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Introduction. Among the variety of objects considered by analytical and
numerical methods of particular interest are solid of revolution of complex
shape and cross-sectional structure formed by the movement of some solid
surface along a closed or disclosed broken line without breaks. The selected
geometric class is used as a natural structure, nodes and components in the
construction and various fields of mechanical engineering. Examples of
facilities include water towers, chimneys, tanks for various purposes, nuclear
reactor casings, various components and parts of power and transport
engineering. The sufficiently high prevalence of these forms on the one hand,
and the possibility of greatly simplifying the computational relationships based
on their geometric features on the other, is attracting the increasing attention of
researchers.

It is known that today the finite element method (FEM) is the most powerful
tool for analyzing the problems of structural mechanics and deformation of a
solid bodies. Over the last few years, the dimension of FEM models has
increased dramatically, driven by increased requirements for the accuracy and
reliability of results, prompting the use of more and more detailed calculation
schemes. In addition, the difficulties of studying the behavior of structures in the
presence of dynamic loads are increased in comparison with static analysis
many times. To overcome these problems in many cases they introduce
additional hypotheses, which, as a rule, narrow the class of objects and
processes under study, but can significantly improve efficiency and significantly
reduce the duration of the calculation. Semi-analytic finite element method
(SAFEM) is such an approach that is widely used for solving problems which
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objects are prismatic and solids of revolutionary of complex shape and cross-
sectional structure. High efficiency of SAFEM for a certain range of objects has
been demonstrated in the field of static and dynamic [2] analysis, continuous
fracture mechanics under creep conditions [1], processes of nonlinear
deformation of reinforced concrete structures [3]. The analysis of the results on
this issue obtained by domestic and foreign scientists shows that most analytical
and numerical methods of scientific research are usually oriented to
geometrically nonlinear problems at static load [5, 12, 13]. Aspects of solving
problems of dynamic deformation of axisymmetric solids with significantly
expressed nonlinear mechanical characteristics, taking into account geometric
nonlinearity and conditions of contact interaction are considered in the works of
the authors [4, 10, 11]. The purpose of this work is to analyze the calculation
results reliability of the specified classes of problems on the basis of the
constructed approach and study of complex technological processes.

1. Analysis of the reliability of calculation results based on test examples
An important task of designing the shell of the electromagnetic drive is the
correct determination of the thickness of the cylindrical screen wall, the value of
which depends on its strength. At the same time, the thickness of the wall
determines the magnitude of the magnetic gap, in proportion to the square of
which the power of the magnetic drive falls. In this regard the importance of the
task of reducing the thickness of the shell wall becomes clear. As shown by
experimental studies, the use of a two-layer shell allows to increase the strength
of the structure compared to all-metal one. Thus, in the first case, the magnitude
of the breaking load is 10MPa, and in the second - 8MPa. In Fig.1 shown the
calculation scheme and the results of numerical calculation in the form of
displacements, depending on the intensity of the internal pressure in the linear
calculation and taking into account the material fluidity.

The problem of deposition of a cylindrical workpiece in the cold state
between two rigid plates is considered. The workpiece is a cylinder height 1.9m,
diameter 2.38m. The material is elastic-plastically reinforced.
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Fig. 1. The calculation scheme and the results of the numerical calculation of the electromagnetic
drive shell
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Fig. 2. The design scheme of the cylindrical workpiece and the graph of the distribution of axial and
tangential stresses

A full adhesion is provided at the interface between the tool and the
workpiece. The process of deposition of the cylindrical workpiece was
performed to a degree of precipitation of 10%. The calculation scheme of the
object and the results of the calculation in the form of graphs of the distribution
of axial and tangential stresses in the equatorial plane are shown in Fig. 2. The
tangent stresses coincide quite well, the discrepancy is observed only at points
lying on the axis of symmetry. The plot of normal stresses on the surface of
contact with the tool also conforms well with the results given in [9].

