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Abstract

The theory of guided wave propagation in N-layered media is presented. The
derivation of the dispersion equation is obtained from the application of appropri-
ate boundary and continuity conditions to the solution of the general wave propa-
gation. The resulting dispersion equation is given in the form of a determinant of
a 4Nx4N coefficient matrix. A numerical procedure is proposed to represent and
solve the implicit equation resulting. The validity and efficiency of the proposed
numerical model is discussed. Dispersion curves characterizing the N-layered
material are obtained and compared to published results. In order to illustrate the
use of the model to different practical applications, such as coating problems of
plasma spray on a turbine blade, aircraft multiple layers, ice detection, etc. a sen-
sitivity analysis of the dispersion curves respect to depth imperfections is given.
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Finally, the model can be extended to compute displacements, stresses and strain
fields in the layered media.

1 Introduction

The study of wave propagation through elastic solid media can be used to carry out
non-destructive tests (NDT) of structures. These tests can be used to detect and
identify, in many cases, both the actual elastic properties and possible geometric
imperfections included material damage of a structure. Typically, a static test of
a structure presents a local character, contrarily to a dynamic one that excites the
whole structure. In the case of low-frequency vibrations, as the solid body waves,
it is possible to discover and characterize material properties and geometry of the
structure, by studying the natural modes and frequencies of the different waves
propagation. However, if in case of high-frequency guided waves the study of a
single wave sometimes reveal the whole nature of the structure being tested.

One important application of high-frequency waves is the characterization of
composite materials.

A composite material consists of several thin layers or laminae and the resul-
tant solid acts as a full plate. The layers can be of different materials, but typically
the same material is used across the plate. In many cases, if the layer material is
orthotropic, the layers are arranged with different orientation and as a consequence
the structural behavior of composite material differs according to the sequence of
orientations.

In the framework of Materials Science one important issue corresponds to the
design and estimation of the mechanical properties of a composite material. The
design of a composite material consists in define for each laminate its thickness
and orientation. However, prior to a design, an effective method of analysis has to
be developed. More detailed studies on the mechanics of composite materials can
be found in the existing extensive literature [3], [9], [11], [10]. A main goal in the
design of composite materials is optimize the component laminae thicknesses and
orientations to be used in a project. This subject of composite materials optimal
design is of great interest and it has been treated in [2].

In order to check the accuracy of a composite material design a NDT is usu-
ally carried out. The application of high-frequency wave propagation theory is
often considered to reach this objective. In this paper the general theory of high-
frequency wave propagation in layered media will be summarized and the dis-
persion equation is obtained. The dispersion equation, as a result of the solution
of a generalized nonlinear eigenvalue and eigenvector problem, is found. Special
emphasis on the numerical methods to effectively solve this nonlinear eigenvector
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problem will be given and some of them will be described.

Before to develop the general theory of wave propagation in a N-layered
medium it is convenient to introduce the simple case of N = 1, i.e, the Lamb
wave propagation. That is presented in section 2. The dispersion curves of this
case are simple and can be used in order to be compared with the results found
from the general theory of a multi-layered body described in section 4. Finally, in
the paper two remaining section a sensitivity analysis are given and some conclu-
sions are reached.

2 Lamb guided waves

Lamb waves can be used to damage detection of partially penetrating cracks ap-
pearing in a plate. The detection of these cracks is important as they are related to
structural safety. However, partially penetrating cracks are usually very difficult
to observe, because they may not appear on the free faces of the plate. An excel-
lent summary of the general theory of wave propagation is given in [4]. A more
detailed description is presented in the recent texts [7] [6]. Here only final results
are shown. They will be used later in a model and a numerical analysis of these
surface waves.

Lamb waves corresponds a particular case of propagation of elastic waves
throughout an infinite solid that appears when the infinite solid becomes an in-
finite plate bounded by two free parallel faces. In this case, very often waves
reflections along the faces of the plate occur and therefore the propagation of the
waves modifies its direction. The wave propagation in this situation is known as
guided waves.

It is assumed an homogenous and isotropic elastic plate bounded by two par-
allel planes separated a small distance 2h. In figure 1 the plate and the adopted
coordinate axes are shown. Then xo = =+h are the equations of the plate free
faces and the plane (1, x2), containing the normal x3 and the direction of the
wave propagation, is called sagittal plane.
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Figure 1: Isotropic plate. Coordinate axes

In the case of a thin plate in which longitudinal (L) and transversal vertical
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(TV) waves are propagated in its vertical plane (1, x2) with successive reflections
on its free surfaces +h, i. e. in this propagation there exist a coupling in material
displacements with these planes. These waves are called guided waves. However,
transversal (TH) waves contained in the horizontal plane z, are propagating only
in the horizontal plane of the plate !, because their polarization is not modified
by eventual reflections and refractions. These guided waves are known as Lamb
waves and they can be classified as follows: The first waves, that are propagat-
ing in the sagittal plane (z;,x9) are the Lamb waves Ly and the uncoupled and
polarized waves in the plane (z1, x3) are the Lamb TH waves.

