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A method to study dynamical instability and non-linear parametric vibrations of symmetrically lami-
nated plates of complex shapes and having different cutouts is proposed. The first-order shear defor-
mation theory (FSDT) and the classical plate theory (CPT) are used to formulate a mathematical state-
ment of the given problem. The presence of cutouts essentially complicates the solution of buckling
problem, since the stress field is non-uniform. At first, a plane stress analysis is carried out using the
variational Ritz method and the R-functions theory. The obtained results are applied to investigate
buckling and parametric vibrations of laminated plates. The developed method uses the R-functions
theory, and it may be directly employed to study laminated plates of arbitrary forms and different
boundary conditions. Besides, the proposed method is numerical-analytical, what greatly facilitates a
solution of similar-like non-linear problems. In order to show the advantage of the developed approach,
instability zones and response curves for the layered cross- and angle-ply plates with external cutouts
are constructed and discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Multilayer plates and shells made of composite materials are
widely used in many branches of industry and civil engineering.
Usually, laminated composite structures have cutouts which are
introduced due to industrial and practical requirements. Note that
these cutouts may appear as either internal or external ones. The
ways to fix these cutouts are varied and depend on the destination
and the location of holes or cutouts. It is well known that, as a rule,
cutouts change static and dynamic characteristics of the structures
which are subjected to various time-dependent external loads.
Therefore, a study of a dynamic behavior of multi-layer elements
of thin-walled structures with cutouts is one of important pro-
blems arising in engineering design and fabrication.

The described problem has been investigated in numerous
publications [1,2,5,6,15-17,19,23,24]. An overview of the refer-
ences devoted to an analysis of laminated plates with cutouts is
given by Anil et al. [2], Datta and Biswas [8], Qatu et al. [19], Sahu
and Datta [24,25], Zhang and Yang [26], Chen et al. [27], and
others.

Our critical review of the state-of-the-art of the problem
reported in the available publications and devoted to the study of

* Corresponding author.
E-mail addresses: jan.awrejcewicz@p.lodz.pl (J. Awrejcewicz),
L.Kurpa@mail.ru (L. Kurpa), mazuroly@gmail.com (O. Mazur).

http://dx.doi.org/10.1016/j.ijjnonlinmec.2016.01.002
0020-7462/© 2016 Elsevier Ltd. All rights reserved.

parametric vibrations of laminated plates with inhomogeneous
subcritical states have shown that rectangular plates with a free
square or circular central cutout have been mostly considered
[2,6,17,23,24,26]. Boundary conditions on the outer contour are
usually either simply supported or clamped. In order to study the
non-linear dynamics of plates with cutouts, the majority of
authors suggest applying the finite element method (FEM)
[5,10,18,26]. It should be noted that there are practically no pub-
lications devoted to an investigation of plates having complex
shape and various arrangement of holes or cuttings. However, in
practice, thin-walled composite elements of different shapes and
with various types of cutouts are commonly used. In addition,
ways of fastening and loading may be also varied while manu-
facturing plates of complex shapes. These observations, coming
from industrial requirements, yielded the motivation of our paper.

To investigate parametric vibrations of laminated plates of a
complex form, original and novel approach has been proposed
earlier in our works [3,12,13]. The approach has been based on an
application of the R-functions theory [22] and variational methods,
which makes it applicable to study vibrations of plates with cut-
outs of different forms and having different boundary conditions.
The mentioned method has been developed for thin laminated
plates, for which the classical plate theory (CPT) is validated. In
addition, the method has been successfully applied to plates under
counterbalancing compressive loads. In the present study, the
abovementioned approach is generalized for moderately thick
laminated plates, parametric vibrations and stability of which can
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be analyzed by the refined theory of the first order (FSDT). We
study laminated plates, provided that their subcritical state may be
inhomogeneous, i.e. a plate can have external or internal cutouts
as well as have different ways of their fastening. Besides, acting
loads can balance each other through a clamped part of the
boundary. It should be emphasized that, according to the proposed
approach, it is necessary to solve a series of linear boundary value
problems. These problems are solved by the Ritz method com-
bined with the R-functions theory [11,22]. Due to original repre-
sentation of unknown displacements and application of the Bub-
nov-Galerkin procedure, the initial non-linear system of PDEs
(partial differential equations) governing the plate dynamics is
reduced to a non-linear system of ordinary differential equations
(ODEs) of a second order. The coefficients of this system are
obtained in an analytical form for plates of an arbitrary shape and
expressed by double integrals of constructed functions.

It should be emphasized that a numerical realization of the
developed algorithm for a multi-mode approximation, and also for
solving the obtained non-linear system of ODEs consisting of
numerous equations of the second order, belongs to challenging
tasks in the case of domains with complex forms. However, for
many engineering applications it is sufficient to consider a single-
mode approximation, which requires a study of the classical
Mathieu non-linear equation. As it has been shown in many stu-
dies reported in Refs. [28-36], this equation is used to predict non-
linear phenomena yielded mainly by a parametric resonance.
Motivated by this recently revisited application of the non-linear
Mathieu equation, our analysis has been restricted to only the first
mode approximation. Application of the developed numerical-
analytical approach has allowed to construct instability zones as
well as to study non-linear vibrations after a loss of stability. The
effects of various parameters on the regions of dynamic stability/
instability have been illustrated and discussed using a few com-
putational examples.

On the other hand, the presented results obtained for non-
linear vibrations of laminated plates by means of application of a
single mode can be considered as a solution to the problem in the
first approximation. In a general case, when a multi-mode inter-
action plays a crucial role, a convergence study with an increasing
number of modes should be carried out. However, the numerical
realization of the latter problem is quite complicated in the case of
complex geometry domains.

