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ABSTRACT
Herein paper compares the analytical model with the FEM based numerical model of
the axisymmetric bending of circular sandwich plates. Also, the paper describes
equations of the circular symmetrical sandwich plates bending with isotropic face
sheets and the nonlinear elastic core material. The method of constructing an analytical
solution of nonlinear differential equations has been described. The perturbation
method for differential equations with small parameters is used to represent nonlinear
differential equations as a sequence of linear equations. Linear differential equations
are reduced to Bessel’s equation. It is compared results of analytical model with results
of other researches using two problems: 1) the problem of axisymmetric transverse
bending of a circular sandwich plate, 2) the problem of axisymmetric transverse
bending of an annular sandwich plate. The effect of accounting nonlinear elastic core
material on the strain state of the sandwich plate is described.
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1 INTRODUCTION

OMPOSITE materials (composites) and layered materials are one of the great technological advances of a

modern engineering. By the term , layered materials are assumed materials that are combinations of two or
more organic or inorganic layers. Layered materials allow to optimize some physical and mechanical properties of
constructions. Sandwich structures are widely used in the aircraft and shipbuilding industries, the aerospace
industry, civil engineering, electronics and other industries. Thus the stress-strain state analysis of sandwich
structural elements is urgent. Herein study has investigated by analytical and numerical methods. Currently, there
are many experimental and theoretical works devoted to sandwich structures, for example [1-11]. Well- known
articles reviews devoted to sandwich structures, for example [1,7]. These works presented linear elastic models for
core material. On the other hand, for some materials (e.g. cooper, duralumin, aluminium bronze, composites [12])
linear elastic models do not accurately describe the observed material behavior. Thus, bending of circular sandwich
plates with nonlinear elastic core still less investigated. This paper has derived a nonlinear differential equations of
symmetric sandwich plates bending with isotropic face sheets and nonlinear elastic core material by [12] (the
analytical model). Using the perturbation method for differential equations with small parameters we reduce

*Corresponding author. Tel.: +38 0612 287614.
E-mail address: avk256@gmail.com (A.Kudin).

© 2016 IAU, Arak Branch. All rights reserved. JOURNAL OF SOLID MECHANICS @



591

A. Kudin et al.

nonlinear differential equations to linear systems. Linear differential equations are reduced to Bessel’s equation.
Numerical results of the analytical model are compared with [2, 6, 8] and with the finite elements model.
In numerical analysis of solids, two main approaches have been adopted to simulate layered materials [13]:

1.

Techniques, which explicitly model the discontinuous nature of the material. This approach includes the
Discontinuous Deformation (Displacement) Analysis (DDA) [14] and the Discrete Element Method (DEM)
[15, 16]. The Finite Element Method (FEM) or the Finite Difference Method (FDM), which utilizes layers
topology, interfaces or contact technology, also included in the first approach. The Discontinuous
Deformation Analysis and the Discrete Element Method are common used in rock mechanics, simulation of
granular materials and the micro-dynamics of powder flows. These techniques provide a more accurate
description of layered material nature.

Techniques, which use equivalent continuum model of the material. This approach includes the FEM and
the FDM equivalent continuum model. In the equivalent continuum technique the discrete material is
replaced by a homogeneous continuum. e.g., in Cosserat theory, one of the mathematical models describing
the mechanics of general micropolar continua, each point of the continuum is associated with independent
rotational degrees of freedom in addition to translational degrees of freedom. The basic kinematics
variables of Cosserat theory are the displacements, the first-order displacement gradients, the
microstructural rotations and the rotation gradients. Higher-order displacement gradients are not considered
[13].

In the numerical example we use FEM, which utilizes layers topology: obtained meshes approximate borders of
layers by edges and faces of finite elements.

The main objective of herein paper is to develop analytical model for stress-strain state of circular and annular
sandwich plates with nonlinear elastic core. Analytical model shows difference between linear elastic model and
nonlinear elastic model of the core. Also, it has developed numerical finite element model and compare analytical
solutions with numerical solutions. This comparison demonstrates the accuracy of both models presented in the

paper.