In the following guided normal waves Lamb L, will be considered. Theses
waves appear in a plate of thickness 2h comparable to the wave length, due to
the existing coupling between the longitudinal L and transverse TV wave compo-
nents. In this way, two types of Lamb waves can be produced. The symmetric
waves (Figure 2), in which on either side of the middle plane of the plate, the lon-
gitudinal components are equal and the transverse components are opposite and
the antisymmetric waves (Figure 3) in which on either side of the middle plane of
the plate the transverse components are equal and the longitudinal ones opposite.
The Rayleigh waves Ry, to be used in the next section, are related to the Lamb
waves. They are produced when the plate thickness 2h is much greater than the
wave length and they are propagated along the free boundary and independently

of the plate thickness.
A
L
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Figure 2: Lamb waves. Symmetric mode

Figure 3: Lamb waves. Antisymmetric mode

!'Similar situation occurs if a stratified plate is considered instead of the plate with its two faces
free as in the text.



According to the general theory of wave propagation, the displacement vector
u of a material point can be derived from a potential scalar ¢ and a vector potential
1, so that the following relation holds

u=Vop+Vxy )

In the expression (1) the two potentials should be fulfill the two wave equations

1 0% e’
2 _ . _
vgb—gw—o with v = (7 (2)
1 0% cu )’
2 _ . _

\Y% - EW =0 with VT = (7 (3)
with v, and vy are the phase velocities of the longitudinal and transverse waves.
The elastic constants c,3, o, 3 = 1,2, ..., 6 are defined as function of the Young
modulus £ and the Poisson ratio v as follows:

(1-v)E @
vE 5)
C = C = C =
12 23 13 =)
E C11 — C12
= = = = 6
C44 = C55 = Cg6 2(1 I 1/) 9 (6)

in which the remaining nonsymmetric terms c,3 (o # [3) are null.

As it is known the stresses and strains associated to the volume changes can
be expressed in terms of the function ¢ and the stresses producing only shear
deformations, without volume changes, can be expressed in terms of ).

It is assumed Lamb waves travel along the axis x; and diffraction in the x3 is
ignored. In the case of an isotropic and homogenous elastic solid the scalar and
vector potentials are trigonometric functions of time ¢ with the same frequency w.
Then, they can be expressed in the following way, with k£ the wave number:

¢ = Po(xa)e @) and  ap = [ihg;(xa)]e’ TR =123 ()

A boundary value problem of the waves can be defined by the wave equations
for each potential function and the boundary conditions o9; = 0, ¢ = 1,2, 3 on the
free faces 9 = +h. In order this boundary value problem can have a non trivial
solution, it is necessary that the frequency w and the wave number £ satisfy the
following dispersion relation, called Rayleigh-Lamb equation:

4 ptan(ph + «)

™
-—— ith =0and o = — 8
gtan(qh + o) wi o} and o 5 (8)

SSE

= 4kq? [1
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where the constants p and g are defined as follows:

2 W2
p? = ——£k® and q2:—2—k2 9)
vr
and the angle constant « can take the values 0 and 7 depending on the type of
symmetry of the Lamb wave, as it will be discussed later.

If the relation (8) is satisfied, then the potencial functions can be found, except

by a constant factor and their expressions are:

U =1y =0, Y3 = Asin(qre+a) expli(wt—Fkzy)] and ¢ = B cos(pra+a) expli(wt—kxy)]
(10)

in which the constants A and B have to satisfied the following linear homogenous

system of simultaneous equations:

oz ) @ A= 10] an

Once the functions ¢(z1, x2,t) and ¥ (1, o, t) are known, the application of
formulae (1) gives the displacements, except by a constant factor A, at time ¢ of
any material point (z1, x2) of the plate, according to the expressions

2k*  cos(qh + «)

=qA
= k? — ¢ cos(ph + «)

cos(qre + @) — cos(pra + ) | expli(wt — kaxq)]

(12)

2pq  cos(qh + )
k? — q? cos(ph + «)

ug = ikA |sin(qrs + ) + sin(pzg + «) | expli(wt — k1))

(13)
The equation (8) can be represented in the plane (w, k) and then it defines a

curve known as dispersion curve. In this curve three regions can be distinguished,

w
according to the value of the phase velocity V' = = is greater either than the

longitudinal wave velocity v;, or than the transverse velocity velocity vy. Then,
the relations (9) can be written as follows:

1 1 1 1
2 _ o2 - 2 _ 2 - = 14
PP =w (U% V2>, ¢ =w (U% VQ) (14)

and therefore the following boundaries for the regions of dispersion space can be
defined:



w
e Region 1.-V > vy, > vp orequivalently £ < — < —.

vy, vt
The wave numbers p and ¢ are both real.

w w
e Regién 2.- vy, > V > vy orequivalently — < k < —.

vL vr
The wave numbers are ¢ real and p imaginary.

w w
e Region 3.- vy, > vy > V or equivalently — < — < k.
v

L Ur
The wave numbers, p and ¢, are both imaginary.

