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OBILIAA XAPAKTEPUCTHUKA PABOTbBI

AKTYaJIbHOCTh TeMbl HccjieAoBaHuA. Mexanuka aepopMHpyeMOro TBEPIOTO
TeNa, Kak oTpaciib (PyHIAaMEHTAIbHBIX HAYYHBIX UCCIEIOBAHMM M HayudHas 0a3a Bax-
HEHNIIMX TPWIOKEHUI B TPOEKTHOM MOJEIMPOBAHUU JIJISl CAMOIO IIMPOKOro psiaa Mmpo-
MBIIUIEHHO-TEXHOJIOTUYECKUX OTpacieid — OT CTPOUTENIBCTBA U MAIIMHOCTPOECHUS, JO
npUOOPOCTPOCHUSI U AKYyCTODJEKTPOHUKU, MUMEET OAHUM U3 OOYCJIOBJICHHBIX BHYT-
PEHHEN JIOTUKOW U MPUKIAJHBIMU 3alPOCAMH MPUOPUTETHBIX BEKTOPOB PA3BUTHUSA CO3-
JTaHUE€ HOBBIX A(DPEKTUBHBIX TEOPETUUECKUX KOMIBIOTEPHO-MATEMATUYECKUX METOJ/IOB
JUTSL UCCJIEIOBAHUSI YCOBEPIIICHCTBOBAHHBIX HEKIACCUUECKUX MOjieTiel 00bEKTOB U MPO-
neccoB aedopmupoBanus. K kaTeropum HEKJIaCCUYECKUX MPU 3TOM OTHOCATCSI MOJIETH,
peayCcMaTpUBAIOIINE YyUeT celu(UUEecCKUX 0COOEHHOCTEH B ONMucaHuu (hU3HKO-MeXa-
HUYECKUX U T€OMETPUUYECKHX CBOMCTB I€(POPMUPYEMBIX TE€N U AJIEMEHTOB KOHCTPYK-
LU, KOTOPbIE HUBEJIUPOBAIUCH B OOJIBIIMHCTBE UX HCIOJIb3YEMBIX COBPEMEHHBIX Ba-
puaHToB. ECTECTBEHHOE YCIOKHEHHE MaTEMaTUYECKOTO OIMCAaHUS HEKJIACCUYECKHX
MOJIeJIell COOTBETCTBEHHO TPeOyeT pa3paOOTKH HOBBIX MOJIU(DHUKAIINI MaTeMaTHYECKUX
METO/IOB UX uccienoBanus. [Ipy BbIpa)KeHHON TEHACHIIMU K W3YUYEHUIO BCE OOJBIIETO
yucna Mozene nedopMHpoBaHUa Ha 0a3e CTaHAAPTU3HPOBAHHBIX KOHEYHO-IJIEMEHT-
HBIX METOJIOB, PA3BUTHE AHAJIUTUKO-YMCIOBBIX ITOAXOJOB K HCCIEJOBAaHUIO HEKJIAC-
CHUYECKHUX Mojenieil 1eOopMUpOBaHUS COXpaHsIET YpEe3BbIYaiiHO BaXXKHOE 3HAUYEHUE, MOC-
KOJIbKY JUIsl METOJOB 3TOTO THUIA, IOMUMO IPOYEro, PEAIN3yeTCs MOATAHBIA KOHT-
POJIb TOCTOBEPHOCTH MPOMEKYTOUHBIX M KOHEUHBIX PE3yJIbTAaTOB aHAIN3a, HECONOCTA-
BUMO MEHBIIMMHU SIBJISIIOTCS HEOOXOJIUMBIE PECypChl BBIUMCIUTEIbHBIX CUCTEM U Bpe-
MEHH peajn3aluy PaCYETHBIX 3TANIOB, BO3MOKHO MX MCIOJb30BaHuE i Bepu(UKaLUU
pPE3yNbTATOB IPUMEHEHHUSI IPYTUX MOAXO0I0B U T.JI.

B KOHTEKCTE MpEeACTABICHHBIX COOOPAKEHUW, K YMCITY pa3/esioB MEXaHUKH Jie-
dbopMHpyeMOro TBEpIOro Tena, JIsl KOTOPhIX BECbMa aKTyajlbHA pa3paboTKa aHAIUTH-
KO-YHCJIOBBIX METOJIOB aHaJn3a HEKJIACCUYECKUX MOJIENIEH yyeTa YCIOKHEHHbIX (PU3u-
KO-MEXaHUYECKUX M NeOMETPHUUECKUX XapaKTEPUCTHK, OTHOCATCS MOJEIN KOMILIEKC-
HOTO y4yeTa aHU30TPOIUU CBOMCTB MOJ3YYECTH U BIIMSHUS YCIOKHEHHOH T'€OMETpUU
KOHTYpPHBIX OY€pPTaHUN TI'PaHHI] HEOJHOPOJHOCTEH MPUMEHHUTENIBHO K HM3Y4YEHHUIO 3 (-
dbexToB HOpMUPOBAHUS M B3aUMOICHCTBHS TOJICH KOHIICHTPAIIMK HANPSHKEHUN B Mac-
CUBax IOAATJIMBBIX TOPHBIX MOPOJ C TYHHEJIbHBIMU LHWJIMHAPUYECKUMU IOJOCTIMU-
BbIpa0OTKaMH HEKAaHOHMYECKUX MOMEPEUHBIX CEUCHUH. YUeT aHU30TPOIUHU BI3KOYTIPY-
roro 1eopMUPOBAaHUS T€OMaTEPHAIOB U MOIU(MUIIMPOBAHHBIM MOAXOA K OMHUCAHUIO
IrE€OMETPUN KOHTYPOB CEYEHUI ONPENEISIIOT HEKJIACCUYECKUN XapaKTep ITaHHBIX MOJE-
Je#, JUIsl KOTOPBIX B MCCIIEIOBAHUAX KPAaHE 3aTPyAHEHO NPUMEHEHHUE CYIIECTBYIOIIHNX
OIEPAaTOPHBIX METOJIOB Y4YE€Ta PEOJIOTHYECKUX CBOMCTB FOPHBIX MOPOJ M METOAOB Ia-
pPaMETpPUYECKOT0 OMHMCAHMS YCJIOKHEHHOW T'€OMETpUU CeYeHUi Ha 0a3e Teopuu KOH-
dbopmHBIX 0TOOpakeHuid. Takum 0OpazoM, perieHre GyHAaMEHTAIbHBIX U TPUKIaAHBIX
3aIaHUM IO UCCIENOBAHUIO YKA3aHHBIX HEKJIACCHUYECKUX MOJEJEN CBSI3aHO C aKTyallb-
HOU Hay4YHOU MpoOsieMOol pa3pabOTKK HOBBIX d(PPEKTUBHBIX aHATUTUKO-YUCIOBBIX M€-
TOJOB pEUIEHUs 3aJad BSI3KOYNPYTrOCTH MJii aHU30TPONHBIX Je()OPMHUPYEMBIX Tel
YCIIO)KHEHHOM, B TOM YHCJIE MHOTOCBA3HON T€OMETPHUH.
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Eme oauH Kimacc akTyaabHBIX HEKJIACCHYECKHX Mojelned nepopMupoBaHUs TOH-
KOCTEHHBIX KOHCTPYKI[MOHHBIX 3JIEMEHTOB MPEICTABISIOT COOO0N MOAEIH BS3KOYIPY-
roro u3ru0a aHU30TPOIHBIX IUIUT, HAIPABICHUEM COBEPIICHCTBOBAHUS KOTOPBIX JIS
MOJTy4eHHS O0JIee aIeKBaTHBIX OIICHOK MTPOYHOCTH M HAJICKHOCTH IMOJOOHBIX KOHCTPYK-
U B CPABHCHUU C JIOMUHHUPYIOIIEH B MPUKIAJAHBIX pacueTax KIACCHUYECKOW MOJEIBIO
Kupxroda-Jlsipa, siBnsieTcss pa3HOBapUaHTHBIN y4eT AedopMaliii MONMepeyHOro CBUTA.
B sT0#t cBsI3U, cO3/laHuE aNTOPUTMOB PEAYKIIMH COOTHOIIECHUN Ie(pOpMUpOBAHUS BSI3-
KOYIIPYTUX AHU30TPOIHBIX IUINT, KaK T€JI MPOCTPAHCTBEHHOI'O CTPOEHUS, NMPUMEHH-
TEJIBHO K CIIyYar0 IJIUT Majioll TOJIIMHBI C HEKAHOHWYECKOM (POpMOIl CpenrHHOM Mo-
BEPXHOCTHU, a TaKXKe pa3pabOTKa METOJOB PEIICHUS] COOTBETCTBYIOIIUX THIIOB KPAE€BBIX
3a/1a4 JUIsl KOHCTPYKIUWA JAHHOTO BUAA TAKKE OTHOCUTCS K PSAY MEPBOOYEPEAHBIX CO-
BPEMEHHBIX 3a/IaHUil B Pa3BUTHH MATEMATHUYECKUX METOJ0B MEXaHUKH JehopMupye-
MOTI'O TBEPJAOIO TEJIA.

Takum oOpa3zoM, pa3pabOTKa HOBBIX AHATUTHUKO-YMCIOBBIX METOJOB HM3Yy4CHUS
ONMCHIBAEMOr0 HEKJIACCUYECKUMHU MOJEISIMU JBYMEPHOTO BSI3KOYIIPYTOrO HAMNPSIKEH-
HO-1€()OPMUPOBAHHOIO COCTOSIHUSI aHU30TPOIHBIX 3JIEMEHTOB KOHCTPYKIIMI C KPUBO-
JIMHEMHBIMA OTBEPCTUSIMU M BSI3KO-YIIPYTOTO COCTOSIHUSI aHU3OTPOITHBIX MAaCCHUBOB C
CUCTEMaMHU BBIPAOOTOK YCJIOKHEHHOTO CEUCHHS, a TaKXEe CO3JaHHuE IMPOTrpaMMHBIX
MPWIOKEHUHN JIJIST X KOMITBIOTEPHOM peaju3alliy U MojydeHue 0ojee aJleKBaTHBIX Ka-
YECTBEHHBIX U KOJIMYECTBEHHBIX OLICHOK BIIUSHHS BSI3KOYIIPYTHX CBOMCTB MAaTEpHUAJIOB
B KOHCTPYKIUSIX M T€OMACCHBaX, SIBIACTCS aKTyaJbHON HAay4yHOU MpoOiieMoill, UMero-
el BakHoe PyHIaMEHTaJIbHOE U MPUKIIATHOE 3HAUCHHUE U OMPEACIISIONICH 1eu U 3a-
JTaHUS JaHHOT'O JUCCEPTALMOHHOIO UCCIIEIOBAHUS.

CBs3b padoThl ¢ HAYYHBIMH POrpaMMaMH, IIAHAMH, TemaMu. [IpeacraBiieH-
HbIE B paboTe HCCIEOBaHUS CBSA3aHBbI C TEMATUKOW KOHKYPCHBIX (DyHIaMEHTaIbHBIX
UCCIIEOBATENIbCKUX IPOEKTOB «MaTeMaTndecKoe MOAECIMPOBAHUE IPOYHOCTHBIX U
BOJTHOBOJHBIX CBOWCTB JIe(POPMUPYEMBIX SJIEMEHTOB KOHCTPYKIUA U TEOCTPYKTYpP C
YCIIOKHEHHBIMHU (u3HKOo-Mexannueckumu cporctBamm» (MOH JIHP, Ne roc. peru-
ctpammm 0117D000071, 2017-2019 rr.); «MeToasl WCCIIeIOBAaHUS JIMHCWHBIX U HEJIH-
HEWHBIX MOJIEJIEH CTaTHYECKOTO M AMHAMUYECKOTO J1e(POpMHUPOBAHUS aHU3OTPOMHBIX
byHKUHOHAIBHO-TpagueHTHbIX ynpyrux tea» (MOH JIHP, Ne roc. perucrpanumn
0120D000014, 2020-2022 rr.). OCHOBHBIE pPE3yJdbTaThl AUCCEPTAIMOHHON pPabOTHI
BKJIFOUEHBI B OTYETHI 110 yKazaHHbIM HIP.

eab u 3aga4um uccaenoBanms. Llenpio quccepTarmoHHON pabOTHI ABIIETCS pas-
paboTka KOMITJIEKCA CTHECIMATM3UPOBAHHBIX aHATUTHKO-YHCIOBBIX METOJMIOB JIJISl peEllle-
HUs GOPMYIHPYEMBIX B paMKaX HEKJIACCHYECKUX MOJIENEH 3a/lay UCCIeOBaHUS JIBY-
MEPHOTO BSI3KOYIPYTrOTrO HAMpPsHKEHHO-e(HOPMUPOBAHHOTO COCTOSTHUSI MHOTOCBSI3HBIX
AHU30TPOIHBIX MACCHUBOB M TOHKMX aHU30TPOMHBIX IJIUT C OTBEPCTUSMH U MOJOCTSIMH,
a TaK>K€ BBIABJICHHUE U CUCTEMATU3ALIMS YCTAHOBICHHBIX HA OCHOBE X NMPUMEHEHUS BE-
TyIIUX TapaMeTPUYECKUX 3aKOHOMEPHOCTEW BIUSHUS (PU3MKO-MEXaHUYECKUX U Teo-
METPUUYECKUX TapaMeTpoOB MojieJied Ha XapaKTePUCTHKU AePOPMHUPOBAHUS KJIACCOB
H3y4yaeMbIX 0OBEKTOB.

JIs 1OCTHKEHUs Lesiell MCCJIeOBAHUS IMOMJIeKAT PEHICHUI0 CJeAyIolue
HAYy4YHbIe 3a]aHUA.
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— pa3paboTKa KOHIENIIUN CO3/IaHMs aHATMTUKO-YMCIIOBOT'O METO/Ia UCCIICTOBAHMS
BS3KOYIPYTOro HaNpsHKEHHO-IE(OPMUPOBAHHOTO COCTOSHUS aHU30TPOITHBIX Aedop-
MHUPYEMBIX Cpell, He TPEOYIOIMIETr0 MOCTPOSHUS aHATUTHYCCKUX TPEICTABICHUN sIep
MOJI3YYECTH U PeJIaKCaIiy B CIEIHAIBHON (hopme;

— TIOCTPOCHHE YMCICHHOTO aJTOPUTMa TMOJMydeHHs] (PYHKIUH perakcamud Mo W3-
BECTHBIM 3HAUYCHUSIM (QYHKIIHH MOI3y4ecTH (M Ha000poT) 6€3 UCIIOIb30BaHUs aHAIUTH-
YECKUX MPUEMOB aMMPOKCUMAIIMH SKCTIEPUMEHTAIIbHBIX JTAHHBIX;

— pa3paboTKa alropuT™Ma CriakKMBaHUS U BOCIIOJHEHUS TaOJUIl IKCIIEPUMEHTAb-
HBIX JIAaHHBIX, HA OCHOBE KOTOPBIX CTPOSITCS YpaBHEHHUS COCTOSIHMSI JJIsi paccMaTpuBae-
MBIX MOJIEJIEH ¢ UMEIOIIUMHU SIBHYIO 3aBUCUMOCTH OT BpEMEHHU KOd(PPuIimeHTaMu;

— anpoOanus pa3paboTaHHOTO METO/1a MPHU PEIICHUH 3a/1a4 0000IIEHHOTO TIOCKO-
IO HaIpsSHKEHHOTO COCTOSIHMS JJII U30TPOMHBIX M AHU30TPOIHBIX OCCKOHEYHBIX ILIa-
CTHUH, OCJIA0JICHHBIX AJUIUNTUYECKUMHU OTBEPCTUSMH CO CBOOOJHBIMU JTMOO JKECTKO 3a-
KpEIJICHHBIMH KOHTYPaMH,;

— pa3paboTKa MeTojJa MpeoOpa3oBaHusl UHTETPATbHBIX YPAaBHEHUN COCTOSIHHUS MO-
JIEM TUHEHHO-BSA3KOYIIPYTOTO Ae(OPMUPOBAHUS aHU30TPOITHOTO MAaCCHBA TOPHBIX TIO-
PO/ K OIIPEACIISIIONIUM COOTHOIIEHUAM B (hopMe 0000111eHHOoro 3akoHa ['yka ¢ mapamer-
PUYECKUMHU 3aBUCUMOCTSIMU JAe(hOPMAIIMOHHBIX XapaKTEPUCTUK MaTepraia OT BpEMEHH;

— pa3paboTKa aNropuT™Ma MOCTPOCHUSI 3aMKHYTBIX TPAHUYHBIX KPUBBIX CIIOKHBIX
KOH(pUrypanuii Kak COBOKYIMHOCTEW y4acTKOB B BHUJE JJUIMITHUYECKUX WU KPYTOBBIX
YT KOHTYpPOB IepeceyeHuil MO0 O0BbeAMHEHUI BCIIOMOTATENbHBIX BBIMYKJIBIX 001a-
CTEH;

— OCYIIECTBJICHHE YUCJICHHBIX HCCIIECIOBAHUN JJI pacCMaTpUBAEMBIX MOJENEH C
IEIbI0 YCTAHOBJICHUS XapaKTEPHBIX 3aKOHOMEPHOCTEH W3MEHEHHUS HaNpsKeHHO-
ne(hOpMUPOBAHHOTO COCTOSTHUSI T€OMACCHUBOB BOJIM3U TOPU3OHTAIBHBIX TOPHBIX BhIpa-
OO0TOK ¢ YCIOKHEHHBIMU (pOpMaMy CeUEeHU B 3aBUCIMOCTH OT BPEMEHH MX DKCILTyaTa-
MU ¥ (PU3UKO-MEXaHHUECKUX CBOWCTB BMEIIAIOIINX ITOPOT;

— MOJy4YeHWEe YpaBHEHUW HEKJIACCHYCCKUX MOCNeH AehOpMHUPOBAHUS TOHKHUX
BSI3KOYIPYTMX aHW30TPOIHBIX TUIUT HA OCHOBE aJTOPUTMOB PEIYKIIMH COOTHOIICHUI
nehOpMUPOBaHUS BI3KOYIIPYTUX aHW3OTPOMHBIX TUIMT MPOCTPAHCTBEHHOW T€OMETPUHU
MPUMEHUTENBHO K CITy4Yar0 IUIAT MajlOW TONIIHUHEI;

— pa3palboTKa ajlropuT™Ma MOCTPOCHUS AHATUTHUYECKUX PEIICHUMN NJisi ypaBHEHHM
HEKJIACCUYECKOW yTOYHEHHOM TEOpUM U3ruda H30TPONMHBIX U TPAHCBEPCAIBHO-
W30TPOIHBIX IUIUT, YUYUTHIBAIOMIEH AehOpMaINK ITOMIEPEYHOTO C/IBUTA;

— pa3paboTKka aarOpPUTMOB TMOJYYEHUS W UYHCICHHO-AaHAIMTUYECKOTO PEIICHUS
nBymMepHOro muddepeHnnansHOTO YpaBHEHUS B YaCTHBIX MPOU3BOJHBIX IIECTOTO TIO-
psiZIKa HEKJIACCUUECKOW YTOUYHEHHOW TEOPUH HU3ruda OPTOTPOIHBIX TUIUT;

— OCYIICCTBJICHUE UYMCICHHBIX WCCIEIOBAHUMA ISl HEKIACCUYECKUX YTOUYHEHHBIX
Mojeneld u3ruda M30TPOIHBIX, TPAHCBEPCATBHO-U30TPOIHBIX U OPTOTPOITHBIX BSI3KO-
YOPYTHUX TUIAT,;

— 0000IICHHEe W CHCTEMAaTH3allvs IMOJYyYEHHBIX HOBBIX JIAHHBIX O 3aKOHOMEPHO-
CTSX HaIPSKEHHO-Te(OPMUPOBAHHOTO COCTOSIHHUS BSI3KOYNPYTUX AHWU3OTPOIHBIX T'€O-
MAaCCHBOB M M3TH0AEMBIX BA3KOYIPYTUX aHU30TPOIMHBIX TOHKHUX IUIUT C OTBEPCTUSIMH U
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MOJIOCTSIMU B 3aBUCHMOCTH OT MapaMeTPOB MX YCI0KHEHHOW I€OMETPUH, MEPBI aHU30-
TPOINHMH U BPEMEHHBIX HHTEPBAJIOB MPUIIOKEHUS HATPY30K.

O0beKTOM McCiIeI0BAHUS SIBISIETCS HAIPSHKEHHO-I1e()OPMUPOBAHHOE COCTOSHUE
KOHCTPYKIIMOHHBIX 3JIEMEHTOB U F€OMACCHBOB M3 aHU30TPOIHBIX BA3KOYIPYTUX MaTe-
pHAaJIOoB.

IIpeamerom uccief0BaHMA SBISIETCS pa3paboTKa, arpodalus U cucTeMaTH3aus
pe3yibTaTOB NIPUMEHEHUS AHAINTHUKO-YUCIIOBBIX METO0OB MCCIICIOBAHUS HEKJIACCHYe-
CKUX MOJEJENH JBYXMEpPHOro 1e(OpMUPOBAHMS aHU30TPOIIHBIX BSI3KOYNPYTUX FOPHBIX
MaCCHBOB M TOHKOCTEHHBIX KOHCTPYKLIMOHHBIX JIEMEHTOB C IOJIOCTSIMH U OTBEPCTHSI-
MU yCIJIO’)KHEHHOU I'€OMETPHH.

Metoabl ucciiegopanms. PaspabaTeiBacMble U peann3yeMble B TUCCEPTALUOHHON
paboTe crnennaiu3upoBaHHbIE METOJbl 0a3upYIOTCA Ha TEOPETUYECKUX IMOJIOKEHUAX
JIMHEWHOW TEOPHUH YNIPYTOCTH aHU30TPOITHOIO TENA, TEOPUH JIMHENHOTO BA3KOYIIPYTOTO
neopMUpPOBaHUSI, HA MCIIOJIB30BAHUU amnmnapara TeOpuu (PyHKIMI 000O0IIEHHBIX KOM-
IJIEKCHBIX MEPEMEHHBIX, MTOJIOKEHUAX aNreOpsl IpoOHO-pALMOHATIBHBIX (PYHKIMH, MaT-
PUYHOU anredpsl, areOpsl JIOTUKHU, Teopun R-¢ynkumii. [Ipu paspaboTke aliropurMoB
YUCJIEHHOW pealun3aluy MPEeaoKEHHBIX METOJIOB MCIOJIb3YIOTCS JUCKPETHBIA METO]
HAaMMEHBIIIMX KBaJpaToB, METOJ MaJlOro MapaMeTpa, TEOpHs pPas3yIoKeHUs (PYHKUUN B
psasl JlopaHa ¢ UCOIb30BaHUEM KOH()OPMHBIX OTOOpaKEHMI, a TakKe TEOpUs CIELH-
anbHbIX (yHKIU. [IporpaMMHbIE MPUIOKEHUS AJI peaju3aldd METO/I0B CO3/1aHbl B
cpelie CrenraaIn3upOBaHHOTO si3bIka pa3padorku Matlab.

Ha 3ammTy BBIHOCATCH CJIeAYIOLIHEe HAYYHbIC IOJIOKEHHMS PeaJu30BaAHHOIO
HCCJICIOBAHMA:

1. PazpaGoTaHHble B 1uccepTaliid HOBbIE METOJIbI PELLICHHUS TMHEUHBIX 3a7a4 Bsi3-
KOYTIpYyroro AeopMUpOBaHUs, B paMKax KOTOPBIX HE TpeOyeTcs MOCTPOSHUS aHAIUTH-
YECKHUX MPEACTABICHUI SAep pelakcalud M TMOJ3Y4YeCTH, YPAaBHEHMSI COCTOSHUS IS
paccMaTpuBaeMbIX Mojielied UMEIOT (HopMy OMpeAesSIoNNX COOTHOIIEHUM 0000IIeH-
HOTO 3aKoHa ['yka ¢ IMEIOIIMMHU SBHYIO 3aBUCUMOCTh OT BpeMEHHU Kod(puuuentamu, a
B3aMMHOE€ ompeJeseHrue (PYHKIMU pelaKcaldyd U MOJI3yYECTH OCYIIECTBIISIETCS Ha OC-
HOBE YMCJIEHHOTO airOpUTMa MO M3BECTHBIM IKCIEPUMEHTAIBHBIM JAHHBIM O 3HAUEHU-
X B3aHMMOONpenensieMbIX (PyHKIMI 0e3 UCTOIb30BaHUS UX AHAJIMTUYECKON amlmpOKCH-
Malyy ¢ MPUMEHEHUEM IpeajaraéMoil METOJIMKY BOCIOJHEHHs TaOJUL 3KCIIEpUMEH-
TaJbHBIX PEOJOTMYECKUX MapaMeTpoB U Ha 0a3e ydeTa IMIoTe3bl 00 YIpyrou coxumae-
MOCTH MaTepuaja, MOo3BOJSIOT 3(PPEKTUBHO HCCIEAOBAaTh OTKPHITHIA paHee i 4uc-
JICHHO-aHAJIMTUYECKOTO0 M3YYEHHUs MIMPOKUN KPYr BaKHEHIIMX B (PyHIaMEHTATIbHOM
acCHeKTe W JUIA MPWIOKEHUN B IPOEKTHOM TEXHOJOTHMYECKOM MOJEIIMPOBAHUMU HEKJIAC-
CHUYECKHUX 337a4 pacyeTa POYHOCTU U HAJIE)KHOCTU KOHCTPYKIIMI U COOPYKEHUH.

2. IpennoxxeHHBIH W anmpoOUPOBAHHBIN B pabOTe METOJ OMUCAHUS 3aMKHYTHIX
I'PAaHUYHBIX KPUBBIX JIJISl PACUETHBIX 00JIACTEH CIIOXKHBIX KOH(DUTypaluii B MOJENSIX Jie-
bopMHUpOBaHUS BSI3KOYNPYTUX TENl M DJIEMEHTOB KOHCTPYKIIMW, KaK COBOKYIHOCTEH
(GbparMeHTOB B BUJE AJUIUNTUYECKUX UJIM KPYTOBBIX AYI KOHTYpPOB IepecedeHuil Jrudo
OOBEAMHEHUN BCIOMOTATEIbHBIX BBIMYKIIBIX 00JACTEH, CO3/1a€T KAYECTBEHHO HOBBIE
BO3MOYHOCTH JUIsl 3(QPEKTUBHOIO yueTa B TEOPETUUECKUX M MPUKIATIHBIX YUCIEHHO-
aHATMTUYECKUX HCCIEAOBAHUSAX BIMSHHUS OCOOCHHOCTEHW YCIOXHEHHOH, B TOM YHUCIE
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MHOT'OCBSI3HOM T'€OMETPHUH KOHCTPYKIIMM U COOPYKEHUH, Ha PE3yJbTUPYIOIINE MTOKa3a-
T€JIM MTHOBEHHOM M JJIUTENBHOW SKCILUTyaTAlMOHHOW MPOYHOCTH MOJEIUPYEMBIX 00B-
€KTOB.

