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Hapero G NONEPEYHBIE KONEBAHMS

I'BY3 «[JoHeukuti METAJUJTIUYECKUX BALLUEHHbIX

HaLuoHabHe KOHCTPYKLUW C YYETOM

yHugepcumem» NEPEMEHHOU XXECTKOCTU U

B cmammi docnidxeHo 3adadvy KonueaHb Memarsegux KOHCMpYKUil

bawmogo20 mury Ha OCHO8I Mamemamu4Hoi Modeni NMpy>XHo20 8a20MO20
CMEPXKHSI 3MIHHOI ronepeyYHoi xopcmkocmi. 3 euKopucmaHHsaM mMemody
by6Hoea-lanepkuHa HadaHa oUiHKa 8r11ugy no83008XHIX HagaHMaxxeHb Ha
gerniuyuHy enacHux 4acmom. [IpoaHanizogaHo 6rnue 6esuYUHU yXury
b6awmu Ha 3Ha4eHHs1 Yacmomu 20/108HO20 MOHY KOJ/IUBaHb.

In article the problem of fluctuation of metal construction of tower
type on the basis of mathematical model of an elastic bars with weight of
variable cross-section. With use of a method of Bubnov-Galerkin the
estimation of influence of longitudinal loadings on size of own frequencies is
given. It is analysed influences of size of a bias of a tower on value of
frequency of the main tone of fluctuations.

BbicoTHble  coopyxeHus 6GaweHHOro M caernaHbl BbIBOAbI O Mariom BIMSIHAM COBWUIOBOM
Ma4yToOBOro  Tuna B npouecce pabotbl gedopmauun OT MOMNEpPeYHbIX CUIT Ha BENWYMHY
nogsepratoTca BO34ENCTBUIO NMEepeMeHHbIX [MaBHOrO ToHa konebaHuin. Takum obpasom,
Harpy3oK: 9TO Harpysku, BbI3BaHHble paboTonM  3ameHa CKBO3HOM CTEpPXXHEBOW cucTeMbl
obopygoBaHusi  (Kompbl,  OypoBble  BbIWKW, SKBUBANEHTHbIM CTEPXHEM SIBMSIETCA  BMOJSIHE
BETpOreHeparTopsbl), BETpOBas Harpyska, oOnpaBgaHHbIM W B  3HAYMTENbHOW  CTEMEHU
CENCMMYECKME BO3MYLUEHMS, @ TaKKe Harpysku, MNO3BONSET  YNPOCTUTb  pacyeTHyl  MOAEIb.
BO3HUKAKOLLME BO BPEMSI MOHTaXHbIX paboT M Npu  YuuTbiBasi, 4TO B Madtax, B OOnbLIMHCTBE

aBapuUMHbIX  cuTyauusix. Tak Ha  npakTuke
npuyYMHaMM paspyLlleHUs CYLLECTBYHOLINX MauT
BblcoTon oT 25 go 300 M 3ayacTyio CTaHOBATCS
OuHamu4yeckme Bosgencteusa [1,2,3]. B HacTosiwun
MOMEHT npu pacyeTax, OuHamMmn4yeckoe
BO3JENCTBME YUYUTbIBAETCA TOSMbKO KOCBEHHO,
nyTeMm 3ameHbl 3KBMBANEHTHOW  CTaTU4eCKOMn
Harpyskon [4,5]. OpgHako BaXHO MpaBUibHO
OoLeHMBaTb [EeNCTBUTENbHbIE ycunus,
BO3HUKaOLLME Npy paboTe KOHCTPYKLNN.
PaccmaTtpnBaemble COOpYXeHusi B
GonbLUMHCTBE cny4yaes NPOEKTUPYIOT
pelleTyaTbiM1, B BUOE NPOCTPAHCTBEHHLIX (PEPM
TPEeXx- NN YeTbIPEXTPAHHOIO, PEXe MHOrOrpaHHoOro
oyepTaHus. B HacTosiwee Bpemsi Onsi pacyeToB
Takux KOHCTPYKUMA WCMOMb3yHT MNporpammHble

KOMIMIEKChl, peanuaylome pasnuyHble
YUCIEHHbIE MeToAbl MaTemMaTU4eckoro
MoaenupoBaHua [2], ogHaKO TakoM noaxon

