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Abstract In this study, the first-order shear deformation theory (FSDT) is used
to establish a nonlinear dynamic model for a conical shell truncated by a functionally
graded graphene platelet-reinforced composite (FG-GPLRC). The vibration analyses of
the FG-GPLRC truncated conical shell are presented. Considering the graphene platelets
(GPLs) of the FG-GPLRC truncated conical shell with three different distribution
patterns, the modified Halpin-Tsai model is used to calculate the effective Young’s
modulus. Hamilton’s principle, the FSDT, and the von-Karman type nonlinear geometric
relationships are used to derive a system of partial differential governing equations of the
FG-GPLRC truncated conical shell. The Galerkin method is used to obtain the ordinary
differential equations of the truncated conical shell. Then, the analytical nonlinear
frequencies of the FG-GPLRC truncated conical shell are solved by the harmonic balance
method. The effects of the weight fraction and distribution pattern of the GPLs, the
ratio of the length to the radius as well as the ratio of the radius to the thickness of the
FG-GPLRC truncated conical shell on the nonlinear natural frequency characteristics are
discussed. This study culminates in the discovery of the periodic motion and chaotic
motion of the FG-GPLRC truncated conical shell.
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1 Introduction

The outstanding material properties of graphene composites, e.g., excellent thermal,
mechanical, physicochemical, and electronic properties, have attracted the attention of many
researchers. For example, Young’s modulus of graphene can be as high as 1 TPa, the ultimate
strength can be as high as 130 GPal'l| the thermal conductivity is 5000 W -m~!- K~ and
the electrical conductivity of graphene is 6000S-cm~'3l. Rafiee et al.l¥l found that the
critical buckling load of graphene-reinforced composite material is increased by 52% by adding
0.1% weight fraction of graphene sheets to an epoxy resin matrix. The conical shell is a
well-known important structural unit in many engineering fields, e.g., rocket propulsion systems,
aircraft, pressure, and piping vessels, and ship structuresl® 9. Because the graphene-reinforced
composite conical shell structure has extensive application prospects in many engineering fields,
it is necessary to predict and discover nonlinear vibration characteristics.

Researchers have increasingly paid attention to graphene-reinforced composite structures
because of their exceptional mechanical properties. Yang and his group conducted numerous
studies to assess the bending, vibration, and buckling of beam and plate structures of the
functionally graded graphene platelet-reinforced composite (FG-GPLRC)!" 1. Zhao et al.['?]
reviewed recent studies dedicated to characterizing the mechanical and structural behavior
of FG-GPLRC beams, plates, and shells with various loadings or boundary conditions, and
discussed the challenges associated with and the future directions for FG-GPLRC structures.
Shen et al.['3"14 studied the nonlinear vibration and postbuckling of an FG graphene reinforced
composite cylindrical panel in thermal environments. The size-dependent postbuckling
characteristics of FG-GPLRC multilayer microtubes containing initial geometrical imperfection
were investigated by Lu et al.l'%l. Their work could provide theoretical guidelines for the safety
assessment and optimal design of GRC tubular structures. Yas and Rahimil'®) presented a study
on the thermal vibration of FG porous nanocomposite beams reinforced by graphene platelets
(GPLs) based on the Timoshenko beam theory. Blooriyan et al.'"l proposed an analytical
approach to investigate the postbuckling behavior of FG GPL reinforced polymer composite
circular cylindrical shells subject to lateral pressure and axial compression. Nguyen et al.['8]
developed a computational approach to investigate the dynamic responses, free vibrations, and
active control behavior of smart FG metal foam plates reinforced with GPLs. Gao et al.[?]
derived the governing equations for the FG metal foam plates by using the Hamilton principle
based on three different plate theories, and investigated the effects on the wave dispersion
relations of the geometrical and material properties of the plates. Wang et al.2% employed the
Hamilton principle and the improved Donnell nonlinear shell theory to formulate a model for
a metal foam cylindrical shell reinforced by GPLs and investigated the nonlinear vibration
characteristics. Liu et al.l2!l studied the free vibrations, forced vibrations, and transient
responses of the GPLs-FG plates.

A number of papers have reported the investigations of the vibrational characteristics of
conical shell structures. A review on the buckling and vibrational characteristics of functionally
graded material (FGM) conical shells was published by Sofiyev!??l. Song et al.[?*! studied the free
vibration of the conical shells subject to an elastic constraint and inertia force under arbitrary
boundary conditions. Based on the assumptions of uncoupled thermo-elasticity, Akbari et
al.?Y analyzed the thermal vibrations of an FGM conical shell. Ansari et al.?® employed the
higher-order shear deformation shell theory to study the free vibrations and large-amplitude
forced vibrations of a composite conical shell reinforced by FG carbon nanotubes. Chan et
al.26-27] investigated the nonlinear dynamic behavior of the truncated eccentrically stiffened
FG conical shell and truncated FG conical panel. The Haar wavelet method was used to derive
the frequencies of a truncated rotating conical shell®8). Rahmani et al.[??! investigated the
vibrations of temperature dependent sandwich truncated conical shells under various thermal
conditions. Hao et al.?931] analyzed the nonlinear flutter characteristics of the truncated FG
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conical panels and shells.

