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JOKTOPJIMK IUCCEPTAIIUACHU AHHOTAIUACH

Jluccepranmus MaB3yCHHUHT A0J13ap0/uru Ba 3apypusatu. [lnactukinuk Ha-
3apUsACH TyTalll MyXUTJIAp MEXaHUKACMHMHI MYCTaKWJ HUPUK HYHaIMILIapUIaH
Oupu caHanaau. MarepuajylapHd MYCTaxKaMJIMK UMKOHUSATUIAH TyJjia Ba YHYMJIU
doitnananum, cappuHu KaMauTUPUIL Xamja ONTHUMaJl JIoOMUXajlall yuyyH KyWhuia-
JIUTaH Tajabjap YJApHUHT IUIACTHK JAedopmanusiapu OuiaH OoriHMK OYiuo,
yJIapHU XUcoOra OJUII aMaJIMETHUHT 10J13ap0 Macanacu XucoOJaHaau.

MammnHaco3/11K, TOF-KOH MIUIApY, aBUACO3JIMK Ba SHEPreTUKaa MIiaThia-
JUTaH MaxCyJOTJapHU TaKOMUJUIAIITUPUI, SIHTM KOHCTPYKIMSUIApPHU HILIa0
YUKW MyPaKKa0d Ky4JaHTAHJIUK XOJaTHa UIUIalIural Ky OOFIaMiIu KucMiap-
Ja SHTU MaTepHaIapHM Xamja WHHOBAIMOH MYXAHIMCIUK €YUMIIApHH Kajl
KWIKIITa Kapatuiarad. MyXaHIucIuK aManuéTuaaH Kenud YMKKaH Macajayiap
€YMMUHU TOMNHII TyTall MYyXWTIArun KaWTapuiamac aeopMalisuiapHu Xucoora
onuil OwinaH OOFNUK Oynrannuru cabalbny, TalIKKM Ky4IaHHIUIAPHUHT TYpPIU
XoJUlapHJla MaTepuauiap IUIACTUK XYCYCHATIAPUHU HMHOOATra OJMIIHU TaKo030
Kwiaad. By aca KucMaard Jokan KywIaHMIUIApHU OYTYH XaxMmu OYitnab
TaKCUMJIAHUILIMHUA UIIOHWIM UoAalaliii Ba Iy OPKaJIM IOK KYTapull KOOWIHs-
TUHU OLLIMPHUII XaMJa KaTTa aeopManusiap ocTUAa KOHCTPYKUUSHUHT OY3UIIMIL
XaB(PUHU KaMaWTHUPHUII YCYJUIADUHU TOIMINTa UMKOH OepuIu cababmu aoi3ap0
XUCOOIaHaIN.

TyTtam Myxutiaap MeXaHUKAacH yerapaBuil MacaialapuHu UpoAaTIOBYM TEHT-
Jamanap uauja Gu3NKaBui MyHOcalaTIap MyXyUM YpWHTa dra. Xucobmar xapaéc-
HUJA KYJUTaHWIaqurad (U3MKaBui MyHoca0aTiap MaTepual XyCyCUSITIApUHU UM-
KOH KaJiap Tyjanuruya taBcudiamm jo3uM. [1nacTukimk Hazapuscura Kypa Kyd-
Jap Ba KHHEMAaTHK XOccaylap opacuiard OOFIUKIUK dakaT Kyimiaérran Ky4wiapHu
KHiiMaTura smac, Oajky yJapHUHI KYHWIUII KeTMa-KeTJIMrura Kapald ce3usapiiv
y3rapaau. by Mmypakka0 roKIaHMIIHU XHUcoOra OJITaH XOJa IUIACTUKINK Ha3zapHsi-
CUHUHI MOJIEJVIAPUHYU PUBOKIAHTUPUILHHUHT 3apyPUSITHHH OeITHIaiIu.

V36exucron PecryGmukacu Basupnap MaxkaMacHHUHT « ABTOTPAHCIIOPT BO-
CUTAJIapM KOHCTPYKUMACHUHHMHI (QoianaHuIl mapTiapu OYViuda XaBCU3IUTH
tyrpucuaantu 4 uron 2012 wiun 191-connn kapopuga aBTOTPAHCIIOPT BOCUTACH-
HUHT TOPMO3 TU3UMUATU KUCMJIAPHU MYPAKKa0 IOKJIAHUIIIATH UIIIMHUHT UITOHY-
JUTUHU TabMUHJAI OYViinda Tanad kentupurad 0ynubd, Oy auccepranusi MaB3yCH-
HUHT 3apYPHUSATUHU TaCAUKIANIN.

Kym mapameTpiu rOKIaHUIUIAPHUHT alipuM CUH( xKapaHIapura )ucmiap-
HUHT MEXaHUK XOJaTHHHU W(OJANOBUYM MATEMAaTHK TEHIrJamaiap TY3HIl OpKalu
MyCTaxXKaMJIMK Ba TYypFYHJIMK Macajiajapuja caMmapaid XHUCOOJall yCyJUIapuHU
UIUIa0 YUKUII, ONTUMAJl €YMMIIAPHU TOTHUII XaM/a yJIapHU TaXJWjl KUAJIUII Ba3h-
danapu MIaCTUKIMK Ha3apuscu OwiaH y3BUW OOFMUKIUpP. Mypakka® FOKIaHMII-
Japia miacTuk aedopManusuiaHuInHU U oaaaoBun QyHKIMOHAJUIAPHUHT QyHIa-
MEHTaJ] XyCyCUSATIApPUHH YpraHUIll, TYpJIH KYPUHUILJATH FOKIAHUILIAPIa MaBxKy 1
IUTACTUKIIMK HA3apUSUIAPUHUHT UINOHYIMIMTUHUA (PU3HK KUXATAaH aHUKJIAIl, Tax-
pubanap acocuia MyXuT X0JaTH TEeHIJIaMalapUHUHT UIIOHYIN SHTH MOJIEJUIApUHU
UIUIa0 YUKW XUCcOOJall camapaJopauruHu omupaad. Mypakkad roKJIaHUIIAaru



MaTepUaNIapHUHT AePOpMALMUIAHUIINHE XUcoOra OJHII IJIACTUKIMK Ha3apus-
CUHU MOJICJIAPUHU PUBOXIIAHTUPUIN YUyH KysutaHnwiaan. YyHku, nepopmManusiou
XUcoOra oJiraH XoJiJJarnHa Mypakka0 IOKJIAaHUIITHUHT Oapya napamerpiaapu Kampad
onuurad 6ynaau. Iy 6unan Oupra u30Tpomn Ba aHU30TPOI MAaTepUATUIAPHUHT MY-
pakka0 IOKJIaHTaHJIMK XoJulapuaa JedopManusiaHUIl XyCYCHUSTIAPUHU YpraHulll,
TUTACTUKIIMK HA3apHUsCUHU PUBOXKIIAHTUPUII Ba Mypakkad IOKIJIAHHUIN KapaCHIIapu
Y4yH 3aMOH TajabiapuaaH Keiaud YUMKKaH SHTM MaTeMaTHUK MOJCIIapHHU TY3HII
TyTalll MyXUT MEXaHHUKACMHUHI MYXHUM MacajlajJapujaH Oupu XucoOnanuO, Oy
HyHaIMIIIa WIMHA TaJKUKOT UIJIAPUHU OO OOpHUIll 3apypUSTUHH OeITHIaiIu.

TagKNKOTHHHT Y36ekncToH PecmyGamkacn (aH Ba TexXHOJOTHsIAp
TAPAKKHUETUHMHI YCTYBOP HYHaJMULIApura Mocauru. Jlucceprauus uiu
V36exucron Pecry6iukacu daH Ba TeXHONOTHSANAP TAPAKKUETUHHUHT YCTYBOP iy-
HaJIMIUTIapU: DHEPreTuKa, SHEPTUS Ba pecypcTekaMKoOpiuK, Ep Tyrpucunaru dan-
nap Ba ynap Ounan O0ornuk gpyHnamenrtan pactyp: ®T/-4 — «MaremaTuka, mexa-
HUKa Ba HHOpPMaTHKa» ra MOC paBHIla OaXKapuiTaH.

Juccepranusa MaB3ycH OYHHYAa XaJIKap0 WIMHMH TAAKMKOTJIap IIApXH.
AKIII (JToc Anamoc Ba Oak Pumx mummii nadopatopusiiapu) Ba Poccus (Mexa-
HUKA MyaMMOJapH HHCTHTYTH, MOCKBa JaBiaT YHUBEPCUTETH) €TaKYd WHIMUN
MapKasjiapuja OKOpH XapopaT MIapOUMTHIArd maTepuajuiapra Mypakkad IoKiia-
HULJIAPHUHT TabCUPUHU TAJAKUK KWIHII HAaTWKACHAA aTOM PEaKTOpJapu y4yH
KyJUIaHUJIAAUTraH KyBYpJIApHUHT MycTaxkamyuruau 18-20% rava ommpwuiira spu-
11007001028

Snonus (Ilyky0Oa TexHONapKu) WIMHI TaAKUKOT JJabopaTopusiiapuaa Mypak-
ka0 aBpuii IOKJIIAHUIIUIAPHU TAJAKUK KAJTUII HATHKACUAA YHEPTOKYypHIMaap Typ-
OMHAJIAPUHUHT MYCTaXKaMJIUK PECypCH OIIHPUIIIH.

VYkpanna (Amanuii mexaHuka, TexHukaBuii ¢usnka Ba DH3NKO-MEXaHUKA)
WIMHUI TaAKUKOT HHCTUTYTJIapU TOMOHUJAH aHU30TPOIl Ba U30TPON MaTepHasiap-
HU KpPHUOT'€H Xapopariapia Mypakkad IOKIAHMII OCTUAA TaAKUKOT KUJIMII HATHKa-
cHZla KOCMHMK KEMaJJapHUHT KOIUlaMa KHCMHUIa COBYKOapAoll maTepuan HIuiad
YUKWIIJIH.

Owsiaaus (Oyny), @pannus (I'perno6n) Ba Ilopryranus (ABelpo) yHHBep-
CUTETJIapuja MeTaapra miacTuK Iaka Oepuin Oyitnya oaud OopuiraH TaAKUKOT
UIUIapU HAaTWXKacuJa MeTajuiapra makji OEpUIIHUHT caMaiapy TEXHOJIOTHUSCH HIII-
J1a0 YUKHJIIH.

KOxopu Ba kpuoreH xapopar, IIUKIUK Ky4JaHUIIIap Ba Mypakkad FOKJIaHHUII
TabCUPU OCTUJATM MAaTEPUAIUIAPHUHT XYCYCHUSITIIADUHM YpraHUII MakKcaauja 3a-
MOHaBUU Mypakka® IOKJIIaHUIN KypuiManapujaH (oWgamaHuirad Xojja KEeHT
Kyjaamim Taxpubanap onubd Gopuimokaa. Onub 6opunaéTran Taxxpudanap HaTH-
xKanapu Oypruuianl KyBypJiapu, Hacociap, KOOMKJIap, MallMHa Ba MEXaHHU3MIIap-
HUHT MypPaKKa0 FOKJIaHMIIAA UIUIAdIUrad KUICMIIApUHU XHUCOOJIall HIUTapUIa XaM
KYJUTAaHWJIMOK/1a. YOy WIMHNA MYHATUIIIA TaKpruOaiap Baa Ha3apuil MIjiap Tuia-
CTUKJIMK HA3apHUSCUHUHT PUBOKJIAHUIIMAA XaJIKapo MHUKECHIArM MyXUM Macaia
XUCcOOIaHaaHN.

Xozupru kynaa AKII (Mepunenn Ba CteHdopa yHUBEpCUTETIIapH) Ba YK-
pauna (MycraxkaMiuK MyaMMOJapyd MHCTUTYTH) UMUK MapKasiapuaa oiaud 0o-
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punaétran TaXpuOaBUll Ba Ha3apHil W3NAHHUILIAPJA aHU30TPON MyXUTIap OWilaH
TEKUC MYypaKKad IOKJIAHUII TabCcUpHa OYNraH MarepHaJUIapHUHT (yHIaMEHTAaI
xoccanapu ypr Huiamokaa. Poccust (TBepb gaBiaT TeXHUKAa yHUBEpcUTETH, Mexa-
HUKa Myammoliapu, ['uapoannamuka Ba ToF-KOH uIIapu MHCTUTYTIIapu) Ba Smo-
Hus (Haros yHuBepcuTeTH) UiMuid gadbopaTopusijapuia Typiu MaTepHaJIapHUHT
dazoBuil Mypakkal IOKJIAHMII, Ky4CU3TAHTHUPHUII Ba TAKPOPUHN FOKIJIAHUII >KapacH-
Japu yCTHAA TAAKUKOT UIUIApU 0Jaub OGopuimoxna. Ymoly Taxpubanap acocuaa
MUIACTUKINK (GYHKIMOHAIUIAD XYCYCUITIAPU YPraHuiauo SHIU IUIACTUKIIUK MOJEII-
Japu unuiad YUKUIMOK/IA.

MyaMMOHMHI YPraHW/JIraHJIUK Japakacu. TallKy OKIAHUIIAD Ba OMHUJI-
Jap Typauda TacHuUdra odra OYnraHnurd Tydalau IJIACTUKIWKAA aJeKBaT
aHUKJIOBYM Hazapuii MyHocalaTiap TU3UMH UILIa0 ynkuwiMarad. Jleopmarusna-
HUIII MEXaHU3MJIAPUHUHT MYPaKKaOJIHTU XamJaa Typiau-TyMaHJIWTH Ty(}aian Kyd-
JaHMIUIap Ba JAedopmanmsiiap ypracugard MyHOcabaTiapHH akC ATTHPYBYU
yMyMJalllraH TeHrJamMalapHu HIIad YMKHUII MaTeMaTHK KUHMHYWIMKIApra yd-
paiiiu Ba y XO3MPrd KyHTa Kajgap camapaid HaTwkanapra onu0 kenmaras. [ly-
HUHT y9yH UXTUEpHHA OedopMalvsIaHUII XOJIaTHHA aHUKJIOBUM MyHOcadatiap-
HUHT aMaIHET yUyH SHT MakOyJI BapMaHTH XaM MaBXKy/l dMac.

MexaHukara oui MyCTaxKaMmJIMK, TYPFYHJIUK, JUHAMUKA, KOHCTPYKLHUSIIAp Ba
MEXaHU3MJIAPHUHT IOK KYTapuIl KOOWJIMATH 3aXMpPACHHU aHMUKJIAIl Macajaiapu-
HUHT €YUMJIAPUHU TOIMIII >KapaéHua 3aMOHABUN aMallnii XMcoOalija CTaTUCTH-
KaHHWHT ypTaya MUKJIOpPJIAp XaKuJAaru MabIyMOTIAPUHH aCOC KWJINO OJUIITa TYFpU
KeNnagu. Yiap MyXaHJIMCIUK aMaduETUHUHT Tajablapu Moupacujia YeKJIaHTaH
O0Y10, KOHTUHYYMHHHT TYPJIM XyCyCUSITJIIADUHU aKc 3TTUpa onmaiian. YyHku de-
HOMEHOJIOTUK EHIaITyBaru runoTe3anap Ba JacT/Ia0Ku TaxMUHJIapaaH (Goigana-
HWJIAU XaMJa cojia Taxpuodanapra TassHIIAIH.

Krnaccuk 6ynran miacTUKIMK HazapHsulapu COAaNalITUPUIITaH THIIOTe3a1ap-
ra acociiaran OymmO, Mypakkab® kapa¢HJIapHU eTapyiH Japakajga TaBcHQIaml
KOHUKapJI OYIMaraHJIvWrd y4yH yJIapHUHT WIIOHWIM KYJJIAHWINII COXacH 4era-
pananrad. [InacTUKIMK FOKIaHUII KapaéHUAa MaTepHaiap XyCyCHITIAPHHHA aKC
ATTUPYBYM MOJACIUIAPUHU WIIIA0 YUKHII Bazu(aTapuHU aMaira OIIMPHII MaKca-
auaa Typiau (a3oBuil Ba TEKUC Mypakkad IOKIAHMILJIAPHUHT XYCYCHH XoJulapu
Y4yH TETUIUIM IUIACTUKIMK (PYHKIMOHAIAPUHU YpraHuil Ba TaxkpuoOanap
YTKa3ui 0yiinya MyHTa3aM Ba TU3UMIIM WIMHIA U3JTaHUIILIAP 00 OOpUIMOK/IA.

[InacTuk OKyBUaHJIMK kapa€HHla MaTepHailiap XOJATUHH TYia UdoaaioBuu
Gbu3UK OOFIaHUNUIAPHU MIAKIUTAHTUPHUII MypaKKad YM3MKCHU3 XapakTepra sra Ma-
cayia 6ynu0, Kaiitapunmac nedopmanusiap Ba MaTepUATHUHT 3JIACTUK XOJIaTUaH
YUKUIIUAAQ fo3ara Kenaauran >kapa€umap Ownan Oornmuk. Ly xoccamapHu Ba
OKYBUAHJIMK >KapaHJIapHU YpraHuiga Mypakka® IOKJIAHUII XOJaTHIArd Ta)Xpu-
Oamap acocuaa OKJIAHUIUIAPHUHT Typiuya KYpUHHUIIUIApUAA MaTepuaiap Iuia-
CTHK XyCYCHUSITJIIApUHH aKC STTHUPYBUYH MOJEIUIAPHHU HUIUIA0 YMKUII UMKOHHU f03ara
KeTa/Iu.

DeHOMEHONIOTUK EHMIAITYB JOUpacuja IUTACTUKINK HAa3apUSICHUHUHT UKKH
HyHanumum Oyitnya TaIKMKOT Miuiapu onud 0opuiMokaa. bupruHun WyHATUIIIHUHT
Bazudacu - KOHTUHYYM XOCCaJapuHM aJeKBaT TaBcu(diIam y4yH yMyMUn
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KOHYHUSITIIAPHA WILIA0 YUKUIIAAH uOopaT OYyiica, MKKMHYM WYHATUITHUHT Ba3H-
dacu MyXaHIUCIHUK XUCOO-KUTOOIAPHU aMajra OLUIUPHUIN YUyH 3JIACTUK-TUIACTHK
)apaCHJIapuHU TakpuOuil ycyn Ouman udoaanan XucooiaHau.

A A VmomuH TOMOHUAAH TakIu(] ATWITaH 3JACTUK-IIACTUK KapaHiapu-
HUHT MaTeMaTuk Hazapusicu, K.C.BanaHUCHUHT SHAOXPOHJIUK HAa3apHUsICU WUITrapu
»bTHOOPra onMHMaran 3pQexTiapuHu EPUTUIITa UMKOH sipaTaau. YJap SHTU TH-
nore3ajgapra acocjiaHraH Oynu0O, IUIACTUKIMK Ha3apusicuga UCTUKOOIUIN
WyHamunuiapan  oun6 Oepamau. XKymnagan, PoccussHUHr WUpHK —oOJUMIIapu
B.A.JIuxaues, I1.B.TpycoB, IlonpmianuHr erakuu oJumu 3.Mpos, V36ekucron
omumapu’ B.K.KoGynos, K.III.baGamyparos, T.BypueB Tamkuia 5TraH WIMHi
MakTaOmapuaa oubd OOpUITaH TAIKUKOTIAp HATHXKACHIA PUBOKIAHTUPUINO Ke-
TuHAETraH (PU3MKaBUM TUTACTUKIIMK Ha3apusIapu 3Ca MyXHUT WYUA UCIOKAIUs
xKapa8HiIapuHu TaBcuuamra, Kaltapuiamac aehopManusiapHu Mango Oyaui
MEXaHU3MUHH EPUTHUIITA, XaMJa MyXUM IUIACTUKIUK Macajajiap €Y4MMUHUA TOMUIII-
ra KapaTwiral

[InacTukIMK HazapuscUra ouJi MUUIAPHUHT TAXJIWIMJAH KeTuO YMKUO alTuIl
KOMM3KH, 3TACTUK-IUIACTUK *Kapa€HIApPUHUHT MaTeMaTHUK Ha3apusiCH MyXHUTJIap
byHaaMeHTall XoccaJapuHH ypraHum O0opacujia UICTUKOOJIIM XUCOOJIaHaIu Ba 11y
OwiaH MNUIa0 YMKWITaH MIIACTUKIMK Hazapusuiapu EplaMuja Xamja sSHru EHJa-
HIyBJIap acoCHa aMaluii Macanajap €4YMMIIAPUHU TOIMUII MMKOHMHHM O4u0 Oepa-
T

J{uccepTALIMAHUHT WIMHH-TAAKMKOT HILIAPW  peKajapu  OuiaH
OOFJIMKINTH Y36eKNCTOH PecniyOnukacu @annap akagemuscu MexaHuka Ba WH-
MI00TJIAp CEHCMHUK MYCTaxXKaMJIUTH MHCTUTYTHUJIA KyHuaaru QyHIaMeHTaa MaB3y-
naru jonuxanapaa akc srrupwirad: 1.10.2.3 «Mypakka0d KydJaHUIIUIA XOJaT Ba
Mypakkad FOKJIAHHUII IIAPOUTH/IA IJTACTUK-TIJIACTUK KUCMIIADHUHT MYCTaXKaMJIUTH
Ba JeGopManusIIaHAIUHU TaakuK Kuaumn (2000-2002 iit.); @.1.2.3 «KoHCcTpyk-
10U MaTepHAJUIAPUHUHT KYpCAaTWITaH MII IIAPOMTHAATM peajl XOCCATAPUHU
Xucobra ojiraH Xojja >KHucmiapjard Mypakkal aedopMalusUIaHUIIHU TaXJIAI
KWIMII YCYJJITApUHU TAaJKUKOT KWIMII Ba MIIA0 yukuml. JKucmiiap MeXaHHK
XOJJATUHUHT Ha3apHil Ba SKCHEPUMEHTAJ )KUXATJaH UIIOHWIM TEHIJIaMallapy aco-
cuja IUJIACTUKIMK SHrM Macananapunu eudunn» (2003-2007 ii.); DA-08-DO8S
«DNMaCTUK-TUIACTUK Ba EMUIIKOK-TJIACTHK MYXHUTIApHU Mypakkad nedopmanusia-
HUII >KapaCHIIAPUHM HA3apUU-IKCHEPUMEHTAN TAJAKUKOT JSTUII Ba AHUKJIOBYU
TeHramanap unuiad auxkunn (2008-2011 it. ).

TagKNKOTHUHI MAaKCaaM >JIaCTUK-IUIACTUK Kapa€Hap Ha3apusiCUHHU pU-
BOXKJIAHTUPHII, TakpuOaiap OopKajld mMaTepuauiap XOCCalapuHU YpraHuO, YHUHT
nedhopMalMsUIaHUII MAaTEMATUK MOJCITIAPUHH KYPHII, TaKIu( THITaH MoJesuiap
acocH/la Mypakkad OKJIAaHWII MacajajJapyuHU €YUl YYyH COHJIM-AHAJIMTHK
XMCOOJIaII aNTOPUTMUHU SIPaTUIIAAH HOOpaT.

! Kabynos B.K. AnroputMu3aiiusi B MEXaHHUKe CIDIOMHBIX cpef. — TamkenT: ®an, 1979. — 250c.

babamypamos K.11I., Unviowun A.A., Kabynos B.K. Meron CH-2BM u ero npuioxeHus K 3ajadaM TCOPUH ILa-
cruuHocTu. — Tamkent: ®an, 1987. — 288c.

bypuee T. AnroputMusanys pacueTa HECYLINX JIEMEHTOB TOHKOCTEHHBIX KOHCTpyKIMH. — Tamkent: dan, 1986. —
127c.



Makcaara 3puIlni y9yH KyHu1ard TAAKUKOT Ba3udajiapu KyWWIras:

MypaKka0 FOKIAHWIITHUHT TYpJId XOJaTHAa IUIACTUKIUK (DYHKIIMOHAIIApH-
HUHT (QyHJIaMEHTAJI XyCYyCUSTIAPUHU YPTraHHUIIL,

Mypakkad FOKJIAHUII X0JIATH/A IJIACTUKINK MacallalapuHy €YUl Y4yH Ha3a-
puil Ba SKCIEPUMEHTAN JKMXAT/IaH acOCJIaHTaH aHWKJIOBYM MyHOcCa0aTIapHHU TYy-
3U11I;

MYypaKkKal OKJIaHHII [IAPOUTH]IAa MATEPUATUIAPHUHT TUIACTHKIMK XYCYCHAT-
Japura OOFJIMK XOJiAa maki oepuinra capdiaHagurad Uil MUKJIOPUHUHT KaMaiinO
KeTUIll cababapuHu aHUKJIAII Ba U30XJIall;

TypJid Mypakkad FOKJIAHUII MAPOUTIApHIa MaTepHAIIAp XyCYCUATIAPUHUHT
cudaT Ba MUKJIOPHUI KYpCcaTKUWIAPUHU aHUKJIAI,

Mypakka0 FOKJIAHUIITHUHT SHTH KapaCHJIapUHU TaBcUUIaIga TIACTUKIUK
HazapUsUIAPUHUHT KYJUTAHWINII YerapaJlapuHU aHUKJIAIIL;

TaKAUM JTWITaH MOJEJUIAPHU KYJUIall YYyH COHJIM XHCOOJall aJropuTmiia-
PUHU SPATHIILL

TaagkukoT 00beKTHUHU KYIT apaMeTpiii Mypakkal IOKJIaHUII OCTUJIard U30-
TPOIT Ba aHU30TPOM KUCMIIAPHUHT TJIACTUKIIMK XOCCAJIapy TAILIKWI ATaJId.

TaagkukoT npeaMeTH TYpiIu KYPUHUIIAATH Mypakkal roKJIaHUIUIapHU UGO-
JAJIOBYM TUIACTUKINK (DYHKIIMOHAJUIAPUHUHT XYCYCUSITIApUHHU, TUIACTUKIMK Ha3a-
PUSICHHUHT Mypakka0® OKJIAHMIIJArd MaTeMaTUK MOJEIJIapy Ba MacajallapHu ¥3
uyura OJiau.

Tagkukor ycyuiapu. Taakukor kapa€Huaa sKCOEpUMEHTal ycyiuiap, Je-
dbopmanmsiaHyBYaH KATTHK JKUCM MEXaHUKAcH THUIOTE3aJlapyu Ba MOCTYJATIApH
Xxam1a (PyHKIIMOHA TaXJIWj, ONTUMAJUIAIITHPHII Ba YerapaBUil MHTETpall TEHTJIa-
MaJapHU €YUl yCyJUapuaad QpoiiiaJaHuIIu.

Juccepranus TAAKUKOTMHUHI WIMHH SHTWINIH KyWlujaaruinapaaH uoOo-
par:

IJIACTUKIIMK HA3apUSJIAPUHUHT YPraHWIraH Mypakka0 FOKIJIaHHUII Kapa€Hliapu
Y4YH (QU3HMK UITOHWIMIIMK YeTapajiapy aHUKJIaHTaH;

TaXpuba TaAKUKOTIIApU aCOCUJa U30TPON METaIap y4yH (PU3UK aHUKJIOBYHU
MyHOca0aTiap UILIa0 YUKUIITaH;

Taxxprbanap Ba Hazapuil W3JAHUILIAP aCOCHJA TPAHCBEPCAI-U30TPOIl MaTe-
puaiap yuyH Xo0JaT TeHIJIaMacH UILIa0 YMKUIITaH;

aHUKJIOBYM MyHocalariap MOJENM YYyH MacajalapHU COHJIM YCYJIJla €UHuIl
QNITOPUTMHU KYpPHUJIIU Ba aMIUETIA KYJJITAHUIITAH;

AHUKJIOBYM MYHOCa0aTJIapHU TypJIM BapuaHTIap/ia ampoKCUMaIIAsIIAI yIyH
Mypakka6 roxinanum-2XM (MIO-DXM) yCynuHUHT SIKMHIIANTYBYAHIIUTH TaXKpHU-
0a accocujia HCOOTJIaHTaH;

MypaKka0 FOKJIAHUII OPKAIH KUCM IMAKIWTa TJIACTUK HMILIOB OepHIia KaMm
utt capd STuuIm UCOOTIIAHIM Ba YHTA SPUIIIHII HYIuiapu ouud OepuiraH;

Takiaug TUWITaH MOJIET aCOCH/Ia Ba YyerapaBUil HUHTETrpaj TeHIJIaMallapy yCy-
7 €paaMua aManueT MacalajJapyH €YUl YUyH COHJIM YCyJI MIIa0 YMKUIITaH.

TagKNKOTHUHT aMaJIMil HATHXKAJIAPH KyHuaaruiapiadn uoopar:

TYpJIM KOHCTPYKIUSJIAP IOK KYTapuIl KOOWJIMSITH 3axyupajapyuHu HHOOATra
OJITaH aHMKJIOBYM MyHOCA0ATIap MOJIEIN UIILIA0 YHKUITaH;
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OJIMHTAH HATWKajap METALTyprusja MeTajuiapra maki Oepur (IITaMimoBKa
KWJIMLI, TOPTUO 4Yy3UIL, CUKMO YMKAapHUIl Ba X.K.) TEXHOJOTHK Kapa€HJIapu Y4UyH
HHEPrUSHU TeXall UMKOHUHU Oepuill OUiIaH UCTUKOOIUTUIUD;

unuiad YUKWIraH COHJIM  yCyJUlap Mypakkad IOKJIaHUII TabCUPUIATU
KOOMKCHUMOH Ba SICCH KOHCTPYKIIUsJIAp, MAIIMHACO3IUKIa OUJI MaxcyJioTiaap Maca-
JaJlapyuHU €4MIIJla acoCUil BOocUTalapAaH OYnub, ynapja KYJUIAHUIIHUHT SIHTU
HUCTUKOOJIIapUHU EPUTHO OepraH.

OnMHran HATWKAJAPHUHT MINOHYWIWJIMITHM Ha3apuil TaAKUKOTIIAp TyTall
MYXUTJIAp MEXAHUKACUHUHI Ba 3JIACTUK-IUIACTUK >KapaCHJIap Ha3apUsJIApUHUHT
TUIOTe3aJIapy Ba MOCTynatiapuaad (oiigalaHuITaHIuTE, TaXXpuda HaTHKaIapu-
HUHT 3ca cMHOBAaH yTkazwiradn MIO-OXM Kypuiamacuja OJMUHTaHIUTH, IIIyHHH-
raek Oomka Myauiddap TOMOHUAAH OJIMHTAH HATIOKalap OWJIaH COJUIITHPUINTA
acocCJIaHaau.

