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Abstract. Forced vibration behavior of porous metal foam nanoplates on elastic medium is studied via a 4-variable
plate theory. Different porosity distributions called uniform, symmetric and asymmetric are considered. Nonlocal
strain gradient theory (NSGT) containing two scale parameters is employed for size-dependent modeling of porous
nanoplates. The present plate theory satisfies the shear deformation effect and it has lower field variables compared
with first order plate theory. Hamilton’s principle is employed to derive the governing equations. Obtained results
from Galerkin’s method are verified with those provided in the literature. The effects of nonlocal parameter, strain
gradient, foundation parameters, dynamic loading, porosity distributions and porosity coefficient on dynamic
deflection and resonance frequencies of metal foam nanoscale plates are examined.
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1. Introduction

Lightweight materials have been broadly applied in many engineering sciences due to their
eligible stiffness with respect to their weight. Porous materials, such as metal foams, are an
important category of lightweight materials with application to aerospace engineering, automotive
industry and civil constructions owning to supreme multi-functionality offered by low specific
weight, efficient capacity of energy dissipation and enhanced machinability. Usually, the variation
of porosity through the thickness of porous plates causes a smooth change in mechanical
properties. Therefore, this type of materials has received broad interest by some researchers.

Jabbari et al. (2013) examined porosity distribution effect on buckling characteristics of
saturated porous plates. Chen et al. (2015) studied static bending and buckling of metal foam
porous beams with functionally graded porosities using a shear deformation beam model. In
another work, Chen et al. (2016) explored linear and nonlinear vibration behavior of metal foam
beams with different porosity distributions. They stated that uniform and non-uniform porosity
distributions have a significant influence on vibration frequencies of the plates due to the reduction
in their stiffness.

Distinguished from the investigations related to the uniform and graded (non-uniform) porosity
distribution effects on mechanical characteristics of metal foam beams and plates, some studies
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have been performed on porous ceramic-metal or porous functionally graded (FG) structures. The
latter is a different case in which the material properties are graded in the thickness direction based
on the well-known power-law model considering the volume fraction of porosities. For example,
Wattanasakulpong and Ungbhakorn (2014) employed a modified power-law function to describe
the FG material properties with application to vibration analysis of porous beams. Also, Atmane et
al. (2015) explored vibration and buckling characteristics of FG beams having porosities using
higher order shear deformation theories.

Moreover, considerable progression in the utilization of structural elements such as beams and
plates with micro and nano scales in micro/nano electro-mechanical systems (MEMS/NEMS), due
to providing outstanding mechanical, chemical, and electronic characteristics, led to a sudden
momentum in modeling of micro and nano scale structures. In these applications, size effects
become prominent. The problem in using the classical theory is that the classical continuum
mechanics theory does not take into account the size influence in nanosize structures. The classical
continuum mechanics over predicts the responses of micro/nano structures. So a new form of
continuum mechanics that captures small scale effect is required. The most commonly used
continuum mechanics theory is proposed by Eringen (1983) known as nonlocal theory of elasticity.
The theory includes the influences of small size with good accuracy to model micro/nano scale
devices and systems. Several studies have been conducted extending nonlocal model to predict the
mechanical responses of the nanostructures (Eltaher et al. 2016, Natarajan et al. 2012, Elmerabet
et al. 2017, Tounsi et al. 2013, Barati et al. 2016, Zenkour and Abouelregal 2015, Kheroubi et al.
2016, Sobhy and Radwan 2017, Li et al. 2016a, Besseghier et al. 2015, Ebrahimi and Barati 2016,
2017a).

Searching the literature reveals that there is no published paper on metal foam nanoplates with
the effect of porosity distribution. However, there are some published papers on analysis of
mechanical behaviors of porous FG nanostructures based on modified power-law function.
Mechab et al. (2016) examined vibrational characteristics of porous FG nanoplates resting on
elastic medium using a higher order refined plate theory. Barati (2017a) explored forced vibration
behavior of FG nanobeams with porosities under dynamic loads and resting on an elastic
foundation. In another study, Ebrahimi and Barati (2017b) presented vibration analysis of porous
FG nanobeams under magneto-electric field.

