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Abstract. This paper presents a theoretical and finite element (FE) investigation of the generation
and propagation characteristics of the fundamental Lamb waves symmetrical mode SO and
anti-symmetrical mode A0 after testing with different types of defects in the plates. The reflection
and transmission of Lamb waves at a micro symmetry defect and asymmetry defect are analyzed
numerically in the two-dimension (2D) model. Mode conversion of Lamb waves can occur upon
encountering the asymmetry discontinuities leading to newly-converted modes apart from wave
reflection and transmission. When testing the symmetry defects, the reflection and transmission
waves have no modal separation phenomenon. To describe the mode conversion and reflection
and transmission degree, and evaluate the micro defect severity, a series of defects are simulated
to explore the relationships of defect reflection and transmission with the length and depth of a
defect in the 2D FE model. In the three-dimension (3D) FE model, the straight-crest Lamb waves
and circular-crest Lamb waves are simulated and researched by contrast analysis. Then the
straight-crest Lamb waves are motivated to study the scattering laws of Lamb waves interacting
with the circle hole defects and rectangular hole defects. SO mode and SHO mode are contained in
the scattering waves after SO mode testing the through holes defects. Corresponding mode energy
percentages were analyzed at different micro defect severities changed in different ways.
Simulation results illustrated that the modal energy percentages varied in a different character and
provided support for the analytically determined results of Lamb waves in the non-destructive
testing and evaluation.

Keywords: lamb waves, finite element, defect detecting, energy distribution, reflection and
transmission.

1. Introduction

Lamb waves have been widely explored as a promising inspection tool for non-destructive
testing (NDT) and structural health monitoring (SHM) during the past years [1, 2]. The
development of computational finite element models for Lamb wave propagation and interaction
is of great importance and offers an efficient nondestructive means in NDT and SHM. The
advantages of Lamb waves include easily motivated, long-distance propagation, fastly and
efficiently detection, and easily testing the shelter defects unreachable on the structures [3, 4]. It
is widely used in detecting the defects in the plates. However, when it comes to highly corroded
plates which have been used for many years, in which there are often numerous holes or cracks
because of corrosion, the testing distance will be vitally influenced and shorten. Therefore, to learn
the efficiency of Lamb wave testing on plates, it is of great necessity to carry on investigations of
the interaction of Lamb waves with different combined defects.

Lamb waves are elastic waves belonging to special ultrasonic waves and propagate through
the thin-plates or shell structures with free boundaries [5]. The received signal can engender
complex reflection and transmission phenomenon and provide a lot of information after
interacting with the defects in the plates [6]. The dispersion characteristic and multi-modal
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properties are two special propagation characteristics in plates. Therefore, further analysis of
originally-generated and newly-converted Lamb modes is definitely required for better
understanding of the mechanism of mode conversion and reflection and transmission after testing
the micro defect, which is still limited on the defects testing application in the plates [7, 8]. The
research of Lamb wave testing technology on defect assessment in plates is based on the principle
that the incident Lamb mode would share its energy into several diffracted wave packets which
depend on the location, geometry and dimension of the defects in the reflection and transmission
mode.

