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A. A. TJAPHH, O.K. MOPAYKOBCKHH, A.H. TPYFAEB
MPO®ECCOP )KOBJIAK BAJIEPUI AJIJEKCEEBHUY - 70-JIET CO JHSI POXKJIEHUSA

CratTio mpucBsiaeHo 10 70-pivds 3 aHs HapomkeHHS npodecopa B.O. XKopnaka (9.03.46 -26.03.2009). HaBeneHo kopotki Giorpadi-
9Hi BiJoMOCTi. BuzineHo ocHOBHI pe3yibTaTH HayKOBOI POOOTH, SKi JO3BOJIIIN CTBOPUTH OTHE 3 BXKJIMBUX HAIPSMIB IOCITIHKEHb
Ha Kadenpi auHamikn Ta MinHocTi MammH HTY «XIII», mo nos'a3ane 3 po3poOKoI0 METOIB aHAIIi3y BUIIQJAKOBUX KOJIHMBAHb, OIIHKI
HaJIHOCTI Ta IPOTHO3YBAHHS pecypcy MexaHiyHuX cucteM. IIpencraBieHuii mepenik Aesikux BaxuBux myomikanii B.O. XKosnaxa.
Korouosi ciroBa: Giorpadiunuii Hapuc, HagiiHICTh, IPOrHO3yBaHHS PECYPCy, CTATUCTHYHA JIMHAMIKa, BUITAJAKOBI KOJMBAHHSI.

Crartbst nocBsieHa 70-yetno co mHs poxxkaeHus npodeccopa B.A. XKosnaxa (9.03.46 -26.03.2009). IlpuBenens! kpatkue OGuorpadu-
JecKHe CBEJCHUs. BbieneHbl OCHOBHBIE Pe3yIbTaThl HAYYHOH pabOTHI, KOTOPBIE MO3BOIMIN CO3/aTh OAHO U3 BaXHBIX HANpPaBIEeHUI
uccienoBanuii Ha kadeape auxHamuku 1 npoynoctu MammH HTY XIIU, cBszanHOro ¢ pa3pabOTKONH METOMOB aHANW3a CITydalHbBIX
KoJIeOaHUH, OIEHKN HAJeXHOCTH M IPOTHO3UPOBAHMS Pecypca MEXaHMYECKHX cHUcTeM. IIpencTaBieH CIHMCOK HEKOTOPBIX BasKHBIX
my6mmkarmii B.A JKoBnaka.

KonioueBble ciioBa: Ouorpaduueckuii ouepk, HaJle)KHOCTh, IPOTHO3UPOBAHKE Pecypca, CTaTUCTUYEeCKas! JUHAMHKA, CITydaliHbIe
KoJIeOaHMsL.

The article is devoted to the 70th birthday of Professor Valery Zhovdak (9.03.46 -26.03.2009). It presents a brief biographical infor-
mation. The paper describes some his basic scientific results, which forms the foundation of one of the most important research area
developed in the department of dynamics and strength of machines of National Technical University "Kharkiv Polytechnic Institute".
It deals with the development of the methods for random vibration analysis, reliability assessment and a prediction of mechanical
systems lifetime. A short list of some important scientific publications of professor Zhovdak is cited.

Keywords: biographical essay, reliability, service life prediction, statistical dynamics, random vibration.

Y BECENBIM YeJI0BEKOM, JISTKMM B oOmmeHun. Bece kTo 3Ha-
nu Onery CTenaHOBHY, OTMEYa M €€ BPOXKJICHHYIO apH-
CTOKPaTHYHOCTb, COYETABLIYIOCS C OTKPBITOCTBIO M IIPO-
croToil. OOpa3oBaHHbIC U MHTEIJUIMIEHTHBIE POJUTENN BOC-
MIUTaJIM YeJIOBeKa, O0JIafaroNnero MHUPOKUM KpPyro3opoMm U
CIIEKTPOM MHTEPECOB — OT MAaTEMATHKH M UCKYCCTBA (BBIITY-
CKHUK  XapbKOBCKOM  XYJOXXECTBEHHOW  IIKOJBI M.
W. E. Penuna, Qm3uko-MaTeMaTHYeCKON MIKOJBI aKaIeMUKa
A K. Banprepa), 10 mpodeccHoHaIbHOTO 3aHATHS CIIOPTOM.
[Tocne oxoHuanws cpenueil mkonsl B 1964 r. JXKos-
mak B.A. moctynmn Ha cmenmanbHOCTh «JlMHamuKa U
MIPOYHOCTh MAIIKMH» HHXEeHepHO-(pu3nueckoro dakynbre-
Ta XapbKOBCKOTO MOJIMTeXHUYecKoro uHeTuTyTa (XIIN).
Banepuii AuiekceeBud ObLT BechMa JIFOOO3HATEIILHBIM
CTY/IEHTOM, KOTOPbIii 0c000€ BHUMAaHHE yIeJsl MaTeMa-
TUKEC W PCIICHUIO MPHUKIAJAHBIX 3aJlad MEXaHUKH, NOIIOJI-
HUTEIBHO IOCeIIall JICKIMM Ha MEXaHHKO-MaTeMaTHye-
cKkoM (akynpTeTe XapbKOBCKOro yHuBepcutera. OOyue-
Hue Ha kKadeape B.A. JKoBmak 3akOHYHI C OTIHYHEM,
3amtuBe B 1970 T. gumoioMHyR0 paboTy TOH PYKOBO-

9 mapta 2016 roga ucnosHUIOCh 70 JIET CO JAHSA PO-
xneanst BAJJEPUS AJIEKCEEBUYA KOBJAKA —
JIOKTOpa TEXHUYECKHX Hayk, npodeccopa. C umeHeM
npodeccopa XKosmaka B.A. cBsA3aHO pa3BUTHE HAYYHBIX
UCCJIEOBAaHUH B 00JACTH MOJIEIUPOBAHMS CITy4YaiHBIX

MPOLIECCOB B MEXAHUYECKUX CHUCTEMAaX, M3YUEHUS CIIy-
YaHBIX KOJICOAHUH U Pa3paboOTKe METOIOB MPOTHO3UPO-
BaHUS HAJIC)KHOCTU JJIEMEHTOB MAIIMHOCTPOUTEIBHBIX
KOHCTPYKIUH. JTO HAIIPaBICHHE HAYYHBIX MCCIIEIOBAHUN
MOJT PYKOBOJACTBOM W TIPH HEMOCPEICTBEHHOM YyYacCTHH
B.A. XoBpaka nony4usio pa3Butue Ha kadeape AMHAMU-
KM ¥ TIPOYHOCTH MAIIMH XapbKOBCKOTO MOJIUTEXHUYECKO-
ro MHCTUTYTa. Banmepuii AnexceeBnd OBLI BBIIAIOIIMMCS
YYEHBIM, TAJITAHTJIUBBIM U CTPOTUM TIEArOTOM, YEJIOBEKOM
C TOHKHUM YyBCTBOM IOMOpA, CIIOPTCMEHOM (MacTep Crop-
Ta 110 TOPHOMY TypHU3MY).

Ponuncsa Banepuii AnexceeBuu B XapbKOBE B CEMbE
Anexkcest BacunmbeBnua u Oneru CremanoBHbl JKoBHaak.
MHorue TUYHBIE KayecTBa OH YHACIECHOBAl OT POJUTE-
neir. Otenr — Anekcell BacuimbeBrd ObUT 1eMOKPaTHIHBIM

ncrBoM  AneBTmHBI MatBeeBHBl JKypammeBoil. Cpenu
npenozaasatesell QakyibTeTa TOrO BpeMEHH ObLIM W3-
BECTHbIE yueHble: akajgemuku A. [1. Gununmnos, mpodec-
copel .M. I'mazman, U. M. babakos, A. B.Bbypmnakos,
C. . boromonos, E. I'. '010CKOKOB U MHOTHE [pyrue.
Oco0yto posb B ctanoBiieHnu JKopaaka B.A. kak y4eHOro
ceirpain npodeccop boromonos C.1., 3aBenoBaBuIMi Ka-
(denpoit MMHAMUKY ¥ IPOYHOCTH MAILIH.

Bynyuu crynentom, B.A. JKoBmak akTHBHO 3aHHU-
MaJICsl CIIOPTOM, HaunHasl ¢ raHadona (06U YiIeHoM coop-
HOM koMaHAbl XIIM), a 3aTeM yBiIEKCS TTOABOAHBIM ILIa-
BaHWEM W Typu3MoM. Banepuii AnexceeBrd mpoHec yepes
BCIO CBOIO XHM3HPB JIIOOOBH K Typu3My. Brocnencteun oH
CTaJl MaCTEPOM CIIOpPTa IO TOPHOMY TYypHU3MYy, TUIUIOMH-
POBaHHBIM MHCTPYKTOPOM, YEMITHOHOM YKpawWHbI U MPH-
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3epOM YEMIHOHATOB CTPaHbl MO 3TOMY BHAY CIOpTA.
’Konmak B.A. Obu1 pyKOBOIWTENEM U yYACTHUKOM Oolee
4eM 15 MoX0J0B BBICIIEH KAaTETOPUHU CIIOKHOCTH B TOpax
Kagkaza, [Tamupa, Anras, Ypana, Tsap-lllans, ygacTau-
KOM TIOJIBOJHBIX 3Kcrieanimii Ha Kypunbckux octpoBax u
Kamuatke. B Bo3pacte 60 ner XKosnmak B.A. B cocraBe
KOMaH/Ibl TIOJIMTEXHUKOB IIOKOpWiI OnbOpyc. Banepwmii
AJekceeBUY TaK)K€ OYECHb YBJIEKAJICS aKBapeJIbHBIMH PH-
cyHkamu U ¢Qororpadueii, Ha kadeape n y poaHBIX CO-
XPaHWINChH LEJNble KOJUIEKIUH IOTPSCAIOMNX Meh3axei
C/ICIaHHBIX BO BPEMs €ro MOXO0JI0B B TOPHI.

ITo oxonuanmio By3a Banepuit Anexceesny paboTaer
Ha Kadeape AMHAMUKY U NPOYHOCTH MAIMH WH)XEHEPOM,
¢ 1978 — accucTeHTOM M IOCN€ 3aIIUThl KaHIUIATCKON
JUCCEPTAIMU — IOLEHTOM, a ¢ 1998 1 - mpodeccopom. OH
MPOBOAMII HMCCIICOBAHUS 110 HOBOW M HETHIMYHOM JUIS
kagenpsl Temaruke. Ilpexxne Bcero, 3To KosebaHHA H
MPOTHO3UPOBAHNE BEPOSTHOCTH OE30TKa3HOW paboTHI
MEXaHUYECKUX CHCTEM, HAXOIIIIUXCSA IO IeHCTBHEM
Harpy3oK ciy4aiiHod npupojsl. Emie MononsiM ydeHbIM
Baneputo AnekceeBuuy MpHILIIIOCH BO MHOTOM CaMOCTOSI-
TENBHO NPOKIAIBIBaTh CBOW IyTh B HAayKe, OCBAWBATh
HOBOe sl Kadenpbl HayuHoe HanpaBienue [4-6]. U on
CIpaBWIICA C ATOH 3amadeil, 3amuTuB B 1978 Toxy KanIu-
JIATCKYI0 JHccepTaluio mo teme: «lccienoBaHue HEKo-
TOPBIX 3aJa4 HaJACKHOCTH MEXAHUYCCKUX CUCTEM C IIpHU-
JIOKEHHEM K (UIbTPYIOIIMM LeHTpudyram». B ocHOBY
HCCJIEJOBAaHUH MM OBUIM IOJ0XKEHBI MMEIOIIHMEcs] pa3pa-
060TKM Kadenpbl JUHAMHMKH M NIPOYHOCTH MAIIWH JUIs pe-
IICHUS 3a/1a9 O CBOOOJHBIX U BBHIHYKIEHHBIX KOJCOAHMIX
CIIO)KHBIX DJIEMEHTOB KOHCTPYKIIMUA B JETEPMHUHUPOBAH-
HOM mocTaHoBKe. OHUM W3 TEPBBIX MPHUKIATHBIX 00bEK-
TOB B €r0 HCCICIOBAHMAX OBUIM IMPOMBIIIJICHHBIE IEH-
tpudyru [5-7]. Um, npu yuactuu Kupuminosoir H.A., Ur-
muaa C.I1., CmupHoBa M.M. NpOBOAMINCH TEOpETHYE-
CKHC U JSKCHCPUMCHTAJIBHBIC HUCCJICAOBAHUA HAACKHOCTHU
U CIy4YalHBIX KoJeOaHMi 3TUX KOHCTpyKuui. OH ocyiie-
CTBJISUT TIOAJIEPKKY B pabore acnupanra kadeaps Wrnu-
Ha C.IL., xoropsiii B 1980 r. 3amuTi1 KaHAUIATCKYIO JHC-
CepTaLUIo, OCBSIIEHHYIO PEIICHNIO 3a/laull BECOBOW OI-
TUMH3AIMH POTOPOB LEHTPU(PYT C y4YETOM CIydaiHOMH
MIPUPOIBI HATPYKECHUS U OTPAHUICHUSMH Ha BEPOSATHOCTH
0e30TKa3HOM PabOTHI C Y4ETOM ITPOYHOCTHBIX OTKA30B.

C 1985 roma moment KoBmak B.A. nmpuHMMan akTHB-
HOE ydacTHe B padoTax, CBSI3aHHBIX C MPOCKTHPOBAHHEM
KOCMHYECKOTO KOpabiass MHOTOPa30BOTO HCIIOIBb30BAHMS
«bypan», Tae ObUIM pemIeHsl 3a/1aui O CITyJalHBIX Koieba-

HUSIX TIaHenel (ro3eisbka W O MPOTHO3WPOBAaHHH pecypca
TpyOOIPOBOJHBIX CHCTEM IPH CITYIaiHBIX BO3ICHCTBHSIX.

Janbueiiinas Hayuynast padota JKopnaka B.A. Obuia Ha-
NpapJieHa Ha UCCIIeJIOBaHUE CITy4aifHbIX KOeOaHUH pasiiid-
HBIX MAaIIMHOCTPOUTENBHBIX KOHCTPYKIHH, a TaKXKe Ha pas-
BUTHE METOOB POrHO3MPOBAHUS UX HAJEKHOCTU. Banepuit
AJlekceeBHY aKTHBHO TPUHHMMAaeT y4acTHE B HCCIIEIOBa-
TENbCKOU paboTe Kadeapbl — KOHCYJIBTUPYET, PYKOBOIHUT
mosofbpMK crieranuctamu: Jemugoseim H.., Mapuenko
T.H., Mumenko 1.B., Tapacosoii J1.®., Tpybaessmm A.I.

B sToT mepuox Bce COTPYAHUKH HAay4YHOH T'PYIIIBI
BMECTE C PYKOBOIWTENEM OBUIM HETPEMEHHBIMH y4acT-
HUKaMH IIKOJ MOJOIBIX YUYeHBIX «Pacuer m ympaBieHHe
HAJEKHOCTHIO OONBIIMX MexaHmdeckux cuctem» (TepHo-
moie-1986, Tamkent-1988, Kobynetn-1990).

ITon pyxoBomctBoM noreHta JKosmaka B.A. 3amm-
TUIK KaHauparckue mauccepramun B 1988 romy Tpyba-
eB A. 1., a B 1996 — Mumenko 1. B.

B nucceprauuonnoit pabore TpybaeBa A.M. Obuin
MpCACTaBJICHbI PE3YJIbTAaThl PEHICHUA 3ala4 CTaTUCTUYC-
CKOM JMHAMUKH MPOCTPAHCTBEHHBIX PA3BETBICHHBIX TPY-
OOIPOBOJIOB MPH CTAMOHAPHBIX W HECTAIUOHAPHBIX KH-
HEMATHYCCKUX CIyJaiHbIX BO3ACUCTBUSIX, OIpEICIICHBI
napameTpbl CEMCMHUYECKOTO BO3JEHCTBUSI HA OCHOBE CTa-
TUCTHYECKON 00pabOTKHM HATYPHBIX akceleporpamm. Pas-
paboTaHBl YHCIEHHBIE METOIBI OMpPEACICHUS XapaKTepH-
CTHK HaJeKHOCTH NPH HAKOIUICHUH YCTAJIOCTHBIX ITOBpPE-
JKACHUH TPU CTAIlMOHAPHBIX M HECTAIIMOHAPHBIX BO3CH-
CTBUSX. BBINOIHEHBI YHCIICHHBIE HUCCIICA0OBAHUA cnyqaf/'l—
HBIX KOJICOAHUI M HAJCKHOCTH PEAbHBIX TPYOONPOBOJI-
HBIX CUCTEM IIPU PA3JINYHBIX BUAX BO3]1€I7[CTBI/IH.

B pabore Mumenko M.B. Opumn pa3paboTaHbl YKCIIeH-
HBIC METOJIBI, AITOPUTMBI ¥ TIPOTPAMMHBIC PEATU3AINH TS
3a/1a4 HAJIGKHOCTH NPH MOCTENEHHBIX OTKa3ax Pa3IMYHON
¢dmsmyeckoit npupoxsl. [Tokazana 3¢deKTHBHOCTh TpHEMe-
HEHUSI OTHOMEPHBIX M JABYXMEPHBIX MapKOBCKHX MOJeNer
TIPU PEIICHUN 3319 HAJCKHOCTH B OOJIACTH MHOTO- M Ma-
JIOLMKJIOBOM yCTanocTu. g 3TMX MOAened y4yuThIBaucs
CIydalHbI Pa3dpoc XapaKTEePHCTUK KOHCTPYKIMOHHOM
MIPOYHOCTH Mareprana. PemeHsl mpakTHdecKue 3a1aqd Ui
HPOCTPAHCTBEHHBIX Pa3BETBICHHBIX TPYOONPOBOJIOB JieTa-
TEJIbHBIX alapaToB U HABECHBIX y3J10B aBToMoOMIIs KamMA3.

B 1997 rony Xoaak Banepuit AnekceeBuu 3amutui
JIOKTOPCKYIO JIHCCepTanuio Ha TeMy: «Pa3paboTka MeTonoB
TIPOTHO3MPOBAHMUS HAJIEHOCTH SJIEMEHTOB MAIlIMHOCTPOH-
TEJIFHBIX KOHCTPYKIIMNA TP CITyJalHBIX KoJeOaHmsIx». Bax-
HBIE PEe3YNIBTATHl TUCCEPTAIIMOHHONW PabOTHI OBLTH OITyOITH-
koBaHbl B MOHOTpadmu [2]. B 2002 r. BAK Ykpauss! npu-
cBom1 Baneprro AnekceeBudy y4eHoe 3BaHHE mpodeccopa.

Jlist CTy[IeHTOB WHKEHEPHO-(H3NYECKOro (haKyJib-
Teta ¥ psaga (HaKyJIbTETOB MHCTUTYTa OH Haval Hperoja-
BaTh JUCLMIIJIMHBI II0 MaTEMaTHYECKON CTAaTHUCTUKE H
TCOPUU BEPOATHOCTU, YUTAT JICKIMOHHBIC KYPChI IO TCO-
pun Kosebanuii. Pazpaboran HOBBIE KypChl 110 TEXHHYE-
CKOM JIMarHOCTUKE U HajaexHocTH [1].

Banepuit AnexceeBud co3maeT Ha Kadeape HAyIHYIO
TpyIITy, KOTOpasi 3aHUMAaJIach BOIIPOCAMH Pa3BUTHSI METO-
JIOB TIPOTHO3MPOBAHUS HANEKHOCTA M WX MPHUMEHEHHS K
pEIICHUI0 TIPUKIAJHBIX 3aad COBPEMEHHOTO MAIIHHO-
cTpoerus. Ilpm 3TOM Ha OCHOBE KOHEYHO-3JIEMEHTHBIX
MOJXOJI0B ObLIM pa3paboTaHbl METOABI PELICHHS JIMHEH-

6
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HBIX W HEJIMHEHHBIX 3a7ad CTATHCTHYECKOW AWHAMHKH C
Y4eTOM CIyYaifHOTO CTallHOHAPHOTO M HECTaIlMOHAPHOTO
BO3ZCHCTBUS B BHAE CIyYalHBIX (DYHKIWMHA, CITyJaiHBIX
cBOicTB camoii kKoHCTpyKImH [8-10]. IIpemmosxensr meTo-
bl  WACHTU(QHUKAIWNA BEPOSTHOCTHBIX XapaKTEPHCTHK
BHEIIHUX BO3JEMCTBUI MO pe3yJibTaTaM TEH30METPUPO-
BaHHWA B OKCIUTyaTallTUOHHBIX YCJIOBUAX C UCITIOJIb30BAHUEM
MOJIXOI0B K PEIIeHUI0 HEKOPPEKTHBIX 3amay [11].

OTnenbHO HYXXHO BBIICNUTH, KaKk HawOosee 3Ha4H-
MBIH pe3yibTar, pa3paboTaHHylo Banepuem AuexceeBu-
4YeM TIpyINIy METOJ0B NPOTHO3UPOBAaHMS HAJEKHOCTH,
KOTOpBIE OCHOBAaHBI Ha TMPHMEHECHHH MAaTEMaTHYECKOTO
ammapaTa TEOpHH MapKOBCKUX mporeccoB [8,9,12]. Tak,
Ha MX OCHOBE OBLIH MPEII0KEHBI METOBI PEIICHUS 33124
HA/IKHOCTH NPH BHE3AIMHBIX U ITOCTENCHHBIX OTKa3ax, Ha
OCHOBE JINHEIHBIX W HEJTMHEHHBIX KHHETUIECKUX ypaBHE-
HUI MOBPEXIaeMOCTH, TIO3BOJIAIONINE YIUTHIBATh: HECTa-
IMOHAPHOCTh U IIHPOKOMOJIOCHOCTh CIYy4alHOTO Harpy-
JKEHUS; BEPOSITHOCTHOE OIHUCAHUE CBOMCTB KOHCTPYKILIMM
W Marepuala; HElOJHOTY WH(POPMalMU O XapaKTEepUCTH-
Kax BHemHero Bosueicteus [17, 19, 20, 22].

Ha ocHoBe pa3paboTaHHBIX METO/IOB M CO3JaHHOTO
MPOTPaMMHOTO OOECICUeHHs PEIICHO Psf 3aaad Hallexk-
HOCTH JUTSI KOHKPETHBIX 2JIEMEHTOB KOHCTPYKIHH: TPYOO-
MPOBOJIOB TIPY KHHEMATUIECKOM CIIy9aifHOM HaTpYyXCHUU
[13,16]; nomarounoro ammaparta pabodHWX KOJIEC OCEBBIX
TypOOMamIH ¢ Y4eTOM KOPPO3HOHHOTO BO3AECUCTBHUS U
HenoJHOM uH(pOpMaIMy 0 BHEIIHeM Harpyxenun [14,15];
[aHeJIeH JIeTaTeIbHbIX alllapaToB IIPU YCTAJIOCTHBIX OT-
Ka3axX B YCJIOBMSIX aKyCTHYECKOI'O CIy4yailHOro BO3JEHCT-
BUA [21]; NOAMIMIHUKOBBIX Y3JIOB MOTPY)KHBIX 3JEKTPO-
JIBUTaTeNeil IIpH OTKa3ax B pe3yJbTaTe M3HOCA C YUYETOM
TEXHOJOTUYECKHX OTKJIOHEHHH OCHOBHBIX KOHCTPYKIIH-
OHHBIX mapameTpoB [18].

[Tox ero pykoBOICTBOM MPOBOIST CBOHM HCCIEIOBA-
HUS acIHpaHTHl U HAy4YHBIE COTpyAHUKH. HampaBieHus
HAyYHOH paboOTHl COXPAHSIOT CBOIO «CIy4aiHYIO» Ha-
MPaBICHHOCTh, HO IIPH 3TOM 3aTParWBaioT eme Ooee
IIMPOKUNA KJIACC MPUKIATHBIX 33734, KOTOphIe OCHOBAaHBI
Ha TPagUIMOHHBIX pPaboTax YYeHBIX Kadeapbl MHOTHX
ner. Cpeam HCCIEIyeMbIX OOBEKTOB MOXKHO BBIICIHTH
paboune koseca TypOokommpeccopoB [23-25], cucrembl
TypOoarperaT-QyHIaMmeHT-ocHOBaHue [26, 27, 32], pambl
TEJIe)KEK BaroHOB METPONOJUTEHA [28], JIonaTo4yHbIe arl-
naparsl nmapoBbIX TypOuH [29-31, 35] ¥ npOMBIILIEHHbIE
TpyOOIIPOBOIHBIE CUCTEMEI [33].

B 2003 rogy cBom KaHOUIATCKHE AHCCEPTAIIHU,
MOJTOTOBJICHHBIE TIOA pyKoBoacTBoM Tipod. Komma-
ka B.A., 3ammmaror acnupantel kKadeapsl CMUPHO-
Ba JI. M. u Kpacuukos C. B.

B pa6ore CmupHoBoii JI.M. ObuTH pa3paboTaHbl Me-
TOJBl IPOTHO3UPOBAHMS HAIEKHOCTH PabOUMX KoJec
TypOOKOMIIPECCOPOB C YHYETOM CJIy4ailHOro Xapakrepa
Harpy>K€HUs U CIy4ailHOrOo OTKJIOHEHUS KOJIEC OT LIUKIIU-
YEeCKOW CHMMETpPHH. BBINONHEHBI pacdyeThl OCHOBHBIX
NoKazaTesied HaJe)XHOCTH M MCCIIEAO0BaHO BIMSHHUE pac-
CTPOHKH Ha BEPOSITHOCTh OE30TKa3HOW pabOTHI U CpesHee
BpeMs IO pa3pyILICHUS TIPU YCTaJIOCTHBIX OTKA3aX.

B kanmunarckoit pabote Kpacaukosa C.B. paccMotpe-
HBI BOIIPOCHI BHOPALIMOHHON HAJEKHOCTH CHUCTEM TypOoar-
perar-yHIaMeHT-OCHOBAHKE, MO3BOJISIIOLINE  yYUTHIBATh

CITy4alfHOCTh TTAapaMEeTPOB CHUCTEMBL. Pa3paboTaHbl MoJenn
COOTBETCTBYIOIINX CHUCTEM, YYUTBHIBAIOIINE M3MEHEHHE ITa-
paMeTpoB BBI3BAHHOE BO3HUKHOBEHUEM 3a JUTUTEIIEHYIO SKC-
IUTyaTalHIo CITy4aiiHbIX MPOCAZIOK KOJIOHH (pyHIaMeHTa.

B aror nepuox npod. XKosuak B.A. akTHBHO y4acT-
BYET B IPOLIECCE aTTECTALMK CIEUUAIUCTOB BBIIICH KBa-
nn(l)m(auuu — OH ABJIACTCA YJICHOM CIICHHUAJIU3UPOBAHHBIX
YUYCHBIX COBETOB I10 3alIATE KAHAUAATCKHUX U JOKTOPCKUX
JCCepPTALMii, MHOTOKPAaTHO BBICTYNAET B POJM OQHIH-
QIPHOTO OIMOHEHTa Ha 3allUTax JAWUCCEpTalui pa3sHOro
YPOBHS. B TeueHNM HECKOJBKUX JIET SBISIETCS 3KCIEPTOM
BAK Vkpaunel 1o crneuuaibHOCTH AMHAMHUKA M IPOY-
HOCTh MamuH. CtaHOBUTCS WwieHOM Hay4HOro coBera mo
mpobiieMaM MEXaHUKH Je(QOPMHUPOBAHHOTO TBEPIOTO
tena nmpu HAH YkpaunHsl.

HUccnenoBatensckast pabota, KOTOpas HPOBOIMTCS B
3TO BpeMsi HAy4HOW IPyNIION JTUHAMHUYECKOH NPOYHOCTU U
HaJIeKHOCTH, OCYILECTBIISIETCS] B TECHOM COTPYAHHYECTBE C
KPYIHBIMHM TIPOMBIIUIEHHbIMU Ipennpustisamu: HITO wum.
®pymnze (r. Cymsr), OAO «Typboarom» (r. Xapskos), CKb
«[Torermmam» (r. XappkoB), OAO «3anopoxcranby, KII
XapbKOBCKMIA METpONoiuTeH. sl MeTaulyprudyeckoro
KoMOmHaTa «3aropoKCTajby ObLUIA BHITTOJHEHBI YHCICHHBIC
HCCIIEIOBAHMS Pecypca TPYOOIIPOBOIOB THAPOCUCTEMBI KaH-
TOBATEISl PYJIOHOB MPOKATHOTO cTaHa. [ MeTpomnoimTeHa
ObUTa IPOBE/IeHa YHUKAIbHAs paboTa 1Mo OLIEHKE OCTaTOYHO-
TO pecypca U MPOUICHHUS CPOKaA CITYKOBI paM MacCaXMPCKUX
BaroHoB. /[y mpoBeneHus STHX PadOT ObUIO CIEMATBLHO
pa3paboTaHo 3KCIEpUMEHTalIbHOE O0OpYAOBaHUE, KOTOPOE
MO3BOJIWIO TOYYHTh CTATHCTHYECKYIO0 HH(pOpMALUI0 00
XapaKTePUCTUKAX CITy4alHBIX KOJCOAHHHA B YCIOBHUSX JKC-
IUTyaTaluy. OKCHEPUMEHTAIBHBINA alapaTHBIi KOMIUIEKC
1o cOopy u 00paboTKe NepBHYHON HMH(pOpMalMu HA TOA-
BIDKHOM COCTaBE METPOIOJIMTEHA yCTAaHOBKa ObUT pa3pado-
tan CvupHOBEIM MM 1 YipsHOBEIM 0. H. Vcnoms3oBa-
HHUE TIOJTYYCHHBIX SKCIICPHIMEHTAIFHBIX TaHHBIX COBMECTHO
C pa3pabOTaHHBIMHU MAaTEMATUIECCKAMH MOJIEIISIMA TTO3BOJTH-
JI M3y4YHTH CITydalHbIC BBIHYKICHHBIE KOJICOaHUI paM Te-
JISKEK BAaroHOB METPOIOJMTEHA C YYETOM 3ala3[bIBaHUA
KMHEMATHUYECKOTO CIIy4aHOIO BHEIIHETO BO3IACHCTBUS Ha
KOJIECHBIE Mapbl. bbuti pa3zpaboTaHbl METOIBI IIPOTHO3UPO-
BaHMsl 0E30TKa3HOCTH paM TeJIeKEeK MO JaHHBIM 00 OTKa3ax
nportotuna. [IpakTuyueckas COCTABIIIONIAS MOJYYEHHBIX
pe3yJbTaToB ObLIa BHEAPEHA B IPAKTUKY HAa XapbKOBCKOM
METPOIIOJIUTEHE, a Hay4YHas COCTaBIIONIAs ObUIa YCHEIIHO
3ammena B 2006 r. actmpanTom bemoriepkoBckum A. b.

Bmecte ¢ akTHBHO# paboTOH MO MPHKIAAHBEIM Ha-
npaBieHusIM Banepuil AnexkceeBUY yCHEIIHO 3aHUMAETCS
Pa3BUTHEM TEOPETHUECKUX OCHOB IO MPHMEHEHHIO MaTe-
MaTHYECKOTO ammapara TEOPHH MapKOBCKUX IPOLIECCOB K
pelIeHnto 3anad HajaekHOCTH. VM Obutm pa3paboTaHbl
HOJIyaHAIUTUYECKUE MOAXOAbI K ONpPEAEICHHI0 XapaKTe-
PUCTUK HAJACKHOCTHU MEXAHUYCCKUX CUCTEM IIPHU IOCTE-
IMCHHBIX OTKa3aX Ha OCHOBC TCOpPHMU MHOI'OMCPHBIX Map-
KOBCKHX IIporieccoB. Pa3paboTaHO HECKOJBKO IT0XO/I0B
OCHOBAaHHBIX Ha IIPUMEHEHHH XapaKTEPUCTHUECKUX
(YHKIMH K IJIOTHOCTH BEPOATHOCTH NapameTrpa padboTo-
CIOCOOHOCTH M Ha MPUMEHEHHH MOMEHTHOTO MOIXO0Ja.
Ha ocHoBe mpennoKeHHOW TEOpHH, COBMECTHO C Hayy-
HBIM COTpyIHUKOM Kadenpsl Tapacosoii JI. @. Obuta pas-
paboTaHa aXTOPUTMBI UX YUCIEHHON peau3alfii U COOT-
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BETCTBYIOIIEE INporpaMmHoe obecrieueHne. [IpoBeneHs
TECTOBBIE pacdeThl, KOTOPHIE I DPANa KIACCHYECKHX
MPUMEPOB, HMEIOUIMX HW3BECTHBIC PELICHHS, IOKa3aH
JIOCTOBEPHOCTb Pa3pabOTaHHBIX METOAOB. TeopeTnyeckne
OCHOBBI Pa3pabOTaHHBIX METOJOB M PE3YJIbTATHI TECTOBBIX
pacueToB OMyOJUKOBAHBI B BHJIC YU4COHO-METOIHMUECKOTO
nmocobus [3] v psiga HayyHbIX yOnuKauii [34, 36, 37].

Banepuem AnekceeBuYeM BMECTE C €r0 YYEHHUKaMH
OCYIIECTBIISUIOCH MIMPOKOE NPHMEHEHHE pa3pabOTaHHBIX
METOJIOB OIEHKU HA/IC)KHOCTH K PELICHUIO MPAKTHYECKUX
3aga4. [locraBiieHa HOBas TeopeTHUYEcKas NpodiieMa B
pELIeHNH 3a7ad PalHOHAIBHOTO IPOEKTHPOBAHUS 3JIe-
MEHTOB KOHCTPYKUMH. PanuoHanbHOE NpPOEKTHpPOBaHUE
obecrieumBaeT TpeOyeMble IOKa3aTeNN HAJISKHOCTH B
YCIIOBUSIX HEMOJIHOW UCXOAHOU HH(OPMAILHH.

B mepuox ¢ 2006 o 2009 rr. mox pyKOBOICTBOM
Banepus AnexceeBnda €ro acnmpaHThl 3aHMMAaJUCh pas-
JIMYHBIMU TPUKIAJIHBIMU HUCCICAOBAHUIMMU. PaCCManI/l-
BINCHh NPOOJIEMBI OLIEHKHM BHOPAMOHHON Ha/Ie)KHOCTH
JIONIATOYHBIX aIlapaToB MapoOBBbIX TYpOHMH C JE€TEPMHUHU-
POBAaHHOW M CIy4alfHON paccTpOMKOIl MmapaMeTpoB MeX-
nonaToyHoi OannmaxkHoi cBs3u (Jlapua A.A.). Paspaba-
TBIBJINCh METOJbl W3y4YECHUs] HEIMHEHHBIX KoJeOaHMi
JIONATOK MapoBBIX TYPOHH C yIETOM AWHAMUYECKOTO KOH-
TaKTHOTO B3aUMOJICWUCTBUA B pazbeMHOM OaHmaxe ([e-
my3 S1.J1.). TIpemnoxeHbl KpUTEpUH il OLIEHKH BHOpaI-
OHHOM HAJeKHOCTH CHCTEeMBI TypOoarperar-QyHIaMeHT-
OCHOBaHHE, a TaKKE PACCMOTPEHBI METOABI CTPYKTYPHOM
OINITUMU3AIMM 3TOM KOHCTPYKIMI C UeNblo oOecredeHust
HEOOXOIMMBIX BHOPAIMOHHBIX XapaKTEPUCTHK W YUTEHO
BO3HHUKHOBEHHE JKCILTYaTallHOHHBIX MPOCAIOK (hyHIaMeHTa
(Topsuk A.B., dynkuna E.C.). ITomydeHsl olieHKH pecypca
W HaZeKHOCTH NPOMBIIUICHHBIX TPyOOIPOBOZOB C YUETOM
HaJIM4Us KOPPO3HOHHBIX BHYTpeHHHX JedekroB ([emu-
noB [1.H.). Pa3zpaGotanbl MeTOmBI OIECHKH HAIPSDKEHHO-
neopMHUPOBaHHOTO COCTOSTHHS OOJITOBBIX COSTUHEHUH THI-
POTYpOMH, YTO TOCITY>XHJIO OCHOBOH JIJISI TIPOBENICHUS B TI0-
CIIeyIOIIeM IHKIa paboT Mo OIEHKe pecypca OONTOBBIX
COeMHEHNH pabounx Kojec THapoTypOuH 1o 3akazy OAO
«Yxprugposnepro». Ilonx pykoBoxctBom mpod. Komna-
ka B.A. B 2008 r cBoHM uccienoBaHUs MPOBOJWIN 7 aclu-
panToB. B Mapte 2009 r. B pe3synbrare TspKeNoN Ooie3HH
Banepuii AnexceeBuu XKoBaak yien u3 xu3HH.

Wnen u Hayunsle mnansl Banepust AnekceeBuua mpo-
JIOJDKAIOT pa3BUBATHCS BMECTE C CO3JJaHHBIM MM Ha Kadeape
Hay4YHBIM HarpasiieHueM. Tak, B korre 2009 r. ero y4eHHKH
A.A. Jlapus u B 2011r. - A0, demys (Kpyrmwit) 3ammrem
KaHIWAATCKue auccepranuu. I[IpomoinkaeT —pa3BHBATHCS
Hay4YHOE HAIpPaBIICHHE, CBSI3aHHOE C Pa3pabOTKON METOI0B
MPOTHO3MPOBAHUSI Pecypca Ul MAIIMHOCTPOUTEIBHBIX KOH-
cTpykimii. B stom nHampasnennn B 2014 1. mox pykoBo-
ncrtBoM TpyOaeBa A.J. 3ammTuin KaHIUIATCKYIO AMCCEpTa-
o A.A. Bozka. Bonpockl mporHo3upoBaHust HaaeKHOCTH
JIEMEHTOB MAIUIMHOCTPOUTENIbHBIX KOHCTPYKLUM € Y4E€TOM
CTapeHMs1 MaTepHrala PaclINpeHbl Ha 3J1aCTOMEPBI U UX KOM-
MO3UTHI. Pa3BUBAIOTCS IMOJXO/BI K YUCJIEHHOMY M 3KCIIEpH-
MEHTAJILHOMY MOJICJIMPOBAHHIO CITyYaiHBIX HEIMHEHHBIX
KOJIeOaHM KOHCTPYKIMH TPAaHCIIOPTHOTO M YHEPTeTUIECKO-
TO MAIIMHOCTPOEHHSI.

BaaronapHocTs.

ABTOpPBI NPU3HATENBHBI KOJUIEraM M y4eHHKaM Ba-

nepusi AnexceeBnda: Urmuay Cepreto IlerpoBuuy, Ku-
pwuioBoil Haranee AnexcanapoBHe, Muiuenko Wropro
Buxtoposuay u Tapacosoit JIro6oBn denopoBHe 3a mo-
MOIIb B HAITCAHUU CTaTbU.
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A.T. AHJIPEEB, J1.T. BHHOT'PAJICKHI

B3AVMMHOE BJIMSTHUE COEJUHEHUI C HATSTOMMU COIPSIKEHHBIX C HUMU
KOHCTPYKTHUBHBIX 9JIEMEHTOB

V naniif 3aadi NpUITycKaeThes, MO Y JieTallell 3'eAHaHHs 3 HATATOM (BaJly 1 BTYJIKH) € IOB'SI3aHi 3 HUMHU KOHCTPYKTUBHI €JIEMCHTH,
ski € ix npomosxenHsmu. Yepes ue HJC 3'eqHaHHs 3 HATATOM BIUIMBAE HA Lii IOB's13aHI KOHCTPYKTHBHI €IEMEHTH, sIKi, uepes3 3B's3a-
HICTB, Y CBOIO Yepry BIUIMBAIOTh Ha JeTall 3'€JHAHHS 3 HATATOM. AHaNI3yIOThCsl 6 THUIIIB 3'€IHAHB 3 HATATOM, SIKi MAIOTh ITOB's3aHi 3
HUMH KOHCTPYKTHBHI €JIEMEHTH, Il SKNX BU3Ha4aroThest komrnonenTr HJIC, ki XapakTepHu3yloTh Mipy B3a€MHOTO BIUIMBY 3'€IHaHb
3 HaTSIrOM 1 KOHCTPYKTUBHHUX €JICMEHTIB.

KurouoBi ci10Ba: 3'eHaHHS 3 HATATOM, METO/] CKIHUCHHHX €JIEMEHTIB, HAMPyKeHHs, edopmarii.

B paccmarpuBaemoii 3aiaue mpeAnonaraeTcs, 4To y JeTaiei COeAMHEHHs C HaTsAroM (BaJjla U BTYJIKU) HMEIOTCS CONPSHKEHHBIE ¢ HUMU
KOHCTPYKTHBHBIEC JIEMEHTHI, SBILSIOIINECS UX MpoaovkeHusMU. B cumy storo HJC coeanHeHHs ¢ HATSITOM BO3ACHCTBYET Ha 3TH
CONPSDKCHHBIE KOHCTPYKTHBHBIE 3JIEMEHTHI, KOTOPHIE, B CHITy COIPSDKEHHOCTH, B CBOIO OYEpEnb BIMSIOT Ha JETall COSAWHEHHS C
HaTAroM. AHAJIU3UPYIOTCS 6 TUIIOB COCAUHEHUN C HATATOM, UMEIOIIUX COIPSDKEHHBIE ¢ HUMU KOHCTPYKTUBHBIC 2JIEMEHTBI, U1 KOTO-
paix onpeneisitorcs komnoHeHTsl HJIC, xapakTepusyromue cTeleHb B3aUMHOIO BIMSHUS COCAMHEHHI ¢ HATATOM U KOHCTPYKTUBHBIX
3JIEMEHTOB.

KoroueBble c10Ba: COeIMHEHHUS ¢ HATSATOM, METO/I KOHEYHBIX DJIEMEHTOB, HANPSHKEHHUs, iehOopMaru.

In this problem, it is assumed that the connection parts with interference (shaft and bushing) are structural elements with them, which
are their continuation. By virtue of this compound with stress-strain, state interference affects these conjugates structural elements
that, by virtue of conjugation in turn affect the interference fit connection details. Analyzed six types of connections with a tightness
that have associated with them the elements (I — bush console solid shaft, II — Solid shaft with cantilever sleeve, III — bush console
hollow shaft, IV — hollow shaft with cantilever sleeve, V - connection Type III to reduce the thickness of the shaft and sleeve, VI -
compound type IV with a reduction in the thickness of the shaft and sleeve), which are determined by stress-strain state, characteriz-

ing the degree of mutual influence of connections with a tightness conjugate components.
Keywords: connections with a tightness, finite element method, stress, strain.

Beenenue. B ycioBUsIX COBPEMEHHOIO IPOU3BOACT-
Ba COEIMHEHHS C HATSITOM IIMPOKO MPHUMEHSIOTCS B Ma-
IIMHOCTPOEHHH, Ha KEJIE3HOJOPOXKHOM TPaHCIOpTe, Ipu
MIPOEKTUPOBAHNHU APTIIIEPUMCKUX CHCTEM U B APYTHX
00acTsaX MEXaHUKH, Korja Tpedyercs mepenava OObIIHX
OCEBBIX YCWJIMH M KpPYTSIIHMX MOMEHTOB. IIpoduHOCTH M
OTHOCHTEJIbHAST HETOABIKHOCTh 3THX COCIMHEHUI o0ec-
MIEYNBAIOTCS CHIIAMHU TPEHUS, KOTOPBIE 3aBUCST OT JIaBJIe-
HUS MEXIY COCTUHSICMBIMH ICTAISMU, W OIPENEIIIOTCS
BEJIMUMHOM HaTATa - Pa3HULBl pa3MEpPOB OXBATHIBAIOLIEH
U oxBaTbIiBaeMou paertaieil. Ilocie coeanHenust mocagoy-
HBIA pa3Mep JAeTaneid CTAHOBUTCS OOIIWM, MPH 3TOM II0-
CaZlOYHBIA pa3sMeEp OXBATHIBAIOLIECH NETaJU B PE3yJIbTaTe
ynpyrux nedopmanuii yBeauurBaeTcs, a 0XBaTbIBaeMOH —
yMmeHbInaercs. Hanboubiee pacnpocTpaHeHHe MOy YHITH
NUJIMHAPUYCCKUE COCIUHECHHNSA C HATATOM, Y KOTOPBIX OI-
Ha JeTalb OXBAaThIBAETCS BTOPOW MO LWJIMHIPUYECKOM
MMOBEPXHOCTH.

I[MocTaHoBKa 3ama4d. B CIIOXHBIX MEXaHHYECKHX
cXeMaxX KOHCTPYKTHBHEIE JIEMEHTHI MOTYT OOBEIUHSTHCS
MEXIy COOOW COSOMHEHUSAMH C HATATOM, HAXOIALIIMHUCS
B HEKOTOPBIX MECTaX CXEM, MEXIY KOTOPHIMH pacroia-
rafoTCs KOHCTPYKTHBHBIE 3JEMEHTHI. ECTEeCTBEHHO, YTO
HJC coenunenns ¢ Hatsrom Bimsier Ha HJIC koHCTpYK-
THUBHBIX 3JIEMCHTOB, ABJIAIOIIHXCSA MPOAOJIKCHUEM COCAM-
HEHHUH C HaTATOM, a 3TH KOHCTPYKTHBHBLIC 3JICMCHTbLI B
cBoto ouepens koppektupytoT HIC neraneit coequHeHwmit
C HATATOM.

OTa B3aMMOCBS3b MPEACTABIICTCS CICIYIOMIM 00-
pasom:

1) KoHCTpyKTHBHEIE 3JIEMEHTHI, CONPSIKEHHBIE C CO-
€MHEHISIMHA C HATSTOM, SIBIISTIOTCS TPOJOJDKEHHSIMA Jie-
Taﬂeﬁ, BXOoaAmIMUEe B COCAHMHCHHEC, B BHJIC KOHCOJIBHOI'O
Bajla WJIM KOHCOJIBbHOM BTYJIKM, Ha KOTOPbIC MCPCAAOTCA
nedopmanmm coenuHeHus ¢ HaTsAroMm. B aTom ciryuae 3a-
Jlada COCTOMT B onpeneneHnu xapakrepuctuk HJAC u 30-
HBbl UX PAaCHpPOCTPAHCHUS B KOHCTPYKTHBHBIX 3JIEMEHTaX
IO BO3/ICHCTBHEM COEAWHEHHS C HATATOM.

2) B cBoto ouepenp, caMi KOHCTPYKTUBHBIC HIIEMEHTHI
B BHIE KOHCOJBHBIX BAJIOB M BTYJIOK, CONPSDKCHHEBIE C CO-
€IMHEHWEM C HATSATOM, BIIMSIIOT Ha 9TO COCOMHEHHE, T.K. B
9TOM Cllydae MpOSBISIETCS «KOHCOJBHBIA 3ddexry» n3-3a
Pa3HBIX OCEBBIX Pa3MEPOB Bajla U BTYJIKHA COCAWHEHHS. JTO
HPEANOoNAraeTcsi UCCIeI0BaTh, OLICHWBAS BIIMSIHUE COIpS-
JKEHHOTO KOHCTPYKTHBHOTO JJIEMEHTa B BHZE KOHCOJBHOTO
Basia win BTysku Ha HJIC coenuneHus ¢ HATSTOM.

Lenbto maHHO# pabOTHI ABISIETCS BBIABICHHE, B Ka-
KOl Mepe 3TO CIIpaBeUINBO.

PaccMoTpuM 6 TUIIOB coeiMHEHUH ¢ HATArOM: TUN |
— BTYJIKa ¢ KOHCOJBHBIM CIDIOMIHBIM BajiioM (puc. 1), Tam
Il — crromrHO#M Bax ¢ KOHCONBHON BTYJIKOU (pHC. 2), THI
IIT — BTy7Ka ¢ KOHCOJNEHBIM IYCTOTENBIM BaioM (puc. 3),
tun [V — mycroTenslii Bal ¢ KOHCOIBHON BTYJIKOH (pHC.
4), tun V — coenunenue tui III ¢ yMeHbIIEHHBIMU TOJ-
IIMHAMH Bana " BTyIkH (puc. 3), Tun VI — coenuHeHue
Tin IV ¢ YMEHBUICHHBIMU TOJIIHMHAMU Bajla U BTYJIKH
(puc. 4).

I'eomeTprueckne pa3Mepbl U XapaKTEPUCTUKU MaTe-
pHanga COeIMHEHHH C HaTSATOM M CONPSDKEHHBIX 3JIEMEH-
TOB TMPEIICTABIICHEI B Ta0M. 1 1 2.

© A.I'. Bunorpaackuii, A.I'. AHapees, 2016
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ds

H L
Pucynok 1 — BTynka ¢ KOHCOIBHBIM CILIOIIHEIM BasioM (Tum I)

da

H L

Pucynoxk 3 — Brysnka ¢ koHCONMBHBIM mycToTenbiM BastoM (Tum 111, V)

\\

d;

om

H L
Pucynok 2 — CromrHoii Bait ¢ kKoHcoabHOH BTyskoi(Tum IT)

H L

Pucynok 4 — [ycrotensiii Baj ¢ koHconbHOU BTyIKO#H (Tum IV, VI)

Tabnuna 1 — ['eomeTpuyeckue pa3Mepbl COSAMHEHUH ¢ HATATOM U CONPSDKEHHBIX 3JIEMEHTOB, MM

I'eomeTpuyeckuii napamerp Tun I-11 Tun II-IV Tun V-VI
JwmameTp 30HBI KOHTaKTa d 120 120 120
Bremnnit quamerp Brysxu dl 240 240 200
Juamerp orBepcTus Bana d, 0 40 60
JIn1Ha KOpOTKOW BTYJIKH, KOPOTKOro Basia H 120 120 120
JlinHa n3MeHseMol yacTu BTYJIKH, Baja L 0—100 0—200 0—100
JlaMeTpanbHbIi HATAT COSAMHEHHS A 0,12 0,12 0,12
Panuycsl pac4eTHBIX TOUEK BTYJIKH H Bajla
A 0 20 30
B-Bax 60 60 60
C- BrynKa 60 60 60
D 90 90 80

IIpenBapuTenbHbIE HCCIEIOBAHUS MMOKA3aIN 11ETIECO-
o0Opa3HocTh xapaktepusoarte HJIC coenuHenuid ¢ Hats-
TOM 4epe3 COOTBETCTBYIOIINE XapaKTEPUCTUKU TOPLEBOTO
ceueHus coeAuHeHus: ¢ HariaroM B Toukax A,B,C,D, uto
oTpaxxeHO Ha puc. 1-4 u B Ta0m. 1.

Tabnuna 2 — XapakTepucTHKU MaTepHraia cTaib 40x

Dusnyeckuil mapameTp 3HayeHue
Mognyns ynpyroctu E, MIla 2,1*¥10°
Koa¢dumment ITyaccona v 0,3
TI10THOCTb P, KI/M° 7800
[Ipenen texyuectu o,, MIla 785
[Ipenen mpounoctu o, MIla 980
Koaddunment tpenus p 0,15

Teoperuueckne ocHoBbl. [locraBieHHas 3amada
MoaenupoBanack ¢ nomompsio MK3 B ITK ANSYS. Jlns
pELIeHns] MCIOIb30BAIICSI CTAaHJAPTHBIH KOHEYHBIH 3Je-
MEHT IPOIPaMMHOTO ITaKeTa - TPEXMEPHBIH BOCHMUY3JIO-
Boii 00beMHbIH memenT PLANES2, koTopslit nMeeT Tpu
CTETIeHH CBOOOIBI B KaIoM y3ie. JIs co3maHWs KOH-
taktHOU mapsl B [IK ANSYS ncrmons30Baimch KOHEUHBIC
anemenTel CONTA 172 u TARGET 169. Touku ¢ukca-
UMM Ha pucyHkax 1-4 obo3HaueHbl *. Pemienue 3amauu
MKD npuBOoAHT K cHCTEME JIMHEHHBIX anreOpamdecKux
YPAaBHEHUN:

[KI{U} = {F}, (1
rae [K] — marpuna *ecTKkocTd Tena, COCTOosIas U3 Mat-
PHII JKECTKOCTH KOHEUHBIX 3j1eMeHToB; {U} — BekTop--

Bicnux HTY «XI1l». 2016. Ne 46 (1218)

11



Jlunamixa i MiyHicms Mawun

ISSN 2078-9130

cronber; y3rmoBeIX mepemenienuii; {F} — Bekrop mpuse-
JIEHHOM BHEIHEHN HAarpy3KH.

PesynbTaTsl pacueroB

Ha puc. 5-9 m3o6paxkensr rpaduku nzmenenus HJIC
(3KBUBAJICHTHBIX HANPSKCHUH, KOHTAKTHBIX JaBIICHHIA,
paavaibHBIX TEepEeMEIIeHHH) B COEAMHEHUSX C HATATOM
tunoB [-VI nox BAMsSHUEM CONPSDKEHHBIX KOHCTPYKTUB-
HBIX AJIEMEHTOB B BUJI€ U3MEHSIEMbIX KOHcoJeH L.

BiusiHue Ha SKBHBAJICHTHBIE HANPSKEHUS G5 B CO-
€IMHEHMSIX C HATATOM Pa3JIMYHBIX THIIOB CO CTOPOHBI CO-
NPSODKEHHBIX KOHCTPYKTHMBHBIX 3JIEMEHTOB B BHUJIE KOH-
COJIFHBIX BAJIOB M BTYJIOK MIOKA3aHO Ha rpadukax puc. 5 u
6 TIIe IpHUBECHBI KPUBBIE U1 pacueTHRIX Touek A, B, C,
D TopueBoro cedeHusi B 3aBUCUMOCTU OT BEJIMYUHBI L
KOHCOJIBHOTO 3JIEMEHTa B BUJIE BBICTYIIAIOLIEH YacTu Baja
WJIM BTYJIKU.

20685 MMa
Cl
P cin
Bl
i _‘_’_‘___,.,--—-"‘
cil
100
. =1
Al
WDl
Bl
3 Bl
- L, mm
o w E E L 0 L n

Pucynox 5 — DxBHUBajIeHTHbBIC HANPSDKECHUS B COEIUHEHUSX C
HatsiroM tunos I, 11, III mox BnusHMEM KOHCTPYKTHBHBIX 3J1€-
MeHTOB: A, B, C, D — pacuetnsie Touku; L — pa3mep koHCOIH

2o lyx*10, M

oC|

cll
" cvV
0o

DV
10 oD |

Dl
i oC Il
” =&

D

B
= oD IV
25 L, mm

[] w w ko L] 50 (1] ™o
Pucynok 8 — PagnanbHble mepeMenieHns: B COCIUHEHHUSX C HATs-

rom tunoB [-VI nox BnusiHEEeM KOHCTPYKTUBHBIX AJIeMeHTOB: C,
D- pacuernsie Touky; L- pasmep koHconu

2005, MNa

ANV

AVI
cv

B IV

—oB VI
C IV
—eCVI
DVv

—— AV

Dwvi
DIV

[ L, Mm
L 10 0 » 0 0 [ ™

PucyHnok 6 — DKBUBaJICHTHbIE HANIPSKEHUS B COSIMHEHUSIX C
HatsiroM TunoB 1V, V, VInoz BiusiHueM KOHCTPYKTHUBHBIX dJ1e-
MeHTOB: A, B, C, D- pacuernsie Touku; L- pazmep koHcoIH.

1585, MMNa
us v
15
——eV|
. / |
1]
—a\/
u V
-]
- L, mm
o 10 0 0 40 0 &0 70

Pucynok 7 — KoHTakTHbIE JaBlIeHUs B TOPLIEBOM CEYEHUU CO-
eaArHeHuil ¢ HaTsarom tunos [-VInon BiausiHUEM KOHCTPYKTHB-
HBIX 2JIEMEHTOB: L- pa3mep KoHcoIn

50 Laam
10 0 w0 L] 50 L] ™
—— _SAll
4 . = =B |
B
8 Il
* SAV
s BV
-150
200
oA IV
250 Bl
- A
a0 = oB |
-— *B VI
as0 Ux*10°, M

Pucynok 9 — PajnanbHble nepeMenieHus B COSIUHEHUSIX C HaTs-
rom tunoB [-VI oz BiusiHuEM KOHCTPYKTHUBHBIX AJIEMEHTOB: A,
B - pacuernbie Touku; L- pasmep koHcosnu
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Tabnuna 3 — DKBUBAJICHTHbIE HANPSDKEHUS IO Mu3ecy B CONPSDKEHHBIX 3IEMEHTaX KOHCTPYKIUH
II0JT BIUSTHUEM COCIMHEHHUH C HATITOM, G5, MIla

Tum 1 Tun 11
Buenramit KOHTyﬁ é((())HCOJILHOFO BaJia BHyTpeHHI/;P; ;;;{;}g)g(()onconbﬂon Cepemmuma komCOMsHOH Bry;H R90
L, MM L/4 L2 3L/4 L L/4 L/2 3L/4 L L/4 L2 3L/4 L
0 49,7 137 75,7
10 21 24.8 120 101 67,1 65,1
20 16,7 3,54 79,2 69,9 52,2 44
40 23,9 13 2,91 3,7 61,6 47,7 22,2 18,1 47,6 34 21,8 12,3
70 21,6 10,5 3,19 3,1 55,5 25,7 6,99 17,8 40,7 17,3 3,22 10,8
100 18,8 6,22 1,56 0,8 40,5 18,2 5,41 10,3 27,1 10 6,48 4,2
200 26,5 12,8 4,98 3,27 9,56 6,19 3,99 2
Tabnuna 4 — DKBUBaJCHTHBIC HANPSDKEHUS IO MU3eCy B CONPSDKEHHBIX DIEMEHTaX KOHCTPYKIUH
10/ BJIMSIHUEM COCJIMHEHUH C HATITOM, G, MIla
T 111 Tun [V
Buyrpenmuii koHTyp nycTo- Bueunuii kouTyp nycrore- | BHyTpeHHHI KOHTYp KOH- CepennHa KOHCOJIIEHON
rexoro KOHI(;;J(I)LHOFO Bana JIOrO KOHCOJIBHOTO Basia R60 coJibHOM BTyJIKH R60 BTYJIKHMR90
L,mv | L/4 L/2 | 3L/4 L L/4 L/2 | 3L/4 L L/4 L/2 | 3L/4 L L/4 L/2 | 3L/4 L
5 108 62 127 69,8
10 84,6 73,1 30,9 31,3 91,3 59,6
20 48,8 14,9 21,6 5,3 71,8 63,1 48,2 39,7
40 53,3 | 22,8 | 10,1 | 29,9 | 28,8 | 13,4 | 2,66 | 5,44 | 55,6 | 42,9 | 28,7 | 15,7 | 42,8 | 20,5 | 19,4 | 10,8
70 355 | 154 | 9,47 | 19,5 27 13,1 3,6 | 5,76 | 46,2 23 3,551 16,5 | 33,7 | 15,5 | 2,84 10
100 25,7 | 11,9 6 5,151 22,7 | 7,26 | 2,19 | 1,51 | 39,7 | 16,4 | 5,57 | 21,2 | 26,8 | 8,99 | 6,17 13
Tabnuna 5 — DKBUBAJICHTHBIC HANPSDKEHHS TI0 MU3eCy B CONPSKEHHBIX DJIEMEHTaX KOHCTPYKIUI
10/ BJIMSIHEM COCIMHEHUH C HATITOM, G, MIla
Tun V Tun VI
BHyTpeHHU# KOHTYp KOH- . . .
COBHOTO TYCTOTENONO BATA Buemnuit kouTyp mycrore- BHyTpeHHfH/I KOHTYP KOH- CepenrHa KOHCOJIBHOM
R30 JIOTO KOHCOJIbHOTO Bajia R60 COJIbHOM BTYJIKMR60 BTYJIKMR 80
L,mv | L/4 L/2 | 3L/4 L L/4 L/2 | 3L/4 L L/4 L/2 | 3L/4 L L/4 L/2 | 3L/4 L
5 99,5 64,7 125 80,4
10 79,1 65,4 37,7 35,4 102 89,1 69,8 65,8
20 46,2 10,3 24,1 6,79 66,6 55,8 53 394
40 49,7 21 5 28,4 | 30,5 | 14,1 | 253 | 124 | 54,4 | 73,3 | 13,6 | 2,64 | 474 | 29,3 | 14,5 | 21,3
70 35,1 | 179 | 949 | 16,3 | 28,7 | 152 | 457 | 7,08 | 45,2 | 20,5 | 3,84 | 22,5 36 14 49 15,7
100 273 | 14,5 | 525 | 3,17 | 23,5 | 10,3 | 2,31 | 1,36 | 374 | 17,2 8 17,9 | 26,4 | 8,13 | 7,55 | 12,5

Tabnuia 6 — PaguanbHble epeMelleHust B CONPSDKEHHbIX AJIEMEHTaX KOHCTPYKIMH O] BIMSIHUEM COIUHEHHH ¢ HaTsiroM, Ul - 107, M

Tun | Tun 11
Bueurnuit KOHTng é((;)Hcoanoro Bajna BHyTpeHHI/;I\/I; ;;:I:}g)gsomonwoﬁ Cepeina KOHCOTbHOf BTyKH R0
L, mm L/4 L2 3L/4 L L/4 L/2 3L/4 L L/4 L2 3L/4 L

0 -58,6 354 309
10 -53,1 -34,2 324 305 277 273
20 -27.9 4,81 245 201 216 193
40 -32,7 -10,8 4 18,4 197 153 95 51,5 172 129 89,1 53,1
70 -13,5 -6,5 2,95 8,75 153 76,1 2,5 -51,4 139 70,6 2,63 -46,9
100 -7,53 1,64 1,8 2,28 124 42,6 -10,7 -62,4 127 48,3 -10,6 -37,2
200 44,6 -5,94 -9,96 -8,8 53,7 -2,84 -9,9 -9,4

Ha puc. 7 npuBeneHs! rpaguku KOHTAKTHBIX JaBJe-
HUM P Mexnay BajoM U BTYJIKOH B TOPLIEBOM CEUYEHHUU CO-
€IMHEHUs] B 3aBHCUMOCTH OT BEJIMYMHBI L KOHCOJIBHOTO
3JIEMEHTA AJIsl PA3HBIX THUIIOB COCANHEHUI.
Ha puc. 8, 9 npuBeneHsl paguanbHbIe TEpeMeIeHUs
B COEAMHEHUSIX C HATSATOM Pa3HBIX THIIOB IOJ BIUSHUEM

CONPSDKCHHBIX KOHCTPYKTHUBHBIX SJIEMEHTOB.

B Tabn. 3-5 mpuBeneHB SKBUBAJCHTHBIC HAIPsDKE-
HUS G5, a B TaOn. 6-8 pammanbHele TiepemenieHnus. Uy B
Pa3IMYHBIX CEYEHHSAX COIPSDKEHHBIX DJIEMEHTOB (KOH-
COJIBHBIX BaJIOB M BTYJIOK) B 3aBUCHMOCTH OT BEINYUHBI
KOHCOJIU Y TUIIOB COCIMHCHUH.
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Tabnuia 7 — PaguanbHble epeMeIleHusl B CONPSDKEHHbIX AJIEMEHTaX KOHCTPYKIMH O] BIMSHUEM COeIUHEHHUH ¢ HatsiroM, Ul - 107, M

Tun 111 Tun IV
BuyTpennuii KOHTYp KOH- . . o
BHemnmii kKoHTYp mycrote- | BHyTpeHHHIA KOHTYpP KOH- CeperHa KOHCOJIbHON
COJILHOTO ITyCTOTEJIOTO Bajia .
R20 JIOro KOHCOJIbHOTO Basia R60 CoJIbHOM BTNk R60 BTynKH R90

Lmm | L/4 L2 | 3L/4 L L/4 L2 | 3L/4 L L/4 L/2 | 3L/4 L L/4 L/2 | 3L/4 L
5 -106 -88.,3 362 284
10 -82,4 -71 -80 -62,1 249 250
20 -46,9 -15 -45 -5,38 222 182 195 174
40 -52,11-23,1| 3,3 | 294 |-50,2 | -20 3,8 | 26,6 | 178 127 85 448 | 155 116 | 79,4 | 46,3
70 -35,1 | -7,14 | 6,7 19,3 | -299 | -5.5 5,9 16,4 | 138 | 683 96 | -47,6 | 125 63 9,06 | -43.,5
100 -198 | 1,75 | 42 5,1 -16 | 1,65 | 3,7 43 115 | 433 | -10 | -6,13 | 104 38 | -10,1 | -56,9

Tabnuia 8 — PaguanbHble epeMeIleH st B CONPSDKEHHBIX JIEMEHTaX KOHCTPYKIIMH 10| BIUSHUEM COCITUHCHUIA ¢ HaTsiroM, Uy - 107, M

Tun V Tun VI
BHyTpeHHUI KOHTYp KOH- . . .
Bremnnit konTYp MycroTe- | BHyTpeHHMIT KOHTYpP KOH- CepenyHa KOHCONBHOI
COJIBHOTO MyCTOTENOro Basia o
R30 JIOTO KOHCOJIbHOrO Basia R60 coJbHOM BTynku R60 BTyJKU R80

L,mm | L/4 | L/2 | 3L/4 L L/4 | L/2 | 3L/4 L L/4 | L2 | 3L/4 L L/4 | L2 | 3L/4 L
5 -144 -111 317 298
10 -113 -95,1 -99,2 -80,7 285 272 259 252
20 -64,9 -15,4 -57,9 -10,3 205 161 188 154
40 S72,7 314 52 | 42,2 | -64,3 | -26,5| 46 | 35,1 | 168 | 110 58 | 7,41 | 115 | 103 54 | 7,93
70 -47,4 1 -8,79| 9,1 | 154 |-39,6 |-731 | 7.8 | 13,1 | 134 59 -4 1-649 | 125 | 54,1 | -4,2 | -60,8
100 | -7,92| 5,6 50 | 451 |-6,58| 476 | 43 | 3,860 | 135 | 20,5 | -18 |-51,6 | 125 | 16,7 | -17 | -48,4

AHAJIN3 MOJIyYeHHBIX Pe3yJbTAaTOB. DKBHBAJICHT-
HbIC HaNpsSKECHHUA O B COCAMHCHUAX C HATATOM 1101
BJIMSTHUEM COIPAKCHHBIX KOHCTPYKTUBHBIX 3JICMCHTOB 110
Mepe yBeNW4eHHs: KOHCOJIM L CHavaia pe3Ko N3MEHSIOTCS
(KaK B CTOPOHY YBEJIMYEHUs], TAK U B CTOPOHY YMEHBIIIE-
HUS), 3aTeM CTaOMIM3MpyroTcs B mHTepBane L=20—50
MM, 4TO Xapakrepusyercs kodpoumuentoM K,, mpencras-
JSIFOIMM OTHOIIEHHWE CTaOWJIM3MPOBAHHBIX SKBHBAJICHT-
HBbIX HaIlpSDKEHUH COEAMHEHUN C HATATOM K COOTBETCT-
BYIOIIMM 0a30BBIM UCXOTHBIM BenuauHaMm 1pu L = 0 (puc.
5,6, Tabum. 9).

