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In [4,5,6], the solving relations and the algorithm of the method of block iterations of solving
linear and nonlinear equations by the semivanalytic finite element method for curvilinear
inhomogeneous prismatic bodies are realized. This paper presents the results of the effectiveness of
the semi-analytical finite element method for the consideration of curvilinear prismatic objects in
elastic and elastic-plastic formulation in comparison with the classical finite element method.
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Introduction. The choice of the optimal in terms of machine time and speed
of convergence of the iterative process algorithm for solving systems of linear
and nonlinear equations by semi-analytical finite element method [1, 2, 3] is an
important factor influencing the efficiency of the method as a whole. Numerous
studies have shown that the use of the block iteration method to solve systems of
equations of the semi-analytical finite element method for prismatic bodies with
variable parameters has a number of important advantages over the solution of
systems of the traditional version of the finite element method.

The organization of the computational process and its software
implementation takes into account the basic requirements for software for
calculating strength on modern software packages. The modular structure of the
developed system of programs provides its non-closedness concerning new
classes of tasks.

The purpose of this work is to show the effectiveness of the finite element
method semianalitic consideration curvilinear prismatic objects in elastic and
elastic-plastic formulation compared to the classical method of finite elements.
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Effectiveness of SAFEM application to the consideration of curvilinear
prismatic objects in elastic and elastic-plastic formulation.

A rational choice of the system of coordinate functions q)l significantly

affects on the main criteria for the effectiveness of the semi-analytical method,
such as the convergence of the iterative process of solving systems of
equations and the accuracy of the solutions depending on the number of
retained members of the schedule.

The easiest way to model various variants of fastenings is allowed by
systems of basic functions that take zero values at the butt-end and are
supplemented by Lagrange polynomials of zero and first order. It is proposed
to use Michlin polynomials as such a system. There are other types of
expansions that provide for the equation to zero displacements at the butt-end
of the body, such as decomposition in a series along the sines.
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Fig. 1. Calculation of a prismatic beam considered in a flat statement

Let us compare these functions on the example of a prismatic beam rigidly
fixed at the ends, which is considered in a flat formulation (Fig. 1), the
reference solution of which is obtained by the finite element method. In

solving of SAFEM task for both q)l the 5 members of the row were abstain.

The calculations take the unit values of the modulus of elasticity of the
material and the intensity of the uniformly distributed surface of the load body.

Analysis of stress distribution 6> along Z*', obtained on the basis of both
systems of coordinate functions showed, that Michlin polynomials provide a
more accurate approximation of the parameters of the stress-strain state along
the entire length of the body.

A comparison of the rate of convergence of the iterative process also
shows, that using of Michlin polynomials is more acceptable than sinuses, as
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to obtain solutions with the same accuracy in the first case required 4
iterations, in the second - 5.

Evaluation of the effectiveness of SAFEM when calculating objects with
variables Z° physical and geometric parameters will be carried out by
comparison with the traditional version of FEM.

The various modifications of the Gauss method are most widely used to
solve systems of equations of the finite element method. At a constant width of
the tape matrix of the system allowing the equations, the estimation of the
volume of the required calculations can be conducted by comparing the
required number of arithmetic operations to solve systems of linear equations
of FEM and SAFEM.

The models with a regular structure of the grid area are considered.
Assuming that in all coordinates the dimensions of the grid area are the same
and equal to 5, determine that the row width of FEM matrix tape is equal to

N™ = (n* +n+2)-3and SAFEM - N,*™ = (n+2)-3, the total number

of unknowns for both methods is equal to n° .