ABNAETCA BeCbMa TPYAOEMKMM OCOBEHHO Ha
cTagumn NpoekTMpoBaHus. B paboTe [6] npoBeaeHbI
nccnegoBaHus YaCTOTHbIX XapaKkTepucTuk
pelletyaTon KOHCTPYKLMW, Ha OCHOBaHUW 4ero

Crny4yaeB, pacCTosiHNE Mexy nosicamn HENM3MEHHO
N Takne KOHCTPYKUWMM MOTyT ObiTb 3aMeHeHbl B
pacyeTHbIX CXeMax CTEPXHSAMWM  MOCTOSHHOM
n3rnbHon XKeCTKOCTH, ans KOTOPBbIX
aHanuTM4eckue pelleHus paspaboTaHbl U XOPOLUIO
nm3BecTHol [7], TO B cny4yae GalleHHbIX
COOpPYXEHWUN, ONsi KOTOPbIX WU3rMBHasi >KeCTKOCTb
SBMSIeTCA BEMNNYMHOW NepemMeHHon, aeno obctont
mHadye. Tak B pabotax [5, 8] paccmoTpeHbl
HEKOTOpble YacTHble 3afa4un konebaHus cTepXKHen
NnepeMeHHOro Ce4YeHus Ha OCHOBE NPUOMMKEHHbIX

MEeTOLOB.
Taknm obpasom, paspaboTka
aHanUTUYECKNX pPELUEHWA Ans  MccreaoBaHus

KonebaHni CTepXXHEN MEepPeMEHHON >XEeCTKOCTMU
ABMSETCA aKkTyanbHOMW 3agayen, pelieHme KoTopown

no3BonuT NoBbICUTb 3P PEKTUBHOCTb
KOHCTPYKTUBHbIX peLueHnn, npepoTBpaTuTb
BO3MOXHble aBapuu, npoaninTb CpOK

3KCMnyaTauum COOPYXEHNUN.

[ns nccnepoBaHMs nonepeyHbix konebaHun
CKBO3HbIX OalleHHbIX KOHCTPYKLUUA paccMOoTpuM
MaTeMaTM4eckylo MoAenb YMpyroro BEeCOMOro



CTEPXKHS MEepPeMEHHOW MOMEePEeYHON KECTKOCTU
AnvHoto [. Ha BEpXHEM KOHLLEe CTEPXKHS MPUSoXeHa
BepTukanbHass cuna N (Bec obopygoBaHus)
(pnc. 1), BOOMb NPOAONBHOM OCU AEWNCTBYET
pacnpegeneHHasi Harpy3ka WHTEHCMBHOCTbO (],

yuuTbIBalOLWaa BeC KOHCTpykumn. 3pecb hy, h, —
paguycbl MHEPLMM BEPXHETO U HUXKHEro CeYeHui

cootsetctBeHHo, h=kx+h; - paguyc uHepuum

h, —h
MPOM3BOIIBHOTO  CeYeHus, k:%, -
BbICOTA KOHYCA.
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Puc.1 Pacyemmnasi cxema
8ecomMoz0 cmepxHs

nepeMeHHoO20 Ce4YeHusl.

M3 ycnoBuit paBHOBeCHS 3fieMEHTa TaKoro
CTEPKHS criedyeT cucTeMa ypaBHEHW

2
EF(kx+h, ) % =M (x);

M _ () oy
> =Q(x)-(N +qx)ax, (1)
2
N __ 9y
OX ot?

rne  Y(X,t) - ypasHeHue usorHyTom ocu

crepxHsi, EF - npomonbHas xectkoctb (ons
YMOMSIHYTBIX KOHCTPYKUMWIA SIBMSIETCS BENUYUHOW

MOCTOSIHHOM MM CTyneH4yaTo-nepemeHHon), M (X)

- U3rmbaroLLnin MOMEHT, Q(X) - nonepeyHas cuna.

Wcknioyas 13 ypaBHeHuin (1-3) M(X) u

Q(X), NPUXOAMM K YPaBHEHUIO MOMEPEYHbIX
konebaHuin

2 2
EF 5—2((kx +h ) %] +
X X
(2)

%y, O _ 2%
+(N+0X)—+q—=—-m—-.

