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AnHoTauus. B pabote mpemioxkeH MeTon
pacyeTra KpUTHUYECKUX HArpy30K MOTEpPH yCTOM-
yuBOCTU apokK. OCHOBOM MeTona sIBISIETCS TO,
4YTO TPOU3BOJIbHAS KOH(HUTypaIusi apku 3ame-
HSIETCSI Ha YIPYTO COCAUMHEHHBIE 3JIEMEHTHI s
KOTOPBIX IIPH 3aJJaHHBIX PETYISPHBIX HArpy3Kax
C COOTBETCTBYIOLIMMHU MPEACIbHBIMU yCIOBUSI-
MU Ha KOHIIaX OTBICKUBAIOTCS TOYHBIE PEIICHUS
o KOMITOHEHTaM HaIPsKEHHO-
ne(OPMUPOBAHHOTO COCTOSTHHSI.

KuroueBbie ciaoBa: Kondurypamus apod-
HOM KOHCTpPYKIUH, MpEJeNIbHbIE YCIOBHS, Ha-
psHKEHHO-Ae()OPMUPOBAHHOTO COCTOSTHUS, Ce-
YEHUE apKHu.

OcHoBHasl uzaes mpeajaracMoro MeToja 3a-
KJIFOYaeTcs B TOM, YTO MPOU3BOJIbHAS KOHDUTY-
panus apKu 3aMEHSIETCS YIIPYTO COEIUHEHHBIMU
3JIeMEHTaMHU, OOBEIMHEHHBIMH 10 THUIYy KOpPO-
060BoOIl KpuBOM. Kaxkaplil 31eMEHT MMeeT CBOM
MEXaHUYECKUE U IeOMETPUYECKUE XapAKTEPHU-
CTUKHU. [l yKa3aHHBIX 3JIEMEHTOB, IIPU 3aJaH-
HBIX PEryJIIpHBIX Harpy3kax ¢ COOTBETCTBYIO-
IIMMHU TNpPEJCIbHBIMA YCIOBUSIMU Ha KOHIAX,
HAaxoJATCA TOYHBIC PELICHUS I10 KOMIIOHEHTam
HaNpsHKECHHO-1€(pOPMUPOBAHHOTO  COCTOSIHUS
(H.A.C.) dnst uccnenoBaHusi MOTEPH yCTOWYH-
BOCTU U OIIPEICIICHUs KPUTHUYECKUX HArpy30kK
apOYHBbIX KOHCTPYKLHHM CHCTEMa YpaBHCHUH
HEUTPAJIBbHOIO PAaBHOBECUS apOYHOM KOHCTPYK-
UM CBOJUTCA K OAHO-pOJHOMY JubdepeHu-
aJIbHOMY ypaBHEHHUIO. JlJI1 MUHTETPUPOBAHUS €I0
NpUBJIEKaeTcs NpuOIKeHHbI MeToa byOHoBa-
I'anepkuna. B pesynbrare, onpenenenne H.JI.C.
BCEH apOYHOW KOHCTPYKLIMHM CBOAMUTCS K pelle-
HUIO CHCTEMbl JIMHEHHBIX ajnredpanyecKux
YPaBHEHUH, a IPU HCCIEAOBAHUU YCTONYUBO-
CTH - K OIPEACIICHUI0 KOPHEW TPAHCLECHICHT-
HBIX YPaBHEHUH.

YpaBHEHUE PaBHOBECH JJIEMEHTA ApKU MO-
I'yT OBITh 3aIIUCAHBI CIEIYIOLUIMM 00pa3oM:

dm
£-RQ, +Rm;
do 2 ‘
dT
—+Q, +Rq, =0; 1
40 Q, +Rq, )
&-T+an:0;
do
OIIVIZ-M-RQXWLRmX:O;
do
dIVIZ-M+Rm:0; 2
do
&+Rt:0
do

3necs 0, ¢, t, m,, m, m —
CEepEeIMHHON JIMHUU DJIEMEHTA BHEIIHUE YCUIIUS
u MoMeHTsl; T, Q,, M, — HOpManbHbIE ycuIus,

MNPpUBCACHBI K

MepeceKarolas cujia U U3rubarmuii MOMEHT B
TEKyIleM cedeHuu »siaeMeHTa apku; QM —
MepeceKamias Cuia U HW3rHOalmuii MOMEHT
IUIOCKOCTH dJeMeHTa apku; M —  kpyTsmwmit
MOMEHT.

Puc. 1 Pacuetnas cxema cTepkHs apKu
Fig. 1 Design scheme rod arch

W3MeHeHne KpUBU3HBI CPEAVHHON JIMHUU KpY-
TOBOT'0 AJIEMEHTa OTpeAessiercs (GopMyaMu:

1(dy,
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1dg,
=——T1=£ 4

7/12 R dH ( )
r7e. ¢ — Yroj 3aKpy4dBaHHs MONEPEYHOTO ce-

YeHHS, ¢,,(, — YIIbl moBopota ceuenus (Puc.

