MwuHucTepcTBo obpasoBaHus U Haykn Poccunckon ®egepaumu
BanTunckunii rocyaapcTBEHHbIN TEXHUYECKUI YHUBEPCUTET «BoeHmex»

Kacbenpa mexaHukv AeopMMpoBaHHOrO TBEPAOro Tena

Makapos E.I.

KypcoBasa paboTta no metoay KOHEYHbIX 3fIeMEeHTOB

MeTogunyeckue YKa3aHWnA

CaHkr-lNeTepbypr BI'TY-BoeHmex
2020 r



[Npeancnosune

KypcoBasi paboTa BBIMOJIHSAETCS MapaliebHO C YTEHHEM Kypca JeKLUi M0 MeXaHuKe aAeOopMUPYyeMOro TBEPIOTO
TeJa U OCHOBaM MET0Jia KOHEUHBIX deMeHToB (MKD).

Crarudeckuil pacd€T MPOCTPAHCTBEHHOMN CTEPKHEBOM CUCTEMBI BEIOpaH Kak mpocTeimmii Bapuant MKD.

Aunroputm pemienus 3anadu B Mathcad mojHOCThIO aHanoruueH anroputMmy pemieHus 3aaaud B ANSYS. UrtoObr
noka3aTth BO3MOXHOCTH MKD cTepkHH B cucTeMe MMEIOT pa3jInuHble MONEpPEeYHbIe CEYEeHUS U M3TOTOBJIECHBI U3
pa3nuuHbIX MaTtepuanoB. OOUH M3 CTEpXKHEH HMMEEeT IIONepeYyHoe Ce4YeHHH INpou3BosibHOW (opmbl. Pacuér
TE€OMETPUUYECKIX XapaKTEPUCTHK TaKOTO CEYEHHs NPOU3BOAMTCS IyTeM pemieHHs ypaBHeHus Ilyaccona. Oto
TUIWYHBINA PUMEp 00IIEero Mo/AX0/a K pemenuto 3agad MKO.

Pacuér npocrtpancTBeHHOW crepkHeBOM cucteMbl B ANSYS ynpoméH mo cpaBHeHuto ¢ pemenuem B Mathcad
(6bmmxe k peasbHOMY pacuéry). Bee cTepskHM M3rOTOBJICHBI M3 OJHOTO MaTepHaia W MMEIOT OJMHAKOBYIO (OpMy
CeUeHHsl.

JuraMudeckuit paca€t — 310 BTopas 3agada MKD, pemraemas 8 Mathcad u 8 ANSYS.
CopepxaHne paboThl

KypcoBas paboTa cOCTOUT U3 IBYX YaCTEH:
1. Crarndecknii 1 TUHAMUYECKHAN pacdeT MPOCTPAHCTBECHHON CTEP)KHEBOM CHCTEMBI € HCIIONb30BaHneM Mathcad.

CrepxHeBasg CHCTEMa, COCTOSIIAas M3 HECKOJBKHUX CTEpXKHEH pasmuyHOM ()OPMBI HONEPEYHOTO CEUYCHHS,
Harpy>keHa HeCKOJIbKIMHU Harpy3KaMH.

i cedenust cnoXkHOH (GOpMBI MOMEHT MHEPLUUH IPU KPYUIECHUH OIpEesieTcss METOJOM KOHEUHBIX 3JIEMEHTOB
myTeM perreHus ypasaenus [lyaccona

[Ipu craTtMyeckoM TNPHIOKEHHH HArpy30K TpeOyeTcsl ONpeAeNUTh BHYTPEHHHE YCHWIIUS, HANpPSDKEHUS |
NepeMeIIeHHsT B CTEPXKHSAX CUCTEMbI, 110100paTh pa3Mepbl MNONEPEYHBIX CEYCHUI 3JIEMEHTOB CHCTEMBI,
YIOBJIETBOPSIIOIINE YCIOBUSAM NIPOYHOCTH, JKECTKOCTH U MUHUMAJIBHOMY BeCY KOHCTPYKIIHU.

HpI/I JUHAMHUYCCKOM HArpy:KCHHUU ONPCACINTDH COOCTBEHHEIC YaCTOTHI KOJIEOAHUI CUCTEMBI U BIIMSHHE HA HHUX
COCPCAOTOUYCHHBIX MacCcC, HAWTU OTKJIUK CHCTEMEI Ha BO3H€ﬁCTBHe BLIHy)KHaIOHIeﬁ CHJIBI. Z[J'If[ OAHOT'O 13 Yy3JIOB
HalTH K03(1)(1JI/IHI/ICHT JAAHAMHUYHOCTH B MOMCHT PE30HAHCA.

2. Cratnyecknii W AWHAMHYECKHH pacdeT IPOCTPAHCTBECHHOM CTEPIKHEBOW CHCTEMBI C WCIIOJNB30BaHHEM
BBIYHMCIIUTENHLHOTO KoMIutekca ANSY'S.

UacTtb 1. PacyeTt npocTpaHCTBEHHOW CTEPXKHEBOW
cuctembl B Mathcad

1. nOpﬂ,EI,OK pacqéTa CTep)KHeBOIZ cncremMmbl METOOOM KOHEYHbIX
3J1IEMEHTOB

Pabora pacueryuka

1. Pa30uTh CTEp)KHEBYIO CHCTEMY Ha 3JI€MEHTHI-CTEePKHH.

2. IIponymepoBaTh 3J€MEHTHI U y3IIbl CTEPIKHEBOW CHCTEMBI.

3. BsiOpath ro6agbHBIC OCH KOOPAUHAT, CIUHBIC IS BCSH CHCTEMEI.
4. BBeCTH KOOPJWHATHI BCEX Y3JI0B CHCTEMBL.

5. BBectu mMaTpuny MHAEKCOB 3J1€MEHTOB CTEPXKHEBON CUCTEMBI [MIE ] , TOKa3bIBAIONIYI0 TOUKH COEANHEHUS

3JIEMEHTOB CTEPKHEBON CUCTEMBI.

6. BBecTH rpaHHYHbIE YC/IOBHS B mepementennsix [Gu|, ykasas HOMep y3/1a, HAIIPABICHAE [IEPEMEIICHHS H €ro
BenuuuHy. Tak BBOASTCS 3aKPEIUICHHS CTEPIKHEBOM CHCTEMBI.

7. 3aﬂaTL HaArpy3Kd, yKasaB Ui Ka)KHOﬁ 13 HUX, HOMCP Yy3Jia 1 HAIIPaBJICHUE ,HCfICTBPISI Harpys3kKu .

8. Ecmu cpean BHCHIHUX CHWJI €CTb pacnpeAcJiCHHAas Harpys3ka, 3aMCHUTb €€ SKBUBAJICHTHBIMH HArpys3kKamMu,
MNPUIIOKCHHBIMU B y3J1aX.

9. Jlas KaXmoro SJIeMEHTa W3 KOHCTPYKTHBHBIX COOOpaXKeHHH BBHIOpaTh Matepuan, (GopMy, W pa3Mepsl
MONEPEYHOT0 CEYCHHS CTCPIKHS.



Pa0oTa BLIYHCINTEILHOT0 KOMILIEKCA

10.

Cratnyeckun pacyet

ITo HOMepam y3510B mporpaMma COCTaBJISIET MATPHUIy HHIEKCOB Y3JIOBBIX INepeMelleHui [MIA] , BBOZSA
LIECTh MEPEMENICHUN B KXKIOM y3JI€.
[TyreM 00BbETUHEHUST MATPUIIBI MHICKCOB 3JIEMEHTOB [MIE ] Y MaTpHIbl UHAEKCOB Y3JIOBBIX MEpeMeLeHUI

[M[A] (bopMHUpyeTCS MATPHIA HHIEKCOB NepeMEIleHHil 3JeMeHTOB [M[ ] Tor ¢akr, uro psaxy y3noB

3aerHﬂéH, YUHUTBIBACTCA AaJICC B IIPOLECCC BBOAA 'PAHUYHBIX yCﬂOBl/Iﬁ B [ICPEMCIICHUAX.

IIepeHyMepOBBIBalOTCS KOMIIOHEHTBI BEKTOPA CUJI {F } C YY4€TOM CO3JaHHOW MaTpHILIbl MHAEKCOB NIEpEMELLEHUI

[MI4].

NMPUMEYAHUE

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kaxnmoe nepeMenieHre 1 Kaxaas y3j10Bast CHJIa MOJMYYaloT CBOIM WHIUBHUILYaJbHBIA HOMED

Ilo xoopaMHaTaMm y3JI0B MU MaTPULIE HHAEKCOB 3JIEMEHTOB [MIE], UIpaloLlel poJib YepTexa, Mporpamma

omnpenessieT JUIMHBI 3JIEMEHTOB, 3aTeM OIPEIeIIcT HAMpPABJEHHE JOKAIbHBIX oceil koopauHat. Och X
HaIpaBjiI€HAa BIOJb OCH BJIEMEHTa OT MEepBOro y3ia (B MaTpuIle [MIE]) ko BTOpoMy. OCh ) IJIEKHT B

IUIOCKOCTH, B KOTOPOH HAaXOAATCSA OCh CTEPXKHS X JIOKaJNbHAs W och Y riiobanbHas. HampasneHue ocelt z 1 y
OMpEeEISIETCS. ¢ TIOMOIIBIO BEKTOPHOTO MPOM3BEAEHHS Z = X Xy M ¥ =X XZ . Jlajee uepe3 NPOEKIUH OPTOB

oceii (eAMHUYHBIX BEKTOPOB) X,),Z ONpPEACISCTCS MATPUIIA HATIPABJISIOIUX KOCHHYCOB [L] .

Jlns1 BBIOpaHHBIX MaTepHanoB BBOAATCS Moays OHTa E, MIOTHOCTH P, JOIMYCKaeMOe HalpsHKEHHUE [G] .

Ilo BLIGpaHHI)IM (bOpMC " pasMepaM NOoIepCUHbIX CEUCHHUI DJIEMESHTOB PaCCUYUTBHIBAOTCA UX TCOMETPUUCCKUEC
XapaKTCPUCTUKU (rmoma/:[},, MOMCHTBI UHEPIIUU U MOMCHTBL COHpOTI/IBJ'ICHI/IH).

DopMHpyeTCsI MATPHUIA HKECTKOCTH CHCTeMbI [K } .

I[J'ISI CTaHAAPTHOTO CTCPIKHEBOT'O DJICMCHTA 110 CTAHAAPTHBIM Q)opMynaM, C y‘léTOM Marepuajia 1 nmonepeyHoro

CCUYCHHUA CTCp)KHCﬁ, BBOJUTCA TOTOBas MaTpuia »XECTKOCTHU DJIEMECHTA |:Ke:| .

ﬂaﬂee OHpeZ[eJIHIOTCSI ManI/IHBI KEeCTKOCTH 2JIEMEHTOB B rﬂOﬁaH])H])IX 0CHax KOOp)II/[HaT
= T

[Kﬂ:[L] [Ke][L].

IMyteM CyMMHpPOBaHUSI C IOMOIIBIO MATPHUIIBI WHICKCOB IEPEMEIICHHN [MI ] BBIUHCIISIFOTCS MATPHIbI

JKECTKOCTH CHCTEMBbI B IJ100aJILHBIX 0CAX KoopaAuHAaT I:K:I .

Marpuna KECTKOCTH CHCTEMBI [K J KOPPEKTUPYETCS € Y4ETOM TPaHWYHBIX YCIOBHH B IepEMEIIEHHSX
(3aKpeIICHUN CUCTEMBI).

OnpenensioTcss y3/J0Bble IepeMelleHHs] CHCTeMbl B IJI00AJBHBIX OCAX KOOPAMHAT IIyTEeM pELICHUs
OCHOBHOTO YpaBHEHMS {F } = [K ]{A} .
Omnpenenstorcss y3/a0Bble NMepeMelleHnsl 3JeMeHTOB {Ae} B IJI00AJBHBIX OCSAX KOOPJIMHAT C IOMOUIBIO

MaTPHULBI HHAEKCOB IePEMEILEHHUH 21EMEHTOB [M] ] )

OnpenensioTcst y3/J10Bble MepeMenieHusl 3J1eMeHTOB B JJOKAJbHBIX 0CIX KOOPAWHAT {Ae} = [L] {Ae} .

OmnpeaensoTces y3/10Bble YCHIIHSI B KaKIOM 3JIEMCHTE B JIOKAJbHBIX OCSIX KOOPIHHAT {F e} = [K e] {Ae} .

Kaxnmprii smeMeHT paccMaTpuBaeTcs Kak Oanlka, HarpykeHHas 12-1o y3moBbIMEH Harpyskamu. [lo ¢opmymam
COIIPOTHBIICHHUS MaTEPUalIOB ONPENEISIOTCS IKBMBAJICHTHbIEe HANPSKeHHMs] B HadaJle M B KOHIE KaKIOTO
JJIEMEHTA.

3Has y3JI0BbIE NEPEMEILECHUs {A} , C TIOMOIIBI0 QYHKIMH (HOPMBI [N ] , 10 YPaBHEHHUIO CBS3U {u} = [N ] . {A}

ONPEIENSIOTCS] NMepeMelleHdsl B JOKAJIbHBIX KOOPAMHATAX M0 JUIMHE DJJEMEHTOB M UX MaKCHUMallbHbIE
3HAYCHUS IS KAXK0r0 3eMeHTa. CTpouTcs rpaduk BUIa CTEPIKHEBOW CHCTEMBI JI0 M TIOcie AedopMarium.



4 22.

OuHamnyecknin pacyet

BpyuHyIo BBOIUTCS COCpeIOTOUEHHAst Macca B BEBIOPaHHOM y3IIe.

Jlajiee BHOBb KOMIILIOTEPHBIN pacyer.

23.

24.

25.

CrangapTHas MaTPHUIA Macc CUCTEMBbI [M ] KOPPEKTHPYETCS C yUETOM COCPEAOTOUCHHON MACCHI.

C nmomomupio GyHKIMIA genvals u genvecs perraercsi ypaBHEHHE CBOOOIHBIX HE3aTyXarolMX KojieOaHuit
[M]{A"} +[K]{A} =0 nu paccumrbiBacTCSI BEKTOp COOCTBEHHBIX YACTOT M CIEKTP COOCTBEHHBIX BEKTOPOB

CHCTEMBL.
Wcnonb3yst TpAMOE HMHTETPHPOBAHHE MATPHYHOTO yYpABHEHHs BBIHYXICHHBIX 3aTyXaloOIIHX KoJeGaHuit
[M{A"} +[H]{A'} +[K]{A} = {F(#)} (meTonom Hbtomapka), paccuuThIBACTCS AMHAMUYECKOE IEPEMEILICHAE

BO BPEMEHH OJIHOTO M3 Y3JIOB CHCTEMbI B MOMCHT PE30HAHCA Ha IEPBOil COOCTBEHHOW YacCTOTE W HAXOMUTCS
K03(h(PUIMEHT TUHAMUYHOCTH.

BHoBEL padoTa pacueT4ynKa

26.

27.
28.

YTo4HUTE (OpPMY U pa3Mepbl CEUeHHH C Y4YETOM BBITIOJIHEHUS YCJIOBUI NMPOYHOCTH M YKECTKOCTH W IS
JIOCTUKEHUSI MUHUMAJIBHOTO BECAa KOHCTPYKIIMH.

IIpou3BecTH NOBTOPHBIN pacueT CTEPKHEBOU CUCTEMBI HECKOJIBKO Pa3 A0 JOCTHKEHHUS HY)KHBIX PE3YJIbTAaTOB.

Jig anemeHTa, HarpyKEeHHOTO PACHpeNeeHHON Harpy3Kol, U3 BHYTPEHHUX YCUJIMN BBIYECTh SKBHBAJIECHTHBIC
Harpy3Kd, BEpHYTb Ha OJJIEMEHT paclpelelIeHHYl0 Harpy3Ky, IOCTPOMTH OJMIOpbl BHYTPEHHUX YCHIIUA,
OINpPENEIUTh MAKCUMAJIBHOE SKBUBAJIEHTHOE HAIIPSKEHHUE.

nOpFI)J,OK pacyeTa MOMEHTOB UHEPLINN CITOXKHOIO Ce4YeHnA

Jns HaxoKOEHWST MOMEHTAa WHEPIHH TPH KPYYEHHH CIO0)KHOTO CEYCHHS B IPOTpaMME pEIIAeTCsl ypaBHEHHE
[TyaccoHa MeTOIOM KOHEUHBIX 3JIEMEHTOB.

PaGora pacueryuka

1.
2.

BBectu Martpuily KOOpIUHAT BEIOPAHHBIX TOUEK KOHTYpa CII0KHOTO CEUSHHSI.

ﬂJ’I}I co3aaHnsA CCTKH KOHCYHBIX 3JICMCHTOB INIaAHIICTHBIM CIIocoooM YKa3aTb 4YUCJIO psAA0B U YUCIIO CTOJIOIIOB
IJIaHmeTa.

Pabdora koMNbIOTEPHOMH NPOrPaMMBbl

3.
4.

10.

11.

12.

13.

14.

C ucnojap30BaHUEM (l)yHKHI/Iﬁ HUHTEPIIOJIAINU ONPEACTIAIOTCA YPAaBHCHUA KOHTYpa CEYCHU .
Ilo (bOpMyJ'IaM COITPOTUBJICHUS MAaTCPUAJIOB OIIPEACIAIOTCA OCEBBIC MOMCEHTBI MHECPIIUHN CJIOKHOI'O CCUCHMUS.

[To 3amaHHOMY 4YMCITy pSiOB M CTOJONOB (OpMHUpYETCsl IUIAaHIIET JUIs pa3OMBKU CEYEHHs Ha KOHEYHBIE
JJIEMEHTBI.

OHpe,IIeJ'IHIOTCH KOOPpAWHATHI Y3JIOB IUTAHIIETA U CIIOKHOTO CEYCHU .

dopmupyeTcss MaTpulla MHAEKCOB 3JJIEMEHTOB CJIOKHOTO CEUeHMs [M]E ], HyTeM HCKJIIOYEHHs Y3JI0B

IUTAHIIETa, HAXOMAIIMXCS 3a MpeJellaMd CIOXKHOTO CEUYCHHS, C MPUCBOCHHEM KaXIOMY Y3JIy CBOETrO
MOPSITKOBOTO HOMEpa.

DopMupyeTcsl MaTpULia HHAEKCOB BCETO CIOXKHOTO CEYEHHS [M] ] .
3anuchIBalOTCS TPAHUYHBIE YCIIOBUS — CITMCOK Y3JIOB, JISKAIIUX HA KOHTYPE CIO0KHOTO CEYCHUSI.
Omnpenensercs MaTpHIa KEeCTKOCTH JIMHEHHBIX TPEYTOIBHBIX 3JIEMEHTOB [KE ] .

PaCC'-H/lT])IBaeTCﬂ ManI/II_la JKECTKOCTU CUCTECMBbI HyTeM CyMMI/lpOBaHl/Iﬂ KO3(1)(1)I/IHI/IeHTOB JKECTKOCTH DBJICMCHTOB
0 MaTPHUIE HHAEKCOB Y3JI0B [MI ] )

@opMupyeTCcsl BEKTOP IPABbIX YacTeW ypaBHEHUM {F } , IUIS 4ero 3amaéres ar00e 3HaYeHHe OTHOCUTEIIHLHOTO

yria 3akpyuusanus 0 . Hanpumep, 0 = 1 rpag/m .

Matpuna ecTKOCTH [K ] KOPPEKTHpYeTCcs ¢ Y4YETOM TPaHMYHBIX YCIOBHH (CIIMCKa Y3JI0B Ha KOHTYpE

CEUCHHS).

Pemaercss  ocHoBHoe ypaBHeHue [K|{®}={F}n Haxomurcs BexkTOp y370BbIX 3HAueHWH (yHKUMK

HalpsLKEHUI {CD} .

PaccunteiBaroTcsl KacatelnbHEIS HaIIpsKCHUA B y3J1aX U prTfIHII/Iﬁ MOMCHT B CCYCHHHU IIPpU 3aJaHHOM YTIJIC

4



3akpyuuBanus 6 .

5 15. Ompenensercss MOMEHT HHEPIIMU I MOMEHT COIPOTHUBIICHHUS IIPU KPYIECHHUH.

16. HaiineHHble reOMETPUYECKHE XapaKTEPUCTUKH MEPEIAOTCsl B IPOTPaMMy pacyera CTepIKHEBOI CUCTEMBI.

17. B mporpaMme pacueTra CTEpXHEBOH CHCTEMBI ONPEEAIOTCS SKBUBAJICHTHBIC HANPSDKEHUS UL KaKAOTO y3ia
CJIO)KHOTO IOTIEPEYHOI0 CEUEHMS U ONpeensieTcs MaKCHMajbHOE SKBUBAJICHTHOE HAIPSIKEHHWE AT 3TOTO
CTEPIKHS.

18. Hcmonb3ys MaciuTaOHbIH KOA(QQUIMEHT, MOKHO YBEIHYHTh WM YMEHBUINTh Pa3Mephl CIOKHOTO CEYEHUs C
LEJIBIO BBINOJIHEHMS] YCIOBUHA IPOYHOCTHU U KECTKOCTU CTEPIKHEBOH CHCTEMBL.

2. [Mpumep BbINOMHEHMA KYpCOBOW paboThbl

B nauase pabotsl uzyunre tectoBblii mpumep. Otkpoiite B Mathcad 15 wnu 14 cpa3y Bee Tpu nporpammsl MKD-
jon-pacuérel, MKD3-npoctpan u MKD-Ilyaccon. Tpu pasa 3amycTure Ha CU€T BCE TpPU HPOrpaMMbl. OTO
HEoOX0oANMO sl 0OMEHa JaHHBIMU MEXIy nporpammamMu. Kaxnas mporpamma 3amichiBacT B OT/EIbHBIC (aidibl
pe3yabTaThl pacuéTa, OTKYJa UX CUMTHIBAIOT APYTHE IPOrPaMMBI.

OBA3ATEJIbHO

Bce Tpu nmporpamMMbl 10JKHBI HAXOAUTBCS B OHOM KaTaJore, B KOTOPBIH OHU 3allMCHIBAIOT CBOM BCIIOMOTaTElIbHbIC
(haitner (25 ¢aiinos).

NMPUMEYAHUE
Jis mepexola OT OJHOM IporpaMMbl K Jpyrod ucnonb3yite coderanue kinasum CTRL+F6. Jlng nmepecuéra
nporpammsl ucnons3yiite CTRLAF9.
2.1. BBO4 UCXO4HbIX OAHHbIX K pacyeTy

B mporecce NOArOTOBKM K pacdeTy CTEPIKHEBOW CHCTEMBI TIOJTOTOBUTH BCE MCXOJHBIC JAHHBIC HA JIUCTE Oymard.
Hanee HaOpath Bce nanHble B Mathcad u BhIMONHHTE pacueT. PaccMoTpuM BHayale MOATOTOBKY HMCXOMXHBIX
JaHHBIX HA Oymare.

MogroToBKa AaHHbIX K pacyety

1. 3amaHHYIO CTEpP)KHEBYIO CHCTEMY, M300pakeHHYIO Ha pHC. 1, HApUCOBaTh B MacimTabe, BBIMHCATh MCXOTHBIC
JaHHbIE JUI pacyeTa.

