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Page 247.

Chapter V.

STABILITY OFP PLATES AND SHELLS MADE OF POLYMERIC MATERIALS WITH

CONSTANT LOAD.

§5-.1. Introductory observations, the prerequisite/premises of

investigation.

Many structural cell/elements from polymeric materials long time
are located under the effect of external loads. In view of the fact
that polymeric materials possess the properties of creep, under the
effect of external load they transfora in time and arises the
question concerning the prolonged stability of constructions made of
these materials. The studies of prolonged stability preceded works on
the stability of glass-plastic shells with interaittent load.
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Of the special feature/peculiarity of the behavior of shell,
sade from glass-fiber-reinforced plastic, under load in essence are

' caused by the properties of material.

Glass~-fiber-reinforced plastic possesses a vhole series of
special feature/peculiarities, in particular: by the high specific
strength in the direction of reinforcement, by the relatively low

moduli of elasticity, pronounced bheterogenmeity, the possibility of

the optimum construction of material, etc. In connection with the low
moduli of elasticity of the material of experiment in the stability

of glass-fiber-reinforced plastics, acquires the special importance,

. Glass-fiber-reinforced plastic is the composite laminate, which
consists of two components: by almost elastic, Ly the determined form
of the oriented fittings (glass filaments, glass cloth, etc.) and of
isotropic polymer - bonding agent, that possesses the properties of

viscoelasticity. Thus, during the construction of the theory of the

deformation of shell of glass-fiber-reinforced plastic it is
necessary to examine the questions, connected with heterogeneity,

anisotropy and the viscoelasticity of material. In this case, are

pq:sihlo tvwo in principle different approaches.

Page 248.
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The first - phenomenclegical - comnsists in the labora tory
investigation of ready material for the target/purpose of the
deteraination of its mechanical characteristics and use of known

equations of anisotropic shell.

Second approach is connected with the macrostructural analysis
of material. It makes it possible to express the mechanical
characteristics of material as a wvhole by the appropriate
characteristics of its components: bonding agent and fittings, which
makes it possible to predict the ptopetties of composite material
depending on its structural paramseters (solidity/loadimg factor, the
orientation of fittings, and so forth), and consequently, to solve
the problemss of optimum planning.

The coaplete system of equations of thin-walled shell consists
of three groups of the equations: 1) the equaticn of equilibrium or
sotion; 2) the geometric equations of the shells which are
derive/concluded on the basis of the determined assumptions about the
character of strain and significantiy are connected with the
geosetric parameters of shell (to choose from of these assuamptions
they affect the property of the material of shell); 3) the physical
equationse vhich relate voltage/stresses vwith strains and the
reflecting properties of material. In this group of equations, finds

their reflection of the special features/peculiarity of the mechanics
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of polymeric material.

The special feature/peculiarity reinforced plastic is the
anisotropy of their deforsation properties with lowv shift rigidity
both in the plane of layers of the reinforcing fabric and between
layers of fabric. Because of this the standard of cell/element in the
process of bending does not remain rectilinear, but bent. For real
constructions made of the oriented glass-fiber-reinforced plastics of
the ratio of Young's modulus to shear modalus, they can be such, that
even for engineering calculations the failure of the hypothesis of

undeformable standards becomes necessary.

Direct measurement of the bending of the cross sections of rods
from the oriented glass-fiber-reinforced plastics with elongation and
bending is carried out in works [175], vhere on the basis of
experiments is shown the need for the calculation of rods from these
matelfials on the refined formulase without the use Of the simplifying

hYpothesis of flat/plane section/cuts.

The first, most complete experiments on the stability of
glass-plastic shells vwith different extermal loads are carried out by
A« A. Bushtyrkov [ 176-178). In these investigations the
glass-fiber-reinforced plastic is considered as elastic-or thotropic

saterial.
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The carried out experiments confirms the pcssibility of using the
theory of orthotropic plates and shells for practical calculations
for stability. Unlike isotropic shells, the stability factor of
orthotropic shells is not constant, but it depends substantially on

the relationship/ratio of the elastic constants of material.

Page 249.

To each form of anisotropy correspoands its value both of upper aRd
lover critical load. By the investigaticns of A. A. Bushtyrkova is
clearly shovn the effect of the anisotropy of material together with
the geometric parameters of shell on the critical value of load and

wave formation.

In A. A. Bushtyrkova®’s curent wvorks [172] is used the property
of shells of glass- fiber-reinforced plastic to accept small residual
strains and to retain theam for some time. By the repeated loading of
one shell of glass- tiber-reinforced plastic it was possible to obtain
the values of critical loads at several values of the depth of
initial dent. The results of the carried out experiments attest to
the fact that the theory, constructed om the sisilarity of initial

and additional of sagging/deflections, qualitatively describes the

»
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results of experiments and that the loss of stability occurs at the
value of upper critical load taking into account initial

imperfections.

A. A. Bushtyrkov investigated also the supercritical
stress-strain state of shells for the target/purpose of the
determination of the breaking load for thin-walled construction and
its supercritical rigidity. This question is especially actual
because fiber glass plastic with short-term loading possess the
almost modern elasticity up to the torgque/amcment of destruction. By
the mentioned author it is shown, that with the aid of nonlinear
theory is possible in principle research on the stress-strain state
of c}iindtical fiber glass rplastic shells in supercritical stage.
This is very important in connection with the fact that in
supercritical state the glass-plastic shedls can bear the

considerable loads, close to upper critical or more thea.

Purther by A. A. Bushtyrkov studied supercritical stress-strain
state of square orthotropic plate from glass-fiber-reinforced plastic
is shown, that vithin known limits experimental amounts df def lection
will agree vell vith theoretical and that with the aid of nonlinear
theory even in initial approach/approximatiocns completely
satisfactorily is predicted the character of a change in the stresses

in plate [ 180).
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In the works of V. S. Gumenyuk, V. S. Kravchuk and V. V. Lushik
(181] also is utilized the property of glass-fiber-reinforced plastic
to retain elastic properties during comparatively large strains. It
is indicated that to study the stability of shell during the
emergence of large radial displacements is possible only in such a
case, ¥Vhen the material of shell possesses high elastic liamit, since

ctherwise appear plastic deformations.

Fage 250.

For the experimental investigation of the behavior of the cylindrical
shell, compressed along axles/axis, in supercritical state was tested {
shell of the glass-fiber-reinforced plastic PSM-103 (structure

one-to-one), which retains elastic properties during deformations

1-30/0. The diamter of shell 300 am, length 600 mm, thickness 1 anm,
end/faces are intensified by the longitudinal and circular layers
with a length of 40 am, by a thickness of 4 mm. Bending
characteristics of material E; = E; = 2.1¢10% kg/ca2, u, = u; = 0e 2.
Was used the testing machine, making it possible to regulate and to
check the speed of loading and to record/write diagraa load - the

displacesent/movenent of end/faces. In the process of loadimg, the

shell lost stability with sharp knock. the maxisum value of the




DOC = 77231301 PAGE 8

applied force was considered upper critical force, lower critical
force vas determined with the unloading of shell. Diagram load, the
displacement /movement of erd/faces, is qualitatively similar of the
theoretical, obtained for the shell ideal form in geometrically
nonlinear setting, moreover the experimental values of upper and
lower critical forces are repeated with the considerable number of
repeated loadingse.

The further t heoretical and experisental anal}ses of stability
of glass-plastic shells are carried out by V. V. Ivanov, by L. N.

Smetanina, etc. [ 182, 183] under A. S. Yol®mir's -anagénent.

By V. K. Ivanov it is showvwn, that the bulge of orthotropic
cylindrical glass-plastic shells during axial compression represents
by itself dynamic process. Transfer/transition froam one state of
equilibrium to another is realize/accoamplished by means of knocks.
Shells lose stability, forming the axially nonsymmetric
diamomnd-shaped bulge vhose character sharply is changed depending on
the relation of the moduli of elasticity along generatrix and arc. If
nodule/modulus along arc is more, then also bulges are elongated
along arc, and vice versa. The effect of nonlinearity of orthotropic
glass-plastic shells render/shoved smaller than in isotropic
metallic. On the value of critical load, essential effect exerts the

parameter, i.e., the square root from the main normal moduli of
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elasticity, divide by shear modulus, i.e., the parameter, which
characterizes the properties of material. With decrease in this
parameter, the critical load grows. Consequently, for an increase in
the critical load it is necessary to increase shear modulus, which is
reached by applying resins with the increased cohesive strength and
the increased adhesion to fiberglass. Real critical load is located,
as a rule, between upper and lower theoretical loads. For practical

calculations is reccmmended the approximaticn formula.

Page 251.

Experimental and theoretical studies of the stability of
flexible orthotropic plate with free edges is carried out by L. G.
Butakovoy [184]. Wwere tested glass-plastic plates 200 x 200 x % am in
size/dimension of, also, with the relation of layers 1:4. Is
establish/installed critical load and curved of supercritical
deformation under the effect of distributed and concentrated loads.
Theoretical calculation is carried out by the method successive
carrying out of with the use of finite differences in electronic
digital computer BESH-2M. During the comparison of the results of the

solution with experimental data obtained satisfactory agreement.

All the examined vorks are carried out with the use of a

hypothesis of direct/straight standards. In V. I. Korolev's momograph
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(186 ] is proposed the approximation method of the account of the
effect of the interlayer shift/shears of laminar anisotropic piatos
and shells. On the base of this msethod, is investigated the stability
of anisotropic rectangular plates. Are examined in detail some
characteristic tasks of the stability of orthotropic sandwich plates
and shells with elastic fillers, and also are given tasks by choice

of the optimum structure of laminated plastic of cylindrical shell.

V. T. Tomashevskiy [ 187, 187a] also is focused attention on the
need for the account of the anisotropy of glass-fiber-reinforced
plastic on the third coordinate, i.e., it indicates that the limits
of tie applicability of the hypothesis cf direct/straight standards
in the case of anisotropic materials depend not only on the geometry
of construction, but also on the relationship/ratio of elastic
constants. Of glass-fiber-reinforced plastics with interlaminatiop
shift/shear, the reinforcing filaments relatively weakly are involved
into work and the effort/forces of transverse shift/shear in larger

seasure are absorbed by bcnding agent.

To evaluate the effect of such most characteristic for a
glass-fiber-reinforced plastic special feature/peculiarities as
elastic anisotropy and compliance/pliability with respect to
interlayer shift/shear, was investigated the stressed state of

circular cylindrical shell of glass-fiber-reinforced plastic,
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reinforced equidistant heel rings, under the action of axisyammetric
and column }0ad. IS obtained the system of equations of the
equilibrium of the shell whose solution is givem under the boundary
conditions, which consider the consistency of the deforsation of

shell and fin/edges.

By means of the analysis of the results of the solution
deterained the limits of the applicability of the theory of films for
such type of constructions, is given evaluation of the effect of the
anisotropy of material. Since the material is created simultaneously
with the development of construction, are given the recomaendations
by choice of the optimum schematics of the reinforcement of the shell
of cylinder, vhich make it possible to facilitate construction or to

increase its bearing capacity.

Page 252.

In recent years attention drev the works, relating to the
dynamic stability of glass-plastic plates and shells, wvhich are
located under the action of intermittent doad [188, 189]), in the flow
of gas or liquid [ 190) with the rapidly accompanying and impact loads
of aperiodic character. The vorks of the last/latter direction,
carried out under A. S. Vol'air’s management/aanual [191), can be

divided into two groups.
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1. With strictly dynamic load, vhen process of bulge is
contianued durimg period, considerably larger propagation time of
elastic vave along construction, they disregard wavelike nature of
transaission of elastic deformations. In this setting are carried out

the imvestigations of L. N. Smetaninoy [191]).

2. Second group of works is related to tasks with impact load, i

in vhich period of propagation of elastic waves along construction

let us compare in the course of time prior to beginning of violent
bulge; in these tasks it is necessary to consider wavelike nature of
transmission of elastic deformations. The stability of glass-plastic
shells with impact load is investigated bY V. L. Agamirov and L. N.
Saetaminoy [ 193 ). This and other works shoved that with an increase
in the velocity of loading are developed the higher forms of loss of

stability and as consequence grow/rises the value of critical load.

Let us further examine the investigations, consideriang the

rheoncmic properties of polymeric materials.

The problems of the prolonged stability of plates and shells of
polymeric materials are discussed in the review of S. N. Rabotnova at

I Riga conference on the mechanics of polymers in 1965.
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The main directions of development, posing of the gquestiom and
the results of the solution of the problems of stability during creep
are given in the works of A. R. Rzhanitsin [195, 196]), of S. N.
Rabotnova [127, 156 ), of S. A. Shesterikova [ 129, 199, 200), of A. S.
Vol'ajir [(65], of L. M. Kurshin [201, 202), of G. V. Ivanov [97, 203)
et al. They all, however, are related mainly to the analysis of
stability of cellselements from traditional materials (metal,
concrete, etc.). There is thus far of a little works on the prolonged 1
stability structural cell/elements froam polymeric latefials. In this
connection it is possible to note S. N. Rabotnova's report [194]), G.