Tab6mmna 9 — 3nauenne korddunuenra K, s coenunenmit

C HATSITOM
Tun PacueTHbIC TOUKH
A B C D

1 - 0,72 1,13 1,04
11 - 2,25 0,75 0,71
111 0,57 0,66 1,19 1,07
v 1,52 2,1 0,75 0,69
\'% 0,61 0,61 1,24 1,12
VI 1,54 2,01 0,74 0,7

KonraktHsie JaBJICHUS PB COCIMHCHUAX C HATATIOM
IOJ| BIMSIHUEM COIIPSHKEHHBIX KOHCTPYKTHBHBIX 3JIEMEH-
TOB TOCJIE PE3KOT0 YBEJIMUYCHHUS NPH HaYaJIbHBIX N3MEHE-
HUSIX KOHCOJIM CTaOWIM3UPYIOTCS B HMHTEpBAJEC IJIHHBI
koHCcOH L =20—40 MM, 9TO XapakTepusyercss Kodpdu-
nueHToM K, mpencTaBisiomiM OTHOLICHHE CTaOHIM3HU-
POBaHHBIX KOHTAKTHBIX JAaBJICHUI COCAMHEHHH C HATATOM
K COOTBETCTBYIOIIMM 0a30BbIM HCXOAHBIM BEIHYHHAM
mipu L = 0 (puc. 7, Tabma. 10).

PannanbHble nepeMeIeHus B COSAUHEHUAX ¢ Hats-
roM 1o BJIUAHUEM COIPSAKCHHBIX KOHCTPYKTUBHBIX 3JIC-
MEHTOB IIpU YBEJIWYEHHUU KOHCOJNM L, cHayaia pe3ko us-

MEHSIOT CBOIO BENUYMHY (Kak B OJHY, TaK U B JPYTYIO
CTOpOHY), 3aTeM CTa0WIM3UPYIOTCS B  HHTEpBaie
L =40—70 mm. IIporecc xapaktepusyercs KodphHuimeH-
ToM K, NpencTaBisiomuM OTHOIIEHHE CTaOMIN3alnOH-
HBIX NIEpEeMEeNIeHNH K COOTBETCTBYIOIINM 0a30BBIM BENH-
yuHam npu L = 0 (puc. 8,9, Tadmn. 11).

Tabnuua 10 — 3nauenue kodddurmenta K 1t coenunennii ¢

HaTsATOM.
Tum I 1l 11 v v VI
132 | 2,04 | 143 | 2,04 | 1,54 | 2,17

Tabmuna 11 — 3nauenne kodpdumenta K, s coenuuenuit

C HaATsromM
TI/IH PaC‘-IeTHI)Ie TOYKHU
A B C D
I - 0,61 0,96 1,02
1 - 1,84 0,64 0,61
il 0,56 0,61 1,1 1,06
v 1,51 1,69 0,64 061
v 0,6 0,65 1,14 11
VI 1,54 1,67 0,61 0,62

BinusiHue coenvHeHMI ¢ HATITOM Ha CONPSIKEHHBIE
KOHCTPYKTHUBHBIC 3JIEMCHTBI MPOSABIIACTCA B PE3KOM BO3-
pacTaHuM G5 B AITHUX JJEMEHTAaX NPU MajbIX pasMepax
KOHCOJNM L W 3aTyXaHUU B UHTEpBaJIC JUIMHBI KOHCOJU
L =20—40 MM (Tadmn. 3-5), a TakKe pe3KOM H3MEHEHHH
panuanbHbIX nepemenieHnit Uy 1 cMEHE UX HalpaBlIeHUN
TP MaJBIX 3HAYCHUSAX KOHCOJH L, a 3aTeM CTaOMIH3ann
WIA UX TIOJIHOM HMCYe3HOBEHUM B mHTepBajie L =40—70
MM (Tabi. 6-8). YMEHbIIICHHE TONIIMHBI ASTAICH COCIH-
Henus ¢ HatsaroMm (tum 11 3amensiercs Turom V, tun IV —
tunoM VI) mpuUBOOUT K YMEHBIIEHUIO HANPSHKCHUH G5 B
BaJIe U YBEJIMYCHHUIO BO BTYJIKE (pHC. 5, 6).
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BbiBOABI. YCTaHOBIEHO, YTO MEXIY COEIUHEHUSIMU
C HATSTOM W CONPSHKEHHBIMH C HUMH KOHCTPYKTHBHBIMHU
JJIEMEHTaMH FMEETCSI B3aMMHOE BIHMSHHE, KOTOPOE IIPO-
siBIIsieTcs B W3MeHeHnn xapaktepuctuk HJIC (skxBuBa-
JIGHTHBIX HAIpsSHKEHUW O, KOHTAKTHBIX JaBlieHUi Py,
panuanbHbBIX mepemenicHuii Uy) B cuily 3TOro sddexra.
Omnpenenens! BenuuuHbl xapakrepuctuk HJIC, 30HBI ux
pacmpoCTpaHeHUs] U JMana3oH U3MEHEHUH, KOTOphIE SB-
JISTFOTCSI ICTOYHUKOM HITH CJICICTBHEM TaKHUX BIIASHUIM.
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JI. B. BPECJIABCBKHH, M. B. KOHOBAJIOB, O. A. TATAPIHOBA

IPENPOLECOPHI TPOI'PAMM JJIA IIATOTOBKHA CKIHMEHHOEJIEMEHTHHUX CITOK
Y BUITAJAKY BEJIUKHUX JE®OPMAIINA

Hanano onmc nporpaMHoro 3a0e3nedeHHst Ul IPEeNpoIecOpHOl MiIrOTOBKY JaHUX IIPH PO3B’I3aHHI 33a7a4 MEXaHiKH 1e(OpMiBHOTO
TBEPAOTO Tila METOIOM CKIHUYCHHHX eJIeMeHTiB. /Iy BUIIAAKy BEJNMKHX Aedopmamniii mependadeHo 3acTOCYBAaHHS y3arajJbHEHOTO
ningxony Jlarpamxy-Eiinepy. st renepanii TphOXBUMIpHUX MOJieNel MPU3MAaTHYHUX TiJ 3aCTOCOBAHO MPOrpaMH TPIaHTyYJISLii JABO-
BUMIpHHUX o0JlacTed CKiIagHOI reoMeTpii. PO3risiHyTO OCHOBHI adropuT™Mu oOYJOBH CITOK HPH PO3OHUTTI MaTepialIbHUX Ta JOJAaTKO-
BUX «IOBITPSHUX» 001acTeil, IXHIO IporpaMHy peasizalilo BUKOHAHO 3a JOIOMOIr0O0 MOBH mporpamyBaHHs Python. Haseneno mpu-
KJIa71 o0y I0BH CITOK I MOJelield pi3HUX (opM.

KurouoBi cjioBa: MeTo CKiHYEHHHX €JIEMEHTIB, CKIHUCHHOEJIEMEHTHA CiTKa, y3araabHeHHi miaxox Jlarpamxky-Einepy, npe-
HPOLIECOPHA MPOrpama.

ITpuBeeHO ONKCcaHUe IPOrPaMMHOT0 00ECIeUeHNs ISl TPENPOLECCOPHON NOArOTOBKH JaHHBIX PH PEIICHUM 3a/1a4 MEXaHHUKHU Je-
(hOpPMHPOBAHHOTO TBEPJOT'O TENA METOAOM KOHEUHBIX JIeMeHTOB. [yt ciydast 6oapImx nedopmariyii IperyCMOTPEHO HCIIOIb30Ba-
HHe 0000meHHoro noaxoxa Jlarpamka-Oitnepa. s reHepanyy TpeXMEPHBIX MoJeJeld MPU3MAaTHIECKUX TEN HCIIOJIb30BAaHBI MPO-
rpaMMbl TPHAHTYJISALUN JBYMEPHBIX 001acTeil CI0XHOI reoMeTpur. PaccMOTpEeHb! OCHOBHBIE aITOPUTMBI IOCTPOCHUS CETOK IIPU
pa30HeHHN MaTepHANIbHBIX M JOMOJHUTEIBHBIX «BO3AYIIHBIX)» 00JIacTeH, MpOrpaMMHas peasin3alys KOTOPHIX BBIIOJHEHA C IOMO-
IIbIO 5I3bIKA porpamMmupoBanus Python. TIpuBeneHsl mpUMepbl HOCTPOCHUS CETOK Ul MOAEJICH Pa3IUYHbIX (OPM.

KiroueBble €jI0Ba: METO/ KOHEUHBIX 3JIEMEHTOB, KOHEUHORJIEMEHTHAsA ceTKa, 0000meHHbIi noaxon Jlarpamka-Diinepa, npe-
HPOLIECCOpHAst Mporpamma.

The description of algorithms and software for Finite Element Method data preprocessing, which is designed for solution the prob-
lems of Solid Mechanics, is presented. Three dimensional Finite Element models for prismatic solids are regarded. For the case of
large strains the arbitrary Lagrange-Euler approach is used. Two approaches which are realized in separate program unit are pre-
sented. Both of them are based on preliminary two-dimensional triangulation of the areas with complex shape. The first approach
bases on the figure triangulation with use of triangles with optional shape, the second demands uniform mesh with rectangular trian-
gles. The algorithms for meshing of material and additional ‘air’ areas with simultaneous generation of elements are regarded. The
procedures of the generation of elements groups and their integration into the model are presented. The code design strategy with
description of entity-relationship diagram is discussed. The graphical user interface for the data preprocessing including the matrix of
index and co-ordinates array is described, the procedure of user’s actions is presented. The program realization of above described
algorithms was done by use of programming language Python. The examples of mesh building with information of each stage of

meshing for models of different shape are presented.

Keywords: finite element method, finite element mesh, arbitrary Lagrange-Euler approach, preprocessor program.

Beryn. B ocranHiil yac MONIMPIOETHCS IHTEpPEC 110
PO3B’si3aHHS 33/1a4 MeXaHIKH Je(OpMIBHOTO TBEPIOIro
TiNa y BUNAJKy, Koiu nedopmaii € Benukumu [1, 2]. Ox-
HUM 3 TOIIMPEHHX IiJXOIIB € 3aCTOCYBAaHHS IIPH LILOMY
y3aranpHeHoro migxony Jlarpamwxy-Eiinepy ALE [3,4].
3riiHO0 HBOMY, CKIHYEHHOEJIEMEHTHA CiTKa 3aJIMIIAEThCS
HEPYXOMOIO BIPOJOBK BCHOTO IpoLECy Ae(hOpMyBaHHSI
[3], a maTepian Tina, mo aedhopMyeThCS «Tede» Kpi3b Hel.
s BUKOPHCTaHHA LIBOTO MiIXOAY 3aCTOCOBYIOTH METO-
WKy, 10 TOTpedye CTBOPEHHS Yy CKIHYEHHOEJIEMEHTHHX
CITKaxX IBOX 30H — OJHA 3 SKHX MICTHTh «MaTepiajabHi»
€JIEMEHTH, a 1HILIA — KIIOBITPSIHI».

OcranHi € HEOOXiTHUMH Ul MPUHOMY Marepiab-
HHUX TOYOK IpH jAedopMyBaHHI. 3po3yMiso, 110 iHII ele-
MEHTH, SIKIi Ha IOYaTKy OyJNM «MarepialbHUMH», IPH
IbOMY Ha0yBarOTh O3HAKH ITOBITPSIHUX)

Peaizanis onucanoro niaxoay noTpedye CTBOPEHHS
JOJATKOBOTO MPOTPaMHOTo 3a0e3NeyeHHsl, B SKOMY IIpa-
IIOIOTH TaKi anropuTMu. [t 1oro mpoeKTyBaHHS Ta PO3-
pOOKHM y TemepiliHiX yMOBaX 3aCTOCOBYIOTH KOMOiHAIIii
CTPYKTYPHO-JIOTI4HOT Ta 00’€KTHO-OPIEHTOBAHHX METO-
JIOJIOTiH [5], mpu YoMy OCTaHHIO 3aCTOCOBYIOThH JJISI pea-
mi3anii cepBiCHUX MOJAYJIB CKIHYEHHOEJIEMEHTHOIO Ipo-
rpaMHOro 3ade3nedeHHs [6].

[IporpamHy peastizaifito aJIrOPUTMIB MPEIPOIECOP-
HOi 00OpOOKM JaHWX BHKOHYIOTH 3 BUKOPHCTaHHS Pi3HUX
ITOPUTMIYHUX MOB, Cepell IKUX HaHOUIbII MOIUPEHUMHU
€ Fortran, C++, Java, Ta B OCTaHHI POKH 1 IIBHIKO TOIIH-
proBany MoBy Python [7].

B crarTi po3risiHyTO OmMMC OAHOTO 3 BapiaHTIB Ipe-
MIPOIIECOPHOTO MPOTPAMHOTO 3a0€3MEUCHHS, CTBOPEHOTO
Ha MOBIi porpamyBaHHs Python ms miaroToBKH ABOX- Ta
TPHOXBUMIPHHUX MOJENIEH, sIKi € MOTPIOHMMHU TPH 3aCTO-
CYBaHHI B PO3paxyHKax METOJOM CKiHUCHHHX €JIEMEHTIB
y BUNAJIKy BEJIMKUX JehOopMalliil.

Omnuc aaroput™miB. PosrisHemo nporpamue 3a0e3-
He4yeHHs, 10 no0yaoBaHO Ha 0a3i paHill po3podieHHX
npernporecopiB — Divider [8] ta Transformer [9] mis re-
Hepauil TPhOXBUMIPHHX CITOK IJIsi MPU3MATHYHUX MOJe-
nei un oxHoro Divider nnst nBoBumipHuX. Ha moBi Py-
thon po3pobnero okpemuii momatok RD, B AKOMy Bimia-
TOJPKEHO HOBY TEXHOIIOTIIO PO3B’S3aHHS 3a7ad CTBOPCHHS
JBOXKOMIIOHEHTHHX CITOK.

Y HoBocTBOpeHy Bepcito 2.7 nporpamu Divider no-
JaHO XapaKTePUCTUKY «MaTepiall elIeMEHTY» 3 IOAalb-
woto moaudikanieto Transformer ta Builder [9] nnst min-
TPUMKH aJIbTEPHATUBHOTO LUISXY JI0 BUPIIIEHHS POOJieM
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JOaBaHHS W BUIAJEHHS HOBHMX eJeMeHTiB. [Ipu mocrar-
HBO MAaNid CiTHi PO3OUTTSA BKa3aHI OIeparii OTOTOXKHIO-
I0TBCS 3 IEPEBOZIOM CKJIAJy TPYIIH KOMIPOK 3 MaTepiab-
HOI Mozieni (GirypH Ha «IOBITPSD».

Po6ora 3 Divider'om nepenbauae moOyI0By KOHTYpY
¢irypu, Ui ko1 MOTPIOHO MPOBECTH PO3PAXyHKH, LUIS-
XOM CTBOPEHHSI By3JIOBUX TOUOK. Ko)kHa TOuKa € cKiazo-
BOIO KOHTYpY — TOMY TIpH IIOYaTKy poOOTH criepiry Tpeda
monaT woro. Jlami TomaroThCS HOBI UM pPeNaryroThes ic-
HYIOYi BY3JIM 3 HEOOX1THUM PO3TalllyBaHHSM.

[Micns 3aBepuieHHst (OpMyBaHHS MOJENl  IPOBO-
IUTHCA ii PO3OUTTS HAa CKIHYCHHI €IEMEHTH Ta TeHepalis
(atiry BXigHMX naHWX. IS CTBOpPEHHS 3 IBOBHMIPHOI
CITKH TPHOXBUMIpPHOI mel (hailr mepenaeTscs A0 Iporpa-
mu Transformer. Bizyani3ailis HOBOT CiTKH HpoOize y mpo-
rpami Builder.

3anpornoHOBaHUK aJITOPUTM — PO3OUTTS MOJICII CITi-
JBHO 3 «MaTepiajomM» CIIyrye JIs MPUCKOPEHHS TOAaNb-
IIOr0 MaHimy/oBaHHA 11 (GOpPMOIO 1 J03BOJSE YHHKATH
KOILTOBHHX oOIlepaliii moOyaoBH NOAATKOBOI CITKH Ta ii
NPUETHAHHS JIO0 TTOYATKOBOI: «3HUKII» y Pe3yJbTaTi Jie-
(hopMyBaHHS eeMEHTH 3MIHIOIOTH «Marepiam» 3 «diry-
pH» Ha «IOBITPsD). AHAJIOTIYHO, Y BUIAJKY IIOSIBU» «HO-
BUX BY3IiB» y Qirypi (Hampukiag, pu 3rHHi), BiAMOBIIHI
«IOBITPSAHI» €IIEMEHTU «Iepexoaarsy» a0 ¢dirypu. Takwmit
MpOLIEC Y MPOrpaMHOMY ITIPEJCTABICHHI BIAMOBIIa€ IIIBHU-
JOKUM OIlepalisM IOLIyKYy Y MacHBi Ta IepenpH3HayeHHs
3MIHHOI-1HMKATOPY.

BigminHOCTI po3pobiieHoro Ha MoBi Python mpo-
rpamMHOr0 JI0AaTKy RD Bim paHill CTBOPEHOI Mporpamu
Divider [8] nonsirae y cnoco6i no0ynosu ¢irypu (komrio-
HyBaHHsI NPSMOKYTHHUKaMH NPOTH 3aBIAaHHs BY3JiB MOJIi-
TOHY) Ta (OpMi TPUKYTHHKIB (IIPSIMOKYTHI ITPOTH JOBLIb-
HUX). BisyanpHo 3icTaBuTH pOoOOTY JIBOX IpOrpaM MO>KHA
Ha puc. | Ta puc. 2.

Pucynok 1 — [Ipuknan po6otu gogatky Divider 2.7

- =
Dein T

Fagean senau A5ls o

5]
Pucynok 2 — Ilpukian pobotu nonatky RD

Hanamo ¢ynkuionansHuii onuc nporpamu Divider.

KopucryBau ¢opmye ¢irypy HUIIXOM 3aBOaHHS TOYOK
3aMKHEHOi JiHil, mo ii OKPeCIIoITh, IMICIA YOr0 TOYKH
00’€THYIOTbCS y TNPAMOKYTHUKH, BHUIIPABISIOTHCS IMOPY-
LIeHI KOHTYpPHU — 1, HApewITi, BiOyBa€ThCs TOALT 3aBENu-
KHX 3a IUIOLIC0 TPUKYTHHUKIB Ha MEHIIUX JI0 OTPHUMaHHS
¢inanbHOT ciTkK po30UTTA. 15 bOTO ICHY€E 1Ba METOH:
METOJIOM CEPEJMHHOI TOUKH (3 OHOTO EIEMEHTY CTBOPIO-
€TBCSl TPHU, 3 CIUIBHOIO BEPILIMHOI, IO OJHOYACHO €
LIEHTPOM CTaporo TPUKYTHHKA) Ta MOJJIOM Ha aBa (00u-
pa€eThCs TOUKA HAa OJHIN 3 TpaHel eJIeMEeHTY).

®opmMyBaHHS BiOyBa€ThCS HACTYIHUM 4YnMHOM. Ilic-
7S CTBOPEHHS KOHTYPY 3 HEpLIMM BY3JIOM Tpeba BHKIIH-
KaTh HOro KOHTEKCTHE MEHIO HATHCKOM IIpaBOi KJIaBiIIi
mumn i obpatu myHKT Split contour — 3'SBHTBCS MEHIO
penaryBaHHs HOBOCTBOPEHOTO By3Ja i KOpHCTyBad OTpH-
My€ MOXITUBICTh 3aBIaHHS HOTO MOJOXEHHA. [laHe MeHIo
MOJKHA BHKJIMKATH y OyIb-SIKHA MOMEHT i 3MICTHTH BY-
3011. OCHOBHOIO IepeBarolo nporpamu RD y HOpPiBHSHHI 3
Divider € te, 1o BoHa hopmye peryiaspHy citky. Takox
NICBHUM MO3UTUBHUM MOMEHTOM € Te, 110 Divider xapak-
TEPU3YETHCS KOJOBOIO 0a3or0 y 6000+ cTpok, y Toit wac
sK ponarok RD obmexyerbest 2000+ ctpokaMu (BHTpara
JIOCATHYTO 32 PaXyHOK MOOYIOBH iHTEp(]eHCy y KOHCTPY-
KTOpi Ta BUKOPUCTAHHS TOTOBUX pillieHb (Jf — CympoTH
HATIMICAaHHS BIIACHUX aHAJIOTiB HA Swing).

Henomixu: He BCl THnH iryp JOCTynHI 1i1s 100y 10-
Bu (mopiBHsiTe puc. 1 Ta 2), Ta 3a mMIXOJOM IPOrpaMu
RD mnotpibHO cTBOpIOBaTH Iyxe ApIOHY CITKy, LIO HE
yHeOesIeuye Bil MOXHMOOK y po3paxyHKax. B neskux Bu-
najakax, i1 MOACIIOBaAHHA 3ada4 3 MPAMOKYTHUMHA 06.]13-
CTSIMH, PIBHOMIPHA CiTKa HOBOTO JIOJIATKy Ma€ MepeBart.

Posrisinemo anroputm poOOTH IPOrpaMu CTBOPEHHS
CITKM 3 IBOMA THUIIAMH €JIEMEHTIB. Ba3oBUM CTpyKTypHUM
GJIOKOM JUISl AJITOPUTMY € MIPSIMOKYTHHK, 3 KOTPUX KOPHUC-
TyBa4 KOHCTPYIOe (irypy. Moro mpejicraBieHo HacTyII-
HUMH JaHUMH: KOOPAMHATH BEPXHBOTO JIBOTO KyTa, LIH-
pWHa, BUCOTA, KINBKICTh BY3IIB CITKH 10 TOPHU3OHTAII,
KUIbKICTh BY3JIiB 10 BEPTHKATI Ta KUIBKOCTI HOBITPSHHUX
BY3JIIB JUUIsl KOJKHOT 13 CTOpiH (IIOYMHAIOYH 3 BEPXHBOI, 32
TOJHHHUKOBOIO CTPIJIKOIO).

Ciin 3ayBa)KHTH, 110 TIOBITPSIHI BY3JIH HE BXOJAThH Y
YHCIJIO «KUIBKICTH BY3JIIB 110 TOPU30HTANII Y BEPTHKAII»,
a 100yOBYIOThCS TIOHA/ [1€ YUCIIO0 3 000X OOKIB (3HU3Y Ta
ropu). Takox BapTo mam’sTaT, IO TMOBITPsiHI oOxacTi
MaloTh OJWH CHUIBHHMH By30J 3 (iryporo i ToW 3aBxkIu
BpPaXOBYEThCS TIPU PO3OUTI: TOMY MOBITPSIHA CiTKa MIMPH-
HOIO y JIBa BY3JIM Ja€ YOTUPHU €JIEMEHTH — y TOW 4Yac fK
ciTka Qirypm ImMPUHOIO y IBa BY3IH 3aJa€ JIHMIIE BA
enemenTH (puc. 3, enementH ¢Girypu 3adapOoBaHo).

Citka y nporpami npejcraBjieHa MHO)XHHAMH BY3JIiB
Ta TPHUKYTHHKIB (ereMeHTiB). By3osm xapakrepusyerbcs
KOOpJHMHATaMH, «MaTepiaiom» (IpuiiMae 3Ha4eHHs «di-
Typa»/«IoBITps») Ta CBOIM IHAEKCOM Y MacHBi BY3IIB.
EneMeHTH BU3HAYAIOTHCS MEPENiKOM iHAEKCIB CBOIX Bep-
muH. «MaTtepiaia» eJeMeHTy po3paxoBYEThCS 3a BiJIOBI-
JTHOT XapaKTEPUCTHKOIO HOT0 BEPLIMH: SIKIIO XOY OJUH 3
HUX € IOBITPSIHUM», TO YBECh €JIEMEHT BBaXKAEThCS «I10-
BITPSTHAM.

Po36utTs hopmyeThes MIISIXOM 00’ €THAHHS CKIIAI0-
BHX CITOK, IIO YTBOpPEHi Ha 0a3i MPSIMOKYTHHKIB, 3 SKHX
3i6pano ¢irypy. [IpsSMOKYTHUKH PO30OMBAIOTHCS 3TiIHO 3

Bicnux HTY «XI1l». 2016. Ne 46 (1218)

17



Jlunamixa i MiyHicms Mawun

ISSN 2078-9130

3aIaHIMH KOPHCTYBayeM MpH IX CTBOPCHHI MapaMeTpaMu
(KUTBKICTD BY3JiB, KPOK CITKH) 3a HACTYIHOIO CXEMOIO:
1) CTBOPIOIOTHCS BY3JIM MailOyTHBOI CITKM; 2) mepiii gBa
€JIEMEHTH IIePILOTO PsIKa Ta JBa eJIEMEHTH JPYroro yMo-
BHO OO’€IHYIOTBCS y MPSIMOKYTHHK, SIKHH PO3AUISETHCS
JaroHaJuII0 3 BEPXHBOTO JIIBOTO KyTa Yy MPaBUH HUXKHIH.
3) yTBOpEHi AiaroHauIl0 TPUKYTHHKU (EIEMEHTH) J0Ja-
I0ThCS 10 CITKH; 4) BUKOHYIOTHCS 3CYB JIIBOPYY Ha OJIUH
BY30JI; 5) MOBTOPIOIOTBCS KPOKH 2-3 UISL BiJIOBiTHHIX
By3uiB. [Ipu nocsrHeHHI KiHIS psijika BigOyBaeThCs mepe-
X1J1 10 IEPILIOTo By3/1a HACTYIHOTO PSIKY.

TN Owypa

Boaguben yince:

]

x B 3 ¥ s &

Wipnss 1000 5 Buota 1000 o -

¥iace ¥anoe
s ¢ 5 %

mx no'y Pabiouam ofinacre:  20m28

WOk @ Opuens

Pucynok 3 — PoGodye BikHO porpamMu 3 HaKJIaAEHUM 3BEPXY
JiajoroM cTBOpeHHs (irypH (3aKpyrieHui MPSIMOKYTHHK)

[ToOynoBaHi TakMM YMHOM CITKHM INEPEHOCSTHCS Ha
MOJIOTHO IIJILOBOI CITKM 3a BHHSTKOM BY3IIiB (Ta €JIeMEH-
TiB, IO HA HUX MOOYIOBAHO) PO3TAIIOBAHUX Y FPAHUYHUX
30HaX. ['paHMYHA 30Ha — JIiHis KpalHIX HWKHIX YU MPaBUX
BY3JIiB CITKH NMPSMOKYTHHKA, IIPH YMOBI, IO TOW Ma€ Cy-
ciga (BimmoBigHO) 3HM3Y uM mpaBopyd. CIif 3ayBaXKUTH,
0 KpalHi BEepXHI UM JIiBi B3/ NPSIMOKYTHHKA, [0 Ma€
Cycijia 3ropu 4d JIBOPY4, HE BBAXKAIOTHCS MPHCYTHIMH Y
IpaHM4Hiil 30HI LLOTO MPSMOKYTHHKA 1 TIEPEHOCATHCS Ha
nanomy etamni. OJJHOYACHO, 3 TOUKY 30pY CYCIAHBOI'O 3r0-
pu/3i1iBa NPSIMOKYTHHKA BOHHM HaleXaTh HOT0 I'paHUYHIN
30Hi 1 BiH 1X HE MEPEHOCUTH Ha MOJOTHO LIIBOBOI CITKH.
[MpuunHa Takoi TMOBENiHKM B YHHUKHEHHI JyONIOBaHHS
CIUIBHUX BY3JIB.

[icnst Toro, sIK IepeHoc By3JIiB 3aBEpIIEHO, IIOYNHA-
€Thcs 00poOKa TPaHWIHUX 30H. bepyThes mepiri 1Ba By3-
U OfHi€1 CTOPOHM 1 Mepmni [Ba BY3JIH CYCimHBOI (Ha
puc. 3 1e, BiONOBITHO, BEPXHi Ta HIKHI BY3JIH JIIBOTO 3a-
(hapOoBaHOro MPSIMOKYTHHKA) Ta HAa HUX (OPMYIOThCS
TPUKYTHHUKH CITKH. Y BHUIAJKY, KOJIU CYCIAHINA MPSIMOKYT-
HHUK HE Ma€ BiJIOBIHOTO By3Ja, TOH CIIEpIly reHepyeThb-
cs1 1 Horo Tak caMoO BUKOPHUCTOBYIOTH ISl TeHEpaLlil CITKH.

Ha puc. 4 npencraBieHo mpoiec po30uTTs irypu.

30epekeHHs pOo30UTTS y (aiia BigOyBaeThCs 3a Ha-
CTYITHHUM AJITOPUTMOM:

1) copTytoThCs MPSIMOKYTHUKH (BirypH 3a KOOpIUHA-
tamu (criepury 1o oci OX);

2) 3ammcyeTbes mpeamOyia (3amicte N Ta M 3amm-
raeMo mpooim);

3) Ui KOXXHOTO TPSMOKYTHHKY 3aIlUCYETHCS HOTO
CITKa, 32 BUHATKOM CJIEMEHTIB 13 TPaHHYHOI 30HH;

4) onpalbOBYIOThCSI TPaHUYHI 30HH (30epiratouu iH-
JIEeKCH HOBOCTBOPEHHX BY3JiB y Oydep, po3paxoByroun ix

KOOpAHMHATH i MaTepian);

5) mns KOKHOTO TPHUMITHBY 3alMCYIOTHCS KOOPIH-
HaTH BY3J1iB HOTO CITKH;

6) 3amUCyrOTHCSI KOOPAMHATH By3IiB 3 Oydepy By3-
JIiB TPAaHUYHUX 30H;

7) Anst KOXKHOTO TPHMITHBY 3alUCYEThCSl MaTepial
BY3JIiB HOTO CITKH;

8) 3ammcyerbcsi Marepian By3iiB 3 Oydepy By3iliB
IPaHUYHUX 30H;

9) 3amucyeTbcst MOBEpX MpoOLTiB 3 KPOKy 2 HiicHi
pesmmunHu N, M.

Pucynoxk 4 — [Ipouec po30uTTs

CyTTEBOIO IEPEBArol0 TAKOTrO PIlIEHHS € Te, 10 0
CITOK HE BHCYBA€ThCS IONATKOBUX BUMOT, III0 OOMEXYBa-
mu 0 ix ¢opmy. 3BHUaifHO, abu 00’€THATH ABI CiTKH, He-
00XiHO, 00 BY3TH BiNMOBITHUX CTOPiH 3IHIDIACH IS
00’€eIHaHHS, MPOTE HISKUX OOMEXKEHb Ha «IEepPIECHINKY-
JISIPHI» CTOPOHHM HE HAKJIAIA€ThCA. 3rajjaHe PO3MIMPEHHS
¢byHKIIOHaTY NOTPeOyBajIo BHECEHHS KOPEKTUB Y alro-
PUTMU TOAUTY TPUKYTHUKaMHU (335151 30€peeHHs] HOBO-
CTBOPEHMMH BY3JIaMH CKJIQJy BIJIOBIIHMX M BY3JIiB-
HPEJIKiB).

Omnuc mnpenpounecopnoi nporpamu. ITporpamunii
noxatok RD HamucaHo Ha MOBi mporpamyBaHHs Python
(v3.5) 3 rpadiuamm iHTEpdeiicoM, TOOYyIOBaHNM Ha
¢bpeiimoBopky Qt (v5.3). «Bimkern» pobodoro ta Aomo-
MDKHHUX BIKOH CTBOPEHO 32 JOTIOMOT0I0 HOro iHCTpyMEH-
ty Qt Designer. 3a nocepenuunrso mixx Qt ta Python Bin-
noBigae 6idmiorexka PyQt (v5.3).

Python — ne iHTepnperoBana 00'eKTHO-Opi€HTOBaHA
MOBa MPOrpaMyBaHHs BUCOKOTO PiBHs 3 AMHAMIYHOIO Ce-
MaHTHKOI0. CTPYKTYpH JaHWUX BUCOKOTO PIBHS pa3oM i3
JMHAMIYHOK CEMaHTHKOK Ta JHHAMIYHUM 3B'S3yBaHHIM
polOnsaTh 1 mpuBaONMBOIO U IIBUIKOI PO3POOKH IpO-
rpam [7], mo y Kymi 3 3pijiol0 CTaHAapTHOIO 0i01i0TeKor0
i Oyl0 OCHOBHHM KpHUTepieM Ipu BHOOpI MOBH TpoTpa-
MYBaHHS.

[Iporpama mae Tpu iepapxiuni piBHi (puc.S5). Ha
BepxHbOMY 3ocepemxkenHs Bcs GUI-norika, o0pobka Ha-
TUCKaHb KJIaBIilll KJIaBiaTypy 4u Mullli, rpadidHe npeacra-
BJIeHHS (irypu Ta CiTKU pO3OHTTSI.

Jpyrum € abcrpakuis Girypw, 1o BignoBiiae 3a Ha-
CTYIHI onepauii: KOMIIOHyBaHHS (irypu 3 NpsSMOKYTHH-
KiB; peiaryBaHHs (irypu; ynpapiiHHS poOOYiM NPOCTO-
poM (pO3MIlIEHHS TO3HWIIIOBAHHS «KaMeph», MaciuTad
300paXkeHHs1); i ArOTOBKA JaHUX Ul MAJIOBaHHS Ha Bep-
XHBOMY PiBHi; OCHOBHHH alTOPUTM PO30OHUTTSA Ta 30epe-
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JKCHHS PO3OUTTSI.
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Pucynok 5 — Jliarpama BiTHOIIEHHS MK KJIacaMy NIPOTrpamMy

Tpertiii piBeHb: NpeICTaBICHHS NPSIMOKYTHHKA, PO3-
outTst (0e3 rpaHUYHUX 30H), BiJOOpaXKEHHS MPSIMOKYTHH-
Ka.

IaTepdeiic modymoBano Ha 6a3i Qt — kpoc-mardop-
MOBOT'0 IHCTPYMEHTapit0 pO3pOOKH NpOTrpaMHOro 3abes-
MEYCHHS, 3 BUKOPUCTAHHSAM «0OTOPTKI» Uit MOBH Python
- PyQt.

Poboue BIKHO mporpaMu pPoO3IiICEHO Ha IBiI 00JacTi,
po3TanioBaHi TOpu30HTAIBHO (puc. 6). JliBa mpeacTaBisie
obirypy, npasa 300paxye il po3dutts. [Tone dirypu Hagae
KOHTEKCTHE MEHIO I10 TIPaBoMy KJIIKy MUILEl0. Y BepXHii
YaCTHHI BiKHA 3HAXOJUTHCS MAHENb M 3 ABOMA IyHKTa-
MU «Daiin» ta «Dirypay.

DA Durypas
W OuiETIT L] 4 BobaouTe npAMcYTanuHm  CtriN
kal Companirie Chrlss # Praaktiponat

U conpmmrri kax  Cirbsshiftss (3 MunopripossTs gy

&3 Buime Crrlegy 1 Suenapreponats gurypy

* apane pafiouee npocTpakcTe

= yganuth

! Pegaxtwposams
Aofianiti npiaetian 2 | L Caepory

X OumcTiTs #- Cnpana

Y ofistTi npsacyTomaIE

| % owmens Owyy

N S PaBouan oBnacT: 26426

Pucynok 6 — [Ipukinang po6o4oro BikHA i3 aKTHBHHMU BiJKETaMU
MEHIO

[Myakr «®Daiia» MICTHTh CTaHIAPTHI il 3aBAAaHHS
HOBOI MOJIedi, ii 30epekeHHs TOIIIO. :

[ynkr «®irypa» MICTUTh HACTYIIHI Jii:

— «/lomatu TPSIMOKYTHUK»: BHUKJIUKAETHCS [1AJIOT
CTBOPCHHS;

— «PenmaryBatm»: BHKIMKAETHCS IAJIOT 3 MEPETIKOM
yCiX MPSIMOKYTHUKIB JUISI 3MiHH TTapaMeTpPiB IPSIMOKYTHH-
Ky 9d HOT0 BHIOAICHHS 3 Qirypu;

— «ImmopTyBat ¢irypy»: 3aBaHTaxye 3 Qaitny ¢i-
rypy (BoHa 3aMiCTHTh Ty (irypy, Hal KO Benach pobo-
Ta JI0 I[LOTO - SKIIO BeJacs);

— «ExcniopryBaru ¢irypy»: 30epirae y daiin crBope-
Hy irypy;

— «3agatu pobouMid MPOCTIp»: HMapameTpu BimgoOpa-
JKEHHS po00dYoro mpocropy (macmrad kamepu Ta i 3Mi-
IICHHS BITHOCHO po00YOro IPOCTOpPY).

KoHTeKkCTHE MCHIO NMPSMOKYTHHKY BUKIHKAETHCS Y
BUIAJKy 3HAXO/KCHHS KIIKY HaJ IUIOUICIO IAHOTO Tpsi-
MOKYTHHUKA. MICTHTB Jii:

— «Buganuti»: BUIAISE JTAHUN TPSIMOKYTHHK 3 (i-

rypu;

— «PenaryBatu»: 103BOJISIE 3MIHUTH ITapaMeTpu aa-
HOTO IPSIMOKYTHHUKY;

— MeHI0 «/lomaTu NPUMITHBY»: aHAJOTIYHO ITYHKTY
«JlopaT NpSIMOKYTHHUK» 13 TOIO PI3HHLIEIO, 10 CTBOPEHHI
NPSMOKYTHHK MaTHME CIIUIBHI BY3JIM 3 AaHUM (BHKOpPHUC-
TOBY€TbCS came s 1oOyJqoBHM 0OaraTOKOMIOHEHTHHX
iryp);

— «OuucTuT): BUAAISE TaHUH MPSIMOKYTHHK.

KoHTekcTHE MEHIO BUTBHOTO MPOCTOPY MIiCTUTH JIil:

— «Jlomatu NPSAMOKYTHHK»: BHUKIIMKA€THCS Iiajor
CTBOPEHHS;

— «O4HCTUTHY: BUAAISE JaHUH MIPSIMOKYTHHK.

IHTepdeiic mporpamu BUKOHAHO y KOHCTpyKTOpi Qt
Designer i 30epexxeHo y XML-cymicHomy ¢dopmari iH-
CTPYMEHTY, BIKHA MPOTrPaMH IHILIATNI3YIOThCS HUMH IPH
3aBaHTKEHHI IPOTPaMHU.

st nopaBaHHs/peAaryBaHHs NPSMOKYTHHKA BHKITH-
KaeThCsl OKpeMe BIKHO (pHc. 6), uepe3 sKe KOPHCTyBau
nepefae mporpami mapaMeTpu. Y BHINAAKy J00YIOBH
MPSIMOKYTHHKA /10 1CHYIOYOTO, Ha II€BHI IOJIS HakJaJja-
I0THCSI HACTYIHI OOMEXEHHS JUIsl 30€peXeHHs CYyMiCHOCTI
CITOK:

1) OnokyeTbes BinMmoBimHA KoopAWHATAa abu Qirypu
He po3ifinnmcs (BIOMOBIZHO — X-KOOpAWHATA UIA JOJa-
BaHHS 3J1iBa/CIIpaBa, y — JJisl BEPTHKAJIBHOTO PO3LIMPEH-
HST);

2) kpok BiamosigHoro mons «lllupuHay/«BucoTta»
BUCTABIJISIETECSL PIBHUM KPOKY CITKM «OaThbKiBCHKOTO»
NPSIMOKYTHHUKA, KUIBKICTh €JICMEHTIB PO3PaXOBYETHCS
ABTOMAaTHYHO;

3) HakJIaAr0THCSl OOMEXKEHHS Ha APYTY KOOPJIUHATY,
TaK 1100 3CyBOM He MOKHA OYJIO po3’€THATH CITKH 1 BOHH
MaJli Xo4ya O OIMH CIIJIBHUI BY30J (NMOBITPSHI BY3/IM He
PaxyroThCs);

4) ¢ikcyerscs Ha mo3Ha4Mi «0» KiTBKICTh TOBITpPS-
HUX EJIEMEHTIB 31 CTOPOHH, IO SKOK MPHEIHAHO IHIINH
TPUKYTHHK.

[Mpu BukiuKy nianory «Jlomatn mpuMiTHB» TOM aB-
TOMAaTHYHO IIONEPEIDKAE TEPEKPUTTS EJIEMEHTIB UM
po3’€THaHHs NPSIMOKYTHHKIB (PO30IXKHICTD BY3IiB) y pe-
3ysibTari no3unitoBaHHA. OHAK M Yac penaryBaHHs
NepeBipka Ha JaHi MOMWJIKHA HE 3/iHCHIOETHCS 1 KOPHUCTY-
Bay Mae MHJIBHYBATH CBOT [Iil.

KonctpytoBanHs  ¢irypu BinOyBaeTbCsl HUIIXOM
KOMIIOHYBaHHS MPSIMOKYTHHKIB JOBUTPHHX PO3MipiB. 3a-
BIAHHS IIapy IMOBITPSHHUX €JIEMEHTIB HABKPYTH BimOyBa-
€ThCA NIISIXOM BBEICHHS KUTHKOCTI TMOBITPSHHUX BY3IIB,
110 OyyTh 3re€HEpOBaHi y TOM 4M 1HIIKH OiK.

BucnoBku. B cTaTTi po3ristHyTO JBi IIpenpoLecopHi
HporpamH, siKi MPU3HAYEHO JUIsl TeHepalii CKiHYeHHOoeJe-
MEHTHHUX CITOK JUUIsl pO3B’sI3aHHS 3a7a4 MeXaHiku aedop-
MIBHOTO TBEpIOIO TiJa MpU BeNUMKuX nedopmauisx. O6-
TOBOPEHO albTEpHATHBHI MiJXOAU 10 aJITOPUTMIYHOTO
3abe3neueHHs. Haronocumo, mio miaxin nomatky RD 3a-
0e3reunTh Kpamll pe3ysbTaTH 3a yMOB Horo moaudikaii
HA BUITAJOK TPAHWIb y BUTIIAAI JJaMaHUX JTiHIH.
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B.M.I'PUIIIEHKO

BAPIAHT AJI'OPUTMY OJHOYACHOI'O NPUBEJEHHS ITYYKA IBOX MATPULb
A0 JAHIIOI'OBOI ®OPMH

Posrnspaerses y3aranpHeHa npoOiaeMa BIAaCHUX 3HA4Y€Hb Ta BIACHHX BeKTOpiB. OfUH 3 HAaOUIBII BiIOMUX Ta KOHCTPYKTHBHHX ITiJ-
xoxiB pimenHs miel npobiemu € QR anropurm. Bin 3acTocoByeThCs y OLIBIIOCTI BHMAAKIB 1O MATPHLi, MiATOTOBICHOI 10 MpaBoi
Maiike TpUKYTHOI opmu. B po6oTi 3a1iporioHOBaHO OMH 3 MiAXOAIB HONEPEAHBOT0 PO3PIIKEHHS MyYKa ABOX MATPHIb 10 KaHOHIY-
HOT JIaHIFOroBOi (OpMH, 110 MICTHTh MIHIMaJbHY KUIBKICTh HEHYJIBOBHX MO3MLIH. [lepeTBOpeHHs 3/iHCHIOIOTECS 3 BUKOPHCTAHHIM
CTIHIKMX OPTOTOHAJIBHUX Ta €JIEMEHTAPHUX MAaTPHLIb.

st uncenbHOT anpobartii BuOpaHa MoAeNbHa HEBUPODKEHA MAaTPHL «CHipanbHO» Gopmu 7-ro nmopsaky. B pobori npuBeneHi
pe3yAbTaTH OOYHCIICHB 3TiAHO HABEACHOTO aJITOPUTMY U TPUKYTHOI (OPMH MaTpHIll Mac, y3araibHeHoi ¢opmu XeceHOepra Ta
JIAHIIOTOBOI (hopMH 3 OOMEXEHOI KUTBKICTIO 3Hauymmx nu¢p. [IpuBeneHo Tako HEBUPOIXKEHI JiBi Ta MpaBi MEPETBOPEHHS, IO
BUPIIIYIOTH II0 Ipo0IeMy. Pe3ynbraTti MaroTh 3a10BUIBHY AT IPAKTHYHAX PO3PAXyHKIB TOUHICTb.

KonrouoBi cioBa: y3aranpHeHa npoGiiemMa BIacCHMX 3HAueHb, MAaTPHI, KaHOHIYHA (opMa, OPTOTOHAIBHI MaTpPHUYHI IEpPEeTBO-
PEHHSL.

PaccmatpuBaercst 00001IeHHas TpoOJieMa COOCTBEHHBIX 3HAYCHUM M COOCTBEHHBIX BEKTOPOB. OMHUM U3 Haubojiee M3BECTHBIX W
KOHCTPYKTHBHBIX IIOIXOJIOB peIIeHHs 3ToH npobiemsl sBisiercst QR anroputm. OH npuMeHsieTcsl B OOJBLIIMHCTBE CIy4aeB K MaTpH-
1, MOATOTOBIEHOHN K MPaBOM MOYTH TPEyroiapHOi Gopme. B paboTe mpemnokeH OOuH U3 MOJXO0IO0B MPEIBAPUTENBHOTO Pa3peKeHHs
Myd4Ka JABYX MaTpHUI] K KAHOHUYECKO# LenmHoi Gopme, KOTopast COAEPKUT MUHUMAIBbHOE KOJIMYECTBO HEeHYJIeBbIX nmo3uiuii. [Ipeobpa-
30BaHHE OCYIIECTBISIETCS C UCTIOTb30BAHIEM yCTONYMBEIX OPTOTOHATIBHBIX U €IEMEHTaPHBIX MaTPUII.

s gncneHHON ampoOanyy BEIOpaHA MOJIENIbHAs HEBBIPOXKACHHA MaTpHIa «CIUPAIBHONHY» (GOpMbI 7-To mopsiaka. B padote
HpPUBEIEHB! Pe3yNIbTaThl BHIUMCIEHHI COTJIACHO MPUBEIEHHOTO AJITOPUTMA JJISL TPEYTOJIbHONH (OPMBI MaTPHIBI Macc, 000OIIEHHOH
(opmer Xeccenbepra 1 IeHOH (HOPMBI ¢ OTpaHUYESHHBIM KOJIMIECTBOM 3Hadamux u¢p. [IpuBeneHs! Takxke HEBBIPOXKICHHBIE JIEBBIE
U TIpaBble NPeoOpa3oBaHys, KOTOPIE PELIAIOT 3Ty NpobieMy . Pe3ynbTaThl UMEIOT yIOBICTBOPUTEIBHYIO JUIS MIPAKTHYECKUX pacye-
TOB TOYHOCTb.

KiroueBble ciioBa: 0600meHHas npobiemMa coOOCTBEHHBIX 3HAYCHHUH, MaTpHUIla, KaHOHUYECKas (opMa, OPTOTOHAIbHBIE MaT-
puuHbIe TpeoOpa3oBaHusl.

The generalized eigenvalue problem is consider. One of the most known and structural approaches of decision of this problem is QR
algorithm. He is used in most cases to the matrix, to geared-up to the right almost three-cornered form. One of approaches of previous
dilution of bunch of two matrix is in-process offered to the canonical chain form which contains the least of unzero positions. Trans-
formations are carried out with the use of firm ortogonal and elementary matrix.

For numeral approbation the model unzero matrix of "spiral" form of 7th order is chosen. The results of calculations are in-
process resulted in obedience to the resulted algorithm for the three-cornered form of matrix of the masses, generalized form of He-
senbergs and chain form, with the limited amount of meanings numbers. The unzero left and right transformations which settle this

problem are resulted also. Results have satisfactory to the practical calculations exactness.
Keywords: eigenvalue problem, matrix, canonical form, ortogonal matrix transformations.

1 Axrtyansnicts mpodaemu. CTpiMKHN pO3BHUTOK
Cy4JacHOI TEeXHIKH 00yMOBIIEHHUH 3 OTHOTO OOKY 3alTUTaMu
MPOMHUCIIOBOCTi, a 3 IHIIOTO THMH MOKJIMBOCTSMH, SKi
Halae noTyxHe BrpoBamkenHss EOM y Bei ranysi Hayku i
TEXHIKH, NP’ ABJI€ IiABUIIEHI BUMOTH O TEOPETHYHO-
ro OOIpYHTYBaHHS Ta BIIPOBA/DKCHHS HOBHX IMIIXOJIB
pillieHHs 3a/a4 MaTeMaTHKH. 30Kpema, pOo3poOKH THX il
HAaIpsIMKIB, SIKI MOB'S3aH] 3 PIMICHHSIMHU MPUKIATHUAX 3a-
nmad. Tak sSK Ha MPaKTHIl y OUIBIIOCTI BUITAJKIB 3HAWTH
TOYHE pIllIEHHS 3a]ayi He BIA€THCS, TO OCHOBHUM 3aco-
00M MOENIOBAaHHS NPOLECIB, PIICHHS CKJIAJHUX 33134
CTalOTh YHCENbHI MeTonu. UncenbHI METOIU TepEeTBOPH-
JUCHh B CaMOCTIHHH HampsIMOK MOCHTIIKEHB, 3 JOIOMO-
TOI0 SKHAX 300yTO BaXKIUBI OCATHEHHS B PI3HUX Talry-
35IX.

OnHuM 3 HAHOUTBIT 3HAYUMUX HANPSIMKIB OOUHCITIO-
BaJIbHOI MaTEMaTHKH, L0 YCIIIIHO PO3BUBAETHCS, CTAOI-
JIbHO 3aJIMIIAETHCS PO3BUTOK METOJIB JIHIHHOI anreOpu.
[Tpu4oMy akTyalbHHUMH 3aJTHIIAIOTHCS K PO3BUTOK TEOPIil
ITOPUTMIB Tak 1 iX peaiizawis y BHIJISAI MPOTPaMHUX
3aco0iB Ha EOM. Pi3zHoMaHiTTS 3ama4 niHiiHOI anredpu

3HayHe. KilacmuHuME CcTanu Taki mpoOiieMu SK pIlIeHHS
CHUCTEM JIHIHHUX anreOpaidyHuX PiBHAHB Y PI3HUX BapiaH-
TaX, pi3Hi popMu npobdIEeMH BIACHUX 3HAYCHB Ta BIACHUX
BektopiB (EigenValue), npuBeneHHs JiHIHHUX OIIepaTopiB
3 MOCTIHHUMH KoedillieHTaMu 10 OIHIi€l 3 KaHOHIYHHX
¢dopm (TpukyTHOi, niaroHanbHoi, XecenOepra, Illypa,
’Kopnana Tomio).

ANTOpUTMIB PILICHHS 3HAYHOI YACTUHU 3aja4 JIiHIH-
HOI anreOpu Oarato, BOHH J00pe po3poOiieHi, 0cOOTHBO
IUTs 3a/1a4 HEBEJIMKUX PO3MIpiB. AJie BCe XK BiIYyBa€eThCs
Hecrayda Ol cTabuIbHUX, poOOYMX Hporpam, Lo Ipa-
LIOIOTH B IIMPOKOMY Iiama3oHi 3HaA4eHb MaTpuipb. llpu
BimOOpi Kpammmx 3pasKiB MpUHMArOThCA IO yBard Taki
KpuTepii K MOTpeOW y 3MEHIIEHHI aKTHBHOI TaM'aTi
EOM, 3MmeHIIeHH]I Yacy peanizaii, Ol MpocTa JIorika
mporpaM, TOCSTHEHHS OUIbII BHUCOKOI TOYHOCTI. Takuit
aHAJII3 CTa€ HEMHUHYYUM KOJIU MOCTAIOTh IUTAaHHS PO3PO-
OKM METOIB pillleHHs 3aJa4 Besukoro posmipy. [Ipu Bin-
6opi cnocoOy pilleHHs KOHKPETHOI MPHKJIagHOT 1pooiie-
MU € CCHC BUKOPUCTATHU 3HAYHUHA apccHaJl TCOPCTUYHUX
Ta NMPaKTUYHHUX 3HAHb B 00JacTi JIiHIHHOT anredpu.

© B.M.I'pumenko, 2016
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Ha croronni ckmanace oOmmpHa JiTeparypa mo o6-
YUCITIOBAIBHIA MaTeMaTHINl B3arajii Ta JiHIHHIA anreOpi
30kpemMa [1-17]. Bugana 3Ha9Ha KigbKiCTh OPHUTiHATBHHUX
KHUT, JIesiKi 3 HUX cTay piakictio. Ciij BigMiTUTH QyH-
nameHTanbHi mpami Yinkincona k. X.[1, 2]. Cuctremaru-
YHE BUKJIJ[aHHS TEOPETUYHUX OCHOB YHCEJIHHUX METOIB
Bu3HaueHHs1 npobnemu EigenValue B HUX CynpoOBOIKY-
€THCS IETaJIbHUM aHAJII30M MOMHJIOK OKPYTJICHHS Pe3yJib-
TaTiB MPOMDKXHUX OOYMCIICHb HA TOYHICTH pillIeHb IOCTa-
BieHHX 3anad. L{i poboru Ta mpamni Boesonina B.B.[3, 4],
Ixpamosa X.JI. [5] HOCSTb Tak0XX KOHCTPYKTUBHUI Xapak-
Tep. ImeornoridHi cTep)HI METOIIB CYIPOBOIKYIOTHCS
MPAaKTHIHUMH 3aco0aMy Ta IpuiioMaMH TOOYZOBH ajiro-
PUTMIB, JNEMOHCTPYIOTHCS HACIiJKaMH Ha MOJEIBHHUX
npukinagax. Pobora [6] mpucBsS4eHa CHCTEMAaTHIHOMY
ONHMCAHHIO YHCEIbHUX METOJIB PIlIEHHS CHMETPHYHOI
npobnemu EigenValue. B Hiit npeacTaBieHi BayxJIMBi Me-
TOJIH, 10 3HAWIIUIA B OCTaHHIH Yac NpaKTUYHE BTUJICHHS B
nporpaMHuX Komiuiekcax. Lle nocraTtHpo MoBHa Teopis
MeToza JlaHioma Ta MeToja OJHOYACHUX iTepalliii. Be-
JMYe3Ha KUIbKICTh POOIT MpEeICTaBIsie 3arajbHy TEOpito
MaTpHllb, OOYMCIIOBAJIbHI OCHOBHU JIiHIHHOI anredpu Ta
iamm. OkpiM crieriansHUX MOHOTpadiil, muTaHHs 00dUHC-
JMIOBAIBHOI MaTEeMAaTWKHA Ta PO3MAUIH JiHIHHOI anreOpu
BUKJIQ[AlOThCA B 3arajlbHAX Kypcax MaTEeMAaTHKH, JOBif-
HUKaXx, MAPYYHUKAX 3 MPUKIAJHAX AUCIMILTIH.

2 ITocTtanoBka 3agayi. [IpoGiema BIacHUX 3HAYEHB
ta BekTopiB (EigenValue) € opHi€ro 3 BayKJIMBHUX Ta CKIa-
JIHHX 3a/1a4 JiHIHHOT anreOpu. /s iHkeHepHUX po3paxy-
HKIB Ba)XJIMBO MaTH HaAiliHUN poOOYMIT aJITOPUTM BH3HA-
YEHHsI CIIEKTPIB JOCIIUKYBaHUX NMPUKIAJHUX 3a1ad, sKi,
30KpeMa, € BaXJIMBOIO CKJIAJIOBOIO 3ajady JIiHIHHOI Ta He-
JHIHHOT Teopii KOJMMBaHb, 33124 TUHAMIKH MAIlldH, CTiii-

KOCTI KOHCTPYKII{, TOIIO. Y3arajgbHEHa MIpoOIeMu
EigenValue Mae HacTymHHIA BUTTISIA:
Kx=AMx, (M

ne (K,M) — 3agani kBaapaTHi MaTpuii NOpsaky n; (4, x) —
BJIACHI 3HAYCHHS Ta BJIACHI BEKTOPH MPOOJIeMH. 3arporo-
HOBaHO 0araTo MiIXOXiB OOYMCIECHHS LUX HapaMeTpiB.
OnHuM 3 HaHOUTBII BimoMuX Ta KopucHHX € QR — anro-
putM. JlJIs CyTTEBOTO MIPUCKOPEHHS! iTepalliiHuX METO/IIB
nomryky (A,x) nBi marpuni (K,M) monepeaHbo CHpoILy-
10Th. € JeKibKa BaXIIMBUX MPHHOMIB IPUCKOPEHHS 30i-
)kHocTi. Ile momepenHe MpUBEICHHS MAaTPHUIN IO TIPaBOi
Maibxe TpukytHoi (K,M)->(H,E), 6e3 axoro QR —
QITOPHUTM, 5K IIPABHUJIO, HE 3aCTOCOBYETHCS; 1€ — BUKOPU-
CTaHHsI 3CYBIB JUIS IiJIBUILIEHHS LIBHIKOCTI 3HIKEHHS 110
MOJYJIFO MiJIiarOHAJILHUX EJICMEHTIB; Ta 3aMiHa MaJkX
Mi1iarOHAJbHUX CJIEMCHTIB HYJISIMH.

B peanizanii Takoro cuenapito € neski npotiemu. Le
BUOIp cTpaTerii BU3HAUEHHS BEJIMYMH 3CYBIB, X04a B JIiTe-
parypi npuBeJeHI HENoTaHi BapiaHTH HMOBeAIiHKH. Takox
HEBIEBHEHICTh ¥ 301KHOCTI allTOPUTMY y BCiX BUIAIKAX.

Tomy B maHiif poOOTi PO3IIATAIOTECS KOPEKTHBH Y Ha-
BEJICHY CXeMy alropuTMy. BoHH HOJISIratoTh B TOMY, II00
TIOTIEpEeTHE TIPUBEACHHS MaTPHIIl 37IHCHIOBATH HE 10 GOpMHU
XecenOepra a 0 OLTBIIT PO3PIIPKEHOI — JIAHIFOrOBOT (hopmu

(K,M)—->(L,E) . Llinp naHoi pobotu - nobynosa ajiro-
pUTMY TpHBeJeHHs Imy4ka Marpuis (K,M) 1o dopmu 3 MiHi-

MaJIbHOIO KUTBKICTIO HEHYJIFOBHX ITO3WIlIA. BHeceHi 3MiHM
Hazami, 6e3yMOBHO, MOTPeOyBaTUMYTh MEPEBIPKU IILIIXOM
00YHCITIOBATFHUX eKcriepiMeHTiB Ha EOM.

3 OcHOBHI M0JI0’KeHHS AJITOPUTMY. TaKuM YHHOM,
NOCTaBJIeHa 33j1a4ya o0y 1yBaTH ajlr'OPUTM INEPETBOPEHHS
nyuka (K,M) no ekBiBajeHTHOI po3piIkeHOl (opMH, siKa
Mae HaCTyl’[Hl/Iﬁ BUTJIAL:

[ ] [ ] [ ] [ ] X
X
(K.M) > (L, E)-> e X o o X

° e X e X

-AE. ©)

L] (] ® X X

JlanmroroBa marpunst L o GopMi Haraxye MaTpHIO
®pobeniyca, ae Mae BiIMiHHI BiJl HYIIS TTO3UIII B OCTaH-
HBOMY CTOBOIII.

Jnsa pimeHHs 3a7adi JOTIYHO CKOPUCTATUCH IMiIXO-
JIOM, III0 B)Ke ce0e BUIIPABIAB i MOJATAE B MOCTIJOBHOMY
BUKOHAHHI MPOCTUX JIBUX Ta MPaBUX CTIHKUX MEPETBO-
peHb eKBiBaJIeHTHOCTI. J[JIsl eJeMEeHTapHUX IEePETBOPCHb
PSZIKIB Ta CTOBOIIB MaTpHIlb BUKOPHCTaHI MaTpULIi Tepe-
CTaHOBOK T;j , MATPUIli TIOBEPTaHb Rjj, enemMenTapHi HeyHi-
TapHi Matpuui Tuny Tj.

HaragaeMo cTpyKTypy HMX MaTpHIlb Ta iX MpH3HA-
4eHHs. JIiBi MepeTBOPEHHs Tj; MEPECTaBIATh MiCHAMH
(i,)) psanku a TpaBi MepeTBOPEHHS — MicIaMH (i,j) cTOBOII
Ta MAlOTh BULJISI:

i J
JliBi uu npasi nepeTBOpeHHs R;; MokHaA Hanamrysa-
TH TaK, 00 OJVH 3 €IEMEHTIB 3aJaHO1 MATPHIIi B TO3UIII1
(i,j) au (j, 1) aHyTIOBATH:

] © o o o

o c o —5 eof |

i J
ne: s =1.
JliBe HeyHITapHE CTiliKe eleMeHTapHEe ePETBOPCHHS
Tj mo i-ro psiaxa 3amaHoi MaTpuii 706aBisA€ j PANOK TO-
MHOXeHHMIT Ha t;j . IIpaBe nepersopenns Tjj 10 j-ro cToBO-
IO MaTpulli J00aBise€ i CTOBOEb JOMHOXKEHHUH Ha tjj:

1 o o o o
o | e o o

e o | e o
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Jns minecripAMOBaHOTO HEPETBOPEHHS IyYKa Mat-
putb  (K,M)->(L,E) GopMyroThcs JAHIIOTH 3 HaBe-
JICHUX €JCMEHTAPHUX MATpHIlb. [I0TPIOHO BiAMITHTH, IO
aJITOPUTM BUKOPUCTOBYE JIMIIIE OPTOTOHAJBHI Ta CTIHKI
€JIEMEHTapHI TePEeTBOPEHHsI, 1[0 CYTTEBO HE BILUIMBAE Ha
0o0yMoBJIeHICTh OOuucroBaibHOl 3anavi. Tomy CKOHCT-
PYHOBaHHUN 3 HAX METOJ € ONM3BKHM JI0 YUCETBHO CTiii-
Koro. A ocoOJiuBi cHTyallii MOXXyTh BUHHMKATH JIHIIE Ye-
pe3 BUPOIKEHICTh MaTPUIlb My4Ka.

BapianTiB moOymoBM €KBIiBaJCHTHOI JIAHIFOTOBOI
¢opmu mydka nekinbka. [IpuBeneMo oaWH 3 HUX AJISI BU-
MaJIKy HEBUPOMIKEHUX MaTpPHUIIb.

1. Mawmabysanns nyyxa. OnHa 3 BaXIMBAX OCOOJH-
BOCTEii alropuT™MIB — BpaxyBaHHs (aHai3) OMHIIOK OKpYT-
JeHHs. Biomo, 1110 MOMUIIKH pe3ynIbTaTiB CyTTEBO 3aJIeXkKaTh
BiJl €BKJIIJOBOT HOPMH Matpuib. Tomy OaxkaHO Tepe]] BUKO-
PUCTaHHSAM IIPOLEAYP IOHW3UTH ii, HANPUKIAL. 3 IOIOMO-
roro JiaroHajbHoi Marpuii. Mo)XKHa TakoX CKOPHUCTAaTHCh
PEKOMEH/IAIlSIMH., 10 TPUBEICHI B alIrOpUTMax poOOTH
Vinkincona J[x.[2], i B IKMX Ha TECTOBHX MPHKIaNaxX IPoO-
aHaTi30BaHi I1i BIUIMBHU Ha Pe3yIIbTATH.

2. Ilpusedenns mampuyi M 0o mpuxymroi gopmu.
ToO6TO BHKOHYIOTBCS TOCHIJOBHI JIiBi Ta IMpaBi MEpeTBO-
PEHHS MaTPHLb ITyYKa 3T1LIHO CXEMHU:

VE(K, M)y u > (Ki, M)). 3)

CxeMaTH4HO aJITOPUTM IPOLECy OKA3aHUH HIXKUE.

o [lepecmano6ka MaxcuManbHO20 No 6Ciil Mampuyi
M enemenma my 6 nosuyiio (1,1).
T 1S(K-/1M)TC 1j-

o  Anynosanms
cmogbyio mampuyi M

niodiazonanvhux enemenmie 1-2o

1 o o o o X X X X X X X X X X
ty 1 o e o X X X X X X X X X X
t, 1 e eflIx x x x x|=4x x x x X
fy ®© o 1 o X X X X X X X X X X
t, o o o | X X X X X X X X X X

o [lepecmanogka MAKCUMATbHOZO eleMeHma no 20-
JI08HOMY MiHOpY 1-20 enemenma 8 nozuyiro (2,2).

®  Anyniosanus niooiazoHANbHUX eleMeHmis 2-20
cmosbyro mampuyi M

1 o o o o X X X X X X X X X X
o | e o o X X X X X e X X X X
o 1, 1 o o X X X X X|—-Ale x x x x
o f, o 1 e X X X X X e X X X X
o t, o o 1 X X X X X e X X X X

ExBiBasieHTHI omepalii MOCTIIOBHO BHKOHYIOTHCS
JUTSL HACTYITHHUX CTOBOIIIB TaK IO B PE3yJIbTaTi My4OK Ma-
TpuIlb HabyBa€e HACTYMHOI GopMu:

X X X X X

e X X X X
(K—AM)-> K—-1le o x x x
L] [ ] o X X

3. Ha nacmynunomy kpoyi mampuyro M 3 donomozcoro
JBUX elleMeHMAPHUX nepemseopetb NPusoouUMo 00 0ideo-
HAbHO20 BUOY 32I0HO CXeMU.

o Awuymosanus 2-20 HAOOIA2OHANLHO2O CHIO0BOYIO
mampuyi M

1 t, ® o o X X X X X X X X X X
e | e e o X X X X X e X X X X
e o | o o X X X X X|—Ale e x x x
e o o | o X X X X X e o o X X
e o o o | X X X X X e o o o X

® Anymosanns 3-20 HAOOIA2OHALHO2O CMOBOYIO
mampuyi M

1 e ty; o e X X X X X X ® X X X
o | t;, © o X X X X X e X X X X
o o | e o X X X X X|—Ae e x x x
e o o | o X X X X X e o o X X
e o o o | X X X X X e o o o X

B pesynbTaTi MoCHiZOBHOrO BUKOHAHHS 1€l Ipynu
MIepeTBOPEHb MYyYOK MaTpulb HabyBae crangapTHoi ¢op-
MHU:

(K-AM)->(K,-LE).

