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JTMHAMWYECKWE XAPAKTEPUCTUKHI
MHOTOITO3UIIMOHHOT O MCTIBITATEJILHOTO
OBOPYJIOBAHUS

B pabote paccmaTpuBaeTcsi OAMH M3 aCNEKTOB NMPOEKTHPOBa-
HUSI MHOTMO3ULMOHHOIO0 000PYAOBAaHUS € Y4eTOM B3aUMOBJ/IUSHUS
OTAebHBIX arperatoB (y3JI0B, MEXaHU3MOB) B Mpolecce IKCIUIyaTa-
UM YKa3aHHOro o00pyl0BaHHUs U BO3HHUKAKINUX MPH 3TOM AHHA-
Mudeckux npoueccoB. IIpenedopexxenue 3¢ ¢dekTOM B3aUMOBJIHSIHHUS
MO2KET MPHBECTH K MOJYYECHHI0O HETaTUBHBIX Pe3yJbTAaTOB H K HeEO-
NMpaBAaHHBIM PacxoJaM Ha JHMKBHIALUIO MOCJIEACTBHIA, NMpeaonpeae-
JIEHHBIX OIIUOKOI KOHCTpPYKTOpa. Boabmas TpyaoeMKocTh AMHAMH-
YeCKHX pacyeTOB MHOIOMO3ULHOHHOrO 000pyAOBaHUSA JejiaeT Le-
J1eco000pa3HBIM HCNOJIb30BAHHE KOMNBIOTEPHBIX TEXHOJIOTHIl ¢ Ma-
TeMaTU4YeCKMM MoJeJHMpOBaHUEeM pa3padaThIiBaeMOil KOHCTPYKUHMH
U peajiM3auMeil MAalIMHHOIO 3KcnepuMeHTa. Takoii moaxoa Bmoep-
Bbl¢ IPUMEHEH ABTOPOM NPH OLEHKe IMHAMHYECKOro KadyecTBa
MHOI'ONMO3HMIHOHHBIX pa3spbiBHbIX MaliiH (MPM) 1151 KOppO3HOHHO-
MeXaHNYEeCKHX HCMbITAHHH 00pa3unoB mMaTepuasoB. [IpuBeaeHHbIe B padoTe BBIKJIAAKH H pe3yJbTaThbl
pacueTra XapaKTepHCTHK MAaLIUHbI M0 NPeAJ0KEHHON JUHAMHUYECKOil MOJe/In MO3BOJINJIH YCTaHO-
BUTh, UTO JHHaAMHUUecKasa moaeabs MPM naer cymecTBeHHO GoJjibiie MHpopManuu o xapakTepe
H3MEHEeHHsl Harpy3KH B o0pa3nax, 4eM YNpolleHHas cTaTH4yeckas moaenb. IloaTBepxkaeHa paunuo-
HAJIbHOCTh KOHCTPYKLUMHM MalUUHbI U J0Ka3aHa uHesjgecoo0pasHOCTh ucnoyab3oBanusa MPM B koppo-
3HOHHO-MEeXaHUYEeCKHX MCMBITAHUSX MaTepHaJIOB.

OpnHYM 13 Ty Te MOBBIIIEHUS TPONU3BOIUTEIb-
HOCTH TEXHOJIOTMUYECKUX MAIIIMH SBJISETCS yBeIrye-
HHUe B HUX 4yHciia pabounx nozunuid. [Ipoektrpoa-
HHEe MHOTIO3UITMOHHOTO 000PY/IOBaHUS (CTAHKOB, aB-
TOMAaTHYECKUX JIMHUHM, UCTIBITATEJIbHBIX YCTPOMCTB
W JIp.) MPaKTUYECKH BCer/ia CBSI3aHO C OLIEHKOM B3a-
VMOBJIUSIHUSL OTJIENBHBIX arperaToB (y3JI0B, MeXa-
HU3MOB) B TIpoIIecce SKCILTyaTal[liK yKa3aHHOTO 000-
PYZIOBaHMS M BO3HUKAIOLIUX MPH STOM AMHAMUYEC-
KHX mporueccoB. [IpeHedpexenue apdexToM B3au-
MOBITUSIHHSL MOYKET ITPUBECTH K TOJTyYSHUIO HEeTaTHB-
HBIX pe3yJIbTaTOB M K HEOTIPABAaHHKBIM PacxoaM Ha
JUKBUIALMIO MOCJIEICTBUM, MpeaonpeaeeHHbIX
OIIMOKOM KOHCTpyKTOpa. Bosblinas TpyaoeMKocTh
JMIMTHAMWYECKHUX PacueTOB MHOTOTIO3UITMOHHOTO 000-
PYIOBaHUS JieIaeT LieJieco00pa3HbIM HCTIOh30BaHHE
LIMPOKO PACIIPOCTPAHEHHBIX KOMIBIOTEPHBIX TEXHO-
JIOTHI ¢ MaTeMaTHUYeCKUM MOJICIUPOBAHUEM pa3-
pabarbIiBaeMOU KOHCTPYKIMU W peaju3aluel Tak
Ha3bIBAEMOT'0 MAIIMHHOTO KCIIEpUMEHTA.

Tako#l moaxoa MPUMEHEH HaMU TMPHU OLEHKE
JTMHAMMYECKOIr0 KauyecTBa MHOTOMO3MI[MOHHBIX
pa3pbIBHBIX MaimuH /1/ [5s KOppO3MOHHO-MeXa-
HUYECKHUX HUCTBITaHUH 00pa3loB MaTepHualioB
corjacHo /2/ Ha mpuMepe BOCbMHUIO3ULIMOHHOM
paspsiBHOM MamunHbel MP-5-8BM, paspaboran-
HO#l B OpeHOYyprckoM rocyJapcTBEHHOM YHUBEp-
cutete /3/ u Hamlenuei HauboJee MIMPOKOE TMPH- Hpusoj I | Moo
MeHeHHe B JadopaTopusX LENIoro psnaa BeaylIuX T
HHWUU ctpan CHI'. PucyHok 1. J[uHamMudeckas MOIeNb pa3pbIBHOU

