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Abstract

The theory of mixtures of elastic materials was originated in 1960. Main mechan-
ical properties of a new model of elastic medium with complicated internal structure
were first formulated in the works of C. Truesdell and R. Toupin (see [1]). Later
this theory was generalized and developed in many directions. Binary and multi-
component models of different type mixtures were created and studied by means of
various mathematical methods. Intensively is being developed also plane theories
corresponding to above noted three-dimensional models.

In this paper we consider a version of linear theory for a body composed of two
isotropic homogeneous binary mixture suggested in [2],[3],[4]. The corresponding
equations system is written in any curvilinear coordinate system and obtain two-
dimensional system for shallow shells using I. Vekua's method [5],[6],[7]. The ob-
tained equations written us in the complex form with respect to isometric coordinates
systems. The general solutions of shallow and strongly shallow spherical shells are
written by analytic functions of complex variable .
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1. Let’s consider a body composed of two isotropic homogeneous mix-
ture, which occupy three-dimensional domain Q. The open domain Q"
with respect to middle-surface w be the symmetric shell with 2h thick-
ness (in general h is smooth enough, possitive and bounded function of the
points of surface w). The statical balance equations and the response func-

tion in any curvilinear coordinate systems (z', 22 23) have the following

form ([4],[12],[13])

1 .
—0; (VgP)+® =0 in Q" 1.1
50 (VoPY) (L.1)
P' = A(R'9;U)R’ + (B — A)(R'9;U)R’ + A(R'R7)9, U, (1.2)
where 0; ;== —— g is a metric tensor discriminate of space; P? = (P/i, P"")T

Oxt’
. . 15
are column-matrix composed of the contravariant stress tensors P’ and
1" 12 " . . .
P &= (®,® )7 are volume forces; R’ are contravariant basis vectors;
/ " ’ " .
U= (u,u )’ -u,u are the displacements vectors;

a; ¢ b1 d
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C as d 62
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A — Q209 As — Q207
p
A= ,
Qo o
Mo+ 222, ;pl

«
a =1 — X5, c=p3+ A5, ap=po—Xs, b=+ A+ A5 — prQ,

Q201 Q201 Qop2

=3+ Ay — A5 + R

b2:M2+>\2+>\5+ y d:M3+/\3—/\5—

11, flo, 3, A1, Ao, Az, Ag, As are the modulus of elasticity; pi, po are partial
density of mixture, p = p1 + p2, as = A3 — A4.

Under repeating indexes we mean summation, the Latin letters are tak-
ing values 1,2,3 and Greek letters are taking the values 1,2.

If (x', 22, 23) is a normal coordinate system of surface w then the radius
vector of any point M in Q" have the following form

R = r(z', 2%) + 2°n(z, 2?),

where 2!, 22 are Gaussian parametyer of surface w, r and n are radius vector
and normal of the point (z!,2?) € w. z? is the relative lenght from point
M to the surface w.

If a curve of surface are a coordinate’s curve on w the covariant basis
vectors R; have the following forms

R1 = (]_ — k?ll‘3)r1, R2 = (1 — k2I3)I'2, R3 = 1n,

where k; and ky are main curvature of a surface; ry, ry are covariant basis
vectors of w; g has the form

V9 =Va(l = ki2’)(1 — ka’);

a is the discriminant of surface quadratic form.
Let the quantity in (1.1) (1.2) are smooth enough and take supposition

1 —k*=1, a=1,2.
Using I. Vekua’s method we get two-dimensional infinite equations systems

1

va

(k) (k) 16k, k) ,
aa(\/EPO‘)—l-@alnhPa—EP +F =0 in w, (1.3)

1"

(k) (k) (k) (k) (k)
P *“=A"0,U)r*+(B—-A)(r*0, U)r" + A(r*r")0, U —A(VInh U )r*—
(k”) (k//)
—(B—=A)(r* U)VInh—A(r*VInh) U + (1.4)

1 (k) 1 (k)
+o A U + (B - A)(r" U)n,
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k) (k) (k) (k")
P°=A(r"0,Un+ (B—-A)nd,U)r" —A(VInh U )n—
(1.5)
(k") k) 1 ()
—(B—A)(n U)VInh+ EA U +EB(n U)n, k£=0,1,2,
where

aeey

h

3
Py ( N ) is the Legandre polinomial of order k

k) = (k) ok +1 [ 3
PIU) =" /(PJ,U)Pk =)
2n ).,

[RavCS

") (h=2) (=)
=k+1D)P“+2k+1)(P “+ P “+..),

(k) (k=1) (k=3)
P?=0Rk+1)(P *+ P *+..), P?=0, when m < 0;
r” are contravariant basis vectors on the middle-surface;
(K

