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AHHOTALUUA

BBegeHue. CymmapHas MOLLHOCTb 3NEKTPUYECKMX CTaHUMIA U MPOTSXKEHHOCTb 3MNeKTpuYecknx ceten B Poccuiickon ®e-
Aepauun 3HaYUTENbHO YBENMUYMBAIOTCH C KaXabIM AeCATUNETMEM M3-32 NOCTOSAHHOIO MPOMBILLIIEHHOTO Pa3BUTUSA FOPOAOB
1 npuropopaa. 3to TpebyeT BOBMNEYEHNS OrPOMHBIX MaTepuarbHbIX U TPYAOBbIX PeCypCoB B chepe IHepreTn4eckoro CTpo-
UTenbCTBa, MO3TOMY CrieayeT onpeaenvTb U peann3oBaTb BCe BO3MOXHbIE NMYTU CHDKEHUS KanuTarnoeMKOCTH aneKTpuye-
CKMX CeTel BbICOKOrO 1 CBEPXBBLICOKOTO KIacCoB HanpshxeHus. [ns uenen npakTuku, MOMMMO peLLeHnst COBCTBEHHO 3afaun
YCTOMYMBOCTU, HEOOXOAUMO ONpeaennTb CoYeTaHe BHELLHUX Harpy3oK (KpyTSLLEero MOMeHTa 1 NPOAONbHOW CUrbl), MPeAo-
npegensioliee HauMeHbLLee 13 BO3MOXHbIX 3HA4YEHNe KpUTUYECKOro napametpa.

Matepuanbl n metoabl. /13-3a pasnnuyuHoi ANVHbLI OTAENbHbLIX PACKOCOB OMNOP W HapacTaHWs YCUMWUIA B MOSiCax K OCHO-
BaHWIO CTeneHb NModaTiIMBOCTK Y3MOB MUHENHOMY W YrNOBOMY CMELLEHUAM OKasblBAeTCSH HEOAMHaKOBOW, OTHEro TepstoT
YCTOMYMBOCTb NMULLL HEKOTOpble packockl. B cTaTbe paccmoTpeHa 6GallHA KBaApaTHOrO CEYEHUS He C HAaKMOHHbIMU,
a ¢ napannenbHbIMM Nosicamm, B KOTOPOW peLLeTKa 1 Nnosica MMEeoT COOTBETCTBEHHO OAMHAKOBbIE CEHEHNS N Ha ee CBOOOAHOM
KOHLIe [eNCTBYIOT BO3pacTatoLLWiA KPYTALLMIA MOMEHT U HEU3MEHHAsA NO BENMYMHE NPOAOIIbHANA CUMa, MPUNOXEHHas OTHOCK-
TernbHO BEPTUKAnNbLHON OcK onopkl. bnarogapsi CUMMETPUK CUCTEMbI U BHYTPEHHWX YCUIUIA B MOMEHT MOTEPU YCTOMYMBOCTU
nNpon3onaeT CMMMETPUYHas Aedopmauns TePSOLLMX YCTONYMBOCTb packocoB. 3agaya peluanach, UCromnb3ys CUCTEMY KaHO-
HMYECKMX YPaBHEHUI METOAA NepeMeLLEHN B YNCTIEHHO-aHaNMTUYECKON NOCTaHoBKe. PaccMOTPEHO NpMMEHEHNE N3MNOoXeH-
HOW METOAMKMN AN ONpeAeneHns pacieTHbIX ANMH PackoCOB PeLLETKM Ha NpuMepe HkHen cekumm onopbl 1M330-1.
Pesynbrathl. Viccnegyembiii parMeHT onopbl B MiiaHe KOHCTPYKTUBHOIO PELLEHUS SBMAETCA MPOCTPaHCTBEHHOW CTEPXHE-
BOW CTanbHOW CTOMKOMN, y3ribl KOTOPON He COBMELLEHbI B CMEXHbIX FPaHsX 1 cocTosLien n3 12 naHenen. KOHCTpyKTUBHbIE
3MEeMEHTbI CEeKLMUN MPeacTaBnsaoT cobON CTePXXHM U3 OQMHOYHBIX Yronkos. CTbiKk MPOMCXOAUT NOCpeacTBOM GONTOBOMO CO-
edVHeHVs. [iNa packocoB Kaxaown naHenu onpeaeneHbl KAaHOHNYeCckne KO3 ULMEHTbI U rpadyeckn peLleHo ypaBHeHne
YCTOMYMBOCTU, U3 KOTOPOrO HanAeHbl KOAPMULIMEHTBI pacYETHOW ANMHBI.

