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pesynbTaTbl pacyeToB, nonycdepuyeckas obonoyvka B NpoLiecce HarpyXeHus npetep-
nesBaeT 3HauYWTeNbHbIE NOKanbHble POPMOM3MEHEHNS B 06NacTU KOHTaKTa C WHAEHTO-
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ARTICLE INFO ABSTRACT
Received: 20 May 2016 The three-dimensional problem of elastic-plastic deformation and buckling of the
Accepted: 10 June 2016 hemispherical shells under contact with the rigid bodies is considered. Current
Published: 30 June 2016 Lagrangian formulation is applied to describethe shell deformation. The equation of mo-
tion is derived from thebalance of possible work powers. The ratios of the flow theory with
Keywords: isotropic hardening are used as the equations of state. Contact interaction of a rigid body
shell, plastic deformation, and shell is modeled based on non-penetration conditions. We use a 8-node
buckling, critical load isoparametric finite element with multilinear form functions for a digitization of the consti-

tutive system of equations. The solution of the problem under given boundary and initial
conditions is based on the moment scheme of finite element method and an explicit cross
type finite-difference scheme of time integration. Calculations of elastic-plastic defor-
mation and buckling of hemispherical steel shell, located on the stationary plate at quasi-
static indentation by nondeformable indenter, are done. Indenter has a form of a cylindri-
cal shell with longitudinal notches in the contact area. Number of notches is varied in the
calculations. A numerical study of the influence of the indenter form on the level of plastic
deformation and the value of the critical load is carried out. As shown by the results of
calculations, significant local deformations of hemispherical shell in the contact area with
the indenter in the process of loading are formed. It is characterized by large displace-
ments and rotation angles of finite element as a rigid body. The reliability of the results of
numerical solution of the problem is confirmed by a good agreement with the experi-
mental data of other authors. It is shown that the application of moment scheme of finite
element method to determine the rate of strain and stress in the local basis is justified at
low shear deformations and large angles of rotation torque by using explicit cross type
finite-difference scheme of time integration with small time steps.

© PNRPU

BBepeHue

JInst ynpyromiacTiueckux chepruaeckux 000JI0ueK MpU CKATHH, TIOTEpe yCTONYMBOCTH U TIO-
CIICIYIOIIEM 3aKPUTUIECKOM Ae(hOopMHUpPOBaHNHU XapaKTepHa OyM3Kasi K OMIMHEHHOW 3aBUCUMOCTh
CHJIBI COTIPOTHBIIEHHsI OT nporuda. braromaps 3ToMy OHM XOpOIIO MOIJIOUIAIOT (aJICOPOUPYIOT)
DHEPrUI0 BHEIIHEr0 JUHAMUYECKOIO BO3JEWUCTBHS U IPEICTABIISIOT 3HAUMTEIBbHBIM MHTEPEC KaK
neMI(UpPYyIOMUI AJIEMEHT NPU NPOEKTUPOBAHUU COBPEMEHHBIX IPOTUBOYIAPHBIX KOHCTPYKIHH.

