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dual series equations in terms of the eigenfunctions of the Sturm-Liouville problem for
a fourth order linear differential equation, Such dual equations are encountered when
the method of homogeneous solutions is used to solve mixed problems,
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The method of separating the state of stress is the following for shells with non-
asymptotic edges: the total state of stress of the shell for which all the conditions
of applicability of membrane theory are satisfied, is separated into the fundamen-
tal state of stress and simple edge effects, The boundary conditions are hence also
separated: the tangential conditions are satisfied because of arbitrariness of the
membrane theory, and the nontangential conditions because of the simple edge
effects,

The possibility is shown in this paper of using this method to analyze shells of
negative curvature with four asymptotic edges, The theory of the generalized
edge effect has been constructed in [1], Here, the formulas of the generalized
edge effect are derived by another method for convenience in the subsequent ex-
position, Boundary conditions are formulated for membrane theory and the gene-
ralized edge effect for diverse edge fixings,

All the terminology, notation, equations and relations of shell theory are bor-
rowed from [1],
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1, Let us construct a theory of the generalized edge effect in a first approximation,
We select the curvilinear coordinates as follows: let the a-lines coincide with a family
of asymptotic lines along one of which an asymptotic edge passes, and the {3-lines are
orthogonal,

The properties of the generalized edge effect can be clarified by expanding the desired
quantities in asymptotic series, just as was done in [2], This is associated with simple,
but cumbersome reasoning, Omitting them, let us formulate the final results in the form
of hypotheses,

1, Exactly as for the simple edge effect, the desired functions for the generalized
edge effect vary rapidly in a direction orthogonal to the edge, while along the edge they
vary considerably more slowly
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Here W is any of the sought quantities, the displacement, force, or moments, We neg-
lect the sought function itself and its first derivative with respect to @ as compared with
the derivative of the same function with respect to p-

2, The greatest of the displacements is w, normal to the middle surface, The tan-
gential displacements u and v are related to w thus
I}
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The formulas (1,1) mean that w and the derivatives of u and v with respect to f§ are
of the same order of magnitude,

3. The greatest of the tangential forces in magnitude will be I’} , the normal force
acting in the section o = const,while 7, and S are related to I'; as follows:
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4, The elasticity relationships for the forces 7', and . are replaced by the follow-
ing formulas in the approximate theory of the generalized edge effect:

g, + veg; =0, o =0 (1.2)

Using the hypotheses formulated, we can construct a theory of the generalized edge
effect in a first approximation by proceeding exactly as in the construction of the theory
of the simple edge effect in a first approximation, i, e, by keeping just the principal
terms in each equation, In particular, exactly as in the theory of the simple egde effect,
all the quantities except those desired can be considered as functions of just the variable
a during differentiation with respect to § . Taking account of the first formula in (1, 2),
the elasticity relationship for 7'} is converted into the following:

; 2Eh
T] = h] e (81 —{* 'V82) == 2Eh81 (10 3)
Expressing the strains in (1, 2) in terms of the displacement and keeping the principal
terms, we obtain .
' [ 1 L du 2 0 (1.4)
et e — — = _—— —_— W = U .
1 i O Tt T

The largest of the bending strains is %:; the component %, should be neglected as
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compared to %,.We write the approximate formulas for the bending strains

1 0%w 1 0 1 ow
%=maw: ‘T T B (1.5)
As follows from (1, 5) and the appropriate elasticity relationships, the greatest of the
moments is the bending moment (, ., The moment G, is a consequence of the Poisson

effect, The moments G, and [, =— H, = H are related to G, as follows:
1 ol 1 0Ge

B @B A da

The simplified elasticity relationships for the moments become

2Eh3 2ER8
) Ao, Gl‘_"‘_ m\"xg, H = m‘r (1,6)

3(1—n2
As is seen from the last two equilibrium equations, the larger of the transverse forces is
N,, related to IV, as follows :

G1 == VGg,

G, = — 2EH
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We obtain the approximate equilibrium equations of the generalized edge effect

by simplifying the equilibrium equations of shell theory [1], The transverse forces are
not essential in the first two equilibrium equations, We discard them ; moreover, accord -
ing to the first hypothesis, we neglect the shear force S in the first equation as com-
pared with the derivative of the same force with respect to [} and we discard the term
0BN,/da as compared with dAN,/df in the third, In exactly the same way, keeping
the principal terms in the last two equilibrium equations, we arrive at the following
equations

1 9,5 as 872 1 9By _ 1.7

Tz 61\72_‘ 1 @
R R =7 B B =0, No=—+5 B
1 9H
N, =—5 AB 6oc 25 (BGY) — 77 — koG (1.8)
1 a4 | 8B Qe '
ka:—;]_B.FB_, ]{B:-:T-B—-az,sl—— Sg—S, 1/R1 0