BeiBoabl. NpeacrtaBneHHas YMcrieHHo-aHanMTMYeckas MeTodvka Mo3BonseT onpeaenuTb KoaddULIMEHTbI pacqeTHbIX
ANUH 3neMeHToB CTBoMa GalleHHON onopbl B 3aBUCUMOCTU OT MPOAOMLHOIO YCUMNA U OTHOLLEHWUS MOTOHHBIX XECTKOCTEN
nosica n packoca. lNony4eHHble KO3 DULNEHTbI OPUEHTUPOBOYHO Ha 10—15 % HUXe CyLLECTBYIOLLMX B OTEYECTBEHHbIX HOP-
mMax. B pesynbraTe BbisiBNIeH pe3epB HecyLlel CMoCoBHOCTY 0Mop, YTO yKa3blBaeT Ha BO3MOXHOCTb COBEPLUEHCTBOBaHUSA
METOAMKY peLleHnst 3a4aun YCTONYNBOCTU SNIEMEHTOB.

KNOYEBBIE CINOBA: Bo3ayliHas nNuHUS anekTponepeaayn, cranbHasa peluetyartas onopa, ypaBHeEHVWEe YCTOMYMBOCTY,
pacyeTHas AnvHa, NPoAoNbHOE ycunve

OonA UWATUPOBAHUA: Tanacoeno A.B., NapaHxa U.M., ®edoposa C.P. MeTtognka onpeneneHnsi pacyeTHbIX ANVH ane-
MEHTOB NMEePEKPECTHON PELUETKN CTalnbHbIX ONOp BO3AYLUHBLIX NIMHWIA anekTponepeaaydn // CTpouTenbCcTBO: Hayka n obpaso-
BaHue. 2023. T. 13. Boin. 4. Ct. 7. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2023.4.7

Asmop, omeemcmeeHHbIl 3a nepenucky: iropb Muxarinosud Maparxa, garigo@mail.ru

Methodology for determining the design lengths of cross-grid
elements of steel supports of overhead transmission lines

Anton V. Tanasoglo, Igor M. Garanzha, Sofiya R. Fedorova
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT
Introduction. The total capacity of power plants and the length of power grids in the Russian Federation are significantly
increasing every decade due to the constant industrial development of cities and suburbs. This requires the involvement
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of huge material and labour resources in the sphere of power construction, so all possible ways to reduce the capital in-
tensity of power grids of high and ultra-high voltage classes should be identified and implemented. For practical purposes,
in addition to solving the stability problem itself, it is necessary to determine the combination of external loads (torque and
longitudinal force) that predetermines the smallest possible value of the critical parameter.

Materials and methods. Due to the different lengths of the individual struts of the supports and the increasing forces in
the girdles towards the base, the degree of pliability of the nodes to linear and angular displacements is not the same, so
that only some struts lose stability. The paper considers a square-section tower with parallel rather than inclined girders,
in which the lattice and girders have the same cross-sections, respectively, and an increasing torque and an unchanged
longitudinal force applied with respect to the vertical axis of the support act on its free end. Due to the symmetry of the sys-
tem and internal forces at the moment of loss of stability there will be a symmetric deformation of the struts losing stability.
The problem was solved using the system of canonical equations of the displacement method in numerical and analytical
formulation. The application of the described methodology for determining the design lengths of the grid struts is considered
on the example of the lower section of the support 1P330-1.

Results. The considered fragment of the support in terms of structural solution is a spatial rod steel column, the nodes
of which are not aligned in adjacent faces and consists of 12 panels. The structural elements of the section are bars made
of single angles. The joints are bolted together. The canonical coefficients for the struts of each panel are determined and
the stability equation is solved graphically, from which the design length coefficients are found.

Conclusions. The presented numerical and analytical method allows to determine the coefficients of design lengths of tow-
er support shaft elements depending on the longitudinal force and the ratio of chord and strut stiffnesses. The obtained
coefficients are approximately 10-15 % lower than the existing ones in the domestic standards. As a result, the reserve
of bearing capacity of supports is revealed, which indicates the possibility of improving the methodology of solving the prob-
lem of stability of elements.

KEYWORDS: overhead power line, steel lattice support, stability equation, design length, longitudinal force
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BBEJAEHUE

CyMMapHasi MOIITHOCTh IEKTPUICCKUX CTAHITHHA
U MPOTSKEHHOCTH AJIEKTPUUYECKUX ceTei B Poccuiickoi
Denepaly 3HAUUTEIBHO YBETHIUBAIOTCS C KJKIbIM JIe-
CATHJICTHEM U3-3a MOCTOSHHOTO MPOMBIIIIEHHOTO pa3-
BUTHSI TOPOZIOB | MIPUTOPOA. DTO TPeOyeT BOBICUCHUS
OTPOMHBIX MaTepHAJIBHBIX U TPYAOBBIX PECYPCOB B Ce-
pe PHEPreTUYEeCKOro CTPOUTENIBCTBA, IOITOMY CIEIAYeT
OIPENENIUTb U PEaln30BaTh BCE BO3MOXKHBIE ITyTU CHU-
JKCHUSI KaITUTATTOEMKOCTH JNIEKTPHIECKUX CETEH BBICOKO-
T'O M CBEPXBBICOKOTO KJIacCOB HampshkeHus [1-3].

