Bending of an elastoplastic circular sandwich plate on an
elastic foundation in a temperature field

Eduard I. STAROVOITOV*!, Denis V. LEONENKO!, Alexander A. OREKHOV?

*Corresponding author
'Department of Structural Mechanics, Belarusian State University of Transport,
34 Kirov Str., 246653, Gomel, Republic of Belarus,
edstarO@yandex.by*, leon.ko@nuos.pro
’Institute of General Engineering Education,
Moscow Aviation Institute (National Research University),
4 Volokolamskoe Shosse, 125993, Moscow, Russian Federation,

Isk.orekhov(@gmail.com

DOI: 10.13111/2066-8201.2021.13.S.21

Received: 10 March 2021/ Accepted: 30 June 2021/ Published: August 2021
Copyright © 2021. Published by INCAS. This is an “open access” article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abstract: Today, the development of the general theory of quasi-static deformation of three-layer
structural elements, including plates, is not yet complete and is being intensively studied. Mathematical
models of deformation under complex thermo-force and thermo-irradiation loads are created. The
problems of strength, stability, and dynamic behaviour are considered. In strength calculations of three-
layer structural elements, it is necessary to take kinematic hypotheses for each layer separately, which
complicates the mathematical side of the problem but leads to significant refinement of the stress-strain
state. The reaction of an elastic foundation is described by the Winkler model. The use of variational
methods allows one to obtain a refined system of three differential equations of equilibrium in internal
forces. The thermo-force bending of an elastoplastic circular sandwich plate with a light core connected
to an elastic foundation is considered. The polyline normal hypotheses are used to describe the
kinematics of a plate package that is not symmetric in thickness. In thin base layers, the Kirchhoff-Love
hypotheses are accepted. In a light relatively thick core, the Timoshenko hypothesis is true, while the
normal remains rectilinear, but rotates at some additional angle, the radial displacements change
linearly in thickness. The differential equations of equilibrium are obtained using the Lagrange
variation method. The statement of the boundary value problem in displacements is given in a
cylindrical coordinate system. Numerical results for circular metal-polymer sandwich plates are
presented.
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1. INTRODUCTION

For the first time, three-layer structures were used in construction in the 19th century. In the
1940s, the first aircraft with sandwich power hull elements began to appear. Nowadays, such
structures have found their application in aerospace and transport engineering, construction,
production and transportation of hydrocarbons. All this led to the demand for layered,
including three-layer, structural elements, which necessitated the development of
mathematical models and methods for calculating layered structural elements for various types
of loads. Layered rods, plates, and shells are usually composed of materials with substantially
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different physical and mechanical properties. The load-bearing layers made of materials of
high strength and rigidity are designed to absorb the main part of the mechanical load. The
binding layers that serve to form a monolithic structure are designed to redistribute forces
between the load-bearing layers. This combination of layers facilitates the reliable operation
of systems in adverse environmental conditions (temperature, radiation), helps to create
structures that combine high strength and rigidity with a relatively low weight.

Numerous studies have been devoted to the dynamics and vibrations of sandwich
structural elements, including [1], [2], [3], [4], [5], [6]. [7], [8], [9], [10]. Free oscillations of
sandwich cylindrical shells are considered in [1]. The solution is written out in the form of an
expansion into a double trigonometric series, the frequencies of free oscillations are analysed.
Nonstationary dynamic effects on cylindrical shells and parabolic cylinders are considered in
[2], [3], [4], [5]- The acoustic effect on layered plates and aerodynamic dumping in the layers
are investigated in [6], [7]. In papers [8], [9], the dynamic behaviour of three-layer aircraft
structural elements is considered. Natural and forced oscillations under the influence of
harmonic, pulsed, and resonant loads are analysed. The kinematics of the deformation is
assumed to correspond to the kinematic hypotheses of the polyline, the solutions are
constructed as a series expansion in a system of proper orthonormal functions. The frequencies
of natural oscillations under various boundary conditions are studied.

In[10], [11], [12], [13], [14], numerical modelling and software for determining the static
and kinematic parameters of growing isotropic and anisotropic bodies in the process of
nonstationary additive heat and mass transfer are presented. A method is proposed for
modelling the effects of the loss of stability of thin-walled parts manufactured using selective
laser melting (SLM) technology. The application of composite heat shields in intensive energy
flows with diffusion is considered. A mathematical model of the energy efficiency of
mechatronic modules and power supplies for promising mobile objects is being developed.
Papers [15], [16], [17] are devoted to the study of the fluidity of reinforced plates made of
unique rigid-plastic materials, taking into account the two-dimensional stress state in the
fibres. The modelling of flexural deformation of layered plates with a regular structure made
of nonlinear memory materials is elaborated. The theory of moderately large deflections of
multilayer shells with a transversely soft core and reinforcement along the contour is proposed.