Pe3ynbTartel TEOPETMYECKUX M HSKCIEPUMEHTAIBHBIX MCCIEIOBAaHUH YIIPYroIUIaCTUYECKOrO
BBIYYMBaHUS c(eprudeckux 000J0YeK NPH Pa3IMYHbIX YCIOBUSX HArpyXKEHHs MpeICTaBICHbI
B [1-14]. PaccmoTpeHsl 3ama4yM ynpyrorulaCTUYECKOro BBITyYMBAaHHMS CETMEHTOB C(epuuecKux
obosouek [1-3] u 3aMKHYTBIX chepuueckux 0dosiouek [4] npu Harpy>KeHUM paBHOMEPHBIM BHEILI-
HUM JaBieHreM. OTMEUYEHO, Y4TO y4eT IUIACTUUYECKUX Je(opManuii NPUBOIUT K CYLIECTBEHHOMY
CHIKEHMIO KpUTHUYECKOM Harpys3ku. B [5, 6] npeacraBieH 0630p METOIOB U Pe3yIbTaTOB TEOPETH-
YECKHUX U IKCIEPHUMEHTAJIBHBIX MCCIEIOBAHUN YCTOMYMBOCTH TOHKOCTEHHBIX KOHCTpYKIMi. [Ipo-
U3BOJIUTCS AHAJIN3 BBITYYMBAHUSI CETMEHTOB MOJIOTUX CepryecKux 000J0YEK NpU KBa3UCTaTU4e-
CKOM C)KaTHH JIOKaJIbHBIMU Harpy3KaMmH, IIPUIOKEHHBIMU 110 IEPUMETPY cerMeHTa. M3ydeHs! pas-
HOOOpa3Hble AacleKThl BIUSHUSA JIOKAIBHBIX KOHCTPYKTHUBHBIX JE(EKTOB Ha YCTOHYMBOCTH
obonouek. [Toka3ano, 4yTo yron obOxBara JO)KEMEHTa CYILIECTBEHHO BIHSET Ha (hopMy BOIHOOOpa-
30BaHus. B [7] nmpoBeneH 3KcriepUMEHTaNbHbIA U YUCIEHHBIN aHAJIN3 0CECUMMETPUYHOTO YIpPYyTo-
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TJTACTUYECKOTO BBITyYHMBaHUs Todychepuueckux obosouek (26 < R/h < 45) npu cKaTuu MEXIy
IByMs TuMTaMu. B [8] mpuBomsTCS pe3ynbTaThl SKCIEPUMEHTABHBIX U TEOPETUUECKUX HCCIIE0-
BaHMIA TIPE/ICTBHBIX COCTOSIHUM CTAIBHBIX MONYC(HEpUIeCKUX 000IOUEK ¢ PA3THYHBIMU T€OMETpPH-
YECKHMU TTapaMeTpaMu TPY JIOKATFHOM KOHTAKTHOM HArpyXeHUHW Hele(OpPMUPYEMBIMH HHICHTO-
pamu paznuuHor hopMmel. B [9, 10] mpeacraBieHb! pe3ynbTaThl KOHEUHO-3JIEMEHTHOTO aHAJIM3a He-
JMHEHHOTO Je(OPMHUPOBAHUS ATIOMUHHMEBBIX W CTaJbHBIX MOMyCHEpUUECKUX OOONOYEeK MpU
OCEBOM YyJIapHOM U KBa3UCTAaTUUECKOM HarpyxeHusx. MccinenoBaHo BIUSHHE T€OMETPUUYECKUX TMa-
pPaMeTpOB M YIPYTOIUIACTUICCKUX XaPAKTEPUCTHUK KOHCTPYKIIMOHHBIX MaTepUATIOB Ha J1e(hOpMHpO-
BaHue oOonouek. B [11] B ocecuMMeTprdHO MTOCTAHOBKE pacCMOTpEHA 3ajlada yIpyroriacTuye-
CKOTO BBIITYYMBaHUs CBUHIIOBOH chepruueckoil 000I0UKH B aTFOMHHUEBOM cKadaHIpe Mo JeicT-
BUEM UMIMyJbca Tmeperpy3ku. B [12] wuznaraercss mporeaypa KaTMOPOBKH TEOPETHUECKUX
PE3yIbTaTOB (KPUTHUECKUX HArpy30K) HA OCHOBAHUU SKCIIEPUMEHTAIBHBIX TAHHBIX.

C pa3BuTHEeM MaTeMaTHYECKUX MOJEJeH, BEIUNCIUTEIbHOW TEXHUKH, YUCIEHHBIX METO/I0B
U MIPOTPaMMHBIX CHCTEM TMOSIBUJIMCH HOBbIE BO3MOKHOCTH PEIICHHS 3a7a4 YCTOWYMBOCTH YIIPY-
rOMJIACTUYECKUX KOHCTPYKIUH B I€OMETPUYECKH HEIMHEHMHOW MOCTAaHOBKE KAaK HEUICATbHBIX
CHUCTEM C HAYaJbHBIMH HECOBEPIICHCTBAMHU (OPMBI TPU CIOKHBIX HArpyxeHusx. [Ipu sTtom
BMECTO KPUTHUYECKHX OM(]YpPKAMOHHBIX HArpy30K OMpPENENsIOTCS MpeAebHbIe Harpy3KU U CO-
OTBeTCTBYIOIIUE (POPMOM3MEHEHUSI KOHCTPYKUUU. J[J1s1 YiCIeHHOTO peleH s TOJOOHBIX KBa3u-
CTaTHYECKHX 3a/1ad B TEOPHH YIIPYTOCTH XOPOIIO pa3paboTaH METOHA MPOAOKEHUS MO 0000-
MICHHOMY TIapameTpy Harpysxenus [13]. st ynpyromiacTHUecKux 3a1aq 3ToT Metoa Hedddek-
TUBEH W MAaJIONPUrOJIeH, OCOOCHHO MpU PELICHUH KOHTAKTHBIX 3a/lad, BBUAY 3aBHCHUMOCTH
pelIeHrs OT UCTOPUU HArpyXeHHs, KOTOpoe (PaKTUUECKH HE MPEAOCTaBIsIeT cBOOOBI BHIOOpA
ONTUMATBFHOTO TTapaMeTpa HArpyKEHUs C LEbI0 PETYISIPU3AlNU 331a4d B TIPECIIbHBIX TOYKAX
MHTETPaJIbHON 3aBUCUMOCTHU Harpyska-nepeMenienye. B cBsizu ¢ 3TuM a8 uccieaoBaHus npo-
11eCCOB Ae(POPMUPOBAHUS U OLEHKHU MPEAETbHBIX COCTOSHUN YIPYTrOIUIACTUYECKUX Tell P He-
OJTHOPOJHBIX HAIPSKEHHO-Ie()OPMHUPOBAHHBIX COCTOSIHHSIX, CIOXHBIX HATPYKEHHUSIX U HeMa-
TBIX (OPMOM3MEHEHHSIX TOJTYYWIa MPUMEHEHUE JTUHAMUYecKash (GopMyIUpOBKa 3a/a4u C WC-
MOJIb30BAHMEM B KAadeCTBE Tapamerpa HarpyKeHus Moau(uIupoBaHHOTO BpemeHu [1-3].
B kBasucTaTHueckux 3ajayax posib peryjsipu3aTopa YHCIEHHOTO PELIEHUS BHIIOJIHSIOT MHEp-
[IMOHHBIE YWICHBI, BKJIaJ] KOTOPBIX PEryJIHpPyeTCs] BLIOOPOM COOTBETCTBYIOIIEH CKOPOCTH HAarpy-
JKEHUS U €€ PEeBEpCOM MpHU pa3rpykeHusix. OTMETUM, UTO JUHAMUYECKAsl MOCTAHOBKA 3aJa4yu
B COUCTAHUM C SBHOW CXEMOW WHTETPHPOBAHUS TI0 BPEMEHH IO3BOJSET BechMa 3()PEKTUBHO
MOJIETTMPOBATh 3aKPUTHUECKOE IOBEJCHHE M KOHTAKTHOE B3aUMOJICHCTBUE YIpyroliacThye-
CKHUX 3JIEMEHTOB KOHCTPYKIMM NP KBA3UCTAaTUYECKOM Harpykenuu [1-3, 14].

