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MATHEMATICAL MODELLING
OF MULTILAYER THIN BODY DEFORMATION

M. U. Nikabadze UDC 517.958: 539.3

ABSTRACT. We construct a theory of multilayer thin bodies within the framework of the three-
dimensional moment theory by using an efficient parametrization of a multilayer thin domain; in
contrast to classic approaches, several base surfaces and an analytic method with Legendre and Cheby-
shev polynomial systems are used. Geometric characteristics typical for the proposed parametrizations
are introduced into consideration. A fundamental theorem for a multilayer thin domain is formulated.
Various representations of the equations of motion, the heat influx, and the constitutive relations of
physical and heat content are presented for the new body domain parametrization. The definition of
the kth order moment of a certain quantity with respect to an orthonormal system of second-kind
Chebyshev polynomials is given. The expressions of moments of first- and second-order partial deriva-
tives of a certain tensor field are obtained, and this is also done for some important expressions required
for constructing different variants of the thin body theory. Various variants of the equations of mo-
tion in moments with respect to Legendre and Chebyshev polynomial systems are also obtained. The
interlayer conditions are written down under various connections of adjacent layers of a multilayer
body.
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An important problem of modern industry is reducing the weight of structures while preserving their
operation reliability [58]. In this connection, for a complete study of the real strained-deformed state, it
is necessary to consider theories of higher (second, third, etc.) approximations, geometric and physical

nonlinearities, moment theories of a deformable rigid body, and also refined methods for reducing

three-dimensional problems to two-dimensional ones. Obviously, this new mechanical content leads

to new problems requiring mathematical study. At present, a whole number of variants of theories of

rods, plates, shells, and multilayer constructions (bodies) have been developed. Analysis of published
works shows that the creation of refined theories of these bodies is actively being developed. Moreover,
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nonlinear theories are more widely considered in the literature. The mathematical techniques used
are essentially extended both for implementation of already posed problem and in searching for new
statements. The experimental way of studying is used in parallel with the theoretical one. Numerical
methods and discrete computational models are widely used. Works focused on multilayer bodies
allow us to reveal several basic methods for constructing theories of these bodies. They are reduced
to the following.

1. Theories constructed on the basis of the Kirchhoff-Love conjecture for the whole layer package.

2. Theories taking into account the transversal shift and rarely transversal normal deformations
and stresses in layers (refined theories) on the basis of “integral” assumptions on the character of dis-
tribution of tangential transversal stresses or displacements in the layer package as a whole. The order
of the equations obtained in this process is independent of the number of layers. Such a construction
method is now called a phenomenological or continuous structural method.

3. Theories taking into account the transversal shift (and often transversal and normal deformations
and stresses in layers) on the basis of kinematic assumptions for each separate layer. In this case, the
order of the system of equations depends on the number of layers. This approach was developed for
the first time in the paper of Grigolyuk and Chulkov [33]. It is now called the discrete, or discrete
structural, method. A detailed analysis of works of the discrete structural direction is given in [34-36].

4. The theory constructed by independent application of kinematic and static assumptions and the
mixed variational principle. If these assumptions are applied for the layer package as a whole, then the
order of the system of equations is independent of the number of layers. If displacements and stresses
in each separate layer are approximated independently, then the order of the system of equations
depends on the number of layers. The disadvantage of the structural method based on kinematic
assumptions for each layer is that at the boundaries of layer contact the continuity conditions of
transversal stresses do not hold strictly. The complexity of the equations obtained in this process and
the relative simplicity and restricted range of applicability of phenomenological models lead to the
appearance of works in which independent kinematic and static assumptions and the mixed variational
Reissner method are applied simultaneously. Note that such a method can be considered as a further
development of the discrete structural method.

5. Theories constructed on the base of the analytic method. In this case a three-dimensional problem
of elasticity theory is reduced to a two-dimensional problem of shell theory by a series expansion of
the desired functions. The order of the obtained system of equations depends on the number of layers
and on the number of terms remaining in the expansions.

6. Theories to which the relations of the three-dimensional theory are applied for analyzing the
strained-deformed state and stability of multilayer shells. The application of the spatial approach to
calculating layered anisotropic thin-walled constructions was difficult because of the following two cir-
cumstances [83]: the absence of sufficiently powerful computational tools and insufficient justification
of numerical methods for solving the indicated class of problems. Starting from 1980, the appearance
of powerful computers and efficient mathematical software allowed one to eliminate the first circum-
stance. Research into the convergence and stability of the boundary element method in calculating
thin-walled composite constructions allow one to assume that the second problem is solved for this
method (including that for geometrically nonlinear problems). The works in this direction showed
that the strained-deformed state of multilayer composite shells and plates has an essentially three-
dimensional character, so that the transversal stresses and deformations cannot be neglected. The
determination and study of exact solutions and also the error estimate of approximate solutions are
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essential because intuitive auxiliary assumptions introduced to simplify the equations are not justified
and lead to mistakes of not only quantitative but qualitative character.

7. Theories constructed via asymptotic integration of the equations of elasticity theory [27-32].
From the mathematical viewpoint, this method leads to a uniform approximation of solution in all
elements of the theory (kinematic and force) because terms of the same order are always considered.
All the methods listed above were applied in the construction of theories of one-layer thin bodies.
Also, the following two methods for constructing the theory of one-layer thin bodies (rods, plates, and
shells) should be mentioned.

8. Theories in the construction of which the method of sequential differentiation of relations of
the three-dimensional theory is used [117]. This method proposed by Vekua [117] constructs a non-
contradictory moment shell theory. Vekua deduced a system of equations of the tenth order that
is in concordance with five physical or kinematic conditions given independently. This method can
obviously be used in constructing the rod theory, as well as the multilayer thin body theory.

9. The general nonlinear thin shell theory, which is mainly applied for calculating elastomer shells
(rubber-like materials) [17-19], and the general nonlinear theory of thin (Kirchhoff) rods [18], which
can be applied for description of large deformations. The basis of these theories consists of the modified
geometric Kirchhoff assumptions proposed by Chernykh, the author of these papers. Therefore, these
assumptions can be extended to the theory of multilayer thin bodies composed of the corresponding
materials. In general, all papers of Chernykh are of special interest. For reviews of works in the theories
of one- and multilayer bodies, see [64, 72, 73]. In these papers, there are references to reviews of other
authors. In this connection, we do not dwell on a detailed review of the literature here. In principle,
any problem of the thin body theory! can be considered (solved) in a three-dimensional statement,
which is more precise compared to the two-dimensional one. However, it is not always possible to
implement this approach in practice because of the complexity of solving three-dimensional problems
and the large variety of statements of problems that are necessary. In connection with what was
said above and with the wide use of thin bodies (one-, two, three-, and multilayer constructions),
there arises a necessity to create new refined thin body theories within the framework of the classic
theory, as well as the moment theory and improved methods for their calculation. Therefore, the
construction of refined thin body theories and development of efficient methods for their computation
are important and urgent problems. It should be noted that the analytic method with the use of the
Legendre polynomial system in constructing the one-layer thin body theory [3-8, 20, 24, 38-42, 55,
57, 104, 106, 111-115, 117-123] and multilayer thin body theory [11-16, 25, 88-90] was also applied
by other authors. In this direction, the author published the papers [65-68, 72, 74-76, 81, 82| and
others with the application of Legendre and Chebyshev polynomial systems. These expansions can be
successfully used in constructing any thin body theory. Despite this, the classical theories constructed
by this method are far from complete, the more so the moment theories [56].

1. Parametrization of a Multilayer Thin Domain
of the Three-Dimensional Euclidean Space
with Several Base Surfaces

Consider a multilayer thin domain of the Euclidean space consisting of no more than countably
many layers. We perform the parametrization of this domain in the same way as in [63, 73]. Let the
layers be enumerated in the ascending order, i.e., for example, if « is the serial number of a certain

!Three-dimensional bodies where one or two dimensions are less than the others are called thin bodies, and a two-
dimensional domain where one dimension is less than the other is called a thin domain.
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layer, then the serial number of the previous layer is o — 1 and the serial number of the next layer is

a+ 1. Each layer has two frontal surfaces. The frontal surface of the layer «, which lies to the side of
(=)

the previous layer a — 1, is called the interior base surface and is denoted by S, whereas the frontal
«

surface of the layer «, which lies to the side of the next layer o+ 1, is called the exterior base surface

+)
and is denoted by S. We assume that the frontal surfaces of each layer are regular surfaces and its

«
lateral surface is a ruled surface in the case where the layer is bounded and unclosed.

1.1. Vector parametric equation of the layer o and the system of vector parametric
equations of a multilayer thin domain. The position vector of an arbitrary point M of the layer
(0%

« is represented in the form
r(z!,22,2%) = (2!, 22) + 2°h(z", 2%) = (1 — 2%) T (2!, 22) + 3¢ (a1, 22) (1.1)
« [e% (0% (0% (0%
for all @ € N and V3 € [0, 1], where the vector relations
r=T0Ehe?), T =F0he?), aeN, (1.2)
(0% «

)

(7
are the vector equations of the base surfaces S

(+)
and S, respectively, 2! and z? are curvilinear (Gauss-
(e [e%

(=)
ian) coordinates on the interior base surface S, and N is the set of natural numbers. The vector
«

( =), 1

h(z!,2?) = 'F'(a!,2%) - 'Y (a},4?),
o (7 (7

(=) (+)
which topologically maps the interior base surface S onto the exterior base surface S, is, in general,
« [0

not orthogonal to the base surfaces, and, moreover, the endpoint of each h(z!, 2?) is the initial point
(0%

of Hl(ml, 1?), Ya, i.e., the following relation holds:

- a+6 - a+6
1.2 D12 1.2
r = h = h
OH_(S(:L’,:B) r(:z:,:v)—}—g h g(:ﬂ,x)—i— g h
V=« v=a+1
=) X )
= r (2, 2% + g [r (', 2%) = r (:Ul,xg)}
v
V=«
] (+) )
= r(z', 2%) + g r(zt, 2?) - r'(2',2%)] Va,0. (1.3)
« v
v=a+1
Let a multilayer domain? consist of K layers. Then introducing the notation
K K (+) (=)
h = g h = [r (2% - r (xl,x2)} , (1.4)
V:ll/ v=1 v v

2We use the usual rules of tensor calculus [54, 92, 93, 116]. We mainly preserve the notation and conventions of the
previous works. Under symbols, we write indices denoting the serial numbers of layers. The Greek indices under symbols
assume their values according to circumstances, and capital and small Latin indices assume the values 1, 2 and 1, 2, 3,
respectively.
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we have
r(z!,2%) = ?(ml,:ﬁ) +h(zt, 2?) = ?(ml,xz) + Z [(r (z',2?%) — (f')(:vl,:c2)] . (1.5)

Note that (1.1) for a fixed « is the vector parametric equation of the layer o, and when « varies in
the corresponding range and conditions (1.3) hold, it is the system of vector parametric equations of
the multilayer thin domain considered. It is easy to see that (1.1) for any z', 22, and 2® = 0 defines

(0%
(=) (+)
the interior base surface S and for any 2!, 22, and 22 = 1, it defines the exterior lateral surface S,

whereas for any 2!, 22 and 2% = const, where :1:3 € (0,1), it defines the equidistance surface for the

(=) (+)
base surfaces S and S, which is denoted by S.

