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This paper delves into the analysis of shear wave propagation with a sandwiched structure comprising a piezoelectric layer and an
elastic layer, with a transversely isotropic layer in between. The frequency equation has been derived following Biot’s theory. The
dimensionless phase velocities numerical values are computed and visually depicted to demonstrate their dependencies on an-
isotropy, piezoelectricity, initial stress and porosity in a comparative manner. The explicit demonstration of the relationship between
each parameter and the geometry has been presented. The observation shows that as porosity in the medium increases, the phase
velocity also increases. Furthermore, the existence of medium anisotropy results in a decrease in the phase velocity of shear waves.
Moreover, a correlation is observed where higher tensile initial stress within the medium leads to a corresponding reduction in the
phase velocity of shear waves. We conclude that considered parameters (viz. piezoelectricity, anisotropy, porosity, initial stress and
thickness of layers) affect the velocity profile of the shear waves significantly. This study holds practical significance in the
development of innovative-layered composites, surface acoustic wave (SAW) devices and sensors utilizing intelligent piezoelectric
devices for engineering purposes.
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1. Introduction

In the past decade, researchers have shown significant interest
in the exploration of wave propagation through piezoelectric-
layered structures. This heightened attention is attributed to
the intriguing applications of such studies in the
manufacturing of seismic devices. Piezoelectric materials
exhibit a crucial characteristic: a robust correlation between
their electric and mechanical behavior. This inherent coupling
renders these materials highly valuable in various scientific
and technological applications, including displacement
transducers, micro-positioners and sensors. Conventional
homogeneous piezoelectric materials have some intrinsic
defects in cases when load is applied or in terms of lack of
stability. To overcome these defects, researchers have intro-
duced the concepts of layered piezoelectric structure, func-
tionally graded piezoelectric materials (FGPM), etc. These
advanced piezoelectric structures have improved, durability
properties in terms of resistance to deformation, durability
and avoidance to stress concentration. To address these lim-
itations, porosity is incorporated into piezoelectric materials,
resulting in a reduction of material density and making them
well suited for the mentioned applications. This novel cate-
gory of materials is referred to as porous piezoelectric
materials, exhibiting unique properties not achievable by their
traditional, dense counterparts. Numerous researchers have
explored porous piezoelectric ceramics in previous studies. In
his research work, Dunn and Taya1 utilized a theoretical
approach to anticipate the electro-mechanical characteristics

of these ceramics. Various scholars examined the character-
istics of porous piezoelectric ceramics through experimental
approaches.2–4 Subsequently, Vashishth and Gupta5 formu-
lated the fundamental constitutive equations and equations of
motion for anisotropic porous piezoelectric materials
employing a variational principle. In their study, Vashishth
and Dahiya6 explored the transmission characteristics of SH-
type waves within a periodically layered composite structure.
This composite structure comprised alternating polymeric
layers and porous piezoelectric layers. Additionally,
Vashishth et al.7 employed the transfer matrix method to
examine the propagation of BG-type waves in a layered
structure composed of piezoceramic layers, featuring multiple
layers and interfacing with a half-space of porous piezo-
electric media (PPM). In their study, Sahu and colleagues8

examined the transference of Love-type waves within a three-
layered structure. This structure consisted of an FGPM layer
sandwiched between a piezoelectric layer and a piezo-
magnetic half-space, all with perfect interfaces. Also, Jiao
et al.9 studied wave propagation in nonhomogeneous sand-
wiched structures between piezoelectric and piezomagnetic
half-spaces to find the energy reflection and transmission
coefficients of various waves. In his paper, Sahu et al.10

studied the propagation of shear horizontal (SH) surface
waves in a composite structure in which an FGP plate fused
with a porous piezoelectric plate to study properties for effi-
cient surface acoustic wave (SAW) devices. Kumar et al.11

employed the Wentzel–Kramers–Brillouin asymptotic
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approach to examine the propagation of horizontally polar-
ized shear (SH) waves in a piezoelectric composite structure.
Studies have been also done to study surface wave propa-
gation in piezo-poroelastic structures. In his research work,
Sharma12 studied the propagation of surface waves along all
directions on the plane boundary of piezo-poroelastic half-
space with arbitrary anisotropy. Many studies have been
undertaken about the propagation of Love and shear wave in
layered piezoelectric composite structure to discuss the
propagation behavior in the medium in terms of porosity and
wave number on mechanical displacement, electrical dis-
placement and stress.13–15

Monitoring recent progress and cutting-edge research in
the field of sensors and waveguides exposes a discernible
gap, prompting an exploration of wave propagation phe-
nomena in layered piezoelectric structures. Incorporating a
controlled porosity serves to uphold the acoustic impedance
balance between the medium and its surroundings, ultimately
resulting in heightened sensitivity of the device. Conse-
quently, investigating wave propagation in layered piezo-
electric structures can provide valuable insights into
optimizing the implementation of sandwiched structures in
diverse sensors and actuators for increased efficiency and
thereby enhancing the sensitivity of the device.

