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PACYHET ’KUBYYECTHU BAJIOYHbBIX, PAMHO-CTEPKHEBbBIX
N ITPOCTPAHCTBEHHBIX KOHS?TPYKHI/Iﬁ IHPU
SAINIPOEKTHbLIX BO3JAEUCTBUAX

1 Pacuer 0ajku

[IpencraBiena 3agaya  aHaIW3a  KUBYYECTH  CTATUYECKH
HEOIPEeCTUMBIX OAJIOYHBIX CHCTEM C BBIKIIOYAIOIIUMUCS CBS3SIMU,
MO3BOJIAIONIAS NPOCIEAUTh MOCIEA0BATEIBHOCTh BBIKJIIFOUCHUSI CBSI3EH.
PaccMmoTpenHas 3a1ada npeacTaBiIsIeT UHTEPEC ISl pacyeTa >KUBYUECTH
KOHCTPYKTHBHO HEJIMHEHHBIX CHCTEM IPU 3aMPOCKTHHIX BO3JAEHCTBHUAX
TEXHOT€HHOI0 XapakTtepa. Ha HavyaapHOM »JTame Harpyska, IIpu
JNEUCTBUM KOTOPOM HE MPOUCXOJUT BBIKIIIOUEHUS CBA3EH (Hampumep,
AKCILTyaTal[MOHHAs), CYUTaeTcs, HeuaMeHHOoW. OcTanbHas Harpy3ka
HM3MEHSICTCS MPONOPIIMOHATIBHO OJTHOMY rapamerpy, T.€.
napameTpudecku. CedeHus (MM YYaCTKH), TJI€ BO3MOYKHO BBIKIIFOUCHHE
CBsI3¢l, U3BECTHBI.

B nmpakThke NOpOEKTUPOBAHUSA OMNpPEACICHHE CEUYCHUU (MU
Y4aCTKOB), TJie BO3MO’KHO BBIKJIIOUEHHE CBSI3€M, JUIS  KaXJIOu
KOHKPETHOM KOHCTPYKIIMH HE MPEJCTABIACT OONBIINX CIOKHOCTEH.
Jlng  Hepa3pe3HbIX O0ajoK TakUMH OyJIyT OIOpHBIE CEUEHHS Ha
MPOMEXKYTOUYHBIX OIOpax M IPOJICTHBIC CEUYEHMS, TJI€ IPUIIO0KCHBI
COCpEeIOTOYEHHbIE CUJIbl. B TOM cilydae, Korjga B Mpejaenax mpoJieTa
OTCYTCTBYIOT ~ COCPEJOTOYEHHBIE CWJIbI, a JEHCTBYET TOJIbKO
pacupefeNeHHas ~ mapaMeTpuyeckas  Harpy3ka,  PEKOMEHIYETCS
NPUHUMATh B KAaue€CTBE TAKUX CEUCHMS, PACIOJOXEHHBIE OT JIEBOU
onopsl Ha paccrosHusx 0,3; 0,4; 0,5; 0,6 u 0,7 nmuabl nposieta. B Tom
ciaydae Uil JAHHOTO MpOJIeTa MOJIOKEHUE CEYEHHS, TAEC MPOU30UIET
BBIKJIFOUECHHE CBSI3U, OYJIET ONPEICICHO MPUOJIMKEHHO, C TOYHOCTHIO HE
HIDKe 5% JJIMHBI TTpoJieTa. AHAJIOTUYHBIM 00pa3oM MOXKHO ONPEISTUTh
CEUCHHUs] M TIPU aHaJu3e PaMHO-CTEP)KHEBBIX cucTeM. [IpakTuueckue
pacueTbl TOKa3alid, YTO TaKoe TMPUOJMIKEHHE CYIIECTBEHHO HE
OTpaXKaeTCsd Ha KOHEUYHBIX pe3yibTarax pacuera. Omubka He
npeBsImaet 3%.

BHe3anHoe BBIKIIIOYEHHE CBS3€M CBSI3aHO C MOSIBIICHHEM YIIPYTo-
XPYNKO-TJIACTHUECKUX  Jaedopmanuii  (HampuMmep,  Xpymko -
IJJACTUYECKOTO IMapHUpa MPHU pacuyeTe H3THO0AEeMBIX CHCTEM), IpHU
JOCTH)KEHUM  TIpefiesla MPOYHOCTH  JJIg  XPYIKUX  MaTepualioB,



BHE3AIIHBIM HApYIICHUEM AaHKEPOBKM paboueld apmaTypbl U T.II.
PaccMoTpeHbI cucTemMbl U3 yIPyro-XpynKO-IUIACTUYECKUX MaTEpUAIIOB,
T.€. MOTUUHAOIIUXCA auarpamMme [IpaHaTis ¢ OrpaHUYEHHOW BETBBIO
nedhopMUpOBaHUS.

Jana cratndeckn Heompenaenumas cucrema (puc. 13, a),
3arpyKE€HHasl MOCTOSIHHOM Harpy3kou ( (M3BECTHO, YTO MPHU JEHUCTBUU
3TON HArpy3Ku CBSI3M HE BBIKJIIIOYAIOTCA) U BHE3AMHBIMU Harpy3KaMu,
BEJIMYMHBI KOTOPBIX BBIPAXKEHBI Yepe3 OOIIMil mapaMeTp Ao, IPUYEM
U3MEHEHUE HTUX HArpy30K MOPOUCXOJUT MPONOPLUUOHAIBHO 3TOMY
napameTpy. CedeHusi, rjie BO3MOXXHbI BBIKIIOUCHUSI CBSA3EW, U3BECTHBI;
Ha

puc. 13, a onu o603HauYeHHI Ci,C2 ...Ck. 3a/1a4a CBOJAUTCS K OMPEICTCHUIO
MUHUMAJIBHOTO 3HAUeHUS mapamerpa P, TpH KOTOPOM OyneT
UCYepIlaHa JKUBYYECTh CHCTEMBI, B JaHHOM Clly4ae HecyIas
CIIOCOOHOCTh CHCTEMBI, T.€. BCS CHCTEMa WJIA €€ 4YacTh CTaHeT
U3MEHSIEMOM (CHCTEeMa MIPEBPATUTCSI B MEXAHU3M ).

Jns  Oonbiiet  Qgopmanuzanuu U yaoOCTBa aBTOMAaTH3AIUU
pacdyera KOHCTPYKTHBHO HEJIMHEWHBIX CHCTEM BBIOpaHa OCHOBHAas
CHUCTeMa CMEIIAaHHOTO METOja PEIICHHS CTAaTHYCCKH HEOIPEACTUMBIX
OAJIOYHBIX CHCTEM B CIICIYIOIIICM BapHAHTE:

a) B MECTaX BO3MOYKHOTO BBIKITIOUCHUS CBSI3€H yIalIeHbI 3TH CBS3U
U 3aMEHSIOTCS UX Hem3BecTHhIMU yeunusamu M j (j = 1,2,..., K);

0) ecnu mNpu YyAAICHUH CBs3el o0Opa3yercss TeoOMETPUUYECKH
U3MEHsieMasi OCHOBHas CHCTE€Ma, TO BBITMIOJHSACTCS HAJIOXKEHHUE
JOTIOJHUTENBHBIX CBSI3€ TakK, 4TOOBI CHUCTEMA CTalla T€OMETPUYECKHU
HEM3MEHSEMON W 1O HAmpaBJICHHUSIM HAJOXEHHBIX CBS3€H 3amaeMcs
HEU3BECTHBIMHU IepemernieHusmuZ (j = 1,2,...,n).

Bb100p cMemaHHOTO METO/Ia AJIs PEIICHUS TOCTABICHHOW 3a/1auH,
XOTSl W TPUBOJIUT K YBEJIWYEHHUIO YHUCIA HEU3BECTHBIX HCXOTHOU
CUCTEMBl YpaBHEHMI, HO TpPU ITOM 3HAUYUTEIBHO COKpaIIaeTCs
TPYIOEMKOCTb pacyeToB, CBSI3aHHBIX C BBISIBICHUEM
MOCJIEI0BATEIbHOCTH BBIKJIFOUCHUS CBA3EH U aHaITN30M
reOMETPUUECKON HEU3MEHSIEMOCTH cucTemMbl. Kpome Toro, mpumMeHeHue
MeToJa MEePEeMEIICHUI WK METOAa CHJI MPUBOAUT K TOMY, YTO TOCIIE
BBIKJIFOUCHUST KaXKI0M CBSI3M HEOO0XOJMMa KOPPEKTHPOBKA OCHOBHOM
CUCTEMbl W (OPMHUPOBAHUE CHUCTEMbl YpaBHEHHI 3aHOBO IIpH
U3MEHEHHOM YMCJIE HEU3BECTHBIX. [Ipu 3TOM 11711 MEeTO1a ITepEMEILIEHUI



BBIKJIFOYEHHE CBSI3M  MOXKET TNPUBECTM K YMEHBUIEHHUIO 4YHCIIA
HEU3BECTHBIX, €CJIU, HAIPUMEDP, B HEPA3PE3HOH OaKe BHIKIIOYUTH CBSI3b
B ONOPHOM CEYEHUHU, TaK U K WX YBEIWYCHHIO, €CIIH BBIKIFOYUIACH
CBSI3b B POJIETHOM CEUYEHUH. BCE 3TO YCH0XKHAET CTPYKTYPY AITOPUTMA
Y peaju3alyrio BBIYMCIUTENIBHOTO mpouecca Ha DBM. IIpu npuMeHeHnn
CMEIIAaHHOTO METOJA B MPEMIOKEHHOM BHJE BBIKIIOUEHHUE CBSA3EHU HE
MIPUBOAUT K U3MEHECHUIO OCHOBHOM CHCTEMbI YPABHEHUM C YUYETOM TOTO,
YTO HE3aBUCUMO OT MECTOIOJOXKEHUS CEUCHUsA, TAE IPOU3OILIO
BBIKJIFOUEHHUE CBSI3M, YMCJIO HEHW3BECTHBIX BCErJIa YMEHBIIACTCS Ha

CANHUILY.