3. IlpensioxkeHHass B HUCCEPTAlMU HOBask BEPCHsI HEKJIACCUYECKON YTOUYHEHHOMU
MOJIeTIH HM3TUOHOTO e(OPMUPOBAHUS BS3KOYIPYTUX H3OTPOIHBIX, TPAHCBEPCAIBHO-
U30TPOMNHBIX U OPTOTPOIHBIX IJIUT C OTBEPCTHAMM IpU ydeTe aedopmanuil nomnepey-
HOT'O CIBHUIa, OCHOBBIBAIOIIASACA Ha aJIrOPUTME PEAYKIIMH COOTHOLIEHUH IedopMuUpoO-
BaHUs BSI3KOYNPYTUX IUIUT IPOCTPAHCTBEHHOM I'€OMETpUM NMPUMEHUTENBHO K CIIy4aro
UX MaJIOM TOJNIIUHBI, & TAKXKE pa3paOOTaHHBIM METO/ €€ YUCIEHHO-aHATUTUYECKOT O UC-
CJIEIOBaHMsI, BKIIOYAIOIINKA IPOLEAypy MOCTPOSHHSI U YMCIEHHO-AaHAJIUTHYECKOTO pe-
meHus 1udepeHIMaIbHOr0 ypaBHEHHS LIECTOr0 MOpPsiiKa YTOUHEHHOM TeopuH n3ruda
OPTOTPOIHBIX IUIUT, HAPSALY C BKJIAJ0M B MAaTEMAaTUYECKYIO TEOPUIO Ne(POPMUPOBAHUS
TOHKOCTEHHBIX KOHCTPYKUHUN C YCIOKHEHHBIMU (PU3UKO-MEXaHUYECKUM U T€OMETpUYe-
CKHUMH CBOWCTBaMH SIBJISIIOTCS MPAKTUYECKH 3HAYMMBIMH MHCTPYMEHTAMHU MOJYyYEHHS
0oJee aJeKBaTHBIX XapaKTEPUCTUK MTHOBEHHOW M JJIUTEIBHON MPOYHOCTH IJIOCKUX
KOHCTPYKIIMOHHBIX 3JIEMEHTOB M3 aHU30TPOITHBIX KOMIIO3MIIMOHHBIX MAaTe€pUaloB MPHU
JEUCTBUU U3TUOAIOIIUX YCUIIUM.

4. KonndecTBEHHbIE M KAaYECTBEHHBIE 3aKOHOMEPHOCTH Ae(OPMALMOHHBIX MpPO-
LIECCOB, YCTAaHOBJIEHHbIE U OOOOIIEHHBIE 110 PE3ybTaTaM MU3yU€HUs MPEACTABICHHBIX B
JUCCEPTALMM HEKJIIACCUYECKUX MOJEIIEH C MPUMEHEHHUEM IPENIOKECHHBIX AHAIUTUKO-
YUCJIOBBIX METOJIOB, JAIOT OCHOBAHME IS 3aKJIFOYEHUI O PUHLUITAAIBHON POJIM ydeTa
B HCCJIEIOBAHHBIX MPUKIIAJHBIX MOJEJSIX COOTBETCTBYIOIIMX KOMILJIEKCOB YCJIOKHEH-
HBIX (PU3UKO-MEXAaHUYECKUX U TCOMETPUUYECKUX CBOMCTB, a Takxke 00 A()PEKTUBHBIX
BO3MOXKHOCTSIX pa3pab0TaHHBIX METOJOB ISl MOJTYYEHHs] OMMCAHUNA MTHOBEHHBIX U Ta-
paMEeTpUYECKH HM3MEHSIOLIMXCS BO BPEMEHM pPACHpENENICHUN IOJIEH MEXaHWYECKHUX
HaIpsHKEHUH B BSI3KOYNPYTMX AHU30TPOIHBIX MHOTOCBSI3HBIX OOBEKTax, Oojee ajek-
BAaTHBIX MHXEHEPHOU MPAKTUKE M YACTHBIM pe3yjbTaTaM aHaJlM3a HE YNMPOIIAEMbIX T'H-
MOTE€3aMU MPOCTPAHCTBEHHBIX BEPCUI PACCMATPUBAEMBIX MOEIIEH.

HayuyHasi HOBH3HA NOJIyYeHHBIX Pe3yJbTaTOB.

1. C mpumeHeHueM anmnapara anreOpbl pe30JIbBEHTHBIX ONEPaTOpPOB U MAaTPUUHON
anreOpbl BIEpBbIE pazpabOTaH YMCICHHO-aHATUTUYECKUN METOJ OOpallleHus onepaTo-
POB ONPENEISIIOIMINX YpaBHEHUH 1ehOpMUPOBaHUSI aHU30TPOITHBIX BA3KOYIPYIHX CPE.
0€e3 UCTI0Ib30BaHMsI AHAJTUTUUECKUX TPEJCTABICHUN SAep NOI3y4eCTH U peaKcaliu.

2. BriepBble TOCTPOEHA YMCIEHHO-AHAIUTUYECKAs] METOAMKA UCCIIEN0BAHMS 3aa4
BA3KOYIPYIOCTH JUII aHU3O0TPOIHBIX Cpeld, KOTopas sl IMPOU3BOJIBHBIX MOMEHTOB
BPEMEHHU CBOJUTCS K NPUMEHEHUIO AJITOPUTMOB TOW K€ CTPYKTYpPBbI, KOTOPHIE UCIOJIb-
3YIOTCSl IPU PEIICHUH 33]1a4 TEOPUH YIPYTOCTH aHU30TPOIHOTO Ae(POPMUPYEMOTO Teja
0e3 yuera peosorundeckux 3P (HeKToB.

3. BriepBbie MIPUMEHUTEIBHO K UCCIIEI0BAHUIO YPPEKTOB MOI3YUYECTH U peraKca-
MU B 337a4ax JAe(pOpMHUPOBAHUS aHU30TPOIHBIX MACCUBOB FOPHBIX MOPOJ] MPEIOKEH
MeTO/ MpeoOpa3oBaHMs UHTETPAIbHBIX YPaBHEHHUI COCTOSHUS K YpaBHEHHUSAM 3aKOHA
['yka ¢ mapamMeTpuuecKUMH 3aBUCUMOCTSIMH Ae(OPMATUBHBIX XapaKTEPUCTUK MaTepUa-
JIOB OT BPEMEHHU.
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4. BriepBble Ha OCHOBE TPUMEHEHUS Pa3padOTaHHBIX METO/IOB M C yUE€TOM pa3ind-
HBIX TUIIOTE3 00 yMpyrod CKUMAEeMOCTH JTUOO HECKUMAEMOCTH PAaCCMaTPUBAEMBIX Ma-
TEPHUAJIOB PEATM30BaHbI HUCCIEAOBAHNUA 0000IIEHHOTO MIOCKOTO HAMPSKEHHOTO COCTO-
sTHHASI O€CKOHEYHBIX OPTOTPOMHBIX BS3KOYINPYTHUX TUIACTUH C AJUTMIITHYECKHUM CBOOOJ-
HBIM HJIH KECTKO 3aKPETUICHHBIM OTBEPCTHEM.

5. BriepBble NpUMEHHUTENBHO K UCCIEI0BAHUIO MPOIIECCOB IBYMEPHOTO ePOopMuU-
pOBaHUs TEJ C JOKATM30BAHHBIMU HEOJHOPOJHOCTSIMU IIAJIKUX OYEPTaHUN MPETI0KEH
HOBBIM TEOPETHUYECKUN aHATUTHKO-YUCIOBOM aJIFTOPUTM IMOCTPOCHHUS 3aMKHYTBHIX Ipa-
HUYHBIX KPUBBIX CJIOKHBIX KOH(PUTYypalil Kak COBOKYIHOCTEH y4acTKOB B BUJE 3JI-
JUNTUYECKUX WM KPYTOBBIX IYT KOHTYpPOB NEpecedueHuil 1mb0 0o0beIuHEHUN BCIIOMO-
raTelIbHbIX BBITYKJIBIX 00JIaCcTEeH.

6. [IpemyioxkeH HOBBIM TEOPETUUECKUN aHATUTHKO-UYUCIOBON alfTOPUTM PEAYKIIUU
CHUCTEMBI TIPOCTPAHCTBEHHBIX COOTHOIICHUN TEOPUH YIIPYTOCTH, OMUCHIBAIOIINX U3THO-
HOE Je(hOpPMHUPOBAHNE M30TPOITHBIX M TPAHCBEPCATHHO-U30TPOIHBIX IUIACTHH, MPHUME-
HUTEJIBHO K IUIACTHHAM MAaJIOM TOJIIHUHBI C TTOTyYEeHUEM KOMIUIEKCa pa3peliaroimx co-
OTHOIICHUI HOBOW YTOYHCHHOW TEOPWUH M3THMOa OCIA0JICHHBIX OTBEPCTHSAMH TUIACTHUH
YKa3aHHOTO THIIA B BHJIC€ CUCTEMBI ABYMEPHBIX AU depeHIInaIbHbIX YpaBHCHUHA B
YaCTHBIX MPOU3BOIHBIX MIECTOTO MOPSIIKA, a TAK)KE OMKMCAH COOTBETCTBYIOIIHMM CIIOCO0
yIOBJIETBOPEHUS KPAEBbIM YCIOBHUSM Ha IPaHUIIAX OTBEPCTHM.

7. BriepBble MpesIOKEH TEOPETHUUECKUN aJITOPUTM aHATUTUKO-YHCIOBON pPEIyK-
MU CHCTEMbl MPOCTPAHCTBEHHBIX COOTHOLIEHUH TEOPHUH YMPYTOCTH, OMHUCHIBAIOIIMX
u3rubHoe neopmMupoBaHre OPTOTPOMHBIX TUIACTHUH, C TIEPEXOJ0M K HOBOM YTOUHEHHOMN
TEOpUM HM3rMda TOHKUX OPTOTPOIMHBIX TUTACTHH C OTBEPCTHSMH, COJEpXKalle paspe-
IIaroIiee COOTHOIIEHUE B BUAE ABYMEPHOro Au(depeHIIMaibHOr0 ypaBHEHUS B 4acT-
HBIX MTPOU3BOAHBIX IIECTOTO MOPSAKA, a TaKXKe pa3paboTaH COOTBETCTBYIOIIMM aHAIN-
THUKO-YMCJIOBOH METOJI €T0 PEIICHUS M YAOBICTBOPEHUS COOTBETCTBYIOIINM KpPaeBBIM
YCIIOBHSIM Ha TpaHUIaX OTBEPCTHUH.

8. BriepBbie ocymiecTBiIeHbI pa3padoTKa U MPUMEHEHNE aHATUTUKO-YHCIOBOTO Me-
TO/MA OTNPEACIICHUS B YTOYHCHHOW IMOCTAHOBKE BS3KOYIPYTOTO HAMPSHKEHHOTO COCTOSI-
HUS U3rH0AeMBIX H30TPOIHBIX, TPAHCBEPCATBHO-U30TPOHBIX U OPTOTPOTHBIX TUIACTHH
C JUTUITHYECKUM OTBEPCTHEM.

9. C npuMeHEeHHEM KOMIUIEKCa MPEUIOKEHHBIX METOJOB BIEPBBIC BBHISBICH U
ormucad psan crnerupuyeckux 3h(HEeKToB U3MEHEHHs HAMPSKEHHO-Ae(POPMUPOBAHHOTO
COCTOSIHUSL T€OMAaCCHUBOB BOJIM3U TOPHBIX BBIPAOOTOK C YCIOXHEHHBIMHU (hOpMaMU TO-
MEPEUYHBIX CEYCHUH B 3aBUCUMOCTH OT BPEMEHHM HX OKCIUTyaTallud U (PU3MKO-
MEXaHUYECKUX CBOMCTB BMEIIAIONIUX MTOPO/I.

10. BiepBbie 0000IIIEHBI M CUCTEMATU3UPOBAHBI HOBBIE JaHHBIE O 3aKOHOMEPHO-
CTSIX HAMPSHKEHHO-IE(POPMUPOBAHHOTO COCTOSIHUS U3THMOAEMBIX BA3KOYNPYTUX TJIACTHH
C OTBEPCTHUSMH B 3aBUCUMOCTH OT UX T€OMETPHUICCKUX XapaKTEPHUCTHK, BUIA U CTEIICHU
aHU30TPOITHH, a TAKXKE TIEPHOIa IPHIIOKCHHS Harpy30K.

JlocTOBEpHOCTh M 000CHOBAHHOCTb PE3YJIbTATOB TUCCEPTAIMOHHON pPabOTHI
MIOTBEPIKIACTCS CTPOTOCTHIO MTOCTAHOBOK pacCMaTpPUBAEMbIX 3aJlad B paMKaxX MaTeMa-
TUYECKU OOOCHOBAHHBIX anpoOUPOBAHHBIX MOJIETEH TEOPUHU JTUHEUHOU BS3KO YIPYro-
CTM M MEXaHWKH aHU30TPOITHOTO ASHOPMHPYEMOTO TBEPJIOTO Teja; MCIOIb30BAHHUEM
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P TEOPETUUYECKOM MCCIIEJOBAHUU PACCMATPUBAEMBIX HEKJIACCUYECKUX MOJIETEH Be-
PUPUIIMPOBAHHBIX MaTEeMAaTHUYECKUX METOJOB, BKJOYas amnmapaT Teopuu (QyHKUIUN
00OOIIECHHBIX KOMIUIEKCHBIX MEPEMEHHBIX, alredpy ApoOHO-pallMOHATBHBIX (YHKIHUH,
MaTPUYHYIO alreOpshl, anredpy JIOTUKH, Teopuio R-GyHKINil; UCIOIB30BaHUEM B TPO-
LIECCE YHMCIEHHBIX HCCIECJOBAaHUN anpoOOMPOBAHHBIX BBIYACIUTENBHBIX AJITOPUTMOB
JUCKPETHOTO METOJa HANUMEHBIINX KBaJApaTOB, METOJAa MAJIOrO MapameTrpa, TEOPHUH
paznoxxeHuit GpyHKUuM B paabl JlopaHa ¢ HCOIb30BaHHEM KOHGOPMHBIX OTOOPAKEHU,
TEOpUH CHEIUATBHBIX (PYHKIMHI; MPOBEPKON U COIIACOBAHHOCTHIO HaWJIEHHBIX pa3pa-
OOTaHHBIMU METOJaMU PE3YJIbTAaTOB W JIAHHBIMU COIOCTABJICHUSI OTACJIbHBIX YaCTHBIX
pe3ynbTaTOB AUCCEPTAMOHHON pabOThI C OIMYOJIMKOBAHHBIMU PE3yJIbTaTaMH HCCIIEIO-
BAHUU APYrUX aBTOPOB, MOJYYECHHBIMU aIbTEPHATUBHBIMU METOAAMMU.

Teopernyeckass 3HAYMMOCTH PE3YJILTATOB palbOTHl 3aKIIOYAETCS B pa3pabOTKe
HOBBIX 3()()PEKTUBHBIX UYUCICHHO-AHAIMTUYECKUX METOJIOB HCCIEIOBAHMS NapameTpu-
YECKUX BPEMEHHBIX XapaKTEPUCTHUK BSI3KOYIPYrOoro HaIpsSKEHHOTO COCTOSIHUSI aHHU30-
TPOIHBIX CPEJ] C TYHHEIbHBIMH MOJOCTAMH U OTBEPCTHSIMU YCIOKHEHHBIX OYEPTAHHM,
0a3upPYIOIIKNXCA HA KOHIENIMU O0pallleHHs] ONpeIesOMUX YPaBHEHU aHU30TPOITHON
HACJIEICTBEHHOM Cpefibl, a TAK)KE B MOJIYYEHUH HOBOIO BapHaHTa COOTHOIIECHHH yTOY-
HEHHOU TEOpUU U3rnbda TOHKUX TPAHCBEPCAIbHO-U30TPOIHBIX U OPTOTPOIHBIX YIIPYTUX
U BSI3KOYNIPYTUX IUIACTHH, U pa3pabOTKe METOAOB PELICHUs KPAaeBbIX 3a/1a4 TEOPUU U3-
ru0a B paMKax paccMaTpUBaeMON HEKJIACCUUECKON MOJIEIH.

IIpakTH4eckas 3HAYUMOCTb PadOThI 3aKJIIOYAETCS B HEMOCPEICTBEHHOM MpUMe-
HUMOCTHU Pa3pabOTaHHBIX METOJIOB U QJITOPUTMOB MX KOMIBIOTEPHOM YMCIEHHOU pea-
JU3alUU B MMPOEKTHOM MPOTHO3HOM MOJEIUPOBAHUU IMPOLIECCOB JJIUTENBHOIO aedop-
MUPOBAHUS aHU30TPOIHBIX FEMEHTOB KOHCTPYKIIMI U COOPYKEHUI U3 apMUPOBAHHBIX
KOMIIO3UIIMOHHBIX MaTepuajoB, Ae(pOPMUPOBAHUS MACCUBOB M3 MOJATIMBBIX TOPHBIX
NOPOJ, C TYHHEJIbHBIMU BbIPA0OOTKaMH yCIIOKHEHHOU (DOPMBI cC€UeHUSs; TP MOTYUEHUN
MPOEKTHBIX OLEHOK MTHOBEHHOM W UIMTEIbHON MPOYHOCTH MOJABEP>KEHHBIX BO3IEH-
CTBUSIM U3TMOAIOIUX YCWINNA TUIUT U TUIACTUH U3 BA3KOYIPYTUX MOJUMEPHBIX, KOMIIO-
3UIMOHHBIX U apMHUPOBAHHBIX MAaTEPUAJIOB C TEXHOJOTMYECKUMH OTBEPCTUSMHM, BBIpE-
3aMHM M BCTaBKaMH, MPUMEHSIEMbIMH B KOHCTPYKLHSIX CTPOUTEIIbHBIX COOPYKEHUH Ma-
IIMH 1 IPUOOPOB.

Marepuaisl IpeACTaBISHHBIX B IUCCEPTAITMOHHON paboTe MCCIIeI0BaHUHN HUCIIONb-
30BaHbl B yueOHOM mnporiecce I'OY BIIO «/loHenkuii HAITMOHAIBHBIN YHUBEPCUTET) T10
JUCUUIUIMHE MAarucTepcKoro Imukiaa «MareMaThyeckue MOJAENIN T€OMEXaHUKH» IS
cTyneHToB HampasieHus moarotoBku 01.04.02 «IIpuknagnas maremaTrka U nHpopma-
Tuka» (crpaBka o BHeapeHuu Ne 870/01-27/6.1.0 ot 29.08.2022 r., moanucaHa mpopek-
topom 'OV BIIO JlonHY, n.nen.n., mpod. E.M. Ckadoii).

Anpobauus pe3yabTaToB padoTbl. OCHOBHBIE MOJIOKEHUS MOTYUYECHHBIX PE3YJib-
TaTOB IUCCEPTALMU JTOJ0KEHBI U 00CYKJIEHbl Ha HAYYHBIX KOHPEPEHLMIX PA3IUIHOTO
ypoBHs, B ToM uucie Ha: XIV MexnyHapoaHoil HaydyHOM IIKOJE WM. aKaJeMHKa
C.A. Xpuctuanosuua «JlepopmupoBanue u paspyuieHue mMaTepuanoB ¢ AePeKTaMu U
JTMHAMUYECKHE SIBJICHHS B TOPHBIX Mmoponax u BeipadoTkax» (Kpemm, Anymira, 20 — 26
ceHtsi0ps 2004 1.); IX MexayHapoaHOH KOH(EPEHIUH, MOCBAMICHHOW 85-IeTHIO CO
nust poxaenus .M. Boposuua (r. Poctos-na ony, 11 — 15 oktsa0ps 2005 r.); XVI
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MexyHaponHoil HayuyHOU miKosiel uM. akagemuka C.A. Xpucruanosuda “‘Jlepopmu-
pOBaHUE U pa3pylIeHUE MAaTEPUaIOB C AePeKTaMi U JUHAMUUYECKUE SIBJICHUS B TOPHBIX
nopoaax u BeipaboTkax” (KpeiM, Amymra, 18 — 24 centsops 2006 1.); VI Mexnyna-
pOJHOM HaydHOU KOH(epeHINH “AKTyallbHbIE TPOOIEMbl MEXaHUKH AE(POPMUPYEMOTO
TBepaoro tena” (Menekuno, 8 — 11 urons 2010 r.); XV MexayHnapoaHoil KoHpEpeH-
1uu “CoBpeMeHHbIe TTPoOIeMbl MEXaHUKH CIUTomHOM cpenbl” (T. PocroB-Ha-/lony, 4 —
7 nexabps 2011 r.); VII MexnyHapoaHoit HaydHOU KOHbepeHIU “AKTyalbHbIe TIPO-
OsieMbl MexaHUKHU JepopmupyeMoro TBepaoro tena”’ (Menekuno, 11 — 14 urons 2013
r.); VII Bcepoccuiickoif (¢ MEeXIyHApOJHBIM y4acTHeM) KOH(EPEHIIMH 0 MEXaHUKE
neopmupyemoro tBepjoro tena (r. Pocrop-na-llony, 14 — 18 oktsa6ps 2013 r.); 1
MexayHnaponHoii HaydHou koHpepeHuunu «Jlonenkue urenuss 2016. ObpaszoBanue,
Hayka U BbI3OBBI coBpeMeHHocTH» ([onerk, 16 — 18 mas 2016 r.); XVIII MexnyHa-
posHoit KoH(pepeHun “CoBpeMEHHBIE TTPOOJIEMbl MEXaHUKH CILIOIMIHOM cpeasl” (. Po-
croB-Ha-[ony, 7 — 10 HOs0ps 2016 r.); Il MexnayHaponHoit HaydyHOU KOH(pEpEeHIUU
“lonenkue urenus 2018. OOpa3oBaHue, HayKa W BBI3OBBI coBpeMeHHOCTH (JloHelK,
25 oktsa0ps 2018 1.); IV MexnynapoaHoi HaydHOW KOH(pepeHInH ““J{oHenKre YTeHus
2019: oOpa3zoBaHue, Hayka, UHHOBAIlUMU, KyJIbTypa W BbI30BBI coBpeMeHHOcTU  ([o-
Helk, 31 okTsa0psa 2019 r.); XX MexnyHapoaHoit koHpepeHmu “CoBpeMeHHbIE TPO-
0JIeMbl MEXaHUKU CIUTOIIHOU cpeabl”’, nocBsamenHoi 100-neturo akanemuxka .M. Bo-
poBuya (r. PoctoB-na-Jlony, 18 —21 wmrons 2020 r.); V MexayHapoaHOW HaydHON
koH(pepennuu “Jlonenkue urenus 2020: odpa3oBaHue, HayKa, HHHOBAIMH, KYJIbTypa U
BbI30BbI coBpeMeHHocTH (onenk, 17 — 18 nosa6ps 2020 r.); VI MexaynapoaHou
HayuyHoU koHpepeHnun “‘Jlonernkue urenus 2021: obpazoBanue, Hayka, WHHOBAIIWU,
KyJbTYypa U BbI30BbI coBpeMeHHOCTH (Jlonenk, 26 — 27 oktadps 2021 r.).

Matepuanibl quccepTallMOHHONM pabOThI MPEACTaBICHBI M OOCYXICHBI HA TPO-
¢unpHBIX HayuHbix cemuHapax B 'OY BIIO «JloHeukuil HalMOHAJIbHBIA YHUBEPCHU-
Ter», I'Y «HCTUTYT NpUKIagHON MaTeMaTUKu U MexaHuku», ['Y «PecnyOnukaHcKuii
aKaJeMUYECKU HAyYHO-UCCIIEIOBATEIbCKUM U MPOEKTHO-KOHCTPYKTOPCKUN MHCTUTYT
TOPHOM re0JIOruu, F€OMEXaHUKH, Fe0(U3UKN U MAPKIIEHAEPCKOTO 1.

Iyoaukanuu. Pe3ynbraThl AUCCEPTAIMOHHOTO HMCCIEAOBaHUS OMYOJIMKOBAaHBI B
44 nayunbix pabotax. Cpenau nmybnukanuii 25 crateil B pepepupyemMbIx TepHOANIECKAX
M3JaHUsX, BKJIIOYEHHBIX B niepeueHb BAK JIHP, B unciie koTopbix 7 cTaTeil B U3AaHU-
X, BKIIFOYCHHBIX B MEXIyHapoaHble HaykoMmeTpuueckue 0asbl Scopus, MathSciNet,
Zentralblatt, a Taxoke 19 myOnukaiuii B Apyrux U3MaHUSX, BKIIIOYas MaTepHallbl U TE3H-
cbl MeXyHapOHBIX HAYYHBIX KOH(EPEHIIHA.

JInunblil BKIaa aBTopa. OCHOBHBIE HOBbIE TEOPETUUECKUE U YUCIICHHBIE PE3YJib-
TaThl UCCJIEAOBAHMM, BKIIIOYAsi pa3pab0TKy MPOrPaMMHBIX MPUIIOKEHUN, TIOTyUYCHBI aB-
TOPOM CaMoOCTOsATeNIbHO. B myOnukanumsax [1-5, 9, 11, 17, 24, 31-33, 41] coaBTropam
A.C. Kocmonamuanckomy, B.II. IlleBuenko, H.M. HeckoponeBy u B.M. CropoxeBy
NpUHAAJIEKAT YYacTUE B MOCTAHOBKAX 3a7a4 U B OOCY>KJIEHUU MOJIYYCHHBIX pe3yJbTa-
ToB. B padote [21] coaBropy A.A.XaGoenoBy MpUHAMICIKUT ydacTHEe B pa3pabOTKe
POrPaMMHOI0 MPUJIOKEHUSI JIJIS1 OCYIIECTBICHUSI YUCIEHHBIX SKCIIEPUMEHTOB Ha 0a3e
MPEJIOKEHHBIX METOJIOB, a TAaKXKe ydyacThe B 00pabOTKEe U CHCTeMAaTH3alluu pe3yJibTa-
TOB YHCIICHHOTO aHaJIn3a.
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Crpykrypa u o0beM auccepranuu. /uccepraumonHas paboTta COCTOUT U3 BBE-
JICHUSI, CEMH Pa3/IeNOB, 3aKJIIOUEHUSI C OCHOBHBIMHU BBIBOJAMH M PE3yJIbTaTaMH, CIIHCKA
auteparypsl U3 311 UCTOYHUKOB M NpuiioxeHus. Pabora copepkut 45 pucyHKOB U 26
Tabnwil, u3jokeHa Ha 271 crpanulie, U3 KOTOphIX 238 CTpaHUIl 3aHUMAET OCHOBHOE CO-
JiepKaHue.