The objective of the work is to study the shear wave
propagation in a layered piezo-porous structure. The mathe-
matical model is solved analytically to investigate the prop-
agation behavior of shear waves under assumed constraints.
The frequency equation has been derived using Biot’s theory
of poroelasticity and numerical examples are presented to
show the features of dispersion curves for different values of
piezoelectricity, anisotropy, porosity, tensile initial stress and
thickness of the layer.

2. Statement and Formulation of the Problem

The piezoelectric-layered structure is shown in Fig. 1. The
focus of our study is on the transmission of transverse shear
waves within layer of transversely isotropic porous material,
characterized by its thickness h1 constrained between a pie-
zoelectric layer of thickness h3 and an elastic layer under
tensile initial stress of thickness h2, as in shown in Fig. 1. The
arrange framework O� xyz is taken such that the z-axis in-
dicating vertically descending. The x-direction is aligned with
the propagation direction of the wave.

2.1. Constitutive equations

Field equations for the piezoelectric layer can be expressed as16

�ij; j ¼ �1u
::
i;

Di; j ¼ 0;
ð1Þ

where i; j ¼ 1; 2; 3, �1 denotes mass density, Di and ui denote
displacements in the ith-axis direction both electrical and

mechanical in nature, respectively, �ij is the stress. We have
followed the Voigt summation convention with respect to time
and space coordinates.

The expression of the piezoelectric constitutive equation is
as follows:

�ij ¼ Sklcijkl � Ekekij;
Dj ¼ Sklejkl þ Ek"jk;

ð2Þ

where �ij and Skl are the stress and strain tensor, Dj and Ek are
the electrical displacement and electric field intensity and
cijkl, ekij, "jk are the elastic, piezoelectric and dielectric (tensor
notations) coefficients, respectively. Mechanical displace-
ment and the strain components of the medium are related as

Sij ¼
1
2
ðui;j þ uj;iÞ: ð3Þ

As per the quasi-static Maxwell’s equation, there exists a
connection between the electric field intensity and the electric
potential � as

Ei ¼ � ∂�
∂xi

: ð4Þ

The constitutive equations (2) for a transversely isotropic
piezoelectric medium with z-axis to be the axis of symme-
try17 can be written as

�x ¼ Sxc11 þ Syc12 þ Szc13 � Eze31;
�y ¼ Sxc12 þ Syc11 þ Szc13 � Eze31;
�z ¼ Sxc13 þ Syc13 þ Szc33 � Eze33;

�xy ¼
ðc11 � c12ÞSxy

2
;

�yz ¼ c44Syz � e15Ex;
�xz ¼ c44Sxz � e15Ex;
Dx ¼ e15Syz � "11Ex;
Dy ¼ e15Sxz � "11Ey;
Dz ¼ e31Sx þ e31Sz þ e33Sy � "33Ez:

ð5Þ

where �x ¼ �11, �y ¼ �22, �z ¼ �33, �xy ¼ �12, �yz ¼ �23,
�xz ¼ �13.

Biot18–20 formulated the constitutive equations governing
the transversely isotropic porous layer by expressing them in

Fig. 1. Geometry of the problem.
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relation to the displacement components of the bulk material
ui and pore fluid displacements Ui (i ¼ x; y; z)

�x ¼ ð2N2 þ A2ÞSx þ A2Sy þ F2Sz þM2V ;

�y ¼ A2Sx þ ð2N2 þ A2ÞSy þ F2Sz þM2V ;

�z ¼ F2Sx þ F2Sy þ 2C2Sz þ Q2V ;

�xy ¼ �yx ¼ 2N2Sxy;

�xz ¼ �zx ¼ 2G2Sxz;

�yz ¼ �zy ¼ 2G2Syz;

�2 ¼ P2V þM2Sx þM2Sy þ Q2Sz:

ð6Þ

The above equation involves the stress tensor (�ij), fluid
volumetric strain (V ¼ �rUi), stress acting on the fluid
phase �2ð¼ �fp2Þ, fluid pressure p2 and porosity f of the
porous layer. The material constants A2, C2, F2, G2, M2, N2,
Q2 and P2 are also part of this equation.