3amada OTBICKAHUS TOCIEAOBATEILHOCTH BBIKIIOUCHUS CBSI3CH U
COOTBETCTBYIOIIMX 3HAYCHUN IMapamMeTpa Am MOXET  OBITh
npe/icTaBleHa

CIEIYIOIIEN MAaTEMAaTUIECKON MOJEIIBIO.
1. HaliTu 3HaueHne napaMmeTrpa Am, IPU BHE3AIMHOM BO3pacCTaHUU

KOTOPOro OoT 0 A0 HCKOTOPOI'0O HCKOMOI'O 3HAYCHHA BKIIHOYACTCA IICPBasd
CBA3b, IIPU CICAYIOHINX OTPAHUYCHUAX !
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:lb‘y M+ z}\ 1 Sim = L + Djg +0jp Ay =0.(=1L2....k)
J: m=K+ (81)
ko n |
TrpcMi+ I by Lyt Rig 1Ay =0.(=k+1...n)
j=l1 m=k+l1
rae dij, 0 im, lim, I''ij - KO3OPUIHEHTH MPH HEU3BECTHBIX (CAUHUYHBIC

NEepEeMEIeHNUs] U peaKIMi) CMENIaHHOTO METOJa pacuera CTaTHYeCKH
HeonpeaenuMbix cucteM; Aig U Rig- rpy3oBble  KO3((OHUIMEHTHI
(mepeMelieHue W PEaKIMU) OT T[OCTOSIHHOW HAarpy3ku; Oip -

IIepeMELLICHUE

10 HAIIPABJICHUIO -0t/ YAJICHHOMN CBSI3M OT BHEIIHEH MapaMeTpUIeCKOM
Harpy3ku A ipu M = | B paccmMaTpuBaeMoil OCHOBHOW CUCTEME; [ip -
peaxiusi B 1-0ti HAJOKCHHOW CBSI3U OCHOBHOW CHCTEMBI OT BHEITHEH
napaMeTpu4ecKOr Harpy3ku A mpu m = 1,

B matpuunoit popm e 3anucu ypaBHeHus (81) UMEIOT BUJL:

A‘J‘I’+B‘Z—'+5q+§p-ﬁm:0; (82)
C-X+D-Z+R, +7,-2, =0. (83)
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Trac BerHI/Iﬁ HHACKC «T» 03HAYACT OIICPAL[UIO TPAHCIIOHUPOBAHUA.

Jlimst  mpenyjiaraeMol. OCHOBHOM  CUCTEMBI

Marpuiia D HyneBas, T.e.

D=0.
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C yuerom (86) u (87) 3ammmem matpuunbie ypaBHenus (82) u (83) B
BHJIE OJTHOTO MAaTPUYHOTO YPaBHCHHUS:
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3Ha4YCHUsI YCWJIMM B BBIKIIFOYAIOIIUXCS CBS3SIX OT CYMMAapHOIO
BO3/ICUCTBUS TTIOCTOSSHHOW U ITAPAMETPUUECKON HATPY30K OMPEAECIIAIOTCA
o ¢hopMmynam:

M,=Mp+mgp-2,(i=12...k), (91)

rae Mip 1 Mip - COOTBETCTBEHHO I-€ 3JICMEHTHI MaTPHUIl-CTOJI00B Mp 1
Mp.

BrikimroueHue CBS3M MPOU30MACT B TOM Cilydae, KOTrja yCUJIue B
ATOW CBSI3W JIOCTUTHET TMPEACIHHOTO 3HAYCHHS, XapaKTepHu3yeMoro
HACTYIUUJICHUEM SBJIEHUS TEKY4eCTH B JTOW CBs3u (Npu M3ruode -
MJIACTUYECKUM IIApHUP WM XPYNKOE paspylieHue mo OeTony). s
BCEX YCHUJIWMW B  BBIKIIOYAIONIUXCS  CBS3SIX CHUCTEMBI  JIOJDKHA
YAOBJIETBOPSTHCS CHCTEMa HEPABEHCTB:

‘Mf‘ =

) .
M.p+m.p .Am\g;‘ufp(j =12....k), (92)

I : ~ (v
rac MT- P pEaACIbHOC 3HAYCHUC YCHUIIMA B |-0U BBIKJIIIOYAIOIICUCS CBA3H.



B neBoil wactm cucteMbl HepaBeHCTB (92) 3HaueHUSA
NPUHUMAIOTCA TI0 aOCONIOTHOM BENWYMHE, TaK KaK HaJIudue
OTpHUIIATENLHOrO 3HaKa y Mj yka3pIBaeT Ha TO, YTO HAIPABICHUE 3TOTO
YCUJIMSI TPOTHUBOMOJIOKHOE IO OTHOUIEHUIO MPUHATOTO B OCHOBHOM
cucteMe (puc. 13, a), a mnpeneabHOE 3HAYCHUE YCHUJIMS BCeraa
MPUHUMAETCS TTOJIOKUTEIIbHBIM.

OueBUAHO, YTO W3 MHOXKECTBA PELICHUN CHUCTEMbl HEPABEHCTB
(92) HeoOX0aUMO HalTH TaKO€ MUHMMAJIbHOE 3HAUCHUE MapamMeTpa A m,
IpU KOTOPOM B HauOojiee HArpy>KEHHOW BBIKIIOYAIOIICHCS CBSI3U
JTIOCTUTAECTCA NPEACIbHOE 3HAYEHHUE, T.€. TPOU30MIET €€ BBIKIIOUCHUE.

Torna

M +|M |
‘mjp‘

/i€ 3HAK (-) B YUCIUTEIE IPUHUMAETCS, €CIIM 3HAKHU COBIIAJIAIOT, a
3HaK (+), €CJIM MPOTHUBOIOJIOKHBI.

[TycTh 3TO yC0BUE BBIOJIHSAETCS AJIs 1-011 CBSA3M, TOT/ia IEPBOM
BBIKJIFOUMTCS 3Ta CBSI3b P JOCTUKEHUH NapaMeTpoM A(m) BEJIUYUHBL:

Al = (;M,”p +M,, )/‘m;p‘. (94)

Ciie1oBaTenbHO, pu usmener A € 0. Alm )EJ 1apaMeTpa
pabotaet
MCXOJHAs CXeMa CO BCEMH BKJIFOUCHHBIMU CBSI3SIMU.

Ecau 1 Bcex cedeHUl CUCTEMBI KPUTEPU TPOUYHOCTH OKAXKETCS
HE HapyIIEHHBIM, TO IapaMeTp BHEIIHEH Harpy3ku A HE SBISICTCA
npeAcibHBIM M OyJIeT BO3MOXKHO €ro JajbHeiIlee yBeIWYeHHE B
2el0, 4,1 ]

. Ha puc. 14 npuBenens! 3aBucumMocThb ycuinust Mi ot A m nns

Cly4dasi BBIIIOJHEHUS KPUTEPUS MPOYHOCTU CEUYEHUU OaIOUYHOM WU
PaMHO-CTEP>)KHEBOM CHUCTEM TOCJE XPYNKOrO pa3pylieHUs OJHOTO W3
€ro 3JIEMEHTOB. EciM ke mocie BHE3alHOro XPYIKOTO pa3pylICHUs
OJIHOTO W3 DJJIEMEHTOB CHUCTEMBbl KpUTEPUH MNPOYHOCTH s
TUHAMUYECKUX YCWIMH B CEUCHUSX KOHCTPYKTHBHON CHCTEMBI
OKa)KETCSl HE BBIMIOJIHEHHBIM, TO MPOU30UIET pa3pylICHUE CIETYIOIINX
AJIEMEHTOB CHCTEMBI M, BOBMOXKHO, MPOrpECCUpyroliee oOpyIieHne Bceu
cuctembl. [Ipy 3TOM yMeCTHO 3aMETUTh, YTO IMPHU BBIKIIOYCHHUH |-OU
CBSI3H W, COOTBETCTBEHHO, MEPEPACIIPECICHHN YCUIINM B OCTaBIIUXCS
HEpPa3pYLUICHHBIMUA  3JIEMEHTaX KOHCTPYKTHMBHOW  CHUCTEMBI  IPH

L (i=12,...k),, (93)

/u-{ m } - 111111




OJIHOCTOPOHHEM  HX apMUPOBAHUH, CTEIICHb CTaTHYECKOM
HCONpEACIMMOCTH u3MeHuTcss Ha (l+n), Tme N - dwKCIo
OJTHOCTOPOHHHMX CBSI3€M B CHUCTEME, B KOTOPBIX M3TUOAIONIUA MOMEHT
MTOMEHSIJ 3HAK.

2. Ilocne BoeikmtoueHus |-o cBsI3M cTemeHb CTATHYECKOM
HEOIPEICTUMOCTH  CHCTEMbl YMEHBIIWJIACh HA  CIWHHILY, YTO
PaBHOLICHHO MCKIIIOUEHUIO0 U3 cucTeMbl (92) l-oco HemsBecTHOTrO. IpH
ATOM HCXOJHBIE MATPUIIHI MPEOOPA3YIOTCS CIEAYIOUIUM 00pa3oM:

a) B Marpure A uckmouaercs |-as crpoka u l-as

croiiOelr; B MmaTpuile B uckitouaercs |-as cTpoka;

g AR AR T AR
U O ] '
Zc, C, ﬁfe Cy4 ;’&Ca G 5&6 Ck g&
M, M, M; M, M; M, M. M,
#% R e A ¢
’f{%}'{ /{) /f(%}f }f’) /}f%’.’ i) {//%” a)
ko d Lo Z Z,

Pucynok 13. 3anannas (a) u ocHOBHas (0) CUCTEMBI CMEIIAHHOTO
MeTO/Ia TIPU pacueTe KUBYUECTH HEPa3pe3HbIX 0aIoK

b) B Marpunax-croaduax rpy30BbIX KOG GHLUeE] 4,)B Rl yTOUHSIOTCH
MO CJICYIOMIUM (pOopMyJIaM:

Al N N d
;‘l g — ﬁ!g + (_l)jp * /"||.[m} + l’_}ﬁ * [i ﬂff,?'fp)

' \ - (95)
. . 1 rd
.R{l}ﬁf — qu + ?z'_,v ' ’z*{m_] T (i *""ff__ﬂp )

I
B BepaxeHusx (95) 3HaK Iepen m;  HPUHUMAETCS COOTBETCTBYIOLIEMY

3HaKy Mip.

/‘l m=2
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Takoe mpeoOpazoBaHue Tpy30BbIX KOI(PGUIIMEHTOB PABHOLIEHHO
NPUHATUIO 332 HAYaJbHYIO Harpy3Ky CyYMMapHOro BO3JIEUCTBUS
HMCXOJTHOW W BHE3AIHO MNPUKIAABIBAEMOM MapaMETPUUECKOW HArpy30K
npu A= A1 (I) m npeaenbHOro ycmius B BBIKIIOYUBIICHCS CBS3H.
YMeCTHO 3aMeTuTh, 4YTO TPEACIbHOE YCWIHE MPU CTATUYECKOM U
BHE3AITHOM JIMHAMUYECKOM MPUJIOKEHUAX MapaMETPUUECKUX HArpy30K
pa3InyHO.

YuuteiBasi, 4TO MpU PEIICHUU 3aJladyd C HCIMOoJb3oBaHueM OBM
nepeopMUpPOBaHUE MCXOJHOW CHUCTEMBlI YPAaBHEHHUH C HCKIIOYEHHEM
OJIHOTO HEU3BECTHOIO BHOCUT 3HAYUTEIbHBIE YCIOKHEHUS B alITOPUTM,
NPEAJIOKEHO MPeoOpa3oBaHUE HUCXOJHOW CHUCTEMBl ypaBHEHHM Oe3
WCKJIIOYCHUM HEW3BECTHOTO. B 3TOM cilyuae cienaem 3aMeHy IJ1aBHOTO
aJeMeHTa O MaTpullbl 4 Ha €JUHUIlY, a MOOOYHBIC SJIEMEHTHI 3TOU
MaTpHIIbl, pacnoyiokeHHble B 1-ou ctpoke u 1-om cTonOiie, a Takxke Bce
ANeMEHTHI 1-01i CTpOKHM MaTpHIlbl B 1 37eMeHTHI Ap U Jip
COOTBETCTBYIOIIUX I'PY30BBIX MAaTPHUII-CTOJIOIIOB 3aMEHUM HYJISIMH.

