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Commonly used methods for defect localization in structures are based on velocity differences (VD) or amplitude
ratio (AR) (or attenuation due to scattering) measured along different sensing paths between a reference system
and a defective system. A high value on a sensing path indicates a higher probability of the presence of defect on
that path. We introduce an alternative approach based on the newly developed topological acoustic (TA) sensing
technique for localizing defects in plate structures using Lamb waves. TA sensing exploits changes in geometric
phase of acoustic waves to detect perturbations in the supporting medium. This approach uses a geometric phase
change - index (GPC-I), a measure of the geometry of the acoustic field averaged over a spectral domain, as
detection metric in lieu of VD or AR. Calculations based on the finite element method (FEM) in Abaqus/CAE
software verifies the effectiveness of the proposed GPC-I-based defect localization method. Randomly located
defects on the surface of a plate are localized with higher sensitivity and accuracy, by the GPC-I method in

comparison to VD or AR-based methods.

1. Introduction

Defects or damages can occur in large-scale engineering structures,
such as plate structures, due to foreign object impacts, local erosion, and
manufacturing flaws, which can endanger the safety of structural com-
ponents during operation [1-3]. Localizing these defects or damages is
essential to ensure the safe operations of the structures [4]. Ultrasonic
nondestructive evaluation (UNDE) techniques are widely used for en-
gineering structural health monitoring (SHM) [5,6]. In particular, ul-
trasonic Lamb waves have garnered significant attention due to their
promising capabilities for long-distance propagation and wide-range
sensing coverage [7,8], making them suitable for sensing in large-scale
structures. Consequently, developing a sensitive and stable defect
localization method based on Lamb waves remains highly desirable for
SHM applications.

For localizing defects or damages in engineering structures, most
research focused on predicting the acoustic sources generated by the
defects. It is done by the popular passive acoustic emission (AE) tech-
nique and is commonly known as the acoustic source localization (ASL)
[9]. Many researchers investigated the ASL technique and have

proposed many ASL methods and algorithms that are suitable in
different scenarios [10-15]. Passive AE technique is good for locating
the damage initiation point but not for localizing and characterizing
existing damages. Also, an already existing damage cannot be localized
by the passive AE technique. Therefore, active defect localization
method is needed to compensate for the limitations arising from passive
ASL techniques. Unlike the vast majority of investigations on ASL
technique, only a limited number of investigations have been reported
on active defect localization methods in engineering structures. Ma et al.
[16] proposed a wave front shape-based method on time-difference-of-
arrivals (TDOAs) for active damage localization in composite plates,
and this wave front shape based method is an advanced tool adopted in
ASL technique without knowing materials’ velocity profile. Shu et al.
[17] refined the popular conventional time-reversal method (TRM) for
damage localization using Lamb waves. In the TRM as well as in its
modified version, though reference signal and prior information is not
necessary to extract damage features [18-20], the time of arrival (TOA)
at the sensors is needed and the time difference of arrival (TDOA) at
different sensors is used to identify the damage locations. Other defect
localization methods using Lamb waves include analyzing envelope of
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wave modes characteristics [21-23], identical-group-velocity of
different wave modes [24] and combining these conventional TOA or
envelope feature information with deep learning using neural network
[25-27]. The beamforming technique, based on the delay-and-sum
principle, is another well-established approach [28,29]. It can be
employed for active damage sensing in structures, where the wave
beams must be carefully controlled with proper weights to achieve
specific sensing objectives [30]. Moreover, beamforming-based tech-
niques can be computationally intensive, as monitoring the entire
structure is typically required for accurately localizing potential damage
sites [15].

In general, defect localization using ultrasonic Lamb waves basically
relies on the accurate determination of TOA to calculate TDOA between
undamaged and damaged structures [31,32]. It means that clear Lamb
wave modes are required for accurate estimations of time of flight (TOF)
or TDOA. However, damage index (DI) based acoustic parameters such
as correlation coefficients [33,34], energy ratio or amplitude ratio [35],
linear attenuation coefficients [36-38], and nonlinear acoustic param-
eters like sideband peak count — index (SPC-I) [1-3,5] measures the
overall differences between reference signals (healthy structures) and
testing signals (damaged structures). Using DIs to characterize damages
does not require to track specific Lamb wave modes thus can provide
stable damage features. For example, the probability ellipse method
with different weights of DIs has been adopted to localize and image
damages in structures with active sensors network [39-41]. Hu et al.
[42] numerically investigated the detection and localization of a hole
type damage in aluminum plate structures using sideband peak count
(SPC) based DI.

