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Sandwich Plate, In the present study, the vibrational analysis of a three-layer sandwich plate with an auxetic core
Auxetic Core, under aerodynamic forces with simply supported boundary conditions has been investigated. In
Vibrations, this sandwich plate, the middle layer, or the so-called core, is made of auxetic material. The plate
Stability, is subjected to aerodynamic forces on one side. To reduce the intensity of vibrations in the
Aerodynamic Forces. structure, the plate has been reinforced with carbon nanotubes. For the analysis and modeling of

the plate’s vibrations, the modified shear deformation plate theories were employed, and the
aerodynamic force exerted by the airflow on the plate was assumed based on first-order piston
theory. Using Hamilton's principle, the governing equations for the vibrational behavior of the
sandwich plate were derived, and the Galerkin weighted residual method was utilized to solve
these equations. To demonstrate the validity of the obtained relationships and the proposed
solution method, the results of this study were compared with results published in reputable
journals and numerical solutions obtained using the finite element method through commercial
software. Finally, the effects of various parameters such as the geometric dimensions of the
sandwich plate, the dimensions of the auxetic core, aerodynamic pressure, and the volume fraction
of carbon nanotubes on the vibrations of the structure were examined and analyzed.

Extended Abstract
1. Introduction

lates are among the most essential structural elements in engineering and are widely employed in aerospace

structures, spacecraft, marine vessels, submarines, automobiles, and civil engineering applications.

Accurate modeling of the mechanical behavior of plates requires the adoption of suitable theoretical
frameworks. Classical thin plate theory (CPT), first-order shear deformation theory (FSDT), third-order shear
deformation theory (TSDT), and three-dimensional elasticity remain the most widely used approaches [1-9].
However, classical and lower-order theories often suffer from limitations, particularly in capturing transverse shear
effects in moderately thick and thick plates. To overcome these shortcomings, a variety of refined shear
deformation theories including exponential, hyperbolic [3-10], and other higher-order formulations have been
proposed, providing more accurate predictions without requiring shear correction factors.

* Corresponding author. Tel.: +98-8632625720

E-mail address: k-khorshidi@araku.ac.ir

DOI https://10.61882/masm.5.1.43 @
Received: April 26, 2025; Received in revised form: June 05, 2025; Accepted: June 15, 2025.

© Author



http://masm.araku.ac.ir/
https://10.0.241.186/masm.5.1.43
https://10.0.241.186/masm.5.1.43

Analysis of the Vibrational Characteristics of a Sandwich Plate with an Auxetic Core Reinforced with Carbon Fibers ... 44

A substantial body of research has focused on the vibration and buckling behavior of isotropic, composite, and
functionally graded plates, as well as nanoplates, under various boundary conditions and physical environments.
Notably, sandwich plates with auxetic core characterized by negative Poisson’s ratio and honeycomb-like re-
entrant structure have attracted increasing attention due to their exceptional mechanical properties, including
enhanced stiffness, energy absorption, and unique dynamic responses under static, impact, and blast loadings.
Several studies have investigated the influence of geometric parameters, boundary conditions, thermo-mechanical
environments, and reinforcement with carbon nanotubes on the dynamic and stability behavior of auxetic sandwich
structures.

In addition to static and dynamic loads, follower forces and aeroelastic effects, such as flutter and divergence,
play a critical role in the stability of structural components, especially in aerospace applications. Flutter is
manifested as a self-excited oscillation of continuously increasing amplitude, while divergence corresponds to a
static instability characterized by unbounded displacement. Both phenomena, driven by aerodynamic pressures in
high-speed flow regimes, can severely compromise structural safety. Numerous analytical, numerical, and
experimental investigations have addressed aeroelastic stability of plates and panels using piston theory, finite
element methods, Fourier expansion approaches, and Galerkin-based formulations. Despite these efforts, further
studies are required to capture the combined influence of aeroelastic forces, auxetic core structures, and nanoscale
reinforcements on the dynamic performance of sandwich plates.

The present study is devoted to the free vibration analysis of a three-layer sandwich plate with an auxetic core
subjected to aecrodynamic loading. The face sheets are assumed to be isotropic, while the auxetic core is reinforced
with carbon nanotubes to enhance mechanical performance. The governing equations are derived within the
framework of a refined shear deformation theory, with aerodynamic pressure modeled using first-order piston
theory. Employing Hamilton’s principle and the Galerkin weighted residual method, the equations of motion are
formulated and solved. The accuracy of the proposed model is validated through comparison with finite element
simulations and published results. Finally, a parametric study is conducted to evaluate the effects of geometrical
dimensions, auxetic core configuration, aecrodynamic pressure, and carbon nanotube volume fraction on the
vibration and stability characteristics of the sandwich plate.

