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Abstract: Propagation of Lamb waves in an elastic isotropic layer is studied by analytical and numerical
methods. The influence of numerical simulation parameters on the solution stability is analyzed. The results of
the finite element modeling and the analytical solution are compared.
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Annoranusi: C noMompbl0 YHCIEHHBIX METOJOB HCCIENyeTcs pacnpocTpaHeHne BonH JIamba B ympyrom
H30TponHOM cnoe. Mccnenyercs BIMsSHHE NAPAMETPOB YHCIEHHOTO MOACTHPOBAHUA HA YCTOHYMBOCTh PELICHHU.
CpaBHHBAIOTCS PE3YIbTaThl KOHCYHO-3JICMCHTHOIO MOACIHPOBAHHS U AHATHTHYCCKOTO PELLCHHS,

Kniouesblie cl10Ba: YHCICHHOE MOJETHPOBAHHE, KOHEYHO-3JIEMEHTHAS MOJIENb, BOMHBI JIam0a,
W30TPOMHBIN CIOi, TONAPH3ALHS

1. INTRODUCTION

Acoustic methods are widely used in the NDT
for determining the physical and mechanical
properties of materials in aerospace, civil and
echanical engineering, and geophysics, to en-
sure safety, reliability, and precision. These
methods allow constructing the dispersion rela-
tions that connect the phase velocity of the wave
with frequency.

The first theoretical studies described by Ray-
leigh in [1-4], by Lamb in [5-7]. Later on, theo-
retical and experimental studies are described in
[8-21].

Lamb waves are particular interest. They have
an elliptical polarization 1n the sagittal plane and
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can penetrate on all thickness of the layer. The
three-dimensional formalism [22] and six-
dimensional formalisms [13, 23-26] were de-
veloped for analysing Lamb waves propagating
in anisotropic plates. Experimental studies of
Lamb waves propagation are very expensive
and it requires the participation of high quality
experts. Available theoretical methods for anal-
ysis the propagation of Lamb waves in the me-
dia are limited. Solution to the problem of Lamb
waves propagation with using finite-element
modeling is necessary to study.

The finite element method (FEM) used in the
algorithms of numerical complexes, such as
ABAQUS, ANSYS, NASTRAN and it used in
various branches of science and technology.
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Figure 1. Schematic representation of the problem.

The main ideas of the FEM are given in [27].
FEM in problems of solid mechanics is de-
scribed in [28, 29].

The use of various finite element complexes for
solution problems of Lamb waves propagation
will facilitate experimental diagnostics and pro-
cessing of results. A comparison of the experi-
mental dispersion relations with those found nu-
merically will make to determine the properties of
any layer. Of course, numerical modeling cannot
replace experimental studies, but it can to help
them. FEM integration in experimental diagnos-
tics 1s an actual scientific technical problem.

Also the problem of Lamb waves polarization is
interest since it was not studied in detail before.
The basic concepts of harmonic waves polariza-
tion are discussed in [30]. The results of analyt-
ical studies of surface waves polarization are
given in [31]. In [32] the elastic waves polariza-
tion in the layer-elastic half-space system were
considered. In this paper, we study the Lamb
waves polarization in a layer by the finite ele-
ment method.

2. FORMULATION OF THE PROBLEM
The isotropic elastic layer thickness in this study

is 2k with boundaries x=+# (Figure 1). Har-
monic in time concentrate force is applied to the
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layer, as a results longitudinal and transverse
waves radiate out from the point of load appli-
cation. Displacements in the x-direction corre-

spond to longitudinal waves with velocityc), ,

and the displacements in the y -direction corre-
spond to vertical shear waves with velocityc, .

Movements in the z-direction is not included.
Finite element modeling and subsequent calcu-
lation has been conducted in finite element
complex Abaqus®.

Analytical and finite element calculations were
performed at density p=1, ¢,=1, h=Icu,

when the Poisson ratio ranges from 0 to 0.5,
where cu is conventional unit (here in after it is
assumed that all physical quantities are dimen-
sionless).

