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Puc. 4-1: PacyeT npon3BOACTBEHHbIX CUCTEM C NoMolLlbo IBM

Mpn NpoeKkTMpOoBaHWM METannopexyLwero CcraHka MepBbiM LWaroM SBNAETCS CO3[aHue
3CKM3HOro npoekta. PaspaboTka OKOHYaTENbHOW KOHCTPYKTOPCKOW OOKYMEHTauun C y4eToMm
TEXHUYECKUX TpeboBaHUA W TEXHOMOMMYECKUX OrpaHuveHun TpebyeT 3Ha4uMTernbHOM
onTUMMU3aUMM  MNepBOHAYanbHOro  npoekta. JPAEKTMBHBIM  METOAOM  ONTUMMU3aLUN
KOHCTPYKLMN CT@HKOB SIBMSIETCA MNPUMEHEHME pacyYeTHbIX MPOrpaMMHbIX  CPEAcCTB,
Oasupyownxcss Ha MeTode KOHeYHbIX anemeHToB (Puc. 4-1). OcHoBown Onsi npoBeneHus
pac4yeToB cnyxaT afjanTupoBaHHble TBepaoTenbHble CAD-Moaenu CTaHOYHbIX CTPYKTyp. K
agjantaumm OTHOCATCA YNPOLEeHWEe TreoMeTpun, onpenerieHne rpaHuYHbIX YCNOBUMA U
HanoXxeHve cBA3en, 3adaHne XXeCTKOCTU U OeMNUPOBaHNSA OTAEeNbHbIX KOMMOHEHTOB U UX
COeQVHEHU, [OencTByloWmMe CcTaTudeckne W AMHaMUYecKne Ccunbl U TemnepaTypHble
Bo3gencTeusA. lNMocne npoBegeHus pacyeTa BO3MOXHO OLEHUTb, Hanpumep, cTtatudeckoe,
ANHaMmnyeckoe 1 TepMmoanacTuyHoe nosefeHue craHka (Puc. 4-1). MNonyyeHHble pe3ynbTaThbl
cnyxaT OCHOBOWM A1 ONTUMU3aLMOHHOIO pacyeTa CTaHKoB. Hanpumep, nsmMeHeHus TONWMHbI
CTEHOK NN NPUMEHEHNsT 4ONONHUTENBbHbIX 4EMN(UPYIOLLMX CUCTEM.
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CAD-mopgenb cTaHka TpeboBaHusa K pacyety YnpolleHHas reoMm. Moaenb CoegnHeHnsa OTA. YNPOLLEHHbIX

ons cospanna K3-mopenun 3N1EMEHTOB
[ ] OnpeneneHMe uenu nposen.

pacueta (aecdopmauuu,
HanpsikeHWsi, cobCcTB. koneb.
hopmbl)

= OnpepfeneHune ctparterum
nposes. pacyeta (06 beMHast
/ o6onoykoBas Mogesb)

= BbiGop anemeHTOB
(nMuHelHble, napabonuyeck.)

CosgaHve equHon mopenu
HanoxeHne rpaHMyHbIX yCroBun

MocTnpoueccopHas obpaboTka BHyTpunporpMmHble AeAcTBUst (cvnbl, Temnepatypa) 1 ceasen

= CosfaHue aneMeHTapHoM MaTpuLibl
KEeCTKOCTU

= Co3faHue rnobanbHoi MaTpuLbl
KECTKOCTU

= YYeT rpaHn4HbIX YCrnoBumn

= PelueHve nuHeiHoM cuctembl
ypaBHeHUN

= PacueT HanpsbkeHuin no BenuyvHam
aedopmami

Puc. 4-2: MeToauka pac4yeta ¢c nomouwbio MKO

Ha Puc. 4-2 npeacrtasneHa nocrnenoBaTtenbHOCTbL NpoBeaeHNsa pacdeTa MEeTOAOM KOHEYHbIX
anemeHToB. [Ns1 Hayana pacyeta Heobxoammo Hanuume TBepgoTenbHon (CAD) mogenu
cTaHka. HenocpeacTBeHHOEe NpuUMeHeHue AaHHOW MOAENU AN aHanu3a MeTooM KOHEeYHbIX
3N1EMEHTOB 3aTpyaHWUTENbHO, MOCKOSIbKY OObIMHO OHa OTNIMYAETCA BbLICOKOW CTENEeHbHo
petanusaumn. [na addekTMBHOCTU AarnbHenwmx pacdeToB npoBoauTca ynpoleHne CAD-
MOZENU N cOo30aHMe Ha ee OCHOBe KOHe4YHoanemeHTHon KO-mopenwu. lNepen npoBegeHUEM
MogenvpoBaHusa uenecoobpasHo paspaboTaTb pacyeTHOe 3ajaHue, B KOTOPOM cnegyet
cchopmynupoBaTh creaytoLwme NyHKTbI:

Llenb aHanmsa. Tpebyemble pesynbTaTbl (Hanpumep, HanpsikeHus, gedopmauun).
JlokanbHble (KOHUEHTpaTop HanpsKeHus) nnu rnobanbHble 3HayveHns (konebaTternbHble
dopMbl).

Tpebyemas TOYHOCTb pe3ynbTaToB. [OCTaTOYHO N onpefeneHnss KadeCTBEHHbIX
N3MEHEHUA UNM HeobXoOUMbl TOYHbIE KOMMYECTBEHHble pe3ynbTaTtbl. Hackonbko
TOYHO BO3MOXHO OnNpedeneHne rpaHnYHbIX YCIOBUA M CBOWCTB MaTepuasnos.
BosmoxHa nu akcrnepumMeHTanbHasa Bepudmkaumng pacyeTos.

Kakue rpaHudHble ycrnoBusi cnefyet oTpasutb B Mogenu. Kakve npucnocobneHus
NPUMEHSIOTCA ANS KpenneHust 3aroToBku (MaeanbHO >KEeCTKMe WM C KOHEYHOM
XeCTKOCTbI0). (e pacnonoXeHbl TOYKN NPUNoXeHus cun. BenuumHa gencTeyroWnX Ha
cuctemy cun. CtaTudeckue unv gnHamuyeckue Harpysku. [onyctmma nv B cnydae
OVNHAMWYECKON Harpyskum 3ameljarollas pacyetHas cxema. [lpucyTcTByrOT nu
HEeNUHerHbIE rpaHNYHbIe YCoBUSA (HAaNnpuMep, KOHTaKT).

CeovictBa MaTtepuanoB. [loBedeHne matepmanos (Hanpumep, NUMHENHOE YMpyroe).
BO3MOXHO N1 BO3HWKHOBEHME HENMHEWHOro noBedeHust (HanpuMmep, AOCTUXKeHue
npegena TekydyecTn maTepuana, nepexop K nnactudeckum gedopmaumam). Kakve
KoadhduumeHTbl cnegyet 3agaTtb  (Hanpumep, wMogynb  HOHra, koadduumeHT
nonepeyvHoro cxaTus, KO3 MULNEHT TENIOBOrO pacLUMpPEHNS).

FeomeTpusa getanu. MNpucyTCTBYIOT N ABHble OBYXMEPHbIE CTPYKTYpbl (Hanpumep,
aetanu kopobyaTton cdopmbl ¢ pebpamu XKecTkocTn). Hanuumne obbeMHbIX getanen,
ANA KOTOpbIX AOMKHA NpPUMeHATbCs obbeMHas ceTka. Hanuume obnactein, koTopble
MOryT ObITb NpeacTaBneHHbl B BUuAe 6anok, crepxHen unm obonoyek. MpucytcTeytoT
nn obnactn, rge cnegyer oXugaTb  UCKMOYUTENBHO  M3MMOHBIX, WK TONBbKO
HOpMarsbHbIX, HEM3MEHHbIX MO BCEW TOSLUUHE CTEHKN 3arOTOBKW, HANPshKEHUN.
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Puc. 4-3: Buabl KOHEYHbIX 31IeMeHTOB

[nsa mogennpoBaHus 3aroTOBOK pasfiMyHOn hopMbl M MHOrooOpasHbiX BUOOB Harpy3ok Obin
pa3paboTaH psd 3MIEMEHTOB, OTNMYAKOLINXCA (U3MKO-MEXaHMYECKMMM cBoncTBaMn. K
Hanbonee NPMMEHUMbIM OTHOCHTCS:

CmepxHu. TMpumeHalTCa 4N MOAENUPOBaHUS LEWCTBUS CUMbl MO ogHonm ocu. OHu
NPUMEHSAIOTCS TONbKO A5l Nepedayn OCEBLIX HArpy3okK (pacTtskeHue / cxaTue).

Banku. Takke €BNANTCA OOHOMEPHbLIMW 3reMeHTamu. [aHHbIA TUN SMEMEHTOB MOXET
NPUMEHATLCA ONS nepefadn Harpys3ok pacTsbkeHust / cxkatnsa u Ha ua3rmb. banku nepegatoT
CWnbl, ENCTBYIOLLME NEPNEHANKYIISAPHO K MX OCU, @ TakKe N3rMbHbIE N KPYTUINbHBbIE MOMEHTLI.
Takve KOMMOHEHTbl CTaHKOB, KaK BbIABWXKHbIE MWHOMM WM WUHCTPYMEHTbI, HarpyXeHHble
BHELHMMW CUNaMu, MOLENUPYKT nocpeactBoM 6Ganok. MogenupoBaHue WHCTPYMEHTA,
Hanpumep, peannsyeTcs NOCPEACTBOM UaearnbHO XeCTKon 6anku.

MembpaHbl MOryT BOCNPUHUMATb Harpy3ku TONbKO B COOCTBEHHOWM MMOCKOCTU. B cTpykTypax
CTaHKOB nogobHoe noBedeHMEe MpakTU4eckn He BcTpedaeTcs. [JaHHble aneMeHTbl HaxoasT
bonee LWMPOKOE MPUMEHEHWE B adpOKOCMUYECKOM cekTope. [Mpumepom criyuT ro3ensik
camorieTa, COCTOSILMA U3 TOHKMX MMacTUH M3 JIerkux ChniaBoB, KOTOpble COEAUHATCA
NnocpeacTBOM LUMNAHrOYTOB, MPUAAKLWNX CTPYKTYpPE XKECTKOCTb. [MnacTuHbl MMEKT Manyto
KPYTUMBHYHO KECTKOCTb, MO3TOMY MOryT ObiTb YNPOLWEHHO PacCMOTPEHbl Kak MembpaHbl.
LLinaHroyTbl, Kak NpaBuio, MOAENUPYHOTCS KakK BanoyHble 3fIEMEHTHI.

lMnacmuHbl NnepenaroT TONMbKO CUMbl, HanpaBieHHbIE NEPNEHAMKYIAPHO K X NOBEPXHOCTU, a
Takke MOMeHTbI n3rnba (uckn4unTenbHo aeopmaums n3rnba). [laHHble aNeMeHTbl Takke He
No3BONAT MPOBECTU MOAENMPOBAHUE CTPYKTYPHbLIX KOMMOHEHTOB CTaHKa C AOCTaTOYHOW
TOYHOCTLIO. CTPYKTYpbl, KOTOPblE KOPPEKTHO MOAENUPYKOTCA C MOMOLLbIO MAacTUH, Kak
NpaBuIio, OTHOCATCA K apXUTEKTYPHbIM COOPYXeHWsiM. Hanpumep, CTpykTypa MoOCTa nopg
JencTBMeM Beca aBToMoounen.

Ob6ornoyku npeacTtaBnsAoT cobon komOuHauuio M3 mMemMbpaH M nnactuH. [aHHbin Bug
9NIEMEHTOB XapakTepusyeTcsl BO3MOXHOCTbIO Mepedayn Ccunm M MOMEHTOB MO  Tpem
KOOpAMHATHBIM ocaM, Bnarogapst 4emy C MX MOMOLLBI MOXHO MPOBECTM MOOEenMpoBaHue
CNOXHbIX  BWOOB  HanpsbkeHns wn  gedopmaumn. OOOMOYKM  SABNSAKOTCA  CaMblM
pacnpoCTpaHEHHbIM BMAOM JfIEMEHTOB, MPUMEHSEMbIX O MOAENUPOBAHUS CTPYKTYPHbIX
KOMMOHEHTOB CTaHKOB, KOTOpble 4YacTO WMMEKT CMOXHY reomeTputo. Kpome Toro, Buabl
HaknagblBaeMblX Harpy3ok BeCcbMa MHOroobpasHbl, YTO AenaeT NpakTUYeckn HEBO3MOXHbLIM
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HaxoXgeHe 30H, B KOTOPbIX MPUCYTCTBYET WCKMIOYUTENBbHO W3rMbHble AedopmMaumn unu
MembpaHHoe nosefeHve. Bbibop AaHHbLIX 9NeMeHTOB yrydlaeT MOAerNb, HO BpeMs pacyeTa
yBenuumBaeTcsa 13-3a bonbLluero Yncna creneHen cBoboabl, KOTopble HE0H6X0AUMO Yy4nTbIBaTb
npu pacyere.

B cny4ae, korga reomeTpuio getanu HEBO3MOXHO NpeacTaBUTb Kak KOMOUHALUMIO OOHO- UMu
ABYMEPHbIX 3N1IEMEHTOB, UCMOMb3YIT 06bEMHbIE 3IEMEHTLI, CNOCOOHbIE NepeaaBaTh CUMbl MO
TpeM KoopauHaTam, HO He nepeatoLme KpyTawme MOMEHTbI, TaK Kak, B OTNIn4Me OT NnacTuH
n obornoyek, He BOCNPUHNMAIOT U3rMOHLIE HAarpy3Ku.

dopma rpaHen 9NemMeHTOB MOXEeT 3ajaBaTbCs MOCPEACTBOM CTEMNEHHOW yHKUMKM C
pasnuyHbiMK NokasatensMmun. Kak npaBuno, NPUMEHSAOTCS 3MNEMEHTbl C JIMHEWHON WNnu
KBagpatndHon oyHKumen hopmMbl rpaHen, npuyem nocrnegHue UMerT OONOMNHUTENbHbIE Y3nbl
Ha pebpax anemeHToB. Kybuueckne dyHKLMM NpaKTUYECKN HE NPUMEHSIOTCH U3-3a BOMbLIOrO
obbema HeobxoauMbIX NS 3agaHns POPMbI ArieMeHTa BbIYUCIIEHNN.

JIHEeNHbIe 9NeMeHTbl OTNMYalTCA HauMMeHbLMM 0ObeMoM TpebyembiX BblMMCMEHUMN AONA
3agjaHua maTpuubl XecTkocTu. OOHaKo [aHHble 3rieMeHTbl CMOCOBHbI OTpaXkaTb TOSbKO
NMHENHO U3MEeHsAeMble WUNKU MOCTOsIHHble HanpsXxeHus n gedopmaumn. Napabonunyeckue
anemMeHTbl NO3BONAOT Oonee TOYHOE OTpaXeHue rpagueHToB B Moensix, HO TpebyroT
fonblero konumyectsa BbluMcneHun. Kpome Toro, napabonuyeckne anemeHTbl 6onee
YCTOMYUBBI K UCKaXXEHUIO reOMeTpuUM 3MEeMEHTOB OTHOCUTENBbHO WX MAeanbHOW reomMeTpumn
(Hanpumep, paBHOCTOPOHHWE TPEYrONbHUKN, KBaapaTbl UK Kybbl) YemM NUHENHbIE SNEMEHTHI,
KOTOpbIE MpU UCKaXXeHUM reomeTpun ObicTpee NpMBOOAT K HEBEPHbIM pe3ynbTaTam.

