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Abstract: For the effective detection of acoustic emission (AE) impulses against a noisy background,
the correct assessment of AE parameters, and an increase in defect location accuracy during data
processing are needed. For these goals, it is necessary to consider the waveform of the AE impulse.
The results of numerous studies have shown that the waveforms of AE impulses mainly depend on
the properties of the waveguide, the path along which the signal propagates from the source to the
sensor. In this paper, the analytical method for modeling of AE signals is considered. This model
allows one to obtain model signals that have the same spectrum and waveform as real signals. Based
on the obtained results, the attenuation parameters of the AE waves for various characteristics of the
waveguide are obtained and the probability of defect detection at various distances between the AE
source and sensor utilized for evaluation.
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1. Introduction

In 90% of cases, acoustic emission (AE) testing is carried out on thin-walled objects with a wall
thickness of 3–40 mm. This value is comparable to the lengths of acoustic waves, which, at typical
operating frequencies of AE sensors (30–500 kHz), lie in a range from 5 to 170 mm. In this case, the
pattern of the propagation of acoustic waves varies significantly compared to the simplest case of
infinite volume or half-space, which makes it impossible to use simple models suitable for massive
objects based on volumetric longitudinal, volumetric transverse, and Rayleigh waves. Thus, there is a
need to use a model for guided waves.

The main feature of guided waves is their dispersive propagation—i.e., the dependence of their
signal propagation speed on frequency. Because of the remote character of AE testing, in the case
of a larger structure, the dispersive propagation effect causes a strong influence on the waveform
and spectrum of the AE impulse. In addition to the distance, the thickness of the testing structure
and the transfer function of the sensor affect the parameters of the AE impulse. The uncertainty
of the diagnostic signal waveform is a typical feature for all types of non-destructive testing (NDT)
methods, but in the case of AE testing, this factor is more important, since the variability of the impulse
parameters is more radical compared to other NDT methods. For example, with an increase in the
distance between the defect and sensor by more than 10 m, the amplitude of the AE impulse can
decrease to 60 dB, and the AE impulse duration can increase 100 times compared to when the sensor is
installed near the defect.

For the correct detection and location of the AE source, it is necessary to perform all the data
processing stages online: filtering, detecting of the AE impulse and arrival time estimation. In order to
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provide correct and reliable processing results, the reference AE impulse waveform must be considered.
As a rule, the AE impulse is represented in signal processing algorithms as a Gaussian-type single
impulse, characterized by rise time, rise angle, duration, and amplitude. In addition, filtering methods
and methods for determining the impulse time of arrival are verified, as a rule, using experimental
facilities. The design limitations of experiments do not allow us to estimate the universality of these
methods, and their accuracy depends on the actual testing conditions, such as the wall thickness of the
testing structure and the distance between the defect and the sensor. One of the reasons that could
explain this situation is the interdisciplinary character of the AE method, based on fracture mechanics,
acoustics, and data processing theory. It should be noted that, despite significant progress in each of
the areas listed above, only a small number of works have sought to integrate the results obtained in
the various fields of knowledge that form the methodology of the AE NDT method. The aim of this
study is to develop an algorithm for AE impulses simulation, which would provide a high speed and
low complexity for computations. The signals obtained as a result of modeling are planned to be used
to form test samples for the verification and testing of AE data processing algorithms.

Guided ultrasonic waves have received significant attention in recent decades, especially in the
fields of active nondestructive evaluation and acoustic emission. There are a lot of methods that provide
analytical, numerical, and finite element simulations of guided wave propagation. Analytical solutions
are applicable to simple waveguide geometries. Without considering the interactions between waves,
but these methods are often limited by fundamental modes [1–3]. The most popular method for AE
wave propagation in thin-walled objects due to its capabilities is FEM. In this area, it is necessary to
examine the research work carried out by the groups of scientists under the direction of Hamstad [4,5]
and Sause [6]. These studies simulated the propagation of AE signals in thin-walled objects from
various sources with different orientations and simulated signals were analyzed by means of wavelet
transform. The disadvantage of the FEM method is the time needed to create the model and set its
parameters, as well as the availability of expensive specialized software. To decrease the computational
efforts, several numerical methods can be used for acoustic wave propagation modeling, such as the
finite difference equation [7], the semi-analytical finite element [8], boundary elements [9], global
matrix approaches [10], and spectral element approach [11]. Significant progress in the development
of guided wave methods has been made by the Giurgiutiu group. Along with analytical [12] and
numerical [13] methods of analysis, the authors have offered a new approach based on the application
of piezoelectric wafer active sensors (PWAS) [14]. PWAS can be used both for receiving and emitting.
By using two or more PWASs, it is possible to calculate the characteristics of the received signal with
the known characteristics of the emitted signal for areas of the structure with and without damage [15].

