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BeefneHue

€JIbI0 TAaHHOTO Yy4eOHOro MocoOUs SIBJISIETCSI PACCMOTPEHUE BO-

MPOCOB NPUMEHEHUSI MHXXEHEPHOTO aHaJIM3a B COCTaBE KOMITbIO-

TEPHBIX CUCTEM ISl BBIPAOOTKM TEXHUYECKMX PEIIEHUId B TTPO-
€KTHOM, KOHCTPYKTOPCKOM, HAyYHOM IeSITeJIbHOCTU UHXKEHEpa.

[Ton repmrHoM HKeHepHbIii aHAIM3 TIOHUMAETCSI COBOKYITHOCTb UCCJIE-
JOBaHUM, MpeaHA3HAYEHHBIX IS TIPOBEPKU PabOTOCIOCOOHOCTH, OMpe-
JeJICHHBIX 3KCIUTyaTallMOHHBIX XapaKTePUCTUK ITPOSKTUPYEMbBIX U3,
a TaK>Ke CYIIECTBYIOLIMX KOHCTPYKIIMIA, 000py10BaHUS MPU 3aJaHHBIX yC-
JIOBUSIX.

MHXeHepHBIi KOMITBIOTEPHBIN aHAJIM3 B IMPOLIECCE CO3AaHUSI HOBOTO M3-
JeJIUS TI03BOJISIET CIIPOrHO3UPOBATh MOBEIEHUE CUCTEMbI U C MUHUMAJIb-
HBIMM 3aTpaTaMU BpeMeHH COTIOCTABUTD PSIJ Pa3IMYHbBIX aJIbTePHATHBHBIX
KOHCTPYKTOPCKMX pellieHU. B pe3ysibrate CHUKaeTcsl 00beM SKCIEPUMEH -
TaJIbHOM OTPaOOTKM U TOBOAKHU U3EMS, TIOBBIIIAETCS €r0 KAYeCTBO, a CaM
MPOLIECC MPOEKTUPOBAHUS YCKOPSETCS U YACLIECBISIETCS.

C KaxIbIM TOJIOM POJib KOMIBIOTEPHOTO MOJAEIUPOBAHUS U MHKEHEP-
HOT0 aHaJIM3a MpH pa3pabOTKe HOBBIX U3JIEINI paCTET U, B KOHEUHOM CUe-
T€, OHU JOJIKHbBI CTaTh HEOThEMJIEMOI M OPTaHUYHOI YaCThIO J11000T0 Mpo-
1ecca MpoOeKTUPOBAHUS. DTO MPEAIoaraeT TECHYI0 B3aMMOCBSI3b MEXITY
MOAYJSIMUA T€OMETPUUYECKOTO MOJIEJIMPOBAHUS Y MHXEHEPHOrO aHalu3a
KOMITBIOTEPHBIX CUCTEM MPOEKTUPOBAHUS C TEM, UTOOBI BBIITOJHEHUE CO-
OTBETCTBYIOLIMX PACUETOB Y MOJACIMPOBAHMUS CTAJIO JJIsI PSIAOBOTO MPOEK-
TUPOBLIMKA TAKUM K€ OOBIYHBIM 1 PYTUHHBIM J€JI0M, KaK CO3aH1e TPeX-
MEPHOI MOJIEJIV WJIU BBIMTYCK YePTEXKEM.

CoBpeMEeHHBIE CUCTEMbl MHXEHEPHOro aHaiu3a (WJIM CUCTEMBbI aB-
TOMaTu3alMKu UHXeHepHbIX pacyeToB) — CAE (aHri. computer-aided
engineering) o0ecrieunMBalOT pelIeHUe 3a1a4 JUHEWMHOTO Y HEJIMHEHHOTO
CTaTUYECKOTO aHaIM3a, aHaJIM3a 4YacTOThl, YCTOMUMBOCTHU, TEMIIEpATyp-
HOIO aHaJin3a, YCTAJIOCTU, UCTIBITAHUI Ha yIapHYIO Harpy3Ky, JUHEWHO-
T0 ¥ HEJIMHEMHOI 0 IMHAMWYECKOT0 aHan3a, aHaJIu3a ONITUMU3ALUK U 1.



BBegeHue

CAE npumenstiorcst coBmecTHO ¢ CAD-cucremaMu KOMITBIOTEPHOTO Te-
OMETpUUYECKOro MoaeaupoBaHus (aHri. computer-aided design). Ha3Ha-
yeHue CAD-cuctem — cosnanue 3D-mopeneit u mojgydyeHue 4YepTexei.
3avacrtyto CAE unrerpupyotcs B CAD, obpa3zys rudbpuansie CAD/CAE-
CHUCTEMBI.

B pycckom si3bike ecth TepMuH CAITTP — cucteMbl aBTOMaTU3MPOBAHHO-
IO MPOEKTUPOBAHMSI, KOTOPBI MOXKET Ha aHTJIMUCKUI SI3bIK TIEPEBOUTHCS
kak CAD-cucremnl, CAE-cuctembl. OnHaKO B OTE€UECTBEHHO TUTEpaTy-
pe u rocynapctBeHHbIX cTaHaapTax CAITP onpenensieTcs kak 6oyee eMKoe
MOHSITHE, BKJIIOUAOIIee He TOJbKO IMpOorpaMMHbIE CPeICTBa.

Posib KOMIIBIOTEPHOTO MHXEHEPHOIO aHaar3a U MOACIMPOBAHMS MPU
MPUHSATUY TTPOEKTHBIX pellieHU I TocTeneHHO MeHsieTcss. Ha cMeHy cyiiie-
CTBYIOIIIE} TTPAKTUKE, KOTJa MHXEHEePHbII aHaIu3 B Jy4lleM clydae 1c-
MOJIb3YETCS JIUILb IJIsSI TIPOBEPKU YK€ AeTaabHO pa3pab0TaHHOIO MPOeKTa
(c mpopaboTaHHOI TeOMETPUE U TPEXMEPHOM MOJIEJIbIO), TIPUXOAST CH-
CTeMbI, B KOTOPBIX MTPeABAPUTEIbHBINA PaCUETHBIN aHAIU3 U MOAEIMPOBA-
HUE MO3BOJISIIOT HATU ONTUMAaJIbHbIE TPOEKTHbIE (B TOM YUCJIe TEOMETPU -
YeCKHUe) pelIeHusl.

B nmocobuu npeacrapieH MaTepurall, UMEIOIIUIA BakKHOE TPaKTUYECKoe
3HaYEHHUE MPU IMTPOEKTUPOBAHMM U3AETUI MAILIMHOCTPOEHMSI: TIOCTPOSHHUE
3D-moneneii B SolidWorks Ha 0CHOBE TeOMeTPUIECKOM ONTUMU3AIAN IeTa-
neit B cpene SolidWorks Simulation, MH>XXeHepHBI aHAJTU3 3JIEMEHTOB KOH-
CTPYKILIMI MpY pa3IMYHbBIX BUAAX HArpy>KeHUsl, IPUBEIEeHbI TPUMEPHI BbI-
MOJIHEHUSI UHKEHEPHBIX pacueToB KOHCTpyKUMHU B SolidWorks Simulation.

BDDDHEeKTUBHOCTb OCBOEHMSI CTYIEHTAMM BOIIPOCOB IPOEKTUPOBAHUS 13-
JeJIii Ha OCHOBE KOMITbIOTEPHBIX TEXHOJIOTMIA 3HAYUTEIbHO MOBBIIIAETCSI
MPU BHINMOJTHEHUU MPAKTUUYECKOM paboThI (KypCOBOii, pacueTHO-Tpacduye-
CKOI 1 1ip.), mpeaycMaTpuBaloliieit pa3padbotky 3D-Moaenu KOHCTPYKLIUU
Ha OCHOBE KOMITbIOTEPHbBIX MHXXEHEPHBIX PACUETOB U TEOMETPUUECKOI OIl-
TUMMU3ALMM, A TAKXKE CO3IaHUE KOMILIEKTa KOHCTPYKTOPCKOI TOKYMEHTA-
LIMY Ha U3JeJINeE.



MeTonbl nccnegoBaHus
paboTocnocobHOCTM U3genns

Jisl OLIEHKM pab0TOCHOCOOHOCTU M3JEIUS CYIIECTBYIOT ClIeayI0-
1LIME METO/IbI:

« HaTtypHblii 3KCiepuMeHT 3aKJ110YaeTCs B TPOBEIEHUM NCTIBITAHUIA 13-
Nevs, TpUOIKEHHBIX K PealbHbIM YCJIOBUSIM 9KCILTyaTalluu, Ipy
TTOMOIIY UCIIBITATEJIbHBIX CTeHA0B. Takoil MeTo1 BCeraa orpaHuyeH
110 BpeMeHU U pecypcaM. Bo Bcex cutyalmsix OH MPUBOJIUT K CHUXKE-
HUIO HeonpeaeaeHHoCcTU. HaTypHbIii SKCIIepMMeHT 4acToO HEBO3MO-
>K€H, OJJHAKO 00JiaaeT MaKCMMaJbHOU TOCTOBEPHOCTHIO, SIBJISISICH
KpuTepueM (paKTUUYECKOTOo pa3pelieHrs IpooJaeMHOI CUTYallUH.

« DKcnepTHOe ucclieoBaHue: pabOTOCTIOCOOHOCTDb U3E1s OLIEHUBA-
€TCsl HAa OCHOBE JIMYHOCTHBIX 3HAHMIA 9KCIepTa. DKCMEePTHOE 3HAHUE
00J1aiaeT CBOMCTBOM KOHIIEHTPUPOBATHCS HA BaXKHEMIIIMX IpyInax
aJbTepHATUB.

« MogeibHble HCCAeA0BAHUA TIPEINOJAraloT Co3qaHue MOAEIM TO-
cpeacTBOM (hopManu3aliu ONMCaHUs U3EIMS U BbIOOpa KpUTEPHS
afgeKBaTHOCTU Mojaeu. MccnenoBaHue Moaev 3aBeplaeTcs MHTep-
npeTanueit pe3yabTaToB MOACIMPOBAHMS [IJIs1 OTNIpEaeICHUSI TIPEaIo-
YTUTEJbHOCTHU TOTO WJIM MHOTO MPOEKTHOTro pelieHust. C pa3BUTUEM
KOMMBIOTEPHBIX TEXHOJIOTUI KOMIBIOTEPHbIE MOJEIN CTaId OObIU-
HBbIM MHCTPYMEHTOM MaTeMaTU4Ye€CKOTrO MOJEJIMPOBAHUS U IIHUPO-
KO MPUMEHSIOTCS B Pa3IMYHBIX 00JIACTSIX MallMHOCTpoeHus. KoM-
MbIOTEPHBIE MOJIEJIM UCITOJb3YIOTCS ISl TTOJTYYEHUs] HOBBIX 3HAHUM
00 00BbeKTe WK [JIs1 TPUOIMXKEHHOM OLIEHKU MOBEICHUS CUCTEM,
CJIMIIIKOM CJIOXHBIX JUIS1 aHAJTUTUYECKOTO rccienoBaHus. JlocTonH-
CTBOM KOMITbIOTEPHBIX TEXHOJIOTUI SIBJISIETCS TO, YTO OHU IIOMOTAIOT
yOeqUThCs B pabOTOCIIOCOOHOCTH M3Aeusl 03 MpUBIeYECHUST 00JIb-
IIMX 3aTpaT BpeMEHU 1 CPEICTB.



MeTombl nccnenoBaHns paboTocnocobHOCTY N3aenus

Jng nOCTUXKEHUSI MaKCUMaJIbHOM 3(h(EeKTMBHOCTU MHXKEHEPHOIO aHa-
JIM3a palMoHaJIbHO KOMOMHUPYIOT BCE TPU KJlacca UCCIeI0BaHMIA.

KoHeuHbIM pe3yibTaToM onepaluii HAaTypHOTro, MOIEJIbHOTO U 9KCIePT-
HOTO MCCJIeIOBaHUSI SIBSIETCS] IMOO BBIMIPHIII BO BpeMEHH, JIMOO 3KOHO-
MMUSI pecypcoB, HEOOXOAMMBIX JIJIsI TPOM3BOICTBA U3/EIMS.



Cuctembl nHxeHepHoro aHanuaa (CAE)

AE-cucTeMbl BKJIIOYAIOT paCYETHbIE MOYJIM, ITO3BOJISIOIIME OlIe-
HUTb, KaK MTOBEIET ce0s1 KOMITbIOTEPHAS MOJEb U3/ICJINS B peasib-
HBIX YCIOBUSIX 9KCILTyaTalluu.

Pacuetnbie Momynu, ucnonb3yeMmbie B CAE-cucteMax, Kak mpaBujio, oc-
HOBaHbI Ha YUCJIEHHbIX METOAAX pelleHus auddepeHIInaaIbHbIX ypaBHE-
HUI (METOI KOHEUYHBIX 2JIEMEHTOB, METO/ KOHEUHBIX 00bEMOB, METOJT KO-
HEYHBIX pa3HOCTeH 1 Ip.).

CAE-cucremMbl MOXHO YCJIOBHO pa3ieanuTh Ha 2 TPYIIIHL:

1. Cuctembl NOJHOPYHKIIMOHAJIBHOTO MHXXEHEPHOI0 aHa/Iu3a, o0J1aaa-
0I11i€ MOIIIHBIMU CPEICTBAMM, OOJbIIMMU OMOIMOTEKaMU KOHEYHBIX 3J1€-
MEHTOB, a TAKXe MHOTOIIEJIeBOI HAIIPaBJIEHHOCTBIO peIllaeMbIX MHKEHEP-
HbBIX 33J1a4. B HUX npeaycMoTpeHbl COOCTBEHHBIE CPEICTBA MOACIUPOBAHMS
reomeTpuu. Kpome Toro, eCTb BO3MOXXHOCTh UMIIOPTA YePe3 MPOMBIIILICH-
Hble ctraHgapthl Parasolid, ACIS u np.

[MonnodyukimoHanbHble CAE-cucTeMbl IMIIEHBI ACCOIIMATUBHOM CBSI-
3u ¢ CAD. [Toatomy, ecau B Tipoliecce moacuera MosiBasieTcs: Heo0Xoau-
MOCTb UBMEHUTb T€OMETPHIO, TO MOJIb30BATE/I0 MPUIAETCS 3aHOBO MPOU3-
BOJIUTb UMIIOPT FT€OMETPUN U BBOAUTDH AJAHHBIE IS pacyeTa.

Camoii u3BecTHolt mogo0OHoi cuctemoil siBisiercas ANSYS amepu-
KaHCKOM KoMITaHUU Ansys inc. /1151 co3gaHust TeoOMeTpUIECKON MOIean
B ANSYS ucnonssyercs sapo Parasolid, mHTerpupoBaHHOE BO MHOTHE JIPY-
rue KOMMEpPYECKHUe MPOrpaMMHbIE TTPOAYKTHI.

2. CucTeMbl MHXEHEPHOI'O aHa/lIn3a, 00beAUHEHHbIC €IMHBIM UHTEP-
(eitcom ¢ CAD-cucremamMu B MUHTETPUPOBAHHYIO CUCTEMY MTPOEKTUPOBa-
Hus. OHU UMEIOT MEeHEee MOIIIHbIE CPEICTBA aHaI13a, HO 3aTO MOMIEPXKM -
BalOT aCCOLIMATUBHOCTDb C TEOMETPUEI, TTOITOMY OTCJIEXKUBAIOT U3BMEHEHMS
monenu. Kpome Toro, Takue cucteMbl BKIIIOYAT (DYHKIMOHA 1151 (DOpMU-
pOBaHUSI KOHCTPYKTOPCKOM JOKYMEHTALIMU — YyepTexkei, crieupukanmii
utip. Kaum otHocstcs CAD/CAM/CAE-cucrema NX kommnanuu Siemens



Cuctembl nHXeHepHoro aHanuaa (CAE)

PLM Software, Creo Elements/Pro (ProEngineer) komnanuu PTC, CATIA
u SolidWorks komnanuu Dassault Systemes u ap.

Bo3moxHoctu CAE

ITpenmyiectBo cucteM CAE coCcTOUT B TOM, UTO OHU MTO3BOJISIIOT:

YMEHBIIUTb CTOUMOCTb Pa3pabOTKU 3a CYET MPOBEIECHUS UCTILITAHUS
MOJIEJIY Ha KOMITbIOTEPE BMECTO JOPOTOCTOSIIINX SKCILTyaTallMOHHBIX
WCITBITAHUM

COKpPaTUTh BpeMs, HEOOXOAMMOE IJIsI MpeacTaBIeHUsI NPOAYKTOB
Ha PbIHOK, MyTEM YMEHbILEHUS KOJIMYECTBA IMKIIOB pa3pabOTKU U3-
JIeNus;

VIYYLIUTb U3AEJIMS MOCPEACTBOM OBICTPOI MPOBEPKU Cpa3y O0IbIIO-
ro KOJIMUECTBA KOHLICMLIMI U CLIeHapueB nepea MPpUHSATHEM OKOHYA-
TEJILHOTO PEeLIeHMS], TEM CaMbIM ITPEI0CTABIISAS JOMOJTHUTEILHOE Bpe-
Ms1 Ha 00IyMbIBaHWE HOBBIX KOHCTPYKLIUIA.

C nnomoiwio CAE MOXHO TIPOBOAUT:

HpO‘IHOCTHOfI aHaJIM3 KOMIIOHCHTOB 1 Y3JI0B Ha OCHOBE METOAAa KO-
HEYHbIX 5JIEMCHTOB;,

YaCTOTHBIC UCCIIEOOBAHUMA,

TepMI/I‘IeCKI/Iﬁ n FI/II[pO,Z[I/IHaMI/I‘ICCKI/Iﬁ aHaJl13,

KNMHEMAaTUYECKUE NCCIENO0OBAHNMA,

MOACIUPOBAHUEC TaKUX ITPOLECCOB, KaK JIMTHE IO JaBJICHUEM,
OINITUMM3ALUIO MIPOAYKTOB WJIH ITPOLECCOB 1 APYIUe€.

Hau6oabmeit nonynsipHocThio CAE 1ob3yloTCs B CIEAYIOIINX OTpac-
JISIX TIPOU3BOJICTBA:

MAaIIMHOCTPOEHNE U CTAHKOCTPOCHUE;

000pOHHAas U a3POKOCMUYECKas MPOMBIIIIEHHOCTD;

SHEepreTukKa, Cya10CTPOCHUE;

MPOU3BOACTBO MOJYIPOBOAHUKOB;

TeJIEKOMMYHUKAIIUU;

XUMUYeckas, papmalieBTUIecKast U MEAULIMHCKasI TPOMBIIILIEHHOCTD;
CTPOUTEJILCTBO;

MPOU3BOACTBO CUCTEM OTOILJIEHM S, KOHAUIIMOHUPOBAHUSI, BEHTUJISI-
L1U;

aBTOMOOWJIbHAS TIPOMBIIILIEHHOCTb.



OcHoBHble HanpaBneHus B passuti CAE

OcHoBHble HanpaBnenus B pa3sutuu CAE

B npouecce pazputust CAE pa3dpaOoTUYMKU CTpEeMSITCS YBEJTUYUTh UX BO3-
MOXHOCTHU U PaCILIMPUTh chepbl BHEAPEHUS.

OcHoBHbBIMU HanpaBieHusiMu pa3putusi CAE sBstiorcs:

e COBEpPLICHCTBOBAaHMWE METOMOB PEIICHUS MEXIUCLIUILIMHAPHBIX 3a-
Ja4y MOJIEJIMPOBAHUS

« pa3paboTKa HOBbBIX MJIAaT(GOPM ISl UHTErpalliy pa3IndyHbIX CUCTEM
CAE, a taxxe mig nnrerpaunu CAE-cuctem B PLM-penienus;

 TnoBbllIeHUEe PyHKUIMOHaIbHOM coBMecTUMOCcT CAE u CAD-cucrewm;

e COBEpPILICHCTBOBAaHNWE METOJOB MOCTPOEHUS PACYETHBIX CETOK, OITH-
CaHMs TPaHUYHbBIX YCJIOBUM, MapalIeIbHbIX BBIYMCICHUIA U T. 11.;

o YJIYUYIIEHWE XapaKTEPUCTUK MOJEJIEH, KOTOPbIE TPUMEHSIIOTCS JJIsI
OIMMCaHUS CBOMCTB MaTEpUAJIOB;

« onrtumusanus cucteM CAE 17151 KOMITbIOTEpPHBIX T1aThOPM ¢ 64-0UT-
HBIMUW M MHOTOSIIEPHBIMU ITPOLIECCOPAMMU, ¥ TEM CaAMBIM YJIyUYIIEHUE
YCJIOBUM IS MOJIEIMPOBAHUS CIIOXKHBIX KOHCTPYKLIMMA C OOJbIINM
KOJIMYECTBOM CTEIIeHE CBOOO/IBI.

Muposbie nugepbl poiika CAE-cuctem

ANSYS (oupxkeBoii ungekc ANSS) ocHoBaHa B 1970 rony. Ha xkommna-
Huto padotaet mouytu 3000 mpodeccruoHaos, Tad-KBapTHUpa pacnoJjara-
ercst B roponae Canonsburg (IlencunbBanusi, CILIA). Komnanusg ANSYS
JIaBHO SIBJISIETCSI €IMHOJMYHBIM JIugepoM pbiHKa CAE. Beayuiyio no3u-
uio oHa 3aHsuIa ere B 2006 rony. M ¢ kaxnbpim ronom ANSYS, nnHamMu4-
HO pa3BUBasICh, YIy4lllaeT CBOM ITOKA3aTeJIu.

Dassault Systemes (6upxkeBoii unaekc DASTY), ¢ 2009 roga Bo3riasisi-
fo11ast peuTUHT «koposieii» PLM, Ha ppiHKe CAE 3aHuMaeT 2-10 Io3ULIUIO.
Pa6otsl B o6sactu CAE-texHonoruii Benyrest nog openaoM SIMULIA, ko-
TOpLIii nosiBUJICS nociie npuodpeteHus B 2005 rony komnanuu ABAQUS.
MHCTpYMEHTHI IJ11 MHXEHEPHOTO aHaJIu3a CoAepKaTCs TakKe B MakKeTax
CATIA u SOLIDWORKS. TakuMm o6pa3oM, y 3Toil (hpaHIly3CKOM KOMIIa-
HUM, MoMuMo mTadb-kBapTupkl B Voelizy-Villacoublay, ecTh ee nBa reo-
rpacuyeckux LeHTpa, Bausionux Ha pa3sutue CAE-texHooruii: y noa-
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pasnenenuss SIMULIA mrab-kBapTupa HaxoguTcs B roponae Providence
(t. Pon-Aiinenn, CIIHA), a y SOLIDWORKS — B rop. Waltham (1.
Maccauycerc, CILA).

Siemens PLM Software ynepxuBaet 3-¢ mecto Ha peiHke PLM. I1ITa6-
KBapTUpa KOMITAaHWUU, SIBJISIIOLLEICS Topa3ieieHUEM €BPOIIeiCKOro KOH-
nepHa Siemens, pacnosaraercst B ropoae Plano (murar Texac, CIIA). Jlu-
Hetika mpoaykToB CAE, Beimyckaembix Siemens PLM Software, BkiiouaeT
NX CAE — Habop cpeacTB MHXEHEPHOTO aHaJIn3a ¢ OCHOBHBIMU pacyeT-
HeiMu Monyisimu NX Nastran, NX Thermal u NX Flow.

14 mrons 2016 rona kommmanus Siemens PLM Software mpencraBuia KoM-
TUIEKCHBIN TOpTdesb MpoayKTOB sl MHXXKEHEPHOro aHaiu3a Simcenter,
BKJTIOUAIOIINI B ce0s1 MHCTPYMEHTHI 1181 poBeaeHus 1 D- u 3D-pacueToB
(8 Tom uncie pemenue NX CAE).

Ha puc. 1 npeacraBieHa nmarpaMmma, oToopaxkaroniasi COCTOSIHA€ Ha pbIH-
ke CAE-cucrem 2013—2017 rr.

PacuyeTHble MeTofpbl,
ucnonb3yemble Ana MHXKEHepHbIX uccnegosanuit B CAE-cuctemax

ITpu BeinonHeHun B CAE-cucTemax 3a1a4 MHKEHEPHBIX MCCIIeTOBaHUIA,
Ha3bIBa€MbIX aHAJIM3aMMU, 1151 OMMCAaHMs TOBeAeHUSI 00bEeKTa UCCIeI0Ba-
HUsI B 3aJaHHBIX YCIOBUSIX CO3MAeTCsl pacueTHasi MOJE/Ib, KOTOpasi BKITIO-
yaeT reomeTpuueckyto 3D-monaens aetaau win cOOpKy U Habop YCIOBUIA,
OrpaHMYMBAIOIIMX HATPY3KU U MIEpEMEIIEHHUS UCCIIeTyeMOro U3IeuS.

OObIYHO MCXOHAs 3a7adya MHXEHEPHOTo aHaau3a QopMyIupyeTcs
B 1 depeHIMaTbHbIX YPABHEHMSIX C YACTHBIMU MPOU3BOIHBIMU COBMECT-
HO C HaYaJIbHbIMU U TPAHUYHBIMU YCJIOBUSIMMU.

ITo ucrnonbzyemMoMy MaTeMaTUUYECKOMY aIlfapary MeTOIbI pelleHus 3a-
Jla4y B YaCTHBIX MPOM3BOIHBIX AT HA ABE TPYMIIbl: AHAJUTHYECKHE 1 YHC-
JIEHHbIE.

ITpu ncnonb30BaHNM AHATMTHYECKHX METOIOB pellieHUe 3a1a4u ToJy-
yaeTcsd B Buae (DOpMYJIbI, TTO3BOJISIONIEH MO 3aJJaHHOMY 3HAUEHUIO apry-
MEHTa TOJYYUTh 3HAaUeHUE UCKOMON (yHKIIMU. B 3TOM ciiyyae roBopsT,
YTO pellieHue TOJYyYeHO B aHAJIMTUYECKOU (hopme.

BosnbIloe KoamyecTBO MHXKEHEPHBIX 3a/1a4, CBSI3aHHBIX C UCCIE0BAaHUEM
HaIpsKeHHO-1e(OPMUPOBAHHOTO COCTOSIHUSI TBEPbIX T€JI, MOXKET ObITh
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PacyeTHbIe MeTObI, UCMONb3YEMbIE ANS NHXEHEPHbIX nccnefoBaHnii B CAE-cuctemax

pelleHO aHAJIMTUYECKUMU METOIaM1 TEOPUH YIIPYTOCTU U TIACTUYHOCTH,
TEOPUM TIJIACTUH U 000JI0YEK U JIp. TEOPUIA.
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Puc. 1. JIuneps! Ha peiHke CAE-cucrem B 2013—2017 1T.:
— ANSYS; B — Dassault Systems; [ — Siemens PLM Software; B — Autodesk;
[~ - MathWorks; 8] — Altair Engineering; £:d — MSC.Software; 5 - CD-adapco;
— ESI-group

Hanpumep, ecnu 3agaya nmo ornpeneseHruIo HanpskeHUi, TepeMelie-
HUM, COOCTBEHHBIX YaCTOT B KOHCTPYKIIUU C MPOCTOI TeoMeTpueii CBO-
JIUTCS K PEIIEHUIO0 MPOCTEMUIINX aire0pandyecKrx, TPUrOHOMETPUUECKUX,
nuddepeHunaabHbIX U T. 1. YPaBHEHUN, U3BECTHBIX U3 KypcoB «Corpo-
TUBJICHUE MaTepuasia», «TeopeTrndeckass MeXaHUKa», TO peIIEeHUE MOXET
OBITb MOJYYEHO B aHAJTUTUYECKOI (hopMe.

[TpenMyI1eCTBO AaHAUTUTUYECKUX METOJOB: B PE3YJIbTaTe UX MPUMEHE-
HUS 32 HEOOJIBIIION OTPE30K BPEMEHU Cpasy IMOJIy4aeTCsl TOYHbINA OTBET.

HenocraTok aHanuTUYECKMX METOAOB: 00J1aCTh X IPUMEHEHUSI OObIY-
HO OrpaHMYMBAETCS MPOCTHIMU T€OMETPUUECKMMU KOH(MUTYpaLUSIMU
1 HECJIOXHBIMU TPAHUYHBIMU YCITOBUSAMU. AHAIIMTUYECKOE pEIICHUE
MOXET OBITh MOJIYYEHO JJISI CUCTEM JIMHEMHBIX aireOpanyecKux ypaBHe-
HUI HEBBICOKOM pPa3sMepHOCTHU, JUHEHHBIX TuddepeHIInaabHbIX ypaB-
HEHUU ¢ OOBIKHOBEHHBIMU MPOU3BOJIHBIMUA, B OCHOBHOM — OJIHOPO/I-
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Cuctembl nHXeHepHoro aHanuaa (CAE)

HBIX C MOCTOSHHBIMU KO3 duireHntamu. Pemmenus moayyaroT myTem
MOJICTAaHOBOK, (DYHKIIMOHAJIbHBIX ITpe0Opa3oBaHUii, CTPOTO 0OOCHOBbI-
Basi HEKOTOPOE KOJMYECTBO MPUHSATBIX TonyleHuid. M3-3a rpydbocTtu Mo-
nenu pusznmyeckass TOUHOCTh 3TOrO IMOAX0/Aa HeBeJIMKa; HEPEeIKO TaKOM
MOAXO/I MO3BOJISIET OLIEHUTD JIUIIb MOPSIAKK BEeIUYUH. 11 60ee Tou-
HBIX U CJIOXHBIX MOJEJIEN aHATTMTUYECKUE PEIICHUS YAAEeTCS MOJTYyYUTh
CPaBHUTEJIBHO PEIKO.

MHorue BaXHbIE TEXHUYECKUE 334U HE MOTYT OBbITh PEILIEHbI aHAIN-
TUYECKU BCIEACTBUE CIIOXKHOCTU T€OMETPUN KOHCTPYKIIMUA Y TPAHUYHBIX
YCJIOBUM.

JI1st peleHus 3aaa4 co CI0KHOW TeoOMeTpuei OCHOBHBIM UHCTPYMEH-
TOM B HACTOSIIIEE BpeMS SBJISIIOTCS YUCIEHHBIE METOIbI.

YucieHHble METOIbI — METObI MTPUOJIMKEHHOTO PELICHUS MaTeMaTH-
YECKHX 3a7a4, CBOASIINECS K BBITOJTHEHWIO KOHEYHOTO YMCJIa apupmMeTr-
YECKUX NEeMCTBUI HAl YMCIaMU, BBIIOJTHSIEMbIX OOBIYHO MPUOJIMKEHHO.
OHU 1a1oT pe3yJibTaT B BUJI€ YMCJIOBOIO 3HAYEHMSI C MMOTPELIHOCTDIO, TIPU-
eMJIeMOU Ui JaHHOM 3a1ayM.

OTanuMe OT aHATUTUYECKHX METOJIOB:

e YHCJIECHHBIE METOAbI TTO3BOJSIOT MOJYYUTh TOJBKO MPUOINXKEHHOE

pelIeHre 3a1a4H;

e YUCJIEHHbIE METOABI MO3BOJISIOT MOTYYUTh PEIICHUE 3a1a4u C KOH-

KPETHBIMU 3HAYEHUSIMUY TTAPAMETPOB U UCXOIHBIX TAHHBIX (T. €. BM€-
CTO 0O01Iel (OpMyJIbl aHATUTUUECKOTO PeIlIeHUS TTOJy4aroTCsl KOH-
KPETHBI€ 3HAYEHUSI UCKOMBIX BEJIMYMH ST OTIPEEIEHHOTO Habopa
HUCXOMHBIX JAHHBIX).

JI1st aHamM3a 3aBUCMMOCTH PELIEHUS OT ITapaMeTPOB U HaYaJbHBIX YC-
JIOBUI HEOOXOAMMO MPOBECTH LIETYIO CEPUIO PACUYETOB.

B uucnenHbIx MeTonax pelieHUs auddepeHIMaaibHbIX YpaBHEHUM
B YAaCTHBIX TPOU3BOIHbIX (B OTJIUYME OT aHATUTUYECKUX) B KAUECTBE HEU3-
BECTHBIX MCITOJIb3YIOTCSI 3HAYEHUS 3aBUCUMOUN MEPEMEHHOM (TeMIiepaTy-
pBI, IEpEMEIIEHNS, HATIPSDKEHUSI) B HEKOTOPOM KOHEYHOM YHCJIE TOYEK
HUCXOMHOM 001acTH (B y371ax pacueTHoM ceTku). [Iporu3BoaUTCS IMCKPETH -
3anus nuddepeHInaaIbHbIX YpaBHEHU. B pe3ynbpTare cienmaibHbIX pe-
00pa3oBaHUI CUCTEMA YPABHEHUM B YaCTHBIX ITPOU3BOIHBIX 3aMEHSIETCS
CUCTEMOM JIMHEWHBIX aIre0pandyecKnX ypaBHEHUM IS HEU3BECTHBIX 3HA-
YEHUM B y3JIaX CETKU.
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Bonpocbl ans camonpoBepku

Bonpocbl Ana camonposepku

I[OHOI[HI/ITG IIPCAJIOKCHUC, BbI6paB HpaBI/IJIbeIfl OTBET U3 IIPEAJIOKEHHDBIX

1. CAE-cucrembl — 3T0:
1. CucremMbl KOMITBIOTEPHOIO MOACIUPOBAHUSI;
2. CucremMbl KOMIBIOTEPHOM MOATOTOBKY IPOU3BOJICTBA;
3. CucremMbl MHXXEHEPHOI'O aHaAJIM3a.
2. YuciaeHHbIe METOIbI pellleHUs] MaTeMaTUYeCKMX 3aJa4 MMO3BOJISIIOT
MOJIYYUTh:
1. TouHoe peureHue 3a1a4y B BUAE YUCTIOBOIO 3HAYCHMUSI
2. TouHoe pemieHue 3aga4u B BUae (GoOpMyIbl;
3. IlpubnuxeHHOE pelIeHune 3a1a41 ¢ HEKOTOPOIi MOrPeIIHOCThIO.
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MeToa KoHe4HbIX 3nemeHToB (MKJ)

anboJiee pacrpoCTPaHEHHBINM pacYeTHBIN METOM, UCHOJIb3ye-
Mbiit B CAE-cucteMax, — 370 MeTOII KOHEYHBIX 3JIeMeHTOB (finite
element method) — MKD.

DTO YMCAEHHbII METO/I peIlIeHUsI MaTeMaTUYECKUX YPaBHEHUIA, BO3HU -
KaloIIKX MpU pelieHrU 3a1a4 MPpUKIaaHOK (pU3MKKU. MeTo IMPOKO HC-
MOJIb3YETCS ISl PellleHUsI 3alad MEXaHUKU 1e(hOpMUPYEMOTO TBEPAOTO
TeJa, TeriooOMeHa, TUAPOAMHAMUKY U 2JIEKTPOAMHAMUKU.

MKD 3aHs1 nuaupyloliee rmoJjioxKeHue oarogapsi BO3MOXHOCTU MOJIE-
JIMPOBATh LIMPOKUIA KPYT 0OBEKTOB U sIBJIeHU. OH MOXKET ObITh MCIIOJIb30-
BaH /1151 aOCOTIOTHOTO OOJIBIIMHCTBA KOHCTPYKTUBHBIX 2JIEMEHTOB, Y3JI0B
1 KOHCTPYKIIMA, NU3TOTOBJAEHHBIX U3 CAMBIX Pa3HOOOPa3HbIX MATEPUATIOB,
MMEIONINX pa3InyHYI0 IPUPOY.

B ocHOBe MeTOna JIeXKUT pasneseHue 00J1acTi, B KOTOPOM UILEeTCs pele-
Hue nuddepeHIMaTbHbIX YPaBHEHU I, HA KOHEYHOE KOJIMYECTBO Mo1001a-
cTell (KOHEUHBIX 3JIEMEHTOB) MPOCTOI (hOPMBI, CBSI3AaHHBIX MEXIy CO0O0it
KOHEYHBIM YMCJIOM Y3JIOB, T. €. IPOM3BOAUTCS AUCKPETH3AIMS OOBEKTA UC-
caenoBanus. [Tpoiiecc neaeHus Moneav Ha Majible YaCT Ha3bIBAETCS CO3/1a-
HHeM KOHEYHO-3JieMeHTHO# ceTkH (puc. 2). 'eoMeTprueckast Moaesb peBpa-
1aeTcs B ceTouHylo. [Ipu 3ToM ciioxxHas 3aaaya 3aMeHsIeTCSI HECKOJIbKUMU
MPOCTHIMU 3aa4aMM, KOTOPbIE HEOOXOAMMO PEIIUTh COBMECTHO.

a

Puc. 2. Co3nanne KOHEYHO-2JIEMEHTHOI CETKU:

a — MOJIeJib IeTalu; 6 — MOJIeJib, pasaciicHHad Ha MCJIKME YacTu (3J'ICMCHTI)I)
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MoHATWE KOHEYHOrO 3eMeHTa

B CAE-cucremax nMeroTcs crieliiajabHbIe CPeACTBA TeHepalluy KOHeU-
HO-3JIEMEHTHBIX CETOK C YYETOM KPHUBU3HBI MOBEPXHOCTEN U IPYTUX OCO-
OEHHOCTEN TeOMETPUN U3LICIIHS.

Eciv roBopuTh MaTEMaTUYECKUM SI3bIKOM, TO OCHOBHASI UI€SI METOIA —
annpoKCUMalUsl HeMPEPbIBHON (PYyHKIUY JTUHEMHON KOMOMHALMER Ky-
COYHO-HEIPEPBIBHBIX 0a3MCHBIX (DYHKIIMI, ONTpeae e HHbIX HA KOHEYHOM
quciIe TI0100IacTel:

()~ YN, (+)

[Tpu ucnionb3zoBanun MK3 npennosaraercsi, 4To BO3HUKAIOIIME B IPO-
liecce HarpyxxeHusl aepopmMaliiu — ynpyrue Majible, TpaHUYHbIE YCIOBUS
He U3MEHSIIOTCSI HU 110 BeJIMUMHE, HY MO HAIIPaBJIEHUIO U KECTKOCTD HE 3a-
BUCUT OT epopMalinii.

MoHATME KOHEYHOro 3IEMEHTa

B MeTone KOHEYHBIX 3JIEMEHTOB UCIOJIb3YIOTCSI 3JIEMEHThI Pa3InyHbIX
(bopM: TPEYroJIbHUKM, YEThIPEXYTOJbHUKM, TETPAdPhI, IPU3MBbI U JIP.
Haun6onee pacnipoctpaneHHbie B CAE-cucreMax TUITBI KOHEYHBIX 3J1e-
MEHTOB JIJ151 TBEPAOTEIbHBIX MOACIEIA:
« 00BEMHBIN TeTpasApaabHbIi 3JIEMEHT C JIMHEHHBIM TOJIEM TlepeMe-
LIEHUI U TTIOCTOSTHHOM aedopmanueit (puc. 3, a),
« 00BEMHBII TeTpasApaabHbIiA 3JIEMEHT C MapaboIMYeCKUM TOJIEM Te-
pemelieHni (TMHeHHBIM pacnpeaeaeHueM aedopmanuii) (puc. 3, 0).
a o

V3nn1

Puc. 3. TetpasnpaiabHbIe 3JIeMEHTHI TBEPIOTEILHBIX MOICIICH:

a — JIMHENHBII; 6 — nmapadoJuyecKuii
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MeToz KoHe4HbIX anemeHToB (MK3)

J11st 060s104eK (MOBEPXHOCTEM U JIMCTOBOTO METaJlJIa C OMMHAKOBOM TOJI-
IIMHOI) 0OBIYHO MCIOJIB3YIOTCS TPEYTOJbHbIE 2JIEMEHTHI (pUC. 4):
o TPEYTOJbHbIN 3JIEMEHT 000JIOUKHU C TMHEHHBIM MOJIEM IepeMelleHU It
1 yTJI0B moBopoTa (puc. 4, a);
e TPEYroJibHbII 3JIEMEHT 000JIOUKM ¢ MapadOJIMYECKUM MOoJieM Mepe-
MEIIEeHUI U YTJIOB TToBOpoTa (puc. 4, 0).

a 7]
Puc. 4. TpeyronbHble 271€MEHTBI 000JI0YEK:

a — IMHEWHBINA; 6 — TTapaboIMnIeCKuit

DJIeMeHThI UMEIOT 00I11e TOYKU — Y346l (CM. puUC. 3).

JI1st pacyeToB KOHCTPYKIIMM PEaKLMs y371a MPeICcTaBIsIeTCs, B 001IEM
clyyae, TpeMs IepeMelleHUsIMUA U TpeMsl BpaleHusiMu. OHM Ha3bIBalOT-
CsI CTETIEHSIMU CBOOOIbI.

CreneHu cBOOOIBI B KAXKIOM y3JI€ TETPA3APaIbHOTO 3JIEMEHTa — Tepe-
meweHus U, V, W B HanpaBiaeHuu oceil X, Y, Z 10KanbHOU CUCTEMBI KO-
opauHar (puc. J).

a 0
w W
Vv Vv
U U
Z

Y

X

Puc. 5. CrenieHu cBoOOIBI B y3J1aX TETpasApaibHbIX 2JIEMEHTOB:
a — JIMHENHOro; 6 —MapaboJnYecKoro
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AnnpokcumunpyoLwas QyHkKums

B xaxmowm y3ne anemeHTa 0001049eK (ITOBEPXHOCTEH ) BBIIEISIOT 1IECTh
CTereHe cBoboabl: Tpu nepemelneHuss — U, V, W u Tpu yria nmoBopora
HOpMaJii K CPEAMHHON MOBEPXHOCTU OTHOCUTEIBLHO OCeil KOOpAUHAT —

P, Py, @, (puC. 6).
a 0

X

Puc. 6. CrerieHn cBOOOIBI B Y3JIaX 3JIEMEHTOB 000JI0YEK:

a — JTUHENHOro; 6 — MmapadoJuIecKoro

KazkmoMy y3i1y KOHEUHOTO 3JIeMeHTa 3a1aeTcs psi ITapaMeTpoB, 3aBU-
CSIIMX OT TUIIA aHAJIM3a U UCITOJIb3YEMOT0 3JIeMeHTa (3TO MOTYT OBITh, Ha-
MpUMep, XapaKTEPUCTUKM KECTKOCTHU Y IIPOYHOCTH MaTepuaJa, INIOTHOCTD,
TeMIIepaTypa y3jia U T.11.).

Annpokcumupyowasn pyHKuums

[IporpammHoe o6ecneueHre CAE-cucTeMBbl IJ1S1 KaXX10I0 KOHEYHO-
ro 3J€MEHTa reHEepUPYET allpPOKCUMUPYIOUYI0 (PYHKIIMIO, CBI3bIBa-
IOIIYIO MOJISI MHTEPECYIOLINX BEJIUYUH (MepeMelieHus, nedpopmMaluu,
HaIpsIKeHUS U T. 1.) ¢ 3alaBa€MbIMU CBOMCTBAMM MaTepuaa u3aeiaus,
OTpaHUYEHUSIMU U HAarpy3KaMu: JUHEHHYIO — JJISI 3JIEMEHTOB C ILIO-
CKHMMMU TpaHSIMU WU MapabdoJUUeCcKy0 — I JIEMEHTOB ¢ Imapabosu-
YeCKHMMMU IpaHsIMMU.

Annpokcumanus, Vv NpudJIKeHde — HaydHbI MeTOM, COCTOSIILIMIA B 3a-
MEHE OTHUX OOBEKTOB IPYTMMU, B KAKOM-TO CMBICJI€ OJIM3KMMU K UCXO/I-
HBIM 00BEKTaM, HO 00Jiee MPOCTBIMU. ANIITPOKCUMALIMS TTO3BOJISIET UCCIIE-
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MeToz KoHe4HbIX anemeHToB (MK3)

JIOBaTb YMCJIOBbIE XapaKTePUCTUKM U KaUeCTBEHHbIE CBOMCTBA O0OBEKTA,
CBOJS 3a7a4uy K U3y4eHUIO 00Jiee MPOCThIX WK 00Jiee YIOOHBIX OOBEKTOB.
Anmpokcumupyiomas GpyHkimms — GhyHKLMS, 6J113Kast B HEKOTOPOM CMbIC-
Jie K MccielyeMoii MICTUHHOM (hyHKIIMU. B mpocreiiiem ciydae anmpoKcu-
MUPYIOILYI0 (DYHKIIMIO 3a1a10T B BUJIC MOJMHOMA NEPBOii CTENEeHMN.
ITomHOM (MJIM MHOTOWIEH) OT /1 TIEPEMEHHBIX — 3TO CYMMa OJTHOYJIEHOB
WJIM, CTPOro, — KOHeUHas (hopMajibHas CyMMa BUa

i i
D XXXy,
1

11 ¢, — K03(h(pMIMEHT MHOIOY/IeHA , 3aBUCSIIVIA TONBKO OT [; I = (i},1,,...,1,) —

HabOp U3 LIeJIbIX HEOTPULATENBHBIX YMCE.
B 4acTHOCTM, MHOTOYJIEH OT OHOM MEPEMEHHOM €CTh KOHeYHast (hop-
MaJIbHasi CyMMa BHIa
¢, +ex' +ex’ .. e, x",

rae ¢; — (uKCcupoBaHHbIE KOI(PPUIIMEHTHI; X — TepEeMEHHas.

BHe cBoero aneMeHTa annpoKCUMUpPYIOLast (yHKIMS paBHA HYJIIO.

3HaueHMs1 GyHKUMIA Ha TpaHUILIAX 2JIEMEHTOB (B y3J1aX) SIBJISIIOTCS pe-
IIEHUEM 3a/1a4¥ U 3apaHee HEU3BECTHHI.

KoadduiimeHTs annmpoKCUMMUPYIOIIUX (DYHKIIUI OOBIYHO UILYTCS U3 yC-
JIOBUSI paBEHCTBA 3HAUYEHMSI COCeAHUX (DYHKIIMI HAa TpaHULIaX MEXIY dJie-
MEHTaMHU (B y3Jiax).

3areM 3T KO3(P(PUIIMEHTHI BRIPAXKAIOTCS Yepe3 3HaYeHUsI (PYHKIIU B y3-
Jlax aneMeHTOoB. CocTaBIsIeTCsl cCUuCTeMa JIMHEMHBIX alredpandyecKux ypaB-
HeHuil. KoanyecTBo ypaBHEHUI paBHO KOJUYECTBY HEM3BECTHBIX 3HaUe-
HUI B y3J1aX, Ha KOTOPBIX UILETCS PELIEHNE UCXOIHOU CUCTEMBI, TIPSIMO
MPOMOPLIMOHATBHO KOJINYECTBY 2JIEMEHTOB M OTPaHUYMBAETCS TOJBKO BO3-
MOXHOCTIMU DBM.

[paHn4HbIE ycnoBus

I'pannynbie ycsioBus (Harpy3ku M OrpaHUYEHMsI) — COBOKYITHOCTb BCEX
BHEIIIHUX BO3AEUCTBUI (KUHEMATUYECKUX, CUJIOBBIX, TEIUIOBbIX, IpaBUTA-
LIMOHHBIX U T.[.), BAUSIOIIMX Ha cOocTossHUE Teja. OHM HEOOXOIUMBbI 1151
orpene/ieHus yCJIOBUI SKCIUTyaTallui MOJeau. Pe3yabTaThl aHaJIM30B HEITO-
CPEeJCTBEHHO 3aBUCST OT 3aJaHHbIX HArPY30K U OrPaHUYEHUIA.
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Marpuua xecTkocTn

I'paHnuHbIE YCI0BUS B 3aa4aXx MEXaHUKM IEJIITCS Ha 2 TPYIIIbL: KUHe-
mMamuueckue U cmamuueckue.

Kunemamuueckue ycaoeus TpeOyIoT 3aaBaTh Ha TpaHULIAX WA B 00beMe
1151 TeJia TIepeMelleHus, a 1J1sl 000JI04eK — U YIJIbl ToBopoTa. OHU MOTYT
MMETb XapaKTep OrpaHUYEHMS TOABMKHOCTHU B OJHOM UJIM HECKOJIbKUX Ha-
MpaBJeHUIX WIK MpeIBapyuTesIbHO 3aJaHHOIO NepeMeleHus. TunmyHbie
rpaHUYHbIC YCIOBUS ISl COOPOK — YCIOBHE COBMECTHOTO TepeMelleHUs
MOBEPXHOCTE KOHTAKTUPYIOLIMX Te.

KuHemMaTtnueckue rpaHMYHbIE YCIOBUS MOTYT 3a/1aBaThCsl HA IPaHSIX,
KpPOMKax M B BepllIMHaX 00beKTa.

Cmamuueckue ycao8us — 3TO Harpy3Ku, KOTOPbIE MOTYT ObITh COCPEI0-
TOUYEHHBIMU, pacpeaeIeHHBIMU MO KPOMKE WIM pacIipeaeIeHHbIMMU 10 IO-
BepxHOCTU. CocpenoToYeHHbIE HArPy3KH MUMEIOT pa3MEePHOCThb «CUJia», pac-
npenesieHHbIE Harpy3Ku M0 KPOMKE MMEIOT Pa3MEepPHOCTb «CUJIa/IIMHa»,
a 10 TTOBEPXHOCTU — «CWJIa/TUToIanb». Hampumep, naBieHne OTHOCUTCS
K pacrpenesieHHO Harpy3ke Io MOBEPXHOCTH.

Matpuua xecTkocTu

JI71s1 KaskA0TO KOHEYHOTO 3JIEMEHTA BBIUMCIISIETCSI MAMPULA HCECMKOCIU.
[TpounsBeneHue MaTpUIIbl KECTKOCTU Ha CTOJIOEL] MEpEeMEIeHU B y31ax
BJIEMEHTA JaeT CTOJI0EI] yCWINiA B y31ax. B ¢hopmyibl 1151 pacueTa KOMIO-
HEHTOB MAaTPMUII K€CTKOCTU KOHEUHbIX 2JIEMEHTOB BXOJIST MOOYAU YHpYeO-
cmu U koaghguyuenmot Ilyaccona matepuanos.

Matpuibl XXeCTKOCTU 2JIEMEHTOB COOMPAIOTCS B TJI00ATbHYIO MATPULLY
xkectkocTH [ K]. Ctonbupl nepeMeieHuii u, v, wBysnax 1, 2, ..., i, ... 00b-
eIMHSIIOTCS B OOIIMIA CTO0e1 TepeMelieHuit [A]:

[A]= [ul,vl,wl,uz,vz,wz,...uk,vk,wk,...]T,

Ycunud B HanpaBJIEeHUMH OCEN X, Y, Z B y3/1aX OTAEJIbHBIX JIEMEHTOB CyM-
MUPYIOTCS B TJIO0AJIbHBIN CTOJOEL] yCUIUM [p]:

T
[p] = [plxaplyﬂplzapzxapzyapzzv'-pkxapkyapkza"':l )

o0pa3sys B pe3yabTaTe CUCTEMY JUHEUHBIX YpaBHEHU, B KOTOPOI HEU3-
BECTHBIMU SIBJISIFOTCS TIepeMelleHMs (YIJIbl TOBOPOTA):

[KI[A] = [p].
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MeToz KoHe4HbIX anemeHToB (MK3)

I'moGanbHass MmaTpuua XkXecTKocTH [ K] pa3pekeHHas1, T.e¢ UMEeT IIPEUMYy-
1IECTBEHHO HYJIeBbIE 3JIeMeHThI. {711 00paboTKM TaKOi MaTPUIIbl UCITOJIb-
3YIOT CrielMaIbHbIE METO/IbI.

Cucrema ypaBHEHU peliaeTcsi ¢ BBIYMCICHUEM CTOJI01A epeMellieH Ui
[A]. DTO HanboIee TPyHOEMKMI1 3Tal pacyeTa. s peleHus UCIIOIb3YIOT-
Csl UTEPALIMOHHbIEC WJIU TIPSIMbIE METO/IbI.

s KaXk10ro KOHEYHOTro 3JIeMeHTa MPU HAJIMYMU TIepeMelleHu i (UIn
yIJI0B MOBOPOTA) B y3JIaX 1 alllPOKCUMUpPYIOLIE (PyHKIIMU pacCUMThIBA-
10Tcs nedopmaiiuu. Eciu aneMeHThl IMHeHbIe, To AedopMaliuu B Mpe-
JieJiax 3JIEMEHTOB MOCTOSIHHBIE; €CIA 3JIEMEHThI MapadoInyeckKue, To Je-
(opmarmu nusmeHsroTcs IuHeitHo. Ha ocHoBe necopMaliyii BBIYUCISIOTCS
HaIpsKEeHUs B 3JIEMEHTaXx.

Ha ocHOBe KOMITOHEHTOB HAITPSKEHHO-1€(hOPMUPOBAHHOI'O COCTOSIHUS
1 mapaMeTpOB ITPOYHOCTU MaTepuaia POM3BOAMUTCS BIUMCICHUE SKBUBA-
JICHTHBIX HAMPSDKEHUH 110 KAKOMY-JIMOO KPUTEPUIO MPOUYHOCTH.

Bonpocbl gng camonpoBepku

I[OHOJIHI/ITC IIpEATOKEHN A, BbI6p3.B IIpaBUJIbHBIE OTBCTLI U3 IIPEAJIO-
2KEHHDBIX!

1. Ouckpetuszanusi B CAE-cucremax — 3710:
a) OKpYIJIEHUE TPOOHBIX YUCEN IO LEbIX;
0) mocTpoeHre KOHEYHO-3JIEMEHTHOM CETKMU;
B) 4acTOTa pacyeTa JaHHbBIX.

2. B MeTo/e KOHEUHBIX 2JIEMEHTOB KOHEUYHbBIN 3JIEMEHT 3TO:
a) KOHEYHBII pe3yJbTaT pelleHus 3a1a4u;
0) MaJieHbKasl yacTula 00bEKTa, )11 KOTOPOro UILIETCS PEILICHNUE;
B) ceTKa, HaKJiaJibiBaeMasl Ha OOBEKT MCCIeI0OBaHUSI;
I) camas MeJjiKasl yacTulia o0beKTa UCCaeT0BaHuS.

3. B CAE-cucreMax KOHEUHO-3JIeMEHTHAas CeTKa MOXET COCTOSITh 13:
a) JIMHUIA;
0) Touek;
B) IIPU3M;
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Bonpocbl ans camonpoBepku

B) TETPadJpOB;
I') TPEYroJIbHUKOB.

. IIpu ucnonb30BaHUM METO/Ia KOHEYHBIX 3JIEMEHTOB MOXHO TOJY-
YUTh:

a) TOYHOE pelleHre 3aJaul;

0) mpuOIMKeHHOE pellieHre 3a0aul.

. HpHMBIC BbIYUCIUTCIIbHBIC METOAbI ITO3BOJIAIOT ITOJIYUYUTD:

a) TOYHOE pelleHre 3aJaul;
0) mpuOIMKeHHOE pellleHre 3a0aul.
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Cuctema aHanmnsa KOHCTPYKLUIA
SolidWorks Simulation

poliecc co3aaHus HOBOIO M3eI1s BKIIIOYAeT B ce0sl IKCIUTya-
TallMOHHOE TECTUPOBAHUE U3IEIUS 151 TOTO, YTOOBI YAOCTOBE-
PUTHCS B €r0 pabOTOCIIOCOOHOCTH.

ITpu OTCYTCTBMUM MHCTPYMEHTOB aHaAIM3a 3Ta 3aJa4a MOXET ObITh pe-
III€HAa TOJIBKO 32 CYET BHIMOJTHEHUS JOPOTOCTOSIINX 1 3aTPATHBIX MO Bpe-
MEHHU LIMKJIOB pa3pabOTKM M3[ea1sI, KOTOPbIe BKIIIOUAIOT CJAEAYIOIINe
STaMbl;

MOCTPOCHUE MOJIEIIN;

MOCTPOEHUE OMBITHOIO 00pa3la KOHCTPYKIINY;

9KCIIyaTallMOHHOE UCTIBITAHKWE OMBITHOTO 00pa3ia;

OLIEHKA PEe3yJIbTaTOB AKCIIyaTaAllMOHHBIX UCITBITAHUIA;

W3MEHEHNE KOHCTPYKILIMU Ha OCHOBAHUY PE3YyJIbTAaTOB SKCILTyaTallu-
OHHBIX UCITBITAHUM.

DTOT npoliecc NPoaoIKaAETCs A0 MOTYyYEeHUs YI0BIETBOPUTEIBHOIO pe-
meHus. [1pu BKJIIoYeHUMU B Mpoliecc pa3paboTKu U3Aeansl aHalKn3a Ha OC-
HoBe CAIIP ynaeTcs mojayduTh cleayiole NpeuMylecTBa:

YMEHBIIUTb CTOUMOCTb Pa3pabOTKM 3a CYET MPOBEICHMUS UCIIBITAHUS
MOJIEJIM Ha KOMITBIOTEPE BMECTO JOPOTOCTOSIIIMX SKCILTyaTallMOHHBIX
WCIIBITAHUM

COKpPaTUTh BpeMd, HEOOXOAMMOE IJISI MPEeACTaBICHUS NPOAYKTOB
Ha pbIHOK, TyTeM YMEHbIICHMSI KOJUYECTBA LIUKJIOB pa3padOTKU 13-
JIeNNs;

YIYYLIUTb U3IEJIMS MOCPEACTBOM OBICTPOI MPOBEPKU Cpa3y OO0IbIIO-
ro KOJIMUECTBA KOHLICMLIMMI U CLIEeHapueB nepea MPUHSATHEM OKOHYA-
TEJILHOTO PEeLIEHUS, TEM CaMbIM PEAOCTABIISISA Pa3pabOTUUKY JTOMO-
HUTEJbHOE BpeMsI Ha 00IyMbIBAaHE HOBBIX KOHCTPYKIIWIA.

SolidWorks Simulation — 5T0 cuctema aHanM3a KOHCTPYKIIMA, OJTHO-
cTblo MHTerpupoBaHHas ¢ SolidWorks. SolidWorks Simulation rmocrtasinsiet-
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Tunbl nccneposannii B SolidWorks Simulation

csl HECKOJIbKMMM MTakeTaMu. [IporpaMMHoOe oOecriedeHre UCIIOIb3yeT Me-
TOI KOHEYHBIX 3J1IeMeHTOB (MKD).
Ananu3 B SolidWorks Simulation BbITIOJTHSIETCS B CIIEAYIOLIEM MOPSIIKE:

CO3/1aeTCsl KOHEYHO-2JIEMEHTHAsI CETKa, KOTopasl JEJIUT UCCIIEAyeMYO
MOJIeJIb HA MHOT'O MaJIbIX KOHEUHbIX 3JIEMEHTOB NPOCThIX (hopM. KoHeu-
HbIE 371eMEeHTbI 2((MEKTUBHO 3aMEHSIIOT CJIOXKHYIO 3a1a4y HECKOJIbKUMU
MPOCTbIMU, KOTOPbIE HEOOXOAUMO PEILIMTh COBMECTHO;

KaKIbIi y3eJ KOHEYHOTO 3JIEMEHTA MOJHOCTbIO ONMCHIBAETCS PSIOM
rapaMeTpoB, 3aBUCSIIMX OT TUIIA aHAIM3a U MCTIOJIb3YeMOTI0O 2JIEMEH-
Ta. /{7151 pacyeToB KOHCTPYKLIMU PEAKIIU y3J1a MPENCTABISIETCS B 00-
1IEeM ciIydae TpeMsl IiepeMellieHUsIMU 1 TpeMsl BpalieHusiMu. OHM Ha-
3bIBAIOTCS CHeneHaMU c60000bL;

peaxkius B JI00OI TOUKE 3JeMEHTa MHTEPIIOJUPYETCs U3 peaklnu
Y3JI0B 2JIEMEHTOB (uHmMepnoaayus — Crocod HaXOXIEHUS TIPOMEXY-
TOYHBIX 3HAUEHMI1 BEJIMYMHBI IO UMEIOLLIEMYCSl TMCKPETHOMY HabO-
Py M3BECTHBIX 3HAYEHMUIA);

MporpaMMHoOe ob0ecriedyeHre co3/1aeT ypaBHEHME, YIIPaBIIsOlIee Mo-
BeJIEHWEM KaXIIOro 3JIeMEHTa C YYETOM €ro CBsI3ell C APYTrMMMU dJie-
MeHTaMu. DTU YpaBHEHMSI CBSI3bIBAIOT PEAKIMIO CO CBOMCTBAMU Ma-
Tepuaja, OrpaHUYCHUSIMU U HAIPy3KaAMU;

YpaBHEHUSI BCEX 3JIEMEHTOB OOBbEAUHSIOTCS B OOJIBIIYIO CUCTEMY CO-
BMECTHBIX aJIre0panyecKrx ypaBHEHUI U OTIPEeIsSIIOTCSI HEU3BECTHBIE.

Hanpumep, 111 pacueta HanpsLKeHUI porpaMMa HaxoIUT IepemMeltie-
HUS B KaX/I0M Y3Jie, 3aTeM BbIUMCIISeT neopMaliui U HalpsDKeHUeE.

B 6a3oBbrii nakeT SolidWorks BxoauT Tak:ke pacyeTHblii Moay b Simula-
tion Xpress, KoTopblii 1o cpaBHeHUI0 ¢ SolidWorks Simulation umeet orpa-
HUYEHHbIE pacYeTHbIE BO3MOXHOCTU: MOAAEPXKMUBAET aHAIU3 OTIEJbHOIO
TBEPJOro Teja, HO He MOoAAepKUBaeT COOPKU, MHOTOTEIbHBIE IeTaJIU UIU
TeJia TIOBEPXHOCTH U Jp.

Tunbl uccnepoBanwmii B SolidWorks Simulation

ITporpammuoe obecrieuenme SolidWorks Simulation mpemiaraet ciemny-
OIIIMEe TUITBI MCCIICIOBAaHMIA:

JIMHEWHBIN CTaTUYECKU aHaAJIN3;
YaCTOTHbIE UCCJIEIOBAHUS;
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Cuctema aHanm3a koHceTpykumin SolidWorks Simulation

o JMHAMUYECKHUE UCCIICIOBAHUSI;

o HCCIIEAOBAHMS IOTEPU YCTOMUMBOCTHU;

o TepMUUYECKHUE UCCIICIOBAHUSI;

e HCCJIEIOBAHMS IPOCKTUPOBAHMS;

o HEeJUHEeIHbIE UCCIeAOBAHUS;

e HCCJIEAOBAHMS Ha yIapHYIO Harpy3Ky;

e HCCJEA0BaHUS YCTAIOCTU (MaTepUaioB).

CsoiicTBa maTepuanos, ucnonb3yembie B SolidWorks Simulation

Buabi matepnanos

1. M3oTponHbie MmaTepuaabl. MaTepuaa cCYUTAeTCs U30TPOITHBIM TIPU
UIEHTUYHOCTU (DU3NYECKUX CBOMCTB (IIPOYHOCTH, YIIPYTOCTH 1 JIP.) BAOJb
Bcex HarpaBiaeHuil. [IpuMepbl M30TPOITHBIX MaTepUAIOB: cmaib, Medb
U MHo2ue opyaue mMemannsl, NPecco8aHHbvle NAACMUKU, OEMOH.

2. AHM30TpoOnHbIe MaTepuabl. Matepuasbl, KOTOpble OOHAPYXKUBAIOT
pa3Hble CBOMCTBA B pa3HbIX HAIPABJICHUSIX, HA3bIBAIOTCSI AHUZ0MPONHBIMU.

Hanpumep, oOpa3sell, BoIpe3aHHbIN U3 JepeBa BAOJIb BOJOKHA, UMEET
CBOICTBa, OTJIMYHBbIE OT 00pa3lia, BEBIPE3aHHOTIO MOIEePEK BOJOKHA.

OO6paboTka AaBjJieHMEM — KOBKa, IITaMITIOBKA, MPOKaT CO3/1aeT OIpe-
JeJIEHHYIO OpPMEHTAlMIO 3epPeH, MOATOMY, HallpuMep CBOMCTBA MpokaTa
B IIPOJOJIbHOM Y MOINEPEYHOM HaIpaBIeHUSIX OyAyT pa3aMYHbIMU. Takast
AHU30TPOIUS B MEHBIIIEH CTENIEHU OTHOCUTCS K YIIPYTUM CBOMCTBaM, YeM
K TUTACTUYHOCTU U MPOYHOCTH.

Monyab ynpyroctv B ipoa0JbHOM U MONEPEYHOM HaIlpaBJIEHUSIX ITPO-
Kara IMOYTH OJIMHAKOB, a XapaKTePUCTUKM MPOYHOCTU, HAITPUMEP COMPO-
TUBJIEHUE Pa3pbIBY, 3HAUUTEIBbHO OTIMYAIOTCS.

CTeK10MIacTUKU UCKYCCTBEHHO CO3AaHbl aHU30TPOITHBIMU — OHU TTPEJI-
CTaBJISIIOT COOOI TKaHb WJIM MPOCTO CJOU U3 CTEKJISTHHOIO BOJIOKHA, IPO-
NMUTAaHHbIE NOJIUMEPHBIM MaTepuaioM. K aTomy ke psimy OTHOCSTCS TUI-
Thl U3 aDMUPOBAHHOTO O€TOHA U TIp.