2. Assumptions, Governing Equations Derivation, and Solution Method

In this study, a rectangular sandwich plate with length a, width bbb, and thickness h is considered. The plate
consists of three layers: the top and bottom layers are made of isotropic material, while the middle layer, or core,
is an auxetic structure with re-entrant cell geometry. The thickness of the auxetic core is denoted by k.. To enhance
the stiffness and stability of the plate, the top and bottom layers are reinforced with carbon nanotubes. The plate
is subjected to an aeroelastic force on one side due to an external flow with velocity U,. The objective of this
research is to derive the governing equations of the vibrational behavior of the system and to determine the natural
frequencies and mode shapes of the plate.

Figure 1. Sandwich plate, geometric dimensions, coordinate system, and geometric parameters of the re-entrant cell

Assuming the modified high-order shear theory of the sheet, the displacement relations are defined as follows:

aw(x,y,t)

u1(xry’z’t)=u(x’yrt)_g(z)T'Ff(Z)f(x’y't) (])
ow(x,y,t)
uZ(x'y'Zrt) =V(x:yrt)_g(Z)T‘l'f(Z)lp(x:y,t) (2)
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u3(x,y,z, t) = W(x!y! t) (3)

Where g(z) and f(z) are continuous functions which are defined as follows based on the theory

2

3 4
@) = 26 -75) )

Based on the displacement field mentioned above, the displacement of a point consists of two components, the
first component corresponding to classical plate theory and the second component resulting from higher-order
theory. Assuming linear strain relations, if vertical strains &, and €, and shear strains (sxy, &y, and &,,) are

considered, the strain field in the Cartesian coordinate system, assuming small deformations, is obtained through
the following relations [1-9]:

= 2t ) I ) X ©
gyy = 6y+g()62 +f@ 5 w (6)
o =3(Gor 3+ 200 g+ 10 (4 5F)
sxz=z(("’z?3—:)+<af;?+<ax>)
o=3((575) %5 ()
&7 =0 (10)

As mentioned in the previous sections, the sheet consists of three layers. For all three layers, the stress-strain
relationships are defined using the generalized Hooke's law as follows [1-9]:

Qi1 Qi 0 Ex
Q21 Qéz 0 {EY } (11)
“xy 0 Q3
Cf 2z Q 0 | (&yz
a;} o ol
[Qf;  0f, 0 Ex
Uy =1Q5; Q5 O {Sy } (13)
Oy | 0 0 Q5 Exy
sz _ 024 0 Syz
{a} -5 Qgs] {e} (14)
UJ? _Q% sz 0 7 (e&x
{af} =105 Q@ O {fy} (15)
xy 0 0 Q3] Exy
Oyz Q44 0 Eyz
(=% gl 0o

The superscripts t and b correspond to the upper and lower isotropic layers, and the superscript ¢ corresponds
to the auxetic core of the plate.

The following relationships are defined to calculate the properties of the composite layer [1].

Ey = 771VCNTE1C1NT + VnEm (17)

U Vent | Vm
e _ + = 18
By BV VG 1%

N3 Venr  Vm

A “9)
VCNT + Vm - 1 (20)
V= VCNTVCNT + vam (21)
p = VenrpNT + Vipp™ (22)
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Where Veyr <ECNT «GENT «yCNTand pCNTare the volume fraction, elastic modulus, bulk modulus, Poisson's
ratio and density of carbon nanotubes, respectively, and n; «n, and 75 are the effective parameters of carbon
nanotubes. V,, <E,, <G,, < v"™ and p™ are the volume fraction, elastic modulus, bulk modulus, Poisson's ratio and
density of the isotropic material, respectively. E; 4, E,,, G1,, V and p are the elastic coefficients, bulk modulus,
Poisson's ratio and density of the isotropic layer after applying the carbon reinforcement (composite layer),
respectively.

Hamilton's principle is used to derive the governing equations of the plate and this principle is expressed as
follows:

t
f (6T + 6W, — §U)dt = 0 23)
0

By substituting the final relations of potential energy, kinetic energy, and external work into Hamilton's
principle, and considering the boundary conditions, the governing equations of the vibration of the sandwich plate
in terms of displacement components are obtained as follows:

B az—”+,4 aZ_u+B 63—W+A Ow +B 6—2Z+A 62_1/)+E az—”+E 0%v +2E o’w +E 0%y
L 9x2 Loxoy = 3 ox3 3 9xdy? 2 9x2 Zoxdy = tay?  loxoy 30xdy? ' 2oxdy (24)
I S S
Zoyz ~ otz T 5oz Tt gxot?
C 0%u +C o’w + C. 62( + D 62—U+D 63—W+D 62—1/)+E 62_u+E 62_v+2E —aBW +E 62_1/)
Yoxay = Pox2dy ' Zoxdy  toy? 2 ayd | %ay?  laxdy  lox? 39x20y ' % ox? (25)
PP S L LA
Zoxdy ~ ‘otz ' % a2 T *ayar?
C 0%u +C o’w + C. 62( + D 62—U+D 63—W+D 62—1/)+E 62_u+E 62_v+2E —aBW +E 62_1/)
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Soxt T Tt ay3 3 0xdy? 3 9x2dy > 0x20y2 “ Tt 9xdy? * 9x2dy 27)
_pw w0 0 Pw 8w L w w0
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0%¢ ow ow RV 0%v 23w