2. The investigation of the deformation process of monolithic reinforced

concrete chimney under the influence

of wind load

An example of calculating a reinforced 1% ; Qi
concrete chimney (Fig. 1) with height i
H =120m , loaded with its own weight and : Q2
wind pressure was considered, which was
considered as normal static pressure applied =
to the outer surface of the object. Q4
The design scheme is a conical shell of
variable thickness (Fig. 3(a)), which takes Q5
into account a vertical roll of magnitude Q6
0.01 from the height of the structure. The
normative value of the average wind load i
was calculated by the known formula Q8
w,, =wpkc, where k is the altitude Q9
coefficient, ¢ is the aerodynamic coefficient Q10

for the cylindrical surface and 0.23 kPa was
adopted. The distribution of wind pressure Fig. 3. General view of the pipe (a)

is shown in Fig. 3(b). and the diagram of the distribution of
The results of the calculation of the wind pressure (b)

(b)
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stress-strain state of the structure are shown in the form of graphs in Fig. 4(a)
and 4(b).

The obtained data show an increase of the expected results by 20% for the
meridional stresses, and for the radial displacements - almost twice taking into
account the geometric nonlinearity in comparison with the linear calculation.
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Fig. 4. Graphs of radial displacements {J (a) and meridional stresses O3 (b). The dashed line

corresponds to the consideration of the problem in a linear formulation, solid - in a geometrically
nonlinear

3. Applied tasks of numerical modeling of technological operations of

impulse metal processing

The possibilities of the developed methodology are demonstrated by the
examples of numerical study of technological operation of impulse metal
processing. The problems are solved in an axisymmetric formulation taking into
account the physical and geometric nonlinearity, contact interaction and the
boundary state of the material. In modeling of separate operations, the
phenomenological theory of Kolmogorov destruction is used to estimate the
boundary condition, which is a model of accumulation of metal damage during
its plastic deformation [8]. The condition of destruction is determined achieve

el
. ( def . .
by the level of damage function H = j ——'—=1. Here d¢} - the intensity of
0 &)
plastic deformation growth, &/ - the intensity of accumulated plastic

deformation, & (y) - the marginal intensity of plastic deformation at the time
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of fracture, which is determined by the experimental deformation diagrams for
each specific material.

It’s considered the problem of forming a flange at the end of a tubular
workpiece at its opening by an internal pressure impulse. The design scheme of
the flange forming process is a cross-section of the pipe in the plane of
formation, the external pressure P(f), as a function of time ¢ is also presented in
Fig. 5. The physical and mechanical properties of the materials are as follows:

modulus of elasticity E =6.8x10*MPa, Poisson's ratio v =0.3, material
density p =2.64x10° kg/m3, limit of yield o, =182 MPa, confidence interval
(CI) for the power law of state o =k x¢&" , taking into account plastic flow with
isotropic hardening, is: k=374+433 MPa, n=0.118+0.177, marginal
intensity of the deformation at the time of destruction £/=0.69.
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Fig. 5. Calculation scheme of flange formation at the end of the tubular workpiece

The results of the calculation (Fig. 6) showed that the model of ideally
plastic material does not give sufficiently reliable results, so for the considered
processes and materials, it is necessary to use more complex state laws that take
into account the strengthening. It is seen that the experimental curves [6] lie in
the region bounded by the two calculated curves obtained for given limit values
of the parameters of the strengthening k. At k= 433MPa and n =0.177 there is a
qualitative and quantitative convergence of calculation results and experimental
data.

Two technological circuits of separation operations are considered: cutting
and end-of-pipe method at compression field impulse by force. Cutting
technology (Fig. 7(a)) involves the formation of annular waste in the area of free
deformation between the two cutting edges. The process of milling (Fig. 7(b)) is
technologically different from cutting with the absence of the second cutting
edge and the presence of a longer free end part. The model of isotropic

hardening is adopted according to the power law o =k x&" at the values of the
hardening parameters k = 433MPa and n =0.177.
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In Fig. 8 the graphs of changes in the intensity of the external pressure and
the configuration of the workpiece in the deformation process are presented. As
we can see, for both schemes of separation operations, the process of separation
of the workpiece is completed by the time of reaching the maximum load
applied. At the same time in the problem of end face, the movement of the free
end part at a sufficient distance from the cutting edge (about half the length of
end face) occurs almost parallel to the initial position of the face.