( O')ax2 o ot?
Ecnn BBectu 3ameHy Z=Kkx+h —wu

BOCMNOJ1b30BATLCA mMeTogoM pasaeneHna
nepemMeHHbIX, TO C y4yeTom, 4YTO

y(z,t) = Z(Z)T(t), MPUXOAMM K IBYM YpaBHEHUAM
(222”) +(ﬁ+ﬁh1 +Gz)Z"+ﬁZ’—x4Z =0;(3)

T+0T =0, (4)
~ N - q
roe N = , = ,
k*EF “ k*EF
,  MEFK?
O = — YacToOThbl CO6CTBeHHbIX
m

konebaHun, a A — koHcTaHTa pasgeneHus, WTpux
o3HavaeT andhepeHumnpoBaHue no Z .
YpaBHeHve (4) npeacTtaBnseT ypaBHeEHWe
rapmMoHudecknx konebaHun. He cyuwectByet
aHanUTMYeCKUX peLleHnn ypasHeHus (3), No3aToMy
Bocnonb3yemcss Metogom BybHoBa — anepkuHa,
annpokcumupys  opmMy u13rnba MHorouneHamm

BMaa
Py (Z) = ay +
(h,=h)* " (b, =)

k+1 2
by (h, -2 - +(z—hl)kl[ z=h, —IJ .
(hz - hl) h, —h,

®yHKkumm BMaa (5) yaoBNETBOPSIOT YCNOBUIO
wectkoro sakpennenns ¢, (h,)=0; @i (h,)=0,

a KkoappuumeHtsl @, u by

yCJ'IOBI/IIZ yAoBNeTBOPALLMNX
ycnosuam cBOOOAHOrO KoHLUAa CTEepPXHA

ok(h)=0; o¥(h)=0.  (©
Torpa dpopma nsrnba npumeT Bug

z(z>=ng>. )

M3 ycroBui (6) Hanvgem  3HaYeHUs
koadhdpuLMeHToB a, U bk OnA nepBbIX Tpex

uneHoB psiga (7): &, =—4, b, =5; a, =-3,1(6),
b, =3,(6); a3 =-3,4, b, =3.

MoacTtaemB BbipaxkeHue (7) B ypaBHeHue (3)
n Tpebys ero OpTOrOHambHOCTM Ha OTpeske
[h;h,] no cucreme dyrkumin {o, (2)}, nonyyaem

OOHOPOAHYI cucTeMy anrebpanyeckux ypaBHEHNI

®)

HaxogAaTbCA U3
rPaHN4YHbIM



bi=2 ™ i

53,3 M

b=10

Puc. 2. PacuemHas
cxeMa ebIWKU

OTHOCUTENbLHO KoabhuMeHTOB A .
MpupaBHMBas K Hynw onpegenutenb 3TOW
CUCTEMBI, nony4yaem, ans onpeaeneHus

COBCTBEHHbIX 4Yucen A, [PaHUYHON 3ajaun,

n
ypaBHeHVe Buga

detuam-x‘ﬁm =0, (i,n=12,...r) (@®

roe  KoadduumeHTbl B

ypaBHeHun (8)

BbIPAXalOTCA  MHTErpanamm OT  MPOW3BEAEHMS
OyHKUMA @) (Z)
BrnvsaHne MPOAOSbHbIX Harpysok

npoaHanusvpyem Ha npumepe 6yposon BalleHHOon
Bbllwkn BB-53-320 (puc. 2). Beiwka npegcrasnset
NPOCTPaHCTBEHHYI0  (PepMEHHYI0  CTEPXKHEBYIO
KOHCTPYKUMIO B BMAE KBagpaTHOM YyCeYeHHOW
nMpamMvabl U UMeeT crneayloLlme XapaKTePUCTUKU:

BblCOT@ BbIWKN [=53,3 M, WNPUHA HUXKHErO
OCHOBaHUS b=10 m, BEpPXHEro bi=2 m
(hy=1m,h, =5m,k=0,075), macca Bbiwku
M=40 T, nNpvHMMaeM MNOrOHHbIN BEC BbILKU
NpakTU4Yeckn NOCTOSAHHbLIM " paBHbIM
q=Mg/I=7,5 kH/m (m=750 kr/m), nnowanb
MOMEPEYHOr0  CeYEHUs  TPYy30HECYLUMX  CTOeK

