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OBIIASA XAPAKTEPUCTHUKA PABOTbBI

AKTyaJbHOCTHL  pabdotrbl. B  HacTtosimee Bpems B psage  oOrnacteid
MAIMHOCTPOEHHS, B TOM YHUCJE, U B aBHACTPOCHUE IIMPOKOE NMPUMEHEHUE HAIUIU
KOHCTPYKLWH, HMEIOIIME CIOUCTYI0 CTPYKTYpy. Takue CTpyKTypbl IO3BOJISIIOT
o0ecreyuTh dJeMEHTaM KOHCTPYKIMU TpeOyeMyr MPOYHOCTh, JKECTKOCTh H
YCTOMYHMBOCTh NTPU MUHUMAJIBHOM HX Bec€. B OHHUX CiydyasX CJIOHMCTbIE MATEpPUAJIbI
COCTOAT U3 CJOEB, OOJIAJAONIMX PABHBIMU WM TIOYTH PABHBIMH KECTKOCTHBIMU
XapakTepuCTUKaMu (HarpuMep, MOJMMEpPHBbIC KOMITO3UIIMOHHBIE Marepuaibl), a B
JOPYTUX ClydasxX — Marepuajl MOXET BKIIIOYaTh B C€0sl CYIIECTBEHHO Pa3HOPOJHBIE
no OKECTKOCTH ciion (Hampumep, <«COHABUY»-TIaHENM). B mocnegneMm ciydae
Kjaccuueckue runore3sl Kupxrodha — mpsMOIMHEHHOCTH, HeAeHOPMUPYEMOCTh U
OPTOTOHAJIBHOCTh ~HOPMAJIbHBIX K CPEIMHHOW IIOBEPXHOCTH BOJIOKOH IIPH
nehopMUPOBAHUH, MO3BOJIAIOIINE CBOAUTH TPEXMEPHYIO 3a7ady TEOPHH YHPYTrOCTH
WIM TUJIACTUYHOCTH, — HE JAl0T BO3MOYKHOCTH Y4YECTh IOINEPEYHBbIE CIABUTU U
HOpMajbHblE K CpPEIMHHOMW TMOBEpPXHOCTU Jedopmaiuu, KoTopble OyayT
CYLIECTBEHHBbI TMpU JAePOPMUPOBAHUU CIOUCTHIX CTPYKTYp, COCTOSIIMX U3
MaTepHUajIoB C PE3KO Pa3INYHbIMU MEXaHUYECKUMH CBOMCTBAMH.

Hacrosiass pabGota sBIsS€TCS MONBITKOM CO3J@HUS YUCIEHHBIX METOAUK M
aJITOPUTMOB M KOMIUJIEKCA MPUKIAIHBIX MPOrpaMM il pacué€ra U MPOEKTUPOBAHUS
CJIOUCTBIX KOHCTPYKIUH, YUYUTHIBAIOUINX CHEIU(PUIECKHE OCOOCHHOCTH MaTepPHAJIOB.

Heabr paborsl. llenpio HacTOsAIIEro HCCIEIOBaHMS SIBISETCA pa3paboTKa
MaTEMaTUYECKUX MOJAENIEH, aIrOpUTMOB W MNPOrPAMMHOIO  KOMILIEKCA  JJIA
IIPOCKTUPOBOYHBIX  PACY€TOB  IMPOCTPAHCTBEHHBIX TOHKOCTEHHBIX  CJIOMCTBIX
KOHCTPYKILIM, CIIOM KOTOPBIX OOJafaroT CYIIECTBEHHO pPAa3HOPOAHBIMU (PUUKO-
MEXaHUYECKUMHU XapaKTepUCTUKAMHU. pacuy€ra HanpsKEHHO-Ae()OPMUPOBAHHOTO
COCTOSIHUSI MPU JIEUCTBUM CTAaTUYECKOM M JTUHAMUYECKON HArpy3ku, pacy€r ¢opM u
4acTOT COOCTBEHHBIX KosieOaHui, pemeHue 3aaad  yctohuuBoctu. Co3znaHue
M0JIb30BATEIBCKOTO MPOTPAMMHOIO KOMILJIEKCA, B KOTOPOM OyAyT peaarn30BaHbI
MPEMJIOKEHHBIE MATEMATUYECKUE MOJIEIU U aJITOPUTMBI.

JlocTmKeHue MOCTABICHHOMN 1eNH TpeOyeT pelleHus CAeAYIOMUX 3a/1aY:

1. Pa3zpaborka anroput™Ma (QoOpMHUpPOBaHMS AUCKPETHOM pacd€THOM MOJEIn
CJIOKHOHM COCTaBHOM TOHKOCTEHHOM CIOMCTONW KOHCTPYKIIMH, KOTOPBIA MO3BOJIUI OBl
IIPOBOJUTH PACUETHI IPOEKTHBIX IMAPAMETPOB KaK BCEW KOHCTPYKLHM B LIEJIOM, TAK U
€€ OTIEIBHBIX 3JIEMEHTOB B COCTAaBE BCEH KOHCTPYKLIHH.

2. Pa3paboTka MareMaTHYeCKOM MOJENW M aJropuTMa MNPOEKTUPOBOYHOTO
pacy€Ta TOHKOCTEHHBIX CIIOMCTBIX KOHCTPYKLIMM C CYLIECTBEHHO PAa3HOPOAHBIMU
CIOSIMA TIOJ AEHMCTBUEM CTATHYECKOW M JUHAMHUYECKOM HArpy3Kw, M pacué€ra Ha
MOTEP0 YCTOMYHUBOCTH.

3. Pa3paborka MareMaTH4eCcKOW MOJETU M aJfOpUTMa MOUCKA COOCTBEHHBIX
dbopM U YACTOT KoOJICOAHMH TOHKOCTEHHBIX CIOUCTBIX CTPYKTYp, COCTOSIIUX U3
MaTepHUaIoB C PE3KO PA3IUYHBIMU KECTKOCTHBIMHA XapaKTEPUCTUKAMH.

4. OnTuMHU3UPOBATH YUCIEHHBIE AJITOPUTMBI PEHICHHS 3a1a4 MPOCKTUPOBAHUS
00JBIION pa3MEPHOCTH, pa3padoTaTh AUCKPETHBIE PACUETHBIE MOJEIH U aJTOPUTMbI
0104HOrO (HOPMUPOBAHUSA MATPHUIIBI KECTKOCTU U PELICHUS] MAaTPUYHBIX ypaBHEHUH
CTATHKH U TUHAMHUKH TOHKOCTEHHBIX CIIOUCTBIX CTPYKTYP.



2

5. Co3nanue Ha OCHOBE pa3pabOTaHHBIX MOJENEH W AJIrOPUTMOB KOMILIEKCA
NPUKJIAJAHBIX MPOTpamMM ISl MPOEKTUPOBOYHBIX PACUETOB TOHKOCTEHHBIX CIOMCTHIX
KOHCTPYKLHUWA, B TOM YHCJIE C CYIIECTBEHHO Pa3HOPOAHBIMU  CIIOSIMH,
aBTOMAaTU3UPOBAaTh TMOATOTOBKY MCXOAHBIX JAaHHBIX M OPTraHM3aAlMI0 TMPOLECCOB
ONTHUMH3ALUUA TPOEKTHBIX MapamMeTpoB. AMNpoOalus CO31aHHOTO MPOrPaMMHOTO
KOMILJIEKCA.

Hay4nasi HOBH3HA COCTOUT B TOM, YTO:

1. pa3paboTaHbl 53BPUCTHUYECKHE AQITOPUTMBI pEIICHHUS 3aJad MPOYHOCTHU
TOHKOCTEHHBIX CJIOUCTBIX CTPYKTYp C CYIIECTBEHHO Pa3HOPOAHBIMH CJIOSIMH, B TOM
YHClie TOTEPU YCTONYUBOCTH,;

2. paspaboTtaH anroput™m pacdéra (GopM U UYACTOT COOCTBEHHBIX KOJICOAHHIA
CJIOUCTBIX KOHCTPYKIIMH CO CIOSIMU, BBITTOTHEHHBIMU M3 MaT€pPUAJIOB C CYIIECTBEHHO
pa3IMYHBIMU KECTKOCTHBIMH XapaKTePUCTUKAMH.

JlocTOBEPHOCTh OCHOBHBIX HAyYHBIX IIOJIOKEHUH OOECIEYUBAETCS CTPOTUM
MaTeMaTU4YeCKUM OOOCHOBAHHEM MaTeMaTHUYECKUX MOJXO/0B, PE3yJbTaThl pacyéToB
MPOAHAIM3UPOBAHBI C TOYKH 3pEHUS UX (PU3UYECKOM ITOCTOBEPHOCTH, CPABHEHBI B
HEKOTOPBIX CIIy4asiX C PEIICHUsIMU Ha OCHOBE JIPYTUX METO/IOB.