The same effect is observed in the initial stage of the flange forming process,
which does not fully correspond to the experimental data. This discrepancy is
due to the presence in the actual processes of boundary effects of force field
pressure, which are not taken into account in the calculations.
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Fig. 8. Schedule of change of intensity of external pressure

It is significant that the distribution of plastic deformations in the thickness
of the workpiece is significantly uneven. As a result, the development of
fracture zones is quite complex. For example, in the process of cutting (Fig. 9)
the initial zone of destruction reaches half the thickness of the workpiece for the
time 19 - 20.7 ps. Then, at the time of 20.9 us a small zone of destruction
appears on the opposite edge of the cutting surface of the workpiece, after which
the development of the initial zone continues, and by the time of 22.1 pus the
process of cutting ends. At the same time, near the cutting edge, the greatest
contribution to the intensity of the accumulated plastic deformations is made by
shear deformations, the value of which is twice as much as the relative
elongations, while near the opposite surface of the shear deformation by 2 - 3
orders of magnitude below the relative elongations.

Thus, from the side of the cutting edge there is a shear failure, and on the
opposite surface - due to stretching.
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Fig. 9. Crimping
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In the problem of end face crimping (Fig. 10), initially at t = 17.4 - 17.8 us
there is also a slight undercutting of the material by the cutting edge due to shear
deformations.
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Fig. 10. Compression molding

e

Then the main zone of destruction is developed on the opposite side of the
workpiece due to stretching. By the time ¢ = 18.1 - 18.7 s, trimming process is
complete.

Conclusion. Within the framework of the proposed methodology a
demonstration of the possibilities of the approach is made on the basis of the semi-
analytic variant of the finite element method. Numerical studies have shown a
significant influence of geometrical nonlinearity on determining the displacements
of the top of a monolithic reinforced concrete pipe. Analyzing the results of
studies of technological operations of impulse metal processing, it can be argued
that in the separation operations the destruction of the workpiece when cutting is
mainly due to shear deformation, scilicet there is a fracture of the cut, while the
workpiece partitioning at the expense of tensile, that is tear fracture. On this basis,
the largest elongation criterion of Mariotte [7], which is commonly used in
calculations, give accurate results only for numerical modeling of face processes.
To solve cutting problems, the Kolmogorov criterion is required, but, as the nature
of plastic deformation shows, the dependence of the parameters on the type of
stress state must be taken into account.
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Solodei 1., Vabishchevich M.O., Stryhun R.L.
SEMIANALYTICAL FINITE ELEMENTS METHOD EFFICIENCY IN THE
GEOMETRICALLY NONLINEAR ELASTIC-PLASTIC PROBLEMS

Particular interest, among the variety of objects considered using analytical and numerical
methods, are bodies of revolution with complex shape and cross-sectional structure. The selected
geometric class is used as natural structure components in the construction and various fields of
mechanical engineering. The sufficiently high prevalence of these forms in the construction and
machine-building sectors on the one hand, and the possibility of a significant simplification math
equestions by taking into account their geometric features on the other, is attracting increasing
attention of researchers.

It is known that today the finite element method (FEM) is the most powerful tool for analyzing
the problems of building mechanics and deformable solid mechanics. Over the past few years, the
dimension of FEM models has grown dramatically, driven by increased demands for accuracy and
reliability of results. In addition, the difficulties of studying the behavior of structures in the
presence of dynamic loads are many times increased in comparison with static analysis. To
overcome these problems, in many cases, it introduce additional hypotheses, which, as a rule,
narrow the class of objects and processes under study, but can significantly improve efficiency and
significantly reduce the duration of the calculation. Semi-analytical finite element method (SAFEM)
is one of such approaches that is widely used for solving problems whose objects are prismatic and
rotational bodies. High efficiency of SAFEM for a certain range of objects was demonstrated in the
field of static analysis, continuous mechanics of fracture under creep conditions, processes of
nonlinear deformation of reinforced concrete structures. The analysis of the results obtained by
domestic and foreign scientists on this issue shows that most analytical and numerical methods of
scientific research are usually oriented to geometrically nonlinear problems at static load. The
veracity and effectiveness of the semi-analytical finite element method in the problems of
geometrically nonlinear elastoplastic deformation of axisymmetric structures under dynamic loads is
considered. The capabilities of methodology are demonstrated by examples of numerical modeling
of the stress-strain state of building structures with large linear strains and analysis of technological
processes of pulsed metal processing.

