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Abstract: The present research aims at determining the axial buckling load of stiffened multilayer
cylindrical shell panels made of functionally graded graphene-reinforced composites (FG-GPL RCs).
Rings and stringers are applied as stiffening tools for shell panels, whose elastic properties are
determined according to the Halpin-Tsai relations. The virtual work principle and finite element
approach are implemented here, according to a first-order shear deformation theory (FSDT) and
Lekhnitskii smeared stiffener approach, in order to determine the governing equations of the stability
problem. Four different dispersions of nanofillers are assumed in the thickness direction, including
the FG-X, FG-A, FG-O, and UD distributions. A large systematic investigation considers the effect of
different geometric and material parameters on the buckling loads and mode shapes of the stiffened
FG-GPL RC cylindrical shell panel, primarily the dispersion and weight fractions of the nanofiller, the
number of rings and stringers, and the boundary conditions, with useful insights for design purposes.

Keywords: axial buckling; FEM; FSDT; functionally graded material; graphene-reinforced composite
multilayer cylindrical panel

1. Introduction

In the last decades, a great effort by scientists has been devoted to increase the me-
chanical performances and durability of many structural members, primarily resorting
to polymeric or metal nanocomposite materials, where nanoparticles can be dispersed
within a polymeric or metallic matrix, with different distributions, in line with design
requirements. The uniform dispersion of nanoparticles as reinforcement phase is desirable,
even though their high level of energy can cause some agglomeration phenomena, with
low nanoparticle weight fractions. In addition, there are some practical procedures, such as
the use of an ultrasonic bath instead of traditional mixing, to ensure the uniform dispersion
of nanoparticles in the matrix. Another way to enhance the mechanical performance of a
structure stems from the application of ribs and stringers as strengthening members. In
addition, the connection type between stiffeners and original structure plays a key role in
the final strength of the assembled configuration, due to the presence of stress concentra-
tions near to the connection points. Such connections can include glue, welding, screws, or
rivets that can significantly affect the overall response of the stiffened structure.

There are a lot of works in the literature that have focused on different strengthening
strategies for the improvement of the mechanical performances of structures under different
loading conditions, both in a static and dynamic sense. Among GPL-reinforced applications,
Mollaei et al. [1] applied the 3D finite element elasticity solution and virtual work principle
to assess the buckling response of FG-GPL RC cylindrical shell panels under a torsional
load. Kiani [2], instead, employed a generalized differential quadrature method (GDQM)
and an equilibrium criterion to determine the buckling load of FG-GPL conical shells
under a thermo-mechanical loading condition, accounting for a FSDT for shell structures.
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Lei et al. [3] used a Ritz approach to estimate the buckling load of FG-GPL RC laminated
plates in thermal conditions applying the FSDT. Shahgholian et al. [4,5] also applied the
Hamiltonian principle, FSDT basics, and Rayleigh—Ritz approach to evaluate the buck-
ling [4] and torsional buckling [5] loads of FG porous hollow cylinders reinforced by GPLs.
The same FSDT theoretical basics were also applied by Dong et al. [6] to analytically evalu-
ate the buckling load of FG cylinders with porosities and reinforced by GPLs. The same
Ritz approach was also employed by Chen et al. [7] in order to control the vibration and the
geometrically nonlinear buckling behavior of FG-GPL nanocomposite porous beams. In
another work [8], the same authors applied the Ritz approach to determine the elastic buck-
ling and natural frequency response of composite beams reinforced by GPLs, including FG
porosities. Zhang et al. [9] presented an analytical solution for the thermo-mechanical anal-
ysis of porous FG graphene-reinforced cylindrical panels using an improved third-order
shear deformation theory. Sobhani et al. [10], instead, analyzed the natural frequencies of
hybrid porous nanocomposite-joined hemispherical-cylindrical-conical shells based on a
FSDT and GDQM procedure. At the same time, Yang et al. [11] combined the FSDT and
the Chebyshev-Ritz approach to perform a comprehensive investigation of the buckling
response for porous FG-GPL nanocomposite rectangular plates, whereas Zhou et al. [12]
evaluated the buckling load of FG porous cylinders reinforced with GPLs, based on a
classical theory of shells and higher-order shear deformation theory (HSDT). A novel
numerical model was introduced by Ansari et al. [13] to estimate the buckling load of
porous FG-GPL plate-type structures, whose governing measures were determined based
on the Hamiltonian principle and HSDT. Similarly, Yaghoobi and Taheri [14] proposed an
analytical procedure to study the buckling behavior of sandwiched rectangular plates with
a FG porous core reinforced with GPLs, whereas Tao and Dai [15] applied the isogeometric
approach to accurately study the post-buckling behavior of cylindrical shell panels with a
FG porous core reinforced by GPL nanofillers. This last computational strategy was also
proposed by Nguyen et al. [16] to determine the buckling load and natural frequency of
FG-GPL porous rectangular plates according to HSDTs.

