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(GNSs). The analysis is grounded in the third-order shear deformation theory
(TSDT), which accurately captures transverse shear effects in thick plates. The
governing equations are systematically derived using Hamilton’s principle and
result in a system of five coupled nonlinear partial differential equations. These
equations are analytically solved using Navier’s method, assuming simply
supported boundary conditions along all four edges of the plate. The study explores
the influence of key parameters including graphene distribution patterns, nanosheet
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geometry (thickness and width), the plate's thickness-to-length ratio, and the effects
of geometric nonlinearity on the critical buckling load. To validate the analytical
model, numerical results are compared with findings reported in the literature,
demonstrating excellent agreement. The results highlight the significant
reinforcement potential of GNSs in enhancing structural stability. Specifically, the

inclusion of a small graphene content only 0.5% by mass can lead to a dramatic
increase in the buckling load, nearly tripling it. These findings underscore the
effectiveness of GNSs as nanofillers for improving the mechanical performance of
composite structures under compressive loads, making them promising candidates
for advanced engineering applications.

1. INTRODUCTION

This compilation of research articles explores advancements in the structural analysis of composite materials
reinforced with graphene. The first article introduces a novel analytical approach for studying the buckling behavior
of ring-stiffened porous graphene platelet-reinforced composite cylindrical shells under hydrostatic pressure [1]. The
second article investigates the impact of increased graphene components and elastic foundation stiffness on the
strength and buckling temperature of smart graphene/piezoelectric circular nanoplates [2]. The third article delves
into the acoustic response of functionally graded graphene-reinforced composite plates under nonuniform edge
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loads, emphasizing the significance of aspect ratio [3]. Lastly, the fourth article focuses on the influence of graphene-
platelets on the natural frequency and thermal buckling temperature of annular sandwich plates, providing insights
into vibration and symmetric thermal buckling behaviors [4].

With the growing development of era and production strategies and the opportunity of manufacturing included
parts, the research and evaluation of composite and bolstered systems have received unique importance. Reinforced
systems, which include beams, sheets and shells, are extensively utilized in industries together with vehicles and
aerospace. These systems have excessive energy and mild weight on the identical time and feature higher static and
dynamic conduct. Designing a bolstered shape consistent with its overall performance requires static and buckling
analyses.

Javaheri and Eslami [5] have investigated the linear buckling conduct of a square sheet made from graded cloth
with an energy characteristic of the usage of the classical concept of skinny sheets. Asmi et al. [6] have analyzed the
buckling of a square sheet made from graded cloth of the energy version the usage of the finite detail technique is
primarily based totally on the concept of three-dimensional deformation.

Due to the lengthy records of the usage of bolstered sheets, many specific types of research have been completed
up to now to reap greater green strategies and greater correct answers. Golmakani and Zaighami [7] analyzed
buckling in bolstered composite sheets. had been completed with the graded distribution of carbon nanotubes
alongside the thickness. They received the governing equations by thinking about the first-order shear concept of
Van Karman nonlinear lines and calculated the essential load of sheet buckling through the dynamic launch
technique. Zhao and Kapania [8] provided a way to outline the geometry of the curved reinforcement with the
assistance of Nerbez features and simulated the buckling inside the composite bolstered sheet with the usage of the
finite detail technique. The benefit of their proposed technique is that through converting the geometry of the
amplifier, there may be no want to re-grid, that's an essential benefit in fixing problems.

Also some papers collectively explore various facets of structural analyses and stability considerations in diverse
materials:

In "Static and Dynamic Analyses of Isogeometrics Curvilinearly Stiffened Plates" [9], Qin et al. delve into
mathematical modeling applications for isogeometric curvilinearly stiffened plates. "Isogeometric Buckling
Analysis of Composite Variable-Stiffness Panels" [10], by Hao et al., contributes to understanding the buckling
behavior of composite variable-stiffness panels through isogeometric analysis. Zamani's work [11], "Reinforcing
Effect of Nanoclay on Buckling Behavior of Nanocomposite Grid Shells: Experimental Investigation," explores
experimental investigations into the buckling behavior of nanocomposite grid shells reinforced with nanoclay.
Mohammadi Mehr et al. in "Buckling and Vibration Analyzes of Double-Bonded Micro Composite Plates
Reinforced by CNTs and BNNTs Based on MSGT" [12] use MSGT to analyze the buckling and vibration behavior
of double-bonded micro composite plates reinforced with CNTs and BNNTs. "Static Stability of Higher Order
Functionally Graded Beam under Variable Axial Load" [13], authored by Melaibari et al., investigates the static
stability of higher-order functionally graded beams under variable axial loads, emphasizing the structural stability
aspects.

