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BBEJIEHUE

B mocrnenHee BpeMs 3HAYWTEIBHOE PACTPOCTPAHCHHE TIOTYUWIIH TPEXCIIOMHEIC
KOHCTpYKIMU. B ycnoBusix aedopmaimy m3ruba 3TH KOHCTPYKIMH OKa3bIBAIOTCS
HanOoJiee parmoHATbHBIMU. OHM Halld NIMPOKOE TpHMEHEHHWEe B aBHa-, pakeTo-,
MaIllMHO-, TIPUOOPO- U CYILOCTPOCHHH, TOOBIYE U TPAHCTIOPTUPOBKE SHEPrOHOCHUTE-
neit. BHenpenne TPEXCIOWHBIX KOHCTPYKIMA B TEXHUKE TMOTPEOOBATO CO3MIaHUS
COOTBETCTBYIONINX MEXaHUKO-MaTEeMAaTHIECKUX MOIeJIeH 1e(hOpMUPOBAHKS 1 METO-
OB pacuéTa Ha MPOYHOCTH, YCTOMIMBOCTE U KoJieOanus. B psiie ciydaeB Bce cion
KOHCTPYKIMIA Y>K€ Hellb3sl CUUTaTh TOHKHIMHU B CMBICJIE THIIOTE3 KJIACCHIECKON Teo-
pur Kupxroda. [IpumeHeHne pa3indHbIX MaTepHaloOB JIJisl 3aIOJHUATENEH BbISIBUIO
CYILIECTBEHHYIO POJib 3(()EKTOB, CBSI3aHHBIX C UX Pa3MepaMHu, )KECTKOCTBIO, CKUMa-
€MOCThI0. DTO 00YyCIOBWIO HEOOXOJAMMOCTh HCTIOJIb30BAaHUS B PacueTHON MOIENH
«THUMNOTE3bl JIOMAHOH JIMHUID U yUeTa CKUMaeMOCTH 3ari0JTHUTEIS .

JedopmupoBanie TPeXCIOWHBIX 3JIEMEHTOB KOHCTPYKIHI C HEC)KUMACMbBIM 3a-
TIOJIHUTEJIEM TIPH CWIOBBIX HArpy3Kax KM3yYEHO B HACTOSIIEE BPEeMs IJOCTATOYHO
XOpOoTIo. 3/IeCh CIIeyeT YKa3aTh B MEPBYI0 OUEePE.lb CIICTYIOIINX UCCIeI0BaTEeICH:
ASl. ArekcaHmpos, C.A. AmGapiymsiH, M.E. Ba6emixo, B.B. bomoTtum,
K.3.Tammmos, A.T.Topmkos, 3.W. I'puromok, .M. I'puropenko, B.H. KoGenes,
B.U. Kopones, JI.M. Kypmun, [I.B.Jleonenko, C.I'. Jlexnumkwuii, B.B. Mosxapos-
CKHH, XM. Mymrrapy,  FO.H. HoBuukos, B.H. Maitmymmve,  B.B. [Mukyns,
FO.M. ITneckaueBckuii, A.IL Ipycakos, 3.H. Craposoiiros, /[I.B. TaprakoBckwii,
H.I. Tamypos, C.II Tumomenko, AL Uynkos, A.B. SIposas, J.K.Ebsiogluy,
A.C. Eringen, J.1. Foss, E.J. Plantemma, E. Reissner, J. Solwey, M. Stein.

BMmecte ¢ TeM He McclieIoBaHbl MPOLIECCHI YIPYTrOro U INIACTHYECKOTo Jedop-
MHPOBAHMS TPEXCJIOMHBIX KPYrOBBIX IDIACTHH CO CXKAMaeMbIM 3amojHuTeseM. Pe-
IICHUAIO YKA3aHHOW aKTyalTbHOHM MPOOJIEMBI M TIOCBSIICHA JUCCEPTAIIS.

OBLIAS XAPAKTEPUCTUKA PABOTHI
CBsa3b padoThI ¢ HAYYHBIMH NPOrPAMMaMH (IPOEKTAMM ), TEMAMH

Juccepramys BRIONHSIIACH B paMKaX CIICTYIONUX IPOTpaMM H TPOESKTOB:

e [Ipoextr T16P-010 «Crarnka W AMHAMHKA TOHKOCTEHHBIX JJIEMEHTOB KOH-
CTPYKLMH T@pU YaCTUYHOM KOHTAKTHOM B3auMojeiictBun», BPOOU, No TP
20163256, 20.05.2016 — 31.03.2018.

o [TIHN «MexaHnKka, METALIYprusl, JUATHOCTHKA B MAIIMHOCTPOCHUM. 3aa-
mre 1.40 «Pa3Burre YHCICHHBIX U AHATUTHYIECKIX METOJ0B HUCCIICIOBAHUA TIPOYHO-
CTH, KECTKOCTH M YCTOMYHBOCTH HECYIIMX TPAHCTIOPTHBIX M MAIIMHOCTPOUTEIIbHBIX
KOHCTPYKLIMHA MPU KOMIUIEKCHBIX BO3JEHCTBUAX C LIEJIBbIO TOBBIIEHUS HAIEKHOCTU U
cHkeHus: MartepuasioeMkocT, Ne 'P 20172069,01.07.2017 — 31.12.2019.

e [Ipoexr T18P—-090 «KoneOanust HEOTHOPOJHBIX TOHKOCTEHHBIX 3JIEMEHTOB
KOHCTPYKIWIA, B3aUMOJICHCTBYIONINX C YIPYTUMH W WHEPIMOHHBIMU OCHOBAHSIMIDY,
BPO®U, Ne I'P 20181500, 01.06.2018 — 31.05.2020.
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Ajdzi 8  tc@Bidscls €o3anie MeXxaHUKO-MaTeMaTHIECKHX MOJIEEH Je-
(hopmupoBanys (PU3MUIECKN JIMHEHHBIX M HEJIMHEHWHBIX TPEXCJIONWHBIX KPYTOBBIX IUIa-
CTHH CO C)KUMAacMbIM 3aIlOJIHUTENIEM MOJ JIEHCTBUEM OCECHMMETPUUYHBIX HArPy30K
MPOM3BOJILHOTO BHIA TIPY PA3JIMYHBIX YCJIOBHSIX 3aKpEIUICHHs KOHTYpa.

S LOHOYOd (Jchpfigydzpmetsra: © dzd W

® IOCTAHOBKM KpacBBIX 3amad MO pacyeTy I1apaMeTpOB HANPSKCHHO-
J1e(OPMHUPOBAHHOTO COCTOSIHMSL YIPYTUX M YHNPYrOIUIACTHYECKHX TPEXCIOHHBIX
KPYTOBBIX IUIACTUH CO CKUMAEMBIM 3aIlOJIHUTENIEM M0 ACHCTBHEM OCECUMMETPUY-
HBIX Harpy30K NPOM3BOJIBHOTO BHJIA PH PA3JIMUHBIX TPAHUYHBIX YCIIOBHAX;

® [IOJIyYCHHE AHAIMTHYECKHX pEHICHHH KpaeBBIX 3amad O JAe(OpMHUpOBAHUN
YIPYTHX TPEXCJIOWHBIX KPYTOBBIX IUIACTHH CO COKUMAECMBIM 3aIOJIHUTENIEM, COLEP-
Kaux (opMybl U1 pacueTa epeMeIleHUH, BHyTpeHHUX YCWIMH, nedopmarmii u
HAIPSKEHW TPU AEKWCTBUUA OCECUMMETPUUYHBIX HACPY30K MPOU3BOJILHOTO BUIA;

® pacmpoCTpaHeHHE METOJa YIpyrux peuieHuit WnbiommHa Ha (u3nuecku He-
JIMHEHBIE TPEXCJIOMHbIE KPYTOBBIC IUIACTHHBI CO COKUMAECMBIM 3aIlOJHUATENIEM, I0-
CTPOCHHE AHAIUTHYECKHX PEKYPPEHTHBIX PEIICHUH COOTBETCTBYIOIIMX KpAaeBbIX
3ajau;

® YUCJICHHBII AHAIM3 HANPSKEHHO-/1€()OPMHUPOBAHHOTO COCTOSTHHUS TPEXCJOii-
HBIX KPYTOBBIX IUIACTHH CO COKUMACMBIM 3arlOJIHUTENIEM B 3aBUCHMOCTH OT (pr3ude-
CKOM HEJIMHEMHOCTH MAaTepUaloB, F€OMETPUUECKUX, YNPYIMX W HEYNpyrux mHapa-
METPOB CJIO€B, BEJIMYUHBI U BHA HATPY3KHU.

