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Abstract. The article is devoted to the study of the deformation and stability process of
shallow thin-walled elastic conical shells in case of non-homogeneous stress-stain state due to the
action of combined load of external uniform normal pressure and force applied in the point for
uniform immobile hedge border fixation. Such a type of loads in reality may be corresponded to the
action of snow layer in certain region accordingly to the territory map in JIbH B.1.2-2:2006 “Loads
and influences. Terms of designing” with change Nel, and action of construction or human weight
which may be situated on the surface of conical shell.

A study of deformation and stability process has been conducted with help of numerical
modelling using software ANSY'S environment which effectiveness in applying to solve problems
of such type has been approved on the international level. A model of shallow conical shell has
been made using finite-element SHELL 281 that let us to obtain not only symmetric by axe of
rotation form of instability but also asymmetric form of instability. Numerical modeling has been
conducted for two types of computations — either linear Eigen-buckling computation with
determination of critical pressure qcr and corresponding to it buckling form or geometrically non-
linear computation of deformation with determination of limit pressure value glim and
corresponding to it buckling form. Obtained results have been compared to the computational load
values that may be observed on the territory of Ukraine.

Detailed analysis of impact of every component of combined load on the shell’s bearing
capacity has been made for construction in total. In every case of computation, external uniform
normal pressure has been main cause of buckling whereas applied in the point force was the fact the
critical and limit pressure values have been changed. In these cases, point of force application was
moved in space along the origin of the cone in direction from the top to the base of shell. Detailed
analysis of impact of force applied in the point on the total buckling form has been done for
different positions of application point along the origin of shell. Force application points that have
the major impact on buckling form have been mentioned in the article.

Keywords: shallow conical shell, combined load, ANSYS.

Introduction. Thin-walled shallow closed conical shells have reached widespread appliance
in petroleum, industrial, aerospace and civil construction due to the simplicity of their production
and reliability of structure. Shallow conical shells may play role of either roof element of silo or
element of reservoir bottom. Subject of shallow conical shells is well investigated but there is a
number of questions to solve, for example, deformation and stability of such shells in case of
combined load. Relevance of these subject is testified by this fact nowadays.

Analysis of last investigations and publications. For the last decade, a large series of shallow
thin-walled closed conical shells of small scale have been carried out in wide range of geometrical
properties. Geometrical properties of shallow conical shells lied in next ranges: thickness parameter
was R/h=100...2000 and angle of origin incline compared to the shell base was a=0...20° [1, 2].
The deformation and stability investigation has been carried out either in laboratories during physical
experiments or in conditions of numerical environment of software ANSYS [1-3]. Input data for every

Bulletin of Odessa State Academy of Civil Engineering and Architecture, 2020, no. 79, page 27-33

27



28

BUILDING STRUCTURES

experiment and numerical modeling consisted in next. Shell’s border fixation has been implemented as
immobile and mobile simply-supported or fixed fixation where border displacement allowed in surface
of shell base (for mobile fixation). Load type — external normal uniform pressure. Thickness parameter
R/h and angle of origin inclination have been already noticed in the article above.

The dependencies of values of applied to the shell surface pressure from displacement of pike
point w related to the shell thickness h have been made during numerical investigations. Analyzing
obtained graphs “q-w/h”, the value of limit pressure qn has been obtained that shows us the
moment of shallow conical shell stability losing with spasmodic transition to the adjacent
equilibrium state known as “inversion”.

The results of numerical study have been compared to the result of physical experiments and
good degree of accordance between them has been obtained. It is indicated by obtained results that
software ANSYS may be used for further investigations of deformation and stability of shallow
thin-walled shells in more complicated exploitation conditions like combined load of external
normal pressure and applied in the point force for uniform border fixation.

Note that problem of shell instability due to the action of combined load (normal pressure,
force and momentum of torsion) has been analyzed by Grishak et al [4]. This investigation has been
carried out for non-shallow conical shells which origin inclination angle was a > 20°. The task was
simplified to the solution of integral singular normal differential equation of sixth degree with
variable coefficients. Different solutions obtained due to the use of phase integrals method (VKB),
hybrid VKB-Galerkin method and finite difference method have been compared in the article. The
advantages of asymptotic hybrid approach to solve equations of such type have been presented in
work [4]. The rational relation of thicknesses to the Young’s modulus of three-layered shell has
been analyzed for case when the structure was the most stable for load type discussed earlier. The
problem of limit surfaces construction that separate fields of stability and instability has been
analyzed. Also, the effectiveness of such three-layered structures as force elements working on
stability has been approved [4].

