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Abstract. In this research work, the hygrothermal and mechanical buckling responses of simply supported FG sandwich plate
seated on Winkler-Pasternak elastic foundation are investigated using a novel shear deformation theory. The current model take
into consideration the shear deformation effects and ensures the zero shear stresses on the free surfaces of the FG-sandwich plate
without requiring the correction factors “Ks”. The material properties of the faces sheets of the FG-sandwich plate are assumed
varies as power law function “P-FGM” and the core is isotropic (purely ceramic). From the virtual work principle, the stability
equations are deduced and resolved via Navier model. The hygrothermal effects are considered varies as a nonlinear, linear and
uniform distribution across the thickness of the FG-sandwich plate. To check and confirm the accuracy of the current model, a
several comparison has been made with other models found in the literature. The effects the temperature, moisture
concentration, parameters of elastic foundation, side-to-thickness ratio, aspect ratio and the inhomogeneity parameter on the
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critical buckling of FG sandwich plates are also investigated.
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1. Introduction

The sandwich plates are a structural element composed
of two faces sheet and one core (Thai ef al. 2014, Borsellino
et al. 2004). Because of its low weight and high rigidity,
this type of structure element has been widely employed in
several sectors such as construction, aerospace, transport,
aeronautic and marine and others engineering (Wang et al.
2010, Yeh 2013, Chakrabarti and Sheikh 2005, Pandit et al.
2008, Kant and Swaminathan 2002, Nayak et al. 2002,
Mantari et al. 2012, Mehar et al. 2019, Rajabi and
Mohammadimehr 2019).The three elements of the classical
composite sandwich plates are adhesively bonded which
increases the delamination risk. To avoid this problem,
Japanese researches laboratories have created the new class
of materials called FGMs which eliminate the interfaces
arcas that represents an area of accumulation and
concentrations of stresses. Several researchers used this this
kind of materials in the FG-sandwich structure (Li ef al.
2008, Liu and Jeffers 2017, Xiang et al. 2011). For studying
the various behaviors of the thick FG-sandwich plate, many
analytical models are proposed.
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Kiani and Eslami (2011) studied the stability of the
porous FG-sandwich plate under thermal load using the
first-shear deformation theory (FSDT). Mantari and
Granados (2015) proposed a novel first shear deformation
model based on the undetermined integral for studying the
flexural analysis of the FG-sandwich plate with an FG core
and isotropic skins. Sobhy (2013) investigated on the
stability and dynamic behavior of the EFG-sandwich plates
with various types of support using five variables shear
deformation theory. Nguyen et al. (2014) developed an
inverse-tangential higher-order shear-deformation theory
for studying the bending, buckling and free-vibrational
behaviors of the FG-sandwich plate with isotropic core and
FG-faces sheets and FG-sandwich plate with FG-core and
isotropic faces sheets. Based on HSDT theory, Natarajan
and Manickam (2012) investigated on static and dynamic
behaviors of the FG-sandwich plate using 8-noded
quadrilateral plate element. Akavci (2016) developed a new
hyperbolic warping function shape for the analyze of the
various behaviors of the FG-sandwich plate seated on
Winkler-Pasternak elastic foundation. Using the layerwise
FE formulation based on the FSDT assumption, Pandey and
Pradyumna (2015) have examined the free vibration of the
FG-sandwich plate. The Natural frequencies of the
rectangular sandwich plate with FG-face and homogeneous
core has been computed by Xiang et al. (2011) by
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Shear layer
Winkler's springs

Fig. 1 Geometry of the FGM sandwich plate

employing the nth-order shear deformation theory. Iurlaro et
al. (2014) has extended the refined zigzag theory for
examining the static and dynamic analysis of the FG-
sandwich plates. Recently, several research work on
sandwich plate are published such as (Raissi et al. 2018,
Rezaiee-Pajand ef al. 2018, Tomar and Talha 2018, Lieu et
al. 2018, Singh and Harsha 2018, Akbas 2019a, Burlayenko
and Sadowski 2019, Emdadi et al. 2019, Rezaiee-Pajand et
al. 2019, Heshmati and Jalali 2019, Beni 2019, Mirjavadi et
al. 2019b, Hamed et al. 2020, Eltaher and Mohamed 2020).

The purpose of this work is to proposing a novel four
unknowns hyperbolic-HSDT to examine the non-linear
hygrothermal and mechanical stability of the simply
supported FG-sandwich plate on elastic foundation type
“Winkler-Pasternak”. The transverse shear effect is
considered without any correction. The equilibrium
equations and analytical solution of the hygrothermal and
mechanical-buckling of the FG-sandwich plate are derived
via virtual work principle and Navier model, respectively.
Moreover, the efficiency an accuracy of the current theory
is confirmed by comparing the computed results with
published ones. Thereafter, several parametric studies are
presented and discussed in detail.

2. Mathematical formulation

Let us consider an FG-sandwich plate of thickness “h”,
length “a” and width “b” composed of three layers (metal-
ceramic, ceramic, and ceramic-metal) as shown in Fig. 1.
The top and bottom faces-sheets of the plate are at z=+h/2.
The vertical positions of the top, bottom and the two
interfaces between the layers are denoted by ho=-h/2,
hs=h/2, h1 and h,, respectively. The FG-sandwich-plate is
assumed to be surrounded by the elastic-foundation.