It is known that the Mindlin’s plate theory suggests a displacement field having a linear
configuration involving shear correction factors. Reddy (1984) proposed a third-order plate model
which satisfies the lateral shear strains without the need for shear correction coefficients. Even
though, new HSDTSs possessing four field variables can produce sufficiently accurate results (Park
et al. 2016, Javed et al. 2016, Becheri et al. 2016). The proposed theory contain fewer unknowns
and equations of motion than the first-order and third order shear deformation theories, but satisfy
the equilibrium conditions at the top and bottom surfaces of the plate without using any shear
correction factors. Indeed, unlike the previous mentioned theories, the governing equations in the
present theory are similar to the CPT.

Recently, nonlocal strain gradient theory (NSGT) is developed to consider both stiffhess
reduction and stiffness enhancement mechanisms in modeling and analysis of nanostructures (Lim
et al. 2015). In fact, NSGT is a more reliable theory compared with nonlocal elasticity theory
(NET) in which strain gradient effects have been ignored. Therefore, nonlocal elasticity theory
used in previous studied is impotent to capture microstructure-dependent or strain gradient based
behavior of nanoscale structures. In last two years, the works of present author and some other
researchers is focused on the mechanical analysis of nanostructures (Barati and Zenkour 2017, Li
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and Hu 2016, Li et al. 2016b, Xiao et al. 2017, Zhou and Li 2017).

In this research, forced vibration analysis of double-layered metal foam nanoplates with
porosities is carried out applying a 4-unknown plate model considering exact location of neutral
surface and different porosity distributions. Size-dependency of nanoplate is describe via a general
nonlocal strain gradient theory with two scale parameters. Uniform, symmetric and asymmetric
distributions of porosity have been considered. The present non-polynomial shear deformation
theory possesses only four field variables and doesn’t require a correction factor. Galerkin’s
approach is implemented to solve the governing equations. It is shown that the dynamic deflection
and resonance frequencies of porous nanoplates are significantly affected by porosities coefficient,
porosity distribution, nonlocality, strain gradients, elastic foundation constants and dynamic
loading.

2. Modeling of nanoplates based on NSGT

Based on NSGT, the stress field is divided into a nonlocal stress aigo) and a higher order stress
field Vol as (Barati and Zenkour 2017)

0 1
oij = o) = Vo) )

in which the stresses o” and o\’ are corresponding to strain &; and strain gradient Vej,
respectively as

o) = jv Cijlnao (%, X', gg@) g (X)dx’ (2a)

Ui(jl) B Izjv Cijaon (x, X' e2)V ey (X )dx’ (2b)

in which Cjyq are the elastic coefficients and eja and e;a capture the nonlocal effects and | captures
the strain gradient effects. When the nonlocal functions aq (X, X', €a) and oz (X, X', ;a) satisfy the
developed conditions by Eringen, the constitutive relation of nonlocal strain gradient theory has
the following form

[1_ (ela)zvz][l_ (eoa)ZVZ]O'ij = Cijkl [1_ (ela)zvz]gu - Cijkl |2[1_ (eoa)zvz]vzgkl (3)

in which V2 denotes the Laplacian operator. Considering e, = e, = e, the general constitutive
relation in Eq. (3) becomes

[1-(ea)*V?*]oy; = C [1-17V?]s, (4)

3. Porous nanoplate model with different porosity distributions

Assume a rectangular porous nanoplate with thickness h as illustrated in Figs. 1 and 2.
Different types of porosity distribution have been considered: (1) uniform distribution; (2) non-
uniform distribution 1 (symmetric); (3) non-uniform distribution 1 (asymmetric).

In the case of non-uniform distribution 1, the lowest values of elasticity moduli and mass
density occur at the mid-plane of the nanoplate due to the largest size of nano-pores; while the
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Fig. 2 Configuration of porous nanoplate under dynamic load

highest values of elasticity moduli and mass density occur at the top and bottom sides. In the case
of non-uniform distribution 2, the elasticity moduli and mass density change gradually from their
highest values at the top surface to a lowest value at bottom surface. The mechanical properties of
a saturated porous nanoplate with different types of porosity distributions can be expressed by

(Chen et al. 2016)
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e Uniform porosity distribution

E=E(1-&x) (5a)
G=G,(1-&y) (5b)

P =Paq/ (-ex) (5¢)

e Non-uniform distribution 1

EQ)=E (¢, cos[%zj) )
G(2)=G, (¢, cos[’jfj) (6b)
p(2)=p,A-e, cos[ffj) (6c)
® Non-uniform distribution 2
E(z) =E, (1, cos(;[—;Jr%j) (7a)
G(z)=G,(1-¢, cos(z—;+%j) (7b)
p0) =16, 008 2245 ) (70)

where E;, G, and p, are the maximum values of elasticity moduli, shear moduli and mass density;
o and e, are the coefficients of porosity and mass density, respectively defined by