For further applications of the HSDT and finite element approach for the buckling and
post-buckling behavior of different shells and panels, the reader is referred to Refs. [17-23],
whose limit cases can be represented by curved beams [24-26], as well as by a classical
shell theory, or thin-walled shell theory as proposed in [27,28], respectively, for shell
structures with stiffeners. For these last structural cases, we briefly recall some relevant
works from the recent literature focusing on the influence of stiffeners such as ribs and
stringers on the buckling response of shell members. For example, Shahani and Kiarasi [29]
numerically and experimentally investigated the buckling load of stiffened cylindrical
shells with cut outs under a uniform axial loading. Similarly, Wu et al. [30] focused on the
buckling response of composite stiffened panels under an impact force, and Tran et al. [31]
numerically computed the buckling force of stiffened curved panels under an axial force.
A classical finite element approach was followed by Grondin et al. [32] to investigate the
buckling response of stiffened steel rectangular plates, whereas Reddy et al. [33] proposed
a layerwise theory for the buckling study of stiffened hollow cylinders. An interesting
review paper about the stability response of isotropic and composite stiffened panels can be
found in Ref. [34], whereas some optimization procedures are proposed in Refs. [35-39] to
improve the mechanical response of shell structures with different shapes in the presence of
stiffeners. One of the most common computational tools to treat similar problems relies on
the classical finite element method (FEM), as implemented by Ifayefunmi and Ruhan [40] to
evaluate the buckling response of stiffened joined conical-cylindrical shell-type structures
under an axial force, but also to model the buckling of grid-stiffened composite conical
shells and stiffened shell panel structures [41,42].

Despite the large use of classical FEM, there are few works theoretically defining the
buckling load based on a Lekhnitskii smeared technique, where the connection between
the original structure and stiffeners is considered ideal in absence of rivets, screws, and
welding. For example, Duc and Thang [43] considered the nonlinear buckling response
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of imperfect cylindrical shells with stiffeners made of FG materials (FGMs) in thermal
conditions. In another investigation [44], the same authors proposed a nonlinear analysis
of stiffened FGM cylinders resting on an elastic medium and subjected to an axial force.
Similarly, Duc [45] studied the nonlinear vibration response of imperfect FGM doubly
curved panels with stiffeners resting on an elastic medium. Duc and Cong [46] applied the
classical shell theory together with the Galerkin approach to study the nonlinear thermal
response of stiffened conical shells made of FGMs on an elastic substrate.

Based on the literature overview, it has been clearly shown that nanoparticle-based
reinforcements as well as the application of orthogonal stiffeners such as rings and stringers
can singly provide a great effect on the buckling response of shell structures. However, the
combined effect of both aspects has been not investigated yet, as proposed in the present
work for the buckling study of stiffened FG graphene-reinforced composite multilayer
cylindrical shell panels. In such a context, four different distributions of GPL reinforcements
are assumed here throughout the thickness direction of the cylindrical panels, whereas a
Lekhnitskii smeared technique is considered to model the connection between FG-GPL
shell panels and stiffeners. Moreover, the Halpin—Tsai relations are established here to
estimate the equivalent mechanical properties of the shell panel. The FSDT, together with
the principle of virtual work and finite element procedure, are also adopted to determine
the governing equations of the problem. A systematic investigation is performed to check
for the effect of several parameters, including the weight fractions and patterns of GPLs,
different boundary conditions, geometries, and numbers of stiffeners, on the buckling
response of stiffened FG-GPL cylindrical shell panels. The work is organized as follows.
After this brief introduction, we provide the main basic principles of the theoretical model
in Section 2, starting with the geometrical and mechanical definition of the selected problem.
The governing equations of the problem are then solved numerically according to a finite
element approximation, as proposed in Section 3, from a theoretical perspective, and they
are applied numerically in Section 4 within a large parametric investigation. The main
concluding remarks can be found in Section 5, with useful suggestions from both a theo-
retical and a design standpoint for different engineering applications of novel composite
structural members optimized by simply tuning the FG graphene reinforcement phase.