Hayuynasi HoBU3HAa

BriepBbie pa3paboTaHbl MEXaHUKO-MAaTeMAaTUUECKHE MOJIEIU (PU3UMECKH JIMHE -
HOTO M HEJIMHEWHOro ae(opMHUpOBaHMI KPYrOBBIX TPEXCJIOMHBIX IUIACTUH IOJ Aei-
CTBHEM OCECHMMETPUYHBIX HArPY30K IPOU3BOJIBHOTO BUIA, OTIMYAIOIIUECS YIETOM
CKMMAaEMOCTH 3aIOJIHUTEJIS.

HOJIO)KCHI/IFI, BBIHOCHMMBbIC HA 3alIIUTY

® MEXaHHKO-MaTreMaTH4ecKHe MOJeNd (hM3MYEeCKH JMHEHHOTO ¥ HEJMHEHHOTO
Je(hopMUPOBaHK TPEXCIOMHBIX KPYrOBBIX IUIACTHH, COJAEPIKAIlUe ypaBHEHUS paB-
HOBECHS B YCWIMIX M NEepeMElIeHUIX, (GOPMYIHPOBKU IPAaHAYHBIX YCIOBHIA, OTIH-
YAOIUECs YIETOM CHKMMAEMOCTH 3aIl0JTHUTENI,

® AHAMTHYECKUE PEIICHMs KpaeBbIX 33/1a4 TEOPUH YIPYTrOCTH O e(hOopMHpPOBa-
HUU KPYTOBBIX TPEXCJIOMHBIX IUIACTHH, COJEpKalllue pacueTHble (GOpMYJIbl IJIs Iie-
peMelleHnd, BHYTPSHHHX YCHIIHH, AedopMalyii W HanpsHDKeHWH B CIydae IpOM3-
BOJIbHBIX OCECHMMETPHUYHBIX U PAaBHOMEPHO DPACHpPECNICHHBIX HAPY30K IIPH pas-
JIMYHBIX YCIIOBWSIX 3aKPEIUICHMSI KOHTYPa, yIUTHIBAIOIIE C)KAMAEMOCTh 3aI0JIHHATE-
I,

® UTEPALMOHHBI METOJ, TWNAa METOJA YIPYrux pelneHuil Vnprommuna, aHany-
THYECKUE PEKYPPEHTHBIE PEILEHUs KPAacBbIX 3a[ad TEOPHH MaJlbIX YHPYromacTude-
ckux naedopmaimii, BKIIOYAONIME pacyeTHsle (GOopMyINbl I MapaMeTpoB Hampsi-
JKEHHO-/1€(DOPMHUPOBAHHOTO COCTOSIHUSL KPYT'OBBIX TPEXCJIONHBIX IUIACTHH CO COHKH-
MaeMBbIM 3aI0JIHUTENIEM NPH Pa3INYHBIX TPAHUYHBIX YCJIOBHSX;
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® [apaMeTPUYECKUI YHCJICHHBII aHAIN3 HAPSXKEHHO-Ae()OPMHUPOBAHHOTO CO-
CTOSIHMSL YIPYTUX W (PMBUYECKH HEJMHEHHBIX KPYrOBBIX TPEXCIJIOWHBIX IUIACTHH CO
C)KMMAaeMbIM 3aTlOJIHUTENIEM, BKIFOYAOUIMI TpadUKi M3MEHEHHS TepeMeleHUH,
nedopMarvii 1 HaNPsHKEHUH TI0 PAJMyCy U TOJIIMHE TUIACTHH MPH Pa3JIMIHBIX T€O0-
METPHYECKUX, YIPYTHX H YIPYroIVIaCTHIECKHUX NapaMeTpax CIOEB.

JIMYHBIA BKJIA COMCKATEIs YICHOH CTeNeHn

Bce ocHOBHbIE pe3ymbTaThl, BRIHOCHMBIE Ha 3aILUTY, MOJTy4eHbl aBTOPOM JIMIHO
C WUCIIOJIb30BaHUEM METOJIOB, pa3pabotanubix J. M. CrapoBoiiroBbiM. HayuHslil py-
KOBOJUTENb NMPUHUMAJl Y4acTHE B BHIOOPE HANpaBICHUsA HCCIECIOBAHUN M aHAIM3E
TIOJTyYEHHBIX PE3yJIbTaToB.

Anpodamus muccepTanuu W HHPOPMANHS 00 HCIOJIB30BAHUH €€ Pe3yIbTaTOB
OCHOBHBIE pe3yJbTaThl PA0OTHI JOKIAIBIBAIICH U TIOJIYY NN 0JJ00peHIe Ha:

o VI MexayHapoJHOHM HaydHO-TIpaKkTHdecKol KoHpepeHm «CTpOUTeNbCTBO U
BOCCTAHOBJICHUEC HCKYCCTBEHHBIX coopyxermidy (I'omerns, 2018);

o VIl MexnyHapoaHOH Hay4YHO-TIpaKTHYecKoH KoHpepeHn «IIpodneMsbr
Oe3omacHocTH Ha TpaHciopte» (I'omens, 2017);

o VI u VIl MexnyHapoHbIX Hay4HBIX ceMuHapax «JluHamuueckoe aepopmu-
POBaHME M KOHTAKTHOE B3aMMOJEICTBHE TOHKOCTEHHBIX KOHCTPYKLMI IpU BO3xEH-
CTBHHM TOJICH pasIMaHO# pr3raeckoi mpupoas» (Mocksa, 2017, 2018);

o XXIV MexnyHapogHoM cuMmo3uyme «J{MHaMudecKne M TeXHOJOTHYECKUE
npoOJieMbl MEXaHWKH KOHCTPYKIMH M CIDIOIIHBIX cpen» mMenn A.I. Topmkosa
(Bsttuy, 2018);

o XXI PecnybOnukaHckol HaydHOUW KOH(EPEHIMH CTYJEHTOB M AaCIMPaHTOB
«HoBble MaTeMaTHdecKue METOIbl M KOMIIbIOTEPHBIE TEXHOJIOTHH B TPOEKTHPOBa-
HWV, TIPOM3BOJICTBE U HAYIHBIX HccienoBanmsix» (['omens, 2018);

o [V MexnyHapoTHOW Hay4YHO-TIPAKTHYECKOW KOH(EpeHIMH, TIOCBSIIEHHON 65-
getmto  BUMKTa-benl'YTa «AxTyanbHple BOMIPOCHI U MEPCHEKTUBBI PA3BUTUA
TPAHCTIOPTHOTO U CTPOMTENIBHOTO KoMIuiekcoBy (['omens, 2018);

o |V 11-#t MexayHapoqHO! HaydHO-TeXHHYECKOW KoH(pepermm «[Ipudopo-
ctpoenre-2018» (Murck, 2018).

P€3yJ'II)TaTBI Juccepralyn UCIOJIb30BAHbI B paC‘-IeTHOﬁ MPAKTUKC TPAHCIIOPTHO-

T0 YHWTapHOTO TPENNPHSITUS «XUMTPAHC» ¥ MPEATIPUSTHS KOMIUIEKCHOTO MPOEKTH-
poBanusi «I'omenbaoprpoex KITPCVYII «'omenso00110pcTpoin.

Ony0JinkoBaHue pe3yJbTATOB IHCCePTALMHA

ITo Teme nuccepraiuu onydaukoBaHo 14 pabort, B ToM uucie 6 crareil B perieH-
3MpyeMBIX HAyUHBIX JKypHAJIAX M COOPHHKAX TPYJOB, 6 MaTepHanoB KOH(EpeHIIH,
2 TE3HCOB JOKIIAI0B, 001IM 00beMOM 4,3 aBTOPCKOTO JIHCTA.

CTpykTypa M 00beM AUCCEPTANHA

Juccepraiyst COCTOUT U3 BBEICHIL, OOIICH XapaKTEPUCTUKH PabOTHI, YeThIpeX
TJIaB, 3aKIOYeHMs, OnOMrorpaguieckoro crmcka, npwioxenus. O0beM auccepra-
mn coctapisieT 101 cTpaHuily MaIlIMHONMCHOTO TEKCTA, BKIFOYAas 35 WLTFOCTpaIWi,
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CIIMCOK WCTIONIb30BAHHBIX MCTOYHUKOB M3 86 HaMMEHOBaHWH HAa 7 CTpaHMIAX, CIIH-
COK TyOJMKaimid aBTopa u3 14 HauMeHOBaHWIl Ha 2 cTpaHWI@x, 1 NpwiokeHue Ha 2

CTpaHHMIIAX.