The finite element model consists of rectangular
4-node linear elements. Results were obtained
for 5 observation points (p.1, p.2, ..., p.5) locat-
ed at intervals of 10 cu.

3. MESH CONVERGENCE

Finite element modeling of Lamb waves propa-
gation has certain difficulties associated with
the stability of difference schemes. So it is a
very small amount of work on finite-element
modeling of Lamb wave propagation in lay-
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er.Finite-element programs use one of two dif-
ference schemes: explicit

X =X +AL-F(x,,1), (3.1
or implicit
X =X; +At-F(x;,,,8), (3.2)

where x is unknown variable value, A7 is time
step, i is integration step number 1.

Explicit finite difference schemes used in this
study, this scheme allows to analyze all the
main effects that occur during the propagation
of acoustic waves. For this purpose the module
Abaqus/Explicit is used in Abaqus®. To obtain
a stable solution we used an approximate meth-
od, known as the Courant Criterion [33].

For this criterion time step must satisfy the con-
dition

(3-3)

where Ar is the time step, Ax is the smallest

element dimension, ¢, is longitudinal wave ve-

locity.
The magnitude of the amplitude of the impact
F, 1s important. For the condition of small de-

formations it is necessary that the value F, satis-
fies the condition

P, <1.10*.E-Ax, 34
0

where £ — dimensionless modulus of elasticity.
The study of the influence of F, and FEM ele-
ment dimension Ax on the accuracy of the solu-

tion was carried out for two values of the di-
mensionless circular frequency:

®=0.397657 and »=1.5016813 .

Poisson's ratio of the layer was taken to be
v=035.

Results were obtained for 2 observation points
spaced 10 cu and 20 cu from the point of load
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application. The element dimension ranges from
0.005 to 0.5. Results for

P, >1:107 . E-Ax, 0=0.397657

are shown in the Figures 2-a and 2-b. Results
for

P, <1-107*- E-Ax, ©=0.397657

are shown in the Figures 2-c¢ and 2-d.
From the Figure 2 follows that when

o =0.397657
accurate solution is achieved when Ax <0.05.

In Figure 3 results are shown for the following
cases:

B, >1-102.E - Ax,
P (1107 £ A 1107 E- Ax),
P, <1107 E-Ax.

When Ax =0.05 there are

P, >3.1154.107,
P, e(3.1154~10_5;3.1154~1O_6),
Py <3.1154-107°.

When Ax =0.01 there are

P, >623-107,
B e(6,23-104’; 6_23-10—7),
P, <623-107.

Results for
By>1-107-E-Ax, ©=1.5016813

are shown in the Figure 3-a.
Calculation results with

16 International Journal for Computational Civil and Structural Engineering



Numerical Simulation of Lamb Wave Propagation in Isotropic Layer

a 0.0012 p 0.001
g S5 0.0008
L'}

§ 0.0008 E
L g
go.ooos- %

0.0004 2

:

: 19 10

0
0 10 20 30 40 50 60
Time
¢ 1287 d 13E7
1E7 1E-7
E SE-8 e — 4 x=0.005
i i as — ax=0.01
4 6E-8 4 — ax=0.05
- 4E-8 s -
§ 4E-8 E o, o3
2E-8 e
0

=]

10 20 30 40 50 60
Time

O 10 20 30 40 50 60
Time
Figure 2. Displacement on the free surface when ®=0.397657 when the element dimension ranges
from 0.005 t0 0.5 @) p.1 when P, >1-107 - E-Ax, b) p.2 when P, >1-107 - E - Ax,

¢)p.1 when Py<1-107 - E-Ax,d) p.2 when P, <1-107*-E-Ax.
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Figure 3. Displacement on the free surface for p.1 when a) Ax=0.05,b) Ax=0.01.

