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Abstract: This paper presents an efficient method of solving the plane strain
problem of elasticity for laminated composite cylindrical shells. The method is based on
the new concept of sampling surfaces (SaS) proposed recently by the authors.
According to this concept, we introduce inside the nth layer 7, not equally spaced SaS

parallel to the middle surface of the shell and choose displacements of these surfaces as
shell unknowns. Such choice of displacements allows the derivation of strain-
displacement relationships, which exactly represent all rigid-body shell motions in any
curvilinear surface coordinate system. The latter gives in turn the opportunity to find the
solutions of plane strain elasticity for thick and thin laminated cylindrical shells with a
prescribed accuracy by using a sufficiently large number of SaS, which are located at
layer interfaces and Chebyshev polynomial nodes.

1. Introduction

A conventional way for developing the higher order shell formulation consists in
the expansion of displacements into power series with respect to the transverse
coordinate, which referred to the direction normal to the middle surface of the shell. For
the approximate representation of the displacement field, it is possible to use finite
segments of power series because the principal purpose of the shell theory consists in
the derivation of approximate solutions of elasticity. Such a way has been extensively
utilized for development of the higher order layer-wise shell models accounting for
thickness stretching [1-3]. However, the implementation of this approach for thick
laminated shells is not easy to realize, since it is necessary to retain a sufficiently large
number of terms in corresponding expansions to obtain the comprehensive results.

More efficient approach for the analysis of laminated shells can be achieved
through the use of a SaS method. This method has been recently proposed by the
authors for homogeneous shells [4, 5] and laminated plates [6]. In the present paper, we
extend the SaS method to laminated composite shells to solve the plane strain problem

of elasticity. As SaS denoted by Q(”)l, Q(")z,..., QM n , we choose outer surfaces and
any inner surfaces inside the nth layer and introduce displacement vectors
u(”n, u(m? yeees u™In of these surfaces as fundamental shell unknowns, where 7, is
the total number of SaS selected for each layer (1, 23 ). The index n identifies the

belonging of any quantity to the nth layer and runs from 1 to N, where N is the number
of layers. Such choice of displacements with the consequent use of Lagrange
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polynomials of degree /,, —1 in the thickness direction for each layer allows the

derivation of strain-displacement equations, which exactly represent all rigid-body
motions of the shell in any convected curvilinear coordinate system.

Unfortunately, the above polynomial interpolation in the thickness direction
implemented for equally spaced SaS [4-6] does not work properly with Lagrange
polynomials of high degree because of Runge's phenomenon [7]. However, the use of
Chebyshev polynomial nodes [8] can help to improve significantly the behaviour of
Lagrange polynomials of high degree for which the error will go to zero as /,, > .

This fact gives an opportunity to derive the elasticity solutions for thick laminated shells
with a prescribed accuracy employing a sufficient number of SaS located at layer
interfaces and Chebyshev polynomial nodes.

Consider a thick laminated shell of the thickness 4. Let the middle surface Q be

described by orthogonal curvilinear coordinates 0; and 0,, which are referred to the
lines of principal curvatures of its surface. The coordinate 05 is oriented along the unit
vector a3 =e; normal to the middle surface. Introduce the following notations:
r= r(61,62) is the position vector of any point of the middle surface; a, are the base
vectors of the middle surface given by

ag =T :Aoteow (D
where e, are the orthonormal base vectors; A, are the coefficients of the first

fundamental form; eg”)"" are the transverse coordinates of SaS of the nth layer
expressed as

egn)l _ egn—l] e(3n)[,, _ e[n]

> 3 >

. 2m,, —
o¢m = Lol 4 ol Lp cogf n 23 | 2)
2 2 21, -2)

where 9[3"71] and 9[3"] are the transverse coordinates of the bottom and top surfaces
Q"™ and Q" of the nth layer (Fig. 1) such that 6”1 =—4/2 and O\ =n/2;
hy, = 9[3”] - 6[3"_1] is the thickness of the nth layer; R =r +03e5 is the position vector of

any point in the shell body; RMin = ¢ 4 Og")i”e3 are the position vectors of SaS of the
nth layer; g; are the base vectors in the shell body defined as