OCHOBHOE COJEPXAHUE JUCCEPTALIUUA

Bo BBeaennu 00OCHOBaHA aKTYaJbHOCTb TEMBbI JHCCEPTAIMOHHON pPabOTHl U
MpEe/CTaBJICHbl JJAHHBIE O €€ CBS3M C HaYYHBIMHU MPOrpaMMaMH M TeMaMH; chopMyIiu-
POBaHBI 11€J1b U 3a1a4M UCCIIEAOBAHNS, a TAK)KE BBIHOCUMBIE Ha 3aIlIUTY MOJIO0XKEHUS pa-
OOTBHI; OXapaKTepHU30BaHbl HAay4YHass HOBHM3HA, TEOpPETHYECKas W IMpaKTHYECKas 3HAYM-
MOCTb TOJIYYEHHBIX PE3YyJbTAaTOB, & TAK)KE€ METOJIbI MCCIICIOBAHUS; MPEACTABIICHA ap-
TyMEHTalUs JOCTOBEPHOCTH U 0OOCHOBAHHOCTH OCHOBHBIX MOJIOKEHUN U BHIBOJOB Pa-
OOTHI, a TAaK)KE MPUBEICHBI JaHHBIE O MyOIUKAIUAX U arlpoOalUsaX MO pe3yJsibTaram OT-
PaXXEHHBIX B JUCCEPTAIMU UCCIICIOBAHUIA.

IlepBblii pa3aen paOOThI MOCBSIIEH aHATUTUYECKOMY 0030py METOJIOB U PE3yJib-
TaTOB MCCIEOBAHUM B pacCMaTpyMBaecMON MPEeIMETHOW 00JaCTH U aKTyaJIbHBIM 3aja-
HUSM UX JalIbHeHIen pa3paO0oTKi MPUMEHHUTENIbHO K HEKJIIACCUUECKUM MOJIENISIM JBYX-
MEpHOTro 1e(QOpPMUPOBAHUSI AHU30TPOITHBIX BS3KOYNPYTUX TOPHBIX MACCHBOB U TOHKO-
CTEHHBIX KOHCTPYKIIMOHHBIX 3JIEMEHTOB C MOJIOCTSIMU U OTBEPCTHSIMHU YCIOKHEHHOMN
r€OMETPUHU.

OxapakTepr30BaH BKJIaJ B Pa3BUTHUE TEOPETUUYECKUX OCHOB M KOHKPETHBIX METO-
JIOB UCCIIEZIOBAHUS 3a/1a4 MOJI3YYECTH U BI3KOYIIPYTOCTH 1eOPMHUPYEMBIX CPEIl U Jie-
MEHTOB KOHCTPYKIIMW, BHECEHHBIH OTCUYECTBEHHBIMH M 3apyOEKHBIMH YUYEHBIMHU
H.X. Apyttonsinom,  K.C. EpxxanoBeiM,  ['.M. UBaHoBbIM,  A.A. MIbIOMMWHEIM,
C.A. KanoepoBsiM, A.A. KamuHCKHM, M.A. KontyHOBBIM, B.I'. ' poMOBEIM,
B.1. Maneim, B.E. [ToGenpei, FO.H. PaboTHOBEIM, A.P. P)xaHuLIUHEBIM,
M.U. Pozosckum, I'.H. Casuneiv, JI. baengom, L. Boltzmann, R.M. Christensen,
V. Volterra, J. Ferry, R.A. Schapery u apyrumu. IIpu 3TOM 0000 OTMEUeHBI pabOTHI
[II.M. AiitanueBa, W.B. bakmamosa, H.C. bynsiueBa, P.JD. lamko, A.H. /lunnHuka,
K.C. EpxxaHoBa, A.H. 3opuna, C.A. Kanoepoga, A.C. KocMomamuaHcKoro,
C.I'. Jlexununkoro, XX.K. Macanosa, M.!. Po3osckoro, I'.H. CaBuna, B.1 1. CtopoxeBa,
S. Crouch, A. Starfield, mocssiiieHHbIC HCCIICIOBAHUIO YIPYTrOr0 W BSI3KOYIPYTOro
HAIpPSHKEHHOTO COCTOSIHUST MAacCCHUBOB TOPHBIX MOPOJ BOJW3H TOPU3OHTAIBHBIX TYH-
HEJIBHBIX BRIPA00TOK. OTACIBHO MPEICTABICH aHAIN3 PA0OT, MOCBSIIEHHBIX KJIacCUYe-
CKMM M YTOUYHEHHBIM MOJIETISIM U TEOPETHUYECKUM METOJIaM HCCIEAOBAHUS MPOLECCOB
nedhopMUpOBaHUST TOHKOCTCHHBIX KOHCTPYKIIMHM, aBTOpaMH KOTOPBIX SIBJISTFOTCS
C.A. Amb6apuymsa, B.B. bonorun, B.B. BacunweB, B.3.Bmacos, W.W. Boposuu,
A.JL T'onbaensenizep, 2.U. I'puromok, A.H. I'y3s,, C.A. Kanoepos,
A.C. Kocmogamuanckuii, C.I'. Jlexunuukuid, A.W. JIypee, Bb.JIL Ilenex, I'.H. CaBun,
C.I1. Tumomienko, M.IO. Xoma, B.A. lllangeipan, M.J. Boussinesque, F.D. Gehring,
H. Hencky, M.T.Huber, A.Fopple, G.R.Kirchhoff, W.T. Koiter, P.M. Naghdi,
E. Reissner u psig qpyrux y4eHbIX.
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Ha ocHOBaHMM aHanM3a U CUCTEMATHU3AlMU PE3YyJbTaTOB BbIIIEYKa3aHHbBIX HCCIIE-
JIOBaHUM OTMEUYEHO CYIIECTBOBAHUE HECKOJIBKHMX KJIACCOB BAXKHBIX U AKTYyaJbHBIX B
TEOPETUYECKOM U MPUKIATHOM aCHeKTaX HAyYHBIX MPOOJIEM M KOHKPETHBIX KJIACCOB
3a7lad U3 paccMaTpUBacMOM TEMaTH4eCKOH 00yacTH, TpeOYIOUMX pPACHIMPEHHOIO U
yIIyOJIEHHOTO M3Y4YeHHS Ha HOBOM Ka4eCTBEHHOM YPOBHE B paMKaxX YTOUHEHHBIX He-
KJIACCUYECKUX MoJeneld. B 4acTHOCTH, aKLEHTUpOBaHAa HEOOXOAMMOCThH pa3pabOTKU
HOBBIX J(PQEKTUBHBIX TEOPETUYECKUX METOAOB MAPAMETPUUYECKOTO HCCIIETIOBAHUS
HaNPsKEHHO-A€(OPMUPOBAHHOTO COCTOSIHUSL MHOTOCBSI3HBIX aHW3OTPOIIHBIX CpEN C
YUETOM peoJiorTnyecKuX 3(h(PEeKTOB, B TOM UMCIIE aHAIN3a BIAUSHUS (akTopa MOJI3yd4ecTH
B @HU30TPOIHBIX TOPHBIX MAacCUBAaX C TYHHEJIbHBIMHM BBIPAOOTKAMHU YCIIOKHEHHBIX Ce-
yeHuil. [IpencraBieHbl 000CHOBBIBAEMbIE MOTUBBI MOCTPOEHUS HOBBIX MOAM(PUKAIMIA
YTOYHEHHBIX TEOPUH U3rHba aHU3OTPOMHBIX YNPYTUX U BA3KOYNPYTUX IUIACTUH U HC-
CJIEIOBaHUA B paMKaX ATUX TEOPHUH C HOBBIX LHUKIIOB 33J1a4 00 U3ruOHOM 1e(hOpMHUPO-
BaHUH aHU30TPOMHBIX TUIUT C OTBEPCTUSIMHU.

Bo BTOpOM pasagese pabOThl NpeACTaBiIeHA pa3pabOTKa HOBOIO AHAJIUTHKO-
YUCJIOBOIO METOJAa MapaMeTPUYECKOrO0 HCCIENOBAHMS BS3KOYNPYIrOro HaIpshKEHHO-
ne(hOpMUPOBAHHOTO COCTOSIHUSL AHU30TPONHBIX cpell. [[laHO KOHUENTyallbHOE ONMCaHue
IpeaIaraeMoro noaxoJa NPUMEHUTEIbHO K MOJEIN 1e(hOPMUPOBAHKS AaHU30TPOITHOTO
BSI3KOYIIPYTOro Tejla B KOOPIMHATHOM NpocTpaHcTBe OX XoX3 C ypaBHEHUSIMH COCTOS-

LdP(t-

e(t)=P( +O 5 tt 2 s(7)dr, (1)
tdR

s(t)=R( +O dt . e(r)dr, (2)

B KOTOPBIX e(t):[el,ez,e3,e4,e5,e6] , s(t)=[sl,32,s3,s4,s5,56]T — BEKTOpHI Jeop-
MalMii Y HaOpsDKEHWM B TPOU3BOJBHBIA MOMEHT BpEeMEHH 1] P(t): Pon (t),

R(t)=Ryn(t) (m, n= 1,_6) — COOTBETCTBEHHO DETYJSAPHBIE YaCTH (DYHKIMOHAIHHBIX
MaTpHIL TIOJI3yYECTH M PEAKCALIUH, & B MIPEAETBHOM CIIydae WAealbHO YIIPYroro Mare-
puana P(0)=a=ay, u R(0)= A=A, — COOTBETCTBEHHO MATPHIIbI KOOYDUIINEHTOB

nedopmarii 1 MaTPUIlBl MOJYyJIeld ynpyroctu. Martpuiisl GyHKIHM nomsydectd P u
penaKkcanuu R COOTBETCTBEHHO  MOYKHO  IIPEICTABUTH  MPOU3BEACHUSIMU

P (t) = {Pmn (t)} = {amn Pmn (t)} : R(t) = {Rmn (t)} = {Amnrmn (t)} , 1 ypaBHenus (1), (2)
3amucaTh B BUIC
& = Sj.5 = Aj € (i,j:1,6), (3)
rae
= (1+ IO:;) Aj = A (1—ﬁ;)- (4)
Kaxaplii U3 BpeMEHHBIX OIepaTopoB (4) BKIIOYACT COCTABHBIC AJICMEHTHI B BHJIE MaT-

*
PHI[ IOCTOSIHHBIX &jj WK A,-j , @ TAKXKE MHTETPANIbHBIX OIEPATOPOB & Pjj WiIn Ajj I
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* tdp-.(t—T) * tdr"(t—‘[)
& Sj(t)zghsj (T)dr’ fij j(t):_ghej (Z‘)dz‘ (5)
C siipaMH HACJICICTBEHHOCTH dpij (t—r) - drij (t_z-)
d(t—Z') d(t—z')

Oo6pamenue GyHkmonanbHbIX cucteM (1), (2) umu (3) npeacTasmsieT co0oit Tpy/I-
HOPA3PEIIMMYIO0 B aHAIMTUYECKOM IUIaHE 3a7aqy. DKCIIEPUMEHTAILHO OIMpeaesseMbIe
3HaueHus s saep P wim R 3amaroTcs gucKkpeTHBIME HabopamMu BEITWYWH, COOTBET-
CTBYIOIIIUMHU HEKOTOPHIM (PUKCHPOBAHHBIM 3HAYCHHSIM BpeMeHH. [lo 3TuM skcmepu-
MEHTAJbHBIM 3HAYCHHUSAM PA3THYHBIMU METOJIAMH CTPOSITCS aHATUTHYECKHE aIMPOKCH-
MaIu saep B crenuanbHoi (Gopme. OMHON M3 TakWX HCIMOIB3YEMBIX Ha TPAKTHUKE
dbopM SABISIOTCA MPEACTABICHUS JPOOHO-PAITMOHANTBHBIMUA (PYHKITUSMHU, TOCTPOSHHBIMU
FO.H. PaGoTHOBBIM

. n ,n a+n(1+a)
I(-Bit-1)=3 (1) 7(t-7) . (6)
oo Tl(n+1)(1+a)]

Omnepatopsl ¢ sapamu Buza (6) 00JIa1ar0T CrieNUATbHON anredpoil, UX pe30JbBEH-

Tl ~ TpEIACTaBICHBl  (QyHKOMAMH  TOTO  JK€  Kjacca, TO  ©CTh  IPHU

dpjj (t—7)
d (t — r)

= 11-199%}0 (— ,Bijp;t — T) MHTETPaJIbHBIN onepatop &;j (4) npuHUMaeT BUL

gij = aij 1+ ﬂ”p 3;}0 (_ﬂljp) . (7)

HeobxoaumMo OTMETHUTH, YTO aNmpOKCUMAIIMSI KPUBOW MOJ3YYECTH IO JKCIEPH-
MEHTAJIbHBIM JAHHBIM SIBJISETCS UCTOYHUKOM JIOTIOTHUTEIBHBIX MOTPEIIHOCTEN MOICIIH
JMHENHO-BA3Koynpyroro nepopmuposanus. Tak, aapo Buga A3, (—,H = z') COJICPKUT
BCETO TPH MPOU3BOJILHBIC KOHCTAHTHI A, & W [, 4TO HE BCETia MO3BOJIIET MTOCTPOUTH
GyHKIINIO, B IOCTATOYHOM Mepe KOPPEKTHO OIHUCHIBAIOINIYIO JAe(OPMUPOBAHUE HA JIO-
CTaTOYHO OOJIBIIIOM BPEMEHHOM HHTEpPBaJIe TIO0 AKCIEPUMEHTAIBLHO HAWJEHHBIM BEJU-
yyuHaM. Tak mpoBeACHHBIN B psijic padOT aHAIU3 PEe3yIbTaTOB alMPOKCUMAIINH MTOKa3bI-
BAET, UYTO IMOTPEHNIHOCTh B OTIEJBHBIX CIy4asiX AOCTUraja TpuAuath npoueHToB. [lo-
ATOMY, JJIsl aJIEKBATHOTO OMMCAHUS BSI3KOYNPYTUX CBOMCTB PeabHBIX TEJ HEOOXOAUMO
UCITI0JIb30BAHUE ONEPATOPOB C siipaMu Oosiee cinoxHOM Ghopmbl. [[11s1 Takux onepaTopoB
MIOCTPOCHHUE PE30JIBLBEHTHI B aHATUTUYECKON (hopMe HATATKUBACTCS Ha HEMPEOA0JIUMbIC
TPYAHOCTH.

B pab6orax B.I'. I'pomoBa nokazaHo, 94To IOCTpOeHHUE airedphl onepaTtopoB Boib-
Teppa MOXKET OBITh OCYIIECTBIICHO ISl JIFOOBIX PE30JILBEHTHBIX OMEPATOPOB, UYTO JACT
BO3MO>KHOCTh MOJTYUYEHHS PEIICHUN TPAHUYHBIX 337a4 TEOPUU BSI3KOYNPYrOCTH C Napa-
METPUYECKUMHU 3aBUCHUMOCTSAMH OT BpPEMEHHU alreOpandecKuMu MeToaamu. Pemienus
MOTYT OBITh HalJIEHBI C UCIIOJIH30BAHUEM TTPOU3BOJIBHBIX MCXOHBIX OMEPATOPOB U BbI-
pakKeHO 4epe3 3HAUCHUS MPOU3BEACHHS Ha CAMHUYHYIO (PYHKIIMIO 3THX OMEPaTOpPOB,
3aJIAaHHBIX HETIOCPEJCTBEHHO TaOJIUIICH SKCIIEPUMEHTATBHBIX TaHHBIX.
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B nucceprammonHoi paboTe MPeaIoKeH HOBBIA MOAXOJ K PEIICHHUIO 3a/1ad JiH-
HEHHO-BS3KOYIIPYyroro aehopmupoBanus. [Ipenimaraemprii moaxom He TpeOyeT MOCTPO-
€HUS aHAJIMTUYECKOTO MPEJICTABICHUS SAEP MOA3YYECTH U pelaKkcalluy B ClelUaIbHON
dbopMe 1 OCHOBAH Ha YHCJICHHOM ONPEICICHUN PE30JbBEHT UHTETPATbHBIX YPABHCHHUM

COCTOSIHHAS CpeAbl HA OCHOBE SKCIIEPUMEHTAJIBHOTO OINpEACNCHUS] (PYyHKIUN P(t) "
R(t). [IpuMeHUTEIBHO K pealn3yeMbIM B OMBITAX MO WAECHTU(UKAIIMU XapaKTEPUCTUK
HOJ'I3yUIeCTI/I npoueccaM MI'HOBCHHOTI'O HpI/IJ'IO)KeHI/IH u HOI[I[ep)KaHI/IH ITIOCTOAHHOTI'O
YPOBHSI HAIPSIKEHUN S(t) =0 HHTEerpupoBaHue ypaBHeHUs (1) MPUBOIUT K COOTHOIIIE-
HUIO

e(t)=P(t)o, (8)
rjae o =Sy (O) =[61,02,63,04,0'5,66 ]T — BEKTOP-CTOJIOEI] MOCTOSIHHBIX HAIPSHKEHUM.

Ha ocHoBe ¢opmyibl (8) /11 COBOKYIMHOCTH 3HAYCHHUI MapameTpa BPEMEHHU IO COOT-
BETCTBYIOIIMM SKCIEPUMEHTAJIBHBIM JIAHHBIM 3aMepoB Jaedopmaiuii OmpeaeisitoTCs
COOTBETCTBYIOIINE 3HAYCHUS (PYHKIIUU P(t). [Tocne unTerpupoBanusi ypaBHeHus (2)

110 YacTAM M HOACTAHOBKU B HETO BBIPAKEHHS (8) MOKHO HAMTH COOTHOLIEHHE, CBSA3bI-
BarolIiee Mexy codoi hyHkimu nonsydectu P (t) u penakcamun R(t)

t dP (2')
| =|R(t-7)——=dr, 9
[R(t-0)=5; ©
rae | — enunnynas matpuna. Takum oOpa3om, u3 ypaBHeHUs (9) HaXOAATCS 3HAYCHHUS

dyHkiun penakcaumn R(t), coorsercryromue 3HaueHusM (ynkuun P(t), ycranos-

JICHHBIM U3 DKCIIEPUMEHTOB Ha MOJI3y4€ECTh.

AJIbTEpHATUBHO, B OMBITAX IO OMNPEJEICHUIO XapaKTEPUCTUK pelaKcallid MIHO-
BEHHO MPUKJIAIBIBAIOTCS U MOACPKUBAIOTCS MOCTOSTHHBIMU Jiepopmanuu. [[1s1 qaHHBIX
MPOIIECCOB MOCJIE€ MHTETPUPOBAHUS ypaBHEHUS (2) MOXET ObITh 3alTMCAHO COOTHOIIIE-
HUE

s(t)=R(t)e, (10)
T y
B KoTOpoM & =8y (0)=[&1,67,63,64,65,66] — BekTOp-cTONGEN NedOPMALHI KOHCTAHT,
M COOTBETCTBEHHO ONPE/IENCHBI 3HaueHHs QyHKIMH R(t) MO BENMMYMHAM H3MEPSIEMBIX

BO BpeMeHM HamnpsbkeHui. [locne unterpupoBanust ypaBHeHUs (1) 1Mo yacTsM U MOJ-
CTaHOBKU B Hero BbIpakeHHs (10) Takxe 3amuchIBaeTCsl CBSI3bIBAIOIIEE MEXKIY COOOM
dynkiun penakcamuu R(t) u nomyuectu P(t) cooTHomeHue

dR(7)

t
| =£P(t—r)7dr . (11)

Pemrenus ypaBuenwuit (9), (11) MoryT ObITh MOJTy4EHBI YHCICHHO 0€3 MCIOJIB30Ba-
HUS aHAJIUTHYCCKOW aIlMpOKCUMAIIMU TSI MHOXKECTB JKCIIEPUMEHTAIBHBIX 3HAYCHUI

byHKIUN P(t), R(t). Tak, npu pa30ueHNN BPEMEHHOTO OTpe3Ka [O,t] Ha N wmHTEpBa-

JIOB paBHOW JUTMTENBHOCTH N, BBEJCHUH TUCKPETHOW COBOKYITHOCTH MOMEHTOB BpeMe-
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mn tp =0, ty=h, ..., t;=ih, ..., ty =t n oboznauenuit Py, Py, ..., Py w1 sxcriepu-
MCHTAIBHO HaiifICHHBIX 3HaueHWH (yHKuuu momsydectn P(t) B cooTBercTBYyOLIHE

MOMEHTHI BPEMEHH, COOTHOlIeHUE (9) B TOUKaX BPEMEHHOM CETKHM MOXKHO MPHUOIIHU-
YKEHHO 3aIucaTh B BUJIE

n
=2 Ryi(Pi—Py), (n=0L1..N), (12)
i=0
rae P =P(t), Ry_j=R(t,—t). IIpu >ToM, npuHKMAasi BO BHHMAHHE, YTO 3HAYCHHC

P_1= P(ti—l) JUIsL OTPULIATENbHBIX 3HAYEHUN MHAEKCa paBHO Hymo, u3 (12), moxer
OBITh MOJIYYEHO PEKYPPEHTHOE COOTHOILIEHHE

R, = I—Zn:Rn_i(Pi—Pi_l) A, (n=01.,N), (13)
i=1

C TIOMOIIbIO KOTOPOTO 10 SKCIIEPUMEHTAIILHO HAMIEHHBIM 3HAYEHUSIM (PYHKIIUH TOA3Y-
YEeCTH B TOUKAX BPEMEHHOM CETKH ONpPENEISIOTCS 3HaUeHUsI (PYHKIIUU peslakCalluu.

AHanoruyHeIM 00pa3oM OCyUIECTBIsETCs penienre ypaBHenus (11) ¢ momyueHuem
COOTHOIIICHHSI

n
Po=/1-> P(Ri-Riy)|a, (n=01..,N). (14)
i=1

MO3BOJISIONIETO MO0 YCTAHOBJICHHBIM 3HAUYCHHUSIM (DYHKIIMU pellaKcalliil B TOYKax Bpe-
MEHHOM CETKM HaXOJUTh 3HaueHUs QYyHKIUU MOJI3ydecTH. Takum 00pa3oM, COOTHOIIIE-
Hus (13) u (14) monMHOCTHIO pemiarT 3a7auy obpaiienus ypaBaenuit (1), (2) ¢ ucmnoss-
30BaHHEM TaOJIUI] IKCTIEPUMEHTATBHBIX JaHHBIX.

B pabote Taxke nmpeaiioKeH aaropuTMa MoJydeHHs] Ha BpeMEHHBIX OTpe3Kax [O,t]

IIAIKUX  AlMPOKCUMUPYIONIUX IPEACTABICHUM W(t) sl QYHKUMA MOJ3Y4eCTH H

GyHKIUN peakcaluu, ONTHUMU3UPOBAHHBIX MO BEJIMYMHAM COBOKYITHBIX OTKJIOHEHUH
OT COOTBETCTBYIOIIUX MHOKECTB UX SKCIEPUMEHTAJIBHO YCTAHABIMBAEMbIX 3HAUCHUH,
KOTOpBIC Jajiee, IPU HECOBEPIICHCTBE COBOKYMHOCTEH SKCIEPUMEHTAJIbHBIX TaOIuy-
HBIX JIaHHBIX, MMO3BOJISUIM Obl BOCCTaHABIIMBATh HEOOXOJUMBIC JJI peau3alliy BhIIIe-
OMMCAHHBIX METOJOB oOparieHus: Ha 0aze cootHomeHui (13), (14) 3HaueHUs1 COOTBET-

CTBYIOIIMX (DYHKIIMII HA paBHOMEPHOU CETKE pa3OueHus [O,t] Ha N uHTEepBaJIOB M-
tenbHOCTH h. Tak, B 4aCTHOCTH, IPH HAJIWYNH TAHHBIX U3MEPEHHH, MPEICTABISEMBIX
TOYKaAMH (tk,gk), &k = P(tk), B Clly4a€ HEPaBHOMEPHOM IMTEIBLHOCTH BPEMEHHBIX
uHTEepBaoB 3amepa 0=ty <t; <...<t, =t, c yueTom ampuopHOro cBOWCTBA MOHOTOH-
HOT'O BO3pacTaHus 3HaUeHHH rocienoBarensHocTu £(ty) = &g, &1, ..., &, = £(t) , a Tarke

0COOCHHOCTEM ToBeNeHUs (PYHKLIHU TOI3YyYECTH NpPHU HArpy3Kax, MEHBIIMX Ipeaesa
OPOYHOCTH MaTepuana, KOrja pa3BUTue AeQopMaiiili MpakTUYeCKHd MOJHOCTHIO Ipe-
Kpalaercsi Npy JOCTHKEHUHU OIPEAEIEHHOIO BPEMEHM, B Ka4eCTBE alllIPOKCUMHUPYIO-
el pyHKuuu W(t) MPEJI0KEHO BHIOMPATH MPEACTaBICHUE B BUIE psia
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m
w(t) = [1+ > ay t“k]e_ﬁta : (15)
k=1

KOTOPBIA COJNEPKUT 3aTyXaIIyl0 SKCIOHCHIUATbHYI0 (QYHKIHUIO M MOAJSKAIIUE
OIpEICIICHUIO METOI0M HAUMEHBIIINX KBAJIPaTOB BEIMUUHBL & , [, & .

B kadectBe mpuMepa MPUMEHEHUS pa3paOOTaHHOTO aJIrOpUTMa peaii3oBaHa 00-
paboTKa TPECTaBICHHBIX B JIMTEPAType JAHHBIX JKCIIEPUMEHTOB I KOMIIO3UTHOTO
Matepuana crekiaorekctonuT TC8/3-250. Benuuunsl nedopmanuii, OTHECEHHBIE K Be-

JWYUHE &, IpUBEIEHBI B Tabuue 1.