B pesynprare omucaHHBIX MPeoOpa3oBaHMM MMOJIyYe€HA CHUCTEMa
ypaBHEHUH, 111 KOTOPOU, MMOBTOPSISI BCE BHIYMCIICHUSI, OIMCAHHbBIC B 11.1,
OyJleT BBISIBJICHA CIIEYIONIAs BBIKJIIOYAIONIAsCA CBSI3b M BHOBBL OyjeT
npeoOpa3oBaHa CUCTEMY YpaBHEHUH, IPUHUMAS 32 UCXOJHYIO CUCTEMY
ypaBHEHUM, TOJYYCHHYIO TOCJIe MNpeoOpa3oBaHUs Ha MPEAbIIYIIEM
mare penieHus. [Ipu 3ToM Ha BTOPOM U MOCIEAYIONIUX IIarax OyJzeT

NOJTydeHo mpupaimieHue napamerpa A A (m), T. €. TOCICIYIONIHE
3HAYEHUS TapaMeTpoB A (m)n, OYIAYT ompenensaTses mo popmyIe:

Alm}.n - A[m—l].ﬁ | T '&/1[*"‘?1 )2

[Ipy3HakOM OKOHYAHWSA PEUICHUS KPUTECPUEM HCUEPIIAHUS
COIPOTUBIISIEMOCTH CHUCTEMBI COBMECTHOMY JEWCTBUIO 3aJlaHHOW U
MapaMeTpU4YeCKOM Harpy3ok OyAeT o00pa3oBaHUS T'€OMETPUUYECKU
M3MEHSIEMON CHUCTEMBbI IIOCJIE BBIKIOYECHUS O4YepeqHOW CBs3u. s
BBISIBJICHWSI OTOr0 NPU3HAKA HA KaXJIOM IIare IOCJI€ BBIIOJHEHUS
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npeoOpa3oBaHUN CHUCTEMbl YPaBHEHUU BBIUMCISACTCS OMNPEACTUTED
MaTpuilbl KOA()(PUIIMEHTOB TMPH HEW3BECTHBIX. Ecim ompenenuTesnnb
PaBE€H HYJII0, TO MMEEM TIE€OMETPUYECKH HM3MEHSEMYIO CUCTEMY. B
IPOTUBHOM CJIy4a€ pEIIEHUE MPOJOJDKACTCA. YMECTHO TaK XKe
3aMETUTh, YTO IIPU BBITIOJHEHUHU PACUYETOB BPYUHYIO C UCIIOJIb30BAHUEM
KJIABUIIHBIX BBIYUCIUTEIBHBIX MAIIUHOK BBIYMCICHUE ONPEICITUTENA
He o0s3arenbHO. JlocTaTO4HO NPOBECTM  BU3YalbHBIM — aHAW3
MOJIY4EHHOW TMOCJ€ BBIKIIOUYEHUS OYEPEIHOM CBSI3M CHCTEMBI Ha
F€OMETPUUECKYH) HEU3MEHAEMOCTb.

IIpuBeneHHBIA aIroOpuTM JJIsl pacyeTa >KUBYUYECTH OaJlOUHBIX
CHCTEM C BBIKIIOYAIOMKUMUCS CBS3SIMH JIOCTaTOYHO J(D(PEKTUBEH B
WCIIOJb30BaHUU IS OLIEHKHM KOHCTPYKTMBHO HEJIWMHEWHBIX CUCTEM B
3aMPENCIbHBIX COCTOSIHUAX, BBI3BAHHBIX BHE3AIIHBIMHU 3AIPOCKTHBIMU
BO31CHCTBUSIMU.

2 PacueT paMHO-CTePKHEBOH KOHCTPYKIIUH

B HacrosmeM mnompasnene pacCMOTPEHO pEUIEHUE  3ajad
KUBYYECTU C MCIOJIb30BAHHEM HEOPJIWHAPHOIO CMEIIAHHOTO METOJA
IUISl paMHBIX KOHCTPYKTHMBHBIX CUCTEM. B OCHOBY 3TOro meroma mpu
pacyeTe paM IIOJIOKE€HAa UAESd TOCTPOEHUS PACYETHOM CXEMBI II0
aHAJIOTUH C PAaCUYETHBIMUA CXEMaMH MHOTOCBSI3HBIX MPOCTPAHCTBEHHBIX
CUCTEM KOpoOdYaTroro Ttuma, OO€eCleunBaromas HEU3MEHIEMOCTh
CTPYKTYpbl HCXOJHBIX YypPOBHEW, NPU BUIOU3MEHEHUH HCXOJHOU
pacueTHoM cxeMbl [21]. OOoOmeHHME »STOro Meroja Ha pacyer
KUBYYECTH KOHCTPYKTHUBHO HEJIMHEHWHBIX CUCTEM C BHE3AIHO
BBIKJTFOUAOIIUMUCS CBSI3SIMU MIPUBEJICHO B HACTOAILIEM MOpa3ee.

B kauwectBe 0O0BEKTa UCCIEIOBAHUN pPACcCMOTpPEHA pPaMHO-
cTep>kHeBas cuctema (puc. 15, a). B Buay BeIOOpa OCHOBHOM CUCTEMBI B
BU/JIE IIAPHUPHO-CTEPKHEBOTO MOJIUTOHA C (PUKTUBHBIMU MONEPEUYHBIMU
CBA3SMM CO3/A€TCS BO3MOKHOCTh COXpPaHEHHUsS TpaapeTHOro BHUIA
KO3(pPULIMEHTOB YpaBHEHUN B KOHCTPYKTUBHO HEJIMHEUHOW CHUCTEME C
MOCJIEIOBATENIBHO BBIKIIOYAIONIMMUCA CBA3SIMH M, COOTBETCTBEHHO,
CPaBHUTEIBHO MPOCTO AHAIU3UPOBATH IPOLECC MPOrPECCUPYIOLUIETO
pazpymieHusi. [IprmeHeHre OCHOBHOM CHCTEMBI B paccMaTpUBAEMOM
BHJIE HE BEJET K U3MEHEHUIO UCXOJAHOM CUCTEMBI YPABHEHUU C YUETOM
TOrO, YTO HE3aBUCHUMO OT MECTa IOJIOKEHUS CEUYEHHUs, B KOTOPOM
POU3OILIO BBIKIIFOYEHNE CBSI3U, YUCIO HEU3BECTHBIX BCET/A
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YMEHbIIIAeTCSI Ha eauHuily. BpiOop KonmuyecTBA U MECT
IIOCTAHOBKM  IIAPHUPOB  TMONEPEYHBIX CBS3€A MPU  3aJaHHOMU
OJIHOTIApaMETPUUYECKOM Harpy3ke Ha pamy OOBIYHO HE MpEACTaBIsSET
cH0KHOCTH. CBSI3M YCTAHABIMBAIOTCS B MECTaX HKCTPEMaJIbHBIX
3HAYCHUM MOMEHTOB B CTEPKHAX PaMbl U COOTBETCTBEHHO B MECTax
BO3MOYKHBIX JIOKAJIbHBIX OTKa30B CUCTEMBI.

3agaya MOJEIUPOBAHMS MPOTPECCUPYIOLIETO (JIABUHOOOPA3HOIO)
pa3pylIeHUs] PaMHO-CTEPKHEBOW CHUCTEMBI CBOJHUTCA K OTBICKAHHIO
JIOKaJBLHOTO HAa4yaJhbHOTO OTKa3a B OJIHOM W3 HanboJjee HampsKEHHBIX
CEUCHUM CHCTEMbl M TOCJIEIOBATEIBHOCTH PACHPOCTPAHEHUS 3TOTO
OTKa3a (MOCJIeOBATEIbHOCTH BBIKIIOUYECHUSI HOBBIX CBSI3€H) C y4ETOM
HApPACTAOIIETO W3MEHEHHSI CTENECHW CTAaTUYECKOM HEONPENEINMOCTHU
CHUCTEMBI, a TaKXKE C y4eTOM JAWHAMHUYECKOro 3(d{QeKTa, BBI3BAHHOTO
BHE3AIMHOCTHIO BKJIIOUCHUS NIEPBOM CBA3HU [18].

Anroput™m penieHus cHOPMYJTUPOBAHHOM 3aJaull CTPOUTCS IO
CJICIYIOLIIEH CXEME.

OcHoBHas cucrtema BblOpaHa B BHJE IIAPHUPHOIO TMOJIMTOHA C
YIAAJCHHBIMUA B MECTAX BO3MOXKHOTO BBIKIIFOUCHUS CBSI3SIMA M 3aMEHOU
nx HemsBecTHeIMH M] (j=1,2,...,K) (puc. 15, 6). Eciu npu ynaneHuu
CBsI3ei 00pa3zyeTcsi TeOMETPUUECKH U3MEHsieMasi OCHOBHAsI CUCTEMa, TO
HaKJIaJbIBAIOTCSA AOMONHUTENbHBIE CBsi3u Zi (i=k+1,...,n). Ilycte mpu
3HaYCHHUHU IapaMeTpa Harpy3kd A= Am B CHCTEME BBIKIIFOUHMTCS j-as
c643b. BBIKIIIOUEHHE CBSI3W MPOU3OUAET B TOM Clly4yae, KOorja yCUJIUe B
HEW JOCTUTHET TIPeebHOr0 3HaueHUs (B  DKCIUTyaTUPyeMOu
KOHCTPYKTHUBHOM CHCTEME 3TO MOKET OBITh CBSI3aHO, HANpUMeEp, C
ABOJIIOLIMOHHBIMU HAKOIUIEHUSIMU TOBpexaeHuM. Ha puc. 15,a 3t
ceUueHUsI 00O03HAUEHBI COOTBETCTBEHHO Co, C1, C2, C3,....Cn. Halimem
3HAYCHHUE TapameTpa A m MOXKHO HCIOJIb3ysd KAHOHUYECKUE YpaBHEHUS
CMEIIAaHHOTO METOoJAa B paccMmaTpuBaeMoM BapuaHrte. [t 3Toro
NpeACTaBUM TPy30Bbie KOA(DPUIMEHTH ATUX YPaBHEHUH B BHUJE JIBYX
CJaraemerv" )

ko i=k i=k
ZIOJ]' “Mrj + Z Ofm ’ Zm N Zﬂ‘z‘g +
Jf= i=1

m=k+1 i=1

Sy Ay =0.(1=12..... fc)\
(97)

i=n i=n

ko
Do M;+0+ ;R,-q - AZJ}F Ay =0.(i=k+1...n)
j=1 i=k+1 i=k+1

rae odij, 0'im, I'’ij - KO3(PGUIMEHTHI MPU HEU3BECTHBIX (CIUHUYHBIC
NIEPEMEIICHUS] U PEAKIIMH) CMEIMIaHHOTO METOJla pacyeTa CTaTHUYCCKH
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HeolpeaenuMbIX cucteM; Aiq U Rig - Tpy3oBbie KO3I(PhUIIMEHTHI
(mepemernieHue U peakiluu) COOTBETCTBEHHO OT MOCTOSIHHOM Harpysku;
dip - TIEpEMCIICHHWE 110 HAIPABJICHUIO [-0Uf YIAJICHHOW CBSI3H OT
BHEIIHCH MapaMeTpuieckor Harpy3ku P nipu A =1; rip - peakuus B i-ou