Recently, another emerging DI called geometric phase change (GPC)
based on topological acoustic (TA) sensing has been introduced by some
of the authors [43-49]. The GPC quantifies the variation in the geo-
metric phase of an acoustic field (for example, Lamb waves propagating
in structures) represented as a state vector in an abstract parameter
space — Hilbert space. In the TA sensing technique with GPC, the state of
the acoustic field in the unperturbed (damage-free) and perturbed
(damaged) cases are mapped as multidimensional vectors in the same
Hilbert space. As a global measure of the linear and nonlinear acoustic
field a sensing approach based on the geometric phase can have higher
sensitivity than magnitude-based or TOF-based sensing approaches.

With the TA sensing technique, originally, changes in complicated
environments such as forests [43] or the state of permafrost in the arctic
[44] were monitored using seismic waves. This method was further
extended to monitoring perturbations due to a mass defect located on an
array of coupled acoustic waveguides [45], mass defects in a nonlinear
granular metamaterial [46] and a small subwavelength object on a flat
surface submerged in water [47]. Taking the advantage of high sensi-
tivity of GPC, Zhang et al. [6,48] successfully investigated damage
growth in heterogenous plate structures having complex topography
with the GPC parameter. They found that GPC results show superiority
in comparison to the SPC-I based technique for monitoring damage
evolution in complex heterogeneous structures. A comparative study
between GPC-I and SPC-I has been recently carried out and it showed
that the GPC-I technique is an effective tool for damage growth moni-
toring with high sensitivity [49]. However, like other DIs, the GPC can
only indicate the existence of defects in the environment or in engi-
neering structures. No attempt has been reported yet on defect locali-
zation with the highly sensitive GPC parameter.

In this work, we extend the GPC sensing method to active defect
localization for the first time. A geometric phase change — index (GPC-I)
derived from GPC spectral averages, serves as a metric for determining
the probable location of defects along different sensing paths. Numerical
modeling is carried out with finite element method (FEM) in Abaqus/
CAE software to verify the effectiveness of the GPC-I localization
method. The method is then shown to compare very favorably with
similar methods based on more common acoustic parameters, namely —
velocity differences based on TOA and signal amplitude or attenuation
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variations based on recorded signal amplitudes.
2. Theory and methodology

In this section, we briefly review the notions of GPC and GPC - index
(GPC-I). A methodology is then introduced for actively locating defects
in plate structures.

2.1. Background on GPC plots and GPC-I

The frequency-dependent amplitude of an acoustic field supported
by some medium can be represented as a complex vector in an infinite
dimensional space whose basis components are associated with every
point in the continuous medium. From a practical point of view, one can
select a finite dimension subspace by considering the complex amplitude
of the field at a discrete subset of “n” points in the medium. The finite set
of complex amplitudes forms a complex vector in this n-dimensional
subspace. This can be achieved by stimulating the medium at some
location and recording the displacement or velocity value as a time se-
ries at the “n” chosen receiving locations. Each of these n time series are
Fast Fourier Transformed (FFT) to obtain complex amplitudes in the
spectral domain. At a given frequency, f, these n complex amplitudes are
used to form a normalized n-dimensional state vector. The n basis vec-
tors correspond to the n receiving sensor locations in the physical space.
This normalized state vector can be written as [43],
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In equation (1), i is the imaginary unit. Cx and ¢, (k =1, 2, 3...n) are
magnitude and spatial phase at each receiving point, respectively. Let us
assume that Eq. (1) is representative of a reference medium without any
damage. When damages are introduced, the perturbation in the physical
space scatters the acoustic waves and modifies the spatial distribution of
the acoustic field. The perturbations then change the normalized com-
plex amplitude of the acoustic field to,
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The angle between the vector representation of the acoustic field
along the n locations in the damage-free and damaged systems corre-
sponds to a change in the geometric phase change of the acoustic field
associated with the perturbation is then defined as the angle,

Agp(f) = arccos(Re(C" o C')), Ape[0, 7] 3)

where C* denotes the complex conjugate of state vector C while Re
stands for the real part of a complex quantity. The GPC, Agp(f) measures
the effect of the perturbation on the orientation of the field state vector.