I. Brizgalin®s works [ 204, 205), E. N. Sinitzimn [213), A. G. ’

Teregulova [ 214], P. M. Ogibalova [207), M. A. Koltunova [ 207, 208),

A. Ali-El*-Kurmani [208] et al.

The study of the prolonged stability of finme/thin rectangular
plate froam glass-fiber-reinforced plastic taking into account shift

creep in the plane of plate is carried out by 6. I. Brizgalin.

Page 253.

By it is examined the supported from four sides plate to which along

tvo opposite sides is applied the evenly distributed compressive load




DoC = 77231301 PAGE 14

vith an intensity of P. Creep in the direction of reinforcCement they
disregard. Since glass—-fiber-reinforced plastic is the material whose
anisotropy can be within certain limits changed arbitrarily, is
placed the gquestion concerning the amost rational reinforcesent of
plate. If ve in the fixed/recorded sense of sides a/b change the
moduli of elasticity along principal directions E, and E,, then
critical load will be substantially change. it is proposed the method
of the determination of this relationship/ratic between module/moduli
and a gquantity of reinforcement vwith which prolonged critical load
takes greatest value. It is shown, that the optimum reinforcement can

increase critical load several times.

BY M. A. Koltunov and A. El1'-Kurmani is examined the
stability of the compressed in axial direction closed circular
cylindrical shell, manufactured from orthotropic
glass-fiber-reinforced plastic from that which reinforces the fabric
of linen weave. The weft of fabric is directed along generatrix, and
basis - on guide. Is taken into account the linear heredity of
material in the form of Boltzmann-Volterra. By authors iwere obtained
elastic upper and lower critical forces, and also siailar expressions
taking into account heredity. It is further noted that the account of
linear heredity decreases the value of critical load for shells of
glass-fiber-reinforced plastic. Is given the procedure of the

determination of critical time and it is shown, that the critical

|
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loads of the shells vhose material possesses linear heredity, depend
substantially on the mode/conditions of loading, after grow/rising

with an increase in the velocity of loading.

Such a conclusion is ccnfirmed by the experimental

investigations of shells of some types cf polymeric materials.

P. M. Ogibalov and M. A. Koltumov [207 ) studied the stability of
plates and shells taking into account of rheonomicity of the
sechanical properties of glass-fiber-reinforced plastics established
that the critical sagging/deflections with constant load increase.
The values of "upper" and “lower" critical loads for viscoelastic
shells depend substantially on the velocity of the loading: with an

increase in the velocity, the value of upper critical load is raised.

The problems of cracking during creep of slanting spherical
shells of polymeric materials are solved by Ye. Tungl and Khuan
Nay-Chen in connection with shell of polymethyl methacrylate [ 209,

298]. In these works determined critical tiame.

The stability of thin-valled cell/elements from the reinforced
polymeric materials taking into account their lactostructlto is
investigated by V. V. Bolotin and his pupils on the base of the
proposed to them theory of reinforced sedia [ 209, 210).
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Page 254.

The fundamental egquations of the theory of the reinforced media
are derive/concluded from the macrostructural considerations,
obtained by means of the reinforcement of certain viscoelastic medium
by the large number of linear or surface elastic cell/elements of
high strength and rigidity. The stress-strain state of each of the
reinforcing cell/elements is considered taking into account
interaction vwith connecting material. Further by means of the
operation of smearing imhomogeneous medium is approximated by certain
energetically equivalent quasi-homogeneous medium. This approach is
generalized also for the case vhen medium is reinforced by the
slightly bent elastic layers how it is possible to explain the known
experimental fact, which consists in a reduction/descent in the

moduli of elasticity of laminar glass-fiber-reinforced plastics.

On the basis of the theory of the reinforced media, V. V.
Bolotin and V. M. Moskalenko [ 212) derived the fundamental egquations
of the theory of plates and shells, made from the reinforced
materials. Is establish/installed also the need for failure of
Kirchhoff-love's hypothesis during the construction of the theory of

plates and shells, made from the medium in gquestion. The authors show
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coamunication/connection of the obtained by thes relationship/ratios
with the theory of anisotropic plates and shells, and also with the
theory of plates and shells of the medium cf Voigt-Kosser give

solutions of the stability of shells.

In Ye. N. Sinitzin®s works [213] on the basis of the theory of
the reinforced media is investigated the bulge of the flat tened rods
and plates from the viscoelastic reinforced material under the action
of longitudinal forces. By variational methcd are derive/concluded
the corresponding differential-difference equations and boundary
conditions (2n equations for rods, 3n equations for plates, moreover
n is a number of reinforcing layers). With the aid of the "principle
of the smearing of energy™ of the systeam of differeantial-difference
equations, they are replaced by the equivalent systea of partial
differential equations (2n equations for rods, 3n equations for
plates). Are given the precise and approximation methods of the
solution of the problems of the bulge of the viscoelastic reinforced
rods and plates. D. N. Sinitzin it explains the condition of the
applicability of the refined theories of the bending of uniform rods
and plates and it shows that the effect of the deformations of
transverse shift/shear is mcre fully considered by the theory of
sultilayer rods. In the vork is examined the process of the bulge of
rod, which is accompanied by relaxation of initial stresses, and is

enphasized the significant role of viscoelastic shearing strains.
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Besides strict methods of the theory of the reinforced media,
property of the anisotropy of the viscoelastic behavior of
glass-fiber-reinforced plastics, and in particular its low transverse
shift rigidity, they can be taken into account ty the introduction of
the corresponding kinesmatic hypotheses. This approach is based on the
construction of the two-dimensional thecries of plates and shells
during the use of kinematic hypotheses, less rigid, than
Kirchhoff-Love's classical hypothesis. By this method it is possible
to obtain not the too complex equations, which yield to treatment and
resolution in concrete/specificsactual engineer missions. The
successful hypotheses, which consider the deformsations of transverse
shift/shear, vere proposed to S. P. Timoshenkor Ye. Reyssner, B. F,.
Blasov, S. A. Ambartsumyan, M. P. Shereset®yev, B. L. Pelekh, and

other researchers.

In A. G. Teregulova‘'s vork [214) is analyzed the effect of the
deformsations of transverse shift/shear on the stress-strain state of
plates froam the oriented glass-fiber-reinforced plastics in geometric
nonlinear setting with bending and in the tasks of stability. The
deformations of transverse shift/shear are considered according to
the procedure, proposed by S. A. Ambartsuasyan and D. V. Peshtmaldzhan

[215 )% The viscoelastic properties of material with shift/shear are

B s——
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described by the linear theory of heredity, property with elongationm
- compression along principal directions they are considered elastic.
Operational expressions for a shift/shear, according to the works of
A. L. Rabinovich and P. N. Verkhovskogo, are expressed approximately
through the appropriate operators of bonding agent. By the method of
Navier and by using the integral operator of S. N. Rabotnova is
solved the problem of the bending of rectangular plate under the
action of the evenly distributed load. Assuming that the process of
bulge is the development of low initial imaccuracies, A. G. Teregulov
exakined the stability of the rectangular plate, compressed in two
directions. After accepting for critical state the torque/mosment of
reduction to zero accelerations of sagging/deflection, it obtainmed

equation for determining critical tinme.

The rheonomic properties of the broad class of polymeric
materials (glass-fiber-reinforced plastics, Textolite, etc.) for the
case of the moderate stresses are described by the linear
relationship/ratios of orthotropic and uniforam material. When the
shift rigidity of plate or shells is sufficient, in the tasks of !
stability during creep of plates and shells of orthotropic and
isotropic materials to adaissibly use Kirchhoff-Love's hypothesis;
hovever in many encountered in practice cases the shift rigidity of
materials is insufficient, in consequence of which standard in the

process of deforsation is bent, which is led to the need for the
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account of transverse shift/shears during the analysis of stability
of plates and shells. Deformation properties of some polymeric

materials at all stress levels nomnlinear.

Page 256.

¥hen us interests only the stability of system during its low
deviations from basic condition/position, we utilize the method of
the variation of the equation of deformation properties, used for the

first time by Yu. N. Rabotnov and S. A. Shesterikov [127]).

In present chapter we investigate the stakbility of plates and
shells of orthotropic material during linear creep on the base of the
refined ki nematic model of the type of Timoshenko and will
establish/install the effect of transverse shift/shears on critical
loads. Let us examine the stability of plates and shells of
nonlinear-creeping, initial-isotropic material in cases wvhen
reverse/inverse creep is described by the law cf creep with loading
and vhen reverse/inverse creep is descrihed by the law, which differs
from preceding/previous. This investigation is carried out by the
integration of the different forms of the function of local

deformations for the appropriate regions of sphere.

Some experiments to the prolonged stability of cylindrical

- PRR—— S - - DS S———————— R
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shells of polyethylene establish/installed the applicability of the

obtained theoretical relationship/ratios.

§5.2. Initial physical relationship/ratios, utilized for the sclution

of particular probleams.

The deformation properties of the broad class of polymeric
materials can be approximated by the relationship/ratios of unifornm,

orthotropic, linear viscoelastic material.
Page 257.

In comnection vith the tasks of the stability of plates and shells
the stresses of ¢33 Ve disregard; then we are have following

relationship/ratios (see foraulas in chapter I, Section 1.2.84):
t
€11=0a,1110);+a)22022 + me.(l—G)au(O)dﬂ+
0

+ [Kun(t-0)0n(0)20;
0

L '
€22=03210) + Q2222022+ szm (t—6)o0,,(0)do+
0

t
+ /.sz(t—a)dzz(e)dﬂ;
o
, Ao (5.2.1)
813 0)3)20)2 + [ Kina(t—0)0,2(0)dB;
; 4 ; i
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€13=0)330,3+ fKnsla(f—e)C;na (6)ds;
0

t
823 = Q3323023+ f Kasas (1 —0) 023(8)d8,
0

or, after solving relatively 013’
t
ou=Aen+A 20~ fRnu(l—e)eu(B)dG—
0
t
— _/Rmz(f-e)ezz(ﬂ)dﬂ;
0
t
022 =Ag200820+ A2211811 ~ fRzzzz(f—a)Ezz(,O)dB—
: 0
t
- /Rzzn(f—e)ﬁu(e)dﬂ;
0
, (5.2.2)
o12=A\212812— leznz(f—B)m(e)df):
0

t
oi3=A313813— fR.gn(t-—G)eu(O)dO;
0

]
023 =Aasaeas — mea(t—O)m(O)_dO.
6

Tn many in practice actual/urgent cases with creep and direction
of reinforcemsent it is possible without essential error to disregard

(154, 205]).
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Page 258.

If one assumes that the direction of reinforcement coincides with the
direction of deformations e; and e» from (5.2.1), for this case

there is:
€, =0111101; + 4122022 ;

€99 =02222022+ 221101, ;

t
€12 =02120,2+ ‘/Klil!(t_e)olt(-s)de;
0

' (5.2.3)
€13=a;313013+ f’ﬂs:;(_"‘ 0)0.3(0)do;
0

t
23 = 2323023+ ngag;(t—9)023(.6)d9,
0

or from (5.2.2):

e T D T BTN A TG TP TR TR AR T s £ B e s




DOC = 77231301 PAGE 53&

ou=Apnuen+A4,2e2;

O22=Aggg0€2+ A e ;

t
oir=Aumzern— [Rizis(t—0)esr(6)db;
0

t (5.2.4)
o=Arsiseis— [ Rins(1—0)e1s(0) db;
0

t
O23 = A3ase03 — fRzm (t—6) ez (0)do.
)

Por the case when the deformation properties of polymer can be
described by the relationship/ratios of isotropic viscoelastic

material, we have following expressions (for the flat/plane case):

t
1
eu-ﬁ (011 — pnoa) +6/K(t‘9) (011 — no2)db;

1
en=fr (022—poay) + /K(I—O) (022—poy))do;
0
(5.2.5)

t
= ot (14p) [K(t-8)oude,
0

or relatively o

o=

t
= H et uem) = 1= [ RU=0) (e1+ pam) o
0
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1
—p?

t
l <
O = H(eor+pen) — T_‘F/R(’—e)(ﬁzﬁ‘uﬂn)da;
(5.2.6)

¢ H €2 W 1
- 2(1+p)  2(1+p)

t
/R(t—e)elz(ﬁ)dﬁ.
0

Page 259.

The number of polymeric materials possesses nonlinear
deformation properties in tise, moreover in many instances it has
different laws vith loading and unloadimg. If we are interested in
the stability of system only during lowv deviations fros its ground
state, then it is possible to use the method of a variation in the

equation of state.

In the case vhen the deformation properties of material are
identical with loading and unloading, for an increase in the

deformations, ve have
l "
ch-§ j;f(év,.vu+y,,dv”)ds. (5.2.7)

vhere integration it is spread to entire surface of the sphere: oy,
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is increase of the function of local deformatioms; dv;

is increase of
weighting function.

For a material vith different properties with loading and

unloading, we have for increases the focllowing imitial dependence:

| = oy 7
Gli}-—§ /f (Gvnuij""vnbul’j)ds'f"é‘ ff (5}’;,0”-{-60‘,\)‘,)(1&
8 8

(5.2.8)
Here the first integral is spread to the region of sphere S(+), where

it is fulfilled the condition of additional charge, by the second -

to regiom S- with unloading.

§5.3. Stability of isotropic plate.

Let us exanmine the rectangular plate with initial

sagging/deflection, manufactured from isotropic viscoelastic

polymeric material, wvhich is subordinated to relationship/ratios
(5.2.6). Plate is compressed in two directions and on it affect

tangential forces along outline/contour.