8a = R,a =A4uCo€q> 83= R,3 =e€3, (3)

where ¢, =1+k,0; are the components of the shifter tensor; k., are the principal

curvatures of the middle surface; g(n)i

;" are the base vectors of SaS of the nth layer

given by
g =R = A,cMney, gl =e, “)

where c&")in =1+ kueg")"n are the components of the shifter tensor at SaS. Here and in

the following developments, () stands for the partial derivatives with respect to

i
coordinates 0; ; the index m,, identifies the belonging of any quantity to the inner SaS
of the nth layer and runs from 2 to /,, —1, whereas the indices i,, j,, k, describe all
SaS of the nth layer and run from 1 to /,; Greek tensorial indices o, 3 range from 1 to 2;

Latin tensorial indices i, j, k, [ range from 1 to 3.
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Fig. 1. Geometry of the thick laminated shell

It should be mentioned that transverse coordinates of inner SaS (2) coincide with
the nodes of Chebyshev polynomials [7]. This fact has a great meaning for a
convergence of the SaS method.

2. Three-dimensional kinematic description of laminated shell

A position vector of the deformed shell is written as

R=R+u, )

where u is the displacement vector, which is always measured in accordance with the
total Lagrangian formulation from the initial configuration to the current configuration
directly. In particular, the position vectors of SaS of the nth layer are

RMin — RWin 4 (Min , (6)
u™Min u(eg”)l'n ), (7)

where u(in (91,92) are the displacement vectors of SaS of the nth layer (Fig. 2). Due
to continuity conditions, we have

uDl =gl Iy _ V]

=u .
w1 (DL _ ylm], ®)
where ul" (0,,0,) are the displacement vectors of layer interfaces alml
(m=12,.,N-1).
The base vectors in the current shell configuration are defined as
gl' = i,i = gl + ll’i . (9)
In particular, the base vectors of deformed SaS of the nth layer are
E((x”)in — i,(g)ln — ggl)in + u’((’l)in , gg”)in — g})(eg”)in ) =ej+ ﬁ(”)in , (10)
B = w08, (11)
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Fig. 2. Initial and current configurations of the shell

where B(”)i" (61,62) are the values of the derivative of the 3D displacement vector with
respect to coordinate 65 at SaS.

The Green—Lagrange strain tensor in an orthogonal curvilinear coordinate system
[4] can be written as
1 — —
28U:W(gi'gj_gi'gj)a (12)
where 43 =1 and c3 =1. In particular, the Green-Lagrange strains at SaS are

26 =2 (047) = o g3
AiAjCi n Cj n
Substituting (4) and (10) into the strain-displacement relationships (13) and discarding
the non-linear terms, one derives

i, _ 1 (n)i 1 ()i
2¢ =———u, "-eg+———1u e,
ap Aac((ln)l,, o p Aﬁc[(}n)ln B o
263" =B e+ e, S =B e (14)
AOLCOL n

Next, we represent the displacement vectors u™in and B(”)i” in the reference
surface frame e; as follows:

u(”)in — Zui(”)in e, (15)
i

U =3 B e (16)
i

Using (15) and well-known formulas [9] for derivatives of unit vectors e; with respect

to orthogonal curvilinear coordinates 0, , we have
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Lyl Zx(n):nel, a7
where

?»((;'&i” = ALM&"'&’-" + Baué”)i" +kau§")i” for B=a,

o

A :Al un ~ Bl for B,
o
AGi :ALugjao)tin e u{in (18)
o

Inserting (16) and (17) into the strain-displacement relationships (14), we arrive at
the following equations:

(n)iy, 1 (n)iy 1 (n)iy,
284" = i Aap T i, Mo ">
B [0}

My _ i L5y My _ @My
280:131 _B(Otn)l t— (n)l }“nl s 83};1 _B3nl . (19)

3. Displacement and strain distributions in thickness direction

Up to this moment, no assumptions concerning displacement and strain fields have
been made. We start now with the first fundamental assumption of the proposed higher
order layer-wise shell theory. Let us assume that the displacements are distributed
through the thickness of the nth layer as follows:

W™ =3 [y Mgl < gy < o1, (20)
[I’l
where 1" (05) are the Lagrange polynomials of degree 7, —1 expressed as

93 _ eg”)Jn

(i, _
L= H 0Min _gmin @)
Jn#ln V3 3
The use of relations (11), (16) and (20) yields
Bg”)in — ZM(”)jn (eg’l)in )ul_(”)jn , (22)
Jn

where M (" =L(§ )n are the derivatives of Lagrange polynomials. The values of
these derivatives at SaS are calculated as

( ) . ( ) 1 egn)in _egn)kn
Mnj"(e3nl"):+ —————— for j, #i,,
eg”)]n _eg”)ln kn’!;[’.in eé”’)]n _eg”)kn n n
M(”)in (eg”)in ): _ zM(n)jn (egn)in ) (23)
jl’l ¢i}’l
Thus, the key functions Bgn)i” of the proposed layer-wise shell theory are represented

according to (22) as a linear combination of displacements of SaS of the nth layer
(n)jn
u; .
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The following step consists in a choice of the correct approximation of strains
through the thickness of the nth layer. It is apparent that the optimal solution of the
problem is to choose the strain distribution, which is similar to the displacement
distribution (20), that is,

gl = Wil gl <9y <0, (24)
In

Strain-displacement relationships (14) and (24) are invariant under rigid-body
motions of a laminated shell in any curvilinear surface coordinate system. The idea of a
proof can be found in [10, 11]. The ability of proposed strain-displacement relationships
exactly represent all rigid-body shell motions admits the development of exact geometry
solid-shell elements [12, 13]. The term “exact geometry” reflects the fact that the
parametrization of the reference surface is known and, therefore, coefficients of the first
and second fundamental forms of the surface can be taken exactly at each element node.

4. Total potential energy of laminated shell

Inserting strains (24) in the total potential energy of a laminated shell and
introducing stress resultants [4]
oly]
H = [ ¢icpdbs (25)
e[311—1]

one derives

H LS 5o pr it —Z(C{N]C[zm AVIINT

n i, i,j i

~[OLL0T 0L 100 | g g 40,0, W (26)

where c[ =1+k, 9 ! and c&N ] =l+ka9[3N Iare the components of the shifter tensor

0] [N]

at bottom and top surfaces Q% and QM pl[ and p;" - are the loads acting on

bottom and top surfaces of a shell; Ws is the work done by external loads applied to the
boundary surface X.

For simplicity, we restrict ourselves to the case of linear elastic materials.
The natural choice for constitutive equations is the generalized Hook’s law:

o) = ZCI%;S(Z), o' <oy <ol @7)

Substituting stresses (27) in (25) and accounting for the strain distribution (24), we have

( Vll — Vn .n .n
HYPn =33 Dl 28)
Jn k0
where
6[3)1]
D =l [ L L Ineierdoy (29)
egn—l]
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5. Exact solution for laminated cylindrical shell

Let us consider a cylindrical bending of a simply supported laminated cylindrical
shell of the radius R subjected to the sinusoidally distributed load acting on the top
surface

pgN] = posinmB,, 6, €[0,0+], (30)

where 0, is the circumferential coordinate of the middle surface.
The analytical solution of the problem satisfying the boundary conditions can be
written as

ul(")i” =0, ué")i” = u%)i” cosmb,, ugn)i” = ugg)i” sinm0,. 31

Substituting (30) and (31) in the total potential energy (26) with W5 =0 and
allowing for relations (18), (19) and (28), one finds

11 =11, ) (32)

Invoking the principle of the minimum total potential energy, we arrive at the system of
linear algebraic equations
oIl oIl

i, iy
6u201 814381

(33)

of order Z(Z I,-N+ 1]. The linear system (33) can be solved by using a method of
n
Gaussian elimination.