2. Theoretical Formulation
2.1. Geometrical and Mechanical Properties

Let us consider a stiffened FG-GPL multilayer cylindrical shell panel under a com-
pressive axial force (Figure 1), with length L, span angle §, radius R, and thickness h. As
visible in the same figure, let us assume the (x, 6, z) system of coordinates, accounting
for the axial, hoop, and radial axes, respectively. We account for a shell panel stiffened
with longitudinal stiffeners (stringers) and circumferential stiffeners (rings), reinforced by
different GPL patterns, as reported in Figure 1.

GPLs can be distributed in the polymer matrix uniformly or non-uniformly. In the last
case, the weight fraction of the nanofiller (GPL) is functionally graded across the radial
direction of the shell panel, which is made of 1}, layers. More in detail, we consider four
different volume fraction distributions of FG GPL-RCs, namely, a uniform pattern (UD) in
addition to FG-A, O, and X patterns. In the uniform case, the GPL weight fraction remains
constant for each layer, yielding to a homogeneous isotropic GPL-RC structure. For FG
patterns, instead, the weight fraction of GPLs varies linearly across the thickness of the
panel. More in detail, for FG-X distributions, the weight fraction of GPLs assumes the
maximum value at the inner and outer layers, whereas for a FG-O distribution, the weight
fraction obtains the maximum value at the mid-layers. Moreover, for an A-GPLRC-type
distribution, the weight fraction is maximum at the inner layer and decreases continuously
for an increased distance from it, assuming the lowest quantity of GPLs at the external
surface of the shell. For different GPL distributions, the equivalent weight fraction can be
evaluated as [47-51].
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Figure 1. Geometrical scheme of a stiffened FG-GPL multilayer shell panel with four different

distributions of GPLs.
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Here, V((;I;,)L refers to the volume content of GPL in each layer of the panel, with k
varying from 1 to ny; VZp; stands for the volume fraction of nanofillers, which can be
evaluated as follows:

AGpLOm
AgpLPm + pGpL — AGpLPGPL

Vepr = @)
where Agpy is the weight fraction of the nanofillers, and pgp;, and p;; stand for the mass
density of the nanofillers and polymeric matrix, respectively.

According to Halpin-Tsai micromechanics [44-48], the elasticity modulus of the panel
can be described as

E— 3(1+ €(L;PL17§PLVGPL E, 4 5 1 + S%PLUEVPLVGPL EGPL (3)
2 2
8\ 1—yfPlVepL 8\ 1-n5 VerL
crL _ 2lcpr @
tGprL
2w
eGPL — : GPL 5)
GPL
E —E
GPL crL — Em
pCPL — _ZCPL— —m (6)
t Egpr + €SPLE,,
E —E
popr — _EcrL— Em @)

Egpr + €SP En

where E;; and Egpy stand for the elasticity modulus for the matrix and nanofillers, respec-
tively. In addition, Igpr, wgpr, tgpr, and Vipr, refer to the length, width, thickness, and
volume fraction of the nanofillers, respectively. The rule of mixture is also employed to
evaluate the Poisson’s ratio and mass density of the GPL-RC:

p = pcrLVerr + pm(1 — Vepr) 8)

v = vepLVerr + vm(1 — Vepr) )
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where vgpr and vy, refer to the Poisson’s ratio of the nanofillers and matrix, respectively.
Thus, the shear modulus G of the shell is determined as

E
C =507y (10)

