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OBIIAA XAPAKTEPUCTHUKA PABOTBI

AKTyajbHOCTb pa0doThl. B HacTosIIee BpeMsi METOI KOHEUHBIX JIEMEH-
TOB HIMPOKO NPUMECHACTCA B PA3JIMYHBIX O6J'IaCT§IX TCXHUKHU JJId pacye€Ta TOH-
KOCTEHHBIX KOHCTPYKLHH I0J] AEHCTBHEM MEXaHHYECKHX, TeMIIepaTypHbIX,
UIEKTPUYECKUX HArpy3oK u T.11. OHaKO COBpPEMEHHOE COCTOSHHE TEOPHH KO-
HEUYHBIX 3JEMEHTOB HEJb3sl CUUTATh yJOBIETBOPUTEIBHBIM, MO3TOMY YHCIO
paboT, MOCBSIIICHHBIX Pa3pab0TKE HOBBIX MOJXOJOB K KOHCUHO-3JICMCHTHOMY
MO/JIETMPOBAHHIO KOHCTPYKIIHIA, IIPOJ0IKAET PACTH.

Opna u3 mpobieM COCTOMT B TOM, 4TO HamboJiee IUPOKO MPEICTaBICH-
Hble B KOMMEPYECKHX IaKeTax HporpaMM H30IapaMeTpHyYEeCKHe BBIPOXKJICH-
HBIE JJIEMEHTHI, KOTOPBIE PAacCMaTPUBAIOT 00OJIOUKY KaK COBOKYITHOCTH INIO-
CKHX 3JIEMEHTOB, B HEKOTOPBIX KJIaccaxX 3a/lad IOKa3bIBAIOT HEBBICOKYIO IPO-
N3BOJUTENBHOCTD. AJBTCPHATUBON BBIPOKICHHBIM SIBIIIOTCS T€OMETPHUECKU
TOYHBIC 3JIECMCHTBI, B KOTOPbIX OTCUECTHAsA MOBEPXHOCTH 000JI0YKH OIKCHIBACT-
Csl aHAJIMTUYECKH 33JaHHBIMHM (YHKIMSIMH, B YaCTHOCTH CIUIAHAMH, a BEKTO-
PBI IEpEMEILCHNH TIPECTABISIOTCS B JOKAIFHOM Oa3uce, CBI3aHHOM C OTCUET-
HOW MOBEPXHOCTHIO. [Ipyras mpobieMa COCTOMT B TOM, YTO TPaAWIMOHHBIE
3JIECMEHTbhI TOHKHX IINIACTUH U 06OH0‘16K, IMOCTPOCHHBLIC HAa OCHOBE TCOPUU Tu-
MOIIEHKO-MUH/UIMHA, UCTIONB3YIOT YIPOIICHHBIE COOTHOIICHHS 3aKoHa I'yka,
9YTO B HEKOTOPBIX CIIy4asX, HapHMep, B 3aJadax dJIEKTPOYIPYroCTH WIN B
KOHTAKTHBIX 3aJadax, HEPCIAKO MNPHUBOAUT K HECYHOBJIICTBOPUTCIIBHBIM PE3YJib-
taram. OTCloJla BO3HHMKaeT 3a/ada pa3padoTKH 3(PQPEKTUBHBIX TPEXMEPHBIX
3JIEMEHTOB OOOJIOUKH, MO3BOJIIOMINX YYECTh IOJHBIC yYPaBHEHHS COCTOSHHUS
MIPOCTPAaHCTBEHHOW TEOPUH YIIPYTOCTH U 3IEKTPOYIPYTOCTH.

le/IMeHeHI/Ie KOMIIO3UTHBIX MAaT€puajioB, B TOM YHUCJIC TCKCTUIIbHBIX
KOMITO3UTOB, JIEJIaeT AaKTyaJbHBIM pacueT KOHCTPYKLMH, I10JIBEPKEHHBIX
OOJIBIINM TIEpEeMENICHHSIM M ITOBOPOTaM. TpaJuirOHHBIA MOJX0[ K PEIICHUIO
TaKMX 3a/1a4 COCTOHMT B MCIOJIBb30BaHUU OOJBIIOrO 4YHCIa IIaroB 110 Harpyske
(MHKPEMEHTOB), YTO SIBJISAETCS BBHIUMCIUTENBHO Hed(dekTHBHBIM. Takum oOpa-
30M, BBIOOp aJE€KBAaTHOM MaTeMaTH4eCKOW MOJENH, TOYHO MPEACTABISIONICH
MIPOU3BOJIEHO OOJBINNE TEPEMELICHHS U MOBOPOTHI, BMecTe C 3(PPEeKTHUBHBIM
BBIYUCIUTEIIBHBIM aJITOPUTMOM SBJIAIOTCA KpaﬁHe Ba>XHbBIMU.

Jlpyrofi acmekT axTyaJbHOCTH CBSi3aH C TPUMEHEHHEM KOHEYHO-
JIEMEHTHOTO T0JX0/1a K MOJEIMPOBAHHUIO KOHCTPYKIMH C THbE303JIEKTpHIC-
CKHUMH aKTI0aTopaMu. Bo MHOTMX NpakTHYECKUX MPUIOKEHHAX, HAIPUMEP B
3ajaye yrpasieHus (OPMOH KOHCTPYKIMH B PEKUME PEATLHOTO BpPEMEHH,
pemraroniee 3Ha4YeHUE UMEET OBICTPOTa MPOrPaMMHOTO KOJ1a, M03TOMY S dek-
TUBHOCTBH NPUMEHSEMOT0 TIPH PacueTax KOHEYHO-3JIEMEHTHOTO METOIa UTPaeT
OO0JBIIYIO POJIB.

Leanio tuccepTannOHHON PadOTHI SBISIETCS OCTpOeHHE 3()(HEKTUBHBIX
KOHEYHBIX JIEMEHTOB YIPYTHX M JJIEKTPOYNPYTHUX OOOIOUYEK, MO3BOJISIOIINX
YYUTBIBATH OONBIINE TEPEMEIIEHHS U TOBOPOTHI, B TOM YHCIIE 0] ACHCTBUEM
CJIE/IAINX HArpy30K M MPU KOHTAKTe 000J0YKH C HKECTKHM OCHOBAHHEM.

3agauu quccepTalMOHHOM padoThl. [locTikeHue 3asBICHHOW LEaH
CBSI3aHO C BBIIIOJIHCHHUEM CIICAYIONINX 3a/1a4:
® pa3paboTKa MaTeMaTH4eCKOW MOAENH OOOJOYKH, TOYHO OIHUCHIBAIOMICH
OoJIbIIINE TIEpPEMELICHUs U TIOBOPOTHI 00O0JIOUKH KaK JKECTKOTO Telia, U T03BO-
JISIOIIEH Y4YeCTh HOJIHBIE YpaBHEHUsI COCTOSHHSI IPOCTPAHCTBEHHOH TEOpUH
yIPYTOCTH;
® pa3paboTka ¥ 00OCHOBAHHME KOHEYHBIX DJIEMCHTOB CJIOUCTOH KOMITO3UTHOM
000JI09KH, CBOOOTHBIX OT 3aITMpaHUs U TO3BOJISIONINX HCIIOIb30BAHUE PEAKHX
CETOK;



® pazpaboTKa 3(PPEKTUBHBIX AJTOPUTMOB, ITO3BOJISIONIMX MPH PEHICHHH Teo-
METPHUYECKH HEJMHEHHBIX 3a7ad HCIIOIb30BaTh MAJOE YHCIO INaroB IO Ha-
rpy3Ke, B TOM 4YHCIE [IPU yUeTe CIesIel Harpy3KH, a TakxKe IIPU KOHTAKTHOM
BSaHMOHeﬁCTBMH C )KCCTKHUM TCJIOM,

® pazpaboTKa 3(PPEKTUBHBIX METOJOB pacueTa KOHTaKTa I'€OMETPHYECKH He-
JIMHEHHOM 000IOUKH C )KECTKHM OCHOBAHHEM;

® pa3paboTKa 3P HEKTUBHOrO KOHEYHOTO AJIEMEHTA [TbE30IEKTPHIECKOH CII0H-
CTOM 000JIOUKH;

® IIPUMEHEHNE ITHE30AJICKTPHUECKOTO KOHEYHOTO 3JIEMEHTA Ul PEIICHUs 3a-
Ja4y ONTUMHU3ALUH (POPMBI OOO0IOUKH.

O0BbeKTOM HcCIeJOBAHUS SIBIISIOTCS YIPYTHe U MJIEKTPOYNpyrHue ciaou-
CTBle KOMIIO3UTHBIE OOOJIOYKH, ITOJBEPKEHHBIE JEHCTBHIO MEXaHMYECKUX (B
TOM YHCIIC CIEASIINX) U HIEKTPHUECKUX Harpy3oK.

MeToabl Hcciel0BaHUsA. ba3oBbIM METOJOM HCCIECIOBAaHMS SIBISIETCS
MCTOJ KOHCYHBIX 3JICMCHTOB. Taxxe HCHOJIB3YIOTCA MCTO/JIbI BapHallMOHHOT'O
HCYHCIICHUS], YCIOBHON ONTUMU3AIMH, YUCIIEHHBIE METOJbl PEIICHUS CUCTEM
JVHEHHBIX U HEIMHEHHBIX ypaBHEHHH, METOMBI TTOJMHOMHUAIBHON alIpOKCH-
Malluu.

Hayynasi HOBH3HA. ABTOPOM MOJIY4YEHbl HOBBIE HAay4UHBIE PE3YJIbTATHI,
KOTOPBIE BHIHOCSITCS] HA 3aIINTY:

e 7-mapaMeTpHyecKas MOJEIb CIIOUCTOH OOONOYKH, TOYHO ONKCBHIBAIOINAS
MPOU3BOJILHO OOJBLINE MEepeMELIeHUs] 000I0UKH KaK )KECTKOTo Tejla B KPUBO-
JIMHEWHBIX KOHBEKTHBHBIX KOOpPAMHATAX U MO3BOJSIOINAS YYUTHIBATH NOIHBIE
YPaBHEHUSI COCTOSHHS TPOCTPAHCTBEHHOM TEOPUH yIIPYTOCTH;

® TEOMETPHYECKH TOYHBIN THOPWUIHBIA 3JEMEHT OO0O0JIOUKH, HCIOIB3YIOUTHA
MCTOJ BBCACHHBIX ue(bopMauMﬁ, OCHOBAHHBIM Ha aHATUTHUYECKOM HUHTETPpUPO-
BaHUU B IIpeJeNIaX 3JIEMEHTa, KOTOPBIH MO3BOJISAET PELIaTh 33a4l HeJIUHEHHO-
ro 1e)OpMHPOBAHUS 32 Majo€ YHCIO MIAroB 0 HArpy3Ke C CYIIECTBEHHBIM
CHIDKEHUEM 4uciia utepanuii B Metose Herorona-Pagcona;

® MO/Ie)Ib KOHTaKTHOTO B3aMMOJICHCTBHS YNPYTod OOOJIOYKH C YKECTKUM BBI-
MYKJIBIM TEJIOM, B KOTOPOH KOHTAKTHbBIC OIPaHWYEHHS O00OJIOUKH, MOIABEPIKCH-
HOW OOJNBIINM IMEPEMELICHUSIM U IOBOPOTaM, 3aMHCHIBAIOTCA aHATMTHUYECKH,
YTO MO3BOJISET MOJIy4aTh PEUICHNE KOHTAKTHBIX 3a7a4 3a Majoe YHUCIIO I1aroB
10 HAarpy3Ke U C UCHOJIb30BAHUEM PEAKUX KOHEYHO-JIEMEHTHBIX CETOK;

® KOHEYHO-3JIEMEHTHBIN MOAX0A K pEIIeHHI0 3amadn aedopmupoBaHus 000-
JIOYKH O] IeHICTBUEM CIIE/ISIIEr0 Harpy KEeHHs, OCHOBAaHHBIH Ha HOBOM BapHa-
LIMOHHOM ypaBHeHMM Tuna Xy-Bacuasy, n0o3BOJISONMI pelaTh 3a4a4u B [eo-
METPHUYECKH HEITMHEHHOHN ITOCTAaHOBKE 33 MaJloe YKCIIO UTepanuii;

e 7-mapaMeTpHyecKas MOJEINb MbE303JIEKTPUIECKONH 000IOUKH, UCTIONb3YIOIIAsT
IIOJIHbIC YPABHEHHUS COCTOSIHUS IIPOCTPAHCTBEHHOU TEOPUH DIIEKTPOYIIPYTOCTH;
® TeOMETPUYECKN TOYHBIH THOPHIHBIA 3JIEMEHT IbE303JICKTPUIECKOr 0005104~
KM, TpelHa3HAYEeHHBIA Ui PEUICHHUs] CBA3aHHBIX AKTIOATOPHBIX 33/a4 IpH
O0JIBIINX TIEPEMEIICHUSIX U TOBOPOTAX;

® METOJ HAXOXJEHHUsS HaNpsDKEHUs, I10JaBaeMOr0 Ha AJIEKTPOIbI MbE303JEK-
TPUYECKUX AKTIOATOPOB, KOTOPBIN IO3BOJISAET MPUOIH3UTE (POPMY OOOJIOUKH K
TpeOyeMoil 3a cdeT MUHUMH3AINH aHAJTUTHYECKH 3aJaHHON (DYHKIMN MOTper-
HOCTH.

O00CHOBAaHHOCTL W [OCTOBEPHOCTH Pe3yJabTaTOB oOecreynBacTCs
MIPUMEHEHHEM OOIINX ypaBHEHWH NPOCTPAHCTBEHHOW TEOPHH YIPYTOCTH M
IEKTPOYNPYTrocTH. Pe3ynbTaThl pacueToB CPaBHUBAIOTCS C PE3yIbTaTaMHU 3KC-
NEPUMECHTOB, U3BCCTHBIMHU AHAJIUTUYCCKUMU PCIICHUAMHU W YHUCIICHHBIMHU PC-
LIEHUSMU, [TOJTyYEHHBIMH C TIOMOLIBIO IPYTUX METOJIOB.



Teopernueckass M NpaKTHYeCKass 3HAYMMOCTL padoTel. Teoperuue-
CKasl 3HAYMMOCTb pabOTHI 3aKIIFOYAETCs] B Pa3pabOTKE METOAOB pacueTa TOHKO-
CTEHHBIX CIIOMCTBIX YNPYTUX M 3JIEKTPOYIPYTHUX KOHCTPYKIHH, KOTOPBIE MO-
3BOJISIIOT 3((PEKTHBHO MOJEIMPOBATh NOBEICHHE KOHCTPYKIUH MPU OOJIBIINX
nedopManusax ¢ y4eToM KOHTaKTHOTO B3aMMOJICHCTBHS C )KECTKHM OCHOBAHH-
em. IlpakTHdeckas 3HAYMMOCTD 3aKIIOYACTCS B MOSBICHNH HOBBIX BO3MOXKHO-
CTEl NMpH MPOEKTUPOBAHNUHU U SKCIUTyaTallMl TOHKOCTEHHBIX aJalTHBHBIX KOH-
CTPYKIIMA W3 KOMIIO3UTHBIX MaTepuanoB. Pa3paOoTaHHBII KOHEYHO-
9JIEMEHTHBIA KOJI MO3BOJISICT MIPUMEHSITh €T0 JJISl IPOrPpaMMHUPOBAHHS MHUKPO-
MIPOIIECCOPOB aJaNnTHBHBIX cucTeM. Ha ocHOBe pa3pabOTaHHBIX B AUCCEPTALMU
QITOPUTMOB CO3/IaHbI TaKeThl IporpamMm aiusit DOBM, 3apeructpupoBaHHbIE B
T'ocynapctBenHOM peectpe nporpamm aist 9BM. HMccnenoBanus, npoBoguMbie
B paMKax JAWCcepTanuu, moanepxusanuch rpantamu INTAS N 95-0525 (1997-
1999); PODOU/DFG Ne 98-01-04076; PODU Ne 04-01-00070, Ne 08-01-00373,
Ne 13-01-00155; ABLIT MunucrepctBa obpa3oBanus 1 Hayku PO «Pazsurue
Hay4HOro noreHnuana Beicmer mkomsl (2009-2011 roxs)» Ne 2.1.1/660, Ne
2.1.1/10003; rocynapcTBeHHOE 3amaHne MUHHACTEpCTBA 00pa30BaHUS M HAYKH
PO Ne 1.472/2011 (2012-2013). [Tox pykoBOACTBOM aBTOpa MO TEeMaTHKE UC-
CIEIOBaHUS 3alllMIlleHa KaHIUAATCKass JUCCepTalus MO CHELHAIBHOCTH
05.13.18. Pa3paboTaHHBI TAKET IPOTPaMM HCIOIB3YETCS B Y4eOHOM IIpoIiec-
ce Ha ApPXUTEKTYPHO-CTPOUTENBHOM (haKyiapTeTe TaMOOBCKOrO rocyaapcTBEeH-
HOTO TEXHUYECKOTO YHHBEPCUTETA.

