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Abstract. The purpose of this research is to study the propagation of surface waves in
transversely isotropic piezoelastic medium based on nonlocal strain gradient theory. A
characteristics equation for the existence of surface waves is discussed. This equation
could be easily reduced to the ones of the gradient strain theory, nonlocal theory, and
classical theory. It has also been concluded that there exist cut-off frequency for the wave
propagating in size-dependent materials based on the nonlocal strain gradient theory. The
dispersion equation which surface wave speed satisfies is derived from the free traction
condition on the surface of half-space with consideration of electrically open circuit condi-
tions. The effect of the nonlocal parameter, the strain gradient parameter on the existence
of surface waves as well as the Rayleigh wave propagation is illustrated through some
numerical examples.
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1. INTRODUCTION

The piezoelectric medium has found many applications in the area of signal process-
ing, transduction, and frequency control. Both theoretical and experimental studies on
wave propagation in piezoelectric materials have attracted the attention of scientists and
engineers during last two decades. The survey of literature can be found in many related
texts and books. One of the most critical problems in designing Seismic Acoustic Wave
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(SAW) devices is the observation and investigation of the properties of surface waves
such as Rayleigh waves, leaky waves, etc.

Nanoscale structures are of significance in the field of nano-mechanics, so it is crucial
to account for small size influences in their mechanical analysis. The lack of a scale pa-
rameter in the classical continuum theory makes it impossible to describe the size effects.
In addition, there exist certain phenomena (e.g., dispersion of elastic waves, crack propa-
gation, dislocations, and so on) that cannot be explained using local theory of continuum
mechanics. Therefore, some continuum mechanics theories have been developed to cap-
ture such effects, such as the nonlocal Eringen theory [1, 2], the modified couple stress
theory [3], the micropolar theory [4], the strain gradient theory [5] and others. Tung [6,7]
used the nonlocal Eringen theory to investigate wave propagation in nonlocal orthotropic
micropolar elastic solids, in nonlocal transversely isotropic liquid-saturated porous solid.

Researchers find out that the nonlocal Eringen theory is not powerful enough to esti-
mate the behavior of small structures completely. In other words, the stiffness-hardening
behavior of nanostructures is neglected in this theory and only the stiffness softening ef-
fect is included. It is reported that the nonlocal elasticity theory predicts a decrease of the
structural stiffness when the scale parameter increases while the strain gradient theory
prompts the stiffening of the nanostructures with the non-classical parameter. Recently,
Lim et al. [8] have proposed a nonlocal elasticity and strain gradient theory (NSGT) for
the wave propagation analysis of size-dependent structures with the objective of elimi-
nating the disadvantages of the last aforementioned theories, where both stiffening and
softening effects of the material could be well investigated. In NSGT the stress field ac-
counts for not only the nonlocal stress field but also the strain gradients stress field. This
theory contains two non-classical material parameters (the nonlocal parameter and the
strain gradient parameter) and is able to reproduce both the increase and decrease of
structural stiffness [9]. Based on NSGT, Arefi [10] considered the propagation wave in
a functionally graded magneto-electroelastic nano-rod using nonlocal elasticity model
subjected to electric and magnetic potentials. Ma et.al [11] investigated the wave propa-
gation characteristics in magneto-electro-elastic nanoshells using nonlocal strain gradient
theory.

In this paper, we considered the propagation wave in transversely isotropic piezoe-
lastic medium based on the nonlocal strain gradient theory. Two kinds of scale param-
eters, namely, the nonlocal parameter and the strain gradient parameter are introduced
to account for the size effect of mechanical properties of nanostructures. The constitutive
equations and the equations of motion are then established and used to investigate the
plane waves propagating in transversely isotropic piezoelectric media. The new char-
acteristics equations of plane waves are then obtained and the cut-off frequency of each
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wave are derived. The effect of the nonlocal parameter, the strain gradient parameter on
the Rayleigh wave propagation as well as the existence of surface waves is considered.