IIpakTH4yeckasi 3HAYUMOCTDb JTUCCEPTAIIUU COCTOUT B pa3pabOTKE U peau3aluu
Ha [IBOM

- QJITOPUTMOB, TIO3BOJSIONIMX MPOBOAUTH MPOYHOCTHBIE M  IKECTKOCTHBIC
pacyéThl  TOHKOCTEHHBIX  MHOTOCJIONHBIX  KOHCTPYKIMM C  CYHIECTBEHHO
Pa3HOPOIHBIMHU CJIOSIMU,;

- QJITOPUTMOB omnpezaeneHus: GopM M YaCTOT COOCTBEHHBIX KOJIeOaHMIA.

[IpoBegeHo BHeapeHHE  pa3paOOTaHHOTO  MPOTPAMMHOTO  KOMIUIEKCa B
KOHCTPYKTOPCKOM O10pO.

Anpobauuss padorbl. OCHOBHBIE TIOJOKEHUSI M PE3YIbTarbl  pabOThI
JTOKJAJbIBAIUCh M oOCykaanuch Ha Bcepoccuiickoii HaydyHOW KOH(epeHIuu
«MH(popMalIMOHHBIC TEXHOJIOTUU B Hayke, oOpa3oBaHMM M mpousBojacTee» (Kaszausb,
KI'TY wum. A.H. Tynonesa, 2007), Ha MexXayHapoAHOH HAyYHO-IPAKTHYCCKOM
KoHpepeHn «COBpEMEHHbIE TEXHOJOTMHM M MaTepualibl — KIIOYEBOE 3BEHO B
BO3POXKIEHUU OoTedecTBeHHOro aBuactpoenus» (Kazaup, KI'TY um. A.H. Tynonesa,
2010),na VI MexnayHapomHoil HaydHO-TeXHUYECKoW KoH(pepeHuuu «IIpodieMbl u
NePCIEKTHBBI PAa3BUTHUSI aBHAIlMU, HA3€MHOTO TpaHcmopra u sHepretukn» (KazaHs,
KI'TY um. A.H. Tynonesa, 2011).

O0bém padoTbl. PaboTa cocToUT M3 BBENECHHMS, TPEX IVIaB, 3aKIFOYEHUS U CITUCKA
UCTIOJIb30BaHHON JuTeparypbl u3 128 naumenoBanuii. Marepuan uznoxeHn Ha 118
CTpaHHULIaX MAITUHOIKCHOTO TEKCTA.

OCHOBHOE COAEPKXAHUE IUCCEPTALIUN
Bo BBegeHHMM TpEICTaBICH aHAJIU3 COBPEMEHHOTO COCTOSHUSI HCCIEeNyeMOM
npoOsieMbl, 0O0CHOBAHHBI AKTYaJbHOCTh M NPAKTHUYECKAas IEHHOCTh TUCCEpTAIlUH,
chopMyIHpOBaHBI 1IeJIb U 3a7a4u pabOThl, €€ HaydHasi HOBU3HA U OCHOBHbBIC HAyYHbBIC
MOJIO’KEHHSI, BHIHOCUMBIE Ha 3amuTy. J[aétrcst kparkuit 0030p JIUTepaTyphl.
IlepBas rnaBa mocesieHa NpopabOTKe TEOPETUUECKUX BOMPOCOB. OMHUChIBaeTCS
JUCKpETHAasT MareMaTudeckasi MOJIeJIb COCTABHOM TOHKOCTEHHON KOHCTPYKIHUHM Ha
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OCHOBE BapHALIMOHHOI'O YPAaBHEHHS PABHOBECHSI:

Ry
Zk:6Wk+6ZX(u(1) ZaAk+ij5R —9dV,=0, (1)
Rk

e - CyMMa BUPTYaJIbHBIX paOOT BHEIIHUX U

WHEPLUUOHHBIX CHJI JJIS OTACIIBHBIX YacTel COCTAaBHOM KOHCTPYKIUMH ¢ HHAEKCOM K; X
— 0000IIEHHBIC pPEaKIMM B3aWMOJCHCTBHS IMapbl 3BEHBEB; N — YHUCIO TOYEK
conpspkeHus; Ugy, Up — MEepeMEenIeHUs CMEXKHBIX TOYEK COINPSAraeMbIX 4YacTew;

Z oW, — cyMMa BHUpTyaJbHBIX pabOT BHYTPCHHUX YNPYTMX CHJ BCEX 4YacTei
k

COCTaBHOW KOHCTPYKITUH.

PaccmarpuBaercst hopmMupoBaHre MaTpUIl KECTKOCTH ISl OTACIBHBIX YacTeH, a
TaKXKe OOIIeH MaTPUIlbl KECTKOCTH BBCEH KOHCTPYKIIUK. MaTpHUIIbI KIMEIOT OJIOUHYIO
CTPYKTYPY, YTO SIBJSICTCSI YIOOHBIM TIPH PEIICHHH TUHAMHYECKUX 3aaa4 OOoJbIION
pasMepHOCTH. MaTpuibl JKECTKOCTH 3BEHBEB CYMMHPYIOTCS C  MaTpHUIAMH
WHEPIMOHHBIX KOA((UIMEHTOB ¥ CHCTEMa YpPaBHCHHWU pEIIaeTCs METOJ0M
ucKiIroueHus [aycca 6e3 mepecTaHOBKU CTPOK M CTOJIOIOB M HAPYIICHUS CTPYKTYPBI
o01el MaTpuIIbl )KECTKOCTH.

JUIs  TIOCTPOCHHS  aJTOPUTMA PEIICHUS CTAaTHYECKUX 3a7ad  OOJBIIOWH
pPa3sMEpPHOCTH HMCIONB3YEeTCS BapUAIIMOHHOE YPaBHCHHE PABHOBECHS B CICIYIOIIEM
BUJIC:

d°R,,
25Wk+5%2|<(u<1) ZaAk+pr5R —W4v,=0. (2
k n

MarpuuHoe ypaBHEHHE PaBHOBECHS, HOCTpOCHHOC Ha OCHOBe ypaBHeHUs (2)
UMeeT OJIOUHYIO CTPYKTYPY, peIaeTcsl METOJIOM UCKIIoUYeHHs ['aycca 6e3 HapyleHus
oOrieli OJIOYHOM CTPYKTYpbl MATpHIlbl KECTKOCTH M HE COICPKUT HEHM3BECTHBIX
peakiuii X, coxpaHss Py 3TOM MpeumymecTsa ypasaeHus (1).

1
‘ ‘ ‘ ‘ Cnaraemoe 55 D K( Uy~ u(z))2 onpesenseT
n

brnounas marpuma  KECTKOCTH  KOHCTPYKIIMU
COCTOMT W3 JMArOHaJbHBIX MAaTPULl KECTKOCTU
‘H HHcynepaneMeHTOB M HEHYJIEBBIX BHEAMATOHAIBHBIX
OJI0KOB, OIpPENENSAIONINX CBSI3b CYNEpPIIEMEHTOB
MEXly co0oM, pucyHOK 1. DTO mMo3BONISET CO31aTh
3(pPEKTUBHBIN aIrOPUTM pEIIeHUs 3a7a4d OOIbIION
pPa3MEPHOCTH MPHU PacYETE MPOCKTHHIX MMapaMeTPOB
OTJEJIbHBIX JIEMEHTOB COCTaBHBIX KOHCTPYKIIUM.
W3znaraercst cnoco® omnpeneneHuss reoMeTpuu
Puc. 1.Bnounas marpuua sxéctkoctn KOOPIMHATHBIX — NOBEPXHOCTEH,  IIOCTPOEHHE
UHTETPUPYIOMIUX U UG PEepEeHIUPYIONUX MATPHII.
OmnuceiBaeTcss anroput™M (HOpPMUPOBAHMS MATPUYHBIX YpaBHEHHH paBHOBECHS
COCTAaBHBIX TOHKOCTEHHBIX KOHCTPYKIMI TNpPH  KOHEYHBIX  IEPEMEIICHHUSX.

l ‘ ‘ I [ I I KHHEMAaTUYECKUE CBI3M 4YacTeu KOHCTPYKIHH.
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OnuceIBatOTCS aarOpUTMbl (POPMHUPOBAHUS YIIPYTUX MOJEIICH IEMEHTOB COCTABHON
KOHCTPYKIIHH.

