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Anoranig. OIHHUM 3 TOJOBHUX 1 BIAIIOBIJAJIBHUX
€TaIliB CTBOPECHHS alapary 4McellbHOTO aHalli3y KOH-
CTPYKLIil METOJIOM CKiHUEHHHUX EIEMEHTIB € HOTo pe-
amizallisg y BUIISIAI KOMIUIEKCY Tporpam. [IpuHIumm
moOyJOBH KOMIUIEKCY MalOTh BPaxOBYBaTH Cy4acHi
BHMOTH, 1[0 BUCTaBJIAIOTHCS A0 MIPOrPaMHOro 3abe3-
TIEYSHHS PO3pPaxyHKy MIITHOCTI B Cy4acHHUX PO3paxy-
HKOBHUX KoMIUIekcax. Jlo iX 4ucia B mepiry 4epry Bi-
IHOCHUTHCS aBTOMAaTH3allisl OCHOBHUX €TamiB o0YucC-
JIOBAJIBHOTO TIPOLIECY, palioHalbHE BHKOPHUCTAHHS
pecypciB OIepamiiHOi Ta 30BHINIHBOI TaM’sTi 3a-
mam’ITOBYIOUHX MPUCTPOIB, HE 3aMKHYTICTh y BiJTHO-
IISHHI JT0 KJ1aCiB 3a/1a4, 1110 BUPILITYOThCS, aTOPUTMH
3aBJaHHS BXIJHUX JaHHUX, METOIOM AMCKpeTH3alii Ta
BHpIIIEHHS! CUCTEM DPIiBHSHB 1 T.4. Kpim TOrO CTpyK-
Typa nporpaM MOBHHHI BpaxOBYBaTH crieludiky Ha-
MMBaHATITHYHOTO METO/IY CKIHUEHHHX €JIEMEHTIB, IS
SIKOTO II[€ HE HAKONMWYECHWUHM TaKWH BEIMKHNA JOCBIL
CTBOPEHHSI PO3BUHYTHX CHCTEM MAaTE€MaTU4HOTO 3a-
Oe3nevyeHHs BUIYKYBaHb IPOCTOPOBUX KOHCTPYKLIH,
SIK TIPY BUKOPUCTaHHI TpaaumiiiHoro Bapianty MCE.
3HAYHHWIA MTOCBIJ CKIHYCHOEIEMETHOTO pPO3B’SI3aHHS
3aa4 MEXaHiKd, HAaKOIMYEHUH BIPOJIOBXK OCTaHHIX
JECSITHPIY, 3HANUIIOB BiI0OpaskeHHS y HU3III IPOMHC-
JIOBHX KOMEPIIHHNX IPOTPAMHHX KOMIUIEKCIB, BITIH-
sasHoro (JIMPA, SCAD) Ta iHozemHoro (ANSYS,
Nastran, ABAQUS) BupoOuuirea. Po3BuHeHa cKiH-
YeHHOEJIEMEHTHa 0a3a MUX MPOrpaMHUX KOMILIEKCIB
JI03BOJISIE OTPUMYBATH PO3B’S3KH LIMPOKOTO KOJa 3a-
Jad MexaHiku Je)OpMIBHOTO TBEPJOTO Tija JUIst
00’€KTIB pi3HOI BUMIPHOCTI, B TOMY YHCII JIJIsl MacH-
BHHX MPOCTOPOBHX TiJ, a 3py4Hi 3aCO0M BBEIEHHS-
BUBeeHHs iH(popMamii i 00poOKkH OTpHMaHHX pe-
3yJbTaTiB POOJATH iX BEJIBMU AOCTYIHUMH Ul IIU-
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POKOTO KOJIa KOPHCTYBaYiB Ta JO3BOJIIOTH 3 MaKCH-
MaJbHAM CTYIICHEM HAOYHOCTI BilOOpa)kaTH OTpPH-
MaHi pe3yabTaTH. TakoxX iCHYIOTh 00’ €KTHO OpiEHTO-
BaHI KOMIIJIEKCH, IKi CTBOpEH] Ha BUPOOHUYMX IiAM-
pUEMCTBAX Ta HAYKOBO-IOCTITHMX IHCTHTyTaxX Ha-
npukiaj B [HcrutyTi mpobnem minHocti HAH Ykpa-
iHn, y JIHIIPONETPOBCHKOMY HAIliOHAJILHOMY YHi-
BEPCH-TETI.