3. OproTponnbie MaTepuabl. OpTOTPONHUST — ATO YACTHBIM Cllydaii aHU-
30TPOITUH.

Matepuan cuuTaeTcss OPTOTPOIHBIM B C/Tydyae HEOJIMHAKOBOCTHU CBOMCTB
0 ABYM (TpeM) B3aUMHO TepIeHANKYISIPHBIM HapaBieHUSIM (puc. 7).

24



CBoiicTBa maTepnanos, ucnonb3yemole B SolidWorks Simulation

OpTOTPOITHBIMU MaTepHUaIaMU SIBIISIIOTCS IePEBO,
OOJIBPIIMHCTBO MUHEPAJIOB I METAJIOIIPOKAT.
Hanpumep, MexaHn4ecKue CBOICTBA IepeBa B yKa-
3aHHOI TOYKE XapaKTepU3YIOTCs BIOJIb ITPOIOIbHO-
ro, TAHTEHIIMAJIBHOTO Y PaIvaIbHOTO HAIIPaBJICHMSI:
« mponoibHas (och X) mapaliieJibHa HallpaBiie-
HUIO TEKCTYPHI (BOJIOKOH);

. Puc. 7. Ilpumep opro-
* TaHreHUMalbHasA (0Chb Y) ABIAETCA KacaTeIbHOM  rpommoro Matepuana

K KOJIbLIaM pOCTa;
o paguanbHas (0Ch Z) TIepIeHANKYJISIpHA KOJIbLIaM pOCTa.

Xpynkue u NnacTMyHble MaTepuansl

IlnacTHYHBIMM HA3BIBAIOTCSI MaTepUaIbl, pa3pylIeHUIO KOTOPBIX Mpei-
mecTBYIOT Oosbiue (mHoraa a0 20...25 %) ocratouHble AeopMalnm.

XapakTepHble MPeACTaBUTEIN MIACTUUYHBIX MaTepUaIoB: MaJoyIjiepo-
NUCTas1 cTajlb U aJIIOMUHUM.

XpynkocTh — CBOMCTBO MaTepuajia pa3pyliaTbCs MPU MalbIX OCTaTOY-
HBIX TeopMalmsX, He mpeBblmaommx 2...5 %.

K xpynkum MaTepuaaam OTHOCSITCSI UyTYH (coaepkaHue yriiepoja — He Me-
Hee 2,14 %, 4To NpuAaeT eMy TBepAOCTh, CHIKASI ITTACTUYHOCTD U BSI3KOCTB),
BBICOKOYTJIEPOAUCTAsI UHCTPYMEHTaJIbHasl CTajlb, CTEKJIO, KUPIIUY U JIP.

IInacTuynblie U XpynKue MaTePUAJIbI UMEIOT PAa3IHIUs
B XapakTepe pa3pylleHMs TIPU PacTSKeHUU /CoKaTU M.

ILnacTHyHbIe MAaTEPUAJIBI TTPOSIBIISIIOT OOJIbIIIEE CO-
MPOTHBJIEHNUE OTPbIBY YACTUII, YEM CIBUTY UX IPYT
OTHOCUTEJIbHO JApyra (M pa3pyllalTcs, [IaBHbIM 00-
pa3oM, OT CABMTIa YACTUIl B MJIOCKOCTSIX OeUCTBUS
HauOOJbIIMX KacaTeJIbHbIX HAMIPSIKEHUI).

MMeHHO BcliencTBMe CABUra YacTUll yBeJIUM4rBa-
eTcsl JIMHA 00pa3iia U3 IJIaCTUYHOro MaTepuaa npu
€ro pacTSKeHMM, a MECTO pa3pyllIeHusI B IIEHKe UMe-
€T BUJI KpaTepa, CTEHKM KOTOPOIo HAaKJIOHEHbI K OCU
obOpa3sia moj yriom 45° (puc. 8). Puc. 8. Mpiniep pas-

JAHoM 3T0}"0 KpaTtepa HPJISIGTCSI MOBEPXHOCTD nep: pYIIEHIS! TLTACTIY -
BOHAYaJIbHOM BHYTPEHHEM TPEILMHbI, BOSHUKAIOIIEN  y,ix maTepuanos npu
nociie 0opazoBaHUs LIEHKU. pacTsKeHUn
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Cuctema aHanm3a koHceTpykumin SolidWorks Simulation

Xpynkue MaTepuanbl, HA0O00POT, 001aAAIOT OOJIb-
IIIMM COITPOTUBJIEHUEM CIBUTY, YEM OTPBIBY, M pa3py-
LIAIOTCS TIPU PACTSKEHUN BHE3AMHO BCJIEICTBUE OT-
pBIBA YACTUI MaTEpUAsIa MO MIOCKOCTU MOIEPEYHOTO
ceueHus (puc. 9). ABneHus TeKy4ecTu, ynpouHeHUs
1 00pa3oBaHUs LIEMKN Ha oOpa3lax U3 TaKuX Marte-
pUaIoB Mepea pa3pbiIBOM HE HAOIIOOA0TCA.

EnuHCTBeHHOI MPOYHOCTHOUN XapaKTepUCTUKOMN

pymrerms xpynxix < PYIKHX MaTepUaJIOB SIBJISIETCS MPEAEIT IIPOYHOCTH.
MATEPUATIOB TIPY pac- JAnarpamMMBbl pacTSKEHUS -CXKATHS PAa3IMYHbIX KOH-
TXKEHUN CTPYKIIMOHHBIX MaTepUaioB MpUBeaeHbI Ha puc. 10.
Ha puc. 10, ¢ moka3aHa nuarpaMmma pacTsSLKEHUS
TUTACTUYHOW MaJIOyTJIepOAUCTOM ctanu. Hamnpsikenue 6, Ha ntnarpamme —
npeaea NpornopuUuoOHaTIbHOCTU — 3TO HauMOOJIbIIEe HAMPSDKEHUE, 10 KO-
TOpOro cripaBeanB 3aKoH ['yka. [lnacTuuHbie MaTepuanabl UMEIOT yya-
CTOK — «IUJIOLIAJIKY TEKYYECTU», HA KOTOPOM HAMPSIKEHUS TTPAKTUIECKU
HE M3MEHSIIOTCS C POCTOM jAedopmalivii. DTOT y4aCcTOK XapaKTepu3yeTcs
MpeaeaoM TeKyyecTu o,. HanpsikeHue, COOTBETCTBYIOIIEE BEPXHEN TOU-
K€ OrarpamMMbl, Ha3bIBAE€TCS BPEMEHHBIM CONPOTUBJIEHUEM WJIM TIpe/e-
JIOM TIPOYHOCTU — G,,.

Puc. 9. [Ipumep pas-

a 0 8
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= = © = <z
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€ 5 £ e
bI’-'K:l

Puc. 10. JIvarpaMMBbl pacTsSoKeHUSI-CXKATUS pa3IMUHBIX KOHCTPYKIIMOHHBIX MaTepUAaJIOB:

a — MaJIoyIrJIepOAMCTOM CTaln; 6 — 4yyryHa: 1 — npu cxkaTuu; 2 — Mpu pacTsSKEHUN; ¢ — JepeBa:
1 — BIOJIb BOJIOKOH; 2 — TOINEPeK BOJOKOH

Junarpamma cxxatusl IJIaCTUIHOM MaJoyIJIepOAMCTON CTaJIM B UHTEpBA-
Jie 10 mpeesia TeKy4eCcTH Takasl Xe, KaK 1 MPU pacTSKeHUU: Tpenest Ipo-
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CBoiicTBa maTepnanos, ucnonb3yemole B SolidWorks Simulation

MOPLMOHAJIBHOCTH G, MIPEEs TEKYYECTH G, U MOAYJIb YIIPyroctu E npu
cXXaTUU U TIPU PaCTSKEHUY COOTBETCTBEHHO MPUOIM3UTEbHO paBHHI. [1o-
3TOMY 3HAUMTEJIbHO Yallle TJIACTUYHYIO MAJIOYIJIEPOAUCTYIO CTallb UCIIbI-
THIBAIOT HA pacTsKeHUe.

JlnarpaMMBbl CXKaTUSI-pACTSIKEHUS YYTyHa, OTHOCSIIIIETOCS K XPYITKUM
maTtepuajam (puc. 10, 6), xapakKTepHbI TeM, UTO B OTJIMUME OT IVIACTUYHBIX
MaTepuaJioB Harpy3ka, COOTBETCTBYIOLIAS IIpeey MIPOYHOCTU TIPU CXKa-
THUM YYTyHa, B 3—5 pa3 MpeBbIlIacT HArpy3Ky, COOTBETCTBYIOIILYIO TIpeIeTy
MMPOYHOCTHU TMPU PaCTKEHUU. ECIM U1t IIaCTUYHBIX MaTepUaioB OCHOB-
HBIM BUJIOM HUCTIBITAHUN SIBJISIETCS PACTSKEHUE, TO JJISI XPYIKUX MaTepU-
ajoB — cxartue. Pa3pyllieHre mpoucxoauT BHE3AITHO C MOSIBIICHUEM Tpe-
muH. Takoit xapakTep pa3pylieHNsI O0ObSICHSIETCS IEMCTBUEM KacaTeIbHbIX
HaIps>KeHU, BO3HUKAIOIIMX B HAKJIIOHHBIX TUIOCKOCTAX. [ToaTomy mist
XPYNKUX MaTepUaaoB OOBIYHO OMPEEIISIIOT TOJIBKO IpeIesl IPOYHOCTH. 3a-
BUCHMOCTb MEXIY HaNpsKEHUEM U IepopMaiireil MpakKTUIECKU 10 pa3py-
LIEHUs Y XPYIIKUX MaTepuajaoB oCTaeTcs ¢1abo HelmHelHoi. K xpynkum
MarepuaiaM, KpoMe 4YyryHa, OTHOCSITCSI MHCTPYMEHTaIbHbIE CTaJIU, TBEP-
IOCILJIaBHBIE MaTepUaJibl, CTEKJI0, OSTOH U JIp.

JuarpamMMma pacTsiKeHusi-cxkatust gepeBa (puc. 10, 8) sBisieTcs xapak-
TEPHOM JUISI aHU30TPOMHBIX MaTeprasioB. IIpu pacTs:KeHnH/CXKATHA aHU-
30TPONMHOI0 MATEPHAJIA TaKXKe OIpeessieTCsl TOJbKO Mpenesl IPOYHOCTH.
[TpouHOCTH AepeBa Mpu CxKaTUM Tornepek BoJIOKOH ~ B 8—10 pa3 MeHbllIe,
YeM BIOJIb BOJIOKOH.

dusnyeckue BennynHbI MaTepuanos, ucnonb3yemole B SolidWorks Simulation

1. HanmpspKeHue MaTepuaia — MOXET ObITh BhIpaXKEHO clieaytolieii pop-
MYJIOM:
. _AF
lim—,
AS—0 AS
rae AF — cuiia, IeficTBYIOIasl Ha TeJIO B HEKOTOPOIA ero Touke yepes dec-
KOHEYHO MaJlylo IJI0IAaKy AS BOKPYT 3TOI TOUKM Ha TJIOCKOCTH.

2. edopManusa — 3TO OTHOLIEHUE UBMEHEHUS IJIMHBI AL K HaYaIbHOM

IvHe L u3nenvs npy Bo3aeicTBUM Harpy3ok (puc. 11). Marepuan paspy-
1IaeTcsl TaM, TIe Harpy3Ku MPeBbICUIN OIpeaeIeHHbII YPOBEHbD.
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Cuctema aHann3a koHCTpykumii SolidWorks Simulation

AL

e

Puc. 11. lepopmanust MaTepuaaon

3. Moayas ynpyroctu (F). B Haubosee pacnpocTpaHeHHOM ciydae ISt
JIMHEWHO-YIPYroro MaTepuasia 3aBUCUMOCTb HapsKEHUS U ieopMaliiu
JIMHelHas (3aKoH I'yka):

G
E=Z°,
€

rae £ — Moayiib ynpyrocTu; ¢ — HalpsiKeHUe, BbI3bIBarollee Ae(opMalnio
00beKTa; € — ynpyras gedopmaiusi 00beKTa, BbI3BAaHHASI HAIPSIPKEHUEM.

Enynuier nsmepenus Monyst ynpyroct — Ila (B cOOTBETCTBUY C €U~
HULIAMU U3MEPEHMUS G, TaK KaK € — Oe3pa3MepHasi BeJIMUYMHA).

Monynb ympyroctu onpeaeiaseTcsl Kak OTHOIIIEHE HalPSKEHUS BIOJIb
Kaxaon ocu XYZ K BbI3BaHHOI UM AedopMaliiv 00bEKTa BOOJb 3TOM OCH.

BniepBbie moHsITHE MOIYJIS YIIPYTOCTH OBLIO UCITONIb30BaHO KOHroM u 3a-
yacTylo Ha3biBaeTcsa «MomyneM FOHra».

Monynu ynpyrocty NpUMEHSIIOTCS B CTAaTUYECKOM, HEJIMHEIHOM, Ja-
CTOTHOM, IMHAMMYECKOM aHa/IM3ax 1 UCCJIeT0BaHNUM ITPOJOILHOTO U3Trnoda.

4. Koapumuent Ilyaccona (1). YimHeHue Marepuasa B IpoJ0JIbHOM
HAIIpaBJICHUM COIIPOBOXKIAETCS CXKATUSIMM B IOTIEPEYHBIX HAIIpaBIICHU-

ax (puc. 12).
l

d+Ad

d=

Puc. 12. OnHOpOIHBII CTepKEHD 10 U MOC/e MPUIOKEHUS K HEMY paCcTSITUBAIOIINX CUT
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Koadpdpuument [Tyaccona — 310 0e3pa3zmepHasi BeIMUYMHA OTHOIIEHUS
OTHOCUTEJIbHOTO MOMNEPEYHOro CXKaTHsl K OTHOCUTEILHOMY MPOI0JIBHOMY

PaCTAKECHUIO:
O Ad

- d Al
[Tpu Bo3neiicTBUM HAMPSIKEHUST pacTsKeHUs o ocu X KO GULIMEeHT
ITyaccoHna onpenensieTcsi OTHOLIEHUEM TIPOIOJbHOTO CXAaTus 1o ocu Y
K TIPOJOJIbHOM nedopMaliuu Mo ocu X.
JIn1st IBOTPOITHBIX MaTepuaaoB KoadduuneHTsl [1lyaccoHa Bo Bcex 110-
CKOCTSIX paBHBI

(Mxy =Hyz = “ZY)-

[Tpu cxatun koaduumeHt [lyaccona nmeeT To ke 3HaUeHUE, YTO U IIPU
pacTSKEHUM.

st abCOMOTHO XpYIKUX MaTepuaaoB W = 0; 1j1s1 aOCOTIOTHO HECXKM-
maembix W = 0,5. g 6onbunHCTBa cTajeit u = 0,3; mis pe3uHs u = 0,5.

Koaddumments [1yaccoHa MpuMeHSIIOTCSI B CIAmu4ecKom, HeAUHeluHOM,
YACMOMHOM, OUHAMUYECKOM U AHAAU3e NPOO0AbHO20 U32Uba.

5. Moayab caBura, miM MoayJib xkecTkocTH (G) — xapakTepusyer CIo-
COOHOCTb MaTepHaja COMPOTUBISThCSI M3MEHEHUIO (DOPMBI TIPU COXpaHe-
HUU ero oobema. J1Ji1 OMTHOPOIHOTO M30TPOITHOTO MaTeprajia OH OIpee-
JIAETCS CIICAYIOIIUM COOTHOIIEHUEM:

_E
2(1+p)
MOI[yJII/I caBUTa MIPUMCHAIOTCA B crmanmu4eckom, He/lLlHeﬁHOM, yacmom-
HOM, OuHamuueckom u anaiuse npoaofleOZO uzeuoa.

6. ILmoTHOCTD (0) — OTHOIIIEHWE MAaCcChl HAa €IMHUITY 00beMa BeIlleCTBa.
B KayecTBe eAMHUL] U3MEPEHMUS TUIOTHOCTH UCIIOJb3YIOTCH (QYHT/MIONM* —
B GpPUTAHCKOIi cucTeMe Mep U Kr/m°> — B CH.

[L1oTHOCTE IPUMEHSIETCS B Camu4eckom, HeAUHElIHOM, YaCHOMHOM, OU-
HaMU4ecKom, mepmMuieckKom U ananuse npoooabHo20 uzeuoa.

7. KoadummeHT TemioBoro pacmmpenus (3) — ornpenensieTcss OTHOCH-

TCJIbHbIM M3MCHCHUEM IJIMHDBI ITPU USMCHCHUNU TEMIICPATYPhbI HA 1°K IIpH
ITOCTOAHHOM JAaBJICHUU. HMwmeet PasMEpPHOCTDb O6paTHOI>'I TEMIICPATyphbI.
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8. TenaompoBOaAHOCTb XapakKTepu3yeT 3(P(PEeKTUBHOCTH IPOBOAUMOCTH
MaTepuajioM TeIJIoBoi aHeprun. OHa OoINpenesisieTcsl CKOPOCThIO Mepena-
YU TETJIOBOM SHEPTUM Yepe3 eIVMHUILY TOJIIUHBI MaTepruaia Ha eIuHU-
LIy pa3HOCTHU TeMIlepaTyphbl. ETMHUIIAMA TETIJIONPOBOIHOCTH SIBJISTIOTCS
BTE/n1oiim - cex °F (BTE — 6purtanckas reriosas enunuia; 0 °C = 32 °F)
B OputaHckoii cucteme mep 1 Bt/m °K — B cucreme CH (0 °C = 273,15 °K).
TermIonpoBOIHOCTD UCTIONIL3YETCS B MEpMUUECKOM AHAAU3e.

9. YnejbHas TeMI0eMKOCTb (¢) — KOJIMYECTBO TEIUIOThI, TpedyeMoe st
TTOBBIIICHUS] TeMIIEpaTyphbl €IMHUIIBI MACChl MaTepyaia Ha OIWH Tpaayc.
B xauecTBe ennHMIL U3MEPEHUS YASTbHOM TEIJIOEMKOCTH MCITOIb3YIOTCS
BTE/dyHt cunbl °F B 6putaHckoii cucteMe mep, u JIx/kr °K — B cucre-
Me CH. YaenbHast TEINIOEMKOCTD MCITOJIb3YETCSI B TIEPEXOTHOM TepMUUE-
CKOM aHaJln3e.

dopMmyia pacuera yaeabHON TEIJIOEMKOCTH:

Cc= L s
mAT
I1e ¢ — yaejabHas TeMI0eMKOCTh; 0 — KOJMYECTBO TEILIOTHI, ITOJYy4YeHHOE
BEIECTBOM IMPU HArpeBe (MJIX BbIICJIMBILIEECS ITPU OXTIAXKACHUHN ) ; 1 — MacC-
ca HarpeBaeMoro (oxJaxaamolierocs) BemiectBa; A7 — pa3HOCTb KOHEU-
HOI M HaYaJbHOM TeMIEpPaTyp BEIIECTBA.

10. IemngupoBanue — MCKYyCCTBEHHOE MOAaBIECHUE KoJieOaHUIT Mexa-
HUYECKMX, DJIEKTPUUECKUX U JIP. CUCTEM 3a CUET YMEHbIIIEHUST aMILIATY-
Bl KOJIEOaHUI B CUCTEME.

Jns neMnrpoBaHus KCHOIb3YIOTCS AeMIdepbl (Halmpumep, aMopTHr3a-
TOPBI, UCIIOJIb3yeMbIE B MOJBECKAaX aBTOMOOWJICH, MOPIITHM, IBUXKYIIUECS
B BSI3KOM cpefe — B rMApaBIMYECKUX CUCTEMax U mp.). Jdemndep yMeHb-
11aeT A00POTHOCTb KOJIeOaTEIbHOI CUCTEMBI.

11. Koadduuuent nemnpupoBanns MaTepuasaa mo3BoJSIeT ONPEACTUTh
neMIprpoBaHUe B KaueCTBE XapaKTepUCTUKU MaTepuana. Mcnonb3yercst
B AMHAMMUYECKOM aHaJIM3€e 151 pacueTa 9KBUBaJEHTHBIX KO UIIMeHTOB
MopanbHoro aemidupoBaHusi. KoagounueHt nusmensercs ot 0,01 gisa
cinabomemmngupoBaHHbIX cucteM A0 0,15 unu 6ojiee 111 CUIIBHO AEeMIT(U-
POBAHHBIX CUCTEM.
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B Ta6a1. 1 npuBeaeHbI 3HaYeHUS KOA(PPULIMEHTA BI3KOCTHOIO AeMIT(PU-
pOBaHUs JIsl Pa3IMYHbIX KOHCTPYKIIMOHHBIX CUCTEM, B TabJI. 2 — 3Haye-
HUS KO3 GULIMEHTa BI3KOCTHOIO AeMITI(UPOBAHMS 11 HEKOTOPBIX Ma-
TEepUAaJIOB.

12. 1oOpoTHOCTD KOJIe0aTeIbHOM CHCTEeMbI — XapaKTepHMCTUKA PE3OHAHC-
HBIX CBOMCTB CUCTEMBI, ITOKA3bIBaIOIasl, BO CKOJIBLKO pa3 aMILIMTY/a BbI-
HY>XJIEHHBIX KOJIeOaHMIA TIpU Pe30HAHCEe TMPEeBbIIIAeT aMIUIUTYLY TIPU €ro
OTCYTCTBUU.

J1oOGpOTHOCTL OOPATHO MPOMOPLMOHATIBHA CKOPOCTHU 3aTyXaHUsI COO-
CTBEHHBIX KOJIeOaHUI B cucTeMe (T.€. YeM BhIlIe JOOPOTHOCTh KoJieba-
TeJIbHOI CUCTEMbI, TEM MEHBIIIE MOTEPU SHEPTUHU 32 KaXKIbIi ITepUO U TEM
MemieHHee 3aTyxaloT kojedanus). [Ipu nooporHocTu <=0,5 KonedbaTeab-
HOE IBMXKEeHUE TTpeBpallaeTcs B ariepuoanieckoe (T. €. BbIBeAeHHAas U3 M0~
JIOKEHMSI paBHOBECHSI CUCTEMa BO3BpPAIllaeTCsl B COCTOSIHUE PaBHOBECHS,
He coBeplas KojaeOaHuit).

Tabauya 1
Koaddunmentsl BA3KOCTHOTO AeMI()UPOBAHNS
o . Koadbdumument
. /;1 Cucrema BAKOCTHOTO
JIeMIT(UPOBAHUS

1 | Metautsl (B o6nacTu ynpyrux aedopmannii) meHee 0,01

2 | denbHble MeTaIMYECKNE KOHCTPYKIIUU 0,02—0,04

3 | Merainndeckye KOHCTPYKIIMK C COSTUHEHUSIMU 0,03—-0,07

4 | AmoMrHUEBbIe/CTaTbHbIE TUHUY Tepeaay ~ 0,04

5 | TpyOorpoBOIHbIE CUCTEMBI MAJIOTO AUaMeTpa 0,01-0,02

6 | TpyOoIpoBOIHBIE CUCTEMBI OOJIBIIIOTO JUaMeTpa 0,02 —0,03

7 | ABTOMOOWJIbHBIE aMOPTU3AaTOPBI ~0,30

8 |Pes3una 0,05

9 | bonpiue 3maHus BO BpeMsI 3eMJICTPSICCHUST 0,01-0,05

10 | [TpenBapuTeIbHO HANPSIKEHHbIE OETOHHBIE KOHCTPYKIIMU 0,02—0,05

11 | Kene3o6eToOHHbBIE KOHCTPYKLIMU 0,04—0,07

Tabauya 2
Koad duimeHTbl BA3KOCTHOTO AeMII(pPOBAHUS HEKOTOPbIX MATEPAJIOB

No Marepuan Koatbtgnunem BSI3KOCTHOTO ZLCMH(IO)I/Ip(*)*Ea—
n/m Hust  (Huxke npubausutenasHo 20° C)

1 | AntomuHumit ~0,5107

2 | CBuHell (YMCTHI) ~ 1072

3 | XKeneso or 1103107
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Okonuanue maba. 2

No Marepuan KOS(I)(EI/IL[I/ICHT BSI3KOCTHOTO ,I[eMHd)I/Ip(:*Ea—
/1 Husg (Hmke npuoamsutenbHo 20° C)

4 | Menap (mosMKpUCTaIJTAYECKas) 1073

5 |MarHuit ~0,510™

6 |JlatyHb <0,510°°

7 | Hukenb <0,51073

8 | Cepebpo <1,5107°

9 | Bucmyr ~4107*

10 | uuk ~1,510™

11 |OnoBo ~10107*

* JlanHble B3ThI U3: Adams Vince, Askenazi Abraham. Building Better Products with Finite
Element Analysis. Santa Fe : OnWord Press.

** Koo duimeHTsl BI3KOCTHOTO AeMIT(UPOBAHUS JaHbI B KAUECTBE MPOLIEHTa OT KPU-
TUYECKOTO AeMIT(pUPOBAHUS.

ik KoadduuueHTsl BI3KOCTHOTO AeMIT(UPOBAHUS MOTY4YaloTCsl MOCPEACTBOM JAeJie-
HUS Ha 2 KO3(PHULIMEHTOB MOTepU TMOKOCTU MaTepuaaoB, MpuBeaeHHbIX B: Cremer L.,
Heckl M. // Stucture-Borne Sound. New York: Springer-Verlag, 1988.

06bekTbl uccnepgosaHus B SolidWorks Simulation

ITpu npoBenenun ucciaenoBanuii B SolidWorks Simulation peajibHbie 13-
JIeJINsI MOTYT OBITh MPeICTaBICHbI B BUE CIACAYIOLINX OOBEKTOB:

e TBEPIOTEJbHBIX JeTajeil 1 cOOpOK (CM. puc. 2);

« 000JI0UEK;

o 0aJiok;

e CTEpPXKHEMN.

DjemenTsl 000109KkH (puc. 13) B SW Simulation ncnonb3yoTcst a1 co3-
JaHUSI CETKU:

o B JETaJsIX U3 JJUCTOBOIO METaJa;

e B TOHKOCTEHHBIX JeTaJISIX.

YT0oOBI pa3IMUUTh BEPXHIO U HUXKHIOIO I'PaHU 3JIEMEHTOB 000JIOUKH,
B SW Simulation HazHayaloTcs pa3IMUHbIe LIBEeTa 11 BEpXHEel U HUXKHEN
rpaHeii co3aaHHbIX 000J04eK (puc. 13, 6).

DneMeHnTsl 0aaKu (puc. 14) MO3BOJSIOT MMOBBICUTH OBICTPOICIICTBUE
Simulation — pa3mep 3agauu u TpeOyemble pecypchl 3HAUUTETbHO YMEHb-
miarorcst. YToObl TocTaHOBKA 3a1auM U151 0AJIOK J1aJia MpueMyIeMble pe3ysib-
TaThl, JJIUHBI 0aMKM JoJKHa ObITh B 10 pa3 Gosblie HanboJjiee JJIMHHOIO
rokKasareJisl €e CeueHMUsI.
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Puc. 13. DaeMeHTBI 000/104KU:

a — MOJEJIb, 6 — ceTKa Ha Mojie]n

Jlnst 6a10YHbBIX 2JIEMEHTOB BO3MOXHBI UCCIEIOBAHMS:

e TIOTEPU YCTOMUMBOCTHU;

e CTaTUYECKUE;

e YAaCTOTHBIE;

e HEJIUHEUHBIE.

Kaxnblit npsamoii anemenm koncmpyKyuu onipeaessieTcs MpsiMoii IMHUEH,
OrpaHMYEHHOM ToUKamMu coearHeHuit 1 u 2 Ha ero koHuLax (puc. 14). I1po-
rpaMMHOE oOecrneuyeHre aBTOMAaTUYECKM CO3/1aeT JJIsl HEro CUCTEMY KOOp-
JUHAT. DTa cucTemMa OmnpeaessieT 0cCeBOe HampaBjieHue 0aJIKu — OT TOUKHU
I K Touke 2. U30THYTHIN 2J1EMEHT KOHCTPYKILIMHA MOAECIUPYETCSI MHOXE-
CTBOM MpsIMbIX Oasok. IIpenmnosaraercs, 4To morepeyHoe ceuyeHue oaJ-

Puc. 14. ITpsiMoii 271eMeHT KOHCTPYKIIUU

OanKu: Puc. 15. TIpencrasneHue 6alouHBIX
a — MojieJb MPSIMOi IBYyTaBPOBOI OaKu; SJIEMEHTOB IIPpU IMPOCMOTPE CETKU:
6 — ompenesIeHre JIeMeHTa KOHCTPYKIINN KaK a — YCJIOBHBIMU LIMJIMHIpPAMu; 6 — (hakThue-
6anka: 1, 2 — TOYKM COeTUHEHUIA CKOI1 reomMeTpueit 0aaku
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/

Puc. 16. Cyxusalommecs: OaJIKn:

a — MOJeNb IBYTaBPOBOI OaIKu; 6 — TIpe-
cTaBJieHMe OAJIOYHBIX 2JIEMEHTOB (pakThye-
CKOW T€OMETPUE; 8 — YCIIOBHOE MPEICTAB-
JieHre OATOYHBIX 2JIEMEHTOB IMJIUHAPAMU

KU SIBJISIETCS TIOCTOSIHHBIM T10 BCE ee
TUTMHE
ITporpamma SW Simulation pa3-
nessieT 0ajiky KOHEYHO-3JIeMEHTHOM
CETKOI Ha MHOXECTBO OAJIOUHBIX 2J1€-
MeHTOB (puc. 15). Kaxnbrii 6amou-
HBI 3JIEMEHT OIpeaessieTcsl NByMs
KOHEUHBIMU y3JaMU U TMOIEePEUYHBIM
ceyeHueM. [lpu mpocMmoTpe ceTKu
U pe3yabTaToB pacueTa OajJKu MOTYT
YCJIOBHO M300paxkaThbCsl HMIMHAPAMU
(puc. 15, @) nnm pakTIeCcKOi reome-
Tpueit 6anku (puc. 15, 0).
CyxuBawmascsa 6aaka (puc. 16)
MPeaCTaBIISIETCSI OTPE3KOM IPSIMON
JIMHWU, COBIAAAIOIIUM C HEUTpalib-
HOIt OChl0, OTPAaHMYEHHbBIM JIBYMSI KO-
HEYHBIMU TOUKAMM COEIMHEHUIA.
ITpu nocTpoeHnu ceTku 6ajaka pas-
JeJISIeTCs HA HECKOJIbKO CY>KMBAIOIIMX-
cs1 0aJI0K M MOXKET OBITh ITpPeACTaBlIeHA
LUJIMHAPAMU WM TeOMETpUEld OanKu.
Kaxnplii 271eMeHT COCTOUT U3 ABYX
y3JI0B C Pa3JIMYHOM TLJI0IIAAbIO TTOMe-
peuHoro ceueHusi. CeTka U pe3yJib-
TUPYIOIIME IIOPHI Jal0T BU3yalbHOE

MNpeacTaBieHKUE 00 YKIIOHE T10 AJIMHE OaIKu.

Co3nanue 6an0k. [1o yMouaHuio 31eMeHTBI OaJIKM CO31aI0TCSI ITIPU T10-
CTPOEHUM MOJIEJIM, OTIpeieJIeHHOM KaK cBapHas KOHCTpYKIus. OnHako mpu
HEOOXOIMMOCTH MX MOXHO paccMaTpuUBaTh KaK TBEP/IbIe MOCPEACTBOM BbI-
oopa ¢yHkiuu PaccMaTpuBaTh Kak TBepaoe TeJo B AepeBe Simulation (Ha-
npuMep, 1151 KOPOTKHUX 2JIEMEHTOB KOHCTPYKIIMU, Y KOTOPBIX OTHOLIIEHNE
JUTMHBI K HAMOOJIbIIIEMY ITOTIEPEYHOMY CeYeHMI0 MeHbliie 3,0, peKOMEeHIY-
€TCsl MCT0JIb30BaTh CETKY Ha TBEPIOM Tesie). TBepiable Tena TakxkKe MOXKHO
npeoOpa3oBaTh B 0ajaku Mpy noMollu GpyHKuuu PaccmaTpuBaTh Kak 0aj-
KY, €CJIM COOTHOIIIEHUE JUIMHBI TeJa U HauOOJIbIIIEeTO MOIepeuyHOro ceye-

HUS 6osblIe uau paBsHo 3,0.
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basiouHbIe 571€eMEHTBI MOTYT COMTPOTUBISTh-
cs U3rudy, MOMEPEeYHbIM CHUJIaM U CKPYYMBaIO-
IIIMM Harpy3kam. TuroBas pama, CMOIEJIUPO-
BaHHas U3 0aJ0OYHbBIX JIEMEHTOB JJIs IEpeaadn
Harpy3Ku Ha ONopbl, IIpeAcTaBlieHa Ha puc. 17.

B GayiouHbIX 3j1eMeHTax TpebyeTcs orpene-
JIEHH€ TOYHOTO MOIEPEYHOT0 CEYEHUS IS TOTO,
4TOOBI MpOrpaMMa MOTJIa BBIYUCIUTD MOMEH-
Thl UHEPLIMK, HEUTPaAJIbHBIE OCU U PACCTOSTHUS
OT KpalfHMX BOJIOKOH 0 HEUTPAILHBIX OCEH.

Coenunenus B 0ajkax orpeeeHbl Ha CBO-
OOIHBIX KOHIIAX BJIEMEHTOB KOHCTPYKIUU
M Ha MEPEeCeYeHnHM ABYX Wi 00Jiee 2JIEMEHTOB
KOHCTPYKIIVH.

&HH#HH

M

Puc. 17. Tunosast pama,
CMOICTMpPOBaHHAS U3 0AI0Y-

HBIX 2JIEMEHTOB

HporpaMMa CO34acT y3€J1 B HEHTPE NOMEPECYHOI'O CEYCHM A KaXKIO0I'o 2J1€-
MEHTa COCAUHECHMUSA. BCJ’[GI[CTBI/IC OTCEUYCHMUA 1 UCITOJIb30BaHUMA Pa3/IMYHbIX
ITOIICPCYHbIX CCYCHUN IS Pa3/IMYHbIX 9JIECMCHTOB Y3JIbl 9JICMCHTOB, CB-
3aHHbIX C COCAMHEHNEM, MOT'YT HE COBIIaAaTh. HporpaMMa CO34acT CIICI -
AJIbHBIC 2JIEMEHTBI OKOJIO COCAMHCHUM S 1JIs1 MOACIUPOBaHMA 2KECTKOI'O CO-
CANHEHUS, OCHOBAHHOI'O Ha TCOMECTPUYECKUX U (I)I/I3I/I‘ICCKI/IX CBOICTBAX.

DJIeMEHThI CTEP2KHHU SABJIAIOTCS CIICLIMaJIbHBIMU 0aJIOUHBIMU JIEMEHTA-

MU, KOTOPBLIC MOT'YT COITPOTUBJIATHCA TOJIbKO OCeBOI Z[e(l)OpMaL[I/II/I.

Ha puc. 18 npencraBieH puMep KOHCTPYKILIMU, CMOAEIMPOBAHHOMN

N3 CTEP2KHEBBIX 9JICMCHTOB.

Puc. 18. TIpuMep KOHCTPYKIIMH, CMOAEIMPOBAHHON 13 CTEPKHEBBIX 3JIEMEHTOB

r

CoenuHeHus B JaHHOM KOHCTPYKIHMHU CITPOCKTUPOBAHBI TaK, YTO B HUX
HE 06pa3YIOTC$I MOMEHTbI. ETMHCTBEHHBIM 3HAUYUTEIbHBIM YCUIUEM, ITOAB-
JIAIOIMMCA B Ka>KIOM 2JIEMEHTE, ABJIACTCA OCEBOC YCUIIUC. OceBoe yCcuiune
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SIBJISIETCSI TOCTOSIHHBIM 10 BCEH JUTMHE KaXKIOTO 3JIEMEHTA U BbI3bIBAET OCe-
BO€ HaIlpsikKeHre, KOTOpOoe OIMHAKOBO I10 BCEMY MOTNEPEYHOMY CEUEHUIO.

CrepxXHEBbIE 3JIEMEHTHI IIMPOKO MCIIOJb3YIOTCS B apXUTEKTYPHBIX
1 CTPYKTYPHBIX OTpaCJisiX, HAIPUMEP MOCTax, KpbIlllax, reJIMOIHEePreT -
YeCKMX YCTaHOBKAaxX OallleHHOTO TUIIa ¥ BO MHOTUX APYTMX KOHCTPYKIIMSIX.

CrepXHeBOI 2JIEMEHT ONpeAesieH AByMsI
y3naMu. Kaxabiii y3en umeer 3 cTereHu CBO-
00/1bl — TepeMelleHMsT B TPEX OPTOrOHaIb-
HbIX HAalIpaBJICHUSIX.

Z

Puc. 19. IIpumep cTepKHEBO-

IO DJIEMEHTA C 3aJeJIKOM B JIEBOM [Tprmep CTEpKHEBOTO dJIEMEHTa, KOTO-
y3JI€ ¥ C IIPUJIOXKEHHBIM OceBbIM  PbIM 3aJ1€JIaH B JIEBOM Y3JI€, 4 B IIPAaBOM Y3JI€
YCUJINEM B [IPABOM y3Jie MMPUJIOXKEHO OoceBoe ycunue F, mpuBeneH
Ha puc. 19.
OceBoe HanpsikeHue S, = F/A, a oceBoe nepeMellieHue MpaBoro ysia
U .=FL/AE,

rne F'— oceBoe ycuive no JIMHE CTep>KHEBOTO 3J1eMeHTa; A — ILI0IIalb [0-
MepeYHOro ceueHus CTepKHs; L — AJIMHa CTepXHs; £ — MOyJIb yIIPYTOCTH.
BrllienpuBeaeHHOE ypaBHEHHUE MOXKET ObITh 3aIMCAaHO B BUJIE

U ,=F/(AE/L)=F /K,

rne K = AE / L nipenrionaraer, 4to CTEPXKHEBOM 2JIEMEHT SIBJISIETCSI aHAJIO-
TMYHBIM OCEBOI MPYXKMHE KeCTKOCThIO k = AE / L.

MonenvpoBaHKe CTePXXKHEBBIMU 2JIEMEHTaAMU PaM, TTIOI00HBIX ITPEICTaB-
JIECHHBIM Ha puc. 17, He mpuBeIeT K MPaBUILHOMY PEIICHUIO, TTOCKOJIbKY
B HUX He TTOAIepKMBaeTCs Tepeaada MpWIOKEHHOM TOpU30HTaIbHOM Ha-
I'py3KHU Ha OIOpPHI. B 3THX cirydasix UCITOJIB3YIOT OAIOYHBIE 3JIEMEHTHI.

CoenuHeHHs B CTepPXKHAX COBMAAAIOT
C TOUKOI TPOH3aHMUS MPOMUIST CBAapHBIX
netaneit. PekoMeHmyeTcst pacroiarath TO4-
Ky TPOH3aHUs B LIEHTPE TSKECTU MPodu-
Js1 cBapHbIX getaneit (puc. 20). Koroa Tou-
Ka IIPOH3aHUsT HAXOIUTCS B LICHTPE TSIKECTH,
OCEBbIC HATPy3KU CO3IAIOT TOJbKO OCEBbBIE

Puc. 20. Boibop Touku nipoH3a- ~ HAIPSKEHUA.
HUS B LIEHTpe TTpoduiIs
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Harpy3ku u orpanuyeHuns (kpennesus)

[Tpu co3znanunu uccaenoBaHus nMporpamMmmMa cosnaet nanku Kpemienus
1 BHemmnue Harpysku B fepeBe uccienoBanusg Simulation. [IporpamMmmHoe
obecrnieyeHue 100aBIseT jieMeHThl B narnky Kpennenus vy Buenmmue na-
IPY3KHM [IJ1s1 KaXK/10TO OrpaHUYEHMS UM HAarpy3Ku, onpeaeeHHON K OTHO-
MY WJIX HECKOJIbKUM 00bEeKTaM

Harpysku u kperjieHust HeOOXOIUMBI [IJIs1 ONpeaeIeHUsT YCIOBUI dKC-
rryatauuu Mojaeau. OT 3a1aHHbIX HATPY30K U KPETJIEHU I HEMOCPEICTBEH -
HO 3aBUCST pe3y/IbTaThl aHATU30B.

JI1s1 00HOBJIEHHS HATPY30K M KpeIUIeHHii mocJie J1o00ro n3MmeHenus ¢popmbl
He00X0/IMMO MOBTOPHOE CO3/IaHNE CETKU MOJEJIN.

JlocTyTTHbIE TUITBI HATPY30K M KPETLJICHUIA 3aBUCSIT OT TUIIA MCCETOBAHNSI.

Tunbl kpennewun

B SolidWorks Simulation ncroib3ytoTcs ciieayonue TUIbl KperIeHUIA:
1. 3aduxcupoBaHn:

o JIJIS TBEPABIX T€Jl 3TOT TUI OrPaHUYEHUsI YCTaHABIMBAET BCE MO-
cTynaTeJbHbIE CTEIIeHU CBOOOIbI Ha HYJIb;

o JUIST 000J104YeK 1 0aJIOK yCTaHABIMBAIOTCS MOCTYIIATEbHbIE CTE-
TeHU CBOOOIbI U BpallleHUs HA HYJIb;

o JJISI CTEP>KHEBBIX COeAMHEHUM yCTaHABIMBAIOTCS MMOCTYNATE/b-
Hble CTeTNIEHU CBOOOIBI Ha HYJIb. [1pu ncnonb30BaHMM HACTOsIIIE-
ro TUIIa OTPAaHUYEHUS HET HEOOXOIMMOCTHU B CIIPABOYHOM reome-
TPUM.

2. HenoasuzkHoe (0e3 u3MeHEeHHUs):

o yCTaHaBJIMBaeT BCe MOCTyMNaTeIbHbIE CTEIEHU CBOOOABI HA HYJIb —
OIMHAKOBO JIJIsI TBEPABIX TeJI, 0007104YeK, OaoK U cTepxxHel. Cripa-
BOYHasl FeOMETPUST HE UCTIOIb3YeTCS.

J1st TBepabIX Tea He nMpuMeHuM napametrp Hemoasuxknblii (6€3 13-

MeHeHus1). OrpaHnyeHre 3a)UMKCHPOBAHHAS T€OMETPUS PABHOCUJIb-

HO HETOJABUKHBIM OTPaHUUYEHUSIM JJIs1 TBEPAbIX TE.

3. Poauk/ITon3yH.
OrpanuyeHue Pomuk/I1oa3yH UCIIOBb3yeTCsl, YTOOBI YCTAHOBUTD TO,
YTO IIOCKAsi TpaHb MOXKET CBOOOTHO MEPEMEIIATHCS B CBOEH IJIOCKO-
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ctu, Ho HE MOXET nepemeniatbcs B HanmpaBJIeHUM, TIEPIIEHINKY -
JIIPHOM €€ TUTOCKOCTU. I'paHb MOXET CXXUMAThCS WM PACILIAPATHCS
O/ HArPY3KOM.

. ITapuup.

Orpanuuenue Ilapaup ucnonab3yeTcs, YTOObI 3a1aTh, YTO LIMJIUH-
npudeckas rpadb MoxeT TOJIBKO Bpaiiatbcst BOKpyT cBoeil co0-
CTBEHHOIi ocu. Panuyc v jyinHa UIMIMHAPUIECKOM I'paHU TTOCTOSIHHO
OCTalOTCA MOJ Harpy3Koi. DTO yCcJlOBUEe aHAJIOTMYHO BhIOOPY Oorpa-
HuueHus Ha nuamHaprnyeckon rpaHd M yCTAaHOBKE paMAJIbHBIX U OCe-
BbIX COCTaBJISIIOLIMX HA HYJIb.

Harpysku

JI71s1 cTaTUYecKOro aHajiu3a U UCCJIeIOBaHUI TTOTePU YCTOMYMBOCTH 3a-
JaHWe Harpy30K SBIIsieTcs o0s13aTeibHbIM. Harpy3ku He SBIsIIOTCS 00s13a-
TEJIbHBIMU JIJISI YACTOTHOTO UCCJIETOBAaHUS.

B SolidWorks Simulation MoHO 3agaBaTh CJASAYIOLINE TUITBI HATPY30K.

1. /IaBnenue.

JlaBjieHMe MOXXHO 3aJaTh B UCCAECAOBAHUSIX KOHCTPYKLMIA 11T CTaTUYE-
CKMX, YACTOTHBIX, ITOTEPU YCTOMUNBOCTU, HETMHEMHBIX U AUHAMUYECKUX UC-
CJIENOBAHUM; BEJIMUMHA PABHOACWCTBYIOIIE CUJIBI, BEI3BIBAEMOW JABJICHM -
€M, paBHA 3HAYEHUIO JABJIEHUS, YMHOXXE€HHOMY Ha ILIOIIAAb TOBEPXHOCTU:
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paBHOMEpHOE JaBjieHUe MPUKIIAIbIBA€TCS B YKa3aHHOM HarpaBiie-
HUM C paBHOMEPHBIM paclipelieIeHMeM Ha BCe BbIOpaHHbIE TPaHMU.
HaBieHue MOXeT ObITh MPUIOXEHO MEePIEHAUKYISIPHO BEIOPAaHHBIM
IpaHsIM WIM B IpyTOM HaIlpaBJICHUU.

Hanpumep, ruapocraTruueckoe AaBieHUe NepHeHAUKYISIPHO rpa-
HSIM, B TO BpeMsl KaK CHeT Ha Kpblllie ¢ YKIOHOM CO3/1aeT BepTUKaJIb-
HOE aBJIeHue, a BeTep, AYIOII1ii 10 TOPU30HTAIU, CO3[1a€T TOPU30H-
TaJlbHOE JIaBJICHUE;

HepaBHOMEpPHOE JaBjieHue 3a1aeTcsl KOa(pPUIIMEeHTOM U pacipee-
JIeHUeM naBieHus. PacnpeneneHue naBjieHUs TIPeaCTaBIsIeTCs KO-
a¢hGULIMeHTaM1 BTOPOTO MOpPsiIKa MOJIMHOMA B CIPAaBOYHOM cUCTEME
koopauHaT. CucTeMa KOOpJaAMHAT J0JKHA ObITh TAK OPMEHTHUPOBaHa,
YTOOBI pacipeaeeHre Ha 11eJIeBOi IpaHU U3MEHSJIOCH TOJbKO OTHO-
CUTEJIbHO KOOPAUHAT X U ).
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ITpu 3aganum nasnenus B SolidWorks Simulation ciaeayet BeioOpaTh Tun

JaBJIeHUA 13 CITMCKa:
 IlepneHauKy/asspHO BHIOPAHHOM IpaHM — JaBJIeHUE MPUKJIAIbIBACTCS

B HalpaBJIEHUU, MEPIEHINKYJISIPHOM KaXX10ii BBIOpaHHOM I'paHu WUJIN

KPOMKE 000JI04YKH;

« Hcnoan3oBaTh CIPAaBOYHYIO F€OMETPUI0 — JaBJIeHHE TTPUKJIaIbIBACT-

Csl B HampaBJIEeHWU, 3aJaHHOM BbIOPAaHHBIM CIIPABOYHBIM OOBEKTOM.

B cbopke MOXHO MCITOJIb30BaTh CIIPABOUHYIO FTEOMETPUIO U3 COOPKU

WJIM €€ KOMITOHEHTOB (JieTalieil uin y3710B COOPKH):

— I'pann, Kpomku 1,151 naBjieHuss — BbIOMPAIOTCS TPAaHU TBEPAOTENb-
HBIX MOJEJIel WM KPOMKU 1 TpaHU Mojesieil 00004eK, YTOObI
MPUIOXUTD TaBJIEHUE;

— I'panb, Kpomka, I1nockocTsb, Ocu 1151 HanpaBJieHus: — BbIOMpPaeTCst
CMPaBOYHbBIN OOBEKT MJIsI 3alaHUsI HApaBAeHUs AaBJeHUS. DTOT
rapamMeTp NOsSIBUTCS TOJIBKO B TOM Ciiyyae, eciiv BbiopaTh Ucnosib-
30BaTh CNPABOYHYIO T€OMETPHIO.

B nuHeiHbIX 1 HETMHENHBIX TMHAMUUYEeCKUX MCCIEI0BAHUSIX MOXHO

OIpeNeUTh 3aBUCUMOCTb JaBJIEHUSI OT BPEMEHU:

o JluHeWHass — UISI MCMOJIb30BAHUS JIMHEMHOW KPUBOU BPEMEHU

1o ymosndaHuio, npoxopsiieit yepe3 Touku (0,0) U (7 oueans Pasray)»> TIE

P, .. ABaseTcs gaBieHuMeM, 3aJJaHHbIM B 10Jie JHAYEeHHEe AABJIEHMS,
a lyeqy — BPEMSI OKOHUYAHMSI, 3a1aHHOE Ha BKJIajake Pemmenue auasno-
roeoro okHa Hesmneiinoe;

« KpuBasg — ucnosib3yercs onpeaeeHHas Mojib30BaTesleM KprBasi Bpe-
MeHU. {7151 Ha3HauYeHUS UK UMIIOPTUPOBAHUSI KPUBOI BpEMEHU Clie-
nyeT BbIOpaTh NyHKT PenakTupoBaTtsh. 3HaueHUe NaBiAeHUs B 1000
MOMEHT BPEMEHU TOJCUMTAHO YMHOXEHHUEM 3aJJlaHHOr0 3HAaYeHUsI
JaBJICHUSI HA COOTBETCTBYIOIIEe 3HaUeHe ¥ KpUBOM BpEMEHU;

« I'paduk — oToGpaxkaeT pakTUUECKOE, 3aBUCSIIEE OT BPEMEHU JaB-
JIeHue.

Ennnnnpi uzmepenus nasiaennsa B SolidWorks Simulation:

« Bcucreme CU — H/m? unmn H/Mm? (MITa);

« B annmiickoit (IPS) — dynt/moiim? (psi);

B Merpudeckoit (G) — Kuorpamm-cuia/cm?,

2. Cuna/Bpanaonimii MOMeHT.

B uccienoBaHUsIX KOHCTPYKIIMIA CUJTbI, MOMEHTbBI WJIM KPYTSIIIE€ MOMEH-
Thl C PABHOMEPHBIM pacipeieIeHUEM MOTYT ObITh IIPUJIOXKEHBI K TPaHSIM,
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KpPOMKaM, CITIpaBOYHBIM TOUKaM, BEPIIIMHAM U OajKaM B JIIOOOM HallpasJie-
HuM. B ciyyae npuioXeHus CUJIbl IO HOPMAJIM K TTOJTHOCTBIO LIJIMHAPU-
YECKOM rpaH CyMMa BEKTOpA MPUJIOXKEHHOM CHUJIbI paBHA HYJIIO.
ITonb3oBaTesb UMEET BO3MOXHOCTh MPUKJIAAbIBATh HEPABHOMEPHBIE
CUJIBI TOJIBKO K TpaHsIM, KpOMKaM o0oJjiouek u 6ankam. HepaBHoMmepHas
CMJIa YKa3bIBAaeTCsl 3HAUEHUSIMU CUJIbI U pacIipefie/IeHUs CUJIbl. 3HaUeHe
CUJIbI YCTAHABJIMBAETCS PABHBIM CYMME a0COJTIOTHBIX 3HAYEHUI CUJT, TIPU-
JIOXXEHHBIX K KaXI0l rpaHu. PacripeneneHue cuibl 3a1a€TCsl ypaBHEHUEM
BTOPOTO IOPSAKA, OMUCHIBAIOIINM U3MEHEHME CUJIbI B BBIOPAHHOM CHUCTE-
M€ KOOpJIMHAT, KOTOPOE MpeaiaraeTcsi BBECTU MoJjb3oBateso. [Ipu aTtom
MOXHO BOCITOJIb30BAaTbCSl PACKPBIBAIOIIIMMCS CITMCKOM 0a30BbIX MaTeMa-
TUYECKUX (PYHKIIMIA.

B nvHEWHBIX 1 HEJIMHEHHBIX TMHAMMWYECKNUX MCCIIETOBAHUSIX MOXHO
OIPENEIUTh 3aBUCSIIYIO OT BDEMEHU CUJTY:

o JIuHelHass — IS MCNOJIb30BAHUS JIMHEMHOW KPUBOU BPEMEHU
1o ymonuaHuio, npoxopsiieii yepe3 Touku (0,0) U (7 opears Papaa)> TIE
P,..,— naBineHue, 3ajaHHOE B Mojic 3HAYeHHe AABJEHHUS, A [, ey —
Bpewms okoHUaHus, 3a1aHHOE Ha BKJIaiKe Penmenue 1uasioroBoro OKHa
Henuneiinoe.

« KpuBas — vucrnonb3yeTcs onpeneeHHas MoJib30BaTe/ieM KpUBasi Bpe-
MeHM. 3HaueHue JaBJeHUs B 11000 MOMEHT BPEMEHM TOJACUYUTAHO
YMHOXXEHMEM 3aIaHHOTO 3HAYEHUS JAaBJICHUS Ha COOTBETCTBYIONIEE
3Ha4YeHHE Y KPpUBOU BPEMEHMU;

« I'paduk — oToOpaxaeT pakTUUECKOE, 3aBUCSIIEEC OT BPEMEHU 1aB-
JICHUE.

Ha3HayeHue Harpy3oK U orpaHM4eHuin MOAENn NPU HaNnn4YuU CUMMETPUK

HMcnonb3oBaHue MPEeUMYIIECTBA CUMMETPUM MOAEIM MOXET OMOYb
YMEHBIIUTb 00bEeM 3aJa4M U MOJIyYUTh 00JIe€ TOUYHbIE PEe3yabTaThl.

CummeTtpus TpebyeT, YToObI (hbopMa, OrpaHUUECHUSI, HATPY3KU U CBOM-
CTBa MaTepuaja ObLIM CHMMETPHYHBI.

Hcnonb3oBaHue CUMMETPUN HE PEKOMEHAYETCS IJIS1 YACTOTHBIX UCCIIe-
JIOBAaHWI 1 UCCIICAOBAHUI NOTEPU YCTOMYMUBOCTH.

B TBepaoTeIbHBIX MOENSIX KAaXKAyI0 TpaHb, KOTOpask COBITAAAET C MJI0-
CKOCTbIO CUMMETPHUU, CIEAYET OrpaHUYMBATh OT IBUKEHUS B HallpaBlie-
HUY IO HOpMaJIu.
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Ha puc. 21—-24 npuBeaeHbl NpUMepPbI UCIOJIb30BAaHUS CUMMETPUU MO-
Nev TIpYU 3aJaHuU orpaHuveHuii. Monesb, mpeacTaBieHHas Ha puc. 21,
CUMMETPUYHA OTHOCUTEJILHO OJHOM MI0CKOCTU. B 3TOM ciiydyae MOXHO
MOJIBEPrHYTh aHAIM3Y MOJOBUHY MOIEIN.

a o

T110CKOCTh CUMMETpUH — 21

Puc. 21. IIpumep Moaenu ¢ OIHOM MIIOCKOCTbIO CUMMETPUU:
a — UcxogHas Moa€CJib, 0 — TIOJIOBUHA MOOECIN

MO,Z[GJ'[I) Ha puc. 22 CUMMETPHUYHA OTHOCUTCJIBbHO ABYX TJIOCKOCTE M.
MoxHo INOABCPIHYTb aHAJIM3y YETBEPTHb MOACIIN.
a 0

[nockocth CUMMETPpUUN — -E

Puc. 22. IIpumep Mmoaenu ¢ AByMsI TIJIOCKOCTSIMU CUMMETPUU:
a — UCXOOHAas MOLECIIb, 60— YETBEPTH MOACIN

Ha puc. 23 nnpeacrasiieHa oceCUMMETpUYHAsI MOJIEb.

YToOBI MOABEPIHYTh aHAJIM3Y MOJIEb, MOXKHO MCITOIB30BaTh KJIIMH. XOTS
YToJI KJIMHA TEOPETUUECKU ITPOU3BOJICH, UCITOIb30BaHNE OYEHb MAJIOro yIja
MOXKET IPOU3BECTU K HEKAYECTBEHHOMY 2JIEMEHTY Ha BEpIIMHAX.

Ha puc. 24 npuBeneHbl NpUMepbl CUMMETPUU MOJEJIN C KPYTOBBIMU
MaccuBaMM BOKpPYT ocU (HHKJIHYecKas cumMeTpus). Mcrosib3oBaHue Ta-
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Ko CUMMETPUU B UCCICAOBAHUAX IPUMEHNMO TOJIBKO IJIs1 TBEPOAOTECIb-
HOM MOIEIIN N B CTATUYECKOM UCCIECAOBAHUN. OHa 1o3BoJgeT ImoaBEpraTb
aHaJIU3y MOJEJIb ITOCPEICTBOM MOACIMPOBAHMS OMHOTO cermMeHTa. CerMeHT
MOXKET OBITh ACTaJIbIO WJIM cOOpKoil. Dopma, orpaHUYEHUS U YCIIOBUST Ha-
I'PY3KU JOJKHbBI ObITh aHAJIOTUYHBI JIJI51 BCEX OCTaJIbHBIX CETMEHTOB, (pop-
MUPYIOLIUX MOJIE/Ib.

a o

pi

P

[Tnockoctn CUMMETPpUUN — .E[

Puc. 23. Ilpumep ocecUMMETPUYHON MOAEIN:

a — UCXoaHas MOJEJIb C BBIACJICHHBIM JIJIsI UCCIIEAOBAHMA KIIMHOM;
6 — TUIOCKOCTU CUMMETPUU KIIMHA

Puc. 24. HpI/IMepBI NCITIOJIb30BaHUA CCTMEHTA CPIMMeTpPI‘IHOﬁ MOJECIIN ITPU MCCIICAOBAHUN:

a — MaxXxOBHKa, 6 — KPBIIIKNW
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CBoiicTBa maTepuana, Harpy3ku u orpaHM4eHuns, NnpUMeHsiemMble
K CTEPXHEBbIM KOHCTPYKLMAM

[Tpu 3amaHuM CBOMCTB MaTepMaja CTEp>KHEBBIX KOHCTPYKIIMM Bceraa
TpebyeTcs MoayJib ynpyroctu. [110oTHOCTh TpeOyeTcsl TOJbKO B TOM CIIy-
yae, eCJIM pacCMaTPUBAIOTCS T'PaBUTALIMOHHBIE HATPY3KU.

K cTepxxHeBbIM coOeTMHEHUSIM MOXKHO TPUMEHUTD TOJILKO HOCHYnamenb-
Hble oepanuqenus. IMeroTcs 3 moctynareabHble CTeEHU CBOOOIbI B KaX-
IOM y3Jie (coenruHeHU1 ). MOXHO NpMMEHUTD HYJIEBbIE UM HEHYJIEBbIE 3a-
JNaHHbIE MIEpeMeIlCHUSI.

K cmepacresvim Koncmpykyusam MOXHO MPUIOXKUTh COCPETOTOYECHHbIE
CUJIbI HAa COEIMHEHMS U CITPABOYHbIE TOUKU. TakKe MOXKHO MPUIOKUTH CUITY
TseKecTU. [IporpaMma BeIYMCIISIET TPaBUTALIMOHHbBIE CUJIBI HA OCHOBE 3a/1aH-
HBIX YCKOPEHUS U II0THOCTU. HeobxoauMo o0paTtuTh BHUMaHKE, YTO pac-
CMAaTPUBAIOTCS TOJILKO 0cesble cuabl, 00pa3yIoIIecs B KaKI0M JIEMEHTE.
JIro6ag cuna, npuaoKeHHas MePIeHINKYISIPHO CTEPKHIO, UTHOPUPYETCS.

CBoicTBa MaTepuana, Harpy3ku  orpaHnyeHus 6ano4HbIX KOHCTPYKLMA

Jl1st pacyeTa 6aJI0YHBIX KOHCTPYKLIMI BCeraa TpeOyoTCss MOIY/Ib YIIPY-
roctu 1 Ko3duuueHT [lyaccona. [T1oTHOCTB TpeOyeTcst TOJIBKO B TOM CITy-
yae, eCJIM pacCCMaTPUBAIOTCS T'PaBUTALIMOHHBIE HATPY3KU.
Oepanuuenus B 0aJTOYHBIX KOHCTPYKIMSIX MOXHO TIPUMEHSTh TOJbKO
B coeIMHEeHUsIX. B Kaxxnom coennHeHUN UMEIOTCs 6 CTeIeHel CBOOOIBI.
MoOXHO NPUMEHUTh HYJIEBbIE UMW HEHYJIEBbIE 3alaHHbIE MTepEeMEIeHUS
U BpalleHus.
K 6ankaM MOXHO NPUJIOXKUTH CJIEIYIOLINE BUbI HA2PY30K:
e COCPENOTOYEHHbIE CUJIbl U MOMEHTBI Ha COeAMHEHHS 1 CIIPABOYHbIE
TOYKMU;

 pacripelejeHHbIe Harpy3KM BAOJIb BCEl JJIMHBI OaIKU;

« TIpaBUTALIMOHHbIE HArpy3ku. [IporpaMma BbIUMCIISIET TPaBUTALIMOH -
HbIE CUJIbI HA OCHOBE 3a/IaHHBIX YCKOPEHUS 1 TJIOTHOCTH;

e PaBHOMEPHOE WY BbIOpaHHOE BO30YXAEeHWE OCHOBAHMUS JIsI IUHA-
MMWYECKMX UCCIIENOBAHUA;

e HayajbHbIE YCIOBUS 151 IMHAMUYECKUX MCCIeIOBAaHUI — Havyallb-
HOe TiepeMelleHUe, CKOPOCTb WU yCKopeHue (rmpu BpeMeHu ¢ = ()
K COeAMHEHUSIM WJIM CErMEHTaM OajIKu.
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Yi J1st onpeneneHus 3J1eMeHTa KOHCTPYK-

IIMM KaK 0aJika MOXHO B J€pEBE MCCIIe-

noBaHus Simulation EJIKHYTH MO HEMY

M- MpaBoOi KHOTIKOUW MBIIIW U BbIOpaTh: Pac-
dir2 CMATpMBaTh KaK 0aJIKy.

PesynbpraThl n1g KaXIoro sjaeMeHTa

F MPEACTABIEHBI B €r0 JIOKAJIbHBIX HAaIPaB-

JICHUSIX: PABHOMEPHBIE OCEBBIE, KPYTSIINE,

MU3rudarolIre HarpsLKeHUs B 2 OpTOrOHAJTb-

HbIX HanpaBiieHusx: dir 1 u dir 2 m HanboIb-

dir 1 I1I1€ HAITPSDKEHMS B KPaTHUX BOJIOKHAX, BbI-

Pric. 25. Ceuerme Ganku, mogpep-  SPIBAGMbIe KOMOMHALINEH OCEBBIX U U310

THYTOI BO3EICTBHIO OceBoro ycr- M3TMOAIOIINX HAMPSIKEeHU (puc. 25).
s Fv iByx MoMeHTOB M| 1 M,

Pewarowme nporpammbl SolidWorks Simulation

B aHanu3e KOHEYHbBIX 2JIEMEHTOB 3ajaya MpeacTaBjieHa HabopoM aJi-
redpanyeckux ypaBHeHU, KOTOPbIE TOKHbBI ObITh PEIIEHb COBMECTHO.

CylecTByeT ABa Kjacca METOIOB PeILCHMSI: MPSAMOi 11 UT€PATHUBHBIIA.

IIpsimMble MeTO/IbI pEIIalOT YpaBHEHMSI, KICTIONb3YsI TOUHBIE YMCIIOBbIE METObI.

W TepaimoHHbie METO/IbI pEILICHUST YPAaBHEHU I MCIOJIb3YIOT CLIOCOObI all-
MPOKCUMALIMU, IJIe B KaXI0W UTepaluy MpearoaraeTcs pelieHue, a CBs-
3aHHbBIE C HUM TTOIPEIIHOCTH MOoACYUTaHbI. [T0BTOPBI MPOIOIKAIOTCS 10 TEX
Mop, MOKa MOrPEeITHOCTU HE CTAHOBSITCS IIPUEMJIEMBI.

B SolidWorks Simulation ncrmoib3ytoTcst 2 pelaroime mporpaMmBbl:

« Direct Sparse — 3T0 nmporpamMmma peajausyeT IpsSIMOil METOI pelleHUsI

CHUCTEMBbI JIMHEWHBIX YpaBHEHU, TPEICTABJISIEMbIX B BUJIE Pa3peXXeH-
HbIX MaTPUIIL;

« FFEPlus — pemaronias mporpaMmma MCHoJIb3yeT UTEPALIMOHHBIN Me-
TOM C YCOBEPIIEHCTBOBAHHBIM TEePEYNOPSA0YeHUEM MATPUIIbI, YTO
nenaet ee 6osee 3(ppeKTUBHOM A1 OOIbIINX 3a0a4.