2. BASIC EQUATIONS

We consider homogeneous transversely isotropic piezoelastic solid. It is assumed
that the medium is transversely isotropic in such a way that planes of isotropy are per-
pendicular to x3 axis. We take the origin of the coordinate system (x1, x2, x3) at any point
on the plane surface and x3-axis pointing vertically downward into the half-space. For
two-dimensional problem in which the plane wave is in the plane x1x3, the displacement
field u1, u3, the electric potential φ have form

u1 = u1(x1, x3), u3 = u3(x1, x3), φ = φ(x1, x3). (1)

The constitutive equations for the homogeneous transversely isotropic piezoelastic solid
are given as [12, 13]

σ11 = c11u1,1 + c13u3,3 + e31φ,3,

σ33 = c13u1,1 + c33u3,3 + e33φ,3,

σ13 = c44(u1,3 + u3,1) + e15φ,1,

D1 = e15(u1,3 + u3,1)− ε11φ,1,

D3 = e13u1,1 + e33u3,3 − ε33φ,3,

(2)

where σij, Di are stress and electrical displacement components, respectively.

In the absence of body forces, the equations of motion and Gaussian equations for
the electric are [12, 13]

σ11,1 + σ13,3 = ρü1,

σ13,1 + σ33,3 = ρü3,

D1,1 + D3,3 = 0,
(3)

where ρ is density of mass and a dot over a quantity represents differentiation with re-
spect to time t.

According to [14,15], the differential form of constitutive equation with the nonlocal
strain gradient can be obtained as follows

τij = (1− l2
1∇2)σij = (1− l2

2∇2)
(
cijklεkl − emijEm

)
,

di = (1− l2
1∇2)Di = (1− l2

2∇2)
(
eiklεkl + εimEm

)
,

(4)

where eijk the piezoelectric moduli, Ej = −φ,j and the higher-order nonlocal parameters
l1 and the nonlocal gradient length coefficients l2 are introduced to account for the size-
dependent characteristics of nonlocal gradient materials at nanoscale.
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Substituting (4) into (3) and taking in account (2), we have

(1− l2
2∇2)

(
c11u1,11 + c13u3,13 + c44(u1,33 + u3,13) + (e13 + e15)φ,13

)
= (1− l2

1∇2)ρü1,

(1− l2
2∇2)

(
c44(u1,13 + u3,11) + c13u1,13 + c33u3,33 + e15φ,11 + e33φ,33

)
= (1− l2

1∇2)ρü3,

(1− l2
2∇2)

(
(e13 + e15)u1,13 + e15u3,11 + e33u3,33 − ε11φ,11 − ε33φ,33

)
= 0.

(5)

3. CHARACTERISTIC EQUATION OF PLANE WAVES

For the waves propagating in the plane x3 = 0, we take the form of relevant compo-
nents of displacement and the electric potential φ as [6, 7, 16]

u1 = a1eik(x1+ξx3−ct),
u3 = a3eik(x1+ξx3−ct),
φ = Aeik(x1+ξx3−ct),

(6)

where a1, a3, A are unknown amplitudes of the displacement, k is x1-component of
wavenumber, ξ is unknown ratio of wave vector components along x3 and x1 direction,
c is phase velocity along x1.

Substituting the expressions for displacements from (6) into (5), we obtain the three
homogeneous equations in three unknowns a1, a3, A, namely(

(c11 + c44ξ2)(1 + k2l2
2 + k2l2

2ξ2)− ρc2(1 + k2l2
1 + k2l2

1ξ2)

)
a1

+

(
(c13 + c44)ξ(1 + k2l2

2 + k2l2
2ξ2)

)
a3 + (e13 + e15)ξ(1 + k2l2

2 + k2l2
2ξ2)A = 0,(

(c13 + c44)ξ(1 + k2l2
2 + k2l2

2ξ2)

)
a1 +

(
(c44 + c33ξ2)(1 + k2l2

2 + k2l2
2ξ2)

− ρc2(1 + k2l2
1 + k2l2

1ξ2)

)
a3 + (e15 + e33ξ2)(1 + k2l2

2 + k2l2
2ξ2)A = 0,(

(e13 + e15)ξ(1 + k2l2
2 + k2l2

2ξ2)

)
a1 + (e15 + e33ξ2)(1 + k2l2

2 + k2l2
2ξ2)a3

−
(
(ε11 + ε33ξ2)(1 + k2l2

2 + k2l2
2ξ2)

)
A = 0.

(7)
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The necessary condition for the existence of a non-trivial solution a1, a3, A for above
system equations is vanishing of the determinant of the corresponding coefficients ma-
trix, which yields a twelfth equation for ξ

t12ξ12 + t10ξ10 + t8ξ8 + t6ξ6 + t4ξ4 + t2ξ2 + t0 = 0, (8)

where t12, t10, t8, t6, t4, t2, t0 are given by Appendix. According to the form of the above
characteristics equation, we can predict that six different modes can be generated in non-
local strain gradient piezoelastic solid. A known consequence is the existence of new
wave modes which could not be observed in the classical piezoelastic solids.