E G
P
e, =1--2 8b
P (80)

Also, e, can be determined based on the typical mechanical properties of an open-cell metal

foam as
2
2 1%
—==| == (9a)
E, [ P j

m
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e, =1-,/1—¢, (9b)

In the case of uniform porosity distribution, the material properties are constant through the
thickness direction and they are only dependent on porosity coefficient eo. Then, the coefficient y is

expressed by
2
;(:i—i(gﬂ/l—eo—£+1j (10)

T T

Assuming four field variables, the displacement field of the nanoplate can be supposed as

u (X y,zt)=u(xyt)- (11a)
OW,

t t — f —
U, (X, y,2,t) =v(xy,t)-(z Z)ay —-[f(2) ]ay (11b)
U3(X, Y, Z’t) = W(X! y!t) =W, (X! y!t) + W (Xv yvt) (11C)

where
j E(z) 2z . [T E@ @)

The 7= 12)

j ” E(z)dz J_h/zE(z)dz

Also, u and v are in-plane displacements and w, and ws denote the bending and shear transverse
displacement, respectively. Actually, this theory divides the total deflection of the plate into the
bending and shear deflections. The shape function of transverse shear deformation is supposed as

z 523
f(2)=—S4+22 13
@=-2+25 (13)
It is now possible to obtain the strains based upon the present plate model as
2
b= @-) 1)
oX
ov 82 82
g, =——(2-27) ~[f(2)-2"]
by ay ay (14)
ou , ov o°w, o°w,
V=t ——20-7)—2-2Af()-2"1 2
oy a aay OXxoy
S 1 ;/XZ =

oy

Now, Hamilton’s principle can be written as
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jot SU-T -V)dt=0 (15)

here, U is strain energy, T is kinetic energy and V is work done by external forces. The first
variation of the strain energy can be calculated as

5U=I (0,06, +cBVe, to,0¢, +0'1)6V8 +o 57Xy+0' éV}/xy
(16)
57/yz+6 5V7/yz+a 57/XZ+0'(1)6V7XZ)dV

in which g;; are the components of the stress tensor and &;; are the components of the strain tensor.

OU = [} [N (202 QOO iz Oz T o, [0V S EOMy
M azai\zlvb M aaiw N ny(aaﬁyu N 655)(\/ +%\;v 885yw+g\;v aaéxw)_ ) a;igb 17)
—2M;, a;fa")‘/’s +Q, agys +Q, ag)‘ivs Jdydx
in which

Ny =] (0% ~Vol)dz =N -VNY
Ny =[" (0%, ~Vol)dz=NO ~INY
Ny =["" (0%, ~Vol)dz=NO - VN
M2 =["" 2(0% ~Vol)dz=M2O —ymW
Me = [" f(of, ~Vol)dz =M —Vij(l)
M2 =" 2(0%, ~Vol)dz =MLY VM (182)

h/2
s _ 0o _ 1) _ s(0) _ s(1)
W= J:h/z f(o,, —Vo,/)dz=M 7~ -VM

h/2
b _ 0 ) _ A b(0) b(1)
My =[ 2(0h ~Vol)dz =M} - VM)

Xy ~h/2

h/
M3, =] f(of, ~Vol)dz=M:0 - VMO

Xy hi2

Q=] 9(0 ~VoP)dz=QP -vQ¥

h/2

Q= Jh/zg(ayz _VU )dZ_ QU VQ(l)

where
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NGO = j (0¥ )dz, N = j (0 )dz

U] 1

MbO — Jh/ (b<o) )dz, VRS L Z(Gb(l) )dz

] h/2 U]

MO = j“’z f(o5)dz, M:® = jhh’ (o )dz (18b)

I h/2 Y

Q(O) J.h/z (o |(0) )dz, Q(l) J' g(o.l(l) )dz
Q(O) J.h/z ( I(0) )dz, Q(l) J' g(o.l(l) )dz

h/2

in which (ij = xx, Xy, yy). The first variation of the work done by applied forces can be written as

SV = II( 08(Wb+W)65(V\gJ+W) Noa(wb+w)65(wb+w)
X oy oy
+25N° o(w, +Ww,) o(w, +w,) _(k
OX oy
o(w, +Ww,) 05 (w, +w,) N o(w, +w,) 05 (w, +w,)