TagKUKOT HATHKAJAPUMHUHI HA3apuil Ba aMajMid axaMUATH. TaaKUKOT
HATHKATAPHUHT Ha3apuil aXaMWsITH ITyHAAKH, TUCCEPTAIUsAla WIUIA0 YHKUITaH
M30TPOI Ba aHU30TPOIN MYXHUTJIAPHUHT XOJaT TEHIJIaMajapu MaTepUaUIApHUHT
dakaTruHa Mypakka®d IOKJIaHUII XOoJaTuJa Ky3aTWIaJural XoccajlapuHU
ypranumra acoc 0ynaau. Ma3kyp WIMHI MILJIA 3IaCTHK-IUIACTHK JKapa€Hiap Ha-
3apUsACH PUBOKIAHTUPWIIM, aMaIMid MacajalapHu edMinjga QoinaraHul y4yH
IUIACTUKINK (PYHKIMOHAIUIADUHUHT MaTepHalljiap XOJaTUHU cudar Ba MUKIOpUN
KUXATJIAH aKC ATTUPYBUM (QyHAAMEHTaNl Xoccallapy YpraHwiau Ba yJapaaH Keja-
KakJa KypUIUIl, MalTMHACO3IMKHUHT aMaliuii MacalajlapyuHu euuniaa doigana-
HUII MyMKUH.

NimHuHr aManuii axaMusaTH, KyMIaJaH, aMaIUET MacalaJlapuHA €YUIITHUHT
Mypakka0 FOKJIAHUIITHU XUCOOTra OJIyBYM COHJIM YCYJIMHM ¥3 nuura onaau. by ycyn
KOHCTPYKITUSL DJIEMEHTIAPUHHU YJIAPHHUHT DJIACTUK-TUIACTUK Jedopmarusiapu
X0JIiJla XucooOuam UMKOHUHM Oepanu. [[uccepranusga MeTaulapHUHT IIAKIUHU
y3rapTupuil (MTaMIIOBKa KWJIUII, TOPTUO YY3WII Ba OIl.) >KapaCHIapUHU OMTH-
MaJUTAIITUPUII yCYJIIapy 04rb OepuiiraHku, 0y OMuUJI UIUTa0 YMKapUIIIa SHEPrus
cap@uHU KaMalTUpaan.

TagKuKOT HATHKAJAPUHUHT KOPUH KUJIMHUIIK. TaaKUKOT HaTUXKacuia
unuiad  YUKWITaH  KUSUIMKJIAPHUHT  TYPFYHJIMTUHU — aHUKJIAl  ycyJulapu
«Y36eKUCTOH TeMup uymapw» JlaBiar akuMsAIOpPIUK TEMHUP WY KOMIIAHUSCH
Toumry3ap-boicyH Temup Uy TU3UMH YUYH JKOPUN KWIMHHUINM HATHXKACUIA I10-
e3IJITApHUHT XaJoKaTcu3 Xapakatu TabMuHiaaHnrad (20.09.2011 #unmmaru namsosat-
HOoMa). Mmad 4MKuiIran aHuKJIOBYM MyHOCA0aT/Iap Ba pUBOKIAHTHUPUIITAH COHIIU
yCyJUlap MHIIOOTJIAPHUHT KYN MapaMeTPUK KyWJIAHWII OCTHAArM MYCTaXKaMIIH-
runy anuknam yayH 16-JAT nacrypunaru Ne ®A-A16-P046 «EpukcuMoH Ma-
TepUAUIAPHUHT HOAJIACTHK XYCYCHSTIAPUHUA WHOOATTa OJIraH XOoJia XpcoOar
yCyJlapuHH Unuiad 9uKkuin Ba sxkopuit Kumumny Ba 4-JIAT]l mnactypumaru Ne A-4-
048 «byprunmam Ba KynykjapaaH (odjgamaHuil kapaéHHUa TEXHUK KyBYPHHHT
3WINI cabablapuHU aHUKJIANl YCYJM Ba A3WIMIIN HATHUXKACUJla ro3ara KeJyBUud
KUMUHYWIMK Ba aBapUsJIapHU OJIIMHU OJyBUM Ka3WIIl TEXHOJIOTHUSCHUHHM HIILIA0
YMKMID aMajuil Joiuxanapaa Kyaianmwiran (Y36exucton Pecry6nnkacu Basup-
nap Maxkamacu Xxy3ypugaru @PaH Ba TEXHOJOTHSJIADHU PUBOKIAHTHUPUILIHU
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MyBouKTamTHpUIl KymMuTacuHuHT 13 HOs10p 2008 iinn Ba 11 Hos6p 2011 innga-
I'Y XyJIOCaIapu).

Nuaunr anpodanuscu. {uccepranys MIIMHUHT acocuil HaTvxkanapu 30 Ta
WIMUK-aMaJIni aH)KyMaHjapaa, Iy Kymiaaas, 15 ta xankapo CMMIO3UyM, KOH-
¢depennus Ba cemunapnapaa: IMECE ASME (New York, 2001; Boston, 2008);
14™ USNCTAM (Blacksburg, 2002); Euromech-Mecamat (Liege, 2002; Torino,
2008); ESMC-5 (Thessaloniki, 2003); Development in plasticity and fracture
(Cracow, 2004); ECEES (Geneva, 2006); Poccus Hazapuii Ba aMaiuii MEeXaHHUKa
VIII, IX, X amwxymanmapuna (ITepm, 2001; Hwxuuit Hosropon, 2006, 2011);
Xankapo «IIpouyHOCTh MaTepHasioB M 3JIEMEHTOB KOHCTPYKIIMI» KOH(EpEHIIHsIIA
(Kues, 2010) mabpy3a kuiuHrad. Jlucceprauus HIIMHUHT acOCUW HaTHXKallapu
V36exucron PecnyGmukacu ®anmap Akamemuscn MexaHHKa Ba HHIIOOTIAP
CEHCMUK  MYCTaxKaMJIMTH  WHCTUTYTHHMHT  OHWpJalraH  CeMHHApHIa,
16.07.2013.T/FM. 02.02 Unmuii kenram xomugaru 01.02.04 — «Jledopmarnusina-
HYBYaH KAaTTUK >KUCM MEXaHUKACH» HUXTHCOCIUTM Oyilmya WiIMUN ceMHUHapa
MyXOKaMma KUJIMHIaH.

HaTuxajapHUHT 3bJI0H KWJIMHTAHIMTU. J[1uccepTaius MaB3ycu Oyitnaa 53
Ta WIMUNA UL, KyMJIaJaH, 8 Ta MaKoja XajJkKapo WIMHUN >KypHaJUIap/ia 4Ol ITUJI-
ra.

JluccepTauMssHMHT TY3WJIMIIM Ba XaxXKMM. Jluccepranus WM KUAPUII,
TVpTTa 600, 247 Ta HOMIaH WOopar (QoiimamaHuiral anabuériap pyuxartuaan
uoopat. JlucceprauussHUHT ymyMuid xaxmu 198 Oerman mbopar OynuoO, 155 Tta
pacM, 4 Ta >)KaJIBaJHU ¥3 WUUTa OJIA]IN.

JUCCEPTAIMSTHUHT ACOCHU MAZMYHH

Kupum kucMuaa nuccepranus TaIKUKOTHUHHHT JTOI3apOJIMTH Ba 3apypHsITH
acociaHuO OepwiraH, WIMHN WUITHUHT MaKCaayd Ba MakKcaJra SPHIIUII YIyH aco-
cuii Basudamapu MaKIIAHTUPWITAH XaMJa TaIKUKOT OOBEKTH Ba MPEAMETH
aHUKIIaHTaH, ¥Y30ekucTon PecryOmukacy (aH Ba TEXHOJIOTHSIAP TAPAKKHETHHIHT
YCTYBOp HYHAIWIUIApUTa MOCIUTH KYpCAaTUITaH, MaB3yHUHT WJIMHUN SHTHJINTH Ba
XUMOsITa 0JIMO YUKUJIAIUTaH acOCUM aMalivil HaTwKajlapu Oa€H KUJIMHTaH, OJIMH-
raH HATWKAJAPHWHT WIIOHWIWINTH Ba WIMHH Ba aMalWi axaMUATH EPUTHIITaH,
TAJIKUKOT HATHKaJTapUHHU KOPUN KWIMHTAHJIUTH XaKuJla MabIyMOT Ba JHCCEpTa-
[IUS TY3WIHIINTA JOUP KUCKA MabIyMOTJIAp KEJITHUPUIITaH.

HNuccepranuss uIMAa KEATUPWITaH WIMHH  TaIKUKOTIAp  IapXuja
MYXUTJIAPHUHT (U3UK XOJIATH TEHIJIAMAJApUHUHT PUBOXKH Ba TaKOMUJUIAIIITHPH-
JUIIA MEXaHWKa COXACH MYTaxaCCUCIAPUHUHT dbTUOOpU Mapkasuja Oynub Kei-
TaHJIUTH TabKuuianTad. Mimad yukuirad IIacTUKIMK Mojaeiapaan dakat [Ipa-
rep, I'enkn, Hanan, [Ipannarn, Petice, A.A.WnromuH Hazapusuiapy KJIacCuK 00
KOJITaH Ba aMaJijia KeHI' MIUIaTUIMOK/IA.

by ommmnapman Ttamkapu IUIACTUKIWK HA3apUSCHHUHT PHBOKIIAHUIIUTA
3.Mpo3, J.Jd.HBnes, A.FO.Numumackuit, B.B.Coxonorckuit, B.J[.KmromHukos,
JI.M.KauanoB, E.M.Ilemsaxun, I0.M.Kagamesuu, B.B.HoBoxwumnop, M.Oxamm,
IO.H.lllepuenko, A.A.Jlebenes, B.Il.Jlertsapes, A.M.XKyxos, B.I.3y0uanuHoB,
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b.E.IloGenpsi, B.B.MockButuH Ba OOLIKAaJapHUHT Ha3aphil Ba 3KCIEpUMEHTAI
MIUIAPU KaTTa XUCCa KYIITaH.

Hucceprauust nmmaa oau0d OopuiraH TAaAKUKOTIAP YUYH 3JIACTUK-IJIACTUK
JKapaéHJapHUHT MaTeMaTHK Ha3apusich acoc OYiauO Xxu3Mar Kuiagu. by unmuii
nynamumpga  B.CJlenckuii, B.I'.3yOouanunoB, P.A.Bacun, A.C.KpaBuyk,
K.III.ba6amyparos, B.C.bonmapp, U.M.Koposun, B.B.Kocapuyk, B.W.Manuii,
B.B.I'apanukoB, B.M.Xurankun, I1.B.Tpycos, H.JI.Oxnonkos, HO.I'.KopoTkux,
B.C.I'ynpamoBuu, A.1 XoxkuMeToB Ba OomKaiap TaAKAKOTIAp 0JIUO OOPHIIIN.

JucceprauussHUHT OUPUHYH 000M Mypakkad IOKIAHUIIHUHT XYyCYCUU
KYPUHHUIILJIAPU IIAPOUTH]Ia KOHCTPYKIIMOH MaTepHaillap IUIACTUK XYCYCHSITIapH-
HUHT DKCIIEPUMEHTAJl Ba Ha3apuil TaJKWKUTa OaruiulaHraH. MeXaHWK XOJIaTHU
aHUKJIOBYHM MYyHOcCa0aT/Iap TeHIIaMaJIApUHUHT TypJu BapuaHTIapyu, KHHEMATHK Ba
JUHAMUK Typjaru mypakka0 roxmanum (MIO) kypunManapuaa yTKazuiraH Tax-
pubanap acocuia IUIACTHKIMK Ha3apUsJIAPUHUHT HMIMOHWIMJIMTHHHA Oaxosaira
Mucoiiap Keatupwirad. by 600 nowpacuga 4y3yBuu Kyd Ba OypOBUM MOMEHT
TabCUPHUIA KHHEMATUK TypJard CHUHOB MalllMHAIApUIard HalCUMOH HaMyHaJlapHU
cUHaII Oyiln4a cTaTUK TakpuOanap aMmaira OMMpPUIITaH.

BoOGHUHT OupHHUM OYIMMHU TaXpUOABUN MabllyMOTIap TaxJIMJIM Ba TYpJd
KYpPUHUIILIard Mypakka0 IOKJIaHUIIap YYyH IUIACTUKIMK Ha3apUSCUHUHT UIOHY-
JWIINTY YeTapajapuHy aHMKJalra Oaruinuianrad. TaHJIaHTaH Taxkpuodanap cepusi-
CU/Ia UKKMHYY OYIMMIa KapaJiraH, CAHUIIIaH KEHUHTH STPUIINTU Y3rapMac Tpaek-
Topusira ouj Taxkpubanap (1-pacm) amoxuna apTHOOpra sra. XKapaHHU Ky3aTHII
rpaduxinapuna (2-pacm) “mIyHFUIT Ba JIOKAJd MyCTaXKaMJIAaHUIIIAH KEMUHTU Kyd-
JAHUTITHUHT Macaiiu0 KeTUITU SKKOJI KYPUHUO Typai.
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1-pacM. Amajra omran gegopmanust 2-pacm. Jlepopmanus KapaéHHHUHT Ky3a-
:kapaénn (JIC-59, k=3) Tuumm (JIC-59, k=3)

Yunmun GynuMaa Typian MaTepHaapHuHT fokaanum 0>90° Gypuakka cuH-
rad (medopmarusimap ¢a3zocu) TpaeKTopusiIap KYypUHMINKIAA OYNraH jkapaéHu
TaJIKUK KWinHTraH (3,4-pacmiap).
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[Iynar-3 Ba JIC-59 naryHu y4yH Mypakka® IOKCU3JAHTUPHILI I[LIAPOMTH]IA
TakpuOanap yTKa3uil JaBOMHJIa CHHUII Oypyakiapu Kywianunuiap ¢asocuaa ae-
dbopmanmsutap daszocugaru Oypuakiapaad KaTTapok Oymamu. Cunum Oypuaru
KaHYaJIMK KarTa Oyiica, TUCTEpe3UC CUPTMOFM MailJIOHH XaMm IIyHYaJIUK KarTta (5-
pacMm) Ba y Matepuai Mycraxkamiurura 0ornuk Oymnanu. [1ynar-3 yuyn Oy maiinon
JIC-59 narynura HucOatan karrapok OVymanu. Mypakka® IOKCU3JIaHTUPHILHU
KYypuO 4YMKMII NaiTHAa acocuil 3>bTUOOp Oy KEUMKHUII TaMOWWIMHHM TaJKHK
KWJIMILIJAH TalKapy (6-pacM) OKyBUYaHJIMK aKTyal CUPTUHM TOIMILTAa KapaTUIraH.
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TEXHMKa YHUBEPCHUTETH JabopaTopusiapuia
YTKa3wiran AeQopMalusHUHT Y4 YIIHOBIM TpaeKTopusiiapu OYinya sKCrepUMeH-
TaJl MabIyMOTJIap KaiTa unuianau (Typtuaun 60ynum). Kypub unkuiaran mypakkao
IOKJIAHMIII [IApOUTUIA KyHuJaru KYpUHUIIAArd aHUKJIOBYM MYyHOCaOaTIapHHUHT
(bU3HUK UITOHWIMIINTY TAAKUK KUTHH]IN:

do = Nd5 —(N - P) (1)



OyHIa & Ba 5 Ky4IaHuII Ba AepOopMalMsUIaHUII BeKTopiapu, N Ba P - miacTHk-
JUK (PyHKIMOHAJUIAPH.

buprHyn 600HUHT OelmHYM OYyIMMUIa COHJIM Ba Mypakkao rokianui (MEO)
Taxpubanapuaa aHUKIOBYM MYHOCA0ATIAPHUHT TypJIM alMpOKCUMALIUSIIApU YUYH
MIO-DXM ycCyIapuHUHT SKUHJIAIIYBYAHIUTA TAAKUK KWIMHraH. by Oynumua
MIO-DXM  yCylIMHHMHT SIKAHJIAIIyBYAHJIUIM Macajgacu IONKa [WJIMHIPUK
KOOMKJIApHUHT FOKCU3JIAHTHPHUII aMajra OLIMPHIAJUraH Ba TaKpOpUHM IUIACTHK
nedopMalys MApPOUTIApUIArd UKKU OYFUH IOKJIAHUIIM MHCOJIUAA YpraHWIraH.
byHna annpokcuManusiioB4d MyHocabatiap Kyuaard KypuHUIga Taniaad oJIvH-
raH:

do = AdD — BodA, (2)
Oy epna 4 Ba B - spxiin mapaMeTp A aH OOFIUK IUIACTUKINK (DYHKIUSIAPH.

JluccepTanMssHMHI UKKHHYM 000M Tekuc nedopmanus >xapa€Hiapu 1ia-
pOMTHJIa TJIACTUKIMK (YHKUMOHAIADUHU TAJKUK KWIMIITa, SKCIEPUMEHTAI
MabJIyMOTJIAPHU KaiiTa MILIall Ba TaxXJWJ KWJIUII acOCHJa aHUKJIOBYM MYHOCA-
OarmapHu Ty3WINra Ba Iy HaTIKaJapHU YerapaBuil macajiajap e4yuMuja
Kysutamra Oarunuianrad. TpaHcBepcaia-u30TPOIl MaTepHall yYyH aHUKIOBYH MY-
HocabarTiap Kypwiran Ba OyHJla Mypakka0 FOKJIAHUII MMapaMeTpiiapyu KUPUTHUIITaH.
AHUKIOBUM MyHOcabarigap Ty3uIl TaMOWMMIMHUHI TYFPWIMIMHU aHUKJIAI
Makcaauaa anuzorpon oynran JI-16 marepuanu yctuna taxpuda yTKa3uiraH.

boGuuHT OupuHYM OYIMMUAA TYpJu Mypakkald FOKIaHUII >KapaéHiapu YIyH
AHUKJTAIITUPULITHN Tajga® 3TaJuraH TEH30PJIU UYW3HMKCH3 AalMpOKCUMAIUSIIOBYH
MyHOcabaTiap TapkuOura Kupaguran ckauap (yHkuusiap kapainrad. by QyHk-
MUSUTApHU aHUKJIAIITUPUILI KUYUK TedopManusiap mapouTHAa acoCuil Taxxpuoa-
Jap acocuja amanira omupuiIan. MIKKku napaMeTpiiy IKJIaHUII Kapa€HUHU KUCMUN
UKKU OYFUHJIM CUHUK YM3MKJIAp KYpUHMIIKJA TaBCU(IalauraH IUIACTUKIMK
(GyHKUHMOHAIApUHUHT 0ab3u OUp YHUBEPCAT XYCYCUSATIAPHU aHUKJIAH]IH.

By makcanna Kylingaru MyHoca0at KyJIIaHUJIIu:

d& = Nd5 — (N — P)d5 B, D, 3)
N=A,P=A4 - AO /cos@ - mnacTUKINK GyHKIMOHAUIApH, & - nedopmManus Tpa-
EKTOPUSICUHUHT CUHHUII OypyYary.

N QyHKUMOHAIMHM TaXpuOaBUM-Ha3apui KYPUO YMKHUII YHH MOHOTOH OHp-
TEeKHCIa KamMaiinb OOpyBYM CHHHMK YM3UK KYPUHUIIMAA AlMPOKCUMALMSIAII UM-
KoHuHU Oepau (7-pacM). P GyHKUMOHATHUHT YMYMHMA KYpUHUIIHM 8§-pacMjia
KYpCaTHJITaH.

CuHum HyKTacugaru o ~6¢ HHUHT TpaQurd CWUIMK CHHUK YHU3UK
KYpUHUIIUA Kypwiran: o =karcctg(@—d)—b, Oy epna kodddunureHTIap
Kyluaaru mapmiapaan  tonwiaau: O =0=>oc=do/dr; 0=7n/2=0c=0;
O=r=0=-2G.

14



A N A P
2G
do
ds
0 As
G| o Te—
0 ASs
7-pacMm. N KHIMATHHHHI KYPUHUILIA 8-pacm. P KNHMATHHUHT KYPUHUIIHA

(3) maru kywiaHunuiap Ba gedopmalpsuiap ypracugaru (GuU3NK MyHocadaT-
napau udonanam yuyn N, P, 0 Ba S napHu aHUKIANI JIO3UMM Ba OyHJA yJIapHUHT
dakat UKKUTAcH YM3UKIU Oornanmaran Oymaau. Lllynmait xunu6, nry ¢yHKIHO-
HAJUTAPHUHT UXTUEPUHN Ky DTAUTUHA OUnuil GU3HK MyHOCAOATIApHU TOTHII YIYH
etapnu 6ynaau. N GyHKIHMOHAT KyHHAaru KYpUHUIITa dTa:

AB o
=———=ABcos’| — |, (4)
1+ B> A
2 2G M2 i 2
oy epna AB=2G, B = reR -1 /(l sin 0). ¢ SKUHTamMI Oypyard ydyH
V3TapUILIHUHT I0OKOPU Ba KyWH YerapajapuHu y3 WUNATa OJaJUraH Ba KEYMKHUILI U3U
A(s,) Xxucobra oJIMHAIUTaH TYpJIH alllpoOKCUMAaLMsIIap TaKIu( STUITaH.

AKcapuaTr Macajanapja ro3ara KejaJural CHHUIICU3 TEKUC KapaéHiap y4yH
aHUKJIOBYM MYHOca0aT/Iiap MKKMHYM Oynumaa kypub uukwirad. M3orpomnus mo-
CTyJIaTUIa Kypa:

G6=h1q, + 1,q,, ()
dd 1 dq,

Oy epna q, =g, q, =;g - ®OpeHeHUHr OMpNMK BeKTopiapu, P =‘E‘cos8,

P, = —‘E‘Sin\(), 9 sca G Ba dD/ds BeKTOpIAPU OpACHIATH Y3rapyBun OypUaKIup.

9  sgxkunmamum  Oypyarn yuyyH Oy (QYHKIMOHAIHMHT YMyMUW KYPUHUIITU
B.M.Manuii TOMOHHaH KyHuaaruda Takjing 3TUiaras:

9=[K(5,%) y(x)dx. 6)

K(x,s) aaponapHu MyKaJagaMm Takjiu@ STHIraH anmnpoKCUMalusiap opacujiaH
TaHIa0 oMU MyMKHH. M30Tpomus MOCTyIaTl YMyMHM KYPUHUIIIA KyWIaHUILIAP
Ba Jnedopmarusiap ypracuaard anokaHh Hazapnaa TtyTaan. Juddepenmman
KypuHUILIa (5) TeHIVIaMa KyWHuary maKira Kejau:

6= Nq, + (G- Ncos9)6 + Mg, ,
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M=oy, sind,, %, - 3TpU YN3UKHUHT OypasIuil mapaMeTpy (MIKKMHYH 3TPUITUK).

Kuuuk Oypanuinm 3rpu 4n3uK Kyhuaaruda KaOysin KWIMHUIIA MyMKHH (KOM-
TJIaHAPIUK TUIIOTE3acH):

_ e
d5 =Ndd-(N-P) 25, 7
o)
6y epna ysymuii xomma N =92 B "X 5 p 40 1 B is).
sin ds cos$ ds

Yuyunun OynuMaa Kyno mnapaMeTpid IOKJIAHUII I[HAPOUTHUIA IWIMHIPUK
KOOMKJIApHUHT MYpaKKad IOKJIAHWIIA Ba IUIACTUKIWK (YHKUHOHAIAPU YUYH
OJIMHTaH TaXXprba MabIyMOTJIApUHU XHcoOra onraH xonaa yiaapauar KX kypud
YUKWJITaH.

[TapaGoIOUTHUHT FOKJIAHUIIUHKA KYypubO ynkamus (mmynar-3). Xap Oup KecuMm-
Ja UKKW OYFUHIM CHUHUK YHM3UK KYPUHUIIUAArd MypakkaO IOKJIAHUIN >KapaéHu
1o3ara kenmagu. XucooOmapaa Wmomun Ba [lparep Hazapusiiapu KyduIUTapHUHT
amanuarufad kKarra xKuiMatiaapuau oepuniaun (9,10-pacmiiap) Ba IOKJIAHHUIN Ka-
pa¢HM pUBOKJIaHTaH capu Gapk omud Gopau.

Kelinaru Mucon tapukacuja 4y3yBUd Kyd Ba TalllKM OOCHM TabCHUpHIA THU-
nepOOIONIHUHT IOKJIAHUIIN KYpuO YuKmirad. by mMucon mrynucu OuinaH KU3UKKH,
KapanaéTran KOOWKIa raycc Srpuiaurd MaH(wii Kuitmatra sra. Tamku IOKITaHHII
KEeTMa KeT KyWWJITaH TalllKy Ky4aaH uoopar. Yoy mucoiaga KOOMKHUHT KeCUMIIa-
puja Kypub YMKMITaH IOKIAHWII TpaekTopusuiapu 15° 1aH opTMaiiMraH CHHMII
Oypuaxnapura sra Oynmumau. Hatwxanapaan kypuin myMkusku (11-pacm, U Ba W
- paauan Ba TaHTeHIAN CHIDKUIUIAPHW), TYpJiW Hazapusiiap TOMOHUIAH OJIMHTaH
Kuitmatiap Ooup-Oupura skuH. lynnalt kim0, UKk OVFUHINM Mypakkad roKia-
HUII Kapa€Hiiapuaa Mypakkad IOKJIAHMIIHUA XUCOOra OJNMII CHUHMII Oypyaru Kat-
TaJIalran nanTaa ce3unapiau 6yauo Koaau. "

087 | 0.020

0.07
Oﬂﬁé am5:
a05é
0ﬂ4{ 0.010
a03é

0.02 ] 0.005

L

0.00 e 0.000 S e
0 5 10 15 20 25 80 35 40 45 50 455 5 10 15 20 25 30 35 40 45 45

== - [Iparep, - ANIOIINH, == - ypTa 3rPUIMKJIAP HA3APUACH
9-pacm. PaguaJ cuKuin 10-pacm. TaHreHnaJa CHJKUII
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11-pacm. KoOuK 03acujaru CiKHILIAP

TypruHun Gynumaa U30TPON MaTepuajap Y4yH OJMHTaH Taxpubda Mabiy-
MOTJIApH TPaHCBEPCAI-U30TPOIl MaTepUAUIAPHUHT aHUKJIOBYM MYHOcCaOaTIapuHU
KypUIll y4yH MocHamTupwirad. JKucCMJapHM HWHBapUaHTIap Ha3apUsSICUHU
kymnamra acocnanrad b.E.IloGenpsHunr ycnyOuérura aman KWiraH xoJijia H30-
TPON KUCMJIAp KaTopura akpatuo, Iy KUCMJIAPHUHT Xap OMpura M30TpOIuUs I10-
CTYJIATUHM KYJUIalll MyMKHH.

[y acocna Kyiugaru MmyHocadartiap r3ara Keaaiau:

dP LQ—PcosgoZ ¢ +q,, P;(11 2 l_);(lzsin(plqw,
dp ‘P‘ sin g, sing,

Q QL—Q—QCOS% L2 ] +q, (Q An” %j Q7. sinp.q,,;
i dq ‘Q‘ sin g, sing,
Oy epaa O, q, P Ba p TpaHcBepcal u30Tponus (pasocuaaru TeTUILTN Ky4IaHUIT Ba
nedopMaIusIap TPACKTOPUSUIADUHUHT Y3YHIIUKIAPH, (1 Ba (O — SKHHIIAIINAII Oyp-
YaKJIapH, yij — STPUKJIAp KHAMATIapH.

Arap y1,=%2,=0 ne6 xkaOyn Kuicak, Ou3 KOMIUIaHAPJIUK THIIOTE3aCUra acoc-
JIaHTaH TeHTJIaMalapra 3ra 0yiamms:

(8)

dP Pq11
— M,-N N
<dp ‘P‘ ‘ ‘( )+q11 1>
aQ Q‘Im Q

M, —-N,)+q,N,.
\dq ‘Q‘ ‘Q‘( ) q,, 4V,
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Arap ¢, Ba @, Oypuakiapu Kuuuk Oyica, 0u3 kinaccuk MimronmH Ha3apusicura
kemamu3. M;, N;, M,, N, ko3pdunreHTIapuHuHr KUAMaTIapuHu Y3rapTupuo
TpaHCBEpCcaJl M30TPON MYXMUTIAP YUYH TYpJM IJIACTUKIWK Ha3apUsUIApUHUHT Ba-
puaHTiapura sra 6ymamus. Mucon yayn M ;=N ;=2G, M,=N,=2G’ 6ynranaa anu-
30TPOINl  AJNACTHK JKHUCM Y4YyH MyHocabarnmapra o3ra Oymamuz, M;=2G,
N=dP/dp=F(s), M,=2G’, N,=dQ/dq=F’(3) O6ynranna sca Ilparep HazapuscuHu
xocunl Kunamus. (8) maru kodddurnmentiapau tannad onum A.A.XammKUTUTOB
TOMOHUIAH Taknu(d sTuiaran Hazapusira onu6d kemamu. Ulynnait kunub, takmud
ATHITAH MOJIET XyCYCHI X0JJa KJIACCUK TUIACTUKIUK TaMOWMIN OMJIaH yCTMa-yCT
Tymaan. Yoy Moaen peayKius KWIMHTaH KaM CUKHIIIyBYaH CTaHAApT MaTepual
y4yH Takiaud STUITAH Ba TEKUC TPACKTOPHSUIAp YUyH YTKa3WiraH Taxkpubamap
acocujia Kypuiras, my Tygaiau Mmypakka0 (aoJi FOKJIaHUII IapOUTHIA TEKUC Ma-
callajapHu €4dIl Y4yH TaBcus dTunanau. lllyHu Tapkuanam J03MMKH, TEKUC Kyd-
JAHUIUIMA X0JIaT Ba TeKUC fedopmaius yuyH 6u3 gakarruHa OUTTa UKKU YITYOBIIU
P~P, pazora sra 6ymamus.

Taxpuba BakTuga KMHEMaTuK Typaaru MIO kypunmacuna J[-16 matepuanu-
HUHT CTATHK IOKJIAHUII ITIAPOUTHUIATH X0JIaTH OOOHMHT O€mHYY OYIuMuIa Kypuo
yuKuiIran. Yysunum Ba Oypamn Oyiinuya YTka3wiran TaxpuoOanap Hatmkacuna (6
Ta Taxkpuba) J[-16 KOTUIIMAaCUHUHT Ky4YCH3 aHuU3oTponuscu aHukiaauau (14% ra-
ya). Ne 45, 18 namynanap uy3winu, Ne38, 10, 8, 15 namynanap sca 6ypanau. bup
XWJIJIary IOKJIAHUII TIAPOUTHIA HATIKATAPHUHT TAPKOKIUTH 3% NaH OIIMaIu.

Hactnabku Oypanuil Ba JAcTIaOKW YY3WIMII IIAPOUTHAA CUHUK UYW3HKJIAp
KYypUHHAIIUAATH aedopmanus TpaekTopHusuiapu OVitmua Takpubanmap YTKazuiauo,
nokan auarpammanap oiuaau (NelQ pakamiau HamyHa yuyH 12-13-pacmiap).

Kypumr mymxusku, o, ~3, nuarpamma (12-pacm) 1 606xa TaBcudmanran

M30TPOIl MeTajjlapra Xoc OVyiraH xapakrtepra sra Oyiaau Ba yHH Kyluaaru
KYPUHUIIIA ANMPOKCUMAIMSIIAIl MYMKUH: O, = AarctgBs, /sin’ 6, 5, sin® = As,
Oy epaa 0 - nepopmanus TPaeKTOPUSICUHUHT CUHUIL OypYary.

