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ABSTRACT

This paper focuses on the influence of CNTs, porosity, mechanical and thermal loading on the
vibration and dynamic response of the sandwich functionally graded carbon nanotube-reinforced
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composite (FG-CNTRC) composite plate. The plate is made by three layers in which the core layer

is porous FGM materials, bottom and top surfaces are FG-CNTRC. The motion equations are given
based on Hamilton’s principle, TSDT, Galerkin method and the fourth-order Runge-Kutta method.
The numerical illustration is shown to examine the influence of various parameters such as poros-
ity distribution, CNTs volume fraction, geometrical parameters, elastic foundations, temperature,

mechanical loads on the dynamic behaviors of the plate.

HIGHLIGHTS

e The FG-CNTRC plates with porous core layer
e The vibration and nonlinear dynamic analysis
e Elastic foundation and temperature
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e Analytical solutions, Hamilton's principle with the high-order shear deflection theory is used
e Galerkin method and the fourth-order Runge-Kutta method are applied

1. Introduction

With the advantages of advanced functionally graded carbon
nanotube-reinforced composite (FG-CNTRC) materials such
as light, heat-resistant, scientists’ interest in them has
increased significantly over the past two decades through
peer-reviewed and published articles with different methods
and theories [1-5]. Over the past few years, carbon nano-
tubes with advanced mechanical properties such as hard,
light, and high-temperature resistance has become one of
the ingredients that enhances heat resistance, increasing the
durability of composite materials. Lin et al. investigated
aeroelastic characteristics and nonlinear response of FG-
CNTRC panel considering the transient heat. Shen, Liew,
Kiani and other authors [6-16] studied different modelings
of FG-CNTRC plates and shells resting on elastic founda-
tions under thermal and mechanical loads along with the
influence geometrical parameter, imperfection, volume frac-
tion CNTs by higher order shear theory. To evaluate the
role of volume fraction and distribution of CNTs on the
natural frequency of composite conical panels made of a
polymeric matrix reinforced, the first order shear deform-
ation shell theory (FSDT) and the Donnell’s theory were
used by Kiani [17]. Lei et al. [18] analyzed the free vibration

behaviors of functionally graded carbon nanotube (FG-
CNT) reinforced composite thick straight-sided quadrilateral
plates resting on Pasternak foundations by using IMLS-Ritz
method. Zhang et al. [19] used Reddy’s third-order shear
deformation theory (HSDT), the Hamilton’s principle and
the state-space Levy method to obtain the results about the
natural frequencies and vibration of FG-CNT reinforced
composite plates subjected to in-plane loads. Qin et al. [20]
combined the unified Fourier series with the first-order
shear deformation theory (FSDT) in order to solve the
vibration problem of FG-CNTRC cylindrical shells, conical
shells and annular plates subjected to general boundary con-
ditions. The used method in Qin’s paper has been verified
for its advantages, precision and convergence by numerical
examples. Jiao et al. [21] considered the effect of five types
of carbon nanotubes (CNTs) distribution on the dynamic
buckling behavior of FG-CNTRC cylindrical shell under
dynamic displacement load by using a semi-analytical. By
the Budiansky-Roth criterion, the dynamic critical buckling
condition of FG-CNTRC cylindrical shell is determined and
compared with different published papers. Khoa ND et al.
[22] researched the nonlinear dynamic response and vibra-
tion of FG-CNTs-reinforced composite cylindrical panels
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with the support elastic foundations subjected to mechanical,
thermal, and damping loads based on Reddy’s higher order
shear deformation shell theory.

In fact, the material manufacturing process has the appear-
ance of micro holes in the surface as well as inside the material.
This porosity factor directly affects the mechanical properties
of the material such as Young modulus, density. Therefore,
recently, there have been many studies focusing on investigat-
ing the effect of porosity on the static and dynamic response of
structures such as Foroutan et al. [23] investigated the nonlin-
ear dynamic and static hygrothermal buckling analysis of
imperfect functionally graded porous (FGP) cylindrical shells
under hygrothermal loading using the analytical and semi-ana-
Iytical solutions. In order to find the nonlinear dynamic hygro-
thermal buckling responses, the fourth-order Runge-Kutta
method is used. Due to the pore-network modeling needs
much less computational resources, while still retaining essen-
tials of the pore-structure information. So, a dynamic pore-net-
work model of air-water flow with phase change has been
developed with drainage processes through thin porous layers,
in which liquid water is the nonwetting phase was studied by
Qin et al. [24]. Jalaei and Thai [25] used Navier, Bolotin’s meth-
ods along with quasi-3D sinusoidal shear deformation plate
theory as well as nonlocal strain gradient theory (NSGT) to cal-
culate the dynamic instability of viscoelastic porous functionally
graded (FG) nanoplates under biaxial oscillating loading and
longitudinal magnetic field. Metal tailings porous concrete
(MTPC) not only holds good mechanical and physical proper-
ties but also reduces the environmental pollution caused by the
disposal of waste metal tailings. Thus, Li et al. [26] systematic-
ally investigated the strain rate effect on the dynamic mechan-
ical properties of MTPC. By using both Euler Bernoulli and
Timoshenko beam theories as well as a finite element method
(FEM), the free and forced vibration analyses of FGP beam
type structures were analyzed by Wu et al. [27]. Jalaei et al. [28]
presented dynamic instability of viscoelastic porous function-
ally graded (FG) nanobeam embedded on visco-Pasternak
medium subjected to an axially oscillating loading as well as a
magnetic field. In order to solve the problem and obtain the
results, employing Eringen’s differential law, Timoshenko beam
theory (TBT) and Bolotin’s method are approached. Chen et al.
[29] focused on the analysis of dynamic response and energy
absorption of closed-cell metal foams with different porosity
distributions by using FEM. By using the Reddy’s higher order
shear deformation theory and Galerkin method, the buckling
and post-buckling behavior of FG plates with the effect of por-
osity distribution characteristics (Porosity-I and Porosity-II)
along with the influence of geometrical parameters, elastic
foundations, material properties were investigated by Cong
et al. [30]. In order to investigate the influence of porosity and
temperature on the instabilities of porous FGM box beams,
Ziane et al. [31] proposed an analytical method as well as
Galerkin method and the commercial FEM code Abaqus to
verify the accuracy of the obtained results. Demirhan and
Taskin [32] studied the bending and free vibrationof FG plate
with the influence of porosity distribution on the property’s
material FG through the thickness of the structure by using
Hamilton principle and State-space approach.

Besides single-layer materials, laminated FG-CNTRC
material is attracting the attention of scientists in the world.
Safaei et al. [33] considered the modeling which is made
from one porous polymeric core and two carbon nanotube
(CNT)/polymer nanocomposite outer layers under thermal
gradient and mechanical loads. Eshelby-Mori-Tanaka’s
approach and a mesh-free method are used to observe ther-
moelastic static responses of Safaei’s modeling and it indi-
cated that the deflection of porous nanocomposite sandwich
plates did not change significantly when adding 5% of CNTs
volume fraction. Dynamic response of auxetic honeycomb
plates integrated with agglomerated CNT-reinforced face
sheets subjected to blast load based on visco-sinusoidal the-
ory was proposed by Hajmohammad et al. [34]. Natarajan
et al. [35] mentioned the application of the higher-order
structural theory to bending and free vibration analysis of
sandwich plates with CNT reinforced composite face sheets.
Nonlinear vibration and bending of sandwich plates with
nanotube-reinforced composite face sheets were investigated
by Wang and Shen in [36]. Saidi et al. [37] presented the
vibration and stability analysis of porous plates reinforced
by graphene platelets under aerodynamic loading.

From literature review, the modeling which has not been
proposed from previous studies: the sandwich plate is made by
three layers in which the core layer is porous functionally
graded material (FGM), bottom and top surfaces are FG-
CNTRC. In order to achieve the set goals of this study as the
effect of porosity and CNTs on the dynamic response and
vibration of FG-CNTRC sandwich plates, analytical solutions,
Reddy’s third-order shear deformation plate theory and
Galerkin method are used. The natural frequencies of the por-
ous sandwich plate (PSP) are obtained by applying the fourth-
order Runge-Kutta method. Moreover, the influence of geo-
metrical parameters, temperature, elastic foundations and
imperfections are indicated. The obtained results also indicated
that porosity is a defect of the material and reduces material
properties but it will be limited by the reinforcement of two
layers of CNTs. Especially, in order to increase the reliability of
using the analytical method, the obtained results are assessed
by comparison with the results of other author’s publications.

The other novelty of this work also is using the analytical
method while other authors often used the FEM, so vibra-
tion frequencies and dynamic responses are expressed expli-
citly through the initial parameters and thus changing these
parameters we can actively control the vibration and
dynamic behaviors of the structures.