1.2. Two-dimensional families of bases and the families of parametrizations of the sur-
face of the layer o generated by them. For the derivatives of relations (1.1) and (1.2) in 2” at

(%) (%)
the points M € S *x € {—,0,+} Va, let us introduce the notation

d,r . or
= = @ = . :7(){ —
rp _8p£_ P Iy _8P£ =3P *x € {—,+}, Va. (1.6)

(*) (*)
The pair of vectors r. and Ly x € {=,0,4} Va, defined at the points M € S, x € {—,0,+}, Va,
(0% (0% (0% (6%

(%)
obviously compose two-dimensional covariant surface bases, and M Is Ly, * € {—,0,+} Va, are two-
o (0%

dimensional covariant surface frames, which, in turn, generate the corresponding parametrizations
of the surfaces considered. As is known [54, 92, 93, 116], according to these frames (bases), we can

* * * *

(x)
construct the corresponding contravariant frames M r r? (bases r1 r ), x € {—,0,+}, Va. Naturally,
«

the covariant and contravariant bases generate thelr inherent geometrlc characteristics. Defining the

frames (bases) at each point of the surfaces S ,x € {—,0,+}, Vo, we obtain the corresponding families
«

of frames (bases), which, in turn, generate the corresponding parametrizations.

1.3. Three-dimensional families of bases and the families of parametrization of the do-
main of the layer o generated by them. Taking into account the expression of the position vector
r (1.1) in the first relation in (1.6) and introducing the notation h, = oh/0zt = dph, we obtain

(63 «

«

Iy —rP+af3h =(1 —xg)ap—i—x I Va. (1.7)
Now, differentiating (1.1) in 23, we have
or
ry= 835 = % = Ial(ﬂsl,x2), vz €[0,1], Ve (1.8)
According to (1.8), we can assume that
I SIy=r= 635 = E(xl,acZ), vz € [0,1], Vo (1.9)
) ()

Relation (1.9) allows us to define the spatial covariant bases Lo, x € {—, +}, Ya at the points M € S,
e (0% [0
* € {—, +}, Y, respectively. Therefore, the third basis vector of the spatial covariant bases at the
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(*) (%)
points M € S x € {—, 0, +}, for each layer « is the same vector h(z!,z?). In view of (1.9), we can
[0

combme relatlons (1.7) and (1.8) and represent them as

i 3 . . (=) 3(+)
£p—£5+x£‘p—(1 ) r §+33 It Vau. (1.10)
(*) (*)
The triples of vectors r+ r« rs«, x € {—,0,+}, Vo defined at the points M € S, x € {—,0,+},
al a2 a3 o «

(*)

YV a obviously compose three-dimensional covariant spatial bases, and Mr1 I Ty, % e {—,0,+},
a o

Ya, compose three-dimensional spatial covariant frames, which, in turn, generate the corresponding
parametrizations. As is known [54, 92, 116], according to these frames(bases), we can construct the

(%) * * * * *

corresponding contravariant frames M r! r? r. (basesr! r? r3), x € {—, 0, +}, Va.Indeed, by their
(0% (07 a

aa a a3
definition [54, 92, 116], we have

~ 1(~)~
vk = 2 CFPyp_ r, ~€ {=,0,+}, Vo, (1.11)
a 2a aoP
where C*Pd = (rk X rp) ~ € {-,0, +} V a, are contravariant components of the discriminant

«

(%)
tensors [116] of the layer a at the points M €S, xe€{—0,+}, Va. It is easy to see that (1.10) is
(0% (0%

briefly represented in the form

= a * — * ‘3 _— .
Ly = 9pky = k0 > €1 Fh Ve (1.12)
where we have introduced the notation
g _=r. 14 gl=r -ri _e{-0,4}, ~e{— +}, Ve (1.13)
api  ob oGP aP o«

In view of (1.10) and (1.13), for 9ug and gpq, we have

SRS

=1 —a%)g_ +a? sp gp=(-2 Ngl +2°gd, ~e{- 4}, Vo (1.14)
ard @ ap ap

Also, it is easy to obtain the expressions for You Indeed, by (1.12) and (1.14), we have

[

o — (1 3)2 3(1_ .3 312 _
gpq_gp gq -g gq (1 T ) g;}a—'—x (1 x )(g;g—i—g;a)—i_(x ) g;&“) *G{ 7+}7 Va. (115)

Let us find the expressions for \/g = (r; x r,) - r,. By the first relation in (1.12), we obtain
« «

1
o «

L,/ I

L e 1J K L _
Vo= gen(r )y =gV geeg g,
/() 1 A /() Q
= g dEt(gp) = g det(gp)a ~ € {_7+}a vaa (116)
(6% (6% « «

and €, are the Levi-Civita symbols and

where ¢!/

(.5): (I‘~ ><I'~)‘I‘~7 ~ € {_7+}7 (§>:
al a3 e

« a2

GOl
3:0’ ‘g o

In turn, from (1.16), we have

YOI N K L )
= g 1256 €xr9; gJ:det(gg), ~€{—,+}, Vo (1.17)

a « o «

(

IS
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It should be noted that analogously to (1.16), in a more general case, we have
[ 1 [ A )
(g ==Vyg glJeKLg{(g{’ = (g det(g?), ~y € {—, @, +}, Ya. (118)
o 2 o aI aJ « aP

It is easy to see from this that

) 1 oy o .
4/ 1J K L
g =V g g - 3¢ EKLgf gj = det(gg) = det(glg), oy~ E€{=,0,+}, Va. (1.19)

IT is seen that for ~ = (), « € {—,+}, from (1.18) we obtain (1.16), and from (1.19), we obtain (1.17).
It is easy to verify that by (1.19), we have

)  © (=)
9 =071 o ~ec{- +}, Ve V=1 ~€{—+}, Va (1.20)

Using (1.19), we can write relations (1.17) in the following more detailed form:

) (=)_ (=) T (
— Vg9 = (1% 0 + 21— a)g! + (aP)?
o @ al

[0}

(+) (£) +
g = 9(5)_ =(1- ac3)2 9 + x3(1 — :U3)g{ + (:U3)2

a o «a al

( )

9

)

Q|
Q H

(1.21)

~—~

R ++

, Yo

It is easy to express gk, Ya, through the vectors r; or (Ix‘m, ~ € {—,+}, Va. Indeed, taking into

account the first relation in (1.12) in relation (1.11) for ~ = (), we obtain

rk = 1(:9)_16]“5”'16 gmgﬁrl~ ~€e{—,+}, Va (1.22)
«  92a tmndp Y4, AR ' '

where €*P4, ¢ ,, are the Levi-Civita symbols. By (1.22), we can introduce the notation

Ilm
b L g gmgn g LG e omgngdl e 4y va. (123)
gl - 2 a lmngp gq’ -g - 2 o smngp gqg , o~ , , . .

Using this notation, we represent relation (1.22) in the desired form

~€{—,+}, Ve (1.24)

P = ¢Prd = gPiy_,
o ado o od

It is easy to see that from the first relation in (1.23), we have

(~ oz o S N G
=01, = JK=vlg=0vg¢ ~ec{- 4} Va (1.25)
aK a ol ok @ @ o

~c

Note that in writing the second relation in (1.25), (1.19) and (1.20) were taken into account. Also, let
us introduce into consideration the following objects (matrices):

: r(j: -~ € {_awa +}7 va767 (126)

g _
95— o B

apBP"

and the objects obtained from (1.26) by alternating the indices. It is easy to calculate that the number
of such objects is equal to 36. It is easy to see that for @ = 3, (1.26) contains (1.13), (1.15), and
(1.23). Indeed, from (1.26), we have

g(% =4 vq =r.. rqa -, ~ € {_7®7+}7 VOZ, (127)
. aP «
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and alternating the indices, we obviously obtain the objects considered above and also gP? = rP - r?,
o a o«
Ya, i.e., in this case, the number of the introduced quantities is equal to 36. It is easy to see that by
(1.26) and (1.27), the connections between the families of bases are represented in the form
= ;hrva -, ~ € _7®7+ 3 \V/O[,,B, 1.28
955 { } (1.28)
which remains valid under index alternation. By (1.28), it is easy to show that the following relation
holds:
g ~q g g* ) —y o~y k€ {_7®7+}7 va7576' (129)
apP” as? BBM™"

Differentiating (1.3)—(1.5) in ! and taking into account (1.28), we obtain

atB - atB  _ _
r . =r_—+ [k— ﬂr_:r + [k— ﬁ]r_,
S Thr gl L gl
N N
(9Ih(:n1 %) Z@Ih(xl,a:2) = Z [r+(:r1,:c2) -r (z* mQ)} =
v=1 v=1
o ) (1.30)
= Z [gf(xl,xz) g* (z? xz)]r (x*,2%)
v vl

'-s
)
-
8
AV
N~—r
]
8
\.)—‘
8
[\
S~—
_l_
1

gh(at,a?) — g (@' 0% |r_(a',2?).
v] vi vk

Naturally, all spatial covariant and contravariant bases constructed above have geometric characteris-
tics specific for the parametrizations generated by them. Defining the spatial frames (bases) at each

(*)
point of the surfaces S, * € {—, 0, +}, V, we obtain the corresponding families of spatial frames
«

(bases), which, in turn generate the corresponding families of parametrizations. Once more, we note

(~)
that the structure of S .,-family frames (bases), ~ € {—,0,+}, Va, is such that the third basis vec-
a'g

(~)
tors r. = h(x 2?), ~ € {—,0,+}, Va, are not perpendicular to the corresponding base surface S

~ € {-,0, +} Va, in general. However, in a particular case, they can be perpendicular, and in a

(~)
more particular case, they can be unit normal vectors to the surfaces S, ~ € {—,0,+}, V, which
[e%

are denoted by (FL), ~€{—,0,+}, Ya, respectively. It is seen from the material presented above that
«

in the parametrization of the multilayer domain considered, for each layer all the relations of the first
chapter in [72] or the second chapter in [70] hold under the condition that the root letters of quantities
entering these relations must be equipped with the bottom index, which denotes the number of the
layer considered. In this connection, we do not consider the problems on the parametrization of a
multilayer domain in detail. In what follows, if necessary, we write the necessary formulas from the
corresponding relations of the works mentioned in this paragraph by the above method (equipping the
root letters of quantities with the bottom index of the layer considered) and obtain some relations,
which do not enter into the above works.