HAJIOKEHHOM

CBSI3U OCHOBHOM CHCTEMBI OT BHEIITHEW MapaMETPUUECKON HArPYy3KHU MPH
A =1,
B matpuuno#t popme 3anucu ypaBHeHus (97) UMEIOT BU:

A-M+B-Z+A,+6,-2=0

_ - ~ (98)
C‘-_?'.-j!r+O+Rq+.r-_p A=0

TNEA4.8.4,.5,.C.R.7, - MaTpUIBl  KOY(PQUIMEHTOB  HEW3BECTHBIX
CMEIIaHHOTO METOJA.

s pambl n300pakeHHOW Ha puc. 15, a cuctema ypaBHeHUH (97)
MMECT BHI:

[

6 6 6 '
J=1 J=1 J=1 j=1 L
o 11 1 '
ZIL.Z-_MJ..+ &P+O+Z .?;;v-,&z().(f:k+] ..... k=11)

(99)
Kooppuuuentsl Matpuy — 4524,.5.CR.’  onpelensiorcs 110
U3BECTHOW  CXEME€  CTPOUTEIBHOM  MEXaHWKH  TMEPEMHOKEHUEM
COOTBETCTBYIOIIHX AIIOP MOMEHTOB (puc. 16, 17).
B uactHoctu koadduimentsr Matpuiibl A (cMm. puc. 16, a)

ONIPCACIIAOTCA:

6EI _ (100)

(101)
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Koaddurmentsr matpuiist A p (cM. puc. 16, au 17, 6):

_qr _qP
¥ 96Er- T 06EI
A, =2
TP 96Er . Bap =0 (102)
A _ g!3 . qf} L
Kospdunuentsr matpur —F~ 96Er- ¥ 192 EI
e =0. 0, =0

Koo dunuents: Mmatpuisl 227z (cm. puc.17):
a) 0)

l}./z

\e

q tvvvvgivyvy /
~ ™, Cy o [*
- -
- B [}
. N .
AP | Al
1 :.“l (Iq /
Lo [
] [ ~
™ [+ <
- ad
‘;('“ C, e
(2 12

Pucynok 15. 3agannas (a) u ocHoBHas (0)
CHUCTEMbI HCOPIMHAPHOTO CMEIIaHHOTO
MeToaa

a)
f2=1 My=1
\ B S '?Tg SHIT
= (1) ¥
1 IO |
L, =1
S 7 ST
@ @ I?'.- f —_";,.
L I 11 1.
=1
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Pucynok 16. K onpenenenuro ko3hpUIIMEHTOB MaTpUll ypaBHEHUH: a, O
- SMIOPBI MOMEHTOB 7151 onpeaesieHus ko duimentos A, Bp

COOTBETCTBCHHO

Pucynok 17. K onpenenennto ko3GpOUIIMEHTOB MaTPHIl TPY30BbIX
4yjieHOB Rp,I'p: @, 0 -OT A 1  CO OTBETCTBEHHO

Koadduumuenter MaTpuusl 5, (eM. pue. 16, au 17, a):
6, =0. 0,, =0.
0;p =0 - 04p =0. (104)

o

O0p=0. 6,=0

KoadpuuuenTs Matpuiel R,.7, (eM. puc. 17):
L_."P:/JL: I"SP :0‘ }"QP:2A- }‘1[}}7 :0- il’llP:"I:

| gl / gl [

Rip -Z Rep =-L Ryp =L Rygp -3 Ryp =T
2 4. 2 ; 4 2. (105)
Ucxonss wW3 CBOMCTB CHCTEM KAHOHWYECKHX  YPAaBHEHHU

CMEIIaHHOTO
METO/a, UMEEM:

C=-B' (106)

-

r/Ic BEPXHUW HHAECKC «T» O3HAYAET ONEPALUIO TPAHCIIOHHUPOBAHUS.
C yuerom (106) 3anuiemM cucremy B BUAE MAaTPUYHOTO YPABHEHUS:

4 B| |a]| |A Sl
I A=+ E N+ ICE-A=0
I 2 I e L (107)
Pemrag vpaBHeHne (107), MOTyIHM:
M| | mn
A= E A
z Z P =P {10 8)
31ece
My L4 BT A [ms 4 B[ |5,
- = T | . = X
Zs -B° 0| |[R:. |z -BT 0| | 1000




3HaYCHUSI YCWJIMA B BBIKIFOYAIOMIUXCS CBA3SX OT CyMMAapHOTO
BO3JICCTBUS 3aJaHHOM M TapaMETPUYECKOH Harpy3ok (C y4eTrom
auHaMudeckoro adekra) onpeaessitorcs mno hopmynam:

Mj=Mjp+mpi(=12..k), (110)

rae Mjq 1 Mjp - COOTBETCTBEHHO |- 3JIEMEHTBI MAaTPHII-CTOJI00B Mg 1 Mp

BrikiiroueHue CBSI3UM MPOU30MIET B TOM CIIy4dae, KOrja YCUJIHE B
OTOM CBSI3M JOCTUTHET IMPEACIBHOIO 3HAYEHHUs, XAPAKTEPU3YEMOIO
HACTYIUICHUEM SIBJICHMSI TEKYy4eCTM B OTOM CBA3M TIpU U3rU0Oe
(MyIacTUYECKUW IMIApHUP C OTPAHUYEHHOW BETBBIO J1€POPMHUPOBAHMUS)
WU XPYIIKOTO pa3pylieHus: (yCIOBHBIA XPYHKO-TIACTUYECKUHN IIapHUP
- pa3phIB CBSI3M B JIBYXKOMIIOHEHTHOM Marepuane). Torma st Bcex
YCWINM B BBIKJIIFOYAKOIINXCS CBA3AX JIOJDKHA YAOBJIECTBOPATHCSA CUCTEMA
HEPABCHCTB:

‘M}-‘ _

M, +mj, '}“m‘ < ‘M?__;p(f =12....k), (I11)

A

1.

rae M'; __- peJiebHOe 3HAUCHHE TUHAMHYCCKOTO YCHITUS B -0

BBIKJTFOUAIOIIEHCS CBA3H, C YUCTOM JUHAMHUYECKON MPOYHOCTH OCTOHA.

B neBoii yactu cuctemsl HepaBeHCTB (111) 3Hauenus Mi
NPUHAMAIOTCS TI0 aOCONIOTHOW  BEJIIMYMHE, TaK Kak HaJIA4YUe
OTpHIIaTeNILHOrO 3Haka y Mi yKka3pIBaeT Ha TO, YTO HAIIPABJICHUE 3TOTO
YCHJTUS TIPOTHUBOITOIOMKHO TTO0 OTHOIICHHUIO K IPHHATOMY B OCHOBHOM
CHCTEME TIPEICITbHOMY 3HAUYCHUIO YCHITHS.

OueBUAHO, YTO U3 MHOXECTBA PEIICHUN cucTeMbl HepaBeHCTB (111)
HEOOXOAMMO HAaWTH TaKOe MHHHMAJIbHOC 3HauYeHHe mapameTpa A = A (m)
Py KOTOPOM B HauOoJiee HAarpy>KeHHOM CBSI3U JIOCTUTAETCS MPEACIIbHOE
3HAYEHUE, T.€. IPOUCXOAUT €€ BHE3AMHOE BBIKJIFOUYCHHE.

Torma

\rd

‘n’?}p‘

M

- Jq .
A() = min ‘ , (] = 1»2)---:’1‘1‘_ (112)
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rae 3HaK (-) B YMCIHTENC NMPUHUMACTCS, €CIIU 3HAKW COBIAJAloOT, a
3HaK (+), €CJIM TPOTUBOIIOI0KHBI.

ITycth 910 yenoBue Beinoansercs s 1-0U ces3u, Torna nepBoit
BBIKJIIOYUTCS 3Ta CBS3b MPHU JOCTHIKCHUHU ITapaMeTpoM A (m) BEJIMUMHEIL:

o = (M7 F M)/ |

mi

(113)

CrnenoBaTenbHO, TpPH H3MeHEeHHH mapamerpa’ <-4y paGoraer
MCXOJIHAsl CXeMa CO BCEMHU BKJIIOUEHHBIMU CBS3SIMHU.

[Tocne BeikmrOUeHus 1-0U cBsI3U cTeleHb CTaTHYECKOM
HEOIPEACIIMMOCTH CUCTEMbI YMEHBIITMIACH HA €AUHUILY, YTO PAaBHOIIEHHO
UCKJIIOYCHHIO U3 cucTeMbl (99) orpannuenuii (111) u I-oco HensBecTHOTO,
IIPY 3TOM HUCXOJIHBIE MATPUIILI IPEoOpa3yoTCs CleAyomnUM odpazom: 1) B
Mmatpuue A uckimodaercs |-as ctpoka u |-siii cronberr; 2) B Marpuie B
uckimouaercs |-as ctpoka; 3) B MaTpUIIax-CTOI0IaX 3HAYCHUS TPY30BBIX
K03 PuumeHToB A 1 Rq yTOUHSIOTCA MO CAEAYIOMUM (OpMyJiaMm:

1 _ N ] 5. - )

—‘*(J; =Aig +p Ay + ‘(_:Mr'-ﬂp ” (114)
1 ) I F, d - ‘
53) = R:'q Thpt At (,i ‘?Lff'-.i"fp) [

B Beipakenusx (114) snak nepex M NpuHMMAeTcss B COOTBETCTBHHU CO
3HAKOM Mip .

Takoe mnpeoOpa3zoBaHWe TPY30BBIX KOIPDUIIMEHTOB PABHOLECHHO
MPUHSITUIO 32 HAYAJbHYIO HAarpy3Ky CyMMapHOTO BO3JICUCTBUSI UCXOIHOMN
Y BHE3aITHO MPHUKJIAIBIBACMBIX MTApaMETPHUYCCKUX HArpy30K A = A(1) u
MPEJEIbHOr0 YCUIUS B BBIKJIIOUMBIICHUCS CBSI3U. Y MECTHO 3aMETHUTh, UTO
NpeJeIbHOEC YCWINE TPU CTAaTUYECKOM M BHE3AaTHOM JUHAMUYECKOM
MPUJIOKEHUHU TTapaMETPUUECKUX HArpy30K pa3IudHoO.