Various quasi-static problems are considered in the papers [18], [19], [20]. This is the
deformation of inhomogeneous wire structures. The mechanical properties and microstructure
of stainless steel made by laser sintering are investigated, and the assumption of the continuity
of the energy of interfacial deformation of an orthotropic sandwich plate is analysed using a
refined layer-by-layer theory. Papers [21], [22], [23] are devoted to the analysis of the
assumption of the energy continuity of interfacial deformation of an orthotropic sandwich plate
using the refined layer-by-layer theory, the approximate solution of the problem of plastic
indentation of circular sandwich panels, and the study of the influence of heat flow on the
stress state of a sandwich rod. Here the formulation and solution of a boundary value problem
are presented, including a system of differential equilibrium equations and boundary
conditions on the deformation of a circular sandwich plate with a hole connected to the
Winkler foundation. The effect of the temperature field is taken into account.

2. MATERIALS AND METHODS

Statement of the boundary value problem. This study considers a sandwich plate with a central
hole (Figure 1) in the cylindrical coordinate system 7, ¢, z. The middle plane of the core is
taken as the coordinate plane, the z-axis is directed perpendicular to it up to the first layer. For
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isotropic base layers with a thickness of 41, /., the Kirchhoff-Love hypothesis is accepted. The
incompressible core (k3 = 2c¢) is light, i.e., it ignores the work of shear stresses o, in the
tangential direction. The deformed normal of the core remains rectilineal but rotates by some
additional angle y. At the boundaries of the layers, the movements are continuous. On the
outer and inner contours of the plate, it is assumed that there are rigid diaphragms that prevent
the relative shift of the layers [24], [25], [26].
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Fig. 1 — Design scheme of a sandwich plate
Let at the initial moment of time on a flat outer surface:
z=c+ hl N
of a circular sandwich plate with a total relative thickness:
H = hl + h2 + 2¢c 2)

Connected with the elastic foundation, asymmetric vertical load ¢o () and a heat flux of
intensity ¢, directed perpendicular to the bearing layer 1, begin to act. Surface

z =-c- h2, 3)

of the outer and inner contours of the plate are considered to be heat-insulated. This allows the
inhomogeneous temperature field 7(z), calculated from a certain initial temperature 7o, to be
calculated with sufficient accuracy according to the equation given in [23]. Based on the
hypothesis of the core normal rectilinearity

260 =ul® +w, = (4)

after integration, expressions for radial displacements in the layers u, through the desired
functions are obtained:

u£1)=u+c1p—zw,r,CSZSc+h1 )
u£3)=u+21/)—ZW,r,—CSZSC ©)
ugz)zu—cw—ZW.r,—C—hzSZS_C @)

where z is the coordinate of the fibre in question, a comma in the lower index denotes the
differentiation operation by the coordinate following it, and the upper index — the number of a
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layer. Using the components of the stress tensor O'( ) (a=r, ), O'rz generalised internal forces
and moments are introduced:

— k k _ k k
Ta = Zileé ) = Zizlfhkdé )dZ, Ma = Ziletg ) = 213;:1 fhko-‘g )ZdZ, Ha =

)
MS) +c (Tél) — TOEZ)), Q= f_cc ar(? dz.

The deformations in the layers follow from (5) and the Cauchy relations. The physical
equations of state of the theory of small elastoplastic deformations of Ilyushin are used to
relate stresses and deformations:

se) = 26,(1 — wi(el”, Ty, 0@ = 3K, (e® — ai Ty,
9
(3)_ _ ®3) ®3) g oy ©)
2G3(1 — wi (e, T (k=1,2.3; =7, ¢),

where: s(k) fz) — deviatoric, @, ¢ — gpherical parts of stress and strain tensors;
Gr(T), Ky (T) — temperature-dependent shear and volume deformation modules; ap —

coefficient of linear temperature expansion; wy, (S,Sk), T) — functions of plasticity of materials
3 .G )

of bearing layers and physical nonlinearity of the core, s,,, 3,, — tangential stress and shear
deformation in the core; 8( ) _ strain intensity [26], [27].
In the components of the stress tensor O'( ), ( ) using the equations (7), the linear and

nonlinear components are distinguished:
a(k) & _ B 3 _ B _ B3

=0ge ~Oqw>Orz = Orze rZw>
0 = 26,50 + 3K, (e® — a,. T), 6% = 26,0, (e, T2, (10)
o) = 2633(3) SO ZG3w3(8u ,T):—)(g) (a=r0¢)

