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The interaction of ultrasonic guided waves with defected structures gives rise to local defect resonance (LDR),
which manifests in large displacements in the vicinity of the defect and affects the reflection and transmission
spectra. This paper investigates the fundamental mechanism at the origin of the LDR phenomenon in isotropic
elastic plates, using a hybrid computational method (Global-Local). The analyses show that the coupling of
ultrasonic guided waves with the vibrational resonance modes of the sub-structure, geometrically defined by
the defect, causes LDR, and boundary conditions affect it secondarily. The coupling mechanism is captured by
the Global-Local method and is investigated in relation to the characteristics of the defect and the relationship
to the host-structure. The coupling occurs at defect lengths that are odd multiples of the modes’ quarter
wavelengths. Comparisons with analytical, finite element and methods in literature for the computation of
the natural and LDR frequencies are provided. The presence of LDR and its effect on broadband reflection and
transmission ultrasonic spectra away from the defected region are also verified experimentally and can be used
for remote defect characterization in NDE applications. These studies clarify the fundamental understanding
of LDR and provide an effective approach to capture and predict LDR in ultrasonic guided wave propagation
in plate-like structures.

Free vibrations
Computational NDE
Horizontal defect

1. Introduction

Among the ultrasonic methods for damage detection, Ultrasonic
Guided Waves (UGW) offer advantages, enabling fast, sensitive and
cost-effective inspections. UGW are elastic waves that propagate in
bounded geometries (i.e. waveguides) and provide full cross-sectional
involvement while maintaining a wide inspection range [1]. Resonance
phenomena in UGW propagation in structures arise due to different
mechanisms. These can be due to phase matching and nonzero power
flow conditions [2-4], zero group velocity [5,6], wave interaction with
geometrical and boundary configurations of the waveguide [7] or with
discontinuities [8], or a combination of the above [9].

When ultrasonic guided waves propagate in structures and en-
counter defects with specific configurations, multiple reflections can
occur within the defect region, leading to substantial trapping of wave
energy above, below, and between the defected areas until the energy
eventually dissipates [10,11]. The phenomenon of local resonance
in wave propagation is characterized by wave energy localizing and
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resonating within a defined region at specific frequencies, potentially
indicative of structural anomalies. Rohklin [12] identified the cause
of resonances by solving analytically the diffraction problem of Lamb
waves in a plate with a finite crack. He stated that the crack region
behaves as a high-Q resonator for the Lamb wavemodes reflected and
mode-converted by the edges of the crack. Solodov et al. [13-15]
proved experimentally that defects exhibit resonances when subjected
to forces matching their natural frequencies. The work also named the
phenomenon “local defect resonance” (LDR).

Prior work on LDR can be categorized into three methodological di-
rections: analytical, numerical, and experimental investigations. On the
analytical side, trapped-mode phenomena in plates have been investi-
gated via point-eigenvalue analyses of the spectrum using Wiener-Hopf
and related techniques [8,16-19], and more recently by complex modes
expansion with vector projection (CMEP) method [20]. On the numer-
ical side, conventional finite-element formulations [21,22] and time
domain spectral finite element (TSFE) method [23] are widely used, but
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can be computationally demanding for parametric studies. To improve
efficiency and maintain accuracy, hybrid/semi-analytical approaches
have been developed, including the use of Semi-Analytical Finite El-
ement (SAFE) method combined with normal mode expansion method
(NME) [24], boundary integral equation methods (BIEM) [22], semi-
analytical hybrid approaches (SAHA) that couple BIEM with frequency-
domain SEM (FEDSEM) [25], modal-expansion model [26], and the
Modal Decomposition Method (MDM) [27]. Experimental validation of
LDR phenomenon has been reported using different techniques, includ-
ing thermography methods [28], resonant airborne acoustic activation
combined with vibrometry [15], air-coupled ultrasonic system [21],
and most commonly, by the use of laser Doppler vibrometer (LDV) [22,
29-34]. These experimental studies corroborate the existence of dis-
crete resonances and spatial energy trapping predicted by theory and
simulation.

Despite this substantial body of work, important gaps remain. Prior
studies consistently indicate that LDR features — most notably the
resonance frequencies — depend on defect characteristics such as size,
location and type [14,22,23,27]. However, a generalizable, mechanism-
based framework that quantitatively maps LDR observations to defect
parameters remains limited: analytical models typically require strict
geometric/constraint assumptions, whereas high-fidelity numerical ap-
proaches, though broadly applicable, can be computationally expensive
for parametric exploration. Moreover, most experimental demonstra-
tions acquire measurements directly on top of the defect, providing
limited evidence for remote detection that is more representative of
practical NDE/SHM scenarios.