The effective material properties for each layer, such as
thermal conductivity “K”, Young’s modulus “E”, Poisson’s
ratio “v”, coefficient of thermal-expansion “a” and
coefficient of moisture -expansion “4”, are assumed to be
determined as (Zenkour and Sobhy 2010, Radwan 2017,
Ebrahimi and Barati 2017a, b, Akbas 2019b, Hadji ef al.
2019, Sahouane et al. 2019)

PO(2) = (P, ~ PV D(2) + Py

1
P=Epf aK W

Where “VU)” is the volume fraction of j-layer and can be
expressed as

z—ho\*
M (z) = _‘))
Vi(z) (h1 Thy for z € [hg, hq]
V@) =1 for z € [hy, hy) 2)
— ha K
Ve (z) = (2—3) for z € [hy, hs]
hy — h3

where the subscripts m and ¢ denote the metallic and
ceramic components, respectively. in the case of k£ equal to
zero indicates a fully ceramic-plate, whereas k=o0
represents a fully metallic-plate.

The plate is assumed to seat on two-parameter elastic-
foundation model which consists of closely spaced springs
interconnected  through a  shear-layer made of
incompressible vertical elements, which deform only by
transverse shear. The response equation “R;” of this
foundation is given by

Ry = K,,w — K, V2w 3)

Where “K,,” and “K,” are spring (Winkler) and shear
(Pasternak) foundation stiffnesses, respectively.

2.1 Kinematics and strains

In this work, the classical HSDT is modified by
considering some simplifying assumptions in which to
reduce the unknowns-number. The displacement field
formulation of the conventional HSDT is given by

dw,
u(x,y,z) = ug(x,y) —z——+ f(2) P (x,y)

aax
Dt f@eyy) Y
W(x,y,z) = WO(x!y)

dy
uo, vo, wo, @x and @y are the five-unknown displacements
of the mid-plane of the plate. By considering that ¢, =
JO(x,y)dx and ¢, = [6(x,y)dy . The displacement
fields mentioned above can be rewritten as follows

v(x:%z) = Uo(x:Y) —Z

%+k1f(z)J9(x,y) dx
i}
alyo+k2f(z)J9(x,y)dy ©)

w(x,y,z) = wo(x,y)
In the present study, the shape function is proposed in
hyperbolic form as

u(x,y,z) = uo(x,y) — z

v(x,y,2) = vo(x,y) — 2

f(2) = (0.121212) [ — (0.135)"/3 cosh (%)] (6)

The transverse shear strain function is an even function
which is the 1% derivation of the shape function (g(z)=f"(z)).
Therefore, the current shear shape-function satisfies the
zero-stresses at top and bottom surfaces of the plate.

Ex &y k2 kx v
{ey]= & 2l L+ f@ k) =
Yy Vay K2y Ky (7
Vyz
9@y
yxz
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Where
duo _ 2wy
32 ax kfg dx2
av, b 22w,
=y % 10 (=1"%7p G
vey) owopove) kzy) | otwe
dy ox dxdy
k; k19
ky b = k20
: a 3 ’
ks, k, @f Odx + k, Ef ody (8b)

V;?z — szedy
YJ?Z klfedx '

The integrals “ [ 6 dx” and “ [ 8 dy” used in the above
Egs. (5) and (8b) shall be resolved by a Navier-procedure
and can be given as follows

) _ . 9% ] _ o 9%0
0= A0y w0 =EGar

06 _ 09

Jode=4A"2 ", f@dy—Bay

Where the coefficients “4” and “B"™ are expressed
according to the type of solution used, in this case is Navier
method. Therefore, “4’, B', ki and k,” are expressed as
follows

’ 1 ! 1 2 2
A Z_P'B z_ﬁ'klz.u :kzzﬁ (9b)

Where “u and ” are used in expression (30).
It should be noted that unlike the FSDT, this current
model does not require shear correction coefficients.

2.2 Constitutive relations

The stresses-strains relations of the FG-plate can be
expressed as

Oy (@))
Oy
Tyz =
TXZ
Ty
Cii C, 0 0 079 (g,—aT-pBC o 10

Ci, Cpy O 0 0 g —aT—pC
0 0 C4u O 0 Yxy
0 0 0 GCsiz O Yyz
0 0 0 0 Ces Vxz

where “Cj; (ij=1,2,3,4,5,6)” are the expressions in terms
of engineering constants given as

» 0
i _ET@ g _VvET @)
R N LI LI
=0 o0 - V@
44 55 66 2(1+V)’

2.3 The stability equations

The virtual-work principle for the FG sandwich-plate
resting on elastic foundations under biaxial compression
load can be expressed as (Zouatnia et al. 2019)

f [N, 8ed + NySe) + Ny 8yyy + MPSk2 + M) Sk
A
+Myy 6ky + MySks + MySky + MiySkzy + S50y (12)

s _ N,0*w N, 0*w
+Sx25yxz + Rf - ? %2 -

where, the stress and moment resultants are defined by

3 h:
j .
(N, MP, M) = Zf A,z oPdz (i =xy,xy) (13a)
=1

And
o (M )
(52.55) = ) f 9(tazr1y2) Ptz (13b)
j=1"Mj-1

Substituting the Eq. (7) into Eq. (10) and the subsequent
results into Eq. (13) the stress and moment resultants are
obtained in the matrix form as