To ensure the modeling procedure in the analytical mode, the modal analysis method was used
as the basis for calculating the transfer function of the waveguide. Modal analysis is an analytical
method based on the decomposition of the actions applied to the waveguide into a set of eigenmodes
of the waveguide [16,17]. Modal analysis is a mathematically accurate method that provides, in
an analytical form, an integral equation for the field of elastic strains in a waveguide and naturally
includes the modal expansion of waves, thereby offering a clear understanding of the physics of
waveguide behavior.

The modeling method represented in this paper is carried out in three steps:

1. The δ-function is used as the emitted signal corresponding to the elementary act of AE. Then, using
the modal analysis, the waveform of the signal is calculated at a distance l from the emission point.

2. The signal attenuation in the waveguide is calculated analytically in the form of a
frequency-dependent coefficient, which is calculated separately for each mode and for each
thickness of the object.

3. The AE sensor is modeled by means of its transfer function.

Finally, the transfer functions corresponding to dispersive propagation, attenuation and sensing
are multiplied, thereby forming a single transfer function of the waveguide. Next, the impulse response
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of the waveguide is calculated by the transfer function discretization method. Test results of the
structure’s wall thickness and distances between the defect and sensor are used as the parameters of
an impulse response.

2. Materials and Methods

2.1. Modal Analysis

The modal analysis method was studied in detail in [17] for a cylindrical tubular waveguide.
Solutions of the wave equation in a cylindrical waveguide can be easily found using potentials and the
variable separation method, which gives the following general form for the displacement vector (û)
and the stress tensor (σ̂) in a cylindrical coordinate system:

û(r,θ, z) = ũ(r,θ)e jkz = u(r)e jnθ, (1)

σ̂(r,θ, z) = σ̃(r,θ)e jkz = σ(r)e jnθe jkz, (2)

where the cylindrical system is used (with coordinates (r, θ, z)), harmonic time variation e−jωt is
assumed, k = k(ω) is the wavenumber, ω is the angular frequency, and integer n is a separation
constant called the circumferential order, which determines the symmetry of the solutions in the
azimuthal direction.

Modal analysis is based on two properties of normal modes: orthogonality (i.e., the existence of
a scalar product that is zero for any two different modes) and completeness (i.e., the ability of a set
of normal modes to represent arbitrary waveforms in a waveguide). In the case of the existence of
external fields, the orthogonality relation of two arbitrary modes№ 1 and№ 2 is formulated as

∇̂· (û1·σ̂
∗

2 − û∗2·σ̂1
)
= −û1· f̂ ∗2 + û∗2· f̂1, (3)

where f̂1,2(r, θ, z) are external forces, û1,2 is the displacement vector, σ̂1,2 is the stress tensor for modes
№ 1 and№ 2, and ∇̂ is tridimensional divergence operator. The second condition is completeness,
which is based on the premise that an arbitrary disturbance in a waveguide can be represented as a set
of waveguide modes:

û1(r,θ, z) =
∑

p
ap(z)ũp(r,θ), σ̂1(r,θ, z) =

∑
p

ap(z)̃σp(r,θ), (4)

where the modes are numbered using index p, and ap(z) are the amplitude coefficients of the
propagating modes.

