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OINIPEAEJIEHUE DKBUBAJIEHTHBIX CTATHYECKHUX CHUJI
IIPU PACYHETE CUCTEM C BBIKIIOYAIOIIUMUCS CBA3AMU

MpvBeaeH anropMTm pacyeTa CUCTEM C BbIKITOYAOLMMUCS CBSI3SIMU, OCHOBaHHbIN Ha COBMeE-
CTHOM peLUeHUn OBYX NMHENHbIX cucteM. Takon noaxon 6onee addeKkTMBEH ANsi CUCTEM C OOHO-
KpaTHbIM BbIKIOYeHEM cBsa3eir. [NpuBeaeHbl opMynbl ANs SKBUBANEHTHbIX CTaTUYECKMX Harpy-
30K, Ha KOTOPbIE PACCYUTLIBAKTCS CUCTEMbI MOCIE BLIKMHOYEHNS CBA3EW NPU ONPeaeneHn YCUnui.

KnioueBble cnoBa: konebaHus, ctaTuyeckoe paBHOBECUE, CTAaTUYECKN SKBMBANEHTHbIE CU-
b1, BbIKNOYaloLWAsCA CBA3b, NporpeccupytoLLiee obpyLueHne.

J1Ba BO3MOXKHBIX TIOJIXOZA K PACUETY CHCTEM C BBIKITFOYAFOIIIMHUCS CBSI3SIMH M3JIOKEHHI B [1]:

1) paccMaTpUBarOTCS MOCIEAOBATEIBHO JABE JTUHEHHBIC CUCTEMBL: IO U IMOCJC BBIKIIIO-
YCHUs CBsI3CH; HAYaJbHBIC YCIIOBUS, ONPEACISIONINE CBOOOIHBIC KOJICOAHUSI BTOPOI CHUCTE-
MbI, BBIYUCIIAIOTCA IPU pacyeTe OCHOBHOH CUCTCMBI,

2) BBIKIIFOYAIOIIASCS CBSI3b PACCMATPHUBACTCS KaK YACTHBIN Ciydail (usndeckoll Helw-
HEWHOCTH, KOTOpasi yYUTHIBACTCS MPU pacuyeTe KaKk HEKOTOpas «(HUKTUBHASD HArpy3Ka; pelie-
HUsI MHTCTPAITBHBIX YPaBHCHUH, K KOTOPHIM CBOISATCS HEIHMHCHHBIC YPAaBHCHUS JIBU)KCHUS,
CTPOSITCSI C TOMOIILIBIO [IATOBOTO METO/[A TI0 BPEMEHH C UTEpAIMsIMU Ha KaxaoM tmare[ 1].

[MocTpoum pellieHre ABYX MaTPUYHBIX YPABHEHU JBIKCHUS C KOHEUHBIM YHCIIOM CTe-
neHel cB0OOIbI— TOJTHON M CHCTEM C BBIKITFOUAIOIIAMUCS CBA3SIMH[2, 3]:

Mz+D2+K7=4(0) )

Mz+D z+K,z, =q(t), 2)
nojaras z; = z—zo, t; = t—ty, TI€tc— BPEMs BBIKIIIOUCHHS CBSI3€H, penieHue ypaBHeHUs (2)
TaK)Ke 3alrCchIBacM BO BpEMEHHOM Juara3zoHe 0 — z.

B (1), (2) M — marpuna macc,D, D;—MaTpuIBl AUCCUIIATUBHBIX KOXPPHUIIHEHTOB; K,
K| —MaTpHIbl )KECTKOCTH OCHOBHOM CHCTEMBI M CHCTEMBI TIOCIIE BBIKIIIOUEHHS CBSI3EH.

Pemenne ypaBrenwii (1), (2) ctpouM B BHOe pa3iokeHHH N0 (opMaM COOCTBEHHBIX
KoJe0aHU 3TUX CUCTEM

z(t) = Da(t); z,(t) = D, a(t), 3)
rae ©, ®;— MaTpuiia HOPMHPOBAHHBIX COOCTBEHHBIX BEKTOPOB ITOJTHON CHCTEMBI M CHUCTE-
MBI C BBIKITFOUEHHBIMHU CBSA3AMHU.