JHla€tcst kparkoe ONHMCAaHWE METOAWK pacdéra HEOAHOPOAHBIX IO TOJIIUHE
TOHKOCTEHHBIX KOHCTPYKIIMA B TIporpaMMax MeToJla KOHEYHBIX OJJIEMEHTOB. B
KaueCcTBE OCHOBHBIX MOXKHO YKa3aTh JBa OCHOBHBIX IIOAXO/AA. TaK Ha3bIBaeMbIC
HETPEPBIBHO-CTPYKTYPHBIN U TUCKPETHO-CTPYKTYPHBIHA.

CoracHO HETMPEPHIBHO-CTPYKTYPHON THIIOTE3€¢ W3MEHEHHE IMEepeMEeleHU TIo
TOJIIIIMHE CIIOMCTOTO TakeTa 3a7aéTcs B BUAC HempepbiBHOW GyHKIMU. Hambonee
yIOTpEOUTENbHAS TUTIOTE3a ToJIaraeT JUHEHHOE N3MEHECHUE YIPYTHX MEPEeMEIICHHIMA

U(a,p2 IO TOJIIMHE MHOTOCIIOMHOTO ITAKETA Z:
3

Ulap.= 2, [ui(a,ﬁ)2=0(1_2/H(a,ﬁ))+ui(0<,ﬁ)2=H Z/Hm,m]ei , (1=1,3) 3)

i=
i i .
e U, g0 B Uy, g,=y — KOMIIOHCHTBI OCEBBIX MEPEMEIICHUN HA JIHIEBBIX

MOBEPXHOCTSAX MAKeTa, € — CIWHHYHBIE BEKTOpa JEKapTOBOW CHUCTEMbI KOOPIWHAT,
H.p) — TOJNIIMHBI IAKETA; 0, B — MapaMeTpHUUeCKUe KOOPAUHATHI PACUETHOM CETKH
naHenu, Z — koopauHara mo toimuHe (Mensercs or O go H). Cxema (3) umeer
IIECTh Y3JIOBBIX KOMITIOHEHT (CTereHel cBOOOIbI).

JIMCKpETHO-CTPYKTYpHAsl THIOTe3a MPeanosiaraet, 4to (hPakTHUeCKOe U3MEHEHUE
MEPEMEIIEHUN ANMPOKCUMHUPYETCS JIOMAHHOM JIMHUEH, JIMHEWHO MEHSIOLICHCS 10
TOJIIIIMHE KaXI0ro 1o (PUCYHOK 2):

3

_ | _ i _
u(a,ﬁ,z)_; {u(a,ﬁ)zzo(l Z/h(a,ﬁ)k)+u(a,ﬁ)z=h Z/h(a,ﬁ)k]ei , (k=1n) (4)
1=
tHe Uy g0 M Ui g,-n — KOMIIOHEHTBI OCEBBIX IEPEMCIICHUII HA JIHLEBBIX

noBepXHOCTAX K-Toro ciost; N, px — TommmHa K-Toro ciiost; N — 4Yuciio cloéB makera.
B cxeme (4) npeanomnaraercs 3x (N + 1) y3I10BBIX KOMIIOHEHT.

Jnsa  gopMmupoBaHHMs MaKCHUMalbHO TOYHOM MOJENU CJIOUCTOTO MaTepuaia
HEOOXOAMMO UCIIONIb30BAaTh COOTHOLICHUSI TPEXMEPHOW TEOPUHM YIPYrOCTU JIJIs
KaXIOro CJIos JIaMUHAaTa. Vcronp3oBaHHE AMCKPETHO-CTPYKTYPHOTO IOAXOAA IS
(GopMupoBaHus Pacu€THOW MOIENU CIOKHOW MPOCTPAHCTBEHHON KOHCTPYKIMH C
HaJIMYUEM MHOTOCIIOWHBIX JJIEMEHTOB NPUBENET K 3HAUYUTEIHHOMY YBEIUYCHHIO
YHCIIa HEM3BECTHBIX. B TIPOEKTUPOBOUHBIX pacu€Tax TaKoW MOIXO MOXKET OKa3aThCsl
3aTpaTHBIM B CMBbICIE TpPeOyeMbIX BBIYMCIUTEIBHBIX pecypcoB. B To ke Bpems
NpUMEHeHHe  €AMHOM  Jis  BCero  IIaKera
KAHEMATUYEeCKOW THUIMOTE3bl MOXET TMPHUBECTH K
CYIIECTBEHHOMY 3aBBINICHHUIO KECTKOCTH |

\

—

o
MHOT'OCJIOMHBIX JJIEMEHTOB, €CJIM B UX COCTaBE €CTh e \
CJIOH, JKECTKOCTh KOTOPBIX Maja B CpPaBHEHUU C :
OCTAJIbHBIMM  cJIOsIMU. [IpenMyIecTBo JIMHEWMHOTrO
3aKOHAa W3MCEHEHMS NEPEMEIIECHUM 110 TOJIIUHE e
3aKJIF0YAETCS. B TOM, YTO CYIIECTBEHHOE OTINYHUE OT e
JMHENHOIO 3aKOHAa W3MEHEHMS IEPEMEIIECHUN 110 ( - o ’% s

-

TOJIIIIMHE T1aKeTa HAOJIOMACTCS IPH COOTHOIIICHHE \ .|
xecTkocTel cnoés nopsaaka 1 : 16 u Gonee. Puc. 2
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Bropas m1aBa mocssieHa pa3padoTke anroputMa (HOpMHUPOBAHUS PACUETHOTO
0J10Ka TPEXCIOWHBIX M MHOTOCJIONHBIX MaHeseH.

B npoexktupoBouHbIX pacu€Tax HeoOXoguMa Mojenb  JIeopMUpOBaHUS
MHOTOCJIOWHBIX ~ [aHeNled, KoTopas Obl  aJEKBAaTHO  OTpakajla  MEXaHUKY
nedhopMUPOBaHUS MHOTOCIOMHBIX MaHENe ¢ CYIIEeCTBEHHO Pa3HOPOIHBIMU CIOSIMHU,
HO HE MpuBOIMia Obl MPU 3TOM K 3HAYUTEIHLHOMY YBEJIWYEHHUIO Pa3MEPHOCTU
pelaeMbIX YpaBHEHUM.

[Ipenmaraemplii  aJrOpuT™M OCHOBaH Ha (OPMUPOBAHUM KHHEMATHUYECKUX
3aBUCHMOCTEM, OTPAKAIOIIMX H3MEHEHHE YIPYTHX IEPEMEIICHUNA 110 TOJIIHHE
IIAKeTa, HO HE NPUBOAAIIMX IIPYU 3TOM K 3HAYUTEILHOMY YBEJIMYECHHUIO PA3MEPHOCTH
pemaeMor 3a1adM, 4YTO BaXKHO IIPU NPOEKTUPOBOYHBIX pPacd€Tax MHOTOCIOWHBIX
TOHKMX KOHCTpYKUMW. McXOnHOM sBIs€TCS MOAENb, B COOTBETCTBHM C KOTOPOH
U3MEHEHNE BCEX KOMIIOHEHT IIEPEMEIICHUNA MEXKIy JIMLIEBBIMUA ITOBEPXHOCTAMU
MAKETa UMEET JINHEUHBIN XapaKTep.

3anuuieM nepeMereHust Ugpz) 9€pe3 CIEAYIOIINE BEIPAKEHUE!

_ i | i i i 1A
u(a,B,Z)_Zl[u(a,ﬁ)2=0+(u((x.ﬁ)2=H U 12-0) 2/ H iy T8l Tl €, (= 1,3), (5)
1=
tie Uy g0 Uiz — KOMIIOHEHTBI OCEBBIX IEPEMCLUCHMH HA BHEIUHUX

JIMLEBBIX  IOBEPXHOCTAX IAHENH, O '(op — HEKOTOPBIE JONOJHHUTENLHBIE
Hewn3BecTHbIC; f') — HEKOTOphIE (YHKIMU MO KOOpPAWHATE Z MO TOJIIMHE MaKeTa,
XapakTep KOTOPOU 3aBUCUT OT COOTHOLIECHUS KECTKOCTEU U TOJIIHH CJIOEB.

