction of the defects in GWT is based on the
solution of an inverse problem that uses a forward model to
predict a synthetic dataset for a given plate and defect shape.
The shape of the defect is updated iteratively by minimizing
the residuals between the true and synthetic measurements.
Therefore, the performance of the method depends on the
choice of a suitable forward model which should describe
accurately the behavior of the wave propagation in the selected
structure and it should be sensitive to changes in the properties
to be reconstructed [19]. The use of 2-D acoustic models
has been an attractive solution as they enable the reduc-
tion of the computational complexity and cost compared to
full 3-D models, while reasonably capturing the behavior
of guided waves. Previous studies have demonstrated that
the acoustic forward model is appropriate to evaluate the
thickness of the waveguides from the velocity [20]. It is also
possible to reconstruct other parameters from the velocity,
for example, the Young’s modulus in a plate [21]. Another
work investigated the imaging of flexural inhomogeneities in
plates [22]. However, it should be noted that the material and
the models describing the wave propagation in these studies
were isotropic. It is more challenging to develop the acoustic
forward model for an anisotropic medium where the wave
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propagation and its velocity are dependent on the stiffness of
the material which itself is a complex quantity characterized
by numerous constants [23].

Recently, Brath er al. [24], [25] have introduced an ellip-
tically anisotropic acoustic forward model for the GWT to
implement it in a pipe bend. It was demonstrated that the
3-D guided wave propagation in the bend could be mod-
eled by a simple and efficient 2-D planar acoustic model.
Anisotropic and inhomogeneous behavior of the wave veloc-
ity was described by a single parameter, which helped to
achieve the travel-time-preserving condition for approximate
isometric mapping. A similar model based on the assump-
tion of elliptical anisotropy was used for the bulk wave
imaging of defects in anisotropic-layered composites [26].
However, this assumption may not work for the cases where
wavefronts exhibit more complicated forms than elliptical
spreading. For example, nonelliptic propagation is inher-
ent for guided waves in cross-ply-multilayered composite
plates where the propagation energy is directed toward the
main symmetry axes with larger stiffness [27]. To improve
the acoustic modeling, we use an alternative parameteri-
zation of the wave field based on Thomsen-style parame-
ters [28], [29]. These parameters give a simplified angular
dependence of the wave velocities and enable the model-
ing of nonelliptic wavefronts. However, introducing more
parameters in the model increases the ill-posedness of the
inversion problem complicating the separation of individual
parameters [30]-[32].

This work aims to investigate the applicability of the 2-D
acoustic model in GWT for anisotropic plates. This model has
been developed with the finite-difference (FD) discretization
method, in which the velocity field is parameterized by the
approximate Thomsen-style anisotropic parameters to make it
artificially inhomogeneous and anisotropic. The model is used
in the full-waveform inversion (FWI) algorithm to map the
velocity variations caused by artificial stiffness defects mod-
eled in multilayered composite plates with weak to moderate
anisotropy. In this article, the low-frequency antisymmetric
Lamb wave mode Ay is used for the reconstruction of stiffness
defects because the Ay mode is known to be sensitive to
stiffness variations [33].

This article starts with the description of the methods
for acoustic forward modeling, its implementation for the
guided wave problem and FWI in Section II. Numerical
studies including finite element (FE) and acoustic modeling
and the results of forward modeling and defect imaging are
reported in Section III. In Section IV, an experimental study is
presented, including measurement procedures and a validation
experiment. Discussion of the effect of anisotropy of the plate
and the defect on the accuracy of inversion and limitations in
GWT follows in Section V. The conclusions are summarized
in Section VI.