Karamanelli and Aidoglou [14] analyzed the buckling of composite beams subjected to extensive axial loads
with varying distribution patterns using the Ritz method. They found that the critical load was similar in magnitude
to the load distribution modes for unique boundary conditions. Additionally, they explored the influence of the
beam's length-to-thickness ratio and composite fiber orientation on the critical load. In a separate study, Dong et al.
[15] investigated the buckling behavior of reinforced porous FGM cylindrical shells. The authors utilized the first-
order shear theory of shells, accounting for changes in properties only through the thickness and radial direction of
the shell. Alongside this approach, they employed the Galerkin technique with customized weight functions for
varying boundary conditions. Jehwan et al. [16] investigated the nonlinear buckling behavior of reinforced and
porous FG sheets. Donnell's theory, along with first-order shear deformation theory, was used to derive the governing
equations. Donnell's theory, along with first-order shear deformation theory, was used to derive the governing
equations. The Galerkin technique was then applied to solve these equations.

In a study of delamination in composites with varying degrees of hardness, Yazdani et al. [17] utilized the first-
order shear deformation theory to model multilayer composites. Donnell's theory, along with first-order shear
deformation theory, was used to derive the governing equations. The advanced finite element method was employed
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to describe discontinuities. Penghao et al. [18] conducted an objective analysis of the buckling of composite plates
with variable stiffness, utilizing isometric evaluation based on the first-order shear deformation theory. Technical
term abbreviations were explained upon first use. The text features a clear structure with a logical flow of information
with causal connections between statements. In a similar study, Manicom et al [19] investigated the thermal buckling
of composite sheets with variable hardness under thermal load employing finite elements based on the first-order
shear deformation theory. Biased, emotional, figurative, or ornamental language is avoided, and positions on subjects
are conveyed through hedging. Both studies analyzed the behavior of uniform and non-uniform temperature
distribution plates. The text adheres to conventional structure with factual and unambiguous titles, clear and
objective language, and precise word choice. The format complies with style guides and consistent citation practices.
The language is formal and free from grammatical errors, spelling mistakes, and punctuation errors.

In the beyond research, till now, the evaluation of the buckling crucial load of composite square plates bolstered
with graphene nanosheets and in absolutely precise boundary conditions, the use of the idea of 0.33 order shear
deformation and Van Karman pressure relations, has now no longer been said analytically; In this research, we are
seeking for to do this.

2. ANALYTICAL MODELING

As seen in Fig.1, A rectangular nanocomposite sheet with specified dimensions, with three different forms of
nanographene distribution is considered.

2.1. Sheet displacement field and strain components

The sheet displacement field using the theory of third order shear deformation is:

J

b g

L
GPL-S GPL-A GPL-U

Fig. 1: A geometric representation of a rectangular sheet with various graphene thickness distributions
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In the above relationship, f(z) expresses the distribution function of the strain and transvegsy shear stresses
along the cross-section, which for the theory of the third order deformation is equal to: f(z)=z-—. The non-zero
components of sheet strain are presented in terms of displacement field components according to the following
relations:

0
Exx Exx W(),xx 90,xx
0
e =18 -2y Yo t +[D]] Oy
eo) &) \PWou 0,,%0,, )

Exz ex
{gyz} :[f(Z):Z] {Gy}
The non-linear components of the strain are created due to the stretching of the middle plane and are:
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On the other hand, sheet stresses will be calculated according to the following equation:

ow oy %o = O2)T=[C] e )

where [C] is the stiffness of the composite material, which is equal to:

[E(z) VE(2)
™ 1w 0 0
vE(z) E(2)
T2 T 0 0 0
1 E(2) . (5)
[C= 2(1+v)
E(z)
0 0 2(1+v)
E(2)
0 0 0 2(1+v)J

1.2 Composite reinforced with graphene sheets

Figure 1 illustrates the distribution of Grafted Polymer Layers (GPLs) in three distinct distribution types. It is
evident from the figure that the Volume Fraction of GPLs (VGPL) undergoes continuous changes throughout the
shell thickness in the GPL-A and GPL-S samples, whereas it is uniformly distributed in the GPL-U sample. We
hypothesize that the nanoscale fillers in GPLs are intertwined with the matrix. Then, we describe the following
features to define the distribution of Generalized Pareto distributions in these three modes, utilizing the ©;values
[20].