Page 260.

Let us introduce the coammon assumptions of the technical theory

e - g

o S—— i ——

—
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of the bending of the plates:

a) the totality of the points, which lie/rested up to the
deformation of plate on any straight line, perpendicular to median
surface, remains on straight line, normal to this surface and after

the deformation of plate;

b) are disregarded normal stresses of ¢33 cn the pads, parallel

to medium plane.

The coordinate plane XOY let us count the coinciding with medium

plane plate, and z axis it is directed down.

Communication/connection between deformations and
sagging/deflections with the adopted assumptions of the technical

theory of the bending of plates takes the fora:

AR Fw
€1 dxz )
w
e”-_zd_y?' (6.3.1)
w
ell-—2z axay ’

vhere v - the sagging/deflection of plate; z - the distance of point

froa medianm surface.
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If we sua up elementary torque/moments fros an emtire
height/altitude of plate, ve will oObtain coamunication/connection

betveen torguessoments and components of the deformations of median

surface:
Mom—BH (T2 1, 20 “’,y“,’ )+BfR(t (2 u%)de;
M --—BH(?‘: u-gl—‘:’)wfk(t—e)(a"’ uax2 ) de;
(5.3.2)

Meym— (1 u)BH +(1—p)BfR(t e’aa

h2

) S
12(1—=n?)

The equations of the equilibrium of the plate on which affect
tangential forces and compressive forces in two directions and which

has initial curvature, acquire the following known fora:

My _, My M,
ox? dxay dy?
& (wo+w) R(wo+w) , 0*(wotw)
( N.! Oxz +Nv dyz 2Ngv axay ’ (5.3-3)

vhere w, - the initial bending of plate; N.,N, amd N, -

e ————————————— g At M i

- i s s e S i s e e e e
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compressive and the tangent of effort/force.

Page 261.

After substituting in the equation of equilibrium (5.3.3) values
obtained above of torque/moments, according to (5.3.2), after

conversions we will obtain the equation of the flexure of the plate

dw Htw dw
BH\ — 2oxzoyz 0y‘) B[fR(t e)—de+
+2fR(t L %9 2d6+fR(t e) de]_ (5.3.4)
62(w°+UJ) 02(WO+W) 62(wo+w)
(N 0 ox? dy? =2y 0x0y )

let us assume that the initial saggings/deflection of plate is

deterained by the eguation §

. max nny
wy= 2 2 Gmn Sin = sin o (5.3.5)

vhere a and b are lengths of the sides of plate.

The solution to the equation of sagging/deflections with

constant external loads let us search for in the following fora:

"-2 2.4...(!) sin —

B sin 22 ""’ (5.3.6)

.
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“ou the equation of the saggingsdeflections of signs the form

= 3 5 e 8.2 3 5 o

Me| nel me=l nel
+BH( ) 22"“4"‘"(')—8“‘22 ( m2 z) :
mel n=| m=l n=j 1
o] Re-sia s (2} S st el |
0 Mmem| n=| |

( ) 22 12 [Amn (1) +@mn) +

m=i nm=|

+2N.,—ZZmIz[am,.-{-Am,.(l)]ctg'mx 2
e ® (537)

f%t determining any coefficient A..(f) series (5.3.6) let us
accept nucleus in the form of exponential dependence, sometimes

utilized for description creep of the pal ymeric materials:

H-E - E(t-9)

K(=0)m——e ™ W (5.3.8)

Ilo resolvent of the taken nucleus it will be

-0
R(t-8) -i;i s weh (5.39)

TR O g o e — - — ~

P
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“ndet these assumptions for determining coefficieant A..(!)

obtain the follovwing differential eguation:
G(NmnM_Nmn)fimn (’) + (Nmnl‘l"‘Nmn )Amn(t) "Nmnamnzo. (53]0)

vhere

n mn max nny

= Yemd5)
ma=Nx\ — / — Nx N
N N ( a )+A, 5 +2Nyy = ctg = ctg 5

st (24 (2 )T,

N.....ﬂ=B£n2[( = )2+(7,"—)2 ]2.

By solving of equation (5.3.10) under the initial coadition

Nmnamn
Nmnu _Nmn

Amn (1=0) = (5.3.11)

we obtain dependence for the arbitrary coefficient of a series

(53.6):
NmnGmn
Amn (1) =7
CF N T

N N Man® Man |

rindmn mnQmn i s

+( NmuM-Nmu 3 Nmnn-Nmn )e "Ml._Nmn o

(5.3.12)

Page 263,

. . —— e ey ——————— —. s
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During satisfaction of conditioa Ny,<Nm.2 the rate of the
increase of saggings/deflections in time attenuates, vhea Nu2A<N,.<NpuM
the velocity of sagging/deflection grow/rises, whea N,,=N,,M the
saggingsdeflection goes to infinjty with t = 0, Yhen N,,=Nn,A the

sagging/deflection grow/rises at constant velocity.

§5-4. Stability is circular cylindrical shell cf orthotropic material

during creep with the use of a kinematic model of Kirchhoff ~ Love.

We will consider a round cylindrical shell, compressed along by
the forming constant force Njg. The properties cf material (in
planar-stressed state) let us accept in more genetai view, than in
the preceding/previous paragraph: let us assume that the shell is
made from orthotropic material according to dependences (5.2.2).

At zero tilé: let us give to shell‘disturbance/perturbation in

the form of low initial sagging/deflection of the axisymmetric form:

w=f sin

] (5.4.1)

it is investigated the further behavior of sagging/deflection. The
state of shell will be stable, if initial sagging/deflection

decreases, and unstable, if initial saggingys/deflection in time

o
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unlimitedly increases. Since motion during the creep of the material
here sufficiently slow, inertial forces we disregard. In the
disturbed state for a shell besides physical relationship/ratios
(5-.2.2) ve have equations of equilibrium and conmnsistency of

deformations (with Kirchhoff-Love's taken hypothesis):

M, H oM, 2w N,
ox? . dxdy+ ayr 0 ox +T=o' B8
0’:. 6282 ae‘v 1 w
o o dny +7?' £ =0. (5.4.3)
Let us introduce the function of the stresses
A LA ¢
Ni=0:h ¥R Ny=0o,h = S=qh=— ol (5.4.4)

Page 264.

Since the form of the bulge of shell is axisymmetric,
effort/forces in (5.4.2) depend only on coordinate x. For M; ve have

the expression

0.5h t
hd w h *w A3
“':_! ousdi=~An 3 G~ Iy g+ J Rutt-9)x
i X
w h3 0w
cw - fw Rw
It is here taken into account, that ¢ =-2 I "'-_z-ﬁ'y'l_' .,,-—uro'.,

are accepted the matrix notations of iadices.
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Prom (5.4.2) we obtain

1 ¢ dw h?

d’
?dx’ s o 12

fRu(t s) d(H-N.o . (5.4.6)

Acccpti.lg Ry (t - 6) in the form of exponential R,,(t - 0) =
t-0
/oy, XA%e T, I pass fros integral equaticn (5.4.6) to
differential:

i - 1 : h3 g
'E @xxxx+ m QPraxx— A 1 Wrxxxxx 'E -N (0Wxyxx ~

h3 1
12” (A =A%) Waexxzx— ‘;1:' N\ o@Wsxx=0. (5.4.7)

“tilizing further in the equation of the ccmsistency of
deformations (5.4.3) physical relationship/ratios (5.2.1) and

introducing the function of stresses. ve¢ have

a” 0‘@
K dx*

'fK,,(t e)——-de ;‘:2-0. (5.4.8)

Is here considered, that with axisymmetric form all variables depend

only on coordinate x.

Prom this equation with K,,(t - @) = -;’a'e an and pass to

differential:

O‘.q*a‘§.+an d‘w* h t?n.;+ h oJw
oxt Q29022 ox* RG” ox? azzaggR ox?

=0. (5.4.9)
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Page 265.

Eliminating from equations (5.%.7) and (5-4.9) ¢ and taking into

account that

O () sin (5.4.10)

for £ we obtain the egquation

asf + 8, +aof =0, (5.4.11)
vhere
r— Q220291 [RA h3 ( n )‘
Ny (@°22+ass) — azeagy 2\T +

s T )]
o+—+ RAn (, )G—R(-’,‘-)‘Nw;
ay=—- [D+ R(An—-A*y) (—) RN”([ )

i Q22221 h3 R n
ny1 (@2 +a2s) —ag0ass L 12 1y, 3, Pusat ")(1_)

L ) . 3 Y |

—— - B et e O e et e
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The general solution of eguation (S.84.11) will be

f=Cent+Coent, (5.4.12)

vhere r,;,; are roots of the characteristic equation
agr?+a,r+ao=0. (5.4.13)
C, and C, are determined by randoa initial sagging/deflection
and its speed. So that the amplitude f of randoam sagging/deflection

in the course of time would vanish, it is necessary that all roots of

characteristic equation (5.4-13) would have negative real parts.
Page 266.

Whole root of equation ag + a;r ¢ azr2 ¢ ... ¢ a,r"=0, according to

the criterion of Gurits, will have negative real parts only if all

deterainants
a, Qg 0
Dy=a,, D;= - , Dy=|asasa...
- as a, ay

are positive. Por (S.8.13) this conditica will take form a, > 0, a, >
0, aja,; > 0 or last/latter, since a; > 0 it is possible to replace

vith condition a, > 0.

Prom condition a, > O, we obtain the instantaneous critical
force (which is greater than prolonged):
h3

2 h 2
N|O<Dn(a’—m) +E;(M_La') =NM, Du"t‘nﬁ(-54 -
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dfter comparing coefficients a;, and a, and taking into account
that 4,8=4,,—4°,,<A4,, ve are convinced of inequality a; > agq.
Coanseguently, it suffices to examine copdition a; > 0. Proa the

latter we obtain the limit cf the prolonged stability

h3 A2 h 1
N.o<-ﬁA,,nﬁ+m§,N,on, (5.4.15)

wvhere

maR

AR=A,—A%:;, aph=a"p+an, Ai= 7

Thus, if the applied to shell effort/fcrce N;o is less than the
limit of prolonged stability N A - that state of shell stable,
since the low random initial sagging/deflection in the course of time

disappears.

For obtaining the resultant expression of prclonged critical load

{(5-4.15) one should minisize )\. After minimization for A2 we have

R?h h?
o I cossmammas * A= | 4.
A D Ranm: * D\ A=A, Th (5.4.16)
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§5.5. Special feature/peculiarities of the mechanical properties of
glass—fiber-reinforced plastics and their effect to choose fros of

kinematic model during the calculation of plates and shells.

The examined, until now, problems are solved with the use of a
hypothesis of undeformable standards; however, the limits of the
applicability of this hypothesis in the case of anisotropic materials

must be establish/installed especiallye.
Page 267.

By the basic special feature/peculiarity reinforced plastic is
the anisotropy of their deformation properties with lov shift cruelty
both in the plane of layers of the reinforcing fabric and between
layers of fabric. Because of this the. standard cf cell/element in the
process of bending does not remain teétilinéar, but curves. As shov¥n
in some vworks [ 175, 186])], for real constructions made of oriented
fiber glass plastics of the ratio of Young's mcdulus to shear msodulus
they can be such, that even for engineering calculations failure of

the hypothesis of the undeformable standards becomes necessary.
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Direct measurement of the bending cf the cross sections of rods
from the oriented glass-fiber-reinforced plastics with elongatiom and
bending is carried out in work [175), where on the basis of
experiments is shown the need for the calculation of rods from these
materjals on the refined formulas without the use of the simpPlifying

hypothesis of flat/plane section/cuts.

Recently in Soviet and foreign authors®s works, is given much
attention to the explanation of the real character of the
stress-strain state in shells and plastics withcut the use of the
simplifying hypothesis. Kirchhoff- Love. One Of the approaches in
this direction consists in the application/use of strict mathematical
methods [216-219], by the second is based on the construction of the
tvo-dimensional theories of shells and plates during the use of
kinematic hypotheses, less rigid, than Kirchhoff-Love's classical
hypotheses. By this method it is possible tc obtain not the too
ccaplex equations, which yield to working and resolution in

concrete/specific/actual engineer missioms.

The first successful kinesatic model, coaing out beyond the
framevork of classical hypotheses, was shear model, S. P.

Timoshenko's used as early as in 1921 to the task of transverse




4O

DoC = 77231302 PAGE 7

vibrations of beams [299). According to this model, the standard in
the process of deformation remains rectilinear, but normal to

deformed median surface.

Important space toward the generalization of the classical
theory of the bending of plates was conducted in 1944 by Ye. Reyssner
(300), vho, on the basis of the semi-inverse method of bringing,
assigns the linear law of distribution according to the thickness of

the normal part of the stress tensor.

The possible generalization of Ye. Keysssner's works, is showvn

in A. L. Gol*denveyzer's articles {220) and L. Ya. Aynola [221].

Oother theories of the bending of plates, vhich consider shearing
strains, vere pushed forward by B. F. Vlasov [222], G. Genkya [301],

by A- Kromws [302]), P. Nakhdi [(303] et al.

Page 268.