Let us convert (1, 8), To do this, we substitute their expressions in terms of the displace-
ment according to (1, 5) and (1, 6) for the moments in the right side, and we obtain

2R 1 0 1 dw
30— A da B o3

or taking account of (1, 5) and (1, 6)
. 1 0Gs
Ni=-73%
Thus, a system of equations has been obtained for the nondegenerate edge effect in a
first approximation in negative-curvature shells (1, 3) — (1, 7), (1, 9). There are no elas-

ticity relationships for 7'; and §. This means that these forces are static quantities to
some accuracy, i,e, are determined from the equilibrium equations,

(1.9)

2, Using the second and third equilibrium equations in (1, 7), the first equilibrium
equation is converted into
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(1 F:} kot
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Substituting their expressions in terms of the displacements in place of the forces in the
equation obtained, then expressing w in terms of U, we obtain the governing equation
of the generalized edge effect localized near the edge [J = cousy, with respect to the
displacement u

Li“;,w B _‘___‘ﬁi._..f.i‘,m_gu 4 R 1 g (2,1)
A on it 1 oa 2Ry 12 (1 — v%) BS opp

1f the displacement u has been found, the remaining unknowns of shell theory can be
expressed in terms of this quantity by using the following computational formulas:

__ B ~_ Be 1 ou
o= — IRy U, w = 2 B ag (2.2)
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Subsequently we shall need a relationship connecting the forces S,, 7T, and N,. To
do this, let us convert the second equation in (1, 7) by using the first and third, Conse-

quently, we have L g | - ' 3 7 BR
, , _ o
A (E‘ Tz) + ‘.TT?&“["—_AB/% o (s N2>] —8=0 (23

3, All the coefficients in (2, 1) can be considered as functions of just o, hence, the
governing equation of the generalized edge effect can be integrated by separation of
variables, Because of the separation of variables we obtain a second-order equation in
o with variable coefficients which should generally be integrated by numerical methods,
and a sixth-order equation in §§ with constant coefficients,

The governing equation can be integrated for some surfaces without relying on numer-
ical methods, Let us examine these particular cases in greater detail: (1) the shell mid-
dle surface is a minimal surface ; (2) the asymptotic a-lines near the edge f — const
are simultaneously geodesics,

The coordinate lines coinciding with the asymptotic lines are orthogonal for a mini-
mal surface, Hence, in the case (1) the normal curvatures of the o- and p -lines equal

Zero
1/ R’ =1/R =0 3.1)

In the case (2) the geodesic curvature of the asymptotic &.-lines is zero near the edge
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ic'a :O, 1 /Rll =0 (302)
moreover

1/ Ry 0

(since it is considered that the Gaussian surface curvature is everywhere nonzero),
Let us write the first Codazzi equation

a [ A 1 9 /B2 AB
() T (fm) — b =0
Because of (3,1) and (3, 2) this equation is simplified for the particular cases under con-
sideration 3 [ B 0
() =
and therefore, B2/ R, is a function of just 3. Moreover, since the coefficients of the
first quadratic form can be considered functions of just o near the edge, we then perform
the following change of variables:
B d 2 i f/’Rmh 8 __ 9
A da 9 %/1-——'-—2 =" B2 43 am

The edge B == const consequently, goes over into the line | = const, and (2, 1) is

reduced to 3% Pu
o+ a9 =0 (3.3)

Using the method of separation of variables, we find the solution of (3, 3) which decreases
with distance from the edges

u = {sin ¢, & [A; 5w + Asin V3k(n—n) + (3.4)
Ay cos V3k(n — ny)l -+ cos ¢, £ [4, et |
Assin V3 k(n —mny) + Ageos V3 k (n — ny)l}erommif
{sin ¢, E[Bekmm L Bsin V3 k(n — n,) +

By oos V3 k (0 — ny)l + cos ¢, & [By esrmm) -+
BisinV/ 3k(n—n,) + Bgcos V3 k (n — oI} e7kt=m), k =/ 5 /2

The part of the solution included in the first braces is the edge effect near the edge

7 = 1, in the domain v < %;. The solution describing the edge effect at the edge

N =1, for m >> 1, is in the second braces, If the distance between the edges is suf-
ficiently great, so that the edge effect originating near one edge is damped out succsess-
fully before the other, then the mutual influence of the edges can be neglected and only
the first part of the solution need be kept in (3,4) in a computation of the edge effect

at the edge 1 = 1, and only the second part near the edge v} == 1], ., Hence, the boun-
dary conditions on each edge can be satisfied separately,

Let § vary between the limits {— [/, /) along the edge | == 1), (this can always be
achieved by selecting the origin of the variable E). Selecting the constant c, in (3,4)
as ¢, =an/l, n =0,1, 2, ..., we obtain the solution of (3, 3) as a trigonometric
series whose n-th term is defined by (3, 4).