The next task is to calculate the set of coefficients ap(z) if the waveguide is under an arbitrary
action consisting of the vector force field f̂e(r, θ, z) acting on the pipe volume (region D) and the stress
σ̂e(r, θ, z) applied to the pipe surface (region ∂D). Using the divergence theorem, the authors of [17]
obtained an expression for the coefficients ap:

ap(z) =
e jkpz

4Pp

∫
Rg

e− jkpz′
[

f s
p(z
′) + f υp (z

′)
]
dz′, (5)

where f υp (z) and f s
p(z) are the contributions to the mode amplitude due to the volumetric forces and

surface tractions:

f s
p(z) = − jω

∮
∂D

e− jnpθ·
[
u∗p(r)·σ̂e(r,θ, z)

]
·endl, (6)

f υp (z) = − jω
x

D
e− jnpθ·

[
u∗p(r)· f̂e(r,θ, z)

]
dS, (7)

where np is the circumferential order for mode p, and kp is the wavenumber for mode p. Integration
is carried out in region Rg, where elements fs and fv corresponding to the emission are not equal to
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zero, z is the coordinate of the point at which the ultrasonic signal is observed, Pp is the acoustic power,
and the normal unit vector en is taken on each surface, thereby indicating the waveguide’s interior.
As shown in [17], the Fourier transform of a signal at a distance z from the radiation region is equal to

U(z,ω) = U(0,ω)·ap(z,ω), (8)

where u(0,t) is the signal emitted by the AE source located in region Rg, and U(0,ω) = F [u(0,t)] is its
Fourier transform.

The signal at point z is reconstructed using an inverse Fourier transform:

u(z, t) = F −1[U(z,ω)], (9)

It was shown in [17] that when the external force is a point source, the coefficients ap(z) can be
determined using the simplified formula:

ap(z) =
e jkpz

4Pp
. (10)

Considering that acoustic power Pp is constant, we can conclude that when the external excitation
is a point force, expression (10) can be used for any guided waves, particularly for Lamb waves.
As shown in [18], Lamb wave models could be used to describe the propagation of acoustic emission
waves both in plane and cylindrical testing structures. In this case, the wavenumber in Equation (10) is
equal to

kp =
2π f

cph( f )
, (11)

where cph( f ) is the phase velocity of the selected Lamb wave [18].
The modeled signal u(z,t) describes only effects caused by the dispersive propagation of Lamb

waves. For the model parameters, the steel type (given by the density, Young’s modulus, and Poisson’s
ratio), wall thickness, and distance between the AE source and sensor could be variated.

2.2. Calculation of the Attenuation

When the guided wave spreads through a thin-walled structure, the main reasons for the signal
loss are geometrical spreading, material absorption and scattering and amplitude reduction from
dispersion due to frequency dependency of wave speed. Since the signal loss from dispersion is
considered in the block of the modal analysis, and geometrical spreading does not cause frequency
dependent waveform variation, these attenuation components can be excluded from consideration.
In this study, structural carbon steels with finely dispersed structures are considered. In these materials,
the scattering coefficient is negligible compared to the absorption coefficient, so the main reason for the
signal loss that should be considered when modeling is absorption.

Since the main type of AE waves are Lamb waves, it is necessary to consider that the
presence of dispersion significantly affects the behavior of the attenuation coefficient for these modes.
The attenuation coefficient of the Lamb waves is a linear combination of the attenuation coefficients of
the longitudinal wave α and transverse wave β, respectively [18]:{

γS0 = AS0α+ Bs0β
γA0 = AA0α+ BA0β

, (12)

where AS0, BS0, AA0 and BA0 are coefficients that are determined by the type of Lamb wave. The graphs
in Figure 1a show that AS0, BS0, AA0 and BA0 significantly depend on the f·h parameter.
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The energy loss can be described by the transmission coefficients KA0, KS0, which correspond to
the exponential dependence on length and frequency

KA0( f ) = e−γA0· f ·l, KS0( f ) = e−γS0· f ·l, (13)

where γA0 and γS0 are the attenuation coefficients for the Lamb wave’s zero-modes, and l is the
propagation distance. The dependences of the transmission coefficients on parameter f ·h are shown in
Figure 1b.