The GPC - index (GPC-I) is defined as the average value of Agp(f) in
some frequency domain. This index provides a metric for quantifying the
level of damage of structures with larger damage levels corresponding to
larger GPC-I values.

2.2. Defect localization methodology with GPC-I

Consider a damage-free plate structure equipped with multiple sen-
sors distributed across its surface, as depicted in Fig. la. Given the
practical dimensions of such plates, these sensors are strategically
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Fig. 1. Schematic illustration of a plate with array of sensors (S)) for (a) reference plate and (b) perturbed state plate with a random defect.

placed near the plate’s edges to encompass a large sensing area (that
may or may not have damage). Random defects that require localization
may arise within this region due to impacts or local erosion, as shown in
Fig. 1b.

We choose the sensor point T; as the transmitter. All other sensors
record displacement or velocity series generated from T;. Equations (1)
and (2) given in section 2.1 present the general representation of
frequency-dependent amplitude of an acoustic field as a complex vector
in n dimensional Hilbert space, where equation (1) shows the reference
state (undamaged) and equation (2) gives the perturbed state
(damaged). For defect localization, the entire region that is under in-
spection is divided into multiple sub-regions with prescribed receivers,
and GPC-I is computed at each receiver one by one. We take two adja-
cent receivers Sjand Sj1 as an example to show how GPC-Iis obtained at
receiving sensor S;.

In the reference plate shown in Fig. la, since we consider two
adjacent receivers (sensors j and j + 1), a two-dimensional (2-D) com-
plex state vector can be constructed from time series received at these
two sensors. From the recorded time series with Fast Fourier Trans-
formation (FFT) we get complex amplitude and phase, the normalized
complex state vector at receiving sensor j can be constructed from
equation (1) as,

Q*:———l———-( G ) @

2 2 Ciqein
G +C, Nt

where j denotes the receiving sensor number, and i is the imaginary unit.
C and ¢ are magnitude and spatial phase at each receiving point.

Accordingly, in the perturbed plate the normalized 2-D state vector
at receiving sensor j can be expressed as,
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The GPC at sensor number j is calculated in the 2-D subspace as,

Ag;(f) = arcos(Re(C; ¢ C}’) ), Ap € [0, 1] 6)

where C] denotes the complex conjugate of state vector C; at receiving
sensor j while Re stands for the real part of a complex quantity.

It should be noted that equations (4) through (6) give the general
form that shows how GPC is obtained at one receiver Sj; GPC at every
receiver should be generated following the same process. The GPC-I at
the receiving sensor number j is then calculated by averaging Ag;(f)
over a chosen frequency range. A large GPC-I value indicates that the
presence of a defect is likely along the sensing paths from the transmitter
to sensor numbers j and j + 1. Subsequently, the defect is likely located
in the triangular region formed by the transmitter T; and the two sensors
numbered j and j + 1. We now consider another transmitter location Ty
and determine the GPC, Ag;,,(f), employing the two receiving sensors
numbered j + nandj + n + 1. The value of GPC-I at the receiving sensor
j + n, is then used to potentially locate the defect in the triangle region

® © - @+ @ @ -
° Region under
inspection

® Random defect

(b)

formed by T», sensors j + n and j + n + 1. Large values of GPC-I for both

triangles predicts the defected region as the intersection of these two

triangles. The defective region forms a quadrilateral area whose four

vertices are indexed as k = 1, 2, 3, 4 with coordinates (X, yx). We define

the predicted location (x;, yp) of the defect by the following averages:
max (xy) + min(xy)

Y=

max(yx) + min(yx)
Yo = - 3

)

3. Numerical model

In this section, numerical modeling analysis is carried out using
Abaqus/CAE software. The numerical model includes multiple sensors,
numbered from 1 to 32, distributed on the surface of a reference and
defective plates. The dimension of both plates (reference and perturbed
states) is 300 x 300 x 3mm?3. The distance between two adjacent
receiving points is set at 20 mm. These sensors enclose a square area
with a side length of 160 mm as shown in Fig. 2. The defect is formed by
attaching one block with dimension 10 x 10 x 6mm? on the surface of
the plate structure. The center of the mass defect on the surface in the
first quadrant is (50 mm, 30 mm). Then the mass is moved to three
additional locations (—20 mm, 20 mm), (—30 mm, —50 mm) and (20
mm, —40 mm). The material properties for the plate structure and the
mass defect are the same and are listed in Table 1.