As is seen from the structure of (3, 3), three boundary conditions can be imposed on its
integration at each edge 1 = const , The functions in the right sides can hence be ex-
panded in trigonometric series, By satisfying the boundary conditions we determine the
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constants A;and B; (i —=1, 2, ..., 6).

4, Let us apply the theory of the generalized edge effect derived in Sects, 1 and 2
for a computation of negative-curvature shells with asymptotic by the method of sepa-
ration of the state of stress,

In computing the state of stress by this method, the need arises to separate the bound-
ary conditions into boundary conditions for membrane theory and conditions for the edge
effects,

When the shell edges are not asymptotic (cf, [1]) the membrane equations are inte-
grated by satisfying two boundary conditions at each point of the edge, The residuals
which hence appear in the nontangential boundary conditions are eliminated by using
the simple edge effect, Consequently, secondary residuals are obtained in the tangential
conditions, which turn out to be small, Examples of clamped and hinge -supported edges
easily show that the smallness of the secondary residuals is assured by the fact that the
tangential displacements in the simple edge effect are considerably less than the normal
displacements,

An asymptotic line on a negative -curvature surface is a double characteristic for the
membrane equations, hence, only one boundary condition on each edge can be satisfied
by membrane theory for negative-curvature shells with asymptotic edges, The residuals
obtained in the remaining three boundary conditions can be reduced by using the gene-
ralized effect (see Sect, 3),

The boundary condition for membrane theory must indeed be selected in this case so
that the secondary residuals, appearing because of the computation by the method of
separation, A difficulty hence originates which is associated with the fact that only one
of the two tangential boundary conditions for membrane theory must be conserved, By
analogy with the scheme described above for the application of the method of separation
to shells with nonasymptotic edges, we assume that that tangential condition must be
kept in which the appropriate displacement or force in the theory of the generalized
edge effect turns out to be least (it can be confirmed by direct substitution that the se-
condary residuals hence actually turn out to be small),

Let us examine particular cases,

Clamped edge, The boundary conditions on the edge B = P, are

U=0=w =7, )

Here the first two boundary conditions are tangential, Without altering the substance of
the problem, various linear combinations of these can be made, It turns out that the sin-
gle boundary condition for membrane theory is

R
v Tii’%' u=0, B=8 4.1)

since the appropriate tangential displacements in the generalized edge effect vanish in
a first approximation because of the first equality in (2, 2).

For minimal surfaces, the curvature of the §-line equals zero (1 / R', == 0) at the
edge B = B, and the condition for membrane theory is simplified

v=0, B =P (4.2)
Simply supported edge, The boundary conditions on the edge f = [}, are
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T2:S2:G2:N2:0 (4. 3)
The first two conditions in (4, 3) are tangential, The following combination can be made
from them: 1 6 /1,
7@(@;1’2)—5220 (4.4)

which must indeed be taken as the boundary condition on the edge p = fi, in mem-
brane theory, In fact, the transverse force V, in membrane theory is small compared to
the tangential forces 7', and §,, hence, the left side of (4,4) differs slightly from the left
side of (2, 3), and this latter is approximately zero in the edge effect,

In the particular case when the edge line is a geodesic (for example the edge is recti-
linear), the force 7', is essentially greater than the force S, in the edge effect (see the
second equation in (1, 7)), and T, =0, B =, (4.5)

should be taken in place of condition (4, 4),
Hinge -supported edge, The boundary conditions are

Ty =u=w=0G =0 B =0
Of the two tangential boundary conditions for membrane theory,
T._,: :0, B :ﬁt) (4'6)

should be selected since, as is seen from (2, 2), T, is less than 2Fhy in the theory of
the edge effect,

The boundary conditions (4, 2), (4, 5), (4. 6) have been obtained earlier in [3], Parti-
cular kinds of negative -curvature shells had hence been examined, for which these con-
ditions are actually satisfied,

It should be kept in mind that orthogonal coordinates were selected to construct the
approximate theory of the generalized edge effect, At the same time, conjugate non-
orthogonal coordinates p and p coincident with both families of asymptotic lines are
more convenient for membrane theory, Henceforth, we shall use either coordinates by
keeping in mind that the edge line is given by identical equations p = const, a = const
or u = const, 8 ==const, in both systems,

However, the form of the boundary conditions dependson the coordinates selected,
Without examing the passage from one coordinate system to the other, let us write the
boundary conditions in the conjugate (p, u) coordinates on the edge p = const

w4 2ucosy=0 [(4.1)] 4.7
T,=0 [(4.5), (4.6)] (4. 8)
1 8 [t ox ke N1 - .