OCHOBHASA YACTb

B nepBoii riaBe mprBOIUTCS UCTOPUYECKAS CIPaBKa O PA3BUTHH TEOPHUHU CIIOH-
CTBIX 3JICMEHTOB KOHCTPYKIMIA U BBITIOJHEH KPATKHit 0030p COOTBETCTBYIOIIHX ITy0-
JIMKALMK 3a MOCJEAHUE TOJbl. BbUIO YCTAHOBIEHO, YTO B LEJIOM TEOPETUUECKHE
M3BICKaHKS 10 JJAHHOU NpobJieMe 00JaatoT JOCTaTOYHOM TiTyOrHOi. OHAKO B 3HA-
YUTEIILHO MEHBILEH CTENeHH M3y4eHO TOBEJICHHE CIIOMCTBIX KOHCTPYKIMI CO CXKU-
MaeMbIMH 3aM0JHUTEIISIMH, KOTOPBIE B Tpoliecce Je(OpMUPOBaHKs MPOSBISIOT Qu-
3UMYECKH HeJIMHeHHbIe cBOticTBa. K 110 J00HBIM HEWCCIIe JOBAaHHBIM TPO0OJIeMaM OTHO-
cHTCS KpaeBasl 3amada o Je(opMHUpPOBaHHM KPYTOBOW TPEXCIOWHOW IUIACTHHBI CO
C)KMMaECMBIM 3aTI0JTHATEJICM, KOTOPOH ¥ IMOCBSIICHA TaHHAs PadoTa.

Bo BTOpO# ry1aBe NpuHATa KMHEMATWKa IAKETa YNPYrod TPEXCJIOMHOW Kpyro-
BOM IUIACTHMHBI CO CKMMAaeMBIM JIETKHM 3arojHuTeNieM (PUCYHOK 1), TOMydeHsI
ypaBHEHHSI PAaBHOBECHUs M I'PAHUYHBIC YCIOBUSI B YCHIIHSIX U TIEPEMEIICHUAX, CPOP-
MYIIMpOBaHa COOTBETCTBYIOIIAs KpaeBas 3ajada.

[ummHapuyeckas cucteMa KOOPAMHAT I, ¢, Z CBA3BIBACTCS CO CPEJMHHOM TUI0C-
KOCThIO 3amosHuTesst. Hecymuit cioi, pacTiosioKeHHBIH CO CTOPOHBI TIOJIOKUTEb-
HOTO HATPaBJICHUS OCH Z, CUMTACTCS TICPBBIM, HIDKHUA — BTOPBIM, 3alOJHUTCIH —
TpeThnM citoeM (cM. pucyHok 1). HoMep ciost 0603nasen manekcom K (k=1, 2, 3).
OcecuMMeTpHYHAS IOBEPXHOCTHAs Harpy3ka () IprIoKeHa K BEPXHEMY CIIOKO.

o e — A

}’?, T i?‘ T .

,l
¢ ‘ 7w(r)
3 ro 2e-w(r) 3 /

5
= h, 7 T

h, 7

r

0

Pucynok 1.— PacyeTHasi cxema TpeXcJIOHHOH ILIACTHHBI

Paguwanbhbie ¥ monepedHsie (MPOTHOBI) TEPEMEIICHHS B CJIOSX u(k)(r, Z) u
wW(r, Z) MOsKHO BBIpasHIB Yepes ueTbpe HCKoMbIe GyHKIH: W(F) — IPOrHO HIDKHE-
ro cnos; V(r) — dyskmuro cxumaemoctw; U(r), y (r) — paguansHoe mepeMelieHne

CPEIMHHOM TUIOCKOCTH U OTHOCHTEIBHBINA CJIBHT B 3aIl0JIHUTEJNIC COOTHOIICHUSIMHU:
* B HeCymux cnosix 1, 2

7 =ur oy W), W(rZ)= W) u(r) (0% 2% o B);
u® =u-ay—zw, W2 (r,z)=wr) (-c<z<-c-h);

= B 3anoymurene 3 (—C< z< Q

P -ur 3= w20, W (- S zn, @
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I/ Z — KOOpJMHATA pacCMaTpHBAaEMOT0 BOJIOKHA; 3aIsITasl B HIDKHEM HHIIEKce 000-
3HauaeT onepaimo audQepeHIMpoBaHys 10 CleAYIOIeH 3a Hell KOO plIMHATe.

Jedopmammit B CII0SIX TUIACTHHBI CIIEAYIOT M3 cooTHoIneHnid Komm u nepeme-
mennit (1):

& =u, +oy, ~ AW, 4y ), o = (uroy-Zwry)), o =0

(c<z< et h);
(2) =U, -0y, —ZW, , (2) :-(U_QV_ Z\Nr)7 gg) =0
(-c-h<z<-09;

e =u, +2y, - Z{Wr ';]( aﬁj},g@’—:{mm 2{ Z”’)}

@ 1 z+c z v, 1[ z j @V
€ =Wy +—Vy YW, —— V, —— = | Y——V, |, & =
2 2c c 2 2 X 2c

(-c<z< 9. (2)

Cootromrennst (1), (2) OTIIMYIAOTCS OT M3BECTHBIX AHAOTHYHBIX BBIPAKCHHUMA

JUIL TPEXCIIOMHBIX KPYrOBBIX IUIACTHH HaamuueM (yHkimu oOsxatus V(r). Croemyet

oTMeTHTS, uT0 nepememer U i nedopmatmm &, £ mMensroTes M0 ToMIIHE
KBaJIpaTH4HO, OJlaroaapst yuaery O6>I<aTI/I${ 3ar10JIHATEJIA.

w k
Vcronb3ys KOMIIOHEHTBI TEH30pa HANPSUKEHH G0 (oL = I, (), BBEJIEM HHTEH-
CHBHOCTH 0606meHHLIX BHyTpeHHI/IX CHITOBBIX (baKTopOB (ycpmm“d) B IUIACTHUHE

T=YT9-Y[o¥dz, M, 2M<k>—zjc<k>zdz

k=1 klh( klh(

21(; 0, =[P 2d 2z (3)

1
H,=M® +c(T®-T?), D, =M + 2M(3) +
Jis mostydeHus ypaBHeHHI paBHOBecHs. B 0000MEeHHbIX yermsix (3) paccMar-
pHBaeMOM TPEXCIOMHOM IIACTUHBI UCTIONIB3YETCS MPHHIMIT BO3MOXKHBIX MIepeMelie-
Huit Jlarpamxa. B nerkom 3anosiHuresne npeHeOperaercs paboTa TaHM€HIMAIbHBIX U
MOTIEPEYHBIX HANPSIKCHUIA, YTO TPUBOIMT K CJICIYIOIIEMY BUIY BHUPTyallbHOU pabo-
Thl BHYTPEHHUX CHWJ YIPYIOCTH

3
SW = [[| X [(c¥se® +0Wsel)d z|rd rde. (4)
s | k=1 h

IMpupaBasiB Boipakerue (4) K paboTe BHEIIHEH 0CECUMMETPUIHOM IOBEPXHOCT-
HoM Harpysku q(r) u kourypesix yewmaii T, H?, M? DY u notpe6osas Bbinos-
HEHISI TIOJTy9IE€HHOTO PABEHCTBA MpPH JIFOOBIX 3HAYCHISIX BapbHPYEMBIX (DYHKIIA,
MOJTyYUM CHCTEMY JIMHEHHBIX THpdepeHIMaTbHBIX YpaBHEHHI paBHOBECHS B 0000~
IIEHHBIX BHYTPEHHMX YCUIMIX
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Tr’r +}(-|: —1;)20,
r
H,, +(H, —H
r'r+F( r 4)):0!
1 (5)
Mr’rr +F(2Mr r _M(pF ):_qa
D ! 2D D =
r’rr+F( (. gor)__Q'
Ha TpaHULIe r= I’O JAOJIKHBI BBITIOJIHATHCSI CUJIOBBIC YCJIOBUA:
Tr :-[;0’ Hr :HrO’ Mr :Mro’ Mr'r+}(Mr —M(p)ZO,
r
0 1 6
Dr:Derr’(+F([)r_Dq>):O’ ()

0 0 0 0
roe 1., H, M/, D/ — ycwimst 1 MOMEHTBI Ha KOHTYpE IUTACTHHBL.

BeipaszuB BHyTpeHHHEe 00001IeHHbIe yewus (3) depe3 nepemeriernst (1) ¢ mo-
MoIIblo 3akoHa ['yka u pedopmaimii (2), IOACTaBUB UX B ypaBHEHHS PaBHOBECHS
(5), mosyunM CUCTEMY JIMHEWHBIX Mu((HepeHIMATBHBIX YPABHEHUN B MIePeMEIICHHU-
SIX IJIS1 paccMaTpruBaeMOM TPEXCIOMHON ITACTUHBI CO CKUMAEeMBbIM 3ario JIHUTEJICM |

L(au+ay-aw -3y )+ Ky=0,
L(au+ay—agw. -ay)=0,
Li(au+gu—aw —ay)=-¢

L(a,u+ ew—agwr—a}owhg K;[ Vr+\'rij=— G ()

rae ko3 dumeHTs 8;, K; BIpaxkaloTcs depe3 yIpyrue U TeOMeTpUIecKHe mapa-
METpBI CII0EB, AP PepeHIMaATbHbIE onepaTopsl Ly, Ls

1 y
LZ(g) E[_(rg)'rjar = garr +g__% ’
r ror

1 29,, 9y 9

Lo(@) =2 (1LAQ). = += =5+ 5

CrieryeT OTMETHTh, YTO €CJIM B cHcTeMe ypaBHenwid (7) mooskurs V(r) = 0 u ot-
OpoCUTh YETBEPTOE YpaBHEHHE, IOJIYYHM CITydail HeCO)KMMAaEeMOTO 3arl0JTHUTEIIS .