Hwxe nmpuBonsTCs pe3ynbTaThl YUCIEHHOTO HCCIEAOBAHUS KBA3HUCTATHUECKOTO BBITYy4YHBa-
HUS yIPYTOIIACTUIECKUX TOTyCc(hepruuecKnX 000I04eK NPU BIABIMBAHUHN KECTKHX WHACHTOPOB
B JTMHAMHYECKOW TocTaHOBKE [2, 14]. Pemenue 3amaum 0OCHOBAaHO HA MOMEHTHOM CXeME METoAa
KOHEUYHBIX JIEMEHTOB M SIBHOM KOHEYHO-PA3HOCTHOW CXEM€ WHTETPUPOBAHUS IO BPEMEHU THUIA
«xpect» [1, 2]. Pe3ynpTaThl pacueToB COMOCTABISIIOTCS C SKCIIEPUMEHTALHBIMU TaHHBIMU.

1. Onpepgensowas cuctema ypaBHEHMN U MeTOA, peLleHuUsA

JehopmupoBaHre 000I0UKH OMUCHIBACTCS B IEpEMEHHBIX Jlarpamka ¢ TO3UIMHA MEXaHUKH
crtomHbIX cpex [15-19]. Hapsany ¢ obummMm 6asucom X =[X, X, X,] BBeneM MecTHYIO (COIyT-

CTBYIOIIYIO) CHCTEMY KOOPJIMHAT X =[X,X,X;] C HAIPaBJIAIOINMU KOCHHYCaMU n:
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x,=n; X,,i,j=13 (1)

(HO TNOBTOPAOMIUMCS MHIACKCAM BCACTCA Cy'MMI/IpOBaHI/Ie). BHGCL X; — KOOpAHHATa, OTCYHTHI-
BacMasa OT CpC,HHHHOﬁ TIOBCPXHOCTHU 000JIOYKH U HOpMaJIbHasA K Heﬁ, X;» X, — OPTOTrOHAJIbHBI

K X;. Z[e(l)OpMaHI/II/I IIOIIEPCYHOI0 CABUTA MpCAIojgaracM MaJlbIMU, YTO IMO3BOJACT CYHUTATh MC-

CTHBIH 0a3uC OPTOTOHAIBHBIM B T€UEHHE BCETo Mpoliecca aedopmupoBanns. KOMIOHEHTHI TeH-
30pa CKOpOCTel JeopMarnii B MECTHOM 0asuce &, BBIPAXKAIOTCS YepPe3 KOMIIOHEHTBI ¢€; CKO-

pocTu nedopmanuii B o01iem 6asuce:
€ =My, uCus (2)