It is well known that in an anisotropic medium there are generally three body-waves
propagating with velocities which vary with the direction of phase propagation. Their
polarizations are orthogonal and fixed for the particular direction of phase propagation.
The waves are called quasi-waves (qP, qSV, qSH waves) because polarizations may not be
along the dynamic axes. In this paper, for two-dimensional problem in which the plane
wave is in the plane , these waves are qP, qSV [17]. It has also been concluded that there
exist cut-off frequency and escape frequency for wave propagating in size-dependent
materials based on the higher-order nonlocal strain gradient model. In some waveguides,
the wavenumber will be purely imaginary to start with and becomes real or complex
after certain frequency. In such cases, the wave will be evanescent to start with and
will start propagating only after certain frequency. This frequency at which the change
from evanescent mode to propagating mode happens is called the cut-off frequency, ωc

[18, 19]. The values of these frequencies can easily be obtained by substituting ξ = 0 in
(8). Therefore, the cut-off frequency of qP wave and qSV wave are

ωc
1 = k

√
c11(1 + k2l2

2)

ρ(1 + k2l2
1)

, ωc
2 = k

√
(e2

15 + ε11c44)(1 + k2l2
2)

ρε11(1 + k2l2
1)

. (9)

When the wavenumbers become infinite at a particular frequency, which is referred
here as the escape frequency, ωe. The expressions for the escape frequencies can be ob-
tained by forcing the coefficient of ξ12 equal to zero in (8) [18,19]. From the expression of
ξ12, it is clear that the escape frequency does not exist in this case.

4. DISPERSION EQUATION OF SURFACE WAVE IN NONLOCAL
TRANSVERSELY ISOTROPIC PIEZOELASTIC MEDIUM

As the first step in our research, in this paper, we are only interested in three so-
lutions with positive imaginary parts out of six possible solutions of the characteristics
equation (8) by the choice of material constants and the parameters l1, l2. The existence of
exactly three wave solutions out of six ones in the general case requires fulfil boundary
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conditions which will be studied in subsequent works. Let ξ1, ξ2, ξ3 be the three roots of
Eq. (8) with positive imaginary part, the filed displacment has form

u1 =
3

∑
j=1

a1jeik(x1+ξ jx3−ct),

u3 =
3

∑
j=1

a3jeik(x1+ξ jx3−ct),

φ =
3

∑
j=1

Ajeik(x1+ξ jx3−ct),

(10)

and a1j = αj Aj, a3j = β j Aj, (j = 1, 2, 3) where

αj =
δ1j

δj
, β j =

δ3j

δj
,

δj =

(
(c11 + c44ξ2

j )(1 + k2l2
2 + k2l2

2ξ2
j )− ρc2(1 + k2l2

1 + k2l2
1ξ2

j )

)(
(c44

+ c33ξ2
j )(1 + k2l2

2 + k2l2
2ξ2

j )− ρc2(1 + k2l2
1 + k2l2

1ξ2
j )

)
−
(
(c13 + c44)ξ j(1 + k2l2

2 + k2l2
2ξ2

j )

)2

,

δ1j = −
(
(c44 + c33ξ2

j )(1 + k2l2
2 + k2l2

2ξ2
j )− ρc2(1 + k2l2

1 + k2l2
1ξ2

j )

)
(e13 + e15)ξ j(1

+ k2l2
2 + k2l2

2ξ2
j ) + (e15 + e33ξ2

j )(1 + k2l2
2 + k2l2

2ξ2
j )

(
(c13 + c44)ξ j(1 + k2l2

2 + k2l2
2ξ2

j )

)
,

δ3j = −
(
(c11 + c44ξ2

j )(1 + k2l2
2 + k2l2

2ξ2
j )− ρc2(1 + k2l2

1 + k2l2
1ξ2

j )

)
(e15 + e33ξ2

j )(1

+ k2l2
2 + k2l2

2ξ2
j ) +

(
(c13 + c44)ξ j(1 + k2l2

2 + k2l2
2ξ2

j )

)
(e13 + e15)ξ j(1 + k2l2

2 + k2l2
2ξ2

j ).

(11)

In the present problem, boundary conditions appropriate for particle motion in the
x1x3 plane are considered at the plane surface x3 = 0. Since the boundary surface of
the half-space is mechanically stress free, therefore all the components of stresses must
vanish.