2. BeiOpare 1I00anmpHBIE OCH KOOPIWHAT, €IWHBIE A BCe cucTeMbl. ['moGampHBIE ocm XYZ — Oepyrcs B
IIPaBOCTOPOHHEHN cHcTeMe KOOPAMHAT, Kak Ha puc. 1.

L1

Puc. 1. PacyerHas cxema IPOCTPaHCTBEHHOU CTEP>KHEBOU CUCTEMBI
3. Pa30uth cucteMy Ha 3JIEMEHTHI-CTEPXKHHU. [IpH 3TOM ydecTb, 4TO HArpy3KH MPHKJIAABIBAIOTCS TOIBKO B y31ax,
TO €CTh Ha I'PAHUILIAX JIEMEHTOB.

4. TlponymepoBarh y3ibl M dneMeHThl. Ha puc. 1 HOMmepa y310B 0003HaueHbl CHHUMH LU(ppaMH, HOMepa
9JIEMEHTOB KpacHBIMHU LU(ppaMH B KpyKke. Bcero B cucreme 7 51eMeHTOB 1 9 y3110B.

NMPUMEYAHUE

Kot CTep)I(Heﬁ, CXOAdAIIMeCs B IapHUPE, 3TO pa3HbIC Y3JIbL. Ochb NOJI3yHa U BTYJIKA 5TO pa3HbIC Y3Jibl, TaK KaK y

HUX pa3HbIC TICPEMECIICHU . Z[OHOJIHI/ITGJ'IBHHﬁ y3€JI DOJKEH OBITH MOCJICITHUM B CITMCKE Y3JIOB.

PaccmarpuBaemas B mpumMepe cuctema (puc. 1) pa3doura Ha 7 35eMeHTOB-CTepkHel. JIeBbIl KOHEIT dJieMeHTa 2
YCTaHOBJICH B IIJIaBalOIIEM MOAIIMITHUKE W MOKET IMOBOpAYMBATLCSA BOKPYI' OCHU Xu CKOJIB3UTh BJOJIb HEEC.



OneMeHT 7 MPUKpPEIIeH K OCH, JIOMyCKAroIeil TOJIpKO BpamieHne (6e3 CKOIbKEHHs) BOKPYT ocu Z. DieMeHT 4
MIPUKpEIUIeH BHU3Y K cepryeckoil MapHUPHOH omope, AOMyCKalollell BpalleHue BOKPYT Tpex oceil (aeMeHT
4 BCTaBJIECH B JIYHKY).

NMPUMEYAHUE

Bcé, 4T0 Hamo MOArOTOBUTH Ha JIMCTE GyMard Juis BBOJA B pacyer, IIOKa3aHO Ha puc. 2. Takoi JUCT 0KeH ObITh
BKJIIOYEH B OTYET MO KypcoBoii padote. He ycnoxusiite cebe padoTy. Bee oTu cBefeHus 3amumure OT pyKd Ha

IIPOCTOM JIUCTE 6yMaFI/I.

VicxonHble AaHHbIE  Paamepsl cTepkHEBOI ccTeMbl L1= 80 cm L2 =60 cm L3 =40 cm L4 = 20 cm

K pacuety

PacyeTHasa cxema

L2

Pac4eT yrnoBs, Mcnonb3yemeix B

pacyeTHbIX aHHbIX

BHelHue

Harpysku B yanax

k=8 1
R, 9

Ms-sin(p) 1
—M5-cos(p) 1

M1 2

FF:= | -M,-sin(p) 9
Ms-cos(p) 9

“F1 4

F2-sin(a) 7
—F2.cos(a) 7

—M2 8

| T 3 R N < o > T S s T e}

Ycnoeus aakpenneHus

CTEPKHEBOW CUCTEMBI
HOMER  MEpeMELIEHNA

Beog B pacuer

maTepuana,
dopmMbl 1
pasmepoB
ceYeHuin

7-1A anemeHT — yronok 30 x 30 x 3
Jy=Jz=145cm* Jx=0.051cm® Wy=Wz=067cm Wx=017 cm’

vina 1 2 34 5 B
(100000
210010
219979
419919

Gu:=500000
600011
T2 T IR ) B
800000
e 111171

o

BHewHwe Harpy3km F1=200H F2=300H q=300H/Mm M1=20Hm M2 =25Hm

NokanbHas HyMepauus
nepeMeLLeHnin B yane

KoopauHaTs! y3nos
CTEPKHEBOW CUCTEMBI

P

HOMED KOoRAWHATEl ¥3na
yana X Y z
(1 @ L2 0
2 0 12; 13
3 g e I 7 S
4 U I3 13
X=5 L L2 0
5 0 0 L3
7 L4 L4man(m) L3
8 L 0 0
L9 Li-L4 12 L3
TR JKBUBANEHTHbIE Y3MNOBbLIE
= atan] |
\L1-L14, B q_LL?arf:?qu_[.LL“

N I=
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5. Jlamee Hazmo BBITUCATH MCXOIHBIC JaHHBIC I pacyeTa (pa3Mephl CTEPKHEBOW CUCTEMBI M BHEIITHNE HATPY3KH).



10.

ITpn BBOJE KOOpIMHAT Y3710B B MaTpuUIly X, a 3aTeM IPH BBOJAE BEKTOpa CHI JydIle yKa3blBaTb OYKBEHHbIE
00o03HaueHHs BeNMUMH, a He udpoBsle. Torna npu M3MEHEHUH MCXOJHBIX AaHHBIX IEPEecuéT BCEX MPOrpaMm
IIPOUCXOJUT ABTOMATUYECKHU.

3amucarh TabaMLy (MaTpUIly) KOOpPIWHAT Y3JIOB CTEP)KHEBOM CHCTEMbI B BBIOPAHHOW TJI00aNbHOM cHCTEMe
KoopauHaT. B MaTpuie koopauHaT y3710B X HEpBBIH CTOJOEI COAEPKHUT HOMepa Y3JIOB U B pacdérax OH HE
UCIIONIB3YETCS, BO BTOPOM CTOJIOLE COOCTBEHHO KOOpPAMHATHI X, B TPEThEM M UYETBEPTOM COOTBETCTBEHHO
koopauHaTel Y u Z. Ilpu pacuere KOOpAMHAT y3/10B HAKJIOHHBIX CTEPXKHEH B pAJE CIydaeB HAJO 3HATh YIJIbI
HaKJIOHA CTep)KHed (B JaHHOM mnpumepe o ). BcromorarenbHble (OpMysibl Uil pacyera KOOpAMWHAT yIOOHO

3amurcaThb 371€Ch XK€ MEPE BBOAOM KOOpAWHAT.

CocTaBUTH MATPHILy HHIACKCOB AIeMeHTOB MIE, KoTopasi [UIsl KOMIIBIOTEpa UTPAET POJIb YepTexka, MOSCHIS, KaK
COCIIUHSIFOTCS IPYT C IPYTOM Pa3JIM4HbIC 3JICMEHTHI. B Hell mepBbiii cToa0e — HOMep 3JieMeHTa (B pacuérax
HE HCITIOJIB3YETCs), BTOPOU CTOJIOCI] — HOMEp y3Jia Hadaia 3jeMeHTa x = 0, TpeTuil cTonder — HoMep y3ia
KOHIIA dJjIeMeHTa X = L .

3anmcarh TabNWIy BHENTHUX HArPy30K. YKa3aTh B HEH B KaKOM y3JIe, M [0 KAaKOMY HaIlpaBJICHUIO ICHCTBYET
Kaxnas cuia. Harpy3ku BBOISITCS MO HAmpaBjieHHUsM [IIOOAIBHBIX MEPEMELICHU B y3Ilie W, €ClIH HYXHO,
packianpIBalOTCS Ha Mpoekuuu. Tabmuma Harpy3ok (Matpuna FF) comepkuT Tpu ctonbma. Ilepeeiit —
BEJIMYMHA HArpy3KH, BTOPOH — B KaKOM y3je NPHJIOXKEHa Harpys3ka, TPEeTHHl — MO KakoMy roOabHOMY
HAaIpaBJICHUIO JIEHCTBYeT cuia. JIokajgpHas HyMepalys TOJIOKHUTEIbHBIX Harpy30K M NepeMelleHHH MoKa3aHa
Ha puC. 2, BBepxy cmpaBa. PacmpeneneHHyl0 Harpy3Ky HaJ0 3aMEHUTh OSKBUBAJICHTHBIMH CHJIAMU,
TIPUJIOKEHHBIMH B y3J1aX CHCTEMBI. TO €CTh JJIsl DJIEMEHTa C paclpelejeHHON Harpy3kol Haj0 ONpPEAeIHTh
SKBUBAJICHTHBIE CUTy R, ¥ MOMEHT M, .

VYKa3aTb I'paHUYHBIE YCIOBMS B NEPEMELIEHUSX, TO €CTh yKa3aTh 3aKpEIUICHUS CTEP)KHEBOM cucTembl. Jlis
3TOTO COCTaBisieTca MaTpumna Gu, 9HCIO CTPOK B KOTOPOW PaBHO YHCIY Y3JIOB CTEp)KHEBOH cucTemsl. [lyis
KQXJO0TO y37a IO KaXIOMY HANpaBICHUIO YKa3bIBaeTCs BeNMYMHA IepeMmenieHusd. Jlo pemeHus 3anadu
IepeMeIleHUs] M3BECTHBI JIMIIb B MECTax 3akperyieHus. B HameM npumepe Bce OHH paBHBI HYJIO, HO, B
NPUHIUIIE, MOXKHO BBECTH JIIOOYIO pasyMHYyIO BEJIMUYMHY IepeMenieHus. s nepeMelieHud, He WMEIOLINX
OTpaHMYEHHUH, KOTOpBIE €lIe IPEJICTOMT ONPEAeNINTh, 3alMCHIBACTCS JII000E OOJIbIIOE 3HAuCHUE, HAlpHUMep,
OJIMH METp, KOTOPOE 3aMEHSeT MPOUYepK B TAOJIMIE W HE YUUTHIBACTCS MpOrpaMMoil mpu pacuere. Hampuwmep,
JUISL 3aJ€JIKA CTAaBUM 6 HyJIeH, A7 He3aKPEIUIEHHOTO y371a 6 eJUHHIL.

BeiOpats GopMy 1 pa3zMepsl IONEPEYHOro CeYSHHs ISl KaXJOro dJeMeHTa-cTepxHs (Marpuusl K u BD, Ha
puc.2, BHU3y). B marpuie K mepBrelif crombenr — HOMeEp iIeMeHTa (B pacu€Tax HTHOPHPYETCS), BTOPOM
cronber — Ko BEIOpaHHOTO MaTepHalia, TPETHH CTOIO0CI] — KO CeUCHUS.

J11st KaXKI0ro AJIEMEHTA-CTEePIKHS BEIOpaTh MaTepHall U3 ISITH, BBEAEHHBIX B KAYECTBE CIIPABOYHOTO MaTepuala
B mporpammy pacueta. K=/ — cranp, K=2 —mopamomunnii J[60, K = 3 — natyns msarkas JI68, K=4 —
ZiepeBo cocHa, K=5 — TeKCTONuT.

CeyeHHsT 3JCMEHTOB PEKOMEHIYETCS B3ATh MPSIMOYTOJbHBIC (CIUIONIHBIE WM TMoJibie) K=I, Kpyribie
(xombrieBbic) K=2, u mpokaTHOTo npoduist (paBHOOOKH# yrosok) K=4. OauH U3 CTepIKHEH, COepIKaIIUil OI1H
WIH JIBa 3JEMEHTA, JOJDKCH OBITH CIIOKHOTO ImomnepedHoro cedeHus K=3. B Havane paOOThI MOXHO BMECTO
HETO B3ATh MPSIMOYTOJBHOE WK KPYIIIOE ceYcHue. B manmpHeem, mocie mpoBeIeHUs pacuéToB B MPOTpaMMe
IMyaccon mnocraButh kox K=3. Torma nmaHHBIC I OPSIMOYTOJBHOTO WU KPYIJIOTO CEUYCHHS OyIyT
HUTHOPHUPOBATHCSA M B PAcyET BOMAYT MOMEHTBHI MHEPIMHU CIOXHOIO CeueHUsl. BBOJI B pacyeT TAKOro CEUCHHUS
paccmarpuBaetcs B pasnuelne 2.4.

BepxHue 371€MEHTBI paMbl JKENATENbHO CAENATh MPSAMOYTOJIBHOTO CEYeHHs (CIUIOIIHOTO MM KOpoOdYaToro).
Onu npegHa3HAYeHBI U Pa3MEIeHH Ha HUX KaKoro-Inbo obopymoBanud. s Takux ceueHuil B Matpue BD
BBOJUITCS IIUPUHA CEYEHUs b, BBICOTA /i M TOJIIMHA CTEHKH O .

JUisi mepeMemieHnsl IOJI3yHA HCIHOJB3YIOTCS CTEPXKHM Kpyriioro cedeHus. JUisi OMOPHBIX 3JIEMEHTOB
NPENIIOYTHTENEHO HCIIONb30BaTh TPYyOUaToe CeueHUe, BO-TIEPBBIX, C LEJbI0 YMEHbLICHHS Beca paMbl, a BO-
BTOPBIX, JJIsl YBEJIMYCHHS 3a1laca YCTOWYMBOCTH CIKATBIX CTEPXKHEH (IIpOBepKa Ha yCTOIYHBOCTH B IIPOrpaMMe
pacuera He npousBoauTcs). [t pacyera HaJ0 BBECTH HapYKHBIH AuaMeTp TpyObl D U BHYTpEHHUH AnaMerp d.
s ManoHarpy>xeHHBIX CTEpKHEH MOKHO HCITONIF30BaTh CIUIOIIHOW KPYTIIBIN cTepikeHs (d = 0). Matpuna BD,
Kak ¥ mobas matpuna B Mathcad nomkHa OBITh IOJTHOCTBIO 3alI0JIHEHA, TOITOMY IIyCThIE SYCHKH 3aIloNHIeM
mynsmu. Keratu, B ANSY'S mo0oe He3aiaHHOE 3HaUSHHE, TI0 YMOJTYaHUI0, IPHHUMAETCS PaBHBIM HYJIIO.

OnuH M3 2JIEMEHTOB JIOJDKEH UMETh cedeHHe paBHOOOKoro yrojka K=4. Ero pasmepsl 1 MOMEHTBHI UHEPLUH
OIPEJENSIIOTCS IO COPTaMEHTY NpOKAaTHOM cranu (Tabiuua Npuiiaraetcss B KOHILE 3TOr0 JOKyMeHTa). B

TecToBOM npuMmepe B3iaT yromok Ne3 (30 x 30 x3). Jlna Hero u3 coprameHTta B3Thl A4 =1,74 em?,

_ 7 4 _w o_ 3 .
J,=J.=L45em”, W, =W_ =0,67cm” . MOMCHT HHEPLMH NIPH KPYUYCHUH OIPEACINM IO MPUOIKCHHON
Wl

dopmyne J, = J, = = 3

(3 0.3 + 2,7 0,33) =0,051 em? ,30ech O — TOJILIHA ITOJIKH YroJjka.
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Pacyerunk cam omnpernenser, Kakyro (popMy cedeHHs BBIOpaTh IJIsl TOTO WIIM MHOTO 3JeMeHTa. B KoHCTpyKIun
JIOJDKHBI OBITH 3JIEMEHTHI C CEYEHHEM BCEX YETHIPEX THUIIOB.

Jlnst Hayanma pacueTa BO3bMUTE MPOU3BONBHBIC Pa3Mephl ceueHuit (1o 3ApaBoMy CMBICTY). B mpomecce pacuera
OyayT HalijieHbl pa3Mephl, yI0BIETBOPSIONIME YCIOBUAM ITPOUYHOCTH M KECTKOCTH.

Ha 3ToM moAroToBka AaHHBIX K pacueTy 3aKOHYeHa. Teneps UX HaJo0 BBeCTH B mporpamMmy "MKDO-non-pacuersr”.

BBoa pacyeTHbIx gaHHbIX B nporpammy MK3-gon-pacyeThl

I[J'IH BBOJAAa JaHHBIX W MPOBCACHUA BCIIOMOI'aTCJIBHBIX PACYETOB HUCIOJB3YCTCA IIporpamMma «MKG-D,OI'I-
pac4yeTbh). HOCKOJ’ILKy CaMM pPacCye€Thl Yy BCEX OAMHAKOBBI, BO BCEX IMpOrpaMMax OHHU CHpATaHbl B 3aKPBITBIX
30Hax. BI/IHI/IMHM OCTacTCA TOJBKO TO, YTO AOJIPKHO OBITH IOKA3aHO B pacneanaHHoﬁ nporpamme, a UMCHHO,
HUCXOOHBIC TaHHBIC , AJITOPUTM NPOrpaMMbl U PE3YJIbTAThI pacyeTa.

NMPUMEYAHUE

JIBOMHOM 1I€TYOK MBIIIBIO HA TPAHULIE 3aKPBITOM 30HBI PACKPBIBAET €€ UM 3aKPHIBAET, €CJIM 30HA YK€ PACKphITA.

B Hauane nporpamMMsl yxe BBEJICHb KBa3UPa3MEPHOCTH, TO €CTh Pa3MEPHOCTAM, KOTOpbIe OyIyT HCIOIb30BaThCS
B pacyeTax, MPUCBOCHO YHMCIOBOE 3HAYCHHE. DTO IO3BOJISICT BBOAWTH M BBIBOJWTH JIIOOBIE NaHHBIE B YHOOHOM
pa3MepHoCTH, HO camu pacueTsl B Mathcad npounsBoasites B cucteme CH.

HOCJ’IGZ[OBaTCJ'H)HO BBCAUTC B IPpOrpaMmMy JaHHBIC, IOATOTOBJICHHBIC HA PUC. 2.

NMPUMEYAHUE

lomy6eiM 1mBeToM B mporpamme MKD-mom-pacdeTs! m B JPyrHX HporpaMMax IOKA3aHBI OMNEPAaTOPhI, KOTOpPBIE
JIOJDKEH BECTH PAacu€TUrK. 3aMEHNTE JaHHBIE TECTOBOTO IIPHUMEPa CBOUMH 3HAYCHHUIMH.

BBenure ncxoaHble JaHHBIE K pacdeTy (puc. 3), 3aTeM KOOPAMHATHI y3J10B, MATPHILY HHAEKCOB 3JIEMEHTOB.

BcnomoraTtenbHble pacyeThbl K pacuyéty NpoCTpaHCTBEHHOM

3 CWD = "elkypc201 7
CTepXXHeBOW CUCTEMbl MeTOAOM KOHEeYHbIX 31TeMeHTOB

MecxogHble AaHHbIE  KBA3MPA3IMEpPHOCTU MM = 0.001 cvm= 001 MMa = 10E ORIGIN = 1

Paamepel cTepwHeBol cuctemel L1 = 80-cv L2 = B0-cm L3 = 40.cm L4 = 20-cm

BHelWHWe Harpyakn B HBIOTOHAaX U B MeTpax  F1 = 200 F2 = 100 g = 300 M1 =20 M2 =25

MeTognyeckne yKkasaHWUA cChinka
Bhlpa}KBHI‘IH B nporpamMmmMax BelgeneHHbIe BOT TAKMM

= rony6biM LBETOM, BEOAATCA NONb3oBaTenem

BBO,EI, UCXOOHbIX OaHHbIX L2} v H B
o= atanLﬁ }

PacyéTHan cxeMa KOHCTPYKLMKN

Bsog koopauHaT y3nos

HOMeD KOOpAWHATEI Yana
Y 7 MaTpuua MHAEKCOB 3NE€MEHTOB

yana X
& . HOMEp V3Nl Hauana u

1 i L2 Q) aNeMeHTa KOHLA anemeHTa
2 0 L2 53 AN
3 L1-14 L2 I3 202G
4 L1 152 =3 oo d

K= 85 L1 2 0 MIE — [Fi6 T
& 0 0 153 5§ A
7 L4 L4tan(a) L3 6 5 4
8 L1 0 0 T8 4
g =il L L3) HOMepa YanoB W aNeMeHToB

; \ , . yAanAlTCA U3 MaTpUL
X == submatrix(X 1, rows(X),2,4) MIE = submatrix{MIE , 1 ,rows(MIE) 2 ,3)

Puc. 3. BBog KOOpAMHAT Y37I0B I MATPHIIBI HHIEKCOB 3JIEMEHTOB

Pacdyerunk BBOAWT TOJBKO MAaTpHUIly HHIEKCOB DJIEMEHTOB, a MATPHUIy HHAEKCOB IE€PEMELICHUN CHUCTEMBI
nporpamMa ¢opmupyer cama. B kxaxkaom y3me mo 6 mepemenieHuii. COOTBETCTBEHHO INpOrpaMma IPHCBAaUBAET
nepBOMYy y31y nepemertenus ¢ 1 1o 6, Bropomy ¢ 7 mo 12, tperbemy ¢ 13 mo 18 u tak manee. Tak copmupoBaHa
MaTpHLa HHAEKCOB NMepeMeleHuii y310B M4, To ecTh KaKA0OMY MEPEMEIICHNIO PUCBAUBAETCS CBOM MOPSIIKOBBII
HOoMep. Jlamee B MaTpuile WHAEKCOB dIeMeHTOB MIE KaxaoMy HOMEpY Vy3jla NpHcBamBaeTcs 6 HOMEpOB

8



nepemerieHnid w3 Matpunbl MIA. Tak momydaercs MaTpulla WHAEKCOB IepeMelleHud cuctembl MI, urparomias
KITIOYEBYIO POJIb B METOJIC KOHEYHBIX AJIEMEHTOB (puc. 4). PaHee ckazaHo, uTo MaTpuiia MIE urpaet poJib 4YepTexa.
C UCTOB30BaHUEM STON MATPHUIIBI HA PUC. 4 TPOTpaMMa CTPOUT OOBEMHYIO MOJICITh CTEPIKHEBOU CHCTEMBI.

Ecnu B cucteme ecTh MOABECHOH IIApHHUP WJIM TOJ3YH, B KOTOpPBIE BXOIUT JiBa y3Ja, TO HAJO yKa3aThb Kakue W3
TepeMelIeHN COBIANAIOT, a Kakue HeT. /|y 3TOro Hajgo BpYyYHYIO IOJIPABHUThH MOCIEIHIOI CTPOKY B MaTpHIE
WHIEKCOB y3110B MIA (puc. 4). JlonoTHATeIbHBIN y3e 10/:KeH ObITh MOCJTeHHM B CIIHCKe Y3J10B. B TectoBoM
NpUMepe JOTIOMHHUTENBHBIH Yy3el 3TO BTyJKa moi3yHa (ysen 9). Brynka momsyHa 9 u ock moisyHa 3 MMeEIOT
OJIMHAKOBBIE JIMHEMHBIE MEPEMEUICHMs BIOJIb Oce Y M Z, W YIUIbl MOBOPOTa BOKPYT 3THX K€ ocel. PaznuuHble
TepeMenIeHus] BIoNb ocl X u BOKpYr ocu X. B marpume MIA comocraBisgeM CTpokd 3 u 9 U KOPPEKTHpYyeM
MOCTIETHIOIO CTPOKY (prc.4).