Anpodanust padoTbl. OCHOBHBIE PE3yJIbTATHl PAOOTHI JIOKJIaIbIBAINCH Ha
IX, XI, cummo3uymax «IIpoOneMbl MIMH W PE3WHOKOPIHBIX KOMIIO3UTOBY,
1998, 2000 (MockBa); MexayHapogHOM cuMmo3uyMme «60 JeT BOCCO3TaHHSA
MAMM», 1999 (MockBa); MexayHapoaHOH Hay4yHOW KoH(epeHuun «Marte-
MaTHYeCKHe METOAbI B TEXHUKE U TeXHOorusax», 2002 (TamboB); International
Conference on Computational & Experimental Engineering and Sciences, 2004
(Madeira, Portugal), 2009 (Phuket, Thailand), 2011 (Nanjing, China); Interna-
tional Conference on Computational Structures Technology, 2004 (Lisbon,
Portugal), 2010 (Valencia, Spain); MexayHapoaHO# KOHQEPEHIIUN «AKTyallb-
HBbIE MpoOJIeMBI MaTeMaTUKA U MexaHukm», 2004 (Kazanp); IX mexayHapon-
HOM Hay4YyHO-TEXHHYECKOI KOH(EpEeHIHs [0 JUHAMHKE U IPOYHOCTH aBTOMO-
6w, 2005 (Mocksa); International Symposium on Design Modelling and Ex-
periments of Adaptive Structures and Smart Systems, 2006 (Bardonecchia, It-
aly), 2007 (Bad Herrenalb, Germany), 2011 (Urspelt, Luxembourg); 7th
EUROMECH Solid Mechanics Conference, 2009 (Lisbon, Portugal); II mex-
JQyHapoaHOW KoH(epeHIH «IIpobieMbl HeMMHEHHOW MeXaHWKH Je(opMu-
pyemoro tBepmoro Temay, 2009 (Kazanp); 9th Conference «Shell Structures:
Theory and Applications», 2009 (Jurata, Poland); International Symposium of
Aircraft Materials. 2010 (Marrakech. Morocco): EUROMECH Colloauium
"Shell-like Structures - Non-classical Theories and Applications". 2011 (Wit-
tenberg. Germanv): International Conference on Mechanics of Nano, Micro
and Macro Composite Structures, 2012 (Turin, Italy); IV mexnynaponHoit Ha-
YYHO-TEXHUUECKON KOH(EpeHINN «AKTyalbHblEe MPOOJIEMBbI MPUKIAJHOH Me-
XaHWKH ¥ TIPOYHOCTH KOHCTpyKIuit», 2012 (3amopoxne, Ykpanna), XIX mex-
nyHapoaHoMm cummosuyme uM. A.I'. TopmkoBa «MexaHHYECKHE U TEXHOJIOTU-
YecKue MMpo0IeMbl MEXaHUKH KOHCTPYKLUH U CIUIOMIHBIX cpeny», 2013 (Sporo-
ner;, Mock. 00i1.).

Myoaukanuu pe3yasTaToB. [lo TemMe muccepTanuu OIMyOIMKOBAaHO 56
pabor, u3 HUX 39 crareil B Hay4HBIX NMEPUOJMYECKUX HM3JaHUAX u3 [lepedns
BAK wu MexmyHapoIHbIX pedeprpyeMbIX KypHaiax, 9 J0KJIaJoB B MaTepua-
JlaX BCEPOCCHHCKHX W MEKAyHApOIHBIX KOH(EPEHIMH, MOIydeHbl 7 CBHIE-



TEJILCTB O PETHCTPANXH MPOrpaMM B ['ocy1apCTBEHHOM peecTpe Mporpamm Juist
OBM.

BbiHOCHMBIE Ha 3aIIUTY PE3yNbTaThl MOMYUYECHBI COMCKATeIeM JHM4YHO. B
myOIMKausaX, HATUCAHHBIX B COABTOPCTBE JIMYHBIIM BKJIaJ aBTOPA 3aKII0YaCT-
caB:[5,7,8,12, 40, 41, 44] — moctaHOBKa 1 (popManH3anus 3aJaqd UCCIICIIO-
BaHus; [12, 14, 15, 42, 43] — pa3paboTka aHaTUTHYECKONH MOJEIN O0OOJIOYKH,
[2-4, 6, 9-11, 14-28, 34, 38, 42-43, 45-49] — mocTpoeHNE KOHEYHO-3JIEMEHTHON
Mojenu obonouky; [11, 17, 25-28, 45, 47, 49] — dpopMyaupoBKa MOJIETN KOH-
TaKTHOTO B3aMMOJCHCTBHSI 000JIOYKH C TBEpAbIM TeioMm; [3, 7, 8, 10, 12, 13,
40-42] — pa3paboTka 7-mapaMeTPHUYECKON MOJEIH IHE303IEKTPHIECKONH 000-
nouky; [2-4, 6, 9-11, 14-39, 42, 43, 45-49] — pa3paboTka aJrOpUTMOB U HX
MIPOTrpaMMHas peaTu3arusl.

CTpykTypa M 00beM padoThl. [luccepTaiyisi COCTOUT U3 BBEJCHUS, CEMH
TJIaB, 3aKIIOYCHHS U CITUCKA JUTepaTyphl u3 265 HanMmeHoBaHuid. O0beM auc-
cepTaroHHON paboTel cocTtapiseT 306 cTpanun, Bkitodas 108 pucyHkoB u 62
TaOIUIIBL.

KPATKOE COAEP)KAHUE PABOTbI

Bo BBeneHuM naercsi o0mias XapakTEPUCTHKa HAyYHOTO HAlpaBJICHUS,
000CHOBBIBAETCSl AKTYAJILHOCTh TEMBI JUCCEPTAIMU, (OPMYIHPYIOTCS LIeNb U
OCHOBHBIC 33/1a4M HMCCIICAOBAHMUS, PACKPBIBACTCSl HayYHAsh HOBU3HA M MPAKTH-
YyecKasi 3HaUMMOCTb PE3yJIbTaTOB, JACTCSl KPAaTKOE ONMMCAHUE pabOoThHl MO TIia-
BaM.

B nepgoii riaBe naercs aHaIN3 COBPEMEHHOTO COCTOSIHUSL UCCIIEAYEMBIX
B nuccepraumu npobneM. IlpenctaBneH 0030p padOT, MOCBAIIEHHBIX MHPO-
CTPaHCTBEHHBIM MAaTEMAaTHYECKHM MOJEISAM TI'COMETPUYECKH HEITMHEHHbBIX
obomouek. Otmeuarotcs padotel A.H. Anapeera, B.B. Bonoruna, K.3. Tanu-
MoBa, O.U. I'puromroka, SI.M. I'puropenko, I'"M. Kynukosa, }10.B. Hemupos-
ckoro, FO.H. HoBuukoBa, B.H. ITatimymmna, P.b. Pukapnca, I1.I1. Yynkoga,
Koiitepa, Peiiccuepa, Cannepca u Apyrux y4eHbIX.

[Ipoananu3upoBaHb! pabOTHI, CBSI3aHHBIE C IOCTPOCHHUEM H30IapaMeTpH-
YECKHX KOHEYHBIX 3JIEMEHTOB OOOJIOYKHM B T'€OMETPHUYECKH HEITMHEHHOH IT0-
craHoBKe. CyIIeCTBEHHBIH BKJIAJl B Pa3BUTHE U30MAPAMETPUIECKUX JIEMEHTOB
o0oouku BHechu 3apyOekHbie yueHble bare, XKe, 3enkeBuu, JIu, [Tapwn,
Pamm, Cancyp, Telinop, Xp103. OT™MEd€HO, 4TO HanboJIee PacIpOCTPaHEHHBIMU
SIBIISIFOTCST BBIPOXKICHHBIE KOHEUHBIE 3JIEMEHTHI, KOTOPBIE MPEICTaBISAIOT 000-
JIOYKY KaK COBOKYITHOCTb IUIOCKHX 3J€MEHTOB. lIpm pacuere HeIMHEHHOTrO
nedopmupoBaHusi 000JIOYKH 3TH KOHEUHBIE 3JIEMEHTHI 00JIaIal0T CYIIECTBEH-
HBIMH Je(eKTaMH M3BECTHBIMH B JIUTEpaType Kak CIBUTOBOE M MEMOpaHHOE
3anupaHus. OTH JIePEKThl MPEOJOJICBAIOTCS ¢ MOMOIIBIO COKPAIIEHHOTO WH-
TETPUPOBAHUS B IIPEAEIaX KOHEYHOTO JIEMEHTa MM METO/A BBEACHHBIX Jie-
¢dopmanuii. Taxke OTMEUYEHO, YTO CTaHJApTHASI KOHEYHO-JIEMEHTHAsT (GOpMYy-
JIMPOBKa B (hOpME METO/1a TIEPEMEICHNUIT ABISIETCSI CIIMIIKOM KECTKOH. B cBsi3m
C 3TUM aKTHUBHO Pa3BHBAIOTCA TMOPUAHBIE KOHEUHBIE HJIEMEHTHI T€OMETpHUE-
CKM HEJHMHEHHBIX O000JIOUeK, Ha OCHOBE BAapHALMOHHBIX HPUHIMUIIOB Xy-
Bacunzy wimm Xemmmnrepa-PeiiccHepa. OcoOeHHOCTh TMOPHIHBIX KOHEYHBIX
3JIEMEHTOB COCTOHMT B HCIIOJIb30BAaHMH HE3aBHCHUMBIX alllIpOKCHManuii nedop-
Malui ¥ Pe3ydbTHPYIOIUX HANpPsDKEHUH B MpeAenax KOHEYHOTO 3JIEMEHTa C
HOCJEIYIONUM HCKIIOYEHHEM JONOJIHUTENIBHBIX CTENeHed cBOOOABI Ha 3ie-
MEHTHOM YpPOBHE.

ANbTEepHATUBON BBIPOXKIACHHBIM H30IapaMETPHUCCKUM DJIEMEHTaM SIB-
JISIFOTCSL TEOMETPUYECKH TOYHBIE KOHEUHbIE AJIEMEHTHI 000J04KH, OCHOBaHHBIC
Ha TOYHOM OIMCAHUM F€OMETPHUU 000JIOYKH B KPUBOJIMHEHHBIX KOHBEKTUBHBIX
KOOPJMHATAX M CIIOCOOHBIE KOPPEKTHO ONMHUCATh €€ MEMOPaHHO-U3THOHbBIE CBS-
3u. TepMHUH «T€OMETPHYECKH TOYHBINY» O03HA4YaeT, 4To K03()(UIIMEHTH IepBOM



1 BTOPOH (yH/IaMEHTAJIBHBIX (JOPM OTCUETHOM IMOBEPXHOCTU M CUMBOJIBI Kpu-
croddernst BEIYUCIAIOTCS TOYHO B KaXJ0M y3ie. [Ipoanann3upoBaHa BO3MOX-
HOCTb HMCIOJIB30BaHUS METOJa BBEICHHBIX Ae(OopMaliii I IPEoIoIeHHs He
TOJBKO CIABHUI'OBOI'O, HO U MeM6paHHOFO 3alrpaHudg reoMEeTpuYCeCK TOYHOI'O
KOHEYHOrO 3JieMeHTa 000y04kd. OTMEYEHO NPEeHMYIIECTBO HCIOIb30BaHUS
METO/Ia HE3aBUCHMBIX anlpoKcHManuil redopManuii U pe3yabTUPYIONINX Ha-
NPSOKEHUH IS PEIICHHUsS Fe€OMETPUYECKH HEJMHEHHBIX 3a7ad CTaTHKU TOHKO-
CTCHHBIX KOHCprKLIHﬁ. YKa3aH0, YTO IrCOMCTPUYCCKU TOYHBIC KOHCYHBIC JJIC-
MEHTBI 00OJIOUKH, IOJBEPKCHHOW OOJBIINM IEpEeMEIICHHSIM H IOBOPOTaM,
ITOCTPOEHBI CPAaBHUTEIBHO HenaBHO B padorax I'.M. KynmkoBa u aBTopa auc-
cepTaruH.

IIpencraBnena kiaccuguKaysi KOHEYHBIX 3JIEMEHTOB OOOJIOUKH C yC-
JIOBHBIM Da3JieJIeHUEM HMX Ha KJIACChl B 3aBHCHMOCTH OT BHJa HCIOJIb3YeMOH
teopun. IIpocreiimeit sBiseTcst S-mapaMerprudeckas MOJeNb 000JIOUYKH Ha OC-
HoBe Teopun TumonieHko-MunuinHa. B aT0# Monenu npeneOperaeTcs more-
PEYHBIMH HOPMAIBHBIMH JIe(OpPMAlMAMKE U HANpPsDKCHUSIMH U UCTIONB3YeTCs
ST CTETICHEH cBOOOBI B Y371aX 3JIEMEHTA. JTO MOTYT OBITH TPH IepeMenie-
HUSI CPEIMHHON MOBEPXHOCTH O0OJIOUKH M /IBA yIJIa IOBOPOTA HOPMaIH, 100
IATh TepeMelIeHNH (TaHTeHI[HaIbHbIE TIEPEeMEICHHS JTHUILIEBbIX MOBEPXHOCTEH
U TIOTIEPEYHOE TIEPEMEIICHNE CPEIUHHON MOBEPXHOCTH). XOTSI MOCTPOCHHBIC
Ha OCHOBE 5-MapaMEeTPUYECKOM MOJEIN KOHEYHBIC 3JIEMEHTHI IOKa3bIBAIOT
XOPOIIIME PE3yJIbTAThl MPH pacyeTe TOHKUX 000JIOYCK, OHM HE CBOOOIHBI OT
psAaa HeJOCTaTKoB. Bo-mepBbIX, NMpH pEIHIEHUH T'€OMETPUUYECKH HETUHEWHBIX
3a7a4 ¢ MOMOIIBIO ATUX 3JIEMEHTOB MPUXOANTCS BBOJUTH BPALIATEIBHYIO CTE-
MICHb CBOOO/IBL, YTO HE 1a€T BO3MOKHOCTb TOYHO OIHCATh CMEILICHUE 000T0UKN
KaK KCCTKOIo Tecjia. BO-BTOpI)IX, HCII0JIb30BAHUEC YIIPOLICHHBIX COOTHONIICHUH
000011eHHOT0 3aK0Ha ['yKa He M03BOJISIET OIYyYUTh KOPPEKTHBIX PENICHUH 11
HEKOTOPBIX BAXHBIX 3aj[ad, HAIIPUMEp, A MbE303JIeKTpHIecKuX obomouek. K
JTy4IINM pe3ylbTaTaM IMPHUBOIUT O-lapaMeTpudecKkas Monesb 000J0YKH, B
KOTOPOI BBOIUTCS IIECTh NMEPEMEIICHUH JTUIEBBIX TOBEPXHOCTEH. DTa MOeINb
MO3BOJIIET TOYHO OMHCAaTh NPOU3BOJBHO OOJBIINE MEPEMENICHUS] 000I0UKN
KaK >KECTKOTO Tella B KPHUBOJMHEHHBIX KOHBEKTHBHBIX KOOPAMHATAaX, OJHAKO
BCE ellle HE MO3BOJSET HCIOIb30BaTh IOJHBIE YPaBHEHHS COCTOSHUS IpO-
CTPAaHCTBEHHOU TEOpHM yHpyrocTu. IIpuumHON sBIseTCA TO, YTO MONEpedHas
HOpMasbHast AedopMalyst pacrpe/iesiecHa paBHOMEPHO IO TOJIIUHE 000JIOUKH.
[IpocTpancTBeHHas 7-mapaMeTprUIecKas MOJIENb OOOJIOYKH, B KOTOPOH Haps Iy
C MIECTHIO NEPEMECIICHUAMMU JIMIIEBBIX HOBerHOCTeﬁ JOIIOJTHUTCIIBHO BBOAUTCA
TIOTIEPEYHOE MePEMENICHUE CPEANHHON MOBEPXHOCTH, SIBJISIETCS CBOOOHOM OT
BCEX OTMEYEHHBIX BBIIIE HEIOCTATKOB. DTO JIOCTHTAETCS 3a CYET JIMHEHHOTO
W3MEHEHHS ONEePEYHON HOPMaIbHOU 1eOpMaIUK 10 TOIIIUHE 000IOUKH.