YuureiBas, 4TO NPU PELNIEHUHM 3aJadyd C MCIOIb30BaHHEM OBM
nepe)OpMUPOBAHUE HCXOAHOM CHUCTEMBI YpPABHEHUW C HCKIIOUYECHHEM
OJTHOTO HEU3BECTHOTO BHOCHUT 3HAYUTEIBHBIC YCJIOKHEHUS B alTOPHUTM,
IOPENJOKEHO MpeoOpa3oBaHUE HCXOJHOM CHCTEMBbl YpaBHEHHMU 0e3
UCKIIFOYEHUSI HEW3BeCTHOro. Jlnsg »3TOoro cnaemaHa 3amMeHa TIJIABHOTO
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JJIEMEHTa A MaTpuilbl A Ha EAWHMIY, a IMMOOOYHBIC 3JEMEHTHI STOW
MaTpPHIIBI, PAcMojoKeHHbIE B |-oti cTtpoke u l-om cTonbue, a Taxke Bce
3JIEMEHTHI |-01l CTPOKHM MaTpUIIbl B 1 3IIeMEHTHI Alq U dp

COOTBETCTBYIOIIMX TI'PY30BbIX MATPUI[-CTOJIOIIOB 3aMEHEHbI HYyJIsMHU. B
pe3yJibTaTe OMUCAHHBIX MPEOOpa30BaHUN MOJYYUM CHUCTEMY YpPaBHEHHI,
JUIsl KOTOPOM, MOBTOPSISi BCE BBIUKMCIICHUS, ONMUCAHHBIE B M. 1, BBIABUM
CJICAYIONIYIO BBIKJIIFOYAIOIIYIOCS CBSI3b M BHOBb IIPeoOpazyeM CHUCTEMY
ypaBHEHUH, MPUHUMAs 3a UCXOIHYIO CUCTEMY ypaBHEHHUM, MOIYyUYCHHYIO
nocje npeoOpa3oBaHUs Ha OpeAblaylieM Inare pemeHus. [Ipu 3Tom Ha
BTOPOM U MOCJICAYIOIIUX IIarax MoJIyduM mOpupaiieHue mnapamerpa A A

(m),

T.€. ITapaMeTPhI, IPH KOTOPBIX BBIKIIIOYAOTCS BTOPAs U IMOCIIE Iy FOIIHE
(2) _ 40 (1)

)L-m = /1}” + A/Lm
AP = 79 4 AJO

m m m

........................ ' (115)

[Ipr3HakOM OKOHYAaHUS pEIIEHUS - MCYEPIAHUS KUBYUYECTHU
cucTeMbl OyJeT oOpa3oBaHHE TE€OMETPUUYECKH HW3MEHSEMOM CHCTEMBI
IIOCJIE BBIKIIFOYECHUSI OYEPEIHOU CBsI3U. JlJIs1 BBISABICHUS ATOrO IPU3HAKA
Ha KaXJOM IIare T1ocJiieé BBIMIOJHEHUsI MpeoOpa3oBaHUN CHUCTEMBbI
YPaBHEHUM BBIYUCIISETCSA ONPEACTUTETh MaTpUIlbl KOA(DPUIIMEHTOB MpH
HEU3BECTHBIX. Ecim  omnpenenurens paBeH HyJIO, TO  HMEEM
F€OMETPUYECKN MU3MEHSIEMYK) CHUCTEMY. B IPOTUBHOM Cllydae XKHUBYYECTh
CHUCTEMBI HE MCUEPIIAHA U PEUICHUE MPOJOJIKACTCS.

3 AHa/IK3 )KUBYYECTH 7KeJIe300eTOHHBIX MOKPBITHI U3 MaHeJIel-
000109exk KCO npu 3anpoeKTHBIX BO31CHCTBUAX

B kauecTBe 00BEKTa HUCCIECIOBAHUN PACCMOTPEHO KEIE300€TOHHOE
MOKPBITUE U3 CBOMUATHIX maHesnen - obonodek tuna KCO unu CIIO [20].
Kaxngass maHenp Takoro MOKPBITHS MPEACTaBISIET COO0O0NH KOPOTKYIO
nuIuHApudeckyto o00omouky (CIIO) wim mOpu3MaTHYecKylo CKIIAIKY
(KCO) ¢ naByms apouyHbiMuM auadparMamu, MOJKPEIUIAIONUMU
KpUBOJIMHEWHBbIE Kpas (puc. 18,a). [uadparmbl mnanenei-o0onouek
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BBITIOJIHEHBI M3 TMPEIHAINPSKEHHOTO >KeNe300€TOHA WJIM IMPOKATHOTO
npouIs.

B kauecTBe 3alpOEKTHOTO BO3JCUCTBUS HA TNOKPBITUE NPUHATO
MTHOBEHHOE XPYIIKO€ BBIKJIIOUCHHE M3 PaOOThl 3aTSDKKA B OJHOM U3
MMaHelen - 000JI0YeK. DTO MOXKET OBITh BBI3BAHO KaK DBOJIIOIMOHHBIMU
HAKOIUICHUSIMU KOPPO3HMOHHBIX W APYTUX TOBPEKICHUM B pe3yJbTare
JUIMTEIBHOM ~ DKCIUTyaTallik  KOHCTPYKIMWA, Tak W  BHE3aIlHBIMU
MOBPEKACHUSMH aBapUHHOTO XapakTepa, C XPYNKUM pa3pylIeHUEM,
HaIlpuMep, 30H aHKEPOBKHU 3aTSKKH, WK KOPPO3UOHHBIM MOBPEKIACHUEM
OCTOHAa M CHIKCHHE €ro TPEHIMHOCTOMKOCTH (B OOCTOHHMPOBAHHBIX
3aTSIKKaX).

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

<
f—g
R(cosp-cosct)

Pucynok 18. O6muii Bua NOKPHITUS U3 TTaHENIei-000I04eK (a) u
pacyeTHbIE CXEMbI apKU-IuadparMsl Py MPOSKTHOM HArpy3Ke (6) u
3aIIPOCKTHOM BO3JICHCTBUH (6)

@opMyIMpOBKAa paccMaTpUBaeMOM 3aJaud 110  ONPEAECICHUIO
MPUPALLICHUN YCWJIMK NPU BHE3ANMHBIX HAOTPYKEHUSAX HPOCTPAHCTBEHHOU
CUCTEMBI PAacCMOTPEHA B CIEAYIOLIEH TIOCTAHOBKE: OIPEACIICHUE
MpUpalICHHE TUHAMUYECKUX YCUIIUNA B 3neMeHTax obonouku tuna KCO B
Cllydae  BHE3aIlHOTO  XPYNKOrO0  pa3pyll€HHs 30HBl  aHKEPOBKHU
NpEOHANPSDKEHHOM — apMarypbl M, KakK  CIEACTBHE, BHE3aIIHOTO
BBIKJIFOUEHUS U3 pa0OThI 3aTSAKKHU B OTHOW W3 AHadparM NOKPHITHS.

JIns monydeHus aHaJUTUYECKUX BBIPAKECHUN IPH ONPEACICHUN
JUHAMUYECKUX YCWIIMM B PacCMaTPUBAEMBIX KOHCTPYKLIMSAX B NEPBOM
NPUOIMKEHUN HCTIONB3YIOTCS MNPOCTEUINE TO3JIEMEHTHBIE pPacyeTHBIC
cxeMbl (puc. 18,0).

IIpoexTHbI pacyer AMadparMbl NOKPbITHA. [IpOEKTHBIN pacueT
OJIUH pa3 CTAaTUYECKU HeonpeneauMon auadparMbl BBINOJIHAETCS 10
MeTOoly cui. B pe3ynbTare pacKpbITHs CTaTUYECKOM HEONPEAECITUMOCTH
U3ru0aMii MOMEHT B MPOU3BOJBHOM CEUEHHWHU p BEpPXHEro Iosica

M° = qR‘z[ﬁ COSQ —COS @ ‘I—%(Sillz o —sin’ gp)J, (116)



,Z[I/Ia(i)paFMBI IIpHU CTAaTUYCCKOM IPHJIOKCHHH HArpy3ku ( IIpCIACTABJICH B
M¢ = qRBI/II[e: (116)

rae R, 4, ¢ - COOTBETCTBEHHO, painyC, CTpeia MojJbeMa U yriioBas
KOOpJIMHATa OCH BEPXHEro Iosica jJuadparMbl B paccMaTpUBacMOM
CEUEHUM; & - YrJoBas KOOpJIMHATa TIIOJIOBUHBI BEPXHEro Mosica
muaparMel, 6 -  HEKOTOpbIA  KO3(Q(PUIMEHT, CBA3AHHBIA C
KO3 UIIMEHTaMU KaHOHUYECKOTO YpPaBHEHHUSI METOJla CUJl 011 , Olq U
ONPENECIAEMBINA U3 BBIPE 1

p= 27 611/ 04 (117)

[Tocne onpeneneHus: CTaTUYECKUX YCUIIUN B AJIEMEHTax auadparmbl
Ha3HA4YaeTCsi CEYEHHWE AapPMUPOBAHMS HIJKHETO W BEPXHErO MOSICOB
nuadparmMel B COOTBETCTBUU C TPEOOBAaHUSAMHU HOPMATHUBHBIX JIOKYMEHTOB
[23] 1 IpOBEPSAIOTCS YCIOBUSI TPOYHOCTH.

Pacuer nmadparmMbl Ha 3anpOeKTHbIC BO3ACHCTBHUA. 3HAUCHHUE
AWHAMHYECKOTO YCWIHsSI B MpOW3BOJIBHOM 3nemente (N-1) pa3s
CTaTUYECKU HEONPEJCIUMON CHUCTEeMbI, OOpa3ylolleics B pe3yJsibTaTe
XPYIKOTO pa3pylI€HUs OJHOTO W3 AJIEMEHTOB UCXOAHOM N pa3 CTaTUYECKU
HEOIPEIETMMON CUCTEMBI, OIPEIEIAECTCS KaK pPa3HOCTh YJIBOCHHOIO
3HAUYEHUS YCUJIUS B ATOM 3JIE€MEHTE 1Jis N-1 cUCTeMBbl U yCUIIUS B HEM IS
N CcUCTEMBI TNPU CTATHYECKOM JICMCTBUM BHEIIHEW  HarpysKw,
COOTBETCTBYIOIIEW MOMEHTY pa3pylI€HUs OJHOrO H3 DJJIEMEHTOB. B
COOTBETCTBMA C  O3TOM  3aBUCHMOCTBIO  JUHAMHYECKOE  YCHUIIUE
(u3rubarmmii MOMEHT) B MPOU3BOJBHOM CEUEHHWU BEPXHEro Mosca
apo4Hoil [uadparmsl onpeaensercs no popmyie:

, 1 . .2
M° = qR‘{ﬁ(cosm —cosa)+ :(sm‘Z o —si” ;0)1 _ (118)

—

[TockonmbKy CTpyKTypa apodHOM CHCTEMbI TakKOBa, dYTO TMpHU
HUCKJIIOUCHUM W3 HEe 3aTsHKKU BEPXHUWM MOsSIC apKu o00JiajaeT Tou
O0COOCHHOCTBIO, YTO B OTICIBHBIX €r0 CCUCHUSIX MOMEHT B cucteme (N-1)
M3MEHSIET CBOM 3HAK Ha OOpaTHBIN (IIPU TOM K€ CTATUUECKON HArpyske),
TO BhIpakeHue (116) a5 3TOro ciyyas 3anucbiBacTCs B BUJIE:

M* = ‘qﬂzﬁ(cosgﬁ - COSQ’)‘ +%(Si.[]2 o —sin’ gp). (119)
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C no3unuil OUEHKH BIUSHUSA AMHAMUYECKUX 3P(HEKTOB ATOT Cllydaii
SBIIICTCS HauOoOJIee OIMaCHBIM, IIOCKOJBKY, Kak cieayer u3 (119)
OTMEUaeTCs HauOOoJee 3HAUUTENIbHOE YBEIMYEHUE TUHAMUYECKUX YCUITUI
[0 CPAaBHEHUIO CO CTaTHYECKMMHU. bojee Toro, ecim B BEpPXHEM MOsCE
auadparMbl NPUHITH HECUMMETPUYHOE AapMHUPOBAHUE, TO CIEAYET
YYUTHIBATh W3MEHEHHE 3HAKOB MOMEHTOB B cucrteme N m (n-1). Ilpwm
CUMMETPUYHOM apPMHUPOBAHUU BBIUHUCICHUE MOMEHTOB HEO0OXOAUMO
npousBoauTh 1o (opmyne (119), monaras, 4ro 3TO MaKCHMaJbHOE
3HAYEHUE MOMEHTA JOCTUraeTcsi Ha BTOPOM TIOJIYBOJHE KOJeOaHUM
BEPXHETO Mosica quadparmel.