1.4. Representation of the unit tensor of the second rank. It is easy to find this represen-
tation. Indeed, starting from the usual representation of this tensor [54, 92], by (1.28) and (1.29), we
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obtain the relation

E=E gr'r, %‘: 955 5 9 L, o~ - € {=0,+}, Vo, 8, (1.31)
which remains valid under index alternating. As is seen from (1.31), the quantities (1.26) and (1.27)
introduced above represent the components of the unit tensor of the second rank (UTSR) for a mul-
tilayer thin domain of the three-dimensional Euclidean space. Now let us introduce the following
definitions.

Definition 1.1. The parametrization considered above, which is characterized by assigning the radius-
vector of an arbitrary point of any layer « in the form (1.1) and by the fulfillment of relation (1.3), is
called the new parametrization of a multilayer thin domain.

Definition 1.2. The components g éﬁ, for p € {p, p, E}, n € {n,n, ﬁ}, Va # (3, and also the
aB?
components g'ﬁ’?, Va, for ~ %<, where ~,« € {+,0,—}, and the images obtained from them by
6
index alternating are called the components of the unit second-rank tensor translation under the new
parametrization of a multilayer thin domain.

Definition 1.3. The components g ., g ;q’ g Pd for m = — (~=+4), Va, 5, and the components of
aBPl opP " op

the translation g ", g~ for~ =+4,o = — (~=—,« =+), Va, 3, are called the basic components
aﬁpq agp'
of the second-rank unit tensor under the new parametrization of a multilayer thin domain if, as the

base surface, the inner (exterior) base surface of layers are taken.

It is easy to find the expressions for g . via basic translation components. Indeed, by (1.14),

a,Bp
(1.26), and (1.29), we have
=gty =1-23%g__+2°1 -2 —++ )+ (23)? , 1.32
S = 99 9a Gnn = A=) g0z e (=gt g0) + @) gy (13

where ~, v € {—,+}, Va, 8. Whence, for « = /3, we obtain (1.15). It is easy to prove that by UTSR
components, the components of the second tensors of surfaces of multilayer constructions [73] are
defined. In turn, this implies the following theorem.

Theorem (fundamental theorem for a multilayer thin domain in R?® under its new parametrization).
The existence of the unit second-rank tensor represented in the form

_ P MDD - TP .

E_gﬁg gﬁ_gﬁg gﬁ_&gﬁﬁg Eﬁa ’\’7‘/6{ a®a+}’ vaaﬁa

whose translation components satisfy the equations of [70], which are analogous to the Gauss and
Peterson—Codazzi equations, is necessary and sufficient for the existence and for the uniqueness up to
a motion in R® of a certain reqular multilayer thin domain under its new parametrization. Moreover,
the number of independent basis components of UTSR depends on the type of parametrization and the

number of layers.

1.5. Representation of isotropic tensors of the fourth rank. These tensors play a special
role in deformable rigid body mechanics. In particular, they are used, e.g., in writing the constitutive
relations (CR) of linear isotropic elasticity theory. Therefore, it is appropriate to have their repre-
sentation in the proposed variant of the theory. It is easy to write these representations. Indeed, as
is easily seen, under a complete contraction of indices to multiplicative bases composed of an even

308



number of basis vectors, under the condition that each pair of linked indices belongs, e.g. to one of the

(5)—families of indices, ~ € {—,0,+}, Va, the multiplicative bases become isotropic tensors. Having

roévealed such a nature of multiplicative bases, we can expect that under a complete contraction of
indices to a multiplicative basis consisting of four basis vectors, all isotropic tensors of the fourth rank
are obtained. Since the number of isomers of a multiplicative basis of four vectors is equal to 24, it is
easy to show that under a complete contraction of indices with respect to isomers, only the following
three tensors are not reducible to each other:

=R;:.""=r_r.r"r",

C

C —R. _— _—EE = s
é%l af g g E gn EE' == &%II ™ aMgig 3 (133)
~1112%ﬁ5m7:£m%5m:£m5£m7 ~ v €4{=,0,+}, Vo,p.

It is easy to see that for example, by (1.31), the relation rﬁrﬁ = g Zﬁ, holds, and using it, we obtain
a o
C=Cp Cy=C Cyy=Cy, Vb
a ap « ap a af

If we omit the indices «, 8, and ~, —, then tensors (1.33) evidently coincide with the fourth-rank
isotropic tensors considered in [54].

1.6. On components of UTSR. As was said above, we do not write all relations of this section,
since for a given layer, they can be obtained from the corresponding relations of the first chapter
in [72] or second chapter in [70] if the root letters in these relations are equipped with the bottom
index denoting the number of layer. Therefore, assuming that these relations are known, and taking

(=)
the base interior surface S of the layer « as the base surface, by Definition 3, for 5 = «, we obtain that
«

the basic components of UTSR of the layer o are the components g, g, gf_’ 7 and the translation
apq oap «

components g _, gz, which play an important role in the sense that the other components and the
apq ap

most geometric characteristics are expressed through them. Also, the components g J'rq =r;- gg for
afBD- ap

B=a+1( g J'rq =r,-r 5) are of interest; they characterize the connections between surfaces
aa+1P - ap  atl
in contact; owing to this, they can be called the contact components of UTSR. Note that a complete

presentation of parametrization problems for one- and multilayer three-dimensional domains with one
small dimension is contained in [59, 67, 70, 72, 75] (see also [61, 62]) and [63, 73], for a plane domain
in [60, 76], and for a three-dimensional domain with two small dimensions, in [74]. To obtain a
certain relation (system of equation, CR, boundary and initial conditions) in moments for multilayer
thin bodies under the considered parametrization of the thin body domain, it suffices to equip the
root letters of quantities with the bottom index «, which denotes the number of the layer « in the
corresponding relation, and vary this index in the range from 1 up to K, where K is the number of
layers. Hence for a correct statement of problems, to the equations of motion and boundary and initial
conditions in moments, we need to add the inter-layer contact conditions. In what follows, using this
rule, we write certain systems of equations in moments for multilayer thin bodies, and also consider
the inter-layer contact conditions for various conditions of neighboring layer connection.
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2. Representation of Equations of Motion and Heat Influx
and Constitutive Relations of Physical and Heat Contents
of Micropolar Theory of Multilayer Elastic Thin Bodies with One Small Dimension

In what follows, for brevity, we present certain representations of equations of motion and consti-
tutive relations in the case of a one-layer thin body, and then we show how one can obtain the desired
relations using the rule presented above and write certain relations.

2.1. Representation of equations of motion and constitutive relations of physical and
heat contents of the micropolar theory of one-layertic thin bodies with one small dimen-
sion. The new parametrization of a one-layer thin domain [67, 70, 72] is performed by the relation
obtained from (1.1) under the absence of index « under the symbols. To obtain the representations
of equations of motion and constitutive relations, we need the representations of the gradient and the
divergence under the parametrization considered. Let us obtain the representations of these operators.
Omitting the index «, from (1.12) and (1.24), we find that

— + — +
Ly =gy T =g r, r=g.r —gﬁlr , (2.1)

and also from (1.23), we have

=)

(=) - o o
g” =90 TAT 9 =det(g)), ¢> =-glg", g} =2,
gi =0plnh, h=lh|, AP = 4P +:E3a]i, ali = (gi — 1)t —gﬁ.
P M M M M I M M
Moreover, it is easy to note that the following relations hold [67, 70, 72]:
o _ _ _ _ — — — — — —
N._ N,
g” =N AT @), AT =(g" =gl ) (gNr =gt (g =g, AT =g0 (23)
M M ()M Ny Ny No No M M (0) M M
By the first and third relations in (2.2) and the second relation in (2.1), we find that
P =gPrM, B =g3 M43 =13 — g3rF =13 — ¢3¢0 M. (2.4)
M M P P

The gradient operator can be applied to any tensor. Therefore, denoting a certain tensor quantity
by F(2/,23), by the definition of the gradient [54, 92, 116] and by (2.4), we have

gradF = VF = r’0,F = rpﬁpF + r383F = ngAPi/[(E)P — gli@g)IF + r383IF.
Whence, introducing the differential operator

_ 3 _ _Pn _ o M_P _
N, =0, —9,0,, N=1r’N,=r"N,=r gMNP, N, =0, (2.5)
we obtain the desired representation of the gradient in the form

gradF = VF = NF + 130,F = r’ N F 4+ r*0,F = r" " N F + r30,F. (2.6)
M

The divergence operator is applied to a tensor whose rank is no less than 1. Applying this operator,
e.g. to a second-rank tensor P, by the definition, the third relation in (2.2), and (2.5), we obtain

divP =V -P=¢" N,PY 4 9,P3 (P™ =1".P). (2.7)
M
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Note that (2.7) can also be easily obtained from (2.6) if in this relation, we replace the sign of the
tensor product, which is omitted, by the sign of the inner product.