Lamb waves were discovered by Horace Lamb [9] in 1917. Then Lamb wave was proposed to
be used for defect detection. Many review articles have discussed the use of the Lamb waves in
detecting the thinly metallic plates [10, 11]. Now, great progresses have been made in Lamb wave
nondestructive testing technology in theoretical research, simulation research and experiment
research. The theory studies of Lamb waves dispersion characteristics had been mature. Many
studies about signal processing, such as Fourier transform and fast Fourier transform and short-
time Fourier transform were conducted [12, 13]. Recent years, many optimization algorithms are
adopted for digital signal processing in the NDT research to improve the defect detection accuracy.
Deng studied some novel fault diagnosis methods based on integrating empirical wavelet
transform and fuzzy entropy for motor bearing [14], EEMD and multi-scale fuzzy entropy for
motor bearing [15], optimal LS-SVM with improved PSO algorithm [16, 17], CACO algorithm
[18] and other heuristic optimization algorithms [19, 20]. These new improved algorithms [14, 21]
showed a superior performance, and have been proved to be a potential useful tool in NDT
research [22]. The improved algorithms [23] can obviously improve the convergence speed, and
enhance the local search ability and global search capability for the signal processing and defect
identification. Other researches have been studying about interaction of Lamb waves with
damaged structures or discontinuities in such aspects as mode conversion, reflection and
transmission characteristics [24, 25]. Different numerical methods were used, such as boundary
element method [26], finite element method [27], finite difference method [28], and
semi-analytical finite element method [29], these methods can provide multidimensional data for
the signal processing and optimization algorithm design. Benz [30] studied the dispersion
characteristics and multi-mode properties in groove plates using time-frequency analysis
technology. Lu [31] studied the modal conversion rules of Lamb wave after testing the surface
defects through the numerical and experimental methods. The propagation laws of Lamb waves
influenced by the size of defect in composite materials were analyzed by Castaingse [31]. Feng
[32] studied the scattering characteristics of Lamb wave in the plates with step-like discontinuities.
Many other researches had shown the interactions with different types of defects including the
hole defects, the surface defects, the vertical cracks, the inclined cracks, corrosion defects, groove
defects and other irregular defects [33]. These authors combined a finite element method and a
modal decomposition to investigate the interaction of Lamb waves with defects, but only
considered a single characteristic or a single boundary condition. The Lamb waves diffraction on
these defects is typically quite strong, leading to a considerable fraction of incident energy being
reflected and transmitted, and to significant mode conversion in transmission. The defects and
notches can be detected and identified by analyzing the Lamb waves modal content in reflected
or transmitted displacement signals detected along the plate of interest. Due to the complex mode
conversion and energy redistribution after testing the micro defects, Lamb wave’s scattering,
reflection and transmission characteristics at the defects (or its interactions with the micro defects)
is difficult to study in a pure analytical way. Numerical methods such as finite element method
(FEM) about defect recognition depends on the systematically analysis of the dispersion
characteristics, structural characteristics, attenuation characteristics, reflection and transmission
characteristics after Lamb waves testing the defects in the plates, and the research about studying
the sensitivity of each Lamb mode to the encountered defects is very important.

The present study in this paper is concerned with the current research situation and aims at
investigating transient responses to the Lamb waves incidence and mode conversion coefficients
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in the case of weak interaction at micro defects, and at gaining insight in the factors determining
the sensitivity of different types of Lamb modes to the geometrical characteristics of the micro
defects and its surroundings. In particular, partial reflection and transmission of Lamb waves and
the resonance behavior of the micro defects for the SO mode and A0 mode incidence are analyzed
by the finite element method and the results can easily be extrapolated to defects with higher
contrast. In Section 2, The dispersion characteristics and wave structure characteristics are
analyzed and the curves are drawn to provide theoretical support for numerical analysis. In
Section 3, the 2D numerical results are showed to research the propagation, reflection and
transmission characteristics after SO mode and A0 mode Lamb waves testing the symmetrical and
asymmetrical defects. In Section 4, the straight-crest Lamb waves are generated in 3D finite
element model by comparison analysis. Corresponding mode energy percentages and scattering
characteristics were analyzed emphatically by the straight-crest Lamb waves at different micro
defect severities changed in different ways.

2. Lamb waves theory

There are two different kinds of Lamb waves in the plates including the straight-crest Lamb
waves generated by point source and circular-crest Lamb waves generated by line source.
According to the particle vibration characteristics in the plates, Lamb waves can be divided into
symmetrical mode (S) and asymmetrical mode (A). Different modes can be generated under
different phase velocity described with SO, S1, S2, S3, S4, ..., as well as A0, Al, A2, A3, A4, ....
The vibration displacement of the material particles in the plate can be satisfied with Navier
balance equation in the propagation of Lamb waves:

0°u

uWWu+ A +uw)VVeu)=p (F) (1

Here u is the vector of particle vibration displacement, A and u is Lame constant, p is the
density, t is the time.