MalluHbI
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Texnuueckue HayKu

«Mawunocmpoenue u mpancnopm»

[pennosxkeHsl Ba BapraHTa MOJENN CTalUO-
HapHO# pazpbeiBHOM MamHel MP-5-§BM. O6a Ba-
puaHTa 6a3upyrOTCs Ha MPECTABJICHUH MAllUHbI B
BUJI€ )KECTKHX 3BEHbEB, COEAUHEHHBIX YITPYTro-Auc-
CUMATUBHBIMU CBA3MU. PacueT qMHaMUYecKuX Xa-
PaKTEPUCTHUK MALLMHBI 110 YIPOLIEHHOMY BapHaHTy /
4, 5/ naeT BO3MOYKHOCTb OLICHUTDb CTETIEHb BIIMSHUS
3BEHbEB CHUJIOBBIX LieNel MallMHbI HA YPOBEHb Ha-
Ipy’KEeHUs TapajuiebHO UCIBIThIBAEMbBIX 00pa31oB
IUIsl UAEabHOTO ciyvas Mepeaayd BCeil HaKoIIeH-
HOM 9Hepryu ynpyrux fedopmMaruii MaliHbI 10 MO-
MEHTa pa3pylueHHs: oqHOro (JI6O HECKONBKUX 00-
Pa3LIOB OJTHOBPEMEHHO) OCTAIOLIMMCSI LIEJIbIM 00pa3-
uam. Ilpu 5TOM He yUMTBIBalOTCSl MOTEPU BSHEPrUM
Ha paboTy CWJI TPEHUsI U MHEPLMOHHBIX cuil. [1po-
Lecc He paccmarpuBaercsi Bo BpemeHu. [lonyuae-
MbI€ OLICHKH JUHAMHUUYECKUX (PAKTOPOB MOITYHAIOT-
Cs1 3aBbILIEHHBIMU.

YuuteiBas M3N0XKeHHOE, OBLIO pelIeHo
YTOUYHUTH pacueThbl C Y4E€TOM YMOMSIHYTBIX
BbILIe (paKTOpPOB BIMAHUA. B Gonee TouHOH Mo-
ey, MokKa3aHHOW Ha pucyHke 1, ons omwuca-
HHUS JIBUOKEHWs 3BEHbEB MallMHBI B pabouem
npolecce COorjiacHO peKoMeHaauusM padoThl /
6/ ucnonbzoBaHa ocobas Gopma ypaBHEHUH
JlarpaH>ka BTOpPOro poja ¢ «JIHULIHUMH» KOOp-
nuHatamu. Ilonyuennas cucrema auddepen-
LHAJIbHBIX YpaBHEHUH pelianach MeTOgaMH
YHUCIEHHOTO WHTETPUPOBAHHUS B alropuTMe
opuruHanbHoil nporpammbl « DINAMIK1».
Pacuerom ompegensuick 3HaueHus «Qi» 00600-
LIEHHBIX KOOPAMHAT 3BEHbEB M XapakTep M3-
MEHEeHHMsS MX BO BPEMEHHM, 3HauYeHUs Kod(puiu-
eHTa NMUKOBOW Harpy3ku «KnH» u uzmeHeHue
JIBVIKYIIEr0 MOMEHTa Ha BeJylleM Bally Ma-
WHUHbI. B cBs3M ¢ BecbMa MajbiMU paboYuMHU
CKOPOCTSAMH U OOJLIIUMH MOMEHTAMH WHEPIHH
npuBoaa paboyas CKOPOCTb MPUBOAHOTO Baja
MP npuHsiTa NOCTOSIHHOW M M3 NUHAMHYECKOM
MOJENM HMCKIIOUYEHbl MapaMeTpbl 3JIEMEHTOB
npuBOJa OT ABMrarens 1o pabouero Baja.

Oco0eHHOCTBIO MOJENH SBIsIeTCS TO, MO-
MeHT pabodero Baja pa3BeTBIISIETCS HAa BOCEMb
NO3ULMK MallMHBl Yepe3 MIAEHTUUHbIE Tepera-
TOYHBIE MeXaHu3Mbl 11, BKIIOYarOKWE BUHTO-
3yOuaTryio nepenauy W nepeaady BHUHT-raiika c
o0IIMM TepeaaTOUYHbIM OTHOLICHUEM U =0.16
10 m/paz. 3axBaThl MalllMHBI C MaccoM m ¥ Ko-
sppuumentamu xectkoctn C. obecneunsaroT
TpebyeMylo JTMHEHHYIO CKOpOCTh AedopMUpOBa-
HUs 00pa3inoB ¢ kod3pPUIHEHTAMH KECTKOCTH
C,,- B cuny KOHEYHOH JKECTKOCTH 3aXBaTOB OHM
neopMHpPYIOTCSl B TIpoliecce HarpykeHus odpas-
LIOB M KOOpAMHATa WX nepemeuenus Y, Oyner
OTJINYHA OT KOOPJHMHATHl Xi BBIXOJIHOTO 3BEHA
nepenarounoro mexanusma Il . Ionoxenue 3ax-
BaTOB MallWHBI (M Aedopmanus odpa3loB) B
obuem ciyvae ompenensiercs aedopmauusiMu
3BEHBbEB LieNHu “mpuBoj - oopasen”. Ilpoiecc
npeIBapUTEIbHOTO HAarpyXeHus o0pas3uoB A0
MOMEHTA pa3pylIeHHs COMPOBOXKIAECTCSI POCTOM CHIT
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CoOnpoTHB/IeHHs F, OT TpeHUs B KNHEMATUUYECKUX Ma-
pax MpoNopLMOHATILHO 3HAUEHUSIM MEXaHUYECKHMX Xa-
PaKTEpHUCTHK 00Pa3LIoB, X CEUSHHIO, 3HAYEHUSM KO-
s dunmenta xectkocTh C, n ymnenuto. B koneba-
TEJTLHOM TIpoliecce, BOBHUKAIOIIEM TPH TIOSIBIICHUH
BO3MYLLEHHH (B YaCTHOCTH, pa3pyLIECHUs! UCTILITHIBA-
eMoro o0pasia), Kaxblid U3 Harpyskareneii MaluHbI
BIIMSIET HAa OCTaJIbHBIE HATPY>KaTesld U 3HAYEHHs KO-
OpIIMHAT 3aXBATOB 3aBUCAT OT CyMM aMIUTUTY]l 3Ha-
YEeHHUI KOOpAMHAT BCEX 3BEHbEB MallMHbI, BOBJIEKae-
MbIX B nipouecc. [Ipoiecc conpoBoxkaaercst mosige-
HUEM JIMCCUNaTHBHbIX cui F . 1 MomenToB M, crio-
COOCTBYIOIIMX 3aTyXaHHIO KojieOanuid. Jluccunarue-
HbIE CHJIBI U MOMEHTBI OMpeaesisitoTCsl 3HAUSHUIMU
k02 (PULIMEHTOB 5keCTKOCTU C, , MOMEHTOB MHEPLIMM |,
(15 MPUBOOHOTO BaJla), 3HAYECHUSIMU KOA(P(HULIMEHTOB
xectkoctn C, M IBUKYIMXCA Mace m. (J11 CHCTe-
MBI “3aXBaT - oOpazell” ), 3HaYeHUSIMH CKOPOCTH CO-
OTBETCTBYIOLIECH 0000IIEHHOM KOOPAMHATHI M KO3(-
(uLMenTa IMCCUIALUM Y, , KOTOPBIH COMIACHO PEKO-
MeHaauusM /6/ npunaT paBHbM 0,5. B munamudec-
koM pacuyete MP-5-8BM ucnomnb3ytorcs 3HaueHus
K03(h(HILIMEHTOB )KECTKOCTH, TPUBEACHHBIC B TUCCEP-
tain Knemrapesoii [LA. “Pa3paboTka meTonuku
OLICHKH Harpy>KEHHOCTH MHOTOTIO3UIIMOHHBIX pa3phIB-
HBIX MalUMH”, BBINOJIHEHHOW MO PYKOBOIACTBOM aB-
TOpa HacTosiei paboThl.