2.1.1. Representations of equations of motion. As is known [1, 2, 49, 84, 85], the equations of motion
of moment deformable rigid body mechanics in stress tensors and moment stress tensors are represented
in the form

2
V-P+pF =pdfu, V-p+CP+pm=1J- 0. (2.8)

Here, P and p are tensors of true stresses and moment stresses, C is the discriminant tensor (third-
rank tensor) [116], u is the vector of displacements, ¢ is the vector of (inner) rotation, p is the
material density, F is the mass force density, m is the mass moment density, and (}29 is the inner
2-product (for example, C (§2§> P=r z’jkij)- The definition of inner r-product and the problems
related to it are considered in [69, 77, 78, 116]. Proceeding analogously to [117], for the equations
of the classical deformable rigid body mechanics (DRBM) under the classical parametrization of the

thin body domain, in the case considered, from (2.8), we find the following form of representation of
equations of moment DRMB:

_ (=) (=) (=) (=)
(17 <g))ﬁp(\/ G OPE) £ 05(VP3) + pI F = po d2u,
_ (=) (=) 2 (=) (=) (=)
(1/V'd)or(V'g v uP) + 0s(Vp®) + C@ (VP) +piim = 03 - e, (2.9)
(.é):det(gﬁw—l)a g-—-=7Tr_-r_.

mn m n

It is easy to see that by (2.7), Egs. (2.8) can be rewritten in the form
- 2 - 2 2
9" N,PM 4 0sP? + oF = pofu, g" Nop™ +05p® + COP + pm = J - 0. (2.10)
M M =
It is easy to note that the following relations hold:

ggNPPM = g_NpP™ = Np(go P™) = Np(g;lPM) = N, P”;

using them, we can represent Eqs. (2.10) in the form

> . 2
NP+ 03P° + pF = pdfu, Npp” +03p” + COP + pm = J - 8},

(2.11)
- o - o 2
Np(gZPM) + 05P% + pF = pdfu, N,(gZ p) + 0sp® + COP +pm =J - 5.
M M ~

(=)
Multiplying each relation in (2.10) by ¥ and taking into account the first relation in (2.2), we have

= (=) > (=) (=)
AP N PM 1+ 9 95P3 + p 0 F = po O},
M (2.12)

p M (=) 3 2 (=) (=) (=) 9
AZNpp™ + 9 p” +C @ (IP) +pdm= 9 J- 0.
o =

Note that (2.9) — (2.12) are different forms of representation of the equations of moment DRBM (2.8)
for the parametrization of the thin body domain considered. They are called the different forms of
equations of moment deformable rigid thin body mechanic (DRTBM) under the new parametrization
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of thin body domain. Taking into account the first relation in (2.3), we can write Egs. (2.10) in the
form

o0 _ — —
}:AE@%%@PM+aﬁﬁ+pF:p£m
L (2.13)
e y > 2
ZA{T (333)SNP;LM + 05> +COP+pm=J- 7.
i ~
s=0

It is seen that Eqs. (2.13) contain infinitely many summands. Therefore, they cannot be used in
practice. Naturally, we need to consider approximate equations with finitely many summands. In this
connection, let us introduce the following definition.

Definition 2.1. The equations, which are obtained from (2.10) if, in the expansion of g¥ (see the

M
first formula in (2.3)), we preserve the first s + 1 terms, are called the equations of approximation of
order s.

Obviously, the equation of approximation of order s are represented in the form

- b > o 2
g P N PY 4 05P% 4 pF = pdfu, g” Nop™ +05p® + COP + pm = J - 07, (2.14)
(s)M (s)M =
where .
P 13 3\m
gF =3 AF @3, (2.15)
(s)M mEZ:O M

From (2.14), for s = 0, we obtain the equations of zero approximation, for s = 1, the equations of first
approximation, etc.

2.1.2. Representation of the equation of heat influx in moment DRTBM. In the general case, the
heat influx equation in moment DRBM can be represented in the form [95]

d 2 2
Veatpg-To (@R +dop) + W =pe,0T, (2.16)

where q is the vector of exterior heat influx, ¢ is the mass heat influx, T is the temperature, a, d
are the tensors of heat extension, P # P7T is the stress tensor, g # p” is the moment stress tensor,
W* is the scattering function, p is the medium density, and cp~is the heat capacity under constant
pressure. If we consider the physically linear medium, then the nonlinearity in (2.16) is in the third
summand of the left-hand side. A similar situation holds in a particular variant of this equation,
which is obtained from (2.16) for d = 0 (see [93]). In the latter case, since both heat capacities c,
and ¢, (heat capacity under constant volume) cannot be constant simultaneously (independent of the
temperature), very often one assumes that in this summand the temperature T' is replaced by the
temperature Ty = const. Taking into account this assumption, we see that the desired representation
of the heat influx equation has the following form similar to (2.10):

P ]\_/[ g d 2 2 *
—g- Npq" —dqq +pq—T0%(g®E+Q®u)+W = pc,OiT. (2.17)
u K

If necessary, it is easy to write the relations similar to (2.9) and (2.12). Therefore, for brevity, we do
not dwell on this. Note that by (2.17), analogously to (2.14), the heat influx equation of approximation
of order s is represented in the form

PN 0.t pg T A B P dow W = pe 0T 9.18
(g)M pd 50" +pq — Ty (@R +d@p) + W = pe,0,T. (2.18)
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2.1.3. Representations of constitutive relations of physical and heat content. In linear moment elas-
ticity theory, the constitutive relations of physical content under nonisothermal processes can be
represented in the following form by the generalized Duhamel-Neumann principle [93, 95]:

2 2
P=Co(y-al)+A®(x—-dV), p= D®(x dﬁ)+B®( — av), (2.19)
where 4 = Vu — C - ¢ is the deformation tensor in moment theory (see [49]), 22 = Ve is the bend-

torsion tensor, G, A, D, B are material tensors of the fourth rank, and ¢ is the temperature drop.
Taking into account the expression for 7, we can write (2.19) in the form

2 2 2 2 2 2
P=Co®Vu+AxVp-CxC-¢-bd), p=DoVe+BeVu-BaC-¢p—-pJ, (2.20)

where ) ) ) )

b=C®a+A®d, pf=Drd+Bw®a,
which are called the tensors of thermomechanical properties. Note that a particular case of law (2.20)
was considered in [49, 84], and more general relations were presented in [94, 95]. Now it is easy to
find the desired representations of the Hooke’s law (2.20) under the new parametrization of thin body
domain. Indeed, taking into account the representation of the gradient operator (2.6), after simple
transformations, from (2.20), we have

2 - = 2 - = 2
P=C®(¢"r"Nyu+r’du)+ A @ ("t Nyp +1r’0,0) —C & C -9 — b,
- M ~ M ~
) B - ) B - (2.21)
p=D (¢ rMNP<p + r383<p) +B® (¢° rMNPu + r363u) B ® C.-p—pB9.
p=% i 2 i 4

| Z

Taking into account the first relation in (2.3), it is easy to note that relations (2.21) contain infinitely
many summands. Therefore, they cannot be used in such a form. In applications, one uses approximate
constitutive relations (CR), i.e., relations represented by finitely many summands. In this connection,
we introduce the following definition.

Definition 2.2. The relations obtained from (2.21) under the condition that in the expansion of g*
M
(see the first formula in (2.3)), the first s + 1 terms are preserved are called the CR of approximation

of order s.

It is easy to see that analogously to Eqgs. (2.14) and (2.18), CR of approximation of order s are
represented in the form

2 = 2 2 " 4 2 2
P, =Ca (g r"Nyutr’u) + A® (g r"Nyp +1°0,0) ~COC - — b,
T (M T (oM B
2.22
2 (g P M 3 2 222
B (g-r"Nyu+r’d,u)-BeC-p—Bv.
(s)M (s)M -

Definition 2.3. The relations obtained from (2.22) for s = 0 are called CR of zero approximation,
and for s = 1, they are called CR of the first approximation.

) )
o =D& (g7 " N +130,0) +

It is easy to see that CR of zero approximation have the form

en
3

2 3 2 M 3 2
Py =C&® " Nyu+r?0u) + A& "Ny +1°09,0) ~COC - -

2 M 3 2 M 3 2
E,(O):]z)@(r NP(p+r 83¢)+]§®(r NPu—i—r 83u) B®

IZO
‘G
Z‘Q

S
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Note that if we consider a body with center of symmetry [49, 84], then A =0,B =0, and in this
case, the CR presented above simplify. Let us find the corresponding representation for the Fourier
heat conduction law (which defines the relations of heat content) under the new parametrization of
the thin body domain. Since the Fourier heat conduction law [84, 93] has the form q=—A-VT, where
the second-rank positive-definite tensor A is called the heat conduction tensor, by (2.6), the Fourier
heat conduction law of zero approximation and approximation of order s is represented in the form

Ao = AN, T —A*0,T, qu =-AMgP N, T—A%9,T, A" =A 1™ (2.23)
(s)M

3. Moment Theory with Respect to System
of Orthonormal Chebyshev Polynomials of Second Kind

To construct the moment theory with respect to a certain system of orthogonal polynomials (Le-
gendre, Chebyshev, etc.), we need recursive relations for these polynomials. For example, for the
shifted Chebyshev polynomials, the main recursive relations on the orthogonality closed interval [0,1]
are represented in the following form [67, 72]:

UL () = Uy () + 205 () + Uy (), > 1,

2tU; (t) = 20Uy () + Up () + UL (1), n>1, (3.1)

U (t) = 4nU;_,(t) + U 5(t), n>2 0<t<l.
Note that formulas (3.1) are obtained in the same way as analogous formulas for Legendre polynomials
on the orthogonality closed interval [—1,1], e.g, in [105] (see also [65]). Using the main recursive

relations (3.1), it is easy to obtain the following relations, which are necessary for constructing thin
body theories [67, 72]:

2T U (¢ 2055 _eip(t),  s,m € No; (3.2)
225457 (1)U ( chgs mem—stapiq(l), m,m,s € No; (3.3)
p=0 q=0
[(n—1)/2] [(n—1)/2]
)=4 Y (=200 ey =4 > @k+1+a)Us,1), n>1;  (34)
k=0 k=0
[(n—1)/2] 2s
228tsU* =4 Z Z n— Qk 028 n— (S+2]€+1)+p(t) =
[(n—1)/2]
=4 > Qk+14a) U o1p n =1, 5>0; (3.5)
k=0
) [(n—2)/2]
Uty =2" > (k+1)(n—k)n—2k+ 1)U =
k=0

-2)/2
Z 2k +2—a)[(n+1)*— (2k +2 - a)|Uspi1_0(t), n>2; (3.6)

314



[(n 2)/2] 2s
22stsU* = Z Z k+ 1 n — [n - (2k + 1)]C§SU:L—(S+2]€+2)+P =
p=

[(n—2>/2}
=22 Y @k+2-a)[(n+1)® = (2k+2-a)’|CUsk i1 sip m =2, 50, (3.7)
k=0

Here,a =n—1-2[(n —1)/2], [x]is the integral part of , and C}}, are the binomial coefficients. Note
that all relations (3.2)—(3.7), which also hold for the system of orthonormal Chebyshev polynomials of
the second kind {UZ}?’:O, except for (3.3), can be proved by induction. For a system of orthonormal
polynomials, (3.3) is represented in the form

m  2s
225U (WU (8) = Ug Y > CoUn i siopig(t), mymys € No. (3.8)
p=0 gq=0

Note that extending the definition of the system of Chebyshev polynomials of the second kind to the
set of negative numbers, we obtain the relation U*, = —U;’_,, n € Ny, under which (3.2)-(3.7) were
obtained.