Since our numerical examples are restricted to only a first
mode approximation, we briefly describe our motivation for this
study, in particular from the point of view of engineering appli-
cations. Recently, high interest in manufacturing sensors and
actuators using electrically-actuated continuous members like
microbeams and microplates (the so-called MEMS devices and
systems) is observed in a wide spectrum of mechanical and
mechatronics industries. The existing manufacturing techniques
and infrastructure of semiconductor industry, introducing new
design and ways of testing performance of microbeam-based and
microplate-based systems, are mainly aimed at the reduced-order
models of simple one-degree-of-freedom lumped-mass torsional
or translational systems.

The classical well-known second-order non-linear ODEs are
widely applied in the field of MEMS. In the paper by Turner et al.
[28], the Mathieu equation has been utilized for modeling
dynamics of a swing, the stability of ships and columns and
Faraday's surface wave patterns on the water, putting emphasis on
parametrically excited torsional oscillators in a single-crystal sili-
con MEMS system.

A torsional silicon microresonator has been fabricated and
studied in Ref. [29]. It consisted of a rectangular paddle symme-
trically suspended by narrow beams of 150-200 nm in width.
These metallic layers have been evaporated on the top surface

introduce an electric input. Motion of the MEM structure is caused
by applying potential between the top and bottom surfaces. A
simple second-order ODE has been used to model behavior of
continuous systems. In particular, an evidence of parametric
amplification has been illustrated and analyzed by modulating the
spring constant at twice the resonant frequency.

An auto-parametric amplification-based continuous mass sen-
sor consisting of parallel interdigitated comb finger banks and two
sets of non-interdigitated comb fingers on each side, supple-
mented with four folded beams providing elastic recovery forces,
has been modeled, analyzed and experimentally validated by
Zhang et al. [30]. The non-linear Mathieu equation has been
applied to predict non-linear phenomena exhibited by the main
parametric resonance.

The Ruelle-Takens route to chaotic resonance of a nano-
mechanical device manufactured of three coupled beam resona-
tors excited by magnetomotive driving has been reported by
Scheible et al. [31]. The experimentally obtained Fourier spectrum
has motivated the authors to apply the standard Duffing equation
to study the system chaotic response, although the authors have
reported a need to introduce more degrees of freedom.

Zhang and Meng [32] have introduced the simplified mass-spring-
damping model of an electrostatically actuated micro-cantilever
MEMS device. In particular, main and parametric resonances as well
as non-linear behaviors, when subjected to different applied voltages,
cubic non-linearity and non-linear damping, have been analytically
studied both by means of the harmonic balance method and
numerically. Deformations of two plates with a constraint have been
omitted while modeling the micro-cantilever device as a system of
one degree of freedom. Linear and non-linear tuning of parametrically
excited designed and fabricated MEMS oscillators as well as chaos of
the MEMS oscillators have been studied in Refs. [33,34]. In both cases,
simple non-linear oscillators governed by non-autonomous second-
order ODEs with either constant or time periodic coefficients are used.

Owing to the overview of the state-of-the-art, let us emphasize
now the importance of a single-mode approximation while
studying the behavior of microbeams/microplates in MEMS devi-
ces and beyond. A direct use of FEM (Finite Element Method) or
FDM (Finite Different Method) is expensive and time consuming.
These sophisticated approaches are applied to study performance
of already fabricated devices, rather than to design feedback
control laws while manufacturing a MEMS device. The engineers
expect simple rules and models for designing a MEMS system,
which is contrary to the FEM/FDM approaches mostly using
numerous variables to describe both the dynamical state of the
investigated systems and complexity of the design space.

Therefore, the so-called reduced-order models or macromodels
[35] are highly required to capture the most important char-
acteristics of MEMS devices or other continuous mechanical sys-
tems employing only a few variables governed by linear/non-lin-
ear ODEs. However, on the contrary to purely engineering
approaches, we offer a novel technique based on the FSDT and CPT
matched with the variational Ritz method and the R-functions
theory. As a result, the reduced-order models are yielded by
advanced mathematical modeling. Presented models are efficient,
accurate and allow to get accurate results relatively fast.

The paper is organized in the following way. The problem
statement is defined in Section 2, including the governing differ-
ential equations. The method of solution is described in Section 3,
whereas numerical examples are presented in Section 4 consisting
of the validation study and the estimation of the instability zones
of the studied plates. Concluding remarks (Section 5) finish our
investigations reported in the paper.
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2. Problem statement

Let us consider a laminated plate, a structure of which is
symmetrical with respect to its middle surface, consisting of n
layers of constant thickness. Assume that the plate is subjected to
a periodic in-plane load of the form p = p,+p; cos 6t, where py is
a static component, p; is the amplitude of a periodic part, and @ is
the frequency of an applied load. Note that all external forces are
varied proportionally to the introduced control parameterd. The
smallest value of the parameter A is referred to as a critical value.
The parametric excitation of the plate under periodic load is
investigated by both classical thin plate theory and the first-order
shear deformation theory (FSDT) [20], taking into account shear
deformation. The classical theory yields the following differential
equations governing dynamics of the laminated composite plates
with parametric excitations:

Ni1x+Niz2y =My, (1)
Nipx+Noppy =MV, )

M]laxx+2M12,xy +M22)<ayy+ (NllW,xx+2N12W,xy+N22W,yy)
=MW, +€mw,. 3

Here u, v and w are the displacements of the plate in directions
Ox, Oy and Oz, respectively, &, is the damping coefficient, N; and
MM (i,j =1,2) are the components of vectors stress resultants N
and moments M, respectively. It should be mentioned that a direct
application of the first-order theory yields equations of complex
forms due to an occurrence of the functions y, and y, describing
the rotations perpendicular to the midsurface about the y- and x-
axes, respectively. In this case, the governing system of PDEs
consists of the following five equations