II. METHODS
A. Acoustic Forward Model

Consider a composite plate as shown in Fig. 1. It is assumed
that a guided wave propagating in a plate of varying stiffness
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Fig. 1. (a) Acoustic model of guided wave propagation in a composite

plate. (b) Top view of the wave-field with symmetry axis (xo, y;), tilt angle
0, wavenumber k, and phase angle ¢.

will behave in the same way as an acoustic wave traveling
in a 2-D medium with varying velocity. The acoustic wave is
modeled in transversely isotropic media with a tilted symmetry
axis and is described by a coupled system of second-order
partial differential equations [34]
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Expression p is the pressure wavefield, ¢ is an auxiliary
wavefield, and vg is the pressure wave velocity along the
symmetry axis. The values € and ¢ are anisotropic parameters
defined by Thomsen [28], and 8 is the angle of symmetry axis
with respect to the x-axis. If € = o, the second equation in
the system of (1) vanishes and the model becomes elliptically
anisotropic. In case of ¢ = 6 = § = 0 the (1) reduces
to the second-order acoustic isotropic wave equation. The
cross-derivative terms in both differential operators H and Hj
are responsible for the rotation of the symmetry axis.

It should be noted that these equations are much simpler
than their elastic counterparts by minimizing the effect from
shear waves, and yet yield exceptionally accurate descrip-
tions of the traveltime and geometrical amplitude, or wave-
front spreading [35]. Furthermore, the kinematic behavior of
propagating waves in the case of a known symmetry tilt
angle can be characterized by just three model parameters:
vg, €, and o. It should be noted that the solution of (1)
becomes unstable when € < J. This is due to unstable shear
waves which are regarded as artifacts in the framework of
acoustic modeling [36]. This instability can be reduced in the
case of frequency-domain modeling with absorbing boundary
conditions [37].

B. Anisotropic Parameters for Plate Guided Waves

In acoustic media, velocity and anisotropic parameters
can be explicitly derived from the stiffness constants of the
medium. However, for the plate case such simple relations
do not exist. In the case of weak anisotropy of the medium,
the acoustic velocity model can be fit with the guided
wave model using approximated Thomsen parameters [28].
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These parameters can be obtained using the first-order terms
of the linearized phase velocity vy, at a few discrete phase
angles as follows:
D9y — Vg

Do

4[% - 1] . 3)

Vo

0

where v( is the phase velocity along the symmetry axis at
¢o = 0. The velocities v45 and vgg are the phase velocities
at the phase angle ¢ = 45° and 90°, respectively. Parameter
€ shows the relative velocity difference along the symmetry
axes of the problem, while ¢ describes the velocity variation
at intermediate phase angles.

C. Full-Waveform Inversion

The FWI is a local optimization process. It uses a forward
solver to predict the scattering of a guided wave through
the stiffness defects, and an iterative inversion model to
reconstruct the defect in terms of velocity. At each iteration,
numerical modeling is carried out with the aim of least-squared
minimization of the residual data between the data predicted
by the model and the data observed from simulations or
experiments. The FWI makes use of the full information of
the wave-field, thus enabling a more accurate inversion result
to be achieved that is also advantageous in imaging irregularly
shaped and multiple defects [7], [20]. Here, the theory is
briefly revisited. A review of FWI and its application is
provided in [38].

In this article, the forward problem is solved numerically
by transforming the equation system (1) into the frequency
domain and discretizing with the FD method using the
mixed-grid approach [37]. After discretization, the equation
can be presented in matrix form as

AP =S 4)

where A denotes the impedance matrix, the coefficients that
depend on the modeled frequency and the model parameters,
and the matrices P = [p1, p2, ..., ppland S = [s1, 82, ..., Su]
contain the predicted pressure wavefields and sources, respec-
tively, stored as column vectors. The linear equation system (4)
can be solved efficiently by reusing the LU factorized matrix
A for a multiple source problem [39] given by the following
expression:

LU[p1p2,...

where n is the number of sources.