The described algorithm was performed with the Symbolic Math Toolbox, which
incorporates symbolic computations into the numeric environment of MATLAB. This
gave the possibility to derive the exact solutions of plane strain elasticity for laminated
composite cylindrical shells with a prescribed accuracy.

The geometrical and mechanical parameters of a three-ply cylindrical shell are
taken to be R :10, m :3, 0« =7/3 and EL = 25ET’ GLT :O,SET, GTT :0,2ET,

Er = 109, vit = VvrT = 0,25, where subscripts L and T refer to the fiber and transverse
directions of the ply, and L-direction coincides with 0;-direction. Here, we study a shell

with the lamination scheme 4, =4/3 and [90°/0°/90°]. To compare the results

derived with Ren’s exact solution of the plane strain elasticity [14], the following
dimensionless variables are introduced:

Us =100E7h>u3(r/6, 2)/ poR*, Sy =100h%,(n/6, 2)/ poR?,

S22 = h2622(TC/6, Z)/poRz, S23 = thGz}(O, Z)/poR,
S33 :(533(75/6, Z)/po, 2293//’1. (34)

The data listed in Tables show that the SaS technique allows the derivation of
exact solutions for thick and thin shells with a prescribed accuracy using a sufficient
number of SaS. Figs. 3 present the distribution of stresses through the thickness of the
shell for different values of the slenderness ratio R/ 4 by choosing 9 SaS for each layer.
These results demonstrate convincingly the high potential of the proposed layer-wise
shell formulation. This is due to the fact that boundary conditions on the bottom and top
surfaces and continuity conditions at layer interfaces for transverse stresses are satisfied
precisely without integration of the equilibrium equations of elasticity, i.e. only
constitutive equations (27) are applied. It is important that the enhanced SaS method
provides the uniform convergence that is impossible with equally spaced SaS [4-6].
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Table 1
Results for a thick three-ply cylindrical shell

I, Us3(0) $11(=0,5) | S811(0,5) | $22(-0,5) | $22(0,5) | S23(0) | $33(0,5)

R/h=2
3 13,853 | —5,2469 | 7,7902 | -2,9025 | 2,3088 | 3,7576 | 0,8770
5 14,360 | —3,8054 | 8,6232 | -3,4761 | 2,4618 3,353 0,9858
7 14,357 | —3,4951 8,7140 | —3,4672 | 2,4631 | 3,9352 | 1,0001
9 14,357 | -3,4709 | 8,7140 | —3,4670 | 2,4631 | 3,9352 | 1,0001
1 14,357 | -3,4678 | 8,7133 | -3,4669 | 2,4631 | 3,9352 | 1,0000

13 14,357 | -3,4672 | 8,7132 | —3,4669 | 2,4631 | 3,9352 | 1,0000
Ren [14]| 14,36 -3,47 8,71 -3,467 2,463 3,94 1,0000

R/h=4
3 4,5060 | —2,3348 | 2,7340 | —1,7382 1,3483 | 4,7085 | 0,8868
5 4,5816 | —1,7830 | 2,9208 | —1,7717 | 1,3670 | 4,7574 | 0,9945
7 4,5815 | —1,7730 | 2,9301 | —1,7714 1,3670 | 4,7573 | 1,0004
9 4,5815 | —-1,7717 | 2,9296 | —1,7714 | 1,3670 | 4,7573 | 1,0001
1 4,5815 | —-1,7715 | 29296 | —1,7714 1,3670 | 4,7573 | 1,0000
[

