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Abstract

In this article, shear buckling analysis of functionally graded porous
annular sector plate reinforced with graphene nanoplatelets (GPLs) are
investigated for the first time. The plate is consisting of a layered model with
uniform or non-uniform dispersion of graphene platelets in a metallic matrix
including open-cell interior pores. The extended rule of mixture and the
modified Halpin-Tsai models and are employed to obtain the effective
mechanical properties of the porous nanocomposite plate. Three different
porosity distributions in conjunction with five patterns for dispersion of
GPL nanofiller are considered through the thickness of plate. Governing
equations derived according to the principle of minimum total potential
energy based on 3D elasticity theory and generalized geometric stiffness
concept. Finally, finite element method is applied for solving the governing
equations of structure. The influence of different parameters including
various porosity distribution, porosity coefficient, patterns of GPL
dispersion, weight fraction of GPL nanofiller, boundary conditions and
sector angles on shear buckling loads of the annular sector plate has been
surveyed. For instance, by increasing the weight fraction of GPLs, the shear
buckling loads of the structure approximately 33% increase.
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1. Introduction

Porous materials, due to their very low density, relatively high stiffness to weight ratio, great specific
permeability, high strength and electrical conductivity, have been used in many engineering structures and
applications such as in the aerospace, submarine and sea structures. Porous structures have low weight, internal
pores and holes in the metal matrix considerably reduce the overall stiffness of structures [1-10]. Consequently, the
capacity of these structures subjected to buckling loads isn’t so ideal. To compensate for this limitation,
reinforcement with GPLs [11-18] into materials with lighter weight is taken into account as a great and useful method
to strengthen their mechanical features and increasing their buckling strength. Thus, many investigations have been
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performed about the buckling behavior of functionally graded (FG) porous and FG-GPL porous structures. For
instance, Kiarasi et al. [19] investigated the buckling analysis of saturated FG porous rectangular plate based on 3D
elasticity and by using the finite element- generalized differential quadrature method (FE-GDQM) as novel solution.
Babaei et al. [20] applied higher order shear deformation theory (HSDT) and FEM to obtain the critical buckling
loads of FG saturated porous beams. Magnucka-Blandzi [21] investigated the problem of axisymmetrical deflection
and buckling of circular porous—cellular plate with the geometric model of nonlinear hypothesis. Jabbari et al. [22]
presented an analytical solution for buckling analysis of thin circular FG plates made of saturated porous-soft
ferromagnetic materials in transverse magnetic field based on classical plate theory (CLPT). A closed form solution
for axisymmetric buckling of saturated circular porous-cellular plate based on first-order shear deformation theory
was presented by Mojahedin et al. [23]. Mojahedin et al. [24] presented an analytical solution for buckling analysis of
functionally graded circular plates made of saturated porous materials based on higher order shear deformation
theory. Rezaei and Saidi [25] presented an analytical solution for buckling response of moderately thick fluid-
infiltrated porous annular. Rad et al. [26] presented an analytical solution for elastic buckling of fluid infiltrated
porous plates based on shear deformation theories. Arshid et al. [27] applied GDQ procedure to investigate the
bending and buckling behaviors of heterogeneous temperature-dependent micro annular/circular porous sandwich
plates integrated by FGPEM nano-Composite layers based on modified couple stress theory (MCST) in conjunction
with first order shear deformation theory (FSDT). Sharifian and Jabbari [28] applied Ritz method to investigate
mechanical buckling analysis of saturated porous functionally graded elliptical plates subjected to inplane force
resting on two parameters elastic foundation based on HSDT. Zhou et al. [29] presented an accurate nonlinear
buckling analysis of FG porous graphene platelet reinforced composite cylindrical shells based on Donnell's shell
theory and HSDT. Shahgholian-Ghahfarokhi et al. investigated buckling [30]and torsional buckling [31] analyses of
FG porous cylindrical shell reinforced by GPLs based on FSDT and by applying Rayleigh-Ritz method. Based on
FSDT and by employing Chebyshev polynomials based Ritz method, buckling response and natural frequencies of
FG porous rectangular plates reinforced by GPLs were presented by Yang [32]. Dong [33]presented an analytical
solution for buckling of spinning cylindrical shells made of FG-GPL-reinforced porous nanocomposite based on
FSDT and by applying Galerkin approach. Ansari et al[34]applied a novel numerical DQ-FEM solution to
investigate buckling and post-buckling of FG porous plates reinforced by GPLs with different shapes and boundary
conditions. Kitipornchai [35]employed Timoshenko beam to analyze natural frequencies and elastic buckling of FG
porous beams reinforced by GPLs by applying Ritz method. Twinkle et al. [36] studied the impact of grading,
porosity and non-uniform edge loads on buckling and natural frequency analyses of FG porous cylindrical panel
reinforced by GPLs based on HSDT and applying Galerkin method. Nguyen [37] applied a three-variable HSDT and
isogeometric analysis (IGA) to investigate natural frequency, buckling and instability analysis of FG porous plates
reinforced by GPLs. Based on FSDT, free vibration and buckling behavior of FG porous plates reinforced by GPLs
using spectral Chebyshev approach were presented by Rafiei Anamagh and Bediz[38]. Yaghoobi and Taheri [39]
presented an analytical solution for buckling analysis of sandwich plates with uniform and non-uniform porous core
reinforced with GPLs based on HSDT.