S. A. Ambartsuamyan [ 223-225) during the ccastruction of the
generalizeu theories of anisotropic plates and slightly curved shells
also proceeds from the semi-inverse method of bringinq.'holever.
unlike Ye. Reyssner, it will assign the lawv of a change in shearing

stresses in thickness.

- ————

e ———————em—— <
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The further development of the variation of the theory of shells
of Timoshenko's type we find in M. P. Sheremetyevo Airport's wvorks
[226), 1. Ya. Aynola [227]) and others. I placed question about
cbtaining within the framework of this theory cf the
relatjonship/ratios of the joint of deformations. The final version

of these relationship/ratios is given in [228, 229]).

Subsequently during the investigation of the effect of lateral |
flexures on the stability of plates and shells, we utilize the
kinematic model of Timoshenko's type, developed in articles [230-232)
as sufficiently acceptable for application/use in engineétiug

calculations.

During the analysis of stability of plates, ve will use also the
developed in [231] unified model of Timoshenko's tjpe, which makes it
possible to satisfy some conditions on the boundary planes of

plate/slab z = ¢h,
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§5.6. Geometric and static relationship/ratios for shells with the

use of a kinematic model of Timoshenko's type.

Let us examine shell by the thickness 2h whose median surface is
assigned/prescribed by equation r = r (a, B), vhere a, B are Gaussian
coordinates. To each poimt of median surface M (a, p) corresponds

trihedron of unit vectors Tw), T3 — tamgents tc a and B lines, n —

f

: the vector of standard. Let us accept the following kinemsatic sodel
of the deformation of the shell: let us consider that the rectilinear
filaments of shell, normal to sedian surface up to deformation,
remain rectilinear, also, in the process of deformation, without

experience/testing over their entire length of elongation and

compressions, but they do not remain perpendicular to deformed median

surface. This hypothesis makes it possible to ccnsider transverse

shift/shears vhich is necessary for glass-plastic shells in

connection with their lov shift rigidity. Pirst this hypothesis is

proposed in S. P. Timoshenko's vorks [299] and later it is developed
by other authors [ 227-232, 300-303).

On the basis of the taken hypothesis of the componeat of strain

P e —— T v
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of shell on equidistant surface, are copnected by components of
strain in median surface by the relatioaship/ratios:

€aa=€ga+2x; e'pp=epp+2x2;

e’ap=eqp+21,+213; e*an=6aqn ; €gn=Epn, (5.6.1) |
vhere 1
wep ., L&
A da AB ap v
nzs_. ay' l-’ oB ]
B op ' AB oq ¥*'
T ——Y’—g"l L on E
ety 98 1
AB da B op ’
1
ean—y,-;-.zg_:_'
1 Jw
Bn W+-EW
Page 269.

Bere V. and y, —are angles of rotation of norsal filament in plames a~

aad A

Por strain in median surface, ve have in the case of the tasks

of stability the following equatioa of the coasisteacy of the

strainas: AB(—%‘;-«-%)-AB[T:-; % o;:. :.; 42;; )+
+_l_ (_I de,,. ean OB )] d'e., [e,, 0A
R, \B 0p AB Oa 0ar)p dalA ()ﬂ
€aa 0B | d(Begp) ] e.,g dB L.
A 0a A Oa op da
+_'..‘.! 0A _ 1 9(Aeaa)
B op B o8B

(5.6.2)
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The equations of equilibrium take the common form. After the

exalination of the case of someat-less bagic state (traasverse load

is absent), ve have the following relatiomship/ratios:
dBN, 0B JdAS O0A

da doa v op g op ( )
0AN, 0A 0BS 0B S
L =0,
- Rl R

— (kiNy+kaNg) + 280, 202 ) -

AB ( da op

- — (Nlo;l +N”;3+2So§) ’

0BM, O0AH 0A 0B
— 4 ——+—H—-—M;=ABQ,;
F + b +dp R Q

0AM, O0BH 0B 0A

——t+—H—-—M,=ABQ,.
op * Oa +6aH B Q

Fage 270.

gntil now, are given the relationship/ratics of the linear

theory of shells, vhich make it possible to investigate stability "in

e ——— e R i S e
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lo¥". The complete solution of the probles of stability, which
involves approach to it "in large®, can be given, as is known, only

from the positions cof nonlinear theory.

Let us give the fundameatal principles of theory of Timoshenko's
type, vhich relate to the shells of large sagginq/deflection. Let us
proceed from the simplified version in which the shell is considered
slaating, at least within the limits of separate dent. Let us accept
therefore A = B = 1, The initial curvatures of sedian surface let us
designate through k; = 1/R;, and k; = 1/R, and accept theam for this

section of shell as constants.

Let us relate median surface of shell to orthogonal Gaussian
coordinates a and B. For strain in equidistant and middle surfaces
for the taken model, we have following relationship/ratios [ 226,
229 )2

Caa =€)+ 2%, , epp=¢ex+2xy; (5.64)

Cap=213+22%12, Can=0)3, epn=ea3,

vhere

4 1
Gn-xf‘-fhw*l'?(

Y.
Y.

QL QY
& 818

e -d—v+kw+l(
A Tadueadilh

o

=
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ou Ov dw Jw

B=E——t—t—_—— — a
- “¥"08 " Oa ' Oa 0P tangential strains: 8|3-Ya+g_:. en"Yﬁ'—;;L -
sheariag lttlll:m_.?_:. x s?_;, u.,-%‘é—“+%‘3 — the flexural strains of

median surface; u, v, v - the displacement of the points of mediana : 1

surface in directions a, p, z, correspondingly, a v. and Y& — the

angles of rotation of standard.

Page 271,

Por by strain in median surface are kncvn four equations of

joint [229) from vhich for the tasks of stability it is substantial

ones
O%;2 O%, O%y Oegs deyy
k " - - -
1% + Rax, oaop T opr | oa2 k, op ka o
|
et L(w, w), a (5.6.5)
’w Pw otw \? ]
where L(w,w) -2[ da* 0p? up (dadp ) 4
2 L 3 |
1 -T ' ’-E ¢

Examining glass-fiber-reinforced plastic as uniforam, orthotropic

material and disregarding its creep in the direction of

reinforcement, ve have following physical relationship/ratios
(S5.4.2):
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ou=Anen+Annen; O0pdnnen+An,e,;
Tiz=A 32812~ /anlz(t—e)eu(e)dﬂ;
0

Tis=A33813— le:!ls(t—B)els(e)dB; (5.6.6)
0

Tas = Aggas€2s — / Rasas (¢ —0) e23(0)do.
°

After integration (5.6.6) for the thickmess of shell we obtain

following expressioas for effort/forces aad the toraue/amosents:

Ti\=2h(Aynen+Anen);
Ty=2h(Assmesn+Annen); (5.6.7)

S =2’1A|2|28|2—2h f an(f—e)elz(a)dﬂ;

M.-— (Ann +Aung;
(5.6.8)
| Mz-zTh(Aaa%"'Ann o )
H=A|2|2——'(%!pg+ov’) = lezlz(l 9)( HNa ?t: )dﬂ;
QI'AISIJ2’1(Y¢+ g:) 2h /Rnsla(l -8) (Y¢+ )dﬂ (5.6.9)

Page 272. ’Q""‘”z"(”*—)‘”f“””“ - (W’f )ae.

Bffort/forces and torque/moments are must satisfy the

e g At . e . P ———

A S —

equations
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of the equilibrium:

or, 9s_. of, oS

i R Sl fhi

(k|+-——)T|+ (k,-{- 352 P ‘;Sl = aogz‘

0‘-w+r ?w+ 98 d’w
da? | op? oaop (5.6.10)

OM, oH . oMy OH
da ' 0p ' 0B Oa

)T,+2S

=T

-Q!t

vhere g ~ traansverse load; Tyos T20¢ So - Subcritical momeat-less

effort/forces.

As usual, let us introduce the fumnction of the voltage/stresses:

02F 2F - 2F
T . — I
1 ap2 ’ T’ da2 ’ s aaap . (5.6.' l )

Systea of equations (5.6.10) and the equation of coasistency
(5«.6.5) then with the use of relationship/ratics (5.6.6)~(5.6.9) is
reduced to the tellovilg fimal ton.

0’w 0?F F ow
(k|+ ) (k’+ op? / da? —201103 dadp —Aims2h X

x( ?‘ )+2th.,|.(t e)( - w)de

B e e —— - — SR — - - - p—

A e A VA 4w T
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Paqb —Anu?h( 91‘_4-%—;?-) +2a ]Rma(‘ e)(_"'w
s.

& o*w o*w *w
= T
Tio 0a."+ moﬁ‘ +2Sodadﬁ+q
2h ( 0%ya 0%y ) 2h3( 0%y o%y
h B (2, ow).
un—p =+ Aan Ja0p + 41212 3\ o +0a0ﬂ
(5.6.12,a, b, ¢, d)
2h3 0
fR.m(r—e)( :;j o 2 )ao=s2n (vat 2 ) -

- 2h leana(l—e) (Ya+%§ )de'.

2h3( d%ve azy,,) 2h3( Pva Oy )
3~ \Azz 3p? +Aun 5= 3B Az 0adﬁ+da2 o
O%yq 0%y ) Jw
mez(’ —-0) (d dp a d9=f423232h(?ﬁ+ P

—2h [Rzm(t—e) (W+—a(%-) de;

% I d‘F+ 1 O*F O - O‘F
11 | Sy 2h op* Q2222 —— oh Oat 2211 T Q212 2h d 220p?
?w 6w OF
b o — b fK.m(t ~0) 30705 40=
--——‘.)-L(w,w).

Disregarding ia (5.6.12) nonrlinear terass, vwe obtain the matchiag
systes Oof the linear equations of the stability theory of anisotropic

shells taking into account the strain of transverse shift/shears.

Che nonlinear and linear resolviag systeas of the stability eof
plates we will obtain respectively with kg = ky = 0.
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Pade 274.

§5-7. Relationship/ratios of the stability of orthotropic plates on

the base of the generalization of Timoshenko's kinematic model.

Let us generalize the obtained above results and use to
stability analysis the theory of plates, which makes it possible to
satisfy some conditions on the boundary plames cf plate/slab.
Following [231], let us record the basic kinematic
telationship/tatios of the theory of plates, which considers not only

rotation, but also the bemnding of standard.

Let us examine plate by the thickness 2h wvhose medium plane is
referred to the orthogonal system of coordinates x, y. Let us assume
that the filament, normal to medium plape up to strain, in the
process of deformation is turned and is bent, without
exportcnct(yc-ting shortening and elongation (i.e. &:=0); aorsal
stresses o, are comsidered low in compariscn with other stresses. In
this field of the displacement of platesslab, ve determine by

formulas [ 231]:
U= 042904 20T + 2%, ;
vmO4zy S+ 20T 42T (5.7.1)
w=ul,
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Here .° andy,’ —are amgles of rotation of filasent in planes xz and
uz at the level of median surface. If we the indicated dependences
are restricted linear relative to z to teras, we wvwill obtain the
variation of the theory of S. P. Timoshenko's type [231], according
to whom it is accepted that the noraal filament in the process of
deforsation remaias rectilinear, but normal to sedian surface.
Coefficients ul, o7, yaT, y,7 let us determine from boundary

conditions [231).

By satisfactioa to boundary conditions for shearing stresses

Txr| stk = Tept T.zlx-gh"fy:t (5.7.2)

ve obtain following convenient formsula for coefficieants imdicated
above in the case vhen shearing stresses on the lateral surfaces of

plate are egual to szero [231):

Vf"gL(Wm+ﬂ$ ., uT=0 (5.7.3)
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Page 275.

In vork [231) are obtained the expressions of the indicated
coefficients also for the case of assignment on the boundary planes
of the tangential components of displacement, also mixed boundary

conditions. However, these expressions subsequently we vill not use.

The given formulas shov that, unlike the classical theory of
plates. Kirchhoff, here the tangential displaceaents u, v of the
arbitrary point of plate, removed from medium plane along the normal
up to distance 2z, generally depend on z nonlinear. We note also that
unlike the classical theory of the thih plateS here the attachment of
all points of middle plane (for the target/purpcse of the
non-admission of any displacesents add rotationS in space) does not

lead plate to the state of undeformaltble body.

Utilizing the obtained above expressions for displacements we

obtain the relationship/ratios of straim in the equidistant plane:
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2 ( dy, Ow )
St ma s g W P

28 [ Oy, dlw)‘
eyy==¢8n+ny— 3,12(0—y+ oy 6 (5.7.4)

2 ( dyx Oy, 9 0w )
e‘"“"”“"_ﬁ oy = Ox oxdy !’

22\
ex; =83 l—"'l; ;

22
eyx-ezs(l— T?)'

vhere 0u+ 1 ( ow )z .
- ox 2 X 3
B Jdv | ( Jw )2
€20 = oy 2 !
-~ du OJdv Jw Jw :
oy T ox T ox dy '
Ly Jw
813=Yx !
& ow :
&2 YU ou ’

Page 276.

on the Strength of assumptiom .._%':1_0 we will obtain
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w=w(x,y), (5.7.5)

i.e. just as in the classical theory of plates, the displacemsent of
any ppint of plate in the direction z does not depend on z and for
all points of this normal cell/element equal tc the normal

displacement w at the appropriate point of mediuam plane.