2.3. AE Sensor Modeling

For the modeling results to be of practical importance, it is necessary to consider the features of AE
wave detection—i.e., the transfer function of the AE sensor. During propagation, Lamb waves because
displacements oriented in both the transverse and longitudinal directions. The AE sensor, as a rule, is
oriented in such a way that it detects only the normal components of displacement. The proportion of
the longitudinal and transverse components in the displacement vector has a complicated frequency
dependence. The dependences of the amplitudes of the longitudinal and transverse components of the
displacements on frequency are given in [18]. Based on these dependences, the transverse fractions vs.
frequency for the modes A0(δA0) and S0(δS0) were calculated.

As can be seen in Figure 2a, the transverse component for the mode A0 prevails in the region of
the small values of f ·h. The fraction of transverse component δS0 for the mode S0 in the region of small
f ·h values is close to zero. Then, it gradually increases and approaches unity in the region of maximum
dispersion of f ·h ~ 1.25 MHz·mm.

A resonant sensor GT200 (Global Test LLC) with a resonant frequency of 180 kHz, and 16 mm in
diameter and 15 mm in high is considered to be an example of an AE sensor. This sensor is characterized
by relatively high sensitivity and is widely used for industrial control. The frequency response of the
sensor is shown in Figure 2b.
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of the sensor.

2.4. Simulation Method Description

The modelling procedure is based on the Lamb waves modal analysis results. The basic AE signal
waveform uA0,S0(z,t) is calculated analytically as a reaction of the waveguide on a point excitation,
which is set as a δ-function. The A0 and S0 modes are modeled separately. The transmission coefficient
and sensor transfer functions are set in the frequency domain and could be interpreted as a linear
frequency filter with a transfer function HA0,S0(f ) equal to the production of three functions—the
transfer coefficient KA0,S0(f ), the frequency dependent part of the normal component of displacement
vector δA0,S0, and the sensor frequency response S(f )

HA0,S0( f ) = KA0,S0( f )·δA0,S0( f )·S( f ). (14)

The frequency-sampling method has been applied to transform the transfer function HA0,S0 into a
finite impulse response, which could be represented in a discrete form using Equation (15):

hA0,S0(t) =
1
N

∑N
2 −1

k=1
2HA0,S0(k∆ f )· cos

2πk

 t−
(

N−1
2

)
N


+ HA0,S0(0)

, (15)

where ∆f is the sampling frequency interval, and N is the number of frequency samples [19].
Ultimately, the modeled signal is obtained as a result of the convolution of uA0,S0 and hA0,S0.

The scheme of the simulation algorithm is shown in Figure 3.
Modeling was carried out for wall thicknesses from 3 to 40 mm, with propagation distances

from 0.5 to 50 m. The acoustic parameters of carbon steel were used: ρ = 7800 kg/m3, cL = 5900 m/s,
cT = 3100 m/s. Signals arriving in the form of an S0 or A0 wave were modeled separately. An equal
ratio of the energies of the S0 and A0 modes was set. The sampling frequency of the simulated signal
was equal to 1000 kHz, and its duration ranged from 4096 to 16,384 µs. A single impulse with a 1 µs
duration was used as the emitted signal.
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2.5. Experiment Description

Verification of the simulation results was carried out by comparing the modeled data with AE
impulses obtained experimentally. The experiments were carried out in the factory and field conditions
at industrial facilities (trunk and technological pipelines).

The experiment was carried out as follows. An AE sensor was installed on the pipeline surface
at a certain distance from the emission point. AE waves were simulated using the Hsu–Nielsen
source [20], under the assumption that the impulse from a pencil-lead break in some approximation can
be considered as a δ-function. An example of the trunk pipeline used for experimental investigation is
shown in Figure 4a, and the scheme of the experiment is shown in Figure 4b.
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This approach to set up the experiment allows a more complete and reliable comparison of
the simulation results and the experimental results. It also allows us to use the signals obtained
as a result of modeling as reference signals for the AE data processing algorithms intended for
industrial applications.

To verify the model, the data of two experiments were selected, corresponding to the minimum
and maximum values of the pipe wall thickness. The first object is the trunk gas pipeline with a
diameter of 1020 mm and a wall thickness of 17 mm made of structure carbon steel 17GS. The second
is a technological pipeline with a diameter of 500 mm and a wall thickness of 9 mm, which was also
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made of structure carbon steel 20. Measurements were performed using an A-Line-32D PCI system
produced by “INTERUNIS-IT” corporation with GT200 sensors [21] and a PAEF-014 preamplifier with
a bandwidth of 30–500 kHz and a gain of 26 dB.