Ha HacTymHMX KpOKaxX BHKOHYIOTHCS MOIIOHI OpTO-

TOHAJBHI IEPETBOPEHHS

4. Opmoconanvue npusedenns mampuyi K 00 popmu
Xecenbepea

® Anymosanns eremenmie 1-ro
K 6 nosuyisnx (5,1), (4,1) i (3,1).

cmosbyro mampuyi

X X X X X X X X X X
X X X X X X X X X X

R4T5 X X X X X|=AE |Ri—>||x x x x x|-AE
X X X X X X X X X X
X X X X X e X X X X
[x x x x x| (x x x x x|
X X X X X X X X X X

R3T4 X X X X X|=AE|Ry—>||x x x x x|=AE
X X X X X e X X X X
e X X X X e X X X X
X X X X X| [x x x x x
X X X X X X X X X X

RZT3 X X X X X|=AE |Ry—>||® x x x x|[-AE
e X X X X e X X X X
e X X X X e X X X X

® Ananoziuni nepemeopenHs auynoioms eieMeHmu
2-Tro cmogbyio 8 nozuyisax (3,2), (4,2) ma 3-co 6 nosuyii

(5.3).

3akJrouHe MEepeTBOPEHHS! 00epTaHb NPUBOAUTH IMy-
YOK MAaTPHIIb JI0 y3araJibHeHOT popmu Xecenoepra
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X X X X X X X X X X
X X X X X X X X X X
T pT
RyRsl|® x x x x|=AE |RRy,—>||® x x x x|-AE
e X X X X e o X X X
e X X X X e o o X X

Hapani, 3a3Buyaif, Ui MOIIYKY CIEKTPY IydYKa BH-
KOPHUCTOBYEThHCS A00pe Bimomuii anapat QR anroputmy, B
OCHOBI SIKOTO iTepallifiHa mpoIeypa MmoaajibIiioro moio-
HOTO TICPETBOPCHHS IyYKa 3 METOI0 aHYJIIOBATH NESKi 3
MiJiarOHaIbHUX €JIEMEHTIB MaTpulli XeceHOepra. Sk
BUILE 3a3HAYAJIOCh TAKUH LUISIX Mae SIK TepeBard Tak i
Hepmomikd. B nmaHiil poOoTi BUBUAETHCS Taka CXEMa ajro-
PUTMY, KOJH 3 AOIOMOTOI €IeMEHTapHUX IMOMIOHUX Tie-
PEeTBOPIOBaHb MPOIOBKYETHCS CHpOLICHHs GopMu Xece-
HOepra J10 JIaHITIOTOBO] .

[omampmii Tpancdopmariii mydka 31iHCHIOIOTBCA 3Ti-
JTHO CXEMH.

5. Ipusedenns mampuyi Xecenbepea 00 1anyio2060i

Gdopmu
o Anynroganus enemenmie 6 1-my psoxky mampuyi K
nooionumu nepemeopenuamu muny T;

X X X X X

L]
]
[ ]
[ ]
X

X X X X X
|l et e
IS T, TG, | e % x| =AE LT T s>

e & X X X

X
X
X
X
X

X X

[ ]
X
X
X

[ ]
[ ]
X
X
X

e & o X X

[ )
[ )
[ ]
X
X

® Anyntosanus enemeHmis 8 2-my paoKy

_. e o o X e 6 o o X
X X X X X X o o o X
Tz;l 241 23] o X x x x|-AE 7;3];4];5_> o x x x x|=AE|
® & X X X ® & X X X
e & o X X e & & X X

e Jlooanvuii ouesuUOHI nepemeopeHHs: nepedoosimy
nyyok mampuys EigenValue oo nanyro2060i popmu

e o o o x—‘ 1] © o o o

X o o e X e | e o o
(K-IM)->||e x o o x|—Jle o | o o (4

e o X e X e o o | o

[ o o Xx XJ (@ o o o 1_

TakuM 4YMHOM, TEOPETHYHO ICHYIOTH CXEMH EKBiBa-
JICHTHHX IiepeTBopeHb npobnemu EigenValue no nanio-
roBoi Qgopmu — GopmMu 3 MIHIMAIBHOIO KUIBKICTIO HEHY-
JIOBUX TTO3ULIH 110 Hajae nepesaru. [Ipu npomy OaxxaHo,
00 YMCeNbHI pe3yJIbTaTH, MOB'sI3aHi 3 NPUBEICHHIM 10
JIAHIIOTOBOT (POPMH TaK0X MaJli MPAKTHYHY LIHHICTb.

4. Pe3yJbTaTH YHCETbHUX PO3PaAXyHKiB. [ um-
CEeNIbHUX PO3paxyHKIB BHOpaHa MOJeNbHA 3ajada MydKa
HEBHPOKCHUX MATPHUIIb BUJLY:

(K—AM) > (A" -2 A).

B sikocTi A BUOpaHa HEBHPOKEHA «CITipajbHa» Ma-

TpULS 7-TO MOPSZIKY, TOOyIOBaHa 3 YMCEN HATypalIbHOTO

pany:

a4 23 22 21 20 17

2|25 |40 39 34 37|18

Fl20 |4l 48 47 |36 |17

A= g a7 | 42| 49 |46 |55 | 16

Jl28 |43 9 43 |54 |13

G292 30 31 32 37|14

Fo&og I 112 i3

To6T0 posrmsimaemo y3arambHeHy mpobiemy Eigen.
PesynbraTél IPOMDKHHUX Ta 3aKIOYHOI (OpMHU IMydKka 3a-
NPOIIOHOBAHOTO aJrOPUTMY INIPUBEICHI 3 OOMEKEHOIO
KUTBKICTIO 3HAYYIIMX udp.

o [Ipusedena popma Xecenbepea maxa:

[0.0636 —0.1668 03436 —0.4280 —.0.0369 —0.5031 —1.4348]
1.1662 04231 -19683 —34550 —1.9416 18136 —124292
. 1.1514 05121 08933 02356 -02099 4.2822

. . 09053 25428 0.8977 -02718 49324 |
. . . 0.8495 1.0061 0.6818 2.0481
. . . . 0.1426 07672 0.1926

| ® . . . . 0.0365  0.9633 |

® 3uaiioeni nise (v') ma npase (u) nepemsopenns 0o
anyr020860i hopmu
[-00391 -06778 —08309 —00176 16189 37790 —38301]
—00033 48900 24468 3.0267 -100109 —241498 238422
0.1428 —120725 —2.8549 —100799 225590 569699 —545324
V'=[—00332 133184 16741 123061 —239060 —624101 590201
00527 -96556 —-00721 -99132 167631 448046 —41930§
-00037 07050 —-00988 08163 -1.1509 -32785 3.0073
| 00001 -00049 00012 —00061 00076 002310 —0.0208
[1 00545 —0.1418 02917 03883 —69765 —714264%
0 01158 —-05342 -0.6221 09028 247842 152729
0 07126 02136 -1.8740 —6.0671 —-96984 —-683D13
u=—0 -05701 —04680 1.1890 56935 101540 713@95|.
0 —02138 03403 10755 08858 -3.6793 —-401357§
0 —0.0757 04665 03079 -12766 —232080 1212575
10 03196 05433 05617 08124 162801 1246457 |

o Ta 3akmiouna mampuys npedcmaeﬂ}ze coboio namn-

Y0208y ghopmy:
L] L] L [ ] L ° 185564
1.1662 o . . . e 1358748
e 11514 o . . . 3930805
L=| o e 09053 o . e  —5199631|.
o o o 0.8495 o . 4417221
° ° . e 01426 o -431158
L L L [ ] ° 0.0365 6.278 i

Bona cxoa CBO€IO CTPYKTYPOIO Ta PO3PiKEHICTIO
Ha Matpuiro Opobeniyca.

5. BucnoBku. [lo pe3ynbraTraM mpoBEACHUX HOCITi-
JUKEHb MOXKHA 3pDOOHTH HACTYITHI BUCHOBKH:
3anpornoHOBaHO AJNTOPUTM ITOOYIOBU €KBIBAIICHTHOT
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JAHIIOTOBOT (POPMH IyYKa MaTPHULb, IKUH PO3TIAIAETHCS
AK cTaproBa (GopMma Uil IMOajbLIol NpoLexypH BU3HA-
YeHHS CIIEKTpPa BIACHUX 3HA4YEHb Ta BIACHHUX BEKTOPIB.

e ¢dopma mydka MaTpuilb 3 MiHIMaIBHOK KiJIbKic-
TIO HEHyJbOBHX MO3MIii. Ii pospimkena dopma Mose
HaJlaBaTH IEBHI BUIOAM Ta BUTPAll y €KOHOMIYHOCTI I10-
JIANbIIUX orepauid. YucenbHl pe3ysibTaTH HalaroTh OIl-
THUMI3M Y MOXKJIMBOCTSIX peasti3allii 3arpornoHoBaHoro mij-
XOmy.

Cnucoxk Jirepatypu:

1. Yunkuncon [orc. X. AnreOpamueckas nmpodiema coOcT-
BeHHBIX 3HaueHuit / Jowc. X. Yunxkuncon. — M: Hayka, 1970. —
564 c.

2. Yunxuncon [{oc.X. CripaBOYHUK aIrOPUTMOB Ha SI3bIKE
AJIT'OJI. Jluneitnas anre6pa / Jowe. X. Yurkuncon, K. Patinw. —
M.: Mammnoctpoenue, 1976. — 389 c.

3. Boesooun B.B. BpluucinurenbHble OCHOBBI JMHEHHOU
anreopsl / B.B. Boesooun. — M.: Hayxka, 1977. — 304 c.

4. Boesooun B.B., Kysueyos FO.A. Matpuiipl 1 BBIYHUCIIC-
uus / B.B. Boesooun, FO.A. Kysneyos. — M.: Hayxka, 1984. — 320
c.

5. Uxpamoe X.J]. YucneHHoe pelieHue MAaTpUYHBIX YpaB-
uenuit / X./[. Uxpamos. — M.: Hayka, 1970. — 564 c.

6. Ilapnem b. CummerpuuHas mnpoOieMa COOCTBEHHBIX
3nauenuii / b. [lapnem. — M: Mup, 1983. — 384 c.

7. bepesun U.C. Metonsl Boruncnenuii / U.C. bepesun,
H.II. JKuokos. — T. 1. — M.: Hayka, 1966; T. 2. — M.: ®u3mar-
rus3, 1962.

8. Aeee¢ M. Anropurmsl (1-50) / M.H. Aeees, B.II.
Anux, P.II. I'anuc. — M.: BL AH CCCP, 1966. — 106 c.

9. bame K. YucieHHble METOJbl aHAIM3a U METOJ| KOHEU-
HbIX 37eMeHTOB / K. bame, E. Buncon. — M.: Ctpoituznar, 1982.
—448 c.

10. Fexnemuutes /[.B. JIONONHUTENBHBIC TJIaBbl JIMHEHHON
anre6pst / /[.B. Bexnemuwies. — M.: Hayka, 1983. — 336 c.

11. Manvyes A.M. OcHoBbl nuHelHOW anreOper / A.H.
Manvyes. — M.: Hayka, 1970.

12. @aodees /[.K. BerurcnurelbHble METOIBI JIMHEWHOHN all-
re6ps! / /I.K. @aoees, B.H. @aodees. — M.-J1.: dusmatrus, 1963.

13. Jlankacmep I1. Teopus matpun / I1. Jlankacmep. — M.:
Hayxka, 1978. -2 80 c.

14. baxeanos H.C. Yuncnenuele MeTO/bl: Y4eOHOE MOCO-
oue / H.C. baxsanos. — M.: Hayxka, 1987. — 600 c.

15. /Jlemuoosuu B.I1. OCHOBBI BBIYMCIUTEIBLHOH MaTeMa-
tuku / B.I1. JJlemudosuu, U.A. Mapon. — M.: Hayxka, 1970. — 664
c.

16. Kanumxun H H. Yucnennsie meronsl / H H. Kanum-
xuH. — M.: Hayka, 1978.

17. 'anmmaxep @.P. Teopus matpur / @.P. ['anmmaxep.
— M.: Hayka, 1967. — 575 c.

Bibliography (transliterated):

1. Uilkinson Dzh. H. Algebraicheskaya problema
sobstvennyh znache-nij. Moscow: Nauka, 1970. 564 p.

2. Uilkinson Dzh.H., Rajnsh K. Spravochnik algoritmov na
yazyke ALGOL. Linejnaya algebra. Moscow: Mashinostroenie,
1976. 389 p.

3. Voevodin V.V. Vychislitel'nye osnovy linejnoj algebry.
Moscow: Nauka, 1977. 304 p.

4. Voevodin V.V., Kuznecov Yu.A. Matricy i vy-
chisleniya. Moscow: Nauka, 1984. 320 p.

5. Ikramov H.D. Chislennoe reshenie matrichnyh urav-
nenij. Moscow: Nauka, 1970. 564 p.

6. Parlet B. Simmetrichnaya problema sobst-vennyh
znachenij. Moscow: Mir, 1983. 384 p.

7. Berezin 1.S., Zhidkov N.P. Metody vychislenij. Vol.1.
Moscow: Nauka, 1966. Vol. 2. Moscow: Fizmatgiz, 1962.

8. Ageev ML1, Alik V.P, Galis R.P. Algoritmy(1-50). Mos-
cow: VC AN SSSR, 1966. 106 p.

9. Bate K., Vilson E. Chislennye metody analiza i metod
konechnyh elementov. Moscow: Strojizdat, 1982. 448 p.

10. Beklemishev D.V. Dopolnitel'nye glavy linejnoj alge-
bry. Moscow: Nauka, 1983. 336 p.

11. Mal'cev A.IL. Osnovy linejnoj algebry. Moscow: Nauka,
1970.

12. Fadeev D.K., Fadeev V.N. Vychislitel'nye metody line-
jnoj algebry. Moscow-Leningrad: Fizmatgiz, 1963.

13. Lankaster P. Teoriya matric. Moscow: Nauka, 1978.
280 p.

14. Bahvalov N.S. Chislennye metody: Uchebnoe posobie.
Moscow: Nauka, 1987. 600 p.

15. Demidovich V.P., Maron [.A. Osnovy vychislitel'noj
matematiki. Moscow: Nauka, 1970. 664 p.

16. Kalitkin N.N. Chislennye metody. Moscow: Nauka,
1978.

17. Gantmaher F.R. Teoriya matric. Moscow: Nauka,
1967. 575 p.

Tlocmynuna (received) 07.09.2016

bionioepaghiuni onucu / bubnuozpagpuyeckue onucanus / Bibliographic descriptions
BapiaHT aaropuTMmy 01HOYACHOI0 MPUBeIEeHHS My4YKa IBOX MATPULb /10 JIaHIIOroBoi ¢gopmu / B.M. I'pumenxko // Bicauk
HTVY «XIII». Cepis: JJunamika i minaicts MamuH. — X.: HTY «XI1I», 2016. — Ne 46 (1218). — C. 21-25. — bi6miorp.: 17 na3s. — ISSN

2078-9130.

BapuanT anropurMa oIHOBPEeMEHHOTO NMPUBeAeHHs My4YKa ABYX MaTpul K nenHoii ¢opme / B.H. I'pnmenko // Bicauk
HTY «XIll». Cepis: [lunamika i minHicts MamuH. — X.: HTY «XTI1I», 2016. — Ne 46 (1218). — C. 21-25. — bi6miorp.: 17 Ha3s. — ISSN

2078-9130.

A variant of algorithm of simultaneous adduction of bunch of two matrices is to chain form / V.M. Grischenko // Bulletin
of NTU "KhPI". Series: Dynamics and strength of machines. — Kharkiv: NTU "KhPI", 2016. — Ne 46 (1218). — P. 21-25. — Bibliogr.:

17. —ISSN 2078-9130.

Bioomocmi npo aemopis / Ceedenus 06 asmopax / About the Authors
Tpuwienko Bonooumup Mukonaiiosuy — KauquaaT TEXHIYHUX HAYyK, TOLUEHT Kadelpn TUHAMIKH Ta MIIHOCTI Ma-
e, HTY «XI1ly», ten.: 707 68 79, e-mail: grivn_dmm@ukr.net
T'puwgenxo Braoumup Hukonaeeuu — XKaHAUIAT TEXHUYECKUX HAyK, AOLCHT KadeApbl MUHAMUKH U IPOYHOCTH
MammH, HTY «XIIW», Ten.: 707 68 79, e-mail: grivn_dmm@ukr.net
Grischenko Volodymir Mykolayovich — Candidate of Technical Sciences (Ph.D), Docent of the Dynamical and
strength Department, NTU "KhPI", tel.: 707 68 79, e-mail: grivn_dmm(@ukr.net

Bicnux HTY «XIIl». 2016. Ne 46 (1218)

25



Jlunamixa i miynicmo mMawiun ISSN 2078-9130

YK 539.3 DOI: http://dx.doi.org/10.20998/2078-9130.2016.46.88046

0.4. KOCTPOMHUI]bKA

KOMIT'IOTEPHE MOJEJIIOBAHHS ITPOLECIB ITPOBUTTSA METAJIEBUX TA
METAJIOKEPAMIYHUX ITVIACTHH

BukoHaHO WuCenbHE MapaMeTpHYHE MOIETIOBAHHS MPOOWBAHHS AOMIHIEBOI IIACTHHH CTANEBOIO Kylero. CTBOpeHa TpHUBHUMipHA
MOZENb, fe(opMyBaHHS IIIACTHHH BBAKAETHCS MPYKHO-IIACTUIHNUM. Jlami MOAENIOEThCA TPOONBAHHS KepaMidHOI INTACTHHU 3 METa-
JIEBOIO MIIOKKOI0. PO3paxoByeThest MeTaIoKepaMiuHa JBOIIAPOBA MIlIEHb 3 PI3HUM CIIiBBIIHOIIECHHSIM TOBIIMHU KEPaMiKH 1 CTallH.
Bynyerscs qBOBHMIpHA OceCHMETpHYHA CKIHIEHHO-EJIEMEHTHA MOJIENb. BHKOPHCTOBYETHCS MOZIENb KPUXKOTO pyHHYBaHHS J[XKOHCO-
Ha-XonMkBicTa. [IpoBOUTECS MOPIBHSHHS OTPUMaHHUX CKiHYeHHO-eleMeHTHHX pimeHs B ANSYS/LS-DYNA 3 HaBeaeHMMH B JtiTe-
parypi.

KurouoBi ci1oBa: yaap, npoHUKHEHHs, KepaMika, nmomkomkyBaHicts, ANSYS/LS-DYNA.

BeinonHeHo yncIeHHOEe MapaMeTpudeckoe MOJEIHMPOBaHIE POOHBAHUS ATIOMUHUEBON INIACTUHBI cTaIbHOM myneid. CozgaHa Tpex-
MepHasi MOJieJib, 1e(OPMUPOBAHUE MIIACTHHBI CYMTACTCS YIpyro-macTuueckuM. Jlanee Momenupyercs npoOHBaHHE KepaMHUYEeCKOH
IUTACTHHBI C METAJUIMYECKON TOATIOKKOH. PaccunThiBaeTCs MeTalOKepaMUIecKasi JBYXCIOHHAs MHUIICHb C Pa3MdHBIM COOTHOIIIE-
HUEM TOJLIMHBI KEpaMHUKH U cTani. CTpOUTCS OBYMEpHasi OCECHMMETPHYHAs KOHEYHO-3JIEMEHTHAsE MOAENb. Vcrmoap3yeTcs Moaemb
Xpynkoro paspymenus Jxoncona-Xonmksucra. IIpoBoauTcsa cpaBHEHHE IIOMYYCHHBIX KOHEYHO-DIEMEHTHBIX pELICHUH B
ANSYS/LS-DYNA ¢ npuBeieHHBIMH B JTUTEpaType.

KiroueBble ciioBa: ynap, IPOHUKHOBCHHE, KepaMuKa, moBpexaaemMocth, ANSYS/LS-DYNA.

Numerical parametric simulation of penetration of aluminum plate by steel bullet is done. A three-dimensional model is constructed,
the deformation of the plate is considered to be elastic-plastic. Further is modeling a projectile impacting on a ceramic layer backed
by a metal plate. Is studied the two-layer metal-ceramic target with a different ratio of the thickness of the ceramic and steel. Is con-
structed a two-dimensional axisymmetric finite element Lagrangian model. The Johnson-Holmquist model of brittle fracture is used.
Is simulated real boundary conditions of the system during penetration. Finite element models are prepared in Ansys, and key file is
generated in the LS-DYNA. To locate the damaged section on impact is using thickening finite element mesh. To study the main
stages of the bullets penetration into metal and metal-ceramic targets are used models, which provide visibility penetration.The main
stages of bullet penetration and damage to a target are studied by analysis of plastic deformation and bullet velocity versus time. Also
is studied absorption energy by the metal and metal-ceramic target. A comparison of the results of finite element solutions ANSYS /

LS-DYNA with data reported in the literature is done.

Keywords: impact, penetration, ceramics, damage, ANSYS/LS-DYNA.

Beryn. Kepamika € BaXIMBHM KOMIIOHEHTOM CHC-
TeM OpOHE3aXUCTy 3aBASKH HU3BKIH IIIIBHOCTI I BUCOKIN
tBepaocti [1]. Po3pobieHo mocuTh GaraTto JUHAMIYHHX
MoJieNield pyWHyBaHHSI KpHXKUX MatepiaiiB. [IpakTudno
BCi CydacHi MOAeN BUKOPHCTOBYIOTh KOHIICIIIIO PYHHY-
BaHHS SIK IIPOLIEC 3apO/DKEHHS 1 PO3BHTKY B Marepiaii
NOMWKO/KEeHb (nedexTiB, TpimuH 1 T.a1.). Llei mpouec
OTIHCY€ETHCS PI3HUMH KiHETHYHUMH PIBHSIHHSAMH, MOOYI0-
BaHUMH Ha INJCTaBI THX UM IHIOIMX MEXaHI3MIB pyHHY-
BaHHA [2-5]. MexaHiuHI XapaKTepUCTHKH JePOPMOBAHOTO
Marepiany BBOKAIOTHCS 3aJIe)KHUMH BiJl MIPH HOIIKOJKY-
BaHOCTI MaTepiajy, HOB'sI3aHOT 3 iCTOPIEI0 3MIHU HaIIpy-
KEHO-1e()OPMOBAHOTO CTaHy MaTepiaibHUX YaCTHHOK
Je(hOpMOBAHOTO TiJa.

Biaryk kepaMiku 3aJIeXUTh BiJl pO3Mipy, HIBUAKOCTI,
KOHCTPYKILIi 1 MaTepiay cHapsjaa, Marepialy ITiJJIOXKKH,
IO MiATPUMYE KepamiKy, i MeXaHIYHHMX BJIACTHBOCTEH
kepamiku [6]. [Ipy mpocTux yMoBax HaBaHTAXEHHs Kepa-
MiKa MOKE PO3IIISIATHCS SIK MPYXKHO-KPUXKHN MaTepiall.
OmHak, KOJMH PO3TIIIAEThC OamiCTUYHUN yaap, BEIHUKE
3HAYCHHS Mae€ MiCITyIapHa peakiis Marepiany. OnHiero 3
HaWOIIBII BIIOMHX MOJIENEl CTaHy, 10 OMUCYIOTh HACTY-
MHY Ticisl yaapy peakuiro kepamiku, € mozaens JH-2, pos-
pobiena  JIxoncomom 1  Xommksictom  (Johnson-
Holmquist) [6]. Moaens JH-2 sBise co0Or0 piBHSIHHS
CTaHy, sIKE OMKCY€E BIATYK Marepiaay 1 BKJIOYAE IMOIIKO-
JOKCHHS IIOJI0 3aJIMIIKOBOI MIITHOCTI Marepiany i HaOy-

XaHHSI TIpU PYyHHIBHOMY CTHCHEHHI KepaMiuHOro Marepia-
ny. Mojenp iHTerpoBaHa B MOLIMPEHI MPOTrpaMHi KOM-
wiekcn LS-DYNA, ABAQUS, AUTODYN.

B ocraHHI AECATWIITTA BHUBYAETHCS HAA3BUYANHO
CKJIaJiHa TIpobjieMa CHapsaa, W0 yJaapsie Mo KepamidHid
IJaCTHHI 3 MeTaeBoro mimioxkoro. Wilkins [7] i Flor-
ence [8] Oyiu B 4wcHi MEPOIMX TOCHITHUKIB MEXaHIKH
MIPOHUKHEHHsI kKoMno3uTHOI OpoHi. Florence [§] po3pobus
AaHATITAYHY MOJENb IJIs TBOKOMIIOHEHTHOI OpoHi. Mo-
JeNb Tependadae KOPCTKE KepaMidHe OOJMIIOBAHHS |
IUIACTHYHY 3aXHMCHY IUIACTHHY BiJ BIUIMBY >KOPCTKOTO
cHapsga. Mogenp 3a0e3nedye 3aXWCT BiJf IPOHHKHEHHS
CHapsiia 1 MPOTHO3yE OANICTUYHY MEXKY [IBHIKOCTI.
Woodward [9] mi3Hille 3anpornoHyBaB OJHOBUMIPHY MO-
JeNb JUIs TIPOHMKHEHHS CHapsila B KepaMmiuHy OpoOHIO,
BUKOPHCTOBYIOUH 30CEPEHKCHO-MACOBUN IIAXia, SKUH
BPaxoBYe€ €po3il0 SIK CHapsaa, TaK 1 MillleHI IPOCTHM CIO-
cobom. Reijer [10] maB OibII CKIAJHY MOJCIb, SKa IIe-
pendadae eposito CHapsa, a TAKOX pi3HI pekuMu aedo-
pMamii i omopHuX (MetaneBuX) ruracThH. Ben-Dor Ta
in. [11] 3ampomoHyBamu nemo Moau(ikoBaHY MOIETH
Florence muisixom BBemeHHs KoedillieHTa Ui TOTo, 1100
IiABUILIMTH TOYHICTH IPOTHO3YBaHHS.

Ockinbku Mozenb Florence mpomemoHcTpyBajia 3a-
JIOBUIBHE Y3TOJUKEHHS 3 EKCIEPUMEHTAILHUMH JTAaHUMH
[12-14], BOHa HIMPOKO BUKOPUCTOBYETHCS B SIKOCTI KEPiB-
HUILITBA JJIs1 ONTHMAJILHOTO NPOEKTYBaHHS JIBOKOMITOHEH-
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THO{ OpoHi. Ha mincrasi miei momem Hetherington [15]
pO3pOOUB pPiBHSHHS ISl OTPUMAHHS ONTHMAJIBHOTO CITiB-
BiZHOIIICHHS TOBIIMHU NEpeIHbOl 1 3aJHBOI IIACTHH, IO
3a0e3medye Kpamuii 3axucT A [1aHOi IOBEPXHEBOi
mineHOCTi. Wang i Lu [16] 3ampomonyBamu KpuTepiit
MPOEKTYBaHHS ISl PO3PaxyHKY ONTHMAJILHOTO CITiBBiJ-
HOIIICHHS TOBIUHHM TAKUM YHHOM, 11100 3a0€3MMeYnTH OIl-
TUMaJIbHY NPOJYKTHBHICTh JBOKOMIOHEHTHOT KepamMiuyHOT
OpoHi 11t JaHoi 3aranbHOI ToBIIMHU. Ben-Dor Ta iH. [11]
NPEACTaBWIN ONTHUMAJbHE NPOEKTHE PIIIEHHS Ui JBO-
KOMITOHEHTHOI OpoHi B 0€3p03MipHUX 3MIHHHX, B PE3yJIb-
TaTi 9OTrO BCi XapaKTepUCTHKH CHapsnia i OpoHi Bupaxka-
FOTHCS SIK (PYHKITIT TBOX 3MiHHHX.

IMpooutTsi MeTaneBoi miaacrtunu. Ilepen tum, sk
pO3MIIsIaTH NPOOUTTSI METAJIOKEpaMiuyHHUX IUIACTHH, JIOTi-
YHUM € PO3MIISIHYTH TPOLEC MPOOHUTTS METalleBUX ILIac-
THUH.

[Ipu ynapi kiHeTH4Ha eHeprist CHapsAa MepexoauTh
B €HEprilo racTuHu. YacTuHa eHeprii BUKOPUCTOBY€EThCS
Ut tepopMaltii IracTHHY. [HIIa YacTHHA €Heprii BUIIUIS-
€THCS Y BUIIISAAL CBITJIA 1 TeIJIa, peliTa eHeprii nepelaeThb-
cs (parMeHTaM y BHUIIISIII KiHETWYHOI eHeprii. Bumipro-
BaHHS a00 3HAXOIDKCHHS KOXKHOI 3 IIMX €HEeprii CKIagHO.
Jnsa ananizy npoOWBaHHS OCHOBHHM acIIeKTOM € IIPOTHO-
3yBaHHs KiHeTHYHOI eHepril (IBUAKOCTI i MacH) ¢parme-
HTIB.

Bmnme wHampyr i nedopmaniii mpu ymapi 3a3BHUait
BiTUyTHUH B Mekax 3-6 IiaMeTpiB cHapsja yJaapHOi 30HU
[17].

[ponec npoOKMBaHHS IPU BHUCOKOLIBHIKICHOMY yaapi
MO)ke OyTH NpeCTaBIeHUH YOTHPMa CTa/IisIMU: TIepeXiTHI
poIIeC, NEPBUHHE NIPOHUKHEHHS, BTOPHHHE NPOHUKHEHHS 1
BimHOBIeHHA [18]. [lepwia, abo nepexiona, cmadis Xapakte-
PH3YETBhCS Iy’Ke KOPOTKHM IHTEPBAJIOM Yacy MPUKIAJaHHS
THUCKY 1 BimOyBaeThCs, KOJNM CHAps BIEPIIE KOHTAKTye 3
MOBEpXHEI0 MilieHi. Cmadis nepeunHo20 NPOHUKHEHHs, OTIA-
CYETBCA SIK TIEPi0JI, MPOTATOM SIKOTO CHAPSAI JIi€ SIK CHJIa, IO
nepesiaé CBOK KIHETHYHY EHEprifo MIIleH] TiIpoanHaMiy-
HHM criocoboM. Cmaodisi 6mopunHo2o npoHukHerHst (OUTbII
HDK OJTHA CTalisi MOXKYTh BiJIOYBATHCS OJTHOYACHO), SIKA 1HOJII
HA3MBAETHCS KABITAINEIO, IOYMHAETHCS, KOJIM CHAPST MTOBHI-
cTio 1ehopMoBaHuil 1 €PEKTUBHO BUAAISIETHCS 3 CUCTEMH B
SKOCTI JhKepena eHeprii. BingzHauaerbest nedopmariiero mi-
IIeHI, 10 HE BHKIMKAETHCS OE3MOCepelIHBO MarepialioMm
CHapsifa. 3aMiCTh BOTO MIUTHHICTH €HEPTii 3a YIapHOO XBHU-
JICT0, IO PO3MIUPIOETHCS, TIPOIOBXKYE NehopMyBaTH MaTepi-
ai mitneHi. Yemsepma cmaois, abo 8i0HO6eHHs, BITHOCUTh-
csl 10 Tiepiojty, IPOTSroM SIKOrO KpaTep (BOpOHKa Bill CHApsi-
J1a) BIIHOBIIIOETHCS 200 37I€rKa CTHCKAEThCst. Marepian Tpo-
XM HIDKYE TIOBEPXHI MillieHi (CHapsiI MpoOrBae MIIlICHb 3Be-
PXY BHH3) 3arapTOBY€ETHCS 1 PEKPUCTAIIZYETHCS.

Inma moaens npoHukHeHHs [19] monmibHa Momeni
epo3ii, aje Mae OUIbLI TiAPOJMHAMIYHHUN Xapakrep. Y I
MOJIeTI MepeaHiil KiHelb cHapsijia 1 yAapHi IOBEpXHi Mo-
JIEIIOIOTHCS SIK TeKyda pinuHa. Obuacti 6e3nocepeHbo 3a
LIUMHU MTOBEPXHSAMH HOTIM MOJEINIOIOTHCS SIK TBEPIHI Tija.
CHapsizl 3HUIY€ETHCS BiJl YAAPHOTO Kpalo y Mipy TOTO, SIK
MPOXOANUTH Kpi3h MarTepian mimeni. Hamam me 3abesme-
4gye, IO BEIMKAa YaCTHHA BHUIPOOYBAJIBHOTO MaTepiay
MillIeH] 3MIIy€eThCsl BIIEPE 1 HA30BHI 10 XOMy PyXy CHa-

pAOy TPOTATOM TMPOHUKHEHHS i IO HEBENHKa KiTBKICTh
BUKHUIAETHCS B 3BOPOTHOMY Harpsmky. Jliist omwucy pyi-
HYBaHHS Marepiajly BUKOPHUCTOBYETHCSI KPHUTEpiii Makcu-
MaJIbHOT medopmartii.

KineTtnuna eHeprist cHapsga BHUTPAa4aeThCsl Ha 30i-
JIBILICHHS! MOTEHHIHHOT 1 KIHETMYHOI eHeprii MJIacTHHU
(MimeHi) 1 yacTHHA eHEprii BTpadaeThes y GopMi 3pyiHO-
BaHOI0 MaTepiaiy:

Enans = IEptate + KE e + KE**** + [E™** (1)

ne E, IE, KE — BinmoBigHO, TTOBHA, BHYTPIIIHS 1 KiIHETHY-
Ha SHepTis; HWXKHINA IHAEKC frans O3HAa4Ya€ €Hepriro, Mo
nepeiaeThes, plate — MoB'sA3aHy 3 IUIACTUHOIO EHEpriio,
BEpxXHill iHIEeKC eroded ykazye Ha epolloBaHy, 3pyHHOBa-
HYy Macy.

Po3paxyHok mpoOMTTS MeTaJIeBoi IIacTHHU. Po3-
paxoByeThcs Iu1acTuHa 3 Matepiany AL2024 T-3, marepi-
a1 KyJIi - IHCTpYMEHTaJIbHA CTalb.

Po3paxyHku mpoBeneHi ISl IUIACTHHU, KA TOYHO
MTOBOJUTECS K B peaibHOMY creHapii [18, 20]. [I{o6 3po-
3ymiTH BIommB criBBigHomeHHs L /D (L - moxwuHa i D -
miameTp Kyiii), moOymIoBaHO MapaMETPpUYHy MOAETh IS
pizHoi ToBHIMHM 1 cmiBBigHOmEeHs L/ D. MimmeHHoo npu
LbOMY € KBaJpaTHa IUIACTHHA, a KyJIs SBISE cOOOI0 IH-
nmiaap. @akTuyi po3mipu mwiactuau 3 AL2024 T-3 B3sri 3
[18]. dns nokaumizanii MOIIKOIKEHOT IUITHKK HPH ynaapi
BUKOPHCTOBYETBCSl ~ 3TYLIEHHS  CKIHYEHHO-EJIEeMEHTHOT
(CE) citku. ExcniepumenTasbHi naHi B34ti 3 [18].

Tabmuns 1 — BnactuBocti Matepiany AL2024 T-3 mnactuau

[Tapamerp 3Ha4yeHHs
LinpHICTS, p 2780 kr/m’
Mopys npyxHocTi, E 73.1-10° a

Koegimient ITyaccona, v 0.3

TanreHiabHUN MOAYJIb, B 1.47 - 10° TIa

Mexa TeKy4ocTi, G 345-10°TIa

Tabnuis 2 — BiaacTuBOCTI iHCTpYMEHTANBHOT CTANI KyJIi

[Tapametp 3Ha4yeHHs
LinBHICTB, p 7924 /v’
Mopnys npyxHocTi, E 210 - 10° Ia
Koedimient [lyaccona, v 0.28

Tabmmns 3 — Po3mipu miacTiHA

[Tapamerp 3HaueHHs
Jomxuna 82.5 Mmm
upuna 82.5 mm
ToBimHa 3.175 Mmm
Tabmuns 4 — Po3mipu kyoi
[Tapamerp 3HaueHHs
Hiamerp 7.5946 mm
L/D 0.713

[MouarkoBa mBHKicTs Kymi — 1115.8728 m/c [18].
Kynst BBakaeTbest )KOPCTKUM TiIOM. I'paHM4HI yMOBH -
JKOPCTKE 3aIlleMJICHHS IDIACTHHH TI0 30BHIMIHIX KpasX.
PosrmsmaeTscst omHa "erBepra yacTwHa Monenmi (puc.l),
3aIHCYIOTHCS YMOBU CUMETDIi.

Puc. 2-5 mokasyroTp eranu BIUIMBY KyJi Ha IJIACTH-
HY, puC. 6 — 3MiHY HIBHJKOCTI KyJi 1 3aJIMIIKOBY IIBHI-
KicTh mmicis npoouTTs mwiactuau. Ha puc. 7, 8 mpencras-
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JIeHI KIHEeTUYHA €HEepris, SKa BTpavaeThCs CHAPAIOM depe3 BusnavenHst G6anicTu4HOI Mexi MeTasneBoi miac-
TepTs, 1 3pOCTaHHA BHYTPIIIHBOI eHeprii mimedi. [ligBu-  TuHM. OnHi€0 i3 3amad, 3 SKUMH CTHKAIOTHCS TPH BU-
LIEHHS BHYTPILIHBOI €HEeprii MillleHI MEHIIIe B MOPIBHAHHI ~ BUYEHHI SIBUII 3iTKHEHHS, € BU3HAYCHHS [PAaHUYHOI MIBU/I-
3 BTPATOIO KIHETUYHOI eHeprii Kyuni. Pesyibratu oTpuMaHi  KOCTI, HHXKYE SIKOi CHapsi/i BKe HEe B 3MO31 MPOOUTH 3aXH-
B ANSYS/LS-DYNA. CHHI IPUCTPIN HABHJIIT.

ELEMENT SOLUT [0N ANSYS 14.0

LFPLEQV (HOAVE)
DX =_n03262
SMX =L.59951

Lo T |
a . 411068 .822137 1.23321 1.64427
.205534 .616603 1.02767 1.43874 1.84981
L5-DYMA uzer inpuc

Pucynok 1 — CkiHYeHHO-€JIeMEHTHA MOJIEITh Pucynok 2 — ExsiBanenTHi mactuuHi nedopmarii EPPL
-5
ust=0.8-10"c¢

ELEMENT SO0LUTI0N ANIYS 14.0 ELEMENT SOLUT I0N ANFVS 14.0
STER=1 STEP=1

SUE =13 SUE =20

TIME=_ 120E-04 TIME=_190E-04
EPPLEQU  (WOAE) EPPLEQY  (HOAVG)
DeE: =.01057L DMK =.012685
s =1.ad123 3 =1.53614

Tk
S
:

= — — =
o . A03185 . 81837 1.22756 1.63674 a . 408031 .816061 1.22408 1.63212
. 204583 .613778 1.02z96 1.43215 1.84133 .204015 L612046 1.0z008 l.4z2811 1.83614
L$-DYNA user input LS-D¥NA user input
Pucynok 3 — ExsiBanenTHi mactuusi nedopmarnii EPPL Pucynok 4 — ExBiBanentHi mwiactudsi nedopmarii EPPL
4 —4
mit=0.12-10"¢ mist=0.19-10"¢
Buewm soLvsow JR—
—
i
TIME=.350E-04 FOSTES BNEYS 14.0
EFFLEQV (NOAGG)
DR = 021327 & BB UEL
GO0 =l.5261%
=2z0
-400
-0
"
E 560
B: ~E40
4
8 -t
o
p
= -E00
-&50
-960
=104
11t (x10%2-5)
— == = ; : 5 = 7 HE
1] .408031 .816061 1.2z2409 1.63212 \ ¥
. 204015 612046 1.02008 1.42811 1.83614 E T At AT L]
LS-DVNA user input Time, 3
Pucynok 5 — ExsiBanentsi mactudHi nedopmarii EPPL Pucynok 6 — IlIBuakicTs Ky, M/C

mst=0.35-10"¢
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POSTES ENSYE 12.0
KINE ENE
200
05
&
5
5
=]
g
u
4
I
o
g
k]
0
s [ali®%-5]
0 1 i 2 4 5
5 1s :5 1.5 4.5
Time[sac]
Pucynok 7 — Kinetnuna enepris xyii, Jx

STEP=L
SUB =93
TIME=.920E-04
EFPLEQV  [NOAWE)
TEED = 018351
st =L.97053

2,

KR O A

Tiuiue
S

it Pt
oS, -
L

— S
(i .393452 . 786904 1.18036 1.57381
.198726 .590178 .88383 1.37708 1.77053

L3-DYNA user input

Pucynok 9 — ExsiBanenTHi miactuyHi aepopmanii EPPL
mmst=0.92-10"¢

POSTZE ANBVE 1a.0

KIFE ENE

Kinetic Energy [j]

[xL0%%-g)

o W& N 3 B3 B =

1
FOSTIE BNSTE 12.0
INTH ENE
20

B

;

3

a

&

5

o

A

E

3

g

i

[xLi**-5]
o 1 2 2 4 5
.5 1.5 .5 2.5 4.5
Time[sac]
Pucynok 8 — BHyTpiuiss enepris miactunu, Jx

&
POSTEE ANZYE 14.0
& RE UEL

-1oa

-E0n

-z0n

~400

~500

-600

=700

-&00

Z-Pigid Body WVelocity [mis]

-300

-Lnng [xli®®-g)
o T I 3 o6 b 1
1 3 B3 7 3
TIME
Pucynox 10 — lIBuaxicts Ky, M/c
1
POSTZE ANEYS 14.0
INTH ENE
£50
2
E
2
i
I}
%
i
[
g
H
&
I
&
[xl0®*-4)
n 5 5 % £ B 1
1 2 5 : )
TIME

Pucynok 11 — Kinernuna eneprist kyii, Jx

[IpoBeneno cepito po3paxyHKIB AJisi BU3HAYEHHS Oa-
JICTUYHOT MEXI1 ISl PO3TISIHYTUX MilleHi 1 Kyii. Busise-
HO, 1o npu mwBuakocti 1000 m/c ruracTuHa He MpoOuBa-
erbesi. Lle y3romkyerbcs 3 pe3ysbTaToM, HaBEICHUM B
[18]. Ha puc. 9-12 HaBeneni pe3ynbTaTd, MO BigIOBiga-
I0Th IIBUAKOCTI KyIi, siKa JOPIBHIOE OaJiCTUYHIA Mexi
(1000 m/c).

Pucynok 12 — BayTpimas eneprist miactunu, i

IopiBHSAHHA 3 eKCMEePUMEHTAJIHLHUMH JaHUMH.
3HavyeHHs 3IMIIKOBOT MIBUAKOCTI Kyi (ITicist mpoOuBaH-
Hst) B MOMeHT dacy 3.19 - 107 ¢ (puc. 6) mopiBHIOETECS 3
EKCIICpUMCHTAIEHUM 3HaueHHsM [ 18] B Ta0u. 5.

Mopeas kepamiku /[xoncoHa-XoamkBicTta. Mo-
JIeNb cTaHy Kepamiku J[»KoHcOHa-XOJIMKBiCTa € TEPIIO0
3a[PONIOHOBAHOIO MOJIEIUIIO I ONUCY BIATYKY KPHXKOTO

Bicnux HTY «XIII». 2016. Ne 46 (1218)

29



Jlunamixa i MiyHicmo mMauiun

ISSN 2078-9130

MaTepiary Ha Benmuki nedopmartii. [leprma Bepcis mozneni
JH-1 [6] HEe momyckae pO3BHTKY MOUIKOKYBAHOCTI MaTe-
piany. MiuHICTh MaTepiay MpeacTaBiIsEThCs JeKIbKOMa
JIHIMHAMYA TUISTHKAMH, BiAMOBIIHUMH NEBHUM DPEKHMaM
THCKYy 1 TOIIKOMKyBaHOCTi. IcHye Takox Johnson-
Holmquist-Beissel moxens (JHB). Ils Moaens aHanmorivyHa
momem JH-1, oOuIBI MarOTh TUCKPETHY MOJEb YIIKO-
JokeHHst. Jlpyra Bepcist mopneni J[xoHcoHa-XoJIMKBICTa,
BimoMa sk JH-2, mojae MilHICTh i TOIIKO/PKYBaHICTh Ma-
Tepiany K QyHKLIT TesIKUX 3MIHHHX 1, 110 OB BAXIIH-
BO, BPaxoOBy€ 3MiHY HOIIKOJDKYyBaHOCTI marepiamy. Mo-
nenb JH-2 Takok BKIIFOWa€ HOPMYBAaHHS MIITHOCTI Tapa-
METpIB 3a IOTOMOTOi0 [ 'FOrOHIIBChKOI (AMHAMIYHOT) MeXi
MPY>KHOCTI AJIsl IIPSIMOTO TIOPIBHSIHHS Pi3HUX MaTepialiB.

Tabmuus 5 — [TopiBHSIHHS 3 EKCHEPUMEHTOM

ITouaTkoBa EXCICDHMCHTA Po3paxynkoBa
IIBUJIKICTD P | sanmmkosa oxubka
Ky (3 [18]) JIbHA SAIHIIIKOBA [IBUIKICTH (%)
e MIBAAKICTB (M/C) (w/c)
1115.9 545.90 546.95 0.19

[MomkomKkeHHs KepaMiKK TOYMHAEThCS B hopMmi J1pi-
OHMX TpIMIMH, SKI POCTYTh 1 3JIMBAIOTHCS, YTBOPIOIOYH
npobnenHs Matepiany [2]. OnHak, MOJCIIOBAHHS [TOYATKY
1 PO3BUTKY MOLIKO/DKEHHS HAa IbOMY PiBHI BU3HaHO 4HCe-
JIbHO HENpPaKTUYHUM 1 B Aeskid Mipi HermorpiouuMm. ITo-
IIKOJDKYBaHICTh B Mojelni JH-2 mogaeThest 3a TOIMOMOT 010
3MiHHOi cTaHy damage, BiIIOBITHOI CepemHBOI MOIIKO-
JUKYBAHOCTI B MeXax KOHKPETHOTO 00 €My Marepiary
CKiHYEHHOTO eleMeHTa. MIIHICTh MaTepialy i, OTxKe, Io-
HIKO/KYBaHICTh - O0OUIBI € (YHKIISIMU THCKY B JaHOMY
Micui Marepiany.

Y mopaeni JH-2 Mexa MIITHOCTI KepaMiKd B Ipoieci
ii pyliHyBaHHS 3MIHIOETBCS BiJl MEXI MIIJHOCTI HEYIIKO-
JDKCHOT0 MaTepiajay 10 MOBHICTIO 3pyHHOBAHOTO (HOAPio-
HEHOro) Marepianxy. Mexa MIlHOCTI KPUXKOTO Marepiairy
OIIUCYETHCS PIBHSAHHSIM:

G*ZO'S—D<GS—G;), 2)
ne D — nomkopkyBanicts (0 < D < 1), npu upomy
o =A(P'+T") (1+Cé") 3)

BU3HAYA€ MMOBEIIHKY HEYIIKO/PKEHOTO MaTepiaiy, a Mare-
piaJ, 110 pyiHy€eTbCs, OIUCYETHCS TaK:
* ol M ok
o; =B(P") (1+Cln& )< SFmax. (4)
B piBustansix (3), (4) 4,B,C,M, N — KOHCTaHTH Ma-
Tepiany, SFmax — MakCUMaibHa HOPMOBaHa MeXa MillHO-
. . . . - &
cTi 3pyiiHOBaHOI KepaMiku, & =-— — HOpPMOBAaHA IIBHI-
&o
KicTh Jnedopmarii, & — eleMeHTapHa MIBHIKICTH Aedop-
Marii 3a OJWUH KPOK OOYHCIEHBb, & =1 ¢! — eTanonna
mBHIKICTE AedopMarii. Bepxnili iHmekc «*» o3Hadae
0e3po3MipHYy, = HOpPMOBaHy  BEIMYHMHY.  BemnunHa
P =P/Pu — Ge3po3mipuuil TUCK, Ppg, — THCK, IpH
SKOMY MaTepiajg NepexXoJuTh 3 MPYXKHOIO B IPY>KHO-
IUIACTUYHUMA cTaH nicist yaapy (puc. 13), HEL — I'toroHi-
iBchbKa Meka IPYKHOCTI (MeXa INpPYKHOCTI Ha yAapHii
azmiabari MaTepiany).
* .
Bennuuna 7" =T/Puz — 6e3po3MipHE MakCHMallb-

HE HaNpy>KCHHS BCEOIYHOTO PO3TATHEHHS, SKE MOXKE BH-
TpUMAaTH Matepian 6e3 pyiiHyBaHHS. & , Oy, Oy HOpMa-
JIi30BaHl EKBIBAJIEHTHOIO HArpyrowo Ha [IOroHITBChKid
MeXi IPY>KHOCTI, HAIPUKIAN: & =0/0ppL .

Meska MilIHOCTI 3pyitHOBaHOi Kepamiku o (4) 06-
MEXEHa 3BepXy BenuunHow SFmax =g-HEL, ne g —
KOHCTaHTa.

Xoua mozmens JH-2 BpaxoBye edekTH MIBUAKOCTI
nedopmarii, i eeKkTH qpyTropsAaHi B MOPIBHIHHI 3 edek-
TaMH TUCKy. Lle momiueHO B eKclieprmMeHTax i BimoOpa-
J)KEHO B THIIOBHMX 3HA4yeHHSX KOHCTaHT A,B,C,M,N wmo-
nexmi JH-2.

Ha ocHoBi npupoineHs motounoi aedopmariii i gyacy
MOJKHA OOYMCIIUTH CyMapHy aedopMalliro i motouny ede-
KTUBHY IUBUJAKICTH Aedopmanii. J[ns Bu3HaYeHHS mOTOY-
HOTO MPHPOLICHHs IacTH4Hol nedopmanii Ae” moxe
OyTH BHKOpHCTaHa (32 METOJOM pPaJiajbHOTO ITOBEPHEH-
Hs) IOTOYHA Meka MinHocTi (2). [TomkomkyBaHIiCTh BH-
3HAYA€THCS AK BIJHOCHA HAKOMMYEHA IUIACTHYHA Jedop-
Marris

D=3 Ae’[el, (5)
ne Ae” — eneMeHTapHa IiacTh4Ha aedopmariist (IpupicT
IWIACTHYHOI JedopMmalii 32 OMH KPOK OOYHCIIEHD), £ —
YMOBHa T'paHWYHA IUIACTUYHA JedopMallis pyHHyBaHHS
npy noctidHoMy THcKy P. Ilpu oOuncieHHi &7 BpaxoBy-

€TBCS Te€, 110, MO-TIEepIIE, /i HANPYT, 10 CTHCKAIOTh, IPH-
3BOJUTH JIO JESKOTO 3MIIHEHHS KPUXKUX MaTepialiB, i,
o-JpyTre, pyHHYBaHHS KPUXKHX MaTepialiB Moke BinOy-
BaTHUCS i JIi€I0 SIK HATPYT, IO PO3TATYIOTh, TaK 1 THX,
110 CTHUCKAIOTh :

* «\D2
g =D\(P +T7) ", (6)
TyT D;, D, — xoHcTanTu. Ilapamerp D KOHTPOIIOE MIBUA-
KiCTbh, IPU SIKii HAKOITMYYETHCS MOIIKODKYBAHICTh. SIKIIIO
e mapaMeTp IOpiBHIOE HYJIO, HMOBHE MOIIKOKEHHS
BiIOYBAETHCSA 32 OIMH KPOK 32 YaCOM, TOOTO MUTTEBO.
[Mpupict nomkopkyBaHocTi AD = Ag” / £ Bene 1o

HaOyxaHHs Marepiany, ToOTO 30ibIeHHsT 00'eMy Marepi-
ay, 110 PYWHY€EThCS, B MOPIBHSIHHI 3 HE3PYWHOBAHUM B
MoYaTKoBOMY cTaHi. OOMEXCHHs MaTepiany Bejae 10 JIo-
KaJbHOTO MIJBUIICHHS TUCKY. TUCK HAOyXaHHsI JIOPIBHIOE
HyJI0 B HezpedopMmoBaHoMy marepiani. st Henedopmo-
BaHOr0 MaTepially TiAPOCTATUYHUI THCK BU3HAYAETHCS SIK
szl,u+k2,uz+k3,u3 (7)

TIPU CTHCKAHHI 1
P=kK U (8)
IpH PO3TATYBaHHi, 1€ 1= p/po—1, py — IOYATKOBA U p

— (¢iHanpHa WIIBHICTH MaTepiany, ki, k,, k3 — KOHCTAHTH.

Konu no4mHaeThcs MOIIKODKEHHS, TUCK 301LIbIIY-
erbesi. Yactuna f, 0< f <1, npy»xHoi eHeprii 3MEHIIy€eThCs
1 IEpETBOPIOETHCS B T1APOCTATUYHY MTOTEHLIHHY €HEeprito,
110 TPUBOJIUTH 1O THCKY CTHCHEHHs. 3Hatoun HEL 1 g,
[y, MOXKHA 3HAHUTH 1TEpaTHBHO 3 (HOPMYIIH:

HEL = ki ptrer + ko /—1127’EL +k ,UIS-IEL +

+(4/3)g(,uHEL/(1 + HHEL ))
i, B MomanbImoMy, I HOPMYBaHHS BEJIHYHMH TiIpOCTATH-

)

30
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YHOTO THCKY 1 HAIIPyTH 3HAXOAATHCA
(10)
(11

P =k HMuEL + k> ,U[21£L + ks ,UI3~IEL ,
OHEL = IS(HEL _PHEL ) .

IIpoOurTsi MeTajokepamiuHoi muacTuHu. Ilapa-
METPUYHO MOJIETIOEThCS MPOHUKHEHHS KyJi B MIIIEHb 3
PI3HMM CITIBBiJJHOILICHHSM TOBIIMHHN KEpaMiKM i cTanu 3a
nmoriomororo ANSYS/LS-DYNA. s nochmimkeHHs 00-
pani kepamiuna (AIN) mracThHa 3 METaJIEBOIO IiJIOXK-
KOO 3i cTami i crameBa Kyis BigmoBigao 1o [21]. Tlpen-
craBieHi B [21] pe3ympTaTé TOTIM TOPIBHIOIOTECS 3
OTpMMaHUMH B JaHii poOOTi.

[ToOynoBano nBoBuMipHY ocecumerpudny CE mo-
nenb Jlarpamka. Ecki3 Kyiii, KepaMi4HOTO i METaleBOrO
mapiB nokazaHuii Ha puc. 14. BuxopucrtoByerbes 2D-
OCECUMETPUYHUI KBAJAPAaTUYHHUNA €JIEMEHT 3 YOTUPMA BY3-
JaMu 3 y — Biccto cuMerpii. CKiHUEHH] eleMeHTH Ky i
KepaMmivyHoro 670Ky MaroTh po3mip 0.5%0.5 MM, a s Me-
TasieBoro Marepiaiy posmip eixemenra 0.5 mmx0.2 mm. CE
MOJIETIb BUKOPHCTOBY€ pealibHi TPAHUYHI YMOBH CHCTEMH

|
|
3 \
=
S
=
h
\ .
Mpyano- ]
i YHICTD ™~ ™.
priet | TIACTITMHICTE ____:\HEL
\\
[pyacHicTs ™
P —

25 Vi
TTuronmit 06'en (V)

Pucynok 13 — Vapna agiabaTta MaTepiary

mig 9ac mpoOuTTa. HynpoBi 3HaYCHHS 3a4al0THCS IS Tie-
peMileHp B HapsAMKY z 1 00epTaHb B X- 1 y-HANPSAMKY UL
BCIX €JeMEHTIB, a Kpai KepaMiuHHX 1 METaJeBHX IIapiB
¢ikcyroThes. 3aHa€ThCS MOYATKOBA IIBUIKICTD.

Jna xepaMiqHOTO MaTepiary BUKOPUCTOBYETHCS MO-
Jenb Kpuxkoro pyhHyBanHs JH-2. Ilapamerpu kepamiu-
Horo (AIN) matepiany HaBeneHi B Ta0I. 6.

[[lo0 oxapakTepu3yBaTd IUIACTUYHY MOBEAIHKY Ma-
Tepially Py BUCOKOMY THCKY, BIIaCTHBOMY BHCOKO JIMHA-
MIYHUM TIpOIecaM, BHKOPHCTOBYETHCS CITiBBIIHOLIEHHS
MIiX TiIPOCTATUYHUM THUCKOM, JIOKAJIbHOI NIUTBHICTIO (200
MMUTOMUM 00'€MOM) 1 MICIIEBOIO ITUTOMOIO E€HEprieio. Y
JaHii poOOTi I OMHCY MOBEAIHKHA CTAJIEBOTO IMApy Mi-
meHi (puc. 14) BUKOPUCTOBYETHCS PIBHSHHS CTaHy Mi-
I'pronaiizena (Mie-Gruneisen EOS). bazoBa kpuBa mmst
piBHsHHA cTany Mi-I'pronaiizena (tabn. 7) U1 TBEpOuX
MatepianmiB - amgiabata I'toronso. Kpim Toro mms ommcy
HOBE/IIHKM CTaJIeBOI MiJJIOKKH BHUKOPHUCTOBYETHCS PiB-
usHas  [Ihxoncona-Kyka (Johnson-Cook), 1mo BpaxoBye
e(eKTH 3MIIHCHHS, MBUAKOCTI Aedopmallii Ta TeMiepa-
TYpY B MeXaHi4yHil moBeniHmi (Tab:m. 8).

Kepamiyna rnacTumHa

2¢cM

CraseBa IUTacTHHA

-

i

Pucynok 14 — I'eomerpudaHa Mozels Ky i
METaJIOKEPaMiYHO] IIIACTHHH

o

4

Sem

Tabmuws 6 — [Tapamerpu kepamiku (AIN) s moaemni JH-2

Density Elastic Constants | Damage Constants Equation of State
p (kg/m®) | G(GPa) | K(GPa) D1 D2 K1{GPa) | K2(GP) | K3(GPa) B
3226 127 201 0.02 1.85 201 260 0 1.0
Strength Constants
HEL | om | Pem R .
(GPa) (GPa) | (GPa) T T A B C N M | o*fimax
9.0 6.0 5.0 0.32 0.064 |[085|031| 0013 |029 021 | N/A

Tabmuns 7 — [Tapametpu cTami miacTHHY Ui piBHAHEA Mi-I proHaiizeHa

C S1 [S2 [S3

GAMAO | A |EO [ VO

045692 1149 { 0 [ O

2.17 046 |1 0 |10

Ta6muus 8 — [Tapamerpu crani miactiunu st piBasaHs xorcona-Kyka (JC)

Density p(g/cm’) | Shear modulus G(100GPa) D5 | C2/P
7.80 0.77 0 0
A B N C M | TM | TR | EPSO
0.00792 | 0.0051 0.26 0.014 1.03 | 1793 | 294 | 1.0E-6
CPp PC SPALL T DI | D2 | D3 D4
4.77E-6 -9 3.0 0 3.0 0 0 0
Tabnus 9 — BiaactuBocTi craii Ky
Density | Elastic modulus | Poisson ratio | Yield stress | Tangent modulus | Beta
| p(g/em’) E(GPa) v o3(GPa) o(GP2a) B
7.65 200 0.29 1.6 80 1.0
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NODAL SOLUT 10N

TIME=_400E-05
# EXF2NDED
EFFLEQY  (&UEY
oYX = 004

MY = 854183

a

. 189818
.094903
L5-DYNA user input

T4
.B54133

HODAL SLUT 10W

AN

TIME=_400E-05
#EXPANDED
SEQW [AUE]
oo =004
ZMX = 94EE+10

0 _210E+10
108E+10

L3-D¥NA uszer input

_4E0E+10
SZEE+10

BBOETL0
_T2SE+L0

_B41E+10

_21SE+10 _9aEE+10

Pucynok 15 — ExBiBanentHi ruactuysi gedopmarnii EPPL
mst=04-10"¢

Pucynok 16 — ExBiBanentHi Hanpyru o Misecy Seqv, [1a
s t=04-10"¢

WODAL ZOLUT 10N

AN

TIME=.700E-05
/EXP2NDED
EFFLEQY  [&V6)
DX =.008395
S =1.£3017

i}

£ 37337 274674 l.12011 1.43348
. 186685 < 560055 25 1.3068

1.68017
L3-D¥N& uger input

NODAL SOLUTION

AN

TIME=_700E-05
/EXF RHDED

SEOV [&UFE)
X = 008395
SMX = 847E+10

2TEE+10
.Z8ZE+10

o _1ssE+ln
.9a1E+0y

L3-D¥NA user input

JSBSE+10
LE59E+10

_TSEE+10

_aT0E+10 LB4TE+10

Pucynok 17 — ExBiBanenTHi miactuyi gedopmanii EPPL
mt=0.7-10"¢

Pucynok 18 — ExsiBanentHi Hanpyru o Misecy Seqv, ITa
mt=0.7-10"¢

FODAL 3OLUT I0H AN

TIME=.110E-04
/EXF SKDED
EPPLEQY  ([AUG)
X =_00976
S =3.1624%

I
] L702763 1.40553 z.10829 2.81108
. 351381 1.05414 1.75691 2.45967

3.16243
L3-DYNA user input

FODAL SOLUTION AN

TIME=.110E-04
/EXPAFDED

SEQi [EH
DIx =.00976
SME =.121E+11

0 LZBIE+10
_125E+10

L3-DVNA user imput

_523E+10

_B0TE+10 SL0SE+11
_404E+10 JET3E+10 L94E+10 J1Z1E+11

Pucynoxk 19 — ExsiBanenTHi miactuyi gedopmanii EPPL
mt=0.11-10"¢

Jns craneBoi Kyji HiIXOAWTH MOJENIOBaHHA ii Ma-
Tepiayly SIK i30TPOIHOTrO IUIACTHYHOTO MaTepialy 3 KiHe-
MaTHYHUM 3MIIJHEHHSM 1 MOJJIMBICTIO BKJIIOYECHHS e(ek-
TiB MBUIKOCTI (Ta0I. 9).

B LS-DYNA mnepepaxoBaHi BHIIE MaTepiaau i pis-
HSHHS CTaHy € BOYZIOBaHUMH:
*Mat_Johnson Holmquist Ceramics (nmapamerpu Bifmo-

Pucynok 20 — ExiBanenTHi Hanpyru o Mizecy Seqv, Ila
mwt=0.11-10"¢

BIZHO

TadI. 6), *Mat_Johnson Cook (Tabm. 7),
*EOS_Gruneisen  (tabm. 8), *Mat Plastic_Kinematic
(tabmn. 9).

Pesynbrati po3paxyHKy NpoOMBaHHS MeETaloKepa-
MigHOI tracTiuHA. Ha puc. 15-22 mpencraBieHo ekBiBae-
HTHI IDIacTU4HI AedopMariii Ta eKBiBaJeHTHI HANIPYTH MO
Mizecy aisl pi3HUX MOMEHTIB 4Yacy MPOHUKHEHHs KyJi
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HODAL SOLUTI0N

TIME=.320E-04
/ EXP SHDED
EPPLEQY  [3UE)
DX =.0z04sz
S =E.13601

—
2.74934 4.1z401 5.43868
3.43667 4.81134

a 1.37487
. 687335 2.062

5.18601
L§-DYNA user input

AN

HODAL SOLUTI0N

TIME=.330E-04
/EXP SHDED

SEQW [
DX =.0z0492
SEEC =, S0ZE+10

o C112E+10
_E5EE+09

_ZEIE+10 C335E+10
1ETE+10 _279E+10 _291E+10

~447E+10
_E0ZE+10

L§-DYNA user input

Pucynok 21 — ExBiBanentHi ractuysi gedopmarnii EPPL
s £=0.33-10" ¢

POST26 aNSYS 14.0

velocity
1040.

g 00 \\
704
2 N
£ e \\
5
8 e
)
>
152
366 ™.
28 ™.
200 (x10**-5)
0 1.08 2.18 3.24 2.3z 5.2
54 1.62 2.7 3.78 4.86
Time, s

Pucynok 23 — [lIBuaxicTs Ky, M/C

Cnucoxk Jirepartypu:

1. MexaHnuka paspylicHHs M IPOYHOCTH MATEPHANIOB:
CnpasouHoe nocobue: B 4 1. / [lox pen. B.B. Ilanacioka. — K.
HaykoBa mymka. T. 1: 1988. — 488 c.; T. 2: 1988. — 620 c.; T. 3:
1988. - 436 c.; T. 4: 1990. — 680 c.

2. Meyers M.A. Dynamic Behavior of Materials / M.A.
Meyers. — John Willey & Sons Inc., Canada, 1994.

3. Johnson G.R. A computational constitutive model for
brittle materials subjected to large strains, high strain rates and
high pressures / G.R. Johnson, T.J. Holmquist // Shock-wave and
High-strain Rate Phenomena in Materials. — New York, 1992. —
P. 1075-1081.

4. Ravid M. Penetration analysis of ceramic armor with
composite material backing / M. Ravid, S.R. Bodner,
LS. Chochron |/ Proceedings of the Nineteenth International
Symposium on Ballistics. — Interlaken, SwitzerLand, 2001.

5. IloBeneHne KepaMUUYECKONH OpOHH TpPU YIapHOM BO3-
JedicrBuu  mynb.  Pexum  pmocrymmy: http://materialy-
bronirovaniya.ru/keramicheskaya-bronya/povedenie-
keramicheskoi-broni-udarnom-vozdeistvii-pul.