O6mias ¢gopma ypaBHeHuit Jlarpanxka (1) c
“NMUIIHAME KOOPAWHATAaMHU, TPUBEICHHAs HYDKE, UC-
MOJb30BaHa COMIACHO PeKOMEeHAaLusIM /6/ ¢ Liesibio
ynpouieHus pyHKIMOHAIBLHBIX CBsA3el MPH BhIpaXke-
HUM KWHETUYECKOH M MOTeHLMAJIbHOM SHEpPruu yepes
He3aBHCHUMbIE KOOPUHATHI.

n
d/du(dT/dq) - (dT/dq) + dV/dq, = Q + X L, h,, (1)
i=1

rae T u V - xunerudeckas u NoTeHOHaJdbHasA
OHEPIruss COOTBETCTBCHHO!

K, K,
T=12(Z1.0>+Xm y?), 2

i=1 i=1

(3meck k, m k, - uncyio Bpamarommxcs U mnocry-
naTejbHO JBMKYIIMX Macc, (. Uy - yIrJIOBble H
JIMHEWHBIE CKOPOCTH COOTBETCTBYIOMIUX MacC
¢ MOMeHTaMH uHepuuu | u maccamu m, );

ml mZ
V=12 (XC,802+%C, dy?) 3)

i=1 i=1

(30ech M, ¥ M, - YUCJIO BPALIAKOLIMXCA U MOCTY-
natenabHo ABWKymux Mace, C . u C, - kosddu-
[IUEHTHI )KECTKOCTH 3BEHbEB C yTJIaMU 3aKpy-
yuBanus dj, v nuHeHHBIMU nedopmanuamu dy,
COOTBETCTBEHHO);
. - 06001IeHHas KOOpINHATA,
- 00001IEeHHas CHJIa;
L. - GyHkuus, Ha3piBaeMass MHOXKHTEJIEM
Jlarpanxa;
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ﬂuuanmltecxue Xapakmepucmuku MHO2ORO3UYUOHHO2O0 UCRBIMAMETIbHO2O0 060py00mmu;l

h, - ynkuws csisu;

j=1,2,...,H+n - obmee uncio 060611eH-
HBIX KOOPIAWHAT, BKJtoYas H He3aBUCHUMBIX H
“n” TUIHWX (CBSA3aHHBIX C HE3aBUCHMBIMU 0000-
IIEHHBIMM KOOPJMHATaMH TepedaTOUYHbIMU (PyH-
KIUAMU). YpaBHEHUS CBSI3W 3alUCHIBAIOTCS B

Bune (4):

H+n
Y hog+h=0(i=1,2....n) 4)
ji=1

O600meHHbIe cunbl Q . onpenesoTes U3
BbIpaxkeHus (5) cyMMbl paboT Ha BO3MOMHBIX
NepeMeIeHUAX C YUeTOM Bapualdu o000IIeH-
HBIX KOOpIWHAT:

n n, n,
oW = Mo&po - Z Ilvldi 5(p| B Zlei Swi - Z Figwi )
i= i= i=

ruoe MO , M . F g ¥ F1 - MOMEHTHI JBWXKYLIUNA U
JIUCCUMATUBHBIN U CUJIBI IUCCUMATUBHBIE U CO-
MPOTHUBJIEHNUS COOTBETCTBEHHO Ha BO3MOXHBIX
VIJIOBBIX OQ W JIMHEWHBIX O\ MepeMeleHHsIX.

Fy=b, y;uM,=b, o, (6)

rae b,

1

=(C,y)/[2xmn (C,/m)]n

L= Gy /2 ()

Y ¥ @, - JTMHEHHbIE U YIJIOBbIE CKOPOCTH;

C,u C, - K0O3pDULHEHTBI KECTKOCTH
KOJIEOTIOUINXCS 3BEHBEB;

Y- kod3ddunment nuccumanuu, \y = 0,5 /6/.