As physical relationship/ratios let us accept expressions for an
orthotropic material with rheonomic properties. Will be here taken
into account as earlier, only shift creep of interlayer shift/shear
and shift/shear in the plane of layers of the reinforcing fabric. In
this case, it is accepted that in the fiber direction creep from

normal stresses is absent (5.2.4).

Calculating the values of iaternal effort/forces, during use

(5-.2.4%) we will have:

ox dy 5 ox? ay?
Mv=i(o 9w D,-di)__'( A d"")
ox 5\ Vg TV G ]
4 o
om0 (S04 20) 2, o
RN Ty T F e -
t
4 -~ o
——B8 [G(t—0 (& l-iﬂ) .
z of_ ) R el oxay) 98 (576)
4 ( Jw 4 ‘- ow
Qx 3 Gllh Yx+‘5;)“?h3/.6l!(’-9) (Yx"'a)de;

Q,-—;- Gash (y,,+‘;—:’ - %h‘/‘(i—”(t—ﬂ)(y,-r%) de.
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Here
D’_2Am|h’; D = 2Ammh? 2G5k D 2411200
v 3 ’ xy 3 ' 1 3 ’
2
- S
B 3h
Page 277.

Utilizing further an equation of equilibrium (5.610) and of
consistency (5.6.5) with k; = k;, = O and introducing the function
stress F by foramulas (5.6.11), we will obtain in susmation, the

following resolving equations of task:

of

. —————————r——
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2w 0F > 2w #F 2w O°F
08t 0y ' Oy 0  Oxdy 0xdy
Oy, Ow
~Auug{ Grr 2}

——thma(t 9)(0“‘ zu:)df) Azmih(%y ===

d’w) 4 dy, 0w
+2)- 3h°fkma(t—e)(—ay—+—@2—) do=

o’w o’w Fw
o +T a9 +2S, 6x0y+'q'

m Tw

2h3 0%y,
{[ (Aun ~+A21 oy* )+(A2211+A|212)§:; ]_

1 cw w
EP) ——+ (24 122+ A0 ) =—— 3%0y? } =

mez(t 9)[ ( 0;:; g;?y )_%%]de
(5.7.7)

ow 4 ow
=Ap— h(\:'*' )'3”16/'1?1313(’—9)(?:-{- o )49:

5

2h3 {[ (Am ?2 +A22 32:2 )+(A|212+A2'~'“)_@2—Yx—]—

[Azm y‘+(2‘4|m+/‘au) d’dy }"‘ me:("‘

-» [ dxdy dx: ) _% df::y ]dﬂ-
t
=t gt ) - 54 [ Run-0)(n+S) o,
0
o‘F

ayy——+a o‘F+(2a + =5
a
1 pw 2022 —— 2211 1212) y,+

1 O'F 1
+2—ha/ S, JsuliBh_bosiedle.
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Page 278.

equations (5.7.7) compose the complete resolving systes of four
iategrodifferential equations of relatively three unknown functions

.3 w! Yx. v'.

Por the linear case, eliminatiag aomlinear teras, we will obtain

relative to three functioas v, v, y, the tén«inq systen:
w otw
G 5+ G oy? oaaY fG,,‘*(t—
t
Jdw - Jw 0 (wo+w)
4 o o? dy,, 1 [ o3
5 (D\?-’-D-\V dy_; ) (DI+D.\|{) e —5‘ DI—Ex—3+
‘ * Oyx Pyy
+(Dl+20.ry)dxdy2 ] B/ G|3(t—e)( dﬁ W—
1w
-E—W)dﬁ—cm (Yx+ Bx ) _/.0,30(1—0) (Y‘\+
- a g
i +—ﬂ)de=o;
: ox
(5.7.8)
4 a? d”y, 1 o3
E‘(D o5 —t Ve o )Yv (D|+D,,) Bx0y 5 D"——dy3+
]
TR Pyy Pyx

,
—21 w0y )dO Gy (Yu ‘: )+ ,o/'a”.(‘—o) (Y'+

+%)d0-0.
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Page 279.

Hele

Gu"‘--%hG.-; (l- 1.2\

Equations (5.7.8) cosmpose the complete resolving system of three
integrodifferential eguations of the relatively three unknown
functioas @, vy, vy, limitedness of which in time determines the

stability of plate.

During the solution to concrete/specifics/actual boundary-value
rrobleas to the resclving integrodifferential equations of plate, one

should connect boundary conditions.

For example, in the particular case of hinged support for edges
boundary conditions are satisfied, if unknown function with the

folloving fora:

. X
w=F(t) sin—sin Z¥_.
a b

"X =xn
Ye=10 () cos —sin 2, (5.7.9)

Yy=x2(f) sinﬂcos“—y 5
a b
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Taking into account (5.7.9) systea (S.7.8) will take the foram

auf () + ot () +arwea () + 2 Lt 3 fogm =N (2 ) 11,
anf (1) +ant (1) +arta (1) +5 Blutls=0;  (57.10)

asf (1) +asax: (1) +assxa (1) +%%B’|2+lzs=o.

t

r - n
Ly ; Gi°(t—0) [11(9)+;f(9)]d92

vhere

t
Iy= f&zs(t—ﬁ)[xg(e)+%f(6)]d9;

1= /G|2°(1 9)[( )11(9)+~X2(9) Sabt b2 f(G)]dO
G.~,°(t-e)=3hc(z—e) (i=1,2);
au=—0u°(%)2-023°(%)2; a|2=-§'0n°; 0|a=—7n023°;
02|=l€[ X {-)3+ (D,+2D,.,)ai;] - =G
azzt—%IDx(%t-)z'Fny(%y]—Gu";
4 n?
02:=—5—(01+ny)—:

a,.——;[D,( )+(D|+2D,,) ]—-—G,, ; Gsa=agy;

ove= 3 (3 s 2 ] -ou.
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Page 280.

Thus, ve vill obtaiﬁ the systea of integral equatioms.
Hereditary function must be accepted in accordance vith experiments
on the analysis of the deformatiop properties of material. The
stability of plate is determined by limitedness in time £(t), Xi(?)
aad x:(!), that, in particular, can be investigated vith the aid of high
speed calculators (example of the solution of a similar problem for

geometrically nonlinear slightly curved shell will be given below).

If the experimental data of the properties of material are
described by exponential nuclei, then the system of integral
1
equations. (5.7.10) we convert into the systea of the differential

} equations of the following fora:

i—annf+a1311 +aisxs;
il = anf+ asyx +auys (5.7.11)

xo=agf +asg) + Gssxa

vhere the coofficiontscxiJ'by known form are expressed as the
coastants of the deformation properties of material, the geometric
parameters of shell and subcritical effort/forces. For the
determination of critical loads to system (S.7.11) are used Hurwitz®

criteria.
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Page 281.

§5.8. Cylindrical bulge during creep of orthotropic plate. Limits of

the applicability of Kirchhoff-Love's hypothesis.

¥e investigate the cylindrical bulge of plate during creep
taking into account the refined theory of plates, examined into §5.7,
according to which the field of the displacement of platé/slab is
determined by the depeandences:

Um0+ 2y + 22T +2%,T ;

v=00+2y,042%0T + 2%, T, w=uwl. s

Taking into account the fact that creep of some
glass-fiber~reinforced plastics little is developed in the direction
of reinforcement, for ¢, ve utilize Hooke's law, taking into account

only shift creep in plase i1z (material orthotropic):

Oy =

. t
E, ~
emE'ti; oumGisvec— | Gis(t=0)yadb. (58.2)
0

-V

Por this case the flow properties of glass-plastic plates cannot
be described with the aid of the model of Kirchoff according to which
ia the task ia guestion ve obtain only instantaneous Euler critical
force Ts. the process of loss of stability in time here it can be

investigated omly vith the aid of the refined theory of the bending
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of plates.

In order to calculate internal torgue M, and transverse force

ve utilize dependences for the field of the displacesent of

plate/slab in the case of the cylimdrical bending:

u-ZY;°+Z‘Y,T 2 w-w° s (5-8-3)

vhere

1 ( ow
S (P
b 3n2 Y"'.‘tix )

Taking into account the fact that

du Oy OysT
= ox  ox - ox

and

. du oOw ow
- —— = ;0 12 2
Lol R R i e

let us compute M. andQ.:

4 oy | ow
My=—D, > - _pD — .
5 dx 5 D‘ on v
4 0 t (5.8.4)
= _l 4 n Jw
Qx 3 Gl"'(?:°+ F ) = —3—’!;/ Gls(l-.@)(?x""‘ % )de,

'h3
vhere the thickness of plate/slab zh‘p,-gféL.
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Page 282,
The equations of the equilibrium of diffetentiil cell/element as

the compressed force T,o of plate with initial saggi:ng/deflectiol Woo
vith cyliadrical bending has the fors

oM, 9Q« Fu o) 585
Qi B r, (22 TE)-0 (585

After substitutiag (S.8.4) in (5.8.5), we have

oavx 1 RPw dﬂwm
H 50 o8 5 T\t )
4 oy, ow Oy o0*w
—é—Gnh( ;- +—0X—’) h/Gua(I—G)(—+o—2—)d0—
0 (woo— w)
= TIOT-O. (5.8.6a,b)

In the examination of the hinged support of plate, we take

w-f(l)sin—a:; Wog = foo sin fai;

"=y (f)cos MT . (58.7)

After accepting 5 _g) ia the fors of the exponential Gis(t—0) =

Gn— ann "—-.—

o T ,taking iato accowat (5.8.7) and after eliminatiag froa
systea (5.8.6) » x(f), for the amplitude of sagging/deflection f (t)
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we obtainm
n{—g— Guh—[%—ob——( ) +l]Tw} f+{_5.6m’h_
-3 (2) i oJr=[ 522 (2 )] 1
(5.8.8)
Page 283.

If function f (t) is known, then for computationm x(/). accordingly

{(5.8.6a), we have the following linear dependence:

50 ( ) —r.o']fw——i——b%‘— Tfoo. (58.9)

It is solved (by 5.8.8) under the iamitial comdition

f
fn-o-fo=7#. . (5.8.10)
e
vhere +n§%?(:§» the critical load of elastic task taking
13 ]
into accouat transverse shift/shears. Here Ts-lh(%) — eritical

load for the plate in guestion without takimg into accouat of

transverse shift/shears (in this case is possible only instantaneous

it is elastic loss of stability).
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After solviang (5.8.8), ve have

TA—T,. ¢
[(t) =fa+ (fo—fx)e Tu~-Ten (5.8.11)
foo 4
vhere "-7;_ — sagging/deflection with t = =;
et =1
TIO
T T3 vl T3
. 1+2——'E—hl(—) —1+3 G iy
5 Gas\ a 5 Gush

- prolonged critical load taking into account transverse

shif t/shears.

Prom (5.8.11) it follows that whem 7,<T, the

sagging/deflections in time attenuate (steady state), and when

i Ta<T, 1<Tuthe rate of the increase of sagging/deflections grow/rises;

vhen 7v=TM yq nave instantaneous loss of stability.

Let us estimate error appearing as a result of the disregard of

shift/shears ia plame x3 and of the diuug.td of the creep of the

material: Tm~T 4
n=—"_—2_100% 2(" )’g a2 100%;
13
Tn (5.8.12)
n=—0nw—— 100%-—( ) Gnu n100%.
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Page 284.

Computations showvw that transverse shift/shears one should
consider for cell/elements with flexibility to 30. Errors (in oy0),
that appear with the disregard of transverse shift/shears, for

cell/elements by flexibility to 30 are given iun table S.1.

ke
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Table S5.1. Errors from the disregard of traansverse shift/shears in

o/0.

£ e
L Gu ?‘" Gow
3 1 & I = 4 0 | o | 0
plele|e|le| u
: ; i 10,0 15,0
30 03 0,6 Ll 1 44

Key: (1). or.

§5.9. Stability of orthotropic cylindrical shells during creep taking

into account the strains of transverse shift/shears.

We investigate the stability of orthotropic shells during linear
creep taking into account shift creep and strains of transverse
shift/shears. It is assumed that the standard to median surface of
shell in the process of strain does not resain perpendicular to it,
but it is turned at some angle, without experience/testing
elongations - compressions and without bending (kinematic model of
Timoshenko's type) . This model, as is known, makes it possible to

consider shearing strains, not taking imto account of the classical

theory of kirkhgofa - Love's shells.




'3 4

DoC = 77231303 PAGE &

1. If ve consider glass-fiber-reinforced plastic as orthotropic
material and to disregard its creep in directionm of reinforceasent,

then ve will obtain physical relationship/ratios from (5.2.%).

According to the taken model of the deformation of shell, ve
have the following geometric constraints betvween strains on

equidistant and median surfaces:

en=¢e)+2x;, en=tnt+n, (69.1)
eig=e;2+22x12; €3=¢g;y; Ex=ea,
mOrLeover
x a‘Yv " 678 a?v 5 : ow .
Rt B 2"13-7!’—4' o =+ PR
ow
e=yy+ o (5.9.2)

vhere e¢; - strain in equidistant surface;
: &% - gtrain in mediam surface;

V= Yv = the angles of rotation of normsal filament ian planes x3




DOC = 77231303 PAGE _5—

and yg.

Page 28S5.