) (k+1)  (k+3) k") (k+2)
U:(2k+1)( U + U +...),

) (k+4)

U=kU+2k+1)( U + U +...);
Vinh :=0,Inhr;

(k)

(o Do () ()

EX

(1.6)
y {‘ L Py — 0P (—1)Fy [P+ 3ahPa]} ;
by lower symbols ” 4+ and ”
2> =h and 2% = —h.

_”

are denoted corresponding quantity when
The Greak letters take values 1,2. Under reapiting indexes we mean
summation.

The second main supposition is

N
(k) 3 (k)
U 1,2 .3 oy 1,2 P - — O,
(x,x,a:) kZ:OU(x7x) k h )’ U
where N is some fixed non-negative integer number

when k > N,
From the (1.4) (1.5) and (1.7) we get

(1.7)

P’ =0, when k> N.

Hence we obtain system of 6N + 6 equations in the components of dis-
placement vectors from with same quantity unknown functions of two vari-
able

(k)ﬁ ﬂk) 5 (k) ()B ()ﬂ

AV (VYU P) 4+ (B=MNVL (VP U *)+AVA(V, U )+ M "+ F 7 =0,
o F) (k) (k) .
AVQ(V U3)-|—M3+F3:O m w,

(1.8)
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(k=0,1,..,N, 8=1,2),
m) (k) () k), (k) . (k) (k)
where 7 © = (u ﬁ,(u) AT =Ur?, U 3 = ((u) 3,(u) DT =Un; M7 =

k), k) G
M 7, M 7)"- involve the unknown functions w *, w * and first order
derivatives with variable z!, 2.
Let D be a domain on the plane Ozy which on bijectively and continu-

ously maps the surface w.

(k) (k)

(k)
We can set following classical boundary value problem: Find U €

C%*(D) N C*Y(D) which satisfy the following boundary conditions

® W

Problem I. Ulsp,=f (k=0,1,....,N);
(k) k

Problem II. P o= ¢ (k=0,1,...N),

where

(k) (k) (k) (k)
P gy =A(x"0, U+ (B - A)(19, U)r" + A(Ir")d, U —A(VInh

1"

(k)
U)l

" 1" /7 !

(k) k) 1 (k) 1 (k)
~(B= A1 U)Vinh = AQVInh) U +3 A0 UL+ 3 (B-A)(1T)n,

(k) (k
1 is tangential normal of Ow; 1xs=mn; f, (go) are given functions on the

boundary.
Furthermore, can be given several mixed boundary conditions (see [6]).

2. Approximation N = 0. If N = 0, then from the (1.3) (1.4) and

. 0) ()
(1.5) we obtain (U = U =0)

1 (\/E%”)Jra lnh(ga—i-(]g‘):() (2.1)
\/a (03 « )
(0) (0) (0) (0)
P “=A(r"0,U)r* + (B —A)(r*0, U)r” + A(x°r")0, U, (2.2)
(8 P = A(r"9, ([Ojg)n + (B — A)(no, ([OJE)I”. (2.3)
©) . (0 (0)

The vectors P 7, U and F in the covariant basis have the following
forms

0 . (0 8 0 (0) (O)B (0) (0) (O)B (0)
P’=P"rg+P’”n, U=U"r3+U sn, F=F"rg+ F 3n,

© O, O, ,
where P9 = (P "%, p "9)T are the contravariant components of stress

tensors, we get the following system

(0) (0) (0) (0)
Vo PP—b0Pp3 49, mhp+FP=0 p=1,2,

i (2.4)

(0) (0) (0) (0)
Vo P 0‘3—|—baﬁP B L o,InhP ®+F3=0 in w,
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0) (0) (0)
PP=AgaP+2M€E P — 2\
©0) 0) 0)

P =2M¢€ B _2)\; } 3,

D s,

(0) (0) (0)
Poz?>:2]\4€043_2/\5hoz37 (25)

(0) (0) (0)
P SQIZME a3+2)\5 h a3’

(0) (0)