ITo ymomyaHuio mporpaMMHOeE o0ecredeHre BBIOMPaET pelaloulyto po-
rpaMMy Ha OCHOBE TMIIa MCCJIeOBaHUsI, MapaMeTpPOB aHaIM3a, YCIOBUI
KOHTaKTa U T.1. HekoTopbie mapaMeTpbl U yCJIOBUSI IPUMEHUMBbI TOJIHKO
s Direct Sparse unu nsg FFEPlus.
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Bui6op peluatoLLei nporpammsl

ABTOMaTUYECKUIA BLIOOD pellalolIeil mporpaMMbl — ITapaMeTp MO yMOJI-
YaHUIO ISl CIamu4eckux, 4acmomubslx, Nomepu yCmou4ueocmu u mepmuye-
CKUX UCCJIEIOBAHUM.

O06e pemiarolve MporpaMMbl SIBJISIIOTCS 1OCTATOYHO 3((EKTHBHBIMU
1711 Hebosbiux Moaeneit (25000 cTeneHel cBOOOABI MJIM MEHEe), OJHAKO
MpU peLLIeHU U OOJIBIIMX 33J1a4 MOTYT ObITh 3HAUUTEJIbHbIE PA3IUUYUS B CKO-
POCTH BBITIOJIHEHUST, KpoMme Toro, Direct Sparse Tpedyercst mpumMepHo B 10
pa3 6oJblie TaMsITH, 4yeM pelnatoieit mporpamme FFEPlus.

Ecnu peuraromast nporpamma TpedyeT JOIOJHUTENIbHYIO NaMsTh 00JIb-
1IIY10, YEM JOCTYITHO Ha KOMIIbIOTEPE, TO pelliarolias IporpaMma uciob-
3yeT AMCKOBOE IMPOCTPAHCTBO JJIs XpaHEHUs M U3BJIEUEHUS] BPEMEHHbBIX
naHHbIX. [Ipu 3TOM NosBisieTcs coodeHue, MHGOPMUPYIOLLIEE, YTO pe-
meHue BoixoauT u3 O3Y u npoiiecc perieHus 3amenisercs. Ecau konuye-
CTBO JJaHHBIX, KOTOPOE OKHO OBITh 3alMCAaHO Ha AUCK, OU€Hb OOJIBIIOE,
TO TpoliecC pellleHusI OyneT KpaliHe MeIJIEHHbIM.

PekomeHpaLum K BbIGOPY peLuatoLei nporpamMmbl

Pasmep 3agaun. Pemaromas nporpamma FFEPlus GbicTpee B pelieHUn
3aga4 co crereHsIMu cBoooasl 6osee 100000. DhdeKTUBHOCTL MpOrpaM-
MbI BO3pacTaeT C pOCTOM 00beMa 3a1auu.

CaoiicTBa MaTepuaJia U KOHCTPYKIMK. Ecivu Moayid yripyrocTu MaTepua-
JIOB, UCITOJIb3YeMbIX B MOJIE/IM, OU€Hb Pa3IMYAIOTCS (KaK CTalb U HEHJIOH),
a TakKe B cilydyae Mojiesield ¢ HeMPOHMKAIOIIUM KOHTAKTOM UTepaTUBHbIE
pellaolue MporpaMMbl SIBJISIIOTCSI MEHEE TOUHBIMU, YEM MIPSIMbIE METOIbI.
B Takux ciydasix peKkoMeHayeTcs MpsMasl peliiaolias mporpaMmma.

KomnbioTephbie pecypebl. Peniaroneit mporpamme Direct Sparse miist ag-
(bexTrBHOI pabOTHI TPeOYETCS KOMITBIOTEP, OCHAILEHHbI HECKOJIbKUMU
MpoleccopaMy U JTOCTATOUHBIMU PeCypcaMu ONepaTUBHOMN MaMSITH.

Cratyc peluarowien nporpammbl

OxkHo Cratyc peluatoLei nporpammbl MOSIBJISIETCSI TPU 3aIlyCKe MCCie-
noBaHus. KpoMme JaHHBIX O COCTOSIHMM, OHO OTOOPaXKaeT:
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e HCMOJIb30BaHUE MaMSITH;

e CUETUYMK BPEMEHM;

e JaHHbIe 00 MCcieIOBaHUM (CTEIIEHU CBOOOIbI, YMCIIO Y3JIOB, YUCIIO

3JIEMEHTOB);

« JIaHHBIE O pelllalollell MporpaMMme, HalmpuMep TUIT pellarlIei po-

IrpaMMbl;

o TIpeAYNpPEeXICHUS.

Bce uccnenoBaHus, ucrnosb3ytomue pematoinyto nporpammy FFEPIus,
Jal0T BO3MOXHOCTD JOCTyMa K rpaduKy CXOAMMOCTU U MapaMeTpaM pe-
mampuiei nmporpaMmmsbl. I'paduK CXOAMMOCTU TTOMOTaeT BU3Yyaanu3UupoOBaTh
MpoILIeCC CXOAMMOCTHU pelieHus. [TapaMeTpsl pelrarolieii mporpaMmbl Mo-
3BOJISIIOT MAaHUITYJIMPOBATh UTEPALIMSIMU PELLIAIOIIEH MPOrpaMMBbI IS YIyd-
IIEHUSI TOYHOCTU WM CKOPOCTH IMOJIyYeHMSI MEHee TOUYHbBIX PE3yIbTaTOB.
MoOXXHO MCIOJb30BaTh CYIIECTBYIOIIME 3HAUCHUS pellalolleil mporpaM-
MbI WJIM UBMEHUTb:

e MaKCHMMaJIbHOE IOIyCTUMOe Ynciao urepaunii (P1);

« TIopor octaHoBKkHU (P2).

151 TOro 4TOObI YIYYIIUTh TOYUHOCTb, CJIEAYET YMEHbIIUTh 3HAaUeHUE
rnopora ocTaHOBKU. B cuTyalusix ¢ MeaaeHHON CXOAUMOCTbIO MOXHO
YJIYYIIATh CKOPOCTh C MEHEE TOUYHBIMM pe3yJibTaTaMu ITyTeM YBEeJIMYeHUsI
3HAUYEHMS MTOpora OCTaHOBKU MJIM YMEHbIIEHUsI MaKCMMaJbHOTO YMCia
UTEpALIUA.

Bonpocbl gng camonpoBepku

JloTioTHUTE MpeaioXKeHUsI, BLIOpaB MPaBUJIbHBIE OTBETHI U3 MPEIJIO-
JKEHHBIX.
1. banounsiii anemeHT B SolidWorks Simulation onpenensiercs:
1. JIByMSsI KOHEYHBIMU y3JIaMU.
2. TlomepeuyHbIM CEUYCHUEM.
3. JIByMsI KOHEUYHBIMU y3JIaMU U TIOTIEPEYHBIM CEUYECHUEM.

2. CrepxHeBoii asiemeHT B SolidWorks Simulation onpenensiercst:
1. JIByMSsI KOHEYHBIMU y3JIaMU.
2. IlonepeuyHbIM CEUEHUEM.
3. JIByMSsI KOHEUHBIMU y3J1aMU U TIOMEPEYHBIM CEUCHUEM.
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Bonpocbl ans camonpoBepku

. banku B SolidWorks Simulation MOTyT COIpOTUBISITHCS:

1. Tonbko n3ruody.

2. ToabKO MoNepeyHbIM CUJIaM.

3. ToabKO CKpyYMBaIOIIUM Harpy3KaM.

4. V3ruby, nomnepeyHbIM CUJIaM, CKPYUYMBAIOIIMM Harpy3kam.

. Crepxnu B SolidWorks Simulation MoryT conpoTUBISIThCS:

1. Tonbko n3ruody.

2. ToJbKO MPOAOJbHBIM CUJIAM.

3. ToabKo MonepevyHbIM CUIaM.

4. V3ruby, nomnepeyHbIM CUJIaM, CKPYUYMBAIOIIMM Harpy3kam.

. Kpernenue 3acpukcupoBaHo B SolidWorks Simulation:

1. YcraHaBnuBaet rocTyrnarejibHble U BpalllaTeJbHbIE CTEIEHU CBO-
0oabl HA HYJIb.

2. YcTtaHaBiaMBaeT TOJbKO IOCTyHaTeJlbHbIEe CTENEHU CBOOObI

Ha HYJIb.
3. YcraHaBiMBaeT TOJIbKO BpalllaTeIbHble CTENIEHU CBOOO/IbI HA HYITb.
. Pemaroiiast nporpamma. ............. HCITIOJIb3yeT UTePallMOHHBIN METOJ

C YCOBEPIIEHCTBOBAHHBIM IT€PEYNOPSAT0UYEHUEM MATPULIBIL:
1. Direct Sparse.

2. FFEPlus.

. Pemaromag mporpamma.............. peanusyeT IpsIMOil METO/I peLIeHUS
CHUCTEMBbI TMHENHBIX YpaBHEHUA, TTPEICTABIISIEMBIX B BUZIE pa3peKeH-
HBIX MaTPHLL

1. Direct Sparse.

2. FFEPlus.
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JINHEelHbIN CTaTUYECKUNA aHanNu3

WHEWHBIA CTAaTUYECKUI aHAJIM3 IPEeIHA3HAYECH TS BBIYMCICHUS

nepeMelleHU, CUJIbl PeakKMMU, HANPSDKEHUM, 3armaca IIpoOYHO-

CTU IIPY BO3ACUCTBUU MPUTTOXEHHBIX HArpy3o0kK. [1pu aToMm npu-
HUMAIOTCY CJIeAYIOLIe JONYIIECHUS:

e HaArpy3Ku MNpUJIAraloTCs MEIJIEHHO M MOCTENEHHO A0 AJOCTUXEHUS
MOJIHBIX BEJIMYMH, TTOCJIE€ YeTO HArpy3KM OCTAIOTCS MMOCTOSIHHBIMMU.
Takoe normnylileHue MO3BOISIET MPpeHeOpeUb BHYTPEHHUMU U IEMII-
¢upyoIIUMU cCUJIaMUA BBUIY NPEeHEOPEKMMO MaJIbIX YCKOpPEeHUH
U ckopocteii. HanmpuMep, B KOHCTPYKUMSX, BpalllalOIIUXCS C MO-
CTOSTHHOI CKOPOCTBHIO WM MEePEeMEIIAIOLINXCI MPU MOCTOSIHHBIX
YCKOPEHUSIX, TEHEPpUPYEMbIEC HATPY3KU HE MEHSIOTCSI BO BPEMEHMU.
[Ipu HanMuMKM AMHAMUYECKUX HATPY30K, MEHSIOLIMXCS BO BpEMEHU
U BKJIIOYAKOIIMX B Ce0sI CYILLECTBEHHbIE BHYTPEHHUE U AeMII(PUPY-
IOIIMEe CUJIBI, TPeHEOpeUb KOTOPBIMU HEJIb3sl, CJIEAYET BHIITOIHSTh

/

/
, ————
V) tad 3

Puc. 26. 3aBUCHUMOCTb MEXIY Ha-
Ipy3KaMu U IepeMeIIeHUSIMU:

1 — npu TMHEHOM aHalu3e; 2,
3 — npu HeJIMHEMHOM aHau3e
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JTVMHAMMWYECKU aHaJIN3;
e OTHOIIEHUSI MEXIy Harpy3kaMu U Bbl-
3BaHHBIMM PEAKIIUSIMU MTPEATIONaraloTCs JI-
HelHbIMU (puc. 26). Ecau, HanmpuMep, yBe-
JIMYUTH BABOE BEJIMUMHY HAarpy30K, peakiys
Moeu (TepeMeIleHUs], Harpy3Ku 1 HaIpsi-
>KeHUST) TaKKe YBEJIMYUTCS BIBOE.
JonyiieHre JUHEMHOCTU MOXHO TIpU-
HUMaTb, €CJIN:
e BCE MaTepuajbl B MOJIEJU MOAUYUHSIIOT-
cs1 3aKoHy I'yka, B COOTBETCTBUY C KOTOPBIM
HarpsiKeHUE MPSIMO MPOMOPLIMOHAIBHO J1e-
dopmarum (puc. 27);



JIHeliHbI CTaTUYECKMI aHaNN3

e BbI3BAaHHBIE MepeMelleHUs TOCTaTOYHO
MaJibl, YTOOBI MOXXHO OBLIO IpeHeOpeYb
U3MEHEHUSIMU B )KECTKOCTU, BbI3BAHHBIMU
Harpy>kXeHUeM;

e TPAHUYHBIE YCJOBUSI HE M3MEHSIOTCS |

BO BpeMsI IpUJIoKeHUs1 Harpy3ok. Harpys-

KU JIOJKHBI OBITh TTOCTOSTHHBIMU 1O BEJIM- - -
YMHE, HAIlpaBJ€HUIO U paclpeleIeHUIO.
OHM He TOKHBI U3BMEHSIThCSI BO BpeMsl Ie-
(opmupoBaHUs MOAEH.

B ocHoBe 1106010 pacuera Ha MPOYHOCTH JIEKUT pacuyeTHas CXema, BKITI0-
yarolas B ce0sl reOMETpUI0 KOHCTPYKIIMU 1 IEACTBYIOIIME HA HEE HArpy3-
KM (MeXaHUYECKME U TeMIIEpaTypHbIE).

B nanbHeiileM, B 3aBUCMMOCTHA OT KOHEUYHBIX LIeJieil pacueTa, 3a1aBasi
T€ WJIM MHBIE CBOICTBA MaTepuraia, OIpeaesIloTCS HANIPSKeHUsI U 1eop-
MallMM B 3JIEMEHTAaX KOHCTPYKIIMU.

3areM Ha OCHOBE aHaJI13a I0JIs1 HANPSDKeHW yeTaHaBIMBaeTCsl HauboJiee
OITaCHOE CeYeHUe, PY ATOM UCHOJIb3YIOTCS T€ WJIN MHbBIE TUITOTE3bI IPOYHO-
CTHU B 3aBUCMMOCTH OT CBOMCTB MaTepuasia U yCJIOBUIA pabOThl KOHCTPYKIIMU.

EcrecTBEeHHO, YTO IPU CO3AAHUM PACUETHOIM CXEMbI CJIOXKHOMU KOHCTPYK-
LMY ITpUOETraoT K HEKOTOPOMY YITPOLLIEHUIO €€ (POPMBI, TPU 3TOM JTOCTOBEP-
HOCTb pe3yJIbTaTOB pacueTa HalpsMYIO 3aBUCUT OT MPUHSITOTO YIPOILIEHUSI.

Puc. 27. I'pacpuyeckas uH-
TeprnpeTalius 3akoHa 'yka

KoathchmumeHT 3anaca npo4HOCTH

B SolidWorks Simulation BeryuciaeHue KoadduliieHTa 3amaca npoyHo-
CTH 0a3MpyeTcd Ha OJJHOM M3 YeThIpeX KpUTEPUEB MPOYHOCTH:

1. Kputepnii Museca

Kputepuii MakCMMabHOTO HaMpsKeHUs 1Mo Mu3ecy OCHOBBIBAETCS
Ha Teopun Muzeca — XeHKM, U3BECTHOM TakKe KaK TeOpHsI MaKCUMAaJIb-
HOW 3Hepruu (POPMOU3MEHEHMUSI.

DKBUBaJIeHTHOE HampsiKeHue nmo Mu3ecy B HEKOTOPO TOUKE TeJia Bbl-
paxaeTcst Kak

1
G yon Mises — \/;[(Gl _62)2 +(62 _63)2 +(Gl _63)2]:

r1e 6,,0,,0; — IJIJaBHbIE HATIPSIKEHMUSI.
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ITpu 3TOM 2KBUBaJEHTHOE HAIPSKEHUE HE 3aBUCUT OT OpMEHTallUuun
TUIOIIA KK, HA KOTOPOI OHO IEMCTBYET, TO €CTh SIBJISIETCSI MTHBAPUAHTHBIM.

Teopust yTBepXkIaeT, UTo IJIaCTUYHbBIN MaTepral HAaUMHAaeT MOBPeXIaTh-
Csl B MeCTax, Irjae HampsbkeHue no Musecy CTaHOBUTCSI paBHBIM MPeieJib-
HOMY HamnpspkeHMIo. B KauecTBe mpenebHOro HampsoKeHUsT B OOJIbIIMH-
CTBE CJIy4yaeB UCIOJb3YETCs MPeae TeKyUyeCTH.

Takum obpazom, kputepuit Muzeca IpuMeHUM JJIS1 MATEpUAJIOB, UME-
IOIIMX BA3KUM XapakTep paspyiieHus. K HUM OTHOCSTCS OOJBIIMHCTBO
METaJJIOB U HEKOTOPhBIE IMIacTMAcChl. Tak Kak mpees TeKy4eCTU — CBOM-
CTBO, 3aBUCSIlee OT TEMIEPaTypbl, TO HEOOXOAMMO YUUTHIBATh TeMIIepa-
Typy KOMITOHEHTA.

KoadduumeHT 3amaca npoyHOCTU B TaHHOM cCjiy4yae MoJCUYMThIBACT-
csl Kak

K=o /o

npesien vonMises,

rne K — koadduimeHT 3amnaca npoyHOCTH; G — BeJIMYMHA ITPOYHOCTU

nipeesn

(Hpeﬂen TCKYUYCCTU, ITPCACJ ITPOYHOCTU N z[p.).

2. Kputepuii MAKCUMAJIbHBIX KACATEIbHbIX HANPSKEHMIT (KpUTEPHii TEKY-
yectu Tpecka).

Kpurtepuii ucrosib3dyercs st IIaCTUYHBIX MaTepruanioB. OH 6a3upyercs
Ha TEOPUU MAaKCUMAJIbHOTO HAMPSDKEHUS CIBUTA, KOTOPasi IPOTHO3UPYET
TUIacTU4YecKue aedopmaliiu MaTepuasa B ciiydasx, KOrina MaKCUuMaJlbHOE
HAaIpsiKEHUE CABUTA JOCTUTHET MTOJIOBUHBI MPEIeia TEKy4eCTH TIPU MpPo-
CTOM WCITBITAHWY HA PACTSKEHUE:

Tmax = cST/Z:

Tae T, (HanboJbIas u3 T,,, T,3 U T;3) — MaKCUMaJIbHOE KacaTeJIbHOE Ha-
MpsDKEHUE;

T, = (0, — 0,)/2; 13 = (0, — 63)/2; 1,3 = (0, — G3)/2;

G|, O,, O3 — IJIaBHbIE HANIPSDKEHMST; G, — TIpeaes TeKy4ecTd MaTepuaa.

KoagduimeHT 3anmaca npoYHOCTU B TaHHOM CiIyvae:

K = cYT/(Q'Tmax)'
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CpaBHeHure KpuTepus HanpskeHust 1o Musecy u kputepus Tpecka:

o MPH YUCTOM PACTSIKEHHM/CXKATHH OLIEHKU MPOYHOCTU 1o Mu3zecy
u Tpecka coBnamaror;

 TpH YKCTOM cJBure (cpe3e) kpurepuii Tpecka naet 6os1ee HU3KME 3Ha-
yeHwus1 (~ Ha 15 %), yem HampspkeHne o Musecy:
— HanpspKkeHue 1o Musecy mporHosupyert paspyiienus ripu 0,577c,,
— kputepuit Tpecka — nipu 0,56,;

o NpHU KpyyeHuu Kpurepuii mo Musecy naet 60s1ee TOUHbIE pe3yJIbTaThlI,
yem Kputepuii Tpecka.

3. Kpurepuii Hanpsukenusi Mopa — KyJioHa (KpuTtepuii BHyTPEHHETO TPEHHST).

Kputepuii ucrosb3yercs aist XpynKUX MaTepUaioB C pa3IMYHbIMU CBOJ-
CTBaMU pacTsLKeHUs 1 cxxaTtus (puc. 28).

Xpynkue MaTepuajbl Ha KpUBOU aechopMupo- o5 1
BaHUS HE UMEIOT OMpeAeIeHHON TOUKU TeKy4eCTU 4
U, CJIeIOBATEeJIbHO, JJIS1 3TOr0 KpUTEPUSI HE PEKOMEH- . o
JyeTCsl UCMOJIb30BaTh Mpeaes TEKYYeCTH JJIsl Orpe- .
NeJIeHUs TTPeAeIbHOTO HaMPSIKEHUSI. .

KoaddunmeHr 3anaca 3aBUCUT OT TIEPBOTO U Tpe-

ThETro IJIaBHbIX HANIPSKEHUN G, 1 O5; \/
npuc, > 0uo; <0:

2

Puc. 28. Kpurepuit
— —1.
K - (Gl/ cjl'lpez[en Pacrsoxenust + 63/ Gl'lpeﬂen C)KaTHﬂ) ’ Mopa - KYIIOHa JJIEL
TIJTOCKOI'O HAaITPpSAKCH-
HOTr0 COCTOAHUA XPYII-
KHNX MaTCpraJIOB:

npuoc,>0uc,>0:

K = Gl’[penen PaCTH)KeHPIﬂ/ Gl;
1 — mpoyHOCTH TIpU pac-

npu o, < Ou (O <0: TSDKEHUM; 2 — IIPOYHOCTh

Ipu CXKaTnum

K = Gl’[penen C)Kam;l/ Gi.

4. Kputepuii MAKCHUMAJIbHOTO HOPMAJIbHOTO HANIPSIKEHNS.

Kpwurepwuii 6a3upyercst Ha TEOpUKM MAaKCUMAIIbHOTO HOPMaJIbHOTO HATIPsI-
>KEHUST U UCTIOJIB3YETCS 11 XPYIIKUX MAaTEPUANIOB, Pa3pylIEHUE KOTOPBIX
CBSI3aHO C TTOsIBJIEHMEM TpelrH. [Ipenrnonaraercs, 4To Xpynkoe pa3pyiiie-
HUE MaTepuasa HaCTyNaeT, KOrJa MAaKCUMAJIbHbIE HOPMAJIbHBIE HATIPSIXKE -
HUS TOCTUTAIOT TIpeeia MPOYHOCTA MAaTeEpUaia MPU MTPOCTOM PACTSIKE-
HUW; IPYTUE HAIPSDKEHUS TPU 3TOM HE UTPAIOT POJIHU.

Taxkxe mpenronaraeTcs, 4To Mpeaes MPOYHOCTU MaTepuasa npu pacTsi-
>KEHUU U CXKATUU OJUHAKOBBIN. OTHAKO TAKOE MPEATOJIOXEHNE BO MHOTHUX
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cIydasix MOXeT IPUBECTH K OIIMOOYHOMY pelieHuto. Hanpumep, BausiHue
TPEIIMH Ha IPOYHOCTh MIPU PACTSKEHUU 3HAUUTEIBHO BBIIIIE, YEM IPU CXKa-
THUM, TaK KakK B MOCJIEIHEM CIy4yae OHU UMEIOT TEHIEHIIMIO 3aKPbIBAThCS.

OnbITHBIE JAHHBIE CBUIETEJILCTBYIOT O TOM, UYTO T€OPHUSI MAKCUMAaIbHbBIX
HOpMaJIbHBIX HAMPSKeHU I MPUMEHMMA TOJIBKO ISl TAKMX OU€Hb XPYITKUX
MaTepuajoB, Kak KaMeHb, KUPMWY, KepaMuKa, CTeKJ10, rurnc, papdop, uH-
CTPYMEHTAaJIbHAS CTajlb 1 APYTUE.

CoryiacHO 3TOl TeOpUU MPEUMYIIECTBEHHOE BIUSIHUE HA MPOYHOCTH
OKa3bIBaeT BeJIMYMHA HAaMOOJIbIIEr0 HOPMAJIbLHOTO HAMPSLKEHUS G .

ITockoabKy Xpynkue MaTepralibl HE UMEIOT OMpeneIeHHOM TOUKU Te-
Ky4eCTH, HE PEKOMEHAYEeTCs MCIOIb30BaTh Mpeaei TeKy4eCTH B KaueCTBe
MpeaebHOro HaIpsIKEHUS.

YcnoBue nosiBeHMs TOBPEXIESHUN Clienylollee:

c51 > aneﬂen E]

I1e 6, — MaKCUMaJIbHOE TJIJaBHOE HaIlpsiKEHUE.
KoadduiimeHT 3anaca mpouyHOCTU OMPeEaeIsieTCsl BhIpakeHUeM

K = anez[en/ Gj.

CraTtuyeckue MccleaoBaHusI MO3BOJISIOT 130exXaTh pa3pylleHus, Bbl-
3BAaHHOTO BBICOKMM HarmpsikeHueM. KoadduimeHT 3anaca npoyHOCTU
MEHbIIIE eMMHMIIBI O3HAYaeT pa3pyllieHue Matepuana. bobioi Koaddu-
LIMEHT 3ariaca MPpOYHOCTU B CMEXHOM 00J1aCTH CBUIETEILCTBYET O HU3KOM
HAIpsSKEHUU U O TOM, YTO, OUeBUIHO, MOXXHO YOpaTh HEKOTOPOE KOJIUYE-
CTBO MaTepuaJjia U3 3TOi 00J1aCTH.

Bonpocbl M 3aaHua ANg caMonpoBepKu

1. lorosHuUTe NpeaioXeHNs, BbIOpaB MpaBUJIbHbIE OTBETHI U3 MIPEAIO0-
>KeHHBIX.

1.1. Cratnueckoe ucciaenoBanue B SolidWorks Simulation mo3Bosisiet
OIIPENIEIUTD:
a) Koo GULIMEHT TPEHUSI,;
0) K03(pGULIMEHT CKOJILXEHUS,
B) KO3((UIIMEHT 3anaca MpoOYHOCTH;
r) Ko3(pPUIMUEHT YyCTaJOCTHOTO pa3pylLIeHUS.
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1.2. Ilpu onpenenennu B SolidWorks Simulation 3amaca mpoYHOCTH Jie-
TaJy U3 CTAJIU CJIeyeT UCITOJb30BaTh:
a) KpUTepuii MaKCMMaJIbHOTO HaIpsikeHus 1o Mu3ecy;
0) kputepuii HanpskeHUss Mopa — KyJioHa;
B) KpUTEPUIL MAaKCUMaJIbHbIX HOPMaJIbHbIX HAMPSKEHUIA.
1.3. Ilpu onpenenennu B SolidWorks Simulation 3amaca mpo4YHOCTH Jie-
TaJy U3 YyryHa CJiefyeT UCIT0Jb30BaTh:
a) KpUTepuii MaKCUMaJIbHOTO HaIpsikeHus 1o Mu3ecy;
0) kputepuii HanpskeHUss Mopa — KyJioHa;
B) KpUTEPUii MaKCUMaJIbHBIX KacaTeJIbHbIX HaNpsikeHuit Tpecka.
1.4. Cratunueckoe ucciegosanue B SolidWorks Simulation He 1o3BoJIS-

€T OIIPCaACINTD:

a) KO3(pPULIMEHT TPeHUsI KOHCTPYKLINU;

0) mepeMelleHNsI B KOHCTPYKLIMU;

B) KO3 (UILIMEHT 3arnaca NpOYHOCTU KOHCTPYKIINK;

I') peaxkiiu Py BO3AEUCTBUM MPUIOXKEHHBIX HATPY30K.

2. BhIMOAHUTH CcTaTUUEeCKOE MCcCledoBaHMEe KpOHIITeiHa (puc. 29)
¢ kperuieHrueM PoJMK/moJi3yH mo 3aaHel miocKocTu U 3aMKCHPOBAHHBIIH

mapHup — 1o 4 oTBepcTUIM 9.
BeprukanpHast Harpy3ka 500 H
MPUJIOKEHA K KaXKI0MY OTBEPCTUIO
J45. Matepuail KpoHIlITeiHa —
amoMuHueBbIN crutaB AKS (aHa-
Joru B 6ubauoreke Simulation —
2014 1 3.1655). ITocTpouTh SMIOPHI
HanpsoKeHui, geopManuii, mne-
peMellleHU, pacrpeneieHusl 3a-
naca rpoyHoctu. OnpeaenanuTb MU-
HUMAaJIbHbIN KO3 PULIMEHT 3araca
npoyHocTu. OnpeaeauTb 00JacTu
¢ Ko3¢p(PULUMEeHTOM 3araca npod-
HocTU MeHblIe 1,7. BeIMOIHUTH
MPOBEPKY BIUSHUS IMJIOTHOCTHU
CEeTKM Ha pe3yJibTaThl UCCIeA0Ba-
Huit. Co3aaTh OTUET CpeaCTBAMU
Solid Works Simulation.

200

260

Puc. 29. 3aganue K caMOCTOSITeIbHOM
pabore. UccrenoBaHue KpoHILTeiHA

53
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YacToTHbIe uccneaoBaHus

Teno, BEIBEIEHHOE U3 COCTOSTHUSI TOKOSI, HAUMHAET K0JieOaThCsl Ha OMpe-
NeJICHHBIX YaCTOTaXx.

Yacmoma konebanus — 4UCIIO KOJeOaHUI, COBEPIIAEMBbIX 32 €IUHUILY
BpeMeHU, Hanipumep 3a 1 ¢. Enunuua yactotsl B CUY Ha3BaHa repuem (I'm).

Buab! konebaHmii

1. CBoGoanbIe (MM COOCTBEHHBIE) KOJIEOAHH.

DTO KojiebaHusl 00bEeKTa, COBeplIaeMble B pe-
3yJbTaTe MepBOHAYaJbHOIO BO3IEICTBYSI, BHIBE/I -
LIIErO €ro U3 COCTOSIHUSI paBHOBECHS MOCJIe yCTpa-
HEHMSI TOr0 BO3AEMCTBUSA. B peanbHBIX YCIOBUSX
CBOOOJHBIE KOJIeOaHMsI BCErIa 3aTyXalolle BCael-
CTBME HaJIMUMs TPEHUS B 11000 KoseOaTebHOM
cucrteme (puc. 30).

2. F'apMoHMYeCKHE KOJIeOaHusI.

DT0 KoJaedaHus, COBEpIIAEMbIe 110 3aKOHY CH-
Hyca wiu KocuHyca (puc. 31, a, 6). A — amnaumyoa
Kosnebanuii (HauOoJblIee OTKIOHEHHUE OT IOJIOXKe-
HUS YCTOMYMBOIoO paBHOBecust). T — nepuod (Bpe-
Msl, B Te4€HHE KOTOPOTO TeJIO COBEPIIaeT OJHO KO-

Puc. 30. ITpumep cBo-
OOIHBIX KOJIeOaHUI

JiebaHue).
a 0
X
A xo
Z—I by 377[ 21 ¢
0 0
T\ I f3rT t f
4 £ 4
-A

Puc. 31. F'apmMoHunyeckue KonedaHusI:
a — He3aTyxalollue; 6 — 3aTyxalolue
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JIto60e nepuoanyeckoe KojicoaHWe MOXKET ObITh MPENCTaBIeHO KakK
CyMMa TapMOHMYECKHMX KOJeOaHUI MyTeM pa3i0KeHUsI COOTBETCTBYIO-

et pyakuuu B psaa Pypobe (puc. 32).

Puc. 32. Paznoxenue B psii Pypbe meproanieckoro KouedaHust

Cpenu ciaraeMbIX 3TOI CYMMBbI CYILLIECTBYET FapMO-
HUYecKoe KojiebaHre C HAMMEHBbIIIeH YaCTOTOM, KOTO-
pasi Ha3bIBAETCSI OCHOBHOLL YACMOMOIl, 3 CAMO 3TO KO-
nebaHue — nepeoil 2apMOHUKOU NI OCHOGHbIM MOHOM.

YacToThl OCTAIbHBIX CJIara€MbIX FTAPMOHMUYECKUX
KosieOaHMIi KpaTHBI OCHOBHOM YaCTOTe, U 3TU KOJIe-
OaHUs Ha3bIBAIOTCS GbICUUMU 2APMOHUKAMU VIV 00e-
PpmMoOHamu — TIEPBbIM, BTOPLIM U T. 1.

3. ABTOKOJ1€0aHuS.

DT0 K0JIeOaHUs, TPH KOTOPbIX 00bEKT MMeeT 3anac
NOTEHIMAJIBHOI SHEPIHH, PACXOIYIOIICICS Ha COBEp-
LIeHue KojaebdbaHuit (puc. 33).

XapaKTepHBIM OTJIMYMEM aBTOKOJIEOAHU OT BbI-
HYXIEHHBIX KOJIeOaHUI SIBJISIETCS TO, YTO VX aMILIN-
Tyla OIpeaessaeTCs CBOMCTBAMU CaMOIr0 O0OBbEKTa,
a He HayaJIbHBIMU YCIOBUSIMH.

4. BoIHyK1leHHbIe KOJIeOaHus.

Puc. 33. IIpumep aBTO-
KoJiebaHuit

D10 KoJiebaHUs1 00bEKTA MOJI BIMSHUEM BHEIIIHE BbIHy}KI[aIOH_ICﬁ CHJIbI

(puc. 34).
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Ecnu yacToTa BeIHYXXAaIO1IEH CUJIbI paBHA CO0O-
CTBEHHOI YacTOTe KoJieOaHU 00bEeKTa, TO BO3HU-
KaeT SIBJICHUE pe30HaHca, MPU KOTOPOM aMIUIUTY-
Jla KojebaHUil 00beKTa pe3KO BO3pACTAET.

5. Cayuaiinble KoJie0anusi.
DTO0 KoJiebaHMsI, TIPU KOTOPbIX BHEIIHSISI Ha-
Tpy3Ka SIBJISIETCS CydallHOM.

No6poTHOCTbL KONEebaTeNbHOI CUCTEMDI

Puc. 34. IIpumep BBIHYXK-

. PeaoHch, €CJIM pacCMaTpuBaThL €Io C HO3I/H_[I/II71
NIeHHBIX KoJeO0aHUA

(bmzmueckoro onpeneneHus, HEMPEMEHHO TOJKEH
MPUBOJUTD K pa3pylIeHUI0 00beKTa.

OnHako Ha mpaKTHUKe Pe30HAHC HE BO BCEX CJIyyasix MPUBOIUT K pa3py-
LIeHU0 00bekTa. {719 OLleHKM BAUSIHUS pe30HaHCa Ha CUCTEMY CYIIECTBY-
€T MOHSITUE TOOPOTHOCTU K0JIeOATEIbHOMN CUCTEMBI.

J1oOpOTHOCTH KOJ1€0aTeIbHOM CHCTEMbI — XapaKTepUCTUKA PE30HAHC-
HbIX CBOMCTB CUCTEMBI, TTOKA3bIBAIOIIIAsI, BO CKOJILKO Pa3 aMIUIMTY/Ia BbI-
HYXXJI€HHBIX KOJIeOaHUI TTpU Pe30HAHCEe TMPEeBbIIIAeT aMIUTUTYLy TIPU €ro
OTCYTCTBUM.

J1oGpOoTHOCTL 0OpPATHO MPONOPLUMOHATBHA CKOPOCTHU 3aTyXaHUsI cO0-
CTBEHHBIX KOJIeOaHU B cucTeme. YeM Bhlllle JOOPOTHOCTD KOJiebaTeIbHOM
CHUCTEMBI, TEM MEHbIIIE TOTePU SHEPIUU 3a KA Kbl MEPUO U TEM MEIJICH-
Hee 3aTyxaloT KoyiebaHusi. [1pu nodbpotHocTu <=0,5 KojedbaTeJbHOE ABU-
JKeHUE TTpeBpalllaeTcs B allepuOIMYECKOE, T. €. BbIBEJIEHHAs U3 paBHOBECHSI
crucTeMa BO3BpaIllaeTCs B COCTOSIHME PABHOBECHSI, HE COBEpILIas KOJIeOaHUIA.

B 3aBrUcUMOCTH OT €€ 3HaUEHMST PE30HAHC MOXKET MPUBOIUTH K pa3iny-
HbIM 3 deKTam:

e IIPY HU3KOM TOOPOTHOCTU HAOII0JAETCs MOCTENEHHOE MOBBILIEHNE
aAMILIUTYIbl COOCTBEHHBIX KOJIEOAHUI 10 TOrO YPOBHSI, KOTa COMPO-
TUBJIEHME MaTepUajoB UM COEAMHEHUI He MPUBOIUT K CTAOUIBHO-
MY COCTOSIHUIO;

« BBICOKAsl JOOPOTHOCTH (OJM3Kast K 1) — camast onacHasl cpeia, B KO-
TOPOi1 pE30HAHC 3a4aCTyIO PUBOAUT K HEOOPATUMBbIM MOCJIEACTBUSIM:
MEeXaHWYECKOe pa3pyllieHre O0bEKTOB, BbIIEIEHHUE O0IbIIIOTO KOJIUYe-
CTBa TeIlJIa Ha YPOBHSIX, KOTOPbIE MOT'YT MPUBECTU K BOTOPAHUIO U JIP.
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3apayva pacyeta c06CTBEHHbIX 4acTOT

Pemenue 3apaum pacyera COOCTBEHHBIX YACTOT AeTalei U cOOpPOK pea-
JIM30BAaHO B YyacTOTHOM ucciienosanuu SolidWorks Simulation.
3HaHu1e COOCTBEHHBIX YACTOT KOHCTPYKIIMU ITO3BOJISIET M30€raTh pe30HaH-
ca B paboyeM arana3oHe U ONpeaessiTh, K KAKOMY TUITY HATPy3KU (IMHAMMU-
YECKOM WM CTaTUUECKOI) OTHECTH JEHCTBYIOIIME HAa KOHCTPYKIIMIO CUJIBI.
Ecinu KOHCTPYKIIMIO BBIBECTH U3 COCTOSIHUS TTIOKOsI, TO OHA HAYHET CO-
BepllIaTh KojiebaHus. BpeMs coBeplleHUsI OAHOTO KOJIe0aHUs Ha3bIBAETCS
epuoaoM, a oopaTHas eMy BeJIMUMHa — YacTOTOH COOCTBEHHbIX KoJieda-
Huii. [lepron 3aBUCUT OT TeOMETPUM KOHCTPYKIIMU, MaTepuaja u Harpy-
30K. MUHMMaJIbHO BO3MOXKHAs /i1 TaHHOK KOHCTPYKIIMM YacTOTa KoJje-
OaHUi1 Ha3bIBAETCS NMEPBOM YACTOTOI COOCTBEHHBIX KOJIeOaAHMIA.
Bun nedopMupoBaHHO KOHCTPYKIIMU [IJIsI COOCTBEHHOI YaCTOThI KO-
JiebaHuii Ha3bIBaeTCsl HOpMaJibHOM (popMoit Konebanuii. Kaxnasa ¢gopma
KOJIEOAHUI COOTBETCTBYET OIPeACICHHON COOCTBEHHOM YacTOTE.
SIBieHne pe30HAHCA 3aKJII0YAETCS B TOM, YTO IPU BO3AEWCTBUU HA KOH-
CTPYKLMIO JUHAMWYECKMX HATPY30K C OIPEAECTICHHOM YaCTOTO MOXET ITPO-
MU30MTU 3HAUUTEIbHOE YBEIMUEHUE aMILIUTY/Ibl KOJIEOAHWI BILIOTH 10 pa3py-
LIEHUsI KOHCTPYKLIMU J1axKe MPY HEOOIbIIMX YCUIMSIX. DTO CIAYyYUTCs, eCIn
yacToTa MPUJIOXKEHUS Harpy3Ku COBIIAET C COOCTBEHHOM YaCTOTOM KoJie-
OaHMs1 KOHCTPYKLIVM.
[Tpumepsr:
e MallMHa C HecOaJaHCUPOBAHHBIMHU KOJieCAMU CHUJIbHO APOXUT
Ha oIpeae/eHHOM CKOPOCTU M3-3a pe3oHaHca. Tpsicka yMeHblIaeT-
Csl WM 1cUe3aeT Ha IPYTUMX CKOPOCTSIX;

« OBIBAET, UTO OT CUJIBHOIO 3ByKa, HAIIpMMeP Iojioca ONepHOro MeBlia,
BO3HUKAET TPellMHA B CTEKJIE;

e Kayueiu, aMIUIUTYIy pacKauyMBaHMsSI KOTOPbIX MOXHO 3HAYMTEJIbHO
YBEJIUUMUTh, IPUKIIAAbIBasl HEOObIINE YCUINS B TOUHO OIpeaeeH-
HbIE MOMEHTbI BpEMEHHM.

Camast Hu3Kasi COOCTBEHHasl YaCTOTa Ha3bIBAE€TCSl OCHOBHOM YaCTOTOIA.

IIpu Kaxngoit cOOCTBEHHOM YaCcTOTE TEJIO MIPUHUMAET OMpeaeIeHHYIO
(opmy, KoTopast Ha3bIBaeTcst (hopMoOii (MOI0I) KOIeOaHUIA.

B yacTtotHoMm ananuze SolidWorks Simulation paccuMThIBarOTCsI CO0-
CTBEHHbIE YaCTOThI U aCCOLIMMPOBAHHbIE (POPMbI KOJICOAHUIA.

TeopeTnyecku y Tejia CyIIECTBYET HEOMNPENeIeHHOE KOJIMYECTBO (hopM
(Mon). IIpy KOHEYHO-3JIeMEHTHOM aHaJIM3e TEOPETUYECKHU CYIIECTBYET
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CTOJIbKO (hopM (MOJI), CKOJBKO CTeIeHei CBOOOIbl MMEET KOHCTPYKIIMSI.
B GosbIIMHCTBE CllydyaeB YYUTHIBAETCS TOJbKO HECKOJIBKO MO,

BaxxHbIM Moka3zartejieM B YaCTOTHOM MCCJIEI0BAHUM SIBJISIETCS MAcco8oe
yuacmue U cymmapHas gpgekmugnas macca. MaccoBoe ydacTue 1okKa3bliBa-
€T, KaKue pexkrMbl HanboJiee OnacHbI ¥ CKOJIbKO YaCTOT HEOOXOIMMO, UTO-
Obl TOYHO 3aXBaTUTh BECh JTMHAMMUYECKUI OTKJIMK KOHCTPYKIIMU.

BnuaHue Harpy30K Ha 4acTOTHbIA aHanu3

Harpy3ku BIusitoT Ha MOaIbHbIE XapaKTepUCTUKM Tesia. B o01eM, cxxu-
MalolIMe Harpy3K1 CHIUKAIOT PE30HAHCHbBIE YaCTOThI, @ HArPy3KM pacTsKe-
HUsI yBEJIMUMBAIOT.

Hekotopble Harpy3ku, mogoOHbIe COOCTBEHHOMY BECY KOHCTPYKLIM, UMe-
I0TCSI BCET/Ia M MOTYT BbI3BaTh 3HAUUTEJbHOE BIMsSIHUE Ha (DOPMY KOHCTPYK-
LIMY U €€ MOJIaJIbHbIE CBOICTBA. BO MHOIMX ClTydasix 3TUM BIMSIHUEM MOXKHO
MpeHeOpeub, TaK KaK BbI3BAHHbIE MEpeMEILeHMs SIBJISTIOTCS HEOOIbIIUMU.

st yactoTHOTO MccienoBanust B SW Simulation He 00s13aTeJIbHO OTIpe-
JeSITh KaKKe-I1100 Harpy3ku, HO €CJIM Harpy3Ku 3a7aTh, TO UX BIMSIHUE OY-
JIeT YYUThIBAThCS (MIPU 9TOM HaJ0 aKTMBU3MPOBATh pellalolilylo IIporpam-
My Direct sparse ryTeM ycTaHOBKU ITapamMeTpa ABTOMATHYECKH).

VYpaBHeHue KoJiebaHU B IMHEMHON MEXaHUYECKOM KoJiebaTeIbHOM Cr-
CTEMeE I10]1 BO3ACUCTBUEM BHEIIHEW cuibl F(f) UMeEeT BUI

2
md—?+c@+xu:F(t),
dt dt

e 4 — TepeMellleHre B TeUeHe BpeMEHH £; m — Macca; k — Koadduim-
2

€HT XKeCTKOCTU CUCTEMBI; ¢ — KOI(MPULIMEHT AeMI(PUPOBAHUS; 7 BEK-

du
TOP YCKOPEHHUS B TEUEHUE BPEMEHH 1 i BEKTOP CKOPOCTH B T€YEHUE

BpeMeHU ¢; F(f) — 3agaHHas cujia Kak PyHKIMSI BDEMEHHU .
Ecnu cuutath, yTO NpuKiIaabiBaemas cuia F(f) paBHa HYJIO, U IpeHe-

Opeub nemricpupoBaHueM (c), TO ypaBHeHUE OyIeT BBITJISAETh TaK:
2
u
m—s+xu=0
dt
d’u k d’u
+—u=0, szu:o,

WIN —
dt© m

[k N
rae o= ,/— — KpyroBasi CcoOCTBEHHAas YacToTa KoJieOaHUI CUCTEMBI.
m
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M3 nonyyeHHo# (popMyJibl CAEAYET, YTO COOCTBEHHAs YacTOTa MPsSIMO
MPONOPLMOHAIbHA XECTKOCTU CUCTEMbI 1 00paTHO MPOIOPILIMOHAIbHA €€
Macce. JlaHHast ¢opMyia mojydyeHa U3 NpearooKeHUs, YTO XKECTKOCTh
KOHCTPYKIIMU HE U3MEHSIETCS TTPU MPUI0XKEHUU HAIPY3KHU.

Mogapbl, TIoJIydyaeMble B MPOLIECCE YaCTOTHOrO (MM MOJAJIbHOTO) aHa-
JI3a, He TTIOKa3bIBAIOT peajibHON aMIUIMTYAbl KOJebaHu, a oToOpaxkarmoT
JIVILIb UX (hopMmy.

Bonpocbl n 3afahna Ans camMmonpoBepKu

1. JlonmoaHuTe MpeaioXeHus1, BbIOpaB MpaBUJIbHbIE OTBETHI U3 TTPEIIO-

>KeHHBIX.
1.1. YacrorHsblii aHanu3 B SolidWorks Simulation 1To3BoIsIeT OIIpe e/ IUTh:
a) 4aCTOTY BBIHYXIIE€HHBIX KOJIEOAHMIA;
0) 4acTOTy COOCTBEHHBIX KOJICOAHMIA;
B) YaCTOTY CJy4aliHBIX KOJIEOAHWIA;
I') 4aCTOTYy aBTOKOJIEOaHUA.
1.2. Ilpu BBIMOJIHEHUU 4YacTOTHOTO uccaemoBaHus B SolidWorks
Simulation He 00s13aTeJIbHO YKa3bIBaTh:
a) MaTepua JeTaju;
0) KpernjeHue AeTalu;
B) Harpy3Ky Ha JeTallb.

2. BBIMOMHUTH YaCTOTHOE MCCeA0BaHME IBYTaBpPOBOii Oasiku (puc. 35)
C HEIOJABMXXHbBIM 3aKpeIlJIieHHeM Ha IIPaBOM TOPLIE U MPUJIOKEHHON
BepTUKanbHOI Harpy3koit 15000 H Ha miomanke 40 MM CO CTOPOHBI
JieBoro Topua. st co3naHust Moesiv 6ajKy UCITOJIb30BaTh OUOJIMOTe-
Ky Toolbox. Matepuan 6anku — ctanb ct3. Onpenenutsb 10 HaMMeHb-
IIMX PE30HAHCHBIX YaCTOT OaJKM U COOTBETCTBYIOIIME UM (DOPMBbI
KosnebaHuii. BeiBecTu crimcok Koadduim-
€HTOB MaccoBOro yyactus. OLieHUTb BO3-
nercTBUe 3aJaHHOM BHEILUHEN CUJIBI Ha
pe3yJibTaThl UccaeaoBaHus. BbIMOIHUTH
MPOBEPKY BIAMSHUS MIOTHOCTU CETKU Ha
pe3yabTarhl uccienoBanuit. Co3nath OT-
yeT cpenctBamu SolidWorks Simulation
1 BKJIIOUUTD B HErO 3aKJII0UYEeHUE, COCTaB-
JIGHHO€ Ha OCHOBE aHaJl13a MOJyYeHHbIX

Puc. 35. 3amaHue K caMocTO-
sTeJibHOI pabote. YacToT-
PE3YyIabTaTOB. HOE MCCIIENOBaHNE OAIKI
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WccnepoBanus Ha yaapHyto Harpysky

HccnenoBanus Ha ygapHyto Harpy3ky B SolidWorks Simulation mpeaHa-
3HAYEHBI JJIsI ONpeieJICHUSI BO3ICMCTBUS yaapa AeTaIu WU COOPKHU O JKEeCT-
KYI0 WJIY THOKYIO TNIOCKYIO IMTOBEPXHOCTD. TUIMMMYHBIM IIPUMEPOM MCCIIEIO-
BaHUs IBJIIETC MageHue o0beKTa Ha 11oJ1. [Ipy 3TOM yUuTHIBaIOTCSI TOJILKO
rpaBUTAllMOHHbBIE HATPY3KU, APYTe HAarPy3KU HEIOITYCTUMBI.

B naHHOM MccienoBaHUM BO3MOXKHBI 2 BapyaHTa UCTTBITAHUIA.

1. ITpu 3apaHnY BLICOTHI NaieHus (/1), yCKOpeHusi CBOOOAHOTO naxeHus (g)
Yl OPUEHTALMH IVIOCKOCTH YAApa ITporpaMma MpearosaraeT, 4To TeJio rnepe-
MEIIAETCS B HAIPABJIEHUM CUJIbI TSKECTU 0 TEX MOP, MOKA HE yAapsieT-
Cs1 0 XKECTKYIO MI0CKOCTh. [Ipr 3TOM mporpamma BeIUMCIISIET CKOPOCTH (V)
TpU yaape:
v=12gh.

3aTeM pacCUMTHIBAIOTCS HampsiKeHUs, nedopMaliii U KOHTaKTHbIE
CWJIbI, IEUCTBYIOLIME HA TEJIO B MOMEHT yaapa.

2. Ilpu 3apaHny HaNpaBJieHUs Y CKOPOCTH NpH yaape (V), YCKOPeHHUs CBO-
0oHOrO NMajieHus (g) 1 OpHEeHTAUH IJIOCKOCTH yAapa rmporpaMma orpeje-
JIIeT HamnpspKeHue, AeopMalii 1 KOHTAaKTHBIE CUITBI.

B 06oux ciryyasix mporpamma peliaeT [MHaMUYeCcKyIo 3a71a4y B BUE 3a-
BUCHMMOCTH BCEX CUJI OT BpeMeHU. OCHOBHOE YpaBHEHUE TBUXKECHUSL:

F](t) + FD(t) T FE(t) - R(t)’

rne F; (f) — cunbl unepuuwu; F, (f) — cwisl nemrndupoBanus; F (f) — cuiibl
ynpyroctu; R (f) — BHEIIIHUE CUJIbI, BKJTIOYAIOLIIME TPABUTALIMOHHbBIE CUJTBI
1 CWIbl yIAapHOW Harpy3KH.

B cratnyeckoM aHaiu3e, paCCMOTPEHHOM paHee, U3-3a MaJIbIX CKOPO-
CTEI HE YYUTHIBAIOTCS MHEPLIMS U CUJIbI AEMI(PHUPOBAHUS, TIOTOMY YpaB-
HEHUE 3aIMUChIBATIOCH B CJIEAYIOLIEM BUE:

Fr (1) =R ().
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AHanus pesynbTaToB

HMccnenoBaHue He OTBeYaeT aBTOMATUUYECKM Ha BOIPOCHL: «Pa3o0beT-
cs mu netanb?» unu «Pacmagercs nu coopka?»

J1J11 O11€HKM BO3MOXKHOCTH BOSHUKHOBEHUS TAKMX SIBJICHUI MOXKHO MC-
MOJIb30BaTh PE3yJAbTaTHI.

Hampumep, MOXHO MCITOJIb30BaTh MaKCHUMaJIbHbIe HATIPSKEHUS JJIsT
MIPOTHO3UPOBAHUS pa3pyLIeHUSI MaTepraia U CUJIbl KOHTAKTa IJIsI TPOTHO-
3UPOBAHUS pa3aesieHUs] KOMIIOHEHTOB.

Matepuansl, AONyCTUMbIE B UCCNE[0BAHUN HA YAAPHYIO HArpy3Ky

MoOXHO UCMO0JIb30BaTh CAEAYIONIME MOJEI MaTePUaJIOB:

o JIMHEWMHBIN YIIPYTUA U30TPOITHBIN;

o OWIMHEWMHBINA NJIaCTUYHBINA 1o Mu3zecy.

B oTauuue ot MaTepuasnoB ¢ JIMHEHHOUN yNpPYyrocThbio, MiacTUYHbIE
no Mu3zecy mMatepuraibl MOTYT IOJBEPraThCs OCTAaTOUHOU nedopMalvuu
B pe3yJibTare yaapa.

B cBoiicTBax ucciaenoBaHMsI MOXKHO 33J1aBaTh MCIIOJIb30BaHUE OCTAHOB-
KM 3a7a4 JJIs1 MaJIOTO UM OOJIbIIOIO MepeMelleHMSI.

ITo ymMomuaHMIO UCMOJIB3YETCS TTOCTAHOBKA 3ada4yu JJ1s1 OOJIbIIOrO Te-
pemeleHus (HeJIMHeHOe pellieHre) IJIsl BCeX MCCIeI0BaHMIA.

Ecnu Bce maTepuabl IMHEHHO-YIIPYTYe, TO MOXKHO 3a/1aBaTh MaJjoe Ie-
peMeleHue.

Ecnu B Mozenn MMeroTcs Kakue-a100 IIacTUYHbIe 110 Musecy MaTepua-
JIbl, BCET/1a UCITOJIb3yeTCsl TOCTAaHOBKA 3a/1a4M 11 OOJIbIIIOrO IepeMelleHUS.

PeleHue ¢ 60Jb1IMM NepeMeELLeHEM 3aHUMAET HAMHOTIO OOJIbIIIE Bpe-
MEHM, HO SIBJISIETCSI 60J1€€ TOUHBIM.

KOHTaKTbl B MCCNIEI0BaHNM Ha YAAPHYIO HArpy3Ky

[IporpamMmmMa aBTOMaTU4eCKH OMpeaesieT YCI0BYS KOHTaKTa MEXIy Te-
JIOM U TIJIOCKOCTBIO yapa.

J17151 cCOOPKM MOXKHO OIPENEIUTh YCIOBUS KOHTaKTa MEXIY ITOBEPXHO-
CTSIMM pa3IMYHbIX KOMIIOHEHTOB B cOOpKe: gomnyckatoTcs: IIpoHnkHoBeHune
u CBsi3aHHbI€ (3230p OTCYTCTBYET).
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JIJ1st OTHeNbHBIX AETAIe, KpOME TOro, MOXKHO 3a1aTh KOHTakT HeT npo-
HUKHOBEHMSI.

ITapameTpsl pe3ybTaToB

1. Bpems pemenus nocJjie yaiapa — 3TO peajibHbIN I€PUOI BPEMEHHU, IS
KOTOPOTO IporpaMmMa BbIYUCIISIET peaKlMIo, HaYlHasl C IEPBOr0 MOMEHTA
ynapa. Eciu 3agaeTcs BbIcoTa MajieHUsI, BpeMsl pellieHUsI He BKJIIOYaeT 1e-
pUOJ CBOOOIHOTO MaaeHMs Tela.

ITporpamma olieHMBaeT 3HaYe€HNWE BPEMEHU pelleHUsI HA OCHOBE Teo-
METPUU MOJIEJIM U CBOMCTB MaTepuayia MO yMOJIYaHUIO: BPEMS pElLIeHUSI
OCHOBAHO Ha BPEMEHU IPOXOXIECHUS YIPYroil BOJHBI, BbI3BAHHON yia-
powm, uyepe3 moaenb. [Tporpamma onieHuBaeT ckopocTs (V,) ynpyroi BoJi-
HbI U3 COOTHOIIIEHUSI

rae £ — MomyJib YIIpyrocTu; p — IJIOTHOCTb.

BonHa HaurMHaeT pacrpoCcTpaHsITbCS B MOJIEJIM B MOMEHT yaapa — Ipo-
XOJUT BIOJb BCEU MIMHBI Monieu L 3a iepuoa BpemeHu ~ 2L/V,, oTpaxa-
€TCsl U BO3BpallaeTCsl K MMOBEPXHOCTU BOZHUKHOBEHUS. CuUibl, TPOTHUBO-
MOJIOXKHBIE CUJIE TSKECTU, HAUHYT A CTBOBATh HA MOJIEIb BO BpEMsI 3TOIO
nepuoa.

ITo ymonuanuio BpeMs pelieHust ycraHaBiauBaetcs 3L/ V,. [lepuon yna-
pa 0OBIYHO OYEHb MaJl — HECKOJIbKO MUKPOCEKYHI.

MakcumasbHasi peakims MOXET IMOSIBUTHCS BO BpEMSI yapa WM Mocie,
BO BpeMsI OTCKOKa Tesa. MccaenoBaHre MOXET OLIeHMBaTh MHOTOKPaTHbIE
yaapbl 1 OTCKOKH, €CJIM YCTAHOBUTb COOTBETCTBYIOIIEE BPEMSI PEILICHMUSI.

2. CoxpaHuTb pe3yJbTaThl — JIJISI IEPBOTO 3aIlyCKa PEKOMEHIYeTCs 3a-
IMYCK COXpaHEeHUsI pe3yJIbTaTOB ¢ MOMeHTa yaapa (1 = 0).

3. KosmyecTBo 3mi0p.

4. Yucao maros rpa¢uka Ha 3MI0py.

MpocmoTp pe3ynbTaToB
MoxxHO mpocMaTpUBaTh KOHTYPHbIE 3MIOPbl HANPSIKEHUS, TIEPEMELLIE-

HUSI U HATPy30K B MTHOBEHMSI, B KOTOpPbIE ITpOrpaMMa COXpaHUIIa Pe3yJib-
TaThl BO BCEX MECTOIOJIOKEHUSX (puc. 36).
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CoxpaHumb Bpema peweHus
PE3UMLMOmbI N nocne gﬂupu

* 1

f { BDEHH
nocne ydopo

Moreqm ydapa 3nipa 1 3niepa 2 3niepa N
t=0

Puc. 36. IIpocMoTp pe3ysibTaToB UCCIEI0OBaHKS Ha YIAPHYIO HATPY3KY:

N, — xonmuecTBo 3mop; N, — YncyIo mwaros rpaduka Ha 3Iopy; ® — IMporpaMma co-

xpaHsieT pe3ynbTathl Bo BCEX y371ax MoCcTpoeHHBIX 3MI0p; ¥ — MporpamMma coxpaHsieT

Pe3yNIbTaTHl B BBIOPAHHBIX BEPIITMHAX M CITIPABOYHBIX TOUKAX IIJIST TIOCTPOCHUS Tpadrka

Takke MOXXHO MOCTPOUTH I'padrKKU peakiivili B IpeaBapuTeIbHO BbI-
OpaHHBIX MECTOIOJIOXKEHUSIX (BepIIMHAX 1 CIIPAaBOYHBIX TOUKAX) C 3adaH-
HBIM pa3pelieHreM.

Hanpumep, eciiu yctaHOBUTH BpeMs peliieHus: 10 MUKpOCEeKYH/I, KO-
YeCTBO 3ITI0P ISl COXpaHeHUs Bcex pe3yiabratoB Np = 30, 4yKciio 11aros
rpaduka Ha smopy Ng = 10, To mpu yCI0BUH, YTO KOJTUUECTBO (haKTHUUEC-
CKUX I11aroB pellieHusl, BHYTpeHHE OIpeie/isseMbIX pelllatolleii MporpaMMOoii,
paBHoO uiu 6oJblie 300, MOXKHO co31aTh 3MMOpbl ¢ uHTepBajgaMmu 10/30 mu-
KPOCEKYH M Kax bl rpaduk peakiuit Oynet umeThb 30 X 10 = 300 Touek.

Bonpocbl gnsa camonpoBepku

JlonoaHuUTe MpeaioXeHusl, BBIOpaB MpaBUbHbIe OTBETHI U3 MPEIJIO-
>KEHHBIX.

HccnenoBanus Ha ynapHyto Harpy3Ky B SolidWorks Simulation onieHu-
BalOT BO3/IEHCTBUE yaapa 00beKTa:

1) mpu 110601 Harpy3ke Ha OOBEKT;

2) mpu JIIOOBIX CKOPOCTSIX 00BEKTA;

3) npu T100BIX YCKOPEHUSIX O0BEKTAa.

TepMmuyeckue uccnepnoBaHus

TepMuueckuii aHaIM3 ITpeIHA3HAYEH UTS pacyeTa pacipeae/ieHUsI TeM-
TepaTyphl B TeJlaX BCJIEICTBHE TEILIONEPEIay OT OIHOIO TeJIa MJIK OKpYXKa-
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IOLIEH Cpebl K IpyroMy TeTy UK B OKPYXKalolyto cpeny. Bo Bcex cirydasx
TeTJI0Bast SHEPIUsl MPOTEKAET OT CPelbl C OOJbIIEN TEMIIEPATYPOH K Ccpe-
JI€ C MEHBbIIIEH TeMITepaTypOI.

CylliecTByeT Tpy MeXaHM3Ma Terionepeaaum:

e TEIUIONPOBOAHOCTD;

o KOHBEKIIMS;

o U3JIy4ECHME.

TennonpoBogHOCTb

TenonpoBoAHOCTb — 3TO MEPEHOC TEILJIa TPU HEMOCPEACTBEHHOM CO-
MPUKOCHOBEHMUH TeJ € pa3IMYHON TeMmepaTypoid, Koraa epeHoc SHep-
TMU OCYIIECTBIISIETCSI MMKPOYACTULIAMU 3a CUET MX «TEILJIOBOTO» JIBUXKE-
Husl. B yMcTOM BUIE TEIJIONPOBOIHOCTh HAOJIIOMAETCS B TBEPAbIX Tejax,
a B KUJKOCTSIX M ra3ax — JIMIIb B HEMOABMXKHBIX cpenax. [1pu aToM B Kuj-
KOCTSIX 1 TBEPJbIX TeJlaX (IMAJEeKTpUKaX) MepeHOC SHEPTUM OCYILEeCTBIsI-
eTCsl MyTeM YIPYIuX BOJH, B razax — nmyteM 1udy3und aToOMOB UJIU MOJIE-
KyJ, a B MeTajiax — IyrteM 1ud@y3umn cBOOOIHBIX 3JI€KTPOHOB.

IlepeHoc Teruia TenJIonpPoOBOAHOCTBIO ITOTUMHSETCS 3aKOHY Pypbe, KOTO-
PpbIii yCTaHABIMBAET, YTO KOJIMYECTBO TEIJIOTHI, MEpeIaHHOE OT 00Jiee Harpe-
TOrO TeJia K MeHee HarpeToMy (TerioBasi MOIIHOCTb) Oy, TPONOPILIMOHAIBHO
TJIo1IAAu TiepeHoca Teria (4) u TeMnepaTypHoMy rpaaueHTy (d7/dx) win

Or =-MA(dT /dx),

rae A — KoapPULUUEHT TeTJIOMPOBOIHOCTU — U3MEPSI-
Ty €T CNOCOOHOCTh MaTepUaja K MpoBeAecHUIO Teruia. Equ-
Hu1bl BeinuuHbl A — Bt/M-°C unu (bTE/c)/ntoiim - °F;
€IMHUILIBI U3BMEPEeHUs TEIJIOBO MOIIHOCTU — BT.
BenuuunHa TenaoBoil MOIIIHOCTU MIPU MEPEeHOCe TeI-
Jla TIOCPEICTBOM TEILJIONPOBOAHOCTH, B COOTBETCTBUU C

L puc. 37, MOXeET OBbITh ONpeAeseHa 1Mo caeaywuei ¢pop-
MyJI€E:
Puc. 37. IlepeHoc _
Teruia TGHJIngO— QTC]'IHOHPOBOZ[HOCTI/I - _7\’A (TH - TC)/L
BOIHOCTBIO

64



Tepmuyeckune nccneaoBaHus

TemnepatypHas 3aBUCUMOCTb KO3(h(hULMEHTA TENJIONPOBOJHOCTH

s 60JIbIIMHCTBA MaTepuaioB KO3G¢uIMeHT Tem1onpoBoIHoCcTH (A)
MeHseTcs BMecTe ¢ TemIieparypoit. KoaddulimeHT Bo3pacTaer ¢ pocToM
TeMIlepaTypbl B ra3ax IMpv HU3KUX JaBICHUSIX, HO MOXET 10O BO3pacTaTh,
100 Manath B MeTaIaX U XUIKOCTSX.

Ha puc. 38 noka3zaHn aguana3oH 3HaY€HUI TEIIONPOBOIHOCTU Pa3Iny-
HBIX MaTepUaaoB IIPU HOPMAJIbHBIX TEMIIEPATypPe U JaBICHUU.

