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AN INTRINSIC THEORY OF SHELLS

y OSHIYUKI YAMAMOTO

University of Tokyo, Bunkyo-ku, Tokyo

Abstract-5tresses in a shell can be deduced from stress function tensors which are regarded as an extension
of the Maxwell-Morera stress function, while stress resultants and stress coupies can be deduced from the shell
stress function of Gol'denveizer. In this paper the relation between the stress function tensors and the shell
stress function is investigated.

INTRODUCTION

IN MOST papers on the theory of shells, strains are deduced from displacements on the
basis of the theory of continua, while displacements are determined by the equilibrium
conditions for stress resultants and stress couples [1-3]. It is well known, however, that
the introduction of stress functions is effective in analysing deformations of cylindrical
and shallow shells [4,5]. In Chien's intrinsic theory [6] the stress for equilibrium is deter­
mined directly by considering the conditions of equilibrium and compatibility. Gol'den­
veizer [7] introduced a system of stress functions by examining the general solution of
the equilibrium equations. Recently Schaefer [8] and GUnther [9] developed a theory of
thin shells from the point of view of duality for displacements and stress functions.
Langhaar [10] introduced stress functions in the membrane theory of shells.

In the analysis of shells, stress functions are so determined that the strain components
derived from them satisfy the conditions of compatibility. Washizu [11] and Truesdell
[12,13] introduced stress functions from the principle of virtual work and the conditions
of compatibility by the method of Lagrangean multipliers. This indicates the existence
of an important relation between stress functions and the corresponding condition of
compatibility [14].

In the present paper stress functions of a shell will be investigated on the basis of the
general theory of continua,and the relation between stress functions will be clarified.
It is assumed that the shell is subjected to neither body forces nor surface tractions. The
theory is effective not only for thin shells but also for shells of finite thickness. The
corresponding conditions of compatibility will also be derived.

1. MATHEMATICAL PRELIMINARIES

The configuration of a shell can be determined with reference to the Cartesian co­
ordinates xi(i, j, k, I, h = I, II, III). The curvilinear coordinates z'(r, s, t, U, v, w = 1,2,3)
are so introduced that the middle surface n coincides with the coordinate surface
Z3 = 0 and the z3-curve (Zl = const, Z2 = const) is normal to the surface n. On the
surface n, zP(p, (1, T, CD = 1, 2) is regarded as a two-dimensional curvilinear coordinate.
The following relations are valid between the differentials, dx i and dz', of the coordinates;

dx i = A~dz'
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dz' = Aidxi
, (1)
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. ax i
.

A' =-=:; x'
r azr .r

azr

A~ = - Zr,i>
I ax i (2)

where the summation convention is used and subscripts after commas indicate ordinary
differentiation with respect to appropriate coordinates. Without loss of generality, it can
be assumed that

Xi = XOi(ZI, Z2) +pi(ZI, Z2)Z3,

where pi is the unit normal vector on n:
pipi = 1.

Then A~ can be written as follows;

where

Bi = pi
p .p

(3)

(4)

(5)

From the assumption it follows that

A~iA~i = 0 (6)

The fundamental tensor gr. of the curvilinear coordinate is given by

where

}
}

(7)

(8)

In this paper the parentheses ( ) used with indices indicate the mean with respect to
indices,

It can be shown that

{

epteO'W(b:" + z3h;,,).j(go/g) =:; A;
A?iA~ = 1

o
where

r=p 8=(1

r=8=3

otherwise,

(9)

(p T) = (l 2)

(p T) = (2 1)

otherwise,

(10)
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gO = Ig~al g = Igrsl = [1+2z3H+(z3)2RFgo

H = th~ R = M(h~)2 - h~h:] }

h~ = gOPthta gOptg?a = b~.
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(11)

(12)

Let t = t(Zl, Z2) be the thickness of the shell. Then the surface boundaries n + and
n _ can be given by Z3 = ± t/2. Without loss of generality, it can be assumed that n
and n ± are smooth surfaces.

The covariant derivative of a tensor T~s with respect to ZU is defined by

Tr~ = Trs +{ r }Tr's+{ S }Trs' _{ t'}Tr~ (13)I,U I,u r'u I s'u I tu I'

where {;t} is Christoffel's symbol:

{:t} = { ;s} = gru(gU(S,I) - kSI,u) = AiA~,1 = - ALIA~ (14)

grugus = b~.