TZ€ rz > rza) rz >

The generalised internal forces and moments (6) are also represented as the difference
between the linear and nonlinear parts:

k k k
Ty =Tae — Taw = 213:':1 Tage) - 213:', 1T05a)z9)M =Mge — Zk 1M( ) —
k
Zk 1Mawa (11)
3 1 2 3 1 2
Hge = Mzgze) +c (Tage) - Tage))a Hyy = Mtgcaz +c (Togw) - Togw))

The equations of equilibrium in forces for an elastic circular sandwich plate connected to
a deformable foundation are obtained in [8] without using the physical relations between
stresses and deformations, therefore, they will be valid here as well [28], [29], [30].

Substituting in them the equations for internal forces and moments (7), obtain a system of
equations of equilibrium in forces describing the physically nonlinear deformation in the
temperature field of a circular sandwich plate with a light core resting on an elastic foundation:

1 1
T+ o (Tr - T(p) = P> Hrpt ;(Hr - H(p) = han
(12)
1
M+ ;(ZMr:r_ M(p:r) =qo—4qr T qu-

where go — the intensity of the external distributed load; qr — the reaction of the base; the
lower index “e” in the left parts of the equations is omitted for simplicity.
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The nonlinear additions are carried to the right-hand sides of equations (8) and have the
following form:

1 1
Pow = Tront ;(Trw - T(pw)> hy = Hrport ;(Hrw - H(pa))a

(13)
1
9o = Mygrr p 2My = M(pw:r )

Corresponding force boundary conditions on the contours (r =ro, [=0; r=ri, [=1):

T.=T!+T, H . =H-+H, M,=M-+M,,

1 . 1 (14)
M+ o (M, — M(p) =0 " + Mpy,rt+ o My, — M(pw)~

It is assumed that the relationship between the reaction of the base and the deflection of
the plate w is described by the Winkler model:

qr = —KoW. (15)

where Ko is the stiffness coefficient of the elastic foundation (modulus of foundation).

The linear generalised internal forces in equations (10) and boundary conditions (12) can
be expressed in terms of the desired displacements using the physical relations (7).

As a result, the system of nonlinear differential equations of equilibrium (8), taking into
account (13) in displacements, takes the form:

Ly(aju + axyp — azw,,. ) = Py, La(au + agp — asw,.) = h,,,

(16)
Lz(azu + asy — agw,r ) — KW = qo + G-
where L,, L3 — second-and third-order differential operators.
2 s T —_ s
L3(9) = Grrr+ 2 =T+ L 15(9) = gt =5 (17)

the coefficients a; are determined by integral relations, since the elastic modulus of the
materials in the layers changes in thickness along with the temperature
a; = Yi=1 Kio» a2 = c(Kio = K30), a3 = Xizq Kit» @a = Ksp + c2(Kyo + Kpo),
4
as = Kaz + c(Ki1 — K21, @5 = Zies Kios Kiem = J, [Kie(Ti) +3 G ()| 7™dz, (18)
(m=0,1,2
The problem of finding the functions u®, y®, w® is closed by adding force (12) or
kinematic boundary conditions to equations (14).

In the latter case, when the contour of the plate is firmly sealed, the requirements must be
met on it:

u=y=w=w,. =0 (19)
With a hinged support:
u=y=w=M,=0. (20)
In the case of a free contour of the plate:
¥ =0Tr = Mr = Mr,r = 0. (21)
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3. RESULTS AND DISCUSSIONS

The formulated boundary value problem is nonlinear, so it is not necessary to find its exact
solution. Next, the study considers the procedure for applying the Ilyushin method of a linear
approximation to the problem under consideration. To do this, the system (10) is written in
iterative form:

Ly(aqu™ + app™ — azw, ) = pib L, Ly(apu™ + agp™ — asw, i) = hip ™2, 22)
Ly(azu™ + asyp™ — agw,}) — kow™ = qo + qi5 !