25001

19, 25001,

2250{ 22505

2000{ 20005

17507 17501

1500 15005

1250 12505

1000 10005

750 750;

5001 500

2507 2507
1 ] ] 9
0+ o‘wmwmmmmmmwmwwmﬁmwmwwmmmwm;
] ]
0 3 5 8 10 13 15 18 20 23 25 28 30 33 35 01234050678 9101112131415 16 17 18
12-pacm. FOkmanum :kapaénu G, ~ 3, 13-pacm. FOkmanuu skapaénu G, ~ I,

Matepuan ckamsip XOCCaJapUHUHT KEYUKHUIN U3Japu rpadukmaa sSKKOMI
kYypuHUO TypuOau. bupunun rpadukaa (14-pacm) nactiabku Oypaiuill BaKTHIAru

18



IOKJIAaHUIII, UKKUHYKCcH A 3ca (15-pacm) nacTinaOku uy3uinniln BaKTUIATH FOKJIaHHII

TaCBUPJIAHI'aH.

1800+
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22507 1600

20007 1400
17507 12007
15007 ]
] 10007 |
12501 ]
1 800
10007 1
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7507 ]
4001
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2507 _ 200

Hamyna Nel0 (- namyHa Ne 18, * - namyna Ne 41
14-pacm. IOkaanum guarpamMmmacu 15-pacm. IOkiannm qjuarpaMmmacu

Skunnamum OypyarvHu YpraHuil acoCUJa IIyHU aHUK alTUIl MyMKUHKH,
MJIACTUK AedOopMallUsUIApHUHT PUBOKIIAHUIIM KaHYAJIMK KaTTa OyIiica, cosd HUHT
nacaluimM Xam IIyHYaJIUK Te3namand. byHna skunmamudimn OypyarMHUHT Y3WHU
TYTUIIM IOKOpUAA KEJITUPWITaH almpoKcumanusiap noupacuaa €ragu. by sca
ym0y matepuan y4yH aBBai KaOyl KWIMHTaH annmpoKCHUMAaIUsUIApHU KyJUTaill
MYMKHHJTUTH YYyH acoc OYIu0 Xu3maT KUJaau.

JluccepTauMsIHUHT YYHHYH 000Maa Mypakkald OKJIaHUII BaKTHIA fo3ara
KeJaJuraH U30TPOIl MaTepUAJUTAPHUHT (PyHAAMEHTa X0ccalapy Ba yIapHUHT TeX-
HOJIOTUK MacajlalapHU e4uInja KyulaHwinimy kypuod uukuirad. B.JO. Ctonbos,
H.A . Kopsikun Ba B.H.JlebeneB unutapuaa metamgapra 00CUM TabCUpPHIA UIILIOB
Oepwiranaa Mypakkad nedopmanusnap mapouTHAA TAIKU KyUJapHUHT HMIIU OJI-
JIUH IOKJIaHUILJArura HucoaTaH KaM OYJIMIIN MyMKUHIIUTH aHUKJIaHTaH.

bupunun 6ynumaa V3P ®A MUCMUna VYTKa3uiaraH Taxpuodaniap acocuia
METaJUIHUHI MypaKkKa0 IOKJIaHMII [IAPOUTH/IA TUIACTUK IIAKJ Y3rapUIIMHUHT Ky4d
OJTMN YY3WINIL, CUIDKUII Ba OOIIKAa KYPUHMILIIATH OJAUIN FOKJIAHUIIArura Huc-
O0araH macaiin® ketuinu KypuO uukwirad. by xomucanap [pakepHuHT accorua-
[UsJIANIrad OKUII KOHYHU Ba YHUHI MypakKa0 FOKJIAHUIIAArd rpaJueHTaNIUK Ta-
MOMWIMHUHT MYypakkaO FOKJIaHUII MIapOuTHAa Oy3wiuiiura oiaub xemaau. X0k
Ba [Iparepuunr ymymuii udomacuna Tynuk nedopmanusiiapHUHT OpTTUpPMATapy
KyHuJIaru KypyuHUIITa ora 0yiaam:

oJ
de, =H,dc, +0.5[P(J,,J,)s, +O(J,,J,) % 1df,

Oy epaa OMpUHYM KYIIUITYBYH JePopMalusiiap OPTTUPMACHHUHT ATACTHK TAITKUI
ATYBUMCHU, UKKWHYU KYIIWIYBYM YHUHT IJIACTUK TAlIKWI ATYBUMCH, J, Ba J3 Kyd-
JaHUILUIAP J€BUATOPUHHUHI MHBApUAHTIAPH, §; — KyWIAHUNLIAP AEBUATOPUHUHT
KOMITOHEHTanapH, H;j; — MOMMUINKHUHT STHIyBYaH KOG (QHLUEHTIapH MaTpHLa-
CH, df — IOKJIAHUII CUPTH, d&; Ba do,, — MOC paBUILIa AepopMmarusiap Ba Kyd-
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JaHUTIUIAD TEH30PUHUHT opTTupManapu. OKyBYaHIMK CUPTH Oyiinad Xapakart
KWiraHaa (HeUTpan IOKIaHUI) aeGopManysiiapHIHT UIACTUK TAIIKIII STyBYHIIA-
pu  MaBxXyJ OVIMacIuruHud aHukKiIam MyMkuH. Jlepopmarusinap ¢azocuna
OKYBYAHJINK CUPTHHH KypHII OOpacHJard ypUHHUILIAP XyAId HEUTpas FOKJIAHUII
MAPOUTHAATH HATWKalapHu Oepamu. by Takpnba MabiyMOTIIapu TUTACTHK JIe-
dbopMarusi BakTHIa MypaKKad IOKJIAHWUITHWHT WITHUHT KaTTaJUTura TabCUPH OJl-
Uil IOKJIAaHWIIIarura HucOaTaH Cce3ujapid Japaxkaiaa Ka4uk Oymamum 1ed
XUCOOJIaIll yIyH acoc OYimaau.

by a¢dextnn WnrommH xkapaéHIapuHUHT 3JIaCTHK-TUIACTUKIINK Ha3apHsICH Ba
MaTepHAIIAPHUHT BEKTOP XaM/Jla CKAJIAP XOCCATTAPUHUHT KEUUKUII TAMOWHUIIN aco-
cuaa TymyHTHpUO Oepuil MmyMkuH. Kyiiugaru jemMmanm Takiaud dTaMu3: KUCM-
HUHT TUTIACTUK JedopMalusacu >kapaéHuJa KEpakiu Iakjira sra OYIuIl y4yH
TaITKA Ky4iap WIIHHWUAT MUHUMyMUTa (DakaTruHa CHHULIUTA JaedopMariisiap xa-
paCHIapUHU aMaJjra OIIMPHIN OPKAIIA SPUIIIHII MyMKHH.

By aca Tamky KydmapHWHT WII MUHAMYMHWTA SPUIITUIT Y9yH KyT OVFUHIN
nedopMarsIan xapaéHIapuHu aMara OIIHPHII JIO3UM SKaHIUTUHA OWJITHPaIH.

NkxkyuHyn OYnuMaa KydiIaHHWII TPACKTOPHSICMHHU ONTHMAJ OOIIKapHUII Maca-
nacu kypub uywmkwirad. [llakm Yy3rapumura capduiaHagurad WII MHKIOPWHU

Kyhnaarnya udoja 3Tamus: '[ada jocos&ds Hedbopmanus xapaHUHUHT Teo-

MeTpusicura 0ab3u Oup ueksoBiap kKuputamuiz. Kym OVFUHIN TPAaeKTOPUSHUHT
Oapua Oyfunmapu (n Ta OYFuH) A y3YHJIMKKA 95Tra, TPACKTOPHSI CHUHUK YHU3HK
kypunumuaa (S, =+x,

JApPUHUHT y3rapuiiy oup xui 0ynanu ned kadyn KujiaMus.

Cunum Oypyaru Kanpaail OynraHuja ]6d§ (yHKUMOHAT MHHHUMYMIa 3Tra
0

OYynuIIMHA aHuKIaiMu3. JlemMmagaH Kenu0 4YMKAIWKH, MIAKJI Y3rapuiiyd UIIUHU
MUHUMAJUTAIITAPUII YUYyH CUHUIUIM >KapacHilapHU Kapald yukuil jo3uM. byHnai
TAHJIAII [TAPOUTHIA YMyMUIl X0Iaa /1 OYFUHIAp COHH, yaapuuHr y3yriura As” Ba
CUHUII OypyYakiapu ,B”) HOMabayMm OVnaau. Pean xapa€unapna kyuinaHunuiap €Ku
nedopmarnusuiap dasocuia 6epuiiraH HyKTara eTUIIUII Macallacu KyWniiaau.
Hedbopmanus >xapaéHUHUHT Oapya OYFMHJIApU Ba KyWIAHMIILIAP BEKTOPHU
KOMILIaHap Oyiran nedopmanus TpaeKTOPUSICMHU KYpuO unkamus. by aedopma-
1Ms XOJATU IUIACTUKIIMK HA3apUSCUHUHT KYMUWINK TEKUC MacalaJlapUHUHT KEHT
cuHbwura xaBobd Oepaau. YMyMHIIUKHU YeKJIamMaraH Xo0Jjj1a U30TPOMus MOCTyJia-
TUTa Kypa *KapaCHIapHu D1~D, TEKUCIUTHAA KYypuO YHMKUIIT MyMKUH. by Xomnma
KyWwlaHUIUIap BEKTOPU MYHAITUPYBUM KOCHUHYCIIAPUHHM aHUKJAIl Macajacu
SAKWHJIAIIUII KOHYHH acOCUJa €UMIuIIM MyMKUH. Kyiiunaru acocuii kartajiukiap-
uu kuputamus: ) (I=1,n) — nedopmanus TpaekTopuscHHHHT O YKUra OFHII
oypuaknapu, B =a'"’ —a"" (I=2,n) — nepopManus TPaCKTOPUACUHUHT CUHUII
OypuaxiapH, Vo, =1 oA>" ] (I=l,n) — Ky4iaHuuuiap BEKTOPUHUHI CHHUII

HyKTacua (gegopmalis yuacTkacuaa) aBBalIrd OYyFuHra HucOaTaH OFUII Oypuak-
mapu, 0" =y, + " (I=2,n) - KydnaHuIIIAp BEKTOPHHUHI CHUHHUII HyKTACHIa
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(medopmanus yyactkacuaa) KeMUHru OYFuHra HucbataH oruil Oypuakiapu. byp-
YaKJIapHUHT MycOaT HyHanumu ne0 aBBairu OYFUHIAH KEHHHrHM OYFUHTa coar
MUJIM XapaKaTh WYHAIUIINA YTUIIA KAyl KUIUHIM.

T o
S, <s<S,, 9< J_rE YeKJIaHUIUIap OCTUAAa KyWuaaru (pyHKIMOHAJIHUHT MH-

Sull
HUMYMHWHU TOTIaMU3: J =min fa cos ds . SxunIammii Oypuaru
S[n

$=C arcctg(r/ A As) KypuHHIIKAa onuHca (6y epra C=20/n, r=-b 1 1n(¢9 + 1)),
OyruHmap y3yHiauru As TeHT Oynranuna 3 QyHKIUSACH YIYH MAacaJlaHWHT €9UMHU

Kylujgarnya oymamu: B = i%[% - arcctg(% AsD . Acocuii macajara

(311 )2 - (3; )2 > (321’1 )2 - (31’_1 )2 KYPUHHIINIATH YEKITaHUIDIAD KAPUTUITAHIA CUMM

Kyhumaruua oynau: B =(-1)" %(% —~ arcctg(% ASD .

bem ymyoBnu BekTop (pazocumaru xap KaHmpai gedopmaiiusi X0oiIaTura TEKUc
Ky OYFUHIIN TPACKTOPHs KYPUHUIIKIA SpUIIuIl MyMKuH Oynaau. lllynnan xenud
YUKKAH X0JIJa, KyWHJard TAaCAMKHU IIaKUlaHThupamu3: M3oTpon Matepuaira Ky4
TabCHP KUITaHHUA Xap T0UM (aosl Mypakkad IOKJIAHUII jkapaéHu MaBxyJ Oyiaaau
Ba YHJIa TallKU Kywiap OakapaJuran uil Xyaa4 yia negopmariust xoiatura oo
KeJIaIuraH O Ui I0KJIaHUIIarura Hucobatal kam Oyiaau.

BOOGHUHT yunHYM OynMMHIA MIAKI Y3rapTUPHIL HIUIAPUHU KaMaWTHUpUIITa
SPUILUII MyMKHUH OYJiran Oup KaTop TEXHOJIOTMK Macaiaiap Kypud yukuirad. by
nynamumaa H.H.Crtonspos, L.Sadok & S.Urbansky Ba A.C.IImeHUNTHIOKHUHT
UIIapy MaBxkyZ.

JlaTyH KyBYpHHMHT UWIMHAPUK MaTpuia OVinad cyapanuin kapaéHUHH
Tamku YK kyun Py=26948 Ila 6ynranuna kypud unkamus (KOHYCIH MaTPHUIIAHUHT
sicouncu y = C —ax, C=113.75, a=5.67, matpuuanuar yuunaru 6ypuax 10° uu

tamkua 3tagn). Mmkananum kosddunmrentuaun f=0.3 ned onmamus. KyBypHHUHT
MaTpula JaeBopura OocuMu mnapameTpu A£=0.15 Oynran uWIIKaJaHUII Kydura
F

> Qn
fTCL(rO + rn)
HUII Ba jAedopManus BEKTOPJIApU oOpacujard OOFIUKIUK JHarpaMMacHuHU
KyWHIard KypuHUIAa KadyJl KuiaMus:

G = Ath(B2), 9:%61#}2(%), A=c., B=2G/c., Gw:AES,
o =117MPa, E=113796MPa, w=0.348.

Oornuk Oynagu. by xon1a Talky oKi1ama: g, = =—q,k . Kyuna-

[6dD MuknopHu Kypub unMKamu3, UyHKM aliHaH MIIHMHT aHA LIy KHUCMH
So
HIaKJ Y3rapyill >kapaéHura KeTaJural XapaxarjiapHu KaMaUTUPUIL UMKOHUHU Oe-
paau. Kypunub typudauku (16-pacm), mypakkad OKJIaHUIIIATH UII OJUH FOKIa-
HUIIJArura HucoaTaH Kkam Oyasu.
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11.0 work

L

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
—— - O[TV OKTAHMII, = - MYPAKKA0 HOKJIAHUII

16-pacm. Hlaka y3rapTupuin umu

SOXNXNMNLYLBARNNDIDNND > 0D
SR RS O RS LS RS R RSEO NSRRI RS

JuccepTauMsIHUHT TYPTHHYM 000uaa VUTIOIMIMHHUHT alllpOKCUMAalUJIOBYN
MyHOCa0aTH acocua Ba Mypakkal FOKJIaHMIITHA XUCOOTa OJITaH X0JIJ1a ITAaCTUKIUK
MacajaJlapuHy €4HIll YIyH UHTErpall TEHTJIaMalap yCyJiu KYpruO YUKUITaH.

UYerapaBuil sneMeHTHAp TYFPU YCYJVMHHM KapanMui. llnacTuxkimk Hasapuscu
Macanamapu yayH CoMHIIbSIHA aWHHITH MyalUlaK OOFJIaHMAaCiWK yCYJWHU
KyJutaran Xoiaa aedopMarysuiaHyBuUd KATTHK JKHCM MEXaHWKACH TEHTJIamMaiapu
acocujia KeJITupUO YnKapuiIaau:

.e .pl L] L]

(Tz'j,j-l-bj:O pi—é'ijnj:O Eij =&+t &j :E(Mi,j'l‘uj,i),

. o ¥ . pl
1
OyHma 51? - Oouuranruy jaedopmarusnap, o; =0;—0; cudaruaa Kapaiiw,

.* L]

O :Cijkl Eu .

[Myngait kunub, yerapaBuii MHTErpaj TEHTVIAMAHM KENTUPUO YHMKAPHINIA
TYIUK nedopmalius 3J1acTUK Ba MJIACTUK AehopManusuiap WHFUHINCHIAH HOopaT-
JUTHA TYFPUCHIATH TUIIOTE3a Ba IOKCH3JIAHTUPHILI 3JIACTUKIUK KOHYHH Oyinda
amaJra omaau Jeran TaxmuHnap Kymianwirad. lly komganapnan kenu® 4ukKaH
xonga CoMuiibsiHa aWHUATH OOLIaHFU4Y JAepopMalMsiiap OpKajlu Kyhuaaruya

E3MIaIu:
o Dl

u;=[u p,dU—[piu,dU+[u)b,dQ+ [0 z,dQ. ()
r r Q Q

(9) Tenriama Myasutak OOFIaHMACIMKIAp YCYJIH €pAamuia KypwIraHd y4yH
kypub unkmiaérran cuptT (Kemnor OVitnua perysnsip Ba anbarra CUIUMK OyIMaras),
yMyMaH ojirasjga €H é€knapra Ba Oypuakiapra sra Oynuimud MyMKHH. Basn
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Kuiimatinapu u,;(&,x), p,(&,x) nactnab ['énpuep mapTuHu KaHOATIAHTUPAIUTIaH

Ba MYaiisiH CHJUIMKJIMKKA 3Ta OYIraH uXTuépuil GyHKIUAIAp KYPUHUIIINIA TaHIa0
ONMHUIIN MyMKUH. busHuar xomnma KenBuHHMHT QyHIaMEHTAT eYUMIIAPU
KYJUTaHWJIaIU.

UYerapaBuii MHTErpas TEHIJIaMa KyHUJard KypuHUIITa 3ra:

Nz

;O (&) + [ pyu(E)dU=[u; p,dT + [u;b;dQ+ [&;, 0 xdQ.  (10)
r r Q Q

BoOHUHT OupuHuUM OynMMHUAAQ YerapaBuid MHTErpal TEHIJIaMa €YMMHHUHT
MaB)XyJJIUTH Ba STOHAJIMTH Macalacu Kypuirad. IHTerpai TeHriiaMa e4uMUAHUHT
MaBXYJUINTH Ba ATOHATUTU (QYHKIUSUIApra KyHWIraH MyailsiH yekJaHumiap Ou-
JIaH CUKYBYM aKC dTTUPHUILLIAP YCYJIU €pAaMKia NCOOTIIAHTaH.

X=x(x,,X,,...,X, ) JapHA 1 YIHOBIM (a30]ar¥ aHUKJIAHUII COXACU KOOPIHU-

o n
HaTajapu J1e0 oJaMu3. Y3 MOXUSATUTA Kypa y METpUKacu p(x,y )= Z( Vi —X; )2
k=1

Oynran Ba n YI4oBIW DIBKIU (Pa30CHHHM XOCHIJ KWIQJIWTaH 1 Ta XaKUKUAK COHJIap-
HUHI TapTuOnaHraH rypyxuaup. bapua x=x(x,x,,...,x, ) HyKTajap TYIUIAMHHHU
{Q} opkanu 6enrunaiimMus.

{Q} Tynnamja aHUKJIaHraH Ba KuiiMaTiap coxacu {N} TYIjJaMHU TalIKWJ
STYBUM U, = u,(X, ..., X,) (i = 1,m) (yHKUMsTIapHU KMpUTaMu3. Arap u, jap KOOp-
nvHaTa cudaruga Kapaiuca, u=u(u,,u,,...,u, )1ap MeTpukacu p(f,g) :rix_lla;qgi — fi|

xeQ
6yran, C[N[Q]] éxu xuckaua C[Q] Bexrop ¢ymxkumsmap ¢asocumn xocm
KWIAJIUTaH YM3UKIN (DA30HU TAIIKWI 3TYBYH Y3IYKCH3 BEKTOp {U} QyHKUIMsIIAp
TYTUIaMUHYA UoJ1a STaaH.

Jlemma. Arap Uu=u(u,,u,,..,u, ) BEKTOPIU (QYHKLMUUIAD KETMA-KETIUTH
C [Q] na QyHgamentan Oymca, 6y {u} BexTopnm (yHKIMANAD KeTMa-
KeTTHrHHAHT C [Q] METpUKacH MabHOCHJA OUp TEKUC SKUHJIAIIUIIWHN OWIANpa-
b1 178

UYerapaBuii MHTErpai TEHIJIaMaHU BEKTOpP KYpUHHUILINA TacBupiaimus. Cka-
JIp KYyNauTMaHu U -V =y, v, KYpUHALAA KaOyJl KUJIaMu3, YMyMU# X0J1Ja:

Ay + [fydl + [gl(y)dl" = C,,
A r
6y epna C, =—cU+ [u'pdl’ — [p'Udl"+ [uUbdQ+ [c'e”dQ).
I I, Q Q-1
Tynuk meTpuk da3omaru xap KaHaal CHKyBYM aKC STTUPHUIN (pakaTTuHA OWT-
Ta XapakaTcu3 HyKTara sra oynranu yuayn C [Q] TYIUTAMHM Y3HUTra aKCJIaHTHPAMH3
Ba WHTETpaj TCHITIAMAaHWUHT €YUMHUTa dra OymamgWraH MmapTIapuHU TOIMAMMU3:
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7»'1[ +‘E‘ [gdr }<1 maptu Ba L omepatopu Y aprymeHT Oyiinua Jlummuig
r

maprura p(Ly,,Ly, ) <[Ejp(y,,y, ) Giiunca.

[fdr

Tacoux: (10) uHTErpan TEHTJIAMaHUHT €UYUMU { I fdr +‘EUng }<A mapT

Oakapuiranja MaBxy/l Ba siroHa OYiaau.
Kypunu6 typubauku, I udl’ MaBxyjn OYnanau, arap MHTErpaj OCTHJIAru
r
bynkuus KenBun ¢dyHaamMeHTal ednMMH KYpPUHUIINAA TaHiad OJWUHTAaH Oyica.
I p;dl, wrTerpan Koumuunr 6om KuiiMatn MabHOCHIA MaBKya OYnaau, 4yHKH
1—‘2
_M(S.x)
pP; = 2 ’ ‘E‘

i karramurd 0.001 maH ommO KeTHIIM MyMKHH 3Mac, YyHKH KH-

yuk nedopmanusanap Komm myHocabatiapuHu KaHOATIAHTUpaau Ae0 Kapayju.

J.gdl“ uHTerpanu xam Komm 6omr kuitmMatn mMabHOCHIAa MaBxkyn Oymaau. Slccu
r

CUPT yuyH A~ MATPUIIAHMHI [MAaroHal KOMIIOHEHTIApu 2 ra TEHr Ba Oypuak
XaMmJia KuppajapJard HyKTajap Y4yH XaMm 4eKJIaHraH oymaau.

Mynaail kKuamb, kKypud YMKUIAETTaH PEryyiap CUIUIMK uerapanap yuyH (10)
WHTETpall 4erapaBHil TEHTJaMa CUYMMHUHUHT MaBXyJ OYIUIIINK IIapTIapUHUHT
Oaxkapunuiud kKo kypuHamu. IllyHu Tabkuanmam JO3UMKH, KEITHPUO
YUKAPWITaH [IapT €YMMHUHT STOHA Ba MaBXKyJ OVIMIIM Y4yH eTapiu Oynanu,
OUpOK 3apypuil OYIMaIu.

NkxuHyn OyIuMaa KOMIUTAHAPIUK THIOTE3aCHHUHT amnlpOKCUMAIIUSIIOBUN
MyHoca0aTiaapu acocuaa TUIACTHKINK MacCaJaCMHUHT KYWWJIUIIN KEJITUPHUIITaH.
Kywranum Ba aedopmanmsuiap opacuaard MyHocabatiapHu KyWujaaruda KaOyll
KAJIaMU3:

1 . N-P o6,dc, . 11)

dé, =—do&, — G,»
" N 7 NP g~2/3 7

Oy epna N, P — xapaén pyHkipoHamiapu 6yauo, ynap Typiau KUuiMaTiapHu KaoyJ
kb, (11) MyHocabaTimapHM  IUIACTHKJIWMK  HA3apUACHUHUHT  XYCyCHH
KypuHUILIapu cudartuga HaMOEH dTaau. Marepuan KUCMHUA fo3ara KeilaJuraH
IOKJIAHMII KapaCHIapUHU HAMOMWUII STUII YUYyH KUPKUMIM (Ky4wIaHUILIAp KOH-
[EHTPATOPWIIM) HAMYHAHUHT IOKJIaHUIIM KYpuO unkwirad. FOkopu uerapa spkuH,
KyHH derapa mapHUPIU TUpairad, €H Tomonnapura P=1.27MH/m uy3yBun Kyumna-
pu  Kyiunran ne6 Kapannu. Marepuan xapaKTepUCTHKaNapu Kyiujaaruya:
E=206ITIa, 6=117.7MIla, v=0.3, E,=0.3E. 17-pacmaa KywIaHUIIJIAPHUHT U30JIU-
Husmapu kentupuirad. Ky3aTum MyMKUHKH, Ky4IaHUIUIAD KOHUEHTPAIUAICH Ke-
cu0 OJIMHTaH XKOM Oypuakiiapu arpoduia FOKOpH OYau.
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17-pacm. Kyujaanunuiap u3oauHUsJIapU

3.8

T WIIUIIWII TITHRT

Typnu Hazapusiiap 6yiinda Xuco0-KUTOOJapHUHT (DapKu Mypakkad IOKIaHHUIIT
AKKOJI HaMOEH OynajuraH macajiaiapia, sSsbHU KYI MapamMeTpiid IOKJIaHUIIIa EKU
KUCMIIApJa Ky4IaHUIUIAp KOHIIGHTPATOpU MaBXKyJa OyiraHuga ro3ara Keaju.
Kyinmaaru mucon 6yHu Hamomumn staau. [lmacTHHAaHUHT KMPKUO OJIMHTAH >KOWMH-
naru yanap (18-pacm) yuyn nedopmanusiiaHauraH MyXyT FOKJIIAMacUHU TOTIHIII
MacaJaCMHUHI €YMMUHHU Ba KypwiraH aegopmanus Tpaekropusuiapunu (19-pacm)
KYpHUO YUKaMu3.

BOOHUHT yuynHYM OYIMMHU Mypakka0 FOKJIAHMII [MAPOUTHUJIA MIACTHUKIUK Ma-
cayiajiapy yYyH y3WIMIILIM KY4UIUIap YCYJIUMHU KOPHUH 3TUIITra OaruiuiaHrad. by-
3WINILIAD MEXAHUKACU MacalaJlapyd y4yH YerapaBUM MHTErpall TEHIJIamanap ycy-
munu kytam B.3.I1apron Ba E.M.Mopo3oB uniapuaa kypuO yvkuiarad Oyiuo,
Oy €HjairyB yxImiam MacajajapHu €YUl YUyH SHT KyJai xucoOyianaau. burra éxu
Ovp HedTa TOp KUPKUMIM €KUM TUPKUILIApU OYIraH KUCMIIap MacalajlapuHu
euuilra EHAallyBiIapaad OUpu y3WIHILIM KYYUIUIap MIAKIUAAard 4YerapaBui sie-
MEHTJIap yCYJIuHU Kyyuam kabyn kuiuHrad. [lyHra yxmiam macananap reomexa-
HUKAaJla Ba TypJIu STHTU MaTepUALUIAPHUHT SHTU OENTHIOBYM MyHOcabaTiapyu MaB-
KyIIUTH Tyhaiand KaTTa KU3UKUIT YHFOTaIH.

Cy
0.03 T T
WL SO S S S
§ T A
D 15 mm = ] 7 TMYNQ
001 ot b
1 | ! ‘ ! ‘ ! MpanaTtna-Péiicca
OO 7“H}\\H;H\\;\\H;H\\;\\\‘;
100 mm %.OO 0.01 0.02 0.03
» EX
18-pacm. Kupkud oJimHraH niiacTuHa 19-pacm. Epux yununaru gedopmanus tpa-

eKTOPHUsICH
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butra yerapaBuii KUpKUMra sra OyIraH HAaMyHaHUHT YY3WIUIINA TYFPUCHIATH
Macana kypub ynkuiran. Xucoomnanwap [Ipanarn-Pélice, [Iparep Hazapusiiapu Ba
NnbI0MMHHKAT 1eOpMallMOH TUIACTUKIIMK Ha3apusaCcUra Kypa amalira OLIMPUIITaH.

0.1200 - & 0100
0000 — &

0.1000

0.0800 ]
] ~0.0300 ]
0.0600 - ~0.0400
] —0.0500 —f
0.0400 ~0.0600 —;

] —0.0700
0.0200 —| J

—-0.0800
3 E 1

] 2
0.0000 m

] €1
~0.0200
—~0.0200 0.0200 0.0600 0.1000

.020 0.0 . . B
1 —-Unwomun Hazapusicu, 2 — [lpanara nazapusicu, 3 — Ilparep nazapusicu
20—pacMm. [ledpopManusiiaHuII TPAaeKTOPHUSJIAPH

y =0.1100 T T T
0.000 1

Xucobnamnap HIyHd KYpcaTAWKH, nedopManus TPaeKTOPHsIapH Mypakkad
ypTaya 3srpuivK KYpUHUIINAA KEIUO YUKIH.

Vpraua srpunmkka sra 6ynran TpaekTopHsiap yuyH Ilparep xamaa Ilpanar
Ba WmomnH Hazapusiiapu Oyiinuya xucoOianuiap HaTHKaJIapUHU COJIUIITUPAMUS3.
20-pacmaa TypiaM TeKUCIUKIapaard aedopmarnus TpaeKTOpUsJIapy TaCBUPJIAHTaH
Ba KypuIll MyMKUHKH, [Iparep Hazapusicu Oyitmua onuHran Hatwxkanap [lpanarn
Ha3apusICH HaTWXKaJlapura IKUH Typaau (deTaaHuil 5% aaH omMann).

Akcapuar amanMii MacajajapAa yd VYIYOBIM JKUCMIAp TEOMETPHSCH Ba
TallK{ Kywiap TH3UMHU IIyHAal OYnaauku, ylapHU YKKa HUCOaTaH CUMMETPHUK
Macaianap cudaTtuaa Kapam MyMKUH. BOOHUHT TYpTHHUM OYIUMUIA aliHAaH TIyH-
nai HaNTyB WIIa0 YMKWJITaH Ba CHHAO KYpHIITaH.

Yan Oypuakia KATTHUK MyCTaxKaMJjaHTaH Ba VHT yduWra 4y3ajurad Kyd
KYWWITaH IWIMHAPUK KOOMKHUHT IOKJIAHUIIM Macanacu Kypub umkwirad. [ly-
HUHTJIEK, OOIIKa TAIlIK{ Kydjap Xam XucoOra OJMHTaH: XaJIKaJld TallK{d CHKYBYU
Ky4, MYKH OOCHMM Ba KHUCHMO OJIMII ydacTKacura OHpUKaIuran >kou Oyiinua
TaKCUMJIAHTaH tokjIaMa (21-pacm).

P P, P(4) .