Pemenne nepBoro ypaBHEHUs CTPOMM TP HYJIEBBIX HayaJbHBIX YCIIoBUsX. HayanbHbie

YCIIOBHS AJIs BTOPOH CHCTEMBI OIPENEIIsieM U3 PEeLIeHNH 11 OCHOBHOH cHCTeMsI (2, ), z(¢, ),

rae ty— BPEMsI BBIKIIIOUCHUS cBs3eit. ITocie BBIKITIOUEHHS CBSI3eH KOJIeOAHUS CHCTEMBI BO3-
6y)K,Z[a}OTCﬂ OTHOCUTEJIBHO HOBOT'O ITOJIOKEHUS CTATUYECCKOI'0 PaBHOBECHS. YuutsiBas 9TO,
Ha4aJIbHBIC YCJIOBHUS CICAYET 3allUCaTh B BUAC

z, =z(t,)—Azcr; z,, = z(t,) . @)
3Hauenus z,,z,, TaKKe MPEICTaBIsIeM B BHIE Pa3IOKECHHUS 10 COOCTBEHHBIM BEKTO-
paM BTOPOI1 CHCTEMBI

210 = @131(0);;10 = (D] ;11(0). ®)]
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YMHOXHM 00 yacTu 3aBHcHUMOCTel (5) cieBa HaM®, rae @ — TpaHCIIOHUPOBAaHHAS
Marpuna. C y4eToM OpPTOTOHAIBHOCTH COOCTBEHHBIX BEKTOPOB W HOPMHUPOBAHHS MOXKEM
3armcaTh

a0 = ai1(0) = D, M zi0;a10 = a1(0) = D, M zio. (6)
B tex ciydasix, Korja B MOMEHT BBIKJIIOUYEHHsI (pa3pylIeHHs) CBsi3el crcTeMa HaXOoIu-
JIaCh B MOJIOKEHUN CTaTHUECKOTO PABHOBECHS, YCIOBUS (4) IPUHIMAIOT BUJT

zi0 =—=Azcr;z10 = 0. @)

Yeunus B HHHeﬁHbIX JAAHAMHUYCCKUX CUCTEMAX BBIYUCIIAIOT, KaK MpaBUJIO, ONIPEACIINB
BHauaJle SKBHBAJICHTHbIC (KBa3M)CTaTHYeCKue CHibl. [Ipu BBIYMCIEHMH 3THUX CHII yJOOHO
BOCIIOJIB30BaThCsI TAKOH CXEMOM, MPH KOTOPOH He TpeOyeTCst MpeaBapUTEIbHOE BBIYMCICHUE
WHEPIUOHHBIX CWI. Tako#i MOJIXOM MCIONB3YETCs, B YACTHOCTH, TIPU OIPEACICHUN CeHCMU-
YECKHX CHJI CIICKTPaIbHBIM METOIOM.

PaccMmoTpum 3amrcaHHOE B MATPUYHOM BHUJIC YPAaBHEHHE JBIKCHHS CHCTEMBI C KOHEU-
HBIM YHCJIOM CTeNeHel cBOOOIb! (MHACKC 1 omyckaem)

M z+Dz+ Kz =q(t). ®)
Crnenyer uMeTh B BHIY, YTO B CHCTEMax IIOCJIE BBIKIIOYEHHUS CBs3eil BO30YKmaroTcs
TaKxe cBoOOHbIE Kosebanus. [IpencTaBuB perieHne ypaBHeHus (8) B BUie pa3iokKeHHs 110

HOPMHPOBAHHBIM COOCTBEHHBIM BeKTOpaM z =®a@ W NPUMEHUB CTaHAAPTHYIO MPOLELYpY,
CBOAUM cHCTeMY (8) K #HECBSI3HBIM YPaBHEHUSIM OTHOCHTENIHLHO IIaBHBIX KOOPIAMHAT
. . 2 _
d, +2n.a,+p.a =b, )
r=12...n,
B KOTOPBIX/,—HEKOTOPBIE AUCCUTIATUBHBIE KO()(OUIUEHTHI, 3IEMEHTHI BEKTOPA
b = ®'q(t) paBHBI

br :izirqi’ (10)
i=1

r/ie Z;,—DBJIEMEHThI BEKTOpar-HHOPMUPOBAHHOU (POPMBEI.
U3 (8) cinenytoT Takxke 3aBUCUMOCTH JIJIs1 DKBUBAJIEHTHBIX CTATUYECKUX CHUIT

S=Kz=q(t)-Mz-D-:. (an
YILO6HO BOCIIOJIB30BATHCA HepBOﬁ 3aBUCUMOCTBIO U 3aIIMCAaTh €€ B BUIC
S = Kda(r). (12)

B pemenun ypasaenuii (9) mpuCyTCTBYIOT KaK BBIHYXIEHHBIE, TaK 1 CBOOOJHBIE KOJIe-
OaHus, T.€.4, = d,y + Uyeg,

trea,, = [ b, (W, (p).t—vdT =Y Z,J, (1), (13)
i=0

. | R

rie J, = I(:q,(r)K (p,,t—1)dv;V, =—€ "' sin(p,t) — wumnyibcHas nepexoaHas (QyHKIUs

b,

IUTSE 7-# OPMBI KOJIeOaHHI.