Formulation of the problem. Based on the foregoing, it is possible to make the conclusion
that investigated shells were in conditions of homogeneous in circumferential stress-strained state
(SSS) on the stage corresponded to the pre-critical ascending branch of equilibrium states of “q-w/h”
dependency. Homogeneous in circumferential direction SSS is an important factor for modeling and
analysis of shallow conical shell stability but, at the same time, in real conditions such situations are
unlikely due to the presence of material or geometry imperfections and presence of different load
combinations [1, 3]. According to the foregoing it is important to investigate the deformations and
stability of shallow conical shell in case of non-homogeneous SSS caused by the action of
simultaneous action of either normal external uniform pressure or force applied at the point.
General recommendations how to calculate non-shallow conical shells are given in [5] but these
recommendations can’t be applied for shallow conical shell with origin inclination angle smaller
than a < 20°.

The solution of this problem using analytical methods may lead to the large amount of time
investment comparing to the numerical modeling using software environment ANSYS. This fact
determines the incompleteness of shell investigation in historical context but may be complete by
use of modern informational technologies.

The aim and the tasks. The aim of investigation consists in detailed analysis of deformation and
stability of thin-walled shallow conical shells simply-supported border and non-homogeneous SSS
caused by the simultaneous action of external normal uniform pressure q and applied in the point
force F. In this case, the value and range of external pressure g extends over the entire surface of the
shell, and the force F can only change its position in space along the forming shell in the direction from
the top to the base. The goal is also to create a numerical model of a shallow conical shell in an
ANSYS software environment, which will allow an analysis of the behavior of the shell under these
conditions, and, in fact, to evaluate the applicability of ANSY'S software to solve problems of this type.

The purpose of the study is as follows:
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1) to study the process of deformation and stability of a series of shells under the condition of a
homogeneous simply-supported edge of the shell and the action of force applied at a point that can
change its position in space but not in time from the top to the base of the shell, and the vector of force
action is parallel to the axis of rotation of the shell in the direction from the top to the base of the shell;

2) to study the process of deformation and stability of a series of shells with the same conditions
of fastening, but in case of simultaneous action of external normal pressure and applied at a point force
under the same conditions for force;

3) evaluate the role of each component of the combined load on the shell deformation process
and their effect on the overall bearing capacity of the considered shells.

Materials and methods of research. Numerical analysis of the stability problem of elastic
closed conical shallow shells was carried out by modeling and calculating over a wide range of
geometry changes in the ANSYS software environment. The ratio of the radius of the shells base to
their thickness was R/h = 100 + 500. The angle of inclination of the cone origin to the plane of its base
was o = 4 and 10°, the thickness of the shells h = 4 mm. The material of the shells is alloy steel
(X18H9n, Young's modulus E = 2 x 10° MPa; Poisson's ratio — v = 0.3; conditional yield strength —
o2 =800 MPa). The loading was presented as simultaneous action of uniformly distributed over the
entire surface of the cone external homogeneous normal pressure (q) and the force applied at the point
(F). The boundary conditions of the shells in the calculation were taken as simply-supported fixation
(displacements along X, Y and Z axis are constrained). The upper part of the shell is truncated and has
a circular horizontal plate. The radius of the upper plate is chosen so that the bearing capacity of the
shell does not differ from the bearing capacity of the non-truncated hollow conical shell by a value
greater than 0.5%, resulting in a ratio of 1/20 of the radius of the truncated part of the cone to the radius
of the base. The thickness of the plate covering the truncated portion is equal to the thickness of the
shell. The connection of the plate to the shell is considered as rigid.

At combined load, five main points of force application to the surface of the shell are considered:
at the top of the shell; at the edge of a circular plate at the top of the shell; at a distance of 0.25R from
the top of the shell (where R is the radius of the base of the shell); at a distance of 0.5R from the top of
the shell; at a distance of 0.75R from the top of the shell. In addition to the main points, additional
force points are introduced to increase the detail of the dependence of the critical force F; at the point
at which it is located on the surface of the shell. Schemes of loading conical shells are shown on Fig.1
with a combination of an external homogeneous normal pressure g (left diagram) and an applied point
F (right diagram), the point of application of which could change its place in space.