Cxema (5) UMeET NEBATH Y3JIOBBIX KOMIIOHEHT. TpH KOMIOHEHTHI & 'w.p) OyOyT

N00aBlEeHbBl K IIECTH KOMIIOHEHTaM u'(“‘ﬁ)zzo, ul(a,ﬁ)Z:H cxembl (5) m oOmiee

KOJIMYECTBO Y3JIOBBIX IEPEMEHHBIX CTAHOBUTCS PABHBIM JIEBSTH.
Jlng  Ttoro, dYTOOBI TPOBEACHHE pPACUETOB HAMPSLKEHHO-IE()OPMUPOBAHHOTO
COCTOSHHS CTAlI0 BO3MOXHBIM, TpeOyeTcs 3HaTh GyHKuuH f ;.
[lonoxxum mpom3BoaHble f'y TOCTOAHHBI I KakI0ro CJOS M IIOJYYUM
CJICAYIOIINE POCTHIE BHIPAKECHHUS:

k—1 n
f(kaz_:lf(/j)hj: kZ_:lffmhk:O’ (f,29=0, f(,_4)=0). (6)

3nech hy — Tommumua K-oro ¢itost, N — 4uCio CI0€B MmakeTa.
i i
B ciyuae ecnm HaM M3BECTHBI BCE Y3JIOBBIE KOMIOHEHTBI Ug(y 51,20 Uiy, p)z=H 1

8 0@ p), TO CTAHOBUTCA BO3MOKHBIM COOpaTh YpaBHEHHs PAaBHOBECHS B MaTPHYHOMN
dopme, UCTIONB3YsI CIAEAYIONIEE AHATTUTHUYECKOE BBIPAXKEHNE NTEPEMEIIICHUI
3

_ i i i
U<a,ﬁ,z>—z [”o<a,ﬁ,z)+50<a,ﬁ> flle- (7)

Pazmep paspemaromux MaTpuil COCTaBisieT 3N X 3N I KaXKJI0T0 y3ja pacu€THOM
ceTku nmakera. CpaBHEHHME OJIEMEHTOB  JIOKAJbHBIX  MaTpull  KECTKOCTH,

i/
C(bOpMPIpOBaHHBIX OTHOCUTECJIBHO HCU3BCCTHBLIX f(k) JIA  TOHKHUX CJIIOUCTBIX

KOHCTpYKHI’IfI IMOKAa3bIBACT, YTO COCTAB/IAAIOIIME OT JSHCPIUHU IIOINCPEHYHOIO CABHUIA
ABJIAIOTCA IIPEBOCXOJAINIMMHA Ha 2 — 3r10p;1m<a COCTAaBJIAIOIINEC OT OHCPIruu n3ruoa.
KpOMC TOTO, COOTHOIIICHHUEC (6) IMTOKA3bIBACT, YTO 3aJa4a 3aK/III04acTCA B OIIPCACICHUU

/ o
XapakTepa NU3MCHCHUSA f(k) I10 CJIOAM IIaKE€Ta, HO HE UX a0COJIFOTHBIX 3HAYCHHUH.
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Ha ocHoBaHmm 3TMX 3aMe€YaHM NPOBEAEM pPELICHUE JIOKAIBHOW 3aJa4d 110
i/ .
ONpEeJieNIeHHIo 1o ciepytouieMy anroputmy f, B Mmarpuunoit ¢opme. J{nsa
o i/ .
OOIIHOCTH COXPAaHMM BCE TPHM KOMIOHeHTa uckomod ¢ymxmmm f,, (i =1,2,3).
i/ i1 il i

O6osmaumm  X=Tf ., U=(f;,f5,..,f}) u sanmmem ypasuenue (6) B
CIeAyIOIIeH MaTpUIHOU hopme:

X+GU=0, (8)
rie G — npsmoyroibHas Matpuiia 3x(N - 1). Bocmons3yeMcst yciioBueM MUHHMYyMa
DHEPTUU MONEPEUHON AePOopMaIluu CBUTa U 00XaTHusl, COMIACHO KOTOpoit Bektop U
JIOJDKEH 00€CIeunTh MUHUMYM BEJIMYHHBI

n
3a3 3333 H —_
L:Z 015[4C0( : (eu3+e00(3)<e0(3+e00(3)+c (%3+eog3)(e33+e033)]hj—>m|n, (O(—1,2) (9)
i=1
rme C®%, C¥% — KOMIIOHEHTBI TEH30pa JKECTKOCTHBIX XapPaKTEPUCTUK CIBUra U
oOKaTHs CJOS; €3, €33 MPEICTABIIAIOT HEKOTOPBIC MPEABAPUTEIbHBIC 3HAYCHHUS
nepopMaluii ONMEepPEeYHOro CIBUTA M OOXKaTHs, MOCTOSIHHBIC B PACUETHOW TOYKE
KOOPJMHATHOM MOBEPXHOCTH MaKeTa; MOIepevHbie nedopMaliui €3, €33 MOT'YT OBITH
3aMMCaHbl B CIEAYIOMEM BUae 2€,;=(0u/du)n+(0ul/dz)r,, ex=(0ul/dz)n (r,u
N — Oa3uCHBIC BEKTOPHI W BEKTOP HOPMAJH KOOPJIMHATHOW MOBEPXHOCTH TIAKETA).
KoMmioHeHTHI jaedopMmanmii €3 B KOOpPIWHATaX CJOS CBSA3aHBI C KOMIIOHCHTaMU
nedopMaIuii € 3 B KOOpAMHATAX ITAKeTa
—kn3 Sl —
e,=d; ds¢,5, (1k=1,3) (10)
k
rie d; — 3JeMEHTBI MATPHIIBI CBSI3H CHCTEM KOODPMHAT.
[Tpencrasum ycnosue (9) ¢ ya€Tom cootHoreHni (8) B MaTpuaHOit popme:

L:%(X)TQ(X )+%(u ' R(U)+(X ,U)T(C,,C, )—min.  (11)
Bexrop U, MunumMu3upytonmii BeIMuuHy L onpenensieTcs: BbIpakeHueM
U=—(R+G'QG)'C, (12)

rme C=C, .—G'C,, marpuna R+G' QG mmeer pasmeprocts 3(n-1) x 3Q-1). s
YMEHBILIEHUS BRIYMCIUTEIBHBIX ONepannii HaiiiéM BekTop U, ucnomin3ys cxemy
U=|A(E+GA) 'G-E|R'C, (13)
rne E — enunnunas marpuna, A=R 'G'Q. Cxema (13) TpebyeT HAMHOTO MEHbIIIE
BBIYMCIIEHUAHN 110 cpaBHEHUIO co cxemoi (12), ecnu Tonpko obparnas marpuna R*
BbIUKCIsIETCS JIeTKO. PasmepHocTh Matpuil E, GA ompenensiercss Y4uciioM ypaBHEHUN
(6), B Hamrem ciyyae 3x3.
[Tocne Beruncaennii U moxHo onpeaenuts X = -G U.

[Tonyuennsie BexkTopnl X, U (nim Toxe camoe f(ill() , (K= 1n)) onpenensiroT TeMIl

U3MEHEHUsT KOMIIOHEHT IEPEMELIEHUM B KaXIoM cioe mnakera. Ilocime 31oro Mel
MOXeM Cc(hOpPMUPOBaTh W PEIIUTh MaTpUYHbIE YpaBHEHMs, OCHOBaHHbIE Ha
KHHEMaTudeckoi cxeme (5), NCrob3ysl aarOPUTMBI U TPOTPAMMBbI METO/Ia KOHEYHBIX
DIIEMEHTOB.

[IpoBenEHHbIE PacUETHI MOKA3BIBAIOT, UTO XAPAKTEP UBMEHEHUS 3HAYCHUI f('(() o
CJIOSIM 3aBUCHUT OT COOTHOUIEHUS TOJIINH, KECTKOCTU CIOEB B MAKETE, HO HE 3aBUCAT
OT BEJIMYUH €3, €33 DTO O3HAYAET, YTO IPOU3BOIHBIC f('{() MOTYT OBITh BBIYHMCIICHBI
JI0 perieHus ooIIen 3a1auu pacuéra MHOTOCIONHON TOHKOM KOHCTpYKIUU. B ciydae
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IUIOCKOTO CJIOUCTOTO IIAKETa MOXKHO BOOOIE OOOWTHCH 0€3 JOMOJHUTEIbHBIX
. i/
UTepalMi Mo yTOYHEHHIO | ('k). [Ipn OAMHAKOBBIX OTHOCUTEIBHBIX 3HAYCHUSIX

TOJILLMH, JKECTKOCTEH CJIIOEB M T€OMETPUYECKUX ITapaMeTpax B PACYETHBIX TOYKAX
JNOCTAaTOYHO PELINTH JIOKAJBHYIO 3a7ady B OJAHOW PAacYETHOM TOUYKE, a MOJYYEHHBIE
3HAUEHHUs HCIOJB30BaTh JJI BCEX OCTAJIBHBIX MPU (POPMHUPOBAHUH PA3PEIIAIOIIIX
MaTpHuLL.

