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Abstract. Acoustic emission (AE) is defined as the transient elastic wave generation due to a rapid
release of strain energy within or on the surface of a material, which is well known as a highly
sensitive technique to detect various types of damage, such as crack propagation in structure. In
order to obtain the propagation characterizations of AE signals, simulation based on finite element
method (FEM) is effective method. This paper attempts to present a new modeling method of AE
by investigating the removal of unwanted reflections from the boundaries of the waveguides
including plate and thin-walled cylinder structures. The principles of these techniques are
described based on the theory of the infinite element and Rayleigh damping. Then FEM is
implemented to simulate the properties of AE source mechanism, propagation and reflection, and
the finite element (FE) models are established with reflections removal condition proposed in this
paper. To validate accuracy of the FE technique, the AE simulation of an isotropic plate is carried
out then compared with the result of pencil lead broken test on a steel plate. By the Choi-Williams
transformation the analysis result of the simulation and experiment AE signals indicate that the
former is consistent with the latter. Then the removal effect is validated by AE simulations in a
thin-walled cylinder and an anisotropic plate too. All of the results demonstrate that the Rayleigh
damping has significant influence on the removal effect of infinite elements. The results of this
study clearly illustrate the effectiveness of using the FE method to model AE wave propagation
problems and high accuracy removal of unwanted reflection can be realized by the infinite
elements with appropriate Rayleigh damping.
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1. Introduction

Acoustic Emission (AE) is defined as the class of phenomena whereby transient elastic wave
is generated by the rapid release of energy from a localized source of damage. Various types of
AE sources, such as fiber breakage, fatigue cracks, rubbing, and impact of foreign objects etc.,
can bring out the propagation of AE waves. For example, when rotor-stator rubbing occurs in a
rotor system, it will initiate scratching at the rubbing location, which generates AE signals. These
AE signals contain useful information and can be employed to identify and diagnose rubbing fault.
In general, an AE wave consists of many different modes that propagate independently through
the structure. The wave propagation phenomenon (waveform) that is measured consists of the
superposition of all of these modes. These waves interact with defects, and with geometrical
features such as corners and curved surfaces, causing reflections and mode conversion. Clearly,
the propagation of guided waves in a complex structure is a complicated process that is difficult
to understand and interpret.

In order to exploit the AE wave, it is necessary to understand its nature and propagation
characteristics. The finite element method (FEM) has been commonly used to illustrate the guided
wave propagation on large and complex structures. Due to the increase in computational capacities
such simulations are becoming an important part to improve the understanding of AE signal
formation and propagation. In recent years various authors have applied the finite element method
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(FEM) to the simulation of AE formation and AE signal propagation for the case of plate
specimens [1-5]. These researches work clearly demonstrate that it is possible to use the FE
method for AE wave propagation problems. The primary advantage of the FEM is that there are
numerous commercial FE codes available, thus eliminating any need to develop actual code. These
commercial FE codes have the additional advantages of being very user friendly, and providing
sophisticated pre-and post-processing options. The finite element technique can also provide the
three displacement components as a function of position at a given time. Modeling of acoustic
emission displacement signals can conveniently provide high signal-to-noise ratio modeled data
that can be used to develop useful advanced signal processing and analysis techniques, which one
could apply to real AE data. This modeling approach compared to working with real acoustic
emission signals has the huge advantage that for each acoustic emission event the researcher
knows exactly the source location, source type, source orientation, and source time history of the
AE signal.