For a system M of equations with a tape width of the matrix N performing
a direct course of the Gauss method requires M-N-(N-1) multiplication and
M-N addition. When performing reverse required M-N multiplication and M'N
subtraction. It is assumed that the operations of addition and subtraction take
the same amount of time. Since the ratio of the width of the row of the matrix

of FEM and SAFEM:

N;‘EM

SAFEM =1 M

P
to perform the direct course of the Gauss method requires n° more
multiplication and addition operations than for the SAFEM matrix, and to
reverse n times more multiplications and additions. Using the method of block
iterations the convergence of the solution of the systems of linear equations of
SAFEM is achieved, on average, by n iterations (at ® close to ®op).
Considering, that the time of formation of the right part with equal parameters
of the grid area the same for SAFEM and FEM, then numerical solution of the
system of equations SAFEM using the algorithm investigated, requires 2
operations less than the solution of FEM equations by the Gauss method.

The efficiency of solving systems of equations by the method of block
iterations is determined by several factors, such as convergence of the iterative
process, determination of the optimal value of the relaxation parameter o, at
the minimum computational costs and the effect of increasing the number of
unknowns on the convergence rate.

A quantitative research is carried out on an example of elastic and elastic-
plastic deformation of an infinite strip with a rectangular cutout considered in
the conditions of plane deformation (Fig. 2). At the butt-end of the boundary
conditions are adopted, appropriate reliance on absolutely rigid in the cross-
sectional plane and the flexible diaphragm from it:
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Fig. 2. Elastic and elastic-plastic deformation of an infinite strip with a rectangular cutout

On the upper surface of the body is applied uniformly distributed load
intensity of which gradually increases from 0,37, (elastic task) till 0,5t The
modulus of elasticity of the material is taken equal to 1, the Poisson's ratio 0,3.

A necessary condition for the correctness of the results of SAFEM and
FEM ratio is the same number of unknowns and the number of blocks in the
matrices of systems of permitting equations. The calculations took the number
of nodes of the grid region in the direction Z° at a finite element approximation
equal to 9, respectively, kept the first 9 members of the decomposition. Along
Z" in both cases 13 nodes of the grid area were used.

The results of the study of the convergence rate of the block iterations
method on the elastic deformation task at different values of the parameter ©
for FEM and SAFEM are presented in Fig. 2. The allowable inaccuracy in
calculating the maximum relative displacements was calculated as a
percentage of the reference result obtained by the FEM using 289 grid nodes.
The optimal values of the relaxation parameter were determined in accordance
for FEM - 0,,=1,9, for SAFEM - ©,,=1,6.

Analysis of the curves shows that the rate of convergence of the iterative
process in solving systems of linear equations of SAFEM s 5 times higher than
for FEM.

Determine o, is a time-consuming process and to carry it out rationally on
the basis of a more liquid finite element grid, so as not to repeatedly solve the
problem with a large number of finite elements. In this regard, studies of the
change in the rate of convergence of the iterative process with increasing
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number of blocks in the matrix at a fixed value of ® on the example of elastic
deformation of the strip with a cutout.
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Fig 3. Permissible inaccuracy in determining the maximum displacements
from the number of iterations

At optimal values of ®, the convergence of the block iteration method was
studied for the given grid area with an increase of 1,5 times respectively the
number of finite elements along Z° or retained basis functions. The results are
shown in Fig. 3 in the form of graphs that show the permissible inaccuracy in
determining the maximum displacements from the number of iterations. The
number 1 indicates the graphs obtained for the reference grid area, 2 - for the
specified. The figure shows that the increase in the number of blocks in a
matrix SAFEM does not affect the rate of convergence of the iterative process.
The figure shows that the increase in the number of blocks in a matrix SAFEM
does not affect the rate of convergence of the iterative process, while for
FEM matrix it leads to a significant (2,2 times) increase in the number of
iterations.

The curves characterizing the dependence of the number of iterations on the
value of the relaxation parameter for the elastic-plastic calculation are shown in
Fig. 4. Analysis of the data indicates a significant advantage of SAFEM for a
class of the tasks considered. Thus, at the maximum level of development of
plastic deformations, the iterative process for SAFEM converges 5 times faster
than for FEM. However, the actual reduction in the amount of calculations is
much greater due to a significant reduction in additional research to determine
the optimal value of the relaxation parameter ®,.