τ13 = 0, τ33 = 0. (12)

Another condition is required to represent that the surface of half-space is main-
tained at charge free condition (open circuit-surface), namely

d3 = 0. (13)
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By making use of (11) in the boundary condition (12) and (13), we have three equa-
tions of A1, A2, A3, namely

(
c44(ξ1α1 + β1) + e15

)
(1 + k2l2

1 + k2l2
1ξ2

1)A1 +
(
c44(ξ2α2 + β2) + e15

)
(1 + k2l2

1

+k2l2
1ξ2

2)A2 +
(
c44(ξ3α3 + β3) + e15

)
(1 + k2l2

1 + k2l2
1ξ2

3)A3 = 0,
(c13α1 + c33β1ξ1 + e33ξ1)(1 + k2l2

1 + k2l2
1ξ2

1)A1 + (c13α2 + c33β2ξ2

+e33ξ2)(1 + k2l2
1 + k2l2

1ξ2
2)A2 + (c13α3 + c33β3ξ3 + e33ξ3)(1 + k2l2

1 + k2l2
1ξ2

3)A3 = 0,
(e15α1 + e33ξ1β1 − ε33ξ1)(1 + k2l2

1 + k2l2
1ξ2

1)A1 + (e15α2 + e33ξ2β2

−ε33ξ2)(1 + k2l2
1 + k2l2

1ξ2
2)A2 + (e15α3 + e33ξ3β3 − ε33ξ3)(1 + k2l2

1 + k2l2
1ξ2

3)A3 = 0.
(14)

Determinant of coefficients leads to the dispersion equation, namely

∆. det

 ξ∗1 ξ∗2 ξ∗3
ξ∗∗1 ξ∗∗2 ξ∗∗3
ξ∗∗∗1 ξ∗∗∗2 ξ∗∗∗3

 = 0, (15)

where

∆ = (1 + k2l2
1 + k2l2

1ξ2
1)(1 + k2l2

1 + k2l2
1ξ2

2)(1 + k2l2
1 + k2l2

1ξ2
3),

ξ∗j = c44(ξ jαj + β j) + e15, ξ∗∗j = c13αj + c33ξ jβ j + e33ξ j,

ξ∗∗∗j = e15αj + e33ξ jβ j − ε33ξ j, (j = 1, 2, 3).

(16)

This is the dispersion equations for the propagation of Rayleigh-type waves in the
transversely isotropic piezoelastic medium based on NSGT.

To facilitate proceed numerical calculations, dimensionless material parameters de-
fined by

f01 = k2l2
1 , f02 = k2l2

2 , f1 =
c11

c44
, f2 =

c13

c44
, f3 =

c33

c44
,

e1 =
e13

e33
, e2 =

e15

e33
, e =

e33√
c44ε33

, f =
ε11

ε33
, X =

ρc2

c44
.

(17)

In addition for the propagation of waves with phase velocity v in the direction mak-
ing an angle θ0 with the vertical axis, the plane harmonic wave of the form is rewritten
by 

u1 = a1eik0(p1x1+p3x3−vt),
u3 = a3eik0(p1x1+p3x3−vt),
φ = Aeik0(p1x1+p3x3−vt),

(18)
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where k0 is wavenumber, p1 = sin θ0, p3 = cos θ0 are components of slowness. It is note

that k0 =
k
p1

and v = p1c . Substituting (18) into (5) leads to(
(c11 p2

1 + c44 p2
3)(1 + k2

0l2
2)− ρv2(1 + k2

0l2
1)

)
a1 + (c13 + c44)p1 p3(1

+ k2
0l2

2)a3 + (e13 + e15)p1 p3(1 + k2
0l2

2)A = 0,

(c13 + c44)p1 p3(1 + k2
0l2

2)a1 +
(
(c44 p2

1 + c33 p2
3)(1 + k2

0l2
2)− ρv2(1 + k2

0l2
1)
)
a3

+ (e15 + e33ξ2)(1 + k2
0l2

2)A = 0,

(e13 + e15)p1 p3(1 + k2
0l2

2)a1 + (e15 p2
1 + e33 p2

3)(1 + k2
0l2

2)a3

− (ε11 p2
1 + ε33 p2

3)(1 + k2
0l2

2)A = 0.

(19)

The determinant of their coefficients vanishes leads to a quadratic equation in v2.
The roots of this equation give two values of v. Each value of v corresponds to a wave
if v2 is real and positive. The waves with velocities v1, v2 correspond to longitudinal qP
and transverse qSV waves.