Juist noBeieHust 5QGEKTUBHOCTH BO3IYIIHBIX JIU-
HUit snexTponepenadn (BJI) nmeroTcst 3HaunTENBHBIC
BO3MOXKHOCTH. DTO MPEKIE BCETo pa3paboTKa METo-
nuku pacuera ornop BJI Ha ocHOBe paccMOTpeHus Tpe-
JIETIbHOTO PaBHOBECHSI KOHCTPYKIINH, 0OeCIieurBaroIei
PaBHONPOYHOCTH CUCTEMBI, YTO IT03BOJISIET OOJIETYUTh
pSAIl €e DIEMEHTOB, paHEee MMEBIIUX HEOMpaBIaHHO
Oomnpie ko3 durrenTs! 3anaca [4-7].

Jis mpakThdeckux 1Lesiedl, TOMUMO pelIeHUs
COOCTBEHHO 33/1a4M YCTOWYHBOCTH, HEOOXOAMMO Ompe-
JIETUTh COYETAaHWE BHEIIHUX HATPY30K (KPYTSILETo
MOMEHTA W TPOJOJBHON CHIIBI), TPEIOTPEIeIIomnee
HauMEHbIIIEe U3 BO3MOKHBIX 3HAYCHHE KPUTHYECKOTO
napamerpa [8—11]. BaxxHo y4yecTb IpH 9TOM 3KCILIEH-
TPUYHOE TIPUIOKCHUE BHYTPCHHHUX CHII, CBSI3aHHOC
C OTHOCTOPOHHHM TPUKPEIUICHHEM PACKOCOB O OTHOM
TOJIKE K MOsicaM Ipu oMot 60iTos! [5, 6, 12-14].

Jnst nocTHKEHUs MOCTABICHHOM LEMH peIleHbl
CIIEIYIOINE 3a0auu:

* TpeNIoKeHa YHUCICHHO-aHATUTHICCKAs METO-
JIUKa ompezeneHus K0o3(pPHUIUEHTOB PACYCTHBIX THH

' TEC 60826. Design criteria of overhead transmission lines
(international standard). Geneva : IEC, 2022. 87 p.
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C Y4ETOM YCWJIMH B 2JIEMEHTaX OMOPHI U COOTHOIICHHUS
HUX TIOTOHHBIX KECTKOCTEH;

* TMOJy4CHBI HOBBIC, MOHWKEHHBIe Ha 10—-15 %
(B oTIMUMe OT yKa3aHHBIX B HOPMax) KOd()(OUIIHEHTHI
pacyeTHbIX JUINH;

* BBIBIICH pe3epB Hecyllel crocoOHOCTH TOp-
TanbHOI onopsl BJI ¢ BO3MOXHOCTBIO MOCIEAYIOLIE-
ro COBEpUICHCTBOBAHUSI METOAMKH PELICHUS 3a/a4u
YCTOWYMBOCTH CTEPKHEH.

Ilpeomemom uccnedogsanus B JTaHHOU paboTe sIB-
JSIFOTCSL TapaMeTphl YCTOMYMBOCTH JIEMEHTOB TOSICOB
W pEIEeTKU CTAIBHBIX pemeTyarsix ornop BJL

B kadectBe odvexma ucciedosarnus NPUHITA KOH-
crpykuus onopsl BJI 330 kB mapku 111330-1 nopraib-
HOTO THIIA.

MATEPHAJIBI U METO/JAbI

Omnopsl THHAH AIIEKTporepenadr OAIeHHOTO THIIA
UMEIOT HAKJIOHHBIE TI05iCa ¥ TIOABEP>KEHBI B HOPMaJIb-
HOM peXHMe paboThI ICHCTBUIO MTPOIOIBHOM | TIOTIe-
pEeUHOi cuil, a B aBapUHHOM TaKXke U JEHCTBUIO KpY-
Tamero Mmomenta [3-5, 15, 16]. M3-3a pa3Hol ATUHBI
OTAETHHBIX AIEMECHTOB M YBEINUCHUS 3HAUCHNS YCHUITHNA
B I05ICax IO HAIIPaBJIEHUIO K OCHOBAHHIO YPOBEHb I10-
JATIIMBOCTH Y3JIOB JIMHEHHOMY M YIJIOBOMY TI€peMelie-
HUSIM HE OJIMHAKOBBIH, TOTOMY OYIyT TEpSITh yCTOHYIH-
BOCTb JIMIIb HEKOTOPBIE PACKOCHBIE 21eMeHTHI [17, 18].