2.2. Mathematical Problem

A FSDT is considered here to describe the displacement field, and a Lekhnitskii
smeared stiffeners assumption is employed to define the relation between the main structure

and its rings and stringers. Applying the FSDT of shells, the displacement components of
the shell are defined as

u(x,0,z,t) =uy(x,0,t) +z¢px(x,0,1t)
v(x,0,z,t) =vp(x,0,t) +z¢e(x,6,t) (11)
w(x,0,z,t) = wy(x,6,t)

where ug, vy, wy are the kinematic components of the mid-plane of the panel along the
axial, circumferential, and radial directions, respectively. Also, ¢x(x,6,t), pg(x,0, ) are the
rotations of the mid-plane around the x and 0 axes, respectively. The kinematic relations
are also defined as

€y = s?c + zky

€p = 89 + z kg

Yx0 = ’ng + kaG (12)
Yoz 792
Yxz = 'sz
where 0 g o — 9. 0 vy | we,
% " i AR
ko = wog; ’Yxe = 25 + 2 ax ; k = B+ (13)

dwo

W
Yoz = Po + Ro0 R; 'sz ¢x + Bx ’

Based on the Lekhnitskii approach, the resultants of forces and moments are defined
as [52]

= (Aq1 + B2)ed + Appe) + (Bi1 + B55% )k + Brokg
Np = A€ + (A + E%ﬁ’ﬁg + Bioky + (B + %r’zr)ke
Nyg = As67°y + Beskxo
My = (By1 + %:zs)gg + B1pe) + (D11 + ESSSIS )kx + D12k

(14)
My = B1oe) + (Byy + E25% )€l + Dysky + (Dpp + £kt )k
My = Be% + Deckxo
Qp = ks(As + G’Ar)’mz
Qx = ks(Ass + 5 S)'sz
with
h h h
i E E fE 2
An=An= [ ;=dz;, Bu=Bn= [ ;32dz;, D =Dn= [ ;7,2%dz;
-3 -3 -3
3 5 5
A12 = f 1352112, Blz = f 1 ZZdZ D12 = f lv’izzzdz;
Zh Ch Zh
2
E _ E _ E 2
Age = fh 20 % Beo = fh o] 24% Des = fh 207 9%
2 -2 2
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The normal and tangential elasticity moduli of stringers and rings are defined as Es, G;
and E,, G,, respectively, while assuming a shear correction factor ks = 5/6. Both ribs and
stringers as well as the main panel are considered to be perfectly joined, and each part
is made of the same material. A uniaxial stress state is also assumed for both rings and
stringers, which are defined geometrically by height I,, hs, and width b,, bs, respectively,
for a global cross-section area A;, As.

Moreover, the distances between two adjacent stringers and each ring are denoted by
Ss and S;, respectively, whereas the distances between the centroid of each stringer and
ring from the mid-surface of the panel are labeled as z; and z,, respectively. The resultants
of force and moment in matrix form are defined as

Ny [ An A 0 By Bip 0 €
Ny Ap Ap 0 Bip Bp 0 €
Neg L _ |0 0 Ae 0 0  Bg 72
My Bii B, 0 Dyp Dip 0 ke (16)
My B By 0  Dpp Dn 0 ko
Mg L 0 0 Bgg O 0 Degg kyo
{Qe}:k Ay 0 }{’m}
Qx ° | 0 Ass Txz
with o
B A A 0
A= Ap An 0 |,
0 0 A
B Bin Bz 0
B=| B Bn 0 |,
0 0 B
D1 D2 O -
D= | Diz Dp 0, Ezks{g144 % }
0 0 D %
An =An+ 5% Ap=Ap; Ap = Ay + Ehr; Age = Ags;
Ay = Ay + Gg—f’; Ass = Ass + %;
By =B + %; Bi = By
By = By + E’AE’Z’ Bss = Bee
Dy = Dy + ES 2, Dy = Dy

Dy = Dy + E’I’ Des = Des

The principle of Vlrtual work is now applied to determine the governing equations of
the problem:

(5U W =0
= 1 [ [Nx€% + Noe§ + Nypv2y + Mykx + Mokg + Miygkyg + Qpyor + Qx7yxz] Rdfdx,

;Zf [ (%) } Rdfdx

(17)

with U the strain energy, and W the external work associated with a uniform compressive
axial load applied on the bases of the shell. A homogenous isotropic material is assumed
for all stiffeners, such that E; = E, = E,;,.