2 THE STATE OF STRESS OF A PLATE

Consider a circular sandwich plate that is loaded by a transverse load ¢ (r,¢). Face sheets are o, and o, thick

correspondingly. Face sheets are made from isotropic material for which Hooke's law is a useful approximation. A
core is 2/ thick (Fig. 1). It is made from nonlinear elastic isotropic material.

z

B 1

¥ Fe i Fig

ansverse load g(r,0) Circular and annular sandwich plates.

Face sheets correspond to Kirchhoff plate theory. The state of stress in these layers is determined by Hooke's law
[17, 18]
h<z<h+6,
E

o, = . (g,+y£¢),0'¢ ~ (&, tue, )T, =Ge,,
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where E is Young's modulus, G is the shear modulus, and g is Poisson’s ratio for the material of the layer
h <z <h+0,.Index * in Eq. (1) refers to mechanical properties of the layer —4 —3J, <z <—h . The state of stress
in the core is determined by expressions [12]

6, =3K (1+ 1,6,)&, +2G (1+ yu0 )E, - &),
&, =3K (1+ 1,60)&, +2G (1+ W, )(E, — &), )

£, =GU+yW)E, .t =GU+y,w)é, i, =G(+7,y0)E,..

In Eq. (2), the shear modulus is denoted by G and the bulk modulus is denoted by K :&, is elongation, y is
the strain intensity factor

& _5(1 +8,+8 o =< (B + B+ B -5 8, -5, —525,)+§(§3w+§; +&. ),
. i, .\ . 13K-2G

Parameter y, characterizes shape changes of the structural element in the nonlinear elastic deformation stage.

This parameter is determined experimentally [12]; parameter y, characterizes the volume element changes.

3 STRAIN-DISPLACEMENT RELATIONS FOR SANDWICH PLATES

The state of strain at some midplane point of the sandwich plate face sheets is determined by radial displacements
u, (r,) , angular displacements v, (r,®),(i =1,2), and deflection w (r, ¢) .
By adopted hypotheses, we have [10]:

h<z<h+¢,: u(r,¢,z)=ul(r,go)+(z —h—%jw’,,
5 W
V(’”af/’az):"1(7”a¢)+ z—h-— —
2)r
~h—08,<z <—h: u*(r,¢,z)=u2(r,¢)+(z +h +%jw,, , (3)

v(r,g,z)=v,(r,p)+| z +h +?2 2

187
|

-h<z<h: Li(r,(p,z):ul(r,(o)a](z)+u2(r,(o)a2(z)+c;(z)w!r,

- - W
V(r,@,z)=v,(r,@)b,(z)+v,(r,p)b,(z)+c, (Z)TqJ.
Using [10] in Eq. (3), we obtain

a(z)=1+0,(z),a,(z)=—a,(z),cy(z) =z —h —i—aaz(z ey (2)=4,(z)—aa,(z),
6, +6, D, (z)-D,(h)
D, (h)-® (-h)’

@)= [, M 0,) = = [ .

b(z)=1+a,(z).by(z) = —aty(z ), = 2h +
Q,(z)-,(h)
D, (h)-D,(~h)’

7a2(z):

063(2)2

Functions f|(z).f,(z ) are transverse shear-stress distribution functions for stresses 7, and 7. in the thickness
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direction. Strains are represented by [12].
The face sheet layer 7 <z <h+9;:

1 u

v
& =U,,E, ==V +—,,=—U,+V ——
’ T r

r U or r

Another face sheet layer —h —6, <z <-h:

T
& =U,,E,=—V +
r

The total potential energy of the circular sandwich plate is

+ ~h
E 1 d * * * * * * d
_EJ.-[ J. Op&p +0pEp + Trpér,dl + J. Or&r +0pEy +Trpérpdz +
h ~h-5,
h

+Jar£r +Gplp +Trpéry tigéy +1

oEp oz €202 —qw (r,9) [rdrd@ =0
-h

Differential equations of equilibrium are obtained from total potential energy by applying the principle of
possible movements [9].

