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PykoBoguony npojekta O 174001

M3BeuiTaj ca HAy4HOT CKyIia
,9th European Nonlinear Dynamics Conference” (ENOC 2017)
y opranusanuju EBpornckor apyuitTsa 3a MEXaHUKY

[TomrroBany,

oA 25. o 30. jyna 2017. roauHe ofjp>kaHa je KOHpepeHLHja noj Ha3uBoM ,9th European
Nonlinear Dynamics Conference”" (ENOC 2017) y Byaumnewmrtu, Mabapcka, uwuju
opranusaTtop je EBpomncko gpymTBo 3a MexaHuky (EUROMECH). Ha kondepeHuuju cam
y4eCcTBOBAO Ca yCMEHUM CaoMNIITEHEM pajla Ha MUHUcUMIIo3UujyMy ,Fractional derivatives®
ca pagoMm noj HasuBoM ,COMBINED RESONANCE OF A NONLOCAL NANOBEAM ON
FRACTIONAL PASTERNAK-TYPE VISCOELASTIC FOUNDATION® rpge je npeacepaBajyhu
ceknuje 6una ap Dana Copot. KoayTopu Ha oBoM paay cy ap [lanuno Kapauuuh u npod.
Muxauso JlazapeBuh. Takobe, kao Apyrd ayTop y4yecTBOBao caM ca pajiloM y MOCTep
cekuuju nog HazuBoM ,NONLINEAR DYNAMICS OF A FUNCTIONALLY GRADED NONLOCAL
NANOBEAM IN THERMAL ENVIRONMENT BY USING INCREMENTAL HARMONIC BALANCE
AND MELNIKOV METHOD" koju je npe3eHTOBao npBu ayTop paza Ap Januao Kapanuuh.

«

Ha koHdepeH1yju je yuecTBoBaso npeko 400 ncTpakMBaya 0Jf KOjUX 0caM UCTpaKhBada
n3 Cpbuje U meT ucTpakuBada ca npojekta OU 174001 yksbydyjyhu U pykoBojuoIa
npojekta. KoHdepeHidja je opraHuszoBaHa y 21 MHUHUCHMMIO3UjyMa a MpeAceJHULIU
opraHusanUoHor ogoopa 6uau cy npod. Gabor Stépan u npod. Giuseppe Rega. Obsnactu
KOje je NMOKpHUBaJa Cy: MoOJe/JiMpame W MeTOJle y HeJMHeapHo] AMHAMUIM, NpUMeHa
dpakMOHOTr pauyyHa Ha NMpobJieMe MexXaHUKe, KBaJMTaTUBHA U KBaHTUTAaTUBHA aHa/M3a
HeJMHEeapHUX JWHAMHUYKUX CHUCTeMa, HeJIMHeapHa JWHAMHMKAa KOHTHHYAJIHUX,
JUCKOHTHHYaJHUX U XUOpPUJAHUX CUCTeMa, OUdypKalvja U XaoC, HeJHUHeapHHU
CTOXaCTUYKHW CHUCTEMHU, HeJIMHeapHU JUHAMUYKUM (eHOMeHH, Npob6/ieMH ynpaB/babkba
ocliMJIaliMjaMa U XaocoM, IpMMeHa MeXaHUKe Ha BUIlle CKaJla U Y peaJHUM UHKEeHePCKUM
npob6jeMuMa U3 006JacTH TrpaheBUHApPCTBA, €JEKTPOHUKE, MeXaHUKe, MeJuIlhHE,
MaTepvjajia, KOMYHHKalnuja wuap. Takobe, koHdepeHLHja je obOyxBaTajla U
MyJATUAUCUUIIMHAPHE TeMe U3 NPHUMelmheHe MaTeMaTHKe, pusnke, 6M0PU3UKE, TeHETHUKE,
HaHOTEeXHOoJIorHja, PUHAHCHja, MeJUIIMHE U Ireo-HayKa.