P,
1+
9.6
P,

B, P

12 s 4
— X1 l
A
21-pacm. Mypakka0 IOKJIAHTaH NUJIHH]- 22-pacm. KywiapHuHr Kyiinjaum keTrma-
PHK KOOUK KeTJIUT’
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KywrapHuHr KyWuium KeTMma-keTiuru 23-pacMia Kypcatwiarad. OnMHrax
eunM MacanaHuHr MIO-ODXM ycynu ednmu OuiiaH conumuTupwirad. 24-pacmuaa
UWIMHAPUK JKUCMHHUHT SICOBYMCH OYinad KyWwiIraH KywIaHUIIap WHTEHCUBIIU-
TMHUHT Y3rapuily akc 3TTUpWIraH. by eplia xankanyu XapakaTJIAHUIIHUHT JIOKaJI-
JANTYBU JKOWJIApUJa Ky4WIAHUIJIAPHUHT TYCAaTAaH Y3TapHUIIMHU Ky3aTHUII MYMKHH.
24-pacMJia KUCM Y3YHJUTH OYiM4Ya KYUUIJIAPHUHT Y3Tapuill Juarpammacu
YIIYOBCU3 KaTTAIMKIAPAA KEITUPWITaH

340; Gi
320%
300%
zaoé
zsoé
240%
zzoé

200

180
] l

160 e T T T T T T rTT)

0.00 0.05 070 0.15 0.60 0.55 0.30 0.55 040 0.45 0.50 0.00 0.05 0.10 0.15 0.2 0.5 0.50 0.55 040 045 0.50
23-pacMm. KucMm y3yHJauru 0yiinda Kyd- HMynakTup — MIO-OXM 6mn/1aH TonuIAraH

JIAHMIUIAPHHUHT Y3rapuIIa €4MM, Y3JIyKCH3 — TAKJIN( ITHIITaH aNmpoK-
cumanus acocura eunm. (W= w/(ag)).

24-pacm. Kyunmiap nmarpamacu

IOxopua kenTupuirad Macajgaiap €4MMIIAPUHUHT KypCcaTUIINYa, KUCMAAru
KyWIaHHUIILIap TAaKCUMIIAHUIIHN TYIAKOHIM XUCOOTa OJIMHUIIHN YUyH Mypakkal oK-
JAHUIIHK XHcoOra onuil Tanad stunaau. Marepuamiap XyCyCUSTIapUHH sHa/Ia
TYIUKPOK XpcoOra ONUII y4yH MacananapHu euuin naituaa MIO-OXM ycynunu
KyJulall MyMKHUH. By XonaT Mypakka0 IOKJIaHUII [IAPOUTHAATH MacallalapHU Tax-
pubanap €paamMuaa ojraH €4MMHU MYpakkad IOKJIAHMII KypUJIMacuJa SPHUIIMII
MYMKHH OYJIraH MaKCHUMaJl aHUKJIMK OWJIaH TOMUILTa UMKOH Oepajiu.
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XyJjoca

Hazapuii Ba TaxxprubaBuil TaIKMKOTIAp acocu/a YpraHuiraH aMajiui Macasa-
JapHU €YMIAA KOHCTPYKLHS MaTepHaJUIApUHUHT AepopMaiusuiall Xycycu-
ATIApUHU TaBCU(IOBUM MypaKKad IOKJIAHUII jKapa€HJIapura HucoaTaH Typiu
IUIACTUKIIMK ~ HA3apUSUIApUHUHT  (QU3MK  WUIIOHWIMJIMIM  Yerapajapu
aHUKIaHIW. DByHnall rokjnaHUIIIapHUM TaBcU@uaml y4yH aeopmaius Ba
OKYBYaH IJIACTUKJIMK Hazapusiiapu (pa3zoBUNl MypakKkad FOKJIAHUII KapaéHia-
puaa MaTepuaNIapHUHT cudar Oyiinya XycycUSTIapuHH HdomanaMaciuru
AHUKJIAHIN.

ANMPOKCUMALIUATIOBYM MYHOCAOATIAPHUHT TYpiAH KYPUHUILUIAPU KOPUH
stmmimga MIO-ODXM  yCynuHUHT SKUHJIAIIYBYM SKaHJIWTM HCOOTIAH/IH.
Wkkn OYFUH IOKJIaHUII >KapaéHiapyd Y4YyH KBa3HUM3HMKIM anlpoOKCUMalus
TEHIVIAMACUHUHT  Au(depeHan annpoKcuManusi TeHrjiamacu Ouiiad
AKAHJIAITYBYAHIMK TE3JINTU TEHI JKAHJIUTY HAa3apyuid Ba amMaluil KUXATIaH
UCOOTIIaH M. OTPUWINIU y3rapMac TPACKTOPHsUIap yUYyH MYCTaxKaMIIUK KO-
adpunmentn v<0.8, Ba mactiaabKu OJIUA KUUMK FOKJIAHUIIJAH KeWHH ATPHU-
JUTH y3rapMac TPaeKTOpHUsUIap YUyH MyCTaxKamiuK Ko3dduiumeHtu v>0.8
Oynran xosulapuaa KBa3WYM3UKJIM allIPOKCUMALMOH TEHIJIaMacHu Ba Audde-
peHIMAaN anMnpoOKCUMAaLAsIIOBYM TEHITIAMAJIAPUHUHT SIKMHJIAITYBYAHIIUK TE3-
JIUTY TEHT SKaHJIUTH aHUKJIAH]IH.

Typnu u30Tpon KOHCTPYKIMOH MaTepuayliap ycTUJa YTKa3wiraH Taxpuoda-
Jap acocujia INIACTUKIUK (PYHKIMOHAIJIADUHUHT (yHIaMEHTall XyCyCHsITIIa-
pu aHuKianau. Sxkunnammm Oypuaru, P, N Ba ¢ (yHKIHMOHAUIAPU YUYH SH-
I'¥l alIIPOKCUMALUATIAD KyPHUILIH.

MatepuanHuHT Mypakkal IOKJIaHUII XoJaTuaaru aedopmManusiiapau udoa-
JIOBUM MyHOca0aTiap Ty3WIIH.

Mypakka® IOKJAQHUII MIAPOUTHIA TPAHCBEPCAT-U30TPON  SKMCMHUHT
XOJIATUHU TaBCU(DIOBYM MOJEN KYpPWIAH Ba YHUHT HUINOHWIMIMIU TaxpuOa
acocHa NCOOTIIaHIU.

Mypakka0 OKJIaHUII MIAPOUTUIA MAaTepUaiap IAKIJIAPUHUHT Y3rapuiiura
capnaHaaurad Uil MUKAOPH TaJKUK KWJIMHAM Ba Mypakka® FOKJIaHMII IIa-
pouTHAard Uil OAJUM IOKJIAHUIIJArd uIra HUcOaTaH KaM JKaHJIHMK
KypcaTTu4uiapy aHUKJIAH]IH.

Mypakkal FOKJIaHUIIIAT MEXaHUK KapaCHIapuHU H(OoIaTIoBYl MyHOCa0aT-
JAPHMHT SIHTY BapUaHTJIAPU YUyH YerapaBUil MHTErpaj TEHIVIaMa €YMMUHUHT
MaBXyJUIMTY Ba SITOHAJIUTU UCOOTIAHIH.

[1nacTUKIMK HA3apUACUHUHT SICCH Ba YKKa HHCOAaTaH CUMMETPUK Macajalia-
PUHH €YUMH y4YyH KOMIUIAHAPJIMK THIIOTE€3aCHra acOCIIAHTaH TYFpH yerapa-
BUU 3IIEMEHTJIAp YCyJIU OMJIaH €UUII aITOPUTMIIAPH UIIUTA0 YUKHIIIH.
KoMmnanapiuk runore3acuiad GpoianaHuil OpKaJld Y3WIMIUIM CUIDKUALLIAP
yCyJIM anmnpoOKCHUMAIMSUIOBUM HUCOAT cudaTtujga MIACTUKIMK Ha3apuscUra
YKOPUM STUJIJIN.
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HAYYHBIN COBET IO MPUCYKJAEHUIO YUYEHOM CTENNIEHU
JOKTOPA HAYK 16.07.2013 T/FM.02.02 ITPU TAIIKEHTCKOM
IOCYJAPCTBEHHOM TEXHUYECKOM YHUBEPCUTETE U

HAIIMOHAJIBHOM YHUBEPCUTETE Y3BEKNCTAHA

TAIIKEHTCKH T'OCYJIAPCTBEHHBIN TEXHUYECKNU YHUBEPCUTET

ABHUPOB PYCTAM ABAYJ/VIAEBUY

PA3BUTUE MATEMATHYECKHX MOJIEJIENA
IHHJTIACTUYHOCTHU C YYHETOM JE®@OPMUPOBAHUA
MATEPHAJIOB ITPU CJIOKHOM HAT'PYKEHUU

01.02.04 — Mexanuka 1e)opMHPYeMOro TBepa0ro Tejaa
(pusuko-MmareMaTuyecKue HAYKH)

ABTOPE®EPAT JJOKTOPCKOM TUCCEPTAIINA

Tamkent — 2014
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Tema IOKTOPCKOH JMccepTalluM 3aperucTpUpoBaHa B Bpicuiell aTTecTANMOHHON KOMHCCHU
npu Kabunere MunuctpoB Pecnny6mkn Y30ekucran 3a Ne 30.09.2014/B2014.5.FM135.

JokTopckas quccepTalidsg BbINIOJIHEHA B HCTUTYTEe MEXaHUKH U CEMCMOCTOMKOCTH COOPYKEHUI
Axanemuu Hayk PecniyOmuku Y30ekucraH.

[lonHBIA TEKCT HOOKTOPCKOW AMCCepTalMU pa3MelieH Ha BeO-CTpaHWIe HAy4YHOTO COBETa
16.07.2013.T/FM.02.02 npu TamkeHTCKOM TOCYJapCTBEHHOM TEXHHYECKOM YHHBepcuTere W Harmo-
HaJHLHOM YHUBEpPCUTETE Y30eKkucTaHa o aapecy www.tdtu.uz/tadqiqitchi/dis _matn.htm.

ABTopedepar auccepTanMy Ha Tpex s3bIKax (y30€KCKHUH, pyCCKUH, aHTTIMICKHN) pa3MelleH Ha
BeO-cTpanuIle o agpecy www.tdtu.uz/ tadqiqitchi/avr_matn.htm u UadpopmanmonHo-00pa3oBaTenbHOM
moptane ZIYONET mo anpecy www.ziyonet.uz.

Hayunbiii badamyparos Kamoa HlajlimapaankynoBuy
KOHCYJIbTAHT: JOKTOp (hH3UKO-MaTeMaTHYECKUX HayK, podeccop
OdunnanbHbie AOaycarrapoB Adaycamar
ONIMOHEHTHI: JOKTOp TEXHUYECKUX HayK, mpodeccop

AptuxoB Typaaau YcmanajineBu4
JIOKTOP (pH3HKO-MaTeMaTHYECKUX HayK, Ipodeccop

XynaiiHazapoB XaiipyJuia
JIOKTOP TEXHUYECKUX HaYK, mpodeccop

Benymas CamapkaHackuit rocyJapCTBEHHbBIN aApXUTEKTYPHO-
OpraHu3aums: CTPOUTEIHHBIA HHCTUTYT
3ammra JUCCepTalrUd COCTOUTCS «__ » 2014 r. B « » 4acOB Ha 3aCelaHUU Hay4-

Horo coBeta 16.07.2013.T/FM.02.02 ipu TamrkeHTCKOM TOCYIapCTBEHHOM TEXHHYECKOM YHUBEPCHUTETE
u HarronansHoM yHUBepcutTeTe ¥Y30ekucrana mo aapecy: 100095, r. TamkeHT, yi1. YHUBepcuTeTCKas, 2.
Temn./dakc: (99871) 227-10-32; e-mail: tadqiqitchi@tdtu.uz.

JlokTopcKkasi AuccepTalis 3aperucTpupoBana B MHGOpMANMOHHO-pECYpCHOM IeHTpe TarmkeHT-
CKOT'0 TOCYJIapCTBEHHOTO TEXHUYECKOTO YHUBepcuTeTa 3a No | ¢ KOTOPOH MOXKHO O3HAKOMUTKCS B
HPILL (100095, r. Tamkent, yn. YauBepcuterckas, 2. Ten. (99871) 227-10-32).

ABTopedepar AuccepTalny pa3ociiaH «__ » 2014 rona.
(mpotokoi pacchlky Ne oT 2014 roga).

K.A.Kapumos
[Ipencenarens HAYYHOrO COBETA IO MPUCYKICHUIO
y4€HOM CTENeHH JOKTOpa HayK [I.T.H., Ipodeccop

H./:x. Typaxoaxkaes
YueHbll cekpeTapb HAYYHOT'O COBETA MO MPUCYKIESHUIO
Y4EHOU CTENEHU NOKTOPA HAayK K.T.H., TOLEHT

M.M. Mupcaunjaos

IIpencenarens Hay4HOro ceMUHapa IIPU HAYYHOM COBETE I10
NPUCYXKIECHHUIO YUEHOH CTeeH! TOKTOpa HayK JI.T.H., mpodeccop
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AHHOTALIASI JOKTOPCKOI JUCCEPTALIUU

AKTYaJlbHOCTh M BOCTPeOOBAHHOCTH TeMbl Auccepranuu. Teopus Iuia-
CTUYHOCTH SIBJIAETCS OJJHUM U3 BAXKHBIX CAMOCTOSATENbHBIX HAYYHBIX HallpaBJICHUN
B MEXAHMKE CIUIOMIHBIX cpel. TpeboBaHUs MaKCUMAJIbHOIO MCIOJb30BaHUS MPOY-
HOCTHBIX pPE3EPBOB MAaTEPHAIOB, CHUKEHUE MATEPHAIOEMKOCTH, ONTHUMAJIbHOE
MIPOEKTUPOBAHNE BO MHOI'OM 3aBHUCST OT HAJMYMUS U y4yeTa YNPYroriacTUYeCKHX
nedopmalinii B Tejie KOHCTPYKIIMU U SIBJISIFOTCS BaKHBIMU COCTAaBIIIOIIMMU 3aa4
WHKEHEPHOU MTPAKTUKH.

CoBepIIeHCTBOBAaHUE U3/CIUNA U CO3/1aHHE HOBBIX KOHCTPYKIMN B MaIIMHO-
CTPOEHUHU, TOPHOM J€JIe, aBUACTPOCHHUH, YHEPIreTUKE CBSI3aHO C IPUBICYEHUEM
HOBBIX MAaTE€pUaJIOB, MHHOBALIMOHHBIMU HHXEHEPHBIMHM PEIICHUSMHU, BKIIIOYAIO-
IIMMU TTPOU3BOJIbHBIE KOMIIO3UIIMM MHOTOCBSI3HBIX Tell, pa0OTaIOLIUX B YCIOBHSIX
CJIOKHOT'0 HAIPSDKEHHOTO COCTOSIHUSA. Pelenue 3Tux 3aa4 BO MHOTOM 3aBHCHUT OT
OLICHKU MPOYHOCTHBIX PECYPCOB M3IEIHIM, I/I€ YUET IIIACTUHYECKUX CBOMCTB MaTe-
pHAOB SBJSETCA HEOOXOIMMBIM. [IIMacTUYHOCTh CHOCOOCTBYET pacHpeieseHUI0
JIOKAJIbHBIX (MECTHBIX) HANpPsKEHUW MO BCEMy 00bEeMy maTepuaia, 4To B CBOIO
ouepesib, MO3BOJISIET HajaraTth 3HAYUTENbHbIE Je(opMaluyd Ha KOHCTPYKIHUIO O€3
e€ pa3pylieHus U 0o0Jiee MOJTHO YUUTHIBATH PE3EPBHI €€ HeCcyIel ClTOCOOHOCTH.

B cucreme ypaBHeHMI 17l pellieHUs KPaeBbIX 3a7a4 MEXaHUKU CIUIOLIHBIX
Cpell BaAXKHOE MECTO 3aHMMAIOT (PU3UYECKUE YPaBHEHUS. DTH COOTHOIICHUS JTOJIXK-
HBI JOCTOBEPHO ONMUCHIBATh MEXaHUYECKHE CBOMCTBA MaTepuaia. [Ipu aTom He0O-
XOJUMO Y4Y€CTh, YTO B TEOPUHU IJJACTUYHOCTH COOTHOLUEHUS MEKIY CHIOBBIMHU U
KMHEMAaTHYECKMMU XapaKTEPUCTUKAMU HE TOJIBKO 3aBUCAT OT 3HAYEHHUU HArpy30K,
HO CYIIECTBEHHO OOYCIIOBIJIEHBI MOCJENI0BATEIbHOCThIO UX NpuiioxkeHus. Orcrona
CclleZlyeT BOCTpeOOBaHHOCTh pabOT MO Pa3BUTHIO MaTeMaTHUYECKUX MOJEINEH B Teo-
pUM TUTACTUYHOCTH JUJISl PA3JIMYHbIX YCIOBHUI HArpy >KEeHHUS.

[TocranoBnenne Kabunera MunuctpoB Pecniyonuku Y36ekucran Ne 191 ot
04.11.2012 roga «O 6e300aCHOCTH KOHCTPYKLMHM aBTOTPAHCIIOPTHBIX CPEJCTB IO
YCIOBHSIM JKCIUTyaTallii» YKa3bIBaeT Ha BOCTPEOOBAHHOCThH JIUCCEPTALIMOHHOIO
WCCJIEIOBAHMSI, UCXOJISl U3 HOBBIX 33]1a4 COBPEMEHHON TEXHUKH, TI€ IIUPOKO MPHU-
MEHSIOTCSl HOBbIE MaTEpHUalIbl B TAKUX U3JIEIUAX KaK KOJIECHbIE TOPMO3HbBIE MeXa-
HU3MBI PabOTAIOIIMX B YCIOBUSX CIIOXKHOTO HArpYy>KEHUsI U UCIIBITHIBAIOUIUE TLIA-
CTHYECKHE JepOopMalnu.

Coznanue 3¢(HEeKTUBHBIX METOJO0B pacyeTa, aHaIN3 U MOUCK ONTUMHU3AIMOH-
HBIX PELICHUI IS 3a/1a4 IPOYHOCTH U YCTOMYMBOCTH ITyTEM MOCTPOEHHUS JTOCTO-
BEPHBIX OINPEAEISIFONIMX COOTHOIICHUM JUIsl OTAENIBHBIX KJIACCOB CIIOXKHOIO Ha-
IPY’KEHUS SIBISIFOTCS] BAXKHBIMU COCTABJISIOUIMMU MTPOOJIeM IIacTUYHOCTH. M3yue-
HUE (pyHIAMEHTaJIbHBIX CBOMCTB (DYHKIIMOHAJIOB, ONMCHIBAIOIIUX IJIACTUYECKUE
nedopMarii MpU CIOKHOM HATrpyKCHHH, ONpeneieHue o0JacTh (PU3NYECKOn
JIOCTOBEPHOCTH CYILECTBYIOIIMX TEOPU MJIACTUYHOCTHU MPU Pa3IU4HbIX BUIAX Ha-
IpyKE€HHs, CO3[JaHUE 3KCIEPUMEHTAIIBHO OOOCHOBAHHBIX HOBBIX MOJEJIEN YpaBHE-
HUN COCTOSIHUA T 3HAYMTENbHO MOBBIIIAIOT HAJAEKHOCTh MOJIyYaeMbIX PEIICHUN
U SIBISIIOTCSA KPYNMHOW Hay4yHOW mMpoOsemoid, umeromel OonbllIoe 3HAYeHHE Kak
TEOPETUYECKOI0, TAK U MPUKIIATHOTO XapaKkTepa.
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HccnenoBanusi, HampaBlIeHHbIE Ha H3yueHHE ehOPMAIMOHHBIX CBOICTB
KOHCTPYKLUMOHHBIX MaT€pUAIOB, pa3BUTHE U pa3paboTKa MaTeMaTHUYECKUX MOJe-
Jiell CBSI3aHbl C M3YYEHUEM MPOLECCCOB CIOKHOTO HArpyXeHUs. DTU H3bICKAHUS
OTKpPBIBAIOT HOBBIE MEPCIEKTUBBI ISl MCIOJIb30BAHUSI MATEPUATIOB B Pa3IUYHBIX
OTpacisiX TEXHUKH U CTPOUTENHCTBA U BOCTPEOOBAHBI COBPEMEHHBIM COCTOSIHUEM
pa3BUTUS NMPUKIAJAHON U PyHIAMEHTAIbHOW HAYKH, TaK KaK MO3BOJIAIOT HAXOAUTh
HOBBIC MH)KCHEPHBIE PELICHUs IPU MPOCKTUPOBAHUU U3JEIUN U3 KOHCTPYKIIMOH-
HBIX MaT€pUaJIOB B PA3JIMYHBIX OOJIACTSAX TEXHMKH M CTPOUTENIBCTBA. B CBs3M ¢
3TUM, PabOTHI IO U3YUYEHUIO U YyUETY CJIOXHOTO Harpy>kKeHHs B 3aJayax IUIacTH4-
HOCTU MPUMEHUTENIBHO K PAa3IMYHBIM MaTepuaiaM IpuoOpeTaroT JUHAMHU3M U I10-
Jy4aroT HOBBIM UMITYJIbC K Pa3BUTHIO.

CooTrBercTBHE HCCICI0BAHUS NIPHOPUTETHBIM HANPABJICHUAM Pa3BUTHSA
HAYKH U TexHosoruii Pecny0iuku Y36ekucran. Pabora BbINIOJHEHA B COOTBET-
CTBUU C NPUOPUTETHBIMU HANPABICHUSMH PA3BUTHA HAYKHM M TeXHoJoruii Pec-
nyonuku Y30eKkucTaH: DHEpPreTuKa, dHepro-pecypcocoepexxenne; Hayka o 3emite
no nporpamme - IIOU-4 «MaTemaTuka, MeXaHUKa 1 UHPOPMATUKA.

O030p MeKAYHAPOJHBIX HAYYHBIX HCCJIEOBAHMI 1O TeMe JUCCePTALMU.
B Benymmx Hayunsix nentpax CIIIA (manuonanehbie nadoparopun Jloc Anamoc u
Oak Pumx) u Poccun (MuctutyT npobiiem mexanuku, MI'Y) uccnenoBanusi mpo-
LIECCOB CJI0’KHOT'O HAarpy»KE€HUeE IPU BBICOKUX TEMIIEpaTypax MO3BOJIMIIN IIOBBICUTH
IPOYHOCTHBIE XapAaKTEPUCTUKHN KaHAJIBHBIX TPYO aTOMHBIX PEAKTOPOB.

B na6opatopusax SAnonun (texnonapk Ilyky6a) mpoBoguMbie SKCIEPUMEHTHI
IIPU CJIO0KHOM LIMKJIMYECKOM HArpy’>KEHUH, IPUBEIIA K YBEJIMYECHUIO MPOYHOCTHBIX
pPECYpPCOB JIONAaTOK TYpOUH SHEPrOyCTaHOBOK.

B nHayunbix uHCTHUTyTax YKpauHbl (IIpuknagHoil MexaHUKH, TEXHHUYECKOUN
(PM3HUKHM) IKCIIEPUMEHTHI IIPU KPUOTEHHBIX TEMIIEpaTypax IMPHUBEIH K HOBBIM pas-
paboTKaM MOPO30CTOMKHUX 3JIEMEHTOB KOCMUYECKUX arperaTos.

B ynuBepcuterax Ounnsnaun (Oyny), @panuun (I'penodns), [Hopryrammu
(ABeiipo) uccnenoBanusi B 00JIaCTU CJIOKHOTO HArpy>kKeHHs Jajdud BO3MOXKHOCTh
HAWTH YHEProeMKHE TEXHOJIOTUH MJIACTUYECKOT0 (POPMOU3MEHEHUSI METAJIIOB.

[IIupoKKii CHEKTP AIKCIEPUMEHTAIBHBIX HMCCIECNOBAHUN Ul U3y4YEeHUs IOBE-
JIEHUsI MaTepUAJIOB PU IUIACTUYECKOM J1€(OPMUPOBAHUU MTPOBOAUTCS MPHU BBICO-
KHX U KPHOT€HHBIX TEMIIEpaTypax, IUKINYECKUX Harpy3Kax WM IPU CI0KHOM Ha-
rpyKeHuH. Pe3ynbTaTsl 3TUX UCCIENOBAHUNM HAXOAAT CBOE IIPUMEHEHUs IIPU pac-
yeTax OypuIIbHBIX TPyO, HACOCOB, 000JI0UYEK, MAIIMH U MEXaHU3MOB. B HacTosIIee
BpeMsl B 3THX paboTax HIMPOKO HCIOIb3YHOTCS 3KCHEPHUMEHTANbHbIE YCTaHOBKU
Pa3IMYHON HOMEHKJIATY Pl HA CIIOKHOE HArPYKEHHUE.

B nacrosmiee Bpems B CIIIA (Mepunenackuii 1 CTeHGOPACKUNA YHUBEPCUTE-
Tbl) U YKpauHbl (MHCTUTYTHI [Ipo6nem npounoctu u [Ipuknagnoit mexannku HAH
VYKpauHbl) NpOBOAATCS UCCIENOBAHNS (yHAAMEHTAIBHBIX CBOMCTB aHU30TPOIHBIX
MaTepHaJIOB MPHU CIIOKHOM HarpykeHuu. B nabopatopusix Anonun (YyHUBEpCUTET
r. Harost) u Poccun (TI'TY, UucturyT npobnem mexanuku PAH, unctutyt I'na-
ponunamuku CO PAH, uncturyt ropaoro aena CO PAH) npoBoadrcs skcnepu-
MEHTBI IO CJOXKHOH pasrpy3ke, HUKIMYECKOMY HArpy>KEHHUIO Pa3iu4HbIX MaTe-
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pPHAJIOB O MPOCTPAHCTBEHHBIM TPAECKTOPHAM CIIOAKHOIO HArpy>K€HHs. DTH 3KCIIe-
pUMEHTaJIbHbIE Pa0OTHI BEAYT K MOCTPOCHUIO HOBBIX MOJIEJIeH B MIACTHYHOCTH.

Crenenb M3y4eHHOCTH npodJemMbl. M3-3a MHOrooOpa3us xapakTepa BHEIlI-
HUX Harpy30K ¥ BHEIIHUX ()aKTOPOB HE CYLIECTBYIOT [0 HACTOSIIEE BPEMS JIOCTO-
BEPHBIX OMNPEIEISAIOIUX COOTHOIIEHUH B IUJIACTUYHOCTH, OIHKCHIBAIOIIUX BECh
crekTp HarpykeHui. CIOKHOCTh MEXaHHU3MOB IJIACTHYECKOTO J1e(OopMUpOBaHUS
U TPYJHOCTH UX MATEMATHYECKOTO OMHCAHMS HE MO3BOJIMIIO JI0 HACTOSIIErO Bpe-
MEHHU YCTAaHOBUTH MpPUEMIIEMbIE JIJIsi TPAKTUYECKUX PACUETOB COOTHOIICHUS MEXK-
Jly HaNpsDKEHUSIMU U JiehopMalisiMu U1l IPOM3BOJIBLHOTO BUJIA HATPYKEHHUS.

B 3amavax uH)XeHEpHOW MPAKTUKHU, CBSI3aHHBIX C MpOOJIEeMaMH MPOYHOCTH,
YCTOWYMBOCTH, AUHAMUKH, BBISBICHUEM PE3EPBOB HECYyILEH CIIOCOOHOCTU KOHCT-
PYKIMI 1 MEXaHU3MOB MCHOJIb3YIOTCS THIOTE3bI (DEHOMEHOJIOTHUYECKOr0 XapaKTe-
pa ¢ OCPETHEHHBIMU CTATHCTHYECKUMU NpeAcTaBieHUIMU. OHU HE JAIOT BO3MOXK-
HOCTH JIOCTOBEPHO PEIIaTh MHOTHME 33Ja4ld COBPEMEHHOMN MPAKTHUKU U YYUTHIBATh
BCE MHOT000pasue CBOMCTB MaTepHalIOB.

Knaccuueckue Teopuu MIaCTUYHOCTH, OyJy4d MOCTPOEHBI Ha YIPOLIEHHBIX
TUIO0TE3aX HE MOTYT OMHUCHIBATh BECH CIIEKTP MPOLIECCOB CJIOKHOTO HATPYKEHUS
BO3ZHMKAIOLIETO0 B KOHTUHYYME U COOTBETCTBEHHO MMEIOT OrPAHMYEHHYIO 00JIaCTh
JIOCTOBEPHOT'O OMHCAHMSI CJIOKHBIX MPOIIECCOB HArpykeHusi. B c¢Bs3u ¢ 3TuM, co3-
JTAHUE HOBBIX MOJIENIeH NIl YACTHBIX KJIACCOB HArpy»XeHUM, h3yueHue (PyHKIHO-
HAJIOB TUIACTUYHOCTH JJI TJIOCKUX U MPOCTPAHCTBEHHBIX MPOLIECCOB HATPY>KEHUM,
HKCIIEPUMEHTAIbHBIE MCCIIEOBAaHUS MAaTEPHAJIOB MPHU PA3THYHBIX BHEIIHUX BO3-
JIEUCTBUAX HAXOJSATCS B OCTOSTHHOM Pa3BUTHUH.

[Ipobrema dhopmupoBanus GU3NICCKUX 3aBUCHMOCTEH, OMUCHIBAIOIINX TI0-
BEJICHUE MaTEPUAJIOB B IPOLECCE MIACTUYECKOIO TEYEHUS, CBA3aHa C HEJIMHEWUHBIM
XapaKTepoM U HEOOpaTUMOCTHIO JedopMalinii, a TaKkKe ¢ CBOMCTBAMH BO3HUKAIO-
IIMMH TIOCJI€ BBIXOJIa MaTEpHUaa U3 YIPyrocTH. DKCIEPUMEHTAIbHBIE UCCIIEI0BA-
HUS TO3BOJISIIOT M3y4aTh IMPOLECCHI IIACTHYECKOrO TEUEHHUd, AePOPMHPOBAHUE
MaTepHaJIOB MPHU Pa3IMYHBIX BHJIaX BHEUIHUX BO3JECUCTBUI M pa3padaThiBaTh MO-
JIEJIM OMHUCHIBAIOIME PA3IMYHbIE TPOLIECCHI CIIOAKHOTO HArpy>KEeHHUS.

B pamkax (heHOMEHOJIOrHYecKOro MoaAX0/Aa peaqu3yloTcs ABa HalpaBICHUS.
3amaya mepBOro — pa3BUTHE OOIIMX KOHILEMIMK JUisi onmucaHusi Oojiee TOYHO
CBOICTB KOHTMHYYMa, BTOPOTO — MPUOIMKEHHOE UHKEHEPHOE OMKUCAHUE HEYNpy-
I'UX SBJICHUM JUIsl peajn3allii B pacyeTax.

Teopust ynpyromnactuueckux mnpoueccoB A.A. MnprommHa, 3HI0XpOHHAs
Teopusi Bananuca OTKpHIBaIOT HOBbIE TOPU3OHTHI JIJIsi OTMIMCAHUS paHee HE YUUTHI-
BaeMbIX 2(h(PEKTOB BO3HUKAIOIIKMX IMPH IIaCTHYECKOM JedopmupoBanuu. B pado-
Tax poccuiickux ydeHbiXx B.A.JluxaueBa, I[.B.TpycoBa, MOJIbCKOr0 MEXaHHKa
3.Mpo3a, yuensix Y36ekucrana® B.K.Ka6ynosa, K.III.aGamyparosa, T.bypuesa u
CO3/IaHHBIX UMHU HAYYHBIX IIKOJ Pa3BUBAIOTCA (PU3MUECKHE TEOPUHU MJIACTUYHOCTH,

2 Kab6ynos B.K. Anroputmusanus B MEXaHHKe CIUIOIIHBIX cpen. — Tamkent: @an, 1979. — 250c.

babamyparos K.111., Unstommu A.A., Kadynos B.K. Meron CH-2BM 1 ero npuioxeHus K 3aja4aM TEOpUH IL1a-
cruuHocTu. — Tamkent: ®an, 1987. — 288c.