6. Cronin S. Implementation and Validation of the John-
son-Holmquist Ceramic Material Model in LS-Dyna / S. Cronin,
K. Bui, C. Kaufmann, C. McIntosh, T. Berstat // 4th European
LS-Dyna Users Conference, Waterloo 2008.

7. Wilkins M.L. Mechanics of penetration and perforation /
M.L. Wilkins // Int J Eng Sci. — 1978. — Ne 16. — P. 793-807.

8. Florence A. L. Interaction of projectiles and composite
armour, Part 11 / A. L. Florence // Standford Research Institute

Pucynok 22 — ExsiBanentHi Harpyru o Misecy Seqv, ITa
s t=0.33-10"¢

4yepe3 MeTallokepamiuHy MilieHb. Puc. 23 nokasye 3miHy
LIBUJKOCTI NPU MPOHHMKHEHHI KyJi B METallOKepaMiuHy
MimeHb. OTpUMaHi pe3yJbTaTu JTOCUTh J00pe 30iratoTh-
cs 3 HaBeJleHUMHU B [21].

BucHoBkH. B po6o0Ti 10CIiIKYIOTCSI TPOHUKAIOYI
yIapHu 1o MeTaJleBUM Ta METaJOKepaMiuHUM IUIaCTHHAM
3a noroMoroto CE mapameTpnyHOro MOJENIOBaHHS B
ANSYS/LS-DYNA. Orpumani pesynbratd 1nodpe 30i-
TalOThCsA 3 OIMyOTIKOBAaHUMH EKCIIePHUMEHTAIBHIMHA 1
PO3paxyHKOBUMHU JaHUMH. BHKOpHCTaHI METOIMKH IO-
3BOJISIFOTH PO3PaxOBYBAaTH KOHKPETHI, IO MArOTh IPakK-
TUYHUH THTEpEC, MOJIETI eIEeMEHTIB OpOHE3aXHUCTy.

Menlo Park California AMMRC-CR-69-15 August 1969.

9. Woodward R. L. A basis for modelling ceramic compos-
ite armour defeat / R. L. Woodward // Material research labora-
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10. Den Reijer P.C. Impact on ceramic faced armour. /
P.C. Den Reijer // Ph.D. thesis Delft Univ Tech Delft, The Neth-
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JI.B. TABIHCbKHH
MATHITOIIPYKHE JJE®@OPMYBAHHSI TLIA I3 TIOPOXKHUHOIO

Posrmspaerses 3a1aua MarHiTONpy>KHOTO Ae(OpMyBaHHS Tila HECKIHIEHHNX PO3MIpIB i3 HOPOKHUHOIO 332 PaXyHOK MarHITOCTPHUKIIIT,
SIKE 3HAXOJUTHCS y CTALliOHAPHOMY OJHOPIZHOMY MarHiTHOMY moJi. HaBeneHa MaTteMariyHa OCTaHOBKA 3a1a4i. B sikocTi uncenbHO-
r'o METOJy 00paHO METOJ CKIHYEeHHX eneMeHTiB. OfepiKaHi pe3ysbTaTH, OA0 PO3MOALTYy TEH30PHUX KOMIIOHEHT, SKi OIHCYIOTh IIPO-
nec nedopmyBanas. [TOpiBHAHHS YHCEIBHUX PE3YJIbTATIB B OKOJI TIOPOKHUHH 13 Pe3yJIbTaTaMH aHATITHYHOTO PO3B’A3KY, TO3BOJIMIN
3pOOUTH BHCHOBOK ITPO MOJKIIHBICTh 3aCTOCYBAaHHSI METOJY CKIHYCHHX €JIEMEHTIB Ul aHalli3y MarHiTONnpyKHOro ne)opMyBaHHS Til
i3 HEOJHOPITHICTIO CTPYKTYPH.

Ku11040Bi cj10Ba: eneKTpoOMarHiTHe 1moJie, MarHiTONpy KHe Ae(hOpMyBaHHS, MarHITOCTPHUKIIIS, METOJ CKIHUCHUX EJIEMEHTIB.

PaccmarpuBaeTcst 3a1aya MarHUTOYIIPYTOro JeopMupoBaHus Telaa OECKOHETHBIX PA3MEPOB C TOJOCTHIO 38 CYET MAaTHUTOCTPHUKITHH,
KOTOPOE HAaXOANTCS B CTAIIOHAPHOM OJHOPOIHOM MarHuTHOM mosne. [IpeacTaBnena MatemMaTHdeckas IIOCTAHOBKA 3a4a4n. B xagect-
BE€ YHCIEHHOTO METO/a BBHIOpPAaH METOJ KOHEYHBIX HJIEMEHTOB. [loydeHbl pe3yiabTaThl, MLTIOCTPUPYIOIINE PacIpeeieHne TeH30p-
HBIX KOMIIOHEHT Tporecca nedopmupoBannsi. CpaBHEHHE YUCICHHBIX PE3yIbTaTOB B OKPECTHOCTH IOJIOCTH C Pe3yJIbTaTaMH aHaJIH-
TUYECKOTO PELICHUs, TO3BOJIMIM CJIeIaTh BBIBOJ O BOSMOYKHOCTH UCIIOJIb30BAHUS METOJIa KOHEUHBIX JIEMEHTOB JUIs aHAJIM3a MarHu-
TOYNpPYroro neGopMUPOBAHNS TEJl C HEOJHOPOAHOCTEIO CTPYKTYPBL.

KiroueBble cj10Ba: 31€KTPOMarHUTHOE MOJIE, MATHUTOYNPYroe Ae(pOpMUPOBAHUE, MATHUTOCTPHUKIHMS, METO KOHEUHBIX 3JIe-
MEHTOB.

We consider the problem of magneto-clastic deformation of an infinite size body with the cavity due to magnetostriction. A ferro-
magnetic body is placed in a stationary homogeneous magnetic field. Mathematical formulation of the problem is presented. The
finite element method was chosen as the numerical method for the analysis of the distribution of the vector component of the electro-
magnetic field and the tensor component of the deformation process. The results, which illustrate the distribution of the tensor com-
ponent of the forming process, were obtained. Comparison of the numerical results in the vicinity of the cavity with the results of
analytical solutions allowed us to conclude about the possibility of using the finite element method for the analysis of magneto-elastic

deformation of bodies with heterogeneity of structure.

Keywords: electromagnetic field, magneto-elastic deformation, magnetostriction, finite element method.

Beryn. EnexktpomarnitHe mome (EMII) e He-
BiJI’€MHOIO YMOBOIO poOOTH Il O€3IIidi eIeMEeHTIB KOHC-
TpyKIii 1 mMamuH. BucokoinrencusHi EMII npusBoasth
JI0 BUHUKHEHHsI 3HAYHHMX DIBHIB €HEPril B CIEKTPOIPOBi-
JHHUX TiJIax, 110 MOXXE€ NPU3BOJUTH A0 iX pYyWHYBaHHS.
Jauuii dakt poOUTh HEOOXiTHUM CTBOPEHHS METOIIB
BU3HAYCHHS HampyxeHo-aedopmosanoro crany (HJIC)
CJIEKTPOIPOBIAHUX TUT JJIs TIOJAJIBIINOT OLIHKHK iX mparie-
3IATHOCTI.

[Ipobnemu BpaxyBaHHs 3B’SI3aHUX IOJIB MMOCTAIOTh
NpU PO3B’sI3aHHI 3a/1a4 Y paMKax: TEopii 11" €30eIeKTPHKH
(’e30MarHeTH3Ma i I’ €30HAMIBIPOBIIHOCTI) TiMT 3aBISKA
HIUPOKOMY BHUKOPHUCTAHHIO EIEKTPOMEXaHIYHHUX MEPETBO-
proBauiB eHeprii; Teopil MarHiTONpyXHOCTI, fKa TOCIHi-
JUKy€ MEXaHIYHy TOBEIiHKY (30KpeMa, CTIHKICTh Ta Mill-
HICTB) €JIEKTPOIPOBIAHOTO TiJIa B CHIBHOMY MarHiTHOMY
T0JIi; Teopii NOMIMPEHHS XBWIb B 1e()OPMOBAHOMY Tili 3
ypaxyBaHHIM 3B’3Ky MK MEXaHIYHAMHU 1 €JICKTPOMArHi-
THUMH TOJISIMU ([U1s1 TPo0OJIeM Teodi3nKy 1 celicMoorii).

B EMIT Ha enekTponpoBigHe TijI0 MOXKe MOJe-
JIFOBATUCH 3a JIOIOMOTOI0 BBEACHHS EIEKTPOMArHITHHX
CHJI Ta MOMEHTIB. PiBHI cHJI, SIKi BUKIMKAIOTHCSA «MarHiT-
Horo» cknanoBoro EMII € mabarato BHIIMMU HIK Ti, SIK1
BUKJIMKAIOTBCS «EJICKTPUYHOIO» CKIa[0BOW. Tomy, st
3aj1a4, B IKUX TOJIOBHOIO METOIO € OLIHIOBAHHS KOHCTPYK-
TUBHOT MILIHOCTI OCHOBOIO MOXKE CIIY)KHTH TEOpisl MarHi-
TONpyXKHOCTI. Takok MarHitonpyxHe aehopMyBaHHs
MOXE CIIOCTEPIraTucCh y BUIAIKy MAarHITOCTPHKLII, KOJIH
(hepomarHiTHI Tina 1eOPMYIOTHCS, 3HAXOASTYNUCH y Mar-
HITHOMY TOJI.

OcHOBH Teopii MarHiTONPYXHOCTI 3 ypaxyBaHHSIM
edexTiB 3B’ s3anocTi EMII 1 MexaHIYHHX TIONIB HAmpy-
KEHb 1 edopmaliiii B pyXoMOMy eJIeKTPOIPOBIJHOMY Tiji
(y 3araspHOMY BHIIaJKy TiJIO € MOJSIPU30BAHHUM 1 TaKUM,
1[0 HAMArHiuyeThes), Oynu 3aknajaeHi B poborax Kxomo-
¢doda i Yangsika [1,2]. BoHu posrisiany nomupeHHs mpy-
JKHUX XBHJIb 3 ypaxyBaHHSIM MarHiTHoro noss 3emui. Bin-
3HAYMMO, IO ICHYIOUM AHAJITHYHI Ta HAaIiBaHATITHYHI
METOAM pO3B’SI3aHHS 3a/1a4 Ae(OpPMYyBaHHS €IEKTPOIpO-
BimHUX T 3a HasBHOCTI EMII noOpe po3poOieHi e
JUISL T KaHOHIYHOT opmu. BoHM MOXYTH BUKOPHCTOBY-
BaTHUCH MIPH aHAJI31 peaslbHUX KOHCTPYKIIiH JIHIIe SK OIli-
HOuHi. TakoX CIiJ BiA3HAYUTH, IO JTUIIE Y MATIHA KiJIBKO-
CTi JIITepaTypHUX JUKEPel PO3IIIsAaloThCsl MUTAHHS CTBO-
PEHHSI METOJIIB aHali3y abo OI[iHIOBaHHS KOHCTPYKIiIHOT
MinHocTi Tin migpaHux BiumBy EMIL. Takum udnHOM,
CTBOPCHHS €(EKTMBHUX METOMIB aHali3y MPYIKHO-
IUIACTUYHOTO Ae()OPMYBaHHs €JEeKTPOIPOBIHUX CKJIaJie-
HHX TiJ1 3 METOIO TOJANBIIOrO OLIHIOBaHHS IXHHOT KOHC-
TPYKLIHHOI MIIHOCTI € aKTyaJbHOI0 HayKOBO-TIPAKTHY-
HOO TIPO0OJIEMOIO.

Oxpemuii Kinac 3a1au po3msiaae n1eopMyBaHHS He-
onmHopimaux Tin migmanux aii EMII. HeogHopimHicTh MO-
e OyTH OOyMOBIIEHAa SK HAsBHICTIO BKpaIUIeHb DPi3HHUX
MaTepialiB TaK i MOPOKHUHAMH, SKi 3aTIOBHEHI TOBITPSIM.
VY GaratboxX BUNAAKax MOPOKHUHH y Marepiali MaroThb
MicCIIe IPU PO3MIBAAL 130JALIHHUX KOHCTPYKLIH, SKi € BaX-
JMBOIO CKJIaJ0BOI0 YaCTHHOIO PI3HOMAHITHHX CTPYyMOII-
poBiHUX 00’ekTiB. BoueBHab, HEOAHOPINHICTE CTPYKTY-
pH Tijla TPU3BOAMTH O HEOTHOPIMHOCTI PO3MOILTY KOM-
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MOHEHT, IO ONHCYIOTh Hpolec AepOpPMYBaHHSI, B CBOIO
4epry Ie BUKIMKAE TEBHI TPYIHOLII TPH pPO3B’SI3aHHI.
TakuMm 4rHOM, AKIIO AT aHAJi3y AehopMyBaHHS 3aCTO-
COBYIOTBCSI YHCENIbHI METOAW, BOHU IIOBHHHI aJeKBAaTHO
ONHCYBATH PI3HOMAaHITHI HEOIXHOPIAHOCTI CTPYKTYpH Tina.

NARRRRP=RRRRANN

NARARRESRARRANR

Pucynok 1 — Po3paxynkoBa cxema
JUISL aHATITHIHOTO PO3B’SI3aHHS

IlocTanoBka 3agauvi. [loBHa MaTemaTuMyHa MOCTa-
HOBKa 3a/1a4yi MPYKHO-IUIACTUIHOTO Jae(OPMYBaHHS Til
mig miero EMIT namana y po6otax [3,4], TaM ke po3riis-
JAIOTHCSI TUTAHHS CTBOPCHHSA €(DEKTHBHOTO YHCEIHLHOTO
Metony Ha ocHoBi MCE musa anamizy moamiGHOTO Aedop-
MyBaHHSL.

VY naniif poOOTi PO3TIITHEMO MAarHITONPYXKHE Iedo-
PMyBaHHSI HECKIHYEHHOTO Tijia 13 CEepUYHOI0 MOPOIKHH-
HOIO, K€ 3HAXOIUTHCA y CTAllIOHAPHOMY OJTHOPITHOMY
MarHitTHoMy nodi (puc.1), To0To AehopMyBaHHS yIaHOMY
BUIAJIKY € HACJIJKOM SBHUINA MAarHiTOCTpHKINi. MaTema-
TUYHY TIOCT@HOBKY 3aJ1a4i Ta aHAJITUYHHHA PO3B’I30K Ha-
JIaHo y po0oTi [5]. YV 11boMy BUNAaKy BEKTOPHI KOMIIOHE-
HTH EMII Ta TEH30pHI KOMIIOHEHTH, IO OMKCYIOTHh IPO-
nec nedOopMyBaHHs IMiJJIaHI HACTYITHUM CITiBBiTHOIICH-
HAM:

(1

M 1
oy =wo(l+x)H;H; _EHOSinka-

ne H,B,H® ,B°— BeKTOpH HaIpPyXEHOCTi MArHiTHOIO
OJIST T4 MATHITHOI iHAYKIIi Yy MaTepiaii Tija Ta y BaKyy-
Mi; |y — MarHiTHa TPOHUKHICTh BaKyyMy, ) — MapaMeTp

HaMaFHi‘IyBaHHH; (&) Gg./l — KOMIIOHCHTH TGHSOpiB Ha-

ij?
NpYXeHb Ta HaTATHEHb MakcBena; §; — cumBoa Kponeke-
pa; i,j,k=1..3. Lli CHiBBiIHOWmICHHS JIOMOBHIOIOTHCS
TPAaHUYHUMH YMOBaMHU:
. — — . — w.

B,=0;Hg=Hy,=0; B =B"; @
. M. Mo M

Gy +0, =0, C9+0,9=0; ©,4+0,,=0;
TyT B” — 3HaueHHs MarHiTHOI iHAYKIi HA 3HAYHOMY Bij-
JTAJICHHI BiJl TOPOKHUHK. P03B’s30K mocTaBieHoi 3anadi
Ma€ BUTJIA;

—C(5-v)3c0s20 +1)+2D; +

3D(3c0s20 +1) ;
2

r 3)
C(3(1-2v)cos26 + (3-2v))-2D, —
Goo = 3 3D(7cosZG + 1) >
23 |-
2r

1
(e} = —
TS+

co sxrg(Bw)z L Su+6 |
3+ (7-5v) 20x+3) )
e D:_Xrg(B“’)z AL
3up(t+xf L 4(2x+3)

D 2xr05(B°°)z [1 5% +6 j
- 2 - 2 P
po(+7P(7=5v)\ 202 +3)
PosrnsHeMo gucenpHUI pO3B’SA30K Mi€l 3amadi, s
4Oro, MO-TIepIIe, 3aCTOCYEMO BEKTOPHHI MAarHITHHH ITO-

TeHIian A, Ta OIEP>KUMO HACTYITHI CHIBBIIHOIICHHS IS
komnioneHT EMII:

E’z@x;l;ﬁx(ﬁx;l)zo. @)
P03B’530K BiJIIyKy€EMO 3 YMOBH:
OF =08U + oW =0, 5)

ne U — eneprist npyxHoro nedopmyBanHsi, W — eHepris
EMII. Bupasu nis enepriii HaBeneHi, Hanpukian, y [3].
3BoAMMO 33jady JI0 BiCECHMETPHYHOI PpO3paxyHKOBOI
cxemu — puc. 2. Ha BijyanieHHi Bil TOPOKHUHU 33Ja€MO
TpaHUYHI YMOBH JUIA BiOIOBITHUX KOMIIOHEHT BEKTOPHO-
ro MarHiTHOTO MOTEHINady Ta IepeMilieHb. B skocti Oa-
30BOTO OOMPAaEMO BiCECHMETPUYHHN YOTHPHOXBY3JIOBHI
ckinuenuii enement (CE) i3 OinmiHiliHOIO ampoKCHMAIli€to
MepeMillleHb Ta KOMIIOHEHT BEKTOPHOTO MAarHiTHOTO TO-
TEHINiay, MOMAIOHI €JIeMEHTH 3PYYHO BHUKOPHUCTOBYBATU
JUTS PO3paxXyHKY Ta aHalli3y 3B’sA3aHOrO JehOopMyBaHHS 3a
ymoB aii EMIT [6-8]

Z A=B,
TLIO
A= H,=B
u
TOBITPS
| v "
A-B,

Pucynoxk 2 — Po3paxyHkoBa cxeMa JIJIsl YUCEILHOI0 PO3B’ I3aHHS
y paxy p

AHaniz pe3yabTartiB. Po3paxyHku pOBOJIWINCH

Ul HAaCTYNHUX JIaHMX: po =4m- 1077 [}12], v=0,294;
A
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x=1219; B* =1(Tn), E=2-10""(la). 3 wmeTol0 BCTaHOB-
JICHHS aJIeKBaTHUX PO3MIpiB MOJielli, 3a SIKMX BOHA MOTIJIa
0 BBa)KaTHUCh HECKIHUEHHUM TiJIOM, BapiIOBAINCH PO3IMIpH
TiJla BiHOCHO 70 pajiyca MOPOXHUHH Fj, MMOYATKOBHN
BEPTUKAJIBHUI po3Mip (y310BXK KOOpAMHATH z) OOMpaBcs
piBHUM 5 ry, pamianbHuii po3mip — 3 7. Byno nposeneno
Cepil0 PO3pPaXyHKIB, Y SKUX IMOCIIJOBHO 30UIBITYBAIHCH
po3MipH Tina Ha 7y. Y BUIAIKy, KOJIU BEPTUKATBHUAN PO3-
Mip JOCSTHYB BEIWYHHU 15 1y, a pamianbHAN NOpIBHIOBaB
9 7y, MaKCHMaJbHA BiIMIHHICTH PE3YJIbTATIB y MOPiBHAHHI
i3 momepeAHIiM PO3paxyHKOM He mepeBuimyBana 3 %, mo
pO3IIBIANOCh K MPUHHATHHN pe3ynsTar. llopiBHIoBa-
JMCh 3HAYEHHS KOMIIOHEHT BEKTOPHOTO MAarHiTHOTO IIO-
TeHIiany (MakcHUMajabHa PO30KHICTH CIIOCTEpiranach B
TOYKAX HAOJIMKEHUX J0 TPAHUII MTOPOKHUHH).

[Ticns mporo BapitoBanuck po3mipu CE muisxom 36i-
JBIIEHHS 1X KUTBKOCTI (BiI3HAYMMO, IO PO3OMBKa POOH-
Jlach HEpPIBHOMIPHOIO — 01l TOPOKHUHHU DPO3IIIAIAIOCh
srymierHss CE). ITodatkoBa po3omBka mictmina 1700 CE,
pu APYToMy po3paxyHKy Kinbkicte CE Oymo 30iibmeHo
o 3600, npu TperroMy — 5200. MakcumanbpHa BigMiH-
HICTB Pe3yJbTaTiB APYTOro po3paxyHKy MOPIBHSIHO i3 Imme-
pmmM He nepeBumIyBana 8 % (MakcuManbHa po30iXKHICTH
crioctepiraiachk O TpaHUIl MOPOXKHUHM, Ha BiIIalICHHI
BiJl IOPOKHUHU PO3ODKHICTH CTaBaJla HECYTTEBOIO), MaK-
CHMaJIbHa BiJMIHHICTh TPETHOI'O PO3PaxXyHKY IOPIBHSHO
i3 apyruMm He mepeBuilyBana 1,5 % (xapakTtep JOKariii
pO30ODKHOCTEH He BiAPI3HABCSA BiJ MNEPIIOrO BHIAIKY).
Jns mojanbmoro aHaiisy aedopMyBaHHS PO3IIISAABCS
JIpYTHi BapiaHT pO30UBKH.

Jani po3risHeMo IesKi pe3yinbTaTH, SKi LTFOCTPYIOTh
PO3IOAIT KOMIIOHEHT TEH30py HANpyXeHb OUTS TOPOXK-
HuHA. Ha puc. 3 HaBemeHO pO3MOIIN OpYKHHUX Harpy-
KEHb Y3[OBX TpaHumi mnopoxHuHU. CymigpHa IiHIA —
aHATITHYHUN PO3B’s30K (BimmoBigHO A0 [5]), moTwuHa
ninis — po3s’si3ok MCE. HaseneHi pesynbraTé CBin4aTh
po 100pe Y3ro/KeHHsI pe3yJNbTaTiB, OJEp)KaHuX JBOMa
pi3HuMU criocobamyu (MakcUMaibHa po30DKHICTD He Tepe-
Buiye 10 %). Takox Bin3HauMMO, 10 HaWOIBIII (32 MO-
JIyJIeM) 3Ha4€HHS OKPYXXHUX Halpy)X€Hb CIOCTEpiraroTh-
Cs1 y BEpXHIH Ta HIXKHIN TOUKaX MOPOKHUHHU.

G HIM:

-4000

-6000

-8000
0 w2 n/4 3n/4 0

PucyHok 3 — Po3mofiin OKpy»XHHX HalpysKeHb
10 TPaHHMI{ TOPOKHUHU

Ha puc.4 HaBeneHO pO3IONT pamiadbHHUX HArpy-

JKeHb Y3TOBXK palialbHOT KOOPIMHATH, POIIOYHNHAIOYH 13
TpaHUIll MOPOKHUHH Y TIHOUHY Tina (mi rpadiku moOymo-
BaHi st 3Ha4eHHs KyTa 0 = 0; 7). MakcumainbHi 3Ha4eH-
HSl pajJiaJIbHUX HaIpy>KeHb CIIOCTEPIraloThesi OLIs TpaHu-
i TOPOXXKHHWHH, TYT € JIOKANI3yeThCS 1 MaKCHMalbHa
po30ixkHicTh (He OinmbIma 3a 12 %) MOMiK aHATITHIHUM
(cymimpHa JIiHIA) TA YHCENPHUM  (JOTHYHA  JIiHIS)
pO3B’sI3KaMH, Ha BiIIalieHHI BiJ MMOPOXKHUHHU 3HAYCHHS
panianbHUX HalpyXeHb IParHyTh 00 HYJIA.

o, Hiv
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f ‘\

1000 AN
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]
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=2000 Lo
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Pucynok 4 — Po3nozin panialbHUX Hanpy>KeHb
y paianbHOMY HampsiMi

TakuM YMHOM, MOXXHA BiJ3HAYWUTH, L0 Y JAHOMY
BUIMAJIKY HaAiOUIbIII BENWYMHH KOMIIOHEHT TEH30pY Ha-
MIPY’KEHb CIOCTEPIraloThCsl OEe3MOCepeHb0 OISl TOPOXK-
HUHH, Ha BiJJaJIeHH] BiJl HOPO>KHUHU BOHM 3HAYHO 3MEH-
LIYIOTHCS Ta IParHyTh A0 HYJIS.

BucaoBkn. Y po0oTi pO3IrIIsTHYyTE MarHITONpPY>KHE
neopMyBaHHS Tila i3 TOPOKHUHOIO, SIKE€ 3HAXOAUTHCS Y
CTaI[lOHAPHOMY OJTHOPIHOMY MarHiTHomy moi. I3 3acto-
cyBanHssM MCE ozepiaHi pe3ynbTaTu po3noilTy KOMIIO-
HEHT TEH30py HaIpYXXEHb, SIKi MMOPIBHSHO 13 ICHYIOUUMH
QHAITHYHIMH PO3B’sA3KaMU. 3a pe3ysIbTaTaMH OPIBHSH-
HSl MO’KHa 3pOOWTH BHCHOBOK IIPO MOXIIMBICTH 3aCTOCY-
BaHHS 3alpONOHOBAHOTO METONY IO aHamzy aedopmy-
BaHHS TUT i3 HEOMHOPIAHOCTIMH CTPYKTYpU TiIl Mi€l0
EMII.
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A. 0. IOBCBKA

VJIOCKOHAJIEHHSA 3AXO/IIB IIOJ10 HAJIMHOCTI 3AKPIIJIEHHA HECYUYUX KOHCTPYKIIA
KY30BIB BAT'OHIB HA 3AJII3HUYHUX ITOPOMAX

B crarTi MpOBOAUTHCS TOCIIPKEHHS JHHAMIKH Ky30Ba BaroHa 3 ypaxyBaHHSM 3aXOJiB LI0JI0 YAOCKOHAJICHHS foro Hecy4oi KOHCTPY-
KIil 171t 3a0e3redeH s HaJiifHOCTI 3aKpIIUIeHHs Ha 3ai3HUYHOMY MopoMi. Po3po0iieHo MateMaTH4Hy MOJEb KOJNMBAaHb Ky30Ba Ba-
rOHA JUIsl BU3HAUYCHHS AMHAMIYHHX HABaHTa)XCHb, 10 JIFOTh HA HHOTO IPU MEPEBE3CHHI 3ai3HUYHHM [OPOMOM B YMOBaX MOPCHKOI
XUTaBULL.

OtpuMaHi pe3yJIbTaTé J03BOJTH 3a0€3MeUNTH MILHICTh HECYYHX KOHCTPYKIIiH Ky30BiB BaroHiB Mpu NepeBe3eHHI 3ali3HUYHH-
MH HOPOMaMH B MDKHAPOJHOMY CIIOJIY4CHHI.

KurouoBi ci10oBa: Baros, InHaMika BaroHa, HABaHTaXXECHHS KOHCTPYKIi, 3aJ1i3HUYHO-BOAHUI TPaHCIIOPT, 3aJIi3HUYHO-TIOPOMHI
HEePEBE3CHHS.

B craTthe mpoBOANTCS HCCNIEIOBaHNE JUHAMUKH Ky30Ba BaroHa C y4eTOM MEPONPUSTHI 0 yCOBEPIICHCTBOBAHHIO €T0 HECYIIEil KOH-
CTPYKIMHU [UIsl oOecredeHusT HaJJeHOCTH 3aKpEIUIeHNsT Ha JKeJIe3HOTOPOXKHOM IapoMme. Pa3paboTaHo MaTeMaTHYECKyl0 MOJEIb KO-
neGaHui Ky30Ba BaroHa JUIS ONpeJeleHHs AMHAMHIECKHX Harpy3oK, KOTOpbIE JEHCTBYIOT HA HETO IPH IEPEBO3KE JKENIE3HOJ0POXK-
HBIM [IAPOMOM B YCJIOBHSIX MOPCKO KauKu.

[NonyueHHBIE pe3ybTaThl MO3BOJST 00ECHEYUTh MPOYHOCTh HECYIINX KOHCTPYKIHUH Ky30BOB BaroHOB IPH MEPEBO3KE IKENe3-
HOJOPOXKHBIMU TTAPOMaMHU B MEXK{YHAPOJAHOM COOOLIEHHH.

KnrodeBble cioBa: BaroH, AMHaMHKa BaroHa, Harpy>kKeHUe KOHCTPYKIIMH, JKEIE3HOJOPOKHO-BOIAHBIN TPAHCIIOPT, JKEIE3HOI0-
PO’KHO-TITAPOMHEIE TTIEPEBO3KN.

The article analyzes standard wagon fixation schemes on the desks of train ferries and deals with main reasons of wagon body dam-
ages during sea transportation regarding the existing fixation technologies. It proposes measures aimed at higher reliability of fixation
of wagons on desks of train ferries by adopting their structure to interaction with chain binders. Besides it proposes introduction of
viscous connection between the wagon body and the train ferry desk. A mathematical model for investigation into wagon body accel-
erations in the new fixation scheme on the desk has been developed. Angular displacements of the body relative to the cross axis (roll)
as an example of oscillation process mostly influencing its loading and stability relative to the desk have been considered. It has been
established that according to the accepted engineering solutions the accelerations influencing the wagon body in heavy sea nearly
50% lower than those influencing it in a standard fixation scheme.

The results obtained make it possible to provide stability of supporting structures of the wagon body during sea transportation,
and also increase the efficiency of international rail-sea transportation.
Key words: wagon, the dynamic’s of wagon, loading of construction, railway-ferry transport, railway-ferry boat transportation.

Beryn. IIpornec inTerpauii Ykpainu B cucremy Mix-
HapOJHMX TPAHCHOPTHHX KOPUAOPIB 3yMOBIIOE IE€PCIEK-
THUBH 11 y4JacTi y IepeBe3eHHSX €BPONEHChKUX KpaiH. s
Hi/IBUIEHHS. 00’€MIB IEpEeBE3eHb BAHTAXIB 4epe3 TepH-
TOpito YKpaiHu, K 3B’S3YI0UOTO JIAHITIOTa MK KpaiHaMu
€pporrn Ta A3il, gicTanu NOMHPEHHI KOMOIHOBaHI
TpaHCHOpTHI cucteMu. OnHIE0 3 HAHOLIBIIT TEPCIEKTHB-
HUX CEpell TAKMX CHCTEM € 3aIi3HHYHO-TIOPOMHI IepeBe-
3€HHSI, SIKI YCHIIIHO (YHKIIOHYIOTh Ha TepUTOpii YKpaiHu
e 3 XX cropiudsl.

IMocTaHoBKa MpodaeMu y 3araTbHOMY BHIJISAII Ta
ii 3B'130K i3 Ba;KIMBUMH HAYKOBHMH Ta MPAKTHYHHMHU
3aBAAHHSAMH. 3 METOI0 3a0e3ledyeHHs CTIMKOCTI BaroHa
BiTHOCHO manxyou 3amizHu4Horo mnopomy (3I1) 3miiicHro-
€TBCSl HOTO 3aKpIIJICHHs 32 JJOIIOMOT'0I0 KOMIUIEKCY Oara-
TOOOEepTOBUX 3aco0iB 3akpiruieHHs [1]. BaxmuBo 3a3Ha-
YUTH, IO BHACIIJIOK BiICYTHOCTI TEXHIYHOI MPHUCTOCOBA-
HOCTI HEeCy40i KOHCTPYKIIii Ky30Ba BaroHa /0 B3a€EMOIIT 3
3aco0aMu 3aKpilUIEHHs HOTO BIAHOCHO MailyOH BOHO 3ii-
CHIOETBCS 3a €NIEMEHTH KOHCTPYKINI, AKi HE MpHU3HAYeH]
Juisl 11bOT0. 1le 3yMOBITIOE MOMIKOKEHHsI KOHCTPYKIIHHUX
€JIEMEHTIB Ky30Ba BaroHa, OCKiIbKM BOHH HeE ITpHU3HAueHI
JJIsA CHpMﬁHHTTﬂ HiZ[Bl/ILlIeHl/IX HaBaHTa>XXCHb, K1 nepeBu-

UIYIOTh Ti, 10 IFOTh HA BArOHHU IIPH SKCIUTyaTallil Bi{HO-
CHO MariCcTpajJbHUAX KOJIii.

AHali3 ocTaHHiX JAocaiKeHb i myOJikamii.
OcTaHHIM YacoM Uil 3aKpiIUIEHHS BaroHiB BiJHOCHO ITa-
ay6 3I1 iX Ky30BHM TOYaaM OCHAIIYBaTH CIEIiaJbHUMU
KOHCTPYKLIHHAMH €JIeMEHTaMH JJIs B3a€EMOJII 3 rakaMu
JAHOIOTOBHX CTOKOK (puc. 1). Hampuxian, Baronun mo0Oy-
noeu I[TAT «KBB3» (M. Kpemernuyk).

Jist mociiJpkeHHsT MIIHOCTI KOHCTPYKIIHHUX elie-
MEHTIB Ky30BiB JJIsl 3aKpiIUIEHHS BiJIHOCHO Mainy0 B yMo-
BaX MOPCHKOI XHTaBHLi MOOYI0BaHi X MPOCTOPOBI MoJie-
JIi Ta MPOBEACHUIN PO3PaXyHOK, SKUW TO3BOJHMB 3POOHTH
BHCHOBOK, III0 HalpY)XKEHHS B €JIEMEHTax B3a€MOjii Baro-
HIiB 3 OaraToo0epToBMMH 3aco0aMM 3aKpilUIEHHS NP Ky-
ToBuX mnepemimenHsx 31 HaBKosO MOB3MOBXKHBOI OCi
(kpeH), SK BHMAAKy HAHOLIBIIO] HABaHTA)KEHOCTI Ky30Ba
BaroHa, IEPeBHIIYIOTh AOIYyCTHMI, TOMYy TaKe TEXHOJOTi-
YHE 3aKPIIUICHHS HE € HamiiHuM [2].

Jnist 3a0e3nieuenHs Oe3neku pyxy BaroHiB Ha 311 mo-
peM B yMOBax HOro XBHWJIIOBaHHS Ha Kadenapi BaroHiB
YxpAY3T po3pobienuii By30a HeCy4doi KOHCTPYKIIi Ky-
30BIiB BaroHiB /I B3aeMoJii 3 3acobamu 3axpiruienns 311
(puc. 2).

© A. O. Jlosceka, 2016

Bicnux HTY «XI1l». 2016. Ne 46 (1218)

39



Jlunamixa i miynicmo mMawiun

ISSN 2078-9130

a

7

Pucynok 1 — Bysnu juist 3aKpillyICHHS aKiB JIAHI[FOTOBHUX CTSDKOK Ha BaroHax:
a — Ha HamiBBaroHi; 6 — Ha MacaKUPCbKOMY BaroHi

a
Pucynok 2 — Po3milieHHst By3JTiB AJIs 3aKpIiIUICHHsI BaroHiB BiIHOCHO Maiay0 Ha IIBOPHEBHX OalikaX HaIliBBaroHiB:
a — BHJ cuepeny; 6 — BUA 300Ky

‘f KY30B BaroHa

JJaHOKT0BA CTILKKA

Pucynok 3 — IIpocTopoBe po3MillIeHHS JAHIFOTOBOI CTSDKKH
BIZTHOCHO Ky30Ba BaroHy. «, f3,y — KyTH pO3MIILCHHS JaHIIOTO-
BOI CTSDKKM BiZTHOCHO IIIOLIMH Ky30Ba BaroHy

Hocnimkernas HJIC Hecy4oi KOHCTPYKINI Ky30BY
HaIliBBaroHy 3 ypaxyBaHHSM 3aKpiIlJIeHHs HOTrO BiJTHOCHO
nairy6u 3I1 3a po3pobieHi By3mn JO3BOJIHIO 3pOOUTH BH-
CHOBOK, III0 MIITHICTh HOTO 3a0e3meduyeThes. 3amporoHO-
BaHI 3aX0/IH, 100 YJOCKOHAJICHHS] HECY40l KOHCTPYKIIT
Ky30BiB HamiBBaroHiB mpu mnepeBeseHHi 3[1 B ymoBax
MOPCBKOT XHMTaBHIII J03BOJIATH 3a0€3MEYUTH iX MIIHICTD
Ta MiABUILUTH OE3MeKy pyXy KOMOIHOBaHOTO TPAHCIIOPTY
[3].

BaxnuBo 3a3HaumMTH, IO MPU XKOPCTKIM cxemi 3a-
KpIIUIEHHS Ky30Ba BaroHa BiJHOCHO HallyOH (BiICYTHICTh
BJIACHUX TIEPEMIIICHb) BiH MOBTOPIOE TPAEKTOPIIO Tepe-
Mimmens 311 npu KoIMBaHHSX, a JIAHLIOIOBa CTSDKKA PO3-
[ISIAETHCS SIK JKOPCTKUN CTPHXKEHB, M0 3 €HYE Ky30B
Barosa 3 naiyooro 311 (puc. 3).

Mera crarri. YIOCKOHAJIEHHS 3aX0IiB 11010 HaIil-
HOCTI 3aKpIIJICHHS] HECYYHX KOHCTPYKIIii Ky30BiB BaroHiB
Ha 3[L

BuksageHHsi 0CHOBHOI0 MaTtepiaay crarri. 3 Mme-
TOI0 TOM’SKIICHHs il HaBaHTaXeHb BiJ| JIAHIIOTOBHUX
CTSDKOK Ha Ky30B BaroHa IIPOIIOHY€EThCS 3/IMCHIOBATH HE
JKOPCTKHIA 3B'SI30K MK HUMH, a B’SI3KHH, ITOCEPEITHUIIT-
BOM BCTAaHOBIICHHSI JeMI(epy, K KOHCTPYKIIHHOTO BY3-
Ja 3aKpimieHHs BaroHa abo B camiil cTspkmi. [Ipu mpomy
KOeQiIieHT B’S3KOTO OMNOPY €IEMEHTY MiX Ky30BOM Ta
nany0o MOBUHEH OyTH MifiOpaHuil TAKUM YHHOM, 100
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BiH MOYMHAB MNPAIIOBATH MPH HABAHTAXKEHHI HA CTSDKKY,
SIKE TIEPEBUIIYE 3YCHIUTA ii HATSKIHHS.

o cxnany By3iia BXOOUTb KOPILYC HMYKHBOI YacTH-
HH, 110 BKJIOYAE HANPsAMHY raka 1 (puc. 4), sika MOBHICTIO
BiZIoOpaXkae TEOMETPiI0 KOHTYPY 3a4elUICHHsI raka JiaH-
LIOrOBOT CTSDKKM Ta NMPH3HAYeHy Uil B3aeMonii Horo 3
BY3JIOM 3aKpiIUICHHS, pajJiajbHUIl NPUIMB 2, MpH3HAYeE-
HUH JUUIsE 3MEHIIEHHsI KOHLEHTpALil HaBaHTa)XeHb B 30HI
B33a€EMOJIIi By3Jla 3 OIOPHOIO YAacTHUHOIO, LMIHIPUYHY
yacTUHa 3, sika 3a0e3ledye 4YiTKy B3a€MOJIIO raxa 3 By3-

8

JIOM, a TaKOX KOPIyC BEPXHbOI YaCTUHH, SIKMH CKJaaa-
€TbCA 3 TPUIMATHYHOI YaCTHHHA 4, TPU3HAYCHOI IS
00’eiHaHHA po0OOYOT YaCTUHU By3Ja 3 JOMOMIXKHOIO, JIO
CKJIa[ly SIKOTO BXOAUTbH TEXHOJOTi4He HocuieHHs 5. Ono-
pHI yacTUHM 6 By3Ja NMpH3HAYEH] JUIs 3aKpIIUICHHST HOTO
Ha IIBOPHEBi Oaili Barona. J{Jis miIBUIICHHS KOPCTKOC-
Ti IBOPHEBOI OaJIKM B 30HaX PO3MIILLEHHS BY3JIiB BCTaHO-
BIIIOIOTHCS MIACHIIOI0YI JiadyparMu, IO CKIAJAIOThCS 3
MIJICHIIOIYMX HAKIAMOK 7 Ta 3’€IHYBaIbHOT HAKIaaKH 8.

A (3011b1IEHO)

Puc. 4 — Y ockoHaneHHsS HeCy4oi KOHCTPYKIii Ky30Ba BaroHa Juis 3a0e3MeueHHs HaJifHOCTI H0ro 3aKpiIIeHHs BiTHOCHO HaxyOu:
a — By30II JUIsl 3aKpiIUIEHHS Ky30Ba BaroHa; 6 — pO3MIIleHHs MiACIIIOI0UHX diadparM y NepeTHHi IIBOPHEBOI OAJIKH; 6 — 3aKPIIICHHS
Ky30Ba HalliBBaroHa BiqHocHo namry6u 311
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Jis BU3HAYCHHS TPUCKOPEHb, SKi OyAyTh HisTH Ha
Ky30B BaroHa 3 ypaxyBaHHSM 3alpPONOHOBAHUX TEXHIYHUX
pillieHb NOOY/I0BaHO MaTeMaTHYHYy MOAENb KoiuBaHb 3I1
3 Ky30BaM{ BaroHiB B yMOBaX KyTOBHX IepeMillleHb Ha-
BKOJIO TOB3/I0BXKHBOT oci. [Ipu 1poMy mepiie piBHSHHS
cucrteMu xapakrepusye nepemimenss 31 nmpu kyToBomy
MEepeMIIIeHH] BiJIHOCHO MOB30BXHBOI OCi, a APyre — Ky-
30Ba BaroHa BiJIHOCHO MayOu.

b (B> +4-22)-G+ A, Blg-
12-g 2
h B - M
=p-—+A, - — F(),
p ) 0y (®)
.. 6 . hy
Ik-q+/>’-3q=pk-7, (2)

e ¢ =6 — y3arajpHeHa KOOpJHMHATa, [0 BIAMOBIJAE Ky-
TOBOMY TI€PEMIILIEHHIO HaBKOJIO MOB3JIOBXKHBOI oci X.
[Toyarok cucTeMH KOOpAMHAT PO3MILEHUI B LEHTPI Mac
3[1; D — Barose BomosuricHenHs 3[1, kH; B — mupuna
311, m; h — Bucora 6opra 311, Mm; Ay — kKoedillieHT onopy

komuBannsm 31, kH-c-M™'; z,— KoopamHaTa LEHTPY

H\HH\HHWHHH ITATTAr
QAL AN

0 i, c

&, mic?

-04

a

Baru 31, M; p' — BiTpoBe HaBaHTakeHH:, KH; F(f) — 3aKkoH
nii 3ycmra, sike 30yproe pyx 3II 3 Ky3oBamMH BaroHis,
po3MillleHMMH Ha Horo nany6ax; [, — MOMeHT iHepuii He-
Cy4ol KOHCTPYKIII Ky30Ba BaroHa BIJIHOCHO ITOB3JIOBXK-
HBOT OCi, T * M*; # — KOS(IIlieHT B’I3KOTO OTOPY €IEMEHTY,
kH-c-M'; 6 — mmpuHa Ky30Ba HamiBBaroHa, M; p, —
BITpOBE HAaBaHTAXKCHHA Ha OOKOBY CTiHY Ky30Ba BaroHy,
kH; A — BucoTa OOKOBO{ CTiHH Ky30Ba BaroHy, M

VYaapHa nist MOpChbKHX XBHIb Ha Kopryc 3I1 3 Baro-
HaMH, pO3MIIlIEHUMH Ha HOro OOPTY HE BpaxoByBajacs.

Just po3p’sizaHHsl ITUQEpEHIiaIbHUX PIBHSIHb PyXY
(1, 2) cxiazgeHo mHporpaMy pO3paxyHKY B CEPEIOBHII
nporpamHoro 3abesneuenns Mathcad [4], s yoro BoHH
3BOAMIIMCS 10 HOpMaibHOT popmu Kori, miciist woro iHTe-
rpyBanucs 3a MetogoM Pynre — Kytra.

Ha puc. 5 HaBeneHo rpadiyni 3a1eXHOCTI NPHCKO-
peHb, siki firoTe Ha 3I1 3 Ky30BaMu BaroHiB INpH KyTOBHX
MIEPEMIIICHHAX BiIHOCHO IOB3JOBXKHBOI oci. s mopiB-
HSUIBHOTO aHalli3y Ha PHC. 5, @) HaBEICHO IPUCKOPEHHS,
ski pitote Ha 31 mpu KypcoBOMY KyTi XBHII IO BIIHO-
IISHHIO 10 oro kopmycy y = 0°.

&, mic?

mmu\\\ U

Ry MUWUMWU'HUMNMNMI'wWN'wWW\HH\'\WH';WW;H |

0 i, c
6

0

-04

Pucynok 5 — Ipuckopents, siki aitoTh Ha 3I1 3 Ky30BaMU BaroHiB IpH KyTOBUX MMEPEMIIIEHHIX BiIHOCHO TIOB3IOBXHBOI OCi:
a —3I1; 6 — ky30B BaroHa

3 mpeACTaBIIeHUX 3aJIKHOCTEH MOXKHA 3POOUTH BH-
CHOBOK, II[0 NP BCTAaHOBJICHHI MK Ky30BOM BaroHa Ta
nany6oto 311 B’SI3K0ro 3B’S3Ky € MOXKJIMBUAM 3HHU3UTH Be-
JIMYMHU TPUCKOPEHbD, SIKI III0Th HA HECY4Yy KOHCTPYKIIIO
Ky3oBa Maibke Ha 50 %. BaxnuBo 3a3HauuTH, 11O MPHU
pOMy poOoua pimuHa, ska OyJae CTBOPIOBATH B’SI3KHUN
orip MK Ky30BOM Ta NaTy0OI0 MIOBUHHA MaTh KOe(illieHT
B’s13K0T0 Oomopy Bix 3,5 kH-c/m.

BucnoBkn. Ha mincraBi mpoBeneHMX IOCHTIIKEHB
MOXHa 3pOOUTH HACTYIHI BUCHOBKH:

1. 3anmporoHOBaHO 3aXO0AX MO0 HAMIMHOCTI 3aKpiI-
JICHHSI HECyYMX KOHCTPYKIiH Ky3oBiB BaroniB Ha 3II.
Po3paxyHOK NMpUCKOPEHb, sIKi AilOTh HAa HECY4y KOHCTpY-
KIII0 Ky30Ba BaroHy 3 ypaxyBaHHSIM HOBOi CXeMH 3aKpiIl-
JICHHS WOTO BiIHOCHO MAaxyOU JO3BOJIMB 3pOOUTH BHCHO-
BOK, II0 3 YPaxyBaHHSIM BBEICHHS B’S3KOTO 3B’S3KY MiXk
Ky30BOM Ta Maay0O0K CTAE MOJIMBHM 3HU3UTH BEIUYUHU
HpUcKopeHb Maitke Ha 50 %.

2. [IpoBexeHi OOCHIIKEHHS CIPHSITAMYTH IIiABH-
meHHI0 Oe3nmexu pyxy BaroHiB Ha 311 mopem, a Takox

posmmpenHio 1. 2.18 »Hopm mist pacdera U IpoeKTUPO-
BaHUsl BaroHoB xene3Hblx aopor MIIC konen 1520 mm
(HecaMOXOZHBIX)» [5], 3 ypaXxyBaHHSIM BHECEHHS YTOYHE-
HUX BEJIMYMH NPHUCKOPEHD, SIKI AiIOTh Ha Ky30Ba BaroHiB
nipu iepeBesenHi 311.
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B.I. MAPTUHEHKO, I'. 1. IbBOB

YUCEJbHA METOIUKA BUBHAYEHHSI AHI3BOTPOITHUX B’ SI3KOIPYKHUX BJACTHUBOCTEMR
OPTOI'OHAJIBHO APMOBAHOI'O KOMITIO3UIIIMHOT'O MATEPIAJTY

IpencTaBlieHO METOAUKY OTPUMAHHS B’S3KONPY)KHUX BJIACTHBOCTEH OPTOTOHAIILHO apMOBAHOTO KOMIIO3HMLIHHOTO Marepiany 3a Bi-
JOMUMH HPYXHUMH BJIACTHBOCTSIMU CKJISHUX BOJIOKOH Ta B’S3KOIPY)KHUMHU BJIACTHBOCTSIMU CIIOKCHHOTO HaIlOBHIOBada. MeTox
CKJIAJIA€ThCS Y Cepii YMCENBPHUX CKCIIEPUMEHTIB Ha OHOBICHE PO3TATYBaHHS Ta 3CYB MPEACTABHHUIBKOTO 00’€My KOMIIO3HUTY 3 MOfa-
JBLIMM OTPUMaHHSIM 3MIHHOI y Yaci MaTpulli XKOPCTKOCTI, 6e3p03MipHi KOMIOHEHTH SIKOi MOXKYTh OyTH MOpiBHSHI y 4aci. [Ipoanaii-
30BaHHI CTYIICHb aHI30TPOIII] B I3KONPYKHUX BIACTHBOCTEH KOMIIO3HUTY AJIs Pi3HUX BiIHOCHUX KOHILIEHTpAL[ill BOJIOKOH Ta OTpUMaHi
3MiHHI y 4aci TeXHiYHiI KOHCTAHTH MaTepiainy.

KirouoBi c10Ba: B’SI3KONPYKHICTH, OPTOTPOIIis, SIIPO pellakcalii, METOA CKIHYCHHHUX EJIEMEHTIB, MPEICTaBHULBKUI 00’eM
KOMIIO3UTY.

IpencraBieHa MeTOANKA MOTYyYCHHUS! BAKOYIPYTHUX CBOMCTB OPTOTOHAIBHO apMHPOBAHHOTO KOMIIO3HUIIMOHHOTO MaTepHana 10 H3-
BECTHBIM YIPYTUM CBOWCTBaM CTEKJITHHBIX BOJIOKOH U BSI3KOYNPYTHM CBONCTBaM SHOKCHIHOTO HAIIOJHUTEINS. METoJ[ COCTOUT B ce-
pHHU YHCJICHHBIX 3KCIEPHMEHTOB Ha OJJHOOCHOE PACTSHKEHHE M CIBHT IPEICTABHTEIBHOIO 00beMa KOMIIO3HTA C MOCIEIYIOIIM I10-
JIy4eHHEeM MapaMeTpoB siAep perakcalyy KomiosuTa. [IpoaHanu3upoBaHa CTENeHb aHU30TPOIHH BSI3KOYIPYTHX CBOWCTB KOMIIO3UTA
JUISL Pa3INYHBIX OTHOCHUTEIBHBIX KOHIIEHTPAIMI BOJIOKOH U ITOJy4eHbI IIePEMEHHbIE BO BpEMEHH TeXHHYECKHE KOHCTAaHThI MaTepua-
na.

KnrodeBble ci10Ba: BI3KOYNPYroCTb, OPTOTPOIHS, SIAPO PENAKCALMU, METO KOHEUHBIX 3JIEMEHTOB, IPEACTABUTENBHBIA 00beM
KOMITO3HUTA.

The paper presents a technique for obtaining the viscoelastic properties of an orthogonally reinforced composite material considering
an elastic properties of glass fibers and viscoelastic properties of epoxy matrix. The method consists in a series of experiments under
the representative volume of composite that results in a time-dependent stiffness matrix which can be rearranged to a relaxation tensor
of the composite material. Dimensionless comparison of the components of the stiffness matrix shows the different level of anisotropy
of viscoelastic properties of composite for different concentration ratio of fibers. It increases with an increasing concentration ratio of
fibers. The obtained results indicate that the standard way of an accounting of the viscoelasticity does not reflects them well enough

for the orthogonally reinforced composite material.

Keywords: viscoelasticity, orthotropy, relaxation kernel, finite-element method, composite representative volume.

Beryn. Kommnosumiiiai MaTepiany MIMpoKO BHKOPHC-
TOBYIOTBCS y PI3HHUX eJEeMEHTax KOHCTPYKIiH — BiX
KOMII'FOTEPHUX IUIAT A0 OOIIMBKYA KOCMIYHHX arapartiB —
3aBJSIKM HAOOpY BJIACTHBOCTEH, SIKI BUTIIHO BIIPI3HSAIOTH
X BiJ MeTajeBHX aHAJIOTIB, & CaMe: BUCOKIH ieIeKTpHY-
HI CIPOMOKHOCTI, KOPO3iMHINA CTIHKOCTI, MOEIHAHHIO
HU3bKOI CepeIHbOT MIITBHOCTI 3 BUCOKUMHU XapaKTEePUCTH-
kamu MirHOCTI [1]. Cepell KOMIO3HTIB CKIIOMJIACTUK Bijli-
rpae BaxJIMBY posb. [Ipuknamamu #oro 3acToCyBaHHS
CITy’KaTh €JIEMEHTH JIITaKiB, KOPIIYCH Cy/€H, JJONAaTKN BiT-
psiHOT TypOiHM, pEeMOHTHHI OaHIaX MaricTpajibHOTO TPY-
GompoBoxy, Tommo [2].

OriHKa HapyXeHO-1e(POPMOBAHOTO CTaHy CKIIOILIAC-
THKY € JTOBOJI CKJIAIHOIO IHKEHEPHOIO 3aa4ei0 BPaXOBYIO-
91 OPTOTPOIIIO HOTO HPYKHUX Ta B’S3KOMPYKHUX BIACTH-
Bocreii [3]. Jlnst boro 3acTOCOBYEThCS J1Ba MMiaxoau — ¢e-
HOMEHOJIOTuHMi Ta cTpykTypHuii [4]. [lepumii mossrae y
PO3IJISIAl JeTami 3 KOMIIO3UTY sK ofHOpifaHoi. [Ipu oMy
NPYXHI i B’S3KONpPY>KHI BJIAaCTHBOCTI € YCEpEIHEHUMH M
BU3HAYAIOTHCS 32 JJOIIOMOIOIO TIPOBE/ICHHS Cepii eKCrepH-
MEHTIB, 110 BUKJIMKA€ HEJOJIIKH IIHOTO METOIY — HEMOXKIIH-
BICTh y3araJbHEHHS HOro pe3ysbTaTiB Ha BECh KJac KOHC-
TPYKTHBHUX €JIEMEHTIB Ta, SIK Pe3yJIbTar, Oarato 3ycHib Ha
EKCTIEpIMEHT TIPH PO3pPaXyHKaX HOBOI KOHCTPYKIii. J{pyrwit
MIIXi BPaxoBye HEOAHOPIAHY CTPYKTYPY KOMITOZHITIHHOTO
Marepiaiy i pi3HHIO B TIPYKHUX 1 B’I3KOIPYKHUX BIACTH-
BOCTsIX Horo mapiB. Pazom 3 Beiukumu nependadyBaHUMH
MO>KJIMBOCTSAMHU IIbOTO METOZY BiH TaKOXX Ma€ HEIOJIKH, a

caMe CKJIAQIHICTh aHAJITHYHOI a00 YHMCEenbHOI MOEN, IO
OITNCy€e MEXaHIYHY TOBEIIHKY 00’€KTY 3 KOMITO3HIIIHOTO
Marepiany i, K pe3yJbTaT, HEMOXIIUBICTh HOTO 3aCTOCYBaH-
HS 70 3a7ad, II0 PO3TIBAAIOTH TyXKe CKIamaHI KOHCTPYKIIi
a0bo BpaxoByroTh Oarato edekrtiB. CuTyallisi yCKIaIHIOEThCS
HEOOXIHICTIO BpaxyBaHHSI B’S3KOIPYKHUX BJIACTHBOCTEH,
1110 MOXYTb OyTH 130TPOITHUMH Ta aHI30TPOITHUMH.

3 i€l ToukH 30py €PEKTUBHUM € IiXi, 1110 HOJISArae
y HOC[lHaHHi JBOX BHIIC3TragaHUX MeTO[liB. POSFJ'ISIZ[aCT])—
Csl cepisi eKCIepHMEHTIB Ha OJHOBICHE PO3TATYBaHHS Ta
3CyB MPEJICTaBHUILKOTO 00’ €My KOMIIO3ULIIHHOTO MaTepi-
ay, SIKUA CKJIATA€ThCS 3 MaTepialliB BOJIOKHA Ta MaTpPHII,
a Ioro BHTIIA Ta PO3MIPH 3aJeXKaTh Bill XapakTepy apMy-
BaHHS Komro3uty [5]. [Ticis nporo moxe OyTH oTpuMaHa
MaTpULs KOPCTKOCTI MaTepiaiy, 3 Hel — MaTpuns nojar-
JIMBOCTI Ta TeXHIUHI npykHi noctiiHi. Takuit miaxing a0
OTPUMAaHHSI MAaKpPOCKOIIIYHUX BJIACTHBOCTEH BOJIOKHUCTO-
ro KOMITO3MLIIfHOro MaTepiaidy OyB BUKOpPHCTaHWi B Oa-
ratbox poborax. 30kpema B poOOTi [6] ommcaHMiI METO[
00UHUCIIeHHS] ePEKTUBHHUX MPYKHUX XapaKTEPUCTUK KOM-
MO3HLIIHOr0 MaTepiany MpH pi3HOMY NPOLIEHTHOMY BMic-
Ti BOJIOKOH. B crarTi [7] aBTOpamm mpencraBieHa MeTO-
JIMKa OTPUMAaHHS TOMOTI'€HHHMX BJIACTUBOCTEH INepexigHol
MTOB3y4YOCTi, 3aCHOBYIOUHCh Ha AHAIOTIYHHX BIACTHBOC-
TSAX MATPHI Ta apMYyIOUnX eleMeHTiB. B [8] aBTropu cun-
Te3yBalld MAaKPOCKOIMIYHI MPYKHI BIACTHBOCTI KOMITO3H-
LiifHOro Marepially, 3aCHOBYIOUHCH Ha BIIACTHBOCTSIX HOTO
CKJIaJIOBHX Ha MOJIEKYJsIpHOMY piBHI. B crarti [9] mpen-

© B.T. Maprunenxo, I'. I. JIbBoB, 2016
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CTaBIICHUHA MIKPOCTPYKTYPHHUH aHAali3 TPUBHUMIPHOTO 3CY-
BY KOMIIO3UTY 3 BOJOKHAMH 3 okcuny tutady. B [10] mo-
CHIIPKYEThCST €(DEKTHBHI XapaKTePUCTHKHU Ta MiKpoMexa-
HIYHHUH BIATYK KOMIIO3UTHUX BOJIOKOH, IO TiJ/IaHi 3CyBY.

TakuM 4MHOM, ONIMCAHUM METOJ € MOIYJISIPHUM, I1e-
PCIIEKTHBHUM Ta 34aTHUM OYTH 3aCTOCOBAHUM /0 OLIIHKH
B’SI3KOIPY>KHHUX BJIACTUBOCTEIH KOMIIO3HTY.

Posrnsagy B’A3KONPYKHHUX BIIACTUBOCTEH KOMIIO3M-
LiifHOro Marepially NpUAIISETbcS AOCTaTHA yBara. Ha-
npukiag, B podorti [11] aBTop NMpoBOAWUTH KOMILIEKCHE
JOCTIKCHHST pellaKcallii HarmpyXeHb B KOMITO3HTI, IO
CKJIQIA€ThCS 3 BYTUIBHUX BOJIOKOH Ta €MOKCHIHOI'O HAaIo-
BHIOBaYa, BKJIIOYAIOYM EKCIIEPUMEHTAJIbHE 3HAXOKCHHS
TaKHX BaXIIMBUX MTOKA3HHKIB B’SI3KONPYKHHX BJIACTHBOC-
Teil, SK TeMIepaTypu CKIyBaHHS, KOe]illieHTIB psIiB
[Mponi, TemmepaTypHOi 3CYBHOI (YHKIII, JUHAMIYHUIA
BIATYK 3pa3kis, Toio. B [12] nponoHyeThest aHATITHYHUIA
METOJI PO3B’s3aHHI 3aJ1a4l aHI30TPOIHOI B’SI3KONPY>KHOCTI
MOCUJICHUX BOJIOKHAMH MarepiaiiB. Pobora [13] mpencra-
BJISIE pE3YJIbTaTH €KCHEPHUMEHTAILHOTO JOCIIIKEHHS 130-
TPOIHUX B’S3KONPYKHUX BJIACTUBOCTEH KOMITO3ULIHHOTO

a

3agaya po3B’si3yBaslach B IPOIPAMHOMY KOMIUIEKCI
cKiHueHHO-esleMeHTHOro aHaiisy ANSYS Mechanical
Student Products 17.2. Byma moOynoBaHa BHOpSAKOBaHA
CKiHYEHHO-EJIEMEHTHA MOJIENb Ta MepeBipeHa ii 301KHiCTh
JUIsl PI3HUX T€OMETPUYHHUX MapaMeTpiB BOJOKHA, LIO MO-
Kazano nmoxuoky meHie 1 % s BCix BUMAJIKIB.

[Ipy>xHI BIACTUBOCTI CKJISSHMX BOJIOKOH OTPHMaHi 3
[16]. Ixniit Mmogyms mpyxHOCTI E,=7.85" 10" ITa, a koe-
oinient IMyacona v,= 0.22. Koediuient ITyacona emokcu-
JHOT CMOJIM, IO BHCTYIA€ MAaTPHIEK CKJIOIUIACTHKY,
cknanae v, = 0.22. Ii B’a3konpysxHi BIacTMBOCTI omucaHi
B po0oTi [17] Ta npeacrasieHi B Tabnuili 1 yepe3 MHOXK-
HUKU E;, MOIYJb Ha HECKIHUCHHOCTI E,, Ta Yacu peliakca-
il 7, eKCIIOHeHIIATBHOTO psany [IpoHi 3 yrciaoMm dineHis S,
IO OMHCYE 3aJeKHE BiJ Yacy ¢ sSApO perakcallii Marepia-

ay:
E(t):Ew+ZS:EX exp(—t/7,). (1)

s=1

Matepiany. B [14] ommcaHuii yucenpHUA METOJ pO3B’s-
3aHHS TUIOCKOI 3aJadi aHi30TPOIHOI B’S3KOMPY>KHOCTI
BOJIOKHHCTOT'O KOMIIO3UTY 3 HaBEICHHSIM NPUKIAAIB HOro
3actocyBanHsi. B crarti [15] npexacraBieHa aHajgiTHYHA
METO/IMKa PO3B’sI3aHHS TUHAMIYHOI 3a/1a4i aHi30TPOMHOT
B’SI3KOTPY)KHOCTI TIOCKAX KOMIIO3HMIIIHUX TUTACTHH TPH
PO3TSTYIOUOMY HAaBaHTAKEHHI.

Hespaxkaroun Ha Ba)KJIMBICTh BpaxyBaHHs aHi30TPO-
[THUX B’SI3KOMPY)KHHUX BIACTUBOCTEH BOJIOKHHCTOTO KOM-
MO3UTY, TeMa OTPUMAaHHS iXHIX YHCEJbHUX 3HAYCHb € He-
JOCTaTHBO OCBiTIIeHO0. JlaHa poOora ommcye MeTon
OTPUMAHHS TaKHX BIACTUBOCTEH.

1 Meroauka aociimkeHHs. Po3rsimaeTecs CKIIO-
IUIACTHK 13 OPTOTOHAIBHOKO CXEMOK apMyBaHHS, Mpel-
CTaBHHIIbKUII 00’€M $KOro 3 BIJIHOCHHUMH poO3Mipamu
1x1x2 pasom i3 CHCTEMOI KOOpAMHAT T[OKa3aHi Ha
puc. 1, a. Bin inroctpye 00’eMHY MOAENb, 1O MiAroToBa-
Ha Uil OOYMOBH CKiHYCHHO-EIEMEHTHOT MOJENi, MOKa-
3aHo1 Ha puc. 1, 6.

6
Pucynok 1 — IIpencraBHULIBKHUI 00’ €M OPTOrOHAIBHO aPMOBAHOTO KOMITO3UTY:
a — TeOMETPUYHA MOJENb; O — CKIHUEHHO-EJIEMEHTHA MOJIEIb

Tabmuns 1 — B’s3konpy KHi BIACTHBOCTI MATPHII CKIOIUIACTHKY

Howmep na- Yac penakcarii. 7.. ¢ Mmuoxnuk E;,
pamerpy, s P s T 10° Ia
1 107 200
2 1073 800
3 102 1500
4 10T 1000
5 10° 1100
6 10" 2700
7 102 2900
8 10° 2500
9 10? 900
10 10° 950
11 10° 600
12 107 120
13 10° 180
14 10° 200
15 10" 250
E, 700
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@i3uuHI CHIBBITHOIIEHHS aHI30TPOITHOTO B’S3KO-
MpY>KHOTO Marepiany po3TJBIIANNACh Ui TOCTIHHUX 3a
gacoM Jedopmalliii 3 BUKOPUCTaHHSIM HoTallii Doiirra:

o, ()=).C;(0e; . )
J

[Ipu mpoBeneHHI YNCENBPHUX EKCIIEPUMEHTIB OTpPH-
MYIOTBCS 3aJIeXKHI BiJl 9acy KOe]ilieHTH MaTpHIl KOPCT-
kocTi [C](f) OpTOTPOIHOTO MaTepiany, SKHUM € CKIIOTIIac-
THK:

Cll C12 C13
sym C,, C, 0
sym sym Cy,
Cl®) = 3
[C1(®) c. 0 0 (€)
sym sym Cy 0
| sym sym  Cy |

OCKUTBKH PO3TIIAETECS OPTOTOHAIBHO apMOBaHUI
KOMIIO3UT, TO HampsiMKHU 1 Ta 2 Ha puc. 1, @ € eKBiBaJICHT-
HHUMH, LI0 103BOJISIE BPAXYBaTH HACTYIIHI CIIPOILCHHS:

Cp=C1y; Cy3 = C13; Cg = Css.