BHUMAHUE

B marpune MIA pomkHBI PUCYTCTBOBATH BCE YMCia oT I 10 max n (63 IpoITyCKOB).

NU -
NE -

NU =9
NE =7

rows () ofLee yucno y3noe

rows(MIE)

oblee YMCNo aNemMeHToB

AN

ne=1.NE nu=1.NU =16

MIAny = 6-lnu—1)+1 MaTpuua MHAEKCOB NepeMeleHnii B y3nax x
nags Ha matpuuy MIA, BEegUTE CTPOKY NepeMelleHWn B NON3yHe
WMWY WapHUpe, ecny oHK ecTb. PaBHble nepemelleHUA BOMKHbI

NKMeTk OQWHAKOBbIE HOMepPA.

Ecnw gononHUTENBHBIX Y3NOE HEeT,

To BbIKNMHOYNTEe OBa onepatopa (H M)Ke) B
KoHLbI CTep#HER, CXOAALMKCA B WapHUPE -- 3TO pa3Hble Yankl. .
Ock nonayHa W ero BTYMKa -- 3T0 Pa3HbIe yanbl HOGIRO=E RO RAMOn
MNgon = 9 HOMEP AONOMHUTENLHOTO Yana NokaneHan
{Ngon \ HyMepaunsa
MA = MAT MATA - (49 14 16 60 17 18)T MA = AT o gl
MaTpuua nHaekcos nepemelleHnin cuctemol M Byane
Mpe i = 'V'”AF-;HEHEJ 5 Mi2ne = 'V‘"AF-;WIEHE_Q i
NMPOLECC Pa3MHOXEHIA Nepemelleril (8 Kaxaom y3ne no 6) ] 5
Ml = augment{MI1 ,MI2) 1 1 6
1 2 3 4 5 6 7 8 9 |10 |11 (12 A 7 12
1 1 2 3 4 5 6] 49) 14| 15[ 50| 17| 18 3| 13 18
2 7 9 10 11| 12| 13| 14 ol 16| 17| 18 MA = [4] 19 24
Mi=|2]| 13 14] 15] 16| 17| 18] 19| 20| 21| 22| 23| 24 5| 25| 28] 27| 28| 20| 30
4| 31| 32| 33| 34| 35| 36| 37| 38| 39| 40| 41| 42 6| 31| 32| 33| 34| 35| 36
95| 37| 38| 39| 40| 41) 42| 19 20| 21| 22| 23| 24 T| 37| 38| 39| 40| 41| 42
6| 25| 28| 27| 28| 29| 30| 19| 20| 21| 22| 23| 24 8| 43| 44| 45| 46| 47| 48
7| 43| 44| 45| 46| 47| 48| 19| 20| 21| 22| 23| 24 9| 49| 14| 15| &s0( 17| 18
n:=max(M) n=050  4uCno nepemellsHUil B CUCTEME 2 Saas piote MR R DRRCYSEITOnRLS RER S95Hn

ot 1 oo makcumyma MIA (Ge3 nponycka)

Puc. 4. DopMupoBaHue MaTpULIbl HHAEKCOB IIEPEMELICHUN CUCTEMBL

BBecTtu rpaHuyHbIe yCIOBUS B Harpy3kax U nnepeMerieHusx (puc. 5).

Bsopn BekTopa cun

’ & Pacyet 3KBUBANEHTHLIX HArpY3o0K ] e “'|
R, = Sy . atthy 1 BBOJ UX B BEKTOP CUN p= atanL T4 B = 33.7-deg
2 12 f.\ Yl .
Ry = 108.17 M, =13 YyeT rpaHnYHbIX YCNOBUA
(A 1 27\ FF cogepxuT (no cron6uam) :CJI;IfePEM:eU-IZ:ZH);HHH
1 -- BENWYKMHA Harpy3ky, \,fan?a p1 2p 3" 4LU' i
—Rs 9 2 2 --y3en, roe NpUnoXeHa cuna, ' iy OnuHbI
Ms-sin(p) 1 4 3 -- NOKanbHbIA HOMepP Y3NOBON ‘1000000 3MEMEHTOB
Harpysku (oT 1 go 6)
-Ms-cos(p) 1 6 2 o) ) 1
M1 5 4 NokanbHas 81 11T 11 1] 72
) : HyMepauua 2| &0
FF:=| -Mssin(p) 9 4 nepemeLeHmii SR ™ E
M,.cos(p) 9 6 8 y3ne Gu=|5000000 B Eh
F1 402 el ':=1"”F___O Sl D 5| 75
_ k:=1.rows(FF) "'~ S T 6| 40
F2-sinfee) 7 1 71 72
F =iER
—F2-cos(a) T 2 MACE FF, k.1 SEOR nRnNOE O
M2 8 6,  Gu-=submatrix(Gu,1 rows(Gu),2 7) 90 1 01

Puc. 5. BBox B pacueT rpaHUYHBIX YCJIOBUI B Harpy3Kax U NEPEMEIIECHUAX



Y4eT rpaHUYHbIX yCJ'IUBVIﬁ B NepemMeLleHNAX

Dg:= |lase-10
1 O for i€ 110 7 EEMHYMHE NepemelyeHiA
Bl Blat Dg =] BU homep yana
£ Gy j<1 2] [241]
’ 3| 3a4]|  HOMSD NEpEMEIISHKA CHCTEME
ac—a+1
O ] A X EN KN ENCH LA CNE ]
neg i B A [ [ e el e e 8
iy é— §
Ept =M, | Det <[ ]2 [3[%[& [e 7[5 [ w)]
contimie  otherwise ] o] 2] =] af s] & s s 11] 3]
(A ne g)T

WRITEPRN("dg') = Dg

Puc. 6. Ilepenymepariyisi FpaHUYHBIX YCJIOBHUH B IIEPEMELICHUAX

BBecTtn mMaTpuny rpaHudHbIX ycjaoBuii Gu B mepeMermieHuAX (puc. 5, cmpaBa), TO €CTh yKa3aTh 3aKpETJICHUS
CTEp>KHEBOI cucTteMbl. Ha TOM e puCyHKe IIMHBI 3JIEMEHTOB LL, pacCunTaHHBIE TPOrPaMMOil.

B mporpaMme rpaHUYHbIE yCIOBHS IEPEHYMEPOBBIBAIOTCS B COOTBETCTBUY C MaTpUIleH MHAEKCOB IEpeMEIlCHUH
cucteMsl MI. Oto nenaet nmognporpamma Dg (puc.6).

Beectn BekTOp cmia. B Havane mporpammsl (puc. 3, BBEpXYy) BBEIEHBI 33JaHHbIE Harpysku. Jlanee Hajgo BBeCTH
MaTpHIly BHEUIHUX Harpy3ok FF ¢ JHCTa MOATOTOBKM JaHHBIX (pHc.2). DTO elle He BEKTOp Cuil F, a TOIBKO BBOJ

BHEIIIHUX Harpy3ok. Pa3mep BekTopa cun {F } paBeH pa3Mepy BEKTOpa Y3JIOBBIX MEpeMEIeHHH {A} . IIporpamma

OOHYJISIET BeCh BEKTOP CHJI, a 3aT€M BBEACHHBIM B MaTpully FF Harpy3kam IIpUCBaNBaeT HOMEpP MO3HULUH B BEKTOPE
cw1 F' B COOTBETCTBHUH C MaTpHIIEH HHASKCOB y3NIOBBIX nepemernenuiit MIA (puc.5, cinesa).

PacnpenesieHHyI0 Harpy3ky Hajo 3aMEHHTh 3KBUBAJICHTHBIMH CHJIAMHM, NPUIOKEHHBIMU B y3/1ax cHcTeMbl. To
€CTb JUIsl DJIEMEHTA C PAaCHpPEAEICHHON Harpy3KOi ONpeeIuTh SKBUBAJICHTHBIE CUIIy R, M DKBUBAJICHTHBII MOMEHT

M, . B xa)xaoM BapuaHTe 3a[JaHusl Cpely BHEUIHUX CHJ €CTh OJHA paclpeiieJeHHas Harpys3ka, €€ HaJo 3aMEHHUTb
SKBUBAJICHTHBIMU Harpy3KaMu, IPWIOKEHHBIMU B y371aX.

Ecnmu paccMmoTpeTs 37eMEHT Kak 0anky, 3a/elaHHyl0 C JIBYX KOHIIOB, TO B KaueCTBE SKBHBAJCHTHOW Harpy3KH
OepeM peakIuM B 3aJelikax C OOpaTHBIM 3HAaKOM. Takue peakIud MOXKHO HaWTH METOIoM cuil. Ecim
gl g’
pacmpe/ielieHHasl Harpy3Ka BbI3bIBa€T M3IHO 3JeMeHTa, TO Ry = Y unM,= o Jlnst pacuera cucTeMbl METOJOM
KOHEYHBIX 3JIEMEHTOB BMECTO pacHpelesIeHHOM Harpy3Kd K HeW NpUKIAAbIBAlOTCS SKBUBAJICHTHbIE Harpysku,
MPUBEACHHBIE K Y3JlaM CHCTEMbl. OTH HArpy3kKd HaJ0 PA3lOXKHUTh MO IJI00AJbHbIM HAMpPaBICHUSIM Y3JIOBBIX
nepeMeIeHnii cucreMsl (puc. 7). Jlns ompenencHUs HaNpaBICHUS SKBUBAJICHTHBIX HArpy30K HCIIONB3YHTE
clIeyromiee MpaBmio:

NMPABUIIO

INonoxuTenbHBIN BEKTOP MOMEHTA HAIPaBIICH TaK, YTO, IS ¢ KOHIA BEKTOPA, BUAUM BpAICHUE IPOTUB JaCOBOI
ctpenkd. Ilepemernenne 6amKky OT AeHCTBHS SKBHBAICHTHBIX HArPy30K JOJDKHO MMETh TO K€ HAIPaBJIeHHE, 9TO U OT
pacnpeneneHHON Harpy3KHu.

Ma

Puc. 7. JIBe cxeMbl Ul BBOAA SKBUBAJIEHTHON HAarpy3Ku B BEKTOP CHUII

PaccmoTpuMm omnpezeneHne 3KBHBAJIEHTHBIX Harpy3oK Uil paccMaTpuBaeMoil cuctembl. Ha smement 1 (puc. 1).
JICHCTBYET paclpeleieHHas Harpys3ka, napamienbHas ocu Y W NEPIEeHIUKYJIApHas MPOJOJIBHOM OCH 3JeMeHTa 1.
PaccmoTpuM TipoeKImio eMeHTa Ha IIOCKOCTh XZ (BUA CBEpXy Ha cucTeMy) (puc. 7, cieBa). DKBUBAIICHTHAS CHIIa
Rs mpoextupyeTcs B TOUKyY (YXOZISIIas OT HAC cuila 0003HadeHa KPECTUKOM B KPY>KOUKE).

BekTop 3KBUBajIEHTHOIO MOMEHTa M5 NEpIEeHIUKYJISAPEH PacHpelesIeHHON Harpyske. PacknanpiBaem ero Ha JBe
MIPOEKINH B HAIIPABJICHUU MEPEMEIICHUI CUCTEMBI B TaHHOM y3Jie (BIOJIb TII00ANBHBIX oceil X U Z). DTH MpOeKINH
J0OABIISIIOTCS K BHEIITHUM Harpy3KaMm 10 3TUM HalpaBJICHUSIM.
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NMPUMEYAHUE

B Hauasne snementra 1 (ysen 1) cTouT 3ajenka. OKBHUBaJIEHTHbIE HArpy3Kd B 3a/I€JIKE CTAHOBSATCS OIOPHBIMHU
11 peakuusmu. X MOxHO He BBoAuTh B pacuéT. OHU HE BIMSIOT HAa HATIPSDKEHUS U JeOPMAITIH B CTEPIKHAX.

PaccmoTpuM pyroii BO3MOXKHBIN Cilydail NpUI0KEHUS paclipeneneHHoN Harpy3ku. [lycTh Ha anemMeHT 5 aeicTByer
pacmpezeneHHas Harpyska, Jiexalias B IJIOCKOCTH XY mapamiensHo ocu X. PacdeT 3KBHBalEHTHBIX Harpy3ok OT
Hee [I0Ka3aH Ha pHc. 7, crnpasa. Pa3iokeHne BEKTOPOB Ha MPOEKIMHU 3[IeCh HE TpeOyeTcsl, TaK Kak BEKTOP MOMEHTa
HarpasJieH BJIOJb IN00aIbHON OcH Z.

Ha sTom 3akaH4mBaeTcs HavyaigbHas 9acTh mporpammbl MK3O-gon-pacyeTtbl.xmcd — BBOA HCXOAHBIX JAHHBIX.
OcTtanbHble MCXOIHBIC TaHHBIC: (opMa M pa3Mephl MOMEPEYHBIX CCUCHHU JJIEMEHTOB, a TaK)KE MaTepHal U ero
cBolcTBa OynyT BBeJeHbI o3aHee ¢ [ynbTa ynpasneHns (puc. 10).

IIporpamma noJ/kHA 06paboTATh Te JaHHBIE, YTO y2Ke BBeCHBI.

Pacyer MaTpubl HANPABJISIIINX KOCHHYCOB. BHavaie onpenessroTess KOCHHYCHI LX YTIIOB MEXKAY JIOKATBHOM
0CBI0 X (IIPOIOTBHOM OCBIO JIEMEHTA) U I100aIbHBIMM OCSIMU Y, ¥,Z (pHc. 8). s 3TOro onpenesstoTcs NPOeKInuu

anemeHToB AX,AY,AZ Ha rnobajbHble OCH, KaK Pa3HOCTH KOOpPAMHAT Hadaja M KOHIA 3JJIEMEHTa. 3aTeM

ONpeeNseTCs AIMHA JIEMEHTOB L = \/ AX? +AY?2 +AZ% u YTOJI MEXKAY OCSIMH X JIOKaNbHas u X TiioOanbHas

Cos(x /\X)=%.

s ompeneneHHss KOCHHYCOB YIJIOB MEXIY JIOKAJBHBIMH OCSIMH Y W Z M TJI00ambHBIMH ocsimMu X, Y,Z

UCTIONB3YeTCs ONepaTop BEKTOPHOTO MpousBeeHus . HamoMHUM, 4TO NPOEKIINU eJMHUYHOTO BEKTOpa (opTa) Ha OCcH
KOOP/AMHAT paBHBI KOCHHYCaM YIJIOB MEXAY OPTOM U OCAMHU KOOpAMHAT. BekTopHOe npou3BeeHHe IBYX BEKTOPOB
€CTb TPETHUil BEKTOP, JIS)KAIIUH B INIOCKOCTH, IEPIIEHIUKYIIIPHON MIOCKOCTH NEPEMHOKAEMbIX BEKTOPOB.

Ilo YMOJJYaHUIO NPHUHUMACTCA, YTO OCH Y JIOKaJibHasd AOOJDKHA JIC)KAThb B INIOCKOCTH oceit Y rimobOampHas U X
JIOKaJIbHasd. I[J'IH 9TOIO B CKpI)ITOI>'I 30HC OIPEACIICHUA UIMH 3JIEMCHTOB JIA KaXXI0r'0 3JICMCHTA BBCACHA TPCTbhA
TOYKa, JIC)Kalas B yKa3aHHOI71 IINIOCKOCTH.

Brauasie BBIYHCISIETCST BEKTOPHOE TIpou3BeneHne Lz = Ly x Lx . [TOCKOIBKY TPEThst TOUKA, BBEACHHAS TS KaXI0TO

3JIEMEHTa, BBOJIUTCS MTPOM3BOJIFHO B IUIOCKOCTH Y-X, TO yroJI MEXIy BEeKTOpaMH He paBeH 90°, a Momyb HE paBeH
emuHUIE. B mporpamme onpenensieTcs monpaBoYHBIA KO3()OUIUESHT 17, KOTOPBIA NMPHBOIMUT IIMHY BEKTOPHOTO
TIPOM3BEIICHUS K €AMHUIIC U COOTBETCTBEHHO YTOJI MEXIYy ocsiMHu OyzaeT paBeH 90°. [lamee BEKTOpHOE IIPOU3BEACHNE
Ly = Lz x Lx TO03BOJISIET ONPE/ICIUTh OCTAIbHBIE HAIIPABIIAIONINE KOCHHYCHI.

Onpegenenne yInoe MeXy NOKansHLIMM OCAMK X, ¥, Z M MoDanuHeiMu ocamn X, Y, . Z;.
BBOJ MaTPHLLI HANPaBNAKWMX KOCHHYCOB L

A a3 et {ne} 3 2
: ne, ve,j o el T T 2 {net
Lxm:J:LL— Lol i .=[[(ij | % {(L31) | ] an =rDoL|:n {E [':Lzm .'i] }- l,n:|

e TE i=1

T P ——y
Lz ke e Iz= LzT Ly<m} = leT] * leT] Ly = LyT L= augment(Lx, Ly, 19 owo= |acosD)|
Marpuua HanpasnAWWHX KOCHHYCOB Lu yrbl Mexay HBIMH K T HbIMH OCAMH Oxx

0g 0 06 0 -1 0O D&
1 0 o -1
1 o o -1
L=|08 08 -06 08
0g 08 06 08
o o o -1 0
0 0806 0 06 -08 -1

-0z 1 2 2 4 g B 7 g 2
34| 9o 56| 40| 180 40| S6| 90| 146
O 9o 9o 90| 180 90| 8o 90| 180
O 90| 9o 90|10 90| 9o Qo) 180
37| 53| @0 127| 37| 90| Q0| 90 ]
37| 63| @O 12F| 37| Qo) 90| 90 1
g0 490 0| 9o 1a0| 490 1] 90| 490
90| 34| 56| 90| 56| 146|180 90| 90

deg

o o oo

- o o o o

1]
1]
0
0
it

0O o o oo oo

E = [ R ) ()

WEITEPEN("FI") = oy 1
s

Puc. 8. OHpeZ[eJ'IeHI/Ie YTJ10B MEKAY JIOKAJIbHBIMHA U JI00aIbHBIMHU OCSIMH

BBoA MexaHU4ecKUX CBONCTE

Al = "eTam"
MOYTE JOMYCKASMOS . .
[Ona cnpaBku IOHra  HAMPAWEHWE  MNOTHOCTS A2 = "ampomuEnit
T . A3 = "maryue"
1. CTank ¢T3 U GO L R Al BERERD.
10 7 = A5 = "rexcTonuT
2. AnoraHnd J6(0) 710 5.10° 2800

Marepman = |for ie 1. NE

8. Matyws wArkas 168 EE = | 11.19'" 5107 ge00 | Ei = EE, Al f =1

4. lepeso cocHa 1101 5107 sog | oaem=EE, asyils B 8
5. TekcTonuT

06 10" 4107 1400) Pi=FE 4 sy A3 5= 3

ssie— A4 of si=4

WERITEFEN{"E') = E  WRITEPEN('ro") = o s A5 f 5=3

85

Puc. 9. Mexannueckue CBOHCTBa MaTEpHAIOB CTEPKHEN
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Yyer MexaHHYeCKHX CBOWCTB MaTepuana crep>xHed. COrjacHO 3allaHUIO, JIEMEHTHI-CTEP)KHHU H3TOTOBIICHBI M3
Pa3IUYHBIX MaTepuaioB. MaTepuain sl KaKI0ro JIEMEHTa PacueTulK BHIOUPAET caM, UCXOAS U3 KOHCTPYKTHBHBIX
12coobpaxenuii. CBoiicTBa UCIONB3YEMbIX MaTEpPHAIOB B BHJE CIIPABOYHON TaONHIBI MPHBEAEHBI B TPOrpaMMme
MK3-gon-pacyeThb! (puc. 9). B mporpamme pacuera monamodstes Moayib FOHra E, 1omyckaeMoe HapsDKeHHe TSt

mMarepualia CTEPKHA [G] , 4 TAK)KE TNIOTHOCTh MaTe€puaia P Uil MPOBEACHUA TMHAMUYCCKUX pacY€TOB.

B mpodHOCTHBIX pacdyérax CTEpKHEBBIX CHCTEM HCIONB3YIOTCS (OPMYJIBI CONPOTHUBICHHS MATCPUAIIOB, HE
TpeOyromue omnpeneneHus aehopmammit. Koapdunument Ilyaccoma £ u momyns capura G B pacu€rax He
HCIOJIb3YIOTCS.

C nmyasTa ynpasJjenus (puc. 10) BBogutcs marpuna K, mepBbIif cronbern KoTopoi — HOMep dJIeMeHTa, BTOPOH —
KOJ MaTepuana, a TpeTHd — Kon (opmbl cedeHus. [lo Koxy Marepuana B HpOrpaMme KaKAOMY DJIEMEHTY
NIPHCBAUBAIOTCS YHCIIEHHBIE 3HAYEHHS €70 CBOMCTB. OHHM BBOIATCS B BUJE BEKTOPOB E, O, P, 3aIIMCHIBAIOTCS B

otnensHbid daitn pynkuumeir WRITEPRN u nepenatotes B ocHoBHY0 nporpammy MK3-npocTtpaH.xmed .

fynem ynpasneHus B matpuue K nepean KONOHKA — HOMEp 3MeMeHTa,
BTOPasA -- KOO MaTEPHanos, TPETEA -- POPMa CevYeHHnn
BBOM PasMEpPOoBs NONEPEYHbIX CEYEHMI npaMoyroneHele K=1, kpyrnole K=2, cnowxHoe cedeHne K=3

b h s D d BBEOWTE YMCMEHHLIE 3HAYEHIA MOMEHTOB MHepun aAnA K=4

il (20102 0 O Kogel pekomenayemelx  Matepuan_w_ceyeHne =

2l IR ] MaTepuanos 7 5

22 [ ] A B 1 MAaTYHE CNOMHOE
K=l 21 o= 10902 0 0 lam 2.an.|0Ml-1Hl-1F1 2 cTans kpyrnos
B 3 cTans kpyTRoE
5 2 1 WMz 00 3. natyHe mAarkan ngs = = : .
4.J:|,E!|:|eBD [CUCHa} 4 animMHHUKH NpAMOYToNEHOE
E 1 4 me (6 EEakE = 5 ANKMUHKA" | "NPAMOYTONEHOE
be o) bietn bisn e 5. TEKCTONUT 5 s ioh0
. = - = T aAnMUHKIR KPYTNog

Ecnu kog chopibl cedennA K = 4, BBeanTe YUCNEHHBLIE 3HAYEHNA NNOWaAH, MOMEHTOB
MHEPLIMK 11 MOMEHTOB COMPOTHBNEHUA M3 COPTaMEHTa NPOKATHOM CTank

Mmacca
4 3

Ja={0051 145 145) cm” W4=0(017 067 067) cm™ AAd=174cm’ KOHETPYKLIMM
Pesynemamesl pacyema = 255 ]
[l akcMankeHeIe
JEEWMEANEHTHEIE HANPAXEHWA B M3KCHMankbHEIE NEQEMELLEHWA B COOCTEEHHEIE
H34Yane 1 B KoHLUE 3NeMeHTa ANeMeHT3X BACNE NOKANEHEX oceR K Y, Z YACTOTHI
1 s 1 il 2 3 1
3l 12| 18 1 S0 1 0] 1.34] 0. 1 19.4
2 81| &5 2 100 2z 004 118| 0.1 2 301
MaKg ; = A0 S B Toon = 3 1001 M3 Umax= |2 004] 108] 0.01) .y, Drepy = Z B
4 0| 38 £ 70 4 0| 3.07| 0.08 2 3.7
5 33| 11 5 70 5 0| 363| 011 5 29.9
8 19| 38 8| 100 [ 0| 0.05| 0.04 [ 116.2
T 58| 18 T 70 7 0.04( 007 227 T 151.5

Puc. 10. ITynst ynpaBneHus pacueTaMmu

Bce neifcTBusl 1O CO3/aHMIO pacyeTHON MOJENH, YKa3aHHBIC BBIIIE, CHPSATAHBI B 3aKpBIThIE 30HBI. B nTOroBOM
IOKyMeHTe (TIOSICHUTEIEHON 3aITUCKe K KYPCOBOW padOTe) OHM HE HY>KHBL

Pacyer reoMeTpuYeCKNX XapaKTepUCTHK cevyeHuii. CeueHUs SIEMEHTOB MOTYT ObITh KPYTJIbIE, MPSIMOYTOIbHBIE
(crmonTHBIE ¥ TOJIBIE) M aOCOTIOTHO MPOU3BONIBHEIE.