Ni1x+Nizy =mqt, 4)
Nigx+Nopy=mv,y, (5)
Mi1.x+Maz,y — Q= Moy ort, (6)
Miz,x+Mz,y —Qy = Moy 1, )

Qux+Qyy+ (N11W,xx + 2N12 W,y + Noa W,y ) = My Wiee +€qM Wt
8

Let us present resultant forces N = {N11, N2, N12} and moments
M = {M11, M3, M1;} in the following matrix forms

N=[Cle, M=[Dly ()]
where & = (€11, €22, €12}" and y = {;{11,;(22,;(12}Tare strains of the
middle surface with the following components

1 1
E11=UxF+5W,i, En=Vy+sWo, E12=1Uy+VxtWxWy,

2 2
X11=Wex— (1-0)Woxxs Y22 = OWyy — (1-0)w.yy,
K12 =0W oy +yx) —2(1=8)Wyy. (10

The introduced multiplier 6 plays the role of a tracing constant
which takes the values 1 and 0 for the FSDT and CPT, respectively.
As usual, the subscripts following a comma stand for partial
differentiation.

The matrices [C] and [D] present in formulas (9) have the fol-
lowing explicit forms

Cnhn Ci2 Cis Dy1 D12 Dis
[C1=|Ci2 Cxp Cy6|,[D]l= D12 D2y Dy an
Cis Cx Ces Dis Dazs Degs

and the constants C; and Dj are related to reduced stiffness
coefficients of the plate and are defined by the following formulas

M hm s 1(xY) .
(Ci(x.).Djx.y) = > ngm)(l,zz)dz, (4,j=1,2,6.),
m=1"

hm(x.y)

hin 4 1(xy) ) -
Bi"dz,(i.j=4,5), (1, my)

M
=K. [
m=1 h

n hm 11
=3 [T e (12)
m=1 m

m(X.y)

where Bg") describe a mechanical characteristics and p™ is the
material density of the m-th layer.

In the present study the shift factors K;(i = 4, 5) are taken equal
to 5/6. Transverse forces Q,, Q, are defined in the following way

Qx Cs5Csq | [ €13
@-{o )= {w]
where
€13 =5<W,x+l//x—R£x>, €23 =5<W,y+l//y—Rly>A (14)

The systems (1)-(3) and (4)-(8) of the motion equations are
supplemented with the corresponding boundary and initial
conditions.

3. Method of solution

In what follows we assume that the subcritical state may be
inhomogeneous. Therefore, we need to determine the subcritical
state first, and then to solve a linear vibration problem for the
plate loaded on its midplane. The detailed description of the
solution methods involved in this step in the framework of clas-
sical plate theory can be found in Refs. [12,13]. Let us present an
algorithm of the solution for the case of the FSTD. For convenience,
the strain and stress resultants are presented as sums of linear and
non-linear parts in the following way

e=el e N=ND NN (15)
where
e — (B ¢® DYt — (¢ M T
- 11>%22>%12 ) » - 11°%22°%12
L X0 L
€] = Ui, €5) =Vyy, €95 =Vix+1Ly (16)
w_1. 2 w_1 2 N _
€11 —i(W,x) , €59 —E(W,y) , €19 =WiW,y

T
Then, the stress resultants N = (N(]Ll),N(ZLZ’,N(lLZ)) and N™ =
T
(N(l’\]’),N(z’;),N(l’;)) can be recast to the following form
N® =[Cle®, NV = [Cle™. 17)

Suppose that all external forces are varied proportionally to the
parameter A. In order to determine the subcritical stress state of
the plate, we have considered the system

N{x+NY., =0,
NY.x+Ng,y =0, (18)

supplemented with the following boundary conditions on the
loaded edges

NPw,v)= -1, TPw,v)=0. (19)
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The operators Nﬁf’, Tff’ are defined by the following formulas

2)+ (N NG ) m
(20)

ND = NOP 4 NOm? + 2NYIm, T = NY (12

where [ = cos(ﬁ,Ox), m= cos <7,0y>, and 7 is a vector nor-
mal to the border of the domain.

The boundary problem (18) and (19) is solved by the variational
Ritz's method combined together with the R-functions theory
(RFM). Observe that the variational formulation of the problem
(18) and (19) is reduced to that of finding the minimum of the
functional

la v =1 // (NGel+

where d€2, is the loaded part of the border. We are aimed at
finding the minimum of the functional on the set of basic func-
tions constructed using the R-functions theory [11,22].

Let us denote the solution of the system (18) by
uM(x, y),vW(x,y). The values of the stress resultants, correspond-
ing to the value of the parameter A equal to 1, are denoted by N§J.L°)

(i.j=1,2). Then, the stress resultants N = (NgLf),N(ZLg),NgLZ")) are
defined by formula (17), where

NP @ul+vm)de,,

(L) (L) (L) (L)
22622+N12€12>d9+ o
- 1

21

1 L 1 L 1 1
u®, 5(22) =V )>y’ 5(12) =v +ul ),y

(22)

D= (D D D O _
€ ( 1>€22’€12> s €11 =

Since all external forces are varied proportionally to the para-
meter A, the critical value of the parameter A may be found as the
smallest eigenvalue of the following functional

17
I(W,l//x,l//y)=§//g(Mn)(n+M22)(22+M12)(12+5(Qx€13+Qy€23)

+A(NE W2+ NS (W) NP W,y ) ) d2.