Por strains in median surface, we have equation of the

continuity:

@tu 6’8” 0’:., de.; 0533
3o e )
» R T iy Tt hog <k - o

(5.9.3)
The equations of the equilibrium of the differential
cell/element of shell will be:

oT, 08 4SS 9T,
k'R Bt

0Q| 6Q! 62w i a’w

Tox Yoy MM T e ~ 28050
i AR (5.9.4)
i et B s

vhere the expressions of internal effort/forces taking into account

(5.2.8) and (5.9.5) take the fora
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Tim [oudzm2h(Auen+Ausen); Tom [ ordzm2h (A s
—h -h

+A25u€n): (5.9.5)

t
s= f 0122 =2hA 313812~ 2h f Rizna(t—8)e12(6)do;

M= f0112d2-=2—-( 6:" )

0

2h dyy
Mz=f0uZdZ-——-(Amz = +Ann%:—):

t
; oh3 (ay, oy, N 2hd
H -[1|22d¢ Aj2ig 3 3y + T )— 3 !Rmz(’—

—0)( )de

R ]
= / r.,az-A.,.,zh(v,+—;:;) ~2h of Runs (1-8) X

X (Vx+—3-)d6

h

Q2= f 723dZ=A23232h(Yu+ﬂ) -
-A 9y

t
—2h6[Rms(t—o) (y.+3—:)d.0.

i U — SN

e e SN ——
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Here 2h are thickness of shell.

Polloving the mixed method and representing the tangential
effort/forces T,, T, and S through the function of stresses F, froa
relationship/ratios (5.9.3) and (5.9.4) ve will obtaim four
fundamental equations relatively unknovwn of functions P, v, YV« anmnd vy,

into which will enter the integral teras:

Jdw
ox

)d&
(5.9.6)

t ]
fR.,.,(!-—O) (%"5+%V;' )de; B/R'm“—e)( =+

(]
°/.Rma(‘—-e) (Yv+ :;: )d&.

If ve eliminate from the obtained four equations function P, and
then to give to shell disturbance/perturbatios in the form of low
initial deviations (sagging/deflection and angles of rotation), for

example in the foras
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w-fsinT’l'—xsinf_“l_y_; Ye=1, COS m;usin nlay;
9.7
o max nny (59 )

Yy=2Xz2 sin 7 cos—l—,

and finally to pass (vith exponential nuclei) due to integral
equations to differential, we will obtain in susmmation, for research
on the development of strains and process of the bulge of shell in

time the systeam of the fora

f*auf'f' @)+ ais)e in =agf+any + anys;
xa=asif + @), + assxa, (5.9.8)

vhere a;; are coefficieats, by known form the expressed as the
constants of the deformation properties of material, geometric
raraseters of shell and effort/force T;9s T20¢ So-

Page 287.

Por the deteramination of prolonged amd imstantaneous critical

loads to obtained system (5.9.8) are used Hurwitz® criteria.

2. Let us examine stability of circular closed cylindrical
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shell, by compressed along forming force T,o. At zero time, let us
give to shell disturbance/perturbation in the form of low initial
sagging and angle of rotation of the axisymmetric fora

. Mmnx
w=f sin g

Yx =% COS

(5.9.9)

and it is investigated the further bebavier of saggiang/deflection.
Let us introduce the function of stresses F and satisfy, thus, to'the

first two equations of equilibrium (5.9.4):

0?F 0°F

o,h-T.--o—yz-; Ovh-rg--‘—,x—,; (59'0)
a*F
i =

vhere o, o, 1., ~ the membrane stresses of shell.

Eliminating in three last/latter equations (5.9.4) Qse Qp and
taking into account subsequently, that all values depend only on
coordisate x, taking into accouat (5.9.5 ve have
W, Fv | X Pw

3 0x R ox* ox?

T10=0, (59.11)

aéiro. (5.9.4) taking into account (5.9.5) -
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2h¢ Py, ow
'3—41111——6:, ‘Ams?h(Y:+ = )—
¢
r ow
—2’l° Risi3(t1—0) (Yg+ = )dO (5.9.12)

From the equation of the consistency of strains (5.9.3) taking

into account (5.9.2), (5.9.10) and

€22 = 022220y + A32)0x (5.9.]3)
we haove
1 OF | PAw
'55'0@-57—7%—3‘—,-0. (5.9.14)
Page 288.
Set/assuming
-9
R““- Al'“—BI'I‘ e—'—“ (5.9.'5)
ns

and after eliminating from (5.9.11), (5.9412) and (5.9.18) F asd V=
ve obtain for £ the following eguationm:

130, +aof =0, (5.9.16)

vhere




79
DOC = 77231303 PAGE ++

a;=A 352h '-—+Anu2'l D" R Gua( ) - Tu] +

R2 Qg222 Mmn l

l 1
=B h-— h — ( ) —— c
ag=B,3,32 + B)3152 i e e Tno +

1 20 mn )

Let us aote that £ aad X are cossected limearly:
1 1 2A | \3 !
o lw E(m—a) i (H)Tno]ﬁ (59.17)

The initial sagging/deflection v will not grow/rise in time, if

are satisfied the conditions

a>0 and. ;0 (59.18a, b)

Prom (5.9.18a) we obtain instantaneous critical force taking

into account the strains of the transverse .ﬁitt/nhuio:

D A
i “ge .
; R? 2h mnR
TioM= : T A= . (5.9.19)
D, e = ;
PP, S
7Y T
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3
Page 289.
Minimizing (5.9.19) on *u, we have:

4D, :1 2D,,h
L
4D, _ 8 D, )2 P
R?  agg \ 2hA 4 3R?

An?

(5.9.20)

From (5.9.18b) we obtain prolonged critical force taking into

account the transverse shift/shears:

Ag? -
b= 2h
T\A= e (5.9.21)
Onger
+
2hB,3)3
4D, 44/ 2Dh

(5.9.22)

X
§
5
%

e e e
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Por the case - the stability of cylindrical shell ~ the process
of bulge in time and prolonged critical load in question cannot be
investigated vwith the aid of kirkhgofa - Love's model, accordimng to
vhich ve here obtain only instantaneous critical force 7> The
process of loss of stability in time in this case can be investigated
taking into account the strains of transverse shift/shears.
Assumption about the absence of transverse shiff/sheats (kirkhgofa -
Love®’s model) corresponds to the acceptance of infinite shear moduli:

A s13=B,3)3=00, ;
that, according to (5.9.19) and (5.9.21), it is led to the

instantaaeous critical force

A2 2h
T, =D, T,—‘Fm-’— ' (5.9.23)
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vhere after minimization for A2 we have

A= -lTR:?:T : (5.9.24)

3. Por illustration let us take nuserical example. Let us
examine the cylindrical shell, manufactured fros the
glass~-fiber-reinforced plastic, reinforced along generatrix amnd in

transverse direction, with the following characteristics:

/’I

=100 000 xe/c.o\ﬂ;
2222 6’

)
Gi3=A,33=5000 Ke/c‘ét’; G138 =B 33= 1500 x2/cm?.

l -

E;=A,,;,=200000 KZ/CM’(.” E’-a

Key: (1). kg/m2,
Page 290.
Geometric characteristics of the shell: R = 10 ca, h = 0.1 cn.

If let us accept kirkhgofa - Love's hypothesis, then we will
obtaim only iastaataneous critical force according to (5.9.23) and

(5.’.3.)8 TWS- 326 IQICI: A2 = 122.

faking into account transverse shift/shears, wve obtain

iastantaneous (5.9.19) aad proloaged (5.9.21) the critical forces:
T o™ =300
l;\ kg/ca and Ay'=139;T\/"=237 Kkg/ca aad An'=268.
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Let us estimate the errors, permissible as a result of the
disregard of the transverse shift/shears:

T\o® =T o™ 100~9%: T\®—Ti"

100=38%.
TIO" Tloll

Thus, the disregard of the phenomena, connected with transverse

shift/shear, in certain cases is led to essential errors.

§5.10. Stability of orthotropic slanting spherical shells vith large
saggiang/deflections taking into account the strains of transverse

shift/shears and creep.

¥e investigate stability during creep of slanting axisymmetric

shell with a radius of a, loaded by the axisyametric transverse load

P« In this case, is considered only interlayer shift creep, and also
creep in the plane of layers of the reinforcing fabric. Let us
examine the sagging/deflections, commensurable with the thickness of
shell, and strain component let us accept lcw. Nondeformed median
sUrface of shell is accepted as so slanting that it is described by
the nonlinear relationship/ratios of circular plates for the bent

state, s.ucetom, hovever, that that in the initial unloaded state in
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the shell of stress and strain they are absent [298). Let us compose

the initial equations of task taking into account the adopted

assumptions.

V. Equations of equilibrium of flexible circular plate take

folloving form [64, 298]:

from projections of forces in radial direction

aN,

S ar

+N,—Ng=0, (5.10.1a)

also in vertical direction

aw

' L 3
+N, or +76/.prdr- 0. (5.lO.lb)

Page 291.

Equation of moment balance

oM, |

T+T(M'—M°)--Q" . (58.10.1¢c)

Let us pass to slanting, circular cross-section shell and

describe its deformed surface by the expression of the warped surface

of flexible circular plate (Pig. S5.1) [298):
W=—(y—w)=w-—y. (5.10.2)
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Here y is an ordinate of nondeformed median surface of shell; v - the

sagging/deflection of shell.

Equations (5. 10.%a) and (5.10.17c) will resain previous, and

instead Of (5. |0. 'b) ve ha ve
d____(w 'e) — rdr = 5.lOld

2. Geometric relationship/ratios. Let us examine tvo versions of

the account of transverse shift/shears.

a) let us assume that the filament, normal to nondeformed median
surface, in the process of the deformation of shell only is turned,
vithout experience/testing elongation - coapression. For this case ve
have the following geometric constraints between strains on
equidistant and median surfaces [ 229]:

er=¢, +2%;, Co=8tu+Ing.

(5.10.3a,b,¢)

Cr; =8z,

here ¢; are strains of equidistant surface;

&j = the strain of median surface, moreover

ity it A sttt ST s J
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ou l(dw)’_ Jw dy

N PR or or or'
u
8v=—r;
0 .
=0 —Yr, Ny=———, Neg=— e ,(5.10.44a,b,c,d,e)

vhere y. is an angle of rotation of standarde.

Page 292.

After eliminating from (5.10.4a, b) displacement u, we will

cktain the equation of the comsistency:

Jw OJdy
or or

e —tg—r ‘3;' -%( ‘;': o (5.10.5)

b) takirng into account also the bending of the normal filaments
of strain on equivalent surface will be (expressions of the strains
of median surface will remaia previous [230)):

-l ):

éy=g,+2

e.-e.-i'; (5.10.6 a, b, ¢)

i) ) 5).
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3. Physical relationship/ratios. As in the preceding/previous
paragraphs, it is considered only shift creep of interlayer
shift/shear and shift/shear in the plane of layers of the reinforcing
fabric, after considering that in the fiber direction creep fros

normal stresses is absent:

- or=A e+ A zeg;
Co=Anee+Azier;

t
tro=Gssre— fRn(t—O)ew(B)dG; (5.10.7a,b,c¢,d, e)
0 ;
t
Tre=Guern— _/.Rn(t—e)en(e)de;
0

1
T = G;;e.. - / R.: (t—ﬂ)e..(ﬁ) de.
0

Taking into account (5.10.3) the expression of internal

effort/forces, is taken the fora

A
2h3 r r
M= fd,-ZdZ-——a'(An%"‘All—Y?‘ H

-h

h
2h3
My= fﬂ.ldl-—-a—(.‘a!;—'FAu%?;—); (5.10.8a,b,¢)
-h
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A

Q= [rndz=20G,, (ZL oy, ) -

-h

]
—2h [R.,(t—o)(%—y,)do.

Page 293. 4( Upon consideration of strains, according to (5.10.6),

ve have the folloving expressions of internmal effort/forces:

mom- {3 (e an ) - 5 (405

—Anz%%"— };
Mv'—"—{ (Au +A;p— d' )" : ( ”_r!__d;r_n;_+
+A ‘:? )}.
Q= 2hGn (S - )—-—fR,,(l -0) (5= -y, ) .
(5.1094a,b,¢)
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4. Resolving equations of task we will obtain, utilizing in
equations of equilibrium and comsistency physical
relationship/ratios. We determine normal effort/forces by the

function of stresses F in the fora

F oF
- - .10.10 a, b
Nem—; Ne=— (5.10.10 a, b)

and by this ve satisfy the equation of egquilibrium (510.1a)«
Equations (5.10.1b) amd (S.10.c) let us presemt in the fors:

o(w—y) 1 " :
Q'+N'—_’—_+?3/p’dr-o’

o
(5.10.11a,6)
oM, 1 dw—-y) 1 [
T+T(M'—M')+~'T+T.‘[p’dr-o.
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a) during the use in (5.10.1la, b) of physical
relationship/ratios, according to (5.10.8), when 1s considered only
the rotation of standards, we have:

ow d(w y) F
or

?;:’ )de—-—fprdr=0

2h3 [ Oy, 1 Oy yr F d(w—-y)
8 A“( “ort +7’§T)“A”—']—TT+

2hGp, (y, —2h f Res(t—8) (ye—

0 (5.10.12a, b)

Purther in the equation of consistency (5.10.5) ve utilize
physical relationship/ratios (5.10.7), solved relative to the

components of tensor of the strains:

l ¥ pu
er-2—h(arNr+a Ne);

| (5.10.13 a, b)
k'ﬁ‘(“v”v'*@"”:).
that it leads to the expression
| (0w ) dw dy. &’
-2-(—07) “or or 2h[ o =y )]
(5.10.14)

The obtained expressions (5.10.12a), (5-.10.12b) amd (S.10.14)

they compose the complete systea of eqnatiohs of task of relatively
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three independent variables: w, y and F.

b) the resolving equations with the use of geometric
relationship/ratios (5.10.6a, b, c) ve will obtain during
substitution/replacement (5.10.9a)~-(5.10.9c) in (5.10.11a, b); the

egquation of consistency (5.10.18) it resains previous:

iz o0 ol y ; 3
40 (1= 5) = 54 [ Roti=0) (v ) a0

Faw-y [
o —ofprdr 0; 1
2’!3 o.v’ l i
{ [Au +—-4u o (Au—Alz)Yr]+
(5.10.15 4, b)
1 dw 1 0w dw
+€[A“‘<975‘+TA"T — (An— Alz) 5 }—
_F o(w~y) 1
s —r-—7°fprdr-o.