In the past few years, a large number of scholars have focused on the buckling and
post-buckling behaviors of conical shell structures. The dynamic instability of the truncated
FG conical shell and the FG orthotropic conical shell was studied by Deniz and Sofiyev[??l and
Sofiyev et al.[33] who used the first-order shear deformation theory (FSDT). Hoa et al.l*¥l studied
the nonlinear thermo-mechanical buckling and post-buckling behaviors of a truncated eccentric
stiffener-FGM conical shell. The effects of the foundations, stiffeners, geometric dimensions,
temperatures, and material properties on the stability of the truncated eccentric stiffener-FGM
conical shell were determined. With the classical shell theory, Chan et al.[35-36 analyzed the
nonlinear buckling of the truncated stiffened FG conical shell and a conical shell reinforced by
FG carbon nanotubes under an axial compressive load. Kianil®”l conducted a buckling analysis
for a composite laminated conical shell reinforced by graphene sheets. Jiao et al.38 investigated
the dynamic buckling behaviors of an FG carbon nanotube composite cylindrical shell subject to
a dynamic displacement load by using a semi-analytical approach. Dung et al.[*! investigated
the buckling characteristics of an imperfect thin conical plate subject to the simply supported
condition. Bich et al.[*?! studied the buckling characteristics of an FGM conical plate with
external and axial loads.

To date, a large number of scholars have therefore analyzed the vibrational and buckling
characteristics of conical shell structures. Nevertheless, few scholars have paid attention to
graphene-reinforced composite truncated conical shell structures. This motivates our study,
which involves nonlinear vibrational analyses of the FG-GPLRC truncated conical shell. Our
study considers three distribution patterns of the GPLs in the FG-GPLRC truncated conical
shell, and the effective Young’s modulus is calculated by utilizing the modified Halpin-Tsai
model. Based on the von-Karman nonlinear relations, FSDT, and Hamilton principle, we
establish a dynamic model of the FG-GPLRC truncated conical shell, which can be expressed
as ordinary differential equations via the Galerkin method. Then, the analytical nonlinear
frequencies of the FG-GPLRC truncated conical shell are solved by using the harmonic balance
method. The effects of the distribution pattern of the GPLs and the weight fraction, the ratio
of the radius to the thickness as well as the ratio of the length to the radius of the FG-GPLRC
truncated conical shell on the nonlinear vibrational behavior are discussed. This study leads to
the discovery of the chaotic and periodic motions of the FG-GPLRC truncated conical shell.

2 Formulation of a model of the FG-GPLRC truncated conical shell

An FG-GPLRC truncated conical shell with the length L, the thickness h, the minor inner
radius 71, and the semi-vertex angle (3 is considered as shown in Fig. 1. In addition, the radius
of the arbitrary point can be computed as R = r; + xsin 8 along the meridional direction. In
Fig. 1, the curvilinear coordinate system (x, 8, z) is located on the mid-surface of the FG-GPLRC
truncated conical shell along the axial, circumferential, and radial directions, respectively. The
displacement components u, v, and w indicate the displacements of an arbitrary point of the
FG-GPLRC truncated conical shell in the directions z, 6, and z, respectively. The transverse
excitation F'cos(Qt) is loaded on the outside surface of the FG-GPLRC truncated laminated
conical shell along the z-direction.

GPLs are introduced into the truncated conical shell structures to improve the performance.
Three different distribution patterns of the GPLs in the FG-GPLRC truncated conical shell are
considered, namely, the GPL-U pattern, the GPL-X pattern, and the GPL-O pattern, as shown
in Fig.2. For the GPL-U pattern, the volume fractions of the GPLs maintain the same value
along the thickness direction. The exterior and interior surfaces of the FG-GPLRC truncated
conical shell are rich in the GPL-X pattern, whereas the GPL-O pattern prevails in the central
region of the FG-GPLRC truncated conical shell, as shown in Fig. 2.

The volume fractions of the GPLs for the FG-GPLRC truncated conical shell change linearly
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Fig. 1 Model and curvilinear coordinate system of an FG-GPLRC truncated conical shell (color
online)
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Fig. 2 Distribution patterns of three GPLs in FG-GPLRC materials (color online)

along the thickness direction*!], as shown in Fig. 3, and they are expressed as follows:

V*, GPL-U,
21z
VGPL — 2V T, GPL-X, (1)

2V (1 — %) GPL-O,

where V* is the total volume fraction of the GPLs of the FG-GPLRC truncated conical shell,
and can be obtained from the weight fraction of the GPLs Wgpr, as follows:

WarL

V= ,
Wepr + (1 — Wepwn) (papL/pm)

(2)

in which pgpr, and py are the mass densities of the GPLs and the matrix, respectively.
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Fig. 3 Volume fractions of the GPLs for the FG-GPLRC truncated conical shell (color online)
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The experiment proved that Young’s modulus can be determined more accurately with the
modified Halpin-Tsai model, and the rule of mixture enables the other properties to be computed
accurately!*? 43l To reduce the amount of calculation and ensure calculation efficiency and
accuracy, we use a modification of the Halpin-Tsai model for determining the effective Young’s
modulus, and the rule of mixture for the other properties.