Bypues T. Anropurmusanis pacyeTa HECYILUX JIEMEHTOB TOHKOCTEHHBIX KOHCTpYKIUi. — TamkenT: ®@an, 1986. —
127c.
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pPaCKpBIBAIONME MEXAaHW3Mbl BO3HUKHOBEHHS HEOOpATUMBIX JHUCKJIOKAIMi B
CIUIOIIHOM CpeJie U MIPUBOJATCS PEIICHHS BaXKHBIX 3a]1a4 MJIaCTUYHOCTH.

AHanu3 CyuIecTBYIOUIMX palOT MOKA3bIBAET, UTO TEOPETUUECKOE U IKCIIEPH-
MEHTAJIbHOE Pa3BUTHE MATEMAaTHUYECKON TEOPUHU yHPYroIIaCTUYECKUX MPOIECCOB
OTKPBIBAET MEPCIEKTUBY KaK B OMUCAHUU (PYHIaMEHTAJIbHBIX CBOMCTB Marepua-
JIOB TPH TUIACTUYECKHUX AePOpMallUsIX, TaK U MHKEHEPHBIN MOJIXO MPU PELICHUN
KpaeBbIX 3a/1a4.

CBsi3pb IMCCEPTAIMOHHOIO WCCJEJ0OBAHHUS ¢ IUIAHAMM  HAy4HO-
HCCJIeI0BATEILCKUX PadoT, OTPaXKEHA B CIEAYIOMIMX MPOEKTaxX: QPyHIaMeHTalb-
Hble HayuyHble TpoekThl: 1.10.2.3 “MccnenoBanne nMpoyHOCTH U AehopMaIfii yIi-
PYTOIJIACTUYECKUX TENl U KOHCTPYKIUU B YCIIOBHSIX CI0XKHOTO HAMPSIKEHHOTO CO-
CTOsIHUA W cioxHoro HarpyxeHus (2000-2002 rr.); @.1.2.3 “HccnenoBanue u
pa3paboTKa METOIOB aHaJIHM3a CIOXKHOU AeopMaly B TeIaX ¢ YYETOM pealbHbIX
CBOMCTB MaTepuaia KOHCTPYKIIUH B 33JJaHHBIX YCIOBUSIX €€ paboThl. [locTaHOBKA
U pElIeHUE HOBBIX 3aja4 IUIACTUYHOCTH Ha OCHOBE TEOPETUUYECKH U IKCIIEPUMEH-
TadbHO OOOCHOBAHHBIX YpaBHEHUM MexaHudeckoro coctostHus ten” (2003-2007
T.); ®A-08-D085 “TeopeTnyeckrie U HKCIEPUMEHTATbHBIE UCCIICIOBAHUS U Pa3-
paboTKa ONpeaeNsIIoUMX YPAaBHEHUI JIs1 POIIECCOB CIOXHOM AepopMaliuu yrpy-
roIJIaCTUYECKUX U Bs3KoruiactTuaeckux cpea’ (2008-2011 rr.).

Heabio ucciaegoBaHusi SBISETCS Pa3BUTHE TEOPUHM YIPYTOILUIACTUYECKHUX
MIPOLIECCOB TPU CIIONKHOM HarpyKeHUH, pa3paboTka JOCTOBEPHBIX MaTeMaTHue-
CKUX Mojelned nedhopMUpOBaHUS KOHCTPYKIIMOHHBIX MaTepUajoB HA OCHOBE JKC-
MEPUMEHTAIIBHOTO M3Y4YEHUs CBOWCTB MaTEpUaloOB, CO3JAaHUE YHCICHHO-
AHAJUTUYECKUX AJITOPUTMOB pacyeTa 3JIEMEHTOB KOHCTPYKIIMI MPHU CIOKHOM Ha-
IPYKE€HHUH C IPUMEHEHNUEM MOCTPOEHHBIX MOJIEIICH.

B cooTBercTBHM ¢ TIOCTaBIICHHOH IETBI0 CHOPMYITHPOBAHBI CICAYIONMINE 3a-
Ja4YM UCCJAEJOBAHUM:

YCTaHOBJICHHE (PYHIAMEHTAIBHBIX CBOWCTB (DYHKIIMOHAIOB IUIACTUYHOCTH
MIPU Pa3IUYHBIX BUAAX CJIIOAKHOTO HArPYy>KCHUS;

MMOCTPOCHUE TEOPETHUUYECKH U SKCIEPUMEHTAIbHO OOOCHOBAHHBIX OIpeJie-
JISIFOIIUX COOTHOIIEHUM JIJISl pelIeHus 3a7a4 TUIAaCTUYHOCTH TIPU CJIOKHOM Harpy-
KEHUU;

BBISIBIICHHE U 00BbsicHEeHUE 3P deKTa CHIKEHHUST padOThl IJIACTHUECKOTO (op-
MOM3MEHEHHMS MaTepUajIoB MPU CI0KHOM HarpyKeHUU;

ONpe/IeJICHHEe KaYeCTBEHHOIO0 M KOJIMYECTBEHHOI'O XapaKTepa CBOMCTB maTe-
pHUAJIOB, IPOSIBISEMBIX IIPU PA3TUUYHBIX BUIAX CI0KHOTO HATPYKEHHUS;

OnpeIeSICHHE TPAHUIBI TPUMEHUMOCTH TEOPHUM MIIACTUYHOCTH MPU ONHUCAHUU
IJIOCKUX MPOIECCOB CI0KHOTO HATPYKEHHUS;

CO3/IaHUSI aJITOPUTMOB JUIsl IPUMEHEHUS TIPeAJiaraeMblX MOJIeNIel IPU peau-
3allMU B YUCJIEHHBIX pacueTax.

O0bekTOM HCCIEJOBAHUS SIBJISIOTCS IJIACTHYECKOE MOBEJACHUE U CBOMCTBA
M30TPOIMHBIX U AHU30TPOMHBIX TEJ, MPOSIBISIEMbIE MPU MHOTrOMApPaAMETPUUYECKOM
CJIO’)KHOM Harpy>KeHUHU.

IIpeamet ucclieoBaHus - CBOMCTBA (PYHKIIMOHAIOB MJIACTUYHOCTH, OMUCHI-
BAIOIIMX Pa3IUYHbIC BHJBI CJIOXHOTO HArpyXKeHHs, pa3BUTHE MaTeMaTHUYECKHX
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MOJIEJIEM U METOJIOB PELICHHUs 3aa4 TEOPUH IIACTUYHOCTHU IIPU CIOKHOM Harpy-
JKECHHH.

Metoabl ucciaenoBanuii. B npouecce ncciie1oBaHUs NPUMEHEHBI DKCIIEpHU-
MEHTAJIBHBIE METOBI, TUIIOTE3bI U MOCTYJNAThl TEOPUH TIACTUYHOCTH, a TAKKE Me-
TOAbl (PYHKUMOHAIBHOTO aHAJU3a U YMCIEHHBIE METOJAbl TPAHUYHBIX HUHTETPalib-
HBIX YPaBHCHUU.

HayuyHnasi HOBH3HA JUCCEPTALIMOHHOIO HCCIENOBAHMS 3aKIIOYAETCS B CllE-
JTYHOLIEM:

onpezaeneHsl 00iacTu (PU3NUYECKONH JTOCTOBEPHOCTU TEOPUH IIACTUYHOCTH
IIPUMEHUTENIBHO K PACCMOTPEHHBIM IIPOLIECCAM CII0KHOTO HAIPYKEHHUS;

IIOCTPOEHO OIPEIEIAIOIIEE COOTHOIEHUE B TEOPUHU IUIACTUYHOCTH HA OCHOBE
DKCIEPUMEHTAIIBHOIO MCCIIEI0BAHUSA U30TPOIIHBIX METAIIIOB;

pa3paboTaHO ypaBHEHHE COCTOSHUS Ul TPAHCBEPCATbHO-U30TPOITHOTO Tela
C YY4ETOM JKCIEPUMEHTAIBHBIX JAHHBIX U TEOPETUYECKUX MOJI0KEHUM;

IIOCTPOEH M PEANIM30BAH AJITOPUTM YHUCIECHHOIO PEUICHUS 3a1ad C Yy4eTOM
MPEIOKEHHOW MOJIENN ONIPEACIISIIOIIEr0 COOTHOLIEHNS;

AKCHEPUMEHTAJIBHO JI0KA3aHA CXOJMMOCTh METOJA «CJIOKHOE HArpyKEHUE —
OBM» (CH-2BM) npu pa3inyHbIX BapuaHTaxX anmpoOKCUMALMHM OMpPEaesIOInX
COOTHOIIICHUH;

J0Ka3aHa BO3MOKHOCTb CHWYKEHUS Pa0OTHI INIACTUYECKOTO (POPMOU3MEHEHHUS
IIPU CJIOKHOM Harpy»KE€HUU U PACKPBITHI IITH €€ JOCTUKEHUS;

pa3paboTaHa METO/AMKA pacyeTa Ha OCHOBE IMPEAJIOKEHHOW MOJENN ¢ MOMO-
IIbI0 METOJ]Aa TPAHUYHBIX HHTETPAIBHBIX YPABHEHHI C IIPAKTUYECKUM IIPUMEHEHHU-
€M ULl PELICHUS 3a/1a4.

IIpakTHyeckue pe3yabTaThl HCCAECA0BAHMUS 3AKIIOYAIOTCS B CIECAYIOLIEM:

CO3[1aHa MOJEINb OIPEAEISAIOMNX COOTHOIIEHNUW, MTO3BOJIAIONIAS YYHUTHIBATH
pe3epBbI HECYIIIEH CIOCOOHOCTH KOHCTPYKITUH;

IIOJIyYEHHBIE PE3YJIbTAaThl UMEIOT NEPCIEKTUBHOE PA3BUTHE NMPUMEHUTEIBHO
K npoueccaM (OPMOM3MEHEHHSI METANIOB B METAJUIyPruu, YTO MO3BOJIMUT 3KOHO-
MHUTb HEPro3aTPaThl IPU TEXHOJIOTMYECKHUX MTPOIECCAX;

CO3JJaHHBIEC YMCJIECHHBIE MOAXO0MAbl K PEMICHUIO 3aay SBJISIIOTCS OCHOBOM IS
pacueToB O00OJOYEUHBIX M IUIACTUHYATHIX KOHCTPYKLUHUH, W3IEIUM B MallUHO-
CTPOEHHUH, I€ Y4YeT CJOKHOIO HArpPY>KEHHsS OTKPOET HOBBIE IEPCIEKTUBBI HX
IIPUMEHEHUS.

JI0CTOBEPHOCTDH MOJYYEHHBIX Pe3yJIbTaTOB 000CHOBBIBAETCS TEM, UTO TEO-
pPETUYECKUE MCCIIEIOBAHUSA OCHOBBIBAIMCH HA HUCIOJB30BAHUM KIIACCUYECKUX IIO-
CTYJaTOB U FMIOTE3 MEXaHUKHU Je(POPMUPYEMOr0 TBEPOro Tejla, MEXaHUKU YIIPY-
rOIUTACTUYECKUX IPOLECCOB; AKCIEPUMEHTANIbHBIE PE3YJIbTaThl ObUIM MOJYYEHBI
Ha anpoOHpPOBaHHOM HcIbITaTeNIbHOM KoMIiuiekce CH-OBM, a takxke comocraBiie-
HUEM C PELICHUSIMU JPYTUX aBTOPOB.

Teopernyeckass U NpakTHYecKas 3HAYMMOCTHL Pe3yJbTATOB HCCJIeI0Ba-
Huii. TeopeTnueckass 3HaUUMOCTb PE3YIbTATOB MCCIEAOBAHUI pabOTHI 3aKioya-
€TCS B TOM, YTO MOJIYYEHHBIE B JUCCEPTALUHA YPABHEHUS COCTOSHUS JUIsl H30TPOII-
HBIX U @HU3O0TPOITHBIX CPEJl SABISIOTCS OCHOBOM B M3yYEHUU CBOMCTB MATEPHUAIIOB,
IPOSIBISIEMBIX TOJBKO IPHU CIOXKHOM HarpykeHuu. B pabote mosmyuuso pazButue
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TEOpHsl YNPYTOIIaCTHUECKUX MPOIIECCOB, M3yUeHbl (PyHIaMEHTaIbHbIE CBOMCTBA
(yHKLIHMOHAIOB TUIACTUYHOCTH, OTPAKarOUIUEe KAaYeCTBEHHOE IMOBEICHUE U KOJINYe-
CTBEHHBIE XapaKTEPUCTUKU CBOWCTB MATEPHUANIOB, KOTOPbIe OYAYT MCIOJIb30BaHbI
IIPU pELICHUU NPUKIAJHBIX 337a4 B CTPOUTENbCTBE, MAIIMHOCTPOEHUH U T.JI.

[IpakTryeckast 3Ha4UMOCTh PaOOThI BKJIFOUAET B CEOsI YMCIIEHHBIA METO pac-
yeTa MPUKIATHBIX 33/1a4 C YYETOM CIIOXKHOTO Harpy>KeHHs, KOTOpbIi OyaeT uc-
MOJIb30BAH IIPU pacyeTax 3JEMEHTOB KOHCTPYKIMHM C YYETOM UX YyHPyroruiacThuie-
ckoro neopmupoBanusi. B pabore packpbIThl METO/ABI ONTUMHU3AIMHU MPOIIECCOB
dbopMor3MeHeHUsT METauIoB (IITaMIIOBKA, BOJIOYEHUE U T.J.), KOTOPbIE MPUBEAYT
K 3KOHOMUH DHEPro3arpaT Ha MPOU3BOJICTBE.

BHenpenue pe3yjbTaToB HcciaenoBaHusi. PazpaboranHas B pe3yJbTaTe Uc-
CJIEIOBAaHNUN METOAMKA II0 OIPEIEIICHUIO0 YCTOMYMBOCTH TPEIIMHOBATBHIX IOPOJ
IPUHATHL K UCIIOJIb30BAHUIO B MPOEKTHON MpPaKTHKE 1'0Cy1apCTBEHHON aKIMOHEP-
HOM JKeJIe3HOIOPOKHOH KOMIIAHNH «Y36EKHCTOH TEMHp HyIIapiy Mpu IPOKIaaKe
HOBBIX ITyTE€H U ONPENEIICHNH YCTOMYMBOCTA OTKOCOB Ha ydacTKe aoporu Tamry-
3ap-baiicyH, rne s3¢gdexTom SBHIOCH MOBBINICHUE HAJEKHOCTH U OOecredeHue
0e3omnacHoi Oe3aBapHilHOM SKCIUTyaTalluy JIBMKEHHUS MOE3/I0B (aKT O BHEJIPEHUU
ot 20.09.2011r.). IToyyeHHbIe pe3yabTaThl U TEOPETUUECKUE TOJIOKEHHUS MO TMO-
CTPOCHUIO OMPEAENSIONINX COOTHOLIEHUI U MPOrpaMM pacueTOB 3JIEMEHTOB KOH-
CTPYKUMK, HAXOIAIIMUXCS MOJ BO3AEHCTBUEM MHOTOIAPAMETPUYECKOTO HarpyxKe-
HUSI, UCTIOJIb30BAINCH B pamMkax Hay4dHbIX MpoekToB ['HTII-16 Noe DA-A16-D046
«Pa3paboTka u BHEIpEHHE METOJOB pacueTa TPELIMHOBATHIX MaTepUasoB C yue-
TOM HEYTNPYroro Ae(pOopMUPOBAaHUS B YCIOBUAX CIOXKHOTO HAMPSKEHHOTO COCTOSI-
Hus» u [HTII-4 Ne A-4-048 «Pa3zpaboTka MeTona ONpeNesieHus] TPUYUH CMSITUS
o0casHbIX TPYO M TEXHOJIOTUH, MPEJOTBpAIIAIOIIEH BO3MOXKHBIE OCIOKHEHUS U
aBapuu Npu OypeHHUH U SKCIUTyaTallMi CKBaKMH» (3akimtoueHus Komwurera mo ko-
OpAWHALMU Pa3BUTHs HAyKu U TexHoiorui npu Kadbunere Munuctpos PecnyOmnu-
ku Y36ekuctad ot 13.11.2008 u 11.11.2011rr.).

AnpoOauus padorel. Pe3ynbTarsl HCClen0BaHUM 10710KEHBI HA 30 Hay4YHBIX
KOH(EepeHUUAX U CUMIIO3UyMax, B TOM YHciie 15 MexITyHapOaHBIX KOH(EepEeHIUsAX:
IMECE ASME (New York, 2001; Boston, 2008); 14" USNCTAM (Blacksburg,
2002); Euromech-Mecamat (Liege, 2002; Torino, 2008); ESMC-5 (Thessaloniki,
2003); Development in plasticity and fracture (Cracow, 2004); ECEES (Geneva,
2006); VIII, IX, X Bcepoccuiickux cbhe3gax Mo TEOPETHYSCKON W MPUKIIATHON Me-
xanuke (Ilepmb, 2001; Huxuuit Hosropona, 2006, 2011); MexayHapoaHOM KOH-
dbepentuu “IIpouynocTs MaTepuasioB u 31eMeHTOB KoHCTpykuui~ (Kues, 2010).
Hucceprainyss B MOJHOM 00BbeME AOKIaAblBajJach Ha OObEIUHEHHOM CEMHUHape
HNHcTuTyTa MEXaHUKH U CEMCMOCTOMKOCTH COOpY>KeHur AkanemMun Hayk Pecry0-
JUKHA Y30€KUCTaH, Ha HaydyHOM cemuHape no creuuaibHoctu 01.02.04 — «Mexa-
HUKa  nedpopmupyemMoro  TBepaoro  Tema»  npu  HayuyHom  coBete
16.07.2013.T/FM.02.02.

Ony0anKoBaHHOCTH pe3yJbTaToB. [lo TemMe nuccepranuu onmyOJIUKOBAHO
53 Hay4yHBIX TPYyJa, B TOM 4YHCI€ 23 B IEPUOJUUYECKUX HAYUHBIX KypHAJIAX, U3 HUX
8 B MEKIYHAPOJHBIX U3JAHUSX.
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Crpykrypa u 00beM auccepranmu. J(uccepraumoHHas paboTa COCTOUT M3
BBEJICHUSI, YETHIPEX IJIAB, 3aKJIIOYEHUS, CIHCKA JIUTEpATypbl U3 247 HauMEHOBa-
HUH, 1 coaepxkat 198 ctpanui TekcTa, Bkitovas 155 pucyHkoB v 4 TaOIULIBL.

OCHOBHOE COJEP KXAHME JMCCEPTALIUN

Bo BBeneHun 000CHOBaHBI AKTYyaJIbHOCTh M MpAaKTUYECKask 3HAUUMOCTh pa-
00ThI, chOpMYTUPOBAHBI 1IETTU U OTpE/IeTICHBl OCHOBHBIC 3a7[a4yH, PEIICHUE KOTO-
pBIX oOecreurnBaeT JOCTHKEHHE IMOCTABJICHHBIX II€JIe, 00OCHOBAaHBI OOBEKT U
MpEeIMET HUCCIIEIOBaHus, MPUBEACHBI MPAKTUYECKUE PE3YyJIbTaThl HCCIIECIOBaHUS,
000CHOBaHa JIOCTOBEPHOCTH MOJIYYEHHBIX PE3YyJIbTaTOB, PACKPBITHI Te€OpEeTHUYECKas
U MpaKTUYEeCKass 3HAYMMOCTh PabOTHI, IPUBEJICH HAYYHBIH 0030p IO TEME HCCIIe-
JIOBaHUM.

Pa3BuTHe M COBEPILICHCTBOBAHUE YPABHEHUN MEXaHWUYECKOT'O COCTOSIHUS Tell
yxke Oojiee BeKa HaXOJUTCS B MOJI€ 3pEHUs CHEIUAIUCTOB MO MexaHuke. Cpeau
MPEUIOKEHHBIX MOJIETIEH UPOKOE pacipocTpaHeHue noinyunnu teopuu llparepa,
I'enxu-Hanau, [Ipanarns-Peiicca, A.A.MnpromuHa.

3HaYUTENBHBIN BKJIAJ B Pa3BUTHE TEOPUHU IJIACTUYHOCTU BHECIIH TEOpETUYE-
CKHE U dKcriepuMeHTaibHble paboThl A.A.Jlebenesa, B.I1. [dertsapesa, A.M.XKyxko-
Ba, B.['.3y0uanunoBa, /[I.J[.MBneBa, A.FO.Muuunckoro, HO.M.Kanamesuua,
T.Kapmana, JI.M.KauanoBa, B.J[.Kmomuukosa, B.Jloge, A.K.Manmeiictepa,
P.A.Muzeca, B.B.Mocksutuna, 3.Mpo3a, B.B.HoBoxumnora, ®.OnkBucra,
N.Oxamu, B.E.Ilo6enpu, B.B.Cokonosckoro, MW.I.Teperynora, A.Xaapa,
K.Xosnemsepa, C.JI. Xpuctuanosuya, FO.H.IlleBuenko, E.N.I1lemsikuna u zp.

B nuccepranuu npoBeeHbl TEOPETUKO-IKCIIEPUMEHTAIbHBIE UCCIIEI0BAHMS,
0a30i KOTOPBIM CIIyKHJIa MaTeMaTHUeCKas TCOPHUs yIPYroIIaCTHYSCKUX MPOIec-
coB A.A.MnptommHa. B 3ToM Hanpasnenun npoBoawin uccieaoanus B.C. Jlen-
ckuii, B.I'3youanunoB, P.A.Bacun, A.C.KpaBuyk, K.Ill.babamypaTos,
B.C.bounaps, N.M.Koposun, B.B.Kocapuyk, B.M.Mansiii, B.M.Kuraikus,
B.B.I'apanuxkos, I1.B.Tpycos, H.J.Oxmonkos, FO.I'.Kopotkux, B.C.I'yapamoBuuy,
B.}O.Cton608B, A.N.X015KUMETOB U JP.

B nepgoii riaBe nucceptaiii Ha OCHOBE IKCIIEPUMEHTOB U TEOPETUUECKUX
MOJIOKEHUN PAacCMOTPEHBI MJIACTUUECKUE CBOMCTBA KOHCTPYKIIMOHHBIX MaTepua-
JIOB TIPU YaCTHBIX BHJAX CIOKHOI0 HarpyxkeHus. [IpuBeneHbl ypaBHEHUS MEXaHU-
YECKOTO COCTOSIHMSI HEKOTOPBIX BAPUAHTOB OMPEACIISIONIMX COOTHOIIEHUM, MpPH-
MephI OIEHKH (HU3UYECKOU JTOCTOBEPHOCTU TEOPUN IUIACTUYHOCTU C UCIIOJIh30Ba-
HHUEM OIIBITOB HA AKCIIEPUMEHTAIBHBIX YCTAHOBKAX KMHEMATHUYECKOTO U JUHAMM-
YeCKOTo TUIOB. B 1aHHO ri1aBe MpoBeIeHbl KBA3UCTATUYECKUE IKCIIEPUMEHTHI 10
WCIIBITAHUIO TPYOUYaThIX 00pa3loB Ha MCHBITATEILHON MalliHE KHHEMATHYECKOTO
THUIIA IPU BO3JICUCTBUUA OCEBOM PACTITUBAIOIIEH CUJIBI U KPYTSIIEr0 MOMEHTA.

[Taparpad 1.1 mocBsimeH aHaMM3y SKCIEPUMEHTATBHBIX JAHHBIX M 00JIACTH
JIOCTOBEPHOCTH TEOPUM MIIACTUYHOCTHU MPU PA3JIUYHBIX BUJAX CIIOXKHOIO HArpy-
eHust. OcoOblil UHTEpEC MPECTABIISUIA AKCIEPUMEHTHI 1O TPACKTOPHUSM MOCTO-
SHHOW KpUBHU3HBI mociie uzioMa (puc. 1), paccmorpennsie B maparpade 1.2. Ha
rpadgukax ImpociieKuBaHus mpoiiecca (puc. 2) OTYETIUBO BUJIHO MajJCHUE HAMps-
YKEHUU MOCIIe «HBIPKa» U JIOKAIHLHOTO YIIPOUYHEHHS.
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B maparpade 1.3 uccienoBanbl mporiecchl HArpyKeHUsT pa3IMyHbIX MaTepHa-
o 0 o
JIOB B BUJE TPACKTOPUH C U3I0oMOM Ha yroi 0>90" (mpoctpaHCTBO Aedopmariuii),

MPEACTABIISIONINE CIOXKHYIO pa3rpy3ky (puc. 3,4).
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Puc. 3. Peanu3oBannblii npouecc aedop- Puc. 4. IIpouecc HarpyxeHus
muposanus (JIC-59 npu 6=105") (ctaan-3 nmpu 8=156"

Kak nnsa cranu-3, tak u qs narynu JIC-59 npu npoBeieHUH SKCIEPUMEHTOB
IIPU CJIOKHOM pasrpy3Ke yIiibl U3JIOMOB B IPOCTPAHCTBE HANPSIKEHUH O0JIblIe YeM
B npocTpaHcTBax Aedopmanmii. [lnomans nernu rucrepesuca (puc. 5) TeM 00Iib-
e 4eM OOJIbIlie YToJl M3JI0Ma U OH 3aBUCUT OT YIpOYHEHHs MaTepuaia. s cra-
au-3 oTta miomwaab O6ombine yem ans gatyHu JIC-59. OCHOBHBIM MOMEHTOM MpU
PAaCCMOTPEHUHU CIIOXKHOM pasrpy3Kd OCTAeTCA, NOMUMO HCCIEIOBAHMS MPUHLKIIA
3ama3abIBaHus (puc. 6), HAXOKIACHUE aKTyaIbHON MOBEPXHOCTH TEKYUYECTH.

OO6paboTanbl 3KCNIEpUMEHTaNIbHBIE NaHHbIE (rmaparpad 1.4) mo TpexmepHbIM
TpaekTopusiM Jie(popMupoBaHusi, MPOBEAEHHBIE B TabopaTopun TBEPCKOrO TEXHU-
yeckoro yHuBepcutera. MccnenoBaHa ¢u3nueckas JOCTOBEPHOCTh TEOPHUMl Mpu
paccMoTpenHbix Bugax CH ¢ BBIOOpOM ypaBHEHUS! COCTOSIHUS B BUJIE:

da=Nd5—(N—P)5—dfa, (1)
(o)

I7e 0,5 - BEKTOPBI HAMpsOKEHUN U nedopMaluii COOTBETCTBEHHO, N U P - PyHK-
LIOHAJIbI INIACTUYHOCTH.
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B maparpade 1.5 uccnenoana cxoaumocts mMetona CH-2DBM npu pasznud-
HBIX BUJAX aNMpOKCUMAIMi ONpEeNesoNNX COOTHOIIEHUH B yucieHHbix u CH
sKcrepuMeHTax. B pabore B paMkax 3KCIEPUMEHTAJIbHOTO UCCIEIOBAHUS CXOAM-
Moct Metona CH-DOBM pemiena 3amada ABYXIapaMETPUUYECKOTO HarpyXeHUs
TOHKUX HWIMHIPHUUECKUX O0OJOYEK MPH JBY3BEHHBIX MPOIECCAX HATPYKEHHS C
pa3rpy3koi U MOBTOPHBIMHU IUIACTUYECKUMH JAe(POpMalMsIMH C BBIOOPOM ammpoK-
CUMUPYIOILETO COOTHOILLEHUS B BUJIE:

dc = AdD — B&dA, (2)
rae A u B — GpyHKIUU OT HE3aBUCHMOTO ITapaMeTpa A.

Bo BTOpOIi ri1aBe nuccepTaluu pacCMOTPEHbI (PYHKIIMOHAIbBI MJIACTUYHOCTH
IpU TUIOCKUX Tporeccax 1edOopMUPOBAHMSI, TOCTPOEHBI OMPEAETSIOUINEe COOTHO-
IIEHUs Ha OCHOBE OOpaOOTKM M aHAJIM3a 3KCIEPUMEHTANIbHBIX JAaHHBIX U MpHUMeE-
HEHBI 3TU PE3yJbTaThl JAJI PEIICHUs KpaeBbIX 3a1ad. [locTpoeHsl onpenenstomue
COOTHOILIEHHSI U1 TPAHCBEPCAIbHO-U30TPOHOIO MaTepuaia, Iie BBEACHBI Mapa-
METpBI y4yeTa CII0KHOTO HarpyskeHus. [IpoBeneHbl SKCIIEpUMEHTHI Ha C1abo aHU-
30TponHoOM ciuiaBe J[-16 ¢ nenbro onpeaeneHus BEpHOCTH BRIOPAHHON KOHUEMIUN
IIPU MOCTPOCHHUH OIMPEAEIISIOIINX COOTHOIICHHI.

B maparpade 2.1 paccmarpuBaroTcsi CKalApHble (YyHKUWHU, BXOJASAIINE B TE€H-
30pHO HEJIMHEWHBIE alllTPOKCUMUPYIOIIHE COOTHOIIEHU. OHU TPeOyIOT KOHKPETHU-
3allMM I Pa3JIMYHBIX MPOLECCOB CIOKHOTO HArpy>KeHus. OTO MPOBOAUTCS Ha
OCHOBE 0a30BBbIX 3KCIEPUMEHTOB IIPU ManbIX Aegopmanusx. Jlaiee, onpenenstor-
Csl HEKOTOpbIE YHUBEpPCAJIbHbIE CBOMCTBA (DYHKIIMOHAJIOB IJIACTUYHOCTH, KOTOPbIE
XapaKTEPU3YIOT IPOLECC ABYXIApaMETPUUECKOIO0 HArpy>KeHHs B BUJE JBY3BEH-
HBIX JIOMaHHBIX 0€3 y4acTKa YaCTUYHOM pa3rpy3KH.

JUJIs1 3TOT0 UCIOJIB30BAIOCH COOTHOLIEHUE:

dE:Nda_(N_P)ﬁpopoa (3)

rne N=A4, P=A4 —A,/cosf - QpyHKIHOHAIBI IUIACTUYHOCTH, & - Yyroyi u3ioma

TpaekTopuu fedopmaIuu.