Cunel conportusienus F onpenensiorcs
BeIpakeHuem (7):

F=K.Cyuq> (7

rae K, . - kosppuuuenT nponopuroHasbHOCTH
CHJIBI COTIPOTHBIICHUS CHJIaM YIPYTOCTH U Me-
XaHUUYECKUM XapaKTepUCTHUKAM HCMBITHIBaE-
MBIX 00pa3loB COOTBETCTBEHHO.

Janee npuBeneHsl KOHKpPETHbIE ACHCTBUS
M0 COCTAaBJICHUIO YpaBHEHUM JIBWXeHUs st MP-
5-8BM cornacHo mMonenu puc.l ¢ yuyeTom uc-
MOJIb30BAHHBIX HAa HEM YCJIOBHBIX 0003Ha4YCHUI
BEJIMYMH, BKJIOYAIOLUIME TUNOBbIE MPOLEAYPHI:
a) HaznaueHue 00OOIIEHHBIX KOOPAMHAT
[Ipunsaro: @, = q,- yroa nopopora npu-
BOJHOTO Bana;
J, =], ¥ 9,=q, + q, - yron moBopora ce4eHus
NPUBOJHOTO Baja Ha ydacTKe Harpyxarenei |
n 2 MPM;
J,=1J3, ¥ 49,=q, + q, + q, - yron nosopora ceue-
HUSI IPUBOAHOrO Bajla HA Y4acTKe Harpyaresei 3
u 4 MPM;
k= J,tq,=q, +q,+q,+q,- yromn nopopora
cedeHHus MPUBOJIHOTO Bajia Ha ydyacTKe Harpy-

karenei 5 u 6 MPM;
J4:J3 + q5 = q1 + qz + q3 + q4 + qs' yroj nmoBo-
poTa cedyeHUs NMPUBOJHOTO Bajia Ha y4acTKe
Harpyxatened 7 u 8 MPM (3neck q, q,, q, ¥ g
- OTHOCHUTEJIbHBIC YIJIbI TTOBOPOTA );

X, =q,=1G) =U_ (q, +q,) - KoopauHaTa
nepelaToOuHOr0 MEeXaHU3Ma;

X2: q7 :_HS(-'I) = Un (q1 + qz) - TO K€ CaMO€;

37T Qs T g 2):Un (q|+q2+q3)'T0)Ke
caMoe;
X, =9 =1LG) =U, (q, +q,+ q,) - T0 xe
caMoe;

st 90~ ns(j3) = Un (ql + q, + q; + q4) - TO ke
camoe;

st q9,,~ n8(13) = Un (ql + q, + q; + q4) - TO ke
camoe;

X7: q9,,~ n8(14) = Un (ql + q, + q; + q, + qs) -
TO K€ CaMOf€;

st 955~ n8(14) = Un (ql + q, + q; + q, + qs) -
TO K€ CaMOf€;

Y, =X +q,=4q,+q, - yiIuHeHHe o0pa3ua;

Y;— le +q,,=q,* q,5 - TO Ke camoe;

Y,= X, +q,,=q,+ q,, - TO XKe camoe;
Y,=X,tq,=4q,t q,, - TO Ke camoe;

Y. = X, +q,,=q,,T q, - TO XKe camoe;

Y, =X, +q,=q,, T q, - TO )Ke camoe;

Y, =X +q,,=q,,*" q,, - TO )Ke camoe;

Y, = X+t q,=q,+ q, - To ke camoe (31€eCh
q .. - Aepopmanus 3aXBaToOB).

“JIMIIHUMU” KOOpAMHATAMMU SIBJISIIOTCA KO-
opauHaThl X, .

6) OmpeneneHre BBIpaXKeHHUS JI HaXOX7e-
HUSI KUHETUYECKOW SHEepruu

Kunetudeckasi SHeprus BbIpakaeTcs depes
CKOpPOCTH 000OUIEHHBIX KOOPIHUHAT, MOMEHTHI
WHEPIIMH U MacChl 3BEHbEB COTJIACHO 3aBHCHUMO-
cTd (2) U Oas JaHHOTO ciyvasl omnpepaessiercs,
KaK HIKE:

T=05 (I, (p0’2+11 (p1’2+ Iz'(Pz,Z—i_ Lo 3’2+
14’2([)42-i-rr,121 ylz-l- ,rznz yz2-+-,2+m3 y22+ m,
y,+tmy y5,+m6 Ys (+m s +ms'(y8 ),: ,
=05 [I,q*+I (q+q,y+1,(q +q,+q,
y+ 1,(q,+q,tq, +q, )+ S
T, (q,+q, v d; g, Fa, )t m (g, P
m, (q, +q, ) fm, (q+q, )+ S
+m, (qg + q,; )2+,m§ (qIO + s y+ my (qn T4,
r+ l?17;_'((]12 4, )t mg(q, *

+ qu

JaneHelime npeoOpa3oBaHus MO3BOJISIOT
MOJIyYHUTh WHEPUHOHHBIE KO3PDHUIUEHTHI U -
(epeHIMaTbHBIX YPAaBHEHHIA:

311:IO+11+12+I3+I4;a22211+12+I3+I4;
a33zlz+lz+l4;

a,= 13 + I4; A5 = 14; g = My5 2,7 My, A= My,
Ao = M, A),,~ Mg,

A~ M a, =My a,; ;= Mg, a,,,,=mg;
Aysys My a0~ My,
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A, T a T Moa,, Mg a,, =~ My, Ql = Mo; 92 ? Mdl_; Qi:: - T2’ Q4 = '_Nch; Qs =
a0 Mg -M,;:Q =-F:;Q=-F;Q=-F:Q,=-F:Q,
a_~a,=L+L+L++:a =a, =1+ =-F;Q,=-F;Q,=-F;Q.=-F;Q,=-F;
+ 14; a,,~a,= I3 + 142 Q15 E - %2’ Qlé E T hae Q17 T Fd4’ le a FdS’ Qlo
a,;—ag = 14; a,;=a,,= Iz + +13 + 14; a,,~a Q :déj on a