According to the modified Halpin-Tsai modell*344] the effective Young’s modulus E of the
FG-GPLRC truncated conical shell is assumed to be

_ 31+ &mVere o 514 SwiwVary

8 1—mVaer o 8 1—nwVareL B )
with
EarL BarL 1
nL = m nw = W (4a)
omtim, gt w

where Ey is Young’s modulus of the matrix, and Egpr,, hapL, wapr, and lgpp, are Young’s
modulus, thickness, width, and length of the GPLs, respectively.

The effective mass density p, the effective Poisson’s ratio v, and the coefficient of the thermal
expansion « of the FG-GPLRC truncated conical shell are determined with the rule of mixture
as follows:

p = perrLVarL + pm(1 — Verr), (5)
v =vgpLVarL + vm(l — Vepr), (6)
a = agpr.VarL + am(1 — Vepr), (7)

where vgpr, and vy are Poisson’s ratios of the GPLs and the matrix, respectively. The thermal
expansion coefficient of the FG-GPLRC truncated conical shell does not change considerably
over a certain temperature rangel*® 46/, Thus, we consider the thermal expansion coefficient to
be constant.

According to the FSDTM| the displacement fields of the FG-GPLRC truncated conical
shell are assumed to be

u(z,0,2,t) = ug(x,0,t) + zp(x,0,t), (8a)
v(x,0,z,t) =vo(x,0,t) + zpe(x,0,t), (8b)
w(z, 0, z,t) = wo(zx,d,t), (8¢)

where ug, vg, and wg denote the mid-plane displacements in the x-, 6-, and z-directions,
respectively. In addition, ¢, and @y represent the rotations of the radial normal in the 6-
and z-directions, respectively.

Substituting the displacement field equation (8) into the von Karman nonlinear
strains-displacement relationships, the nonlinear strains of the FG-GPLRC truncated conical
shell are rewritten as

_ Oug Yy Oowy
= 0r T or ( Ox ) (%)
vy Ipp 2 (Owo
%50 +z %89 + Rwg cos B+ R(ug + 2p,) sin 5 + ?R(ae) (9b)
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_ g0, 0% ng oy oy 090 | pOwoduo
’Yz@—?)?ao + 2R 20 R(vg + zp) sin B + 9 +z o + 97 90 (9c)
0
Yo = o + %% — Rwg cos 3, (9d)
81[10
Yoz = E + Pz, (96)

where €, and €y are the principal strains, and 7.9, Y-, and ., denote the shear strains.
Furthermore, ® = 1/R in the above equations.

The temperature increment of the FG-GPLRC truncated conical shell in the radial direction
varies linearly,

AT(z) = T + = (T, — T), (10)
where T, represents the external temperature of the FG-GPLRC truncated conical shell, and
T; is the internal temperature.

The constitutive relation of the FG-GPLRC truncated conical shell is written as/42 4]

O Quu Q12 0 0 0 €z a
o) Q2 Q22 0 0 0 €g o!
Or9 | = 0 0 Q66 0 0 Yz | — 0 AT 5 (11)
o 0 0 0 Qu O V6= 0
Oxz 0 0 0 0 QSS Yz 0

where Q;; (4,5 = 1,2,4,5,6) represent the stiffness coefficients of the FG-GPLRC truncated
conical shell, and they are denoted as

E vE E

Qu=Qn=—"73, Qu=—73, Q=~Qu=Qss= 3

1—v 1—v (1+v) (12)

Hamilton’s principle is used to obtain the system of nonlinear partial differential equations
of the FG-GPLRC truncated conical shell, which is expressed as

to
/ (U — 6K + 6W)dt = 0, (13)
t1

where dU and §K denote the virtual strain energy and virtual kinetic energy, respectively. The
virtual strain energy 60U is derived as follows:

2r L ph
oU = / / / ’ (ax(?sx + 09deg + 090Y9, + 022020 + axg(S%g)Rdzdsz. (14)
o Jo J-b
The virtual kinetic energy d K is obtained as
2r L ok
0K = / / / p(udts + v80 4+ wé) Rdzdads. (15)
o Jo J-%
The virtual work §W resulting from transverse excitation is expressed as
27 L
oW = / / F cos(Qt)owRdxdé. (16)
o Jo

Substituting Egs. (14)—(16) into Eq. (13) and utilizing Hamilton’s principle enable a system
of nonlinear partial differential equations of the FG-GPLRC truncated conical shell to be derived
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as follows:
Nz +RNgg o + RNyy sin 8 — RNgg sin 3 = Ipiip + 11 P, (17a)
Nzo,z + RNgg g + 2R N9 sin 5 + RQg cos B = oo + 1 Pg, (17b)
ow 0? 0
sz"‘r%QOG""_%Qlenﬁ %N09C085+Nxzz Oz +N:rx au;O +mme%51nﬁ
ow 8 wWo ow 827110
R2Nyg.o—— + RZN, RN, 2RN,
+ 90989+ 0502 + 0.9 p g+ 0.9 52000
ow
+ RNop o 0 1 Fcos(Qt) = Iy, (17¢)
Mgm;’w + %Mzgﬁ —RQ, + RM,,. sin 8 — RMyg sin 8 = Iy iig + Iy, (17d)
Moo + Mg o — RQp + 2RMyp sin 8 = 110 + I2py, (17e)

where one overdot represents the first-order derivative with respect to time, and two overdots
denote the second-order derivative. I, is the mass moment of inertia, expressed as

h

3
I, = / X pz"dz, n=0,1,2. (18)

2

The stress resultants and moment resultants of the FG-GPLRC truncated conical shell can
be calculated as