1) B IUIOCKOCTH M M3 TUIOCKOCTH CEYCHUS 3Jie-
MEHTA U, IPUIeM

__1du ___l[@M_Vj
=" Rde R\ do
KpydyeHnue cpeauHHON JTMHUHM 3JIEMEHTA apKu
1(de
_1(% 5
71 R( 40 Q’lj (5)

[Ipopgomkenne CpeIuHHON JIMHUM DJEMEHTA,
OIIPEACIICHHON Ye€pe3 CMEILICHUE 3alUChIBACTCS

TaK:
&= l(d_V +Wj (6)

R\ d@
VYeunue T, msrubaromue momentst M, M, n

KpyTsimii M MOMEHT, TpUBEJCHHBIC K cepe-
JIMHHOW JIMHUM DJIEMEHTa apKH, MOXKHO MOKa-
3aTh 4epe3 KOMIOHEHThI TAHTCHIIMAIBLHON U U3-
rubatomieit fepopmanun Gopmynamu

T=EFe;M, =E(Ly,, );M, =E(L3,,)iM=Cly,,  (7)

rie: E — Moapynp ympyroctu Mmarepuana;

F= '[ dxdz - momanp MOMEpPeYHOTo CeYeHWs

aneMeHTa apku; |, = '[ x’dxdz - oceBoit MOMEHT

MHEPLUHUHU OTHOCHUTEIBHO OCH X, | — Toxe ot-

z

HocuTenbHO ocu Z; G — moxyns casura; |, —

MOMEHT WHEPIHH P KPYUCHUH.

VYpaBuenue (1) 3anurcaHHOE B MPOCKIIHUIX HA
OCH CBSI3aHHBIX C Hene(opMHUpPOBaHHOM cuCTe-
MO KOOpJAMHAT 3JIEMEHTa. DTO MO3BOJIAET J0C-
TaTOYHO TNPOCTO cHOPMYIHPOBATh 3aqady o
H.A.C. apok, cocTosimux U3 COCIUHEHHBIX Me-
K1y co00i1 cTepKHEH.

PaccmotpuMm crepikenb apku (puc. 1), yto
HaXOJIHUTCSA IIOJ JCUCTBUEM CTaTHYECKOW Ha-
IPY3KH U BEPTUKAIBHO HANpaBJICHHBIX, pacipe-
JICIEHHBIX HArpy30K, KOTOPBIE U3MEHSIOTCS IO
JIMHEWHOMY 3aKOHY.

C yuerom cootnomenuii (3), (5), (6) u
ypaBHeHus paBHoBecusi (1) cucremy mudde-
PCHIIMATBHBIX YPABHEHUH, OMMCBHIBAIOIIUX TIO-
BEJICHUE JIIOOOTO CTEPXKHS apKH, MOXHO Ipej-
CTaBUTh KaK CUCTEMY OOBIKHOBEHHBIX Iu(de-
PCHIIMATBHBIX YPaBHEHUH MEPBOT0 MOPSIKA:

ox
do
rme; X = F(T,QZ, MZV,W,q)z) — BEKTOP BHYT-

—L(X,0)+b(0) ®)

PEHHUX 00O0OIICHHBIX CUJIOBBIX (PAKTOPOB U Tie-
pEeMElIeHNH, TPUBEICHHBIX K OCH JIEMEHTa ap-
KH.

WuTerpupys cucremy auddepeHraaIbHbIX
ypaBHeHHil (8) HaxoauM Bce KOMIIOHEHTBI
H.JA.C. anemenTa apku.

T=B(rnA+7r+T),Q=-A(rA-n-A+Q),
M, =B, (nA +7.A+A+M),

V ==B,(7:A +7,A +20A,—2A + 1A +Ay-0),
W ==B,(%A+7A —2A-1A+rA-W),

0, =By (1A -1A—OA+AD).

[MoguuuuB HalgeHHBbIE cooTHOmEeHUs (9)
H3BECTHBIM TPEICIbHBIM YCIOBUSIM Ha KOHIAX
crepxHs pu 0 =0, 1 0 =0,, nony4uM cucre-

(9)

My JIMHEHHBIX anreOpandyeckux ypaBHEHUH OT-
HOCHUTEJIBHO HEM3BECTHBIX MOCTOSHHBIX B (op-
M¢.

[L]A=U (10)

rae. A - BCKTOP HCU3BCCTHLIX ITOCTOSAHHBIX

UHTErpUpoBaHus A; [L] — KBaJpaTHasi MaTpuLa,

KOTOpasi MMEeT MOPSI0K CHUCTEMbl YpaBHCHUH;,
U — BEeKTOp CBOOOAHBIX YJICHOB.