KpaeBas 3amaua 3ampikaetcs qobasnerreM K (7) ciuioBbix (6) win kuHeMarnde-
CKMX TPaHMYHBIX YCJIOBHI Ha KOHTYpE M YCJOBHS OTPAHMICHHOCTH PEIICHUH B IICH-
Tpe mwiacTuHbL. Hampumep, mpu XKeCTKOH 3ajeike KOHTYpa JOJDKHBI BBIIOJIHATHCS
KMHEMAaTHIEeCKUE YCIIOBHS
[Ipu mapHUpHOM OTIPAHHH

Vs 8
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B Tpertheii ri1aBe ObUIO IOJIyYEHO AHAIMTUYECKOE PEIEHUE KPaceBOW 3amauyu
JUISL paccMaTpyuBaeMON YIPYroil TPeXCIOMHOIM KPyroBO# INIACTHHBI CO COKUMAaeMbIM
3aM0JIHUTEJIEM U IPOBEJIEH €0 YHCIICHHBIN NapaMeTpHueCKuid aHaIH3.

[Tocne mpeoOpa3oBanmii M3 CUCTEMBI ypaBHEHUI (7) MOJy4Ye€HO HEOTHOPOIHOE

ypaBHeHne beccems 1 onpeneneHus NpOM3BOIHOM (DYHKIMH CKUMAeMOCTH V,,

d’v, 1dv, 1 )
L+ —-—=v, B, =q, 10
dr? r dr r? P =1 (10)

+ 1
G =¥J.qrdr_r_(plcl+ pzcz) )

rae P, P,, B — napaMmeTpel, BEIYUCIAEMbIE Yepe3 Ko HHUIMEHTHI 8;;

C,, C,— KOHCTaHTBl MHTETPUPOBAHMA.

OOuiee pelIeHHe TOrO YpaBHEHHS BBIIMIIEM B BUIE CYMMBI OOILETO PeIIeHus
COOTBETCTBYIOILETO OJAHOPOJIHOIO YPaBHEHHS U HaCTHOTO peleHus ypasHenus (10):

v, =G 3B N+GY )+
+5(MBN] L@ GNrdr—3,@r)[Y,Bria rr dr). (12)

rae Jy(Br), Yu(Br) - W &z dz$ \ d dizteprprinjdijoporo pona (W 2 dzC yd W ) 4 2 ¢

TIEpBOTO TOPAIKA; 37I€Ch U Jlajiee HHTETpalibl OepyTest B penenax ot 0 1o .
IMpounrerpupoBas Beipakenue (11), momyunm QyHKImO cxumaeMocTd V(I).

Bce ocTanbHble HCKOMBIE NIEPEeMEIEHUs OCJIEA0BATENILHO BEIPOKAIOTCS YEPE3 ITY

($yHKIMIO M ee pOoM3BOAHYI0. B pesyinprare nmeem

B0 - 2YB0+ 2([ %6 0] 3B a9 rdrdr-

~Ja@n[v@nardrdr)+C,,
u=hv, +(b+ Q)Lj(q_ﬂ(zlnr—l)( hG+ RO+ Qr_+ Q%

W:—a"’?ﬁ_afiasjudr 39~ 33, IL (a)dr+
a; — a3, g-aa (a- ex_-,«'slfs
2 2
FESC L (nr =)+ +Cy+c nr+C,,
(as aa) 4 4
y=—i l(q)—g Fu-aw,—aVy +A%LQ - )2 Qé+ Q% (12)

rne lo(Br )Y, r —WHzC ydd Inepsyusdzporo pona Hynesoro nopska;
Ly, Ly — numeiisple mHTerpabHble Onepatophl oOparHbie An(depeHIHab-
HBIM OIlepaTopam, BBeJeHHBIM B (7);
C,,...,C,— KOHCTaHTBI WHTETPHPOBAHKS, CICIYIONINE M3 IPAHMYHBIX YCIOBHIA
(8), 9);

napametpel B, b,, b, 9, BEIpakaroTCs yepes KOIDPUIMEHTEI ;.
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JI1 CINIONIHBIX KPYTOBBIX IUIACTHH, MCXO/SI M3 YCJIOBUS OTPaHMYEHHOCTH pe-
[ICHUWS B Hayale KOODIMHAT, TPH KECTKOH 3a/enke KoHTypa u3 pemicuwst (12) u
IPaHMYHBIX YCJIOBHUH (8) MpH paBHOMEPHO PacTIpe/Ie/ICHHOH Harpy3ke (y IMeeM:

C=C=Ci=G=G= G=0,

Gl Golo %
C = y C5:_ ’ Ty Ee— !
*~aa, R XA
C O, 3
Co= 5 JolBro) = (Pt P), o g -aa) &
_ +h) gt P . o
lz:_azt;"e asas((bz b) &' +C5_0j++ Q5 — Cy—.
& - a3, 64 4) 64(al-aa) 4

Yy d mdzj dzdz | te gouyderaz! nlst xfs/FoBO# TPEeXCIIOMHOW TUIACTHHBI
€JMHMYHOTO Pajuyca, KECTKO 3a[eJIaHHOH M0 KOHTypy. BennmumHa MHT€HCHMBHOCTH
PaBHOMEPHO pachpeiesieHHo Harpy3ku (p = —0,5 MIla. Bce reomerpuueckue pas-
MepBbI U JIMHEHHBIE MepeMEIICHHs] OTHECEHBI K PAINYCy IUIACTHHBL.

Ha pucynkax 2—5 moka3aHo M3MEHEHHE BAOJIb pauyca IpOrHda HIDKHETO CJIOS
W, GYHKIE 00XKaTHs V, OTHOCUTEIIBHOTO CIIBUIa \y U palUallbHOE IiepeMenieHre U B
CUMMETPUYHOW MO TOJIIMHE IUVIACTHHE C HECYLIMMH CJIOSIMH, BBIIOJHEHHBIMH U3
pasymuaHBIX Marepuaios mpu ¢ = 0,23, h; = 0,02, h, = 0,02,

0
W

-0,005

02 04

0.6

08 r 1,0

e

7

-0,010

-0,015

-0,020

-0,023

-0,030

-0,035

/

........ /

/

0
v

-0,004
-0,006
-0,008
-0,010
-0,012
-0,014
-0,016
-0,018
-0,020
-0,022
-0,024
-0,026

0,2

0.4

0.6

0.8

rl,0

—

i

“~

~

lirladbbtces] dOMI§2IsdlsOWsstetsf HQfi§ v
3iCtsteH dijldsftiste 5§ HPMIE 4T C SHhiHe d s 56 5§ B 5D
Pucynok 2.— M3MeHeHne nporuéa Pucynok 3.— M3meHenne GyHKuuM of:xaTus

B 3aBUCHMOCTH OT MaTE€pHAIOB CJIOEB B 3aBUCHMOCTH OT MaTE€pHAIOB CJIO€B

[lepemenienust yOBIBalOT C POCTOM YIPYTHX XapaKTePUCTHK MarepuanoB. Ecim
BEPXHUI HECYITUN CIIOW M3 KOPIAUSPHTA, MaTepHalia C CYIIECTBEHHO 00Jice BHICOKH-
MH XapaKTEPUCTHKAMH, TO BIIMSHHE KECTKOCTH HIDKHETO HECYIIETO CJIOS CTIIaXKUBa-
ercs, kpuBble (3, 4) OMM3KU. YCHWICHUE HIDKHETO CJIOSl MPHUBOJUT K YBEJIUYCHHUIO
¢bysximm o6xarust (4), B TO BpeMst Kak OCTAIbHBIE TIEPEMEIICHIS YMEHBIIIAI0TCS.



