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Maxcum ok O. B. YucenbHe nocmikeHHs (HOPMO3MIHEHHSI IPOCTOPOBUX T1J
HaIiBaHAJITUYHUM METOJIOM CKIHYEHHUX elieMeHTiB. — KBaumidikaliiiHa HayKoBa
npais Ha PpaBax pyKOTMHCY.

Huceptanis Ha 3100yTTS HAayKOBOTO CTymeHsi jgoktopa ¢inocodii 3a
cnemianbHicTIO 131 «IIpukiagna mexanikay. — KuiBChbkuii HalllOHAIbHUNA YHIBEPCUTET
OyaiBHUILITBa 1 apxiTekTypu, Kuis, 2024.

Cepen mpoCTOPOBUX KOHCTPYKI[IM, IO IIMPOKO 3aCTOCOBYIOTHCA B PI3HHUX
rajiy3sx TeXHIKH, 3HaUHE MICIE 3aiMal0Th MPU3MATUYHI T1J1a, TEOMETPUYHI Ta P13UKO-
MEXaHIYH1 XapaKTePUCTUKU SKUX 3MIHHI 32 BCIMAa TPbOMAa HAMNPSIMKaMHU.

B pamkax 1iei po6otu OyayTh po3IJIIHYTI TPUBUMIPHI 00’ €KTH JOBUIBHOTO, HE
000B’SI3KOBO OIHO3B’SI3KOBOT'0, MONEPEUHOTO NEPEpi3y 3 ACTKUMH OOMEKEHHSIMH Ha
XapakTep 3MIHU TeoMeTpii 3 JeAKUMH OOMEKEHHSMH Ha XapakTep 3MiHU reoMeTpii
B3JIOBX 3 KOOPJMHAT, a caMe, 00’ €KT MOKHA MPEJICTABUTHU SIK PE3yJbTaT PyXy TOYOK
MOTIEPEYHOT0 Tepepi3y B3IOBXK JACSIKUX MPOCTOPOBHUX IMIMATOYKIB. -[ TaKUX KPUBUX.
VY Tinax MOXyTh OyTH TaKOX MepedadeHi BUPI3U 1 OTBOPHU, KOHTYPH SIKUX IMapajiebHi
KOOPJIUHATHUM MTOBEPXHSM.

Taki mpoctopoBi Tima OyaemMo Hajaall Ha3WBaTH  KPUBOJIHIMHUMU
IPU3MATHYHUMH, a 32 HasSBHOCTI HEOJTHOPITHOCTI (PI3MKO-MEXaHIYHUX BIACTUBOCTEH
Marepianay - KpUBOJIIHIMHUMH HEOJHOPITHUMHU TLTaAMHU.

Benuky KinbKICTh TMPOCTOPOBUX KOHCTPYKIIN MPEACTaBISAIOTh MPU3MATHUHI
TiTa, TEOMETPUYHI Ta (I3MKO-MEXaHIYHI XapaKTEPUCTUKU SIKUX 3MIHHI 3a BCiMa
TpboMa HampssMkamu. OO0’ €KTH BHUIILJIEHOTO KJIACy BUKOPHCTOBYIOTHCS SK MPUPOJHI
KOHCTPYKIIii, BY31IK 1 JeTayii B OyAIBHHUIITBI Ta PI3HUX TaIy3sIX MAIIMHOOYTyBaHHS.
Hampuknan, 10 HUX BiTHOCSITHCS GYHIAMEHTH MPOMUCIIOBHUX Ta IUBLUTLHUX Oy 1iBEIIb,
CJIEMEHTH TEePEKPUTTIB Ta TOKPUTTIB, apodHi TpeOii, KpOHIITSHHH, pi3ii, 3yOu
Koco3youx kojic Ttomio. JledhopmMyBaHHS KOHCTPYKIIIH, IO PO3MIISAAIOTHCS,
BiIOYBA€TbCS TiJ JdI€EI0 CHJIOBHX 1 TeMIlepaTypHuX (DakTopiB, HMpUUOMY, dYepes
HasBHICTh CYTTEBUX MeEpenaiiB TEeMIIEpaTyp MOXKJIUBAa 3MiHA (PI3UKO-MEXaHIYHUX
XapaKTEepUCTUK Martepiany. Ha cydyacHOMY piBHI PO3BUTKY TE€XHIKM Ta TE€XHOJIOT1l B