As for a tensor defined on n, two kinds of covariant differentiation can be defined. Let
T~rs be a generic tensor on n. The two-dimensional covariant derivative of T~rs with
respect to zro is given by the equation of the following form:

T 03a _ T 03a +{(J }OT 03a' _ {'t' }oT 03a (15)
tIro -.. t,W (J'ro t rev t"

where {:wris Christoffel's symbol for n,

{:wr= {~}(Z3 = 0) = gOpro(g~a,t) - tg2t,ro)' (16)

The three-dimensional covariant derivative is defined as follows:

T 03a = T 03a _h TOpa+haT033+h T 03a
t tiro tiro pro trot tro 3 .

Since

(17)

it can easily be seen that

(18)

if

T~s(z3 = 0) = T~rs.

If T~J!; is appropriately assumed, T~r:a can also be defined.
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2. STRESS FUNCfION TENSOR FOR SHELLS

When the elastic body is not subjected to any body forces, the condition of equilibrium
in the body referred to Cartesian coordinates is

(T~~ = O.

Any stress distribution for equilibrium can be represented by using an appropriate stress
function tensor l/Jikjl which is considered as an extension of the Maxwell-Morera stress
functions:

".ij _ .I,ik{ol _ eiki' ~i1j',I,
v - 'I'.k - teO 'l'i'j'

where

(1)

} (2)

{

I (ijk) is an even permutation of (I II III)

eijk = eijk = - 1 (ijk) is an odd permutation of (I II III)

o otherwise.

With reference to curvilinear coordinates, the condition of equilibrium becomes

(3)

(J'S;S = 0, (4)

where

The stress can be written as

".rs = .1,rlSu = erlv~uw.l,
v Y' ;tll ~ VI vw;tu ,

(5)

(6)

where

l/Jrt:fU = A'J,j7l/J
ikjl = e'lVeUWl/Jvw

l/J vw = A~wl/J ij = ierrvesuwl/Jrlsu
} (7)

Since

J(g)e'st = J~{rsr {-~
(rst) is an even permutation of (123)

(rst) is an odd permutation of (123)

otherwise.

(8)

Jtv SUW(,I, X ) rlV~uw.l,
~ e Y' VWjtll - (ViW);tu = e e Y'VWjtU'

it then follows that

LEMMA 1. Two stress function tensors

l/Jvw and i/ivw = l/Jvw-X(V;W)

furnish the same stress distribution, where Xv is an arbitrary vector.

(9)
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Now the following differential equations can be solved:

lit33 = t/J33- X 3;3 = t/J33-X3.3 = 0 }

lit3t$ = t/J3t7-t[X3.t$+Xt7.3-2(h:+31~23+ '" )X3] = 0
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(10)

or

X 3,3 = t/J33

Xt7,33-2[(h:+31~3+ • ..)XplJ = 2t/J3".3-t/J33.,,'
}

By the use of a vector X" thus obtained, a stress function tensor lituw can be determined,
and can be adopted instead of t/Juw' Then it follows that [16]

THEOREM 1. A stress function tensor t/Jrs can be chosen so that

t/J3s = t/Jr3 = o.
The corresponding stress is given by

(JPt$ - 4ePt3e"ttJ3.1, }- '#'[t[w;3]3]

(J3t$ = - 2ePt3et$w3t/JItlw:3)P}
33 _ pt3 "(l}3.1,(J - e e '#'[T[W:"]p)'

In this paper the brackets [ ] used with indices indicate the mixing of indices;

t/Jt[ttJ;,,]P = tet/JTW;"P-t/Jt";ttJP) }

t/J[t[(l};"}p] = !<t/Jtw:"p - t/JT":WP - t/JPW;iTt +t/Jpa;WT)'

3. THE STRESS RESULTANT AND COUPLE

(11)

(12)

Without loss of generality, it can be assumed that the shell, under consideration is
simply connected. Let°andP be a fixed point and a generic point on the middle surface
ll, respectively. Let the points on the surface boundaries ll+ and ll_ corresponding to
o and P be denoted'by 0+, 0_, P+, and P_, respectively:

xi(P ±) = xi(P)±pi(P)t/2.

It can be easily verified that

t/Ji123 +t/Ji231 +t/Ji312 = 0

or

t/Jii' jk +",Ij/d' + t/JIIl/'j = O.