First, we consider sensing paths by defining the sensor number 1 as
the transmitter, T, and the receiving sensors are 9 to 25. Similarly, we
choose sensor 17 as the transmitter Ty. In this case the signals are
recorded at sensors 1 to 9 and 25 to 32. Note that there is no constraint
on the selection of transmitters and receivers.

A Hanning window modulated excitation field of central frequency
200 kHz with two cycles is applied in the negative z direction, first at Ty
=1, and then at Ty = 17. At the selected receiving points, the out-of-
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Fig. 2. 2-D view of the problem geometry for numerical modeling — perturbed
state with a random defect. The defect is absent in the reference state.
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Table 1
Material property parameters of plate structures and mass defects for FEM
modeling.

Parameter Young’s modulus (GPa) Poisson’s ratio Density (kg/m3)

Values 71.50 0.33 2700.00

plane velocity (in the z direction) is recorded for both the reference state
and the perturbed state. The sampling frequency for recording the sig-
nals is 50 MSa/s (mega samples per second).

4. Defect localization using GPC-I method

We initially investigate the model system with the defect in the first
quadrant of the plate, that is coordinates (50 mm, 30 mm). Fig. 3 shows
snapshots of Lamb wave displacement magnitude for both transmitter
locations T; = 1 and Ty = 17.

In Fig. 4, we illustrate the time histories in both reference and per-
turbed states recorded along two sensing paths defined by the sensor
pair 18 and 19 and the sensor pair 23 and 24 when the transmitter is at
location T; = 1.

We note that the first dominant wave packet in Fig. 4 is a Ag mode
while the Sy wave packet is very weak. In Fig. 5, we show the calculated
GPC as a function of frequency for two different sensing paths.

The frequency-dependent GPC plots measure the effect of the
perturbation on the acoustic field. Over a wide frequency range (from
0 to 800 kHz) the GPC show significantly larger values at receiving
sensor 18 than that at sensor 23. This difference indicates that a defect is
more likely to be present along the wave path between the transmitter 1
and sensor 18. The GPC-I is calculated by averaging the GPC over the
frequency range 0 to 800 kHz. With the transmitter at location 1, the
GPC-I as a function of the sensing path is shown in Fig. 6.

Fig. 6b shows that the defect is more likely to be located within the
triangular region enclosed by the transmitter T; = 1 and the sensors 18
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and 19. For the second transmitter location (Ty = 17), GPC-I value at
each receiving sensor is obtained and shown in Fig. 7a and the predicted
triangular region is shown in Fig. 7b.

Fig. 7b shows that the defect is more likely to be located within the
triangular region enclosed by the transmitter T, = 17 and the sensors 28
and 29. The intersection region between the two triangles with highest
GPC-I in Fig. 8 indicates the most probable location of the defect.

This localization process is applied to all defect positions. We list the
localization results for other three defect locations in the Appendix.
Table 2 summarizes the predictions of the GPC-I localization method for
all four defective plates investigated.

Furthermore, a defect localization error analysis is conducted by
comparing the predicted location with the actual location. Since the
mass defect has some dimensions, the scattered waves received by
sensors are affected by the edges of the defect. If we can predict any
boundary of the defect then it will be assumed that the localization of
this defect is accurately determined. The relative error between the
actual and the predicted locations of the defect is defined by equations
(8) and (9). Equation (8) indicates that when the predicted location is
inside the defect then we say it has accurately localized the defect and
the relative error is defined as zero. Otherwise, we use equation (9) to
find the values from the predicted location to one of the nearest edges of
the defect to calculate the error values.