[lokaxeMm, Kak MEHSETCS XapakKTep BEIUYUH f(/k), f« B 3aBucumocTn oT

n
cootHomeHus skectkocreit. [Ipumem Ey=1; he = const, Z he=H |. Iomyuum
k=1

f(/k)ZO. [Mpumem ans n=3: E;3=1; E; = 0,5. [lonyuum f(/l,z,S):l;_Z;l- Ecnu
nonoxkuth Eij3=1, E; =10° To moiayuyuMm Te K€ 3HauEHHs f(/1,2,3)- Jng n=5:
Ei35=1; E;4= 0,5, nonyuum f(/1,2’3,4,5)=l;—1,5;1;—1,5;1. s N =9 ¢ TakuM xe
yepenoBaHueM ko3dduuuenros E, Oynem nmers f(/ 123456789 =1:—1,25;1:-1,25;
1;—-1,25:1;—1,25;1. l3meHeHUe COOTHOIIEHUSI TOJIIUH CIOEB TAK)KE BIMSIET Ha
XapakTep paclpeneieHus] BeTUYUH f(/k). OyHKIUU f(/k) u fy wmoryr Gwits

pacCUMTaHBI JIJIS MMaKeTa C JIFOOBIM COOTHOIIICHHUEM YKECTKOCTEH W TONIIUHBI CIOEB.
Ha pucyHke 3 okazaH xapaktep m3MeHenus: Gyakmmuu | a8 makera u3 18 crnoés
(k)

C YepenyoImmuMucs 3HaueHussMu kodddunmenra xxéctrkoctu E¢ = 1;0,5;1;0,5; ... ;1.
im Zm
0.0225 nozzs| -
—_— -———m________‘>
{ -_-"_'_'_.___,_F
0.0175 [ ————L 00175 =]
0.0125 — 0.0125 -i:’fﬁgf
_\_\__—__‘——\.:
H-..’-._._._‘_'_,—l—"
T e
00075 —_ ] 0.0o0¥s -]
-—_—_————_} "-'—-.-..__H_-_-
‘-\-\...\_-_“_--H
_\_\_\_\_\_\_\_\_ :}_
— ]
0.0025 — | 0.0025 «i':ﬁ
— e N
2.0 0.0 zo  fiZ) -1.5 ;05 0.5 15 U
Puc. 3 Puc. 4

JIJiss  OLIEHKHM aJIeKBAaTHOCTH MPEIOKEHHON KHHEMaTHYeCcKor Turore3nl (5)
IPOBOAMIIOCH €€ CpaBHEHHWE C JHUCKPETHO-CTPYKTYPHOM CXEMOH, a Takke C
peuienueM, noaydeHHbIM B MKDO-kommekce ANSY S.

[TokaxkeM Kak COOTHOCSITCS PEUICHUs, MOJTYyYEHHBIC 1T0 Pa3HBIM KHHEMAaTHYCCKUM
CcXeMaM Ha IpuMepe pacdéra IMaHeln U3 JIEBIATH CIOEB, HArPYKECHHOW paBHOMEPHOU
MOTICPEYHON HArpy3KOW, s NBYX ciydaeB Eisszo= 1; Esaes= 0,51 Eizs70= 1,
Ez468= 10°. B nepBoM ciyuae 3Ha4€HHsI BEKTOpA YIPYIHX MEPEMELIEHUN I BCEX
CXEM OTIIMYAIOTCS B YETBEPTOM 3HAKE IMOCIE 3amsTOW, HAMpUMEp MEPEeMEIICHUE TI0
HOpManu B LeHTpe mmactuHbel pasHo  0,53617x 10°m; 0,53666x 102 m;



8

0,53697x 10°m s cxembl (3) C INECTBIO CTENEHSMU CBOOOALI B y3IIE,
npeuiaracMoii cxembl (5) U IHCKPETHO-CTPYKTYpHOHM cXeMbl (4) COOTBETCTBEHHO.
TaHreHnuanbHbIe IEPEMEIICHUS B TIEPBOM Cllydae TAKXKe OTIIMYAIOTCS B YETBEPTOM
3HaKe MOCae 3amsaToi. J[is OMHOrO W3 y3JI0B CETKH OJHAa M3 TaHTCHIIMATbHBIX
KOMIIOHEHT TEpeMEINeHU I YKa3aHHbIX CXeM paBHa COOTBETCTBCHHO

W +0,54183< 10 M Uy, =+0,54173K10 *m; Uy, n=

uz:O, z=H =
=+0,5415¢x 10"*m .

['mnore3a IMHEMHOTO U3MEHEHUSI KOMIIOHEHT MEPEMENIEHUN MO TOJIIIMHE MaKeTa
paboTaeT J0 ONpe/IeIEHHOIO0 COOTHOIIEHUS KECTKOCTHBIX XapaKTEPUCTUK, TOITOMY
BO BTOPOM Clly4ae, KOIJa MKECTKOCTM HEKOTOPBIX IPOMEKYTOUHBIX CIIOEB
MPEHEOPEKUMO MaJibl, THIOTE3a JIMHEWHOTO W3MEHEHHS TEpeMEIIeHU He maéT
pEILIEHUS.

Ha pucynke 4 npuBeAeHO HW3MEHEHHE  TAHTCHIMAIBHOM  KOMIIOHEHTHI
IepeMEIICHUI 110 TOJIIMHE MaKeTa Z Juis npeiaraeMoi cxemsl (5) U TUCKpETHO-
CTPYKTYPHOU CcXeMbl (IyHKTHpHas JUHUA). MOXHO BHUICTh, YTO KHHEMaTHYeCKas
cxema aedopmupoBanus (5) B OTIMYMKM OT TMIIOTE3bI HPSIMOKN JHMHUHA pabOTaeT IpH
JIFOOOM COOTHOIIIEHUH KECTKOCTEHN CIIOEB B IAKETE.

Ha pucynke 5 npuBe/ieHbl OTHOCHUTENIbHBIE 3HAUEHHUS] HOPMAJbHBIX HAINPSKEHUM
10 TOJIIMHE TaKeTa M3 JACBATHAALIATH CJIOEB C COOTHOILICHHEM KECTKOCTEH
— TYHKTHpHAs JUHUSA, s cxeMbl (5) ¢ JIEeBIATHIO CTENEHSIMHU CBOOOABI — JIMHUS,
OTMEUYEHHAS! YEPHBIMU KPYXKOUKAMH; ISl TUCKPETHO-CTPYKTYPHOM CXEMbl — JIMHUS,
OTMEUYEHHAs! TPEYrOJbHUKAMHU. Takue IKE€ 3aBUCUMOCTH JJIi COOTHOIICHUS
xKecTkocTel  cno€B  Eisszoi1113151715 1 Ez468101214,1615 10° NOPpUBCACHBI HaA
pucyHke 6. MOXXHO BHUJIETh UYTO HaANpPSKEHUs, IOJTYYEHHbIE C HCIOJIb30BaHUEM
KuHeMaTHueckoit  rumore3bl (D) OaM3kM K 3HAYEHHUSM, TOJIYYCHHBIM  C
WCTIOJIb30BAHUEM  JUCKPETHO-CTPYKTYPHOM MOJEIM, a TUIoTe3a JIMHEWHOTO
W3MEHEHUS MEPEMEIICHUM 1O TOJIIMHE MMaKeTa JAET TOJBKO KAYECTBEHHBIM XapaKTep
pacrpenesieHrs HOpPMAJIbHbBIX HAPSKEHUM 110 TOJIIIUHE.

Zm i Im , o
00225 F - 0.0225 |- N
4 -1- . .
00175 4Z-e 0.M7s | N
17--__- : &
4 . o
o025 - hz 0.m2s - -
e .
00075 - -4£ 00075 L - ’
w ,ﬁ: __ I [ ik
00025 b Sie--- . p—— i A
ra ----l _____ L I ! L pom——— -l

08 0.3 u.3 ns o 3.0 A0 1.0 30
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Ha pucynke 7 moka3aHbl OTHOCHUTEIIbHBIC 3HAYCHHS HAMPSHKEHUN TIO TOJIIIMHE
MakeTa U3 OJWHHAJIATH CIOEB CO CIEMYIOIIMM OTHOIIEHHWEeM TouH 2-1-2-1-2-3-2-

yyyyy

im
0.0225 b /.
ol .
00175 | -
IZ?——:;
00125 |
W -’; -
0.0075 | :i-‘dizg.
00025 | ---—oa
// . ! .
-0.8 .03 0.3 og O
Puc. 7

CpaBuenue pesynasratoB pacuéra ANSYS co cxemoit (5) Takke mokasano, uTo
MakCUMaJlbHas pa3HHIA 3HAUEHUN TaHTCHIHUAJIbHBIX MEPEMEIIEHUN COCTaBISIeT
npumepHo 5 - 8 % pucyHok 8); a HOpMalIbHBIC HANPSIKEHUST B JKECTKUX CIOSX
onmyaoress Ha 1-4% pucyHok 9). MakcuMalbHBIA  TPOTHO  TUIACTHHBI,

HOMy4eHHBIM 1o mpemnoxennoii cxeme (5) pasen 0,369x 10°wM, B mporpamMmmuom
xommnekce ANSYS — 0,356« 10° m (pasuuna oxono 3,5 %).