Ren [14]| 4,57 -1,77 2,93 1,772 | 1,367 | 4,76 1,0000
R/ =100

3 0,78578 | —0,79062 | 0,77808 | —0,78661 | 0,77907 | 5,2258 | 0,3973

5 0,78578 | —0,78656 | 0,78162 | —0,78656 | 0,77912 | 5,2341 | 0,9986

7 0,78578 | —0,78656 | 0,78162 | —0,78656 | 0,77912 | 5,2341 | 1,0002

9 0,78578 | —0,78656 | 0,78162 | —0,78656 | 0,77912 | 5,2341 | 1,0000

Ren[14]| 0,787 | —0,79 0,78 -0,786 | 0,781 5,23 1,0000
0,35 0,5
Z 2 zZ
0,25 0,25 -
0 0
-0,23 —0,25 -
-0, ! ~0,5
-5 0 5§, 10 -4

Fig. 3. Distribution of stresses through the thickness of the three-ply shell:
—— — present analysis; O — Ren’s solution [14];

a—=S11, 52
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6. Conclusion

An efficient method of solving the plane strain problem of elasticity for laminated
composite shells has been proposed. It is based on the new technique of SaS located at
the Chebyshev polynomial nodes inside the shell body and layer interfaces as well.
The stress analysis of composite shells is based on the complete constitutive equations
and gives an opportunity to obtain the exact solutions of plane strain elasticity for thick
and thin laminated cylindrical shells with a prescribed accuracy.

This work was partially supported by Russian Ministry of Education and Science
under Grant No 1.472.2011.

References

1. T'puromok, O.M. Pa3zButne o0Iiero HampaBlIeHHs B TEOPHH MHOTOCIOMHBIX
o6onouex / D.U. I'puromox, I'.M. Kynnkos // MexaHnka KOMIO3UTHBIX MaTepHaJIOB. —
1988. — No 2. — C. 287-298.

2. Noor, A.K. Assessment of Computational Models for Multilayered Composite
Shells / A.K. Noor, W.S. Burton // Applied Mechanics Reviews. — 1990. — Vol. 43. —
P. 67-97.

3. Carrera, E. Theories and Finite Elements for Multilayered, Anisotropic,
Composite Plates and Shells / E. Carrera // Archives of Computational Methods in
Engineering. —2002. — Vol. 9. — P. 1-60.

4. Kymukos, I''M. Pemenue 3amauM CTaTHKH /Il yNpyrod oOOJNOYKH B
npocrpancTBenHoi nocranoske / M. Kynukos, C.B. ITlnoraukosa // JJokn. PAH. —
2011.—T. 439, Ne 5. - C. 613-616.

5. Kulikov, G.M. On the Use of a New Concept of Sampling Surfaces in Shell
Theory / G.M. Kulikov, S.V. Plotnikova // Advanced Structured Materials. — 2011. —
Vol. 15. - P. 715-726.

6. Kynuxos, I'M. Metox perieHus: TpeXMEPHBIX 3a1ad TE€OPUU YIPYTOCTH IS
cinoucThix Kommno3uTHbIX mactuH / [.M. Kymukos, C.B. IlmotHukoBa // MexaHuka
KOMMO3UT. MaTepuanoB. — 2012. — Ne 1. — C. 23-36.

7. baxsanos, H.C. Uucnennsie meronst / H.C. baxBanos. — M. : Hayka, 1973. —
632 c.

680 ISSN 0136-5835. Bectuuk TI'TY. 2012. Tom 18. Ne 3. Transactions TSTU



8. Kulikov, G.M. Cylindrical Bending of Angle-Ply Composite Plates /
G.M. Kulikov, S.V. Plotnikova // Bectn. Tam6. roc. Texs. yH-ta. — 2012. — T. 18, No 2. —
C. 432-440.