[locne onpeneneHns TMHAMUYECKUX YCUIINI B CEYEHUAX BEPXHETO
nosica quadparmser (N-1) pa3 cTaTHYECKH HEONPEACTUMOM
IIPOCTPAHCTBEHHOM CUCTEMBI BHOBb IIPOBEPSIIOTCS YCIOBUS IPOYHOCTH
CPaBHEHHEM TMHAMUYECKUX YCUIMN (MOMEHTOB) B COOTBETCTBYIOLIEM
CEYEHUU C NIPEACIIBHBIMYU 3HAYEHUAMU ITUX YCUIIUHI JUIsl 3TOTO CEUECHMUS.
[Ipu 3TOM mpenenbHble 3HAYEHUS YCWINKN B CEYEHUAX Auadparmsl
BBIYUCIISIIOTCS C YYETOM MOBBIIICHUS! JUHAMUYECKON MPOYHOCTH OETOHA U
CTaJv, UCIIOJIb3Yys PACYETHBIEC 3aBUCUMOCTH [6].

Ecnu nst Bcex ceuenuit nuadparMbl KpUTEPUNA MPOYHOCTU OKAKETCS
HE HApYUIEHHBIM, TO NapaMeTp BHEIIHEW Harpy3ku A [14] He aBusercs
npeAenbHbIM i1 auadparMbl U TeM 0OoJiee sl TPOCTPAHCTBEHHOM
cuctembl U3 nanenei-ooosouek KCO B 1enoM, u OyJeT BO3MOXHO €ro
anbHejilee yBenHdeHne B 001acTH 4 < [0, 4]

Ha puc. 19. npuBenena 3aBucumocts ycuinuss Mi ot A m i cityyas
BBITIOJIHEHUSI KPUTEPHUS MPOYHOCTH CEUEHUI BEPXHETO Mosica quadparMbl
000JI0YKH TIOCJI€ XPYNKOTO pa3pylIeHUsI OJHOTO U3 €€ 3JIEMEHTOB.

el

jr.'} / .
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Pucynox 19. 3aBucumocTts ycunusa Mi oT napameTpa BHEITHEW HArPy3KH 4
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Ecnu ke mociie BHE3aITHOTO XPYIKOTO pa3pylIeHUsi OJHOTO W3
3JEMEHTOB  JuadparMbl  OOOJIOYKM  KPUTEPUH  MPOYHOCTH A
JUHAMHUYECKUX YCWIMM B CEUECHMSIX BEPXHEro Iosica auadparmbl
OKa)KETCSl HE BBITIOJIHEHHBIM, TO MPOU30MJIET pa3pylieHue auadparMbl
U, BO3MOXHO, MPOTrPECCHUPYIOIIEE pPAa3pyLIEHUE OOOJOYKH WIIH BCETrO
MOKPBITHSI B LIEJIOM.

Cnydail mporpecCUpyromero paspyueHuss 000J0UYKHM WM BCETO
MOKPBITUSI B 1EJIOM - ONpPEACICHUE OSKCTPEMAIBHOTO 3HAYECHUS
U3ruOAaroIero MOMEHTa B BEPXHEM Mosice auadparMbl MpU NPOCKTHOU
Harpyske ( 0 4 Mocje paccMaTpUBAEMOr0 3alIPOCKTHOIO BO3AECHCTBHS.

Huddepenmupys Boipakenue (116) no koopaunare ¢, Moay4eHo
BBIpa)KCHHUE:

oM

o =q-sti11{;?{ﬂ—C05¢7‘)=U- (120)

JIBa 3HaYeHUsS ¢h A SKCTpeMaabHbIX (MIN-Max) 3HaueHui
MOMEHTa MpHU MPoeKTHOM Harpy3ke (M ©): ¢ 1=0; ¢ 2=arccos f .

AHaJIOTUYHO OMPENEIAIOTCS AKCTPEMAIbHOE 3HAYEHUS MOMEHTA
rnocJie 3anpoekTHoro Bosaeictaus (MY):

oM e

=—¢-R*sin@(f +cos @) =0. (121)
cQ

1, COOTBETCTBEHHO, ¢ 1=0, ¢ 2=arc cos(-p).

[Tockonbky, ¢2(0:a), ¢2= a, , TO UMEETCS €AUHCTBEHHBIN
KCTpeMyM B Touke ¢ =0.

KoiudecTBEeHHYIO OLIEHKY JTHHAMHYECKOro 3(pQekra B 3jeMeHTax
O00OJIOYKM MOYKHO BBINOJHUTh, BBOJS IIOHATHE JHHAMHYECKOTO
ko3 dumenta ¢ | Kak OTHONIEHUE IUHAMMYECKOTO YCHJIUA B i-TOM

3JIIEMEHTE CUCTEM N-1 K CTaTUYECKOMY YCHIIMIO B CHCTEME N

¢
Qd _ M:r—l
n—-1 "

M€ : (122)

Ha3HaueHHoe H3 NPOEKTHOrO pacyeTa MO0 MHUHUMAIBHOMY H
MaKCUMaJIbHOMY 3HA4Y€HUSM MOMEHTa M€, apMUpOBaHHE BEPXHETO
nosica auaparMbl B COOTBETCTBMU CO CTaHAapToM [15] m0JDKHO

24



o0ecreunTh MPEBBIIEHUE pPa3pyLIAONIEH HArpy3Kd HajJ pacyeTHOU
MUHUMYM Ha BenuuuHy Koddduumenta C. Ilpu 3tom ko3pdunrieHT
3armaca K Ui BEpXHEro Imosica cedyeHus apku B cedeHun pi1=0
COCTaBJISICT:

_ C M}f(q)l)|
M (9,)

(123)

[Tonoxus C=1,35 u3meHnenue 3Toro Kod3HPuieHTa B 3aBUCUMOCTH
OT OTHOIIIEHUS MPOJIETA K CTPeJie MobeMa quadparMbl IPUBEIECHO Ha PHC.
20,a.

W3mMeHeHne JHHAMUYECKOTOo KO3(P(UIMEHTa Bn-1 B CEUECHHH (p1
BEpXHEro Tosica JuadparmMbl, BbIYUCIECHHOrO 1o Qopmyne (122),
npeacraBieHo Ha puc. 20,6.

AHanu3 rpaduKoB MO3BOJISET CAENAaTh BHIBOJ O TOM, YTO BBOJUMBIC
Kod(pdUIIMEHTHI 3amaca Mpu MPOSKTUPOBAHUU KOHCTPYKIIMU PABHO KaK U
TPaAUIIMOHHO BBOJUMBIA KOI(POUIMEHT JAUHAMUYHOCTH TIPU pacyeTe
KOHCTPYKIIMM HE YYUTHIBAIOT JUHAMUYECKUX JIOTPYKEHUU MpH
BO3MOYKHBIX BHE3AIHBIX MOBPEXKICHUAX KOHCTPYyKUMW. Bo3Hukarouumii
IIpM BHE3AIMHOM BBIKJIIOUEHUU 3JIEMEHTOB KOHCTPYKTHBHOW CHUCTEMBI
IuHaMudeckui 3(Q@eKkT 3aBUCUT OT psAna (PakTopoB B MNPUBEACHHOM
MpUMeEpe, HAMPUMEpP, OT COOTHOIICHUS TE€OMETPUUYECKUX MapaMeTpOB
KOHCTpyKiuu. KoadduuuenT AMHAMUYHOCTH, CBSI3aHHBIA C OTUM
apekTomM, MOXKET B JECSATKU pa3 IMPEBBINIATh YCUJIUS B OT/ACIbHBIX
CEUCHUSAX WM DJIEMEHTaX BO3HUKAIONIMX MPHU CTATUYECKOH padoTe
KOHCTPYKTHBHOM CUCTEMBI.
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Pucynok 20. M3menenue kosduninenrta 3anaca x (a) u JUHaAMHUYECKOTO
koo(puumenta 97 (6) B 3aBucumoctu ot I/f

[Ipu BHE3aITHOM BBIKJIFOUEHUU 3aTSKKU B 1MadparmMe oJTHOM U3 MaHesei-
obonouek CITO BepxHMiT TOsIC 3TOM TUadparMbl pa3pymuTcs. AHaIU3
nepepacnpeiesieHus] yCUINM B 3JIEMEHTaX pacCMaTpUBAEMOIO MMOKPBITHUA,
MOJIYYEHHBIX M3 pacdyeTa 3TOr0 NOKPBITHS C UCIIOJIb30BAHUEM
nporpamMmmHoro komiiekca SCAD 1o mpocTpaHCTBEHHOM pacueTHOMN
CXeMe, MOKa3all, YTO BHE3AMHOE BHIKIIOUEHUE 3aTAKKHU OJJTHON U3
auadparm BelleT K pa3pylieHno MuHUMyM Beel nanenu CI1O (ecnu
MaHETN-000JI0UYKN HE COEAMHEHBI MEXITY C000i1) ninu pparmMmeHTta
MOKPBITHUS B MIpEeiax OJHOTO MPoJieTa MOACBOAHON OaKU IIpH
mapHupHoM coeauuennu naneneit CITIO mexnay coboil mo BepXHUM
nosicam auadparm.

