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Abstract. A model of three-layer sandwich plate consisting of two layers of composite material con-
nected by an elastic isotropic layer is considered in the paper. Composite layers with different tensile
and compression moduli of elasticity are described as an orthotropic material reinforced with parallel
carbon fibres. Constitutive equations of the model are based on the generalized rheological method. The
energy functional is constructed with the use of the Lagrange variational method which is minimized
using the initial stress method and the finite element method. The results of a series of computational
experiments are presented wherein the stress-strain state of a vertical section of a plate under the action
of cylindrical load is calculated.
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Composite materials are materials consisting of two or more distinct components and they
have properties different from the properties of the original materials. In addition, the compo-
sition and distribution of individual components are known in advance, the proportion of each
component is not lower than a certain value, and there are clear boundaries separating the start-
ing materials [1,2]. Despite the heterogeneity of composites on micro-scale they can be considered
as homogeneous materials on macro-scale. The components of a composite material are divided
into a continuous phase, which is called the matrix, and a reinforcing phase. Moreover, the same
material can play the role of a matrix or be a reinforcing material in various composites [3].

Various industries such as automotive industry, mechanical engineering, aircraft manufac-
turing and space industry widely use composite materials. The use of composite materials is
growing in aerospace industry. The share of composites ranges from 15% to 30% of the total
weight in modern aircraft, and in rocket engines reaches 90% [4,5].

One of the composite materials is sandwich structures consisting of a filler and a shell. Poly-
mers reinforced with glass fibre, carbon fibre or biofilter [6] can be used as shell material. Sand-
wich structures are increasingly used in industry, building structures and transportation due to
their light weight and strength under heavy loads. A sandwich structure in which the shell is a
fibrous composite reinforced with long parallel fibres, and the filler is an elastic isotropic mate-
rial is considered in this paper. Since such shell material has different moduli of elasticity and
different strengths it is necessary to take this into account when calculating structures made of
such material [7].
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One of the approaches that allows one to construct model that takes into account different
moduli of elasticity of a composite under tension and compression is the generalized rheological
method [8]. The method provides thermodynamically correct governing equations for fibre com-
posites. The method is based on the construction of rheological schemes using basic elements
(elastic spring, viscous damper and plastic hinge) and a new element — hard contact that sim-
ulates the behaviour of ideal granular medium with absolutely solid particles. The rheological
method has proven itself well in modelling the dynamics and statics of granular and porous
materials with a threshold change in rigidity during the collapse of pores. A similar change in
stiffness occurs in fibre composite when the sign of deformation changes.

1. Generalized rheological method

Let us construct the scheme describing a three-layer structure that consists of two layers of
a multi-modulus composite and one layer of isotropic filler. Fig. 1 shows rheological scheme
consisting of five elastic elements and two rigid contact elements, where o is the actual stress
tensor, a; is the tensor of elastic moduli in compression for i-th layer, b; is the tensor of additional
moduli under tension for the i-th layer.

a; by

Fig. 1. Scheme of three-layer sandwich plate

Derivation of the rigid contact equations used to describe heteromodularity is presented
in [9,10]. Two equivalent variational inequalities for the reverse rigid contact are

o(e—€) 20, €<0; (c0—6)e=0, o0,620. (1)

Let us consider layer of composite material separatly.

Layer of a material with different moduli is described by the diagram shown in Fig. 2, where
is the strain tensor, o is the actual stress tensor, ¢’ is the additional stress tensor, a is the tensor
of elastic moduli in compression, b is the tensor of additional moduli in tension. The governing
equations of the stress-strain state of elastic composites for finite linear or non-linear relations
between stress tensors o and strain tensors € admit the potential representation

L 00(e)  0U(o)
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Fig. 2. Scheme of layer of composite material

Here ® and U are elastic potentials of stress and strain related to each other through the Young
transformation:

V(o) =sup(o: e — (e)), (3)

€

®(e) =sup(o : e — ¥(0)), (4)

(e

where the colon denotes double convolution of tensors.
According to [11,12] such scheme corresponds to the following governing equation

oc=a:e+b:(e-1I(e)), (5)
where II(g) is the projection of tensor e onto the cone C according to the norm |e] = Ve:b:¢e
and stress and strain potentials