Keywords: dynamics, geometric nonlinearity, plastic deformations, bodies of revolution,
axisymmetric constructions, semi-analytical finite element method.

Conooeti U U., Babuwesuu M.O., Cmpueyn P.JI.
IOPEKTUBHOCTb HCIIOJb30BAHUA MNOJNYAHAIUTUYECKOI'O METOAA
KOHEYHbLIX JSJEMEHTOB B TI'EOMETPUUYECKH HEJMHENHBIX 3AJAUYAX
YIIPYT'OIIJIACTHYECKOI'O JE®@OPMHUPOBAHUS

PaccmoTpeHa 10CTOBEpHOCTE M 3((HEKTHBHOCT IOJIyaHATHTHYECKOrO METOAA KOHEYHBIX
9JIEMEHTOB B 33/1adyaX TEOMETPHUYECCKH HEIMHEHHOro YIPYromIacTHYecKoro aedopMHpOBaHUS
OCECUMMETPUYHBIX KOHCTPYKLMH IOJ JCHCTBUEM JMHAMHYECKHX Harpy3ok. Bo3moxHOCTH
MECTOJUKH JAEMOHCTPUPYIOTCA Ha npumepax YHCJICHHOI'O MOAECIIMPOBAHUA HaIps>KECHHO-
nehOPMHPOBAHHOTO ~ COCTOSIHHSL ~ CTPOMTENIBHBIX ~ KOHCTPYKLHMH @pH  OONBIIMX  JHHEHHBIX
nedopMalisIX U aHalM3a TEXHOJIOTHYECKUX TPOLIECCOB UMITYJIbCHON 00pabOTKH METAIIOB.

KiioueBble ci10Ba: JUHAMHKA, TEOMETPHUYECKAsl HEMMHEHHOCTh, MIACTHYECKHE AehopMariuy,
T€la Bpall€HUs, OCCCHUMMETPUYHBIC KOHCTPYKUHH, IMOJIYAHAIUTHICCKOIrO METOA KOHEYHBIX
3JIEMEHTOB.

YK 539.3

Conooeir 11, Babiwesuu M.O., Cmpueyn P.JI. EdeKTUBHICTh BHKOPHUCTAHHS HamiBaHATiTH4-
HOr0 METOAY CKiHYEeHHHUX eJleMeHTiB B TIeOMeTPHYHO HeJiHIHHUX 3a7avyax MPYKHO-
njaacTuuHoro nedopmyBanns // Omip MaTepiamiB i Teopis cmopyn: Hayk.-Tex. 30ipH. — K.
KHVYBA, 2019. — Bun. 103.— C. 71-81.

Posensinyma 0ocmogiphicms ma egekmugHicmb 3acmocy6ants HaniaHarimuiHo20 Memooy
CKIHYeHHUX — eleMenmie 6 3a0auax 2eoOMempudyHo  HeMHIUHILIHO20 — NPYICHONAACTUYHOZO0
dehopmysanHs gicecumempuiHUX KOHCMPYKYil nio 0i€l0 OUHAMIYHUX Hasanmadicers. Mociusocmi
Memoouku  OeMOHCMPYIOMbCS  HA  NPUKIAOAX — HYUCENbHO20 — MOOENOBAHHA — HANPYIHCEHO-
dehopmoeano2o cmamny Gy0igelbHUX KOHCMPYKYIL RPU 6EIUKUX JIHIUHUX deopmayisx ma ananizy
MEXHONO2IYHUX NPOYECi8 IMNYIbCHOI 00POOKU Memais.

In. 9. Bi6niorp. 13 Hass.
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The veracity and effectiveness of the semi-analytical finite element method in the problems of
geometrically nonlinear elastoplastic deformation of axisymmetric structures under dynamic loads
is considered. The capabilities of methodology are demonstrated by examples of numerical
modeling of the stress-strain state of building structures with large linear strains and analysis of
technological processes of pulsed metal processing.

Fig. 9. Ref. 13.
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