C yBenmMuYeHnEeM CTaTUYECKON HEONPEAEIUMOCTH MPU pa3pylIeHUU
OT/CJIbHBIX 3JEMEHTOB WIM JIOKAIBHBIX 30H COOPHBIX TOHKOCTEHHBIX
KOHCTPYKIIMM - 000JIOYEK U CKJIAJ0K OMNAacCHOCTh pa3pylICHUs BCeH
KOHCTPYKIIUH 3aBUCUT OT KOHCTPYKTUBHOTO PELICHUS COMPSKEHUIN
COOpPHBIX 3JIEMEHTOB MEXIYy CO0OI, COOTHOLIEHHS KOHCTPYKTHBHBIX
apaMeTpPOB AIEMEHTOB 000JIOUKHU U PAJa APYrUX (PaKTOPOB, YTO SBISETCA
IPEAMETOM OTEIBHOIO0 PAaCCMOTPEHHUS MPU ATbHEUIINX HUCCIETOBAHUIX
YKUBYUYECTH TAKUX CUCTEM.
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4. K oneHKe )KMBYYECTH KeJ1e300e TOHHBIX KOHCTPYKIUiA ¢
BbICOKMM YPOBHEM MPEABAPUTEIHLHOT0 HANIPSI2KCHU S

[Ipyu  mpoeKTUpOBaHMHM  TPEAHANPSHKEHHBIX  KEJIe300€TOHHBIX
KOHCTPYKIHUN BEIUYUHBI TPEABAPUTEIILHOTO HAMPSIHKEHUSI apMaTypbl G o B
coorBerctBun co CHwulIl 2.03.01-84* npunumaercs B mpenenax ot 0,3
Rs,ser 10 0,95 Rsser. Ilpu sTOM  jyisi moBeimeHust 3¢ddexra oT
MPEBAPUTEIBLHOIO HANPSHKEHUS 3HA4€HUE Op MPUHUMAIOT OOBIYHO
MaKCUMaJIbHO OJM>Ke K BepxHemy Impeneny. OrpaHuueHUEM SIBISETCS
JIMIIb BBIMOJHEHUE YCIOBUN TPEHIMHOCTOMKOCTH YYaCTKOB KOHCTPYKIIUH,
PACTSIHYTBIX OT YCWINM NpeHanpsoKeHus. B Toxe BpeMs B KOHCTPYKIUSIX
U3  JIByXKOMIIOHEHTHBIX  MaTEpUaJIOB  TUMNA  KEJIE300€TOH  MpH
ONPENICICHHON CTPYKTYpE€ KOHCTPYKTUBHOM CHCTEMbI BO3HHUKACT €Il
OHO Ba)XHO€ YCIOBHE IO OrPAHMYECHUIO BEPXHEro Impejela
peABAPUTEIBHOTO HAMIPSKEHUS JIEMEHTOB KOHCTPYKIHUH.

OHO cBfi3aHO C JAMHAMUYECKUM A(PHEKTOM B KOHCTPYKTHBHBIX
CUCTeMax U3 JBYXKOMIIOHEHTHBIX MAaTE€pUAJIOB M BBI3BAHHBIM JITUM
s dexToM mnepepacnpeieICHUEM YCHINM TPU BHE3AIMHOM Pa3pyLICHUU
XPYIKOT0 KOMIIOHEHTA - pacTAHYTOM O€TOHHOU MaTpuIlsl [16].

He orpannumBas OOIIHOCTH BBIBOJIAa M HE KOHKPETH3UPYS
auarpaMMbl  KaXJIOr0 M3  MaTepualioB,  OLEHKAa  IpUpalICHUN
JTUHAMUYECKUX YCUITUI B AJIEMEHTax KeJ1e300€TOHHBIX
MpPEIHANPSHKEHHBIX ~ KOHCTPYKIHM,  CBA3aHHBIX  C  BHE3AIIHBIM
pa3pylICHUEM XPYIKOTO KOMIIOHEHTA, BBINOJHEHA MPUMEHHUTEIBHO
CBOJYATOM KOHCTPYKIMU TuUMa maHenb-ooosouka KCO (cMm. moapasznen
3.3). OcOOGEHHOCTHIO ATOM KOHCTPYKIIMU SIBISETCS TO, YTO OHA SIBJISIETCA
TUMUYHBIM T[IPUMEPOM NPEAHANPSIKEHHBIX KOHCTPYKIIMHA C BBICOKHM
YPOBHEM MpeAHanpsbkeHus: auadgparm. [Ipyu 3ToM apMUpOBaHUE HUKHETO
nosica [uagparM BBIIIOJTHEHO OJHUM MPEIHANPSKEHHBIM CTEPXKHEM (CM.
puc. 21,a). PaccMoTpeH HEKOTOPBIH (UKCHUPOBAHHBIN I-BIH 3JIEMEHT,
Hanpumep, 3aTsbkKy. bynem mosarath, OIMH U3 MaTEpUaAloOB - YIPYTHA,

IPYrOM - XPYIKO-YIIPYTUH.
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Ilyctp cucTrema HarpyXeHa OJHONECPUMETPUUYECKOM BHEIIHEU
Harpy3kou 7=7q¢. VlcxomHas JUIMHA 3TOTO JJIEMEHTA NPH YCHIMH B HEM
TOJIBKO OT COOCTBEHHOM Macchl U veunus ooxkatus I’ O6o3Ha4nM i -
JUTHHA 3aTSKKH TIpH yeunuu B Heit i, B cocTase N pas cratuuecku
HEOIPEeICTUMON CUCTEMBI NPU 3HAUCHUU IMapamMeTpa BHEIIHEH Harpy3Ku
X=Xm COOTBETCTBYIONIEH pa3pylmieHUIO OCTOHHOW MAaTpHIBl |I-TO
anteMenTa (puc. 21,6); %1 - mmuHA 3aTSHKKU TTOCIe pa3pylieHus] 06 TOHHON
MaTpPHIIBI
(M3MEHEHHE CTaTHUYECKON HEOMPEJCIIMMOCTH CHUCTEMBbl Ha EIMHHUILY) MPH

YCWJIMH B 3aTsDKKE paBHOM u € 7-1 B cocTaBe N-1 pa3 cratuuecku

HEOINpeIeIMMON CHCTEMBI Takxke npH A=Am (puc. 21, B); - /. uHa

3aTSOKKY MPU YCWIIMU B HEW 7 | B cocTaBe N-1 pa3 cTaTUYecKH
HEOTPEICTUMOM CUCTeMBI IpH A= Am (pwmc. 21,r).

W3meHeHne UMHBI 3aTsDKKA  (I-TO  3JIeMEHTa CHCTEMBI) II0CIIe
NPWIOKCHUS DKCIUTyaTallMOHHOW Harpy3kd B CHCTEME N W TIOCie
XPYIKOTO Pa3pylICHUSI PACTAHYTOM OCTOHHON MATPHIBI OMPEACIACTCS
3aBUCUMOCTAMHU (cM. puc. 21,0, B, 1):

A]C = Hr’f? ' ]r',nc /EbAr'erf; (124)

i.n

A]C = H'(.,n—l 1 .IC /EJAJ*ed ) (125)

i.n—1 i i.1

rie Es - moayib aedopMmanuu O0eToHa; Ared - NMPUBEJCHHAS K OCTOHY
TUIOIAAb CEUECHUS 3aTIKKH.

[Ipupaiienue yaIMHEHUS JKEJIE300€TOHHOW 3aTSHKKW B MOMEHT
XPYIKOTO pa3pylIeHUs OETOHHON JBYXKOMIIOHEHTHOM 3aTSDKKH €CIIH OBl
nmepexol OT N pa3 CTaTUYECKH HEONpEACIUMON CHCTeMBI K N-1
OCYIIECTBJIsIICS OBbI HE XPYIIKO W BHE3AITHO, a BCJIEACTBUE €T0 MEIICHHOTO
MPUHYIUTEIBHOTO pa3pylieHuss OT ycwius HSy g0 Hy-1 mOpH
HEU3MCEHHOU

OTHOCHUTEIBHOW BEIIMYMHE BHEIIHEN HATPYy3KE COOTBETCTBYIOLLEH
A=A, =const.

AIY, = AI, = (Hr',nl _Hr'.n) ]r'._n i /EbAI"@d_ (126)

i.n—1 ‘i.n
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AHaAJJOTMYHO MOKHO BBIYHCIUTH COOTBCTCTBYHOIIUC IIPUPAIICHHUA

YIJIMHEHUN 3aTSXKKM B MOMEHT Pa3pylICHHsS €€ XPYIKOro KOMIIOHEHTA -
OCTOHHOM MaTPHUIIbI, €CIIU ITO Pa3pylICHHUE TPOUCXOIUT MTHOBEHHO:

A]ii_l - &‘rgn = (Hz"i—l - H;:n ) ‘{i,nc H-Eb"ired . (127)

AIA A =

i.n—1

(128)

Hﬂ o H;.?n ) z.ic.‘n ’f Eb Area' .

i.n—1

4
1
L2

-

N
L=l
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Pucynok 21. KoncrpykruBHas (a) u pacueTHbIC CXeMbl AuadparMbl
naHeym-o000s109ku KCO Ha poeKTHYIO Harpy3Ky (6) 1 3alpoeKTHOE
BO31IEHCTBHE (8, 2)

[Ipy BO3HHMKAOMINX BCJIECACTBUE PA3PYLICHUS XPYIIKOIO KOMIIOHEHTA
3aTSDKKHU TIPOJIOJIBHBIX KOJICOAHUSIX ATOM 3aTSKKM IOJIOKeHHE TO4Yku B
COOTBETCTBYeT JumHe %1 , CileayeT CYHMTaTh KOOPAMHATOU
PaBHOBECHOI'O COCTOSIHMSI KOHIIA 3aTskkd, a Touku A u C -
aMIUTUTYJIHBIMM 3HadYeHusMu (cM. puc. 21,6, 6, 1). O4YeBUAHO, UYTO
MPOAOJIbHBIE KOJICOaHUS 3aTsHKKU MIPU BHE3AITHOM Pa3pyILICHUH XPYIIKOTO
€€ KOMIIOHEHTa OTHOCUTEJIBHO TOUYKHA CTATUYECKOTO PaBHOBECHUS B MMeErOT
3aTyXarIMK XapaKTep.

OgHako B TeYeHHE IIEPBOrO IOIYINEpUOAa C JOCTATOYHOM B
MHKEHEPHBIX PACUYETAX CTENEHBIO TOYHOCTH MOXKHO CUUTATH, YTO
Al =4A7, . VI3 3aBUCUMOCTH

(126) - (128) crmenyer:

H'[:H—I_H'C :HJ

i in in—1

—-H;, (129)

HIIH
Hp, o =2H;, -1, . (130)

3aBucuMocTh (130) mo3BOJIIET OMPEACIUTh JUHAMUYECKOE YCUIUE B
Npou3BOJIBHOM 3ieMmeHTe (N-1) - pa3 cTaTUYecKW HEONpeIeTMMOM
CTEP>KHEBOW CUCTEMBI, 00pa3yIoLIEHCsl ToCe XPYNKOro pa3pylIeHus] OJHOTO
U3 DJEMEHTOB HCXOJHOM N pa3 CTaTHYEeCKH HEOMPEIEIUMON CHUCTEMBI.
KonkpernzupyeM 5Ty 3aBUCUMOCTh I JIBYXKOMIIOHEHTHOTO JJIEMEHTA
&Keyne300eTOHHOM 3aTspKKU. [lycTh B pesynbTaTe TPEHMIMHOOOpa30BaHUS U
COOTBETCTBEHHO  pa3pylICHUs  XPYNKOr0  KOMIIOHEHTa  BO3HUKHET
AMHaAMU4eckoe ycuiue B apmarype. OO003HaYuM MOJHOE pPacTITUBAIOLIEE
yCWIME B 3aTsDKKE OT BHEIIHEW Harpy3ku H, ycuime, COOTBETCTBYIOLIEE
TpeIMHOOOpa3oBaHui0 B 3aTskke Hee (puc. 22). B MomeHT mnepen

H=H. . =H,+H,_ (131)



o0pa3oBaHMEM TpPEIIMH NpU HArpy3ke Acrc( MOJHOE ycuiaue B 3aTsDkke H
BOCIIpuHUMaeTcsi 6eToHoM Hp 1 apmatypoit Hs.