W N u
0,07 ; Vs \ 0.005 P
0.06 e - / \
1 S|,
A2 3 0,004 /£ -
0,05 / L\ FE n\
3\ /7 =\
0.04 E X 0,003 + -
0.03 1A 1 A A
/i ) 0.002+—7 2\
0.02 3 ,} /; 3 {}\
£ PP i B | 0,001 ,’ == == &)
0,01 P SN F; =4 \s.\ 3
0 02 04 06 08 FL0 0 02 04 06 08 r10

lirladbbces] HdOMI§2IsdlsOWMsstesf HQfl§ v
3ICstHdjMdefdste s f QIS 4T ¢ StfjrcdB s dBGdls Odz
Pucynok 4.— M3meHeHne caBura Pucynok 5. - PaananbHbple nepemerieHust

B 3aBHCHMOCTH OT MaTepUaioB CJIOEB B 3aBHCHMOCTH OT MaTepHaJloB CJIOEB

Jlanee yucIeHHBIE PE3yibTaThl MOJTYYEHBI U IUIACTHH, clion KOTophix J{16T—
¢dropormact-4—J[16. Ha pucynkax 6, 7 moka3aHo M3MEHEHHE IMPOTHOOB HECYIIHX
cnoes mpu ux ycwiennn (fn= 0,23). Ipu yromiennn HwkHero cios (2) ero mporud
ymenbIaeTcs Ha 27 %, a mporud BepxHero ciost Ha 7 %. Ecnm yBenmanBaeTcst TOI-
IIMHAa BEPXHETO CJI0S, TO MPOTHO HWKHEro yMeHbInaeTcs Ha 12 %, a BEpXHETO Ha
32 %.

0 02 04 06 08 rl10 0 02 04 06 08 7rl0
W, y W, 7
7 -0,001 =
0,005 '// / f
-0, V7 -0,002
/ J -0,003 - //
-0,010 //
-0,004 e 7
24,7
— -0,005 =
20,015 173/ /
-0,006 =~
¥/
20,020 42 -0.0071—== 4
/1
-0,008 T—
-0,025 -0,009
17 h; =h,=0,03; 27 h; =0,03;h, =0,035; 3i h;=0,035h,=0,03
Pucynox 6.— Ilporu6 BepxHero cJjost Pucynok 7.-Ilporné HmKkHero cJos

Ha pucynke 8 mpuBejgen rpaduk m3MeneHus jaedopmariui o0xarus 8(23) B 3a-

MOJIHUATEJIE BOJIb pajiMyca miacThHbl. Jedopmarms MOCTOSIHHA MO TOJIIHHE, T10-
3TOMY OJIMHAKOBA BO BCEX IUIOCKOCTAX 3amnoJiHuTesis. OHa TOCTUraeT MakCUMyMa B
IIEHTpPE IUIACTHHBI, OCTABAsICh B CHIY MPAHUYHBIX YCJIOBHUI HYJIEBOM Ha KOHTYpeE.
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Casurosas aedopmarys ss) 3aBUCUT OT KOOPAMHATHI Z, rpadMKy €€ U3MEHEHUs
HAa TMOBEPXHOCTSX 3allOJHUTE MOKa3aHbl HAa pucyHKe 9. MakcHManbHOE 3HAYCHHE
JOCTHTAeTCsl HA HWKHEH MOBEPXHOCTH CJIOSI, OHO IPUMEPHO B 2,5 pa3a Oouiblie aHa-
JIOTUMHOTO 3HAYCHISI HA BEPXHEH IUIOCKOCTH.

f_’ o ol ok us/fl e ®
£, ! RS
/‘ 0,016 ~ *
-0,005 \
z
0,014 57 5
!
-0,010 0,012 7
/ \
0,010 ! L
20,015 / \
/ 0,008 7 T
! 1 \
20,020 / 0,006 {— LT “
!
/ / \ \
0,004 11 T
-0,025 v4 0.002 1 / \‘.
. 1T \J
_.—/ !
-0,030 0

02 04 06 08 r10
l-z=c;2-z=-cC
Pucynok 8. - M3menenne nedopmanun Pucynok 9.-— Msmenenne gedopmannu €(r)
ooxkarusi €,() BIOJIb paguyca HA MOBEPXHOCTAX 3aIMOJIHUTEIs

M3MeHeHre HampsiKeHW MO TOJIIMHE Ha KOHTYpE IUIACTHHBI WLIIOCTPUPYET
pucyHok 10. VX 3HaueHns BO BHEIIHKX CJIOSIX OTHECEHBI K 10° Ila, B 3anonHmTENE —
k 107 ITa. Ha KOHTYPE MaKCHUMAaJIbHbIE 3HAYEHHSI OKPY>KHBIX HAIPSIYKEHUM IPUMEPHO
B J1BA pa3a MEHbBIIE PaguaIbHbIX.

-c-h - 0 c cth,
1i o®; 27 o
Pucynok 10.— M3MeHeHMe HANpsiKeHMil 1O TOJILIMHE IUIACTHHBI

B nucceprammu nokasaHo, 4TO Y4eT CHKMMAeMOCTH 3allOJIHUTENs] NPUBOJUT K
YBEJIIMUEHHIO TPOTHOa BEPXHEro Hecymiero ciost Ha 42 %.

B 4deTBeproil r1aBe mpuBeseHa NMOCTAHOBKA U MOJIYYEHO AHAIMTHYECKOE pe-
KyppEeHTHOE peIlIeHHe KpaeBOH 3a1aun 00 M3rule yIpyrorwiacTHiecKON TpeXCiaoi-
HOW KpyroBOM IJIACTUHBI CO CKUMAEMBIM 3aIl0JIHUTENIEM.
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PaccMoTpena HecCMMMETpPHYHASA MO TOJILMHE TPEXCIOWHAs KPyrosas IUIACTHHA
(cM. pucyHOK 1), Hecyliye CJIOM KOTOPO# BBINOJIHEHbI U3 YIPYTOIUIACTHIECKOIO Ma-
TepHUaIa, a CKUMAEeMbI MO TOJIIUHE 3aloJHUTEIh MOXET NpOSIBIATH YOpyrue U
HeIMHeWHO ympyrue cBoiicTBa. KuHeMaTHka makeTa COOTBETCTBYET paHee NPUHATON
MOJIeJH. B CIIOSX TUIaCTHHBI HCTIOB3YIOTCS (DM3HYECKUE YPaBHEHHS COCTOSHHS TEO-
UM MaJIbIX YIpyroacTudeckux AedopmMarmii MiprommHa:

s =2G Lo, MY, o =3Ke" (k=1,2,3; a=r,0),
£ =2G1-w,€ Y 8 =2G -0, D (13)

rae s, 199, c(k) , € — leBHATOpHBIC U IIAPOBBIC YACTH TCH30PA HAMPSKSHHI 1
nepopmariz;

G, K — Moy ciBuroBoii n 06seMHOM gedopmarmu k-ro cios;

o, (%) — dysxmm mwiacTHaHOCTH WITBIOTIMHA MATEPUATIOB HECYIIUX CIOEB H
(uBMYECKON HETMHEHHOCTH 3allOJIHUATEIIS, KOTOPhIE MPH MHTCHCHBHOCTH Je(popMa-
it g 9< 8”’ CJI/IYeT MOJIOKUTh PABHBIMU HYJTIO;

(k) npez[en TeKy4eCTH (HEIMHEHHOCTH) MaTEePHAIIOB CIIOCB;

353) 19 19 _ nepmaropsr TeH30poB B 3anoHHATETE.

C HOMOIHLIO cootHomernii (13) BBIENMM B TEH30pE HANPSIKEHHI YIpyrHe
(uHOEKC «e») U Heynpyrue (MHIEKC «®») ciaracMmble:

o =c¥ -6 (a=r,9; k=1,2,3),
(3) 3 _ (3) 3 _ (3) 6(3) (14)

G Zm ' rzo !

G, =0,

rac
K - (Y (3) — ® 4 ®
2649+ 1Y, ol =2604%, o2 =269+ 199,
o® = (3) (3) O (3) (©)
® = 2G4 =269, o9 =269,

VpaBHeHHsT PABHOBECHS B YCWIMAX KPYrOBOW TpeXcJoWHOM rutacturbl co fyyd -

BB &3 L Of s dfled rsagmdagiedgnosus (6) GpUIM MOTyUEHbI HE3aBHCHMO

OT (IBUIECKIX YPaBHEHHUI COCTOSHUSA, TOATOMY MOKHO BOCIIOJIb30BaThCS UMU U B
paccmarpuBaeMoM ciydae. [lofcTaBuB B HMX BBIp@KSHHS BHYTPEHHUX YCWIMH Ye-
pe3 IMepeMenieHrs, MOJyYHUM CHCTEMY YpaBHCHHI paBHOBECHS B TEpeMEICHHUSX,
KOTOPYIO MO>KHO 3alcaTh B BUIE:

L(au+ay—aw,—ay)+ Ky= p,
L(au+ay—agw,—ay)=h,
Ly(au+ay—aw,—av)=- & g,

c v,
La(a4u+a7\lf_39Wr_%Vr)+g Ks[ Y +Tj=_ G 9. (15)
3nece P, h,,q,, 9, — HesHEiHbIE 1OOAaBKU

1
pm :-rrcu’r +_(-I;m - -I;m)! hn) = Hra)’r +— (Hrm - (p(n) !