Hence, the strain energy for the stiffened structure is defined as

U= ff {Nx€ + Np 39 + Nx@')/xe + MxKy + MgKy+
MoKy + QxYxz + QoYo2

}R dx do (18)
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which can be arranged in the following matrix form:
e Ky
U= { [Nx,No,Nxo] | €% |+ [Mxy, Mo, Mxo]| Ko | +[QrQo] [ o ] Retxd® (19)
0 K Yoz
Yxe x0

Also, the kinematic relations (12) and (13) can be defined in the following matrix form:

ey ] [ €0,
€9 = 809 ]—FZ
L Yxo _Voxe
Uop
Koy =10 &g = 0 Zggs || Wo | =diQ
L& ] Lris o 0 Zras Za: Px
Po
Uy
0 P Vo
IR Sh IR
z R R 00 ©x
©o
Uy
[ €0 2 0 0 007 W (20)
s(;e]:[O Igaaelgool Wo | =d3Q
R r 20 00 ®x
Po
Up
[ Ky 000 2 o0 Vo
Ko :[00 0 0 ;%} Wy | =dsQ,
L Ko 000 (& 2 Px
©o
Uy
Vo
Q= W
Px
Po

Hence, by substitution of Equation (20) into Equation (19), the strain energy can be
defined in variational form as

- (@Q)"A " + (diQ)"
u=| ( g(daQ)TBT+(d4Q)T

3. Finite Element Modeling

o~

") (d20Q)+

Rdx do 21
)(d45Q)+(d2Q)T€T(d25Q)) t ey

]
H

A numerical procedure based on classical finite elements is now applied to solve
the governing equations of a stiffened FG-GPL multilayer cylindrical panel in a discrete
manner. A two-dimensional, four-noded element with 20 degrees of freedom (DOFs) is
adopted to discretize the model, where the shape functions in the x and 0 axes are referred
to a local-coordinate system (¢, 77) of the following type:

2(x —xc)  2(0—6)

C="Tw 1T 40 @)
where —1 < ¢, # < 1in the x and 6 axes. Moreover, L) and ,B(e) are the length and

span angle for each element, respectively. Also, 6. and x. are the circumferential and axial
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coordinates of the center for each element. The approximating functions for each element
are defined in terms of natural coordinates and displacement components as follows:

Dl
j _ 1 1+ 1“1‘77
¥ (T2 (1-90+1) )
¥ (1-8)(1—1n)
Uo1
001
wo1
Px1
Y, --- 0 Yy -+ 0 Po1
: oo RN I oo : =1q(e)
0 ‘Yl 0 ‘Y4 Upy
004
Wo4
P4
P4

where ¥, n =1, 2,3, 4 are the shape function components, ¥ is the shape function matrix,
and u;, vo;, Woi, @i, and @g; stand for the nodal DOFs defined as

4 4 4

up= ) Yilloy vo= L ¥iVoi wo= Y ¥iWo;
1:41 14:1 i=1 (24)

Px = '21 Yibxi @0 = Zl Yiboi
1= 1=

By substitution of Equation (24) into Equations (17) and (21), the virtual work principle
(17) can be rewritten as

<d3‘f>TAT< ¥) + (dF)TB () +

/ A @)"B T (d¥) + (44%)'D ™ "d,¥) |99 | Rdxdo =0 (25)
"L\ +(d¥)eTd, - PF, T, ¥

where
00 0 00 00 0 00
00 0 00 00 0 00
P1=|00 % 00 00 % 0o 0 26)
00 0 00 00 0 00
00 0 00 00 0 00

5%20

In addition, by replacing do¥ = By, d3¥ = B3, d4¥ = B, into Equation (25), the
following equation is derived for a cylindrical panel element:

(ki + ko + k3 — Pekg) @q@ =0 27)
with T
kng[ B,7A " +B,7B TBg}Rdxde
e __ T
K = J[B;TB "By+B,"D "By| Rdxdf 08)
k= [[B,Te TBy] Rdxde
ke = [¥, ¥R dx do
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where k, is the geometric stiffness matrix, and P is the buckling load.
Finally, by adding the stiffness and geometric stiffness matrices, we derive the follow-
ing finite element equations of the problem:

(kl +ky + k3 — kag)q =0 (29)
The buckling analysis of the shell reverts to the eigenvalue problem, such that
det((ky +ky +k3) — Pxkg) =0 (30)

The following displacement boundary conditions are considered
For clamped supports (CC):

Vo, Wo, Px, 9o =0 at (x =10,0), (x =L, 0) (31)
And for simply supports (SS):
vo,wp =0 at(x=0,0), (x=1L,0) (32)

4. Numerical Investigation
4.1. Validation

The numerical investigation starts by considering a validation step, where the nu-
merical results are first derived for homogenous stiffened cylindrical panels with rings
and stringers and subjected to an axial load and SS boundary conditions, while com-
paring them to predictions from a commercial code. To this end, in such a preliminary
analysis, we assume a null value of weight fraction for GPLs, while considering the fol-
lowing mechanical properties for the matrix: E,, = 3 GPa, p,; = 1200 kg/ m?, v, = 0.34,
A = 0wt % . The geometry of the cylindrical panel is defined by means of L =2, R = 0.5,
B = 120° under the same assumption for the geometrical parameters of rings and stringers:
hy = hs = 0.02, b, = b; =0.04, S, = 0.5, S; = 0.378, N, = N; = 5. (N, is the number of
rings, and N; is the number of stringers). Table 1 summarizes the results from our formula-
tion in terms of the first six buckling load values, compared to predictions from literature,
with a very good accordance among them. This confirms the accuracy of the proposed
approach, which enables the subsequent parametric analysis for tunable geometries of
stiffeners and mechanical properties of the reinforcement phase. Figure 2 also depicts
the corresponding first six buckling mode shapes for the SS-supported stiffened panel,
involving different symmetric and asymmetric deformations, according to the selected
boundary conditions.

Table 1. Buckling loads (MN/m) as predicted by our formulation and a commercial code.

Buckling Load Al /\2 /\3 /\4 /\5 A6
Commercial code 10.171 10.19 10.40 10.451 10.910 11.261
Present 10.175 10.20 10.42 10.458 10.977 11.299

In addition, to ensure the correct implementation of equivalent mechanical properties
of FG-GPL structures, the critical buckling load of a multilayer FG-GPL cylindrical shell
(B = 360°) under an axial load without stiffeners has been determined and compared
with Ref. [53] (Table 2). To this end, we set E, and E; = 0 in the Matlab Code, and the
geometry and mechanical properties are assumed according to Ref. [53]. The governing
equations of [53] are based on the classical Donnell shell theory, and the results of the
present study are based on FSDT. The comparison between the present results and Ref. [53]
for different weight fractions of GPLs and various distributions of nanofillers shows an
excellent agreement (Table 2).
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Figure 2. First six buckling mode shapes of a stiffened cylindrical panel (SS boundary condition,
N; =Ns =5, GPLX A = 0.01 wt. %).

Table 2. Comparison of critical buckling load of a multilayer FG-GPL cylindrical shell for present
study and Ref. [53] (R = 40h, L = 2R, h = 0.045 m).

A 0 0.1 0.2 0.3 0.5 0.8 1
Present (UD) 21.53 39.19 56.75 74.38 109.40 161.75 196.60
[53] (UD) 21.58 39.22 56.83 74.41 109.48 161.87 196.65
Present (FG-X) 21.53 44.80 67.52 90.15 135.25 202.50 247.21
[53] (FG-X) 21.58 44.82 67.59 90.23 135.30 202.59 247.27
Present (FG-O) 21.53 31.93 41.40 50.35 67.70 92.95 109.53

[53] (FG-O) 21.58 31.99 41.42 50.42 67.76 93.01 109.56
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4.2. Numerical Results
4.2.1. Convergence Study

A convergence study is now performed for the first buckling load of stiffened FG-GPL
cylindrical shell panels, as summarized in the Table 3. In this case, the critical buckling
load of a stiffened multilayer cylindrical panel reinforced by GPLs with simply supported
boundary conditions is obtained for a different number of elements (GPL-X, A =1 wt. %,
Ss =0.378, Sy = 0.5). The convergence study is shown in Table 3, where accurate results
are obtained by applying 30 and 45 elements in the circumferential and axial directions,
respectively.