Lt lia, =a, =1 21 as

a,,;~a,;= 4 L+ I a,;~a,.= I4’ Ao~ s

m;a, ~a_ = mz; 3HaveHue BUKYLIEro MomeHta M, B cTa-
a 8-16: a 168 m3, a 017 a 17 9 m alo 18: a 18- AN Hpe):[BapI/ITGHLHOFO6Hany)KeHI/I$[ 3aBUCUT OT
0o TN AT AT M ygogﬂﬂ HArpy>KEeHHS O pa3u013§,{ oTpeaesIIEMOM
a 1220 a 2018 m a 321 = a s 1’1’18, OOOOLICHHBIMU KOOpAHWHATaMU ; U 3HAUYCHHUAMHU

[Mpourie kO3PdULIMEHTHI PaBHBI HYJIIO.
B) OmnpeneneHre BhIpaKEHUS NI HaXO0XK-
JACHUSA HOTeHHHaHBHOﬁ OQHEpPIrun
CorsacHO BbIpakeHHIo (3) Al HalIero
cjiydyasa UMECM:
V=05 [C, (0,-9)+C, (0, -
(0, -9 +C, (9, -0,) +
+ Cl] ‘(Yl - X]) 24 CIO‘ Y12 + C21 (Yz_ Xz) 2
Czo‘ Y22+ C31 ‘(Ys - X3) 2 Cso‘ Y32 +
+ C41 ‘ (Y4_ X4) 2+ C40 Y42+ C51 ‘ (Ys - Xs) o Cso
‘ Y52+ Cs] (Ys - Xs) *t
+ Cso‘ Y62 + C71 (Y7 - X7) o C7o‘ Y72+ C81 (Ys - Xs)
2 + Cgo. Y82 ]
nO}]CTaBHﬂH B nOﬂyquHoe Bblpa)KCHl/le
O606H.[CHHBI€ KOOpAWHATHI, MTOJydyaceM KBa3WYII-
pyrue kod3dpUIHUEHTBI:

¢)+C

C,=C;C,=C;C,=C;C =C;C,=
CIO; C77 - CZO’ C88 = C30’ C99 - C40’

CIO 10 = 50; 11-11 - C60; C]212 = C70; Cl3-]3 =
CSO; Cl4]4 = 20 + Cll;

ClS-]S - 20 + +C2]; Cl6-]6 = C30 + C3]’ Cl7 17 =
C40 + C4l’ C]8-18 = CSO 5];

Cl9-]9 = 60 + +C61; C21-21 - CSO + CSI; CG 14 =
Cl4»6: C]O; C7-15 = C15»7: CZO’

C8»16 = C]6»8: 30; C9 17 = C]7»9 C40; CIO»IS =
C18»10: CSO; Cll»l() = 19-11 = CGO;

C12-20 = C2012_ C70’ C]3 21 = C21-13 = CSO

[Tpoune ko3pHUIHMEHTH paBHBI HYJIO.

r) O600IIEHHBIE CHUITBI
CornacHo BblpakeHUIO (5) OJis Hallero ciy-
yas ©MeeM:

SW:Mqul'Mdllng'Mdzﬁqs'M@6q4'
8q5—F18q6 8q7F 0qy—
-F, dq,-F 8q0 8q” F. 6q,-F,dq,;
“F, 84q,-F,0q,-F, 8q,-
'Fd48q17 F Sqls'F 8q19'F quo'F
54,

3HaueHnss 0000IMEHHBIX CHIT — 3TO KodhdhuIu-

EHTHI MPY Bapualusax 8 COOTBETCTBYIOIINX 0000-
IICHHBIX KOOP/IHHAT:
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ko3 duunentos xecrkoctu C

M, =K, [K; C,(@tq,)+K., Cy(q+q,)
+Kp, C3o'(q8+q16)+
+ K, Cp@ta,) t K Cyp(qtq K

E4
qa,,) 1.

Cop (A a0+
+ KF7‘C70‘(q12+ q20) + KFS‘CSOI(q]S—i_

rae K u K- xosdpuurenTsl mponopunoHaib-
HOCTH,

K =1,0710° m; K ,=4,62; K =435 K, =
4,18; K., =415

KF5= 24,16, KF()I 23,85, K, =24,08; K =
23,20

C, g - KOOOPUUHMEHTBI KECTKOCTH 06pa3u013
C, = 0,8110° H/™m; C,, = 3,4710° H/m; C,,
1,47106 H/M

C,, =5.92 106 H/m; C,, = 0,1710° H/m; C, =
069106 H/M

C,, = 0.2910° Him; C,, = 1,1810° Hm.

3HadeHUs CHJI COMPOTHUBIICHUS OIpeaes-
I0TCs BhIpakeHueM (7), TUCCUMATUBHBIX CHUJ H

MOMEHTOB - BbIpaxxeHUsiMU (6).

I[I/ICCI/IHEITI/IBHLIG CHUIJIbBI:

Fy = bll 9, = {Cn/ 27 (C13/m 1w iy
F= b81 9 {C83/ 2 m (Cs3/m 1w 9>
rae C,; - KOd(HIHEHTBI )KECTKOCTH B KOJIe-

0aTeJIbHOM TMpoliecce, OoNnpeaeasieMble sl Cly-
yas OOIIHOCTHU TMepeMeleHnii cormacHo /1/ cym-
Mol KO3(h(PULIMEHTOB KECTKOCTH CUCTEMBI 3BE-

HbEB “3aXBaThl - o0Opaszen”:
C,,=292.64 10 H/wm; C,;=295.30 10 H/wm;
C,;=293.30 - 10° H/M C ,=297.75 10% H/m;
C.,=292.00 10° H/wm; C —292 52 - 10° H/wm;
C —292 12 - 10° H/m; C —293 01 10° H/m;

m - Macchl 3aXBaTOB (10 MOMEHTa pas-

pylieHus obpazuam
Hus oOpasua - 10,2 KF)

o= 20,4 kr, mocnie paspyiue-

I[ToMuMO M3MEHEHHS MacChl CUCTEMBI 3aX-
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BaTOB B MOMEHT pa3pylleHus odpa3ua u3MeHseTcs
1 KOO PUIMEHT KECTKOCTH CUCTEMBbI 3aXBaTOB (HC-
KJIIO4aeTcs M3 Mpolecca naccuBHbIN 3axsar). Ko-
> puumentor C ;. CTaHOBATCA paBHBIMU KO3 du-
LIMEHTY JKECTKOCTH aKTMBHOr O 3axBara, C = 108,35
10° H/m.