To address these limitations, the present work employs a hybrid
Global-Local (GL) formulation that couples a semi-analytical waveg-
uide description of the surrounding pristine plate to a high-resolution
finite element model of the defected local zone. Using this method,
this work furthers the understanding of the LDR phenomenon arising in
UGW interactions with horizontal defects in elastic plates and investi-
gates the mechanism at its cause. In Section 2, the hybrid Global-Local
method is presented as an efficient solution to compute broad scattering
spectra of UGW modes that capture how LDRs manifest in transmission
and reflection. Section 3 reviews the nature of LDRs as due to the
coupling of propagating UGW with normal modes of vibrations and
makes the defect length-to-wavelength relationship explicit. The analyt-
ical and numerical solutions of the normal modes of vibrations for the
presented case study are reported in the Appendix. Section 4 provides
an experimental demonstration of the numerical studies, observing the
LDR phenomenon in the ultrasonic range, and showing its effect on
UGW reflection and transmission away from the defect. A discussion
on the boundary conditions of coupling and the influence of waveguide
parameters on LDR computation follows in Section 5. Further analyses
on the quantitative relations between resonances and defect parameters
are studied in depth in a following paper, focusing on practical NDE
applications.

2. Local defect resonance by hybrid global-local method

The complex propagation and interactions associated with UGW
present substantial challenges in understanding the resulting wave-
forms, hence in signal interpretation. Advanced modeling techniques
are needed to capture their behavior accurately, comprehensively and
efficiently.

Hybrid methods enable accommodating any geometrical discontinu-
ity or defect in the scattering problem and provide accurate solutions
with reduced computational demands. They have proven invaluable
in enabling accurate and efficient simulations of UGW, particularly at
ultrasonic frequencies [25,35-40].

The hybrid Global-Local method is utilized to simulate UGW prop-
agation within waveguides containing defects and/or discontinuities
along the wave propagation direction. In this approach, the waveg-
uide is partitioned into global and local regions. The global portion
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represents the pristine structure, while the local part contains the
discontinuity. Specifically, the 2D model discretizes the x-z plane,
where x is the wave propagation direction, and z corresponds to
the thickness direction. The model adopts plane strain assumption,
considering the 2D transverse section as infinite in the y-direction. A
detailed formulation of this method is described in [36].

Within this framework, an incident time-harmonic guided wave
travels along the wave propagation direction. The wave is scattered into
reflected and transmitted waves after interacting with the discontinuity
within the local region. By ensuring displacement compatibility and
forces equilibrium at the boundaries between the global and local
regions, the hybrid solution is effectively extracted. The 2D scattering
problem is visually depicted in Fig. 1.

The waveguide under consideration in this work is a 2 mm alu-
minum plate. Given that evanescent modes are excluded from the
analyses performed in this paper, the local zone (LZ) remains fixed
across all tests, with a length of 50 mm. This size considerably exceeds
the minimum requirement of local zone boundary/defect distance be-
ing more than four times the plate thickness, as established in [41].
A minimum of 20 elements per wavelength is considered sufficient
to ensure computational accuracy [36,42]. In this work, each finite
element within the local zone is a linear element with four Gauss points
and quadrilateral shape, with a mesh size of 0.05 mm, equating to 40
elements through the thickness, and 40,000 elements in total, in the
pristine case.

The local-zone configurations of off-centered horizontal defects in
the aluminum plate and their scattering spectra are presented in Fig.
2(a) and (b). In Fig. 2(a), a 20 mm long off-centered delamination
with a depth of 0.5 mm is modeled by separating the finite element
nodes (infinitesimal thickness horizontal defect), following established
practice [43,44]. In Fig. 2(b), a notch with the same length and
remaining depth is modeled by removing elements. For each config-
uration, the normalized scattered energy at the local-zone boundaries
is computed for the fundamental anti-symmetric (A0) incident mode
across a 0-200 kHz frequency spectrum with step df = 1 kHz. This
work focuses exclusively on the A0 incident mode in both the numerical
simulations and experiments; analyses of SO incidence are outside the
present scope and will be reported separately.

In the delamination case (Fig. 2(a)), when the A0 is incident, most
of the energy is transmitted (solid line) in the same mode, except
for highly localized sharp transmission drops at specific frequencies,
with negligible A0 — S0 conversion across the spectrum. In the notch
case (Fig. 2(b)), most of the energy is reflected and substantial A0 —
S0 mode conversion is observed; at the resonance frequencies, the
reflection exhibits sharp drops. Interestingly, the resonance frequencies
closely match those of the delamination with the same sub-laminate,
as quantified in Table 7, and further discussed in Section 5.2. For
clarity, resonance frequencies in this section are analyzed using the
delamination configuration, in which pronounced frequency peaks and
negligible mode conversion are observed.

At these resonance frequencies (highlighted in red), interaction of
UGW with the boundaries and discontinuities within the structure
leads to the formation of standing wave patterns or energy vortices
that persist after the initial wave excitation has ceased. In the de-
lamination configuration, the localized energy prevents transmission
creating narrow bandgaps in the frequency domain. The magnitude
of such energy drops varies at different frequencies: for example, the
transmission drop at 84 kHz is relatively small (~10%), while at 7 kHz,
the normalized energy significantly drops from 1 to 0. Two groups
of resonance frequencies, characterized by in-plane and out-of-plane
motion respectively, are present, as noted in previous research [22].
Most of the resonance frequencies identified are dominated by out-of-
plane motion. An additional energy drop is observed at 130 kHz in the
delamination case, but this resonance is not considered in this study as
it is primarily characterized by in-plane motion.