The minimization is carried out using the Seiscope opti-
mization toolbox [40]. Its basic principle is to solve a
linearized least-squares problem where the misfit function
f(m) between the forward modeled p,(m,®) and observed
wavefields d(w) is minimized and expressed as

»8n] (5)

, Dnl = [s152, ...

m
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where m is the inverted model parameter, @ is the angular
frequency, s denotes the dataset in n, and T (m) is a regu-
larization term (not implemented in this work). The model
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Fig. 2. (a) Plate setup with a central source and a circular monitoring
array surrounding it. (b) Plate setup with a central stiffness defect and a
circular transducer array surrounding it. (c) Cross section of the meshed
plate with a through-thickness defect.
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TABLE |
STIFFNESS CONSTANTS (IN GIGAPASCAL) OF THE SE84LV PREPREG
PLY USED IN THE PRESENT STUDY; THE MASS DENSITY IS
1540 Kg/m3; THE PLY THICKNESS IS 0.15 mm

Ci2
4.51

Cis
451

Ca2
10.31

Cas
4.24

Css
10.31

Cya
3.04

Css
4.45

Ces
445

107.8

update m; along its descent direction Amy is obtained from
the recurrence

M1 = my + ar Amy (N

where a; is a scalar step length. The descent direction of the
model Amy is computed with a nonlinear conjugate gradient
method and is given as a linear combination of the opposite of
the gradient and the descent direction computed at the previous
iteration

[ Amg = —Hej ' (mo)V f (mo)

8
Amyg = —Hey ' (mo)V f(my) + fAxi—y, k> 1 ®

where H ey (my) is a Hessian operator, V f (m;) is the gradient
function, and Sy is a scalar search parameter.

1. NUMERICAL STUDY
A. FE Modeling

The software Abaqus Explicit was used for the wave prop-
agation simulations [41]. Two separate configurations were
considered for modeling. In the first case, the performance of
the forward modeling was investigated by exciting the waves
at the center of the composite plate and monitoring them with
a surrounding circular array, shown in Fig. 2(a). The aim is to
compare the polar distribution of the propagating wavefronts
obtained from FE and acoustic modeling. The second configu-
ration is presented in Fig. 2(b), where the imaging problem is
illustrated. In this model, transducers were placed around the
circular stiffness defect to transmit and receive waves through
the plate. The array in both cases was 200 mm in diameter
and 40 transducers were used in the array.

The composite plates were modeled with 16 plies made
of carbon fiber/epoxy with material properties given in
Table I [42]. In the FE model, each ply was modeled indi-
vidually and the plies were tied together at the interfaces
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to build the laminate. The reference coordinate system used
to define fibrous materials was set such that the fibers lay
along the x-axis and the layer interfaces were normal to the
z-axis. The plate was meshed by eight-node brick elements
(C3D8R), with a size of 0.4 mm along the length and width
directions and 0.15 mm along the thickness direction, to ensure
at least one element for each ply thickness. Three different
stacking sequences of the plies were considered to investi-
gate the degree of anisotropy in the performance of GWT.
The sequence [0/45/90/—45],5 represents the plate where
the wave propagation is nearly isotropic and is hereinafter
referred to as quasi-isotropic. In cross-ply laminate [0/90]s,
the wave energy tends to propagate along the principal axes
and in the unidirectional plate [0];¢, the waves propagation
is fastest and strongest along the fiber direction. Absorbing
layers were applied to minimize reflections from the edges of
the plate [43].

One of the most common type of damage encountered in
composite structures is the reduction of local stiffness which
can be the result of an impact, fracture or exessive thermal
loading. It has been found that this may affect the anisotropy
of the damaged material [44]. The aim here is to study these
effects on simple artificial defects. The defect is shown in
Fig. 2(c) and was modeled as an axisymmetric defect with
reduced stiffness or with changing material anisotropy. In the
case of the stiffness defect, all the reduced stiffness constants
of each element at every layer were assumed to be simi-
lar. Along the xy-plane the stiffness was changed smoothly
according to Hann-shape variation [21] with a maximum loss
of 10% at the center of the defect. In the case of an anisotropic
defect the stiffness constants of the elements are not changed
but the orientation of the fiber direction of the elements
at every layer through the thickness was smoothly changed
to obtain the desired anisotropy at the defect center. The
description of the defect used in the modeling for experimental
comparison is given in Section IV.