T T
* Opranuyeckye ra3sl M apsl

Op(l)HbIG H30JIAMHOHHBIC MAaTCPHAJIBL

Macna

HeOpFaHH'-IECKI'Ie Ta3pl H TIApBl

OpI‘aHI/I‘-lecKI/Ie FKHIAKOCTH

Heop TaHHYCCKHEC  KHAKOCTH

[ I HeopraHuyecKHe BOJHBIE PACTBOPEL

OpraHHYecKHe BOIHbIE PACTBOPH
|- ] [Topomku
|

DrHeymopH [ : | ]

Kpucrammm | | |

Kujaxue Metas

ClaBsl METAIITIOB

UucTthie NIIeTaJ'IJ'IbI

0,001 001 0.1 1 10 100 1000
A, Bt/M-°K

Puc. 38. Jlnana3oH 3HaueHUi KO3 ULIMEHTA TeTIJIONPOBOIHOCTU
IUISL pa3IMYHbIX MaTepUaJiOB

B Tabs. 3 npuBoasiTcs 3HaYeHUs TeruionpoBogHocTu (B Br/m-°K) B o1-
HolIeHUU TeMIiepatyp (B “K) 111 HEKOTOPBIX MaTepUasoB.

Tabauya 3
TenionpoBoAHOCTH HEKOTOPBIX MaTepuaioB, Br/m - °K
Meram Temnepatypa (°K)
103 | 173 | 273 | 373 | 473 | 573 673 873
Hepxagerolas craib — — — 15 17 19 21 25
CBuHel| 40 37 36 34 33 32 17 20
(kuak.) | (Kuak.)
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Oxkonuanue maba. 3

MeTam Temmepatypa ("K)
103 | 173 | 273 | 373 | 473 | 573 673 873
[LratnHa 78 73 72 72 72 73 74 77
HuHk 124 | 122 | 122 | 117 | 110 | 106 100 60
(kmmk.)
Kpemunii 856 | 342 | 168 | 112 | 82 66 54 38
KonBekuus

KonBekuusi — 3T0 pexkXuM, IIpu KOTOPOM TEIIO IMTEPEHOCUTCS MEXITY 10~
BEPXHOCTBIO TBEPJIOTO Te€JIa U COCENCTBYIOIIEN NBVKYIIEUCS XUIKOCTBIO
wiu ra3oMm (puc. 39). B KOHBEKIIMM UMEIOTCS ABA JIEMEHTA:

e TIEPEHOC 3HEPruM Oaromaps ClydyaiiHOMY MOJIEKYJISIPHOMY JIBUXKE-

HUIO (1nddysusi);
e TIEPEHOC dHEPTUM OOBEMHBIM MJIM MAKPOCKOMUYECKUM JIBUXKEHUEM
XKUJIKOCTU (aIBEKLIMS).

Mexanuzm koneexyuu: 10 Mepe TOTO, Kak CJIOn
KUIKOCTH, COCEICTBYIOIINI C TOpSTUEii MTOBEPX-
HOCTbIO, CTAHOBUTCS TEIUJIEE, €ro MJIOTHOCTb
yMeHbllIaeTcsl (IpyU MNOCTOSIHHOM JaBJIEHUU
IUIOTHOCTb OOpaTHO MPOHOPLXMOHAIbHA TEMIIE-
paType) ¥ OH CTAaHOBUTCS BCIJIbIBAIOIIUM. bo-
Jiee xoJioaHas (bosiee TsKenas) JKMAKOCTb OKOJIO
MOBEPXHOCTU 3aMEIAeTCs TEIIOU XUIKOCTbIO
1 POpMUPYETCS CTPYKTYypa LUPKYJISILIAU.

CKOpOCTb TEMI000MEHA MEXILY XKUAKOCTBIO TEMITEPATYphl 1,1 MOBEPX-
HOCTBIO TBEPAOTO TeJia IJIOIAabio A ipu Temmnepatype 7, MOXET ObITh OIpe-
JIeaeHa 3aKOHOM oxjaxaeHus HpioToHa:

dQKOHBCKLLl/IM
dt

1€ Qyopmexin — KOTMIECTBO TEIIOTHI; /1 — KO3(huIueHT KOHBEKTHBHOIA Te-
maonepenaun, Br/m? i BTE/c - moitm? °F.
KoagduimeHT KOHBEeKTUBHOM Teruionepenadu (/1) 3aBUCUT OT JBUKE-
HMSI KUAKOCTU, TEOMETPUU U TEPMOIMHAMUYECKUX U (PU3NIECKUX CBOMCTB.
CoOTHOIIIEHHE MEXIY MHTEHCUBHOCTBIO MOJIEKYJIIPHOTO MepeHoca Me-
XaHUYEeCKOT0 MMITYJIbCa 1 MTHTEHCUBHOCTBIO TIEpeHOCa TEIJIOTHI 3a CUET Te-

Puc. 39. IlepeHoc Tema
KOHBEKIIUEN

= hA(Ts _Tf),
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IUIOMPOBOIHOCTU B XKUAKOCTSIX U razax sIBjisieTcs (QU3N4YeCKOoi XxapakTepu-
CTHKO Cpe/ibl, 3aBUCSILIEH TOJIBKO OT €€ TEPMOAMHAMUYECKOTO COCTOSTHUS,
u onpenensiercs yrcyiom Ilpanaras.

Yucno I[TpaHaTias npeacTaBisieT COO0M mapamMeTp, XapaKTepU3yOLIUi
BJIMSIHME (DM3UYECKUX CBOMCTB TEIJIOHOCUTEIS HA TeTUIOOTAAYY:

pror__B/p M ’
o k/ (pcp) A
rae v = u/p — KMHeEMaTu4yeckas BSI3KOCTb; |L — IMHAMUYECKas BI3KOCTb;
0 — TJIOTHOCTb KUIKOCTH; Ot — KOI(DHULIMEHT TEMIIEPATYPOITPOBOJHOCTHU;
A — KO(PPULMEHT TETLIONPOBOAHOCTH; ¢, — YAEIbHas TEMIOEMKOCTD Cpe-
JbI TIPY TIOCTOSIHHOM JIaBJIEHUU.

KuHnemaTnueckast BI3KOCTb (V) XXUAKOCTU WJIM Ta3a ONpeaessieTcsl Kak
OTHOILIEHUE NMHAMUYECKON BSIZKOCTHU K MJIOTHOCTU BEIECTBA U XapaKTe-
pU3YET rpaAl€HT CKOPOCTU TeUEeHMs BSI3KOM cpeibl. TeMmrepaTyponpoBo/I-
HOCTb O XapaKTepu3yeT CKOPOCTh IUdp Gy3uu Teruia B Xxuakoctu. CienoBa-
TeJIbHO, OTHOLLIEHUE 3TUX ABYX BEJIUUUH
onpeaeasieT COOTHOILIEHUE CKOPOCTHU
angdy3un 1 TeMIepaTyponpoBOAHO-
CTU B XXUAKOCTU Uau raze. Eciu uyucio
ITpanarasa (Pr) paBHo 1, TO ypaBHEHUE
repeHoca TeIUIOThl OyIeT aHaJIOTMYHO
YPaBHEHUIO IBUKECHUA. Puc. 40. CBobonHast KOHBEKIUS

CyllecTBYIOT ABa pexuma rnepeHoca
Ternja KOHBEKLIMEH.

1. EcrecTtBeHHas1 (cBOOOIHAs) KOH-
BEKILIMSI.

JIBM>KeHUE XXKUAKOCTH WIM ra3a, Ipu-
MbIKAIOIIMX K TOBEPXHOCTHU TeJa, BbI3bI-
BAeTCsl CUJIaMU BbITAJIKMBAHUS, Ha KO-
TOpbI€ OKa3bIBAET BIUSIHUE U3MEHEHUE
B IUIOTHOCTM XXUIKOCTU WJIM ra3a u3-3a
pPa3HMLIBI TEMIIEPATYp MEXAY TBEPIAbIM
TEJIOM U XKUJIKOCTbIO 1JIv ra3oM (puc. 40).

2. I[lpuHynuTeIbHasE KOHBEKIIMSI. Puc. 41. [IpunyaurenbHas

BHemHee ycTpolicTBO, Hampumep KOHBCKIINA
BEHTUJISITOP WJIM HACOC, UCITOJb3YETCS JJIsl YCKOPEHUS MMOTOKA KMIKOCTU
WJIM Ta3a MO MOBEPXHOCTHU TBEPAOTo Teja. bbricTpoe NBUXEHME YacTUUeK
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SKMIKOCTH WJIM Ta3a MO MOBEPXHOCTU TBEPIOIo Tejia MAKCUMU3UPYET TeM-
repaTypHbI TPaIUEHT U YBEJIMYMBACT CKOPOCTh TerioooMeHa (puc. 41).
MexaHu3M Teruiornepeaayy yepes3 MorpaHUYHbIN CJI0M MPUHUMAETCS
Kak MpOBOAMMOCTb [0 HAMpaBJIEHUIO OCHU ) Yepe3 CTAllMOHAPHYIO XU -
KOCTb (MJIM ra3) psiioM CO CTEHKOM, paBHasi CKOPOCTU KOHBEKIIMU OT MO-
IPAaHUYHOTO CJI0SI K CAaMOM >KMIKOCTU WM Ta3y. DTO MOXKHO 3aIlucaTh Tak:

hA(T, - T,)=-)A(dT /dy)s.

KoadduiimeHT KOHBEKIIMM 11 AAHHOTO CIydasi MOXET ObITh OIpe/e-
JIEH U3MEpEeHNEeM CKOPOCTH TeIJIoNepeHoca U pa3HULIbl TeMIIEpaTyp WU
M3MEPEHUEM TEMIIEPATyPHOIO TPaaeHTa, MPUMbIKAIOIIETO K ITOBEPXHO-
CTU, Y Pa3HULIbI TEMIEPATYP.

M3MepeHue TemnepaTypHOTO IpalieHTa MOIePeK MOrPaHUYHOTO CJIOS
TpeOyeT BICOKOU TOUHOCTU 1 OOBIYHO MPOBOAMTCS B HAyYHO-MCCIEI0BA-
TeJIbCKUX JJabopaTopusix. Bo MHOrMX yueOHUKaxX MPUBOISITCS TaOJIMYHBIS
JNaHHble KO3(hGUIIMEHTOB KOHBEKTUBHOM TeIionepeaayu ajs pa3indHbIX
KOH((pUTYpaLuii.

Huxe nmpuBeaeHbl HEKOTOPbIE TUITMYHbIE 3HAYEHUS U151 KO3 puieH-
Ta KOHBEKTUBHOI Terutonepenaun 4 (Bt/m*K):

. Koaddumment Temnonepe-
Cpenmmii ?lg)qn h (Br/m*K) P
Bosnyx (ectecTBeHHAst KOHBEKIIVSI) 5-25
Bosnyx/mieperpeTsiii map (nmpuHynureabHas Konsekiusi) | 20—300
Maciio (mpuHyauTeIbHask KOHBEKIIMS) 60—1800
Boga (mpuHynuTenbHasi KOHBEKIIVS ) 300—6000
Boga (xumsiiast) 3000—60,000
ITap (koHOEHCUPYIOIIMIACS) 6000—120,000

WU3ny4enune

TermoBoe U3JIydeHMEe TPEACTABISIET COOOM TEIJTIOBYIO SHEPTUIO, UCITY-
CKaemylo TeJlaMu B popMe 2JIEKTPOMarHUTHBIX BOJIH. Bee Tenna ¢ temnepaty-
PO BbIIIIE a0COTIOTHOTO HYJISI UCITyCKAIOT TEITOBYIO SHEPruio. BBumy crio-
COOHOCTH 3JIEKTPOMArHUTHBIX BOJIH MPOHUKATh CKBO3b BAKyyM, IS TOTO
YTOOBI U3TyYEeHUE UMEJIO MECTO, He TpeOyeTcsl Haauuue cpeabl. Ha puc. 42
MOKa3aH AWarna3oH 3HAYEHUM JJIWH BOJIH TETIJIOBOTO U3JTy4YeHUS B CpaBHE-
HUM C U3JTyYCHUEM MATEpUU IPYTUMU CITocoOaMu (pEHTTE€HOBCKOE U3y~
YEHUE, Y-U3TYYEHUE, KOCMAYECKOE U3JIYYEHUE U T.11.).
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Buoumpiii

Vi mpaguonemoetii \ Hudppaxpacnsiit

ocMuyecKue Iy,

Tamma - myuu I

renmeeyoacxue yu

Tennoeoe UsnyHeHue

‘ IPaOap, paouo, meﬂeeuaeuuel

10°® 10° 10" 107 1 10° 10* 10° 10
JvHa BOHEL (Um)

Puc. 42. Jlnana3oH 3Ha4eHWI JUTMH BOJIH TETIJIOBOTO M3JTYy4eHUS

Tennosas sHeprus CojiHIAa fOocTUTAaeT 3eMJIU 3a cueT uznydyeHus. W3-
JlydeHUe MpeacTaB/IsieT CO00I caMblii OBICTPBIA MeXaHM3M MepeHoca Tell-
Jla, TaK KaK 3JIEKTPOMArHUTHbIE BOJIHBI pACIIPOCTPAHSIIOTCS CO CKOPOCThIO
CBeTa.

OcCHOBHBIE OIpeieIeHUsI, CBSI3aHHbIE C U3TyYEeHUEM:

a0COJIIOTHO YepHOoe TeJI0 — MIeaIbHbIN U3TyyaTesib, KOTOPbIA UCITY-
cKaeT 1 abcopbupyeT MaKCMMaJIbHO BO3MOXKHOE KOJTUUYECTBO U3JTY-
YeHUs MpU JI0ObIX TeMMepaTypax 1 IjauHax BojHbl. [Iprumepom ab-
COJIIOTHO YEPHOTO TeJjia CIAYKUT MaJleHbKOE OTBEPCTUE B HArpeToi
MOJIOCTHU;

H3JIy4yeHHe — UHTEHCUBHOCTb, C KOTOPOU M3JydeHUE MPOUCXOAUT
Ha MOBEPXHOCTU MO BCEM HampaBleHUSIM Ha €IUHUILY TJI0IIAIN;
HHTErpajbHAs CBETUMOCTh — MHTEHCUBHOCTD, C KOTOPOIi U3JTy4yeHNe
MOKUAAeT IMOBEPXHOCTh M3-3a SMUCCUM U OTPAXKEHUS MO BCEM Ha-
MpaBJICHUSIM Ha €IMHMILY TUIOIIAAU TTOBEPXHOCTH;

adcopOMoHHAasA COCOOHOCTD (00) — YaCTh CIAYyYallHOTO MU3y4yeHMs],
rorjolaeMasi TIOBEpXHOCTbIO;

OTpaxaTeIbHAs CIOCOOHOCTD (p) — YaCTh CTYYaHOTO U3TYYEHUSI, OT-
paxkaemasi ToBepXHOCTbhI0. OTpakaTebHasi CIOCOOHOCTh AOCOIIOTHO
YEpHOTO TeJia paBHA HYJIIO.

MPONYyCKaeMOCThb (T) — 4YacTh CJIy4aliHOTO M3JydyeHUsl, MepeaaBae-
Masi noBepxHOCThI0. [IporpamMmMHoOe obecrnedyeHue Mpearnosiaraer, 4YTo
MMPOMYCKAeMOCTh paBHA HYJI10. AOCOPOLIMOHHYIO CITIOCOOHOCTb, OT-
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OTpaxeHHOe Iajaromee paxaTcJIbHYIO CHOCO6H0(3Tb n 1apo-

usayderue (p 1) msmydeHue (I) ITYCKaeMOCTb HEKOTOPOM ITOBEPX-
HOCTHU CBs3bIBA€T CJACAYIOHLICC
oTHouieHue (puc. 43):

)

lll'Im'Jmu:

o+ p+1t=1I;

o M3JIyYaTeJbHAsd MOIIHOCTD (£) —

H3ITyeH
* MHTCHCUBHOCTb UCITYCKaHUA U3JTY-
YCHUA ITOBCPXHOCTHIO IO BCCM Ha-
INpomyientoe
H3IyUeHIe MPaBJICHUAM Ha €IMHULLY [UIOLAAN

TMOBEPXHOCTU. PazmMepHOCTH BEU-
uyuHbl E TakoBa: Br/M?;

« KO3(unueHT u3aydeHuss — OT-
HOIIIEHUE U3JTYyYaTeIbHON MOIIIHO-
CTU MOBEPXHOCTHU K U3JIy4aTEJIbHOU MOUTHOCTH a0COTIOTHO YEPHOTO
TeJla IIpU OJHOM U TOM Xe TeMIIepaType:

€ =E/Eb7

riae £, — usiyyateabHasi MOITHOCTb YEPHOTO TeJia IIPU TOM XKe TeMIie-
parype. KoadpuuneHT u3nydyeHus1 HEKOTOPOI MOBEPXHOCTHU TIPe/I-
CTaBJIsSIET COO0M (DYHKILIMIO OT TEMIEPaTypHI.
3akon Credana — BboabiMaHna ycTaHaBIMBaeT, YTO MHTErpajabHasl CIo-
COOHOCTD M3JIy4eHHUsI aOCOJIIOTHO YepHOTO TeJia uiu E, orpeaensieTcs co-
OTHOIIICHUEM

Puc. 43. CBs13b aOCOPOLIMOHHOM CITOCOOHO-
CTH, OTpaXaTeJIbHON CITOCOOHOCTH U TIPO-
MYCKAaeMOCTHU

E,=cT",

rae o — noctossHHas CredaHa — bonbumana; 7'— abcoJiroTHas Temnepa-
Typa abCOJIIOTHO YEPHOTO TeJia.

3HaueHue nocrogaHHoi Credpana — BonbuMana cocrasiser 5,67x1078
Br/m*K*unu 3,3063x 107" BTE/c:mioiim* F*. CiekrpanbHas BapyuaLus 13-
JIydeHMs1 aOCOTIOTHO YEPHOTO TeJia onuchiBaeTcs Pacnpenenenuem Ilnanka.

3akoH [1n1aHka 1aeT ”THTEHCUBHOCTh, U3/Ty4aeMy10 a0COTIOTHO YePHBIM
TeJIOM, KaK (DYHKIIWIO TJTMHBI BOJIHBI (MJIM YaCTOTHI):

2hc? 1

Eb(TJ)=T'T,

ek 1
rae h — nocrogHHas [1nanka = 6,6262x107** JIx-cex; ¢ — CKOpOCTb CBe-
Ta B BaKyyMe; A — JUIMHA BOJHBI UCITYCKaeMOro u3ayyeHus; K — mocTo-

ssHHasl bonbimana; T'— abcosoTHas TeMieparypa.
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[Ipu nHTErpUpoBaHUM 3aKOHA pacmpeneieHus [l1aHkKa 1o BceM K-
HaMm BoJIH (M) BeiBoguTcs 3akoH CredpaHa — boabiimaHa.

Ecau abconoTHO YepHOE Teso ¢ TIONIAIbi0 TTOBEPXHOCTU A TIOrpyKa-
€TCSI B Cpely C TeMIIepaTypoil OKpykeHus 7, TO YucTast CKOpOCTb MCTOKA
TEIlIa, U3Iy9aeMOro abCOIIOTHO YEPHBIM TEJIOM, 3aaeTCsS OTHOLICHUEM
=cA(T'-T}). T,> T,

anyqel—me

rne T, — abcostoTHas TeMmiiepaTypa abCoII0THO YepHoro tena; 7, — ao-

COJIIOTHAS TeMIIepaTypa OKpyKalolleil cpeabl (TemMIiepaTypa OKpyKeHus ).
MonudunupoBaHHbIii 3aKoH CtedaHa — bosibliMaHa [1ij1s1 He abCOoTI0T-

HO YEpHOTO TeJIa 1aeTCsl OTHOIIIEHUEM

=ecA( T - T)"),

Qpazmauym

e € aBJsieTcs KoahGUIMEHTOM U3Ty4eHUs MCITyCKAlOIIEei ITOBEPXHOCTH,
orpeelisieMbIM KaK OTHOIIIEHHE M3JTydyaTeIbHOM MOLIIHOCTH TaKO ITOBEPX-
HOCTH K M31y4aTeIbHOI MOITHOCTHY a0COJIFOTHO YePHOTIO TeJia IIpY OIMHA-
KOBOIi Temmneparype. MaTtepuajiam rpucBauBaeTcsl 3HaueHue Koahhuim-
€HTa u3ydeHus B rpenenax Mmexnay 0 u 1,0.

AOCOJIIOTHO YepHOe TeJOo, CeJoBaTeIbHO, 00J1a1aeT KoaPdUuiimeHToM
u3J1y4eHus, paBHbIM 1,0, 1 aOCOMIIOTHBIN OTpaxkaTeab uMeeT Koahhulm-
€HT U3JIy4yeHMUsl, paBHbIi (.

KoadduiimeHT n3ydeHus: MaTepuaa siBIsIeTCsl onpeaeIeHHbBIM CBOM -
CTBOM MaTepuasa, 3aBUCSIIAM OT TeMIIepaTyphbl IOBEPXHOCTU U KauecTBa
00paboTKM nMoBepxHOCTU. B Tab1. 4 nepevynciaeHbl 3HaYeHUsT KO3 huim-
€HTa U3JIy4eHUSI 1JIs1 HEKOTOPBIX MaTepUaJIioOB.

Tabauya 4
Koad dumeHTs! u3ydenns 1jisi HEKOTOPbIX MATEPHAJIOB
Mertann Temmnepatypa (°C) W3znyyaemMocTh

Antomunuil

HInudoBaHHBIN 50-500 0,04—-0,06

I'py6Gast MoBepxXHOCTH 20-50 0,06—0,07

OKUCIEHHbBIH 200 0,11
Jlamyno

InmndoBaHHbBII 200 0,03

KaraHbIit 1ucT 20 0,06

HeokucneHHblit 25 0,035

OKUCIIEHHBI 200 0,61
bpon3a, nuimdoBaHHbI MaTepran 50 0,1
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Okonuanue maba. 4

MeTtann Temmepatypa (°C) W3nyyaeMocTb

Yenepoo

Hutb 1000—1400 0,53

I'padpur 0—3600 0,7-0,8

HeokucneHnbrit 100 0,81
Meds

AJMTUPOBAHHBI 100 0,26

ITpoMbIlUTEHHBI 20 0,07

I oBaHHBIM 50—100 0,02

HeokucneHnbrit 100 0,02

OKUCIIEHHBI 50 0,6—0,7
Cmekano 20—100 0.94-0.91
Yyeyn

C pXaBUYMHOM 25 0,65

OKUCIJIEHHBI 200 0,64

HeokucnaeHHbI 100 0,21
Ceuneuy

OKUCIIEHHBI 200 0,96

HeoxkucneHHblit 200 0,63
Huxkenv

InmndoBaHHbII 200—400 0,05-0,1

OKUCIEHHBIN 200 0,37

HeoxucneHHbiii 25 0,045
Ilhamuna

InudoBaHHbBI 200—600 0,05-0,1

HeokucneHHbIit 25 0,037
Dapgpop 20 0,92
Keapy — 0,92
Pesuna

XKecrtkasg 20 0,95

Msarkast 20 0,86
Kpemnuii — 0,92
Cepebpo

LInudoBaHHbIIA 200—600 0,02—0,03

HeokuciaeHHbI 100 0,02
Cmans

I'pybast moBepXHOCTh 50 0,95—-0,98

IInudoBaHHbIA 750—1050 0,52—0,56

OKUCIIEHHBI 200—600 0,8

HeokucnaeHHbI 100 0,08

CruraBHOI 500 0,35
Hunx

OKUCIEeHHBIH 200—-300 0,04—-0,05

HeoxkucneHHbIi 300 0,05
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06MeH u3ny4eHnem mexay noBepxHoCcTAMM

YpaBHeHMEe, yHOMSHYTOE B IIPEAbIAYILEM pa3ee s OLIEHKU CKOPOCTHU
0OMeHa Hepruei ¢ MOMOILbIO U3JTyYeHUSI MEXIY CEPBIM TE€JIOM 1 OKpYXKa-
oIl Cpeaoit, MpeAnoaraeT, YTo U3aydaroliee TeJ0 MOXET BUIETh TOJIbKO
00JIbIIIOE OKpY2Kalolllee a0COMIOTHO YepHOoe TeJlo (IpeacTaBisiiollee co0oit
okpyxarmlyto cpeny). CienoBaTeabHO, IIPEANOaraeTcs, YTo BCsSI SHEP-
rusi, MCIIycKaemasi MaJibIM M3JIydalolliuM TeJIOM, abcopOUpyeTcs OKpyxka-
IOLIEH CPemo.

B curyauusx, korga usaydyampliue Teja Mpou3BOAsST YaCTUYHO OOMEH
U3JTy4eHUEM, CJIeayeT BBECTU MOHATHE KOIDDUIIMEHT BUIMMOCTHU U3JTY-
yeHus (F).

KoadduiieHT BUIUMOCTH U3Ty4eHUS TIOBEPXHOCTH i B OTHOILIEHUU T10-
BEPXHOCTHU j OIpPee/IsIeTCs] KaK OTHOIIEHNE S9HEPTUM, UCITyCKAEMOM ¢ Mo-
BEPXHOCTU i M HEMOCPEACTBEHHO IOCTUTAIOIIE MOBEPXHOCTH j, K 00I1Ie-
MY KOJIMYECTBY SHEPIUU, TOKUIAI0IIEH TOBEpXHOCTh i. IMes B BUIly Takoe
oIrpeaeeHure, IojydyaeM, UTO YUCThIA OOMEH U3TyYeHUEM MEXITY OBEePX-
HOCTBIO IUIOLIAAbIO A; 1 TeMIepatypoit T; 1 HEKOTOPOii OBEPXHOCTHIO A;
¢ Temnepatypoil 7} 3a1aeTcs OTHOLIEHUEM

Qpeme =& AF, (T = T}),

rae F; — KOHGUTypaunOHHBINA (aKTOp MOBEPXHOCTU [ OTHOCUTEIBHO 10~
BEPXHOCTH J; € — KOI(PPUUMUEHT U3IydeHUs] TIOBEPXHOCTH I; 0 — MOCTO-
sHHas CtegaHa — boJibliMaHa.

KoaddpunueHTbl BHIMMOCTH, U3BECTHbBIE TaKKe KaK (hopM-(aKTOpbl WU
K02(PULIMEHTHI (DOPMBI, UTPAIOT HEIMMOCPEICTBEHHYIO POJIb B IIEPEHOCE TEIl-
J1a 3a cuet uznydyeHus. KoappuuneHT BuImmMo-
¢ty F; Mexay aByMsl MajIbIMM IIJIOLIaAKaMu A,
1 A; onpenensercs Kak ApoOHas 4acTh U3JIyde-
HUsI, TTOKMAIOIIETO TUIoIanb 4;, KoTopasi nepe-
XBaTbIBAETCA TUIOLIANbIO A;. [Ipyrumu ciioBamu,
F; npencraBiger To, HACKOJIbKO XOPOLIO I1JI0-
n1anka A; «Buaum» miomanky A, Kosdduument
BUIMMOCTH Fj; 3aBUCUT OT B3aMMHOM OpUEHTa-
LMY MaJIbIX IIJIOUIAN0K A; U A;, a TakXKe paccTo-
SIHUSI MeXXAy HUMU (puc. 44).

Puc. 44. OnpeneneHue Koah-

(uLMeHTa BUTMMOCTH U3ITy-

YeHUS IUTS IBYX OECKOHEYHO
MaJTbIX TTOBEPXHOCTEM
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Jns 1ByX GECKOHEYHO MaJlbIX MIOBEPXHOCTEN dA; v dA; Koo PuLmreHT
BUIMMOCTH dF}; 3a1a€TCSA COOTHOLIEHUEM
c0s0, cosO ;
— ! J
dF, ===t dA,

nR;

rae 0; 1 0, MPeACTaBIA0T COO0M YIJIbI MEXAY €NMHUYHBIMUA HOPMAJIIMU
K IIOIIAAKAM, a IMHUA R; coequHseT 3Ty ase rowany. Eciau obe mioma-
I KOHEYHbI, TO KOG (PULIMEHT BUANMOCTH 3aJaH OTHOIIEHUEM

1 €c0s0.cosO .
F=—||——F—2dAdA.
i Al ;[;1[ an J

B cuny BblllieyKa3aHHOTO YpaBHEHMSI, BCETIa yIOBJIETBOPSIETCS ClIeLy-
I011Ie€ OTHOLLIEHWE MPUHIIMIIA B3AUMHOCTH:

ArE/ = A'J'E'r

Bo MHOrMX TuTepaTypHbIX UCTOYHUKAX
10 TerJtonepenayde MpUBOASTCS Koadhu-
LIMEHTBI BUIUMOCTH JJ151 001aCTEN IPOCTOMN
(opmnl. Pacuer koadpuiimeHTOB BUIUMO-
CTU JUIS1 peajibHbIX 0OBEKTOB, UMEIOIIUX
CJI0XHYI0 (hopMy, TpeOyeT OONBbIINX YCU-
JIUI 1 3aTpaT BpeMEHU J1axe TPpU UCTIOb-
30BaHUU OBICTPOACHCTBYIOIIMX KOMITbIO-
TepoB. Eciu TpedyeTcst paccunTaTh KO3gh-

I'pans B

Puc. 45. Onpenenenue Koaphuum-
€HTa BUIMMOCTH JIJIsT OLICHKU M3JTy-

YeHMS] MEXITY TpaHsMi A u B (puLIMEeHTBI BUIUMOCTH JUIs1 OLIEHKM U3TTY-
Tpans 1 rpap2  ICHHA MEXIY TPaHAMM Au B, mporpamma
MOHMMAaET KaXIyl TaKylo I'paHb KaK CO-

'DZ\ E CTOSIIIIYIO 13 MAJIbIX ILJIOIIAO0K (ITOBEPXHO-

7 CTeit), 3aJaBaeMbIX 3JIEMEHTHBIMU TPaHsI -

MU (puc. 45). 3atem rnmporpaMma BEIUMCIISI-
€T KOA(PULIMEHT BUAUMOCTH JIJIs1 KaxK a0
b | 2JIEMEHTHOM I'paHU OTHOCUTEJIbHO BCEX
JIPYTUX 2JIEMEHTHbBIX IPaHeil HA MHOXKECTBE
syeeK. B Takue pacueTsl BKIIOYAIOTCS KO-
| 1 sdduimeHTs BUIUMOCTH MEXITY SJIEMEHT-
Pic. 46. Onpeeneiie KoobuiLi HBIMM I'PAHSIMU HA OTHOM U TOM XK€ reoMe-

€HTa BUIUMOCTH TS KaXXJIOU 3J1e- TPUIECKOU rpaHn (pI/IC 46)

MEHTHOI IPAaHU OTHOCUTEJIEHO BCEX Bornyras rpaHb ¢ pa3yMHO MEJIKOM
JPYTUX rpaHeit CETKOM MOXET M3JIy4yaTh cama Ha ceOsl.

OGmacTs,
TOJHOCTHEO
3AKPBITAA OT
H3ITyYeHHA ‘l
rpaHH 2

L
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[11ockue u BBITIyK/IbIe TPaHU caMU Ha ce0sl He naydatoT. Takue 3¢ dek-
Thl YYUTBIBAIOTCS IIPOrPaMMOIi aBTOMAaTUUECKMU.

MznyyeHue Mexxay 1ByMsI TpaHSIMU MOXKET ObITh OJIOKMPOBAHO KaKOW-JTH -
00 rpaHbIO TPEThETO 3JIeMeHTa. B TakoM citydae KoapPUuLUMeHT BUTUMOCTU
craHoBUTCA paBHbIM (. [IporpamMMmHoe obecrieueHre aBTOMaTUYECKU YIU-
ThIBaeT OJJOKHMPOBAHUE MEXIY BCEMU 3aJaHHBIMU I'PaHSIMM, KaK 3TO MO-
KazaHo Ha puc. 46. JIy1st mpaBUJIBHOTO paCCMOTPEHUS 1 yueTa OJIOKUpOBa-
HUSI HEOOXOIMMO BbIOpATh TpaHU, MIPUHUMAIOIIME YJacTUe B U3IYYEHUU.
B npuBeneHHOM Ha puc. 46 mpuMepe rpaHu 3 U 4 YaCTUYHO OJIOKMPYIOT U3-
JydyeHue Mexay rpaHssMu 1 u 2. HeBepHbIe pe3yabTaThl MOJIy4alOTCs B TOM
ciiydae, €CJI BIOpaTh TOJILKO TpaHu 1, 2 u 3.

WN3ny4eHue oT noBepxHOCTEH 0605104KM

J1J1s1 060J1049€K C CETKOM 0007109KH 1 KOMOMHUPOBAHHOM CETKOM TOCTYI-
HO oIpefieSieHue U3IydeHusl OT ITIOBEPXHOCTH K MOBepXHOCTU. Eciiu moBepx-
HOCTb 000JI0UKM BBIOMpAETCsI AJIsl U3TYyYEHUS OT MOBEPXHOCTHU K ITOBEPXHO-
CTH, TO MpOorpamMmMma IpearnoaaraeT, YTo 00e CTOPOHbI 000JI0UKM U3TYYaloT.
[Tpu onpeneaeHUK U3JIydeHUST OT MOBEPXHOCTE 000J0YKM BO3MOXKHbI
cJIeayIolle BapuaHThI:
. M3znydyeHune B oKpyXalolylo cpefay OT BEpXHeli 4acTu MOBEPXHO-
CTU O0OJIOUKHU.

. M3znydyeHune B OKpyXalollylo cpeay OT HUXKHE 4acTu MOBEPXHO-
CTU 00OJIOUKMU.

. g M3nydyeHne oT 06enx NOBEPXHOCTE 000JIOUKH.

o L7 BepxHdas CTOPOHA BEIOPAHHO ITOBEPXHOCTH.

CTauMoHapHbIA U HEeCTALMOHAPHbIA PEXUMbI TENN0o6MeHa

Ilepenaua TermioBoOli 3HEPIrUM TECHO CBsSI3aHA C paclpeneieHUeM TeM-
repaTrypbl B IPOCTPAHCTBE U BPEMEHU, T.€. C TeMIEpPaTypHbIM IIOJIEM.
B o0uiem cnydae Temnepatypa ¢ B JIt000I TOUKE MPOCTPAHCTBA SIBISIETCS
(byHKI1IME# KoopauHarT X, y, Z 1 BpemeHu T. CienoBaTebHO, ypaBHEHNE
TEeMIIEpaTypHOro IoJisl OyaeT

t=f(x»21).
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ITonoGHoe nosie, B KOTOPOM TeMIlepaTypa MEHSIETCsI C UBMEHEeHHEM Bpe-
MEHM, Ha3bIBAETCSl HECTAMOHAPHBIM (MM NIEPEeXOIHBIM).

Ecnu Temnepatypa Bo BpeMeHU He MEHSIETCsI, TO M0Jie Ha3bIBaeTCsl CTa-
HHOHAPHBIM 1 €TI0 ypaBHEHUE OyleT

t=f(x 2).

[Ipocreiimm cirydaeM TeMIepaTypHOTO IOJIsT, HanboJee 4acTo UCIIOJb-
3ye€MOro B TEOPUM TEIUIOOOMEHa, SIBJISIETCS CTAllMOHAPHOE OJHOMEPHOE
ToJIe, ypaBHEHME KOTOPOTO UMEET BUJL

t=£(x).

CrauuoHapHblii TENJIOBO# PeXKUM — 3TO PEXUM, TP KOTOPOM TeMIIepa-
Typa B 110001 TOUKe Teia HeM3MEHHA U He 3aBUCUT OT BPEMEHH, T. €.

ot/ot= 0.

Hecrammonaphbie (nmepexoaHsie) Npouecchl — 3TO MPOLIECCHI TTIEPEHO-
ca TEeIJIOThI 3a CUET TEeTJIONPOBOJIHOCTU MPU OTCYTCTBUU BHYTPEHHUX UC-
TOYHUKOB TEIJIOTHI, KOIJIa TeEMIepaTypa CUCTEMbl UBMEHSIETCS HE TOJIbKO
OT TOYKHU K TOUYKE, HO U C TEUEHUEM BPEMEHU.

OHM UMEIOT MECTO MPU HarpeBaHUM (OXJIaXKIEHUN) pa3IUnUHbIX 3aT0TO-
BOK U U3JEJINIA, MTPOU3BOACTBE CTEKJIa, O0KMUIe KUpIIMJa, ByJKaHU3aLUU
PE3UHBI, MyCKE U OCTAHOBE Pa3IUYHbIX TETJIOOOMEHHBIX YCTPOMCTB, dHEP-
reTUYEeCKUX arperaToB U T. 1.

Cpeau npakTU4YeCcKHUX 3aJa4 MepexoIHOM TeIJIONPOBOIHOCTU BaXKHE -
1Iee 3HauYeHMe MMEIOT JIBe IPYIINbI POLECCOB:

a) TeJIO CTPEMUTCS K TEIJIOBOMY PaBHOBECHIO;

0) TeMIiepaTypa Tejia IpeTeprneBaeT Mepuoanyeckue U3MeHeHMUsI.

K nepBoii rpymre 0OTHOCSTCS MPOLECChl MPOrpeBa Win OXJIaxKACHUS TeJl,
MOMEIIEHHBIX B Cpelly C 3alaHHBIM TEIJIOBBIM COCTOSIHMEM, HAaIllpuMep,
nporpes 00JBAaHKU B TeUM, OXJaxKIeHUEe MeTaJlJIMYeCcKuX OpyCKOB U 4y-
LIEK, 3aKaJIMBAaeMOM JeTalu U T.I1.

Ko BTOpOI1 rpy1ine oTHOCSTCS MPOLIECCHI B IEPUOINYECKU TeMCTBYIOLLINX
rojorpeBaresisix, HalmpuMep, TEIIOBOM MpoliecCc pereHepaTopoB, HacaaKa
KOTOPBIX TO HarpeBaeTcsl AIMOBBIMU ra3aMu, TO OXJIAXKAAETCSI BO3YXOM.

B SolidWorks Simulation cyiiecTByIOT IBa TUIIa aHA/IM3a TeTJIoNepeadun:

o TepMuueckuii aHaJIM3 YCTAHOBUBILIETOCSI COCTOSIHUS (CTallMOHAPHBI

Tern0BoM pexxuM). [1pu 3TOM THIIe aHaJIM3a HAM UHTEPECHbBI TOJIBKO
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TepMUYECKME YCIOBMS TeJla TOTAa, KOrjaa OHO JOCTUTHET COCTOSTHUS
TEIJIOBOTO paBHOBecHs. Ham He MHTepecHO 3HaTh BpeMsl, 32 KOTOPOe
T€JIO TOCTUTHET TaKOro COCTOsIHMSA. [1pu TeraIoBoM paBHOBECUHU Te-
TJIOBAsl 9HEPrus, BXOs111asl B JI0OOI TOUKe B MOJIeJIb, paBHA TEIIO-
BOIl 3HEpruu, Mokuaalollei ee. B mpuHiune, eAMHCTBEHHbIM Ma-
TepUaTbHbIM CBOCTBOM, HEOOXOAMMBIM [IJIs1 BBITTOJIHEHUS aHaIM3a
YCTAaHOBUBILIETOCSI COCTOSIHUS, SIBJISIETCS TETLJIONPOBOIHOCTD;
TepMmuyeckuii aHaJIM3 IEPEXOIHOTO Tpoliecca (HecTallMOHAPHbIN pe-
kuM). [Tpu aTOM THUIIE aHaIKM3a HAM UHTEPECHO Y3HATh TEPMUUECKOE
COCTOSIHME MOJIeJId KaK (hyHKIIMY BpeMeHU. [IpoeKTUPOBIIMK TEPMO-
ca, HampuMep, 3HaeT, YTO TeMIiepaTypa XUAKOCTU BHYTPU HETO OyIeT
BIOCJIECTBUM paBHOI KOMHATHOM TeMnepaType (YyCTaHOBUBILIETOCS
COCTOSIHMSI), HO €My MHTEPECHO HAalTU TeMIlepaTypy KUIKOCTU KaK
(ynkuuto BpeMeHu. [1pu 3anaHK CBOMCTB MaTepuaia JJisl epexo-
HOTO TEPMMYECKOI0 aHa/Iu3a TpedyeTcs 3a1aTh TEILIONPOBOAHOCTD,
IUIOTHOCTbD U yIIEJIbHYIO TeI10eMKOCTh. Kpome Toro, TpedyeTcs yka-
3aTbh Ha4YaJIbHbIE TEMIEPATYPbl, BPEMS TOCTUXKEHMS PEIICHUSI U TIPU-
pallieHMe 110 BpeMeHU. [1JIs mepexoaHbIX UCCAeq0BaHUI MOXHO ac-
COLIMMPOBATH TETIJIOBOM IMOTOK U TEIJIOBYIO MOIITHOCTh C HEKOTOPBHIM
TEPMOCTATOM, ONpeAe/IsieMbIM TeMIIePaTyPHbIM IMANa30HOM B yKa-
3bIBAEMOM MECTOMNOJIOXEeHUU. JIJI1s1 KaX/10ro BpeMeHHOTO MHTepBaja
MporpaMma BKJIIOUaeT UM OTKJII0UaeT yCIOBME TeII0BOI MOIIHOCTHU
WJIM TEIJIOBOTO IMTOTOKA HA OCHOBAHMM TeMIEpaTyphbl B MECTE PACIiO-
JIOKEHMS TepMOCTaTa.

MexaHnusm Tepmocrara

B SolidWorks Simulation a1st mepeXomHbIX TEPMUYECKUX UCCIeT0BaHUM
MPEAYCMOTPEH MEXaHU3M TEPMOCTATa, KOTOPLII MO3BOJISIET KOHTPOIUPO-
BaTh BCe U3MEHEHMS TETIJIOBOM MOIIIHOCTH M TETUIOBBIX ITOTOKOB IMPU J10-
CTVDKEHUU TPeOyeMOTo TeMIIEpaTypHOTO TMaIia30Ha B HEKOTOPOI BEPILIMHE.
JI71 KaxkaoTo 11ara peleHus CTaTyC TeIUIOBOM MOIIIHOCTH WMJTM COCTOSTHUS
ITOTOKA pellaeTcss Ha OCHOBAHUU TeMIIEpaTyphl B YKa3aHHOM BepIIHE
Ha TIpeIpIayieM 1mare. B nccienoBaHnm MOXHO KCITOJIB30BaTh HECKOJIb-
KO TEPMOCTATOB.

ITpy moJyoXXUTETPHOM 3HAY€HUU TETJIOBOI MOLIIHOCTHY VJTU YCJTOBUS T€-
IUIOBOTO MOTOKA YCTPOMCTBO AEUCTBYET KaK HarpeBaTe b, KOTOPBIi BKITIO-
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Tewmeparypa  1ACTCSI BO BPEMsi CJIC/YIOLLETO Liara

Ipesellielie  PETCHUA, €CIIN TEKYyIlass TEMIIC-

k
Mace— |\ y
I paTypa gaT4yuka (BEpILIMHbI) paBHA
AWA

I°C|

WJIM HUXKE, YeM HU3IIasi UCKOMasl
TeMrneparypa. B mpoTuBHoM ciiyyae
YCJIOBUE HarpeBaHMsI OTKJIIOYAETCS.

ITpu oTpuliaTeIbHOM 3HAYEHUU
TEIJIOBOI MOITHOCTH WJIU YCJIOBUSI

Mun.

1, i TEILUIOBOTO IMTOTOKA YCTPOMCTBO pa-
Puc. 47. Tpaduk usaMeHeHust TeMrepatypbl  00TaeT KaK OXJIaJUTEb, T.€. BKIIIO-
BO BPEMECHU B MECTC PaCIIOJIOXKCHUA yaeTcsd Ha CJ'IGI[YIOH_ICM miare peme_

TepmocTara HUS, €CIIA TeKyIllas TeMIiepaTypa

JaTyuKa (BepllMHbI) paBHA WX BBIIIIE, YEM BbICIIIasl KCKOMasl TeMIlepaTypa.
B nnpoTuBHOM ci1y4yae ycaoBUe OXJIaXKISHUST OTKII0YAeTCs Ha TaKOM I11are.

Ecnu repmocTaT paboTaeT mpaBUIbHO, TO TpaduK TeMIIepaTyphbl MO Bpe-
MEHU B MeCTe TeMIlepaTypHOIro Juarna3oHa TepMocTaTa J0JKEH KoJie-
0aTbcsl, KaK 3TO MOKa3aHo Ha puc. 47, Mpu yCIOBUU, YTO UCIIOJb30BAHO
aZIeKBaTHOE KOJIMYECTBO BpeMeHMU. [Ip1 CIMIIIKOM O0JIbIIIOM OTKJIOHEHUHU
TeMIrepaTyphl OT OAHOM WM OT IBYX CTOPOH I'paHUII AMaria3oHa TepMocTaTa
clieayeT MU3MEHUTb CBOMCTBA UCCIIEOBAHUSI B CTOPOHY YMEHBILIEHUS Bpe-
MEHHOI'0 MHTepBaJia M 3aTeM CHOBA 3allyCTUTh UCCIIeIOBAaHUE.

Ecnu rpaguk TemriepaTypbl OJIy4aeTCsl BbIle UM HUXE TPaHUILL TEM-
repaTypHOro auana3oHa TepMocTara (Kak B KpuBbIX 1 1 2 Ha puc. 48), 3a-
JAHHbBII TEPMOCTAT YK€ He UTPaeT PoJiv B yIIPaBJIeHUU TEIJIOBbIM UCTOY-

HUKOM. B Takom ciyyae ciemnyet

| M3MEHUTb UCTOYHMK TeIlJla, MHbIE
\ TepMUYECKME HArPy3KU WM Orpa-
¥ 3 HUYEHUS, CBOIICTBA MaTepyalia Uin

! MECTO PaCIIOJIOKEHUs TEpMOCTaTa.

2 Ecnu temnepaTypa B MECTOIO-
4 JIOKeHUU TepMocTaTa puoImxka-

L / / €TCS K OTHOM 13 TpaHUI] TeEMITepa-
/ TYpHOIO Juarna3oHa TepMocCTaTa,
HO He IepecekaeT ee (Kak B KpM-

BbIX 3 1 4 Ha puc. 48), ciaenayer yBe-
JIMYUATH BpeMsI pellleHUs U Tiepe3a-

T°Cj

Makc.

T, Mun

Puc. 48. I'pacdbuku uameHeHUs TeMIieparTy-

Dbl BO BpEMEHU, TIPY KOTOPBIX CJEAYET U3-

MEHMTb TapaMeTpbl poliecca u nepezany-  HYCTATb UCCICAOBAHUC.
CTUTb UCCIIEIOBAHUE
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PesynbTaTbl TEPMUYECKOr0 aHanu3a

[Tocne BbImOIHEHUS TEPMUYCCKOI'O UCCIICA0OBAHMA MO2KHO CO30aTh SI110-
PbI CJICAYIOIINX BEJIUYNH:

TeMIlepaTyphl;
rpaaMeHTa TeMIiepaTypbl B X-HanpaBieHUU BHIOpAaHHOM CIIpaBOYHOM
reOMEeTpUH;

rpaaveHTa TeMIlepaTyphl B Y-HanpaBieHUU BHIOpAaHHOM CIIPaBOYHOM
reOMEeTpUHU;

rpaaMeHTa TeMIlepaTyphl B Z-HaNpaBieHUU BHIOpAHHOM CIIpaBOYHOM
reOMEeTpUHU;

Pe3yJAbTUPYIOIIETO I'palieHTa TEMIIePaTyPh;

TEILIOBOIO MOTOKa B X-HaIpaBJIeHUU BbIOPAHHOM CIIPaBOYHOM Ieo-
METpPUU;

TEIIOBOIO MOTOKA B Y-HampaBieHUU BbIOPAHHOM CIIPaBOYHOM Ie0-
METPUU;

TEILIOBOIO MOTOKa B Z-HaIlpaBJIE€HUU BbIOPAHHOM CIIPaBOYHOM Ieo-
METpPUU;

Pe3yAbTUPYIOIIETO TEIJIOBOrO MOTOKA.

Hanpasnenus X, Y u Z oTHeCeHBbI K TJI00aJ1bHO KOOPAWHATHOM CUCTE-
Me. Eciu BbIOpaTh cipaBOYHYIO F€OMETPUIO, TO 3TU HaMpaBieHUsI OTHO-
CATCS K BLIOpAHHOMY CIIPAaBOYHOMY OOBEKTY.

ITporpamma Takoke o3BOJISIET ONPEAEIUTD TEIIOBOM MOTOK WY TEIIO-
BYIO MOIIIHOCTD (II€pEeX0IHOT0 TePMUUYECKOro IMpoliecca) AJIsl pacuera Te-
IJIOBOT'O PaBHOBECHSI.

Bonpocbl M 3apaHua ana camonpoBepKu

1.

JlonoHUTE TIpelJIoKeHMsI, BLIOpaB MpaBUIbLHBIE OTBETHI M3 MPEIIO0-
>KEHHBIX.
1.1. Tepmuueckoe ucciemoBanue B SolidWorks Simulation He mo3Bo-
JISIET ONPEACIUTD:
a) pacripenejieHrue TeMIiepaTypbl B pPaBHOBECHOM COCTOSIHUM;
0) TepMUYECKOE COCTOSIHME MOIeIN KaK (DyHKLIMU BPEMEHMU;
B) U3MEHEHME TeMIIepaTyphl CPEeIbl 32 CUET KOHBEKIIUU U U3JTY-
YeHUS.
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1.2. Tepmuueckoe uccaenoBaHue nepexomnHoro mpouecca B SolidWorks

Simulation — aT0:

a) MccleqoBaHNe N3MEHEHUS TEIJIOBOM MOIITHOCTH U TETUIOBBIX
IMOTOKOB KaK (PYHKIIUY BPEeMEHMU;

0) uccienoBaHNe U3MEHEHUS TeMIIEPATypPhI
Cpenbl 3a CYET KOHBEKIIMU 1 U3JIyYCHUS;

B) MCCIIeIOBaHKE pacpeaeIeHUs TeMITepaTy- ey
PHI B pABHOBECHOM COCTOSTHUM.

2. PaccunTath n3MeHeHUEe TeMIIepaTyphbl JIUTHUKA
(puc. 49), yepe3 KOTOpPHbIii MOJAETCS CTPYS KUIKOTO
MeTasia guameTpom 40 mum, pmmHoi 200 MM ¢ TeM-
neparypoii 650 °C B Teuenue 120 cek ¢ BpeMEHHBIM
nHkpeMeHToM 10 cex. HauanbHOe 3HaUeHUE TeM-

o Puc. 49. K zana-
repaTypbl TUTHHKA cocTaBiisgeT 60 °C. MaTtepuan HUIO TS CAMOCTO-
JIMTHUKA — MHCTPYMEHTAJIbHAS CTallb, MATEPUAN  grenpHoit paGOTHL.

@40

@80

JKMIKOTO METaJUla — MarHMeBbIi CILIAB. Tepmuueckoe Hc-
ITocTpouTs rpaduK M3MEHEHMUS TEMIIEPATYpbl C/CA0BAHME MEepe-
BO BPEMEHU. XOIHOTO Mpolecca

WccnepoBanus noTepu yCTOHYMBOCTH

HeoOxonumbIM yciioBreM 111 JIIOOOM MHXEHEPHOW KOHCTPYKIIMU SIB-
JISIETCS €€ YCTOMYMBOCTD. [1o/1 yCTOMYMBOCTBIO YIIPYTMX CUCTEM TTOHUMA-
IOT X CBOMCTBO BO3BPAILIATLCS B COCTOSTHUE PABHOBECHSI TTOCJIE MAJIbIX OT-
KJIOHEHUU U3 3TOTO COCTOSTHUS.

[ToTeps ycToUMBOCTHY onpeaesieTcs Kak BHe3anHas aedopmMaius, Ko-
TOpast IPOUCXOAUT IMTPU MTHOBEHHOM ITPOJIOJIbHOM JI€ICTBUY CXXMMAIOIIEH
Harpy3KM, KOrja oceBasi SHepIrusi Ipeo0pa3yeTcsl B SHEPTUIO U3rubda 6e3 nu3-
MEHEHUS TTPUT0KEHHBIX BHEITHUX HATPy30K.

TonHkue netanu u COOPKU C TOHKMMU KOMITIOHEHTaMM, KOTOpPbIE€ Harpy-
JKAlOTCS B OCEBOM HAIIPABJI€HUN, UMEIOT TEHICHLIMIO U3TrM0aThCs MO 0Ce-
BOM HArpy3Koi W MOTYT BBIATU M3 CTPOS B PE3yAbTaTE IIOTEPU YCTOMUMU-
BOCTH MPHY BEJIMUYMHAX HArpPy3KW MEHBIIUX, Y€M IPEIEIbHO JOMYCTUMOE
HaMnpspKEHWE MaTepualia, UCIOJb3YEMOE B CTATUYECKUX MCCIIETOBAHMUSIX.
JIJ1s1 TaKMX KOHCTPYKLIMIA KpUTHUYECKAs MPOAOIbHAsI Harpy3ka CTaHOBUT-
CSl KPUTUUYECKUM KOHCTPYKTUBHBIM (DaKTOPOM.
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AHaM3 NoTepy YCTOMUMBOCTU OOBIYHO HE TpeOyeTcs 111 00beMHBIX KOH-
CTPYKLMMI, TaK KaK pa3pylieHWe MTPOMCXOAUT MPEXKIIE BCErO BCIECACTBUE Ha-
TPY30K, MPEBBIIAIOIINX MTPEACIBHO JOMTYCTUMOE HAIIPSDKEHME MaTeprala.

MatemaTh4ecKu, KOTAa MPOUCXOIUT ITOTEPST YCTOMUMBOCTHU, )KECTKOCTh
CTAaHOBUTCS BBIPOXIEHHON. JINHEapu30BaHHBIN aHAIN3 MOTEPU YCTOMYIM -
BocTHU, nconb3yemblii B SolidWorks Simulation, mo3Boisier cBecTu 3amaqy
K BBIYMCJIEHUIO COOCTBEHHBIX 3HAYEHWUI MaTPULIbl )KECTKOCTA KOHCTPYK-
LIMU, OLICHUTh KPUTUUYECKYIO HArpy3Ky, BbI3bIBAIOILYIO TTOTEPIO YCTONYM-
BOCTHU, X OMIPEAETUTH COOTBETCTBYIOIINE (POPMBI TOTEPU YCTOMUYUBOCTH.

Monaenb MOXeT U3rudaThCs B pa3HbIX (popMax Mmoa Harpy3kaMu pasjind-
Horo ypoBHs1. @opMa, KOTOPYIO MOJIeIb TPMHUMAET BO BpeMsl IOTEPU YCTOM -
YMBOCTU, Ha3bIBaeTCS (hOpMOIi pesKuMa noTepu yCTOMIMBOCTH, a Harpy3Ka —
«KPUTUYECKOM» WM «KPUTUYECKOUN MPOIOJIbHOM HATPY3KOM».

ITpu mpoBenennu ananu3a B SolidWorks Simulation BeraucisieTcst Koam-
yecTBO (hopM (MOJI) 1O 3apocy B 11ManoroBoMm okHe Iloreps ycToiuuBOCTH.

KoHcTpykTOpOB O0OBIYHO MHTEPECYET caMast Hu3Kast Mona (mona 1), Tak
KaK OHA aCCOLMUPYETCS C CaMOM HU3KOM KPUTUUIECKON HAarpy3KO.

Korna nmorepst ycTOMYMBOCTU IBISIETCSI KPUTUYECKUM KOHCTPYKTUBHBIM
(pbakTOpOM, BBIYMCIIEHUE HECKOIBKUX (DOPM (MOJ) MOTEPU YCTOMUMBOCTHU
MMOMOXET 0OHAPYXUTh cadbie MecTa Mojeau. PopMbl ToTepU YCTOHRUUBO-
CTU MOTYT ITOMOYb U3MEHUTb MOAEIb U CUCTEMY OMOP, YTOOBI MPEIOT-
BPaTUTh ITPOTHUO B ONIPEIETICHHBIX PEXXUMAaX.

11 pacyeTa yCTOMYMBOCTH MOXKET MCIOJIb30BAThCS KaK TBEPAOTEIbHAS
MOJIeJIb, TaK U TIOBEPXHOCTHAS Mojelib Aetanu. [Ipu pacuere ycTtoitunBo-
CTU COOPKU — TOJIBKO TBEPAOTEIbHAS MOJIEIIb.

OrpannyeHusi pacuera

He yuutbiBarotcsi B ripoliecce Harpy>KeHusl 10 1 ITOCJIe MOTepU YCTOMUMBOCTU:

e UM3MEHEHUS TEOMETPUU MOJEIIU;

e HM3MEHEHME HallpaBJICHUI JEMCTBUS HArpy30K.

Takum obpa3om, 3amaya pelaeTcs B JMHENHON MocTaHOBKe. Moenb
MOXET U3rudaThCcsl B pa3HbIX (DOpMax Mo Harpy3kamu pa3iuuHOro ypoBHSI.

Bbonee MolHbI MeTOI MCCie10BaHUSI TOBEICHUS MOIeIel TIpU MOTepe
1 1ocJIe MOTEPU YCTOMUMBOCTH TPeOyeT UCIOIb30BaHUSI TPOrpaMMbl HEJIU -
HEIHOro aHajnu3a KOHCTPYKILIMM.

CnencTBus orpaHMYeHUiA
Pe3ynbraThl ncciemoBaHUS TTOIyYaTCs OMMHAKOBBIMM IPU CIICAYIOIINX
Pa3HBIX CIIOCO0AX MPUIOXKEHUSI HATPY3KU:
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« HampaBJIeHHasl Cuia;

e CuUJia, HOpMaJibHasl TPaHU;

o JaBJieHUE, Pe3yJbTUPYIOIIasg KOTOPOTO paBHA MO BEJIUYMHE CUJIE
(B yKa3aHHBIX BBIIIE CIyYasix).

OrpaHuyeHus 1151 COOpKU (KpOMe YKa3aHHBIX BBILIIE):

e HE YYUTBIBAETCS MOABUKHOCTb (CKOJbXEHUE, BpallleHEe) KUHEMa-
TUYECKUX Map.

Kpowme Toro:

o B SW Simulation He pa3aensiercss o01as U MECTHas MoTepsl yCTOM-
YUBOCTU. Brinensercs 3amaHHOe MoJIb30BaTEIEM YUCIIO (hOPM MOTE-
PU YCTOMYMBOCTHU, COOTBETCTBYIOIIEE HAUMEHbBIIUM Harpy3kam;

e AJITOPUTM ONpeAeIeHUsI KPUTUUECKOI CUJIbI UMEET Cephe3HbIE Orpa-
HUYEHMSI: HEBO3MOXHOCTb YU€CTb BJIMSTHUE PACTSATUBAIOIIMX HATPY-
30K Ha BEJIMYMHY KPUTUYECKOMN CUJIBI.

3anac npo4HOCTH Ha NOTEPIO YCTOHYUBOCTH

OTHoueHre MPOAOJbHBIX HATPY30K K MPUJIOXKEHHBIM HArpy3KaM SIBJIsi-
eTcst KOO (PULIMEHTOM 3a11aca MPOYHOCTH Ha IOTEPIO YCTONIMBOCTH (K ).
B Ta6u. 5 npuBeneHbl BO3MOXHBIE 3HAUYECHUS 3ariaca MPOYHOCTH.

Tabauya 5

3HavyeHus 3anaca NPOYHOCTH HA MOTEPIO YCTOMYHBOCTH
LTS PA3JMYHBIX COCTOSIHMI KOHCTPYKIUH

3HaveHUe 3a- CocTostHre
raca IpoYHO- rnoTepu 3ameTkun
cru (K)) YCTOMUYMBOCTU
IMotepst ycroii- | [IpunoxxeHHBbIe HATPY3KU MEHBIIIE, YeM BBIYUCIICH-
K,>1 YUBOCTH HE TIPO- | HbIe KpUTUYECKUE Harpy3Ku. [1oTepst ycTrounmBocT
THO3UPYETCS HE OXXUJAeTCsI
ITporHosupy- ITpunoxeHHbIe HATPY3KU MPEBBIIIAIOT BEIYUCICH-
0<K, <1 |ercanorepsa Hble KpUTHUYECKUE HATpy3Ku. Oxumaercs noteps
YCTOMUUBOCTU | YCTOWYMBOCTU
ITporHosupy- ITpunoxeHHbIe HATPY3KU TOYHO PABHBI BBIYUCIICH-
K,=1 eTcs noreps HBIM KPUTUYECKUM Harpy3kam. Oxunaercs noreps
YCTOMYMBOCTU | YCTOWYMBOCTU
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Okonuanue mabn. 5

3HaueHUe 3a- CocTostHIE
rmaca mpoYHoO- noTepu 3aMeTKHn
cru (K,,) YCTOMYUBOCTU
Hotepst [MoTepst ycTOMUYMBOCTU TTPOMCXOIUT, KOTIa HAIIpaB-
CTOI?E—II/IBO JICHUsI MPUMEHEHHBIX HAaIPy30K PeBEPCUPOBAHEI.
K,=-1 y Hanpumep, eciiu K Opycy npUKIaablBaeTCs Harpy3-
CTH HE TIpOT-
HOBIDVETCS Ka pacTtskeHus, To BFS noirkeH ObITh OTpUIIaTENIEH.
by Bpyc He moTepsieT yCTOMYMBOCTD
Horeps ycroitu- [ToTepst yCTOMYMBOCTU IIPOTHO3UPYETCSI, €CIIH pe
—1<K,, <0 |BocTn He mpor- Ay p 24 ’ p
BEepCHPOBATh Bce HATPY3KHU
HO3UpyeTCs
Ioteps ycroitun- "
[ToTepst ycTOMUMBOCTY HE OXMIACTCS, TasKe €CIIN
K, <-1 BOCTM HE MpOr-
peBepcHpOBaTh BCe HATPY3KU
HO3UpyeTCs

B o0611em ciaydae cTpykTypa MOXeT 00J1a1aTh MOJI0KUTEIbHBIM U OTPU-
LaTeJIbHBIM KO3(p(puilMeHTaMu 3amaca MpoYHOCTU JISl MOTEPU YCTOMYUM -
BocTu. Hampumep, npencraBbTe HUIUMHAPUYECKUIA COCY, TMTOJBEPTHYThIN
BHYTPEHHEMY JaBJICHUIO, MoaaepXXuBaeMblii omopamu. Cocya HUKOIIa
He MoTepsIeT YCTOMUYMBOCTh, TaK KaK HAXOJUTCS IO/ BO3EMCTBUEM HATSI-
>K€HHUSI, OTHAKO OIOPbI MOTYT MOTEPSATh YCTOMUYMBOCTD, TaK KaK HAXOMAST-
CsI MOJ1 BO3AEMCTBUEM CXKATUSI.

BbluMcnenue Harpy3oK noTepu yCTon4UBOCTH

Yrto06bI paccunTaTh Harpy3Ku ITOTEPU YCTOMYMBOCTH JIJIST PEXKMMa MOTeE -
PM yCTOMYMBOCTH, CJIEYET yMHOXUTD BCE TIPUIIOKEHHBIE HATPY3KM Ha K|,
IUIST TOTO pexxnuMa. Hampumep, peanooxXuM, 4To TPUIOKEHBI CIIeIyIo-
[I¥Yie HaTpy3KU:

o cwmaa 500 H Ha rpaHu 1;

« gnapieHue 250 H/KB. M Ha rpaHu 2 U 3
1 KO3 UILIMEHT 3araca IMpOYHOCTH Ha MOTEPIO YCTOMIMBOCTH JIJISI PEXKM -
Ma ITOTepH YCTOMUMBOCTH 1 paBeH 2,3, TO TOTePsT YCTOMUYMBOCTU B PEXKM-
Me 1 BOBHUKHET, €CJIV TIPUIOXKUTH:

o cmy 500 X 2,3 = 1150 1 Ha rpanu 1;

« papieHue 250 X 2,3 =575 H/KB. M Ha rpaHu 2 u 3.
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loTok U Tepmuyeckue BO3AENCTBUA B UCCIIE0BAHMAX NOTEPU YCTONYUBOCTH

ITporpamMHOe obecriedeHrEe YUUTHIBAET JaBJIeHUE ITOTOKA, CO3TaHHOE
SOLIDWORKS Flow Simulation, n TepMuueckue Bo3IeiCTBUSI B UCCIIE-
JOBAaHUSIX TTOTEPU YCTOMYMBOCTUA. TOHKME OeTaiu, oABepracMbie BO3-
JIEMCTBUIO TIOBBIIIEHUS TEMIIEPATYpPhl, TIOJOOHbBIE 3JIEKTPOHHBIM KOMITO-
HEHTaM, MOTYT M3TU0AThCS B pe3y/IbTaTe OrpaHUYECHUS IJIST pacIIpPEeHUSI.
J1g TepMUYeCKUX BO3IEHCTBII MOXKHO 3a/1aBaTh paBHOMEPHOE TTOBBIIIE-
HUE TeMIIepaTyphl, Ha3HAYaTh pa3JIMIHbIC TeMIIEPATypPhl pa3IMYHBIM 00-
JIACTSIM MOJEN WJIXM UMITOPTUPOBATH ITPpOodIb TEMIIEpaTyp U3 TepMUUe-
CKOTO0 MCCJIeI0BaHUS.