A survey on the previous studies denotes that shear buckling analysis of FG porous annular sector plate
reinforced by graphene platelet hasn’t been studied so far. Due to the practical application of plate —type structures
as a part of complex structures in aerospace industry and possibility of applying shear loads on these components, it
is necessary to know the response of these structures made of lightweight material such as FG —~GPL porous material
under shear loads. Hence, in this research, shear buckling analysis of FG porous annular sector plate reinforced by
GPLs is investigated for the first time. The annular sector plate is considered with uniform and non-uniform patterns
of GPLs in a metallic matrix containing open-cell internal pores as well as three various porosity distributions that
are assumed across the thickness plate including uniform and two types of symmetric functionally graded patterns.
In addition, five various patterns of GPL dispersion pattern are assumed through the plate thickness such as: FG
GPL-X, A, V, UD and O. 3D elasticity finite element method based on principle of virtual work is applied to obtain
governing equations in pre-buckling state. Although 3D elasticity theory consumes more time, it considers thickness
stretching unlike other simple shell theories and gives more accurate results. The displacement varies along with the
thickness, and it is appropriate for thick structure as same as the structure used in this paper. Shear buckling loads
are obtained using nonlinear Green strain tensor and based on a generalized geometric stiffness concept. The effect
of different factors such as porosity coefficient, various porosity distributions in conjunction with different GPL
patterns, weight fraction of GPLs, sector angle and various boundary conditions on shear buckling loads of FG
porous annular sector plate reinforced by GPLs have been investigated.
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2. Obtaining the governing equation

2.1. Description of geometry:

An annular sector plate as shown in Fig. 1 is considered. h, RO=a, R1=b and 60 are thickness, inner radius, outer
radius and sector angle of the plate, respectively. r, 6 and z are cylindrical coordinate axes, which are located at the
mid-plane of the plate. u, v and w are the displacement components of the mid-plane in the r, 6 and z directions,
respectively.

Fig 1: Geometry and coordinate system of porous annular sector plate reinforced by GPLs

2.2. Estimation of effective material properties of porous nanocomposite plates reinforced by GPLs:

Three different porosity distributions are assumed through the plate thickness (Fig. 2). Two kinds of non-
uniform symmetric distribution of porosity and a uniform porosity distribution are considered. In distribution 1, the
porosity is symmetric nonlinear, and around the mid-plane is higher rather than the upper and lower surfaces. In
distribution 2, non-uniform symmetric porosity is considered, and the top and bottom surfaces are higher rather than
the mid-plane. The distribution of material properties considering the effect of porosity for distributions 1 and 2 are
shown in Egs. (1) and (2), respectively. The mathematical representation of mechanical properties for the uniform
distribution of porosity is shown in Eq. (3). Simultaneously, three GPL distribution patterns along the plate
thickness are described in Fig. 2 and given in Eq. (15)[13, 40].
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Porosity distribution 1 (Non-uniform symmetric I):
E(z)=E"[1-e,cos(zz /h)]
G(z)=G"[1-e,cos(7z /h)] (1)
p(z)=p"[1-e,cos(zz /h)]

Porosity distribution 2 (Non-uniform symmetric 11):
E(z)=E"[e;(1-cos(zz /h))]
G(z)=G"[e;(1-cos(xz /h))] @)
p(z)=p[en (1-cos(zz Ih))]