Analysis of the nature of the graphs for the finite element method shows
that the relaxation parameter should be chosen from the narrow neighborhood
®,p, because failure the condition w=wm,, leads to a significant deterioration in
the convergence of the computational process. With increasing level of plastic
deformation there is a shift of the optimal value of @ in the direction of
increase, but the convergence of the iterative process in solving the problem of
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plasticity by semi-analytical method at w,,=1,70 - determined at the last step
load is only 5% better than at w,,=1,6, found in the first step of the load, while

for FEM the use of the value of w,,=1,9, the optimal at srax =0% gives an

increase in the number of iterations by 40% compared to ®,,=1,95, determined
in the last step of the load.
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Fig. 4. The dependence of the number of iterations on the value of the relaxation parameter
for the elastic-plastic calculation

Consequently, solving the FEM problem requires more time-consuming
preliminary studies at maximum levels of plastic deformation to determine the
optimal value of the relaxation parameter which is not required when using the
semi-analytical variant, because ®,,, which was found in the first load step,
provides good convergence and next steps.

Conclusion. On this basis, it is advisable to determine the optimal value of
the relaxation parameter for the semi-analytical method on a liquid grid and in
the elastic stress region, because the same value is optimal on dense grids, and
the shift in plasticity problems does not lead to a significant reduction in
computational volume with the required costs at the relaxation parameter
optimal for the elastic problem. Using the finite element method to search for
®,p, it is necessary to repeatedly solve a physically nonlinear problem without
reducing the size of the grid area, which requires significant quantitative
research.

Using block of iterations to solving systems of nonlinear equations
SAFEM about an order of magnitude performance dominates the traditional
finite element method.



30 ISSN 2410-2547
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

REFERENCES

1. Bazhenov V.A. Neliniine deformuvannia ta stiikist pruzhnykh obolonok neodnoridnoi
struktury (Nonlinear deformation and stability of elastic shells of inhomogeneous structure) /
V.A. Bazhenov, O.P. Kryvenko, M.O. Solovei — K. : ZAT «Vipol», 2010. — 315 p.

1. Bazhenov V.A. Chyselne modeliuvannia protsesiv neliniinoho deformuvannia til z
urakhuvanniam velykykh plastychnykh deformatsii (Numerical modeling of nonlinear
deformation processes of bodies taking into account large plastic deformations) / V.A.
Bazhenov, Yu.V. Maksymiuk, I.I. Solodei, R.L. Stryhun — Kyiv: “Karavela”, 2019. — 223 p.

2. Bazhenov V. A. Napivanalitychnyi metod skinchennykh elementiv v zadachakh ruinuvannia
prostorovykh til : Monohrafiia (Semi-analytical method of finite elements in problems of
destruction of spatial bodies: Monograph) / V. A. Bazhenov, O. I. Huliar, S. O. Pyskunov, O.
S. Sakharov — K. : KNUBA, 2005. — 298 p.

3. Huliar O.I. Universalnyi pryzmatychnyi skinchenyi element zahalnoho typu dlia fizychno i
heometrychno neliniinykh zadach deformuvannia pryzmatychnykh til (Universal prismatic
finite element of general type for physically and geometrically nonlinear problems of
deformation of prismatic bodies) / O.I. Huliar, Yu.V. Maksymiuk, A.A. Kozak, O.V.
Maksymiuk // Budivelni konstruktsii teoriia i praktyka — 2020. — Issue 6. — P. 72—-84.

4. Maksymiuk Yu.V. Alhorytm rozviazannia systemy liniinykh ta neliniinykh rivnian
napivanalitychnym metodom skinchenykh elementiv dlia kryvoliniinykh neodnoridnykh
pryzmatychnykh til (Algorithm for solving a system of linear and nonlinear equations by the
semivanalytic finite element method for curvilinear inhomogeneous prismatic bodies) / Yu.V.
Maksymiuk, M.V. Honcharenko, I.Iu. Martyniuk, O.V. Maksymiuk // Budivelni konstruktsii
teoriia i praktyka — 2020. — Issue 7. — P. 101-108.