Every finite element model must be terminated at some finite boundary. The analyst usually
selects this boundary and at this boundary, plausible assumptions about the conditions to be
applied must be made [6]. However, for wave propagation analysis, the usual finite boundary of
the finite element model will cause the elastic waves to be reflected and superimpose with the
progressing waves. Unwanted reflections from the boundaries of the system have been a limiting
factor for FE modeling of waves. Hence, removal of unwanted reflections is a requirement in order
to correctly represent wave propagation in structure. Removing unwanted reflections in numerical
wave propagation models is equivalent to representing total radiation outside the area of study.
This topic has attracted a vast amount of interest, and lots of achievements are made [7]. Well
known techniques include infinite elements [8], non-reflecting boundary conditions (NRBC)
[9, 10] and absorbing layer techniques [11, 12]. These various techniques have proved successful
in their context. Moreover, some authors proposed the methods of unwanted boundary reflections
removal, which is easily implementable in the commercial FE packages, such as infinite element
in ABAQUS [13], Perfectly Matched Layers [14] (PML) in the frequency domain in COMSOL
[15] and Absorbing Layer Using Damping [16] (ALID) for time and frequency domain in
ABAQUS [17] and COMSOL. Infinite elements have been proved to work relatively well for
static cases as well as in certain domains of wave propagation: electromagnetism, acoustics and
elastic bulk waves with incidence at angles close to the normal. PML and ALID are able to remove
the reflections with a high degree of accuracy (typically, 99.99 % of the incident wave amplitude
removed). Optimum definition of the layer parameters is essential to improve modeling
capabilities, but it becomes counter efficient to invest a large amount of time to determine the best
parameters to use for these layers. Besides, these methods cannot be used in thin-walled cylinder
structures except the infinite elements.

This paper attempts to present a new simulation method of plate waves by investigating the
removal of unwanted reflections from the boundaries of the waveguides including plate and
thin-walled cylinder structures to improve location accuracy of rubbing fault. The infinite
elements are introduced while some other condition is adopted. The removal effect is validated by
serial simulations with different AE source configurations in isotropic and anisotropic plate. The
commercial finite element code (ABAQUS) is implemented to model the removal of unwanted
reflections from the boundaries of the waveguides.

2. Model and formulation
2.1. “Solid infinite elements” in ABAQUS

As an attempt to model the plate as an infinitely long one, the finite element package ABAQUS
provides what is termed as “infinite elements” based on the work of Lysmer and Kuhlemeyer for
dynamic response. Infinite elements are a special type of element with modified properties which
can be used in conjunction with standard finite elements and which simulate an infinite space. It
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is noted here that though it is termed as “infinite elements”, it is not truly an element as in the
finite element sense. It is really a boundary condition whereby the damping is introduced at the
finite boundary so as to minimize the reflected wave energy. This method is based on the
consideration of plane waves traveling orthogonally to the finite boundary. That is, longitudinal
and transverse waves. Therefore, by attaching “infinite elements” to the boundary of the finite
element model at the two ends, the above boundary damping is being defined. “Infinite elements”
in ABAQUS are defined like any other ordinary finite elements. The ABAQUS code for a linear,
three-dimensional, solid “infinite element” is CIN3D8, while for a linear, two-dimensional, solid
“infinite element” is CINPE4.

A benchmark problem for the use of infinite elements is available in the ABAQUS user manual
[17]. The FE model with infinite elements is presented in Fig. 1(a). The problem is an infinite
half-space subjected to a vertical pulse line load in the form of a 10 MHz raised-cosine function
1 — sin(wt/3) cos(wt) with spatially constant amplitude of 1 GPa. In order to test the effect of
infinite elements, a comparative model is created. This model has the same properties as the
benchmark but does not use infinite elements. This represents an exact reference and the difference
between the two models is the reflection from the boundary.

Fig. 1(b) shows the displacement field obtained for the two cases described above. The
absolute value of the displacement is represented and, in order to highlight low amplitude
reflection, the color scale only spans up to 0.1 % of the maximum absolute displacement in the
model [13]. The left wave propagation scene shows that the reflections from the boundaries of the
plate are extremely obvious when there are no infinite elements. The plot on the right side is the
wave propagation scene at 1.6 ps for the FEM model with infinite elements. It can be found that
the reflection effect is weakening a lot comparing with the former. And there is no obvious
reflection coming back from the infinite elements into the area of study. However, the reflections
can still be found in the wave propagation scene at 1.6 ps although it is relatively weak.