here n — the number of the approximation, the values p3~1, h¥™1, g2~ are called “additional”
external loads and are assumed to be zero at the first step, and then calculated based on the
results of the previous approximation. In this case, equations of the type (11) are used, in which
all the terms have the index “n -1 at the top:

n-1 _ 7n-1 1 n-1 n-1 n-1 _ ygn-1 1 n-1 n-1
Pw —Tr(u :r+;(Trw _T(pw )a h(u —Hrw :r+;(Hrw _H(p(u 5

n-1 n-1 1 n-1 n-1 (23)
" = ME et ME = ML),
where:
- kn-1 Kn-1y_(k)n—1
Tds" = Yimn fhk 0‘7(“0)n dz = Y fhk szwk(fé " )ng "y,
e kn-1 Kn-1_(k)n—1
M = Yiemn fhk Oae 2dz = ey fhk 26w (7" HaG " zde, (24)

- - - -1
Bt = M o (T 1B (@ = 7,

With the boundary conditions, it is necessary to do the same. Then, at each step of the
approximation, a linear problem of the theory of elasticity with known additional “external”
loads is obtained, the loads are calculated by equations (21), (22) [31], [32], [33]. Using the
first two in the third equation of the system (20), the coefficients are zeroed before the desired
functions " and y". After two-fold integration of these equations, the system is reduced to the
form

- lf’" [(ayhl™t — aypl YHdrdr + C'r + CTZn’

n _ n__
u = byw,; 5
a,a,—a;r

Y™ = byw, I+ ;%fr [(a Ry — apl~Ydrdr + Cir + Cr—“n, (25)

aja,—as
Lywi) + k'wi = —q + f 77,

where C{, C3', C3', C! —the integration constants at the n-th step,

4 _ _ __ a3a4—0axas __ qas5—azas
k* =kKyD,q = qoD, b; = =
o, q qolV, D1 a1a4_a% s V2 a1a4_a% >

— — 1 _ 1 _
ar)l 1= _Dq(rf) 1+D1;(Tp2) 1)'T+ DZ;(rhg 1)!1’9

2
ai(a,a,—a3)

- (a1as—aé)(a1a4—a§)—(a1as—aza3)2 ’ (26)
D1 — . al(a3a4;a2a5) -
(arae—a3)(aias—az)—(aias—azasz)
D2 ai(a;as—axas)

(alae—ag)(a1a4—a§)—(a1a5—a2a3)2’

INCAS BULLETIN, Volume 13, Special Issue/ 2021



239 Bending of an elastoplastic circular sandwich plate on an elastic foundation in a temperature field

The third equation in (23) in the expanded form is the following:
the index “n -1 at the top:

2 1 1 -
W+ ;Wr;}rr_ T_ZW';'lr-}_ r_gwr;}-}_ Kiw™ = —q+fo L (27
Its general solution can be written as:
w™ = CZ ber(kr) + C& bei( kr) + C} ker(kr) + C§ kei(kr) + wi(r), (28)

where: ber(kr), bei(kr), ker(kr), kei(kr)— zero-order Kelvin functions; w(r) — a
particular solution of equation (25), to find which, in the general case, the Cauchy kernel is
used.

The recurrent solution of the problem of thermo-force bending of a physically nonlinear
circular sandwich plate on an elastic foundation takes the form

= byw,*— f [(ayhs ™t — aypl~VYdrdr + C'r + %,

aa,—air
n _ n 1 n-1_ o n-1 n. Ci (29)
Y™ = byw, I+ 2 [ [(ashT a,pi~Hdrdr + Cir + =+,
a;a,—asr T
= C& ber(kr) + CZ bei(kr) + C} ker(kr) + C§ kei(kr) + w(r),

where the integration constants C{*, C3', ..., Cg ateach iteration step are determined from the
boundary conditions.