Pazmepsl KpyribIX (KOJBIEBBIX) M MPSAMOYTOJBHBIX CEUEHHWH BBOIATCS B Matpuile BD. s MONBIX CTep)KHEH
MPSIMOYTOJIBHOTO CEYEHMS 3a/1aeTCs TOJIIMHA CTEHKU O , IJISl KPYTIJIBIX TOJIBIX CTEPXKHEH — BHYTPEHHHH THAMETp
TpyOBI d.

Hanee BHyTpu mnporpammel MKO3-gon-pacyetbl.xmcd paccUuTHIBAIOTCS TI'€OMETPUYECKHE XapaKTEPUCTHUKH
CeUeHUH T MPSIMOYTOJBHBIX M KPYTJIBIX ceueHni. BHavane n3 marpuis! pazmepos ceuennii BD (puc. 10, BBepxy)
CUMTHIBAIOTCSI pa3Mephl MPSIMOYTOJBHBIX M KPYIIIBIX cedeHuit b, h, &, D, d u mepenalorcst B MOAIPOTPaMMBI
pacdera IUIOIIAAM, MOMEHTOB WHEPIMU M MOMEHTOB coOIpoTuBiIeHHs (puc. 11), Haxonmsmmecs B CKPHITOH 30HE
nporpammel MK3-gon-pacyeTsbl.

Mt pacyera momenrta muepmu J =J, u momenta comporusienuss W =W, nupu xpydennn crepxkueii
MpPAMOYTOJILHOTO CEeYEHHs Ha0 3HaTh KO3QOULMEHTHI &, [3, ) , CTpATaHHbIE B 3aKPBITOH 30HE.

MOMEHTBI MHEPIMH CJIO0KHOTO ceueHMs mepepatorcs u3 nporpammbl MKO-ITyaccon.xmed B mporpammy MKD-
nor-pacaérer.xmed.

MoOMEHTHI MHEPIUH NPOKATHOTO PO (YTrojKa) ONMpelestoTCs U3 COpTaMeHTa MPOKATHON CTald M BBOJISTCS
pacaérankom B MaTpuisl J4, W4 u AA4 na nynste yrnpasneHus (puc.10).
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Beoa pasMepoB ceYeHHil ocylecTBRAETCA
rno6aneHo ¢ "MyneTa ynpaeneHna" B cepeante npK pacyeTe KoaMUMEHTOB o, B, ¥

nporpaMmebl = BENWHMHE hb HE MO¥ET BbiTs MEHbLWE 1
b =80 n=p® 5-B0¥ D-BDe-ED" W= % b= [hbetb
MOMEHTEl MHEQLMM M MOMEHTGI for ke 1. NE
CONPOTHENEHMA NPAMOYTONEHOTD B e 1 if Hg = 0
CEYEHMA
3 ¢ 3 1
bic(hiel” (b — 28] (b — 284 (8> 0) b — if by < b
g e L Dot WSl
12 2
hb
(b (b= 280 (b — 2-8) (8¢ > 0)
y<_ 2 e £ z MOMEHTEI WHEPL WA 1 MOMEHTEI
12 12 COMPOTMENEHMA KYINOrd CE4EHMA
Acp e (hg - &) (bx - &) 4]
. ; 1 i
Seﬁ-[llhk—5k]+[bk—5k]] x{Dy) 1—(D—J
: e
4By (hep) | 64
g ————— if &= 0
3 T
otherwise Jy e Jg2
i o hbg) b [hk]3 if hye < b 2 27
3 n(Dx)™| 1 - (—]
T on b () b if B 2 b e Pxj |
A by hy— (b — 284 ) (b — 2-84) Gy = 0) 4
/ T
Jp Jyp Jz A
[ Gy i)
13(k)2
JICk = :
W) = W3 ; );z_2 WIk) Wa e 5, 2
1093 Wiy« Wy
= 2 Wi 2Ws

Puc. 11. TloanporpamMmbl pacyeTa reOMETPHIECKHX XapAKTEPUCTHK KPYIJIOro M IIPAMOYTOIBHOTO CEYEHHUIM
Pe3ynpTaThl pacueTa reOMETPHUECKUX XapaKTEPUCTHUK BCEX CEUEHUH 00BEANHSIIOTCS B €MHbIe MaTpuIlsl JJ u W u
¢ momotsio ¢pyuknuu WRITEPRN zammceiBatrotest B ¢aiin «JJ.prn» u cuutsiBarotest orTyna nporpammoir MKO-
npocTtpaH.xmed.

2.2. Pac4yeT CTepXHEBOW CUCTEMDI

Jnst mpoBeneHHs pacyera MPOCTPAHCTBEHHON CTEP)KHEBOH CHCTEMBI METOJOM KOHEYHBIX JJIEMEHTOB OTKPBITH Ha
KoMIbtoTepe Bee Tpu nporpammer: MK3-npoctpaH, MK3-gon-pacyetsl, MKO-TMTYACCOH.
COBET

OrnepaTHBHEIN MEPEX0/] OT OJHOM MPOrPaMMBI K JIPYTrod OCYIIECTBISETCS HaxarueM coueranus kiasum CTRL+F6.
i 6picTpOro mepecyera Bcel MporpaMMbl UCTIONB3yHTe codetanne kinaBum CTRLAF9.

BBOx HCXOOHBIX [AaHHBIX B OCHOBHyIO mporpammy MK3-MpoCcTpaH mpoMcXoauT aBTOMATHYECKH IIyTEM
cuntsiBanust ¢ynkuueii READPRN wu3 daiinos, kyma wx 3ammcana BcromorarenbHas mporpamma MK3-gon-
pacyeTbl.

B ckpbITOIl 30HE Haxo[sTCSA CTaHAAPTHBIE MATPHIBl KECTKOCTH, MACC, HANpPABIIOIIMX KOCHHYCOB, B KOTOPBIX
HCTIONB3YIOTCA Tepeaantbie 3 mporpammbel MKO-gon-pacyeTbl qannsie st pacyera.

[lanee 3amucaHbl OCHOBHBIC YPaBHEHUS, HCIOJIb3yEMbIe B METO/IE KOHEUHBIX 3JIeMeHTOB. DopMuUpyeTcs MaTpHLa
JKECTKOCTH CHUCTEMBI, pelaeTcs ocHoBHOe ypasHeHHe MKD, onpenemnsirorcss BHyTpEeHHHE yCUIINS U IEPEMELICHUS B
Kaxa0M autemenTe (puc.12). OOpaTure BHUMaHHE, YTO MPAKTUYECKH BECh aJITOPUTM METO/Ia KOHEYHBIX AJIEMEHTOB
YKJIaIbIBaeTCsl BCero B Heckonbko Mathcad-onepaTopos.
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1z T j=1l.n Ejj=0 k=1.N 1=1.12 j=1.12

CTaTU4YecKUA pacveT CTEPKHEBOW CUCTEMbI
WETPULE HECTKOCTH SNEMEHTE T

i = Ty
B MobansHbIX KOOpaMHaTEX KEG 1= Ve EBe TRy, .

METRMLE MECTKOCTH CHCTEMb! K + EKEG(k,i,1)

(Ml 1, Ml ) = K(M , M ;)
YYET MPAHMYHLI YCNOBKIA B NepemellgHiAx
TpaHuyHble yonoera  Dig = READPRN("dg.pm") g=Dg3; Ag:=Dg

WeTon MWaHo yMeTa rpaHuyHE YCNOBKWA 1= 1. rows(g) S n
w 10 = 1

Kgi,gi'_ Kgi’gilo Pgi.— Kgl,gi&g‘

Y3noBble NepeMelleHna cucTeMbl A = K 1-F

ki=1..HN jimabied2

Y3AN0BbIE NepeMeLLeHHA aNeMeHToR Agj = A

| Mg i
g rnofaneHelx KOoOpAWHaETEX 3
YaNOBLIE NepemMelleHnA INeMEHTOR (1) )
Ael™ = T Ae
B NoKaneHBX KOOpIWHATEX
YCUMKMA B 2NeMeHTax B NOKanNeHLX Koo e i k2
DAMHETAX F1I* = KB Ael

Puc. 12. Cratudeckuil pacder CTEpKHEBOU CHCTEMBbI

Pesynbrats! pacyera B mporpamme MKO-NpoCTpaH aBroMaTH4ecky 3aMChIBAIOTCS B BRIXOMHBIE (ailiibl, OTKyda UX
cuntsiBaer nporpamma MK3-gon-pacyetsl. Haxar na xnaBuarype coueranue kmasumr CTRL+F6, nepeiinure B
nporpammy MK3-gon-pac4yeTs!.

YtoOBl pe3ysbTaThl pacyeTa B OCHOBHOI mporpamme MKO-npocTpaH BcTymwiu B CHIly, HaJO MEPECUUTATH
nporpammy MKOS-gon-pacyeTsl. s atoro ynooHo ucnoinb3oBath couyeranue knapuii CTRL+F9. 3akpoiite Bce
PacKpBIThIE 30HBI TS OBICTPOrO MEPEMEICHHS TI0 PorpaMme.

MoaBop pasmMepoB CeYeHUin INEeMEHTOB

[epetinute B nporpamme MKO-gon-pacyeTbl Ha pazaen «Ilyaet ynpaenenus» (puc. 10). IToT 610K MO3BOISIET
OBICTPO M3MEHATH MAPAMETPHI U TPOCMATPUBATH PE3YIIBTATHl PacdeTa.

JlJ1s1 BHINIOJTHEHUSI pacyeTa HaJ10:

1) Tlocne BBOAa BceX MCXOIHBIX JaHHBIX B mporpamme MKO-gon-pacyeTbl HaxaTbh coueTaHHE KIIABHII
CTRL+F9 niis mepecueTa Beeit mporpaMMBl B 3aITMCH BCEX JAHHBIX BO BHEIIHHUE (paiiinbr;

2) Ilepeiit B ocHOBHYIO nporpammy pacaera MKO-nipoctpan, HaxaB coderanne kiapum CTRLAF6;

3) Haxare CTRLAF9 mna mepecdera Bcell MpoTrpaMMBbl, MPH 3TOM IPOUCXOAWUT CUHUTHIBAHHE HCXOIHBIX
JAaHHBIX W3 BHEIUHHMX (HalyioB, BBHINOJHEHHE pacyeTa B OCHOBHOH INporpaMMe M 3alliCh Pe3yJbTaToB
pacdera BO BHEITHHE (aiiIibl;

4) BepHaytbcs B mporpammy MK3-non-pacdersi, HaxkaB CTRLAF6;

5) TIlepecumrats nporpammy, HaxkaB CTRL4F9, mis cuwThiBaHHs pe3yibTaTOB pacuyeTa B OCHOBHOM
MporpamMMe U3 BHEITHUX (haiiyIOB U TIPOBENICHUS BCEX JOMOTHUTEINBEHBIX PACUCTOB;

6) IlocmoTpeB pe3ynbTaThl pacuera (Ha IIyJIbTE€ YIPaBICHHUS), CKOPPEKTHPOBATbH pa3Mephl CEYCHUH WU
MaTepuall CTepKHEH;

7) TloBTOpuTh MyHKTHI | — 5.

Ha MynbT ynpaBneHus (puc. 10) BhIBeACHBI pe3ysIbTaThl pPacueTa: MaKCUMAIIbHOE SKBUBAJICHTHOE HATIPSDKCHHE B
HaJaJje ¥ B KOHIE KaKAOTO 3IEMEHTa, MAaKCHMAJIbHBIC JINHEHHBIE TIEPEMEIIICHNUS CTEPKHEH BIOJIb JOKAIBHBIX Oceil
X, ¥, Z K&KAOTO 3JIEMEHTa, COOCTBEHHbIE YaCTOTHI KOJICOAHNI CTEPKHEBOH CHCTEMBI, Macca CHCTEMBI.

IoamporpaMmbl 1Jisl pacdeTa MaKCHMAJIBHBIX OKBHBAJICHTHBIX HANPSDKCHUH IIOMEIIEHBI B CKPBITYIO 30HY H
nmokaszansl Ha puc. 13. O6paTtute BHUMaHHE, YTO Bce (OPMYIIBI IS pacueTa SKBHBAJICHTHBIX HANPSDKEHUH 3HAKOMBI
BaM U3 Kypca CONPOTHUBIIECHHA MaTepHanoB. I10CKOIbKY Bce CHIIBI IPUKIAABIBAIOTCS B y371aX CTEPKHEBOH CHCTEMBI,

TO 3IMMIOPLI Mn'sr HpﬂMOJ’IHHefIHLIC 1 OIMaCHBIM CCYCHHUEM ABJIACTCS OJWH W3 KOHIIOB 3JICMCHTA.

14



Flg x Fls x Flg x
Mk = My (R = Mz(K) = Temngl,K) = | for kke 1l NUIL
Flio,k ¥ Fly1 x Fliz x

= Ilz(x K Iy, K
T g —— o

MR = Mkl My(xl) = My(Ry  Ma(cl) = Ma(Ry s =
My(x.K)
JMk(x,k)2+My(x,k)2+0.?5-1\u'lz(x,k)2 IRk
Ux'py'f(x,k) = = R
Zrpyr(K) "mmo Meecy"
MWaylx K Wlz(x,k P
Impamoyr(x.K = |01 & M + M oy, [ ok x) ™+ 3+ Tk )
Wl Wampmik)
£ Klgk & kk
- . mancy «— max| 0y
e |[ M@ ¥ My r -
Wyrrpm(lé Wknp ) o T o3 maxos kI vy |
5 5 Ecnu K= 4 | W ceueHue paeHoBOKWA yronok, To onacHoi
Mz . hy Mz X TOMKOW CKOPEE BCEIO CTAHET KOHEL NONKW ¢ronka, Tak kak
| — +39| — || m—
— 9 | C——s Takoe CEMEHME OYEHE NN0X0 paboTaeT Ha KpyYeHue,
if by < ix, K X
maxod(x,K) = L{Q})‘ st |MZ(—{3}1@|
2 3 T4 W4
e [ 2GR Y My
W m(K) Wk an(K) maodn, k) = manod(z, Ky
] 5 maxdy = |for xel 2
(2, g (2, K
(_‘/[ y(_x, ) J +3y1 (EJ (—k(x’ ) J for kel .NE
W ty )| Wik 1
Vil K i K 00k x4+ Tmpmoyrix k) if Kk 3=1
"Ep100f AR OT0 HATI .
T 34— axpy‘r(x:k) if Kg3=2
mazd — a7
T} b= Toplx,Klg if Ep 3=3
s % %
0} = thanddi k) ot K 3= 4
ag

Puc. 13. Pacuer MakcHMabHBIX SKBUBAJICHTHBIX HANPSKEHUN B CEUEHUSX 3JIEMEHTOB

Ecmu HalpsHKEHUE WKW NEPEMEIICHUE MPEBBIMIAIOT IOITYCKAa€MbI€ BCJINYWHEI, HGOGXOZ[I/IMO YBEJINYUTL pa3MEpbL
CCUCHUA COOTBCTCTBYIOLICTO J3JICMCHTA. Ecmu HalpsHKEHUSA HAMHOT'O MEHBLLIC OOIMYCKACMBIX, HAaJ0 YMCHBLIINTDL
pa3Mephbl CEUCHMIA. I[J'IH MaJIOHArpyKCHHbIX CTGp)KHCﬁ Ppa3Mephbl CEYCHU S IMIPUHUMAIOTCA KOHCTPYKTHUBHO.

Jns  yMeHbIIEHHMS Macchl KOHCTPYKLHMH CIUIOIIHOE CEYCHHWE MOYKHO 3aMEHHTHh HOJNBIM (KPYIJIBIM WK
MIPSMOYTOJIBHBIM) U BAPHUPOBATh TOJIINHY €T0 CTEHOK.

W3meHuB pa3Mephl CeUeHUH CTep)KHEH, BBeAUTE M3MeHeHus B pacdet, HaxxkaB CTRL+F9.

Bepuurecs B mporpammy MK3-npocTtpaH, naxae coueranne knaBumi CTRL+F6. Ilepecunraiite OCHOBHYIO
nporpammy, Haxap coderanne kimaBumi CTRL+F9. Bepuurece B mporpammy MKO3-gon-pacyétbl, Haxas
coueranue knmapuii CTRL+F6. Ilepecunraiite mporpammy, Haxkae codetanue knaBuin CTRL+F9 ITocmotpure
HOBBIE pe3ysbTaThl pacyera. OOpaTUTe BHHMAaHUE Ha TO, YTO C YMCHBIICHHEM JKECTKOCTH YMEHBIIACTCS MepBast
COOCTBEHHAsI 4YaCTOTa CHCTEMBI.

ITocme xaxxmoro mepecdeTa BBl MOXETE YBHACTH Ha ITyJNbTE YIPABICHHS pPeE3YylbTaT IepecdeTa: TaOJHiry
MaKCHMAaJIbHBIX SKBHBAJCHTHBIX HATPSHKCHUH B Hadyajle W B KOHIIE KaXkoro 3eMenTa (puc. 10).

OnpegeneHne nepemeLleHnin CTEPKHEBOWN CUCTEMDI
Tenepb CKOPPEKTUPYEM KECTKOCTH CUCTEMBI. ITocTaBum YCJIOBUE )KECTKOCTH:

*  Maxkcumanvhoiil npo2ubd 1100020 d1eMeHma 6 1060M HanpasieHul He 00aX4ceH npegbliuams 2 — 3 MM.

Mathcad crpont rpaukn nepemeriennii, ucnons3sys ypasenne cessu {u} =[N [{A}.

3zech {1} — BEKTOp NepeMEIECHNH B IPOM3BOIBLHON TOUKE SIIEMEHTa 10 TPEM OCSIM KOOpAMHAT, {A}— BekTop
Y3JI0BBIX IIepeMelIeHui anemMenTta u3 12 kommoHeHT. Torma [N ] — mpsMOyroJibHas Marpuia GyHKIHNA GopMbI

pasmepHocThio 3x12. YpaBHeHue cCBsi3M M (YHKIUHM (OPMBI JUISI HPOCTPAHCTBEHHOH CTEP)KHEBOW CHCTEMBI,
TIpeACTaBISIONINE CO00H ypaBHEHHE YIPYTOi IMHUK CTEPXKHS, MPHUBEIEHHI Ha pHc. 14.

ITocTpoennsle c wncmonp30BaHHEM (QYHKOHH (GOpMBI BHIBI CTEP)KHEBOM CHCTEMBI OO M ToOcie JaedopMannu
TOKa3aHbl Ha puc. 15.

3 2
-4 b4 b4 -4
Ni(x,L) = 171 N2(z,L) = 5 N3(x,L) = 2-—373-—2 sl

1
M= = 2 i MGDE2 48 Wb -2
i b ip i i
Nl L) 0 o 0 o 0 MewI) O o o o 0
NE&L=| ©0 N3l 0 0 0 4D 0  N5®L) 0 0 0 6L
0 0 N3IL) 0 -Na@Ly 0 0 0 NS&L) 0 -Né@L) 0
Utz = 1000 HE( =L, L) Ae<1> nepemelleHiA NepeseeHil B Mk

Puc. 14. Pacuer nepemMenieHuii 3JIEMEHTOB ¢ MOMOIIBIO QyHKIHH GopMBbI
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Hob6aeneHo uHxeHepoMm-uccredoeamenem Uneéii Cononoesim

KSS = 30 KO3(UUUEHT YBENUISHIA NepemeLLeHuil

16

MakcumaneHsle NepemMelleHls B Kaxaom anemeHTe
BAOMNE NOKANEHBIX ocel 1 --x, 2 -y, 3--2

1 2 3
1 0| 2.43| 0.01
2| 0.04 1.2| 0.01
. 3| 0.04 1.1| 0.01 42
4 0| 3.08| 0.06
3 0 3:7 D1l
6 0| 0.05| 0.04
s e Pl /| 0.04| 007 2.28

UEPHBII LBeT - pama Be3 Harpy3oK
KPACHLI LEET —- pama noa Harpyaxoi
CUHWI LUBET -- ONacHasA ToYKa

Puc. 15. Bua crepixHeBoii cucTeMsl 10 U mociie qedopManuu

JIJist IpOBEpKU BEHITIOTHEHUS YCIOBHS JKECTKOCTH B mporpamme MKD-nomn-pacuetsl Ha mynbT yrpasieHus (puc.10)
BBIBEJICHBl MaKCHUMAaJbHbIE NEPEMELIEHUS 3JEMEHTOB BJOJb JIOKAIbHBIX ocel X, Y, Z. 1 yMeHbLIEHHs
TIepeMEIeHIH HA/I0 YBEINIHUTE pa3Mephl CEYCHUH 3JIEMEHTOB MIIM BBIOpATh OoJiee KECTKUN MaTepHal.

BHUMAHUE

,HJ'IH KaXXA0ro 3JIEMEHTA JOJKHO YIOBJIETBOPATHCA OAHOBPEMEHHO U YCIOBUE IPOYHOCTHU U YCIOBUE KECTKOCTH.

VccnegoBaHue AMHaAMMYeCcKoro noBeaeHns CUCTEMBI

B mporpamme MK3-npocTpaH, kpomMe cTaTH4ecKoro, MPOBOAUTCS M TUHAMHUYECKUH pacdeT CTePIKHEBOI CHCTEMBI.
OmnpenensieTcst BEKTOp COOCTBEHHBIX YaCTOT M CHEKTP COOCTBEHHBIX BEKTOPOB cUcTeMbl. Ompeienure COOCTBEHHBIE
4aCcTOTHI KOJIEOAHUH CTEP)KHEBOM CHCTEMBI 0€3 COCPEOTOYCHHON MacCHl B ¢ cocpenoTodeHHoW Maccoit 10 kr. Jlms
BBOJIa B pPacyeT COCPEIOTOYEHHOI MacChl BBEANTE €€ BEIMUNHY U YKQKUTEC HOMED y371a, B KOTOPOM OHA IPHIIOKEHA
(puc. 16). Ilpu sTOM KOppeKTUpyeTCs MaTpuiia Macc cuteMbl. Haxas coueranne knaBumr CTRL+F9, mepecunraiite
3ajauy.