Ncxoaa ns onbita, MOXHO ckasaTb, Y4TO ANA MOOENUPOBaHUSA OTHOCUTENbHO MPOCThIX AeTanen
NPUMEHEHME NIMHENHBIX 3NIEMEHTOB NO3BONSET A0OUTBLCA YAOBNETBOPUTENBHOW TOYHOCTM 3a
pasymHoe BpemMs pacdeta. [Ons pacyeta M3MEHEHUS  HanpsXKeHun  NPUMEHSIOT
napabonuyeckne anemeHToB. [Ns nNpoBedeHUs pacyeToB METOAOM KOHEYHbIX 3f1eMEHTOB
(MKQ) He cyuiecTByeT XeCTKmx npaBun pasbuBkm Ha K3, uto TpebyeT OT WHXeHepa-
pacyeTyMka OCTATOUHbIX OMNbiTa U 3HaHMN Teopun MeToaa KO n mexaHuku.

OTaenbHble 9NeMeHTbl COEQUHSAIOTCH Yepe3 CBA3M B y3rax C COCeQHUMM drieMeHTamu Ons
cos3gaHna  Mofenu, CBOWCTBA W MNOBeJeHMe KOTOPOM OnpeaensiTcs  CBOMCTBaAMU U
noBefeHNEM OTAeNbHbIX JfIEMEHTOB B CBOMX Yy3rnax. Takmm obpasom, CTpykTypa
NpeacTaBnseTca Kak AWCKpeTHas pacyeTHas MoAenb, COCTOSAWAas U3 CUCTEMbl YpaBHEHWM,
yYuTbiBalOWEN BHELIHWE Harpysku, reomeTpuyeckne rpaHudHble YcrnoBus (Hanpumep,
3aKpennieHve getanein) U napamMeTpoB COEAUHEHNN SNEMEHTOB:

{F} = [KKU} (4-1)

3peco {F} - BexTOp, coaepxalmn Bce BHELUHME CUMbl U KpyTaLWwmMe MOMeHTbI cun. Matpuua [K]
OMUCbIBaET XECTKOCTb CTPYKTYpbl, a BekTop {U} coaepxuT nHpopmauuio 0 nepemeLleHnn u
KPYYeHUN OUCKPEeTHbIX Y3noB Mogenwu. [na peleHus [aHHOro ypaBHeHUs HeobxoauMbl
BbICOKOMPOM3BOANTENbHbIE KOMMbIOTEPLI, T.K. B 3aBMCMMOCTW OT pellaemon npobnembl B
ypaBHEHUW MOTYT NPUCYTCTBOBATb COTHU ThICAY HEU3BECTHbIX.
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MeTopn cMmelleHuUA {u}=[a]-{U} Yaen 2
DyHKUMA NepeMeLleHns:u(X) = a, + a; X U,
paHu4Hble ycnosunsa:  u(x=0)=U, = a, =U, 1
ux=L)=U, = a = (UZ'U:L)[
_[_ x x]/U —[1-X X A nrowags cedeHns
“x‘[l‘ L L]{Ui} = | [1 L L] — L AnvHa cTepsHs
F1 3enl E moaynb ynpyroctu
CmelleHue - PacTsxeHue {e}=[b]-{U}
_u, 1;{U} 11 F {Fl}
gx_ﬂ_ = g [L L} U; = [b]_[-[ [] BekTop Harpysku {F}= F
U Y,
HanpsxeHue - PacTsxkeHus {o}=[H]-{e} Bektop cmewerms  {U} = u,
MpuHUMN BUpTYanbHoM paboTbl OW,= W,
OW = d{U}{F = =
=J{UIFH  aw, !/ 3{e}T{o}dv fB{U}T[b]T[H] [b]{U}dV MaTpuLaXeCTKoCTH
F
= {F}=[ [bI'HI b dV -{U} = {,:l}— L H ﬂ{u} = |[{F=K{U} mit k= A_E[l 1]

Puc. 4-4: MaTpuua XeCTKOCTU AN CTepXKHA (pacTaKeHue-cxaTtume)

C NomoLLbl NPOCTOr0 KOHEYHOTO 3fIEMEHTA «CTEPXKEHb», HAarpy>KaeMoro Ha pacTskeHne unu
ckaTue, MOXHO HarfsigHO nokasaTb BbIBO MaTPULbl XECTKOCTU 3fIEMEHTa, OCHOBaHHOM Ha
MeToge cMmeleHus. Ha Puc. 4-4, cnpaBa, npeacTaBfieH CTEPXXHEBOW 31IEMEHT, NUMEIOLLNI
anvHy L. KoopguHaTta x yBenunuuBaeTcs OT y3na 1 K y3ny 2. JIuHerHoe cMmelleHue mexay
y3namu CTep>KHS ONMUCbLIBAeTCA C NOMOLLbIO creayrowen QyHKLUK:

Uy (X) =ag +aj [X (4-2)

O6a HEU3BECTHBIX Ao U a; ONPEAENsIoTCs U3 BEMUYMHBI CMELLEHUs y3roB U:

UX(X:O)=U1:>a.O =U1 (4'3)
1

ux(x=L)=U, :>a1=E(U2—U1) (4-4)

Takum 0bpasom, MOXHO onpeaenuTb CMeLLeHne Nobon TOYKK X:

___ Ul -
Uy (x) = [1 x LHUZ} (4-5)

nu B oOLem Buge:
RIS )
{u}= [""Huz} (4-6)

YaonuHeHve B npegenax oAgHOro anemMeHTa MOXeT ObITb onpegeneHo € NOMOLWbH YaCTHbIX
NPON3BOAHbIX CMELLEeHUA. ﬂ,ﬂﬂ CTEPIXKHA, Harpy>XeHHoro Ha coXatune - pacTdaXeHue, 3TO
BblpaXaeTCA.

‘SX = M = i = |:1—£,£:Hﬂ} = i[a]{ﬂ} (4_7)
X X L' LU, X U,

_|_1.1Us ]
ool 2
CnepoBaTenbHO:

= pfu} mitlo] = 2 [ @)

KOHCTPYKUMOHHBIN ~ MaTepuan npuvHUMaeTCs  yNpyro-fivHeMHbIM U M30TpPOnHbIM.  [ns
3aBUCMMOCTM HaMpPsHKeHUs U YANUHEHUS NpUMEHUM 3akoH [Myka:

{a} = [H ]{5} (4-10)
Mpuyem gns ctepxHs [H] = E. MNMpumeHaa npyHumn BUpTyanbHOW paboTbl BO3MOXHO BbIBECTU
MaTpuuy >kecTkocTu. lMpuHuMn BUpPTyanbHOW paboTbl rnacuT, YTO BHELWHAs paborta OWa,
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coBepwaemas cunon {F} no suptyansHomy cmeLLeHuto &{U}, paBHa BHYTPEHHEN BUPTyanbHON
paboTte Wi, xapakrepmnsyemon Hanps>keHnem g U BUpPTyaribHbIM yarimHeHnem &{e}:
MW, = W, (4-11)

U} {F} = [ ole] {olav (4-12)

3anuceiBasi NpaBylo CTOPOHY ypaBHeHWs 4-12 B ypaBHeHUs 4-9 1 4-10, nony4um:

o{u}" F = 10U [b]" [H]bfuav (4-13)

Taknm obpasom:
{F} = JbI' [H]blav{u} (4-14)

[aHHbI MHTerpan onpegensieT B3aMMO3aBUCUMOCTb MEXOY BEKTOPMM CuUIl U nepemelleHuin. OH
ABNsSeTCA ObLMM pelleHnemM ypaBHEHUs! 4N onpefeneHus MaTpuUbl XKeCTKOCTU AN MPOU3BOSbHbIX
3MeMEHTOB:

_ T 4-15
[<]= j[b]" [H]bJav (4-15)
v
npl/lMeHFlﬂ napamMmeTpbl CTEPXHA, MNONTYyHNUM:
1 (4-16)
x=L| L
K]="] 1 E{—E;E}Adx
xz0| | L'L
AE[1 -1 (4-17)
[k]===
L |-1 1
B e R, e, o e F. [Kle, [Kle, [K]e,
LOLEAL LEAL LEA F o | ay / 0 0 | U
1y 1,7\ 21 2:17\2 3 3 3 1 ! 1
XU L g R o /
U, u, U u (Pl || Tty % e | 0 U,
o BEL o AE o AR 2 SR B
Y 2L L Fa 0 0 -0l3 O3 ||Us
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Puc. 4-5: MaTtpuua XXeCTKOCTU CTEepPXKHA

[lna onucaHus ynpyroro noBeAEeHUs CTPYKTYP, CMOAENUPOBaHHbIX METOAOM KOHEYHbIX
3M1eMEHTOB, MaTpuua >KECTKOCTU 3MeMEHTOB TpaHchopmupyeTcss B 0OLLyl0  MaTpuuy
XecTkocTn. [laHHas onepaumsi MoxeT ObiTb HarnsgHo npeAacTaBneHa € MOMOLbIO
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cnepytowero npumepa. Ha Puc. 4-5 npeacraBneH CTepXeHb, COCTOALLNA U3 ANIEMEHTOB el,
€2, e3, KoTopble coefuHeHbl Mexay cobon B y3nax 2 n 3, a Takke ysnoB 1 u 4 B 3agernke.
M3BecTHa reomeTpua CTEPXKHS, XapakTepuayemasa anvHon Li n nnowagsto Ai, a Takke Moaynb
FOHra Ei u cunbl, gencreytowme Ha ctepxeHb Fi. Tpebyetca onpeaenntb cmelleHma U2 n U3
y3noB 2 n 3. Matpuua ecTKOCTH i-ro afieMeHTa onpegenseTcs ¢ NOMOLLbIO ypaBHeHUs 4-18:

_ 1 - _ Ai ‘:Ei (4_18)
AL P T
|

Mpu BbiIBOOAE 3aBUCUMOCTM CUMbl U Aedopmaumn OANs CTEPXKHS AOMKHbI BbINONHATLCS ABa
ycnoBusi.

Ycnosue coemecmumocmu:

CwmeLleHve y3noB 0QMHAKOBO AN BCEX Npuneratwmnx arieMeHTOB U Y3I10B:

Us=UZ=UuU?=U3=U, (4-19)

Ycnosue pasHosecust:
CyMMa BHELLUHMX U BHYTPEHHUX CUM paBHa Hyrmto:

F=F (4-20)
Fq = Ff3 (4-23)
Bbipasus curbl Yepes KoaUUKUEHT yNpyrocTu ai 1 cMelleHue ysna Ui, nonyyaem:

Fi=a;(U; -U,) (4-24)
Fp =ay(-Ug +Up) +a,(U; ~Us) (4-25)
F3 =a,(-Up +U3)+a3(Uz —Uy) (4-26)
Fq =a3(-Uz +Uy) (4-27)

[Nocne YMHOXEHUA nornyyvyaem BblpaXeHue B ManVI‘-IHOIZ (bopMe, npmBegeHHoOE Ha Puc. 4-5.
N3 OaHHOro npumepa BWOHO KakK mMaTpuubl JKEeCTKOCTU OoTAellbHbIX  3JIeMEeHTOB
TpaHC(bOpMI/IpyPOTCﬂ B 06L|J,YI‘0 (CmeapHyro) MaTpuLy XXeCTKOCTWN.

,D,J'Iﬂ y3roB 1n4 YCTaHOBJ1€HO rpaHN4YHOE yCIioBUE HYNEeBOro rnepemMeLlleHuns:

U1:U4 =0 (4'28)

Pa3mepbl oTAenNbHbIX YacTen CTEPXKHS U X Moaynu KOHra npMHUMaroTCca paBHbIMK. [na aToro
clnyyasi CMeLLLeHUs y3noB 2 1 3 pacCuYnTbIBAOTCS C NOMOLLbIO Crieayowmx oopmMyn:

U, =202 *F3 (4-29)
,=572"78
3
_F+20F; (4-30)
g=-27°93

3L
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Puc. 4-6: MaTtpuua KecTkocTun YeTblPexXyrofibHOro NJIOCKOro ayfieMeHTa

C pacTywen CrioXHOCTblO 3feMeHTOB (TN 3nemMeHTa, KONMUYeCTBO cTerneHen csobonbl,
CTeneHn YHKUMM CMELLUEeHWsi, T.e. 4Yucra nNPOMEXYTOYHbIX Y3M0B) MNPOrpPeCCUBHO
yBenuumMBaeTca pasmep matpuubl xectkoctu (Puc. 4-6). Hanpumep, ons 4YeTbipexyronbHOro
NIOCKOro anemMeHTa ¢ ABYMSA cTeneHsMn cBobodbl B KaXXAOM y3re, KOTOpbIMU ONUCLIBAETCS
NNOCKOCTHas Agedopmaums yanuHeHus, HeobxoouMma MaTtpuua  KECTKOCTU  3N1EMEHTOB
pasmepom 8x8.

Mpouenypa co3gaHusa obLuen maTpuubl KECTKOCTU U pelleHne CUCTEMbl YPaBHEHUN MOXET
peann3oBbIBaTbCA aBTOMaTMYeckn € nomowpbdo OBM. McxogHbiMM Oa@HHBIMW MpU 3TOM
ABMAITCA reoMeTpuyeckMe napameTpbl pacyeTHoOW mogenun  (KoopauHaTbl  Y3rioB,
NPUHaANEeXHOCTb Y3M0B OnpedesieHHbIM 3dreMeHTaM, pasMep 3fEMEHTOB) U rpaHU4YHble
ycrnosus (HENOABWXHbIE Y3Mbl, YCIIOBUS CUMMETPUN), a TakKe BHELUHWE Harpysku — Cunbl U
KpyTALLME MOMEHTHI.
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K3-Mogenb

m 57742 060M04KOBbIX 3/1-TOB
(nMHenHble, 4 y3na)

B 18912 06beMH. 3aNeMeHTOB
(n1H. rekcaagepesl, 8 y3nos)

B 74528y3noB

Y-Hanpasnsiowy CTaHnHa 1 onopsl
3,0% 2,6%

MpuBoap!
37%

Z-HanpasnsatoLL,.

MonepeyHblin Non3yH
1,8%

X-HanpasnawoLL.
0,7%

MonayH no ocn Z
44,0%
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NoALWMNNHUK
24,4%

> [edopmauusa CTpyKTypbl
BCNeACTBUE AeNCTBUSA CUIbl Mo ock X

Puc. 4-7: Qecdhopmauus nopTanbHOro cTaHKa Nog CTaTUYECKOM Harpyskom

PacueT crtatuyeckon pecdopmauumn CTPYKTYPHbIX KOMMOHEHTOB CTaHKOB NpeacTaBreH Ha
npumMepe noprtanbHOro pes3epHoro CTaHka, NokasaHHbINn Ha Puc. 4-7. CTaHkM gaHHOW rpynnbl
OTHOCATCA K TSHXKEMbIM U AOBOSIbLHO YaCcTO NPUMEHSIIOTCS A8 U3roTOBMEHUs npecc-popm Ansg
rnyboKOW BbITSXKM, HANPUMeEp, 3N1EMEHTOB Ky30BOB aBTOMOOMNen. [ins cokpalleHns BpeMeHM
006paboTkn nopTanbHble ((Ppe3epHble CTaHKM  OOSMKHbl  UMETb  BbICOKME  CKOPOCTU
nepemMeLLeHnin N yCKOpeHUsl, YTo HaknagblBaeT 3HaYUTENbHbIE OrpaHUYEeHUs Ha AONYCTUMbIN
BEC CTPYKTYPHbIX KOMMNOHEHTOB. O4HOBPEMEHHO 3TW KOMMOHEHTblI LOMKHbI obecneyvBaTtb
OOCTaTOYHYIK XeCTKOCTb. Llenblo npoBefeHUa pacdeta C MOMOLLBD MeToAa KOHEeYHbIX
anemeHToB (KJ) 6bIno onpeaeneHune XecTkoCcTu CTPYKTYpbl NO4 AENCTBUEM CUN pe3aHus. Ha
Puc. 4-7 npepctaBneHa K3-momenb ctaHka. Mopgenb coctout u3 57742 rekcasgepHbIX
(wecTturpaHHKK) anemeHToB M 74528 o6onoyek C NMHENHOW (yHKUMEN 3adaHusa rpaHen
anemeHToB. O6beMHble 3neMeHTbl Obinn B3ATbl AN MOAENVPOBaHWUS OMOPHbIX CTOEK
noprtana, W3roToBfneHHbIX U3 nonumepbetoHa. [na peanu3aumm BbICOKOW AWHAMUKM,
TpaBepca U BepTUMKamnbHbIA NON3YH BbINOSIHEHbI B BUAe opebpeHHbIX Kopob4yaTbiX CTPYKTYP,
YTO MO3BONUIO MPUMEHUTL AN UX MOAENNPOBAHNS 3NEeMEHTbI - 060MNOYKN.