OKpEeMHX  CICMCHTaXx KOHCTPYKHifI JOIIYCKA€TbCA  BHHHUKHCHHA  IINTACTUYHHX



nedopmaniid. st psaay neraneit y mpoliieci eKCItyararlii Ta BATOTOBJIEHHS PO3BUTOK
IUIACTUYHHUX AePOopMalliil CyIPpOBOKY€ETHCS CYTTEBOIO 3MIHOIO NepBicHOI popmu. Lle
XapaKTEpPHO JIJIsl TMPOIIECiB 0OPOOKHU METaliB TUCKOM, HAaNPUKJIAJ, IPU BUTOTOBJICHHI
HITAMIOBHUX MIAO0PIB, MPOTHKLI cMyT. [loganbiie BAOCKOHAIEHHS KOHCTPYKTUBHUX
PO3B’SI3KIB PO3POOKH BIIMOBINAIBHUX BY3JIB 1 TEXHOJOTTYHHX MPOIIECiB Oarato B
YOMY 3aJIEKUTh BiJl MOBHOTH Ta JOCTOBIPHOCTI 1H(pOpMaIli MPO 0COOJIMUBOCTI 3MIHU
KApTUHU HAIpPY>KEHO-1e(POPMOBAHOIO CTaHy B IMPOIEC] HABAHTAXXEHHSA. Y 3B A3KY 3
UM, PO3poOKa METOJMIB JOCIHIPKEHHSI BUILICHOTO KJacy OO0’ €KTIB € aKTyaJlbHOIO
po0IEeMOIO.

HeoOXigHICTh BUBUYEHHS XapaKTepy HamnpyKeHO-1e(OpMOBaHOTO CTaHy
KPUBOJIIHIMHUX HEOIHOPITHUX MPU3MATHYHHX TUT TMPU3BOJUTH JIO PO3B’SI3aHHS
CKJIQJHUX IPOCTOPOBUX 3aJad TEPMOIPYKHOCTI Ta TEPMOIUIACTUYHOCTI SK TIpH
MaJjiuX, TaK 1 BEIMKUX TUIACTHYHUX JIePopMaIlisx.

VY BCTYIN OKa3aHO aKTyaJIbHICTh HANPAMY HaMid€HUX JIOCIIKEHb, BHKOHAHO
aHami3 JITepaTypHUX JDKEPeJ, IMOCTaBICHO METy pPOOOTH, PO3KPUTO ii HAYKOBY
HOBH3HA Ta MPAKTUYHY I[IHHICTb.

[lepmumii  po3aAiT MOPUCBIYEHUN OTPUMAHHIO PO3B’SI3yBaJbHUX PIBHAHD
HaIiBaHATITUIHOTO METONY CKIHUCHHMX €JIEMEHTIB ISl JOCIHIIKEHHS HEOTHOPITHUX
KPUBOJIIHIMHUX MPU3MaTUYHKX Ti1. HaBe1eHO OCHOBHI CITIBBITHOIIIEHHS IMTPOCTOPOBOT
3a/1a4i Teopli MPYKHOCTI B MPSIMOKYTHIA JEKapTOBil cHUCTeMi KOOpIMHAT, Teopii
IJTACTUYHOTO TEUii IS 130TPOITHOTO MaTepiay, 10 3MIIHIOETHCS 32 YMOBH IJTMHHOCTI
Mizeca 1 Teopii 3MmillHEHHS. B yciX CHiBBIIHOIICHHSX BPAaXOBYETHCS 3aJIEKHICTh
BJIACTUBOCTEH MaTepialy BiJ TeMIiepaTypu. 3amporOHOBAaHO HOBHM HEOTHOPITHUN
KPUBOJIHINHUN TPU3MATUYHUIN CKIHYCHUH €JIEMEHT, MaTpPUIIS OPCTKOCTI SIKOTO
OTpUMaHa BiAMOBIAHO JO METOJMKA MOMEHTHOI CXEMH CKIHYEHHX €JICMCHTIB.
Po3poOnenuii migxix TOMUPEHWH pPO3B’S3aHHS TEOMETPUYHO HENIHIWHUX 3aj1ad,
MPUYOMY BUPINIATBEHI PIBHSAHHS TPUBEACHI 10 BUY, AHAJOTIYHOMY OTPHUMAHOMY
paHiIe /i1 TEOMETPUYHO JIHIHHOT 3a1a4i.