[Naa n <0 NI

Nog :/ [4, B] { (1)} dz+ [ Ngy |,

_Nwe 7% 0 (19)

[ M, 5 £0) M,

Moo =/ [BD][U}dzﬂL Mgy |,

Mw@ T2 0

Yz
K 20

|: :| /;7 |:’79z:| ( )

NT Zk41 Qll Q12 0 (07

Nog | - Mee :/ Q12 Q22 0 a| [AT, ATz]|dz, (21)

Ny My * 0 0 Qe [0

where K = 5/6 is the shear correction coefficient.
In the above equations, the tensile rigidity A;;, the bending-tensile coupling rigidity B;;,
and the bending rigidity D;; of the FG-GPLRC truncated conical shell are expressed as

h.
[Ayj, Bij, Dij] = Qi[1, 2 2%dz, i, =1,2,6, (22)

_h
2

h
Ay= [ Qiyll,z2Ydz, i, =4,5. (23)

h
2

Substituting Egs. (17)—(23) into Eq.(16), the nonlinear partial differential governing
equations can be expressed by the generalized displacements wug, vg, wo, @z, and @y of the
FG-GPLRC truncated conical shell, as shown in Appendix A.

In this study, the boundary condition of the FG-GPLRC truncated conical shell is considered
to be simply supported at both ends, and is expressed by

v=w=Ny=M,=Myuy=0 at z=0,L. (24)
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The displacements ug, vg, wo, @z, and @y of the FG-GPLRC truncated conical shell, which
is subject to the simply supported boundary condition, are expressed as the double Fourier sine
series,

Mo mnx
ug = Z Z U (t) COS (T) cos(nb), (25a)
m]v;l njgl o
vy = Z Z VU (£) sin (T) sin(n#), (25b)
M

g
I
NE

W () sin (?) cos(nf), (25¢)

3
Il
A
3
Il
_

S
8
Il
M=
NE
hS)
8
3
3
=
Q
@
—~
‘S
3
&

) sin(nd), (25d)

o 3
~
I
3
Il
I

©omn (t) sin (?) sin(nd), (25e)

3
Il
3
I

5
Il
= ilM=

where wmn(t), Vmn(t), Wmn(t), Cemn(t), and @em,(t) are the time varying coefficients, and m
and n are the generatrix half wave and circumferential wave numbers, respectively.
The transverse excitation F' can also be expanded as

F=Y"Y fualt)sin (?) sin(nd). (25¢)

The effects of the inertia terms of ug, vg, ., and @y on the nonlinear vibration characteristics
of the FG-GPLRC truncated conical shell are much smaller than those of the radial inertia
term[* 49 Hence, the inertia terms wug, vy, ¢z, and wp can be omitted from Eq.(16).
Employing the Galerkin method and neglecting the inertia terms of ug, vy, ¢z, and g, the
general rotation and in-plane displacements can be represented as functions of the transverse
displacement. Furthermore, a system of second-order ordinary differential equations for the

FG-GPLRC truncated conical shell can be yielded as
Wynn + C"-’12wmn + gw‘;}nn = fn, (26)

where w) is the linear natural frequency of the conical shell, and ¢ is the coefficient of the cubic
term of the system. This system is the Duffing differential equation.

3 Harmonic balance method

In this section, the nonlinear natural frequency of the FG-GPLRC truncated conical shell is
analyzed by using the harmonic balance method. For natural frequency analysis, the transverse
excitation f,,, can be neglected. We assume the approximated periodic solution of the Duffing
differential equation (26) as

Wi (t) = Ag + Aq cosp, (27)

where ¥ = wpt + Bp, in which wy, is the nonlinear natural frequency of the conical shell.
Introducing Eq. (27) into the Duffing differential equation (26) and combining the coefficients
of the cosine functions yield the following equation:

3 3
w + A} + ScAoAT + (WIA1 WA+ 3cAZA + 1gAZ{) cos

3 1
+ §§A0A% cos(2¢) + ng‘;’ cos(3¢) = 0. (28)
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By using the harmonic balance method, setting the coefficients of the constant terms and
cos ) in Eq. (28) to zero, a series of algebraic equations can be obtained as follows:

3
w + A3+ 5ngAi =0, (29a)
2 2 3 43 _
wiAy —wi AL+ 36AGAL + 4§A1 =0. (29b)