2. Modeling of the PSP with CNTRC face sheets
2.1. The configuration of modeling

The space coordinate system and geometrical configuration
of modeling are shown in Figure la and b. Considering the
modeling is made by three layers in which middle layers is
the porous core, top and bottom are FGM is reinforced by
CNTs with

a : length, b : width,

h = h. + 2hy : total thickness, core thickness and thickness
of face layers respectively, k; is Winkler foundation modulus,
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(b)

Figure 1. (a) PSP with three layers: FG-CNTRC bottom face sheet, core layers and top face sheet. (b) PSP resting on elastic foundations is placed on a space coordin-

ate system (x,y,2).

k, is the shear layer foundation stiffness of Pasternak model,

u,v,w are displacement components corresponding to the
coordinates (x,,2), ¢, @, are the slopes of the transverse
normal about the x and y axes at z = 0, respectively.

2.1.1. Porous core

Assume that the middle layer of the modeling is made by FGP
material and it shows in Figure 2. The variation of elastic
modulus, the density and thermal expansion coefficient
through the thickness direction of the PSP are shown as [38]:

E° = El[l — eol(z)],

P = pi[l —emA(2)], 1)
of = o[l — eni(2)].

in which

2 Uniform distribution

cos (£
e

nz 7w . . e
cos (ﬁ + 7> Non — uniform asymmetric porosity distribution type 2
c

2 Non — uniform symmetric porosity distribution type 1
Nz) =

4

ey and e,, denotes the coefficient of porosity and mass dens-
ity and can determine as [38]:

e —1———1—@-(0<e <1)

0= E G 0=es=l)
em =1—+/1—¢p.

with G;,G, is maximum and minimum value of shear’s

modulus for non-porosity distribution, E;(i =1,2) are the

corresponding extremum values of elastic modulus.

In the case of uniform porosity distribution, the elastic
modulus will be constant. In other words, the elastic modu-
lus will not change according to the thickness of the core
layer and will be determined by the following Eq. (3) and is
shown in Figure 2a.

2
1 1/2 2
)L:———(E\/l—eo—g+l>. (3)

€ €

2)

From Figure 2, it can be seen that the porous (type 1)
will be distributed more on the two surfaces of the core
layer and the porous will decrease when near the middle
surface of the core layer (symmetrical through the x-axis).
In other words, it can be described that the elastic modulus

reaches the highest value E, at the surface of the core layer
and decreases with Eq. (2) and elastic modulus reaches the
minimum value E, at the middle surface of the core layer.
The distribution of the porosity type 2 is not the same as
the distribution of the porosity type 1, the porosity type 2
will be distributed more on one surface and gradually
reduced to the other surface according to Eq. (2). It can be
described that the elastic modulus reaches the highest value
E; at the surface of the core layer and reaches the minimum
value E, at the other surface.

For the homogeneous core layer, the titanium alloy
(Ti-6Al1-4V) is chosen with the material properties are
assumed to express as a nonlinear function of temperature
expects for Position ratio and mass density.

vy =029, p, = 4429kg/m’ E; = 122.56(1 — 4.586 x 10~*T)GPa,
o = 7.5788(1 4 6.638 x 1074T + 3.147 x 107°T?) x 10~°/K.
(4)

2.1.2. Face sheets

In this study, the face sheets (top face-sheet and bottom
face-sheet) is an FG reinforced by nanocarbon tubes with
the purpose of increasing the structural strength, called FG-
CNTRC material. Currently, FG-CNTRC material is divided
into five categories namely FG-O, FG-V, FG-X, UD and
FG-A based on the distribution of nanotubes according to
the thickness as shown in Figure 3. The distribution of
nanocarbon tubes in the FG material is shown in Figure 4
and the volume change is shown in the equation below [39]:
FG-AV: top face-sheet is made by the FG-V type carbon
nanotube-reinforced composite and bottom face-sheet is
made by FG-A type carbon nanotube reinforced composite

—h
( - h )2V(’5NT bottom face

ho —h
Venr(z) =< 0 middleface
]’12 —Z «
( P ) 2Vinr  topface

Vm(Z) =1- VCNT(Z).

FG-OO: both face sheets are made by FG-O type carbon
nanotube-reinforced composite
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(2)

Figure 2. Different porosity distribution in porous cores.

uUD
Figure 3. Configurations of CNTRCs: FG-A, FG-V, FG-X, FG-O and UD.

) Viyr bottom face

middle face,

2 <1 - ) Vinr  topface

Vm(Z) =1- VCNT(Z)'

FG-XX: both face sheets is made by FG-X type carbon
nanotube -reinforced composite

ho+hy —2
2(] M [)Véyr bottom face
hy — hy
Venr(z) =4 0 middle face 5)
hy+h; —2
2(] % |)Vinr topface
hy — h;
Vm(Z) =1- VCNT(Z)-
with
WeNT
Vi = . (6
N P gy onr + wonr + (Povt/ Pm) :

in which wenr is the mass fraction of CNTs, peyr is the
density of CNTs, p,, is the density of matrix.

According to Refs. [6-11], the properties of the FG-
CNTRC material as Young’s modulus and shear modulus
dependent on Young’s and shear modulus of the CNT

E (G, p) E(G,,p,)
E(Gy,p,) X e
=
S :
EZ(GJ'/)I)
El(Gl‘pl)

(©

ENT EENT GENT| mechanical properties of the matrix
E,. Gp, the volume fractions of the CNT Vcyr and the vol-
ume matrix V,, and the CNT efficiency parameters #;(i =

1,3). It is determined as:

1,/ Es = Venr JESNT + Vi, /Eps
Eyy = VentEQN" + ViuEp, (7)
1’]3/G12 = VCNT/GgVT + Vm/Gm.

The material properties of the matrix are determined as [6-11]:

Vm = 0.34,E,, = (3.52 — 0.0034T)GPa,

(8)
= 45(1 + 0.0005AT) x 10~°/K.

with T = Ty + AT, AT is the temperature increment in the
environment and Ty = 300K (room temperature).

For the carbon nanotubes, the material properties of
(10,10) SWCNTs as Elastic modulus ESNT ESNT, Shear
modulus GNT and «NT, 0N thermal expansion coeffi-
cients are obtained with temperature change. According to
Shen and Xiang [9], these properties at five certain tempera-
ture levels, i.e. T = 300,400, 500,700,1000 are shown in
Table 1 with h = 0.067m and vNT = 0.175.

By matching the properties of FG-CNTRC material as
the shear modulus G;, and Young’s modulus E;; and E,
the CNT efficiency parameters #,(i = 1,3) used in Eq. (7)
are estimated. For three different volume fractions of CNTs,
these parameters are determined in Table 2 [6-11].

The effective Poisson’s ratio is defined as function on
temperature change and position [6-11]:

CNT
Vip = VéNTVIZ + Vme. (9)
where NT is the Poisson’s ratio of the CNT,v,, is the

Poisson’s ratio of the matrix.

The thermal expansion coefficients in the longitudinal
and transverse directions of the CNTRCs are expressed by
Refs. [6-11]

EleT VCNTOCICINT + Em VmOCm
% = ECNTV
11 CNT + Eme
O = Vma(l + Vm)m + VCNTOC2CZNT(1 + VlczNT) — V2.

(10)

>

with ofNT,aSNT is the thermal expansion coefficients of the

CNT, oy, is the thermal expansion coefficients of the matrix.
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hy
h, X
' h
hy
)/ ----------------------------- /
(a) (b) (c)
Figure 4. The face sheets are reinforced with various types of CNTs.
Table 1. Temperature-dependent material properties for (10, 10) SWCNTSs. Table 2. The CNT efficiency parameters for (10, 10).
T(K) 300 400 500 700 1000 Rule of mixture
CNT( %1078 /K) 5.1682 5.0905 5.0189 4.8943 47532 e " ,12 s
otn NT(% 10~ 6/K) 3.4584 4.1496 4.5361 4.5361 4.2800 012 0137 1022 0715
ESNT (TPa) 7.0800 6.9814 6.9348 6.8641 66220 (17 0142 1626 1138
GCNI (TPa) 1.9445 1.9703 1.9643 1.9644 1.9451 0.28 0.141 1.585 1.109
ECNT(TPa) 5.6466 5.5679 5.5308 54744 5.2814
. . 99,
2.2, Basic equations -
Kl Ox
In order to analyze the mechanical behavior of PSP with k)f 09,
supported by elastic foundations under thermal load and y | = dy ’
mechanical load, Reddy’s third-order shear deformation k}cy op. 0
plate theory is proposed to use. 8yx + 7;
. . [ 9, Pw ]
2.2.1. Displacements and strains _ ;" + W
The displacement of PSP in three direction are (x,y,z), k; 5 x x (13)
respectively. In z=0 of PSP, ¢,, ¢, show angle of rotation | =—¢ Py +
about y and x, respectively. The normal strains are shown k3y 8)/ 8)/
in Eq. (11) via displacements u,v,w and angle of rotation % | 8¢x (,ZSy
b Oy accordmg to Ref. [17] (9)/ dy +2 8x8y
Ou L1 (814/) ) ow +é
&0 Ox Ox 8w+ " ke 3¢ ox 7
x 0 = = —3
O | Ov 1 /0w 2 Vxz 3 Ox * kiz 8_W
- b — | = > —aC - + (,Z’)
y ? + P 0 ow dy y
0 y 2\ 0y Vyz —+ 0,
v ou N v Owow dy
| Oy  Ox Ox Oy |

(11)

According to von Karman nonlinear terms and Reddy’s

third order shear deformation plate theory (TSDT), the
strain—displacement relations are given as [17]
e [ ke k
& | = ?2 +z k} + 2 k3 ,
w7 ks kiy (12)
i [0 2
sz _ )(;z + Zz k)ch .
sz yz kyz

with

2.2.2. Motion equations and Hook’s law
The geometrical compatibility equation for an imperfect PSP
is written as [17]

0 0 0 Pw’ 2 2
Sx,yy - yxy,xy + Sy,xx = axay - W,xxw,yy
(14)
5 o OPwOw i
+2w oWy T 52 dy> ¥

in which imperfection function w*(x,y) denotes initial small
imperfection of PSP.

