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This article is concerned with the application of reciprocity in computing guided wave motions generated by a
time-harmonic load in a layer of uniform thickness joined to a half-space. Explicit expressions for free Rayleigh
waves and Love waves propagating in the layered half-space are introduced. Exact solutions of Rayleigh waves
and Love waves are derived from reciprocity relations between an actual state — guided waves generated by a
time-harmonic line load and a virtual state — an appropriately chosen free wave traveling in the structure.
Scattered amplitudes of the wave motions are thus determined. The validation of the reciprocity approach is

shown through the computation of the lowest Rayleigh wave mode in the layered half-space, which approaches
the calculation of the Rayleigh surface wave in the half-space once the layer thickness approaches zero in the

limit.

1. Introduction

Guided wave propagation in a layer on a half-space can be separated
into in-plane Rayleigh waves, also called Rayleigh-Lamb type waves [1]
and out-of-plane Love waves. Earlier theoretical modeling works on
waves in a layer and a supporting half-space of different material
properties can be found, e.g., in textbooks [1-7]. There are also a great
number of research articles addressing this interesting topic available in
the literature. In particular, dispersion curves for free waves in a
layered half-space were analyzed by Achenbach and Keshava [8].
Tiersten [9] investigated the influence of thin film on guided wave
propagation in the joined structure of a film over a half-space with
comparison to experiment data. Vinh et al. [10] explored the approx-
imate secular equation and the velocity formula for guided wave pro-
pagation in an isotropic elastic half-space, which is coated by a thin
isotropic elastic layer with smooth contact. In such a way, the ap-
proximate secular equations for guided waves in an orthotropic half-
space coated by a thin orthotropic layer with sliding contact were also
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derived and reported in [11] by the same authors.

Reciprocity theorems in general provide a relation between dis-
placements, tractions and body forces for two different loading states of
the same body. Statements of elastodynamic reciprocity theorems have
already presented, and curious readers can refer to, e.g., Refs. [12-14].
Reciprocity relations have been successfully used in direct applications
to compute guided waves generated by a time-harmonic load, see
[15-21]. Balogun and Achenbach [15] examined surface waves gen-
erated by a line load on a half-space with depth-dependent properties.
The applications of reciprocity to surface waves on an inhomogeneous
transversely isotropic half-space was discussed by Kulkarni and
Achenbach [20]. The reciprocity approach was also applied to study
scattering of surface waves by cavities on the surface of a half-space
[22-24] and scattering of Lamb waves by a partial spherical corrosion
pit in a plate [25].

Due to time-harmonic sources, the elastodynamic reciprocity thus
offers a simpler approach for deriving the far-field displacements
compared with the conventional integral transform techniques
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reported, for examples, in [3,4,26]. The material to be studied may be
anisotropic, inhomogeneous or viscoelastic. The validity of the re-
ciprocity approach was shown by Phan et al. [16,17] for Rayleigh
surface waves in a half-space. It was proved that the calculations ob-
tained by the reciprocity consideration and the integral transform
techniques are identical. An appropriate theoretical solution of guided
waves generated by a time-harmonic load in a layered half-space is,
unfortunately, not available in the literature.

In this contribution, our purpose is to apply the reciprocity to
compute Rayleigh waves and Love waves due to a time-harmonic
source in a layered half-space. Explicit expressions for free guided
waves propagating in the layered half-space are proposed in terms of
reciprocity theorems. One of the main contributions is the derivation of
exact solutions of Rayleigh waves and Love waves due to the load.
Moreover, it has been proved one important finding presented in the
examples that the obtained computation of the lowest Rayleigh mode in
the layered half-space approaches the result of the Rayleigh wave in the
half-space once the thickness of the layer approaches zero. The in-
dicated limit is for small layer thickness (i.e. low frequencies).

The rest of the article is divided into five sections. In Section 2, we
briefly review the solutions of free Rayleigh waves propagating in a
layered half-space and proposes explicit expressions for the displace-
ments and stresses. The reciprocity applications for a layered half-space
to obtain the scattered amplitudes of Rayleigh waves generated by a
time-harmonic line load are presented in Section 3. The detailed im-
plementation of Love wave motions is given in Section 4, while the
calculation of the lowest Rayleigh wave mode is detailed in Section 5.
Some major conclusions drawn from this study are given in Section 6.