A five-cycle Hann-windowed tone-burst signal at 50 kHz
was simulated as the input signal. For a given source point
in the array, the Ap mode was generated by applying an
out-of-plane force and the wavefields were measured by the
rest of the receivers of the array. This was repeated for
all the source-receive combinations resulting in a 40 x 39
signal matrix. These signals were transformed into a frequency
domain and the required frequency components for the inver-
sion were extracted and calibrated [7].

B. Acoustic Modeling

To simulate the plate-like guided wave propagation in the
acoustic model, prior knowledge about the guided wave mode
propagation behavior in the actual composite plate is required.
The slowness curves for the Ag mode at 50 kHz are shown in
Fig. 3(a) for the studied laminates. The results were obtained
from the wave simulations of FE modeling. The phase angle
¢ = 0 corresponds to the x-direction of the composite plate.
It can be seen that the anisotropic wave propagation behavior
is inherent for all composite lay-up cases. In the case of the
nearly quasi-isotropic plate [0/45/90/—45],s, the slowness
profile is slightly elliptical and asymmetrical and its apparent
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Fig. 3. Characteristic wave curves for A mode at 50 kHz for different
composite lay-ups: (a) slowness s(¢) = k(¢)/w; (b) phase velocity con ().

TABLE Il
WAVE SIMULATION PARAMETERS IN ACOUSTIC MODELING
Composite lay-up | 6 (°) | v (m/s) € 6
[0/45/90/-45] 25 108 868 0.13 | 0.13
[0/90]s 45 866 0 0.45
[0]16 90 654 0.71 | 035

symmetry axes are rotated with respect to the x-axis. This
comes from the fact that the distribution of the stiffness of
the plate is asymmetrical and the wavefield of the Ay mode is
sensitive to the direction of fibers close to the surface layers.
The slowness profile of the cross-ply plate [0/90]g tends to
a rectangular shape, having the largest values of slowness
at 45° from the symmetry axes. The wave propagation is
very anisotropic in the unidirectional composite plate [0];¢,
having a slowness profile which is highly elongated along 90°.
The respective velocity curves obtained in the first quarter
of the coordinate system are shown in Fig. 3(b). The phase
angle ¢ = 0 was set along the selected symmetry axis with
the smallest phase velocity. The curves show that the phase
velocity varies with the phase angle for all plate cases. The
resulting parameters for the acoustic modeling are shown in
Table II: tilt angle 8, phase velocity along the symmetry axes
X0, and Thomsen parameters € and 6. An alternative choice of
the main symmetry axis can also be along the faster direction,
which has the result that some Thomsen parameters become
negative.

The simulations in the acoustic domain were performed
with the FD method and the calculation domain consisted
of 250 x 250 grid points and was sampled with a grid spacing
of 1 mm. All the starting models used for the inversion were
homogeneous background models of vy, €, and J, except for
the case of the unidirectional composite plate where € > J,
which may excite an undesired shear wavefield. In this case at
the source point a small, smoothly tapered circular region with
0 = € was set to cancel out the shear wave excitation [45]. This
introduces only a small kinematic error in directions deviating
from the horizontal or vertical direction.

C. Forward Simulation Results

For the simulation, we consider wave propagation in three
different composite plates; the properties are summarized
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Fig. 4. Forward modeling results of the Ay mode excited at 50 kHz
obtained from FE and FD simulations for different composite lay-ups.