Uniform porosity distribution:
E(z)=E’a
G(z)=G'a ©)
p(2)=pa

Where E(z),G(z) and p(z)are modulus of elasticity, rigidity modules and mass density of porous

nanocomposite plates. E*,G* and p* are the same properties of GPL plate without interior cavities. Also, €,
and eS(OSeO(eS) <1 are the coefficients of porosity for distribution 1 and 2, respectively. €, and e; are the

corresponding coefficients of mass density for distributions 1 and 2, respectively. ¢ and a are the variables for
uniform porosity distribution. As the size and density of interior cavities increases, the porosity increase, and
consequently, causes a decrease in the material properties.

The material properties of open-cell metal foams in Eq. (4) is applied to derive relationship between the porosity
coefficients and mass density coefficients for porosity patterns in Eq. (5)

E(z)_(p(2))

E"_[p*j @
1-e,cos(zz/h)=1-e,cos(zz/h)

1-e, (1—cos(7rz/h)):\/l—e;(l—cos(ﬁz/h)) ()

a' =a
The mass of plates with different porosities and GPL dispersions are assumed to be identical, therefore, we have:
h/2 h/2
J'\/l—e; (1-cos(zz/h))dz = J.Jl—eocos(ﬁz /h)dz
0 0

h/2 (6)

h/2
[Nadz= [ 1-ecos(xz/h)dz
0 0

Which may be applied to estimate e; and o with a known value of €, , as given in Table 1. It is evident that e;

enhances by increasing €,. When €, reaches 0.6, e,(=0.9612) is near to the upper bound. Thus, e, [0,0.6 ]is
applied in the present analyses.

Table 1: Coefficients of porosity for different distributions

*

& e ;
0.1 0.1738 0.9361
0.2 0.3442 0.8716
0.3 0.5103 0.8064
04 0.6708 0.7404
0.5 0.8231 0.6733

0.6 0.9612 0.6047
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Modulus of elasticity of the nanocomposite without interior cavities E* is estimated based on Halpin-Tsali
micromechanics model as:

E" = § 1+ gEPLﬂEPLVGPL E +§ 1+‘5\‘/\?PL7X/\?PLVGPL (7)
8l 1-7"Ven "8l 1-7 Ven
2
gl(_BPL _ “lop (8)
tGPL
2W,
£ = len ©)
tGPL
Ee. —E
GPL GPL m
- 10
" Eco té0 En (1)
Eg. —E
GPL GPL m
=—— &g 11
77L EGPL + ‘%(\?PL Em ( )
where E_, and E_are modulus of elasticity of GPLs and the metallic matrix. I, , W, and tg, are length,

width and thickness of nanofiller platelets, and Vv, is the volume content of GPLs. The rule of mixture [41]is
applied to estimate the mass density and Poisson's ratio of the nanocomposite:

P = PepVer +Pn (1 _VGPL) (12)
v :VGPLVGPL Vo (1_VGPL) (13)
where pg, and v, are the mass density and Poisson’s ratio of GPLs. p, and p_ are the same material

properties of the metal matrix. Poisson’s ratio is assumed to be constant for open-cell metal foams[42-46]. The
rigidity modulus G * of the nanocomposite is estimated as:
. E
G = : (14)
2(1+v )

The volume content of GPLs VGPL varies through the plate thickness according to the Eq. (15) for various
dispersion patterns.

t. [1—cos (7¢)] GPL - X

t,,[cos (74)] GPL-0O

tis GPL-UD

Ver (2) =
o tl-cos(Z-Z¢)]  GPL-A (15)
4 2
t.[cos(E-Z )] GPL-V
4 2

Where t_,t,,,t,,t, and t, are the upper limit of thev, , and i=1, 2, 3 related to different porosity distributions

1, 2 and uniform distribution. The total volume content of GPLs V! is obtained by using the nanofiller weight

GPL

fraction Agp, in Eq. (16), and then is applied to find Sj;, S, and Si3by Eq. (17).
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V(.:urPL — AGPme (16)
AgpL P+ Pop. — DAoL PopL

o [ - cosee2€a
)

-h/2

o [ toos(en2%)a
Yo,

VGTPL I p(g)dé’: ti3 j p(g)dg (17)
" eos(F_E PE)
tMth/z[l 05 ( —5 1S
T w g )
tisihjn[cos(4 ALl