In the figure 4 the three regions are shown.
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Figure 4: Rayleigh-Lamb dispersion equation. Division of the plane w — & in three

regions

For each of the three above region the corresponding expressions for the dis-
placements when the real components of the expressions (12) and (13) are con-

sidered:

e Region 1 (p and g are real)

ulqu

U = —kA

cos(qre + o) —

sin(gxs + ) +

2k*  cos(qh + «)
k? — q% cos(ph + «)

cos(pxa + )

2pq  cos(qh + )
k? — ¢ cos(ph + «)

sin(pzs + )

cos(wt — kxq)

sin(wt — k)



e Region 2 (p is imaginary, i.e. p: and q real)

Casea =0
A 2k?  cosqh b (wt — k)
uy = qA | cos qra K2~ Poosh ph cosh pzy | cos(w 1
2 cos gh
Uy = —kA |sinqxy — 2 ]Diq(f coshzyh sinhpm] sin(wt — k)
Case a = 3
A ) +2k2 sinqh.h (wt — k)
U = q sin qxa K2 b ph sinh pxy | cos(w 1
2pq  singh )
Uy = —kA |cosqry + k2 — sinh ph cosh pzs | sin(wt — kxq)

e Region 3 (p and ¢ are imaginary, i.e. pi and g7)

Casea =0
oA b 2k?  coshqh n (wt — k)
ur = ¢4 |cosh gy — o o cosh ph cosh pxsy | cos(w o
2 cosh gh
Uy = —kA |sinh gxy — 2 iqq2 coshgh Sinhpm] cos(wt — k)
Case a = 3
— i lsinn 2k? sinhqh‘h in(wt — )
up = ¢4 |sinhqwy — - T Zsmbph sinh pxs | sin(w T
2 sinh gh
Uy = —kA |cosh gy — 12 f_qu sinh;]h Coshp:c2] sin(wt — k1)

A particular case of special interest of wave Lamb corresponds to the values
q*> = k?. Then the equations (9) lead to the results

Yoo S V:%:wﬁ (15)

i.e., as the following relations v, > V' > v are satisfied, the dispersion curve is
in the region 2, and then p is imaginary (p = xt). Moreover the plate velocity Vp
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fulfills the condition

C
Ve = 0pV24 1 + =2 > upv/2 (16)

C11

where the plate velocity Vp is the limit of phase velocity when the frequency w
and k, both approach to zero in a Lamb wave symmetric mode. The equation (16)
is valid for every mode except for the antisymmetric mode, represented by A,
with a velocity V' smaller than vr.

—

M

Figure 5: Lamb wave (Lamé mode) for ¢> = k?. (a) Propagation to 45° (b)
Displacements

In general, when ¢ = £ it can be written kh = %F with n odd for symmetric
modes and even for antisymmetric modes. The Lamé modes appear for equally
spaced values of the frequency-thickness product, given by the formula

v
f=n— n=12,...

NG

In figure 5a the variations of u; and us throughout the plate thickness for the
symmetric mode Sy is shown. The displacement wu; is null along the plate faces
because the Lamb wave is simply a TV wave, i.e. a transverse wave polarized in
the sagittal plane x;x2. As it can be observed in figure 5b this mode is propagating,
along the plate axis 1, with an angle 7 respect to the axis 1, such that V' = vr V2.

2.1 Numerical simulation. Application

A illustrative example of the application of the Lamb waves as a tool to identify
partially penetrating cracks in metallic plates an laboratory test will be numeri-
cally simulated.
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Figure 6: Uncracked plate. (a) FE mesh. (b) Displacements ; at t = 2.5 x 107°
sec

In the following a rectangular steel plate of the following dimensions is consid-
ered. Total thickness 2h = 0.02 m, plan dimensions ¢ = 0.200 m and b = 0.120
m. A train of symmetric Lamb waves (o« = 0 of frequency f = 200 x 10° Hz
is introduced in the plate trough the side of length a. The material of the plate
has the following characteristics: Young modulus £ = 1.962 x 10 MPa, Pois-
son ratio v = 0.3093 and density p = 7.797 t/m3. From these data the angular
frequency is w = 1256637.061 rad/sec, the transverse and longitudinal velocities
are: vr = 3099.9248 m/sec and v, = 5889.5724 m/sec and from the disper-
sion equation the wave number is k& = 218.1658 m~! and the wave velocity is
V' = 5760.01 m/sec are obtained. In this particular case the Lamb wave is situ-
ated in the region 2, i.e. p is an imaginary number and p is a real one.

Using the properties of symmetry of the analysis half plate has been modeled.
The FE mesh has been uniform with 24 divisions along the longitudinal direction
x1, 8 divisions along direction x5 and 20 through the thickness (direction z3). The
the maximum side length of an element is 0.005 m and the time increment used
was 120 per cycle i.e. At = 4,17 x 1078 sec. The FE mesh used in the analysis
is shown in figure 6a.