Y napyromy po3aili OmucaHl aJrOPUTMH PO3B’S3aHHS CHUCTEM JIHIMHUX Ta
HENHIMHUX PIBHSIHb HaIMIBAaHAIITHYHUM METOJI CKIHYEHHUX €JIEMEHTIB, KOPEKIIii

HaIpy>XeHb MPU BUHUKHEHH] AedopMalliil IacTUYHOCTI Ta MoB3y4ocTi. Benuky yBary



NPUALIEHO MUTAaHHSAM €(PEKTUBHOCTI 3aCTOCYBaHHS METOAY OJOKOBHUX ITepaliil 10
pPO3B’sI3aHHS 3aJlay PO MPYXKHO-TUIACTUYHOMY Je(OopMyBaHHI NPU3MATUYHUX TUT 13
3MIHHUMH Y3[0BX KOOPJMHATH PO3KJIaJaHHsS mapamerpamu. ONucaHo CcXemy
00UYHCITIOBATIBLHOTO MPOIECY Ta CTPYKTYPY Peati3yrodoro ii KOMIUIEKCY Iporpam.

VY TperboMy po3nii BUKOHAHO YHCEIbHE BHUBUEHHS 301KHOCTI PO3B’S3KIB,
OJICp)KyBaHUX 3 ypaxyBaHHSIM pO3pOOJICHOTO MiaXoAy. PO3risiHyTO MmIUpOKE KOJO
TECTOBUX 3aJay AJid TU1 3 IUIABHO 1 CTPUOKOMOJAIOHO MIHJIMBUMHM (PI3UYHUMH Ta
TeOMETPUYHIMH XapaKTePUCTHKAMH B MPYKHIN Ta MPY>KHO-TUTACTUYHIA TTOCTAHOBIII.
V Bcix BHIIaAKaxX HAIIBaHAIITUYHUNA METOJ CKIHUYEHHUX €EJIEMEHTIB 3a TOYHICTIO
ampoKcUMaIlii He TIOCTYMaeThbCs, a B JEAKHUX 3amadax B 1,5-2 pasu mepeBepurye
TPaIULIMHUN METOJ CKIHYEHHX eJleMeHTIB. s oOrpyHTyBaHHS JTOCTOBIPHOCTI
pE3yNbTATIB BUPIIIEHI KOHTPOJIBHI 33/1a4l B MPYKHIHM, MJIACTUYHIA Ta T€OMETPUYHO
HEJTHIAHIN TOCTaHOBKAX.

VY deTBepTOMY pO3/iTi BUKIAICHO Pe3yIbTaTH YUCEILHOTO PO3B’I3aHHS 3aad,
M0 MaloTh NPUKIAJHE 3HAaYeHHsA. BuHBUEHO HampykeHo-IeOpPMOBaHUI CTaH
TpyO4acToro ejemMeHTa 3 TMPSAMOKYTHHM BHPI30OM B YMOBax TEPMOCHIOBOTO
HaBaHTaXEHHS, JOCIIHPKEHHs BIUTUBY TOBIIMHU (JIaHI HA XapaKTep PO3BUTKY 30H
IUTACTUYHOCTI B KOPIYCHIW JAeTaii, PO3TJISHYTO HampyXeHOo-ae(opMoBaHHI CTaH
CMYTH y TPOIIeCi MPOTATYBAHHS.