Compared with the amplitude A; of the FG-GPLRC truncated conical shell, the shift Ag is
very small. Thus, A2 and A3 in Eq. (29) can be neglected. For the nonlinear free vibration of
the FG-GPLRC truncated conical shell, the initial condition provided in Eq. (26) can be set as

follows:
o 8wmn
Wmn |t:0 = Wmax, ot

=0, (30)

t=0
where Wy is the maximum amplitude of the FG-GPLRC truncated conical shell.
Setting A1 = wmax in Eq. (29) to zero, the natural frequency of the FG-GPLRC truncated

conical shell can be obtained as
3
Wl = {/w1 + unfnax. (31)

Thus, the frequency ratio wy)/w of the FG-GPLRC truncated conical shell is indicated as

3
e = 4/1+ —cw? . 32
wni /W + g W (32)

4 Free vibrations

To evaluate the aforementioned formulations and the programs we developed, the
dimensionless natural frequency 2, = w,R+\/(1 —v?)p/E is calculated. The dimensionless
natural frequency of the pure metal truncated conical shell and the results of Najafov and
Sofiyevl® Kerboua et al.l®!!| and Liew et al.’?l are compared in Table 1. The geometric
relations (8 = 7/6, R/h =100, and L = 0.25Rsin () of the pure metal truncated conical shell
are considered. Specifically, our results are in good agreement with the previous results in
Refs. [50]-[52] for the pure metal truncated conical shell.

Table 1 Dimensionless natural frequency of the pure metal truncated conical shell

n Najafov and Sofiyev(50] Kerboua, et al.[51] Liew et al.[52] Present study
2 0.794 3 0.7909 0.7904 0.7922
3 0.708 5 0.728 2 0.7274 0.7089
4 0.6199 0.6349 0.6339 0.6357

The method proposed in this paper is validated by comparing the nonlinear to linear
frequency ratios of an isotropic square plate. The geometrical parameters of the isotropic
square plate are a/b = 1 and a/h = 10. It should be noted that these nonlinear to linear
frequency ratios are in excellent agreement with the results in Refs. [53]-[54].

Table 2 Nonlinear to linear frequency ratios of an isotropic square plate

Wimax/h 0.2 0.4 0.6 0.8
Teng and Wang!53! 1.033 1.027 1.268 1.443
Chen et al.[54] 1.033 1.027 1.280 1.453

Present 1.033 1.027 1.268 1.443
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4.1 Linear natural frequencies

In the following analysis, the FG-GPLRC truncated conical shell with a thickness of h =
0.002 m and a semi-vertex angle of 3 = 30° is considered. The material properties of the
GPLs and matrix are Fy = 3.0 GPa, pyy = 1200 kg/mg, vm = 0.34, Eqpr, = 1010 GPa,
paprL = 1060 kg/mg, and vgpr, = 0.186. The geometries of the GPLs with wgpr, = 1.5 wm,
hgpr = 1.5 nm, and lgpr, = 2.5 pm are utilized“2. The temperature of the inner surfaces of
the FG-GPLRC truncated conical shell is T; = 300 K. The thermal expansion coeflicients are
agprL, =5 x 107K~ and ay = 60 x 10~6 K—1[46],

Table 3 lists the linear natural frequencies of the FG-GPLRC truncated conical shell for the
three GPL distribution patterns when the ratio of the radius to the thickness is r1/h = 50,
the ratio of the length to the radius is L/R = 2, and the weight fraction of the GPLs is
WaepL = 0.01%. Consequently, the linear natural frequencies of the FG-GPLRC truncated
conical shell increase with an increase in both m and n for the three GPL distribution patterns.
The minimum frequency appears when m = 1 and n = 1, and it is the fundamental natural
frequency.

Table 3 Linear natural frequencies of the FG-GPLRC truncated conical shell

Pattern n m=1 m =2 m=3 m=4
1 33.4756 49.5276 70.2598 110.248 7
2 48.2578 75.845 1 100.2400 142.587 4
GPL-U 3 63.5689 93.165 4 125.956 0 191.2350
4 96.587 4 120.8745 189.9548 300.251 4
1 33.6432 51.2456 80.560 0 124.856 2
2 51.2638 78.254 1 107.895 2 151.8742
GPL-X 3 67.2510 98.451 2 133.6589 207.5698
4 102.365 1 127.5120 201.1254 312.2378
1 33.1412 47.5236 65.2314 103.256 4
2 442315 68.2635 95.4587 135.264 5
GPL-O 3 58.2635 85.2648 120.5879 185.6895
4 89.256 4 112.3658 180.5478 289.246 5

Figure 4 illustrates the effects of the temperatures of the outer surfaces and the weight
fraction of GPLs on the fundamental natural frequency of the FG-GPLRC truncated conical
shell for the three GPL distribution patterns. Three different colored lines represent three
different GPL distribution patterns. The fundamental natural frequencies of the FG-GPLRC
truncated conical shell are observed to increase significantly when the distribution pattern of
the GPLs increases from 0 to 1%. In addition, the fundamental natural frequencies of the

100
~GPL-O

90| ~GPL-U
ol ~GPLX

70 T,=300 K
=

360

50

40 T,=400 K
30 1 1 1 1

0.0 02 0.4 0.6 0.8 1.0

W(}PL/%

Fig. 4 Linear fundamental natural frequencies of the FG-GPLRC truncated conical shell (color
online)
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FG-GPLRC truncated conical shell change gradually as the distribution pattern of the GPLs
changes. The GPL-X and GPL-O patterns give rise to the highest and lowest frequencies,
respectively. The fundamental natural frequencies of the FG-GPLRC truncated conical shell
of the GPL-U pattern are always between the highest and lowest values. The GPL-X pattern
introduces the maximum stiffness to the system, whereas the GPL-O pattern results in the
minimum stiffness of the system.