23

The classical problem regarding linear vibrations of the com-
pressed plate is also reduced to a counterpart variational problem
yielding stationary value of the Lagrange's functional:

17
I(W,l//x,ll/y)=§ /Q(Mn}(n+M22)(22+M12)(12+5(Qx€13+Qy€23)

+Po (NP W0 N3 (W) + N W, ) ) d€2

Q hw 5h3 2 w?) |de 24
_7//!2p ot ﬁ(l//x_'_l//y) . (24)

Note that while solving the linear problem, all inertia forces,
including membrane and rotary ones, are taken into account and
the critical load value may be found together with eigenvalues
(dynamic approach). Indeed, as it follows from (24), each value of
the parameter p, is associated with a set of eigenvalues related to
different compressed loads. The plate vibrates about its equili-
brium position until all its frequencies are real, i.e. its equilibrium
configuration becomes stable. However, we can obtain zero or
imaginary value of the natural frequency by means of increasing
the parameter p,. In this case, the equilibrium position would be
unstable. The parameter value p,, corresponding to the smallest
non-negative value of the natural frequency, is referred to as the
critical value. Now, the estimated eigenfunctions w!(x,y), u{”(x,y),
VO, y), yQx,y), ‘C)(x ) of the linear vibration problem, corre-
sponding to the load Do, are used to present the solution of the
non-linear problem (1)-(3) or (4)-(8) in the form of the following

truncated series:

wx.y. = > yitw(x.y) 25)

i=1

Wy, 0 =8> yiwg®y), y,xy. =8> Oy X, ),

i=1 i=1

(26)
n n n n
UK Y. O =YD+ Y D Yyl V&Y. D=vix)P+ > D ViYivi.
i—1j=1 i—1j=1
(27)

where y,(t) are unknown functions to be defined further. Note
that the functions uj, v;; should satisfy Eqs. (1) and (2), which we
present in the form of displacements

Lix (ug) +Lia (vy) =

Ly (uu) + Ly (V,j) = —NI(ZZ) (W,’, Wj). (28)

— Nl(lz) (Wi> W]) N

The linear operators Ly, L2, L2, Ly are defined as follows

L11 =C110)sxx +2C16( )oxy +Co6( )syys Loz = Cos()oxx +2C26( )sxy +C22( )syys

L1z = L1 = C16( )sxx +(C12+Co6)( )oxy +C26( )y, (29)

whereas the non-linear operators NI\” (w(c) W(C)) NI? (W(C) W(C)>
follow

N 1(12) (Wp, W;C)) =WixL1iwj+wiyLpw;, (30)

Nl(zz) (Wgc), Wj(-c)) = W,‘,XL12W]' + Wi’yL22Wj (3 1

The system of Eq. (28) supplemented with the corresponding
boundary conditions is solved by means of RFM. Substituting for-
mulas (26), (27) for functions u,v,w,y,,y, into equations of
motion (1) and (2) or (4) and (5), ignoring inertia terms and
applying the Bubnov-Galerkin procedure, we obtain the following
non-linear system of ODEs regarding the unknown functions

Ym(D):

n
YO+ €qyi(O)+20, (ym(t>+pt cos 0t > ()
k=1

+>0> Z yt}}?yxt)y,»(t)yk(t)) =0 32)

i=1 j=1 k=1
n, and the coefficients are defined as follows

[oNzo (U, vij, wi)wnds2
MW 2,

where m=1, ..,

a™ — ﬂQNl3l(ul V1L W Wi dQ2 (my __
k = 2 ijk —
m1&2y, W2

(33)
where
N1 (1, Vi, Wi) = N Wi+ N Wiy + 2N Wiy s
Niz; (uij, Vi, Wi) = N11 Wiexx + Noa Wiy + 2N12 Wy (34

It is known that the most important instability region is the
primary one with the period 2T (see, for instance, monograph
[36]). It is usually much larger than a secondary instability region
corresponding to the period T. Furthermore, the results needed for
practical engineering-oriented applications can be obtained taking
into account only the first-order approximation of the major
instability boundaries [4,5]. This is why only the first-order
approximation will be used in the present study. Let us consider
in detail one-mode approximation governed by the following
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equations:

WXy, 1) = Y(t) W1(X,), Wy(x.y.0) = Ey(O ] (X, ),

Wy, Y. t) = Syl (x. y),

u,y, t) = pOu %, ) +y* (O - un ),

VX, Y, £) = pEWVixY) +Y* () - vin (X, ). 35
In this case, the system of Eq. (32) is reduced to only one

equation with periodic coefficients of the following form

y' () +ey )+ +ap, cos Ot+yy*(t)yt)=0 (36)
where
YO =y1(0), 2 =21, a=a, y =7} 37)

In order to determine the regions of dynamic instability with
Bolotin's method [4], Eq. (36) is transformed to the following,
more convenient form

V' (6)+2€14Yn(t)+ 27 (1—2k cos Ot)y(t)+7 y* () =0 (38)
where
2k=—a-p,, €10=€4/2 (39)

Furthermore, we neglect the non-linear term while determin-
ing instability regions [4]| (y = 0). The obtained linear equation is
well-studied. As it has been shown by Bolotin [4], the major
instability region is situated near 6 =2£2; and bounded by the
following curve

2 2
20;V1— k2—<é) §6§2!2Lv1+\/k—2—<%) (40)

T

where A =2;’TEL‘. The relation between the frequency ratio and the
amplitude of non-linear vibrations after a loss of stability,
according to [4], has the following form

2 0 \?2 ) 0 \2/A\?
A:WJ () =¥ -Ga) () “n

4. Numerical results

4.1. Validation study

Since the investigation of laminated plate stability problems by
means of joint application of the RFM and the FSDT is considered
for the first time, we are aimed at showing the accuracy of the
proposed approach by comparing our results with the results from
the literature, using examples of several tasks.

Task 1. Let us consider the third and the fourth cross-ply square
laminated plates (see Fig. 1) subjected to uni-axial load (i.e.
N11 = —p). The layers have the same thickness. Orthotropic layers
with the following engineering constants are used:

E1/E; =40, Gis =Gy3 =0.6E,, Gy3 =0.5E,, 112 = 0.25.
The following ‘simply-supported’ boundary conditions are
assumed:

b
u=w=y,=Mp=Np=0y= 1+

v=w=y,=M;1=0, Nn=-p, x=+¢

N Q

Note that in the studied case the stress distribution is uniform
in the xy plane. However, in order to check our developed soft-
ware, we have solved the problem by applying the general algo-
rithm described above. The obtained numerical results for non-
dimensional critical loads of cross-ply laminated plates and for

aQ

Fig. 1. A plate and the loading way.

