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Abstract

Carbon fiber-reinforced aluminum laminate (CARALL) has excellent properties such as
strong impact resistance and fracture toughness. Lamb waves are expected to provide an
efficient means for non-destructive testing of CARALL. However, the complex propagation
characteristics of Lamb waves in CARALL with both anisotropic and isotropic materials
between layers make it difficult to accurately identify and locate the damage. We proposed
an integrated probabilistic imaging method to detect the damage localization considering
Lamb waves propagation characteristics. First, the relationship between the propagation
velocity and direction of Lamb waves was analyzed. It was found that, unlike CFRP
laminates, where Lamb waves propagate fastest along the transverse direction, Lamb waves
in CARALL exhibit the highest velocity along the 45° direction. Subsequently, a damage
localization algorithm considering anisotropy and integrated probability imaging was
proposed. Experimental and numerical results demonstrate that the damage localization
algorithm proposed in this work accurately predicted the location of damage in CARALL,
and the area of damage could be characterized by the direct wave correlation coefficient
of Lamb waves. This study provides a useful framework for non-destructive testing
of CARALL.

Keywords: non-destructive testing; CARALL; Lamb waves; damage localization;
propagation direction

MSC: 70B15; 74M15; 90C90

1. Introduction

Composite materials are widely used in the aerospace, automotive industries and other
fields because of their high strength, high stiffness and designability [1-4]. However, their
applications are limited by their high price and low toughness. Fiber metal laminates are
a new type of structure that combines high-strength fiber-reinforced composite materials
with the high toughness of metals. The prices of steel and aluminum alloy are £0.30/kg
and £1.36/kg, respectively, while the price of CFRP reaches £6.38/kg [5]. Fiber metal
laminates combine the toughness and durability of metals with the superior fatigue and
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impact properties of FRP [6]. The most commonly used fiber metal laminates in industries
such as aerospace are glass fiber-reinforced aluminum laminate (GLARE) [7], aramid
fiber-reinforced aluminum laminate (ARALL) [8], and carbon fiber-reinforced aluminum
laminate (CARALL) [9,10]. Compared with GLARE and ARALL, CARALL has received
great attention due to its better lightweight advantage.

With the widespread application and extended service life of fiber metal laminates in
key industrial fields, operational safety issues caused by damage and failure mechanismes,
such as impact and fatigue, have become increasingly prominent [11,12]. The demand
for fiber metal laminate health-monitoring and non-destructive testing technologies is
increasing to monitor its health status in real time [13,14]. Non-destructive testing meth-
ods such as ultrasound, acoustic emission, X-ray, and thermal imaging can be used for
damage detection of composites [15,16] and FML structures [6,17,18]. Ibarra Castanedo
et al. [19] used infrared thermography to detect delamination and evaluate damage caused
by impact in GLARE composite panels. Ultrasonic guided-wave (hereinafter referred to as
guided-wave) testing is a commonly used method for non-destructive testing and health
monitoring of fiber-reinforced composite material structures (including ultrasonic testing,
acoustic emission, wavelet diagnostic technology, etc.), characterized by single-point ex-
citation, small attenuation along the path, and high detection efficiency [20,21]. Recent
studies have attempted to improve guided-wave-based monitoring methods by considering
complex propagation behaviors, including physics-informed constraints, spatially varying
wave velocities, temperature effects, and anisotropic propagation characteristics [22-25].
The real-time monitoring of damage and defects in carbon fiber-reinforced plastic using
the interaction between ultrasonic guided waves and damage has achieved considerable
progress [26].