B <1-107* E-Ax,®=1.5016813 when Ax<0.01. In Figure 5 results are shown
for the following cases:

are shown in the Figure 3-b. 5
From the Figure 4 follows that when £>1-107-E-Ax,

®=1,5016813 accurate solution is achieved B, E(1.10“3. E-Ax:1-107*.E. Ax)

Volume 15, Issue 2, 2019 17



Anna V. Avershyeva, Sergey V. Kuznetsov

0.005 0.0000005
_ 0.004 h .. 0.0000004
d d
g g
50.003 g 0.0000003 nn ' —a x=0.005
_a .g_ — ax=0.01
L) —ax=0,
0.002 a 0.0000002 ' — ax=0.1
ax=0.25
— Ax=0.5
0.001 \] 0.0000001 \f j
0 - 0 .
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time Time

Figure 4. Displacement on the free surface when ®=1.5016813 when the element dimension
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Figure 5. Displacement on the free surface for p.1 when a) Ax=0.05, b)) Ax=0.01.

}{}(1.10—4. E-Ax. the accuracy and stability of the solution.It
means that in the investigated range of changes
Wit A =005 Hhcrsate in external influences, the wave fields are de-

scribed by linear equations, and the influence of

s geometrically nonlinear distortions can be ne-
Iy >3.1154-107, glected.

P e (3_1154.1()—5; 31 154.104)’ The dependence of the calculation time on ele-
> ment dimension is given in Table 4.1.
B, <3.1154-10™.

Table 4.1. Dependence of the calculation time

When Ax =0.01 there are on element dimension.
Element dimension Calculation time,
P, >623-107°, Ax, cm /5
P, 6(6_23.1045; 6_23.10_—;)’ 0.005 4.4500
_ 0.01 0.5200
Fy<6.23-107". 005 00120
' ' 0.100 0.0100
It follows from the F1gures'3 z'md 5 t1'1at ampli- 0250 0.0097
tudes [f, does not have a significant impact on 0,500 0.0070
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Figure 6. Comparative analysis of analytical ( == ) and numerical ( 4 ) solutions.

Thus, the optimal size of the element for this
study is the size Ax=0.01. It should be noted
that for calculations with @ — 0 it is permissible
to apply the size of the element Ax=0.05. This
will not affect the accuracy of the solution, but it
will significantly reduce the calculation time.
When the Poisson ratio ranges from 0 to 0.5
comparative analysis of analytical and numeri-
cal solutions shown in Figure 6.

Also we studied the effect of element dimension
on the Lamb waves polarization. The stability of
the difference scheme was also achieved by ful-
filling the Courant criterion. (3.3).

Study of the influence of the size of element
dimension Ax on the accuracy of calculations
and the stability of the difference scheme re-
vealed that with the variation Ax in the interval

[0.005;0.1] item size effect Ax on the accuracy
of the solution is observed only at frequencies
»>0.1 and ®<0.3 . When comparing results
for Ax=0.005, Ax=0.5 and Ax=1 item size
effect Ax on the accuracy of the solution is ob-
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served only at frequencie w>0.1 (Figure 7).
For this case time, the speed of the solution de-
creases significantly.

S. CONCLUSIONS

It was first proposed the method of generating
of surface waves using the FEM program com-
plex. For the first time, a comparative analysis
of the Lamb waves fundamental symmetric
mode obtained by analytical methods and the
finite element method. It was found stable finite
element solution in the vicinity of the second
limiting velocities.

Abaqus showed good results for solving prob-
lems of propagation of surface waves. We also
to determine the range of problems in calcula-
tions by the FEM, the solution of which allowed
us to minimize the errors caused by:

¢ the choice of the magnitude of the impact;

e selection of the frequency range;
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Figure 7. Investigation of mesh convergence forelement dimentions Ax € [0.005; I].

e optimizing the time step using the finite ele-

ment dimension.

The results of these studies are necessary for the
application of acoustic non-destructive methods
for diagnosing plate elements of building struc-
tures using Lamb waves.
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