q, = Mrm’rr rot _Dwm! ) ) (16)

= (2M MQDUUF )7 gu) = Drm’rr +}(2D
r
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IJe HeNMHEelHble cOCTaBLioIMe BHyTpeHHux ycwmit T ., H, ., M, , D, Bb-
quCIAIOTCA 1o (opMynaMm (2), B KOTOPBIX HANPsDKEHHA G, Hy)KHO 3aMEHHTh HA
o (a=r,0) m cootHomenuii (14).
CI/ICTeMa ypaBHeHHi paBHOBecus (15) sBIsieTCS CYIIECTBEHHO HEJIMHEHHOM.
Jlns ee pelieHuss NIPUMEHEH METOJ TOCIIeI0BATEIbHBIX TPUOJIMKEHHIA, OCHOBAHHBIN
Ha MeToJie ynpyrux peinenuii Mnbiommna. B pe3ynprare cuctema NMpuHIMAeT clie-

JYIOLLMIA UTEPALMOHHBIA BH:
Lo(ad” + ay® - W, -8 #,)+ K, = §,
L(a,u™ + ay™ — gwW, —a ¥, )= 7,
Ly(au® + ay® - g, —a ¥, )=—a {7
(n)
Ly(at® + ay® - au,, — g, ¥, )+ ¢ Kg[ 0+ } ¢ §.07)

rJie N — HoMep NPUOJIFDKEHUS.
Henumeiirpie n1o6aBku B (17) BBIUUCISIFOTCS TI0 Pe3yJbTaTaM MPEBIIYIIETO
npuomwkeHnst. OHH OTPENISIIOTCS] COOTHOIIEHIIMU (0L =T, /)

1 1
ptd = T, +F(TLH) T(mn) hY = H(D +F(Hr((fl) _ H$31)) ’

ro (610)

1 1
(n-1) _ (n-1) (n-1) (n-1) (n-1) _ (n-1) (n-1) (n-1)
4, _Mr(o ’rr+F(2Mrm t _M(po) ’ )7 9 =D o +F(2Drm r -D ’ )’
(n-1) > (k,n=1)y, (k,n-1) (n-1) S (k, n-1) y; (k n1)
n- N - . n- , = n-
Tow) :ZZQJ‘mk (au ){(x d B Mocm :ZZGKImk (gu ){(x d '
k=1 R k=1 h

1 1
(n-1) _ (3,n-1) 1,n1) (2n1) (n-1) _ (1 n— l) (3IF1) (3 n-1)
Hcm) =M am + C(Towa - -I;m ) ' Da(o M 2 -M an E S(x(u .

HWreparponHoe peiere cucteMsl quddepeHmansupx ypapaeruii (17) 6ymer

wm__1 wny, Gr 2 —n—
v L (q-a)+ 2, )

R PR BT S nl anl
aﬁ(asu aw", —aV ,r)+(§2+<§r,
0 v, b L (o €)@ §7)- b @ (2imr-1)-

B0 (2 -1 b L)+ U 8 ) @D L,

v =S 0,0~ S0 Z([¥of A6 04 (rarar-

~[LBN[Y.BNG P (nrdrdr)+C{,
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n a6a 8539 n n1
=h|u”dr- v - Ly (g- ¢"™)d r-
J a; — a,a, & - ag I
(n) 2
e & LA k] (It —2)+CO O Inr+C , (18)
(a-aa)r (2-aa) 4 4

rae o (r) — dyHKipa, 3aBuCAIIAs OT BWIA HATPY3KH.
JIis CINIONIHBIX KPYTJIBIX IUIACTHH, UCXOS U3 YCIIOBHS OTPAaHMMEHHOCTH pelle-
HUS B Hadasle KOOPIMHAT, cnenyeT TIOJIOKUTh

Cc =c = =" ="=d¢=

2 1

Ecmu xoHTYp ImTacTUHBI 3az[enaH, TO W3 TIPMHATBHIX TPAHUYHBIX YCJIOBHMIA THIA (8)
CIIeYET:

1
r=ro

2, 1
Ir=ry 7['704L 21( tj 1))L40

c = af 2(a-d)
O

2 (e g)

fo

o ,2%"2 L5 (a-d™)
0

e
ot (m)

Ll
r=rg

cp = (%@ofaEod (| -

260
~3,r) [W@nar (rdr| ),

e =505 [¥e0] 360 d rer o] -

B
)

~[3.@N[Y.@nd" (nrdrdr

0 225 "1 (n-1
C:1(0)=2—L (1) ;
@-aa), ¢ )rro+( ) L™,
5 = - L (g ¢™2)d
[as a3y bzbﬁJj +47) '10+
L _ b4 L—21( (n—l)) d _
+{(aé -a3)n bﬁJI i,
U () bafU (o e | -ho By

Yy d mMdzj dzdz" | teojryudEstaislgpPrisEoii TpexCcIoHHOM IUTAC THHBI, CIIOH
KOTOpOi1 HAOpaHk! 13 MaTepI/IaJ'IOB J16T—dropormact-4—]116T. BenmarHa Harpy3Ku u
TOJIIIUHBI CJIOEB TI0IOUPATUCH TaKUM 00pa3oM, YTOOBI HEJIMHEHHBIC CBOWICTBA MaTe-
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pHaNoB MPOSABWINCEH B JTOCTaTOUHOM crenerm: = —3 MIlIa, h, = h, = 0,03, ¢= 0,23.
[TnacTuHa )KECTKO 3ajieiaHa 10 KOHTYpY, ee paguyc o = 1 M.

AHarmTieckoe BbIpaXeHHE U (DYHKIMI TUIACTUIHOCTH W HEJMHEHHOCTH B
cooTromenustx (13) npuHUManoch B M3BECTHOM BHIIE:

B 0, e <g
o (2,) = A€l 1g,)*, e >g.,

rae A, Oy — KOHCTAHTBI HSIMHEHHOCTH MaTepuaia.

COOTBETCTBYIOIIMEC HEJIMHEIHBIC XapaKTEPUCTHKA MaTCPHUAIIOB 3aHMMCTBOBAHBI
w3 nareparypsl: ana J16T A, = 0,96, o, = 2,34, s(yl): 0,735 %; nns propormiacta
A3 =0,905, 03 = 1,48, &= a(ya) = 3,3 %. CieryeT OTMETHUT, YTO TIPH HCTIONIb30BAHII
B Ka4eCTBE MarepuainoB ciioeB ciuiaBa J[16-T u ¢ropormacta-4 MeTo yIpyrux pe-
UICHAH OyJeT CXOIUTBCS B TpejeliaX MaIbIX Je(opMallHii, T.K. H3BECTHO, YTO BbI-
TOJTHSICTCSL TOCTATOYHOE YCIOBHE CXOJAMMOCTH.

Pucynox 11 memMoHCTpHpYeT MpaKTUIECKyI0 CXOAMMOCTh METOAA YIPYTHX pe-
meHni 11 Gynkimn o6xarusa. Homep KpuBoil cooTBETCTBYST HOMepy urepar, 1
— ympyras IIacTHHA. 3/1eCh BTOPOE NPUOIIMKEHHE OTIMYAETCS OT TIEPBOTO MPHME P-
HO Ha 11 %. 3a rckomoe perrenne IpuHATO 4-e IpUOIDKEHHE, KOTOPOE OTIIIIaeTCs
OT mpenbinymero Mesee ueMm Ha 1 %. KoHeuHoe ommmaue oT ynpyroi IiacTHHBI —
16,3 %. Bce ocTanbHbie nepeMeIeHus BRIPaXXEHbI Yepe3 (HYHKIMIO 00KaThs.

Ha pucynke 12 mokazaspl rpa)Mkyd M3MEHEHHs! MPOTHOA HIDKHETO CJIOsI BJIOJIb
paauyca: 31ech MakCUMalIbHOE yBeJIUeHHe cocTaBisieT 16,7 %.
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Pucynok 11.- M3menenne ¢yHKIuH Pucynok 12. - V3MeHeHHe mnporun0a HUKHEro
c:kuMaemMocTH V(I) BAOIb pagdyca IUIACTHHBI caost W(r) BAOJIb paguyca IIACTHHbI

UrcneHHBIE UCCIICIOBAHUA TIOKA3aJH, YTO YyUIET QM3MIECKON HeIMHEHHOCTH Ma-
TEPUAJIOB CJIOEB MPUBOJUT K YBEIMUEHUIO HCKOMBIX epeMelnienuii Ha 16—20%. 3to
CYIIIECTBEHHO YTOYHSET HANPSKEHHO-/1e()OPMUPOBAHHOE COCTOSIHHE pacCcMaTpHBa-
€MOM TPeXCIIONHOH IIIaCTUHBL.