M. Zhang et al.

SAFE mesh

/ possible defects

S

Ultrasonics 160 (2026) 107912

FE mesh SAFE mesh

\

o

!
!
|
9 4000 0o 0¢000000fooo¢
/\/\ [} /\/\‘?ooo o 0000000000 [}
o ® 0 O O OOO;OOOOO‘D o}
\/\/ o \/\/ 6000 o 0 O OXOOOQQB o
[} b o000 00000000 o
incident wave o reflected wavels ¢ o o o 6060660600066 0600 o ransmitedwavels
________ & & . -
g 0000000000000 .
Left boundary E___ —— 00000 Right boundary

)
! geometrical build-up (e.g. stiffener) !

Global SAFE region

Local FE region

Global SAFE region

Fig. 1. Geometrical representation of the scattering of an incident wave in reflected and transmitted waves from a discontinuity within the local zone (LZ), with
indication of the adopted discretization strategies in each region of the Global-Local (GL) approach [36].
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Fig. 2. Off-centered horizontal defects in a 2 mm aluminum plate: (a) GL local-zone configuration showing a top-surface delamination (1 = 20 mm, d = 0.50 mm;
not to scale) and the corresponding normalized energy scattering spectra for A0 incident mode, with resonance frequency peaks highlighted; (b) GL local-zone
configuration showing a notch (1 = 20 mm, depth d = 0.50 mm; not to scale) and the corresponding normalized energy scattering spectra for A0 incident mode,

with resonance frequency peaks highlighted.

The resonance peaks are attributed to the LDR phenomenon, as they
arise from the interaction between propagating guided modes matching
the natural modes of vibration of the region (i.e. sub-waveguide)
defined by the defect. These observations align with findings from prior
research [22,24,27] and emphasize the capability of the method in
capturing the LDR phenomenon.

3. Local defect resonance as ultrasonic guided waves - vibrational
modes coupling

To elucidate the LDR phenomenon, the interaction of the guided
wave modes with the sub-waveguide’s natural modes of vibration is
here made explicit and analyzed.

When Lamb waves propagate through a structure with delamina-
tion, they interact with the edges of the delaminated region, lead-
ing to multiple reflections and trapping energy within the defective
area [12,33,43,45-48]. This phenomenon is characterized by a signif-
icant amount of wave energy being confined within the sub-laminates
separated by the delamination, generating trapped modes.

The trapped modes dynamically interact with the intrinsic free vi-
brational characteristics of the sub-structure. This interaction results in
coupling UGW modes to normal vibrational modes, causing resonance
at the sub-laminate’s natural frequencies. This influences the resulting
wave propagation.

To clarify the mode coupling between UGW trapped modes and
normal modes, a representative case involving the 20 mm long, 0.5 mm

deep off-centered delamination within the aluminum plate (host waveg-
uide) is analyzed, as depicted in Fig. 3. Several other cases have been
studied by the authors with similar results and will be reported in a
following work. The LDR frequencies of UGW were obtained from the
Global-Local method, as described in Section 2. These results are here
compared with the LDR frequencies reported by Eremin et al. [22], who
employs the Boundary Integral Equation Method (BIEM) and the Finite
Element Method (FEM) for the numerical approximation of eigenfre-
quencies (i.e. resonance frequencies) in UGW propagation in defected
plates. The LDR frequencies from UGW propagation in the delaminated
plate (Fig. 3(a) and (b)) are then compared to the natural frequencies
of normal modes of vibrations of the sub-laminate only (sub-structure,
Fig. 3(c) and (d)) above the delamination. These natural frequencies are
obtained via both analytical calculations (1D sub-structure, a two-end
fixed Euler-Bernoulli beam) and FEM (3D sub-structure). The Appendix
reports the analytical vibration solutions and 3D FEM modeling.

Table 1 presents the first six LDR frequencies of the delaminated alu-
minum plate, obtained from the Global-Local method, alongside those
reported in literature using BIEM and FEM [22]. The table also displays
the natural frequencies of the normal modes of free vibration of the
thinner sub-laminate alone, segmented by the delamination. These
natural frequencies are computed using ABAQUS shell S4R elements
(dx = dy = 0.25 mm) and solid C3D8 elements (dx = dy = 0.2 mm,
dz = 0.1 mm), with clamped boundary conditions on all four edges and
3D structure. The analytical solution, as described in the Appendix, is
also provided.
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Fig. 3. (a) 3D full problem, (b) 2D Global-Local configuration, (c¢) 1D sub-structure (two-end fixed Euler-Bernoulli beam), and (d) sub-structure in 3D FEM

modeling (F, B = front and back edges; L, R = left and right edges).

Table 1

Comparison of LDR frequencies (kHz) of the first six modes in the delaminated
plate obtained from the GL (df = 1 kHz) method and literature (BIEM and
FEM, [22]) with natural frequencies of the thinner sub-laminate computed
from the analytical and numerical (ABAQUS S4R and C3D8) solutions.