When the boundary contours of the annular plate are tightly sealed, the solution (27) must
be substituted for the boundary conditions (17). As a result, at each step of the approximation,
a linear system of eight algebraic equations for determining the integration constants is
obtained C{*, C3}, ..., C&. The first four equations that meet the requirements u = 0, y = 0 for
r=roand r =r will be

2 ¢ 4 €& _ n-1

i+ 2=q0 Lo+ 2=q0 L Cin+ 2 =g L CPrg+ 2 =qi 7%, (30)
1 To 1 To
where:
i = —— [ [(arhl — auplyNdrdr| g3t =
aia4— a r:rl
pa—r s [ 1 [ (k! —a4p$‘1)drdr . a3 = _azf rf(ahi™t = @31
axpey Ddrdr|  qi Tt =— = [ (@Rl — applDdrdr|
r=r1 aa,—a;3ro r=r,

They allow to obtain constants C7*, €3}, C¥,C explicitly:

cn = g -roqd ! Ccn = ro(ay ' -roqy™H
1 = 1_7,2 s =2 1—12 s

(32)
Ccr = g} -roqf ! Ll = _ ro(@f  -roqd ™
3 1-12 4 1-1¢
From the conditions w = w, , = 0 for r = ro and r = r4, it follows:
CZ ber k + C¢ beik + C} ker k + C§ keik = —wi (1),
CZ ber(kry) + CZ bei(kry) + CF ker(kry) + C§ kei(kry) =0, (33)
b3Cg' + byCg + b3oC7 + byoCq = =W, (11), b31C3' + byq €8 + b3y C7' + byyCg =
0,
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where:
by = i [ker,(kry) + keiy(kry)], bag = i[ ker,(kry) + keiy(kry)],
b1 = = [bery (ko) + beiy (k1)) bay = L2 [~ ber (ko) + beiy (k7). (34)
K\/— K2
b3, = —=[kery(krg) + keiy(krp)l, bay = _[ ker,(xry) + keiy(krp)l,

Here the relations are used:

W= %E{Cg[berl(kr) + beiy(kr)] + C[— ber(kr) + beiy (kr)] +

+CHHkery(kr) + keiy(kr)] + C§[— kery(kr) + keiy(kr)]} + wi,, (1), (35)

W, (11) = b3Cs + byCg + b3gCT + baoCF + Wiy (1), Wi (15) = 0, Wy (15) = 0

As a result, the solution of the system of linear algebraic equations (20) can be written in

the determinants:

=2c=%c=2g=2 (36)
where: A — determinant of the system (31); the remaining determinants are obtained from it by
replacing the column with the number (n-4), n — the lower index of the determinant, with the
column of free members of the system (30) [34], [35].

Thus, the solution (27) with the integration constants (30), (34) describes the elastoplastic
displacements of circular sandwich plates with a light core and sealed boundary contours, bent
on an elastic foundation by an arbitrary symmetric load ¢(r) and a heat flow ¢;. Numerical
studies were carried out for plates fixed along the contours, the layers of which were composed
from D16T-fluoroplastic-D16T materials. Relative layer thicknesses 41 = k> = 0.04, hs = 0.4,
inner radius 7o = 0.2, outer radius 7; = 1. The intensity of the thermal load g, = 5000 J/(m?*s).
Time of its action # = 60 min. For the plates under consideration, the heat spent on heating
the outer metal layer is neglected (due to the low heat capacity). Its temperature is assumed to
be equal to the temperature of the aggregate at the bonding site: 7' = T® (c, 7). At a heat flow
of g: = 5000 J/(m?*s), the temperature in the outer layer reaches a value of 71 = 597 K (at #) =
60 min.), which corresponds to sufficient heating of duralumin, but less than the melting point
of the filler — fluoroplastic. In the second layer in contact with the base, the temperature is
constant. To describe the dependence of the elastic modulus of materials on temperature, the
equation proposed by Bell is used:

{G(T), K(T), E(T)} ={G(0), K(0), E(0)}¢(T),
0 < T/Ty < 0,06,

= ! T
¢(T) ﬁmu—wmwxa%<F4am
pl

(37

where: T, — the melting point of the material; G (0), K(0), £(0) are the module values at the
so-called zero temperature. For example, knowing the magnitude of the shear modulus Gy at

> 0.57, a small

a certain temperature 7o, obtain G (0) =

(T )
deviation of the material behaviour from the linear law (22) is possible. The functions of the
plasticity of the materials of the bearing layers and the physical nonlinearity of the aggregate,
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depending on the strain intensity e, ¥, the temperature 7 and the hydrostatic stress o @, are
taken as

0, k k
K _ X a €u < &7o k _ U%"C(Tk)
wk(gulTk) - Alk 1 __ fro Jek s gk ST(T) - Er(Ty)
sﬁ+s’T‘0—s’T‘ u TO (38)

k _ _k 1 1
Oy = 07 exp {Kk (E - T_ko)}’
where A, am, Ex, ki, A2, a>, A3, as — the constants of the layer materials obtained
experimentally; er® — the yield strength of the material under deformations at the temperature
Tk, ero ® — the yield strength at the initial temperature; po — the minimum pressure covering
all internal defects in the core material.