P | [ [ 7. M

0.04 0.04 ! =
0.02 | 0.02| | .
0.0 . . 0.0 . !
A N4 nn n4a  wal(® -8 -4 0 4 ol a
Puc. 8 Puc. 9

Koneuno, cxema (5) u ampuopHoe BbluucieHue QyHKuuM f'; mo3Bomser
MOJIyYUTh, HEKOTOpPOE MNpUOMMKEHHOE peuieHue. TeM He MeHee, NMPOBEAEHHbBIC
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pacuéThl C caMbIMH pPa3HOOOPA3HBIMU BapUAHTAMHU COYETAHUS TONIIUH W
JKECKTKOCTEM  CJIOEB  IIOKA3bIBAIOT, YTO IIOJYYEHHBIC pELICHUS  OCTarTCsA
IIPUEMIIEMBIMHU ISl IPOEKTUPOBOYHBIX PACUYETOB.

Ha ocHoBaHuM mNpoBeAEHHBIX PACYETOB MOXHO CyIHTh 00 3(QexTuBHOCTU
aNropuT™Ma IPOEKTUPOBOYHOIO pacdy€ra TOHKMX MHOTOCIOMHBIX TaHEJIeh C
CYIIECTBEHHO Pa3HOPOIHBIMH CIIOSMHU C UCIOJIb30BaHUEM CXeMbl (5) u ampHOpHOTO
BBIYHCIICHUS (DYHKIIUA U3MEHEHHSI YIPYTHX MEPEMENICHU MO0 TONIIUHE CIOUCTOTO
naketa f'y. MOXKHO OXMAaTh, YTO NPEUMMYILIECTBA JAHHOIO AJTOPUTMA C TOYKH
3peHUs SKOHOMHH BBIUYHCIUTEIBHBIX PECYPCOB OyIyT emié OIyTHUMEE MPH PEIICHUE
3a/1a4, CBSI3aHHBIX C MHOTOKPATHBIM PELICHUEM MAaTPUYHBIX YPABHEHHU PaBHOBECHS,
Halpumep, B JUHAMAYECKUX MIPOCKTUPOBOYHBIX PacyETax.

Bo BrOpoM uWacTM T1aBbl ONMMCHIBAETCA AITOPUTM OIPEACIICHUS HANPSKEHHO-
ne(hOpMUPOBAHHOTO COCTOSIHUSI TOHKOCTEHHOM CIIOMCTOM KOHCTPYKIIMU. AJTOPUTM
peleHus 3aa4d yCTOWYUBOCTH 3JIEMEHTOB TOHKOCTEHHOW KOHCTPYKLIMH HM3J1araeTcs
Ha OCHOBE KaK KIIACCUYECKOTO IOAXOa, TaK M HE KIACCUYECKOTO, KOTOPBIN
0a3upyeTcsi Ha PEIICHUU HEJTWHEWHBIX ypaBHEHHMH paBHOBecus. Hekiaccuueckwuii
MOJIXOJ O3BOJISAET yuecThb npeasaputenabHoe HJC koHCTpyKIuu.

MarpudHOoe ypaBHEHHE C MEPEMEHHOM MAaTPULIEH KECTKOCTU I ONPENCIICHUS
KPUTHUYECKOTO MapaMeTpa NOTepU yCTOMYMBOCTH 3alIUChIBAETCS TaK:

£, 0 £, e ] (x| [-x'fy
0 ... | -ps
0 01 0 ..|o0 ||x]| | X
0 -P; X, (] (14)
al 0 £ . |-pal|[%a| [-X'f,
£, . 0 f; 0|-p|lop] [-xf,

Peurenne HenmuHeHOTO MaTpu4yHOro ypaBHeHus (14) mpu 3aJaHHOM MajoM
BO3MYIEHUM X M BHENIHEH Harpy3ke P JaéT CMEXKHYI C MCXOIHOM (opmy
paBHOBECHs W TMapamMeTp Harpy3ku Op, KOTOPbIH W ONpenessieT KpPUTUYECKH
IapaMeTp Harpy3Kd IOTEPU YCTOMYMBOCTH. Bo3Mmymienue X 3amaéres Ui TOM
KOMIIOHEHTBI ~ BEKTOpa OOOOIIEHHBIX MEpPEeMEIICHUH, KOTOopas  OIpeeser
OXHUAaeMyI0 (OpMYy CMEXKHOTO PaBHOBECHOTO J1€(HOPMUPOBAHHOTO MOJOKEHUS
KOHCTPYKUHHU. 3aJa€TCs TOJIBKO OJHA KOMIIOHEHTAa BEKTOPAa NMEPEMELICHHI, KOTOpast
ompenaensieT AeGOpMUpPOBaHHE KOHCTPYKUMU. B CBA3M ¢ 3TUM, KOHCTPYKUUHU HE
npucBauBaeTcs (opma moTepu ycTtoiluMBOCTH. JlaHHBIM MOAXOA OmMpenenser
HETMOCPEACTBEHHO KPUTUYECKHUI MapaMeTp OP 3a HECKOJIbKO UTepaluii, U He TpedyeT
BBIYMCJIEHUS TOKPUTUUECKOTO HANPSHKEHHOTO COCTOSIHUSL.

OnuckIBaeTCsl alTOPUTM ONPEIEICHHUS YacTOT U POopM COOCTBEHHBIX KOJIeOaHUMU
CJIOWCTBIX IaHEJNeW, B TOM YHUCJIE NPEABAPUTENBHO  HANPSHKEHHBIX U
nedopmupoBaHHbiX.  OmNUCHIBaE€TCSA  MEXaHU3M  U3MEHEHHS  3(PPEKTUBHBIX
YKECTKOCTHBIX XapaKTEPUCTUK MaHeJeH, UMEIOIINX IpPEABAPUTENBHYIO
HaNPS)KEHHOCTb.
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B TpeTheii r1aBe MpeaCTaBICHBI PE3YIBTaThl PACYETHO-IKCIICPUMEHTAIBHBIX
WCCIICZIOBaHUN Ha pacTsDKeHUE, M3ru0 M KOMOMHHMPOBAHHOE HArpyKeHHE TOPCHOHA
Hecylero BUHTAa J€rkoro Bepronéra KAM-82.

Uccnenyemsbrit Topcuon (pucyHok 10) coctout u3 TpEX OCHOBHBIX YYaCTKOB:
KOMJIEBOTO, pabouero u KoHIeBoro. KomieBoil 1 KOHIIEBON y4acTKU MPEACTABISIOT
co0Oil KOMMO3WTHBIE KOHCTPYKIIMM U3 CTEKJIOIUIacTuka. Pabodeil dacThio
KOHCTPYKIIHH TOPCUOHA SIBIISIETCS yrpyro-aehopMupyeMbiid y4acToK,
MIPEICTABIIIONINI COO0H MHOTOCIIOWHYIO CTPYKTYPY, COCTOSIITYIO U3 YEPEIYIOITUXCS
CIOEB CTEKJIOTUIACTHKA W pe3WHbl. VIMEHHO K YIpPyroMy »3JIeMEHTY TOPCHOHA
MIPEIBSBISIOTCS 0COOBIE TPEOOBAHMS TIO MPOYHOCTH M OOECIIEUSHHIO Pecypca.

Puc. 10.TpéxmepHast MozieIb TOPCHOHA

B mtane TopcroH 00pazyeT MHOTOCBS3HYIO 00J1acTh, cofepxaiiyto 10 kpyribix u
OJTHO IIEHTpPAJIbHOE OTBEpCTHE B (JOopME OBaja, a TAaKXKe JBE MPOAOIbHBIE TIPOPE3H C
rajTesIMA Ha KOHIAX. B Kpyribie 0OTBEPCTHsI, PACIIONIOKEHHBIC Ha KOHIIaX TOPCHOHA
(mo3. 3, 4 pucynok 10), 3anpeccoBBIBAIOTCS CTaJbHBIC BTYIKH, 4Yepe3 KOTOpbIE K
TOPCUOHY KpeMATCS TIEPEXOIHUKH JomacTeil. YUepe3 Kpymible OTBEpCTUS B
HeHTpaibHOW YacTh (1mo3. 2 pucyHOK 10) TOPCHMOH KpemuTCs Ha Bajdy BUHTA H
3arpy’aeTcst KpyTAIIMM MOMEHTOM, IPUXOSIIUM OT CHCTEMBI yrpasienus (oTB. 3, 4
pucyHok 10). Bomibmoe nenTpamsHoe otBepctre (mo3. 1 pucynok 10) wumeer
OBAJIbHYI0 B IUTaHE (HOpPMy, UYTO TMO3BOJIIET TOPCHOHY COBEpIIAaTh KojeOaHus B
NpoaONabHON TuIOCKOCTH. [lpomonbHas mpope3s (mo3. 5 pucynok 10) cHmxkaer
KPYTUJIBHYIO )XECTKOCTh TOPCHOHA.