Mode LDR frequencies (kHz) Natural frequencies (kHz)

GL BIEM FEM Analytical S4R C3D8
1 7.00 6.93 6.88 6.50 6.80 6.77
2 18.00 18.41 18.37 17.91 18.65 18.58
3 34.00 34.54 34.46 35.10 36.29 36.21
4 56.00 55.83 55.72 58.02 59.46 59.38
5 84.00 84.39 84.20 86.68 87.89 87.83
6 118.00 118.75 118.41 121.06 121.31 121.26

Fig. 4 provides a visual representation of the data presented in Table
1, comparing the LDR frequencies and natural frequencies of the first
six modes. The plots highlight the close alignment between the results
obtained from the Global-Local method (horizontal dashed line) and
the literature, as well as with the natural frequencies computed from
both the analytical and numerical solutions. In particular, among the
solutions for the LDR, the Global-Local results closely match the litera-
ture results from both BIEM and FEM, with the maximum discrepancy
verified at the first mode (relative error below 2%). With respect to
the natural frequencies, the maximum relative error is observed in
comparison with the S4R FEM, which shows a 6.74% error in the third
mode. However, the relative error diminishes at higher frequencies. It
is also noted that the LDR frequencies obtained from Global-Local and
reported in prior literature, closely match the natural frequencies of
fixed-fixed beam (analytical and numerical) but are generally lower.
This difference arises because the simplified fixed-fixed beam model
is stiffer than the actual defect-defined sub-laminate embedded in the
host plate.

The analytical solution for the normal modes of the sub-laminate,
derived from Eq. (A.1), can be approximated using the asymptotic
behavior of the characteristic equation. Specifically, as n increases, the
solution g,/ for each mode can be approximated by:
_@n=Dx
T2
where g, is the wavenumber for the nth mode. The wavelength 4, for
the nth mode is defined as A, = 2z/p,.

Consequently, the ratio of the sub-laminate width / to the wave-
length 4, for the nth mode can be expressed as:
/ 2n—1

X 4

Bl @

(2)

indicating that the width of the sub-laminate is an odd integer mul-
tiple of the quarter-wavelength of the nth mode. This relationship
highlights the resonance conditions that occur when the width of the

Table 2
Analytical and GL wavelengths (mm) and length ratios for thinner sub-
laminate (1 = 20 mm, d = 0.50 mm).

Mode

1 !

A, (mm) Ao (mm)

1 26.57 26.45 3.01 3.02
2 16.00 16.46 5.00 4.86
3 11.43 11.94 7.00 6.70
4 8.89 9.27 9.00 8.63
5 7.27 7.53 11.00 10.62
6 6.15 6.31 13.00 12.68

sub-laminate supports a standing wave structure with a specific number
of quarter-wavelengths, a characteristic feature of the normal modes.

Table 2 validates these observations presenting a comparison be-
tween the wavelength 4, of the normal modes obtained from the
analytical solution and the wavelength A4, of the A, mode, computed
using the Global-Local method, in correspondence of the LDR. The
table also includes the corresponding values of the ratio /117 for both
the analytical and A resonance solutions.

The values in this table confirm that for each mode, the ratio AL/4
derived from the analytical solution corresponds to odd integers (3, 5,
7, etc.). Moreover, the comparison with the A0 resonances computed
by the Global-Local method reveals strong agreement with the analyt-
ical solutions, with only minor deviations (within 4.5%) in both the
wavelength and ratio values for each mode.

The resonance behavior of the sub-laminate is highly dependent on

the width-to-wavelength ratio, particularly at odd integer multiples of
!
1_/4.

4. Experimental validation

4.1. Experimental setup

To investigate the LDR phenomenon experimentally, a combined
contact transducer in actuation and a non-contact Laser Doppler Vi-
brometer (LDV) in reception were used on a notched aluminum plate.
Fig. 5(a) presents a schematic of the LDV scanning system setup; (b)
shows a side view of the experimental arrangement; and (c) displays
the top view of the tested aluminum specimen. LDV allows for high
spatial and temporal resolution of the wavefield, and has proven to be
an efficient and sensitive system for analyzing LDR phenomenon [14,
15,24,27,31,49,50]. The tests were conducted in the Marine Physical
Laboratory (Scripps Institute of Oceanography, University of California
San Diego) where the LDV system was made available for this test.
The experiments were conducted on a 2-mm-thick aluminum plate
with dimensions of 610 mm x 610 mm. A notch defect, 6.5 mm in
width and 1.6 mm in depth (0.4 mm remaining depth), was intro-
duced along the plate’s centerline, on the backside of the plate, for a
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Fig. 4. Comparison of local and natural defect resonance frequencies for the first six modes in Table 1, illustrated by histograms for various methods. Dashed
red line represents the GL method. Dynamic range varies for each plot (+10% about GL value).

length of 510 mm. To minimize elastic wave reflections from the plate
boundaries, plasticine was applied along all four edges of the plate.