Tabmura 1
t, gac 0 12 24 48 120 240 360 504
el &y 1,000 1,200 1,271 1,336 1,432 1,542 1,632 1,684
t, uac 624 744 864 1008 1128 1248 1320 1400
el &y 1,736 1,755 1,774 1,826 1,832 1,838 1,839 1,839

Jus m=4 dyakuus Hawiyuniero npuOmmwkenus (15) momyueHa mpu mapameTpax
a =0,476; £ =0,068; a:[0,1503; 0,0005; 0,0003; 0].

& /8() %
,,,,, }M -

1.8 po—

1.6

1.4

1.2

1200

0 200

400 600 800
a)

1000

600 800

0)
Puc. 1

0 200 400 1000 1200

['paduix KpuBO# MOJIBYyUECTH, TOCTPOECHHOM B BUJE allIPOKCUMUPYIOIIEH (PYHKITUU
(15) nns sToro ciydvas MpHBEAEH HAa pUCyHKe 1, a); ToukamMH Ha rpadHuKe OTMEUYCHBI
JlaHHBIE, MTpeIcTaBlIeHHbIC B Ta0nuile 1. Ha pucynke 1, 6) npuBeneHa noixydaemas B pe-
3yJbTaTe MpuMeHeHus aaroputMa (13) kpuBas pejakcalii, COOTBETCTBYIOIAs JaHHO-
My BapuaHTy (YHKUUHU MOA3ydyecTH. TOYHOCTh pacyeToB B paMKaxX OMHUCAHHOIO aJro-
pUTMa KOHTPOJIMPOBAIACH TAKXKE MyTeM TepepacueToB 1o Gopmynam (14), u Beraucs-
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CMbIC 3HAUCHHUA CPABHUBAIIMCH C HCXOJHBIMU TaOJIMYHBIMHU 3HAYCHUSIMU Pk . B pe3yliib-

TaTe MaKCUMaJjbHas a0COIIOTHAS 110 3HAUYCHUIO IMOTPCIIHOCTL HC IIPCBbIIIAJIa 10_15.

Martpuunbie ypapHeHus (8) u (10) MoryT OBITh 3amMcaHbl B hopMme
€ = Plj (t) S] y ) = le (t) eJ , P” :aij p” (t), le = A”r” (t) (l, J :1,6) (16)

Jliist citydast, KOrja M3 SKCIEPUMEHTOB Ha MOJI3YYEeCTh OMPEIEIENIETCs MaTprIla
dynxumit nonsyuectn By (t), Ha OCHOBE COMOCTABNEHNUs COOTBETCTBYIOMIMX MPE/ICTAB-

JNICHUH € = & Sj = &j (l+ p;) sj u3 (3) u (16), ¢ ucnonE30BaHKEM MPEIAraeMon Me-

*
TOIMKH MOXHO MONY4UTH 3Ha4eHus Pjj-1= pjj —1. Takum obpasom, U3 dKCIIEPUMEH-

TAJbHBIX JAaHHBIX I KPUBLIX ITOJI3YYCCTHU, C YUCTOM HX BOCIIOJHCHUA, IMOJYUYCHBI 3HA-
YCHUA PCIYIILTATOB ITPOU3BCACHUSA MHTCIPAJIBHBIX OIICPATOPOB HAa CAVMHUIY JIA 3allMCH
ypaBHCHI/Iﬁ COCTOAHUA. BpeMeHHaﬂ MaTpuoa B OTOM  ClIyda€ HMCCT BHI

Py =8 -1=4; [ 1+ p;} -1 } B cnydae >xe ucnons3osanus oneparopa O.H. PabotHoBa

pij (t) =1+ pj '1:1”‘?3;? (—IBUP).l.

OTHU COOTHOILEHUS II03BOJIAIOT II0 M3BECTHBLIM 3HAYECHUIM PCOJIOTHYCCKHUX KOH-
CTaHT OIEPaTOPOB ﬂ‘F‘?;,p (—,B”p) HAXOJIUTh BPEMEHHBIC MATPHIIBI YPABHEHUH COCTOSI-
HHsSI B MOMEHT BpemeHH t =t mo popmymnam

Py = ;1= 1+ﬂ1-1p9;|jo (_/3UP).1 . (17)
Marpusr A j 1= Ry, Ipn 5TOM HaxXOAATCS € MCTIOIB30BAHNEM COOTHOWIEHHH (13).

B ciyuae SKCIEPMMEHTAIBHOTO ONPENEIEHHsT MATPULbl (YHKLIUHM pPeNaKcalyun
Rjj (t), MO BEINICONNCAHHONH CXeMe Ha OCHOBE CONOCTAaBICHHs IIPEICTABICHHS

Sj = Aj ej =Aj (1— nr) € u3 (3) ¥ COOTBETCTBYIOLIETO COOTHOIICHHS HPCACTABICHIS

(16) MoxeT OBITh MOJIyUYECHO BBIPAKECHHUE ri; -1=1-r;. Ilpu 5TOM BpEMEHHbIC MATPULIBI

YPAaBHEHUH COCTOSIHUSA B MOMEHT BpeMeHHM t=1, omnpenensrorcs COOTHOLICHUAMU
— * —
Ry =Aj-1=A; [ 1-r;-1 ] , a Matpunp! & = P, naxomsres o gopmyne (14).

[Tocne HaxoXAEHUS BBIINIEYKAa3aHHBIX BPEMEHHBIX MaTpPUI] MPOLENYpA ONpeaeiie-
HUS BSI3KOYIPYTOTO HAIpPSKEHHO-I1e(OPMUPOBAHHOTO COCTOSHUSI B JIFOOOH MOMEHT
BPEMEHU HUYEM HE OTIMYACTCA OT METOJOJIOTMM PELIEHUs COOTBETCTBYIOIIMX 3ahad
TEOPUU YIPYTOCTH.

Bo3moxkHOCTH pacmm@poBKH MPOU3BOJIBHBIX OMEPATOPOB B pasneie 2 paboThl
pacCMOTPEHBbl HAa IpUMEpE Ui M3O0TPOIHBIX BA3ZKOYIPYIMX MarepuanoB. Ha ocHoBe
MIPEANOI0KEHUS O HATMYUU SKCTIEPUMEHTAIBHBIX OMBITHBIX JAHHBIX 00 M3MEHEHUSIX BO
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BpeMenu kod(pdurmenta I[lyaccona, He mpuberas k BBeaeHuio (GyHKIuM PaboTHOBA,
KPHUBBIC TIOJI3YYECTH MOKHO 3aIACATh B BUJIC

7=v(L+py-1)=v p, (1), (18)
rae P, (t) — GyHkums nomsydecty, HalieHHas B pesynbTare dKcrepuMenta. Orcrona

o *
HaxoasATCA 3HAUCHUA ACUCTBUSA OIICpaTopa pv Ha CAUHUIY

p,-1=p,(1)-1. (19)
C ucrosnb30BaHUEM MPEINOIOKEHUS O TIOCTOSHCTBE orepaTopa 00BEMHOTO CKa-
THSI, COTJIACHO KOTOPOMY (1— 2v )/ E= (l— 21/)/ E , MOXXHO TTOJTY4UTh

E.1=E(1—/1Ep:-1):ErE(t), dg =2vi(1-2v). (20)
3nech QyHKUUS perakcauuu Ig (t) st monyns FOHra ompenenena depe3 (QyHKIHIO

II0JI3y4eCTH P,, (t) s koaunmuerta Ilyaccona mocpencrsom dopmyisl (19).
C y4eToOM CBOICTBa PE30JIbBEHTHBIX OIIepaToOpPOB
* _1 *
[1— AP (B )} =1+ AR (+ 1) onpenensercs oneparop, 06parHsiii oreparopy (20):
1

1 * 1
E'1=E[1+1Epv(lE)’1J:E P (t)- (21)

*
Pesynbrar npousseneHus omneparopa P, (Ag) Ha eQMHHIY IpeICTaBIsieT COOO
dyHKuio nomsydect Pg (1), 3HAYCHUS KOTOPOH BBIPAKAIOTCS Yepe3 3HAYCHHS COOT-

BETCTBYIOIIEH (DYHKIIMH pelaKcaluu g (t) u3 cooTHoueHus (14)

P (tn) =1- é Pe (thk)[ e (&)~ Te (t-1)] (N=0L...N).

3HaYeHUs p: (ZE )-1 Haxomutest u3 coorHoureHus (21):

oy (2 )-1=[ pe (t)-1]/ 2.

Hcnonb3yst are0py pe30JIbBEHTHBIX OMEPATOPOB MOKHO MOJTYIUTh

!7 1% 1 *
E_E[H—l—zv Wﬂ]

Hakownen, yuntsias cBoictso 1/ G= 2(1+ v )/ E MoXHO HaliTH
1 1 * 1
l:a|:1+ﬂGpv(lE)l}:a pG(t)’ AGIZE‘FV/(].—FV),

L
G1=G|1-46P,(fs)1]|=G 15 (t), fo=7e o, (22)

rac
n

6 (th)=1- > 16 (trk ) | P (&)~ Ps (tc1)] (n=01,...,N),

: o, (Bs)-1=[1-15(t) ]/ 4.
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Takum 00pa3oM, 3ammcaHHbIe BbIe cooTHomeHus (18) — (22) cBsS3bIBAIOT WHTE-
* *
rpaibHbIe omeparopbl P, (...) u 1, (...) ¢ dyHKuMsMH mom3ydectr u pemakcauun p_(t)
ur. (t) , 3aJTAaHHBIMH TAOJIUYHO.

B urore, Ha 6a3ze pe3yapTaTOB MPEACTABIECHHBIX B pas3jaeie 2 paboThl UCClEA0Ba-
HUH MOKa3aHO, YTO PEIICHHE I'PAaHUYHBIX 337a4 BA3KOYIPYIOCTH CBOAMUTCS K PEIICHHUIO
IIOCJIEIOBATEIBHOCTH 33J1a4 TEOPUM YIPYTOCTH B MPOU3BOJIBHBIE MOMEHTHI BDEMEHU, U
IIPU 3TOM ypaBHEHHUs 0000ILEHHOr0 3aK0Ha [ 'yKka 3aMEeHSI0TCS ypaBHEHUSMU COCTOSTHUS
(1), (2), koTOpBIE B pE3yJIbTATE UHTETPUPOBAHUS COOTBETCTBEHHO NPUHUMAIOT BUJ (&)
u (10).

B Tperbem pa3zaesie paboThl IPECTABICHBI PE3YIbTAThl PEATU3AH TPEITOKECH-
HOTO METOJa MPUMEHUTENIBHO K TPAaHWYHBIM 33Ja4aM 00OOIIEHHOr0 IMIOCKOrO Hamps-
YKEHHOT'O COCTOSIHUS OCJIA0JIEHHBIX AJUIMITUYECKUM OTBEPCTUEM HEOTPAHUYEHHBIX TOH-
KHX U30TPOIHBIX U OPTOTPOIHBIX TUIACTUH U3 JINHEWHO-BA3KOYNPYTUX MAaTEPUAIIOB.

Pemiennie mogoOHOM 3agauu AJisl UACAIBHO YNPYrol TOHKOW OPTOTPOIHOW Iia-
CTHHKH B ClIy4ae MPUJI0KEHUS Ha OECKOHEUHOCTH YCHIIUN

0 0 0
o =p, 0;=0q, og=lI,

UMEET 3aMKHYTYIO aHAJIUTHYECKYI0 (OpMYy M BbIpakaeTcsl yepe3 (PyHKUUU 00O0OIIEH-

HBIX KOMIIJICKCHBIX IICPEMCHHBIX () j (Z j ), OIIPCACIIICMbBIX M3 I'PAHWUYHBIX YCJIOBI/Iﬁ Ha

KOHType oTBepctus. [IpencraBnenus s mepeMenieHril U HaNpsHKEHUH BOJU3H DILTUTI-
TUYECKOTO OTBEPCTHSI B CIIydyae M30TPOIHOIO0 Marepuaia MpeiCcTaBiIsioT coO0M paimo-
HaJbHBIE (PYHKIIMU OTHOCHUTEIHHO YNPYTUX MOCTOSHHBIX M MOITOMY, PEIICHUE 3a]auu
BSI3KO-YIPYTOCTH MOXET OBITh JIETKO HaliieHO mpu momouu Mmetona Bombreppa. Ero
CpaBHEHHUE C pe3yJbTaTaMH, MOJYYEHHBIMU C IPUMEHEHHEM MPEJI0KEHHOTO B paboTe
METO0/1a, TOKa3aJlo MOJIHOE COBIMAJIEHUE KaK JJIsi CBOOOJHOTO, TaK U JUJISl KECTKO MO/JI-
KPEMJIEHHOTO OTBEPCTHS.

[Ipu pemenun xe chopMyIUpOBAHHON 3a7auM IJIs IJIACTUHKU U3 BA3KOYIIPYTOTO
OpPTOTPOITHOTO Marepuaia, IpuMeHeHne MeToaa Bompreppa CBsI3aHO CO CI0KHOCTSIMU B
pacuinpoBke UpparMOHAIBHBIX (PYHKIHMM OT OMEpaTopoB, BXOJIAIIMX B perieHus. B
ATOM CJIy4ae MPU UCCIETOBAHUAX MPUMEHSIOTCS PA3JIMYHBIE YUCIICHHBIE CXEMBI.

[Ipumenenre B TaHHOM CiIydae pa3pa0OTaHHOTO B JMCCEPTALUA METO/Ia Pealin30-
BAHO JUISl IUIACTUHKU W3 MOJMMEPHOIO KOMITO3UTHOIO MAarepuaia ¢ 3MOKCUIHBIM CBS-
syromuM (KM), xapaktepusyronierocsi ynpyruMu U peoJIOTHYECKUMU MTOCTOSTHHBIMU

E, = 23.0x103 MIla, 4 =0.0323¢ ) p =01570c (%),

E, =16.0x10% Mila, 1, =01295¢ M%) g, —0.2745¢ M%) (23)

Gy, =3.08x10° MITa, 4g=0.0717¢c &%) g =0.0276 ¢ (),
Vio = 011, Vo1 = 00765, 212 = ﬁlZ = ﬂQl = ﬂ21 = O, a =-0.846.

st popmMupoBaHUST MOJIETBHBIX IKCIIEPUMEHTATBHBIX JIaHHBIX B CIy4dae OpTO-
TPOITHOTO MaTepuaia UCIoab30Banuch hopmynsl (17) u (13).
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[IpuHATBIMM BapHUaHTAMHU HCCIEIOBAHMS IIPOSIBICHUNM CBOMCTB BSA3KO-YIIPYTrOCTH
SBIIAIOTCA  y4eT M3MEHEHHH BO BPEMEHM TOJNBKO JUIS CIBHTOBBIX ycumuii Gip,, T.e.
El = E, Ez =E,, ‘7ij =Vij (i, J =1,2); y4eT MOCTOSTHCTBA BO BPEMEHHU COOTHOIIICHHI
vij | Ei =vij | Ei (i, j=12; j #i); ucnons3oBanue ycIoBHs YIpyroil C:XUMaeMOCTH, KO-
I71a, CYUTACTCS, YTO OOBEMHBIA MOAYINb YIPYTOCTH SIBISIETCS TIOCTOSIHHON BETMYUHON U
1/K=1/K. J{nst 060011I€HHOTO TIIIOCKOTO HANPSIXKEHHOTO COCTOSIHUSL TOHKOM TMJIaCTUH-
KH CKMMAaeMOCTH YCJIOBHE UMEET BU

1—21712 N 1—_21721 _1-2np N 1-2vy, |
By =) By =)
OTKyZa CIIEAYIOT COOTHOILIICHUS

I 1 |
-1 1+i3a(—p’i)+—13a(—/3j) ,
Ei Ei 4Vi J 4Vi J E J
PGSyHBTaTBI, IMPUMCHCHUA pa3pa60TaHH0r0 MCTOJZIa K 3a4a49C O BA3KOYIIPYT'OM JC-
CI)OpMI/IpOBaHI/II/I OpTOTpOHHOﬁ IIJIACTUHKHU CO CBO6OI[HI>IM SJINIMIITHYCCKUM OTBEPCTHEM
CpaBHUBAJIMCH C pE3yJibTaTaMU, IIOJIYYCHHBIMU APYIMMHU aBTOpaMM Ha OCHOBC MCTOa
IICITHBIX I[p06el71. PaCTSIFI/IBaIOH_II/Ie YCUIIMA Ha OECKOHEYHOCTH 3a1aBaJINCb B BHIAC

010 = pcoszgo, 0'8 = psingpcos g, 0'(2) = psinzgo, I€ @ — YroJl MEXIy HalpaBICHUEM
NeHCTBUS YCWIMH WHTCHCUBHOCTH [) U TOJIOKUTENBbHBIM HarpasieHuem ocu OX
(puc. 2), a 3agaBacMoe COOTHOIIICHHUE MOTyoce Autunica a/b=2.

Ha pucynke 3 mpencraBieHbl rpauku M3MEHEHUS BO BPEMEHU HANPSKCHHMA
Op ! P B TOYKE IUIMNTHYECKOTO KOHTYpa, COOTBETCTBYyromero € =7 /2 mpu gz):OO.

[[ITpuxoBast JIMHUS COOTBETCTBYET BAPUAHTY y4eTa U3MEHEHUN BO BPEMEHM I CIBU-
TOBBIX YCWJIMH; CIUIONIHAS JIUHUS COOTBETCTBYET CIIy4arO ITOCTOSHCTBA OTHOIIEHUM KO-
s¢pdunmenta Ilyaccona m Moayns FOHra m Ha Heil TOYKaAMU OTMEYEHBI 3HAUCHUS
HaMpPsHKEHUH, TTOJIYYeHHBIX METOJIOM IEMHBIX APOOei; ITPUXITYHKTUPHAS JIMHUS COOT-
BETCTBYET CJIy4Yar0 y4eTa FMII0Te3bl YIIPYTrol CKUMAEMOCTH.

%

p 14

o="
"

0 200 400 le

Puc. 2 Puc. 3



19

Ha pucyHke 4 mpencTaBiieHbl aHAJIOTMYHBIE PE3YJIbTaThl UCCIEAOBAHUI B TOYKE
6 =0 s ciydasi pacTsKEHUS TUIACTUHKY HAa OECKOHEYHOCTH pu @ =77/ 4,

Gr/p‘
Ty
o> S [ — 5
/”"‘- |
28 ) ‘ —— e
' |
’ 1.33 N
| v Sea )\
\ IS -
N Sl
2.7 \
o 1.32 ;~‘~
--‘-_-—_ _
26 .
0 200 400 t.c 0 100 200 e
e Puc. 5

B kauecTtBe PE3YJIbTAaTOB IIPUMCHCHUA pa3pa60TaHHoro MCTOAA K 3a4a4C O pacCTAa-
KCHUHN BH3KOYHpYFOﬁ OpTOTpOHHOﬁ IUIACTHHKA C KCCTKO IMOAKPCINICHHBIM KPYI'OBBIM
OTBCPCTHCM, Ha PUCYHKC 5 OTPAXCHbI U3BMCHCHHSA MAKCHMAJIbBHBIX HaHpH)KeHI/Iﬁ Oy / P,

BO3HHKAIOIIMX B TOYKE KPYrOBOIrO OTBEPCTHSI, COOTBETCTBYIOIIEH 6 = 0" IIPU PacCTsKe-

HHMM IUIACTUHKH YCUJIMIMH [P B HAIIpaBJICHHUH OCH OXl (¢ = OO) CoOTBETCTBHE THUIIOB

JUHUHA Ha TpaduKe U paccMaTpUBAEMbIX BapUAaHTOB yueTa CBOICTB BA3KO-YIIPYIOCTH, a
Tak)ke 0003HAUEHHUs B BUJIE TOUEK OTBEUAIOT MPUHATHIM Ha pUCYHKax 3 u 4.

Kak crnenyer u3 aHanmsa puUCyHKOB 3 — 5, pe3yJbTaThl IpUMEHEHHUs pa3paboTaH-
HOTO B JIHCCEpPTalMM METOJIa XOpOIIO COIVIACYIOTCS C WM3BECTHBIMM IS OTIEIbHBIX
YAaCTHBIX BAPUAHTOB PaCCMaTPUBAEMBIX 3a7a4. MOXKHO TakKe 3aKI0YUTh, YTO JUIS pas3-
JUYHBIX BapUAHTOB Y4YE€Ta CBOMCTB BA3KOYNPYTOCTH CYIIECTBEHHO Pa3jIU4aroOTCs mapa-
METPUYECKUE BPEMEHHBIE OLICHKN KOHIIEHTPALMH HANPSKEHWA B Pa3HbIX TOUYKAX CBO-
OO0JTHOTO M JKECTKO MOAKPEIIEHHOIO 10 KOHTYPY OTBEPCTHUH.

B yeTBepTOM pa3nese padOThI MPEAJIOKEHHBIE METOIbI IPUMEHSIOTCS JIJISl pelie-
HUS HOBBIX 3a/1a4 00 uccieqoBaHuU 3(PPEKTOB MOA3YYECTH B MACCUBAX AHU3OTPOIHBIX
TOPHBIX MOPOJ C TOPU3OHTAIILHBIMU TYHHEIBHBIMU BbIpaOoTKaMu. PaccmaTpuBaeTcs
anpoOupoBaHHas MOJIeNIb MAaCCUBA FOPHBIX MOPOJI, KaK BA3KOYIPYTroi TpaHCBEPCAIbHO-
M30TPOIHOMN Cpebl, ABJISAIONIAsACS UHTEPIPETALIME CIOUCTOr0 reOMaccuBa 0CaI0YHOTO
IIPOUCXOXKJICHNS C NapaJJIENbHBIMHU CJIOSIM IUIOCKOCTSIMU M30TPOIIHH, B MPEANOJIOKE-
HUH, YTO TOJIIIMHBI CIIOEB HAa MOPSAJO0K MEHBIIE XapaKTEPHOI'O pa3Mepa CEUEHUsI TOPHOU
BbIpaboTKH. B MaccuBe BBOAMTCA NPSIMOYTOJIbHAs JEKapTOBa CHUCTEMa KOOpJIUHAT
Oxyz (puc. 6), B KOTOpOil KoopAWHATHAs TUIOCKOCTh OXZ mepreHauKysspHa IUIOCKO-

cTaM u3oTpornuu. [lpu HOpManmeHOU opueHTaruu ocu OZ K TUIOCKOCTH HM30TPOIHUH,
ypaBHeHUs1 000011IeHHOT0 3aKoHa ['yKa Jj1s1 MaTepuana MacCMBa 3alUChIBAIOTCS B BUJIE

1 6 1
& = 2. Cikok., (24)
k=1
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e C1=Cy=1/E, C;p=Cyy=—w/E;, Cz3=1/E,,
Cas= Cs5=1/Gy, C3=C31=Cy3=Cqp=—1,/E;,
Cig =Cyj = G5 =Cj5 =Cijg =Cg; =0 (i=1,_3),
Cys=Cs4 =Cyp =Cp4 =Cs6 =Cps =0, Cge=1/G=2(1+1)/ .

Puc. 6 _\/\/\m

PaccmarpuBaercs cimydail pasMemnienus Ha TryonHe H MaccuBa mpOTs)KEHHOM To-
PU3OHTAIBHOU (TYHHEJIBHOM) BBIPA0OOTKM MOCTOSIHHOIO MO JIJIMHE CEYEHHUs, MPOUJICH-
HOW BJOJb OPUEHTUPOBAHHOIO TIOJ yIJIOM ¥ K IUIOCKOCTH u3oTpormu (ocu OY)

HaIpaBJIeHUs, U JJI1 yI00CTBA NalbHEHIIIETO UCCIIEIOBAHNS COOTBETCTBYIOINICH 3a/1auu
BBOJMTCS CBSI3aHHAs C LICHTPOM CEUEHUsI KOOpAUHATHasA cucrteMa OXX,X3, MOTydaeMast
nyTeM noBopota cucrembl OXyz Bokpyr ocu Oy Ha yrona ¢ (puc. 6) ¢ mepexoiom K
MIPOMEKYTOUYHON CUCTEME Ox'x%x3 u MOCJEAYIOIIUM MOBOPOTOM CUCTEMBI KOOPAHHAT
Oxx°x° na yTod | BOKPYT OCU Ox? (puc. 6, 7). IIpu sTOM, IpeoOpa3yeMbie C mepe-
X0A0M K KoopauHaTaM OXX,X3 ypaBHEHHs OOOOLIEHHOro 3akoHa I'yka IpHHUMAIOT
BH/JI, OTBEYAIOIINIA caMOM 0OIIe MEXaHMYECKON aHU30TPOIUU C MOJYJISIMU YIIPYTOCTH
Aij ; OOBEMHBIC CHITBI TPaBUTAITMH UMEIOT BeIpakeHus X =Z =0; Y =—y, e y = pg,

£ — TapaMeTp YCpeTHCHHOW ITUIOTHOCTH MaTepuaia MaccuBa 10 TiyouHsl H , a ypaB-
HEHUs paBHOBECHUSI MaTepHalia MaCCMBa B MEPEMEIIEHUIX MOTYT OBITh 3alKMCaHbl B (o-

pMe
Liqug + LypUp + Lyguz =0, Lpygup + Loy + Loguz =7,
Laqty + Lgoup + Lgguz =0, (25)
2 2 2
Liy = A10% +2M60105 + Ags05,  Lop = Aggdf + 2601095 + Agp05,
2 2
Las = Ags0f +2Mu50105, Luo = Loy = A0t +(Ap + Peg ) 0102 + Ag205,
2 2
L3 = L3y = A0 + (A + Ags ) 9102 + Ags03,
2 2
Ly =Ly = AgsO1 +(Aps + A5 ) 010, + Aog05, 03 =010%.
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[Ipu onpeneneHny HaNpsKEHHO-AEPOPMUPOBAHHOTO COCTOSHUS TOPHOIO MacCuBa
€ro IepBasi COCTABIIAIONIAsA, ONMCHIBAIOIIAS HAYAJIBHOE 110JIE CMELICHUI U HAIPSKEHUH
B HETPOHYTOM MAacCCHUBE-IIOJYIPOCTPAHCTBE CO CBOOOIHON I'PaHMYHON MOBEPXHOCTHIO
o 2: o) 2: o) 8: 0 mpu X, = H, onuceIBaeTcsa COOTHOIIEHUAMU O'l? =-7yH (1— Xo I H),

2

uiO:—ain Xz—zx—il , B KOTOPIX 7, =76 =0, 75 =1, 7 (k=135), ¢ (i:1,_3) —

IOCTOSTHHBIE MTApaMETPhl, aHAIUTUYECKH BbIpaXKa€Mbl€ Uepe3 yIpyrue nocTossHHbIE Ma-
tepuana. [lons mepemerniennii U HampspKeHUH, (GOPMHUPYIOIIUECS 332 CUET MOSBICHUS
BbIPA0OTOK, BBIPAXKAIOTCS YEPE3 TPU YAOBIIECTBOPSIOIIMX OAHOPOJHOM cucteme (25) u

OIPEC/ISICMBIX U3 IPAHUYHBIX YCIOBHIl Ha KOHTYPE BBIPAOOTKH MOTCHIHAN0B D (Z j)

0606HICHHLIX KOMIIJICKCHBIX IICPCMCHHBIX Zj =X+ ,uj Xs .