The motion equation is solved using the potential function method base on the variational
principle and the free boundary condition. The dispersion characteristic equations and wave
structure equations of Lamb waves are deduced by the wave theory.

In the cartesian coordinate system, for symmetrical mode of straight-crest Lamb waves:

tan(qh) 4k%*pq
= T a? — k22 @
tan(ph) (g% —k?)
= ikAzcos(py) + qBicos(qy), 3)
v = —pd,sin(py) — ikB;sin(qy).
For anti-symmetrical modes of straight-crest Lamb waves:
tan(qgh) (g — k?)? @)
tan(ph) 4k?pq
u = ikA;sin(py) — qB,sin(qy), )

v = pA;sin(py) — ikB,cos(qy).
In the cylindrical coordinate system, for symmetrical modes of circular-crest Lamb waves:

tan(qgh) _ 4k?pq
tan(ph)  (q? — k?)?

(6)
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u, = A'[-2k?*qcos(gh)cos(pz) + q(k* — g*)cos(ph)cos(pz)]Jo (kr)e™",

i 7
u, = A'[-2kpgcos(qh)sin(pz) — k(k? — g*)cos(ph)sin(pz)]], (kr)e™". )
For anti-symmetrical modes of circular-crest Lamb waves:
tan(gh)  (q* —k?)* ®
tan(ph)  4k2pq
u, = A'[-2k?gsin(qh)sin(pz) + q(k? — q*)sin(ph)sin(pz)]J, (kr)e™, ©

u, = A'[2kpgsin(qh)cos(pz) + k(k? — q?)sin(ph)cos(pz)1], (kr)e™:.

Here the p = w?/cf —k?, q=w?/c; -k, k=w/c, , cg=c,—Adc,/dA ,
A =2m/k = 2wk, ¢, is the phase velocity, c, is the group velocity, k is the wave number, w
is angular frequency, c; and cr is the velocity of longitudinal wave and shear wave, h is the
thickness of the plate, E is the Elastic Modulus, v is the Poisson-Ratio, A and A; and A, and B,
and B, is the constant which can be solved by the free boundary condition. J,(kr) is the first kind
zero-order Bessel function, y is the vertical coordinate in the cartesian coordinate system, z is the
vertical coordinate in the cylindrical coordinate system, r is diameter coordinate in the cylindrical
coordinate system.

The Lamb waves equations show that these two kinds of Lamb waves have the same dispersion
characteristic and same wave structure characteristic in thickness direction of plates. The
distribution of circular-crest Lamb wave structure in the radius direction follow the distribution of
Bessel function, and decrease with the diffusion area increases. Without considering the influence
of material characteristics, the straight-crest Lamb waves have no energy attenuation in the
propagation direction.

In the actual research, Lamb waves produced by the transducer are usually circular-crest Lamb
waves. The circular-crest Lamb waves can be treated as straight-crest Lamb waves before a micro
defect when spread over a long distance and meet the micro defects. In the experimental or
numerical research, we often need to use straight-crest Lamb waves to research the propagation
characteristics and interaction with micro defects. The dispersion characteristic equations and
wave structure equations of straight-crest Lamb waves were solved using MatLab software
through dichotomy. The velocities of longitudinal waves and transversal waves are 5800 m/s and
3100 m/s in the plate. Fig. 1 show the dispersion characteristic curves of Lamb waves in the plates.