The equation that govern shear wave propagation in ho-
mogeneous layer with uniform properties in all direction
subjected to tensile initial stress is as follows:

�3
∂2ui
∂x2

þ ∂2ui
∂z2

� �
� P3

2
∂2ui
∂x2

¼ �3
∂2ui
∂t 2

; ð7Þ

where i ¼ 1; 2; 3, P3 is the tensile initial stress along the x-
direction, �3 and �3 is the shear modulus and density of the
elastic layer.

The displacement component and the electric potential for
each layer are

For piezoelectric layer : u1
x ¼ u1

z ¼ 0;
u1
y ¼ u1

yðx; z; tÞ; � ¼ �ðx; z; tÞ;
For poroelastic layer : ux ¼ uz ¼ 0; uy ¼ uyðx; z; tÞ;

Ux ¼ Uz ¼ 0; Uy ¼ Uyðx; z; tÞ;
For elastic layer : u2

x ¼ u2
z ¼ 0; u2

y ¼ u2
yðx; z; tÞ:

ð8Þ

Substituting Eqs. (8) into Eqs. (4) and (5) and following
Eq. (2), the governing equation for the piezoelectric medium
can be written as

c44
∂2u1

y

∂x2
þ ∂2u1

y

∂z2

� �
þ e15

∂2�

∂x2
þ ∂2�

∂z2

� �
¼ �1

∂2u1
y

∂t 2
;

e15
∂2u1

y

∂x2
þ ∂2u1

y

∂z2

� �
� "11

∂2�

∂x2
þ ∂2�

∂z2

� �
¼ 0:

ð9Þ

Upon replacing Eq. (6) into equations governing the porous
layer without considering body forces and fluid viscosity,
following Biot’s work,18–20 we arrive at the following result:

ðA2eþM2EÞ;x þ ½N2ðux;x þ uy;yÞ
þ ðG2 þ F2 � AÞuz;z�;x þ ½N2ðux;xx þ ux;yyÞ
þ G2ux;zz� ¼

∂2

∂t 2
½�11ux þ �12Ux�;

ðA2eþM2EÞ;y þ ½N2ðux;x þ uy;yÞ
þ ðG2 þ F2 � A2Þuz;z�;y þ ½N2ðuy;xx þ uy;yyÞ
þ G2ux;zz� ¼

∂2

∂t 2
½�11uy þ �12Uy�;

G2E;z þ ½ðG2 þ F2Þðux;x þ uy;yÞ þ C2uz;z�;z
þ ½G2ðuz;xx þ uz;yyÞ þ C2uz;zz�

¼ ∂2

∂t 2
½�11uz þ �12Uz�;

ðM2E þ P2eÞ;x þ ðQ2 �M2Þuz;zx
¼ ∂2

∂t 2
½�11ux þ �22Ux�;

ðM2E þ P2eÞ;y þ ðQ2 �M2Þuz;zy
¼ ∂2

∂t 2
½�11uy þ �22Uy�;

ðM2E þ P2eÞ;z þ ðQ2 �M2Þuz;zz
¼ ∂2

∂t 2
½�11uz þ �22Uz�:

ð10Þ

The total mass of the fluid–solid aggregate is

� 0 ¼ �11 þ 2�12 þ �22 ¼ �s þ f ð�f � �sÞ:
Also, the dynamic coefficients, moreover, obey the inequalities

�11 > 0; �12•0; �22 > 0; �11�22 � �2
12 > 0:

Using the Love wave conditions (8), Eqs. (7) and (10) reduced
to

�3
∂2u2

y

∂x2
þ ∂2u2

y

∂z2

� �
� P3

2

∂2u2
y

∂x2
¼ �3

∂2u2
y

∂t 2
; ð11Þ

and

N2
∂2uy
∂x2

þ G2
∂2uy
∂z2

¼ ∂2

∂t 2
½�11uy þ �12Uy�;

∂2

∂t 2
½�12uy þ �22Uy� ¼ 0:

ð12Þ

Solving Eq. (12), we obtain

N2
∂2uy
∂x2

þ G2
∂2uy
∂z2

¼ m 0 ∂
2uy
∂t 2

; ð13Þ

where m 0 ¼ �11 � � 2
12
�22
:

The piezoelectric layer’s upper surface is exposed to air.
As air dielectric constant is significantly lower than piezo-
electric material, we consider air to be vacuum for practical
purposes. Consequently, the electric potential function �0 can
be determined using the Laplacian equation

∂2�0
∂x2

þ ∂2�0
∂z2

¼ 0: ð14Þ

2.2. Boundary conditions

The boundary conditions can be described as follows.
The state of being electrically and mechanically open at

the free surface can be expressed as follows:

� 1
yzð�h1 � h3; xÞ ¼ 0;
�ð�h1 � h3; xÞ ¼ �0ð�h1 � h3; xÞ;
D1

z ð�h1 � h3; xÞ ¼ D0ð�h1 � h3; xÞ:
ð15Þ
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The expression for the conditions of being mechanically and
electrically short at the free surface is as follows:

� 1
yzð�h1 � h3; xÞ ¼ 0; �ð�h1 � h3; xÞ ¼ 0: ð16Þ

The stress, mechanical displacement, stress, electrical dis-
placement and electrical potential exhibit continuity at the
interfaces connecting the piezoelectric layer with the por-
oelastic medium and with the poroelastic medium to elastic
bottom layer as

�ð�h1; yÞ ¼ 0; u1
yð�h1; yÞ ¼ uyð�h1; yÞ;

� 1
yzð�h1; yÞ ¼ �yzð�h1; yÞ; uyð0; yÞ ¼ u2

yð0; yÞ;
�yzð0; yÞ ¼ � 2

yzð0; yÞ; � 2
yzð�h2; yÞ ¼ 0:

ð17Þ

2.3. Solution of the problem

From Eq. (14) and considering the boundary condition
z ! �1, �0 ! 0, one can easily obtain the solution of the
electrical potential function in vacuum as

�0ðx; z; tÞ ¼ c0e
kz exp½ikðx� ctÞ�: ð18Þ

The solution of Eq. (13) can be assumed as

uy ¼ VðzÞeiðkx�wtÞ; ð19Þ

where k is the wave number, ω is the angular frequency and c
is the common wave velocity.

By substituting Eq. (19) into Eq. (13), we obtain

d2VðzÞ
dz2

þ N2

G2

c2

β 02 � 1

� �
k 2VðzÞ ¼ 0;

or

d 2VðzÞ
dz2

þ a2
1k

2VðzÞ ¼ 0; ð20Þ

where a2
1 ¼ γdðc 2β 2 � 1

dÞ, γ ¼ N2
G2

and β 0 ¼
ffiffiffiffiffi
N2
m 0

q
is the velocity

of shear wave in porous layer. The shear wave velocity β 0 can

be also written as β 0 ¼ βa
ffiffiffi
1
d

q
, where d ¼ η11 � η212

η22
and β ¼ffiffiffiffiffi

N2
� 0

q
is the shear wave velocity in the x-direction for a ani-

sotropic nonporous elastic medium and the dimensionless
parameters for the poroelastic layer are given by η11 ¼ �11

p 0 ,
η12 ¼ �12

p 0 and η22 ¼ �22
p 0 .

Therefore, the solution for the displacement component
uy is

uy ¼ fc5 cosðka1zÞ þ c6 sinðka1zÞgeiðkx�wtÞ: ð21Þ

To write Eq. (9) explicitly in u1
y and �, we assume

 ¼ �� e15
"11

u1
y ; ð22Þ

which reduces Eq. (9) to

∂2u1
y

∂x2
þ ∂2u1

y

∂z2
¼ 1

c2sh

∂2u1
y

∂t 2
; ð23Þ

∂2 

∂x2
þ ∂2 

∂z2
¼ 0; ð24Þ

where c2sh ¼ 1
�1
ðc44 þ e 2

15
"11
Þ.