MHCTPYMEHT, MMeloWwnin O0BOMbHO OOMbLION BbINET, NPeAcTaBfieH uaeanbHO XECTKOW
Gankon, TaKk Kak ero pgedopmaums He nNpeacTaBnseT uHTepeca nNpu pacdetTe U
KOHCTPYMPOBaHUU AAHHOro cTaHka. MoeanbHO XeCTKUA aNeMEHT CRYXXUT UCKITIYMTENbHO ANnd
nepegayn curbl U3 30HbI 0BpaboTKM K BepTUKanbHOMY nonayHy. [pu pacyeTe Ha Moaenb
HaknaablBanNuCb CUNbl aHaNorn4yHble cunam pesaHus npu obpaboTke, ANs MOAENMPOBaAHMUS
KOTOpbIX OblN1 NMPpUMEHEeH oTaenbHbIn anropuTMm. Ha Puc. 4-7 nokasaHa gedopMunpoBaHHas
CTPYKTypa CTaHKa Nnpu HanoXeHUn cunbl No ocu X. N3 pucyHka BUAHO, YTO HanoOXeHHasa cuna
BbI3bIBAET SIPKO BbIPAXEHHYK U3rMOHY0 AedopMaumio BEPTUKANbHOMO NonidyHa, MMetoLero
GonblWwon BbIET OTHOCUTENBHO TpaBepcbl. OcTanbHble CTPYKTYPHbIE  KOMMOHEHTHI
npakTuyeckn He paedopmupyroTca. [Ona uccnenoBaHUa BAWSHUA OTAENbHbIX COOPOYHbIX
€4VHNL, N Y3NO0B Ha XECTKOCTb B LIEHTPE MHCTPYMEHTAa (B 30He pe3aHusi) bbina paspaboTaHa
cnegywouwas Metoguka. [llonsyH oTtgenseTca OT  Z-HanpasnswowMx W 3akpenndercs
HenoaBWXXHO, YTO MO3BONSET uUccrneaoBaTb AedopMaLrio UCKIHYUTESNTbHO BepTUKaNbHOro
nonsyHa. [anee OT ocTanbHOW CTPYKTYpbl CTaHKka OTAenseTcsa Mon3yH BMecTe C Z-
HanpasNALLWLMMK U UCCrieQyeTcss OTHOCUTEeNbHas gedopmauunsa gaHHOM cOOpOYHON eanHULbI.
PasHyua B BenunuuHe gedopmaumm nondyHa n cOOpoyHON eamHuubl onpedensieT Ty 4acTb
aedopmaumm, KoTopas MPUXOAUTCH HemnocpeacTBEeHHO Ha Z-Hanpasnswowwue. [daHHas
npoueaypa BbINONHAETCSA Npy MNocnegoBaTesibHOM BBEAEHMM KOMMOHEHTOB B COOPOYHYHO
eavHULY U nccnefoBaHue ee aedopmanmum, YTo NO3BOMSET YCTAHOBUTL 0N Aechopmanmu,
BHOCUMYIO KaXKOblM KOMMOHEHTOM B CyMMapHoe CMeLleHue LieHTpa UHCTpyMeHTa (B 30He
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pe3aHusi). PesynbTtaTt nccnenoBaHusa npeacTtaBned Ha Puc. 4-7 BHU3Y. M3 guarpammbl BUOHO,
YTO BepTMKanbHbIA NON3yH NpeacTaBnsieT cobor cnaboe 3BeHO B CTPYKTYpe CTaHKa.
MpoBeneHne aHanu3a No NpeacTaBneHHON MeToaMKe MO3BOMSeT MccrnenoBaTb noBeaeHue
CTPYKTYpbl CTaHKka W OTAENbHbIX KOMMOHEHTOB Ha cTaguu paspabotkn. C  nomoLbho
pe3ynbTaToB MCCreaoBaHUs BO3MOXHO MPUMEHEHMEe LerneHanpaBeHHbIX KOHCTPYKTUBHbIX
Mep ANs YNyYlWeHUs XapakTepucTUK MeTannopexyLLmMX CTaHKOB.

MNpaBbin
TOMKaTeNb

Mpvson ocu Z JleBbI 1 NpaBbIi
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NeBbInA
Kopnyc TONnKaTenb
WnuHAens
Kopryc noBopoTHbIX
ocel MoTopoB
[MonayH no ocn 2
€O WnuHaenem
z 4 : [ y
v - 5
X x'1 [K]-U}=F}  cratuka

MI- {0} [C]- {0}« K- {U}= {Ft} gumamuca
Puc. 4-8: T'eomeTpuyeckas u K3-mopens ¢pesepHoro ctaHka

MopenupoBanne wmetogom K3 Obino npuMeHeHO pAna uccnegoBaHus  OUHAMUYECKOro
nosedeHns dpesepHoro craHka ¢ V-obpasHon (6unogHon) napannesibHONn KUHEMaTUKOW
npueoda nogayn B nnockoctu x-y (Puc. 4-8). [pencraBneHHbI  TPEXKOOPAWHATHbIN
PpesepHbIN  CTAHOK OTNUYAEeTCA KOMMAaKTHbIM KOHCTPYKTUBHBLIM WCMNOSTHEHWEM, BbICOKOW
CKOpPOCTbO ABMXeHun nogaum go 120 m/MuH u yckopeHmem go 3 ¢. [lMapannenbHas
KMHEeMaTuka npveBoga nogadM B MMIOCKOCTU X-y peanuayeTcs [ABYMsi TorkaTensmu,
COeAUHEHHbIMU C NNaTtopMOi, Ha KOTOPOW PacnosioKeH BepTUKanbHbIN MOM3yH. JleBbln
TOMKatenb HEenoaBWXHO COedWHEH C nnaTtopmon n onpegensieT ee opuveHTauumio B
npoctpaHcTee. [NpaBbi ToskaTenb coeguMHeH ¢ nnaTtgopmMon 4yepes wWapHup. Tonkatenu
npuBOAATCA JIMHEMHbIMU ABUraTtensMn [OBYCTOPOHHEro AencTBUHA, MOBOPOTHbLIE KOPMYChbl
KOTOpbIX coeduHeHbl ¢ pamoun. [logaya No ocuM z OCyLLEeCTBNAETCS C MOMOLLBIO LLapUKO-
BWUHTOBOW nepenayu.
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BepTukanbHo-dpesepHbI CTaHOK ¢ V-00pa3HON KMHEMaTUKOM

Yacrtota: 42.4 'y Yactota: 73.4 Iy Yactota : 102.0 Ny

Puc. 4-9: PaccuntaHHble hopMbl COOCTBEHHbIX Koneb6aHun

Ha ocHoBe CAD-mogenu 6bina cosgaHa KO-mopgenb ¢ ucnomnb3oBaHneM 53610 o6beMHbIX
anemeHToB, 8601 anemeHT-obonovka n 31428 ysnos. [ns cokpalleHWss BpEMEHU pacyeTa
OblN NPUMEHEHDbI 3NIEMEHTbI C NIMHENHON OYHKUMEN CMeLleHus y3noB. HecmoTps Ha 3To,
AOCTaTOMHO NNoTHas, 6e3 uckaxeHun, cetka KO no3sonsieT npoBecTM pacyeT C BbICOKOW
TOYHOCTbIO. CoeavHeHNs OTAEenNbHbIX KOMMOHEHTOB (HanpaBnsowuve, MNOALUMHUKL) 1Y
napameTpbl KOMMNOHEHTOB ANSA YCTAHOBKU CTaHKa Ha pyHAaMeHT Oblniv oTpaxeHbl B Moaenu ¢
MOMOLLIO CneunanbHbIX COeAMHUTENBHBLIX 3NEMEHTOB (MPYXMHHbIX 3fIEMEHTOB), NapameTpbl
)KECTKOCTM KOTOPbIX COOTBETCTBOBANN 3HAYEHMSAM 3NIEMEHTOB B CaMOM CTaHke. PesynbTatom
pacyeTa ABUNMCb COBCTBEHHbIE YACTOThl U KonebaTenbHble (OOPMbI, TPU U3 KOTOPbLIX, MO OCKU
X, npeacTtaeneHbl Ha Puc. 4-9. B nepBon konebatenbHon dopme (42 u) HambonbLiyro
aMmnnuMTygy uMMeeT wusrmbHas pgedopmaumsi pambl M CTaHWHbI MO OCKM Y, YTO BedeT K
packaunmBaHuio pe3epHON ronoBku BAONb ocu y. Bo BTOponm dopme cobBCTBEHHbIX
konebanun (73,4 'u) HabnwogatTca KpyTunbHble Konebanus pambl. Mpyn aTom dpesepHas
rofioBka nepemMelyaetcsa no ocu X. TpeTbsa konebatenbHaa cdopma npu 102 Ny cBoagutca K
M3rmbHbIM 1 KpyTUIbHbIM  KOnebaHuaM TonkaTtenem B NpoTuBodase, 4YTO BedeT K
BpaLwaTenbHOMY ABWXKEHUIO LNWHAENS 1 NOn3yHa no ocu z.



MeTannopexylwme ctaHku Jlekyus No4 14

/'\\ fs= 102 My

=
o
N
—
iy
1
D
N
|
=

L~
P

|

lui’

MogatnmBocTb Gyy [MkM/H]

N —

0 20 40 60 80 100 120 140 160 180 200
YacTtoTta [lNy]

Puc. 4-10: AYX Ha BeplUMHE MHCTPYMEHTa CTaHKa ¢ V-00pa3HON KNHEMaTUKOWN

AMMNMTYQHO-pa30BO-4acTOTHAs XapakKTepuUCTUKa MoAaTnNMBOCTU cTaHKa Gy(f) B UeHTpe
nHctpymeHta («TCP» Tool Center Point) 6bina paccuutaHa B obnactn 4yactot 0-200 Iy
(Pwvc. 4-10). na HarnsgHocTu konebaTenbHble hopMbl NOKa3aHbl B COOTBETCTBYIOLLIEN TOYKE
pe3oHaHca. HecMOTps Ha 3HauuTenbHble 3aTpaTbl BPEMeHW ANA NpoBedeHWs pacyeTa C
nomowbto 3OBM, paHHas wMeToouka BCe 4alwe npuMmeHsieTcs Ha npou3sBoacTtee. [Ons
KOHCTPYKTOpa WCMnomnb3oBaHWe pacyetoB MeTtogoM KO pgaeT BO3MOXHOCTb  BbISIBUTb
BO3MOXHble HeOOCTaTKM KOHCTPYKLUUU elle OO0 OOPOrocTosien NOCTPOWMKM MpoToTuna, 4To
NMo3BONSieT COKpPaTUTb BpemMs W 3aTtpaTbl Ha pa3paboTky. YacToTbl pe3oHaHca W
konebaTenbHble POPMbl MOTyT ObITb afieKBaTHO paccyMTaHbl, NOCKOSbKY WU3BECTHbl TOYHbIE
3HaA4YeHMs1 KECTKOCTU  KOMMOHEHTOB W  coeauvHeHun. OpHako 3HavyeHue  YpOBHSA
aemndurpoBaHns cucteMbl B BOMbLUMHCTBE CrlydyaeB HEU3BECTHO, YTO AernaeT HeobxoanmbIM
npoBeAeHne U3MepeHnin AnHaMu4eckon NoaaTrMBOCTHU.
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NnoBbIlLUEHNA TeMnepaTypbl AT BCriegcteume ﬂeVlCTBMﬂ cunbl F
1
AL; = a-AT -L Al =4 Ly

Onpe.qeneHMe TepMOﬂVIHaMVI‘-IeCKOVI 3KBUBaNEeHTHON CUnbl

2 TepMoAMHaMMYecKas 3KBMBANeHTHasa cuna F; Bbi3bIBAET Takoe Xe
n3MeHeHve OnuvHbl Tena AL, Kak noBbilweHne Temneparypbl AT.

Aly =Aly 0(-AT-|_:A1—E-|_-|:r - | Fr=a-AEAT

Puc. 4-11: QkBuBaneHTHas TepMoanHamMmmu4yeckasi cuna Ha CTepXxxHe

Ha ocHoBe paccumTaHHbIX ¢ nomoLlblo KB-moaenun temnepaTyp B y3nax NpoOBOAUTCHA pacyeT
TepMoanacTudHblx gedopmauun, 3amelleHnem rocnegHuUx CcTaTUY4ecKUMn  Yynpyrumu
aedopmaumsammn  (Puc. 4-11). [Ona aToro 3agarwTcsa 3aMeljarlme MexaHU4eckne Ccunbl,
OencTByloLlLMe B y3rax 3/IEMEHTOB U Bbi3blBaloLLMEe TaKoe Xe U3MEeHeHUe ANUHbI 3aroTOBKMU,
Kak U3BeCTHoe M3MeHeHWe TemnepaTtypbl. Ha pucyHke HarnggHo npencraBfneHa MeToauka
pacyeTa Ha NpumMepe CTEPXKHEBOrO 3fIEMEHTA.
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K3-mogenb WwnuHAensHOM KopobKi :
K - 37TW
03(pPULNEHTEI TENMOBLIX NEPEXONoB 173W HEMoKasaHHLIE UCTOYHWKI Tenna:
a,=6 ﬂz ay | | MprBog, oNopHLIN NOALKUNHUK B KOpnyce
”\‘NK \| Pacxon COX: 400 Br
a-z =24 m2K
a, =10 % CBasu
PacnpeneneHue Temnepatypbl az .
nocrne 15 M1H pabotbl 83 ,,///
|
WMa3oBaneHTHele KpuBble ///// q\‘
G=30° M=36° ’:,/ ‘-"w
H=31° N=37° i il MR
: - /I R
|=32° 0= 38° liaiante i ans)
J=33° p=39° ""“l"r"‘y‘)“i% o0
K= 34° Q=40° l-ll-l‘v"w p'lP
L=35° R=41° necdopM1poBaHHas v ‘l‘
CTPYKTYpa y
PYKTYP ..- A
Temnepatypa okp. cpegpl 21°C =25 um i.
Makc. Aedopmanms: 60 MKkM X Y

Puc. 4-12: PacueT TemnepaTtypHou aecopmauum WNUHAENbLHOW KOPOOKMU

Ha Puc. 4-12 npegcrasneH Kopnyc WnuHAenbHOM Kopobku ¢ pa3buskon Ha KO, cocToswuen ns
TPEX- N YETbIPEXYrOMbHbIX 3MEMEHTOB. TepMuyeckume Harpyskum BO3HUKAKOT BcreacTeve
Harpesa NOALUUMNHMKOB WNNHAENSA U BanoB KOPobku ckopocTen. BosaencTeme TemnepatypHon
Harpy3ku npeacTtaBneHO Ha pPUCYHKE B BMAE M30TEpPM, MOKasblBaKLWMX pacnpegeneHve
TemnepaTypbl B 3arotoBke nocne 15 MuHyT paboTtbl. Bo3Hukatowme gedpopmaunm TakoBbl, YTO
OTKNOHeHWe npu obpaboTke 6e3 KoppeKkuun YynpaBneHuss WHCTPYMEHTa CTaHOBUTCS
HeaonyCTUMbIM.