KOTOPBIC OMPCACIIAOTCA B MECTPHUKE TCKYIICTO COCTOSAHUAA,
t
¢ =(U,,+U, )12, (,j=13) X,=x|_+[Udr 3)
0

B (2) U, — nepemerienus B o6uieil AekapToBoil cucreMe KOOpAMHAT X; MHAEKC MOCIE 3asToi

03Ha4yaeT 4acTHYIO IIPOU3BOJHYIO II0 COOTBETCTBYIOLIEH IPOCTPAHCTBEHHOM IIEPEMEHHOM, TOY-
Ka HaJl CHMBOJIOM — YaCTHYIO MMPOU3BOIHYIO IO BPEMEHH /.
VYpaBHeHUE TBUKEHUS BHIBOJUTCS M3 OajaHca BUPTYaJIbHBIX MolHOCTeH [15,16,19]:

[o,0¢,av + [pUdUdV = | P3Udy+ [ P1SUdy (i,j=1,3), (4)
Q Q r r

P q
rje U, — KOMIOHEHTBI BEKTOPa CKOPOCTH TIepeMelIieH s B 00IIIeH IeKapTOBOH cHCTeMe KOOpIMHAT
X; ©; — KOMIIOHEHTbI TEH30POB HaNpsDKeHHUI Kowm; p — moTHOCTh; P! — KOHTAKTHOE JaBJICHHE;
P, — pacnipeniernieras Harpyska; (2 — uccnenyemas obnacte; I' — MOBEpXHOCTb KOHTakTa; ') —
30Ha JCHCTBHsI BHCIHETO JABICHUS; OF; dU, — Bapuanuu € U. (Ha MOBEPXHOCTH C 3a/IaHHBIMH

KMHEMATUYCCKUMH T'PAHUYHBIMU YCIIOBUSIMU oU S 0), TOYKa HaJl CMMBOJIOM O3HA4Y4CT YaCTHYIO

MIPOU3BOJIHYIO 110 BPEMEHH [ ; TIO TOBTOPSIOLIMMCS MHAECKCAM BEAETCS CYMMUPOBAHHE.
VYnpyromiactuyeckoe 1epOopMUPOBAHHUE MaTepHalla OINUCHIBAETCS COOTHOLIEHUSIMU TEO-
puu Teuenus [1, 20, 21].

[ 14
. =0c,+06 9, . . )
i i, 6" =-3Ke", & =¢,/3,

re ¢ N " p P o . re
& =¢,-¢€90,-¢, ¢ =0,6,=2G¢/, %)

) . ’ ) 2L —
£ =1of 100y, f =00, ~70,=0;,06,=6,(1), x=\gj E0E dr.
0

! 4

3neck o), &, ©, &€ — JICBUATOPHBIE U IIAPOBbIE KOMIIOHEHTbI TEH30POB HAIPSIKEHHUS
M CKOpOCTeii ieopMaluii; £ — CKOPOCTH IUIacTUYecKuXx Aedopmanmii; G, K — MOAyIH c/iBUra
1 00beMHOro CKatust; §; — cuMBOJIbI KpoHekepa; [ — MOBEpXHOCTb TeKydyecTn Museca; o, —

JUHAMUYECKUN Tpesied TeKYyUeCTH; A — IMapaMeTp, TOXKIECTBEHHO PAaBHBIM HYJIIO MPHU YIIPYroM
neOpMUPOBAHUN U OIpPEAESEMbI MPU YIPYroIIacCTUYECKOM AePOPMUPOBAHUU U3 YCIOBHS
MIPOX0K/I€HUSI MTHOBEHHOW MTOBEPXHOCTU TEKYUYECTH UY€pe3 KOHEI] BEKTOPa 10TPy3KH.
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Ha xoHTakTHOW mMoBepXHOCTU (HOPMYIHPYIOTCS YCIOBHSI HENPOHUKAHHS MO HOpPMAaiH
1 CBOOOIHOTO CKOJIbKEHUS BAOJb KacaTelbHOM K MOBEPXHOCTH KOHTAKTA!

-1

-2 1 2 1 2 ;o
u,=u,,q49,=-49,, qi:qi:O’l_Tl’rz’ (6)
rac n, Tl’ TZ — CAUHHUYHBIC BeKTOpBI JJOKAJIBHOTO, OpTOFOHaJ'ILHOFO 6331/103, n— BeKTOp HOpMaJ'H/I

K MOBEPXHOCTHU KOHTAKTa, T;, T, OPTOTrOHAJIBHEI 71 HIDKHUN HHJICKC I O3HA4aeT IMPOCKIHIO BCK-

TOpa Ha OCH HOI[BH)KHOﬁ CHUCTCMbI KOOpAWHAT, BEpPXHUMU UHACKCAMU lu?2 0603Ha‘~I€HBI HOMC-
pa COOTBETCTBYIOUIMX MOJ00JacTel, MOBEPXHOCTH KOTOPBIX HaXoAdTcs B KoHTakTe. Ompene-
nsronias cucreMa ypaBHeHui (1)—(4) mononHseTcsl KHHEMATUYECKUMU TPAaHUYHBIMU U Havallb-
HBIMU YCJIOBUAMMU.