When Lamb waves are used for damage localization and detection, transducers are
usually distributed around a plate-shaped structure to form a network. When the actuator
generates Lamb waves that propagate through the damaged area, part of the wave energy
is scattered by the damage and received by the receiving transducers. Due to the anisotropy
of carbon fiber-reinforced plastic and the strong wave attenuation, the propagation of
Lamb waves in CARALL is relatively complex [27]. The parameters of composite materials,
such as fiber volume fraction, layup sequence, and type of matrix/reinforcement material
used, strongly affect the propagation characteristics of waves [28]. Waves in composite
material laminate propagate at different velocities in various directions, and the shape of the
wavefront varies with frequency. Hu et al. [29] proposed a damage localization algorithm
based on pattern matching and verified the localization accuracy in composite material
plates at different damage locations and fiber layers. Zhao et al. [30] evaluated interface
debonding and low-speed impact damage in COPVs using laser ultrasonic guided waves.

Although Lamb waves have been effectively investigated in non-destructive testing of
composite materials and metal laminates, their application to CARALL remains challenging
because CARALL is composed of isotropic metal layers and anisotropic carbon fiber-
reinforced plastic layers. The propagation characteristics of Lamb waves in two distinct
materials are still unclear, and it is difficult to obtain accurate damage location information
through existing damage localization algorithms. Mikhaylenko et al. [31] conducted a
numerical study on the displacement field of such waves in a fiber metal laminate made
of carbon fiber-reinforced plastic and steel by comparing analytical solutions and finite
element models. Muc et al. [32] analyzed the dispersion curves obtained from numerical
simulations and basic Lamb wave and shear horizontal elastic wave modes in fiber metal
laminates. Rittmeier et al. [33] studied the effects of material interfaces and material
impedance on the propagation of elastic waves in fiber metal laminates. Fattahi [34]
evaluated delamination detection in FMLs by simulating Lamb wave propagation using a
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finite element (FE) model, and found that the phase velocity of Sy Lamb wave mode was
more sensitive to delamination damage than that of Ay mode.

The coexistence of metal and carbon fiber-reinforced polymer layers in CARALL
can significantly alter the wave velocity of guided waves, leading to errors in damage
localization. Nevertheless, the propagation characteristics of guided waves in CARALL
have received limited attention in previous studies. This paper establishes a damage
parameter model for ultrasonic guided waves in CARALL. The proposed model can detect,
locate, and characterize damage with high accuracy and minimal number of sensors.

The purpose of this study is to analyze the propagation characteristics of Lamb waves
along different directions in CARALL, and propose a Lamb wave localization and damage
quantification algorithm for CARALL. Accordingly, this study first analyzes the propaga-
tion characteristics of Lamb waves in CARALL and then proposes an integrated probabilis-
tic imaging localization algorithm based on these characteristics. The relationship between
Lamb wave characteristic parameters and damage location and severity is analyzed to
establish a damage identification and quantification methods for CARALL.

2. The Guided-Wave Propagation Characteristics of CARALL

CARALL was made by alternately stacking aluminum alloy and CFRP layers, as
shown in Figure 1a. The thickness of the CFRP layer is f., and the thickness of the metal
layer is t,;. Due to the anisotropy of the CFRP layers, the propagation characteristics of
Lamb waves in the laminate directly affect the location of damage. Therefore, in this section,
the relationship between Lamb wave velocity and propagation direction is first analyzed.
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Figure 1. Simulation settings for Lamb wave propagation characteristics of CARALL: (a) PZT sensors
layout; (b) excitation signal.

2.1. Establishment of Propagation Simulation Model of Guided Waves in CARALL

According to the theory of ultrasonic guided-wave propagation, the propaga-
tion characteristics of Lamb waves in anisotropic plates are determined using the
Christoffel equation

(rﬁ - pvzfsﬂ)ul =0,i1=1,23 (1)

where p is the material density, U is the displacement field in the [-direction, v is the wave
propagation velocity, and J;; is the Kronecker delta. Christoffel second-order acoustic tensor
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Iy = Cijunjng. Cij is the elastic stiffness tensor of the material. For the CFRP layers, the
elastic stiffness tensor is

(Ci1 —Cy2)/2 0 0
0 0 0 0 (Ci1 — C12)/2 0
(0 0 0 0 0 (Ci — C2)/2)

It indicates that Lamb waves have the same propagation characteristics in all directions
in metallic materials.