5. NUMERICAL SIMULATION AND DISCUSSION

In order to illustrate theoretical results obtained in the preceding sections, the mate-
rial chosen for the numerical calculations is CdSe (6 mm class) of hexagonal symmetry,
which is transversely isotropic material. The physical data for a single crystal of CdSe
material is given below [20, 21]

c11 = 7.41× 1010 Nm−2, c13 = 3.93× 1010 Nm−2, c33 = 8.36× 1010 Nm−2,

c44 = 1.32× 1010 Nm−2, ρ = 5504 kgm−3, e15 = −0.138 Cm−2, e31 = −0.16 Cm−2,

e33 = 0.347 Cm−2, ε11 = 8.26× 10−11 C2N−1m−2, ε33 = 9.03× 10−11 C2N−1m−2.

Fig. 1 depicts the variation of dimensionless velocities of qP, qSV wave with incident
angle for which two length scale parameters l1 and l2. It is observed that the phase ve-
locities of waves for (l1 > l2) case (solid lines) are smaller than the ones for (l1 < l2) case
(dash lines) respectively.

Fig. 2 illustrates the dependence of dimensionless velocities waves on dimensionless
parameters f01 and f02. From these figures we can see that these velocities decrease grad-
ually as the dimensionless parameter f01 increases (see Fig. 2(a)) and meanwhile the ones
increase as the dimensionless parameter f02 increases (see Fig. 2(b)).
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Fig. 2. Influences of dimensionless parameters f01 and f02 on dimensionless
phase velocities waves
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The effect of f01 and f02 parameters on the non-dimensional speed of the Rayleigh
wave X are shown graphically in Fig. 3(a) and Fig. 3(b), respectively. In Fig. 3(a), the
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Fig. 3. Variation of non-dimensional speed X of Rayleigh wave against
dimensionless parameters f01 and f02

speed of Rayleigh wave is decreasing when the parameter f01 is increasing. The Rayleigh
wave exists only in the domain 0 ≤ f01 ≤ 0.34 with f02 < 1. On the contrary, the Rayleigh
wave exists in the domain 5.0 ≤ f02 ≤ 5.67 with f01 > 1 (see Fig. 3(b)).
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Fig. 4. The existence of surface waves depend on f01 for three cases

The existence of solutions of the characteristic equation (8) in domain 0 ≤ f01 ≤ 3,
under restrictions generated by Im(ξ) > 0 is illustrated by Fig. 4 for three cases f02 >

1, f02 < 1, f02 = 0, respectively. Fig. 4(a) shows all imaginary parts ξi, (i = 1, 2, 3, 4) are
positive. Hence, there are no surface waves in this case. In contrast to Fig. 4(a), in Fig. 4(b)
we can always choose two surface waves satisfying the problem with 0.1 ≤ f01 ≤ 3. For
f02 = 0 (Nonlocal theory) there are three surface waves in domain 1.51 ≤ f01 ≤ 3.
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Fig. 5. The existence of surface waves depend on f02 for two cases

The existence of surface waves depends on 0 ≤ f02 ≤ 3 for two cases are depicted in
Fig. 5. There are always three solutions with the positive imaginary in domain 0 ≤ f02 ≤
1.75 with f0 > 1 (see Fig. 5(a)). There are no surface waves in domain 1.75 < f02 ≤ 3 with
f0 > 1 (see Fig. 5(a)) or 0 ≤ f02 ≤ 3 with 0 ≤ f0 < 1 (see Fig. 5(b)).
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Fig. 6. Wavenumber k variation with frequency ω for two cases

The variation of the cut-off frequencies with wavenumber k variation with frequency
ω are shown in Fig. 6. In Fig. 6(a), the wavenumber k1 is dominant over k2 for l2 = 10l1.
The opposite is shown in Fig. 6(b) for l1 = 10l2.
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6. CONCLUSIONS

In the present work, we have studied the propagation of surface waves in trans-
versely isotropic piezoelastic medium based on the nonlocal strain gradient theory. The
existence of the number of surface waves depends on the dimensionless nonlocal param-
eter f01, dimensionless gradient length parameter f02 of the medium through the number
of solutions satisfying the damping condition of the characteristic equation. It is clearly
dispersive due to the appearance of the parameters f01 and f02. Moreover, the expres-
sion of the cut-off is derived. Phase speeds of waves are computed numerically and
their variation against the incident angle θ, two dimensionless length scale parameters
are presented graphically. These parameters have significant effect on the velocities of
propagation of Rayleigh-type waves.