1, + o

o =20 sin (i) (14)
p

r

-t *
a,., =e a,, cos(prt) +
r=1,2...n
®Dopmyiy (12) MoxxHO TTpeoOpazoBaTh K BUAY, Oosee ynoOHOMY AJIS BEIYUCICHHHA. Y M-
HOXas 00e yactu paBeHcTBa (12) Ha @ M y4uTHIBas BTOPOE YCIOBUE OPTOTOHAILHOCTH, 3a-
MUIIEM

@'S = Aa(?), (15)
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rae A— nuaroHajbHAs MaTpPHIa COOCTBEHHBIX YacTOT.

J151s1 HOpMHPOBaHHBIX COOCTBEHHBIX BEKTOPOB UMEET MECTO 3aBUCHMOCTh

MO =E, (16)
rne F— eAnHUYHAs MaTpUIIa.

YMHOXUB 00e yacTi paBeHcTBa (15) HaM®, noxydaeM ynoOHYIO AJIsl aHAJM3a M BbI-
YHCIEHUH CTaTHYECKHUX CHIT POpMYITy

S =M®Aa(r). (17)

Ecnu cucteMa 1o BEIKITIOUEHHS CBS3H HAXOIMJIACh B TIOJIOKEHUH CTaTHYECKOTO PaBHO-
BECH, CIIelyeT MOJIOXKHUTH ¢(f) = 0 1 B pelieHnH JuIsi CBOOOAHBIX KOJIEOaHNH yUecTh 3aBHCH-
MoctH (6) 1 HaganpHBIe yeioBws (7). B pe3ynpraTe MoskeM 3ammcaTh

Go(t) = 0" MAZ; a0 (£) = 0;dm (1) = 0 (18)

a,=e"a, cos(p:t)+ ks sin(p:t) : (19)
p,

r=1,2...n

OI_[eHI/IM HpI/I6HI/I)KCHHO COOTHOIICHUEC MaKCUMaJIbHOM  JUHAMHYECKOMH CHJIBI

N . . . k
S(3KBUBaJICHTHON CTAaTHYECKOW) K IOCTOSHHON CTaTHYeCKOH Pis pasnanHx;‘, roe k,

k1—KECTKOCTb CHCTEMBI JI0 ¥ TIOCIIC BBIKITIOUCHHUS CBSI3H.

YpaBHEHHE CBOOOTHBIX KOJICOAHWI CHCTEMBI IOCIIE BBIKIIOUCHHS CBs3u (0e3 ydera
JMIUCCUTIATHBHBIX cH) [1]

z,(1) = —Az, cos(p;?), (20)
TJIe p;—4acToTa COOCTBEHHBIX KOJIEOAaHHM CHCTEMBI 1OCJe BBIKIIOUEHHS CBSI3U,Azy = z,—
Z1m3ZmH Z1,— TIOJIOKEHUE LIEHTPa MACC JI0 M TIOCJIE BEIKIIIOUEHHS CBSI3H.

JuHamudeckast Harpy3Kka JIOCTHraeT MaKCUMyMa B KpaifHeM HIKHEM ITOJIOKESHUH

k—k
Smax :_Azokl :mng (21)
B pesynbTare MoxeM 3anucarb
S k
el 22
W=7 . 22)
VYpaBHenue (22) — ypaBHeHHUE MPIMON JTMHUU (PUC).
1l
.
.
N
L
x__\\_\
- .
.\\\h--
N

U3 (22) u puc. cienyer, 4To NPOLEHT CHUKEHHUS JKECTKOCTH CHUCTEMBI MPUBOJIMT K Ta-
KOMY K€ YBEJIMUEHHIO CyMMAapHOI Harpy3KH.
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Yu.T. Chernov, l.A. Petrov

IDENTIFICATION OF EQUIVALENT STATIC FORCES AS PART OF ANALYSIS
OF SYSTEMS THAT HAVE DISRUPTABLE CONSTRAINS

The algorithm of analysis of systems that have disruptable constrains is described in the ar-
ticle. The algorithm is based on the joint solving of two linear systems. The first linear system is the
one that describes the processes before constraints get disrupted; the second linear system
represents the system describing the processes in the aftermath of disruption of constrains with ac-
count for the influence of free vibrations. Free vibrations are caused by disrupted constraints. The
proposed approach is more effective, if applicable to the systems that have their constraints dis-
rupted only once. Also, the method describing disrupted constraints is considered as a special case
of physical nonlinearity. Physical non-linearity adds some fictitious load to regular loads.

Formulas of equivalent static loads, with the help of which the systems are analyzed when
constraints are disrupted, are generated. No inertial force is to be derived to obtain equivalent static
loads. This is important in view of their application in dynamic analyses.

Analysis of the static system in the event of disrupted constraints is based on the equations
derived by the authors. The result of the analysis represents an inverse linear relation of static load-
ing and relative stiffness of the system with disrupted constraints.This means that the lower the
stiffness of the system, the higher the static loading.

Key words: vibration, equilibrium of statics, equivalent static loads, disruptable constrains,
progressive collapse.
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