The displacement results of the wave propagation analysis for a particular time
are shown in figure 6b.

Similar procedure has been carried out on a damaged plate with a crack par-
allel to side a and situated at section ;1 = 0.007 m. The total length of the crack
was 0.010 m and its depth was 0.010. The constant crack width was 0.002 m. The
mesh and the results are shown in figures 7a and 7b. It can be observed that the
dimensions and position of the crack are directly revealed in this analysis?.

’In this preliminary analysis it has not been considered the possible impact-contact between
the two faces of the crack
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Figure 7: Cracked plate. (a) FE mesh. (b) Displacements u; att = 2.5 x 107 sec

3 Guided waves in N-layered media

The objective is to obtain the dispersion curves, i.e. to find the wave number k
wave for each circular frequency w of the wave propagation through an elastic
solid of thickness H composed by N layers. From this result it can be obtained
the wavelength A = 2% as well as the phase velocity ¢ = %, in which the period T'
is defined by T' = 27“ = % with f the frequency.

3.1 Hypotheses and notation

It is considered an infinite elastic solid bounded by two parallel horizontal planes
separated a distance H. The origin O of cartesian coordinate system Oz xox3 1S
situated at the superior plane. The axes x; and x3 are contained on the superior
plane and the axis x, is vertical descendent. The thickness H of the solid is
divided into a set of IV layers, each ,n, of them has a thickness h,, as it is shown
in figure 8. The partial thickness of the solid is denoted by H,, = Z;j h; and
the total thickness is H = Hy. Each layer n is constituted by an isotropic elastic
material of density p" and elastic Lamé constants A" and p"*. These constants are

related to the Young modulus £ and the Poisson ratio by the expressions

v E" Em

A e e s o S B T S

In the analysis of the wave propagation trough the solid the following variables
values are: Material properties, i.e. for each layer n the thickness h, and the
elastic constants A" and p™ are known, as well as the density p”. Therefore the
wave propagation longitudinal v} and transversal v} velocities are also data.
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Figure 8: N-layered elastic solid

The problem to be solved consists in to compute the wave number £ corre-
sponding to each specified frequency value w. The resultant transcendental equa-
tion, relating k£ and w, is known as dispersion equation and it is derived from
the condition of existence of nontrivial solution of a system of 4N simultaneous
equations.

3.2 General equations

The dynamic equilibrium equations of layer n are

LoPUn

p"VAU™ + (X" + "M V(V-U") = p N (17)

and the stationary harmonic solution u(x), with x = (z1, 1, ), can be found
assuming U(x, t) = u(x)e™" se escribe:

"V + (A" + M V(V - u”) = plwtu” (18)
If Helmholtz decomposition is introduced
u"'=V.9"+V xy"” (19)

and in each layer is assumed the displacement v} = 0 and the other displace-
ment components u; and uy are dependent only on 5 and x3, i.e. the following
conditions are fulfilled:

¢" = ¢" (w2, w3), Py =9y =0 and U =" (22, 73) (20)
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then the following result is reached
ur =0, uy =dH+9Py Yy uz =@z — Yy 21

Introducing equations (21) into (17) the well known uncoupled equations for
longitudinal and transversal wave propagation are obtained:

2 1 8_2 n __ 2 1 8_2 n __
[V wproe)” =0 |V T pree) V70 @
in which
VQ oy 8_2 + 8_2
© 0z O

and the longitudinal velocity v} and the transversal velocity v} are given by the
following expressions:

Y N [l
L o T o

The solution of equation (17) is

3.3 Solution

" =C7 explik} (z3send} + xq cos07)]

+ C3 exp[ik} (z3send] — x4 cos 0] (23)
" =CF explik](z3senby + x4 cos 07.)]
+ C} exp[ik].(zgsenb}. — x5 cos 07)] (24)

withi = /=1, k} = £ y ki = &

Each expression, (2L3) and (24{), is a sum of two terms, one representing a
downward propagating plane wave and the other representing an upward propa-
gating term, according to the sign of the exponential term z5 positive or negative.
Each term of the former expressions are named partial waves and they are repre-
sented in figure

The values of the arbitrary constants C* with ¢ = 1,2, 3, 4 are found from the
boundary conditions at 3 = 0 and z3 = H in which H = 25:1 h,, and as well
from the continuity conditions between the N — 1 layer interfaces.