A [<7i: Jo — hpotg L+ m) T sin x] + Tyeosx— S,=0[(44] (4.9)
where X is the angle between the coordinate lines, The number of the corresponding

boundary conditions in orthogonal coordinates is on the right within brackets, The sub-
scripts p and p mean that the quantities refer to the conjugate coordinates,

5., Let us discuss under which conditions will the edge problems of membrane theory
be correct, For simplicity in the discussion, let us consider a negative-curvature shell
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bounded by rectilinear asymptotic lines (in this case the membrane solution is found by
using quadratures [4]), The deductions obtained in this particular case are general in na-
ture,

The equilibrium equations in the conjugate coordinate system can briefly be written as

0 . 0 ”
a_p(APvTC) = Fl (Xv Yv Z)7 8_|.L-(APTP’) - Fz (X, Y, A), Spv‘), e F(Z) (5. 1)

Known functions of the components of the external loads X, Y, Z are in the rightside
of (5,1), After simple manipulations, we obtain differential equations for the displace-
ment from the elasticity relationships (5.2)

a a
a—p(up 4 upcos y) =fi (Te, Tu, Sep) %(HH +ugcosx) =f, (T, Ty, Se)

Here f, and jf, are known functions of the forces,

We examine various combinations of the boundary conditions presented in Sect, 4,

Let the two adjacent edges be clamped, and the other two either hinged or simply sup-
ported, This means that conditions on the tangential displacements of the type (4, 7)
are given on the clamped edges p = Py, W = i, and static conditions of the form (4, 8),
(4, 9) on the edges p = P1, L = Wy, In this case the problem is divided into two stages,
The first stage is the solution of the static problem, Two arbitrary functions,which appear
because of integrating the system (5,1) are determined from the static boundary conditions,
The second stage is the solution of the geometric problem (5,2),whose arbitrariness is de-
termined from the conditions on the edges p = Py, . = p,. Under such conditions the
problem is correct, If three edges are clamped, or the shell is clamped over the whole
edge outline, then, as is easy to see from the solution of (5, 1), (5, 2), all the arbitrary func-
tions of integration are determined from the boundary conditions,

The membrane theory will be incorrect for all other clampings,

For example, let us examine a shell clamped along the edge p = po and simply (or
hinge) supported on the three remaining edges, In this case we have three static condi-
tions of the type (4, 9), (4, 8) on the edges p = p1, b = Wy, U = o and one geometric
condition (4, 7) on the edge p = po. Integrating Eq, (5,1) and satisfying the static con-
dition on the edges p = p, and p = jw, we obtain an unavoidable discrepancy on the
edge p = p,.In general, one static condition cannot therefore be satisfied, At the same
time, one condition is not sufficient to determine the displacement on the edge p = po
which signifies incorrectness of the problem,

The same cases were also obtained when applying the method of separation to shells
with nonasymptotic edges, It has been shown in [5] that methods exist for eliminating
the incorrectness, It is also possible to eliminate the incorrectness in the case presented,
but we shall not examine this question,

Thus for the problem to be correct in the membrane formulation, not less than two
adjacent edges must be clamped on the shell,

The author is grateful to A, L, Gol'denveizer for constant attention to the researchand
for valuable remarks,
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Short-wave oscillations of shells located in a certain sufficiently narrow bound-
ary region, are investigated, An asymptotic integration procedure is constructed,
by analogy with the methods presented in papers [1, 2], Attention is paid mainly
to the natural oscillations of shells, but forced oscillations are also considered at
the end of this paper, The region of the oscillations here investigated is arbitra-
rily divided in two parts: one low frequency and the other high frequency, The
equation of the first approximation for high frequency oscillations is the simplest,
therefore this equation is considered first of all and the asymptotic procedure of
integration is constructed; afterwards this method is generalized for low frequen-
cy short-wave oscillations of shells,

1, In this paper the oscillations are considered to be short-wave, if they are defined
by the equations of a rapidly varying state of stress, Moreover, the so-called quasitrans -
verse oscillations are considered when in the equations the inertial terms relating to tan-
gential displacements, are discarded, With these assumptions the equations are written
in the following form (using here the notation from the monograph [3]):

REAw—E R A e —Mw =0, A =pEle*Eh A w+ (1.1)
Atc =0, h? =h?[3(1 — 0], A =B, (Bd.) +
A9, (A8g), 0, = A7 /0o, 05 — B0/ 0p

Ay= B9, (BR,0,) + A5 (AR,™ d,)

It is assumed that the system of coordinates for the middle surface is referred to the prin-
cipal lines of curvatures and the boundary is represented as a smooth convex line without
corners (convexity condition will be considered later); the middle surface must be suf-
ficiently smooth, Oscillations with frequencies satisfying the inequality

A > max (R}, RyY (1.2)