B pesynbrari npoBeneHUX MOCTiIKEHb CTBOPEHI HA OCHOBI MOMEHTHOI CXeMHU
CKIHYCHMX €JICMCHTIB Ta HaNIBaHATITUYHOTO METOAY CKIHUCHHX EJIEMCHTIB
e(peKTUBHOT METOJMKH YHCEIBHOIO PO3B’A3aHHS 3aJad TEPMONPYKHOCTI Ta
TEPMOILJIACTUYHOCTI [IJI1 JTOBUIRHO HABAaHTAXEHUX MACHUBHHUX Ta TOHKOCTIHHHX
MPOCTOPOBUX  NPU3MATUYHUX TUT 13 3MIHHUMH  (I3UKO-MEXaHIYHUMH  Ta
TCOMETPUYHIMH XapakTepucTuKaMu. Po3poOsieHnii miaXiq pPO3BHUHEHHN CTOCOBHO
JOCIIHKSHHST HAMPY>KEHO-Te(OPMOBAHOTO CTaHy 00’ €KTIB 3 ypaxyBaHHSIM BEIUKHUX
miacTuaHux gedopmarii 1 gedopmariii  moB3ydocti. BupimeHo HU3KY HOBHX
CKIIQJHUX 33724 MPYKHO-TJIACTUIHOTO Ae(hOpMYBaHHS KPUBOIIHIMHUX HEOTHOPITHIX
MPU3MATHIHUX TUT IPU TEPMOMEXAHIYHUX BITUBAX.

Kar4oBi caoBa: MeTon CKIHYEHHMX CJIEMCHTIB, HAIlIBAHAJIITHYHHUUA METON

CKIHUCHUX €JIEMEHTIB, MOMEHTHA CXEeMa CKIHYEHHUX €JIEMEHTIB, HalpyKeHO-



neOpMOBaHMI CTaH, MAacHBHI Ta TOHKOCTIHHI HPOCTOPOBI NpHU3MATHYHI TiIa,
TEPMOIIPYKHICTh, TEPMOIUIACTUYHICTh, BEJIMKI IJIACTU4YHI AeopMarii, nedopmanii

MOB3Y40CT1, (HOPMO3MIHEHHS.



SUMMARY

Maksymiuk O.V. Numerical study of the shape change of spatial bodies using the
semi-analytical method of finite elements. — Qualifying scientific work on manuscript
rights.

Dissertation for the Doctor of Philosophy degree in specialty 131 "Applied
Mechanics". - Kyiv National University of Construction and Architecture, Kyiv, 2024.

Among spatial structures widely used in various fields of technology, prismatic
bodies occupy a significant place, the geometric and physical-mechanical
characteristics of which are variable in all three directions.

Within the framework of this work, three-dimensional objects of an arbitrary,
not necessarily single-link, cross-section with some restrictions on the nature of the
geometry change will be considered with some restrictions on the nature of the
geometry change along the coordinates, namely, the object can be represented as a
result movements of cross-section points along some spatial pieces. -Smooth curves.
The bodies can also have cutouts and holes, the contours of which are parallel to the
coordinate surfaces.

Such spatial bodies will be called curvilinear prismatic bodies, and in the
presence of inhomogeneity of physical and mechanical properties of the material -
curvilinear heterogeneous bodies.

A large number of spatial structures are represented by prismatic bodies, the
geometric and physical-mechanical characteristics of which are variable in all three
directions. Objects of the selected class are used as natural structures, nodes and details
In construction and various branches of mechanical engineering. For example, they
include the foundations of industrial and civil buildings, elements of ceilings and
coatings, arched dams, brackets, cutters, teeth of helical wheels, etc. Deformation of
the considered structures occurs under the influence of force and temperature factors,
and, due to the presence of significant temperature differences, a change in the physical
and mechanical characteristics of the material is possible. At the current level of
technical and technological development, plastic deformations are allowed in
individual structural elements. For a number of parts in the process of operation and

manufacture, the development of plastic deformations is accompanied by a significant



change in the original shape. This is typical for the processes of processing metals by
pressure, for example, in the manufacture of stamp heels, stretching of stripes. Further
improvement of constructive solutions for the development of responsible nodes and
technological processes largely depends on the completeness and reliability of
information about the peculiarities of the change in the picture of the stress-strain state
during the loading process. In this regard, the development of research methods for a
selected class of objects is an urgent problem.

The need to study the nature of the stress-strain state of curvilinear
heterogeneous prismatic bodies leads to the solution of complex spatial problems of
thermoelasticity and thermoplasticity both at small and large plastic deformations.

The introduction shows the relevance of the intended research direction,
analyzes literary sources, sets the goal of the work, reveals its scientific novelty and
practical value.