For CFRP layers with anisotropy, the elastic stiffness tensor is expressed in the material
coordinates system (x, y, z) as

Cn Cip Cz O 0 0
Cp Cnp C3 0 0 O
Ciiy = 3
ijkt 0 0 0 Cyu 0 0 ®)
0 0 0 0 GCs5 O
(0 0 0 0 0 Cul

In the global coordinates (x’, y’, z’), the elastic stiffness tensor varies with the layup
angle and can be obtained through the coordinate transformation

Crnnst = BmiPnjBskBrCijki (4)
The relationship between the coordinate transformation matrix and the laying angle is

cosf sinf 0
Ba = |—sinp cosp 0 (5)
0 0 1

From Equations (3)—(5), the elastic stiffness tensor of the orthotropic CFRP layers varies
with the layup angle . Combined with Equation (1), the propagation velocity of Lamb
waves is related to the layup angle.

Due to the stacking sequence of CFRP layers and aluminum alloy layers along the
thickness direction in CARALL, the Lamb wave velocity cannot be directly obtained by
substituting Equations (2) and (3) into Equation (1). Therefore, this study uses finite element
simulation to calculate the propagation velocity of Lamb waves along different directions
in CARALL.

The commercial software Abaqus/Explicit 2018 was used to simulate the wave propa-
gation behavior of Lamb waves in CARALL, as shown in Figure 1a. The upper and lower
layers of CARALL were made of aluminum alloy with a thickness of 0.2 mm, and the
middle layer is made of CFRP. The stacking sequence was [0/90]4, with a total of 8 layers,
each with a thickness of 0.15 mm. The mesh was generated using C3D8R elements with
a size of 1.0 mm. The mesh size was determined based on the wavelength criterion, and
more than 10 elements were used per minimum wavelength to ensure accurate simulation
of Lamb wave propagation [35]. The sampling frequency was set to 1.6 x 107 Hz, and the
simulation duration was 0.0003 s. The properties of CFRP are listed in Table 1. The density
and Young’s modulus of aluminum alloy are 2.7 x 103 kg/m? and 69 GPa, respectively [12].
The sine signal modulated by a Hanning window with a frequency of 200 kHz was applied
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in the center of laminates, as shown in Figure 1b, and the expression of the function was
given in Equation (6). PZT receivers were placed in different directions at a distance of 40

A= % [1 — Cos<2anct> sin(27rfct)} (6)

mm from the center.

Table 1. Material parameters of CFRP [12].

Parameters Values

Density p = 1570 kg/m?

E; = 128,000 MPa, E; = 8800 MPa, E; = 8800
MPa, vy = 0.357, Gy, = 3147 MPa

Xt = 1373 MP, X = 718 MPa, S = 51.92 MPa

Y1 =24 MPa, Yc = 121 MPa, S = 51.92 MPa

Elastic

Strength

2.2. Comparison of Propagation Characteristics in CFRP Laminates, Aluminum Alloy Plate,
and CARALL

The propagation characteristics of isotropic aluminum alloy plates, anisotropic CFRP
laminates, and anisotropic/isotropic CARALL are compared and shown in Figure 2. From
Figure 2a,d, Lamb waves propagate in the aluminum alloy plate along all directions at
the same velocity, while the CFRP laminate exhibits obvious anisotropy: Lamb waves
have faster propagation velocity along the 0° and 90° directions, while the propagation
velocity is lower along the 45° direction. This is because the stacking sequence of the CFRP
laminate is [0/90]4, which means that the propagation velocity is higher along the fibers. It
is evident that dispersion behavior is more pronounced along the 45° direction than in the
other directions, as shown in Figure 2e.
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Figure 2. Lamb wave propagation characteristics in different laminates: (a—c) deformation contour
maps of aluminum alloy plates, CFRP laminate, and CARALL, respectively; (d—f) signals received by
PZT sensors at points Py, Ps, and Py, respectively.
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Compared with aluminum alloy plates and CFRP laminates, CARALL has the slowest
propagation velocity along the 0° and 90° directions, but the fastest propagation velocity
along approximately the 45° direction. This is the result of the combined effects of two
different materials (aluminum alloy and CFRP) and the stacking sequence. To quantitatively
characterize the propagation characteristics in the above directions, the wavelet transform
method was applied to the signals at the excitation point and at each receiving point to
obtain the signal envelope, as shown in Figure 3a. The time difference between the first
peaks of the wave packet at the excitation and receiving point is the time of flight (ToF) of
the Lamb wave. The group velocity is the ratio of the distance between the receiving point
and the excitation point to the time of flight. The group velocities of the CFRP laminate and
CARALL in all directions were normalized, and the characteristics are shown in Figure 3b.
It can be seen that the propagation velocity of CFRP laminates reaches its maximum value
in the 90° direction, whereas the maximum velocity of CARALL occurs in the 45° direction.
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Figure 3. Calculation of propagation velocity of Lamb waves in CARALL: (a) acquisition of flight
time; (b) group velocity in all directions; (c) the fitting of group velocity.