brita mnpoBemeHa cepusi TECTOBBIX OKCIIEPUMEHTOB IO  HCCIIEJOBAHMIO
HapsDKEHHO-IeOPMUPOBAHHOTO COCTOSIHUS TOPCHUOHA MPH TPUIIOKECHUH 0a30BBIX
Harpy3ok (kK cBOOOHOMY KOHITY TOPCHOHA). B TECTOBbIC SKCTIEPUMEHTHI BXOIUIIO:

- Harpy>K€HHe TOPCHUOHA HECyIIero BUHTa HeHTpoOexHou cuion Py =5 000H.
Harpyska npukiiaasiBagachk Mo 0CH TOPCHUOHA;

- Harpy>k€HHue TOpCHUOHa M3THOOM B MIOCKOCTH Tsaru cuioi P, = - 1000H. Cuia
MPUKJIAIBIBANIACH TIO OCH KPAWHUX BTYJIOK;

- Harpy»XeHHe TOPCUOHA U3TMOOM B TUIOCKOCTH Bparienus cuion P, = 1500H .

- KOMOMHUPOBAaHHOE HArpy>KeHHEe TOPCHOHA H3rMOOM B JBYX IIIOCKOCTSIX,
KpyueHuem M,, = 7SHM u nearpobexnoii cunoit P, = 32 O00H.

OnuceiBaeTcss MaTeMaTHYECKOE MOEIMPOBAHUE YMPYTOro 3JeMEHTa TOpCHOHA
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BepTonéta B MKDO-kommiekce ANSYS. B monepeuynom HampaBieHUM HCCIeayeMast
KOHCTPYKLHS TPEICTaBIsAeT COOON MakeT CJIOEB, BBINOJHEHHBIX W3 PAa3IMYHbIX
MarepuajgoB (CTEKIJIOMJIACTUK, PE3MHA) C OTHOCUTEIbHO HEOOJBIION TOMIIUHON
KQKJIOTo cJiosl. Tak Kak CBOWMCTBA OTHAEJIBHBIX CIIOEB CYIIECTBEHHO OTIIMYAKOTCSA KaK
[0 MPOYHOCTHBIM, TaK M KECTKOCTHBIM XapaKTEPUCTHUKaM, TO MPU OCPEIHEHUHU HUX
CBOMCTB MO TOJIIHMHE B PaMKaX €JUHON KMHEMAaTHYECKOM T'MIOTE3bl 3HAYUTEIIbHAS
MOTPENIHOCTh BHOCUTCS B ONUCAHUE HAIMPSHKEHHO-IE()OPMUPOBAHHOTO COCTOSHUS
BCcero makera. [1oatomy B HacTosimeM pacdy€re MCMIOJb3yeTCd TPEXMEPHAST MOAEND C
HA0OPOM KOHEUYHBIX AJIEMEHTOB TIO TOJIIIMHE, YUCJIO KOTOPHIX PABHO YHCITY CJIOEB U3
3HAQUUTEJIBHO OTIMYAIOIIMNXCS MaTepuaioB. Tak Kak YUCIO CIOEB BEIUKO, a Pa3MeEpPbl
MaJjibl, TO BIOJHE OIPAaBJAHHO HCIOIL30BaTh B IMONEPEUYHOM HAIMPABICHUM JIMIIIb
JMHEHHYIO anmpoKcuMaIuioo. Takum oOpa3oM, 0a30BbIM B pacdyéTax HCCIETyeMOM
KOHCTPYKLUMHA IPUHUMAETCS TPEXMEPHBIM KOHEUHBIM D3JIEMEHT C KBAaJAPaTUYHOMN
arpOKCUMALMEN 10 IBYM KOOPJIMHATAM M JIMHEMHOW — I10 TPEThEUW KoopauHare. B
KaueCcTBe TaKoro koHeyHoro sneMmeHnta B komiuiekce ANSYS Breioepem Solid 95,
KOTOPBIN TaKKe MO3BOJIIET YUYUTHIBATh AaHU3OTPOIIHIO MaTepUaia.

Pacuétnas cxema Topcuona B MKDO-kommekce ANSYS mpencrasisier coOoit
TpéXMepHOe Teno, o0Opa3yemMoe B TIONEPEYHOM CEUYEHHHM MOCIEI0BATEIbHO
YEpPEAYIOIIMMUCS CIOAMHU W3 Pa3JIMYHbIX MarepuajioB. 3aJada pacyéra TOPCHUOHA
CUMMETpPHUYHAS, TOATOMY MOJEIUPYETCS TOJbKO OJIHA MOJOBUMHA TOPCHOHA. YKIaJKa
MaTepuajgoB MO TOJIIMHE pacnpenensercss paBHomepHo. [lpu MopennpoBaHumn
CTEKJIOIJIACTUKOBBIX CJIOEB, COCTOSIIUX M3 HECKOJbKUX CIIOEB CTEKJIOTKAHU
(pacmonoxeHHBIX 07 yIIoM + 45°), ucob30BayICs CIIOUCTBIA KOHEYHBIN AJIEMEHT
(Shell 91), B xoTtopoM aBTOMAaTWYECKH YYUTHIBACTCS W3MEHEHHE OpPHCHTAIIUU
YKJIAJKU U BBIYUCIISIOTCS IPUBEAEHHBIE )KECTKOCTH.

Ha pucynke 11 npeacraBieHa ceTka KOHEYHBIX JJIEMEHTOB M CETKa Y3JI0B
TOPCHOHA, MOCTpoeHHas B nmporpamme ANSYS.

Pucynok 11.KD monens TopcuoHa.

Jlanee 3amaBanuch TpaHUYHBIC YCIOBHS (3aKpEIUICHHE TOPIA BTYJIKH Ha JIEBOM
Kpalo) W pa3JIndHbIe HArPY)KCHHs, KOTOPbIC MPUKIIAIBIBAIUCh KO BTYJIKaM KpaWHUX
OTBEPCTHI.
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Pesynbrarel MoeMpoBaHus NOKa3aHbl HA pUCyHKe 12.

2)
Pucynox 12. Hampsix€aHo-negopMupoBaHHOE COCTOSTHUE TOPCHUOHA!

@) OT PaCTSHKCHUS LICHTPOOCIKHOU CHIION; 6) OT U3ruda B IIIOCKOCTH TAT; 8) OT U3THOA B

IUTOCKOCTH BPAILCHHS; 2) OT KOMOMHUPOBAHHOTO HATPY)KCHHSI.

3HaueHnsT MaKCHUMaJIbHBIX I[C(I)OpMaHI/Iﬁ KOHCOJIM TOPCHMOHA IPCACTABJICHLBI B

Ta0nuIle.

Buix Ha CHIS Yucnennoe CEHCKf GTESI_I;I ANSYS DKCIIepUMEHTAa

a TPyX MOACIUPOBAHHUC PYKTYp BHBIC 3HAUYCHU A
OIXON

U3ru6 B MIOCKOCTH THT 0,2%10?2 0,2x10? 0,1%10? 0,2%10?
Wsru6 B miockoctu 0,01410? 0,01X107 0,01X10? 0,01%10?
BpallleHHs
PacTsoxenue 0,1810? 0,16¢10? 0,15&10? 0,21x10?

M3 aHamm3a BBIXOJHBIX JAHHBIX BHJIHO, YTO PE3ylIbTaThl, IOTYYCHHBIC

Pa3In9YHbIMU paC‘IéTHBIMI/I MCTOJaMU PAa3JINYarOTCA MCKAY coboi HC3HAYNUTCIIbHO, B
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npenenax 3 — 8 %. Ilpu 3TOM pe3ynbTarhl HATypHBIX HWCHBITAHUW TOPCHOHA
OTJIMYAIOTCSL OT COOTBETCTBYIOIIMX PE3YJIbTATOB YHMCIECHHOTO MOJEIMPOBaHUA Ooliee
CyllleCTBeHHO. Tak, Hampumep, 3HAYeHUs HU3TMOHBIX AedopMalMil TMOTyYEHHBIE
AKCIIEpUMEHTAIbHO  Oosbiie mnpumepHo Ha 12— 18 %, dyem u3ruOHBIMU
nedopMalusiMi, PacCUMTAHHbIE YHUCIEHHO. Takoe TMOJIOKEHHWE CBUAETEIbCTBYET
CKOpee BCEro O BO3MOXHOM HEKOTOPOM HECOONIOACHUM TEXHOJOTUU MpHU
U3TOTOBJIEHUM TOPCHMOHA, YTO B MTOI€ CKa3aJloCh HAa €ro MeEeXaHH4YeCKHuX
XapakTepucTukax. PasHulla MeXIy pacu€THBIMU 3HAYEHUSMU aepopManuii u
AKCIIEPUMEHTATIBLHBIMY IAHHBIMU COCTABISET B cpeaueM 15 %.