The displacements (27) for an annular plate with integration constants (34) at a base with
stiffness (ico = 1000 MPa/m) are shown in Figure 2 (a-c): 1 — isothermal bending of the elastic
plate; 2 — thermoelastic bending; 3 — thermoplastic. The intensity of the power load qo=-40
MPa. The plasticity of the layer materials significantly affects the radial displacements in the
plate. Here, the weak influence of the physical nonlinearity of the materials on the deflection
and relative shear is conditioned by the sufficiently high rigidity of the foundation and plate.

0.2 0.4 0.6 0.8 T 10
o 0.10 Y 2 123
w a A4 /” —?&
0.05
0.006 / f
\ y o y,
.0.012 \\ ; y Y/ /
\ ‘ -0.05

\,
-0.018 e . /
\-—/ \\.—’
3 0.10
-0.024 0.2 0.4 0.6 08 T 1.0

u-m: /\\ ¢

N

0.2 0.4 0.6 0.8 T 1.0

-2

Fig. 2 — Change along the radius of the plate: a — deflection w, b — displacement in the core y, ¢ — radial
displacement u

The changes in the corresponding radial and tangential deformations on the outer surface
of the first layer are shown in Figure 3. Plasticity causes an increase in the maximum radial
deformations in the inner contour by 30%.

0.006 0.009
'ly @ | :
0.004 0.006 7SN
2 <.
,’f\wz
0.002 /_,.' 0.003 2
o
0 0
\%._—'
-0.002 -0.003
0.2 0.4 0.6 0.8 T 1.0 0.2 0.4 0.6 08 T 1.0

Fig. 3 — Variation of radial and angular deformations along the plate radius

INCAS BULLETIN, Volume 13, Special Issue/ 2021



Eduard 1. STAROVOITOV, Denis V. LEONENKO, Alexander A. OREKHOV 242

Figure 4 shows the change in radial stresses along the thickness of the plate on its outer
and inner contours. Due to heating, the first layer and part of the core expand and experience
compression due to this.

4

, 3.0 .
o, a o, b
2 s 1.5 |
5. . 1
e
0 \‘.\ 0 = ..."'-_,_ ---....?,_ i
2 ~3/i
-2 ' 1.5 ; i
i
]
-4, 3.0 ]
-0.24 -0.20 0 2 0.20 0.24 -0.24 -0.20 0 Z 0.20 0.24

Fig. 4 — Variation of radial stresses along the plate thickness on: a — outer boundary, b — inner boundary

This causes them to shift the stress to the negative area. In the first layer, their increase in
modulus is observed. In the second layer, the stress change is insignificant.

4. CONCLUSIONS

The description of the nonlinear deformation of layer materials is carried out using the
relations of the theory of small elastoplastic deformations. The application of the method of
linear approximation allows reducing the solution of a nonlinear system of equilibrium
equations to the corresponding equations of the linear theory of elasticity with additional
"external" forces determined by the results of the previous approximation. The resulting
system of equilibrium equations is reduced to a single inhomogeneous fourth-order differential
equation with respect to the deflection of the plate. The general solution of the corresponding
inhomogeneous differential equation can be written out in Kelvin functions. The partial
solution of an inhomogeneous equation with a uniformly distributed load is determined by a
constant, in the case of a load of a more complex type — using the Cauchy kernel. The
integration constants follow from the boundary conditions on the outer and inner plate
contours at each step of the approximation.

Numerical studies were carried out for a plate with layers made of duralumin —
fluoroplastic-4 — duralumin materials. It was found that with increasing base stiffness, the
maximum deflection and relative shear significantly decrease. The stresses reach a maximum
on the inner contour, where they are 1.5 times greater than the stresses on the outer contour.
When the stiffness of the foundation increases to high, the maximum stresses decrease in
modulus by 2.6 times. Thus, the proposed mathematical model allows studying the stress-
strain state of physically nonlinear circular sandwich plates with a central hole connected to
an elastic foundation of arbitrary rigidity, with different methods of fixing its external and
internal contours under any axisymmetric loads. The resulting analytical solution can be used
for conducting appropriate numerical experiments when performing calculations of composite
structural elements in construction and mechanical engineering.
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