Ny
Ny

Nyy

M
M) Y=
M2,
M;
My
M3,
(A1 A, 0 Byy Bz 0 Bfp B, 0]

Bes O 0 B

By Bi, 0 Dy D 0 Dfy Di, O
Biz Bz 0 Diz Dy 0 D D3 0] (14a)
0 0 Bg O 0 Dg O 0 D&
Biy Bi; 0 Dy Di; O Hiy Hi 0
B B 0 D Dy O Hi Hyp O
L0 0 B O 0 D& O 0 Hgl
£0
x NI NE
> Ny Ny
0
Vxy 0 0
k2 MmeT Mxe
b\ _ -
ky Myr Mpe
k2, 0 0
kS MET M3
kS MT M3
k3y 0 0
SS AS 0 0
{3;2}:[ 44 s] y);)z (14b)
Sxz 0 Assl(yy,

where A;4, B;; etc. stiffness components are expressed as

A1 By Din Biy Diy Hi
Ay, Bz Dy B1sz D152 H1sz =
Acs Bes Des Bés D§s Hgs
3 1
Mo v
ZJ cP(1,2,22 f@,2 fD), F2 D) {1~ , bz
et Jp;_
j=1 Jj-1 2
(Azzv Bzzv Dzz: stzn Dzsw stz) = (Auv an Dn! 8151: Dlsll Hlsl)
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A=A IC“)[Q(Z) (14c)

j=1

The stress and moment resultants N = Ny ; M2° =
MP®and M3® =M;®; (©=T,C) due to hygrothermal—
Ioadlng are defined as

N@

g 1
mpe 'l = VE (Z)YU)(Z)G)(Z){ z }dz (16)
wie] G, F@)
Where
_(C@ if Y=p
0@ = {p e F Y= (17)

Supposing the displacement terms ud; vJ; w et 6°
the equilibrium-state of the FG sandwich plate under
hygrothermal-loads. Let the terms of displacements u};
v, wi et 61 are a neighboring stable-state with respect
to the equilibrium position. Therefore, the general
displacements of a neighboring state (Radwan 2017) are

0 1
170 = 170 + UO y
6, =06°+61 (18)
Wherethe superscript 0 and 1 indicates the state of
equilibrium conditions and the state of stability,
respectively. By collecting the coefficients ud; vd; wi et

6* in the virtual work (Eg. (12)), the stability equations are
obtained as

Uy = ud +uy
wo =wd +w}

N} N 0Ny,

=0
0x dy
0N’%y 0_N31’ =0
ox ady
oMYt _0°Mp,  9*M)! _
No—R;=0
dx? dxdy dy? T No = Ry (19)
251
_klMgl - kzM;l - (klA, + k B’) axay
6551 aS sl
kA k,B' =0
+rq ox + +r, ay
Where
?wy 9w
No = N ——>+ Ny 77 (20)
inwhich Ny and Ny are given as
NO =NM+NF, NY=NM+ N,
N N, NM (21a)
NM=_-2X N§4=——y, X =R,
b a N}
3 .
hi EG (5 )
e =ng ==y [ @ Wt @)
),  1—v
j=1 "J-1
+B7(2)C(2))dz (21c¢)

2.4 Various types of hygrothermal rise

In this study, the simply-supported is subjected to three
hygrothermal distributions type through the thickness are

non-linear, linear and uniform. Each type of the
hygrothermal distributions is accurately depicted below.

2.4.1 Uniform hygrothermal rise (UHR)

In the first type, the FG-sandwich plate is subjected to
an initial temperature and moisture "T;” and ”C;”, and then
the moisture and temperature were uniformly increased to
the final values "T;” and "C;”. with

A@=0,-0;, , 0=T,C (22)

2.4.2 Linear hygrothermal rise (LHR)
The second type of the hygrothermal distribution is
linear and can be presented in the following form

o) =20(2+%)+0
() =10 (5 +7) +6,
0 —A®(1+Z)+@
(z) = 2 h 1

Where “0;, and ©,” are the hygrothermal at the lower
and upper surface of the FG-sandwich plate and A® =
@u - @l.