Consider a certain tensor field F(z!, 22, 23), which depends on the coordinates x!, 22, 2% of the thin

body domain under its new parametrization. For brevity, instead of F(z!, 22, z3), we write F(z', 23),

where 2/ = (2!, 2?), 23 € [0, 1]. Moreover, we assume that the tensor fields considered are sufficiently

smooth. For example, F(2/,2%) € C,,(V UAV), m > 1; V is the domain occupied by the thin body
considered and AV is its boundary. Then the tensor field F(2’, 2%) can be expanded in a series with
respect to the system of shifted Chebyshev polynomials of the second kind {U}}72,, with respect to

. =)
the coordinate z3 € [0, 1] for each fixed point ' € S (of the inner base surface) [105]. This expansion
is represented in the form

— (&) N 3 ;9 3
=> F@\Ui@*), /€8, 2°<co1], (3.9)
k=0

(k)
where F(2') is called the coefficient with number k in the expansion of F(z/,23) in the series with
respect to the polynomial system {U7}72.

Definition 3.1. The moment of the kth order of a certain tensor field F(2’, 23) with respect to the
polynomial system {U }22 o, which is denoted by M( ), is the integral

1
(k) ~
:/IF WUt () (2)dx®, k€ Np. (3.10)
0

It is easy to prove that the following assertions hold.

Assertion 3.1. For any tensor fields F(2',2®) and G(2',23) and any functions o(x') and B(x'), the
following relation holds:

(k) (k)

Mla(2)F + B(z')G] = a(z')M(F) + B(z')M(G), & < No. (3.11)

This implies that the moment operator is a linear operator.
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Assertion 3.2. The kth-order moment of a tensor field F(z', x3) with respect to the polynomial system
{URI2, is equal to the coefficient with number k in the expansion of F(2', 2%) with respect to x> in
this polynomial system, i.e.,

1
M(F) = / (', o%) 0% ()b (2%)da® = F (2/), & € No. (3.12)
0

Relation (3.11) follows from definition (3.10), whereas relation (3.12) is proved by using (3.9) and
(3.10) and taking into account the fact that the system {U 122 is orthonormal. It is easy to prove
that the following relations hold:

(k)
5 <k)( : 010, F (2'), i=1, j=J,
(k) (F (), i=1, (k) (k)
M(OF) = { ! MOOF) = { 0,1y, i1 j=3  (313)
F'(z"), i=3, *)
F" (2, i=j =3,
where we have introduced the following notation:
(k) O (k+2p+1) > (®)
Fla)=2?k+1)Y F (@) Z 1)E47] F (2/)
p=0
N b @) +) RO
=2(k+1) |>_ (1= (=D)"")F @)+ F'(2) = (-1)"F'(")] ,
—k
g . (3.14)
(k) Q) (k+2p+2)
F/(2)) = (F') =2'(k+ )Y (p+ )k +p+2) F ()
p=0
= b\ B R R
=2k +1) [ (0 =Rk +p+2)(1+ (D" F @) + F @)+ (D F" ()]
p=~k
) ) ) s )
F'(a) = ) F(a), F'(x')= Y (p—k)(k+p+2)F (),
e i (3.15)
@), P ©),, » @
F'a))= ) (-DPF(@), F'@)= Y (-1P—-k(k+p+2)F ().
p=N+1 p=N+1

Note that the first relation in (3.14) can be taken as the definition of the “prime” operator, and the
(k)
second can be obtained by applying the “prime” operator to F two times. The following relations are

generalizations of (3.13):

a?;agf@ﬁ [Py (2%)F], i=1, =1,

(k)

M[Py(a*)OPOIF] = | g, (M[Py(HF]}?,  i=1, j=3, (3.16)
{f\'?ﬁ[PN HF}PTY i—j=3,

(k)
where Py (23) is a polynomial of degree N, k, N, p, ¢ € Ng, and {M[PN(:US)IE‘] }(m), m € Ny, means
that the “prime” operator is applied m times. To prove the first lines of (3.13) and (3.16), we use
definition (3.10). The second and third lines of (3.13) are proved by using (3.4) and (3.6), respectively,
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and the second and third lines of (3.16) are proved by induction. Using (3.2) and the last relation in
(3.16), we can prove the relations

(n)

(n—s+p)

8’”IF Z 2_28055 (m)(x’), n—s>0, s, mée N,

2n+2 (p—1)
[ ) 05 F| Z 9~ 2(n+1) C§n+2 F ™) (), s=n+1, n,m € Ny,

(n)
(3.17)

n (s '" )

M [( 59 Z 2—28011 2 ! (m) (.%'I)

(n—s+p)

b3 2 G, szat2 nmeN,

p=s—n

Let us represent (3.17) for m = 1 in another form. Using easy transformations, the first relation in
(3.14), and the first two relations in (3.15), from (3.17), for m = 1, we obtain

25+2 N
(k) (a)
M|[(2%)* T 95F] = M’ EF] = >0 27CHICE L1+ (1)) F (2)+
p=0 g=Il—1

)
+@2k—s+1)F', Il=k—-s+p, k>s+1, N>k+s+1, s>0,

@ 2k+2 N @
M[(a®)¥18;F] = M’ IR = > > 27 CHICh  p[1 4 (—1)PH) F(2')+
p=1 gq=p—1
(+)
L+ 1)F, N>2%+1, k>0, (3.18)
(k) . *) ) sh N (2a41) (k1 (@
M{[(2®)" 0] = M'[(2%)1F] = — 3 Y 27O P (p+ 1) [1 - (-1 Ft
p=0 gq=p
s+k+1 N (+)
+ Z Z 9~ 25—1—1)028:-_:2 k—i—p(p +1) [1 (— )p-i—q] ]F + Qg F + by F’,
p=s+1—k q=p
s>k+1, N>s+k+1, k>0,
where we have introduced the notation
[ s—k—1 s+k+1
Aoy =2 CH = S TP (=P Y G+ (=1
| »=0 p=s+1—k
[ s—k—1 s+k+1
b =27t | Gl P+ )+ Y GHTPe+ )|, s>kt
L p=0 p=s+1—k
(k)
Let us find the expression for M( g ¥ N,F). By (2.5) and (3.11), we obtain
(s)M
(k) p (k) P *( ) P
M(g~-N_,F)=M(g~09,F)— M(:c g 0,F). (3.19)

(s)M (s)M P (s)M

317



Furthermore, by (2.15), (3.11), (3.16), and (3.17), for m = 1, we find that

(k)

k+1 2m (k—mtp)
ZA aM ZZA 272mCY 9, F
( m=0 p= 0
mk g2, (MRS Comp o (D)
+ Z <—Zz %, F o+ 22 c* 9, F ) k>0, s>0. (3.20)
m= k+2 p=2 p=m—k
Whence, for s =0 and s = 1, we obtain
(k) p (k)
M(g " 0pF) = M(0,,F), k>0,
(D)M
(3.21)
(k) p (k) P 3.p (k) 1 P (k—1) (k) (k+1)
M(g”a,F)=M[(¢g"” +2%A)0,F] =0,F + A9, (F +2F+ F), k=>0.
(1)M M M 4 M
Here, we have introduced the notation
Al = AT =g" — g7
M (M M M

(m)

Moreover, we assume that F = 0 if m < 0. In what follows, we assume that this condition holds
Similarly, by (2.15), (3.11), (3.16), and (3.18), we have

o 3 P - P\ 3ymat
M(2? g7 9F) = S AP M/[(2?)™ 1]
(s)M m—o "M
k N 2m+2 N N@
ZO 5 Z D RaRe 2z(1+(—1) +q)1€(x')
m p=0 ¢=Il-1
s _ m—k—1 N (@
AT = ST S e ep R (4 1) (1 (<)) F (')
m=0 (m)M p=0 gq=p
m-+k+1 @
+ Z Z 9- (2m+1 m+1 ker( + 1) <1 _ (_1)p+q> F(CE’)
p=m+1—k q=p
k - 2,
+( Z A %k))w + Z(2k—m+1 Al + Z A bw)] :
m= k—i—l( )M m=0 mM m= k+1
l=k—m+p, N>s+k+1, k>0, s>0. (3.22)
Whence, for s =0 and s = 1, we find that
(k) = (k) 1 5 G-n, k) (ktD)
M(2® g ¥ 0;F) = g” M'(2°F) = 29 (F '+ 2F'+ F )
(0)M M M
5| ® Nowoow W
=g” |kF+2(k+1) | F-F+F'||, k>0, (3.23)
M

p=k
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(k) (k) P P
M(2% g © 0,F) = M | (g 2% + AE (%)) 0,F

()M M
5 ® 0 G N ow® @
= g" M/(2°F) + AL M'[(2*)°F] = g© |kF +2(k+1) (Y F—F + F'
M M M o
_ N
1 P (k—1) (k) (k+1) (p) (+)/
+ AL (k=1 F —4(k+2)F = (k+3) F +8(k+1) SF+F ||, k>0, (3.24)
M
p=k