Table 3. Convergence study of the first buckling load of structure (GPL-X, A = 1 wt. %).

Number of Ements (ng X ny) 10 x 15 15 x 25 20 x 30 25 x 35 30 x 45
Buckling load 70.02 66.18 60.12 55.22 54.69

4.2.2. Numerical Results of Present Investigation

The numerical analysis continues by evaluating the first six buckling loads for a
stiffened multilayer cylindrical panel reinforced by GPLs, accounting for the sensitivity
of the axial buckling response to different reinforcement patterns and weight fractions,
but also to different boundary conditions and numbers of rings and stringers. In this
case, the stiffened FG-GPL multilayer cylindrical panel assumes the following mechanical
properties: E,, = 3 GPa ,v, = 0.34, p,, = 1200 kg/ m? (for the matrix phase), and
EGPL = 1.01 TPa, VGpPL = 0.186, oGrL = 1062.5 kg/m3, wgpL = 1.5 um, lGPL =25 um,
tgpr = 1.5 nm (for the reinforcement phase). The same geometrical properties assumed
before are considered once again in this case for the cylindrical panel with stiffeners.

Table 4 summarizes the effect of different GPL patterns on the buckling load of the
shell, for a SS boundary condition, under the assumption of a weight fraction A =1 wt. %.
Based on this table, the GPLX pattern seems to yield the highest buckling loads of the
structure compared to other GPL patterns, whereas the GPLO pattern seems to obtain
the lowest buckling loads. Such differences are approximately estimated equal to 40% as
acceptable for design purposes among engineers. At the same time, when the concentration
of the nanofiller phase at the external sides of the panel is higher than the concentration in
the core, the structure increases its mechanical stiffness. Table 4 also describes the impact of
GPL weight fractions on the buckling load of the structure. More specifically, by enhancing
the weight fraction of nanofillers from 0 to 0.01, for different GPL patterns, the buckling
load increases significantly (approximately 400% for a GPL-X pattern). The impact of an
increased weight fraction of GPLs on the buckling load of the structure is more pronounced
for a GPL-X distribution than other patterns, and the impact of an increased weight fraction
of nanofillers on the buckling load for GPL-O is less pronounced than the other patterns.
In Table 5, we also show the sensitivity of the buckling response to varying boundary
conditions, under the same assumptions for Sy, Ss;, Ny, Ns, A. As visible from this table, a
CC boundary condition yields higher buckling loads than a SS boundary condition, due to
the increased stiffness of a CC boundary condition versus a SS structure, with a relative
difference of about 15%. Table 6 also shows the influence of the number of stiffeners (rings
and stringers) on the buckling load of the stiffened cylindrical panel for both boundary
conditions, under the assumption of uniform distribution for GPLs (GPL-UD) and a weight
fraction of nanofillers A = 1 wt. %. Based on results, it is worth noticing that an increased
number of rings and stringers, from five to ten, provides an increased buckling load of
about 15% for both boundary conditions. The first six buckling mode shapes of the shell
panel are represented in Figures 2 and 3 for a SS and CC boundary condition, respectively,
while keeping the same number of ribs and stringers, N, = Ns = 5, whereas the last two
figures (Figures 4 and 5) show the corresponding mode shapes for an increased number of
stiffeners, N, = N; = 10, with a clearly different deformed configuration just related to the
varied number of stiffeners, under the same boundary condition. More in detail, based on a
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comparative evaluation of Figure 2 with Figures 3 and 4 with Figure 5, an increased number
of stiffeners clearly reduces the overall deformability of the structure, as highlighted in all
symmetric and asymmetric deformed configurations, for each mode shape.