For the [0/90] CERP laminate, the effective stiffness along an arbitrary propagation di-
rection is determined by the transformed stiffness matrix due to the misalignment between
the material principal axes and the wave propagation direction. At approximately 45°, the
coupling between normal and shear deformation components becomes the most significant,
resulting in enhanced coupling stiffness terms (e.g., Q16 and Q26) and increased effective
in-plane stiffness. For CARALL, the introduction of aluminum layers further modifies the
stiffness distribution, as the combined contribution of the anisotropic CFRP plies and the
isotropic aluminum layers changes the overall stiffness along the 45° direction, leading to a
higher guided-wave propagation velocity.
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The relationship between the group velocity and propagation angle of guided waves is:

90 _ pel0-0)/c? 4 7)
o)

where vy is the horizontal propagation velocity, and b and c are the fitting parameters.
The normalized velocity variations are listed in Table 2, and the fitting results indicate
that the parameters a = 0.1458, b = 45, ¢ = 21.4516 in Equation (7).

Table 2. Normalized velocity variations with ply angle.

0/° 0 10 20 30 40 50 60 70 80 90
ve/Vo 1 1.0057 1.0339 1.0975 1.1343 1.1343 1.0975 1.0339 1.0057 1

3. Integrated Probabilistic Imaging Damage Localization Algorithm
Based on Anisotropic Propagation

According to Bayes’ theorem [36], when the damage time D occurs, the posterior
probability of damage occurring at « is

p(«|D) < p(Dfa)p(«) ®)

where p(a) represents the prior probability. It can be obtained through the probabilistic
diagnostic imaging, and p(D|«) can be obtained through the elliptical trajectory method.

As shown in Figure 4, guided waves are excited at the excitation point and propagate
with a propagation angle 6,1, where they are scattered by the damaged area. The scattered
signal propagates along a path with an angle of 6, and reaches the receiving sensor. The
total propagation time is

V&= x0)? + (v — ya)? N V(&= x0)? + (v — ya)?

vg(641) g (0a2)

= ToF )

where (x5, y,) are the coordinates of the excitation point, and (x,, y,) are the position
coordinates of the receiving point. From Equations (1) and (2), we can obtain

VE—2?+—v)®  (x =2+ (- )

ge—[(edl—b)/c]z +1 ae—[(edz—b)/c]z +1

=1v9-Ty (10)

Damage(x,y)

Receiver(x;,y;)

Actuator(x,,Ya)

Figure 4. Schematic diagram of Lamb wave propagation process.
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p(&|D) o

The angles can be calculated based on the coordinates.

Y=Yay 9,0 = actan(I—Y) (11)

6,41 = actan(
a Xr

The maximum likelihood function can be represented by the following equation:

"""2) = 1N/zexp{ %i — Ta(x4, Va)] } (12)
(\/zTW) =

Then, the prior probability is calculated. The guided waves interact with the damage.
The correlation coefficient between damage-guided waves and the baseline signal is

p= g (hz' fﬁ) (di 73)
%ﬁl (=) 2\/k§1 (¢ -a)°

where h; and d; are the response signals measured from CARALL when it is in an undam-

(13)

aged and damaged condition, respectively. The first wave packet of each received signal is
selected to calculate the correlation coefficient between the two signals.