Z[I/ICCI/IH&TI/IBHBIG MOMCECHTHBI:

M, =b,q={C/[2n '(Cl/Il)z-z]} Voq,;
M, =b, q;={C,/[2 m (C/L"] v qy:
Md3 = bx3 q4): {Cg/ [2 T (C2/13)05]} W q45
M, =b,q={C,/[2 n (CA)]} v qy,
rae C, - ko3pduuMeHTs NpUBEAEHHOM

JKECTKOCTHU yqaCTKOB NpUuBOAHOTO BaJjia,

C, = 1,60410° Hwm, C, = 1,61310° Hm, C, =
1,61310° Hw, C, = 1,613 10° Hm;

[, , - MOMEHTBI HHEPLIMH y4YaCTKOB Basa,

I, = 49,210° Hwmc% I, =33,510° Hmc I,
=33,510° Hme? 1, =33,510° Huc?

n) Onpenenenue ko3¢ PpUUHUEHTOB ypaBHe-
HUH TOMOJIHUTENbHBIX CBSI3EH

CornacHo pexoMeHaanusm /6/ npoaudde-
pPEHLHMPYEM ypaBHEHHUS “JTUIIHUX 0000IICHHBIX
KoopaAMHAT X, M MPHUBEJEM IOJYYEHHBIE 3aBHU-
CHUMOCTH K BUIY BbIpaxkeHUs (4):

U (q *+4q,)-q,=0;

U (q *49,)-9,=0;

U (q *+q, +q;)-9q,=0;

UH (q1,+q2,+q3))_q9:0;

U (q *+q,+tq, +q)-q,=0;

U (q *q,*+q,tq,)-q,=0;

U (q *+q,tq; q, +q)-q,=0;
U, (q *q, *q; +q, T45)-q; =0

W3 naHHBIX BBIpaKeHWH OMNpeaenstoTcs
ko3 puLreHTsI hij:

h, =Um; h,=Un; h =Un;
h,,=Un; h,=Un, h,,=Un;
h, =Un; h,,=Un; h,,=Un; h =Un,
h, =Un; h,=Un; h, =Un; h,,=Un;
h, =Un; h,,=Un; h,=Un; h, =Un; h,,=Um;
h, =Un; h,=Un; h =Un; h,,=Un; h,,,=Um
h, =Um; h, =Un; h =Un; h, =Un; h, =Un; h,  =Un
h, =Um; h,=Um; h_=Un; h, =Um h_=Un; h, _=Umn;

=)
o5
S
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OcTtanbHbie KOA(PPUIIMEHTH paBHBI HYJIIO.

JononHutenpHpii wieHn D, B npaBoi vac-
TH nuddepeHInalIbHbBIX ypaBHEHUN (BTOpoOE
cnaraemoe BbipaxkeHus (1)):

D, =Un (L +L+L #L+L+L +L,+L,):
D,=Un (L, +L+L +L+L++L +L,+L,);
D,=Un (L #L,+L+L+L,+L,):D,=Un (L, +L +L,+L,);

D5=Un'(L7+L8); D6=-L1; D14=0; D7=-L2; D15=0;
Dx:'Ls; Dl(;:O; D():'L4; D|7:O; Dm:'Ls; Dlx:O;

D11=-L6; D19=0; D12=-L7; Dzo=0; D13=-L8; D21=0'

e) Cucrema nuddepeHIHATBHBIX ypaB-
HEHUM

[TonpcTaHoBKO# TOTy4YEeHHBIX B pe3yibTa-
T€ MPEeAbIAYUIUX BBIKJIAJ0K KO03()(PUIIMEHTOB B
BeipaxkeHue (1) monydaem cucrtemy auddepen-
[UaJbHBIX YpPaBHEHUH, MPUBEACHHYIO HUXKE.
Cucrtema (8) BkitouaeT 21 ypaBHeHuUe (IO 4uC-
Jy 0000IIEeHHBIX KOOPAMHAT, BKJIOYAs “JIHII-
HUE” KOOPJIMUHATHI):

A +(l|+l 2+13+I4)'q2“+(12+13+14) q3“+(13
=M, + U, (L, +L, +L, +L, +L, +L,

D n+l|+lz+13+l4) q]‘
+) g, 1 g
+L, 4L )

2) (Il+ IZ+ I3 +I4) ql” +(Il+ IZ+ I3 +I4) qz"+(l 2+ I3 +I4)
q}”+([3 +[4) : q,\l“ﬂ4 : qs“+ CI q,= - Md] +U_ (L, +L, +L;
+L, +L, +L, +L, L, );

3) (I 2+ 13”“"14) . ql+(l 2+ 13 +l4) ) q2u+(l 2+ 13 +l4) . q3u+(13
+I4) q, -H4 q, + Cz q,= - Md2+ U“ (L3 -&-L4 -&-L5 -t-L6
+L, +L, ):

4) (I3 +I4) q1>-+(l3 +I4) qz”+(l3 +I4) q3”+(13 +I4) q4”+14
qﬁ“+ C3-q4: - Md3+ U (LS +L, +L, +L, );

5 Loq + 1 q gt g g+ Crg= - M+
U, (L7 +L, );

6) ml q(;“ + ml q14" + Cl(] q6+ Cl(] q14=

-F-L;:

1 1°

13) my ql}f +mg qzn: + Gyt Gy =T
4 m-q +m-q, +C q+(C,+C)q,=-

- Fs - Ls;
Fy

.............................

m8 q13" + m8 qu” + CSO q6+ (C80+ C81) qu - Fd8

C uenblo cokpauieHus 3anucu (8) ypaBHe-
HUS, CTPYKTypa KOTOPBIX WJAEHTHYHA U KOTO-
pble OTIAMYAIOTCS JIMIIb WHAEKCAMH COOTBET-
CTBYIOUIMX BEJIMYMH, OMYLUEHbl. YpaBHEHHUS C 5-
ro no 21-e ucnonb3yroTcs UIsl HAXO0XKJIEHUS MHO-
skutenied Jlarpanixka, KOTOpble B UTOTE BbIpaka-
oTcs GyHKuuamMu (9)

L| - Cn Q5+ Fdi' F| ©

OyHkumnu (9) nMpu pelieHuHu CUCTEMBbl UC-
MOJIB3YIOTCSl B MPaBOW 4acTU ypaBHEHUH ().