ITpu ucnonbzoBanuu napamerpa McxoaHas Temmeparypa cieayeT yao-
CTOBEPUTHCS, YTO 3aJJaHbI TEMITEPaTyphbl Ha KOMITOHEHTAX M1 000JI0YKaX.
3agaHue TeMIepaTyp TOJIbLKO Ha TpaHUIIE He BCEraa yoIoOHO — MOXKET I10-
TpebOBaThCs CHavYajla co31aTh M PEIIUTh TEPMUUECKOE UCCIIeIOBaHNE I
BBIUMCJICHUS TeMIIepaTyp Ha BceX y3Jiax.

BkniovyeHue TepmuyecKux BO3eNCTBUIH B UCCIEJ0BAHUSA NOTEPU
YCTOM4YUBOCTH

Jns BKIIOUEHMS TEpPMUYECKUX BO3IEUCTBUIA B UCCEI0BAaHUE TTOTEPU
YCTOMYMBOCTU CJIEIYET:
1. B nepeBe uccinenoBanus Simulation HaxkaTh IpaBoOil KHOITKOI MbIIIIHN
3HAYOK MCCleI0BaHUs TOTEPU YCTOMYMBOCTHU 1 BbiOpaTh CBOMCTBA.
2. B nnanoroBoMm okHe nepeiTu Ha BKIaAKy DddekTbl moToka/ Terio-
BbIe 3PP EKTHI.
3. B okne Tepmuueckue napaMeTpbl BEIOpaTh OAWH U3 CIEAYIOIINX T1a-
pPaMeTpPOB:
« McxonHasi Temnepatypa. Mcroib3ytoTces 3agaHHbIe TeMIIEpaTyphl,
onpeneneHHble B nanke Harpyska/OrpaHudeHue ucciieqoBaHMsl,
JJIS1 BBIYMCJIEHUS MX BIUSIHUS HA OTEPIO YCTOMYMBOCTU MOJIEIN;
e TeMIIepaTyphl ISl TEPMUUECKOIO HMcciaeaoBaHus. Mcnoab3yercs
npoduib TeMOepaTyp, NOJIYYMBIIUIACS B pe3yjibTaTe 3aBepIleH-
HOT'O TEPMUUYECKOTO UcceaoBaHus. TepMuueckoe uccienoBaHue
MOXET ObITh J1JIs1 yCTAHOBUBILIETOCSI COCTOSIHUS WU JJI51 TIePeXO/l-
Horo npoiiecca. [1pu ucrnoab3oBaHUM 3TOTO MapameTpa TpedyeT-
¢4 3a1aTh TEPMUUYECKOE HCCliefoBaHue. A TIpy BIOOPE UCCIIeN0Ba-
HUSI IEPEXOIHBIX ITPOLIECCOB TPeOyeTCs 3a1aTh BPEMEHHOM 111ar;
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« Temrepatypa u3 Flow Simulation. M3 ¢aiina cuuteiBaeTcs mpo-
(usib TEeMIEpaTyp, NOJIYYUBILUICS B pe3yJibTare 3aBepiueHus Flow
Simulation koHpurypaunu. Cnenyet nepeiit B Flow Simulation,
yTOOBI BEIOpaTh Paitnel pe3yabratoB FloWorks (*.f1d).

4. YcranoButh CripaBoyHYI0 TEMIIEpaTypy NpU HYJIEBOI AeopMaLiiu.

5. Haxats OK.

[Tpu 3anmycke ucciaenoBaHus OyAyT yYUThIBATHCS TEPMUYECKUE BO3IEI-
CTBUSI.

Bknioyenue ahhekToB aBNeHNA XUAKOCTU B aHANN3 NOTEPU YCTOHYMBOCTH

JIa BKIIOUEHUS BIMSTHUS JaBJICHUS XKUIKOCTU B UCCIIEOBAHUE MOTE-
PM YCTOMUYUMBOCTU HEOOXOAMMO HCIoab30BaTh Moayab SolidWorks Flow
Simulation, kotopslit BXoauT B coctaB SolidWorks.

B SolidWorks Flow Simulation Heobxoaumo chopMmupoBaTh (aiii, co-
Jep>Kalluii JaHHbIE MO JaBJAEHUIO XUIKOCTHU. Jlajmee padboTa BBITIOJIHSIETCS
B CJIEAYIOLIEM MOPSIAKE:

1. Ucnonn3ysa SolidWorks Flow Simulation, BBINOJHUTb 3KCITOPT AaH-

HbBIX JABJICHMS KUJIKOCTHU.

2. B nepeBe ucciaenoBanus Simulation HaxkaTh IMTpaBOil KHOITKOM MBILIIY
3HAYOK YaCTOTHOTO MCCIeA0BaHMSs U BbIOpaTh CBONCTBA.

3. B nuanoroBom okHe ITotepst ycTOUMBOCTU IepeiTH Ha BKJIAAKY DP-
(bexThl moToka/TemnoBbie 3¢ GHEKTHI.

4. B okne IlapameTphbl 1aBaeHUs XKUIKOCTU BbIOpaTh BKITIOUNTH 3(phek-
Thl AaBaeHus xkuakoctu u3 Flow Simulation u yka3aTe ¢aiin ¢ pac-
mupenueM fld, cozmannbiii Flow Simulation.

5. Haxatp OK.

[Tpu 3amycke uccienoBaHust OyayT YYUTHIBATbCS BO3IEHCTBUS MTOTOKA.

Pesynbartbl NAMHeapu30BaHHOr0 aHanu3a NoTepu YCTOWYMBOCTH

[Tocne ycnenHoro 3amycka uccaeaoBaHUsI MOTEPU YCTOMUMBOCTH IO/
Harpy3Koii MOXHO IMPOCMAaTpUBaTh:
1. Ilepememenne. MOXHO MTOCTPOUTH SMIOPY COCTABJISIIOLIUX TTepeMe-
1eHus: GopMBbI pexXxruma MoTepy YCTOMYMBOCTH:
« TiepeMellleHre B HalpaBIeHUU X;
« TiepeMelleHre B HalpaBJIeHUU Y,
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« TIepeMellleHlEe B HallpaBJIeHUU Z;
e PpEe3yJbTUpYIOLIEE NepeMeleHUE (HE UCITOIb3YET CIPABOYHYIO I'e-
OMETPUIO).

®opMbl MO TOTEPU YCTOMUYMBOCTU UJUTIOCTPUPYIOT TOJIBKO MPODUIIb
MO/IbI (T. €. MEpeMEILLeHUE Y3JI0B OTHOCUTENILHO APYT Apyra). 3Haue-
HUS IEpeMEIIeHU I BBIYMCIEHbl HA OCHOBAaHUU Pa3JIMYHBIX ITPOLIEAYP
HopManu3auuu. [Iporpamma HopManu3upyeT Kaxayo (opMy KoJie-
6anwuii Tak, uyto6sl {@;}" [Ks] {@;} 66110 paBHo [1], rae {@;} — BekTOp,
NPEACTABIAIOIINIA i-10 (POPMY TOTEPU YCTORUMBOCTH, {@,}T — ero
TpaHcno3uuus, [ K5] — reomerpudeckas matpuiia xxectkoctu, [1] —
eIMHUYHAasI MaTpulia.

2. Hedopmamusa. MoXXHO MOCTPOUTH 3MIOPY Ae(PopMUpOBaHHOU (op-
Mbl KOHKPETHOTO pexXrma NoTepu yCTOMYnBOCTU. COOTBETCTBYIO-
YA KO3(PUILHUEHT KPUTUUECKOM HAarpy3Ku MOCTPOEHHOM 3ITIOPbI
pexXuma MoTepy yCTOMUMBOCTU OTOOpaXKaeTcsl Ha BIIOpeE.

3. OtyeT. MOXHO CO31aTh OTYETHI UCCIIETOBAHUS.

Bonpocbl M 3afaHua Ang camonpoBepKu

1. JloroaHuUTe MpeaIoXeHUsI, BbIOpaB MpaBUIbHbIE OTBETHI U3 TIPEII0-
>KEHHBIX.
1.1. BuccnenoBanuu notepu ycroitunBocTu B SolidWorks Simulation
HE YYUTHIBAIOTCS:
a) UIBMEHEHUSI TeOMETPUM MOJEIU B MpOlecce HAarpy:KeHUs
JI0 U TIOCJIe TIOTepU YCTOMYUBOCTH;
0) MaTepuajl KOHCTPYKIIMU;
B) MU3MEHEHME HaIlpaBJIeHUI I1efICTBUSI HAaTPYy30K.
1.2. 3agmaya uccieqoBaHusl noTepu ycrouuBocTu B SolidWorks
Simulation periaercs:
a) B JIMHEWHOU MOCTaHOBKE;
0) B HEJIMHEMHON IMOCTaHOBKE.
1.3. KoadduumueHT 3amnaca npoyYHOCTU 151 IOTePU YCTOMYNBOCTU —
3TO:
a) OTHOIIIEHWE MPOJOJbHBIX HArPY30K K MPUJTOXKEHHBIM Ha-
rpy3Kam;
0) OTHOILLIEHUE MpeAesia TEKy4eCTU K MaKCMMaJlbHOM Harpy3Ke;
B) OTHOIIIEHUE TIpeesia MPOYHOCTU K MaKCUMaJIbHOM Harpy3Ke.
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Puc. 50. K 3aganuto a1 caMocTosITeNIbHOM padoThl. MccienoBaHue yCTOMYMBOCTH COCYA:

a — pa3Mepbl 1 hopma cocya; 6 — MecTa KpeIIeHUsT U TIPUIIOKEHUST CUITBI

1.4. TloTepst yCTOMYMBOCTU HE MPOTHO3UPYETCS MPU 3HAYEHUU KO-
a¢hunenTa 3anaca npoyHocty (K ):
a) K, <0;
0) 0< K, <1;
B) K, =1,
r K,=-1.

2. OnpeneuTh KPUTUUECKYIO TTPOIOIBHYIO HATPY3KY (BbI3BIBAIOIIYIO MTO-
TEPIO YCTOMYMBOCTU) JJIsI COCYIa, U3TOTOBJICHHOTO M3 HEPXKaBeIolleii cTa-
Jm toaiuHoi 3 MM (puc. 50, a). Ha cocyn aeiictByeT no BepxHei LIMIUH-
npuuyeckoit kpoMke 1203 cuna 1200 H, HanpaBieHHast BEpTUKaJIbHO BHU3.

Cocyn 3aKperuieH Mo HUxXKHel HuIuHApruYecKoit kpoMke 1203 (3apuk-
CMpOBaHHas reoMeTpusi), puc. 50, 0.

AHanu3 ycTanoctu

Ycranoctbio MaTE€pMaJIOB HA3bIBACTCA ABJIICHUC ociabJieHus1 U paspy-
HEHWA CO BpEMECHEM U3ACTUA ITPU BO3JICUCTBUU HA HETO ITOBTOPAIOILINX-
Cd 3HAKOIIEPEMEHHbLIX HArpy30K, JaXe €CJIU MPUKIaaAbIBAEMbIC HAI'PY3KU
HaMHOTI'O MEHbIIEC, YEM IMPECACIIbHO AOITYCTUMbIC 3HAYCHUA HAIIPAXKECHUA.
KonunuectBo LIUKIIOB, Tpe6yeMoe JJIA YCTAJIOCTHOI'O pa3pyLIEHUA N30CTNA,
3aBUCHUT OT MaTe€puaia n KoJieOaHU A Harpys3kKu. YcranocTh siBasIeTcs oc-
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HOBHOI MPUYMHOM BbIXOJIA U3 CTPOSI MHOTMX OOBEKTOB, OCOOEHHO M3r0-
TOBJICHHBIX U3 METAJIOB.

B nuHeHbIX 1 HETMHERHBIX MCC/IeA0BAHUSIX KOHCTPYKIIMIA HE yYUThIBA-
eTCsl pa3pyllleHue OT YCTaJ0CTU. B HUX BBIUMCISIETCS peaKiinsi KOHCTPYK-
LIMU, OABEPrHYTOMN BO3IEMCTBUIO 3aJaHHbIX HATPY30K, BHE 3aBUCUMOCTHU
OT KOJIMYECTBA LIMKJIOB HAarpy>XKeHUsi KOHCTPYKIMU. Eciii BbIUMCIIEHHbIE
HaIpsKEHUsI HAXOASITCSL BHYTPU AOIYCTUMBIX MPeIeioB, TO AeJaeTcs 3a-
KJII0UEHHeE, YTO KOHCTPYKIIMS SIBJISIETCS] O€30TMaCHOM B 9TUX yCIOBUsIX. Pe-
3yJIbTaThl 9TUX UCCJIEIOBAaHMUI MOTYT UCITOJb30BaThCsl B KAYECTBE OCHOBBI
JUUIS1 IPOBEACHMSI aHAJIM3a YCTaJIOCTH.

Pa3zpyiiieHue ot yctaaocTu, OaHOM U3 OCHOBHBIX IPUYMH KOTOPOTO IpU-
HSITO CYMTATh 00pa30BaHKe U Pa3BUTHE TPELIWH, IPOUCXOAUT B TPU CTATUU:
Cramua 1. B maTepuaiie 06pa3yloTcsi 01Ha WM HECKOJbKO TPEILIMH.

TpemurHbI MOTYT 00pa30BbLIBATLCS B TIOOOM MeCTe MaTepuaja, HO OObIU-
HO TOSIBJISIIOTCS Ha TPAHWYHBIX TTOBEPXHOCTSIX BCJIEACTBUE OOJBIIMX KO-
JiebaHuit HampspKeHMs. TpelllMHbl MOTYT TOSIBUTHCSI BCAEACTBUE MHOTHUX
npuyrH. HecoBepieHCTBO MUKPOCKOMNYECKON CTPYKTYpbl MaTepuasioB
1 MOBEPXHOCTHbBIE 1IapaluHbl, BbI3BAHHbBIE MHCTPYMEHTAMU WJIM o0paliie-
HUEM, — 3TO HEKOTOPbIE€ U3 MPUYMH.

Cranusg 2. HexoTopble 1y Bce TpelHbI 00pa3yloTcs B pe3yJibTare Mpo-
JOJKUTEIbHBIX HAarPy30K.

Cramus 3. CnocoOHOCTh KOHCTPYKIIMU BBIAEPXKUBATh MPUIOKEHHbIE Ha-
IPY3KU MPOIOJIKAET yXYAILIAThCs A0 TeX MOp, IOKa He MPOMCXOIUT pa3pyllieHUE.

OCHOBHBIM METOJIOM TIPEIOTBPAILIEHUST YCTAIOCTHOIO pa3pyllIeHUSI SIB-
JisieTcsl MoAM(UKALIMSI KOHCTPYKIIMM MeXaHMU3Ma C 1LeJIbI0 UCKIIOUEeHUS
LUKJIMYECKUX HArpy3o0kK, J1u00 3aMeHa MaTepualioB Ha MeHee CKJIOHHbIE
K YCTaJIOCTU. 3HAUUTEIbHOE YBEJIMUEHE BBIHOCIMBOCTH J1a€T XMMUKO-TEP-
Muyeckas 0opaboTka MeTaJIOB, HallpUMep a30TUPOBAHUE.

MapameTpbl ycTanocTy

IIpenen ycranocTu (mpeaesn BHIHOCIMBOCTA) — HauOoJIblliee 3HAKOIIe-
peMeHHOe HarpsKeHue, KOTOpPoe He MPUBEAET K YCTAJIOCTHOMY pa3py-
meHuto. [lpeaen ycranocTu Marepuaia onpeaeisiioT ¢ MOMOIIbIO 1abopa-
TOPHBIX UCIIBITAHUI. 3a 6a3y ucnoimanuii TPUHUMAIOT ynciao 107 uukios
(Tak KakK OMBITHBIM ITyTeM OOHAPYKEHO, YTO €CJI1 0Opaszel] He pa3pyLIuics
10 107 quKII0B, TO ¥ ITpK 60JI€eE JUINTETLHOM UCTIBITAHUN OH HE pa3pyLINT-
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cs) M yCTAaHABIMBAIOT TO HAaMOOJIbIlIee 3HAUEHEe MaKCUMAaILHOTO HaIlps-
JKeHMS IIUKIIa, TIPYU KOTOPOM 00pasel] He pa3pylIaeTcs 10 0a3bl CIbITa-
HU#. DTO 3HAYEHME U MPUHUMAIOT 3a MPEAe YCTAJIOCTH.

¥YcranocTHasg 10JroBe4HOCTh. Y CTaJI0CTHAS JOJATOBEYHOCTD ITPU JAHHOM
YPOBHE 3HAKOIIEPEMEHHOTO HATIPSIKEHUST U CpeTHEM 3HAaUYeHUU paBHA KO-
JINYECTBY LIMKJIOB, TPEOYEMBIX JIJISI pa3pyILIeHUs OT YCTATOCTH.

HeorpannyeHHblii CPOK CIy2KObI — KOJIMYECTBO LIMKJIOB, TPU KOTOPOM
YCTaJIOCTHAsI TPOYHOCTH ITepecTaeT yMeHbIIaThes. I pyruMu cioBamMu, KO-
JIMYECTBO LIUKJIOB HATIPSIKEHMSI, HEOOXOAMMOE JIJISl pa3pylLlIeHUs], TIPaKTH-
YyecKU OECKOHEYHO.

YcTanocTHasg NpOYHOCTh — HAMPSKEHMWE, ITPU KOTOPOM MPOUCXOIUT
YCTaJIOCTHOE pa3pyllIeHne MOcje JaHHOTO KOJINUYeCTBa IMKJIOB HAarpy3Ku.
YcranocTHas MPOYHOCTD OMPEALSIETCS MyTeM NPUMEHEHMS K OTASTbHBIM
UCTOBITATeIbHBIM 00pa3liaM pa3HbIX YPOBHEN LIMKINUECKOTO HaIIpsKe-

HUS ¥ U3MEpPEeHMST KOJIUUECTBA 1IM- o
KJIOB [UISI pa3pyIlIeHUS. A
Koadgdunmuent Hanpskenust (Ko- S j—-

3¢ GULMEHT acuMMETpUn) R orpene-
JIIETCS KaK OTHOILLIEHUE MUHUMAaJlb-
HOTO HMKJIMYECKOTO HAMpPSKEHUS
K MaKCUMAaJIbHOMY HAIIPSDKEHUIO. 0 > T

J171 TIOJTHOCTBIO peBEPCUBHOM Ha-
Irpy3ku (CUMMETPUYHBINA UK Ha-
rpyxkenusi) R = —1 (puc. 51). BroT
LIMKJI SBJISIETCS Hanbosiee Hebaro-
TMIPUATHBIM JUIsl PAOOTHI AETAH, TaK Puc. 51. CuMMeTpUYHBIH LIUKI HArpyxKe-

KaK XapaKTepU3yeTCsl U3MCEHCHM-  Husg — MONHOCTBIO pEBEPCUBHASI HATPY3-
€M H€ TOJIbKO 3HA4Y€HUAd, HO U 3HA- ka (R=-1)

Ka IeMCTBYIOIIUX HAIPSIKEHU (3HA-
KOIepeMEeHHbBIH 1IUKJ). 31eCh HauOOJIbIIIMEe U HAMMEHbIIE HAaPSLKeHUS
MMPOTUBOMOJIOXHBI 110 3HAKY U OAMHAKOBBI IO MOIYJII0 (HANIPSIXKEHUS 13-
ruba rpu BpallleHUU BajioB U Oceil).

Ecnu narpy3ka npuMeHsieTcst 1 cHUMaeTcs (HepeBepcuBHasi), R = 0
(puc. 52). Takoe mynbcupymlllee Harpy>XeHue, Koraa HanpsKeHUs 13-
MEHSIIOTCSI OT HYJISl 10 MaKCMMyMa, UMEIOT 3yObsl 3yOUaThiX Kojec Npu
paboTe B OJIHY CTOPOHY, TOJIKATEJU U IIaTyHbI TUXOXOJAHbBIX MEXaHU3MOB
C MaJIoif Harpy3Koi X0J0CTOro X0ja, HepeBepPCUBHbBIC Bajbl (HAIpSIKe-
HUSI KPYUECHUST).

B
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A

=3

Puc. 52. AcuMMeTprYHBIe LIUKIIBI HATPYXKEHUS TTPU HepeBepCcUBHOU Harpyske (R = 0):
a — pacTsiKeHue; 6 — cxarue

3HakonepeMeHHO€e HANPsKeHHe S, OTpeIeieHO KaK
Sa = (Smax - Smin)/za
TIe Spax A Sipin — MAaKCMMaJIbHOE U MMHUMAJILHOE HAIPSIXKEHUS COOTBET-
CTBEHHO.
B Simulation MOXXHO 3a7aTh KOMIIOHEHTHI HAIIPSIKEHUS JJIsl pacuyeTa
3HAKOIMEPEMEHHOTO HAIPSIKEHMS CIeAYIOIIMM 00pa30oM: UHTEHCUBHOCTD
HanpsokeHus (P1 — P3), skBuBajieHTHOe HanpsikeHue (mo Musecy) uian

MaKcuMaJbHOe a0COJIIOTHOE INIaBHOEe HanpstkeHue (P1).
JInana3on HanpsokeHuii AS:

AS =S, — Sin-
Cpennee HanpsKkenue S,:
S = (Smax T Sinin)/2.
AMIuTyaHbli KO3 GUIMeHT A:
A=S,/S,.

B Ta6n. 6 npuBeaeHbl KOIMOUIIMEHTHI HATIPSIKEHUST M aMIUTATYIL TSI
HEKOTOPBIX paCIPOCTPAHEHHBIX HAIPY30K.

Tabauya 6
KoaddumenTsl HANPsKEHUS U AMILTATY L,
Tun Harpy3ku 3HaueHus
ITonHOCTBIO peBepcrupoBaHa R=—1, A= 6eCKOHEUYHOCTb
OT HyJIs1 10 MaKCUMyMa R=0,4A=1
OT HyJIs1 10 MUHUMYMa R = 6eckoHeyHOCTh, A = —1
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Kpusas S-N

I'pacuyeckum npencTapieHUeM pe3yJbTaTOB UCIIbITAHUI OMNpenesieH-
HOro MaTepuajia Ha yCTaJOCThb CIYXUT Kpueas ycmaiocmu, Ha3blBaeMasi
S-N duaepammoii. I1o ocu abcLmcc OTKIaAbIBAIOT KOJIMUECTBO LIUKIOB (N),
10 OCU OpAUHAT — 3HAKOINepeMeHHOoe HarpskeHue (.5).

Ha puc. 53 nmoka3zana tunuuHast kpuasi S-N. Kak npaBuiio, BMmecto N
ucnonbsdyercst norapudm N ¢ ocHoBaHueM 10 BcaeacTBre OOBIYHO 0O0JIb-
IIMX 3HAYEHUM V.

8§ (mr1a)

s -

[penien yeranocTu

Puc. 53. Kpussie yctanoctur S-N:

1 — st ctanu; 2 — i aTlOMUAHUS

B SolidWorks Simulation MoXHO BbIOpaTh OJHY U3 TPEX CXeM MHTEp-
MOJISILIMK, YTOOBI HAUTH MPOMEXKYTOYHbIE TOYKHM JaHHBIX HA KpUBOM S-N:
JBoitnas norapumuyeckas, Iloaynorapudpmmaeckas v JIlnneiinas.

bau3kuii K ropr30HTaIbHOM JIMHUU YYACTOK KPUBOU OTIpeNesIeT ycTa-
JIOCTh, T.€. 3a[a€T Mpe/el YCTAJTOCTU TeCTUPYeMOTo MaTepuania (puc. 53,
kpuBag 1). Ecnu amnurtyna HanpsikeHusl HUXKE Mpeesia yCTaJoCTh Ma-
Tepuaya, CduTaeTCs, YTO 0Opaszell UMeeT HEOTPAaHWYEHHBIN CPOK CIIYXKOBbI.
OpHako 1151 MHOTMX METaJLJIOB 1 CTUIABOB, HE COAIEpPXKAIIIMX XXeJle3a, Hallpy-
MeEp ISt aTFOMUHUEBBIX (pUC. 53, KpuBasi 2), MarHMeBbIX U MEIHBIX CILJa-
BOB, IIPe/EJ YCTAJIOCTU HEONpeaesieM, TakK Kak Ha KpUBOI HE BBISIBISIETCS
TOPU3OHTAJIBHOIO YJyacTka. [Jis1 aTux MaTepraioB HabJII0AaeTCs IOCTOSTH-
HO yObIBatolasi Kpunasi S- V.

Kpugas S- N 1y matepuana onpeaessieT COOTHOIIEHUE aMILTUTY IbI L1 -
KJIMYECKOTro HaNpsiKeHus (M1 TIepeMEHHOTO HAPSDKEHUST) M KOJIMYeCcTBa
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LIMKJIOB, HEOOXOAMMBIX [IJISI pa3pylLIeHUsI MPU 3aJaHHOM Ko3(dduiumeHTe
HanpskeHus R.

Jlst mroGoro matepualia MOXHO 3a1aTh HECKOJIbKO KPUBBIX S- N (10 ne-
CSITH), COOTBETCTBYIOLIMX pa3HbIM KoadduureHtam R. 3atem nporpamma
HCITIOJIb3YeT TUHEMHYIO0 MHTePHOISLIMIO KPUBBIX S- NV, 4TOOBI U3BJIEUb JaH-
HbIE IS 3aJaHHOTO KO3 (PUIIMEHTA HATTPSIKEHUS.

Ecnu g onpeneneHus: CBOMCTB yCTATOCTU MaTepuasia UCIOJIb3YETCs
onHa S-N kpuBasi ¢ R = —1 (II0JJHOCTbIO peBEPCUBHOE UM HYJIEBOE Cpel-
Hee HaIpsDKeHKUE ), TO MOXXHO BeIOpaTh MeToa Koppekuuu (I'ynmena, I'ep-
oepa wiu ConepOepra), 4YTOObl YU€CTh BIMSIHME HEHYJIEBbIX CPEIHUX Ha-
OPSDKEHUN.

HcnbiTaHust, MpOBOAMMBbIE IS TOJYYEHMST KPUBBIX S- /N, B O0JbIIMHCTBE
CJTy4aeB BBITIOJHSIIOTCS TP HEOCEBOM HArpy3Ke MIJIsl OJIHOCThIO pEBEPCUB-
HBIX LIMKJIOB HaNpspKeHUs. Tak Kak peajibHasi cxeMa Harpy>keHus oObIv-
HO SIBJISIETCSI MHOTOOCEBOM, MOXET MOTPEOOBATHCI CHU3UTD YCTATOCTHYIO
MPOYHOCTh. B mporpaMmHoM obecrieueHun npeaycMotpeH Koaggumment
YMEHbILIEHUS YCTAJIOCTHOM MPOYHOCTH B JMAJIOTOBOM OKHE YCTaANOCTh, YTO-
OBl Y4ECTh YKa3aHHOE HECOOTBETCTBUE.

Mpusa3ka kpuebix S-N Kk maTepuany

Jlst mccienoBaHUs yCTAJIOCTU HEOOXOAMMO OTTPEAeIUTb KpUBbIe S- N mist
KaXKJIoro MaTepurana, IpMMeHEHHOTO K Moaen. [1J1st orpeneneHns HOBOM
KpuBOi1 S- N MOXXHO yKa3aTh JaHHBIE IEPEMEHHOTO HAMIPSKEHUS Y LIUKJIOB
WJIM UCITOJIb30BaTh CYIIECTBYIONIYIO KpUBYIO S- /N 13 0a3bl JAaHHBIX MaTEpU -
anoB. Kpusbie S- N MCIIONB3YIOTCS TOJBKO JJIsI UCCAEAOBAHUM YCTAIOCTH.

J171s1 HEKOTOPBIX MaTepHaIoB B OMOIMOTEKE MaTepUaioB KPUBBIE yCTa-
noctu S-N yxe Ha3zHauyeHBI. Takue MaTepuanabl 0003HAYEHBI B OKHE CITH-
cka oykBamu (S'N) B KoHI1Ie Ha3BaHUS. J{OTTOJTHUTETbHBIE CBEIEHUS O KPU-
BeIX SN cMm. B Atlas of Fatigue Curves, ASM International.

Martepuanbl ¢ KpUBBIMU 3aBUCUMOCTHU AeOopMallMi OT HATIPSIKEHUS
0003HaueHHI (S.), a MaTepuabl ¢ KpUBBIMU SN 1 KpUBBIMU 3aBUCUMOCTH
nedopMalni OT HanpsKeHus: 00o03HaueHbI (S5, SN).

s Ha3HaueHus MaTepuany KpuBoii S-N ciaenyer:

1. B MccaenoBanum yCcTanoCcTH 100aBUTh COOBITHAE YCTAIOCTH.

2. B nuanoroBoM okHe Matepuas Bkjianky Kpusbie yctajgoctu SV B OKHE

HcTounnk HEOOXOIMMO:

92



AHanu3 yctanoctu

a)

B okHe MIHTepnosMpoBaTh 3a/1aTh CXeMY MHTEPIIOJIMPOBAHUS 3HA-
KOTIEPEMEHHBIX HATIPSKEHU B 3aBUCMMOCTH OT KOJIMYECTBA 1M -
KJIOB KpUBOIi S-/V;

0) BbIOpaTh OnpeneauTh U BLIOpPATh KPUBYIO U3 cnucKa. B yxe onpe-

JeJEHHbIX KPMBBIX K HA3BaHUIO KPUBOIi 100aBJIEHO 3HaUY€HUE KO-
apdunmreHTa HanpskeHus (Hanpumep, R = —1). He onpeneneH-
Hble KprBble momeueHbl Kak (He onpenenena). Cnenyer BbIOpaTh
HeoIpeeIeHHYIO KPUBYIO, UTOOBI TTOACTABUTD TaHHBIE.

MoxHo onpenenuTsb 10 10 KpuBbIx S- N, 4TOOBI 3a1aTh pa3IUYHbIC
3Ha4YeHUs KO PULIMeHTa HanpsKeHUs R U151 OTIpeieJIEeHHOrO Ma-
Tepuaa.

3. B okne JlaHHbIe TA0JMIBI HEOOXOIMMO BHITIOJTHUTD CJICIYIOIIEE:

a)

B nnoJie Koagumment Hanpskenus (R) BBecTr KO3 UILIMEHT Ha-
OpPSDKEHMS, CBI3aHHBIA ¢ KPUBOM

R:Smin /Sm

rae S,,;,, — MUHUMaJbHOE HaNpsKeHUEe B LIMKJIe HaMpsKeHUSI;
S .x — MaKCUMaJIbHOE HAMPSIKEHUE;
cpeaHee HalpsKeHUe:

S, =(S

cp

ax

+Smin)/2;

max

0) YCTaHOBUTDb €AMHUILY HATIPSIKEHUSI;
B) 3aIlOJHUTD JaHHbIE KPUBOW, BBEs 3HAUCHUSI 3HAKOIIEPEMEHHOTO

HaIPSDKEHUS M KOJIMYECTBO LIMKJIIOB [IJTS pa3pylIeHUs U3-3a yCTa-
JIOCTH, 100 HaxaTh PDaiii, YTOObI UMITIOPTUPOBATH JAHHbIE U3 OU-
O6motexku KpuBbix S-/N Simulation;

Y1006l UMITIOPTUPOBATH TOYKHU JAHHBIX KPUBOI, KOTOPHIE XPAHSIT-
cs B (aiine (*.dat), Hamo HaxkaTb Paiia B AuanoropoM okHe Kpu-
Bble pynkumii. Dopmart (aiisia Touek JaHHBIX KpUBOii (*.dat) Oynmer
BBITJISIACTh Kak aBa cTosioa: KoimyecTBo MMKIOB (MEPBBIN CTOJI-
Oe11) 1 3HaKonepeMeHHOe HaNpsDKeHue (BTOPOoil cTosber).

YT100bI 10OABUTH HOBYIO CTPOKY, HA/I0 IBAXKbI IIEJIKHYTb MOCEI -
HIOIO 4€eiiKy B cToJi01e Toukm.

YT100bI YIaIUTh CTPOKY, HAJIO BBIICJIUT €€ U HaXXaTh KHOTIKY Y1a-
JIMTb WJIM HAXXaTh €€ IMPaBOil KHOMKOUW MBIIIN U BLIOPATh ¥Y1AJUTD;
YTOOBI MOCTPOUTH I'paduK AaHHBIX, Hago BbIOpaTh Bua uimu Co-
XPAaHHUTD 7151 COXpaHEeHUSsI KpUBOI B (paiiyie naHHbIX (*.dat).
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ITpenBapuTeabHbIi MPOCMOTP TMOKa3bIBa€T KPUBYIO B TOM BUIIE,
KakK OHa OIpe/elieHa;
1) BBECTU UICTOUHMK CIIPaBOK ISl TaHHbIX KpUBoOii S-N Kpuoii B Uc-
TOYHMK.
4. Haxartb IIpumeHUTD.

WUuTepnonauum mexay Kpubimu S-N

Ecnu noctynHa kpusas S-N 17151 onpeaeieHHOro KoaduireHTa Hampsi-
JKeHUS, TpoTrpaMMa BbIMOJIHSIET JIMHEMHYIO MHTEPITOJISILIMIO MEXTY KPUBbI-
MU S-N, 4TOOBI U3BJICYb JAaHHbBIE JJIsI OTIpeaeICHHOTO KOo3¢hdUliMeHTa Ha-
MpSIKEHUS.

ITpeanonoxum, 4To AJis UCIOJb3YEMOTO B UCCIE€IOBaHUM MaTepuasa
B 0a3e JaHHBIX MAaTEPHAJIOB OMpPeeSIeHbl TOJbKO ABe KPUBBIE S- N 1151 KO-
apdunmenTon HanpsokeHus R=0,5u R=1,0. Ha ocHoBe aHanu3a Tpeoy-
€TCsI paccuuTaTh KoandecTBo HukiaoB N mist R=0,25u R=10,7.

Hns xoadduumenta HanpsokeHust R = 0,7 mporpaMma pacCYMThIBAeT
N1 ot nepBoii KpuBoit 1 N2 OT BTOpOI1, a 3aTeM JIMHEIHON MHTEPIIOJISI-
et Mexay N1 u N2 HaxoauT KoamdecTBo HUKIOB N 1151 Koa(hGUlimeH-
Ta HanpspkeHus 0,7.

IMockonbky kKoaddpuumeHT HanpskeHus1 R = 0,25 HaxoauTcs BHE OU-
arna3oHa JaHHBIX KO3(h(ULMEHTOB HANPSKEHUST KpUBOU S-/N, TO yUUTHI-
BaeTcs KpuBasi S-N ¢ 0J13KUM KO3(DOUIITMEHTOM HaNpsLKeHUs, B JaHHOM
ciydae ¢ Koappumuentom R =0,5.

ITpu OTCYTCTBMM HECKOJBKUX KPUBBIX S-N 1151 ICCllelyeMOro MaTepu-
ajla MOXXHO MCIIOJIb30BaTh KPUBYIO S-N ¢ KO3 PUILIMEHTOM HaTPSKEHUS
—1 (nyneBoii cpenHnil KOApGULIMEHT HanpsiKeHUs ). YToObl cKoppek-
TUPOBATh 3HAYEHME OT HYJIEBOro cpeaHero KoadduiimeHTa HampsoKeHUs
10 (paKTUUECKM HaMEUEHHOT0 KO3 dUILIMEeHTa HATIPSKEHUS (pacCuMTaH-
HOT'O Ha OCHOBE (PaKTUYECKHUX YCIOBUI HAMPSKEHMST ), HEOOXOIUMO TIPU-
MEHUTb OJIMH U3 METOJI0B KOppeKluu cpeaHero HanpsokeHus (I'ynmeH,
I'epoep nunu Conepbepr).
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Koppekuus cpeiHero HanpshkeHus

AMIIIMTYIa 3HAKONEPEMEHHOIO HAIPSIXKEHMSI 1IMKJ1a HANPSKEHU I Bbl-
yycieHa Kak MOJIOBMHA Auana3oHa HanpsikKeHUs B LIMKJe. BennuuHa paspy-
1LI€HUs], BBI3BAHHOTI'O LIMKJIOM HAIIPSLKEHUI, 3aBUCUT HE TOJIBKO OT 3HAKOIIe-
PEMEHHOTO HaIpsiKeHMSsI, HO TakxKe OT cpeHero HanpstkeHus. Hanmpumep,
NBa LIMKJIa HA pYC. 54 UMEIOT OIMHAKOBOE 3HAKOIIepEeMEHHOE HAIIPSLKEHUE,
HO TaK KaK OHU MMEIOT pa3jMyHble CpelHNe 3HAUEHUs] HAMIPSKeHU s, OHU
BBI3OBYT pa3MYHbIe KOJIMYECTBA pa3pyILLICHUIA.

BausHue cpeaHero HampsikKeHUs
Ha 4YMCJIO0 LMKJIOB 10 pa3pylleHUusl o
MOKa3aHOo Ha [uarpaMme MpeaesibHbIX
aMIUIATYO, pUcC. 55, Ha3bIBaeMOI rpa-
¢dukom Xeiira.

CpenHee HanpsKeHNE paBHO HYJIIO,

TOJIbKO KOTJa Harpy3ka IOJHOCTbIO

pesepcuBHast. B 00JbIIMHCTBE 1po- Puc. 54. I'padpmky IMKITOB HaNPSKEHUH

CTBIX cllyyaeB S-N-KpuBas C TEM ca- OIMHAKOBBIM 3HAKOMEPEMEHHBIM Ha-
MBIM R-KO3(pPULIMEHTOM, KOTO- mpsKeHHeM U pa3IMIHbIMU 3HAUCHMUSI-

pBIii 0OecIieunBaeT Harpy3ka. B atom MU CPEIHEero HanpspkeHust (G,,)
ciiyyae S-N-KpuBasi UCHOJIb3YeTCs

HEMOCPEeICTBEHHO, MOCKOJIbKY KOp- & b 0

pekuust He Tpebyercsa. Ecam omnpe- 10

IeNIUTh KpuBbie S-N ¢ pa3sIuyHbIMU 0°
R-xoadduumeHTaMmu, To IIporpaMm- 10¢

Hoe o0ecrneyeHure IMOoCUUTAET CpeiHee
HaOpSKEHWE MYTeM JIMHEWHOM WH-
TepHOJISIIUU MEXIy KpuBbIMU. Eciu
“MeeTcs TOJAbKO oaHa S-N-KpuBas
¢ R-x03(pdULMEeHTOM, OTINYAIOLIM-- Puc. 55. lnarpamma nipeneibHbIX aM-
ca oT R-xos(dpduumenTa HarpysKku, IUTHTYL Xetira:
Heo0XoarMa KOPPEKLIHSI.

ITporpamma Bcerna uCHoJib3yeT Ha-
npsikeHue no Musecy isi BHIYMCISHUS CpeIHEro HanpsikeHust. I1ockonbKy
HarpsikeHue 1o Musecy SIBJIsIeTCs TOJI0XKUTEIbHOM BeIMUYMHOM, TIpOrpam-
Ma IIpYCBauBaeT EMY 3HaK IIaBHOT'O HAMPSKeHUS ¢ HauOoJIbIlel ajreopa-
MYECKOI BEJIMUYMHOM B LIEJISIX BHIYMCIEHUS aCCOLIMMPOBAHHOIO CPETHETO
HaIpsKeHus.

"-___Gm

G, — 3HaAKONEPEMEHHOEC aMIIIUTY/IHOC Ha-
NPpAXEHUE; G, — CPEAHEEC HATIPAXKEHUC
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MeToabl KOppPEKIMH

st oOCyXIeHNsI METOJI0B KOPPEKILIUM ONpeleuM Clieaylollie nepe-
MEHHBIE LIUKJIa HANIPSIKEHU I
S\ax — MAKCUMAJIbHOE HATIPSIXKEHUE;

S in — MUHMMAaJIbHOE HaTPSDKEeHNE;
AS — nuana3oH HanpspkeHus: AS =S —S,.;

S, — 3HaKonepemMeHHoe Hanpsokenue: S, =(S.. =S )/2;
S., — cpennee Hanpsokenue: Sy, = (S, + S ) / 2

R — xoadbdunvenT HanpskeHust: R=S,.. /S cans

A — aMIumTyIHbI KoadduuneHt: A=S, /S,;

S., — CKOpPPEeKTUPOBAaHHOE 3HAKOIEPEMEHHOEe HaIpsikeHue (Ha OCHO-
BaHMU HYJIEBOTO CPEIHETO;

Sy — npenes TeEKy4ecTu;

S, — npenes NpoYHOCTH.

Huxe npuBeneHbl KO3 @UUMEHTbI HAMPSIKEHUS U aMIUIATYL 711 HEKO-
TOPBIX PaCIIPOCTPAHEHHBIX HATPY30K.

Twun Harpy3ku KoadduimeHTs HAMPSIKEHUS Y aMIUIUTY]I
IMTonHOCTBIO peBepcupoBaHa R=—1, A= 6eCKOHEYHOCTb

OT HYJISI 10 MaKCUMyMa R=0,4=1

OT HYJISI 10 MUHAMYMA R = 6eckoHeuyHocTh, A = —1

ITporpammHoe obecnieuenue SolidWorks Simulation nmpegnaraet cie-
IOYIOIIE METOIbI BHIYMCICHUSI CKOPPEKTUPOBAHHOIO 3HAKOIIEPEMEHHO-
ro HaIpsiKeHus S,

1. Meton I'ynMeHa — OOBIYHO MOAXOAUT AJISI XPYIIKKUX MAaTePUAIOB:

S — SMSll — Sa

“ S, u_ S, mean 1- @
S

u

2. Meton I'epbepa — 0OBIYHO MOAXOAUT IS IVIACTUYHBIX MAaTEPUAJIOB:
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3. Meton Cogepbepra — 0oOBIYHO HanboJIee 3aHIKEH

— Sy Sa _ S a
“ Sy - Smean 1- @ .
S

y

J1y1s1 COOBITUIT KaK C MepeMEHHOM, TaK U C MOCTOSIHHOM aMILIUTYIOM,
nporpaMMHoe oOecrieyeHre pacCUMThIBAET CpeaHee HanpsiKeHue B 10-
MOJTHEHUE K 3HAKOTNIEPEMEHHOMY HATIPSIKEHWIO JUJTS KaKI0TO LIMKJIIA, a 3a-
TEM OHO OLICHMBAET CKOPPEKTUPOBAHHOE HAIPSAXKEHUE, UCIIOJIb3Y4 3aaH-
HbI€ KPUTEPUMU.

BbinonHeHne aHanu3a ycTanoctu

J1J1s1 TOro YTOObI BHINOJHUTh aHAINU3 YCTAJIOCTU CJIEIYeT:

1. Co3naTh OJHO WJIM HECKOJBKO CTATUYECKMX MU HEJIMHEWHBIX UCCIIe-
JIOBaHUI WU AMHAMUYECKUX UCCIEI0BAHNI MOJAIbHON BpEMEHHOM
JUarpaMMbl.

2. Co3narb UCCIEN0BAHNE YCTAIOCTU (MTOCTOSTHHOM U EPEMEHHOM aM-
TUIMTYbI) U OMPEACTNUTD eTo cBoiicTBa. [lepen 3amyckom uccienona-
HUS YIOCTOBEPHTECH, UTO 3aJaHbl HaJIeXKalllMe MapaMeTphl.

3. B epeBe ucciaenoBanus Simulation HaXaTh IMTPaBO KHOITKOM MBILIIY

Ha nanky Loading (Harpysku) u BbiOpaTh [Jo6aBUTb COObITME, UYTO-
OBl OIPENCIUTh COOBITHE YCTAJIOCTU, OCHOBAHHOE HAa CIPaBOYHOM
CTaTUYECKOM MCCI€IOBAaHUU WJIN HA OMPEAETCHHOM IlIare peleHus
HEJMHEUHOIo UCCIIeN0BaHUs, U TUHAMUYECKOTO UCCIEeI0BaAHUS
MOJaJIbHOM BpeMEeHHOM nuarpaMMbl. YTOOBI onpeaeanTb COObITHE
YCTaJIOCTH, OCHOBAHHOE HAa HECKOJIbKUX CITPABOYHbBIX UCCJIETOBAHU -
SIX, CJIEAyeT YCTAaHOBUTD MapaMeTp Tun Harpy3ku Ha 3HaueHue Mouck
NMUKOB LMKNA.
CoObITHSI ¢ MepeEMEHHOM aMIUIUTYIO0U OOBIYHO colepKaT OOJIbIIOoe
KOJIMYECTBO AaHHBIX. /[InanoroBoe okHO Kpueas ¢pyHKLMM TTO3BOJISI-
€T UMIIOPTUPOBATH TEKCTOBBIE (haiijibl, ColepXKalllue JaHHbIE B BUIE
KPUBBIX U3MEHEHUI HArpy3ku. JlaHHbIe CTAHOBSITCSI TIOCTYIHBI TIPU
OIpPEeNEeICHUU COOBITUSI YCTATOCTU IMTEPEMEHHOMN aMILIUTY/IbI.
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4. IllenkHyTh no BKJIanke Kpusbie yctanoctv SN B 1MaJJOTOBOM OKHE
Martepuan, 4TOOBI OoTipeAeanuTh KpuBbie SN. Cienyet onpenacinThb
IO MEHbIIEH Mepe ogHY SN KpMBYIO ST KAXKIOr0 MaTepHaia.

5. HaxaTb npaBoii KHONKOU Mbl11Y MapameTpbl pe3ynbTaToB U BEIOPATh
Onpepenntb/PepaktnpoBaThb IJIS 3aIIpOoca Pe3yJIbTaTOB BO BCEX Y3-
JIaX WJIM TOJIbKO Ha TpaHWYHBIX y3aax. Eciaum ucciegoBaHue OCHO-
BaHO Ha COOBITUSIX C IEPEMEHHON aMIUIUTYI0M, MOXHO 3alIPOCUTh
Fpadmku maTpul NonHbIX UMKNOB (rainflow) B HYXXHBIX MECTOIIOJIO-
XKEHUSIX.

6. Jist mcceqoBaHMUI YCTAJIOCTH C TIEpEMEHHOM aMITJIUTYION CIeayeT
HaXaThb MPaBOii KHOMKOM MBI 3HAYOK COOBITUS YCTAJIOCTU U BbI-
Opatb U306pa3nTb TPEXMEpPHYIO MaTpULy NONHLIX LMKNOB (rainflow) miu
N306pa3nTb ABYXMEPHYIO MaTpULy MOJHbIX UUKIOB (rainflow), 4ToObI
MOCTPOUTH TparK OYHKEPOB XPOHOJOTUM BXOIHOMN HATPY3KU.

7. BbINONAHUTbL UCCJIeNOBAaHME Ha yCTaJloCTh. Ecy pe3yabTarhl cripa-
BOYHOI'O MCCJI€IOBAHUS, UCITOJIb3YeMOTO B OIpeneaeHUN COObITUS,
HE UMEIOTCS B HAJIMYKU, IIPOTpaMMa 3alTyCKaeT aBTOMAaTU4YECKU CITpa-
BOYHOE MCCJIEAOBAHUE MEPe 3aITyCKOM MCCeI0BaHMS Ha YCTAJIOCTb.

8. 3amaTh mapaMeTphbl aHaIMU3a MCCEeIOBaHUS YCTAJIOCTU. [ 3TOrO
HaJ0 LIEJKHYTb IMTPpaBOii KHOMKOI MbBIILIMY 3HAYOK pa3aelia U BbIOpaTh
CeoicTBa.

9. I mpocMOTpa pe3yJIbTaTOB CIIEAYeT:

e JIBaXObI LIEJIKHYTb 3HAYOK B Mamnke pe3yJbTaTOB IS OTOOpaxe-
HUS CBSI3AaHHOM 3ITIOPHI;

 JUISI OpEAEICHUS SMIOPHI CJIeAyeT HaXaTh ITPaBO KHOITKOM MbILLIHA
Ha nanky PeaynbTaTtbl U BBIOpaTh ONpeaennTb aniopy ycTanocTu;

IS BBIBOAA CHMCKA pe3yJbTaTOB HAAO IIEJIKHYTh MPaBOil KHOII-
KOI MBILLIM Ha Nanky PeaynbTraTthl U BLIOpaTh CNMCOK pe3ynbTaToB
yCTasIoCTHOIrO aHanNu3a,;

e JUISI UCCIIEAOBAHUI COOBITUM C TTIEPEMEHHOM aMITJIMTYIOM CIIeay-
€T HaXXaTh MpaBOM KHOMNKOM MBIIIX Ha Manky PesynbTatbl U BBI-
Opatb Onpepenuts Mpaduku maTpul, 4TOOBI ITpocMaTpuBaTh I'pa-
¢uKu MaTpuiI.

Ecnu 3anyctuTh uccaenoBaHue nepea Co3qaHueM CETKU, MpOorpam-
Ma aBTOMATUYECKM CO3JaCT CeTKY UccliefoBaHUs nepe 3anyckom. Ko-
MaHAy 3allyCcKa MCCIeI0BaHMUS MOXHO TaKXe aKTUBUPOBATb, YCTAHO-
BUB (p1aXXOK 3anyck aHanuaa Iocjie cCo3JaHusl CeTKU B okHe Property
Manager Cetka.
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HpI/I 3aIlyCKE€ HUCCIECA0BaHUA, KOTOPOEC HE MMECT KaKMX-JI1U00 Marok
PE3YJIbTAaTOB, IIPOI'PAMMHOC obecrneueHue CO314acCT IIallK1 1 3IIOPhI, 3a-
IaHHBIE B NMapameTpax pe3ynbTaToB I 3TOTO TUIIA UCCIEIOBAHUS. Ecnu
IIarikKy pe3yjabTaTOB UMCIOTCS, IPOIrpaMMHOC obecrneueHre OOHOBUT Cy-
HMIECTBYIOIIME SITIOPHI.

CobbITHA ycTanocTu matepuanos

[Tporpammuoe obecneueHne SolidWorks Simulation oOpabaTeiBaeT nBa
pa3IMUYHBIX TUIIA COOBITUI YCTATOCTU MaTepUaIOB: MOCTOSIHHOM aMILIU-
TYIbl U TIEPEMEHHOM aMILIUTY/IbI.

Kpome Toro, MoxxHO onpeaeauTh HECKOJbKO COObITUI YCTAaIOCTU 1 yCTa-
HOBUTbH TUI B3aUMOIEACTBUS MEX Yy HUMU: HET B3aMMOCBSI3U WUJIU ClIydaii-
HOIi B3aMMOCBSI3U MeXIYy COObITUSIMU. MeToJ ciaydyailHO B3aMMOCBSI3U
pa3paboTaH Ha ocHOBe HOpM U TipaBui ASME Ha KoTibl 1 cocyabl, pabo-
TalolMe moj aasiaeHueM. [IporpamMmMmHoe obecrieyeHre UCMoIb3yeT coue-
TaHNe MaKCUMaJIbHbIX HaMPSKEHUI OT pa3IMUHbIX COOBITUM 1J1s1 OLIEHKU
MePEeMEeHHOTO YCUIUS.

CoObITHS C MOCTOSTHHBIMHM AMILTUTYIAMH
Bce umkiibl COOBITHI MOCTOSTHHOM aMIUTUTYIbl UMEIOT OAMHAKOBBIE 3HA-
KOIlepeMeHHBIe U cpenHue HanpsokeHus (puc. 56). CoObITHe yCTaaoCcTh
MaTepUaIOB MOCTOSIHHON aMIUJIUTYAbI MOJTHOCTBIO OMPEAEIEHO 3HAKOIIe-
PEMEHHBIM HaMpsLKeHWEM, CpeIHMM HampsbkeHueM (M KoadduiimeH-
TOM HATIpPSI>KEHMST) U KOJTMYECTBOM LIUKJIOB.
B ocHOBe coOBITUI yCTANIOCTH v
MOTYT OBbITb: ‘
e OJIIMHOYHBIE HArpy3KHU U3 CTa-
TUYECKOTO UCCIICTOBAHUS WIIU
13 OMpEeNeJeHHOTO 1Iara pe-
LIeHUS HEJIMHEWHOTO WJIU TN - X
HAaMMYECKOTO MCCIETOBAHUS
MOJIAJIbHOM BPEMEHHOM nua-
rpaMMBbl;
e MHOXECTBEHHBbIE HArpy3Ku
U3 CTAaTUYECKUX UCCIICIOBAHUN Py, 56. [Tpumep coGbITHS TOCTOSHHOM
WJIW U3 IIIarOB PEIEHUS HeJIU - AMILIUTYIbI
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HEWHBIX WX TUHAMUYECKUX UCCIIEAOBAHUI MOJAIbHOM BpEMEHHOMN
auarpaMMbl. B ciiydyae MHOXECTBEHHBIX HArPY30K IMpOrpamMmma orpe-
JIeJISIET CoOUYeTaHUEe HAarpy30K, KOTOpoe JaeT HauOoJibllee KojaedaHue
HanpsKeHUS.

CoObITHS C IepeMeHHO|H aMILTUTY/10M
CoObITHE MEepeMEHHON aMIUIMTYAbl YCTaJOCTH MaTepUaaoB SIBSET-
CS 3aIMChI0 XPOHOJIOTUM HArpy3okK, KOTopasi ONpenessieTcss XpOHOJI0-
rueii KonedaHuit Harpy3kKu. 3HaUeHUsI BpeMEHU He UTParOT KaKoi-11uoo
poau A1 UMCCIeNOBAaHUN yCTa-
JIOCTU C OMHUM COOBITUEM Tepe-
% MEHHOW aMmiautyabl (puc. 57).
B aToMm ciyyae noctaTouyHO orpe-
JIEeJIUTh MOCIEA0BATEIbLHOCTh aM-
minTyn. B ncciaemoBaHusx ycra-
JIOCTU C HECKOJIBKUMHU COOBITUSIMU
= T[IEPEMEHHOW aMIUJIMTYIbl 3HAYE-
X us BPEMEHM KaXXKIO0TO0 COOBITHS
Puc. 57. Ilpumep coObITUSI TEpEMEHHOM HEOOXOIUMBI IS KOPpEJIALIUU C

AMILTATY BT IPYTMMU COOBITUSIMU HATPY3KHU.

Teopus HaKoNNEHHOro NoBPeXAeHUs

Teopm{ HAKOIUIEHHOI'O IMOBPEXKACHU S MPEATIOIAracT, 4YTO LHNKII HAIIps-
XEeHUN CcOo S3HAKOIIEPEMEHHDBIM HAIIpSKEHUEM BBILIC ITpEACIa YCTAaJI0CTU,
omnpeacjIsAEMOro NU3MEPAEMbIM HEYCTPAaHACMBIM ITOBPEXKIACHUEM. Taxke
npeamnojgara€rcd, 4To IoJHOC pa3pyli€HUE, BbI3BAHHOC MHOKECTBOM LI -
KJIOB HAIIpsI2KE€HUA, paBHO CYMME HOBpG)KI[CHPIfI, BbI3BaAHHbIX OTACJIbHbI-
MU LIUKIJIIaMU HaHpH}KCHI/If/'I.

IIpaBuio TMHEHHOTO MOBPEXKAECHUS

Ecmm ipenmnonoxuts, uto S- /N KpuBasi yKa3bIBaeT, uTo Tpeodyercst N1 1u-
KJIOB 3HaKOTEpeMEHHOro HampsikeHus S1, 4ToObI BbI3BaTh YCTAJIOCTHOE
pas3pylleHue, TO TEOPUSI TJIACUT, YTO KaxKbIii IIUKJI BbI3bIBAET CTEIIEHD MO~
BpexaeHus D1, morpedsironnyto 1/N1 1oaroBedHoCTH KOHCTPYKIIMM.

Kpome Toro, eciiyv KOHCTpYKIIMS TTOABEPTrHYTa BO3AEHCTBUIO 711 LIMKIIOB
3HAKOMEepeMEHHOIo HanpsoKeHus S1 1 n2 HMKI0B 3HAKOIIEPEMEHHOTO Ha-
NpskKeHus S2, To o011asi CTerneHb MoBpeXxaeHUs1 D MoACYMTHIBAETCS KaK
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D = (nl/N1 + n2/N2),

rae N1 — KoJan4ecTBO LIMKJIOB, TPeOyeMbIX, UTOOBI BBI3BaTh pa3pylleHUe
noxa S1; N2 — KoJrM4ecTBO LIMKJIOB, TpeOyeMbIX, YTOOBI BEI3BaTh pa3pyllie-
Hue noxa S2.

Hacrosimee npasuio HazbiBaeTcs IIpaBuioM JIMHEHHOIO MOBpeKIEHUS,
iy npaBuiiom Maiinepa. CTenieHb MOBPEXIEHMS, TAKXKE Ha3blBaeMasl «KO-
2POUIMEHT UCITOJIL30BaHUSI», TIPEICTABIIIET COOO0I OTHOIIIEHNE U3PACX0-
JOBAaHHOI TOJTOBEYHOCTU KOHCTpYKIIUKU. CTeneHb noBpexaeHus 0,35 03-
HayaeT, 4TO M3pacxomoBaHo 35 % pecypca KOHCTpyKumu. PaspyiieHue
OT YCTAJIOCTU MPOUCXOAUT MPHU CTEIeHU TToBpexxaeHus 1,0.

[TpaBuiiO TMHENHOrO MOBPEXAECHUSI HE YUMTHIBAET BIUSIHUE TTOCIEI0-
BaTeJIbHOCTHU HArpyeHus. JIpyrumu cjioBaMu, OHO IIPOTHO3UPYET TO, YTO
pa3pylleHue, BEI3BAHHOE LIMKJIOM HAIPSDKEHUM, SIBJISIETCSI HE3aBUCUMbIM
OT TOTO, IJIe OHO MOSIBJISIETCS B XPOHOJIOTUY Harpy3ok. Takke mpeamnosa-
raeTcsl, 4YTo CTEIEeHb HAKOIIEHUS pa3pylleHUs] He 3aBUCUT OT YPOBHS Ha-
npsekeHust. HabmomaeMoe rmoBeieHre 03HaYaeT, YTO TPEIMHbI MOSIBIISIOT-
Csl B HECKOJIbKUX LIMKJIaX ¢ OOJbIIMMU aMIUIATYAaMU HANIPSDKEHUsI, TOraa
KaK IOYTH BECh CPOK CITY>KObI 3aTpauMBaeTCsl HA MHULIMALIMIO TPELIWH ITPU
HU3KUX aMIUTMTYAaX HATIPSDKEHUS.

[TpaBuio TMHEIHOro MOBPEXAEHMS UCITOIB3YETCS B €0 IMPOCTOM (hopMme,
KOTI/1a B CBOMCTBAX UCCJIeIOBaHMS MMOJIb30BaTE/b 3aa€T, UYTO COOBITUS yCTa-
JIOCTU MaTepralioB He B3aMMOAEMCTBYIOT APYT ¢ Apyrom. IIpu ycraHOBKe
B3aMMOJIEHCTBUSI MEXIY CIydaliHbIMU COObITUsIMU TIporpamma SolidWorks
Simulation ucnonn3dyet kogekc ASME (ASME Boiler and Pressure Vessel
Code, U3znanue 1983 (1 HoBee), yacTh 11, paznen 1, mogpasnen NB) nis
OLIEHKM y1ep0a, KOMOMHUPYSI MUKU COOBITUA.

Hecko/bKo cOOBITHII YCTAIOCTH MATEPHAJIOB

OueHKa 3HAKOIIEPEMEHHBIX HAIPSIKEHUI IJ1S1 HECKOJIBbKUX COOBITUM
YCTaJIOCTU MaTepUaiOB 3aBUCUT OT TOTO, IIPOUCXOAST COOBITHS CIy4aiiHO
WIY He3aBUCUMO (0e3 B3auMOCBSI3U MeXAYy COObITUIMM). B nuanoroBom
OKHE YCTaJIOCTh MOXHO YCTAaHOBUTb TUI B3aMMOCBSI3U MEXIYy HECKOJIb-
KMMU COOBITUSIMU YCTAJIOCTU MaTepUaJIOB:

* Be3 B3aumocBa3u — SOLIDWORKS Simulation orieHUBaeT 3HaKo-

INEPEMEHHOC HAIIPAXKECHUE OTACIIbHO IJIA KaKA0I'0 cobniTus1. Kaxxnoe
coObITHE YCTAJIOCTU MaTEPHUAJIOB ITPOUCXOAUT HE3ABUCHUMO OT APYI'UX
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coObITuii. KoadhduimeHT moBpexxaeHUsI BCEX COOBITUI 100aBIsSIeTCS
MOCJIeI0BATEIbHO;

ChyuaiiHasi B3aMMOCBSI3b — JaHHbBIA MeTOJ pa3paboTaH Ha OCHO-
Be HOPM U IMpaBuJl AMEpPUKAHCKOro 0o0IlecTBa MHXKEHEepOB-MeXa-
HUKOB (ASME) Ha KOTJIBI ¥ cOCyabl, pabOTaoIINe MO JaBICHUEM.
ITporpammHoOe obecrieueHre yYuThIBaeT BO3MOXHOCTHU CMEIIIMBAHUSI
MaKCHUMaJIbHbIX HAIPSIKEHUI OT pa3IMYHbIX COOBITUIA 1JIS1 OLIEHKU
3HaKOIMepeMeHHBIX HamnpskeHuil. [TporpaMma olieHMBaeT MaKCu-
MaJIbHOE 3HAaKOIepeMEeHHOEe HAIPSIKEHUE C YYETOM BCEeX BO3MOX-
HBIX TIap COOBITUI YCTAOCTH B KaXI0M y3J1€e. 3aTeM MporpaMma 1c-
noab3yeT npaBuio MaitHepa n «Hopmbl u mpaBuia ASME Ha KoT/bI
U coCyabl, paboTaollre Mo A1aBJIeHUEeM», YTOObI ONpeaeIUTh MHO-
JK€CTBO M3MEHEHHBIX COOBITUI YCTAJIOCTU MaTepuaioB. PasnuyHbie
COOBITHSI HAarpy3K1 MOTYT B3aMMOJIENICTBOBATh TAKMM 00pa3oM, UTO
MaKCUMaJIbHOE TOJIOKUTEIbHOE TTMKOBOE HAIPSIKEHUE OT OAHOTO
COOBITHS B COUETAHUM C MUHUMAJIbHBIM IMTMKOBBIM HAMPSIKEHUEM OT
JIPYTOTO COOBITHS CO3/1AI0T 3HAKONEPEMEHHBIE HATIPSIKEHMSI, TTPEBbI-
LIaoLIMe JII000€ U3 COOBITUI YCTATOCTH.

ITpeamnosoxuM, 4To ObLIO 3aJaHO TPU COOBITUS YCTAJIOCTH MaTepuala,
KOTOpbI€ CChlIaloTCsl Ha uccienoBanus A, Bu C, ucnosb3yst Koahduim-
eHThI MaciuTabupoBanus Fa, Fb u Fc. IlporpamMa BEIYUCTISIET 3HAKOTIE-
peMeHHbIe HAMPSLKeHUS M KO(P@ULIIMEeHTHI MMOBPEXISHUS CIAEAYIOLINM
o0Opa3om:

e IS TPEX CIIPABOYHBIX MCCIIEIOBAHMIA TTPOrpaMMa BbIUMCIISIET COCTO-

SIHME HATPSDKEHUS B KaXIIOM y3Jie, MacllITabupyeMoe CBSI3aHHbIMU
KO3pPULMEeHTAMU:
S xF,S,xF,SxF.,
rae S,, S, 1 .S, OTHOCATCS K 3HAaUYEHUSIM COCTaBJISIIOIIMX HAMTPSIKEHU ST
[SX, SY, SZ, TXY, TXZ, TYZ]

B y3Jie 1151 uccyenoBanuii A, Bu C COOTBETCTBEHHO;

 JIJI1 BCEX BOBMOXKHbBIX Map KOMOMHALIMIA HATPy30K MporpaMMa OTHU -
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JUIS1 KaXJIOTo IMara3oHa HalmpsKeHW i KOMITIOHEHTa ITporpaMMa pac-
CUMTHIBAET 3HAKOMEPEMEHHOE HaMpPsKeHNE KaK MOJOBUMHY BbIOpaH-
HOI BeJIMYMHBI (MHTEHCUBHOCTh HAMpPsDKEHU, KpuTtepuii Museca
WIM MaKCUMaJIbHOE a0COM0THOE I1aBHOe ). [Iporpamma co3zmaet cnu-
COK 3HAKOIepeMEHHbIX HAIIPSIKEHUI ¢ COOTBETCTBYIOIIMMU MapaMu
Harpy30K JIJIsl BCeX BO3MOXHbBIX KOMOMHALIMIA B MOPSIAKE YObIBAHUS
Ha OCHOBE BBIOpaHHOM KpUBOI ycTaniocTu (KpuBasi S-/N) mporpamma
MPOBEPSIET CITMCOK 3HAKOMEePEeMEHHBIX HAMPSIKEHU I OT MaKCUMaJlb-
HbIX 3HAYEHU I 10 MUHUMAJIbHBIX;

MporpaMma BbIYMCIsIeT KOIMOUIIMEHT YaCTUUHBIX TTOBpeXaeHud Di
JUIsI I-TO 3HAKOIIEPEMEHHOTO HAMPSDKEHMSI B JAHHOM CITMCKE C TIOMOILIBIO
OLIeHKM KoadduiieHTa 1nkia #i/Ni (ni — MeHbI1Iee KOJTMYeCTBO LIMKIIOB,
OCTaBILMXCS OT IPYTMX COOBITHIA; Vi — TOMYCTUMOE KOJIMYECTBO LIMKIIOB,
VHTEPHOIMPOBAHHOE U3 PACUETHOM KprBOIi S-/N yCTaIoCTH);

MOCJIe BEIYUCIECHUS KO3 (PUIIMEHTa YaCTUUHBIX TToBpexXaeHuii (Di)
rporpaMmMa oOHOBJISIET CIIMCOK 3HAKOIePEeMEHHBIX HANIPSKEHU I, CO-
Kpallasi KoJM4eCcTBO IMKJIOB 0001X COObITHI Ha ni. COOTBETCTBEHHO
OIHO U3 COOBITHI OyIeT yaajieHo (MIr 00a COOBITUSI, €CIIU OHU UMe-
10T OIMHAKOBOE KOJIMYECTBO LIMKJIOB), a IPYyroe COObITHE Oy1eT UMETh
MEHbIIIee KOJIMYECTBO LIMKIIOB Ai 7151 MOCJIENYIOIIMX pacyeToB. ¥Ya-
JIeH1€ COOBITUSI MMPUBEIET K YAAIEHUIO COOTBETCTBYIOIIEH HArpy3KU.
[Tocne ynaneHust Harpy3Ku COOTBETCTBYIOIIEE 3HAKOIIEPEMEHHOE Ha-
npskeHue (06pazoBaHHOE IMTyTEM KOMOMHUPOBAHUS JAHHOM HATpy3-
KU ¢ IPYTMMM Harpy3kaMm) Takxke OyaeT yaajaeHo U3 CIIUCKa;

rocJjie 0OOHOBJIEHUsI CITMCKa ITporpaMmMa MpoBepsieT CAenyrollee B CIii-
CKe 3HaKOMepeMeHHOe HaIlpsKEHUE 1 BBIUMCIISIET COOTBETCTBYIOLIMIA
KO2(DUIIMEHT YaCTUUHBIX TTOBPEXKACHU, 1OOABIISICT JaHHBIN KO3(-
(puLIMeHT K pe3yJIbTUpPYIOIeMYy M OOHOBJISIET CITMCOK. JlaHHasI Tipolie-
nypa OyaeT MPUMEHSIThCS 1JIS1 CJEAYIOIIEro B CIIMCKE 3HaKOIepeMeH-
HOTO HaIpsKeHWS U TIPOAOJIKUTCS A0 TeX Mop, MoKa BCe 3HaYeHU s
HaIpsKEeHUs He OYAYT paCCMOTPEHHBI.