4 EQUILIBRIUM EQUATIONS FOR AXISYMMETRIC BENDING

Consider axisymmetric transverse bending of a circular sandwich plate. Now suppose that the transverse load ¢ (r)
is axisymmetric and uniform. In addition, suppose that the plate have face sheets with equal thickness 6, =J, = .

Using the symmetry of the strain state of the plate and taking into account the absence of any angular
displacement (#, =—u, =u.,v, =—, =v =0), we obtain nonlinear differential equations of equilibrium

B,w - +B.w , +Bu, +Bw, +B15u’r +B,u (r)+d)1 =0,
4)

B,w ,..+B,w,  +Byu, +B,w, +Bu, ++B,w y +B,u, +B,u (r)—rq +@, =0.

Nonlinear terms of the Eqs. (4) ®,,®, and the coefficients presented in [3] become very cumbersome.

Boundary conditions were considered by A.P. Prusakov in [8].
Simply-supported edge:

W(}"):O,W,Wﬁ-ﬂw’r :O,L[,r-{-ﬁu(r):o’r =R. (5)
r r

Clamped or fixed edge:

w(@)=0w =0u(r)=0,r =R. (6)
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Now if we recall (4) with boundary conditions (5) or (6) we obtain the analytical model.
Perturbation method are widely used for solving differential equations [12, 19]. To solve these equations we use
approximation techniques in terms of a small parameter. The small parameter appears naturally in the equations or

may be artificially introduced for convenience. Thus we use perturbation method for simplifying nonlinear
differential equations.

Let the naturally small parameter in Eqgs. (4) be a ratio of mechanical properties of the core
ﬂ, — - 7/ 2 —
(3K +4G)

Displacements are represented by series

W) =y () + D, (Pw () =w () + 3 A, 1) @

The solutions of Egs. (4) are represented by the first few terms of an asymptotic expansions (7), usually not more
than two or three terms. In present paper we use three terms of series (7).

Substituting (7) in (4) and collecting coefficients in terms of the powers of 4 we obtain a system of equations
for zeroth-order and higher-ordered approximations.

We have the system of equations of the zeroth-order approximation (linear elastic formulation of the problem)

B]IW(),nr +BIZW0,rr +B]3u0,rr +B]4W(),r +Bls”0,r +B (}’) =0,

®)

BoW g ¥ B + B23u0,rrr +B,w ot B, ++B,w,, + BZ7u0,r + B, (r ) -rqg =0
System of equations for the first-order approximations

By +BiW o +Byaly pr +B1gWyp +Bysy r +Byguy (1) ="y,

BoW 1 +BoWynr +BogUyprr +BogWyr +BosUypy ++BogWyy +Bogliy +Bogliy () =¥y

where

1 1 3 ol 3 1.3 1,2 1.2 12
W1q =BiyUo(rWo U, +Bi1aUo(r)” +Biyoli s +BiiaW o +B11aW o nWo e +B11sW g o, +BiagUo,W o, +
1 1 2 .l .2 1,2 1 2 . nl 2 1 2
+B117W o,mW o,r +Bi1gUo (FW gy +Bi1gW gy Ug,r +Biagug rUg,r +BioW g Ug r +Biagllg (1) Ug r +Biggig(r)wo , +
BLUn W oW BL U Ug oW BLaW o Uq Un (F)+Bhtn W o Ug (F)+Bhato () AW
+B124U0 (W oW o, + BiasUo,rUg, W o,rr +Bi2eW o,rrUo,rUo (1) +Biazlg W g rUg (1) +Biaglo ()W pr +
+BLaw o W W +BLu (rug ;W +BLu (rywg ;W +BLouq - Wq  Ug o +Bhau (Nug W +
129 0,rY 0, 0, rrr 13040 0,V 0,rr 13140 0,rr W0, 13240,r YYO,r Y0,rr 13340 0,r'V0,rrr
+BL W W Ug . +Bheu (rwow +BLW Ug W o +BRW g W U (r)+B1 wZ Wy, +
1340,V 0,r¥o,r 13540 0,r'V'0,rr 136" 0,r%0,rr¥Y 0,rr 137YY°0,rr'V 0,r¥0 138 0,rr"Y 0,r
1.2 12 1 2 .l 2 1 2 ol .2
+B13gW g rrlo r +BiagUg rUo,r +BiaW o.rW o +Biagg W, +Biagh oW o, +B1aaW g, rUo(r) +