Assuming that the load decreases with space, the relationship between the probability
of damage at the reconstructed position (x, y) and the correlation coefficient is

)= p(y) =

] Mz

(1 —pi)wi(x,y) (14)

where the weight coefficients w;(x, y) can be represented by piecewise functions, where the
weight coefficients gradually decrease as the distance between the two points increases.
When the distance exceeds the threshold, the weight coefficient is set to zero.

1_ lRDz 7 7 RDZ ’
M@ﬂ%:{ LRD; (x, ) (x,y) < B -
0 RD;(x,y

where RD; is expressed as

(16)

(x,y) = \/( xal) (Yi — Yai) S \/ xrz yrz)
\/(xri - xai) + (Yri — ]/ai)

By substituting Equations (12) and (14) into Bayes’ theorem given in Equation (8), the
posterior probability distribution of damage can be calculated

N

1 1 N 1
W exp{_M;[T(X,y) — Ta(xd,yd)]z}.Nz (1 _ Pi)wi(x,y) a7

i=1

Therefore, the probability of damage at different positions in space can be calculated
by Equation (17). The formula obtained by the Bayes’ theorem mentioned above is very
complex and can be sampled using the Markov Chain Monte Carlo (MCMC) algorithm.
The algorithm process is listed as follows.

Step 1: Set the iteration number NT and the initial state of the random parameters

(X0, Yo, 00).
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Step 2: Sample x* from the conditional probability distribution and generate u~ U (0, 1)
from the uniform distribution.

Step 3: Choose the normal distribution transition matrix Q, if u < mm(%, 1) ,
accept sampling x*, then accept —> t = 1 x1 = x*. Otherwise, when t = 1, x1 = xo.

Step 4: Repeat Step 2 and Step 3 until the iteration count NT is reached.

Although the MCMC algorithm requires iterative sampling and may introduce addi-
tional computational cost, it provides a probabilistic framework for damage localization
and uncertainty quantification. The computational efficiency can be further improved
through sampling strategy optimization and parallel computation. Therefore, the proposed
method shows potential for practical structural health monitoring applications, while
real-time implementation requires further investigation.

4. Simulation Analysis and Experimental Verification
4.1. Simulation Analysis

To verify the damage localization method for CARALL considering anisotropic char-
acteristics, the finite element method was used to simulate the guided-wave response,
and the simulation design was the same as that described in Section 2.1. Delamination
was introduced into the middle of the CARALL, and the sensor arrangement and the
location of the damage are shown in Figure 5a. Four sensors were placed on the rectangular
laminate. The delamination was set at (20 mm, 15 mm) and located within the CFRP layer
between the aluminum alloy plates. The time-domain signals of S1 and 5S4, as well as the
frequency-domain signals obtained through wavelet transform, are shown in Figure 5b.
For S1, a signal reflected from the boundary is received after approximately 84.5 us. For 54,
a direct wave signal generated by excitation at S1 was first received at 85.7 s.

(a) H
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Sense 2 (S2) ! Sense 4 (S4)
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Figure 5. Detection of delamination: (a) model settings; (b) Lamb wave response signals
(sensor 1-sensor 4) under healthy and damaged states; (c) comparison of the first wave packets.

https:/ /doi.org/10.3390/math14162961


https://doi.org/10.3390/math14162961

Mathematics 2026, 14, 2961 10 of 17

A 200 kHz narrowband five-period sine signal modulated by a Hanning window
using a concentrated force is applied. Lamb waves responses under both healthy and
damaged conditions are obtained, as shown in Figure 5b,c.