3amaud KOHTAaKTHOTO B3aMMOJICHCTBUS TOHKOCTEHHBIX KOHCTPYKLHUH B
TpPEeXMEpHON MOCTaHOBKe paccmarpuBanuch B.M. Anekcanaposev, FO.I1. Ap-
TioxuHbM, JI.A. lamuaemv, D.U. T'puromokom, B.M. TonkadeBsiM, benpruko,
Bpurepcom, Cumo, Teimopom, IlItaiiHoM 1 MHOTMMH IpyruMH yaeHbIMH. C
IMPUJIOKCHUCM K 3aJladyaM MCXaHWKHU IMMHEBMATUYCCKUX HIWH 3THU 3aa4d U3y4da-
muck A.E. benkunsiv, BJL. bunepmanom, 9.U1. I'puromtoxom, I'"M. Kynuko-
BbIM, C.JI. CokonoBeim, C.B. lllemenunsiv, Hypom, Poreprom. Ilpu 3TOoM mo-
CJIE/IHMI aBTOP OMIMOOYHO CUMTAJ HELEeNeCOOO0pa3HbIM HCIOJIBb30BaHUE TE0-
METPHYECKH HEJIMHEHHON TEOpHH 000JIOUEK JUIs PELICHHS 33141 KOHTAKTHOTO
B3aMMOJEHCTBHUS THEBMAaTHYECKON IIMHBI C )KECTKUM OCHOBaHHEM. OTMedaeT-
Ccsi TaKKe, YTO TPH pPEUICHUH KOHTAKTHBIX 3aJad Ha OCHOBE 5-
rapamMeTpUIecKOr MO/IENN 000JIOUKH HE yJIAaeTCsl BBIIOJIHUTD YCIOBHE HYJIEBO-
ro KOHTaKTHOTO JABJICHHSA HA IPAaHUIC KOHTAKTHOM 30HBI. JTOr0 HEJOCTaTKa
JWIIeHa 6-apamMeTpuiecKasl MOJelb, OJHAKO TP HEHYJIEBBIX KO3 (UIneHTaxX



[Tyaccona oHa NIpUBOAMT K 3aBBIIMIEHHOH KECTKOCTH OOOJIOUKH B ITONIEPEYHOM
HanpasieHnd. Ha ocHOBe aHanm3a MTUTEpaTYPHBIX HCTOYHHUKOB CIENaH BBIBOJ
0 TOM, 4TO 7-TIapaMeTpudecKasl MOJelb OOOJIOYKU SBISIETCSI ONTHMAJIBHOHN C
TOYKM 3pEHHsI peIlIeHHs] UCCIeyeMbIX B AuccepTanuu 3afgady. OHa uMeeT Mu-
HUMAJIBHOE YHCIIO CTETICHEeH CBOOOMBI, IPH KOTOPBIX TEOpHUsi 000JI0UEK T103BO-
JSIeT KOPPEKTHO ONMCHIBATH OOJBIINE MEPEMEIICHHS 1 IPOU3BOIBHO OOJIBIINE
TIOBOPOTHI, MO3BOJISIET MCIOIb30BaTh NPOCTPAHCTBEHHBIE COOTHOIICHUS YIPY-
TOCTH U 3JIEKTPOYIIPYTOCTH, a TaKXkKe KOPPEKTHO PEIIaTh 3a7a4l KOHTAKTHOTO
B3aUMOJEHCTBUSL OOOJIOUKH C JKECTKMMH BBIIYKJIBIMU Tenamu. OTMedaercs
BO3MO>KHOCTH TIOCTPOCHHUS HA €€ OCHOBE IPUHINIHAIBHO HOBBIX T€OMETpHYC-
CKHM TOYHBIX 3JIEMEHTOB 000JIOUKH CBOOOHBIX OT BCEX BHJIOB 3alUPaHHUSL.

[IpencraBnen 0030p paboT, MOCBSIMICHHBIX PELICHUIO CBA3aHHOH 3a/auu
IIEKTPOYTPYTOCTH ISl MBE30IIEKTPUUECKUX 000J0UEK B MPOCTPAHCTBEHHON
mocTaHOBKe. BaxkHbIe pe3ybTaThl B 3TOM obmacTu noiaydeHsl A.B. bemokonewm,
A.O. Barynesaom, B.A. EpemeeBriM, b.A. KyapssueseiM, I''M. KynukoBsim,
I''1. MuxacesbiMm, A.B. Haceaxuneim, B.3. [Taptonom, H.H. Porauesoit, A.H.
ConoBreBriM, benmkeny, Baraepom, By-Kyoxom, XKe, Kappepoii, Kinuakenem
U APYTMMH yUYeHBIMH. B 3aKitodueHue m1aBsl JaH aHaU3 paOoT, MOCBAIIEHHBIX
PELICHUIO 33/1a4W ONTHMHU3AIUU (OPMBI aJIalTUBHBIX TOHKOCTEHHBIX KOHCT-
PYKLIMH C HENpPEpBIBHO WM AMCKPETHO PACTPENCICHHBIMH 10 MX JIMIEBHIM
MIOBEPXHOCTSIM ITbE30UIEKTPUUECKIMH AKTI0ATOPaMH.

Bo BTOpoOi#i riaBe nocrpoeHa 7-mapamMeTpuUYecKas MOJENb OOOJOYKH.
BHauane npuBezeHO reoMeTpHuecKoe OIMCaHue HeneOpMUPOBAHHOH 000-
no4kn. O60JI0YKa TONIIMHBI 7 MOKET OBITh ONpEeNieHa KaK TPEXMEPHOE TEII0

o0BpeMa V, OrpaHMYEHHOE ABYMS JHMIIEBBIMH MOBEPXHOCTAMU )~ W 0, a
TaKXe TPAHUYHOM MOBEpXHOCThIO X (puc.l). OTcuyeTHas HOBEPXHOCTh OIMHUCHI-
BAETCs C MIOMOIIBIO OPTOTOHAIBHBIX KPUBOJIMHEHHBIX KoopauHat O u 0,, Ha-
NPaBJICHHBIX BIOJb JMHUH IJABHBIX KPHBU3H, KoopanHaTa 03 HampaBieHa
BJIOJIb €IMHUYHOTO BEKTOpa a3, HNEPHEHIUKYISPHOTO OTCUETHOH IOBEPXHO-
CTH. 37€Ch U B JaJbHEUIIEM H3JI0KCHUU IPEUCCKUE HHICKCHI 0, 3 IPUHUMAOT
3HaueHus 1, 2; maTUHCKUE WHAEKCHI I, j, M, n TPUHUMAIOT 3HaueHus 1, 2, 3;
MHJEKCHI [, J 03HAYaloOT NMPUHAJJICKHOCTh BETMYMHBI K HIXKHEW WM BEpXHEH
MOBEPXHOCTSAM W MPUHUMAIOT 3HAYEHUS] — WU +.

Beenmem crnenyromme 0003HAYCHUS: T :r(61,62) — pazuyc-BEKTOp Tpo-

H3BOJIBHOM TOYKHM OTCUETHOM MOBEPXHOCTH; Rl =r+2! a3 — paanmyc-BEKTOPBI
JIMLIEBBIX TOBEPXHOCTEH; a, =TI, — KOBapHaHTHbIC Oa3HCHBbIC BEKTOPHI OT-

CUETHOIl IOBEPXHOCTH, - HOIepEYHble KOOPAMHATHI JIMIEBBIX MOBEPXHO-
creif. IlepeiineM K OpTOHOPMUpPOBaHHOMY Oasucy €,, €3, TaK UTO

=Aye,, a3 =e;3, rae A, — kodhdunueHts neppoil GyHIaAMEHTAIBHOI

(popMLI OTCUETHOW MOBEPXHOCTU. BEKTOpPHI NepeMeNIeHU U UX MPOU3BOJHBIC
o 63 Ha JMLEBBIX M CPECAMHHON IOBEPXHOCTAX TAKKE NPEICTaBUM B OPTO-

HOPMHUPOBAHHOM Oasuce:
A
Z“ € B 3‘2'31 ¢, (A__+M) (1)

Haiee 06OCHOBaHLI neopMalOHHBIC coomomenm 9-mapMeTpUIECcKOM
MoJieni 000JI0UKH, a Ha MX 0a3e MOCTPOEeHbI Ae(OPMAIMOHHbBIE COOTHOIICHHUS
7-napameTpuuecko  Mojenu. BBeneHbl  OCHOBHBIE — JIONyIIEHHS  7-
apaMeTPUIeCKON MOIEIH 000TOUKH:



II. 1 TlonaraeM, 4yTO TaHT€HIUAIbHBIE MEPEMEIIECHUS PACIPEACIIECHBI 110 TOJ-
muHe 000JI0YKH JIMHEHHO, TOT/la KaK MONepeyHoe MepeMelIeHne pactpeere-
HO TI0 KBaJIpaTUYHOMY 3aKOHY, T.C.

ug =Nl wy =Y 1M (A=—aMiI=-1), ()
1 A
o1, L1 _
N =—|z"-0;), N* =—0;-z
h h
r =N‘(N‘ —N+), IM —4N"N*, I['= N+(N+ —N‘).
H. 2 HonaraeM, YTO TAaHI'CHUHUAJIbHBIC U HOHepC‘IHaﬂ HOpMaHLHaﬂ KOMITIOHCHTBI

TeH30pa AedopManuii pacnpeneneHsl Mo TONIKUHE 000JIOUKH JIMHEHHO, a I10-
MEePEYHbIE KAaCcaTEIbHbIE KOMIIOHEHTBI SIBJISIFOTCSA NOCTOSSHHBIMU 110 TOJIIIMHE!

1.1 1.1 -
Eop =2 N €op, €33= 2 N'€33, 8,3 =(6q3+803)/2. 3)
A A

Pucynok 1. Ucxonnas u ne¢popMupoBaHHAsE KOHPUTypaLusi 000104KH.

Jedopmanmy Ha JHIEBBIX MOBEPXHOCTSAX BBIYHUCISIOTCS TOYHO M3 W3-
BECTHBIX COOTHOILICHUH TEOPUH YIIPYTOCTH:

1 141 I~1 I 51 1 Inl 1 141
28&[3 :ch}"aﬁ +C[37" o +Z}"ia7‘iﬁs 2843 =coPu + A3 +ZBi}‘ia» “4)
1 1
1 1 Inl
2e33 =2P3 + 2B Bi
i
7\4] 1

o = Aiu([x’OL + Bﬁué + k3u3], Xfm = Aiuﬁ’a - Bﬁué, (0, * [3) (&)

o o

1 g I 1
Mo=—ul —kul Bo=— 4 .
3o A(x 3,0 a“a B A(xAB o,B

cll:1+klzl, cﬁzl-ﬁ-kzz].

3nech cé — KOMIIOHEHTBI T€OMETPUYECKOr0 TE€H30pa CIBUTa, k, — TIABHBIC
KPUBH3HBI OTCYETHOW MOBEPXHOCTH, MPOU3BOJAHBIE MEPEMEIICHUNA MO MOIe-
pEYHON KOOpIUHATE le HaXoJATcs U3 3akoHa (2). JIoCTOMHCTBOM MOJTy4E€HHBIX

I[C(I)OpMaL[I/IOHHBIX COOTHOIIICHUH SIBJISETCS TO, YTO OHHU TOYHO MPEACTABIIAIOT
MIPOU3BOJILHO 0oJIbIIIKE nepeMenicHusd 000JI0UKH KaK KECTKOI'0 Tea.



J1st mosydeHus CMEIIaHHOTO BapHAIlMOHHOTO YpaBHEHHS BBOAUM He3a-
BHCHUMBIC NeOPMAIINH U TTOJIaraeM, 9TO OHH UMEIOT TaKoe K€ pacIpeesicHue
10 TOJIIIMHE 000I0YKH, KaK M 3aBHUCAIINE OT IepeMeNIeHUN eopMaIiim:

. I o1 I ol a
Eap =2 N Egg, €33 =2 N E33, €43 =Eqy3, (6)
7 7

BBoauMm pesynbTHpyIomue HanpspKeHH Uil CIOUCTON 000JIOUKH 110 3aKOHY:

zn Z"
I I
Hig =Y [oWdN"dos, Hy=3 [oldes, (7)
n Zp-1 n Zp—-1
I Zp () I
n
H33 :z JGSSN d63,
mz,,

(n)

i
MMOBEpXHOCTEH cioeB, N — uncio cinoeB. [loacrasnss pacnpenencaus (3), (6) B
NPOCTPAHCTBEHHBIN (QyHKIMoHan Xy-Bacuaszy n uHTErpupys no 6; ¢ y4eTom
(7), monmy4yum yHKuMOHAN Ui 7-IapameTpudeckol 00osouku. Bapbupyst no-
JIy4eHHBIH (yHKINOHAN MO HE3aBUCHUMBIM IIEPEMEHHBIM, MOJIYYUM CMEIIaHHOE
BapHAlMOHHOE ypaBHEeHUE THIa Xy-Bacunzy:

H[SET(H—DE)FSHT(E—S)—S}:TH+SVTp Ay Ay dB,dO»+ W =0, (8)
Q

rae — HampsbkeHus Ha n-oM ciioe (n=1,N),z, — KOOpAUHATHI JIUIEBBIX

I7Ie V — BEKTOp MEpEeMEIeHH; P — BEKTOP MOBEPXHOCTHBIX HArpy3okK; € U E
— 3aBHCAIIMN OT IIEPEeMEIICHUI 1 He3aBUCHMBII BEKTOPHI AedopMmaruid; H —
BEKTOp Pe3yJIbTUPYIOUINX HANpPSHKCHUH; D — MaTepuanbHas MaTpHUIla *KeCTKO-
ctu, W' - paGoTa BHEIIHMX CHJI HA TPAHMYHON MOBEPXHOCTH Y. YKa3aHHBIE

371€Ch BEKTOPHI UMEIOT CIIEAYIONIYIO CTPYKTYPY:
V=[ul uy uy ui uy uiud' |, p=|pi p3 p3 P P3 Pior» )
S S S — Aot T
£=[e1] €11 €22 €22 €33 €33 281 281 285 2823] ,
- ot = ot - ot - + T
E= [Ell EV Eyy Eyy B33 Ex3 2Ey) 2E7 2E3 2E23] )

T
H= [Hn Hy\ Hy, Hy, Hyy H3y Hip Hiy Hys st]

B TpeTheii ri1aBe Ha OCHOBE 7-IIapaMeTPUUYECKON MOJIENIU ITOCTPOEH Teo-
METPHUYECKH TOYHBIH YETHIPEXY3JI0BOI 3eMeHT 00010uKn. Pa3ouBaem orcuer-
HYI0 TIOBEPXHOCTb OOOJOYKM Ha HPSMOYTONBHBIC 3JIEMEHTHl B IUIOCKO-
ctu (01,0, ) . OToOpakeHne 3IeMeHTa Ha KBaJpaT B Iutockoctu (&,&,) mpea-

CTaBJICHO Ha pucC. 2. 3a[[a[[I/IM BCKTOPbI HepeMeHleHI/Iﬁ 1 3aBUCUMBIX I[e(l)OpMa-
1iii B 7-oM y3ne snementa (r=14) v, u g,. [lonaraem, 4To moJe MepeMele-
HUI BHYTPH 3JIEMCHTA paclIp€ACJICHO 110 6I/IJ'II/IH€I7IHOMy 3aKOHY

V=2 N,v,, (10)

-
rae N, - craHmapTHas OuiauHeldHas QyHKUus (GOpMBI, KOTOpas HNPUHUMAET
r

3Ha4YeHHE, paBHOE 1, B 7-OM y3Je, a B OCTAJBHBIX y3Jax dj1eMeHTa paBHa 0.
YuuteBas aedhopMarioHHbIE COOTHOIIEHHS (4), 3aBHCSIINE OT IepeMe-
HIeHuH eopMalvi B y3JiaX 3JeMEHTa MOYKHO 3aIncaTth B BUJIE

T
e, =B, U+(A, U)U, U= vl vi vi| , (11)



rae B, - aHanWTHYECKW 3a/laHHBIC MAaTPHIBL; A , — IOCTOSHHBIA TPEXMEPHBINA

MaccuB 10 x28x 28, COOTBETCTBYIOIINI HETMHEHHOM YacTH Ae(hOPMAaIIHOHHBIX
cootHomreHnii (4); A,U— cumMmerpudHble MaTpuubl nopsaka 10x28. s

OIMCaHUs 3aBUCHMBIX JeopMaluii BHYTpH JJIEMEHTa MPUMEHsIEM OHJIMHENH-
HYIO alllIPOKCUMALIUIO

=Y Ne, = (&))" (n=01, rn=00, (12

LRLp)
g2 =B U+ (A2 U)U, (13)

e maccusl B'1'2, A'1"2 ripaxatotcs uepes B, u A, .