According to the Hooke’s law, the relationships between
stress and strain for the porous core take into account the
effect of temperature are shown as [22]
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O xx Clcl Clcz 0 0 0 ( ) — o AT
Oyy C, C, 0 0 0 () — 02AT
oyl =]0 0 Cg 0 0 (&)c
Oz 0 0 o0 C5 o (&xz)¢
%z1c 0o 0 0 0 C (&2)c
(15a)
where
C CcpC
€ _C _ E cc _ vvE
n=%4m= 2012 = 2>
1—(v©) 1—(v©)
EC
Co=C5=C=——.
66 44 557 501 +49)

The relationship stress and deformation of an FG-
CNTRC with temperature-dependent properties are
expressed through Hooke’s law as [17]

(8xx) - duAT

Oxx Ch Cp, 0 0 0 'f
Oyy Ch Cpn O 0 0 (3yy)f — 0 AT
Oxy = 0 0 Cee 0 0 (bxy)f
Oxz 0 0 0 C44 0 (sz)f
U}’Z f 0 0 0 0 C55 1 (gyz)f
(15b)
where
E E
Cn= Pt Ch = 2 Cu =G,
1 —vpvy 1 —wvpvy
E
Ca = G23,C55 = G13,Cpp = %
— Vil

and we assume that Gy3 = Gy and Gy;3 = 1.2Gq,.
The force and moment resultants of PSP are expressed by

hy hy

2

J ol (1,2,2°)dz + J c<(1,2,2%)dz

hy hy
—3hs -3

(Ni)Miapi) =

+
J ol (1,2,2°)dz,i = x,y,xy,
iy

(16)

_|_
o
/:
N
&
I
=
=

ON, 0N, —u — P, — Fw
= — A, ——E— _— 17
ox "oy MgE Thege Nagage (7
ONy, ON, — 0% Pp, — Pw
el vy v s iy AL O
Ox dy ! 8t2 2o 3 0120y (176)

0Q, 9Q, OR, OR, o’p, _9*P, P,
=2 _ - 2
Ox + dy 3cl<8x + dy ta Oox? + 8x8y+ 0y?

NN NI
R, R, 1T M ox
o o
+2ny%’+Nya—yZ/—k1W+kzv2W
Pw ow Pu P,
—A 2¢A A A
Vor TR g T G T Brax
Pv P9 o*w o*w
AL PN ic A=y W Al S
T gpa, T Mooy~ N\ o T aray
(17¢)
aMx X 8Px
OMy My 4 3eiR, — o (L 4 o
Ox oy Ox Oy (17d)
T azu 82¢X—A_ Pw
290 T~ Mgpge
My OMy sp (PP, 0P
ox Ty Q@ tIak ax | 9y
v ¢ FPw (17€)
=N st Ay A
o or o1y

in which ¢ is the viscous damping coefficient and

(Ab AZ) A3s A4) ASs A7)
—hc/2
= J ps(2)(1,2,2°,2°,2%,2°)dz
“hfhe/2
he/2
+ J p.(2)(1,2,2%,2°, 2%, 2°)dz
—he/2
he/2-+hf
+ J pr(2)(1,2,2%,2°,2",2°)dz,
he/2
A_l = Al) A_Z = AZ - C1A4> A_3 = C1A4’
A_4 = A3 - 2C1A5 + C§A7, A_5 = C1A5 — C%A7.

(18)

Substitution of Egs. (12) into Egs. (15) and the result
into Egs. (16) yields the constitutive relations as

N, = T1182 + T1282 + an,l( + lek}l, + Luki + lek; - @y,
N, = Tusﬂ + T2282 + lek,lc + szk; + leki + Lzzk; — @,
Ny = Tss)’gy + Hssk)lcy + Lsskiya

Mx = HHSg + H1282 + Kllkglc + Kllkj, + Yllki + lek; — q)g,,
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M, = Hype) + szgg + Kokl + Kzzk; + Yok + Yzzkj — @y, —he/2 ~h/2

Mxy — Héé'ygy + Kﬁﬁkglcy + Y66k)?:),a O; = J Cpi00112zATdz + J Ci2022zATdz
Py = Lye) + Ling) + Yk, + Yiok, + Okl + Ok — ®s, ~hy—he/2 —hy—he/2
Py = Liz&) + Lage) + Yiok, + Yaok) + Okl + Ok — @, he/2 he/2

pxy — L66V2y+ Y66kjlcy + O66k,3c , + J CllalleTdZ+ J C]zOszZATdZ

—h./2 —h./2
Q= T44“/22 + K44k,zcz, Q= Tss)’gz + Ksskiza / /
he+h, he+h,
R, = Dy)?, + Fuk’,, R, = Dssygz + Fsskiza ythl2 yHhed2
(19) + J C]]O(]]ZATdZ + J C]zOszZATdZ,
h, he
in which 2 /2
2 he/2 —h/2 “h/2
(Tkl)Dkl)Fkl) = J Cij(l) 22) 24)dZ + J Cij(l, ZZ) Z4>dZ (I)4 = J CleCHZATdZ + J szOszZATdZ
—hg—h/2 —h./)2 —hg—hc/2 —hg—h/2
he/2-+hy he/2 he/2
+ J Cij(l,zz,z4)dz, kl = 44,55, + J Ci20112ATdz + J Car0222ATdz (20)
hc/2 _hc/2 _hc/2
hf+hc/2 hf+h:/2
(Ti') Hl”) Kl]) Ll]) Yi') Ol])
“h )2 + C]zO(]]ZATdZ + szOszZATdZ,
h, he
— J Cij(l,z,zz,z3,z4, zﬁ)dz /2 /2
—hy—hc/2 —h:/2 —he/2
he/2 (I)S = J C11a1123ATdZ + J C120C22Z3ATdZ
+ J Ci(1,2,2%,2%,2%,2%)dz ~hg=he/2 —hy—he/2
“h/)2 he/2 he/2
he[2+hy + J C110(1123ATdZ + J C12a2223Asz
+ J Ci(1,2,2%,2°,2%,2%)dz, ij = 11,12,22,66, i) i)
he/2 hy+he/2 hy+he/2
—h./2 —h./2
/ / + J C]]O(]]Z3ATdZ + J C]zOszZsATdZ,
(I)l = J CllOCUATdZ + J CuOszATdZ
he/2 he/2
—hy—hc/2 —hs—h./2
—h/2 “he/)2
he/2 he/2
_ 3 3
+ J C]]O(]]ATdZ + J C]zOszATdZ (D6 = J CnOC]]Z ATdz + J szOszZ ATdz
s 2 —hy—he/2 —hy—he/2
hy+he/2 hyt+he/2 he/2 he/2
3 3
+ J C]]O(]]ATdZ + J ClZOCZZATdZa + J Clzfxnz ATdZ + J C22(X22Z ATdZ
—he/2 —he/2
he/2 he/2
iy 2 hp+he /2 hy+he/2
3 3
(DZ — J Clzoansz + J szofzzATdZ + J Clzac“z ATdz + J szO(zzZ ATdz.
—hy—h/2 —hy—h,/2 he/2 he/2
he/2 he/2
+ J Cra01ATdz + J Cr022ATdz 2.2.3. Conversion equation
“h/2 —h/2 The Airy’s stress function Y(x, y,t) is defined as [22]
hy+he/2 hy+he/2 N, = lﬁ,yy,Ny =Y 0Ny = ﬂp’xy, (21)

+ J Crpo ATdz + J Cr0,ATdz. From the constitutive relations (20) with Eq. (21), one
he/2 he/2 can write:
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&= Ay o —

Alzl//,xx + A13¢x,xx + A14¢y,xx -

c1hys(

—alA(wy +,y) + Ap @1+ AD,,

‘52 = Alewb,xx -

Alzlp,yy + A23¢x,x + A24¢y,y -

15 (W,xx + ¢y x)