The wave propagation solution for un
yðn ¼ 1; 2Þ and  in

x-direction can be formulated as

un
y ¼ V nðzÞeiðkx�wtÞ and  ¼ �ðzÞeiðkx�wtÞ: ð25Þ

Substituting Eq. (25) in Eqs. (23), (24) and (11), we obtain

d 2V 1

dz2
þ k2b2

1V
1 ¼ 0;

d 2�

dz2
þ k 2� ¼ 0;

d 2V 2

dz2
þ k2b2

2V
2 ¼ 0:

ð26Þ

Using Eqs. (26), solution for u1
y, ’ and u2

y from can be written
as

u1
y ¼ fc1 cosðkb1zÞ þ c2 sinðkb1zÞgeiðkx�wtÞ; ð27Þ

� ¼ e15
"11

½c1 cosðkb1zÞ þ c2 sinðkb1zÞ� þ c3e
�kz

�

þ c4e
kz

�
eiðkx�wtÞ; ð28Þ

u2
y ¼ fc7 cosðkb2zÞ þ c8 sinðkb2zÞgeiðkx�wtÞ; ð29Þ

where b1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 2
c 2
sh
� 1

q
, b2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P3
2�3

þ c 2
β 2
3
� 1

q
and β3 ¼

ffiffiffiffi
�3
�3

q
are velocities of shear wave in the elastic layer with tensile
initial stress.

3. Shear Wave Propagation and Dispersion Relation

By utilizing the boundary conditions in Eq. (15) and conti-
nuity conditions described in Eq. (17) concerning the elec-
trically open scenario, we derived a collection of
homogeneous algebraic equations aimed at finding the un-
known constants ci (i ¼ 0� 8).

In the electrically open case scenario, we can derive the
algebraic equation for the unknown constants cii ¼ 0–8 by

Table 1. Material properties used in numerical calculations.

Properties material
Elastic constant
c44 (N/m2)

Piezoelectric constant
e15 (C/m2)

Dielectric constant
"11 (F/m)

Dielectric constant
vacuum "0 (F/m) Density � (kg/m3)

PZT-4 c44 ¼ 25:6� 109 e15 ¼ 12:7 "11 ¼ 6:45� 10�9 8:85� 10�12 7:5� 103
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substituting the solution for ui
y (i ¼ 1, 2), uy and � and the

boundary conditions mentioned in Eqs. (15) and (17). This
results in the following set of algebraic equations:

jCop
ij j9�9 ¼ 0; i; j ¼ 0� 8; ð30Þ

which represent the frequency equation for Lovewave. For c >
csh (csh denotes velocity of shear waves in upper layer), we have

Cop
11 ¼ c44b1 sin kb1ðh1 þ h3Þ þ i

e215
"11

b1 sin kb1ðh1 þ h3Þ;

Cop
12 ¼ c44b1 cos kb1ðh1 þ h3Þ � i

e215
"11

b1 cos kb1ðh1 þ h3Þ

Cop
13 ¼ iekðh1þh3Þ; Cop

14 ¼ ie�kðh1þh3Þ;

Cop
20 ¼ �e�kðh1þh3Þ; Cop

21 ¼
e215
"11

cos kb1ðh1 þ h3Þ;

Cop
22 ¼ �e215

"11
sin kb1ðh1 þ h3Þ; Cop

23 ¼ ekðh1þh3Þ;

Cop
24 ¼ e�kðh1þh3Þ; Cop

30 ¼ �"0e�kðh1þh3Þ;

Cop
31 ¼

e15
"11

"33b1 sin kb1ðh1 þ h3Þ;

Cop
32 ¼

e15
"11

"33b1 cos kb1ðh1 þ h3Þ;

Cop
33 ¼ "33e

kðh1þh3Þ; Cop
34 ¼ "33e

�kðh1þh3Þ;

Cop
41 ¼

e15
"11

cos kb1ðh1Þ; Cop
42 ¼ � e15

"11
sin kb1ðh1Þ;

Cop
43 ¼ ekðh1Þ; Cop

44 ¼ e�kðh1Þ;

Cop
51 ¼ c44b1 sin kb1ðh1Þ �

e215
"11

b1 sin kb1ðh1Þ;

Cop
52 ¼ c44b1 cos kb1ðh1Þ �

e215
"11

b1 cos kb1ðh1Þ;
Cop

53 ¼ ekh1 ; Cop
54 ¼ e�kh1 ; Cop

55 ¼ �Gb2 sin kb2ðh1Þ;

Cop
56 ¼ �Gb2 cos kb2ðh1Þ; Cop

61 ¼ cos kb1ðh1Þ;
Cop

61 ¼ �sin kb1ðh1Þ; Cop
65 ¼ � cos kb2ðh1Þ;

Cop
66 ¼ sin kb2ðh1Þ; Cop

75 ¼ 1; Cop
77 ¼ �1;

Cop
86 ¼Gb2; Cop

88 ¼ cm44b2;

Cop
97 ¼ sinðkb2h2Þ; Cop

98 ¼ cosðkb2h2Þ:
All others term of Eq. (30) are equal to zero.