2. Explicit expressions for Rayleigh waves in a layer half-space

Guided waves may exist in a layer on a half-space in which the
materials of the layer and the half-space are different. Let us consider a
solid layer Q and a solid half-space & which are perfectly bonded to-
gether along the plane z = 0, relative to the Cartesian coordinate
system (x, z), see Fig. 1. The Lame constants and mass density of these
two materials are indicated by 4, u, p and 7, i, P, respectively, and
the thickness of the layer is noted by h. For an isotropic elastic medium,
the partial waves polarized in the (x, z) plane can be completely se-
parated from the partial waves polarized in the y—direction. The former
is called Rayleigh waves, also Rayleigh-Lamb type waves [1], which is
discussed in this section, while the latter is Love waves. The governing
equations for a homogeneous isotropic elastic solid are the displace-
ment equations of motion in the absence of body forces [3]

Hui + A+ W = pi 1)

The solutions of Rayleigh waves in a layered half-space can be ex-
pressed as a combination of partial waves based on the partial wave
theory, which is discussed in detail, for example, in [1]. In this case,
there are four partial waves in the layer and two in the half-space.
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Fig. 1. Coordinate system for guided waves in a layer half-space.
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Therefore, the displacements of the layer may be written as

Uy = (Aleikoqz +A2eikazz +A3e—ikoqz + A4e—ikozzz)eik(x—ct)

@

-1 ; ; 1 . . .
u, = (71418”{“11 + azAzezkazz + 7A3 e—zkoqz —_ “2144 e—zkazz)elk(x—cz)
od] a 3)

and the displacements of the half-space are of the form

a\x — (Izl\lekﬁlz + @ekﬁzz)eik(x—ct) 4
P [ L7 iz 4 g 7 okt | gk
i, = —i| —A "2 + & Ay ekt |eikx—ct)

aq 5)

Here, A;(j=1, 2, 3,4) and A\j(j =1, 2) are the constants to be de-
termined and kindicates the wavenumber where k = w/c with w being
the angular frequency and ¢ being the phase velocity.

The dimensionless quantities in Eqgs. (2)-(5) are defined in the fol-
lowing.

= =1+ c¥efa = -1+ c¥c} 6)
where
cr = Julp e =@ + 2u)ip @)

are the transverse and longitudinal wave velocities, respectively, of the
solid layer Q.

G =1 - XeEa=\1- c¥/e} ®)
where
er= /g &=y +20)/p ©

are the transverse and longitudinal wave velocities, respectively, of
the half-space Q. Note that stress components zq, Ty, T of the layer Q
and %, Tz 7 of the half-space O can be easily calculated from the
displacements by the use of Hooke’s law.

For Rayleigh waves in this layered half-space, there are two free
boundary conditions at the surface (z = h) and four at the interface
(z = 0) written as

T =0, Tp=0atz=nh 10)
Uy = iy, uz:ﬁz’ sz:%cz’ Tzz:?zzatzzo an
Egs. (10) and (11) result in
DA=0 a2)
where
—~ ~qT
A=[A4 4 4 Ay A Al (13)

and D is the six-by-six matrix whose expression is given in the
Appendix, see Eq. (A.1).

To have nontrivial solutions, the determinant of D in Eq. (12) must
be zero. This leads to a transcendental equation with phase velocity as
an unknown parameter when the properties of the two materials and
the frequency are given. Since the determinant appears with a fre-
quency term via wavenumber k, the phase velocity of Rayleigh wave
problems is dependent of frequency. Therefore, Rayleigh waves are
dispersive. A numerical method can be used to solve the characteristic
equation which results in the dispersion curves.