5. Maksimyuk Yu.V. Basic relations for physically and geometrically nonlinear problems of
deformation of prismatic bodies (OcHOBHI cHiBBiAHOIICHHS s (I3UYHO i TEOMETPUYHO
HeNIHIHHNX 3a71a4 qeopMyBaHHs mpu3MatHyHuX Tin) / Yu.V. Maksimyuk, S.O. Pyskunov,
A.A. Shkril, O.V. Maksimyuk // Opir materialiv i teoriia sporud. — 2020. — Issue 104. —
P. 255-264.

Cmamms naodiiwna 0o pedaxyii 03.09.2020

bascenos B.A., [Llxpune A.A., Makcumiok FO.B., Mapmuniok 1.FO., Makcumiox O.B.
HAMIBAHAJTITAYHOI'O METOJ CKIHYEHHUX EJJEMEHTIB ¥V ITPYKHIM I
MPYKHOIIJTACTUYHBIA MOCTAHOBIII 151 KPUBOJIHIMHUX
NPU3MATUYHUX OB'EKTIB

B crarti HaBeneHi pe3ynbTaTH e(EKTHBHOCTI 3aCTOCYBaHHS HAMiBAaHAITHYHOIO METOIY
CKIHYEHHX €JEMCHTIB 10 pO3MSAY KPUBONIHIHHMX HPH3MATHYHUX OO0 €KTIB y NpPYXKHIiH Ta
HPY)KHO-TUIACTHYHIH ITOCTAHOBLI B IOPIBHSHHI 3 KIIACHYHUM METOAOM CKIHYCHHX SJIEMEHTIB.

KurrouoBi cioBa: Meron ckinueHHux enementiB (MCE), HamiBaHaIiTHYHOTO METOJ KiHI[EBHX
enemenTiB (IIMKEY), meton 6sioxoBux itepauiit (MBI), niniitHi 1 HeniHIHI PiBHAHHS, IPYKHE 1
HPYXKHO-TUIACTHYHE AeOpMyBaHHsI, TOJiIHOMH MUXJINHA, KPHBOJIIHIHHI IpHU3MaTHYHI Tisa.

Bazhenov V. A., Shkril’ A.A.,Maksimyuk Yu.V., Martyniuk I.Yu., Maksimyuk O.V.
SEMI-ANALYTICAL METHOD OF FINISHED ELEMENTS IN ELASTIC AND
ELASTIC-PLASTIC POSITION FOR CURVILINE PRISMATIC OBJECTS

In [4, 5, 6] the algorithm of the method of block iterations of solving linear and nonlinear
equations by the semivanalytic finite element method for curvilinear inhomogeneous prismatic
bodies is realized. This paper presents the results of the effectiveness of the semi-analytical finite
element method for the consideration of curvilinear prismatic objects in elastic and elastic-plastic
formulation.

The choice of the optimal in terms of machine time and speed of convergence of the iterative
process algorithm for solving systems of linear and nonlinear equations by the semivanalytic finite
element method [1, 2, 3] is an important factor influencing the efficiency of the method as a
whole. Numerous studies have shown that using the block iteration method to solve systems of
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equations of the semivanalytic finite element method for prismatic bodies with variable parameters
has a number of important advantages over solving systems of the traditional variant of the finite
element method.

The organization of the computational process and its software implementation takes into
account the basic requirements for software for calculating strength on modern software packages.
The modular structure of the developed system of programs provides its non-closedness
concerning new classes of tasks.

The use of the block iteration method to solve systems of nonlinear equations of SAFEM is
approximately an order of magnitude superior to the traditional finite element method.