Fig.1. Computational model of shallow conical shell in case of combined load — external normal
uniform pressure and applied at point force. F1-5 — point of force application

During the numerical simulation of the behavior of the shallow conical shells under combined
loading, two types of calculations were carried out — linear bifurcation calculation with determination
of critical pressure values g, or Fe and corresponding buckling shape of shell (problem 1) and
calculation of geometrically non-linear deformation problem with determination of limiting pressure
Qiim Values or the force Fir, and buckling shape corresponding to them (problem 2).

Finite element (FE) SHELL 281 has been used in two types of computation. FE SHELL 281
(Fig. 2, a) has 8 node point with 6 degrees of freedom at every node. FE-model of shallow conical
shell is shown on the Fig.2, b.
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b)
Fig. 2. Parts of FE-model of shallow conical shell:
a — finite element SHELL 281; b — FE mesh of shell model

The application of the SHELL 281 CE to the creation of a shallow conical shell model and its
subsequent calculation when loaded with a combination of external uniform pressure and applied at
a point force allows to obtain a buckling form that is not only symmetrical about the axis of rotation
but also asymmetrical.

The total number of elements in the FE model of the shallow conical shell is N = 4096. This
number of elements was chosen on the condition that further condensing of the finite element mesh does
not lead to such changes in the bearing capacity of the shell, which is more than 0.5% from the previous
step. From the point of view of saving the time spent on machine work, such an approach gives a clear
effect when performing geometrically nonlinear calculation of deformation of shallow conical shells.

The FE-model of shallow conical shell has been created in software environment ANSYS in four
steps: 1) the origin of the cone has been created on the surface the Y axis belongs to; 2) geometrical
model of shallow conical shell has been made by rotation of origin around the Y axis for 360° with
creation of four equal segments; 3) boundary conditions determination with limitation of point
displacement along X, Y and Z axis; 4) creation of finite element mesh with total element amount
N = 4096.

Research results. The results of numerical modeling of deformation and stability of shallow
conical thin-walled shells were compared with common types of loads, which are considered in
regulatory documents [6]. In reality, the combined load of external uniform pressure and the force
applied at the point may have the following form — the pressure component is the result of the
action of the weight of the snow cover, and the force applied at the point — by the presence of any
structure by the type of tube or antenna attached to the surface of the conical shell, or matches the
weight of the person with the snap.

As a result of the linear bifurcation calculation of the shallow conical shells for five cases of
concentrated force, we have the following: there is a gradual decrease in the bearing capacity of the
shallow conical shell as the point of application of force changes it position from the apex to the base
along the forming one has been observed. The gradual change of the point of application of force causes
the load carrying capacity of the shell to drop from 3.5 kPa to 2.29 kPa. But despite the 34.6% drop in
the critical pressure value, the load-bearing capacity of the shell remains ensured when loading the
estimated weight of the snow cover and the weight of the person with the equipment [6]. The estimated
weight of the snow cover corresponds to the value of pressure for Vth snow region and is equal to Sp =
1.8 kPa whereas the estimated weight of the person with the snhap is Fryman = 1.2 KN. The values of the
critical pressure g depending on the location of the point of application of force F are shown in table 1.

Table 1 — Buckling shapes for shallow conical shells (R/h = 400, o = 4°, h = 0.005 m) in case of

Buckling shape - E
q“, kPa 3.501 3.448 2.558 2.289
Point _of f_orce F1 2 3 Fa -
application
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Analyzing the buckling forms presented in Table 1, the degree of influence of the force
application point on the overall bearing capacity of the shell increases as the point moves along the
origin from the top to the base of the shell. When the force is located in the region of the points F1-3, the
shape of the stability loss remains axisymmetric with the same number of waves in the circumferential
direction and a certain redistribution of the conditional amplitude of the waves, which is to increase the
magnitude of the waves emission in the region close to the point of force application and to reduce the
waves from the opposite side. When the force is located in the area of points F4-5, the buckling shape
changes significantly according to the following model - the nature of the buckling shape of the
transforms to the asymmetrical according to the rotation axis of the shell but becomes symmetrical with
according to the cone origin on which the point of force application is located; the total number of
waves is halved (in this series of shells); the amplitude of the buckling waves in the region of the point
of force application in accordance with close waves is greatly increased.

As a result of geometrically nonlinear calculation of deformation of the shallow conical shells,
the behavior of the considered shells under the action of combined loading with normal homogeneous
pressure (snow cover) and concentrated at a point force (a man with a snap) was performed. The main
criterion for calculation is that the shell must not lose stability when the calculated value of the
combined load is reached, and the maximum equivalent stresses in the shell should not exceed the
conditional yield strength of X18H9n steel (800 MPa).