2.3. Governing equations of the buckling problem

The constitutive equation of the FG porous annular sector plate reinforced by GPLs assuming the linear elastic
behavior for the plate in cylindrical coordinates is as:
o=De¢ (18)

Where

.
o= [O-I”GH’O-Z'TrH’Tez'Trz]
: (19)

8:[£r,89,82,7/m,7/gz yrz]

Where o and & (i, j=r,0,z) are the stress and strain components, respectively. Also, the elasticity matrix D

is:
1 XY 0 0 0
1-v 1-v
v 4 X 0 0 0
1-v 1-v
) 1L 1L 1 0 0 0
E(z)(1-v -v 1-v
- Sl =E(z2)® 20
1+v)1-2v)| ¢ o o =% 0 0 @ 0
21-v)
O 0 o 1-2v 0
2(1-v)
O 0 o 0 1-2v
2(1-v)

Where the linear and non-linear strain- displacement relations in cylindrical coordinates, considering the theory
of elasticity are:
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2 2 2
() () o
u+v’9 u,g—v2+ v’6,+u 2+ EZ
r r r r
Wz 2 2 2
o ) e (ve) )
gL = { : +Vr] © OENLTZ (22)
r ) ug-v Vg+u wrw,
2lu - +V - + ?
[ R
Vizt—— u,—Vv % u W ;W
r 2{ 0 uz+ 0" Vg 2 '6]
r ’ r ! r
(u,z +W,r)
2(U,ru,z +V V7 +W,rW’Z)
Indicates partial derivative.
The transformations between cylindrical and local coordinates in an annular sector element are:
E=(2r-a®—p®)/ (b -a®), n=201p9, ¢=2z/h® (23)

Where the natural coordinates, —1< &, » and ¢ <1 are through the r, gand z directions, respectively. a®,b®,
B and h® are the inner radii, outer radii, sector angle and thickness of each annular sector element.
Hence, the linear part of strain-displacement relations (22) in matrix form is:

g =TQ (24)
Where
- N ) _
éb‘” _a® 0 0
2 4 0 0
f(b(e) _a(e)) + a(e) + b(?) f(b(e) _a(e)) + a(e) +b(e) ﬁ(E) 077
0 0 20
r o 25
B 4 o a2 2 0 (29)
é:(b(e) _a(e)) + a(e) + b(e) ﬂ(E)aﬂ ag b(?) _a(e) é:(b(e) _a(e)) + a(e) +b(9)
20 4 0
0
h(e) ag é:(b(e) _a(e)) + a(?) +b(€) ﬁ(e)an
20 0 2
0 _
h® o¢ 08 b —a®

(26)

(&)
1l
s < <

Here, a three dimensional graded FEM is developed for buckling problem of FG porous annular sector plates
reinforced by GPLs. Three—dimensional 8- node solid graded elements are selected for discretization of the domain.
In contrast to the conventional solid elements, material properties are also considered as nodal degrees of freedom.
Following the conventional FEM, the displacement vector (Q of an arbitrary point of the element may be associated
with the nodal displacement vectors of the element A® by applying the shape function matrix N, as
Q=NA® (27)

Where

AP ={U, v, W, CUy Ve W) (28)
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0 0 .. 0 0
N, 0.. 0 N, O (29)
0 N 0 N

The components of the shape function matrix may be determined in terms of the natural coordinates as[47]:

N(Em6)=(tge)tenm) e 66) (30)

where &, , is the value of the natural coordinate ¢ related to the i-th node, e.g., if the i-th node has the
coordinates (1,-1,-1), one has: (& =17, =-1,¢; =-1).

In addition, the displacement field, the nonhomogeneity of the material properties of the FG porous plate
reinforced by GPLs may also be determined based on their nodal values. Therefore, a graded finite element method
may be applied to effectively trace continuous variations of the material properties at the element level. Using the
graded elements for modelling gradation of the material properties gives more accurate results than dividing the
solution domain into homogenous elements. Hence, shape functions similar to those of the displacement field may
be used:

8
E=in N.=NE |, N:[N1 Ng]l,k8 ,
i=1

[

=[E, ... & (31)

18

Where E; is the Young modulus of elasticity corresponding to node i. Nand = are vectors of shape functions
and modulus of elasticity of each element.