Taking into account (3.20) and (3.22), from (3.19), we obtain the desired relation in the form

k+1 2m _
(k) (k—m-+p)
M(gPNJE) =33 Al 2?mer 9, F
(s)M 0 « (m) M1 2m
s _ m—k
n AP | o—2m p- 2 (m F’f n Z - chp (k—m-+p)
(m)a om 0P
m=k+2 p=2 p=m—k
_ k _ 2m+2 N ( ) @
3 P 2m+1) ~p l+q !
—y A 2 C z(1+ 1 )F 33
Pl o 2,2, AL DR

s _ m—k—1 N
+ ) AT { > 2 ep T p 4+ 1) (1 - (1) ()
m~+k+1

S SED SEaCatIe e o+ 1) (1 ) Fe| )

p=m+1—k q=p

g1 (™ m) 1

Whence, for s =0 and s = 1, by (3.21), (3.23), and (3.24), we find that

“U+c.o|

k _
Z(2k—m+1 F_:_ + Z A b(mk)] F/}7

m=0 mk—i—l
=k—-m+p, N>s+k+1, k>0, s>0. (3.25)

(k) 7 (k) (k) 3 () (k) <+>
M(g?/N,F)=M(N,F)=V,F — g kIF+2k+1 ZF F+F ||, k>0, (3.26)
)1 I

(k) (k) r
M(g 7N F)=M][(g” + 2°A])N F]
(1)1 I I

) () D) | -1 » Nw ® @

*® 1 -
:V1F+1A1V(F +2F+ F )—g3<g’ [kF +2(k+1) () _F-F + F’
I J I
p=k
_ N
1 7 (k—1) (k) (k+1) (p) (+),
+1A? (k—1) F —4(k+2)F —(k+3) F +8(k+1)|) F+F , k>0, (3.27)
p=k

Therefore, we have deduced the main relation in the form (3.25); using this relation from the equations
of motion (2.14), the heat influx equation (2.18), CR of physical content (2.22), and CR of heat content
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(2.23) (second formula) of approximation of order s, we obtain the corresponding relations in moments;
in turn by using the above rule, from them, we obtain the corresponding relations for multilayer thin
bodies. Analogously, we obtain the boundary conditions of physical and heat contents in moments.
Formulas (3.26) and (3.27) are applied in deducing the above relations from the corresponding relations
of zero and first approximations. Formulas analogous to (3.26) and (3.27) certainly hold for the
Legendre polynomial system. The relation for Legendre polynomial system analogous to (3.25) is very
cumbersome,and so we do not write it.

4. Systems of Equations of Motion in Moments
for Multilayer Thin Bodies with One Small Dimension

4.1. Systems of equations of motion in moments of contravariant components of stress
tensors and moment stresses with respect with respect to Chebyshev polynomial systems
for multilayer thin bodies with one small dimension. We restrict ourselves to obtaining the
systems of equations of motion of approximations (0, N) and (1, N) in moments. Using the rule
presented above, by analogous systems of equations from [72],we represent the desired systems of
equations in the form

(k)7 »7 (k*
V. P! k;Pf+2 k+1) PI
N k183 *) Sk
(k+1)30 [1= (~)F?| D344 pF = p0?W, (41
p:k' (0% (6%
2 2 (k)
{(P=>p}+CoOP+pm=1-0}p, k=0,N, a=0K;

(k)} 1 - (k 1)_ (k)} (k+1)
v,P 4<g —g+)VV (P +2P! 4 P )

al al
— 94 {9
al | aJ

1/ - - (k=1)= ()
+Z(g£—g£> [(k—l) P/ —4(k+2)P7 —

(p) (k)
kPJ+2k+1<Zf>J )

aJ aJ

(k1) N )
k+3) P 7 +8k+1)[ S P
p=k

N
(p) (k)
2(k + 1) [Z 1)k+p) f’?’} 4+ pF = pd, (4.2)
—k a @ a @

2(’9)

2 (k)
{P:>p}+Q®E+p(rg 929, k=0,N, a=0K.
a a ac

a

Here, the notation {P = ,u,} means that the expression in brackets is obtained from the expression
in brackets of the previous relation if the letter Pis replaced by w; this notation is also used in what
follows. Note that Eqgs. (4.1) and (4.2) are also obtained by using formulas (3.26) and (3.27).
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4.2. Systems of equations of motion in moments of contravariant components of stress
tensors and moment stresses with respect to Legendre polynomial systems for multilayer
thin bodies with one small dimension. Let us write the systems of equations of motion of ap-
proximations (0, V) and (1, N) in moments taking into account only boundary conditions of physical
content on frontal surface, since the systems of equations without boundary conditions on frontal
surfaces, which can be obtained by using the corresponding systems of equations from [72], have a
form analogous to (4.1) and (4.2). It is easy to prove that similarly to the system of equations for a
one-layer classical elastic body [117], the desired systems of equations are represented in the form

W7 o B " W) k i @3
v, P —g}r[klz ~(@k+1)> P }—(2k+1)2[1—(—1) ’|p

k- 1/ 5 = k (k) - k= k41 (k£1) -
p! p _ P PM PM P M
{Vla + (gM g}\t)(%_lvpa +VPa +2k+3VP P

p=0 p=0
k
5 p [(k=DEED, B (k4 1)(k+2) kD @
— — Y- - P — (2 1 P
T 21\})[2(%—1) A ki3 & TS )I;a
+4(+) e | 23 (k) 5 (k)
+<2k+1>[ 5P ¢ (1) 933P] 1 oF =2l (a)

2 (B
(P=pl+CoOP+pm=J-020, k=0,N, a=0K.
a [0 a @ «

«

Note that Eqgs. (4.3) and (4.4) are deduced by using formulas for Legendre polynomials that are similar

() (=) - -
to (3.26) and (3.27). Also, note that P ((ﬁ)) and P (</_l,) ), where o = 1, K — 1, are stress vectors
X« atl “o41
. . . (+) =)
(moment stresses) of interaction between the layers a and ae+ 1, which act on the surfaces S and § v
« e

. )+ ) .
respectively, and li’ (ﬁ) and E (') are given stress vectors (moment stresses) on the frontal surfaces
1 K

(+) (=)

?’ and }S; , respectively. The systems of equations of heat influx of approximations (0, N) and (1, N),

and also CR of heat content for multilayer thin bodies are obtained similarly to (4.1)—(4.4). Therefore,
for brevity, we do not dwell on them. To help the reader understand this work (if the large work [72]
is not available for and what was said is not sufficient to completely understand this work), we refer
to [67], where for the theory of one-layer thin body with one small size with the use of the Chebyshev
polynomial system of the second kind, similar problems are presented in detail. In particular, using the
deduced recursive relations for the Chebyshev polynomial system, Nikabadze obtained the moments
of derivatives of the first and second order of a scalar function, tensors of the first and second ranks
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and their components, and also some differential operators of these quantities.Also, this work obtained
constitutive relations of physical and heat contents, equations of motion and heat influx, boundary
conditions of various kind in moments with respect to the Chebyshev polynomial system of the second
kind, and also initial conditions of kinematic and heat contents. Moreover, the constitutive relations
were also obtained for an inhomogeneous material. This work presented the statements of related and
nonrelated dynamical problems in moments of approximation (r, N') of moment thermomechanics of a
deformable rigid thin body and also the statement of nonstationary temperature problem in moments
of approximation (r, N), where r and N are arbitrary nonnegative integers. All relations for one-layer
thin body presented in this paragraph are automatically transferred to the case of multilayer thin
body theory by using the rule presented above .

4.3. Systems of equations in moments of the displacement vector with respect to Le-
gendre and Chebyshev polynomial systems for multilayer thin bodies with one small
dimension. Let us write systems of equations of zero and first approximation in moments for the
displacement vector. The system of equations of zero approximation in moments with respect to
Legendre and Chebyshev polynomials has the form

T3 k 2.7 T2 k 2.2 k
g[.J. ) V[VJ(U) i <gg.]. 4 91.3.) . V[(u)/ n 93.3. . (u)//

° X ° ¢ (4.5)
—i—pF:patQ(u), keNg, a=0K.

«

7o B 3, (k)
~(b'V, 9 +b ")
« (0% « «
Taking into account the formulas for moments of the kth order of first and second derivatives of a
vector(vector components, a scalar function) with respect to these polynomial systems [72], from (4.5),
we obtain the desired systems of equations of zero approximation in moments. For brevity, we do not
write them. Similarly to (4.5), the system of equations of the first approximation is represented in the

form
o L gP 0y v Wi | B v v M@t + BT Y, v, M((@)?
"9-9- u-t i P e (z*u) + B " V,VoM((2%) )

a amay T Qa le) N a’ (2a)mN

(4.6)

3, (k) o (k)
—b° ¥ '+ pF =p0;u, keNy a=0K,

where we have introduced the following notation:

la)pr N aN oM \aN
PQ _ 4 P2, AP 4Q L P 4Q
= g+ AL AT +g° ,
QNN Qarran  (Ae)n(e)f  am@a)y
B=g" —g%, AﬁZ(QIf—gf)(g]Y—gJX)-
(loy) M  aM oM (2a) M

aN aN aM aM
Taking into account the expressions for the kth-order moments entering (4.6) and using the corre-
sponding formulas for Legendre and Chebyshev polynomial systems of the second kind [72], from

(4.6), we obtain various representations of the equations of first approximation of the displacement
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vector in moments with respect to these polynomial systems. Also, it is easy to deduce the equations
of motion of first approximation in moments for the displacement vector with respect to the systems
of Chebyshev polynomials of the first kind. For brevity, we do not write the equations in moments
mentioned in this paragraph. It should be noted that to close systems (4.1)—(4.4), we need to add to
them the system of equations of heat influx, CR, boundary and initial conditions of physical and heat
contents in moments of the corresponding approximations, and also inter-layer contact conditions de-
pending on the connections of neighboring surfaces. Hence to close systems (4.5) and (4.6), we need to
add to them all relations of the previous proposition, except for CR in the case of first boundary-value
problem where kinematic boundary conditions are given on the whole surface . Of course, it is easy to
write all missed relations and formulate the statement of problems analogous to those presented in [67,
72, 74-76] (CR; see also above) for one-layer domains, except for inter-layer contact conditions, by
using the rule presented above. Otherwise, we need to repeat almost all presentations in [67] applied
to multilayer thin body theory. Owing to this, we do not dwell on them and consider inter-layer
contact conditions below.