3.4 Displacements

The displacement expressions can be simplified if the following notation is intro-
duced:

Ji = krsend}, Kj =kpcosty, Jp=kpsend}, Kij = kpcost]
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Figure 9: Four partial waves in layer n

Substituting (23) and (24) into (19) the following expression are reached:

uh =iK] [CT exp(iJjws + iK}xy) — CF exp(iJias — iK ] xg)]

+ i J7 [CF exp(iJpas + iKjas) + CF exp(iJpas — iKjxs)] (25)
uy =iJ} [CY exp(iJ]xs + iK}xg) + CF exp(iJjes — i K} xy)]

+ i K} [CF exp(iJpxs + i1 Kjas) — CF exp(iJpas — iKjxy)) (26)

3.5 Strains

The strains are found by using the following formulae:

e = 5 (uiy +uji)
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and if the expressions (25) and (26) are considered then the following relations
are reached:

ehy = — (K2 [Clexp(iias + iK}wg) + Chexp(iyas — iK ] as)]
— JEKT [CY exp(iJpxs + iKpxs) — CF exp(iJixs — iKjxs)]  (27)
ety = — (J)? [OF exp(iJ}as + i K wy) + Cy exp(iJjas — iKwy))
+ JEK}[CY exp(iJpas + iKjxs) — CF exp(iJpxs — iKjas)]  (28)
ehy = — JI K} [C] exp(iJjzs + 1K} xy) — CF exp(iJjzs — iK]xs)]
(K7)? = (Jp)?
2
+C7 exp(iJjas — iKjxy)]

+

[CY exp(iJpas + i K7as) (29)

It is convenient to obtain the expression of the dilation deformation Es conveniente
obtener la expresion de la deformacién volumétrica definida e” defined as follows:
e" = el +e5, = Vu", Le.

e=Vu" =V(V-¢"+V x ") = V2" = — (k)2 ¢"
= — (/{;2)2 [CT exp(iJfas + K[ o) + CF exp(iJixs — iKJ 1)) (30)

3.6 Stresses

The stresses (pressure forces) acting on the faces of each layer are found from the
Lamé constitutive equations as follows:

op = A"e"dy; + 2u" e (31)
and the following result is obtained
ol =\"e" 4 2u"el, = — (k7)? (A" + 24" cos® 07 ]
[CT exp(iJfzs +iK[xo) + CF exp(iJiaxs — i K xs)] (32)
—2u" JP KT [CF exp(iJjas + iK xg) — CF exp(iJjixs — iKjxs)]

O3 =27y = —2u" JL K,
[CTexp(iJjas +iK[xy) — CF exp(iJfws — iK[ )] (33)
+ u" [(J)? = (K7)?] [Cf exp(iJfas + iKfas) + CF exp(iJjas — iKjas)]

3.7 Boundary conditions

It is assumed all the /V layers are solid, i.e, intermediate liquids does not exist.
In the case of existence of a liquid layer the boundary conditions are represented
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by zero shear stresses and continuity of displacements and normal stresses in the
interfaces between layers. The cases of existence of liquid layers can be treated
by pertinent changes of the case of all solid layers, that will be described in the
following section.

3.7.1 Layer 1. Free upper face

The free face is (zo = 0, —oo < z3 < 00) and the boundary conditions to be
imposed are: 03, = 043 = 0, i.e:

Oyp =0 — (k:i)2 A+ 2t cos® 01 ) [CF + Cy] exp(iJ}xs)
+2u' Jp K [C5 — Cy] exp(iJpas) = 0 (34)
ol =0 — — 201 JLKE [CF = O] explidbs)
+ut [(J7)? = (K7)?] [C3 + Ci] exp(iJpas) =0 (35)
In order all the former equations became null it is necessary the following con-
dition is satisfied for all values of w3, i.., J} = J}. This condition implies
klsenfl = klsenfl. = k. This relationship represents the reflection law of
Snell. It can be shown the validity of this condition for all values of n non equal
to 1, therefore the reflection law of Snell can be written in general as follows

k}senf} = klsend}. = k. It can be observed the coefficients J7', K7, Ji and K7
can be expresses as a function of the wave number £ as follows:

Ji = kjsend} =k, Jp = kpsenf} = k (36)
K0P =Kl cos@l = \/(k1)2 — k2, K7 = kisendl = \/(kR)2 — k2 (37)
In the case of k? < (k7')? the positive roor is adopted, i.e. K7 = \/(k7)? — k2. By
the contrary if k% > (k7)? then K7 = i/ (k? — k7)2. Similar results are applied

for the expression of the transversal wave K.
Then, the equations (34) and (35) can be written in the form:

(k) 2t (D)%) [C + Cl] + 2tk [ = Cl] =0 39)

— 2k KL [CF = 3] 4 it | (K3) = k2] [C3 4+ ] =0 (39)

3.7.2 Layers n and n + 1. Interface n

The interface n is defined as (v = H,, —o00 < x3 < oo) with H,, = >  h;

7=1
113 : N R 5 | n n+1 n n+1
and the conditions to be imposed are: uy = uy" , uy = us’, 0y = Oy
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n+1 _ s
043 = 093 ,conn =1,2,..., N —1ie.

uy = uyimplica: (40)

K} [Clexp(iK}H,) — C3 exp(—iK} H,)]
+ k[C exp(i K7 H,) + CF exp(—i K3 H,))
— Kt [C’f‘“ exp(iK}t H,) — Cytt exp(—iKE“Hn)]