Page 29S5.

c) let us note that, utilizing in this task kirkhgofa - Love's

model, wve obtain only elastic solution, since here is not considered




TR — T

§¢
DOC = 77231303 PAGE 24

interlayer shift creep. Utilizing in the equaticn of equilibriua

(5.10..11b) Of the exprfeSsion of internal torgue, calculated under the

assumption of the nondeformability of the stamdards:

2/3 Pw 1 dw
M= — 3 (Au'—m—'f'/‘u—; 51

o (A R mw) (5.10.16a, b)
o= Viar—p+ihrgr)

ve obtain together with (5.10.14) tvo resolving equations of the

task:

2h% d 0?2 1 0 1 2h
"'——"( n-br—z'h“u-;'w +—'—[(An Azl)
1 F dw 1 4 !
~(Au-Ay)~ o] oL 220 ,fprdr-o.

0 (5.10.17)

In this case, after assuming the ipfinite interlayer shift

rigidity of material, we obtain the high values of critical loads.

5. Mode/conditions particular task of stability of slanting
spherical shell vith constant, evenly distributed load p. For this

case ve have (Pig. 5.2)

Bl 5.10.18
e & i
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We utilize kinematic relationship/ratios (5.10.3) and (S.10.4).
The inertial forces let us disregard, since this is led to the
distorted results only in the zone of cracking where the rate of the
increase of sagging/deflections has considerably more

preceding/previous stages [233).

Page 296.
We approximate dimensionless quantities T’%" %, and yv by the
Ay

following polynomials:

F
— 2.
Aja? botbip+bsp*;

—:i=Co+C|p+Czp2;

Yr=8o+8&p+g20%,
(5.10.194, b, c)

vhere p=—.

The constants of polynomials (5.10.19) let us determine from

toundary conditions. In the examination of hinged support, we have:
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paled (5.1020a)
ow
Ne=Ne. wr=0, ——=0 yi¢p, =0
or (5.10.20 )

F(r=0
From condition. N,=Ny, with tr = 0, we have “‘%Ta),-bo-o- rrom 4'iee=0

r=a)

ve have - 1 oF w Fr=
M-"(I-a)-?h—[a. (o' +a ('r a) ]-0.

20. + all

vhence b= —b, 1
a'+all

If ve designate b, = b(t), we will obtain

FaAuat(p—2a)pb(t), (5.10.21)

vhere 7 20y+d”
a,+a”

From conditioa @%’l-o we have C, = 0, pros "’(’T"')...o ve obtain C,
r

- "c:-

Page 297.

After designating C, = c(t), ve come to
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wsa(l—pc(t). (5.10.22)

Proa 7{(r = 0) = 0 we have go = 0, while frcam

r=a) Sl v(f-a)] L

Hormar =22 4, 20

we obtain g, = g,l, vhere ;_2Au+A,
An+A,’

If ve designate g, = g(t), ve come to

Yr= p(p—x)a(t). (5.10.23)
Por the deteramination of the functions of time b(t), c(t) and

g(t) ve apply to equations (5.10.12a), (5¢10.12b), (5.10.14) bubnov -

Galerkin's method and is passed to disensionless variable p = T/a:
1
1 ow F (1 ow 1
a[([—p’){?ho(vr—;'—op—-)'i-ap ( - dp aPR )_

—2h f&(t—e) (y,-——-)de+ £ }dp=0
Q

1
["("‘Z){%a‘[ (-a-l;% E&‘l—p'%)— azpz ]—

f {1 ow P pap ]} X
= [_aF('Z' 9p +a )+ 2 dp=0; (5.10.24a,b,¢)

1
Jro-o (G i armleleiar)-

—a,—:-;- ] }dp-o.
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Subsequently let us examine shell of the monotropic material:

l . E .
cr-—E-(or-vo.). o'-l-y' (er+veg);

1 E.
a@=E(aO—'V0r); o.=—l_—v2_(e,+ve,); (5.10.25a,b,¢,d, e)

t
‘l’n-Grerx“ fa(f—o)Yn(O)da.
0 e

Page 298.

Experimental data are described well by nucleus in the fora,

proposed by Yu. N. BRabotnov [ 156, 197]:

~ A v ,‘A(t..a')mn)
G(t—8)=G*(t—9) g R+ (e (©1026)

After integration from systeam (5.10.24a, b, c) taking into

account (5.10.21)-(5.10.23) we have:

T R

LR T G oA R RS
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2 I Ea(d 2
-2 ) +1 e - (5 -5 ) g br+

NEY:

o

Ea Z ~. 2
+T(7———5)0(’)b(1)+16h fG(‘ 0) X

X [(—';i - %)g(e) +—2—c(0) ]dé?-—o:

Page 299.

After solving system (5.10.27) relative to c(t) with t = 0, wve

will cbtain equation for the solution of the instantaneous-elastic

probles, mecessary for the imitial coaditioas:
Bc(0)3— Dc(0)2+ He (0) =Ap, (5.10.28)
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2 (E__l),,,.
PRI | L aE
15 (%-%)w 16hG
s=(5- )5 - ) F-5) 5 (£ ) |
a_1 a_1
(25 el T s
X(E_.L)(E_L) T e e
3 =g 2 Twg = 3 4
; 1

o @
Zpe(d_2yecmE
R \4 157 ~ G’

a 1

g 4
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Page 300.

In the specific case of mucleus (5.10.26) with a« = 0, after
assuainag u--ul and G Q_‘;‘G_A (oxm.kial nucleus) froas systeas
(5-10.27), after solviag its relatively c(t) and after passing to
dimensionless time r = t/n, wve obtain the nonlipear differeatial

equation B'c(x)3~D’c(x)*+H'c(x) +3Bc (v)% (x) —2Dc (1) ¢ (x) +

+Hc(x)=A'p, (5.10.29)
vhere = .‘i—__'_
- sl
23
r-(F-wNeG-s)NT-5)5(5) x
il . 2.4
TR LA
(5-iE-4 i
r-(£-5NeG-7)-(F-3) 7+
AT ot AT G
x 4 5 _23_(3___2_)4 5 __E.
~ ~ R\s " 15/= G
(3-D(3-3) =
G L R
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a |1 ; a_1
b i 2
| X— - 52. : —[(—‘ )(f)ﬁ_;_‘;s'i'_;]
e (5-%)5-3) g

Page 301.

For the case vhea with v = « 5(t| = 0, ve obtaia
dependence for deteraining the sagging/deflections of shell with the

long effective load:

A’pmB’c3—D'ci+H'c.
(5.10.30)
6. Numerical solution of particular task. Let us accept the
followving geometric parameters of shell (Pig. 5+2): S/a = 0.07; a/h =
180; R/ = 1005; a/R = 0.139; p = 8°00 ; ve take also the

sechanical characteristics of monotropic saterial

(9lass-fiber-reinforced plastic): E = 200000 kgf/ca2; E/G = 303 g;
= 150; 7 = 0.1. The coefficieats of egeations (5.10.28) - (5.10.30)
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wvith the taken values of geometric paraseters and the characteristics

of material acquire the folloving values:

A =87 238, A’ =86 190;

B8=32937, B’ =3248.5;

D=519,64; D’ =510.2; (5.10.31)
H-S’”; H'-7'82.

Instantaneous-elastic sagging/deflections and
sagging/deflections in the case of the lomg effective load when v = =
are obtained according to expressioas (5.!0.28) and (5.10.30). The
obtaiaed peak loads can be call/named instantaneous and prolonqéd
critical loads. In this example prolonged the critical load on 110/0
lover than instantaneous. Bquation (5.10.29) at the values of

coeffjcients (5.10.31) was solved on BESN-2.
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Plg. S.2. Slaatiag spherical shell and its basic geometric

paraseters.

Page 302.

Were undertaken the following values of the dimensionless

parameter of the load: 1.7101077; 2.341077; 2.71¢1077; 2.78e1077;
2.8001077; 2.92¢1077; 3.0001077. Solutions (5.10.29) at the taken

values of 5 in the form of graphs are given in Fig. 5.3. Proa these

graphs it follows that with the loads smaller than the prolonged

critical, sagging/deflectiors in time are stabilized. When the load
;ﬂ<}<;Mtlo sagging/deflections grov at the increasing velocity; inm
this case froa the obtained graphs, it is possikle to calculate the

critical time vhich is detersined by conditional point on graph c ~

Ve

i
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§5.11. Stability of cylindrical shell during the nonlinear creep of
the material.

The broad class of polymeric materials follows the nonlinear
laws of creep [ 154 ). For the analysis of stability of cylimdrical
shell, let us accept coamunication/connection Letween deforsationms,
stresses and their velocities in the foram of nonlinear-dif ferential
dependence. To this corresponds the following differential expression

of the function of the local deformations:

Y22+ 202 Quut — By, (5.11.1)

G G

where n, 6, B, Q and a - constant of material. We take, that the
function of local deformations has identical value both with the
loading and during unloading of material (for scme polymeric

saterials this is coafirsed by experiments).

) 0N’
T AT e

2nn0”
o i
0004 Y 2R
Fova’

L

¢ ¢+ &8 % 7 % 9
rig. S5.3. Diagrass c~v with traasverse load ; of different intemnsity

(results are calculated with the aid of BESN-2).

. ———— ———— — . —————— T — - o ——. gt e e s i it
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Page 303.

We will consider inertialess subcritical state of the shell,
compressed along generatrices, i.e., 0i;=0 besideson*0.After examining
lov deviations from the ground state, the disturbed state let us

describe by the varied law, utilizing a recording (5.2.7):
1
6'4:--§ f (822015 +¥2:004;) ds. (5.11.2)
: " Bl

Taking iato accouat (5.11.1) for a plasar-stressed state we

have: 9 : de
“"-TS—G 80, — FG“’”-TEE 150 60g+ Qc..’be“
- '—4" Qe \28e22— s 368u+ 86822 3
105 ™~ 5 15 :
6822"—1—'5022— : 6011+ 60'23— - 50.n+
.20G 15G 200 15G

1 4
+— Qe 20e30— —— Qey20e) + —= Béen+ Bﬁeu -
35 1 2
v Y 15 (5113

nB
20613 =— 8013+ &m+ Qlu Oeis— T Seis.

80 8G

Ve will use the obtaimed depeadences for deteraiaiang am increase

in ingernal torgue H,, M;, and H and in the increase in the

deformations in median surface of shell. Let us accept further

Kirchhoff-Love's hypothesis:
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Ben = —2Wey; Otzg=—2W,,~ Oy=—2zwy, (5.11.4)

let us introduce the function of the stresses:

Py O'¢
M-N'-W B 0xdy

(5.11.5)
e utilize egquatioans of oquilibrius and coincidefice of the

allh-Nl-%;

defornatioas: sy, 9 +
o - oxdy | g

Po, Oy Oy | Pw
o¢ T o “oxoy R 0@~

N
#H  *M, —Nn%'-:— + _Rl_o;

(5.11.6)

Page 304,

Using the physical relatioaship/ratios (S5.11.3) in the equations

of equilibriuam and comsistency of deforsations (5.11.6) and after

assuming the axisymsmetric fors of the bulge

w=]sin '":" : (5.11.7)

ve obtain following systea relative to the function of stresses ¢ amd

of sagging/deflections w:

o M Ao b
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"29u-x+"1’m-30RG(T Qlu )—"Wm:u'f'

» .
+RGB'—IE‘”’.m+RNWn"uu+

N1 Wsses ;
+R lon Wxxxx 3 (5.11.8)

. 30 ;
N2QPxxxx +—B— [( 105 — Qe))? ) + ]n(Pxxxx+

+%)-(43-—lf,—50e,. )<pxm=i:%6- (T o= Qeri? )
X ('ﬁngu? 2) +l]w“+ ’
’ [ (5 T '1'4!')] "'i’ss-f;-m&.,.

After eliminating froa the obtained eguatioas the fuactioa of
stresses, relative to the asplitude of sagging/deflections f we have

n2asf +na,f + agf =0,

vhere a,-BG—:—+RGB(ﬁ;‘-)‘:‘—;—R(Z:i):Nw‘.