DECLARATION OF COMPETING INTEREST

The authors declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work reported in this paper.

ACKNOWLEDGMENT

The work was supported by the Vietnam National Foundation for Science and Tech-
nology Development (NAFOSTED) under Grant 107.02-2021.13.

REFERENCES

[1] A. C. Eringen and D. G. B. Edelen. On nonlocal elasticity. International Journal of Engineering
Science, 10, (1972), pp. 233–248. https://doi.org/10.1016/0020-7225(72)90039-0.

[2] A. C. Eringen. On differential equations of nonlocal elasticity and solutions of screw
dislocation and surface waves. Journal of Applied Physics, 54, (1983), pp. 4703–4710.
https://doi.org/10.1063/1.332803.

[3] F. Yang, A. C. M. Chong, D. C. C. Lam, and P. Tong. Couple stress based strain gradient
theory for elasticity. International Journal of Solids and Structures, 39, (2002), pp. 2731–2743.
https://doi.org/10.1016/s0020-7683(02)00152-x.

[4] A. C. Eringen. Theory of micropolar plates. Zeitschrift für angewandte Mathematik und Physik
ZAMP, 18, (1967), pp. 12–30. https://doi.org/10.1007/bf01593891.

[5] E. C. Aifantis. Strain gradient interpretation of size effects. International Journal of Fracture,
(1999), pp. 299–314. https://doi.org/10.1007/978-94-011-4659-3 16.

[6] D. X. Tung. Wave propagation in nonlocal orthotropic micropolar elastic solids. Archives of
Mechanics, 73, (3), (2021). https://doi.org/10.24423/aom.3764.

[7] D. X. Tung. Surface waves in nonlocal transversely isotropic liquid-saturated porous solid.
Archive of Applied Mechanics, 91, (2021), pp. 2881–2892. https://doi.org/10.1007/s00419-021-
01940-2.

https://doi.org/10.1016/0020-7225(72)90039-0
https://doi.org/10.1063/1.332803
https://doi.org/10.1016/s0020-7683(02)00152-x
https://doi.org/10.1007/bf01593891
https://doi.org/10.1007/978-94-011-4659-3_16
https://doi.org/10.24423/aom.3764
https://doi.org/10.1007/s00419-021-01940-2
https://doi.org/10.1007/s00419-021-01940-2


Wave propagation analysis in transversely isotropic piezoelastic medium based on nonlocal strain gradient theory 373

[8] C. W. Lim, G. Zhang, and J. N. Reddy. A higher-order nonlocal elasticity and strain gradient
theory and its applications in wave propagation. Journal of the Mechanics and Physics of Solids,
78, (2015), pp. 298–313. https://doi.org/10.1016/ j.jmps.2015.02.001.

[9] F. Ebrahimi, M. R. Barati, and A. Dabbagh. A nonlocal strain gradient theory for wave prop-
agation analysis in temperature-dependent inhomogeneous nanoplates. International Journal
of Engineering Science, 107, (2016), pp. 169–182. https://doi.org/10.1016/j.ijengsci.2016.07.008.

[10] M. Arefi. Analysis of wave in a functionally graded magneto-electro-elastic nano-rod using
nonlocal elasticity model subjected to electric and magnetic potentials. Acta Mechanica, 227,
(2016), pp. 2529–2542. https://doi.org/10.1007/s00707-016-1584-7.

[11] L. H. Ma, L. L. Ke, J. N. Reddy, J. Yang, S. Kitipornchai, and Y. S. Wang.
Wave propagation characteristics in magneto-electro-elastic nanoshells using
nonlocal strain gradient theory. Composite Structures, 199, (2018), pp. 10–23.
https://doi.org/10.1016/j.compstruct.2018.05.061.

[12] D.-J. Yan, A.-L. Chen, Y.-S. Wang, C. Zhang, and M. Golub. Propagation of guided elastic
waves in nanoscale layered periodic piezoelectric composites. European Journal of Mechanics
- A/Solids, 66, (2017), pp. 158–167. https://doi.org/10.1016/j.euromechsol.2017.07.003.

[13] D.-J. Yan, A.-L. Chen, Y.-S. Wang, C. Zhang, and M. Golub. In-plane elastic wave propaga-
tion in nanoscale periodic layered piezoelectric structures. International Journal of Mechanical
Sciences, 142–143, (2018), pp. 276–288. https://doi.org/10.1016/j.ijmecsci.2018.04.054.