=1y (w,yy + d)y»}’) + Ay @1 + Ay @),

V?cy = _A31lp,xy + Asz(d)x‘y + ¢y,x) - ClA33(2W,xy + d)x»y + ¢y,x)~
(22)
with
Ty T,
A=TnTy - Th Ay, = X’Alz A
Hyy Ty, — Hi Ty
Y
Hy Ty — Hix Ty LixTy — LinTo
Ay = f’/\w - A
Loy Tia — L1 Ty
Ay = - A
T T1a Ty
A17:T>A182_T>A21:T7 (23)
HyTy — HipTny Hy Ty — Hyp Ty
An==—"px M=
LTy — LTy LTy — LTy
Ay = f’[\% =T A
T1a T1
Ay = _T’Azs A
1 Hee Les
A = —, A = — > A = — .
31 T66 32 T66 33 T66
Imposing Eq. (21) into Eqgs. (17a) and (17b) yields
0u A_
w = ¢x u+ A — W, ttx> (24a)
1
v A; F
—_— = ¢ ” z w, ty- (24b)
o2 Y A]
By substituting Eqs. (24a) and (24b) into Egs. (17¢)-(17e)
leads to
OM, OM OP, 0P
. e Qi +3caRy— ¢ : + z
Ox Oy Ox Oy
(25a)
_ ¢ P, = Pw
> o > Or0x’
0Q, 0 R, OR
Q0% 5 (ORe | 0K
Ox Oy Ox Oy
O*P, O*Py, O’P, O*w
2 -
* ( 0x? + Oxdy — Oy? A 0x?
82 2 b
_wxyaxa +lﬁxxaz+q kiw+ V2w (25D)
O*w ow = B¢, P,
=A— +2A A A
Vo TN G A ot A gy
= O'w = O'w
A A ,
T onee TV apap

W,XX + d)x,xx)

My My N oP,, 0P,
ax oy 2T T A0 oy
2¢ — 5w (25¢)
A%W_Sww
in which

—_— J— N2 — = — —\2
A=A~ (8)' /AL = A - (K) /A,
As = As — Ay A /AL,
Dot (20
AL = AL = AA/ALA; = (A5) /AL — 3N,
X?Z( )/A*—CA7

Inserting Egs. (11), (12) into Eq. (19) and then into Egs.
(25) gives

SA11(w) + SA12(¢,) + SA13(¢y) + SAw(Y)
+ SA(W, lp) + q= Alw,tt + 28A1W’t
+ A_Sd)x, ttx + A_zd)y, tty + A_7W, tixx + A_;W, ttyys

SAz (W) + SAn(¢,) + SA2 ()
+845,() = Asy
SAs1(w) + SAs () + SAs3 (¢,
+ 845, (1) = Ay — A

it
in which linear parameters SA,»j(i =1,3; j=14
detail of coefficients TBy;(i = 1,12), TBy(j = 1,
1,8) are defined in Appendix A.
For an imperfect PSP, Eqgs. (27) may be transformed to
the form as

SA11(w) 4+ SA12(¢h,) + SA3 (¢y) + SA14(Y)
+ SA(w, ) + SAT (W") + SA* (W', )
+q=Awu+2eAw; + A:5¢x,ttx

—As W, ttxs

— (27)
— A; W, tty-

,SA and the
), TB3k(k =

+ A_;(l)y, tty + A:7W, ttox T A_;W, ttyy>
SAzl(W) + SAZZ(d)x) + SA23 (d)y) + SA24(¢)

+ SA3, (w") = A:3¢x t— AZSW, thx>
SA31(W) + SA32(¢ ) + SA33 ((]5 ) + SA34(lp)

+ 85 (W) = A* d)y tt

(28)

Asw,tty.
in which
SATI (W*) = TBHW +TB12Wyy,

SA” (W*> l//) - ,yyw,xx - zw,xyw,xy + lp,xxw,*yy’
SAZ (w") = TByw',, SA5 (w*) =

(29)

*
T31W)y.

Introduction of Egs. (22) into Eq. (14) gives the compati-
bility equation of the imperfect PSP as



AZl‘//,xxxx + All‘//,yyyy + Vllp,xxyy + V2¢x,xxx + V3d)x,xyy + V4d’y,yyy

F Vs, e = 1AW xoee — CLAGW, yypy + T6W, 0y

. (WH P Pw awawawawawaw) _
0x0y OxQy Oxdy  0x* Jy*>  Ox? Oy*  Jy> Ox*
(30)
where
Vi==2AL+ A, Vo= —aAs + Ay,
Ve = 2015 — ciA 5 — 1Ay,

Vi= =l + A Vs = alg + Ay — alhyg — Ay,
Vs =als + A —al;; = Ay,

31)
In order to research vibration and dynamic response of

imperfect PSP, nonlinear Eqgs. (28) and (30) are used with
W, ¢, ¢, and Y are variables.

2.3. Nonlinear dynamic response

2.3.1. Boundary conditions

The four edges of imperfect PSP are assumed to be immov-
able and simply supported. Thus, the boundary conditions
are determined as [22]

Px(x2:t) D) 0 0
w(xy,t) » = w() 0
by (% 351) 0 0 Dy(1)

(32)
COS Amx Sin 0,y
X ¢ sin Apyxsiné,y

sin A, x cos 0,y

in which 4,, = mn/a,d, = nn/b, and m,n are mode of the
buckling; @y, ®, are amplitude of the angel of rotation;W is
amplitude of the defection. In this assumption, the initial
geometry imperfection w* is introduced, it is defined same
as form of deflection, i.e.

w (X, pt) =

where W, = ph is amplitude of the small imperfect func-
tion, and 0 < u <1 is imperfection parameter.

Replacing Egs. (32), (33) into Eq. (30) and solving
obtained equation for stress functiony(x, y, t) leads to:

Y (%, t) = Xi(t) cos 24,x + X5 (t) cos 20,y

1 1
+ X;(¢) sin A,,xsin 0,y + ENyoxz + ENxOyz'

Wo sin Apx sin d,y. (33)

(34)
with
52 2,
Xy = —"— W(W + 2uh W(W + 2k
A ( uh), X T 321,02 ( Hh),
(35)
X; = F;W + O, + F0,. (35)

and
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F = CIAZS;Lfn + C1A166i — Vé;uiéi
1 — I >
F - — (V22 + V32,,6%) - —(V4d +Vs2248,)  (36)
1 ’ I ’

= A, 2+ V2202 + A, o8.
Replacing Egs. (32-34) into Eq. (28) and then applying
Galerkin method to the resulting equation yields

san W + sap®@, + saiz®, + sa, (W + uh)®y + sa (W + uh)®,

+ [)’1 — N/, — Nyo‘si] (W + ph) + 3, W(W + uh)

+ysW(W + 2uh) + yaW(W + ph)(W 4+ 2uh)
= PO, = 9’0
+y5q = AW,y + 26M W, — Awhs — oz nAs 8t2y’
37
sanW + san®, + say®, + ys(W + ph) + y; W(W + 2uh) ( )
— — W
= A0, As ,
3@ — AmAs — - G
sasyW + saz, @y + saz; @, + ys(W + ph) + yoW(W + 2uh)
= N
=AN®yy — 0uA; — 5 CToR

in which the detail of coefficients say;(i =1,5),sau(j =

2,3,k =1,3),y,u(m =1,9) may be found in Appendix B.

2.3.2. Nonlinear vibration of PSP under thermal loadings

A simply supported PSP with immovable edges under ther-
mal loads are considered. The condition expressing the
immovability on the edges u =0 on x =0,a and v =0 on

y =0, b is fulfilled on the average sense as [22]

<

(38)

=

S ——

Jg— dxdy = 0,
0

From Egs. (11) and (22), one can obtain the following
expressions in which Eq. (21)

b
Ja—dydx =0.
0

x|
St &

Ou O o 0o, o, Pw 9,
pe /\11a ) /\128 5+ Aus Ox +Au—4— ay — s WJF O
*w 0¢ 1(ow\® owow
C1A16<0 > +[)yy> +/\17‘D1+A18‘D2*5(a> o o
v Pf o*f o, Pw 9,
8—}/*/\ Fe) A1282+A238 8}/761/\25 F+ ox
w0, 1 /ow\> Owdw*
— a1l (6)/2 + 8}/) + Ay @1 + A @, — 3 (87y> oy
(39)

For to have Eq. (40), Eqs. (32-34) are used together with
Eq. (38), the obtained results into Eq. (38). We have

=AW+ fs(W + 2uh)W + O + 3@, + fs@1 + fD,,
Nyo —81W+g4(W+2ﬂh)W + 8Os -|-g3(1) +85D1 + gD,

(40)

1,6) are noted in

in which parameters fi(i =1,6),g(i =

Appendix C.
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Table 3. The properties of material, is selected for the matrix.