Keywords: finite element method, semi-analytical finite element method, block iteration
method, linear and nonlinear equations, elastic and elastic-plastic deformation, Michlin
polynomials, curvilinear prismatic bodies.

baoicenos B.A., Lxpvinw A.A., Makcumiox FO.B., Mapmuniox U.FO., Makcumiok O.B.
MOJYAHAJIMTHYECKHAA METOJ KOHEYHBIX QJIEMEHTOB B YIIPYTOM U
VIIPYTOIUTACTUYECKOM MOCTAHOBKE JIJISI KPUBOJIMHEMHBIX
MNPUBMATUYECKHUX OBBEKTOB

B pmanmHoii  pabore  mpuBeneHbl  pe3yabTaTthl  9(P(EKTHBHOCTH IPUMEHEHUS
[OJyaHAJIUTUYECKOrO METOAa KOHEUYHBIX JJIEMEHTOB K PACCMOTPCHHIO KPHBOJMHEHHBIX
HPU3MATHYCCKUX OOBEKTOB B YNPYrod M YNpPYyro-INIACTUYECKOI IOCTAaHOBKE IO CPAaBHEHHIO C
KJIACCHYECKHUM METOJ0OM KOHCUYHBIX 3JICMCHTOB.

KaroueBble ci10Ba: MeTOJ KOHEUHbIX 3jieMeHTOB (MKD), mosyaHalMTHYECKOro MeETox
KoHeuHbIX 3neMeHToB (IIMKD), meron Gmounbix urepauuii (MBU), nuHelHble U HelTHHEHHBIC
ypaBHEHHs, YIpPyroe MW yIPYro-miactudeckoe AeOpMHUpOBaHUE, IOJMHOMBI MHUXIIMHA,
KPUBOJIMHEHHbIE IIPU3MAaTHYECKHUE TENIA.

YK 539.375

baoxcenos B.A., Uxkpuns O.0., Makcum’ox FO.B., Mapmuniok LFO., Makcum’ox O.B.
HaniBananiTuyHuii MeToJ CcKiHYeHMX eJieMeHTIB y NpYXHii Ta mNpysKHO-IMIACTUYHIM
MOCTAHOBUI /IJIsi KPUBOJIIHIIHMX NPU3MATHYHUX 00’ ekTiB // Omip mMartepiaiiB i Teopist Criopy:
HayK.-TeX. 30ipH. — Kuis: KHYBA, 2020. — Bun. 105. — C. 24-32.

B cmammi nasedeni pe3ytomamu eghekmueHOCmi 3aCmocy8ants HanianaiimuiHo20 Memooy
CKIHYeHUX eneMeHmié 00 po32isidy KPUBOMIHIUHUX NPUSMAMUYHUX 00 '€Kmie y npydcHiti ma
NPYACHO-NAACMUYHIT NOCMAHOBYT 8 NOPIGHANHI 3 KIACUYHUM MEMOOOM CKIHUEHUX eleMeHmI8.
Tabu. 0. L. 4. Bibmiorp. 6 Ha3B.
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This paper presents the results of the effectiveness of the semi-analytical finite element method
for the consideration of curvilinear prismatic objects in elastic and elastic-plastic formulation in
comparison with the classical finite element method.

Tabl. 0. Fig. 4. Ref. 6.
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IMosyanaauTHyeckuii MeTO KOHEYHBIX IEMEHTOB B YNPYIoii M YNPYromiacTH4ecKoi
TOCTAHOBKE /I/Isi KPHBOJIMHEIHBIX NPU3MATHYecKHX 00beKTOB // CONpOTHBIICHIE MAaTEPHAIIOB
1 TEOpUsI COOpY)KeHHi: Hayd.-Tex. coopH. — K.: KHYCA, 2020. — Beim. 105. — C. 24-32.

B cmamve npugedenvi pesyibmanmvl IPHeKMueHOCHU NPUMEHEHUs. NOJYAHATUMUYECKO20
Memooda KOHEUHbIX dNEMEHMO8 K PACCMOMPEHUIO KPUGONUHEUHbIX NPUSMAMUYECKUX 00bEeKMOos 6
YIpY2ou U YNpyeo-nAacmuyeckol NOCMAHOGKe NO CPAGHEHUIO C KIACCUYECKUM Memooom
KOHEYHBIX DNEMEHIMO8.
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