,Z[J'ISI JUCKPETU3alun OHpCI[GJ'ISIIOHICfI CHUCTEMBI ypaBHeHI/Iﬁ IMPUMCHATIOTCA MOMCHTHAA CXC-
Ma METOJa KOHEUHBIX 3JIEMEHTOB U SBHAA KOHEYHO-PA3HOCTHAs CXeMa Thmna «kpect» [19, 22—
25]. Obonouka 3aMeHsIETCs JTarpaHKeBOM CETKOM, COCTOSAMICH 13 8-y370BBIX KOHEUHBIX dJIEMEH-

toB (KD). B y371aX CETKH ONpeearoTCs YCKOPEHHS {U } , CKOPOCTH {U } u nepemenierus {U}

B 00meii cructeme KoopamHaT {X | ={X X,X 3}T . IIpexnonaraercs, 4ro gedopMaluy nonepey-

HOIr'o CABHUIra B KOHCYHBIX 3JICMCHTAaX Majlbl, 4 CMCIICHUA W YIJIBI IIOBOPOTA K3 kak xecTkoro
MOTYT ObITL OonpmMMU. B Ka)XJIOM KOHEUYHOM DJIEMEHTE BBOJHUTCS JOKAJILHBLIN 6asuc

T 9
{x} ={xx,x,}" (1), oTCre)KMBaIONUIHIT €rO BPAIICHHE KK JKECTKOTO IHEIO0r0 IOMIArOBBIM Iepe-
CYETOM HAIPaBJISIONIUX KOCUHYCOB ocel [1, 25, 26]. KoHeuHBbIi 3IeMEHT ¢ MOMOIIBIO MOJTUITH-

HEWHOro M30IapaMeTpUIecKoro npeodpazobanus oroOpaxaercs Ha Kyo —1<&, <1 (i=1, 3):

X

Dt N (8,8285). N, = (148, /EDA+E, /ED(+E, 1ED)/8. ()

rae x',&% — koopauHATHI y3110B B 6asucax x, &; Ny — GpyHkuun Gpopmbl. KOMIOHEHTBI CKOPOCTH

nedopmanuit ¢, B KD annpoxcumupyrorcest JIMHSHHBIMA byHKIUAMU

. . 0 . ] .2 .3

gy =€, +&,5 +;C, + &8, (8)
rae 82 — 3Ha4YEHHUs] KOMIIOHEHT CKOpocTH aedopmanumii B nentpe KO (6e3MOMEeHTHBIE cOCTaB-
JSIOUINE), a sl’; = 0¢; / 0, = const — MX IPajeHT (MOMEHTHBIC COCTaBIIstoLIHe). YTOOBI HE 3a-

BBIIIATh CABUTOBYIO KECTKOCTh 3JIEMEHTA, B (6) YUMTHIBAIOTCS TOJIBKO KOMIIOHEHTHI sl';, COOT-

BETCTBYIOLIME U3rMOAIOIIUM U KPYTSAILIIM MOMEHTaM B TeOpHH o0oouek [24].

C npumenenneM (opMyI YHCICHHOTO MHTerpupoBanus [17, 18] HanpspkeHus, onpenenceH-
HbIE B JIOKQJIBHOM 0a3uce, 3aMEHSIOTCSI CTAaTUYECKH SKBUBAJCHTHBIMU Y3JIOBBIMU CHJIAMH, KOTO-
pble IIPOELHUPYIOTCS B OOLIYIO cMcTeMy KoopauHart. Ilocie 3aMeHbl MHTErpupoBaHus 1o 00JacTi
() cyMMHpOBaHHEM I10 JIEMEHTaM MOJIYYUM JUCKPETHbIH aHaJIOT YpaBHEHUH IBUKEHUS

(MU} ={F}, )

rae [M ] — JMaroHajabHas MaTpuLia Macc; {U } , {F } — BEKTOpPBI, COCTABIICHHBIE U3 YCKOPCHUMN

y310B KD-ceTku U pe3ynbTUPYIOIMIUX Y3JIOBBIX CHJI B 00mmIeill cucreme koopauHat. Cucrema
OOBIKHOBEHHBIX (D (HepeHINANBHBIX ypaBHEHHN (9) HMHTETpHpPYETCs IO SBHOW KOHEYHO-
Pa3HOCTHOM CXEM€ TUIIA «KPECT».
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YucaeHHas cxeMa JJIs1 OIIPCACIICHUA KOHTAKTHOT'O AaBJICHUA U CTATHYCCKU S3KBUBAJICHTHBIX

€My y3JI0BBIX CHJI puBeaeHa B [23].