Material E (GPa) p(kg/m?) v a/K
PmPV (3.51 — 0.0047T) 1150 03 45(1 4 0.0005AT) x 106
PMMA (3.52 — 0.0034T) 1150 0.34 45(1 4 0.0005AT) x 1076
Ti-6Al-4V 122.56(1 — 0.004568T) 4429 0.29 7.5788(6.638 x 1074T — 3.147 x 107°72)
san W + sa;n @y + sa;3 @, + sah(W + uh)®, [35] based on the higher-order structural theory with varia-
bles value as core to face sheet thickness h./hf and CNTs
+ salS(W +un® —|—y1(W +4uh) volume fraction Veyr. It can be observed fror/nfTable 3 that
+yW(W + ph) + ys W(W + 2puh) the discrepancy in the dimensionless frequencies in three
+ YA W(W + ph)(W + 2uh) cases is not significant. In the case of comparison with
PW oW — 920, — PO, Wang and Shen [36], the largest difference is about 0.0808%
+y5q=No—5 o +2eA —— o — ImAs ——= IR — 8,AL 2 ET with h./hs = 4 and Veyr = 0.17. In the case of comparison
with Natarajan et al. [35], the largest difference is about
sanW + saz®s + s @y + ys(W + puh) 0.1105% with h./h; =4 and Venr = 0.28. Besides, Table 4
4y W(W + 2uh) = A, L = 0D, ) A_saz , has remarkable value with h./h; = 6 and Veyr = 0.17, the
or? o dimensionless frequencies are not changed.
sazi W + saz @, + saz3 @, + ys(W + ph) + yoW(W + 2uh) Next, with the effect of CNTs volume fraction, mode (m, n)
— %D, — W and distribution of CNTs, the comparison of the non-dimen-
=A, 9 t2 — Sul\s 5 o sionless frequencies with Shen and Wang [8] based on a higher-
(41) order shear deformation plate theory and Zhu et al. [7] based on

In order to obtain Eq. (41), Eq. (40) is replaced into Egs.
(37) and in which sal,,sals,yl, ¥l yi are noted in
Appendix C.

Equation (41) is the basic equation governing of the non-
linear vibration for imperfect PSP supported by elastic foun-
dations in thermal environment. To solve this equation, the
fourth-order Runge-Kutta method is used.

2.3.3. Natural frequency
In the case of ¢ =0, the natural frequencies of the perfect
can be determined by solving the following equation

sain +y! + Aow®  sap; — imAZSOJ2 sapz — (5n/\:’§w2
sax + Y — imAZSw2 Sayy + A:3w2 sas =0.
saz; +ys — 5n/\—;w2 sas; sass + /\_gco2
(42)

3. Results and discussion

After establishing Eqs. (41-42) for the dynamic response
and natural frequency of the PSP with the influence of geo-
metrical parameters, imperfection, elastic foundations, the
volume fraction of CNTs and type of porosity distribution.
The numerical results will be presented in this section. For
the face sheets, the nano carbon tubes are arranged in the
matrix, are made of poly (methyl methacrylate), mentioned
as PMMA; PmPV or Ti-6Al-4V. Based on [40], the material
properties of the three materials are shown in Table 3.

3.1. Validation of modeling

In order to increase the authenticity of this study, cross-
checking the results is considered as one of the important
parts. Table 4 shows the numerical results of this paper are
compared to the results of Wang [36] and Natarajan et al.

the first-order shear deformation plate theory are tabulated in
Table 5. Generally, the nondimensionless frequencies are not too
different, it can explain due to used methods. Furthermore, the
nondimensionless frequencies will increase when the CNTs vol-
ume fraction, mode (m, n) raise. Among two types: FG-O and
FG-X, the nondimensionless frequencies with FG-X give a higher
value than the non-dimensionless frequencies with FG-O.

According to the above comments and Tables 4 and 5;
we can see that the results of this paper are quite similar to
the existing results. Therefore, it demonstrates that the
approach, present method and the obtained results in this
research are reliable and accurate.

3.2. Natural frequency

The influence of distribution of CNTs, width to total thick-
ness ratio b/h and temperature changes on the natural fre-
quencies are presented in Table 6. The natural frequencies
of PSP will decrease when the temperature or ratiob/h raise.
In addition, FG-V will have the highest natural frequency in
three cases: FG-OO, FG-AV and FG-XX. In contrast, the
lowest natural frequency will be the case FG-OO.

The natural frequencies of PSP with the effect of porosity
distribution, length to weight ratio a/b and core to face
sheet thickness h./hs are recognized in Table 6. It can be
seen that the ratio a/b raises results in natural frequencies
of PSP decrease. It is interesting that the type porosity dis-
tribution has the positive effect on the modelings.
Specifically, the porosity distribution is nonuniform symmet-
ric will give the natural frequencies value higher than the
remaining two porosity distribution types. Uniform distribu-
tion will obtain the lowest natural frequencies in three cases:
Uniform distribution, nonuniform symmetric porosity distri-
bution, nonuniform asymmetric porosity distribution.

Table 7 shows the influence of CNTs volume fraction
Venr, the coefficient of porosity ep and elastic foundations
on the natural frequencies of PSP. The natural frequencies
of modelings will raise when CNTs volume fraction Venr,



Table 4. Comparison of the dimensionless frequencies Q = Q(a2/h)\/p./E.

for sandwich plates with CNTRC face sheets in thermal environ-
ments (a/b =1,b/h = 20).
he/h¢ Source Venr =012 Venr =017 Venr = 0.28
4 Wang and Shen [36] 4.6845 5.0763 57131
Natarajan et al. [35] 4.6808 5.0697 5.7025
Present 4.6819 5.0722 5.7088
6 Wang and Shen [36] 49119 5.1905 5.6569
Natarajan et al. [35] 49111 5.1881 5.6524
Present 49103 5.1881 5.6544
8 Wang and Shen [35] 5.0775 5.2927 5.6588
Present 5.0764 5.2909 5.6571
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Table 6. The natural frequencies of PSP with the effect of type distribution of
CNTs, weight to total thickness ratio b/h and thermal loadings.

AT Face sheet b/h=10 b/h =15 b/h =120
0 FG-00 12091.6 8182.9 6170.3
FG-AV 12168.3 82349 6209.7
FG-XX 12096.2 8185.8 6172.5
50 FG-00 11445.4 73221 5040.1
FG-AV 11525.7 7379.7 5087.8
FG-XX 11450.3 73254 5042.8
100 FG-00 10709.7 6256.1 3404.5
FG-AV 10795.0 6323.1 34742
FG-XX 10714.8 6257.0 3408.4

Table 5. Comparison of the nondimensionless frequencies @ =
Q(a?/h)+/po/Eo of CNTRC plates (a/b = 1,b/h = 50,T = 300K).

Vey~ Mode  Source  Shen and Wang [8] Zhu et al. [7] Present

0.1 (1,1) FG-O 14.138 14.302 14.264

FG-X 23.143 22.984 23.024

(1,2) FG-O 18.950 19.373 19.249

FG-X 27.263 26.784 26.718

014  (1,1) FG-O 15.667 15.801 15.796

FG-X 25.831 25.555 25.670

(1,2) FG-O 20.184 20.563 20.478

FG-X 29.879 29.192 29.196

017 (1,1) FG-O 17.351 17.544 17.506

FG-X 28.625 28.413 28.421

(1,2) FG-O 23.283 23.783 23.659

FG-X 34.034 33.434 33.293

the coefficient of porosity e, or elastic foundations increase.
Elastic foundations are one remarkable point in Table 8
because elastic foundations have a significant influence on
the natural frequencies of PSP than CNTs volume fraction
Venr, the coefficient of porosity eg. Especially, the natural
frequencies of modelings will raise about three times when
PSP is associated with Winkler foundation and Pasternak
foundations.

The influence of matrix material and mode (m, n) on the
natural frequencies of PSP are depicted in Table 9. It is clear
that Ti-6Al-4V has the largest elastic modulus (Table 3)
because the matrix material Ti-6Al-4V will give the highest
natural frequencies value. Moreover, the face sheet FG-AV
has effect beneficial than FG-XX and FG-OO on the natural
frequencies. In contrast, in three types of face sheets, FG-
OO has the worst influence. The natural frequencies of PSP
also raise when mode (m, n) increases.

3.3. Dynamic responses

3.3.1. The effect of volume fraction CNTs, porous distribu-
tion and material of matrix

A study on the influence of matrix materials are carried out
and remarkable results are shown in Figure 5. Three matrix
materials are considered as PMMA; PmPV or Ti-6Al-4V. It
can be seen that Ti-6Al-4V denotes positive influence on
the amplitude deflection-time curve of PSP because elastic
modulus of Ti-6Al-4V is the biggest. In this case, T=0,
modulus of Ti-6Al-4V is 122.56 GPA much bigger modulus
of PmPV and PMMA are 3.51 and 3.52 GPA, respectively.

Table 7. The influence of CNTs volume fraction Vcyr, the coefficient of poros-
ity eo and elastic foundations on the natural frequencies of PSP.