The vertical displacements are monitored at four sensors below the edge of the load as
indicated on Fig. 1(a). The resulting displacements from one transducer are plotted in Fig. 1(c). It
is clear that for the above waveform in time domain the reflections from the boundary are more
visible than the following one. In addition, the reflections still exist for the model with infinite
elements. There is a clear discrepancy between the 2 monitored signals. It indicates that a
noticeable reflection occurs as the wave reaches the boundaries. When the infinite elements are
assigned at the bottom and right boundaries, the reflection effect will be seriously weaken. This
example confirms that infinite elements are able to remove most of the unwanted reflections, but
they are not suitable for high accuracy removal of unwanted reflection of bulk waves. Therefore,
it’s necessary to do something to improve the removing performance for infinite elements.

2.2. Rayleigh damping theory

Instead of simply applying a damping at the plane of the boundary as suggested by Lysmer
and Kuhlemeyer, it is proposed here to modify the infinite element method by apply a damping
effect in the model.

Let us start with the equation of equilibrium in the time domain:

[M]ii + [Clii + [K]u = f, (1

with [M], [C]and [K], the mass, damping and stiffness matrices.
By convention, we consider harmonic waves of the form:

u(x,y,t) = uoe—iwteikt_ @

We have u — —iwu.
The equation of equilibrium in the frequency domain is:
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—[M]w?*u — [Cliwu + [K]u = f.
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Fig. 1. ABAQUS benchmark model

(€))

Stiffness or mass proportional damping can be introduced in time or frequency domain models
in most FE packages and is generally termed Rayleigh damping. We define:

[C] = Cu[M] + Ck[K],

where Cy and C are the mass and stiffness proportional damping coefficients.
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One important point to note is that the introduction of damping decreases the value of the
stable time increment when solving the model with the central difference explicit scheme [14]. A
high value of €y, causes a relatively small decrease in the stable increment whereas one of Cy
usually has a very strong effect leading to a great loss in computational efficiency (e.g. time
increment divided by a thousand or more). Therefore, it is preferable to avoid using Ck to define
damping effect with an explicit scheme. For this work, we have only used C;, for FEM studies.

Infinite elements and Rayleigh damping Infinite elements

a) Wave propagation scenes at 140 ps
x 10" Infinite elements
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b) Comparisons between the FE models with/without infinite elements:
wave packets received by one transducer
Fig. 2. Application to an isotropic plate with infinite elements

In order to examine the effect of the proposed method, two FE models are established: model
with the infinite elements only, model combined the infinite elements and Rayleigh damping.
Fig. 2(a) shows the wave propagation scenes which indicates that the reflections from the
boundaries of the plate are extremely obvious when there are only infinite elements. Fig. 2(b)
shows the wave packets received by one transducer.

The energy is proportional to the amplitude:

I, < A;. (5)

The amplitudes of the first arrival wave and reflection wave for 4, is shown in Fig. 3(a).
The energy reflection coefficients is calculated as:

Az

R(D) ocAl.

(6)
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The results are presented in Fig. 3(b) for the energy reflection coefficients via various Cy,. It
can be seen clearly that when the Cy, is increased the energy reflection coefficient decreased
sharply. When the value of Cy, reaches 5x10%, the energy reflection coefficient is 0.16. Moreover,
with the increasing Cy, the energy reflection coefficient is attenuated to 0.001 when C,, is 8x10%.
However, the Cy cannot be too large because the AE signal may be distorted. Therefore, the
optimal C,, is determined as 8x10% in this AE simulation.

5

X107

=

=
<
C

<

N

Time . Rayleigh damping

a) Definition of the energy reflection coefficient  b) Energy reflection coefficients for the simulations
with different Cy,
Fig. 3. Influence of Rayleigh damping on the energy reflection coefficients
3. Description of simulation and source model

3.1. Description of simulation model

In order to test the effect of the non-reflecting boundary techniques, the present simulations
are performed with different AE source configurations in an isotropic plate, a thin-walled cylinder,
and an anisotropic plate.