As an example of calculation, the dispersion curves of a plexiglas
layer joined to an aluminum half-space with the material properties
tabulated in Table 1 are shown in Fig. 2. It can be seen that the lower
bound of the phase velocity value is the Rayleigh wave velocity in the
plexiglas while its upper limit value is the shear wave velocity in the
aluminum. Also, the wave velocity approaches the Rayleigh surface
wave in aluminum at the low frequency limit where the layer thickness
is much smaller than the wavelength.

Since the determinant of D must be zero, Eq. (12) has actually five
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Table 1
Material properties of plexiglas and aluminum.

Material p (kg/m>) A (GPa) u (GPa)

1180
2700

5.45
55.25

Plexiglas
Aluminum

1.48
25.94

3500 . . . r .

3000

2500

2000

1500

Phase velocity (m/s)

1000

500 L 1| L 1 n 1 1 1
0 1 2 3 4

Frequency (MHz)

Fig. 2. Dispersion curves for a plexiglas layer of 1 mm thickness and an alu-
minum half-space — Rayleigh waves.

independent equations with six unknowns A;, A,, A;, Ay, A, A It
has an infinite number of solutions. A general solution of Eq. (12) is
found in the form of

A = Ady, A, = Ady, Ay = Ads, Ay = Ady, A = Ad), &, = Ad, a4

where A # 0 is an arbitrary constant with a dimension of length while
dimensionless quantities di, dp, d;, dg, 31, 32 depend only on mate-
rial properties of the layer and the half-space. The equation-solving
process to obtain these quantities is quite tedious. Therefore, we pro-
vide their expressions without a detailed proof, see Egs. (A.2)-(A.7).

The displacements and stresses of free Rayleigh waves in a layered
half-space may now be rewritten as

Uy = AU, (z)efk =) (15)
u, = AU, (z)elk 6= (16)
T = (kAT (7) e 6=et) a7
Ty = TkUAT, (7) ek =) (18)
where
Ux(Z) — dleikoqz + dzeikozzz + dSE—ikoqz + d4e—ikozzz (19)
-1, . . 1, »
UZ(Z) — fdle‘kalz + azdzezkazz + 7d3e iknz _ asze ikapz
[e4] o (20)
T (z) = 2d,€%9% + (af — 2aF + 1)dye2 + 2dze~z
+ (af — 207 + 1)d e k02 (21)
1 ik ik L —ik
T (z) = | — — |d ™% + 2a,d, "% — | oy — — |dze™ ™12
[o5] o
_ 2a2d4e—ikazz (22)
for material Q. For material Q they are
i, = AU (z)elk =) (23)
i, = —iAT, (z)ek e (24
B = kB AT (2)ek =) (25)
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T = kR AT, (z)eik =) (26)
where
U (z) = de2 4 etz 27)
0.@) = ek + Gk

& (28)
Ta(2) = 2d,6"9% + (282 — @2 + 1)dyek®? (29)
N 1)~ - P
T (2) = (oq + (,x\—l)dle""‘lZ + 28, d, ek (30)

Here, U, (z), U;(2), T«(@), Te(z) and Ui(2), U;(z), Tu(z), T (z) are
functions of depth z. They are all dimensionless quantities as well as
di, dy, ds, dg, 31 32 which are dependent on the material properties
of the layer and the half-space. In Egs. (15)—(18) and (23)-(26), there is
only one unknown constant A, which we refer to as the relative am-
plitude of Rayleigh waves in a layered half-space, to be computed by
reciprocity considerations in the next section.

3. Computation of Rayleigh wave motions by reciprocity
considerations

Reciprocity theorems, in general, offer a relation between dis-
placements, tractions and body forces for two different loading states of
an elastic body. As will be discussed, it is possible to use the reciprocity
relations to obtain closed-form solution of Rayleigh waves generated by
a time-harmonic load in a layered half-space. The reciprocity theorem
for a two-material body was studied in [12,19] written as

~A ~B A\ 1A
S G = sPuaa + [ Gl ap -7 afd
Q Q

= [ @ul - ruPymds + [ EFaj - 20af)dS
s s (31)

Here, S and S defines contours around domains Q and O without the
interface, respectively, while n; and 7; are normal vectors, see Fig. 3.
Superscripts A and B denote two elastodynamic states. For the com-
putation discussed in this section, state A, the actual state, is the field
generated by a time-harmonic loading while state B, the virtual state, is
the field of a free Rayleigh wave in the layered half-space.