Jns BU3HAYCHHST KOMIIOHEHTIB MAaTPHIl )KOPCTKOCTI
3a/1aBajiCh CEpeNHi 3Ha4YeHHs BEKTOpy Aedopmamii <g>
Ta 3a pe3yJbTaTaMU EKCIIEPUMEHTY IHTErpyBaHHSIM BH-
3HAYAJIUCh CEPEIHI 3a MPEICTABHUILKAM 00’ eMOM V 3Ha-
YEeHHS BEKTOPY HAINpyXeHb <o>, ae i,j = 1...6:

(0.)=] caviv. @

Kommnonentu C; BU3Hauanuch JUIsl KOKHOTO MOMEH-

Ty 4acy 3a popMynamu:
o :<O'1>/<51>; Gy, :<‘72>/<51>;
C,= <0'3>/<51>; Cy, = <03>/<53>;
Cyu= <0'4>/<54>; Cys = <0'5>/<55 >
B Tabn. 2 HaBeneHiI eKCIIEPUMEHTH, IO HEOOXiTHI
JUI BU3HAYCHHS BCiX KOCQII[IEHTIB MaTPHIli KOPCTKOCTI
CKJIOIUIACTHKY, SIKi OmHcaHi NeOpMOBaHIUM CTaHOM, Xa-
pakTepHUM I HUX. B Tabn. 3 mokasaHi rpaHUYHI YMOBH

IUTS TIEpeMIIleHb U; Ta HalpYyXXeHb, IO BiANOBITAIOTh Je-
(hOpMOBaHNM CTaHAM E€KCIICPUMEHTIB.

®)

Tabnuus 2 — UncennbHI eKCIIEPUMEHTH Ha MIPEACTABHUIILKOMY 00’ eMi
p p 1 Yy

Howmep exciepumenty | <e;;> | <ep> | <e33> | <gp> | <ep> <g31> KoedimieHTH, 0 OTPUMYIOThCS
1 10° 0 0 0 0 0 Ci1, Cy, Cia, Ci3, Co3
2 0 0 10772 0 0 0 Cs;

3 0 0 0 10772 0 0 Cus
4 0 0 0 0 10772 0 Css, Ces
Tabnuns 3 — 'paHuYHI YMOBH JJIsl YHCEIBHUX CKCIICPUMEHTIB
Howmep excne- I'panb I'panb I'panb I'panb I'panb I'panb
PUMEHTY x;=0 x;=1 X =0 xy=1 x3=-1 x3=1
M1:0 M1:10-3 M2:O u2=0 M3:0 M3:0
1 0'4:0 0'4:0 0'4:0 0'4:0 0'5:0 0'5:0
06=0 06=0 o5=0 o5=0 06=0 06=0
u =0 u =0 =0 | =0 w;=0 [uz=107
2 0'4:0 0'4:0 0'4:0 0'4:0 O'5=0 0'5:0
O'(,:O O'(,:O 0'5:0 0'5:0 O'(,=0 0'6:0
=0 | u,=10" | ;=0 [ u;=0 ] u3;=0 u; =0
3 0'1:0 0'1:0 0'2:0 0'2:0 0'5:0 0'5:0
0'6:0 0'6:0 0'5:0 0'5:0 0'6:0 0'6:0
u =0 u =0 ;=0 | 13=0 | wp,=0 [ u,=107
4 04=0 04=0 04=0 04=0 o3=0 o3=0
O'(,:O O'(,:O 0'2:0 0'2:0 O'(,=0 0'6:0

Jis BU3HAYEHHS CTYTICHIO aHi30TPOMil B’ SI3KOIPYK-
HUX BJIACTUBOCTEH MOIIIBFHO MOPIBHIOBATH MiX COOOIO
BITHOCHI KOe(II[IEHTH MAaTPHIIi JKOPCTKOCTI:
{Cij (0} = Cg/ (t)/cjj 0). (6)
TakuM YMHOM MOXKJIMBO BH3HAYHMTH, HACKUIBKU CTY-
MeHb aHI30TPOMii B’S3KOMPYKHUX BIACTUBOCTEH Bipi3-
HSETBCSI BiJl CTYICHIO aHI30TPOIIi NPY)KHUX BIACTHBOCTEH
— B JaHOMY BHUIAJIKy OpPTOTPOMIi.

2 PesyabTraTH gociimkenb. TeHzop penakcanii
CKJIOIIACTHKY JOCIHIPKYBABCsSI IPU TPHOX PI3HUX Koedi-
I[i€HTaX KOHIIEHTPAIlil BOJIOKOH 7], III0 MOXYTh OyTH BH-
3HaYCHi 3a (POPMYIIOIO:

n=v,/V=m*l4=n(r), (7
ne V. — 00’em, 110 3aiiMaeThbCs BOJOKHOM; V=1 — 00’eM,
1110 3aliMa€eThCsl KOMIIO3UTOM; ¥ — PajilyCc BOJIOKHA.

B 1a6u1. 4 naBeneHi KoedilieHTH MaTPHUIl KOPCTKOC-

Ti CKJIOIJIACTHKY, OTPUMaHI PU Pi3HUX KoedilieHTax 7 B

ITOYATKOBHH MOMEHT 4acy, a B Ta0J. 5 — TEXHIYHI MPYKHI
MTOCTIHHI U MOYaTKOBOTO MOMEHTY Hacy, IO 3HAXOIH-
JIMCh 3 KOMIIOHEHTIB MaTpHLi MOAATIMBOCTI, BU3HAYEHOT
SIK 3BOPOTHA MATPHIIi JKOPCTKOCTI.

Ha puc. 2, a-6 nokasani rpadiku 3MiHH y 4aci 0e3-
PO3MIpHUX KOE]ILIEHTIB MAaTPHILII XKOPCTKOCTI IS Pi3HUX
00’€MHUX KOHLIEHTpALiii BOJIOKOH. SIK BUXOAUTH 3 PUCYH-
KiB, CTYIIiHb aHi30TPOMil B’S3KONPYKHUX BIACTHBOCTEH
JUISl Pi3HUX KOMIIOHEHTIB TEH30py pellakcalii BiiMiHHA.
Juist kommoneHTiB Cjy Ta Cyy B’SI3KONPYXKHI BIACTUBOCTI
MIPOSIBISIFOTHCS. MEHIIE, HiK IS 1HITNX KOMITOHEHTIB, IO
00yMOBJIEHO 3HAYHUM BKJIAZOM TPY>KHHUX Ta OLIBII )KOpC-
TKHUX BOJIOKOH IIPH PO3TATYBaHHI B30BXK HUX. 3pocTaroya
00’eMHa KOHLIEHTpAL[isl BOJIOKOH B KOMIIO3HLIIHHOMY Ma-
Tepiali 30UIbLIy€E BIAMIHHICTh B’SI3KONPY)KHUX BJIACTHUBO-
CTei It BCiX KoMmoHeHTiB. Skio mist 7 = 0.393 6e3pos-
MipHi KOMIIOHCHTH JJIA C33, Clz, C13, C23, C44, C55, Ta C66
3 4aCOM PeJIaKCYIOTh Maibke iJeHTHYHO (pHUc. 2, a), TO AJIs
n=10.589 ta 57 = 0.746 BOHU HAOYHO BiJPI3HSIOTHCS.
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Tabnuist 4 — MuTTeBi koedillieHTH MaTPHLLi YKOPCTKOCTI

r 71(}") Clla I'Tla sz, I'Tla C33, I'Tla CIZ’ I'TIa C13, I'Tla C23, I'Tla C44, I'TIa C55, I'Tla C667 I'Tla
0.5 | 0.393 353 35.3 31.9 15.4 15.7 15.7 8.0 7.8 7.8
0.75 | 0.589 47.8 47.8 41.3 17.1 17.5 17.5 11.4 10.8 10.8
0.95 | 0.746 65.1 65.1 57.5 20.2 20.3 20.3 18.6 16.8 16.8
Tabauus 5 — TexHiuHi npyKHi NOCTIHHI U151 TOYaTKOBOI'O MOMEHTY 4acy
r 1n(r) E\,ITla | E)TTla | E5 IMa | Gp, I'Tla | Gi3,ITla | Gy, ['Tla vip [-] Vi3, [-] Va3, [-]
0.5 | 0.393 25.5 25.5 22.2 8.0 7.8 7.8 0.278 0.355 0.355
0.75 | 0.589 38.1 38.1 31.9 11.4 10.8 10.8 0.241 0.321 0.321
0.95 | 0.746 55.1 55.1 479 18.6 16.8 16.8 0.225 0.273 0.273
1 1 1
0,9 09 0,9
0,8 08 0,8
0,7 0,7 \ 0,7
06 i \ 06 { e — 0,6
0,5 \\ — 05 05
04 \ \ 0’4 \ >
03 — 03 0,3
0.2 0.2 0,2
0.1 01 0,1
0 0 0
0 500 1000 0 500 1000 0 500 1000
Cc11 c22 c33 c1z Cc13 c23 . C 14 C55- Ceb
a o 8

Pucynok 2 — I'padixu 3minu y vaci, [c] 6e3po3mipHIX KoedillieHTiB MaTpHLi )KOPCTKOCTI, [-]:
a—npu n=0.393; 6 — nipu n = 0.589; ¢ — mpu n = 0.746

Ha puc. 3 moka3zaHa pesakcaliisi MOIYJIiB MPYXHOCTI B
HAMpsMKY BOJIOKOH (E)) Ta MepHneHANKYIpHO 10 HUX (E3)
U PI3HUX 7, TOOTO Pi3HUX 00’€MHMX KOHIICHTpAIIiil BOJIO-
KOH #. Ha puc. 4 npuBeneHi aHayIOriuHi pe3yJbTaTd Uil MO-
nyniB 3cyBy Gy Ta Gy3. SIk BUIHO 3 PUCYHKIB, MOJYJI JUIs
(hikcoBaHOI KOHIIEHTpAIllil BOJIOKHA PEJaKCylOTh HEOIHAKO-
BO, T00TO E|/E; Ta G5/G 3 HE € IOCTIHHUMHU 32 YacOM.

AHaJioriuHa CUTYyallis CriocTepiraeTses i ays Koedirlie-
HTiB [lyaccoHa vi, Ta v;3, IO TIOKa3aHi Ha pHC. 5, aje TyT
KOe(IITEHT v;; 30UTBIIY€ETHCS Y Yaci, a v, — 3MEHITYEThCS.

3 O6roBopennsi Ta 00podka pe3yabTatiB. O4eBH-
JIHO, 1110 Y TOMY BHIIAJIKY, SIKOU B’S3KOIIPYXHI BJIaCTHBOC-
Ti KOMIIO3UTY OyJIM MPONOPUIHHUME TPYKHUM, TO Tpadi-
Ki 0e3p0o3MIpHHUX KOE(DILi€HTIB MaTPHINl JKOPCTKOCTI Ha
puc. 2 noBHicTio Ou criiBniaganu. OCKUIbKH 1ie He BUKOHY-
€TBCSl, MOXKHA 3pOOUTH BHCHOBOK IIPO T€, IO TPaJHILIiii-
HOT'O OIUCY B’SI3KOIPY>KHOT MOBEAIHKH, 1110 3aCHOBYETHCS
caMe Ha TakoMy IMPHIYIICHHI Ta 3aCTOCOBYETHCS IPH
PO3B’si3aHHI 0araThOX IH)KEHEPHUX 3aad, Y TOMY YHCIi B
HNPOrPaMHUX KOMIUIEKCAX CKiHYCHHO-EJIEMEHTHOTO aHali-

3y, Hanpukiag, ANSYS, B TaKoMy BHIIKy HETOCTaTHBO
a00 BiH € MPUOJIM3HKUM.

OxpiM TOro, 3miHa y yaci koediuientiB Ilyaccona
TaKOX HPOTUPIYUTH CTAHIAPTHUM IPUIYLICHHSM, IO
NPUIMAIOTBCSl TIPU PO3paxyHKax B’SI3KOINPYKHOI MOBEI-
HKHM KOHCTPYKIIi{ Ta eJIeMEHTIB MallHH.

B nmynkrti 2 OyB onucanuit MeTos oTpuMaHHs Koedi-
LIEHTIB 3aJI€KHOI BiJl 4acy MaTpPUIll YKOPCTKOCTI KOMIIO-
3UMIHHOTO MaTepiany. Aye Ui 3aCTOCyBaHHS 1€l iH(op-
Marii JOUIIBHO IMPOBOMUTH ii 0OpOOKY B 3BHYHUX IS
Teopii B’ A3KOMPYKHOCTI TapaMeTpax.

TpaaumiiHuid MiAXiA 10 ONKUCY B’S3KOMPYKHUX Bia-
CTHBOCTEH MaTepiaiy B 3BOPOTHIH (hopMi Mae HaCTYITHHI
BUTIISA:

0 de,, (S)
0,0 = [ XD R, (- &L,
0 g
€ 0}, — KOMIOHEHTH TeH30pYy HampyxkeHs (/, m=1..3); g,
— KOMIIOHEHTH TeH30py aedopmauiil (n, p=1..3); Ry —
TEH30p penakcarii; ¢ — gac, 1o CIUTHHYB.

®)
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Pucynok 5 — I'padixu 3minn y 4aci, [c] koediuienris [lyaccona, [-] mpu » = 0.5, 0.75, 0.95
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Iama gopma 3ammcy cmiBBigHOmEHHS (7) — Yepes
TEH30p MUTTEBUX MMOCTIHHUX MPY>KHOCTI 3 KOMIIOHEHTAMU
Riynp Ta 6€3po3MipHUit TeH30p QYHKINH IIBUAKOCTI pena-
Kcalii 3 KOMIOHEHTaMH [ J,,,, IO 3a3BUYAl AIPOKCHMY-
10ThCs psigamu [Iponi [4]:

T ()= 2% Ry (2, () = [ T, (= E)&, (£)dE]. (9)
nop 0
[MpuBomstuu Burisn (9) no Horauii doiirra maemo:
o,()=Y.C, 0, ()~ [ I, (- §)z,()ds].  (10)

[opiBasemo (10) i3 dopmoro 3amucy, B SKiii OTpH-
MYBAJIMCh KOMIIOHEHTH 3aJIe)KHOI Bijl Yacy MaTpHIi )KOpC-
TKOCTI B yHKTI 2. J{71st iporo nepenumiemo (2):

o,()=) C;(0)g, —~(1-{C;(D})¢,]. (1n
J

[opisatotoun (10) ta (11) ams mOCTIHHUX 32 YacoM

nedopmariii MaEMo:
t
[, @-&ds=1-4C, 0} . (12)
0

[Ticns anpokcumartii BiTHOCHUX KOMIOHEHT MaTpPHIL
MIBUAKOCTI penakcaiii psgamu Ilponi, iHTerpyBaHHS Ta

MiJICTAHOBKM TabJIMYHMX 3HadeHb Koediuienrtis {C;}
OTPHMA€EMO CHCTEMY PIBHSHBb BiTHOCHO HEBIIOMHX MHO-
XKHUKIB (a;;), Ta daciB pemakcamii (z;); psaxis Ilponi, go
SIKOT MOYKHA 3aCTOCYBATH METOJI HAWMEHIIINX KBa/IPATIB:

D (@), (7)) [1=exp(~2, [(z,))]=1-{C,(t.)}, (13)

nez=1...Z, Z— 4uciio TO4YOK 3a yacom, Z > S.

OxpiM TOro, MOXJIMBO alpPOKCUMYBAaTH TEXHIUHI
NPYXKHI NOCTiHHI, NpeACTaBIeH] Ha puc. 3-5 aHANOTI4YHO
BUpa3y, NpeJcTaBieHoMy B piBHOCTI (1):

E1,2,3 ) =(E, )1,2,3 + i (E, )1,2,3 exp(—t/z,)

s
G12,13,23 = (Goc)l2,13,23 + Z(G.s)lz,ls,zs exp(~t/z,). (14)

s=1

s
Vs =V )iz + Z (V)1213.23 exp(—t/ 7,)

s=1
Yacu penakcamii Ta YHCIO WICHIB AmpOKCHMAIIii
30epiraroThCs AHAJIOTIYHUM 10 HABEACHUX B TaOII. 1.
B Tabn. 6 HaBemeHi pe3ynapTaTd i KOCDIII€HTIB
anpoKCUMalil TEXHIYHMX MNPYKHUX MNOCTIHHHUX psIamu
[poHi a7t KOHLEHTpALIT BOJIOKOH B KOMIo3uTi 77 = 0.746.

Tabmuns 6 — KoedimieHTH anpokcnMartii TEXHIYHUX OPYKHHUX MOCTiHHUX psgamu [IpoHi g konnentpauii 7 = 0.746

S T C (E9)y, ITa (Ey);, ITa (G, lHa (Gyi3, I1a vz, [-] Vo3, [-]
1 10 3.56E+08 6.24E+08 2.56E+08 2.79E+08 1.20E-03 0.00E+00
2 107 3.56E+08 6.24E+08 2.56E+08 2.79E+08 1.20E-03 0.00E+00
3 10~ 3.56E+08 6.24E+08 2.56E+08 2.79E+08 1.20E-03 0.00E+00
4 107 3.56E+08 6.24E+08 2.56E+08 2.79E+08 1.20E-03 0.00E+00
5 10° 3.59E+08 6.26E+08 2.57E+08 2.80E+08 1.21E-03 0.00E+00
6 10’ 3.88E+09 7.01E+09 2.81E+09 3.11E+09 1.64E-02 0.00E+00
7 10 3.58E+09 6.75E+09 2.74E+09 2.75E+09 1.91E-02 1.10E-03
8 10° 4.56E+09 8.68E+09 3.49E+09 3.19E+09 3.10E-02 2.27E-03
9 10° 2.14E-07 0.00E+00 1.22E-06 2.49E-06 0.00E+00 0.00E+00
10 10° 4.81E+09 2.87E+09 1.07E+09 7.90E+08 1.96E-02 3.54E-02
11 10° 5.97E+09 3.22E+09 1.20E+09 9.21E+08 2.19E-02 3.91E-02
12 107 6.09E+09 3.25E+09 1.21E+09 9.34E+08 2.21E-02 3.95E-02
13 10° 6.10E+09 3.26E+09 1.21E+09 9.35E+08 2.22E-02 3.95E-02
14 10° 6.11E+09 3.26E+09 1.21E+09 9.36E+08 2.22E-02 3.95E-02
15 10" 6.11E+09 3.26E+09 1.21E+09 9.36E+08 2.22E-02 3.95E-02
Eo, Go, Voo 6.07E+09 3.26E+09 1.21E+09 9.37E+08 2.21E-02 3.75E-02
5,6E+10 i
54E+10
5,2E+10 l
5E+10
4.8E+10 -
4, 6E410
4,4E410
4,2E+10
AE+10
0 100 200 300 400 500 600 700 800 900 1000
E1_Fit ® E1_Table
Pucynok 6 — IlopiBHsiHHS y yaci, [c] Tabnuunux ganux 1t £ () npu 57 = 0.746 3 KxpuBOIO anpoxcuManii
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AHAIOTIYHI JaHi U IHIIUX KOHIIEHTPAIliil BOJIOKOH
MOXXYTh OYTH OTPHMaHi y TOH ke c11oci0.

[Ipu 3acrocyBaHHI MeTOAYy HaWMEHIIUX KBaJPAaTiB
BUKODUCTOBYBaBCS ~ MaTeMaTH4HMH  amapaT  IakeTy
Microsoft Office Excel. s nmoctiiiHux 4yaciB penakcariii
notpedye po3B’s3aHHS CHCTEMa JIIHIHHMX anreOpaiuyHux
PIBHSIHB BIITHOCHO MHOYKHHUKIB TP €KCIIOHEHTaX

Ha puc. 6 HaBenenuit nopiBHsUIbHHN Tpadik OTpH-
MaHOI KpUBOI Ta TOYOK, 32 SIKKIMHU IPOBOJIMIIACh MOOYI0Ba
KPHBOT [UIsl MOZLYJIsl TIpY>KHOCTI E(%).

Sk BuTikae 3 rpadiky, NpoBeneHa arnpoKCHMallis
eKCIIOHEeHIliambHIMU psimaMu [IpoHi 3 mocTiiiHIMEU Yaca-
MH peJlaKcarii 1a€ HEeXTOBHO Mally TIOXHOKY, sika 30epira-
€ThCS TAKOIO M IS 1HIIUX MOIYJIB MPYKHOCTi, MOIYJIB
3cyBy Ta Koeoiuientis [TyaccoHa.

Taxum ynHOM, HaBeIEHA METOAUKA JTO3BOJISIE 3HANTH
AHATITAYHUA BHIJISAI [apaMeTPiB OPTOTPOIHOI B’S3KO-
NPY>KHOCTI OPTOTOHAJILHO aPMOBAHOTO CKJIOTUIACTUKY.

BucnoBku. OnyicaHa 4ucesbHa METOIMKA OTPUMaH-
HSl aHI30TPONHMX B’S3KONPY)XKHUX BIACTHBOCTEH CKJIO-
IUIACTUKY, L0 MPEACTaBIsiE cOOOI0 OPTOrOHAIBHO apMo-
BaHUI KOMIIO3WIIITHUN MaTrepiaj, 3a HasBHUMH i30TpOII-
HUMH TOPYXXHHUMH BJIACTUBOCTSIMH CKJISTHHX BOJIOKOH Ta
I30TPOITHUMH B’SI3KONPYKHHMH BJIACTUBOCTSIMH EITOKCH-
JHoT Marpuii. OTprMaHa 3aJexHa BijJ| 4acy MaTpHLIS KO-
PCTKOCTI KOMIIO3UTY, & TAKOX TEXHIYHI KOHCTAHTH MaTe-
piany, 110 penakcyioTs y daci. Po3pobiieHo crocib 3Haxo-
JOKCHHST aHAJIITHYHOTO BUIIIALY O€3pO3MIPHOTO TEH30PY
MIBUJKOCTEH pejiakcailii KOMIIO3UTY, a TaKoX KoeQillieH-
TIB amnpoKCHMaii TeXHIYHMX KOHCTaHT psnamu I[IpoHi.
[TpoananizoBaHO CTyMiHb aHI30TpOMii B’SI3KONPYKHUX
BJIACTMBOCTEH Ta 3pO0JICHO BUCHOBOK ILIO/O BiJCYTHOCTI
npornopiii MK HUMHU Ta aHAIOTIYHHMH NPYKHUMHU BIIac-
THBOCTSIMH KoMIo3uTy. HaBeneHa meroanka mMoxe OyTH
MOIITMpEHa Ha iHIII CXeMH apMyBaHHS KOMIO3HUTY. Takum
YUHOM, KUTBKICTh HATYPHUX €KCIICPUMEHTIB 3 BU3HAYCHHS
B’S3KONPYKHUX BIACTUBOCTEH MoOKe OyTH 3BYyKeHa 3 Oa-
raTb0X HaOOpiB EKCIIEPHMEHTIB Ha OTHOBICHE PO3TATY-
BaHHS KOMITO3UIIHHUX 3pa3KiB 10 OAHOTO HAOOPY 3 PO3-
TSATYBaHHS 3pa3KiB 3 MaTPHIIi 3aBJSIKK MOKJIMBOCTI 3aCTO-
CYBaHHA 0 OTPUMAHUX HAaHUX YUCCIIbHUX CKCIICPUMCH-
TiB, aHAJIOT1YHHX MPEACTABICHUM y POOOTI.
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I. 0. MAPTBIHEHKO, A. H MAPYCEHKO

CIIOCOBbbI YYETA U MOAEJIMPOBAHUA CHJI CONTPOTUBJIEHUA
PA3JIMYHOU ®U3NYECKOU MPUPOAbI B MEXAHUYECKUX JUHAMHWNYECKHX,
KOJIEBATEJIBHBIX 1 POTOPHbBIX CUCTEMAX

Po3risimaroTbcst TEOPETUYHI OCHOBU YpaxyBaHHS AEMI(YBaHHS i CHJI ONOpPY B TUHAMIYHMX CHCTEMaX, CIIOCOOM ypaxyBaHHS IEMII-
(yr0unx BIACTUBOCTEH KOHCTPYKIIHHUX €JIEMEHTIB IIPU PO3paxyHKaX ANHAMIYHHAX XapaKTePUCTUK CUCTEM, MAaTEMaTHIHMI OIUC CHII
oropy. AHali3yeTbcs e()eKTUBHICTh BUKOPHUCTAHHS JeMII(epiB B 3aJeKHOCTI BiJ IX KOHCTPYKTHBHHX ocoOnmBocTed. HaBomsThes
HPUKJIAIY BUKOPUCTAHHS JeMII(YIOYHX eJIEMEHTIB Pi3HOTO TUITy B MEXaHIYHUX CHCTEMaX, B TOMY YHCIIi POTOpaX.

Kurouosi ciioBa: nemndep, raciHHs KOJMBaHb, CUIIA ONIOPY, JOrapuMiuHHiA JEKPEMEHT, TiCTepe3HC.

PaccmarpuBaloTcst TeOpeTHYECKHEe OCHOBEI ydeTa AeMII(UPOBAHUS U CHJI COIPOTUBIICHUS B IMHAMHYECKHX CHCTEMax, CIIOCOOBI yueTa
JeMI(UpPYOMUX CBOHCTB KOHCTPYKIIMOHHBIX 3IEMEHTOB IIPU pacueTe AMHAMUIECKHX XapaKTEPUCTUK CHCTEM, MaTEMaTU4ECKOE OITH-
CaHHe CHJI COIPOTUBICHMA. AHaNU3MUpyeTcs 3(PPEKTUBHOCTD HCIOJIL30BAHUS AEMI(EPOB B 3aBUCHUMOCTH OT UX KOHCTPYKTHBHBIX
ocobenHocTed. [IpuBoAATCS MPUMEpHI HCTIONB30BAHUS ASMII(HUPYIONINX SJIEMEHTOB PA3INYHOTO THIIA B MEXAHHUIECKUX CHCTEMax, B
TOM UHCJIE POTOpAXx.

KnioueBrble ciioBa: nemidep, ramenne koneGaHuii, cuila CONPOTHBIEHHS, TOTapU(PMUIIECKUH TeKPEMEHT, THCTEPE3NC.

The theoretical basis of accounting the damping and the forces of resistance in dynamic systems, methods of accounting for the damp-
ing properties of structural elements in the calculation of dynamic characteristics of the systems, the mathematical description of the
resistance forces. Consideration of the resistance forces of different nature. Efficiency dampers analyzed according to their structural
features. Examples of using different types of damping elements in mechanical systems, including rotors. The article presents the
resistance forces that characterize linear and Coulomb friction, the degree of resistance (linear, quadratic and cubic), dry friction.
Some forces are a product of functions, depending on the generalized coordinates and velocities (model Van der Pol model positional
viscous friction model positional viscous Coulomb friction). Considered dampers, which are divided into oscillation absorbers, dy-
namic dampers and dynamic dampers with friction. Consideration of the two models of friction applied theory of mechanical oscilla-
tions, which are used for modeling the dynamics of the system, for which the generalized friction force depends on the amplitude of
the oscillations does not depend on speed (hysteresis model) and when the friction force depends on the speed of motion (the model of
viscous friction or speed model). The article consists of five parts, which contain the statement of the problem, the theoretical basis of
accounting and the damping forces of resistance in dynamic systems, modeling of the resistance forces, damping elements in a variety

of mechanical systems , and as a special case in rotary systems.

Keywords: damper, vibration damping, resistance force, logarithmic decrement, hysteresis.

Berynmuenne. OnauM n3 TpeOGoOBaHHWN K JKCILTyaTa-
MM CO3AaBAEMBIX KOHCTPYKIUI Pa3IMYHOTO Ha3HAYCHHS
SBISIETCSI  CHOCOOHOCTh KOHTPOJIMPOBATh W YIPABIATH
BO3HHUKAIOIIMMH B TIPOIlECCe HUX PabOTHI KOJICOaHUSIMHU.
Crioco6b1 KOHTPOJIS KOJIeOaHUi MOTYT OBITh TACCHBHBIMU
WJIM aKTUBHBIMU [1].

K maccuBHBIM CHOCO6aM OTHOCATCA U3MCHCHHE XKC-
CTKOCTH, Macchl U JieMII(pHUPOBaHHSI KOJIEeOATENbHON CHC-
TEMBI C LEJBIO ClIeJIaTh € MEHEee YyBCTBHUTEIBHOH K KO-
nebarenbHOMY BO30YXKIICHHUIO.

B kadecTBe MeTosa MAacCHBHOIO KOHTPOJISL JJISL Ta-
IIEHUs KOJICOAHWH B KOHCTPYKIWH HCIIOJIB3YETCS JEMII-
(upoBaHNe — IPUHYIUTENEHOE YMEHBIICHUE aMILUIUTY/IbI
Koe0aHui 3a CUeT MpeoOpa3oBaHMS IOTydaeMOH JHEep-
THH B TEIUIO WM Pa3pyIICHHUs MaTepuaia, 3a C4eT JIeMII-
(hupyromux crocobHOCTel Marepuana, TPEHHUS B COCIH-
HEHUSX.

IIpr wucnonb30BaHUM aKTHBHBIX METOJOB TallICHUS
BUOpaLMii MX YMEHBIIEHHE IPOUCXOJMT, HAIpPHMEp, 3a
CYeT mpeoOpa3oBaHMs YHEPTUU KoJcOaHW camoi TuHa-
MHUYECKOI CHCTEMBI B CHJIOBOE BO3JCHCTBHE Ha OOBEKT,
KOTOpOE M Tacut Kosiebanus. [yt 3Toro BBOAAT B KOHCT-
PYKLIMIO JIOTIOJIHUTEIBHYIO KOJIeOaTeIbHYI0 CUCTEMY, Ha-
CTPOEHHYIO Ha HEOOXOAWMYIO HYacTOTy M CO3JAIOILYI0
CHITy, KOTOpasi paBHa 110 BEJIWYMHE, W HMPOTHUBOIOJIOKHA
HAIpaBJICHHUIO CHJIC, BBI3BIBAIOLICH KOJICOAHMS.

1 [ocTranoBka 3amauu. B pabote craBsTcsa 3amaun
0 OOOOIIEHNIO N3BECTHBIX IMOAXOM0B K MaTeMaTHYECKO-
My OIMCAHHIO CHJI COMPOTHBICHHUS pa3INdHON (u3mde-
CKOH MPHUPOJIBI, @ TAKXKE MO ONMpeesIeHHUI0 HanboJiee Mpu-
€MJIEMBIX Ha TIPaKTHKE AeMI(epoB Il NPUHYIUTEIHHOTO
rameHust KojeOaHni M OOOCHOBAHMIO MCIIOJIb30BAHUS
MATEMATUYCCKOI'O npeszaBneHml CHUl COHpOTI/lBHeHI/I)I,
nopomﬂaeme KOHCprKTI/lBH])lMI/I 3JICMCHTAMHU, KaK l'lpl/l
AHAJIMTHYCCKOM, TaK H HpI/l YUCJICHHOM MO[leJ'II/IpOBaHI/II/I
JMHAMHYECKOTO IIOBEICHUS KOJIeOAaTEeIbHBIX CHUCTEM, B
TOM YHCJIE POTOPHEIX.

2 TeopeTuuecKue OCHOBBI yueTa q1eMI(pUPOBaAHUS
U CHJI CONPOTHBJIEHHMS] B JAMHAMHYECKHX CHCTeMaXx.
VBennueHue qeMi(upoBaHus TUHAMUYECKOH CHCTEMBI 3a
CUeT VMCIHOJIL30BaHUS JeMII(UPYIOIIX CBOWCTB MaTepHa-
JIOB OJIVH M3 HauOoJiee U3BECTHBIX CHOCOOOB BIMSHMSA Ha
KoneOaHus cucteMbl. HecMOTpsl Ha ycIiexu, JOCTUIHYThIE
IIPU U3YyYE€HUU IIPUPOIBI BHYTPEHHETO TPEHUS B MaTepUa-
JIe, MEXaHHU3M 3TOT0 CJIOXKHOTO SBJIEHUS [0 CUX HOp OCTa-
€TCsl HeZIOCTaTOYHO BBIICHEHHBIM. OJJHAKO HaKOIUICHHBIN
K HacTOSALIEMY BPEMEHH 3KCHEpHMEHTAIbHBI MaTepHal
03BOJISIET C(OPMYJIMPOBATh BIIOJIHE OINpesesieHHbIe (de-
HOMCHOJIOTHYECKHE TPEACTABICHUS, TOCTATOYHBIC IS
peLIeHHs] KOHKPETHBIX TEXHUYECKUX 3a1ad.

Jemmdupytromme cnocoOHOCTH MaTepHansa MOTYT

OT. 0. Mapteinenko, A. H. Mapycenko, 2016
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MPUBOJUTH K TIOAABICHUIO CBOOOIHBIX KOJEOAHMH IHMHA-
MHUYECKOI CHCTEMBI, CHIMKEHHIO aMIUIUTYJ BBIHYK/ICH-
HBIX KOJICOaHW W HAaNpsHKCHUH B 30HE KOHIICHTpAIUH.
OTO MPOUCXOJMT 3a CUET BHYTPEHHEro TpeHus. Pemenue
3aJa4 0 KOJNeOaHUsSIX CHUCTEM C BHYTPEHHUM TPEHUEM Tpe-
OyeT MOHMMaHHs 3aKOHOMEPHOCTEH, ONUCHIBAIOLIMX CO-
OTBETCTBYIOLINE HEYIPYTHUe CONPOTUBIECHUS. DTH 3aKO-
HOMEPHOCTH OIPENEIISIFOTCSl IKCIIEPUMEHTAIBHO, a 3aTeM
OIIMCHIBAIOTCSI TAKUM 00pa3oM, YToObI 00OJIEryuTh IOCIe-
JIyIoIllee pEIICHHE COOTBETCTBYIOMIMX IU(depeHuans-
HBIX YpaBHEHUH.

MOXXHO BBIIENUTDH [[Ba HAMPABICHHUS Pa3BUTHUS TEO-
pUH BHYTPEHHETO TpeHus [2]:

— y4eT BpPEMEHHOTo (akTopa M CO31aHHE TECOPHUH
CIUIOLIHOW Cpebl HACIEACTBEHHOTO BUAA (TEOPHs BA3KO-
rO CONPOTHBICHUS MakcBe/Ia, TEOpHUs BA3KOTO TPEHHS
KensBuna-doiirra, BA3KOynpyroro Tena u ap.);

— y4YeT poJM IUIacTHUYecKHX Aedopmanuii B Mexa-
HU3MeE JIeMII(pUPOBaHUs SHEPTHH TIPH KoJieOaHUsX (TUIIO-
te3sl H.H. [laBunenxona, E.C. CopokuHa).

[Ipu 3amene nedopMHUpyeMbIX Tel yNIPyruMH MOJe-
JSIMH M MaJIbIX JedopManusix Ui XapaKTepUCTHKU TTOBe-
JIEHUsS MaTepuaia HCroib3yercs 3akoH ['yka. Ilpu 6onb-
mux aedopManusx UCIOIb3YIOT HENMHEHHBIE 3aBHCHMO-
CTH, YCTaHABIIHMBAIOIINE OJHO3HAYHOE COOTBETCTBHE Me-
Ky AeOopMaIMIMHU U HAIIPSKESHUSIMU.

B ciydae orcyTcTBHS MOTEPh B CHCTEME, €€ Kojeba-
TEJIbHOE [BIDKCHHE MOXKET IPOAOIDKAThCS OCCKOHEYHO
noiro. B peanbHbIX KOHCTPYKLUSX CYLIECTBYIOILHAE Me-
XaHU3Mbl jAemidupoBaHus (HaIpUMep, CyXOe TpPEHHUE)
NPUBOJIT K 3aTyXaHWIO KoJjieOaHWil 3a OmpeseneHHOe
BpeMsi. XapaKTepUCTHKOMN 3aTyXaHUsI KOJIEOaHUH CITy>KUT
Jorapu()MUUYECKUH JIEKPEMEHT, TO €CTh OTHOILICHUE aM-
Wty 7-10 U (n + N)-ro mmkina [2]:

1 w
0=—In—", 1
N (D

n+N

rne W,, W,.y— ammmryna n-ro u (n + N) muxia.

Takoe ompeznenenue nemMrnUpPOBaHUs JaeT Ipa-
BWJIBHBII PE3yJIbTaT JIMIIL B TOM Clly4yae, Korja orubaro-
I1asi 3aTyXalouX Kojiebanuii uMeer GopMy SKCIIOHEHTHI,
TO €CThb B Cllyyae BS3KOTO M TMCTEPE3UCHOTO JIeMI(pHpO-
BaHMsI, OIIMCHIBAEMOT0 KOMIUIEKCHBIM MoIysieM. Popmyia
(1) B ciyuae neMndupoBaHHS TPEHHEM HENPHUroAHA [2,
cTp. 62].

[Ipu BBIOOpE MOAENHM BHYTPEHHETO TPEHHS OIpeie-
JSIOMIYIO POJNIb MTPACT €€ MPOCTOTa W aleKBaTHOCTH pe-
anpHOMY Tpoueccy. Kak mpaBmio, BMecTo KoyieOaHUS
peanbHON MEXaHUYECKOM CHCTEMBbl 3aMEHSIOT MOJeJIbI0
KoJIeDaHUH HIeaTN3MPOBAHHON JIMHEIHO cHCTeMBbI C
YY4ETOM IKBHBAJEHTHOI0 BSI3KOro Tpenms. Jns ciabo
)leMl'[(bI/lpOBaHHle CUCTEM NPHUMCHCHHUE MOJCIIN BA3ZKOI'O
TPEHHsl SIBJISETCS OOOCHOBaHHBIM, €CU KOA(PQUIHEHTHI
JIeMII(pUPOBaHHST OIPEAEIEHbl Ha OCHOBE AKCIIEPUMEH-
TAJILHBIX 3HAUYCHUH — B 3TOM CIIy4dae pe3yJIbTaT IpaKTHde-
CKH HE 3aBHCHT OT TOTO, KaKOH MEXaHW3M IHCCHIAINN
peanu3yercs, THCTEPE3UCHOTO THIIA FUTH BS3KOTO [3, cTp.
19].

Bo MHOrMX Marepuayiax 3HepTHs KojJeOaHUH MOXKET
MOTJIOIIATECSI BHYTPH OTPAaHWYEHHON IUIOMIAIKKA MpHU
LUKJIMYECKOM JieMiipupoBaHuu. [Ipu 3TOM HpPOUCXOIAT

W3MEHEHHS BO BHYTPEHHHUX CTPYKTYpaXx, Halpumep, rnepe-
CTpOIKa aTOMHOM CTPYKTYpbI WK Je(hEeKThl B KPUCTAIITHU-
YecKuX pelieTkax. Tarkke HaOIIoJalTCs OIpeeeHHbIe
3¢ eKThl Ha MOJIEKYJSIPHOM YpOBHE (TepMmoyrpyrue, ¢o-
TOANIEKTpUUecKre IPPeKThl, MArHUTOMEXaHUUECKHN THC-
Tepe3uc, (pa3oBbIe MTPOLIECCHI).

HeszaBucuMo OT KOHKpeTHOro BHIa (pu3mueckoro
MEXaHMU3Ma BCC pCajibHbIC MaT€pHalibl IMPU HUKINYECKOM
nedopMUpOBaHMH TOTJIONIAIOT HEKOTOPYIO SHepruto. Ilo-
NOOHBIE (P (EKTHI YacTO HOCAT CYLIECTBEHHO HEJIMHEH-
HBI XapakTep, MM03TOMY IMOJIPOOHBII aHAIM3 AWHAMUYE-
CKUX TEPEeMEIICHUII C Y4eTOM YKa3aHHBIX MEXaHH3MOB
nemrupoBaHus 00BIYHO OYEHb 3aTpynHeH. OmHAKO, s
MOJY4EHHs KAYeCTBEHHOM OLIEHKH 00Pa3loB OTACIBHBIX
MaTEepHAJIOB C MTOMOIIBIO SKCIHEPUMEHTA MCIIONB3YIOT [2]:
0coObIi mapamerp D — dHeprur aemmdupoBaHus (Io-
TJIOLICHHYIO 32 [UKJI KoJieOaHUil SHEPTHI0, OTHECEHHYIO K
ennHHLEe 00beMa); TapaMeTphl METIIH MUCTepe3uca.

Bo muorux HUCCIICA0OBAHUAX HEJMHENHBIX JUHaAMU-
YECKUX [MEpPEeMELIEHNH B KOHCTPYKLUAX HCIOJIb3YIOTCA
AQHAIMTHYECKUE IPEACTaBICHUS VIS MOJOOHBIX THCTepe-
3MCHBIX IIETENb, MPUYEM KKIOH IOJIOBHHE NETJIM COOT-
BETCTBYET cIlenuaibHas GyHKuus [2, 4]:

&2l
7] > (2)
£

0

o, =E(e)ye £n(e)gy|1 -

TI€ 0+ — HaIpsKEHUs, COOTBETCTBYIOLIME HArPYKaIOIIEH
JacTu 1MKIA; 0- — HANpsHKEHUs,, COOTBETCTBYIONIINE Pa3-
rpy’Karolleld YacTu LUKJIA.

JIis HaXOXKJICHHS MapaMeTPOB, BXOJAIIAX B 3Ty 3a-
BHCHUMOCTB, TPEOYeTCS OYCHb TOYHO OIPEIENATH IMETIN
THCTEpEe3nca Il pa3IndHbIX YPOBHEH nedopmanuii, gac-
TOT U TEMIEpaTyp.

OTKJIOHEHHE THUCTEPE3UCHOH MEeTIH OT OAWHOYHON
KPUBOH [UII MHOTHX KOHCTPYKLIMOHHBIX METaJJIOB OYECHb
Majo. 3a CYeT 3TOro M AeMI(pHPOBAHUE, 3ABUCSIIEE OT
CBOWCTB MaTephajia, HECYIIECTBEHHO IO CPaBHEHHIO C
neMr(upoBaHUEM, KOTOPOE JOCTHIaeTCs W3BECTHBIMU
crioco0amu.

Wrak, B NpUKIAAHON TEOPUU MEXAHUUYECKUX KOJle-
0aHUll MPU MOJCIUPOBAHUH JUHAMHUKH CUCTEMBI UCIIONb-
3yIOT ABe Mojenu TpeHus [5]. s ogHOl Mozenu 0600-
[ICHHAS CHJIA TPCHHUS 3aBUCHT OT aMILTUTYAbI KOJeOaHUH
W HE 3aBHCHT OT CKOPOCTH IBIDKEHUS (THUCTEpe3NCHas
Mozenb). Jimst BTopoit Momenu cuiia TPEHHS 3aBHCHUT OT
CKOpPOCTH ABIKEHHS (MOJEINb BSI3KOTO TPEHHS TN CKOPO-
CTHas).

IIpu BsizkOM JeMIUPOBAHUM CHJIA COMPOTHBIIE-
HUS CPEIlbl MPOMOPIIMOHAIbEHA CKOPOCTH KOJIEOIOIETOCs
TCJa, €€ MOXXHO NPEACTaBUThL B BU/JIC:

F= _Cq. » (3)
rae ¢ — KoO3QPHUIUEHT TPOTOPIIUOHANEHOCTH (AeMIIpUPO-
BaHUSA); § — CKOPOCTb ABMIKYILETOCs Tela

[Tpn ncnosnb30BaHUM MOJENH BSI3KOTO TPEHHS KOJIH-
YECTBEHHBIMH XapaKTEPUCTUKAMHU AeMII(pUPOBaHUs KoJle-
OaHUM SBILTIOTCS CIIEAYIOMINE BETUIUHEI [4, 5]:

— norapu(MUIecKnil TeKpeMeHT KoJjeOaHwid ¢ 1 KO-
3¢ QUIIEHT OTHOCHTENBHOTO AeMIpupoBanus ¢ = J/2x B
JOJIIX OT KPHTHYECKOTO, XapaKTepU3yIoIue OBICTPOTY
3aTyXaHus KoJeOaHuH;
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— OTHOCHTENBPHOE pACCESHHE YIPYTOW SHEprud 3a
onuH nepuop konebannit # = AE/E (E — 3anmaceHHast SHep-
rusi, AE — moTepy SHEPTHUH 32 IEPUOT);

— IIMpPUHA PE30HAHCHON KPHBOW HA ypOBHE yOBIBa-
HUS KBaJpaTa aMIUTATY.Ibl BRIHYKICHHBIX KOJeOaHUH B 2
paza Aw/wp (Aw — OTKIOHEHHE OT PE30HAHCHOW YaCTOTHI

@p, IPU KOTOPOM aMILINTY/a YMEHbBIIAETCS B 2 pasa).

Ilpu cnaboMm paccesHWH JHEPrHH IEepPEeYHCIICHHbBIC
BBIIIC XAPaKTEPUCTHKH CBSI3aHBI MEXIY CO0OH COOTHO-
meHneM ~0/2n~n/2=AE/2E.

Ipu CKONBKEHUH ABYX CyXHX IMOBEPXHOCTEHl BO3HU-
KaeT KYJOHOBCKOe JaeMiupoBaHue, TMpPH KOTOPOM
JaeMidupyromas cuiia ONpeAeNseTcs] Kak MPOU3BEICHUE
HOpPMaNbHOTO ycuiaus N Ha KOI(GQOHUIUEHT TPEHUS u |
CUMTAETCS HE 3aBUCAILEH OT CKOpocTu: F'= uN.

Ipu rucrepe3ucHoM aeMNGUPOBAHUM KpUBas
«aedopmarus — HaNpsHKEHHE» Ha OJHOM IUKJIE HArpys3-
KU-pa3rpy3ku oOpasyeT IeTno rucrepesuca. llmomanm
METJIM BBIPAXKAaeT MOTEPI0 JHEPrUHM B eIuHHLE 00bema
TeNa 3a OIMH LUKJI BCIEACTBUE JemidupoBanus. [Toteps
SHEPrHH OT BHYTPEHHETO TPEHHUS 32 OJWH LUKII HE 3aBU-
CHUT OT YaCTOThI, HO NMPOIOPIHOHATbHA KBAPATy aMILIU-
Tyasl [4]. DxBuBajeHTHbIH Koddduiment nemndupopa-
HHUS C,, OOPAaTHO MPOTOPIMOHANIEH YacTOTE M OIpees-
etcst o popmyie:

ceq =7 (4)
1)
riae & — ko3 PUIHUSHT THCTEPE3UCHOTO AeMII(UPOBAHUS.
OHeprus, paccenBaeMasi IpH TUCTEPE3UCHOM JIEMII-
(hmpoBaHNM 32 OMH LUKJI KOJIEOaHUH, OnpesieNnsieTcs KakK:
AW = 7hX?, (5)
Jmst Mopjeneld THCTEPE3UCHOTO THUMa IeMi(upoBa-
HUSI CHJIa COINPOTHBIIEHHS Jemiiepa MpOoropIHOHaNIbHA
CMEUICHUIO U OJJHOHAIpAaBJIEHa CO CKOPOCThIO, K0dddu-
LUEHT AEeMI(QHUPOBaHUS SBISIETCS MHHUMOW BEIWYHUHOM.
Torpa, ucnonp3yst gemidep COBMECTHO C YNPYTUM diie-
MEHTOM, MOJIENIb TUCTEPE3UCHOTO AeMI(pUPOBaHUS Tpe.-
CTaBJISIETCSI B BU/IE KOMILIEKCHOH JXECTKOCTH WM KOM-
TUIEKCHOTO MOJYJISl yIpyTocTH [4, 6]:
k= ko(1=im), (6)
rne ky — KECTKOCTb; # — KOO(QPUIHUEHT MOTePb, BEITMYHHBI
MOJIOKUTEJIbHBIC M HE 3aBUCAT OT YaCTOTHI.
I'ucTepesncHple MO/ENM UCTIONB3YIOT IPH aHAIN3E
YCTAHOBHUBILIHMXCSI TapMOHHYECKHX KosieOaunid. OnmuH 13
HEJOCTAaTKOB 3THX MOJENeil COCTOMT B HECOOTBETCTBUH
NPUHIMIY TPHYMHHOCTH, KOTOPBI COCTOHT B TOM, YTO
OTKJIMK CHCTEMBI Ha IPOHM3BOJIbHOE BHEIIHEE CHIIOBOC
BO3JCHCTBHE HE NPOMCXOOUT IO TOTO MOMEHTa, KOria
CcHJIa Hadayia JercTBoBaTh. bojiee TOYHBIMM, HO U OoJiee
CJIOXHBIMH SIBJIAIOTCS HACJIEACTBEHHBIE MOJEIN BHYTPEH-
HEro TpeHusl.
Hapsiny ¢ xoa¢dduumentom Bsizkoro aemnduposa-
HUS ¢, KOO(QGHULUEHTOM THCTEPE3UCHOTO eMII(pUPOBaHUS
h n crenensio nemnupoBaHus ¢ Uil ONMMCAHHUS CBOWCTB
JeMI(HUPYIOMNX MaTepUAIIOB NpUMEHseTcs Kod(huuu-
€HT KOHCTPYKLMOHHOTO JeMI(QHUPOBAHHUS:
h
rE ()

Jnsi TOBBIIEHUS YPOBHS IeMI(UPOBAHUS KOHCT-

PYKLIMH HCHONB3YIOT CHENNaIbHbIE MaTepHabl (KOMIIO-
3WTHI, TOJIMMEPHI U JIp.) ¥ CIUIaBbI.

Marepuainsl, HCIOIb3YEMbIE ISl U3TOTOBICHNS KOH-
CTPYKLHUI C OYeHb BBICOKMM YPOBHEM JeMII(UPOBaHUS,
BEAYyT ce0sl nHaye, 4eM OOJIBIIMHCTBO KOHCTPYKIIMOHHBIX
METAJUIOB WJIM CIUIABOB C BBICOKUMHU JEMI(QHUPYIOIUMHU
XapaKTCPpUCTUKaMU. CHe]_Il/IaJ'II)H])le CIlJIaBbl C BBICOKHMMH
JeMI(GUPYIOIIMMHA CBOMCTBAMH B OOJIBIIMHCTBE CBOEM
TEPSIIOT B )KECTKOCTH, TPOYHOCTH WJIM IPYTUX XapaKTepu-
CTHKaX (JIOJITOBEYHOCTH, CTAOMIBHOCTH). [lomoOHBIE
CIUIaBbl MMEIOT HEJIMHEHHbIE XapaKTEPUCTUKU. 3aBHCH-
MOCTH JeMII(pUPOBaHUSA OT COOCTBEHHBIX YacTOT KoyeOa-
HUN ONpeneNsieTcs TONbKO 3KCIEPUMEHTANbHO, CBOICTBA
TIeTENb TUCTEPE3NCca He N3yJaroTCs.

Komrmo3utHble MaTepuansl KpOME BBICOKOW YAENb-
HOW NPOYHOCTH M KECTKOCTH MUMEIOT U BBICOKYIO JIEMII-
¢bupyronryto criocodbHocTh (B 20...40 pa3 Bbllie, 4eM y
METAUIOB M MX cIulaBoB). HauOonbliee npuMeHeHHe
UMEIT MHOI'OCJIOWHBIE MaTEpUajbl, APMUPOBAHHBIE BbI-
COKOIIPOYHBIMU M BBICOKOMOAYJIbHBIMH OJHOHAIIPpaBJICH-
HBIMH BOJIOKHAMH.

OnnH U3 U3BECTHBIX CHOCOOOB YBEIMYEHUS JEMII-
(UpOBaHUA COCTOMT B NPUMEHEHHH B OTBETCTBEHHBIX
MecTax KOHCTPYKLIHHM XOpPOIIO AEMI(QHUPYIOIUX OJH-
MepHbIX MarepuaioB [l]. KoHcTpykmus u mommmep
JIOJKHBI B3aMMOJIEHCTBOBATh TaKMM 00pa3oM, 4TOOBI B
MOJIMMEpPE PACCEHBATIOCh KaK MOXHO OOJBIIE 3HEPIUU.
JemnupoBanue MaTepuanoB W3 IOJUMEPOB M CTEKIa
HPOUCXOJUT 32 CYET BOCCTAHOBJICHUS IOJMMEpPHOH Iie-
HOYKH MocIie ee Je(OopMHUPOBaHus, TaK KaK 4acTOTa KoJie-
OaHMii W TemIepaTypa B3aHMMOCBSI3aHBI, a TEMIIeparypa
BIIMSIET Ha XapaKTep MOJIEKYJISIPHOTO JIBMKEHUSI.

[Tpn ucnonbp30BaHUM MOJMMEPHBIX MaTEepHalIOB, He-
00XOJMMO YYUTHIBATh, YTO JEMII(UPOBAHHE KOHCTPYK-
LIUM 3aBUCHUT OT )KECTKOCTH U AEeMII()UPOBAHHOCTH Marte-
pHana, TO €CTh YYHWTBIBAETCS KOMIUIEKCHAs >KECTKOCTh

h
k(l —i 77), rue 7= e (axTOp NMOTEPH, BENNYMHA, XapaAK-

TepU3yIoIIas JAeMI(PHUPYIONIYI0 CHOCOOHOCTh MaTepualia
[4]. C pusmdeckoii TOYKU 3pEHUS:
y = 1 AW
- B
2r U,
rae AW —sHeprus, pacceuBaemas 3a uuki; U, — Makcu-
MaJlbHas 3aTlaceHHasl SHEPTHsl yIpyroi aedhopMarivy.

[Ipu paccMOTpeHHH BOIPOCOB NeMIIPUPOBAHUSI B
COWICHCHHAX BBIACTIOT NeMII(pUPOBaHNE B TOJBIKHBIX
Y HEMOJABWXHBIX COWICHCHUSAX (KOHCTPYKTHBHOE IIEMII-
¢duposanwue) [2]. [Ipu perreHun 3amad B MOIBHKHBIX CO-
eANHEHMSIX (HampuMep, B MOAIINITHIKAX ), HE YUYUTBHIBAIOT
JIe(pOPMHUPYEMOCTh 3JIEMECHTOB KHHEMATHUCCKOW Iaphl.
IIpu uccnenoBaHUM KOHCTPYKIIMOHHOTO JAeMII)UPOBAHUA
HEOOXOMUM YYeT U CHJI TPECHUS 10 KOHTAKTHBIM MOBEPX-
HOCTSIM ¥ e OpMaIiii COWICHEHHBIX YIEMEHTOB.

®)

3 MopesupoBaHne CHJI CONPOTHUBJICHHSA. [ yde-
Ta JUCCUMALMK SHEPTUN JUHAMHYECKOW CHCTEMbI HE Cy-
LIECTBYET €MHOTO CTPOro 000CHOBaHHOTO Noaxoxaa. I1pu
MOJIETTMPOBAHNY 3aJaHHON CHCTEMBI YUHTHIBAIOT IPOIIEC-
Cbl JAWCCHUNAIMM OSHEPrMHM 3a CYET JeMI(pHUPYIOIINX
CBOMCTB 3JIEMEHTOB KOHCTPYKLIMHM M YIPYTUX CBA3EH.
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Jemmupyromiue cuibl, CBI3aHHBIE ¢ TUCCHUITAIIUEH dHEP-
TUU, MOTYT 3aBUCETh OT NEPEMELUEHUH, CKOpOCTEH, Ha-
MPsDKEHUHA WK OT Apyrux (akropoB. PazmmuaroT nuHei-
HBIE ¥ HeNMWHEeHHbIe Moaenu TpeHus. K nuHelHBIM Moze-
JSIM TPEHHUsI OTHOCAT BsI3KOE JeMIIpUpOBaHHE, THUCTEpe-
3MCHOE JAeMI(UPOBAaHWE W HACJECICTBEHHbIE MOJIEIH.
BoJIbIIMHCTBO MEXaHU3MOB JUCCHUIIAIIUN DHEPTHUU B KOJIC-
6aTeJ'H)HbIX CUCTEMAaX SIBIISIFOTCA HEJIMHEWHBIMU U HE MO-
TYT OBITH CBEJICHBI HU K JIMHEHHOMY BSI3KOMY JIEMII(PHPO-
BaHMIO, HU K JIMHEWHOMY I'MCTEPE3MCHOMY JeMI(pHPOBa-
Huto [1-2, 7].

[Ipu pemeHrM MHOTHX AMHAMHYECKUX 3a]ad KpoMe
BHYTPEHHETO TPEHUS B MaTepHale MPUCYTCTBYIOT COMPO-
TUBJICHUSI HEYIPYTOro XapakTepa, TaKue Kak TPEHHE B
OTOpax CHCTEM, THAPOJMHAMHYECKOE CONPOTHUBIICHUE
CpeIsl, CONPOTHUBIICHHE, CO3JaBAEMOE CIIEIMAIbHO BBO-
JMMBIMH B CHCTeMy jemidepamu,; TPeHHE B HEIOIBHK-
HBIX COCIUHCHHUAX (3aKJICMOYHBIX, PE3bOOBBIX H Jp.).
VYder Takux HEYNPYIHX CONPOTUBJICHUH BaXKeH IPU OIl-
pelesieHny aMIUTUTY ] BBIHY)KJCHHBIX KoJieOaHUH B pe3o-
HAHCHOI 30HE, JJI1 OLEHKU YCTOIHUMBOCTHU BpAIEHUS PO-
TOPOB IPHU 3aKPUTUUYECKUX CKOPOCTSX, U B PSA€ APYIHX
3aa4 AMHAMHUKHI TBEPIBIX U Ae(POPMUPYEMBIX TEIL.

B ocHoBe Bcex Monenel QUCCUNALUK YHEPTHUU Me-
XaHWYECKUX CHCTEM JIC)KHUT 3aBHCHMOCTH CHJI COIPOTHB-
JICHUA B DJIEMEHTaX CHUCTEMBI OT MX CMEIIEHUS WIH CKO-
poctu. Takasi 3aBUCUMOCTD OTIpeesieTcss MPUPOION pac-
CMaTPUBAEMOTO KOJIEOAaTEIpHOTO MpoIiecca U, KaK MPaBH-
JI0, ONHUCHIBAETCS HeJMHeHHoW ¢yHkumeid. Jlydmee onm-
CaHuE€ MEXaHHu3Ma [leMH(l)l/IpOBaHl/Iﬂ JOCTUTACTCs HUCIIOJIb-
30BaHHEM 3aBHCUMOCTEN JUCCHUIIATUBHBIX CUJI OT CMEUIC-
HUSL WK CKOPOCTH, MPEACTABICHHBIX B BUJAE NETIU TUC-
Tepe3uca, KOTOpas paslW4yHa JUid BSI3KOTO, YHpPYyTo-
BSI3KOT'O, CTaTUYECKOTO (HEIMHEHHOro) Wil 00IIero He-
TUHEeHHOTO nemmdupoBaHus. Ha mpakTuke mpu Moaemn-
POBaHUM KOJNEOAHWH CIOKHBIX MEXaHHYECKHX CHCTEM
9acTO UCIIONB3YIOTCS OoJiee MPOCThIe MOAEH BHYTPEHHE-
ro TpeHUs, yA0OHBIE I MPUMEHEHHUS YHCIEHHBIX METO-
JIOB, HANpHMEpP, MOJIENb BA3KOTO TPEHUS M MPOCTEHIIHe
YOPYTO-BA3KHE MOJENTH BHYTPEHHErO TPEHUS, IMONy4YeH-
HbIE Ha OCHOBE METOJIa PEOJIOTHUECKUX Mojieleil (Moenu
®doxTa, MakcBenia u 1p.).

Cunbl Heynpyroro COHNpPOTHBICHHS OINKCBHIBAIOTCH,
KaK TPaBUIO, HEIWHCHHBIMH (DYHKIUSIMH CKOPOCTEH
F=F(q),tne ¢ uq— o0o0meHHbIe KOOPAUHATA U CKO-

pocts, a F' — 0000ImIeHHast CHla COTIPOTUBIICHUS, B3ATas C
obpaTHbIM 3HaKoM [7, cTp. 11]. Jnst mpakTrueckux pac-
YEeTOB CHJIBI HEYNPYTOro CONPOTHUBICHHUS MOXHO JIMHEa-
PHU30BATh €CIIN CUUTATH COTPOTHBIICHUE TMHEHHO-B3KHIM.
JluHeapu3anuoo CUJI CONMPOTHBICHUS MPOU3BOMAAT, €CIIU
M3BECTHO MAJIOe BJIMSHUE CUJI COMPOTHUBIICHUS Ha KoJieOa-
TEJbHBIC TpoIecchl. JInHEapHU30BaHHBIC XapPaKTEPUCTUKU
CWJI TPCHHS HCIONB3YIOT TPU WCCICAOBAaHUHA CBOOOIHBIX
Kosiebanuii crcreMbl. CHITBI TPEHUS MOXKHO HE YUHUTHIBATH
MPU BBIYUCICHUH AMIUTUTY] BBIHYXICHHBIX KOJIeOaHHH
BJAJIN OT pe3oHaHca. HeoOXoamMo yYuTHIBATh HENMHEH-
HOCTh CHJI COIIPOTHBIICHUS TPH HCCIEIOBAHUN CBOOOJ-
HBIX 3aTyXaloUIMX KOJeOaHWA W BBIYICICHHH PE30HAHC-
HBIX aMIUTUTYZ BBIHY)KICHHBIX KOJE€OaHWH, a Takxke Ipu
paccMOTpEeHNH aBTOKOJIEOAaHUH U MEePEXOJHBIX MPOLECCOB
B aBTOKOJICOATEIBHBIX CHCTEMAaX, MapaMeTPUYCCKOM pe-

30HAaHCe.

OrnpeieiecHHOMY THIY COINpPOTUBIICHHS COOTBETCT-
BYET CBOE MPEICTABICHNE CHUIOBOW XapaKTEPUCTHKH [7],
HalpUMep:

— KyJIOHOBCKOE Tpenue: F = byq /|q'| ;

— CWJia COIPOTUBJICHUSA, XapaKTECPHU3YIOIIas JIHHEH-
HOE U KYJIOHOBCKOE TpeHue: F =byg /|(}| +bq;

n=l .
q;

— KBaJIpaTHYHOE COIIPOTUBIIEHHE: F = b2|4|q ;

— CTENeHHOe COIPOTUBIIEHHE: F = b|q

— JINHEHHOE u
F=bq*hg’;

Ky6nquKoe COIMPOTUBJICHHUE:

— cyxoe tpenue: F =byq /|G| —bg+byq’
rae b, by, by, by, b3 — NOIOKUTEIBHBIE TOCTOSTHHEIE.

JuccunaTiBHBIME CHIIAMH CYHTAIOT CHIIBI, YIOBIIE-
TBOpsifole  HepaBeHCTBY  F(q)g > 0. Ecimm  xe

F(q)¢ <0, To B cucreme NMpPOUCXOAUT NPUTOK SHEPTHH.

ECJ'II/I B CUCTEMC CUJIbI COHpOTI/lBHeHMﬂ OCyL[IeCTBJ'ISIIOT TO
MTOJIOKUTETHHYIO, TO OTPUIATEIBHYIO Pa0OTy, BOSHUKAIOT
aBTOKOJICOaHUS.

Ecmu cuimbel cOnpOTUBIICHUS HENb3s MPEACTABUTH B
BUJIE CYMMbI CIIaraeMbIX, KOTOpbIC 3aBUCAT JHOO OT
0000IIEeHHBIX KOOPAHWHAT, MO0 OT OOOOIIEHHBIX CKOPO-
CTEH, TO UX OTHOCAT K HEIMHCHHBIM CHJIAM CMEIIaHHOT'O
tuna. MIX MOXHO 3amnucarh B BUE NMPOHU3BEICHUS (YHK-
LIUH, 3aBHUCSAIICH OT 0000LICHHBIX KOOPANHAT, U (PYHKIINH,
3aBUCSIIEH OT 00001EeHHBIX cKopocteil: F = F (q)F,(q) .
Takue CHIBI XapaKTepH3yIOT MO3HIMOHHOE TpeHue. Ha-
mpumep [7]:

— monens Bau-nep-Tlons: F =—-Ag(1—¢°);

— YCIIO>)KHEHHAas MOJIENb Ban—nep—Ilomns:
. 2 4y .
F=-24(l-q"+aq");
— MOJIEJTb MO3HUIIMOHHOI'O BSI3KOI'O TpEHUSL:

F =bgsign (q—a);

— MOJieNIb TO3UI[MOHHOTO BSI3KOTO KYJIOHOBCKOTO
tpenus F = by sign (aq + fq) ,
rae a, b, by, a, §, A — TONOXKATEINEHBIC TIOCTOSHHBIE.