[Ipu paccMOTpEHUH BA3KOYIPYTOTO HANPSHKEHHOTO COCTOSIHUSI PACCMATPUBAEMOTO
MaccuBa ypaBHEHUsI 0000IIEHHOTO 3aKoHa ['yka 3aMEeHSI0TCSI MHTETPAIbHBIMU YpaBHE-
HussMu coctosinus Buaa (3). CoOTBETCTBEHHO, MOCTE Mepexoa B COOTHOUICHUIX (24)

— *
oT ynpyrux nocrosiHHeIXx C; k omepatopam Buza Cj =Cjy (1+ pik)’ Ipy  y4eTe
CBOWCTB P€30JIbBEHTHBIX OIMIEpaTOPOB, paCCMATPUBAETCS 3a7a4a ONpeeseHHs 3HAYCHUN
*
npousseneHus Pj, -1.

B onyOnMkoBaHHBIX MCCIEIOBAHUAX IO MPOOJIEMaM IOJI3Y4YECTH TOPHBIX MOPOJ
IPUBECHBI pe3yJIbTaThl SKCIIEPUMEHTOB JUIs 00pa310B Pa3IMYHBIX U30TPOIHBIX MOPOJ,
B TOM 4HcJIe JUIsl HanboJjiee pacrpoCTpaHEeHHBIX BUJOB FOPHBIX MOpo1 pernona Jlonbac-
ca — aJleBPOJINTOB, aprUJUINTOB, MECYAHUKOB M M3BECTHSKOB. Y CTAaHOBJICHO, YTO yKa-
3aHHBIE TOPHBIE MOPOJBI MO BO3IECUCTBUEM HArpys3ok, He mpeBocxomsamux 70% pas-

pymaromux, oOHapyKUBAIOT CBOMCTBA MOJ3YYECTH; JJIUTEIbHOCTh TIEPHOAA MPOsIBIIC-
HUS CBOMCTB MOJ3ydecTu ajeBposuTa cocramiser 10 ty =600 wac., mecyanuka — 1o

860 uac. IIpoiiecc moa3yyecTy TOPHBIX MOPOJI MOAUUHSIETCS O0IEeMY 3aKOHY JIUHEUHO-
ro neopMupoBaHus, ONPENEAIEMOTO YPABHEHUSIMH COCTOSIHUS T€OPUU HACIIEICTBEH-
HocTu Bonbreppa. C y4eToM 3TOrO MpearnoaaraeTcs, YTO M3 OMbITa MOJy4eHa KpUBas
MOJI3y4EeCTH

- - 1 1 * 1
Cuu1=Cop1==1==| 1+ piy-1|= = pi(), 26
11 2l=gl=g P11 E, Pe1(t) (26)
=
rae pgq(t) — TabnauuHO 3ajgaHHas KpuBas MOJN3Y4YECTH M BEJIWYMHBI —-1,

1
*
THOJTy4eHHas U3 dKcrepumenTa. M3 cootHomenus (26) Haxoxutest Pyq-1= pgq(t) —1.

[Ipn pelieHUMM TpaHWYHBIX 3a7a4 TEOPUU BA3KO-YIPYTOCTH ISl aHU30TPOIHBIX
MaTepUaIOB BOBHUKAIOT TPYAHOCTH, CBSI3AHHBIE C SKCIIEPUMEHTAIBHBIM ONPEACICHUEM
UX PEOJIOTMYECKUX napaMeTpoB. [IpencraBineHHble B JIMTEpAType OIBITHBIE JTAHHBIC HE
COJIep’KaT IMOJIHOM HH(OpPMAMU O COBOKYIHOCTSX BEJIMYUH, HEOOXOAUMBIX ISt
pelmeHns 3a1ad JaHHOTO THUIIA, B CBSA3M C YEM HCIIOJIB3YIOTCS Pa3IMYHbIEC JOIYLICHUS
OTHOCHUTEJIBHO CBOMCTB PEOJIOTMYECKUX mapamerpoB. Tak, Ipu OTCYyTCTBHH
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9KCIICPUMCHTAJIbHBIX 3HAUCHUN BEJIUYUHBI 171 OHU MOT'YT OBITH OIIpCACIICHBI COIJIACHO

TIPEITIONIOKEHUIO O TOM, YTO ONEPATOP OOBEMHOTO CHKATHS SBIAETCS HE 3aBUCSANIEH OT
BpeMeHH BennunHoi. Tak, momaras (1-2)/ Ey =(1-2v;)/ E; MoxHO HaliTh

_ _ 7, 1
C12'1:C21'1=%'1:E—i{1+2—v1(pEl(t)—l)}. (27)

B cBoto ouepenp, U3 COOTHOIEHUH
1 2172 _ 1 21/2 l 2172 _ 1 21/2

EE E,b B E E; E Ey E
OHpeIleJIHIOTCH HpOI/ISBe,ZIeHI/IH
V2 q-Yelq, B (Pes(t)-1) 141 1+§(pE1(t)—1) .
E2 E2 2 E1V2 ’ E2 E2 El
Omneparop 666 OTIpeIeIISICTCS Yepe3 MOTYyUCHHBIE BBIIIE ONEpaToOphl 1Mo hopmyie
— 1 W
66 ( 3 Elj (29)

a s nomydeHmss omnepatopa G,, B CBOIO OYEpEdb, HCHOIB3YETCS (OpMyIa
1 4 1-2v, 1 .

—=—-——%——, B Koropoii E,5 — 3Hauenme momyns IOHra mpu cxaThu
G, Ess E K

IOPOAHOro 00pasiia B HampaBleHHMH, cocTaBisomeM yron 45 Kk miockoctu
U30TPOITUH.

1 1
B mpenmnonoxxenuu, 4T0 BEIUUMHBI ——-1=—— Pgys (t) TaKX€ W3BECTHBI W3

Ess  Ess
SKCIIEPUMEHTA, C Y4ETOM BTOPOTO COOTHOLICHUS (28) 3amMCBhIBAIOTCS BBIPAXKEHUS IS
poU3BENEHUS Ha enHuLy onepatopoB Cyy 1 Cog

_ _ 1 4 1-2v 1
044.1:(:55-126—2-1:'5—45pE45(t)_— 3 ‘ ~ g, Per(®);

HanbHelimee npeoOpazoBanme wmarpunbsl  Cj -1 ocymecTBisiercss ¢ yueTom

nepexoja kK koopauHaTtaM OX;X,X3 BBIIICONUCAHHBIMU IIOBOPOTAMM Ha YIJIbL @ U Y . B
pesynbrate popmupyercs Marpuna ¢QyHKIui g -1=P (t) , W TIOCJE OIpEeeIeHUs
MaTpHIlbI Ton3ydectu P (t) MaTpulia pejaKkcauu R(t) ctpoutcs 1o ¢popmymnam (13).

[IpencraBineHHble B JIMTEPATYpPE PE3YJAbTaThl HSKCIEPUMEHTOB MO HW3YUYCHUIO
XapaKTEPUCTHK TOJI3YYECTH HEKOTOPhIX OOpa3IOB HM30TPOMHBIX TOPHBIX TOPOJ
OTHOCATCS K U3MEPEHUSM TOJIBKO MPOJOJIbHBIX AedopMarmii. B 3Tux cinydasx QyHKIusS

nomsydectd 1/ E; -1 anmpokcMMupoBaiach ¢ IOMOIIBIO COOTHOIICHHS

i.lzi[uitl‘“ } (30)
El El l-o

I7Ie 3HAYCHUS PEOJIOTMYECKUX BEIMYMH O W « AJia MarepuanoB aneBpoiutl (Al) u
necyanukl (I11) mpuBenens! B Tabmuie 2.
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Tabmuma 2

Marepuan 5,(ce7<)a_1 a e =FE/ (9.81><103MHa) Vi | pykel M

Al 0.0094 0.726 0.62 0.2 2700
11 0.0021 0.670 2.95 0.16 2500

Onepatopusbiii ko3¢ ¢punuent [lyaccona v, npu 3ToM He ompenensuics. [loatomy
MaTpuyHble onepaTopHbie neMeHThl Cp, = Cyq crenmyeT onpeaensaT U3 mpeacTaBiIeHUs

(27). Oneparopubiit KOG UIIMEHT 666 =1/ C_El ompenenseTcs u3 cootTHomeHus (29), B

pe3yNIbTaTe 4ero MaTpHIla OrepaTOpOB YPaBHEHUI COCTOSHHUS M30TPOITHOTO MaTepuasa
chopMHUpOBaHa.

[lpu  peanmmzanmmu  pacdyeToB  Uisl  TPAHCBEPCATBHO-M3OTPOMHBIX  MOPOJ
UCTIONB3YIOTCS  PEOJIOTMUECKHE TIOCTOSIHHBIC, TOJYYCHHBIE s M30TPOIHBIX
MaTepuasoB. B kauecTBe TakuxX MOPO MPUHATHI ATEBPOJIUT U TIECYAHUK TPAHCTPOITHBIC:

ajeBpoanT2 (A2)

e =1074, e,=0523, g¢g,=0.120, p=2700,

vy =0.413, v,=0.198, 6=0.0094, «a=0.726;
necuanunk? (I12)

e =2.987, e,=3411, g,=0.215, p=2500,

vy =0.134, v,=0.150, 06=0.0021, «=0.670.

Ha pucynke 8 mpuBeaeHbl, TOCTpoeHHbIe Ha 0Oaze dopmynasr  (30)
HOPMAJIM30BAaHHBIC OJKCIIEPHUMEHTAILHBIC KpHUBBIC Toi3ydectn (kpuBas 1 — Juis
matepuana A2; kpuBas 2 — nans matepuana [12), m oTBewaromme WM KpUBBIE
penakcaiuu, mocTpoeHHble mo Qopmynam (14) (kpuBas 3 — s marepuana A2 u
kpuBas 4 — g wmarepuana I12). [lomydeHHBIE SKCIIEPUMEHTAIbHBIC KpPUBBIC
MPUMEHUMBI JJI1 HAXOXKJICHHS JIEMEHTOB BPEMEHHOW MaTPHIIbl YPaBHEHUN COCTOSTHUSI.
CoOTBETCTBEHHO, Ha PUCYHKE 9 IMpencTaBieHbl KPUBbIE U3MEHEHUS BO BPEMEHU BCEX
AJIEMEHTOB MAaTpHUIIBI ypPAaBHEHHWM COCTOSHUS IJisi Marepuania A2, OTHECEHHBIE K

9.8x10°MIla . Kpusbie s /By m v,/ E, na pucynke 9 cosnamu. Buano, urto
HanOOoJIbIIee N3MEHEHUE OIMCHIBAIOTCS KPHBOW ITONI3YYECTH JUIS DJIEMEHTA MaTpHIBI
cocrosirmst 1/ G;.

[Tpu onpenenenun omnepaTopHbix kodpounueHtoB Cyy u Cgs MCHOIB30BATUCH

AKCIIEPUMEHTAJIBHBIE JAHHbBIC IS _i = i(1+ /19; (—ﬂ )) , B koTtopbIX E45 =0.383E,

Ess Ess
2=6.0246 cym %) 3-0.087 cym ) | g =07
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Puc. & Puc. 9

Ha ocHOBe OCTPOEHHOT0 TaKMM 00pa30M pelIeHHs paccMaTpUBaeMo 3aauu AJis
BA3KOYIPYrOoro MaccuBa TOPHBIX MOPOJ C BBIPAOOTKOW MPOBEIEHBI YACIEHHBIE HCCIIE-
JIOBAaHUSI PACIPENCIICHUS HANPSHKEHUM U IIEPEMEIIECHUN B TOUYKaX T'€OMACCUBA, BKIFOYAs
TOYKM Ha KOHTYpE€ 3JUIMITHYECKOTO CEYEHHsI BBIPAaOOTKM MPHU PAa3IMYHBIX BUAAX 3aja-
BAEMBIX Ha HEM KPAEBBIX YCIOBUU B 3aBUCUMOCTH OT COOTHOILIEHUM NOJIyOCEN CEUEHHS],
THIIA IOPOJA W BPEMEHU JEHUCTBUS HArpy30K IPUMEHUTENBHO K MAaCCHUBAM HU30TPOITHBIX
Y TPAHCBEPCAIbHO-U30TPOMHBIX I'€OMATEPUAIIOB AJIEBPOJIUT U NECYAHUK. Beruncnenns
IPOBOAMINCH I HAYAJIbHOTO MOMEeHTa BpeMeHu t =0 u Ui MoMeHTa BpeMeHu t =t

nposiieHust 3¢ dexTa mapaMeTpUuecKol BpPEMEHHOW CTaOWIM3aIiy HampsKEHHO-
ne(opMUPOBAHHOTO COCTOSTHUS.

Jlnis cimyyasi BBIpaOOTOK € HE3aKpEeIJICHHON TPaHUYHON MTOBEPXHOCTHIO B MacCHBaxX
U30TPOMHBIX MOPOJ YCTAHOBJICHO, YTO HAIPSHKEHHOE COCTOSIHUE BOJIHM3U BHIPAOOTOK HE
U3MEHSETCS C TEUEHHUEM BPEMEHH, HO TPOIIECCHI MON3YyYECTH OTPAKAIOTCSA HA BEIHYH-
Hax nepemenieHuit. s ciyuas @ = =0, Korja 1iockocTh U30TPOITUH MapalieIbHa
nHeBHOM moBepxHocTH, U nipu H =1000 m, oTHOCHTENBHOE yBENIMUYEHUE MAKCHMAallb-
HBIX 3HAYEHUH I IEPEMELEHUH U, COCTaBUJIO B MaccuBe nopoasl Al oxono 100%, B

maccuse [11 — okono 50%. Jlyis U30TPOMHBIX MAaCCMBOB B KPOBJIE M MOYBE BBIPAOOTKH
BO3HHMKAIOT 30HBI MOJOKUTEIBHBIX HampsbkeHWd. BOmu3u KpyroBoil BbIpaOOTKH B
TpaHCBEPCAIbHO-U30TPONMHOM MaccuBe [12 co BpeMeHeM 3Tu HampspKeHHUs! yBeJIUYMBa-
1otcs Ooisiee uem Ha 70%. MccnegoBanus Takxke Moka3aid, YTO OTHOCUTEIIBHOE YBEIU-
YeHHe pazMepa BEPTUKAIBLHON MOJIYOCH CEYEHUS AJUTMIITUYECKON BhIPAOOTKH MPUBOIUT
K YMEHBIICHHIO KOHLIEHTPALMU IOJOKUTEIbHBIX HANPSKEHU B KPOBJIE U MOYBE, a C
ero JajbHEeHIleM YBEIMYEHHEM BOOOIE, K MEepeXxoJy B 30HY CKMMAIOIIMUX HaIlpsbhKe-
Huit. [{ns marepuanos 12 u A2 na pucynkax 10 u 11 npeacTaBiaeHbl SMIOPHI HAMPSKE-
HUl Sy / ( ng) Ha KOHTYPE BBIPAOOTKH KPYroBOTO CEeueHHs i ciaydas @=7m/6,

y =0. CromHast TMHUS COOTBETCTBYET MOMEHTY BpeMeHH t =0, mrpuxoBas — t =t .

[IpencraBneHHble pe3yabTaThl MOJIYyYEHBI B IPEANonokeHuu, uto Gy, =G, .



Puc. 10 Puc. 11

[Tpu uccnenoBanuu 3p¢HEeKTOB MOI3YUECTH BOJIU3U BHIPAOOTOK B TPAHCBEPCAILHO-
M30TPOINHBIX MAacCHBax APYTUMH aBTOPaMHU HCHOJIb30BAJIOCh IMPEANOIOKEHHE O TOM,

YTO BO BPEMEHH U3MEHSETCS TOJIBKO ONepaTopHblii Moyl G, , a OCTaIbHBIE OCTAIOTCS

KOHCTaHTaMU. Takke HMMEIOTCS OIyOJIMKOBAaHHBIE PE3YNbTaTbl MHCTPYMEHTAJIbHBIX
HAOJIIOZICHUI 32 CMEIIEHHEM KOHTypa KpYroBoil BbIpabOTKH paauyca 1.85 m, mpose-
nenHoil Ha rinyoune H =770m B ropHoit mopoae A2, coriacHO KoTopbiM Ha 200-bie

CYTKHM BEJIMYMHBI CMEIICHUH KPOBJIM MEPHEHAUKYJSPHO HAIUIACTOBAHUIO (TIOCKOCTU
M30TPONUHU) cocTaBuiIu 13.5 cM, a OOKOBBIX TOYEK 5.5 CM, MPUUYEM CMEILICHUS KOHTYypa
UMEIOT SIBHO 3aTyXalolUMi BO BPEMEHM Xapakrep. B 3Tol cBsA3M, 1 cpaBHEHUsT ObLIU
IIPOBENICHBI MCCIIEIOBAHUS CMEUIEHUI KOHTYpa JIJIsl aHAJIOTMYHOM BBIPAOOTKU TIPH pa3-
JUYHBIX BapUaHTaxX y4yeTa OnepaTopHbIX KOA(PPUIIMEHTOB YpaBHEHHU COCTOSIHUS: a) 0e3

ydeTa CABUIOBOM noiyizydecTH, korga G, =G, ; 0) yder TOIbKO CABUIOBOH MOJI3Yy4ECTH
G,, korma Ej =E;, v; =v;; B) yuer Bcex napamerpos E;, v;, G,.

B Tabmuie 3 npuBeaeHB! 3HAYCHUSI HOPMATBHBIX KOHTYPHBIX CMEIICHUN B TOYKAX
KpPOBJIA U MOYBbI (9 =t/ 2), U B OOKOBBIX 30Hax (9 =0= 72). Kak BuaHo, pe3ynbTa-
ThI, TIOJIyYCHHBIE MPU y4€TE BCEX OMEPATOPHBIX MapaMeTpOB, B HAWOOJIbIIIEH CTEIECHU
COOTBETCTBYIOT JKCIIEPUMEHTAIBHBIM JaHHBIM. TakuMm 00pa3oM, MpeioKeHHas METO-
JIMKa pacyeTa MO3BOJISET MO UMEIOIIMMCS UCTIBITAHUSIM 00pa3IoB TOPHBIX MOPOJ], BME-

HIAIONIUX TOJ3€MHYIO0 BBIPAOOTKY, aJ€KBaTHO MPOTHO3UPOBATH BEIUYUHBI CMEIICHUIM
€€ KOHTypa.

TaOmuma 3
Yuer onepz(li; Unlg_gr Unlg_. s M
TOPHBIX KO3(-
(buIeHTOR t=0 t =200cym t=0 t=200cym
a) -0.45 -1.10 -1.80 -2.56
0) -0.45 -3.03 -1.80 -7.42
B) -0.45 -6.20 -1.80 -11.02

HccnenoBanusi, IPOBEICHHBIE JUIS Cydas JKECTKO TOJKPEIJICHHOW Ha KOHTYpE
BbIPa0OTKH, TMOKa3ajHM, YTO HauOOJIbIINE HAMPSHKEHUS S, /(yH), BO3HUKAIOLIUE B

KpOBJIE U MOYBE BBIPAOOTKH, PEIAKCUPYIOT AJI BCEX PACCMOTPEHHBIX MAaTEpHUaliOB U
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dbopm ceueHuil BBIPAOOTKH, M 3TO yMeHbIIeHHEe coctaBiseT 10 50 % oT HavaabHOTO
YIPYrOro COCTOSIHUS, HAapspkeHust Sg / (yH ) MMEIOT TeHICHIMIO K POCTY 3HAYCHUIl B
2 — 5 pa3 B OOKOBBIX CTEHKAX BBIPAOOTOK; KacaTesIbHbIE HAMPSDKEHUS Spp / ( yH ) uMe-

10T craboe BbhIpaKEHHBIE M3MEHEHUs BO BpeMeHH. [IpumeHuTensHO K mMarepuainy A2,
JUI KOTOPOrO MMEIOTCSI OKCIIEPUMEHTANIBHBIE JAHHBIE K ONPENEIICHUIO ONEPATOPHOIO

ko3p¢umenta 1/ G, uccnenoBaHus MOKa3add, 4TO ydeT STOro Kod(QHUIMEHTa Hecy-
IIECTBEHHO BJIMSIET Ha 3HAUEHHS] OCHOBHBIX HAMPSKEHUU.

B kadecTBe mpuMmepa B TabmuIie 4 MpUBEACHBI 3HAYCHUS HANPSOKEHUH S, / ( yH ),
s/ (yH) u spg/(yH) ans marepnana Al u npu pasMepax CedeHHs BBIPAOOTKH
a=1m, b=2m. B panee omy0iauKoBaHHBIX pabOTax JUIsl STOrO CiIydas BEIMYUHBI

HaANPSOKEHUH JIJI pa3InIHBIX MOMEHTOB BpeMeHH 1 (vac) uMeln 3HaYCHHS
$,(120)],_,. =-0.2815yH , $,(120)|_ . =-1.5174yH,

$,(600)|,_.. =—0.2477yH, s,(600)|,_, . =-1.3769yH .

Tabanma 4
t uae sy /(yH) so ! (yH) Sno ! (7H)
0=0 6 =90 0=0 6 =90 0 =63
0 -0.4545 -2.0909 -0.1136 -0.5227 -0.8180
120 -0.3029 -1.4939 -0.5590 -0.5123 -0.5894
600 -0.2832 -1.3836 -0.6496 -0.5008 -0.5501

Takum 00pa3oM, MOKHO KOHCTAaTHUPOBATh XOPOIIIEE COTJIACOBAHUE COIOCTaBIIsC-
MBIX 3HAYCHUI.

B nsitom pa3znesie paboThl MPUMEHUTEIHHO K HEKJIACCUYECKOW MOJEIH BSI3KO-
ynpyroro n1eopMUpOBaHHs aHU30TPOITHBIX T€OMACCHUBUB C TYHHEIIbHBIMU BhIPaOOTKa-
MU YCJIO)KHEHHOTO KPUBOJUHEHHOTO CEYEHUS JJaHa pa3paboTKa airopuTMa MOCTPOSHUS
IJIAJKUX KOHTYPOB MPOM3BOJBHON KOH(UTYpAIMU C 3aJlaHHON KPUBU3HOW B JIIOOOH
TOYKE, B TOM YHUCJIE C HEBBITYKIBIM KOHTYPOM. METOJ OCHOBAaH Ha allpOKCUMAaIluu
IPaHUYHOTO MaKPOKOHTYpa KPUBOJIMHEWHBIM DJIEMEHTAMH, B KAYECTBE KOTOPHIX BHIOH-
paroTCsl AYrd OKPY>KHOCTEN M JIUIUIICOB C TJIAJKUM COECIUHEHUEM (HEMPEPBIBHOCTHIO
KacaTeJIbHBIX B TOYKaX CTHIKOBaHUA 3JieMeHTOB) (puc. 12). Ilyrem mepeceueHus He-
CKOJIbKMX MaKpOKOHTYPOB, MCIOJIb3Ysl XapaKTePUCTUUECKHUE YPaBHEHHUS, TOCTPOCHHbIC
npu noMomm R-QpyHKIUNA, MOKHO MOCTPOUTH 00JIACTh 000N 3a/laHHOM KOH(UTypa-
[[UU, B TOM YHCJIE C HEBBITYKJIBIM KOHTYPOM.

[Ipun uccnegoBaHuu 3a7a4 O JBYMEPHOM YIIPYrOM PaBHOBECHMHU aHU30TPOITHOTO
MaccuBa TOPHBIX MOPOJ C BHIPAOOTKAMM, UMEIOIIIUMU OTPaHUYEHHbIC KOHTYpaMHU BbI-
[ICONMMCAHHOTO TUNA KPUBOJMHEHHBIE CEUEHUS, MOJJICKAT OMPEICIICHUI0 U3 TpaHuy-
HBIX YCIIOBHil NOTCHIMANBI OOOOLICHHBIX KOMIUICKCHBIX IepeMeHHbIX D ;(Zj), mpen-

CTaBJICHHbIE B BUJI€ CyMM (DyHKIIMI1, OTBEUAIOLINX BCEM dJIeMEHTaM L, KOHTypa rpaHu-
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N & ang
= g—k, u coziepkaniue KodGUIMEHTBI Qyj, Onpenense-
r=lk=16jr

MBIC U3 I'PAHUYIHBIX YCJ'IOBI/Iﬁ IIpru 1OMOIIK METOAa HAMMCHBIINX KBAaJAPAaTOB. ITocne ux
OIPCACICHHUA IICPEMCIICHUS U HAIIPSAKCHUA OIMPCACIIAIOTCA U3 COOTHOIIICHUMN

Uk =UE+2RGZ3:R|(J®J(ZJ) (k=].,_3), Gp 268+2R9ipp1®,1(21) (p:ﬁ)
j=1 j=1

Puc. 12

Pacuetsl, cBSI3aHHBIC C TPUMEHEHHEM Pa3padOTaHHOTO MOAXO0/a, OCYIIECTBIICHBI
JUTSL coJiepKalinux BhIpabOTKH MaccuBOB u3 u3oTpornHbix (I11, A1) u TpaHcBepcanbHO-
u3zotponubix ([12, A2) TopHBIX MOpOJ, YIPYrue U PEOIOTUYECKHE MOCTOSHHBIE KOTO-

pBIX JIaHbI B paznene 4.