[14] H. Askes and E. C. Aifantis. Gradient elasticity in statics and dynamics: An overview
of formulations, length scale identification procedures, finite element implementations
and new results. International Journal of Solids and Structures, 48, (2011), pp. 1962–1990.
https://doi.org/10.1016/j.ijsolstr.2011.03.006.

[15] Y. Huang, P. Wei, Y. Xu, and Y. Li. Modelling flexural wave propagation by the nonlocal
strain gradient elasticity with fractional derivatives. Mathematics and Mechanics of Solids, 26,
(2021), pp. 1538–1562. https://doi.org/10.1177/1081286521991206.

[16] D. X. Tung. Dispersion equation of Rayleigh waves in transversely isotropic nonlo-
cal piezoelastic solids half-space. Vietnam Journal of Mechanics, 41, (2019), pp. 363–371.
https://doi.org/10.15625/0866-7136/14621.

[17] J. Achenbach. Wave propagation in elastic solids. Elsevier, (2012).
[18] A. Chakraborty. Wave propagation in anisotropic media with non-local elas-

ticity. International Journal of Solids and Structures, 44, (2007), pp. 5723–5741.
https://doi.org/10.1016/j.ijsolstr.2007.01.024.

[19] S. Gopalakrishnan and S. Narendar. Wave propagation in nanostructures: Nonlo-
cal continuum mechanics formulations. Springer International Publishing, (2013).
https://doi.org/10.1007/978-3-319-01032-8.

[20] J. N. Sharma, M. Pal, and D. Chand. Propagation characteristics of Rayleigh waves in trans-
versely isotropic piezothermoelastic materials. Journal of Sound and Vibration, 284, (2005),
pp. 227–248. https://doi.org/10.1016/j.jsv.2004.06.036.

[21] J. N. Sharma and V. Walia. Further investigations on Rayleigh waves in piezother-
moelastic materials. Journal of Sound and Vibration, 301, (2007), pp. 189–206.
https://doi.org/10.1016/j.jsv.2006.09.018.

https://doi.org/10.1016/ j.jmps.2015.02.001
https://doi.org/10.1016/j.ijengsci.2016.07.008
https://doi.org/10.1007/s00707-016-1584-7
https://doi.org/10.1016/j.compstruct.2018.05.061
https://doi.org/10.1016/j.euromechsol.2017.07.003
https://doi.org/10.1016/j.ijmecsci.2018.04.054
https://doi.org/10.1016/j.ijsolstr.2011.03.006
https://doi.org/10.1177/1081286521991206
https://doi.org/10.15625/0866-7136/14621
https://doi.org/10.1016/j.ijsolstr.2007.01.024
https://doi.org/10.1007/978-3-319-01032-8
https://doi.org/10.1016/j.jsv.2004.06.036
https://doi.org/10.1016/j.jsv.2006.09.018


374 Trinh Thi Thanh Hue, Do Xuan Tung

APPENDIX

The coefficients of characteristic equation for NSGT

t12 = − f 3
02(e

2 + f3),

t10 = f 2
02(−3 f3 + f02( f2(2 + f2)− (3 + f + f1) f3) + f01(1 + f3)X

− e2(3 + f02(3 + f1 − 2(e1 + (e1 + e2) f2) + (e1 + e2)
2 f3)− f01X)),

t8 = f02(−3 f3 − f 2
02( f1 − (3 + f ) f2(2 + f2) + 3(1 + f ) f3 + (3 + f ) f1 f3)

+ 3 f02( f2(2 + f2)− (2 + f + f1) f3) + 2 f01(1 + f3)X + f02(1 + f3 + f01(4 + f + f1

+ (3 + f ) f3))X− f 2
01X2 + e2(−3 + 2 f01X + f02(6e1 + 6e1 f02 − e2

1 f02 − 3 f02 f1

− 2e2 f02 f1 − 3(2 + f02 + f1) + 6e1 f2 + 6e2 f2 + 6e1 f02 f2 + 6e2 f02 f2 + 2e1e2 f02 f2

+ 2e2
2 f02 f2 − 3(e1 + e2)

2(1 + f02) f3 + (1 + (3 + 2e2 + (e1 + e2)
2) f01)X))),

t6 = − f3 + f02(3 f2(2 + f2)− 3(1 + f + f1) f3 − 3 f02( f1 − (2 + f ) f2(2 + f2) + f3 + 2 f f3