1 1 9

@(6):§€:a26+§(6—ﬂ(6)) , (6)
L —1 Loy

Vo) =500 0 — S|P, 7)

where 7(7) is the projection of stress tensor ¢ onto the cone that is conjugate to the cone C
according to the norm ||o||? = o : (a=! +b71) : 0. The equivalent form of equation (9) are two
equations for the actual stress tensor o, the additional stress tensor ¢’ and the intrinsic strain
tensor of the rigid contact &’

c—d =a:e, o =b:(e-¢). (8)

Let us assume that governing equation at each point of composite layers of the plate has the
form

o = a(x1,x2,23) : € + b(x1, 22, 23) : (¢ — II(e)), (9)

where a(x1,x2,x3) and b(z1, z9, x3) take constant values aj, by and asg, be for each layer, respec-
tively, cones C; are half-spaces associated with direction of reinforcement. In the filler layer,
potentials and the governing equation take the form

1 1 -1 .

D) = —e:ap ¢, \II(J):§J:a

5 , O =Gy €. (10)
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2. Sandwich plate section

Let us consider the stress-strain state of the sandwich plate section. Let the ;1 axis of the
Cartesian coordinate system Ozizo be located in the direction of fibre. Let us assume that
during compression the plate material is described by the Hooke law for transversally isotropic
body. Then the first equation of system (8) can be written in the following matrix form

1 _ v o
€11 o 1E2 0 011 — 0711
— Vi /
E22 | = —E s 0 022 — 099 | (11)
1 /
€12 0 0 56 012 — 019

where F; and Es are the Young moduli along the fibre and perpendicular to the fibre, respectively,
v1 and s are the corresponding Poisson’s ratios, and G is the shear modulus. When the strain
of fibres is positive additional stress is

!
o1 = brien,

which is introduced using tensor b. In the case under consideration it has only one non-zero
component bi;. To ensure that introduced tensor is non-degenerate and positive definite small
positive components [ and v are introduced, and they subsequently tend to zero. Let us write
the second equation of system (8)

/ 1 /

€11 — €11 by (1) 0 011
/ _ 4 /!

€22 — E9o = 0 B 0 099 | - (12)
/ 1 /

€12 — €19 0 O 5y 012

Substituting the resulting expressions into (9), governing equations for the plane stress state are

obtained:
Eq(e11 + v2e22)

= b —1II
o11 1= 1 + b11(e11 1),
_ Es(en +rvien) (13)
022 = ——
1— 148%)

012 = 2G€12.

Let us write out tensor a~! + b~! and represent it in matrix form

1 1
B B0
1%
—ﬁ E+E ) 0 ) . (14)

Consider the minor of size 2 x 2 of the matrix (a=! +b~1)~1:

1 (bn(ﬂ + E9)E4 v1bBE, > ' (15)

(b11 + E1)(B + E2) — v1abf v1b118E> B(b11 + E1)E,

Taking the limit 8,y — 0, matrix with single non-zero element bE; /(b + E) is obtained. Thus,
components of the conditional stress tensor & are

_ Eq1b1y (011 022

— —_— = O =0 = 0. 1
o011 bt B\ E, 2 E2>’ 022 =012 =0 (16)
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Let us assume that each layer of the shell is reinforced with parallel fibres in the plane of the
plate at an angle R; to the x axis. Let us write down the governing equations for this case. Since
the rotation occurs in the plane of the plate, components 25 and o712 remain unchanged:

(El cos R; + F> sin Ri)(sll + V2€22)
U =
H 1-— 1%48%)

+ bi1cos Ri(e1n — Hu)) ,

Es(e92 + vi€11) (17)

022 =
1-— 140 %)

012 — 2G€12.
Let us consider the following problem. Region 2 with boundary I' coincide with the vertical

section of the sandwich plate. Boundary I" consists of a part ', on which there are no movements
and part I', that does not intersect with it, and distributed load is specified on part I',:

=0 Ty,

on =q Ha [y

It is required to determine the vector displacement field v and the tensor field o that satisfy the
differential equations
V-o=0, 2e(u) = Vu + (Vu)*,

and boundary conditions (18), and for which the following variational equations are satisfied in
Q
oi=a;: € +b; (g, —1i(g;)), Om = am:Em. (19)

Components of the small strain tensor are related to displacements as follows

ey = e O L (Ous Ouy
11_896’ 22_8;1/’ 12—2 By or )

Let us formulate variational principles that are equivalent to the differential formulation of
the problem under consideration. The required displacement field minimizes the integral

J(u) = / (®(=(u))) d2 — / qudr (20)
Q T
on the linear space U of generalized functions u € H'(Q).