P 33 _ Y 9’
(0) 0) 0) # 1 (0) (0) (0)
& = (108, = (T VI ),
(0) 0) /o (0) 1 1 (0) (0)
c a3 — ((6) oz37 (6) a3)T — E(VQ U s+ ba,@ U ﬁ)v
(0) (0) (0) 1 (0) (0)
A apf :(h 0‘/@’ h BQ)TZ§S(VQU6—VBUO‘), (26)

0 (0) 1 (0) (0)
A a3 = (h a3’ h 3a>T — §S<VC¥U 3+baﬁU ﬂ)u

() - 0) ” (0)
0 :267: V»y U - 2H U 3,

© v, © . . . .
where e %, e % are zero approximation of the contravariant compo-

)
nents of srain tensors; p * are zero approximation of the contravariant
) . 0) .
components of rotation tensor (h * = — h 9%). byg, b’ , b3 are covariant,
contravariant and mixed components of curvature surface tensors accord-
ingly; H = %(kl + ko) = %bz is mean curvature of surface w; V,, V¢ are
covariant and contravariant derivative;

H1 M3
1 -1
M (1Y)
K3 M2

If we substitute (2.6) into (2.5) and obtained results substitute into (2.4)
we get the following system of equations in the components of displacement
vector

(0) (0) (0)
AV VU P+ BVV, U * +[(B— A)Kaf — A0 U 7
(0) (0)
—[2AHa™ + (2M + APV, U 5 — 2V (AHa®® + Mb*°) U 5+

(0) (0) (0)
+0uInh[(AV, U " —20H U 3)a®’ + AV I P+
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(0) (0) )
+HB-MNVPU “=2MVYP U 5]+ F " =0,

(0) (0) ) (0)
AV U 5+ AVL(02 U 7)) = 220H? + MR U 5+ (27)

(0) (0) (0) (0) (0)
+2AHV, U “42MbIV U + 0, Inh[AV U 54+ A U |+ F 3=0,

where K = kyky = bib3 — bb} are Gaussian curvature of surface w.

The obtained equations for constant thickness shell in the complex form
will be written on an isometric coordinate system of middle-surface. The
first main quadratic form has the following form

ds® = A(dx* + dy?), A > 0.

If h = const the system (2.4) can be written as follows (for simplicity we
don’t write ,, (0)")

A 710.(Piy — Py +i( Py + Pa1)) + 0:(P! + P} +i(Py — PT))—
—~HP, +QP, + X, =0,
A T10.(Py + 0:Py) + H(P! + P})+ (2.8)
Re[Q(P) — P} +1i(Py + P7))] + X5 =0,

where
zzx—i—z’y, P+=P13+ip23, X+:X1+iX2,
1 1 1
0s = 5(0: +10y), 0= = 5(0x —i0,), Q = 5(by — b3+ 2iby).

Py, PZJ are covariant and mixed components of stress tensor accordingly.
From the (2.5), (2.6) we get

Piy — Py +i(Pia + Po1) = 4M(A9:UT — AQUS),
P+ P24+ i(PY — P>)=2Bf — 4(B — \s8)HU; — 4\:sS A ~'0.U,,
P, = 2A(0:Us + %HU+ + %QU_+), (2.9)
P = 2B~ A)O:Uy + GHU, + 3QT%),
where Ut = A "WU, = U'+iU?%, 0=V, U*=A Y0.Uy+0:Uy), P=

= Py + 1 Ps.

3. Spherical shell. Let’s consider the case of constant thickness spher-
ical shell. The equation of sphere with radius R and center in the spring of
coordinate system has the form

r = Rn, (3.1)
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where n is an unit vector of sphere. By derivation oh both-side of the (3.1)
we get
r, = Rn, = —Rbgrﬁ = —Rbaﬁrﬁ.