Puck BO3HMKHOBEHMSI OWMOOK npu npoBegeHun pacyeta metogom KO Tpebyetr oT
nonb3oBaTens M3BECTHOro OnbiTa MOAENUPOBAHUA U MPUMEHEHUS MPOrPaMMHBbIX CPEACTB.
Kak yxe ynoMuHanocb, npu nNoCTpOEHMN MOoAenu NpoBOAUTCA maeanu3auusa CTPYKTYpbl, Y4TO
npsMo BNUSIET Ha pesynbTaTbl pacdeta. Kpome Toro, pasbueka Ha KO ans pasHbIX y4acTkoB
mModenu He pAomkHa OblTb oguHakoBon. OCOBGEHHO 30Hbl KOHLEHTpauuuM HanpsKeHun wu
npunoxeHus cun TpebytoT Gonee TOHKOM AUCKpeTU3aLun, 4em npovme obnactu mogenw.

Takvm obpasom, Ang NOCTPOEHUS KOPPEKTHON Modenn HeobXoAMMbl HaYanbHble CBeAeHUs O
noBefeHnn CTPYyKTypbl nop Harpyskon (Puc. 4-13). B crnyyae [encTBUA [aBrieHUs WUnu
pacnpefeneHHon Harpysku cnegyeT yyYuTbiBaTb, YTO CUMbl MOTYT BbiTb NPUMOXEHbI TOMbKO K
yanam cetkm KO. 310 Beger k oOpasoBaHUO HEPaBHOMEPHO pacnpedeneHHbIX Cun U
HEeTOYHbIM pesynbTataM pacyeTta gedopMauuin unu HanpskeHun. Cnegyowmm UCTOYHUKOM
owmnboK Npu pacyeTe ABMSETCH YMCNEeHHas npupoAda aHanu3a metogom K3. MNpu pelueHun
CUCTEM YpaBHEHWA YacTO HEBO3MOXHO MCMOMb3oBaTb NPAMOE pelleHue, Hanpumep, C
noMmowibo anroputMa [laycca wnu  Xoneckn. B Takux crydasax MOUCK pPeLUeHus
OCyLLeCTBMSeTCH UTepaTMBHO, HanpuMmep, MpU aHanuse HEeMNOCTOAHHbIX MO BpeMeHU
TemnepaTyp. [aHHble cnocobbl pelleHns Bceraa MMelT OCTaTOYHYI0 NOrpPeLLHOCTb, BENUYUHY
KoTOpOW MO>XHO COKpaTUTb, HO MOMHOCTbIO yaanutb HEBO3MOXHO.
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ﬂMCerTM3aLIMS| YucneHHble MeTOAbI peLieHus

m [luckpeTusaumsa u ngeanusaums m  OcTaTtoyHas NorpeLHocTb
CTPYKTYpbI npu MTepaTUBHbIX

cnocobax peLleHns ypasH.

(Hanp., HaxoxaeHue

B K3-uHTepnonauus

m [lpenctaBneHne Harpysok B Buae cun Ccob6CTBEHHOTO 3Ha‘-IeHMF|)
M MOMEHTOB B y3nax m  OcTaTto4Has NorpeLHoCcTb
npu YNCNeHHoMm
MHTErpnpoBaHun

KayectBo ceTkn KO YucneHHble HETOYHOCTM
. m B [lorpelHocTb

OKpYITeHns

Morp. auckpeTusaumm

Morp. okpyrneHus

. 3 B Henoaxogsliee

e KOHOMLMOHNPOBaHME
MaTpuL 13-3a
NPUMEHEHNS

3r1eMEHTOB Pa3HOro
®  CunbHOE NCKaXeHWUe 3r1eMeHTOB pasmepa

MorpelwHocTb

® [1nOoTHOCTb pa36VIBKVI B 30HaX BbICOKNX
rpaaneHToB

OnemMeHThbI

® [IpumeHeHne HECOBMECTUMbIX 31EMEHTOB
pa3HON CTENeHN UHTErPUPOBaHNS

Puc. 4-13: UcTouHUKKN nOFpemHOCTeﬁ MeToAa KOHeYHbIX 3fieMeHTOB

Cnegylowmnin  UICTOYHMK OWMOOK B pacdeTax BO3HUKAET NPU UCMNOSMb30BaHUWN YMUCIEHHbIX
MeTOoOOB AN 3afdaHus MaTpuubl >XEeCTKOCTU 3reMeHToB. [lockonbKy WHTerpan matpuubl
XECTKOCTU 3rieMeHTa He MOXeT ObITb onpedeneH TOYHO, ANSA pelleHns NPUMEHSIETCS Tak
Ha3blBaeMbli YNCIEHHbIM MeToAa KBaapaToB Maycca. OTO BeAeT K onpeaeneHumto XXeCTKoCTu
3MIEMEHTOB C OCTaTOYHOM OWKNOKON. TOYHOCTb pacydeToB C MOMOLLBK  YUCIEHHOrO
onpegeneHns XecTkoCTU 31EMEHTOB NPSAMO 3aBUCUT OT KayecTBa ceTkn K3. Ecnu dopma
3M1EMEHTOB CUMBbHO OTNMYaEeTCa OT uaearnbHON (KBagpaTtbl A5 YeTbIPeEXYrofibHbIX 000M0YeK,
PaBHOCTOPOHHME TPEYronibHUKM Anst obonoyek, KyObl ANA OGBEMHbIX 3N1EMEHTOB), TO MpU
YUCIIEHHOM VUHTErpupoBaHUM BO3HUKAOT nNpobnemsbl, 0O6ycnoBnMBalwLWmMe HETOYHOCTU
pacyeTa.

Ha Pwuc. 4-13 nokasaHbl OCHOBHble BUAbl UCKaXeHUs ¢opMbl anemMeHToB. HeToyHocTu B
pac4yeTe MOryT BO3HWKHYTb, Hamnpuvmep, B Cry4ae CIMWKOM 60MbLIOro OTHOLWEHUS AfVH
CTOPOH 3nemeHTa. [eOMEeTPUYECKN UCKaKEHHbIE 3NIEMEHTbI, HanpuMep YeTbipeXyronbHUKK,
Yron KoTopbIX OTKNoHAeTcsa oT 90 rpagycoB, Takke MOryT NPUBECTU K HETOYHOCTSIM B pacyeTe.
B coBpeMeHHbIX KOMMNbIOTEPHBIX CUCTEMaxX MOLENMPOBaHUS KadecTBO ceTkn KO nposepseTcs
aBToMatmyeckn. [Ons HekoTopbiX OpM 3nemMeHToB (TeTpasgp, TPEYrofibHWK) Obinu
pa3paboTaHbl anropuMTMmbl, MNO3BONSAOLWME WUCNPaBUTb 0OONAcTU CETKM M3 3NIEMEHTOB C
nckaxeHHon reomeTpuen. Nonb3oBaTenb 4oMmKeH yoeantbes, YTO kayecTBo ceTkn KO Bo Bcex
obnactax mogenu cooTBeTCTBYeT TpeboBaHuMAM aHanu3a. Bo Bcex uucreHHbIX mMeTtopax,
npumeHsowmxca B8 OBM, BaxHytl0 porfb UrparoT MNOrpelHoCcTn okpyrieHuns. [Moatomy c
yBENMYEHNEM KONMMYECTBa ANIEMEHTOB BO3pacTaeT pUCK OWKnBKM B BblumcneHmax. OcobeHHo
BENWK pUCK oWMBKKN B pacyeTax Toraa, korga Matpuua, cogepxaiias CUCTeMy ypaBHEHUIN A1
pelweHunsa, nnoxo obycnoesneHHa. bonee Bcero yxyawaetr 00ycnoBneHHOCTb MaTpuubl
pasnuyHbIin  pa3Mep anemeHToB. [na peweHusa 3dTon npobnembl ObINM  BbiBEAEHDI
KoapbmumeHTbl, No3BONAOLWME rNodanbHO OLEHUTb KA4eCTBO CO34aHHbIX CeTOK KO.
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HanoxeHue cBa3en B mogenu PacyeT n Bepudmkauus cratuueckux aedopmaumin
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B cO6CTBEHHbIX Kone6aTenbHbIX POopMax ¢ HaNoXeHHbIMU CBA3AMU

Qc MopAanbHble KOoOpAUHaTbLI NPU CTaTU4YEeCKUX .qed)opmal.wmx

f=2275 Hz

aN MoaaribHble KoopAuHaTbl NPU HanoXeHHbIX CBA3AX

Puc. 4-14: Teopema Kpeira-6amntoHa

MHorotenbHoe MogenuposaHne (MTM) — 3TO uYMCREHHBLIM MeTon MOLENUPOBaHWS, MNpwu
KOTOPOM peasbHble MHOFOKOMMOHEHTHbIE MEXaHW3Mbl NPEeaCTaBNAT Kak COBOKYMHOCTb
XeCcTkux unu ynpyrux ten. OTHOcUTenbHOe OBWXEHUE YacTer MexaHu3ma npenctaBnsaioT B
BMAe uaeanbHbIX KMHEMaTudeckux ceasen. [na yyeTta ynpyroctv oTAesnbHbIX KOMMOHEHTOB,
duandeckne cBoMCTBa Aetanen B Mectax UX CoOeaAuHEHUa ¢ CoOCeAHUMMU, BbISICHAOT METOAOM
KO wn nepepatioTr 4epe3 nporpammHbii uHTepdenc wm3 cpeabl MKO B cpegy MTM.
MogenupoBaHue noBedeHUs YMNPYrmx KOMMOHEHTOB MOA4 Harpy3koM CBOAUTCH, Takum
obpasom, k pacyeTy gedopmauuin B 3apaHee onpenerieHHbIX TOYKax KOHTaKTa 1 NpUoXXeHns
cvn. Y4yeT MopanbHbIX CBOWCTB YMNPYrMx KOMMOHEHTOB OCYLIECTBMASIETCA Ha OCHOBaHMM
Teopembl Kparra-bamntoHa, cornacHo KOTopon cteneHn ceoboabl Tena noapasgenstorcs Ha
cTeneHn cBobodbl B 30HaX KOHTAKTa M BHYTPeHHWe cTeneHn ceobopbl. [laHHoe pasgeneHve
Nno3BoONIieT onucaTb CTeneHn cBOOOAbI CUCTEMbl MOCPEACTBOM ABYX BMOOB KonebaTenbHbIX
dopMm (K®). Tak HasbiBaeMble KO Kpainra-bamntoHa noapasgensatoTcs B CBOKW oyepedb Ha
cTaTtnyeckme KoppektupoBoyHble KO 1 nuHerHble cobcTBeHHblE KO npyn HanoxeHun ceasen
Ha cTeneHn cBoboabl coeanHeHun. [ins pacyeTa CTaTUYECKUX KOPPEKTUPOBOYHbIX KP kaxaon
cTeneHn ceoboabl COeAMHEHUsA 3afjaeTcs efuHuYHas gedopmaums, B TO BPeEMsi KaK Bce
npoyune creneHun cBoboabl coeaMHeHUN cBA3aHbl. B3anmocssasb mexay cteneHsmy csoboabl
cuctembl U, K& Kpewnra-bamntoHa @ n moganbHbIMM KoopAuHATaMu q rmbkoro Tena MoXeT
ObITb NpeAcTaBneHa cnegyoLwmm obpasom:

{UB} E 0 E{qc} (4-31)
u= =

up “c énN | 9N

30echb Ug — cTeneHn cBoboabl COEAMHEHNs, U, - BHYTPeHHUe cTeneHn ceoboabl Tena. [JaHHble
cTeneHn cBoboabl PacCUMTBLIBAKOTCA C MOMOLLBIO COOTBETCTBYIOLIMX MOAArnbHbIX KoopauHaT
cTaTU4ecKkmx KoppekTupyrwmnx KO gec v BennumH donsnyecknx nepemellieHnin B Hux lc. anee
AnA pacyeTa npumeHsotca KO npu HanoxeHWn cBA3eit Ha cTerneHn CcBoGOAbl B COEANHEHMSAX
On W uanyeckne nepemellieHnss |y BO BHYTPEHHUX CTeneHsx cBoGoAbl. Ha ocHoBaHuu

Teopembl Kpelra-bamntoHa paccunTbiBaloTcs 0060OLLEHHbIE pacnpeneneHnss maccbl W
MaTpuULbl )KECTKOCTU W ANst OTAENbHbIX YNpYyrux Ten, cocTasnsowmx mogens. (Puc. 4-14).
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> MogenuposaHue
OTAeNbHbIX KOMMOHEHTOB
cTaHka (war 1 - 6)

> CoeavHeHune oTAenbHbIX
rmbkmx Ten yepes
CoeanHUTErNbHbIE
3NeMeHTbI —
HanpasnsioLme, NPUBOAbI,
aHkepHble 6oNnTbl

MocnepoBaTensbHOCTb CO3A4aHUA TMOKOMN
MHOroTenbHOW MoAeNnn cTaHKa

Puc. 4-15: Paspa6oTka rub6ko MHoOroTenibHou mogenu )pe3epHOro cTtaHka

Ha Puc. 4-15 npegcraBneHa nocrnegoBaTesibHOCTb CO34aHUS TMOKON MHOrOTENbHOW Mogenm
Ha npumepe BepTUKanbHOro dpesepHoOro crtaHka ¢ V-00pasHOW KMHEMaTMKOW NPUBOOOB
nogaym B NNockoctu x-y. Llenblo cosgaHma mogenu sSBUnock uccriegoBaHve ANHaAMUYECKOro
noBeaeHNs cTaHka ¢ NoMoLLbo 3BM.

[ns noctpoeHns mogenu cHavana 6binn co3gaHbl MoOgenu OTAeNbHbIX KOMMIOHEHTOB CTaHKa U
oTAenbHbIX COOPOYHbIX eamHuy, (war 1-6). 3atemM, AaHHble KOMMOHEHTbl OblM COeAnHEHbI B
obwyo mMopen nocpeacTtBOM (OYHKUMOHAmbHbIX 3fIEMEHTOB, TaKMX KaK HanpaensiooLlime,
npuBoAbl W YCTAHOBOYHbIE 3fieMEHTbl. XapakTepPUCTUKN COEAUHUTENbHbLIX 3SfIEMEHTOB
3agaBanncb MCXogs M3 LaHHbIX MPOU3BOAUTENEN, pPe3yrbTaTOB M3MEPEHUA U OMbITHbIX
OaHHbIX.
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Puc. 4-16: MT-moaenb cpesepHOro crtaHka ¢ KOHTypamMu perynupoBaHus

Ha Pwuc. 4-16 nokasaH npumep MOAenMpoBaHUS AWHAMWYECKOW MNOOAaTAMBOCTU CTPYKTYPbI
CTaHKka C y4YeTOM MOBEAEHUs] KOHTYPOB perynupoBaHus npuBodoB. B neBon 4actm pucyHka
npeacraBneH BUA ANHAMUYECKON CUMbl NSt HANoXeHust kornebdaHuii Ha « TCP» cTtaHka 1 oTBeT
CTPYKTYpbl HEMNOCPEACTBEHHO B LEHTPe WHCTpyMeHTa. [uHamudeckoe nepemelleHne
CTPYKTYPHbIX KOMMOHEHTOB CTaHKa PErynmpyeTcs akTMBHbIMW KOHTYpamu perynmpoBaHus,
Gnarogaps yemy pesynbTaTbl pacdeTa ¢ NOMOLLbI AaHHOW Modenun 6nuxe K peanbHbIM, Kak
NnokasaHo Ha cneayoLlemM PUCYHKe.