Therefore, Eq. (20) can be rewritten as:

D =ON= (32)
Substituting (27) into (24) gives the linear part of strain matrix of each element as:
£® =TNA® = BA® (33)
Where
g (Lo)(1e ¢0)
4(b[E) _ a4€) 0 0
(1+5¢)(1+ m)ﬁl+ i) m (1 4)(1+0) 0
4(§(b(ﬂ B a(Ei) ‘ a(é) ‘ bte)) 2ﬁ(9) (f(b‘e) B ate)) N a(e) ' b(ﬁb)
: : 6 (1+4) (1 mp)
B-l e V , o (34)
Ul 1+§1§)(1+§1§) o (1“717/)(1*,(14) (1+51§)(1+771’7)(1+514)

- 0
Zﬂ(ﬂ] (f(b(e) B a(e)) N a(E] ' b(é)) 4(b(é) B a(é)) 43§6b(9) B a(ﬂ) ; a(e) ‘ b(e))

0 & (1+§1§ 1*’71’7) m (“515)(“415)
4h(e> Zﬂte) (f(b‘e) B a1e) ; ate) N b(e})
g (1+ge)(1emn) 0 g1+ 77117)8“ 4¢)
4hm 4(b‘e) - a(e)) 6*24

Governing equations of the graded elements can be derived based on the principle of minimum total potential
energy:
oIl=6U-6W =0 (35)

Where U and W are the strain energy and work done by the externally in- plane shear loads, respectively:
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sU :L 5¢ edV

36
SN :Uﬂgvdsj +U?€rudSJ (36)
r=a, b 0=-0, g

S S

7,,is the externally in- plane shear loads of the edges. V and S are the volume and boundary surface of the

element, respectively. In the pre-buckling state, the displacement components may be considered to be small.
Therefore, one may write:

8U = 5¢ 6dV = AT ( [ N=B" @B dv )A@) = SACT e A® (37)

To develop the governing equations of the instability, one may use the following equation that relates the
condition of the buckling onset to that of the pre-buckling state:

5(al)=6%11=0 (38)
Therefore, based on Egs. (37) and (38):
N k A® + 5°T1,, =0 (39)

Based on Eq. (21), the strain energy of the annular sector plate includes linear as well as nonlinear terms of the
strain-displacement relations:

U =%(L ¢ odV ):%[L (2, +2y ) odV ] (40)

In the pre-buckling state, transverse displacement or large deformations are small. Based on this assumption,
only the linear terms of strain- displacement relations appear. Since slope of the plate is not negligible at the
buckling occurrence, the nonlinear components of the strain-displacement relations have to be considered. On the
other hand, from Eq. (35) or from the principle of minimum total potential energy:

s(U-W)=0 (41)

Therefore, the following relation appears only after buckling occurrence:
T
U=I, =% (8”' ) odV

. o (42)
=5L (7r9 ) rrodV
Since in the beginning of the buckling occurrence:
0;j = 0j (43)

At the boundaries of the plate, Eq. (42) may be rewritten in the following expanded relation, based on Eq. (22):
) :HEXt.:%L lPT®lPdV (44)
Where
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u,-v vV ,+U
T _ 0 0 G
v u v W 1/rw =A A
< I r g r r ,6>
0 ro 0 0 0 0
o 0 0 0 0 0
0o 0 0 0 Tro 0 0
0 0 T 0 0 0
0 0 0 0 0 7o
| 0 0 0 0 Tp 0 |
(Lo )(1+41¢) m(L+4¢)(+4i¢) 0 (b8 (Lemn) (1656 ) 0 0 (45)
2109 2©) 250 ®)_o0),,(0),00)) PEECIRCIRCICN
0 _ (wadm)t+ag)  altem)(t+a0) m(t+4¢)(1+4¢) 0 0
4(§(b(e) ,a(e))Jra(e)er(e)) 4(b(e) ,a(e)) Zﬂ(e) (§(b(e)—a(e))+a(e)+b(e))
0 0 0 0 &(temn)(1rag) m(1+4¢)(1rag)
0@ a®) 250 (0 0,50, (8))
A= : : : : :
&(L+ngn)(L+¢g¢) m(L+g¢)(1+¢g¢) 0 (+¢¢) (Lengn)(1+¢a¢ ) 0 0
GGy CIFACIRCNRC N PEECIRCIRCICN
0 (egge)(emn)(14cag)  caltengn)(b+¢ad) m(L+égé)(L+gs) 0 0
4(§(b(e) ,a(e))Jra(e)er(e)) 4(b(e) ,a(e)) Zﬂ(e) (g(b(e),a(e)“a(e) +b(e))
0 0 0 0 &g(L+ngn)(1+¢a¢) ng(L+6g¢)(1+¢a¢ )
0@ 2@y 250 (0 0,50 ,(8))
or:
Mg =4[ P OPdV =2A0T ([ ATO AV |A© (46)
Therefore, based on Egs. (39) and (46):
ST =M kK A®) + AT ([ AT©AAV J6A® =0 (47)
or in the following form:
AOT (k+x5 )oA® =0 (48)