1 1 2 ol 2 1.3 1 2
+B1asUo (NUg rUg rr +Biaglo W o r +Biazto(r)Uo pr +Biagh g +Biagh g, rlo (1),
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1 3,pl 3 1 .3 1 1 2 . nl .2
Wo1 =10 +Ba1Ug(r)” + By +Bo1W o ¢ +BoyaUg(rWo Ug r +B21aW g rUg (1)” +B215W g rlig (1) +
1,2 1,2 1.2 1 2 1 2 1,2
+B216U0,rW o,r +B217U0 rUo (1) +B21gW o, irWo,r +B21gW o W o +B22gW o,rW o r +B221Ug Wo i +
Bl 2 BL.w3 4Bl Bl Bl
+B 2ol (1) Ug,rr +B22aW o, rr +B224Ug (W 0,1 Uo,rr +B225Ug, W o W g, +B226Uo,rW o, W o, +
+B3y7Ug pUg W +Blu (rwg U +BLgw o W o W +Bigu (rwg W +
22740,r40,rr"V 0, rrr 22840 0,rr¥0,rrr 229V 0,r"Y 0,rr™ 0, rrrr 23040 0,rr"V 0, rrr
+B3 B3 B3aalig (1) Baglio (1) Basliy (1)?
23W o rUo,rW o,nr +B232U0,rWo,rUo,nr +B233Uo (F Mo, W o, rr +B234Uo Mo (W o, +B235Uo (M) Wo pr +
1 .2 1 .2 1 .2 1 2 1 .2 1.2
+B236W 0 W g,r +B23W 0 U, +B23gUg W o, rrr +B23gW oW 0, +B2agW g, U () +B2aW g,eWo ¢ +
Bl w2 Bl W2 Bl 2 Bl w r)+B} w Bl r
+B249W § U, r +B243Uo W o r +B2aalq rUo rr +B2asUo W o,rUo (1) +B2aglo (W o, rUg, i +B2azlg rUo o (1) +
+B4a o W o U (r)+B1 W rUg (U (r)+B1 Wo W& +Basilg U (r)2+B1 W u (r)2+
248" 0,rr"V 0,r40 249"V 0,rr0,r4o 250" 0,rrrr¥V O,r 25140,rr0 252"V 0,rmr¥0
Bl wl +B1 r)+Blaw, w Bl w BLw o Wo U (r
+B 253U, mW g,r +B254Ug,rrUo,rUo (1) +B2ssW o, (W g rrUo e +B2sglo,rUo,mW o,rr +B257W o, mW g, rUo () +
+B35gW g W o U r +BasgW g rUo W g r +Baggh o rrrrW g rU (r)+B1 Ug W o rUp () +
258" 0,rrYV 0,r0,r 259 0,rr 0,V 0,r 260"V 0,rrrr™Y 0,r¥0 26140,rr¥V 0,r%0
1 1 2 1.2 1.2 ) 1 .2
+BZ62W O,rrrW O,rrW 0,r + BZGSUO,rrruO,r +5264u0,rru0,r +5265W O,rrW 0,rrr + B266W O,rrrW 0,rr + B267“0,rrW 0,rr +
Bl 2 Bl 2 Bl 2 Bl B1
+B26gW 0.rrrUo,r +B26gUg,rW o, +B270W g, rrUo,rrr +B27W 01U, U (1) +B27oW g W o, U (1) +
+B3 Ug U (r)+B1 W o W o Uy +B37eW g W g rUp r +Ba7gW & U (r)+B1 ug Wo, +
273W0,rrr 0,r¥o 274 0,V 0,r¥0,r 275" 0,rrYV 0, rr™0,r 276"V 0,rY0 27740,r'Y 0,r

1 2 ol 2 1.2 1 2
+B37gU0,rUg(r)” +B27gW g Ug r +B2ggu rUo(r) +BgwW o o (r)”.