€p (k1,k2) VCNT =0.12 VCNT =0.17 VCNT =0.28
0 (0,0) 6199.7 6461.9 6909.1
(0.1,0) 6409.0 6662.7 7097.0
(0.1,0.02) 17362.0 17452.3 17612.0
0.2 (0,0) 6209.7 6487.9 6960.9
(0.1,0) 64323 6701.2 7159.8
(0.1,0.02) 17866.8 17959.9 18124.1
0.4 (0,0) 6250.5 6548.3 70523
(0.1,0) 6489.7 6776.8 7264.6
(0.1,0.02) 18517.2 18613.6 18783.3

In order to consider the effect of CNT on the amplitude
deflection-time curve of PSP, we consider the effect of CNT
volume fractions with value as 0.12, 0.17 and 0.28 in
Figure 6. Under the same conditions, increasing of CNT vol-
ume fractions results in the amplitude deflection decreases.
It demonstrates that the volume fractions of CNT have an
important contribution in reducing the vibration of PSP.

The vibration of PSP with the effect of coefficient of por-
osity is shown in Figure 7. It indicates that when the coeffi-
cient of porosity increases results in the amplitude of
vibration It demonstrates that materials with
many porous not adversely affect the amount
of material.

The effect of porous distribution like uniform distribu-
tion, nonuniform distribution 1 (symmetric) and nonuni-
form distribution 2 (asymmetric) on the vibration of PSP
are recognized in Figure 8. The Figure 8 indicates that the
nondistribution has a positive influence and in nonuniform
distribution, the symmetric has a higher influence with
deflection reduces about 3.57% (it compared to the influence
of uniform distribution) while the effect of Asymmetric is
negligible. It can be seen that the amplitude deflection with
the influence of uniform distribution and asymmetric is
almost similar. Therefore, in the figures, this paper chose
the symmetric (nonuniform distribution 1) to the investigate
dynamic behavior of PSP with another factor.

increases.
will

3.3.2. The influence of geometrical parameter, viscous
damping and elastic foundations

In order to investigate the geometrical parameter of PSP on

the dynamic response. Figures 9 and 10 show the influence
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Table 8. The natural frequencies of PSP with the effect of porosity distribution, length to width ratio a/b and core to face sheet

thickness of hc/hs.

he/hf a/b Nonuniform symmetric porosity Nonuniform asymmetric porosity Uniform porosity

4 1 5757.1 5667.6 5652.3
15 3683.0 3608.8 3595.7

2 3029.2 2961.1 2949.1

6 1 6017.4 5904.2 5884.4
15 4021.4 3931.7 3915.8

3375.6 3295.1 3280.8

8 1 6209.6 6082.1 6059.7
1.5 4240.8 4141.9 4124.5

2 3592.6 3504.7 3489.2

Table 9. The influence of matrix material and mode (m,n) on the natural fre-
quencies of PSP.

(m,n) Face sheet PmPV PMMA Ti-6Al-4V
(11 FG-00 4711.1 4789.4 6170.4
FG-AV 4852.2 4932.8 6209.6
FG-XX 4722.1 4800.0 6172.5
(1,2) FG-00 6634.9 6860.5 14183.4
FG-AV 6740.8 6946.7 14201.4
FG-XX 6643.3 6868.5 14184.4
(2,1 FG-00 15168.3 15580.5 17101.2
FG-AV 15651.0 16149.0 17319.7
FG-XX 15230.2 15640.2 171141
(2,2) FG-00 16137.0 16641.4 24183.1
FG-AV 16584.4 17160.4 24336.6
FG-XX 16195.4 16697.5 24192.4

of the core to face sheet thickness ratio and imperfection
parameter, respectively. As can be seen, the amplitude of
deflection increases when increasing of h./hs ratio from
Figure 9. It can be explained that reducing of the stiffness of
core is a consequence of the h./hs ratio increases. In add-
ition, Figure 10 indicates that the initial imperfection param-
eter ascends leads to increase the vibration of PSP.

Figures 11 and 12 depict vibration of PSP with the influ-
ence of the width to total thickness ratio b/h and the length
to width ratio a/b, respectively. The dynamic behavior of
PSP increases when the ratio b/h and a/b increase.
Specifically, PSP with conditions Venr =0.12,¢ =
0.2,AT:0,a/b=1,k1:k2:0,hc/hf:8,W0:0 and
review time ¢ = [0,0.03](s), the width to total thickness ratio
b/h increases two times (from 10 to 20) results in amplitude
of deflection increases approximately 14 times while the
length to width ratio a/b increases from 1 to 2 leads to
vibration of PSP raise about 300% (three times). It demon-
strates that the influence of ratio b/h bigger than the influ-
ence of ratio a/b.

In this research, PSP is associated with elastic foundations
and the effect of elastic foundations: Winkler foundation
and Pasternak foundation on the amplitude deflection-time
is depicted in Figures 13 and 14, respectively. In these fig-
ures, this paper considers elastic foundations (kj,k;) with
mode value. It can be seen that the elastic foundations have
positive effect on the PSP. In other words, the dynamic
behavior of PSP is enhanced by elastic foundations. In add-
ition, the effect of Winkler foundation is lower than the
influence of Pasternak foundation. The Winkler change
from 0 to 0.3GPa/m leads to reduce amplitude deflection

_ -Non-uniform distribution 1 (Symmetric)
(m,n)=(1,1), ¢=20sin800t kPa, V . =0.12, AT=0
¢,=0.2,a/b=1, b/h=20, k =k,=0, h /h=8, W =0.
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0.015 0.025  0.03
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Figure 5. The effect of matrix materials on the amplitude deflection-time curve
of PSP.

0 0.005 0.01 0.02

about 27.3% while the Pasternak change from 0 to
0.03GPa m leads to reduce amplitude deflection about 25
times. This can be explained by the relationship between
Pasternak foundation and deflection are nonlinear. In con-
trast, the relationship between Winkler foundation and
deflection is linear.

The vibration of PSP with the viscous damping is shown
in Figure 15. It indicates that the viscous damping increase
results in the amplitude of vibration decreases but the
change was not great.

3.3.3. The influence of mechanical loadings and ther-
mal loadings

Besides imperfection, geometrical parameters, elastic founda-
tions, porosity distribution, CNT volume fraction, the influ-
ence of mechanical loads on the vibration of PSP is shown
in Figure 16. The amplitude deflection ascends when the
mechanical loads are intensified. Figure 17 shows the influ-
ence of thermal loads on the vibration of PSP with Voyr =
0.12,e0 = 0.2,AT = 0,a/b = 1,b/h = 20,k; = k, = 0,h./h; =
8, Wy = 0. It can be seen that the thermal loads have a nega-
tive influence on the deflection of PSP. Increasing the tem-
perature makes deflection raises significantly from 2.5 to
10.2mm (about 3.08 times).
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Figure 14. The influence of Pasternak foundation on the dynamic response
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4, Conclusions

Because of the outstanding properties of advanced materials,
the advanced materials are widely used in aerospace engin-
eering so mechanical load capacity and temperature resist-
ance of materials play an important role. In this paper, the
influence of CNTs, porosity, geometrical parameters, mech-
anical and thermal loads on the vibration and dynamic
response of the FG-CNTRC sandwich plate is investigated.
The plate is made by three layers in which the core layer
is porous FGM materials, bottom and top surfaces are FG-
CNTRC and the sandwich plate is resting on elastic founda-
tions. Based on Hamilton’s principle and analytical solutions
the motion equation is given. In order to determine the
results of dynamic analysis, the Reddy’s TSDT and Galerkin
method are used. Furthermore, the natural frequencies of

structural are obtained by wusing the fourth-order
Runge-Kutta method. The remarkable points can
observe as:

e The present approach, methodology and obtained results
are verified as reliable and accurate by comparing the
obtained results with the existing results.

e In nonuniform distribution, the symmetric has a higher
influence with deflection reduces about 3.57% (it com-
pared to the influence of uniform distribution) while the
effect of asymmetric is negligible.

e Ti-6Al- 4V denotes a positive influence on the ampli-
tude deflection-time curve of PSP because the elastic
modulus of Ti-6Al-4V is the biggest.

e The volume fractions of CNT have an important contri-
bution in reducing the vibration of PSP. The volume
fractions of CNT increase results in deflection of
PSP decrease.

e The amplitude of deflection increases when increasing of
he/hs ratio and initial imperfection parameter ascends
leads to increase vibration of PSP.

e The width to total thickness ratio b/h increases two
times (from 10 to 20) results in amplitude of deflection
increase approximately 14 times while the length to
width ratio a/b increases from 1 to 2 leads to vibration
of PSP raise about 300% (three times).

e The Winkler parameters change from 0 to 0.3 GPa/m
leads to reduce amplitude deflection about 27.3% while
the Pasternak parameters change from 0 to 0.03 GPa m
leads to reduce amplitude deflection about 25 times.

e When increasing the viscous damping results in the amp-
litude of vibration decreases.

e The amplitude deflection ascends when the mechanical
loads are intensified.

e Increasing temperature makes deflection raised signifi-
cantly from 2.5 to 10.2 mm (about 3.08 times).

Disclosure statement

The authors declare no conflict of interest.

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 15

Funding

This research is funded by Vietnam National Foundation for Science
and Technology Development (NAFOSTED) under grant number
107.02-2018.04. The authors are grateful for this support.