We first consider a vertical load applied at (xo, z9) where x, z, are
the x—coordinate and the z—coordinate, respectively, of the point of
application, see Fig. 3. The load is of the form

£ = P8z — 20)3(x — xp)e et (32)

The load generates both propagating and evanescent wave modes in
the layered half-space. Real-valued wavenumbers correspond to pro-
pagating modes while imaginary and complex wavenumbers corre-
spond to evanescent modes. The amplitude of the evanescent wave
modes decays exponentially with respect to x, around or less than a
wavelength of a propagating mode at the same frequency [1]. Only the

AZ
P
(Q S (0, o)
n<«—y> _»n ¥
XxX=a 0 x=Db g
n «—| ﬁ —»n

Fig. 3. Layered half-space subjected to a time-harmonic load.
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propagating modes are therefore of critical interest for purposes of
nondestructive evaluation and structural health monitoring.

For the propagating modes, since the body waves suffer a geome-
trical attenuation while the Rayleigh waves are not geometrically at-
tenuated, the Rayleigh wave modes dominate in the far field. The wave
motion can then be expressed as a summation over the Rayleigh wave
modes. The expansions for the far-field displacements of the actual state
A in the positive x—direction (x > 0) may be written as

(s
— Z A£+ U):"(z)eik'"(x“'m’)

m=0 m=0 (33)

(o) (o)
U, = z ul" = Z AETUT (z)ekmx—emt)

m=0 m=0 (34)
and

[se] (s
Bo= ), ar= ) AnO, (R)elntmond

m=0 m=0 (35)
1/4\1 = Z il\zm = —i Z A£+ﬁzm(z)eikm(X—Cmf)

m=0 m=0 (36)

where AP+ are unknown relative scattered amplitudes of mode m. For a
given frequency, the wavenumber k,, follows from the characteristic
equation. The functions Uy’ (z), U;'(z) and ﬁ;n (2), ﬁzm(z) are defined
by Egs. (19,20) and Egs. (27,28), respectively. Similar expansions can
be written for the stress components but they are skipped here for
brevity. Note that although the summations are for an infinite number
of modes, the actual number is finite since only modes with real-valued
wavenumbers are included.

The virtual wave of mode n, state B, is first chosen in the negative
x—direction

U = —B, Ul (g)e tnCrtead) 37)
ul' = B,U? (g)eknG+end) (38)
and

an = —B, 0" (z)e-nCetend 39)
= —iB, ﬁzn (g)e nCr+ent) (40)

Application of the reciprocity relation is now considered over a
domain defined by a < x < b, —oc0 <z < h (Fig. 3). There is no con-
tribution of the integral along to the top surface of the layered half-
space since a free boundary condition is applied. Moreover, the con-
tribution from the integration along the line at constant z is not in-
cluded since it vanishes as z — —o0. Therefore, Eq. (31) can be reduced
as

.
h 0
B —il =mn
Pul(xo, zg)e tnent = Y. (—f0 Fiflemadz = [ Fiflecadz
m=0

h 0 ~mn
I o o Ix:bdz)

(41)
where
mn _ _Bn, Am Bn, Am Am Bn Am, Bn
Fip = To Uy " + T Uy — TR Uy — Ty Uy (42)
M _ ~ABnnAm ~Bny Am ~Am sy Bn ~AmzyBn
Fap =T Uy " + T Uy " — T Uy — Ty Uy (43)

It can be easily shown that the integration along x = a and x = b in
Eq. (41) only yield contributions from counter-propagating waves. For
state B in the negative x—direction, there is only contribution along
x = b. Eq. (41) becomes

. . - h 0 -
PB, U (zo)e o 2knent = 5 ( Jo Eiglapde+ f Y |x:bdz)

m=0

(44)
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Substitution of the expressions of displacements and stresses of the
states A and B into Eq. (44), after some manipulation, leads to