PaccmoTpenue noBeaeHue GyHKIMoHaga N IPUBENO K €ro anmmpoOKCUMAIIAH B
BUJIC MOHOTOHHO yObIBaromiel kpuBou (puc. 7). OOmmii Bua moBeAcHUS (yHK-
nroHana P onpenenen Ha puc. 8.
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A N A P
2G
do
ds
0 AS
Gl o T
0 AS
Puc. 7. lloBenenune Beanuuubl N Puc. 8. IloBenenune Beanuuunol P

[TocTpoen rpapuk 6 ~6 B TOUKE M3JIOMa B BUAE TVIAJKOW KPHUBOM, KOTOpas
npeacTaBisercs B Bune: o =k arcctg(60 —d)—b, rae kodpduiuentsr OyayT Ha-
XOIUTBCS U3 yeiIoBuil: 0 =0=> 6 =do/d»;0=n/2=6=0; 0=n1=06=-2G

Jnis 3a1aHus PU3NYECKUX COOTHOIICHUM MEXIy HampsHKEHUSIMH U nedopMma-
IUsAMHU B (3) HyXHO ONpeAeauTh BeIuduHbl N, P, O u 3, U3 KOTOPBIX TOJBKO JBE
SBIIAIOTCS JINHEHHO HE3aBUCUMBIMM. Takum o0pa3zoMm, 3HaHHE JIF00OM mapbl ITHX
(YHKIIMOHAJIOB JOCTAaTOYHO JJIsl ONPENENICHUs (PU3NYECKUX COOTHOWIEHWM. s

dbynknronanza N mpeaiaracTcs:
AB o
=———=ABcos’| — |, 4)
1+ B» A
2 2G a2 .2
rne AB=2G, B" = ?—1 /(/1 sin 49). Hns yrina cOmmkeHus & npenyioKeHbI
t
pa3TuYHBIC ANMIPOKCUMAIINU, KOTOPhIC OXBATHIBAIOT BEPXHUA W HUKHUHN TPEIEIbI
€ro BapbUpPOBAaHUs, U II€ YUYTEHA 3aBUCUMOCTB OT Clle/ia 3ana3plBaHus A (s,).

B maparpade 2.2 paccmaTpuBaliuCh ONpPEACINAIONINE COOTHOIICHUS IS TIJI0-
CKHX TIPOIIECCOB, KOTOPBIE PEATU3YIOTCS MPU PEIICHUH OOJIBIIIMHCTBA 3aa4. 3/1€Ch
COTJIACHO MOCTYJAaTy u3otponuu A.A.Mnprommnna nmeeMm:

6=1hq, +Fq,, )
_dJ3 _ ldq

rne  q, = » 9=
ds Y ds

P, = —‘E‘SinS, a 9 ecTb yron MexIy BEKTopaMH G M dJ/ds. JIns yria commke-

- eAuHUYHBIE BeEKTOphl Ppene, P :‘5‘COS9,

HUS 9 o01ui BUI ATOro pyHKIMOHANa npeioxed B.M.Manbim:
9= IK(S,x);((x)dx : (6)
0
Snpa K(x,s) BBIOUpArOT, HCXOAS W3 paHee MPEAIOKCHHBIX aIPOKCHMAIIHH.
[IpencraBnenHoe cooTHomieHue (5) ompenencHo B auddepeHnuanpHou hopme

KaK: G = Nq, + (é— Ncos3)o + Mq,, rnie M=oy, sind,, y, - mIapameTp Kpyde-
HUS KPUBOM (BTOpasi KpUBU3HA).
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IIpu manoi KpyTKe KpUBOH MOKHO MPUHSATH (TUIIOTE3a KOMIUIAHAPHOCTH):

Gdd _

dG = Nd3 —(N - P)—-75, (7)
c
r7ie B o0OIIeM cirydyae NZMG, P= do 1 , a5 =K(s,x)x(s).
sin 4 ds cos$ ds

B maparpade 2.3 paccmarpuBaeTcs ClIOXKHOE HAarpy>KeHue 000J0ueK Bpallle-
HUS TIPU MHOTONApaMETPUUYECKOM HArpyKeHUU U OMNPENIEIICHHE WX HANPSKEHHO-
ne(hOpPMUPOBAHHOE COCTOSHUE C YYE€TOM TOJYyYCHHBIX JKCIIEPUMEHTAIbHBIX JaH-
HBIX JUTSI QYHKITMOHAJIOB TJIACTUYHOCTH.

PaccmoTpeno Harpykenue napadosiouna (CTanb-3), TI€ B KaXJOM CECYCHUU
BO3HUKAIOT MPOIECCHI CJIOKHOTO HArpyK€HUs B BHUJIEC JBY3BEHHBIX JIOMAHHBIX.
[Ipu pacuerax teopuun Minprommnaa (TMVYII) u Ilparepa gatot 3aBbIlIEHHbIE 3HA-
yeHus nepememenuit (puc. 9,10, U, W — paguanbHble W TaHTE€HIHUAJIbHbBIC
nepeMelenus, L — qiuHa oopa3ytoieid 000JI0YKH) U OTKJIOHEHUS YBETUYUBAIOTCS
C Pa3BUTHEM ITPOIIECCA HATPYKECHHUS.

0.087 | 0.020 1 \\/

0.07
0.06 - 0.015 -
o.osé
0.04 0.010 ]
0.02

0.02 ] 0.005

0.00 e e 02000 - e
0 5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 450 55

w—=_ [Iparepa, - TMVII]l, === - TeopHUs CPeIHUX KPUBHU3H
Puc. 9. PaananbHble nepeMenieHust Puc. 10. TanreHHaJIbHbIE NIEpPeMelIeHNUS

B kauecTBe cienyromero npumMepa paccCMOTPEHO HarpyKE€Hue rurnepooaonaa
pacTArMBaIOLIEH CUJIOW M BHEIIHMM JaBieHueM. Ciydail MHTEpPECeH TEM, YTO Y
JTAHHOM 000JIOYKM OTpHUIATENbHAs TayccOBa KpUBU3HA. BHelHsAs Harpyska 3aja-
BAJIaCh B BUJIE MOCIEAOBATEIBHOIO IPUIIOKEHHS HArpy30K. TpaekTopuu Harpyxe-
HUSI, pean3yeMble B CCUCHHSX OOONOYKM, MMEIOT YIibl m3noma Menee 15°. Kak
MOJKHO BUETh U3 pe3ypTaToB (puc. 11) (U, W — pannanbHble U TaHT€HLIMATIbHbIE
NEPEMELICHU), 3HAUCHHUS, MTOTYYEHHbIE Pa3IMYHbIMU TEOPUSMH, ONM3KU. Takum
00pa3oM, y4eT CII0KHOTO Harpy>Ke€Hus MpHU JBY3BEHHBIX MIPOLIECCaX CI0KHOIO Ha-
I'PYKEHHUsI CYIIECTBEHHO CKA3bIBACTCS IIPU YBEIUYECHUH yTIJIa U3JI0MA.

B naparpade 2.4 skcniepuMeHTalbHbIE JaHHbBIE, MTOJYYEHHbIE ISl U30TPOI-
HBIX MaTEpHaOB, PACIIMPEHBI I IIOCTPOECHUS OIPEACIAIOIIMNX COOTHOLICHUN
JUISl TPAHCBEPCAIBHO-U30TPOIHOIO MaTepuana. Pa3nenss aHn30TponHyo cpey 1o
meronuke b.E.IToGenpu, ocHOBaHHONW HAa TEOpUM MHBAPUAHTOB, Ha P OPTOro-
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HaJbHBIX M30TPOIHBIX YaCTEH, MOKHO INPUMEHUTh K KKIOM M3 ITHUX oOyacTen
IIOCTYJIAT U30TPOIIHH

0.035 7 J
0.030 —
0.025
0.020 —
0.015 —
0.010 —
0.005 —
] /4
0.000
0.016 0.020 0.024 0.028 0.032 0.036 0.040 0.044 0.048
w= - [Iparepa, -TMVYII]/l, == - Teopusi CPEAHNUX KPHUBH3H

Puc. 11. [lepemeiieHusi B pa3jMYHbIX CeYEHUAX 000JI0UYKH

Ha ocHOBaHMHU 3TOTr0 MOJIOKECHUS BBIBCICHBI CJICAYIOINUC COOTHOMICHU !

dP_P(dP = —¢ -
- __PCOS%M +q, PZ” ? —Py,smeq;,
dp ‘P‘ dp sin @, sin @,

— . 8)
dQ Qfd _ _ (
PN _Q_QCOS(02 Zz.l % +q,, Q 75T — 07, sInPyq,;,

dq |Q|l d sin g, sin g,

rae Q, g, P v p ecTh WIHHBI COOTBETCTBYIOIIMX TPACKTOPUM HArpYy>KEHUS U Jie-
(opMHpOBaHHA B IPOCTPAHCTBAX TPAHCBEPCAIBHOW H30TPOIHUHU, @i, (P — YIJIBI

CONMKeHus, i — KpMBU3HBI TPAeKTOpHHA. Ecnu npuHATE §1,=)2,=0, MBI IOIy4uM
ypaBHEHUS, OCHOBAHHbBIE HA TUIIOTE3€ KOMIUIAHAPHOCTH:

dP _Pq, P

= M, -

dQ Qq, Q
XX X (. —N,)+q,,N,.
dq ‘Q‘ ‘Q‘( 2 2) qu 2

Hainee, ecau yriasl @) U @ Majibl, Mbl UMEEM KIIACCUYECKYIO TeopHto Wibro-
muHa. Bapsupys 3HaueHussmu koapduuuentos M,, N,, M,, N,, Mbl OyJaeM UMETh
paszMyHble BAPUAHTHI TEOPHUM IMJIACTUYHOCTU JJI TPAHCBEPCATbHO-U30TPOITHBIX
cpen. K npumepy, npu M =N,=2G, M,=N,=2G’ noJly4uM COOTHOILICHUS JJIsi aHU-
30TpomHOTO ympyroro Tena, a unpu M;=2G, N,=dP/dp=F(3), M,=2G’,
N,=dQ/dg=F’() - cooTHOmIEHus 111 Teopuu [Iparepa.

Hekortopslit BIOOp KO3(DPHUITMEHTOB B COOTHOIICHUH (8) MPUBOAUT K TEOPUH,
npeaokeHHon A.A. XanpKUruToBbiM. TakuM 06pa3om, mpeIoKeHHas MOJIENb, B
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YaCTHOM CJIy4ae, COBIIAJAET C KIACCHUYECKOW KOHUEMIMEN NIIIACTUYHOCTH. J[aHHas
MOJIEITb TIPEIOKEHA ISl PeAYIIMPOBAHHOTO CTAaHAAPTHOTO MaJOCKUMAEMOTO Ma-
TepHayia ¥ TIOCTPOCHA Ha OCHOBE SKCIIEPHUMEHTOB TI0 TUIOCKUM TPACKTOPHUSAM H, KaK
CJIEICTBHE, TIPEjIaraeTcs JUisl PEIICHHs IUIOCKUX 3a7ad C YUETOM CJIOKHOTO aK-
TUBHOTO HarpyxeHus. [Ipeamomnaraercs, 4To KpyTKOH KpUBOH MOYKHO TTpeHEOpEUb.

Crnegyer OTMETHUTb, YTO JJIsl CIIydasl IJIOCKOTO HAMPSXKEHHOI'O COCTOSIHUSA U

IJI0CKOM iehopMaliii Mbl UMEEM TOJIBKO OJTHO ABYMEpPHOE MpOocTpaHcTBoO P~P.

OKkcnepuMeHTallbHOE MoBenieHre ciiaBa J[-16 paccMoTpeHo B maparpade 2.5.
B pesynbrare npoBefeHUsi ONbITOB (6 SKCIEPUMEHTOB) HAa PACTSXKEHHUE U Kpyde-
Hue Obuta 0OHapykeHa cnabas anuzoTponus (1o 14%) crmaBa J1-16. OGpa3sibr Ne
45, 18 pacraruBamch, oopasnsl Ne38, 10, 8, 15 moxeepranuchk kpydeHuro. Pasz-
Opoc 00pa31oB MPU OJJUHAKOBOM BHJIE HATPYKEHUS HE TpeBbiman 3%.

[Ipu mpoBeeHNN SKCIIEPUMEHTOB 10 TPACKTOPHSIM Je(hOPMUPOBAHNS B BHJIC
JIBY3BCHHBIX JIOMAHHBIX TMPHU MPEIBAPUTEIHPHOM KPYYCHUH W TMPEABAPUTECIHHOM
pacTsHKEHUU NOJTyYEHBI JIOKaJIbHbIE AuarpaMMel (puc. 12-13 mist o6pasua NelO).

Kak MoxxHO BHIEeTh, Auarpamma o, ~ 3, (puc. 12) umeer xapakrep, NposiB-

JSIEMBIH U1 U30TPOIHBIX METAJIOB, ONMCAHHBIX B IIaBe 1, U €€ MOKHO amlmpoK-
CUMHUpOBaTh B Buue: o, = A arctgBs /sin’ @, o,sinf =As, rae 0 - yron uzjioma
TpaeKkToOpuu 1e(popMUpOBaHUS.
2500
11 25004 03
2250 ]
] 22507

20004 ]
1 2000

1750 17507
15001 15007

1250 12501
10007 10001

7507 7501

500 5005

250 250;
05 9] 05 33

b ] R RRRARAARARARARRARRSRR AR AAS CARRA L RRR AR AR AR RAARR SR RAR AR AR RARA SRR RRRRR

0 3 &5 8 10 13 15 18 20 23 25 28 30 33 35 01 283 445 67 8 9 10111213141516 17 18

Puc. 12. lIpouecc Harpyxenusi B G, ~ 3,  Puc. 13. [Ipouecc HarpyxeHusi B G, ~ O

3

Crnen 3ama3pIBaHUs CKAISIPHBIX CBOMCTB MaTepuaia OTYETIMBO BUICH HUKE
Ha rpadukax. Ha mepBom rpaduke (puc. 14) nzo0pakeHO HarpyKeHUE MPH TIPE]I-
BApUTEJILHOM KPYUY€HHH, Ha BTOpOM (pucC. 15) — npu npeaBapuTebHOM pacTsKe-
HUU.

ITo pe3ynbpTaTaM ucciaeAOBaHUS MOBEICHUS yrila COMUKEHUSI MOKHO KOHCTa-
TUPOBATh, UTO MAJCHUE COSJ TeM OoJIbile, YeM OO0JIbIIe Pa3BUTOCTh TUIACTUYECKHUX
nedopmaruii. [lpu s3ToM noBegeHue yria cOMMKEHHs YKIAIbIBACTCS B paMKHU MPH-
BEJICHHBIX BBIIIEC ANIIPOKCUMAIIMI. DTO J1aeT OCHOBaHUE NJis ITaHHOTO Marepuasa
TaKXe UCIMOJIb30BATh MPUHSTHIE paHEee allPOKCUMAIIUH.
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Puc. 14. iluarpamma HarpykKeHus Puc. 15. /luarpaMMbl HarpyKeHust

B Tpetbeii riaBe guccepTani pacCMOTpPeHbI (yHIaMEHTAIbHBIE CBOICTBA
M30TPOIHBIX MAaTEPHUAIIOB, IPOSIBISIEMbIE TIPH CIIOKHOM HAarpy>KeHHH, U UX MpPUMeE-
HEHUE MpU PEIICeHUH TEeXHOoJornyeckux 3agad. B pabGorax B.}O.Cronbosa,
H.A Kopsikuna u B.H.JIebeneBa u ap. B mpoieccax 00pabOTKH METAILJIOB J1aBJie-
HUEM OBLIIO 3aMEUEHO, YTO pad0Ta BHEIIHUX CUJI IIPU PA3IHYHBIX MYTAX CIOKHOTO
ne(OpMUPOBAHUS MOKET UMETh MEHBIIIEE 3HAUEHUE, YEM NIPU POCTOM HArpyxe-
HuM. B skcniepuMeHTax, npoBeaeHHbIX B MIHCTUTYyTE MEXaHUKU U CEHCMOCTOMKO-
ctu coopyxkenuit AH PVY3, Taxxke Owbuto onpeneneno (maparpad 3.1), uyto npu
CJI0)KHOM Harpy’>kKeHUHU MeTalljla yCUJIUE TUIaCTUYECKOT0 (POPMOU3MEHEHMSI CHHKA-
€TCsI [0 CPAaBHEHUIO C IIPOCTBIM Harpy»eHUeM. OTH SIBJICHUS MPUBOJAT K Hapylle-
HUIO aCCOLMHMPOBAHHOIO 3aKOHA TeKyuyecTu Jlpakepa M €ro NpUHLHWIA IPAJACH-
TaJIbHOCTH TMPHU CJIOKHOM HarpykeHuu. B 00001eHHOM MpecTaBiIeHH X01Ka U
[Iparepa npupameHus NoJHbIX 1eopManuil UMEIOT BUL:

de, = H,,do,, +0.5[ P(J,.J, )5, +O(J,.J, )%/ 1df .
i

ijkl

r7ie MEepBOE ClaraeMoe €CTh ynpyras COCTaBISONIas mpupaiieHus aedopmanui,
BTOPOE CJIAaraéMoe — €ro IUIaCTUYECKask COCTaBIAOIas, J, U J3 — HHBAPUAHTHI Je-
BUATOpa HANPSOHKEHWUM, §; — KOMIIOHEHTHI I€BUATOpa HAIPsLKEHUH, Hijy - MaTpuna
YIPYruX KOO(QOHUIHUEHTOB MOAATIMBOCTH, df — MOBEPXHOCTh HArpy)eHus, de; u

do,,— npupalleHus TEH30poB JehopMaluil ¥ HANPSKEHUN COOTBETCTBEHHO.

MO>KHO ONpEeeINTh, YTO TP JIBIKCHHUH IO IMOBEPXHOCTH TEKy4eCTH (HEH-
TpaJIbHOE HArpyXCHHUE) JTOJDKHBI OTCYTCTBOBATh MPHUPAIICHUS TUIACTHYECKHX CO-
CTaBJAONMX Jaedopmaruii. DKCICpUMCHTAIBHBIC JaHHBIC ITOKa3bIBAOT, YTO
BJIUSHUC CIIO)KHOTO HArpy>KCHHS Ha BEJIMUMHY PaOOTHI IIPH IJIACTHYECKOM Acdop-
MHUPOBAHHH MOXKET OBITh CYIIIECTBEHHO HIKE, UEM IPU IMPOCTOM HArpy>KESHUH.

OOBsicHeH 3TOT 3(DPEKT Ha OCHOBE TCOPUM YIIPYTOIIACTUUSCKUX IPOIIECCOB
NnpromuHa ¥ IpUHITMIIA 3ala3bIBaHUs BEKTOPHBIX U CKAJIIPHBIX CBOMCTB Mare-
puanoB. ChopMmynupoBaHa CleayIonas JeMMa: MUHUMYM pabOThl BHEITHUX CHII
JUTSL TOCTUKEHUS 3aJJaHHON (HhOPMBI TIPU TUTACTHYECKOU JedopMaIiuu Tena JOCTH-
raeTcsi TOJIBKO MPH peaTn3aluy MPOoIeccoB 1e(OopMUPOBAHUS C H3TOMOM.
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JUIs TOCTH>KEHHSI MUHMMYMa pa0OThl BHEITHUX CHJI CIIEYET pEaln30BbIBATh
MHOT03BEHHBIE MTPOLIECCHI 1e(OPMUPOBAHUS.
B naparpage 3.2 paccmoTpeHa 3ajada ONTUMAJIbHOTO YIPABJICHUS TPACKTO-

pueit HarpyxeHusi. Pabora ¢opMOnM3MEHEHUS €CTh: j odd :J.O'cosgds. Hanoxum

HEKOTOPBIE OTPAHUYCHUS HAa TEOMETPHIO mporiecca AegopmupoBanus. [Ipeamnomno-
KUM, 9TO KaKJI0€ 3BEHO MHOTO3BEHHOM (77 - 3B€HHEB) TPACKTOPUU UMEET JITTUHY A,
TPaeKTOPHs 3a/1aHa B BuJie 3ur3ara (S, =+x, |3|<x/2) ¥ U3MEHEHNUs yraoB cOIn-

YKECHHS HA KaXKJIOM 3BEHE UJICHTUYHBI.
OnpenenuM, Mpu KakoM yTJie U3JIOMa JIOCTUTAETCS MUHUMYM (DyHKIIMOHAA

s _
[6dD . Kak ciemyer u3 JeMMBbI, JUIi MHUHHUMHU3aLUH PaboOThl (opMOU3MEHEHUs
0

HY>KHO paccMaTpUBaTh MPOIECCH ¢ u3IoMoM. [Ipu TakoM BbIOOpE B OOIIEM CITy-
Yae HEM3BECTHBI — KOJIMYECTBO 3BEHBCB 71, ITHHBI 3BeHbEB As'’ U YIIIBI H3I0OMOB
" B peanbHbIx mpoueccax TpeOyeTcs: AOCTHYb 3aJaHHON TOUKH B IPOCTPAHCTBAX
nedopManuil WM HanpsHKEHUH.

Paccmotpum Tpaektopuro reopMupoBaHus, B KOTOPOM BCE 3BEHBS Mpolecca
neOpMUPOBAHUS U BEKTOP HANPSOKEHUH KOMIUTaHapHBI. He orpannunBas oOIIHO-
CTH, COTJIaCHO TOCTYJaTy H30TPOIUHU, MOXKHO pacCMaTpUBaTh MPOLIECCHl B TLIOC-
Koctu 2D1~3,. B 3TOM ciydae 3ajmava ompeeneHus] HalpaBIsSIOMIUX KOCHUHYCOB
BEKTOpa HANPSHKEHUM BO3MOXKHA Ha OCHOBE 3aKOHA cONMmxkeHusi. BBeneMm cremyro-
e Benmunsel: o (I=1,n) - yrisl HaKIIOHA TpaeKTopHuu Aedopmaruu k ocu 0D,
B =a" —a”" (I=2,n) - yrael usnoma TpaekropuM Ae(GOpPMUpPOBAHMS,
Vo, =I oA5" ] (I=1,n) - yribl HaKJIOHA BEKTOpA HANPSDKEHUM B TOUKE M3JI0Ma K

npebIIyeMy 3BeHy (ydactky aedopmuposanus), 8 =y, + " (I=2,n) - yr-
JIbl HAKJIOHA BEKTOPA HANPSKEHHMI B TOUKE M3JI0Ma K HOCJIEAYIONEeMy 3BeHy (yda-

cTKy nedopmupoBanus). [1010XKUTETbHBIM HaNpaBICHUEM ISl YTIIOB CUUTAETCH,

€CJIM IOBOPOT OT MPEABIAYIIETO K MOCIEAYIOIEMY 3BE€HY 10 YaCOBOU CTpEJIKE.
Sull

MunumyMm ¢yHKImonana J =min I 0 cos9ds NOCTUraeTcsi Mpu OrpaHUICHH-
N

in

ax  §,<s<§

ult >

Si W Tpu BbIOOpe yria COMMKEHHS B BUJE:

4
9=C arcctg(r/ A As) rne C=20/n, r=—b 1 ln(0 + 1) OO6miee penieHue 3aaadu
st yHKIuU 3 mpu  paBHBIX As JUIMHaX 3BCHBEB TPACKTOPUU  E€CTh:

r o
LY = E(E_arcag(ﬂ AsD [Ipu BBeleHMM JOTOJHUTEIBHBIX OIPaHUYCHUN B OC-

HoBHy!0 3amady B Bume (3)+(9!) (01" f +(51"} pemenue Gymer umers Bun:

0 _ -1 _ r
£ =(-1) (2 arcctg[i ASD

JIto6oe neopMuUpOBaHHOE COCTOSIHME B MSATUMEPHOM BEKTOPHOM MPOCTPAH-
cTBE AePopMalMii MOXKET ObITh JOCTUTHYTO B BUJE IUIOCKOH MHOTO3BEHHOM Tpa-
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exTopuu. Mcxons w3 3TOrO, ClenaHo cienyolnee yrBep:kaeHue: [lpu cunoBom
BO3JICUCTBUM HA W30TPOIIHBIM MaTepual BCErAa HAWAETCS AKTUBHBIM IIPOLECC
CII0)KHOTO HAarpy>kKeHus, MpH KOTOPOM paboTa BHEUIHUX CUJI OyJeM MEHbBIIE YeM
IpU TMPOCTOM HATrPY>KEHWU TMPHU JOCTIKEHUU TOTO K€ Je(POpMHpPOBAHHOTO CO-
CTOSIHUSL.

B maparpade 3.3 paccMoTpeH psii TEXHOJOTMYECKHMX 3ajad, MpU KOTOPBIX
MO>KHO JOOUTHCS CHMXKEHHSI paboThl (popMOU3MEeHEeHHs. B 3TOM HampaBieHUU U3-
BecTHBI paboThl H.H.Cronspona, L.Sadok & S.Urbansky u A.C.ITmenuniaroka.

PaccMoTpeH npoiiecc BoJOUEHHUS JATYHHOU TPyObl CKBO3b IMIIMHIIPUYECKYIO
MaTpuily (oOpasyromasi KOHHYECKOW MaTpHIlbl BbIpaxaercs kak y=C —ax,

C=113.75, a=5.67, yron y BepmHbI MaTpuipl coctaBmsier 10°) mpu BHemrHeit
oceBoit cuie Py=2694811a. Koaddurment tpenus npumem paBHbiM f=0.3. [{aBie-
HUE TPyObl HA CTEHKM MAaTPHULbI 3aBUCUT OT CWJIbl TpeHUs ¢ nmapameTrpoM k=0.15.

F
, q,=—q,k. lna-
Frlr, <7,y BT THE A

rpaMMy CBSI3U MEX]ly BEKTOPOM HaIpsDKEHUN U Aedopmaiinii BIOepeM Kak:
& = Ath(BD), 3=%3arth(%), A=c., B=2Glo,, o, = Aa
o, =117MIla, E =113796MIla, u =0.348.

BHemnss Harpys3ka B 3TOM Cily4ae €CTb: ¢, =

PaccmoTpum Benmmuuny I GdD , Tak KaK UMEHHO 3Ta 4acTh pabOThI J1aeT HaM
So
BO3MOXKHOCTh CHHMJKaTh 3aTpaThl Ha mpouecc popmonsmMeHeHus. Kak MOXHO BH-

netsh (puc. 16), paboTa npu ClI0KHOM Harpy>Ke€HUH MEHBIIIE YEM ITPU IPOCTOM.

11.0 3 work
10.5

0.0 [T TITTTITTT T T TITTTTITTT LBALRALLLY TITTTTTTTT T T T UARRLLLL LARALLLY LARLLLL LARRALLL LALLLLL 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
mm= - [IPOCTOE HATPY/KCHHE, wmmmmm - CJI0KHOE HATPYKECHHE
Puc. 16. PaGora ¢popmousmMeHeHus

B 4erBeproil riaBe auccepranuy pacCMOTPEH METOJ T'PaHUYHBIX WHTE-
I'PAJIBHBIX YPAaBHEHUH U1 PELICHU 3a]1a4 INIACTUYHOCTHA HA OCHOBE AllIPOKCUMH-
pyromero cootHonieHus MipronmmHa u ¢ y4eToM CII0KHOTO HArpy KEHUS.

PaccMoTpum npsiMOM METOJA T'PaHUYHBIX DJIEMEHTOB. [l 3a1a4 Teopuu Ijia-
CTUYHOCTH TOXkAeCTBO COMMIBbSHBI BBIBOJUTCA Ha OCHOBE METOJA B3BELICHHBIX
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L] L] L] .e .pl L] L]

HEBA30K: 0, +b, =0, p,—0,n, =0, &;=e5+¢&; :E(M[,j+uj,i), Ipu  3TOM

1
&} - PACCMATPHUBAIOTCS KaK HAYalbHBIE NepopManum:

L] .* .pl .* L]

oj=0—0j 10 05 =Cy, En.

Ntak, npu BbIBOJE TPAHUYHOTO MHTErPATILHOTO YPaBHEHMS HCMOJb30BaIach
TUII0TE3a, YTO MOJHas AedopMalus COCTOUT U3 CYMMBI YIIPYTOW U IJIaCTUYECKOU
nedopMaiuii, ¥ MOJOXKEHUE, YTO pasrpy3ka MPOUCXOJIUT MO YNPYroMy 3aKOHY.
Ncxons u3 3Tux nojoxkeHui, ToxaecTBo COMUITbSIHBI B BUJIE HadalbHBIX Aedhop-

MallM¥ 3aIluIIeTC B BUJIC:
o Pl

u; = [u) p,dlC—[ pyu;dU+ [u b, dQ+ [ & 1 dQ. )
I T Q Q

Tak kak ypaBHeHue (9) MOCTPOEHO C MOMOILBIO METOJA B3BEIICHHBIX HEBS-
30K, TO paccMaTpuBaeMas MOBEpXHOCTh () ¢ rpanuiei I', BooOiie roBops, MOXeT
uMeTh pebpa u yrisl (peryispHas no Kemmory u He o0si3aTenbHO riankas). Beco-

Bble 3HaueHus u,(&,x), p;(&,x) M3HAYANBHO MOTYT OBITh BBIOpaHbI MHOOBLIMH

GYHKIUSAME, YIOBIETBOPSAIOIIMMHU yCcIoBHIO ['€nbaepa 1 UMEIOIIKUMHU ONpeieNieH-
HYI0 TJIagKOCTh. B Hamem ciydae ucnoib3yrorcs (yHIaMEHTAIbHbIE PEIICHUs

KCJ'ILBI/IHa. F paHI/I‘-IHOG I/IHTeraJ'IBHOG ypaBHCHI/Ie HUMECT BU.
o Dl

¢; (O ui(E)+ [ pyui(E)dl=[u; p dU + [u;b; dQ+ [ &, 0 dQ. (10)
r r Q Q

B maparpade 4.1 paccMoTpeH BOIPOC O CYIIECTBOBAHWHM U €IMHCTBEHHOCTH
pELICHUs] TPAHUYHOTO UHTErPpAIbHOTO ypaBHEHMs. CyIlIeCTBOBAHUE U €IUHCTBEH-
HOCTh PEIICHUSI ypaBHEHUS, HaJlarasi Omnpe/eleHHbIe OTpaHWYeHUsT Ha (yHKIIAH,
MOKa3aHO HA OCHOBE METOJIa CKUMAIOIIUX OTOOpaKeHUH.

Onpenenum x = x(x,,X,,...,X, ) Kak KOOpJAUHATBl 00JACTH OIPEAEICHUS B n-

MEpPHOM MPOCTPAHCTBE, MO CYTH, 3TO YHOPSAJOUYEHHAs TPyNmna u3 n JEeUCTBUTEIb-

n
. 2
HBEIX 9mcen ¢ MeTpukoi p(x,y)= |3 (v, —xk) , COCTABJISIFOIIAS /-MEPHOE
k=1

apupmernueckoe  EBknmmoBo  mpocTpaHcTBO.  MHOXKECTBO  BceX — TOYEK
xX=x(x,,X,,...x, ) 0003HauuM uepe3 {}.