(23)

2.4.3 Non-linear hygrothermal rise (NHR)

In this case, the temperature distribution through-the-
thickness has been given according to the following
approaches:

1. In the first case, the temperature of the top surface is
T and it is considered to vary from T; to Tb in which the
plate buckles, according to the power law variation through-
the-thickness, to the bottom surface temperature Tb in
which the plate buckles. Therefore, the temperature rise
through-the-thickness is given by

Y
0(2) = A0 (% +7) +e, (24)

where is the hygrothermal exponent, 1 < y < oo
2. In the second case, the one-dimensional Fourier
equation of thermal conduction, is solved.

d[k dT]_0 h< <h
dz (Z)dz_ 2 z

2
h

T=T, z=3 (25)
h

T=Tm Z=—E

k(z) is the coefficient of thermal conduction, T. and Tp,
denote the temperature changes at the ceramic side and the
metal side, respectively. Similar to the coefficients of elastic
moduli and thermal expansion, the coefficient of thermal
conduction is also assumed as a power-form of coordinate
variable z as

k(@) = (ke — kn)V* + ki (26)

The Eq. (25) can be solved using a polynomial power-
series expansion given as

T(2) = Ty + L= Tm) _LT"‘)

) omy] O

Np
(% * %) Z‘ -1 & +(2ip T DK,
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where Ny is the number of series’ terms, which in the case
of non-uniform temperature rise is obtained from a
convergence study. L is defined as follows
& (K, — K,,)!
-> [(—1)i e = En) (28)
(ip + DK

i=0

3. Analytical solution

Based on the Navier procedure (Akbas 2017, Safa et al.
2019), the following expansions of displacements ud; v3;
wj et @' are chosen to satisfy automatically the boundary

conditions of the FG-sandwich plate.

(uo\ o ( Upn cos(px) sin( By)

{ } ZZ Vi Sin( px) cos(B ) 29)
Wiy sin( g x) sin( B )

k M K sin(u x) sin( B y)

Where Umn, Vimn, Wmn, Xmn are arbitrary parameters to be
determined. « and S are defined as
nm

—mnt— 30
‘u—aeﬁ—b (30)

Substituting Eg. (29) into Eq. (19) as function of
displacements terms, the closed-form solution of buckling
load of the FG-sandwich plate can be obtained from

A1 A1z Az Aia] (U 0
A1z Q2 Qz3 G4 ) Viy

0
Qi3 Qp3 A3z Q3| |Wom (™ )0 GD
QA1q Q4 Q34 Aga] \ X 0
where
a1y = — (A 1? + Agsf?)
a1, = —p P (A1; + Ags)
a3 = u(B111® + (Byz + 2Bgs) %)
a1y = —p(Bj; A'kyp* + BS,B'k,B?
+Bgs(A'ky + B'ky) )
Az2 = _ﬂzAaa - ﬂzAzz
a3 = B(By2f% + (Biz + 2Beg)U?)
Az4 = (32)

B (B5:B'kop? + 12 (B, A'ky + Bis(A'ky + B'ky)) )
azz = —p*(Dyp® + (2D12 + 4Dg6) )

=D, B* + N;?ﬂ2+NOﬂZ w— K (/i + 8%

azq = Di; A'ku* + DY, (A’ kl +B kz)Bz 2
+D3,B'k,B* + 2D (A'k, + B'k,) B u?
44 = —(H{1p%ky + 2k B Hs + 2HE 1k,
+H{,u ke, + ke BPHT, + kyf2Hs, + Atk + Agskz)

In order to obtain the non-trivial solution, the
determinant |A| should be zero. By solving the equation
|A] = 0, we can easily obtain the buckling load N = P,
and the buckling temperature AT, (P, = P, = 0).

4. Numerical results

The numerical results of the mechanical and
hygrothermal buckling analysis of SS-FG sandwich plate

Table 1 properties of FG plate components
Silicon nitride

Stainless steel

Materials (SisNa) (SUS304)
E [GPa] 348.43 201.04
a[x1076/°C] 58711 12330
K [W/mK] 13.723 15.379
B(wt %H,0)"" 0.001 0.44
v 0.3

are presented in the following section. The FG-material
continuously varies from the silicon nitride (SisNg) to
stainless steel (SUS304). The properties of each material
are abstracted in the Table 1.
The temperature in the bottom surface is taken Tj, =
25°C.
All results presented in this work are computed in the
non-dimensional form as
_Nb Na? s
cr D cor = bH3E.’ Ter = 107°AT,,
m
K a4 K,a? E.h3
1 - , = 2 , D=
D, D, 12(1 — v2)

(33)

_ I(Wa4 _ K,a® Enh?
Jo= D,, '’ J2 = D, ™ 12(1-v?)
H,
S=q
f

The material properties used in Tables 3 and 4 are E, =
380 GPa, o, = 7.4x107%/°C, E,, = 70 GPa, and a,, =
23x107%/°C; while the material properties used in Table 5
are E.=24427GPa, o, =12.766x107%/°C , E,, =
66.2 GPa, a,, = 10.3x107°/°C.

4.1 Plate subjected to mechanical loads

For verification of the theory used, the obtained results
for mechanical buckling of homogeneous and FG-plate are
compared with those found in the literature.

The Table 2 shows the comparison of the obtained
critical buckling load N of simply supported
homogeneous with those computed via first-shear
deformation theory (FSDT) of Akhavan et al. (2009) and
TSDT model of (Thai and Kim 2013, Yaghoobi and
Fereidoon 2014) and RPT of Radwan (2017). From the
Table 1, it can be seen for all aspect ratio ‘a/b’, geometry
ratio ‘a/h’ and elastic-foundation parameter (Ji,J2) that the
current results are in good agreement with those given by
(Akhavan et al. 2009, Thai and Kim 2013, Yaghoobi and
Fereidoon 2014, Radwan 2017).