In the electrically short case scenario, we can derive the
algebraic equation for the unknownconstants ci j=1–8 (c0 are
additional constant) by substituting the solution for ui

y (i ¼1, 2),
uy and � and the boundary conditions mentioned in Eqs. (15)
and (17). This results in the following set of algebraic equations:

jCop
ij j8�8 ¼ 0; i; j ¼ 1� 8: ð31Þ

Equation (31) represents the dispersion relation connecting the
wave number and phase velocity in the scenarios of electrical
open and electrical short cases can be derived from Eqs. (30)
and (31).

4. Numerical Data

The propagation characteristics of shear wave based on dis-
persion relation in Eqs. (30) and (31) are investigated nu-
merically with various selected elastic parameters to
demonstrate the dispersion characteristics of the shear wave
with ðk1 ¼ h2=h1Þ, ðk2 ¼ h3=h1Þ, dimensionless tensile stress
α ¼ P3

2�3
and c44

G ¼ 3:0, c44
G ¼ 2:0.

The material constants of the piezoelectric upper layer
(PZT-4)21 are listed in Table 1.

4.1. Discussion: Dispersion curves in electrical open case

In order to provide comparison of the dispersion character-
istics, Figs. 2 and 3 discuss the dimensionless phase velocity
against dimensionless wave number at different thickness

(a) (b)

Fig. 2. Phase velocity for different k2 in the electrically open case when γ ¼ 1:0 and d ¼ 1:0 (a) k1 ¼ 10:0; (b) k1 ¼ 1:0:
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ratio of the sandwiched poroelastic layer to the upper
piezoelectric layer and, to the lower elastic layer of the me-
dium in electrical open case. The curves show that the
propagation of shear wave is influenced by thickness ratio k1
for different values of k2. Also, it is evident that when the
fixed anisotropy and porosity are held constant, an increase in
thickness ratio k1 or k2 results in a decrease in the phase
velocity of the shear waves.

Figure 4 has been plotted for dimensionless phase velocity
against dimensionless wave number to discuss the effect of
porosity of the medium for different values of thickness ratio
k1 and k2. It clearly appears that as the porosity increases (i.e.,
as the value of d decreases) for fixed anisotropy, the phase
velocity of shear waves increases.

Figure 5 shows the dispersion curves showing varia-
tion of phase velocity against dimensionless wave number

(a) (b)

Fig. 3. Phase velocity for different k2 in the electrically open case when γ ¼ 1:0 and d ¼ 0:6 (a) k1 ¼ 10:0; (b) k1 ¼ 1:0:

(a) (b)

Fig. 4. Phase velocity for different d in the electrically open case when e15 ¼ 12:7, α ¼ �4, k1 ¼ 1:0 and γ ¼ 5:0 (a) k2 ¼ 10:0; (b) k2 ¼ 1:0:
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for different values of piezoelectricity with different
values of thickness ratio parameter k1 and k2. It can be
seen that for fixed anisotropy and porosity and with
varying thickness of layers disfavors the phase velocity of
shear wave. However, when the thickness of each
layers is same piezoelectricity favors phase velocity so

that the phase velocity increases with the increase of
piezoelectricity.

Anisotropy of sandwiched structure has a significant effect
on the dispersion characteristics of shear wave in electrically
open case. Figure 6 shows how anisotropy of a medium going
to effect the phase velocity of shear waves with different

(a) (b)

Fig. 6. Phase velocity for different γ in the electrically open case when d ¼ 0:6; e15 ¼ 12:7, α ¼ �4, k1 ¼ 1:0 (a) k2 ¼ 10:0; (b) k2 ¼ 1:0:

(a) (b)

Fig. 5. Phase velocity for different e15 in the electrically open case when d ¼ 0:6, γ ¼ 3:0, α ¼ �4, k1 ¼ 1:0 (a) k2 ¼ 10:0; (b) k2 ¼ 1:0:
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values of thickness ratio k1 and k2 in the layered structure. It
can be seen that for fixed value of porosity, the anisotropy of
the medium decreases the phase velocity.