)

PUZn(ZO)e_[k"xo = Z 2A£+el(km_k")b(lfdmn + ﬁ/fmn)

m=0 (45)
where
I =3 ;| ka (TAQUZ @) = TQUP @)
+ kn (T (@)U (2) — T (2)U; (2))]dz (46)
fn =5 [ 1 (FL@O] @ + TL@OT! @)
+kn (T @)Uy @) + Tz @ T 2))]dz (47)

By the use of the orthogonality relation for counter-propagating
Rayleigh modes see Eq. (B.4) of the Appendix B for detail, the right-
hand side of Eq. (45) cancels out for m # n. Thus

B PUZn (Zo)e—iknxg

AP+ -

" 2l + ) (48)
where

h

I = iky [ [TL@UI@) - TE@U (2)]dz 49)
~ 0 _~n ~n ~n ~n
=ik, [ [Te@U @) + Te@U; @)]dz 50)

with Ulz), Ur), Th(z), Th(z) and U (), O,

(2), T";C(z), T‘,;(z) following from Egs. (19)-(22) and Egs. (27)-(30)
for the given wavenumber k, of mode n, respectively. Detailed calcu-
lations of I,,, I, are shown in the Appendix C, see Egs. (C.1)—(C.6).

For virtual state B chosen in the positive x—direction, there is only
contribution of the integration along x = a in Eq. (41)

mn

) ) ad h 0 ~mn
PB, U (zo)elknxoe=2knent = ZO (_ -/0. Fyg lv=adz — ./:w Fup |x:adz)
o

(51)
which becomes
(o)
PUJ zo)e™n0 = 3 24! om0 (ul,y, + 0T0)
m=0 (52)

The orthogonality condition is again applied to find the scattered
amplitude in the negative direction due to the vertical load

p— _ PUz (zo)etn0

b 2+ AT

which is equal to AF* of Eq. (48) in magnitude.
Consider now is the Rayleigh wave motions generated by a time-

harmonic horizontal load, which is of the form

2 = Q6(z — 29)8 (x — xg)eiket

(53)

54

Similarly, the load will generate Rayleigh waves along the structure
in both the positive and negative x—directions with unknown relative
scattered amplitudes AF* and A5, respectively, where
m =0, 1, .., co indicate modes. Consider state B, the virtual wave of
mode n in the negative direction. Following the same procedure as the
case of the vertical load, Eq. (44) is now of the form

) ) had h 0 ~mn
— QB,U"(z)e Hnxog=2ikncnt = ZO (jo‘ Fig l—pdz + ‘/:oo F,p Ix=bdz)
m=

(55)

It yields the scattered amplitude in the positive direction due to the
horizontal load
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—QU (zg)eknx0
2(ul, + 1)

Scattered amplitude in the negative x—direction can be found in a
similar manner as

ik;
Ao = QU@
2(ul, + g 1y)

It should be noted that A2* is equal to A?™ in magnitude.

AL =
(56)

(57)

4. Reciprocity approach for Love wave motions

The guided wave modes polarized in the y—direction in a layered
half-space (Fig. 1) are called Love waves. The displacements of the layer
and the half-space can be rewritten as

u, = (Al eikﬁz + Az e—ikﬁz)eik(x—cf) (58)

a, = ;1\1 ekBzpik (x—ct) (59)

where A;, A, and 4; are constants to be determined. The dimensionless
quantities in Egs. (58,59) are defined as

B = -1+ c¥c? (60)
B =\1-c¥e} (61)

where ¢ = W and ¢r = W are the transverse wave velocities of
the layer Q and the half-space Q, respectively.