1 mcclienoBaHuit ¢ COOBITUSIMU YCTAJIOCTH, TIPUBSI3aHHBIX KO MHOTUM
KCCIIeNOBAHUSAM, ITpOrpaMMa BBIUMCIISIET MaKCUMAaJIbHbIC HAIPSIKEHUST Ha
ocHoBe napametpa CiydyaiiHas B3auMOCBS3b, 1aXKe €CJIM BIOpaH mapaMeTp
be3 B3aumocss3n.

[TapameTp CiayvaitHas B3aMMOCBS3b IIPOTHO3UPYET O0Jiee BHICOKMIA KO-
2GGULMEHT MOBPEXASHMS, YeM TOCeA0BaTeIbHOe TPUMEHEHE IeTep-
MUHMPOBAHHBIX cOObITHI (Be3 B3auMocBs3M), 3a UICKIIOUEHUEM TOTO CITy-
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yasi, KOrma MaKCMMyMbl HaNpsKeHUS pa3InyHbIX COOBITUM MTPpaKTUYeCKU
coBmnagawT. B Takux ciydasx peKOMeHAyeTCsl 3alycKaTh JiBa MCCliea0Ba-
HUSI YCTaJOCTU: OAHO MCCJeI0BaHNUe 0e3 B3aMMOCBSI3U MEXIY COOBITUSI-
MM U APYTroe MCCleloBaHue CO CAyYailHbIMU B3aUMOCBSI3SIMU. Pe3ynbTathl
MOTYT IT0Ka3aTh, YTO OJIMH MapaMeTp BblAaeT O00JIbIIIME pa3pylIeHUs B HE-
KOTOPBIX MECTOITOJIOXKEHUSIX, B TO BpeMsI KaK IPyroi mapameTp AaeT 00Jib-
1IKME pa3pylIeHUs] B IPYTUX MECTOIOJOXKEHUSIX.

CormacHo HopMaM 1 npaBusiaM ASME Ha KOTJBI M cocyabl, paboTaio-
1IMe Mo JaBJIeHUEeM, PEKOMEHIyeTCs MCMoib30BaTh napameTp Ciaydaii-
Hasl B3aMMOCBS3b.

IIpumep olleHKM 3HAKONEPEMEHHOT0 HANPSIKEHUS JLISl COOBITHIA
YCTAJOCTH NOCTOSHHOM AMILIUTY/IbI CO CIY4aifHOM B3aUMOCBSA3bIO

B Tabx. 6 mpeacTaBiieHBl TPU COOBITHST YCTAJIOCTH CO CIIyJaifHOM B3au-
MOCBSI3bIO.

Tabauya 6
IIpumep coObITHIT yCTATOCTH CO CIAYYAITHOI B3aNMOCBSI3bI0
ITapameTpnl CobniTHE 1 CobriTHE 2 CobriTHE 3
KonuyecTBo 1IUKI0B 80000 230000 120000
MuH. HampsLKeHUe 0 —300 MIla 0
Makc. HanpspKeHue 500 MIla 0 200 MIla

ITocnenoBaTeIbHOCTb COOBITHI, KOTOpPask MPUBOIUT K OOJIbIION Bapu-
alliy HaMPSKEHWsI, TPOUCXOIUT, €CJIU OAWH LIMKJ COOBITHS 2 BBIOJIHSI-
€T KaXXIbIi LIUMKJI cCOObITUS 1. B aTOM ciyyae KonebaHue Hanpsi>KeHUsT OT
500 MITa (makc. HanpsikeHue coobiTud 1) no —300 MIla (MuH. Hampsixe-
HUE cOObITUS 2) TIpUBENET K KosiebaHuto HarnpstkeHus B 800 MIla, 3Hako-
nepeMeHHoe HanpsikeHue coctaBuT 400 MIla u ycpenHeHHOe Hampsike-

Hue — 100 MIla (ta6. 7).
Tabauua 7
CiyyaiiHble B3aUMOCBSI3U B PUMepe COOBITHII yCTAJIOCTH

CobriTHe CnyvaiiHas B3auMOCB$I3b

Cooritre 2 cnenyer | 80000 IMKIIOB co 3HaKOMNepeMeHHBIM HampskeHneM B 400 MIla
3a coObITHEM | ¥ yCpeaHEeHHBIM HanpsbkeHueM B 100 MITa

CobbiTue 3 cnemyer | 120000 UKIOB CO 3HAKOIIEPEMEHHBIM HAIIPSKEHUEM
3a COOBITUEM 2 B 250 MITa u ycpenHeHHbIM HanpsixeHueM B —50 MITa

30000 uKI0B CO 3HAKOIMEPEMEHHBIM HamnpskeHueM B 150 MITa

Cobprrie 2 U yCpeOHEHHbIM HanpstkeHueM B —150 MIla
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Oxkonuarnue mabn. 7

CoObITHE Bes B3anMOCBA3U

80000 HUKJIIOB cO 3HAKOMEepeMeHHBIM HartpskeHeM B 250 MIla
CooOsiTHE 1

1 yCpeTHEHHBIM HanpspkeHueM B 250 MITa
CoBbrmie 2 230000 UKII0B cO 3HAKOMIEPEMEHHBIM HaTIPsSKEHUEM

B 150 MIla n ycpenHeHHBIM HampskeHueM B —150 MIla
Coburmie 3 120000 LIMKII0B cO 3HAKONEPEMEHHBIM HaTIPSKEHUEM

B 100 MIla u ycpenHeHHBIM HanpstkeHreM B 100 MIla

ITockonbky Becero noctynHo 80000 LUKIIOB cOObITUSA 1, maHHAs moce-
JOBATEIbHOCTh COOBITHIT MOXKeET ITpon3oiiT Tobko 80000 pa3. ITocne miep-
BOI TTOCJIEIOBATEILHOCTU COOBITHI JOCTYITHO ToJibKOo 150000 (= 230000 —
80000) LMKIIOB COOBITHS 2.

s caenyouieit mociaeaoBaTeIbHOCTU COOBITUI MPEATOJ0XUM, YTO
OJIMH LIMKJ COOBITHS 3 BHIMOIHSET KaXKIblii OCTaBIIMICS LMK COOBITUS 2,
YTO MpUBeneT K Bapuaunu HanpspkeHus B 500 MIla (3HakornepemMeHHOE Ha-
npsekenue: —250 MIla u ycpenHeHHoe HanpstkeHue: —50 MI1a).

ITockonbky Beero goctynHo 120000 LuKiIoB coOBITHS 3, BTOpas mocjie-
JOBATEJIbHOCTb COOBITUI MOXET Ipou3oiTi Toabko 120000 pas.

Hakomnen, ocratorcst 30000 UKIIOB COOBITUST 2. DTO COOTBETCTBYIOT 3HA-
KonepeMeHHoMY HanpspkeHuio B 150 MIla ¢ ycpenHeHHBIM HampsKeHU -
eM B —150 MI1a.

Metop noacyera yucna umknos Rainflow

MeTton noacyera yrcia uukiaoB Rainflow usBiekaet cTpykTypy XpOHO-
JIOTMM HArpy3o0kK IepeMeHHol aMIumTyabl. [TporpaMmMmHoe obGecrieueHue
SolidWorks Simulation peaiu3yet MeToA ClIeAYIOIIUM 00pa3oM:

1. M3BiekaeT MAaKCUMyMbl U MUHUMYMbI U3 XPOHOJIOTMM HArpy3o0K.

2. JlenaeT aMIUIMTYAbl IEPBOM M MOCIEAHEH TOUEK TaHHBIX OJMHAKO-

BBIMU ITOCPEICTBOM IOMOJTHEHUSI TOUEK TaHHBIX, €CJIM HEOOXOIUMO.

3. OGHapyXMBaeT caMblii BBICOKMIA MAKCUMYM U MEPEYNOPSI0YMBAET

JaHHbIE TAKKUM 00pa3oM, UTO CaMblii BBICOKMII MAaKCUMYM CTAHOBUT-
Cs TIEPBOM U NTOCHETHEN TOYKAMMU.

4. 3amyckaer MoJcueT MUKOB ClIeayoIUM 00pa3oM (puc. 58):

1) yuuTbIBaeT repBble YeThIpe MaKCUMyMa U MUHUMYMa (1, 2, 3 u 4).
Luxkn Rainflow nmoacuuThiBaeTcsl, €Cad BTOPOI y4aCTOK BEPTU-
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KaJIbHO KOpOYe, YeM IePBbII U TPETUI yJacTKM (TO €CThb b MEHb-
e a v ¢);
2) ecnu LUKJI TTOACYUTAH, TporpaMMa HauMHaeT C CaMOoro Havasia 3a-
MMACU, UTHOPUPYS MAKCUMYMBbI, KOTOPBIE YKe ObIJIM MOACYUTAHBI.
Ecnm HeT moacuynTaHHOrO MakKCMMyMa, ITporpam-
Ma MPOBEPSIET CIEAYIONIYIO TPYIINY MAaKCUMYMOB
S (MakcuMyMBbI 2, 3, 4 1 5) 1 TIpoliecC MPoaoJKa-
= ercs. B KoHIIe KaxKablii MAKCUMYM U KaXKIbI MU -
o HHUMYM COOTBETCTBYeT LMKy Rainflow;
3) UrHOpUMpYyeT LUUKIbl Harpy>KeHUsI, KOTOPhIE
- HIXe IPOILEHTa, 3aJaHHOTO B CBOMCTBAaX MCCIe-
Puc. 58. Pacuet yucna OOBaHUA,
unkiios Rainflow 4) [enuT AMAna30HbI 3HAKOIEPEMEHHOTO U CPEl-
HEro HampsKEeHUM Ha KOJIUYeCTBO OYHKEPOB,
3aJaHHBIX B CBOMCTBaxX MccaenoBaHusl. MOXHO MpocMaTpuBaTh
pe3yabTaThl, mpocMaTpuBast I'padmK MaTpUIIbl TTOJHBIX LIMKIIOB
(rainflow).

IIpumeHeHne MeTo1a noacyeTa yuca mukjioB Rainflow

1. BICTpbIii MOACYET.

BhicTphlil mOACYET MCHOMb3YETCs, KOr/a UCCAe0BaHUE Ha YCTATOCTh
MPUHAJIEXKUT OTHOMY CTATUYECKOMY MCCJIETOBAHUIO U UMEET TOJIbKO OJTHO
COObITHE TIEpEeMEHHON aMIUIUMTYyAbl. B aTOM ciyyae mporpamma m3sBiieKa-
eT OYHKEpbl HANPSIMYIO U3 OPUTUHAJIBHOM 3aMuCu. 3aTeM OHa OLIEHUBaeT
pe3yJabTUpYIOIlee pa3pylleHe U3 KaXI0ro OyHKepa B KaX/10M y3Jie U pac-
CUMTHIBAET HAKOIIJIEHHOE MMOBPEXICHME.

2. Ilonnblii aHATM3.

B cnyuae rcrnosib30BaHMsI HECKOJIBKMX COOBITUI TTepEeMEHHOM aMILIu -
TyAbl IpOTpaMMa BBIUMCIISIET HAMPSIKEHUSI B KaXK0M TOUKE MO Mpolile-
CTBMM BPEMEHH JIJIS1 KaXKIOM 3aMMCU MEPEMEHHOM aMILJIUTYAbl Ha KaXKI0M
y3ie. B kaxaoM y3iie mporpaMma oO0beAMHSIET HANIPSIKEHUST M U3BJIeKa-
eT OyHkepnl Rainflow, KoTopbie 3aTeM MCIIONB3YIOTCS I OLIEHKU pa3-
pylLIeHMUSI.

ITonHbIN aHAIM3 TaKXKe MCIIOJIb3YETCs, KOTAa 3aluCh IMepeMeHHON aM-
TUIMTYAbI AaCCOLIMUPYETCSI C OoJiee, YeM OJHUM UCCIIeTIOBAaHUEM C Pa3JIMY-
HBIMU CIBUTaMM WM MHTEPBAJIAMU.
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JIntopbl «Cpok cnyx6bi», «loBpexpaeHne», «3anac Npo4YHOCTH»

ITocne npoBeaeHUs aHaIM3a YCTAIOCTA MOXHO CO3/1aTh 3MIOPbI CPO-
Ka X13HU, NOBPEXIEHUN U KoadduiimeHTa 6€6301acHOCTH 17151 MOJIEJIN.

[Ipenmnoyioxum, 4To ObLT NPOBEAECH CTATUYECKUI aHAINU3 U ONTPEASIEHO
HCCJIeN0BaHNE YCTAIOCTU, TIe CTAaTUYECKUIA aHAIU3 SIBJISIETCS €IMHCTBEH-
HBIM COOBITHEM, KOTOpoe nmoBTopsieTcss N pa3. PaccmorpuM Kpusyio S-N
111 MaTepualia, Kak mokKa3aHo Ha puc. 59.

°A

\

\

|
N-AN N N
Puc. 59. Kpuas S-N

Ha ocHoBe ko3 duLimeHTa Harpy3Ku mporpaMmma orpeaessieT CKOppek-
TUPOBAHHOE 3HAKOMNEPEMEHHOEe HaMpPsLKeHUE M3 3HAUCHUI HaNpsKeHUI
B CTaTMYECKOM MCCJICAOBAHUM [IJIsI KaXKI0T0 y3Ja.

B rpaguke Ha puc. 59 Touka 0603HaUYaeT 3HAKONEPEMEHHOE HaTIIpsIKe-
Hue (KoopauHaTa Y) ¥ YMCJIo HUKJIIOB, IJ11 KOTOPBIX TPOUCXOIUT COOBITHE
(koopauHara X) mist onHoro y3aa. OauH U3 TpeX BO3MOXHBIX PE3YJIbTaTOB
MPOU3OMIET B KAXKIOM y3JIE:

« TOYKA pacrojioXeHa HaJl KPMBOM. Y CTaJ0CTHOE pa3pylIeHUE MPOrHO-

3UpYyeTcs B 3TOM 00J1aCTH;

« TOYKA pacroIoXeHa Mo KpUBOM. Y CTaJIOCTHOE pa3pyllieHUe He TIPo-
HUCXOIUT B 3TOI 00J1aCTH;

« TOYKa pacIiojiokeHa BHe Auarna3zoHa KpuBoit S-N. Hanboubiee ckop-
PEKTUPOBAHHOE 3HAKOMEPEMEHHOE HAIpsiKEHNE B MOJEIN JOKHO
pacriojiaratbCs B Avaria3oHe HanpsikeHus: KpuBoit S-N. Takke yuc-
J10 LUKJI0B (N) 10KHO pacriojiaraThesl B AMana3oHe UKJIOB KPUBO
S-N. B IpoTUBHOM cCjlyyae BMECTO TOUKM TepeceyeHusl mporpaMma
HCII0JIb3YET KOHEUYHYIO TOUKY KpUBOM S-NV.
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JI71s1 yIpoIleHKs CLieHapuK, B KOTOPBIX OIpeieIeHbl MHOXXECTBEHHBIC
KpuBbIe S- N 1JIsI MaTeprajia i HECKOJIBKO COOBITHI, HEe pacCMaTpUBAIOTCS.

B Ta61. 8 cogepxutcsa onucanue amop Cpok ciayx0bi, IloBpexnenue
1 3anac npoYHOCTH.

[TapameTphl pe3yabTaToB MeHeaxepa CBOWCTB ITO3BOJISIT BBITTOJIHUTD Ha-
CTPOIKY TTapaMeTPOB BBIBEICHUSI pe3yIbTaTOB UCCIIEIOBAHUI YCTAIOCTH.

Tabauya 8
Ommcanne 3mop Cpok ciryxk0b1, [ToBpexknenne, 3anac npoIHOCTH
DIMIOpHI Onucanue Bzanmnas 3amMeTKn
CBSI3b
Cpok Yuco MKIIOB, Cpok Drmropa cpoKa CIyKOBI TOCTYITHA TIPU
CJIyKOBbI BBI3BIBAIOIIMX COOM | CTY>KOBI = onpeaeaeHu OJHOIO COOBITHSI.
B obnactu mozaenu. |= N — AN 3HaueHNe CPOKa CITYKOBI 3aBUCHUT
Ha rpacduke 310 TOJIBKO OT 3HAYCHUST HAIIPSLKEHUS
TepecedyeHue Topu- B 00JIaCTH U KPUBOI1 S- N, HEe 3aBUCUT
30HTAJIbHOU JIMHUU OT YKCJIa IIUKJIOB YCTaJIOCTH.
o u S-N KpuBoit Ecnu ckoppekTrpoBaHHOE 3HAKO-

rnepeMeHHOe HaMpsLKeHUE B MOJEIU
CTaHOBUTCS MEHbILIE YPOBHS HaMpsi-
KEHUS B MOCJIETHEN TOUKE KPUBOU
S-N, TiporpaMma MCITOJIb3YeT YHC-

JIO LIUMKJIOB, OIIPENEIEHHBIX IS 110~
cJIeMHE TOUYKU KPUBOA S-N, eciu BbI
He OMNpeAeauIn U He BbIOpaiu rapa-
MeTp HeorpaHW4YeHHbI CPOK CIYXObI
B CBOMCTBax MCCJEA0BaHUS Ha yCTa-
JIOCTb, UTO MPUBEIET K TOMY, UTO 3HA-
YyeHue HeorpaHM4yeHHOro cpoka ClyX-
Obl Oy/IET UCIOJb30BATLCS B pacyeTax
MoBpexaeHnii.

Ecnu cobniTue ob6namaeT MNepemeHHol
AMIUTUTYIO0M [OCTOSAHHOW aMIUIUTY-
Iibl), pe3yJIbTaThl CPOKa CIY>KObI pac-
CUMUTBIBAIOTCSI aHAJIU30M YCTAJIOCTHU

B 0JIOKaX, a HE B LIUKJaX, Tae 0JOKU
ONpPEeeSIIOTCS KaK UCTOPUST CyMMap-
HOI1 Harpy3Ku (BKJTIOYAsT YMCIIO T10-
BTOPEHUI COOBITUS B KPUBOIA), yKa-
3aHHOM Mosib30BaTeaeM
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Okonuanue mabn. 8

CTH

KOTOpOE IIPUBO-
IIAT K yCTaJIOCTHO-

MY pa3pyIlieHHIo,
K HaIIPSKEHUIO O

DMophI OnucaHue Bzanmuasa 3ameTKn
CBSI3b
IMoBpex- | IIpoueHT KO- IToBpex- 3HavyeHure 1 yKa3bIBaeT Ha TO, YTO
(3304 (] ¢umeHTOB Ha- JIeHue = oIpeeJIeHHBIC COOBITHS YCTAIOCTH
KOITJIEHHBIX T10- =N/(N — AN)|norpe6uu 100 % cpoka ciiyK0bl MO-
BpEXXICHUI WITH JIeIU B OTIpeneICHHOM 001acT
WUCTOJb30BAaHHbBIN
IIPOIICHT CPpOKa
CJIy>KOBbI
3amnac OtHouleHue 3Haue- | K= Dmopa KoahduireHTa 0e30macHo-
MPOYHO- | HUS HaTIpsLKeHUsI, | = (0 — A0)/0 | cTH JOCTYITHA TOJIBKO, €CJIU B MCCIe-

JOBAaHUU YCTAJIOCTU ONPEAEICHO a1 -
HUYHOE COOBITHE.

Koaddunument 6e3onacHoctr = 2,0
B OIpee/IeHHOM 00J1aCTH IIPOTrHO-
3UPYET IOSIBJICHUE ITOBPEXICHUIA

B 3TOi1 00JIaCTU IIPU IPUMEHEHUM
Harpy3oK, YMHOXeHHBIX Ha 2,0

B nyHkTe PacyeTbl ycTanoctn MOXKHO BEIOpATh OJMH 13 IBYX BAPUAHTOB:
o Bcs Moaenb — pacCUMTHIBAIOTCS MTOBPEXKIESHUST BO BCEX MECTOIIOJIO-
KeHusx (y3nax) moaeau. B coopke TpelrHbl MOTYT OSIBUTHCSI BHY -
TPU MOJEJIM Ha TTOBEPXHOCTHU COIPSKEHUSI IBYX JeTajleil U3 pa3HbIX
MarepuaioB. B OOJABLIMHCTBE APYTUX CYYAEB TPELLIUHbBI MTOSBISIOT-
Csl Ha TpaHMLIe MOMACIIN;
o ToJbKO MOBEPXHOCTb — BBHIUMCISIIOTCSI TOBPEXKACHUS TOJIBKO Ha rpa-
HUYHBIX y31aX. Mcrnonb30BaHMEe HACTOSIIIEro MapaMeTpa CoOXpaHsieT
BpeMsl, TTOCKOJIbKY HY>KHO MEHbIIIE BEIYMCIECHU. DKOHOMUS TTOJY-
yaeTcsl 3HAUMTEIbHOM 17151 00JIbIINX 3a4a4 CO MHOTMMU YCTaJTOCTHbI-
MU Harpy3kKamuy NepeMeHHON aMILIUTY/IbI.
B nyHkTe MecTtononoxeHue ana matpuubl rpaduMkoB YCTaHABJIMBAIOTCS
MECTOMOJOXEHUS (BEPILIMHBI U CIIPABOYHbIE TOUKM), HA KOTOPBIX MOXHO
MOoCTpoUTh Mpaduk maTpuubl NONHbIX LUKNOB (rainflow).

Dniopa npoBepKH YCTAJIOCTH

Ecnu cyiiecTtByeT puck, 4To ornpeaesieHHble 0071aCTU CO31aBaeMOit MO-
JIeJIM BBIMAYT U3 CTPOSI 10 MIPUYMHE MOBTOPSIOLIMXCS HArPy30K U pasrpy-
30K, TO CJIeAYeT UCIT0JIb30BaTh ITapaMeTp Aniopa NPOBEPKU YyCTanocTn. DIio-
pa OCHOBBIBAETCSI HA COOBITUM YCTAJIOCTHOTO HAIPSIKEHUSI C TIOCTOSIHHOM
AMIUIUTYIOM C MMOJIHOCTBIO PEBEPCUBHOM WU HYJIEBOM HArpy3KOM.
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HMcnonb3oBaHMe JaHHOTO MapaMeTpa BO3MOXKHO TOJbKO MPU HATUYUU
ymnens3nu Simulation Professional vyt Simulation Premium. /114 coctaB-
HBIX 000JI0UEK UM 0aJIOK dniopa NPOBEPKU YCTaNoCcTM He OTOOpaKaeTCsl.
J1J1s1 TOro 4TOOBI BOCIIOJIB30BATHCS ITApaMETPOM dniopa NPOBEPKM ycTano-
CTV HEOOXOOUMO:

1. IloaroroButh CTaTM4yeckoe UCCIENOBAHUE, 3a1aB COOTBETCTBYIOLIMIA
MaTepuaJ, yCIoBUsI KOHTaKTa, Harpy3Ku U KperuieHus. JonycTrumble
TUIIBI CETKU: TBepaasi, 000J0YKM 1 KOMOMHUPOBAHHAS CETKa C MO-
BEPXHOCTbIO 1 TBEPJbIMU TEJIAMU.

2. 3anycTuTh CTaTUYECKOE MCCIEeA0BaHUE; B IepeBe MCCIea0BaHUM
Simulation, HaxaTb MpaBOii KHOMKOW MbIIIM Ha Pe3ynbTaTbl U BbI-
OpaTh MyHKT OnpenenuTb aMOpy yCTanocTu.

3. B PropertyManager:

1) B oxkHe rpymnmnbl Tena gns npoBepku BbIOPATh OJHO UM HECKOJIb-
KO Tell;

2) B okHe UameHsiowme koadpdpurumeHTsl BLIOpATh Tun Harpysku;

3) Bectu KO3 PUIIMEHT MECTHOM KOHLIEHTPALIMY HATIPSIKEHU I BbI-
OpaHHBIX TeJ WK BbIOpaTh YkasaTbk 15 3aJaHus KoaddulimeHTa
HaKOILJIEHUS.

B rpacduyeckoii o61acT Te YacTU MOAEIM, KOTOPbIE HE TTOABEPKEHbI
YCTaJIOCTHOMY pa3pylleHn0, 0003HauYe€Hbl CHHUM 1IBETOM, a TTOABEPKEH -
Hbl€ pa3pyILIEHUI0 — KPACHBIM LIBETOM.

MoxxHO TakkKe U3BMEHUTD Ipeiesl YCTaI0CTU U IMTOBTOPHO 3alyCTUTh MO-
JIyJIb SMIOPBI MPOBEPKU ycTajlocT. Bo BKlagke MaTtepuan ciienyeT BBECTU
K02 PULIMEHT OT 1 10 5, YTOOBI YBETMUUTH €ro Wi KoadduiMeHT 3amnaca
MPOYHOCTHU OT 1 10 5 W11 ero yMeHblueHus. J1J151 Toro 4To0bl OOHOBUTD 3ITIOPY
MPOBEPKU YCTAJIOCTH CAEAYET IIEJKHYTh MBIIIbIO MO rpaddMyecKoii 061acTu.

N3mensomue K03 GpuueHTbl

[TprmeHeHUe U3MEeHSTIOIMX KO UIIMEHTOB MTO3BOJISIET KOPPEKTUPO-
BaTh KoaduimeHT MecTHOI KOHIIEHTpanuu HanpsoKeHuid FS (KommnoHeHT)
BBIOpAHHBIX TEJ B X paboueM coCcTOsSTHUU (Tabu. 9):

FS(KOMI'[OHGHT) = FS(MaTepnan) X I((Harpyska) X ]((pasMep)'

KoadduimeHT MecTHOI KOHLIEHTpAIlMK HATIPSDKeHWI TSl MaTepuaia,
FS \arepuan» PABEH MOJIOBMHE Tpe/eNa IPOYHOCTU MaTepuaa.
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Tabauya 9

ITapameTtpsr Simulation A 3ananus n3mMeHsIOIMX K03¢ GunrueHToB

Tun Harpy3ku

[IprMeHUTD YCTaI0CTh HYJIEBOI HATPY3KU MIJIs1 ONIpeeie-
HUSI CPEIHErO Y 3HAKOIIEPEMEHHOI'0 HAIIPSIKEHUIA.
CpenHee HalpspkeHHe = 3HaKOIIepeMeHHOe HallpsLKeHNe =
=Y X Makc [P, wm (P, — P;)/2)]

I[TpuMeHUTH MTOTHOCTHIO PEBEPCUBHOE YCTAJIOCTHOE Ha-
MpsKEHKE IUTSI OTIPEeICHUSI CPETHETO M 3HAKOTIePeMEH-
HOTO HAIIPSIKEHUA.

CpenHee HanpskeHue = 0.

3HaKomnepeMeHHOE HaTIPSDKeHNE =

= makc [P wu (P, — P;)/2)],

rae P,, P,, P, — niepBoe, BTOPOE 1 TPEThE TJIaBHOE HAIIpsI-
JKEHNE COOTBETCTBEHHO

Boruncinurhb OnpenenuTth KO3 GUIINEHTH MECTHON KOHIICHTPAITNHN
HaIIPSKEHUN
Koadpdpummenrt OmnpenenuThb MONpaBOYHBINA KO3(h(GUIIMEHT IIePOX0BAaTO-

BIUSIHUS oOpa-
OOTKM TTOBEPX-
HOCTH

¢ty moBepxHOCTH. [TorpaBouHBIN KO3DOUIIMEHT 1Iepo-
XOBaTOCTH MTOBEPXHOCTU TTO3BOJISET OLIEHUTH KO UM -
€HT MECTHOI KOHIIEHTpALIMX HaTIPSIKEHW JeTaln, KoTraa
OHa HaxoJIuTCs B paboueM cocTossHUU. Bribepure cooT-
BETCTBYIOLLMI TUIT TIOBEPXHOCTU U3 CITMCKa WUJIN BbIOEpU-
Te MyHKT JIpyroe Jj1s1 BBOAA MOJIL30BATEIbCKOTO 3HAYEHUS.
3HayeHre HeoOXonnMMOo BBecTH B nuarma3one ot 0,1 1o 1

Koadpduumnenr
Harpy3Ku

OmnpenenuThb MONpaBOYHBIN KO3(h(GUILIMEHT HATPY3KU.
[Tpemenbl BBIHOCIMBOCTHA OOBIYHO OTIPEIEIISIOTCS C MC-
MOJIb30BAHUEM TECTOBBIX 00PA3LI0OB MPU NPUIOXKEHUU U3-
ruba. Obpasel] ¢ MPUIOXKEHHOM nedopManneii mmeeT
0oJIee HU3KMIA TIpeIesT BRIHOCIMBOCTH. BriOepuTe COOTBET-
CTBYIOIIWI TUIT HATPY3KU U3 CIICKA W BEIOCPUTE MYHKT
Lpyroe I BBOA ITOJb30BATEILCKOTO 3HAUCHNS. 3HAUE-
HIe HeoOX0oaMMOo BBeCcTH B muara3oHe oT 0,1 go 1

Koadpdunmuenr
pasmepa

OmnpenenuTh MMONpaBOYHBIN KO3(hGUILIMEHT pa3Mepa.

Ha ocHoBaHUM 5KCNIepUMEHTAIBLHBIX pe3yJIbTaTOB MOXKHO
CIIeJIaTh BBIBOJ, UTO JIETAJIM OOJIBIIIETO pa3Mepa UMEIOT 00-
Jiee HU3KUI npeaesl BBIHOCAMBOCTU YEM MEHBIIINE IeTalu.
3HayeHre HeoOXonnuMo BBecTH B nuara3one ot 0,1 1o 1

Yka3zarb

3agaTh KO3 PUIMEHT HAKOTUICHUS] MECTHOM KOHIIEHTpa-
IIUY HATIPSKEHUST, KOTOPBIN BBIYUCIISICTCS CIICTYIOIITM
oOpa3zom:

KoaddunueHT mepoxoBatoct moBepxHocTu X Koapdpu-
HUeHT Harpy3ku X KoaddulmeHT pazmepa.

3HaueHre HeobxonnuMo BBecTH B quara3oHe ot 0,001 go 1
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Marepuan

[Tpu BbIACIEHUU OTAEIBLHOTO TeJia MOSBISIETCS OMMCcaHWe MaTepuaa
1 KO3(h(PUILIMEHT MECTHOI KOHLIEHTpALIMKU HaNpsLKeHU. BeinmonHsoTes
pacyeTsl 151 3MI0Pbl MPOBEPKU YCTAIIOCTU, U TOSIBISIETCS] YBEIOMJIEHUE
MoJBEPKEeHA JIU MOJIEeJIb YCTATOCTHOMY HarpyXeHHMUIO.

3esieHblii 3HaUOK 0003HAYaEeT, YTO MOJIeJIb Oe30MacHa U He pa3pylinuTCcs
MPpU MPUOKEHU U MHOTOKPATHBIX Harpy3ok. Bce BblaeieHHbIe TeJla B rpa-
(¢puryeckoit 061aCTU UMEIOT CUHUIA 1IBET.

KpacHblit 3HaUOK MpeayrnpexkaaeT, YTo MOJEIb MOXKET ObITh TOBPEXK/Ie-
Ha MpU MPUIOKEHUM MHOTOKPATHBIX HAarpy3oK. O0JacT MOZIeJIv, KOTOpbIe
MOABEPXKEHBI YCTAIOCTHOMY pa3pylleHUI0, 0003HaUEHbI KPACHBIM 1IBETOM.

B nnporpamme npeaycMoTpeHa BO3BMOKHOCTb OTKOPPEKTUPOBaTh K., TpU
TOMOIIIU CJIEAYIOIIMX TapaMeTPOB:

* MacmradupoBaTh Bee CHIbl YCTANOCTH (K ,0,105)) — TIO3BOJIAET YMHO-
KUTb KOG GUIIMEHT KOHLUEHTPALMU HAMPSIKEHU I BBIOPAHHBIX KOM-
IMOHEHTOB Ha 3ajJlaHHOe 3HayeHue. 3JHauyeHue HeoOXOIMMO BBECTHU
B nuamnas3oHe ot 1 go 100;

* MunumajbHbli 3anac NPOYHOCTH (K., npounocry) — MO3BOJISIET pas/ie-
JIUTh KO3(MOULIMEHT KOHUEHTPALIMU HANPSKEHU A BHIOPAaHHBIX KOM -
IMOHEHTOB Ha 3ajJlaHHOe 3HayeHue. 3JHauyeHue HeoOXOIMMO BBECTHU
B aAvanaszoHe ot 1 no 10.

M3MeHeHHBbI KO GUUMEHT KOHLIEHTpallu1 HanpsikeHuit K, paccun-
ThIBa€TCS CJIEAYIOIIUM 00pa3oMm:

KKH = FS(KOMI‘IOHCHT) X I((chunaG)/I((mnac MPOYHOCTH) *

IIpu BBOIE 3HaUeHMsI MaciuTaba uiIu
3amnaca Ipo4YyHoCTH Oosbliee 1 1 HaXKaTuu
Ha rpauuecKkyr 00JacTb NPOU3BOIUT-
CS1 pacueT BITIOPHI MPOBEPKU YCTAaTOCTU
U B rpadrueckoii oo6acT OOHOBIISIETCS
ABcommioTHOE cpenHee Hal'll;mKCHMC IBET Bb16paHHOF O KOMITIOHCHTA.

AbconoTHOR 3HAKOMECPEMEHHOC HAIIPSAKECHUE

Puc. 60. lnarpamma poBepKu

CTaJIOCTU:
Y Dopa MPOBEPKH YCTATOCTH — BbIYHC-
ES () — K02 (HULMEHT MECTHOI KOH-

LIEHTpALIMU HATIpSKeHU N MoaupuIIm- JCHNA
poBaHHOTO MaTepuana; | — HyJeBas ITo JuarpamMme, nNpecacrtaBjacHHOM Ha
Harpyska; 2 — TOJTHOCTBIO peBepcuB-  pric. 60, ONpeneIIIoTC ABE 00JIaCTU DITIO-
HOE HaIpsKeHue; Sy — Mmpeaelt TeKyJe-
pbl IPOBEPKU YCTANOCTU. [ KaxKaoro

CTU MaTepuana; St — rnpeaes MpoyHo-
CTU Ha pa3pbiB MaTtepuaia y3Jjia nmporpamMmma BbIYUCIACT 3HAKOIICPC-
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MEHHOE M CpeaHee HAIIPSKeHUs] Ha OCHOBE OIPEIeIEHHOTO TUIA COObI-
THSI YCTAJIOCTH.

st COOBITUST YCTAJIOCTU HYJIEBOI HATpy3KM BCE TOUKM PACIHOI0KEHBI
Ha ocu 1 ¢ KoopauHaTaMu:

CpeliHee HalpsikKeHUe = MepeMeHHOe HampsikKeHue =
=), Makc [P, unu (P, — P;)/2)],

rae P,, P,, P; — nepBoe, BTOpOE U TPEThE INIABHOE HAIIPSIKEHUE COOTBET-
CTBEHHO.

O06nacTv MOJEM C COOTBETCTBYIOIIMMHU TOUKAMU, 0003HAYEHHBIMU TPeE-
YTOJIbHUKAMU, B 3aIITPUXOBAHHOM 00JIaCTU IMarpaMMbl B SITIOPE MPOBEP-
KM YCTAJIOCTA CBOOOIHBI OT YCTAJIOCTHOTO HarpykeHust. O61actTu Moenun
C TOYKaMM, 0003HAYEHHBIMM KBaJpaTaMu, JeXalllMMU 3a MpeaeamMu 3a-
LITPUXOBAHHOM 00J1aCTU AMarpaMMbl B 3MIOPE TMTPOBEPKU YCTATOCTH MO~
BEPKEHBI YCTATOCTHOMY HAaTrpyKEHMUIO.

J171s1 TIOJTHOCTBIO pEBEPCUBHOTO COOBITUS YCTAIOCTHOTO HATIPSIKEHMS BCE
TOYKM pacHoJOXEHbl Ha BEPTUKAIBbHON OCU (CpeaHee HarpsokeHue = ()
MpU 3HAKOMEPEMEHHOM HampsikKeHUU = Makc [P, unm (P,-P;)/2)].

O06JacTy MOJEIM CO 3HAKOTIEpEMEHHBIM HAMPSKEHMEM MEHBIIIMM, YeEM
00J1aCTH CONPOTUBJIEHMSI YCTAIOCTH FS|,,), B IIOPE TIPOBEPKU YCTAIOCTH
CBOOOIHBI OT YCTAJIOCTHOTO HarpykeHusi. O61acTu MOAean CO 3HAKOIe-
PEMEHHBIM HaNpPsKEHUEM OOIbIINM, YeM FS,,, IOABEPXKEHbI YCTAIOCT-
HOMY HarpyXeHHUIo.

Bonpocbl u 3aaHna AN camMmonpoBepKu

1. JlormoaHuTe MpeaioXeHus1, BbIOpaB MpaBUIbHbIE OTBETHI U3 TIPEII0-
>KEHHBIX.

1.1. IIpu nmpoBeneHuun ucciaegoBaHus yctaioctu B SolidWorks
Simulation crmocoGHOCTL MaTepuaaa CONPOTUBIISITLCS YCTATOCT-
HOMY pa3pylLIeHUIO 3a1a10T:

a) koa(ppuueHrom IlyaccoHna;

0) KpUBOIi HOPMAJILHOI'O pacIIpeieICHUS
B) KpUBOM S-NV;

r) Ko3(pGULIMEHTOM 3amaca IIPOYHOCTH.

1.2. YcrajnocTHasi HpOYHOCTh — 3TO:

a) HauOoJbllee 3HAKONEepeMEeHHOe HaMpsiKeHUe, KOTopoe
He MpUBEAET K YCTAIOCTHOMY pa3pyILLIeHUIO U3ACUS;
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0) HarpskKeHue, IMpY KOTOPOM MPOUCXOIUT pas3pyllieHue U3je-
TS,
B) HaIpsKeHUe, TPU KOTOPOM YCTaJIOCTHOE pa3pylleHKue Mpo-
KWCXOAUT MPU 3aJJaHHOM KOJIMYECTBE 1IMKJIOB.
2. BbINOJHUTH aHAJIM3 YCTAJOCTU KPOH-
mreitHa (puc. 61) TIpM ycJIOBUM, YTO
KPOHILUTEWH KPEIUTCI K BEPTUKAJTIbHOM
nmoBepxHocTu 4 6ontamu. Ha BepxHIOI0
MOJIKY KPOHIIITeiHA B 001aCTH, TOKa3aH-
HOI1 Ha pHC. 61 3CKM30M OKPYKHOCTH 1 -
ameTpoMm 20 MM, IEMCTBYET 3HaAKOIepe-
MeHHas Harpy3ka (BBepx 1 BHU3 — 500 H).
KpoHinTeitH BbINOJIHEH 13 CTaJIbHOTO JI -
Puc. 61. K samannio wist camoctosi-  €Ta CT3, TonumHoi 3 mM. IToctpouTs

TeJIbHOM paboThl. Pacuer yctamoct-  AIIOPHI TIOBPEXIECHUIN U CPOKa CIIY>KObI,
HOM MPOYHOCTU KPOHIUTEHHA rpauk S-N.

JINHenHbIW AUHAMUYECKUNA aHanu3

B crarmueckux mccienoBaHUAX MPEAIIOaracTcsl, YTO Harpy3Ku SIBJIsI-
I0TCS TIOCTOSTHHBIMY VJTU TIPUKJIAABIBAIOTCS OYeHb MEIJIEHHO U TIOCTETIEH-
HO JI0 TOCTVKEeHUS TTOJTHBIX BEIMYMH. BeaencTBue mpeHeOpeKmMo MaJibIX
YCKOPEHUI M CKOPOCTE TaKoe IOITyIIeHHUE TTO3BOJISIET IIPpeHeOpedb MHEP-
LIMOHHBIMY CUJIAMU U CUJIaMU AeMITI(UPOBAHMSI.

Bo MHOTMX MpaKTUUECKUX CITydastX Harpy3Ku He TIPUKJIaIbIBAIOTCS MEJI-
JICHHO, KpOMe TOTO, BEJIMYMHA M YaCTOTAa Harpy30K MOTYT MEHSTHCS CO
BpeMeHeM. B Takux cirydasx MCIoIb3yeTcsl IMHAMUYECKOE MCCIIeOBaHNE.
B o61iem, eciiu yactoTa Harpy3ku 6oJbliie 1/3 camoii HU3Koi (OCHOBHOI)
YacCTOThI, CJIEAYET UCITOIb30BaTh TMHAMMYECKOE NCCIIeI0OBAHNE.

JIuHeitHbIe AMHAMUYECKHE UCCIIeIOBaHUS 0a3UPYIOTCS Ha YaCTOTHBIX
uccienoBaHusx. [IporpaMMHoe obecrieueHre pacCUMTRIBACT PeaKIINIO MO-
JIEJIV TIOCPEICTBOM CJIOKEHUS BIMSTHUM KaXK 0 MOIbI HAa 00JIaCTh Harpys3-
KU. B GoibIIMHCTBE cTydyaeB TOJILKO HUKHUE MOJIBI BHOCSIT 3HAYUTEIIb-
HBII BKJIAJ B peaklnio. BiamsHue Moabl 3aBUCUT OT YaCTOTHOTO CIIEKTpa
Harpy3KM, BeJIMYMHBI, HaIIpaBJIeHUSI, IIPOJOKUTEIBHOCTH U MECTOITO-
JIOKEHUS.
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Llenn guHamuyeckoro ananusa

Llenn nMHAMKMYECKOro aHaIM3a BKIIOYAlOT:
o IIpoekTupoBaHME KOHCTPYKLUIA IJIs1 paOOThI O0€3 pa3pyllUeHUs B OAU-

HaMMWYC€CKUX Cp€aax.

o Moaudukaiys XxapaKTepuCTUK KOHCTPYKIIMHU (TO €CTh, (POPMBI, MeXa-
HU3MOB IeMII(ppOBaHNs, CBOMCTB MaTepyaia 1 T.11.), YTOObI yMEHb-

HIUTDb BJIUAHNEC BI/I6paHI/II/I.

YpaBHeHus ABUXEHUA

1. CucreMbl ¢ 0IHOI CTENEHbIO CBOOOIbI.

PaccMoTpuM TIpocTyio yIpyryio cucteMy ¢ maccamu (puc. 62). Mac-
ca m MOJABEPrHyTa BO3NCHCTBUIO CUIIbI F (f) B HAIIpaBJIICHUM U B KA4eCTBE

(pyHK1IMM BpeMeHU. Macca MOXET IepemMe-
IIAThCS TOJBKO B HAIIPABJICHUU U U, ClIe-
JIOBATEJILHO, SIBASIETCSI CUCTEMOM C OJTHOM
CTENEHbIO CBOOOIBI. JIBUXKEHUIO COIIPO-
TUBJISIETCSI IPYKMHA XXECTKOCTHIO K.

3amnuceiBas BTOpoii 3aKoH HploToHa
(cuna paBHaA Macce YMHOXEHHOM Ha YCKO-
peHue) IJISL 3TOM CUCTEMBI BO BpeMsl £, O-
JlyyaeMm

Puc. 62. TIpocras yripyrast cucrema
¢ Maccamu

F(t) - ku(t) = mii(?)

NI

mii(t) + ku(t) = F(?),

rae i(f) — yckopeHue Macchl BO BpeMs 7, KOTOPO€E paBHO BTOPOI ITPOU3BO-

JTHOM U OTHOCUTEJbHO BPEMEHM; K — XKECTKOCTb MPYKUHBI.

TeopeTnuecku, eciam Macca CMeIeHa
1 O0CBOOOXIIEHA, OHA OyIeT MPOI0IKaTh
Ko0J1€0aTbhCs ¢ OAMHAKOBOW aMILIUTYI0MU
HECKOHYAEMO HOJTUI Mepruosl BpEMEHU.
Ha npaxktuke Macca BUOpUpYET ¢ MocTe-
MEHHO YMEHbIIAIIIENCI aMIUIUTYA0MU
11O T€X TOp, MOKA HE TIPUAET B COCTOSTHUE
nokos (puc. 63). Hacrogiee siBjieHue Ha-

p 1Y

e m Ut/
’ - B2

Puc. 63. Yrpyras cuctema
C YUeTOM JeMII(pUPOBAHUS
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3bIBACTCS AeMIT(UPOBAHEM M OHO BBI3BIBACTCS IOTEPEI SHEPTUU TTOCPEI-
CTBOM TPEHUS M APYTUX BIUSHUI. JlemripupoBaHue SIBISIETCS CIOXHBIM
seiaeHueM. [1peanonaraercs, yTo neMmdupyooIias cuia IIporopLIruoHab-
Ha ckopocTu. Takoit Bun neMrndupoBaHus Ha3bIBACTCSI 813K0CHHOE 0eMA-
¢uposanue.

C yyeToM neMndupoBaHUs BhILLIECIIPUBEICHHOE YPAaBHEHE UMEET BUJI
mii(t) + cu(t) + ku(t) = F(¢),

rae U(f) — CKOpOCTh MacChl BO BpeMsI ¢, KOTOpasi paBHa TMEePBOI TPOM3BO-

JIHOM 1 OTHOCUTEJILHO BPEMEHMU.

B cratnueckux ucciaenoBaHUsSIX CKOPOCTh U YCKOPEHUE TaK MaJibl, UYTO
MMM MOXHO NpeHeopeub, a F U u He ABIISIIOTCS GYHKLUSIMU BpeMeHU. Bbi-
LIENpUBEIEeHHOE YpaBHEHE YMEHbIIAeTCs 10

F=ku.

2. CucreMbl CO MHOTUMH CTENEHsAMH ¢cB00oabl. /1t HUX m, ¢ u k cTaHO-
BSITCSI MAaTpULIAMU, a HE OAMHOYHBIMY 3HAYEHUSIMU 1 YPaBHEHUS TBXKE-
HUS BbIpaXke€HBI KaK

[MJ{i(0)} +[Cl{()} +[K [{u(D} = {/ ()},
roe [M] — marpuua macc; [K] — marpuna xectkoctu; [C] — MaTpuia
IeMII(UPOBaAHUS; {ii(t)} — BEKTOP MEPEMELLEHUS BO BpeM4 f (COCTaBIISIIO-
II1e TIepeMEeHNST KaXIOoTo y31a); {L't(t)} — BEKTOP YCKOPEHUSI BO BpeMsl ¢
(YCKOpeHure KOMITOHEHTOB KaX/10To y3/1a); {u(t)} — BEKTOP CKOPOCTHU BO Bpe-

MsI ¢ (CKOPOCTh KOMITIOHEHTOB Kaxaoro y3na); {f (f)} — u3MeHsommics
BO BPEMEHU BEKTOP HArpy3Ku (Crjia KOMIIOHEHTOB KaXKIOT'0 y3J1a).

JINHEHbIi AMHAMUYECKUIA aHanKu3
B CPABHEHWH C JIMHEHHbIM CTAaTUYECKUM

B /IMHEHHOM CTATHYECKOM aHAJIM3€e HArpy3KU MPUKIIAAbIBAIOTCS ITOCTe-
TIEHHO ¥ MEJIEHHO JI0 TeX ITOp, II0Ka OHU He TOCTUTAIOT ITOJTHOM BEJTMYNHBI.
[Mocne nocTKEeHMSI TTOJTHOM BETMYMHBI HATPy3KH OCTAIOTCS TTOCTOSTHHBI-
MM (He 3aBUCSIIIIMMU OT BpeMEeHU). Y CKOPEHUSIMHU 1 CKOPOCTSIMU BO30YXK-
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JIIECHHOW CHUCTEMBI HpeHe6pera10T, CJIEOJOBATC/IbHO, B IIOCTAHOBKE 3aaa4un
HE YUUTBIBAIOTCA MHEPLMOHHDBIC CUJIBI M CUJIbI ,Z[GMH(I)I/IpOBaHI/IHI

[K{u} = {1,

rae [K] — maTpuia XecTKoCTH; {#} — BEKTOp nmepeMellieHus; {f} — Bek-
TOp HArpy3KHu.

Pemienue naet nepemMenieHusl, HaOpsIKEHUsI, KOTOPbIE SIBJSIOTCS T10-
CTOSIHHBIMM.

B nuHeiiHOM TMHAMMYECKOM aHAJM3e MPUJIOKEHHbIC HAIPY3KU 3aBUCSIT
OT BpEMEHU. YCKOPEHHUSI U CKOPOCTU BO30YKIEHHOI CUCTEMBI SIBJISIIOTCS
3HAUYUTEIbHBIMU, TTO3TOMY B [IOCTAHOBKE 3a/1a4M CJIeAyeT YUYUThIBATh MHEP-
LIMOHHBIE CUJIbI U CUJIBI IeMII(PUPOBAHUSI:

[M]{a@;+[Clia@); + [K {u)} = {/@)},

roe [M] — matpuua macc; [K] — marpuna xecrkoctu; [C] — maTtpuna
nemndupoBanus; {ii(f)} — uaMeHsIOWMIICS BO BpeMEHM BEKTOD TIEpEMeE-

LLIEeHUS,; {L't(t)} — U3MEHSIIOLIUICS BO BpEMEHU BEKTOP YCKOPEHMS; {u(t)} —

U3MEHSIIOLIUIACS BO BpeMEHU BEKTOP CKOPOCTH; {f ()} — U3MEHSIOLIMIACS
BO BPEMEHHU BEKTOP Harpy3Ku.

Peakiius cuctembl onpenensieTcsl B €IMHUIIAX BPEeMEHHbBIX 3aBUCUMO-
cTeil (aMIUIMTYIbl OTHOCUTEIbHO BPEMEHM) WM B €AMHUIIAX YACTOTHBIX
CIEKTPOB (MaKCHMMabHble 3HAUEHUsI OTHOCUTEJIbHO YaCTOTHI).

B nuHeliHOM AMHAMMYECKOM aHajlu3e MaTpUIlbl Macc, >KeCTKOCTHU
U AeMI(pUpoBaHUs He U3MEHSIIOTCS CO BPEMEHEM.

CBoiicTBa MaTepuaja, Kak U B paCCMOTPEHHOM BbIIlI€ JUHEWHOM CTa-
TUYECKOM aHa/Iu3e, CYNTAIOTCS IMHEHHBIMU, T. €. BCE MaTepuaJsibl B MOJE-
JIX COOTBETCTBYIOT 3aKOHY I'yKa, B COOTBETCTBUU C KOTOPBIM HAMPSIKEHUE
MPSIMO MPOIMOPLIMOHATBHO AeopMalInn.

JInHaMUYeCcKue HATPy3KM MOTYT OBITh:

o JlemepmunupogaHHsle, KOTOPBIE XOPOIIO OIPEAETIEHBI B KAYECTBE
(byHKIIMM BpeMEHU 1 MOTYT ObITh TOYHO MTPOTHO3UPYEMBI;

o HedemepmunuposarHhvie, KOTOPbIE MOTYT ObITh TADMOHUYECKUMU, TIE-
PUOINYECKMMU WU HETIEPUOANYECKUMMU.
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Ecnu Harpy3ku 1eTepMMHUPOBAHHbIE, PE3YIbTaThl TAKXKE SIBJISIIOTCS J1e-
TePMUHHUPOBAHHBIMU.

HenetepMuHupoBaHHBIE HArPY3KU HE MOTYT OBITh XOPOIIO OIpeesie-
HbI B BUJI€ IBHOI (DYHKIIMY BpE€MEHU U OHU JIy4llle BCero OMrcaHbl CTaTHU-
cTUYeCKMMU napameTpaMu. Eciiv Harpy3ku HeaeTepMUHUPOBAHHBIE, Pe-
3yJbTaThl TAKXKE SIBJISIIOTCSI HEAETEPMUHUPOBAHHBIMU.

Ha puc. 64 moka3aHbl TUITMYHBIC TUHAMWYECKIE Harpy3KI/1
a

E(1) V\ F(r) F(r) F(r)
A= A\ = b=

Puc. 64. TunmyHple TMHAMUYECKUE HATrPy3KHU:

a — rapMOHMYecKasi; 6 — MepuoanIecKast; 6 — yaapHasi;
2 — IMHAMHUYECKast

st paznuuHbIX Harpy3ok SolidWorks Simulation nipeaiaraeT Tpu Tumna
JIMHEMHBIX TUHAMWYECKUX UCCIIEIOBAHUIA:
e MOJAJIbHBINA aHAJIM3 BpeMEHHOI JUMarpaMMmbl;
e TapMOHMYECKUI aHaAIU3;
e aHaJM3 CIy4aiiHOro KoJeOaHusl.
B paccMoTpeHHOM BBIIIIE YACTOTHOM aHaAJIM3€ BEIYUCISIIOTCS TOJIBKO pe-
30HAHCHBIE YACTOThI U COOTBETCTBYIOLIME (POPMBI KOJIEOAHUIA.

JIuHeliHble IMHAMWYECKUE MCCIeIOBaHMS UCIOJb3YIOT MH(MOPMALIMIO
YaCTOTHOTO aHaJIM3a 11 BBIYUCIIEHUS] JMHAMUWYECKO peakKlu IMPOEKTU -
pyeMOi KOHCTPYKLIMU HA IMHAMUWYECKUE CPEIbI.

B uesioM, TOUHOCTB pellieHUsT B UCCIEAOBAaHUN JIMHEAHOTO JMHAMUYe-

CKOTO aHaji13a 3aBUCUT OT CJIEIYIOIIUX KOMIOHEHTOB:

o MPaBWJIBHOIO 3aJaHusl Harpy30K U OrpaHUYEHUIA;

e KOJIMYECTBa HOPMaJIbHBIX MOJI, pacCMaTpuBaeMbIX B pelieHuu. Camast
BbICOKasl YaCTOTA, MCMHOJIb3yeMasi B aHAJIU3e, JOJKHA ObITh OOJIbIIIE, YEM
HanOoJIbIIAasl YaCTOTa HArpy3Ku. MOXHO OLIEHUTb CXOAUMOCTb ITOCPE/I-
CTBOM YBeJIMYEHUSI KOJIMYECTBA MO, M CPAaBHEHUS Pe3yJIbTaTOB;

o 1mara peuieHusi. st MogaabHOM BpeMEHHOI AuarpamMMbl 1Iar a0J-
>KE€H OBbITh YaCThIO MEPUOJAa MAKCUMAaIBLHOM YaCTOThl HAarpy3Ku, Mc-
MOJIb3yeMOM B aHAJIN3E;

o MpOYMEe MapaMeTphbl pellIeHUsI 3aBUCST OT THUIIA aHAJIU3a.
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Kaxk nmpaBuiio, Koau4ecTBO paccCMaTpMBaeMbIX MOJI BRIOMPAETCS U3 CO00-
paxkeHUW1, 4TO UX BKJIaA B OOIIMIA KOA(M@PULIMEHT MAaCCOBOrO Y4acTUsI J0JI-
>XeH ObITh He MeHee 80% OT MacChl CUCTeMBbI B HalIpaBJICHUU BO30YKIe-
HUs. B 4acTHBIX Cllydasix MOXKET IOTPeO0BaThCs 00JIbIIIe UM MEHBIIE MO/I.

ITpu nccaenoBaHuM cydaiiHbIX KOJeOaHUIA, B JOTTOJHEHUE K PEKOMEH -
namn 80% koaddulIMeHTa MacCOBOTO YJ9acTHs, TUAITa30H COOCTBEHHBIX
YacTOT, YUMTbIBa€MbIX B peIlIeHUU, TOJKEeH OXBaThIBaTh CIIEKTP YacTOT
BO30YXIEHUSI.

JINHEeHbIH AMHAMUYECKNIA aHanu3
B CPABHEHWUU C HENIMHENWHbIM AUHAMNUYECKUM

Cucrema cuuTaeTcs JUHEHHOM, €C/IU €€ OTKJIIMK Ha CyMMY BO3AEHCTBUM
paBeH CyMMe OTKJIMKOB Ha KaXa0€ BO3ACUCTBUE.

B nuHeiHbIX cucTeMaXx BbIITOJHSIETCS IIPUHLIMI CYIIEPIIO3ULIUY, COTJIac-
HO KOTOPOMY Pe3yJIbTUPYIOIIUI 3(P(PeKT BO3AeUCTBUI HECKOJILKUX MTPO-
LIECCOB, HAIIPUMED KojIebaTeIbHBIX, paBeH cyMMe 3(D(DEKTOB, BHI3bIBAEMbIX
BO3ACUCTBUEM KaXIO0I0 IMpoliecca B OTAEAbHOCTU IIPU YCIOBUU, YTO OHU
He BJIMSIOT APYT Ha ApyrTa.

HeobGxoauMeble yCaoBUSI TMHEMHOCTU:

o 20MO2eHHOCMb — TIPY U3MEHEHUY aMIUIMTYIbl BXOMHOTO CUTHAJIA B k

pa3 TakKe B kK pa3 M3MEHSIETCS M aMIUIMTYa BEIXOOJHOTO CUTHAJA;
o a00umuéHocmb — TIPU CYMMUPOBAHUU BXOTHBIX CUTHAJIOB PE3yJIbTH-
PYIOLIMIA CUTHAJ Ha BBIXOJE OyIeT paBeH CyMMe peakluii OT UCXO/ -
HBIX CUTHAJIOB;

o UHBAPUAHMHOCMb — KOTJA CMEILEHNE BXOJHOIO CUTHAJIa BO BDEMEHU
BBbI3bIBAET aHAJIOTMYHOE CMEIIIeHME BbIXOIHOIO CUTHAJIA;

e CTaTMYeCKasi JMHEMHOCTb — KOTIJa OCHOBHbBIE 3aKOHBI B CUCTEME OIT1-
ChIBAIOTCS TMHEMHBIMU YPABHEHUSIMU,

o 2apPMOHUYECKAs 66pHOCMb — €CJIM Ha BXOJ CUCTEMBbI I101aTh CUHYCOH -
JaJbHBIN CUTHAJI, TO HA BBIXOAE OyIeT CUTHAJ TOM K€ YaCTOThI.

CBolicTBa TMHENHBIX CUCTEM:

o TOPSAOK YCTAHOBKM JIMHEMHBIX CUCTEM HE BIIMSIET HA Pe3yJIbTUPYIO-
LA CUTHAI,

o J1100as cJIoXHas cucteMa OyaeT JIMHeHA, €C/IM COCTaBJIeHa U3 JIN-
HEUHBIX CUCTEM U OJIOKOB CYMMHUPOBAHUS;

o IIEPEMHOXEHHNE CUTHAJIa HA KOHCTAHTY SIBJISIETCS IMHEMHOM onepa-
LUEH, a TIEPEMHOXKEHNE ABYX CUTHAJIOB — HEJIMHEIHOM.
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HeamHueiiHbIMI Ha3bIBAIOT IMHAMUYECKUE CUCTEMbI, ONTMCHIBAEMbIE HEJTH -
HeliHbIMU nrdbdepeHIMaTIbHBIMUY YpaBHEHUSIMU. OTKAa3 OT yyeTa HeJIMHE -
HbIX CBOMCTB HEJIMHEHOM CUCTEeMbI IIPUBOAUT K 3HAUUTEJIbHOMY UCKaXKe-
HUIO pe3yJIbTaTOB €€ aHaIu3a.

HenuneiiHble cUCTEMBI, B OTJIMYME OT JIMHEHHBIX CUCTEM, HE 00J1a1atoT
CBOICTBaAMM CYMEPIIO3UIINMN.

Jng HeTMHEMHBIX CUCTEM UCMOIb3YIOTCSI HETMHEHbIe TMHAMUYECKHE
HCCleI0BaHusI.

HenuneitHble fMHAMUYECKME MCCIIEIOBAHMS PELIAIOT 3a1a4yy orpese-
JIeHUSI IMHAMUYEeCKOM peakliuyi B KauecTBe (PyHKIIMU BPEMEHU U He Tpe-
Oy10T BhIUMCIIEHUS (DOPM KOJIEOAHU 1 4aCTOT.

[Ipu BeIMOTHEHUU JIMHEHHBIX TUHAMUYECKUX UCCIeI0BaHUMN 2P deKT
Harpy3oK Ha 4yacToTax u (popMmax pexxrMa He YUYUThIBAETCs, IOCKOJIbKY UX
pacueT OCHOBaH Ha COCTOSIHUM MOJIeJIM 0e3 HaTpsKeHMS.

HenuHeliHble TMHAMUUYECKHUE UCCIIEN0BAHUSI PEKOMEHAYETCsl MPOBO-
JUTh BMECTO pacueTa JI0ObIX BO3MOXHbBIX HAMPSI)KEHHO-KEeCTKUX UJIM Ha-
NPpSKeHHO-MSATKUX 9(P(HEKTOB, KOTOPbIe MOTYT U3BMEHUTh MOJIAJIbHbIE Xa-
PaKTePUCTUKU MOJIECIIMN.

Bo3zneiicTBre U3MEHSIOIIMXCS BO BpeMEHM Harpy30K Mpy 4acTOTax Me-
Hee 1/3 camoii HU3KOM pe30HaHCHOM YaCTOThI MOJIEIN B OOJIBILIMHCTBE CITY-
yaeB MOXET ObITh allIPOKCUMMPOBAHO CTATUYECKUM aHAIU30M.

Oemnchupyrowwue 3hhekTbl

JemriprpoBaHrEM Ha3bIBAETCS MPOLIECC TTOAABIEHUS KOJIeOaHU B U -
HaMMYECKOI CCTeMe MyTeM paccesiHUsI 9Hepruu KojedaHuii. CyliiecTBy-
10T pa3Hble MEXaHU3Mbl TTOJaBJICHUS KoJeOaHUl, TaK1ue KaK paccesiHue
SHEPIruHu 3a CYET BI3KOCTHOIO TPEHUSI, COMPOTUBJIEHUS BO3/1yXa, UCIOJIb-
30BaHUsI TOMOJHUTEIbHBIX KOJIe0aTeIbHbIX KOHTYPOB B MEXaHUUYECKUX CH-
cTeMax u Jip.

BnusiHue nemmngupoBaHus OOBIYHO MPEACTABISETCS Uaealu3upoBaH-
HBIMU MaTeMaTU4ecKuMu ¢popMynaMmu. Bo MHOTMX ciiydasix OHO B 10CTa-
TOYHOM CTEINEeHU OMUChIBAETCS] SKBUBAJIEHTHBIMM BI3KUMMU JeMITepaMu.