AE source

0310mm

Transducers

a) Plate model b) Thin-walled cylinder
Fig. 4. 3-Dimensional model setup of simulation configuration

The model was simulated by FE analysis in the general three-dimensional domain implement
using the commercial package ABAQUS. The respective AE signals are obtained from the surface
displacements at the positions marked by transducers. The schematic of those models are shown
in Fig. 4. The rectangular plate is assumed to be a specimen with 500 mmx>150 mm edge length
and 5 mm thickness. The model thin-walled cylinder is assumed to be 5 mm thick and is connected
by a weld with 10 mm in width. The inner diameter is set to 310 mm.

3.2. Description of source model

Modeling of acoustic wave generation and propagation in plate is discussed in the following
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sections. AE is defined as the class of phenomena whereby transient elastic waves are generated
by the rapid release of energy from a localized source or sources of damage [20]. In laboratory
environment this corresponds to a Hsu-Nielsen AE source that could be generated by a pencil lead
break on the surface of the structure [21]. Also an actuator was modeled that could apply this step
and impulse input onto the structure [22]. Various types of sources of input can cause wave
propagation in a structure. Some of these are, wave propagation due to crack growth, wave
propagation due to the excitation by an actuator to study and compare baseline and damaged
signals, wave propagation due to a foreign object impact like a bird hit or a torpedo hit etc. [23].

The acoustic waves in plates are generated passively using a mechanical pencil lead break
input, and actively using a surface bonded piezoelectric actuator [24]. To model impact,
delamination, or crack propagation, a transient excitation such as a delta or step function is needed.
In order to excite an AE signal, in the following a triangular forcing function f(t) was applied
(Fig. 5). In the present configuration, the total distance of the two points acting as buried dipole
source was 1 mm with 1 N force magnitude [1, 4]. The goal of this model is to show dispersion
effects up to a frequency, f, of 0.2 MHz.

/

—_— 1
-

1 |

025 05 ¢
Fig. 5. The acting forces and time function of applied load

4. Application to different structures
4.1. An isotropic plate

The geometry model of the plate is shown in Fig. 2(a). The metal material was considered
elastic without viscosity components. The numerical model consists of a homogeneous plate with
properties of steel and specifically elasticity modulus, E = 2.09x10'" N/m?; Poisson’s ratio
v = 0.3; density p = 7800 Kg/m®. These values lead to longitudinal and shear wave velocities of
5940 and 3230 m/s respectively. The thickness of the plate is 5 mm,; its total length and width are
500 mm, 150 mm respectively. Several transducers are placed on the top surface with a separation
distance of 30 mm.

In the frequency range of interest, only the zero-order symmetric mode, S,, and anti-symmetric
mode, A,, are present. These two modes are selectively excited in the model by applying
appropriate nodal loads. For a maximum frequency of 200 kHz, the minimum wavelength is for
Ay. Tt is given by Apin = €5/ fmax = 15.71 mm, considering a theoretical phase velocity of
¢s = 3230 m/s. In present study the value of A,,;,, is assigned as 20 mm.

The package used in the present study, ABAQUS/EXPLICIT, uses an explicit integration
based on a central difference method [25]. The stability of the numerical solution is dependent
upon the temporal and the spatial resolution of the analysis.

To avoid numerical instability ABAQUS/EXPLICIT recommends a stability limit for the
integration time step At equal to:

At = - (7)

The maximum frequency of the dynamic problem, fi,.y, limits both the integration time step
and the element size. A good rule is to use a minimum of 20 points per cycle at the highest
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frequency, that is:

1

A= 20 ) ®

The size of the finite element, l,, is typically derived from the smallest wavelength to be
analyzed, l,;,. For a good spatial resolution 20 nodes per wavelength are normally required:

Amin

le="0" ©)
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a) Wave propagation scenes at 1.6 ps
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b) Wave packets received by one transducer
Fig. 6. Comparisons between the FEM models with/without infinite elements

From Eq. (8), the corresponding limit on the element size is [, = 1 mm. According to Eq. (7),
this transient problem is solved with an integration time step, At = 0.25 ps. The chosen excitation
times investigated is 2.5 ps, which is based on the reported excitation times by Hatano et al. who
used 1 ps as typical source rise time [9, 21]. In order to resolve the smallest chosen excitation time,
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0.1 ps, in the time domain. The sampling rate of 5 MHz and is sufficient to resolve the observed
signals frequency content in the range up to a maximal frequency of 0.2 MHz.