K is the geometric stiffness matrix. Considering that SA® =0, the following governing equation of instability

is obtained from Eg. (48):
(x+ x5 )oA® =0

(49)

Existence of nonzero solution necessitates that the following determinant to be zero:

|K+KG|=O

The load amplification factor may be considered as:
Cr o
Tre = ﬂCr TrH

Hence, based on Egs. (37, 47, 50):

‘L NEB ®BAV + 4, [ AT©AdV ‘:o,
(OING)
av =2 sh (EO® -a®)+a® +b®)dédndd

or in a compact form:

(50)

(51)

(52)



Journal of Computational Applied Mechanics 2023, 54 (1): 68-86 79

F(4.)=0 (53)
3. Results and discussions

In the present section, shear buckling analysis of FG porous annular sector plates for various porosity
coefficients, porosity distribution, dispersion of GPLs nanofiller, weight fraction of nanofiller, sector angles, aspect
ratio and thickness ratio is presented and discussed in detail.

Hence, the following material properties and geometrical parameters are considered:

Geometry: a=0.25 m, b=0.3 m and ¢, =60",90°,120°

: _ k kg
Material property: E =130GPa, p :8960m—gg, v, =034 for copper, and E_, =1.01TPa, p, :1062.5E, Ugp, =0.186,
Wgp, =L1.5um |, =2.5um, t, =1.5nm for GPLs.

In this study, three different types of boundary and loading conditions are considered. These boundary condition
and their relevant mathematical interpretations are:

a) Plate with movable simply supported edges subjected to shear load at all edges:
r=ab: uw =0, 7, =1(Pa),

0=0,p: vw =0, 7r,, =1(Pa) (54)
b) Plate with immovable simply supported radial edges and free circumferential edges subjected to two anti-

phase shear loads at circumferential edges:

0=0,6: uv,w =0,

r=ab:r,, =1(Pa) (55)
c) Plate with immovable simply supported circumferential edges and free radial edges subjected to two anti-

phase shear loads at radial edges:

r=ab: uyv,w =0,

0=0,p:7,,=1(Pa) (56)

3.1. Validation of the present study

To verification of the present study, a comparison study is performed. Present results for the critical shear
buckling load of homogenous annular sector plate for various boundary conditions and sector angles are compared
with those extracted from a well-known commercial finite element analysis code (ANSYS), in Table 1. For this
target, it is sufficient to consider the weight fraction of GPL nanofiller and porosity coefficient in MATLAB code
equal zero. In this way, porous nanocomposite annular sector plate is changed to a homogenous annular sector plate.
As can be seen from Table 1, there is an excellent agreement between the present study and ANSYSWORKBENCH
software. The geometry and mechanical properties are assumed as the following:

Mechanical property: E_ =130GPa, v, =0.34

Geometry: a=0.5m, b=1m and h=0.1m.