Bsazknii nemmdep (Mim aMmopTU3aTOp) CO3MAET CUITY, TPONOPLIMOHATb-
Hy10 ckopocTu. [IprmMepoM Bs3Koro aemiidepa siBjsieTcsi HOpIIeHb, KOTO-
PbIii MOXET CBOOOIHO TepeMellaThCs BHYTPU LIAJIUHIPA, 3aII0JHEHHOIO
BSI3KOM XMIKOCThIO, TTOH00HO0M Macity (puc. 65). demrdupyromas cuia Fd
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MIPUHUMAETCH TUHEMHOM 110 OTHOLLIEHUIO M .
K OTHOCHUTEJIBHOI CKOPOCTH Ha IBYX KOH- l—- I—i—

ax aemrdepa: F, -—O—EO——-— F,
1 2

F=c,(i, - ).
Puc. 65. ITpumep BSI3KOTO
nemripepa

KoHcraHTa ¢;, KoTOpas onpeaeasseT HakKJIOH KpUBOM F,; 10 OTHOIIEHUIO
K OTHOCUTEJIbHOW CKOPOCTU, HA3bIBACTCS K0OIDDUUUEeHMOM 853KOCMHO20
demnguposanus (puc. 66):

Enunuubl namepeHust KoapduireHTa BI3KOCTHOTO AeMI(PUPOBaHUS —
(cuna)/(ckopocTh) wiu (cuja X Bpems)/(nauHa).

Peakiiysi 0ObIYHOM CUCTEMBI C BSI3KMM AeMII(UPOBAaHUEM C A CTere-
HSIMM CBOOOJIBI BbIpaxkaeTcsl CJeayOLIuM
YDPaBHEHUEM: F, Vion=C,

[M]{io)}+[Cl{a)}+ [ K@) = {7 ()},

rae [M] — n X n — cuMMeTprUYHas MaTpu-
ua macc; |[K] —n X n — cumMeTpruuHas Mma-  Puc. 66. Kpusas cuisl F, 110 0T-
Tpulia XectkocTH; [C] — n X n — cuMMe- ~ HOLIEHUIO K OTHOCUTEJIbHOM CKO-
TpUYHasg MaTpuua NeMIPUPOBAHUS; poctH

{f (f)} — n-MepHBbIIl BEKTOP BHEIITHUX CUJI,

BO3IEUCTBYIOLINX HA CUCTEMY; U, U, i — n-MepHbIe BEKTOPHI MepeMellie-
HUSI, CKOPOCTU M YCKOPEHUSI COOTBETCTBEHHO.

B o0wmem ciyyae KiaccuuecKuii MoJajbHbIM aHAJIM3 He 00s3aTe/IbHO
MPUBOIUT K CUCTEME HE3aBUCUMBbIX YPAaBHEHUI NBUXKEHMS, KPOME ClIyda-
€B, Koraa MaTpuiia aemrnduposanus [C]|, moaydyuBIIascs B pe3yabTaTe MO-
NaJbHOIO Mpeodpa3oBaHUsI KOOPAMHAT, MOXET pacCMaTpUBaThCs B Kaye-
CTBE AMaroHaJabHOI MaTpPUIIbI

(@] =[C][®]=[c].

B SolidWorks Simulation moaaep>KuBarOTCsI CACAYIOIIME TUITbI AEMII-
(upoBaHus:

* MopajJbHOE AeMII(pUPOBAHUE;

» nemmngupoBaHue 110 Penero;
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* COCTaBHOE€ MOAAJIbHOE NeMI(UPOBAHUE;

* cocpeloTOYeHHbIe AeMIT(ephbl (COeTMHUTEb TPy KUHA-IeMIpep), Co-
eIMHSIIOLINE TTPYKMHOM JIBE JII0ObIe BEPIIMHbBI WM CIIPAaBOYHbIE TOUKU
MOJieJi, KOTOpbIe TaKXKe MOTyT JeHCTBOBaTh B KAUeCTBE AeMIldepa.

MopanbHoe gemncpupoBanue

MopanbHoe aeMngupoBaHue npearnoaraeT 3aaaHue K03 UIMeHTOB
KPUTUYECKOTO IEMII(UPOBAHUSA C ;. TS KAXKIOM COOCTBEHHOM MOJIBI. Ko-
3G OULMEHT KPUTUYECKOTO AEMIIPUPOBAHUSA C,,; — ITO ECTb HAUMEHD-
11asi BeJIMYMHA 1eMII(UPOBaHMSI, KOTOPOE MOOYXKIaeT CUCTEMY BEPHYThCS
B €€ T0JIOXKEHUE paBHOBeCHUS 0e3 KOJIeOaHUIA.

KoadpuimeHTs MOTanbHOTO AeMITI(PHUPOBAHUS OTIPEALSIISIIOTCS SKCIIe-
PUMEHTAJIbHO WJIM Ha OCHOBE OIbITa. 3HAYeHUS KO3 PUIIMEHTOB HAXOST-
ca B nuanasone ot 0,01 mist cmadomemndupoBaHHBIX cucteM A0 0,15 nnm
Oosiee I CUJIbHOAEMIT(UPOBAHHBIX CUCTEM. [Ipu OTCYTCTBMM BKCTIEpU-
MEHTaJIbHbIX JAHHBIX JJIS1 ONpenesIeHUs 1eMIT(UPYIOIIMX CBOMCTB MOXKHO
HCIOJIb30BaTh JaHHbIE CUCTEM MOJ0OHOT0 Kiiacca. MeHblne KoahhUim-
€HTHI SIBJISIOTCS 3aHMXKAIOIIMMU, 00Jiee BbICOKME KO3(hGUIIMEHThl YMEHb-
LIAIOT aMIIUTY bl BUOpauuu. B enom, npeHedpexxeHre neMndrupoBaHU--
€M MPUBOJIUT K 3aHUKEHHOM OLIEHKE peaKIMU CUCTEMBI.

Hemndcpuposanue no Peneto

MaTtpuiia Ko3pPUIIMEHTOB BI3KOTO AeMIIprupoBaHust B Moaenu Penes
OITMCHIBAETCS B BUIE JIMHEMHOM KOMOMHALIMY MATPUIIBI MAcC U MaTPUIIBI
JKE€CTKOCTU CUCTEMBI:

[C] = «[M] + B[K],

rne C — n X n cuMMeTprUuYHas Matpuua aemidupoBaHus; M — marpuua
Macc; K — MaTpuia xxectkoctu; o — K03 ULIMEHT MPOMOPLMOHAIbHO-
CTU Macchl; B — K03 GULIMEHT MPOIOPLUOHATBHOCTH XKECTKOCTH.
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[Tocne mpuMmeHeHUs psiga mpeodpa3oBaHUil MaTpUIla JeMII(PUPOBAHUS
CcBOIUTCS K (popme
_ 2
Ao, =0 + o,

rine ¢;— K03 ULMEHT BI3KOCTHOTO 1eMIT(UPOBAHUS 151 - MOJIBI; (; —
COOCTBEHHAas 4acToTa.
PaznenuB monyyeHHOE ypaBHEHUE HA ;, TIOJYYUM

oo Po
; .

20, 2

M3 moayyeHHOTO ypaBHEHUSI BUIHO, YTO KO(POUIIMEHT BI3KOCTHOTO
neMIupoBaHUs IMPOMOPLIMOHAJIEH YaCTOTE CUCTEMBI.

Ha puc. 67 npuBeneH rpacduk nsMeHeHUsT Ko3hGULIMEHTa BI3KOCTHO-
ro aemMndupoBaHus C B 3aBUCUMOCTHU OT YaCTOTHI.

w

Puc. 67. I'padpuk 3aBrcruMocTi KO3bdULIMEHTa BI3KOCTHOTO AeMI(DUPOBAHUS
OT YaCTOThI M:

1 —0/Qw) + Bw/2; 2 — a/(2w); 3 — Pw,/2

W3 puc. 67 BUIHO, 4TO MPY HU3KMX YaCTOTaX HAOJIIOMAeTCST HeJTMHEHAs
3aBUCUMOCTb JeMITI(DUPOBAHMSI OT YACTOTHI, a MPU BEICOKMX YaCTOTaX — 3a-
BUCHUMOCTb MTPaKTUYECKU JIMHeHas. [ToaToMy T )KECTKMX KOHCTPYKLIMIA
¢ OOJBIIMMM HUBLIMMU YaCTOTAMM MOXHO CUMTATh, YTO KOI(PPULIMEHT
JIeMIiprupoBaHMs KaxKa0i MOJIbI TMHEHHO 3aBUCUM OT YaCTOThHI CUCTEMBI.

J11s1 cructeMbl, KOTOpasi UMeeT 0O0JIbIIOE KOJIMYECTBO CTENEHEe CBOOO-
IIbI, TOJIbKO MEPBbIE HECKOJBbKO YaCTOT COOTBETCTBYIOT 3HAUYUTEIbHOMY IV~
HAaMUYECKOMY BIMSTHUIO.

HemmnpupoBaHue nmo Penero MOXHO MCIOJb30BaTh JJIsI JIMHEMHBIX
1 HeJTMHEWHBIX JMHAMUYECKUX UCCIEeTOBAHUA.
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CpaBHeHue kKoa(hcuumenToB Penes U MofanbHOro gemncupoBanHus

Ecnu koadduumeHTs neMndupoBaHus 1S i-ii U j-il Mo 3anatoTcs C;
1 §;, To K03(pGULMEHTHI 110 Pejieo o 1 3 pacCUnTHIBAIOTCS € TIOMOLIBIO pe-
LIEHUI aJireOpandeCcKUX YpaBHEHUIA:

111/ ®; o {OL} _ G
211/, o, (B ¢,
Ecnu 06e Monbl UMEIOT OMMHAKOBBIN KOAMOUIMEHT AeMIT(DUPOBAHUS
(€, =T,= ), T0 3HaYEHN O ¥ [ TOJYJAIOTCS U3 CIIEMYIOIINX BhIPAXEHUIA:
20,0 i 2

o =0—-— p=C——
0+, 0, +0,

CocTaBHoe MofjanbHoe AemndMpoBanme

CocraBHOE MOJAJIbHOE AeMIT(PMPOBAHKE MTO3BOJISIET ONPENEISATh JEMII-
¢upoBaHue B KauecTBe cBolicTBa Matepuana. KoagduumeHt gemmpupo-
BaHUsg Marepuaia MDAMP ompeneiieH Ha BKJIagake CBoicTBa B AMAI0I0-
BOM OKHe Martepuan. [IporpamMmma MCIoab3yeT yKa3zaHHOE CBOMCTBO IJISI
BBIYMCJICHUSI 9KBUBAJIEHTHOTO KO3 dUIIMEeHTa MOAAJIbHOTO neMI(pupo-
BaHUY 1 KaXXI0W MOJIBI.

CocTtaBHOE MOJaJIbHOE AeMIT(UPOBAHUE ONPENEIEHO B UICUMCICHUM 9K-
BUBAJIEHTHBIX KO3 (PUILIMEHTOB MOAAIBHOTO AeMITI(PUPOBAHUS KaK

B, ={o},' [ M[{o},,

r1e 3; — 9KBUBAJIEHTHBIN KO3()MULIMEHT MOIATLHOTO IeMITDUPOBAHNUS j- i
MOJIbI; {(p}jT — j-1i HOpMAJIM30BaHHbIM MOJAJILHBIM COOCTBEHHBIN BEKTOP;
[M] — MoaudulIMpoBaHHas Tjo0ajlbHas MaTpMlia Macc, MOCTPOEHHAas

U3 TIpou3BeIeHU I KO3 PULMeHTOB neMn(UupoBaHUs 2JIEMEHTOB U UX Ma-
TPUILIBI Macc.

ITpu yxazanum ko3 uiimeHTa neMndupoBaHus marepuaia MDAMP m
JUTSI BCEX MaTEPUaJIOB MOJEIN SKBUBAJICHTHBIN KOG (GUIIMEHT MOAATbHO-
ro nemMIpupoBaHus OyaeT m JIJIsT BCeX MOJI.
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MopanbHbIA aHanu3 BPeMEHHOM auarpamMmmbl

MonanbHbI aHAJIM3 BPEMEHHOM IMarpaMMbl UCITOJIb3YETCS IPU PacyeTe
peakimii MeXaHMYECKUX KOHCTPYKILIMI B KauecTBe (DyHKIIMY BPEMEHU, IPU
5TOM M3MEHEHME XapaKTePUCTUK KaKI0M HArpy3K1u BO BPEMEHU U3BECTHO.

TunoBble HAarpy3Ku BKIIIOYAIOT:

 yIapHble (WM UMIYJIbCHbIE) HATPY3KMU;

 00IlIMe U3MEHSIIOIIMECS BO BpeMEHU HAarpy3Ku (IepruoaudecKue uin

HeMnepuoandecKue);
» JBUXEHHE OJHOPOJHOIO OCHOBaHUS (MepeMellleHre, CKOPOCTb WU
YCKOpEeHUE, MPUI0XKEHHbIE KO BCEM OIopaM);

« JBWXEHHUS omnop (mepeMelleHue, CKOPOCTh WU YCKOPEHUE MPUJIO0-

>KEHBbI K BBIOpaHHBIM OIIOpaM HEPAaBHOMEPHO);

e VCXOIHBIE YCIOBUS (OTpaHUYEHHBIE MEPEMEIIEHUE, CKOPOCTb WU

YCKOpEeHME MPUJIOXKEHBI K IeTalv WK KO Bceit Moaesiv Bo BpeMst = ().

Penienuve ypaBHeHUI ABUXKEHUS CUCTEM CO MHOTUMM CTETIEHSIMU CBOOO-
Ibl OCYLIECTBIISIETCS METOAAMUY MOIaJIbHOIO aHaiu3a. [locne 3amycka uc-
CJIEAOBAHMS MOXKHO IMPOCMATPUBATh MEPEMEIEHNMS, HATIPSIKEHWS, HATPY3-
KM, CWJIbl PEAKLIMU U T. M. HA Pa3JIMYHBIX BDEMEHHBIX 11arax Wil MOXHO
MOCTPOUTD rpauK pe3yJbTaToB B 3aJaHHbIX MECTOMOJOXEHUSIX OTHOCH -
TeJIbHO BpeMeHU. Eciiv B mapamMeTpax pe3yJibTaTOB HE 3alaHbl MECTOITOJIO-
JKEHMS, TO COXPAHSIOTCS Pe3yJIbTaThl HA BceX y3aax. [I0BBICUTh TOYHOCTD
peIEeHUSI MOXHO MyTEM YMEHbBIIEHUsS BPEMEHHOTO 111ara.

B MonanpHOM aHa/IM3€e BpeMEHHOM TMarpaMMbl JOCTYITHBI BCE TTepPeYrcC-
JIEHHbI€ BBIIIE BUIbI 1eMII(DUPOBaAHUS.

Cucrema ypaBHEHU IBVKEHUST TMHEIHON CUCTEMBI C /1 CTETICHSIMU CBO-
00abl, BO30YXIEHHOMN NU3MEHSIOLIEICS BO BDEMEHU CUJION, OTIpeaesIeTCs
CJIEYIOIIMM BBIPAXKEHUEM:

[M]{ii(0)} + [CJ{an)} + [K]{u(®)} = { £ (1)}, (1)

rae [M] — n X n — cumMeTpuuHasg Matpuua Macc; [K] — n X n — cumme-
TpU4YHas MaTpula Xectkoctu; [C] — n X n — cuMMeTpuUYHasi MaTpulia
nemngupoBanus; {f (f)} — n-MepHbI BEKTOp CUJIbIL; U, U, i — n-MepHbIE
BEKTOPbI IEPEMEILIEHUSI, CKOPOCTH U YCKOPEHMST COOTBETCTBEHHO.
JlaHHO€ BbIpaxk€HUeE SIBJISIETCS CUCTEMOM N OOBIYHBIX COBMECTHBIX TU(D-
(hbepeHLIM-aIbHBIX YPAaBHEHU C TTIOCTOSTHHBIMU KO3(pdULIMeHTaMU. YpaB-
HEHUS ABUXXEHMUSI CBI3bIBAIOT MATPUIIbl MACChI, )KECTKOCTU U IeMI(pU-
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poBaHMsa. CBs3b 3aBUCUT OT CUCTEMbl KOOPAMHAT, UCIIOJIb3yeMOM 1Jis
MaTeMaTUYeCKOIo OMMCAaHUS YpaBHEHMST ABUXKEHMSI.

OcHOBHOI uUaeeil MonaJIbHOTO aHaau3a (KMccieloBaHue METOAOM pa3-
JIOXKEHMS TTI0 COOCTBEHHBIM (popMaM KoJieOaHMIi) SIBIsIETCS ITpeodpa3oBa-
HUE CBSI3aHHOM YKa3aHHBIM BbIlIE YPaBHEHMEM CUCTEMbI B sl HE3aBUCH -
MBbIX YpaBHEHUM, UCTI0/Ib3YsI MOAAIbHYI0 MaTpuily [P] B KauecTBe MaTPHULIbI
npeobpazoBaHusi. Marpuua [@] coaepXuUT HoOpMaabHbIE MOJbI {f}; 1151 | =
=1, .., n, pacoJIOXXEHHBIE CIEAYIOLIUM 00pa30M:

[®] =[{o}, (¢}, --{o},] (2)

HOpMaI[BHBIG MOIbI U COOCTBEHHbIE 3HAYEHUSI CUCTEMBI II0JIy4alroTCA
13 pCIICHUA 3aJa4u O COOCTBEHHBIX 3HAYCHUSIX:

[K][@]=[M][@] o], (3)

rae [w?] aBasercs AMaroHaJbHON MaTpULEel COOCTBEHHBIX YaCTOT B KBa-
npare.

Jns TMHEWHBIX CUCTEM CHUCTEeMa /1 YPaBHEHUI TBUXKEHMST MOKET pas3zie-
JISIThCSI HA 1 YPAaBHEHUI C OQHOI CTENeHbIO CBOOOIBI B UCUUCICHUU MO-
JIaJIbHOTO BEKTOpa MepeMeleHUs {X}:

{up =[@]{x}. 4)
VMmHoxuB BekTop {u} Ha [®@]” 1 noncrasus ero B ypasHeHue (1), momyunm
[@F [M][@](} + @7 [C [ @]{x} +[@F [K][@]x}= [®F /(). (5)

HopmainbHbie MOIBI yIOBJIETBOPSIIOT CBOMCTBY OPTOrOHAJIBHOCTH, a MO-
nanbHas MmaTpuia @] sBisieTcss HOpMaJIM30BaHHOM, YTOOBI YIOBIETBOPSThH
CJIEIYIOLIM YPaBHEHUSIM:

[FY" [M][@]=[1]. (©)
[@F [CI[P=2[][w]. (M)
(o] [K][@]-[] . ®)

ITpu moncraHoBke ypaBHeHUit (6)—(8) B ypaBHeHMe (5) ToydyaeM Cu-
CTEMY 1 HE3aBUCUMBIX TUdhepeHIIMAIbHBIX YPaBHEHU I BTOPOTO MOPsIIKa

¥ +2 Lox, +o’X, :{(p}l,T {f(t)} )

mgi=1, ..., n.
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Ypapnenue (9) B SolidWorks Simulation peliaercsi ¢ UCIoab30BaHUEM T10-
IIarOBBIX METOA0OB MHTErpUpOBaHuUs, TakuX Kak Wilson-Theta u Newmark.
MHTerpupoBaHyie BBITIOIHSETCS BO BpeMEHHOI 00J1aCTH, T/1€ UCIOJIb3YIOT-
s pe3yJIbTaThl HOCJIEIHETO 111ara 1Sl IPOrHO3UMPOBAHMS CIAYIOILETO 111ara.

BekTop nepemelneHus: cUcTeMbl (#) TToaydaeTcsl U3 ypaBHeHUs (4).

[Tpu ucnonb3oBaHMM METO/Ia BpeMeHHbIX 11aroB Newmark st IuHe -
HOTI'0 UBMEHEHMSI YCKOPEHUsI MEXITy BpeMEHHBIMU 1l1araMu cJieayeT BbIOpaTh
MepBblii TapamMeTp MHTerpupoBaHus a = (0,5, BTOpoii mapaMeTp UHTErpU-
poBaHug beta = 1/6. /171 MMOCTOSHHOTO YCKOPEHUS MEXIY BPeMEHHBIMU
maraMu Hano npuHaTh a = 0,5 n beta = 0,25.

[Tpu ncnonbzoBaHuu metona uHTerpupoBaHus Wilson-Theta 3HaueHue
theta yripasisier ynucieHHOM ycroiMunmBocThio. L1 theta = 1 mocTaHoOBKa
pelIeHus 3aJa4r Nogo0Ha MeToay JJMHelHOoro yckopeHust Newmark. st
3HaueHwus theta > 1,37 Mmeton Wilson siBiisieTcst 6€3yCIOBHO YCTONUYMBBIM.

FapmoHu4eckuit aHanus

I'apMoHuyeckuii aHaIM3 TPUMEHSIETCS ISl BBIYMCICHUSI MaKCHUMaJlb-
HOI peakiiMy B yCTAHOBUBIIIEMCS COCTOSIHUU, BbI3BAHHOI rapMOHUYECKM -
MU Harpy3kamu Wi BO30YXKIeHUSIMUA OCHOBaHUSI.

I'apmoHuyeckas Harpy3ka F BblpaxkeHa B BUJIE

F = Asin(ot +¢),

rae A — aMIuIMTyIa, @ — 4acToTa, f — BpeMs, ¢ — (ha30BbIil yroJl.
[MprMepbl rapMOHMYECKUX HATPY30K Pa3IMUHbBIX YACTOT (O BO BpeMEHU
MpUBeIeHBI Ha puc. 68.

Fo F(t

Puc. 68. TIpuMepbl TapMOHUUYECKHMX HATPY30K PA3TUIHBIX YACTOT (M

B otinume ot NCCICO0BaHUA <<MO,Z[8.J'[I>Ha$I BpCMCHHAaA nnarpaMmmar», 1o-
3BOJIAIOIICTO ITOJYUYUTDb pCaKIINU B KAYCCTBC (I)YHKLII/II/I BPCMCHMU B IICPEXO -
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HOM ITIpoliecce, TapMOHMYECKWI aHAIU3 OLIEHMBAET TOJIbKO MaKCUMAJIbHYIO
peaxiio CUCTEMbI B yCTAHOBUBIIIEMCSI COCTOSIHUM HA FTapMOHMYECKUE Ha-
IPY3KU MpU 3aJaHHBIX pab0YMX YaCTOTax.

Hanpumep, anekrpoaBuraTtesib, yCTAaHOBJIEHHBIN Ha paMme, BpallasicCh,
BbI3bIBAE€T HEYPABHOBEIIEHHYIO HArpy3Ky Ha HECYIIYIO0 KOHCTPYKIIUIO. BbI-
MOJIHEHME TapMOHUYECKOTO UCCEI0BaHMS TMO3BOJISIET ONMPeneIUTh MaK-
CUMAaJIbHYIO aMILIMTYAY, HaNlpsKEHUE B YCTAHOBUBILIEMCSI COCTOSIHUM 151
nuarazoHa paboumx 4acToT 2JIEKTPOJBUTATENS.

ITocne 3anmycka uccaenoBaHUs MOXKHO MPOCMATPUBATh MaKCUMaJIbHbIe
HaIpsKeHUsI, TIepeMelleH s, YCKOPEHUs U CKOPOCTH, a TakxKe (a30Bble
yIJIbl B 1Mara3oHe pabouynx 4yacToT.

IIpoueaypa rapMOHMYECKOr0 aHAJIM3a 3aKJIIOYAETCS B CJIEAYIOLIEM:
Ha KaxJ0M Il1are pelieHus: Bce MpUI0KEeHHbIe HATPy3KU 1 BO30YXKIEHMUS
OCHOBaHHUS UMEIOT OJIMHAKOBYIO YacTOTy. BelnunHbl onpeneneHbl COOT-
BETCTBYIOLIMMM KPUBBIMU YaCTOT.

JlommycTM, 4TO TApMOHUYECKMIA Y3I0BOI BEKTOP CUJIbI { P} onpeneeH
Kak

P, = Real| Fe™™ |, (1)

P, =F, cos(wt+7v,), (2)

rae P, — BeauMuyuMHa CUIbl B HAaIIpaBJIeHUM k-ii CTelIeHU CBOOOABI; W — Ya-
CTOTa BO3OYXIEHUS; Y, — (Pa30BbIi yroJl CHUJIBI.

Jng TMHEeNHBIX CUCTEM YpaBHEHUS NBVKEHMSI CUCTEMbI pa3ieIsiioTCsI
Ha 7 MOAaJbHBIX YPaBHEHUI

X, +2C, o,X, + mixn ={(p}: {P} =7, (3)
IToncTtanoBka BekTopa cuibl { P} B ypaBHeHUe (3) UMeeT BUI

Real| %, +2%, o,%, +w.x, |=

neq

=Real| Yo, (F,;““”””) =Real [(An +iB,)e"" ], (4)
k=1
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e
neq
An = Z(pknEc COSYk’
k=1
neq
B, =Y ¢,,F siny,. (5)
k=1
PenreHue B ycTaHOBUBILIEMCSI COCTOSIHUY YpaBHeHUS (4) maet
B iof
Real[x,]= Real[ H, (io)r,] =Real (4,+iB,)e (6)
n n n P 2 2 .
(oon -® ) +2iC, 00,
BeectBeHHast yacTh ypaBHeHus (6) paBHa
x,= C coswf+S, sinof, (7)
e
2_ -
el o)
(Dn mn
C = T : (8)
(0),21 -’ )2 + (2@,,0),,0))2
7 B 2
A=a] )
®, a ®,
n= )

(cof, -’ )2 + (2§nconoo)2
BekTop nepeMeleHts u BEIPaXkaeTcs Kak

{u} =[D] {x}. (10)
{u} = [®@] [C,]cos(wt) +[DP] [S,]sin(wr) = [u ]cos(wr) +[u,]sin(wr). (11)

BenuuuHa nepemMeltieHus u, 1 COOTBETCTBYIOIIMIA (ha30BbIi yroi 0, aist
k-1 creneHU cBOOOBI OIPENEISIIOTCS IO (hopMyiaM
1

U :(ufk +u52k)2: (12)

(u
0, =tan™' (l‘] )
uck
YacTOTHbIE XapaKTePUCTUKN CKOPOCTH M YCKOPEHUS TIOTy4eHbI U3 ITPO-

U3BOAHBIX ypaBHeHUs (11). Ux aMIuIuTynbl:
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U=ou, (13)
i, =o’u,.

da3oBbIe YIJIbI CKOPOCTEN U YCKOPEHM I CABUHYTHI 1o pasze Ha 90° u 180°
OTHOCUTEJIbHO (ha30BbIX YIJIOB MepPeMeILCHUSI.

ITpu BeIMOIHEHUM rapMoHMYecKoro aHanu3a B SolidWorks Simulation
npeajaraeTcs yka3aTb 3HaUY€HHS CIeAYIOIIMX TapaMeTpPOB:

« EpuHnubl uamepenna — Luki/cex (I'n)mim panuaHbl/cex;

» HwxHWiA nepepen — HUXKHSIS YacTOTa, Ha KOTOPO OyzeT olieHeHa pe-

aKuMs (4acTOTHas XapaKTEepUCTHUKA);

« BepxHuii npegen — BEPXHSII YaCTOTA, HA KOTOPOW OYAET OLIEHEHA pe-
aKuMs (4acTOTHas XapaKTepUCTHUKA).

KonnuecTtBo cOOCTBEHHBIX YAaCTOT, MCHOJIb3YEMbIX B TApPMOHUYECKOM
aHaju3e, 3a/1aeTcs Ha BKJIaaKe MapameTpbl 4acTtoTbl. [Ipyr 3TOM yKa3zaHHbIE
COOCTBEHHBIE YAaCTOThI JOJXKHBI MOKPHIBATh IMAMNa30H YacTOT, 3alaHHbI
nmapamMerpaMu HuwxHun npepen U BepxHuia npegen.

MoxxHO Tip¥ HEOOXOAUMOCTH 3a/1aTh TOMOJHUTEIbHbIE TTapaMETPHI:

o Kon-Bo TO4YEK ONS KaXAon 4acToTbl — MAKCHUMAJIbHOE KOJMYECTBO
YaCTOTHBIX TOUYEK, B KOTOPBIX peakiivs OyIeT OlleHeHa IS KaX oM
Monbl. [Ipenen obiiero KoimyecTna maros peuieHus paseH 15000;

« LUupurHa nonocbl gna Kaxpon 4yactoTbl — KO3 UIIMEHT R, KOTOPHIi
yCTaHABIMBAET JAMana3oH YaCTOTHBIX TOUEK PELIeHUST BOKPYT Kax-
JIOI 4aCTOTHI COOCTBEHHBIX KOJIeOaHUI, paccMaTpUBaeMO B aHAJIU -
3e. Hanpumep: nonnbiii nuanazoH B; (R =1) njs Moabl i mpocTUpa-
ercsa ot (F,— F,_,)/2 no (F.,,— F))/2, xak moka3aHo Ha puc. 68.

PelieHre 4yacTOTHOM TOUKM MCHOIB3YETCS HAa KAaXKAOM 4aCTOTe COOCTBEH-
HbBIX KOJIe0aHuii, paccMaTpuBaeMoit B aHanu3se. Eciu aBe mocienoBarelib-
HbI€ MOJIbl HAXOMASTCS CIUIIKOM OJIM3KO APYT Apyra, MporpaMMHoe 0be-
CMeYeHUE UCTIOIb3YET MEHbIIIEE KOJIMYECTBO TOUEK, YeM Kon-Bo Tovek ans
KaXX[,0 4aCTOThI.

Hns nepsoii Mmoasl F;_, cuntaetcs 0. J1y1st mociaeaHeit Moabl IIMPpHUHA O~
JIOCHI YaCTOT CYMTAETCSI CUMMETPUYHOI OTHOCUTEIBHO YaCTOThl COOCTBEH-
HBIX KOJICOaHUIA.

Ecnu BepxHsis nipenebHast 4acToTa, 3alaHHasl Ha BKJ1aake FapmoHuye-
CKue napamMmeTpbl, HAMHOTO 0O0JIbIlIe CAMOU BbICOKOI YaCTOThI COOCTBEHHBIX
KOJIeO0aHUIA, pacCMaTpUBAEMOM B aHAJIM3€E, TO UCITOJIb3yeTCs BBOI Kon-Bo
TOYEK AJ19 KX A0 4acToThbl 7151 OTpeae/eHNsl YaCTOTHBIX TOUEK B 3TOM /I -
arnasoHe;
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* WHTepnonsaums:

— JNorapudmuyeckas — 4aCTOTHBIE TOYKU pelIeHUs (3BE3T0YKU
Ha puc. 69) CrpyIMpoBaHbl OKOJIO KaXKI0M 4aCTOThI COOCTBEHHBIX
KoJsie0aHMii Torapu(MUIECKU, YTOObI TOUHO U3MEPSITh YACTOTHYIO
XapaKTEePUCTUKY OKOJIO YaCTOThI COOCTBEHHbBIX KOJIEOAHWIA;

— JlnuHeliHaa — YaCTOTHBIC TOUKHM pelieHUs (KPY>KOUKH Ha puc. 69)
PaBHOMEPHO pacrpeiesieHbl 10 IUPUHE MOJOCHI YaCTOT.

Bl
; * “(‘ gy ‘*‘*‘ * l
£ £ £
werye || | reme

Puc. 69. [lnana3oH 4aCTOTHBIX TOYEK PELIEHUS BOKPYT KaxXI0i 4YaCTOThI
COOCTBEHHBIX KOJICOaHUIA:

3BE3MOYKN — TPU JIOTApUGMUIECKON MHTEPITONSIINY;; KPYXKOUYKU — TIPU JIMHETHOUN MHTEPITOJSIIIAN

AHanu3 cny4vaiftHoro Konebanus

AHaIM3 CIIy4aiiHOTO KOJe0aHUsI MO3BOJISIET OMPEAETUTb PEAKIIUIO CU-
CTeMbl, BbI3BAHHYIO HEAETEPMUHUPOBAHHBIMM HAarpy3KaMu.
[Tpumepsl HeAEeTEPMUHUPOBAHHBIX HATPY30K:
e Harpy3Ku Ha KoJjiece aBTOMOOWJISI, IBMKYIIIETrocs 10 HEPOBHOI 10-
pore;
e YCKOPEHHUSI OCHOBaHMSs, CO3daBaeMble
3eMJIETPSICEHUSIMU; Egi [ l
« JaBJIeHUE, BbI3bIBAEMOE TYPOYJEHTHO-  qq3
CTbIO BO3IyXa; ez
e JIaBJIEHUE OT MOPCKUX BOJIH WJIU CUJIb- EE; _
HOTO BCTpa. 0 100 1000 ‘ooao
B nccnenoBaHum ciaydyaiiHbIX KOJIEOaHUMA Pitc. 70. Tpacuk KpiBoii
HArpy3KM OIMMCAHbI CTATUCTUYCCKI DYHKIM-  yne il MOIIHOCTH CIIEKTpA:
AMHU YIEJIBbHOM MOIIHOCTH crieKTpa. IIpuMep 116 ocu x — wacrora T'it: o ocu
KpUBOW MoKa3aH Ha puc. 70. y — amIuTyaa’/gactora
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ITo ocu x yKa3bIBaeTcs 9acToTa [ 11, e IMHULILI OCH Y — €INHULIBI U3MEpE-
HUS OTHOILLEHMS HATPY3KM B KBaJpare K 4actore 'L, Hanpumep, [11s 1aB-
nenns — (1/m%)?/Tw.

VIenbpHasg MOIIHOCTD CIIEKTPA MOKA3bIBAET, KAK PACTIPENENSAETCH SHED-
IMs CIy4aiiHOTO MpOLECca B YaCTOTHOM obacTu. OHa ompenesieHa B Ka-
yecTBe MpeodpazoBannsg Pypbe aBTOKOPPETALNOHHON (DYHKLIUY CITydaii-
HOTO TIpoLecca:

S.(®)= [R (ve™ds,

rae R (1) — aBrokoppensiioHHast (GyHKIMS CIIy9aifHOTO MpoLiecca, OIu-

ChIBaIOIIAsI KOPPEJISLIAIO MEX1y 3HAYEHUSIMU B 3aITMCU B pa3IUMYHbIE MTHO-
BeHUs1 BpeMeHU. OHa ompenesseTcsl Kak OXXuaaeMoe 3HaueH1e Mpou3Be-
JIIEHUS CIydaiiHOI MepeMeHHOM x () Ha CIBUHYTYIO IO BpEMEHU BEPCUIO
caMolii ce0s:

— N

R (1)= lim 1

—mT X(f)X(t'i‘T)dt

wlN

Pemenue 3agay ciayyaifHbIX KoaebaHU cHOPMYIUPOBAHO B YACTOT-
HOIi 00J1aCTH.

ITocne 3anmycka ucciienoBaHUsI MOXHO MOCTPOUTDH SMIOPHI CPeTHEKBA-
NPAaTUYHBIX 3HAYEHU I WU YAEIbHON MOIITHOCTH CIIEKTPA pe3yIbTaTOB Ha-
MPSDKEHU, TIEPEMEILIEHUIA, CKOPOCTEM U T. IT. HA KOHKPETHOM 4aCTOTE NI
MOCTPOUTH IpauK pe3yabTaTOB 3HAYEHUI B KOHKPETHBIX MECTOMOI0XKE-
HUSAX OTHOCUTEIbHO YAaCTOTHI.

Bonpocbl M 3afaHua Ang caMonpoBepKu

1. JloroHUTe MpeIIOXKEHNST, BLIOpAB IMPaBUIbHbIE OTBETHI U3 ITPEII0-
JKEHHBIX.
B nuHeitHOM TMHAMMYECKOM aHaJIN3¢ UCITOIb3YIOTCS CIIeAYIOIINE 10~
MyIIEeHUS:
1. He yyuThIBaIOTCSI THEPLIMOHHBIE CUJIbI M CUJIBI IEeMIT(UPOBAHUS.
2. Bce MaTtepuaiibl B MOJEN ITOTYMHSIIOTCS 3aKOHY I'yKa, B COOTBET-
CTBUU C KOTOPBIM HaIpsKEHWE MPSIMO MTPOITOPLIMOHAIBHO 1eop-
Mallnu.
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3. Harpy3K1/I JIOJIXKHBI ObITh TOCTOSIHHBIMU 10 BCJIMYMHEC, HAIIPpaBJIC-
HUIO 1 paCrpe€acjacHUIO. Onu He OOJKHBI UBMEHATLCA BO BPpEMA

ne(OpMUPOBAHUS MOJEIIN.

2. BoibepuTte u3 npeasokeHHOro CIMcKa YTBePXKICHUI Te, KOTOpbIe
CIpaBeJIMBHI 7151 TUHEMHOro TMHAMUYECKOTO aHaIu3a:
1. ITpunoxxeHHbIE HATPY3KU 3aBUCST OT BPEMEHU.
2. YUuTbhIBalOTCS MHEPLIMOHHBIC CUJIbI U CUJIBI IeMIT(pUPOBAHKS.
3. CpoiicTBa MaTepuraia MIpUHUMAIOTCS JTUHEHHBIMU,
4. WccaenoBaHusl pellialoT 3aady onpeaesieHus TMHaMUYeCKOM peak-
LIMU B KauecTBe (DyHKIIMM BpEMEHU U HE TPEOYIOT BhIYMCIeHUsT (hOPM

KOJIe0aHUIA U 4acCTOT.

3. Ha crepxensb (puc. 71), 3a-
KpeTJIEHHbI HEIOABUXHO
Ha IIpaBOM TOpIIE, B T€UEHUE
1,2 cex meicTByeT MMITYJIbC-
Has cuiia 1000 H BepTUKaIbHO
BHU3 Ha IJIOIIAKY Pa3MEPOM
15 MM, yKazaHHYIO Ha pu-

\\\f///
cyHke. CTtepkKeHb BBITIOJTHEH L
W3 UHCTPYMEHTAJIbHOMN CTa-  Puc. 71. K 3amanuio 11 caMOCTOSATENLHOIA
mm 40X13 (HemeuKkuii aHaIor paboTbl. AHAJIM3 BPEMEHHOM 1rarpaMMbl

1.2083). BbImmoTHUTL ITMHAMUA-

CTaJIbHOI'O CTEP2KHA

YecKUit aHaIu3 BpeMeHHOM nuarpammbl. [Toctpouts rpacuk BpeMeH-
HOI nrarpaMmbl. OnpeaeuTh MaKCUMaabHOE TIEpeMEIeHe CTEPXKHSL.

HenuHeiHbIN cTaTUYECKUA aHANU3

JIMHEeHBIM cTaTUYECKUI aHaIU3 OCHO-
BBIBAETCS Ha JOIYLICHUSX CTaTUYHOCTU
U TuHeiHocTu. OH mpeamnoJjaraer, 4YTo 3a-
BUCUMOCTb MEXIY Harpy3kamMu U BbI3BaH-
HBIMU PEAKLUSIMMU IBJISAETCY JIMHEUHOM.

OnHako Bce peajibHble KOHCTPYKILIMU Be-
IyT ce0s1 HeTMHEHO (puc. 72).

B HekoTOphIX cllydasix MOXHO IIpeHe-
Opeub HeJIMHEHOCTbBIO U JOCTATOYHO IIPO-
BEICHUS JIMHEMHOrO aHaaMn3a.

€

Puc. 72. I'pacduku nuHeliHo# (1)

¥ HeJIMHETHO (2) 3aBUCUMOCTH

MEXy Harpy3KaMu 1 BbI3BaHHbI -
MM UMU peakiusMu
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Bo MHOruX 1pyrux ciydasix JMHeHOe peleHUe MOXKET MPUBECTU K OLLIM-
OOYHBIM pe3yJabTaTaM.
HonylieHue TMHEMHOCTHU CIPaBeIIMBO, €CIIN:

BCE MaTepHUalibl B MOAEJIM COOTBETCTBYIOT 3aKOHY I'yKa, B COOTBET-
CTBMU C KOTOPBIM HaMpsixKeHUE MIPSIMO MPOMOPLUOHANIBHO nedop-
Mauuu. bojblnasg yacTe MaTepuaaoB TOJbKO MNPU MaJIbIX HArpy3-
Kax UMeET JJMHEMHYIO 3aBUCUMOCTb HAIIPSKeHUS OT AepopMaliviu.
C yBenuueHUEM Harpy3kKu OTHOIIEHUE HaTpsKeHue-aedopMalmns
CTAaHOBUTCS HEJIMHEWHBIM. P11 MaTepuranioB NOKa3bIBAET HEJIMHE -
HbIE€ XapaKTepUCTUKU JaxkKe Npu MaJibix Harpy3kax. Ecau Mmatepuan
B MOJEJIM UMEET HeJIMHEeHbIe XapaKTepPUCTUKU HaMpsIKeHUe-1e-
¢dopmanmsg moja 3afaHHOM HAarpy3Koi, TOJKEH UCTTOJIb30BaThCs HE-
JIMHEeWHbIN aHanu3. HennHeHbIM aHAJINM3 TIpeajiaraeT MHOIO TUIIOB
MOJICJIE MaTepUaJIOB;

BbI3BaHHbIE MTEPEMEILECHUS JOCTATOYHO MaJIbl IJIS1 TOTO YTOObI ITPEHE -
Opedb U3MEHEHMEM XKEeCTKOCTHU, BbI3BAHHOM Harpy3Koit. HelmHeiHbIi
aHa/IM3 MpeajaraeT mapamerp 0oJiblIoK AedopMaLliy IIPU ONpee-
JIECHUU CBOMCTB MaTepualia TBepAOTEIbHOIO KOMITIOHEHTA WJIM 000-
JIOUKHU. BbrumciieHrst MaTpULbl XXECTKOCTU MOTYT ITOBTOPHO PacCUM-
ThIBAThCS HA KaXKIOM Ilare peuieHus. Yactora nepecuyera MaTpULIbI
KECTKOCTH YIIPABJISIETCS MOJIb30BATEIIEM;

rpaHUYHBIE YCIOBUS HE U3MEHSIIOTCS BO BpeMsI ITPUJIOXKEHUSI HATpy-
30K. Harpy3ku noKHBI ObITh HOCTOSSHHBIMU 110 BeJIMUMHE, HAIIPaB-
JIeHu1o u pacnpeneneHno. OHM He ITOJIKHBI U3MEHSITBCSI BO BpeMs
nedopmupoBaHus Moaenu. Hamprumep, KOHTaKTHBIE 3a1a4U SIBJISIIOT-
CS1 €CTECTBEHHO HEJIMHEMHBIMM, TaK KaK TPAHUYHbIE YCIOBUS U3MeE-
HSTIOTCSI TIPY TTOSIBJIEHMY KOHTAKTHOM Harpy3ku. OgHako JIMHEWHbBIN
aHaJIM3 MpeajaraeT NpUOJMKEeHHOE pellieHMe KOHTAKTHbIX 3a1a4, T1e
YUUTBIBAIOTCS BO3AEUCTBUS OOMBIION nedopMaliin.

ITpu HeMMHEHOM aHaIM3e pacyeT MaTPULIbl XKECTKOCTHA MOXKET BbITOJI-
HSIThCSI Ha KaX0M I11are pelieHusi. YacTtoTa mepecuera MaTpULIbl )KECTKO-
CTU yIIpaBJISIETCS T10JIb30BATEIEM.

YnpoueHnsi B HeJJMHEHHOM CTATHYECKOM aHA/IM3e

He yuyutsiBatoTcs:
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HenuHeliHbI cTaTU4ECKMIA aHann3

KOHCTPYKLNOHHbIE HENIMHEHHOCTH

KoHCTpyKIIMOHHBIE HEJIMHETHOCTY HAOJTIOJAI0TCS IIPU MU3MEHEHUHU pac-
YETHOI CXeMBI B ITpoliecce neopMUpoBaHUs KOHCTpYKLIMHK. PenreHne Ta-
kux 3aga4 B SolidWorks Simulation BBIIOTHSIETCS TTOIIATOBBIM ITPUJIOKE-
HUEeM Harpy3KM WIM OTpaHUYEHUS C UCITOJIb30BaHMEeM TpacdrKa KpUBOM
BpeMeHU. KpuBas BpeMeHM yKa3bIBaeT, KOIrJa U3MeHSITh HAarpy3Ky WiIn
orpaHMYeHME Ha KaxXXIOM Iare.

OCHOBHBIE UICTOUHUKM KOHCTPYKIIMOHHOW HEJTMHEWHOCTH, BCTpeYalo-
IMecs B IPUKIIAIHBIX 3a/1aYax:

reoMeTpuyecKue HeJIMHEHHOCTH — HApYyIIEHUE JIMHEMHOM 3aBUCUMO-
CTU MexXay nedopMalusIMU U nepemMelieHussMu. OHU 00yCIOBIIEHbI
U3MEHEHUSMU F€OMETPUM CUCTEMBI MPHU IedopMaliMK MO BO3AEH-
CcTBUMEM Harpy3ku. OCHOBHBIM MCTOYHUKOM M3MEHEHUI reoMeTpun
SIBJISIETCS BJIMSIHKAE OOJIbIIMX MEepeMelleHUI Ha 00111y10 GopMy KOH-
CTPYKLIMIA M3-3a BbI3BAHHBIX HAarpy3kamu Aedopmalinii, KOTOpble MO-
TYT IPUBECTU K YBEJIMUYECHUIO KECTKOCTU WM, HAIPOTUB, TUIACTUY-
HOCTU KOHCTPYKIIWMU;

HEJIMHENHOCTH MaTepuaia — pe3yJibTaT HEJIMHEWHOW 3aBUCUMOCTH
MEXIy HanpsKeHreM 1 e opMaliiyeil, KOTopble IMPOsIBIISIOTCS B [O-
BEICHUU KOHCTPYKIIMUIA.

HenuneliHoe moBeneHue MaTepuralia CyleCTBEHHO BIMSIET Ha pe3yJ/ib-
TaT B TAKUX CJIydyasix, Kak

y4eT 3aBUCMMOCTHU OTHOILLIEHMSI HAIIpsIKeHUsI-Ie(hopMaliii MaTepu -
aja OT TeMIlepaTyphl;

BBINIOJTHEHUE PACUYETOB C YU€TOM M3MEHEHHUSI HAarpy3oK BO BpeMEHU
(puc. 73, a);

HE00XOAMMOCTb POBOAXTH PaCUeThl IIPU 00JIe€ BHICOKMX HAMPSIKE-
HUSIX, MPEBbILIAIOIINX BEIMYUHBI, 1JIS1 KOTOPBIX CIIPABEIIMB 3aKOH
I'yka, ¢ yueToM rmnactudeckux aedopmaiuii (puc. 73, 6);
BBINOJIHEHME aHaAIM3a TEKY4YeCTU B 3aBUCMMOCTH OT POIOJIKUTEIIb-
HOCTHU HArpy3Ku U J1Ip.;

KOHTAKTHbI€ HEJJMHEHHOCTH CBSI3aHbl C U3BMEHEHMEM XapakTepa Ipa-
HUYHBIX YCJIOBUI B KOHTAKTHBIX 3a/1a4ax MpU aHaiau3e coopok. [1pu-
MEphI 3a/1a4, TPEOYIOIINUX OLIEHKM IPaHMI] KOHTAKTa: BUOpalIMs KOH-
CTPYKLMIA, KOHTAKTbl 3yObEB IIECTEPHE, 3a1a4M IOCAIKU, pe3bOOBbIC
CoeHEeHNS 1 yAapsIoluecs Tejaa v Jap.
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Fh o

€

Puc. 73. Ilpumep yuyeTa HETMHEMHOCTU MaTepuaia
IIPY pacyeTe COCAMHEHUI «0aIKa-KOJOHHA»:

a — rpaUK U3MEHEHUS TTPUJIOKEHHON HArPY3KHU BO BPEMEHM; 6 — KpHUBast 3aBUCUMOCTH
nedopMaliy OT HaMpsKEHUs

Mpoueaypsbl pelleHns HeNMHeRHbIX 3afay

I1pu pelieHrM HEMMHEMHBIX 32124 UCITOJIb3YETCsl UTEPALIMOHHbBIN METOI.

[IpsiMoe pellieHre HeJIMHEMHbBIX 3aa4 OCYLIECTBUTD HE YAAETCS MO Clie-
IYIOLIUM TIPUYMHAM:

e B HEJIMHEWHBIX 3a1a4ax Mol BO3AECUCTBUEM BO3ZHUKAIOIIUX IEpEME-
IIIEHUI MOTYT U3MEHSThCH KECTKOCTb KOHCTPYKIIMU, TIPUITOXKEHHbBIE
Harpy3ku u/WjiM TpaHUYHbIE YCIOBUSI;

o U1 mpearojaraemMon aepopMupoBaHHON (opMbl TpeOyeTcs ycTa-
HOBUTb paBHOBECHE KOHCTPYKLIMU. B Kaxk10M COCTOSIHUM paBHOBE-
CUsl — BIOJIb PABHOBECHOI TPACKTOPUU PE3YJIbTUPYIOIIAsd cCUCTeMa
COBMECTHBIX YpaBHEHUI OyIeT HEeJIMHEeHHOM.

JI7n1 BBINOJIHEHW ST HEJIMHEHOTO aHaInM3a pa3paboTaHO HECKOJIBKO ajlb-
TepHATUBHbBIX AJITOPUTMOB. B oTiMuMe OT JIMHEWHBIX 3a1a4 MPaKTUIECKU
HEBO3MOXHO peajn30BaTh OAHY EAUHCTBEHHYIO CTPATETUIO, MTOIXOIAIIYIO
1151 Beex citydaeB. Kaxaass KOHKpeTHas 3ajadya UMEET CBOU OCOOEHHOCTU
U 1S ee pelieHus1 TpeOyeTcsl MHANBUAYAJIbHbBIN MOIXOI.

lMoHATHE KPUBOW BPEMEHU
B He1MHEeTHOM cTaTUYECKOM aHaJIn3e JJIA TIPUJIO2KEHU A HArpy30kK, n3-
MCHAIOLINXCA BO BpEMEHU, UCITOJb3YIOTCA «KPUBbLIE BPEMEHM». KpI/IBaH

BPEMEHU 3aa€T, KaK MECHACTCA Harpy3ka Ujin OrpaHU4Y€HUEC Ha KaXAO0M
miare pelucHuAd.
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B HelmHEMHOM TMHAMWYECKOM aHaN3€ U HEJIMHEWHOM CTaTUYECKOM
aHaJIM3€e C 3aBUCSIIMMU OT BDEMEHM CBOMCTBAMU MaTepurayia (Hampumep,
TEeKyUeCTb) «BpeMsl» MPeICTaB/sIeT cCO00I peaibHOE BpeMsl, CBSI3aHHOE C
MPUJIOKEHUEM Harpy3KHu.

Bri6op pasmepa «BpeMEeHHOro» 1ara 3aBUCUT OT HECKOJIbKUX (PakTo-
POB, TaKMX KaK YPOBE€Hb HEJIMHEWHOCTHU 3a1a4 U MPOLEaypa peIIeHUS.
st o6neryeHus aHaan3a U yMEHbIIEHUS CTOMMOCTU PELIEHUS] KOMITbIO-
TepHasl MporpaMMa COIEPXKUT aJalTAllMOHHbBIA aBTOMAaTUYECKUI TTOIIa-
TOBBI AITOPUTM.

Bonpocbl gnsa camonpoBepku

1. JlonmoaHuTe MpeaioXeHus1, BbIOpaB MpaBUIbHbIE OTBETHI U3 TTPEII0-
>KEHHBIX.

1.1.

1.2.

1.3.

B HenMHeHOM CTaTUYECKOM aHaIM3€ MCIOJIb3YIOTCS CIEaYI0-

II1E TOIYLIECHMUS:

a) HE YYUTHIBAIOTCSI MHEPLIMOHHBIE CUJIBI Y CUJIbI AeMTI(UPO-
BaHU4;

0) Bce MaTepualibl B MOJEIM NOAYMHSIOTCS 3aKOHY ['yKa, B cOOT-
BETCTBUHU C KOTOPBIM HAMPSDKEHUE MPSIMO MPOIMOPLUUOHATBLHO
nedopmanuuu;

B) Harpy3ku JOJKHbBI ObITh MTOCTOSIHHBIMU 110 BEJIMUMHE, Ha-
MpaBeHnIo U pacrnpeneseHno. OHU He TOJKHbBI U3MEHSITh-
cs1 BO BpeMsl 1e(hOpMUPOBAHUST MOJIEJIN.

B HenMHeHOM CTaTUYECKOM aHaIn3e KpuBas BpEMEHU — 3TO:

a) TPAaEKTOPUS IBMKEHUS KOHCTPYKIINY;

0) rpapuK U3MEHEHMSI CKOPOCTU MepeMELLeHNSI BO BDEMEHU;

B) rpauK U3MEHEHMSI HAarpy3KM Ha KaxKJI0OM I1are pelieHus.

HenuHeliHbIl CTaTUUECKUIA aHAIN3 BBIMOJHSIETCS IPU HAJTMYU U

CIEOYIOIINX HEJIMHEMHOCTEN CUCTEMBI:

a) reOMETPUYECKUE HETMHEMHOCTH;

0) HeIMHEMHOCTU MaTepUaa;

B) HEJIMHEWHOCTU rpadukKa;

I') CTATUYECKUE HEJTMHEHNHOCTH;

JT) KOHTAKTHbIE HEJTMHEHOCTH.
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HenuHeiHble AUHAMUYECKWE UCCNEe0BaHUS

B HenuHeitHOM TMHAMUYECKOM MCCeIOBaHUU UCITOIb3YeTCs Ta JKe UTe-
palLlMOHHas1 MPOoLieypa, YTO U B HEIMHEMHOM CTaTUYECKOM aHaIM3e: yIIpaB-
JIeHU€, TIOBTOP U OKOHYAHME padOTHI.

B HemMHelitHOM TMHAMMYECKOM aHaJli3¢e ypaBHEHMsI paBHOBECHUS IMHA-
MUYECKOI CUCTEMbI HA BDEMEHHOM I11are, ¢ + Af, OyayT

[M]HAI {U,,}(i) + [C]t+Af {U,}(i) " t+At [K](i)H-At [AU](I‘) _ t+At {R} _ t+At {F}(z’—l)

rae [M] — marpuua macc cuctemsl; [C] — MaTpuua aeMnupoBaHUs CU-
crembl; "M[K]? — marpuia xectkoctu cucteMsl; "A{R} — BeKTOp BHELI-
HUX MTPWJIOXKEHHBIX Y3JIOBBIX HArpys3ok; "4{F}'~) — pekTop BHyTpPEHHUX
o6pasyloluxcs B y3aax cui Ha osTope (i—1); " [AU]” — BekTop MHKpe-
MEHTHBIX Y3JIOBBIX ITepeMelleHuii Ha osTope (i); “{ U}’ — BexTop noJ-
HOTo nepemenieHus Ha rmosrope (i); “*{ U’} — BeKTOp MOIHBIX CKOPOCTEH
Ha riosTope (i); [M]{U"}) — BeKTOP MOJIHBIX yCKOPEHUII Ha TIOBTOPE (§).

I1pu UCTIOIB30BAHUM UTEPALIMOHHOIO MeToaa HbloTOHA U cXeM MHTe-
IPUPOBaHUsA HEABHOTO BpeMeHU, Takux Kak Newmark-Beta win Wilson-
Theta, ypaBHeHUs TIpeoOpa3yloTcs: B opmy

t+At K (i) AU (i) _ +A? R (i) ’
{

b

rue o {R}(i) — BeKTOp 2(p(HEKTUBHOI HATPY3KU:
+ — (i) + + i- + i-
t At{R} _ t At{R} ot At{F}( 1) +[M](—a0(t AI{U}( 1)) _ t{U})+

+a,({U+ o, (U +[Cl-a (") U e, U v as (U,

AR MaTtpua 3PPEKTUBHON KECTKOCTH:
RO = "MK]Y + ) [M]+a [C],

TIe a,, a,, a,, s, d,, N as SIBIISIIOTCSI KOHCTAHTaAMU HESIBHBIX CXeM MHTETPALIN.

Jng HeTMHEHOro IMHAMMYECKOI0 aHaInu3a MOXET ObITh MCIOJIb30BaH
TOJbKO MHKPEMEHTHbII METO/I YIIpaBJIeHUsI HAarpy3KOii, a TakxKe TOCTYM-
HBI UTepallMOHHbIEe MeToabl « M3MeHeHHbIN anroputM HeiotoHa-Padcona
(MNR)» u «AnroputMm Heiotona-Padcona (NR)».
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YucneHHble MeTofbl ANA peLueHna HeNUHeNHbIX 3aaay

[Tpu perieHUM HETMHENHBIX 3a1a4 TIPUMEHSIIOTCS Pa3IMYHbIC YMCIICH-
HbIE METO/Ibl HA OCHOBE METO/Ia KOHEUHBIX 3JIeMeHTOB. [Ipolieaypa peiie-
HUS BKJIIOYAET Cleayloliee:

e METO[ YIIpaBJIeHUsI, CIIOCOOHBII YIIPABJISITh XOIOM BbIYMCAEHUIA BIOJIb

PaBHOBECHOI TPAEKTOPUU CUCTEMBI;

e UTEPALMOHHBIA METO IJISl PEILIEHUSI CUCTEMbI COBMECTHBIX HEJIMHEH -
HBIX YpaBHEHUIA, YIIPABJISIONIMIA COCTOSIHUEM paBHOBECHS BIOJIb Tpa-
€KTOpUM;

e CXEMbl OKOHYAHMSI pabOThI [IJIs1 3aBEPIIEHMS TIPOLIecca PELIeHHUSI.

JI7151 BBITTOJHEHUSI HEJIMHEHOTO aHaI13a UMEIOTCS CJIeIYIOIINE Memo-
Obl ynpaeaeHusi ¢ NPUpaueHUsIMU:

« MeTtoa ynpasjeHus ¢ NIpUPALNIEHUSAMEA HArpy3Ku. B HEM Harpy3ku, mpu-
JIOKEHHbIE K CUCTeMe, UCIIOJb3YIOTCS KaK 3aJaHHble TIepeMEHHBbIE.
Kaxnoe cocrosiHue (Touka) Ha paBHOBECHOI TpaeKTOPUU OIlpese-
JISIeTCs TIepeceyeHeM MOBEPXHOCTH (F = KOHCTaHTa) C TPaeKTOPU-
el 111 onpeaeaeHus mapaMeTpoB nedopmatiuu (puc. 74). Harpysku
(mepenBUXKEHMSI OCHOBAHMS1, 3aJaHHBIE TIepeMelLeHMs], TEPMUYECKHE,
CWJIA TSKECTHU U T. 11.) MPUKJIaAbIBalOTCs 11O HapacTalolleii B COOTBET-
CTBUU C aCCOLIMMPOBAHHBIMU KPUBBIMU «BPEMEHU»;

o VHKpemMeHTHbIH METOJ ynpaBjieHus nepeMemenueM. B sTom metone
TOYKa Ha PaBHOBECHOM TpaeKTOPUU OIpPeAesieTCs NepecedyeHrueM
KPHUBOI pellieHUs C TOBEPXHOCTHIO, OIPeAeIeHHO MOCTOSIHHBIM T1a-
pameTpom aedopmannu (U= KOHCTaHTa), KaK IT0Ka3aHO Ha puc. 75.
11 TOro 4To0bl MPUMEHUTH 3TOT METOJ
B aHaJM3€ KOHEYHbIX 3JIEMEHTOB, MAaCCUB A
MPUIOXKEHHBIX HAIPY30K MPONOPLIMOHAb-
HO mpupacTaeT (MCIoab3ysd MHOXUTEb CO-
CPeIOTOYEHHOIM HAarpy3KM) IJisl JOCTUXKE-
HUS paBHOBECHs MOl KOHTPOJIEM 3aJaHHbIX
CTeIleHEe CBOOOAbI. YIIpaBIIsieMble CTEIEHU
cBOOObI, 3aJaHHbIC TOCPEACTBOM BbIOOpA
BEPIIMHBI WK CIIPABOYHOI TOYKH, BO3paAC-
TaloT, I/ICHOJ'[LSYSI KPUBYIO «BPEMEHU»; ) HpsKeHIC-1ehOpMa-

o HHKpeMeHTHbIA MeTO ynpaBjieHUs IJUHOM Ls> B METOJIE yIIpaB/ie-
Ayru. B HeM 3a1aH crielMabHbIA IApaMETP  yug ¢ npupameHUsAMK
MyTeM OorpaHMYeHUs (BCIIOMOTAaTEILHOIO) Harpy3ku

5 L

'-__:Uk
Puc. 74. I'pacdpuk «Ha-
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F,

=U,

Puc. 75. T'padux
«HanpstxkeHue-ne-
dopMauusi» B UH-
KPEMEHTHOM Me-
TozE yIIpaBICHUS

nepeMeIeHueM

Puc. 76. I'paduk
«Hanpstxenue-ne-
dopManusi» B UH-
KPEMEHTHOM Me-
TOJe YIpaBIeHUS

IUTUHOU TyTU

YpPaBHEHMSI, KOTOPOE JO0ABIEHO K CUCTEME ypaBHE-
HUM, YIIPABISIOIIMX PABHOBECMEM CUCTEMBI. B reome-
TPUYECKOM CMBICJIE PETYJMPYEMBbIN ITapaMeTP MOXHO
MPOCMATPUBATh B BUAE «IJIWHBI TyTW», pPABHOBECHOM
TpaekTopuu (puc. 76).

J1J151 TOro 4TOOBI UCTIOIL30BATh 3TOT METO B AHAJIU3E
KOHEYHBIX 3JIEMEHTOB, MACCUB MPUJIOXKEHHBIX Harpy-
30K MPONOPLUKUOHAIBHO MpUpacTaeT (UCIOJb3ysl MHO-
JKUTEJIb COCPEIOTOUCHHOM HArpy3KM) ISl TOCTYKEHUST
PaBHOBECHS 10T KOHTPOJIEM 3aIaHHOM JJIMHBI (JJTUHBI
JIyT1) paBHOBECHOM TpaeKTopuu. J1MHa 1yru Oyner aB-
TOMATUYECKU BBIYMCIISATHCS Mporpammori. He Tpedyet-
CSl KPUBOM «BPEMEHM».

Kaxk ynpasneHue cuiioi, Tak ¥ yrpaBjieHUE TTlepeMe-
IIeHUEeM OyIyT MPepbIBATbCI B OKPECTHOCTU KPUTUYE-
CKHMX TOYEK (Ha3bIBa€MOI MOTepeil yCTOMYMBOCTU IJIsI
KOHTPOJIS YCUJIUS XU BOCCTAHOBJIEHUEM YCTOMYMBOCTU
NI yIIpaBJIeHUS IepeMelieHueM), Kak Ha puc. 77. [1o-
TOOHBIE TPYIHOCTU OOBIYHO BCTPEYAIOTCS MPU AHATU3E
MOTEPU YCTOMUYMBOCTH paM, KOJIELl MU 000I09€EK. YIIpaB-
JICHUE JTMHOM IyTW YCIENIHO MPEOI0JeBAET 3TU TPY/I-
HOCTH.

CyLIHOCTb UmepayuoHHbIX Memooos8 peuleHus B HeJli -
HEWHBIX CTATUYECKUX MCCIEAOBAHUAX 3aKIIOYAETCS
B CJICIYIOIIEM.