The coefficients Blllo - 81149, B%lo - 8%81 are related to mechanical properties of the plate.
Now, using [3], we get higher-order approximations

Bllwi,m +B12wi,rr +Bu, +Bl4wi,r +B15ui,r + B4, (r) =¥

i,m - 1i°
©

B,W, e ¥ By, A Byt +Bow,  + By, ++B,w,  +Byu,  + B, (r):‘PZi

i,mmr i

In Eq. (9), ¥,, and Y¥,, are nonlinear terms for i -order approximations. Now we can consider a sequence of
linear equations instead nonlinear system (4).
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5 SOLVE A SYSTEM OF DIFFERENTIAL EQUATIONS

Now, differential Eqgs. (8) will be represented by operators

o 2
Ll (_EBISIW 0,r +Blsuoj+l’3 (Bmw 0,r +m3141“0j =0,
L, (_?(33151 +Bs, )W or Tt 5B151u0j++l‘4 (_3141 (2h =W, +(=2)B ,u, ) =rq

where by L,,L,,L, and L, denoted differential operators that are defined for arbitrary function g (7). Therefore,

1 g,
L(g)z(;(rg),,j =g, +— L L) =rLg)=rg, +g, -

N

L(@)=(L(©)), =18, +22, ~=L+ £ L (@) =r8.Lu(&) = (L,(2), =72, +&

Fist we integrate the Eq. (10); secondly, we add the first equation to the second. Now by simplifying, we obtain
the modified Bessel differential equation

L(uy)—fouy =1,(r) (11)

where

2 D 2D OB B 2D
ﬂzz_BMl -—= ! Mo(r)=| L ~ &) |- - & (1) ! 5
2h-6 D, )B2D,+6B D, 2D, D, B 2D, +6B D,

62
D, = _51”3151_?3152 .D, 2(2(1"_5)3151+(2h_5)3152)a

1 r C o1 1 1
E(r)= ;j(rj(q?Jr—ljdr]dr = ql—6+ZC1r(21n(r)—l)+EC2r +-Cs.

r

Integrating (11) in u, , we get

y =C 1, (Br)+C K, (Br) =K, (Br)[ 1,(Brin, (ryrdr +1,(Br) [ K, (Bryn, (rrdrw, = | g()%d

1

Similarly, we obtain the solution of (9). In this case, functions &,(r) and 7,(») that depend on the right-hand
side of (9).

6 FINITE ELEMENT MODEL

Consider the finite element model of a sandwich plate. We may assume that the sandwich plate is the thin three-
dimensional solid. Thus we can explicitly model the discontinuous nature of the material. In this case, obtained
meshes utilize layers topology. Borders of layers is approximated by edges and faces of finite elements (see Fig. 2).
Obtained meshes can be block-structured or unstructured. In both cases, for each layer of material we generate
layers of elements (each layer of material needs at least one element along the thickness of the layer).
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finite elements of the top face sheet EE

- :>border of layers

finite elements of the core 7

“a Az Fig.2
BE Finite elements layers.
finite elements of the bottom face sheet r

Let the finite elements mesh M consist of two subsets of elements

M=M, oM M, oM, =D

where M, is the set of face sheets finite elements; M is the set of the core finite elements.

For three-dimensional stress and strain we get the element stiffness equation as:
[k,]1=[[[1B, 1D, 1B, Wxdyd

where for 8-node hexahedra element m we get

2 0 0
Ox 5
0 = o
oy
0
0 0 —I[H, H, H, 0 0 0 0 0 0
B,1=| 5 5 |0 o0 0 H, H, H, 0 0 0
Z 2 oo o 0 0 0 0 H, H, H,
oy Ox
0o 2 9
0z Oy
o 4 9
L Oz ox |

Here H,,(i = l,_S) is a standard three-dimensional shape function ( H, (&,7,4) for isoparametric hexahedra).