The first chapter is devoted to obtaining the solving equations of the semi-
analytical method of finite elements for the study of inhomogeneous curvilinear
prismatic bodies. The main relations of the spatial problem of the theory of elasticity
in the rectangular Cartesian coordinate system, the theory of plastic flow for an
isotropic material that strengthens under the condition of Mises yield and the theory of
strengthening are given. All ratios take into account the dependence of material
properties on temperature. A new non-homogeneous curvilinear prismatic finite
element is proposed, the stiffness matrix of which is obtained according to the
technique of the moment scheme of finite elements. The developed approach is a
common solution of geometrically nonlinear problems, and the decisive equations are
reduced to a form similar to that obtained earlier for a geometrically linear problem.

The second chapter describes the algorithms for solving systems of linear and
nonlinear equations, the semi-analytical method of finite elements, stress corrections
when plasticity and creep deformations occur. Much attention is paid to the question
of the effectiveness of the block iteration method for solving problems of elastic-plastic
deformation of prismatic bodies with variable parameters along the decomposition
coordinate. The scheme of the computational process and the structure of the complex

of programs implementing it are described.



In the third section, a numerical study of the convergence of solutions obtained
taking into account the developed approach is performed. A wide range of test tasks
for bodies with smoothly and abruptly changing physical and geometric characteristics
in elastic and elastic-plastic settings is considered. In all cases, the semi-analytical
method of finite elements is not inferior in accuracy of approximation, and in some
tasks it is 1.5-2 times superior to the traditional method of finite elements. To
substantiate the reliability of the results, control tasks in elastic, plastic and
geometrically nonlinear settings were solved.

In the fourth chapter, the results of the numerical solution of problems with
applied value are presented. The stress-strain state of a tubular element with a
rectangular cutout under the conditions of thermoforce loading was studied, the
influence of the flange thickness on the nature of the development of plasticity zones
in the body part was studied, and the stress-strain state of the strip during the drawing
process was considered.

As a result of the research, effective methods for numerically solving problems
of thermoelasticity and thermoplasticity for arbitrarily loaded massive and thin-walled
spatial prismatic bodies with variable physical, mechanical and geometric
characteristics were created on the basis of the moment scheme of finite elements and
the semi-analytical method of finite elements. The developed approach is developed in
relation to the study of the stress-strain state of objects, taking into account large plastic
deformations and creep deformations. A number of new complex problems of elastic-
plastic deformation of curvilinear inhomogeneous prismatic bodies under
thermomechanical influences have been solved.

Keywords: finite element method, semi-analytical finite element method,
moment diagram of finite elements, stress-strain state, massive and thin-walled spatial
prismatic bodies, thermoelasticity, thermoplasticity, large plastic deformations, creep

deformations, deformation.



CIIUCOK MYBJIKAIIN 3JIOBYBAYA 3A TEMOIO JUCEPTAIIII
Hayxkosi npaui, B IKHX 01y0/1ikOBaHi OCHOBHI HAYKOBI pe3yJIbTaTH AucepTalil

a) cmammi y HAyKo8UX 8UOAHHSAX, BKIIOUEHUX 00 NepeiKy HAYKOBUX Paxoeux udams
Ykpainu (6 m.u. exntoueHux 00 nepeniky Haykosux ¢haxosux euoawv Yxpainu 3
NPUCBOEHHAM Kame2opii «A»):

1. Bazhenov V.A., Maksimyuk Yu.V., Horbach M.V., Martyniuk L.Yu.,
Maksimyuk O.V. Convergence of the finite element method and the semi-
analytical finite element method for prismatic bodies with variable physical and
geometric parameters. Strength of Materials and Theory of Structures:
Scientific-&-Technical collected articles — Kyiv: KNUCA, 2021. — Issue 106. —
P. 92-104. https://doi.org/10.32347/2410-2547.2021.106.92-104  (Buoamms

BKIIOUEHO 00 MINCHAPOOHUX HayKomempuuHux 6a3). Ocobucmo asmopom
PO32IAHYMO  B8EUKY KLILKICMb Mecmosux 3aoad O0s Mmil 3 NIA6HO |
CcmpuoOKonooioHo MIHAUBUM QizuuHuMU ma 2e0MeMPUYHUMU
Xapakmepucmukamu 8 NPYHCHI ma NPYHCHO-NAACMUYHIN NOCTNAHOBYI.