L L
xafggxp Sxa+g
egpc-1 = 0, for (€]

Ly, Ly,
ya_TySyp Sya"!‘?y

In equation (8), (xp, ¥p) is the predicted localization coordinate ob-
tained from equation (7). (xg, Yo is the actual center location of the
defect. Lpyx and Ly, are the side lengths of the mass defect in x and y
directions, respectively.
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Fig. 3. Lamb wave displacement magnitudes for the reference plate (left column) and defective plate (right column) with transmitter T; = 1 at time 75 ps (top row)
and T, = 17 at time 35 ps (bottom row). We only show the plate with the defect located in its first quadrant (unit is mm).
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Fig. 4. Time histories for both reference and perturbed states at receiving sensor pair (a) 18, (b) 19, and sensor pair (c) 23 and (d) 24 when the transmitter is at

location T; = 1.
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Fig. 5. Calculated GPC for two sensing paths defined by sensor locations (a) 18 and (b) 23 when the transmitter, Ty, is at location 1.
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800

are small, less than 3 %. It is also interesting to see that for the predicted
locations corresponding to defects No. 1 and 3, x and y values and their
signs have been simply interchanged. This is because the transmitting
sensors 1 and 17 here are symmetric about a diagonal line passing
through sensors 9 and 25. All receiving sensors as well as the actual
defect locations are also symmetric about this line. Hence, the prediction

(€) comes out to be symmetric about this line as well.

In equation (9), Ly and L, are side lengths in x and y directions,
respectively of the enclosed region by those distributed sensors. The
relative error is decomposed into the x and y directions, respectively,
and then added to consider their combined effects. The relative errors

5. Effect of number of sensors on defect localization with GPC-1

In section 4, a total of 32 sensors have been adopted for defect
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Fig. 6. (a) GPC-I calculated for all sensing paths (labelled by sensor number) with T; = 1 and (b) the triangular region with maximum GPC-I value.
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Fig. 7. (a) Same as Fig. 6 but with transmitter T at location 17.
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Fig. 8. Predicted defect location in the quadrilateral area formed by the
intersection of the two triangles with highest GPC-I.

localization. This arrangement can predict defects with relatively high
accuracy. In general, more sensors should enhance the resolution and
accuracy of the localization results. However, in practical applications,
there should be a balance between the number of sensors and the desired
accuracy. In this section, the effects of the number of sensors on the
proposed localization method with GPC-I are examined. The 2-D view of
the problem geometry for smaller number of sensors is shown in Fig. 9.
Here, we only take the defect located in the first quadrant [(50 mm, 30
mm)] as an example to examine the effects of sensor numbers on

Table 2
Defect localization results based on the proposed GPC-I method and error
analysis.

Defect Actual location (X,, Ya) Predicted location (xp, Relative errors
No. (mm) yp) (mm) (%)

1 (50 + 5,30 +5) (58.42, 33.12) 2.44

2 (—20 £5,20 +£5) (—21.82, 21.82) 0

3 (=30 £ 5, -50 + 5) (—33.12, —58.42) 2.44

4 (20 +5, —40 + 5) (12.52, —38.64) 2.75

localization results.

In Fig. 9, the plate dimensions and other configurations, such as
material properties and wave propagation modeling, remain same as
those in Fig. 2. The only difference is that in Fig. 9a, the number of
sensors is reduced to 16, while in Fig. 9b, this number is further reduced
to 8. The distance between adjacent sensors is 40 mm in Fig. 9a and 80
mm in Fig. 9b. Using the same localization process, the defect locali-
zation results for these two scenarios are presented in Fig. 10.

As the number of sensors decreases, the predicted defect region
(overlapped areas shown in Fig. 10c and 10f) expands. A larger pre-
dicted region suggests increasing uncertainty regarding the actual de-
fect’s location within this area. Such an increase in uncertainty can lead
to misjudgment of the actual defect position. Table 3 presents the error
analysis results for defect localization with these two fewer sensor
configurations.

It can be observed that when the number of sensors decreases from
3210 16 (as seen in Figs. 2 and 9a), the relative error increases from 2.44
% to 9.88 % —approximately a fourfold rise. This is expected, as a
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Fig. 10. Defect localization results using transmitters located at positions 1 and 17 for the actual defect positioned at (50 mm, 30 mm). Subplots (a) and (d) show
GPC-I results for transmitter 1, while (b) and (e) display GPC-I results for transmitter 17. Subplots (c) and (f) illustrate the predicted defect regions (common areas of
the two large triangles) and actual defect location. The top row uses 16 sensors, whereas the bottom row utilizes 8 sensors.

Table 3
Defect localization results based on the proposed GPC-I method and error
analysis for fewer number of sensors.