[Ipu noctmxenun ycunus H Oosbmrero, yem HCrc mpoucxomut
MTHOBEHHOE pa3pyIICHHE PACTIHYTOTO O€TOHA ABYXKOMIIOHEHTHOH 3aTsIKKH,
U BOCIIpUHHMaeMoe paHee OeToHOM ycuiaue Hp MrHOBEHHO mepenacTcsl Ha
apmatypy. Ecium Obl mnepemadya ycuiauss ¢ O€TOHa Ha apMarypy
OCYIIECTBIISIIACh MEJICHHO, TO IPU HEU3MEHHOM BHEIITHEM
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ycunuu B 3aTsbkke H=Hcre, ycuine B apmaType i HOBOTO COCTOSIHUS
paBHO:

H'=H, —-H, (132)

[Tockonpky mepengavya ycuiausi ¢ OeTOHAa Ha apMmarypy IpU €ro
XPYIIKOM Pa3pyLIEHUH NPOUCXOAUT BHE3AITHO, TO B apMarype BOBHHKaIOT
IPOJIOJIbHBIE KOJIEOAHUSI U COOTBETCTBEHHO JMHAMUYECKOE YCHUIIHE H
3Ha4YeHUE ATOTO YCWIHS NPH yCIOBUU HE3aTyXaHHUsS ATUX KOJICOAaHWH B
TE€UEHHE MEPBOrO MOIYNEPUOJA MOKHO HAUTH U3 3aBUCHUMOCTHU (CM. pHC.

22,6):

H'-H, =H, -H, (133)
[Toncrasnss B (133) 3nauenue Here u3 BBIpa)KeHI/IH (131) nonyuum:
HSJ =H_ +2H, . (134)

®opmyna (134) AMHAMUYECKOTO YCHIIMS B 3aTSKKE MOXET OBIThH
noimydyeHa w3 oOmel 3aBucuMoctd  (131) myTeM  HECIOXKHBIX

npeoOpa3oBaHUM:
H, A=2H  -H =

in-1 in

c € c o
ZE(H:'_H—I _Hf.n :I—I_EH!;_'H - H, ZE(H:'.H—l _Hr'.ri' )+ (135)

2H;, —H,, +H,)-H,, =

Ln

+H;,, =2H " +HS
C ucnonp3oBaHueM 3aBUCUMOCTH (134) 11 TMHAMHUYECKOTO YCUIIUS
B apMaType, MPOBEJICH aHAJIA3 KUBYYECTH KOHCTPYKIIUH, MPEICTABICHHOM
Ha puc. 2l,a, ecnum OHa 3ampPOEKTUPOBAHA C MAKCUMAJIbHO BBICOKUM
YPOBHEM  TPEABAPUTEIIBHOTO  HANPSDKCHUS,  HA3HAYaE€MbIM 1O
nevicreytomum Hopmam CHull 2.03.01-84*.

H..c

TOUKO CTATHMUECKOro
POBHOBRSCKA

Pucynok 22. Cxema cratudeckux (a) U AMHAMUYECKUX ycuiaui (6) B
KEJIE300€TOHHOM 3JIEMEHTE B MOMEHT XPYIIKOTO pa3pylIeHHs] OETOHA
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Kugywecmv - 3TO  CBOWCTBO  KOHCTPYKTMBHOW  CUCTEMBI
KPAaTKOBPEMEHHO BBIMOJHATH 3aJaHHble (QPYHKIUM B TOJTHOM WIIU
OrpaHUYEHHOM O0BEME MPU OTKA3€ OJTHOTO MM HECKOJIBKHX AJIEMEHTOB
MTOJCUCTEMBI UJIM CUCTEMBI B LIEJIOM.

IIpumep pacuera. McxogHbpie XapakTEpUCTUKU MaTepuaioB: OETOH
B45, Rb,ser = 2,25 MIla (yo=1), apmarypa kiacca A-V, Rs,ser = 785 MIla.
Ceuenne HmxHero nosica KCO 110x140 mm. PacueTtHoe 3HaueHue ycunus
B HWkHEM nosice nuadparmel H=475 xH. Tpebyemas miomaas padouei
apMaTyphbl 3aTSHKKU OINPEIETIEHa pacueTOM MO0 NPEICIbHBIM COCTOSHUSM

TIEpBOM IPyIIIbl ¥ cocTaBuna 6,074x10™* M . ApMUpOBaHKE 3aTKKH
IPMHSATO OJHHUM CTep:kHeM quameTpoM 28 mm (Asp=6,158x10* m2).

[IpenBapuTenbHOE HANIPSHKEHUE ap HA3HAYHUM C YYETOM JIOMYCTHUMBIX
OTKJIOHEHUH, TakuM 0Opa3oMm, 4TOObl BHIMOJHUIHCH ycioBus [CHull

2.03.01-84*, m. 1.23].
[Ipr  BAEKTPOTEPMUYECKOM  CIIOCOOE  HATSHKEHUS — apMaTypbl

MIpEeABAPUTEIBLHOE HATSKEHUE Asp B HANPATaeMou apMartype (Ipu JJIuHe
cTepkHs L=27 M) omnipeziensie TCs U3 yCIOBHI:

G.;p +p= Rs.scr' ?

P=30+ ? - 433 MIIa,

¢, <R, —P=785-433=7417 Mlla,

5.5er

o, =7417<095 R, =745.75 Mlla.

Yceunusa o6xatus nosica quadparMbl C y4eTOM MEpBhIX NoTephb Po1.
1. ITotepu OT pentakcaluy HapsHKEHUH apMaTyphI:

Otcrooa
Py =4, (0, —0y) = 6.158-(741.7-22.25)- 0.1 = 443.,0 KH.

Hanpsbxkenne o06xatust 6eToHa:

Py 443040
O =— 1= = 28.77 MIla.
A4, 110x140

(-]

2. JIns ompeneneHuss MOTEPh OT OBICTPOHATEKAIOMIEH MOJI3yYECTH
MPUHUMAEM NEPEAATOYHYIO MPOYHOCTh OE€TOHA:
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o o 28.77 /
? <095 R,=—2: R, = 2577 _ 303 MITa:
N 0.95 0.95

R, =11 MIIa TIPH apMaType A-V;

R, =0.5-B=05-45=225 Mlla:

P

.

OTHOIIIEHUE asp /Rep COCTABUT:

Cop 2877

R, 303

rae o =0.25+0.025-R, =101

=0,949 <o =1.01,

3HaueHue MNOTCPb NPCABAPUTCIILHOI'O HAIIPSAKCHUS !

o
g =40 -—=
R

=40-0.95 = 38 MIIa.

Ycunusa o6xaTust 6€TOHA C Y4E€TOM BCEX MEPBBIX MOTEPh:

Ycennme, BOCIpHHAMAEMOE CEUCHUEM Iepea 00pa30BaHUEM TPEITUH
cornacHo [CHulI 2.03.01-84*, 1. 4.4], cocTaBuT:

H,. = RE:{J".::J?' (Ab +2a 'Asp)+PUI =
=225(11-14+2-5.07-6.158) + 4196 = 468.3 xH.
E, 190000

IIe ¢ ===
E, 37500

=35.07.

T.K. H=475 xH>Hcre=468,3 kH, TO Tpenunsl o0pa3yrorcs.

Cratuueckoe ycuiiie B apMarype B MOMEHT OOpa3oBaHMs TPEIIUH
ompeaensercs no Gopmyiie:

Hsp=433,65+234,65=502,95 xH.

[IpenenbHO IOMyCTUMOE yCWIME B apMmaType Npu Kod3(pQpULIHEHTE
HAJIC)KHOCTH MO MpeaesibHbIM cocTosiHUAM II rpynmbl Ys -1:

[N] - Rs,ser * Ys * Asp - 785 ¢ 6,158 « 1 - 483,4 <1,

[Tockombky Vép>[Ns] mpum mnpuHSATOM COTIIACHO HOPM YpPOBHE
HAYAJIbHOTO HAIPSDKEHUS MOXKET TPOU30MTH Pa3pylICHHUE 3aTSKKU B
MOMEHT 0Opa30BaHMsl B HEW TPEIIUH OT 3aJaHHOM JKCILUTyaTallMOHHOU
Harpy3KH.
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Anamusupyst 3aBucumoctd (131) u (134), HeCH0XXHO BHAETH, YTO
OTMHMCAaHHBIN JUHAMUYECKUM S(PGEeKT B apMarype YBEIWYHMBACTCA IpU
CHIDKCHMH TPOIICHTA apMHUPOBAHHUS CEUYCHUS, YMEHBIICHUM JJIUHBI
apMaTypHOTO CTEpIKHsI, MOBBIIICHNU Kiacca OeToHa. Tak, HampuMmep, IIpu
pacueTe Kele300€TOHHBIX apoK, Il KOTOPBIX IPOIEHT apMHPOBAHUS
HIDKHETO mosica coctaBisieT 0,9-1,2%, a pacTsaruparoiiee ycuiane B 0eToHe
B MOMEHT oOpa3zoBanuss TpemuH gocturaetr 15-20 % ot Here
JTMHAMHUYECKOE YCWIME B  NPEJHANPSIKEHHOW  apMaType  MOXKET
3HAYMTEIbHO IPEBBINIATh MpeaciabHo momycTumoe [Ns] maxe ¢ yuetom
JTWHAMHUYECKOM mpoyHocTH cTanu. ClenoBarenbHO, IPH Ha3HAYEHUM
HaYyaJIbHOI'O  KOHTPOJHPYEMOTO HaMNpsDKEHUS B MpeAHANPSIKESHHBIX
KOHCTPYKIIMSX C BBICOKMM YPOBHEM HANpSKEHUS, MOMHUMO APYTHUX
ycinoBuil, oroBopeHHbix CHull 2.03.01-84*, HeoOXoauMoO y4YWTHIBATbH
HaJu4yue JUHAMU4YecKoro s(d@ekra B JABYXKOMIIOHEHTHBIX MaTepualiax
IIpY BHE3AMTHOM Pa3pylICHUU XPYIKONH KOMIOHEHTHI.
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