Koneuno-anementHas meroauka [19, 22, 23] peanu3oBaHa B paMKaxX BBIYUCIMTEIBHOU
cuctemsl (BC) «/luHamuka-3», aTTecTOBaHHOM B HAyYHO-TEXHMYECKOM LIEHTPE MO SACPHOU
Y paMallMOHHON 0e30TMacHOCTH (perucTpanuoHHbli  macmopt arrectamuu  [IC  Ne
or 18.04.2013) u T'occranmapre P® (ceptuduxar coorBercTBus I[occranmapra Poccuu

Ne POCC RU.ME20.H00338).

2. Pe3ynbTaTbl uccnenoBaHum

325

Ha ocnoBe u3noxxennoit Boie metoquku U BC «/luHamuka-3» BBIOTHEH pacyeT yIpy-
TOIJIACTHYECKOTO J1e(hOPMHUPOBAHMS W BBHITYYHBAHUS MOITYyC(HEpHUIECKON CTaTbHON 000I0YKH

(R = 3,85 cm, R/h = 48,125, p=7,81/c™’,

6/100, MIla
E=150TTla, pn=0,33, nuarpamma aedpopmu-
pOBaHUs TIPUBEJICHA HA pHC. 1), PacroyioKeH- 6
HOW Ha HETOJBW)XHOW IUTUTE NMPHU KBAa3HCTATH-
YECKOM BJIaBJIMBAHUH Heae(hopMHUpyeMoro HH- 4
JICHTOpa, MMEIOLIEr0 BHUJ LWIMHIPUYECKOM
ob6omouku (R = 2,5 cm, R/h = 5) ¢ IpoI0JIbHBI- 2
MU BbIpE3aMHU B 00JIaCTU KOHTAKTa, KOJTMYECTBO
N KOTOpBIX BapbUpoOBasIoCh (puc. 2, a, 6). Pas- 0

MCpPbI OMNOPHLIX 3JICMCHTOB HWHIACHTOPOB IIpHU
9TOM HE€ MCHSAJIUCH. CKOpOCTB BEPTUKAJIBHOTI'O
CMCHICHUS UHACHTOPA 1 m/c.

_—

0

0,1

0.2

Puc. 1. /IlnarpamMmma nedhopMupoBaHUs

Puc. 2. ®opMbI HHIEHTOPOB U KOHEYHO-JIEMEHTHBIE CETKH PAaCUETHOMN 001aCTH:

a-N=4,6-N=3

YucneHHoe uccie10BaHue NMPOBOJMWIOCH HA CETKAaX C OJHHUM CJI0E€M KOHEYHBIX JIEMEHTOB
1o ToimuHe 000s109kn. KOoTMuecTBO KOHEUHBIX JIEMEHTOB CETKH 00OJIOUKH B pacueTrax ObLIO
paBabIM 4800. Pe3ynbTaThl pemieHus 3aa4u MpuBeICHbI Ha puc. 3-5.
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Ha puc. 3, a, 6 npencrasnens! rpaduku F(u) UI3MEHEHUS! KOHTAaKTHOM CHUJIBI B 3aBUCUMOCTH OT
CMEILIECHUSI MHIEHTOPOB, N300paKEHHBIX HA PHC. 2, @, 6 COOTBETCTBEHHO. CIUIONIHON, ITyHKTUPHOM
U IITPUXOBOW JIMHUSIMA OTMEYEHBI PE3YJIbTaThl SKCIIEPUMEHTA [8] 1 pacyeToB B KBA3UCTATHUYECKOM
Y JTMHAMAYECKON MOCTAaHOBKE C MPUMEHEHHEM BbrunciutesbHbIx cucteM ABAQUS [8, 27] u «lu-
HamMuKa-3» cooTBeTcTBeHHO. Ha puc. 3, 6 cpaBHMBaroTCs rpaduku 3aBUcUMOCTH F(u), TOTydYeHHBIE
Ha ocHoBe BC «/Iunamuxa-3» ans ungentopoB npu N =4 u N = 3. Ocrarounsie ¢popmbl nomycde-
pudeckol 00OJIOYKM B pacyeTe M HATypHOM S3KCHEepUMeHTe [8] Ajs MepBOro BapHaHTa 337adyd
(N = 4) npencrapnensl Ha puc. 4. PacnpenencHie WHTEHCHBHOCTEH TUIACTUYECKUX JIeOpMAaIiHii
B 000JI0UKE, MTOJTYyYEHHOE C IPUMEHEHHEM BBIYHUCIUTEIBHOM cUcTeMbI «J{MHaMUKa-3», H300paXkeHO