Maremarnueckast MOAENb, OCHOBAaHHAS HA MPEIJIOKEHHOM HAMU KHHEMATHYECKOM
TUMNOTe3€, MPOJACMOHCTPUPOBANA HA TECTOBBIX pacdy€érax JOCTATOYHO BBICOKYIO
TOYHOCT.

OCHOBHBIE PE3VYJIBTATHI U BBIBO/JbI

1. TlpemtokeHbl  anropuT™Mbl  (GOPMHUPOBAHUS  MATPUYHBIX  ypaBHCHUI
PaBHOBECHSI CIIOKHBIX COCTaBHBIX KOHCTPYKIMHM, YYHUTBIBAIOIIMX KOHEYHOCTH
MIEPEMEIIECHUM.

2. Pa3paboTaHpl  aIrOpUTMBI  IPOCKTHPOBOYHOTO  pacyéTa  COCTaBHBIX
TOHKOCTCHHBIX  CJIOMCTBIX  KOHCTPYKIIMH TpU  JACHCTBUU  CTAaTHMYECKOH W
TUHAMAYECKON Harpy3kd. [IpemsiokeHHbIE anroOpuTMBI  AJACKBATHO OTPAXKAIOT
MEXaHWKy  ne(opMUpOBaHMSI  MHOTOCJIOWHBIX  TMaHeNed C  CYIIECTBEHHO
Pa3HOPOAHBIMU CIIOSIMH, W TPU 3TOM HE NPHUBOIAT K 3HAYUTEIHHOMY YBEIMUYEHUIO
Pa3sMEPHOCTH PEIIAEMbBIX YPABHEHHUM.

3. IlpoBeneHo maremMaTuyecKoe MOMAEIUPOBAHUE TIOBEICHHUSI TOHKOCTEHHBIX
CJIIOUCTBIX CTPYKTYP B 3aBUCUMOCTH OT COOTHOIICHUS KECTKOCTHBIX XapaKTEPUCTHUK
OTHENBHBIX CH0EB. OCYIIECTBICHBI YHCIACHHBIC MCCIICIOBAHUS  CTATHYECCKOU
MPOYHOCTH, YCTOMYMBOCTH, YacTOT M (OpM COOCTBEHHBIX KOJICOAHWN 3JICMEHTOB
TaKMX KOHCTPYKIMH. MoOIeIupoBaHHE ITOKa3aJio, YTO NPUMCEHEHUE THIIOTE3bI
JUHEHHOTO M3MEHCHHs TIEPEMCIICHWA IO TOJIIUHE ITaKeTa MPH ONPEIACICHUH
HanpsHKEHHO- e () OPMHUPOBAHHOTO COCTOSIHUS CIIPaBEMJIMBO  TOJIBKO pu
COOTHOIIEHHHU KECTKOCTel cnoéB n0 E; = E, 10% npu Gonbhiell pasHOCTH Takas
runore3a Ja€T 3aBBINIEHHOE 3HAYCHUE KECTKOCTH KOHCTPYKIIUH, TIOSTOMY B CiIydae
E: >> E, Heo0Xx0mMMO MCMOJIb30BaTh COOTHOIICHUSI TEOPUU YIPYTOCTU TSI KAXKIOTO
CJI0sI JAMUHATa B OT/IEILHOCTH.

4. Ha ocHoBe pa3pabOTaHHBIX MOJAENEH M aNrOpuTMOB CO3JaH MOIYIb
IPOrPAMMHOTO  KOMITJIEKCA JiJIi  MPOEKTUPOBOYHBIX  PACUETOB  COCTaBHBIX
TOHKOCTECHHBIX CJIOUCTBIX KOHCTPYKIIMWA C aBTOMATH3AIMEH MPOIETyphl MOATOTOBKH
WCXOJIHBIX JAHHBIX U aHAJIN3a PE3yIbTaTOB MIPOCKTUPOBOYHBIX PACUETOB.

5. PaszpaboraHHBIE MOACIM ¥ aJTOPUTMBI OBUIM  HWCIOJB30BAaHBI  IPHU
MPOCKTUPOBOYHBIX pacuyérax yIpyroro padoyero »3JeMEHTa TOPCHOHA JIETKOTO
Bepronéta KAM-82. CpaBHeHue pe3ylbTaTOB pacuéra W OKCIEPUMEHTa IIPH
NPWIOKCHUH TECTOBBIX 0a30BBIX HArpy30K ITOKa3bIBa€T, YTO MPEAIOKCHHAS
KMHEMaTH4YeCcKasl THIIOTE3a, U CO3JIaHHOE Ha €€ OCHOBE IMPOrpaMMHOE OOeCIIeUCHHE,
MO3BOJISIET PACCYUTATh HAMPSHKEHHO-IE(HOPMUPOBAHHOE COCTOSTHHE MHOTOCIOWHBIX
HECYIIIUX CUCTEM C JIOCTATOYHOM JJIsi MHKEHEPHBIX PACYETOB TOUHOCTHIO.
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6. llpuBemena onTUMH3AIMS YHUCIACHHBIX AJITOPUTMOB JUIsl DPEIICHUS 3aad
MPOEKTUPOBAHUS OOJIBIION pa3MEPHOCTH.

7. llomydeHHble pe3ynbTaThl HCMONB3YIOTCS JJIA TMPOBEACHHS]  OIBITHO-
KOHCTPYKTOPCKUX pPa0OT, HaNpaBiI€HHBIX NPOEKTHUPOBAHME M pacdy€éT o0OpasIoB
TOHKOCTEHHBIX CIIOUCTBIX KOHCTPYKIIMM, B TOM YHCJIE C CYIIECTBEHHO PA3HOPOIHBIMU
CJIOSIMHU.

OcHoBHOe coep:xkaHue JUCCepTalliM ONyOJTMKOBAHO B CJIeAYOIINX padorax:

B HayuHbIX )XypHanax, pekomeHa0BaHHbIX BAK:

1. TaitnytaunoBa T.IO., Ilepmmn E.A. O6 ogHOM anroputmMe NPOEKTUPOBOYHBIX
pacuéToB MPOCTPAHCTBEHHBIX TOHKOCTEHHBIX KOHCTpyKmuii. Bectnuk KI'TY. 2008.
Ned.c. 77-79.

2. laitnytnunosa T.XO., Ilepmun E.A. K pacuéry cnoucTbix maHesneil ¢ CynecTBeHHO
pazHopoanbiMu cinossmMu. Bectauk KI'TY 2011.Nel. ¢. 5-7.

B marepuanax HaydHbIX KOH(GEPEHIINNA:

3. Ilepmmin E.A., PamazanoB P.B. [IporpamMmHBIi KOMIUIEKC JJi1 TPOEKTUPOBOYHBIX
pacuy€ToB MPOCTPAHCTBEHHBIX CTEP>KHEBBIX KOHCTpYKUUU. WMHbopmanrioHHbie
TEXHOJOTMU B Hayke, 00pa3oBaHUM U MpPOu3BOACTBE. Marepuansl Bcepoccuiickoit
HayuyHou koHpepeniuu. 30 - 31mas 2007 roga. Kazanp: M3a-Bo KazaH. roc. TexH.
Vu-ta, 2007.c. 120-12.

4. Tlepmun E.A. O pacuére MHOrocioiHbix naseneii. CoBpeMEHHbIE TEXHOJIOTHH U
MaTepuajibl — KIIOYEBOE 3BEHO B BO3POKIECHUU OTEYECTBEHHOIO aBHACTPOCHUS.
Marepuansl MexayHapoaHol HayuyHO-TipakTHueckoil koH(pepenuuu. T. |. Ka3zans,
10-11aBrycra 2010rona. Kazaus: U3n-Bo Bepronét, 2010.c. 264-267.

5. lepmun E.A., A6nymmun U.H. VccnenoBanue cTaru4eckoro U JAUHAMUYECKOTO
MOBECHUS CIOUCTBIX CTPYKTYp. IIpoOiieMbl M MEpCHEKTUBBI Pa3BUTHs ABUALIMH,
HA3eMHOIO TpaHchopTa W sHepretuku. Marepuansl VI MexnyHnapoaHoil HayyHO-

texuuyeckor koHdpepeniuu. T. |. Kazans, 12-140k1a0ps 2011rona. Kazans: M3a-Bo
KI'TY-KAH, 2011.c. 159-163.
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