GPL-U: @, (2)=1
nz
GPL-S:0,(z)=1-cos (h_c) ©)

GPL-A:0;(2)=1 (”Z+”)
-A:0;(z)=1-cos T

The relationship between the shape function and the volume fraction of VGPL, GPL is V;p; (2) = S5;0;(2). To
establish a relationship between the volume fraction and the mass fraction G of the reinforcement phase and to find
the values of Si, the following equation can be written for the reinforced porous composite [21]:

G S,

h/2
. —— VY 7
G+(popy /0, )(1-G) hL/Z i(2)dz )

The geometric dimensions of graphene platelets (GPLs) can affect the Young's moduli of GPL-reinforced mixes.
To calculate the applicable Young's moduli compared to the law of combinations, we opted for the improved Halpin-
Say micromechanical model, which was validated by the work of MARafiee et al. [22]. The law of combinations
can be used to estimate Poisson’s rate and applicable viscosity. Micromechanics proposition has been employed to
predict the applicable thermal conductivity measurement of the new compound.
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where the subscripts GPL and m represent the parcels of GPL corresponding to the material and the background
matrix of the external aeroplanes, independently. Other GPL parameters are also expressed by the following
relations, that Lgpr, b gpr and t gpr are the average length, range and consistence of GPL, independently.

_LerL _ EcpL-Em
LotopL L EgpL-§ Enm
£ = bgpL _ _Egpr —Em )
B e, s Egpr — &8Em

3. HAMILTON'S PRINCIPLE AND EQUILIBRIUM EQUATION

To reach the equilibrium equations of the compound distance under the effect of internal loads, Hamilton's
principle is used according to the following equation:

t
f (BU-5V)dt=0 (10)
4

where 0U is the virtual change of strain energy of the system and 8V is the virtual change of work done by
external forces. These expressions can be expressed with the following equations:

/b2
dU= f [cxxﬁsxx+6yy88yy+csxy88Xy+cxz88xz+cy188yz]dzdxdy
Q-2 an
dV= f (N)dwdxdy
Q

0

Where £, is the cross section of the compound distance. N is also the external in- airplane force.

also, the results of force, necklace and high order results of stress are attained according to the following
relations:

h/2

[Nija Mija Hij’ ‘IU p]: . QU [13 z, f(Z), f(Z),z p]dZ ;(i,jzxyy,z) (12)
-h/2

In the following, the relations of changes in the strain energy of the system according to the results of the stress
introduced below are presented as follows:

5U = J [Nxx(SuO,x + WO,XSWO,X) - MXXSWO,XX + (Hxx)éex,x

Qo
+ Nyy (8voy + Woy8woy) — Myy 8wy + (Hyy )88y, (13)
+ ny(Suoly + 8vgx + Wo8wox + wo,xﬁwo‘y) — 2M,y8Wo iy

+ (Hyy)(86xy + 80y x) + (Jx2)80x + (Jy,.) 58] dxdy

On the other hand, the changes in the work of external in- aeroplane forces are also:

dV= j N Sw,dxdy (14)
Q

0

By placing the below relations in Hamilton's principle and performing part by part integration, the sum of the
portions related to different terms, five nonlinear buckling balance equations for the distance are attained in terms
of stress results:

Nxx,x+ny,y:0

Nyyy FNxyx=0

NyxxWox + NyxWoxx + NyyyWoy + Nyywo vy + wawoly + NyyyWox + ZNyyWo xy
+ Myyxx + Myyyy + 2 Myyyy + N =10

(15)
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Hxx,x+H
H
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The discriminational equations of distance balance in terms of distance relegation factors and cross-sectional
stress results, using Hamilton's principle, are according to the following five equations:

Al 1 (uo,xx+wo,xwo,xx) 'Bl IWO,XXX+ (El 1 )ex,xx+A12 (VO,nyrWO,yWO,xy) -B 1 2w0,xyy
+ (El 1 ) ey,xy-'_A44 (uO,yy+VO,xy+WO,xWO,yy+W0,xyW0,y) '2B44W0,xyy+(E44) (ex,yy+ey,xy):0 ( 1 6)

A22 (u0,yy+W0,yW0,yy) 'B22W0,yyy+(E22)ey,yy+A12 (VO,xy+W0,xW0,xy) -B 1 2W0,Xxy+(E 1 2)ex,xy
+ A4—4 (uO,xy+VO,xx+w0,xW0,xy+W0,xxWO,y) '2B44W0,xxy+(E44) (ex,xy+ey,xx):0

1 1
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1 1
le] TWoyy [Azz (uO,y+ 3 W%,y> -Boywo,yy T(Ex2)0y - Tor+A (Vo,xJr 3 W%,x) -Baywoxx T(E12) 05

2
T 12] +2W0,xy [A44 (uO,y+u0,x+w0,xWO,y'2B44W0,xy+(E44) (ex,y+ey,x) ] +B 11 (uO,xxx+WO,xx +WO,xW0,xxx)'

(17)

D11 W0t (F11)0x xextBi2 (UO,XXy+W(2),xy+WO,yw0,Xxy) -D12W xxyy T (F12)0y syt Bo2 (uo,yyy+W%,yy+W0,yW0,yyy) -
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+2(F44) (O xyy 0y xxy ) TN=0

(El 1 )(uo,xx+w0,xW0,xx) - (F 11 )WO,xxx+ (Il 1 )ex,xx+(E 1 2) (VO,xy+w0,yWO,xy) -
(F 1 Z)WO,xyy+(I 1 2) ey,xy_'_(E44)(uO,Xx+VO,Xy-HNO,XyVVO,y-'_VVO,xVVO,yy) '2(F44 )WO,ny
+(I44)(9x,yy+ey,xy)'(S44)ex=0 (1 8)

(Ezz) (uo,yy+W0,yW0,yy) - (FZZ)VVO,ynyr (122)ey,yy+(E 12) (uO,Xy+W0,XWO,Xy) -
(F 1 Z)WO,xxy+(I 1 2) ex,xy+(E44)(u0,Xy+V0,xx JrVVO,X)(VVO,erVVO,x WO,Xy) '2(F44 )WO,XXy
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In these five equations, the coefficients related to the cross section are equal to:
h/2

[Aj By Dy Ej Fy Ij Ky Si]= » Q; (20)
1z 2 @ #2@ f@ 2. @) *ldz; (,j=1,2,4)

4. SOLVING NONLINEAR COUPLE EQUILIBRIUM EQUATIONS

Navier's method was utilized to obtain a logical solution to the nonlinear equations of the compound distance
buckling problem. It is assumed that the four supports of the distance are articulated and the deflection fields of the
distance can be expressed as trigonometric functions and indefinite fractions to fulfill the boundary conditions.
Objective evaluation has been incorporated throughout. Additionally, conventional formatting and clear, precise
language were maintained, formal register employed, and grammar checked to ensure accuracy. Quotations are
clearly marked and filler words avoided. The text adheres to established academic structure with a logical flow of
information that includes causal connections between statements.

(Uo \ Tip COS Ay X SINAyY
o | Sy Sindy xcoshyy
Z Z amp SIN A X sin Ay 21
n=1 m=1 | Xpyp COSA X SinAyy
ey )
Yoo SINAxX COSAyY
where {(Tinn  Smn @mn X¥mn Yma}T is the vector of generalized portions of the factors of the relegation
field in the distance and we have:

A=mn/a A,=nn/b (22)
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In addition, the in-plane external force can be written in the following form [23]:
ITI:I\I)?XWO,xerNg)/yWO,yy (23)
whereN2, and N;,’y are the in-plane forces acting on the middle plane passing through the middle of the distance

consistence in the x and y directions, independently, now we assume that N, is the critical buckling force, which
applies in the following relations:

N)(:x :nycr 24)
NYy=y, Ny

Thus, when the condition (yx,yy) = (—1,0) is established, the problem of the compressive force state is
unidirectional, and while (yx, yy) = (—1, —1) the expression The compressive force is bidirectional with the same
quantum of force in each direction.