In order to test the effect of the method proposed in this paper, two FEM models are
established: Model with the infinite elements only, model combined the infinite elements and
Rayleigh damping. Fig. 6(a) shows the wave propagation scenes at 1.6 pus. The left wave
propagation scene shows that the reflections from the boundaries of the plate are extremely
obvious when there are only infinite elements. The plot on the right side is the wave propagation
scene at 1.6 ps for the FE model with infinite elements and Rayleigh damping. It can be found
that there is no obvious reflection coming back from the infinite elements into the area of study
for these two models.

However, the reflections can still be found in the waveforms in time domain although it is
relatively weak. The resulting displacements from one transducer are plotted in Fig. 6(b). It is
clear that for the above waveform in time domain the reflections from the boundary are more
visible than the following one. In addition, the reflections still exist for the model with infinite
elements and Rayleigh damping. There is a clear discrepancy between the two monitored signals.
This example confirms that infinite elements are able to remove most of the unwanted reflections,
and with the help of Rayleigh damping they are suitable for high accuracy removal of unwanted
reflection of bulk waves.

Fig. 7. Pencil lead broken test on a steel plate

In order to verify the accuracy of this FE model, pencil lead broken test on a steel plate is
carried out, as shown in Fig. 7. The sampling frequency in tests is 3 MHz. The steel plate specimen
has the dimensions of 500 mm length, 150 mm width and 5 mm height. To visualize the modal
composition of the AE signals the Choi-Williams transformation is calculated using the software
package AGU-Vallen Wavelet [26]. The results are compared to analytical solutions of dispersion
curves calculated for the respective propagation medium and distance. The resulting
CWD-diagram with additionally calculated dispersion curves of is shown in Fig. 8. The signals
obtained through FE simulation are transformed and the result is shown in Fig. 8(a), while the
signals of pencil lead broken test is shown in Fig. 8(b). From these two figures it can be found that
at low frequencies the dominance of the asymmetric mode on the surface of the plate is higher
when compared to the symmetric mode. It also can be found from Fig. 8(b) that there are lots of
waves with different frequencies except the Ay. These should be the reflections generated when
the waves are contacting the boundaries. Therefore, the simulation result will meet the experiment
result if there are no reflections during pencil lead broken test.

4.2. Application to thin-walled cylinder structures

Since in the real Non-Destructive testing (NDT) there always exist some features such as welds
and ribs in plate-like structures, which may cause extra coherent noise which interferes with the
inspection signal. It is necessary to remove the reflection very well. This section will research the
reflection removal of a thin-walled cylinder structure with a weld in middle based on the method
proposed in this paper. With the same analysis method of the previous isotropic plate the FE
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simulation of this complex structure is carried out. Fig. 9(a) shows the wave propagation scenes
at 1.6 us. The left wave propagation scene shows that the reflections from the boundaries of the
plate are extremely obvious when there are only infinite elements. The plot on the right side is the
wave propagation scene at 1.6 ps for the FE model with infinite elements and Rayleigh damping.
It can be found that there is no obvious reflection coming back from the infinite elements into the
area of study. In addition, from Fig. 9(b) it is clear that for the above waveform in time domain
the reflections from the boundary are more visible than the following one. There is a clear
discrepancy between the two monitored signals. This example confirms that infinite elements are
able to remove most of the unwanted reflections, and with the help of Rayleigh damping they are
suitable for high accuracy removal of unwanted reflection of bulk waves.