This relation can be rewritten as,

e .M/'jll - e 1 (.MI'jh .I,hi;jl) _ lA .I,lhjl'
kill'#' - khi"! '#' - '#' - FIlhi'#' (1)

The resultant, and the moment about the axes through the point °parallel to the axes x",
of stresses associated with surface portion S in the shell can be expressed as a line integral
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along the boundary as of S by virtue of the Green-Stokes formula [15,14]:

II ij - If .I,ii'jh d - 1 I ii'jh I - ijk f ./, I
S (J nj dS - s'l' .i'hnj S - "2 Jos t/! ,i,ejhl dx - e oS 'I'l[k,j) dx,

ekhiffs (xh-xh(O))(JijnjdS = ekhiff
s

(xh-xh(O»t/!ii'jj',ij'njdS

ff {[ h h ii'jj' ii'jh }= ekhi s (x -x (O))t/! ,i,L,-t/! ,i' njdS

ff {[ h h(O ./.ii'jj'] 1 .I,ihjj'} d= ekhi s (x -x »'1' ,i' ,j'-"2'1' .J' nj S

(2a)

(2b)

where nj is the unit normal vector on S,
Since the surface boundaries of the shell are free of external forces, the resultant and

the moment of stresses associated with a portion of the surface boundaries vanish, Hence
the functions

IP •
2'Pk(P ±) =}J [(xh_xh(O»t/!ii'jj',i'-1t/!ihjj']eihkejj'ldxl

0.

= J:: [2(x
j
-x

j
(O»t/!I[k,Jl-t/!lddx l

(3a)

(3b)

are independent of the paths of integration on TI ±' and are regarded as point functions
on TI±, These functions can be easily rewritten as,

Let t/!k be such a tensor defined on TI ± that

t/!k(P±) = (xj(P±)-xj(O»'Pjk(P±)-2'Pk(P±),

It then follows from (4b) that

or

where

(5)

(6a)

(6b)

HI _ _ HI _ AjkHI
T rs - T sr - .. s T jk'
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When (Jrs vanishes on a portion of the shell, 'l'r.. l/Jrs, and l/Jr can be defined there, and
the relations hold

l/JIr;s] = 'l'sr l/J(r;s) = l/Jsr' (7)

Now we define the vector functions ri and <Ilk on II such that

Qi(P) = eijk(f- + r+ - f+ - r+)l/Jllk.j]dX I
, (8a)

0- P- 0+ 0_

<Ilk(P) = -(r- + r+ - (+ - r+)[2(Xj -x j (P))l/Jllk,Jl-l/Jlk] dxl
0- P_ 0+ 0_

-((- + f+ - f+ - r+)[2(xj -xj(O))l/JlIk.j]-l/Jlk]dxl
0- P- 0+ 0_

+ e;jk(xj(P) - xj(O))Qi(P), (8b)

where the integrals fk and ft>-=- ... are taken along certain paths on II± and the
integrals sg~ ... and s::~ along the z3-curves.

The stress resultant Nrp and the stress couple Mf can be defined on II: Let P' be a
neighboring point of P on II. The relations hold:

(9a)

(9b)

where
za(p') = za(p) +dza

A?r = Ai(z3 = 0)

Then the expressions for Nrp and M~ become

Nrp = A?r fA~(JspJ (~) dz3

MP = eO A9afZ3Ai(JspJ(£) dz3
t t3a ISO

g

M~ = O.

For the sake of convenience, it will be assumed that

N r3 = M; = O.

Then Nrs and M~ are considered as tensors defined on II. From (8) it follows that

Qi(P')_Qi(P) =Qi IA~1 dza

= eijk(r
p

,- + r
P

'+ + r
P
+ + rp-)l/Jl k dxl

Jp~ Jp,_ Jp'+ Jp+ I,Jl

= A~iNrpepa dza

(lOa)

(lOb)

(tOc)

(lla)
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<l>k(P') - <l>k(P) E <l>k,IA~1 dz<1

-(r + r+ + r+ + r-)[2(Xh_Xh(O»l/Illk,hl-l/Ilk]dX1
1_ P_ P+ P+
+e.. OiAoi dz<1 +e.. (xi(P)-Xi(O)\Oi AOI dz<1 (lIb)ljk <1 . IJk JU ,I <1

or

where

AOiNrp = Oi A 01eP<1
r ,I (J

AOrMP+ e.. ()iA OieP<1 = <I> A01eP<1
k r lJ~~ (J k,l a ,

}

Hence there holds

THEOREM 2. The stress resultant N rt and the stress couple M; can be expressed in terms
of or = AprOi and <l>r = A~iq>i as:

N Tt = Qii<1 et<1

M; = (<I>r//<1- e~<1rOS)et<1
} (12)

These satisfy the equilibrium condition:

Nrt - Qr eOt<13 - 0
//t - //<1t -

M t - (d> ° A3) CIt _ ° N 3<1 _ N3<1p//! - - 'Vp//<1t- e 3<1pu //t e - e3<1p - e<1p

M t = -hPMr = eO NP<1 = l(gO)(N 12 _N21 )3//t - t P p<13 \I .