[0/90], o1,

in Table I. The source is in the center of the circular receiver
array with a diameter of 200 mm. Fig. 4 presents a comparison
of the time-domain snapshots of the generated wave fields
of the Ay mode propagation at 50 kHz obtained from FE
and FD simulations, respectively. The horizontal axis matches
with the x-axis. The radial coordinate of the polar plot
denotes the propagation time and the color of the contour
shows the amplitude of the normal displacement of the plate.
Good agreement can be seen between the wavefronts obtained
from the methods used for all plate cases, whatever the
direction of propagation. However, some mismatch between
the amplitudes of the simulated waveforms can be observed.
For the cross-ply laminate, the wave energy tends to propagate
along the principal symmetry axes in the FE model while in
the FD model the energy distribution is nonsymmetric and is
focused along 135° and 315°. In the case of the unidirectional
composite plate, the wave energy strongly concentrates along
the fiber direction in the FE result but is more equally
distributed along all directions in the FD result. This indicates
that the forward modeling becomes less accurate when the
anisotropy of the medium increases. In general, this numerical
example demonstrates the suitability of the introduced 2-D
acoustic model to predict waveforms of guided waves in
composite plates with weak and moderate anisotropy.

D. Inversion Results

1) Effect of Forward Model (Isotropic Versus Anisotropic
Model): In the first case, we compare the reconstruction results
of the defects in composite plates using either an isotropic
or an anisotropic forward model in FWI. Reconstructed
velocity maps were obtained by inverting the FE data at
50 kHz by starting from the homogeneous background velocity
along the symmetry axis and Thomsen parameter models and
using 40 iterations for the inversion. In the isotropic model,
the Thomsen parameters of the background were set to zero.
A 30-mm wide defect with stiffness loss in the plate center
is imaged in Fig. 5 using the anisotropic forward model.
It can be seen that the defect is well reconstructed retaining
its circular shape for all plate cases. The inversion results
using different forward models are compared in Fig. 6. It can

[0/45/90/-45], [0/90], 0],
250 250 250

200 200 200 0995
3
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Fig. 5. FWI results with an anisotropic forward model using Ay mode
at 50 kHz: normalized velocity vy maps for different composite lay-ups
with central 30 mm Hann-shaped stiffness defect with maximum loss in
stiffness constants of 10%.
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Fig. 6. Comparison of the reconstructed velocity maps using different
forward modeling: (a) anisotropic forward model, (b) isotropic forward
model, and (c) cross section of the defect at y = 125 mm.

be clearly seen that the anisotropic forward model provides
much more accurate velocity reconstructions compared to
the isotropic forward model. The shape of the defect in the
quasi-isotropic plate is distorted with the isotropic model and it
completely fails to image defects for plates with an increasing
material anisotropy. This example clearly demonstrates the
need to consider anisotropy in the forward model for accurate
inversion.

2) Effect of Defect Size: Second, we apply FWI with the
anisotropic forward model to reconstruct the stiffness defects
with varying diameters of 15 mm (~0.94), 30 mm (~1.84),
60 mm (~3.51) (4 - wavelength), and fixed maximum stiffness
loss in the plate center. Fig. 7 presents the comparisons of the
cross section of the reconstructed velocity and the true velocity
for defects with varying surface sizes. It can be seen that the
largest defect is very well reconstructed in the quasi-isotropic
plate. The accuracy of estimating the minimum velocity and
the ability to resolve its width deteriorates with decreas-
ing defect size. Also, the accuracy degrades with increasing
anisotropy of the plate material, which can be related to
the decreasing accuracy of the forward modeling of more
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Fig. 7. FWI results with Ay mode at 50 kHz: cross section of the in the center as [—18/27/72/—63],s and its corresponding

normalized velocity vy profile of the defect at the plate center for different
composite lay-ups with varying surface diameter of (a) 60 mm, (b) 30 mm,
and (c) 15 mm.