Elasticity matrix [D,, ] depends on properties of layer's material. Now we get

| - S 0 0 0
1-pu 1-u

e T 0 0 0
1—u 1—u

MK 0 0 0

"+ w)(1-2u)| 0 0 o —* o 0

2(1f,u)
2(1—,u)
i 2(1-4) |

where £ is Young's modulus, x, is Poisson's ratio of the element m. For sandwich plate

E:E"_) ij{‘mEM’ :ﬂ’ #mEMfa
" E’ if‘mEMc’ /Jm /‘19 if‘mEMc'
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Here E is Young's modulus of face sheets, x is Poisson's ratio of face sheets; £ is Young's modulus of the
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core, fi is Poisson's ratio of the core.

Remark. A full three-dimensional finite element modelling is computationally expensive. Meshes with good
aspect ratio of hexahedrons require a large number of elements (e.g. 3-D model of the circular sandwich plate has

more than 200,000 nodes).

7 NUMERICAL EXAMPLES AND VALIDATION TEST

7.1 Circular sandwich plates with elastic core

Consider a circular sandwich plate with elastic core; the plate loaded transversely by a distributed load g. Suppose
the core thickness 2/ is equal to 16-107m ; face sheets of equal thickness: &, =3, =5 =1-10"m ; the radius of

the plate R is equal to 0.4 m; the shear modulus of the core G is equal to 2.77-10* Mpa and the bulk modulus of

598

the core K is equal to 6-10* Mpa ; the shear modulus of face sheets G is equal to 8-10* Mpa and the Poisson's ratio

of face sheets u is equal to 0.27. The tensile properties of the core are linear in transverse directions.

Table 1. compares the maximum deflection in the center of the sandwich plate with elastic core.

Table 1

Transverse bending of the circular sandwich plate with elastic core.

W o =W (0),107m

Boundary conditions

q,Mpa Simply-supported Edge Clamped Edge
Model
1 2 3 4 1 2 3 4 5
0.05 1.586 1.383 1.430 2.621 0.385 0.339 0.348 0.635 0.291
0.07 2.221 1.937 2.001 3.670 0.539 0,474 0.487 0.889 0.407
0.09 2.855 2.490 2.573 4.718 0.693 0.610 0.626 1.142 0.523
0.11 3.489 3.043 3.145 5.767 0.847 0.745 0.765 1.396 0.639

Models are denoted by numerals 1-5 as follows: 1 — the analytical model; 2 — the finite element model; 3 —

model considered in the paper [6]; 4 — model considered in the paper [8]; 5 — model considered in the paper [2].

7.2 Annular sandwich plates with elastic core

In this subsection we consider a sandwich annular plate with elastic core; the plate loaded transversely by a

distributed load ¢. The annular plate has an external radius R (R is equal to 0.4 m) and internal radius b (b is equal to

0.2 m). Other properties of the plate are the same as subsection 7.1.

Table 2. compares the maximum deflection of the sandwich annular plate with free internal edge and simply-
supported or clamped external edge. Conversely, Table 3. compares the maximum deflection of the sandwich plate
with simply-supported or clamped internal edge and free external edge.

Table 2

Transverse bending of sandwich annular plate with free internal edge.

W max =W (6),10>m

M Simply-supported Edge Clamped Edge
g-Mpa Model Model
Analytical FEM Analytical FEM
0.005 0.151 0.134 0.0129 0.0114
0.007 0.212 0.187 0.0181 0.0159
0.009 0.273 0.241 0.0233 0.0204
0.011 0.333 0.294 0.0284 0.0249
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Table 3
Transverse bending of sandwich annular plate with free external edge.