Ha puc. 16 moka3aH TUHAMHUYECKHH pacueT CTEp)KHEBOM CHCTEMBI. 3AeCh OMpPEIeNSIOTCS BEKTOp COOCTBEHHBIX
4acTOT () U CHEKTp COOCTBEHHBIX BEKTOPOB A . OTH BEIMYHHBI BBIYHUCILIIOTCA TPU PEIICHUH YPaBHEHUS

cBOGOAHBIX HesaTyxarommx konebanmit [M |{A"} +[K]{A} =0. B s1oM ypaBHeHMH MaTpuua Macc dIeMeHTa
HAXOJMTCS B 3aKPHITOH 30He mporpaMmsl MKD-mpoctpan. MaTpuma Macc CHCTEMBI [M ] dopmupyercs ¢

MOMOIIBIO MATPUIbI MHACKCOB aHAJIOTUYHO MaTpULEC KECTKOCTU [K] .

CrniekTp COOCTBEHHBIX BEKTOPOB olpeaeiseT (GopMmy KoyieOaHMH cUCTeMBI. J[pyrumu cioBamH, 3TO BUJ YIPYTroi
JIMHUM 3JIEMEHTOB CTEP)KHEBOM CHCTEMBI B IpoIiecce KOJIeOaHui MpH pe3oHaHCce Ha KaXI0H COOCTBEHHON YacTOTe.
Jlnst mocTpoeHnst BUsia CHCTEMBI B IIpoIiecce KOIeOaH!i B HAIllEM IPUMEpe Majlo KOHEUHBIX 3JIEMEHTOB (B OTIINYNE
ot cucreMsl ANSY'S, KoTOpbIe HATTISIHO IEMOHCTPUPYIOT BUA CHCTEMBI B TIpoIiecce KoeOaHwmid).

OuHaMuuyecknid pacyer
Yyer COCpenoTOYeHHElX Macc Beeaure

Cocpea0TOYeHHYIO Maccy my = 10 = HOMEDP Y3na, B KOTOPOM OHa NpUNoxeHa nmy = 3

e
13 )
HOMepa NepeMelleHIi, NO KoTOPLIM o . — L
konebnetca macca my 2=1.3 ilp= 3’ﬂAmnu;L? il=|14
15
k=N fe=dn =il n MM ;=0 e DO 17 S o I 0
MaTpula Macc CUCTEMbI '\'D'IIMIL:__LMIL; i ) = MMy, Ty 4. My ) + I,_.\-]:\--lIEl{_Ii i
YYeT coCpeqoTOYeHHON Macchl MM, .. = MM, .. +my
ilip.1ln ilip.1l i 1
BekTop COBCTBEHHBIX YACTOT 2 = penvals(K,MM) = sort(f)) 2= 4/ 1 227
CnekTp coDCTBEHHLIX BEKTOPOB A "= genvecs(K MM) i=2.7 = submatrix(2,1,7,1,1) 2 20.6
Ecnu Mathcad BeiBogut
0
KOMMNEKCHOe Yncno £2, Qg =0 Qrepry = — e 3 734
BHIIOYUTE 3TO BhIpaXeHne 2 4 781
BbiHy#aeHHble konebanua. MpAMoe HHTerpuposaHne I : 93.0
AMNNUTYAA BbIHYHAAKLLEN CUMbI Qp=FF Mepwon konebanuin  T1 = -
Crepy 6 157.3
Bpema HabnioaeHnA KonedaHui t = nl-Tl Tl = 0.044 ceK ; o 157

e

=
MpUpaLeHte BpEreHN At =

9]
i [Nepean cobDCTBEHHAA YacToTa EEERH
n
Yr100kI BEIATH U3 pE30HAHCA,

i ]
/ r 5 E 05
CuHycouganeHan Harpyska v = )] Pe3oHaHC v = £21-0.5 BKTIOYNTE 3TO BLIPAKEHHE

Puc. 16. lunamudeckuii pacyeT CTEPKHEBOM CHCTEMBbI
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Pacuyer cHCTEMBI TIPU BBIHYKIEHHBIX KOJEOAHUSIX BEAETCS [IyTEM HENOCPEACTBEHHOIO MHTEIPUPOBAHUS yPABHEHUS
JIBYDKEHUS [M ] {A”} + [H ] {A’} + [K ] {A} = {F (t)} NpPU  BBIHY)KACHHBIX 3aTyXaolMX KOJIEOAHHSX METOI0M

HI)IOMapKa. HporpaMMa pCUICHUA 3TOTO YpaBHCHUA IMMOMCHICHA B CKPBITYIO 30HY.

HeobOxomnmast mns pacuéra MaTpuiia 3aTyXaHUS KoJieOaHMA [H ] paccuuThIBaeTcsa mo (opMyie, BKIFOYCHHOW B

ANSYS [H ] = pl1- [K ] + (2 [M ] .3nece 1 u 2 — smnupuueckue kodGHUIMERTEL. ITH KOIDOUIMEHTEI
Ka)KyTcsl HECOTIOCTABUMBIMH T10 BEJIMUMHE, HO 3TO Pa3lIMdUe BHI3BAHO Pa3MEPHOCTAMHU KOd(Q(HIIMEHTOB B CHCTEME

CH. Ecmu K ~10", 10 M, ; =10.B npumepe S1=0,001,a S2=5.

pl=0001 p2=30 OnpegeneHne MaTpuLbl QUCCUNaLMK,

PEKOMEHOOEAHHOE ANSYS SN

MomeHAnTe 11 B2

30ech CKPbIT PACHET BbIHY¥AEHHLIX KONEeGaHil CTEPKHEBOI CHCTEMbI METOAOM HbloMapka

il
H

BeeauTe HOMEp yana ks = 3 W HOMEP HANPAENEHNA, TAE ASACTEVET BEIHYHAAKIWLAA cuna km =2
BeEEOWTe HOMEP y3Na mu = 3 M HOMEP HANP3ENEHWA, IAE HAZO CNPedennTe NEPEMELLEHNA mn = 2
nn = MIA, 0y tn= 14 HOMER HANP3ENEHWA, NO KOTOPOMY AeACTEYET BEIHY#OAKWARA
cuna
= MIAg, n=14 HOMEP NEPEMELLEHNA NOKaIaHHOM Ha
om = MiApy mg tm=1 ,.W.\.E.H pemely cuna FF gonsHa
TNAGA Ha CXEMY pambl, NOMEHARTE NN 0 MM matky.: = 6.56 FF =200 ([Fan= ObiTe GOMbWE CAMOR
GoNbWOR HArpY2KN
10 nl =20
yncna
nepueaoe
Konedanui,
KoTopoe
ELIECANTCA HA
rpagme

Ha roadnke Flt.il —3HaUEHWE BBIGKOAKWER CHMEI E MOMEHT EDEMEHN

- KO3BEUUMEHT MHAMUYHOCTH B MOMEHT

l'::zi-:i =
Bam EPEMEHN ti

Puc. 17. Onpenenenne k03 unreHTa ITMHAMAIHOCTH [IPU PE30HAHCE

Jlis pacdera HaJo0 BBECTU BEIWYMHY M HANpaBJICHUE NEHCTBUS BBIHYXKAawomied cuisl FF (puc. 17) B y3ne, rae
NPWIIOJKEHA cocpetoToYeHHas Macca. OnpeaenuTs KodQPUIHEeHT TUHAMIYHOCTH CHCTEMBI B MOMEHT PEe30HaHCa Ha
nepBoil COOCTBEHHOM 4YacToTe NpH JAEHCTBUM TapMOHMYECKOW (CHHycompaanbHOW) Harpy3ku. Hamnpasienne
JEWCTBUA CWJIBI — BIOJb OJHOM M3 TIJ00anbHBIX Ocell KoopAWHAT (IO CMBICTY). BenmuumHa amImmTyIsI
BBIHYK/atomer cuibl FF 1oinkHa OBITH COMOCTaBHMA C BEJIMYMHON OCTANBHBIX BHEHNIHHMX Harpysok. [Tocmotpure,
KaK MeHseTCS KOXPPHUIUEHT TMHAMAYHOCTH B 3aBUCUMOCTH OT BEITMYMHBI BRIHYKIAFOMIEH CHIIBI M KOS (HUIIEHTOB
3aryxanus konebanuii Bl u B2 . [IpumuTe K CBEAEHHIO, YTO MPOMOPIHOHATBHO KO3()(UIMEHTY TUHAMHYHOCTH

BO3paCTyT M HaIPsHKCHUSA B COCCIHHUX C Y3JIOM J3JIEMCHTax. B 10 Xxe BpEMs B JpPYIrux ysjiax KOS(i)(i)I/ILII/IeHT
JUHAMHUYHOCTH 6y;[eT COBCEM JIpYTUM U Yallc BCEro MECHbUIC CANMHUIBI.

B kxauecTBe BBIHYXIAIOIIEH CHIIBI IpeUIaraloTcs TPH Harpy3Ku: rapMOHWYecKas (110 CHHYCOUAe), MIoo0pa3Has u
npsMoyronbHas. [lomensiite Bux Harpysku. IlocMoTpure, Kak M3MEHUTCS OTKIMK CHUCTEMBI HA BBIHY>KAAMOLIYIO
Harpy3ky. IlocMoTpuTe, Kak pe3ko yMeHbIIaeTcs Ko3(GUIHEHT TMHAMIYHOCTH TIPH BBIXO/IE U3 PE30HAHCA.

Ha sTom mepBast yacTh KypcoBoi paboThl 3akaHuMBaeTcsa. Jlanee HamO OMUH U3 JIEMEHTOB CHIENATh CO CIO0KHBIM
MOTIEPEYHBIM CEUCHHEM, AJISI KOTOPOTO MOMEHTHI HHEPIIMH ompeneinstoTes B mporpamme MKO-ITyaccon.xmed.

2.3. PacyeT Ha Kpy4yeHue CTepXKHSI CITOXHOIro NonepeyvyHoro ceyveHuns

Pacuer mpoBOgUTCS ¢ LIEJNBIO OMPENESTUTh MOMEHT MHEPLUUM M MOMEHT COINPOTHUBIIEHHS NPH KPy4YEHHU CTEPIKHS
CJIOJKHOTO CEUCHUS, UCTIONB3Ys pelieHne ypaBHeHus [lyaccona.

Ota He camasl aKkTyalbHas 3ajaya BaXKHa TEM, YTO JEMOHCTPHUPYET BO3MOXKHOCTh pelleHus ypaBHeHus [lyaccoHa
2 .
V @ = Const , umeroniero MHOXeCTBO NIPUIIOKEHUH B HAyKe U TEXHHKE, METOJIOM KOHEUHBIX 3JIEMEHTOB, 3alUCAB

ypasuenue ITyaccona B Buae ocHoBHOro ypasherus MKD [K |{®} = {F} . IIpn kpyuennu cTep:KHs MPOU3BOILHOTO

2 2
0

ceueHus ypaBHeHue IlyaccoHa wumeeT BuUJ —;p+—(f+2G9:0. Torma pacnpeneneHue KacaTelbHBIX
oz oy

. op op
HAMPSKEHHH B CCUCHUN T, =— U T, = ——

oz oy

BaﬂaBaHCL OTHOCUTECJIBHBIM YIJIOM 3aKpy4YWBaHUsA 9, OIMPCACIIAIOTCA prTHI_[II/Iﬁ MOMCHT MK, KaCaTCJIbHBIC

M M
— K — K
HaNpsOKEHUA T M T€OMETPUUYECKUE XapaKTEePUCTHKU IPU KpydeHHH J, = .6 u W, = T KOTOpBIE YK€ HE
max
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3aBUCAT OT 3a/laHHoro yria 6 .

18I[J'I$I OIpCACITICHUSA (I)yHKIII/II/I HaHpH)KeHI/Iﬁ (0 B BUJIC €€ Y3JIOBBIX 3HAYCHHI q) nonepeuHOC CEYCHUE CTCPIKHA HAA0

pa3duTh Ha KOHEYHbIE 3IeMeHTH. B mporpamme pacdera MKD-Ilyaccon mcnomnb3yercst TpeyroabHbIA JIMHEHHBINA
3JIEMEHT, NAIONIMHA caMoe IpocToe pemeHne. [IpaBna, odmiee KOJMYECTBO 3JIEMEHTOB Topas3no OoJblile, YeM HpH
WCIIOJIb30BAHUH KBAIPATHYHBIX 3JIEMEHTOB, @ TOYHOCTH PAaCYETOB HITKE.

I'IOCTpoeHme CETKN KOHEYHbIX 3/1TEMEHTOB

Jliist pacuera reOMETPUYECKUX XapaKTEPUCTHK CEYCHHsI CIIOXKHOM GopMbl oTkpoiiTe nporpammy MK3-ITyaccoH. B
HayaJie MPOrpaMMbl BBEIHUTE Pa3MEphl MOMEPEUYHOr0 CEUCHNUs, 3aIaHHbIC B MCXO/HBIX JaHHBIX K KypCOBO padore
(puc. 18).

cu = 0.01 Ma = 106 Hu =1 wm = 0001 KBasMpasMepHocTw OQRIGIN =1

WcxogHble pasmepbl ceMeHNA R = 30mm  al = 20w a2 = 15w a3 = 10-um
RRy{ =R RRy :=al RR3 =a2 RR4y=2a3 WRITEPRN("section") = RR a = READPRN{"aapm") a = a
MacwTtabHbiin KoaddumedT a= 05 U3 nporpammel MK3-gon-pacyetsl

Co3paHue CeTKN KOHEeYHbIX 3/IEMEHTOB BknwouuTte a = 1 AnA oTRagkn.

K OTknouuTe ansa
00pAMHATLI TOMEK HA KOHTYPe CeYeHnA ABTOMATHYECKOTO NepecyeTa

BepxHAA NMHUA c = 0001 -nm HuxHAR NUHWA

Y1= (0 10 10 27 30 27 10 10 0)" amm Y22 (0 —10 10 —27 =30 =27 —10 —10 0) -asms
Z1=(0 3 20 20+c 30 40 40+c 57 60) -anm  Z2:=(0 3 20 20+c 30 40 40+c 57 60) -amm

CABMT TOYEK Ha Manyio BeniyuHy ¢ = 0.001 mm Heobxogum,

£CNi KOOPAVHATA Z ABYX TOUEK ONHAKOBA k1@ = lotep@1V12] [0 - fiterp(22.¥2.2)

30echb CKPLIT pacyeT 0CeBbIX MOMEHTOB HHEPLWH CNIOXKHOrO CeYeHUR MeToau4eckue yKasaHWus cCbinka

=

30echk CKPbITO CO30aHUe CETKM KOHEYHBbIX 3NeMEHTOB

_
M
B 9TOi Nporpamie pesynbtar  PaccmMoTpuM pelueHmne ypaBHeHNS o

) 4
G =810 Mla CTaNe |0 samueuT 0T BEMUMUKHLI G MyaccoHa ansa 6 = 1 rpagyc g 180

Puc. 18. Hayaso pacuera MOMEHTOB MHEPIIMH CEUCHUS CIIOKHON (HOPMEI

Jlnst 3a1aHHOTO CEYCHHsI HAaJO0 BBECTH KOOPIWHATHI TOYEK Ha KOHTYpPEe M C MOMOIIBI0 (DYHKIIMH WHTEPIOJSAINH
MOJyYUTh YpaBHEHHE KOHTYpa CEUCHHS JUIS TOCIEAYIOMIEr0 HWHTErPATbHOTO BBIYHCICHHUS TEOMETPHICCKHUX
xapakrepuctuk. Mathcad TpeOyer, uToObl 3neMeHTHI aprymeHTa ¢yHkimu interp (B Hamewm cinydae ZI u Z2
TOPU30HTAIBHAS OCh) OBLTH PACMOJI0KEHbI B BO3pacTawmieM mopsiake. [103ToMy KOHTYp pa3OHT Ha B 4aCTH:
BEPXHIOI0 M HU)KHIOIO U HAJI0 BBOAUTH OT/EIBHO KOOPIHHATHI TOYEK BEPXHEW M HU)KHEW JIMHUM KOHTYpa CEUEHHS.
[MosydeHre ypaBHEHUI BEPXHETO U HUYKHETO KOHTYPOB CEYEHHs [TOKa3aHo Ha puc. 18.

Ecnu 3a1aHo ceyeHne ¢ OTBEPCTHUEM, TO HAIO0 MOMYYUTh YPABHEHUS JABYX KOHTYPOB — HApPYXXHOTO M BHYTPEHHETO
(puc.19).

KoopAnHaTel TOYEK Ha KOHTYpe cevyeHHua

BepxHAa NUHUA HuxHAR NUHKA
T =0l 16 06+ o) =) e s

= c . C -a-MM - = C TE -d-MM HapV}KHbII:iI
Y1 =(0 8 8 0) -amm Y2=(0 -8 -8 0) -a-mm KOHTYP

i

Ty 2 12 A
Z3=(4 4+e¢ l_T 12+¢) -2mm e 2 12_*%)1'737MM —
= o G KOHTYP

CABWI TOYEK Ha Manyk BenuYnHy C = =
st T e [Fl(2) = linterp(Z1,Y1,2)-(z = max(Z1))]  [2(2) = linterp(Z2,Y2,9)-(z = max(Z2))

HEEBCCEONRGAKOE [3(2) = linterp(Z3,Y3,2) (2 = max(Z3))]  [4(2) = linterp(Z4,Y4,2)-(z = max(Z9))]

Puc. 19. Beox B pacuér ceueHus ¢ 0TBEpCTHEM

st co3maHms CeTKU KOHEYHBIX JJIEMEHTOB MCHOJIB3YeTCsl MPSAMOYTOJbHBI maHmer. Ha puc. 20 mokazaHbl y3ibl
TUTaHIIeTa (KpecT) M y3JIbl CIOKHOTO cedeHHs (KpacHBI Kpyr). UMCIO psIOB W CTOJNOIOB IDIAHIIETA BBOIUTCS
PacueTYNKOM IT00ANBHO (B KOHILE MPOTrPaMMBI OKOJIO rpaduka cedeHHs I OBICTPOro nepecdyéra MpOorpaMMBbl).
[ToamporpaMmel, MOMEIIEHHBIE B CKPBITYIO 30HY, ONPEACIISIOT y3JIbl IUIaHIIEeTa, KOTOPbIe HaXOAATCA 3a mpeeaMu
KOHTYpa CJIOXKHOTO CeYEHHS.

10 0

Puc. 20. Y31bI II1aHIIETa U CIIOKHOTO CCUCHUS
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Hanee cocraBisieTcss MaTpulla MHACKCOB, M3 KOTOPOW BBIUEPKUBAIOTCSA SUYEHKH, CONEPXKALLUME HOMEpPA Y3JIOB,
HaxXOJSIMXCA 3a IpeAenaMH CIOXKHOro ceueHus. [lociae 3TOro ompenenstoTcs IpaHUYHBIE YCIIOBHSA, TO €CTh
1 QcocTaBmsieTcst CHUCOK y3JI0B Ha KOHTYPE CEYECHUsI, B KOTOPBIX (QyHKIUS HanpspkeHHd @ = 0.

PeweHune ypaBHeHus NyaccoHa

Pewenue ypaBuenus Ilyaccona u pacder kacaTeJbHBIX HANPSHKEHUH IPU KPYUEHUH CTEPIKHS CIIOKHOTO CEYEHHS B
ocHoBHOM mnporpamme MKDO-Ilyaccon — 3TO OCHOBHOE, YTO JOJKEH YCBOUTH CTyAeHT. Haxopsmuecs Tam
BBIPA)KEHUSI TIOJHOCTBIO COOTBETCTBYIOT IiaBe 7 Kypca jekuud MakapoB E.I'. «MeTol KOHEUHBIX 3JIEMEHTOB B
MIPOYHOCTHBIX pacuérax». OHM MOKa3aHbI Ha pHcC. 21.

Ienbio pacyera sBJIETCS ONpEACICHHEe MOMEHTa UHEPLUM U MOMEHTA COMPOTUBIICHHS CTEPXKHS MPH KPY4CHHH, a
TaKKE pAaCMpe/elicHHe KacaTeNbHBIX HAMPSHKCHUH B CEUYEHHM CTEpXKHs. Pe3ynbpTaTel pacuera M ONEpaTtopbl
nepegayn ux B mporpammy MKD-nomn-pacueTs! Toka3aHbl Ha puc. 22.

Pacuer npousBeIeH Ul OTHOCHTENBHOTO yIa 3aKpyduBanus crepxkus O = 1 rpan/m . [Ipu peanbHOM HarpykeHUH
CTEP)KHSI YTOJI 3aKpy4YMBaHHS MOXKeT ObITh JioObM. Ilpm ympyrom HarpykeHHM cIipaBe[IuB 3akoH ['yka u
KacaTeJIbHbIe HAIPSDKEHMS, KaK M KPYTSIINHA MOMEHT, IIPOTIOPIMOHANBHBI YTIIy 3aKpyYHBaHUS. A BOT COOTHOILICHUE
HAIPSDKCHUH Y = T/T,,, B PasiM4HBIX y3IaX CCUYCHHMs HE 3aBHCHT OT BEJIMYMHBI KpYyTsiiero MomeHnra. Kak u

CICAOBAJIO OXHAATh, MAKCHUMAJIbHOC HAIPSIKCHUE T, .. HCﬁCTByeT BO BHYTPEHHEM YIJI€ CE€YCHHA, TIC

KOHIEHTPpaNUA Hanpmernﬁ MaKCHUMaJIbHasd.

thopMHpOBaHMEe MATPULLI
KECTKOCTH 3neMeHTa

B KOHTEKCTHOM MEeHKO BeIDepuTe

k=1.NE i=1.NU j:=1.NU  goare Matrix Determinant

(A1 SR V1 o (I 5= MU 5 | U Zymy 4 Yiug
s = 3 y o " . Mnowaau
ak) = | (g 3 T 2o b(k) = | MUy 3 " YMiu | Ak=05( A WMo || spewertos
Do ¢ 2 \ MUy~ YMIU 5 ) U oty 5 Yo 3 )
KE(k) = |for ie1.3
for j=1.3
MaTpuLa
= i F \ HECTHOCTH
Ki j ——(a®ia(j+ bEib(k)j) aeme?