The nondimensional critical buckling load ‘N¢’ of
simply-supported square FG-plate under compressive load
is presented in the Table 3. The results computed using the
present hyperbolic-HSDT are compared with refined nth-
order shear deformation theory developed by Yaghoobi and
Fereidoon (2014), the TSDT proposed by Thai and Kim
(2013) and RPT of Radwan (2017). It is clear from the table
that the current model gives almost the same values as the
other models in the literature. It is also remarkable that the
non-dimensional critical buckling load ‘N¢’ is in inverse
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Table 2 Comparison of non-dimensional buckling load N¢ of a homogeneous rectangular plate on elastic
foundations (R=0, n=1)

a’h
alb N} J2 Theory 5 0 100 1000
Akhavan et al. (2009) 54.3207 59.6629 61.6641 61.6848
Thai and Kim (2013) 54.0737 59.5856 61.6633 61.6848
0 0 Yaghoobi and Fereidoon (2014) 54.0737 59.5860 61.6633 61.6848
Radwan (2017) 54.0780 59.5873 61.6633 61.6848
Present 54,0859 59,5887 61,6633 61,6848
Akhavan et al. (2009) 144.6952 150.1910 152.1930 152.2130
Thai and Kim (2013) 144.6022 150.1141 152.1918 152.2133
0.5 100 10 Yaghoobi and Fereidoon (2014) 144.6022 150.1141 152.1918 152.2133
Radwan (2017) 144.6065 150.1158 152.1918 152.2133
Present 144,6144 150,1172 152,1918 152,2132
Akhavan et al. (2009) 643.5000P 686.17102 704.38602 704.58902
Thai and Kim (2013) 640.9782° 685.53692 704.37752 704.58882
1000 100  Yaghoobi and Fereidoon (2014) 640.9782° 685.53692 704.37752 704.58882
Radwan (2017) 640.8714° 685.54872 704.37778 704.58882
Present 641,3795P 685,5670? 704,37782 704,58872
Akhavan et al. (2009) 32.4414 37.4477 39.4570 39.4782
Thai and Kim (2013) 32.2276 37.3721 39.4562 39.4782
0 0 Yaghoobi and Fereidoon (2014) 32.2276 37.3721 39.4562 39.4782
Radwan (2017) 32.2305 37.3738 39.4562 39.4782
Present 32,2398 37,3753 39,4562 39,4781
Akhavan et al. (2009) 55.02892 67.5798 69.5891 69.6103
Thai and Kim (2013) 54.56922 67.5042 69.5883 69.6103
1 100 10 Yaghoobi and Fereidoon (2014) 54.56922 67.5042 69.5883 69.6103
Radwan (2017) 54.56652 67.5059 69.5883 69.6103
Present 54,61162 67,5074 69,5883 69,6103
Akhavan et al. (2009) 174.9760° 204.65102 211.96102 212.01402
Thai and Kim (2013) 174.2676° 204.404072 211.92852 212.01452
1000 100 Yaghoobi and Fereidoon (2014) 174.2676° 204.404072 211.92852 212.01452
Radwan (2017) 174.2320° 204.40842 211.92852 212.01452
Present 174,3907° 204,4162°2 211,92862 212,014438
Akhavan et al. (2009) 19.2255P 32.44142 39.39302 39.47762
Thai and Kim (2013) 18.9794° 32.2276° 39.3896° 39.4775%
0 0 Yaghoobi and Fereidoon (2014) 18.9794° 32.2276% 39.3896° 39.4775%
Radwan (2017) 18.9574° 32.2305? 39.3896° 39.4775%
Present 19,0400 32,23982 39,3896° 39,4775%
Akhavan et al. (2009) 22.7476° 37.5182b 45.02622 45.11082
Thai and Kim (2013) 22.5785¢ 37.8358P 45.02282 45.11082
2 100 10 Yaghoobi and Fereidoon (2014) 22.5785¢ 37.8358P 45.02282 45.11082
Radwan (2017) 22.5322°¢ 37.8377° 45.02292 45.11082
Present 22,6777° 37,8580° 45,02292 45,11072
Akhavan et al. (2009) - 72.8290° 85.0953" 85.2563"
Thai and Kim (2013) 50.02144 72.3694°¢ 85.0887° 85.2562°
1000 100  Yaghoobi and Fereidoon (2014) 50.0214¢ 72.3694¢ 85.0887° 85.2562P
Radwan (2017) 49.9393¢ 72.3667¢ 85.0888° 85.2562°
Present 50,1748¢ 72,4117° 85,0889P 85,2562P

The superscripts a, b, ¢ and d denote m=2, 3, 4 and 5

relation with the material index. It can be noted that the
presence of the elastic-foundation makes the plate more
rigid.