F, xH F, xkH

12 / 12 o
I ’ - -
g f\ / 3

- - G —— 3KCMEPHUMEHT
IKCIICPHMEHT - = = JIuHamHKa-3
4 - ,uPlHaMHKa-3 — 4 Af—————————— e ABACUS -
....... ABACUS
0 [ 0
0 0,25 0.5 0.75 u,cM T Q 0,25 0.5 0,75 U™
a 7]
F, xH
12 —=T
"I A Y . _ ” ” - -
1
—N=4
4 ---N=3["
0
0 0,25 0.5 0,75 u, M

8

Puc. 3. 3aBHCHMOCTH KOHTAKTHOM CHUTBI OT CMEIICHHS HHICHTOPA

a 0

Puc. 4. Ocrarounas ¢popma 0060I0UKH TSI IepBoi 3a1auu (N = 4):
a — 3xcnepumenT; 6 — BC «/lnnamuka-3»
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Puc. 5. OcraTo4yHoe pacnpezeneHne HHTEHCUBHOCTH TUTacTHYecKux nedopmaruii (%)
B obonouke: a—N=4;6—-N=3

Ha pUC. 5 HA MOMEHT OKOHYaHUs HarpyxeHus. B ta0n. 1 npuBeneHsl MaKCUMabHbIE 3HAYEHHS Ta-
pamerpa OnKBUCTa Y, CIIBUTOBBIX AeopMaluii €,, B CPEANHHON MOBEPXHOCTH 000JIOUKH, a TAKKE

AehopMaLuii MONEPEYHOTo CABUTA £,;, €5 .

Tabmuma 1
Maxkcumanshslie nepopmarui (%)
N X € € €31
4 25 8,3 2,9 2,6
3 23 7 2,5 2

Kak Bumno u3 puc. 4, 5, nonycdepudeckas 000j09Ka B IPOIECCE HATPYKEHUS TIpETepIie-
BaeT 3HAYUTEINIbHBIC JIOKaJbHbIe (POPMOU3MEHEHUS, XapaKTepU3yeMble OOJBIITUMHU CMEIICHUSIMHU
U yriaMu MOBOPOTa KOHEUYHBIX 3JIEMEHTOB KaK JKECTKOrO 11es1oro. Tak, yriibl TOBOpOTa KOHEY-
HBIX 9JIEMEHTOB B 30HE BMATHH AocTHratoT 70 rpagycos. U3rubHeie negopmannu 000I09KH, MO
pacyeTHBIM JaHHBIM, HE MpeBbIaoT 25 %. MakcuMmansHOE 3HaueHue AedopManuil nomnepey-
HOTO CIIBUTA 00OJIOYKH COCTaBIAOT 3 %, a MAaKCUMaJbHBIE CABUTOBBIE 1e(hOpMalliy CPEeTUHHOM
MOBEPXHOCTH 0007104KH 8,3 %o.

B Tabn. 2 npuBeeHbI pacueTHBIE M SKCIIEPUMEHTAIbHBIE 3HAUEHUS! KPUTHIECKON HArpy3Ku
JUTsL PACCMOTPEHHBIX BApUAHTOB 3aJ1a4H.

Tao0nuua 2
Kputnueckue 3Hauenus Harpysku (kH)
Pacuet (BC «/Ilnrammuka-3») DKCIIEPUMEHT
N=4 9,7 9,02
N=3 8,1 779

CHmKeHue IO KOHTaKTa 000JI0UKHA M MHAECHTOpa Ha 25 % mpuU yMEHBIICHUHU YHucia
IPOJOJIbHBIX BBIPE30B B LUIMHAPUYECKONH 000JI04YKe (CM. pHUC. 2) B pacyeTax U 3KCIEPUMEHTaX
MPUBOJMT K YMEHBIICHUIO KPUTUYECKOIO 3HAUEHHsI HArPY3KHU puMepHO Ha 15 %.

[Ipu kMHEMATHYECKOM 3aKPUTUYECKOM HArpyKEHUHU HET CKauKOOOPa3HOTo TMHAMHYECKOTO
nepexoaa Ha 3aKpUTUYECKYl0 BeTBb AedopmupoBanus. Ha Bcex sTamax Harpy>keHUs, B TOM
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qucIe W Ha Najarouleld BEeTBH Je(OPMHMPOBAHUS IOCHIE JOCTUKEHUS KPUTUYECKOH Harpyskw,
000J10YKa HAXOJUTCS B YCTOHUMBOM PaBHOBECHOM COCTOSHUM. OOpa3zoBaHME JOKAIbHBIX BMS-
THH COIIPOBOXIAETCSI BPEMEHHBIM CHI)KECHUEM KOHTAKTHOM cuibl. 1Ipy nanbHeieM pacimpe-
HUU JOKAJIbHBIX BMSTHH CHJIa COIPOTHUBIICHUS 000J0YKHU BHEAPEHUIO HHIEHTOPA BO3pacTaeT 3a
CYET YNPOYHECHHS MaTepHalia U yBEIMYCHHSI )KECTKOCTH 000JIOUKH (CM. puc. 3).