9. Hosoxwunos, B.B. Teopus tonkux o6Gosouyek / B.B. Hooxwunos. — JI. :
Cyamnpomrus, 1962. — 432 c.

10. Kulikov, G.M. Finite Deformation Plate Theory and Large Rigid-Body
Motions / G.M. Kulikov, S.V. Plotnikova // International Journal of Non-Linear
Mechanics. —2004. — Vol. 39. — P. 1093-1109.

11. Kulikov, G.M. Equivalent Single-Layer and Layer-Wise Shell Theories and
Rigid-Body Motions. Part I: Foundations / G.M. Kulikov, S.V. Plotnikova // Mechanics
of Advanced Materials and Structures. — 2005. — Vol. 12. — P. 275-283.

12. Kulikov, G.M. Equivalent Single-Layer and Layer-Wise Shell Theories and
Rigid-Body Motions. Part II: Computational Aspects / G.M. Kulikov, S.V. Plotnikova //
Mechanics of Advanced Materials and Structures. — 2005. — Vol. 12. — P. 331-340.

13. Kulikov, G.M. Non-Linear Strain-Displacement Equations Exactly Representing
Large Rigid-Body Motions. Part II: Enhanced Finite Element Technique /
G.M. Kulikov, S.V. Plotnikova // Computer Methods in Applied Mechanics and
Engineering. — 2006. — Vol. 195. — P. 2209-2230.

14. Ren, J.G. Exact Solutions for Laminated Cylindrical Shells in Cylindrical
Bending / J.G. Ren // Composite Science and Technology. — 1987. — Vol. 29. —
P. 169-187.

Huauaapuyeckuii u3rud cJa0MCcTOi KOMIO3UTHOM 000109KH
.M. Kynmcos', A.A. Mamontos’, C.B. IL1oTHnKoBa', A.B. Epotl)eela2

Kageopwi: «llpuxnaonas mamemamuxa u mexanuxay (1),
«Koncmpyxkyuu 30anuti u coopyorcenuiiy (2), @I'bOY BIIO «TI'TY »,;
kulikov@apmath.tstu.ru

KuroueBblie ci10Ba U ppa3bl: MeTo] BEIOOPOUHBIX MOBEPXHOCTEH; IEPEKPECTHO
apMI/IpOBaHHLIﬁ KOMIIO3UT, IIJIOCKas ae(bopMauI/m; HUIMHAPpHUYCCKAA 000J104Ka.

AHHoTaumsi: Crates mpencrtaBisieT 3(G(EKTHUBHBIA METOJ PEIIEHHS IIOCKON
3aJ]a4ll TEOPHU YNPYTOCTH JJIsl CIIOMCTHIX KOMIO3UTHBIX HUIMHAPHUYECKUX O0OJIOUYEK.
MeTton ocHOBaH Ha HOBOM KOHIIENIIMH BBHIOOPOYHBIX MOBEPXHOCTEH SaS, mpemmokeH-
HOW aBTOpamH B mpeipLaymux padorax. CoraacHo 3Tol KOHLEHIUU BHYTPHU 1-TO CIOS
BBOZATCS [, IPOM3BOJIBHBIM OOPa30M PAaCIONOKEHHBIX BBIOOPOUHBIX ITOBEPXHOCTEH,

MapajuIeIbHBIX CPEJAMHHOW MOBEPXHOCTH 000JI0YKH. B KadecTBe MCKOMBIX (DYHKITHIA
BEIOMPAIOTCSL TEPEMEIICHUST 3TUX TOBEpXHOCTel. Takoil BBIOOp MepeMelicHUi TaeT
BO3MOXKHOCTh IIOJIy4aTh Je(OPMAIIMOHHBIC COOTHOIICHUS, KOTOPBIC MPEICTABIISIOT
TOYHO JIBHXKCHHE OOOJIOUKH KaK JKECTKOrO Tejla B CHCTEME KPHBOJIMHEWHBIX MMOBEPX-
HOCTHBIX KOOpPJHMHAT. DTO B CBOIO O4YEpE/b [AeT BO3MOXKHOCTh HAXOJIWUTh DPEIICHHE
IUIOCKOH 3a/1a4d TEOPHU YHPYTOCTH JUIS TOJICTHIX M TOHKHX CJOHCTBIX LHJIHHAPH-
YECKHX 000JI0YEK C 3aJaHHOH TOYHOCTHIO, HCIOJB3Ys JOCTATOYHO OOJIBIIOE YHCIIO Sas,
KOTOpBIE Pa3MEIIA0TCsl HAa MOBEPXHOCTSX paszieiia CJIOeB M B Y3JIOBBIX TOUKAaX IOJIH-
HoMa YeOkbIéRa.