anisotropic material demonstrated in Section III-D.1. Ideally,
in tomographic imaging velocity variation down to 4/2 can be
reconstructed when the forward model matches exactly the real
physical model. However, poorer resolution and accuracy can
be expected due to the acoustic forward model, which does not
account for all the wave physics of guided wave propagation
in a plate. This finding is a similar to previous studies with
isotropic materials, where velocity variations around 24 can
be reconstructed using acoustic forward models [19], [20].
3) Anisotropic Effect in a Defect: The last case considers
the velocity reconstruction of anisotropic defects. An example
is delamination in a composite laminate. The delamination
divides the region into several waveguides which have respec-
tive anisotropic properties according to the lay-up of the
sublaminate, which may differ from the properties of the sur-
rounding plate. In previous cases, only the stiffness of the
defect was slightly reduced, which does not vary significantly
the Thomsen parameters in the defect area compared to the
background values. Here we investigate artificial defects in
which the Thomsen parameters are changed considerably. The
studied defects are 30 mm in width and off-set from center
by 40 mm in both coordinate directions. The first defect is
considered in the quasi-isotropic plate. The orientation of the
fiber direction inside the defect is smoothly changed from the
fiber direction of the surrounding plate such that in the center
of the defect it has the lay-up of a unidirectional lay-up as
[18]16, which means that the fibers of all layers are along 18°.
Its corresponding parameters for the acoustic model are § =
108°, vg = 654 m/s, € = 0.71, and 6 = 0.35. The parameters
for a background plate model are given in Table II. The second
defect is modeled in the unidirectional plate having the lay-up

parameters in the acoustic model are § = 90°, vy = 868 m/s,
€ = 0.13, and 6 = 0.13. It represents the quasi-isotropic
lay-up configuration which is rotated by —18° compared to the
x-axis. The nontrivial rotation angle of the defect in both plate
models is necessary to match the symmetry axes of the defect
and the surrounding plate in acoustic modeling. The imaging
results are shown in Fig. 8(a) and we can see that defects are
detectable; however, their shapes become more irregular and
the image around the defect contains artifacts. Comparisons
between the reconstructed velocity and the true velocity are
shown in Fig. 8(b) and it can be seen that the accuracy of
the reconstruction compared to previous cases decreases. This
indicates that it is more challenging to image defects with a
strong anisotropy, and the reasons are discussed in Section V.

IV. EXPERIMENTAL STUDY
A. Specimen and Measurements

The experimental setup composed of a composite plate
of 500 mm x 500 mm x 2.4 mm made of 16 layers with the
lay-up of [0/45/90/—45],s. The properties of each lamina
were the same as those for the simulations, as shown in
Table I. Initially, three separate ply laminates with lay-ups
[0/45/90/—45], [0/45/90/—45]s and [—45/90/45/0] were
prepared and cured in an autoclave. A circular hole with a
diameter of 30 mm was cut into the center of the second
laminate. The hole was filled with a resin Epolam 2051 + 3M
glass microballoons (with Young’s modulus 2.9 GPa, assumed
Poisson’s ratio 0.33, and density 810 kg/m?®) and the three
laminates were bonded together with an adhesive film and
cured in the oven under vacuum pressure. This represents the
plate with a defect area with a reduced stiffness in the plate
center, as shown in Fig. 9(a).

The experimental setup is shown in Fig. 9(b). Ultrasound
tomography measurements were performed with a 40 element
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Fig. 9. Experimental measurements: (a) cross section of the composite
plate with a stiffness defect. (b) Setup to measure ultrasound propagation
in a composite plate. (c) Contour plot of the measured out-of-plane
displacement of 21 measured signals. (d) Experimental time trace from
the seventh receiver and the signal after time gating.

array with a diameter of 200 mm. A piezoelectric trans-
ducer (Doppler, Guangzhou, China) with a center frequency
of 70 kHz coupled to the composite plate was used to excite
the Ap mode at one position. A PolytecOFV-505 laser vibrom-
eter was used to measure the displacement normal to the
surface. In each measurement, a five-cycle Hann-windowed
tone-burst signal centered at 60 kHz was generated by a Tiepie
Handyscope HS3. The measurements were taken on half of
the circle with 21 measured points in the transmission zone.
A contour plot of the typical measured out-of-plane displace-
ment signals is shown in Fig. 9(c). A gating function shown
in Fig. 9(d) was applied to remove unwanted components
and the first arrival wavepacket was obtained. This process
was repeated for 40 excitation points to build up a matrix of
40 x 21 signals.