The critical buckling load ‘N.’ of the FG-sandwich

plate reposed on elastic-foundation versus the geometry
ratio ‘a/h’, aspect ratio ‘b/a’ and load ratio ‘R’ is plotted in
the Fig. 2. The FG-sandwich plate has (k=1, &=1, Ji1=100,
J,=10). It can be seen from the plotted curves that the
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Table 3 Comparison of non-dimensional critical buckling load Ncr of square FG-plate on elastic foundations

(R=1, a/h=10)
J J Theor K
' 2 y 0 05 1 2 5 10
Thai and Kim (2013) 9.2893 6.0615 4.6695 3.6315 3.0177 2.7264
0 0 Yaghoobi and Fereidoon (2014) 9.2893 6.0615 4.6695 3.6315 3.0177 2.7264
Radwan (2017) 9.2897 6.0617 4.6697 3.6321 3.0195 2.7275
Present 9,2902 6,0619 4,6699 3,6325 3,0206 2,7282
Thai and Kim (2013) 10.6689 7.4411 6.0492 5.0112 4.3973 4.1061
100 10 Yaghoobi and Fereidoon (2014) 10.6689 7.4411 6.0492 5.0112 4.3973 4.1061
Radwan (2017) 10.6693 7.4413 6.0494 5.0118 4.3992 4.1071
Present 10,6699 7,4416 6,0496 5,0122 4,4002 4,1078
Thai and Kim (2013) 23.0860 19.8582 18.4663 17.4283 16.8144 16.5232
1000 100 Yaghoobi and Fereidoon (2014) 23.0860 19.8582 18.4663 17.4283 16.8144 16.5232
Radwan (2017) 23.0864 19.8584 18.4665 17.4289 16.8162 16.5242
Present 23,0870 19,8587 18,4667 17,4293 16,8174 16,5250
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Fig. 2 Buckling load parameter ‘N, of FG-sandwich plate vs. (a) the side-to-thickness ratio a/4 (b/a=1) and (b) aspect
ratio b/a (a/h=10) for various load ratios (k=1, &1, J,=100, J,=10)
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Fig. 3 Buckling load parameter ‘N.” of FG-sandwich plates under biaxial compression (R=1) vs. (a) the side-to-thickness
ratio a/h (b/a=1) and (b) aspect ratio b/a (a/h=10) for various values of the power law index k with (&=1, J;=/,=0)

critical buckling load ‘N¢ is in direct correlation relation
with geometry ratio ‘a/h’ and decrease with increasing of
the aspect ratio ‘b/a’ to a minimum value corresponding to
‘b/a=1.5" then it increases. The biggest values of ‘N¢’ is
obtained for load ratio ‘R=0".

Fig. 3 shows the variation of the buckling load
parameter ‘N’ of the FG-sandwich plate without elastic-

foundation (J1=J,=0) as function of the power index ‘k’,
dimension ‘b/a’ and geometry ‘a/h’ ratios. From the graphs,
it can be observed that the increasing in the power index ‘k’
and geometry ratio ‘a/h’ lead to an increase in the values of
buckling load parameter ‘Nc’, but this values decrease
when the aspect ratio ‘b/a’ increase.

The Effect of the layer thickness ratio ‘¢” and dimension
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ratio ‘b/a’ on the critical buckling load parameter ‘N¢’ of
the simply-supported FG-sandwich plates under uniaxial
compressive load ‘R=0’ is presented in the Fig. 4. From the
plotted curve, it can be observed that the values of the
critical buckling load ‘N¢” of the FG-sandwich plate
without elastic-foundations are smaller than FG-plate with
elastic-foundation (J:=100, J,=10). It is clear also that the
lower values of the buckling load parameter ‘N’ is given
by plate without core.

Fig. 5 reveal the variation of the critical buckling load
‘Ne” of the FG-sandwich plate under biaxial mechanical
loads as function of the elastic-foundation parameter (J1,Jz)
and aspect ratio ‘b/a’. It is remarkable from the graphs that
the increase of the aspect ratio ‘b/a’ leads to decrease the
values of the critical buckling load ‘N¢’. The FG-sandwich
plate with elastic-foundation (J;=50, J>=10) give the greater
values of the ‘Ng’.

Table 4 Comparison of non-dimensional critical buckling temperature ‘T’ of square FG-plate on elastic

foundations under uniform temperature rise

J1=0, J2>=0 J1=10, J2=0 J1=10, J2=10
k Theory
a/h=5 10 20 a’h=5 10 20 a/h=5 10 20
Yaghoobi and Torabi (2013) 558069 1.61862 0.42153 5.75623 1.66251 0.43251 9.22123 2.52876 0.64907
0 Zenkour and Sobhy (2011)  5.58556 1.61882 0.42154 5.76109 1.66270 0.43252 9.22610 2.52896 0.64908
Radwan (2017) 558394 1.61875 0.42154 5.75948 1.66264 0.43251 9.22448 252889 0.64907
Present 556502 1,59416 0,39657 5,74056 1,63804 0,40754 9,20556 2,50429 0,62410
Zenkour and Sobhy (2011)  2.67241 0.75845 0.19627 2.83603 0.79935 0.20649 6.06558 1.60674 0.40834
1 Radwan (2017) 2.67174 0.75842 0.19627 2.83535 0.79933 0.20649 6.06491 1.60672 0.40834
Present 2,64926 0,73358 0,17128 2,81287 0,77449 0,18150 6,04243 158188 0,38335
Yaghoobi and Torabi (2013) 2.35948 0.68678 0.17905 2.58625 0.74347 0.19322 7.06257 1.86255 0.47299
5 Zenkour and Sobhy (2011)  2.27131 0.67895 0.17851 2.49808 0.73564 0.19268 6.97440 1.85472 0.47245
Radwan (2017) 2.27935 0.67972 0.17856 2.50612 0.73641 0.19274 6.98244 1.85549 0.47251
Present 2,24462 0,65377 0,15350 2,47139 0,71046 0,16767 6,94771 1,82954 0,44744
Yaghoobi and Torabi (2013) 2.36822 0.70108 0.18373 2.62416 0.76507 0.19972 7.67626 2.02809 0.51548
10 Zenkour and Sobhy (2011)  2.27551 0.69254 0.18313 253146 0.75653 0.19913 7.58356 2.01955 0.51489
Radwan (2017) 2.27936 0.69296 0.18316 2.53531 0.75694 0.19916 7.58740 2.01997 0.51492
Present 2,25119 0,66757 0,15814 2,50713 0,73156 0,17413 7,55922 1,99458 0,48989
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Table 5 Comparison of non-dimensional critical buckling temperature ‘T¢’ of the square FG-sandwich plates
under non-linear temperature rise (y=5)