Zylindrische Biegung der geschichteten Kompositumhiillung

Zusammenfassung: Im Artikel ist die wirksame Methode der Losung der
flachen Aufgabe der Theorie der Elastizitdt fiir die geschichteten zylindrischen
Kompositumhiillungen vorgelegt. Die Methode ist auf der neuen von den Autoren vor
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kurzem vorgeschlagenen Konzeption der stichprobenartigen Oberflichen (SaS)
gegriindet. Laut dieser Konzeption werden innerhalb der n-Schicht die in einer
willkiirlichen Weise angeordneten SaS parallel der Mitteloberfliche der Hiille
eingefiihrt und als gesuchte Funktionen werden die Umstellungen dieser Oberfldchen
gewdhlt. Solche Auswahl der Umstellungen ermdglicht es, die Deformationsverhaltnisse
zu bekommen, die genau die Bewegung der Hiille wie des harten Korpers im System
der krummlinigen oberflachlichen Koordinaten vorlegen. Es ermdglicht seinerseits, die
Losung der flachen Aufgabe der Theorie der Elastizitit fiir die dicken und feinen
geschichteten zylindrischen Hiillen mit der aufgegebenen Genauigkeit zu finden,
verwendend die genug grofe Zahl von SaS, die auf den Oberflichen der Abteilung der
Schichten und in den Knotenpunkten des Polynoms von Tchebyschew aufgestellt
werden.

Courbure cylindrique de ’enveloppe feulletée composite

Résumé: L’article présente une méthode efficace de la solution du probléme
plane de la théorie de 1’élastisité pour les enveloppes cylindriques feuiletées composites.
La méthode est fondée sur une nouvelle conception des surfaces sélectives (SaS),
proposée par les auteurs. Selon cette conception a I'intérieur de la couche n sont
introduites les SaS /,, situées librement parall¢les a la surface médianne de I’enveloppe

et en qualité des fonctions recherchées sont choisis les déplacements de ces surfaces. Un
tel choix de déplacements donne la possibilité de recevoir les relations de déformation
qui présente de la maniére précise le mouvement de I’enveloppe comme corps solide
dans le systéme des coordonnées superficielles curvilignes.

ABTopsI: Kyaukoe I'ennaoui Muxaiinoeuy — 10KTOp (U3MKO-MaTeMaTHIECKUX
HayK, npodeccop, 3aBexytomuil kadeapoit «llpukiasHas MaTeMaTnka U MEXaHUKay;
Mamonmos Anexcandp Anexcanoposuy — acnupant kadenpsl « KoHCTpyKIMy 31aHNI
U coopyxeHuit»; Ilnomuuxosa Céemnana Banepvegna — KaHIUIAT TEXHUUECKUX HAYK,
nmokropaHT Kadenpsl «[IpukmamHas mMaremMaTnka W MexaHUKa»; Epogheee Anexcanop
Bnaoumupoeuu — actmpant xadenpsl «KoHCTpyKImH 30aHUI U coopyxeruiny, PI'BOY
BIIO «TI'TY».

Penenzent: fApues Buxmop Ilemposuy — NOKTOp TEXHUYECKHX HayK, npodec-
cop, 3aBeayronmi kadenpoit «KoHcTpykimu 3aanuii U coopyxenuin, PI'bOY BIIO
«TT'TY».
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