F=3514 CMZ, rpy3onogbeMHOCTb  Bblwkn 320 T
(N=3,2 MH). BbluncnMM OCHOBHYt0 COOCTBEHHYIO

|EF
yactory  koneGawmin  ®, = Ak, [——, npu
m

r=12,3 nony4aem COOTBETCTBEHHO 3HAYEHUS
o
ol =16,617¢", ol? =15,48¢™,

3 -1
o =15341¢",

OTKyda BWOUM, YTO YBENIMYEHWE 4ucra
yneHoB psiga (7) He uenecoobpasHo, Tak Kak aacTt
yTouHeHue meHee 1%.

BbluncneHus nokasanu, 4YTto pasnuuus npu

nsameHennn N v (, B npegenax gonyckaembix

3HaYeHU ANst JAHHOW KOHCTPYKUMMW, COCTaBnsawT
He Oonee 1%, Tak HanpuMmep, €cnvM MpPUHATb

N=0uqg=0,70 o, =15274c".

PaccmoTpuM  4acTHbIM  criyvan

(q=0,
N = 0) Toraa ypasHexue (3) npuHUMaeT Bua

2°Z"V +472"+22"-X*'Z2 =0  (9)
BblpaxxeHne (9) uvmeeT aHanuMTU4eckoe
pelueHune B pyHKumMaX beccens [9]

Z(2)=C,3, (2247 )+ C Y, a2 )+
+Cy1 (2047 )+ €K, (2247 )

7K} dopmynbl (10), ncnornb3ys
PEKYPPEHTHbLIE  COOTHOLIEHUS  Ans  OYHKUMNA
Beccens [10], MOXHO onpefenuTb NPOU3BOAHLIE

Z,(2), Z5,(z) v Z7,(2):
ZQ(Z):_Clijl _Czin +
Jz Jz
A A

p A 5
Zzz(z)zcl(ﬁ‘]l _7Joj+

A 22
) (11)
A A
A 2
+Cy| =K, +—K
4 Z3/2 1 7 0]




2 A 2
ZZZZ(Z)=C1((Z3T—2ZSTJJI+2Z—2J0\J+
2 A 22
+C,|| —=—2—— Y, +2—Y, |+
2((23/2 25/2]1 22 OJ

2 A A2
+C3([Z37+2257JI1 —22—2|0]_

2 A %
_C4((Z37+2257JK1 +2Z—2 KO\J

N3 BoipaxeHun (10) wn (11), y4uuTbIBas
3aBucMMOCTU (1), CNeayT rpaHnYHbIe YCNOBUSA C

y4yeToM 3aMeHbl Z = kx + hl AN KOHCOMbHOIo

CTepXHA
Z,1(2n/hy )=0
Z_, =kz,(2n/n, )=0
Mo = EFK2h2Z5, (20 h )=0, (12)
Qoo = EFK*h2Z2, (201, )+
+2EFK3h, 22, (20 /Ry )=0
Cuctema (12) npepctaenseTr  cobown

NUHENHYI0 OIHOPOAHYIO CUCTEMY anrebpanyeckmx
ypaBHeHuin otHocutensHo C,, C,, C;, C,.
MpupaBHMBas ee onpegenuTenb K  Hymio,
noriyyaem  ypaBHeHME  ANA  HaXoXAeHus
COBCTBEHHBIX YMCEn A, KOTOpble BbIYMCISAINCH

YMCIMEHHBIM METOOOM, a COOTBETCTBYHOLLME UM
YacTOTbl onpeaensTcs No opmyse

/EF
(N :}\.2nk2 F

(13)

Tak, Hanpumep, ans KOHCTPYKLMK
baweHHon Bbiwkn BB-53-320 (puc. 2), onucaHue
KOTOPOW  MpuBEAEHO  Bbille, NepBble  Tpu

COBCTBEHHbIX YacToThl OyayT:
o, =15272¢", ®,=72,94c™,
w; =185,637¢™.