Jlnis pelieHus 3aa4y yCTOMYMBOCTH PaCCMOTPUM
GamH0 KBaJpaTHOTO CEUEHHUS C HAKJIOHHBIMH MOscCa-
MH U Ha CBOOOJHOM KOHIIE OaIllH! MPIJIOKUM IO OCH
CUMMETPHH BO3PACTAIONINH KPYTSAIINNH MOMEHT U He-
M3MEHHYIO 110 BEeIMYHHE MPOIONIbHYI0 cuiy (puc. ).
Benmunna mpooasHO CHITB TOAOUpAETCs TaKoH, pu
KOTOPOH IO JOCTHKEHUHU KPYTALIMM MOMEHTOM KPHUTH-
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YECKOI0 3HAYEHUS IIPOUCXOJUT OJHOBPEMEHHO IIOTEPSI
YCTOIUUBOCTHU BCEX PACKOCOB CUCTEMBI.

[Ipu peuieHun AaHHOW 3aa4yl MPUMEM CBOOO/-
HBIE U3 IJIOCKOCTH Y3JIbl KPEIUIEHUS PACKOCOB K MOSICY
B BUJIE IPOCTPAHCTBEHHBIX 1IAPHUPOB, HE HAPYIIAO-
HIMX LEeIbHOCTH Nosica. B y31e nepecedenus packocoB
[IPEyCMOTPEH COCIUHSIOIUI IAPHUD, HE NIPOPE3ato-
LU pacKOCHI.

Ilox neiicTBUEM KPyTSAIIEr0O MOMEHTA B OTIEIIbHBIX
MaHeNX M0Ca U BCTPEYHBIX PACKOCAX BO3HUKAIOT BHY-
TPEHHHE YCHJINSA, COOTBETCTBEHHO paBHBIE, HO 00paT-
HBIE 0 3HaKy. IIpyu COBMECTHOM AEHCTBUM KPYTALIETO
MOMEHTA U LIEHTPAJIbHO MPUIIOKEHHON CHUJIBI BO BCEX
noscax 4epes MaHelb BOSHUKAIOT OMHAKOBBIE YCUIINS
N! u N (puc. 1).

IIpu noctmkeHnn Kpy4eHUEM KPUTHYECKOTO YPOB-
Hs1 BCE CTPEKHEBBIE JIEMEHTBI PEILIETKH OJTHOBPEMEHHO
OIIYIIAIOT TIOTEPI0 YCTOMYMBOCTH. 371€Ch HAOmMonaeTcs
CKPY4YMBaHHUE CTBOJIA OIIOPHI U MOSBIAETCS KPUBU3HA
HOSICOB B BUie BOIH. [IpononbHast ke 0Cbh OIOPBI OCTAET-
¢l IpsIMOJTUHEHHOM. Clie10BaTe/IbHO, y3JIbl PPOHTATH-
HOH M mapasulesibHOM €M 3aJiHel rpaHu NepeMenaroT-
sl 110 HAIIPABJICHUIO OCHU, & HAa TOPLEBbIX I'PAHSIX Y3JIb
TIEPEMEIIAIOTCS B OPTOTOHAIBHOM HaINpaBJIeHUN (BIOMIb
ocu X). B koHeUHOM HTOTE MOSIC CEKIIMHU OTOPHI IIpeTep-
MeBaeT M3rud B IpOCTpaHCTBe. M3-3a CHMMETPHIHOCTH
KOHCTPYKTHBHOTO PEIICHUS U HAIWYUS BHYTPEHHHUX
YCHJINH B MOMEHT MOTEPH YCTONUMBOCTH HAOIIOAACTCS
cUMMeTpHYHas J1e(hopMalus CTEPIKHEBBIX DIIEMEHTOB
PEIIETKH, TEPSIOUINX YCTONYUBOCTb.

BBuay cumMmeTpHyHOH (OPMBI MOTEPU YCTOM-
YUBOCTH PACKOCOB MX KOHIIEBBIE Y3Jbl CMEMIAIOTCSA
Ha OJIMHAKOBBIE BEJIMYUHBI Z,, & CPEIIHUE Y3JIbl CMEIIa-

Puc. 1. VckpusieHue >IeMEHTOB P CHMMETPUIHON popme
MOTE€PH YCTONUNBOCTH

Puc. 2. Pacuernas cxema HuxHel cexuuu onopsl 111330-1

FOTCSl TaKXKE€ Ha OJIMHAKOBBIE BEJIMYMHBI Z,, HO B IPOTH-
BOTIOJIOXKHYIO CTOpOHY (puc. 1). Y31bl mepeaneii u 3a-
HEW rpaHell cMelaroTcsl B HApaBJICHUU OCH Y, y3IIbl
e OOKOBBIX I'paHEeH CMENIaroTCs B MEPIEHANKYIIPHOM
HalpasJIeHNH, TI0 OCH X, B pe3yJIbTaTe 3TOTO MOsIC TOITy-
YaeT MPOCTPAHCTBEHHBIH U3rH0.