According to the obtained data in Table 2, maximal equivalent stress values are lower than
conditional yield strength values and maximal displacements of shell surface are smaller than one and
half of shell thickness. Shallow conical shell does not lose stability when it reaches the calculated
values of combined load.

Table 2 — Maximal von Mises stress values for shallow conical shells (R/h = 400, R =2 m) in case
of loading by external normal pressure Qsnow

RIh=400 | Qonom kP2 | 0.8 | 1.0 |12 |14 |16 |18 |q™ kPa| ", kPa

a=10° 1.77 1221 | 2.65]3.09 | 3.53 | 3.98 | 38.7 14.7
a=4° 424 1530|636 | 7.42 | 8.48 | 9.54 | 5.92 3.59

OMises, MPa

Conclusions. According to the results of numerical study of deformation and stability of shallow
thin-walled conical shells in the ANSY'S software environment, the following conclusions can be made:

1. A numerical model has been created to analyze the deformation process and the stability of
shallow conical shells under the action of combined loading, represented as a pair of factors -
external normal homogeneous pressure q and applied at point force F. This model allows to study
the behavior of shallow conical shells in conditions approximate to real, corresponding to the load
case of a shallow conical shell (acting as a force element of the structure) by the action of the snow
cover and the weight of the person or structure.

2. The process of deformation and stability of shallow thin-walled conical shells under the
action of combined loading in linear and geometrically nonlinear formulation in the ANSYS
software environment has been investigated. Obtained values of the bearing capacity of the shallow
conical shells indicate that the shells may be in operation under the mentioned foregoing load
conditions without the risk of loss of stability. It also explores the capabilities of ANSYS software
which allows the use of this software to solve these problems by numerical simulation.

Recommendations for further research. Further studies of deformation and stability of
shallow thin-walled shells at non-homogeneous SSS (in case of combined load action) are
recommended for more complicated cases - the presence of moment at the top of the shell or at the
number of forces N > 2 applied along the forming. Additional is the study of the stability of the
shallow conical shells with a symmetric (relative to the axis of rotation) arrangement of forces.
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Anortania. JlocmimkeHo mnpomec aeGopMyBaHHS Ta CTIMKOCTI IOJOTMX TOHKOCTIHHHUX
KOHIYHUX TPYXKHHX OOOJIOHOK TpH HEOJHOPITHOMY HAIpPYKEHO-Ie(OPMOBAHOMY  CTaHi,
00yMOBJIEHOMY J1i€}0 KOMOIHOBAaHOI'O HAaBaHTAXXEHHS 30BHIIIHIM HOPMaJIbHUM OAHOPITHUM THCKOM
Ta MPUKIAJEHOI0 Y TOYIll CHUJIOK NPH HEPYXOMOMY IIAPHIPHOMY 3aKpIIJIEHHI Kpar OOOJOHKH.
JlaHuit TUN HAaBaHTa)XKEHHS B pEaJbHMX yMOBaX MOXKE BIJNOBIJATH JIii CHITOBOTO IOKPOBY B
MEBHOMY paiOHI BIINOBITHO 10 KapTH paloHyBaHHs Ttepuropidi y JIBH B.1.2-2:2006
«HaBantaxenHs ta BrumBu. Hopmu npoexTyBaHHs» 31 3MiHOIO Nel, Ta nii Barm KOHCTpyKLii abo
JIFOJIMHH, 110 MOXKYTh 3HAXOAUTHUCS HA MTOBEPXHI KOHIYHOI 0O0JIOHKH.