Number of Actual location (x,, Predicted location (x,, Relative errors
sensors ya) (mm) yp) (mm) (%)
16 (50 £ 5,30 £ 5) (64, 48) 9.88

(50 +£ 5,30 + 5) (53.33, 26.67) 0

sparser sensor array reduces the spatial resolution for defect localiza-
tion. However, when the number of sensors is further reduced to 8, the
relative error shows an outlier value of "0" indicating perfect prediction.
It is important to note that this accuracy does not imply that fewer
sensors are advantageous for defect localization. On the contrary, this

result suggests the adverse effects of random predictions due to insuf-
ficient sensor density. The outlier of "0" occurs simply because, in this
case, the actual location coincidentally aligns with the predicted one. As
illustrated in Fig. 10f, the predicted region is bigger, allowing the actual
location to fall anywhere within it (almost randomly) making the pre-
diction error relatively small, however the uncertainty associated with
this prediction is higer. Future work will focus on optimizing our pro-
posed method by determining the optimal number of sensors and further
evaluating its accuracy in defect localization, providing more specific
and scientifically robust insights.
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6. Comparison between GPC-I localization method and other
methods

6.1. Localization based on velocity differences

In this section, velocity differences (VD) between reference state and
perturbed state at each receiving sensor are obtained from the time of
arrival (TOA) or time of flight (TOF) measurements. The VD parameter
is then used to localize the defect following the same steps described
above but GPC-I values are replaced by VD values. For the VD calcula-
tion from the TOF values, the distances from transmitter 1 to all
receiving sensors are first calculated and shown in Fig. 11a. Time his-
tories showing the Sy mode arrivals at sensor locations 18 and 23 in
reference state and perturbed state are shown in Fig. 11b and 1lc,
respectively.

First, the velocity value at each receiving sensor is calculated for both
the reference state and the perturbed state. Then these velocity values
are normalized with respect to the first velocity value (received at the
first sensor, for transmitter at location 1 and the receiver at location 9) in
each state (reference and perturbed). After taking the differences be-
tween the normalized velocity values of reference state and perturbed
state the GPC-I values are replaced by the VD values for the damage
localization. The normalized VD results from transmitter 1 at each
receiving sensor are shown in Fig. 12a. It can be seen that there are three
peaks (sharp peaks indicate defects appearing on the corresponding
path) in the normalized VD plot which makes it difficult to determine
the path along which defects occur. However, here we choose the peak
with the largest magnitude as the indictor. Then the defect occurs on the
path connecting transmitter 1 and sensor 19. Similarly, when trans-
mitter at location 17 is the emitter, the largest peak appears at sensor 27
(shown in Fig. 12b). Then the predicted defect location is determined as
the intersection of these two lines obtained from transmitters 1 and 17 as
shown in Fig. 12¢c.

Following the same methodology and using the VD values, defects
located for other three positions of the extra mass are shown in Fig. 13.

Defect localization results using velocity differences are summarized
in Table 4. The error is calculated using the same equations presented in
section 4.

It can be seen in these localization results that for some defect lo-
cations (defects 2 and 4) there are large deviations between the pre-
dicted defect location and its actual location (shown in Fig. 13a and
13c). Therefore, we can say that the VD parameter is unstable for defect
localization.

6.2. Localization based on amplitude ratio

In this section, the amplitude ratio (AR) parameter is utilized to
localize the defect for comparison. The AR value at each receiving sensor
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is defined as the ratio between the maximum peak value in spectral
amplitude plots between the reference state and the perturbed state.
Spectral amplitude plots at receiving sensors 18 and 23 for both the
reference state and the perturbed state are presented in Fig. 14a and 14b,
respectively, as an example.

The amplitude ratio at each receiving sensor is calculated and used to
localize the defect. The amplitude ratio results for transmitter 1 at each
receiving sensor are shown in Fig. 15a. It can be seen that there is a sharp
dip at receiving sensor 18 and multiple small peaks and dips (oscilla-
tions) at other sensors. Here we choose the largest deviation of a peak or
a dip value as the indictor that defects appear on the sensing path which
is from transmitter 1 to receiving sensor 18. Similarly, when the trans-
mitter is at location 17 the largest deviation appears at receiving sensor
32 (shown in Fig. 15b). Then the predicted defect location is determined
as the intersection of these two lines going through transmitters 1 and 17
as shown in Fig. 15c.