Ha pucynke 13 mnpuBenensl rpaguku m3mMeHeHwst nedopmaiyi o0xatus €
BJIOJb PAagUyCOB YIPYrOdl M YNPYTrOILIACTUMECKOW IUIACTHH. Y4YET HEIMHEHHOCTH
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MaTepraioB NPUBOJIUT K YBEJINYEHHIO pacueTHOH nedopmammm Ha 18,2 %.
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Pucynox 13.- Jlepopmanust oG:xarus Pucynok 14.— Odaactu ¢usmyeckoii HeMHeiHOCTH

Pacnpenenenre obnacteii pr3ndecKoil HEJMHEHHOCTH MaTEpHAIOB CIIOEB (Ce-
pasi 3a1uBKa) BJOJIb paJuyca TPEXCIONHOI IUIACTUHBI IIPU €€ PaBHOMEPHOM Harpy-

JKEHUU Paclpe/ie]IeHHON Harpy3koil MHTeHCHMBHOCThIO O, = 3 MIla wumoctpupyet
pucyHok 14. OH CBHIETENILCTBYET O TOM, YTO MEPBbIE IWACTUYECKUE JiehopMarmui

BO3HHKAIOT B LCHTPE IUIACTHHBI M 3aTEM MOSBILIFOTCS HA KOHType. Bechb 3amonHu-
TeJIb, 32 UCKIIFOUEHHEM HeOOJIbIION 001aCTH HA KOHTYPE IUIACTHHBL, A¢(hOPMHUPYETCS

HEJIMHEHO .

B AUccepTraly IoKa3aHo, YTO Y4eT q)H3PI‘ICCKOﬁ HEJIMHEMHOCTH MarepurajioB
CJIOCB INPUBOAUT K YBCJIMYCHUIO DPaJHAIIbHBIX Hanpﬂmem/n‘/’l B IICHTPE IUIaCTUHBI O

27 %, B 3anoymmmrene — 10 47 %.

3AKUIIOYEHUE

OcHOBHBIE Hay4YHbI€ PE3YyJbTAaThl JUCCEPTALIUHN

B pabote mpoBeneHBl TEOPETHYECKHE HCCIEAOBaHMS N1e(HOPMHPOBAHHS TPEX-
CJIOMHBIX KPYTOBBIX IUIACTHH CO CHKUMAEMBIMH 3aIOJHUTEISIMU U TIOJYYE€HBI CIIey-

IOIINE HOBBIC HAYYHBIC PE3YJIbTAThI, BKIIIOYAIOIIHC:
® MCXaHNKO-MaTCMaTHICCKUEC MOIOCIIU (1)I/BH‘I€CKI/I JITHEMHOTO W HEJIMHEHHOTO

Jne(OpPMHUPOBAHUS TPEXCIOHHBIX KPYrOBBIX IUIACTHH, COJACPYKAIlUe yYpPaBHCHHS paB-
HOBECHS B YCWIMIX M NEpPEeMELIeHUIX, (HOPMYIMPOBKU I'PaHUYHBIX YCIOBUIL, OTIH-

YaOIHUECs YIETOM CKUMaeMOCTH 3arnosamrens [1, 3—7, 10, 13];

® AHAIMTUYECKHE PEIICHUS KPAeBbIX 337a4 TEOPUU YIPYrOCTH O Ae(hOPMHUPOBa-
HUAM KPYT'OBBIX TPEXCJIOMHBIX IUIACTHH, Cojepkaiiue (GopMyJbl JJisl pacueTa nepe-

MEIICHHH, BHYTPSHHUX YCHIHH, JedopMalmii 1 HanpsHKeHHWH NMPHU POU3BOJIBHBIX U
PaBHOMEPHO pacTpe/leIeHHbIX Harpy3Kax B Cllydae pasJIM4HBIX YCJIOBHH 3aKpervie-
HUSL KOHTYpA, YYUTBIBAIOIINE CKUMAEMOCTh 3amojautesis [2-5, 8, 9];



16

® UTEpaIMOHHBIA METOJ|, THIAa METOJa YNpyrux pemeHui WnprommvHa, aHamu-
THYECKHE PEKYPPEHTHBIE PEIICHUS KPaeBBIX 337ad TEOPHH MaJIbIX YIPYrOTUIacTH e-
CKuX JehopMarii, TIO3BOJMBILINE AITOPUTMH3UPOBATH MPOLECC HCCIIETOBAHUA I1a-
paMeTpOB HANPSKEHHO-/1e()OPMHUPOBAHHOTO COCTOSHHS PacCMaTpHBAEMBIX IUIACTHH
npu prBudecky HelMHEHOM 1edopMUpOBaHiK MaTe prasioB cioes [6, 11, 12, 14];

® MapaMeTPUUECKHl YUCJICHHBIH aHAIN3 HANPSKEHHO-1e(OPMHUPOBAHHOTO CO-
CTOSHUA YNPYTHMX M YIPYTOIUIACTMYECKUX KPYrOBBIX TPEXCJIOMHBIX IUIACTHH CO
CKUMaeMbIM 3alloJIHUTEIIEM, COJepKalluid rpad Ky, OTPaXKAroIUe 3aKOHbI U3MEHE-
HUS TIepeMEILeHHH, Je(OpMalrii ¥ HANPSDKSHUI 10 PAJRyCy W BBICOTE IUIACTHH TPH
Pa3MYHBIX TE€OMETPUYECKHMX W YIPYTruX MapaMeTpax CJoeB, MOKa3aBIIMi, 4TO B
NPUESITBIX  YCJIOBMSIX YYET COKMMACMOCTH 3allOJIHUTEIS] TPHBOJWT K YBEJMY CHHIO
MaKCHMaJIbHOT'O pacyeTHOro mporuda 1o 42 %, NOATBEPAMBLIMHA MPAKTUYECKYIO
CXOIUMOCTh METO/Ia YIIPYTUX PEIlCHHUH, YCTAHOBUBILIUN POCT NPOTHUOOB 3a cueT Qu-
3MdecKor HenmHeHOCTH 10 18 %, a HanpspkeHuid — 10 27 % B HECYIIHX CIIOSX U A0
47 % B 3amoanmrene [4-6, 8,9, 11, 14].

PexoMeHIaUM 0 MPAKTHYECKOMY HCIO0JIb30BAHUIO Pe3yJIbTATOB

[Tomydennsie pe3ynbTaThl MO3BOJIAIOT YHCIEHHO MOJEIHMPOBATH MEPEMEIICHIS,
gedopMallii M HaUPsDKEHWS B TPEXCIOMHBIX KpPYTOBBIX IUIACTHHAX, COOpHO-
Pa30OpPHBIX HACTWIAX, COHIABMY-IIAHEISX, J1aBaTh MPAKTHYECKHE PEKOMEHAALMH NpU
MPOEKTHUPOBAHUM CJIOMCTHIX 3JIEMEHTOB KOHCTPYKIMM, CHIKaTh MaTepUallbHbIC 3a-
Tparel, TpeOyeMble IS TPOBEICHWS SKCICPHUMEHTATBHBIX HCCICIOBAaHHMN. Y4YeT
CXKMMAaeMOCTH 3arloJIHUTEIIS] IPUBOAMT K cymiecTBeHHOMY yrounenmo HJIC wuccie-
JIyeMbIX KOHCTPYKIMI. AHAIUTHUECKHE pELIeHHs, TMOJydeHHble B paboTe, mpen-
CTABIIIIOT CaMOCTOATEINIHHYIO [ICHHOCTh KaK HOBbIE (DyHIaMeHTAIbHBIE PE3YJIbTAThl U
OYAYT CIy>KWTb JJIsl TIPOBEPKU YHUCIICHHBIX PEIICHHI NOA00HBIX 3a1au. Pa3padboran-
HbI€ METOJIMKH MOTYT HCIIOJIb30BaThCsl B NMPOEKTHBIX OPraHM3alsiX CTPOUTEIHHOTO
U MAIIMHOCTPOUTEILHOTO MPOGIWIL MpH pacueTe KOMIIO3UTHBIX 3JI€MEHTOB KOH-
CTPYKIIMA.

HayuHble pe3ynbTaTel quccepralmy BHEJpPEHbl B PACUETHYIO NMPAKTHKY TpaHC-
TIOPTHOTO YHWUTapHOTO MPEINPHSITHI «XUMTPAHC» W TPEIUpUATHS KOMIUIEKCHOTO
npoexTupoBanust «[ omensaoprpoexTy KITPCVYII «'oMenso0amopeTpoin».