4 lemndupyonue 3JeMEeHTbl B Pa3jJHM4YHbIX Me-
XaHn4YecKux cucremax. CoBpeMEHHBIC MAITMHBI U MeXa-
HU3MBI TPEICTaBISAIOT COOOW CIIOKHBIE KOHCTPYKIIHH,
KOTOpBIE PabOTalOT 3a CYET B3aWMOJEHCTBHS OTHEIBHBIX
COCTABIIONINX dYacTe (meraneil, y3moB M T.1IL.). OTH
B3aMMOJICHCTBHS OTPAXXAIOTCSA B PACUETHBIX CXeMax, IMpH
MOCTPOCHUU Mojesied cucteMm. JlMHaMUYecKHe pacueTbl
CHUCTEM JOJI)KHbI YUYHTbLIBATH KOJ'Ie6aTeﬂle)Ie IMPOLECCHI,
BO3HHKAIOIIKE MPH PaboTe, 0OCOOCHHO B Ciy4ae Heypas-
HOBCIICHHOCTU OTACJILHBIX Y3JIOB WU OCO6€HHOCTeﬁ ux
pabotel. s yMeHbIIEHUs BUOpanuii B MEXaHHYECKUX
CUCTEMaX, HapsAy C €CTECTBEHHBIMH CHIIAMH COTIPOTHB-
JICHHS, OIpPEICIIIEMBIMU JIEMII(PHUPYIONIMMA CBOHCTBAMH
MIPUMEHSIEMBIX MaTEPHANIOB, TPEHHEM B COCIWHEHHAX W
CHJIAMH COTIPOTHBIICHHS B KOHCTPYKIIMOHHBIX JIEMEHTAaX,
HCHOIB3YIOT PAa3INYHbIC IeMI(QHUPYIONIe 3JIEeMEHTHI, Ha-
CTpOeHHBIE AeMiupyromue ycrpoiictBa. Hampumep, B
Ka4yeCcTBE HACTPOCHHOIo JeMI(HPYIOLIEro YyCcTpoiicTBa
MO’KHO MCIOJIb30BaTh CUCTEMY C OJTHOM CTENEeHbI0 CBOOO-
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Bl M3 MACCHBHBIX Te€J, COCAWHEHHYIO C BI3KOYIPYTUM
AIIEMEHTOM WM BS3KOYIIPYTHM JeMIihepoM, HaCTPOCH-
HYIO BS3KOYIPYTYIO CBSI3b, COCIUHSIOMIYIO pa3IMYHBIC
ANIEMEHTBl KOHCTpyKumuu u T. 1. [1]. Hdemndupyromue
YCTPOWCTBA TAKOTO THIIA BIUSIIOT HA KOHCTPYKIHIO ITyTEM
TMOTJIOIIEHUS SHECPTHUU U ﬂeﬁCTBy}OT B KOHCYHOM Jauaria-
30HC 4aCTOT, U B HEKOTOPLIX ClIy4dasixX OAWH TaKou JEMII-
thep mMoxeT 3p(heKTHBHO BIUATH HA TUHAMHYECKUE Iepe-
MEIIECHUS KOHCTPYKIUH JJIs HECKONBKHX (hopM Koireha-
HUH. B HacTpoeHHBIX AeMI(UPYIONMX yCTPOWCTBAX IO-
TJIOIIEHHAsT SHEPTHs OMpPEIeIseTCs JIOKATBHBIM TepeMe-
IICHWEM B KOHCTPYKIUH. [ TaBHBIMHU TPEAIIOCHUTKAMU ISt
TOro, 4roObl CHCTEMa C OJHOM CTENEHBIO CBOOOIBI HC-
MOJB30BaNIaCh KaK HACTPOSHHBIN Jaemmdep, SBISIOTCS
BO3MOKHOCTh YCTaHOBKM TaKOro Jemidepa B TOYKE C
OOJBIIUMH JTHHAMUYECKUMH MEPEMEIICHUAMHI U HaJIN4re
1100 eTUHCTBEHHON PEe30HAHCHON YaCTOTHI, JINOO TPYIIIBI
PE30HAHCHBIX YaCTOT C OAMHAKOBBIMU 3HAYCHUAMU SHEP-
run pedopmanuid. Kpome Toro, HacTpoeHHBIH aemidep
MOXeET OBITh CIIPOEKTHPOBAH TaAKUM 00pa3oM, YTO OH Oy-
JIET UMETh HECKOJIBKO PE30HAHCOB, KOTOPhIe OOBIYHO BO3-
HUKAIOT JUIS JOCTaTOYHO XOPOIIO PAa3JCNICHHBIX YacTOT
Koe0aHni, M TO3TOMY OH MOXKET OOECIIeYMBATh JEMII-
¢upoBaHHEe B IHMPOKOM JHMANa30HE YacTOT KOJeOaHUit
KOHCTPYKLHUH.

s perenns 3aqad BUOPO- M IITyMOU3OJIALIMN HCTIOIb-
3YIOTCSl YCTPOWCTBA /ISl TIOBEPXHOCTHOTO JIeMIT(pUPOBAHUSL.
YCTpolicTBa  TIOBEPXHOCTHOTO  JIEMITGUPOBAHUSI  OOBIYHO
OTHOCATCA K OJTHOMY U3 JIBYX THUIIOB B 3aBUCUMOCTHU OT TOTI'O,
BO3HHKAIOT JIM B JeMIipHpyolieM Matepuane nedhopManui
PaCTSHKEHHS-CKATHSL MM TIOTIEPEYHOT'O CIIBUTA.

lacutenu koneGaHWi MOXKHO TOJPA3JEIUTh HA IO-
TJIOTHTENH KOJICOaHUH, TUHAMWYCCKHE TaCUTEIIN U TUHA-
MHUYECKHE TacuTenu Koyiebanuii ¢ tpenuem [7, 8]. K mo-
TJIIOTHTENAM KOJEOaHWH OTHOCSTCS — TacCHUTENH CYXOro
TPEeHUs, THAPABIMYECKHEe, YAapHbIe. DTO Macca, KoTopas
C TIOMOIIBIO AIIEMEHTa TPEHUS A00aBIAETCA K CHCTEME U
CHOCOOCTBYET CHIDKCHHIO YPOBHS KoOJeOaHUH 3a cueT
MOTJIOIIEHNS SHeprun. /[MHaMu4eckne racuTenu Koiebda-
HUH (MacChl Ha MPYXXHHE, MAaSTHUKOBBIE JeMI(Epsl) H3-
MEHSIOT XapaKTEPUCTUKU CUCTEMbI 0e3 paccesHHsl dHep-
rUd. A JMHAMUYECKUE TaCUTEIH KOJeOaHUl ¢ TpeHHEeM
CHOCOOCTBYIOT M PACCESIHUIO SHEPIUH, U ypaBHOBELINBA-
HHUIO BO30YXIAIOIETO MOMEHTa, HalpHUMEp, PE3MHOBHIC
nemrdepsl. KOHCTPYKTUBHO BEITONHSIOTCS B BUJE JOIOJ-
HUTENBHBIX MAacC, CBA3aHHBIX C OCHOBHOW CHCTEMOW Npu
TIOMOIIIM AJIEMEHTOB KaK YIIPYToro, TaK | Bsi3koro Tuma. [Ipu
ATOM TS TOCTWOKEHHST HeoOXomuMoro 3¢ dekra, HeoOX0oau-
MO 4TOOBI BU KOJI€OAHNI OCHOBHOM CHCTEMBI OBLI WICHTH-
9eH KOoJeOaHWsAM TPHCOSTMHEHHBIX YCTPOWCTB. Bumpl mu-
HAMHYECKUX TacHTelel, mpoOaeMbl KOHCTPYKIIMOHHON pa3-
paboTKK paccMaTpUBarOTCs B padotax [7, 9, 10].

KoHCTpyKTHBHOIM OCOOEHHOCTBIO JTUHAMHYECKUX pe-
30HAHCHBIX TacHuTeleil KoleOaHUi SIBISETCS HCI0JIb30Ba-
HHUE YIPYTUX JCMEHTOB B BHJIIE CTCpP)KHEH, KOTOpBIC pa-
OoTaroT Ha M3rKO M KpydeHue oxHoBpeMmeHHO [11]. Pas-
JUYUe 3HAYCHUH MOMEHTOB WHEPIHHU CTEPXKHEH OTHOCH-
TEJBHO TJIABHBIX OCEH IMOIIEPEYHOr0 CEUCHHUS PUBOIUT K
MOSIBJICHUIO IUIABHOM HEJIMHEHMHON yNpyrou xapaxTtepu-
CTHKH, BCJIEICTBHE YETO IMPOUCXOTUT YMCHBIICHHE Ha-
MPsDKEHUH B YIIPYTHX JIEMEHTaX.

[Ipu KoneOaHUAX CHCTEM C OIpeNeNeHHOH, 3apaHee
YCTaHOBIICHHON aMIUTUTYION ISl BHOPO3AIIUTHl MOXKET
HCIOJB30BATECS YIPYTHH AJIEMEHT C ABYMS YCTOHYMBBI-
MH TIOJIOXKEHHUSIMH paBHoOBecHsl (pepma Mmuzeca, xyomnaro-
mast MeMOpaHa), KOTOPhI CaAMOIPOM3BOJIBHO TEPSAET yC-
TOM4YuBOCTh. lIpu 3TOM cuctema nepexoauT Ha IpPYrou
HEJIMHEUHBIN PEXUM.

W3BecteH cmoco® wu3MeHEHUs! AeMI(UPYIOIIX
CBOWCTB KOHCTPYKIIMU JICTATEIILHOTO arliapaTta BBEICHU-
€M B KOHCTPYKLHIO 0aka AeMI(pUPYIONMX Meperopook
pasmmuHbIX QopM u pasmepos [12]. [IpumeHeHHE TakuX
nemripepoB B BU/IE KOMBIEBBIX U pagHalbHBIX TIEPETOpPO-
IOK sBisgeTcs 3(QQPEKTHBHBIM CPEICTBOM OTPAHUUCHUS
MTOIBMKHOCTH JKHUAKOCTH, a TPAaBWIBHBIA MOAOOp WX Ta-
paMeTpoB CHOCOOCTBYET YJIYYUICHHIO JIeMI(UPYIOUIHX
CBOMCTB KOHCTPYKLMH.

Ha npakTuke n3BECTHO UCIOIb30BAHUE HEJIMHEHHBIX
neMidepoB, HalpuMmep, CHIMKOHOBBIX JeMI(pepoB, IIU-
POKO MPUMEHACMBIX JId ralICHUSA aMIUIUTY I KPYTHUIIbHBIX
koneGanuii cynoBbix nuseneid [13]. Takue cuimkoHOBBIE
neMiiepsl ¢ MOJIMMETHIICHIOKCAHOBBIME HATIOJTHUTEIISIMA
OTJIMYAIOTCSI MPOCTOM KOHCTPYKLMEH M HAJEKHOCTHIO B
sKctyarauuu. Ilpuuem cBOMCTBA CHIMKOHOBOM JKHMIIKO-
CTH OCTAalOTCA YAOBJIECTBOPUTCIHHBIMH TPHU HCIOIH30BaA-
Hud ux B TeueHue 20-40 ThICSY 4acoB, MOCIIE YEro HeoO-
XOIMMO 3aMEHUTH MO0 aemidep, TUO0 CHIMKOHOBYIO
KHUIKOCTD.

SIBneHNe HEYCTOWYMBOCTH MPOIOJIBHBIX KOJEOaHWH B
CHCTEME paKeTOHOCUTENEeH KOCMUUECKUX allapaToB U MeX-
KOHTUHEHTAIBHBIX OaJUTMCTHYECKUX PAKET IPUBENIO K HEOO-
XOOUMOCTHU HCIIOJIb30BaHHUs CIICLIHMAJIbHBIX JleMH(i)epOB -
THIPOAKKYMYJISATOPOB.  Vcnosnb30BaHHE  CTHIKOBOYHBIX
MIIAHTOYTOB CIICIUATIBHOTO MPOQIIA ¢ HEIWHEHHOW yIIpy-
TOl XapaKTepPUCTUKOM UIS COCAMHEHHST CTYICHEH paKeThl
MIPUBOAWT K CHIDKEHHIO aMIUTHTYIBI MPOIONBHBIX Koieba-
HUIA paKeTsl TIPU TIPOXOXKICHUH depe3 pe3oHanc [11].

5 NlemnupoBanue koje0aHuii B POTOPHBIX CHC-
TemMax. s ynydiieHus paboTOCIIOCOOHOCTH U HafI)KHO-
CTH POTOPHON CHCTEMBI HEOOXOIMMO YMETh BO3ACHCTBO-
BaThb Ha HUX Bl/I6paIJ,l/IOHH]:le XapaKTCPpUCTUKHU, IJId 4YE€TO
UCTIONB3YIOT nemidupytomue ycrpoiictsa [14]. Jdemmde-
PBI MOTYT MMETh pa3jIMuHble KOHCTPYKLHUH, UX Pa3HO00-
pasue NpPOJMKTOBAHO KJIAcCOM pemaeMblX 3amgad. Jlis
pPOTOPOB OCOOEHHOE 3HAYECHHE MMEET YPOBEHb AEMII(pH-
poBanus B omopax. Knaccudukanms OCHOBHBIX THIIOB
JemMidepoB OMop POTOPOB MOKa3zaHa Ha puc. 1.

Bupno, uro ruapaBmmueckue aemrdepsr 1 aemrdepst
CYXOro TPEHHMS! IPUMEHSIOTCS YaIle, YeM JeMII(pEPbl JPYTHX
BUI0B. OHUM W3 PACIPOCTPAHEHHBIX THIIOB AeMII(epos,
HCTIOJIB3YEMBIX B OIOPaX POTOPOB TypOOMAIIIMH, SIBIISTIOTCS
ruapomuHamudeckue nemndepst () wm pemndepst
BbIIaBJIMBAHUEM IUIEHKM cMaszku. [JIJ] moryt umers pas-
JIMYHYIO KOHCTPYKIIMIO, Pa3iIM4asich IPU 3TOM 10 HampasJie-
HHUIO BOCHPHHMMAEMOHN CHIIbI, HAJIMYHIO WIIM OTCYTCTBHIO
PETyIMpOBaHus, BUIY 3a30pa, a TaK e M0 OTCYTCTBUIO WX
HAJIMYMIO YIIPYyroro siaemeHTa. [1pu mpoekTHpoBaHuy ieMIl-
(hepoB HEOOXOIMMO YUHUTHIBATH TIHAMUYECKUAC HATPY3KH U
TeMIIepaTypy, OCOOCHHOCTH IOIBOJA M OTBOAA CMa3KH B
neMidepHbIi 3a30p. CyImecTByeT cxemMa UCCIIeIOBAHUS CHC-
TEMBI «POTOP-OTOPbI» C JMHEHHBIMUA U HEIMHEHHBIMH Xa-
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PaKTEPUCTHKAMH, B HEW yCTAHOBJICHO, YTO W3MEHEHHE Me-
XaHU3Ma TOJIBOJIa-0TBO/Ia CMa3KH K 3a30py MOXKET CYIIECT-
BEHHO W3MeHMTh aemiidepusie crnocodHoctu [14]. Hampu-
Mep, HAJMYME MUTAIONMX OTBEPCTHH MOXKET YBEIUYHThH

nemmn¢uposanne Ha 20 %. OnvcaHa METOJONOTHS POEKTH-
posarms /[, B KOTOpYIO0 BXOIUT AJTOPHTM BEIOOpa THIIA
Jemndepa U ONTUMU3ALMS €r0 MapaMeTPOB I JKECTKOTO
potopa.

—’| C TOPHERRIMH INMCJIAMY |

Hervmdepir onop poropor
TypboMamen
v ¥ ]
T'eaparmvIeckse Kombumuporaasoro Bez ¢pmzmaeckoro |
TPEHHA KOHTaKTa
APOCCETIEHEIE |4
TEAPOCTATHIECKINE | HACCHBHEIE |
TIMACTHETATELT MarHHTHEIC
—| mApoguEaMETecKue |¢
ecx aKTHBHEIE |
JeRT - MATHHTHEIE
] [
MAarguTo-
‘_
——

Pucynok 1 — Kimaccudukanus nemMndepos omnop poropos

Pa3paboTke, uccienoBaHnIo0 ¥ crocodaM NpUMeHe-
uus ['J1J] mocesiieHo MHOTO paboT. ['uapoauHaMudeckue
JemIiiepsl ¢ YIPYIUMH 3JEMEHTAaMH SBISIFOTCSI COCTaB-
JISIOMIMMU AJIEMEHTaMH OTIOp POTOPOB TYpPOWH aBUAIIMOH-
HeIx apurateneit [15]. K HuM BeiBuTaroTcs TpeOOBaHUS
0 KECTKOMY OTPaHMYCHHUIO MECTa pa3MeEIleHHs] U HeoO-
XOOUMOCTH PadOoTaTh MPH BBICOKMX TemIieparypax. Pac-
CesTHHe YHePrud KOJeOaHNH B HUX MPOMCXOIUT IIPH Iepe-
TEKaHUHM BA3KOW >KHIKOCTH TI0 TOHKOMY AeMIIhepHOMY
3a30py, a TaKKe 33 CYET BHEIIHETrO TPEHHS B COMPSKCH-
HBIX netasix. Jemmupyromue CBOHCTBA B OCHOBHOM
3aBUCAT OT TOJILIMHBI CJIOSI Maciia, I0JaBaeMoro Mo AaB-
JICHUEM, 1 OCOOCHHOCTEH €ro TEe4YeHHs, a TaKkKe OT JUIU-
Hbl AKTHUBHOTO yd4acTka. [loBeimienue 3¢dekTuBHOCTH
JeMII(HUPYIOMNX YCTPOHCTB JIOCTUIAeTCS Pa3HBIMH METO-
JaMH, HalpuMep, TMPUMECHEHHEM TaK Ha3bIBAEMOTO
«UTMHHOTO» THAPOJMHAMUYecKoro nemidepa [16].

Ha yBemumdenme pecypca TypOWHBI BIHSET BHIOOD
ONTUMAIIEHOW KOHCTPYKIIMA M MECTa pPacHOJI0KECHUS
'O [16]. OtmedeHo, 9TO A obecnieueHus HY)KHON aM-
IUIATY B KoJeOaHnid HeoOxoaumo crpoextupoBatsh 111
C ompeAeeHHOW BeTMYUHON NeMI(UpOBaHUs, KOTOpas U
OyZIeT BIMATH Ha yPOBEHb AUCOaIaHCa.

B 1O ke BpeMms, 3aBUCUMOCTb CBOMCTB >KHJKOCTH,
npumMensiemoit B I'/I/], oT BHemHeil TeMmmeparypsl, 0CO-
OEHHOCTH TMOJBOAA U OTBOJA CMAa3KW MOXHO OTHECTH K
HEIOCTAaTKaM, KOTOPBIX HET y 3JCKTPOMATHUTHBIX JIEMII-
¢upyronmx s1ementoB [18]. MarHuTHbIE U 3JEKTpOMar-
HUTHBIC JIEMII(QHUPYIONIUE 3JIEMEHTHI PU OONBIINX BEIH-
YUHAX JEMIIPUPYIONINX CHJI UMEIOT MOJIBI)KHBIEC JIIEMEH-
Thl MQJIOM MHEPLMOHHOCTH, HE UMEIOT TPYLIUXCS YacTEH.
OHH HCTIONB3YIOTCSI B KAa4eCTBE 3IIEKTPOINHAMHYECKIX
TOPMO30B B TPAaHCIOPTE, B AMOPTU3AI[OHHBIX CHCTEMAax
CTBIKYIOIINXCA OOBEKTOB.

OnHuM H3 BapHaHTOB JeMIliepa SIBISIETCS 3JIEKTPO-
MarHUTHBIA JEMI(QUPYIONIHI 3JIEMEHT ¢ HATHHIAPHICCKIM
POTOPOM C akcHaIbHBIMHU Ipopessmu [19]. B porope yBenu-

YMBACTCS 3JIEKTPOMATHUTHBIM TOPMO3HOM MOMEHT H3-3a
YBEIMYCHUA AKCHaJILHOU IUIOTHOCTH BUXPEBLIX TOKOB.

[pencraBisiroT MHTEPEC AEKTPOMArHUTHBIE JeMI(u-
PYIOILHE DJIEMEHTHI C IBOMHBIMU POTOPAMH, OTIIMYAIOIIHECS
LIMPOKUM JIHara3oHoM paboumx CcKopocted. Pazmuunble
THIIBI JIBIDKEHHSI POTOPOB (COINIACOBAaHHOE WIIM BCTPEYHOE)
JIAI0T pa3iIM4HbIe MEXaHMIECKUE XapaKTEPUCTHKH, KOTOPbIC
TTO3BOJISIFOT YIPABJIATH MPOLIECCOM TOPMOXKEHHS 3(D(HEeKTHB-
Hee, YeM B Cllydae JJIEKTPOMAarHWTHBIX JEMII(HUPYIOMINX
AJIEMEHTOB C OJJHUM poTopoMm [20].

B BBICOKOCKOPOCTHBIX pPOTOpax MAarHUTHBIE TIOA-
HIUITHUKN BBICTYIIAIOT U B KAa4€CTBC OIIOp, U B Ka4YCCTBC
ynpyro-aemndepHsix anementos [21]. Ux aemndupyro-
IIME CBOWCTBA 3aBHUCAT OT IapaMeTpPOB MarHura (reoMer-
pHUH, MaTepHaia, ypoBHS HaMarHW4eHHOCTH) U MOTYT H3-
MEHSATBCSI TP M3MEHEHUM 3JIEKTPUYECKHX IapaMeTpOB
LieTIeH 2IeKTPOMAarHuTOB.

OmanM w3 Hambolnee YPPEKTUBHBIX METOJIOB OOpb-
OBl C KOJICOAHUSMHU POTOPOB (B YaCTHOCTH, IUIA TypOO-
KOMIIpECCOpa JIBUTaTeNs CyAHA) SBISETCS YCTaHOBKA
nemrdepa, pearupyomnero Ha CKOpocTh BPAIIEHUs] POTO-
pa. [IpuueM, ycTaHaBIMBaTh €r0 HEOOXOAUMO B CEUEHHH C
HauOOJIbIIeH aMIUTMTY 10U KoieOanuid. Tak, ams paccMmat-
pUBaeMoOro portopa jaemrdep BCTPauBaJICS B TEXHOJIOTH-
YeCKYI0 MOJIOCTh CTYNUIIBI Kojeca KoMmipeccopa. B atom
cllyyae TpU KOHCTPYKIHOHHOM JEeMI(QHUPOBAHUU KO-
¢unuent nemnupoBaHus P KPYTHIBHOH CHCTEMBI 0e3
CIELMAJIBHO YCTAHOBJEHHOTro jaemmdepa cocTaBisul
B=0,1...0,2; To ¢ nemmnepom yBemmausaics a0 0,5. Ber-
TIOJTHEHHbIE MCCIIE0BaHMs, KOTOPBIE TIOKa3allH, 9TO TOCIe
YCTaHOBKH Takoro aemr¢epa MMKOBHIE 3HAUCHHSI aMILIN-
TyJ KPYTHIBHBIX KOJEOAHUH MPU KPUTHUECKUX YACTOTAX
BpaIlleHNs] CHU3WINCH Ha 59 % U IpH 3TOM KPUTHYIECKHE
YaCTOThl CMECTHJIUChH M3 30HBI paboumx gactoT [22]. Ta-
KO K€ MOAX0/l MOXKET ObITh PEeaIr30BaH U MPH yCTAHOB-
pe€ poTopa B MACCUBHLIC WJIM AKTUBHBIC MarHUTHBLIC I1O/-
HIMITHUAKYA (C PeryJMpyeMbIMUA CHJIOBBIMHU U AeMIIpUpPYIO-
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ITUMU cBolicTBaMu) [23-25].

BoiBoabl. B crathe npoBeneH 0030p METOIOB Tariie-
HUs BUOpanuid. PaccMOTpeHBI TEOpPEeTHUECKHE OCHOBBI
yuera aeMiQepoBaHusl U CHJ CONPOTHBJICHUS B IMHAMU-
Yyeckux cucreMax. [loka3zaHbl MEXaHU3MBbI JIEMII(PUPOBA-
HUSI B KOHCTPYKIMH (neMIiprpoBaHHE B Marepualie KOH-
CTPYKIHWHU, UCIIOJIB30BAHUE CIICIIUAJIbBHBIX MaTE€PUAIOB JJIsd
MOBBILIEHUs AeMIIpUpoBaHus, 1eMII(pUPOBaHHE B COE/IHU-
HeHusix). [IpencraBieHsl MOJENH CHIJI TPEHUS U 33ja4H, B
KOTOPBIX OCHOBHBIM BOIIPOCOM SIBISIETCS HCIOJb30BaHUE
MTOJIE3HBIX CBOHCTB AEMII(HPOBAHUS B Pa3IHUBIX MEXaHH-
gecknx cucreMax. [IpoemeH anamm3 3(QeKTHBHOCTH
MpUMEHEeHHs JeMII(pepoB B 3aBHCUMOCTH OT UX KOHCTPYK-
THUBHBIX OCOOCHHOCTEH 1 MeCTa YCTAaHOBKHU.
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K.E. IIOTOIIA/TbChKA

orjsiA CY4YACHHUX MO/IEJIEA PO3BUTKY KOPO3II>11—IHX HOMKO/JKEHb TAHAIIPAMIB
JOCJII?KEHHSA IX BIIVIMBY HA MIHHICTD I HAJAIMHICTD EJIEMEHTIB TPYBOIIPOBITHUX
CUCTEM

VY npaniit poOOTI IPUBOAUTHCS OIS CYy4AaCHOTO CTaHy JOCIHIIKEHb B 00JacTi KOPO3iHHO MOIIKOMKEHUX TpyOompoBoxiB. Posrisama-
I0THCS TIXOAN AT aHai3y MIITHOCTI Ta HaTiHHOCTI MaricTpajabHUX TPyOONpOBOXIB 3 AedekramMu. BraineHo ABa OCHOBHHUX HaIpsM-
KH JI0 JOCNI/DKCHHS JAaHUX KOHCTPYKIIN: IIe MiIXOMU B SKUX aHaJi3 HAJIHOCTI MPOBOIUTHCS Ha OCHOBI OLIHKHM 3MiHHU (Di3HKO-
MEXaHIYHHUX BJIACTHBOCTEH MaTepiayly, Ta Ti, B SIKHX 3a JOIOMOIOI0 Cy4aCHHX HNPOTPaMHHMX KOMIUIEKCIB 3 BUKOPHUCTaHHSIM METOLY
CKIHYEHHHX EJICMEHTIB IPOBOAUTHCS SIBHE MOJICIIIOBAHHS MOIIKO/PKEHUX TPyOOIPOBOJIB Ta BU3HAYAETHCS HAIPyKEeHO-IedopMoBa-
HHI CTaH Ta 3aJIMIIKOBUIl Pecypc KOHCTPYKILI.

KurouoBi ci1oBa: MaricTpaibHUiA TPyOOIPOBi, KOPO3isl, MOMIKOMKEHHs, HaliiHICTh, KOPO3iiiHMIt Ae(eKT.

B pabote npuBoauTcst 0030p COBPEMEHHOTO COCTOSHMS HMCCIIEAOBAHUI B 00JACTH KOPPO3HOHHO MOBPEKICHHBIX TPYOOIPOBOAOB.
PaccMarpuBaroTCs MOAXOIBI ISl aHAIM3a IPOYHOCTH M HAJIGKHOCTH MArHCTPAIBHBIX TPYOOIpoBOaOB ¢ Aedekramu. BoiieaeHs! Ba
OCHOBHBIX HaIlpaBJICHUS UCCIICNOBAHMIT TaHHBIX KOHCTPYKIMIA: 3TO ITOJXO/IbI, B KOTOPBIX aHAJIN3 HAJISKHOCTH MPOBOAUTCS HAa OCHOBE
OLICHKH M3MEHEHHs (PU3MKO-MEXaHMUECKUX CBOMCTB MaTepHana, W Te, B KOTOPHIX C IIOMOLIBIO COBPEMEHHBIX IPOTPAMMHBIX KOM-
IUICKCOB C HCIOJIb30BAaHUEM METOJa KOHEYHBIX JIEMEHTOB IPOBOAUTCS SBHOE MOJEIMPOBAHHE MOBPEXKIEHHBIX TPYyOOIPOBOJIOB U
OIPECISIOTCS XapaKTEPUCTHKU HANPSHKEHHO JIe()OPMUPOBAHHOTO COCTOSIHUS M OCTATOYHBIN PECypC KOHCTPYKIIMH.

KoroueBble ci10Ba: MarucTpaibHbIi TPyOOIPOBO, KOPPO3Usl, IIOBPEXKICHUS, HaIe)KHOCTh, KOPPO3HOHHEIN Jie(eKT.

The analysis of current research in the field of reliability analysis, corrosion damaged pipelines was made in this paper.The methods
used to determine the life-time of pipelines have been divided into two groups: those in which the reliability analysis is based on the
assessment of changes in physical and mechanical properties of the material, and those which are used the finite element method
made a explicit modeling of damage on surface of pipelines, whereby the numerically defined characteristics of stress strain state and
analyzes the strength and reliability.From the analysis of works was defined, appearance of corrosion defects on the surface of the
pipeline leads to plastic deformation even at relatively small size of damage, and speed up the development of corrosion. This sug-
gests that in the determination of residual life, it is necessary to use methods of accumulation is low cyclic fatigue.
Keywords: pipeline, corrosion, damage, reliability, corrosion defects.

Beryn. TpancmopryBaHHS Ha(TONPOAYKTIB 3a [0-
MOMOTOK0 MariCTpallbHUX TPYOONpPOBOAIB € HalOLIbII
MOUIMPEHUM, HaIlilHUM Ta €KOHOMIYHO BUTIIHUM 3aco-
0OM X JTOCTaBKHM JIO KiHIIEBOrO croxuBada. [Ipu ekcruty-
atamii i KOHCTPYKIIi 3a3HAIOTh CYTTEBHX IHHAMIYHHX
HAaBaHTa)KCHb, @ TAKOXK BiJUyBalOTh JIF0 arpEeCUBHOTO Ce-
peloBuIna, 110 3a IIEBHUH Yac poOOTH MOXKe NPHUBE3TH 10
iX momrko/pKeHHs. HakonuueHHsT BTOMH Ta KOpo3ii, 31at-
HE TPU3BECTH 0 YTBOPEHHS Ta POCTY TPILIMH i, BHACII-
JIOK IIOTO, pO3repMeTn3alii KoHCTpykmii. Ciix Big3HAYH-
TH, IO HECBOEYACHE BUSBJICHHS TaKHX IOIIKOIKCHb
KOHCTPYKIIii MOXe MPU3BECTH 10 BUHHUKHEHHS aBapiiiHO-
HeOe3MeYHNX CUTYyalill, CTaTH MPUYUHOK EKOJOTTYHUX
karacTpo(, 3a0pyAHEHHs, 3aBJaTU CYTTEBUX CIIOKUBYHX
30UTKIB, a TakoXX OyTH 3arpo3010 JUIsl JKUTTS JIFOJIMHH.
[MonepemkeHHs Takux IMOJIN 3a paxXyHOK BUACHOTO IPO-
BElICHHS] TEXHIYHOrO OOCIYyrOBYBaHHS Ta PEMOHTY €
BKpail BaIMBOKW 3agadero. ToMy BH3HA4YCHHS pecypcy
MaricTpaJbHUX TPYOONpPOBOIIB 3 KOPO3iMHUMH JedeKTa-
MH € aKTyaJlbHOIO MPOOJIEeMOI0 Ha BHUPIMICHHS SIKOi CIIps-
MOBAHO BEIUKY KUTBKICTh HAYKOBHX JOCIHIIKEHb 3 BHKO-
PHCTaHHSAM EKCIICPUMEHTAIbHUX METOJIB, TEOPETUYHHX
MIAXOIIB Ta KOMIT FOTEPHUX 3aCO0iB.

Ha ueii yac otpuMaHo J0CUTh 0arato pe3ysbTariB y
00s1acTi BU3HAYCHHS Oil PI3HUX YMHHHUKIB Ha Ipare3aar-
HicTh TpyOompoBoAiB. binbia yacTrHa KOCHIKEHD BilO-
MHX B JIITEpaTypi 3 NMUTaHb BHUPILIEHHS 3a/ay 3 OLIHKH
HaJifHOCTI cucTeM 3 Kopo3iiHumu aedextamu. Merony,
SIKi BUKOPHCTOBYIOTBCSI [UIsl BU3HAYCHHS PECypcy TaKHX

KOHCTPYKIII MOXKHA PO3JIUIMTH Ha Bl IPYIHU: Ti, B SKHX
aHaJi3 HAJIMHOCTI MPOBOIMTHCSA Ha OCHOBI OIIHKH 3MIHU
(i3uKo-MexaHIYHUX BIACTHBOCTEH Marepialy, Ta Ti, B
SKHX 32 JOMIOMOTOI0 CYYaCHUX MPOTPAMHHUX KOMILIEKCIB 3
BUKOPHCTaHHIM METOJly CKIHYEHHHX €JIEMEHTIB HpPOBO-
JIUTHCSI SIBHE MOJIETIOBAHHS MOIIKOKEHUX TPyOOIpOBO-
B, 3@ JIOMIOMOT'OK0 YOT0 YHCEIbHO BU3HAYAIOTHCS Xapak-
TEPUCTUKHU HAIPY:KEHO-Ie()OPMOBAHOTO CTaHy, Ta MPOBO-
IUTHCS aHANi3 MIMHOCTI Ta HafgiitHOoCcTi. Ha puc.l 300pa-
JKEHO BUIJISA]] PEATbHUX KOPO3IMHHUX MOIIKOKeHb HA Ma-
ricTpanpHUX TpyOOTpOBOIAX.

a

Pucynox 1 — Ipuknagy peaqbHUX KOPO3IHHUX MOIIKOPKEHB!

a — OJMHOYHUH edekT ckianHoi Gpopmu [1], 6 — kopo3iiiHuii
nedexT, IKui MpU3BIB 10 TpinmHHA [2]
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1 ITixxoau 10 BU3HAYEHHS PecypCy MOLIKOAKEHO-
ro TpyoonpoBoay 6e3 SIBHOTO MOAeJIOBaHHA KOPO3iii-
HOro fedekry

Bu3HaueHHS 3aJIMIIKOBOTO pecypCy HOIIKOIKEHOTO
TpyOOIIPOBOLY TPOBOAMTHCS 3a JOMOMOTOI0 METOMIB, B
SKHX BPaxOBYIOThCs 3MiHa (Pi3MKO-MEXaHIYHHUX BIIACTH-
Bocreil Matepiany [3-11]. B naHomy BHnanky He Bpaxo-
BYIOTBCSI T€OMETPHUYHI 0COOJIMBOCTI BUHUKAIOUHMX JAe(peK-
TIB Ta iX pPO3TAlIyBaHHS, ajl€ PO3BHTOK MOLIKOKECHHS
3a71a€ThCS 32 JIONIOMOTOI0 PI3HOMaHITHUX MOJIENIeH pocTy
KOpO3ii, sika BU3HAYA€ThCS IapaMeTpoM HIBUAKOCTI PO3-
BUTKY Kopo3ii [3-5,7] Ta BmmuBy cepenosuma [6,8-10], B
SKOMY 3HaXOANTHCS MaTepiall.

Hanpuknan, y po6oti [9] moka3aHO SK BIUIHBA€
IPYHT Y AKOMY 3HAaXOJUTHCA TPYOONPOBiA Ha HIBHIAKICTH
pocty Kopo3sii. PesyipraTti nux mociikeHs 300pakeHi Ha
puc.2.
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Tepmi ekcnnyatayii TpyGonposoay, poku
e [IUHUCTI FPYHTH = «@= = niwani rPyHTH
Pucynok 2 IIBuakicTbh pocTy KOpo3ii B 3a1€XKHOCTI

BiJ TUIy IPYHTY [9]

3 puc.2. BUIHO, IO OUIBII arpecMBHUM CEPEIOBH-
IeM Il PO3BUTKY KOPO3ii B MariCTpaibHUX TpyOompo-
BOJAX € TJIMHHUCTI IPYHTH.

3a3Buuaii, Mpu BUKOPHCTAHHI TAKOTO MiAXOAY Y PO3-
paxyHKaX PO3BUTOK KOPO3ii MOJETIOETHCS Y BUIIIAML CTY-
nereBoi QyHKIIl, siKa MOB’s3y€e Yac eKCILTyaTalii Ta cepe-
JTHE 3HAYCHHS MaKCUMaJbHOI riuOuHu nedexty (d,(f))
[7].

d,(0)=kie-1,)", (1)
J€ to— 1Ie 4ac MOSABH KOPO3iHHOro MOIIKO/DKEHHS, a ¢ Ta

k 11e TOKa3HUKH KIHETUKU POCTY MOIIKOKYBAHOCTI, K1 Yy
OUIBIIOCTI JOCIIKEHh BBAXKAIOTHCSA MOCTIHHUMHU Ta 3Mi-
HIOIOTBCS y Mexax Bix 0,3 no 1.

Takox Tpeba 3a3HAYUTH, MO NPHU HOCIHIIKEHHI
BIUIMBY KOpO3ii Ha MaricTpaibHi TPyOOIPOBOIH 3aCTOCO-
BYIOTBCSI €KCIIEPUMEHTAJIbHI CTATUCTHUYHI BHMIpIOBAHHS
Ta HAa OCHOBI IIMX JaHMX BHU3HAYACTHCI IOBIOBIYHICTH
KoHCTpyKii [3, 11].

B po6oti [3] mopiBHIOETHCS JiHIHA MOAETH POCTY
KOpO3ii Ta eKCIIepUMEHTANIbHI JIaHi, SIKi OTPUMaHi MUISIXOM
CIOCTEPEKEHHS 32 PO3BUTKOM KOPO3IHHHMX MOIIKOKEHb.
JliniiftHa MozeIb POCTy KOpPO3ii po3risinae TIHOuHy aede-
KTY h, SIK JiHIHHY QYHKLIIO Yacy .

h(t) = ho + ht. 2)

BusnaueHo, 110 3a JOIOMOIOIO JIIHIHHOT MOZEII MO-
JKHA OLIHIOBaTH NapaMeTp IMOWHM JiedeKTy, ane BOHA
Jla€ HEe KOPEKTHI pe3yJbTaTH IIOJO BiAMOB, TOOTO abo

MIEPEOIliHI0E a00 HEJOOIIHIOE pecypc TPYOOIPOBOLIY.
OTxe, OCKUTbKH BHUHHKHEHHS KOPO3IMHUX MOIIKOKEHB
MO€ CTOXaCTUYHHH XapakTep, HeOOXiTHO BUKOPHUCTOBYBA-
TH METOIH, AKi MOXYTbh BpaxyBaTH Lied ()akT Ta AaBaTH
HaWOIIBII TOYHI Pe3yNbTaTH, HAPHUKIAA Moaenbs Mapko-
Ba.

Y pob6ori [11] Ha OCHOBI MeXaHIKH PO3CISTHOTO PYii-
HyBaHHSI NOOY/ZI0BaHAa KOHTHHYalbHa MOJENb 3POCTaHHS
TPIIIMH BHACHIZOK KOPO3IHHOTO pPO3TPICKyBaHHS CTalleH
Ta 3a JIOIIOMOT'0I0 EKCIIEPUMEHTAIIbHUX JIOCIIPKEHb BCTa-
HOBJICHI JIIHIMHI 3aJIe)KHOCTI JIorapudMy 4acy pyiHyBaH-
HA ¢* BiJ Halpy>X€Hb ¢ Ta IMPOIEHTHOTO BMICTY XJIOPHUAY
HATPIIO.

do 0,0 <0; 3

dt 410" (1- )™, @
Jie @ 1€ MIBUIKICTh HOPMOBAHOT JOBXHUHH MOLIKOKEHHS,
SIKa 3IEKUTH BiJ] PO3TATYIO YOI0 HANPYKEHHS 0.

B manux po6otax [3,5,7] po3BUTOK KOPO3iMHUX TIO-
HIKO/DKEHb PO3IIIAAA€ThCSI B HMOBIPHICHIH IMOCTAHOBIII,
TOOTO pO3po0JieHa CTOXACTHMYHA MOJENb POCTY KOpO3ii,
sIKa BPaXOBY€ PO3BUTOK JIE(PEKTY Ta MOMEHT HOTO MOSBU
SIK BHITAJIKOBI MIPOIICCH.

3arangomM MOXXHa 3pOOMTH BHCHOBOK, IO TIPH BU3HA-
YeHHI 3aJIMIITKOBOTO PECypCy 3a JONOMOTOI TaKWX IIif-
X0IiB Tpeba BHKOPHCTOBYBaTH ab0 CTaTHCTH4HI, a0o
WMOBIpHICHI METOIH, TOMY IO HapaMeTPH POCTY KOpo3il
MarOTh BUITAJAKOBHI XapakTep.

2 Ilixxoam 1o anajisy HajailiHocTi TpyOonpoBoaiB
HA OCHOBi SIBHOTO MOJEJIOBAHHSI KOPO3ilHUX MOIIKO-
JIKeHb

B ymoBax ekcrutyaraiii BHHUKHEHHSI KOpO3ii 1ie BH-
MAJKOBHI TPOIIEC, SIKUH 3aJIeXKHTh BiJ dacy. BoHa Moxke
3’SBISATBCS HA TPYOOIIPOBOJIAX y BHTIISAII HEBEIHKOI TOY-
KH, Ta MOXXE JOCSTaTH NOCTaTHHO BEIUKUX PO3MIPIB HE
YTBOPIOIOYH TIPH IEOMY TPIIIHAHY.

B cydacHHX DOCHIKEHHSAX TOCHTH YacTO OL[iHIOIOTh
MIIHICTh Ta HaIIHHICTh KOHCTPYKIII{ 32 TOTIOMOTOI0 SIBHO-
0 MOJENIOBAHHA KOPO3iHOTrO momKkopkeHHs [1, 2, 12-
38]. MopemoBaHHS KOPO3IHHO-IIOMIKOKEHOTO TPYy0O-
MIPOBOTY 3a3BUYal MIPOBOIUTHCA Y IPOTPAMHUX KOMILIEK-
cax 3 MNoAajJblIMM BUKOPUCTAHHAM METOAY CKiH‘ieHI/lX
enementiB. Cam TpyOOMPOBi MOJCITIOETHCS Y BHIJISAII
CUMETPUYHOI YBEPTi, IO CYTTEBO 3MEHIIYE Yac PO3paxy-
HKiB. Takif Miaxix JO3BOJSAE YMCEIBHO MOCIIIATH 3MIHHU
HaTpPYyXEHO-1e(OPMOBAHOTO CTaHy TPYyOOIpPOBOIY 3 Je-
(exTamu pi3HOI GOPMHE Ta B PI3HUX MICIAX KOHCTPYKIIIi.

Bimnosimao mo DNV RP F101 [40], xopo3iiiHi me-
(exTH, 0 BUHUKAIOTH MOYKHA PO3AUINTH HA TPU THITH, a
came: omuHOuHME nedekt[l, 2, 13-17, 21, 22, 25-27, 29],
cucrema aedekris [18-20, 23, 24, 38] ta medextu ckian-
noi popmu [20, 37]. B cucremi nedeKTiB BaXKIUBO ITPOBO-
JUTH aHai3 B3aeMOIIi 3 CyCiHIMU Te)eKTaMH B OCbOBO-
My ab0 OKpYy>KHOMY HampsMKy; nedekt ckiaaHoi hopmu
— BUHUKA€E B Pe3yJbTaTi 00'€IHAHHS JEKIIbKOX Ae(EeKTiB
B Tpymnu abo kimactepu [38]; abo mMae Miciie OAMHUYHUI
nedekT 3 BimomuM criragHuM npodimem [37, 39]. Taxi
JIe(EeKTH MOKYTh BUHUKATH Y Pi3HUX MICISIX OJHOYACHO.

[Mpuknaan CKiHYEHHO-CIEMCHTHUX MOJENIEH sKi BU-
KOPHCTOBYIOTBCS B JOCIHIDKEHHIX MOKa3aHi Ha puc. 3.
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2.1 AHaJi3 MilJHOCTi MOIIKOIKeHUX TPYyOONnpoBOaiB

[ligxin D0 OWIHKH MPame3NaTHOCTI MOIIKOIKECHIX
JIITHOK MaricTpaibHUX TPYOOIPOBOJIIB 3 BUKOPHUCTAHHAM
pe3yNbTATIB CTATHYHUX PO3PaXyHKIB € JOCHTH MOIIHpE-
HuM. [Ipu Takomy aHami3i Halt9acTilre BUKOPUCTOBYIOTH-
csl CKIHUEHHO-EIIEMEHTHI MoJeli TpyOoonpoBoay 3 aedek-
TaMH pi3HOi Gopmu. Y Oaratbox poOOTax HOCIHIIKYETHCS
ONMHOYHMK Ae(eKT, SKUM BUHUKAE HA MPAMOJIHIAHINA
yacTuHi TpyOomnpoBoxay. JlehekT MOIENOTh y BUIIISAL
nomkokeHHs cepuunoi gopmu [21, 31, 34], exinthu-
Hoi dopmu [16, 21, 34, 24, 36, 29] abo 6okc nedekry [30,
13, 14, 17, 21, 22, 34, 28]. Takox, Tpeda 3a3HAYMTH, IO
ICHYIOTh JOCTI/DKCHHS, B SIKMX MOJICITIOEThCS TiOpHIHUI
nedexr (komOiHamist Ookc-medekty Ta TpimmaM) [19]. ¥V
neskux podorax [30, 13, 22, 27] DOCTHKYETHCS BIDIAB 3Mi-
HHU TEOMETPHIHUX MapaMeTpiB AedekTy abo miaMeTpy Tpy-
OompoBOy HAa BHHWKAIOWI HAMpy>KeHHS Ta nedopmartii y
30Hi jgedexry. B podoTi [27] 3pobiieHO BHCHOBOK, IO IIpU
ruouHi gedexty Oubin Hix 20 % Bif TOBIIMHH TPYOOIpO-
BOJy Horo ekcrutyarauis € HebGesnedHoro. Y poboti [27]
JIOCITIKY€ETHCS BIUTUB OOKC-TeeKTy pisHoi rimbunu (40 %o,
60 %, 75 % BITHOCHO TOBIIMHK TPYOOIIPOBOIY) Ta MPOBO-
JIUTBCS OIlHKA TPaIe3IaTHOCTI TPYOONPOBOAY 3 TAKAMH
nedexramu 3a nonomororo merony ASMEB31G 1, ta Bu-
3Ha4€HO, 10 TPYOOmpoBix 3 AeeKTaMH TaKMX PO3MIpIB
norpedye peMoHTy. TakoX aHaN3yeTbCs BIUIMB pPO3TaIlly-
BaHHS Je(eKTy Ha HampyKeHO-Ie(OpPMOBaHWI CTaH TO-
IIKODKEHOTO TPpyOompoBoAy. B Takwx moCIiKEeHHS X OIIiH-
Ka MIITHOCTI ITOKa3asa, o MpH HOsBi Ae(eKTy y Tpyoorpo-
BO/Ii BUHMKAIOTh TUIACTHYHI Ae(opMariii.

VY pobori [36] mpoBOAUTHCS aHaI3 [qiana3oHy 3MiHU
reOMETPUYHHX MapameTpiB. 3HalJeHo, A MapameTpiB
TaKUX sIK JOBXHHA Ta IIMPHHA MOBEPXHI JIe(PEKTy MOXKHA
OIIIHUTH JIBa KOPJOHH 32 MEKAMH SIKUX CIIOCTEPIra€Thes
nyxe HezHayHui edekt Ha H/IC xoncTpykuii. Busnaue-
HO, 10 Ae(EeKTHU CIIiJI PO3MIIAAATH 3 TapaMETPOM JJOBXKUHH
(/) ve Ginbire Hix /D 1.5, a mmpuHM (c) HE MEHIIE HIX
0.0785, ne D— niamerp.

3 orsiy Ha TMPOBECHI AOCIHIIKEHHS MOXHA 3pO0H-
TH BUCHOBOK, IO HaHOUIbII HeOe3medHuM aedeKTom,

oHc
Pucynok 3 — Ilpukiaau siBHOTO MOJICTIOBAaHHS IeeKTiB: @ — Ba eNNTHYHMX Ae(EKTH y MO3A0BKHbOMY HanpsMKy [20];
6 — onuHO4HUI ToukoBuit nedekt [30]; 6 — aBa cycinHix 6okc-nedextu [18]; 2 — oquHOUHMI enminTuuHui Aedekt [21]; 0 — omuHOU-
HUit 6okc-nedekt [30]; € — rpyna B3aeMOAiI0YNX TOUYKOBHX AedekTiB [38]; ox — ommHOUHMIA AedekT 31 ckiaagauM npodinem [37]

KWl BU3MBA€ MaKCHMaJlbHi €KBIBAJCHTHI HANPYXKEHHS, €
ne(eKT, SIKUii po3TAIOBaHHUI Y MOB3JOBXHBOMY HAIPSIM-
Ky TpyOomposoxy [16, 20, 22, 36].

Tpeba 3a3HauMTH, IO B JAaHUX POOOTAX IOCIIIKY-
€TBCS KOPO3ilHI JeeKTH Ha MPSIMONiHIHHIN YacTHHI TPY-
0OmpOBOY, ane HENOCTATHRO YBarW MPHUAIICHO HOCIHi-
JUKEHHIO e(eKTiB, SIKi BUHMKAIOTh HA KPUBOJIHIAHINA dac-
THHI TPyOOIPOBOLY, A€ TAKOX JOCHTH YacTO BHSBIISIOTHCS
noikokeHHst. Hanpukian, y po6ori [22] mocmimkyerbest
JIBa CyCiZHI OOKC-Ie(EeKTH PO3TaIlllOBaHI HA KPUBOIHIAHIN
4acTHHI TPyOOIPOBO/Y Y TIOB3/IOBXXHBOMY HAIIPSMKY.

Takox Tpeba BpaxoBYBaTH, IO BHHUKHEHHS KOPO-
31HHOTO J1e(eKTy Ha MOBEPXHI TPyOOIPOBOIY NPU3BOANUTH
JI0 TIOSIBM IUIACTUYHMX JiedopMaliii HaBiTh IPU BiJHOCHO
HEBEJIMKMX HOro po3Mipax Ta HPHIIBUAIIYE PO3BHTOK
kopo3zii. [le mo3Bomsie 3p0OUTH BUCHOBOK, IIIO TP BH3HA-
YeHHI 3aJIMIIKOBOTO pPecypcy, Tpeda BHUKOPHUCTOBYBATH
METOM HaKOIIMYEHHS CaMe Majlo LIUKJIOBOI BTOMH.

[IporHo3yBaHHs BiIMOBHM INPH BHHHKHEHHI IPyIH
[21, 39] Gmu3pko posramoBaHuX aeeKTIiB € HabaraTo
CKJIQJIHIIIUM, HDXK IOCIHIDKSHHS i30JbOBAHOTO AE(EKTYy.
B3aemopist Mix cycinHiMu 1eeKTaMi 3HaYHO BIUIMBAE HA
3JUIIKOBUI pecypc 1 mpare3aTHICTh TPYOOIpOBOIYy 3
rpynamu Koposiiiuux npedexrtis. Hanpukmiax, y po0oti
[39] po3pobiieHO MOeINb, KA BiTOOpakae TOYKOBY KOPO-
3110, Ta MICIIS aHaJi3y Pe3yJIbTaTiB BUSBICHO, 110 NPH B3a-
eMogii Takux Ae(eKTiB BHHUKA€E 3HAYHO CKIJIAIHINIA Kap-
tuHa HJIC, HiK Tipu po3paxyHKax MOJIENi TpyOOIpOBOIY
3 OIMHOYHHUM Je(PEeKTOM.

2.2 Ouinka HaAIifHOCTI MOLIKOAKEeHUX TPYyOOnpo-
BO/iB B iMOBIpHicHiil mocTaHoBLi

IMpu excrtyaranii MaricTpaJlbHUX TPYOOIPOBOJIIB
NPUCYTHI OaraTo YMHHHMKIB, SKi € BUIAAKOBUMH, a came
30BHIIIHE HaBaHTaXeHHs Ta Gopma nedekry. Li ynHHUKH
3MYIIYIOTh PO3IIISIATH JaHy 3ajady y WMOBIpHICHIH HO-
CTaHOBI. Y po0oTi [36] mpoBOIUTHCS aHANi3 CTYIICHIO
BIUIMBY TaKUX YMHHHUKIB Ta OLIHKAa 3MiHH IIbOTO BUILIMBY
MIpY BUKOPUCTAHHI Pi3HUX METOZIB. Ta 3a3HavaeThCs, M0
BUIAKOBICTh 30BHIIIHBOTO HABAaHT)KEHHS Ta IJIMOWHA
BHHUKAIOYOTO JIePEKTY MAOTh HAWOIIBII BarOMUIA BILUIUB
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Ha 3MEHILECHHS PeCypCcy KOHCTPYKIIIT.

3a3Buyail, MpU eKCIUTyaTalii BHKOPHCTOBYETHCSA HO-
MIHQIBHUH THCK, ajleé CKa4kd THCKY HpPH BMHKaH-
HI/BUMHKaHHI MPU3BOIATH J0 TOTO, IO IIEH MPOIEC PO3-
TTSIOA€ThCS SIK BUIAAKOBUH. ToMy, IIpy BU3HAYEHHI 3aJIH-
IIKOBOTO PECYpCy MaricTpajJbHUX TPYOOMPOBOIIB JIOCUTH
CYTTEBUM € BpaxXyBaHHS BUIA/IKOBOCTI HABAHTAXKECHHSI.

VY Oaratbox pobotax [32, 34-36] BpaxoByeTbCs Liel
¢aKT, 3aBISKH SKOMY BIA€TbCS BH3HAYHUTH 3aJIUIIKOBHA
pecypc Ta WMOBIpHICTh BigMoBH. Tpeba BiAMITHTH, IO Y
po6oTi [33] npu 3HaXO/UKEHHI IMOBIPHICHUX XapaKTepHc-
THK Ta IX MOPIBHSHHI MiX COOOI0 3pO0JIeHHH BHCHOBOK,
10 TOLJIBHIIIE OIIHIOBATH HAMIMHICTh HE MO IIUIBHOCTI
HMOBIPHOCTI, @ BAKOPHCTOBYBAaTH KyMYJIITUBHY (DYHKIIiO
PO3IOIICHHS.

B imMoBipHICHIN TOCTaHOBII OyJ0 BH3HA4YEHO 3Ha-
YEHHS TUCKY, IIPH SIKOMY BiIOYBa€ThCs pyHHYBaHHS.

Tpeba BigmiTuTH podoty [32], B sKili IpyM OLiHLI Ha-
JUMHOCTI BPaxOBYEThCSl TIPOCTOPOBA KOPEJBLlis KOpo3ii Ha
TpyOOIPOBO/Ii, TOOTO KOPO3isi OMHUCYEThCS SK BHITAIKOBHIA
TIPOLIEC 3 33/IlaHUMH IMOBIPHICHUMH XapaKTePUCTHKAMH.

VY poborti [35] BuKOpHCTOBYBaBCSl IMOBIpHICHUH Me-
TOJ OLIHKKA PO3PHBY MOMIKOKEHUX AUISTHOK TPyOOIpo-
BOJIB HAa OCHOBiI PO3POOJIEHOTO aBTOpPaMHU AalTOPUTMY.
Jis 3HaXOKEHHSI MOTPIOHUX ITapaMeTpiB IMPOIIOHYETHCS
BHUKOPUCTOBYBATH METOJ TPH €TAITHOI OL[IHKM BU3HAYCHHS
BIUIMBY Takux AedektiB. Ha nepmomy erami aist oxuHAY-
Horo gedexty meronom ASME B31G, sikuii € Mmoaudiko-
BanuM MetonoM B31G (meron RSTRENG 0.85dL) Buxo-
HYETBCS IPOCTUH PO3PAaXyHOK, SIKMH CIIUPAETHCS HA OJIU-
HUYHI BUMIpDIOBaHHS MaKCHUMaJbHOI TJIMOMHU 1 OChOBOI
npoTspKHOCTI nedexty. Ha apyromy erari po3mip nedexry
3QJIEXUTD BiJl AETAIBLHOIO BUMIPIOBaHHS NPOQUIIO MOBEPXHI
3 KOpO3i€l0 Ta BpaxyBaHHS (aKTUYHOIO PO3IOALTYy BTpaT
Meray. Ha TperboMy erarti poBOAUTHCS ACTATbHHUN aHAIi3,
JUISL SIKOTO HaWKpalle BUKOPHCTOBYBAaTH METOJ CKIHYCHHUX
€IIEMEHTIB, 32 YMOBH, IO CKiHYCHHO-EJIEMCHTHA MOJIENb
Oyia MmiOTBEpIKEHa eKCIIEPHMEHTAIBHUMH pe3y/IbTaTaMH.
[Ticns yoro BM3HAYAKOTHCS MApaMeTpH HaiHOCTI 3 ypaxy-
BaHHSM BHIAJIKOBOCTI HAaBaHTAKEHHS.

VY nesikux poOoTax BpaxOBYETHCS HE TLIBKU BHIA-
KOBICTh 30BHILIHBOTO HAaBaHTa)KEHHS, & TAKOX BHIIAIKO-
BiCTh (popMH Kopo3iliHoro aedexry. Hanpuknan y poboTi
[37], sBHMM YMHOM MOZENIOETHCS BUIIAIKOBA (hOpMa KO-
poziiiHoTro JedekTy, Ta MPOBOAMTHCS Cepis PO3pPaxyHKIB
mpu 3MiHHIA Gopmi nedekty. IleBHa rpyma pobdiT mocBs-
YeHa JOCIiIKEHHI0 TodeHol koposii [31, 35, 40], sxa mo-
JEIFOETHCST BUMAJKOBUM YHHOM Ha IOBEPXHI TpyGompo-
Bony. Hanpuknazn, y po6oti [35] po3pobieHo meron st
iMiTamii TOYKOBOI KOpO3ii B KOMOiHamii I1BOX (hi3MUHHX
MPOIIECIB: 3apOHKEHHs KOpo3ii Ta 1i 3poctanHs. Bumaako-
BICTh KOPO3IHHOrO Je(eKTy BPaxOBYETHCS dYepe3 ioro
HMOBIPHICHI XapaKTePUCTHKHU (MaTeMaTH4HE OYiKyBaHHS
Ta CepeJHbOKBAJApPATUYHE 3HAUEHHsS), a TAKOX MOPIBHIO-
I0ThCS PE3YJIBTATH TIPH PI3HUX 3aKOHAX(HOPMAJIBHUH Ta
JIOTHOPMAJIBHUH) pO3I0IiIeHHs IMOBIPHOCTI.

BucnoBku. B naniii poboti po3risHyTO Ta npoaHa-
JM30BaHO MIAXOAW MO MOCTIHKEHHS KOPO3iHHO MOIIKO-
JUKeHUX TpyOompoBoxiB. BumigeHo nBa MeToow HO BH-
3HAYCHHIO 3aJUIIKOBOTO PECypcy TPyOOIPOBOMIB TaKi 5K,
JOCTI/KSHHS MOIIKOKEHUX TPYOOIPOBOIIB 3 HESIBHUM

ypaxyBaHHs KOPO3ii, a 3 BUKOPHCTAHHSIM CITiBBiTHOIIICHb
(i3uKO-MeXaHIYHUX 3MiH y MaTepiani; Ta MpHU SBHOMY
MOJICITIOBaHHI KOPO3iHHUX IMOIIKOKEHb, Ta BUKOPHCTaH-
HS IPOTPAMHUX KOMIUIEKCIB JUTS YMCENIBHUX PO3PAaXyHKIB.
Cuip 3a3HauMTH, 110 OUIBLIICTE POOIT Li€l TPyNH 3HAXO-
JTUTHCS B IUIONIMHI aHAJI3y CTATUYHOT MIIHOCTI MPSIMOJTi-
HIMHUX IUITHOK TpyOomnpoBoxy abo IUIaCTHH, a IPH MpPo-
THO3YBaHHI 3aJIMLIKOBOTO PECYPCy JUIS IUX CUCTEM BHKO-
PHUCTOBYIOTH CTATHCTHYHI CUMYJISILIT 3 METOIO BU3HAYCHHS
HWMOBIPHOCTI BTpaTH CTATUYHOI MIIHOCTI 200 BUHUKHEHHS
npoTikaHHs TpyOomnpoBoaiB. [Ipu mpomy 3posymino, mio
OLIIHKa HAJIHHOCTI IMX KOHCTPYKIIH Ma€ TPOBOAWTUCH 3a
KPHUTEPISIMI HE JIMIIE CTAaTUYHOI MIIHOCTI, sIKa MOXe OyTd
MOPYIIeHA TIPU Pi3KUX eKCILTyaTaIlifHIX BUKHIAX HaBaHTa-
JKeHb (TUCKY), alie i 3a KpUTEepisiMH TOBrOTPUBAJIOT MIilIHOC-
Ti, HAIIPUKJIA/ BHACTIZOK HAKOIMYCHHsI 0arato 4 Majio -
KJIOBOT BTOMH, IO BiIOYBaIOThCS 4epe3 HasIBHICTh EKCILTya-
TaIIHOI [MKJIIYHOCTI HABaHTAKEHb, TOCHIEHNX HAsSBHICTIO
KOHIIGHTpALii HAIIpy>KeHb HABKOJIO AC(EKTY.

TakuM YHMHOM, AKTyaJIbHOK HayKOBO-IIPAKTHYHOIO
3a/1a4el0 € PO3BUTOK METOJIB Ta IiJIXOMIB JJIS aHAIl3y
MII[HOCTI Ta NMPOTHO3Y HAAIHHOCTI KOHCTPYKIIH, sSIKi BH-
KOPHCTOBYIOTBCS TIPH TPaHCIIOPTYBaHHI HA()TOMPOAYKTIB
3 KOpO3iHUM MOMIKOKEHIM X MIISTHOK 3 METOI0 BH3HA-
YeHHsI X 3aJMIIKOBOrO Pecypey sl MOAabIIOro IUIaHy-
BaHHSI PEMOHTHHX POOIT.

3 oAy JTepaTypHUX HKEepesl MOXKHA 3pOOUTH BU-
CHOBOK, II[0 HaBiTh IPH HASBHOCTI 0araThOX MOCIIIKEHb,
I 3aJHMIIAETHCS 0araTo YMHHUKIB SIKI BpaxoBaHI HEIO-
CTaTHBO, Ta NOTPEOYIOTh MOJAIBLINX JOCIIDKEHb Ta yTO-
YHEHHS pe3yJIbTaTiB.
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AHAJII3 ICHYIOYUX TA IEPCHEKTUBHUX IMTPOPLJIIB CKJIAJOBUX EJIEMEHTIB
HECYYHUX CUCTEM OJMHHUIb PYXOMOI'O CKJIAZLY 3AJII3HULb

Bupinena BaxiuBa poJib 3aJ1i3HUYHOTO TPAHCIOPTY B TPAaHCHOPTHIN iHPpacTpykTypi YKpainu. Binmiuena HeoOXinHICT OHOBJIECHHS
ICHYIOYOT0 HapKy 3aIi3HHYHOTO PyXOMOT'O CKJIa[ly OJHHHIIIMH 3 Cy4aCHHUM PiBHEM TEXHIKO-CKOHOMIYHHX Ta CKCIUTyaTallifHUX MMOKa-
3HUKIB. 3a3HaueHi aKTYaJbHICTh Ta Ba)XKJIMBICTh IPOBEJICHHS HayKOBO-IOCIITHUX Ta JOCHIiAHO-KOHCTPYKTOPCHKUX POOIT B HANPSIMKY
PO3pOoOKM HOBUX KOHKYPEHTOCHPOMOXKHHX MOJEJel OAMHHIL PyXoMoro ckiamy. OOIpyHTOBAaHO JOLUIBHICTH yJOCKOHAIEHHS IX
KOHCTPYKIIii 32 paXyHOK MOJepHi3alii By31oBux Ta 06a30Bux eneMmeHTiB. HaBexeHi icHyI04i Ta MEpCeKTUBHI MPOQiii CKiIagoBUX
€JIEMEHTIB HECYYHX CUCTEM OAMHHI(b PyXOMOI'O CKJIaJy, sIKi CKJIaAl0Th BiJMOBI/IHI MTAPKHU 3aJ1i3HULB Y KpaiHH.

KurouoBi c1oBa: 3ami3HUYHUNA TPAHCIIOPT, PyXOMHH CKJIaf, TEXHIKO-€KOHOMIUHI MMOKa3HUKHU, OAWHHMIII PyXOMOTO CKIIay, He-
cydi cucremu, npodii.

Brinenena ocobast posib KeJIe3HOAOPOKHOTO TPAHCIOPTA B TPAHCIIOPTHOM MHPPACTpyKType YKpamHbl. OTMedeHa HEOOXOIUMOCTD
OOHOBIICHUSI CYIIECTBYIOIIETO IapKa >KEeJIE3HOJOPOXKHOTO ITOJBIDKHOTO COCTaBa EAMHMIIAMH C COBPEMEHHBIM YPOBHEM TEXHUKO-
HKOHOMMYECKHX M HKCILTyaTal[IOHHBIX [TOKa3aTesiel. Brinenena akTyaabHOCTE U BaXKHOCTH NTPOBEAEHHS HayYHO-NUCCIIEN0BATEIbCKIX
U OIBITHO-KOHCTPYKTOPCKHX pabOT B HANpaBICHWH pa3pabOTKH HOBBIX KOHKYPEHTOCHOCOOHBIX MOJEJNeH eIUHUIl MOJABHKHOTO CO-
craBa. OOOCHOBaHA L1eJIECO00Pa3HOCTb YCOBEPIICHCTBOBAHMS MX KOHCTPYKIMH 3a CHET MOJICPHU3ALMHU y3JIOBBIX U 0a30BBIX AIEMEH-
ToB. [IpencraBieHs! CyECTBYIOLIME M HEPCICKTUBHBIE TPOGHIN COCTABIIAIOIINX IEMEHTOB HECYIIIUX CUCTEM EIMHUILL MO/BIKHOTO
COCTaBa, KOTOPBIE COCTABIISIOT COOTBETCTBYIOIIHUE MTAPKHU JKEJIE3HBIX I0POr YKPauHbI.

KitoueBble ¢j10Ba: eNE3HOAOPOXKHBIHA TPAHCIIOPT, HOABHKHOM COCTaB, TEXHUKO-9KOHOMHYECKHE ITOKA3aTeH, CANHHULIBI IO/
BIDKHOTO COCTaBa, HECYIIIUE CUCTEMBI, IPO(HUITH.

It highlighted the special role of railways in the transport infrastructure of Ukraine. There was a need to update the existing fleet of
rolling stock units to the state of technical, economic and operational indicators. It highlighted the relevance and importance of the
research and development activities towards the development of new competitive models of rolling stock units. The expediency of
improving their design by upgrading hubs and basic elements. Presents the existing and future profiles of constituent elements of

bearing systems of rolling stock units, which make up the respective parks railways of Ukraine.
Keywords: rail, rolling stock, technical and economic indicators of the vehicle carrying the system profiles.