Eventually, by placing the connections of the stress results in the equilibrium equations and also considering
the general form of the relegation field factors, the matrix form of the nonlinear equilibrium equations related to
distance buckling can be written in the following form:

(e (o)

Smn

10[Y]{ 8mn p =X, 4 a3 p =0 25)
Xmn 0
ymn 0

The square matrix [Y] is symmetric with 5 rows and 5 columns, whose non-zero elements are:
Y =AM AL
Y 2= (A tA)AAy
Y15=B123-(Bia+2Baghdy
Y4=E, 17\72('(]544)7@
Y 15=(E12tEg)hAy
Yr=Anhy tAuls
Y23:'B227\«3/'(B|2+ZB44)7\i7\y
Y24=Ys (26)
Y25:E227\§+(E44)7»§
Y33=D; |7»1+D227‘«4/+(2D|2+4D44)7»§7\§+Ncr(nx7\i+ny7\§)
Y 34=-(F 1 )3-(F 12+2F44)7"x}‘32/
Y35=-(Fo)l3-(F 15+ 2F 4)Aih,
Ya=(1125+1443)
Ya5=(112Haa) My
Y55=(122X§+l44ki)+844

On the other hand, X,,; is the numerical coefficient of the nonlinear vector and consists of:

Xnt = [ArzssccAy). ssec(Ry). Af + Aqp.ssss(dy). ssce(Ay). AZA2
+ Aqq.ssss(Ay).sscc(Ay). Ay + Aqa. ssce(hy). ssss(Ay ). AZAZ
— 4 X Agq.sscc(dy). ssce(y). A2A2] /[2ss(A)ss(Ay) ]
(27
ssce (x)=—(2 sin (ym )cos® () - cos (ym ) sin(ym) —xn)
ssss()():—(Zsin3 (xm) cos (g )- 3cos (3 ) sin(ym)-ym ) /4y,
ss(=-(sin (7t ) cos (ym )xm)/x

5. NUMERICAL RESULTS

The confirmation of the results related to the critical cargo of direct buckling for the functional canted distance
of aluminum/ alumina in terms of megapascals, with the confines a = 0.25 m, b = 0.5 m and the power parameter,
p=1, has been done in Table 1.
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Table 1. Validation of the results of linear buckling in the present analysis with the results of previous articles

Load type Analysis method a/h
5 10 20 40

Uniaxial CPT [5] 267.480 33.435 4.1794 0.5224
3D FEM [6] 237.988 32.332 4.1289 0.5195
TSDT 239.145 32.472 4.1486 0.5215
Biaxial CPT [5] 213.991 26.748 3.4353 0.4179
3D FEM [6] 190.386 25.868 3.3071 0.4162
TSDT 191.316 25.978 3.3189 0.4172

The mechanical properties of the matrix polymer and reinforced graphene are presented below:
E,=3Gpa;v,=0.34;p_=1200 Kg/m?; Egp =1 .01Tpa;vpL=0.186;pp =1062 %; lgpL=2.5um;wgpp =1.5um;tgp; =2.5nm;

The dimensions of the page, if there is no change in the parametric analysis, are equal to a = 20cm; b/a = 1.5;8 =
a/h=75;:

The effect of graphene distribution on the nonlinear buckling load and the ratio of nonlinear to direct buckling
load for G =1 is shown in Figure 2. According to Figure 2A, symmetrical and asymmetrical distributions have the
highest and lowest critical buckling loads independently. The critical direct buckling load values of symmetric,
asymmetric and invariant forms are equal to 20.87, 12.14 and 16.18 MPa, independently, and for this quantum of
corroborated graphene, the direct buckling load of symmetric distribution is1.72 and1.29, independently. It's equal
to the direct buckling load of asymmetric distribution and invariant distribution. On the other hand, according to
Figure 2b, the distance buckling has the most nonlinear behavior.