To obtain the equation of the stress-strain state, the Lagrange variational principle is used.
The actual distribution of plate displacements is minimized on a set of variations consistent with
the main boundary conditions by the elastic energy functional:

Z (/ (;Vu s(a; +b;) : Vu—b; : ;(e)o : Vu) dQ; —/ q"-udI‘Z) +
Q; r;

i=1,2
1
+/ (Vu:am:Vu> de—/ q-udl',y, =0,
0, \2 r

m

where index i denotes the layer number, u is the vector field of displacements in €2, V is the
Hamilton operator, ¢ is the stress vector at the boundary of the plate I',, a; is the tensor of
elastic moduli under compression, b; is the tensor of additional moduli under tension, a,, is the
tensor of elastic moduli of the interlayer.
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Let us apply the obtained constitutive equations to the analysis of the plane stress state of
the section of a sandwich plate loaded along the edge with static self-balanced stress system,
using the initial stress method. To do this, defining equation of the fibre composite in form (19)
is replaced the with the following iterative formula

oF =" ((ai+bi): " —AoF ) tam ¥ Aofh =b; (1),

i=1,2

At the first step, the problem for unstressed plate is solved when initial stress tensor Ag? is
identically equal to zero. In this case, the elastic modulus tensor is a + b. For the next steps,
tensor Ac*~! is determined, using the projection of tensor e*~!'. Taking into account the

iterative formula, the elastic energy functional takes the following form
1
> </ <2Vu H(ai+bi) s Vu— Ach w) ds; —/ q udl“i) +

i=1,2
1
+/ (Vu Dy Vu) dQ, —/ q-udly, =0. (21)
2, \2 T

To ensure the uniqueness of the solution any point on the plate is fixed, and rotation around
this point is excluded. By minimizing functional (21) at each step of the algorithm, the required
displacement vector u is obtained.

3. Numerical results

The finite element method is used for the numerical solution. The triangular Lagrange element
with three nodes is used, and displacements u,,u, are specified at the nodes. An irregular
triangular mesh is constructed in domain €. Vector of generalized coordinates U of dimension
2n is introduced, where n is the number of grid nodes. The functional is represented as a sum
of integrals over all triangles of the mesh

90 =3 [ (@07 K 1,250 - (SUESU ) devdes, (22
=1 Q,

where €; is the domain of the [th finite element, U; is the local vector of generalized coordinates,
S; is the local matrix of displacements and deformations, K is the matrix of elastic constants,
q is a global vector of generalized forces, the superscript 7" means transpose. When conducting
computational experiments, sandwich plates with different layer thicknesses were considered.
Loading schemes are presented in Fig. 3. The shell parameters corresponded to carbon fibre
plastic are B\ = 114, E] = 57, Fy = 14, G = 3.5 GPa, v; = 0.19. The filler is isotropic
epoxy resin with parameters £ = 4, G = 1.54GPa, v = 0.3. In the first series of computational
experiments, tension-compression along fibres is considered. The figures show axial displacements
for the plate with shell layer thickness of 1 mm and filler of 3 mm. The force of 50 kN (tension,
Fig. 5) and —50 kN (compression, Fig. 6) is applied to the right side of the plate.

Similar calculations are carried out for the transverse direction. The deformation is calculated
under the action of distributed load applied to the upper boundary of the plate. Displacements
for tension and compression are shown in Fig. 7.
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Fig. 3. Schemes of sandwich plate loading under tension-compression along and across fibres

As a result of calculations for the described material, the following values of effective elastic
moduli for the sandwich structure are obtained

Ef =41T'Ma, E; =23TTla, Ej =5.88Ma, E; = 5.93[la.