The Lamb wave response signals along the six paths, including 51-52, S1-S3, and
other sensor paths are extracted. The TOF values of different signals are calculated, and
the correlation coefficients are obtained using Equation (13), as listed in Table 3. It can be
seen that the correlation coefficient for the S1-54 path is the smallest, indicating that the
damage is located near the propagation path between S1 and 54, which is consistent with
the setting of damage location.

Table 3. Time of flight and correlation coefficient of different propagation paths.

Path S1-S2 S1-S3 S1-S4 $2-S3 S2-S4 $3-S4
TOF (s) 8.78 x 107° 8.78 x 107° 7.35 x 107° 9.13 x 107° 6.78 x 107° 6.46 x 107°
0ij 1 1 0.9619 0.9997 0.9999 0.9991

A program is written in MATLAB R2021a to calculate the probability of damage at
different locations using Equation (10), and obtain the probability distribution in spatial
location using the MCMC algorithm, as shown in Figure 6a. The maximum probability
of damage is obtained at (18.5 mm, 16.2 mm), which is very close to the actual damage
location (20 mm, 15 mm), as listed in Table 4.

Y(mm)

), o
(/b/))) 40 .40

(b)

Y (mm)

Figure 6. Results of: (a) damage localization algorithm proposed in this word; (b) traditional
probability damage imaging.
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Table 4. Comparison of predicted vs. actual coordinates.
Actual Coordinates Predicted Coordinates Errors
(20 mm, 15 mm) (18.5 mm, 16.2 mm) (1.5 mm, —1.2 mm)

The result of the conventional probability-based damage imaging (PDI) method is
shown in Figure 6b. In the conventional PDI method, the damage probability is calculated
only using Equation (18). The results indicate that the damage is distributed along the
51-54 sensing path, which is consistent with the actual damage location. However, due to
the limited number of sensors, accurate damage localization cannot be achieved because of
insufficient elliptical intersections.

N
P(x,y) =) (1 - p)wi(x,y) (18)
i=1

In practical applications, the stacking sequence may not be identical to that considered
in this study due to requirements related to structural strength and stiffness. Since the
propagation velocity vy is dependent on the ply angle, a similar methodology can be
employed to establish the velocity relationship for different laminate configurations and
further integrate it into the localization method.

To further explore the damage size estimation method based on Lamb waves, finite
element models with different damage radii were established. Using the same method,
the differential signals on the path S1-54 with the minimum correlation coefficient were
obtained, as shown in Figure 7. The relationship between the damage indexe =1 — p and
the damage radius was calculated, and the index increased as the damage radius increased.
The relationship between the damage radius and the damage index was obtained by fitting
a quadratic function. As shown in Figure 7, the coefficient of determination R? was 0.99536,
indicating that the fitting accuracy is high and the corresponding damage radius could
be obtained through the correlation coefficient. The present study only considers circular
delamination damage. However, damage in practical structures usually exhibits more
complex geometries. Therefore, further experimental investigations, numerical simulations,
and advanced damage imaging approaches are required to accurately characterize the
actual damage shape. The response for damaged and undamaged CARALL is shown in

Figure 8.
x10°° 101
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Figure 7. Response of different damage radii of CARALL: (a) time domain signal; (b) damage indicators.
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(b)

Figure 8. Comparison of Lamb wave response for (a) damaged and (b) undamaged CARALL.

4.2. Experiment Validation

The feasibility of the proposed algorithm was further verified through Lamb wave
experiments. The Lamb wave detection system used in this study is shown in Figure 9. A
computer was used to control the function generator to generate high-energy pulse signals.
The signals were amplified by a power amplifier to produce high-voltage excitation signals,
which were applied to the CARALL specimen through piezoelectric transducers. At the
receiving end, the received signal is converted into an electrical signal through piezoelectric
ceramics and input into the oscilloscope. The function generator and oscilloscope are
manufactured by Puyuan Company (Suzhou, China), with models DG2052 and DHO1074,
respectively. The power amplifier was an ATA—2021B produced by Antai Electronic Tech-
nology Company (Xi'an, China). The probe end adopts a full electrode piezoelectric ceramic
with a diameter of 5.0 mm and a thickness of 0.3 mm. The signals were sampled after the
system reached a stable operating condition, with a sampling frequency of 2 x 10° Hz. The
recording duration was 3.0 x 10~* s. The digital filtering and noise processing settings
were kept as the default parameters of the DHO1074 oscilloscope.