HakoH mor usnarawa paga ,COMBINED RESONANCE OF A NONLOCAL NANOBEAM ON
FRACTIONAL PASTERNAK-TYPE VISCOELASTIC FOUNDATION“ Huje O6uJIO AMCKycHje U
NUTakba U3 NyoJIUKe.

Hpyru paxa noxg HaciaoBoMm ,NONLINEAR DYNAMICS OF A FUNCTIONALLY GRADED
NONLOCAL NANOBEAM IN THERMAL ENVIRONMENT BY USING INCREMENTAL
HARMONIC BALANCE AND MELNIKOV METHOD® je Ha mocTep CeKLMju H3Jiarao MnpBH
ayTop paZia u koJjera ca mnpojekta OM174001, ap [Jauusao Kapauuuh. Busno je Buiie
NATawka U JAUCKyCHje HAa TeMy pajZia ca Npeno3HaT/bUBUM HCTpa)KMBayWMa M3 00J1acTH
HeJIMHeapHe MeXaHUKe U HeJINHeapHUX IMHAMUYKHX CUCTeMa.

Pagnu pgeo koHbepeHIUje je oApXKaH y 3rpaju YHUBep3uTeTa TeXHOJOMKUX U
ExoHoMckux Hayka y Byaumnentu. KondepeHuuja ce ofjp>kaBa Ha TP FOJJUHe.

3a yyemhe Ha 0BOj KOHJepeHIMjU caM NoJp>kaH o, MatemaTtuukor uHctutyta CAHY,
npojekta "OH174001 [JuHamuka XubpudHUX cucmema CA0MCeHUX cmpykmypa, MexaHuka
Mmamepujaaa” U pykoBoauoua mpojekta npog. dp Kamuye (Cmesanosuh) Xedpux w
MuHuKcTapcTBa NpOCBeTe, HAyKe U TEXHOJIOIWKOT pa3Boja Penyosinke Cpouje.

gaHa 02.07.2017.

Mwunan Lajuh
UCTpaXuBay-capaJgHUK, MaTeMaTU4Ku UHCTUTYT CAHY
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Combined resonance of a nonlocal nanobeam on fractional Pasternak-type viscoelastic
foundation

Milan Caj ic'*, Danilo Karliéic'*, Mihailo Lazarevié**, Wen Chen”
"Mathematical institute of the SASA, University of Belgrade, Belgrade, Serbia
“Faculty of Mechanical Engineering, University of Belgrade, Belgrade, Serbia
“Institute of Soft Matter Mechanics, College of Mechanics and Materials
Hohai University, Nanjing, China

Summary. In this communication, we observe the interaction of fundamental parametric resonances with subharmonic resonances of
order one-half of a geometrically nonlinear nonlocal nanobeam model resting on a fractional Pasternak-type viscoelastic foundation.
Euler-Bernoulli beam theory and nonlinear von Karman strain-displacement relation are employed to obtained fractional order
governing equation for the transverse vibration of a system. Under the assumption of small fractional damping, we used the perturbation
multiple-scales method to obtain an approximated analytical solution for the frequency-amplitude response. Combined parametric
resonance from axial load and subharmonic resonance under external excitation are examined for different parameters of the model.
Validation of the multiple scales solution against numerical solution in the phase plane and Poincare map will be provided.

Introduction

Nanostructures having similar shapes as macro engineering structures such as beams, plates and shells are developed
using various nano-technological processes. Mechanical behavior of nano-scale structures is also similar to the
behavior of macro structures with the main difference that influences of various size-effects cannot be neglected.
Studying the dynamic behavior of nanostructures is especially important for the development of new types of
nanoactuators, nanosensors or resonator devices. Geometrically nonlinear oscillations with different resonance
conditions together with dissipation effects from different sources are important effects for the investigation and
performance of nano-scale resonators. Very important is consideration of dissipation effects from external medium.
Application of experimental and atomistic methods is limited for the analysis of nanostructures and it can be applied
only to specific and less complex systems. Continuum based theoretical models have attracted a great attention of
researchers in recent years. Eringen’s nonlocal elasticity theory was one of the first that consider size effects and
atomic forces through a single material parameter [1]. This theory shown to be very useful in describing the
mechanical behavior of various nanostructures and nanocomposites compared to other methods [2].