Figure 7 illustrates the impact of tensile initial stress on
the medium. It is evident that, with a constant anisotropy
and porosity, the phase velocity of the medium decreases
as the tensile initial stress increases. It is also evident that
when the thickness of all layers is same, Phase velocity is

different for lower wave number and converges for higher
wave number.

4.2. Dispersion curves in electrical short case

Figures 8 and 9 show the variation of phase velocity for the
effect of porosity and anisotropy. As the porosity increases
while keeping the anisotropy fixed, the phase velocity of

(a)

 
(b)

Fig. 8. Phase velocity for different d in the electrically short case when α ¼ �2, e15 ¼ 12:7, γ ¼ 1:0 and k1 ¼ 1:0 (a) k2 ¼ 10:0; (b) k2 ¼ 1:0:

(a) (b)

Fig. 7. Phase velocity for different α in the electrically open case when d ¼ 0:6, e15 ¼ 12:7, γ ¼ 2:0 and k1 ¼ 1:0 (a) k2 ¼ 10:0; (b) k2 ¼ 1:0:
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shear waves also increases. On the other hand, when the
anisotropy of the poroelastic layer increases, the phase ve-
locity of shear waves decreases. Nonetheless, with an in-
crease in wave number, all the curves converge.

For electrically short case, Fig. 10 shows the dispersion
curves showing the variation of phase velocity against di-
mensionless wave number for different values of piezoelec-
tricity with different values of thickness ratio parameter k1

and k2. It can be seen that for fixed anisotropy and porosity
and with varying thickness of layers, piezoelectricity of the
medium favors the phase velocity of shear wave.

5. Conclusions

Large number of studied have been done to highlight
the utility of piezoelectric material in umber of application.

(a) (b)

Fig. 10. Phase velocity for different e15 in the electrically short case when d ¼ 0:6, k1 ¼ 1:0 and α ¼ �2 (a) k2 ¼ 10:0; (b) k2 ¼ 1:0:

(a) (b)

Fig. 9. Phase velocity for different γ in the electrically short case when e15 ¼ 12:7, k2 ¼ 10:0, k1 ¼ 1:0 and α ¼ �2 (a) d ¼ 1:0; (b) d ¼ 0:6:
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Also, Wave propagation in piezoelectric media have been
studied in connection with the generation and transmission of
disturbances in electro-acoustic devices such as SAW devices,
resonators and transducers. The study of coupling between
electrical, mechanical and piezoelectric effects of piezoelectric-
porous system can done using the piezoelectric effects in pie-
zoelectric-porous ceramics. So, the study of propagation of
SH-waves considered here is very important. The velocity
profile of SH-waves is analyzed using an analytical approach,
taking into account the impact of anisotropy, porosity, piezo-
electricity and initial stress. The study also examines the influ-
ence of geometry on each of these parameters, demonstrating
the results explicitly. Frequency equations of the wave propa-
gation has been derived,MATLABandMATHEMATICA have
been used for graphical interpretation in both electrical open and
short case. We may conclude with the following results:

(1) Dimensionless phase velocity increases with the decrease
of dimensionless wave number in both electrical open
and short case. Also, phase velocity varies for different
values of thickness ratio of the layers.

(2) As the wavelength of SH waves is smaller than the
thickness of piezoelectric layer at higher wave number,
the piezoelectric layer dominates the dispersion of the SH
wave propagation.

(3) It is observed that the porosity of the medium tends to
increase the phase velocity of the shear waves in elec-
trical open and short case.

(4) Increment in anisotropy and tensile initial stress of the
medium decreases the phase velocity of shear waves for
different thickness ratio in both electrical open and short
cases.

(5) It is observed that when the thickness of the piezoelectric
layer is greater in comparison to other layers, the phase
velocity of shear waves decreases with the increase of
piezoelectric parameter.

(6) It is also observed when the thickness of all the layers is
same, phase velocity of shear waves increases with the
increases of piezoelectric parameters.

Obtained results give a theoretical guidance for shear wave
propagation in piezo-porous-layered structure and can be
used for studies aimed to improving the designs of SAW
devices used in signal processing and communication. The
research holds the potential to aid in the creation of enhanced
sensor and acoustic devices. This can be achieved by care-
fully choosing suitable materials, elastic constants, thick-
nesses and different boundary conditions.
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