References

[1] X.W. Chen, and Z.Q. Yue, Contact mechanics of two elastic
spheres reinforced by functionally graded materials (FGM) thin
coatings, Eng. Anal. Bound. Elem., vol. 109, pp. 57-69, 2019.

[2] A.H. Sofiyev, The buckling and vibration analysis of coating-
FGM-substrate conical shells under hydrostatic pressure with
mixed boundary conditions, Compos. Struct., vol. 209, pp.
686-693, 2019.

[3] R. Kolahchi, M. Safari, and M. Esmailpour, Dynamic stability
analysis of temperature-dependent functionally graded CNT-
reinforced visco-plates resting on orthotropic elastomeric
medium, Compos. Struct., vol. 150, pp. 255-265, 2016.

[4] N.D. Duc, Nonlinear dynamic response of imperfect eccentric-
ally stiffened FGM double curved shallow shells on elastic foun-
dation, J. Compos. Struct., vol. 102, pp. 306-314, 2013.

[5] H. Lin, D. Cao, C. Shao, and Y. Xu, Studies for aeroelastic
characteristics and nonlinear response of FG-CNT reinforced
composite panel considering the transient heat conduction,
Compos. Struct., vol. 188, pp. 470-482, 2018.

[6] S.H. Shen, Thermal buckling and postbuckling behavior of
functionally graded carbon nanotube-reinforced composite
cylindrical shells, Compos. Part B., vol. 43, no. 3, pp.
1030-1038, 2012.

[7]1 P.Zhu, ZX. Lei, and K.M. Liew, Static and free vibration analy-
ses of carbon nanotube reinforced composite plates using finite
element method with first order shear deformation plate theory,
Compos. Struct., vol. 94, no. 4, pp. 1450-1460, 2012.

[8] H.S. Shen, and H. Wang, Nonlinear vibration of compressed
and thermally postbuckled nanotube-reinforced composite
plates resting on elastic foundations, Aerosp. Sci. Technol., vol.
64, pp. 63-74, 2017.

[9] S.H. Shen and Y. Xiang, Nonlinear bending of nanotube-rein-

forced composite cylindrical panels resting on elastic founda-

tions in thermal environments, Eng. Struct., vol. 80, pp.

163-172, 2014.

V. Bhagat, P. Jeyaraj, and S.M. Murigendrappa, Buckling and

free vibration behavior of a temperature dependent FG-CNTRC

cylindrical panel under thermal load, Mater. Today 2018: Proc.,

vol. 5, no. 11, pp. 23682-23691, 2018.

S.H. Shen, Postbuckling of nanotube-reinforced composite

cylindrical shells in thermal environments. Part II: pressure-

loaded shells, Compos. Struct., vol. 93, no. 10, pp. 2496-2503,

2011.

Y. Kiani, Analysis of FG-CNT reinforced composite conical

panel subjected to moving load using Ritz method, Thin-

Walled Struct., vol. 119, pp. 47-57, 2017.

Y. Kiani, Thermal buckling of temperature-dependent FG-

CNT-reinforced composite skew plates, J. Therm. Stresses., vol.

40, no. 11, pp. 1442-1460, 2017.

Yaser Kiani, Rossana Dimitri, and Francesco Tornabene, Free

vibration study of composite conical panels reinforced with FG-

CNTs, Eng. Struct., vol. 172, pp. 472-482, 2018.

Y. Kiani, Free vibration of carbon nanotube reinforced compos-

ite plate on point supports using Lagrangian multipliers,

Meccanica, vol. 52, no. 6, pp. 1353-1367, 2017.

Y. Kiani, Dynamics of FG-CNT reinforced composite cylin-

drical panel subjected to moving load, Thin-Walled Struct., vol.

111, pp. 48-57, 2017.

Y. Kiani, Free vibration of FG-CNT reinforced composite

spherical shell panels using Gram-Schmidt shape functions,

Compos. Struct., vol. 159, pp. 368-381, 2017.

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]



16 N. D. DAT ET AL.

(18]

(19]

(20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

ZX. Lei, LW. Zhang, and K.M. Liew, Vibration of FG-CNT
reinforced composite thick quadrilateral plates resting on
Pasternak foundations, Eng. Anal. Bound. Elem., vol. 64, pp.
1-11, 2016.

LW. Zhang, Z.G. Song, and K.M. Liew, State-space Levy
method for vibration analysis of FG-CNT composite plates sub-
jected to in-plane loads based on higher-order shear deform-
ation theory, Compos. Struct., vol. 134, pp. 989-1003, 2015.

B. Qin, R. Zhong, T. Wang, Q. Wang, Y. Xu, and Z. Hu, A
unified Fourier series solution for vibration analysis of FG-
CNTRC cylindrical, conical shells and annular plates with arbi-
trary boundary conditions, Compos. Struct., vol. 232, pp.
111549, 2020.

P. Jiao, Z. Chen, Y. Li, H. Ma, and ]. Wu, Dynamic buckling
analyses of functionally graded carbon nanotubes reinforced
composite (FG-CNTRC) cylindrical shell under axial power-law
time-varying displacement load, Compos. Struct., vol. 220, pp.
784-797, 2019.

N.D. Khoa, Anh Vm, and N.D. Duc, Nonlinear dynamic
response and vibration of functionally graded nanocomposite
cylindrical panel reinforced by carbon nanotubes in thermal
environment, J. Sandwich Struct. Mater., 2016. DOI: 10.1177/
1099636219847191.

K. Foroutan, A. Shaterzadeh, and H. Ahmadi, Nonlinear static and
dynamic hygrothermal buckling analysis of imperfect functionally
graded porous cylindrical shells, Appl. Math. Modell., vol. 77, no.
1, pp. 539-553, 2020. DOI: 10.1016/j.apm.2019.07.062.

C.Z. Qin, B. Guo, M. Celia, and R. Wu, Dynamic pore-network
modeling of air-water flow through thin porous layers, Chem.
Eng. Sci., vol. 202, pp. 194-207, 2019.

M.H. Jalaei and H.T. Thai, Dynamic stability of viscoelastic
porous FG nanoplate under longitudinal magnetic field via a
nonlocal strain gradient quasi-3D theory, Compos. Part B: Eng.,
vol. 175, pp. 107164, 2019.

H.N. Li, PF. Liu, C. Li, G. Li, and H. Zhan, Experimental
research on dynamic mechanical properties of metal tailings
porous concrete, Constr. Build. Mater., vol. 213, pp. 20-31,
2019.

Di Wu, Airong Liu, Youqin Huang, Yonghui Huang, Yonglin
Pi, and Wei Gao, Dynamic analysis of functionally graded por-
ous structures through finite element analysis, Eng. Struct., vol.
165, pp. 287-301, 2018.

M.H. Jalaei and O. Civalek, O. On dynamic instability of mag-
netically embedded viscoelastic porous FG nanobeam, Int. J.
Eng. Sci., vol. 143, pp. 14-32, 2019.

[29]

[30]

(31]

(32]

(33]

[34]

(35]

(36]

[37]

(38]

[39]

[40]

D. Chen, S. Kitiporncha, and J. Yang, Dynamic response and
energy absorption of functionally graded porous structures,
Mater. Des., vol. 140, pp. 473-487, 2018.

P.H. Cong, T.M. Chien, N.D. Khoa, and N.D. Duc, Nonlinear
thermomechanical buckling and post-buckling response of por-
ous FGM plates using Reddy’s HSDT, Aerosp. Sci. Technol.,
vol. 77, pp. 419-428, 2018.

N. Ziane, S.A. Meftah, G. Ruta, and A. Tounsi, Thermal effects
on the instabilities of porous FGM box beams, Eng. Struct., vol.
134, pp. 150-158, 2017.

P.A. Demirhan and V. Taskin, Bending and free vibration ana-
lysis of Levy-type porous functionally graded plate using state
space approach, Compos. Part B: Eng., vol. 160, pp. 661-676,
2019.

B. Safaei, RM. Dastjerdi, K. Behdinan, Z. Qin, and F. Chu,
Thermoelastic behavior of sandwich plates with porous poly-
meric core and CNT clusters/polymer nanocomposite layers,
Compos. Struct., vol. 226, pp. 111209, 2019.

M.H. Hajmohammad, R. Kolahchi, M.S. Zarei, and A.H. Nouri,
Dynamic response of auxetic honeycomb plates integrated with
agglomerated CNT-reinforced face sheets subjected to blast load
based on visco-sinusoidal theory, Int. J. Mech. Sci., vol. 153-
154, pp. 391-401, 2019.

S. Natarajan, M. Haboussi, and G. Manickam, The application
of higher-order structural theory to bending and free vibration
analysis of sandwich plates with CNT reinforced composite face
sheets, Compos. Struct., vol. 113, pp. 197-207, 2014.

ZX. Wang, and H.S. hen, Nonlinear vibration and bending of
sandwich plates with nanotube-reinforced composite face
sheets, Compos.: Part B., vol. 43, no. 2, pp. 411-421, 2012.

A.R. Saidi, R. Bahaadini, and K.M. Mozafari, On vibration and
stability analysis of porous plates reinforced by graphene plate-
lets under aerodynamical loading, Compos. Part B., vol. 164,
pp. 778-799, 2019.