There one free boundary condition at the surface (z = h) and two
boundary conditions at the interface (z = 0) which are written as

uy =10, f,=7%atz=0 (62)
T, =0at=nh (63)
Egs. (62) and (63) result in a system of three equations
eikEh _ e-ik;?h 0 A
B =B bl A (64)

where u, = it /u. The determinant of the three-by-three matrix in Eq.
(64) must be zero for nontrivial solutions. This will lead to an equation
with phase velocity as an unknown parameter when the properties of
the two materials and the frequency are given. Since the determinant
appears with a frequency term via wavenumber k, Love wave is also
dispersive. Love wave dispersion curves of a plexiglas layer joined to an

3500 . ; . . . ; . ;

3000

2500

2000

1500

Phase velocity (m/s)

1000 |- ]

500 n 1 L 1 s 1 L 1

Frequency (MHz)

Fig. 4. Dispersion curves for a plexiglas layer of 1 mm thickness and an alu-
minum half-space — Love waves.
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aluminum half-space with material properties tabulated in Table 1 are
displayed in Fig. 4.

As the determinant of the matrix is zero, Eq. (64) has actually two
independent equations with three unknowns A4;, A, A ; thus, it has an
infinite number of solutions. A general solution may be found in the

form of
A = Ad), A, = Ady, A = Ady (65)

where A # 0 is an arbitrary constant which has a dimension of length
while dimensionless quantities d;, d, 31 depend only on material
properties of the layer and the half-space. Expressions of dj, d,, d; can
be found as

dy =B - iugB dy =B + iu,B d =28

The displacements and stress components can now be rewritten as

(66)

Uy = AU, (g)elkG—en (67)
Ty = ikuAU, (z)e* =) (68)
where

Uy (z) = die® + dye ke (69)
and

iy, = AU, (2)eikC—D (70)
By = IkRAT, (2)e* =) (71)
where

0,(z) = dye# 72)

In Egs. (67,68) and (70,71), again, there is only one unknown
constant A, which we refer to as the relative amplitude, to be de-
termined by the use of reciprocity theorems.

Love wave motions radiated by a time-harmonic line load are now
calculated by reciprocity considerations. This study is considered for a
horizontal time-harmonic load in the y—direction applied at (x, Zo)
where xj, zo are the x—coordinate and the z—coordinate, respectively,
of the point of application. The load is of the form

[ = R8(z = 29)8 (x — xp)e ket 73)

Love waves will be generated along the structure in both the posi-
tive and negative x—directions with unknown relative scattered am-
plitudes AR and AR~, respectively, wherem = 0, 1, ..., co indicate the
mode. This is the actual state A whose amplitudes are to be determined.
The expansions for the far-field displacements and the stresses of state
A in the positive direction (x > 0) may be written as

o0 [se)
u, = z ult = z ARFUM (2) el C=emD)

m=0 m=0 74)
~ A ~m .
i, = u;n — Z An§+Uy (Z)elkm(x—cmt)

m=0 m=0 (75)

State B in the negative x—direction, a free Love wave of mode n,
may be expressed as

u;l = Bn U;l(z)e—ikn(x+cnt) (76)

A},;, — Bn [’]\; (Z)e—iky, (x+cnt) (77)

The reciprocity relation in Eq. (31) is again used for the calculation
of Love wave motions. Eq. (44) for virtual state B in the negative
x—direction is now of the form

. . d h 0~
BB, U} e tome oot = 3 ([ Hipleade + [ )

m=0

(78)
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An orthogonality condition can be easily derived for Love waves in a
layered half-space. For this condition, we finally obtain

RU (z)e~ 0
2(uLy + ALy)

where L,, L, are dimensionless quantities which can be calculated as

R+
n

(79

_q2 2
L= i(ezl"‘ﬁh -1+ d—z(ele'kﬁh — 1) — 2ikhd,d,
28 2B (80)
—id,’
2B
Similarly, we find the scattered amplitude in the negative
x—direction due to the horizontal load

(81)

RUY (zo)en¥o
2Ly + BLy)

R—
n

(82)

5. Example: calculation of the lowest Rayleigh wave mode

The low modes of Rayleigh waves are very useful for application in
nondestructive evaluation. In this section, we consider computation of
the lowest Rayleigh mode in a plexiglas layer joined to an aluminum
half-space. Their material properties are given in Table 1. As shown in
Fig. 2 that only the lowest Rayleigh mode exists in the layered half-
space as f < 0.3MHz or fh < 0.3(MHz-mm). When the thickness of the
plexiglas layer is much smaller than the wavelength, the phase velocity
approaches the velocity of Rayleigh surface wave in the aluminum half-
space. As a consequence, the influence of the layer on wave propagation
is very small.