Table 1

Buckling coefficient p,, =Ny (2b)? /E2h3 for different values of thickness of cross-
ply square plates, compared with the results presented in Ref. [21].

alh  (0°/90°/0°) (0°/90°/90°/0°)
RFM [21], [21], RFM [21], [21],
(FSDT) FSDT HSDT (FSDT) FSDT HSDT
10 2181 21.64 2216 23.47 23.27 23.85
125 2550 2514 25.59 26.84 26.52 27.03
20 3141 30.66 30.92 3241 3143 31.74
25 3323 32.33 32.51 34.01 32.87 33.09
50  35.60 34.88 34.94 36.50 35.04 35.10
100 3650 35.59 35.60 37.10 35.63 35.64

different values of the plate thickness are compared with the
corresponding values reported in Table 1.

By looking at the results presented in Table 1 one can notice
that the maximum deviation between the results does not
exceed 4%.

Task 2. Let us consider a static stability for a three- and five-
layer cross-ply plate with a symmetrical structure and boundary
conditions of two types:

a) Boundary conditions of the 1st type (see Fig. 2(a))

N11 =0, v=w=Mn=y,=0, x= ig

b
Np=-p, u=w=Mypy=y,=0,y= t5

b) Boundary condition of the 2nd type (see Fig. 2(b))

b
Npp=—p. u=w=Mp=y,=0y=5

b
Ny, =0, u:v:w:y/X:y/y:O,_y:—j

N]] =0, V=W=M1] ZUIyZO’ X=+

N Q

Characteristics of the material and geometrical parameters are
taken as follows [18]:

G]z/Ez:O.G, G]g/E2=O.5,ng/Ez =O,5, V12 =O,25, b/a=l, h/a=01

The values of the loading critical parameter p,, :’gﬂh“; for var-
ious values E; /E; are presented in Table 2. ’

It can be seen that for the first-type boundary conditions the
results obtained by the RFM are close to those reported in Ref. [18].
We also note that the values of critical loading parameters for
plates loaded along one side and two opposite sides are practically
the same. This can be explained by the effect of balancing the load
by the boundary conditions. Table 2 confirms that application of
the CPT to plates of moderate thickness leads to an obvious error.
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Fig. 2. The plate midsurface, ways of applying the load and types of boundary conditions.

Table 2
Values of critical load parameter p,, :szaz/(E2h3), h/a=0.1.

B.C Theory Method No of
layers

Ei/Ea

3 10 20 30 40

1-st CPT RFM 30°/90°/0° 575 1149 19.72 2795 3617
1-st  CPT [18] 575 1149 1971 2794 36.16
1-st FSDT RFM 5.40 9.87 1498 19.02 2231
1-st FSDT  [18] 5.40 996 1535 19.76 2345
2-nd FSDT RFM 5.36 9.86 1498 19.02 2231
1-st  CPT RFM 50°/90°/0°/ 5.757 11.499 19.726 27.954 36.183
1-st CPT [18] 90°/0° 5.754 11.492 19.712 27.936 36.160
1-st FSDT RFM 541 10.08 1574 2049 24.54
1-st FSDT  [18] 541 1014 1596 2091 2519
2-nd FSDT RFM 537 10.06 1573 2048 24.54

Fig. 3. The shape of a laminated plate.

Analyzing the influence of the degree of orthotropy given by
the ratio of Young's modulus E;/E, (Table 2), one can see that an
increase in Eq/E; yields to an increase in the critical load para-
meter for both types of boundary conditions. In addition, a dis-
agreement between the results obtained by CPT and FSDT sig-
nificantly increases if the ratio E; /E, increases.

16 o

14 -

—=— RFM (CPT)
—e—RFM (FSDT)
—a—[6] (FSDT)

12 H

0,1 0,2 0,3 04 0,5 0.6 0,7 0.8
c/a

Fig. 4. A comparison of the critical load with known results [6].

Task 3. Let us investigate a rectangular laminated plate with a
central square cutout (Fig. 3) and the following material properties
[6]:

E; =141 GPa, E; =9.23 GPa, G2 = G13=5.95 GPa,
ng =2.96 GPa, V1 = 0.313.

Suppose that the plate is simply-supported on its outer con-
tour, free on its inner contour, and has a symmetric structure with
cross-ply [0°/90°);. The used geometrical parameters are:
a=b=0.5m, h=0.005 m. Since the stress field is non-uniform
due to the cutout, the plane stress analysis is needed. Therefore, in
this case, we should apply all steps of the developed algorithm.
Fig. 4 presents a comparison of the obtained results to the known
ones [6] for different sizes of the cutout.

It follows from the performed comparison that the divergence
of the results presented in Fig. 3 depends on the cutout size and
increases with an increase in the cutout size, beginning with the
ratio ¢/a=0.4. If the ratio c¢/a satisfies inequality 0.1 <c/a<04,
then the difference between compared results does not exceed 5%.
We think that it can be connected with the used systems of
approximation of indefinite components (system of power poly-
nomials). Obviously, in this case, the application of splines is
preferable.
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Fig. 5. The geometric form of a plate.

4.2. Dynamic instability and parametric vibrations of the plate with
external cutouts of different forms

It is evident that, in practice, many structural members are
supported only on one side and may be loaded on their remaining
parts. In order to demonstrate the capabilities of the proposed
approach, we have considered laminated plate with two cutouts of
different forms, provided that the plate is clamped on one side,
compressed on the opposite side and simply supported on the
remaining parts.