The broadband excitation was provided by a piezoelectric trans-
ducer (Picosensors, Mistras) placed on the front side of the plate [51].
The transducer was positioned at a distance of 228 mm from the center
of the notch to maximize the inspected area and a broadband square
pulse generated by a Pulser/Receiver (Olympus 5077PR) was used as
excitation. The out-of-plane velocity, v(x,?), of the plate surface was
measured using the scanning LDV (OptoMET SWIR). Due to the limited
bandwidth of the LDV, manual scanning was performed point by point
for 256 mm along the x-direction (Fig. 5(c): laser scanning path x; = -
128 mm to x, = 128 mm) with a spatial resolution of ~1 mm. This
resulted in a total of 257 measurement locations. At each location,
averaging was performed (2087 waveforms) to enhance signal-to-noise
ratio. The time duration of each signal was 2 ms.

4.2. Signal processing and visualization

The two-dimensional fast Fourier Transform (2D-FFT) was applied
to the collected time-space LDV dataset (Fig. 6(a)) to transform the
measured velocity u(x,7) into the frequency-wavenumber domain:
V(k,w) = F(v(x,1)).

A 2D window function W, ,(k,w) in the frequency-wavenumber
domain is introduced as a filter to separate the wave propagation di-
rections [52-54]. The filter is designed to separate forward (outgoing)
waves I7f(k, ) from backward (incoming) waves 17,](k, ) as:

Vi k@) =V (k,w) - Wy (k. o) 3

where the forward and backward propagation windows are defined
as:

L,
W (k, ) =
4 &,

Prior filtering, three spatial regions of interest were distinguished
along the x direction (Fig. 5(c)): Region 1, as the pristine region before
the defect (x = —128 mm to —20 mm) ; Region 2, as the defect region
(x = -3 mm to 3 mm); Region 3, as the pristine region after the
defect (x = 20 mm to 128 mm). This was done to remove the effect
of the LDR on top of the defect and isolate its effect on the reflected
and transmitted waveforms. The filtered wavefield V(k, ) is then
separated into forward and backward propagating components, and
reconstructed for Region 1 and Region 3. Incident waves are defined as

1, fork-w<0,
Wk, w) = ()]

0, otherwise.

for k-w >0,

otherwise.

the forward-propagating waves in Region 1; reflected waves are defined
as the backward-propagating waves in Region 1; transmitted waves are
defined as the forward-propagating waves in Region 3.

Fig. 6(b), (c), and (d) show the incident, reflection and transmission
spectrum, respectively. Fig. 6(b) also overlays the dispersion curve of
the A0 mode, obtained from the Global-Local method [36], on the 2D
spectrum I7f(k, ). The dispersion curve demonstrates good agreement
with the experimental results. Frequency content above 250 kHz is
excluded, due to the bandwidth of the transducer in excitation. In Fig.
6(c), amplitude gaps are observed at approximately 50 kHz, 125 kHz
and 240 kHz. These drops provide evidence of LDR frequencies in
reflection arising from the phenomenon. Conversely, waves are present
only at those same frequencies, in transmission (Fig. 6(d)).

The same frequency-wavenumber filtering and analysis procedure
is applied to separate the forward and backward propagating waves
across the entire plate. Subsequently, an inverse Fourier Transform is
performed along the wavenumber (k) direction. The resulting velocity
amplitude profiles, v(x, f), are presented in Fig. 7(a) and (b) for the
forward and backward propagating waves respectively.

After interacting with the defect, most of the wave propagation is
blocked, except for specific frequencies (Fig. 7(a)), corresponding to
the LDR frequencies, that transmit in the forward propagation direction
past the defect (Region 3). Conversely, most of the waves are reflected
(Region 1), except at these specific frequencies (Fig. 7(b)). Within the
defect region (Region 2), waves are trapped and show high amplitude
particularly at the LDR frequencies. Three LDR frequencies are expected
to be observed as in Fig. 6. However, due to the frequency range
limitations of the transducer, only the second LDR frequency is mainly
visible in this 2D representation, as highlighted in Fig. 7(a) and (b).

To better identify and evaluate the exact LDR frequency values and
compare them with Global-Local results, normalized scattering spectra
in reflection and transmission are extracted over the frequency domain.
The spectra coefficients are derived from the mean velocity amplitudes
of the reflected and transmitted waves, normalized by the incident
wave amplitude. The process is described as follows:

X3
tmean($) = —— [ 1utx plax ©

Xy =Xy Jx
where [x,, x,] represent the spatial bounds of the region, as defined in
Fig. 5(c). This computation is performed for the incident, reflected and
transmitted spectra, respectively, away from the defect.
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Fig. 5. Experimental setup: (a) schematic of the LDV scanning system, (b) side view of the test configuration, and (c) top view of the specimen, showing the
source location at x = —228 mm. The scanning region is divided into three regions: Region 1 (x = —128 mm to —20 mm, before the defect), Region 2 (x = -3 mm

to 3 mm, defect region), and Region 3 (x = 20 mm to 128 mm, after the defect).