C nomomipio pa3zpaboTaHHBIX METOVK M MPOTPaMM YHCIICHHBIX pacueToB OblIa
BBINOJTHEHA OLEHKA NMPOYHOCTH U JKECTKOCTH IUIMT JoposkHOro mnokpbrtust TTKII
«'oMenpA0PIPOEKT» U AaHBI MPAKTHIECKHUE PEKOMEHIALMH IO OTPECIICHUIO BHY T-
PEHHUX YCWIMK, BO3HMKAIOIIMX B NOKpbITMU. lIpoBeneHa NpoOYHOCTHAas OLIEHKA
COHJBUY-TIAHEJNIEH TIPU CTPOUTENBCTBE CKIanckux nomeuieHnid TYII «XumTpaHe» u
JIaHbl TIPAKTUIECKUE PEKOMEHIAIMH TI0 OTPEJIEJICHIIO HAHOOJIEEe OTACHBIX Y4aCTKOB
KOHCTPYKILH.

Pe3ynpTarsl BHEAPEHHI TIOATBEPXKICHBI COOTBETCTBYIOIIMMH AKTAMHUL
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CIIMCOK PABOT, ONYBJINKOBAHHBIX ABTOPOM
1O TEME JUCCEPTALIUN
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PE3IOME
3axapuyk Oms Buktoposna

Du3nvecKH JMHeHHOe U HeJIMHeiTHoe 1eOpMUPOBAHME TPEXCJIOHHBIX IJIACTHH
€O CHKUMAEMbIM 3al0JTHUTEIEeM

s dzt yJ 9" J tpelpdatimeOkpyroBbie TUIACTHHBI, CHKMMACMBbIH 3arioJTHH-
TeIlb, U3THO, YIPYrOCTh, IIACTUIHOCTH.

IBi j €SI d Mdagxendiimmiéxgztorsle mWIacTHHbI CO CKMMAEMBIM 3a-
nonramresteM; f t6 j H A3 Is  d f):ipadgiokeiae jdgefitposanroe cocTosaie
00BeKTa.

Ajdz tc @ @3 {aH8e" MexaHNKO-MaTeMaTHIeCKUX Mo ielei nehopmMupoBa-
HUS (DUBMYECKM JIMHCHHBIX U HEJIMHEWHBIX TPEXCJIOMHBIX KPYrOBBIX IUIACTHH CO
C)KUMAaeMbIM 3alOJIHATENIEM T10]] JAEHCTBHEM OCECHMMETPHUHBIX HATPY30K MPOM3-
BOJILHOTO BHJIA IIPH Pa3JIMYHBIX BHIAX 3aKPEIUICHUS KOHTYpa.

IpuBeeHbI MOCTAHOBKM HOBBIX KpPaeBBIX 3a1a4 O (PM3HUUECKH JMHEHHOM W He-
JIMHEWHOM J1e(OPMHUPOBAHIN TPEXCIOMHBIX KPYrOBBIX IDIACTHH C JISTKHM C)KMMae-
MBIM 3arlOJIHATEJIEM, HCTIBITHIBAIONIMX M3THO TIOJ NEHCTBHEM OCECHMMETPHYHBIX
pacmpe/IeNIeHHbIX HArpy30K. Pa3paboTaHsl METOBI PEIICHHS MOCTABICHHBIX 33/1ad.
Pemienust 3amau TeopuM YIPYrOCTH MOTYyYCHBI B KOHCUHOM BHIE, TPU (BH3UICCKON
HEJIMHEWHOCTH MAaTePHATIOB CJIOCB — B PEKyPPEHTHOM.

YHCICHHO HCCIICOBAHBI MApaMETPhl HAMPSHKESHHO - 16 (OPMHUPOBAHHOTO COCTOSI-
HUSL YyIPYTUX U (PM3MMECKH HEJMHEHHBIX TPEXCJIOMHBIX KPYrOBBIX IUIACTHH CO CXKHU-
MaeMbIM 3aIOJIHATENIEM B 3aBUCHMOCTH OT TPAHUYHBIX YCJIOBHI, T€OMETPUIECKUX U
VIPYTHX MapaMeTPOB MaTepHalioB CIIOEB, BEJMYUHBI HArpy3KH. [IpoBemeHo cpaBHe-
HUE C POTHOOM IUIACTHHBI TIPH HECIKAMAEMOM 3arlOJIHUTEJIE.

Pe3ynbTarsl MCCIICIOBAHUN SIBISIOTCS HOBBIMH M MOTYT OBITH HCIIOJIB30BaHBI
MPOCKTHBIMHU OPraHM3aIsIMA B CTPOUTENIHCTBE M MAIITMHOCTPOCHHUH.

PI3IOMD
3axapuyk HOmis Bikrapajyna

®iziuna diHeiiHae i HesriHeliHae 3¢ apMaBaHHe TPOXCIaEBbIX IIACLIH ca
clicKATBLHBIM 3aNayHAIbHI KaM

S dz8 YyOo " W tpdyceiesisl kpyraBbis IiacuiHbl, CHiCKATbHBI 3alayHsTb-
HIK, BBITI0, IPyrKaciib, WIACTHIYHACII.

B J & ldz] H@dN@pdadzséspin KpyraBbisl IUIACIHHBI Ca CIICKAJIbHBIM
samaymsubHikaM; 6 O H d3d IS H O:fipamiy#ae@ so@hphadréter ctan ab'exra.

[1Is0 ©O BT}E[iSHi{e MeXaHiKa-MaTIMaTbI4HbIX MaIILy Ad(apMaBaHHs
(hiziuHa JTiHEHHBIX 1 HeJiHEHHBIX TPOXCIAEBBIX KPYraBbIX IUTaCIiH Ca CLiCKAIbHBIM
3anayHsJIbHIKaM IaJ1 [3esTHHEM BOCEBaciMETPBIYHBIX HArPY3aK alBOJIbHAra BBITJIALY
NPBI PO3HBIX BiJlaX 3aMallaBaHHs KOHTYPY.

[IpeiBe3eHBl TACTAHOYKI HOBBIX KpasBBIX 3a7ad a0 (Qi3iuyHa JHEHHBIM 1
HeJTiHEHHBIM 1o(apMaBaHHl TPOXCIIAEéBBIX KPYTaBBIX IUIACIIH 3 JIETKIM CIli CKaJTbHBIM
3arayHsUTbHIKaM, SIKisi BEIPaOOYBArOIh BBITIO TAJ 3ESHHEM BOCEBACIMETPHITHBIX
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pa3MepkaBaHbIX Harpys3ak. PacmparaBaHpl MeTalIbl PalIdHHA IACTAyNEHBIX 3a/1ad.
PanmuHi 3amad T@OphIi MpyrKacii aTpbiMaHbl Y KaHYaTKOBBIM BBITJISA3E, MBI
(hiziuHall HeTiHeMHACIII MaTIpBLUIAY CIagy — Y PIKYPIHTHBIM.

KonbkacHa maciieiaBaHbl apaMeTpbl HalpyKaHa- naq)apMaBaHara CTaHy TPYTKiX
i ¢)131qHa HEJIIHEHHBIX ~ TPOXCIIAEBbIX KpYTaBBIX IWIACIIH  Ca  CLICKAIbHBIM
Sal'IayHHJ'lLHlKaM Y BQIeKHACII X MEXaBBIX YMOY, IeaMeTPhIYHBIX 1 TPYrKix
napamMeTpay Marpblsiiay ciady, BemiublHl Harpyski. IlpaBei3eHa mnapayHaHHe 3
npariHaM IUIACIIHBI 3 HECIICKaJIbHBIM 3anayHsTbHIKAM.

Bomiki j1acieaBaHusy _3'aymsiona HOBBIMI 1 MOTYIp OBIllb BBIKAPHICTAHEI
MPACKTHBIMI aprafizanpisiMi ¥ OyaayHinTBe i MaribHabyaBaHHi.

SUMMARY
Zakharchuk Yuliya Viktorovna

Physically linear and nonlinear deformation of three-layer plates with
compressible filler

Keywords three-layer circular plates, compressible filler, bending, elasticity,
plasticity.

Object of studythree-layer circular plates with compressible filler; subjec¢ of
study the stress-strain state of the object.

Objective of the workthe creation of mechanical-mathematical models of de-
formation of physically linear and nonlinear three-layer circular plates with com-
pressible filler under the action of axisymmetric loads of arbitrary type with different
types of fixing the contour.

The statements of new boundary-value problems of physically linear and nonlin-
ear deformation of three-layer circular plates with light compressible filler, subjected
to bending under the action of axisymmetric distributed loads, are given. The meth-
ods for solving the problems are developed. Solutions to the problems of elasticity
theory are obtained in the final form, with the physical nonlinearity of the materials
of the layers — in the recurrent form.

The parameters of the stress-strain state of elastic and physically nonlinear three-
layer circular plates with compressible filler are numerically investigated depending
on the boundary conditions, the geometric and elastic parameters of the materials of
the layers, and the load. A comparisonwiththe deflection of the plate at incompress-
ible filler is carried out.

The research results are new and can be used by project organizations in con-
struction and engineering.
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