In other words, we deal with mixed boundary conditions.
Application of the FSDT requires constructing a new solution
structure satisfying the given boundary condition. Below we pre-
sent a solution to the formulated problem.

Task 1. Let us investigate a three-layer plate with two external
cutouts: the round and rectangular (see Fig. 5) ones. The plate has
a symmetrical structure and constant thickness h. The thickness of
all layers is the same.

Below the considered boundary conditions are presented for
the classical and the first-order deformation theories.

a) CPT
Nypy=—p, Nip=0, w=0, My =0, V(x,y) € 0§2;, (42)
ow a
u=0,v=0,w=0, %=O,y=f§,(x,y)ea.(22, (43)

Ny=0,T, =0,w=0,M, =0, (x,y) € 0823 = 02/ (021 U 082,).

(44
b) FSDT
Nyy = —p,Ni3 =0 V(x,y) € 082, (45)
Uu=v=w=y,=y, =0, V(x,y) €082, (46)
Ny=Tp=0, w=0, M, =0, V(x,y) €823 =082/(3£2; U 082;)

(47)
Wy =0, VY(X.y) e (48)
where
Wyn = —W,m+y,l, l= cos(n,0x), m= cos(n,0y) (49)

02 ={wy|(y=53 —gsx=c)u (y=gc<x<J)}

o= e |(y= - -§n<D)

Due to the fact that the considered plate has cutouts, mixed
boundary conditions, and it is loaded along one edge, it exhibits an
inhomogeneous subcritical state. In this case, solution of the

problem is complicated and all stages of our algorithm have to be
performed.

Since the R-functions theory is applied, we should construct
the solution structure. In order to satisfy the main boundary
conditions, the following structures of solutions are proposed for
CPT and FSDT, respectively:

a) Structures of solution for CPT:
uza)1(p1,v=a)]¢2,W=CUCU](p3. (50)
Here w; =0 refers to the equation of a clamped part (09£2;).

Function w; takes the form of w;=f, where fo=§+y=>0. To

implement the structures of solution (50), we have to form a
normalized equation [22] of the boundary domain w(x,y) = 0:

(U=f1/\0f2/\0f3/\0(f4\/0f5)» (51)

where
2@ ) o) o

1 a5,
f3—?(<x+j) +yP -t ) >0,
fa=g-y=0, fs=c—x=0. (52)

Symbols A g, v in (37) denote R-operations [11,22], presented
in the following form

XAy =X+Y—\/X2+Y2, X v oy =X+y+1/X2+y2. (53)

b) Structures of solution for FSDT:
u:a)ld)], V:Cl)ldsz, W=w¢3, (54)

Wy =0, yPy+0Ds, y, = (0,yDPs+0Ds) 1. (55)

Obviously, all main (geometric) boundary conditions are satis-
fied for any of indefinite components @;, (i=1,...,6). In order to
check the boundary condition (48), let us note that the equation of
the boundary condition is normalized. Hence, directional cosines
I= cos(n,0x),m= cos(n,0y) may be continued to the inside of
the domain with the help of the following formulas

I= cos a=—wyx, m= sin a=—-w, (56)

Substituting (55) and (56) into (49), we can confirm that the
boundary condition (48) is satisfied. In order to construct the basic
functions, indefinite components &;, i=1,...,6, should be con-
sidered in formulas (50), (54), and (55), in the form of the fol-
lowing truncated series

k=N,

D=3 al. (57
k=1

where {45;? are the known complete systems of functions (for

instance, power or Chebyshev's polynomials, trigonometric func-
tions, splines, or others). In the present study, power polynomials
have been used in Eq. (57) to get numerical results. Substituting



110
(57) into Egs. (50) or (54) and (55) yields

Ry Ry Ry
U= Za,»ui, v= Zaivi, w= Zaiwis

i=1 i=1 i=1

Ry Rs Ry Re
We= Y GO Wit D GV Wy = Y GOyt Y Gy,
i=R+1 i=Ri+1 i=R+1 i=Ro+1
(58)
(1) (2) (3) (4) (5)
where  uj= ", vi= g, wi=09?, yi =0, y, = 09,

w,i =@ are the admissible functions that satisfy boundary
conditions. The unknown coefficients a;,i= Zf: 1 R; are calculated
by finding a stationary point of the corresponding functional. In
order to determine the needed numbers of the coordinate func-
tions, we have studied convergence of frequency parameters of the

. . 2 —
first vibration mode A; =429, /12‘15%"2”” for cross-ply three-

Table 3
Convergence of frequency parameters A; = %, /12“+2‘2”"” of a cross-ply laminated
plate (90°/0°/90°), obtained with the CPT (Material I (60), ’E’: 0.01).

R3 Aq Ap A3 Agq
55(9) 70.49 116.97 162.76 170.30
66(10) 70.24 116.49 162.39 169.90
78(11) 69.98 116.03 162.15 169.67
91(12) 69.72 115.66 161.83 169.43

105(13) 69.56 11517 161.52 169.15

Table 4

Convergence of frequency parameters A; = %, /m+;ﬂw of a cross-ply laminated
plate (90°/0°/90°), obtained with the FSTD (Material I, (60), %: 0.01).