We obtain
Qo = —Rbag, a% = —Rbg, (32)
ie.,
1 2 R, R’ R2 ( )
From (3.2) and (3.3) we obtain Q = 0 and the system of equations (2.8),
(2.9) is taking the following form

- 1
A 713,2(1311—P22+i(P12+P21))+32(P11+P22+i(P§'—P.21'))+}—%P++X+ =0,
(3.4)
- — 1
A NO.Py +0:P,) — E(Pf + P+ X3 =0, (3.5)

Py — Py +i(Pyy+ Py) = AM(AO:UT) =AM A9-(A 'UL),  (3.6)

4 .
Pl + P +i(Pg = PT) = 2B6 + (B = A:8)Us —4AsS A 710Uy, (37)

1
P =A (202U3 - EU+) , (3.8)

P=(B-A) <285U3 - %m) | (3.9)

where

9 — A _1(8ZU+ + agU_+)
In this case the system (2.7) has the following form

23

AV YUY + BVIVLU + 2

1 ~
SUP + EAvﬂUg + FP =0,
(a)

« 4 1~ (e 3
AVaVUs = 25 (A 4+ M)Us = ZAVLU* + F* =0,

where

20209 20001

2A1 + 3pr — A5 —

203 + 203 + A5 —

A= AL2M+2A =

200901 20901

2X3 + 213 + A5 — 2 o + 3y — A5 +
Let’s take the isometric coordinate system on the sphere as follows

v v
x = tg5003g0, Yy = tggsmgp, (3.%)
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where ¢, 6 are geographical coordinate of the point of sphere.

- 4R? 4R? vV
— — — 4 2 47
A (I+224+92)?  (1+22)? ft-cos 2’

where
(V ,
z:tgge‘p:x—i-zy.
Consider the homogeneous case X; = X3 = 0.

Let action on the equation (3.4) the operator A ~'0,. After considering
the real part of obtained expression, and taking into account (3.6) we get

AM A 'O, A Y0, AO-A UL +4AMA 0. A 0. A0 A T,
. 1 - _
+2A 2P+ P 4+ = A TN 0Py +0:P1) = 0. (3.10)

R
Here we use the following well-know formula (see [6])

- _ . - 1 2 -
AT N TTONO: N 1U+:Z (V2+ﬁ)/\ '0,U,, (3.11)
where V2-is Laplacian on the sphere
. o? O? .
2 _ i1 A 192
G oan (Lo ) ai

Taking into account of (3.5) and (3.11) we can rewrite (3.10) in the following
form

2 1
(v2 + ﬁ> (Me + 5(Pll + P22)> =0. (3.12)
From (3.7) we get
2
P!+ P} =2(B — \5S) (0 + EUg) . (3.13)

After substituting (3.13) into (3.12) we obtain

2 2
2
(V +ﬁ> ((A+B)0+E(B—/\5S)U3> = 0. (3.14)
The general solution of (3.14) has the following form
2

’ " . . .
where w; = (w;, w; )7 is the general solution of corresponding homogeneous
equation, D is any non-degenerate matrix 2 x 2,

o1 = [pl) + PR s + 3¢ () + 7
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©0(2) = (p1(2), v2(2))T is the column-matrix composed analytic function of
variable z.
If we substitute (3.8) and (3.13) into (3.5) we get

AV2U; — %(A + M)Us — %Zw = 0. (3.16)

det(A+ B) > 0, hence from (3.15) we obtain
9:—%m+3)wuw@%+m+3)mm. (3.17)

After substituting (3.17) into (3.16) we have
V%@—é%A”CU—ﬁQHZﬂ*XA+NQMp:%Af%ﬂA+BY4DwL(3%)

We imply that matrix A := A~1(2I — A(A+ B)~Y)(A+ M) has simple proper
numbers @, and &,. Then the general solution of (3.18) can be written as
follows

U3 :w1+w2, (319)

where wy = Ly, x = (x1,%x2)’, X1 and x» are the general solutions of
following Helmholtz’s equations

20’92

2881
x1 =0, V2X2 - ﬁ)Q =0,

Vo T

L is matriz 2 x 2, which column are coresponding proper vector of proper
numbers &; and &,

2
R

By substituting (3.19) into (3.17) we get

D=—2(A+ B)AA[A (2] — A(A+ B) ) (A + M) +1].
0 = Alwl + AQU)Q, (320)

where

Aﬁ4A+m*<D—%M+M0,.&Z—%M+BYWLHW.