Onpenenum Gynkumu u, =u,(X, ..., X, (z' =1,m) Ha MHOXecTBe {Q}, KOTO-
pble IPUHUMAIOT 3HaYeHus U3 MHokecTBa {N}. Ecnu paccmarpuBarh u, Kak Ko-
OpAMHATBl, TO U=U(u,,U,,....,1t, ) €CTb MHO>KECTBO HENPEPHIBHBIX BEKTOPHBIX
byukuii  {U}, KoTOopoe oOpa3yeT JHMHEHMHOE MPOCTPAHCTBO C METPUKOU
p(f,g) =max|g, - £

xeQ

, 00pa3yloIMKX MIPOCTPAHCTBO BEKTOPHBIX (DYHKIUI C [N [Q]]

unu kpatko C [Q]
Jlemma. Ecii ocine10BaTeIbHOCTh BEKTOPHBIX QYHKIUI U = U(u,,U,,...,U,, )

B C [Q] (dbyHIaMEeHTalIbHA, TO 3TO PABHOCHJIBHO PABHOMEPHOM CXOJUMOCTH MOCe-

47



JI0BAaTeNbHOCTH BEKTOPHBIX (yHKIWMit {U*} B cMbIcie meTpuku B C [Q] Kak cnen-

CTBHE: MHOXeCTBO C [Q] SIBJISIETCS TIOJTHBIM.
BeIpasuM rpaHMYHOE MHTErpaabHOE YpaBHEHHE B BEKTOpPHOH (opme. Ompe-
JIEJIUM CKaJIIPHOE IPOM3BEACHHME Kak: U-V =u,v,, TOrga B OIEPATOPHOM BHJE

HMEEM:
Ly + lfde + lgL(y)dF =C,,
rae C, =—cU+ [u'pdl’ — [pUdl’ + [ubdQ+ [c7e"dQ.
Iy r, Q Q-1
Tak kak Bcskoe CXKHNMarouiee 0T06pa)I(eHI/Ie B IIOJIHOM MCTPHYCCKOM IIPO-
CTPaHCTBC UMCCT TOJIbBKO OJHY HCIIOJABHJKHYIO TOYKY, TO 0T06paSI/IM MHOXECTBO

C [Q] B c€0sl M HalJeM YCIIOBUS, IPU KOTOPBIX HHTETPAIIBHOIO YPAaBHEHUSI UMEET
pewienue. Pemenue Oyaer cyuecTBoBaTh U Oy1€T €IMHCTBEHHBIM €CIIH:

w[ [fdI

Jlunmuua no aprymenty y: p(Ly,,Ly, )< ‘E‘p( y,Y,).
Ymeepotcoenue: Pemienne unterpanibHoro ypaBHeHust (10) Oyner eauHCT-

+ ‘E‘ i gdl’ } <1, mpu ycnoBuwu, 4to oneparop L yaoBIETBOPSIET yCIOBUIO

BEHHBIM U HEMPEPBIBHBIM MPU BBITOJIHEHUH YCIOBUS I fdl| + ‘E‘ I gdl’ |<A.
r r

Kak M0xHO BUIETH, HHTErpAI jul]dT CYLIECTBYET, €CJIM MOABIHTEIPAIbHAS
r

¢byHkuus BbeiOpaHa B BuJe (yHmameHTanbHoro pemenus KenbBuna. MHTerpan

. . M(¢x)
P dl’, cymecTByeT B CMBICIE TTIaBHOTO 3HaueHus1 Komm, Tak Kak p,=——
‘ r
rZ

Benuuuna ‘E‘ He MoxeT npesblmaTth 0.001, Tak Kak paccMaTpUBAIOTCS Majbie Je-

dbopmanuu, yaosieTBopsitomue cooTHomeHusM Komm. MuTErpan jgdf TAKXKE
r

CYILIECTBYET B CMbICIIE I1aBHOTO 3HaueHus Komu. Jliis rnaikoii moBepXHOCTH Jua-
rOHAJIbHBIE KOMIIOHEHTHI MaTPULBI A" UMEIOT 3HAUeHUe 2 U JUIsl YIIIOBBIX TOYEK U
pebep Takke OrpaHUYEHBI.

Takum 00pa3oMm, BBINOJHEHHE YCIOBUM CYIIECTBOBAaHUS PEUICHUS MHTE-
IpaJIbHOTO rpaHuyHOrO ypaBHeHus (10) siBisieTcs OueBUAHBIM JIJIsl pacCMaTpUBae-
MBIX PETYJSIPHBIX TNIaIKuX TpaHull. CiaeayeT OTMETUTh, YTO BHIBEIACHHOE yCIIOBUE
ABJISIETCSA TOCTATOYHBIM JUIsl CYIIECTBOBAHUSI U €MHCTBEHHOCTH PEIIEHUS, HO HE
HEOOXOTMMBIM.

B maparpade 4.2 nana moctaHOBKa 3a7a4d MJIACTUYHOCTH HA OCHOBE amMpOK-
CUMHUPYIOIIETO COOTHOUIEHHUS TUMOTE3bl KOMIIJIAHAPHOCTH.

COOTHOIIEHUS MEXKTy HAMPSHKEHUSIMU G U JehopMalusIiMu € IPUMEM B BUJIE:

- G .dG .
1 ~ N P GU Gl./ (11)

de, =—dc, — G.,

" N 7 N-P o6+2/3 "7
rae N, P - QyHKIIMOHAINBI MpoIlecca, KOTOPbIe, MPUHUMAs pa3IuvHbIe 3HAYCHUS,
onpenenstoT cootHomenue (11) kak yacTHbIe TEOPUU MITACTUYHOCTH.
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JU11 1eMOHCTpauuu MpOILECCOB HArPYKEHUS, BOSHUKAIOIINX B TEJIe MaTepHa-
J1a, pacCMOTpPEH o0paszel] ¢ BhIPe30M (KOHIIEHTPATOPOM HAIpPSKEHU) O/ BO3/IEH-
CTBHUEM BHEIIIHEH cuJibl. BepxHss rpaHuiia cBOOOHA, HUXKHSISI TpaHUlla IIAPHUPHO
orepra, Mo OOKOBBIM CTOPOHAM MPHIIOKEHBI pacTsarupatouiue cuisl P=1.27MH/m.
XapaktepucTuku Marepuana cienytomme: E=206ITla, o=117.7MlIla, v=0.3,
E=0.3E. Huxe (puc. 17, pa3mepsl AaHbl B CM) NMPUBEAECHBI W30JUHUMN HAMPSHKE-
Huit. Kak Mo>xHO Ha0II10/1aTh, KOHIIEHTPAIMs HAIMIPSKEHUH BBHICOKA B pailoOHE YIJIOB
BbIpe3a. Tpaekropuu neopMupoBaHUsS y BEPIIMHBI BhIpE3a SIBISIOTCS KPUBBIMU
CpenHel KpUBU3HBI, 0€3 SIBHBIX W3JIOMOB JIMHHH.

4.7 E—T 77 \Kmfy) - |
o - \e= e
. = A=
= N N
2.9 F
? : igoo P
2.0 5 \/G
= I
7.7 _> <
= L) =
0.2 S T e T et Tt TR O T T T T T Lt P 1 el § 1A
0.3 7.2 2.2 3.f 4.0 5.0 5.9 6.8 7.8 8.7 9.6

Puc. 17. U301MHNM MHTEHCHBHOCTH HATIPSIZKEHUH

Otnuuus B pacyerax Mo pa3HbIM TEOPHUSIM BO3HUKAIOT B TEX 3ajayax, TIe
MPOSIBJISIETCS. SIBHO CJI0KHOE HArpy>kK€HHe, T.€. IPU MHOTOMAPAMETPUUECKOM Ha-
IPYKEHUU WIHA PU HAJTMYUKU KOHLIEHTPATOPOB HAMPSKECHUM.

Crnenyromuii npumep aeMoHcTpupyer 310. Paccmorpum pemenne (ITHC) o6
onpenenennn HJIC mis mnactuHbel y BeplIMHBI Bhipe3a (puc. 18) U mocTpoeHHbIe

TpaekTopuu nedopmuponanus (puc. 19).
Sy
0.03 B T
I 30 I T
5| 0.02 fo-obeoopeobeepe e
s LA
D 13 mu = S Tynp
0.01 4ottt
1 | ! ‘ ! ‘ | MpaHpTns-Péiicca
0.00
100 mm R %‘OO 0.01 0.02 0.03 c
) X
Puc. 18. Ilinactuna ¢ BbIpe3oM Puc. 19. Tpaexkropuu nedopmanuii B Bep-

IIHHE Tpe]l[I/IHBI
Marepuan uMeeT JMHEMHOE YIPOUYHEHUE. XapaKTEPUCTUKU MaTepualia Clie-
nytomue: E=206ITla, 6.=480.7MlIla, E,=(C E+oc,)/(Ec;), C =0.2333, v=0.3. Ilna-
CTUYECKas COCTaBIAIOIIAs JepopMaluii UMEeT BHJI: &, =C (0/ o, —1), MpUJIO-
»kKeHHad cuia - P=196.2H.
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Metony pa3pbhIBHBIX CMELICHHM B 33/1a4aX IUIACTUYHOCTH IPU CIIOKHOM Ha-
rpykeHuu nocssiieH naparpad 4.3. [Ipumenenune MeToa rpaHUYHBIX UHTETPATb-
HbIX YpaBHEHUW Il 3aJad MEXaHUKU pa3pylIeHHUs OmMucaHo B padoTax
B.3.ITaprona u E.M.Mopo3oBa u cuuTaeTcsi, 4TO 3TOT MOJX0]l HauboJee yaaueH
JUISL pellieHus moI00HbIX 3ada4. [Ipu paccMoTpeHuu 3a1a4 ¢ OJHON WIIM HECKOJIb-
KUMH Y3KHMHU IIEIENO0JOOHBIMU BBIPE3aMU U IIEISAMU ISl HAXOKICHUS pelIeHuUs
yA0OHO KCIOIBb30BaTh METOJI Pa3pbIBHBIX cMelleHul. [1ono0HbIe 3a1au BhI3bIBA-
IOT MOBBILIEHHBI UHTEPEC B TEOMEXAHUKE U B CBS3U C HOBBIMU OIPEICISIOIIMMU
COOTHOLIEHHUSIMU ISl pPA3JIMYHBIX BUAOB HOBBIX MaTEPHUAIIOB.

PaccmoTpena 3amaya o pacTsikKeHHMM 00pasiia ¢ OJHOM KpaeBOM TPEIIMHOU
IPYA JIEMCTBUM PAaBHOMEPHO pACHpPENCIEHHOW Harpy3ku. Pacuér mpoBoauics mo
teopuu [Ipanntns-Peiicca, [Iparepa u mo negopmarnmonHoit reopun Minprommna.

Kak moxkasamu pacdersl, TpaeKTOpUU AePOpMalUN MOTYHYAIOTCS CIOKHBIMU
(cpenHeil KpUBU3HBI) U MO3TOMY COOTBETCTBYIOIIUE PEIICHHS, MOTYYEHHBIE IO
TEOPUsIM, TPEOYIOT MPOBECHUS OIICHKN (DU3NIECKOM TOCTOBEPHOCTU PEIICHHM.

Tak Kak TpaeKTOpUMU CPeAHEW KPUBU3HBI JYUIE YEM APYTUE€ TEOPUHU OMUCHI-
BaeT Teopus IIparepa, To OB UCIIOB30BAHBI MTOJIOKEHUS STOM TEOPUU U MPOBE-
JICH YHCJICHHBIA 3KCIIEPUMEHT, JUIsi CPABHEHHUSI UX C PE3yJbTaTaMy PacyeTOB IO
teopusim [lpanarna u Unerommua. Ha puc. 20 uzoOpaxkensl TpaekTopuu nedop-
Malliy B Pa3HbIX IJIOCKOCTSX, M, KaK BUIHO, pacueTsl o Teopuu [Iparepa 6iu3ku
K pe3yJibTaTaM, oxy4eHHbsIM 1o Teopuu [Ipanarnsa-Péiicca (oTkioHeHue He Ooliee
5%).
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-0.0200 S ——————— ———— ~0.1100 T
—0.0200 0.0200 0.0600 0.1000 0.0000 0.0200 0.0400 0.0600 0.0800 0.1000 0.1200

b b b e b b e e b b el

1 — Teopus Uabromuna, 2 — reopust Ilpanarias, 3 — reopus Ilparepa
Puc. 20. TpaexkTropun nedopmMupoBaHus

Bo MHOrux npakTHYEeCKHX 3a/adyax T'€OMETPUsl TPEXMEPHBIX TEJ U CHCTEMA
BHEIIHUX HArpy30K TaKOBBI, YTO MOYKHO MX paccMaTpUBaTh Kak OCECHUMMETPHUY-
Hble 3a7a4u. B maparpade 4.4 pazpaboran u anpoOUpoOBaH UMEHHO 3TOT MOJXO/I.

PaccMmoTpeHo perieHue 0 Harpy>KeHUH KOHEYHOW HMUIUHIPUYECKOU 000J104-
KM, JKECTKO 3aKPEIUIEHHOW B JIEBOM YIJIy U HAarpy>K€HHYIO PaCTITUBAIOLICH CUIIOU
Ha IIPAaBOM KOHILIE. YYacCTBYIOT TaKXKe€ U JIPyrUe BHEIIHUE CUJIbL: KOJIbLIEBas BHENI-
HsAsl COKMMAIOIAsl CUJla, BHYTPEHHEE JABIICHUE M PACIpelielICHHAas Harpys3ka Ha
YYaCTKe, MPUJIEratolIeM K 3amemMieHuto (puc. 21).
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[TocnemoBaTenbHOCTh MPUIIOKEHUS CHIT TTIOKa3aHa Ha rpaduke (puc. 22). Ilo-
Jy4EeHHOE pelleHre ObLIO CPAaBHEHO C PEIICHHEM 3TOH 3aadul M0 TeOpHH 000JI0-
yexk metonoM CH-DBM. Huxke mokaszanwl (puc. 23) U3MEHEHUS! HHTEHCUBHOCTHU
HaIpPsHKEHUE BIOJIL 00pa3yrolied MUINHIPUIECKOro Tena. 31eCh MOXKHO HaOJIto-
JIaTh PE3KUE U3MEHEHUS HANPSHKCHUN B MECTE JIOKAJIW3alUU KOJBLIEBOIO JIaBJie-
HUSL.

P, P, P (A)

| g
:
T I ;
{J L
444?%? —;;1 [ l 121 7L
Puc. 21. lunnnapuyeckoe Te10 NpH Puc. 22. IlocienoBaTe1bHOCTH NPHJIOKe-
CJI05KHOM HATPY’KeHHH HHUS CHJI

Ha rpajuke (puc. 24) moctpoeHbl IuarpaMMbl W3MEHEHHUS CMELIEHUH I10
JUITHE Tena B 0e3pa3MepHBIX BeNMWYuHax (W= w/ (ags)). Pacxoxnenus ¢ pemeHu-
em meroga CH-DBM nocturaer 7%. KauecTBeHHast kapTuHa, MOTy4YeHHas Ha 00e-
uXx rpaukax, CoOXxpaHeHa U TOYHOCTb MpuemMiieMa Jisl 3a7a4 MJIaCTUYHOCTH.

340 o;
320%
300%
280;
zsoé
240%
220%
zooé
rsué
!
06 565 510 045 020 025 030 035 046 095 0o 6.60 6.08 0.70 075 0.0 0,55 556 555 645 045 950
Puc. 23. 3HayeHNs] HHTEHCMBHOCTH Ha- IIlyHkTHpHAS IMHUSA — PellIEeHuEe METOA0M
NpsizKeHU BA0JIb cpeauHHOl noBepxHo-  CH-3BM, criuiomHas — penieHre Ha 0OCHOBe

CTH TeJIa NPeAJI0KeHHON aNNmpPOKCHMAILUH
Puc. 24. llepemenieHusi moJry4eHHbie 060-
JIOYKOW NMPHU HArPYy:KeHUHU

Kak moxaswiBaroT perieHus MpUBEISHHBIX BBINIE 3aja4, JJjIs 0ojee MOJTHOTO
y4eTa pacnpejiesieHus] HanpsoKeHUH B Tele CleqyeT YYUThIBATh CI0KHOE Harpy-
xeHue. TpeOyeTcst nmpoBefeHUE OIEHKU (U3MUECKON JTOCTOBEPHOCTU PEUICHUUN U
y4eT MorpemHocTe B kodpdunuente 3amaca. s 6ojiee mMoHOTO yyeTa CBONCTB
MaTepualioB MpPHU PEIICHUM 3aJad cieayeT ucnoiib3oBath meron CH-DBM. Oto
MO3BOJIUT PEIINTH 33/1a4l C UCIIOJIH30BAHUEM IKCIIEPUMEHTOB Ha CIOKHOE HATPy-
YKEHUE C MAKCUMAJIbHOW TOYHOCTBIO, KOTOPAsl TOCTIKMMA B DKCIIEPUMEHTAX.
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3akioyeHue

B xope BeInonHeHus paboThl OMYUYEHBI CIEAYIOUINE PE3yIbTAThI.

1. Ha ocHOBe TEOPETUKO-IKCIIEPUMEHTAIbHBIX MUCCIEIOBAHUM OIpeneIeHbl 00-
JacTh (PU3NYECKON TOCTOBEPHOCTU TEOPUM IMIACTUYHOCTU JUISI PACCMOTPEH-
HBIX B pa0OTe MPOLIECCOB CIOKHOIO HArpyXeHHs, XapaKTepU3YIOIIHX OCO-
OeHHOCTH J1e(pOpMHPOBAHUS KOHCTPYKLUMOHHBIX MaT€pUAIOB MPHU PELICHUU
IIPUKJIAAHBIX 3a7a4.

2. TeopeTudyeckn M 3KCHEPUMEHTANBHO JOKa3zaHa cxoaumocTb Meroga CH-
OBM npu pa3znuuHbIX BUAAX allPOKCUMUPYIOMIMX cOOTHOIIEHU. KBa3uim-
HEMHBII BApUAHT AMMPOKCHUMHUPYIOUIETO COOTHOLIEHUS HMEET OJMHAKOBYIO
CKOPOCTh CXOAMMOCTH ¢ Tud(epeHnnansHON 3aBUCUMOCTBIO ISl TBY3BCH-
HBIX IPOLECCOB HarpykeHus. J[Jisi mpolueccoB Harpy’eHUH C MOCTOSHHOU
KPUBHM3HOU MpHU MPEABAPUTEILHOM MPOCTOM YYaCTKE HArpyKeHHUsl KBa3HWJIU-
HEWHBII BapUaHT allpOKCUMAIlM UMEET OJIMHAKOBYIO CKOPOCTh CXOJAMMOCTHU
U1 MaTepuanoB ¢ kodpduurentom ynpounenus v<0.8, a 1ji1 MaTepuaoB C
v>0.8 — npu MajnbIX BEIUYMHAX NPEABAPUTEIILHOIO HArPyKEHUSI.

3. Ha ocHOBe ONBITOB C pa3aIM4YHbBIMU KOHCTPYKIIMOHHBIMU M30TPOIMHBIMH MaTe-
pUaJlaMi  dKCIIEPUMEHTAJILHO ONpefesieHbl (yHIaMEHTaJIbHbIE CBOMICTBA
(YHKIIMOHAJIOB IUIACTUYHOCTH. [IpeasioskeHpl anmpokcuMmanuu A yria
commkenns U QyHKUMOHANOB P u N, MoauduuupoBaHHAs anmpoOKCUMAaLHs
it QyHKITMOHATIA & .

4. IlocTpoeHbl ONPEENSIONME COOTHOLIEHUS, YUYUTHIBAIOLIUE CIOKHOE HArpy-
KEHUE U30TPOITHOIO MaTepHaIa.

5. Tloctpoena MoAelb ISl ONUCAHUS OBEACHUS TPAHCBEPCATbHO-U30TPOIHOIO
MaTepuajia MpH CI0KHOM Harpy>KeHHH M SKCIIEPUMEHTAIbHO JOKa3aHO, 4YTO
JaHHasi MOJIEJb aJIEKBATHO OMMUCHIBAET MPOLECCHI CI0KHOIO HArPyKEHUS;

6. BriaBnen sddext cHumxeHHs padboThl (HOPMOM3MEHEHUS MAaTEepHANIOB IMpPHU
CJIOKHOM HAarpy>K€HUU U BBIBEICHBI YCJIOBUS, PU KOTOPBIX paboTa CI0XKHO-
ro HarpyxeHust 0yJ1IeT MeHblIe padOThl YEM IIPU MPOCTOM HATPY>KEHUU.

7. JlokazaHO CylEeCTBOBAaHME PELICHUS MHTEIPAIBHOIO YPABHEHUS U €0 €IHH-
CTBEHHOCTb C BBIOOPOM MPEAJIOKEHHOTO BapUaHTa allpOKCUMUPYIOLIUX CO-
OTHOLIIEHUM.

8. IlpemnokeHbl anrOpuTMbl PELICHHs IIOCKUX W OCECHMMETPHUYHBIX 3a]ad
IUIACTUYHOCTH NPSIMBIM METOJOM TPAaHUYHBIX 3JIEMEHTOB, OCHOBaHHBIE Ha
TUIOTE3€ KOMIUIAHAPHOCTH.

9. Peanu3oBaH METOJA pa3pbIBHBIX CMEIIEHUA C HCIOJIb30BAHUEM THIIOTE3bI
KOMILJIAHAPHOCTH KaK anlpOKCHMHUPYIOIIEr0 COOTHOUIEHUS B TEOPUM ILIA-
CTUYHOCTH.

B nuccepranmoHHON paboTe, HMEHHO, aCleKT y4YeTa CJIOKHOTO HarpyKeHUus

ObLI TJIaBHBIM JIEUTMOTHBOM MPOBEIEHUS HUCCIEAOBAHUMN JJi1 MPUMEHEHHS 3THX

3HAHMM MPU PEIICHUH MPAKTUYECKHUX 3a/1a4.
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ANNOTATION OF DOCTORAL OF DISSERTATION

Topicality and demand of the subject of dissertation. The plasticity is one
of the important independent scientific directions in continuum mechanics. The re-
quirements for maximal using of strength reserves of materials, reduction specific
consumption of materials, optimal designing in more cases depend from presence
and account of plastic deformations in structure and are important problem of en-
gineering practice.

Further development and improvement of products in machine-building, min-
ing, aircraft building, shipbuilding, space technologies are connected with intro-
duction of new materials, optimization of structural solutions, which include arbi-
trary combinations of manifold bodies working in conditions of complex loading.
Consideration of inelastic in particular, plastic properties of material allows to re-
distribute local stresses uniformly along the whole bulk of metal; that lowers the
risk of damage, allows to take into account reserves of bearing capacity.

In system of equations for boundary problems of plasticity the physical equa-
tions has great importance. These correlations have to realistically describe the
mechanical characteristic of material. It should be noted that in plasticity the rela-
tions between force and kinematic characteristics do not contain time component,
but are substantially conditioned by the succession of loads applied. The require-
ments of maximal use of safety reserve of materials, bearing capacity of structures,
economic efficiency, optimal projecting depends on consideration of plasticity
properties. It means that these inquiries are important and demand of practice.

The Resolution of the Cabinet of Ministers of the Republic of Uzbekistan in
number 191 from 04.11.2012 "On safety modes of construction of auto transport
vehicles" underline demands dissertation study. It is coming from new problems of
the modern technology, where are widely used new material in vehicles working in
condition of complex loading and under plastic deformation.

Development of effective methods of design, analysis and search of optimiza-
tion solutions for strength problems, material-consumption of machine-building
products by building determinant relationships for certain classes of multi-
parameter loading is an important component of solution of the problem connected
with plasticity and is in demand in development of modern engineering. The study
of properties of the functional of plasticity under multi-parameter loadings, the
check-up of physical reliability of the theories of plasticity under different types of
loading and derivation of new models of equations of state of the medium — con-
siderably increase an efficiency of calculations in strength problems and present
wide scientific problem of both theoretical and applied character.

Development of effective methods of design, analysis and search of optimiza-
tion solutions for strength problems, material-consumption of machine-building
products by building determinant relationships for certain classes of multi-
parameter loading is an important component of solution of the problem connected
with plasticity and is in demand in development of modern engineering. The study
of properties of the functional of plasticity under multi-parameter loadings, the
check-up of physical reliability of the theories of plasticity under different types of
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loading and derivation of new models of equations of state of the medium — con-
siderably increase an efficiency of calculations in strength problems and present
wide scientific problem of both theoretical and applied character. Hence the inves-
tigations of complex loading in strength problems acquire now dynamism and new
impulse to development.

Conformity of research to priority directions of development of sci-
ence and technologies of the Republic of Uzbekistan.

Present work is executed in accordance with priority direction of development
of science and technology of the Republic of Uzbekistan: Energetic, energy saving
technologies; Earth sciences by program FRP-4 «Mathematics, mechanics and in-
formaticsy.

International review of scientific researches on the dissertation subject.

In leading scientific centres of USA (Los Alamos and Oak Ridge national
laboratories) and Russia (Institute of mechanics, MSU) the study of complex load-
ing processes at high temperature has allowed to raise of strength of the canal pipes
of atomic reactors.

In Japan laboratories (Tsukuba) the experiments under complex cyclic load-
ing lead to increasing of strength resources of the blades of the power turbines.

In scientific institutes Ukraine (Applied mechanical engineering, Technical
Physics) experiments under cryogenic temperature have brought about new devel-
opment frost-resistant element for space units.

In universities of Finland (Oulu), France (Grenobl), Portugal (Aveyro) the
study in complex loading field enabled to find power-safe technologies for metal
forming processes.

Wide spectra experimental investigations for studying of metal properties un-
der high and cryogenic temperatures, cyclic loading and complex loading are pro-
vided. These results of studies find its application at calculation of drilling col-
umns, pumps, shells, machines and mechanisms. Here are broadly used different
nomenclature experimental test facilities on complex loading.

At present in USA (Maryland and Stanford universities) and Ukraine
(Strength of material and Applied mechanics institutes) are studied of fundamental
characteristic of anisotropic materials under complex loading. In Japan laboratory
(Nagoya university) and Russia (TSTU, Institute of problems of mechanics, insti-
tute of Hydrodynamics) are conducted experiments on complex unloading, cyclic
loading on different materials by spatial path of complex loading. These experi-
mental works lead to building of the new models in plasticity.

Due to multiformity of the character of external loads and external effects
there do not exist now any reliable determinant correlations, which describe the
whole specter of loading. Neither are stated any relations between stresses and
strains for arbitrary form of loading acceptable for practical calculations. Determi-
nation of new models for partial classes of loading is in constant development.

Degree of study of problem. Due to the complexity and variety of occur-
rence of the mechanisms of plastic deformation, the relations between stresses and
strains for arbitrary type of loading, acceptable for practical calculations were not
yet stated.
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The requirements of engineering practice, connected with the problems of
strength, stability, dynamics, detection of reserves of bearing capacity of structures
and mechanisms, utilize the hypotheses and preconditions of phenomenon charac-
ter, based on observations and experiments, which are evidently limited and based
on macro-properties of continuum. These approaches cannot reliable to solve mod-
ern practice problems.

The classic theories of plasticity being built on simplified hypothesis can not
describe whole spectrum of complex loading processes appearing in continuum
and have accordingly limited area of the reliable description. Hence, the making
the new models for special classes of loading, study of plasticity functionals for
planar and spatial loading processes, experimental studies of materials under dif-
ferent external influence are found in permanent development

The problem of building of physical dependences, which describe actual be-
havior of materials in the processes of plastic flow, materials behavior presents a
complex problem. The complexities are non-linear character and irreversibility, as
well as a great number of phenomena, occurring after the withdrawal of material
from elasticity. Two directions within frame of phenomena approach are realized.
The aim of the first of them is a development of general concepts to describe more
exactly the properties of continuum, the second one presents approximate engi-
neering description of inelastic phenomena to realize them in design.

Basic concepts of Iluyshin’s classical mathematical theory of elastic-plastic
processes and Valanis’s endochronic plasticity open the new horizons for descrip-
tion earlier not taken into account the effects appearing at plastic deformation. By
russian V.A.Likhachev, P.V.Trusov, polish Z.Mroz scientists the physical theories
of plasticity are developed. In Uzbekistan® the important plasticity problems are
solved by V.K.Kabulov, K.Sh.Babamuratov and T.Buriev.

The development of the models of inelastic behavior of material under differ-
ent types of loading presents both scientific and practical interest. The scientific
analysis shows that theoretical and experimental development to mathematical the-
ory of elastic-plastic processes opens the prospect as in description fundamental
characteristic of material at plastic deformation.

Connection of dissertational research with the plans of scientific-
research works is reflected in following projects: fundamental scientific pro-
jects: 1.10.2.3 «Investigation of strength and deformations of plastic continua at
complex stress state and complex loadingy (2000-2002); F.1.2.3 «Investigation and
development complex strain’s analysis approaches at real material properties.
Statement and solution of new plasticity problems on the base of experimental jus-
tified constitutive relations» (2003-2007); FA-08-®085 «Theoretical and experi-
mental investigations, development of constitutive relations for complex processes
for plastic and viscoelastic continua» (2008-2011).

3 Kabulov V.K. Algorithmization in continua mechanics. — Tashkent: FAN, 1979. — 250p.

Babamuratov K.Sh., Ilushin A.A., Kabulov V.K. CL-computer method and its application to plasticity. — Tashkent:
FAN, 1987. —288p.

Buriev T. Algorithmization of calculation of bearing elements of thin wall structures. — Tashkent: FAN, 1986. —
127p.
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Purpose of research is the development of theory of elastic and plastic
processes, development of experimentally substantiated physically reliable
constitutive relations for partial forms of complex loading, elaboration of
numerical approach and algorithm for solution of plasticity problems with account
of complex loading.

To achieve this goal the following tasks of research are solved:

determination of quality and quantity character of material properties under
different types of complex loading;

determination of the limits of applicability of classical theories of plasticity in
description of discussed processes of complex loading;

statement of fundamental non-linear properties of functional of plasticity un-
der different types of complex loading;

building of theoretically and experimentally substantiated determinant rela-
tions for the solution of the problems of plasticity under complex loading;

investigation and explanation of the effect of decrease of work of plastic
forming of material under complex loading;

building of algorithms for application of offered models in realization in nu-
meric calculations.

Object of research are plastic behavior of constructive materials and
properties of isotropic and anisotropic materals at multiparametric complex
loading.

Subject of research are functional of plasticity’s properties at different
types of complex loading, development of mathematical models and
methods for solving of boundary problems of plasticity under complex
loading.

Methods of research. There are experimental methods, hypotheses and
postulates of mechanics of deformable rigid body, methods of functional analysis,
methods of optimization and numerical approaches for solving of plasticity
problems used in investitions.

Scientific novelty of dissertational research consists in the following:

areas of physical reliability of the theories of plasticity are determined in
respect to discussed processes of complex loading;

constitutive relation on the basis of experimental study of isotropic metals is
built;

an equation of state for transversal-isotropic body is derived by experimental
data and theoretical statements;

algorithm for numeric solution of the problems was built and realized for
offered model of determinant relations;

convergence of CL-computer method was experimentally proved under
different options of approximation of determinant relations;

possibility to decrease the work of plastic forming was revealed and proved
under complex loading and the ways to reach it were shown;

method of design was worked out on the basis of offered model with the
method of boundary integral equations with practical application for problem
solution.

58



Practical results of inquiry include:

the constitutive relations for taking into account of reserves of bearing
capability of materials are developed;

perspective development of obtained results consists in the processes of
forming of metals in metallurgy; this allows to safe energy consumption in
technological processes;

numerical approaches is base for mine excavation works, slope stability, drill
pipes and columns, etc. calculation are created.