R; Rs/Rs/Ra A Az Az Ag

55 45/45/55 72.85 120.39 168.22 174.51
45/45/66 72.76 120.04 167.91 174.03
55/55/55 72.61 119.69 17.85 173.45

66 45/45/55 72.58 120.13 167.70 174.08
45/45/66 7243 119.80 167.34 173.55
55/55/55 72.22 119.97 167.24 172.96

78 45/45/55 72.21 119.67 167.50 173.19
45/45/66 72.04 119.39 167.10 172.88
55/55/55 71.88 119.06 167.00 172.43

91 45/45/55 71.82 119.23 167.18 172.33
45/45/66 71.67 118.95 166.79 172.10
55/55/55 71.52 118.65 166.70 171.62

Table 5

Values of the frequency parameter A, = Q;a?, /% and the buckling load p., =
2

Npa? (ESDT b
Ezh3 y

J. Awrejcewicz et al. / International Journal of Non-Linear Mechanics 81 (2016) 103-114

layer plate (8 =90°/0°/90°) with the following geometrical data
c/a=g/a=0.25,r/a=0.15,h/a=(0.01;0.1) (59)

Assume that the plate is made of materials with the following
characteristics:

Material I

Ei G2 Gz _ Gy _

=10 72033 22205 2205, 11, =022 (60)
Material II

Eiv o Gi2 Gi3 Gy _

E—2—40, E—2—0.6, E—2—0.6, E—2—0.5, v12 =0.25. (61)

The results of these investigations are presented in Table 3 for
the CPT and Table 4 for the FSDT.

The analysis of Table 3 shows that convergence of the fre-
quencies occurs for the 11th degree of the polynomial for the CPT,
what corresponds to 78 coordinate functions for deflection w
(indeterminate component @3). Table 4 allows to conclude that,
for the FSDT, we can use the approximation of the 12th degree for
w (indeterminate component @3, 91 coordinate functions), 9th
power for the indeterminate component @, (55 coordinate func-
tions) and the 8th degree for indeterminate components @5, @g
(45 coordinate functions). Bellow all the results are reported for
these numbers of admissible functions.

The effect of the static component of the load p, and the ply
orientation on the value of natural frequency parameter

Ay =002, /%, as well as on the action of the buckling load
2

o = ’;22;;2, can be analyzed using the data reported in Table 5. The
2

presented results have been obtained in the framework of both
FSDT and CPT. The results obtained by the FSDT and the CPT cor-
respond to numerators and denominators of fractions,
respectively.

An increase in the load component p, results in a decrease in
the frequency parameter, which is typical for the most of plate
forms, including rectangular ones. Since the plate is thin with the
ratio h/a = 0.01, the results obtained with both theories (CPT and
FSDT) are similar.

Below the results for the considered plates with thickness h =
0.1a are presented. These results have been obtained in the fra-
mework of the FSDT. Table 6 shows the influence of the load on
the values of the natural frequency. Here, the critical load is pre-
sented for cross- and angle-ply plates made of Material II (61).

In Table 7, modes of vibrations and frequency parameters
A; (i=1,2,3), corresponding to an unloaded plate, are presented

0.01, Material I).

CIT> a

Ply orientation Per Po/Per =044 Po/Per =0.25A Po/Per=0.541 Po/Per =0.75A
31.68 71.16 61.98 50.97 36.37
90 /0 /90 2921 69.72 60.77 50.02 3573
- } 14.62 62.09 55.64 47.84 37.01
15 / 15 /1 5 12.56 56.40 50.31 4297 33.09
- } 15.82 62.13 54.77 45.82 33.58
30 / 30 /30 1422 57.98 51.85 4463 3551
— 16.31 63.49 .68 46.17 3331
45 / 45 /45 15.23 60.42 5287 4372 3140

Table 6

Values of the frequency parameter A; = 2;a? /% and the buckling load p,, = Ny,a?/(Ex1), (FSDT, 1=0.1, Material II).
2

Ply orientation Per Po/Per =0 A4 Po/Per =0.25 A4 Po/Per=0.5 44 Po/Per =0.75 A4
90° /0" /90 20.73 71.00 65.77 59.92 53.03
15°/-15"/15° 12.45 66.33 61.53 55.85 47.97
30°/-30°/30 11.71 66.84 6219 56.91 50.61
45 /—45° /45 17.57 67.76 60.41 51.42 39.08
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Table 7
Modes of vibrations (Material I, h/a=0.01).

TR
e
N

A, =69.72 A, =115.66 A, =161.83
a b 9
0 130
. 120 -
130 110
120 100 -
110 90 -
100 i 80 + i
90 , ‘  ,‘::“~~ —— k70 — . - ,\,:: 5 ——i k

T
00 01 02 03 04 05 06 07 08

0,0 0.1 02 03 04 05 06 07 08

Fig. 6. The effect of damping on instability regions of a cross-ply plate for Material I, h/a=0.01, and obtained by the CPT for p,/p., =0.25 (a) and p,/p. = 0.5 (b).
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Fig. 7. The effect of the static parameter p, of the load on the instability region of a
cross-ply plate for Material I, h/a=0.01.

for Material I. The results have been obtained for the cross-ply
plate in the framework of CPT.

The instability analysis is performed to study the effect of
damping and load parameters on the location of the instability
regions. Instability regions constructed for p,/p. =0.25,0.5;
A =0,0.2,0.35,0.5, Material I, are presented in Fig. 6(a) and (b). It
should be emphasized that we have used formulas (26) to

p/p, 0.5

—— 45%-45°/45°
----90%0°90°

- -30%-30°30°
|-« - - 15%-18°18°

0.0 0.1 02 03 04 05 06 07 08

Fig. 8. The effect of the ply orientation on the instability region of a plate for
Material I, h/a=0.01.

construct instability regions, and the vibration frequency has been
replaced by the frequency parameter A;. The analysis of the results
allows to conclude that the variation of the damping decrement
entails a decrease in the instability zones.

The effect of the static parameter p, on the location of
instability zones is shown in Fig. 7. We varied the value of the
parameter p,/p. =0.75,0.5,0.25 and other fixed parameters
(A=0, 90° /0" /90°). With increasing the static component of the
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Fig. 9. The effect of damping on response curves of a plate of a complex form, for Material I, h/a=0.01 and the ply orientation 45° /—45" /45" (a) and 90° /0" /90" (Db).
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Fig. 10. The effect of load parameters on the response curves of a plate of a complex form for Material I, h/a=0.01, for the ply orientation 90° /0" /90" (a) and

45° /—45°/45° (b).

load, dynamic instability regions shift towards smaller values of
the exciting frequency.