— k[Cyexp(i K™ Hy,) + Ciexp(—iK7 ™ Hy, )] = 0 (41)
uy = uyimplica: (42)

k[CT exp(iK} Hy,) 4+ C3 exp(—i K} H,)]
— K7 [C¥ exp(i K} H,) — Cf exp(—i K} H,))
— k[CP ™ exp(i K} Hy,) + Cy exp(—iK [T H,)]

+ Kt Oy exp(iKET H,) — O exp(—iK3 H,) | = 0 (43)
oy, = op limplica: (44)

X" (k) + 20" (K72 [CF exp(i K} Hy) + C3 exp(—i K H,,)
+ 2u" kKT [CF exp(i K} H,) — CF exp(—iK1Hy)|
— [A”H (k) 4 2 (K2 } [Cr exp(i K} H,) + O3 exp(—i K[ Hy)
+ 2" R KET [C3 T exp(i K3 Hy,) — Citlexp(—iK3 T H, )] = 0 (45)
op, = b timplica: (46)
- 2/€u"KL [CT exp(iK[ H,y,) — Cy exp(—iK} H,)]
[(KT) - kz] [O:? eXp<ZKT n) + CZL exp(—iK?Hn)]
+ 2ka"+1 [C7 ™ exp(iK}T H,,) — Cyexp(—iK [ H,)|
pt (K — k) [CF T exp(i KT H,) 4+ CFlexp(—i K H,)| =0
(47)

3.7.3 Capa N. Free lower face

The lower free surface is given by the expression (x2 =H, —o0<ua3<00)
and the boundary conditions to be imposed are: o) = 05} = 0, i.e.:

o =0 — [AN ()2 + 2™ (K )2} [N exp(iK Y H) + CY exp(—iK Y H)]
+ 2uNkKy [C exp(iKy H) — Cy exp(—iKy H)] = 0 (48)

opy =0 — = 2kpN K] [C exp(iK] H) — Cy exp(—iK] H)]
NI(KEY)? = k] [CF exp(i K H) + Cy exp(—iKp H)] (49)
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3.8 Capa N de espesor infinito

In some situations, particularly in problems of identification of layered solids, it
is assumed the depth of the base rock is very large. Then the boundary condition
of the former section, corresponding to the lower face of the layer N can be sub-
stitute by other special one, that will be commented in the following. For very
large values of x, the wave becomes null and then the constant K% must be an
imaginary number. Therefore, the boundary conditions o), = 0% = 0 at 79 — oo
are expressed according to the following equations:

Cy=0 and Cy=0 (50)

3.9 Dispersion equation

By introducing the following notation
T
cCr=(Cp cy cy Cp)
the former boundary and continuity conditions can be written in matrix form:

AV C' =0
A;Ct+ALC2P=0
AQQC2 -+ A23C3 = 0

A,,C"+A,, C" =0 (51)
An+1,n+1 Cn+1 + An+1,n+2cn+2 =0

AN—LN—lcN_1 + AN—LNCN =0
AYNCYV =0

with A9, and A?v, ~ coefficients matrices with 2 x 4 dimension. The dimension of
coefficients matrices A,, , and A,, ;1 is 4 x 4. All th elements of these matrices
are functions of the problem data. The unique unknown to be found, for each
specified frequency w, is the wave number k. The remaining variables of the
coefficients of the formar matrices can be expressed as functions of the unknown
k, according to equations (36) and (37), en funcién de la incégnita.

The number of unknowns of the system of homogenous equations (51) is 2 for
each end surface (lower and upper faces) and 4 for each interface, then the total
number of unknowns is 2 x 2 + 4(N — 1) = 4N plus four constants C* for each
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layer n, i.e. the total number is 4 N. Therefore the dimension of the system (51)
1s 4N x 4N and it can be written:

AC=0 (52)
in which C = (C',C?*, ... CNT)T and the coefficients matrix A is given by
the expression:

A% 0 0 0 0o 0 0
A, A O 0 0 0 0
0 Ay Ay 0 0 0 0
0 0 0 0 . . . ) .
A= 0 0 0 A, Ao o 0 0 0
0 0 0 0 Apis Az 0 0 0
0 0 0 0 0 0 0

: : : Ay in1 Ay

0 0 o0 o0 0 0 AY x

In order the solution of the system of homogenous equations (51) is non trivial
it is necessary that the the determinant of matrix A is zero, i. e. the following
dispersion equation must be satisfied:

det(A) =0, esdecir |[A(w,k,\",u" hy)| =0 (53)

In equation (53) the data are the constants A", u", h,, for each layer n, with n =
1,2,..., N. The wave numbers K} and K7 can be expressed as function of the
unknowns k and w, according to formulae (36) and (37). Then by solving equa-
tion (53) it is possible to compute for each frequency w the infinite values of £,
although a finite number of & are real values, i.e. non imaginary numbers. Each
par of solutions defines the phase velocity ¢, = 7.