The normalized scattering coefficients are defined as the ratio of the
mean velocity amplitudes reflected and transmitted to the incident one:

Umean, refl () _ Umean, transm (/)
Umean, inc(f ) ’ Ktransm(f) - Umean, inc(f )

The obtained normalized scattering spectra are presented in
Fig. 8(a) and compared with the results computed by the Global-Local
method (notch I = 6.5 mm, d = 0.4 mm) in Fig. 8(b). The experimental
results show excellent agreement with the predicted Global-Local
results up to 250 kHz, which corresponds to the frequency range

Kret(f) = (6)

limitation of the transducer used in the test. Three LDR frequencies
(48 kHz, 123 kHz, and 237 kHz) are observed clearly and align closely
with the frequencies of 48 kHz, 123 kHz, and 235 kHz predicted by
Global-Local method. The large amplitude peaks noticeable in the
lower frequency range (below 15 kHz) are attributed to the frequency
range limitations of the transducer at those frequencies.

The experimental configuration presented in this study focuses on
a notch defect. A detailed discussion of LDR frequencies in plates with
various defect types is provided in the next section.
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Fig. 6. (a) Surface velocity v(x,t) obtained from LDV. Filtered and reconstructed frequency—wavenumber spectra for (b) incident waves (forward propagation in
Region 1), (c) reflected waves (backward propagation in Region 1), and (d) transmitted waves (forward propagation in Region 3). All spectra are reported in the

positive frequency-wavenumber domain for ease of comparison.
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Fig. 7. Filtered and reconstructed frequency-space spectrum at locations across the entire plate: (a) forward propagation and (b) backward propagation.
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5. Discussion

The Global-Local method captures LDR when solving for UGW
propagation in a structure with defects (e.g. plate with horizontal
defects). When comparing this solution with that obtained for the
normal modes of free vibration, it is noted that the frequencies at
which local resonances occur, although secondarily, are also affected by
boundary conditions and sub-structure relation to the host structure. In
the following section, the role of boundary conditions in the definition
of the free vibrations problem solved by FEM and host structure relation
is investigated.
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5.1. FEM modeling in ultrasonic guided waves-vibrational modes coupling

FEM was used to calculate the natural modes and frequencies
of vibration of the sub-waveguide, as detailed in the Appendix. The
boundary conditions used in the FEM modeling (i.e. all four edges
clamped) do not accurately reflect the conditions of the sub-laminate
in relation to the host plate. In practical scenarios, the back and
front edges of the sub-structure are traction free, whereas the left and
right edges are rigidly connected to the pristine regions of the plate.
To investigate the impact of proper sub-structure representation by
boundary conditions on the computed natural frequencies, this study
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Fig. 8. Normalized scattering spectra from (a) LDV experimental tests showing LDR, = 48 kHz, LDR, = 123 kHz, LDR; = 237 kHz and (b) GL method showing

LDR, = 48 kHz, LDR, = 123 kHz, LDR; = 235 kHz.

Table 3

Boundary conditions used in ABAQUS simulations.
Abbreviation Description
CCCC All four edges clamped
2C2F Front and back edges clamped, left and right edges free
2F2C Front and back edges free, left and right edges clamped
FFFF All four edges free

explores several configurations. Shell S4R elements in ABAQUS are
utilized. A study on the effect of element types is also performed by
using brick C3D8 elements, on the full-clamped configuration.

Table 3 summarizes four types of boundary conditions employed in
the FEM simulations. The edges refer to the sub-laminate in Fig. 3(d).
Table 4 details the element types and sizes used in the Global-Local and
FEM simulations, along with the corresponding computational times.
The running times for the FEM analyses are computed by averaging
the run times across four tests with different boundary conditions.
As indicated in the table, the Global-Local method achieves faster
processing time with higher resolution elements compared to FEM,
while maintaining high accuracy, as evidenced in Section 4. Also notice,
the Global-Local solves for the entire sub- and host structure guided
wave-induced LDR problem, while the FEM analysis solves only for the
natural frequencies of the sub-structure.

The natural frequencies of the first six modes of the sub-structure
are computed using FEM under different boundary conditions and
element types. The results along with the relative error compared to
the Global-Local method are summarized in Table 5. All FEM results
remain in close agreement with the Global-Local method results, with
relative error below 7% overall. The relative errors are highest in
the fourth mode, particularly under the 2C2F boundary conditions
(error = 7.26%). Among all simulations, shell elements under 2F2C
boundary conditions (front and back edges free, left and right edges
clamped) exhibit the lowest relative error (4.00%) averaged across all
modes. This is attributed to the consistency between these boundary
conditions and the assumptions in the Global-Local analysis. Further-
more, solid elements C3D8 with all edges clamped show an average
relative error of approximately 4.20%, which is higher than the lowest
observed error but lower than the S4R with the same boundary condi-
tions. Compared to shell elements with the same boundary conditions,
solid element demonstrates greater precision, as expected, particularly
at higher frequencies.

5.2. Effect of sub- to host structure relation on local resonances

From the characteristic equation Eq. (A.1), the resonance frequency
of each mode is solely dependent on the sub-structure material and

geometrical properties as:

1

2z

Analytically, g,/ is a constant for each mode, indicating that, given
the material, the resonance frequency of each mode is determined by
the geometric ratio d/I%, where [ is the sub-structure length (or defect
length along the wave propagation direction), and d is the thickness
of the sub-structure (or defect depth). Given that the LDR in ultrasonic
guided wave interaction with defects arise when matching the natural
frequencies of the sub-structure defined by the defect itself, such LDR
frequencies only depend on the defect length and depth and not on the
host structure.