From (tOe) and (12) it is obvious that

} (13)

(14)

Then nr and <l>r are Gol'denveizer's stress functions. These are also equivalent to the
stress functions introduced by Schaefer [8] and GUnther [9].

Instead of ni
, the following stress function nik may be conveniently used:

(JP- JP+ JP+ JO+)O'k = ei .~i = + - - 2l/111k,il dx l
J J 0_ p_ 0+ 0_

Ai _ 1. ijkA A _ AOik _ ° ()r
~~ - 2e ~~ik' ~~sl - 'I - erst"'· •

The relation (11a.) can be rewritten as,

A AOI _ AOiNrp
~~ik.1 CI - eijk r ep<1'

An alternative expression for stress couples is defined by

MP<1 = eprM~ M 3C1 = MP3 = M 33 = O.

} (15)

(16)
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(17)

It then follows that

COROLLARY 2.1. Stress resultants and couples can be written in terms of0,.$ and C),. as:

NP<r - leOpste"'''£''\ - eP~e<rron }- l' Ust/fro- 31Im

N 3<r = te03~e",roOptllro = tePte roOp~IIW

MP'" = ePte",ro(e)t//w +e)tro)

c)3,¥w +03ro = O. (18)

By virtue of (3) and (8), the functions ai, OJT" and c)k can be written in the form,

OI(P) = '¥i(P_)_'¥i(P+)+eiJiJ:: -J:)t/tllk.J]dxl (19a)

0ik(P) = '¥ik(P-)-'¥Jk(P+)+(f+ - r+)2t/t1lk,ij dxl (19b)
p- 0-

c)k(P) = -2'¥k(P-)+2'¥k(P+)

-u:: -r:][2(xJ-xi(0»"'I(k.Jl-"'lk]dxl (20)

+Ojk(xJ(P) - xJ(O».

From (17), (19) and (20), it follows that

MP'" = epte<rroAOki{_O_ [-2'11 (P)+ (loP+-fo+) ]+ (XI(P)_XI(O»OOlk(P)}
tro oxJ(P) k .... P_ 0_" . oxJ(P) .

Then it can be seen that

LEMMA 2. Stress resultants and couples are independent of the integrals between 0 _ and
0+ in the expressions for 0ik and ellk • Accordingly, such terms can be omitted when Ojk
and c)k are used as stress jUnctions.

Hereafter such integrals will be omitted in the expressions for Oik and Wk' It then
follows that

Oik(P) = '¥i~P-)-'¥ik(P+)+J:: 2'¥I(k,i]dxl (21a)

Wk(P) = "'k(P _) - (xi(P -)- xi(O»'¥ik(P _) - t/tk(P +)+(xi(P +) - xi(O»'¥ik(P+)

+('¥j/c(P-)- '¥i/c(P+})(xi(P)-xi(O»-S:: [2(xi -xi(P»"'I(k,Jl-t/tlk] dxl

(21b)
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Now the stress functions Q rs and <1>r are expressed in terms of '¥rs and t/Jr:

THEOREM 3. Stress functions Qrs and <1>r are given in terms of'¥rs and '¥r when t/J3s = t/Jr3

= 0:

QP<1 = -Q<1P = A~:'(P -)'¥P'<1'(P-)- A~~<1'(P+)'¥P'<1'(P +)+I:: A~:'2t/J3[<1';Pl dz
3

}

Qp3 = -Q3P = A~'(P-)'¥p'3(P-)-A~'(P+)'¥p'3(P+)

(22)

, . t ' t
<1>p = A~ (P -)(t/Jp'(P -)+2:'¥3P'(P_))-A~ (P +)(t/Jp'(P +)-2:'¥3P'(P +))

<1>3 = t/J3(P -)-t/J3(P +),

where

4. CONDITION OF COMPATIBILITY

} (23)