PesynbTaTtbl MccrnegoBaHmsi C NOMOLLLIO NPenCTaBeHHOM MOLENN NO3BOMAT BUPTYalibHO
OUEeHNTb MOBefeHMe CTaHKka B npouecce o0b6paboTtkn. B ocobeHHocTn, Gonbluon uHTepec
npeacTaBnsiloT UCCNeOOBaHUS BO3MOXHOCTM BO3HUKHOBEHUS HECTAOUIbHBIX COCTOSIHUI MNpwu
00paboTke M npeaBapuUTENbHLIA pacdeT OXMAaeMblX OTKITOHEHMIA pasMepoB U OpMbl
petanu. Npu npoBedeHUn uccneoBaHUS [AHHOW MOAENW cura pesaHusl MpuroXeHa B
«TCP» cTtaHka. Baanmogenctesmne AByx Moaenen no3BOnsieT OCYLeCTBUTb OAHOBPEMEHHbIN
pacyeT CuUN pesaHuMsi U BO3HUKaKOLWMX Nog WX BO3AENCTBMEM Adedopmauui B TevyeHue
ONpeaeneHHoro BpeMeHn. PesynbTatom pacyeTta SBMAKTCS rpaduku M3MEHEHUSI CUIbl U
nepemMeLleHns UHCTPYMEHTa OTHOCUTENbHO 3aroTOBKW MO BPEMEHM.

B HacTosllee BpemMsi BO3MOXHO TMPUMEHEHUS OMUCAHHONO Bbille KOMIMbIOTEPHOrO
MOZenupoBaHnsa ans  uccnefoBaHus 9PEKTUBHOCTM MEpP MO  MNOBbLIWEHUD TEXHMKO-
3KOHOMMYECKMX MapamMeTpoB CTaHkoB. [nNA agekBaTHOCTM pacdeToB, OOHAKO, NnapameTpbl
MTM cTtaHka OOmKHbI ObITb NPUBEAEHbI B COOTBETCTBME C pe3ynbTaTamu M3MEpeHun Ons
3aJaHNA  KOPPEKTHbIX 3HayYeHun aemMndupoBaHusd. ToNMbKO Tak BO3MOXHO O00MTbCS
afeKBaTHbIX 3HAYEHUN aMnnuTyabl AWHAMWYECKOM NOLATNMBOCTM B TOYKax pe3oHaHca,
KOTOpble OKa3blBAlOT HENMOCPEACTBEHHOE BNUSIHWE HA CTAOMMNBHOCTb MOBEAEHUS CTaHka B
npouecce o6paboTku.
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Puc. 4-17: Pe3ynbTatbl MoaenupoBaHus 6e3 u ¢ yuetom KoHtypa Perynup. npusopos

Ha Pwuc. 4-17 npepgctaesneHbl A®X ctaHka ¢ ydeTom M 6e3 yyeTa AMHAMUKM MNPUBOLOB.
Pesynbtathl pacyeTta 6e3 yyeTa noBegeHuss KOHTypoB perynupoBaHus (KP) cooTBeTCTBYHOT
pacyeTy ¢ nomowbio MeToga K3. OueBMOHO, YTO KOHTYpPbl perynmpoBaHusi OKa3sbiBatoT
3Ha4uTerNbHOE BIIMSIHWE Ha MHAMUYECKY0 NOA4aTNIMBOCTb CTaHKa.

MopaTtnuBoCTb NPMBOLOB OKa3sblBaeT BO3AENCTBME Ha MOMOXEHWe U aMnnuTyoy HEeKOTOpPbIX
TOYEK pe3oHaHCca. JTO BWAHO W3 MNOKA3aHHOMW Ha PUCYHKE BTOPOM TOYKM pPe30HaHCca,
konebatenbHas dopma B KOTOpon 6e3 y4yeTa KOHTYpPOB perynupoBaHWs He oTpaxaeT
aedopmaumm cgsura, npucytcTByowen B mogenn ¢ KP. 3To BbI3BaHO NOLaTMBOCTLIO
npvBoga, KOTopasi He AONyckaeT BO3HWKHOBEHMS M3rMbHon aedopmauumn TonkaTenen. Ha
OCHOBE [JaHHOro npumepa v 13 onblTa NpoBedeHus NogobHbIX pacyeToB crnedyeT caenatb
BblBOJ, YTO KOPPEKTHOe MoenMpoBaHWe BbICOKOCKOPOCTHbIX obpabaTtbiBalowmx LeHTPoB
BO3MOXHO TOMbKO NpW ydeTe AUHAMUYECKOro NoBeAeHUs KOHTYPOB perynupoBaHus.
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Puc. 4-18: Pe3ynbTaTbl MOAENMUPOBaHUA ABUKEHUS nogaym

Ewe ogHnm npumepom npumeHeHns MTM npn B3aMMOOENCTBMN HECKOSTbKUX MPOrpaMMHbIX
cpen (cBA3aHHOe MoAenvpoBaHWE) ABMSETCS MOAeNnupoBaHWe nepeMeLleHUn CTPYKTYPHbIX
KOMMOHEHTOB CTaHKka. Llenbto gaHHOro wuccnegoBaHna O0ObIMHO SABMASiETCA onpeaeneHve
MakcMMaribHO BO3MOXHOW CKOPOCTM YCKOpPEeHUs Ans npyvBoAoB nogayn. BenuumHa ckopoctn
yckopeHusa (CY) onpegenseTr, B 0COOEHHOCTU ANl BbICOKOCKOPOCTHbLIX CTaHKOB, BpeMs
06paboTkn, T.K. AMHAMUKA CTPYKTYpbl CTaHKa OrpaHMYMBaeT MakCMMarbHO BO3MOXHOE
3Ha4yeHue CY.

Mopo6Hble nccnenoBaHUSA NPOBOAATCS NPU ONTUMANbHOW HAcTpoKike koadduruneHTa KOHTYpa
perynupoBaHus nepemelwleHms Kv nytem uccrnedoBaHWss MNOBEAEHUS CUCTEMbl B
onpeaeneHHon obnactn 3HavyeHmin CY. 3HadveHme CY noebllaeTcsi C onpeaerieHHbIM Larom
0O Tex nop, Mnoka 3HayeHue [OMHAMWYECKOro nepemeLleHnsa LeHTpa WHCTpyMeHTa He
NpeBbICUT AOMNYCTMMbIA YpoBeHb. HayanbHbIn ypoBeHb CY MOXeT onpedenaTbCs, Hanpumep,
YyCroBMEM [OCTWXKEHUS MaKCUMaribHOMo YCKOPEeHUs npu rnepeMelleHnn Ha 3afjaHHoe
pacctoaHune. [lpu npoBedeHUM MOOENUPOBaHUS KOHTypaM perynupoBaHusa 3agjaeTtcd
noeanbHbI  KOHTYp nMNepemMelleHMss B BuAe pamnbl C  orpaHudyeHHon CY, KoTopbin
ncnomnb3yeTcd Kak BXOAHOW curHan ans mogenupoBanus (Puc. 4-18). lNpu aTom npuBog
YCKOPAETCA U3 NOSIOXKEHUS MOKOA 00 MaKCUMarbHOro 3HauYeHWs CKOPOCTU nepemMeLleHus U
onATb 3aMeansieTcs A0 MOSIHOM OCTaHOBKW, YTO B pearibHOCTW COOTBETCTBYET, Hanpumep,
NO3MLMOHUPOBAHUIO MOM3YHa MO OCU Z B PEXMME YCKOPEHHOMO NepeMeLLeHus.

BcneacTteme peskoro ycKopeHus MOABWXKHOMO Non3dyHa CTPYKTypa nogsepraeTcs konebaHuam
B TOYKE pe30oHaHCa CTaHKa, YTO, B PaHUYHbIX PEeXumax, MOXeT NPMBECTM K oLlimbkam
No3NUNOHNPOBaHNA Npu obpaboTke M HecTabunbHOCTM npuBodoB. Ha Puc. 4-18 nokasaHbl
pe3ynbTaTbl pacyeTa Ha NpuMMepe paHee Yxe NpeAcTaBneHHOro craHka. CnekTpanbHbIN
aHanmM3 pacCcuuMTaHHbIX CUrHanoB MepeMeLleHns Mo3BoNnseT onpefenuTb  KPUTUYECKYHO
4YacToTy pes3oHaHca, OOyCnoBNMBAaOLWYIO BbINET MWHCTPYMeHTa 3a npefensl 3adaHHON
TPaAEKTOPUN N NPUHATE MePbI ANSA YNyYLWEeHNS TOYHOCTU NO3ULMOHNPOBAHUS.

AHanNorMyHo MOXeT NPOU3BOAUTLCA ONTUMMU3ALMS PasnNUYHbLIX MapamMeTpoB YNpaBrsoLLmMX
KOHTYPOB MPMBOAOB, YTO CHWXAaeT BpeMs BBOAA CTaHKa B dKCnyaTauuto.
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3amellarouiana mopenb NoBeAeHUsI CTPYKTYPbl CTaHKa
U3mepeHne+AHanuTtuy. mogens || Komn.cumyn.+AHanut. mogens || Komn. cumyn. + K9-Moaenupos.
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CBsizaHHOe MHoroTtenbHoe mogenupoBaHue (MTM) c nporpaMMHbIM MHTEpdencom

Puc. 4-19: Mogenu ansi KOMNbLIOTEPHOM CUMYNALUM B3aMMOAENCTBUSA CTPYKTYPbl CTaHKa U npouecca pe3aHus

CywecTByoT pasnuyHble Noaxogbl K MOLENNPOBAHMIO B3aMMOAENCTBUSA MEXOY CTPYKTYpOWn
MEeTannopexyLiero cTaHka M npoueccom pesaHus. [NoBegeHMe CTPYKTYpbl CTaHKa MOXeT
MOOEenMpoBaTbCS Kak 3aMellaroimmMm MogensaMn, npu KOTopbiX NoBegeHME CTaHKa 3agaeTcs
aHanuTnyecku, Tak u metogamm MTM unu K3. MNepBbii MeTOA NPUMEHSIETCH, €CNN AOCTYMHbI
pesynbTaTbl M3MEPEHUA MMM pacyeTa OUHAMUYECKOro noBedeHus ctaHka B Buage APYX
noaatnMBocTU. [JaHHble KpUBbIE MOTYT ObiTb ONUCaHbl aHANUTUYECKM NYyTEM T.H. PUTUHTa, T.€.
utepatmBHoro nopgbopa  yHKUUA, HaunyyYwum oB6pa3oM  OnMCbIBaKOLWMX  (PYHKLMM
OWHaMmyeckon nogatnmeocTu ctaHka. Metogbl MTM n KO gna pacyeta guMHaMm4yeckoro
noesefeHnsa 6binv NnpeacTasBneHbl B NpeabiayLunx pasgenax.

MopgenvpoBaHue npouecca pesaHusi MOXET Takke peanu3oBbiBaTbCA aHanNUTUYeCcKn, nyTem
MaTeEMaTUYECKOro OnMcaHnst 3KCNepPUMEHTanbHbIX 4aHHbIX, UK ¢ NoMoLLbio MeToga KO.

[nsa wccnepoBaHna noBegeHUst CTPYKTypbl CTaHKa B Npouecce pesaHns B OCHOBHOM
NPUMEHSIIOTCSA KOMOWHALMM aHanUTU4YecKnX Moaerneni AUHaAMUYEeCKOro NMOBEedeHUs1 CTaHKa U
aHanuTMyeckon mogenun npouecca pesaHus. [Npy uccrnegoBaHUM BO3LOENCTBUS KOHTYPOB
perynupoBaHns UnuM CTPYKTYPHbIX WM3MEHEHUNW B CTaHKax Ha CTabunbHoOcTb 06paboTku,
npumeHsieTca KombuHaums MTM cTaHka M aHanuMTMYecKoM MoAenu npouecca pesaHus.
Mpoune KomMOMHaUMM, HanpuUMep pacyeTHOM MoAenn ANHAMUWKW CTaHka ¢ nomoubio MTM n
pacyeTa cun pesaHus ¢ nomowbio Metoga KO, npencraeBneHHble Ha Puc. 4-19, u3-3a
©onbloro oo bemMa He0BXOANMbIX BbIYUCIEHUA NPUMEHSIIOTCS ON1s TPOBEAEHUS cneyunarnbHbIX
nccrnenoBaHuMn, He CBA3aHHbIX C  ONTMMM3auUMEn TEXHUKO-3KOHOMWUYECKMX MapaMeTpoB
cTaHkoB. Hanpumep, gna pacyeta cun, pacnpegeneHns TemnepaTypHbiX  30H,
MUKPOreoMeTPUM CTPYKKM NPU PasnmyHbIX Bugax obpaboTkn pesaHmnem.
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MeTton KoHeuyHbIx dnemeHTOB MKJ

MHoroTtenbHoe mogenupoBaHue MTM

CnocoObl onTUMU3aLumn

YcTaHOBKa cTaHKOB Ha pyHAAMEHT

3akntoyeHue
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> OnNTUMK3. TONMWMHBI CTEHKN > Pacyet onTumanbHoOro > Pacuet ontumanbHomn
pacnpegeneHus matepuvana dopmMbl AeTanm
B 3aaHHOM ob6beme

> OnTMMK3. POPMbI CEYEHUS

> OnTmMmn3sauusi 30H
KOHLEHTpaLMW HanpspKeHnn

> ONTMMK3. TONLWMHBI CNOSA 1
yrna BblKnagkm BOJIOKOH ANA < )
KOMMO3ULMOHHbIX < o
MmaTepuanos Q
o <

Puc. 4-20: Cnoco6bl onTMMU3aLun CTPYKTYpbI AeTanen

MPUMEHUTENBHO K KOHCTPYKTUBHOMY WCMONHEHUIO AeTanew, nod NoHATUEM «ONTUMU3aLns»
noapasyMeBaeTCs MOWCK HaWUMy4llero pelleHus Npu 3adaHHblX rpaHW4YHbIX ycnosusax. Mpu
KOHCTPYMPOBaHMM W pacyeTe [neTanei KOHCTPYKTOPY AOCTYMHbl pasnuyHble MeToabl
ontummnsaumm. Ha Puc. 4-20 npeacTaeneHbl Tpy Hambornee BaxHbIX MeToda AN onTUMU3aLum
CTPYKTYpbI AeTanei MHCTPYMEHTambHbIX METaNMOPEeXyLLUX CTaHKOB.
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Lenb onTumusauum MapameTpbl Ans onTMMU3auum