IIpoBeneHmit MOCHTIIKEHHS BU3HAYNTL HAHOUTBIIT
ONITUMAJIbHI 3 TOYKH 30pY OOUMCIIIOBATIBHUX BUTPAT 1
CKJIaZIHOCTI peatizalii LIJIsIXH po3B’A3aHHs Mepeiive-
HHUX 337124, a TAaKOK OKPECIUTh KOJO HEPO3B’SI3aHUX
MUTaHb.

KiaruoBi caoBa. MeTton CKIHUEHHUX €EJIEMEHTIB
(MCE); namiBaHaJITHYHUI METOJ| CKIHUCHHUX eJIeMe-
utie (HMCE); psnu ®yp’e; MacwBHI, TOHKOCTiHHI
MpU3MaTHYHI Tija; BEKTOP BY3JIOBUX peakuiii; koedi-
IIEHTH MaTPHIIi )KOPCTKOCTI.

ITOCTAHOBKA ITPOBJIEMU

3HaYHE YUCIIO TOCIIKEeHb, TIOB’ A3aHHX 3 PO3-
pobkoto 1 3acrocyBanusm HMCE [3-5, 7, 9-11,
24,], sIK IpaBUIJIO, BUKOPUCTOBYIOTHCS CITIBBITHO-
IICHHS TOHKUX 000JI0HOK [12].


http://orcid.org/0000-0001-7957-2068

PosrasuyTi pi3HI 3aaadi, OB’ s3aH1 3 ypaxy-
BaHHSM PO3TayKEHHX 1 CKIaJJOBUX cucTeM [13-
15, 25], Bu3HauEHHAM HampykeHo-nepopmoBa-
HOTO CTaHy 000JIOHOK 3MIHHOIT TOBIIHHH MPH TEP-
MOCHJIOBOTO HaBaHTaxeHHs [16, 20, 23].

B po6oTax, mo BigoOpaxaroTh 3aCTOCY-BaHHS
HaIliBaHATITUYHOT'O METOIY CKIHUEHHUX eJIEeMEH-
TiB 10 pO3paxyHKy Tis1 obepranus [1, 2, 6, 8, 17-
19, 21, 22], Bukopucrana 1iia 6i6mioreka CE ska
CKJIaIa€ThCs 3 0A30BUX 1 CHEMialbHUX CKIHYEH1
CJICMCHTH.

3AJJAHHS, OBPOBKA I JIPYK BXIJTHOI TA
BUXIJIHOI IHOOPMAIIIT

J1s po3paxyHKy KOHKPETHOT KOHCTPYKIIT He-
00X1THO 3a7aTH BUXI1/IHI JIaH1, IO B1I0OpaKal0Th
il TUHOJIOrit0, TeOMETPil0, YMOBHU 3aKpPIIJICHHS,
30BHILIHIN BIUIMB, (I3WYHI BIACTUBOCTI MaTepi-
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Puc. 1.Po3paxyHkoBa cxemMa KOHCTPYKITii
Fig. 1. Calculation diagram of the structure

Bigminaa ocoOmusicte HMCE mnossirac B
TOMY, 110 Y HAOPAMKY X> KOHCTDPYKIIisl arpoK-
CUMYEThCS OJIHUM TPHU3MATHUYHUM KiHIIEBHM
€JIeMEHTOM. 3aBISKHU 1IbOMY CYTTEBO CKOPOUY-
€Tbcs 00’ €M iH(OpMaLlii, SKa, 32 BUKIIOUECHHIM
JAaHUX MPO 30BHIITHI BIUTUBY, BiIIOBIIa€ TBOMi-
pHUM 3a7a4aM. Po3paxyHKOBY MOAETH MPEACTa-
BUMO Ha0OpOM MPU3MATHYHUX CKIHUEHHHX eJie-
MEHTIB, 1110 CTBOPEHI 3a JI0MOMOTOI0 KOOPANHA-
THHX JIiHIH X% (puc. 2).
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ajly, a TaKOXX NMapaMeTpH, 110 yNpaBIAIOThCS Op-
raHi3ali€l0 KPOKOBOTO MPOIECy HaBaHTAXKEHHS,
TOYHICTIO BUPIIIICHHS CUCTEMH JIIHIMHUX Ta HEJll-
HIHHUX pIBHSHb, OPraHi3alli€l0 KOHTPOJIHHOTO
IPYKY, BUQ4€l0 IPOMDKHUX Ta CKIHYEHHUX pe-
3yJIbTATIB.