10
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o
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Jh(MHz mm) Jh(MHz mm)
a) Phase velocities b) Group velocities

Fig. 1. The dispersion characteristic curves of Lamb waves

Fig. 1 shows that two or more modes of Lamb waves with different group velocities in the
plate can be generated in the same frequency-thickness condition. In the region of low
frequency-thickness, there are only two kinds of Lamb wave modes named the zeroth order
symmetric mode (SO) and anti-symmetric mode (A0). Only the SO and A0 mode have the cut-off
frequency. The phase velocity and group velocity varies along with frequency-thickness variation.
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This paper focus on analyzing the interaction of the SO and A0 mode with defects in the plates.
And the 4 mm thickness finite element models of the plates are established. The reflection and
transmission characteristics in 2D models and scattering properties in 3D models are studied.

3. Simulation results of Lamb waves in 2D FE model
3.1. Establish the 2D FE model

The calculated amount and calculated time can be reduced effectively in the 2D FE model.
The interference of horizontal shear waves (SH waves) in the vertical direction can be also
avoided. A 2000 mm long and 4 mm thickness plate is established in the ANSY'S software using
parametric programming commands. PLANE42 unit is selected for FM analysis. Table 1 shows
the material characteristic parameters of the FE plate.

Table 1. The material characteristic parameters of finite element simulation model
Parameters | Elastic modulus (E) | Poisson-ratio (v) | Density (p)
Value 204 MPa 0.284 7860 kg/m?

Here the sinusoidal signal with five cycles is modulated by Hanning window as excitation
signal to generate mechanical vibration in the plate. The high frequency interference and energy
leakage can be eliminated effectively. Excitation signal expression shows in Eq. (10):

nf.t

J ) sin(2nf,.t). (10)

U—1A1 2
t=5 ( cos

Here A is the amplitude coefficient, n is cycling number, f;. is central frequency. U; means the
in-plane displacement and out-of plane displacement at different instants of time ¢.

The center frequency of excitation signal is set to 200 kHz. Fig. 2 shows the waveform of the
excitation signal.
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Fig. 2. The excitation signal modulated by Hanning window

The dual incentive method loading displacement signal is used to generate a single mode Lamb
wave in the left of the FE model. A 10 mm long nodes in the bottom and surface of plate are
selected to generate SO mode Lamb wave loading synthetic in-plane displacement, and generate
A0 mode Lamb wave loading synthetic out-of-plane displacement. The minimal size of the finite
element model grid should be less than 1/7 of wavelength, and the minimum meshing size is set
to 0.2 mm. The near field of the defects are meshed with refined grids. The finite element
computation time step should be less than 0.8 x/c, x is the minimum meshing size, c is the biggest
modal velocity. The time step is set to 0.2 ps in the FE model.

Fig. 3 shows the two kinds of two-dimensional plate model. The complete FE mesh of the
symmetric notch is given on Fig. 3(a). The complete FE mesh of the asymmetric notch is given
on Fig. 3(b).
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Fig. 3. The two-dimensional FE plate model with micro defects

3.2. The displacement nephogram of fundamental Lamb waves in 2D damaged model

Fig. 4 and Fig. 5 show the displacement vector nephogram after Lamb waves testing the
different kinds of defects in the 2D plates.

Fig. 4 and Fig. 5 show that it occurs to be obvious reflection and transmission phenomenon
after Lamb waves testing the symmetry defect and asymmetry defect. When the symmetry defects
are tested, there is no modal conversion phenomenon in Fig. 4. Fig. 5 shows that the reflection
and transmission waves occur obvious modal conversion after SO mode and A0 mode Lamb waves
testing the asymmetry detect. In the reflection waves and transmission waves, the out-of-plate
displacement is generated after SO mode interacting with the asymmetry detects, and the in-plate
displacement is generated after A0 mode interacting with the asymmetry detects.

I
7 ‘Z_}S .-=’,}.]£\“?Jr- i - -‘«im«
- . I ij
a) SO mode in 300 ps b) A0 mode in 400 ps

Fig. 4. The propagation of Lamb waves in the plate with symmetric defect

a) SO mode in 300 ps b) A0 mode in 400 ps
Fig. 5. The propagation of Lamb waves in the 2D plate with asymmetric defect

3.3. The wave propagation of fundamental Lamb waves in a damaged plate

In the FE model, the signal receiving nodes in the up and down surface are set to analyze the
in-plate displacement signal and out-of-plate displacement signal. The waveform of symmetrical
mode can be achieved by adding in-plane displacement or subtracting the out-of-plane
displacement. The waveform of asymmetrical mode can be achieved by subtracting the in-plane
displacement or adding the out-of-plane displacement.