(24)

The condition of compatibility can be deduced by the use of the principle of comple­
mentary virtual work: The work W done by the stress aij = t/Jikj/,kl has equilibrium in the
strain eij should vanish. Hence the relation holds

IIf ij fff ikjlW = a eij d V = t/J ,k/eij d V

(1)

= fH e[i[j,llkjt/Jikjl dV +Is = 0,

where d V is the volume element. The integral Isis given by the surface integral taken
over the whole surface of the shell;

(2)

where n, = n' is the outward unit normal vector on the surface. From (3) of Section 3, it
follows that

i 1 ii' jk'¥ ,I = 2t/J ,i,ejkl

[
1 h h ) ,,' ," 1 'h ..,

2'¥k'/ = 1(x - x (0 )t/J" )) ,i' - 4'¥' )) ]eihkejj'/

[( h h(O )\Tli 1 'h ,',= x - x ) T ./- 4t/J' )) ejj'l]eihk'

The stress function tensor '¥ikj/ can be expressed in terms of 'Pi and '¥k on the surface
boundaries

./,ikjl = 'Pi ei'k
'Y ,k ,k } (3)
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Introducing (3) into (2), and using (5) of Section 3, the following relation can be derived:

Is = (Hn+ + HnJ{ -€ji,k[ - 2eikh'Ph,l + 2(X[k -X[k(O))'Pil,d + €ij'l'i,l}ejj'ln'r dS

+ [integral on the edge boundary]

= (H
n

+ + H
n

J{€Uli,hll][2e
ikhq\ - 2(xk-xk(O))!eijh'l' jh] -€iU,I]'P

i + €jli,k]D~'Pi
k i) '/j' d

-€lli,klb/P Jel nj' S

+ [integral on the edge boundary]

+ [integral on the edge boundary].

Now the expression for W becomes

(4)
+ [integral on the edge boundary] = O.

The condition that the work W vanishes for any t/Jvw and any t/Jv is the condition of com­
patibility. Since t/J3w = 0, it follows that

THEOREM 4. The condition of compatibility can be expressed as:

where

Rrtlsunw] = 0

throughout the shell

on Il±

(5)

(6)

Rmu = 4€[r[s;ultl

(7)

Without loss of generality, it can be assumed that n3 does not vanish on Il±. Hence
the following relations hold:

It can be easily verified that

or on (8)

Rrs12 ;3 +Rrs23 ;1 +Rrs31 ;2 = 0

(Bianchi's equality) or

R 3a12 ,3 +2R3a3[l,21- R 3P12{{U} -2Rpa3[l {~3} -2R3P3l1{2fu} = 0,
R1212 ,3 - 2R123[2,l) - Rp212{/;} - 2R 1P12{;;} - 2R,23[l {~1} -2R 1r3[l{2]2} = 0.
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This can be regarded as a system of simultaneous linear differential equations of the first
order if R3t3w satisfies (5). IfR3u12 and R 1212 vanish on a surface Z3 =f(zl,z2) in the
shell, they vanish throughout the shell:

LEMMA 3. When the conditions

R 3u3w = 0

R 3u12 = R 1212 = 0

throughout a shell,

on a surface Z3 = f(zl, Z2) in the shell

(9)

(10)

hold, it follows that

Rrstu = 0 throughout the shell. (11)

By virtue of LEMMA 3, the condition R3u12 = 0 on I1+ can be derived from the condition
R 317 12 = 0 on I1_, and vice versa. Furthermore, the conditions (5) and (6) can be replaced
by

COROLLARY 4.1. The condition of compatibility can be expressed as:

R3l13w = 0

R 3u12 = R1212 = 0

throughout the shell

on I1.

(12)

(13)

5. SIMPLIFICATION FOR THIN SHELLS

In this section it is assumed that the thickness of shells is small as compared with
the radii of curvature:

th~ ~ 0 3hu • 0z p'7 .