2. VoronaY.V., Maksimyuk Yu.V., Martyniuk I.Yu., Maksimyuk O.V. Reliability
of results obtained by semi-analytical finite element method for prismatic bodies
with variable physical and geometric parameters. Strength of Materials and
Theory of Structures: Scientific-&-Technical collected articles — Kyiv: KNUCA,
2021. — Issue 107. - P. 184-192. https://doi.org/10.32347/2410-
2547.2021.107.184-192 (Buoamnms BKAIOYUEHO 00 MIJHCHAPOOHUX

Haykomempuynux 6a3). Ocobucmo asmopom noKazaHa e@exmusHicms
3ACMOCYBAHHA  HANIBAHANIMUYHO20 MemOoOy CKIHUEHHUX eleMeHmi8 00
PO3PAXYHKY KPUBOTTHIUHUX HEOOHOPIOHUX NPUSMATMUYHUX 00 €EKMIB.

3. Maksimyuk Yu.V., Chuprina Yu.A., Kozak O.V., Martyniuk I1.Yu., Maksimyuk
O.V. Investigation of the influence of flange thickness on the nature of the
development of zones of plasticity in casing detail. Strength of Materials and
Theory of Structures: Scientific-&-Technical collected articles — Kyiv: KNUCA,
2022. — Issue. 108. - P. 97-106. https://doi.org/10.32347/2410-

2547.2022.108.97-106 (BuoarHst 8K1104eHO 00 MINCHAPOOHUX HAYKOMEMPUUHUX



https://doi.org/10.32347/2410-2547.2021.106.92-104
https://doi.org/10.32347/2410-2547.2021.107.184-192
https://doi.org/10.32347/2410-2547.2021.107.184-192
https://doi.org/10.32347/2410-2547.2022.108.97-106
https://doi.org/10.32347/2410-2547.2022.108.97-106

6az). Ocobucmo asmopom BUKOHAHO HYUCENbHUL AHANI3 HANPYHCEHO-
0epopmMoBanoco cmamy npocmoposo2o 00 '€kmy, a came O0CHIOHCEeHHsL GNIUBY
MOBWUHY (DIaHYsL HA Xapakmep pO38UMKY 30H NAACMUYHOCMI 8 KOPHYCHIU
Ooemaii.

. Maksimyuk Yu.V., Kuzminets M.P., Martyniuk I.Yu., Maksimyuk O.V.
Research of the stressed and deformed state of a metal strip in the broaching
process. Strength of Materials and Theory of Structures: Scientific-&-Technical
collected articles — Kyiv: KNUCA. - Issue 109. - P. 229-238.
https://doi.org/10.32347/2410-2547.2022.109.229-238 (Buoanms 6knoueHo 0o

MINCHAPOOHUX HayKomempuyHux 6a3). Ocobucmo asmopom Ha OCHOS8I
Hani8auanimuyHo20 Memoody CKIHUeHUX eleMeHmMI8 P038 SA3aHHSI NPOCMOpPO6OL
3a0a4i NIACMUYHO20 YOPMOIMIHEHHS NPUMAMUYHO20 MINA | NPOBEOEeHO AHANI3
npoyecy npomsey8auHs cCMy2u 8 npoyeci 00poOKU Memaniom muUCHEeHHIM.

Maksimyuk Yu.V., Kozak O.V., Martyniuk 1.Yu., Maksimyuk O.V. Numerical
analysis of the stressed-deformed state of a tubular element under thermal
loading. Strength of Materials and Theory of Structures: Scientific-&-Technical
collected articles — Kyiv: KNUCA, 2023. — Issue 110. — P. 199-206
https://doi.org/10.32347/2410-2547.2023.110.199-206 (Buoamnns exaiouerno 0o

MIJNCHAPOOHUX — HayKomempuuyHux 6a3). QOcobucmo aemopom  BUBYEHO
Hanpyiceno-0eopmosanuli cman mpyouacmozo eiemeHma 3 NpPIMOKYMHUM
6upi30M 6 YMO6AX MEePMOCUNIOB020 HABAHMAINCEHHA.