MuHUMarbLHbI BEC NonepeyHo 6anku TonwwmHa cTeHkn d; B pasnunyHbIx obrnacTax

nonepeyvHon 6anku
OrpaHuyeHus

HesBHble: yBennueHHasa Ha 10% gedopmauns
rno ocu McxogHas mogens

X B LLEHTpe MHCTPYMeHTa
O6sizaTenbHble: di min < d; < di max x\/]

Mapametp1: BepxHuit nnct Mapametp 2: HuwkHui nuct  Mapmetp 3: 3aaHsas cteHka MNapametp4:MonepeyH. pebpa

Puc. 4-21: OnTMMu3auus TOMNLWMHbI CTEHKU ONA CHUXKEHUA Maccbl nonepeyvHon 6anku (1/2)

40 TonwuHa CTeHKU [MM] Pe3ynbTaTbl onTMMMU3aumm
Macca -14%
30 >KecTkocTtb no ocu X +1%

YKecTkocTb Mo ocn Y +0%

niliinll —

0
11 12 13 14 15

OnTuMM3npyemble napameTpsl

Puc. 4-22: OnTMMuK3auusa TOJNMHbI CTEHKU ANA CHWXKEeHUA Maccbl nonepevyHon 6anku (2/2)

Mpyn npoBegeHUM oONTUMM3AUUKM TOMWMHBI CTEHOK [JeTanerd 4acTo HaknagblBaeTcd
orpaHuyeHue no Benu4vmMHe XeCcTKOCTU, KOTOpY Heobxoamnmo peanu3oBatsb. [1pn aTom Macca
getann pgormkHa OblTb HaMMeHbLUeW, YTO SBMsSeTcAa  BaXHbIM  ycrioBMeM  Ans
BbICOKOAWHAMUYHBIX CcTaHkoB. Ha Pwuc. 4-21 n Puc. 4-22 nokasaH npumep ontumMmsaunm
nonepeyHon 6Ganku nopTanbHOro pesepHoro crtaHka. Llenbio onTummsaumm saBndeTtcs
yMeHblUleHve Beca 6ankv. [Ins AaHHOro KOMMOHEHTa AornyckaeTcs onpeaeneHHoe CHUXKeHne
XEeCTKOCTM B Mpolecce onTUMM3auuKn, Tak Kak, no pesynbTaTaMm npegBapuUTenbHOro pacderta
meTogom K3, cnabbiM 3BEHOM B CTPYKType CTaHKa sBnsieTca He nonepeyHasa 6Ganka, a
BepTUKanbHbIN Non3yH. [Ana npoBeaeHns pacyeta ObI10 BBEAEHO OrpaHUyeHne no BenuymHe
noTepun >XecTKOCTU nonepedHon OGankum B pasmepe 10%. Ontumusauum nopseprnvcb 15
COCTaBHbIX YacTen nonepeyHon 6Ganknm — OTAenbHble MOBEPXHOCTUM W KOMMOHEHTbl W3
nuctooro Martepmana. Ha Puc. 4-21 nokasaHbl npegsaputenbHO BblOpaHHbIE COCTaBHbIE
yacTm ana ontuMmmusaumm. OnTuMu3aums TOMWMHBLI CTEHKM BblOpaHHbIX Yacten Hanku
npoBoAunacb B TEXHONMOMM4Yeckn n usmyeckn coobpasHbix npegenax. ONTUMM3aALNOHHBIN
pacyeT npekpaiianca nocrne LwectoM wuTepauuu. HangeHHoe onTuMarnbHOE peLUeHus
npobriembl MO3BOMMMAO COKpaTUTb Bec Aetann Ha 14% npu npakTM4eckn HEW3MEHHOWN
XECTKOCTMW.
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UcxopHas reomeTp. Moaennb UcxopgHasa K3-Mopgenb UcxopgHasa CAD mogenb MepBuyHasa mopens

MopgenupoBaHue

OnTumMM3sauusa Tononoruu
Pesynktat onTumus. pacyeta

> OnpepeneHue Lenu pacyeTa u rpaHuyH.
Ycnosuii (Hanp. Kqg,=const Macca >
MVH; NOBbILLEHNEe COBCTBEH. YacTOoThbI NpU
HEen3m. macce)

> OnpegeneHue nepemMeHHbIX Ans
BapyaLOHHOro pacyeTa

> OnpepgeneHve anropuTMa ONTUMU3aLMK 1
YCrOBUI NPEKpaLLeHnsi pacyera
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Puc. 4-23: MpuHUMN onTUMM3aLuKM TONOMOrnNn

Cuctembl onTMMM3auMM  TOMOSIOTUM  MPUMEHSIIOTCA  Ha  paHHMX CcTagusax  npouecca
KOHCTPYMpOBaHUs. DTN CUCTEMbI NMO3BONAIOT paspaboTaTtb NpeaBapuUTENbHbIN 3CKM3 AeTanu,
cnocobHon BocnpuHumaTtb Tpebyemble Harpysku, Npy MUHUManbHOM KONMYECTBE 3adaHHbIX
KOHCTPYKTUBHbIX ~ MapameTpoB. PaspeweHne npobnembl  onTumusaumm  TOMOMOrMm
dopmynMpyeTcsa Kak pelleHne OnTUMM3AUMOHHOM 3ajauv C  SABHbIMUM  OUCKPETHbIMU
napameTtpamu. B 3aBucumoctn ot TpeboBaHMN K pacyeTy, 3a ONTUMMU3ALNOHHBLIN NapameTp
NpUHUMaEeTCs NMBo TonwmHa CTeHKM (Npu ucnonb3oBaHum oborodek), Nmbo moaynb KOHra
(npn ucnonb3oBaHUM OBBLEMHbLIX 3MEMEHTOB) OAHOMO U3 KOHEYHbIX 3fIEMEHTOB UMW rpynmnbl
KOHe4YHbIX anemeHToB (Puc. 4-23). OCHOBHbIM OTNMYMEM [AAHHOro noaxoda K OUCKPETHOM
ONTUMU3ALNN TOMLLMHBLI CTEHKU SIBRSIETCA TO, YTO 06racTbio 3HAYEHUA ONTUMU3ALMOHHOMO
napameTpa ABMASTCS ABa OUCKPETHbIX 3HA4YeHUs, OOHO U3 KOTOPbIX BbIBUpaeTcsi HacTOMNbKO
MarnbIM, YTO 3agaHue ero onTUMM3auMOHHOMY NapameTpy O3Ha4vaeT, YTO HanMyne AaHHOro
anemMeHTa Wnu rpynnbl 3NIEMEHTOB B HadanbHOW TOMOSOMUW He SBNSAETCH HEeOOXOAMMbIM.
OcrTarnbHble anemMeHTbl 06pasytoT opMy, NO3BOMSAIOLLYIO peanu3oBaTb ONTUMAarbHbIN NOTOK
cvn B getanm.

BcneacTtBme orpaHMYEHHOCTM BbIMUCIIUTENbHBIX PECYPCOB, @ TakkKe BPEMEHW, AOCTYMHOro
ANA npoBefdeHUs pacdeTa, onTMMM3auuMs TOMONorMn aetanen CroXHoW opmbl OBbIYHO He
no3sondeT [[OCTUYb [OCTAaTOMHO TOHKOW pa3dbueBkm Ha KO. B KOHBEHUMOHaNbHbIX
ONTUMU3ALMOHHBLIX CUCTEMAX BenuYMHa ANUCKpeTM3auumn 3agaeTcsa nepeq HavyanomM pacyeta u
OCTaeTcs HEeM3MEHHOW B TeyeHue BCero uccrnepgoBaHus. [JocTaTovyHOe paspelueHue CeTKu
Modenu SBNSeTCH pellarowmMm (akTopom Ans AanbHenwen NpUMEeHUMOCTU pesynbTaToB
pacyeTa.

B kauectBe npumepa MoOXeT OblTb NpuBeAeHa 3afada Ha pa3paboTKy KOHCTPYKUUKN CEeYEHUs
KOMOHHbI cTaHka. [laHHas 3agaya MoxeT 6biTb chopMynupoBaHa kak npobnema ontTMMmsaumm
TOMOSIOrIMN N pelleHa aBToMaTudeckn. Ha npumepe KOMOHHbI CTaHka Ha Puc. 4-23
npeAcTaBneH NPUHLMIN peLeHnsa AByXMepHOWN NpobrnemMbl Npy onTUMm3aumm TONosIornm.
MepBbIM LWArom SBASIETCA CO3[aHWe MNPOCTPaHCTBa AN HAXOXOEHWs pelleHus U TOHKas
pa3buBka 3TOro NnpocTpaHcTBa Ha obonoykosble KO. [lanee 3agatoTcs HarpyskuM u rpaHuyHble
ycnoeusi.  Cwna, pgeuncteywowaa  30He  obpaboTku, nepegjaeTca  NOCPEACTBOM
BCMOMOraTesnbHOro arieMeHTa 6anoyHoro TMna K HanpaBnsoWMM Ha KONTOHHE CTaHka. Pacuet
TOMOMOMMN  CEeYEeHUsT OCYLLeCTBNSeTCA C MOMOLWb aBTOMATUYECKOro  UTepaTUBHOIro
ONTUMU3AUMOHHOIO  anropMtMma, paboTallwero Ha OCHOBE OAHOMO U3  MeTodoB
MaTeMaTUYeCKoro nporpammMuMpoBaHus. PaccuuTaHHass TOMOMorMst  xapakrtepuayeTcs
OonTUMarnbHbIM COOTHOLLEHWEM XeCTKOCTU K, npuvBeOeHHOW K TOodke OeNCTBUS Cunbl, U
nnowaan ceyeHnss A. lNpu 39TOM BCeM aneMeHTaM, HanuuMe KOTOopbIX He TpebyeTtca Ans
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OOCTWXEHUS NOCTaBNEHHON Lenu pacyeTta, coobliaeTcs MUHUMarbHO BO3MOXHasA TOMLWMHA.
Ha Pwuc. 4-23 npuBegeHbl pes3ynbTaTbl NepBOHaYyanbHOrO pelleHnd, pesyrnbTaTbl NATON U
naTHaguaTon utepaumn. Mo 3aBeplueHUM ONTUMU3AUUM TOMOMOrMM HeobXo4MMO MPOBECTU
aHanus3 pesynbTaTtoB pacyeTa. PesynbTaTbl pacyeTa nocne 15-oM utepauum ykasbiBalOT Ha
HeobXoAUMOCTb BBEOEHUS B KOHCTPYKLMIO KOMOHHbI AMaroHanbHbIX pebep xecTtkoctu. [Ons
ycuneHnss Tex obnacter, B KOTOPbIX Ha AeTanb HaknaabiBalTCA Harpysku, Heobxogmmo
pacnonoXeHve nonepeyvHbix pebep W MNPOCTaBOK MeXOy CTEeHKaMW KOMOHHbI. [laHHas
reomMeTpus MOXeT OblTb TpaHCHOPMUPOBaAHA B TPEXMEPHYIO MOAeSfb C NMOMOLLBbI 0600YKM,
npuyem  onpegerneHne  TOMNWMWMHBI  CTEHOK  MOXeT  OCYLeCTBNATbCA C  MOMOLLbIO
COOTBETCTBYIOLLLErO ONTUMN3ALNOHHOIO anroputMa.

MpuHUMN  onTUMM3aunss TOMOMOrMM  MPUMEHSETCA MNPEUMMYLLECTBEHHO ANs  pelueHus
TpexMepHbIX 3agdad. [lpu nposBegeHun onTumMu3aumm OOMbLUYD POfb UrpaeT BenuynHa
anckpetmdauun  cTpyktypbl. OcobGeHHO B 0OnacTax npUIIOXEeHUA Harpy3oK BbICOKas
ANCKpeTM3aumna no3sonseT 4obutbca Bonee TOYHbIX pe3ynbTaTtoB pacyeTa. B KomMnoHeHTax
6onbLoro pasmepa, HanpoTUB, BbiCOKas AMCKpeTusaums He Tpebyetcs. Tak, Hanpumep, Ans
ANCKPEeTM3aunn CTaHuHbl KpynHOrabapuTHOro CTaHKa [OCTaTOYHO pa3Mepa AUCKPETHOro
aneMeHTa nopsaka HEeCKONbKUX CaHTUMeTPOB. Bbicokad auckpeTusauma npu  peLleHuu
TPeXMepHbIX 3a4ay O4YeHb ObICTPO BEeAET K YBENMYEHUI0 pa3MepoB Moderen 4O HEeCKONbKUX
COTeH TbicaY anemeHToB. OnepaumMmM C MoAensMM Takoro pasmepa HeaddEeKTUBHbI Mpu
ncnonb3oBaHum 3BM cpeaHeln BblYMCNNTENBHON MOLLHOCTU. [ns peleHus 3Ton npobnembl
Obln  npegnoxeH cnoco® MOCTEMEHHOrO MOBbLIWEHUA  AUCKPeTM3auuum B npouecce
onTuMmnsaumm Tononornv. CornacHo gaHHOMYy meToAy, NepBOHavanbHas AUCKpeTHas ceTka
Aenaetca OTHOcUTenbHO rpybon. [locrne nepBov wuTepauuMnm anropuTMOM OMpenensarTcs
obnactu getanu, He MMeloLNe BbICOKOM HeCyLLen CNOCOBHOCTH, U yaansaTca U3 CTPYKTYpbI.
[nsa octaBwencsa YacTu getany auckpetusaums MoxeT BbiTb NOBbIWLEHA yxxe 6e3 yBenuieHus
pasmepa mogenu.

B npouecce okoH4YaTenbHOW A4OBOOKN OAUCKPETHOW CETKM OCTaBLumecs obnactn getany moryT
ObITb AMCKPETU3NPOBaHbI C elwe bonblnM paspelleHnem. Boicokoe paspelleHne nossonset
AobUTbCA CTPYKTYpPbl C HAMHOTO Boree NNaBHLIMU KOHTYpPaMu, YemM B UCXOOHOW MOAENn, YTo
obneryaet aHanua pes3ynbTaToB. BaxHbIM acnektoMm npumMeHeHusa crnocoba MoCTeneHHoro
NOBbILLIEHUSA ANCKPETU3ALNN ABMSETCH TakKe COKpalleHune BpeMeHn pacyeTa. [JaHHbIn MeToz
Nno3BonsieT MNpoOu3BOAUTbL TMOSMHYK ONTUMU3AUMIO JeTanen CroXHoM ¢OopMbl 3a CcyeT
YMEHbLUEHUS 3(P(PEKTUBHOIO Yncra 3NeMeEHTOB.
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WcxopHas mopennb ®DyHKUMOHamNbHbIE
KOMMOHEHTbI CTaHKa C

HanoxeHHou ceTko K9

[ekcasgepHble aneMeHThbI 15891

KOHCTPYKUNOHHbIE areMeHTbI 14387

HeKOHCTPYKUMOHHbIN anemeHTsl 1504

CTeneHun cBoboabl 61434

VMccnegyemble nepemMeHHble 43161

O6beMHbIe 3NeMeHTbI

ApantusHoe
3ckn3Hoe mopenup. ——=
M3meHeHune ceTkn KO

_y Ona a=b=c=1: MNnoTHocTb «0» HeT MaTepuana
, Ana a=b=c=0: MnoTHOCTb «1» cNNOLWH. MaTepuan
) I
d > ﬂByXCTyI‘IeHHaTOG afanTMBHOE 3CKM3HOE
;) mMogenupoBaHue ana ontumMmarnbHOro
4 pacnpegeneH1s macchbl
> ABTOMaTMYECKOE CO3aaHue rekcasgepHomn
N CETKN B KOHCTPYKL,. NPOCTpaHCTBE

Puar=1-(1-a)*(1-b)*(1-c)
E =f(a,b,c)

OnTummnsauums

Llenb onTummnsauum:
MakcrmanbHas ecTKoCTb
I'paHnyHoOe ycnoBue:
[MocTosHHasa macca
Cnocob romoreH13aumm:

E(0) > nsmeHeHne
NMAOTHOCTU BEYeT
N3MeHeHne Moayns
ynpyroctu

> AsTOMaTuy. nepegada KOHCTPYKTUBHbIX

CAD mopgenb NoBepxHOCTU PesynsraTtbl onTumMmusaumm NOBEPXHOCTEN B CUCTEMY CAD

Puc. 4-24: ApanTuBHasa oNTUMMU3aUUsa TONONOrMM BepPTUKaNbHOro Non3yHa.