(=

0.70.5

® L4 "‘u (A
Q) . Qg

Pucynok 2. OTtofpaskeHne KBagparta B INIOCKOCTH (§;, &) Ha reoMeTpPHYECKH TOY-
HBIH 3JIEMEHT 000JI0YKHU B MPOCTPAHCTBE (X1, Xp, X3).

Jiist HezaBUCHMBIX AedOopMaIiii ¥ pe3yJIbTHPYIOIINX HapsDKEHUH Tpe-
JIOXKEHA CIIEYIOIas aPOKCUMAITHSL:

E=3(5)1(€)* Q1 E"2, H=3 (§)1(5,)* Q1 H"", (14)

n,n 1,
gl [E‘“E*”] ’ (15)
[E—oo £00 00 £400 00 E3+°° 2B 2500 2% 259 ] ’
[E—m EFO E0 pO o0 ] ’ [E—m 10 5110 p410 51 ] ’
H _ [H—loo HFOO 1590 (1300 100 00 1ro00 1100 700 HS?]T,
[H 01 01 =01 101 HOI] , [H—lo 10 410 17110 Hég]T,

Hll - [H‘“H“l] ’



rae QOO— eIMHUYHasg MaTpuLa mopsaka 10 x10 Q01 Hu Q10 - IIPOEKTUBHbBIE

MaTpuIb! mopsaka 10 x5, Q11 - IPOEKTHBHAS MaTpuIa mopsaka 10 x 2. 3ame-
UM, 4To u3 (15) cremyer, 4yTo Ha dIIeMEHTe BBOIATCS 22 He3aBUCHMBIE J1e(op-
MAaIMOHHBIC MOJIbI. YUNTHIBAsl, YTO HEU3BECTHBIMHU Ha 3JIEMEHTE SBISIIOTCS 28
Y3JIOBBIX IEPEMEICHUH, MTOTy4acM, YTO IEMEHT 00IajaeT MECThIO CTETICHS-
MH CBOOO/IbI, HEOOXOJMMBIMH JIJIsi KOPPEKTHOT'O OMMCAHUS MepeMeIIeHHs dJIe-
MEHTa Kak JXecTkoro rnenoro. Iloacrasmsis uatepnoysuuu (10)-(14) B Bapua-
IIMOHHOE ypaBHeHHe (8) WM MHTErpupys aHAIUTHYECKH, JUISI Yero IojaraeM
MmeTpudeckuii ko3 GuunueHT A A, MOCTOSIHHBIM Ha 3JIEMEHTE, MOTy4UM HElH-

HEHHYIO CHCTEMY YpaBHEHHH paBHOBECHS JUISA DJIEMEHTA!

EN2 = (Q"l g) )T [Brl"z + A2 (U)]U, H'12 :(Q‘l’z )TDQ"l"zEWz , (16)

Z L[BVIVZ +2A (U)]Terrz H2 =F ,
31‘1+}’2

LRl

rae F — BeKTop Harpy30K, IpUBEIEHHBIN K y3J1aM 3JIEMEHTA.

Jliist penieHus: HeNTMHEHHOW cucTeMbl ypaBHeHui (16) BBeaeM WHKpEMEH-
TaJIbHBIC 3HAYCHUS IEpEeMELICHHH, HE3aBUCUMBIX JeopMannii U pe3ysIbTH-
PpYIOLIMX HanmpsbKeHUW. B nanpHeleM n3noKeHUn J€BbId BEpXHUM UHIEKC { 1
t+ At o3HayaeT MoJOKEHHE BEIMYMHBI B KOH(UTypamu ¢ uiu ¢+ At (MOXKHO
9TH KOH(UTypaluu paccMaTpuBaTh KaK COCTOSHHS 1e(OPMHUPOBAHHUS B pa3-
JIMYHBIE MOMEHTBI BpEMEHH). B coOTBeTCTBUM € 3THM 0003HAYCHUEM 3alHIIIEM

I+AZU=IU+AU, HA[F:tF+AF, t+At E/2 _t E2 4 AR ,
(17

t+At H™2 _t H12 £ AH1 ,

Rr
rae AU, AF, AE'"2 u AH"? — npupaiienust COOTBETCTBYIOIIMX BEIUYUH HA

TeKymeM miare 1mo Harpyske. [loxcrasnss (17) B cuctemy ypaBHenwui (16) u
YUYHUTBIBAd, YTO B KaXOH KOH(GUI'Ypaluy { BHEIIHHE CUIIBl YPaBHOBEIINBAIOT-
sl KOMIIOHEHTaMH BTOPOTO TeH30pa HanpspkeHuid [Tnona-Kupxroda, nomyuum
CHCTEMY HEJIMHEHHBIX YPaBHEHHUI Ha TEKYIIEM IIare:

AE'"2 =(er "2 )T [’M"l’z + A (AU)]AU, AH'"? =D'"2AE2,  (18)

> —rlw 2[A’1’2 (AU)]TQ’1’2’H’1’2+[’MW2 +2A"" (AU)]TQ’1’2AH’1’2
311472
1,
=AF,
rae
IM'2 = B2 QA1 (f U), D2 = (Q’irz )TDQVl”z. (19)

Perraem monydeHHyto cucteMy ypaBHeHHH MetonoMm Herorona-Padcona.
B xauectBe HavanbHOTrO NMPUOMIDKEHUSI OepeTcsi pelieHue JIMHEWHON 3a1adi.
Jns ynydiieHust CKOpOCTH CXOANMOCTH HTEPALMOHHOTO ITPOIIECCa UCIOIIB3Y-
eTcs METOJ HECOBMECTHUMBIX MO, COIJACHO KOTOPOMY CHadana ypaBHEHUS
(18) nuueapuzyroTcs, a 3aTeM W3 JHMHEAPU30BAHHON CHCTEMBI HCKIIIOYAIOTCS

nr o o
AE"2 y AH"?. B uTOre MpHX0iMM K CUCTEME JIMHEHHBIX ypaBHEHHH JuIs
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MPUPAIIEHHS BEKTOPA Y3JIOBBIX MEPEMEICHUI dJIeMEHTa AU[k ]Ha k-oit urepa-
un Metona Herorona-Padceona:

K AU = ARl (20)
rre Ky =Kp + Ky — TanreHuunanbHas MaTpulia )KeCTKOCTH; AF[k] — npaBast
4acTh CHCTEMBI, KOTOPBIE HAXOJUTCS IO TIPaBUITY:

Kp= 3 rir (tL’1r2[k])TDrlr2tL”lrz[k]’ 1)
n,r 3

Ky =2 z rir [Q”N”z (tHrlr2 +AHr1r2[k]) A2
31t
UELp)

AF[k] —AF- Y ; (tLrlrz [k])TDVIVZ [tLrlr2 [k]_Aﬁrz (AU[k])]+

3}"1 +V2
+2(Q"1’2 LN )Arer }AU[k],

T [«] _ B2 +2A7 (ZU 4 AU[k]), D2 = Q”lrzﬁ”lrz (Q”lrz )T

Ypasaenus pasHoBecus (20) a1 KaXI0T0 3JIEMEeHTa 3aTeM COOMPAIOTCs B
aHcaM0Jb C MOMOIIbIO CTAHAApTHOH mponenypsl. IlomydeHHOe TinOOaIbHOE
ypaBHEHHE PaBHOBECHS PELIAeTCs Ha KaXKI0W MTEpallMi METOIOM XOJIEIKOTO.
J7st OKOHYaHHS HTEPALIHOHHOTO IPOLIECCa HCIOIb3YETCs YCIOBUE

‘Aﬁ[(’;“] — AUl AU (22)

n,n

<&y

rac

o3HauaeT EpximmunoBy Hopmy; Ug; — r100anbHBIN BEKTOP Y3JI0BBIX

HepeMCHleHHfI; € ) — 3alaHHas TOYHOCTD.

CpaBHEHHE pacyeToB IO 7-mapaMeTpUuecKOil MOJEIH C W3BECTHBIMH
AQHAIMTHYECKUMH pEIICHHUSAMM 3a/ad JMHEHHOW Teopuu ympyroctd Biacosa
Jutst tacTuH 1 Bapanana m backapa s uimMHIPHYECKUX 000I0YEK MTOKA3bI-
BaeT, YTO JUIA TOHKUX IUTACTHH M 000JIOUEK, KOTJa OTHOLICHUE JINHEHHBIX pa3-
MepOB K TOJIIMHE 000104KkK S> 50, MOrpenrHOCTh MOJIENN COCTaBIISIET MEHEe
2%.

Paccmorpena obomnouka, npencTasisionias co0oi nmomycdepy, B BepxXHeH
4acTH KOTOPOH BbIpe3ano orBepctre 18°. O00/0uKa HArPY,KAETCs Ha IKBATOPE
JBYMSI TIapaM¥ TIPOTHBOIIOJIOKHO HAIPaBJIEHHBIX CHJI, KaK [MOKAa3aHO Ha puc. 3,
TaM K€ MNPUBEJICHbl I'€OMETPUYECKHE M MEXaHHYECKHE IapaMeTphl 3aJadi.
OTO0T OMH M3 HauboJee PaCIPOCTPAHECHHBIX HEMMHEHHBIX TECTOB XapaKTepeH
TEM, YTO B HEM 00O0JIOUYKa MOJBEpraeTcsi OOJIbIINM ITEPEMEICHUSIM U ITOBOPO-
TaM, HO IIPH 3TOM €€ PACTsDKeHUs] Majbl. TakuM 00pa3oM, 3TOT TECT IPOBEPSIET
CIIOCOOHOCTh 3JIEMEHTA OIMCHIBATH OOJBIINE TEPEMENICHUsT 0OOJIOUKH Kak
KECTKOro nesnoro. B Tabmume 1 mpuBeneHbI MepeMeIleHHs CPEIUHHON II0-
BEPXHOCTH B TOYKaX IMPUIOKEHUSI CHIIBI, MOJYYEHHbIE C TOMOIIBI0 pa3pado-
TaHHOTO B JUCCEPTaLUN reoMeTpuuecku TouHoro 3nementa GEX7P4 wu c mo-
MOIIBI0 HM30MapaMeTpuueckoro ieMeHTa S4R, wcnome3yemMoro B makere
ABAQUS. Kak BuIuM, OHH OTIMYAIOTCS MeHee yeM Ha 1%, HO eclii TeoMeT-
PHYECKH TOYHBIM AJIEMEHT TO3BOJISIET PACCUUTATH 1e(hOPMUPOBAHHYIO KOH(DU-
rypanuio, n300pakeHHyI0 Ha puc. 3, 3a 1 mar mo Harpy3ke (NStep) u 7 urepa-
umii merona Hetotona-Padceona (Nlter), To anementy S4R miist aToro tpedyer-
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cs1 27 HepaBHOMEpPHBIX LIaroB 1o Harpy3ke u 136 urepanuii metoga HeroToHa-

Padcona.

PR ==

Free

B2 R=10, =0,04, E=8,625x107, v=0,3,
P=100f, /=4

Pucynok 3. Cepuueckasi 060104Ka ¢ noJ AeiicTBHeM
COCPEeI0TOYEHHBIX CHJI; FeOMeTpusl U 1eOpMHPOBAHHOE COCTOSTHHE.

Tabnuna 1. [Tepemenienns Touek A u B cdepudeckoii 00010uku npu

ey=107%.
GEX7P4 GEX7P4 GEX7P4 S4R (ABAQUYS)
4x4 8x8 16x16 1616
u3(B) 3,2690 3,9599 4,0608 4,067
—u3(A) 7,0480 8,098 8,1312 8,178
NStep/Nlter 1/7 1/7 1/7 27/136

[anee paccMoTpeHa pa3pe3aHHas II0 PagHyCy KoJblieBas IUIACTHHA, Teo-
MeTpHsi KOTOpoii n3o0paxeHa puc. 4a. OauH Kpail pa3pesa KeCTKO 3aKpeIlieH,
a K JpyroMy npuioxeHa Harpyska P. Ha puc. 40 mpuBenena nehopmupoBan-

Hasi KOH(UTrypanys miacTuHel. B Tabnuie 2 1 Ha puc. 4B IpUBEICHEI TepeMe-
menns B Toukax A u B. Ilpu pacuerax mcmomb3oBanack paBHOMEpHas CeTKa
TEOMETPUYECKH TOYHBIX 3JIEMEHTOB. Taxke TMpUBEICHO CpaBHEHHE C pacyeTa-
MH C IIOMOIIBI0 H30MapameTpuueckoro aementa SR4 u3 makera ABAQUS.
Kak BuauMm, mpu pacdere Ha SKCTPEMAIBHO PEAKOM ceTke 2 x4 ¢ MOMOIIBI0
anementa GEX7P4 nonydaem 91 % oOT 3TalloHHOTO pelIeHus, OJYyUYEHHOrO ¢
IoMoIbIo direMenTa SR4.

B) 08 »

— GEX7pP4
o S4R (ABAQUS)

u3(A), u3(B)

02F

u3

0 I I I
0 5 10 15 20

Pucynok 4. Pa3pe3anHasi KoJIbLeBasi JIACTHHA: a) reoMeTpusi; 0) nepopMupoBaH-
Hasl KOHQUIypanus; B) epeMeLeHUs CPeAMHHOI II0BEPXHOCTH.

B uyerBepToOii ri1aBe CTPOUTCS IEOMETPUYECKU TOYHBIA 3JIEMEHT
000JI0YKH, TOABEP)KEHHOW NEWCTBHUIO CJIESIIMX HArpy30K INpH OOJBIIMX
NepeMelIeHHsIX 1 1moBopoTtax. [lomaraem, 4ro nelcTByrONEe Ha 000JIOUKY Ha-
TPy3KH UMEIOT CIENAINHA XapakTep, T.€. HAallpaBIeHUE NEHCTBUS HATPy3KU 3a-



BUCHT OT Je(pOpMHUPOBAHHOW KOH(UTYparu 000JI0UKH. B mpakTiuecku 3Ha-
YUMBIX 33/1a4aX, a MMEHHO IIPH MOJICIMPOBAHUH IMOBEACHHUS OOOJIOUYKH IOJ
JEWCTBHEM BETPOBBIX HAarpy30K, [0J] IEHUCTBUEM BHYTPEHHETO JAABJICHUA U T.II.,
BEKTOp HArpy3Kd HalpapJeH [0 HOpMaiH K AeOPMHUPOBAHHOW HIDKHEW WIN
BEpXHEH MOBEPXHOCTH 000104KU. CIeJ0BaTENbHO, I MOJICITUPOBAHHS TTOBE-
JIeHUs] 00OJIOUKM MO JICHCTBHEM CIEAANIMX HAarpy3oK TpeOyercsl MONydHTh
yYpaBHEHHE HOpMalH K Ae(OPMUPOBAHHBIM JIUIIEBBIM MOBEPXHOCTSIM 000JI0U-
KH.