W max =W (R),1073m

Simply-supported Edge Clamped Edge
q,Mpa Model Model
Analytical FEM Analytical FEM
0.005 0.199 0.176 0.0218 0.0188
0.007 0.279 0.247 0.0305 0.0264
0.009 0.359 0.317 0.0393 0.0339
0.011 0.439 0.387 0.0480 0.0411

7.3 Validation test

Finite element model validation is the verification that idealization premises and analysis conclusions are valid.
Thus it has compared analytical solutions with numerical finite element methods in Tables 1., 2 and 3. This
comparison demonstrates the accuracy of both approaches presented in herein paper.

Next, the influence of the mesh size on the results of the numerical simulation will be examined. Element size in
the thickness direction should be less than or equal to corresponding layer thickness. Consider mapped mesh for the
annular plate with clamped external edge (Table 2.). Fig. 3 shows influence of the mesh size on the maximum
bending of the plate under transversal load g = 0.005Mpa .

Fig. 3 shows that number of finite elements increases from the left to right (the mesh size decreases). Mapped
meshes for the annular plate with the small number of elements have big aspect ratio of element edges. We can get
cube-like finite elements (element edges aspect ratio is close to 1) in meshes with the big number of elements (e.g.
using mesh with 140000 element we get that maximum bending is 0.0115-10°m , as we can see numerical solution
tends to this value). Thus an increase in the number of finite elements in the mesh facilitates getting to more reliable
result of finite-element modelling.

Remark. It has obtained similar dependences for the influence of the mesh size on the result of the numerical
simulation for other cases of boundary conditions and for circular plates.

0000014
0000012
0.00001
_ 0.000008
Z 0000006
0.000004 Fig3
0.000002 Influence of the mesh size on maximum bending of
0 clamped annular plate.

15000 18000 21000 24000 27000 30000 33000 36000 39000 42000 45000
numbser of finite elements

snnmenenn FEM solution

Analytical solution

8 INFLUENCE OF NONLINEARITY: NUMERICAL INVESTIGATION

Now consider a circular sandwich plate with nonlinear elastic core. Geometrical and mechanical properties are the
same in the previous case. Let y, is equal to 0 and y, is equal to ~3.878-10°.

Table 4. compares the maximum deflection in the center of the sandwich plate with nonlinear elastic core for
zeroth-order and higher approximations.
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Table 4
Transverse bending of the circular sandwich plate with nonlinear elastic core.

W max =W (O),1073m

Boundary conditions

q,Mpa Simply-supported Edge Clamped Edge
Approximation Approximation
0 1 2 3 0 1 2 3
0.05 1.586 1.598 1.598 1.598 0.385 0.389 0.389 0.389
0.07 2221 2.253 2.254 2.254 0.539 0.550 0.551 0.551
0.09 2.855 2.924 2.929 2.929 0.693 0.717 0.718 0.718
0.11 3.489 3.615 3.628 3.630 0.847 0.891 0.892 0.892

Remark. Numerical finite element model has developed with idealization premises for linear elastic model of
core material. Numerical finite solutions for nonlinear elastic models of core material will be presented in the future
researches.

9 CONCLUSIONS

As the result it has implemented the analytical model and the finite element model for stress-strain state analysis of
circular and annular plates. The analytical model uses the perturbation method for differential equations with small
parameters to represent nonlinear differential equations as a sequence of linear equations; further, linear differential
equations are reduced to Bessel’s equation. The finite element model is a full three-dimensional model; this model
explicitly utilize layers topology.

As shown in Tables 1, 2, 3, difference between the analytical model and the finite element model is 13-16%. The
difference between the analytical model and other models is 11-40%; respectively, between the finite element model
and other models is 3-47% (Table 1.). Note that these models have various simplifying assumptions.

In addition, it is compared deflection in the center of the nonlinear elastic core sandwich plate with deflection of
the linear elastic core sandwich plate. The difference between linear deflection and nonlinear deflection is 1-5%.

Nonlinear dynamics and stability of sandwich structural elements are suggested as opportunities for future
researches.
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