OCHOBH1 BUMOTH, 1110 ITPeJ1’ IBJISIOTHCS 10 BXI-
JHO1 Ta BUXITHOI iH(OpMAILii, MPUITYCKAIOTh Mi-
HIMYM i1 00’ eMy TIpu TOBHOTI 3MmicTy. [IpoTe BH-
KOpUCTaHHSA BXiJHOi iH(popMalii MoYaTKOBOIO
BUTJISIY IPU3BOAUTH J0 301IBIIICHHS Yacy po3pa-
XYHKY, TOMY B KOMIUIEKCI IPUHHATHN 1€ OAUH
BUJ 1H(OpMaLlli — OTIepaTUBHUM, IO BUKOPUCTO-
BYETBHCS B IPOLIEC] BUPIIIEHHS 3a/1a4i.

B po3paxyHKOBOMY KOMIUIEKCI 3a OCHOBY
NPUKAHATI PEryJIsIpHi TOMOJIOTI4YHI CTPYKTYpH, M-
TOJI ONUCY 1H(hOpMAIlIii OTIepaTUBHOTO PiBHS SKHX
PO3IIISIHEMO Ha MPUKIJIAAI KOHCTPYKLIH, 10 30-
Opaxxeni Ha puc. 1.

V3I(Z3,
Uy (23

[TpuiiHsABIIM TOYKY BiAJIIKY B JIIBOMY BEpX-
HBOMY KYTY KOHCTpPYKIIii, BBOAMUMO HyMEpaIlito
BY3JIiB CITKOBOI OOJIaCTi BIiAMOBIA-HO B3IOBXK
TepIIoi KpUBOJiHiMHOT koopauHatu x* Bix I 10
M1 Ta B3OOBX APYroi KOOPAUHATH x? Bin I no
M?2. Hanpsim oceit X% oOupaeThes Tak, o0 npu
MIOBOPOT1 BOHHM MOTJIU CIIBIIACTH 110 HAIPSMKY 3
OCSMU
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Puc. 2.Po3paxyHKoBy Mozenb, O peAcTaBlIeHa HAOOPOM NPU3MaTUYHUX KIHLIEBUX €JIEMEHTIB
Fig. 2. The calculation model, represented by a set of prismatic finite elements

.. , .
6asucHoi cucremu zP Kpim Toro mae BUKOHY-
BaTHCh YMOBA!
M1 = M2 @

TaK K B I[bOMY BHIQJKY IPH OJHAKOBIH Ki-
JBKOCTI HEBiAOMHX Oyjae MiHIMajabHa IIMPUHA
ctpiuku MaTpuii. CyKynHICTb YUCEI, 1110 BU3HA-
4aroTh HOMEp OyJb — SKOro By3la 00’ €KTy
B3/IOBXK KOXKHOTO HAIPSIMKY, YTBOPIOE CUCTEMY
CITKOBUX KOOpAMHAT. B crcTeMi CITKOBHX KOOP-

JMHAT 00JIaCTh MOMEPEYHOro nepepizy 06’ exTa
TOTOKHA J0 IMPSMOKYTHHUKA, SIKMI CKJIAJICHUN 3

peryysipHoro Habopy KBaJpaTiB OAMHUYHOTO
po3mipy (puc. 2).

Hexait HMS = M1- M2 — 3aranpHa KuUlb-
KICTh BY3J1iB CITKOBOI 00acTti. BBemeMo y po3r-
JISI7T HACKPI3HY HyMepallito By3iiB Bia / 1o HMS
B TaKOMY HOPsIKY, 1100 HoMmep N By3na 3 ciTko-
BUMU KoopJauHaTamiu /, J OyB piBHUI

N(IL)D)=I+M1-(J—-1) 2

| — citkoBa KoOpauHaTa By3na N B3IOBXK
oci; x4,

J- ciTkoBa kKoopanHAaTa By3ia N B3J0BXK
oci.