Ha nauanbHOM 3Tane penieHus 3a1a4u yCTOMUUBO-
cTH 100aBUM B (PUKTHUBHBIEC Y3JIOBBIC CBSI3H, 3arpelia-
IOIIHE TIPOAOJIEHBIC TEPEMEICHHS], ¥ TIOTy9UM ypaBHe-
HUS METOJa TIepeMeIIeHn (KaHOHUYECKHE), KOTOPBIe
3aMuIIyTcs B Buae cucteMsl (1):

mz + hz =0 (1)
1z = 0
3HaYeHHEe KPUTHUUECKON CHIIBI BHIYHCIIUM U3 ypaB-
HeHUs (2), TpUHUMAas HYJIEBBIM ONpPENeIUTeIb MaTPU-
IIBI:

TP

D= :rllrzz_rézo- 2

o Ty

Omnmpasick Ha TO, YTO MPU SAUHUIHOM IIEpEeMelIe-
HHUH BJIOJIb Z, (W yCIIoBHH, 9T Z, = () momepedHoe ce-
YEHHE HJIEMECHTOB PEIICTKN HE NCTIBITHIBAET MOBOPOTHBIX
nedopManuii B MECTE IPUIIOKEHNS CHIIBI, 3HAYEHHE 7',
OTPENENIETCSA TI0 CIPABOYHBIM JIaHHBIM. [lapameTp 7|
CYMMUPYETCS U3 7',, © HEOOXOIMMOTO JUIS MEPEMEILIEHHS
105iCa BHYTPEHHETO YCHIIUA ;| , BEJIMYMHBI KOTOPOTO 3a-
BHUCAT OT CTEIICHN TOJATINBOCTH Y3JIOB 10sica GOKOBBIM
nepemernieHsiM [11, 13].

Jns BeIYMCIEHHS 3HAYEHUS 7] CIIEYET UCIOIb-
30BaTh (pparMeHT mosica, B3ATOTO M3 OOLIEH CHCTEMBI
(puc. 3, a).

Binsaue 31eMEHTOB pemieTkn Ha paboTy To-
sca 3aMEHsIEM Ha OPTOTOHAJIBHBIC CTEP)KHEBBIC CBSI3H.
ITo xKoHITaM B ABYX IJIOCKOCTSX, TTAPAIIICIBHBIX TTOJIKaM
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YrojKa, BBOAUM YIPYTHE 3alIEMIICHHS, 3aMEHSIIOIINE
JieiicTBUE OTOPOIIICHHOW YaCTH IMOsICa.

3aduKCcHpOBAB MOJIOKCHUE OCCH B 00IIICH cUCTEME
KOOPJHMHAT, MOJIy4YaeM MaTpHUILy HalpaBIISIOIIUX KOCH-
HycoB (3):

€ &, & 0,707 0,707 O
A=|n, n, mn,|l=[-0,707 0,707 0, 3)
G & & 0 0 1

TJIE €, €, & — KOCHHYCBI yIJIOB, 00pa30BaHHBIX OCHIO X
cocamu X, Y, Z; m,, M, N, — KOCHHYCHI YIJIOB, 00pa3o-
BaHHBIX OCBIO y c ocamu X, Y, Z; C, C,, {, — KocuHychI
YIJIOB, 00pa30BaHHBIX OCHIO z ¢ ocsimMu X, Y, Z.

B y31bl nccneayeMoro CTep:kKHsl B HaIpaBICHUH
MIPEIIOJIaTraeMBIX TICPEMEIICHAN MTPHUKIIAIBIBACM CHIIBI
7\, OT BO3ACHCTBUS KOTOPBIX Y3JbI IEPEMECTATCA
Ha BenmuuHy A = | (puc. 3, b). [Ipu >TOM ofMH y3en
TOJyYHT MOBOPOTHOE CMEIIEHHE HA BEIMYHMHY @,
OTHOCHTENEHO OCH X ¥ Ha BEJIMYMHY (), OTHOCUTENBHO
ocu Y. Psayiom nexaluii y3esi OTHOCUTENBHO OCH X T10-
BOPOTHO CMECTUTCS Ha BENIUYMHY (,, @ OTHOCHTENIBHO
OcH ¥ — Ha BEIMYKHY @, ¥ T..

Jn1s1 monmyyeHus 0OCHOBHOM cUCTEMbl METO/1a Iepe-
MeleHu! (puc. 3, ¢) HaKJIaIbIBaeM 3alIeMISIONINE
(DUKTHUBHBIC CBSI3H, 3aIIPCINAOIINE TOBOPOT OTIOPHBIX
CEUEHUH, U CTEPIKHEBBIC CBSI3M, 3aNpPEHIArONINe JTUHEH-
HbIE CMEIICHUSI.