(5.11.9)

a|=60120(-"%‘)'(4 ste.,) +3oo£ ('T’__

s @)= [F (5 - g o) +1] (52 o

ao=900§R(-TI—’-‘)‘(-%- i e B )""_.ﬂo_"[(_i_

105 12 BR 4
- row) (g curoa) o] e( (2
- T:?Qtu’) Ny.

Page 30S.
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According to Hurwitz® criterion, ve have the following

expression for the prolonged critical force:

; 30G _hm 30G 2 |
ol.A R’ A’l—2-+ Ag [(2—Q‘Il’ |05 )— ‘/ 2 " ]l
c-Qjagen
= (5.11.10)
vhere
mnR

After the minimization of this expression on A\, ve have

h 1 | 11 .4
owr=300 7 V5 (5 - g5 9nt) +igs @t
(5.11.11)

Last/latter tera uader sguare root as cospared with the others

is lov. If it we reject/throw, let us have

~h ~
o.o-GiVO.l(ﬂ—Qe”’. (511'2)
vhere
. ~ 4
- aMdQu=—_
G=30G Q &M)Q'

Thus, the prolonged critical force of the compressed cylindrical
shell depends on the characteristics of material at the long
effective load, accumulated of complete deformation and the geometric

parameters of shell.
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§5.12. Torsion form of the loss of stability during the nonlimear
creep of the material taking into account a difference in the laws of

loading and unloadinge

The torsion form of loss of stability during creep is
accompanied by the combined loading of material. The process of the
combined loading of polymeric materials im the case of the 1long
effective axial load with the subsequent torsion is satisfactorily
described (see §3.8) by the theory of the locality of deformationms,
if ve consider the difference in the laws of the deformation of
material vith its loading and unloading. Then the function of the
lccality of deformations will take the differemt form depending on

that, will shearing stresses on the local pad grow/rise or decreased.
Page 306.

During accoaplishing condition

Ox: 2 0x1e4 COS (Oxz, Oxzee), (5.12.1)

vhere , is iastaataneous valee of sheariag stress; o... - aay
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preceding/previous shearing stress on the pads, the deformation
properties of polyethylene with sufficient accuracy/precision, can be
described, if we accept the function of the locality of deformations

in the following fora:

,,,,-%,L_G"— 01+ Qyxs® = NByaz (5.122)
23 X2

X,

Ouring the unloading when we have the following condi tion:

0x:<Oxzee COS (Oxz, Oxzqe), (5123)

for the satisfactory description of experiments the function of local

deformations we take in the fora with two at times relaxation:

ey x2 n - n - e -
Yz = 2 + G Ox:t G Ox:—NBryue — By + Qv (5.12.4)
“ x2z x2 X1

~

Theoretical curves with the use of the function of local strains
in the form (5.12.2) and (5.12.4) and experimental points during
creep vith constant stress and reverse/inverse creep after unloading
of high-density polyethylene are shown to Fig. S.4%, vhere the
constants of material have the following values:

n=10; n=40; n=250; G, =480, Q... = 8200;
BumBymBoy=35; Q. =820
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Fige S.8. Curves of creep vith comstant load and during unloading

{solid lines is experimental; interaittent - theoretical).

Keys (1). cm2. (2). he (3). hours.

Page 307.

W#e utilize the taken fregquent forms of the functiom of the
locality of straim for the study of the torsion form of loss of
stability during creep. Let us examine shin-valled rod with crucifora
section/cut or the narrowv band vwith three hinge~fastened edges,
compressed along free long side. Let us assume that the thickness of
section/cut is considerably less than its vidths Such sect ion/cuts
can lose directional stability of twisting. Exaw®ining cell/element
vithout initial bending, we see that in subcritical stage the
materjal ¥ill be located in the single-axle stressed state. Utilizing

the taken above functions of local strains, let us deteraminme
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communication/connection between increases in shearing stresses and
strains and their velocities during the lowv deviation (twisting) of
cell/element from its subcritical rectilinear fera of the

equilibriums

1 1 -
6Clt-? “*/’l Wxt”llx:d3+-s- ‘:/,.O‘Yn”lt:tdsy (5.12.5)
3 8

here Ov., is increase of the function of local strains;

Vise: = W@ighting function (its increase in this task OvVis~0);
s* is a region of the sphere in which is satisfied the condition
(5.12¢ 1), and therefore on this region the function of local strains

it vill take the form acccrding to (5.12.2);

S is a region of the sphere in which is satisfied the comdition

(5.12.3)wvith the appropriate function of local deformations (5.12.4).

Regions on the sphere in vhich are satisfied conditions (5.12.1)

and with respect (to 5.12.3), with by elephant loading by compression

vith the subsequeat torsion are investigated earlier (§2.9).
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Fig. 5.5. Regions of loading and unloading durimg the coniitional

scan/develcprent of sphere.

Page 308.

puring a lov increase in shearing stress of condition (5.12.1) and
(5.12.3) they divide sphere into tvo regions, shown to Pig. 5.5,
vhere on the region, designated in plus, is satisfied condition

(5.12.1), on remaining region is satisfied the condition (5.12.3).

Integrating (5.12.5) by sphere taking into accouat of the
corresponding to each region form of the function of local strains

(512¢2) and (5.12.4), we come to the relationship/ratio
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Wu-—( 60::+T 60::-"5::6713) +

Qn cen2oviet+— 20 ( 6012+ G 5012"’?’:—5013—

-55..64.,-;5,.64..)+ Guenitys (5126)

or, after equatiag B,=3, =5, and after designating

n, -%o(n*-;); G=G,,B,.;,

10 = :
"z=—7- n; G|=— Gu:Ba: ;

Gn(ens) -— Gn[ 1- —(Qu+th) 1) ]

we obtain

8012 +"|6¢;|1+n:6¢;n-
= Ga(en.) 8y1a+ Gy Byis + Gngbyis . (5.12.7)

After the iategration of this expression fcr the cross section

of cell/element for free torsiom, we have
Mt 1y M+ Namy = G (e110) 167 + Gi,0” + Glung” , (5.12.8)

vhere ;g is iateasity of the external torsional load;

I«- the second moment of area during torsion:

@ is an angle of twist.
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<Duting the axial compression of thin-walled cell/element the
1 intensity of the torsioamal load
my=0,/,0", - (5.12.9)

hore /, is the polar soment of inmertias
Page 309.

After accepting @ (t,x) = f(t) sin wx/1,
{(5-12.10)

for the amplitude of sagging/deflections we have
agiaf + @, f +aof =0, (5.12.11)

vhere

ao=Gp(en1.)Ix—0nly;
ay=G\lx—onl,; ay=Glx—onl,.
Bxpression for prolonged critical stress we will obtain, as is

knowa, after equatiag a, with mero:

Oplle= Gg(m.)-ll-:-:-. (5.12.12)

As is evident, prolonged critical force depends on the proloaged
characteristics of material vith its loadu‘9 and the nilonduq. i
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accudulated of complete strain (elastic deformation and creep
strains) and of the characteristics of the cross section of
cell/element (for the section/cuts in questioa /u/,=0b%/h?, yheze h

are thickness, b - width of cell/element) .

The graph of prolonged critical forces with the obtained
constants of material is givem om Fig. S.6. For the case in gquestion
h?
instantaneous critical force takes value 0-“-6—,,—, rie®. more than four

times it exceeds prolonged critical force. ;
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ois ol
Gla s

Fig. 5.6. Prolonged critical forces for the different ratios h/b.

Key: (1). hours.

Page 310.

§5-13. Experimental analysis of stability of cylindrical shells

during compression by constamt load.

Until now, in the experimental analyses of stability of shells
of polymeric materials, vas examined mainly the elastic stage of work
of material [177-179, 182); however, stability taking into account
prolonged processes was studied insufficiently. In the described
below experiments the stability is investigated taking into accoumt

the rheonomic properties of material. %
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The experimental studies of the prolonged stability of
cylindrical shells during axial compression vere carried out above
shells of high-density polyethylene. In all were tested three series,

on three specimen/samples in each (Table 5.2).
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Pig. 5.7. Fora of shell after testiag of coastast load.

Tables 5.2.

Geometric characteristics of experimeatal models.

» @ (—sc)m [€R) Cug.s’un-us
com |z | S || TR -
I 3 48,7 32 10,1 148
11 3 489 37 1,3 133
m 3 49,1 4,1 12,6 120

Key: (V). Series. (2). Quantity of speciseas/sasgles. (3). Media. a

radius ch,llo (4) - Bedia. the thickness of vall A of ma. (5).

cf,
nedia, the cross-sectional arfea F}P,of ca2,

Page 311,
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Experimental shells wvere sharpened on lathe made of thin-walled
polyethylene tubes (height/altitude of specimen/samples 13.5 ca; the
average value of the modulus of instantaneous elasticity & = 7000

kg/ce?).

Specimens vere instantly charged by the constant, long effective
load. At the initial torque/moment after the lcad of bulges in
Specimen/sample, it wvas not observed. In the course of time in
specimen/sample, began to be formed annular bulges (Pig. 5.7). Was
fixed the torque/soment of the time vhen in specimen/sample appeared

the first, clearly distinguishable annular bulge.
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Fig. S.8. The theoretical curve of proloaged critical force according

to expression (5.13.1) and experimental points (o) (5 = 6000; 6’=
85) .

Tables 5.3.

Results of experiseats.

(L Bpema a0 nossaenun | 3amepennan wa 06-
Cepu N
" Jhaite [l o sl SRS | R
: ! 109 23 3,57
2 114 15 3.10
3 124 6 2'75
1 1 118 16 348
2 126 11 331
3 135 6 328
11} 1 123 2 254
2 134 15 3,50

Sey: (1). Series. (2). o specisea/sansple. (3). Stress ¢, kg/caZ.
(4). Time to the appearance of first bulge, min. (5). Heasured in
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2
specimen/sample complete strain 6”'/0.

Page 312.

Test results are given in table 5.3 and are described by dependence
(5.11.12) V. Prager's tank kinematic model. The law of the
developmeat of local strains is accepted both in final and
differentially. In the first case the way cf loading is considered
only by the regions of additional charge and unloadings, in the

second - also by integral in terms of the local way of loading.

The obtained theoretical expressions of strains satisfactorily
describe the experimental results of the cosbined loading of the
elasto-plastic strengthened/hardened material, which confirams the

correctness of the initial prerequisite/premises of theorye.

The rheonomic properties of material, according to the theory of
the locality of deformations, are described by means the exaamination
of the function of the locality of deformations as of time/teaporary
dependence. In connection with polymeric materials most proaising is
the use of depeadences of Bol'tsmana - Volterra's hereditary theory.
Since eXperiments establish/installed that for sany polysmeric

materials the laws of deformation with loading differ from law during

e e A A g O g e A e

i a A L

e
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unloading of material, for the solution of the problems of cosmbined
loading is establish/installed the criterion of using the
corresponding lavs. Are obtained the relationship/ratios between
strains and stresses vwith the simple and combined loadings of

sonlinear creeping material, if loads change steplike.

The results of creep tests (im nonlinear range) of high-demsity
polyethylene (PVP) with the simple and complex steplike ways of
loading confirm the prerequisite/premises of theoretical

relationship/ratios.

The obtained components of the tensor of ccmpliance/pliability
for the torque/moment of the bulge of shells in moment-less
subcritical state shov their essential dependence on the way of
subcritical loading. The level of the critical stressed state will be
sinisum with the simple subcritical loading when additional plastic
deformations grow/rise in all local coordinate systeas. The maximunm
level of breaking stresses is obtained with this coapPlex way of the
lcading when do not appear additional plastic deformations. Minimua
breaking stresses, received by the theory of the locality of

deformations, close to the results of deformation theory.

The carried out tests above thin-walled cylindrical shells of

polyethylene with short-tera loading shoved satisfactory agreesents
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of theoretically calculated critical forces with the results of
experiment. The zone of experimental breaking stresses lierests at
the zone betveen the values of upper and lower theoretical breaking

stresses.

Page 315.

With an increase in the plastic deformations, the effect of gecmetric
ncnlinearity is smoothed. The obtained theoretical stresses will
agree also with the results of the experience of A. S. Vol'amir, A. N.
Vozhinskiy and V. S. Moskvitin on the ahalysis of stability of

thin-walled rods, plates and shells of alloy D-16T.

Those who were solved on the base of the refined kinematic model
of the task of the prolonged stability of plates and shells of
reinforced plastic showed that the disregard of transverse
shift/shears in the large ratio E/G leads to significant guantitative
error. In a number of cases when creep in the direction of
reinforcement can be disregarded as compared with shift of creep,
classical kinesatic model even it is qualitative not in state to
describe the bulge of plates and shells in time. The solved
particular tasks of the stability of plates and shells during the
creep of the material in geometrically linear and nonlinear settings

(during linear creep) aade it pussible to establish/install the
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limits of the applicability of Kirchoff - Love's kinematic model.

Is obtained the 1load of the prolonged stability of shells of
nonlimear-creeping, initial-isotropic material for two cases: when '
reverse/inverse creep is described by the law of creep vith stressing
and vhen reverse/inverse creep is described by the law, which differs

from lav so on loading.

The carried c>ut tests of cylindrical shells of polyethylene by
constant load made it possible to fix time when in specimen/sanmple

begin to appear the first bulges.

The results of experiments are satisfactorily described by the

dependences, obtained theoretically.
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