The received nodes are chosen in 0.1 m and 1.9 m to avoid the mode mixing and get the
corresponding reflection waveforms. Fig. 6 and Fig. 7 show the waveform propagation of
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fundamental Lamb waves in the 2D damaged plates.

In the received signal, different lamb mode can be identified by calculating the group velocity.
The A0 mode have obvious dispersion phenomenon and waveform expansion. In the Fig. 6, the
reflection and transmission waves have no mode separation phenomenon after testing the
symmetric defect. In the Fig. 7, the reflection and transmission waves have obvious mode
conversion phenomenon and newly-converted modes apart from wave reflection and transmission
are generated after testing the asymmetric defect. The A0 mode is generated behind SO mode when
S0 mode testing the defect. The SO mode is generated before A0 mode after A0 mode testing the
defect. In the propagation of Lamb waves, the reflection and transmission phenomenon occur
again after reflection and transmission waves encountering the defect again.
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Fig. 6. Normalized displacements of received signal in the 2D plate with symmetric defect
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Fig. 7. Normalized displacements of received signal in the 2D plate with asymmetric defect
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3.4. The reflection and transmission characteristics

The objective of this part is to study the reflection and transmission characteristics of Lamb
waves in the 2D FM plate with a series of symmetry defects and asymmetric defects changed in
the depth direction. The width of defect is set to 4 mm in the plate. The depth of symmetry defect
is changed in 10 %, 20 %, 30 %, 40 % of the plate thickness. The total depth of the symmetry
defect is changed in 20 %, 40 %, 60 %, 80 % of the plate thickness. The reflection and transmission
coefficients are computed from the displacement of the Lamb wave packet. A comparison between
the reflection and the transmission coefficients of Lamb wave when A0 mode and SO mode are
generated in the 2D plate, is represented on the Fig. 8, and the normalized amplitude is extracted
to explain this sensitivity.

Fig. 8 shows that the reflection coefficient increases, and the transmission coefficient decreases
with the increase of the symmetry defect depth in different Lamb mode. Compare Fig. 8(a) with
Fig. 8(b), the reflection and transmission coefficient changing rate of SO mode is faster than A0
mode. It can be noticed that the reflection mode coefficient is concentrated near to the large depth
defect of the plate contrarily to the transmission mode coefficient. With the reference of the
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variation laws of reflection waves and transmission waves in the plate, the depth of symmetric
defect can be evaluated.

The depth of asymmetry defect is changed in 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %,
80 %, 90 % of the plate thickness. The width of the defect is still set to 4mm. The reflection and
transmission coefficients of different modes are analyzed after Lamb waves testing the asymmetry
defect. The normalized amplitude is extracted to explain this sensitivity on the Fig. 9.

1.0 1.0
g ——S0R SO ——S0 TS0
i3 ——AO0R A0 ——A0T A0
g |
L
S
205 0.5
2
3 \
=
kP
2 /
0.0 v g 0.0 . . . .
. 30 .60 .90 20 40 .60 80
Defect depth and thickness ratio(%) Defect depth and thickness ratio(%)
a) Reflection coefficient b) Transmission coefficient

Fig. 8. Reflection and transmission coefficients varies with depth of symmetric defect
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Fig. 9. Reflection and transmission coefficients varies with depth of asymmetric defect

When SO mode Lamb wave testing the asymmetric defects, the reflection coefficients of SO
mode increases and the transmission coefficients of SO mode decreases with the depth increasing
of the asymmetric defect. The reflection and transmission coefficients of A0 mode increase firstly
and then decrease when the depth is greater than the 50 % of the plates thickness. When A0 mode
testing the asymmetric defect, the reflection and transmission phenomenon is similar to the SO
mode. The found disturbance of the normal surface component of the acoustic field due to the
inclusion is considerably larger for the incident SO mode than for the A0 mode by contrastive
analysis. When SO mode testing the defects, the reflection and transmission waves is mainly
existing in the form of SO mode. When A0 mode testing the defects, the reflection and transmission
waves are mainly existing in A0 mode. With the reference of the variation laws of reflection waves
and transmission waves in the plate, the depth of the asymmetric defect can be evaluated.