Tabnuna 2. [lepemenienus Touek A u B koJblieBOH NIACTUHBI IPH € = 107,

GEX7P4 | GEX7P4 | GEX7P4 | GEX7P4 S4R (ABAQUYS)
2x4 4x8 16x32 10x80 10x80
uz(A) 12,742 12,578 13,670 13,765 13,891
u3(B) 16,029 16,096 17,307 17,402 17,528
NStep/NIter 1/6 1/7 1/10 1/13 67/346

TouHble 3HAUEHHsI BEKTOPa HOPMaJIH K JAe(h)OPMHUPOBAHHBIM JIMIEBBIM I10-
BEPXHOCTSIM 000JIOUKH B CKaJSIPHOH (hopMe 3amuIIeM B BUAE:

1
n' =—¥nle;, (23)
n i
I I A1 1 I 1 I I A1 I I I
n =7~217v32—7»31(cz +7»22), 2 =7»127v31—7b32(01 +7~11),
SO I A IOVICY A () VY Y

rae ?»[aﬁ, ?»13(1, cé BBIYUCISIFOTCS 110 popmyiiam (5). Iist ompeesieHHOCTH Mo~

JlaraeM, 4To clesas Harpy3ka AeficTByeT Ha HHMKHEH MOBEpXHOCTH 000JI0Y-
KM ¥ YTO BEKTOp Harpy3Kd MMeeT (pUKCHpOBaHHYIO JUIMHY p W HallpaBJIEHBI

[0 HOPMAJIU K HoBepxHocTH QF :

p =pYn'e, nf =nf/n". (24)

y‘{I/ITLIBaH, YTO KOMIIOHCHTHI BeKTOpa HOpMaﬂPI K JIMIICBBIM HOBerHO-

CTAM SABJIAKOTCA q)yHKHI/IﬂMI/I oT HepCMCHIeHHﬁ, HOHy‘II/IM CMCIIIaHHOC BapI/Ia]_II/I-
OHHOE YpaBHEHHE 151 000JIOUKH IO/ ACHCTBUEM CIIE/ISIICH HArpy3Ku

] [SET(H—DE)Jr SHT(E—s)—SsTH+fa6va] A, A,d8dO,+3W =0, (25)
Q

TZie BEKTOP 3aBUCSIINX OT NEPEMEIIECHHS Harpy30K NMEeT BH
~ ~ + + + T
pp=pl0n 0 ny 0 n3 O] . (26)
ITepexoauM K MOCTPOECHUIO TE€OMETPHUYECKH TOYHOTO KOHEYHOTO 3JIEMEH-
Ta OOOJOYKH, IMOJBEPKEHHON MAEHCTBHIO CIENAIMX Harpy3ok. Mcmomp3ys

dbopmynsl (5), BEIUKCIIIEM KOMIIOHEHTHI BEKTOPOB HOPMAaIX K JIMIIEBBIM I10-
BEPXHOCTSIM B y3JIax dJIEMEHTa:

(U
L) ALY TN @7)
N, (U) J
Tor/a 3HaYeHHEe BEKTOPA p B y3J1aX dJIEMEHTa:
p(U) =0 n5(U) 0 15,(U) 0 1,(U) 0] (28)
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BHyTpu snmemeHTa BBOJMM OWIMHEHHYIO allIpOKCHMAIMIO BEKTOpa Ha-
TPY30K:
p(U)=2N,p, (V). (29)
r

[Moncrasinsist coorHomrenus (10), (12)-(14), (28) B BapuannoHHOe ypaBHe-
Hue (28), MOIyYnM CHUCTEMY HEJIMHEHHBIX YpaBHEHUH

E2 = (Qﬁ"z )T [Bﬁrz + A2 (U)]U, H"2 = (Qﬁrz )TDQm‘zEﬁrz ., (30)

T ,
3 ; [B”l”z +2A (U)] Q'"2H"" = pF(U)
30+ ’
1>
[MpumensieM Juis pemieHUs MOTYYCHHOW CHCTEMBI HHKPEMEHTAIBHEIHN IMO0-

xoj B JlarpamkeBoit popmynupoBke. Hapsimy ¢ nepememennsasmu U , Mogamu

He3aBUCUMBIX  dedopmamuit E'2 u pesynbrupyromux Hanpsxennit H12
TIpUpaIIeHuss KOTOPBIX omnpenesitores Gopmynamu (17), BBeaeM Takxke NpH-

pallleHus JUIMHBI BEKTOPA CIEAAIIEH Harpy3Ku: HAtﬁ:tﬁ +Ap . Tonyuus cu-

CTEeMy YpaBHEHUI paBHOBECHs Ha TEKyILeM Iare 10 Harpyske, JHHEapU3yeM
HOJIyYEeHHbIE YPaBHEHUS U UCKII0YaeM Ha 3JI€MEHTHOM YPOBHE HE3aBUCUMBIE
nedopmanmy 1 pe3ynbTHpYIOINE HANpsDKEHHA. B mTore momydaem cucremy
JTUHEWHBIX ypaBHeHHH Buma (20), Toe TaHTeHIMAbHAs MaTpHUIla >KECTKOCTH
Haxozaurca no npasuny Ky =Kp + Ky +Ky . Marpuna K| , orseuaromas

JIEUCTBHIO CIIEASIIETO Harpy>Ke€Husi, 1 mnpaBasi 4aCTb CHCTEMbBI HaXOIATCS IO

dbopmymam:
K, =+ ap) 020 IU;JAUM , G
PN o - 3 ﬁ{(f L’l’z[k])TDVlrz [l Lrinalk]_p rin (AU[k])]

2R (Q’l’z e )}AU["] + (’ P+ Aﬁ)F(t U+ AU[k])—‘;y’F(’ U)

Jlns BepuduKauy MOJICNIA PaCCMOTPEHO H300paKCHHOE Ha pHC. 5a u30-
TPOIMTHOC KOJIBLIO IMOJ HeﬁCTBHeM HEPABHOMCEPHO paClpeaACICHHOIO CIACAANICTO
JnaBiaeHus pl\Q)= po(l—eCOSZ(p . Benencreue cuMMeTpuM 4eTBEPTh KOJIbLIA
MOJIENIMPOBANACh C MOMOIIBIO paBHOMEPHBIX 18x1 ceTtok. Pacdersl BIMoHE-

HBbI C IIOMOIIBIO pa3pa6OTaHHLIX TCOMETPHUUCCKU TOYHBIX DJICMCHTOB 000J104KHU

GEX7P4F n GEX7P4 ¢ vaerom u 6€3 vueTa CIEIsIero HarpyKeHus..
Xy .

/ —— GEXTP4F
— — GEX7P4
Seide & Jamjoom (1974)
—u3(B)/r]

0¢
r=100,h=1,b=1,E=2,1x10",v=03 0 02 04 06 08 1
Pucynok 5. Koabno noa aeiicteuem ciesiiieii Harpy3Ku: a) reoMeTpus;

0) mepeMeleHUs CPeIMHHOI MOBEPXHOCTH € YYETOM CJIEISIIIEr0 HATPY:KEHUS
) u 0e3 yueTa (— — )
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M
B 1abn. 3 npuBeneHs! 3HaYEHHs MONEPEYHOTO MEPEMEIECHNS U3 B TOY-

Kax A ¥ B, monydeHHBIE yTE€M HCIOJIB30BAHMS PA3HOTO YHCIIA IIaroB IO Ha-
rpy3ke NStep, 1 mokazaHo mojHOe 4ucio urepanuii Nlter, HeOOXOAUMBIX IS

o —0
JOCTHMXKCHHUS 3aJaHHOHU TOYHOCTHU SN =10 COIIACHO KPUTECPUIO CXOAUMOCTH

(22). Ha puc. 56 moka3aHo, 4TO HaliIcHHbIE 3HAYCHUS TEPEMENICHUI XOpOoIIOo
COTJIACYIOTCSl C AHAJMTHYECKMMH pelIeHUs MM, TmoiydyeHHbIMH CeiioM u
Ixammprkymom. OTMETHM 4TO, BO-TIEPBBIX, PEIICHUE 3a/1a4 H3ru0a KOJblia Mo
JICWCTBHEM CIIE/ISIIETO AaBJICHHsI BO3MOXKHO 0€3 MPHUBICUCHUS] HMHKPEMEHTAb-
Horo mogxona (NStep=1) 1, BO-BTOPBIX, YUCIIO IIATOB IO HArpy3Ke HE OKa3bl-
BaeT BIIMSHUS Ha PacuyeTHbIE 3HAYCHUS TTEPEMENICHUH.

Tabmuna 3. I[TomepedHoe nepeMeneHne U3 = u%v[ /¥ B TOUKax A u B koibIa
npu e=1u py=3.

DneMeHT NStep =1 NStep =35 NStep =10

it3(A) | —it3(B) | Ntter| it3(A) | —t3(B) | Niter | it3(A) | —2z3(B) | Niter

GEX7P4F 10,3660 | 0,8407 | 7 ]0,3660| 0,8407 | 25 ]0,3660 | 0,8407 | 50

GEX7P4 10,3554 0,8220 | 6 |0,3554| 0,8220 | 18 |0,3554 | 0,8220 | 30

B nsaTo# riase quccepraluy NOCTPOEH TE€OMETPUUYECKHU TOUHBIM KOHEY-

HBII 3JIEMEHT U1 MOJEINPOBAaHHS KOHTAKTHOTO B3aUMOJEHUCTBUS 000IOUKHU C

YKECTKUM BBIITYKJIBIM OCHOBaHHEM MPHU OOJIBIINX MEPEMELICHHUSIX U TTOBOPOTAX.

INonaraem, 4To rpaHuNa BBITYKJIOrO KecTko Tena €, (puc. 6) sBisercs Ioc-
TATOYHO IJIaJIKON, ¥ OIIMCHIBAEM €€ YpaBHEHHEM

¥(x)=0, (32)

roe x = x;k; — pagnyc-Bekrop Todek mosepxHoctH 2. [lonaraem, 4to mms
i

BHCIIHUX TOYCK TBEPAOT'O TECJIa BBINTOJHACTCA HEPABEHCTBO

¥(x)>0. (33)
VYpasuenus (32) u (33) MoxHO pac-
CMaTpUBaTh KaK YCJIOBHS HEMPOHHKA-
HUSI C TBEPIBIM TEJIOM, TO BBIMOJHS-
eTcst paBeHCTBO (32), a B TOUKaX, Ie
000J104Ka OT/IeNIeHa OT TBEPJIOTO Tea,
BBITIONHSAETCS HepaBeHCTBO (33). VYe-
JIOBUSI HETIPOHUKAHMS SIBISIFOTCSI He-
JMHEHHBIMU ¥ MOTYT OBITh BBIPaXKEHBI
AHAJIMTUYECKH  TPH  HPOU3BOJIBHO
Oonpmux  geopManugX OOONOUKH
4yepe3 MepeMelIeHHs TOYEK IT0BepX-

+ +
Hoctu Q" . TloBepxHOCTB ()" MOXHO
HPEACTaBUTh B BHAC OOBEIUHEHUS
IBYX Ppa3IHYHBIX qacreit

Q+:Q}UQZ, rze Qz — 4acTh

BEPXHEH TOBEPXHOCTH  OOOJIOYKH,
BCTyHAaromiasi B KOHTAKT C XECTKUM

+
Tenom, O - cBOOOHAsA OT KOHTAK-

Pucynok 6. Kourakr 000/104KH ¢ Ta 4YacTb IOBEPXHOCTH, Ha KOTOpPOU
TBEPABLIM TeJIOM
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BO3MOKHO HeﬁCTBI/Ie BHEIIHHX cuil. B CJIydac, Korjga Mexay MOBCPXHOCTIMHU

o + o
KOHTaKTa HET TPCHUM M CUCIIICHUA, KOHTAKTHOC JABJIICHUE pP. OEHUCTBYET IIO

HOpMaJIi K IMMOBEPXHOCTH KOHTAKTA, TAK YTO MOXKHO 3aIticaTb
+

L
Pe =Pc Dy <0, (34)
rae Ny — BEKTOpP €AMHHYHON HOPMAJH K IIOBEPXHOCTH TBEPIOTO Tena .
W3 ycnosuit (32) u (34) ciaenyer BHINOJIHEHHE YpaBHEHNUS
+pt vt nt + ot +_ -+
pe.\RTJYIR")=0, R"=R" +u", u" =u/k;, (395)
+ o+ +
rme R" and R" — pammyc-Bektopsr moBepxuocTH €)', COOTBETCTBYIOIIHE
HAYaILHOM M Je(OPMUPOBAHHON COCTOSHUAM OGOJOUKH; U’ — BEKTOp Tepe-
. +
MenieHnd noBepxHoctH Q.
st Toro 4ToOBI BECTH KOHTaKTHBIE OTPAaHUYCHHUS B BAPHALMOHHYIO (op-

MYJUPOBKY (8), BOCIIONB3yeMCsl METOJIOM MHOXKUTeNel Jlarparka ¢ peryssipu-
3anuedi, 700aBHB OTBEUAIOIICe 3a KOHTAKTHOEC B3aMMOJCHCTBHE ClIaraeMoe K

2

dynkmmonany  Xy-Bacumsy  Jyw:Jpp = Juw + || k\P(ﬁJr )—L ds, rme
o, 2e

k(R*)S 0 — mHOxwuTenb Jlarpanxka; e >0 — mnapaMmerp perynspuszanuu. Hc-

MOJTB3YsI YCIIOBHE CTAl[MOHAPHOCTH (YHKI[MOHATA Jp| 10 OTHOLICHHIO K He3a-

BHCHMBIM TIEPEMEHHBIM, MOJTYYNM BapHallMOHHOE YpaBHEHHUE

f [SET(H—DE)+6HT(E—3)—8£TH+6va] Ay Ay d0,d0,~  (36)
Q

- {xzs‘y(t R+)+ 57{\11(? )— éxﬂ A A,d0,d0, +3W ' =0,
Q;

r7ie Bapuanys GyHKIMYA HENPOHNKAHWS UMEeT BHU]L
oY R+)= grad‘P(R+)- du®,
TIPAYEM CYIIECTBYET CIEAYIOIAs 3aBUCUMOCTh MEXIy KOHTaKTHBIM JaBICHH-
€M U MHOXxuTeneM Jlarpanxa:
Py :k(R+) grad‘{’(l_l+). (37)

ITpn mocTpoeHMM ypaBHEHHS PaBHOBECHS >JIEMEHTa MPUMEHSEM OWIu-
Herable naTepnosimy (10), (12) u (14), KoTOpbIe MO3BOJISIOT AaHATTUTUYECKH
BBIYHCIIUTh MHTETpAJIbl B BapUallMOHHOM ypaBHeHuu (36). Mckirouast Ha ane-
MEHTHOM YPOBHE Y3JIOBbIE 3HAYEHUS MHOXHUTENs Jlarpamka A, W IpUpaBHU-
Bas K HyJII0O MHOXHTEJH IIPY BapHALMAX NepeMenieHn, He3aBUCHUMBIX edop-
MalMii W Ppe3yNbTHPYIOMINX HANpsHKEHHH, IOJIYYdM CHUCTEMY HEJMHEHHBIX
ypaBHEHUH

E2 — (QV] n )T [Brﬂ’z + AR (U)]U, H'2 = (er”z )TDQ’]”zEVlVQ , (3%)

%[Brlrz +2A (U)]TQ%H’V2 +EL=F,
L 31 2
1-12
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rre A — BEKTOp 3Ha4eHHH MHOxwuTelns Jlarpamka 1 Z — MaTpHla TPaJUeHTOB
(YHKIINH HETPOHNKAHMS B y3/1aX HJIEMEHTA HMEIOT BUJT

T

o, B ¥ (| 5

A=)t w,=[0 0 0

ouj, ouy, ou3,

¥, O7q O7q Oyg

JIONONHUTENBbHO NPUPAaBHUBASL K HYJIIO MHOKHUTENb NIPU OA, B Bapuallu-

OHHOM ypaBHeHUH (36), momyumm c yuetoMm (32), (33) u (37) cnemyrommue co-
OTHOIIICHHS