OX OX oy oy

W qdynamic)(Wb + Ws)5 (Wb + Ws) (19)

+k, ( ))dydx

where N?,NJ, N7 are in-plane applied loads; k, and k, are Winkler and Pasternak constants. Also,
Qaynamic 1S the transverse force due to applied dynamic load. The first variation of the kinetic energy
can be written in the following form

SK = J- I[ (au oou 8v66v+6(wb+w)85(wb+w)) 1(785wb ow, 66u+@85Wb
ot ot ot ot ot oxot oxot ot ot oyot
aw 0oV Ou OOW, 8w oou avaéw aw ooV ow, aéwb oW, aéwb)

el + 1,
ayat ot 2(8'[ Oxot axat ot at oyot ayat 6t) (8x8t OXot 6y6t oyot

o1 (O 00w, OW, 00w, OW, OW, | W, DOW, oW, 00w, | OW, 00Wy
OxOt Oxot  dyat oyt OXOt OXOt  OXat Oxdt - dyot dyat  oydt dyet

(20)

in which
(o bbb ) = [ @ z-2"(2-2 ) f =27 (=2 )(F -2 ) (F -2 V)p(@)dz  (21)

By inserting Egs. (17)-(20) into Eq. (15) and setting the coefficients of du, dv, dw, and ows to
zero, the following Euler—Lagrange equations can be obtained.

ON 2 3 3
aNX"‘ - :Ioalzj_ll asz_Is aWsz (222)
OX oy ot oxot oxot

N, oN, v | Pw, , &w,
x oy e ayer e 220
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2 b aZMb aZMb
a Ivzlx +2 XV+ 2)’
ox oxoy oy

- kW(Wb + Ws) + kaZ (Wb + Ws) - Qdynamic

pe (W, +W,) a%u v 82W 52w (220)
=+l b —sZ 41 + - 1LV ") - }
e R R R Ca DR R
IVE O*M 3 O’M 3 0
o '\/sz +2 L Zy + Ry —+ Qyz —kW(W[J +Ws)_qdynamic
ox oxoy oy ox oy (22d)
0% (w, W) v o’w, o*W,
V2 (W, +w,) = 1, b 3(a at2 ayatz) 1,V3( b)—lsvz( o )

The classical and non-classical boundary conditions can be obtained in the derivation process
when using the integrations by parts. Thus, we obtain classical boundary conditions at x =0 or a
andy=0orbas

b oM} oM, oM?
Specify w, or [%+—xy]nx+{ T +—1In, =0

oy oy OX
s oM oM oM

Specify w; or My Mo Q, |n, + Yo —4Q, |n,=0 (23a)
ox oy oy ox

or MXXnX+nnM +M? ons=0

o0 _. 00 _ 90

where F =n, X ox +n, oy —=; ny and ny are the x and y-components of the unit normal vector on the
n X

nanoplate boundaries, respectively and the non-classical boundary conditions are

2 2
Specify o V\zlb or MX® =0 Specify o V\ZIS or M:®=0
OX OX
2 2 (23b)
Speci oWy ME® =0 Specify oW, or M®=0
pecify oy? or w = p oy . =
Based on the NSGT, the constitutive relations of presented higher order nanoplate can be stated
as
“x 1 v 0 0 0 X
Oy v 1 0 0 0 €y
- uv?2) Ty (= E(2) 5 (- av3o o @wvi2 0 0 Yxy [ (24)
1-v 0 0 0 (1-v)/2 0
Cyz 7yz
0 0 0 0 (1-v)/2
Oxz V' xz

Integrating Eq. (24) over the plate thickness, one can obtain the force-strain and the moment-
strain of the nonlocal refined plates can be obtained as follows
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au
- uv2) Ny =Al— Av2 ) v 1 0 Z"y (25)
Nixy 00 @w2)|
oy ox
0%wy 0%wg
mP ox2 o2
X 2 1 v 0 2 2 1 v 0 2
a-uv?) M?, =D@A-AVS)|v 1 o —a—"‘z'b +EQ-AVS)|v 1 o0 0 ";S (26)
b 00 @v)2)| % 00 @wz2)| %
Mxy 52 2
_ o _26 Ws
oxoy oxay
62wb azws
M ox2 o2
X > 1 v 0 2 2 1 v 0 2
(1—/N2) My r=EQ-AVT)|v 1 0 —aiv‘éb +FA—-AVT)|v 1 0 _0 ";5 (27)
s 00 vzl % 00 vz %
Xy ~ aZWb 7252W5
ooy oxdy
0 ows.
2. ]Qx Ox
1— uv 1- AV
(7 ){Qy} Agy )(0 J ows (28)
oy

in which

ac[? D)y o[ E@E-2) E(z)(z ) g, g [ EQE=D( =T,

h21—y2 h/2 h/2 1—V?2
(29)
J-h/z E(Z)(f Z ”)? dz, AM:J-h/z E(z) g2z
h/2 -n12 2(1+V)