. alh
< k Theory 5 10 15 25 50
Zenkour and Sobhy (2010) 2161337 590995 258239  0.81982  0.06380
05 Radwan (2017) 2160648 5090948  2.58230  0.81981  0.06380
. Present 2160480 59093  2,58228  0,81981  0,06380
Zenkour and Sobhy (2010) 302926  6.12449 264800  0.82107  0.04052
2 Radwan (2017) 2300135  6.12245  2.64759 082102  0.04051
Present 2298800 612147  2,64739  0,82100  0,04050
Zenkour and Sobhy (2010) 2133821 583566  2.54875  0.80744  0.06048
05 Radwan (2017) 2133354 583536  2.54869  0.80743  0.06048
05 Present 2133300 583535  2,54869  0,80743  0,06048
' Zenkour and Sobhy (2010) 2235275 589838  2.53488  0.77011  0.01668
2 Radwan (2017) 2233166 589686  2.53458  0.77007  0.01668
Present 2232160 589614  2,53443  0,77005  0,01668
Zenkour and Sobhy (2010) 2112437 579091  2.53084  0.80247  0.06078
05 Radwan (2017) 2112333 579089  2.53084  0.80246  0.06078
. Present 2112500 579100  2,53090  0,80247  0,06079
Zenkour and Sobhy (2010) 2198303 581247 249756  0.75699  0.01363
2 Radwan (2017) 2197101 581161 249738  0.75698  0.01363
Present 2196600 581120 249730  0,75697  0,01363
Zenkour and Sobhy (2010) 2080375 573532  2.51144  0.79933  0.06402
05 Radwan (2017) 2080829 573575 251152  0.79935  0.06403
) Present 2081300 573610  2,51160  0,79936  0,06403
Zenkour and Sobhy (2010) 2154679 575368 248202  0.75946  0.02279
2 Radwan (2017) 2154827 575383 248206  0.75046  0.02279
Present 2155000 575400 248210  0,75947  0,02279
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Fig. 6 Buckling temperature change ‘7.’ of FG-sandwich plates under linear temperature distribution (y=1) vs. (a) the
side-to-thickness ratio a/h (b/a=1) and (b) aspect ratio b/a (a/h=10) for various values of the power law index ‘k” with
(f=1 . J]:JQZO)

4.2 Plate subjected to hygrothermal loads FSDT, TSDT and RPT, respectively. It can be noted from

the table that the increase in the values of material index ‘k’

In this section, the obtained results of the critical
buckling temperature ‘T, of functionally graded and FG-
sandwich plates are compared with those available in the
literature.

The Table 4 presents the critical buckling temperature
‘Te’ of the FG-plate without and with elastic-foundation
under uniform-thermal load. The computed results are
compared with those given by Yaghoobi and Torabi (2013),
Zenkour and Sobhy (2011) and Radwan 2017 using the

leads to reduce the critical buckling temperature ‘T’ and
this is confirmed for FG-plate with and without elastic-
foundation.

Table 5 demonstrates the comparison of the critical
buckling temperature ‘T’ of the FG-sandwich plate under
non-linear thermal load with (y=5). It can be observed from
this table that the non-dimensional critical buckling
temperature ‘T¢” is in direct correlation relation with power
index ‘k’. it can be confirmed again that the present results
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Fig. 7 Buckling temperature change ‘7.’ of FG-sandwich plates under non-linear Fourier temperature distribution vs. (a)
the side-to-thickness ratio a/h (b/a=1) and (b) aspect ratio b/a (a/h=10) for various values of the power law index ‘&’
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Fig. 8 Buckling temperature change ‘7.’ of FG-sandwich plates under linear temperature distribution (y=1) vs. the
aspect ratio b/a for various values of the core-to-face thickness ratio & (a) without elastic foundations J;=/,=0 and (b) on

elastic foundations /=100, J,=10 with (k=1, a/h=10)
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Fig. 9 Buckling temperature change ‘T’ of FG-sandwich plates under non-linear Fourier temperature distribution vs. the
side-to-thickness ratio a/h (a) thermal buckling and (b) hygrothermal buckling for various values of the core-to-face

thickness ratio ¢ with (k=1, b/a=1, J1=100, J,=10)

are almost the same with those given by Zenkour and Sobhy
(2010) and Radwan (2017). The lower values of the critical
buckling temperature ‘T’ are obtained when the core
thickness of the FG-sandwich plate is twice as large as the
faces sheet.