4. Simulation results of Lamb waves in 3D-plates FE model

In 2D plate model, the propagation characteristics of Lamb waves can be easily analyzed with
less amount of calculation, but the scattering characteristics in the third dimension cannot be
studied. So, 3D finite element models should be established to research the Lamb waves on
propagation and interaction with the typical defects varied in third dimensional direction. In the
section 2, the theory about dispersion characteristic equations and wave structure equations of the
straight-crest Lamb waves and the circular-crest Lamb waves have been analyzed. The two kinds
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of Lamb waves have a different energy attenuation in the propagation direction. In the next step
research, 3D FE model with 600 mm long, 600 mm wide and 4 mm thickness is set in ANSYS
software. SOLID45 eight node structure element to mesh the 3D plate, and COMBIN14
spring-damper element to construct the non-reflective boundaries and minimize the calculation
burden. The model nodes in the up and down surfaces with 20 mm long and 600 mm wide are
selected in the left side of the plate to motivate a single mode straight-crest Lamb wave to research
the propagation of Lamb waves in 3D model. The waveform of incentive signal is still unchanged.

4.1. The displacement nephogram and waveform of Lamb waves in 3D damaged model

A circular hole defect and rectangular hole defect are set in the center of the plate. The ring
sensor nodes are set 150 mm from the center of the defect and spaced 15°. The straight-crest Lamb
waves are generated from the left side of the 3D plate. Fig. 10 shows the displacement vector
nephograms after the fundamental Lamb waves testing with the through hole defects. The radius
of the defect is set to 4 mm. Fig. 11 shows the received waves in different direction 150 mm from
defect center.

a) SO mode in 75 ps b) SO mode in 100 ps

¢) A0 mode in 100 s d) A0 mode in 125 ps
Fig. 10. The propagation of straight-crest Lamb waves in the 3D plate with through hole defects
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Fig. 11. The scattering waveform of straight-crest Lamb waves in detective plate

Fig. 10 shows an example simulation of the propagation of straight-crest Lamb waves in a
4 mm 3D plate with through hole defects. The straight-crest Lamb waves occur to have obvious
scattering phenomenon after testing with the circular defect. SO mode by out-of-plane
displacement and A0 mode by in-plane displacement are mixed together in the 3D plate. When
loading out-of-plane displacement to generate SO mode, the scattering waves with out-of-plane
displacement are mainly existing. When loading in-plane displacement to generate A0 mode, the
scattering waves with in-plane displacement are mainly existing. In the Fig. 10(a), the
out-of-displacement nephogram of scattering waves presents elliptical distribution after SO mode
testing the 3D defect. Newly-converted modes apart from the scattering wave are generated after
testing the through holes defect. The group velocity of the scattering waves in different direction
is different. According to the group velocity calculation and modal identification in the simulation
results, we have found that the scattering Lamb waves have different modes containing SO mode
and SHO mode. SO mode transmission and reflection waves are generated in the 0° direction and
180° direction. SHO mode scattering waves are generated in the 90° and 270° direction. In other
directions, the scattering waves are superposition waves containing SO mode and SHO mode. SHO
shear-horizontal waves propagate slower through the damaged area than SO Lamb waves, which
is due to the difference in the group velocities. In the Fig. 10(b), the in-displacement nephogram
of scattering waves presents circular distribution after AO mode with in-plane displacement testing
with through hole defect. We could then come to conclusion that the scattering wave only contains
A0 mode judged by modal identification and have no modal separation phenomenon in the
propagation process.