[IpoBeneHHbIE pacueTbl CBUAETEIBCTBYIOT O JAOCTATOUYHOW 3((HEKTUBHOCTU NPUMEHEHHUS
JUHAMUAYECKOTO MOJIX0Aa K UCCIIEOBAHUIO MPEACIbHBIX COCTOSIHUN YIPYToImIacTUYecKux 000-
JIOYEK MPU KBAa3UCTAaTUYECKUX HarpyKeHUsX U oonpunx Gopmonsmenenusix. BC «/lunamuka-3»
C YZIOBJIECTBOPUTEIBHOM JJI1 HHKECHEPHOM NMPAKTUKU TOYHOCTBIO ONKCHIBAET UCCIIELYEMBII IIPO-
necc. Tak, paccornacoBanue rpauKoB 3aBUCMMOCTH KOHTAaKTHOW CHJIBI OT CMEILEHHs Harpy-
JKAIOUIET0 yCTPOMCTBA, MOJIYYEHHBIX pacueTHbIM IyreM Ha ocHoBe BC «J/lunamuxa-3»
Y OKCIIEPUMEHTAIIFHO, Ha 3aKPUTHYECKON cTaguu aAe(GOopMUPOBaHHsI 00OJOYKH HE IMPEBHIIMIACT
5 %. Ocrtarounbie (GopMbl 000JOUYKH B pacuere U HKCIEPUMEHTE TAK)KE€ COOTBETCTBYIOT APYT
Ipyry. UucneHHsle pe3ynbTaThl penieHus 3aaadu ¢ npuMeHenuem BC «J/luHamuka-3» B nuHa-
MUYECKOM MOCTAHOBKE B ILIEJIOM JIYYILE COIJIACYIOTCS C 3KCIEPUMEHTAIbHBIMU JAHHBIMU, YEM
pe3ybTaThl, oydeHHbIe Ha ocHOBe ABAQUS B KBa3uCTaTHYECKOM MOCTAaHOBKE.

BbiBOoAbI

ConocraBneHue pe3yabTaToB pacueToB Ha ocHoBe BC «J/luHamuka-3» ¢ 3KCIEpUMEHTOM
MOKa3ajo, YTO NpU MajbIX AepopMalusIx MONEepeyHOro CABUIa U OONBIIMX yTiaxX MOBOPOTa
MPUMEHEHNE MOMEHTHON CXEMbl METO/Ia KOHEUHBIX JIEMEHTOB C OMPEEICHUEM CKOpOCTeH Je-
dbopMaluii ¥ HaNpsHKEHW B MECTHOM BpallaromieMcst 0aszuce, ONpeaensieMOM H3MEHEHHEM
reoMeTpHUH 000JI0YKH, 00ECIICYHBACT MPUEMIIEMYIO TOYHOCTh BBIYUCIICHUN TTPH MCIIOIH30BAHUH
SBHOM KOHEYHO-PA3HOCTHOM CXEMbI HHTETPUPOBAHUS TUIA «KPECT» C MajJbIMU LIAraMu IO Bpe-
MEHHU, YTO COOTBETCTBYET JAHHBIM PAaCUETHO-3KCIEPUMEHTANbHBIX HccaeaoBaHuil [28]. OTHo-
CUTETIbHO Ipy0asi TUCKPETU3aIHsl T€OMETPHH OOOJIOYKH CTajla BO3MOXHOM Oyarogapsi mpuHs-
TOW aNmpoKCUMAIMK CKOpoCTed JedopMmanuii M HanpspkeHui B MoMeHTHOH cxeme MKD [19,
22, 23], koTopas SBISETCS, MO CYLIECTBY, YUCICHHON peaiu3aliueil MeCTUMOIAIbHOTO BapuaH-
Ta Teopuu obonouek tuna TumorneHko [24] U MO3BONSIET MOAECIUPOBATH TUHAMUKY TOHKOCTEH-
HBIX 000JIOUEK Ha CETKaX C OJHUM CJIOEM DJIEMEHTOB I10 TOJIIIHUHE.

Hccneoosanue evinonneno 3a cuem epauma Poccuiickoeo Hayunoeo ¢honoa (npoexm
Ne 16-19-10113).
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