Several numerical procedures exist to find solutions k for each values of w and

some of them will be discussed in a following section.

3.10 Results

By sweeping of the pair k£ and w it is possible to represent the spectrum of fre-
quency. In addition the dispersion curves defined by ¢, = 7 as function of the
frequency w is another result of interest.

Once the pair of values, £; and w;, have been obtained as solution of the disper-
sion equation (53) it is necessary to compute the values of the constantes C = C;,
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assuming the system of equations particularized for the values k; and w;, i.e.,

[ | .
C;=1| ., | with cr=| 722
J (o} J 8%3
. "

| C |

From the knowledge of the values of these constants the following results of
interest can be found as follows:

e Displacement values u;(x2, 23) and uy (22, x3) as function of x5 by applica-
tion of expressions (25) and (26).

e Values of the strains e99(2, x3), €33(22, x3) and e93(x2, x3) as function of
X9, Wwhere z3 and t are parameters. They can be computed by the formulae
(27), (28) and (29).

e Values of the stresses og9(x2, 73), 033(22, x3) and o93(xe, x3) as function of
Z9, Where x3 and t are parameters. They can be found by using formulaes

o = Ae" 4 2l (55)
g3 = 21 €ny (56)

in which e is the volumetric deformation given by the expression (30).

4 Numerical solution of the dispersion curve

A general numerical procedure has been developed to build up the matriz A of
complex elements, to solve the nonlinear equation (53) and generate the dispersion
curve ¢, = <.

Algorithms with global convergence, i.e. aimed to obtain an approximate
value of the root are used for an initial guess of an interval of approximated solu-
tions [1]. Among them it have been used the bisection procedure (if zero simples
are considered) and the algorithm based on the change of slope detection and min-
imum value of the function det(A) (if multiple zeros are taken in consideration).
The obtained values are then starting values for the local convergence algorithm.
Due to the difficulty to obtain an explicit derivative of the function a method of
linear interpolation has been selected using the secant procedure. The conver-
gence order in this case for simple roots has been 1.618 [8] but this for multiple
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roots the convergence order is deteriorated to become of order 1. However in this
last case the Aitken convergence acceleration technique [5] can be applied. It has
also been tested also the algorithm of quadratic inverse interpolation (method of
Muller) with similar convergence results computational but more efficient than the
Aitken method although this method demands three initial values to be applied.

Using the programming environment Matlab several subroutines have been
written.

The main computational steps of this analysis are summarized as follows:

1. Computation of Lamb modes. For a given frequency, within the interval
(k1, k2) the graph det(A) — k is represented and the zeros of the disper-
sion equation can be computed. En el caso de simple zeros the bisection
algorithm is efficient to obtain a preliminar approximation of the root. In
case of a multiple zero it is necessary to detect a slope change and also the
minimum of the absolute value of the function det A in order to find an
approximation of the root.

2. The selection of the propagation mode of interest. The mode is selected by
choosing a value close, obtained already in the step 1, to the exact solution
either for & (or ¢,) and this value is used as a starting point for the generation
program (program of local convergence) of the dispersion curve. In this case
the secant method, or a algorithm based on quadratic inverse interpolation
(Muller, Dekker-Brent) can be used.

5 Results validation

The validation example is the simulation of a Lamb wave propagation through a
plate of total thickness h considering this plate as a composite material composed
by N layers of identical thickness % and equal properties.

To this end the following example already studied in a previous section will
analyzed.

A rectangular steel plate with the following dimensions. Total thickness 2h =
0.02 m, plan dimension are ¢ = 0.200 m and b = 0.120 m. A train of symmetric
Lamb waves is introduced trough the side of length a (« = 0 and frequency f =
200 x 103. The properties of the plate material are: Young modulus £ = 1.962 x
108 MPa, Poisson ratio v = 0.3093 and density p = 7.797 t/m>. From these
data is obtained the angular frequency is w = 1256637.061 rad/s, the transversal
and longitudinal velocities: vy = 3099.9248 m/s and vy, = 5889.5724 m/s. The
dispersion equation (8) the these values can be used to find the wave number
k = 218.1658 m~! and the wave velocity V' = 5760.01 m/sec. In this particular
case, the Lamb wave is located in the region 2, i.e. p is an imaginary number and
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q 1s a real number. For comparative purpose the plan dimensions of the plate are
supposed to be very large in order to simulate a plane strain as is assumed in the
Lamb wave propagation.

It has been modeled the former plate as a N-layered plate, with N = 2,3,4
and 5 layers and the analysis of the wave propagation trough the multi-layer plate
has given the following results for the wave number that coincide with the ones
found using the dispersion equation (8), as is shown in the following array:

n = 2 3 4 )
k= 218.1658 218.1658 218.1658 218.1658

The displacements
wj(x1, 22, t) = uj(xs) expi(wt — kxy) with j=1,2
of the plate subjected to Lamb waves are computed according to expressions (12)
and (13), assuming they are applied for the region 2. These displacements are
compared with the ones obtained using the expressions
w;j(x1,29,t) = uj(x1, x3) expiwt with j=1,2

in which the displacements u;(z1, z2) are found from the analysis of multi-layered
elements, once the constants C are computed, using formulae (25) and (26) for
the region 2.