3. Analysis of numerical results

In this section, numerical results of the vibration behavior of a three-layer sandwich plate with an aeroelastic
core, under aeroelastic force and with carbon reinforcements are presented by the Glerkin method for the boundary
conditions of four sides of a simple and fixed support using the modified shear deformation theory. In order to
validate and verify the results, first the free vibration of the isotropic single-layer plate is investigated and the
obtained results are verified with reliable references. Then the three-layer sandwich plate is modeled with Abaqus
software and the resulting natural frequencies are compared. Finally, the effect of various parameters on the free
vibration of the three-layer plate with the application of carbon reinforcement is studied. The properties of the
isotropic material and the properties of the aeroelastic structure used to obtain the numerical results are presented
in Tables (1) and (2), respectively.

Table 1. Properties of isotropic material

p(kg/m*) v E(Gpa) hy (M)
2700 03 69 0.005
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Table 2. Properties of the Auxetic material.

6 (degree) Ve UE U he(m)
-30 0.3 0.01 2 0.09

In this section, carbon reinforcements are applied to the top and bottom faces of the sandwich plate. The
properties of the carbon reinforcement are presented in Table (3).

Table 3. Properties of the carbon reinforcements.

E11(Gpa) Ey, (Gpa) v G(Gpa)  p(kg/m*®)  Venr(%) it M2 13

600 10 0.19 17.2 1400 12 1.2833 1.0556 1.0556

4. The effect of carbon reinforcements on system frequencies

Table (4) presents the natural frequencies of the sandwich plate with carbon reinforcements for free and
clamped boundary conditions. As can be seen, after the reinforcements are applied, the plate becomes stiffer and
the strength of the plate increases, which is why the frequency values have increased. Table (5) presents the natural
frequency values of the sandwich plate for different percentages of the reinforcement volume fraction. With an
increase in the reinforcement volume fraction (V.y7), the plate becomes stiffer and the natural frequency increases.
For better understanding, the results are presented in the form of a graph in Figure 2.

Table 4. Natural frequencies of sandwich panels with carbon reinforcements in simple and fixed conditions

Boundary conditions First frequency Second frequency Third frequency Forth frequency
Free 13.8766 33.4572 81.724 105.282
Clamped 26.8075 64.6874 129.342 154.234

Table 5. Natural frequencies of sandwich panels with carbon reinforcements in simple and fixed conditions

volume fraction (V¢yr) First frequency Second frequency Third frequency Forth frequency
0% 9.7085 26.2351 33.1985 46.2157
5% 11.3799 32.4614 33.0672 48.5197
10% 13.1678 32.6849 39.0781 50.3503
15% 14.9297 32.0446 45.5247 51.7655
20% 16.6517 31.1895 51.7914 52.8405
g
200}
150 |

—e— without CNTs

100 | —a— with CNTs
RO+
b
ﬂ 1 1 1 1 1
0.0 0.2 0.4 0.8 0.8 1.03

Figure 2. Variations of the first dimensionless frequency of a simply supported sandwich plate versus the aspect ratio with and

.without carbon reinforcement

5. The effect of the geometric parameter of the auxetic core on the system frequencies

Table (6) presents the effect of the geometric parameter of the auxetic core on the natural frequencies of the
system. As mentioned, n; = t/l means the ratio of the thickness of the auxetic core to its tooth length. As the value
of 7 increases, the natural frequencies decrease. In other words, assuming that the tooth length of the core is
constant, the greater the thickness of the auxetic core, the lower the natural frequency. In order to better understand
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the results, Figure (3) is presented. As can be seen in Figure (6), for values of 75 less than 0.1, the natural frequency
decreases more steeply.

Table 6. Changes in natural frequencies of sandwich plate auxetic changes in )3 of acoustic core

13 First frequency Second frequency Third frequency Forth frequency
0.01 27.4405 86.247 122.873 138.033
0.05 19.8031 66.1919 111.721 123.58
0.1 16.4832 52.7398 102.259 121.041
0.2 14.0032 52.3999 99.8923 120.419
0.3 13.123.6 38.0855 97.4582 119.112
g
- -D\D_
120 ™ o o o a
* - = =
100 | - o m o - EEE XTI
34]:_ —_—
- _ - %=
5 —o—
0r
[ .
2{'._ “’"""‘----------—---;._ ______________ .
PR PR BT PR B PR BT PR T S T T N | rJ.Ep
0.05 0.10 0.15 0.20 0.25 0.30

Figure 3. Changes in natural frequencies of sandwich plate against changes in 7)3 of the auxetic core
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