Table 4. Effect of GPL weight fractions on the buckling load (MN/m) of a SS structure (Ss = 0.378,

S, =0.5).
GPL Pattern AGPL % Al /\2 /\3 A4 /\5 Ag

0 10.175 10.20 10.42 10.458 10.977 11.299

GPL-X 0.5 31.222 31.270 32.086 32.096 35.129 35.176

1 54.699 54.776 56.103 56.119 59.421 61.046

0 10.175 10.20 10.42 10.458 10.977 11.299

GPL-A 0.5 25.318 25.348 25.876 25.882 27.194 27.999

1 41.118 41.168 42.025 42.035 44.166 45.474

0 10.175 10.20 10.42 10.458 10.977 11.299

GPL-UD 0.5 27.050 27.083 27.646 27.653 29.055 29.915

43.931 43.984 44.899 44.910 47.187 48.584

0 10.175 10.20 10.42 10.458 10.977 11.299

GPL-O 0.5 24.345 24.374 24.881 24.887 26.149 26.923

1 39.537 39.585 40.409 40.419 42.468 43.725

A5 A6

Figure 3. First six buckling mode shapes of a stiffened cylindrical panel (CC boundary condition,
N; =Ns =5, GPLX A = 0.01 wt. %).
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Table 5. Effect of boundary conditions on the buckling load (MN/m) for SS and CC structures
(Ss =0.378,5: = 0.5, A =1 wt. %).

GPL Pattern Boundary Condition AM Az Az Ag As A

CcC 61.625 61.698 64.257 64.266 68.720 71.201

GPL-X SS 54.699 54.776 56.103 56.119 59.421 61.046
CC 47.120 47.789 51.749 51.798 53.942 53.980

GPL-UD SS 43.931 43.984 44.899 44910 47.187 48.584
CcC 45.102 45.121 46.201 46.211 48.070 49.924

GPL-O SS 39.537 39.585 40.409 40.419 42.468 43.725
CcC 46.505 46.521 47.782 47.788 49.225 51.025

GPL-A SS 41.118 41.168 42.025 42.035 44.166 45.474

3

Figure 4. First six buckling mode shapes of a stiffened cylindrical panel (SS boundary condition,
N; =N; =10, GPLX A = 0.01 wt. %).
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Table 6. Impact of the number of rings and stringers on the buckling loads (MN/m) of the structure
(GPL-UD, A =1 wt. %).

Boundary . .
Condition Number of Rings and Stringers AM Az Az Ag As A
5s=0.378,5 =05 47.120 47.789 51.749 51.798 53.942 53.980
or Ny =Ng =5
cc 5 =0.19,5,=0.25 52.953 53.194 57.373 59.296 60.925 60.996
or Ny =Ng =10
S =0.378,5,=05 43931 43.984 44.899 44910 47.187 48.584
or Ny =Ng=5
ss 5s=0.19,5, =025 49112 49.799 51.473 52.307 53.725 53.908
or Ny =Ng =10

Figure 5. First six buckling mode shapes of a stiffened cylindrical panel (CC boundary condition,
N; =N =10, GPLX A = 0.01 wt. %).

5. Conclusions

This work has focused on the buckling response of stiffened cylindrical panels rein-
forced with GPLs subjected to an axial loading. Four different patterns of GPLs, including
GPL-X, GPL-O, GPL UD, and GPL-A, have been considered here across the shell thickness.
The first-order shear deformation theory and finite element approach have permitted us
to define and approximately solve the governing equations of the problem. A systematic
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investigation has been performed to assess the sensitivity of the response to different GPL
patterns and weight fractions, but also to different boundary conditions and numbers of
stringers and rings. The final remarks can be summarized as follows:

(@) The maximum and minimum values of the buckling load stem from a GPL-X and
GPL-O distribution, respectively.

(b) The maximum variation in the buckling load for different GPL patterns and weight
fractions is approximately equal to 40% and 400%, respectively.

(¢) The buckling load of the structure tends to increase for increased reinforcement weight
fractions, especially for a GPL-X pattern, compared to other GPL distributions.

(d) A CC boundary condition provides higher buckling loads (of approximately 15%)
compared to the results from a SS boundary condition.

(e) The buckling load can be increased by about 15% for each fixed boundary condition,
for an increased number of rings and stringers from five to ten.

Our parametric results could be a valid reference for structural design optimization
purposes, due to the capability of FG GPLs to change the stiffness and strength properties
of the composite panels with different boundary conditions, by simply tuning the geometry
of the stiffeners, as well as the reinforcement distribution and weight fraction.
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