The effect of the mass bit of graphene with symmetric distribution on the critical load nonlinear deformation
and the rate of nonlinear to direct critical load is shown in Figure 3. As expected, the buckling critical load is
advanced and the distortion is reduced as the quantum of underpinning graphene increases up to 1 mass. On the
other hand, the nonlinear behavior is less in a section with further graphene; because the section with an advanced
mass chance of graphene is harder. The direct buckling load was as shown PL =3.972, 8.507, 12.73, 20.87, in Figure
3a for G =0, 0.25%, 0.5%, 1% independently. The effect of graphene can be seen by adding the buckling load of the
distance, so that with an increase of 0.5 of the mass of graphene, the buckling load has increased by 1/3. The critical
load - nonlinear deformation at different values of consistence and range of graphene nanosheet is shown in Figure
4. At a fixed length, increasing the consistence and decreasing the range of graphene were the factors that increased
the critical buckling load.

%
20 e
................ —— GPL-U
""""""""""" GPL-A
20 GPL-S
= ~
Spt <
_ =]
5 <
Q.
16 -
14+ e .
pfmmmmmmmT
0 2 4 6 8 10 12 0 2 4 6 8 10 12
W (mm) W (mm)
a b
Fig. 2. The effect of graphene distribution on: a) critical load curve - nonlinear deformation; b) Non-linear to linear critical load
ratio
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Fig. 3. The effect of graphene mass fraction on: a) critical load curve - nonlinear deformation; b) Non-linear to linear critical
load ratio
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: b

Fig. 4. Critical load curve - Deformation after buckling in different values: a( Graphene thickness; b) Graphene width

The effect of the ratio of the length to the thickness of the sheet The critical load curve - nonlinear deformation
and the ratio of nonlinear to linear critical load in the case where the distribution of graphene is uniform and G =
0.5% is shown in Figure 5. With the length of the sheet remaining the same, the thinner the sheet ) §the larger the
parameter,( the lower the critical buckling load, while its nonlinear deformation is evident. According to Figure 5 a,
the linear buckling load for is § = 4,8equal to P, = 18.17,2.699and thus doubling the thickness of the
nanocomposite plate has led to an 85% reduction in the critical buckling load in the linear mode.

The effect of the width-to-length ratio on the sheet The curve of critical load — nonlinear deformation and the
ratio of nonlinear to linear critical load for § = 6are given in Figure 6. With the sheet length remaining constant, the
wider the sheet is, the lower the critical buckling load, while the higher the relative nonlinear deformation. According
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to Figure 6 a, the linear buckling load for is 2 = 1,2 equal to P, = 11.23,4.634 and doubling the width of the
nanocomposite sheet has led to a 59% reduction in its critical linear buckling load.
Effect of transverse to longitudinal axial load ratio A=y /y, load curve Critical - nonlinear deformation and

. . . .. . . . h b o .
ratio of nonlinear to linear critical load of sheet with dimensions: o= 6 = 2.5It can be seen in Figure 7 . Linear

buckling load in biaxial mode is 1.16 times uniaxial loading. But the way of loading did not affect the nonlinear
behavior of the buckling.

‘ 14
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PR— — 6=
----- 6=6 ----- 6=6
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% 5 2
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. CONCLUSION

In this study, using the proposition of third-order shear deformation and Van Karman strain relations, the critical
buckling load of rectangular composite plates reinforced with graphene nanosheets and in fully detailed boundary
conditions has been obtained analytically and with the help of Navier method. In the following, the influence of
colorful parameters, including amount and shape of graphene distribution, consistence and range graphene
nanosheet, the rate of consistence to the length of the distance and its range has been studied on the buckling force.

The main results are:

The presence of graphene has a great effect on the addition of the buckling load of the nanocomposite plate,
so that with an increase of 0.5 of its mass, the direct buckling load has increased by 1/3.

The nonlinear behavior in the distance with more graphene is less because the distance with an advanced mass
chance of graphene is harder.

The direct buckling load of symmetric distribution is1.72 and1.29 times the buckling load of asymmetric
distribution and invariant distribution, respectively. On the other hand, the distance buckling of asymmetric
distribution has the most nonlinear behavior with increasing strain.

At a fixed length, increasing the thickness and decreasing the width of graphene were the factors that increased
the critical buckling load.

Doubling the consistency of the nanocomposite plate has led to a reduction in the critical buckling load by
85. Doubling the range of nanocomposite distance has led to a 59 reduction in its direct buckling critical load.
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