3. Results

This section contains the AE signals modeling results and verification of the simulation results
and experimental data. Figure 5 shows the results of the modal analysis without the influence of signal
absorption. Signals and their spectrograms simulating the propagation of Lamb wave zero modes for
objects with different thicknesses and waveguide lengths are represented.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 13 
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Figure 5a,b shows that, with an increase in the path length, the signal duration increases due
to a larger difference in the arrival times of the A0 and S0 modes frequency components. It should
be noted that dispersive propagation also leads to a decrease in the peak of the AE signal due to the
delocalization of various components of the signal. Figure 5b,c shows that a change in thickness affects
the phase-frequency structure of the signal, while dispersion curves shift with increasing thickness
toward lower frequencies.

Figure 6a–d shows the model signals calculated considering all the influencing factors included in
the modeling algorithm. The represented signals correspond to one distance between the AE source
and the sensor, but different wall thickness values. Comparing the waveforms of the A0 and S0 modes,
we can conclude that the waveform of the S0 mode is more dependent on the waveguide thickness than
the waveform of the A0 mode. Frequency-dependent parameters, such as the transmission coefficient
and the normal component of the extrema coordinates of the S0 mode, have an extremum depending
on the f ·h value. The complex correlation of the coordinates of the extrema for dependences KS0(f ) and
δS0(f ), considered together with the resonant sensor transfer function, leads to the strong influence
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of waveguide thickness on the S0-mode waveform, which is characterized by a lower transmission
coefficient and a lower dispersion for small thicknesses of about 5–9 mm, and a larger transmission
coefficient and greater dispersion for wall with thicknesses greater than 15 mm.
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To verify the model while considering the attenuation coefficients of the Lamb waves, we compared
the simulation results with the experimental results described in Section 2.5. The simulated and
measured signals corresponding to the same waveguide parameters are presented in Figures 7 and 8.
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Figure 7. Comparison of the modelled and experimental AE signals for a waveguide length of 6 m and
a thickness of 9 mm: (a) the simulated signal, (b) the wavelet transform for the simulated signal and a
superimposition of group velocities, (c) the measured signal, and (d) the wavelet transform for the
measured signal and the superimposition of group velocities.
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measured signal and the superimposition of group velocities.

The signals corresponding to the waveguide length equal to 6 m and thickness equal to 9 mm are
represented in Figure 7a,c, and wavelet transforms are represented in Figure 7b,d. The experimental
waveguide was the technological pipeline with a diameter of 500 mm. Comparing the simulated
and experimental signals, we can conclude a high degree of correspondence; the ratio between the
A0 and S0 mode amplitudes is equal to 3.7 for the simulated signal and 4.0 for the signals obtained
experimentally. The time intervals between the A0 and S0 peaks are 421 µs and 429 µs for the simulated
and measured data, respectively.

The superposition of group velocities in the wavelet transforms (Figure 7b,d) confirms the
correctness of the modeling procedure due to the similarity of the relative intensities of the two main
modes. On the time-frequency plane (Figure 7d), one can see the fragments associated with the
multipath wave propagation that were not taken into account when calculating the model signal.
However, these signal components are characterized by relatively low energy and do not greatly
affect the waveform. It should also be noted that the experimentally obtained signal has a lower
frequency spectrum. This fact could be explained by the difference in the frequency characteristics
of the simulated sensor and the sensor used in the experiment or by the influence of the couplant
properties that were not simulated. The correlation coefficient between the simulated and experimental
signals is equal to 0.58.

The signals corresponding to the waveguide length that equals 4 m with a thickness equaling
17 mm are represented in Figure 8a,c, and the wavelet spectrograms are represented in Figure 8b,d.
The experimental object was the trunk pipeline with a diameter of 1020 mm. The experimental and
simulated signals are visually similar, which could be confirmed by a correlation coefficient of 0.72.
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The wavelet spectrogram corresponding to the measured signal also has additional modes propagating
along numerous possible paths between the AE source and the sensor. The superimposition of the
group velocities on the wavelet transform shows that the A0 and S0 modes are localized identically on
the time-frequency plane for the simulated and experimental data.