\yr:lxr, A.<0 mpu relgc, (40)
e

Y, >0, A.-=0 mpu relc,
rae Io {1, 2,3, 4} — MHOKECTBO Y3JIOB JIEMEHTA, HAXOAAIIUXCS B KOHTAKTE
C TBEPJBIM TEIIOM.
Jis pemieHns cUCTeMBI ypaBHeHHA U HepaBeHCTB (38), (40) mpumMeHsieMm
MHKPEMEHTAJIBHBIN 10/1X04. K BBEICHHBIM paHee MHKPEMECHTALHBIM COOTHO-

menusM (17) noGaBuMm crenyromiee: =+ 1y 4 AN Tlo QITOPUTMY, OIHCAH-

HOMY BBIIIIE, ITOJIy4aeM CHCTEMY YpaBHEHHH PaBHOBECHSI Ha TEKYIIEM Ilare Io
Harpyske, JIMHEapu3yeM IOyUIeHHbIC YPAaBHEHUS W UCKIIOYaeM Ha 3JIEMEHT-
HOM YPOBHE HE3aBHCHMBIE JiepopManni U Pe3ybTHPYIOINE HanpshkeHus. B
WTOTE TOJy4aeM CHCTEMY JIMHEWHBIX ypaBHeHHH Buaa (20), rie TaHTeHIHalb-
Hast Marpuna xectkocti Haxozurcest mo mpasury Kt =Kp + Ky +eKe.
IIpaBas gacte cuctemsl 1 MaTpuna K-, oTBedaromas AeHCTBHIO KOHTAKTHOTO
JIaBJICHUS], HAXOZSATCS 110 (hOpMyJIam:
T
AF[k] =AF- Y ;{(tlﬁrz[k]) D' [ILVl”z[k]_A”l”z (AU[k])] (41)

n+n
L) 3

RN (errz R )}AU[k]—e(E®)| [ +Z| ,Utk,

"U+AU
#  O7g O7g Oy
o p: o o

KC _ 77 2 77 77 ) (42)

0757 Oz ®3 Oz
077 O3 O7g =4

3mech © — BekTOp BHIA ®=[®1 0, 0 @4] T, xommomenTer KOTOPOTO BEHI-

YHCIIAIOTCS TI0 MPABUITY

t+At1C

@r:{\l’r npu  re (43)

0 npu  ré¢ HA’IC ’
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rae &, — MaTPHIBI Topsiika 7x 7 , KOTOPbIE 3aa0TCsl CACAYIONIMM 00pa3oM:

t+At
®, =O7X7 Ipu r ¢ I, a HeHyJeBbIe KOMIIOHEHTBI OCTAILHBIX MATPHIL
BBIUMCIISIFOTCS KaK

°w, 0%, 0%,
N + +
auiraujr auir au.]‘r tU+AU[k]

ITpn ¢opmupoBannn Matpunpl K MBI monmaranu, 4to A KaxIOro

A
(zer)3+i,3+j = mpu re't tlc. (44)

t+At
3JIEMEHTA U3BECTHO MHOXKECTBO Y3JIOB I, BXOOSAIINX B KOHTaKT Ha TEKY-
meM uHKpeMeHTe. OHaKo B 00IIeM Ciydae MHOKECTBO TaKHX Y3JIOB 3apaHee
HE U3BECTHO U €ro TpeOyeTcs onpenenuTs. i pemenns 3Toi 3a1aq UCIIOIb-
3yeTcst MeTo 1 pod U ommbok. Ha HavanbHOM MUTepalyu 3TOr0 METoja BHIOU-
paetcs ipoOHas 30Ha KOHTAKTa, T.€. 33J]aCTCS MHOXKECTBO Y3JIOB, BXOJAIINX B
xontakt AT g i\, 2,...,N node Jlnst 3alaHHOM 30HBI KOHTAKTa HAXOJIUTCS
rI00abHBIA BEKTOP Y3JIOBBIX MEepeMEIleHHH Ha TEKyIeM Ilare rmo Harpyske

t+At .
Ug. Ecnu 30Ha KOHTaKTa HalJIEHO BEPHO, TO VIS KAKJIOTO y3Ja JIOJIKHBI
BBIIIOJIHATHCS HEPABEHCTBA

‘{’S|,+A,UG>O pu seHAtIg, (45)

t+At; G
\PS|”A’UGSO npu  s¢& I¢. (46)
Ecmm B xakom-nmbo y3ime HepaBeHCTBO (45) He BBITONHSAETCS, TO 3TOT

y3eJ UCKITI0YaeTCsl U3 MHOXECTBA ALy g , €CJIM )K€ He BBITIOJHSETCS] HEpaBeH-

. t+At ;G
cTBO (46), TO COOTBETCTBYIOLIMM y3e1 BKIIOYAETCS B MHOXKECTBO Ie.
WtepanmoHHbIii nporiecc NpoJoKaeTcst 10 TeX Mop, MoKa BO BCEX y3lax He
OyZIyT BBIIIOJIIHEHBI HepaBeHCTBa (45), (46).

Jnis BepuduKany NOCTPOSHHOW MOJENH PacCMOTpEHa Kpyromas apka,
o0xrMaeMasi Ha JKECTKOE OCHOBAHHE COCPEIOTOUEHHOHN CHIION P, TPHIIOKEH-
HOM B BEpPXHEM CEUEHHH A, Kak IMOKa3aHO Ha puc. 7. OTa 3ajaya HCClIeoBa-
Jlack B psijie paboT C LENbI0 N3yYeHUs! MPOOJIeMbl KOHTAKTHOTO B3aHMMOJIEHCT-
BUSI TOHKOCTEHHBIX KOHCTPYKIIHH, TIOBEPKEHHBIX OOJIBIINM IEPEMELICHUSIM 1
MIPOU3BONILHO OoNpImMM MmOoBOpoTaM. OIHAKO B YKa3aHHBIX padOTax paccMar-
puBajCid TONBKO 4YAacTHBIM Cilydyall KOHTAakTa C IUIOCKUM OCHOBaHHEM

npu Ry, =c0. B cuily cuMMeTpHH 3a]a4d MOJICIHPOBANACh TOMOBHHA apKH C

nomotbio papHoMepHOH 30%1 mm 60%1 anementoB GEX7P4C. B tabnume 4
TIPUBEJICHO HCCIICAOBAHUE CXOMUMOCTH B Clydae KOHTAKTHOTO B3aUMOJCUCT-

BHs apku W IuuHapa paauyca Ry =1000. Kak BuguM, pacyeTHoe 3HaYeHMe

i Ge3pasMepHOIl  Pe3yJIbTUPYIOLIEH KOHTakTHOTO JjaBieHus F.  1pu
YMEHbBIICHUH IIara CETKU MPHOJIMKAETCSI K TOYHOMY 3Ha4eHHeM Oe3pa3MepHo-

r0 yCUIUs P=120PR* / ERb , IPHJIOKEHHOTO K apke. [Ipu ynayHoM BeIOOpe

HayalbHOM 30HBI KOHTAKTa pelIeHHe 3a/1a4d MOYKHO MOJTyYUTh 3a OJMH 1Iar Mo
Harpy3ke. Pesynbrarhl pacuera 1mo pa3pabOTaHHOW MOJIENN XOpPOIIO COrjacy-
10Tcs ¢ pesynpratamu Hypa u Kuma.

COBMECTHB PAacCMOTPEHHBIH MOJIXOA K MOJCIUPOBAHUIO KOHTAKTHOTO
B3aMMOJEUCTBHS C METOJOM ydeTa CIEAALIEro XapaKTepa BHEIIHUX Harpysok,
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W3JI0KCHHBIM B YETBEPTOH TJaBe, MONYyYHM KOHEYHO-DJIEMEHTHYH) MOJENb
KOHTaKTa 00OJOYKH € JKECTKHM BBIITYKIIBIM TEJIOM IOJ] JEHCTBHEM CIEIAIINX
Harpy3ok.

X3

P

)

b

E=10* v=0,R=100,hb=1,h=1 haos,}~’=88,4,e=104

o 13P/4 —
~—1di
P
R, =1000, P =885, e=10* R, =100, P=832, e=10?

Pucynok 7. KoHTaKT KpyroBoii apku ¢ KeCTKHM LMJIMHAPOM: 2) FeOMeTpHs;
AedopmupoBanHas koHpurypauus aas 6) Ry=w; B) R,=1000; r) R,=100.
Tabmuna 4. VccnenoBanue cXoJMMOCTH ISl KDYTOBOH apKH 0] BO3/I€HCTBH-
em Ge3pazmepHoro yeumust P =885 B KOHTaKTe € JKECTKUM IIHHAPOM pa-
muyca R, =1000, e @o =7/60, dj =[1000,1200] 1 dy =[1100,12¢,].

Hauanb-

Has pacueTHas
5] M
30Ha cetka | e | NStep | NTE | Nlter 30Ha P, —u3 (A)
KOHTAKTa
KOHTAaKTa

{0} 30x1 | 10' 22 132 {0yUd; | 88,95 198.4

{0} 30x1 | 10* 28 | 70 {0yUd; | 8895 1984

N RN

{0} 60x1 | 10' 38 | 231 | [0,90]Ud, | 88,61 198,8

{0y | 60x1 | 10° | 5 57 | 277 | [0,901Ud, | 88,61 | 1988

{0yUd, | 30x1 | 10' 1 1 10 {0yUd; | 88,95 198.4

{oyUd; | 60x1 | 10" | 1 10 | 90 | [0,909]Ud, | 88,61 | 1988

B mecroii riase MOCTPOCHA KOHCYHO-3JICMCHTHAaA MOICJIb CJIOMCTOM
HI)C303J'IGKTpI/I‘IeCKOI\/‘1 060J'I0‘—IKI/I, HOI[BGp)KeHHOﬁ OOJIBIIIIM NEePpEMCIICHUAM U
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noBoporaM. PaccMoTpuM 000710UKy, COCTOAITYI0 U3 N TOHKHX CJIOEB IIOCTOSH-
HOH TONWMHBIL h, =z, —Z, |, BKIIOYas [IbE3021EKTPHUECKUE CIOH, TAE Z, —
nomnepeyHas KoopauHata mnoBepxHocTH €2, . Ilomaraem, 4To 3neKTpHUECKHI

MIOTEHINAJ pacIipe/iesieH M0 TONIIMHE ITaKeTa CJI0eB COTIacHO THUIIOTEe3e JIoMa-
HOW JTUHHUU

Né; e3 E[Zn—l’zn]

, (49)
0’ 63 & [Zn—lazn]

(P=Z(1V;<pn_1 +]V,T<pn), Ny =
n

_ 1 1
N, :h_(zn _63)’ N, :h_(e3 _Zn—l)’ 63 € [Zn—l’zn]’

n n
n

rie (pn_l(el,ez), ”wn(el,ez) — 3HAYEHUs] SJIEKTPUYECKOro TOTEHIMaNa Ha
HIKHEN U BEpXHEW MOBEPXHOCTSX 1-TO CIIOSL.

CBsi3b MEXIy BEKTOPOM HAIPSUKEHHOCTH dJeKTpuueckoro nous E u
IEKTPUYECKIM TOTEHIIAIOM ¢ OMpENeNseTcsl IMOCPEICTBOM HM3BECTHOTO B
sMeKTpocTaTHke ypasHeHus: E = -V¢.Takum 0o6pa3oM, BEKTOP HAMPSKEHHO-

CTH BJICKTPUYCCKOI'0 MOJIA UMCECT CIICAYIOIIEC pacupeACJICHUC 110 TOJIIWHE 71—
TO CJIOA.

E((xn) = ]\EE((xn)i + ]\rnFE((ln)Jr’ Egn) = _i(q)n Py )’ (50)
) 1 nh 1
E((x) :_A_(Pn—l,ot’ E((l) :_A_(Pn’a’

o a
Trac El-(n) — TAaHI'CHIUAJIBHBIC U MONCpCeUHasi KOMIIOHCHTBI BEKTOPA HAITPAKCH-

HOCTH 3JIEKTPUYECKOTO MOJIS #-TO CIOS.

Bogs pacnpenenenus (2), (3), (6), (49), (50) B cMemanHOe BapHaIHOH-
HO€ YypaBHEHHE MPOCTPAHCTBEHHON TEOPUHM IbE303JIEKTPUUECTBA, MOIYIUM
BapHaIlMOHHOE ypaBHEHHMe Tuna Xy-Bacunasy ans 7-mapameTpHueckoi nbe3o-
AIEKTPUYECKON 00O0TOUKH:

T o T n T T
JIPET (- DE+ D E) 5ET (D, E+ D E)+ SHT (E—e)-5:TH+ (51
Q
+8vip+ 6qu] Ay Ayd0,d0,+ SW = 0,
rae D, Dy, - MbE302IEKTPUIECKas U AMDIEKTPHYECKAs MATPULIbI, q — BEK-

TOpP TIOBEPXHOCTHBIX 3aps/I0B HAa BHEITHNX ITOBEPXHOCTAX 0OOJIOUYKH M MOBEPX-
HOCTSIX pasfielia CJI0€B, ) — BEKTOpP JEKTPHUECKUX MOTCHIIMAJIOB Ha BHEIIHUX

TOBECPXHOCTAX 000JI04YKH U TMOBEPXHOCTAX pasfeciia CIOCB; E - BCKTOP Hampsi-
YKEHHOCTHU DJICKTPHUUIECKOT'O ITOJISA:

x=lo0 o1 on] " (52)
B[O GO )] e <[ s s g e

B cnenyromem naparpade moctpoeHa KOHEUHO-3JIEMEHTHAsS MOJIENb MbE30-
JIEKTpUYECcKO 00omouku. [IprMensss OMITHMHEHHYIO anmpoKCUMaNnio BHYTPH
3JIEMEHTA JUISl BEKTOPOB IEKTPHUECKHUX MMOTEHINAIOB U HANPSHKEHHOCTH 3JIEK-
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TPHUYECKOI'0 IOJIA, U BbIpaXasds MOAbI HANPS?KEHHOCTHU JJICKTPHUYCCKOI'O IOJIA
YE€PE3 3HAYCHUA IJICKTPUICCKOr0 MOTEHIHAIA B y3JI1aX 3JIEMCHTA:

_ ) T
nr nr. T ., T T T
ET2 =-B°®, (I):[Xl X2 X3 X4] ; (53)
MOJIYYUM CUCTEMY HEJIMHEMHBIX yPABHEHUM PABHOBECHS [JIs DJIEMEHTA:

E'" =(Q’1’2 )T[B’lrz + A" (U)]U, (54)

T T
nr _ ((yir R i nr nr;
le_(le) DQ12E12+(Q12) Duq)Bq%Z(I)’

D L B2 + QA2 (U)]TQVle H'12 =F,

I+,
U] 3

nr- T ( )T nr- nr- nr;
> (Bq')z) [Duq) QIZEIZ_DWBW(D}_F(J'
U]

[Tpumensiem aj1st pelieHus CUCTEMBI HENMMHEWHBIX ypaBHeHUH (54) meTon
Herotona-Padcona. [Ipu pemennn akTioaTopHO# 3a1auu st 000JI0YKH, KOT/Aa
HaNpspKEHHE, T01aBaEMOE Ha AIICKTPObI, H3BECTHO, CHCTEMa JIMHEHHBIX ypaB-
HeHuit Ha k-oii urepanuu merona Hetotona-Padceona, umeer Bun (20), rae Bek-
TOP MPaBbIX YaCTEeW CUCTEMBI BBIYUCIISETCS CIACTYIOINM 00pa3oMm:

3t

AF[k] —F-Y L(Lrlrz[k])T D’lrzMrlrz[k]U[k]+QV1rz (Q"l’”z )THerz ., (59)

31t

Jlist BepuQuKay NOCTPOSHHOW MOJIETM PE3yJIbTaThl PacueTOB CPaBHHU-
BaJIMCh C 3KCIEPHUMEHTAIBHBIMH JaHHBIMH, MMOMydeHHbIMH, Kpomu u Jlazapy-
COM M aHAIUTHYECKUMH pELICHUAMH, HaleHHpIMU Paem, Pao u CamanTa. Ilo-
JIy4eHO KayeCTBEHHOE COBIIaJCHUE PE3yJIbTaToB. Takke Oblia perieHa 3agadya
HEJIMHEHHOTO J1epOpMHUPOBAHNS AaHU30TPOITHOM KOHCOJIBHOM IIACTHHBI C Cer-
MEHTHPOBAHHBIMH ITbE€30KEPAMHUYECKIMHU HAKJIAAKaMH, HOJYyYCHO yIIOBIETBO-
pHUTeNbHOE COBIAJeHUe ¢ pe3ynbraTamu Tana u By-Kyoka, npuuem ecim s
HaxO0XJIeHUs 1e(hOPMHUPOBAHHOTO COCTOSIHMS TUIACTUHBI T10J] ACHCTBUEM dJIEK-
Tpuueckoii Harpy3ku ¢"=1576 B yka3aHHbIM aBTOpaM notpeGoBanock 10 mra-
TOB II0 Harpy3Kke, TO B IMCCEPTAlMH 33/a4a pelieHa 3a OJUH IIar Mo Harpyske
u 10 ureparmii metona HeroTona-Padcona.