4.2 Nonlinear natural frequencies

This section presents our study of the nonlinear natural frequency of the FG-GPLRC
truncated conical shells. This is based on Eq. (27), which is used to obtain the fundamental
frequency ratio wyi/wy of the FG-GPLRC truncated conical shell.

Figure 5 depicts the effects of the maximum amplitude of the FG-GPLRC truncated
conical shell on the ratio of the nonlinear fundamental frequency to the linear fundamental
frequency wp/w) with the distribution patterns of three GPLs. Figure 5 indicates that the
ratio of the nonlinear fundamental frequency to the linear fundamental frequency wy/wi
increases with an increase in the maximum amplitude of the FG-GPLRC truncated conical
shell. However, for the three GPL distribution patterns, the order in which the ratio of the
nonlinear fundamental frequency to the linear fundamental frequency wyi/w increases is as
follows: GPL-O pattern > GPL-U pattern > GPL-X pattern.

Figure 6 shows the effects of the weight fraction of the GPLs Wgpr, the FG-GPLRC
truncated conical shell on the ratio of the nonlinear fundamental frequency to the linear
fundamental frequency wy/w; with three GPL distribution patterns. Clearly, the ratio of the
nonlinear fundamental frequency to the linear fundamental frequency wy/w; stays the same as
the weight fraction of the GPLs increases. This is a highly interesting finding. As the weight
fraction of the GPLs increases, the values of the fundamental nonlinear and linear frequencies
increase simultaneously. Thus, the ratio of the nonlinear fundamental frequency to the linear
fundamental frequency wy)/w) remains almost the same.

The effects of the ratio of the radius to the thickness 71 /h of the FG-GPLRC truncated
conical shell on the ratio of the nonlinear fundamental frequency to the linear fundamental
frequency wyi/wy are shown in Fig.7. It is seen that the ratio of the nonlinear fundamental
frequency to the linear fundamental frequency wy)/w) increases as the ratio of the radius to the
thickness r1/h increases. In addition, this phenomenon exists in any of the GPL distribution
patterns of the FG-GPLRC truncated conical shell. Figure 8 depicts the ratio of the nonlinear
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Fig. 5 Effects of the maximum amplitude Fig. 6 Effects of the weight fraction of GPLs
of the FG-GPLRC truncated conical of the FG-GPLRC truncated conical
shell on the ratio of the nonlinear shell on the ratio of the nonlinear
fundamental frequency to the linear fundamental frequency to the linear
fundamental frequency wni/wi (color fundamental frequency wni/wi (color

online) online)
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fundamental frequency to the linear fundamental frequency wy/w) versus the ratio of the length
to the radius L/r; of the FG-GPLRC truncated conical shell. For each of the GPL distribution
patterns, the ratio of the nonlinear fundamental frequency to the linear fundamental frequency
wn1/w) decreases with the increase in the ratio of the length to the radius.

3.0 14
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- GPL-U - GPL-U
951 = GPL-X L3k~ GPL-X
T _
= 2.0F é 1.2F
3 ’g:
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Fig. 7 Effects of the ratio of the radius to Fig. 8 Effects of the ratio of the length to
the thickness r1 /h of the FG-GPLRC the radius L/r1 of the FG-GPLRC
truncated conical shell on the ratio of truncated conical shell on the ratio of
the nonlinear fundamental frequency the nonlinear fundamental frequency
to the linear fundamental frequency to the linear fundamental frequency
wn1/wi (color online) wn1/wi (color online)

5 Periodic and chaotic motions

This section presents the investigation of the nonlinear forced vibration of the FG-GPLRC
truncated conical shell. To analyze both the chaotic and periodic motions of the system, the
bifurcation diagram, the time history diagrams as well as the phase portraits are obtained by
using the Runge-Kutta algorithm. For the first mode of the FG-GPLRC truncated conical shell,
the initial condition of Eq. (26) is selected as wy; = —0.001 and w;; = —0.001 in the following
numerical simulation.

Figure 9 depicts the bifurcation diagram of the transverse excitation versus the amplitude
of the first mode of the FG-GPLRC truncated conical shell with the GPL-U pattern when the
transverse excitation increases from f =5 x 10° to f = 10 x 10°. This diagram enables us to
visualize the chaotic and periodic motion of the FG-GPLRC truncated conical shell. In general,
the motion law of the FG-GPLRC truncated conical shell that corresponds to an increase in
the transverse excitation from f = 5 x 10° to f = 10 x 10° is given as chaotic motion —

0.5

x 105

Fig. 9 Bifurcation diagram of the transverse excitation versus the amplitude of the first mode of the
FG-GPLRC truncated conical shell (color online)
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periodic motion — chaotic motion — periodic motion — chaotic motion — periodic motion —
chaotic motion — periodic motion — chaotic motion. Thus, the periodic motion and chaotic
motion alternate. However, a small chaotic window can be found in the periodic regions, with
excitations such as f = 5.496 x 10° and f = 5.548 x 10°. On the other hand, a small periodic
window can be found in the chaotic regions with excitations such as f = 6.083 x 10° and
f = 9.008 x 10°. Thus, the nonlinear dynamic behavior of the FG-GPLRC truncated conical
shell is highly complex.