The effect of the ply orientation on instability regions of the
considered plate with py/p.,, =0.5, A=0 is shown in Fig. 8. We
obtain greater frequencies of excitation for the cross-ply plate
(90°/0°/90°). On the other hand, instability zones are close to
each other in other ply orientations.

For the given plate, non-linear steady vibrations are studied in
the main instability region. The effect of damping decrement on
amplitude—frequency relations for two types of the ply orientation
is shown in Fig. 9. Calculations are performed for py/p. =0.75,
D:/Per = 0.125. As it has been expected, the damping factor affects
the response curves more significantly for the plates with the ply
orientation 45°/—45"/45" than for the cross-ply orientation
(90°/0°/90°).

Note that dependence between amplitude A and relations Z%L
has been defined by Bolotin's approach (see formula (41)). In Fig. 9
and in further Figs. 10, 12 and 13, two solutions corresponding to
two signs are presented (one of them is unstable). The lower
curves describe the unstable solutions. The upper curves, corre-
sponding to processes of increasing the excitation frequency,
represent stable solutions. The reported slope of the resonance
curve towards higher excitation frequencies is a characteristic
feature exhibiting non-linear elasticity.

Amplitude-frequency relations for various values po/p. =
0.25,0.5,0.75, A =0, k=0.25 and two types of the ply orientation:
(90°/0°/90°) and (45° /—45° /45" are presented in Fig. 10.

po/pm:O..? ]

-| ——90°0°190°

‘| =---45%-45°145°

|- - -30%-30°730°
- .- 15%-15°/15°

60 +—+— ; :
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 11. The effect of the ply orientation on the instability region of a plate for
Material II, h/a=0.1, obtained by FSDT.

A change of the constant component of the load influences the
slope of obtained curves. An increase in p,/p,, results in a decrease
in the slope of a tangent to the response curve. For two types of
the ply orientation, the response curves are close for
Do/Per =0.25,0.5, and differ for py/p. =0.75.

Further, we study a laminated plate made of Material II with
mechanical characteristics given by (61). Geometric parameters
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Fig. 12. The effect of load parameters on the response curves of a plate with complex form for Material Il and h/a=0.1 for the ply orientation 90° /0" /90" (a) and

45° /—45° /45° (b).

are the same as for (59), but h/a =0.1. In order to study parametric
vibrations of this plate, the FSDT is applied.

Fig. 11 shows instability regions of the considered plate for
different types of the ply orientation. Obviously, the location of
instability zones for each type of the ply orientation differs more
significantly for Material II than for Material I. However, greater
frequencies of excitation are again observed for the cross-ply (90°/
0°/90°) plate.

Response curves for different values of static parameters of the
load and for A =0, k=0.25, as well as for two types of the ply
orientation (90°/0° /90" ) and (45" /—45" /45") for the considered
plate are presented in Fig. 12. The obtained results demonstrate
that for both types of the ply orientation the variation of the
constant component of the load affects the slope of a tangent to
the response curves.

Fig. 13 shows the effect of the ply orientation on the ampli-
tude-frequency relations of the plate for p,/p. = 0.5, p;/p., =0.5
and Material IL It follows from Fig. 13 that the biggest amplitudes
are achieved for the ply orientation 15°/—15"/15".

From the analysis of the results of the investigation we can
conclude that the qualitative nature of the behavior of the
response curves for plates made of Material I and Il and of thick-
nesses (h/a=0.01 and hja=0.1) is the same when the parameters
of the load and damping are changed. However, their instability
regions differ if the ply orientation is changed (Figs. 8 and 11).

5. Concluding remarks

The present paper introduces the carried-out investigation of
parametric vibrations of laminated plates having a complex form
and external cutouts. The applied method has been worked out
and validated for the classical and the first-order plate theories.
The developed method is based on combined application of the R-
functions theory and variational methods, and may be applied to
laminated plates of an arbitrary planform and different boundary
conditions, as well as thin and moderately thick plates. A sub-
critical inhomogeneous state has been taken into account. Due to
an original discretization algorithm, the initial system of PDEs has
been reduced to ODEs. The analysis of this system by known
approaches allows to construct instability zones and amplitude-
frequency relations for various parameters of the system. In order
to demonstrate the capabilities of the proposed method, a special
form of the laminated plate has been chosen. The shape of the
plate is complicated owing to the introduction of two non-

A ./ p, =05 p,/p, =025

—90"0%/90"

- - £45%-45°45°

£30°/-30"/30°

10 L =-=+15"-157/15

0.5 +

0.0 E .
1.4 6/2Q

Fig. 13. The effect of the ply orientation on response curves of the plate (Fig. 5) for
Material II, h/a=0.1.

0.6 0.8 1.0 1.2

symmetrically located cutouts of both rectangular and round
forms. The main physical feature of this problem concerns loading
the plate along one of the sides, and balancing the load by a
clamped base. Convergence of the obtained results has been stu-
died. In addition, the influence of different components (static and
dynamic load parameters, ply orientation and thickness) on
dynamic behavior of the considered plate has been investigated.

We have proposed an algorithm for transformation of PDEs to a
corresponding system of ODEs, taking into account both multi-
mode approximations and formulas (33), (34) for calculations of
the coefficients of this system. In other words, we have theoreti-
cally solved the stated problem in full. Only the presented
numerical results concern a single-mode approximation. However,
the so far obtained results are validated through a comparison to
those obtained in other researches, which gives a hope to solve
numerous problems related to modes interaction within the
applied FSDT method, having in mind the already proposed the-
oretical background.
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