Defect localization results using AR parameter for other positions of
the defect are shown in Fig. 16. These defect localization results are
summarized in Table 5.

It can be seen in these localization results that for some defects
(defects 1, 3 and 4) there are large deviations between predicted defect
location and actual location (shown in Fig. 15c, 16b and 16c). The
relative errors varied from less than 2 % to more than 30 %; therefore,
the AR parameter is also not reliable for defect localization.

7. Discussions and conclusions

This investigation is performed using Abaqus/CAE simulation soft-
ware. In numerical modeling investigations without any background
noise, defect locations can be predicted in some cases (defects 1 and 3)
with the VD parameter. However, in real life structural health moni-
toring (SHM) applications with high background noise, obtaining ac-
curate time of flight (TOF) estimations can become nearly impossible.
GPC or GPC-I, on the other hand, exhibit stable and clear damage fea-
tures with high sensitivity. The GPC-I-based method, introduced here,
demonstrates superior accuracy in locating defects on plates compared
to the more commonly used approaches based on the wave velocity or
the amplitude difference. The velocity differences show very low
sensitivity (< 2 % difference in velocity) between reference and per-
turbed states. Such small difference can be recorded through numerical
modeling but can be difficult to detect experimentally or for in situ
applications. The amplitude ratio parameter exhibits higher sensitivity
to defects than velocity difference. However, amplitude ratio finds dif-
ficulty in identifying paths most likely to contain defects due to strong
spatial variations.

The GPC-I is a global measure of the acoustic field which does not
require precise TOF or time-difference-of-arrival (TDOA) information,
nor any specific Lamb wave modes. Consequently, the GPC-I method
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Fig. 11. (a) Distances from the transmitter 1 to all receiving sensors, (b) time histories recorded at sensor 18 for the reference state (defect-free) and the perturbed
state (with defect) and (c) time histories recorded at sensor 23 for the reference state and the perturbed state.
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Fig. 13. VD based localization results for defect locations (a) (—20 mm, 20 mm), (b) (—30 mm, —50 mm) and (c) (20 mm, —40 mm).

holds significant promise for advancing the defect localization technique
in large engineering structures, thereby offering substantial benefits to
the SHM community. This work is the first attempt to achieve defect
localization using the highly sensitive GPC-I parameter. The homoge-

Table 4
Defect localization results and relative errors obtained from the analysis using
velocity differences.

Defect Actual location (xa, ya)  Predicted location (x,, Relative errors neous aluminum plate structure provides an ideal medium for evalu-
0,

No- (mm) ¥p) (mm) 6 ating and validating our proposed localization method. However, the

1 (50 +5, 30 £ 5) (67.69, 30.77) 8.36 advantages of the GPC-I-based sensing method make it particularly well-

2 (=204£5,20 £5) (1.63, 50.61) 19.09 suited for monitoring damage in more complex structures, such as het-

3 (-30+5, -50 £ 5) (~30.77, —67.69) 8.36 . .

4 (20 £ 5, 40 = 5) (62.22, 8.89) 35.97 erogeneous structures composed of multiple materials and structures
with complex topographies [6,48], where defects may be obscured by
complex wave interference. Future research will focus on extending the
applicability of the proposed method to complex heterogeneous
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Fig. 14. (a) Spectral amplitude plots for signals recorded at sensor 18 for the reference state and the perturbed state and (b) Spectral amplitude plots for signals
recorded at sensor 23 for the reference state and the perturbed state when the transmitter, Ty, is at location 1.
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Fig. 16. AR based localization results for defect locations (a) (—20 mm, 20 mm), (b) (—30 mm, —50 mm) and (c) (20 mm, —40 mm).

Defect localization results and relative errors obtained from the analysis using

amplitude ratio.

Defect Actual location (xa, ¥a) Predicted location (x, Relative errors
No. (mm) ¥p) (mm) (%)

1 (50 £ 5, 30 + 5) (5.33, —5.33) 31.21

2 (-20 + 5,20 +5) (—26.67, 26.67) 1.47

3 (=30 £ 5, —50 + 5) (5.33, —5.33) 31.21

4 (20 £ 5, -40 £ 5) (5.33, —5.33) 19.50

structures with multiple defects for the real-world SHM applications.
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