The following dispersion curves obtained for the former plate modeled as a

N-layered plate with N = 2, 3 and 4 are shown in the following figures

MEDIO: Acero , dens=7797.0Kg/m3 , 2 capas hi=h2=0010m

5400

5200
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4000

Figure 10: 2-layered elastic solid

22



ACERO dens=7797.0,3 capas , h1=h2=h3=0020/3 m ACERO dens=7797.0, 4 capas , h1=h2=h3=0020/4 m

T 5 TR WU OO AOOOT PPN SRR SO SO, 7] I FROUNOE DN SR o
733 BB s ey
saf 54l
5520 552
E O ST WU SRNTOF SOV .U OO SOIN S E AR S N
By gl e e o ) R S
16F 16}
241 24
a2t a2f
4 H i i i H i i i ] " H i i
018 02 02 024 02 028 03 032 034 03% 018 02 02 0

f (MHz)

; . i .
026 028 03 032 034
f (MHz)

Figure 11: (a) 3-layered elastic solid. (b) 4-layered elastic solid
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Figure 12: Ejemplo de Cardona 1
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Figure 13: Ejemplo de Cardona 2
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Figure 14: Ejemplo de Cardona 3

6 Applications. Detection of imperfections

Here imperfection means any modification of the data assumed in the analytical
model or in the design of the multi-layered plate. These imperfections can be
related either with model geometry (thicknesses h,,) or mechanical constants £"
or ™. Also the existence of cracks or micro-cracks in the external faces or inside
of the plate is considered an imperfection.

The following technique for identification and possible localization of imper-
fections in a N-layered plate is proposed:

1. An analysis of the wave propagation trough a perfect, i.e. without imper-
fections, N-layered plate is carried out according to the analysis procedure
described in a former section. In this analysis the following results are com-
puted,displacements w1 (2, 3) exp(iwt) and us(z223) exp(iwt) for a set of
values of k and w, satisfying the dispersion equation.

2. A laboratory dynamic test of a sample of the N-layered plate with the po-
tential imperfection to be detected is carried out.

3. The former test is mathematically simulated by a numerical model accord-
ing to the following steps:

e The tested sample with the assumed imperfection, geometry and prop-
erties is modeled using a Finite Element (FE) model. This model is
typically two-dimensional (plane strain). The boundary conditions
along the plate border x5 = 0 are displacements us and u3 constraint.
In this dynamic analysis a commercial software on FE, as ANSYS,
SAP o ABAQUS, can be used.
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e This model with imperfection is analyzed under the following dy-
namic distributed loading
— Load along direction x5 fra(a, 23,1) = ow?us(0, z3) exp(iwt)
— Load along direction x3: fr3(72, 23,t) = ow?u3(0, z3) exp(iwt)
The analysis can be carried out either the modal superposition or using
a scheme explicit or implicit in Finite Differences (Newmark, constant
or linear acceleration lineal etc.). The results obtained in this analysis

is called dynamic or relative response of the plate and they are written
as UZ‘(JZ'Q, xs3, t) with 7 = ]_, 2.

e The response of the tested model or total response uy(xe,x3,t) is
the sum of the dynamic response and the and the pseudo static re-
sponse, defined by the expressions us; (0, x3,t) = u;(xe, x3) exp(iwt),
ie. (withes =1,2):

Ui (T2, T3, 1) = w2, x3,t) + 1; (0, 23) exp(iwt) (57)

4. The experimental results from the test are designed by u;"” (x5, x3,t) and

the theoretical and analytical results by u}®" (x5, x3,t). The existence of an
imperfection can be assured if the following condition is fulfilled:

|OF| < e (58)

in which OF = ||Au;|| = ||uf™ (xq, x3,t) — ul" (29, x3,t)||, the norm ||.||

is a norm type Lo or L., and the positive constant ¢ meaning the maximum
admissible error.

For example the norm L, is defined by the expression

2 T. rH Le
1Aul = / / / | Al |dzadasdt
i—=1 70 z2=0 J23=0

5. The localization of the imperfection, defined by the parameters z;, with j =
1,2,...,J, can be reached by solving the following optimization problem

min OF

The values of z; minimizing the objective function O F allow us to identify
the size and position of the imperfection.
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Summary and conclusions

The analysis of wave propagation in N-layered composite media is currently
an important topic in relation of NDT.

. Dispersion equations characterize a N-layered plate.

. A dispersion equation represents a challenge due to its dimension, imagi-

nary and real numbers involvement and existence of multiple roots.

Separation of roots and dispersion curves deserves special study.
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