L 1 L 1 1 1 1 L - L L L L L 1
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4003 5-0.0004 g
& 0 -0 g
= 3003 Min: 0.0%  [F
E =0 g
%‘ 250—5 Reflections =0 F
2 2003 -
9 = -
£ 1509 E
1003 -
503 g
k T T T T T T T T T T T T T T T 3
20 40 60 80 100 120 140 160
Time (us)
a) Result of FE simulation
500 E
E Max: 100.0% |E
4503 (=21.6497) |F
4004 !’20 E
] -10 E
i~ 350'5 Reflections 3
T 3004 Min: 0.0% |E
5 250 (= 0.00216)
3 1
Z 2003
9 .
£ 1503
100
503
1 T T T

O 10 20 30 40 5 6 70 8 90 100
Time (ps)

b) Result of pencil lead broken test on a steel plate

Fig. 8. WT results for an isotropic plate

4.3. Application to a plate with filleted corner

The plate structures used in real engineering equipment are always manufactured as the shell
shape. Some features may bring tackles for the wave propagation such as the filleted corner. When
the direct mode waves are reaching the boundary of those features, some new mode waves may
be generated. This phenomenon makes the wave propagation more complex. In order to reveal the
principle of how the filleted corner influences the wave propagation, this section introduces the
FEM to study the AE waves in plate structure.

4.3.1. FE mode

A plate structure with filleted corner applied in the simulation is shown in Fig. 10. The
numerical model consists of a homogeneous steel plate with specifically elasticity modulus,
E =2.09x10" N/m?, Poisson’s ratio v = 0.3, and density p = 7.8x10* Kg/m®. According to the
plate wave theory, the longitudinal and shear wave velocities in this plate can be calculated as
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5940 and 3230 m/s respectively [26].

Fig. 11 shows the absolute displacement field for the wave propagation at 40 psec and 80 psec.
Color scale extends from 0 (blue) to 0.1 % (red) of the maximum absolute displacement. Grey
indicates out of scale (0.1 % to 100 %). It is obvious that the mode wave S, reaches the sensor
position prior to mode wave A, because the velocity of Sy is as high as previous analysis. It also
can be found that the intensity of mode wave A is higher than that of mode wave S,. As discussed
by Gorman [27], when the pencil-lead breaks on the surface, it preferentially generates the A,
mode. And if the pencil-lead breaks on the plate edge, it excites signals with dominant S, mode
components. A similar observation was also reported by Hamstad for isotropic materials [28] and
Sause for anisotropic materials [1].

T=120us

Reflections

Infinite elements Infinite elements and Rayleigh damping
a) Wave propagation scenes at 1.6 us
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b) Wave packets received by one transducer
Fig. 9. Comparisons between the FE models with/without infinite elements

Fig. 12 shows the AE waveform detected by those four AE sensors in time domain. Some
secondary waves can be found in the time-domain waveform besides the original signal. Since the
velocity of secondary wave is less than the S, wave, good separation process can be realized
between this two kinds of waves. And the S, wave is almost not affected by the secondary wave.
Besides, the A, waves detected at some points are affected by the secondary wave due to the
velocity of the Ay wave is much more slowly than the S, wave. For example, the AE signals
obtained from #2 point is mixed with the secondary wave, which makes the composition of the
tested wave more complicated especially the A, wave.

The analysis results of time domain waveform indicates that when the AE waves arrive at the
corner some new modal waves will be generated, thereby the complexities of the original signal
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are increased. According to the description in previous section, there are mainly S, wave and 4,
wave in the low frequency domain. The 4, wave may be directly affected by the secondary waves
caused by the presence of rounded corners. In addition, the reflections still exist for the model
with infinite elements and Rayleigh damping. There is a clear discrepancy between the two
monitored signals. This example confirms that infinite elements are able to remove most of the
unwanted reflections, and with the help of Rayleigh damping they are suitable for high accuracy
removal of unwanted reflection of bulk waves.