Beryn. 3anizHUYHUI TPaHCIIOPT € OAHIEI0 3 0A30BUX
ranmy3eii exoHoMikn Ykpainu. Moro craGinbHe Ta eexTu-
BHE (DYHKIIIOHYBaHHS € HEOOXIZHOW yMOBOIO JjIsi 3a0e3-
MEYCHHSI 00OPOHO3AATHOCTI, HAIIOHAILHOI OE3MEeKH 1 IIi-
JICHOCTI Aep>KaBH, IMiJABUIICHHS PIBHS JKUTTS HACEJICHHS
[1-8]. Ha nanwmii yac 3ami3HMLI, B OCHOBHOMY, 33JI0BOJIb-
HSIOTh MOTPEOU CYCMUTBHOTO BHPOOHHIITBA Ta HACEICHHS
y nepeBe3eHHAX. [IpoTe cTaH BUPOOHHYO-TEXHIYHOT 0a3u
3aJII3HUIb 1 TEXHOJIOTIYHMI piBEHb IepeBe3eHb 3a Oara-
ThMa MapaMeTpaMH He BiNIOBIJIa€ 3pOCTaI0YNM MOTpedam
CYCITUThCTBA Ta €BPONECHCHKAM CTaHIApTaM SKOCTi HaJaH-
HSl TPAaHCHOPTHUX MociuyT [1, 5-7], mo HaiOmmxIuM da-
COM MOJKE CTaTH IEPEIIKOIO0 ISl MOAANBIIOrO COLiAIb-
HO-EKOHOMIYHOTO PO3BHUTKY leprkaBH. IIpoBeneHHS pHH-
KOBUX HEPETBOPEHDb HA 3aNI3HUYHOMY TPAHCIIOPTi CIIPHS-
THME TMPUCKOPCHHIO TEMIIB €BPOMEHCHKOI 1HTErparii,
HaJIaro/PKEHHIO OLTBII TICHOTO MIXKHApPOJHOTO €KOHOMiY-
HOTO CIHiBpOOITHUITBA Ta MiJIBUIIEHHIO KOHKYPEHTOCIH-
POMOKHOCTI YKPAaiHCHKUX 3aJII3HUIIb HA PHHKY TPAHCIIOP-
THHUX TIOCIYT, JaCTh MOXKJIMBICTH €(EeKTHBHO BUKOPHCTO-
BYBaTH BHUTIJHE T€OMONITHYHE PO3TAIIYBaHHS YKpaiHH, a
TaKoXX 30aTaHCYBaTH iHTEpPECH 3aJi3HUIb Ta CIOKUBAUiB
iX mocmyr.

IlocTaHoBKka mpodaemMu. OcobirBe MicIe B 3aii3-
HUYHIA TPaHCIOPTHIA CTPYKTYPl BIABOIUTHCS €(EKTUB-
HOCTI nepeBe3eHb. Tomy, y 3B’513Ky 3 TOCTPOO HEOOXiiHi-
CTIO OHOBJICHHS iICHYFOUYOTO MAapKy 3ali3HHYHOTO PYXOMO-
ro CKJIaJy OIWHHUIIMA 3 CYYaCHHM pIBHEM TEXHIKO-

E€KOHOMIYHUX Ta eKCIUTyaTaIlifHUX IMOKa3HHKiB, 00yMOB-
JIIOETHCSI aKTYAIBHICTh T4 BAXJIMBICTh MPOBEICHHS Hay-
KOBO-JIOCJITHUX Ta JOCIIIHO-KOHCTPYKTOPCBKHX POOIT
BITYM3HSHUMH OpPraHi3allissMU B HampsMKy Po3poOKd HO-
BUX KOHKYPEHTOCIIPOMOXHUX MOJEJIEN OIMHULL PYXOMO-
TO CKIIay.

AHaJi3 OCTaHHIX J0CTiIKeHb 1 myOJikanii noka-
3aB, IO NEPCHEKTUBHUMH 3aBJAaHHSAMH Ui BUPOOHHKIB
PYXOMOTO CKJIay Ta OpraHi3aliil sSKi eKCIUTyaTyloTh HOro
OIIMHWIII, € BUPIMICHHAS 33/1a4 3 YAOCKOHAICHHS POy
JOCTIDKeHHS Ta IPOSKTYBAHHS HECYYHX CHUCTEM X Ky30-
BiB [1, 3, 5, 7]. B pe3ynbraTi BupilIeHHs BHIIe3a3HAUYCHIX
3aJa4 MOXJIHMBO Oy/ie MiJIBUIIMTH piBeHb €(EeKTUBHOCTI
BUKOPUCTaHHS METAIOKOHCTPYKLIM PyXoMoro ckiany (3a
PaxyHOK BH3HAYECHHA Ta BHKOPHCTAaHHS BiINOBIIHUX pe-
3epBIB MII[HOCTI) Ta BU3HAYHUTH iX pecypc (B TOMy yHCIi
3aJMIIKOBUI) 3 BIANOBIIHUM IPOTHO3YBaHHsM [2, 4].
OnHUM 13 NEPCIIEKTHBHUX HANPSAMKIB MOJIMIIEHHS TEXHi-
KO-€KOHOMIYHMX Ta eKCIUTyaTalliiHUX INOKa3HUKIB PyXo-
MOTO CKJIaJy € KOMIUIEKCHE yJOCKOHAJICHHS iX KOHCTPYK-
il 32 paXyHOK MOJIEpHI3allii OKpEMIX CKJIaJOBUX MOJIY-
TiB (eKimaXHOI YacTHHHU, Ky30Ba Ta paMH) Ta 0a30BUX
eJIeMeHTIB (CTOMOK, MosCiB, OaoK, 0OB’s3yBaHb, TOIIO).
IIpn 11boMy yZOCKOHANIEHHsS BHIIEHABEICHUX CKIALOBHX
nepebayae BUKOPUCTAHHS Y SIKOCTI 1X €JIEMEHTIB HOBHX
npodiiB, sKi XapaKTepU3YIOThCS MEHILIOK MaTepialoeM-
HICTIO, KpalUMH MII[HICTHUMH SIKOCTSIMH Ta MEHIIIO
cO0IBapTICTIO BHUIOTOBJIEHHS IpH 3a0e3le4YeHHI YMOB
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Merto10 €TATTi € aHANi3 iICHYIOUMX Ta MEPCHEKTHUB-
HUX TPO(DITIB CKIAJOBUX EJIEMEHTIB HECYYHX CHCTEM
OJIMHHUIIb PYXOMOT'O CKJIaJy, a TaKOX OTPHUMaHHsS Ta Ha-
BEJICHHS MaTeMaTHYHUX MOjIeNel, SIKi ONUCYIOTh 3MiHYy
TOJIOBHUX Maco-Mil[HICTHHX MOKa3HHUKIB BKa3zaHUX Mpodi-
JIB BiX Bapiallii IX TCOMETPUYHUX MMAPAMETPIB.

BukiaieHHsI 0CHOBHOTO MaTepiajy J0CTiIKeHHsI.
Pyxomwuii ckian 3aji3HMIB (B TOMY YHCII JIOKOMOTHBH,
BaHT&XHI Ta MacakKHPCHbKi BAaroHW, SIKi CKIAJAIOTh ITapK
IMAT «Ykp3ami3Humi» Ta MapK BHYTPIIITHBO3aBOACEKOTO
TPAHCIIOPTY) Ma€ CKIANHy KiIacu]ikamiiHy CTPYKTYPHO-
i€papXidHy CHCTEMY.

Po3rnsag BChOro pi3sHOMAHITTSI KOHCTPYKIIHA JIOKOMO-
tuBiB [9, 10], sKi CKIagarOTh JIOKOMOTHBHUH MapK
IMAT «Ykp3ami3Huili», JA03BOJUB BHIUIMTH OCHOBHI IX
By3JIH, a came TOJIOBHY pamy Ta Ky3oB. Lli iBa By3na mo-
BUHHI 3a0e31euyBaTu HOPMaJIbHI YMOBU POOOTH yCTaTKy-
BaHHS 1 JIOKOMOTHBHOI Opuraigw, a came: 3pYYHICTh
YIpaBiHHSA JIOKOMOTHBOM; MOJKJIMBICTH KOHTPOJIO 3a
pobororo arperaTiB; Oe3leKy i JOTPUMAaHHS CaHITAPHO-
TiTi€EHIYHUX HOPM; PO3MIIIEHHS CHJIIOBOTO 1 TOTIOMI>XKHOTO
00JIaIHAHHS Ta BCTAHOBJICHHS Bi3KiB; MILIHICTh Ta JIOBIO-
BIYHICTh KOHCTPYKIIT P MiHIMaNbHII Maci; TEXHOJIOT Y-
HICTh BUPOOHUIITBA Ta PEMOHTY JIOKOMOTHBIB; JOTPUMAaH-
HS Cy4aCHUX BHUMOT €CTETHUKH Ta aepOJHMHAMIKH.

losoBHa Hecy4a pama JIOKOMOTHBA € OJIHHM 3 Haii-
BAKYMX i TPOMI3JKHX By3IiB JIOKOMOTHBA. Il JOBKHHA
nocarae 16-18 M, a Ha 11 BUTOTOBJIEHHS Pa3oM 3 Ky30BOM
BUTpayaeThcs Ayxe Oarato merany (mpubmmzHo 20-25 %
3arajbHOi MacH JIOKOMOTHBa). BoHa crnpuiimMae Bary o0-
JATHAHHS, a TAKOXK CTAaTWYHI Ta JUHAMIYHI HaBaHTa)KCH-
HS, SIKi BUHUKAIOTHh MiIl 9ac pyxy JOKOMOTHBa. OCHOBY
TOJIOBHOI HECY4ol paMH BaHTa)XHUX TEIIOBO3iB (SKi Ma-
I0Th HE HECYYHi KYy30B) CKIQNAOTh NIBi IIEHTPaibHI IMO-
B3I0BXHi JIBOTaBPOBi OaJIKH, a MacaXUPCHKUX TEIJIOBO31B
(sIKi MalOTh HECYUH Ky30B) — OOKOBI (30BHIIIHI) TTOB3/10-
BXKHI Oanmku KopoGuaToro mepepizy. 1o OCHOBHHX CKia-
JIOBUX €JIEMEHTIB TrOJIOBHOT PaMH JIOKOMOTHBA BIIHOCSTb-
csi: XpeOTOBI Ta OOKOBI OaKH, CTSKHI AUIMKH, TTOTEPEUH]
KPITUICHHSI Ta KPOHIITEHHH, HACTITLHI JIUCTH MiJ] JOTIOMi-
JKHE 00JIaTHAHHSI.

Jis 30BHINTHBOT OTOPOKI Ta 3aXUCTY Bin arMochep-
HUX BIUTMBIB OCHOBHHUX BY3IIiB i arperaTiB JOKOMOTHBA, a
TaK0X CTBOPEHHS HEOOXITHUX YMOB JJISI POOOTH JIOKOMO-
TUBHO{ OpHTraau, CITy>KUTh Horo Ky30B. [lpu mipoMy po3pi-
3HSAIOTh Ky30Ba BaroHHOro Ta kamotHoro tumiB. Ky3oBa
BaroHHOTO (IIOBHICTIO 3aKPHTOTO) THILY 3aCTOCOBYIOTHCS
Ha BCIX CyYacCHHX BITYM3HSIHHX MAriCTPalbHUX TEIUIOBO-
3aX 1 eJIEKTPOBO3aX. XapaKTEPHOK OCOOJHBICTIO I[HOTO
THUITy Ky30Ba € Te, 110 JIOKOMOTHBHA OpHrajia Mae MOXJIH-
BICTh KOHTPOJIIOBAaTH pOOOTY BY3JIIB 1 arperaris i epexo-
JIUTH 3 CEKIIii B CEKIito (Ha JBOX i 0araTOCEKIIHHUX JI0-
KOMOTHBaX) 0e3 BHUXOIy Ha30BHI. BiAMOBiIHO, MiX CTiH-
KOIO Ky30Ba 1 CHJIOBUM 00JIaHAHHIM (HAIPUKIIAM, TEIIO-
BO3HUX IM3€NIeM) JOKOMOTHBA IMepeadadeHi MPOXoan, o
SIKIMX MOJKHA TIPOMTH 3 cekmil B cekmito. Ky3oBa kamotHo-
rO TUIy 3HAWIILUIMA 3aCTOCYBaHHS, B OCHOBHOMY, Ha MaHe-
BPOBHX 1 IIPOMHUCIIOBUX JIOKOMOTHBAX. B 11boMy BHIaIKy

IUIsL OTJIsiy 1 OOCITyrOBYBaHHS yCTaTKyBaHHS, IO 3HAXO-
JIUTHCS MiJ 3HIMHHM KallOTOM, 3 KaOlHM MAaIllMHICTa II0-
TPiOHO BUIITH Ha OiYHI IJIOIIAAKH, OTOPOKEH] MOPYHSsI-
mu. Lli Ky30Ba yermie i AemeBIie, MPOCTilie BECTH MOH-
TaX 1 JEMOHTax OOJIaTHAHHS MPU PEMOHTAX JIOKOMOTH-
BiB. Ky30BH JTJOKOMOTHBIB MalOTh PO3KICHO-CTIHKOBY ((e-
pMoOBY) abo peritTdacty (00OJIOHKOBY) KOHCTPYKIIi, SIKi
O6H_ll/lBaIOT])CH MeTajieBUMHU JiucTamMu. EneMmeHTamu oux
KOHCTPYKIIIH € CTepKHi, 0 3’€IHaHI MK COOOK BEpTH-
KaJBbHO YM 32 J[iaroHaJulio, abo sIKi yTBOPIOIOTH MPSIMOKY-
THY PELIiTKY.

OcobnmBe Miclie B 3aJli3HUYHIN TPaHCIOPTHIN CTPY-
KTYpi BiIBOAWTHCS BAaHTAXKHUM IEPEBE3CHHSIM, CPEKTHB-
Ha po0O0Ta AKHX 3AJIEKHUTH BiJl TEXHIYHOTO CTaHY OJUHHIIb
ICHYIOYOTO BaroHHOTO MapKy KpaiHu. BaHTakHi BaroHu
[1, 3,4, 7, 8], axi ckiagators BaroHamid mapk [TAT «Ykp-
3aJTi3HUIY, KITaCU(iKyIOTh Ha: KPUTI BarOHH, INIaTHOPMH,
NiBBaroHW, LMCTEPHH, 130TEPMIYHI BAaroHKM Ta BaroHH
CreLiaJIbHOro IpH3HaueHHs. KpuTi BaroHW mnpu3HayeHi
JUISL TIEPEBE3CHHS BAHTAXIB, SIKI MOTPEOYIOTh 3aXUCTY Bif
aTMoc(epHoro BIUIMBY. BOHM MaroTh MeTaneBuil Ky3oB i3
3aCyBHUMH JiBeprMa B 000X OokoBHX cTiHax. Ha miatdo-
pMax TepeBO3SATh JOBIOMIpHi, MAacHWBHI i BEJIHKOBAroBi
BaHTaxXi. Ix 00JTaTHYIOTh HEBUCOKHMH BiTKUAHUMHU METa-
JeBUMH OOpTaMH 1 HPHCTOCYBAHHAMH MU YCTaHOBKH
CTiOK, HEOOXIJHWX TpH TEepPeBe3e€HHI KOJIOJA, CTOBIIIB,
JIOTIIOK ToI0. HamiBBaroHu npu3HaveHi Ui MepeBe3eHH
KaM’SHOTO BYTUUIA, JiCy, METANIB Ta iHIIUX CHITyYHX Ta
IITYYHUX BAaHTAXIB, SIKi HE NOTPeOYyIOTh 3aXUCTy BiJ aT-
MocdepHux onaniB. Ky3oB HamiBBarona He Mae jaxy, 1o
3a0e3mneyuye 3pY4YHICTh 3aBAHTAXKCHHS 1 PO3BAHTAKCHHS.
Pinki BanTaxi (Hadra, OCH3WMH, KHCIOTH, Macio, ra3 To-
110) TIEPEBO3SITh y LIMCTEPHAX, SKi NMPECTaBISIOTH COOO00
CreliajibHui MeTajleBUil 3BapHUI pe3epByap LWIJIIHAPHY-
HOI opMH, IO Ma€ y BEpXHIA YaCTHHI JIFOKH TSI HAJIH-
BaHHS BaHTaXy, OYMIIEHHS Ta PEMOHTY. [30TepMiuHi Ba-
TOHH BUKOPUCTOBYIOTHCS ISl TPAHCIIOPTYBAHHS ILIBHIIKO-
NICYBHHUX BaHTAXIB TAKUX, SIK XKHUBa puba, MOJIOUHI Ta iHII
NPOAYKTH. Baronm creniagbHOro NpU3HauYeHHs IIPU3HA-
YeHl UL BaHTaXiB, OO0 MOTPeOyIOTH OCOOIMBUX YMOB
MIEPEBE3CHHS, HAPHUKIIAJ, CKOTa a00 MAaCHBHHUX 1 BEJIMKO-
BaroBUXx MalllyH Ta YCTATKYBaHH:.

HesBakaroun Ha pi3HOMaHITTS KOHCTPYKLIH Baro-
HiB, BOHH CKJIQ/IAIOTHCS 13 YOTUPHOX OCHOBHUX BY3JIB, 1110
MAaloTh IIEBHE 1 OJTHAKOBO BaXXJIMBE (DYHKIIOHAJIBHE 3HA-
YeHHS: Ky30B, XOIOBI YaCTHHH, yIapHO-TATOBI IpUIIaIH
Ta aBroranbpMa. Ky30oB — Iie TONIOBHHMU JJIs BCIX BaroHiB
BY30II, SIKUA BH3HAYa€ THUI KOHCTPYKLii. BiH € HaitOimpm
MaTepiaOMICTKUM Ta CKJIaJHUM Yy BHTOTOBJICHHI. YMOBHU
poboTH Ky30Ba BaXKi, a/pke B eKCILTyaTalil BiH cpuiiMae
BCl BHOY HABAHTAXCHb, & TAKOX 3a3HAE KIIMAaTHYHOTO
BIUIMBY. XO/IOBI YaCTUHU — JIPYTUil OCHOBHUII BYy30J Ba-
ronis. Ix dyHKIioHanbHE MpU3HAYEHHS TIONATaE y 3a0e3-
neyeHHl Oe3nevHoi B3aeMoAii BaroHa i3 3aJli3HUYHHM
LUISIXOM B YCbOMY Jiana3oHi HMIBHIKOCTEH pyXy, Hepen-
0auyeHOMY TEXHIYHHM 3aBJaHHAM. YMOBH poOOTH JeTa-
JIel XOJOBUX YacTHH IIe OUThIN CKJIa[Hi, HIX y Ky30BiB
BaroHiB. Uepe3 HHX 3IIHCHIOETHCS Tiepeada HaBaHTa-
JKEHb BiJl BaroHy Ha €JIEMEHTH LUIIXY. Y JapHO-TATOBI
NPWIAIN BiTHOCATHCS 0 TPETHOTO By3Ja BaroHiB. Ix ¢y-
HKI[IOHAJIbHE MPU3HAYEHHS TOJIrae B TOMY, 00 3a6e3-
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NeYyBaTH 3YCIUICHHS OJHMHHLBL PYXOMOIO CKJIALy MIiX
co0o0r0, yTpUMYBaTH IX Ha MEBHIHM BiAcTaHi OgHA Bix OA-
HOI, TIepejaBaTH MO3/I0BXKHI TATOBI Ta CTHCKAKOYi 3yCHJI-
75, UI0 BUHHUKAIOTh Yy MOTsA3i. YMOBH pPOOOTH YyAapHO-
TATOBUX NPHUIAJIB XapaKTePH3YIOThCS BUCOKOIO IMHAMIY-
HOI0 3aBAHTAXCHICTIO iX JeTalici, sika MPU3BOAUTH 0
3HOCY 1 pyHHYBaHHS OCTaHHIX. ABTOrajbMiBHE 00JIajI-
HaHHS HAJIEXKUTh JJO0 YETBEPTOr0 OCHOBHOTO BY3J1a BaroHy.
Moro npusHauenns — 3a0e3nedyBaTH MOXJIMBICTH pery-
JIFOBAaHHS IIBUKOCTEH pyXy IMOi3IiB Ta iX 3yNMHUHKH. YMO-
BU pOOOTH €JEeMEHTIB KOHCTPYKILIH, sKi 3a0e3MedyloTh
TaJIbMYBaHHS, 5K 1 BCIX IHIIIMX BY3JiB BaroHiB, TAaKOX Ba-
KKi. BOHM migmaroThCsl BIUIMBY KIIMATHYHUX (PAKTOPiB,
PI3HOMAaHITHHX BHIIB MEXaHIYHUX HABaHTA)XCHB, SKi BU-
HHUKAIOTh IPH PYyCi, a BY3JIH TEPTA 3a3HAIOTH TEPMIUYHOTO
HABaHTAXXCHHSI BUCOKOro piBHS. TOX MpH MpPOEKTyBaHHI
BaroHiB MOBHHHI OyTH BHKOHAaHI BUMOTH TIO 3a0€3IeyeH-
HIO (pyHKILIOHANBEHOTO NMpHU3HaueHHs ioro By3:iB [1]. Ciia
3a3HAYUTH, 110 AKTYaJbHOCTI Y 1IbOMY NUTaHHI HaOyBa-
I0Th PO3PAaxXyHKU Ha MIIHICTh CKJIAJIOBUX HECYYHX CHCTEM
BaHT@)XHUX BaroHiB, OCKUIBKM BOHM € OCHOBOIO IS 00-
IPYHTYBaHHS DPAal[iOHANBPHHUX MapaMETpPIB EIEMEHTIB py-
XOMOTO CKJIaay Ta MiABUINECHHS 1X TEXHIYHUX XapaKTepu-
CTHK.

VY BimnoBimHOCTI 10 (popMaTi30BaHUX ONICAHb BaH-
TaXHUX BaroHiB [3,4] B AKOCTI OCHOBHUX CKJIaJIOBUX €JIe-
MEHTIB iX HEeCy4YHX CHCTEM MOKHAa BHIUINTH: XpeOTOBY,
MPOMDKHI, IIBOPHEBi, J1000BI (KiHIEBi) Oaiku; CTIHKH,
OOB’sI3yBaHHS BEPXHE Ta HIKHE CTiH OOKOBHX;
0OB’sI3yBaHHSI BEPXHE Ta HWKHE, MOSICH, CTIHKH CTiH TOp-
LIEBHX; EIIEMEHTH KapKacy Jaxy BaroHa.

Jlo OCHOBHHX BHIIB ICHYIOUMX Ha CHOTOJHIIIHIN
JIeHb TPO(LIIB CKIAJIOBUX CIEMCHTIB HECYYHX CHCTEM,
SKI BUKOPUCTOBYIOTBCSl Y BaHT)XHOMY BaroHOOYayBaHHI
cmin BigHecTH: mpokaTHi (Hampuknax nsotaBp ['OCT
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5267.5-90, nmpodins Baronsoi criiiku ['OCT 5267.6-90 ta
iHm), THYTI (HampWKIAA THYTHH IIBENep, THYTUH IMPO-
Gbinp BaroHHOi CTiHKM), 3BaprOBaibHI (HAIIPHUKIAL 3Ba-
PIOBAJILHUH BapiaHT BOTaBpa 3 CTIMKK Ta JBOX IIOJIOK),
MOJKJIMBI MMOE€QHAHHS BUINE MepeiideHux npodims (Ha-
NPUKIAJA 3aMKHYTUH npodijb 3 mepepizoM NpsSMOKYTHOT
TpyOu, kUil cCPOpPMOBAHO B PE3yJbTaTi 3BApIOBAIBLHOTO
3’€IHaHHS JIBOX NPOKAaTHUX KYTHHUKIB YW THYTHX IlIBEJe-
piB). Ilpu npoMy Juis Ky30BiB HaliBBaroHiB HaIommpe-
HIIMMH X BUKOHAHHSAMH Uil OOB’SI3yBaHHS BEPXHBOTO
CTiH OOKOBHX €: JiBa 3BapIOBAJIBHUX MIX COOOIO IIBele-
pu 1411 (TOCT 8240) (puc. 1, a); THyTHit IPOdiIE TPS-
MOKYTHOTO Tiepepizy posmipom 140x110x7mMm mo TY VY
27.3-00190319-1316-2004 3BapeHwmii 1o nepepizy y Kopo-
O0ky (puc. 1, 6); nBa 3BaplOBAIbHUX MDK CO0OI0 KyTKa
100x100x10-B (ACTY 2551) (puc. 1, 6); mns oOB’s3y-
BaHHS BEPXHBOI'O CTiH TOPLEBUX: /IBA 3BapIOBATBHHUX MDXK
coboro mBenepu 14I1 (TOCT 8240) (puc. 1, a); THyTHIA
npodinb MIPSIMOKYTHOTO nepepizy po3Mipom
140x110x7mm mo TY Y 27.3-00190319-1316-2004 3Ba-
peHuii 1o nepepizy y KopoOky (puc. 1, 6); aist ropu3oH-
TAJIbHUX IOSCIB Ta BEPTHKAIBHUX CTIHOK CTIH TOPLEBHX:
IBa 3BaprOBaTbHUX Mik coboro mBenepu 1411 (TOCT
8240) (puc. 1, a); mpodime BaronHoi criiiku (I'OCT
5267.6-90) (puc. 1, 2); anms BepTHKAIBHUX CTIHOK CTiH
6okoBux: npodins Baronuoi criiiku (I'OCT 5267.6-90)
(puc. 1, 2); mna oOB’sI3yBaHHS HIKHBOTO CTiH OOKOBHX:
kytHuk 160x100x10-B (ACTY 8510) (puc. 2, a); mns
BEPXHBOI Oankn xpedToBoi: mpodinb aBoTaBpoBHid Ne 19
(FOCT 5267.5) (puc. 2, 6); nas ABOX 3BApPEHUX MIiX CO-
6ot0 Z-nomibuux mpo¢imie Ne31 Oanku xpeOTOBOI: Z-
noni6Hi mpodini Ne 31 (TOCT 5267.3) (puc. 2, g); nis
ToTNepeyHnx OaJoK ycepeqHeHui npodiiap moka3aHui Ha
puc. 2, .

Y 5
7 N
S4 S2
X X
\S 7
i
o
Y
$2 a a S5
X X

ol

2

Pucynok 1 — [epepizu 6a30BHX HECYUYHX €JIEMEHTIB Ky30BiB HaIiBBaroHiB (S1-S6— moewunu nepepizy 00cniodncysanoeo npoginio)
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Pucynok 2 — [epepizn 6a30BUX HECYUHX €IEMEHTIB Ky30BiB HalliBBaroHis (S/-S6 — TOBIIMHY MEpepi3y OCTIHKYBaHOTO IPO]IIO)
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Pucynok 3 — Ilepepi3u nepcreKTHBHUX MPOQIiB HECyUHX eIEMEHTIB Ky30BiB HalliBBaroHiB
(Bucota h; mmpuHa b; paniycu r, R; TOBIIMHA CTIHKH )
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AHali3 BOPOBaKCHHS BHIICHABECHUX TPOQLIIB Y
SIKOCTI €JIEMEHTIB BaHTKHUX BaroHIB JO3BOJINB BH3HAYH-
TH IX MEPCHEeKTUBHI BapiaHTH, 10 SKUX MOXXHA BIJHECTH
HACTYITHI: Tpo(dib 3 MepepizoM y BUIIISII MPSIMOKYTHOT
Tpyou (puc. 3, a); rHyTHIA mBenep (puc. 3, 6); ABOTaBP

Y

8

(puc. 3, 8); mpodine y BUIIAAI TiBKYII (pUC. 3, 2); KyTHHK
rHyTHi (puc. 4, a); kpyriy TpyOy (puc. 4, 6); mecTurpan-
HUH TOpOXHHUCTHH TIpodins (puc. 4, 6); D - moxibny Tpy-
Oy (puc. 4, 2).

Pucynoxk 4 — [lepepi3u nepcrieKTUBHAX MPOQisIiB HECYUYHX €JIEMEHTIB Ky30BiB HalliBBaroHiB
(Bucora h; mmpuHa b; paxiyc R; niametp D; TOBIIMHU CTiHOK J, S)

B pesynbrati IpoBeAeHOro aBTOpaMy aHaiizy iCHy-
I0YHX Ta NEPCIEKTHUBHUX NMPOQUIIB CKIIAI0BUX €IEMEHTIB
HECyYHX CHCTEM OJHMHHIb PYXOMOI'O CKIJIaJay 3aJli3HHUIb
BCTAaHOBJICHO, 110 HAMOUIBII NEPCIIEKTUBHUMH iX BapiaH-
TaMH € Tpodili y BUMISIAI KPyTiIoi TpyOou Ta miBKyni. B
CBOI0O Uepry BHUKOPHCTAHHS BHWIIe3a3HAUYCHUX TPODiTiB
00yMOBITFOE HEOOXiAHICTh BH3HAYCHHS 3aKOHOMIpPHOCTEH
3MiHH TX OCHOBHHX IOKa3HHKIB — XapaKTEPUCTHK MIITHOC-
Ti (MoMeHTIB omopy W, W)) Ta BiINOBiAHUX 3HAaYEHb IO-
HHUX TIapaMeTpiB (BUCOT, IIMPWH, PajiycCiB, TOBIIMH CTi-
HOK). Hmxue HaBeneHi po3po0iieHi aBTOpaMu y3arajibHe-
Hi MaTeMaTn4Hi MoJeli (OTpUMaHi 3 BUKOPUCTaHHSIM Me-
TOJY MAaTeMaTHYHOrO IUIaHYBaHHS EKCIIEPUMEHTY), SKi
OIUCYIOTh 3MIHY XapaKTEepUCTHUK MIIJHOCTI Ta MOTOHHOI
MaTepialloEMHOCTI B 3aJIXKHOCTI BiJl Bapiallil reoMeTpud-
HUX TapaMeTpiB HAWOINBIN MepCIeKTUBHUX Mpodimis, a
came: Ui TIPoQUII0 y BATIIAAI KPYTJoi TpyOu MateMaTH-
yHi mozeni (1, 2); anst npodiiro y BUMIISAL TIBKYII Mate-
MaTuyHi mozeni (3, 4, 5).

W,., =4037,78—141,55-D—2356,98- S +

+1,217-D* -127,16-8* +86,95-D-S ; (1)
m=16,58-10"*-2532-10"-D -
-10,22-10*.8-1-10"°.D* -

-2,42-8+2,42-D-S ; )

W.=16,56724—-5,01476-R—19,672-5 +
+0,350529- R* —2,696553-5% +6,31042-R-5; (3)
W, =105,4545-32,889-R—-115,56-6 +
+2,355232-R* —28,66431-6% +40,0848-R-5; (4)
m=2,763-107 -1,285-10°-R-6-107 -5 +
+1,89-107"°-R* —1211084- 6% +2,42217-R-5. (5)
Ha puc. 5 B sxoCTi pHKIamy MOAAHO JOTOMIKHUH
rpadik 70 BU3HAYCHHS ONTHUMAJIbHUX 3HAYCHD TOKa3HUKIB
mepepilzy Kpyriaoi TpyOw, Ha SKOMY ITyHKTHPHUMH JIiHis-
MU TIO3HA4Y€Hi 1301iHii TOTOHHOI MaTepiaJOeMHOCTI m, a
CYLUIPHUMH — 3HAUYEHHS MOMEHTY otiopy W,.
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Pucynox 5 — binapuuii nepepi3

S, cM

BucHoBku. BukoHaHuil B cTaTTi aHal3 Ta HaBeAeH]
Marepiaan JI03BOJISIOTH 3pOOUTH BHCHOBOK, IO 3aCTOCY-
BaHHS Yy SKOCTI CKJIAJOBHX €JIEMEHTIB HECYYHX CHUCTEM
OJWHHIB PYXOMOT'O CKJIaIy HOBUX IEPCIIEKTHBHHX IIPO-
(himiB, SKi XapaKTEPU3YIOTHCS MEHIITNMH MaTepiaJoeMHiC-
TIO Ta cOOIBapTICTIO BUTOTOBJCHHSA NpH 3a0e3NedeHHI
YMOB MIITHOCTI, JIO3BOJINTh 3HAYHO MOJIMIIMTH TEXHIKO-
EKOHOMIYHI Ta eKCIUTyaTalliiiHi MMOKa3HUKH SIK JIOKOMOTH-
BIB Tak 1 BaroHiB. Pe3ynbTaTé MpoBelEHOr0 aHaiizy Mo-
KyTb OyTH BUKOpHCTaHI (paxiBLSIMH B Taiy3i CTBOPEHHS
HOBHX Ta YJOCKOHAJICHHI iCHYFOUHMX OJMHHI(b PYXOMOTO
CKJIajly 3aJi3HHUIb, a TAKOXK 1HIIMX 3aCO0IB TPAHCHOPTHO-
r0 MaIIMHOOYTyBaHHS.
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D. V. BRESLAVSKY, O. O. BRESLAVSKA, A. V. KOZLYUK
WEB TOOLS FOR LONG TERM STRENGTH DATA PROCESSING

B crarTi po3rmisiHyTO MUTAHHSA pO3pOoOKY CHEIiai30BaHOr0 IIPOTPaMHOr0 3a0e3reueHHs It 0OpOOKH JaHUX 3 JOBrOTPUBAJIO] MiI[HO-
cti. OnucaHo MiAXiJ, 3aCTOCOBaHMU Uil 30€piraHHs JaHWX, Ta MPEICTABICHO OIHC iHTep(eHCy, IO 3aCTOCOBYETHCS MPHU IIOMY.
OOroBopeHo /1Ba aJrOPUTMU 3 OTPUMAHHSI KOHCTAHT JUIsl KIHETHYHOTO PIBHSHHS JUIS apaMeTpy MOLIKOMKYBaHOCTI, IEPLIHNI 3 STKUX
Po3pobIIeHO ISl YMOB MOCTIHHOT TeMIlepaTypH, a ApyrHii - 1Jisl BU3HAYEHOr o iHTepBally TeMiepaTyp. HaBeneHo npukiaz onucy mpo-
LieCy OTPMMaHHS 3Ha4€Hb KOHCTAHT JUISl JKapOMILIHOTO HiKeseBoro ciuiaBy. IIporpamue 3abesnedeHHs, 0 00roBOPIOEThCS, TPU3HA-
YEHO ISl {H)KeHEepiB Ta HayKOBHX CIIBPOOITHHKIB, SIKi MPALIOIOTh y HAMPSMKY MOZICTIOBAHHS BUCOKOTEMIIEPATypHUX BIACTHBOCTEH
MaTepiajiB Ta eJIeMEHTIB KOHCTPYKIIiH.

Ku1r040Bi cj10Ba: moB3y4icTh, TOBTOTPUBAJIA MIIIHICTh, EKCTIEPUMEHTANIBHI AaHi, 30epiraHHs JaHUX PO MaTepiaid, KiHeTHIHE
PIBHSIHHS JUIS TAPaMETPY MOILIKODKYBAHOCTI, CKAISPHUH ITapaMeTp IOLIKOKYBaHOCTI.

B crarbe paccMoTpeHB! BOIPOCH! pa3pabOTKH CHENHANIN3NPOBAHHOTO MIPOTPaMMHOTO O0ecIedeHH s Uil 00pabOTKH TAaHHEIX O JUTH-
TeNIBHOW mpouHocTH. OmycaH MOAX0/, MCHONIB30BaHHBIN ISl XpaHEHUs! JaHHBIX, NPEACTaBICHO ONMCcaHue MHTep(elica, HCIob3ye-
Moro 1pu 3ToM. OOCYXAaI0TCs ABa AITOPUTMA MOTYyUCHUS] KOHCTAHT JUISl KHHETHYECKOTO YPaBHEHHS [UIs IIapaMeTpa HOBPEKIaeMO-
CTH, TEPBBI pa3paboTaH AJs yCIOBUI MOCTOSHHOM TeMIlepaTypbl, a BTOPOH - Ui ONpeeIeHHOT0 HHTepBaita TeMneparyp. [Ipuse-
JIEH TpHUMEp ONMHUCAHMs TpoIlecca MOMy4eHMs! 3HAaUeHMH KOHCTAHT I >KapOIpPOYHOrO HUKEIEBOro cIulaBa. PaccMoTpeHHoe mpo-
TpaMMHOE OOecIrieueHne IpeJHa3HaueHO IS HHXKEHEPOB M HAYYHBIX COTPYIHUKOB, pabOTaromuX B 00JIACTH MOJAEIHPOBAHUS BBICO-
KOTEMIIepaTypHBIX CBOMCTB MaTepHAIOB U JIEMEHTOB KOHCTPYKIIHH.

KniodeBble c/10Ba: MMOI3y4ecTs, JUIUTENbHAS IPOYHOCTD, SKCIICPIMEHTAIbHBIE JaHHbIE, XpaHEHHUE JAHHBIX O MaTepHaiax, Ku-
HETUYECKOE ypaBHEHHE AJI TapaMeTpa MOBPEkKAaEMOCTH, CKAJISIPHBIN IIapaMeTp IOBPEKJAEMOCTH.

The paper concerns the questions of development the specialized web-based software for processing of the long term strength data.
The goal is to develop the web tools which could fill up the gap between high theoretical background in Continuum Damage Mechan-
ics and insufficient knowledge about the experimental data by way of storage them and processing the values of constants. The ap-
proach for storing of the experimental physical and mechanical properties for different temperatures is described. The structure of
database as well as the interface section for selection of different data sets, which include the fracture stress values with appropriate
values of time, are presented. Selected fields of database are used for deriving the constants for damage kinetic equations. Two algo-
rithms of deriving are discussed, the first was designed for constant temperature conditions as well as the second assigns for definite
interval of temperatures. The numbers of experimental data sets for each algorithm are determined. The example of the deriving proc-
ess for nickel based alloy is presented and plots of time dependencies for damage parameter are built. The discussed software is de-
signed for engineers and research associates who are working in area of modeling of high temperature properties in materials and
structural elements.

Keywords: creep, long term strength, experimental results, web-application, material data storing, kinetic damage equation,
scalar damage parameter.

Introduction. The growing demands for data proc-
essing speed bring the necessity of their allocation in
world wide web Internet. The data bases with free access
which solve the problem of organization of storage and
browsing the information about physical and mechanical
properties of modern structural materials won the compe-
tition with different similar desktop applications.

The strategy, which is realized in wide spread web-
application, like matweb.com [1], splav-kharkov.com [2],
contains in giving to user the possibility of obtaining the
information about the properties of material in search.

The next step of service has to be connected with the
possibility of processing the selected data from the defi-
nite database. This processing can brings the different
forms, like obtaining the values of constants for physical
laws from another data, the mathematical expressions of
experimental distributions, different graphical representa-
tions etc.

The presented paper concerns the second stage of the
method presented in previous publication [3], where the
web-based facilities for the archiving of creep and long-
term strength data were discussed. The web-application,

which is located at worldmech.net, with the interface for
input of experimental creep curves up to fracture as well
as pure long term strength curves,was discussed here. By
use of developed graphical tools users have the possibility
of viewing the graphical representation of their data.

This publication contains the description of
developed new methods and algorithms for processing the
data of long term strength curves, which are storaged in
database at worldmech.net. The procedure consists the use
of the above data for obtaining the values of constants for
kinetic damage equation with scalar damage parameter.

This approach was suggested in well known works
by Yu. N. Rabotnov [4] and L. M. Kachanov [5], and
during last five decades it have been developed by
J. Lemaitre, J.-L. Chaboche [6], S.Murakami [7],
M. Chrzanowski [8], R. Viswanathan [9] and many others.

Now the approach of hidden damage simulation by
use of scalar damage parameter became the standard
prodedure which includes in different calculational
methods directed to the analysis of the hidden fracture
processes in materials and structures [6]. The main
problem here is absence of necessary information about
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the long term strength data for definite material as well as
temperature and stress varying ranges.

The aim of presented paper is an attempt to develop
the web tools which could fill up the gap between high
theoretical background in Continuum Damage Mechanics
(CDM, [6]) and insufficient knowledge about the
experimental data by way of storage them and processing
the values of constants.

Description of the approach for data storing. As it
is well known, the long term stregth data for definite
material and fixed temperature range can be storaged by
two means, which are connected one with another. The
first way is publishing or storage in database the values of
stresses which cause the fracture in uniaxial specimen
after the definite time moment. Such representations can
be found in different handbooks, for example in [10]. The
second type of the above data presentation is graphical,
which contains in building the plot of dependence
between fracture values of stress and corresponding time
values. Usually this plots are built in logarithmic co-
ordinates. This possibility of experimental data
presentation was realized in first stage of the work and is
described in [3].

Let us discuss the first mean. The large amount of
the data were obtained by experimental way during last
seven decades. The uniquiness of this information consists
in the fact that obtaining of each value demand many

months and, in many cases, the years of experimental
observations. These data were published in scientific
journals and handbooks like [10].

In this work we realize the approach which consists
in transferring the published data into database. It was
built by use of PHP and SQL language [11] as well as
MySQL database control system.

The user interface contains from the sequential input
operations for the type of material (steel, nickel, titanium
alloy etc.), its grade, temperature of experiments and the
values of stresses which caused to fracture after the
standard number of hours (100, 1000, 10000 etc.). The
possibility of input the data for another specified time
value and corresponding stress is realized additionally.

It is provided in current version of the web-site, that
only administrators can fill the blanks of above mentioned
data. The possibility for input data for any user will be
added in future versions, but the managing of the
information, its checking will be kept by administrator
like the procedure had been done for experimental curves
storing and described in [3].

Fig. 1 contains the general view of the database.

In this figure the general menu of the web-site
worldmech.net can be seen as well as the form for adding
the above described information. The bottom part of the
screenshot contains the ready strings for nickel based al-
loy (here, for example the grade 224375 is presented for
three temperature values).

Non-linear solid
mechanics

Non-linear dynamics

Entering data - admin panel

«— Back to main admin-page

NICKEL

The grade of metal *

SMBET

T* 0100, Mpa * 01000, Mpa *

Insert row in DB

1 e T e e e P
0 alloy 630 560 450 0 0

niclkel MHPITIOP(SH437E) 600
1 alloy nickel HPITIOP(DHA37E) 650 £00
2 alloy nickel KHWITIOP(3HA437E) 7000 410

Iheoretical and
analytical mechanics

Fluid mechanics Mechanical engineering Bio mechanics

©10000, Mpa * T_add, h * o_add *

delete
470 350 0 0 delete

300 180 0 0 delete

Figure 1 — The view of database for high temperature long term strength data

Algorithm for processing of long term strength
data. The filled strings of database are presented on Fig. 1
can be used for finding the unknown constants for the
kinetic damage equations.

Let us regard two options of this equation. The first
is formulated for constant temperature [6]:

a‘):D(li-:))l w(0)=0. (1)

Here o is acting stress, ® is the damage parameter,

D, m and [ are the constants which have to be determined
for fixed temperature by use the data are presented on
Fig. 1. Due to the presence of three constant values, the
user have to switch to next panel for selected material and
select three values of stresses with corresponding values
of times to fracture. The equation (1) is integrated on time
and system of three linear algebraic equations for three
unknowns D, m and / has to be solved.

The second option is obtaining of the constants for
the case when the temperature dependence has to be con-
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sidered in kinetic damage equation. The modified law can
be presented as follows [6]:

exp(-0/T) w(0)=0, ()

Gm

(1-of

where O presents the product of creep damage energy

o=d

activation on the value of the universal gas constant. In
using phenomenological approach this value can be de-
termined from experimental data sets. Two values of tem-
perature 7 and 7, have to be considered as well as the
additional values of total creep strain at the fracture mo-
ment ¢« , Norton law [4] creep constants B, n and the
product of energy of activation on the universal gas con-
stant Q. The system of four linear algebraic equations
about constants D, m, [ and O can be written in the fol-

lowing form:

- . ;
1+l ) expl-0/T;)

T 1 .

I = . —
(1+1)D(oL) exp(-0/T;)

13 = ! 3)

1+ )DL ) expl-0/T,)

B n—m -+
i = (o) exp(QTle.

Here the digit in subindexes denotes the number of
experimental data set.

For the second mode the sequence of user’s actions
has to be the following. After the selecting two tempera-
ture values it is necessary to select in new window the
four long term strength data sets. By special function these
data will be processed and the four constants D, m, [ and
O will be determined.

After actions due to first and second options the ob-
tained constant’s values have to be written in another da-
tabase. In this stage it is realized at web-portal ‘Handbook
of Steels and Alloys’ at splav-kharkov.com.

Let us consider an example in which the constants
for equation (1) are found. We regard the nickel based
alloy DU1867 at T=950 °C . The processed data were
written into database which is presented on Fig. 2, where
the web-site window is presented.

1
‘ o [0 s’ EATEE S Jiiwm?

2. BAGAMIE KOHCTAHTLI MOI3YMECTH HaTepHana

Tpadwic nonayuecTn

OCHOTP MOXHD SaKPEITE)

[ 3 cnmcKa,

(Tpadwicn CTRORTC A B HOBOM KHE, KOTOROE MIOCNE N
HOHCTAHTL NoNayecTH
Wapia o, ke
warepuana B D
i) | um)

n [3 m 1

Banol
® - |eeeer |lpeess ez Jpa 238 |34 | sommavmona we socnpmimacr
KoY

¥Hb2MBKIO
(@HaT)

XHB2ZMBKIO
(@HaT)

XHB2ZMBKIO
(auasT)

20 4.21E-11

[see27  J[nee1s r3eo |r2e J[o6s |[r2e ] W T=B50 g,

L = 67z ]7os a2 ros ] o =800 man,

[eaeer  |5aEs o3 e Jlezs e | o =850 man,

23511 612 |||6.12 |12 [|[1L513 npu T=500 rpag,

20 5.36E-12 4. 12E-9 579 |68 579 |88

npn T=427 mag,

Figure 2 — Database containing creep and long term strength data

User has the possibility of building the plots of de-
pendencies between damage parameter and time obtained

by use of damage kinetic equation (1) with determined
values of constants. They are: D =5.36-10° (MPa™)™/h,
m =236, [=3.4. Now software provides building three
curves in one plot, so, it is necessary to input three stress
values. For this example they are o; = 100 MPa, 5, =110
MPa and o3 =200 MPa. This plot is situated in another
window and is presented on Fig. 3. Here the numbers of
curves correspond to the numbers of input stress values.

Creep danage paraneter

06 /a 2
4 /
02 /

Einechour)

B8 147.26 1844

Figure 3 — Dependencies ‘damage parameter versus time’ are
built in web-application

By analyzing the damage curves and their compari-
son with long term strength data sets the user can make
the conclusion about validity of obtained values of con-
stants. He can return to the procedure and select another
data set in negative case as well as use these constants in
his numerical simulation in positive.

Conclusions. The paper contains the description of
the developed web tools for processing of long term
strength data. The description of procedures for storing
into database the experimental information which contains
in a scientific literature is described. These data are used
for obtaining the values of constants for damage kinetic
equation with scalar damage parameter. The examples of
work stages of described algorithm as well as example of
graphical representation of damage curves are presented.

The above described web-tool will be useful for en-
gineers and research associates who are working in area of
modeling of high temperature properties in materials and
structural elements.
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D. V. BRESLAVSKY, V. O. MIETIELOV

CONSIDERATION THE INFLUENCE OF RESIDUAL STRESSES AND CREEP STRAINS
ON ROLLING THE STEEL SHEETS

OOroBOpIOETHCS METO [UISl BpaxXyBaHHS 3aIMIIKOBUX HAIPy>KEHb, 0 BHHUKAIOTH BHACIINOK IDTACTUYHOTO Ne)OpMyBaHHS IIPH IIPO-
KaTli, y BU3HAUYCHHI HAIpPY>XCHO-Ie(OPMOBAHOTO CTaHy IPH IOB3Y4OCTI PO3TATHYTHX CTaleBHX IulacTHH. HagaHo maTeMaTudHy
MOCTAHOBKY 3ajadi, sSIka BKJIIOYAE PIBHSHHS CTaHy, II0 OOYOBaHi 3a JOIIOMOI0I0 BU3HAYECHHUX aHI30TPOIHUX BIACTHBOCTEH MOB3Y-
4OCTi CTaji, M0 po3risiaaeTbesi. OMUcaHoO CXeMy TEXHOJOIIYHOIO MpoLecy Ta HOro dmcensHe MojenmoBaHHs. OTpUMaHi 3aJIMIIKOBI
HAIpY>XCHHs 3aCTOCOBAHO SIK II0YaTKOBI YMOBH IIPH PO3B’A3aHHI MOYaTKOBO-KPailoBiii 3a1adi, 1110 BAKOHAHO 3a JOIIOMOT'0I0 PO3p00-
JIGHOT'O IBOBUMIPHOTO CKIHY€HHOEIEMEHTHOT0 IPOrpaMHOro 3ade3neyeHHs. OOroBOPIOIOTHCS YMCENIbHI PE3yJIbTaTH Ta PeKOMEHAALIi
IUTS opraHizamii 6e3MeYHOr0 TEXHOIOTIYHOTO POIIECy.

Kuro4oBi ciioBa: mporiec MpoKaTKH, CTaleBl JIUCTH, 3aIHIIKOBI HANPYKXEHH:, MOB3YYiCTh, PIBHAHHS CTaHy, aHI30TPOIIisI BJIac-
THUBOCTEH MOB3Y4O0CTi, HAPYKEHO-1e(hOPMOBaHHH CTaH, CKIHUEHHOECTIEMEHTHIH aHai3.

OO6cykaeTcss METoJ| ydeTa OCTaTOYHBIX HAIPSDKEHHH, BOSHUKAIOMNX BCIEACTBHE IUIACTHYECKOrO Ne(OPMUPOBAHHMS IIPU MPOKATKE,
IPH ONpeeTIeHIH HallPsHKEHHO-Ae(OPMHPOBAHHOTO COCTOSHUS TIPH MOJI3YyUECTH PACTSHYTHIX CTANBHBIX IUIacTHH. [IpuBenena mate-
MaTHuecKasi MOCTaHOBKA 33/1aud, BKJIIOYAIOLIAs YPABHEHMSI COCTOSHUS, CO3JAQHHBIC C ITOMOIIBIO ONPEAEICHHBIX aHWU30TPOIHBIX
CBOMCTB IOJI3y4ecTH paccMaTrpuaeMoit cranu. OnucaHa cxeMa TeXHOJIOTHYECKOro IpoLecca U ero YuciIeHHoe Moenuposanue. I1o-
JIy4EeHHBIE OCTaTOYHbIE HAIPSKEHUS MCIIOIB30BaHbl B KAYECTBE HAYAIbHBIX YCIOBUH IPH PEIIEHUH HayalbHO-KPaeBOH 3aJa4u, Ipo-
BEZICHHOTO C IOMOIIBIO pa3paboTaHHOTO ABYMEPHOTO KOHEYHOIEMEHTHOTO MporpaMMHOro obecredeHus. OOCyKIar0TCs YUCIIEH-
HbIE Pe3yJIbTaThl U PEKOMEHIALIMH JJIs OPraHU3aIMHi OE30IIaCHOT0 TEXHOJIOTHYECKOTro IpoLecca.

KitoueBble ¢J10Ba: MPOLECC MIPOKATKH, CTAJIBHBIC JIMCTBI, OCTATOYHBIC HAIPSHKEHUS, OJI3Y4ECTh, YPABHECHHUS COCTOSHUS, aHHU-
30TPOINHS CBOHCTB TIOJI3yIeCTH, HAIIPSHKEHHO-1e(OPMHUPOBAHHOE COCTOSHIE, KOHCUHORIEMEHTHBIHN aHaJIH3.

The method for considering the residual stresses which occur by plastic deformation during the rolling process in creep stress-strain
state of steel plates in tension is discussed. The problem’s solution is divided on two stages. First one presents the modeling of the
problem of plasticity with consideration of finite strains. The rolling process of steel sheets with two rolling mills is regarded. The
scheme of technological process and its numerical simulation are described. Obtained stress-strain field in a plate after rolling was
considered as a residual for creep initial-boundary value problem, which presents the second stage of analysis. The mathematical
problem statement including state equations are built by use of the determined anisotropic creep properties of considering steel 3 at
room temperature is presented. The transition procedure from three dimensional to two dimensional stress strain state in considered
plate is discussed. Creep problem solution was done by use of developed two-dimensional Finite Element Method codes which in-
clude time step integration schemes. The numerical results like stress and strain fields, dependencies between the traction values and
maximum plate’s displacements, deformed shape of the plate edge as well as the recommendations for safety conditions of techno-
logical process are presented.

Keywords: rolling process, steel sheets, residual stresses, creep, state equations, anisotropy of creep properties, stress-strain
state, finite element analysis.

Introduction. The processes of metal forming pre-
sent the complex mechanical problems. Modern state of
art of them is characterized by strong mathematical state-
ments considering the plastic flow of the material and
finite strains [1-3]. Due to the complexity of the problem
as well as initial and boundary conditions practically only
the numerical methods are used for simulation. In this way
the Finite Element Method (FEM) in combination with
numerical step integration methods were wide spread
[4-5]. During last twenty years the approach was realized
in special commercial software like LS Dyna [6].

As it can be analysed from the literature [1-3], the
basic amount of works concentrate their attention on the
character of complex stress-strain state during plastic flow
of rolling material. However, there are a significant num-
ber of materials with essential creep behavior in room
temperatures [7]. During the long-lasting action of the
force of sheet pulling in the technological process of roll-
ing the above force can cause the creep deformation in a
sheet.

The level of creep strains limits the values of the

force, the velocity of gripper motion etc. The problem can
be solved by solution of general creep problem with con-
sideration of residual stresses as well as the anisotropy of
creep properties in a metal sheet after rolling.

This way demands the use of problem-oriented FEM
software in which the possibility of anisotropic creep de-
scription is realized.

The paper presents the example of the complex in-
vestigations in which the initial distribution of stresses
obtained after the rolling process is considered in creep
calculations for steel sheet in extension by the technologi-
cal pulling forces. The plates from steel 3 which is widely
used in industry and demonstrate substantial creep behav-
ior at room temperatures [8] was selected for the analysis.
The program complex FEM CREEP [9], designed by au-
thors for FEM numerical simulation of two-dimensional
problems, was used in creep calculations.

Preliminary analysis of plastic stress-strain state

after rolling. Let us regard the simple cold rolling ma-
chine which action chart is presented on Fig. 1. The plane
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steel metal billet passes through the mill and pulls by the
action of traction is distributed on its front edge.

The sheet dimensions are:

width: @ = 0.12 m; length of the first part /; = 0.64 m;
length of the second part [,=0.36m; thicknes
h; =0.006 m;

The bottom of the sheet is located on the
unmoveable rectangular basis. The rolling mills are char-
acterized by the distance between them /A, =0.0038 m;
The mill’s hight » = 0.18 m, its radius R = 0.5 m.

Figure 1 — The model of the rolling mill

For the determining of the residual stress-state after
rolling the engineering FEM program complex was used.
The basis and mills were considered as rigid. The
calculations were performed in 3d statement with use of
the FE mesh with 55800 elements for the aggregate
model.

The stress-strain diagram with linear hardening was
obtained experimentally [8].

The different velosities of sheet’s motion were
numerically analysed. Let us regard the example with
v =1 m/s. The von Mises strain redistribution after rolling
is presented on the Fig. 2.
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Figure 2 — Von Mises strains in the plate after rolling

The analysis of numerical data shows that the plate
becomes thinner after the rolling process and the inhomo-
geneous stress-strain distribution was obtained.

Mathematical model for creeping plate with re-
sidual stresses after rolling. From the mechanical point
of view the problem will be formulated as following: it is
necessary to found the evolution of stress-strain state in

the rectangular plate with initially obtained stress and
strain distribution caused by plastic deformation through
rolling. The small strains as well as plane stress state will
be considered.

Let us write the total system of motion equations of
solid QQ with border I with standard description of un-
knowns: stress o, total strain ¢ with plastic p and creep ¢
components :

Oy = pi;; o;n; :tri(x); xCFZ 5

1
€, :E(ui,j+uj,i); xcQ; u,

p F]=171.; xcl;i=12;5(1)

Sy = Ci (ng TPy 6 )5
0 . _ ~0 .
u; (x[ao) =u; (x,); O (x;,0)= Gy (x);
0 . —
€ (x,,0) = g (x,); & (x,,0)=0.

Here n is outer normal vector, p is the material den-
sity. The addition of strains is considered. Zero subindex
denotes the initial distribution of the value.

The experimental investigations are presented in [8]
shows that this steel 3 is characterized by creep at room
temperatures. It was shown here, that elastic properties are
isotropic but creep ones are orthotropic.

Let us briefly present the state equations. The plastic
strains are considered by Huber-Mises plasticity condition
with Prandl-Reuss flow rule [7]:

3 dp
dp ij = E ?I.S ij (2)
where s; presents the deviatoric stress components oy is
von Mises equaivalent stress.

Experiments [8] show the essential creep hardening
in specimen made from steel 3 at T=20 C. Therefore the

following creep state equations (3) were used
5 u il
¢, =Be, o) [Blo,, ?3)
where [B] is the matrix of the creep constants, o, is

equivalent stress , built by use the creep constants of mate-
ria, ¢, is von Mises equivalent = strain,

(@+1)B )ﬁ =3.166-107" (10 MITa)""/h,
a=432[8].

n=97.35,

Results of FEM numerical simulations. The prob-
lem (1-3) was solved by use of combination of FEM with
plane triangle element and direct numerical integration of
initial problems.

Let us regard the metal sheet by use the calculation
scheme of the thin plate 0.36x0.12 m, which is fixed in
one edge and loaded by different values by traction ¢,.

By use of special designed code the part of FE mesh
with 864 elements and 481 nodes with subsequent stress-
strain component distributions was imported into the FEM
CREEP program complex [9].

The top layer of 3d elements was selected for import.
The values here are equal to the bottom layer’s values and
are greater than inner ones. Due to smallness of
y—displacements in 3d model, the y coordinates in 2d
model had not changed. x-coordinates were increased on
2.5 mm due to the results of 3d calculations.

The values of stress tensor components for 2d model
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were obtained by re-calculation procedure, in which longi-
tudinal normal components were the same, and other val-
ues were obtained due to principle of equality of the stress
tensor invariants — von Mises equivalent stresses in each
elements.

This von Mises equivalent stress distribution is pre-
sented in Fig. 3. The map shows its inhomogeneous char-
acter after the rolling process.
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Figure 3 — Von Mises equivalent stress distribution in a plate
after rolling, MPa 10!
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Figure 4 — Distribution of normal stress o; in a plate, MPa 10!
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Fig. 4 contains distribution of the normal stress o in
a plate. As one can see, the considerable areas of com-
pression after rolling are presented.

Practically similar character of distribution along the
plate length can be used for justifying the use of FE model
dimensions.

Let us regard the results of numerical simulation of
creep in plate. The values of traction are equal to 64, 128,
220, 230 ta 250 MPa were used in calculations. The creep
time 30 s was analysed.

Fig. 5 contains the total von Mises equivalent stress
distribution in a plate, which is obtained by addition to
initial stress field the value of traction ¢, = 250 MPa. This
distribution can be regarded as maximum possible, be-
cause the equivalent stress values in definite places are
closer to the rupture stress 395.3 MPa.

As one can see, there are areas with equivalent stress
vales 330-390 MPa, in which significant creep strains up
2.2 % occur in a plate material [8].

Fig. 6 illustrates the dependence between traction
values and maximum longitudinal displacement in a plate.
By this figure’s analysis the border between ‘safety’ val-
ues of the traction without considerable creep can be de-
termined. This value can be determined as 200 MPa. Even
we think that the displacement of 0.5 mm is not so big, we
must assume the irregular character of creep strain accu-
mulation in a plate due to the irregular initial stress distri-
bution. Fig. 7 contains the graphical illustration of plate’s
edge displacements in points along the plate width at
t=30 s and 7.=250 MPa.
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Figure 5 — Total von Mises equivalent stress distribution in a
plate in the case ¢, = 250 MPa, MPa 107!

14

1 |
|
/
/

02 /

_/

0 k., MPa
0 50 100 150 200 250 300

Figure 6 — Dependence between traction values and maximum
longitudinal displacement in a plate
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Figure 7 — Plate’s edge displacements in points along the plate
width at = 30 s and ¢ = 250 MPa

This non-symmetric character of displacement dis-
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tribution can be justified by the non-symmetric character
of initial stress field as well as strain compatibility condi-
tions in creep process.

Conclusions. The paper contains the results of nu-
merical modeling the creep process in thin plate, which
models the steel sheet in tension during the rolling proc-
ess. Preliminary deformation of the sheet in rolling mills
is determined by numerical simulation of this technologi-
cal process by use of the approach which includes the fi-
nite plastic strains consideration. Obtained stress-strain
fields were used as initial conditions in creep process. It
was determined, that these distributions had inhomogene-
ous character through the plate’s width. Solutions show
that after increasing the traction from the determined
value is equal to 200 MPa, the significant non- symmetric
distribution of displacements occurs in plate, which can be
considered as invalid from the point of view of technol-
ogy. Creep calculations of the described problem allow to
find the ‘safe’ modes of extension, where the creep strains
can be consider as negligible.
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V.1 GULYAYEYV, O. V. VASHCHILINA, S. M. GLAZUNOV

INCIPIENT REGIMES OF DRILL BIT WHIRLINGS ON UNEVEN BOTTOMS
OF DEEP BORE-HOLES

INocraBnena 3aiaga Mpo KOJMBAHHS KPY>KJISTHHSI OypOBOTO J10JI0Ta, IO 00EPTAETHCS, B YMOBaX HOTro KOHTAKTHOI B3a€MOJIII 13 MOpCT-
KyBaTHM JHOM cBepuIoBHHH. OCKUIBKM Takuil THI BiOpamiit 3ycTpidaeTrsest B 40% BumaakiB OypiHHS ITTMOOKUX CBEpPAIOBHH, IPO-
GneMa iX BUBUECHHSI IPEJICTABIISIE SIK HAYKOBUH, TaK i IPUKJIAHUH iHTEpecC.

BcranoBneHo, mo epekt caMo30ypeHHs TaKHX KOJIMBAHb MOB's3aHUIT 31 301IBIICHHSIM CHIIM KOHTAaKTHOTO THUCKY MiXK JOJIOTOM
Ta CBEPJIOBHHOIO 1 11 HAOIMKEHHSIM 10 KpUTHYHOTO 3Ha4yeHHs Eiinepa. ¥ uux yMoBax 3ruHHA jKOPCTKICTh OyPHIIbHOT KOJOHU 3MEH-
IIy€eThCS W BOHA MOXKe BHIyuyBaTH. [Ipu 11bOMY BiCh JI0JIOTa HAXWJIAEThCSA W NOYMHAE MpeLecyBaTH. B pe3ynbrati 10J10TO BTpavae
3ATHICTh KOB3aTU 10 JHY W MOYMHAE KOTUTHCS IO HOTO MOBEpPXHIi, BiACTal0un ab0 BUIEpEKAI0UN 00epTaHHsS OypHUIIbHOI KOJIOHH.
Ipu TakoMy pyci TOYKa KOHTAKTY JIOJIOTA i3 3a3HaYECHOIO MOBEPXHEIO (MUTTEBHI LEHTP IIBUIKOCTEI) MOXKE ONMUCYBATH Ha3BUIANHO
CKJIQJIHI TPA€EKTOPIl y BUTIISII TIETENb 1 TOUOK 3aTOCTPEHHS 1 3MIHIOBaTH HAIPSIMOK pyXy. B siIkocTi mpuKiagy po3misHyTi KOJMBAHHS
KPY>KJISTHHS IOJIT chepraHoi GopMHu.

KorouoBi ci1oBa: rimmboke OypiHH, 10J0TO, HETOJIOHOMHA JMHAMIKA, IPSIMi Ta 3BOPOTHI KPY>KJISTHHSI.

IMocraBneHa 3ajgaya 0 KoJjeOaHUAX KPYXKEHHs Bpallaroulerocst OypoBOro JOJIOTa B YCIOBHSAX €0 KOHTaKTHOIO B3aUMOJCHCTBHUS C
HIEPOXOBATHIM JTHOM CKBa)XXHHBI. [locKONbKY Takoi Tum BuOpauuii Bcrpedaercs: B 40% ciydaeB OypeHHs IIyOOKHX CKBa)KHH, IIPO-
61eMa MX M3y4eHHMS PECTABIAET KaK Hay4YHBbIi, TaK U NPHKIAAHOH HHTEpEC.

VYeraHoBieHo, uTo 3G deKT caMoBO30YKICHHS TaKUX KOJIEOaHUH CBSA3aH C YBEIMYCHHUEM CHJIbI KOHTAKTHOTO JABJICHUS MEXILY
JIOJIOTOM M CKB)XHHOH U €€ MPUOIIDKEHHEM K KPUTHYECKOMY 3HaueHHIo Diinepa. B 9TuX yciaoBusax M3ruOHas )KECTKOCTh Oy pHIIbHOI
KOJIOHHBI YMEHBIIIACTCSl U OHA MOXKET BBIIYYHBaTh. IIpH 3TOM OCh J0JI0TA HAKJIOHSETCS M HAYMHACT MPEeLecCHpoBaTh. B pesyibrare
JIOJIOTO TEpPSIET CIIOCOOHOCTH CKOJIB3UTH IO JHY M HAYMHAET KaTUTHCS IO €ro IOBEPXHOCTH, OTCTAaBasi WM OIepexast BpalieHue Oy-
PHIBHOM KOJOHHBI. [IpH TakoM IBIDKEHHM TOYKAa KOHTAaKTa HOJIOTAa C yKAa3aHHOW MOBEPXHOCTHIO (MIHOBEHHBIN IIEHTP CKOpOCTeEil)
MOYKET OIMCHIBATh YPE3BBIYAHO CIIOXKHBIC TPACKTOPUY B BUJIE METENb ¥ TOUEK 3a0CTPEHMsI M M3MEHATH HAIpaBJIeHHEe JIBIKEHHs. B
KavecTBE NIPUMEpPa PaCCMOTPEHBI KOJIeOaHusI KPY>KEHUsI JOJIOT chepudecKoil GopMBl.

KuroueBble ciioBa: rirybokoe OypeHue, 10J0TO, HETOJIOHOMHAs TUHAMHKA, IPAMOE U 00paTHOE Ky KEHHE.

This paper studies the problem of whirl vibrations of rotating drill string bit under conditions of its contact interaction with the bore-
hole bottom surface. The destructive effects of whirl vibrations of drill bits and drill strings have long been recognized. The backward
whirling is believed to randomly happen to some degree in 40 % of all wells.

It is shown that the situation is essentially associated with enlargement of the compressive thrust force and its approaching to the
Eulerian critical value. Then, the bending stiffness of the drill string reduces, it hogs and the diamond impregnations existing in the bit
surface penetrate into the rock medium. As this takes place, the bit axis tilts and nutates. It should be particularly emphasized that at
this stage, the bit is under action of the vertical force (weight on bit) which essentially exceeds all other forces. It presses the bit to the
hole bottom (not to the hole wall) and the bit loses its ability to slide on the bore-hole bottom and begins to roll on its surface, lagging
behind or outstripping the drill string rotation. As a result, the point of the bit contact with the reference surface (the instantaneous
centre of velocities) may describe extremely complicated trajectories with loops and cuspidal points and to change the motion direc-
tions. As examples, whirling of spherical bit is considered.