Taroke B IIECTO TJ1aBe pemaercs 3ajada ONTUMH3AMHA OPMBI 00010Y-
KW, TOABEPKEHHON OJIIEKTPOMEXaHWYECKIM BO3ACUCTBUSIM. Pa3paboTaHHas
MOJIETIb MO3BOJISIET ONPENENIUTD HAMPSKEHUSI HA MbE30UIEKTPHUUECKUX aKTIOa-
Topax, mpuommKaommx (GopMy KOHCTPYKIMH K 3apaHee 3aJaHHOH. 3amada
CBOJWTCSI K MHHUMH3AaLUUH (YHKIMH TMOTPEITHOCTH, KOTOpas 3aJaeTcst Kak
pa3zHOCTH MEeXAY AehopMUpOBaHHON (PopMOil 000IOUKA ¥ AHATUTHIECKH 3a-
JaHHOHW (yHKIHKeH TpeOdyeMol GOPMBI.

B ceabmoii riaBe npuBeAeHbl pe3yJIbTaThl YHCICHHOTO MOJICIIUPOBAHUS
HEJIMHEHHOTO JIe)OPMUPOBAHHS TOHKOCTEHHBIX KOHCTPYKIMH Ha OCHOBE pa3-
pabOTaHHBIX FEOMETPUYECKH TOYHBIX KOHEYHBIX HJIEMEHTOB OOO0IOUKH.

PaccmoTpena TpexcioiiHass KOMIO3WTHas TurepOoindeckas 00o0yiouka
IIPY Pa3TUYHBIX HANpaBJICHUSIX APMUPOBAHUS, KOTOpas ypaBHOBEUIMBACTCS
IBYMs TIapaMH TPOTHBOIOJIOXKHO HampaBIeHHBIX cui (puc.8a). Ha puc. 8B
IPUBEJICHBI TIEPEMEILCHUSI CPEMHHOMN MOBEPXHOCTH B HaMpaBieHUsX oceit Ox
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n Oy, TIpUBEICHO CpaBHEHHE C Pe3yJIbTaTaMH, ITOJydeHHBIMH B paborax bacapa
IIPH pacdeTax COOTBETCTBEHHO Ha CeTKe 28%28 BBIPOKICHHBIX AJIEMEHTOB C
OunMHEeHHOW ammpokcuMael nepemenieHuid st Oonee »xecTkoil rumepoo-
JIMYECKO 000J04Yku ¢ yriaamu apmupoBanus [0/90/0] KOHEUYHBIH pe3yibTaT
MOXeT OBITh mostydeH ¢ nomombio snementa GEX7P4 Bcero 3a onuH mar 1o
Harpy3ke u 7 utepanmid merona Hertotona. [l 6osiee MArkoit 060JI0UKH ¢ Ha-
npasyieHusIMU Ykiaaaku cioeB [90/0/90], nedopMUpOBaHHOE COCTOSIHUE KOTO-
poli npuBeneHo Ha puc. 80, AJIsl TOCTHKEHUS! KOHEYHOT'O Pe3yJIbTaTa B 3aBHCH-
MOCTH OT CETKH TpebyeTcs oT 2 10 6 paBHOMEPHBIX IIaroB 110 HarpysKe.

B) B[

6

[90/0/90]
— GEX7P4
o Basar (1993)

w
T

2 b uy(A)
u,(C),

r=175R=151=20,h=004, E =4x10", Ex=10° % ¢ =4 2 0 2 4
Gir= Grr=6x10°, vir=vr= 0,25, P=80f, f=5
Pucynok 8. Tpexciioiinas runep6ouyeckasi 000J104Ka N0 AeiicTBHEM CO-
Cpe0TOYCHHON HATPY3KH : a) reoMeTpHs; 0) 1e)opMHPOBaHHAS KOH(UTypanus;
B) NepeMeleHHs CPeIMHHOM OBEPXHOCTH.

Janee mozaenupoBairch 000JIOYKHM BpaIIeHHs CIOXKHOI reomerpun. Pac-
CMOTPEHBI 000JIOUKH, OTCUETHAS TIOBEPXHOCTH KOTOPBIX ITOJIyYeHa BpaIleHHEM
KPHUBOH, MpHUYeM 3Ta KpHBas OMMCaHa KOHEYHOW COBOKYITHOCTHIO IMPHHAMJIC-
JKalMX ed Touek. B 3ToM ciyuyae reomeTpuyecKue rnapameTpbl OTCYETHOH I10-
BEPXHOCTH HAXOJAWJINCHh ITyTEM BBIYMCICHHS IPOM3BOAHBIX CIIIQXKUBAFOIIMX
KyOudeckux crutaifHoB. beuta perrena 3amada neopMupoBaHus CEKIMN MTOJIH-
YPETaHOBOW MIMHBI O] AEUCTBUEM KOHLUEHTPUPOBAHHOMN CHJIBL.

Taxxe paccMoTpeHa TopooOpa3Has H30TponHas 000I0YKa NOA AeHCTBH-
eM crefsmeii Harpy3ku. CpaBHEHHE pe3yIbTaTOB PacueTOB C MOMOIIBIO dJie-
menTa GEX7P4F u sanemenra GEX7P4 nokasano, 4To B 3TOM 3ajade BIIHSHHUC
CJIE/IAIIETO XapaKTepa HarpyKEHHs SBJISETCS CyIECTBEHHbIM.

Jlanee MoaenMpoBajiOCh KOHTAKTHOE B3aWMOJCHCTBUE IMIMHIPUYECKON
000JI0YKH, Ha KOTOPYIO JIEHCTBYET COCpPEOTOUYEHHAsI CHia, C aDCOIIOTHO XKe-
CTKUM LUIHHAPOM pajuyca Ry, , ocb KOTOPOro NepreHIUKYISIpHA OCH LIUITHH/I-
puueckoii obonouku (puc. 9a). B cmity cummerpuu 3a1a4M paccUMTHIBACTCS
YyeTBepTass 4acTb OOOJIOYKM C IOMOIIbI0 paBHOMepHO# certkn 10%x30 nmm
20%60. B Tabmuie 5 mpuBeAeHBI Pe3yNbTaThl UCCICTOBAHUS CXOIUMOCTH TIPH

KOHTaKTE C JKECTKHM wuimHapoMm pamuyca Ry, =1000. 3neco uévl (A) n
u%vl(B) — TIOTIepeYHBIC TIepeMenieHns B Touykax A u B 00omoukw,
P= 120(1 —v? )PR2 / ER’L — Oe3pa3mMepHOe ycuine, MPUIIOKEHHOE K 000JI0UKe

u P, — Oe3pa3MepHas pe3ynbTUpYIOIIas KOHTaKTHOro jAasienus. Ha puc. 96
nokazasa JedopMupoBaHHas KOHGHUTIYpanus MUIHMHIPUYECKOH 000I0YKU MU
P =875.
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B crnenyromem naparpage paccMOTpeHa aHW30TPOIHASI TIEPEKPECTHO ap-
MHPOBaHHAsl pE3MHOKOPIHAS TOPooOpa3Hast 000JI09Ka KPYTOBOIO IMOMEPEYHOTO
CEUYCHHs, Harpy>KeHHas DaBHOMEPHO pAacIpeleleHHbIM 10 BHYTPEHHEH Io-

BepxHOCTH fAaBieHHeM py (puc. 10a). O00I0UKa COCTOUT M3 UYETHIPEX CIIOEB
TOJIIUHBI A, = 1,2 MM Ka)KAbIi, HaNpaBJICHUE YKIAIKH cinoeB [—45/45/-45/45].

HcxonHbIe XapaKTepUCTUKH IIIEMEHTAPHBIX PE3WHOKOPIHBIX CIOEB BHIOMpacM
TaK, YTOOBI C MIOMOIIBIO 3TOH 0OOJIOYKH MOXKHO OBLIO MOJENIHPOBATH ITOBEIE-
HUE JAMArOHAJbHOW IIMHBI. B KauecTBe OTCUETHON NMOBEPXHOCTH IPUMEM Cpe-
JUHHYIO TIOBEPXHOCTh O00OJIOYKH, KOTOpas 00pa3oBaHa BpPAIICHUEM YaCTH OK-
pykHOCTH pamauycoMm R =50mM. PaccTostHHe OT OCH BpaIlleHHSI O DKBATOpa

cpeMHHON ToBepXHOCTH R =250MM, cedeHus 0GONOYKH C KOOPAMHATAMH
O v i3
+120° xectko 3amiemiieHbl. PemieHue ATOM 3a1ayd MOKET OBITH HAMIEHO 3a

—0 ,
OJMH IIar mo Harpys3ke, TOUYHOCTb SN = 10 JOCTUTaCTCA 3a 5 HUTcpaluu. Kak

noka3aHo Ha puc. 100, BIMSHHE CIEAAIICTO HATPY)KCHUS B JAHHOM Cllydae
HE3HAYHUTEIIHHO.

2 P

5
'.'z‘:""“‘“““
A0
L0
BSOS
O SSSCSIE ST SIS
QS RRRSIESS
“‘“:‘0’0
<>

R=100, R,=100, L=200, =1, E=10*, v=0,3

Pucynok 9. KouTakT nminHapu4eckoii 000/104KH ¢ KeCTKHM HUIHHAPOM:
a) reomeTpus 0) 1e¢opMHPOBAHHOE COCTOSTHHE.

Ta6nnua 5. HCCJ’IGILOBaHI/Ie CXOAUMOCTHU HJIA III/IJII/IHI[I)I/I‘IGCKOﬁ O6OJ'IO‘H(I/I npu
P =875, R,=1000,ey =108 e @o =7/60, d; ={40}x[0;14¢,] u
dy =[0;40]x {14¢,}.

HadaJIbHas

Ko?{(;gira ceTka e | NStep | NTE | Niter }NDC — u%\/[ (A) | - u%"l (B)
{0} x{0} | 10x30 | 10° | 5 42 | 231 | 87,90 | 1943 193,5
{0} x{0} | 10x30 | 10° | 5 45 | 259 | 87,90 | 1943 193,5
{0} x{0} | 20x60 | 10° | 5 51 | 296 | 87,60 | 1957 194,7
{0} < {0} | 20x60 | 10° | 5 62 | 335 | 87,60 | 1957 194,7
diUd, | 10x30 | 10" | 1 4 35 | 87,90 | 1943 193,5
diUd, | 10x30 | 10° | 1 6 53 | 87,90 | 1943 193,5
diUdy | 20x60 | 10° | 1 5 43 | 87,60 | 1957 194,7
diUd, | 20x60 | 10° | 1 5 41 | 87,60 | 1957 194,7
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[anee Ta e camas 000JI09Ka, Harpy>kKeHHasi paBHOMEPHO pacIipeziesIeH-
HBIM T10 BHYTpPEHHEH oBepxHOCTH AaBieHueM pg = 0,5 MIla, oGxumaercs Ha
IUIOCKOE WIIN IIMJIMHIPUYECKOe OCHOBAHUS IIyTeM NepeMelleHus TOCIeAHNX Ha
BEJIMUMHY A TakuM 00pa3oM, 4TO 3allleMJICHHBIE CEYEHUS] 00OJIOUKH C KOOp-
nunatamu +120° ocTaroTcs HEMOABMKHBIMH. Pe3yJbTaThl pacdera ¢ MOMO-

IIBI0 HEPETYJISIPHBIX KOHEUHO-3JIEMEHTHBIX 48%36 CeTok mpu e = 10* nokasa-
HBI Ha puc. 11. 31ech Takke pemeHne MOKeT OBITh TIOJTYYEHO 3a OJWH IIar Mo
Harpyske, OJHAKO, BIMSHHE CIIEIIIEr0 IaBJICHUS NPOSBIAETCS B OOJbLIEH
creneHy. Tak MOrpenHOCTh BEIYMCICHUS! Pe3yIbTUPYIOLIEH y3/IOBbIX KOHTAaKT-
HBIX CIJI C y4eTOM M 0e3 ydeTa cielsIero HarpyxeHus: coctasisier 17,8 %.
JomonautensHO Ha puc. 10B mpeacTaBlieHa 3aBUCUMOCTh KOHTAaKTHOTO JaBiie-

+
HUA p. OT KOOPAWHATHI 91 B LCHTPpAJIbHOM CC€UYCHUHN 000JI04KH npu

Ry, =1000 MM u A =17 mm. [TonyueHHBIC pe3yIBTATHI TIOATBEPKIAIOTCS IKC-

TICPUMEHTAIIBHBIMU JTaHHBIMU O TOM, YTO MAaKCHUMaJIbHBIC 3HAYCHUS KOHTAKT-
HOT'O OaBJICHHSA B IIMHE CMEIIAIOTCS K T'PaHUIIC KOHTAKTHOM 00J1aCTH.

0) o) P MIa
E;=510,45 MI1a,
E1=6,91 MIIa, 08
G11=2,33 MIla,
Gr1=2,33 MlI1a, 061
VLT:O,46,
04
0,2+
! ) Mm
0] X, 0-1 0 1 2 3 4

Pucynok 10 . [lepexpecTHO apMupoBaHHASA TOP0O0Opa3Hasi 000/104KAa: a) reoMeT-
pHA 4 MeXaHH4YeCKHe XapaKTepUCTUKHU: 0) KpUBbIe HATPY3KA-NPOTU0 C y4eToM
cJIeIA1ero Harpy keHus ( ) u 0e3 yueTa ( =—— — )

)T

0,7
B) —pd Mla

o

0,35

|
|
1
|
\
\
|
1|

l
o, rpax)

0

17 -40 -20 0 20 40

Pucynok 11. KoutakT TOp0o06pa3Hoii 06071049KH ¢ NJIOCKOCTHIO: a) 1e()OPpMHPOBaH-
HOe COCTOsIHNE ceYeHNs; 0) KpUBbIe HArPY3Ka-NMPOrud ¢ y4eToM cJiesiiero Ha-

rpy:xenns ( ) u 6e3 ygera (— — ): 1 - Ry =00;2 - Ry, =1000 mm;
B) pacnpe/ie/ieHHe KOHTAKTHOTO 1aBJIeHHSI.

Taxoke paccMOTpeHa criMpajibHas 00oo4ka (pUCyHOK 12a), H3roToBIEH-
Has w3 mbe3okepamuku PZT-5H. CrompanbHas 00070YKa, BBIONHSIONIAS
(YHKLIMH aKTI0aTOpa, COCTOMUT M3 YEThIPEX MOJHBIX BUTKOB. JIMIeBbIe moBepx-
HOCTH 00OJIOYKH MOKPBITHI 3JEKTPOIaMH, Ha KOTOpPbIE MOJAETCs HaNpsDKEHHE
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A =100B. OGonouka MOJIEIMPOBANACh  PETYISPHBIMA  KOHEYHO-
9JIEMEHTHBIMHU ceTKamu. B Tabmuie 6 maH aHanmM3 CXOIMMOCTH PEIUIOKEHHO-
ro FeOMETPUUECKH TOUHOTO 3JIeMeHTa obonouku. [IpuBeneHo cpaBHEeHHE € pe-
3yJbTaTaMH, IOJyYEHHBIMH ITyTE€M HCIOJIB30BAHUSA TPEXMEPHOTO M30MapaMeT-
pUYECKOro JIEMEHTa M3 KomMMmepueckoro makera nporpaMm ABAQUS. Kax
BU/INM, 3HAYEHHs IONEPEYHOr0 MEPEMEIIEeHHs Ha CBOOOJHOM Kpae XOpOIIOo
COIJIACYIOTCS APYT € APYTOM. DTH JaHHBIE TAK)KE CBHIECTEIBCTBYIOT O BO3MOXK-
HOCTU HCHOJBb30BAHUS JTOCTATOYHO PEIKHUX KOHEUHO-3JIEMEHTHBIX CeToK. Jlo-
MTOTHUTEIBHO Ha pHUC. 120 mMoKazaHa 3aBHCHMOCTH IMEPEMEIICHUN CPEIMHHON

MTOBEPXHOCTU O00JIOYKH OT OKPY>KHOM KOOPIUHATHI IIPH (pA =2000 B.