Points of detection

R=10 mm

AE dipole sources

Low reflection
boundary condition

Fig. 10. FE mode of the plate-like structure with filleted corner

Sy wave +1.26-07
+4.66-09
+4.3¢-09
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+2.76-09
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+1.9e-09
+1.5¢-09
+1.26-09
+7.7¢-10
+3.9¢-10
+0.06+00

Aywave

) 40 usec

+1.3e-07

b) 80 psec
Fig. 11. Absolute displacement field at two times. Color scale extends from 0 (blue) to 0.1 % (red) of the
maximum absolute displacement. Grey indicates out of scale (0.1 % to 100 %)

4.4. Application to a homogeneous, anisotropic plate

The propagation of Lamb waves in an orthotropic composite structure is much more
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complicated than in an isotropic material. The bulk waves traveling in the structure is no more a
pure mode unless traveling in the principal axis of the orthotropic material. The removal of
unwanted reflection in an anisotropic plate is verified in this section of the research. Similar to the
isotropic case, schematic of the carbon fiber reinforced plastics (CFRP) is shown in Fig. 13(a),
and the profile of geometry is the same as the isotropic plate. Due to a lack of experimentally
available values for the CFRP specimens investigated, we applied literature values from Prosser
et al. to model the specimen’s elastic properties [1]. The elastic coefficients of the materials used
in the simulation process are summarized as: D11, 147.1 GPa, D12, 4.11 GPa, D13, 4.11 GPa,
D22,10.59 GPa, D23, 3.09 GPa, D33, 10.59 GPa, D44, 3.75 GPa, D55, 5.96 GPa, D66, 5.97 GPa.

x10*

Newly generated

Displacement /m

0 N
VAN
\ AN
2 " "
0 100 200 300

Time /s

Fig. 12. AE waveform detected by four AE sensors in time domain

Since the propagation of Lamb waves in anisotropic media like CFRP is more complex than
for isotropic media, propagation of AE wave mode in CFRP plate should be analyzed detail.
Propagation of AE wave mode in CFRP plate with the infinite elements and Rayleigh damping at
three distinct times is shown in Fig. 13(b). And there are no visible reflections from the boundaries
whether the Rayleigh damping is assigned or not from the wave propagation scenes only.
However, the reflections can still be found in the waveforms in time domain although it is
relatively weak. The resulting displacements from one transducer are plotted in Fig. 13(c). It is
clear that for the above waveform in time domain the reflections from the boundary are more
visible than the following one. In addition, the reflections still exist for the model with infinite
elements and Rayleigh damping. There is a clear discrepancy between the two monitored signals.
This example confirms that infinite elements are able to remove most of the unwanted reflections,
and with the help of Rayleigh damping they are suitable for high accuracy removal of unwanted
reflection of bulk waves.

5. Conclusions

In this study, a new modeling method of plate waves by investigating the removal of unwanted
reflections from the boundaries of the waveguides including plate and thin-walled cylinder
structures has been presented. The principles of these techniques were described. Analytical
models to facilitate the efficient and reliable design of FE models to exploit them were developed.

To validate the potential of this method for engineering applications, pencil lead broken tests
on a steel plate are performed. Experimental results show that at low frequencies the dominance
of the asymmetric mode on the surface of the plate is higher when compared to the symmetric
mode. The stiffness and mass proportional damping are introduced in the simulation. The removal
effect is validated by serial simulations with different AE source configurations in isotropic and
anisotropic plate. The results of this study clearly illustrate the effectiveness of using the FE
method to model AE wave propagation problems and high accuracy removal of unwanted
reflection can be realized by the infinite elements with appropriate damping.
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a) Geometric model of the CFRP plate

Infinite elements and Rayleigh damping Infinite elements
b) Propagation of AE wave mode in CFRP plate with the infinite elements and Rayleigh damping at three
distinct times and wave propagation scenes at 20 ps for the model with infinite elements only
x10” Infinite elements
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¢) Wave packets received by one transducer
Fig. 13. Comparisons between the FE models with/without infinite elements
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