Kanonuueckue ypaBHeHUs, TPU TOMOIIIU KOTOPBIX
OIpeNessieTes 1, MIMEIOT BUJ (4):

B @+, 0, +n;-1=0
Pyt @ +Ty @yt 1=0 (4)
Bt QT @y s =7

IMocne onpenenenus yrinos NOBOPOTa O, U @, UX
3HAYEHUS MOJICTABIISIOTCS B TPETHE YPaBHEHUE CUCTE-
MBI (4), U3 KOTOPOIO HAXOAUTCH YCUIIUE 7}

PE3YJIBTATHBI HCCIEJOBAHMUA

B pa6ore [14] onpenenen ko3pPUIUEHT IpHUBEaC-
HHSI PACYETHOH JUTHHBI MAHENH MOsICa [ , B3ATHIH OT-
HOCHUTEIILHO OCH, MapajuieNbHOi moske yroika. Koad-
¢Guuuent p = 2,38, Mpx 5TOM MaKCHMalbHOE YCHITHE
B TIOSICE TTOJTyYMM PaBHbBIM:

I7-N7
yo'ui

N™ = 0,423-N_, S
rae I — MOMEHT UHEPLUH I1051Ca OTHOCHTEINILHO OCH,
napaJulesIbHOM nosike; N, — siineposa cuiia [l aHe-
JIY TIOSICa IIPU LIAPHUPHOM OIMPaHUU.

Io momy4eHHOMY MaKCHUMaJIbHOMY YCHJIUIO B I10-
sce (5) paccuuThiBaeTCs KOA(PUIIMEHT pacueTHOH UTH-
HBI 11051C2 OTHOCHUTEIILHO OCH )—).

ITocne onpeneneHus yrjios I0BOPOTa @, M ¢, X
3HauEHHs MOJICTABIIAIOTCS B TPEThE YPAaBHEHUE CHCTE-
MbI (4), 13 KOTOPOTO HAXOJHUTCS YCHIIHE 7;].

3uauenus 7, ompexenensl B padore [17] npu
Pa3IMYHBIX BEJIMYMHAX CXKUMAIOIMIEH CHIIBI U JaHBI
B Ta0II. 1.

KoapdummenTtsr ypaBHeHHsS ycToitumBoCTH (2)
HUMEIOT 3HaueHUs (6):

r 3[ig‘-ni-(nfﬂlf)”i-%-(nf%f)}n?

=72
I

— _ n
P =N —h

» (6)

e R GRS g
P

rne i: s i; — MOTOHHBIE KECTKOCTH packoca OTHOCHU-
TEJIIBHO TTIAaBHBIX IEHTPAJIbHBIX ocen WHECPUOHUHU .X'O — XO
—y- J— - nt y —
uYy,— Y Zp JUIMHA PACcKoCca; My, (*» s ¢
TPaHCUCHACHTHBIC (byHKHI/II/I, YYUTBIBAIOMIUC CIKATUC
B OJIHMX PacKocax U pacTsHKEHUE B IPYTUX, OIPEACIIs-
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Puc. 3. PacueTHas cxema 1osica IpH MoTepe YCTOHYNBOCTH BCEX PACKOCOB PEIIETKH: @ — KOOPJIMHATHAs cucTeMa; b — nedop-

Malyy nosica nNpu €eAMHNYHOM CMCIICHUH Y3JIOB; ¢ — OCHOBHaA CUCTEMa METOAa HCpCMEHIeHI/Iﬁ
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. C. 95-111
BO3AYLLHbIX AMHUN 3AEKTpornepeaavun
Taéu. 1. 3Hauenue kod3GdULHEHTOB k
N, 0 0,1 N? 0,2 N/ 0,3 N/ 0,423 N”
; i i Fid i i
i 14,581—2 12,1141—2 10,225]—2 7,3»741—2 4,751—2

ApryMeHTamu TpaHCICHICHTHBIX (DYHKIIUH SIBIISTIOTCS
0e3pa3MepHbIC TTapaMeTPhI MPOIOIBLHOMN CHJIBI V' H V¥, YUH-
TBIBAOIIHE TIPONIOILHO-TIONEpedHbIHN 1m3ruo [ 18, 20-23].

[punss 1| = ki’ / [> , moCIIe MOACTAHOBKU PeaK-
TUBHBIX CHJI (6) B ypaBHEHHE yCTOHYNBOCTH (2) HOITy-
YUM paBeHCTBO (7):

0,75[3,86(nf +55 )+ +Cf]2 +

+ki fi[386(n +C )+ +G - ()
2

- O,75[3,86(Cf - )+4 —nf] =0.