Maksimyuk Yu.V., Andriievskyi V.P., Martyniuk 1.Yu., Maksimyuk O.V.
Analysis of structures with arbitrary kinematic boundary conditions by the semi-
analytical finite element method. Strength of Materials and Theory of Structures:
Scientific-&-Technical collected articles — Kyiv: KNUCA, 2023. — Issue 111. —
P. 140-146. https://doi.org/10.32347/2410-2547.2023.111.140-146 (Buoanus

BKIIIOUEHO 00 MINCHAPOOHUX HayKomempuynux 0az). Ocodbucmo asmopom y
npoyeci p038’A3aHHSA  HOBUX 3a0a4 OYiHKA 30idCHOCMI  pe3yibmamis
NpPOBOOUNACS HA OCHOBI NOCHI008HO20 30IIbULEHHS CKIHYUEHHUX eleMEeHMmMI8 1

VMPUMYBAHUX YJIEHI8 PO3KIAOAHHS, NIOBUUEHHA MOYHOCMI cucCmeM JIHIUHUX |
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HENIHIUHUX ~PIBHAHb, A MAKOMNC Nepesipslacsi MOYHICMb 3A00801EHH S

NPUPOOHUM 2PAHUYHUM YMOBAM.

6) cmammi y HAYKO8OMY 8UOAHHI, BKIIOUEHOM) 00 NepeliKy HAyKosux ¢axosux eudans
Ykpainu xamezopii «b» :
7. Maxkcum’tok O., Kozak A., Makcum’tok O. Po3B’si3yBaiibH1 CITIBBITHOIIICHHS
MOMEHTHO1 CXEMHU CKIHUCHUX €JICMEHTIB B 3aja4ax
TEPMOB’ SI3KOIPYKHOIUTACTHYHOTO JlehopMyBaHHS. bBymiBenbHI KOHCTPYKIIil

teopis i npakTrka — 2019. — Bumn. 4. — C. 10-20. https://doi.org/10.32347/2522-

4182.4.2019.10-20  Ocobucmo  asmopom  ompumaHi  pPO3PAXYHKOBI

CNIBBIOHOUIEHHA MOMEHMHOI CcXeMU CKIHYEHUX elleMeHmie O pPO38 SA3aHHS.
2eOMEempUYHO  HENIHIUHUX 3a0ay  mMepMO8 S3KONPYHCHONIACMUYHOCIE 3
YPAXy8aAHHAM NOWKOONCEHOCMI Mamepiany .

8. I'ymap O., Makcum’rok lO., Kozak A., Makcum’tok O. VYHiBepcaJbHUI
NPU3MATHYHUN CKIHYECHUHM €JeMEHT 3arajJibHoro TUIy s (GI3UYHO 1
FEOMETPUYHO HENIHIMHUX 3a/1a4d JedopMyBaHHS MPU3MATHYHUX. BymiBenbHi
KOHCTpyKIii Teopis 1 mnpaktuka — 2020. — Bum. 6. — C. 72-84.
https://doi.org/10.32347/2522-4182.6.2020.72-84  Ocobucmo aémopom Ha

OCHOBI BUCOKO eheKMUBHOT MOMEHMHOU CXeMu CKIHUeHUX eleMeHmie no6yoo-
8aHi 036 °a3)8aNbHI CNigGIOHOWIEHHSA O/ YHigepcanvHozo npuzmamuynoeo CE
3a2anbHO20 Muny.

9. Makcum’tok 1O., 'onuapenko M, Mapruntok [., Makcum’tok O. Anroputm
pPO3B’sI3aHHS CHUCTEMHU JIHIMHUX Ta HENHIMHUX PIBHSAHB HaMiBaHATITHYHUM
METOJAOM CKIHYCHUX €JIEMEHTIB U1 KPUBOMIHIMHMX  HEOJHOPIIHUX
NpU3MaTUIHUX TUT. byaiBenbHI KOHCTPYKIIiT Teopis i mpaktuka — 2020. — Bur.

7. — C. 101-108. https://doi.org/10.32347/2522-4182.7.2020.101-108

Ocobucmo asmopom peanizo8aHo aneopumm memody ONOUHUX Imepayill

PO38 A3aHHA NIHIUHUX [ HENIHIUHUX PIGHAHb HANIBAHALIMUYHUM MEMOOOM

CKIHYEHUX elleMeHmMi6 O KPUBOIHIUHUX HeOOHOPIOHUX NPUSMAMUYHUX ML
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