Puc. 13

B pamkax wuccrnenoBaHuil pacCMOTpPEHA TOPU3OHTAJIbHAS
BBIPAa0OTKA CBOJYATOrO CEYCHHS C PACHIMPEHUEM B HUKHEH
gactu (puc. 13), reoMeTpUYECKHE MapaMeTphl MOMEPEYHOro
KOHTypa KOTOpPOr0O HMMEIOT 3HA4YeHus n =r,=0.25b, r;=2b,

h=1.4b, b=4u. [I[puMEeHUTENHHO K BHIPAOOTKE C OMHCAHHOM

(dbopMoil KOHTYpa CEYeHHs B MACCHUBE M30TPOIMHOIO MeCUaHuKa
peain3oBaHa BepUUKALKS COBOKYIHOCTH MPEIIOKEHHBIX
METOAMYECKUX NPUEMOB Y4YeTa HEKIACCUYECKUX IeOMEeTpuye-
CKHMX M PEOJIOTMYECKHUX CBOWCTB Ha OCHOBE CONOCTABJIEHHUS T10-
Jy4aeMbIX pe3yJbTaTOB C pe3yibTaTaMu JPYrHUX OIyOJIMKO-
BAHHBIX MCCJIEAOBAaHUM, MOJYYEHHBIX B ClIydae napamMeTpuye-
CKOT'O ONMMCAHUsS OYEPTAHUM TpaHUIIbl TPU MOMOIIN KOHPOPM-

HOTO OTOOpa)K€HUsl €€ BHEIIHOCTU Ha BHEUIHOCTh KpyroBoi obnactu. Ilpu uccnenona-
HUU S(PPEKTOB BIUSHUS TMOJ3YYECTH H3OTPOIHOrO TMECYaHUKAa YCTAHOBJIEHO, 4YTO
HauOOJIBIINE TTEPEMEIICHUS BOSHUKAIOT B KPOBJIe (Touka A) U B mouBe (Touka B) BbIpa-



28

00TKH, ¥ B TaOIUIIE 5 /TSl TPEX BEIMYWH MapaMeTpa BPEMEHHU, B TOM YHCIIE VISl BpeMe-
HYM CTa0MIM3aluu Ipolecca nonsydectd ty =860 uvacoB, MpHUBEACHBI 3HAUCHUS HOP-

MaJIBHBIX HCpCMeHleHI/Iﬁ Up []I/l] B 3THUX TOYKax. I[J'IH CpaBHCHHU: B Ta6HI/IHe JaHbl OTMC-

YEHHBIE 3BE€3J0YKOM U XOPOLIO COTJIACYIOIIMECS C ITOJIYYECHHBIMH 3HAYEHUS IIEpeMenie-
HUW, ONPENEICHHbIE IPYTUMHU aBTOopaMHu. [loka3aHo Takke, 4TO CBOMCTBA MOJI3yYECTH
M30TPOIHBIX F'OPHBIX MOPOJ B PACCMAaTPUBAEMOM CIIy4ae HE BIUSAIOT HA HANPSKEHHOE
COCTOSIHUE B OKPECTHOCTH BBIPAOOTKHU.

Tabmuna 5
Touku Ha t, gac
KOHTYpe 0 120 860
U,/ m Uy / m™ U, / m Uy / m™ U, / m Uy / m™
A -0.0042 -0.0043 -0.0054 -0.0051 -0.0064 -0.0063
B -0.0062 -0.0060 -0.0077 -0.0070 -0.0089 -0.0083

Ha pucynkax 14 u 15 cooTBeTcTBEHHO JUIs aHU30TpOnHBIX 112 1 A2 nanbl nmoiy-
YeHHbIE Pa3pabOTaHHBIMHU METOJAMHU SIIOPHI HAIPSHKEHUH Sy / ( yH ) Ha KOHTYpE CBOJ-

YaTOTO CEYEHUs B HAYaJIbHBIII MOMEHT BpPEMEHU (CIUIOIIHAS JTUHUS) U B MOMEHTHI Bpe-
MEHU t =ty (mTpuxoBas JuHUS). BBUy OTHOCHTENBHO BhICOKOM mpounoctu 12 mepe-

pacnpe/eNnieHrne HalpsHKeHU Ha KOHTYPE BbIPaOOTKH C TEYEHUEM BPEMEHHU OKa3bIBAET-
Csl HE CyIIECTBEHHBbIM. OHAKO B IMOYBE BO3HMKAET 30HA PACTATUBAOIINX HANIPSKEHUN,
YTO MOJKET MPUBECTU K PA3pyLICHUIO IOPOJ B 3TOM 30HE U IMOJIEKUT YUYETY MPH MPO-
BEJICHUU TOPHBIX BBIpA0OTOK. J[J11 MaccuBa U3 A2 CBOWCTBA MOJI3YYECTH MPOSBIISIOTCS
B OOJbIIEH CTENEeHW, U U3 PUCYHKA 15 BUAHO, YTO C TEYEHUEM BPEMEHH MPOUCXOIUT
0osiee paBHOMEpPHOE IIEpPEpACHpPEEICHUE KOHLEHTPALUN HANpsyKEHUH B CTOPOHY
YMEHBIIEHUsI a0COTIOTHBIX 3HAYeHUN. B oTiiMuMe 0T mecyaHuka 30HbI JEHCTBUS MOJIO-
KUTEJIbHBIX HANpsDKEHUH B aJeBPOJIUTE C BBIPAOOTKON pacCMOTPEHHOIO CEYEHMs HE
BO3HHUKAIOT.
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Jlanee B pa3zaene paccCMOTpeHa TOPU30HTAIbHAs BHIPA00OTKA KBAJAPATHOTO CEUEHUs
CO CTOPOHOM 2 M W TJIAJIKOM anmpoOKCUMALUEN B YIIOBOM TOYKE YaCTHIO OKPYKHOCTH C
paguycom 3akpyriaeHust I =0.1x. Ha pucynke 16 misi yka3aHHBIX BBIIIIE MOMEHTOB

BPEMEHHM INPEACTABIIEHBI PACIPEACIICHUS HAIPSDKEHUN Sy /( 7/H) y KOHTYpPOB BBIpa0o-

tok st [12 (a) u A2 (6). B mepBoM cirydae 0COOCHHOCTBIO SIBIISICTCS TOSIBJICHHE 30H
MOJIOKUTENIbHBIX HAIPSKEHUN B KPOBJE U MOYBE, KOTOPHIE CO BPEMEHEM YBEJINYUBA-
10Tcs. B cTeHKax BbIpaOOTKH Mpeo0IaaroT CKUMArOUIUe HanpsbkeHus. g reomaccu-
Ba U3 aJeBpOJaUTa2 HAOII01aeTCsd CHU)KEHUE KOHIICHTPALUU CKUMAIOIIMX HAIPSKEHUH,
HO UMEET MECTO YBEJIMYEHHUE HAIPSKEHUHN B Y3KUX 30HAaX CKPYIJICHUS.

LH

Puc. 16

Jlanee moiydeHo pelieHue 3aJa4u JUIsi TOPU30HTAIBHON BHIPAOOTKH C CEYCHUEM,
COCTABJIGHHBIM U3 YETHIPEX AIUIMITUYECKUX AYT M PeaTn30BaHbl pacueThl /Uil BbIpa-
OOTKH, C CCUCHHEM OTPAHUYCHHBIM JIByMSI OJIMHAKOBBIMU JUIANITHYECKUMU KOHTYPaMH,
COCJIMHEHHBIMU YYaCTKOM BBIPAOOTKH C «IIOYTH MPSIMOJIMHEHHBIMIY TPAHUIIAMU B BUJIC
IyT DIJUIMIICOB OYEHb MajOW KPUBU3HBI, PACCTOSHUE MEXKIY KOTOPBIMH COCTaBJISIFOT
h=1m (puc. 17). MeHbIas MOJIyoCch BepTUKaIbHOTO Ayutunca a=21.5mu, Oonpmas

b =2 m.PaccTosHre MEXIy IICHTPAMH SJUTMIITHYCCKHUX moytocTeld L =6 m.

Ha pucynke 17 Takke MpeacTaBiIeHbl SIIOPHI HAPSHKEHUH ‘59 I(yH )‘ Ha KOHTYpE
BbIpaOoTKU aiig Matepuana A2. CruioniHasi JMHUS COOTBETCTBYET HAYAJIbHOMY YIIPY-
romy coctosiHuio t =0, a mTpuxoBas — ycraHoBuBiemycs ty =600 uv. MakcumanpHble
M0 MOJYJIIO 3HAYEHUS] HANPSHKCHUI BO3HUKAIOT B OOKOBBIX TOYKAaX BBHIPAOOTKH (TOUKHU
A 1 B) u paBHbI, COOTBETCTBEHHO, Syl . =-3.7017yH u 36’|t:600 =-2.9203yH . Pac-
YeThl TIOKA3bIBAIOT, YTO C TEYCHUEM BPEMCHHM MaKCHUMAaJIbHBIC CKMMAIOIIUE HAIPSIKE-
HUS YMEHBIIAIOTCS TI0 MOTYJTI0. MOYKHO Tak)Ke OTMETHTh, YTO Ha OTPE3KaX MaJlol KpH-
BU3HBI, COCIUHSIONINX JSJUIMIITHYECKHE KOHTYPBI, BO3HHUKAIOT 30HBI PACTATHBAIOIINX
HaIpsHKEHUH, KOTOpbIE co BpEMEHEM HE3HAYUTEITHHO YMEHBIIAIOTCS
( Se|,[:0 =0.2866yH, sy (600 = 0.2542yH ). HccnenoBanus TakXke TMOKa3aJd, YTO C

YBCIIMYCHUCM PACCTOAHHA MCKAY SJIUIITUUCCKUMHU BBIpa6OTKaMI/I HaIpsHKCHUSA, KaK B
OOKOBBIX TOYKaxX, TaK 1 HCHTPAJIbHBIX TOYKAX HpHMOJ'IHHGfIHBIX OJICMCHTOB, PAaCTyT.
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Puc. 17

PaccmoTpeH Takke ciaydail MHOTOCBSI3HOTO CEYEHHUS MACCUBA, COACPIKAIIETO pas3-
MEILICHHBIC HA PACCTOSIHUU OJIMHAKOBBIC TOPU3OHTAIBHBIE BHIPAOOTKHU AJUIUNTHYECKOTO
ceueHus (puc. 18). AHaaU3 MOJYYCHHBIX PACUYCTHBIX PE3YJIBTATOB IO3BOJISICT CIIEIATh
CJIEAYIOLLINE BBIBOJIBL:

— MaKCHMaJlbHbIE 110 a0COJIOTHOMY 3HA4YCHUIO HampspkeHus oy / yH , Bo3HHKaro-

muc B OOKOBOM CTCHKE JJsI BCCX BAPHUAHTOB pacC-

"R s IOJIOKEHUSI U COOTHOIICHUS MOJIyoced BbIpado-

/\ 0 /’ h TOK M MaTepHalioB B CTALlMOHAPHOM COCTOSIHUU

\ _/ A\ y € IPUOIU3UTEIIBHO Ha 30% MEHBbLIE COOTBETCTBY-
IOIIUX HAMPSDKEHUN B HAYaJIbHBIN MOMEHT;

7 — st Mmatepuana [12 B KpoBie u moyse BO3-

HUKAIOT MIOJIO’KUTENbHBIE pacTITUBaOIINe

Puc. 18 HaNpsOKEHUS, YTO MOXKET MPUBECTU K paspyliie-

HUIO BBIPAOOTOK B ATOM 30HE.

VYBenuueHue IIUHbI BEPTUKAIBHOU MOIYOCH SJUTMITUYECKUX BBIPAOOTOK MPUBO-
JIAT K YMEHBIICHUIO KOHIECHTPAIIUY MOJIOKUTEIBHBIX HAMPSIKEHUI B KPOBJIE U MOYBE, a
C €ro JajibHEHIIeM yBEeJIMUCHHEM, BOOOIIE, K MEPEXOAY B 30HY COKUMAIOIINX HaIpPsIKe-
HUN. YCTaHOBJICHO TaKXe, YTO JIJIsI BRIPAOOTOK KPYrOBOTO CEUEHHUS B MPOIIECCE UX IKC-
IJTyaTaluy PacTATUBAIOLIME HANIPSIKEHUS YBEIIMUMBAOTCS ITIOYTH B JIBa pasa.

B mecrom pasaesie quccepraunu NpeACTaBICHBI HOBBIE HEKIACCHUUYECKUE MOJEIHN
U YTOYHEHHBIC TEOPUU HU3TMOa TPAaHCBEPCATHHO-U30TPOMHBIX M OPTOTPOIHBIX ILIUT,
peaycMaTpUBaIOIIKe yueT aedopMaInii MOMEpeyHOro CABUTA, U pa3paboTKa METOIOB
MX WCCJIENOBAHMS; IOIYYEHBI COOTBETCTBYIOLIME IPEACTABICHUS I MEPEMELICHUM,
HaNnpsHKEHWM, MOMEHTOB M MEPEPE3BIBAIOIIMX CHUJI, a TAKXKE pa3peraronias CUcTeMa
nuddepeHnanbHbBIX YPaBHEHUH IIECTOr0 MOPsAKA; MpeCcTaBlieHa METOJMKa YIOBJIe-
TBOPEHUSI TPAHUYHBIM YCJIOBUSM KPAeBBIX 3a7a4, GOPMYJIHUPYEMBIX B paMKax Mpesio-
JKEHHBIX YTOYHEHHBIX TEOPH; MPEICTaBICHBI MPUMEPHI MPUMEHEHUS pa3padOTaHHBIX
METOJIOB TP HCCIICIOBAHUU HANPSKEHHOT'O COCTOSHUS OCCKOHEUHBIX aHHU30TPOIHBIX
IJTAT C DJUIMNTAYECKUM OTBEPCTUEM M aHAIU3a OMMCHIBAEMBIX MOJYYEHHBIMU PEIICHU-
ssMH (PU3UKO-MEXaHHIECKUX 2((PEKTOB.

[Ipu paccmoTpeHnn MoOJenW M3ruda cojepikaliel OTBEpCTHE HEOTPAHMYECHHOMN
TPaHCBEPCATbHO-M30TPOIHOMN TUIUTHI TOIMMHBI 2N, MoABep)KeHHOW JASHCTBUIO TIPUIIO-



31

KEHHBIX HA OECKOHEYHOCTU U Ha OOKOBOW MOBEPXHOCTH OTBEPCTHS YCUIIUI U OTHECEH-
HOM K JeKapToBoi cucteMe koopauHat OXyz ¢ ockio Oz, OpTOTOHANBHON K TUIOCKOCTH

HM30TPOIIMU €€ MaTepuasa, KoTopas IapajuielibHa CPEeIMHHOU IIJIOCKOCTH IUIMTHI, BBO-
JMMBIE TIpEJCTaBICHUS ISl PYHKIMHN TIepeMeIeHuid UMEIOT BUT

U = Pu(2)[ G1(X.Y)+ 021 (X%, Y) ], Uz =p1(2)[ Bap(x.y) -0 (xy)],  (31)

Uz =wo (X, Y)+ P2(Z)W(x,y), Pa=]pdz,

a M3 COOTHOIIEHHH 0000IIeHHOr0 3aKoHa ['yka MOTYT OBITH IOTYYEHbI BEIPAKCHUS
01= Sy, 02 =P1S2, 03=P1S3, 06 = P16, (32)
04 = Pyg| BaWo + P20W+ Po (00 —w) |, (33)
05 = Ags | OWp + PodW+ Po (81 + 0¥ |,

rae Pi(z) — HexoTopas BBoAMMas I Bepcuil Mogenu HeueTHas Gynkuus, ¢(X,Y),

w(X,Y), Wo(Xy), W(X,y) — nomiexaiue onpeaencHuo (QyHKIuH, Aj — Momynu

YIIPYTOCTH,

i =( A0t + A25 o+ (An—A2)ardaw + Agw  (i=13), (34)
56=A66[25152€0+(5§—512)W] Po(2)=p(2).

Hanpsixenus: oy, 05 U 03 MOTYT OBITh TAKXKE MOJIY4YEHBI U3 YPAaBHEHUN PABHOBECHS

o4 =] P2(h)=P2(2) ]S4, o5 =[ P2(n) - P2(2)]Ss, 3 =] P3(2)—p,(n)2]S;. (35)
A€ BBCIACHDBI O603HaquI/IH
p3 :J. pde , S; 281854'8284, 84 28186 +6282, 85 :8181+8236.

[IpencraBnenus Ui HANPSKEHUH 04 U Oy B COOTHOLIECHUSAX (35) yAOBIETBOPSIOT
OZHOPOIHBIM TPAaHUYHBIM YCIIOBUSM Ha IUIOCKUX TPAHAX IUUTHL 0y =0y =0 npuz ==*h
, HO OHU MPOTUBOpeUaT cooTHomeHusM (33). Jlns ux cormacoBaHusi U MOMYYEHUS pa3-
pemaronx auddepeHImanbHbIX YPaBHEHUN paccMaTpUBaeMOM MOJIETH BBOJSATCS TH-
NOTE3bl: TONEPEYHOE HOPMAIIbHOE HANpPSKEHHE O3, KaK U B IPHUKIAJHON TEOPHH
Kupxroda, paBHO HYJII0; CyMMapHbIE MTONEPEYHBIC YCUIIUS, MTOTyUYCHHbBIE HHTETPUPOBa-
Huem npexactaBieHuid (33) u (35), paBHbl. B pamkax NaHHBIX TUIIOTE3 BBEICHHbBIC
GYHKIIUU TOJDKHBI YIOBIETBOPSATH CUCTEME COOTHOIICHUI

AA =0, (36)
A(//—kzl//:O, (37)
Wo = —Ko@ + aqA @, W=—a3A0, (38)

rac
k?=ko ! (koctgs), ctes=Pgs! Pss, 13 =Azl Agz, ay=KoByy/ Ags+kyans,
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1" 1"
ko :E_jh pO(Z)dZ, k]_:%_-[h pz(Z)dZ, k2 = p2(h)_k1

Cucrema paspemaroninx qudpepeHnnanbHbIX YpaBHEHU UMEET B COBOKYITHOCTH
HIECTONW TMOPSAOK, YTO TMO3BOJSET YIOBIETBOPUTH BCEM MHTETPAIbHBIM TPAaHUYHBIM
YCIIOBUSIM Ha OOKOBOM MOBEPXHOCTH TIUTHI.

B pamkax pazpabarbiBaeMoro Metojia ooume peuieHus nuddepeHImanbHbIX ypaB-

HeHuit (36) u (37) cTposATcs B QYHKIIUAX 000OIIEHHBIX KOMIUIEKCHBIX MIEPEMEHHBIX.

_ Z2m—1

Ilpu 3anannu Gyrxumn py(z) B Buge pi(z) ypaBHenue (37) 3amuchIBaeT-

CsI B BUJIE

APAy -y =0, (39)

M Ul pacCMaTpUBAaeMbIX  OTHOCHTENBHO  TOHKMX  IUIACTUH  BEJIMYMHA
A2 =1/k? =h2a65/(2m +1) npuUHHMaeTCs B KauecTBe MAlOro IHapamerpa. SIBiso-
IIUICS COCTABHBIM 3JIEMEHTOM pa3paldaThIBAEMOTO MOAXO0a, METOJ PEIICHUs ypaBHE-
Hus (39) 6aszupyercst Ha UCOIB30BAHUM YPAaBHEHUS TPAHUIIBI 00JIACTH U MOTPAHUYHOTO
cnos. Ilpu YL 0, pemenue npenenpHOro It (39) ypaBHenus y =0 O1u3Ko K TOY-

HOMY PEIICHUIO BCIO/Y, 32 UCKIIOYCHUEM MAJIOTO MHTEpBaia (MOTPaHUYHOTO CII0s1, 00-
JacTH KpaeBoro 3¢dekra) Bo3jie TpaHUYHON JIMHUU @ =0, TJIe pelieHre U3MEHICTCS
TaK, YTOOBI yOBJIETBOPSUIOCH KPaeBOE YCIOBUIO Ha TpaHHIle oOnacTu. Pemenne B 00-
JACTH TIOTPAHUYHOTO CJIOSI CTPOUTCS C MPUMEHEHHEM aCHMITOTHYECKOTO Pa3I0KEHUS
Ha 0ase npecTaBiIeHUM

w=r(xy)¥(xy), (40)
2 3 2 3
@ @ 0] @
r=exp|aw+ay—+az—+...|, Y=¥Yg+¥,0+¥,—+¥Y3—+..., (41)
2 6 2 6
B KOTOPBIX ¢ — IIOCTOSIHHAsl BEJIMYUHA; Op,..., VYo, Wi, ... — QyHKIMN nepeMeHHBIX
(x,¥); @(x,y)=0 — Hopmamm3oBauHOe 10 K -ro mopsiiKa ypaBHEHHE FPAHULBI KOHTY-
pa otBepcTUs OC), i1 KOTOPOTO CIPaBEIMBLI CBOMCTBA
2 2
ow (ow ow 0w o NG
—==| = | =l =7 —=-=—7—=0 na 0Q.
on OX oy o°n  o°n on
[Tocne moacranoBku (40) B (39) ¢ yueTom CBOUCTB DYHKIIMU @, JIs ONIPEICTICHUS
BEJIMYMH, BXOASIINX B (41), 3aIIUCBIBAIOTCS COOTHOIICHHUS

AVYy=0;, a=-1/1, a,=-cAw, (42)
Vi=—(@ 0¥ +@p 0,¥q), Vo =—Aw Y, —2[a 01¥1 + @y 0,1 ], (43)
rae @ =0w/0X, w, =0w /0y . Pemienue ypaBuenus (42) u pynkiwn (43) BIpaaroT-

Cs 4epe3 MPOM3BOJIBHYIO (DYHKIIMIO KOMIUICKCHOM TMEpPEeMEeHHON Z3 =X+ 13y (43 — B
JTAHHOM Clly4ae MHUMas eUHUIA) B popMme

Wo=2Red(z3), W;=2Re p9'(z3), W,=2Re[ py®(z3)+ ppr®’(z)],
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rae
= + = 2pf
Pr1=—(o1+ w30, ), P22 =2pi1,
Por =3y 812a)+ 2, 010700+ @y 8%w+ 3 (3(02 8§w+ 2wy 010,00 + @y 81260)
Hapsiny ¢ BbIIIEONUCAaHHBIM METOJOM, HHTETPHUPOBAHUE METAarapMOHHYECKHX

ypaBHeHU# (37) peaqn30BaHO C MCIOJIL30BAHUEM alllapaTa MIWIHHAPHIECKUX Oeccere-
BBIX (DYHKIUH.

[Ipu ynoBneTBOpEeHUH T'PAHUYHBIX YCJIOBHM Ha OOKOBOW MOBEPXHOCTH MOJIOCTH,
yHKIHHE @) (z j) (j =1,2) u CD3(Z3), yepe3 KOTOpbI€ BBIPAKAIOTCS PEHICHUE @

OMrapMOHHYECKOTO yYpaBHeHUs (36) u pelieHue y ypaBHeHus (39), npencTaBisitoTcs B
BUJIC PAJIOB

o0 an. o0 a
oi(2j)= X O(z)=Y 7, (44)
n=1¢j n=1563
¥ J1ajiee JJIs HaXOXJICHHS BBEJICHHBIX B (44) HEM3BECTHBIX KOAX(PPHUIIMEHTOB TIepepasiia-
raloTCsl B pAAbI 110 CTENEHSM MEPEMEHHOM O , MTOCJIE Yero na 0aze MeToja OpTOTOHAIb-
HBIX PSJOB KpaeBble YCIOBUS CBOJATCS K PEAyLIUPYEMbIM O€CKOHEUHBIM CUCTEMaM JIU-
HENHBIX aNreOpandecKux ypaBHEHUM OTHOCUTEIBHO O .

YuclieHHbIE HCCIIEOBAaHUS C IPUMEHEHUEM pa3pabOTaHHOTO MOIX0/1a peaanu30oBa-

Hbl UIA ClIydasa, Koraa Ha yAaJICHUW OT HOHGp@‘-IHOﬁ IMMOJIOCTU-OTBCPCTUA 3a/laHbl YCHU-

IS MHTEHCUBHOCTH Oy = PZ, 05 = o-g =0, a ee OOKOBas NMOBEPXHOCTh CBOOOJHA OT

ycunni. [y XapakTepUCTUK KOHLIEHTPAUUU HAINPSHKEHUA Ha KOHTYpE IOJOCTH B JIaH-
HOM CJIy4ae IOJIyYEHBI BBIPAKECHUS
yA

z 2 2
op :Ese :E(nzsl —2mNySe + n152)’

720 = P2(2)S50 = Py (2)(—,S5 + 1S4, Pz(z)z(h—zzlh)/z.
Yprrl/Ie IIOCTOAHHBIC MATCPHUAJIOB, AJIX1I KOTOPBIX IIPOBOAUINCH HCCIICOOBAHUA,

nanbel B Tabnuie 6. M30TponHblil MaTeprasl SBISETCS MOJEIBHBIM C KOI(POUIIUEHTOM
Ilyaccona v =1/3. MakcuMalbHOTO 3HA4EHHS BEIWYMHBI Sy / P IOCTUTAIOT HA KOH-

Type otBepcTus ipu @ =7/2 u =37 /2, a munnmansHoro pu € =0 u € =7 . Be-
JTMYUHBI ‘Szgl p‘ IV KPYTOBOTO KOHTypa MaKCHMAJIbHOTO 3HAYEHHUS JOCTUTAlOT MPH

O=xtrn/4 nu 0 =237 /4. JInsa >70TMNTHYECKOTO KOHTYpa 30Ha MaKCHMaJIbHON KOHIICH-
Tpaluu CABUTAETCS B CTOPOHY BEPIIMHBI C OOJBIIEH KPUBU3HOM.