4.Ap
K
MaTpHua MeCTKOCTH CHCTEMbI k=1..NE a=1.D01 J5=1. 1N .E_lj =0 OGH}"J'IeHHe MaTpulbl K

CyMIupoBaHie KoahUUMEHTOB KECTKOCTH N0 MATPULE MHASKCOR

i=1.3 j=1.3 Ky Mt ;= S g, KB

y4YyeT rpaHuyHbiX ycnoBui (npuHuwnn MuaHo) Ha KoHType F=0

5 10° P =0

il i=1:Ng K, = Ky - :
= | Z1) - &1 | 81) - 81 i1

BBOO BeEKTOpa NpaBbiX YacTen

5
GB-A j=1.NU Pj=0 P

3

E=1.NE BPHE= MIUL ;= le:}:__i + PEy

CMEHWTE YCMOBKE 3aAa4K: AeACTEME TOHEYHOTO 3apAda
[MCTOYHWKE Tenna). BKno4uTe cnedyrwme 2 BelpaxeHna

P = 0" oGHyNeHne BEKTOPa NPaBLIX YacTed
Pios = 100" ToueuHLI 33pAR e yane 103 (NOMEHAITTE HoMep

lea meToaa peleHn O0CHOBHOTO ypaeHeHna MES

(onNpeneneHne yanoBkIX 3Ha4eHid YHKUMM HANPRKEHWI)

IMeTog Xonecckore & = MCHB(K P,1.NU,JH)  OBGpaweHue ¢ =K P

. = MaTpHLLE!

anA anemenHTa k i=1.3 ®F =&, . 2l
; MIUs,

KacaTenbHble HAaNnPAXeHWA CpeaHre No Nnowaan anemMeqTa

U [T o5icr) Sl )
TE, = ——-\blk)" - @E"™| 7E,, = Aalk) - @E™ )
= 3 b Er, = 5 al

onpefeneHle KacaTenksHeIX HANPAXEHWA B yanax

CYETYWK 3NEMEHTOE, CXOAAWNCA B YaNAX gg; = 0 By, = &
Mg
KacarenkHbIe HanpAXeHUA B yanax Tx'.".\JIU}_ . = ‘Tx'.':\JIL'}_J- F ‘T}:\JILI ):.\JIL'I_ E};‘
ATt T
Ty, = =227TMla = —
& T

KPYTAWWA NI,
MONMEHT

k=1
TeOMETPUHECKHE XaPAKTEPUCTMKN CeHEeHWA M Nepedaya ux B nporpammy MK3-gon-pacyets

M, iV

MOMEHT MHepLMKM Tk -

MOMEHT CONPOTUENEHHA nnowaas cedeHna  AA3 =

1

Tonax

k=1

Puc. 21. Pemenue ypasuenus Ilyaccona
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M8 inds onl e Shoocms ReTAjice.] MAaonl Rt b

Puasson = (Jk Jyc Jzc AA Wk )T WRITEPRN("Puasson") = Puasson WRITEPRN("gamma-p") =
My = 25.778-Hu  NPK NOTOHHOM YIMe 3aKpyuuBaHia 1 rpagyc

n = match(1,Y) n = nq [Tmay OSACTBYETBY3NE m = 12 rde v = 1 CKOOpPAMHATAMM yp = 132-MM 7 = 1 8-mm
MNonoxeHne Y3NoB B CeE4YeHUH OnacHaA Touka -- KPaCHBIA Kpyr

0.02

ucno

TonBuos|
ncno .
Tpok | ™

MomeHANTe Yncno
CTPOK 1 cTon6uoB

([}
(=]
o

0.015

Ln

0.01

csean e
s ss s s
.........
ceean e
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cofs s s ales
ceean s
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YUCTO 3NEMEHTOB NE =

[}
=3
i}

=a

YKCNo Y3noe NU = 220

0 0.01 0.02 0.03 0.04 B Bknrwouute B =1
= ECNN PeLleHNA HeT

Puc. 22. Pezynbratsl pacueTa u nepeaaya ux B nporpaMmmy MKO-non-pacyers

Ha sTtom pa60Ta mporpaMmbl MKQ-HyaCCOH 3aKOHYCHA, HO HC 3aKOHYCHAa pa60Ta pacyeTyurKa.

IMporpamma pemuieHns ypaBHeHus [lyaccoHa YHUBEPCAIbHAS M MOMKET UCIIONB30BATHCS UL PEILICHHS APYTUX 3a0a.
Hanpumep, 3a1a4 TepMOANHAMEKH, 3IEKTPOMArHETH3MA. AJITOPUTM PEIICHHS 3aadl BO BCEX CIyYasx OJMHAKOB.
3aMEHUTh HA[0 JMIIb MATPHIy BHYTPCHHEH JKECTKOCTH M BEKTOP MPAaBBIX YacTe OCHOBHOTO ypaBHeHHs. Mx
(bu3ryecKuii CMBICI OyJIET COBCEM JIPYTUM.

CMeHWTe ycroBue 3afayn: AecTBME ToveyHoro sapaga
(McToMHUKa Tenna). BknoynTe cnepytoLlime 2 BbipaXkeHWA

Bj:= 0 0BHyNeHue BEKTOPA MPaBbIx YacTel

Psg:= 100  TOUYEYHEIA 2apaAn B yane 38 (NoMeHARTE HOMeP yana)

MMoBEpXHOCTE (YHKLMW HANDRKEeHMA TTUHNM YDOBHA

'_““\
sledn ]

/A‘
e

lz,y,@)

lz,y,@)

Puc. 23. Pemienue ypaBuenus [lyaccona juist TO4euHOro HCTOYHMKA TEILIA

B mporpamme MKD-Ilyaccon u3meHute ycnoBue 3amauu (puc. 21). BBeaure apyrue rpaHUUYHBIE YCIOBUS.
Pesynbrar mepecuéra (puc. 23), SKBUBaJICHTEH PACIPEICICHUIO TEMIIEPATyp B IUIACTHHE, UMEIONICH GopMy HaIero
CJIOKHOTO CEYEHHMs, MOJ NEeHCTBHEM HMCTOYHMKA TeIUla B 33/IaHHOM Touke (MasyIbHUK WIIM cBapka). [lomensiite
TOYKY HPHIIOXKEHHS NCTOYHHKA TEIUIa.

2.4. Pac4yeT CTEP)KHEBOW CUCTEMbI CO CTEPXKHEM CIOXHOIO CeYEeHUst

Bepremcs k pacdeTy cTep)kHEBOH cucTeMbl. B Haware paOOThl B CTEP)KHEBOW CHCTEME elle HET CTEpXKHS CO
CJIOKHBIM ceueHneM. VneT otnanka nporpaMmbl. CedeHHUs! BceX JIEMEHTOB OyIyT COOTBETCTBOBaTh mMarpuie BD
BBOJIa pa3MepoB cedeHwni (puc. 10), To eCTb KPYTIIbIe WK IPSIMOYTOIBEHBIE.

OnuH U3 CTepKHEH 3aMEHUM CTEP)KHEM CIIOKHOTO TOTIEPEYHOTO CEUSHHS. DTO MOXKET OBITH 000 CTepKEHb HITH
Jiaxe CTepKeHb, pa3OMTHIIl Ha HECKONIbKO 31eMeHTOB. B mporpamme MK3-4on-pacyeTbl Ha mynbTe yrnpaBlieHUs
(puc. 10) B matpunie K Bemute K, ; =3 mns snemenTa n, Gopma ceuenus 3 (cnoxHoe ceuenue). IIpu stom

pa3Mmepsl ceueHus, BBeJeHHbIe B MaTpuny BD, nepectator neiictBoBats. [lepenaiite neiictue B mporpammy MKO-
npoctpan, HaxxaB CTRL+F9.

[epetinure B mporpammy MK3-npocTtpaH, naxas coderanume kimasuin CTRL+F6. IMocmorpure Ha Tabmumimt
reOMETPUYECKUX XaPaKTepUCTHK ceuernit. [l anementa ¢ kogom K, ; =3 MOMEHTEI HHepLUH CedeHns (B HALIEM

pUMepe NPSIMOYTOIBHOT0), TIOCTIE TIepecyeTa 3aMEHSFOTCSl Ha MOMEHTBI HHEPIIUH CIIOKHOTO CEUCHUS.

Tenepp nHakmute CTRL+F9 mus mepecdera ocHoBHO# mporpammel. CHOBa BepHHTech B Tiporpammy MK3-gon-
pacyeTbl W mepecuuTaiiTe ee TOXe. B KOHIE STOW MpOrpaMMbl B CKPBITOH 30HE IPOU3BOIMUTCS PACyeT
SKBUBAJICHTHBIX HAIPSDKEHUH BO BCEX Y3/IAX CIIO)KHOTO CEUCHHS M BBIOMPACTCS MaKCHMAalIbHOE 3KBHBAJICHTHOEC
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HanpsbkeHue. Pe3ynbraT mepecuera oTpaxxaeTcs Ha MyJIbTe yIpasieHus (puc.24).

21COBET

Ilepexons ot oxnoil mporpammel k apyroit (CTRL+F6), BBens kakue-TO M3MEHEHUS B MCXOJHBIC JaHHBIC, HE
3abbiBaiiTe HaxkaTb CTRLAF9 1115 nepecuera nporpamMMsl.

IIporpamma MKD3-pmon-pacdersl mpexycMaTpruBaeT 1 BOSMOXKHOCTh H3MEHEHHS Pa3MepOB CIOKHOTO cedeHus. B Hee
BBEJIeH MacIITaOHBI Ko3((QHIMEHT a B KOHLE NmporpaMMmbl. EciM MakcHMalbHOE SKBHBAJICHTHOE HAIIPSDKEHUE B
9TOM D3JIEMEHTE Majl0 WIHM BEIMKO, W3MEHHTe KO3((HIMEHT a, cliellaB ero OOoJbIe WM MEHbIIE EJUHHIIBI.
[TponoproHanbHO KO(Q@UIMEHTY a U3MEHSTCS pa3Mephl CIOKHOTo cedeHus. [locnenoBarenbHO IepecunTaB Bee
Tpu nporpammsl, Hakumass B HUX CTRL+F9, Halinure MakcuMalbHbIE HaNpSKEHUS B CTEPXKHE C U3MEHEHHBIMU
pa3mepamu Ha mmyabTe ynpasieHus (puc.10) u B koH1e pacu€ra (puc. 24, BHU3Y).

: . yIMoBkIE NepenelleHnd (4.5 6) nepeeeleHkl B rpaaychl,
Cunbl M NepeMeLleHnA B yane i No HaNPaBNeHHIo j : L % ( ) nepenc i

MHelHBIE NepemelleHd (1,2.3) B MM
1 10 ?08 30 4? 50 61'I 1 z s 3 2 &
2 0 0 o] 20 0 0 : . ! i . g e
2 0.03 -0 0 233 0 -0
= B 0 i 0 . 3 003 -085 0 0.61 -0 0.14
FF1 = ; g '203 g g g g AA1 = 4] 003] 004 0| o004 8| 029
5 0 0 0 -0 0 0
L ﬁO Y 0 £ L 0 5 0 -0 0 0.02 003| -047
i LG 4 L L 0 7| 105 -14| -005| 002 003| -026
g Y g g 0 Pl 8 0 0 0 0 0| -08s8
° y|feins ¢ i 0 n 9 0| -085 0| -082 0 014
AHanus pesynbTaTOB pac4eTa 3fieMeHTa CNOMXHOro ce4eHnn
B HaYane snemeHta  xa = | B KOHLE arleMenTa xa = 2" BKMHYMTE 3TO BbipaKeHHe
B aneteHTe co CNOAHLIM CEMEHUEM Kongy = B MAKCUMANEHOE 3KBUBANEHTHOE HanpAxeHue
MaXoacnox = 69-MMa  felicTeyeTBYaNe  Nyaypg = 209 € KOOPAUHATAMM YN yara = 34.2-mm D~ 0-pma
i v
MAKCUIManEHoe KacaTensHoe HanpAXeHWe JeficTByeT B yane Nyapar = 12 CKOOpOMHATAMU =18-mMmZ, = 13.2-mn
¥ Nyanm Nyana'r
[nA u3mMeHeHUA pa3MepoB CNOXHONO CeveHiA
a=09 pasmepbl CNOXHONO CeYeHUA Nocne nepecyeTa

NMOMEHANTE MaCIITaOHEIN Ko3dhuLmeHT a
R=27mMm al=18mm a2=135-mMm a3 = 9-mm

[nA pa3sopoTa CNoxHOro cevYeHua Ha 90 rpaaycos nomerAnTe Ha KR=1 KR = 0

Puc. 24. [lepecuer HanpspKEHUH B CTEPIKHE CI0KHOTO CEYCHHUS ¢ M3MEHEHHEM €T0 pa3MepoB

J1st KOHTpoOJs 3a MPaBUIIBHOCTBIO PAcueToOB, TOUYHEE T'OBOPS, 3a COOTBETCTBHEM pAacyYETOB 3[paBOMY CMBICIY, B
koHrie mporpammbl MK3-gon-pacyeTbl BbiBeqeHBI TAaOMHIBI Y3JO0BBIX 3HAUCHHH HArpy30K (BBEICHHBIX) H
nepemeIeHni (pacueTHsIx) (puc. 24).

KOMHLIOTepHBIfI pacyueT 3aKOHYCH. Ho €1IC OCTacTCA 4aCThb py‘IHOI‘/'I pa6OTI)I pacyeTyrKa.

2.5. lNocTpoeHune anp BHYTPEHHUX YCUNUIK C Y4ETOM pacnpeneneHHON Harpy3sku

[t BEIOOpa OMacHOTo CeueHHs] B CONPOTHBICHUH MaTEPUalIOB CTPOST 3IIOPHI BHYTPEHHUX ycwinil. Moxer i
Mathcad moctponts 31 3mopbl? Koneuno, moxer. Ilo ycnoBusiM MeTona KOHEYHBIX 3JIEMEHTOB BCE HArpy3KH
MIPUKIIAJBIBAIOTCS B y3/IaX CHCTEMbI U COOTBETCTBEHHO BHYTPEHHHE YCHIIUS OTIPENENAIOTCS TOXKE B y3i1ax. Takum
00pa3oM, B pe3yNbTaTe pacdyeTa METOJOM KOHEUYHBIX 3JIEMEHTOB W3BECTHBI BHYTPEHHHE YCHJIMS Ha TpaHUIAX
JJIEMEHTOB-CTepkHEeH. Eciam HeT pacmpeneneHHOW Harpys3K, Bce TpadWKH BHYTPEHHUX YCHIIMH IIPEICTABISIOT
co0oit npsiMble TMHUK. 3HAUYeHHs ycuiuid Ha rpaHunax Mathcad coepuusier npsiMoii uauei. Dmopsl roToBsl? He
COBCEM.

B MK3, €CJIM 3HAaKN BHYTPCHHUX yCI/IJ'II/Iﬁ Ha KOHIAaX 3JIECMCHTA OAWHAKOBLI, TO U HAITPABJICHUA yCI/IJ'II/Iﬁ OJIMHAKOBBI.
B COIMPOTUBJICHNU MAaTCPUATIOB, €CJIM 3HAKU BHYTPCHHUX yCI/IJ'II/Iﬁ Ha KOHIaX 3JICMCHTAa OJIMHAKOBLI, TO HAITPABJICHUA
YCI/IJ'II/Iﬁ IMPOTUBOIIOJIOXKHEI.
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BHYTpeHHMe YCHNINA B INeMeHTaX-CTePKHAX

k=5 NOMEHAATE HOMED 3NEMEHTA X 1 9 3 4 5 6 7
50 1 o/ o] -0] -50] -s0| -240| 421 M=
M 2 22 43| -43 73| 27| 53 3 Q
M 3 0 0 4 4| 20| -44| Qz
Mic(x.k) 10 = 4 0] 20 o o 1| 6 M
T— ~ My
My (x k) ~ 5 0 0 0 1 -4 26 y
b
oy o ~ | FFF=l¢ 1| -1 0| -18 -6 -1 Mz
Mz0ck) PSR T~
- y R I 7 0 -0 0| 50| 50| 240| -421| M«
8| -22| -43 43|  -73 27 53 5 O
—-10 _ o I _ _ _ Qz
o T GgE RE B 9 0 0 0 4 4 20 44
, 10 2] -20] -20 0 0 L 6 :‘:X
Yy
3nwopbl BHYTPEHHWX YCUNKWIA B 3NEMEHTaX 11 -0 -0 -0 ol -4 4 5 M
(Gea yueTa pacnpegeneHHON Harpy3Kku), 12 10 15 3 18 ) 16 3 Mz

nocTpOEeHHbIE NO OABYM TOYKaM B Ha4Yane
W B KOHUE 3nemMeHTa

Puc. 25. [TocTpoenue 3mrop BHyTpeHHUX ycwmiuii B Mathcad

J7st MOCTpOCHUS 3MIOP BHYTPEHHUX yCHIHH B mporpaMmme MKO-A0N-pacyeThl 3HaK BHYTPSHHHUX YCUIHN B HaYale
9JIeMEHTa IIPHIUIOCH U3MEHHTH Ha NPOTHUBONOJIOXKHBIN. Ha prcyHke 25,cieBa moka3zaHBl TOJNBKO TPH MOMEHTA
(M, M,,M_). Tpu cunst (N,,Q,,0.) He HOKa3aHbL, YTOOBI HE 3arPOMOXKIATH PUCYHOK, K TOMY K¢ OHH HE

UCTIONB3YIOTCS B pacueTax.

Ecnu Ha anemeHT JeHCTBYeT paclpelelieHHas Harpys3ka, TO IMOCTPOCHHUE S0P BHYTPEHHUX YCHIMH CTaHOBHUTCS
3HAYUTENBHO Oosiee CI0KHBIM. UTOOBI HOHATH MPOIECC ydeTa PACIpEAEIeHHON Harpy3KH, IPelaraeTcst HOCTPOUTD
SMIOPHI BPYYHYIO.

B kauectBe npuMepa pacCMOTPUM MMOCTPOCHUE SITIOP BHYTPCHHUX yCI/IJ'II/Iﬁ B dJIeMeHTe 1.

Brauane mn300pasum smeMeHT ¢ 12-10 cremeHsMH CBOOOJBI M MO KaKJAOMY HAIlPaBJICHUIO BITUIIEM BEJIUYHHY
BHyTpeHHero ycwius (puc. 26, cieBa). s oTpumaTtensHBIX BEIMYMH MEHSIEM HalpaBlIeHHE CTpelkH. B urore
MMEEM CTEep)KeHb, HarpyKEeHHBIH |2-10 Harpy3KaMu, U1t KOTOPOTo HaJ0 MOCTPOUTH SMIOPHI BHYTPEHHHUX YCHIHH.

Omopet N, O, 0., M) uUMEIOT BUJ NPSMOYrOIBHAKOB. DIIOPbI M3rUOAOLIMX MOMEHTOB M., M, CTPOMM IO

JBYM TOYKaM, OTJIOKMB 3HAUEHHUS MOMEHTOB Ha IpaHMIAX y4YacTKOB M COEIMHMB UX mpsamoi suHueil. Ilpu
IOCTPOGHHH SHIOp H3rHOAIONMX MOMEHTOB HCIOJIB3YIOT MPaBWIO 3HAKOB, IMPUHATOE B CONPOTHUBICHUH
MaTepHanoB. DMIOPEl M3rHOAIOIIMX MOMEHTOB CTPOST Ha CXKATBIX BOJOKHAX. OIIOPHl BHYTPEHHHUX YCHIMH 0e3
yueTa paclpe/ieIeHHON Harpy3Ku MOCTPOEHBI.

Jna yuera pacrpeneneHHONM Harpy3kd HaJ0 W3 BHYTPEHHUX YCHIMH BBIUECTh MNPUIOKEHHBIE IEepei HadaioM
pacueTa SKBUBAJICHTHBIC HAIPY3KH M BEPHYTb HA DJIEMEHT pacnpeleleHHyto Harpysky. I[locrpoenue smop Q) u

M, c ydeToM paclipeielIeHHON Harpy3KH I0Ka3aHo Ha puc. 26, clipaBa. 3aluIleM YpaBHEHUS MONEPEUHON CUIIBI U
M3rnu0aroIero MOMEHTA:

2

0,(x) =75,1-¢q,x M.(x) :—9,9+75,1x—qyx7.

[TpupaBHsB HYJIO TIONEPEYHYIO CUITY, HAXOUM KOOPIMHATY CEYEHHUsI, I'/ie IeHCTBYEeT MaKCUMaJIbHBIH N3rHOat0INi
MOMEHT.

X9 =0,375m  maxM,(xy) =4,2HM.

o ypasuenusm O, (x) u M_(x) crpouM jase smropsl (puc. 26, crpasa). OCTalbHbIC SMOPBI BHYTPCHHUX YCHIIHIL

oCTaroTcs 0e3 N3MEHEHUIH.
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Bes y4eTa pacnpegeneHHON Harpy3ku C y4eTom pacnpegeneHHon Harpy3ku
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Puc. 26. IToctpoenue 3M0p BHYTPEHHUX YCHINH C y4€TOM paclipeieIeHHON Harpy3Ku

OmnacHoe cedeHHe B HaIlleM MPUMEpPe Ha JIEBOM KOHIle cTepkHs. OJJHAKO Jallle BCEro MaKCUMAaJIbHBIH M3rHOaromnit
MOMEHT JIeHCTBYET B CEUEHHH, I'lle ITOT MOMEHT UMeeT 3KcTpeMyM. Mathcad MOKeT caM IOCUNTATh HANPSDKEHUS U
B OTOM CEYEHHMH, HO Ul 3aKPEIUICHHS 3HAHUI CONPOTHUBICHUS MaTepHAlOB CTYJEHT-pACUETUUK JOJIKEH
CaMOCTOATENFHO (BPYYHYIO) COCUUTATh MaKCHMaJIbHbIC SKBUBAJICHTHBIE HANPSDKEHUS! B 9TOM CEUCHHUU.

OTO eIUMHCTBEHHAs BO3MOYKHOCTh 3aCTaBUTh CTYAEHTA PACKPHITh 3aKpbIThIEe 30HBI MPOrpaMMBbl, MMOMCKATH TaM
HYXXKHbIE pacyeTHble JaHHble W (GOpMyJbl (B MOANpOrpaMMax pacuera HampspkeHuil). BcmomHuTH ycimoBue
MPOYHOCTHU MPH CIOKHOM HAIPSKEHHOM COCTOSIHHU.

23



24

2.6. BbiBog pesynbTaToB pacyeTa

Pe3ynbraThl pacuera BHIBECTH B BHJE CBOAHOW TaOmuUub! (Tadbmuna 1)

Taoauna 1.
Homep Pasmepbl ceuenus (Mm) [c] | maxo,,, | maxU
Marepuan

MIMEHTA 1y | h | 5| D | d MIla | MIla MM
1 CnoxHoe ceuenne a = (0,6 JlaTynp 50 43 1,8
2 1510 Cranb 100 82 0,9
3 1510 Cranb 100 84 1,2
4 20 | 20 ATFOMUHU T 50 38 1,1
5 20 | 20 Amomunuit | 50 11 4.5
6 12 | 8 | Texcromut 40 1 0,04
7 Vromok 30x30x 3 Cranb 100 51 0,8

Pa3mMepbl CII0KHOTO CeueHuUs Tocie pacuera (MaciTaOHbId K03 duituenr a = 0,6)

R =12 mm, al =7,2 MM, a2 = 4,8 MM, a3 = 3,6 MMm.

Macca koHCcTpyKIuu 3,62 Kr.