+ (2 + f ) f1 f3)− f 2
02(−3(1 + f ) f2(2 + f2) + f3 + 3 f f3 + f1(3 + f + 3(1 + f ) f3)))

+ f01X + ( f01 f3 + 2 f02(1 + f3 + f01(3 + f + f1 + (2 + f ) f3)) + f 2
02(3 + f1 + 2 f3

+ 3 f01(2 + f1 + f3) + f (1 + f3 + f01(4 + f1 + 3 f3))))X− f01( f01 + 2 f02

+ (3 + f ) f01 f02)X2 + e2(−1 + f01X + f02(−3(1 + f02 + f 1) + 6e1(1 + f02)(1 + f02

+ f2 + f02 f2 + e2 f02 f2 − e2(1 + f02) f3)− f 2
02(1 + (3 + e2(6 + e2)) f1 + 3e2(−2(1

+ e2) f2 + e2 f3))− 6 f02((1 + e2) f1 + e2(−(2 + e2) f2 + e2 f3)) + 2(1 + 2 f01)X

+ (2 + 3 f01 + e2(2 + e2 + 6 f01 + 4e2 f01)) f02X + 2e1e2( f02 + f01(2 + 3 f02))X

+ e2(6 f2 − 3e2 f3 + 2(2 + e2) f01X) + e2
1(−3(1 + f02)( f02 + f3 + f02 f3)

+ ( f02 + f01(2 + 3 f02))X))),

t4 = f2(2 + f2)− ( f + f1) f3 + f 3
02((1 + 3 f ) f2(2 + f2)− f f3 − f1(3 + f3 + 3 f (1 + f3)))

+ (1 + f3 + f01(2 + f + f1 + f3 + f f3))X− f01(2 + (2 + f ) f01)X2 + f 2
02(−3(−(1

+ 2 f ) f2(2 + f2) + f f3 + f1(2 + f + f3 + 2 f f3)) + (3 + 2 f1 + f3 + f01(4 + 3 f1 + f3)

+ f (3 + f1 + 2 f3 + 3 f01(2 + f1 + f3)))X) + f02(−3(−(1 + f ) f2(2 + f2) + f f3

+ f1(1 + f3 + f f3)) + 2(2 + f1 + f3 + f01(3 + 2 f1 + f3) + f (1 + f3 + f01(3 + f1

+ 2 f3)))X− (1 + 2(2 + f ) f01 + 3(1 + f ) f 2
01)X2) + e2((1 + f02)(−(1 + f02(2 + f02

+ 3e2(2 + (2 + e2) f02))) f1 + e2(1 + f02)(2(1 + f02 + 3e2 f02) f2 − e2(1 + f02) f3))

+ (1 + f01 + 2e2 f01 + e2
2 f01 + 2(1 + e2)(1 + e2 + f01 + 3e2 f01) f02 + (1 + f01

+ e2(4 + 3e2 + 6(1 + e2) f01)) f 2
02)X + e2

1(1 + f02)(−(1 + f02)( f3 + f02(3 + f3))

+ ( f01 + 2 f02 + 3 f01 f02)X) + 2e1(1 + f02)((1 + f02)(1 + f02 + f2 + f02 f2

+ 3e2 f02 f2 − e2(1 + f02) f3) + e2( f01 + 2 f02 + 3 f01 f02)X)),
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t2 = − (1 + f02)
2(− f (1 + f02) f2(2 + f2) + f1(1 + f02 + 3 f f02 + f (1 + f02) f3))

+ (1 + f02)((1 + f01)(1 + f02)(1 + f1) + f (1 + f3 + f02(3 + 2 f1 + f3)

+ f01(2 + f1 + f3 + f02(4 + 3 f1 + f3))))X− (1 + f01)(1 + f01 + 2 f f01

+ (1 + f + f01 + 3 f f01) f02)X2 − e2(1 + f02)(e2(1 + f02)((2 + 2 f02 + 3e2 f02) f1

− 2e2(1 + f02) f2)− e2(2(1 + f01)(1 + f02) + e2(1 + 2 f01 + 3 f02 + 4 f01 f02))X

− 2e1e2(1 + f02)( f2 + f02 f2 + X + f01X) + e2
1(1 + f02)(1 + f02 − (1 + f01)X)),

t0 = − (1 + f02)((1 + f02) f1 − (1 + f01)X)((e2e2
2 + f )(1 + f02)− f (1 + f01)X).
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