It then follows that

(1)

(2)

}
.Qp3(P) = 'I'p3(P-)-'I'p3(P-)

t t
<DiP) = I/;i P-) +2'1'3p(P -)-1/;i P+) +2'1'3iP +) }

<D3(P) = 1/;3(P-)-1/;3(P+),

Now (22) and (23) of Section 3 become

.Qpl1(P) = 'I'pu(P -) - 'I'pu(P +)

Furthermore, functions defined on I1± such as 'I'r.{P ±) and I/;r(P±) may be regarded as
functions defined on n;

(3)

Accordingly, the derivatives of these quantities with respect to z... can be defined by

(4)
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By virtue of (6) of Section 3, the following relations hold:

247

t/JP//t(P ±) = 'I'tp+t/JtP

t/J3//.(P ±) = 'I'd'

or 'I'tp = t/J[PI/t) } (5)

From (7) of Secdon 3 and (19) of Section 1, it is naturally assumed that

t/Jt// 3 = -'I'3//t = 'I'3t 1/13//3 = o.
Since 'I' 3p//t = - 'I'3//pt> it can be verified that

(6)

(7)

By virtue of COROLLARY 2.1, there holds

THEOREM 5. In the case of thin shells, stress resultants and couples are expressed by <1>,
alone:

NPCl = ePteClw<I>3//tw

N 3
C1 = epteClwlm

2""tl/pw } (8)

The function <1>, itself is expressed in terms oft/J, as:

t
<l>p(P) = t/Jp(P -)-t/JP(P +)-"2 (t/J3//p(P -)+1/I3//p(P +))

<l>3(P) = t/J3(P -)-t/J3(P +).
} (9)

(10)

In many cases, N 3C1 and MPCI/t are small as compared with NPCl. As can be seen from
THEOREM 5, N 3

C1 and MPCl depend principally upon <l>p, and NPCl upon <1>3' Therefore,
<I> p may be disregarded in comparison to <1>3 :

COROLLARY 5.1. When N 3
C1 and MPCl are small enough, <l>p may be omitted as compared

with <1>3' In such a case, stress resultants and couples ran be expressed in terms of <1>3 :

NPCl = e
pt

e
ClW

(<I>3/tW - <l>31tw) }

N 3C1 pt ClW""= e e 'V3/[phtlw

MPCl = epteClw<l>3htW'

Since <l>31tW can generally be omitted in comparison to <l>3/tw, the expression for NPCl of
(10) is equivalent to that in Donnell's theory for cylindrical shells [4].

CONCLUSION

In this paper, stress distributions in a shell not subjected to any external forces have
been fully investigated in terms of stress function tensors. Stress resultants and stress
couples are derived from the shell stress function of Gol'denveizer which is related to
the stress function tensors. The corresponding condition of compatibility can be obtained
by using the principle of complementary virtual work. The shell stress functions of other
authors are derived from the stress function tensors.
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Resume-Les contraintes dans une enveloppe peuvent etre deduites des tenseurs de la fonction de tension qui
sont consideres comme une extension de la fonction de tension Maxwell-Morera, tandis que les resultantes de
tension et les couples de tension peuvent etre deduits de la fonction de tension de Gol'denveizer. La relation
entre les tenseurs de la fonction de tension et la fonction de tension des enveloppes est etudiee dans 'cet article.

Zusammenfassung-Beanspruchungen in einer Schale kennen von den Beanspruchungs-Tensoren hergeleitet
werden, welche als eine Erweiterung der Maxwell-Morera Beanspruchungs Funktion angesehen werden kennen,
wahrend Beanspruchungsresultanten und Beanspruchungs Kupplungen von der Schalenbeanspruchungs­
funktion von Gol'denveizer hergeleitet werden kennen. In dieser Abhandlung wird das Verhaltniss zwischen den
Funktionen Beanspruchungs Tensoren und der Hiilsenbeanspruchungs Funktionen untersucht.

AOCT]l8KT-HanplilKeHHlI B06oJIo'iKe MoryT 6blTb BblBeiJ,eHHbI Ha TeH30pbI cl>YHKl\HH HanplillCeHHlI, KOTopble
pacCMaTPHBalOTcll, KaK npOiJ,OJIlKeHHe cl>YHKl\HH HanplillCeHHlI MaKcBeJIJIa-Mopepa, B TO BpeMlI, KaK
paBHOiJ,eAcTBYlOmHe HanpIDKeHHlI H napbI CHJI HanplillCeHHlI MoryT 6bITb H30JIHpOBaHbI OT cl>YHKl\HH Ha­
nplilKeHHlI 060JIO'lKH rOJIiJ,eHBeli3epa, B JToA cTaTbe HCCJIeiJ,yeTcli OTHOllIeHHe MelK)l,y TeH30paMH cl>YHKl\HH
HanplilKeHHlI H cl>YHKl\HeA HanplilKeHHlI 060JIO'lKH.