Table 2: Critical buckling loads (GPa) of homogenous annular sector plate for different boundary conditions and sector angles compared
with ANSYS (a=0.5 m, b=1 m and h=0.1 m)

Sector angle £ =60 £ =90 £ =120

Type of loading and boundary condition | Ansys Present Ansys Present Ansys Present

a 13.74  13.70 8.99 8.91 6.34 6.30

b 2.34 2.29 1.98 11.87 0.98 0.94

c 10.87  10.61 1186 11.74 1149  11.30
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3.2. The results of Shear buckling of FG porous annular sector plate reinforced by GPLs

The effect of various porosity distribution, boundary conditions and sector angles on shear buckling loads of FG
porous annular sector plate reinforced by graphene platelet is shown in Table 2. (a=0.5 m, b=1 m and h=0.1 m
,£0=0.5, GPL-X, y=0.01wt%). As can be seen from this table, the maximum shear buckling loads of structure is

belong to PD1,PD2 and PD3, respectively. Also movable simply supported boundary condition has the highest shear
buckling loads due to providing more rigidity. It is obvious that by increasing the sector angle, shear buckling loads
considerably decrease. The influence of different porosity coefficient on shear buckling loads of structure is given in

Table 3(a=0.5 m, b=1 m and h=0.1 m, GPLX, y =0.01wt%, 8 =60, PD1) . By increasing the porosity coefficient,

the shear buckling loads of structures decrease due to by increasing the porosity coefficient, the stiffness of structure
decreases. By comparison of Table 2 and Table 3, it is clear that the impact of porosity distribution on shear
buckling load is greater than porosity coefficient. The influences of various weight fraction of GPL nanofiller on

shear buckling loads are indicated in Table 4 (a=0.5 m, b=1 m and h=0.1 m, 8 =60, e0=0.5, GPL-X, PD1). The

impact of the weight fraction of GPL nanofiller plays an important role in stiffness of structure. By adding 1% wt of
nanofiller, the shear buckling loads increase approximately 33% and its reason is related to the stiffness of
structures. On the other hand, the nano-fillers with high strength and too low weight such as GPLs can significantly
improve the stiffness of structures. The effects of various pattern of GPLs dispersion is reported in Table 5 (a=0.5

m, b=1 m and h=0.1 m, e0=0.5, # =60, y =0.01wt%, PD1). It can be seen that the maximum shear buckling load

is related to GPLX. Also shear buckling loads of GPL-A and GPL-V is approximately same. The minimum of shear
buckling loads belong to GPL-UD. It is obvious from the results; the maximum influence on shear buckling load is
related to weight fraction of nanofiller, GPL pattern, porosity distribution and porosity coefficient, respectively. This
problem could significantly help the engineers in their design. The first four shear mode shapes of FG porous
annular sector plate reinforced by graphene platelet for various boundary conditions are shown in Figure 3 to 5,
respectively.

Table 3: First four shear buckling loads of FG porous annular sector plate reinforced by graphene platelet for different boundary
conditions, porosity distribution and sector angles (a=0.5 m, b=1 m and h=0.1 m, e0=0.5, GPL-X)

B =60 £ =90 £=120°
Type of boundary Buckling PD1 PD2 PD3 PD1 PD2 PD3 PD1 PD2 PD3
conditions load
(GPa)

Movable simply Mode 1 19.82 1935 1812 1235 11.86 1047 874 8.55 7.98
supported Mode2 2254 2178 1888 1681 1542 1345 912 901 834
Mode3 2329 2209 1931 1735 1699 1513 974 883 869
Mode4 2681 2587 2005 2001 1868 1650 1038 9.73  9.02
Immovable edges Mode 1 16.86 1653 1530 1693 16.22 1518 17.09 16.88 1592
atr=a, b Mode2 1701 1689 1600 1724 1674 1667 1744 1690 16.34
Mode3 2022 1828 1768 21.00 2086 1881 2187 2133 2055
Mode4 2100 1985 1818 2235 21.87 1093 2418 2375 21.93
Immovable edges Mode 1 2.86 2.78 2.01 1.01 0.91 0.84 0.33 0.3 0.18
=0, Mode2 390 337 301 287 279 155 112 100 074
Mode3 888 796 664 423 391 233 288 198 129
Mode4 1012 999 892 849 810 474 356 284 201
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Table 4: First four shear buckling loads of FG porous annular sector plate reinforced by graphene platelet for different boundary
conditions, porosity coefficient (a=0.5 m, b=1 m and h=0.1 m, GPLX, y =0.01wt%,  =60° , PD1)

Type of boundary conditions Buckling load e0=0.5 e0=0.25 e0=0.1
(GPa)

Movable simply supported Mode 1 19.82 19.61 19.00
Mode 2 22.54 21.94 20.12
Mode 3 23.29 22.88 20.55
Mode 4 26.81 26.12 25.37