B. Validation

Reconstructed velocity maps were obtained by inverting the
data at 50 kHz by starting from the homogeneous background
velocity along the symmetry axis and Thomsen parameter
models, and using 40 iterations for the inversion. The nor-
malized velocity reconstructed from the experimental mea-
surements and FE modeling is shown in Fig. 10(a) and (b),
respectively. It can be seen that the velocity drops in the area
of the defect at the plate center. The images of the defects
obtained by different approaches are slightly different. In the
experiment the defect is circular, while in FE modeling it
is slightly elliptical elongated along the y-axis. Comparisons
between the reconstructed velocity and the true velocity along
the cross section of the plates are shown in Fig. 10(c) and (d).
It can be seen that the velocity drop is a bit overestimated
in the experiment and very well reconstructed from the FE
data. It is believed that the reason for such overestimation
may be the lower stiffness and smaller thickness of the plate
in the defect area, likely due to the shrinkage during curing.
It should also be noted that this defect is more complicated
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Fig. 10. Normalized velocity obtained with FWI using the Ap mode at
50 kHz: (a) experiment. (b) FE. (c) Horizontal cross section. (d) Vertical
cross section.

compared to the one used in FE with smoothly changing
material properties. The defect splits the waveguide into three
parts with a layer in the center with much lower acoustic
impedance. This would produce energy trapping and additional
scattered wavefields, which are not encountered in the acoustic
model [46].

V. DISCUSSION

The results of this study demonstrated that a simple and
efficient acoustic forward model can be used to map high
resolution velocity images in anisotropic plate-like waveguides
by FWI. The approach uses Thomsen parameters which can
effectively link the true guided wave velocities with the veloci-
ties of the acoustic model. This is advantageous in applications
where Thomsen parameters can be easily determined and
velocity information used for the defect characterization. How-
ever, it was shown that the reconstruction accuracy decreased
with increasing anisotropy of the background material and the
defect.

In the first case, one of the reasons was that the amplitude
modeling in forward modeling became less accurate while
the phase was accurately predicted. One way to reduce this
error is to consider only the phase information in the misfit
minimization criteria or to use heuristic amplitude corrections
in the measured data [38]. Another approach could be to
modify the pressure source with appropriate directivity weights
to achieve the correct waveform amplitudes [47]. However,
it should be noted that this reconstruction error cannot be fully
eliminated as the model is based on the acoustic assumption
rather than on a full 3-D model and in addition the model is
intended for weakly anisotropic media.

Second, it was found that the accuracy of the velocity
reconstruction of the defects was considerably reduced if
their Thomsen parameters diverged significantly from the
background parameters. Such loss in accuracy is due to the
coupling between the parameters involved in the inversion
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Fig. 11.  Scattering patterns of different perturbation parameters at
50 kHz, acoustic parameters of the background medium vy = 868 m/s,
€=0.13,6 =0.13.

which increases the ill-posedness of the inversion because the
sensitivity of the inversion can change significantly from one
parameter to next parameter [38]. Fig. 11 shows the scattering
patterns obtained from the different individual perturbation
parameters (vg, €, and J) with Hann-shaped variation in the
acoustic model. The parameters of the defect in quasi-isotropic
plate from Section III-D.3 were used in the calculation with
the source located at 0° in the array. It can be seen that the
scattered pressure fields are mainly induced to the forward
direction and are dominated by the scattering from velocity
perturbation (the amplitudes of the fields of ¢, and J are
multiplied by 50 for comparison). Overlap in the scattering
patterns means that the fields from different parameters are
not separable. This results in a similar gradient update in
the inversion for different parameters, making it difficult to
distinguish the individual parameters. A potential solution
to this problem could be to implement the multiparameter
inversion, which could also help to recover the Thomsen
parameters. However, this requires the development of a more
sophisticated inversion method that can manage the different
scale and sensitivity of the inversion parameters [48], which
is beyond the current study. To demonstrate the potential
improvement in the inversion accuracy if some parameters of
the defect are better defined, we show the reconstruction of the
velocity of the anisotropic defect in quasi-isotropic plate and
unidirectional plate from Section III-D.3. The starting models
of Thomsen parameters include the true variation due to
defects. The imaging results with cross sections of the defects
are shown in Fig. 12 and we can see that the reconstruction
improves compared to the results shown in Fig. 8.