Ta0mnura 6
Marepuai A, ITTIa | Ao, ITla | Ag,ITla | Agg,I'Tla | Ay, ITla
W3oTpomnHblit 120 60 60 120 30
Ceramic PZT-4 139 /8 74 115 25,6
InSe /3 27 30 36 12

B PE3YJIbTATC YUCIICHHBIX I/ICCJ'IeI[OBaHI/Iﬁ YCTAHOBJICHO, 9YTO HCIIOJIb30BAHUC PC-

nieHnid ypaBHeHus (37) B UMIMHIPUUECKUX (PYHKIIMSIX UMEET OTpaHHuEHUE, Kacarole-
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€csl COOTHOILIEHUS TIOTYOCEH AIITUICa, U ISl BCEX PACCMOTPEHHBIX MaTepUaioB U TOJ-
IIMH TUTATHI TPEJIENT 3TOT0 COOTHOIICHUS MPUOIM3UTEIBHO paBeH 2/3 /i BEpTUKAIBHO
(1 3/2 st TOPU30HTANIFHO) OPHEHTUPOBAHHBIX JuHIcOB. Ha 6a3e comocTaBiieHus pe-
3yJbTaTOB MPUMEHEHHS MPHUKIATHON TEOPUU U MOIYUYCHHBIX C YUETOM IEPBOTO MpH-
ONMMKeHHs B MPOLIECCe WHTETPUPOBAHUS ypaBHEHHs | enbMronblia ¢ MajbiM MapameT-
POM TIpH CTapIIei MPOU3BOTHON MOXKET OBITh IPOAHATM3UPOBAHA TPAalUs «TOHKAs —
TOJICTasl TUIMTay. Tak, cpaBHEHUE PE3YNbTATOB IS IUIACTHHBI C KPYTOBOU IMOJIOCTHIO
MOKA3bIBACT, YTO TOHKOH MOXHO CUMTATh ILIUTY, Y KoTopoi h/a=0.25. B Tabauie 7

TpUBE/ICHbl PACCYMTAHHBIE 3HAYEHHS MaKCUMaTIbHBIX Hampskemmit Sp/ p, Siy/p,
BO3HHUKAIOMIUX HAa KOHTYpPE KpPYroBOW MOJOCTH, rie |1=1 COOTBETCTBYET pPEIICHUIO
ypaBHeHUs (37) B IMIIMHAPUYECKUX (YHKIHAX, @ | =2 — METOAMKE MHTETPUPOBAHMUSI
ypaBHeHus (39) ¢ ManbIM IapamMeTpoM IpH cTapiiel nmpou3BogHOW. Pe3ynbrarel mms
MaTepuaina INSe Xopomio cornacyrorcs ¢ U3BECTHBIMHU, TIOTYYEHHBIMUA B paMKax TPEX-
MEPHOU TEOPUHU.

B pabote Takxe Moixy4eHbl U MPOAHATUZUPOBAHBI PE3YJIbTAThl PACYETOB JUJIS ILJIUT
pa3HoOil TOJIIUHEI ¢ UTUITHYecKor noocthio (a/b=0.7), a Taxke UIS TOHKOW TLITH-

TeI (h/b=0.1) npu pa3TUIHBIX COOTHOIMIEHUAX MTOTYOCEH.
Tabnuua 7

h=0.01 h=0.25 h=1 h=10

Matepuan 1 2 1 2 1 2 1 2 1 1 1 1
Sop |Sg | S0 | S0 |Se | So | S|S0 |Se | Sz | So | Sze

N3orponnenii | 1.81 | 1.81 | 0.52 | 0.52 [ 1.93 | 1.93 |0.49 | 0.52 | 2.242 | 0.414 | 2.918 | 0.105

Ceramic PZT-4 | 1.81 | 1.81 | 0.48 | 0.47 | 194 | 192 | 0.45 | 0.37 | 2.271|0.371 | 2.928 | 0.089

InSe 1.69 169 | 041 | 041 [1.86 [1.81 |0.39 |0.29 |2.244|0.319 | 2.936 | 0.071

Hanee B paboTe pacCMOTPEHO TIOCTPOSCHHE YTOYHCHHOM TEOPUM YHCJICHHO-
aHAJUTUYECKOTO HCCIICIOBAHMS HEKJIACCHUECKON MOJICTH M3ruda OPTOTPOITHBIX IUIHUT.
Ha ocHOBE HCXOIHBIX TIPEICTAaBICHUH JJI IEPEMEICHUN B BUJIEC

U = P01 (X, Y), Up= PO (XY), Uz =Wo(X,¥)+ paw(X,y)

Y QHAJIOTUYHBIX BBIIICIPUBEICHHOMY CIYYar0 TPaHCBEPCATbHO-H30TPONHBIX IUTUT TH-
N0Te3 W MpeoOpa3oBaHWM, /Ui JTaHHON MOJENU TOJYyYEHO paspellaroiiee ypaBHEHHUE
IIECTOTO MOPSAKA

(D4|_2—/12 P4)c1>=0, (45)

B KOTOpoM Dy =83 + 2000505 + Up0; , Py =0 + 2040507 + G071 , Ly =05 + 0507,
A2 = Pgskq /(Aesk2)+ do =(Br1—Bi2G1)/(2As5), 0y = Do/ Byy, O =By / By,
Oz = (Aot — Ag1 )/ (AsaPes ), s =(As202 — As1th )/ (Ae3Aes ). s = Ass ! Ays.

B kauectBe mpuema JUisi MHTETpUPOBaHUsL ypaBHEHUS (45) sl IMJIACTUH OTHOCH-
TEJIbHO OOJIBIION TOJIIUHBI MPEIOKEHO T00aBICHUE K €ro JIEBOM YacTH ONEepaTOPHOTO

cnaraemoro A° 2(cp— ) 02 63D ¢ KodDPUIEEHTOM, COIEPKAIIM MBI IapaMeTp
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A% = Assko ! (Aggks ) mopsinka h=2, s pe3yJsibTaTe Yero MmojiydaeMoe ypaBHEHUE MPUBO-
AUTCA K BUOY
D4(L2 —/12)cD=o.
I[J'IH IUIACTUH MaJIOU TOJIIMWHBI ITJIMTBI K JIEBOU 4YacTH YPaBHCHUA IPCAIaracTcs

I00aBJICHUE CIIaracMoro 172 2L — 02 95 ¢ Ko WUIIUCHTOM, COJEpKaIliM
2\t ~Y0 )01 O2 Y

Mautbiii mapametp 1/ /12, YTO MO3BOJISIET IPUBECTHU €0 K BULY
P4(|_2—,12)q>:o. (46)

JleTanbHbIN aHAU3 U NPUMEHEHNE YKa3aHHbBIX IPHUEMOB OCYIIECTBICHBI IPUMEHH-
TEJIbHO K BAPUAHTY HEKJIACCHYECKOW MOJENN ONpEEICHUS M3TMOHOrO HaIpsKEHHO
ne(hOpMUPOBAHHOTO COCTOSIHUSI TOHKUX IUIUT. OOIIMM pEelIeHuEM MPUMEHSEMOIO B
3TOM city4ae ypaBHeHus (46) sBiserca QyHKIus

D=0 +D,, (47)
rac

P4(D1:0; (48)

(L2 — )2 )qaz ~0. (49)

Jlnis o01ero JeHCTBUTEIbHO3HAYHOTO perieHus (48) ucmonb3yeTcs mpeacTaBiie-
HUE

(Dl = ZRG[Fl(Zl) + F2 (22):| y
rne Filz;) — amanmuTtnueckue HKIIMU OOOOIIEHHBIX KOMIUIEKCHBIX IIEPEMEHHBIX

Zj =X+ 4y ; IApaMeTpPbl /] SBISIOTCS KOPHAMU CTCIICHHOIO YPaBHCHUS

4 2
Py(p)=p" +2qqu° +0p =0.
B cBoto ouepens, nuddepennnanbHoe ypaBHeHuUE (49) npeacTaBiseTcs B BUIE

[52 (03 + q5812)—1} ®, =0, (50)

rae £% =1/ A% — mansiit rapaMmeTp IpU CTapLINX MPOU3BOAHBIX. [Ipeqnaraemelii MeTo
pemenus: ypaBHeHus (50) oCHOBaH Ha HMCMOJB30BAHUM yYpaBHEHUS TPaHUIIBI 00JIaCTH;
npubamxeHHoe pernieHue (50) 3amuchIBaeTCS B BUJIEC TPOU3BEICHUS
D, =r(xy)¥(xY), (51)
rae pyukuuu I u ¥ onpenensitorcs B 06sactu kpaeBoro 3¢ dexra B BUAE pa3noKEHUN
2
0]
r= exp(aa)), Y= l//o + l//l w + l//27, & — IIOCTOsAHHAsA BEJIWYHUHA, YWqo, YW1, Wo —

GyHKIIMM TIEPEMEHHON X+ 4y, TOJIekKAIINE OIPEACIICHUI0 B TIPOIIECCE PEIICHUS

ypaBHeHus (50). Pezynbrarom nojcranoBku npeacrasienus (51) B ypaBuenue (50) sB-
JISIFOTCSL ypaBHEHUS 1711 QYHKIUH

O30 + 001y =0; (52)
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w1 =—(@0,00 + Q51010 ), Wo = —2( @01 + 510117 ) - (53)

B pamkax pa3pabaTeiBaeMOT0 TOIX0/a ISl pelIeHus ypaBHeHHS (52) 1 it PyHK-
i (53) MoaydeHsbl BhIpAKEHUS

wo=2ReF3(z3), y1=2Re|nFi(z)]|. wa=2Re[r,F3(z5)],

rie 1y =—(@ottz + Qs ), T =217, pi3 =i\[05 , F§=dFy/dzg, Ff=dF}/dz,
F3(Z3) — mpou3BoJibHAs (PyHKUMS 0OOOIIEHHONW KOMIUIEKCHOM TepeMEHHOU

Z3 = X+ 13y . CoOoTBETCTBEHHO, IpeacTasieHue (51) nnsa pemenus ypaHenus (50) u
obmree pemenue (47) ypaBHeHus (46) 3amuChIBaIOTCS B BHJIC

D, = 2Re[F3 +orF+ (a)z / 2)r2 Fé'}exp(aa)), (54)
®= 2Re[F1 +Fy+ ( Fs+@rF+ (a)2 / 2)r2F§')eXp(aa))} . (55)

[IpousBosibHbIe PpyHKIIMM F i (Z J—) B OTHUX MPEJICTABICHUAX MOJICKAT ONMpeEese-

HUIO HaXOMSITCS U3 TPAHUYHBIX YCIIOBUN Ha OOKOBOM MOBEPXHOCTHU MOJIOCTH.

B pamkax paccmarpuBaeMod MOJENM C NMPUMEHEHHEM pa3pabOTaHHOTO METOja
OCYIIECTBJICHBI MCCIICIOBAHUSI HAMPSHKEHHOTO COCTOSIHUSI OECKOHEYHBIX IUIUT COAEp-
JKAIMX HEHArpy>KEHHYIO 110 TPAHUYHON NOBEPXHOCTH MONEPEUHYIO MOJIOCTh-OTBEPCTHE

SIUTMIITUYECKOTO CEUEHUS C TIOJIYOCSIMU & W D Tpu JeiicTBUY MPUIIOKEHHBIX HA OECKO-

HEYHOCTH M3rHOaroIUX yCHUIHN 010 =pz/h 0'8 =c78 —0. Ornecennnie k 10* Mla

TEXHUYECKHUE YIpyrue NocTossHuple Ej u Gij JUIS. MAaTEPUAJIOB, U3 KOTOPBIX U3rOTOBJIE-
HBl UCCJIEyeMble IIUTHI, MpeAcTaBlieHbl B Tabmuie §. Martepuan O — OpTOTPONHBII

Martepuall (BOJIOKHUCTHIN crekiomiacTuk BM-1). Matepuan 4 — MoJienbHbIA U30TPOTI-
HBIM MaTepuall.

Tabnuma 8

Matepuan | ) Es | G2 | Gz | Ga3 | Va1 | Va3 | V12
0] 476 | 207 | 1.45 | 0.531 | 0.501 | 0.434 | 0.099 | 0.325 | 0.149
VZ4 476 | 476 | 476 | 2071 | 2071 | 2.071 | 0.149 | 0.149 | 0.149

B Tabnuie 9 nmpuBeneHb pacCUNTAHHBIC 3HAYEHMS MAKCHMAJIbHBIX U MUHHUMAJb-
HBIX HampsDKeHUH Sy =0y /(pz/h) npu z==h, a Takke MaKCUMaIBHBIX 10 MOLYJIIO

3HAYEHHUH HAIPSHKEHUHN S,p :‘729 / PZ‘ Ha KOHTYpE MOJOCTH B CPEAWHHOU IUIOCKOCTH
NIPY Pa3JIMYHbIX cOOoTHOMEeHMsIX a/b B ciydae h=0.01b.

Tabmuma 9
M al/b=05 alb=1 alb=2
ATCPMAT " maxs, [ mins, | s,p | maxs, | minsy | s,, | maxs, [ mins, | s,y
u 2.46 0.27 | 0.81 1.73 0.27 | 0.54 1.36 0.27 | 041
0] 3.48 0.37 | 0.92 2.24 0.37 | 0.58 1.62 0.34 | 0.39
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CpaBHeHI/Ie pE3yJIbTATOB PACUCTa Oy A TOHKHUX IIJIUT, IIOJYYCHHBIX C IIPUMCHC-

HHUCM pa3p8,60TaHHOI‘O MCTOAA U B paMKax HpHKJI&,ZIHOfI KJIaCCUYECKOM TCOPHH, YKA3bI-
BacT Ha HUX ITIOJIHOC COBIIAJACHHC. OI[HE[KO, KJIaCCHUYICCKaA TCOPHUA HC IMO3BOJIACT CACIIATDH
BBIBOJBI O ITIOBCACHHUHN KaCaTCJIIbBHBIX HaHpiDKGHI/Iﬁ 7,0 > KOTOPBIC B HCKOTOPBIX CIIy4dadaXx

cocTaBiA0T 10 30% OT MaKCHMaJbHBIX HANIPSHKEHUN O .

HCCJ’IQI{OB&HI/I}I IMO3BOJIAIOT TAKIKC CACIIATh CIICAYIOIIHUC BBIBOIbBI!

— YUcT (baKTopa AHU30TPOIINNU MCXAHHUYCCKUX CBOMCTB MaTCpUuaJIOB IJIA OPTO-
TPOIIHBIX IINTMT BCACT K YBCIIMYCHHIO ITOKA3aTCJII KOHOCHTPAIIUU HaHpH}KCHI/Iﬁ BOJIM3H
IIOJIOCTH,

— HauOOJbIINE HaIIPSOKCHUA 59 BO3HHUKAIOT B CJIy4adcC, KOraa 3JUIUIIC BBITAHYT

BJI0JIb OCH, IEPIICHANKYISIPHON HANTPaBICHUIO ACHCTBUS N3TMOAIOIINX YCUITUM;
— C YMEHBLICHUEM TOJIIIMHBI 3HAYECHUE HANPSOKCHUS S,9 YBEIMYUBAIOTCA, CTpe-

MSACh K HEKOTOPOMY KOHEYHOMY 3HaueHHI0. C pOCTOM TOJIIMHBI 3HAYEHUS 3THUX
HaIpsHKEHUS! TPUOIMKAIOTCS K HYIIO.

B cenpbmMoM pa3zaesie AuccepTalMK U3JI0KEHBI BOIPOCHI IPUMEHEHUS pa3padoTaH-
HBIX METOJOB Yy4ye€Ta CBOMCTB BSI3KOYIPYTOCTH KOHCTPYKIIMOHHBIX MaTEpHAJIOB IPHU
aHanu3e Ha 0a3e BBHIIICONMMCAHHBIX YTOUHEHHBIX TEOPUH 3a7a4 U3ruda miuT, Gopmyiu-
PYEMBIX B paMKax HEKJIACCUUYECKUX MoJieNel yueTa (pakTopoB X 1e(hOpMUPOBAHMSL.

B nepByro odepenb, paccMaTpUBAIOTCS 3a/1a4yd ONMMCAaHUSA NPOU3BEACHUS HA €/IH-
HUILy UHTETPAJIbHBIX ONEPATOPOB, BXOJAIIMX B YPAaBHEHUS! COCTOSHUS JJISl CIIy4aeB U3-
ru0a IUIUT U3 U30TPOITHBIX, TPAHCBEPCAIBHO-U30TPOIIHBIX U OPTOTPOIHBIX MATEPHAJIOB.
JIJ1s1 U30TPOIHBIX IJIUT AAHHBIE JJI1 BPEMEHHBIX MaTpull K03()(PULIHEeHTOB AepopMaIiu
MOYKHO TIOJY4HTh 110 hopmyiam (18) — (22).

B ciydae TpaHCBepcadbHO-M30TPOIHBIX MAaTEPUAIOB MCXOJIHBIMU JAaHHBIMM IS
IIOCTPOCHHUS DJIEMEHTOB MAaTPHLBI COCTOSHUS @y, IOJAraroTCs 3KCIEPUMEHTaJIbHbIE

KpuBbIe IIOI3y4ecTd Pgj(t) U Pgo(t). Ilpy BBeACHHH B paCCMOTPEHHE IIPOM3BOIBHBIX
* *
PE30JIbBEHTHBIX OIEPATOPOB Pgj M Pgy, TO MPOM3BEIECHHUS HA €IMHUILY OINEPATOPOB

1/Ej u 1/G, MOXHO BBIPa3UTh C MCHOJIB30BAHAEM ONMCAHMII KPUBBIX MOJI3YdYECTH

Pei(t) 1 pea(t)

1 1 * 1 :

Elza[l—F pE|1:|:EI pEI(t) (|:l,2), (56)
1 1 * 1

G_zlzG_2|:l+ p62‘1i|=G—2sz(t).

N3 cooTHoleHnit (56) HAXOAATCS 3HAUEHUsI MPOU3BEACHUI HA €IUHUILY BBEJICH-
HBIX OTNIEPATOPOB YEpe3 IKCIEPUMEHTATIbHbBIC IAHHBIC

Pei 1= pgi() -1, Pga-1=pga(t)-1. (57)

C ucnosnp3oBanuem gonymieaus 1/ K =1/ K, cooTHOmEHUH anreOphl 0nepaTopos,
a Taioke u3BecTHOH 3asucnmoctu 1/ Gy =2(1+1;)/ Ey, nocnesosarensho Haxomsares

OCTAJIbHBIC HCHYJICBLIC 3JICMCHTBI MATPUIBI COCTOSHUSA
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_ _ 1Z Vv 1 =«
a12-1:a21-1:—E1-1:—E{1+;pEl-l}, (58)
1 1 1

1 1 W 1 « 3
Aggl=—1=2| =+ |- 1=—|1+ 11, =
o125 ( 3 Elj G, [ AG1PE1 } A61=7 Tvy)

—V- 1% E * 1 *
@3- l=8y-1=37-1=35, - 1=—=2 - 1=——2 |1+ 2 A+ —pg,-1].
13 31 23 32 g, EZ{ v E, Pe1 av, Pe2
3HaueHHs MPOM3BENCHUH Pgi-1 U Pg,-1 B cooTHOmeHHsX (58) ceayer 3ame-

HUTb NIPaBbIMU YaCTAMH PAaBEHCTB (57).

B nepByto odepenb, YNCICHHBIE UCCIEIOBAHMS C IPUMEHEHHEM pa3pabOoTaHHOTO
MOJIX0/Ia PEaTM30BaHBI JJISl BSI3KOYNPYTOM M30TPOMHON IMIUTHI U3 ATIOMHUHHS C yIPY-
TUMH U PEOJIOTHIECKIMH XapaKTePUCTUKAMU

E =7.1x10% MITa, G =2.84x10* MIla, v =0.25,
a=-05, 4,=615x103¢ ") g —665x1073 ¢ (%),

[Tpu sToM, B hopmyrie (18) criemyeT mojaoKuTh p: = AVQZC (—,BV) :

B kauecTBe TpaHCBEpCATBbHO-U30TPOIIHOTO BS3KOYNPYroro Marepuana st 6ecko-
HEYHOH TUIUTHI C UMEIONICH MOJYOCH CEYCHUS 8 U D 3JUTMNTUYECKOH MOJIOCThIO, U3TH-
0aemMoil MPUIIO)KEHHBIMU Ha OECKOHEYHOCTU YCUIIUSMU 02 = PZ, pacCMOTPEH NOJIH-
MEPHBIN KOMITO3UT C XapaKTEPUCTUKAMU

E, =17,4-10% Mila, 4 =0.023¢c M%) g =0005¢ M%),  =0.115,

E, =12,3-10% MIla, 2, =0.057¢" &%) g, =0.115¢" ) 1, =0.009,
G, =5.99-10° Mlla, Ag,=0.112¢"%) g =0.032c %) o=—07.
PEi =40 (=5i),  Pe2=7629(~Fs2)-
WccnenoBanusi MPOBEICHBI JUIS PA3IMYHBIX OTHOCHTENBHBIX TOJIIMH TUTHTHI
2h / max(a,b) B MmomenT Bpemenu t =0 u. (ynpyroe coCTOSHUE), a TAKXKe JJIsl CTaIHO-

HapHbIX cocTostHuM nipu t =300 vy. (ans amomunus), t =600 u. (a1 kommno3uTa). Mak-
CHMaJlbHbIe 3HAUCHHs BEeIMUMHA Sy / 0 IpUHUMAeT Ha KOHTYpE MOJOCTH nipu 6 =7/ 2

u 0=37/2, a munumansaoro npu 0 =0 u € = 7. BennuuHbl ‘Szg / p‘ JUISl KPYTOBOTO

KOHTYpa MaKCUMAaJIbHOTO 3HA4YCHUs AOCTHTatoT npu O =+t7/4 u 0 =%37 /4. JIna on-
JIMIITUYECKOTO KOHTypa 30Ha MaKCHUMaJbHOW KOHIICHTPAI[UM CIBUTACTCS B CTOPOHY
BEPIINHBI C OOJIBIIIEH KPUBU3HOM.

AHauM3 MOMyYeHHBIX PE3YJIbTATOB MO3BOJISIET CIIENIATh CISAYIONINE BHIBOIBI:

1) 3HaYCHUS] MaKCUMAJIBHBIX HANPSDKEHUH Sy / P HE3HAYUTEIBHO YBEITHYHBAIOTCS

C TEYCHUEM BPEMEHHM, U JJII PACCMOTPEHHBIX CIYYaeB UX POCT ISl IIJIUTHI U3 AIFOMU-
HUs cocTtaBwi He Oosee 5%. IlpuueM, ¢ yBenmWYeHUEM TOJIIMHBI Pa3HUIIA MEXITY
HaNpsDKEHUSIMA B CTAallMOHAPHOM COCTOSIHMM W HayaJlbHOM yMeHbluaercs. [[ns TpaHc-
BEPCAITbHO-U30TPOMHON KOMIO3UTHOM TUIMTHI HAMOOJbINEE YBEJIMUYCHUE 3TUX HAIPs-
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KEHHUI HaOII0AAaeTCs MPH TOJIIMHAX TUIUTHI, COM3MEPUMBIX C JUIMHON OOJNbIIEH MOody-
ocu otBepcTHs U cocTaBiieT 8% — 10% mo oTHomIeHHIO K yripyromy coctostauio. [Ipu
OTHOCHUTEIFHO MaJbIX M OOJIBIINX TOJIIIMHAX POCT HANPSIKEHU CO BPEMEHEM COCTaB-
aset 2% — 4%;

2) MUHHMaJbHBIC HAPSDKEHUS Sy / P I TOHKHX IUIMT YMEHBIIAIOTCS CO BpeMe-
HeM npuOau3uTenbHo Ha 30% — 50%, a 711 OTHOCUTEIBHO TOJICTHIX IUIMT CTAHOBSITCS
OTPULIATEIBHBIMU U PACTYT MO a0COJIOTHOMY 3HAYEHUIO, IPUUYEM C YBEITUUYEHUEM TOJI-
HIMHBI 3TOT POCT BBIPAKEHHO 3aMeISIeTCS,

3) HanpspkeHUst S,g/ P A7 M30TPOIHOM TUTUTHI C TEYEHHEM BPEMEHU HE3HAuU-
TEJIbHO YMEHBIIAIOTCS, U 3TO YMEHBIIECHUE TaKXKe 3aMEJJISICTCS C POCTOM TOJIIMHBI
wnThl. [Ipu AIuTEIbHOM HArpy>KEHUH TPaHCBEPCATbHO-U30TPOIHOM IIIUTHI 3HAUCHUS
MaKCHUMAaJbHBIX HAMPSKCHHUHA ‘Sw / p‘ B CPEIMHHOHN TIIOCKOCTH YMEHBIIAIOTCS Ha
40% — 60%.

B xadecTBe OPTOTPOITHOTO BSI3KOYIPYroro MaTepuaia IINTHI IPH UCCIIETOBAHMIX
PaccMOTpPEH BSI3KOYNPYTUH MOJUMEPHBINA KOMIIO3UT C AMOKCUIHBIM CBSI3YIOIIUM, UMeE-
IOUIUI yripyrue u peojorudyeckue napamerpsl (23). B cBsizu ¢ oTcyTcTBHEM B CIIPAaBOY-
HOU JuTeparype i JAaHHOTO Marepuaina 3HadeHuil moxyns IOnra Ej, koaddunuen-

ToB Ilyaccona v3; u vy, Mmoayineit cipura Giz u Gyz, a Takke UX peoJOTMYECKHUX Xa-

PAKTEPUCTHUK, OHHU I10J1araroTCs IOCTOSIHHBIMU BEJIMYMHAMU, PABHBIMU
Es=(Ey+Ey)/2, va1/Ez=v3/E3=v5/E3, G3=Gp3=Gyy.

Ha 0oCHOBaHMHU NPHHATBIX JoNylieHuit u pasenctsa 1/ K =1/ K 3amuceiBaercs Gopmy-

na IS BBIYUCIEHUs vy, | By

Vi _ V1o My DB
12 — 1+ A (1) + 3 (-5)
El El 2V12 2V12 E2
HCCHCI[OB&HI/IH HAIPsXKCHHOI'O COCTOSAHUA OECKOHEYHOM IUIUTHI U3 TAKOTr0 Mare-

prajia ¢ KpyroBOM MOJIOCTBHIO paanyca a MPOBEACHBI IS CIy4acB HArPYKEHUS IUIATHI

YCHIIUSIMU 0'10 = pz um ag =0z (0'8 =0). B tabmuue 10 ms cnyvas 2h=0.0la n

Pa3IUYHBIX MOMEHTOB BPEMEHHU IPHBEICHBI 3HAYEHUS HaNpsHKEHUN Sy =op / O'io B
TOYKAX IIIATHI A(a,O) " B(O,a) npu Z=Nh.