Cuctema pelnaeTcs YHMCIEHHBIM HHTErpHU-
pPOBaHHMEM C UCITOJIB30BAHHEM H3BECTHBIX MaTe-
MaTh4Yeckux MetonoB Ounepa u ['aycca. B cBs-
31 ¢ OOJIBLION TPYAOEMKOCTbIO BBIYMCICHUH ISl
WX BBINOJHEHUs Oblla pa3paboTaHa OpUrHHAJb-
Has mporpaMma MalluHHOro cueta Ha [IOBM,
MpUYeM pacueT MPOU3BOIAMTCS B JIBa dTara.

Ha nepBom sTame uuaet “HarpykeHue”
MOJeNu 10 MOJIydeHUs B oOpaslax Harpysku,
O6nu3koil k paspywatrouieid. HauanbHbeiMu ycio-
BHSIMH B 9TOM CJTy4ae SBJISIOTCS HyJI€Bble 3HAUCHUS
BceX 0000IIEHHBIX KOOPAMHAT U U3BECTHOE 3Haue-
HUE YIIIOBOM CKOPOCTH MPUBOIHOTO Bajla MAIIHHBI.
B KadecTBe MOC/IeIHEr0 UCTIONB3YETC s 3HAUEHHUE ¢,
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Texnuueckue HayKu

=4,815 102 pan/c, cCOOTBETCTBYyIOIIEE HAUOOJIEE JKe-
CTKOMY PEXHUMY HUCIIBITAHUH - MEXaHUUYECKHM HC-
NBITAHUSAM MaTepualioB. B Xoje npenBapuTenbHBIX
pacyeToB ObIJT yCTAHOBJICH IAar UHTETPUPOBAHUSI TTO
BpeMeHH, paBHbIi 107 ¢. BbIIo Takke ycTaHOBJIEHO,
YTO B MHTEpBaJie pacyeTa J0 3 ¢ MPOUCXOOUT CTa-
OunM3alys 3Ha4YSeHUH CKOPOCTH 0 0000IIIEHHBIM KO-
opIMHATaM, TO eCTh ycTpaHseTcs 3QQeKT Bo3My-
IIEHUsI OT MEPBOro CTAOWIIN3AIIUK HATPY3KH 10 HO-
BOT'O 3HAUCHUSI MPOUCXOAUT B TeyeHue 3 ¢. B ocBo-
OonuBILIEMCS 3aXBaTe MPOLIeCC KojieOaHu npu 60JTb-
IeM 3HaYEeHHH aMIUTUTY/l KOOPAWHATHI 3HAYMTEITb-
HO MeHblne - npumepHo 0.05 c. CooTBeTCTBEHHO
YacTOThl KOJIeOaHUH Harpy>kKeHHOro M CBOOOTHOTO
3axBatoB paBHbl 12 1 800 I'u (Puc.2). Moxkno ot-
METHUTh TaK)Ke, YTO 4acTOThl KojeOaHWil cucTeM
“3axBar-oOpasel]” OCTaBIIMXCS 1eTbIMU 00pa3loB
NPaKTHYECKH OIMHAKOBBI B CHJIY CYLIECTBEHHOTO
OTJIMYHS MapaMeTPOB 3aXBAaTOB MO CPABHEHUIO C
oOpa3uamu.

BeisiBneHs! 3¢ (eKThl, KOTOpble HE MOTYT
OBITh HalJeHBI C UCTIOIB30BAHWEM YIPOIIEHHOW
mMozaenu. Hanpumep, yctaHoBlieHO, 4TO KO3 (-
(UUMEHT MUKOBOW HArpy3KH 3aBHCHUT OT MO3M-
MW MAIlMHBI, IpUYeM 3HaYeHue Kod3pulneH-
Ta pacTeT ¢ yaajeHHeM OT npupona. [IpuHu-
Masi 3Ha4eHHs Kod(QuueHTa B MpoOLEHTaxX OT
YPOBHS MpeIBapUTEIbLHOTO Harpy»eHus, uMe-
€M JIBOiHOe 3HaueHre B mo3uuusx 7 u 8 mo cpas-
HEHUIO ¢ nmo3uuusaMu 1 u 2. D10 00bsAcHAETCH
NosIBJIEHMEM WHEPUHUOHHBIX HArpy30K OT 3Jie-
MEHTOB Harpyjkarejieidi ¥ pa3HbIM YPOBHEM IMO-
TEHLIMAILHON dHepruu AeOpMHUPOBAHHBIX yua-
CTKOB MPHUBOIHOTO Baja.

[TonTBepknaercs: BIMSHUE XapaKTEPUCTHUK
JKECTKOCTH W MPOYHOCTH U pa3MepoB CeYCHUH
00pasioB, yBeJIUYeHUE KOTOPHIX BEJeT K poc-
Ty Ko3(dunrenTa nukoBoil Harpy3ku. CoOuo-
JaeTcs 3aKOHOMEPHOCTh M3MeHeHUs 3¢ddexra oT
KOJIMYeCTBa OJHOBPEMEHHO pa3pyllarouiuxcs
obpazuos (Puc.2).

CrnenyeT OTMETHTh MEHBIIHE MO CpaBHe-
HUIO C MOJYYEHHBIMU U3 YIPOIIEHHOW MOJAENH
3HaYCHUSAMH KOX(PPUIUEHTA MMKOBOW HArpy3Ku
(mpumepHo B 3.5. . . 4 pasza), uTo oOBACHsIETCS
Y4eTOM CHJI CONMPOTHUBJICHUS, WHEPLUUOHHBIX
CWJI W JIMCCHUMATHBHBIX CHJI U MOMEHTOB B /M-
HAMHYECKOW MOJEIH.