Dissipation models based on fractional derivative viscoelasticity become widely used due to proven advantages
compared to classical viscoelasticity models [3]. Recently, such models are successfully used to describe linear and
nonlinear dynamics of nanostructures considering size and damping effects [4, 5]. When solving nonlinear dynamic
problems together with the fractional derivative damping one can use numerical [5] or analytical approximation
methods [6].

In this work, we will investigate a combined parametric and subharmonic resonance of a nanobeam system subjected
to time dependent axial and transverse loads. Effects of fractional derivative Pasternak-type viscoelastic foundation,
representing some medium around nanobeam, and size effects on frequency-amplitude response will be examined for
changes of model parameters. Our intention is to fill the gap in the literature by studying the combined resonance
condition of a nanobeam system using the multiple scales perturbation method to solve nonlinear fractional order
differential equations. In addition, verification of the analytical perturbation method results with numerical solution
will be presented in the phase plane and Poincare map.

Fig.1 Illustration of a nanobeam on viscoelastic foundation a) Physical model b) Mechanical model

Problem formulation

Let as assume that a nanobeam is homogenous with length L, cross section area A, density p, and Young’s modulus
E, Fig. 1. Assuming the nonlocal elasticity stress-strain equation for one-dimensional case, von Karman strain-
displacement relation and Euler-Bernoulli beam theory [6], we derive governing equation for nonlinear transverse
vibration of a nanobeam resting on fractional Pasternak-type viscoelastic foundation [7] as
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where f(t) = FycosQgt is the assumed transverse harmonic load, &(x,t) = nDfw — Gth“ZT‘Z is the force-

displacement relation from fractional Pasternak-type foundation, where D is the operator of the Riemann-Liouville’s
fractional derivative. Axial force from F = —(F, + F; cos Q,t) is given in the form

L owy2
P =—(Fy + F; cos Qut) + — (—) dx 2

(Fo+ Fucos )+ 57 [ (3 @
Governing equation (1) is the fractional derivative type of partial differential equation with one fractional parameter
a. This equation can be solved numerically or analytically using approximation methods such as modified multiple
scales perturbation technique proposed in [3]. In using this method, firstly we employ the Galerkin discretization
method. In developing the multiple scales solution usual assumptions for the first and the second time derivatives are
adopted while for the fractional time derivation we have

d\® 1
Dg = (E) = (Do + €Dy + £2D, + ) = Df + £aD§ ™Dy + 5 e%al(@ = DDE?DE + 2D D]+ (3)

with D,, = % (n=0,1,2...) and D&, D§~1, D72, ... denoting the Riemann-Liouville’s fractional time derivatives
n

for Ty = t, Ty = t, T, = £%t, where ¢ is the small parameter. Multiple scales solution of fractional order differential
equation is verified with the numerical solution of the same equation. Steady state response, frequency-amplitude
response and instability regions are plotted for simply supported nanobeam and different values of system parameters
such as nonlocal parameter, order of fractional derivative and parameters of Pasternak-type of viscoelastic foundation.
Interaction of fundamental parametric resonance from axial force with subharmonic resonance from external
harmonic load is also discussed in detail.

Conclusions

This paper studies the combined fundamental parametric resonance and one half order subharmonic resonance of a
nano-scale system composed of a nanobeam and fractional Pasternak-type viscoelastic foundation. Geometric
nonlinearity is considered together with the Euler-Bernoulli beam theory and nonlocal elastic constitutive equation to
derive motion equations of the observed system. The system is subjected to two different types of loads, transverse
harmonic force and axial pulsating force. Solution of the governing equation is proposed via modified multiple scales
perturbation method for fractional derivative equations, which is also confirmed with the numerical solution. Effects
of different parameters on frequency-amplitude response and regions of instability are examined through several
numerical examples.
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