Fig. 11 shows that the SO mode and A0 mode Lamb waves present obvious scattering
phenomenon after testing the through hole defect. The scattering waves occur to reflect from
boundary of the plates. The Fig. 11(a) illustrates the waveform of the out-of-plane displacement
after SO mode testing the hole defect. The Fig. 11(b) illustrates the waveform of the in-plane
displacement after A0 mode Lamb wave testing the hole defect. In the propagation of straight-crest
Lamb waves, the A0 mode have obvious dispersion phenomenon and waveform expansion.

The circular hole defects and rectangular hole defects are respectively set in the center of 3D
plate. we can further realize to evaluate the size transformation laws of the 3D defects by
comparing with the scattering waves characteristics of Lamb wave in the FE simulation.

4.2. The scattering laws of the circular hole defects changed in radial direction

Set the radius of the circular hole defect to be 4 mm, 6 mm, 8 mm and 10 mm. The straight-crest
Lamb waves are produced and the scattering laws are analyzed. The normalized amplitude of the
modal decomposition scattering Lamb wave packets are extracted to study the energy distribution
of the scattering waves in the 3D plate.
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Fig. 13. The scattering laws of A0 mode testing the radial variation circular hole defect

It should be noted that all scattering waves in this paper are normalised by the maximum
absolute amplitude of the incident Lamb wave at the centre of the defect zone in the plate. Fig. 12
and Fig. 13 show that the scattering waves of SO mode and A0 mode Lamb waves and SHO mode
shear horizontal waves are symmetrical about the X axial and varies with similar slope. The
forward (6 = 0°) and backward (6 = 180°) scattered SO and A0 mode Lamb waves tend to have
a larger amplitude for increasing in the direction. The energy of the scattering waves increases
with the increase of circular defect radius. When the SO mode testing the micro defect in the centre.
The energy of SO mode scattering waves in 0° and 180° direction is bigger than other directions.
The energy of SHO mode scattering waves in 90° and 270° direction is bigger than other direction.
Contrast the energy distribution of the scattering waves after SO mode and A0 mode Lamb wave
testing the through hole defect, the SO mode Lamb waves are more sensitive to the circular hole
defect varied in the radius direction.
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4.3. The scattering laws of rectangular hole defects changed in the width direction

The length of the rectangular hole defect in the middle of the plate is set to 6 mm, and the
width is changed to be 12 mm, 18 mm, 24 mm and 30 mm. Fig. 14 and Fig. 15 show the scattering
laws after the straight-crest Lamb waves testing the micro rectangular defect with longitudinal

variation.
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Fig. 14. The scattering law of SO mode testing the longitudinal variation rectangular defect
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Fig. 15. The scattering law of A0 mode testing the longitudinal variation rectangular defect

According to the simulations in 3D FE plate, the scattering waves of SO mode, A0 mode Lamb
waves and SHO mode shear horizontal waves are symmetrical about the X axial after Lamb waves
testing the rectangular defects. Similar scattering with the through hole defect, mode conversion
and directivity propagation phenomena can be noticed in the coefficient patterns. The entire
energy conversion results are given in the Fig. 14 and Fig. 15. The scattering energy of SO mode
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Lamb waves in the 0° and 180° direction is larger than other directions. The scattering energy
increases significantly with the defect length increase. The energy of SHO mode scattering wave
increases with the defects size increase. The SHO mode energy in rectangular corner direction is
greater than that in other direction but less than SO mode. When the width of the rectangle hole
defect is 30 mm or longer than 30 mm, nearly all scattering waves are in the 0° and 180° direction.
Fig. 15 shows that the A0 mode energy in the 0° and 180° direction is bigger than other directions.
The scattering energy increases with the increase of the size in the width direction. The increase
rate in close to 0° and 180° direction is greater than the other direction. Due to the influence of the
four corners of the rectangle defect, the scattering energy on the four directions highlighted.
Contrast the energy distribution of the scattering waves after SO mode and A0 mode Lamb wave
testing the rectangular defect, simulation results indicate that the amplitude of scattered SO and
A0 Lamb waves is sensitive to orientation up to 0° and 180° respectively for excitation at
rectangular defect.