JlocnipkeHHs 1e(opMyBaHHS Ta CTIHKOCTI MOJOTUX KOHIYHUX O0OJOHOK BUKOHAHO IIUIIXOM
YHUCETbHOTO MOJEIOBAaHHS Yy cepeloBulli mnporpamHoro komiuiekcy ANSYS, edexTuBHICTH
3aCTOCYBaHHS SIKOTO BXe Oyja MIATBEpPIKEHAa Ha MIDKHApOAHIH HayKOBO-TIPAKTHUYHINA apeHi.
Monenb mosoroi KOHIYHOT 000JI0HKH OyJia CTBOPEHA 3 3aCTOCYBAHHSM YOTHUPUKYTHOI'O CKIHUEHOTO
enmementy SHELL 281 3 BickMOMa BY3JIOBUMH TOYKaMH, IO JO3BOJIIIO OTPUMATH HE JIHIIE
CUMETPUYHY BITHOCHO OCi oOepTaHHs (hopMy BTpaTH CTIMKOCTI, ajie ¥ HeCUMETpU4HY. Y XOi
BUKOHAHHS YMCEJIBHOTO MOJEIOBAaHHS IMPOBOJMIIOCS JiBa THUIM PO3PAaxXyHKIB — JIHIMHOI 3amaui
BTpaTH cTiiikocTi (6idypkaiis) 3 BU3HAUCHHSIM KPUTHYHOTO TUCKY (¢ Ta BIMOBiHOT Homy (popmu
BTpaTH CTIHKOCTI, Ta 3ajadi T€OMETPUYHO HeJNiHIHHOI aedopMallli 3 BU3HAYEHHSIM TI'PAaHUYHOTO
TUCKY (lim Ta BIAMOBIAHOI oMy (popmu BTpaTH cTikikocTi. OTpuMaH1 3HAUE€HHS HECY4Oi 3JaTHOCTI
O0OJIOHOK TOPIBHIOBAINCh 3 PpO3PaXyHKOBHMH 3HAYCHHSIMH HABaHTAXEHb, SKI MOXIUBO
CIIOCTEpIraTé Ha TepUTOpii YKpaiHu.

[IpoBeneHo anHasi3 BIUIMBY KOKHOTO €JI€MEHTY KOMOIHOBAaHOIO HAaBaHTA)KEHHS Ha HECydy
3/1aTHICTh 0OOJIOHKH B IIUIOMY. B KO’XKHOMY BUINAJKy PO3paxyHKY came piBHOMIpHUN HOpMaJbHUI
30BHIIIHIN THCK OYB BUpIMIATbHUM (PAaKTOPOM BTPATH HECYUOi 3/1aTHOCTI OOOJIOHKH, TOJ1 SIK 3MiHa
TOYKM TMPHUKJIATAHHA CWIM JIMIIE BIUIMBaJda Ha BEJIMYMHY KPUTHYHOIO Ta TPAHUYHOTO
HaBaHTAXEHHS MpPU MEpeMIIlleHH] CUIM B3J0BXK YTBOPIOIOYOI KOHYCAa y HAIpPSIMKY Bifl BEpIIMHU
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obomonkn 10 i ocHoBu. IIpoBereHo aHami3 BIUIMBY TOYKHM NPHUKJIANAHHS CHIM Ha 3arajbHy
CTIMKICTb OOOJIOHKH, 30KpeMa Ha XapaKTep YTBOPEHHsS Ta PO3MOALTY XBHIb Ipu Oidypkamii, ix
BITHOCH1 po3Mipu Ta 00;1acTi po3noaiIeHHs XBWiIb. BKka3aHi 001acTi TOUOK MPUKIIaIaHHS CUJIH, TIPU
SKHX XapaKTep BTPATH CTIMKOCTI 3HAYHO 3MIHIOETHCS.

KuarouoBi ciioBa: mojora KoHiuHa 000JI0HKA, KOMOiHOBaHe HaBaHTakeHHs, ANSYS.
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AnHoTanusi. UccrnegoBano mporiecc aeOpPMHUPOBaHMS H  YCTOWYMBOCTH  IOJIOTHX
TOHKOCTEHHBIX KOHUYECKUX YIIPYTHX 000J0YEK IMPU HEOJHOPOAHOM HANPSHKEHHO-IEPOPMUPOBAHHOM
COCTOSIHUM, OOYCIIOBJIICHHOM JCWCTBHEM KOMOMHHUPOBAaHHON HArpy3kd BHEIIHUM HOPMaJIbHBIM
OJTHOPOJHBIM JaBJICHUEM W TIPHJIOKEHHOH B TOYKE CHJIOW TPU MIAPHUPHO-HEOABHKHOM
3aKpeTUIeHHH Kpast 000J104KH. JIaHHBIA TUIT Harpy3KH B PEATbHBIX YCIOBHUSIX MOXET COOTBETCTBOBATh
JEUCTBUIO CHEXXHOTO IIOKpOBAa B OINpPENENEHHOM pailoHe, COIJIaCHO KapThl pPaliOHUPOBAHUS
teppuropuii B JIBH B.1.2-2:2006 «Harpy3ku u Bo3zaeictBud. HoOpMbI IPOEKTHpPOBAHUS» C
n3MeHeHueM Nel, u fAelcTBHIO Beca KOHCTPYKIMM JIMOO 4YEJIOBEKAa C OCHACTKOW, YTO MOXKET
HAXOJUTHCS B OMPEICIEHHBII MOMEHT Ha MMOBEPXHOCTU KOHUYECKOW 000IOUKH.