1,32 0,1

a) Y 6) Uy, MM P —u3, MM
- 0,08

0,99

Pmin= 1.875 MM, 7= 15,2 MM, 0 6
h=0,2Mm, L =215 MM, b 3,75 MM 0 2n 4n 6 8n

Pucynok 12. CiupanbHblii aKTIOATOP NOA AeiicTBHEM 3J1eKTPUYECKOMH
HAIPY3KH: a) FeoMeTpHsi; 0) nepeMeLeHUs CPeANHHOI II0BEPXHOCTH

HeJIMHelHoe pellleHUe (—©— ) M JIMHeiiHOoe pelieHue (+).
Tabnuma 6. OxkpyXkHOE epeMeIIcHIE TPAHHIHOHN TOUKH.
DJIeMEHT GEX7P4E C3DSE
Cerka | 1x16 | 2x16 | 4x16 | 1x32 | 2x32 | 4x32 | 1x64 | 1x128 | (ABAQUS)

_ué\/I,HM 2,109 (2,102 12,100 | 2,625 | 2,620 2,619 2,503 | 2,460 2,59

-0,02

u%/I,“M 58,18 58,16 [ 58,15]59,95]59,88 59,87 | 60,55 | 60,72 41,47

Jlanee Oblna paccuMTaHa TpPEXCIIOWHAss OPTOTPOIHAS THUIEpOOIHYecKast
000JI0YKa C HANPaBICHUSAMU YKIAIKU CJI0€eB [90/0/90] ¢ MEXaHUYECKUMU Xa-
PaKTepUCTHKAMHA MaTepHana: E =4x10’ H/CM E=10° H/CM Gir= Gr=
=6x10° H/CMZ, vir=vrr=0,25. B meHTpansHO#I qacm 000JI0YKH Ha €€ JIMIEBBIX
CTOPOHAX Pa3MeEIICHbI BOCEMb MHbE30JICKTPUUCCKUX HAKIAJOK U3 MaTrepuaa,
HCHYJICBbIC MEXAQHUYECKHUE U MbE30MICKTPHUCCKUE KOHCTAHThI KOTOPOIo E=20
I'Tla, G=7,7 I'Tla, v=0,3, d31=d5,=2x10"° m/B. I'eometpust 06009k U KOHEU-
HO-3JIEMEHTHAs CEeTKa 16><16, HCTIOb30BaHHAs MPH BBHIYMCIECHUSIX, TTOKa3aHBI
Ha pucyHke 13a. B mmockoctr z =0 THIEpOOIONT CHMMETPUYHO HATPYKACTCS
JByMsl MapaMU PacTATMBAIOIINX U COKUMAKOLMX cui BenuuuHou F =200 H.
[Tbe303meKTpHYeKHe HAKIA KA Ha BHYTPEHHEH W BHEITHEH MTOBEPXHOCTSIX 000-
JIOYKW TIOJISIPU30BAaHBl B TPOTHUBOIIOJIOKHBIX HAIPABICHUAX, MapajUIeIbHBIX
nonepeyHoi koopauHate O3 . K anekrponam, paclonoKEHHBIM Ha BHELIHUX
MTOBEPXHOCTSX MHE30ICKTPUKOB, MPHUKIIAJBIBAIOTCS JICKTPHUUCCKUE TIOTCHITHA-

JIbI pa3HbIX 3HAKOB (|)A n —(|)A , UTO IPUBOJUT K YCTPAaHCHHIO MeXaHU4YeCKOI

nedopmanuu 06010uku. TakuM 00pa3oM, BOSHHKAET BO3MOXKHOCTh yIIpaBiie-
HUS TIPOIIECCOM Ae(hOPMHUPOBAHUS TOHKOCTEHHBIX KOMITIO3UTHBIX KOHCTPYKIIMH
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3a CYeT WCIOJIL30BaHHUA O00PaTHOTO Mbe30dNIeKTprueckoro 3ddekra (puc.14).
Ha pucynkax 136 u 13B moka3aHbl epeMENICHUs] CPEIUHHONW TOBEPXHOCTH

000JI0UKH ©, U u, B TOYKaxX A,B,C, D, rre u,, u, - NEPEeMEIICHNs B Ha-

MpaBJI€HUH Oceil ox U oy, cOOTBETCTBEHHO. Kak BUAMM, MPUIIOKEHHOE K BJIeK-
TposaM HampspkeHue BennunHoH 1960 B mpaktuuecku Bo3Bpamaer 000J04Ky
K ee Hene(hODMUDOBAHHOMY COCTOSHHIO.

200 2000
a) — R 6) F,H GEXTP4E B) oA B
N t . 0A=0B
160 - 1600 -
u,(A)\\ (D) 4(O) [ 1(B)
120 1200
u(A)/fu (D) ,(C) \t(B)
80 200
) GEX7P4E
R P s 400 |- F2200H
r=7,5cm,R=15cm, L =20 CN(I), ‘ ‘ o . L o \ e
h =0,04cm, b =0,0lcm 3 02 a4 0 1 2 3 3 02 a4 0 1 2 3
c PZT

Pucynok 13. 'unepooanyeckas 0607104Ka ¢ cermeHTHPpOBaHHBIMU PZT
AKTI0ATOPAMH: a) FeOMeTpHs; NepeMelleHUs CPeIMHHOI NOBEPXHOCTH runepoo-
JIM4eckoii 060,104kH B Toukax A, B, C, /I 0): npu q)A =0; B) mpn F =200 H.

a) 0) B) r) .

Pucynox 14. Kongurypanus oonouxu npu: a) F=0, ¢* = 0;
6) F =200 H, ¢* = 0; B) F =200 H, ¢" =1000 B; r) F =200 H, ¢* = 1960 B.

B crnenyromem maparpade o
00CYXIaloTCsl Pe3yNbTaThl perle-
HUSI 337a4 ONTHMHU3AIMU (OPMBI
IUIACTUH M O000JIOYEK TpHU 3JIeK-
TPOMEXaHUYECKOM  BO3/ICHCTBUH.
PaccmoTpena »KecTKO 3aKperuieH-
Hast ipy x=0 TUIaCTHMHA CO CTOPO-
HOM @=0,2 M, reoMeTpusi KOTOPO
mpuBeneHa Ha puc.l5. OcHoBy
IUTACTUHBI  COCTABISIET YETBHIPEX-
cioiinbiil yrieruactuk AS4/3501 ¢
ykiagkoit cioes [90/0]s. Ha mure- = I
BBIX  TOBEPXHOCTSIX  IUIACTHHBI o Macsoncomm '

3 bEIOKCPAMHER
uMeercst Mo 25 KBaJpaTHBIX Ha- .
KJIQJ0K U3 mbe3okepamuku G1195. = e =
[TnacTHa MopnenupyeTcs CeTKOU 0254
10 x 10 5J1eMEHTOB, TaK YTO KaXKmas
HaKJIa/IKa 3aHUMaeT 4 3JieMeHTa.

D0

Pucynok 15. Ilnactuna c 50 nse3o-
KepaMI4eCKHMH HaKJIaAKaMHu
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CraBuiack 3ajada NpUBECTH IUIACTHHY K (GOpMe, 3a 3aJaBaeMoil ypaBHe-
mueM z =0,1x(y —a/2) (puc. 16a). Ha puc. 166 npueneHa medpopMupoBaH-
Has opMa IJIACTHHBI, MOJIYYCHHAs B pe3yJbTaTepelIeHus! 3a/1aui ONTHMH3a-
min (popmel. ONTHMaJIbHBIE HANPSDKEHHS Ha HAKNAAKaX, PAcIlONOKCHHBIX Ha
noBepxHocT QF npuBeneHs! B Tabmume 7. HampskeHns Ha HaKJIagKax, pac-

MTOJIO’KEHHBIX HA TMOBEPXHOCTH (), MO0 aOCONFOTHOW BEITHMYMHE COBIAMAIOT C
MIPUBE/ICHHBIMU B Ta0ONHUIE 7, HO UMEIOT IPOTHBOIIOIOKHBIH 3HAK.

Tabmuna 7.HampsbkeHus! Ha be30KepaMudeckuX Haksaakax (B).
O Py Dy [Py [ Ds [P Dy [y Dy [Py [Py [Py [P
-252 |-181 |0 181 252 |-147 |-4 |0 4 147 |-137 |1 0
Dy | P15 [Pig (P17 [Pis [Pig [Py [Po1 [Py [@r3 [ Doy [Dos
-1 137 |70 |12 |0 2 70 45 29 |0 -29 |45

a) 0)

Puc. 15. lepopmupoBanHasi IpsIMOYIroJibHAsA JIACTHHA
a) 3agaHHas opma 0) pacuyeTHas ¢popma

B nocneqaeM maparpade AuccepTanuyd MoJenupyeTcs nehopMHpPOBaHUE
TOHKOCTEHHBIX KOHCTPYKITUH MIPH TEPMOIIEKTPOMEXaHUIECKOM HATPYKCHUH.

B 3akiI04eHNH NPUBCICHBI OCHOBHBIC PE3yJbTAaThl JAUCCEPTAIIMOHHON
paboTs:
1. IlpemnokeH MPUHIMUITHAIEHO HOBBIM MOJAXOI K MOJEIHPOBAHUIO HEIMHEH-
HOTO JiepOopMHUPOBaHHS ¥ KOHTAKTHOTO B3aUMOJICHCTBHSI TOHKOCTEHHBIX YIIPY-
THUX ¥ 3JEKTPOYNPYTHX KOHCTPYKIUH, UCIONB3YIONIMHA 7-TIapaMEeTPHUYCCKYIO
MOJIeNb 000JIOYCK ¥ TEOMETPHUYCCKH TOYHBIC KOHCUHBIC SJICMCHTHI.
2. IToctpoena 7-mapamerpudecKasi MOAETh CIIOMCTOW 00OJIOYKH B KOHBEKTHB-
HBIX KPUBOJMHEWHBIX KoopauHaTax. [IpemnoskeHHas MoIenb MO3BOJISIET KOp-
PEKTHO OMHKCHIBATEH MPOU3BOJIBHO OOJBIINE MEPEMEIICHUS 000J0YKU KaK KeCT-
KOTO Tella ¥ MCITOJIb30BATh MOJHBIC YPABHEHUS COCTOSHUS TPEXMEPHOW TEOPUH
YOPYTOCTH H AJIEKTPOYIPYTOCTH.
3. Ha ocHoBe pa3paboTaHHO# 7-mapaMeTpUyYecKOi MOJCITH TOCTPOCHA KOHEY-
HO-3JIEMEHTHasi MoJiellb 000m0uKku. [IpenoxkeHHsid B paboTe MOaX0a K II0-
CTPOCHHUIO THOPUIHOTO KOHEYHOTO DIIEMEHTA C MCIIOJNB30BAaHHEM METOJa BBE-
JCHHBIX Jedopmanunii Mo3BoONISET 3anucath MaTpUIly )KECTKOCTH DJIEeMEHTa B
SIBHOM BHJie, 0€3 HCIOJIh30BAHUS YUCICHHOTO WHTCTPUPOBAHHS, U TOJIYyYaTh
pe3yIBTATHl ¢ BEICOKOW TOYHOCTHIO Ha PEIKUX ceTKax. /ledopmanmoHHBIEe CO-
OTHOIICHHS Pa3pabOTaHHOW MOJENH IO3BOIIIIOT PelIaTh 3a1a4d HEeTMHEHHOTO
nedopMUpOBaHHsT TOHKOCTEHHBIX KOHCTPYKIIMI 32 MaJIO€ YUCIIO UTEpPaIUi.
4. Pa3paboTana Mozenb 00OJIOYKH, MMOJABEPIKEHHON JCHCTBUIO CIICINEIO Ha-
TPY>XEHUsI, B KOTOPOI aHAMTHYECKH BBIPAXKACTCS HOPMAIb K OTCYETHOU IIO-
BEPXHOCTH B 1e()OPMUPOBAHHOM COCTOSIHHH, 33 CHET YEero yAaeTcst MoJydarh
peleHure 3a1a4 HeIMHEHHOTO JIe(OpMHUPOBaHNS 32 MAJIOE YUCIIO UTEPaIH.
5. Pazpabotana Mo/ienp KOHTAKTHOTO B3aWMOJICHCTBUS OOOJIOUKH C JKECTKHM
BEIITYKJIBIM OCHOBAaHHEM, B KOTOPOW KOHTAKTHBIC OTpaHWYCHHS s AehOopMu-
POBaHHO# 000JIOYKH 3aHUCBHIBAIOTCS aHanuTHUecku. [locTpoeHHast Ha ee OCHO-
BE KOHEYHO-3JIEMEHTHAsI MOJIENb MTO3BOJISIET II0JIy4aTh PELICHUE 3ajad KOH-
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6. Pazpaborana aHaIuTHYeCKas MOJENb HENUHEHHOro NehOpMUPOBAHUS dIIEK-
TPOYHpYrux KOHCTpYKUMi. [TocTpoeHHass Ha ee OCHOBE KOHEYHO-IJIEMEHTHAs
MO/IEIb MTO3BOJISICT MOJIY4YaTh PEHICHHE aKTIOATOPHBIX 3a7ad HEIMHEHHOTO Jie-
(dhopMupoBaHus, KaK MPaBWIO, 332 OJUH IIAr 10 HAarpy3Ke W 3a Majoe YHCIIO
utepaiyii B metozie Hetotona-Pagcona.

7. AnexBaTHOCTh W 3((HEKTHBHOCTh NPEIOKEHHBIX MOJEJICH IOATBEPKICHA
CpaBHEHHEM pe3yJIbTaTOB pacyueTa 10 pa3padOTaHHBIM B JIUCCEPTAlMU MOJe-
JISIM € DKCIIEPUMEHTAJIbHBIMU JIAaHHBIMH, AHAJIUTUUYECKUMHU PELICHUSIMH, pe-
3yJIbTaTaMH PacueToB C MOMOIIBI0 TPEXMEPHBIX KOHEYHBIX 3JIEMEHTOB U JIpY-
T'HX KJIACCOB KOHEYHBIX HJIEMEHTOB 00O0JIOUKH.

8. Pemiens! 3a1aui MOJETMPOBAHMSA W ONTUMH3ALMUHA (OPMBI TOHKOCTEHHBIX
KOHCTPYKIIMH 3a cueT 00paTHOTrO Mbe303JeKTpudeckoro 3ddexTa.

9. Pa3zpaboraHHBIE YMCIIEHHBIE ATOPUTMBI PEATM30BaHbl B MAKETE MPOTPaMM
st OBM, HanmcaHHBIX Ha s3bIKe MporpammupoBanus Delphi u npeanasHa-
YEHHBIX JISI MOZAEIMPOBAHUS B MPOCTPAHCTBCHHOW ITOCTAHOBKE CIIOHMCTHIX
KOMIIO3UTHBIX 000J109eK. TOYHOCTh pacueTa TOHKOCTEHHBIX KOHCTPYKIMH C
HIOMOIIBIO Pa3pabOTaHHOIO IIaKeTa MPOrpaMM COIIOCTABUMA C TOUHOCTBIO pac-
4yeTa 10 KOMMEPYECKUM KOHEYHO-3JIEMEHTHBIM IPOrpaMMaM C MPHUMEHEHHEM
TPEXMEPHBIX KOHEUYHBIX 3JIEMEHTOB, OJIHAKO CYIIECTBEHHO MPEBOCXOJUT UX B
CKOPOCTH pacyeTa, YTo JOCTUraeTCs 3a CUET MCIOIb30BaHUS PEIKIX KOHEYHO-
9JIEMEHTHBIX CETOK W MaJloro 4ucia urepanuii Mmerona Herorona-Padcona, a
TaKKe MOCTPOCHHEM MATPHIBI KECTKOCTH 3JIEMEHTA B aHAINTHYECKOM BHIC,
6€3 UCII0JIb30BAaHUS YUCICHHOI'O HHTETPUPOBAHHS.

OCHOBHBIE IYBJIMKALIMU 1O TEME JMCCEPTALIUN
CraTtbu B s)KypHajax, pekoMeH10BaHHbIX BAK 1151 ony0/iukoBaHust
pe3yJIbTATOB JOKTOPCKHUX AHCCePTALMIA
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