4.4. The scattering laws of the rectangular hole defects changed in length direction
The width of rectangular hole defects is set to 6 mm. The length is changed to be 12 mm and

18 mm and 24 mm and 30 mm. Fig. 16 and Fig. 17 show the scattering laws after the straight-crest
Lamb waves interacting with the defects with transverse variation.
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Fig. 16. The scattering laws of SO mode testing the transverse variation rectangular hole defects

Fig. 16 and Fig. 17 show that after Lamb waves testing the rectangular hole defect, the
scattering energy of SO A0 mode Lamb waves and SHO mode shear horizontal waves do not
increases significantly with the increase of rectangular hole defect in the width direction. The
energy of SHO mode scattering waves is bigger in the directions of four corners in the defect
obviously. The energy of A0 mode scattering waves has no obvious law with the transverse
variation. It can be deduced from the above study, that the existence of SO mode along with A0
mode is a definite indication of scatter waves in the path of its propagation and has an orientation
behaviour after testing the rectangular hole defect. Comparative analysis about the scattering
phenomenon after the Lamb waves testing the rectangle defect changed in the width and length
direction shows that the Lamb waves are more sensitive to rectangular hole defects varied in the
width direction. It is not sensitive to the rectangular hole defects changed in the length direction.
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5. Conclusions

In this paper, comparative analysis firstly in theory about the straight-crest Lamb waves and
the circular-crest Lamb waves indicates that two kinds of Lamb waves in plates has the same
dispersion characteristic and wave structure characteristic, but different in the energy attenuation.
The circular-crest Lamb waves can be treated as straight-crest Lamb waves before a micro defect
when spread over a long distance and meet the micro defects. In the next step, a numerical study
of the fundamental Lamb waves interaction with the symmetrical, asymmetrical notches, circular
hole defects and rectangular hole defects was conducted.

It was found in the 2D FE plate that the reflection and transmission waves generated obvious
mode conversion phenomenon after testing with the asymmetry notches. But after testing with the
symmetry notches, the reflection and transmission waves have no mode conversion phenomenon.
The notch analysis presented in Section 3.4 shows the effect of notch depth on the transmitted and
reflected modes along with the mode conversion of Lamb wave. The energy of reflection waves
increases with increases of the depth and the energy of transmission waves decrease with the
increases of the depth. The energy of mode converted Lamb mode in the reflection and
transmission waves first increases with the increase in asymmetrical notch width, then decreases
when the depth is greater than 50 % of the plate thickness.

In the 3D numerical simulations, the scattering waves occur to generate SO mode Lamb waves
and SHO mode shear horizontal waves after SO mode testing the through hole defects. The
scattering waves have no mode conversion when A0 mode Lamb waves testing with the through
hole defects. The energy of scattering waves increases with the increase of the defect size. The
energy of SO mode scattering waves in 0° and 180° direction is larger than other directions. The
energy of A0 mode scattering waves in the 0°, 90°, 180°, 270° direction is significantly greater
than the other direction after interacting with circular hole detects. Energy bound state of the
scattering waves does exist in the direction of the corner when testing the rectangular hole defects.
Comparative analysis about the scattering phenomenon after Lamb waves testing the rectangle
defects varied in the width and length direction shows that the Lamb waves are more sensitive to
rectangular hole defects changed in the width direction in testing the plates. The numerical results
have also shown that the study of the reflection and transmission phenomenon of the Lamb waves
across a micro defect of plates is very difficult and requires a careful analysis in the single process.
In the future research, we can do more work about the experimental measurements and design
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digital signal processing method as the artificial intelligence algorithm to identify and locate
defects accurately.
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