_ 1 [E e d
ho= 5o\ T B @)

Previous studies have explored the relationship between resonance
frequencies and various geometric ratios such as sub-laminate-to-
wavelength [23] and sub-laminate-to-plate thickness [22,55], as well as
the phase difference between two sub-laminates [23,46]. The formula
derived in Eq. (7) states that the resonance frequencies, hence the
local resonances, are affected mainly by the thinner sub-laminate and
its characteristics, regardless of its relationship with the entire plate
(i.e. host) structure.

To test this proposition, a series of cases involving aluminum plates
are studied: the sub-structure (i.e. thinner sub-laminate) remains un-
changed (d = 0.5 mm, 1 = 20 mm), while the defect relationship to the
host waveguide (i.e. defect type or total plate thickness) is varied. The
configurations of these cases are illustrated in Table 6.

Table 7 reports the LDR frequencies of the four cases calculated
by the Global-Local method and compares them with analytical so-
lutions for natural frequencies using Eq. (7). Observations from Table
7 indicate that the local resonances exhibit similar frequency values
across different configurations. Notably, Plate B, which features a notch
defect compared to the delamination in Plate A, shows slightly higher
resonance frequencies than Plate A, and, particularly at frequencies
above 100 kHz, approaches the analytical results. Plate C and Plate D,
with thicker host plates, exhibit LDR frequencies similar to those of
Plate A, with the exception of the sixth mode. This may be influenced
by a second group of resonances observed at 120-125 kHz in these two
cases, as mentioned in Section 2. These results confirm that the main
cause of the LDR phenomenon is the matching of guided waves trapped
modes to natural modes of the sub-waveguide. The host waveguide
characteristics (thickness, effective rigidity, mass), although secondar-
ily, also influence LDR and the value of the frequencies at which it
manifests.
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Table 4
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Element types, sizes, and running times in Global-Local and ABAQUS simulations.

Method Element type Element size (mm) Running time (s (min))
GL 2D QUAD4 dx = dz = 0.05 1170 (19.50)

FEM S4R dx = dy = 0.25 2290 (38.17)

FEM C3D8 dx = dy = 0.2, dz = 0.1 14,742 (245.70)

Table 5

Comparison of natural frequencies (kHz) of sub-structure (1 = 20 mm, d = 0.5 mm) calculated with full FEM analyses for different boundary conditions and
element types (relative error is calculated with respect to LDR frequencies by GL analyses with frequency step d f = 0.1 kHz).

Mode S4R - CCCC S4R - 2C2F S4R - 2F2C S4R - FFFF C3D8 - CCCC
f (kHz) error f (kHz) error f (kHz) error f (kHz) error f (kHz) error
1 6.80 2.81% 6.82 2.52% 6.79 3.04% 6.79 3.07% 6.77 3.34%
2 18.65 3.02% 18.72 3.43% 18.59 2.73% 18.65 3.02% 18.58 2.64%
3 36.29 5.80% 36.48 6.36% 36.18 5.48% 36.40 6.11% 36.21 5.56%
4 59.46 6.55% 59.85 7.26% 59.26 6.20% 59.64 6.89% 59.38 6.41%
5 87.89 4.26% 88.59 5.09% 87.58 3.90% 87.77 4.12% 87.83 4.19%
6 121.31 3.07% 122.42 4.01% 120.87 2.69% 121.72 3.41% 121.26 3.02%
Table 6

Comparison of host structures with different defect types and thickness configurations.

Plate Defect type Configuration Defect thickness t Host plate thickness h
d
Plate A delamination h L infinitesimal 2 mm
d
Plate B notch h L 1.5 mm (open) 2 mm
d
l
- h o
Plate C delamination infinitesimal 3 mm
d
L It
h l
Plate D internal void 0.5 mm 3 mm
Experimental measurements using LDV scanning on a notched alu-
Table 7

LDR frequencies (kHz) of plates with fixed thinner sub-structure and varying
defect or total plate thickness compared with natural frequencies by analytical
solutions (fixed sub-structure d = 0.5 mm, 1 = 20 mm) in local zone of GL
method).

Mode Plate A Plate B Plate C Plate D Analytical
1 7 7 7 7 6

2 18 19 18 18 18

3 34 37 34 35 35

4 56 59 57 57 58

5 84 88 85 86 87

6 118 121 113 111 121

7 154 156 151 151 161

8 194 199 192 193 207

6. Conclusions

This work investigates the existence of LDR in UGW propagation for
isotropic elastic plates with horizontal defects and clarifies its govern-
ing mechanism: LDR arises from coupling between ultrasonic guided
modes of the host structure and the normal vibration modes of the
sub-structure, defined by the defect, activated when the defect length
is an odd multiple of a quarter wavelength. The hybrid Global-Local
method computes broadband scattering spectra with high accuracy and
reduced cost, capturing the characteristic full reflection/transmission
at LDR frequencies while avoiding restrictive boundary idealizations of
purely analytical methods.

minum plate confirm the presence of LDR frequencies and show excel-
lent agreement with GL numerical simulations in both dispersion curves
and scattering spectra. Notably, these LDR features are measurable
away from the defect, enabling remote characterization, and demon-
strate sensitivity to damage as small as a 6.5 mm notch, underscoring
applicability to NDE/SHM.