Q. Li, D. Wu, X. Chen, L. Liu, Y. Yu, and W. Gao, Nonlinear
vibration and dynamic buckling analyses of sandwich function-
ally graded porous plate with graphene platelet reinforcement
resting on Winkler — Pasternak elastic foundation, Int. J. Mech.
Sci. ., vol. 148, pp. 596-610, 2018.

K. Mehar, SK. Panda, Y. Devarajan, and G. Choubey,
Numerical buckling analysis of graded CNT- reinforced com-
posite sandwich shell structure under thermal loading, Compos.
Struct., vol. 216, pp. 406-414, 2019.

A. Sankar, S. Natarajan, and M. Ganapathi, Dynamic instability
analysis of sandwich plates with CNT reinforced facesheets,
Compos. Struct., vol. 146, pp. 187-200, 2016.


https://doi.org/10.1177/1099636219847191
https://doi.org/10.1177/1099636219847191
https://doi.org/10.1016/j.apm.2019.07.062

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES (&) 17
Appendix A

Pw Pw o* O*w o* 0? Pw
SA1 (w) = TByy — + TBiy—— + TBjs — d + TBiy =—=—— + TBi5 — w_ kow + ks <W+)

o 0y’ ot 920y o 5+ 5

SA1(¢,) = TBi 964) + TByg O;qbs + TBy, (;{)3(;[&2,
SAis(¢y) = TBi, ; 4 TBys ;d;y 4 TBy 5;632%

SAu(Y) = TBno% + TBiyy 83;(,‘5’}}2 + TBmg%//,

SAz (w) = TBy Z + TBy» 2 L ai;‘;z)

SAx(¢,) = TBa ¢, + TByy a;‘zx + TBys 3;4;,(,
SA2 () = TBas gi‘gy SAw(Y) = TBy?9 !f 4 1B, 683;/2’

SAn(w) = TBx %V + 1Bz 88323 + 185 ?}3 7> SAn(¢x) = TBsy gjcg;
SA3($,) = TBs1¢, + TBss 862‘/; + TBs 8;‘@  SAsy (i) = TBs; 68?5 B, Zslf

TByy = Tas — 661Ky + 962 Yug, TB1y = Tss — 6¢1Kss5 + 96> Ys5, TBy3 = —C%(Lu/\]s + LizA,5 + Ony),

TBis = —c}(4LesAy; + 4066 + Li1Atg + LizAss + 2012 + LizAss + LaAss),

TBis = —c*(LizAss + LaaAas + 02), TBis = c1(LiiAss — ciLiiAws + Y11 — 101 + LiaAgs — c1LinAss),
TBi17 = c1(2LesAsy — 2¢1Les Az + 2K — 261066 + c1L12A13 — c1L1aAss + Y1z — ¢1012 + Lap Mgz — c1LaAss),
TBig = ¢1(LizArs — c1LiaAvs + LnAgg — c1LppAgs + Yoo — ¢1022),

TByo = ¢1(2Les A3z — 2¢1LesAsz + 2Ys6 — 261066 + Li1Ars — ¢1Li1Avs + LizAss — c1L1aAgs + Y12 — ¢1012),
TBi1g = —¢1(LiiAra — LiaAa1), TBiiz = 1 (LiaAny — Loz Arz)s

TBiin = —¢1(2LesAs1 — LuuAnr + 2LiaAra — Ly Asy),

TBy1 = —Tua + 6¢1Kag — 93 F4, TByy = —c1 (HuAis + Y11 + HizAss — c1LinAss — ¢10n — c1LiaAss),

TBys = —c1(H; ;A + HizAss + Y12 + 2HesAss + 2Ye6 — 2¢1LesAss — 261066 — c1L11A16 — ¢1L12A26 — €1012),

TByy = Hi1A13 — ctHuAs + Kin — a1 Yi + HizAgps — ciHizAgs — ciHipAgs + C%LIIAIS —caYy+ C§011
—c1LiaAx + C%le/\zs,

TB,s = HgsAzz — c1HesA33 + Kes — ¢1Yes — c1Les A3z + C%L66A33 —¢1Ye6 + Cfoss,

TBys = Hi1Awy — citHi Ay + HizAgg — eiHipAgs + Kia — ¢1 Y12 + Hes Aza — ciHgsAss + Kes — €1 Y6 — c1Les A3z
+ C%Lesll\sa —c1Ye6 + 5%066 — LA+ CanAls —LipAy + L%LIZA26 —caYp+ 5%012,

TBy; = —HyAp + HipAgy + eiLinAi — e1LipAag,

TBys = HiiAn — HiaA — HesAs1 — c1LinAn + ¢iLipAps + c1LgsAsi,

TBs; = —Tss + 6¢1Ks5 — 96 Vs,
TBs; = —c1(2Hg6A33 + 2Ye6 + HizA1s + Y12 + HapAos — 2¢1LgeAss — 2¢1066 — c1L12A1s — 1012 — c1LAzs),
TBs; = —c1(Hi2Ar6 + HnAgs + Yo — c1LizArg — c1LaAgs — ¢1022),
Tpss = HesAsy — c1HgsAsz + Kes — €1 Y6 + HizA13 — crHiaAys + Kiy — €1 Y12 + HnAgs
— c1HypAgs — c1LgsAsy + i LesAss — €1 Yes + & Ogs — c1LinAss + ciLinAis — 1 Yiz + ¢;O1 — 1 LnpAys
+ Loy,
TBss = HesAs» — c1HesAs3 + Kes — ¢1 Yes — c1LesAsz + ¢;LesAss — ¢1 Yes + € Ogs
TBss = HizAws — ctHinAvg + HanApg — ctHapAgg + Ky — ¢1 Y22 — c1LizAva + & LizArs — c1LnAgs
+ CszzAzs —aYy+ Cfozz,
TBs; = —HesA31 — HiaArz + HyyAgy + c1LesAs1 + c1LinAry — ciLn Ao,
TBsg = HipAy — HpAyy — ciLipAn + cilpAg.



18 N. D. DAT ET AL.

Appendix B
sa; — *kl — k2 ()”fn + 5%1) + TBB)»;; + TB14)”fn631 + TBwéi + TBH()Plﬂf:n + TBIIIPI/’Lfnéi + TBllZP15:la
Sajpp = 7TB]1/ALm + TBl6/13n + TB17)“m5i + TBllOP2}~:1 + TBIIIPZ)Lfnéi -+ TanPz(;i)
sap;z = 7TB125V, + TBlgéi + TBI9)~fn§n + TB“()P3}.:1 —+ TBIIIP3)*fn§i + TB“2P3(5$,

32P 2,0, 32P32,,0, 2 2 32P1 2,0,
= R = ,y1 = —TBy A5, — TB130%,y = ————,
Saig 3ab sais 3ab N 114, 120, )2 3ab
8TB110/m0n  8TB112/m0y a 5 16
V3 == - V4 = = - Y5 = >
3abA,, 3abA,, 16A;;  16A,, mnm?

say = —/,(TBy + Py TBy;) — Jun0yy(TBos + P Tg),
Sayy = TB21 - TBz4)\,fn - Tstéi - TBz7P2j.fn — TBZSPZ;vméi)

, , 8TB,;0
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21
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Appendix C
@ = (Agray + Apay) 4 o= 1 (/\217»3,, +/\125n2) &= (Agraz + Appas) 4
1 = 77 A > A A 1\~ &4 — T 4 &2 — Py )
ab(A22 — A11Az1) 2wy 8 (A2 — AnAy) ab(A2 — AiAz1) 2w
&= (Aqas + Apas) 4 . (Ar7A1 + Ay Ary) % = (A1sAa1 + AggArd)
3= o &= 86 =
ﬂb(/\lz2 - A11/\21) AmOnu ’ (/\122 - A11/\21) (/\122 - A11/\21)
fi= (a1Ap + Apay) 4 fi= 1 (7»3,1/\12 + Allénz) (@A +Apas) 4
= Ja=—< = —>
' ab(A? = AuAn) Tndn T8 (A2 — AnAy) P ab(An® — AviAg) Jdy
(a3A2 + Anas) 4 (Ai7A12 + AAyy) (AsArz2 + A1 Agg)

h= ab(A12? — Ai1As1) Amdy’ T (A2 — Auda) o (A122 — AniAy)
a) = (—A115n2P1 + Alzpllmz + ClAlS/]’fn + 61A165i),a2 = ((—A13 + ClAlS);“m + Alzpzimz - A11P25n2)
as = ((—A14 +c1A6)o, + PsAv2 i — A11P35n2);a4 = (—Pl/\zllmz + 6,2PiAy; + CIA266,21 + ClAzs;Lf,,)
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as

y1— (ALgs + 0ufs) By

sayy = (S10s — Zm2 — Opf2)ssa15 = (says — Angs — 03f3). 01 = (g + 8fy)®
m 2

v = (2 — 08— 5uf)yh = (ya — Aga — 03f)
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