Pemenue cucremsl (8) mo3Bossier ompene-
JIMTh BCE HEM3BECTHBIC, a 3HAYUT MO (popmyram
(9) MoryT OBITH OIpEICICHBI BCE KOMITOHCHTBI
H.JA.C. crepxHs.

PaccMoTpuM apky NMpOM3BOJILHOTO OYepTa-
HUsI, KOTOpast cOCTOMT u3 N DIEeMEHTOB, CO-
CIMHEHHBIX 1O THUIy KOpOOOBOW KpPHUBOIA
(Puc.2). Kaxnapiii i-ii 3J€MEHT apKud HMeEeT
CBOM paamyc Ri, XapakTepUCTHKH KECTKOCTH
Eli u EFi. Jduddepenumansupie ypaBHEHHS,
KOTOPBIC OMUCHIBAIOT MOBEICHHE KAXKIOTO |-TO
ANIEMEHTA, CBOJSATCS TaK )K€ K LIECTH OOBIKHO-
BEHHBIM U (depeHINaIbHBIM YPaBHEHUSIM BU-
na (8) oTHOCHUTEIPHO HEU3BECTHBIX:

T(j), j,Mj,V(j),W(j),(p(j)(j=1,N) (11)
Pemenue stux cucrem auddepeHnanTbHbIX

ypaBHeHUH 1O ¢opme OyAeT TakuM 3Ke, U4TO U
(10), a mMOCTOSHHBIX HHTETPUPOBAHHS OyIeT

yxke 6x N, To ecTh Ai(j)(i =1,6; ] =m)
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Puc.2 Apka npou3BOJILHOTO OYEPTAHHS
Fig. 2 Arch of arbitrary shape

Jlns ompenenenus HemsBecTHBIX A’ wc-
nombsyem (N —1) ycrmosuit ynpyro cxumanus
KPYTOBBIX BJIEMEHTOB TIPH TPEIETbHBIX yCIIO-
BUSX 9=91(1) u 9=92(2) JUIsl apOYHOM KOHCT-

PYKLUHU. YCIOBUS YIPYrOrO COCIMHEHMS 3allu-
CBIBAIOTCA TaK

U, =U; W, =W; ¢, =i

1 1 2( 1) (12)
Ta=Ts Quy=Qi M, =M, i®6=¢"
Ui:Ui+; \/VI:\/VH—’ (0|=(0 i+

Lo (13)
Ti +Ti :Ti+1; in +in =Qz(i+l); Mzi = Mz(i+1)

3nece T, ,Q,
MaJIbHBIE COCPEIOTOYCHHBIC CHIIBI, KOTOpBIC
NPUIOKEHBI B TOYKAaX COCIUHEHHS 3JIEMEHTOB
apKHu.

B pe3ynpraTe COBMECTHOTO pPacCMOTPEHUS
COOTHOIIIEHUH (7) I KaK0TO AJIEMEHTa apKu
u ycnoBuii ymnpyroro coenunenus (12) m (13)
HOJY4UuM cHUcTeMy ypaBHeHuit (8), HO yxe oT-

— TAHTCHIHUAJIIBHBIC W HOP-

HocutenapHO A'. Perienne 3T0il cucTemsl mo-

3BOJIICT OIpENeNuTh 3HaueHue A’ u xommo-

HenTsl H.J[.C. nna Bcelt apku. Pemennyto cuc-
TEeMy IMpPH HEOOXOIUMOCTH MOXHO IOJYHHUTH
JIOTIOJIHUTEIbHBIM YCIOBUSIM.
2 -
JlomycTiM, 4TO KOHeEI| (9 = Hi( ))I -ro 3Je-
MEHTa UMEET LIApPHUP, TO €CTh
Ui=Ui; W =W, M, =0

M 2(i+1) =0; Ti :Ti+1; QZi = QZ(Hl)

B stoM ciyuae ManI/II_[y[L] u Bektop U, He

(14)

MEHssI MX pasMEpHOCTH, HEOOXOOUMO Tpe-
oOpa3zoBath. Pemienue mnepeobpa3zoBaHoOil cuc-

TEMBl YpaBHEHHUi MO3BOJISET onpeneiants A’ ¢

Y4€TOM BBCACHHOI'O KJIFOYCBOT'O HIapHHPA.
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ANALYTICAL AND NUMERICAL
METHODS DEFINITION STRESS-
STRAIN STATE AND CRITICAL LOADS
LOSS OF STABILITY OF ARCHES

Summary. The method of calculating the
critical loss of stability loads of arches. The
method is that arbitrary configuration arch
replaced by the elastically connected elements
for which at the given regular loads with
appropriate boundary conditions at the ends of
exact solutions are found for components of the
stress-strain state.

Key words: Configuration arched structure,
boundary conditions, the stress-strain state.