The periodic motion (see Fig.10) and chaotic motion (see Fig.11) of the FG-GPLRC
truncated conical shell are visually contrasted for different values of the transverse excitation
(f = 6.3 x10° and f = 6.6 x 10°). Each of these figures includes the phase portrait and the
time history diagram. The amplitude and velocity of the chaotic motion are larger than those
of the periodic motion.

40 05
ool iR
i ",’,i,?‘:?:!"’m‘ ooihhh bbb hh bbb bbb b b
5 i ".JJ ' 5051
o0k M!‘ | ‘
TS i |
T E— 0.0 0.5 136 37 35 3.9 10

Fig. 10 Periodic motion of the FG-GPLRC truncated conical shell when f = 6.3 x 10°: (a) phase
portrait and (b) time history diagram (color online)
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Fig. 11 Chaotic motion of the FG-GPLRC truncated conical shell when f = 6.6 x 10°: (a) phase
portrait and (b) time history diagram (color online)

6 Conclusions

This study focuses on the analyses of the nonlinear vibrations of the FG-GPLRC truncated
conical shell. Hamilton’s principle, the FSDT, and the von-Karman type nonlinear geometric
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relationship are used to derive a system of partial differential equations for the FG-GPLRC
truncated conical shell. The ordinary differential equations of the FG-GPLRC truncated conical
shell are obtained according to the Galerkin method. Then, the analytical nonlinear frequencies
of the FG-GPLRC truncated conical shell are solved by utilizing the harmonic balance method.
The proposed method is validated by comparing its performance with that of existing methods
in the literature. A parametric study is proposed to assess the effects of the GPL weight
fraction, the GPL distribution pattern, the ratio of the radius to the thickness, and the ratio
of the length to the radius of the FG-GPLRC truncated conical shell on the nonlinear free
vibration behavior. In addition, the chaotic and periodic motions of the FG-GPLRC truncated
conical shell are discovered. It can be concluded as follows.

(i) The GPL distribution pattern, the weight fraction, the ratio of the radius to the thickness
as well as the ratio of the length to the radius have significant effects on the free vibration
characteristics of the FG-GPLRC truncated conical shell.

(ii) The GPL-X pattern maximizes while the GPL-O pattern minimizes the stiffness of the
system.

(i) An increase in the weight fraction of the GPLs is accompanied by a concomitant
increase in the values of the fundamental nonlinear and linear frequencies, and the ratio of
the fundamental nonlinear frequency to the linear frequency wy)/w; remains almost the same.

(iv) The nonlinear dynamic behavior of the FG-GPLRC truncated conical shell is highly
complex, and the periodic and chaotic motions are discovered.
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pendix A

The nonlinear equations of motion are expressed by the generalized displacements of the FG-GPLRC

truncated conical shell as follows:

621]0

0xd0
+R2 (A12 +A66)M% + RNL sin 3
ox00 00 o

o2 o? Ouo
aUO + §R2A66 861'20 + RA1— Oz smﬂ ?R Aosoug cos ﬂ-f— %(AlZ +A66)

Avo 8%wo O
—R? (A2 + Aes) = 20 sin ﬂ+§}e2A66 8911;0 ;;0

2 2

P b w .
2R (A1 — A) a;UO sin 3 — 2R% (A12 — Asz) 8;”20 sin 3 + %Alga—; cos f — RN sin 3

. FSatr s Op
- %2A22w0 sin B cos B 4+ Bi1 8;’; + ?RZB% 8;’; + %Bll% sin 8 — R2 Bz sin ﬂ
82 8 wo (’)wo

Op .. .
—R? (B22 + Bes) W sin 8+ R (Bi2 + Bes) ~——— B 80 + A —— 922 or Totio + 11 Pu, (A1)

R 2 4 321}0

oz T A2

a’wo 8 wo 3 0 wo 8wo 8110 .
90 027 250 g T e, sinf
8 wo (9’!1)0 2 8w0 (’)wo si 2 6
a 90 ox T Aes gy 837 nB+ R An 5

© Ope 8%
+ R (Bi12 + Bes) B 20 +®? (Ba2 + B66) W sin 0 + %Be‘ag sin 0 + RBoo—— 892

Ow
+ %QKAMW cos B+ (%KA44 cos 3 — R2 Beg sin ﬂ) wo = Ioto + L1 $e, (A2)

0%wo Oy

0xd6 00
Ovo Owp . 0*wo dwo

90 oz 902 or
Oy Owo 8%y Owo ? ©z Owo

. &*vo O
— %QB%Wa—x sin 3+ A1 922 B 159 B + R (A2 + Acs) Yo 200

0xdl Ox
8%ug O 0
+ R (Bi2 + Bes) ~—== + R Age to 90 wo

All

R (A2 + A66)