A function generator was controlled by a computer to generate a five-cycle sinusoidal
signal with a central frequency of 200 kHz. The signal is modulated by a Hanning window
function and applied through the piezoelectric transducer. After passing through the
CARALL, the Lamb wave signal is received and displayed on an oscilloscope.

Response signals are obtained through data collection systems in both healthy and
damaged states of CARALL, as shown in Figure 10. The channel information from the paths
is collected and to obtained scattered signals. As can be seen, the excitation signal of the
power amplifier is basically the same as the simulation results. After propagating through
the laminate, the receiving transducer detects the direct Lamb wave signal. Afterwards, the
Lamb wave continued to propagate forward until it was reflected from the boundary of the
CARALL. A clear reflected signal was detected by the receiving transducer, which confirms
the validity of the previous simulation analysis. A stronger scattering signal is generated
on the S51-54 path, and the correlation coefficient between the two signals is relatively small,
indicating that the damage is closer to this path and farther from other paths.
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The time of flight and correlation coefficients on different paths were calculated using

the proposed algorithm, and the spatial distribution of damage probability was plotted

using the MCMC algorithm, as shown in Figure 11. The results showed that the maximum

damage probability was located at (—2 mm, —2 mm) and gradually decreased away from

this location, which was very close to the damage location (0, 0). These results demonstrate

that the proposed algorithm in this paper can accurately localize the damage location. The

error may be due to instrument noise and other reasons, which introduced deviations in

the extracted ToF values and correlation coefficients from their ideal values. In summary,

the damage location of CARALL can be accurately identified and located using the method

proposed in this work.
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To verify the stability of the proposed method, the influence of measurement noise
on the correlation coefficient of the S2-S3 path was investigated under different signal-to-
noise ratios (SNRs) of 10, 20, and 30 dB. The results show that the correlation coefficient
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remains 0.9451 for all three SNR levels. Similarly, different time windows with the same
duration of 25 us were selected to calculate the correlation coefficient of the 52-S3 path,
and the results are presented in Table 5. When the starting time of the window was shifted
from 45 ps to 60 ps, the variation in the correlation coefficient was only 0.0314. Therefore,
the influence of noise level and time-window selection on the localization results can be
considered negligible.

Table 5. Effect of different time-window positions on the correlation coefficient of the S2-S3 path.

Time window (us) 45-70 50-75 55-80 60-85
p 0.943 0.9451 0.9347 0.9116

5. Conclusions

This paper studies the Lamb wave propagation characteristics and damage localization
method for CARALL. First, the characteristics of CARALL in different propagation direc-
tions are analyzed and compared with those of CFRP laminate and aluminum plate. Then,
an integrated probabilistic damage localization method considering anisotropic propaga-
tion characteristics is proposed. Finally, the damage localization method is evaluated and
verified through simulations and experiments. The key conclusions are listed as follows:

(1) The propagation velocity of CFRP laminates reaches its maximum along the 90°
direction, while that of CARALL reaches its maximum along approximately the
45° direction.

(2) Anevaluation index characterizing the damage radius was proposed, and an empirical
formula for the relationship between the index and the damage radius was obtained.

(3) Based on the Bayesian formula, an integrated probabilistic damage localization
method was proposed, which accurately located the damage position in CARALL,
and the accuracy of the localization method was verified through numerical simula-
tions and experiments. The damage localization errors were within 2.0 mm compared
with the actual damage locations.

The proposed method is currently validated for the investigated CARALL structure
with a single damage case. Its applicability to different reinforcement configurations,
multiple concurrent damages, complex geometries, and varying operational conditions
requires further investigation. Future work will focus on establishing a more general group
velocity prediction model for various CARALL configurations and extending the proposed
method to more complex damage scenarios.
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