CoOcCTBEHHBIC YaCTOTHI KOJcOaHH KOHCTPYKITUH B TepIl;

0 o 0 0 o
CocpenoTo4eHHOM MacChl HET 50 69 112 127 139
Cocpenorouennas macca m0=10xe 28 52 68 82 137

NMPUMEYAHUE

Jlanee ymecTHO 3amucath Jt00bIe (pa3yMHbIe) (haHTa3UH [0 IOBOJY MCIIOIB30BaHUS KOHCTPYKIMH, HAIPUMED:

BblBOAbl U PEKOMEHOALIMA

PaccunThiBaeMass KOHCTPYKIMS HpeIHA3HAuCHA VIS pa3sMEIICHUS Ha HEeH TEXHOJIIOTMYECKOr0 O00OpYHOBaHHS H
SIBJIIETCSL 9aCThIO OONBIION KOHCTPYKIMH, Harpy3KH OT KOTOPOI IepenaroTcst Ha pacdyeTHHIN y3en. OGopynoBaHue
pa3Mellaercst Ha BepXHel TOpU30HTAIbHOM NOBEPXHOCTU

OneMeHT 1 MOXeT HaXOAUTbCA MOJ WIEKTPUUECKUM HaNpsDKEHHUEM, IO3TOMY BBIIIOJIHEH U3 JaTyHU. PekoMeHnayercs
YMEHBUINTh Harpy3Ky Ha 3TOT CTEPKEHb.

OneMeHTbl 2 W 3 NpeAcTaBIAlOT coOOW €AMHYI0 OChb, IO KOTOPOW CKOJB3UT BTYJKA. OJTO €IWHAs [eTajb,
BBITIOJIHCHHAS B BUJIE CTAILHOTO KPYTJIOTO CTEPIKHSL.

Onementsl 4 u 5 Takke eguHas neTanb. Harpyska Ha HHX HEJONMYCTHMO BENHKA, INOITOMY HE YAAIOCHh
YIOBIETBOPHTH YCIOBHIO KECTKOCTH O <2 MM . Heo6X0quM0 BBECTH B KOHCTPYKLMIO JOMOIHUTENbHBIHA CTEPKEHD —

MOATIOPKY.

DieMeHTBbl 6 U 7 — MaJIOHarpy»XCHHbIE KOHCTPYKTUBHBIC OIOPHI, DJIEMEHT 6 BBINOJHEH B BHJEC aTIOMHHHEBOM
&
TPYOKH, 3JIEMEHT 7 — paBHOOOKHH YToNoK. PasMeprl UX B3ATHI H3 TEXHOIOTHIECKUX COOOPAsKEHHH.
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3. CogepxaHue oT4yeTa 0 KypcoBou paboTe

1.  TuTyabHBIHA JHCT.
2. Pacneuatka daitna «mopaaok pacuera.docy.

3. UcxonHble JaHHBIC ISl pacyera (CXeMa CTEP)KHEBOM CHCTEMBI M CIOXKHOTO CEYCHHMS, YHCIIOBBIC AaHHBIC K
pacuery) (puc. 2).

4. Pacneuarka nporpammbl MKO-gon-pacuyeTbl ¢ pacueroM cHCTeMBI MOCHE MOAGOpPa pa3sMeEpPOB CEUCHUH W3
YCIIOBHUI TPOYHOCTHU U KECTKOCTH.

5. Pacneuatka nporpammel MK3-IIpoctpas.

6. Pacneuatka nporpammel MKO-IyaccoH ¢ pesynpraTamu pacyera Ha KpydYeHHE.

BHUMAHUE
[epen pacmedatkoit B Mathcad-mporpaMmax 3akpoiTe Bce «3aKpBITHIE» 30HBI, TOTAa B pacledaTKax OCTAHyTCS
TOJIBKO UCXOAHBIE JaHHBIE, AITOPUTM PEIIeHNs (OCHOBHBIE (pOPMYIIBI) U Pe3yIbTaThl PACUETOB.

7. JIuct ¢ mocTpoeHueM 3MI0p BHYTPEHHUX YCUIIMN AJIS1 CTEPKHS ¢ PacIpeeICHHON Harpy3KoH.

8. Tabnuia ¢ pe3yabTaTaMu pacueTa CUCTEMBI.

9. BeoBoabl: [Ipumedanuss Kk pacueTy, pEKOMEHAALMU IO HCIOJb30BAHUIO KOHCTPYKIMH M BO3MOXXHOCTH €€

YIIyYIICHUS.
BHMMAHUE

Bo Bcex mporpammax Tiepel pacreyarkoil BBEIHMTE B KOJIOHTHTYJIBI CBOM (DAMHJIHMIO, HOMEp TPYIINBl M BapUaHT
pacuera. Jlus srtoro B crammaptHom Mentoo Mathcad BeiGepure View » Header and Footer » Footer
(Bux » Kostoururysinl » HuskHuMi KOJOHTUTY.T). Brimiure cBou JaHHbIe: (HaMUIHIO, TPYIIITY U BAPHAHT.

4. TnnyHble oWMBKN NPU BbIMONHEHNN KypCOBOM paboThl

MABHOE B NMOUCKE OLUMBOK

Hafl}lHTe OnepaTopsbl, BIACICHHBIC KPACHBIM IIBETOM, YKa3bIBaOIIUM HAa UCTOYHUK OIINOKH.

IToutn Bce OMMOKK BBI3BIBAIOTCS HEBEPHBIMH MCXOAHBIMHI JaHHBIMH. TIaTeNbHO IPOBEPHTE BBOJ BCEX MCXOIHBIX
JAHHBIX. A TaKKe NPOBEPHTE BKIIOYECHHE-BBIKIIOYEHHE HEOOXOMMMBIX OINEPaTOPOB B COOTBETCTBHU C YKa3aHUSAMHU
nporpaMmel MKD-non-pacyeTsr.

Bo3MokHO Ipy BBEACHUHN NCXOAHBIX AAHHBIX CIIBHUT KaKOT'0-TO ONEPAaTOpa HAPYIIMI OCIEJ0BATEILHOCTD ONEPAIIUi.
B Mathcad BeraucneHust HIyT IO CTPOKAM CJIEBa - HAIIPaBO CBEPXY - BHU3.

Ipu cunteiBanum naHHbIX U3 daiina Mathcad ne moxer HaliTu ¢aiin. — Mathcad-nporpammsl u daitsl,
CO3/1aHHBIE €10, JOJDKHBI HAaXOAUTCS B OJHON AMPEKTOPHHU. 3allyCTUTE Ha CUET KaXIyl0 U3 TPEX MporpaMm
JIBa-TPH pasa il 0OMeHa JaHHBIMU MEXy IpOrpaMMaMH.

B nporpamme «IlpocTpan» npu pacuyere BBIHY:KAEHHBIX KoJieGaHuii K03(pPUIHEHT TUHAMUYHOCTH
MeHbIIe eqnHUIBI. — COCpPeOTOUEHHYIO MacCy IOCTaBbTE B y3€ll, TJie OXKHIAIOTCS OOJIBIINE TTepEMEICHNSI.
AMIUTUTY 12 BBIHYKAAIOIIEH CUITBI Majla 10 CPABHEHHIO C JPYTHMH, MOCTOSHHO MPUIOKEHHBIMU HATrPy3KaMH,

TNI03TOMY €€ BIUsHME Majo. [lomMeHsiiTe HOMep MepeMelieHus 7. YMEHbIIUTE B MATPHIE 3aTyXaHHs [H ]
ko>puument S1 .

B nporpamme «Ilyaccon» He CTPOMTCH BHJ CJI0KHOIO CEYCHHSI.

. [Ipn BBOJE KOOpAWMHAT KOHTYypa CEYEHHUS KOMIIOHEHTHI BEKTOpOB Z1 W Z2 NOMXKHBI pacmojiaratbcs B
BO3pacTarolleM mnopsiake. B ciydyae coBmaaeHus: KOOpAUHATHI Z B IBYX TOYKaxX C/AeNaiiTe Mallblil CABUT Ha
0,001 mm.

Omudkn Mathcad (penko, Ho ObiBatoT). IIpn MHOTOKpaTHOW IEpe3anycy IMPOrpaMM BO3MOXKHO IOSIBJICHHUE
omnbok Mathcad. UHorna juis mcripaBieHust OMMOKK JOCTaTOYHO OTIIEYaTaTh 3aHOBO OIEPATOp, B KOTOPOM
yka3aHa omuOka. Ecnm omicaHHbIE CpencTBa MCHPABICHHS OMIMOOK HE MOMOTAIOT, CKOIUPYHTE BBEICHHBIC
WCXOJHBIE JaHHBIE B IPOTPAMMBI, B3SThIE HEIIOCPEACTBEHHO C caiTa aBTopa.
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5. Bonpochl K 3awmte KypcoBoun paboThl

OcuosHas uaest MKD

OcHoBHoe ypaBHeHHe MKD 1 ypaBHeHuUe CBSI3H NepeMeIeHH.
Ouznyeckuii cMpIca ko3 duIMeHTa )KeCTKOCTH U (GPYHKIMU POPMBI
PazbueHune crep:kHEeBON CHCTEMBI HA KOHEUHBIE 3JIEMEHTHI.

Marpuiia HanpaBJSIOIIMX KOCHHYCOB U €€ poJib B pacuére.

Marpuiia HHIEKCOB, €€ Ha3HaYeHUE, COCTABIICHHE.

DopMUpPOBAaHUE BEKTOPA CHUII.

VYyer 3akperieHnii cucTeMsl criocooom [Inano.

[opsiok pacdeTa METOJIOM KOHEYHBIX 3JIEMEHTOB CTEP>KHEBOW CHCTEMBI,

ITon6op pa3mMepoB ceueHmit cTep KHEN U3 YCIOBHA IPOYHOCTH U KECTKOCTH.

. YpaBHEHHE IBIDKEHHS CHCTEM C OIHOM CTENEHBI0 CBOOOABI M C OOJNBIIMM YHCIOM CTETEHEH CBOOOBI.

OmnpeneneHne COOCTBEHHBIX YaCTOT CTEP)KHEBBIX CHCTEM.

OcHoBHas HICH pacye€Ta CUCTEMbI Ha BBIHYXKICHHBIC KoJieOaHus.

. Jns gero Hy»Ha B KypcoBoii padote mporpamma MKD-ITyaccoH.
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YacTtb 2. KypcoBast pabota ANSYS

6. CTaTnyeckmin pac4eT CTEP>XKHEBOW CUCTEMbI

ITockonbky B 3TON paboTe CTYACHTHI BIIEPBBIC 3HAKOMSATCS C BBIYMCIMTENBHBIM KoMIuiekcoM ANSY'S, ympoctim
pacuy€THyI0 CcXeMy CTep)KHEeBOM cucTeMbl. IlycTh Bce CTEepKHHM CIellaHbl W3 OJHOTO Marepuala U HMEIOT
OJIMHAKOBEIC TIOMEpEYHEIC ceueHHs. Kpome Toro, yompaem TMON3YyH, oOecreumBasi >KECTKOE COCIUHEHHE BCEX
cTepkHel. Takas cxema OJIMKe K peaTbHOCTH U MPOIIE Pacyér.

Jo nagana pabotsl B ANSY'S Hano TIateinbHO MOATOTOBUTH BCE HCXOIHBIC NaHHBIC A1 BBOAA. VcnpaBieHue yxe
BBEJICHHBIX JAHHBIX BO3MOJKHO, W BaM TPHUAETCS ero Aenartb. Ho KelmaTteiapHO MpH OTCYTCTBHU ONIBITA PabOTHI C
ANSYS pexxe mpuderats K mpoIieype UCIPaBICHUS OITHOOK.

6.1. MNogroToBka AaHHbIX Ha nNucTe Bymaru

Jlnist 3a1aHHOTO BapHaHTa KypcoBOi paboThl HaI0

1. HapucoBaTs B MacmTabe cxeMy cTepxHEBoil cuctemsl (puc. 27). Ha cxeme ykazate HoMepa y370B (keypoints),

HOMepa cTepxHei ([lines).

Puc. 27. PacueTHas cxema CTEpKHEBOW CHCTEMBI (B KPYXKKE JIMHUH, 0€3 KPYKKa TOUKH)

2. BeimmcaTh KOOPAWHATHI BCEX TOUCK (Hayala M KOHIIA BCeX CTeprkHel (Tabnwma 1).

Ta6nuua 1. KoopanHatsel Touek (keypoints) koHLOB nuHWi (lines) (B meTpax)

Homep TO4ku X Y Y4
1 0 0.6 0
2 0 0.6 0.4
3 0.6 0.6 0.4
4 0.8 0.6 0.4
5 0.8 0.6 0
6 0 0 0.4
7 0.2 0.15 0.4
8 0.8 0 0

3. I[J'ISI MOCTPOCHUSA JIMHUI MOZACJIM BBCIUTC TOUYKH Hayajla 1 KOHIIA Ka)KI[Oﬁ JIMHUU.

Tabnuua 2. Touykn Hayana v KoHua nuHU

Homep nuHuu | Havano KoHeL,
1 | 3
2 2 3
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3 3 4
28 4 4 5
5 4 8
6 6 7
7 7 4

4. BeiOpars MaTepuan cTepae, POopMy U pa3Mepsl IONEPETHOTO CEICHUS BCEX CTEPKHEH.

Hanpuwmep, marepuan ctans, £ =2ell. 4 =0.3.
Ceuenne kospiesoe D =0.01, d =0.006.

5. DBoimucarth CHHUCOK TPaHUYHBIX YCJIOBUN B TEPEMENIEHUSIX M B Harpy3kax, TO €CTh YyKa3aTh 3aKpeIUIeHHUS
CTEP KHEBOW CUCTEMBI U MPUIIOKEHHBIC K HEl Harpy3Kku (Tabmuma 3).

Tabnuua 3. Ycnosus 3aKpenneHua CUCTeMbl N Harpy3ku, NPUNoXeHHble K Hen

Touyka 3akpenneHue Harpyska MpumeyaHue
1 All DOF =0 3aJIeNIKa

Uy=Uz=ROTy = -

) Y Yy M (x) =20 um InaBaromuii

=ROT=z=0 MOIIIAITHUK

3 OOmas Touka

3-x cTepxHEH

4 F =-200=x O0mmas Touka
Y 4-x cTepKHeit
5 AllDOF =0 3a/1elIKa
6 Ux=Uy=Uz=0 Coepuueckmuii
LIAPHUP
F =180wu
7
F y = —240=u
g Ux = Uy =Uz=ROTx = M(Z) =-25 TToAIAIHAK
=ROTy =0 HM (bMKCHPOBaHHBIN
NMPUMEYAHUE

All DOF = 0 — Bce niepemerieHus paBHbI HyJiio (3anenka), U — nuneitnoe nepemenienie, ROT — yron noBopora
(BpareHue).

PesynbraThl jKenaTelbHO COTIIacOBATh C MpermonaBaTenemM. Jlanee mpucrymnaiire k padbore B ANSYS.

6.2. Co3gaHne Moaenu CTepXXHEBOM CUCTEMBI

B crannaptHom mento (ANSYS Multiphyzics Utility Menu — camas BepxHsisi cTpoka B paboveM OKHE) B MEHIO
File BeiOpath

Q Clear and start new,
Q Change Jobname, 1r000e nMs, a Jrydiie octaBuTh crapoe file.

Q Change Directory. /lupekropus maomkHa OBITH yke co3maHa. B 3tor karamor ANSYS Oyner 3ammchiBaTh
(aiiel pe3ynbpTaToB pacyéra.

BHUMAHUE

ANSYS He moHHMMaeT KUPHUTHIY. Bech myTh K Hy»XHOU manke (Bce Ha3BaHUs (ailloB U KaTaoroB) 00s3aTeIbHO
JIOJDKHBI OBITH YKa3aH JATHHCKUMH OyKBaMU WX I(paMu.
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Bce uncnoBbie nanHbic BBOAUTH B cucteMe CU (B HBIOTOHAX M METpax) 0e3 yKa3aHUsl pa3MEpPHOCTEH.
200 B riasaom merio ANSYS (ANSYS Main Menu — kononka koMasz B pabodeM OKHE CIIeBa ) ONPEACIUTD THII
pacueta (mpouHocTHO#). it aToro BeIOpaTh Preferance » Structural.
[anee cozgaem Mozeb IPOCTPAHCTBEHHOM CTEP>KHEBON CUCTEMBI.
B rnmaBHoM menio ANSYS BeiOpaTs Preprocessor » Modeling. Jlanee
O Bsectu koopauHatsl Touek (keypoints) CTepKHEBOW CHCTEMBI

Create Keypoints » In Active CS. B 1uanoroBom okHe BBECTH HOMEP TOYKU U €r0 KOOPAMHATHI (B METpax).
[Mocne BBoaa kaxxaoro y3na BeiOpath kHONKy Apply. Beens Bce Touku, Haxmute OK.

a C03,HaTI) JIMHUH, COCIUHAIOMNUEC TOYKH.

Create » Lines » Lines » Straight Line — B 1uanoroBom okHe BBECTH Uepe3 3alATyI0 HOMEpa TOYEK Hadaja U
KOHIIA Kaxx1oro crepHs. [locie BBoAa ka0l TMHUM BEIOpaTh KHONKY Apply. Beens Bce manm, Haskmure OK.

Q B caywae ommOku BBOIa JaHHBIX BEITIONHUTE CIEIYONTNEC KOMAHIBI:

Modeling » Delete » muto Keypoint (ans yganerns Toukn) — yKa3aTb HEBEpHYIO TOUKy, b0 Line Only —
yKa3aTh HEBEPHYIO JINHHUIO.

BHUMAHUE

B npouecce BBoga maHHbIX HaOmopaiite B okHe ANSYS mosBieHue TO4eK M JMHUHA WIM UX HCYE3HOBEHHE IIPU
yIaJIeHUH.

He 3a0piBaiiTe mocie BBIMONHEHHS KaXIOTO MyHKTa COXPaHUTh Pe3yNibTaThl paboTel, HakaB KHONKY SAVE_DB B
ANSYS Toolbar (cnesa BBepxy 3xpana)

Q /[lng mpocMoTpa pe3ybTaToOB BBOJA MOJIC3HO B CTAHAAPTHOM MEHIO (BEpPXHsS CTpoka OkHa) BeIOpaTh PlotCtrls
» Numbering. OtmetsTe ¢utaxkkoMm Keypoint Numbers u Lines Numbers. B ctanmapTHOM MEHIO YKaKUTE
rpaduk s npocmotpa Plot » MultiPlots (Bcé cpasy).

6.3. Co3gaHne ceTKkM KOHEYHbIX 3NEMEHTOB

Beibop matepuana
B rmaBHOM MeHIO ANSY'S BRIOCpUTE

Preprocessor » Material Props » Material Model. B oTkpriBIIEMCS OKHE BBIOEpUTE (IBOHHBIM IIEITIKOM
MBIIIIN)

Structurel » Linear » Elastic » Isotropic. OTkpoercst HOBO€ OKHO, B KOTOPOM BBEAWTE BEIMIUHBI MOJIYJIS
IOnra (EX) n xoaddunuenra [Tyaccona (PRXY). Haxas OK, BBl BepHeTech B mpenmbiayliee OKHO, T/ie HAI0
BBECTH €llle IUIOTHOCTh MaTepuana Density [uis mocnenyromumx AMHAMUYECKHX pacderoB. [isi cramy Halo BBECTH
EX =2FE1l, PRXY = 0.3, dens = 7800.

Bbl60p Tna KOHEYHbIX 3J1EMEHTOB

BeiGepute THII KOHEYHOTO 3JI€MEHTa, KOTOPbIH OYyIeT MCIONb30BaThes Uil BeeX cTepkHed. IlocnenoBarenbHO
BhIOEpHUTE

Preprocessor » Element Type » Add/Edit/Delete » Add. Otkpoercs OHONIHOTEKa KOHEYHBIX 3JIEMEHTOB, B
KOTOpOH BBIOMpaeM JuIsl cTep)KHEeH-0anoKk KBaapaTniHblii KoHeUHbIH 31eMeHT BEAM P 2 Node 188. Tem cambim
BeIOpaH amemeHT BEAM188. He 3akpriBast okao, Element Types naxxmure Options. B HoBoM nosiBUBIIEMCST OKHE
B myHkTe Element Behavior BeiOepure Quadratic Form (kBagpaTHYHBIN 3JIEMEHT BMECTO JIMHEHHOTO).

BbiGop nonepeyHoro ceveHnsi CTepKHen

B rmaBHOM MeHIO ANSY'S BRIOCpHUTE

Preprocessor » Section » Beam » Common Sections. OTkpoeTcs OKHO BbIOOpa THIIOBBIX ceueHuil. [llenkuute
SubType. B Boinagaroiem MeHI0 BEIOEpUTE HYXKHBINA THIT ceueHHs (KoiblieBoe). BBeaure ero pasmepsl (B MeTpax)

R =0.006 R,=0.01. Tanee naxmure Preview, sarem Mechview. [TocMOTpHTe Ha BHJI BBEICHHOIO CEUCHHSI

1 pa30uBKy ceueHHMs Ha KoHeuHble aneMeHThl. Haxmure OK. [l Bo3BpaTa K BHIY CTEP)KHEBOH CHCTEMBI B
rinaBHOM MeHIo BeiOepute Plots » Multi-Plots.

Bbibop uncna anemMeHToB No AfIMHE CTEPXHSA
Janee Hano BRIOpaTh YUCIIO (pa3Mep) 3JIEMEHTOB Ha Kakou Jiuauu. OTKpoiiTe B ri1aBHOM MeHI0O ANSY'S

Preprocessor » Meshing » Size Cntrs. MoxxHo noBeputh ANSY'S BEIOOp pa3MepoB 3JIeMEHTOB, BHIOpaB jaaiee
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Smart Size » Basic. B otkpriBmemMcs okHe octaBeTe Off. DneMeHTOB B KaXaoM cTepxHE OyneT Mano, ¥ OHU
OynyT KpynHbIMH. B 1aHHOM pacyere 3TO HAC IOYTH YCTPAaWBAET, 32 MCKIFOUEHHUEM CTEp)KHS C pacrpeeseHHON

30narpy3koil. 3amaiuM KOJIM4YeCTBO 3ieMeHTOB BpyuHylo. Ilocne mynkra Size Ctrls Boibepute Manual Size »
Picked Lines. BrimenuTe MBIIIBIO CTEPXKEHb, KOTOPBIH OYAET HArpyXKeH paclpeleieHHOW Harpy3Kod, Tam
W3TUOAIONMMA  MOMEHT W3MeHseTcs 1o mapabonme. Haxkmure Apply. Bsemutre uuncio »ieMeHTOB
No. Of Element Division = 5.

nOCTpOGHVIe CEeTKMN KOHEeYHbIX 31TEMEeHTOB

Bribepute Preprocessor » Meshing » Mesh » Lines » Picked Line » Pick all » OK. Cerka co3nana, HO Ha
JKpaHe ee He BUOHO. B cTtanmapTHOM MeHIO (BBepXy dkpana) BeiOpath Plots Ctrls » Stile » Size and Shape. B
MosIBUBIIIEMcs OKHe oTMeTbTe (uaxkkoM Display of Element » ON. Vkaxute macmtabHbid kodpdrmneHT Real
constant multiplier » 1. B cranmaptHOoM MeHIO (BBepxXy 3kpaHa) BeIOpaTh Plots » Multi-Plots. Ha skpane
HOSIBUTCA BIIOJIHE NTPABAONION00HAs CTEP)KHEBAst CHCTEMA.