A series of computational experiments on bending of the sandwich plate under the action of
concentrated force (diagram is shown in Fig. 4) is carried out.

v

AN
/4

Fig. 4. Loading diagram for cylindrical bending
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Fig. 5. Displacement of sandwich plate under tension with force applied along the shell rein-
forcement

Displacements and strains €11 during bending for sandwich plate with shell layer thickness of

4 mm and filler layer of 4 mm are shown in Fig. 8. One can observe the distribution of tension
and compression zones near edges and the centre of the plate.
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Fig. 6. Displacement of sandwich plate under compression with force applied along the shell

reinforcement
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Fig. 7. Displacement of sandwich plate under tensile (top pictures) and compressive (bottom
pictures) with force applied across the shell reinforcement

Tab. 1 shows values of deflections for various ratios of shell and filler thicknesses, where T; is
the thickness of the interlayer, T, is the thickness of the reinforcement, w, is the deflection when
difference in modularity is taken into account, w is the deflection when difference in modularity
is not taken into account. As thickness of the shell layers increases the influence of different
moduli on the value of deflection is also increased. When difference in moduli is not taken into

account different moduli the error of calculation of deflection can reach 10%.
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Table 1. Deflection of sandwich plate under the action of concentrated force

T;, mm | T,, mm | wg, mm | w, mm | dw, %
0.24 0.96 1.88 1.66 11%
0.48 0.72 1.99 1.78 10%
0.72 0.48 2.11 1.9 10%
0.96 0.24 2.24 2.08 7%
uy, mm
Uy, mm Y 0.0
0.03
0.04 0.04]
0.02 -0.1
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Fig. 8. Strain and displacement of sandwich plate with equal thickness of layers under the action
of concentrated force

Conclusion

Model of sandwich plate that takes into account the different resistance of the material to
tension and compression was considered. Computational algorithm for solving the problem of
calculating the stress-strain state of sandwich plate section under the influence of cylindrical load
has been developed. The developed model allows one to determine tension-compression zones of
the sandwich plate section. Analysis of the results of numerical calculations showed the influence
of different moduli on the deformed state of sandwich plate under cylindrical bending.
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MopaeaupoBaHne ceYeHUsl COHABUY-IIJIACTIHBI
NPY IUJINHIPUYIECKNX HATPYy3KaX C y4eTOM
Pa3HOMO/IYJIbHOCTH MaTepuaJia

Urops E. Ilerpakosn
NucruryT Boraucauressbaoro mogenuposanus CO PAH
Kpacnosipck, Poccuiickass @eneparust

Awnnoranusi. B pabore paccmaTpuBaeTcst MOIETh TPEXCIONHON COHIBUY-TIJIACTUHBI, COCTOSIIEN U3 IBYX
CJI0EB KOMIIO3UTHOI'O MaTepuaJia, CBI3aHHOI'O YIPYTOil M30TPOIHOM mpociioiikoit. Caon KOMIO3UTHOTO
MaTepuaJia MOJIEJIUPYIOTCS C yIeTOM PAa3J/IMYHBIX MOJYJIell yIIPYT'OCTU IPU PACTSI?KEHUU U C2KATUH U IIPEJI-
CTaBJISAIOT COOO# OPTOTPOIHBIN MaTepwas, apMUPOBAHHBIN MAPAJIICILHBIMA YIIEPOIHBIMUA BOJOKHAMU.
IIpencraBnena Momens HA OCHOBE OOOOIIEHHOTO PEOJIOTMYECKOTO METO/A, C IIOMOIIBIO KOTOPOI'O IOJIY-
YEeHBI ONpeelIsione ypasHenus. C MOMOIIBIO BAPpUAIMOHHOIO MeTO/Ia JlarpaHka mocTpoeH (hyHKIIO-
HaJI S9HEPIAW, MUHAMHA3AaIud KOTOPOT'O IPOBEIEHA C UCIOJIb30BaHUEM METONA HAYAJIbHBIX HAIPSXKCHUNA 1
MeTO/Ia KOHEYHBIX 3JIeMeHTOB. lIpencTaBieHbl pe3ysibTaThl CEPUH BBIYUCIUTENLHBIX IKCIIEPUMEHTOB 10
pacdeTy HaIpsiz>KEHHO-1e(POPMUPOBAHHOTO COCTOSTHUS BEPTUKAJIBHOIO CEYEHUsI IIJIACTUHBI TIOJT JIEHCTBUEM
UATUHAPUYECKON HArpy3KU.

KuroueBrbie ciioBa: KOMIIO3UTHBIN MaTepHasl, pa3HOMOYJIbHAS TEOPUs YIPYTOCTH, OOOOIIEHHBII peo-
JIOTUYECKUN METOJ, COH/IBUY-IIJIACTUHA, METO/] KOHEYHBIX JJIEMEHTOB.
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