It is now of interest to show that the displacement amplitudes of the
lowest Rayleigh wave mode approach the amplitudes of Rayleigh waves
as the thickness of the layer h approaches zero in the limit for a fixed
finite values of frequency f. It means that fh goes to zero. The fre-
quency is f = 1 MHz while the thickness of the layer varies from h = 0
to h = 0.3 mm. The vertical and horizontal loads are applied on the free

b
/A

P
0

Amplitude ratio A

05 . 1 . 1 . 1 . 1 n 1
0.00 0.05 0.10 0.15 0.20

h(mm)

Fig. 5. Amplitude ratio of lowest Rayleigh mode in the layered half-space to
Rayleigh wave in the half-space due to vertical loading.
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Q
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Amplitude ratio A
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h(mm)
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Fig. 6. Amplitude ratio of lowest Rayleigh mode in the layered half-space to
Rayleigh wave in the half-space due to horizontal loading.

surface of layer with the magnitude chosen as P = Q = i /2. The loads
generate the lowest Rayleigh wave modes with scattered amplitudes A&
and A, respectively. These amplitudes are compared with the ones of
surface waves in an aluminum half-space, A} and A, obtained by Phan
et al. [16]. The amplitude ratios of the lowest Rayleigh mode to the
Rayleigh wave, AL /A due to vertical load P and AQ/AR due to hor-
izontal load Q, are visualized in Figs. 5 and 6, respectively. It can be
easily seen that Af/Af — 1 and AQ/AR — 1 as the thickness of the
layer approaches to zero. This indicates the validation of the reciprocity
approach discussed in the current study.

6. Conclusions

In this paper, we have theoretically analyzed the motions of
Rayleigh waves and Love waves generated by a time-harmonic source
in an elastic layer of uniform thickness joined to an elastic half-space.
We have introduced explicit expressions of free Rayleigh type waves in
order to perform direct applications of the reciprocity relations. One of
the main contributions of this work is the derivation of exact solutions
of Rayleigh waves and Love waves due to the load. Also, it has been
proved one important finding as shown in the examples that the ob-
tained calculation of the lowest Rayleigh mode in the layered half-space
approaches the computation of the Rayleigh wave in the half-space as
the thickness of the layer approaches zero in the limit. This demon-
strates the validation of the reciprocity approach presented in the
current investigation. The obtained results and expressions reported in
this study could be, in general, useful for the applications and devel-
opment in the area of nondestructive evaluation and structural health
monitoring.
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Appendix A:. Expressions of free Rayleigh waves in a layered half-space
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Appendix B:. Orthogonality condition

An orthogonality condition for counter-propagating Rayleigh wave modes in a layered half-space is derived by application of the reciprocity
relation in Eq. (31) to two free Rayleigh waves. State A is mode m with wavenumber k,, and state B represents mode n with wavenumber k,. The
domain is defined by a < x < b, —o0 < z < h, see Fig. 3. Since there is no force term, the left-hand side of Eq. (31) vanishes. Thus

f(y A — 1 uB)ndS+f(ABAA 2iaP)adS =0

(B.1)
We may write
h 0
Lot [ P ade= [ Epde+ [ Filpde B.2)
where Fjj and F AB » follow from Egs. (42,43). Substitution of the expressions of displacements and stresses of the states A and B into Eq. (44), after
some mampulatlon, yields
(eihntna — gl n=kn)b) (ul,y + R Tn) = 0 (B.3)

where I,,, and I, are defined by Egs. (46,47).
Eq. (B.3) must be satisfied for arbitrary values of a and b. It is satisfied for m = n. When m # n, Eq. (B.3) can be satisfied only if ul,, + 2, = 0.
Therefore

Ml + ﬁ/l\mn =0form#n (B.4)

This is the orthogonality condition for Rayleigh waves in a layered half-space.

Appendix C:. Calculation of integrals I, T
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