4. Discussion

The results obtained in this paper allow us to conclude that the modal analysis of the normal
waves propagation, supplemented by an analytical calculation of Lamb wave attenuation, is an effective
analytical method for calculating the propagation of AE signals along a waveguide. Using this method,
signals that possess all the characteristic features of real signals in the shapes of their envelopes, their
frequency spectrum and their spectrograms were obtained. To obtain a realistic form of model signals,
it is necessary to consider all the components of the transmission coefficient: phase changes caused by
the dispersion propagation of Lamb waves, the attenuation coefficient, and the characteristics of the
AE sensor.

The S0 wave is more susceptible to dispersive propagation in the considered frequency range
from 30 to 500 kHz; as a result, the signal duration corresponding to the S0 mode is longer, and
the peak amplitude, as a rule, is smaller than that of the A0 mode, even in the case of equal energy
radiated in the form of these modes. The maximum mode transmission coefficient, A0, corresponds
to the low-frequency region. The attenuation parameters of the A0 mode are determined mainly by
the distance between the source and receiver of the AE waves and, to a small extent, depend on the
thickness. The parameters of the passage of the S0 mode substantially depend on the thickness and, to
a lesser extent, on the distance. The conditions for receiving the transverse component of the S0 mode
oscillations are unfavorable due to the mismatch of the frequency ranges of the minimum attenuation
coefficient and the maximum fraction of the transverse component of the S0 mode.

Verification of the model was carried out by comparing the modeled signals with the signals
obtained experimentally using a Hsu-Nielsen source. During this comparison, the waveform of
the simulated and experimental signals, established to show a high degree of similarity between
them, even though the experiment to simulate AE impulses was carried out under field conditions at
industrial pipelines. The influence of factors such as the presence of welded joints, shutoff valves, as
well as the presence of a light degree corrosion damage with a depth of up to 10% of the pipe wall’s
thickness did not significantly affect the similarity of the waveform between the real and modelled
signals. The correlation coefficient, which can be interpreted as a numerical estimation of the waveform
similarity, is about 0.6 due to the influence of multipath guided wave propagation, which was not
taken into account due to differences between the transfer function of the reference sensor and the AE
sensor that was used during the experiment.

When applying the simulation results as reference signals, it should be considered that the signal
from the defect does not fully correspond to the signal of the Hsu–Nielsen source. Hamstad [4]
established that the Hsu-Nielsen source corresponds to the monopole model, while stress-generated
AE sources are almost universally composed of dipoles. In addition, it is necessary to consider that the
simulation results presented in this paper correspond to a case when the source is located out-of-plane,
while the depth of the stress-generated AE source is uncertain. Hamstad [4] and Giurgiutiu [15]
determined that the main difference between the in-plane and out-of-plane sources consists of the
relationship between the A0 and S0 mode amplitudes. Since the relationships between the mode
amplitudes are established in the papers [4,15], this uncertainty could be considered due to the addition
of a weighted coefficient for each mode, which is simulated separately in accordance with the scheme
in Figure 3.

Based on the result of the model verification, we can conclude that the analytically modeled
signals could be used as reference signals for the AE signal filtration and as training sets for AE data
processing algorithm verification. The obtained results seem more realistic than a formal mathematical
model and are simpler and more available to a wide range of researchers than the FEM model. The
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modeled signal waveform includes the characteristic features that are important from the perspective
of signal processing.

5. Conclusions

In this work, the algorithm for AE impulse waveform simulation was developed. This algorithm
is based on the modal analysis of Lamb wave propagation, which was supplemented with an analytical
calculation of scattering and the frequency response of the AE sensor. The theoretical basis used for this
simulation algorithm is not novel. However, the integration of various theoretical methods allowed us
to obtain the algorithm for AE impulse simulation, which is simple and useful from the perspective of
practical significance. The authors hope that this potential algorithm and the presented results (along
with their use) will be useful for researchers and engineers specializing in AE data processing methods.
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