The governing equations in terms of the displacements for a NSGT refined four-variable
nanoplate can be derived by substituting Eqgs. (25)-(28), into Eq. (22) as follows

4 4 4 4
_D@A-AV )(6 W, o, oW, O My _E@-av? )( 42 82""52 L L)
oxoy? ay oxoy® oy
2
1)1y T W)y G2 Oy I4V2<—W;> (30)
ot ot
a qdynamic

_kw(Wb + Ws) + kpvz(wb + Ws)) = qdynamic —H ox2
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4 4 4 4 4 4
B AV 2t Oy - ave )2 e O 0
2 ox“oy® oy OX oxoy? oy
o’w, o°w, o (w, +Ww,)
+A44(1—/1V2)( 8x2 + ayz )+(1_#V2)(_Io# (31)
82W 62W 82q namic
+1,V3( 8t2b)+ 1.V ( atzs)—kw(wb +W,) + K V2 (W, +W,)) = Oyynamic _##

4. Solution procedure

In this section, Galerkin’s method is implemented to solve the governing equations of nonlocal
strain gradient based double-layered nanoplates. Thus, the displacement field can be calculated as

Wb = Z szmn X m (X)Yn (y)e tont (32)
m=1 n=1

W, =230 W X, (X)Y, (y)e™ (33)
m=1 n=1

where (Wymn, Wsmn) are the unknown coefficients and the functions X, and Y, satisfy the boundary
conditions. The classical and non-classical boundary condition based on the present plate model
are

w, =w, =0,
o'w, _o'w, _o'w, _o'w, _ 0
aXZ aXZ ayZ ayZ (34)

o'w, o'w, o'w, 0O'w, 0
6X4 6X4 ay4 ay4

By substituting Egs. (32) and (33) into Egs. (30) and (31), and using the Galerkin’s method, one

obtains
{[K]+w;[M]}{ab""”}={Qdy"ami°} (3)

smn Qdynamic

in which we is the excitation frequency and the components of mass and stiffness matrices are
presented in Appendix.

4 4 ka2 3
okt ket kR B e 1 (36)
D2 D2 D2 12(1_V) a a

K

Finally, setting the coefficient matrix to zero gives the natural frequencies. The function X, for
simply-supported boundary conditions is defined by
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X () = sin(4,,,x)
mr @37)
=g
The function Y, can be obtained by replacing x, m and a, respectively by y, n and b. It is
supposed that the dynamic load is distributed uniformly acting harmonically along a straight line
leading to forced vibration and is expressed by the following form

qdynamic = ZQnSin[% X]Sin[nf X]Sin ot (38)
n=1
_ﬂ Xo+0.58, yo+0.5b, . m . n_”
Qn o mn IX0—0.5% jyo—O.Sbo Sln[ a X]Sln[ b y]q(x)dx (39)
16q, . mz . Mmra,, . Nz . nzb,
= Sin X, |SIN SIN|— SN
mns? [a o] [2a] [by":I [Zb]

in which Q, are the Fourier coefficients and g(x) = o is the uniform load density; xo and y, are the
centroid coordinate. Solution of Eq. (35) gives the bending (Wy,) and shear (Ws,) components of
transverse displacement. The dynamic deflection of a higher order refined nanoplate can be
obtained by W=W,,+W;,. The dimensionless excitation frequency and forced vibration amplitude
are defined as
3
Q-w,a [Pz W, —wi0E" (40)

ex > uniform 4
E, aq

5. Numerical results and discussions

In this section, results are presented for forced vibration study of size-dependent porous
nanoplates modeled via a 4-unknown plate model and NSGT. The nanoplate is subjected to a
uniform dynamic load shown in Fig. 3. First of all, the frequency response of the present study is
validated with those of classical nanoplate model with graded material properties obtained by
Natarajan et al. (2012) through finite element approach. These results are tabulated in Table 1 for
fully simply-supported edge conditions and a good agreement is observed. In the present study, the
material properties of metal foam nanoplate are considered as