Bripaxerne (7) nMeHyeTCsl ypaBHEHUEM YCTOWYH-
BOCTH MEPEKPECTHON PELIETKH WU Xapaxkmepucmuye-
ckum ypasHenuem. IIppuHIMas BO BHUMaHKE BBIIIEU3I0-
YKEHHBII TTOIXO, MIPEATIOKEHA YHUCIICHHO-aHATUTHIeCKast
METOMKA PELICHNS 33Ja9l YCTOMIMBOCTH PEIIETKH, pea-
JM3yemasi B CIeAyOLIel MOCIe10BaTeNbHOCTH:

1) B cienuann3upoBaHHOM IPOTPAMMHOM OJI0KE
«USLy» BBIMONHACTCS CTaTHUECKH pacueT omopsl BJI
JUISL ONIPEICIICHNS] YCHIIMH B 2JIEMEHTaX KOHCTPYKIIUH;

2) ompezenseTcs KpuTHdeckas cuina Diiepa B 1o-
SICHBIX ITaHEJISIX OTHOCUTEIHFHO COOCTBEHHOM OCH cede-

HHAS YV,

v n-E-1,
e ®)
(u-0)

rae £ — Moaynb yInpyrocTu; I) o —— MOMEHT HHEpIUH
T05ICa OTHOCHTENBHO OCH V;—V,; I — K0dpdumuent
pacyeTHOM JJIMHBI TaHeH 110sica, IPUHUMAaEeMbIi paB-
HBIM CAUHUIIC, [ — TCOMCTPUYCCKasd JIMHA MMAaHCIIN T10-
sica MEXKIY TOUKaMH 3aKpeIUICHUS;

3) omnpenensercst OTHOIIEHNUE PacuyeTHOTO YCH-
qust N X 9inepoBoii cuiie N, B 3aBUCUMOCTH OT KOTO-
poro o tabi. 1 HaxomuTcst K03QGUIMEHT A, BXOISIIHIA
B (hOpMyJTy /UL ONIPENETEHUS 1] ;

4) onpenensercsi OTHOIIEHUE MOTOHHBIX JKECTKO-
CTeif mosica u packoca in/ip:

-1
.o/ Ty0 'p
ln/lp_Ip .l ’ (9)
y0 “n
e lp U [ — reoMeTpUYECKUE JUIMHBI PACKOCA U T0sICa
COOTBETCTBEHHO; [y, 1 [}, — MOMEHTBI HHEPIHH T10-
ACa ¥ packoca OTHOCHTENBHO OCH V, — V;;
5) B 3aBHCHMOCTH OT IIPOIOJIBHOIO YCHIIUS B pac-
KOCax HaXOISTCs, B IEPBOM MPHOIMKEHUH, apTYMEHTHI
TPaAHCICHICHTHBIX (YHKITUI:

NP 2 NP
v; = lp ol v; =lp —
EI?, EI},

(10)

rae N — pacueTHoe yCHIIME B PACKOCE, HONYYCHHOE
o «USLy;

6) BBIUMCIISIOTCS TPAHCLEHAEHTHBIE QYHKIMH 1],
G g

@yHKIMKM 6epyTCsl OTHOCUTEIHHO IVIAaBHBIX IICH-
TpabHBIX OCEil HHEPIMH HOTIEPEYHOTO CEUECHHS yTOJKa:

3 3
v v
miv)= u g (v)= 5
(v) 3(tgv—v) (v) 3(thv—v)
7) UCnomnb3ysl ClieNUAIN3UPOBAHHbBIE IPOIPAMMBI,
pelraeTcs XapakTeprUCTHIECKOE ypaBHEHHE yCTOIYMBO-
ctu (7). KopHu ypaBHEHUsI — BCe BO3MOXKHBIEC 3HaUe-
HHS apIYMEHTOB V TPaHCIEHICHTHBIX (YHKIHHI;
8) rpadoaHaTUTUYECKUM CIIOCOOOM, UCIIONIB3YS
MOJTY4YEeHHBIC 3HAUCHHSI apIyMEHTOB V, OIPEACISIIOTCS
K03((UITHEHTHI PacIeTHON JITHHBI Hoge, IO bopmyre:

(11)

T

o = (12)

9) W3 MOMYyYCHHBIX MPUHAMACTCS MaKCHMAaIbHBIN
10 3HAUEHUIO KOAPPHUIIUESHT Mo Brocieacreun quama-
30H 3HAYCHHUU Hpacq ABTOMATUYCCKU CYKACTCA U, UCIIOIb3YA
METOJI TIOJIOBUHHOTO JICIICHHSI, BBITIOHACTCS] YTOUHCHHE
TIPUHSATOTO 3HAYCHNS KOA((HIIEeHTa pacueTHOMN JTHHEL.

B wurore Oyner moay4yeH k03(hGUITHEHT pacueTHON
JUIMHBI DJIEMEHTA PEWICTKH |1 B [-il NIAHEIH U TaK
Jlaiee JJIsl OCTABIITUXCS TTAHEJICH, COCTABIISIOMINX KOH-
CTPYKTHUBHOE peleHue onopsl BJI;

10) ompenensieTcst THOKOCTh JIEMEHTOB PEIICTKH
A ., o popmye:

pei

;\‘ — “’pacq .lp

pem X
pan

(13)

TI€ iy, — PaJMyC HHEPIMH YTOJIKA OTHOCUTEIBHO OCH,
rapa’suiesIbHOM MOJIKE;

11) ompenensiroTcs KPpUTHUECKHE HampsxKe-
HUsl B ynpyroi obmactu no ¢opmyne Ditnepa mnpu
M 21 E[G,

per

- E
O = Fp WM G, = " ; (14)

peur

12) xorma ruOKOCTh MEHBIIE MPEACABLHON THO-
KOCTH kpem < n-JE/Gm, TO KPUTHYECKHUE HaIpsiKe-

HUSI B YIIPYTOIUTACTHYECKOM 00NacTH ONpenessoTcs
o ¢opmyre ScuHcKoro:

2 .