5. Inter-Layer Contact Conditions

In studying strained-deformed states of multilayer constructions and composite media, as a rule,
one assumes that component layers (elements, phases) work jointly, without sliding. Obviously, such
a model does not cover the variety of connection methods used in technology and does not take into
account the existence of interphase defects, which manifest themselves in nonperfect connection of
phases in contact. Defects of such a type are often inevitable because of peculiarities of technological
character (see [9, 46, 101]). Therefore, the deformation of multilayer thin bodies can be without
violation or with violation of complete layer contact owing to their separation in normal or tangential
direction. Between the layers, there can arise contact domain and contact-free domain. Moreover,
the boundaries of these domains can vary in the deformation process, the layer can slide with respect
to each other, the sliding can be with friction, etc. All these phenomena can essentially influence
the mechanical behavior of a thin body, its strained-deformed state. Of course, account of these
phenomena is necessary in studying strained-deformed state of multilayer bodies. In contrast to other
parametrizations, the use of frontal surfaces as base surfaces in the parametrization of a multilayer thin
body domain allows one to easily take into account these phenomena. In considering the phenomena
occurring on frontal surfaces, the main problem is the problem of modelling the interface. In this
direction, there exist two approaches. The first approach is physical, which takes into account thin
adhesion layers via the generalized weld condition of the elements in contact. For the first time,
such an approach was proposed for heat conduction problems in [96]. Later on, it was generalized to
mechanical problems [97]. The second approach is phenomenological; it is based on the assumption
that, a priori, discontinuity zones of displacements exist. To study these problems, we assume that a

) - S
multilayer thin construction consists of K layers. Denote by S and S (a = 1, K) the exterior and
e} «

inner surfaces of the layer o (v = 1, K), respectively, and consider several cases of mutual relation of

(+) (=) [
neighboring surfaces S S (a =1, K — 1), which are important in practice.
a a+l

5.1. Weld conditions (complete ideal contact conditions). In this case the forces and mo-
ments of interaction between the layers o and v+ 1 (o« = 1, K — 1) are unknown. These forces and
moments are evidently equal and have opposite directions. Therefore, there additionally arise six
unknown functions. However, in the case considered, we have six additional conditions, which express
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the continuity of displacement vectors and the rotation of welded surface points. In other words,

displacement vectors and rotation vectors of contacting surfaces are equal. Denoting the forces and
) =) . ) =

moments of interaction of the contacted surfaces S and S (a=1,K —1) by P, (ﬁ) and P, ,u>
o a+1 & (e} at+l o1

(o =1, K — 1), respectively, and the displacement and rotation vectors of points of these surfaces by

(1:1), (<,+0) and ‘W , <¢) (a =1,K — 1), we can represent the complete contact conditions in the moment
[e%

atl a1
theory of multilayer thin bodies in the form

(+) (=)

(+) (=) () (=) () (=) —
E:_Pa L =—-p, u=u, ¢=¢, a=1K-1 (51)
a+1 «a a+1 @ a+1 «a a+1

Neglecting the characteristics of moment theory (the second and fourth relations) in (5.1), we obtain
the ideal contact conditions for the classical theory (the first and third relations).

5.2. Conditions under relative displacement of contacted layer surfaces. As was said
above, in the process of deformation of a multilayer construction, relative displacements of points

+) -
of the surfaces S and S with the same Gaussian coordinates (z!,2?) are possible. Let us consider

[} a+1
various variants. First of all, we note that there exist bounded limit intensities of coupling forces of

the layers @ and o+ 1 (o = 1, K — 1) in normal and tangential direction. Denote the normal and
tangent components of the limit force of action of the layer o on the layer o + 1 by

* * 1 .2y ¢ * * 1 2 &) T
P )y — P )(.CL‘ )y L )an’ P (s) — P (S)(l‘ » L ’a—so—l)a—sl-f a=1K-1,

: =) =) . . o
respectively. Here, n and s | are unit exterior normal and tangent vectors to the surface S v Note
a+ a+ a+

that we take into account the possibility of dependence of the limit tangent force preventing the mutual
sliding of layers on the direction in the tangent plane (anisotropy of the limit tangent force).

5.3. Conditions under relative displacement of points of ideal (smooth) contacted layer
surfaces. In this case, a free slipping of layers with respect to each other can take place in the process
of deformation of a multilayer thin body. The parametrization preserves the validity of all relations
of the theory of thin bodies in the case considered here; only the required and given functions are
changed. Obviously, if the layers are joined, then the following equalities hold:

Yt e?) = Pl e?) + W@ 2?), The?) =Telhe?) + W@ e?), a=1K,
(0% (0% « (0%
. (5.2)
& &) ) ) @ - —
r(z:l,wQ):ail(azl,ﬁ), 1'(901,m2):a5°r (zt, x?), (2 —alil), a=1K -1
° 9) &)

(

e _ (+) (=)
where T’ (<Jrc>) and 7’ ((r ) are the radius-vectors of the surfaces S (.S) and S (S), respectively, in
(63 (03 [0 (03 (03 (03 (03 [0

the deformed (nondeformed) state of the multilayer thin body. It is not difficult to see that in this
case (under slipping of absolutely smooth contacting surfaces) we have the following relations instead
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(Jf>( L a?) = r (21, 2?) + (ﬂ)(ml z?) f)(xl,xQ) r'(z!, 2% + u(zh 2%, a=1K,
(03 (6% (6 (634 (6%
@ ) +) ) ) )
[e% a+1 [e% a+1 @ a+1
vzl 2?) = " (2t 2?) — (G)(xl,xQ), a=1K-1.
« a+1 «

Obviously, (iL‘ 2?) is the vector of the relative displacement of the corresponding points of the

+) -)
contacted surfaces S and S (a = 1,K — 1), which is an unknown in the considered case. The
(e «

absence of friction between the layers allows us to write the following additional relations:

(=) (+) (+) (=) (+)
L =tm (Um=0), Py=0 P =0 Pg= 6}11( ): 5
. ) '
a=1K -1, 13€SOCS
(+) (=) (+) (=)

where P () ( P (S)) and P(n) ( +1(")) are the tangent and normal components of the stress vector
«

) (=)
(the interaction force intensity) P ( P ), i.e.,
a o+l
(f)) (lJ:r)) (]J-:r)) (f)) (15) (15) T/—1
a ol + a™ o a® +cwrl(”)’ a=LAa-L

It is not difficult to see that (5.4) implies the following relations:

() +) (=) =) + & ©®
u = vy =0 n - -P(u, d9) s =0 n-P(ud =0
Oé""l(n) o (n)> a(n) )7 a+1 a+1(a+1 a+1) a+1 ’ a o (oz7 a) a ’

& @) ) — Qo _ B (5:5)
E(u,ﬁ)-n:n-P(u 9)-n, a=1K-1, xGSOCS
aa « a+1a+1 a+1 a

( ) (~) (=)
Here the notation P (u,¥), ~ € {—,+} means the dependence of P on u and ¥, and P = P|,3_,
a o « « & & o «

(+)

P P|x3 1 (this notation is also further used). The corresponding relations are obtained from the

ﬁrst equahty of (2.21) with A =0, <p = 0. In the case considered here, relations (5.5) close the system

of equations of the classmal theory of multilayer thin bodies. In the case of the moment theory of
multilayer thin bodies, equalities (5.5) should be replaced by the following ones:

(=) +) - ) (=)

W@y = O ()= © n -P(u,e, ) s =0
at1(™ o (n) a—i—l(n) ’ my wiror Lt ot )
* & ) * @& GO Co R, )
H'E(U,QDﬂ?)'S:O, n'E(uﬂDaﬁ)'n:n'E(uu(pv’lg)'nv
«@ a a o « «@ «@ a a o « @ C O | a+1 at+l @ «

(=) (=) (=) () (D (+) (56)
n-p(e) n =0 mn-pl- =0,
a+1 arl at+l o+l a T a
& &) H @ =) +) — o _®
n-plp-s=n-pu(p) s, a=1K-1, xGSOCS
e ~ o « « e

a 0411 a+1
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. . . . . . (=) )
In this case, along with the vector of relative displacement, the vector of relative rotation ¢ = ¢ — (g+0
a a+1 [}

of the corresponding points of the contacted surfaces is introduced into consideration; (cz (n) and 23)(,1)
a+1

are the normal components of the vectors (<;>> and <<;>), respectively. Note that relations (5.6) are
a+1 o
written subject to the fact that each layer has a center of symmetry, i.e., the tensors A = 0 and

a
B =0 in (2.21) for all a.. If this is not the case, then these relations should be replaced by other ones
G

depending on the considered governing relations. For example, if relations (2.21) are considered as
governing ones for a material having no center of symmetry (see [72]), then instead of (5.6) we have

(*) (u) (;0) - (;5) (*) P ( u, o, 9 ) (g) —0
o¢+1(n) (n)> a+1(n) o (n)> a+1 at1 04+17a+1 a+l" a+l ’
* <+> R @ ® g )
nP(ue) S =0 W Py n=n0P(u, 9,07
a a o 4 « a « a O o e} @ gq1 oFl g1 @ e
= =) (=) (+) () (+) (5'7)
Jop(e,u,9)n =0 n-ppud)n=0
ay1 o+l ol atl’ a o«
R N CORR ! ) —_— o _
n-plpuwd)-ss=n-pu(e,u,d)- s, a=1K-1, xESOCS
@ 3 o o «@ «@ a11a+1a+1a «@

Note also that the contact conditions should be supplied with the conditions of heat content on the
contacted surfaces, which is not difficult. Therefore, in order to shorten the presentation, we do not
consider them here.