e FE, =200GPa, p, = 7850 kg/m3, v = 0.33,

Fig. 4 shows the influence of strain gradient parameter (1) and nonlocality parameter (1) on the
dynamic deflection and resonance frequencies of porous nanoplates versus excitation frequency at
a’/h = 10, e = 0.5 and K,, = K, = 0. It is evident that dynamic deflection of the nanoplate is
prominently affected by the magnitude of excitation frequency of dynamic load. In fact, dynamic
deflection increases smoothly with the increase of excitation frequency. At a certain value of
excitation frequency, a notable increase in deflection of nanoplate is observed. The reason is that
the excitation frequency of dynamic load coincides with the natural frequency of the nanoplate
leading to the resonance phenomena. Resonance frequencies of a macro scale plate are obtained by
setting u = A = 0. Also, setting 4 = 0 results in the analysis of a nanoplate via nonlocal elasticity
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Fig. 3 The top view of nanoplate and location of dynamic load

Table 1 Comparison of non-dimensional fundamental natural frequency of nanoplates
with simply-supported boundary conditions

ah o alb=1 alb=2
Natarajan et al. (2012) Present Natarajan et al. (2012)  Present

0 0.0441 0.043823 0.1055 0.104329
1 0.0403 0.04007 0.0863 0.085493

10 2 0.0374 0.037141 0.0748 0.074174
4 0.0330 0.032806 0.0612 0.060673
0 0.0113 0.011256 0.0279 0.027756

20 1 0.0103 0.010288 0.0229 0.022722
2 0.0096 0.009534 0.0198 0.019704
4 0.0085 0.008418 0.0162 0.016110

60
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40

30
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02 03 0 2 03 0.4 05 06
Excitation frequency () Excitation frequency ())
@) 4=0 (b) =01

Fig. 4 Dimensionless amplitude of the nanoplate versus excitation frequency for different nonlocal
and strain gradient parameters (a/h = 10, K,, = 0, K, =0, e, = 0.5)
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(c)A=0.2
Fig. 4 Continued

theory neglecting strain gradient effects. One can see that nonlocal coefficient provides a stiffness
reduction mechanism leading to smaller resonance frequencies and larger dynamic deflections for
all values of strain gradient coefficient. But, a different mechanism is introduced by strain gradient
coefficient. Therefore, increasing in strain gradient coefficient results in larger resonance
frequencies. The competition between these two scale parameters clarifies the importance of
presented nonlocal strain gradient theory. For example, obtained frequencies are respectively
smaller and larger than that of classical elasticity theory at 2 < g and A > . Such important facts
must be considered in analysis of nanoplates.

Dimensionless amplitude
Dimensionlessamplitude

0.30 035 0.40 045 0.50 0.45 046 0.47 0.48 0.49 050
Excitation frequency () Excitation frequency ({2)
(a) Uniform distribution (b) Non-uniform distribution 1

Fig. 5 Dimensionless amplitude of the nanoplate versus excitation frequency for different porosity
distributions (a/h = 10, K, =0, K, =0, 1 =0.2, 1 =0.1)
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Dimensionless amplitude

0
0.30 0.35 0.40 045 0.50
Excitation frequency ()

(c) Non-uniform distribution 2
Fig. 5 Continued

Porosity effect on the dynamic deflection and resonance frequencies of porous nanoplates with
respect to excitation frequency is presented in Fig. 5 at p = 0.2, K, = 0 and K, = 0. An increase in
porosity coefficient yields larger resonance frequencies for nanoplates with porosity distribution 1
while lower resonance frequencies for nanoplates with uniform porosities and distribution 2.
Obtained results show that as the porosity coefficient increases, the nanoplate with porosity
distribution 1 has the highest resonance frequency whereas the results of the nanoplates with
uniform porosity distribution and graded porosity distribution 2 are quite close. This indicates that
the nanoplate with symmetrically distributed porosity can achieve the highest plate stiffness
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Fig. 6 Dimensionless amplitude of the nanoplate versus excitation frequency for various foundation
constants and uniform porosity distribution (a/h = 10, p = 0.2, e, = 0.5)
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Fig. 7 Dimensionless amplitude of the nanoplate versus excitation frequency according to the classical
and present plate theories (4 = 0.2, 1= 0.1, K,, = 25, K, = 5, ¢, = 0.5)

hence the best mechanical performance. Therefore, porosity distribution has a major role on
vibration behavior and should be considered in dynamic analysis of nanoplates.