The critical buckling temperatures ‘T’ of the simply-
supported square FG-sandwich plate under linear and non-
linear thermal load versus the power index ‘k’, aspect
‘a/b’ and geometry ratios ‘a/h’ are presented in the Figs. 6
and 7, respectively. From the obtained results, it can be
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Fig. 10 Buckling temperature change ‘7.’ of FG-sandwich plates under non-linear Fourier temperature distribution vs.
plate aspect ratio b/a: (a) thermal buckling and (b) hygrothermal buckling for various values of the core-to-face
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Fig. 11 Buckling temperature change ‘7.’ of FG-sandwich
plate under linear temperature distribution (y=1) vs. the
aspect ratio ‘b/a’ for various values of the elastic foundation
parameters with (&=1, k=1, a/h=10)

concluded that the values critical buckling temperatures
‘Ter” decrease with increasing of the power index ‘k” and
geometry ratio ‘a/h’ and the aspect ratio lead to an increase
in the values of the buckling temperature ‘Te’.

Figs. 8-10 shows the effect of the aspect ‘b/a’, geometry
‘a/h’ and layer thickness ‘&’ ratios on the thermal buckling
load of the FG-sandwich plate under hygrothermal, linear
(y=1) and non-linear thermal distributions. The FG-
sandwich plate is seated on the elastic-foundation with
(J1=100, J,=10) and the power index is taken ‘k=1". The
current results shows that the critical buckling temperature
‘Ter” increase with increasing of the ratio ‘b/a’ and decrease
with increasing of the ratio ‘a/h’. it can be also noted that
the larger values of the ‘T’ are obtained for the FG-
sandwich plate with &=4. We can also conclude that the
presence of the moisture leads to a reduction in the values
of “Te’.

Fig. 11 present the variation of the thermal buckling
load ‘T’ of the FG-sandwich plate under linear
temperature distribution (y=1) versus the aspect ratio ‘b/a’
and elastic-foundation parameter (J1,J2). It can be observed
from the plotted graphs that the thermal buckling load “T¢’
increase with increasing of the aspect ratio ‘b/a’. The FG-

sandwich plate without elastic-foundation (J:=0, J,=0) the
give the smaller values of the thermal buckling load ‘T¢’.

Figs. 12 and 13 presents the critical buckling
hygrothermal load ‘7.’ of FG-sandwich plate with (&=1,
k=1, Ji=100, J/,=10) under thermal and moisture loads
versus non-linearity index ‘p’, aspect and geometry ratios.
It can be seen from the obtained results that the critical
buckling hygrothermal load ‘7., is in direct correlation
relation with index ‘p’ and this is confirmed for various
values of the moisture. It can be also concluded that critical
buckling hygrothermal load ‘T.,” decrease with increasing
of the parameter ‘a/h’ and increase with increasing of the
parameter ‘b/a’.

The effect of the moisture concentration ‘AC’, aspect
and geometry ratios on the buckling temperature ‘7¢.’ of
thick FG-sandwich plates (y=1, k=1, &=1) resting on elastic-
foundations is presented in the Fig. 14. From the plotted
curves, it can be noted the buckling temperature ‘7., is in
inverse relation with the moisture concentration ‘AC” and
geometry ratio ‘a/h’. It can be confirmed again that the
increasing in the values of the parameter ‘b/a’ leads to an
increase of the values of the “7.,.

5. Conclusions

In the present paper, the mechanical and hygrothermal
stability of the simply-supported FG-sandwich plate seated
on elastic-foundations is investigated using a novel
hyperbolic shear deformation theory. The equations of
stability of the FG-sandwich plate are derived and solved
via virtual-work principle and Navier method, respectively.
From the computed results and comparisons, it can be
conclude that the current 2D-integral hyperbolic shear
deformation theory is accurate and effective to predictthe
critical buckling load of the FG-sandwich plate subjected to
mechanical and hygrothermal loads. Finally several
parametric studies are presented to show the various factors
influencing on the stability of the simply-supported FG-
sandwich plate. Finally, an improvement of the current
approach will be employed in the future work to consider
other type of materials (Sedighi et al. 2012a, b, 2013,
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thermal load and (b) hygrothermal loads with (a/A=10, &=1, k=1, J,=100, J,=10)

(a) 25 T T T T T T T T L (b) 40 —r r . . . .
— AC=0.1% — AC=0.1%
20" ~ - AC=02% 35 - i
» ~ ... AC=0.3%
. AC=0.4% o _
154 v |
R 3,23, 10 25 |
5 104 .
- -
20 |
54
15 | |
0 -
10 | |
-5 -
T T T T T T T T T 5L ! . N . X
4 6 8 10 12 14 16 18 20 0,5 1,0 15 2,0 2,5 3,0
a/h b/a

Fig. 14 Effect of the moisture concentration ‘AC” on the buckling temperature ‘7¢,” of FG-sandwich plate resting on
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