Ouo
oz 80 + 52 (A22 + Ass) 20 smﬂ + Aes

§R (KA44 cos ﬂ + Agg sin ,3) vo + RAgg ———

+ R (A2 + Aos) 7, = cos 3

ow
ox

Oz Jwo
Ox Oz

(9 wo Owo 8’LUO

dxd0 90 O

2%R% Bgs

+05§R2A11( ) Sll’lﬁ %Ngg COSﬂ-f—éR(Bll —‘y—Bzg)

_R2A + 2R° (Ar2 + 2466) 77

0%y Owo T
9200 Oz 902 or TR Ass + Nag) 75 = sin




998 Shaowu YANG, Yuxin HAO, Wei ZHANG, Li YANG, and Lingtao LIU

dwo ( Owo

2 8%wo (O
— —) +0.5%? (A12 + 2466) “’0( o

2 ) Awo 2
B 502 () 0SRG2 ) cos
0’!1)0 8u0 . 2 8211)0 8'“() 8 8 wo auo
TR (An + ) GRS+ WAL G B — Anpn cosf o+ An R o
2
07wo 9o — %2,466%% + RA1o—— Ow ’u)() COS,3 + % Aoo aa

dxd0 dx 90 oz dx?
2
02 npz sin 3 + 0. 5§R3Agg 0"wo

&*w
— R Asswo cos B+ RB12——5 922 sDz 962

3
+ §A11

+ 2R Aes

wp cos (8

82
sin 3 + 3 Bog—— 3

2w
2 . 3 wo .2 2 wo .
+ (%KA55 — R°Boo COSB) pesin G+ RN ngwcpgsln 8—R Bsaaxaecpg sin 3

0 o sin 8 + (KA55 + Ngx)

cos 8

82100

Ox?

20
+ 8‘%314228 up sin 3 — R Aszauo sin B cos B + %21412

80 a 2
3 2 ’LU() . 2 T 8 Wo 8 Yo 811)0
+ R A66W1}0 sin B 2% Aesa 891)0 Slnﬂ + R (KA44 + N@g) W + R Bgs 22 W

Opz Owo 8%vo wyg 8w 7 Owo \ 2

50 o9+ s g g +OBR (Aiz +246e) 52 (5

82%5 Owo 3 8o wyg 3 82<p9 Owo 3 8%wo dug
dz06 6 O A0 g T B Tge g T As g 50 g

8%wo 1 Owo d*wo Avo 3 8*wo Ao 0Py
902 (W) + RA12—— + R Aze——- + K Ass

822 00 802 96 Ox
— R? (KA44+A22)—cosﬁ+Bu

+ R (B22 — Bes)

+ R? (B12 + Bes)

+ 0. 5%3 Ao

D% wo Opa B % 2 8*wo Opa
BT 927 oz B2y, cosBER BT
8 wo awg 2 Owo agoe Owo Jug

. 3 .
+2RBooy 5 e X Bos g 5, SO+ R (A2 = Aes) Tm T sin 8
8 U Bwo

0%, dwo 2 _
502 O + R% (As2 + Ass) 5200 80 + F cos (Qt) = Ioto, (A3)

+ R* Beo
o? 0%ug Auo 82
O u20 + §R2B66 202 -|- RB11 — O Slnﬂ % Basug sin ﬂ + R (312 + BGG)

2 2
— R* (Baz + Bes) —r 9o % sin B + 0.5R* (B11 — Bi2) 8812 sin 8 — R* Baswo s1nﬁcosﬂ—+—D11(9 Lk

a0
0 8%wo O 9%wo O 0
+ %312% cos 3 + B 811;0 awo + R? Bes 8911;0 % KAss% + R (D12 + Des)

&*wo &%wo Ow
2 o Owo
— 0.5R" (B12 + Ba2) - 262 0 sin 3 4+ R (Bi2 + Bes) 9200 00 <KA55 + i

+ %Dll(aa—x sin 8 — R? (D22 + Deg) 680 sin 3 + RM, sin 8 — RMgg sin 8 = Iyiio + TG, (A4)

B

Ggoz
0xd0

D22> Pz

9%vg 8%wo Ow 8%wo dw
2 0 0 3 0 0
% 4R (B22+Be‘.6) 7@0 % sin B + Beo 922 % + RBes 92 00 + R° B2 90° 00

Owo Owo s Owo
O 89 ,6 +4 (ER Bos cos B §RKA44) 90
Doy 2 %y ) 8%vg
o T Dy + RDee T - 06

8 wo Bwo

%(B12+B66) Er 89

(%KA44 [le]S] ﬂ ?R Beg sin ﬂ) Vo + %2366

+ R? (D22 + Des) ———

— (KAu+ R Dgg sin ,3) o+ R>Bao "

0 . 9?2 8?2
+§RBGG£ sin 8 + R (B12 + Bes) 9200 0z + R (D12 + Dss) 3 g@ + Des 8@;

:I1’Uo+]2¢9. (A5)