The fundamental behavior of LDR occurrence in defected plate
structures is primarily determined by the thinner sub-laminate’s char-
acteristics (length and depth). The observed shifts in LDR frequencies
are due to the secondary effect of the relationship between the sub-
structure and the host structure. Appropriate definition of boundary
conditions for determining natural frequencies is also needed to cap-
ture the conditions of UGW to normal modes coupling. An improved
agreement is expected with the adoption of higher-order beam theories
in analytical analysis. Kirchhoff plate solutions can also improve agree-
ment of analytical solutions with FEM, for natural frequencies, and an
expanded 3D Global-Local solution, for UGW resonance frequencies.

Importantly, LDR manifests in transmission and reflection spectra
measured away from the defect, enabling detection and characteri-
zation without prior knowledge of damage location. Building on this
mechanistic foundation, a comprehensive, quantitative inversion from
LDR features to defect characteristics, including size, location and type
across isotropic and composite plates will require broader parametric
analyses and additional experimental validation for useful NDE/SHM
applications. These efforts are in progress and will be presented in
subsequent publications.
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Fig. A.9. Mode shapes for the first four modes of the sub-structure obtained from analytical solution (orange solid) and FEM simulation (blue dashed). The
natural frequencies for the first four modes (analytical solution) are: 6.50 kHz (Mode 1), 17.91 kHz (Mode 2), 35.10 kHz (Mode 3), and 58.02 kHz (Mode 4).
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Appendix. Normal modes of free vibrations in sub-structures

The 1D analytical solution for a two-end fixed Euler-Bernoulli beam
is used to compute the lateral vibrations of the sub-structure, which is
geometrically defined by the defect (delamination in this case), under
plane strain conditions. Fig. 3(a) shows the full 3D problem where
the defect defines the highlighted sub-structure within the host struc-
ture. Fig. 3(b) shows the corresponding Global-Local modeling (2D).
The sub-structure in this configuration is referred to as thinner sub-
laminate. The choice of the Euler-Bernoulli beam Fig. 3(c) to represent
the sub-structure is motivated by the study of a 2D rectangular section
of an infinite 3D plate, where the thickness of the sub-structure is very
small compared to its length. The natural frequencies of the beam are
determined using the following equation [56]:

cosh(f,!)cos(f,))—1=0 (A.1)

10

where [ is the length of the beam, and the wavenumber for the nth

. 4] wZpA
mode is §, = |/ “LZ.

In this expression, w,, is the natural frequency (in radians) for the
nth mode, p is the material density, A is the cross-sectional area of the
sub-structure in the (y-z) plane, E is the elastic modulus, and I is the
second moment of area.

The mode shapes corresponding to the normal modes are computed
using the following analytical expression [56]:

W,,(x) = C, [sinh(B,x) — sin(8,x) + a,(cosh(f,x) — cos(8,x))] (A.2)
where
v = sinh(f,,!) — sin(g,1) (A.3)

"7 cos(B,l) — cosh(B,)

and where C, is typically chosen such that the maximum value of W, (x)
is normalized, often to 1 for visualization purposes. The solutions are
shown in Fig. A.9 in terms of natural frequencies and mode shapes
(dashed orange line), for the first four modes.

This analytical approach provides a theoretical basis for understand-
ing the vibrational characteristics of the sub-structure (sub-laminate in
this case). A similar methodology was also applied by Munian [23].

To complement the analytical study, numerical simulations are
conducted using the finite element method (FEM), with the software
ABAQUS. The sub-laminate is here modeled in 3D, as depicted in Fig.
3(d). In alignment with the assumption of the Global-Local 2D model
(Fig. 3(b)), the sub-laminate is considered to be infinitely extended
in the y-direction. Practically, the width of the sub-laminate in the y-
direction is set as 500 mm, a dimension that is 25 times greater than
the beam’s length in the x-direction, remarkably longer compared to
the dimensions in the other two directions.

S4R shell elements, dx = dy = 0.25 mm, are chosen for their
suitability in simulating thin structures under plane strain conditions.
All edges of the sub-laminate are clamped to replicate fixed bound-
ary conditions. The natural frequencies of the sub-laminate’s normal
modes are then computed using the Lanczos eigensolver, providing the
vibrational behavior of the structure.

The mode shapes and natural frequencies of the first four normal
modes obtained from the finite element simulations (dashed blue) are
presented in Fig. A.9 and are overlapped to the ones obtained by the
analytical solution (solid orange, Eq. (A.2)). These figures illustrate
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the vibrational patterns of the sub-laminate at its natural frequen-
cies for the first four modes. The comparison between the theoretical
calculations and numerical results proves to be nearly identical, as
expected.

Data availability

Data will be made available on request.
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