OnucaHHbIi  Bblwe cnoco® onTummusaumm TonmonorMm  Obin NpUMEeHeH Ansg  pacdeTta
BEepTUKanbHOro Mon3yHa mnopTanbHOro dpesepHoro craHka. Llenbo  npoBegeHus
oNTUMU3aLMN TOMOSMOMMMU ABUITOCH AOCTUXKEHME MaKCUMaribHOW KECTKOCTU NpU HEU3MEHHOM
macce. CnoxHas opma getanu U orpaHMyYeHHas BblMUCIIMTENbHAA MOLWHOCTb 06ycnoBunm
npyMeHeHne aganTMBHOro cnocoba onTumMusauuy Tononoruun. ns 3aToro Npu co3gaHum CeTku
KO ©6bin npuMMeHeH chneuuanbHbld  anroputM AN aBTOMAaTMYECKOro reHepupoBaHus
rekcasgepHon CeTku, MO3BONANLWMI CO30aBaTb PaBHOMEPHO pacnpenernieHHyo pasbuBky
Jetanen crnoxHon ¢opmbl (cube meshing). Ha nepBom Lare npoBefeHus ontumMmMsaunm
pasmep anemeHToB coctasun 40 mm. Ha BTopom — 20 mMm. Mocne 3aBepLueHnsa onTummsaunm
CTPYKTypa BEpPTMKANbHOrO MNON3yHa UMeeT rnagkMe rpaHu 1 paBHOMEpPHbIE Mepexoabl OT
CTEHOK K pebpam. C nomoLLbio NpOBEAEHHOr0 pacyeTa XXeCTKOCTb MO OCSIM X U 'y YBENu4Mnach
Ha 30%. OueBMAOHO, 4YTO 6€3 MpPUMMEHEHUH LeneHanpaBreHHOoW OonTUMMU3auun AobuTtbes
nogobHoro pacnpegeneHns matepuana ©Obino 6bl HEBO3MOXHO. [MogobHble TexHu4veckue
peLLeHNa NOMOratoT NOMHOCTLIO UCMOMb30BaTh NOTEHUMAN TOM UM MHOW KOHCTPYKLMK, YacTo
NPeBOCXOAs B 3TOM OMbIT U UHTYULIMKO KOHCTPYKTOPA.
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. KpHe aa HanpeH vid
DANACTE BEANWALMOHHOTD DA ET A Facnpensnes He Hanp e A Ha NOEEREHOCTH

Puc. 4-25: OnTMmMu3aums KOHLUEHTPaTOPOB HanNpsXXeHUs Bo BnaguHe 3yba

Ha Pwuc. 4-25 nokasaHbl 4YeTblpe OCHOBHble ¢hopmbl BrnaauHbl 3yba 3ybuaTtoro koneca (3K).
3alWwTpNXOBaHHbIA KOHTYp npeacTaBnseT cobOM MCXOOHYH FeOMETpUI0 Komeca, ChnoLWHbIe
nuHUM obosHavatoT opmy aedopmupoBaHHon ceTkn KO. Cunbl u cBA3n B mogenn 6binm
HanoXeHbl TakMm o6pa3oM, 4TO MpuM nNpoBedeHun pacdeTa meTogoM KO pesynbtatom
ABNANNCL MMEHHO NOKa3aHHble OCHOBHbIE (POpMbI 3yByaToro Koneca.

Mpn npoBegeHUM pacveTa He TOMbKO Yy3Mnbl CETKM Ha BHELWHEW MNOBEPXHOCTM Koreca
nepemMeLLarnTca No4 AeWCTBUMEM CUM, HO U BHYTPEHHWE Y3rbl CMELLalTCa TakuM obpasom,
4yTOObl 0GecnevynTb paBHOMEPHOE W3MEHEHMEe pa3mMepoB 3nemMeHToB. [ns npoBedeHus
ONTMMMU3auMM BEKTOpbl CMelleHusa y3noB ceTkn KO3, obpasyowux 6asosylo dopmy,
obbeauHaTcs B rpynny. Torda U3MEHeHWe reoMeTpunm MOXeT ObiTb MpefCcTaBfeHo Kak
CyMMa pacnpefeneHHbIX Mo BaXXHOCTU 6a30BbIX (POPM, NPUBELAEHHbBIX K UCXOQHON reOMeTpUN.
Ecnn GO BekTop KOOpAMHAT y3NOB UCXOOHOW MOAENW, (i — BEKTOP CMELLEHUs y3MnoB i-TON
6a30B0M POpPMbI 1 X; MCKOMBIN KOIPULMEHT BAKHOCTU, TO MOXKHO paccynTaTb KOOpAUHATHI
y3r0B U3MEHEHHOW reoMeTpun.

KoathdmumeHTbl BaXKHOCTM NpeacTaBnsaoT cobor nepeMeHHble Anst onTuMmsaumn. Anroputm
ANa  onTumMmu3auum onpegenset onTuMaribHble KO3I(MUUMEHTbI BaXXHOCTU AN KaXaow
onTUMM3aUMOHHOW 3agayn. PelwieHne onTUMM3aAUMOHHOWM 3adadn HaxoguTCsa C MNOMOLLbIO
3PP EeKTMBHOrO rpagueHTHoro metoga. Ona onpegeneHns KoaddUUMEHTOB BaXXHOCTU Ha
Kaxgow muTepauun, KoTopble Benu Obl K YMEHbLUEHUIO LieneBon (PyHKLMM U OOHOBPEMEHHO
BbINOSMHAMNN  HAINOXEHHble OrpaHu4eHnsi, B [AOMOMHEHWEe K CTaHAapTHbIM  (OYHKUMAM,
onucbiBalWwMM 3agady (Macca, HanpsbkeHue, gedopmaums), ¢ nomowbio K3-aHanuaa,
paccuynTbiBalOTCA MX MNPOM3BOAHbIE MO ONTUMWU3AUMOHHBLIM MNEPEMEHHbIM (rpagueHTam).
3HayeHve rpaguveHTa nokasblBaeT, Kak CUMIbHO AaHHas nepemMeHHas BNUSeT Ha yHKUUW,
onucbiBawLWwme ONTUMM3AUMOHHYIO npobnemy (3agady). Takum obpas3om, rpagueHThbl
NO3BONAIOT HAWTM HanpasfieHne onTUMM3aLuKn, KOTopoe BedeT B CTOPOHY YMEHbLUEHUS
uenesov QyHKuun. B KOHUe paccuuTbiBaeTcsa OnNTMMarnbHas BenuuMHa Lara, KoTopas
Nno3BoNsieT OCTaBaTbCA B Npedenax 30Hbl 3HAYeHWW, 3aJ0aHHOW OrpaHVYUBaOLLUMU
OYHKUMAMKW, C  KOTOPOW MNpPOU3BOAUTCA U3MEHEeHMe ONTUMU3AUUMOHHOW MNepeMEHHON.
Mocnepytowas ntepaummn HaunHaetcs Takke ¢ KO-aHanusa. MNMpyBeaeHHbIN npumMep nokasan,
YTO AaHHbIN cnocob onucaHus reomeTpun 1 ONTUMU3aLUN NO3BONSAET YMEHbLUNTL BENUYUHY
HanNpshkeHWN B 30HE KOHUEHTpaTopa HanpsbkeHun. [ns atoro Heobxogmma K3-mogens,
No3BOSIAKOLLAA paccyUTaTb HanpsbkeHue B 30He KOHLeHTpaTtopa ¢ 60nblion TOYHOCTL. Ha
Puc. 4-25 nokasaHbl ceTkn K3, HanoxeHHble Ha ABa 3yba 3ybuyaToro komneca. Bcero gns
npoBedeHns onTnummaawmm obinn cmogenmpoBaHbl Tpy 3yba koneca. HanoxeHHas cuna 20 kH
COOTBETCTBYET MO BEMMYMHE N HaMNPaBIIEHUIO CUMe Ha UCNbITaTeNbHOM cTeHae. [ng 3agaHus
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LeneBon pyHKuuKn 6bin BbIOPaH BMA, NOKa3aHHbIA Ha pUCyHKe B LieHTpe. Lleneson cyHKunen
O6bIN0 BbLIGPAHO BO3HUKAKOLWEe B 3ITUX AECATM 3NeMeHTax MakCumanbHOe HarnpshkeHue,
KoTopoe Heob6xoammo ObIno yMeHbwunTb. [ocTynHaa obnacTb Ans BapuauuoHHOro pacyeta
(Pwvc. 4-25, BHM3Y cneBa) B npegenax BnaauHbl 3yba orpaHMyeHa cBepxy BTOPbIM 3yb4yaTbim
Konecom, BXoAsWwuMM B 3auenrnieHne ¢ nepBbiM. OrpaHMy4eHMeM CO CTOPOHbI  CIYXUT
KacatenbHas K noBepxHocTn 3yba. OrpaHudeHve no Macce wnu aedopmMaumu
chopMynmMpoBaHO He BbINno, Tak kak 06nacTb ANs BapuaunoHHOro pacyeTta bbina yxe CUnbHo
orpaHuyeHa BbllLeHa3BaHHbIMU PYHKUMUSMMU.

UeTbipe ©asoBble dopMbl Oblnn BbiOpaHbl Takum obpasom, 4YTO Bce TpeboBaHus K
ponyctumon reomeTtpun 3K BbINOAHANUCE 3TUMKM (hOpMaMn: CUMMETPUYHOCTb, FNagKuin
nepexoq4 MNo KacaTenbHOW K MOBEepPXHOCTU 3yba, COXpaHeHWe SBOSIbBEHTHOro npoduns.
MakcumMarnbHoe HanpspkeHue Ha Hoxke 3yba cocTaBnsano 627 H/MM? npu KOHBEHLMOHAMbHOM
onTuMmmnsaumun. bnarogapsa ygauHon kombuHaumm 6a3oBbix hopm Obina HangeHa Takaa oopma
CKPYITEHVs, KOTOpas MO3BOMWMA CHU3UTL BENUYMHY Hanpsxkenns Ha 20% ao 510 H/mm?. OT1a
dopma Obinia OOCTUrHYyTa NOCPEACTBOM 3adaHUMs HEeraTUBHOIMO KO3(MUUMEHTaA BaXXHOCTU
nepson 6asoBon opme, Npu 3TOM TpeTben Gasosown copme Obl1 NPUCBOEH HAMBOMbLUNIA
akTop BaxHoCcTW. PacnpegeneHue HanpskeHwe MNO KPOMKe MOKasblBaeT, YTO B LENoM
OOCTUrHyTO Boree paBHOMEPHOE HarpyXeHue KoHUeHTpaTopa HanpsbkeHui. [aHHas dopma
CKpyrneHunsa MoxeT ObiTb 06paboTaHa Ha NPOUNBbHO-LINMAGOBASIbHBIX CTaHKaXx.
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MeTton KoHeuyHbIx dnemeHTOB MKJ

MHoroTtenbHoe mogenupoBaHue MTM

CnocoO6bl onTUMU3auumn

YcTaHoBKa cTaHKOB Ha pyHAAMEHT

3akntoyeHue



MeTannopexylwme ctaHku Jlekyus No4 34

u ﬂ,HHﬂI.I HYeCkKHe I'Ipﬂfl]'l el bl

= HecrabuneHoCTe 0OpaboTkM,
CHIAEHME NPOKSEOLMTENEHOCTIM

u o0
< [0 Bl W EBHHE A MEHOC MHCTRNYAEHTS ol pmen
i 20 4
- | ="} Y
B Or paHHYeHHe HACTPaHBaLbIX ” B I E-*E- YacToTs
napan eTpoe KOHTYpoB Y = KonghaHKa
PerynHpoBaHHA C1 Bur =
-1
— Koad HMUMEHT cKOpOCTH permmp. K. NOn3YHa Bpema [c]
— MpoKse0gHE A VoK OopEHKA | ’
. | [ CnpokMaEIEaH He
<  CHM#EHHE TEQRETHHECKK BOSMOAHO .I Ko OHHB Hustoe kaHec 1E0
B MHERM K MO SALMOHK O BEIH KA __-T—— MOEEDHICTH
HepoBHOCTE
dyHLamMeHTa

Puc. 4-26: Bo3genctBue TMNa YCTaHOBKM CTaHKOB Ha TOYHOCTb nepemMelleHns

Onpepenenne Buvaa YCTAHOBKM CTaHKa Ha (byHOAAMEHT SIBNSETCA HEOTHLEMIIEMOMW YacTbio
npouecca pacdeta N KOHCTpyupoBaHus ctaHka (Puc. 4-26). Bug yctaHoBKkM Ha oyHOAAMEHT B
BonbLlOon cTeneHn onpegensieT TOYHOCTHO-IKOHOMMYECKMEe napamMeTpbl CTaHka (TOYHOCTb
006paboTKM, KayecTBO MNOBEPXHOCTM, CTabunbHOCTb 0OpPaboTKM, NPOM3BOAUTENBHOCTL), a
TakkKe CTEMNeHb Harpy3kMm Ha OKpyXatwlly cpedy (MHTEHCUBHOCTb konebanun). O6bl4HO
yCTaHOBKa CTaHKa Ha (pyHOAMEeHT Npom3BoaUTCA NOCPeaCcTBOM YCTAHOBOYHbLIX 3FIEMEHTOB.
CTtaHoK, 3aKpensneHHbIN C MOMOLLbI0 YCTAHOBOYHbBIX KOMMNOHEHTOB Ha (PyHOAMEHTE, KOTOPbIN,
B CBOK oO4epedb, MOKOUTCS Ha [PyHTe, COBMECTHO 06pasyloT MOABWXHYIO CUCTEMY,
cTaTu4eckme W OUHaAMUYecKkMe napaMeTpbl KOTOPOW 3afdalTcsd B 3aBUCMMOCTU  OT
TexHonorndecknx TpeboBaHUM K npoueccy obpaboTkn. Onpepensiouiee BO3LEWNCTBME Ha
napameTpbl OaHHOM CUCTEMbl OKa3blBAlOT XapakKTEPUCTUKM CaMOro CTaHKa M npouecca
0b6paboTkn. OgHaKo OKOH4YaTeNbHbIE CBOWCTBA BCEW CUCTEMbl 3a4altoTCs BMAOM YCTaHOBKM
CTaHKa Ha (yHOaMeHT, MOCKOMbKYy OH OKka3biBaeT rrnobanbHoe BO3AeWCTBME Ha CTPYKTYpY
CTaHka B uenom. Npu pa3paboTke yCTaHOBKM CTaHKa Ha oyHAAMEHT HEOOXOANMO y4nTbiBaTb
BO3OENCTBME MOCMeHero Kak Ha TEeXHUYECKMEe XapaKTepUCTMKM CTaHKa, Tak W Ha
oKpy>atoLLyto cpeqy. TpeboBaHUs K TUMY YCTAHOBKM CTaHKa Ha (PyHAAMEHT MOXHO pasgenuTb
Ha cnegyloLwue rpynnbi:

» [eomeTpunyeckas TOYHOCTb YCTAHOBKN W KOCTUPOBKA

» [loBbleHME 0OLLEN XKECTKOCTU CTaHKa C MOMOLLbIO YCTAHOBKM Ha doyHOAAMEHT

* HapexHoe 3akpenneHune ctaHka

* [laccuBHas nsonaums ot Bubpaummn n3sHe

e AKTMBHasa mM3onAumMs Ons 3alWuTbl OKpyXKawowen cpeabl oT konebaHui npu paboTte

CTaHka

[na BbINONMHEHMS BblleHa3BaHHbIX TpeboBaHW pa3paboTKy KOMMOHEHTOB, BXOASALINX B
cucteMy ansa ukcauumn ctaHka Ha dpyHgameHTe, Heobxo4MMo NPOM3BOAUTL UHAUBUAYANbHO
ONA Kaxdoro cTaHka B 3aBMCMMOCTW OT Tuna CTaHKa, TexHonornyecknx TpeboBaHumn K
npoueccy o6paboTku, BUAOB CTAHOYHOro 00OpPyAOBaHMS, PacnofoXeHHOro BONN3n cTaHka, a
TaKke CBOWCTB pyHOAMEHTa U rpyHTa.
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Puc. 4-27: Buabl ycTaHOBKU CTaHKOB Ha (pyHAaMEHT

Bug yctaHOBKM cTaHka Ha dyHOAMEHT 3aBUCUT OT Tuna CcTaHka U ero CobCTBEHHOW
xecTtkoctn. MeTtannopexywme crtaHkm n obopygosaHne gnd OMI MOXHO pasgenntb Ha
yeTblpe rpynnbl, Kaxaas W3 KOTOPbIX XapakTepusyeTca COBCTBEHHbIMU TpeboBaHMAMMU K
ycTaHoOBKe Ha dyHaameHT unu non uexa (Pwuc. 4-27). K nepson rpynne OTHOCATCA nerkve
CTaHKW, HanpuMmep, TOKapHble, dpe3epHble U CTporarbHble, KOTOPble UMEKT OOCTAaTOYHYHO
COBCTBEHHYIO XECTKOCTb U He TpebylT AONOMHUTENbHOrO MOBLILLEHUS XEeCTKOCTU 3a cyeT
dyHaameHTa. Takme CTaHKM 4acTO YCTaHaBMNMBAKTCA HEMNOCPEACTBEHHO Ha nony uexa.
O6opyaosaHne gna OMI Takke XxapakTepudyeTcs BbICOKOM COOCTBEHHOWM XECTKOCThHO,
ofHako, kak npasuno, TpebyeT ycTaHOBKM Ha yHOAameHT. C OAHOW CTOPOHbI, 3TO
o6ycnoBneHo 60MnbLUMM BECOM MaLUWUH, C APYroNn, 3Ha4YMTenbHOM aHepruen, Heobxoaumown Ans
obpaboTkn [paBneHuem, 4TOo obOycnosnuBaeT cunbHenwune BuOpaumm npu obpaboTke.
N3onauua ctaHka oT pacnonoXeHHOro B HenocpeacTBeHHON 6nm3ocTn obopyaoBaHUsa Takke
ABNSETCA BaXXHON 3aayen YyCTaHOBKM Ha (DyHOAMEHT.

TouyHble © BbICOKOTOMHbIE CTaHKM, a Tawkke KpynHorabapuTHble cTaHku obnagatoT
HeJOCTaTOYHOW XeCTKOCTbio 6e3 NpuMeHeHnss oTaenbHOro yHaamMmeHTa. [Ang Takmx CTaHKOB
yCTaHoOBKa Ha (byHAaMeHT siBnsieTca oba3aTenbHbIM ycnosmem akennyatauum (Puc. 4-27).
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YcTtaHOBKa 6e3 aHKepHbIX 6bonToB KpenneHune aHkepHbIMUK 6onTamu

B Pe3bboBoe coeanHeHne co CTaHUHON, B Pe3bboBoe coeanHEHWe Co CTaHNHOM U
YCTaHOBOYHbIE 3JIEMEHTLI C hbyHOAMEHTOM
aemncuvpyowmMm nnactTuHamm

B Bbicokas eCTKoCTb npun pactaxXeHunn-
B Hunskasa keCTKoCTb npn pactaxeHnn- CXaTtunn n nonepeyHbIX Harpyskax

CKaTUM U NonepeYHbIX Harpyskax
®m MoMeHT 3aTsikku 6onToB BNUSIET HA

m Ocagka ¢ TeyeHnem BpeMeHu, XeCTKOCTb, OTCYTCTBME 3aBNCUMOCTU
cMelleHne pe3oHaHCHbIX YacToT PEe30HaHCHbIX 4YaCcTOT OT Harpysku

MoaroroBka MOHTaxa OnemeHT B c6ope MoaroToBka MOHTaxXa 3nemeHT B cOope

Puc. 4-28: CpaBHeHUe pacnpocTpaHeHHbIX cucTeM hukcaumm

Ha npaktuke HaxogaT NnpMMeHeHue pa3HoobpasHble TUMbl YCTAHOBKN CTAHKOB Ha pyHOAMEHT.
CtaHkn MoOryT Kak cBODOOAHO YyCTaHaBnMuBaTbCA Ha (pyHOaameHTe / nony uexa, Tak U
dukcnpoBaTbCsl C  MOMOLLBKD  aHKepHbiXx GonTtoB. PasnuuHble BapuaHTbl YCTAHOBKM
npegcraeneHbl Ha Puc. 4-28.
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Puc. 4-29: PasznuuHble pukcupyowme aneMeHTbl

[locTynHble Ha pblHKE YCTAHOBOYHbIE JNIEMEHTHI

No3BONAKT peann3oBaTb pPasfinyHbie

dyHKUMN Npu yCTaHOBKE CTaHKkoB Ha non unu dyHaameHT (Puc. 4-29). CyuwecTByloT
NOABWKHbIE YCTAHOBOYHbIE 3MIEMEHTbI, NMO3BOSAKLLME OCTMPOBATL BEPTUKAITbHOE MONOXEHUE
cTaHka. B cny4asx, korga HeobxoAuMMO M30NMpoBaThb CTPYKTYpYy CTaHka OT BO3[eNCTBUSA

konebaHun,

nepefaBaemMblx u4epe3 yHOAMEHT,
aKTUBHBIMW UMW MAacCUMBHbIMKA BUOpOracsMMn 3reMeHTamu.

MPUMEHSIIOTCA 3MeMEHTbl C  yNpyrumMm
YcTaHoBKa CTaHKOB Ha

byHOAMEHT JomkHa OblTb CTATMYECKM OMpeaerneHHoOW, T.e. UMEeTb MUHUMYM TpU TOYKU
conpukocHoBeHusi. OBbIMHO MpPU YCTAHOBKE CTAHKOB MPUMEHSIETCS 3HAYMTENbHO Gonbluee

YUCIT10 YCTAaHOBOYHbIX 3JIEMEHTOB.
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Puc. 4-30: NMopTanbHbIN CTAaHOK Ha NNOCKOM (hyHAaMeHTe

dopma chyHaameHTa onpenensdeTcsa pasaMmepom u OpMon CTPYKTYPHbIX KOMMOHEHTOB CTaHKa.
Ha Puc. 4-30 nokasaH nopTanbHbin ope3epHbI CTaHOK Ha dyHAameHTe. dopma BepxHen

4acTtu (byHﬂ,aMeHTa onpegendeTcad KOHCTPYKTUBHbIM  UCMNOJIHEHMEM CTaHKa,

a TaKxe

pacnonoXeHWeMm TpaHcrnopTepa CTPYXKKW, kabenbHoro kaHana v T.n. TonwuHa dyHOameHTa
paccynTbIBAeTCA MCXOOS M3 BENUYMHbI Harpy3oK, CBOWCTB TFpyHTa, a TaKkKe >XeCTKOCTU W
Knacca TOYHOCTM cTaHka. [ns onpeneneHvsi onTUMarnbHOW KOHCTPYKUMM CTaHka, cnegyet
paccMmaTpvBaTb MOBeAEHUE KOMMIIEKCHON CUCTEMbI, COCTOSILLEN W3 CTaHKa, YCTaHOBOYHbIX

arneMeHTOoB, 61oka chyHOameHTa 1 rpyHTa.
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B DMIMpUYeckme nokasaTenn ABMsTCA OCHOBOW pacyeTta
cUCcTeMbI ,,CTaHOK — OUKCaToOp — MECTO YCTaHOBKMK"

= OnpegeneHne 3Ha4YeHuIn XeCTKOCTN U AeMNMPOBaHUS B
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MopenupoBaHue dmkcaTopoB
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1 Mogenb npyxvuHa-aemndep
2 3aBMCKUMOCTb OT YacToThbl
3 3aBMCUMOCTb OT YaCTOTbl U HAarpy3ku

Puc. 4-31: MogenupoBaHue HenMHEMHOro noBeAeHUs (hUKCaTOPOB 3amMeLlaloWMMn MoaensimMm

HenocpeacTeseHHOE U3MepeHue XXeCTKOCTU U AeMnUMpOBaHUSA YCTaHOBOYHbIX 3M1EMEHTOB Ha
ncnbiTaTeNbHOM CTeHAe He MNpeAcTaBnseTcs BO3MOXHbIM M3-3a BNUAHWUS NOCMNEeAHero Ha
n3amepsieMble BENUYUHBI U BbICOKOM XEeCTKOCTU anemeHToB (Puc. 4-31). [na onpeaeneHus
AaHHbIX NapameTpoB Obin pa3paboTtaH MeTod, MNO3BOMAKWWMA ONpeaennTb 3HaAYeHus
XEeCTKOCTU U AeMnduMpoBaHUA B YCTAHOBOYHbLIX 3MeMeHTaxX C MOMOLLbI KOMMbIOTEPHOro
mMogenupoBaHus. CyTblo MeToAa SBNAETCS ypaBHMBAHWE pe3yrnbTaToB U3MEpPEHUs U pacyeTa
CTaTUYEeCKOM >KEeCTKOCTM U ANHAMUYECKOW NoAaTfIMBOCTU  PasfUYHbIX  CTPYKTYPHbIX
KOMMOHEHTOB pearibHbIX CTAHKOB, 3HAYE€HME KOTOPbIX MOXET ObiTb M3MEpPEHO OOCTOBEPHO
(6e3 npumeHeHWs1 crneumnarnbHbIX UCMblTaTeNbHbIX CTEHOOB ANS YCTAaHOBOYHbLIX 3FIEMEHTOB).
Mo pesynbTaTam pacyeTa ONpedenslTCcs  MNpuMBEOEHHble  3HAYeHUs  XKEeCTKOCTH,
aemndumpoBaHma unu mogyns KOHra ycTaHOBOYHbIX 31IEMEHTOB.

PesynbtatoM pacyeTta No AaHHOMY MeTOAy 4BRseTcs none 3HadeHUn BepTuKanbHOM U
rOPU30OHTaNbHON XECTKOCTU YCTAHOBOYHbIX 3MIEMEHTOB B 3aBMCUMOCTM OT BepTUKarbHOW
Harpy3ku (BeC cTaHka) W 4acToTbl. [ONg Kaxgoro 3HavYeHUs CTaTUYeCKOM Harpysku
onpegensdeTcsa BenuunHa gemMnupoBaHug.
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B )Kene3HO4OPOXHbIN TPAHCNOPT Bbi3biBaeT BUOpauumn B rpyHTe, KOTOPbIE NepeaatnTcs Ha 34aHnd u
BeOYT K BbIHY>XAEHHbIM AUHaMUYEeCKUM nepemMeLleHneM KOMNOHEHTOB CTaHKOB

B /13mepeHune BENMUMHBI OTHOCUTENBHbLIX KonebaHnn Mexay MHCTPYMEHTOM U 3aroTOBKOW NO3BONSET
pa3paboTaTb KOHCTPYKTUBHbIE CNOCO6LI AeMndunpoBaHma Bubpauuni:
— B (hase cTpouTenbCTBa: ONTUMMU3aLNS PACNONOXKEHUS KONOHH, TOMLWMHbI MoSia 1 NPOroHOB

— NO 3aBepLlieHnn CTpouTenbCcTBa: yCTaHOBKaA CTAHKOB B yCTOI;NI/IBbIe 30HbI Nona uexa, npumeHeHne
BCNMomMoraTesbHbIX p,emnq)epoa, BUHTOBbLIX CBaW

Puc. 4-32: BnusiHne CBOMCTB 3TaXKHbIX NePeKPbITUI Ha AMHAMUYECKYIO YCTOWUYMBOCTL CTAHKOB

MNprvMeHeHne COBpPEeMEHHbIX CpeacTB M3MEpPEeHMs] U KOMMbIOTEPHOrO MOAENMPOBAHMUS
CTaTMYeCcKoro 1 AMHaMUYECKOro NoBeaeHUss PyHAaMEeHTOB 1 Mosa Liexa No3BonsieT NPOBECTM
ONTUMM3ALMIO NapamMeTPOB MocneaHuX elle B da3e NoAroTOBKM CTPoUTEeNbCTBa. B roToBbix
obbekTax [aHHble MeToAbl MO3BONSANT BbISBUTL 30HbI, B KOTOPbIX YCTaHaBnMBaemoe

CTaHOo4YHOe obopyaoBaHue 6yaeT NOABEPXKEHO MUHMMANbHOMY BUBGpaLMOHHOMY BO3AENCTBUIO
(Pwvc. 4-32).
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MeTtopn KoHeuHbix dnemeHToB MKDJ
MHoroTtenbHoe mogenupoBaHue MTM
CnocoO6bl onTUMU3auumn

YcTaHOBKa cTaHKOB Ha pyHAAMEHT

3aknroyeHue

B PacyeT 1 KOHCTPYUpOBaHWE CTaHKOB C MOMOLLbIO MeToaa
KOHEYHbIX 3NIEMEHTOB M MHOTOTENBHOrO MOAENMPOBaHNS
No3BONSAET COKPaTUTb ANUTENBLHOCTL NpoLecca pa3paboTku
CTaHOYHbIX CUCTEM U CHU3UTbL 3aTpaTbl HA KOHCTPYKTOPCKME
paboThbl

B B CTaHKOCTPOEHUU BbllLiEHA3BaHHbIE CUCTEMbI NMPUMEHSAIOTCA
ONs UCCNeaoBaHUa CTaTUYECKON 1 AMHAMUYECKOMN KEeCTKOCTH,
a TakkKe BMUSHASA TeMnepaTypHbIX Harpy3oK ¢ MOMOLLbHO
BMPTYanbHbIX Mogenen

B MHoroTenbHoe mModenMpoBaHue No3BONSIET NPOBECTU
nccnenoBaHne TOYHOCTU NepeMeLLEHUsI CTPYKTYPHbIX
KOMIMOHEHTOB CTaHKa, a Takke BIMSAHWS CUI pe3aHns Ha
CTPYKTYpY CTaHka

B OnucaHHbIE B HACTOSLLEN NEKLUMM MEeTOAbl MOAENUPOBaHMS
MO3BONSIOT OCYLLECTBUTL ONTUMMU3ALMOHHbIE pacyeThbl No
3aaHHbIM KpUTEPUSAM

B Bup yCcTaHOBKM CTaHKOB Ha OyHOAMEHT SIBNSIETCS BaXKHbIM
dakTopoM KadecTBa paboTbl CTaHKa