Reliability of obtained results is substantiated by the fact that experimental
studies were carried out within the frames of worked out by Ilyushin‘s scientific
school CL-computer method; theoretical studies were based on the use of
postulates and hypothesis continuum mechanics and mechanics of elastic plastic
processes.

Theoretical and practical value of results of research. Theoretical
value of results of study consists in the fact that constitutive relations for isotropic
and anisotropic materials obtained in dissertation are the bases for the study of ma-
terial properties, displayed under complex loading only. In work the theory of
elastic plastic processes theory are take developing, studied fundamental
characteristic of plasticity functionals, reflecting qualitative behavior and
quantitative features of material properties which will are used at solution of
applied problems.

Practical value of the work includes numeric method of design of applied
problems with account of complex loading.This achievements will be used in
design of drill and case pipes, in determination of the moment of crack initiation in
rock mass. Optimization methods in the processes of forming of metals (stamping,
dragging, pressing-out, etc.), which will lead to energy saving in production
process, are revealed in the work.

Realization of results of inquiry. Developed in investigation the approach
for of stability of fissure continua are accepted to use in design practice by State
joint-stock railway company «Uzbekistan temir yullari» at laying of the new rail-
ways and determination of escarpment’s stability on Tashguzar-Baysun site, where
effect was increasing to reliability and provision to safe unfailure train traffic (con-
clusion from 20.09.2011r.). Theoretical positions and achieved results for calcula-
tion of structural elements under multi parametric loading and developed numeri-
cal methods within framework of scientific projects GNTP-16 Ne FA-A16-F046
«Development and introducing the methods of calculation of fissured materials
with taking inelastic deformations under complex stress state» and GNTP-4 No A-
4-048 «Development of methods of determination of columns damages’ reasons
and technologies of its prevention at drilling and operating of bore holes» were ap-
plied (conclusion of Committee for coordination science and technology develop-
ment under Cabinet of Ministers of Uzbekistan from 13.11.2008 and 11.11.2011).

Approbation of work. Principal results of dissertation work were reported in
30 scientific seminars, conferences, symposia, congresses, including 15 interna-
tional ones: IMECE ASME (New York—2001; Boston—2008); 14th USNCTAM
(Blacksburg—2002); Euromech-Mecamat (Liege—2002, Torino - 2008); ESMC-5
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(Thessaloniki—2003); Development in plasticity and fracture (Cracow—2004);
ECEES (Geneva—-2006); VIII, IX, X All-Russian congresses on theoretical and ap-
plied mechanics (Perm — 2001; Nijny Novgorod — 2006, 2011); International scien-
tific-technical conference “Strength of materials and elements of structures” (Kiev
—2010). Full contents of dissertation were reported on united council of Institute of
mechanics and seismic stability of structures of Academy of Sciences of Republic
of Uzbekistan and on scientific seminar by 01.02.04 — “Mechanics of deformable
rigid body” speciality under Scientific council 16.07.2013. T/FM.02.02.
Publication of results. Basic results of the dissertation in 53 works are
published, 23 of them in scientific periodicals, incliding 8 in international journals.
Structure and volume of dissertation. Dissertation consists from introduc-
tion, four chapters, conclusion and references with 247 titles. Total volume of the
dissertation contains from 198 pages, including 155 figures and 4 tables.

MAIN CONTENT OF DISSERTATION

In the introduction the urgency and practical value of the work are substan-
tiated. The aims are given and basic problems are determined; solution of these
problems provides with an achievement of these aims. Scientific novelty is formu-
lated as well as principal statements of the dissertation submitted for defense.
Practical importance and reliability of results obtained are substantiated. It also
contains brief information on all chapters of the dissertation.

The development and improvement of constitutive relations in plasticity al-
ready more age are found into view specialist on mechanics. Amongst offered
models wide spreading have got the theories of Prager, Henki-Nadai, Prandtl,
Reuss, Ilyushin. There are Z.Mroz, D.D.Ivlev, S.L.Hristianovitch, A.Yu.Ishlinskiy,
V.V.Sokolovskiy, L.M.Kachanov, E.I.Shemyakin, V.D.Klyushnikov,
Yu.l.Kadashevich, V.V.Novozhilov, I.Ohashi, Yu.N.Shevchenko, A.A.Lebedev,
V.P.Degtyaryov, A.M.Zhukov, V.G.Zubchaninov, B.E.Pobedrya, V.V.Moskvitin
and others have contributed significant contribution to development of the plastic-
ity by theirs theoretical and experimental investigations. The mathematical theory
of processes by Ilyushon was the basis for inquiry in presented dissertation work.
In this direction V.S.Lensky, V.G.Zubchaninov, R.A.Vasin, A.S.Kravchuk,
K.Sh.Babamuratov, V.S.Bondar, I.M.Korovin, V.V.Kosarchuk, V.I.Maliy,
V.M.Zhigalkin, V.V.Garanikov, P.V.Trusov, N.L.Ohlopkov, Yu.G.Korotkih,
V.S.Gudramovich, A.l.Hodzhimetov, and others are conducted the investigations.

In the first chapter to experimental and theoretical study of plastic properties
of construction materials under partial types of complex loading are described.
Equations of mechanical state of some options of constitutive relations are given
here, as well as examples of assessment of physical reliability of partial options of
the theories of plasticity with the use of data of tests in CL-devices of kinematic
and dynamic types. Specific character of metal behavior under complex loading is
the subject of numerous experimental and theoretical works, carried out in ISM,
ITF NAS of Ukraine, IPM MSU, Institute of mining of SB of RAS, TSTU, IMSS
of AS of RUz, Nagoya University and other.
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Statistic isothermal experiments to test pipe samples on test machine of
kinematic type under the effect of axial tensile force and torsion moment were
carried out within the limits of this work.

Section 1.1 1s devoted to the analysis of experimental data and the range of re-
liability of the theories of plasticity for different types of complex loading.

Here a special interest presents the experiments on trajectories of constant
curvature after the break point (Fig.1) discussed in section 1.2. The graphs tracing
the process (Fig.2) distinctly show the fall in stresses after the drop and local
strengthening. An important role here plays the behavior of convergence angle 9.
As seen from experiments an angle 9 depends on the degree of the value of plas-
tic strain and material properties. With greater value in the section of preliminary
loading, stabilization of a value of an angle of convergence happens faster.
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Fig.1. Realized strain path (LS-59, k=3) Fig.2. Strain process (L.S-59, k=3)

In section 1.3 the processes of loading of different materials are studied in the
form of trajectories with break point in angle 6>900 (field of deformation), which
present complex loading (Fig.3,4).
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Fig.3. Realized strain path (LS-59 at Fig.4. Loading process
6=105") (steel-3 at 6=156")

Both for steel-3 and brass LC-59 in experiments under complex loading break
angles in the field of stresses are greater than in the fields of strains. The greater is
the area of hysteresis loop (Fig.5) the larger is the angle of break; it depends on
strengthening of material. For steel-3 this area is greater that for brass LC-59. Prin-
cipal moment in consideration of complex unloading is, besides the study of delay
principle (Fig.6), the finding of actual surface of yielding.
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Experimental data was processed (section 1.4) on three-dimensional trajecto-
ries of deformation, carried out in last decades in laboratory of Tver Technical
University. Physical reliability of the theories under discussed types of complex
loading with the option of constitutive relation in the form (1) was studied.

dazNﬁ—(N—P)Edfa, (1)
o)

here N, P — plasticity functionals, & and 5 are stress and strain vectors.

In 1.5 a convergence of CL-computer method under different types of ap-
proximations of constitutive relations was studied in numeric and CL tests. In the
work within experimental study of convergence of CL-computer method a problem
is solved — the problem of two-parametric loading of thin cylinder shells under
two-link processes of loading with unloading and recurring plastic deformations
with the choice of approximating relation in the form of integrated link between
stresses and strains (2).

do = AdD — BodA, (2)
here A, BP — plasticity functions, A - independent parameter.

In the second chapter functionals of plasticity in plane processes of defor-
mation, to building of constitutive relations on the basis of processing and analysis
of experimental data and the use of these results to solve boundary problems are
inquired. Constitutive relations for transversal-isotropic material are built,
introducing the parameters of consideration of complex loading. Experiments with
weakly anisotropic alloy D-16 were carried out to determine the correctness of the
concept of building of constitutive relations.

In section 2.1 scalar functions entering tensor non-linear approximating
relations are considered; they demand concretization for different processes of
complex loading. Concretization of these functions is carried out on the basis of
fundamental experiments at small strains. Then some universal properties of the
functionals of plasticity are determined, which characterize the process of two-
parametric loading in the form of two-link broken lines without the part of partial
unloading. The relationship

dEIN@—(N—P)ﬁ[_%[_%, (3)

is used, here N=A, P=A —A,/cos@, 6 - is an angle of break of strain
trajectory.
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Experimental-theoretical consideration of behavior of functionals N leads to
its approximation in the form of monotonously decreasing curve (Fig.7). General
character of behavior for functional P is shown in figure 8.
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Fig.7. N value behavior Fig.8. P value behavior

The graph is built 6 ~ & in breakpoint in the form of smooth curve, which is
presented as: ¢ = karcctg(0 —d)—b, where coefficients are found from condi-
tions: =0=oc=do/dr0;0=rn/2==0; 0=nr=0=-2G.

To give physical relations between stresses and strains in (3) it is necessary to
determine the values N, P, 6 and 3 where only two of them are linearly
independent. So, the knowledge of any pair of these functionals is enough to
determine physical relations. For the functional N:

Y Z:ABcosz(ﬁj, 4)
1+ B> A

here AB=2G, B’ —{2(;—6—1}/(/? sin2¢9). For convergence angle ¢ different

‘
approximations are offered, which include upper and lower limits of its variation
and where the dependence on delay trace A (s,) is taken into consideration.

In 2.2 constitutive relations for plane processes without break were consid-
ered; these relations are realized in majority of problems. According to postulate of
isotropy we have:

5="Pg, + B, 5)
dd _  1ldq

here q, =——, q, =——— - are Frenet’s unit vectors, P, = ‘E‘ cos9, P, = —‘6‘ sind,
ds Y ds

and 9 - is variable angle between vectors 6 and dJ3/ds. It was assumed that

stress vector lays in adjoining plane, for convergence angle 9 general form of this

functional in expansion on small parameter was given by V.[.Maliy in the form:
9= ]K(s,x) x(x)dx (6)
The kernel K(x,s) may be chosen from offered earlier approximations. In dif-

ferential form we have: & = Nq, + (c— Ncos3)o + Mq,, here M=oy, sin9,, ¥,
- is a parameter of torsion of a curve (the second curvature).
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At small twist of a curve we may assume (hypothesis of complanarity):

Sdd

d6=Nd3-(N-P)——-G (7),
c
here in general case N ZMG, P ZE : :
sin J ds cos 9

In 2.3 complex loading of shells of rotation is considered under multi-
parametric loading and determination of their stress-strain state with account of ob-
tained experimental data for functionals of plasticity.

Consider the loading of paraboloid (steel-3) wher in each section there occur
the processes of complex loading in the form of two-link broken lines. In calcula-
tions Ilyushin and Prager theories give higher values of displacements (Fig.9,10)
and deviations increase with the progress of loading process.

0.08 | 0.020 1 \\\/
0.07
0.06 0.015:
0.05
0.010 |

0.04

0.03 ]

0.02
0.01 a\/
L

0.005

0 510 15 20 25 30 35 40 45 50 55 U505 20 25 30 35 40 45 50 55
me= - Prager, - llyushin, == - average curvatures theory
Fig.9. Radial displacements Fig.10. Tangent displacements

As a next example a loading of hyperboloid by tensile force and external
pressure is considered. The case is interesting because this shell has negative
Gaussian curvature. In this example the trajectories of loading realized in sections
of shell have break angles less than 15°. According to experimental studies of such
trajectories, carried out earlier, these processes are similar to simple ones and are
well described by Ilyushin’s theory. As seen (Fig.11) the values obtained with dif-
ferent theories are similar. So, an account of complex loading in two-link processes
of complex loading considerably influences on increase of break angle.

In 2.4 experimental data obtained for isotropic materials to constitutive rela-
tions for transversal-isotropic material are expanded. Following B.E.Pobedrya’s
approach, based on the theory of invariants in series of orthogonal isotropic parts,
it is possible to apply the postulate of isotropy to each of these spaces.

Then relationships are derived in the following form:

aw_r [d—P—Fcoscpl M)wu[f’ X~ ) Py, singq,,

dp ‘P‘ dp SinQ, SinQ, ®)

d _ — _ ’
@ _0 ( 40 —Qcosg, u] + qn[Q fo = (pzj O SNG4,

dq ‘Q‘ dg sing, sing,
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here Q, q, P and p are the lengths of corresponding trajectories of loading and
strains in spaces of transversal isotropy. If assume that y,=y,,=0, we will obtain
an equation based on hypothesis of complanarity.
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Fig.11. Displacements in different cross sections of shell
dP Pgq, P
o ;I,“ ?(Ml -Np )+ N,
p [P [P
dQ 0q,, 0O
da = (M, =N, )+ gy N,
qa |2 o

Then if angles ¢, and ¢, are small, we have classical Ilyushin’s theory.
Variation of values of coefficients M;, Ny, M,, N,, will give us different versions
of the theory of plasticity for transversal-isotropic medium. For example at
M,;=N,=2G, M,=N,=2G’ we will get the relationships for anisotropic elastic body,
and at M;=2G, N,=dP/dp=F(3), M,=2G’, N,=dQ/dq=F’(3) relations for Prager’s
theory. A certain selection of coefficients in relation (8) leads to the theory offered
by A.A.Khaldgigitov. So, offered model in partial case coincides with classic
conception of plasticity. This model is offered for reduced standard slightly-
compressed material and is built on the bases of experiments on plane trajectories
and as a consequence is offered for the solution of plane problems with account of
complex active loading. It is also assumed that the twist of a curve may be
neglected. Relations mentioned above give the possibility to study the processes of
complex loading in anisotropic materials and to solve the problems on more
reliable basis with account of complexity loading processes. It should be noted that
for the case of plane stressed state and plane strain we have one two-dimensional
space P1~P, only.

Experimental behavior of alloy D-16 under static loading in CL device of
kinematic type is considered in section 2.5. In tests results (6 experiments) on
tension and torsion there was found a slight anisotropy (to 14%) of alloy D-16.
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Samples Ne 45, 18 were tensioned, samples Ne38, 10, 8, 15 were subjected to
torsion. Scatter of samples under the same type of loading does not exceed 3%.

In tests on trajectories of deformation in the form of two-link broken lines at
preliminary torsion and preliminary tension the following local diagrams were ob-
tained (Fig.12-13 for sample Ne10).

As seen the diagram o, ~ 3, (Fig.12) has the character revealed for isotropic
metals, described in chapter 1, and it may be approximated in the form:
o, = AarctgBs, /sin’ 6, 5 sin®=As, where 0 - is an angle of break of trajectory

of deformation.
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Fig. 12. Loading process in G, ~ O, Fig.13. Loading process in G, ~ O,

As in isotropic case, there does not occur any considerable increase for in in-
tensity of stresses. It should be noted that with anisotropy in given material “von
Mises’ yielding surface” will have a form of ellipsoid. That is the drop in intensity
of stresses in absolute value does not lead to unloading. Delay trace of scalar prop-
erties of material is vividly seen in graphs given below. The first graph (Fig.14)
shows loading at preliminary torsion, the second (Fig. 15) - at preliminary tension.

In study of behavior of an angle of convergence we may state that the drop of
cosd is greater the greater is the progress of plastic strains. Here behavior of an an-
gle of convergence is confined by the limits of above mentioned approximations.
This gives grounds to use assumed earlier approximations for this material.
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In the third chapter fundamental properties of isotropic materials and their
application to the solution of technological problems are considered; these proper-
ties appear under complex loading. In works by V.Yu.Stolbov, N.A.Koryakin and
V.N.Lebedev in studies of metal processing by pressure it was observed that the
work of external forces under different types of complex loading is less than under
simple loading. In the first section the experiments carried out in the Institute of
Mechanics and Seismic Stability of Structures are considered. It was stated that
under complex loading of metal the force of plastic forming decreases in
comparison with simple tension, pure shear or other type of simple loading. These
phenomena lead to violation of Drucker’s associated law of yielding and its
gradient principle under complex loading. In Hodge and Prager generalized view,
increments of full strains has the form:

o
de, = H ,do,, +0.5[ P(J,.J, )5, + O(J,.J,) % Jdr,

here the first summand is an elastic component of increment of strains, the second
one — its plastic component, J, and J; — invariants of deviators of stresses, s; —
components of deviators of stresses, H;;; — matrix of elastic coefficients of
yielding, df — the surface of loading, d¢; and do,, - increments of tensors of

strains and stresses respectively. It may be determined that in motion along the
surface of yielding (neutral loading) increments of plastic components of strains
are absent. An attempts to build the surfaces of yielding in space of strains give
similar results under neutral loading. The experimental data gives the reason to
consider that the effect of complex loading on the value of work at plastic defor-
mation may be considerably less, than in simple loading.

To explain this effect is possible on the basis of Ilyushin’s theory of elastic-
plastic processes and the principle of delay of vector and scalar properties of
material. We will advance the following lemma: minimum of work of external
forces to achieve a given form in plastic deformation of a body is reached only in
realization of the processes of deformation with a break.

This means that to achieve the minimum of work of external forces, multi-
link processes of deformation should be realized.

In the second section a problem of optimal control of loading trajectory is

considered. We will express the work of forming as: j odd = j o cos9ds .
0 0

Superimpose some limitations on geometry of the process of deformation. Assume,
that all links of multi-link (n - links) trajectory are equal to A, trajectory in the form
of zigzag ( S, = £x, ,31-‘ <z /2) and changes of convergence angles in each link are

identical. Determine, at which angle of break, the minimum of functional j’Edg 1S
0

reached. As follows from lemma for minimization of the work of forming it is
necessary to consider the processes with a break. At such choice in general case the
number of links #, lengths of links As” and break angles " are unknown. In real
processes it is required to reach a given point in stress and strain spaces.
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The trajectory of deformation, where all links of the process of deformation
and vector of stresses are complanar. This deformed state meets a wide class of
problems of the theory of plasticity. Not restricting the generality according to
postulate of isotropy, the processes may be considered in plane 3,~3,. In this case
the problem of determination of directing cosines of the vector of stresses could be
solved on the basis of a law of convergence. We will introduce the following

values: o' (I=1,n) — angles of inclination of trajectory of deformation to OD, axis
LY =a —a”" (I=2,n) — angles of break of trajectory of deformation,
Yo, =1 oA ] (I=1,n) — angles of inclination of stress vector in the point of break
to preceding link (section of deformation), 8"’ =y, + B (I=2,n) — angles of

inclination of stress vector in the point of break to subsequent link (section of
deformation). Positive direction of angles is determined when the turn from

preceding link to subsequent one is clockwise. Find the minimum of functional
Sulr

J =min [ocos9ds, at limitations S, <s< S

ult >
Sin

of convergence as: 9= Carcctg(r/ A AS), where C=2-0/n, r=-b 1 ln(9+1),
general solution of the problem for function B at equal As lengths of links of

9< i%. When selecting the angle

trajectories is: B/ = i%(%— arcctg(%AsD. When introducing additional limi-
. . . . V! 2 -1\ -1 \2 .
tations into basic problem in the form (31) + (32) > (32 ) + (31 ) the solution
is: B =(-1)" g(g — arcctg(%AsD. According to postulate of isotropy the im-

age of the process of loading does not depend on the procedure of rotation and re-
flection. In that case any deformed state in five-dimensional vector space of
deformation may be reached in the form of plane multi-link trajectory. Hence, we
will make the following statement: At force effect on isotropic material there al-
ways could be found an active process of complex loading, when the work of ex-
ternal forces is less than in simple loading, reaching the same deformed state.

In the third section a number of technological problems, which may lead to
reduction of work on forming, is considered. Works of N.N.Stolyarov, L.Sadok &
S.Urbansky, A.S.Pshenishnyuk are known in this direction. The process of drag-
ging of brass pipe through cylinder matrix (outer generating line of conical matrix
is expressed as y=C —ax, C=113.75, a=5.67, an angle at the vertex of matrix is

10°) at external axial force Py=26948Pa. Coefficient of friction is taken as f=0.3.

pipe pressure on the walls of a matrix depends on friction forces with parameter
F

frl(r, +rn)’ e
connection between vectors of stresses and strains is taken in the form:
— _1 el _ _ _ _
G = Ath(B2), 9—/Barth(/4), Ad=c,, B=2G/c, o, =%5,
o, =117MPa, E =113796MPa, p=0.348

k=0.15. External load in this case is: ¢q, = =—q,k . Diagram of
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Consider the value of j6d§ , as this very part of the work gives us a possibil-

ity to reduce expenditure on the process of forming. In calculation of the work, de-
formations of equidistant layer were taken as equal to deformations of median sur-
face. This admitted in the first approximation for the analysis of quality nature. As
seen (Fig.16) the work under complex loading is less than under simple one.

In the forth chapter a method of integral equations is considered for the so-
lution of problems of plasticity on the basis of Ilyushin’s approximating relation
and account of complex loading. Consider direct method of boundary elements,
which is based on relations called Somigliana’s identity, which expresses dis-
placements in any point of studied body through boundary integrals.

For the problems of the theory of plasticity Somigliana’s identity is derived
on the basis of equations of DMBE, written in increments with the use of the
method of weighted misalignments:

L] .e .pl L] L]

O'ij,j+bj20 pl.—5ijnj=O Eij =&t &j :E(l/li,j-l‘uj,i),

here £§l -are considered as initial deformations
. N 24 o * .
oj=05—0j ,10¢ 05 =Cy, En
So, in derivation of boundary integral equation the hypothesis is used that full
deformation consists of the sum of elastic and plastic deformation and the
statement that unloading occurs on elastic law. Hence Somigliana’s identity in the

form of initial strains is written in the form:
o P!

u;=[u; p,dU— [ piu,dU+ [u b, dQ+ [0 & dQ )
T T Q Q

As an equation (9) is built with the method of weighted misalignments,
discussed surface, generally speaking, may have webbings and angles (Kellog’s

regular and not necessarily smooth). Weight values of u;(£,x), p;(,x) from the
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beginning may be chosen by any functions satisfying Hoélder’s condition and
having certain smoothness. In our case Kelvin’s fundamental solutions are used
Boundary integral equation has the form:

N

¢, (Eu (&) + [ pyu(E)dT=[u; p dT + [u; b, dQ+ [ &5, 0 4 dO (10)
r r Q Q

In 4.1 a problem of existence and uniqueness of solution of boundary integral
equation is considered. Existence and uniqueness of Fredholm’s equation with cer-
tain limitations for functions, is shown by the method of compressing images.

Determine x = x(x,,x,,...,x, ) as coordinates of the area of determination in n-

dimensional space, in essence, this is ordered group from n real number with met-

n
ric p(x,y)= \/ Z(yk — X )2 forming n-dimensional arithmetic Euclidian space.
k=1

The multitude of all points x =x(x,,x,,...,x, ) is designated by Q}.

Determine the function u, =u,(x,...,x,) i=Lm determined on multitude
{Q}, which acquire the values on multitude {N}. if to consider u, as coordinates,
then u=u(u,,u,,...,u, ) are multitude of continuous vector functions {u} which
forms linear space with metric p(f,g) = ?}Ff‘ g - fi‘ forming the space of vector

xeQ)
functions C[N[Q]] or briefly C[Q].

Lemma. If succession of vector functions u=u(u,,u,,...,u, ) in 5[9] 1s
fundamental, this is similar to uniform convergence of succession of vector
functions {u*} in the sense of metric in C[Q]. Consequence - Multitude C[Q] is a

full one.
We will express boundary integral equation in vector form. Determine scalar
product as: U-v =u,v,, then in general case we may write:

Ay + [fydl™ + [gL(y)dl = C,
r r
where C, =—cU+ [u'pdl’ — [p'Udl’ + [ubdQ+ [c'e”dQ
I I, Q Q-
As any compressing image in full metric space has only one immovable point,
we will reflect the multitude C[Q] in itself and will find the conditions under
which the solution of integral equation has a solution. The solution will exist and

be unique if: X'1[jfdf

+|E|[gdr } <1, under condition that operator L satisfies
r

Lipschitz’s condition on argument y: p(Ly,,Ly, )< ‘E‘p( y.,Y,).
Statement: Solution of integral equation (10) will be unique and continuous

when condition {

j far

+|E[f gdf} <A is fulfilled.
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As seen an integral .[uydl“ exists if under-integral function is chosen in the
r

form of Kelvin’s fundamental solution. Integral J. p;dl, exists in the sense of
B

Cauchy’s principal value as p; = %zx) The value ‘E‘ could not exceed 0.001,
r

as small strains are considered; they satisfy Cauchy’s relations. Integral '[ng also

exists in the sense of Cauchy’s principal value. For smooth surface diagonal
components of matrix A" have the value 2 and for angle points and webbings are
limited too.

So, fulfillment of conditions of existence of solution of integral boundary
equation (10) is evident for discussed regular smooth boundaries. It should be
noted that derived condition is enough for existence and uniqueness of solution,
but not a necessary one.

In 4.2 a statement of the problem of plasticity on the basis of approximating
relation of the hypothesis of complanarity is given.

Correlations between stresses o and strains € are taken in the form:

it = Las, NP 0,45, o (11)
N 7 N-P o, \/2/
where N, P — are functionals of the process, which, acquiring different values,
constitutive relation (11) as partial theories of plasticity.

To demonstrate the processes of loading, appearing in the body of material,
the loading of a sample with cutting is considered. Upper boundary is free, lower
one is supported in hinges, tensile forces P=1.27MN/m are applied on side parts.
Material are as follows E=206GPa, 6.=117.7Mpa, v=0.3, E,=0.3E, that is material
has linear strengthening. Below (Fig.17) isolines of stresses are given. As may be
observed stress concentration is high in the places of cutting angles.
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Fig.17. Stress intensities’ isolines

Differences solutions by different theories appear in problems where complex
loading is manifested explicitly, that is at multi-parameter loading or with concen-
trators of stresses in the bodies. The following example demonstrates it. Let’s con-
sider a plate near cutting zone (Fig.18) and built trajectories of deformation (Fig.19).
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Fig.18. Plane with cutting Fig.19. Strain path near crest of cutting

Material has linear strengthening. Characteristics of material are taken as fol-
lows: E=206GPa, 6,=480.7Mpa, E.=(C E+c,)/(Ec;), C =0.2333, v=0.3. In this case
plastic constituent of strain will have the form: ¢, =C- (0/ o, —1). Applied force is

P=196.2N.

Section 4.3 is devoted to the displacements discontinuity method in problems
of plasticity under complex loading. An application of the method of boundary in-
tegral equations for problems of fracture mechanics in works V.Z.Parton and
E.M.Morozov are described and it is considered that this approach is the most con-
venient for the solution of so kind of problems. One of approaches in considering
the problems with one or several slot-like cuttings and slits is the use of the BEM
in the form of displacements discontinuity. Similar problems arouse heightened in-
terest in geomechanics and in connection with new constitutive relations for differ-
ent types of new materials. The problem is considered on a tension of a sample
with one boundary crack under the effect of uniformly distributed load Calcula-
tions were carried out in accordance with Prandtl-Reis, Prager theories and Ilyu-
shin’s theory. As seen form calculations, trajectories of deformation turn out to be
complex (average curvature) and so corresponding solutions obtained from theo-
ries, require to conduct an assessment of physical reliability of solutions.
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Fig.20. Strain trajectories
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As trajectories of average curvature are better described by Prager’s theory,
we will use calculations by this theory (that is, carry out numeric experiment) to
compare them with results of calculations by Prandtl and Ilyushin theories. Figure
20 shows trajectories of deformations in different planes and as seen calculations
by Prager theory are similar to ones by Prandtl-Reis (deviation no more than 5%).

In many practical problems geometry of three-dimensional bodies and the
system of external loads is such that it is possible to consider them as axial-
symmetric problems. In 4.4 this approach is worked out and approved.

Solution of a loading of finite cylinder shell is considered; this shell is rigidly
fixed in left angle and loaded by tensile force on the right end. Other external
forces also participate in the process: circular internal compressing force, internal

pressure and distributed load in a section adjoining the fixing (Fig.21)
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Fig.21. Cylindrical body under complex Fig.22. Consequences of applied forces
loading
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Succession of force application is shown in graph (Fig.22). Obtained solution
was compared with solution of this problem by theory of shells with CL-computer
method. Below (Fig.23) the change in intensity of stresses is shown along outer
generating line of cylinder body. Sharp changes in stresses may be observed in
points of localization of circular pressure.
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Fig.23. Stress intensity along generatrix of dashed line — solution by CL-computer
cylinder body approach, solid line — solution by suggested
approximation

Fig.24. Displacements of shell at loading
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Graph (Fig.24), shows the diagrams of changes of displacements along the
length of a body in dimensionless quantities (W= w/ (ags )). Discrepancy with CL-

computer method is 7%. Quality pattern obtained on both graphs is conserved and
accuracy is acceptable for boundary problems of the theory of plasticity.

As seen from solutions of above given problems, for more complete account
of stress distribution in the body it is necessary to consider complex loading. A
version is possible to assess physical reliability of solutions and an account of
errors in reserve coefficient. For more complete account of properties of materials
CL-computer method may be used in solutions of the problems. This will help to
solve the problems with the use of experiments on complex loading with maximal
accuracy reached in experiments.

Conclusion

1. On the basis of theoretical-experimental studies the areas of physical reliabil-
ity of “classical” theories of plasticity were determined for discussed proc-
esses of complex loading, which characterize the character of strain of con-
struction material appearing in applied problems.

2. By theoretical and experimental approaches, convergence of the CL-computer
method under different types of approximating correlations is proved. The qu-
asilinear variant approximating correlations have an alike velocity to conver-
gence with differential correlation for bi-linear loading processes. For loading
processes with constant curvature after preliminary simple tension or torque
the quasilinear variant of approximations have an alike velocity to conver-
gence for material with strength factor v<0.8, but for material with v>0.8 only
under small value of preliminary loading.

3. Fundamental properties of functional of plasticity were experimentally deter-
mined on the basis of experiments with different constructional isotropic ma-
terials. Approximations for angle of alteration and functionals P and N, also
modified approximation for functional ¢ are offered.

4. Constitutive relations, which consider complex loading of isotropic material
are built. These models are reliable for plane problems of plasticity.

5. The model was built for the description of behavior of transversal-isotropic
body under complex loading; it was experimentally proved that obtained
model describes the processes of complex loading.

6. An effect of decreasing of work of forming of material under complex loading
was revealed, conditions, under which the work of complex loading will be
less than the work under simple loading, are derived.

7. The existence of solution of integral equation and its uniqueness at a selection
of new options of constitutive relations was proved.

8. Algorithms of solution of the plane and axisymmetric problems of plasticity
by direct method of boundary elements on the basis of complanarity hypothe-
sis were offered.

9. The displacements discontinuity method was realized with the use of hypothe-
sis of complanarity as an approximating relation in plasticity.
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