In Fig. 6, the effects of Winkler-Pasternak constants on dynamic deflection and resonance
frequencies of porous nanoplates with uniform porosities are demonstrated when a/h = 10, e, = 0.5,
p = 0.2 and /2 = 0.1. One can see that resonance frequencies are dependent on the magnitudes of
both Winkler and Pasternak coefficients. Increasing in Winkler and Pasternak coefficients yields
enhancement of the bending rigidity and resonance frequency of system. Since Pasternak layer has
a continuous interaction with nanoplates, its effect on resonance frequencies is more sensible
compared with Winkler layer.
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A comparison between the dynamic deflection and resonance frequencies of the nanoplate
based on classical and higher order refined plate theory is presented in Fig. 7 at e = 0.5, K,, = 25,
Ky = 5. It is well-known that classical plate theory is unable to consider shear deformation effects.
Thus, dynamic deflections in pre-resonance region obtained based on classical plate model are
smaller than that of refined plate theory. In other words, classical plate theory gives larger
resonance frequencies than refined theory. Therefore, analysis of forced vibration of nanoplates
based on higher order refined theories is more reliable than classical plate theory.

A study on the effects of dynamic load area (ag/a, be/b) and location (Xe/a) on non-dimensional
deflection of porous nanoplate with respect to excitation frequency is performed in Figs. 8 and 9,
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Fig. 8 Dimensionless amplitude of the nanoplate versus excitation frequency according to various
location of dynamic load (u=10.2,1=0.1, K,, = 25, K, =5, g, = 0.5)
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respectively. In these figures, it is considered that a/h = 10, K,, = 25, K, =5, u = 0.2, 2= 0.1 and &
= 0.5. It can be observed that as the transverse load moves away from the boundaries, the dynamic
deflection enlarges. In fact, the region of frequency— response curves of the nanoplate becomes
wider. Similarly, increasing the area of applied dynamic load on the nanoplate leads to larger
deflections. But, the area and location of dynamic load have no effect on the magnitude of
resonance frequency. Because the resonance frequency or natural frequency of system is an
inherent property of that system. So, it is not affected by the geometrical parameters of external
load.

In Figs. 10 and 11, the first mode shape of the nanoplate under uniform dynamic load for
various porosity coefficients and distributions is shown at Q = 0.1, p = 0.2, 4 =0.1, K, = 25, K,= 5.
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Fig. 10 Mode shape of the nanoplate for different uniform porosity coefficients
(a/h =10,y =0.5b, Q=0.1, K, = 25, K, =5, ap/a = 0.125, bo/b = 0.125, X, = 0.5a)
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Fig. 11 Mode shape of the nanoplate for different porosity distributions (a/h = 10, y = 0.5b, Q = 0.1,
Kw =25, K, =5, e, = 0.5, ag/a = 0.125, by/b = 0.125, X, = 0.5a)
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For every point of nanoplate in x-direction, porosity distribution 1 yields smallest dynamic
deflections compared with uniform and non-uniform porosity 2. Thus, the mode shape of a
nanoplate dependent on the type of porosity distribution. Also, increasing uniform porosity
coefficient yields larger deflections, because of the reduction in stiffness of nanoplate. Therefore,
control of porosities is crucial to obtain the best mechanical performance of nanostructures under
dynamic loads.

6. Conclusions

In this paper, forced vibration behavior of nonlocal strain gradient porous plates was explored
by developing a 4-variable plate model in which shear deformation effect is involved without
using shear correction factors. Different porosity distributions in the thickness direction were
considered. Two scale coefficients were considered better size-dependent modeling of nanoplate. It
was found that increasing the nonlocal parameter results in reduction in the resonance frequencies.
However, an inverse trend was observed by considering strain gradient effects. The porosity
coefficient and type of porosity distribution has a great influence on resonance frequencies and
dynamic deflections of porous nanoplates. The maximum resonance frequency was obtained in the
case of symmetric porosity distribution. It was concluded that the resonance frequency is bigger
for porous nanoplates with larger magnitudes of the Winkler’s and Pasternak’s constants. However,
resonance frequency is not dependent on the dynamic load location and area.
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