Jc
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Puc. 3.3araneunii BUTIISI IONEPEYHOTO TIEpepi3y B CUCTEMI CITKOBHX KOOPAWHAT
Fig. 3. General view of the cross section in the grid coordinate system

Bynemo BBaxxat HomepoM CE miHiMansHMIA
HOMEp OJIHI€T 3 YOTHPHOX BEPIIUH CITKOBOTO
KBaJIpaTy, OPiEHTOBAHOTO B MICIIEBi CHCTEMI
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koopauHar. [TapameTrpu S; Ta S, MOXKIIMBO yMO-
BHO Ha3BaTH BIIHOCHHMH KOOpAWHATAMH Bep-
IIMH eJIEMEeHTY. 3Ha4eHHSI HACKPI3HUX HOMEPIB



NU By31iB CiTKOBOi 00J1aCTi, IO CIIBMAJAIOThH 3
BepmimHaMu N —TO KBaapaTy, BUPa)KalOThCs de-
pe3 BiIHOCHI kKoopauHaTu S; Ta S, 1 Homep N
dhopmyIoro:

145, 145,
= + M1

NU
2 2

+N (3)

[Tapametpu citkoBoi obmacti M1, M2, HMS
Ta OJIOK, IO peanizye OOYUCICHHS HACKPI3HUX
HoMepiB By3iB 110 napametpy N ta popmyui (3),
BHU3HAUaIOTh ONEpPAaTUBHUMN piBeHb 1H(OpMalii
(puc. 3), WO XapakTepusye BIOPSIKOBAHICTbH
PO3IJISIHYTOI TOIMOJIOTTYHOT CTPYKTYPH.

OnepaTuBHa iH(OpMAILiS IPO HASIBHICTD «ITy-
CTHX» €JIEMEHTIB, IO YTBOPIOIOTH IMOPOKHUHH
Ta BUpI3H, KoaytoThcs B MacuBi F(HMS). Bys-
JaM 3 CiTKOBUMH KoopauHatamu 1=M1 ta J=M2
TaKO BIANOBIAAIOTH «ITyCT1» €IEMEHTH.

KopcTki 3B’ 13KM HAKJIa1al0ThCs Y HAIPSIMKY,
IO CHIBHAJa€ 3 KOOPIMHATHUMH BICSIMH CHC-
Temu zP', Ta MOXYTh TEPEIIKOA-KATH TepeMi-
IIEHHSM BY3JiB CITKOBOI1 00J1acTi MO BCiil JOB-
KHMHI TPU3MaTHYHOTO TiJIa 200 TIJIBKU B TOPIISX.

koayerbes B MacuBi F(HMS), y npyromy — B Ma-
cusi FT(HMS).

I'eoMeTpuyHi AaHi ONEPAaTUBHOTO PIBHS, IO
Bi10OpakaroTh 0co0IMBOCTI (hopMH 00’ €KTY B
nepepizi Z(2, HMS). B nepeminnux Z(K, N)
MOJIS1 KOOPAMHAT NEepIIMK 1HISKC MpUiMae 3Ha-
4yeHHs 1, 2 Ta BiAMOBiIa€ HAMIPSIMKY KOOPIMHAT-
HOT OCi, IPyTHUH - HACKPI3HOMY HOMEpY By3Ja Ci-
TKOBO{ 00JacTi.

OmnepatuBHa iH(opMallis Tpo 3HAYEHHS KO-
opAMHATHUX (QYHKILIH Ta X moxXixHux no oci x3,
1110 OOYHUCITIOIOTHCS B TOUKaX 1HTErpyBaHHs, (o-
pmyetbes B macuBax FI(K, L) ta FI3(K, L) Bin-
nosigHo. Ingexc K 3minroerses Bix / go NUL, L
- Big | mo KZZ, ne NUL — yucno uieHis, 1o
YTPUMYIOTBCSL Bi po3kiananus, KZZ — xinb-
KiCTh TOYOK iHTerpyBaHHs. KoopanHaTu TOYOK
iHTerpyBaHHs 3aHOCATH 10 MacuBy Z3(KZZ).