B HenuHEeHOM CTaTMYECKOM aHajlu3€ OCHOBHAas
CUCTeMa YPaBHEHUI NOJKHA ObITh pellieHa Ha JIIOOOM
«Bp€MEHHOM» Lare f+Af :

t+At{R} 1A {F} -0

b

rae " R} — BEKTOp BHEIHUX MPUJIOXEHHBIX Y3JIOBBIX HATPY30K; " F} —
BEKTOP BHYTPEHHE 00Pa3yIOIIMXCS B y3JIaX CUIL.
TTOCKOJIbKY BHYTPEHHUE Y3JI0BbIE CUJIBI "4 F} 3aBUCAT OT y3JI0BBIX T1€-

peMeleHuil Bo Bpems +Af,

ALY, HEOOXOOMMO UCIOIb30BaTh UTEPA-

LIMOHHBIN MeToa. Crenylollue ypaBHeHUsI MPEACTaBIIsIOT cOO0il OCHOB-
HYIO CTPYKTYpPY UTEPATUBHOI CXEMBbI JUIs1 pellieHMsl ypaBHEHWI paBHOBECUSI
Ha onpe/ieIeHHOM BpeMEHHOM 1i1are, 1+Af,
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JARYID = (RY s f F}(H);
K] HAUYY = (AR (yy =1y = by
tear {U}(i) _t+At {U}(H) NG
Uy = Uy, ey = {F)

b

e “4{ R} — BEeKTOp BHELLTHUX PUIOKEHHBIX Y3I0BBIX HArpy30K; " [}~ —
BEKTOP BHYTPEHHE 00pa3yloLuXcs B y3/1ax cui Ha osrope (i); {ARY ) —

BEKTOp HEYPaBHOBEIIEHHOI Harpy3ku Ha rostope (i); {AU}Y — BekTop
WHKDPEMEHTHBIX Y3JIOBBIX NepeMelleHuil Ha osrope (i); “{ U} — Bek-
TOp NOJIHOTO nepeMelneHus Ha nosrope (i); “[K]?” — marpuua SIkooua-
Ha (KacaTeJibHasl )KeCTKOCTb) Ha MOBTOpE (7).

a 0 8

F‘l F

T

U a

Puc. 77. UHKpeMeHTHBII METOI, YITPaBJIeHUS IJTUHOM JyTHU:

a — TIOTepsl HeCyIlel CIIoCOOHOCTH YIIPaBJIEHUST CUJION; 6 — TOTePsl HECYIIEH CITOCOOHOCTH
yIIpaBJICHUS MEPEMEIIEHUEM; 8 — MOTEePsT HECYIIEH CTIOCOGHOCTH YITPaBJIEHMsI CUIION U IepeMe-
LEHUEM; b, ¢, e — TpeaeibHbIe TOYKU TIPU YIIPABJICHUU CUIION; f, ¢ — TIpeiesIbHbIE TOUKH TTPU
yIIpaBJICHUU MEPEMEILEHUEM

MMeroTcs pa3nmyHbie CXeMbl BHITIOJIHEHUS uTepauuii. Huske npencras-
JIEHO KpaTKOe OIMMCaHMEe IBYX METOA0B HbIOTOHOBCKOTO THUIIA:

« anroput™ HblotoHa — Padcona (NR). B Hem MaTpuua Kkacareib-
HOI1 JKeCTKOCTH 00pa3yeTcst M pacKjIaabIiBaeTCsl Ha KaxkKI0M IMTOBTOPE
BHYTPM OITpee/ICHHOTO 111ara, Kak rnmokasaHo Ha puc. 78. Metox NR
MIMEeT BBICOKYIO CTEIIeHb CXOIMMOCTH, KOTOpast SIBJISIETCS KBaapa-
TuuHOM. Ho, MOCKOIBKY KacaTesibHas X)KeCTKOCTb 00pa3yeTcst U pac-
KJIaJbIBAETCS Ha KaxKIOM ITOBTOPE, YTO MOKET OBITh JOPOTOCTOSIIIIM
JUIsT OOJIBIIIMX MOJeNIeii, MOKHO TIOJYUYUTh IMPEeUMYIIECTBa, UCIIOIb-
3ys1 IPYroit uTepallOHHBINA METO/;
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Puc. 78. Anroput™m HbtoToHa — Padcona

o MoauduLMpoBaHHbIN anroput™ Hetorona — Padpcona. B Hem maTpu-
11a KacaTeJIbHOU XXeCTKOCTU 00pa3yeTcsl U paCKJIaJAblBA€TCS B Havase
KaXI0rTo 1ara (I Kak 3alaHO MPU OMPEACICHUN CBOMCTB UCCIIE-
TIOBaHWUS) U UCHOJIb3YeTCS B TEUEHUE BCEX ITOBTOPOB, KaK IMTOKAa3aHO

Ha puc. 79.
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Puc. 79. MonudwuinpoBanHslii anroput™M Helotona — Padcona

Jn1g MTHKpEeMEHTHOM Tpolieayphbl, OCHOBAaHHOI Ha UTEePALlMOHHBIX Me-
Todax, CleayeT 00eceuuTh 11eJ1ecoo0pa3Hbie cXeMbl OKOHYAHUS PaOOThI.
B KoH1Ie KaxK10ro moBTOpa CXOAMMOCTb CJIEIyeT OLIEHMBATh B IIpeiesiax pe-
aJIMCTUYHBIX 10MYCcKOB. OueHb 00JIbllIMe JOMYCKU MPUBEIYT K HETOUHBIM
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pe3yJbTataM, B TO BpeMsl KaK OYeHb CTPOTMe JOMYCKU MOTYT 0e3 HYXKIbI
yBeJIUUMBATh CTOUMOCTDb BbluMciieHul. [1noxas mpoBepka pacXxoauMOCTU
MOXET 3aBEPILINTb UTEPALIMOHHBIN TTPOLIECC, €CIU pellieHUue HE PacXoIM-
JIOCh WJIM TIPOAOJIKUTH padoTaTh MpOLIeCCy MPU IMOMCKE HEOCYIECTBUMO-
rO pellIeHUSI.

B xauecTBe KpuTepusi CXOAMMOCTH ObLIO BBEIEHO MHOXECTBO MpPolie-
Iyp JUIs1 3aBeplIeHUST UTepallMOHHOTrO Tpoliecca. Huke paccMatpuBaior-
Csl TPU KPUTEPUS CXOAUMOCTH:

« CXOAMMOCTH nepememieHus. JlaHHbI KpUTepUii OCHOBAH Ha IMpupa-

LIEHUSX IepeMelleHUI BO BpeMsi MOBTOPOB. OH ompeaessieTcs: Kak

|{A U}(i) | < Sd |t+At {U}(i) |,

rne|{AU}| o603Hauaer esknnoBy Hopmy {U}, a £, IBISIETCS IOTTYCKOM

repeMelleHUs;

e CXOAMMOCTb CHJIbI. DTOT KPUTEPUI OCHOBAH Ha HEYPaBHOBEIIEHHbBIX
(ocTaTOUHBIX) HArpy3Kax Bo BpeMsi TOBTOPOB. TpedyeTcst, 4ToObI HOP-
Ma BEKTOPA OCTaTOYHOM HArpy3KM ObLIa B ITPee/ax 10MyCKa £, IpU-
palleHus MPWIOXKEHHOI Harpy3Ku, TO €CTh:

t+At{R} . {F}(l)‘ <, t+At{R} N {F} .

b

e CXOAMMOCTb 3Hepruu. B a3ToM KpuTepuu rpupaileHue BHYTpeHHEN
SHEPIUM BO BpeMsI Kax0To IOBTOpa, KOTOpasi paBHa pabOTe, BbIMOJ-
HEHHOI OCTaTOYHBIMU CUJIAMU BO BpeMsl MHKPEMEHTHOTO MepemMe-
1IEHWS, CPAaBHUBAETCS C MEPBOHAYATbHBIM MTPUPAIIEHUEM SHEPTUM.
CXoauMOCTb MMPUHUMAETCS OCYILIECTBAECHHOM MPU YIOBIETBOPEHUU
CJIEAYIOIIETO YCIOBUSI:

({AU}(i))T(I+AT{R} At {F}(i—l)) <, ({AU}(I))T(HAt{R} i {F}),

TIIE €, ABJISETCA JOMYCKOM HEPIUMU.
KpoMe Toro, MHOXECTBO CXeM MCHOJIb3YIOTCS B Ka4ECTBE KPUTEPUS
pacxonuMocTu. OgHA U3 3TUX CXEM OCHOBAaHA Ha paCXOAMMOCTH OCTAaTOY-
HBIX Harpy3ok. JIpyrast paBHa OCHOBaHa Ha pacXOAMMOCTHA MHKPEMEHT-
HOW SHEPTUU.
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BbinonHeHne HeNWHENHOro aHanu3a

3ameuyaHus Mo OIpeneIeHUIO HeTMHEMHBIX UCCIeIOBaHMIA:
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MPU ONPEeeICHUM HETMHEMHOTO UCCIEA0BAHMS MOXHO BBIOpPATh CTa-
TUYECKOE WIM TUHAMUYECKOEe rccaenoBane. HenmneiHele ucce-
JIOBAHUS PEIIAlOTCI BO BDEMEHHOM 00JIacTH;

HEJIMHEWHBIMA aHAIU3 TPeOyeT 3aIaHUsI METO/IA YIIPABJIECHUS peIIeHN -
eM. B uHTepdeiice mo ymonuaHUIO UCOJIb3YETCSI METO yIIPaBAeHUS
Cwvnoit B KaueCTBE HaJJIeXallero BbIOOpa B OOJBIIMHCTBE CIIyYaeB.
Meton ynpasiaeHus Cunoi MO3BOJISIET YIIPABIATh KaXIO0H Harpys3-
KOM ¥ OrpaHUYMBATb €€ 110 OTACIbHOCTU KPUBOM BpeMeHU. MeToabl
yrpasieHud NMepemeweHmem 1 ANHON NYyTU BBIYUCIAIOT MHOXUTEID
JIUTSE BCEX HArpy30K Ha KaxkK[AOM Iare pelieHus. Jpyrumu ciioBamu:
BCE HATPY3KU U3MEHSIOTCH TTPOMOPIIMOHATIBHO Ha KaXKIOM I1Iare pe-
IIEHUS;

IUIST BBIOOpa MeTtoda yrpasieHus Mepemelwerdne wid OnvHa 1yru
HaXXMUTE HA KHOTIKY JlonONHUTENbHbIE NapaMeTpbl HA BKJIaJKe Pe-
LeHue;

nmapamMeTpsl Bpemst Hayana 1 Bpems OKoH4YaHUS, 3aJaHHBIE HA BKJIAIKE
PelwieHne B ceKyHIax, HE UCMIOJIL3YIOTCA B METOE YITpaBIeHUS Onn-
Ha ayru. 3HaYeHUsI BpEMEHMU SIBJISIOTCS MCEeBAO3HAYEHUSIMU, €CIU
1) He KCIIOJIB3YIOTCS MOJEIM MaTepuaaoB ¢ 3deKTaMUu TEKYyUeCTH;
2) HE YYUTBIBAIOTCS TEPMUYECKIME BO3AEHCTBYS U3 UCCEIOBAHMS T1e-
PEXOMHOTO TEPMUYECKOTO TIPOLIECCA;

JUTSL HEJIMHEMHBIX IMHAMUYECKUX UCCIIENOBAHU 3HAYEHUS BPEMEHU
BCETIIA SABJISIOTCS PEAUTbHBIMU;

BPEMEHHOW MHKPEMEHT Ha BKJIaJAKe PewweHne MHTEPIIPETUPYETCS
Ha OCHOBE BBIOPAHHOI'O METO/1a yIpaBjieHus. [{J1s1 METOIOB yIipaBJiie-
HUg Cunon u MNepemelwieHnemM OH UCIOJB3YETCS JUIST TTOCTETIEHHOTO
MpPUpPOCTa BpEMEHU OT BpemeHu Hayana 10 BpemeHu okoHyanus. s
MeTOo/a YIpaBJIIeHU AnuHa ayru UCIOJIb3YETCS BHYTPEHHSIS OLIEHKA
HavyaJIbHOTO MHKPEMEHTHOIO 3HaYeHus JUTMHBI 1yru. OcTaHOBKa pe-
IIIEHW OCHOBAHA Ha MapameTpax, 3aJaHHbIX Ha BKJIAJAKE JOnonHu-
TenbHblE NApPaMEeTPbI;

napameTp MoBTOPHLIN 3anyCK MTO3BOJISIET NPOIOJIKUTH PELLIEHUE OT I10-
CJIETHETO YCIIEeIIHOTO 11ara pemeHus. YToObl caenaTh UCCIEI0BAHUE
CMOCOOHBIM K IOBTOPHOMY 3aIyCKY, ITIEpe 3aITyCKOM UCCIeI0BAHUS
Heo0XxonrMMo BbIOpaTh CoXpaHUTbL AaHHble A NOBTOPHOro 3anycka
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aHanusa. YToObl nepe3arnycTuTh 3aaady, 415 KOTOPOil 1O0CTyHa UH-
(opmaius nepesarycka, repes 3ayckoMm ycTaHoBuTe (Jiakok Mo-
BTOPHbI 3anyck B CBOMCTBaX UCCAEAOBAHUSI.

Ynpasienne cuIoi SBjsieTCsI HauboJee paCIpOCTPAHEHHBIM U €IUH-
CTBEHHBIM JIOCTYIHBIM JJISI AMHAMUYECKMX HEJIMHEMHBIX UCCIeIOBaHUIA.
OnHako metoan! ynpasieHus [lepememenue vau JIMHa ayrd MOryT ObITh
0oJiee yMECTHBIMM JIJISI MCTIOJIb30BaHUS B 3aJjadyaX HEKOTOPHIX KJIACCOB.
KoHTakT nogaep>XmuBaeTcs TOJbKO METOAOM YNPABJIEHUS CHIIOM.

st TOro 4TOOBI BHIMOJTHUTL HEJTMHEMHBIN aHaJIu3, UCIIOJIb3ys Ynpas-
NeHue cunoii, HeodXoIUMO:

1.
2.

9.

Co3aaTh HEJIMHENHOE CTATUYECKOE UCCIIENOBAHUE.
Haxatb mpaBoil KHOIIKOI MbBIIIY 3HAYOK MCCIEAOBAaHUS U BHIOPATh
CsoiicTBa.

. Ha Bxianke PeweHune BbIOpaTh mmapameTpsl Bpemsa Hayana, Bpems

OKOH4YaHMS, BpeMeHHOW MHKPEMEHT U YCTAaHOBUTb HEOOXOAMMBbIE TTa-
paMeTphl B OKHax MNapameTpbl HENIMHEHOCTU reomMeTpun U Peluaiowiag
nporpamma.

. B OosbIIMHCTBE cilydaeB He TpeOyeTCs HaXKMMaTh KHOMKY J,ononHu-

TenbHble NapaMeTpbl, YTOOBI YCTAHOBUTH MeToa noBTopos U Mapame-
TPpbl UHTEpPBaNa/gonycka.

. UToObI paccMOTPETh TEPMUUYECKIUE BO3AEUCTBUS UMW BO3AEUCTBUS

MOTOKA, CJEeAyeT BbIOpaTh BKIANKY dddekTbl noToka/Tennosbie ad-
dbexTbl 1 YCTAHOBUTHh HEOOXOIMMBIE TTAPAMETPHI.

. Haxatb OK.
. OnpenenuTsh CBOICTBA MaTepuaja, CeTKY, Harpy3Ky M OTpaHUYEHUS.

MoxxHO accolluupoBaTh (CBS3aTh) KaXKIyI0 HArpy3Ky U OrpaHUYeHKE
C pa3JIMYHbIMU KPUBBIMU BpeMeHMU. JInanazoH BpeMeH! KaxX 101 Kpu-
BOI1 OJIKEH OXBaThIBaTh Bpems Hayana 1 Bpemsi oKoHYaHus.

. Onpenenutsb nemmdupobaHue. [IpuMeHsieTcst TOJIbKO /1 HETUHEN -

HbIX TMHAMUYECKUX UCCIIEI0BaHMIA.
Haxatb mpaBoit KHOMKOM MBI MManKy MapameTpbl pesynbLTaTos B Jie-
peBe, UTOObI 3a/1aTh MapaMeTPbl COXpPAHEHUS PE3YIbTaTOB.

10. 3amycTuTh UCCaeI0BaHUE U TIPOCMOTPETh Pe3yJIbTaThl B pa3IuUyHOE

BpeMs (Ha pa3HBIX I1arax pelieHus).

st Toro 4ToOBl BHIMMOIHUTL HEJIMHEMHBIM CTATUYECKUI aHAJIu3, KC-
M0JIb3ysl YNpaBJieHue nepeMeleHnemM, cieaiyeT:

1.

Co3naTh HEJIMHEMTHOE CTaTUYECKOE UCCIIEJOBAHME.
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. Haxatb mpaBoii KHOIIKOI MbIIIIM 3HAYOK UCCJIeIOBAaHUS 1 BHIOPATh

CsoiicTBa.

. Ha Bxitanke PeweHue BbIOpaTh mapamMeTpbl Bpemsa Havana, Bpems

OKOHYaHUS, BpeMeHHOWM MHKPEMEHT 1 YCTAHOBUTh HEOOXOIUMBIE TTa-
pameTpbl B OKHax MapamMmeTpbl HeNMHeHOCTN reomeTpumn U Pelatowas
nporpaMmma.

. Haxatp kHOTIKY [JononHuTenbHbIe napamMeTpbl IS BELIOOpa METoAa

yIpaBJIeHUS] IEpeMellIeHUEM U yCTaHOBUTE MapameTpbl ynpaBneHus
nepemelleHneM, YTOObI 33J1aTh YIIpaBJIeHUE CTENEeHSIMU CBOOOIbI B Ka-
yecTBe (PYHKIIMU BpeMeHU. DTO eAMHCTBEHHAsI Kp1Basi BpeMeHU, UC-
MoJib3yeMasi MeToJ0M yrpabiieHUs NepemewieHmem. JIuamna3oH Bpe-
MEHM JTOJKEH OXBaThbIBaTh Bpems Hayana 1 Bpemsi OKoHYaHus.

. YToOBI paccMOTpeTh TEPMUYECKUE BO3ACUCTBUS WM BO3AEUCTBUS

MOTOKA, HaJ0 BLIOpATh BKIIAAKY dddekTbl noToka/Tennosbie apdek-
Tbl U YCTAHOBUTH HEOOXOAUMBIE TTapaMeTpPhI.

. Haxatn OK.
. OmpenenuTh CBOMCTBA MaTepuaa, CETKY, Harpy3Ku U OTpaHUYEHUS.

Het Harpy3ku uiu orpaHM4YeHUsI, aCCOLIMMPOBAHHBIX C KPUBOIi Bpe-
MEHM.

. Haxartb mpaBoi1 KHOIIKO¥ MBIIIY NATKy MapamMeTpbl pe3ynbTaTos B JIe-

peBe, 4ToObI 3a/1aTh MapaMeTPhbl COXPaHEHMST Pe3yIbTaTOB.

. BBIMOJTHUTH MccaeaoBaHue U IPOCMOTPETDL PE3YJIbTAaThbl B KAYECTBE

(byHK1LIMM MapaMeTpa Harpy3KHu.

J111 TOTO YTOOBI BHITOJTHUTh HEJIMHEWHBIN CTaTUYECKUI aHAIU3, UC-
MOJIb3ysl YNpaBjeHue JJIMHOM TYTH, HEOOXOIUMO:

L.
2.

3.
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Co3znatb HEJIMHEMHOe CTaTUYEeCKOE UCClIeIOBaHME.

Haxatp mpaBoii KHOIIKOIW MBIIIM 3HAYOK MCCJIETOBAHUS U BBIOPATh
CeolicTBa.

Ha Bxnanke PewweHune nponycTUTh MapaMeTpbl Bpemsa Havana v Bpemsi
OKOH4YaHua. 3a1aTh apaMeTpbl BpeMeHHOM MHKPEMEHT 11 YCTAHOBUTD
(b1axkok y HeOOXOIMMBIX MapaMeTpOB B MapaMeTpbl HEIMHENHOCTU
reomeTpumn U Pewaiowasn nporpamma. s BBIYKMCIEHNST HaYadbHOMN
JUIMHBI IYTU JJIS KaXIOTO 1ara Bp€EMEHHOM MHKPEMEHT UCIIOJIb3Y-
€TCS IIPOrpaMMOI BHYTPEHHE.

. Haxartp kHOTIKY [JononHuTenbHbIe napamMeTpbl IS BELIOOpAa METoAa

YnpaBneHue gnMHoOnM oyru U yCTAaHOBUTE MNapamMeTpbl 3aBepLUEHUS AN-
Hbl Ayru1, TIe HaA0 3a4aTh CXEMY OKOHYAHMS.
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5. HToOBlI paccMOTpPETh TEPMUYECKME BO3NECHCTBUS WJIN BO3IEHACTBUS
MOTOKA, CJIeAyeT BbIOpaTh BKIANKY dddekTbl noToka/Tennosbie ad-
dexTbl 1 YCTAHOBUTHh HEOOXOIMMBIE TTApaAMETPHI.

6. Haxatnb OK.

7. OnpeneauTb CBOKMCTBA MaTepuaa, CeTKY, Harpy3Ku U OrpaHuYeHus.
Hert Harpy3ku uim orpaHr4eHus1, aCCOLIMMPOBAHHBIX C KPUBOM Bpe-
MEHU.

8. HaxaTb mpaBoii KHOMKO MBI MankKy MapameTpbl pesynsTaTos B Jie-
peBe, YTOOBI 3aaTh MapaMeTPbl COXPAHEHHUS PE3yJIbTATOB.

9. BbINoaHUTH UCCIeIOBaHUE U TTIPOCMOTPETh pe3yJibTaThl B KAUeCTBE
(byHK1IMY MapamMeTpa Harpy3Ku.

Bonpocbl gnsa camonpoBepku

1. JlonmoaHuTe MpeaoXeHUe, BIOpaB MpaBUIbHbBIM OTBET U3 TPEIIO-
>KeHHBIX.

Henunelinble ATMHAMUYECKUE UCCIIETOBAHMS. .

a) HE yUMTBIBAIOT MHEPLIMOHHbIE CUJIbI U CUJIbI AeMI(PUPOBaAHUSI;

0) KUCIOJIb3YIOT HArpy3KU MOCTOSIHHBIMM MO BeJIUYMHE, HaIlpaBJie-
HUIO U pacIipeaeeHUIO;

B) pelIaloT 3aja4y OoInpeaeaeHus TMHAMUYeCKOM peakliiy B KauecTBe
(byHKIIMY BpeMeHU U He TpeOyIOT BhIUMCcIeHUs (DOpM KoJieOaHm it
1 4acToT.

2. B npennoxeHue BCTaBbTe MPOIMYILIEHHbIE CJI0BA:
B, aHaJIM3€e Harpy3Ku MPUKJIabIBAIOTCS TOCTENIEHHO U MEe/I -
JIEHHO JIO TeX IOp, OKa OHU He TOCTUTAIOT MOJIHOM BeuunHbl. [Toce
JTOCTVKEHMS TOJTHOM BeJIMUMHBI HATPY3KU OCTAIOTCS TOCTOSIHHBIMU.
He yuuTbhiBaloTCsl MIHEPLIMOHHbBIEC CUJIbI U CUJIBI IeMIT(UPOBAHUSL:
a) JMHEWHOM CTaTUYECKOM;
0) HEJIMHEITHOM CTaTUYECKOM;
B) JMHEWHOM TMHAMUUYECKOM;
I') HEJIMHEWHOM JMHAMUYECKOM.
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3. B npennoxeHue BcTaBbTe MPOMYILIEHHBIE CJIOBA:
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B aHaJIM3e NPUJIOXKEHHbIE Harpy3KM 3aBUCST OT BPEMEHU.
Harpy3ku MOryT ObITh TEpUOANYECKMMMU, HETTEPUOANYECKMU WU MO-
I'YT OBITH ONMCAHbI CTATUCTUYECKU. Y CKOPEHMUS Y CKOPOCTHU 3HAUUTETh-
HbI (T. €. ceyeT yUYUMThIBaTh UHEPLIMOHHBIE CHUJIbI U CUJIbI AeMIT(OUPO-
BaHus). CBoiicTBa MaTepuaia IpUHUMAIOTCS TIMHEMHBIMM:

a) JJUHEMHOM CTaTUYECKOM;

0) HEJIMHEIHHOM CTaTUYECKOM;

B) JUHEMHOM TMHAMUYECKOM;

I') HEJIMHEWHOM TMHAMUYECKOM.



MeTobl onTuMn3aLmm
B MHXXEHepHbIX UcceoBaHnax

03[JaHME HOBBIX KOHCTPYKLIMI OOBIYHO OCYILECTBIISIETCS MTOCTEe-
MEHHBIM YJIy4YlIeHUEM CYLIECTBYIOIIEH KOHCTPYKIIUH.
TexHonornyeckass KOHKYPEHILIMSI BbIHYKIA€T UCKaTh MyTHU
YMEHBIIIEHUS BPpEMEHM pa3pab0TK HOBBIX KOHCTPYKLIMIA OMHOBPEMEHHO
C MOBBILIICHWEM KauyeCTBa U HaeXKHOCTH pa3pabaTbiBaeMoro usaeaus. [1o-
3TOMY ONTUMAILHOE MPOCKTUPOBAHUE 3aHUMAET OAHY U3 KJIIOUYEBBIX TO3U-
LU OpU CO3AaHUN COBPEMEHHBIX KOHKYPEHTOCIIOCOOHBIX KOHCTPYKIIMIA.

Onmumuszayus — MPOLECC HAXOXISHUS HAWJIy4IIero Wiv ONTUMaJbHO-
ro pelIeHUs KaKoM-T100 3a1a4u MPU 3aJaHHbBIX KPUTEPUSIX.

OCHOBHOI1 ITOIXO/ B ONTUMAJIbHOM ITPOEKTUPOBAHUM — (hopMaIn3alist
3aJa4u, T. €. CBeICHME 3aJa4YM ONTUMU3ALMU KOHCTPYKLIMU K MaTeMaTUye-
CKOM 3aJ1a4ye MOKCKa YCJIOBHOIO 3KCTpeMyMa.

OnmumuszayuoHHas 3adaya — 3TO 3ajada ONpeaeeHUs HaUIy4dIlnx,
B HEKOTOPOM CMBICJIE, CTPYKTYPhI WJIM 3HAUYEHUM ITapaMeTpoB OOBbEKTOB.

Ecnu ontuMu3anms cBsg3aHa ¢ paCyeTOM ONTUMAJIbHBIX 3HAYCHUI T1a-
paMETpOB IIPU 3aJaHHOM CTPYKTYpe 00bEKTa, TO OHA HA3bIBACTCS napame-
mpu4eckoli OITUMU3ALIUEH.

3agauya BHIOOpa ONTUMAIbHON CTPYKTYPbI SIBJISICTCSI CIMPYKMYPHOU OTI-
TAUMU3ALEH.

MocTaHoBKa 3agayv onTUMU3aLuK

J1J1s1 MOCTaHOBKM 33/1a4 ONITUMM3ALIMU KOHCTPYKIIMU IIPUMEHSIOT Mapa-
METPU30BAHHBIN YePTEXK, SABISIOLINICSI 3CKU30M pa3padaTbiBAEMOM KOH-
CTPYKLIMU.

IToctaHoBKa 331241 ONITUMM3ALIMM ITPEATIOIATaeT CYIIECTBOBAHNE KOH-
KYPUPYIOIINUX CBOMCTB OOBEKTA, HATIPUMED:
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e TIPOYHOCTh KOHCTPYKIIMU — Macca KOHCTPYKIIUU;
e M3HOCOCTOWKOCTb U3JEIUsI — CTOUMOCTb U3JIEHS;
e MHOTOG(YHKILIMOHAJIBLHOCTb U3IeIUs — radapuThl U3AEIUS.
Bb160p KOMIIPOMMCCHOTO BapraHTa 151 yKa3aHHbBIX CBOMCTB MPeICTaB-
JIIeT co0oi mpolieAypy pellieHUs ONTUMU3ALIMOHHOM 3a1a4uu.
[Tpu popmynrpoBaHUM 33724y ONTUMU3BALIMU:
« 3ajaeTrcs lLeyieBast QYHKIMS, MoAIexalas MUHUMU3aUY WA MaK-
CUMM3ALNY,
e yCTaHaBJIMBAETCSI KPUTEPUIL ONITUMAILHOCTU U HA0OP OrpaHUYEHU 1
1711 obecrneyeHns1 padboTOCIIOCOOHOCTH KOHCTPYKIIMM;
 3aj1aeTcs ps pa3MEPOB, OIMYCKAIOIIMX BapbMpOBaHUE B 3aaHHBIX
npenenax. CBoiicTBa KOHCTPYKILIMHU, MOIJIEXalllie BApbUPOBAHMIO,
Ha3bIBAIOTCS MapaMeTpaMU MPOEKTUPOBAHMS.
PemenueM 3amaum mapamMeTpuyecKoil OoNTUMU3ALUM SIBISIETCS HAbOp
3HAUEHMI MapaMeTpoB, 00ecCIeunBalOIIMX 3aJaHHble KPUTEPUU U OIrpa-
HUYEHUSI, HAJIOXKEHHbIE Ha KOHCTPYKIIUIO.

Kputepuit onTumanbHOCTH

KonuuecTBeHHas1 olieHKa ONTUMU3UPYEMOTO KauyecTBa 00beKTa Ha3bl-
BaETCs Kpumepuem onmumaibHoCmu.

Jnsa ynoO6cTBa M1 OAHO3HAYHOCTU BOCIIPUSITUSI KPUTEPUU HOPMUPYIOT,
TO €CTb OOBIYHO MPUBOJAT K CJICAYIOLIEMY BUY:

K >0,

i
roei=1, ..., m; m — 4UCJIO KPUTEPHUEB.

[TpeanoyTuTebHO KpUTEPUU TIPUBOAUTH K Oe3pa3zMepHOMY BUAY (Ha-
MpUMep, OTHOCUTEIbHAS 1IeHAa 10 OTHOLIEHMIO K IIEHE CaMOro JOPOToro
BapuaHTa).

B onHoit 3agaye MoxXeT ObITh YCTAHOBJIEHO HECKOJIBKO KPUTEPUEB OIl-
TUMaJIbHOCTH.

[TpuMeHeHMe A1 TEXHUYECKUX 3a/1a4 TOJIbKO OJHOI0 KpUTepusi (Harpu-
Mep, MAKCHMYM YPOBHSI 0€30IMaCHOCTH, MUHUMYM MOTPeOJIeHUSI SHEPTUH,
MMHMMYM 3KOJIOTMYECKOTO yIep0a) 4acTo IMPUBOIUT K aOCYPIHBIM PE3yJib-
TaTaM, BBIXOISIIMM 3a 00J1aCTh JOIMYCTUMBIX PELIEHU, TO3TOMY OOBIYHO
COYETAeTCs C 9KOHOMUUYECKMMU KPUTEPUSIMU (HaIIpUMep, MUHUMYM CTO-
MMOCTU WJIM MAaKCUMYM J0X0/1a).
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OpHoKkpuTepuanbHas U MHOrOKpUTepUanbHas onTUMU3aums

XapakTepusysl 00bEKT, CJI0KHO BbIOpAaTh OAWH TAKOU KPUTEPUL, KOTO-
pbiii Obl 0OecneumnsI BCIo MOJIHOTY TpeboBaHuii. [1oaTOMY B 3agadyax KO-
YECTBO KPUTEPUEB MOXKET ObITh PA3JIMYHBIM.

OnHako cTpeMJIeHUE K BCEOOBEMITIOIIEMY PEIICHUIO M Ha3HAaYeHUE 00JIb-
1LIOTO YKCia KPUTEPUEB CUJIBHO YCIOXKHSET 3a1a4y.

B nipenenbHOM cilyyae pelieHue NpakKTMYECKMX 3a1a4 MOXHO CBECTU
K 3aj1a4e IBYXKpUTEPUAIbHON ONITUMM3ALIMU, KPUTEPUSIMU B KOTOPOIA SIB-
JISIIOTCS «1LI€Ha» U «KauyeCTBO» (T. H. «1lIeHA-Ka4eCTBO» ).

CaeneHue 3a1a4u K OTHOKPUTEPUATIbHOM TpeOyeT BBEACHMUS CYIIECTBEH-
HBIX TOMYILIEHUH, HO 00JIeryaeT OKOHYATeIbHbII BHIOOD.

HaubGonee pazpaboTaHbl METOABI OMHOKPUTEPUATIBLHON ONTUMU3ALINN,
B OOJIBILIMHCTBE CJIyyaeB MO3BOJISIONIME MTOJYYUTh OTHO3HAYHOE pelleHNe.

B 3amayax MHOrokpuTepuraabHON ONTUMU3ALMK A0COJIIOTHO JIydllee pe-
11IeH1e BbIOpaTh HEBO3MOXKHO (32 UCKJIIOUEHMEM YaCTHBIX CJIydyaeB), TakK Kak
MpU Mepexoe OT OAHOro BapuaHTa K IpyroMy, Kak IpaBujio, yIydllaloTcs
3HAUEHMSI OMHUX KPUTEPUEB, HO YXYIIIAIOTCS 3HAYEHUS IPYTUX.

MapameTpbl oNTUMU3ALUK

Ilapamemp onmumuszayuu — 3TO IOKa3aTeIb KauecTBa AeTalu, COOpod-
HO eIMHMIIBI W TEXHOJIOTMYECKOTO TIpoliecca, ISl onpene/ieHus Han-
JIYYIIEro 3HaYEHMST KOTOPOTO BHITIOJTHSIETCS ONTUMU3ALINS.

OH 10JKeH OBITh KOJMYECTBEHHBIM, 3a1aBaThCsl YMCIOM. MHOXECTBO
3HAYEHMI, KOTOPbIE MOXET IIPUHUMATh ITapaMeTp ONTUMU3allUM, Ha3bIBa-
€TCsT 00JIACTBIO €TO OIpPEeACICHUS.

[TapameTpbl ONITUMU3ALIUUA MOTYT MEHSITbCSI HenpepbleHo VA OUCKpen -
Ho (IVICKpeTHasi ONITUMM3aIIUsI).

BrinenstroT 3agaun ooHonapamempu4eckoil i MH020napamempu4eckoil orl-
TUMU3ALNN.

[Tpumep ogHOMapaMeTpUIEeCKOI ONITUMHU3AIIMOHHOM 3a1a4M: BEIOOD 11 -
aMeTpa TpyOoIIpoBoIa, 0 KOTOPOMY HaCOCOM TepeKaurBaeTCs XKUIKOCTb.
[Tpu ymeHbIIeHNY TUaMeTpa TPYObl CHUKAETCS €€ CTOMMOCTh, HO YBEJIH-
YUBAIOTCS 3aTpaThl SHEPIUU Ha TMEePEeKadyKy KUIKOCTU M3-3a BO3POCIIETO
TUAPABINIECKOTO COIIPOTUBIICHMSI.

[Tpumep 3amaum MHOronapamMeTpuiecKoi (IByxImapaMeTpruiecKoii) OIl-
TUMU3AlUN: BEHIOOP AMaMeTpa U TOJIIIMHBI TEIUIOBOM U30JISIIUM TPYyOOIIpO-
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BOJIa C TOpsiyeii JKUIKOCThIO WM MapOM MPU MTOCTOSIHCTBE OCTaJIbHbIX IMa-
pameTpoB. [1pu aTOM 006a MapameTpa AMCKPETHBI, TaK KaK CYIIECTBYIOT KaK
COpPTaMEHT TpyO, TaK M TUIIOBbIE MapaMeTpPbl TOTOBBIX TEIIOU30JISILIMOH-
HbIX CETMEHTOB.

Llenesas chyHKuyma

1lenesas ¢hynkyus — 3aBUCUMOCTb KPUTEPUS ONITUMAJIbLHOCTU OT Mapa-
METpOB, BJIUSIONIMX Ha ee 3HaueHue. OHa COCTaBJISIeTCs] HA OCHOBAHUY BbI-
OpaHHOTrO KpUTEPUsI ONTUMAIbHOCTH.
Bun xputepusi onTUMaIbHOCTU WM 1IeJ€BOM (PYHKIIMY OnpeaensieTcs
KOHKpPETHOM 3a1aueii ONITUMU3ALIN.
3agaya ONTUMU3ALMKU CBOIUTCS K HAXOXIEHUIO 9KCTpeMyMa 1ieJeBoit
dyHKIMU.
ITpu nmocTaHoOBKe 33724y ONTUMU3ALIMU HEOOXOAMMO:
a) COCTaBUTb MaTeMATUUYECKYIO MOJIEb 00beKTa ONTUMU3ALIUH;
0) BbIOpATh KPUTEPUU ONITUMAJIbLHOCTH,
B) COCTaBUTb LIEJEBYIO (DYHKIIMIO;
') 3aJaTb IPaHUYHBIE YCJIOBUS, T. €. YCTAHOBUTH BO3MOXHbIE OTpaHUYE-
HUsI, KOTOPbIE JOJKHBI HAKJIaIbIBaThCSl HA MIEPEMEHHBIE;
1) BIOpaTh METOJl ONITMMM3ALIMU, KOTOPbIA MO3BOJUT HAUTU 3KCTpE-
MaJIbHbI€ 3HAUEHUST UICKOMBIX BEJIMYMH.

CranpgapTHas maTeMaTUYecKas NnoCTaHOBKA 3aja4v ONTUMU3 ALK

DopMyIMPOBKA: CPEIU DIIEMEHTOB X, 00pa3yIolInX MHOXecTBa X, Hali-
TU TAKOI 3JIEMEHT X™*, KOTOPBII JOCTaB/IsIeT MUHUMAJIbHOE 3HaUeHMeE f(X*)
3amaHHoM pyHKIMHK [ (x). 17151 TOTO 4TOOBI KOPPEKTHO MOCTAaBUTh 3a1a4y
ONTUMU3ALINU, HEOOXOIMMO 3aaTh:

1. LleneByto (pyHKLIMIO f.

2. MHOXeCTBO TOMYCTUMBIX pelieHui: Q njst GyHKIMHU f.

3. Kpurepuii onTuMusanuu extr € {min, maxj.

dopmMasibHasI 3aMUCh MMOCTAHOBKY 3a/1a4i ONITUMU3ALIUU OYIEeT BBITJISI-
JETh TaK:
f(x)— extr.
xeQ
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OnTumu3auusa koHeTpykuun B SolidWorks

[Tpouecc co3maHusT HOBOI

KOHCTPYKILIMM — 3TO UTEPATUB- \l
HbIA 1 MHOTOCTAIUMHBIA IIPO- TTokcK BapuaHToB
ecc, MpU KOTOPOM KOHCTPYK- TPOEKTHBIX
LIMSI TIOCTOSTHHO MEHSIETCS, TTOKa pelennit
HE CTAaHET OTBEYaTh KPUTEPUSIM
MPUEMKHU, COCTOSIIIIM U3 TAKUX
napamMeTpoB, KaK IPOYHOCTb, BapranTsi KoppeKkTuposka
C€6CCTOI/IMOCTB, SKCIUTyaTaluu- HaleHbI? HCXOAHOI'0
OHHBIE XapaKTePUCTUKU, YI00- sazanus
cTBO 1 ¢opma u ap. (puc. 80).
[lepBruuHast KOHCTpYKUMS (MC- Jla
XOJIHO€ MPOEKTHOE PEIICHUE) BuiGop
MOXET MPOXOJUTh Yepe3 MHO- HAWTY4IIEro
KE€CTBO IIMKJIOB ONITUMM3ALNU Bapnatra
npexie, yem OyaeT roroBa K ce-
PpUHOMY ITPOU3BOJICTBY.
B SolidWorks ontumu3sanys OtBeuaer TlopaGotxa

KOHCTPYKIIMU OCYIIECTBISIETCS
nporpammoii «McciaegoBanus
npoekTupoBaHus». OHa aBTO-
MaTU3UPYET TTOUCK ONTUMAJIb-
HOI'o pelieHusi, OCHOBAaHHOIO
Ha TEOMETPUYECKOI MOJIEIN.
[Tporpamma ocHaleHa Tex-
HOJIOTUEN 11 OBICTPOro OOHa-
PYXEHMUSI TPEHIOB U OIlpeaesie-

HUS ONTUMAJIbHOTO PEeIICHMUS Cosnanne
C MCITOJIb30BaHNEM MUHUMAJTb- TOTOBOTO
HOTro KOJIMYeCTBAa MPOTOHOB. TpoeKTa

OnTuMu3alMOHHbIE UCCIEI0-
BaHUS IPOEKTUPOBAHUS TPEOY-
IOT ONpeaesIeHUs CJIEAYIOLIEro:

o Ilesm uccienoBanus — Ha-

< Hauano >

TpeOoBaHUSIM?

Bo3moxHBI
yIyqIIeHuUs ?

MIPOEKTA

Puc. 80. biiok-cxema uTepaTMBHOTO Mpoliecca

pruMep, MUHUMAaJIbHbII MPOEKTUPOBAHHUS
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pacxon Marepuaia. Eciau uenb He 3a1aTh, TO IporpaMma npoBOIUT
ucciaenoBaHre MPOeKTUpOBaHUs 6e3 onTuMu3auuu. s onpenene-
HUSI 1LIeJIel UCITOIb3YIOTCS TaTYMKU. MOXHO TaKKe OMpeeIMTh TOU-
HbI€ 1IeJ11, HalIpMMep: TPOrud Ha KOHIIE B 1 MM C JUIMHOI KOHCOJIb-
HOM 0aJIKu B KQUeCTBE MePEMEHHOI;
« IlepemeHHbIe — pa3Mepbl, KOTOPbIE MOTYT U3MEHSThCS. 151 KaxKmo-
ro pazMepa Hajao 3a7aTh IMara3oH.
Hanpumep, nuameTp oTBEpCTUSI MOXKET BapbUpOBaThCs OT 5 10 10 MM,
a IyOMHA OTBEPCTUSI MOXKET HaXOOUThCS B quara3zoHe oT 20 10 30 M.
IlepemeHHbIE MOXKXHO BbIOpPaTh B CITMCKE MTPEABAPUTENLHO OIpPeIeIeH-
HBIX TTapaMeTPOB WJIM OMpPeNeIMTh HOBBII MTapaMeTp, BbIOpaB Jo6a-
BMTb napamMeTp. MOXXHO MCIIOJIb30BaTh BCE MapaMeTpPhl U 3a1at0lI1e
r1odanbHbIe TIepeMeHHbIe Simulation.
IlepeMeHHbIE TOJKHBI ObITH OINpeaeeHbl Kak Auana3oH, AuckpeT-
Hble 3HaYeHns Wiu JuanasoH npwu ware. MoOXHO onpeaeauTb KOM-
OMHALIMIO TMCKPETHBIX U HENIPEePbIBHBIX MepeMeHHbIX. Eciu OyayT
oIpeesieHbl TOJIbKO TUCKPETHBIE MepeMEHHbIE, TOUCK ONTUMAaJIb-
HOTO ClieHapusl OyIeT BBIMOJHSITHCS TOJBKO Cpeay MpeaBapuTeIbHO
3a/IaHHBIX CLICHAPUEB;
« OrpaHuyeHusi — yCJIOBHS, KOTOPBHIM JI0JKHA OTBeYaTh ONTUMAaIbHasI
KOHCTpYKI1usl. Hanmpumep, HanpsikeHus, OTKJIOHEHUS, TeMIleparTy-
Pbl HE JOJKHBI MPEBbIIIATh OMpeneIeHHbIX 3HAUeHMIA, a COOCTBEH-
Hasl yacToTa J0JKHA HaXOAUThCS B yKa3aHHOM JauariazoHe. Mx tak-
>K€ MOXKHO BbIOpATh B CITMCKE 3apaHee OIpeaeeHHbIX JaTYMKOB WU
omnpeneauTb HOBBINM gatuukK. [Ipu mpocMoTpe pe3ynbTaToB Simulation
cleayeT BeIOpaTh uccaenoBaHme Simulation, cBsI3aHHOE ¢ BLIOpaHHBIM
natyukoMm. I1pu 3amycke McciaeaoBaHUs MPOEKTUPOBAHUS 3aITyCKa-
I0TCSI M BBIOpaHHBIC UCCcIeqoBaHMs Simulation 1 11s1 BCexX uTepanui
OTCJIeXKMBAIOTCS 3HAYeHUST AaTuyuKa. TakKe MOXHO MCIOJIb30BaTh
yrpaBJisieMble I100abHbIe IIEPEMEHHBIE [ OTPAaHUYEHUIA.
MakcumanbHOe 00111ee YMCI0 OTpaHUYEeHUI U 1ieJieil He TOJIKHO Tpe-
BoIath 20. MoxHo onpeneauTs 10 20 MPOEKTHBIX TepeMeHHbIX. [J1s1 11o-
JIydeHUs1 HAWJIy4YIlIUX pe3yJIbTaToB oIpeaessaiite He oosee 3—4 ueneit mst
KaxJ0ro McciieloBaHus ONTUMU3AIUM TTPOEKTa.
OnTMMU3alIMOHHOE UCClIeI0BaHMe OIpeaessieTcs 1ieJIeBOi (PyHKIIMEN,
a Tak>Ke pacyeTHbIMU MEPEMEHHBbIMU U orpaHnyeHussMu. Hanpumep, Mox-
HO U3MEHUTh pa3Mepbl MOAEIU 10 MUMHUMAJIbHO BO3MOXHBIX, TIPU KOTO-
PbIX HaMpPsSLKEHUE HE MPEBbIIIAET YCTAHOBJIEHHBIX OrpaHMYeHuii. B atom
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clydyae MUHUMM3UPYEMbIii 00beM SIBJISIETCS 11e1I€BOM (DYHKIIMENH, U3MEHSI -
€MbI€ pa3Mephbl SBJISIIOTCSI paCUETHBIMU TTapaMeTpaMu, a MpeaeibHOe Ha-
MpsKeHUe — OrpaHUYeHKUEM TTOBEACHMSI.

XO0Tsl aHaJIM3 TOMOTaeT OBICTPO U JIEHIEBO CMOACIMPOBATD LIMKJI IPOEKTH -
pOBaHMSI U3/1EJIMsI HA KOMITBIOTEPE, BCE paBHO HEOOXOIMMO CO3/1aTh HECKOJIb-
KO McCclIe0BaHMIA M CMOAEIMPOBAThL MHOXECTBO clieHapueB. [Tocie Kaxmo-
ro U3MEHEHMST HEOOXOAMMO BBITTOJIHUTh aHAIU3 U TIPOBEPUTH PE3YJIbTATHI.

Jlaxxe B caMoii MPOCTOI KOHCTPYKIIMU MOXET ObITh HECKOJIBKO pa3Me-
POB, KOTOpPbIE MOTYT ObITh U3MEHEHBI. BbIOpaTh KOMOMHALIMIO TTapaMe-
TPOB, BECTU Y4YeT U3MEHEHUI U MpoCcCMaTpuBaTh pe3ybTaThl ObIBAET 10-
BOJIBHO TPYIHO.

[Tpu Mcronb3oBaHUU MapaMeTPUUYECKUX M MOJETUPYIOIIUX (PYHKIIMIA
MMPOrpaMMbl M1 BO3MOXHOCTEM aBTOMaTUYECKOU pereHepaluu BO Bpems
BBITIOJIHEHMSI MCCIIEA0BAHUS TIPOEKTUPOBAHUSI YAAETCsI aBTOMaTU3HUPO-
BaTh Mpoliecc onTuMmu3aluu. B mporpammMe numeeTcs: TEXHOJOI s ObICTPO-
IO BBISIBJICHUSI TEHAEHIIMI 1 TOMCKa ONITUMAaJIbHOTO PellIeHUsI C HAUMEHb-
LM KOJIMYeCTBOM IporoHoB. [IporpammMa mcmnosib3yeT MeToll Ha OCHOBE
IIlnanupoBanus onbITA.

ITporpamma mpeasiaraeT Ha BbIOOpP JIBE pa3iUyuHble CTENIEHM KayecTBa
B CBOMCTBax MCCeN0BaHMS MTPOEKTUPOBAHNS; BLIMIOIHSET Psi MTPOOHBIX
IIPOTOHOB, 3aBUCSIIMX OT YPOBHSI KauecTBa M KOJIMYECTBA IMapaMeTPOB.
B xaxxmoii momnbITKe MporpaMmma 3amnyckaeT Bce HeOOXOIMMbIE UCCIIEN0-
BaHUS MOJEJIUPOBAHUS, OIpeaesiss 0COObIM 00pa3oM HaOOp U3MEHSIE-
MbIX 3HaueHui. B 1a6j1. 10 mpuBeneHo KOJIM4eCcTBO UTepallvii 1J1s METOIOB
OBICTPOTO MOJYYEHUsI TOUHBIX PE3YJIbTATOB JJIsSI HEIIPEPbIBHBIX NTEPEMEH-
HbIX (TTapameTp AuanasoH). B mporpamme McCIoib3yeTcsi KBaapaTUUHBIN
meTon Box-Behnken npu HacTpoiike Bbicokoe ka4eCTBO M KBaapaTUUHbIN
meton Rechtschafner o HacTpoiiku BeicTpble pe3ynbTaTtbl. XOTS METO/L,
Rechtschafner BoinmosiHsIET onpeaeeHHbIe TIpeaBapUTEIbHbIE BbIUMCIIE-
HUSI, KOTOpble He TpeOytoTcs ais Box-Behnken, Heobxonumo mpoBecTr
HECKOJIbKO MPOOHBIX IMTPOTOHOB, YTOOBI C(POPMUPOBATH (DYHKLIMIO OTKJIU -
Ka 1 BbIMIOJIHUTH ONITUMU3ALIUIO.

[Tocne mpoBeaeHMs TPOOHBIX 3aITyCKOB PACCUMTHIBAIOTCS ONTUMAaJIbHbIE
MMPOEKTHbIE MepPEeMEeHHbIE TTyTeM (POpMUPOBaHUS (PYHKIIMU OTKIMKA s
MepeMeHHBIX OTHOCUTEILHO lieJIel, a Takxke MUHUMM3allu1, MaKCUMM3a-
LIMY WA IPUBEACHMS K TOUHBIM 1IeJIeBbIM TlapaMeTpaM. 3aTeM Mporpam-
Ma 3aIlyCcKaeT COOTBETCTBYIOIIME MCCIEeI0BaHUS MOIEIMPOBAHMUS, YTOOI
MOJIYYUTh PE3YJIbTaThI 17151 ONTUMAIbHON KOHCTPYKIIUM.
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KonnuecTBO mMpoxonoB, BHIMOJHSIEMbIX ITPOrpaMMOIi, 3aBUCUT OT CTe-
MEeHM KayecTBa MccienoBaHus. B 1ieoM, Bpemst pacyeTa 3aBUCUT OT CJle-

NYIOIIETO:

KayecTBa Ipoliecca UCCIIeI0BaHUsI ITPOCKTUPOBAHMS,
Yuciia IepeMEHHBIX, OTPAHUYECHUI U 1IeJiei, KOTOpble HEOOXOIUMO
OINTUMU3MPOBATh;

YucJia UCCIIeNOBAaHUI MOIETMPOBAHUS, KOTOPbIE HEOOXOIMMO 3a1Ty-
CTUTD JIJII KaXXI0TO MPOXOa;

CJIOXKHOCTHU T€OMETPUM;

pa3Mepa CeTKH, UCITOIb3yeMOTO TSI UCCIIeTOBaHUIA MOICIMPOBAHMS.

Tabauya 10
KoamyecTBo urepammii 1151 OICTPOTO MOJyYeHHS] TOYHBIX Pe3yJIbTATOB
KonnuecTBO pacyeTHBIX
rnapameTpoB (1J1s1 Hernpe- Bricokoe kauecTBO BricTpbie pe3yabTaThbl
DPBIBHBIX IEPEMEHHBIX)

1 3 He npuMmeHnumo
2 He npumenumo
3 13 He nmpumenumo
4 25 15

5 41 21

6 49 28

7 57 36

8 He mpnmenumo 45

9 121 55

10 161 66

11 177 78

12 193 91

13 He npumenumo 105

14 He npumenumo 120

15 He npumeHumo 136

16 385 153

17 He npumenumo 171

18 He npumeHumo 190

19 He npumenumo 210

20 He npumenumo 231
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Bonpocbl M 3aganua ang camonpoBepKu

1. JlonmoaHUTe NpeaioXEHUs, BbIOpaB MpaBUIbHbIE OTBETHI U3 IPEIJIO-
>KEHHBIX.

I.1.

1.2.

st mpoBeaeHusT ONTUMU3ALUU KOHCTpYKLUU B SolidWorks

Simulation nipenHa3zHaYeHO UCCeI0BaHNE:

a) CTaTUYECKUI aHAIU3;

0) ucciaegoBaHME HA YCTAIOCTD;

B) HEJIMHEHOE UCCIIeNOBaHNE;

I') UCCAeA0BaHNE MPOEKTUPOBAHMS;

II) TMHEHasg JUHAMUKA.

Kpurepuii onTMMaJbHOCTU — 3TO:

a) (pyHKIIMS, SIBJISIONIASCS 11€JIbI0 ONITUMM3ALIMOHHOTO UCCie-
JIOBaHMSI;

0) KOJIMYECTBEHHAs OLIEHKA ONTUMMU3UPYEMOI0 KayecTBa 00b-
eKTa;

B) YCJIOBUSI, KOTOPBIM JOJKHA OTBEYATh ONTUMAaIbHasi KOHCTPYK-
us.

. KponmrreitH (cM. puc. 61) BeimoaHeH u3 ctanbHOro jucra Cr3 To-

muHoi 3 MM. Ha BepxHIOIO0 TTOJIKY KPOHIITEHA B 00JIaCTH, ITOKa3aH-
HOIT Ha puc. 61, 3CKM30M OKPYKHOCTHU AuamMeTpoM 20 MM, IeiCTBY-
€T CUJIa BepTUKAJIbHO BHM3.

2.1.

2.2.

OnpeneanTb MaKCMMaIbHOE 3HAUEHUE CUJIbI IPY YCJIOBUM, YTO
MUHUMAaJIbHBIA KO3 UIIMEeHT 3armaca NpoYHOCTH JOJIKEH ObITh
He MeHb1Ie 1,4.

I[Tomo6path TOMIMHY JUCTAa KPOHIUTEHA, MPU KOTOPOM KPOH-
LITEeHH MOT OblI BhlAepxKaTh Harpy3Ky 1000 H Tpy MUHUMAaJIbHOM
Koa(ppuLmeHTe 3amnaca mnpoyHocTu 1,4.
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3aknoyeHne. PeKoMeHaaLUmnm K BbIMOSHEHNIO
NHXXeHepHbIX uccnenosannin B GAE-cuctemax

OJTydeHME IOCTOBEPHBIX Pe3y/IbTaTOB ITPH IMPOBEIEHUN MHXKEHEPHBIX
HCCIe0BaHM BO MHOTOM 3aBUCHT OT TPAMOTHOT'O MCTIOIb30BAHUS
CAE-cucreMm, ripaBWIbHOI MOCTAHOBKY 32141 U KOPPEKTHOTO 3a-

JAaHWST UCXOMHBIX JaHHBIX. HyXe MprBeaeHbl HEKOTOPbIE TTPAKTUYECKUE pe-

KOMEHAAIIMHU, TIO3BOJISIONINE TOOMTHCS XOPOIIMX PE3Y/IbTaTOB.

1. [ly1st mpoBeneHusI MHXXEHEPHOTO aHaJIM3a CJIeAyeT HA OCHOBAaHMM KOH-
cTpykTOopcKoit 3D-Monenu co3nath pacyeTHYIO0 FreOMETPUUECKYIO MO-
NeJib U3ACus.

PacueTHast Mmoaenb He 1OKHA OBITh TOYHOM KOIMENW KOHCTPYKTOP-
ckoil Monenu. M30bITouHas aeTaan3ais pacuieTHOM MOIeI MOXKET
MPUBECTU K TUTAHTCKOMY POCTY Pa3MEPHOCTH 3a7a4yu U BCIEACTBUE
3TOr0 HEBO3MOXHOCTU MPOBEAECHNS PACYETOB.

IToaToMmy eliie Ha 3Tare co3naHus KOHCTPYKTOPCKOM MOAEIN peKo-
MEHIYyeTCs MpeaycMaTpuBaTh BO3BMOXHOCTH €€ ObICTPOro nmpeobdpa-
30BaHUS B PaCUETHYIO MOJieb 6€3 MOTepH CYIIECTBEHHbIX JJISl pac-
yeTa 3JIEMEHTOB:
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ACKU3bI CJIEIYET CTapaThCs CO3AaBaTh MOJTHOCTBIO ONPEaeIEHHbI-
MMU; IPU 3TOM IS OTPAaHUYEHMS CTeTIeHEN CBOOOIbI 3CKM3a HAl0
B IIEPBYIO OYepe/ib MAKCMMaJIbHO MCIIOJIb30BaTh B3AUMOCBSI3U —
Takue Kak CUMMETPUYHOCTb, MapayIeIbHOCTh, KacaTeIbHOCTb,
MEePHEeHAUKYISIPHOCTb U JIP., a BO BTOPYIO OUepeb — pa3MephI;
(acku, ckpyriaeHus, 1o BO3MOXHOCTH OTBEPCTHUS JIyUIlle BbIOJI-
HSITh HE B 3CKM3€, a KaK 3JIEMEHTbI MOJIEJIU. DTO MTO3BOJIUT OBICTPO
OTKJIIOUUTh UX B PACYETHOIN MOJAEIU IIPU HEOOXOAUMOCTH;

BCE BJIEMEHTbI, HE OTHOCSIIMECS K OCHOBHOM (PYHKIIMOHAIBHO-
CTU MOJIEJIM, CJIeIyeT MO ITOM K€ MPUYMHE BBIMOJHSITh OTAEJIBHO
1 Ha TIOCJeAHUX ATarax KOHCTPYUPOBAHUSI;

MOBTOPSIIOIIMECS 2JIEMEHTHI IeTajleld Halo cTapaTbCsl CO3/1aBaTh
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C MOMOILIbIO MACCUBA — TaK, YTOOBI JIETKO MOXKHO ObLIIO U3BMEHUTD
1X KOJIUYECTBO;

e HaJM4yMe CUMMETPUYHOCTU MOJIENIU CJIeIyeT 10 BOBMOXHOCTH YU -
ThIBaTb MPU MOCTPOCHUN KOHCTPYKTOPCKOI MOJIEIH.

2. B pacuetHoit MoaeIM HEOOXOIMMO MPETYCMOTPETh MOBBIILIEHHYIO e~
TaJau3al1Io B 30HE MPerogaraéMbIX BbICOKMX IPaMEHTOB HAIPSLKe-
HUIA U yIIPOILLIEHUSI — B OCTAJIbHBIX MECTaX.

3. 3amaHue CBOMCTB MaTepuajia U3aeusl.

HenuneiiHble cBolicTBa MaTepuasaoB, 3aBUCSIIME OT TEMIEPaATyphl,

clieayeT yKaszaTh JJIs1 BCEero auanasoHa padbouux temmepatyp. [lpu

MOMCKe CBOMCTB MaTepHUaIOB HEOOXOAMMO UCIO0JIb30BaTh TOCTYITHbIE

MPOBEPEHHbIC UICTOUHUKU, HAIIPUMED:

e OTCUYECTBEHHBIN MAapOYHUK CTAJIE 1 CILUIABOB;

o crnpaBoyHUK «Pusmueckue BeaumuuHbl» (M. C. I'puropbes,
E. 3. MeiinuxoB, 1991); 3apybexHbie oHnaiiH 6a3sl: MATWEB,
Mil Handbook (MIL-HDBK-5H).

[Tpu BbITIOJTHEHMM TMHAMMYECKOIO pacyeTa, HalpruMep rapMOHUYe-

CKOIo aHaJIu3a, 3HaUeHME AeMI(OUPOBAHMSI 3a4aCTYIO SIBJISIETCS HAW-

0oJiee HEIOCTYITHBIM BXOAHBIM mapaMeTpoM. JIJ1s1 olleHKU BIUSHUS

neMIprpoBaHUs Ha MOBEIEHE CUCTEMBI CJIeyeT MPOBECTU aHAIU3

YYBCTBUTEILHOCTU. 711 MOAEIMPOBAHUSI OCHOBAHUSI CUCTEM PEKO-

MEHIYeTCsl MPUMEHSTh YIPOILEHHbIN MOAX0A — 3aMEHUTh OCHOBA-

HUE Ha OJHOMEPHLIN 3JIEMEHT IpyXuHa+aemrdep.

Ecnu xakoii-To U3 BXOAHBIX apaMeTpoOB, HalpuMep KO3 UILIMEHT

TpEeHUsI, HE OIpeesieH, TO ClieayeT MPOBECTU MapaMeTpUIECKH1i aHa-

JIU3, 3a71aB MUHUMAaJIbHOE 11 MaKCHMaJIbHOE 3HaUeHUsI TaHHOTO KO3 -

(prMeHTa ¥ MpoaHaIM3UPOBaB YYBCTBUTEILHOCTh pellieHUs. B naib-

HelilleM IpU pacyeTe MCMHOoIb3yeTcsl 3HaueHue, aaroliee Hauboiee

KOHCepBaTUBHOE pellleHrue (Hampumep, MaKCuMajbHble Hampsike-

HUS).

4. 3agaHue KpEeIUIEeHU CBSI3N MEXIY 9JEeMEeHTaM1 KOHCTPpYKLIMKU. OHU
MOTYT ObITh IPOMOIEIMPOBAHbBI Pa3IMYHbIMU ciocobamu. KoHTakT-
HbI€ 2JIEMEHTBhI — OJIMH U3 BBITOJIHBIX CIIOCOOOB Mepeaayn Harpy3okK
MEXy YacCTSIMU KOHCTPYKIIMU, JaxKe €CAM OHU MpUBapeHbl, U OTOT
CMoco0 MO3BOJISIET HE 3a00TUTHCS O COBHAAAIONIMX CETKAX Ha TpaHU-
1ie CONpsKeHUs AeTaneil. Bcerna cienyetr HaUMHATh C IMHEWMHOM MO-
JeJId KOHTaKTHOTO B3aMMOJIECTBUSI Tepel TeM, KaK BBOIUTb B MO-
JieJIb BO3MOXXHOCTb CKOJIbXKE€HUS C TPEHUEM.
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. 3aI[aHI/IC Harpy3ku BO BCEX HO,Z[pOGHOCTSIX 110 3BHAYCHUAM, JJIUTCIIb-

HOCTH U MeCTY IpuiaoxeHus. [1py aTom geTanb 00BIYHO TPOSKTUPY-
€TCSI He Ha CpeIHUIA ypOBEHb HaTPy30K, a JIJIsSt TOTO YTOOBI BHIAEPKATh
MaKCUMAaJIbHO JOIYCTUMbIC HAaTPYy3KMU.

[TocTpoeHNEe KOHEYHO-3JIEMEHTHOM ceTKU. PekomeHmyeTcs cae-
JIaTh pa3yMHBIE JOMYIIECHMS, KAKHE 3JIEMEHTBI TeOMETPUU MOTYT ObITh
YIPOILIEHBI, KAKOH IJIOTHOCTHU IIOCTPOUTD pacyeTHYIO ceTKy. Hampu-
Mep, IUIST aHaJIM3a KOHLIEHTPAIIUK HAMPSIKEHU I B 3aKPYTJIEHUHN Yallle
BCETO JOCTATOYHO ITOCTPOUTH CETKY C YIJIOBBIM pa3MepoM 3JIeMeH-
ta ot 10 mo 20 rpagycoB Ha camom 3akpyrieHuu. C mpruodopeTeHrueM
OITBITa B KaXXJIOM pacyeTe 1 JJIsT KaXKI0M 30HBI YKe He TpeOyeTCs BbI-
MTOJTHSTh aHAJIN3 CXOIUMOCTHU PEIICHMSI.

. Bcerna CJICAYET U3BJICKATb MAKCUMYM IIPEUMYIIIECTB U3 CUMMECTPUU

KOHCTPYKIIMY ¥ TPaHUYHBIX ycstoBuit. Ecim reometpus Ha 90 % oce-
CUMMeTpUYHas, Harpy3ku 1 MaTepualibl TakxKe 00JiaaloT oceBoOi
CUMMETpHeEl, TO OAHO3HAYHO HY>KHO BBIMOJHSTH pacuyeT B OCECUM-
METPUYHOM IocTaHoBKe. Eciiv ecTb COMHEHUS, TO CJIeyeT IJisl CpaB-
HEHUsI BBIMOJHUTH JUHENHOE CTaTUYECKOe MCCaeAoBaHUEe 000UuX
BapMaHTOB, a U3MEJIbUCHUE CETKU, HEJIMHEHbIe KOHTAKTHbIEC B3a-
MMOJICHCTBUS U CJIOXHBIE MOJAEIN MaTepuaaoB MPUMEHUTb TOJbKO
B OCECMMMETPUYHOI MOCTAaHOBKE 1 B HEll e MPOBECTU MapaMeTpu-
YeCcKMe UCClIeIOBaHMS.

. HaunHatp CJICOAYET C JIMHETHOT'O CTATMYECKOTO aHAJIM3a BO BCeX 3a/1a-

yax, Jaxe ecJIi Harpy3Ku SBJsIOTCs GyHKIKeR oT BpeMeHu. OObIu-
HO, €CJIM 4acToTa BO30YXIEeHMSI COCTaBJsieT MeHee 1/5 oT Husliei
COOCTBEHHOI 4YaCTOThl KOHCTPYKIIMU, CTATUYECKOTO aHAJIU3a 10K~
HO OBITh JOCTaTOYHO. MHOT/Ia 1OTTyCTUMO BBITTOJTHUTh CTATUYECKU I
AHAJIU3 U TPUMEHUTb KOA(POUIIMEHT AMHAMUYHOCTH 11 TIEPBUYHON
OLIEHKU TTOBEJIEHUSI CUCTEMBI.

. HanbGonee ueHHbIe CBEACHUS 3a49aCTyIO MO2KHO ITOJIYYUTb O CUCTEME

MyTeM peleHus: Habopa 3a1ay B YIIPOILIEHHBIX MOCTaAaHOBKAX C pa3-
JIMYHBIMU TIPEATOJOKEHUSIMU, U BApbUPYs MapaMeTpaMu.

10. KoHeyHO-3/1eMEHTHbBIE pacueThl XKeJlaTeIbHO IMTPOBEPUTDh Ha (pu3nye-
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CKOM TIPOTOTHIIE ¥ BepU(UIIUPOBATH IIPUMEHSIEMbIE MOIEIIN U KO-
3 OUIIMEHTHI TPEHUS, TOJI3YYECTH, YCTATOCTH.
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NYKUHCKUX CBETJIAHA BNAAVUMWUPOBHA

KaHanpat TexHuueckux Hayk, JOLEHT Kadheapbl «MeTannopexylume CTaHku 1 UH-
CTPYMEHTHI».

CneupranucT B 06nacTy aBTOMaTv3aumm NpoeKTMpoBaHus. ABTOp psada y4eOHbIX
noco6uit no npoekTvpoBanmio B CAD/CAE-cuctemax.