Some limitations in this study should be mentioned. Given
that the imaging errors of the method increase with the
increasing anisotropy of the model, this indicates that the
approach may be less suitable for applications where the wave
propagation is very anisotropic. The velocity of the Sy mode
is more affected by the in-plane stiffness and orientation of
the layers than the Ap mode and can be very anisotropic
in cross-ply and unidirectional composite plates [49]. In this
work, we demonstrated that the inversion is successful for
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Fig. 12. FWI results with Ay mode at 50 kHz: (a) normalized velocity vy
maps for different composite layups with noncentral 30 mm Hann-shaped
anisotropic stiffness defect with true starting models of € and d. (b) Cross
section of the defect at y = 165 mm.

a moderately anisotropic plate with specific Thomsen para-
meters. However, these anisotropic parameters may vary for
different composite lay-up configurations and the impact of
this on the inversion performance is unknown and should be
further investigated.

The model assumes that the symmetry axes of the material
are known a priori. However, in some cases, their orientation
is unknown or is difficult to determine. In this case there
is a risk that the chosen orientations do not exactly match
with the material axes, which can impact the accuracy of
the inversion. For example, in some metals such as duplex
stainless steel the texture can be characterized by the presence
of grain alignments oriented in a particular way [50], which
causes local anisotropy in the material and complicates the
selection of symmetry axes. The model also assumes that the
wave propagation in the plate has two symmetry planes. This
condition may be not met for the flexural mode in unbalanced
laminates and quasi-isotropic laminates having a small number
of layers. One way to assess this is to evaluate the symmetry
of the flexural stiffness of the plate as the wave velocity is
proportional to the stiffness [51].

The study investigated very simple defects in multilayered
composite plates. In reality, defects such as those induced by
impact events can have a much more complicated stiffness
loss distribution across the plate thickness. In addition to this,
the previously mentioned change in anisotropy and orienta-
tion of symmetry axes may also be present in the damage.
Therefore, the proposed method can provide only an estimate
of averaged through-thickness stiffness loss about the defect.
Further investigations are required to understand the effects
from different defect parameters to reduce the uncertaintes in
the inversion problem.

VI. CONCLUSION

In this article, an efficient GWT method is developed
for characterizing defects in anisotropic plates. It includes
a forward model which enables the description of 3-D
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elastic-guided wave propagation in an anisotropic plate by
means of an equivalent 2-D anisotropic acoustic model, and
an inverse model to update the velocity map. The equiv-
alence is established based on implementing approximate
anisotropic Thomsen parameters that describe the angular
variability of the velocity in the plate. The GWT has been
applied to the simulated and experimentally measured data of a
through-thickness stiffness loss and an embedded stiffness flaw
in a multilayered composite plate, showing good performance
in determining the location, shape, and size of the defects. The
most accurate inversion results have been obtained for weakly
anisotropic plates. The accuracy decreased with increasing
anisotropy of the plate medium. Analysis has also shown
that the reconstruction accuracy is affected by the anisotropy
of the defect. This is due to coupling between the velocity
and Thomsen parameters in the inversion, which increases
the reconstruction error. One strategy to mitigate this is to
apply hierarchical iterative inversion strategies on different
parameters, which should decrease the ill-posedness of the
inversion. These approaches could be tested on the imaging
of delaminations in composite plates, where coupling effects
between different wavefield parameters are expected due to
the anisotropic nature of the defect. One other application area
where the method can be extended is the GWT of pipe bends,
where the velocity mapping is influenced by the geometric
anisotropy of the waveguide.
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