5.4. Conditions under relative displacement of points of uneven contacted surfaces of
layers. In the case considered here, slipping with friction of the layers with respect to each other

can take place in the process of deformation of the multilayer thin body. The relative slipping does
(=)
not occur until the magnitude of the tangent component of the interaction force P (4 ( El(s)) (force
« (0%

()
of friction) between the contacted surfaces reaches its limit (maximal possible) value |P*| ( El })
[0} «

therefore,

v(izl,2?) =0, a=1K — 1. (5.8)
(0%

When the force of friction reaches its limit value, slipping begins, and the relations presented above
should be replaced by other ones. First of all, note that for the case of the classical theory of multilayer
thin bodies instead of (5.5) we have

(=) +) - &) (=) =) (

+ N + B
ap1™ T G ) 0421 ' a];izl(alll’ aq—?—l) ot an1 O 1; (w9)- s = Py -
* @ @ _ ) — G & (5:9)
P(u,v)- P(u Y9)-n, a=1,K-1, 2 S°CS,
a o« « « «

[ a a1 a+1 a+1

326



and in the case of the moment theory of multilayer thin bodies whose layers do not have a center of
symmetry, we assume the following relations instead of (5.7):

) (=) +) - ) (=)

(=)
+
u =u = n - -P(u 9)- s = P7
a—l—l(n) a (n)> afl(n) f(n)? a+1 a];l(a—ﬁ-l’afl’a—i—l) a+1 a—i—l(s)’
* @ ORI - @& ® @ 9 )
n-P(ued s:P’{s), n-Pluegd) - n=n-P(u, ¢, J) n,
a o a4 « « o' o a a o « « o gy1 atl gy1 atl «
oG o u, D) o _ (/7* @ (ﬁ)(cp w, ) W _ (l?* (5.10)
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Here, naturally,

(ﬁ)* B (ﬁ>* e <ﬁ) . (ﬁ) s
« (n) [+ a’ a+1(n) a+1 a+17
By ) 4y . . . S A EO (=) &
where p* ( p *) is the intensity of the limit momentum. Therefore, P7 ., P ¥\, wi \,and u 7 | are
o adl a () aq1(s) 4 () ap1™

unknown values in relations (5.9) and (5.10) determined from some a priori dependences, conditions
of slipping with friction, which, generally speaking, must depend on the geometric and physical-
mechanical properties of the contacting bodies. In the classic case we may assume that the following
relations hold:

L(z', 22, v, v, [T],PO* .. ) =0, (5.11)
where vy and v are the tangent components of the vectors of the relative displacement and relative
velocity, [T] is the temperature jump, P®* is the limit stress vector on a plane element with the
normal 1, and the ellipsis denotes dependence on some other parameters. Based on (5.11), we can

accept that the generalized model of Coulomb friction is valid:
’(ks) = f(z!, 22, [T], ’("n)) Vs, (5.12)

which takes into account the anisotropy of the friction. Here Pz‘s) and P?n) are the limit tangent and

normal components of the stress vector P()*, The second-rank tensor f(z!, 2, [T], Pz‘n)) is called the
tensor of friction coefficients. Obviously, in the isotropic case we have f = fE, where E is the unit
second-rank tensor. Representing (5.12) for contacting surfaces of a multilayer thin body, we obtain
the missing required relations. Based on similar arguments in the case of the moment theory, we can

assert that the following a priori relations are valid:
L(a', 2%, Ve, Vo, 0, [T PO ) = 0, M(at 02, v, Vi, 0, 9, [T], 607, ) = 0, (5.13)

where %,, and 'zﬁn are the normal components of the vectors of the relative internal rotation and relative

internal rotation velocity of adjacent layers, p(®* is the limit vector of the moment stress on a plane

element with the normal 1, and the other parameters are the same as in (5.11). Based on (5.13) and
similar to (5.12), for the moment theory we can assume that the following relations are valid:

P>(ks) :ﬁ(xl7x2’ [T]7P>(kn)) : ‘.’S + h(a:l,a;Q, [T]a ?n)) 'qbna

ll’(n) _,g,(‘,r ,I’ ’[ ]7“(5)) "pn +~(.’1§' 7:1: 7[ ]nu'(s)) v57

which take into account the anisotropy of the friction. Here f, h, g, and 1 are the second-rank tensors,

called the tensors of friction coefficients. Therefore, in the case of isotropic friction we have f = fE,
h =hE, g = gE, and 1 = [E, where E is the unit second-rank tensor. It should be noted here that the
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coefficients of friction are determined by experiments and are given in tables. The author knows little
in this direction for the moment theory, but for the classical theory these coefficients can be obtained,
e.g., from [10, 44, 45]. Representing (5.14) for the contacting surfaces of a multilayer thin body, we
get the missing required relations in the case of the moment theory.

5.5. Conditions under a partial exfoliation of contacted surfaces of layers. For the classical
theory of multilayer thin bodies in this case we have the conditions

_ (+) (=)
V(:Ul,x2) = <u) (ml,mQ) — (ﬁ)(:cl,xQ) #0, P(wl,a:Q) =0, P (:Ul,x2) =0,
o a+1 o o a+1 (515)

(+) (+)

(xl,x)CSOCS a=1K -1,

and for the moment theory of multilayer thin bodies we get the conditions

_ (+) (=)
V(I‘I,JIQ) = <u) ($1’$2) - (ﬁ)($171‘2) # 0, P(wla'rQ) =0, P (I‘I,CL’Q) =0,
«a a+1 a a a+1
Yz, 2?) = @ (2! 2?) - cp( %) #0, (/J;)(xl,xz) =0, (;7 (21, 2%) =0, (5.16)
a a-+1 a [ a+1

(+) (+)

(xl,:c)CSOCS a=1K—-1.

Note also that if S o _ = S then we have complete exfoliation of contacting layers. Other conditions

posed on deformed and force states of exterior surfaces of multilayer thin bodies are also possible:
contact with rigid or elastic bodies, forced displacement of points, etc. It should be noted that before
the presentation of the problems concerning the conditions on contacting surfaces of thin bodies the
author had acquainted himself with papers [10, 21, 43, 47, 51-53, 86, 87, 91, 96-100, 103, 107-110].
Based on [74, 76] and quite similarly to this paper, one can construct moment theories of multilayer thin
bodies with two small dimensions and those of plane domains with one small dimension, respectively
(it remains to write down the corresponding relations). We do not pay attention to this in the present
paper. In conclusion we note that the classic theory of elasticity predicts sufficiently well the behavior
of actual rigid bodies under different loads in all the cases where the “granularity” of the structure of
the considered real bodies is not typical. However, the classical theory of elasticity is unable to explain
satisfactorily the mechanism of some phenomena observed in actual elastic bodies, not to mention for
bodies with other rheology. For example, from the viewpoint of theoretical solutions of the classical
theory of elasticity, one cannot explain and predict the laws of propagation of short acoustic waves
in crystalline rigid bodies, polycrystalline metals, and high polymers. The classical theory also gives
no satisfactory concordance of its results with experimental data for bodies with clearly expressed
polycrystalline structure under the conditions of a stressed state with a large stress gradient. In
particular, this theory cannot give any intelligible explanation of the influence of the stress gradient
on the fatigue characteristics of polycrystalline materials. The reason for such unconformity of the
theory and experience should evidently be sought in the fact that a continuous elastic model of a rigid
body lying based on the classical theory of elasticity is unable to represent the elastic properties of
real bodies determined by their discrete structure. Therefore, the explanation of these phenomena
requires a new model of a rigid body in continuum mechanics so that the properties stemming from
the discrete structure of real bodies can be explicitly represented [102]. A series of observed effects
(phenomena) that cannot be explained on the base of the classic theory was indicated in [58]. As is
known, all real bodies have a “granular” structure, and hence they can be considered as a collection
of spatial material compounds consisted of particular “grains,” material particles positioned relative
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to each other at distances comparable to their sizes and linked with each other by a complicated
system of interconnections. Such “grains” can be molecules of the substance, separate crystals and
crystal blocks in polycrystalline materials, etc. It should also be noted that the dispersion of elastic
surface Rayleigh waves cannot be explained within the classical model of continuous media [23, 48].
However, this effect receives an explanation in a Cosserat medium (or a more generalized medium). In
this case the attenuation rate of the Rayleigh wave amplitude with the depth and also the ellipticity
of the wave depend on material constants of the medium, including the parameters describing the
moment properties. This fact allows us to hope for an efficient application of such waves in possible
experimental studies directed to the determination of moment behavior of materials and further to
the determination of material parameters. Thus, the practical application of the theories constructed
by the author requires the determination of the material functions entering the systems of equations
and determining relations. A review of the corresponding papers [22, 23, 26, 48, 50] and others in
this direction indicates that there exist several experimental methods [26, 50] for their determination
and an active work is undertaken for the determination of material constants of various media (for
some material they had been determined, see [22, 23, 26, 48, 50]). Therefore, we can assume that
in the nearest future they will be obtained for most required materials, and the moment theories of
thin bodies constructed by the author will have practical applications. Staying within the classical
three-dimensional theory, we can get different improved theories from the moment ones under neglect
of the moment characteristics, and these theories can be used in practice. In addition, it is necessary
to point out, similarly to [37], some problems requiring further development and remaining urgent
at present. The further development of mathematical methods reducing three-dimensional problems
of the mechanics of a deformable rigid body to two- and one-dimensional ones is an urgent problem.
This includes analytic and asymptotic methods and also the method of sequential differentiation of
relations of the three-dimensional theory. Such methods should be developed not only for bodies with
one small dimension, but also for bodies with two small dimensions. Obviously, the latter problem
is more laborious. The main attention should be paid to dynamic theories of such bodies. Reducing
three-dimensional theories to two-dimensional ones, we find variational methods very efficient for
the determination of internally consistent and mathematically well-posed models. It is necessary to
carry out further studies in the direction of mathematical justification of reduction methods, i.e.,
the study of convergence problems, error estimates, boundary conditions, convergence acceleration,
etc. The necessity to compare the results of approximate theories with the results of analytic and
numerical solutions to problems of the three-dimensional theory remains urgent. It is reasonable to
compare the results of approximate theories with exact solutions for bodies with one small dimension
of different cross-sections. The available comparisons in the case of the classical theory based on the
plane deformation equations, or on those of the generalized plane stressed state, are unconvincing
because these equations are approximate themselves. An important direction is the reduction of
three-dimensional models to two-dimensional ones in the case of various rheological properties of the
material, of geometrically and physically nonlinear bodies, and also materials subject to the influence
of temperature, electromagnetic, and other fields. The other important direction is the determination
of eigenvalues and eigentensors for the elasticity modulus tensor (elastic compliances) for different
cases of material anisotropy and the representation of the relations of the deformable rigid body
mechanics (determining relations, equations, problem statements, etc.) in these terms. The problem
of determination of eigenvalues and eigentensors for a tensor of arbitrary even rank and also some
problems of tensor calculus were considered in [69, 71, 77-79]. Finally, we note the considerable gap
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existing now in the field of experimental studies. Note also that the major portion of the material
presented here was published in [80].
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