MpoaHanuanpyem  BRUsSiHUE  BENUYUHBI
yknoHa K Ha 3HaueHMe nepBoit COBCTBEHHO

4acToTbl ¢, ANA UCKIIOYEHUA BINAHUA NPO4YNX

reomMeTpU4ecKnx napameTpoB npeacTaBuM
BblpaxkeHue (13) B Buge
x o [EJ,
Op =—[—, (14)
12\ m
= I
rae A, =A,4h, — - GespasamepHoe
I,
BEMUUMHA,  3aBUCUT  TOMbKO  OT  YCIIOBUIA
sakpennennss crepxHa (npu k=0  gna

KOHCOMbHOTO cTepxkHs A, = 1,875), J, = F —

MOMEHT MHEPLIMM B OCHOBaHUN.
Ha puc. 3 npencraeneH rpadumk nameHeHus

A, B 3aBMCMMOCTM OT YykioHa K, KoOTOpbIi

MeHsieTca B npegenax ot 0 (cootBeTtcTBYET
CTEPXHK  MnocToAHHOM  xecTtkocTn) po 0,09
(cooTBeTCTBYET  KOHYCHOMY  CTEPXHIO  AnS
paccmaTpvBaemon KOHCTpykuun). Kak BuMAHO w©3
rpacgmka, MONMYYEHHYID  KPMBYKD  MOXHO C
JocTaTovHOM TOvHOCThO (B npegenax 5%)
annpokcuMMpoBaTb NPSIMON, BUAa

% (k)=1,889-2,761k . (15)
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Puc. 3. Mpagpuk usmeHeHuss napamempa 7\,1 e 3asucumocmu om yKsioHa k



Takum o6pasom, Ans KOHCOMNbHOTO CTEepPXKHSA
BCe 3HauyeHust A, GyayT HaxoguTcs B mpegenax ot

1,598 no 1,875, npoMexXyTOUYHbIE 3HAaYEHNS MOXHO
Haxo4uTb NyTEM JIMHENHOW annpokcMMauun, npuv
3TOM BUA ypaBHeHUs (15) 1 TOYHOCTb NosyYaeMbIx
pesynbTatoB Oyaetr 3aBuceTb OT npegena

nameHeHuss K (4em Bbiwe 3sHauenve K. Tem

TOYHEee pesynbTar).

BbiBoabl:

1. MccneposaHune konebaHumn
MEeTanMYeCcknx KOHCTPYKLUUIN OalleHHoro tuna Ha
OCHOBE MaTemMaTuMyeckom MOLENnun  ynpyroro
BECOMOIO  CTEPXHS  NepeMeHHOW  U3rmbHoun
KECTKOCTU  MNpU  HanuuMM  cocpeaoToYeHHON
NPOAOSbHON Harpyskyn ¢ UCMONb30BaHMEM MeToAa
BybHoBa-lanepknuHa nokasanu, 4YTO W3MEHeHue

Harpysok N wn ( (puc. 1), B npegenax
JonyckaemblX  3HaJYeHW, OkasblBaeT BecbMa
Manoe BNWAHWE Ha 3HavyeHne COOCTBEHHbIX

yacTtoT (B npegenax 1%). Yto B cBol ouepenb
NO3BOMNWUMNO B 3HAYMTENbHOW CTEMEHW YMNpPOCTUTb
pacyeTHyt 3aBMCUMOCTL (3) U NPUBECTU ee K Buay
(9), Ana KOTOpOM W3BECTHO aHanuMTuyeckoe
peLueHune.

2. Ha ocHoBe aHanusa BNWSHWUS BEMUYMHbI

YKIOHa K Ha 3HayeHMe 4acTOThbl MMaBHOMO TOHA
konebaHuin norny4vyeHa NNHEenHas 3aBUCUMOCTb AN

onpeAeneHnst 3Ha4YeHUn COBCTBEHHOMO yucna A,

h
B npeaenax usmeHeHus K ot 0 oo k. . =-=.

max |_

Mcnonb3oBaHue HanaeHHON 3aBUCUMOCTM
no3BonseT  onpedenaTb  3HaYeHUss  MNepBou
COBCTBEHHOW YacTOTbl KonebaHun Ana pasnuyHbIX
KOHCTPYKTMBHbBIX WCMOMHeHWn 6awHn B BUAe
YCEYEHHOro KOHyCa.
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