[Tonb3oBaremto mporpammel “DINAMIK1”
cienyeT MOMHHMTB, YTO HMCHOJHIEMBIH Qaiin
«DINAMIK1.EXE» nmporpammsl paGoTaet moc-
Jie BBOJA HaydallbHBbIX YCJIOBUH B (aitn mcxonu-
Hbix naHHbeiX «IDO.DIN», conepxaimuii nHTEp-
BaJl BpEMEHHU pacyeTa, ar WHTEerpupoBaHUs,
HavaJbHble 3Ha4Ye€HHs O0O0OOIIEHHBIX KOOPAMHAT
Y CKOPOCTel 9TUX KOOpAMHAT. B aAuanoroBom pexxu-
Me Mporpamma 3arnpaiiiBaeT HHGOPMALHIO O TUIIe
o0pa3sia, KOTOpHIii MoABEpraeTcsi UCIBITAHUIO B Ma-
IIMHE, U O KOJIMUeCcTBe paboTaroIMX B MallIMHE Ha-
rpykareneit. Tun oOpasua koaupyeTcss HOMEpPOM OT
1 10 8, KoOMOMHALIMS pa3TUUHBIX 00PA3OB UMEET KOJT
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«Mawunocmpoenue u mpancnopm»
1,06 KoaneGanun ceoboanoro saxsara
! B —
7. e e
Bpemat=3c¢
0,95 b _Macroraf=121n

Iiponecc u3menenns Harpysiu

Bpemst t = 0.05 ¢

0,98 - i e MacTora £= 800 'y
My,
1 I'paduic usmenenus IBUKYIEro MoMeHTa
0,5 i\
o Y

Bpemsit=3¢

llapamerpnr Bistng Ha KOXpPHIHEHT THKOBOIH HalUPY3KH

-Pasmemnenne oGpasna 1.02 Koppoyposaninie
1.016 4

. 1015 | 2
1.014 ‘o1 /8

. 3
1.012
1~

1,01 4 1.005 — ~ 6
1.008 5 Hexomnie
1.006 Homep nosusu MPM

. 0.995 Tun obpasita
1.004

1 2 3 4 5 6 7 8 0.99
1 2 3 1

1,021 Kopponuposannsie 06pasubi Hcxopmble oGpasubi

Bpemat=0.5¢

Bpemsut=0.5¢
Puc.2. Pe3ynbrarbl JTMHAMHYECKOTO pacueTa

«10». B xauecTBe npumepa: TpedyeTcs onpeaeTuTh
K02 GUILMEHT NMUKOBOM HArpy3KH B Clly4ae, KOrna B
MalllMHe B Hayalie UCTIbITAHUI yCTaHOBJIEHO § 00-
pa3ioB Tvmna 4 u B Mpoliecce UCTIBITAHUI pa3pylia-
I0TCsl OIHOBPEMEHHO 5 M3 HHMX B Harpyarelsix
1,4,6,7u 8.

Heo6xonumo B ¢aiin «IDO.DIN» 3arpy-
3UTh (aiin HavalbHBIX yclioBUH «04.txt», 3a-
NyCTUTh MporpaMmy, Ha 3ampoc o Tume 00-
pa3lia BBECTH UMCIO «4», a Ha 3ampochl O pa-
O0oTe Harpyxarejed BBECTH uHcsio «1» Amns
TeX, B KOTOPBIX MPOLECcC MUCTIbITAHUSA MPOJOJI-
)kaetcd, u uncio «0» gng mo3uumi 1,4, 6, 7 n
8. Bpems cueTa 3aBUCHT OT IIara MHTETPUPO-
BaHus (He 6omee 0.000001 ¢), oT BeIUUUHBI IPU-
HSATOTO UHTEpBaja BpeMeHH (KakK MpaBuiio, He 0o-
Jiee 3 ¢) U OT TUIA MALUWHBI.

PesynbTaThl cuera BhIAAIOTCSA B BHJE Tad-
i ¢ rpadukaMyu U3MEHEeHUs 00OOIIEeHHBIX KO-
opauHAT (YTJIOB 3aKPy4YMBAaHUS Y4acTKOB TpH-
BogHoro Bana - Q2, Q3, Q4, Q5, monoxxeHuii 3ax-
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BaToB - Q6+Q14, . .,Q13+Q21, nedopmarinu 3axpa-
TOB - Q14, ... ,Q21), 3Ha4eHni1 MOMEHTa Ha MPHUBO-
HOM BaJTy ¥ KO3((HLIMEHTOB OTHOCHTEILHOM BEJIMUM-
HbI NapaMeTpa (K Ha4aJlbHOMY 3HayeHuto). dopmu-
pyetcs otnenbHbi ¢daiin «KEXCELy, ncrnons3yemblit
Ut TpadUUecKoil MHTepIpeTaliy pe3yJIbTaToB pac-
qeTa.

B 3akitoueHre MOXKHO cenarh clieqyrouiue
BBIBO/IbI:

- MpeAJioKeHHas NTUHaAMu4eckas MOJAesb
MPM naet cyuiecTBeHHO OoJblie MHpoOpMa-
WU O XapakTepe M3MEHEHHS HAarpy3ku B 00-
pasiax, 4eMm ymnpoIlleHHas;

- 3HaueHus Ko3(PUIIMEeHTOB NMUKOBOW Ha-

CnucoK UcnoJib30BaHHOM JUTEPaTyphbl

rpy3ku MPM-5-8BM BecbMa Masbl, He BIUSIOT
Ha pe3ynbTaTbl UCHBITAHHWH, YTO MOATBEpPKAAET
PaLMOHAIBHOCTh KOHCTPYKLIMU MallMHBI U LIEJI€CO-
00pa3HOCTb UCTOJIb30BaHUS B KOPPO3UOHHO-MeEXa-
HUYECKUX HUCTIBITAHUSAX MAaTEPUAJIOB MHOTOMO3ULIM-
OHHOTO UCTIBITATENILHOTO 000PYAOBaHHUSI.
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