Keywords: deep drilling, drill bits, nonholonomic dynamics, forward and backward whirls.

Introduction achieve the well wall, does not touch it, and is rolling on the

In the majority of cases, previous studies of drill bit
whirl have concentrated primarily on assumption that in
whirling the rotating drill bit is compressed to the bore-hole
wall and is rolling on its surface [1-3]. But in our opinion, a
prominent phase of this effect proceeds at the initial stage of
its generation. These phenomena occur when the drilling bit
changes over from being in sliding contact to rolling contact
with the bore-hole bottom and then instantaneous center of its
rotation begins to move around the DS axis on the bore-hole
bottom surface [4]. Depending on the rotative movement
direction, the forward and backward whirls are distinguished
[2, 5]. As this takes place, the backward whirl can achieve
frequencies somewhere in the range from 5 to 30 times the
speed of the DS rotation [4]. This speed makes the generated
force effect especially detrimental, producing a set of high
fatigue-loading and strong impact-loading conditions that can
be responsible for intensive bending vibration and irremedi-
able detriment to downhole tools when the bit does not

well bottom.

In this case, the most influential axial force can be
resolved into a vertical force or weight on bit (WOB) and
a near-zero transverse component called the bit imbal-
ance force. This force is usually referred to as a percentage
of the WOB. Numerous measurements of the bit imbalanced
evidence that commercial bits might be 2% imbalanced, nev-
ertheless, 10% imbalanced is more typical. Hence, it can be
concluded that the bit is compressed to the well bottom by
the WOB force, while only 10% of its value are responsible
for the tendency to compress it to the well wall. Therefore, it
is more reasonable to associate these vibrations with the bit
rolling on the bottom surface rather than on the well, as is
traditionally considered in theoretical researches.

According to field observation, the main factor influ-
encing whirl is the bit geometry. In papers [3, 5], the phe-
nomena of the bits spinning and rolling on the well bot-
toms are simulated with the use of nonlinearfrictional and
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nonholonomic models for bits with different shapes. As an
example, spherical bit whirling on spherical bore-hole
bottom is numerically studied. It permitted to find three
types of its stable and unstable motions associated with
forward and backward rolling as well as pure spinning.

The problem on whirling of rigid ellipsoidal bits on
well bottoms is considered in [4]. The oblong and oblate el-
lipsoidal shapes are selected for investigation. Two math-
ematic models of the bit whirling founded on supposition of
the capability of their pure rolling whirl and rolling with slid-
ing are proposed. The unsteady regimes of their rolling initi-
ated by their initial perturbations are analyzed through com-
puter simulations. The oblate bits are shown to be more dis-
turbance-sensitive and curves of their whirling trajectories
have ansiform outlines with sharp turns. Summarizing, it may
be noted that the effects considered in these papers are simu-
lated on the basis of nonlinear statements. They are multi-
parametric as depend on elastic, dynamic, geometric, kine-
matic, frictional, and structural characteristics of the system.
Therefore, the particular cases treated by computer simula-
tions are only intriguing and inviting attention to their beauty.
To establish general regularities of these processes proceed-
ing, the object-oriented analytic studies should be performed.
They cannot be performed through the application of created
non-linear mathematic models and should be oriented to in-
cipient stage of the process evolvement which can be de-
scribed by linearized equations.

1 Whirling of a spheric bit on spheric bottom sur-
face

To elaborate mathematic model of a drill bit whirling,
take into account that this vibration process is attended with
elastic bending of the DS tube adjacent to its bottom hole
assembly (BHA). Assume that it is possible to separate men-
tally the lower sections AB and BC located between two
lower centralizers A and B, and the collar boundary C with
the bit at its end (Fig. 1). In the model constructing, the fea-
ture of fundamental importance is simulation of the bit mo-
tion which can be dynamic or kinematic. To perform the
choice, it is necessary to compare frequencies of free vibra-
tions of the separated piece of the DS and angular velocity of
the bit. For example, the first frequency of free vibrations of
the steel three-point beam ABC with lengths e=2m, /=9 m
(Fig.1) and cross-section diameters d; = 0,18 m, d, =0,18 m
equals f;=106,7s "', while the DS angular velocity may
achieve only @ =~ 1020 s . Besides, the bit represents a hol-
low-centered body with small inertia moment. So, the con-
sidered whirlings represent quasi-static processes of the DS
deforming, inertia forces can be neglected at its analysis, and
the whirling motions can be reckoned as kinematic, proceed-
ing with velocities determined by angular velocity @ of the
DS rotation. Therefore, in the whirling study only elastic and
constraint forces will be taken into account and kinematic
stimulation of the system motion will be analyzed.

2 Model of a spherical bit rolling on a spherical
bottom surface

Assume that a DS is elastically deflected from vertical
and its spherical bit, rotating with angular velocity @ around
its axis, begins to roll on uneven spherical surface of the well
bottom 7 (Fig. 2). Then, depending on the position of contact

point G with respect to the D point, lying in the rotation axis,
the bit center C can rotate in the direction of the bit rotation
(forward whirling — Fig. 2, a) or, every so often, in the oppo-
site direction (backward whirling — Fig. 2, b). Introduce im-
movable coordinate system OXYZ and reference frame Oxyz
fixed in the beam of the rotating DS. Vertical axes OZ and Oz
coincide. As is traditional in nonholonomic mechanics [5], it
is conveniently to examine this motion relative to its instan-
taneous center G of total rotation, because in this case the
unknown constraint reaction R is excluded from the constitu-
tive equations and only elastic axial (T) and shear (Q) forces
and bending moment (M) participate in the force equilib-
rium. Let the radii of the bit and hole bottom surfaces be a
and b, correspondingly.

Z z

Figure 1 — Schematic of lower sections of a drill string

Z,z
Figure 2 — Nonholonomic rolling of a spherical bit:
forward whirling; b) backward whirling

If to assume that the contacting surfaces are abso-
lutely uneven, then the sliding effects becomes impossi-
ble. In this case, v=0 and pure rolling with spinning is
realized. Such model belongs to the nonholonomic type.

It is shown in paper [4] that the possibility of bit slid-
ing the bore-hole bottom is severely reduced through the
presence of diamond thorns on its surface. This effects is
amplified by enlargement of the bit pressure on the hole
bottom and decrease of the DS stiffness. Then, the non-
holonomic model application is thoroughly justified.

In paper [3], nonlinear kinematic and dynamic equa-
tions were constructed, stemming from conditions of the
spherical drill bit rolling without sliding and equilibrium
of elastic moment M and shear force Q applied to the bit
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(Fig. 2). They are based on the use of classical mechanics
methods [6] and the theory of elastic beams [7, 8].

A special feature of this system of four equations lies
in the fact that it contains eight unknown values
w,u',u",u” , and v,v',v",v" prescribed at the C edge of

the DS beam. But this impediment can be surmounted if to
take into account that the considered problem is quasi-
static and consequently displacements u, v and turn angles
u', v' can be expressed via bending moments M, = Elu",

M, =EDN" and shear forces Q, = Elu", O, =EDM" ap-

plied at this point. Then, the following equalities are valid:
u=wy -M,+w,-Q, =w, Elu"+w,Elu" ;

u

v=w, M, +w,-0, =w, EN"+w,EN";

:
w'=wy M, +wy -0, =wy)Elu"+wy Elu" ;
Vi=wl) M, + w(Ql) -0, =wlEN"+ W(Q”Elv”' ,

where w), is the elastic displacement of free edge C of the
console beam shown in Fig.1 under action of unit bending
moment M = 1 applied at this point, wy is the similar dis-
placement resulted under action of unit shear force Q =1
0

applied at the same point, w;, is the elastic turn angle of

the beam caused by the unit moment and wg) is the angle

produced by the unit shear force.
With the aid of Egs. (4), the next equalities can be
gained
) w(Ql)u —wou'

EI(WM W(Ql) — WQWX/II)) :

1,0
W WU —wyu

>

EI(WMW'Q —WoW, )
M /

v" _ WQ V- WQV
- O )’
EI(WMWQ = WoWy )
' 1)
N Wy V =Wy, v

N EI(WMW'Q - WQWI(;)’
In this paper, small whirling vibrations are studied.

Therefore, the nonlinear equations can be linearized and
represented in the form:

u+ad’—a)(l+ jv+aa)v'=0;

b—a

\>+a1'/’+a)(1+ Ju—awu'zO;

—a

g(l)—ah(l)—i u+ —g+ah+ﬂ u'=0; (1)
EI(b—-a) EI

g“)—ah“)—L v+ —g+ah+E V' =0.
EI(b—a) El

Here, the notations
0)
w w
DZEI(WMW(QI)—WQW,(VI,)); M MO
D D
M
-8 8 ()
are introduced.

This system of four equations with four desired vari-

ables u, u', v and v' can receive further simplification
through exclusion of variables ' and v'. Indeed, two last
equations in this system permits one to write

u'=qu, Vi=gqv. (3)

Substituting Egs. (3) into two first Egs. (1), one gains

the ultimate form of this system
u—apv=0,

p:[1+bfa—aqj/(l+aq). (5)

System (4) is equivalent to equations
V+a’pv=0. 6)

v+aopu=0. “4)
Here,

i+’ pu=0;
They have solutions
u(t) =C,sin wpt +C ,cos opt ,
v(t) =C,sin wpt +C ,cos wpt . (7

Here, constants C;, C,, C; and C, are determined
from initial conditions.

They describe trajectories of the C center movement
in the Oxyz coordinate system rotating with angular veloc-
ity @. Denote wp =Q,. Then, these correlations can be
represented as follows:

u(t)=C,sin Q¢ +C,cosQt,
v(t) =—C,sinQ,t +C,cosQ/t . ®)

Here, Q, is the whirling frequency in the rotating co-
ordinate system.

3 Basic peculiarities of the whirl process
Though movement of a drill bit in rotating reference
frame Oxyz is governed by simple Eqs.(6), it can assume
large variety of modes, depending on initial conditions
(constants C; and C,) and value of parameter p which, in
its turn, is specified by geometric values a and b, DS stiff-
ness EI, and flexibility parameters w,,,w,,w;, and w}’ .
But it can outline much more complicated paths in fixed
coordinate system OXYZ. These trajectories are traced
with the use of equalities
X (@) =u(t)coswt —v(t)sinawrt ;
Y()=u(t)sinwt + v(t)cos wt . )
They testify that in the fixed reference frame, the bit
moves with angular velocity Q, =@(p —1) and its motion
is determined by equations
X(t) =C,sinQ,t+C,cosQ,t ;
Y()=—-C,sinQ,t +C,cosQ,¢ . (10)
Eqgs.(8) and Egs.(10) permit one to analyze the possible
tendencies for the spherical bit to perform different self-
triggered whirlings depending on the frequency p values.
Thus, if p <—1, then, as Egs. (8) and (9) testify, the bit center
C moves along circular trajectory with angular velocity
Q, > w in rotating reference frame Oxyz and performs for-
ward whirling with angular velocity Q, > 2w, outstripping
the DS rotation in fixed coordinate system OXYZ. Value
p=—lisinlinewith Q, =w, Q, =2w.
Special regime is generated at p = 0. In this situation,
the bit is motionless in rotating reference frame (€2, =0)

but performs forward whirling with frequency Q, =@ in
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still space. The opposite situation occurs at p = 1 when the
bit rotates in reverse direction with frequency Q, = w,

though comes to a standstill at point X =C,, Y =C, in

the still space. Accentuate that this state is also unfavor-
able because here the bit performs pure spinning without
rolling and sliding and the drilling direction begins to
change its direction.

The subsequent enlargement of the parameter entails
change-over from forward whirling of the bit to backward
motion with further essential enhancement of the Q, fre-
quency. Note once again that this detrimental effect is in
compliance with the unexpected field observations cited in
paper [3] and consisting in essential increase in the whirl
frequency which can be 30 times greater than the angular
velocity of the DS, while the generally recognized model of
the bit touch with the bore-hole wall [2] cannot reveal it.

The established correspondences between the values of
parameter p and types of the spherical bit whirling allow one
to simulate the modes of its motion at the initial stage of its
perturbation. But now, the further interest is provoked by the
question of how the p values change with varying of the sys-
tem parameters. Among the most essential values affecting
the whirling stimulation are bending stiffness E7 of the DS,
radii of the bit a and well bottom surface b, spans / and e,
WOB force T, and correlations between parameters of elas-

ticity wa, wo, W\, and w!) . Assume that typical magnitudes

0 -
of these values for steel DSs  comprise
EI=4.07-10° Pa-m*; /=9m; e=2m; «=0,1m;
b=03m; w, =1968-10°m; w,=3618-10"m;
wy =1,23-10°; w) =1,97-10°; T=-1-10*N . In this

case, p = 1,376 and the whirling proceeds with the fre-
quencies Q; =1,376 @ in the rotating reference frame and

Q, =0,376 w in the fixed coordinate system.
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L. KURPA, G. TIMCHENKO, A. OSETROV

RESEARCH OF NONLINEAR VIBRATIONS OF LAMINATED SHALLOW SHELLS
WITH CUTOUTS BY R-FUNCTIONS METHOD

V 1iit po6oTi 3ampoIOHOBaHO €YEKTUBHHUI METO]] TOCIIDKEHHS TEOMETPUYHO HENIHIHHUX BIACHUX KOJIMBAaHb TOHKOCTIHHUX €JIEMCH-
TiB KOHCTPYKIIH, SIKI MOXKYTh MOJIETIOBATHCS 0araTonIapoBUMH ITOJIOTUMHU O0OJIOHKaMU 31 CKJIAZHOIO ()OPMOIO B IUIaHi. 3aIpOIIOHO-
BaHMIl MeTo]| 6a3yeThCs Ha CyMICHOMY BHKOpPHCTaHHI Teopil R-QyHkuiii, Bapianiiinux metonis i npouexypu byonosa-T'anepkuna. Ie
JI03BOJISIE 3BECTH CIIOYATKy HENiHIHY cHCTeMy PiBHSHB pyxXy 1o 3aaadi Komri. MaremaTnyHa mocTaHOBKa 3a/a4i BUKOHAHA Y paMKax
yTouHeHoI Teopil nepuioro nopsiaky. CTBOpeHO BiamoBiaHe nmporpamue 3abesmneuenHs B cucreMi POLE-RL miis moninoMianbHUX
pe3yuibTaTiB i 3 BUKoprucTaHHsaM C++ nporpaMu it cruiaiiHiB. Po3B’s3aHi HOBI 3a1ad4i JTiHIHUX 1 HEMIHIHHAX KOJIKMBaHb OaraTomapo-
BUX TOJIOTUX OOOJIOHOK 3 BHpi3aMu. s MiATBEpKEHHS HAJIHOCTI OTPUMAHUX pEe3yJIbTaTiB MPOBEICHO X MOPIBHSAHHS 3 OTpHMa-
HUMH 32 IOTIOMOTOI0 CIUTAifH-aIpOKCUMAIlil Ta 3 BIIOMUMH i3 JitepaTypu. Jocmimkennii epekT rpaHiuyHIX YMOB Ha BUPI3i.
Kurwouosi cioBa: Teopis R-dynkuuii, Teopis TumorieHko, 6aratoraposi moyiori 000JIOHKH, HENiHIIHI KOJTUBaHHS.

B nacrosimeii pabote npemioxkeH 3QpPEeKTUBHBII METO HCCICIOBAHUS T€OMETPHUYCCKH HEIMHEHHBIX COOCTBEHHBIX KOJIeOaHUH TOH-
KOCTCHHBIX 3JIEMCHTOB KOHCTPYKIHUI, KOTOPBIE MOTYT MOJCITUPOBATHCSI MHOTOCIOHHBIMHU TTOJIOTHMHU 00OJIOYKAMHU CO CIIOKHOH (hop-
Moii B muiane. [IpeioskeH b MeToT 0a3UpyeTCsl Ha COBMECTHOM HCIOJIb30BaHUU TCOPUH R-(yHKIHUi, BapHAIIMOHHBIX METO/IOB U
npoueaypbl byoHoBa-I"amepkuna. T0 MO3BOJSECT CBECTH M3HAYAIBHO HEJIMHEHHYIO CHCTEMY YpaBHEHHI JBMKEHH K 3amade Komru.
Marematudeckasi TOCTaHOBKA 3a/1a4d BBIIIOJIHEHA B PaMKaxX yTOUHEHHOU TeOpHuH MepBoro nopsaka. Co3aaHo COOTBETCTBYIOIIEE MTPO-
rpamMmHoe obecnieyenue B cuctemMe POLE-RL a1t monuHOMHANbHBIX pe3yibTaToB U McHoib3yss C++ mporpaMmbl AJs CIUIAHOB.
Pemiens! HOBBIE 3a7aull TIMHEHHBIX W HEIMHEWHBIX KOJIEOaHNIT MHOTOCIOMHBIX HOIOTHX 000J04eK C BhIpe3aMu. 11 HOATBEpKACHUS
HaJIS)KHOCTH TOy9aeMbIX Pe3yJIbTaTOB MPOBEICHO HX CPAaBHEHHUE C TMONyUYCHHBIMH MOCPEACTBOM CIUIAHH-aNMPOKCUMAIIH H H3BECT-
HBIMU B JuTeparype. MccnenoBan 3 ekt rpaHIYHBIX YCIIOBHIA Ha BBIpE3e.
Kuarwuessble ciioBa: Teopus R-pyHkimii, Teopus TUMOIIEHKO, MHOTOCTIOHHEIE MTOJIOTHAE 000IOYKH, HETMHEHHBIC KOJICOaHMSL.

In present work an effective method to research geometrically nonlinear free vibrations of elements of thin-walled constructions that
can be modeled as laminated shallow shells with complex planform is applied. The proposed method is based on joint use of R—
functions theory, variational methods and Bubnov—Galerkin procedure. It allows reducing an initial nonlinear system of motion equa-
tions of a shallow shell to the Cauchy problem. The mathematical formulation of the problem is performed in a framework of the
refined first-order theory. The appropriate software is created within POLE-RL program system for polynomial results and using C++
programs for splines. New problems of linear and nonlinear vibrations of laminated shallow shells with cutouts are solved. To confirm
reliability of the obtained results their comparison with the ones obtained using spline-approximation and known in literature is pro-
vided. Effect of boundary condition on cutout is studied.
Keywords: R—function theory, Timoshenko’s theory, laminated shallow shells, geometrically nonlinear vibrations.

Introduction

Investigation of geometrically nonlinear vibrations
of multi-layered shallow shells with complex planform
and a cutout is carried out. The mathematical statement of
this class of problems is well developed in literature [1, 2].
However, due to the complexity of the motion equations
system, there are practically no works, which contain nu-
merical results for these problems in the case of complex
planforms, the presence of cutouts and different types of
boundary conditions. Therefore, development of methods
solving such problems is an important task. In this paper
we propose a method based on the theory of R-functions
[3, 4] and variational methods, which allows one to solve
such problems.

1 The mathematical statement of the problem

We consider the multi-layered thin shell of the con-
stant thickness /, on the assumption that the slip and sepa-
ration between the layers are absent. We confine ourselves
to the symmetrical structure of layers. The mathematical
formulation of the problem is performed via refined the-
ory of multi-layered shells based on the Timoshenko’s
shear assumptions. Then the problem of geometrically
nonlinear vibrations of shallow shells is reduced to the

solution of the system of nonlinear differential equations
of motion [5, 6]:

ON,, ON,, o’u  ON,, 0N, o’v
Loy B gy,
Ox oy ot oy Ox ot
o0, 2
%+ 9 +k1N11+k2N22+N116—v2V+

Ox oy Ox
o*w O*w o*w M
+2N, Ny —F=m—7;
OxOy Oy ot
2
ai;ill +5];/[12 ~Q. =m, 0 sz .
)y ot
o'y,
8M22+6M12—Qy=m2 Wzy,
oy Ox ot

where u(x, y,t), v(x, y,t), w(x, y,t) are displacements of the

coordinate surface points; ., y, are rotation angles of the
normal to the coordinate surface; Ny;, Ni,, N,, are the in-
plane resultants per unit length; M, M},, My, are the in-
ternal moment resultants per unit length; Q,, O, are the
transverse shear resultants per unit length. Components of
these resultants are defined as:
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Ny CiCpCreK Ky Ko €y
ny _ C16CrCoK 16K 56K g ) € .
M, K\ K, K gDy Dy Dy L '
M, KKy KDy Dy Dy | |y,

_Mxy_ _KleKzoKseDlechDoe_ | Wy +l//y’x_

ow ow
0, :kszcss(_""//xj"'kjcu —tv, |
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ow ow
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The expressions of deformations, taking nonlinear
terms in account, are expressed as

ou 1(ow) ov 1 owY
e, =——kwt—-|—|; & =——-kwt-|—|;
Ox 2\ Ox oy 2\ oy

ou 0Ov Owow
g€, =—+—+——.
Yooy ox ox oy

The expressions (2) contain coefficients Cj;, Kj;, Dj;
and mj, m,, which are calculated by the known formulas
[7-10], k4, ks are shear correction coefficients, &y, k, are
curvatures of a shell.

The system (1) is supplemented by appropriate
boundary and initial conditions.

)

1.1 The solution method

Accordingly to the algorithm proposed in [8-10], we
represent the unknown functions u(x,y.f), v(x,p,t), w(x,y.f),
w(x,p,1), wi(x,p,f) in the form of an expansion by eigen-
functions of the corresponding linear problem solution of
free vibrations of shells

W, 2,0)= 2, (0) wixy)s v, (e 1) = 30w, (o)
v, (e p.0)= 20w, (ep);
ulx,y.0)= () (x. )+ 97 ) -y (x. )
vxyt)=y () v () () vnley). G
The functions u,,v,,y, .y, are the components of

the eigenvector U = (u,v, W,l//x,l//y), and functions u,,v,
must be a solution of the system of differential equations

{Ll Uy +L,v, = —Nl,(z)(w1 );

Lyu,+L,v, = —ngz)(wl )

The expressions for the right-hand sides of (4), des-

“4)

ignated by operators Nl,(f)(wl ).(k=1,2) are described in
[8-10].

The system of equations (4), supplemented with the
appropriate boundary conditions, as well as a linear prob-
lem of free oscillations of multi-layered shallow shells,
can be solved using RFM method [3, 4] for almost any
form of the shell’s plan and various types of boundary
conditions.

Substituting the expression (3) for the unknown
functions in the system (1) and applying the Bubnov-
Galerkin procedure, we obtain the nonlinear ordinary dif-
ferential equation

WO+l y @)+ -y (O +y-y (1)=0. (%)

Formulas for the coefficients presented in the equa-
tion (5) are given in [8-10].

The solution of the obtained ordinary differential
equation may be accomplished through a variety of ap-
proximation methods. For example, the Runge-Kutta
method, Bubnov-Galerkin and others.

2 Numerical results

To validate the proposed method and created soft-
ware a number of test problems were solved. The obtained
results were compared with the once of other authors
[7, 11]. One of the test cases is discussed in Example 1.

Example 1. Consider the problem of free vibrations
of a shallow geometrically nonlinear isotropic square shell
of constant thickness of double curvature. The following
geometric and material parameters are used: a/b=1;
R/R,=1; R,/R, =0; R =10;2=0,01;v=03. The

shear correction factors are: k; = k2 =5/6 . The boundary

conditions correspond to a simply-supported edge. Figure
1 shows a comparison of the frequencies ratios depend-
ence on the basic mode amplitude for cylindrical and
spherical shells, obtained by RFM with the known results
of [11]. To obtain the dependency ratio of the frequencies
to the amplitude the Runge-Kutta method was used.

1,4
13
1,2
1,1
1,0
0,9

G 08 1
\E 07 y
8 06
05 —e— RX/Ry=1 (RFM)
RX/Ry=O (RFM)

22 ——RJR =1[11]
o ——R/R=0[11]

0,0 — 1 . —
06 08 10 12 14 16 1,8 20
W__/h
Figure 1 — Convergence of amplitude-frequency curves
of shallow shells

\
W

——
i

W

0,4 °

The observed divergence of obtained results with the
once of [11] does not exceed 2 %.

Example 2. Consider the problem of a 3-layered cy-
lindrical shallow shell free nonlinear vibration with a
square planform and a central square cutout (fig. 2).
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N

Figure 2 — Geometry of a shell with a central cutout and
different boundary conditions

It is assumed that all layers are made of the material
with the following characteristics:
Material 1 (M1): E, =40E,; G, = G; = Gy, =0,5E,;

Vi = 0,25

Material 2 (M2): E =10E,; G, =G, =G,, =0,5E,;
Vi = 0,25

The shear correction factors are taken as

k; =k =5/6, dimensionless parameters of the curvature
are defined as R, /h=300; h/(2a)=0,01. Three types of

boundary conditions are investigated: completely clamped
edge (CC), simply supported on external edge and
clamped cutout (SC), simply supported on external edge
and free cutout (SF). Comparison of the obtained funda-
mental frequencies for two types of materials (M1, M2)
with the once in [7] is presented in table 1. Results pre-
sented by RFM were obtained both by polynomial ap-
proximation (POLY) and splines [12] (SPLI) using mesh
of 10x10.

Table 1 — Comparison of the non-dimensional frequency

@, = wa* (p/ E,h° )1/2 for cross ply (0/90/0) laminated shells

with the boundary condition (SF)
cla M1 Ml M2 M2

o |29:3565| 29.481 [POLY] 23,8253 23,933 [POLY]
[7] 29,476 [SPLI] [7] | 23,921 [SPLI]
0 |29:4182] 30252 [POLY] |24,2845| 24,749 [POLY]

[7] 29,859 [SPLI] [71 | 24,552 [SPLI]

The observed divergence of obtained results with the
once of [7] does not exceed 3 %.

Further, new results are presented by using the the-
ory of R—functions.

The amplitude-frequency dependence for cylindrical
shells of SC boundary condition with the cutout of size
c/a=0,2 for two types of materials (M1, M2) is presented
in figure 3.

1,25

' |
o —— M1
1,20 _ - M2
1,15 ;u —C gEC ui X
- 1 i —d |
3 1 i
~ 110 ! : A
3 —b
1,05 ///5/
/
1,00 —4//
0,95 )

0.6 0.8 1.0 1.2 14 1.6 1.8 2,0

Figure 3 — Amplitude-frequency curves of SC cylindrical
shallow shells

According to the observed curves we can state that
the behavior of investigated shell of M1 material is more
rigid than the one of M2 with the amplitude increase.

The amplitude-frequency dependence for cylindrical
shells of CC boundary condition with the cutout of size
c/la=0,2 for two types of materials (M1, M2) is presented
in figure 4.

According to the observed curves we can state that
the investigated shell of M1 material becomes more rigid
than the one of M2 when the ratio W,,,,/h exceeds 1,4.

= |/
/
/4

S

| |
0,01~

06 0.8 1,0 1.2 14 16 1,8 2,0
W__/h
max

Figure 4 — Amplitude-frequency curves of CC cylindrical
shallow shells

Conclusions

A proposed numerical-analytically approach based
on R-functions theory is used to research free nonlinear
vibration problems of laminated shallow shells with cut-
outs. Three-layered shells made of different materials with
different curvatures and square cutout are investigated.
Different types of boundary conditions are examined. The
amplitude-frequency curves of vibrations of considered

Bicnux HTY «XI1l». 2016. Ne 46 (1218)
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shells have been constructed using the first-mode ap-
proximation by the Runge-Kutta method. A comparison
with known results confirms the reliability of the proposed
approach.
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1. MORACHKOVSKA, G. TIMCHENKO, E. LYUBITSKAYA

RESEARCH OF ELASTO-PLASTIC BENDING OF THIN SHELLS AND PLATES BY
THE R-FUNCTIONS METHOD

Posrnsinaerbest eheKTUBHUI METOJ PO3B'sI3aHHS HENMHIHUX KpalOBUX 3a/iad NPY)XKHO-IUIACTUYHOIO 3THHY TOHKHX MOJIOTUX 060JI0-
HOK sSIKHi 6a3yeThcst Ha Teopii R-pyHKiii. 3amada 3BOAUTHCS O 3HAXO/DKCHHS TOYOK CTAL[IOHAPHOCTI 3alPOIOHOBAHUX 3MillIaHHUX
BapianifHnX (QyHKLIOHATIB, JIIHEAPH30BAHMX 33 CXEMOIO METOJy IOCIHiJOBHUX HaBaHTaxeHb i HploToHa-KaHTOpoBMua CHiJBHO 3
METO/IOM 3MIiHHHX TapaMeTpiB Mpy>XHoCTi. YKCenbHi AOCIIKCHHS BUKOHAHI 3 BUKOPHCTaHHAM Iporpamyrouoi cucremu «ITOJIE».
BcTaHOBIIEHO HOBI 3aKOHHM HEJIIHIHHOTO e OpMyBaHHs MOJOTHX OOOJIOHOK 1 MTACTUH CKIIaaHOT (GOPMH B IUIaHi.

Koro4oBi ci10Ba: TOHKI 110JIOT 000JIOHKH, IIPY)KHO-IUIACTUYHI AedopMarii, Teopist R-pyHkuiii.

PaccmarpuBaercs 3((eKTHBHBIN METOJ PEIICHHs HeTMHEHHBIX KPaeBbIX 3a[a4 yIPYro-IUIaCTHYECKOro U3rnda TOHKUX I0JOTHX 000-
nodek Gasupyrommiics Ha Teopuu R-pyHkmumid. 3agada cBOIUTCS K HAXOXKICHUIO TOYEK CTAMOHAPHOCTH, MPEITOKEHHBIX CMEIIaH-
HBIX BapHAIOHHBIX (YHKIMOHAJIOB, JMHEAPH30BAHHBIX II0 CXEME MeTOAa IOCIeIOBAaTeNbHBIX HarpykeHuid u HploToHa-
KanTopoBuua cOBMECTHO ¢ METOJOM IEPEMEHHBIX IIAPAMETPOB YNPYroCTU. UHUCIEHHBIC HCCIIEAOBAHUS BBIIOIHEHBI C HCIOIb30BaHU-
em nporpammupytomeit cucreMsl «IIOJIE». YcTaHOBIICHEI HOBBIE 3aKOHBI HETMHEHHOTO Ae(hOPMHUPOBAHUS MOJIOTHX 000I0UeK U TIIa-
CTHH CJIOXHOU (OpPMBI B IIJIaHE.

KnroueBble cji0Ba: TOHKHE I10JI0THE 000JIOUKH, YIIPYTo-IUIacCTHYeCKHe eopmaruu, Teopus R-dyHkimii.

The effective method basing on theory of R-functions and variational structural method is developed for solving non-linear boundary
problems. Elastic-plastic bending of thin shallow shells is considered. The problems are reduced to finding stationary points of sug-
gested mixed variational functionals according to the initial linearization due to usage of subsequent loading and Newton-Kantorovich
jointly with method of varying elastic parameters. The method is used for automatic calculations in «POLE» programming system for
investigations of shell structural elements. The numerical justification of the method is given. New laws of non-linear deformation of

shallow shells and plates with complex shapes in plane are established.
Keywords: shallow shells, elasto-plastic deformations, R-functions theory.

Introduction

Many of the technology problems associated with
the deformation of a thin shell, and this explains the de-
velopment of a geometrically and physically nonlinear
theory of shells, with the development of methods of re-
search of stress strain state of shell structures, operating
beyond the limits of elasticity [1-3].

Mathematical problems of elasto-plastic deformation
of flexible membranes are formulated for non-linear dif-
ferential equations under certain boundary and initial con-
ditions. Mathematical methods, allowing to explore and
find solutions of nonlinear differential equations, quite
complicated. This paper proposes algorithms and some
results of the solution of such problems on the basis of the
known variational-structural method and the theory of R-
functions [4-7]. This method became widespread in the
international scientific literature under the name abbre-
viaturny RFM. For the first time the RFM applied to the
solution of geometrically nonlinear problems of theory of
plates and shells in [2] and its further development are
presented in the review [6,7].

1 Mathematical Problem Formulation
Consider a thin shallow shell of constant thickness h
under a transverse load. The mathematical formulation of
the problem is performed via theory of small elasto-plastic
deformations in the form of the method of variable elastic-
ity parameter. Then the equations of state for the problems
of bending of thin shallow shells are presented in the form
N =Be+Cy; M =Ce+ 1y, (1

where e, y, N, M — vectors composed of the components

of membrane and bending deformations, forces and mo-
ments at an arbitrary point in the coordinate surface of a
shell, which is specified by the metric within the Cartesian
coordinate system, placed in terms of the shell. We con-

sider an arbitrary contour of the shell co(x, y) =0, lying
in the plane x, y. The elements of matrices B, C, E repre-
sent integrals across the shell thickness calculated from
the known function using variable parameters of elasticity:
E=y/(+y/9K); V=(/2-y/9K)/(1+y/9K); ®
Y=0y,/evy; K= E/3(1—2v),
where E, v — the modulus of elasticity and Poisson's ratio,
oym, €y — Mises intensity for the stresses and strains be-
tween which the functional relationship is set for the
stress-strain diagram of the material of the shell.
Elastic-plastic bending of shallow shells is described
by the following system of nonlinear equations [6]
V2D,V w— 8,V )~ Ao L(D, . w)-
- L(S,,9)-L(g,w)=¢;
V2(S,V2 w4+ HV20)+ Agw L(S,. w)—
~L(H,,0)+L L(w,w)=0,

3

where
L(n’B): Moty Boay M2 Boty —2Ms12 Boia 5

H, :bll/(blzl _blzz); H,= )by S, = css/bss 5
S, = (bllclz _bIZCll)/(2b33);
2C323

blz(clzl_clzz)_zcllbllclz. D.=Y. —Y._—
(I SV ST

Dl B Yll - (blzl _blzz) ’ b33
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2 Problem-Solving Method

After linearization of the nonlinear system of equa-
tions (3) by the method of subsequent loading [8], while
maintaining the same step of the loading

E=E, V=V, , the system of equations (3) is trans-
formed to the following:
V2 (D) =S,V )~ A6 (Dz,w )-
_L(Sl’w(k))_L((i)(k)’w(k—l)) ( ) O;
V2(S,9 230, + H V2 J+ A i +L(S1,w )+
+ L(H,. )~ L (W(k)’w(k—l))zo’
To verify the values of stresses due to transverse

strains and non-zero deformations ¢, (o, = 0) iterative for-
mula is used [9]:

4)

m 1_a(m)
azgkjl) B _mkel("*l) * ez(kfl))"' Z(Xl(k—l) + XZ(k—l)>];

(m)

o 2B B g g 3 E

9 K 3(1-2v) 2 (1+v)
3 3
(1420} (1+2a™

iy = F R+ 22 4 2B )

B = Z[C(”’)(ef o)+ )~ 2D e+ Yk

m 1 m
Pa(x )= 4 [C( )(Xl (k=161 (k1) T XZ(k—l)eZ(k—l)) -

- D(m)(XJl(k—l)el (k-1) T X1 (e-1)€2 (k—l))+ lez(k—l}y(k—l)];

m 1 m m A
Px( )= Z[C( )(Xlz(k—l) + Xé(k—l))-’_ 20| )Xl(k—l)XZ(k—l) + 4X122(k—1)]’

(m)
(m+1) _ Oym (SVM ) _
Ec T, m—O,l,...M.
VM
The iterative process, described by the formula (5), is

completed when the following inequality is satisfied

(m+1) m
‘au(k—ll) - Suzk—)])

that determines the accuracy of calculations.

The system of equations (4) for each k-th loading
step is the set of stationarity equations for the following
variational functional

1 . .
I(k) = I{EDI (W(Zk),ll + W(zk),zz

5
- (Sl +5, )<¢(k),2zw(k),11 + QW) 2 )_
=S, ((b(k),llw(k),ll + 1) 2 W) 2 )+

Suzr_)l) <8, where & — prescribed quantity

)+ (Dl - Dz )W(k),uw(k),zz +

+ Dzw(zk),u

) . 1 . )
+ ZSI(P(k),IZW(k),IZ _EHI ((P(Zk),zz + (P(zk),ll)_

- (Hl - Hz )(b(k),ll(b(k),n _Hz(b(Qk),lz
- (kl(b(k),zz +hy P )W(k) =P W2 Wiar) —
_(i)(k),Zzw(k),llW(k—l) + 2¢(k),lzw(k),lzw(k—l) -
1

-5 W(k)w(k),ZZ(p(k—l),l 1

1. .
2 _Ew(k)w(k),ll(p(k—l)gz +

1.
+EW() Wiep12Ple-1)12 Q w( } (6)

It should be noted that under repeated use of the sub-
sequent loading method an error caused by discarding the
nonlinear terms in (4) is accumulated. Therefore, after a
certain number of steps the Newton—Kantorovich method
is used within the solution [10]. The initial approximation
for the linearized via the Newton—Kantorovich method
system of differential equations is the solution obtained
using the method of subsequent loading. The accumulated
experience of solving a large number of tasks on the pro-
posed algorithm allows making a conclusion about its
effectiveness, versatility and fast convergence.

After linearization of system (3) PHM we come to
equations of the form

v (D, VW, -8, V0, )-A,0

_L(DZ)HWM-I) (Sln’q)z+l)_
—L(,. @, )-L(®,.W,..)=q+L,.®,);

VZ(S v Wn+l +H1nv q)n+l )+ A Wn+l +
+ L(Sln’WnH) L(HZn’CDnH)
+L(VVU’VV}1+1)+1/2L( no n)zo’
where n is the iteration number.
The differential equations (7) are equivalent to the
condition of stationarity of the following functional

K(n+1)(wn+1 P ) — J:[{%D{’ (Wsﬂ,xx + Wj+1,yy )+

n n )'l
+( 1 _DZ )Wn+1m n+1}y+D n+1 ry
n n n
- (Sl +S; iy Pl — (Sl +8; )W)1+1,.m(Pn+l,}y +

n n
+ 2'Sl (pn+1,xywn+l,xy - SZ (Wn+1,_17_v(pn+1,yy +Wn+1,xx(pn+l,xx)_

n+l

O]

1 n 2 2 n n
_EHI ((Pn+l,x)r + (Pn+l,yy )_ (Hl - H2 )(Pn+],x)r(pn+l,}r’y -
1
_E (Pn+1‘ywn+l,ywn,xx + (pn+l,an+1,an,yy -

- <(pn+1,an+l,y + (Pn+1,ywn+l,x )Wn )_
_l(q_(pn »w Woaxr = P ny) )Wn+1 -

8
(0, Wy W2 N0, S ®)

Thus, the orlgmal nonhnear boundary value problem
for the system (3) is reduced to solving variational prob-
lems of finding the minimum of the functionals (6) and
(8). Discretization of the given functional should be car-
ried out on the set of kinematically admissible functions
satisfying the given boundary conditions. To meet the
given boundary conditions the solution structure using the
theory of R-functions [4] is built. The developed algo-
rithm is realized within the POLE-RL programming sys-
tem.

3 Numerical Results
This paper studied the elastic-plastic deformation of
square spherical shallow shells with a radius of curvature

k=ki =k>=18 for the case of the simply supported
boundaries conditions:

0D

T on® - ,
Basic physically-mechanical characteristics of the
material are taken for the diagram corresponding to the

D| =0;

W =2
r anZ
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linear-hardening materials, however, for different values
of the yield stress. The numerical results, as a function of
the central deflection load setting, are shown in Figure 1.

ga*
En?

120

00 05 10 1,5 whh

Figure 1 — Diagram "load — deflection" spherical shallow shells

From the presented data we can draw the following
conclusions. If the shell material in the considered range
of loading has an unlimited elasticity (o =), the stiff-
ness is significantly higher than in the case of limited elas-
ticity. With a decrease in the yield strength of the material
with linear hardening, the rigidity of the shell is markedly
reduced. For comparison, the dashed line in Figure 1
shows known data of work [11]. It is seen that the numeri-
cal results coincidence is quite satisfactory, which proves
the above laws of the influence of plastic deformation on
the bending of thin shallow shells with large displace-
ments.

Similar conclusions follow from studies done for
thin rectangular plates. The diagram "load — deflection" in
this case is shown in Figure 2. Here points (x) denote data
from [11].

4

ga

En?

45 cf:i\”
/375

S

5
30

/ 75 *
15

il
.
: 1.25
0 0,5 1,0 wih

Figure 2 — Diagram "load — deflection" for square plates

In the above examples the question of the formation
of plasticity zones on the surfaces of the shell and plate
with proportionally increasing pressure is studied. For
comparison, in Figure 3, taking into account the axial
symmetry, given the plasticity zone for shells with pa-
rameters: G, =15, E =0,01. The plasticity zone are

shown on the surface z = +A/2 when the central deflection
w=h and w=1,6A. It is seen that on the surface z = h/2

this zone is located near the corner points of the plan, and
with the deflection increase it is expanding. On the inner
surface z=—h/2 a local zone of plasticity is forming at
w = h in the vicinity of the center of the shell, and as you
increase the load it extends into the central part of the
shell. When w= 1,6/ it covers the whole central part of
this surface (Figure 3).

z=h?2 z=-h2

©

w=1,6h

or =15
Figure 3 — Location of the plastic zones on the surface
of spherical shallow shell

The formation of plastic zones in the plate is mark-
edly different from what was observed for the shell. Cal-
culated data of areas of plasticity in the plate of material:
G, =5, E =0,01, on the surface z =+4/2, when the cen-

tral deflection w = h and w = 1,6A, is shown in Figure 4. It
is seen that on the outer surface z = 4/2 the plastic zone
formed in the center of the plate and spreads with the load
increase up to the corner region of the surface. However,
on the inner surface these areas are significantly larger
than on the outer one. Still their distribution is almost no
different from that of the outer surface of the plate.

z=-h?2

Q

z=h/2

w=h

Figure 4 — The location of the plastic zones on the surface
of the plate

Conclusions

The paper proposes a method to solve geometrically
nonlinear elasto-plastic bending problems for thin shallow
shells and plates. This method is based on the R-function
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method. The solution is obtained by the Newton—
Kantorovich method of subsequent loading. The devel-
oped algorithm and software are used to solve a number of
test problems and to study complex-shaped shells. The
paper investigates the effect of the shape of shells, bound-
ary conditions and the load distribution on the elasto-
plastic bending behavior of thin shallow shells and plates.
Accumulated experience of solving a large number of
tasks using the proposed algorithm allows to conclude its
effectiveness, versatility and fast convergence.
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A. B. MOPO3, A. A. BO/IKA

PA3PABOTKA ITIPOI'PAMMBI JIJI1 ABTOMATUYECKOM TEHEPALIMM MUKPOCTPYKTYPbI
METAJLJIOB HA OCHOBE ®OTOI'PA®UIA MUKPOIILIA®OB

IMpu po3poOii HOBHX MatepialiiB, a TAaKOX B IPOILIECi BUTOTOBJICHHS JeTaleil 3 MEeTaJeBUX MaTepialiB, BAXJIMBUM €TAllOM € BUMIp
po3Mipy 3epHa. [l MpoBEeneHHS IOCTIHKEHb MapaMeTpiB MIKpPOCTPYKTYpH Ha MEXaHiYHI BIACTHBOCTI MaTepialliB Ba)KIIMBO MaTH
MOXKJIUBICTh T€HEPYBATH MIKPOCTPYKTYPY 3 3aaHUM po3MipoM 3epHa. i poro B poOOTi Oyita cTBOpeHa KOMI'IOTEpHA Mporpama,
sKa aHaJli3ye€ METOJIOM CIYHHMX PO3Mip 3epHa MaTepialy, a TaKOK HAa OCHOBI OTPHMaHUX JAHUX JO3BOJISIE MOJEIIOBATH HOBI MIKpo-
CTPYKTYpH 3a paHillle OTPUMAHUMH CTaTUCTHYHAMH ITapaMeTpaMy 3epHUCTOCTI. Y Iporpami peasizoBaHi MeToqu oOpoOKH GOTO3HI-
MKY, BUKOPUCTaHHMII ayroputM BopoHoro st renepanii 3epHUCTOCTI MeTady. XapaKTepUCTUKH OTPUMAaHOI 3epHUCTOI CTPYKTYpH
MeTally HOpiBHIOBAJIACS 3 Pe3yJIbTaTaMH aHaji3y OpHUriHaNbHHX (OTO3HIMKIB CTPYKTypH MeTaiy. JlomaTok po3poOJieHO 3 BUKOPHC-
tanHsaM nporpamuoi wiardopmu NET i moBu nporpamysanss C #.
KurouoBi ci1oBa: MikpocTpyKTypa, niarpama Boponoro, po3mip 3epua, .NET, C#.

I1pu pazpaboTKe HOBBIX MAaTEPHAIIOB, a TAKXKE B MPOIECCE U3TOTOBICHMUS ACTANCH U3 METANTMYECKUX MATEPHAIOB BaXKHBIM JTalloM SIBJISIET-
csl M3MepeHne pasMepa 3epHa. s IpoBefeHHs HCCIe0BAaHNH ITapaMeTpoB MHUKPOCTPYKTYPhI Ha MEXaHMYECKHE CBOHCTBA MaTepUaloB
BaYKHO MMETh BO3MOXHOCTb TE€HEPHPOBaTh MUKPOCTPYKTYPY € 33JaHHBIM pa3MepoM 3epHa. [t 3Toro B pabore ObUIa co31aHa KOMITBIOTEp-
Hasl IporpaMma, KOTopasi aHaIM3UpyeT METOJIOM CeKyIHX pa3Mep 3epHa MaTepualia, a TAalkKe Ha OCHOBE IOJIYYEHHBIX JAHHBIX I103BOJISET
MOJIEITUPOBATh HOBYIO MHKPOCTPYKTYpY IO paHee HOJy4YEeHHBIM CTAaTHCTHYECKUM IapameTpaM 3epHUCTOCTH. B mporpamme peaan3oBaHbI
MeTo/IbI 00pabOTKH (POTOCHIMKA, HCHIOIBb30BAH AITOPUTM BopoHOro ayist reHepaiyu 3epHUCTOCTH MeTallia. XapaKTEPUCTUKH HOTyYeHHOH
3€pHHUCTON CTPYKTYpHI MeTajljla CPAaBHUBAIACh C Pe3yJIbTaTaMH aHAIM3a OPHTUHATIBHBEIX (DOTOCHUMKOB CTPYKTYphI MeTaiia. IIpunoxenue
pa3paboTaHbI ¢ HCTIONB30BaHKeM nporpammMuoi mwiathopmsl NET u s3bika nporpammuposanus C#.
KiroueBble cjI0Ba: MUKPOCTPYKTYpa, tuarpamma BopoHnoro, pa3mep 3epra, .NET, C#.

The development of new materials and during manufacturing process of parts from metallic materials it is an important step to meas-
ure the material grain size. In order to study the microstructure of parameters on the mechanical properties of materials it is important
to be able to generate a microstructure with predetermined grain size. This approach allows using computer aided modeling of the
mechanical behavior at the micro scale. Analyzing of grain size manually is quite time-consuming task. To automate this process, a
computer program has been created, which uses method of intersecting lines and determine the grain size of the material. Based on
these results, it allows to build a new microstructure on the previously obtained statistical parameters of grain, which is equivalent to
photographs of the microstructure. The program implemented methods of image processing; the algorithm of Voronoi diagram is
used. Characteristics of the obtained granular metal structure compared with the results of analysis of the original photographs of

metal structure. The application developed using .NET software platform and the C # programming language.
Keywords: microstructure, Voronoi diagram, grain size, .NET, C #.

Beenenne. MUKpOCTpYKTypa METaJUIM4YECKOIO Mare-
pHana sBISeTCsS OJHON W3 OCHOBHBIX €0 XapaKTEpUCTHK, a
€e Ka4eCTBO B 3HAUUTEIIFHOW Mepe ONPEAEISIeT ero MeXaHu-
Yyeckre cBoWcTBa. OHMM U3 TMOKa3aTeneil KadyecTBa MUKPO-
CTPYKTYPBI SBISIET pa3Mep U Gopma 3epHeH. [IJis uX OLeHKU
NPUMEHSIOTCS. METO/BI KOJIMYECTBEHHOW Metasuiorpaduy,
YTO TIO3BOJIIET ONPEICITUTh TAPAMETPBI CTPYKTYPhI CILIABOB:
BEJIMYMHBI BKIIIOUCHUH, pazMep U GopMy 3epeH OTHCITHEHBIX
(a3, TPUCYTCTBYIOIIMX B CIUIaBE, M, OCOOCHHO, pa3Mephl
3epHa OCHOBHOH (pa3bl.

BenuunHa 3epHa B 3HAUMTENBHOW CTENEHU BIMSAET HA
CBOMCTBa MeTajlia, 3TO MPUBOAUT K HEOOXOIUMOCTH KOH-
TPOJIMPOBATH pazMep 3epHeH. Ha mpakTrke oH omnpenensiercs
C TIOMOIITBI0 MHKPOCKOTIA PA3IMYHBIMI METOIAaMH, OAWH U3
KOTOPBIX 3aKJIIOYaeTCsl B IMOJCYETE TPaHMUIl 3epeH, Irepece-
Ka€MbIX OTPE3KaMU IPSAMBIX JIMHUA C MocJeaAyromunM OIIpe-
JIETIECHUEM CPEHEr0 yCIOBHOTO Auamerpa [1].

KoHTpOJIb 3epHICTOCTH METaIIa OCYIIECTBISCTCS pa3-
JIMYHBIMU  crioco0aMu  (YJIBTPa3ByKOBOM, ILIACTUYECKAMHU
nedopmarmsamMu U T.11.), OMHAKO JUIS MX MPUMEHEHHs HeoO-
XOAUMO SICHO TIPEACTABIHATh KaKyI0 CTPYKTYpY HEOOXOIUMO
co3nath. B cBSA3M C 3THM, IIMPOKO PacIpOCTPAHEHBI KOMITh-
IOTEPHBIC CHCTEMBl MOICIHUPOBAHUS CTPYKTYpPHl MeTajlia,
BapUaHT TaKOW CHCTEMbI TIPEICTABIICH B JAHHOH padoTe.

AHaJIN3 MOCJeJHUX MCC/IeJ0BAHUH M JUTepaTy-
pbl. 3epHa METAJUIOB — 3TO OTACIBHBIC KPUCTAIUIBI TOJH-
KPUCTAJUTMIECKOTO0 KOHTJIOMEpaTa, pa3/eleHHBIE MEXIY
c000i1 CMEXHBIMU ITOBEPXHOCTSMH, Ha3bIBAEMBIMH Ipa-
HULIAaMU 3epeH. MeTtasuibl, KOTOPbIE UCHOJIb3YIOTCS MpaK-
THKE TIPOU3BOJICTBA, COCTOSIT U3 3€PEH Pa3IMuHbIX pa3Me-
poB. Ilpu aHaM3e MUKPOCTPYKTYPbI BBIICISIIOT /1BA THIIA:
OJHOpOJHAsl M pazHo3epHHUcTas. OnHOPOAHAsT CTPYKTYypa
COOTBETCTBYET OAHOMY (oTodTasoHy mkamsl [1, 2]. Ta-
KYIO0 CTPYKTYpYy OLICHHBAIOT OJHHM HOMepoM. Pa3Ho3zep-
HUCTOM CTPYKTYpPOW CUHMTAETCi CTPYKTYpa, B KOTOPOH
MMEIOTCS 3epHa, OTJIMYAONINECS OT OCHOBHOTO HOMEpA,
(doroaranona mkaisl [1-2] 0osiee yeM Ha OAMH HOMED.

Pa3paboTke mporpaMMHOro obecriedeHus Uil OIEHKH
HapaMeTpoB MUKPOCTPYKTYPHI MOCBSILIEHO OOJIBIIOE KOJIH-
4ecTBO padot. B pabote [3] paccMarpuBaeTcsi SKCIIEpUMEH-
TaJIbHBIE HMCCIEAOBaHUS 3X-MEPHOW MHUKPOCTPYKTYPBI ay-
CTEHHUTHOM ctaimi. B pabotax [4-7] paccMaTprBaeTCst BOIIPO-
Chl pa3pabOTKM NMPHKJIAHBIX MPOrpamMM JUIs aHAJM3a H30-
OpaXeHUH MHUKPOCTPYKTYPBL. AJNTOpHTMBI 00pabOTKH H30-
OpaxeHHI pacCMOTpPEeHKI B padoTax [8-10].

K mMeTomam 006paboTku POTOCHIMKA CTPYKTYPHI Me-
TaJjla OTHOCHUTCS MeTOX ceKymuX[l-2], KOoTophlii 3aKitro-
4aeTcs B MOACYETE IePECeUCHUH 3ePEH JIMHUSAMH, IPOBe-
JICHHBIMH Ha MaTOBOM CTEKJIE MUKPOCKOIA M1 Ha (OTO-
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rpa¢uax, Ha KOTOPBIX MPOBOASAT HECKOJIBKO OTPE3KOB IIPO-
W3BOJIBHOM JUTHHBI, TIPH 3TOM OTPE30K JIOJDKEH IepeceKaTh
He meHee 10 3epeH. YBenmdeHwe MOAOMPAIOT TaKKMM OOpa-
30M, YTOOBI Ha UCCIIEAYEMON OBEPXHOCTH B BUANMOM I10JIE
6buT0 BUHO He MeHee S0 3epeH. 3epHa Ha KOHIAX MPSIMOMH,
He NepeceKaeMble €10 IEIMKOM, IPUHUMAIOT 3a ofHo. Ompe-
JIETISIIOT CYMMAapHYIO JUIMHY OTPE3KOB L, BBIDQKEHHYIO B MM
HaTypaJbHOH BEJIMYMHBI Ha HUIM(E, U CYMMapHOE 4YHUCIIO
nepecedeHHbIX 3epeH N. I'padudeckast niumocTpaiys MeTo-
Jia npuBezieHa Ha puc. 1. CpeqHuil yCIOBHBIN AuaMeTp 3epHa
B MM BBIUHCIISIIOT 10 hopMmyIie:

dL=L/N. €))

Pucynox 1 — Mnnroctpanus MeToAa CEeKyIHX AT onpe-
JIeJIEHNs pasMepa 3epHa

JUis MonenupoBaHKsI HOBOW MaKPOCTPYKTYPHI Me-
Tajia He0OXOIUMO Pa3padboTaTh WIH MPUMEHUTH CYIIECT-
BYIOIIMH METOJ CO3MaHUs W300paKCHUH C MHOTOYTOJb-
HBIMH OOBEKTaMH, OJHHM W3 CYIIECTBYIOIIUX METOIOB
SIBIISICTCS TIOCTPOCHUE TUarpaMMbel BopoHoro, mocpenct-
BOM KOTOPBIA W OYAyT CTeHEPHpPOBAaHA 3EPHHUCTAs] CTPYK-
Typa Meraia. [IpuHuMnel nocrpoeHuss auarpammsl Bo-
pororo onwmcansl B [11], a addexTuBHAS peanu3amms ai-
ropurmoM PopuyHa B [12].

ITocTranoBka 3agauu. Llenpo qaHHON cTaThbU SIBJISA-
eTCsl pa3paboTKa MPHUIOKECHHUS IJIsl OTPEICIICHUs pa3mMepa
3epHa MUKPOCTPYKTYphl MeTajula, a TakKe TeHepalus
SKBUBAJICHTHONH MUKPOCTPYKTYpHI. Ilpeamonaraercs, mo
3apaHee BBIOPAHHOMY, OpPWUTHHAIBHOMY H300paKCHUIO
MHKPOCTPYKTYPBI METajlla, TeHEPUPOBAaTh HOBYIO 3€pPHH-
CTYIO CTPYKTYPY B BHAE IBYXMEPHOTO PacTPOBOTO H30-
OpakeHUs. AHAIN3 U MOJEIHMPOBAHUE CTPYKTYPHI TOJDK-
Hbl OBITh MPUMEHUMBI K OJHOPOJHOM 3€PHUCTOU CTPYK-
Type MeTajula, Y KOTOpOW reoMeTpusi 3epeH NpuOIn3u-
TEIbHO OJMHAKOBA. BhINONHEHHE NOCTaBICHHON LEIU
MIPOBOJIMIIOCH MOATAIHO:

— aHanu3 (OTOCHUMKA 3CPHUCTON CTPYKTYpBI Me-
Tajljia B paHee pa3paboTaHHOH MporpaMme;

— TCHEpalus HOBOH 3EPHUCTON CTPYKTYPHI B BHUC
JIIBYXMEPHOTO HW300paKeHHsS C WCIOJIB30BaHUEM JHa-
rpaMmsl Boponoro;

— TPUBEICHHE B COOTBETCTBHE TC€HEPHPYEMOTO H30-
OpakeHUsI ¢ NEHCTBUTENBHBIM H300paKCHUEM 3E€pPEH Me-
Taa,

B pesynbrate paboThl MPUIOKEHHS PEIIIONATaeTCs
nony4ynts HoMmep 3epHa G o 'OCT5639-82 [1], u crene-
PHPOBAaHHYIO CTPYKTYpYy, 4YTOOBI HMETh BO3MOXHOCTH
CpaBHUTL €€ C HCXOI[HOﬁ U OUCHUTb TOYHOCTH pa6OTI)I
peaNM30BaHHOTO METO/A.

Pa3patotka nporpammsl. VIcXOAHBIMU JaHHBIMU IS
3a/1auu SIBJISETCS [MPPOBOH (OTOCHUMOK MHUKPOCTPYKTYPbI
MeTaJla, BBINOJIHEHHBIN ¢ yBeanueHueM 100 pas.

Jlnst peanu3anyu MOCTaBJICHHOH 1€y, ObUTO HarmM-
CaHO HACTOJIbHOE INPWIOKEHHE C HCIOJIB30BaHUEM IIPO-
rpammHoO# Tatdopmel NET Framework B cpene paspa-
6otku Visual Studio.

[Tpunoxkenne, B HCXOMHBIX NAaHHBIX, HPUHUMAET
U300paKeHUsI C IPOTPABJIEHHOr0 UM MeTaa YeTKH-
MU TpPaHHIAMH 3€peH, W, IpU HEOOXOIUMOCTH, 00pabo-
TaHHOE TpaduuecKUMU (QUIBTPaMH, AJIS MOJy4eHHs 0o-
Jee TOYHBIX PEe3yJbTaToB. Tarkke BO3MOXKHO PETYIHMpPO-
BaTh pa3Mep BKJIIOUSHHH, /s ydera B aHallM3e, U €ro
L[BETOBYIO YyBCTBUTEILHOCTb.

B mporpaMme peanM3oBaH METOJl CEKYIIMX JIMHUH
JUISL OTIPENENICHNs] CPEIAHEr0 YCIOBHOTO pa3Mepa 3€pHa,
TaKuM 00pa3oM, Ha aHAIM3UPYEMOM H300pakeHHU OyaeT
MIOCTPOEHA CEeTKa W3 JIMHHM, BIOJb KOTOPHIX OyneT mon-
CUUTHIBATBCSA KOJIMYECTBO nepeceqeﬂuﬁ C TI'paHUIaMu
3epeH Metamia (puc. 2). 3Has CyMMapHYIO [UIHHY BCEX
JINHUM U KOJIMYECTBO NEPECEUECHUN, MOKHO IOJCUYHUTATh
CpeIHMI YCIOBHBIN pa3Mep 3epHa.

\ e |
/ 7 Mox. ganme
AN o
— A )
N AL L =
rTSAT Ly
T [ TR
NS TS
/ Ty 1
=4
— d N
. P e ;

Pucynok 2 — ['naBHOE OKHO NPUIIOKEHUS

Bxoa( =0, Pasmep zepHa=0)

[paHuLa

A Pazmep aepHa+ 1
zepHart

Buayannzaumna
YUECTHE AMHAM

nepecededHma *

Pazmep zepHa=0

PucyHok 3 —Anroputm onpezneneHus pazmepa 3epHa

ITpn mOCTpOEHMHM CETKH, TMOACUYUTHIBACTCS KOJIHUE-
CTBO NEpPECEUYEHUH M BU3YaJTbHO OTOOPaXKaeTCs TPAHHILBI
3€peH, YNPOILEHHBIN arOPUTM NPECTaBIICH Ha pUC. 3.
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Hcexonnas MUKpOCTpYKTypa

CreHeprpoBaHHasi MUKPOCTPYKTypa

Howmep 3epra G =3

~
a) CpeJHUH yCIIOBHBII pa3mep 3epHa 90 MKM

0) cpenHUil YCIOBHBIH pa3mep 3epHa 84 MKM

Howmep 3epua G =6

B) CpeIHHH yCIOBHEIH pa3mep 3epHa 30,4 MKM

T) CpeIJHUH YCIIOBHBIH pazmep 3epHa 34,1 MkM

Homep 3epaa G=8

1) CpeHUH YCIIOBHBIN pazMep 3epHa 16,3 MKkM

€) CpeaHuil yCIoBHBIN pa3mep 3epHa 17,0 MkM

PI/ICyHOK 4— Pe3yHLTaTbI pa6OTI)I NPUIIOKEHUSA: UCXOAHAA U CTCHEPUPOBAHHAs SKBUBAJICHTHAasE MUKPOCTPYKTYpa

Takum 00pa3om, W300paKEHHS 3EPHUCTON CTPYKTYPHI
C HAaHECEHHBIMHU CEKYIIHMH JIMHUSAMHU 1 OTOOPaKEHHEM Tpa-
HHUII 3¢peH OyIeT BBINIIICTh CICAYIOIIM 00pa3oM puc. 1.

JlanHble aHamM3a MCXOIHOTO M300paXKeHUs] HE00X0-
JIAMBI JJIsl TEHEpalM HOBOW CTPYKTYpPBI C MOMOUIBIO all-
roputMa Boponoro. B npunosxenuu, anroputM BopoHoro
UCTIONB3yeTCcs KaK CTOPOHHSA JUHaMHUeckas OmOmmore-
Ka, pacCMOTPUM HHTepdeic B3aUMOICHCTBUS ¢ OMOIHO-
TeKoil Ha mpumepe koma C#:

public class Voronoi
public Voronoi(double minDistanceBetweenSites);

public List<GraphEdge> generateVoronoi(double[] xVal-
uesIn, double[] yValuesIn, double minX, double maxX, double
minY, double maxY);

3mech KIIOYEBBIMH IS SIBITIOTCS.  KOHCTPYKTOP
kiacca Voronoi, KOTOpPbIA NPUHUMAET YHUCIO — MUHH-
MaJIbHOE B PACCTOSIHUE B MHKCENSX N300pKEHHS MEXKITY
siueiikamu BopoHoro u Meton generateVoronoi — nepBble

JiBa TIapaMeTpa KOTOPOTrO KOOPJWHATHI IIEHTPOB SUEEK
Boponoro. [lanapie it Metoma OyOyT IONyYeHBI HpH
aHAIM3€ MCXOJIHOTO M300pakKeHHs 3€peH MeTaia, T. K.
oOpabaTpIBaeTCsl OIHOPOJHAS CTPYKTypa 3€pHHCTOCTH
MeTajlla, FeOMETpHUs 3epeH NPUOJIN3UTEILHO OJUHAKOBA,
YTO JJaeT BO3MOXKHOCTB C JIETKOCTBIO BBIYUCIUTH KOOPAU-
HaTbI LEHTPOB 1A stueek BopoHoro.

PesyabTaThl. PaccmoTpum  pe3yipTaTel  pabOTHI
MIPIJIOKEHUS. Buj r1aBHOTO OKHA IIPEICTaBIICH HA pHC. 2.
Ha ¢opme mnpuinoskeHHs IMOIB30BaTelh MOXKET BEIOpATh
n300pakeHus JUIsl aHaM3a, MUHUMAJIbHBIA 1 MaKCHUMaJlb-
HBIA pa3Mepsl 3epeH Ul ydyeTa B aHallu3e, KOJIMYECTBO
JIMHUHM Ha CETKE U MaCLL[TaG JIA TIpUBUJACHUSA YCJIIOBHOT'O
Cpe/IHero pa3Mepa 3epHa B MUJJIUMETPBHI.

Jlnst rectupoBanus ObuT0 BEIOpano 10 m3oOpaskeHnit
nuiga MeTania, KaXI0e U3 KOTOPHIX OTBEYaeT HOMEpPY
3epHa G mo 'OCT5639-82 [1], mis KaKAOTO MUCXOTHOTO
M300pakeHNs], IO pe3yJIbTaTaM aHajm3a, ObUIN CTreHepH-
poBaHbI siueiiku BopoHoro. Pe3ynbrarsl ananmsa pasMepa
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3epHA W CTeHEPUpPOBAaHHAs SKBUBAJICHTHAas MHUKPOCTPYK-
Typa NpefoCTaBIeHbI Ha puc. 4.

Kak BugHO W3 pUCyHKa, HaOJIOJAeTCad JIOCTATOYHO
XOpollee Ka4YeCTBEHHOE M KOJIIMYECTBEHHOE COTTIaCOBaHUE
pa3MepoB 3epeH, MOCTPOSHHBIX MPOrPaMMOi, U MOTy4YeH-
HBIX M3 aHAIIN3a MEKPOCTPYKTYPBL.

BeiBoapl. B pabore paccMOTpeHBI BOMPOCH TIO-
CTPOEHHS MHKPOCTPYKTYP HOJHMKPHUCTAUIMUECKUX Mare-
pHaoB Ha OCHOBE AMarpammsl Boponoro. Jlist aToro pas-
paboTaHO MPUIIOKEHNE, KOTOPOE T03BOJISIET aBTOMAaTHYe-
cku onpenenats pazmep 3epHa no 'OCT 5639-82, u Ha
OCHOBE TIOJYYEHHBIX PEe3yJNbTaTOB CTPOUTH AMATPAMMBI
Boponoro, kKoTopble PKBHBAJICHTHHI [0 pa3MepaM 3epHa.
CpaBHEHHSI pa3MepOB 3epeH MUCXOIHBIX M CTEHEPUPOBAH-
HBIX MUKPOCTPYKTYP MOKA3aJI0 XOpOIIee KOTHIECTBEHHOES
1 Ka4eCTBEHHOE COOTBETCTBUE.
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