Tabnuma 10
Harpy3ka | Touku Sy
t=0 t=100ug | t=2004gy | t=300 gy | t=600 g
p=1,q=0 A 0.478 0.426 0.428 0.430 0.433
B 2.120 2.299 2.310 2.316 2.327
0=0, q=1 A 1.934 1.994 2.001 2.005 2.012
’ B 0.687 0.727 0.734 0.738 0.746

N3 tabmunel 10 BUAHO, 9TO B ciaydyae U3ruba IUIATHI yCUIUSAMHU O'](_) = pZ Makcu-

MaJIbHbIC 3HAYCHUS HANPSHKEHUH Sy BO3ZHHUKAIOT B TOYKE B, pacTyT ¢ TeueHuem Bpe-
MEHH, U MpHU mepexonae B craunoHapHoe coctosiHue (t =600 u.) yBenmuumBaroTcsi Ha
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10%. Hanpsixenust B Touke A ymeHbinaioTcs Ha 9.5%. B cinyuyae uzruba ycunusimu

O'g = (Z , MAaKCUMaJIbHBIC HAIIPsKCHUA BO3HHKAIOT B TOYKE A, " IIpHu IICpexonc B CTa-

IIMOHAPHOE COCTOSIHUE yBeInuuBaroTcs Ha 4%. Hanpspkenus B Touke B Takke yBesnu-
yuBaroTca Ha 8.6%. 3HaUeHUS MaKCUMAaJIbHBIX ¥ MUHUMAJbHBIX KacaTeJbHBIX Hamps-
KeHui S,y =7,9/ P,, BOZHUKAIONMX B CPEAWHHON IJIOCKOCTH IUINTHI, HIPUBOAATCS B

tabmurie 11.
Tabmura 11
Harpy3ka | Touku S,0

0 t=0 |[t=100gy|t=2004y| t=3004y | t=600 4

D=1 q=0 58° -0.638 -0.733 -0.746 -0.753 -0.767

122° 0.638 0.733 0.746 0.753 0.767

D=0, q=1 37° 0.680 0.804 0.817 0.826 0.841

143° -0.680 -0.804 -0.817 -0.826 -0.841

Kaxk BHUJIHO, MAKCUMAJIBHBIC 11O MOJYJIIO KaCaTCIbHbBIC HAIIPAKCHUA S z9 A1 o0enx

CIly4aeB Harpy>KeHHs IUIMTHl PACTYT C TEUEHHEM BPEMEHHM, U MPHU NEPEXOJE B CTALMO-
HapHOE COCTOSIHME YBEeIMUYUBatOTCs Oosee yeM Ha 20%.

Taxum 00pazom, MoJyuYeHHbIE HA OCHOBE YMCIIEHHBIX MCCIIEA0OBAaHUN PE3yNbTaThl
XOpOILIO COIJIACYIOTCA C M3BECTHBIMM PE3YJIbTATAMM, MOJYYEHHBIMU IO MNPUKIIATHON
teopun. OHAKO, MPUKIAIHAS TEOPUS HE MO3BOJIIET CAENATh BBIBOJBI O NOBEACHUHU
BaXHBIX U1 IPOTHO30B IIPOYHOCTH KACATEIbHBIX HANPSIKEHUH 7,9, KOTOPBIE B OT-

JICJIbHBIX PACCMOTPEHHBIX CIy4dasix COCTaBIAIOT 0K0J0 40% OT MakCMMaJIbHBIX HaIpsi-
XKEHUM Oy .

OCHOBHBIE PE3YJBTATHBI U BBIBO/bI

B nuccepraiuu perieHa aktyanbHas mpo0saemMa pa3paboTKu KOMILIEKCa CIeIuain-
3UPOBAHHBIX AHAJIMTUKO-UYHUCIIOBBIX METOAOB JJI pelieHus PopMyIupyeMbIX B paMKax
HEKJIACCUYECKUX MOJEJEH 3aJad MCCIEIOBAHUSA JIBYMEPHOIO BSI3KOYNPYroro Hamps-
YKEHHO-J1e(DOPMUPOBAHHOTO COCTOSIHUSI MHOTOCBSI3HBIX AHU30TPOMHBIX MAaCCHUBOB U
TOHKHX aHU30TPOIHBIX IUIUT C OTBEPCTUSMU U MOJIOCTSIMHU, a TAKKE BBISIBICHUE U CH-
CTEeMaTH3alllsl YCTAHOBJIEHHBIX HA OCHOBE UX MPUMEHEHHUS BEAYIINX NMAapaMETPUUECKUX
3aKOHOMEPHOCTEH BIUSHUS (PU3MKO-MEXaHUUECKUX M TeOMETPUYECKHX IapaMeTpOB
MOJIeNIel Ha XapaKTEPUCTUKU JIe(HOPMUPOBAHHS KIIACCOB U3yd4aeMbIX 00bEKTOB. Peanu-
30BaHbl UCCIIEJOBAHUS BSI3KOYIIPYTOTO HAIPSKEHHO-Ie(POPMUPOBAHHOTO COCTOSIHUS U
€ro U3MEHEHUS C TCYEHHEM BPEMEHU JIJISI aHU30TPOITHBIX CPEA U AJIEMEHTOB KOHCTPYK-
UM C OTBEPCTUAMHU U MOJIOCTSIMH, JAHO PEIICHUE HA UX OCHOBE IMPAKTUYECKUX 3a]a4
M0 BBISIBICHUIO d()(PEKTOB MOJIBYYECTH B TOPHBIX MOPOJAX C TOPU3OHTATHHBIMHA BBIpA-
O0OTKaMH YCJIOKHEHHBIX ()OpM CEUEHUH, a TaKKe TMOCTPOCHHE PENICHUN YTOYHECHHOU
TEOpUH U3THOa TPAHCBEPCATBHO-U30TPOMHBIX U OPTOTPOMHBIX YIPYTHUX U BSI3KOYIPY-
TUX TUTUT.

OcHOBHBIE pe3yJIbTaThl JUCCEPTALIMOHHON PaOOTHI 3aKITI0YAIOTCS B CIIETYIOLIEM:
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1. C npumeHeHneM anmnapara anreOpbl pe30JbBEHTHBIX ONEPATOPOB U MATPUUHOM
anreOpsl pa3paboTaH HOBBIM YHCICHHO-aHAIUTHYECKUI METOJT 0OpaIlleHUs OIepaTopoB
ONPENENSIONMX YPaBHEHUN J1e(pOPMUPOBAHUS aHU30TPOIHBIX BA3KOYNPYTHUX cpen Oe3
UCITOJIb30BAaHUSI AaHAMTUYECKUX MPEACTABICHUH siiep MOJI3YYECTH U peJaKCaluy, M03-
BOJSIIOIIMI ~ paclpoCTpaHUTh  OOJACTb  BO3MOXKHOTO  MPUMEHEHUS  YHUCJIEHHO-
aHAJIMTUYECKUX MOJXO0/0B Ha HOBBIE KJIACCHI HEKJIACCUUECKUX MoJelnel nedopMupoBa-
HUS BA3KOYIPYTMX TEJI U 2JIEMEHTOB KOHCTPYKIUH.

2. Pa3zpaboTaHa 4MCIIEHHO-aHAJIUTUYECKAs METOJMKA HCCIEAOBaHUs 3aa4 JIMHEN-
HOM BSI3KOYIPYIOCTH aHU30TPOIIHBIX Cpell, KOTOpas Uil IPOU3BOJIBHBIX MOMEHTOB
BPEMEHM CBOJUTCS K MPUMEHEHUIO aITOPUTMOB, OJJOOHBIX UCIIOIb3yEMbIM IIPHU pellie-
HUM 337]a4 TEOPUU YIIPYTrOCTU aHU30TPOIHOTO J1e(hOpMUPYEMOTO Tela Oe3 yueTa peosio-
IrMYeCKUX 3(PPEKTOB, U MO3BOJISET U3YyUYUTh HACIEACTBEHHbIE Je(OpMallMOHHBIE TPO-
LECChl B CIy4YasiX MHOTOCBA3HBIX KOHCTPYKLMI M3 HU3KOCUMMETPUYHBIX MO (PU3UKO-
MEXaHUYECKUM CBOMCTBAM MAaTEpPHUAJIOB.

3. Ansa uccnenoBanus 3PQPEeKTOB MOA3YUECTH U peaKcalui B 3agadax aedopmu-
pOBaHUSI aHU3OTPOIHBIX MACCHUBOB FOPHBIX MOPOJI MPEAJIOKEH HOBBIM METOJI Ipeodpa-
30BAHMSI MHTETPAJIbHBIX YPABHEHHUI COCTOSHMS K YpaBHEHUSM 3aKoHa ['yka ¢ mapamer-
PUYECKMMU 3aBUCUMOCTSIMHU J1€(DOPMATUBHBIX XaPAKTEPUCTUK MAaTEPHAIOB OT BPEMEHH,
3¢ (HEeKTUBHO MPUMEHUMBIN B MPOEKTHBIX M TEXHOJIOTUYECKUX PACUETaX XapaKTEPUCTUK
IIPOYHOCTH IOJA3EMHBIX COOPYKEHUM.

4. Ha ocHOBe npuMeHEHHs pa3padOTaHHBIX METOJIOB U C YYETOM Pa3IMYHBIX TUIIO-
Te3 00 yNnpyrou cKuMaeMocTu JUO0 HECKUMAEMOCTH PacCMaTPUBAEMbIX KOHCTPYKIIH-
OHHBIX MaTe€pHaJIOB BIIEPBbIE PEATU30BAaHBbl HCCIEAOBAHUA OOOOIIEHHOIO IJIOCKOTO
HANpPsHKEHHOTO COCTOSIHUS OECKOHEUYHBIX OPTOTPONHBIX BS3KOYNPYTUX IUIACTHH C JI-
JUNTHYECKUM CBOOOJIHBIM WJIM >KE€CTKO3AaKPEIJICHHBIM OTBEPCTHEM, O00ECIEeUnBaIOIINe
noyiyueHue Oosiee aleKBaTHBIX MPAKTUKE OLIEHOK MTHOBEHHOW M JJIMTEIBHOW MPOYHO-
CTH TOHKOCTEHHBIX KOHCTPYKIMN U3 COBPEMEHHBIX BOJIOKHUCTBIX KOMIIO3UTHBIX MaTe-
pHUAaJoB.

5. IlpensiokeH HOBBI TEOPETUUECKUN aHAIUTUKO-YUCIOBOW aITOPUTM IMOCTPOE-
HUS 3aMKHYTBIX TPAaHUYHBIX KPHUBBIX CJIOXHBIX KOH(Urypaluii, Kak COBOKYIHOCTEH
YY4aCTKOB B BHUJE AJUIMINTHYECKUX WM KPYTOBBIX YT KOHTYPOB IEpeceYeHuil b0
00BbEeIMHEHUH BCIIOMOTATENIbHBIX BBIMYKJIBIX 00J1aCTEl, MO3BOJISAIOMINN B UCCIIEIOBAaHU-
X HEKJIACCHUYECKUX MOJeNiel AByMEpHOro neOpMUPOBAHUS TEJ C JIOKAIU30BAHHBIMU
HEOJTHOPOJHOCTSIMH TJIaIKMX OUepTaHUM MOIy4yaTh Bepu(PpHUIIMPOBAHHBIE PacueTHBIE pe-
3yJbTaThI MOBBIIIEHHOW TOYHOCTH.

6. IlpuMeHUTENbHO K M30TPOMHBIM U TPAHCBEPCATBbHO-U30TPOIHBIM IUIACTUHAM
MaJjioi TOJIIMHBI pa3pabOTaH HOBBIN TEOPETUYECKUN aHAMTUKO-YHUCIOBOW alTOPUTM
pEenyKIMU OMMUCHIBAIOLIEH UX U3rHOHOE NehOPMUPOBAHUE CUCTEMBI IPOCTPAHCTBEHHBIX
COOTHOIIIEHUM TEOPUH YNPYTrOCTH C MOJYYEHHEM KOMIUIEKCA Pa3pellaroliuX COOTHO-
HIEHUII HOBOM YTOYHEHHON TEOpHM M3rmba OCia0JEHHBIX OTBEPCTUSIMU TUIACTUH YKa-
3aHHOTO THUIA B BUJE CUCTEMBI JIBYX ABYMEPHBIX AU(P(epeHIIUaNbHbIX YPABHEHUN B
YaCTHBIX MPOU3BOJHBIX BTOPOTO U YETBEPTOTO MOPSAIKA, @ TAKKE OMKHCAH COOTBETCTBY-
IOIMNA CHOCOO0 MHTETPUPOBAHMSI YPABHEHUI TMOTPAHUYHOTO CJIOSL U YAOBJIETBOPEHUS
KpaeBbIM YCIIOBHUSIM Ha TPAaHULIAX OTBEPCTHI, UTO MO3BOJISIET B CPABHEHUU C UCCIIEI0-
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BAHUSAMU B paMKax KJIACCUMYECKOM TEOPHUU MOJy4YaTh B MPAKTUKE MPOYHOCTHBIX pacyé-
TOB 0oJiee aJeKBaTHBbIC OLICHKW BIIUSIHUSI KacaTEIbHBIX HAMNPSHKEHUH B HM3rHMOAEMBIX
TOHKHX IUIACTHH.

7. Pa3paboTaH HOBBI TEOPETUUECKUIN AITOPUTM aHAIUTUKO-YHCIOBOM PEIyKIUU
OMHUCHIBaIONIe Mu3rubHoe nehOopMUPOBAHKE OPTOTPOMHBIX IUIACTHH CHCTEMBI IMPO-
CTPaHCTBEHHBIX COOTHOIIEHUN TEOPUU YIPYTOCTH C MEPEXOJOM K HOBOW YTOYHEHHOU
HEKJIACCUYECKOM Teopuu MU3rnuda TOHKUX OPTOTPONHBIX IJIACTHH C OTBEPCTHUSIMHU, CO-
JiepIKalllel pas3pelnaroliee COOTHOIICHHE B BHUAE JIBYMEpHOro auddepeHIraibHOro
yYpaBHEHUSI B YACTHBIX MPOU3BOJHBIX HIECTOTO MOPSAKA, a TaKKe pa3padoTaH COOTBET-
CTBYIOILIMM AHAJUTUKO-YHUCIOBOM METOJl €r0 PEUICHUS M YAOBJIETBOPEHUS COOTBET-
CTBYIOIIMM KpPAa€BbIM YCJIOBHUSIM Ha TpaHUIAX OTBEPCTUH, YTO IMO3BOJIAET YBEIUYUTH
TOYHOCTb PACUETHBIX OLEHOK MPOYHOCTH M HAJEKHOCTH BOJIOKHUCTBIX KOMIIO3UTHBIX
IUIACTUH MPU U3rMOHOM JAe(POPMHUPOBAHUU MOCPEIACTBOM YUE€Ta CYHIECTBEHHBIX YpPOB-
HEW BO3HUKAIOIINX KACATEIbHBIX HAMPSIKECHUM.

8. OcymiecTBieHbl pa3padoTKa U MPUMEHEHHUE HOBOTO aHAIUTHUKO-YHCIOBOTO MeE-
TOJA OIPEACIICHUS B YTOYHEHHON MOCTAHOBKE OMMCHIBAEMOI0 HEKJIACCUYECKUMH MOJE-
JISIMU BSI3KOYTIPYTOTO HaIpPsKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHUSI M3THUO0AeMbIX MHO-
TOCBSI3HBIX M30TPOIHBIX, TPAHCBEPCATBHO-U30TPOIIHBIX U OPTOTPOMHBIX IUIACTHUH, YTO
ABJISIETCS BKJIAJIOM B TEOPHIO U PACUETHYIO IPAKTUKY MOJIYYEHHUS OLICHOK Il MTHOBEH-
HOM M JJIUTEJIbHOW MPOYHOCTH TOHKOCTEHHBIX IUIACTMHYATHIX 3JIEMEHTOB U3 pa3iiny-
HBIX TUIIOB KOHCTPYKIIMOHHBIX MAaTEPUAJIOB.

9. Ha 6a3e npuMeHeHUsI KOMIUJIEKCA MPE/JI0KEHHBIX METOJIOB BIIEPBBIC BBISIBIICH U
ormucad psan cnerupuyeckux 3h(HEeKToB U3MEHEHHs HAMPSKEHHO-1e(POPMUPOBAHHOTO
COCTOSIHUS T€OMACCHUBOB BOJIU3M TYHHEJIBHBIX TOPHBIX BBIPAOOTOK C YCJIOKHEHHBIMU
dbopMamMu IOTIEPEYHBIX CEUYEHUN B 3aBUCUMOCTU OT BPEMEHHU MX JKCIUTyaTalluu U PU3u-
KO-MEXAHUYECKNX CBOMCTB BMEIMIAIONIMX IMOPOA, YTO SIBJISETCA BaXXHBIM BKJIAJOM B
TEOPHUIO U MPAKTUKY MPOEKTHBIX U MOHUTOPUHTOBBIX PACUETOB MPOYHOCTH MOA3EMHBIX
COOPYKECHUH.

10. BnepBble peann3oBaHbl 0000IIEHHE U CHUCTEMaTH3allMs BOCTPEOOBAHHBIX B
MPAKTUKE MPOYHOCTHBIX PACUETOB HOBBIX JAHHBIX O 3aKOHOMEPHOCTSX HAMNPSIKEHHO-
ne(OpMUPOBAHHOTO COCTOSIHUSI M3TMOAEMBIX BSI3KOYNPYTUX TUIACTUH C OTBEPCTHUSAMH,
KOTOpbIE TIOJyYeHbl Ha 0a3e MpUMEHEHHUS] KOMIUJIEKCAa HOBBIX pa3pabOTaHHBIX METOOB
MCCJIEIOBAHMS HEKJIACCUYECKUX MOJieseil fehopMaIlMOHHBIX TTPOLIECCOB IAHHOTO THIIA,
BKJIIOYAsl aHAJIM3 3aBUCUMOCTEH XapaKTepUCTUK Je(OopMUPOBAHUS paccMaTPUBAEMBIX
KOHCTPYKITMOHHBIX JIEMEHTOB OT UX T€OMETPUYECKUX OCOOCHHOCTEH, BUJAa U CTEIICHU
aHU30TPONUU MEXAHHUYECKUX CBOMCTB, a TAKXKE MEPUOa MPUIOKEHUS HATPY30K.
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AHHOTAIUA

Heckopoaes P.H. MeToabl uccie10BaHus HEKJIACCUYECKUX MOJe/Iell ynpyro-
ro ¥ BS3KOYNPYroro Ae(opMupoBaHusi MHOTOCBSI3HBIX TOHKOCTEHHBIX KOHCTPYK-
U M T€OMACCUBOB. — PyKOTIHCS.

JuccepTanysi Ha COMCKaHHME YYEHOW CTENEHU JOKTOpa (PU3UKO-MaTeMaTHYEeCKUX
Hayk 1o crneuuanbHocTu 01.02.04 — mexanuka nedpopmupyemoro tBepaoro tena. 'OY
BIIO «/lonenkuii HanimoHaIbHBIM YHUBepcuTeT», JIHP, JloHenk, 2022.

Pa3paboTana HOBas YMCIEHHO-AaHAIUTUYECKAs] METOJMKA HCCIEIOBaHUS BSI3KO-
yOPYroro HampspKeHHO-Ae(hOPMUPOBAHHOTO COCTOSTHUSI aHU30TPONHBIX cped. [Ipenso-
YKEHHBIA aJITOPUTM HE TpeOyeT MOCTPOCHUSI aHATIUTUUECKOTO MPEICTABICHUS sJIep MOJI-
3y4ecTH M pejlakcali B crelnuaibHOW ¢dopme. MeToauka OCHOBaHA Ha UYHCICHHOM
OTPENICICHUH PE30JIbBEHT WHTETPAIbHBIX YPaBHEHUN COCTOSIHUA cpelbl. YHCIeHHOE
OmpeJiesIeHHe PE30JbBEHT MHTErPAIbHBIX YPaBHEHUH Mpesrnonaraet padory ¢ tabaud-
HBIMU JaHHBIMH, 3aJJaHHBIMM Ha JOCTATOYHO TYCTOM ceTke. [y »Toro mpeayiaraercs
croco0 CriiaKUBaHUS M BOCIIOJHEHMS TaOJIUIbl SKCIIEPUMEHTANbHBIX JaHHbIX. Ha oc-
HOBE TaKUX TaOJMI] CTPOSITCS MATPHUIIbI YPaBHEHUN COCTOSHUS, DJIEMEHTHI KOTOPBIX
MMEIOT SIBHYIO 3aBUCUMOCTb OT BPEMEHU. DTH COOTHOIIEHUS IOJTYYEHbl HA OCHOBE aj-
reOpbl pe30JIbBEHTHBIX ONEepaTopoB BosbTeppa, KOTOphIE HE CBA3aHBI C KaKUM-JIHMOO
CIIEIUAJIBHBIM BUJIOM sifiep. Pelienne 3aaad BA3KOYIPYTOCTA B IPOU3BOJIBHBI MOMEHT
BPEMEHU MPUBOAUTCS K TEM K€ alrOPUTMaM, KOTOPBIE UCIOJIb3YIOTCS B TEOPUH YIIPY-
TOCTH.

[Ipu momoIM MOJIENH CIOUCTOr0 MacCHBA TOPHBIX NOPOJ OCAJOYHOTO MPOUCXOXK-
JICHUsI C TUIOCKOCTSIMU M30TPOIHH, TapauieIbHBIMH CJIOSIM, PAacCIOJIOKEHHBIMU O]
Pa3JIMYHBIMU YTJIaMU K JTHEBHOUM MOBEPXHOCTH, MPEJJIOKEHa METOAUKA UCCIEIOBAHUS
BSI3KOYTIPYTOr0 HaIpPsKEHHO-1e(POPMUPOBAHHOTO COCTOSIHUSI, BOZHUKAIOUIETO BOIU3U
TOPU30HTAIBHBIX BBIPAOOTOK AJUTMNTHYECKOro ceueHus. [IpoBenaeHbl YUCIEHHBIE HC-
CI€/OBaHUsS W  YCTAHOBJICHbl  3aKOHOMEPHOCTHM  M3MEHEHHUSI  HaNpsKEHHO-
ne(opMUPOBAHHOTO COCTOSIHUSI TOPHBIX MAaCCUBOB BOJIM3U TOPU30HTAIBHBIX BHIPAOOTOK
C YCIOXHEHHBIMU (OopMaMu CEYEHUN B 3aBUCUMOCTH OT (DU3UKO-MEXAaHUYECKUX
CBOMCTB MOPOJ U BPEMEHH UX IKCIUTyaTalNU.

Pa3zpaboTanbl MOJIeIM YTOUHEHHBIX TEOPUI N3rnda N30TPOIHBIX, TPAHCBEPCAIBHO-
W30TPOITHBIX U OPTOTPOIHBIX TITUT, YUUTHIBAIONTHE AehOPMAITHIO TOTIEPEUYHOTO C/IBUTA.
Pa3paboTana MeTtoauka MOCTPOEHUS M YUCICHHO-aHATUTUYECKOTO pemeHus audde-
PEHITMATBHOTO YPaBHEHHUS MIECTOTO MOPSAIKA YTOUHCHHON TEOPUHU M3THOa OPTOTPOITHBIX
TUTUT.

OcyIliecTBI€HO TPUMEHEHHE METOAUMKH HAXOXKICHUS BSI3KOYNPYroro Hamps-
J)KEHHOTO COCTOSIHHSI K PEIICHUI0 3ajady H3ruda M30TPOMHBIX, TPaHCBEPCAIHHO-
M30TPOIHBIX U OPTOTPOIHBIX TJIUT B YTOUHEHHOM MOCTAHOBKE.

OO0600111eHBI U CUCTEeMATU3UPOBAHBI MOJIYYECHHBIE HOBBIC JIAaHHBIE O 3aKOHOMEPHO-
CTSIX HaNpsHKEHHO-E(POPMUPOBAHHOTO COCTOSIHMS TIJIACTUH M T€OMAacCHUBOB C OTBE-
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CTUSIMHU U TIOJIOCTSMHM B 3aBUCHUMOCTH OT MX T'€OMETPUUECKUX XAPAKTEPUCTHUK, aHU30-
TPONUU U BPEMEHU MPUIIOKEHUS HATPY30K.

KuroueBble ¢ji0Ba: BA3KOYNPYIrOCTb, MOJ3YYECTh, pElaKcalvs, Pe30JbBEHTHBIN
OmepaTop, aHU30TPOIHOE TEJNO0, TOPHBIA MAacCHUB, TOPU3OHTANIbHAS BbIPaOOTKa, M3rHUO,
YTOUHEHHAsl TEOPUS, FJUIUITUIECKAS TIOJIOCTb.

ABSTRACT

Neskorodev R.N. Methods for studying non-classical models of elastic and viscoelas-
tic deformation of multiply connected thin-walled structures and geomassifs. — Manu-
script.

Thesis for the degree of Doctor of Physical and Mathematical Sciences, specialty
01.02.04 - mechanics of deformable solid. Donetsk National University, DPR, Donetsk, 2022.

A new numerical-analytical technique for studying the viscoelastic stress-strain state of
anisotropic environment has been developed. The proposed algorithm does not require the
construction of an analytical representation of the creep and relaxation kernels in a special
form. The technique is based on the numerical determination of the resolvents of the integral
equations of state of the environment. Numerical determination of the resolvents of integral
equations involves working with tabular data given on a fairly dense grid. For this, a method
for smoothing and replenishing the table of experimental data is proposed. On the basis of such
tables matrices of equations of state are constructed, the elements of which have a clear de-
pendence on time. These relations are obtained on the basis of the algebra of Volterra resolvent
operators, which are not associated with any special kind of kernels. The solution of viscoelas-
ticity problems at an arbitrary moment of time is reduced to the same algorithms that are used
in the theory of elasticity.

Using the model of a layered rock mass of sedimentary origin with isotropy planes paral-
lel to the layers located at different angles to the day surface, a method for studying the viscoe-
lastic stress-strain state that occurs near horizontal workings of an elliptical section is pro-
posed. Numerical studies have been carried out and patterns of changes in the stress-strain
state of rock masses near horizontal workings with complicated section shapes have been es-
tablished, depending on the physical and mechanical properties of rocks and the time of their
operation.

Models of improved theories of bending of isotropic, transversely isotropic and ortho-
tropic plates are developed, taking into account the deformation of transverse shear. A tech-
nique for constructing and numerical-analytical solution of the sixth-order differential equation
of the refined theory of bending of orthotropic plates has been developed.

The technique of finding the viscoelastic stress state is applied to solving the problems of
bending of isotropic, transversely isotropic and orthotropic plates in a refined formulation.

The obtained new data on the regularities of the stress-strain state of plates and geomas-
sifs with holes and cavities are generalized and systematized depending on their geometric
characteristics, anisotropy and time of application of loads.

Keywords: viscoelasticity, creep, relaxation, resolvent operator, anisotropic body, rock
mass, horizontal excavation, bending, improved theory, elliptical cavity.