Immovable edges at r=a, b Mode 1 16.86 16.63 15.89
Mode 2 17.01 16.90 16.18
Mode 3 20.22 19.31 18.38
Mode 4 21.00 20.12 19.10

Immovable edgesat @ =0, 5 Mode 1 2.86 2.80 2.34
Mode 2 3.90 3.66 3.22
Mode 3 8.88 8.12 7.89
Mode 4 10.12 10.01 9.72

Table 5: First four shear buckling loads of FG porous annular sector plate reinforced by graphene platelet for different boundary
conditions, Weight fraction of GPL (a=0.5 m, b=1 m and h=0.1 m ,e0=0.5,GPL-X, g =60 .PD1)

Type of boundary conditions Buckling load (GPa) vy =0.01%wt v = 0.005wt % v = 0%wt
Movable simply supported Mode 1 19.82 17.61 15.14
Mode 2 22.54 19.81 17.12
Mode 3 23.29 20.01 18.35
Mode 4 26.81 22.66 20.47
Immovable edges at r=a, b Mode 1 16.86 13.73 11.92
Mode 2 17.01 14.26 12.99
Mode 3 20.22 16.13 15.65
Mode 4 21.00 18.68 16.28
Immovable edges at Mode 1 2.86 2.00 1.69
0=07p Mode 2 3.90 2.91 2.55
Mode 3 8.88 6.54 5.86

Mode 4 10.12 8.00 7.12
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Table 6: First four shear buckling loads of FG porous annular sector plate reinforced by graphene platelet for different boundary
conditions, and various GPL pattern. (a=0.5 m, b=1 m and h=0.1 m ,e0=0.5, 2 =60",» = 0.01wt% , ,PD1)

Type of boundary  Buckling load (GPa) GPL-X GPL-O GPL-V GPL-A GPL-UD
conditions
Movable simply ~ Mode 1 19.82 18.33 1718 17.14  16.14
supported Mode 2 2254 21.20 1933 1928 1886
Mode 3 23.29 22.21 2187 2179 1901
Mode 4 26.81 24.88 2366 2361  22.33
Immovable edges  Mode 1 16.86 15.71 13.12 13.06 13.14
atr=a,b Mode 2 17.01 15.96 1387 1381  14.01
Mode 3 20.22 19.84 1738 1731  16.77
Mode 4 21.00 1958 1763 1759  17.88
Immovable edges Mode 1 2.86 2.10 1.88 1.82 1.85
at9=0,5 Mode 2 3.90 333 2.79 2.70 2.87
Mode 3 8.88 7.99 6.64 6.60 6.78
Mode 4 10.12 9.10 8.47 8.42 8.32
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Fig 3: The first four shear mode shapes of FG porous annular sector plate reinforced by graphene platelet (a=0.5m, b=1m and h=0.1m,
€0=0.5, GPL-X, =90, =0.01%wt PD1 ,B.C.1)
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Fig 4: The first four shear mode shapes of FG porous annular sector plate reinforced by graphene platelet (a=0.5m, b=1m and h=0.1m,
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Fig 5: The first four shear mode shapes of FG porous annular sector plate reinforced by graphene platelet (B.C.3) (a=0.5 m, b=1 m and
h=0.1m ,e0=05,GPL-X, #=90",y =0.01%wt ,PD1 B.C.3)
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4. Conclusion

Shear buckling analysis of FG porous annular sector plate reinforced by graphene platelets based on 3D
elasticity theory has been investigated for the first time. The Finite element method in conjunction with generalized
geometric stiffness concept and the principle of minimum total potential energy utilized to derive and solve the
governing equations. The influences various parameters including porosity coefficient, porosity distributions, GPL
dispersion pattern, weight fraction of nanoffilers, sector angle and different boundary conditions on shear buckling
loads of annular sector plate have been examined. Some of main results of present study are:

a) Maximum and minimum shear buckling loads are related to GPL-X and GPL-UD, respectively. Its
difference is approximately 22%

b) The critical shear buckling loads for GPL-A and GPL-V are almost the same.

¢) The maximum and minimum buckling loads belong to PD1 and PD3. Its difference is lower than 10%.

d) By increasing the weight fraction of GPLs, the shear buckling loads of the structure considerably
increase (approximately 33%).

e) The influence of porosity coefficient on the critical shear buckling loads of the FG-GPL porous annular
sector is lower than other parameters
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