From (3.20) we have
8ZU+ + 85U_+ == —2R2832(A1w1 — AQ/Z(_IWQ). (321)
From (3.21) the function U, have the following form

U, = —R?. {Alwl A, A, w} ,
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where v = (v, vy)T are column matrix composed the unknown real func-
tions,

V = (V/’ V”)T = —R2 {Alwl - AQA/_IWQ + Z’U} . (323)

The function v must choose such that it satisfys equations (3.4). Let’s
Substitute (3.22) into (3.6)-(3.8) and then let substitute obtained relations
into (3.4). Taking into account the following well-known formula

A _lng 85[\ _lﬁgu = Za’g (V2 + _) u,

RQ
we get
B—A_ B _. 24
0; |AV?V + Vv 5V2(V +V)+ Us| =0.
From which we have
B—A__ B _. 24
AV?V + VT EVZ(V +V) + T2Us = U(2), (3.24)

where ¥(z) = (¢¥1(2), 1¥2(2))T is the column-matrix composed with the
analytic function of variable z. If we substitute (3.23) into (3.24) we get that
the left-hand side of the last expression is imaginary i.e. ¥(2) = i(cy, )7 =
= 1(C' and we get
1
AVZ + ﬁ(B — AN =C.

But v; and vy are define with exachness any constant hence we can write
C =0 and we have

V2 + %AI(B — A)v =0.

The general solution of last equation has the following form

U= LOXOa

where xo = (x§, X&)%, X§ is the general solution of the following Helmholtz’s
equation
2.« 838 «
VX0 + 53x0 =0,
&y, @3 are the proper numbers of the matrix A~!'(B — A), the column of
matrix Ly are the corresponding proper-vector of values a}, ag.
Hence the general solutions of the homogeneous equations systems spher-

ical shell composed the binary mixture in case of approximation N = 0 have
the form

Us = w1 +wy =w; + Ly,
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U+ = —R282(A1w1 — AQLKX — iLOXD)y

L 0
K::(Eﬁl 1>.
0

If substitute (3.5) (3.26) into (3.6)-(3.9) we get the complex combination of
stress tensor.

Thus the solution may be written by six analytic functions of complex
variables z = tggei“", (the integral representation by analytic function for
metaharmonic equation see I. Vekua [8]). Hence we can satisfy six indepen-

dent boundary conditions.

where

4. Strongly shallow spherical shell. Let’s consider the case when in
the (3.x) formula the angle ¥ changes in the small interval beside of zero,

we mean
cost =1, sind =0,
from which we get
AR
then we can assume that z and y are Cartesian coordinate, besides in the
equation system (a) we can neglect the terms which contain R~2 with item.
As a result we get simplity system of equations.

The system of equations in the complex form when right-hand side is 0
has the following form

2
AAU+ + 23859 + —AagUg, - O,
. B (b)

After integration the first equation of (b) we get

~

A '

where ¢(z) = (p1(2), 2(2))T is the column-matrix composed with any ana-
lytic functions. If we look for the real part of both side of (4.1) we get (6 =
- 8ZU+ + 85U+)

o~

’

A ;
(A+ B)0 + EUg =A(p (2) + ¢'(2)).
From the second equation of (b) we have
0 = RATAAUS. (4.2)

By substituting (4.2) into (4.1) we obtain

Aaﬁj%A¥&A+B)5ﬂ%—%A1EM+B)UMﬂd+¢@DW4$
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We take the following notation
A:=ATA(A+ B) A
The general solution of (4.3) has the form
Us = RATTA(Q (2) + ¢'(2)) + Lx(2, 2), (4.4)

where x = (x1, x2)%, N
Axa + R_ZXQ =0,

the column of matrix £ are the proper numbers &, and a5 of A coresponding
proper vector.
From (4.4) and (4.2) we get

o —%@4 + B) ALy(2, 7). (4.5)

By substituting (4.4), (4.5) into (4.1) and by integrating obtained formula
we get

2Us = ¢(2) = 2¢/(2) = ¥(2) + 4RALO:x (2, 2),
where 1(z) = (11(2),1(2))T are any analytic functions,

A=A -B(A+B) H)AA "

Thus the general solution of system (b) may be written by four any
analytic functions and two Helmholtz’s equations solutions.

Let the radius R is sufficiently large number and the term partial differ-
ential of Uz throw we obtain

AAU, +2Bd,0 = 0,

- (c)

The first equation of system (c) independent from second equation and
coincide to the plane strain equations. The general solution of (¢) have the
form as follows (see [9],[10],[11])

2U . = A"p(z) — 2¢'(2) — ¥ (2),

Us = 1A AB A(p(2) + 592)) + 9(2) + ),

where A" := I + 2B A; ¢(2) = (¢1(2),92(2))", ¥(2) = (v1(2),¥2(2))",
9(2) = (91(2), 92(2))T are the column-matrixs composed any analytic func-
tion.
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