6.4. PelueHune 3agayu

BBox Harpy3ok, 3aKkperyieHni CUCTEMBI U pellieHHe 3aJjaull OCYILIecTBIsIeTCs U3 TaaBHoro MeHio ANSY S u3 pasnena
Solution.

BBopg 3akpenneHuin n Harpysok
BBenem 3akperuieHus CTEpPKHEBON CHCTEMEI.
Solution » Define Loads » Apply » Structural » Displacement » On Keypoints.

[NosBnsiercst OKHO, TZle HaJO0 YyKa3aTh MBIIIBIO WM BBECTH HOMEpa TOYEK, IIe HAJIOKEHBI OTPaHUYCHHS Ha
mepemerierus (Tabmuma 3). BBoguM HOMep TOUKH (FUTH BBIEINSIEM TOUKY yKa3zaTelleM MBIIH) U HaxkuMaem Apply.
Ecnu ecTh HECKONBKO TOYEK C OJMHAKOBBIMH 3aKPEIUICHUSIMH, TO HOMEpa TaKHX TOYEK BBOAWM depe3 3amsTyro. B
ciIydae JKeCTKOW 3amenku B mosBuBIIeMcs okHe BBIOpaTh All DOF »  Apply. (Bce mepememieHus B y3ie IO
YMOJTYaHHUIO PABHBI HYJIIO).

B ciyyae apyrux 3akperuieHHH, B YaCTHOCTH, LIAPHHMPOB HAJ0 BBECTH OTPAaHUYCHUS 1O KaXIOMY OTICIHHOMY
HalpasJeHUIo nepemenieHus. I1o yMonyaHuro nepemelieHue o ykazaHHOMY HalpaBJlIeHUIO paBHO Hyro. Eciu Her,
TO HAJI0 BBECTHU BEJIMYHHY MEPEMEIEHHUS.

,21.]'[51 BBOJa Harpys3ok BI)I6paTI> IIOYTH TOT K€ IMYTh

Solution » Define Loads » Apply » Structural » Force/Moment » On Keypoints. B nosiBuBiemcst okue
BBECTH HOMEp TOYKH, TIC HAJ0 3aJaTh CHIYy WM MOMeHT cui. Haxatre Apply. IlosBurcs HOBOe OKHO, TJEe HAIO
yKa3aTh HAIpaBJICHUE CIJIBI I MOMEHTA CHJI ¥ BBECTH BEJIMUHMHY 3TOH Harpy3ku (B cucteme CU). BHOBS HaxkaTh
Apply. [ToBropuTs npotieAypy IS BCeX 3aaHHBIX HArPy30K, KPOME paclpeIeIeHHON Harpy3KH.

Jluisi BBO/1a pacnpejiesieHHOH HArpy3Ku (1aBJjieHHs1) BLIOPATh

Solution » Define Loads » Apply » Structural » Pressure » On Beams. Mpbibio ykazate Bce 3JI€MEHTHI
CTEP)KHs, K KOTOPBIM Hag0 MPWIOKHUTH paclpeneleHHy0 Harpy3ky. B ANSYS pacnpenenennas Harpyska
MIPUKIIAJBIBACTCS. HE K CTEP)KHIO, a K DJIEMEHTY, YTOObI Jajee 3aMEHUTh €€ SKBHBAJICHTHOH y3JI0BOW HArpy3KOM.
OtmetuB Bce HykHBIE neMeHThl, HakmuTe OK. Beectn Load Key — nHanpaienne Harpysku (1 — Bmons ocu Z,
2 — Bpomb ocu Y, ApYyroe INOMNEpedHoe HampaBieHue, 3 — X, BIOJIb OCH CTEpXH:S). BBecTn BenmnmuuHy
PpacrpeeNeHHol Harpy3Ku B OJHOM U3 y310B, eciu ¢ = CONSt , unn B Havase u B KOHIE CTEPIKHS, €CITM HATPy3Ka

nepeMeHHas1. [l Halero npuMepa BBecTH HanpasiieHue 2, nasienue 1000 (HBIOTOH Ha MeTp).
[ToaroroBka K pacueTy 3aKOHUYEHA. 3aKIIFOUUTENBHOE JIeHCTBIE — pelleHue 3ana4yn. Beiopars

Solution » Solve » Current LS. [NosiBnaeTtcs okHO Solution is done. 3anaya periena.

6.5. NpocmoTp pesynbTaTtoB pacyeTta

PesynbTaThl pacueTa MOKHO TOCMOTPETh, HCONb3ys raBHoe MeHI0 ANSYS paznen General Postprocessor. Jlis
CTEP)KHEBOM CHCTEMBI MOXHO ITOCMOTPETh BHJ CHCTEMBI ITOCIe MehOopMalid U paclpeielicHHe HarpsHKeHUH
(puc. 28).

Brioepute General Postprocessor » Plot Results » Contour Plot » Nodal Solu » Stress » von Mises stress.
B nosBuBmemcs: okHe otMeThTe (prakkoM Deftundeformed » OK. B Bepxuem meBom yriy ANSYS BeIBOAWUT
MakcuMalsHoe nepemenienne DMX (B M), MuHHManbHoe HanpspbkeHue SMN u MakcuMaibHOE HampspkeHne SMX
(8 I1a) B KOHCTpYKIIMU.

YroObl coxpaHuTh kapTuHKy 3 okHa ANSY'S, B rinaBHoM mernto ANSY'S Breibepure PlotCtrls » Hard Copy » To
File. B nosiBuBmiemcst okae Haxxmute OK. PucyHok B hopmare bmp wiu jpg Oyaer coxpaHeH B paboueM KaTajore,
yKa3aHHOM B Hauyaiie pabotsl ¢ ANSYS.
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EALOIT 16

CIAIEHEE SELIEHNE CRELEHNE
- LERE+KE LTSRN SRYSEHIY - FLEEHTE

Puc. 28. Buz cucrems! 10 u nocie aedopMaluy U HAIPSHKEHUS B KOHCTPYKLUN

Moxxno MOCMOTPETHL HAIPSKCHUA, BOSHUKAIOMINE B MOMNCPECUHBIX CCUCHUAX CTGp)KHeﬁ B Ha4aJi€¢ U B KOHIC KaXI0ro

anemeHTa (puc. 29).

= 3
T2
76
I

B.11302E+08 ©.36TTIE+EE 0O.TI1GS3E+OT
0.12031E+08 -0.17845E+0T  33956.
0. 11302E+08 .S2350E+06 -0.T1226E+07
82 B.10194E+DE .S30BSE+BE 0O.TST24E+DT
86 0.19620E+08 -0.15227E+07 0. 14139E+07
87 0. 19620E+08 -0.TE1SOE+OT -19164.
:]
<]
a
:]

oo

92 L19621E+08 -0.19080E+0T -0.12860E+0T
96
ar
102

.1962BE+B8 -D.TH4BSE+ET 0.17516E+06
.19620E+08 -0.14T29E+07 -0.14184E+07
L19621E+08 -0.19521E+07 0. 12643E+07

o

19621E+08

o

Max= .TGESIE+ET 0.82311E+07

@

L1346BE+08

[l
@

Min= = .TE1SOE+OT -0.80865E+0T
STRESSES AT BEAM SECTION NODAL POINTS

ELEHENT =

(Y]

SECTION ID = 1

ELEHENT NODE = 1

SEC NODE SXX SX2 sXY
1 -8.T186BE+0T 0.99184E+06  S5898Y4.
2 -9, 26803E+0T -0.38035E+07 -0, 16594E+0E
3 =0.23432E+07 -0.40233E+07 91584

Puc. 29. HanpsoxeHus B ce4eHUsIX CTEP)KHEH Ha TPaHUIIAX 3JIEMEHTOB

s atoro Beioepute General Postprocessor » List Results » Element Solution » Stress. OTkpriBaeTcs OKHO,
T/Ie TIOKa3aHbl HAaIPSDKEHHS B y3JIaxX 3JEMEHTOB. B pacdere MCIIONB30BaHO /IBa THITA DJIIEMEHTOB. bamouHsrit a3memMeHT
(pa30OHBKa KaXIOW JTMHUH I10 [JIMHE) M KaXKI0€ CEYCHHE Pa30MTO Ha KOHEUHBIC 3JeMEHTHI. J{JIs Kaska0ro 0ag04HOro
(ABYyXy3710BOTO) 3/IEMEHTa BBIBOAATCS HANPsDKEHUS B IBYX CE€UeHUsX (B Havase U B KoHIle 3nieMeHTa Element Node
= 1 wmm 2). B kaxmoM ceueHHH BBIBEICHBI HamlpsDKEHUS B y3iax pa30omBku cedeHus Sec Node). B Tabmuie

0003HaueHbl SXX — HOpMalbHOE HanpsikeHue O, SXZ u SXY — KacaTelbHbIC HANPSKEHHA T U T 4y BIOIB

oceit Z m Y. Ilng KaxIoro ys3ma KaXIOro OaJloOUHOTO 3JIEMEHTa BBIBOAATCS MAaKCHMaJbHbIEe W MUHHMAJIbHBIC
HaTPSOKEHUS.

Coxpanute 3Ty Tabnuiry. CieBa BBepxy (puc. 29) B ¢IMHCTBEHHOM IYHKTe MeHIO Daiil BEIOCPUTE COXPAHUTh Kak,
YKaXXHTE MECTO coxpaHeHus (aiinia u ero pacmupenue (txt wim doc).

7. dnHamnyecknm pacyeT CTEPKHEBOW CUCTEMDI

[Ipu mpoBeneHNN TUHAMHYECKOTO pacdeTa MOJIENb CTEP)KHEBOM CHUCTEMBl M CETKa KOHEUHBIX SJIEMEHTOB Ha Hel
OCTalOTCS TpeXHUMH. Ecnu JuHamMuueckuid pacdyeT MNPOBOJUTCS Tocie MOBTOpHOro OTKpeiTus ANSYS,
HE00XOIUMO TOBTOPUTH BXO/] B POTPAMMY

1. B cranmaptaoM MeHio File BeiOpath

2. Clear and start new,

3. Change Jobname. Xenarensno usmenuts ums Jobname, nanpumep, 1file.
4. Change Directory. Yka3aTs IUpPEKTOpPHUIO, B KOTOPOI HA4YaT pacyér.

Jnst otkpeiTHs (aiina B crangaptHoM MeHio File BeiOpate File » Resume from » ykasats nyTs k db-¢aiiny u3

31



KaTajiora Co CTaTU4€CKUM pacu€TOM.

3 Jlnst IpOBEpKM COXPAHHOCTH JaHHBbIX B riiaBHOM MeHIO ANSYS BroiOepute Lists » Loads. Ecnu Harpysku u
YCIIOBUS 3aKpETUICHHS HE COXPaHWIINCh, BBEIUTE X CHOBA.

NMPUMEYAHUE

Buemraue Harpy3Kku HE UCHOJIb3YIOTCS IIPpU pacqéTe COOCTBEHHBIX YaCTOT KOHCTPYKIIWH.

7.1. BBoa cocpeaoToyeHHOM Maccehbl

B omgHOM W3 y370B cHCTeMbl, TouHee B Touke (keypoinf) BBeleM TOUCUHBIH AJIEMEHT, OONAIaloOMMii MacCOM.
Bribepure THII 211eMeHTa.

Preprocessor » Element Type » Add/Edit/Delete. B mosBusmemcs oxHe Haxxmure Add, B OubOImOoTEKE
aneMeHTOB BeiOepuTe Structural Mass — 3D Mass21. Teneps Hao ykazaTh Maccy 3TOTo 3JeMeHTa. Beibepure

Preprocessor » Real Constants » Add/Edit/Delete » Mass21 » OK. B nmosBuBIeMcs: OKHe 10 HallpaBIeHUSIM
X, Y, Z ykaxxute ofHy U Ty ke Maccy, Hanpumep, 10 kr. Haxxmute OK. MoMeHTH MHEPIIMHA Macchl 33/1aBaTh HE
HaJo.

Co3aM KOHEYHBIH 3JIEMEHT Ha OCHOBE COCpe)IOTO'-IeHHOﬁ Maccel. BHauasne BBenemM anI/I6y'TI:-I 3JICMCHTA

Preprocessor » Meshing » Mesh Attributes » Picked KPs. Bectu HOMep TOuKHM, TAe NpHIOXKEHA
cocpenoroueHHast Mmacca v HaxaTb OK. B nosiBuBIIEMcs OKHE yKa3aTh THI KOHEYHOTo 3eMenTta Mass21.

BBC,HGM HOBBIM 3JIEMEHT B CCTKY KOHCYHBLIX 3JICMCHTOB

Preprocessor » Meshing » Mesh » Keypoints. Beecti HoMep TOUKH, T1je IPUKIAAbIBAETCS COCPENOTOUECHHAS
Mmacca. CeTka KOHEYHBIX 2JIEMEHTOB MOANPABIICHA C YYETOM COCPEAOTOUYCHHON MACCHI.

7.2. PacyeT cOBCTBEHHbIX 4acToT
Bribupaem BHauane B pacyera.
Solution » Analysis Type » New Analysis » Modal. 3atem BeIOupaeM METO peIICHUS.

Solution » Analysis Type » Analysis Options. B mosBuBmemcs okue (puc. 30) otmetuTs MeTo[ pemieHus Block
Lanczos.

e B moie No. of modes to extract (KOJIMYIECTBO BBIYMCISIEMBIX COOCTBEHHBIX YacTOT) BBECTH KOJHYECTBO
oTpenesieMbIX COOCTBEHHBIX YacTOT M (popM (T10 JKeTaHHUIO ITOJIb30BaTENs, B JAHHOM Ciiydae g);

e 8 osie Expand mode shapes (Boranciars ¢popmsl KoliebaHU) yCTaHOBUTH MEPEKIII0YaTeNlb B MOJOXKEHHE Yes,
YTO MO3BOJIHT IOJNYYUTH HE TOJIBKO 3HAYEHHUE YacTOTHI U MepeMelIeHHs y3JI0B KOHCTPYKIMH, HO ¥ BO3HUKAIOIIEE B
Hel HallpsHKEHHO-1e(OPMUPOBAHHOE COCTOSHHE;

e B mone No. of modes to expand (komuuecTBO COOCTBEHHBIX YaCTOT, JUIL KOTOPBHIX CJIEAYeT BBIYUCIATH
HarpsDKeHHO-/1e(OPMUPOBAHHOE COCTOSHHE) CIIEAyeT yKasaTh 8, kak U B rojie No. of modes to extract;

¢ B osie Calculate elem results? (BEIYUCIATH pe3yIbTaTHl B KOHEYHBIX 3JEMEHTaX?) YCTAHOBUTH MEPEKIIOYaTeh
B IIOJIO>KEHUE Yes.

ModalAnalysis gi
[MODOPT] Mode extraction method =
(& Block Lanczos
" Subspace
i Powerdynarmics
" Reduced
" Unsymmetric
" Damped
i QR Damped
Ho. of modes o extract
(must be specified for al methods except the Reduced method)
[VIXPAND]
Expand mode shapes [v Yes
NIMODE Mo, of modes to expand
Elcalc Calculate elem results? [v Yes
[LUMPM] Use lumped mass approx? [~ Mo
-For Powerdynarmics lumped mass approx wil be used
[PSTRES] In¢l prestress effects? [ Mo
[MSAYE] Memory save [~ Mo
-only apples if the PowerDynamics method is selected
K Cancel Help
-

Puc. 30. Beibop MeTota TMHAMHYECKOTO pacdyeTa
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ITocne storo HyxHO Haxkats kHONKYy OK u mosBnsercs HoBas maHens Block Lanczos Metod. B 31oif nanemn
CJIelyeT BBECTH CIICAYIONIE JaHHbIC:

e B nosie Start Freq (initial shift) (Hraumensmas vacToTa) ykasaTh HadalbHOE 3HAUEHHE OHMAla3oHa 4acToT, B
KOTOPOM OyJIeT MPOU3BOIUTHCS MOMCK COOCTBEHHBIX YacTOT (MOXKHO yKka3ath 0);

¢ s tosie End Frequency (Han6onpas yacToTa) yka3aTh KOHEYHOE 3HaUCHUE uara3oHa yacToT; Hanpumep, 1000.
Hanee pemienue 3amaun. Beiopats Solution » Solve » Current LS. B BcruibBaroeM OKHE JOJKHBI YBHIETh
Solution is done. Pemenue HaiineHo. [IpuctymaeM K IpocMOTPY pe3ysIbTaTOB pacyera.

7.3. [NpocmoTp pesynbTaToOB pacyeTa

Bribupaem General Postproc » Read Results » By Pick. B okHe mosiBUTCS CITMCOK (BEKTOpP) COOCTBEHHBIX
yactoT (puc. 31). bonbile HUYEro MOJE3HOTO ATOT pacdeT HE JAaeT. 3aTo JaeT XOPOIIYI0 UTPYIIKY — aHUMAalnio
(hopMBI KOIICOAHUIA.

Results File: file.rst
Available Data Sets:

S

@
@

Frequency Load Step Substep CumLlative
38712 1 1 1
21.857

(IR o PPN

1 2
1 3
7 4
1 5
1 &
1l 7
1 g8

LRI - RN

Puc. 31. Cricok COOCTBEHHBIX YaCTOT CTEP)KHEBOH CHCTEMBI

Puc. 32. ®opma konebaHHit CHCTEMBI Ha IIATOI COOCTBEHHOM YacToTe

Bribepure neppyto yactoty, HaxkmuTe Read, 3arem Close. B cranmaptHoM Menro B paszeine PlotCtrls BeiGepute
Animate » Mode Shape. B nosBuBmemcst okne auyero He Menaite. Haxxmure OK. ITocmoTtpute Ha KonmebaHuUs
CHCTEMBI Ha MepBoil coOcTBeHHON 4acToTe. C IMOMOIIBIO JBIXKKA YBEIWYbTE CKOPOCTh KoyebaHui. Tak Ooinblie
noxoxe Ha npasiy. [lanee BbiOepuTe BTOPYIO M BCE MOCIEAYIONINE YacToThl Konebanuii. [lomobyiiteck hopmoit
KOJICOAaHUH Ha Pa3HBIX YacToTax (puc. 32).

s vHa opmy Konebanuit (puc.32), uMeiiTe BBUIY. YTO COOCTBEHHBIE BEKTOpa HOPMUPYIOTCS U MaKCUMAaJIbHAs
aMIUIMTYyZa KoleOaHMH Ha BCEX YacTOTaX OJMHAKOBa. B peasbHOCTH aMIUIMTyAa KojeOaHWH pe3Ko yObIBaeT ¢
poctom HOoMepa yacToThl. Ha msaToit wactote (puc.32) ammmuryna konedannit menbire 0,01 M.

UT00BI COXpaHUTH BCE pe3yNbTAaTHl pacdera, Kak Bcerna Hakmute SAVE DB, kpome Toro MoXxHO co3math lgw-
¢aitn. [lna sroro, BeiOepute B cranmaptHoMm MeHio File » Write DB Log file » BBeamre mMs coxpaHIeMOro
¢aiina. Takoit ¢aitn npaktnuecku ananmormyen db-daiimy, kKpome TOro, coxpaHseT pe3yibTaThl pacdera, U
MO3BOJISIET OTKPBITH pacdeT B 000k Bepcun ANSY'S.

8. CogepxxaHue otyeTa o KypcoBoun pabote B ANSYS

1. TlocraHoBKa 3a/1a4u KypCcOBOI pabOTHI M HCXO/HBIE TAHHBIE K PACUETY.
2. TloaroroBka naHHbBIX A5 pacdeta B ANSYS (puc. 27, Tabmmuer 1.2.3).
3. Pesymnbratsl pacyera B ANSYS cTatndeckoil v AHHAMHYECKON 3a1a4H.
=  HanpsbkeHus U BUIT CTEPIKHEBOW CHCTEMBI JI0 1 Tiocie Aedopmartuu (puc. 28).

= TaOnuia MaKCUMAaJIbHBIX HaNpsOKeHUH B cTepkHsaX. OHa orpoMHas. PacneuaTaiite MUIIb ONHY CTPaHHILY
(puc. 29).

= Pesymeratel muHammyeckoro pacdera. CIHCOK COOCTBEHHBIX YaCTOT CTEPXKHEBOH cucTembl (puc. 31).
®dopma kosrebaHuit Ha OJTHON W3 COOCTBEHHBIX 9acTOT (puc.32).
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Taoaunna K.1

BapuaHTbl 3agaHun ana pacdeta

CTep?KHeBbIe CUCTEMBbI

Bapmuanr 1

Bapmnanr 2

L1

11 [ e |

Bapwuant 5 Bapmuanr 6

I\L T \G‘ L2

, s

]| g

-~y le ¢ ) .

B | L1 |

I y
Bapwuanrt 7 Bapmnanr 8
S e 4
y E M L F 4

3

Fi

l/ T L4 4 o

/L3

L1

Bapmuanr 9

Bapmnanr 10
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K.2 CinoxkuHble ceueHHs 115

Taoauna
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Bapmuanr 8
Bapuant 7
xR | 2:6‘2
- i - ‘
2 T
2xad | — /——% ..... ?__2){&2 : "
V / a2 :
2X6q'1 2er3
Bapuar 9 . Bapuanr 10
2xa2 : Ixa2
_ Y BN
i 2xal |

icxoaHble AaHHbIE K pacyeTty

Taonuua K.3 J{ns cTep:kHeBoOM cMCTEMBI:

L1 |L2|L3|L4 | Ml |M2|F1 |F2 |q Ne yronka
Bapuant

cM Hwm H H/m
A 100 | 60 | 40 | 30 | 35 |20 | 400 | 150 | 400 |3,5t=3
b 80 |60 |30 |20 |20 |30 |300] 100|400 |3,5t=4
B 60 | 50|40 |20 |30 |40 |400|200|500 |35t=5
r 50 |40 |30 | 15 |25 |35 |400|200|500 |4t=3
i 90 |70 | 50 |30 |30 |25 |300 200|400 |4t=4
E 70 | 50 |40 {20 |35 |10 | 400 | 200|400 |4t=5
X 60 | 50|40 |25 |40 |15 |200]|200|400 |45t=3
3 100 | 70 | 50 {20 |25 |20 | 350|150 | 500 |4,5t=5
u 80 |50 |40 | 15 |30 |25 |350|200|300|5t=3
K 60 | 50|40 {20 |20 [35 |300]| 100|300 |5t=5
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Tadonuua K.4 J{1s1 c10:KHOTO ceYeHHs] CTEPKHSA:

4 R |al |a2 |a3

Bapuant
MM

A 30120 | 15| 12
b 25116 | 12| 10
B 20| 14 | 10| 8
r 15112 |10 8
I 28 120 |14 | 10
E 24 118 |14 | 10
XK 181108 |6
3 16 |12 (8 |6
u 22 |16 |12 |8
K 26 120 | 15| 10
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CopTaMeHT npokaTHOM cTanu (paBHOBOKUI Yromnok)
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