OnepatuBHi 1aHi, 110 BUKOPUCTOBYIOTHCS Ii-
JMPOTPaMor0 00YHCIICHHST KOMIIOHEHT TEH30pa
NPY>KHUX CTaJNX, BU3HAYAIOTHCA 32 (hopMyItoro:

E
B nmepmomy Bumnaaky omnepatuBHa iH(popMallis Gl=——:; G2 = v (4)
1+v 1-2v
DAN®
| | | |
TEL® POLOS ZAKP ZAKREP || KOORD FUNKP
I | I |
|
SETK®R INTERP INTERL

Puc. 4.OynkuionansHa cxema mignporpamu DANO

Fig. 4. Functional diagram of the DAN® subprogram

@dopmyBaHHS TOMOJOTIYHOI YaCTUHU KOJIIB
MAacCHBY BIATMOBITHO JI0 BXITHUX JaHUX 31HCHIO-
I0Th miAnporpamu (puc. 4)
TEL®(11,]1,12,]2,F, HMS)
POLDS(11,]1,12,]2,F, HMS)
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[Mianporpama TEL® nns By3miB N(I,J) 3 cit-

KOBMMHU KOOpAWHATAMH, IO 3aA0BOJIBHAIOTH
YMOBY:

N<I<I2j1<]<]2 (5)
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nocuiae B yapyHky macuBy F(N) gucro 71, a B yapy-
HKH, CiTKOBI KoopauHatH sikux [ = [1 a6o | = J2 —
qucio 7.

[Tinmporpama POL®S 3naiticHioe B macusi F
HACTYIIHI 3MIiHH:
F(N)=F(N)-71,(I11<1<12,J1<]<]2
F(N)=F(N)—-64,(I=11,] = J1)

Sxmo y By3m N(I,J) cXonaThest TIIBKU «ITy-
CTI» KIHIIEBl €JIEMEHTH, TO Y YapyHKYy MAacHBY
F(N) mocunaerscst HyJIb.

BUCHOBKU

Takum 4rHOM, Ha MiJCTaBl MPOBEIEHUX JOC-
JHDKEHh MOXHA 3pOOMTH BHCHOBOK, IO 3a-
BJaHHS BHUXIJAHUX JaHUX Ta MEPETBOPEHHS LIUX
JaHUX B MacUBHU ONEpaTUBHOI 1HPOpMaIIil BUKO-
Hye€ TijKka nporpam DAN® 3a nomnomororo ore-
paTopiB MPUCBOIOBAHHS UM B JIEKJIapa-TUBHIN Ya-
CTHHI 3a gonioMororo onepatopis DATA.
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IMPLEMENTATION OF STRENGTH
CALCULATION SOFTWARE BASED ON
THE SEMI-ANALYTICAL METHOD OF

FINITE ELEMENTS

Ivan MARTYNIUK

Summary. One of the main and responsible stages
of creating an apparatus for numerical analysis of
structures using the finite element method is its im-
plementation in the form of a set of programs. The
principles of complex construction should take into
account modern requirements for strength calculation
software in modern calculation complexes. Among
them, first of all, automation of the main stages of the
computing process, rational use of the resources of
the operating and external memory of storage de-
vices, non-closedness in relation to the classes of

Cmammas naoiiiwna 0o peoakuii 3.11.22

68

problems to be solved, algorithms for the task of input
data, the method of discretization and solution of sys-
tems of equations and etc. In addition, the structure of
the programs should take into account the specifics of
the semi-analytical method of finite elements, for
which such a large experience of creating developed
systems of mathematical support for the search of
spatial structures has not yet been accumulated, as
when using the traditional version of FEM. Consider-
able experience in solving finite element mechanics
problems, accumulated over the past decades, has
been reflected in a number of industrial commercial
software complexes of domestic (LIRA, SCAD) and
foreign (ANSYS, Nastran, ABAQUS) production.
The developed finite element base of these software
complexes allows you to obtain solutions to a wide
range of problems of the mechanics of a deformable
rigid body for objects of different dimensions, includ-
ing for massive spatial bodies, and convenient means
of input-output of information and processing of the
obtained results make them very accessible to a wide
circles of users and allow to display the obtained re-
sults with the maximum degree of visibility. There are
also object-oriented complexes created at manufac-
turing enterprises and research institutes, for example
at the Institute of Strength Problems of the National
Academy of Sciences of Ukraine, at the Dniprope-
trovsk National University.

The conducted research will determine the most
optimal ways of solving the listed problems from the
point of view of computing costs and complexity of
implementation, as well as outline the circle of un-
solved issues.

Keywords. Finite element method (FEM); semi-
analytic finite element method (SFEM); fourier se-
ries; massive; thin-walled prismatic bodies; vector of
nodal reactions; coefficients of the stiffness matrix.