UccnenoBanme nedopMHUpOBaHHMS M YCTOHYMBOCTH TOJOTHUX KOHHUYECKHX 000I0YeK
BBITIOJTHEHO TPHU TOMOIIM YHUCJIEHHOTO MOJEIMPOBAHUS B CpeAe MPOrpaMMHOTO KOMILIEKCa
ANSYS, 3¢ pexTuBHOCTh MPUMEHEHUsI KOTOPOTO JI pelIeHHs MpodiieM pazHOOOpa3HOro THIIa
y)Ke Oblla MOATBEpXKIEeHA HA MEXIYHapOoAHON apeHe. Mojeiab MOJOroil KOHMYECKOH 000I0YKU
Obla co3JaHa ¢ MPUMEHEHHEM YeThIPEXyTroiabHOTr0 KoHeuHoro anementa SHELL 281 ¢ 8 y3mamu,
YTO TIO3BOJWJIO MOJYYUTh HE TOJIBKO CHMMETPUYHYIO OTHOCUTEIBHO OCH (QopMy NOTEpU
YCTOWYMBOCTH, HO U HECUMMETPUUHYIO. BO BpeMs 4MCI€HHOr0 MOJIEIMPOBAaHUS TPOBOJUIIOCH JIBA
TUMA PAcu€TOB — JIMHEWHOW 3aJa4ydl TOTEpU YCTOMYMBOCTH (OMdypKanuu) ¢ ONpeaeieHueM
3HAYCHUsI KPUTUIECKOTO JIABJICHUS (cr 1 COOTBETCTBYIOIIEH eMy (POpMBI MOTEpH yCTOMYUBOCTH, U
3aJ]aud T€OMETPHUECKU HEeJIMHEHHOro aeopMupoBaHMs C ONpeesieHUeM 3HaueHHs MpeaeabHOro
JaBJIEHUs (jim U COOTBETCTBYMOLIEH eMy (opmbl moTepu ycrtoitunBocTu. IlomydeHHble 3HAUYEHUS
Hecylel CrocoOHOCTH 000JI04YEeK CPAaBHUBAINCH C PACUETHBIMHM 3HAUEHUSIMH HArpy3ok, KOTOpbIE
BO3MOYKHO HaOJI10/1aTh Ha TEPPUTOPUH Y KpPaUHBI.

[IpoBeneHO aHaM3 BIMSHHSA KaXXIOTO 3JIEMEHTa KOMOWHHMPOBAaHHOW HAarpy3Kd Ha HECYIYIO
CIOCOOHOCTh O0OJIOUKM B IIeJIoM. B kakaom ciyyae pacuéTra MMEHHO PaBHOMEPHOE HOPMAJIbHOE
BHEIIHEE JIaBJiCHHE ObUIO OINpEAeSIoNM (aKTOPOM TMOTEPU HECYyIIel CIOCOOHOCTH OO0OJIOYKH,
TOT/Ia KaK M3MEHEHNE TOYKH TPHIIOKEHUS CHIIBI BIHSIIA Ha BEJIMYMHY KPUTHYECKOTO M TIPENIEBHOTO
JIaBJICHUsI TIPU MEPEMEIIEHUH CUJIbl BJIOJIb 00pa3yroliel KOHyca 0 HalpaBlIEHHIO OT BEPIIMHBI JI0
ocHOBaHUSI 00onouku. IIpoBeneHO aHaIM3 BIMAHUS TOYKM TPWIOKEHHUS CHUJIbI Ha OOIIyrO
YCTOHYMBOCTh OOOJIOUKH, B YAaCTHOCTH Ha XapakTep OOpa3oBaHMs M paclpeieieHHs BOJH IpU
Ou¢ypkanui, UX OTHOCHTENIbHbIE BEJIMYMHBI M OOJACTH pacmpeneNieHusl BOJMH. YKazaHbl 001acTu
TOYEK MPUIIOKEHHUS CUJIBL, IPH KOTOPBIX XapaKTep MOTEPH YCTOWYUBOCTH 3HAUUTEIBHO MEHSETCSI.

KiroueBble cjioBa: nojorast KOHU4ecKkas 0007104ka, KOMOMHUpOBaHHAsA Harpyska, ANSYS.
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