O, = 2 W o, =a-b-h,, (15)
per

rae 7' — nepeMeHHbIH PUBEICHHBI MOAYNb YIIPYTO-

CTH; a U b — sMnmpudecKkue Kod(pQHUIUEHTHI, 3aBUCS-

e oT Marepuana snementa, MIla;
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s HTOLCTSO: Tou 13 BRimycK 4 (50)

A.B. TaHacoeano, .M. MapaHxa, C.P. ®edopoea

Taou. 2. Cxembl pacueTHbIX Harpy3ok Ha onopy 111330-1

Homep XapakTepuCTUKa CXeM Cxema 3arpyskeHust
l \_" 1840
[IpoBona u Tpoc HE 0OOPBAHBEI U CBOOOIHEI 220r| 280
OT TOJI0JIe 1A, 2940 _2940
Betep HampaBieH B10JIb Oceil TpaBepc. l\ ()l\
I t:HS C,C=0. ) 2940 670y gp5| 67 905 2940
Gupon = SO KT/M?; G = T4 Kr/M2. - \ \_"
I paiion rosnonena. 6701 905 6701 905
o = 60°. PazHOoCTb TSDKEHUI. . .
Tposox AC-240/32, Tpoc C-50 294 Ol\‘ l\ 2940
6701 ggsl 6701 “905
— 2005
ITpoBoza 1 Tpoc He 06OPBaHBI U MOKPBITHI 13451 \ 0
TOJIONIENIOM. § 3650 3650
Betep HampasieH B1oJIb oceil TpaBepc. — \ —\—‘>
£=-5°C; C=20 wm. l l
’ 2225 2225y Y590
| g, = 14k g = 16,5 ki, 365071 590 3650
IV paiion romonena. l\ l\
o= 50°. Pa3HOCTb TSOKEHUIA. 2225y Y590 2225y Y590
Cxema sBJISIeTCS PACUETHOH 1715 OSICOB CTBOJIA 3650~ ~ |~ 3650
OIOPBI l\ l\
22251 59(2225v *590
— 250
Ormopa KoHIeBasl. 6701 \ 2070
E};;?:;iz 3 TPOC HE 00OPBAHBI M TTOKPHITHI 240 | 240
Bertep HarpapiieH BIOJIb OCei TpaBepc. 1200 ml\
o 640 14350 6407 590
Ik t=-5°C; C=20 mm. 240 _240
Topon = 14 KTV G = 16,5 KT/M, 12001\ 12001\
IV paiion rononena. o = 0°. 640y ‘4350 640y ‘4350
CxeMma sIBIISI€TCS PACUCTHOM AJIS1 TPOCOCTOMKH, 240 = T T 240
HOSICOB U PACKOCOB TPaBepc %l %l\
l — 1370
O0opBaH MPOBOJI, AAIOMINH HAUOOIBIIUIT 1345
W3THOAONIHIA M KPYTAIIUI MOMEHTHI Ha OTIOpY. o0, _9
Tpoc He 060pBaH. 3190 l l 3190
o ma | b,
P e 3190 1600
a=60° a=0° l 12001\
CxeMa SBJISETCS PAaCUeTHOI ISl pACKOCOB CTBOINA 2225 0 o' 3190
OIIOPBI, TIOSICA TPABEPCHI 3190 3190
22251 12225
Onopa KOHILIeBas.
O0opBaH MMPOBOJI, AAIOIINIH HAUOOIBIINIT — T
KPYTSALIMIl MOMEHT Ha OTOpY. 120 Ol\ l\
Ik Tpoc He obopBaH. 3780 1200 3780
t=-5°C; C=20wmm; O=0. l
IV paiion rononena. o = O°; 1200 3780
CxeMa sIBIIsIeTCSl PACUETHOM JIUIs PACKOCOB CTBOJIA —
OIIOPBI l
1200'3780" ;500 3780
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330 000

280 000

230 000

180 000

130 000

80 000

30 000 J

—120 000~

0,48

0,58
0,68 -
0,78 -

Puc. 4. I'paduueckoe onpenencaue k03O UIIMEHTA PACUSTHON ATHHBI PACKOCa MEPBO MaHEIH

13) ko3¢ ¢dunHeHT NpoaoILHOrO U3rnda @ ornpe-
JensieTcs mo popmyie:

2 (16)

y

(p:

BaxHO OTMETHTb, YTO MPH 3HAYCHUU THOKOCTH
Oostbliie peensHON B BeIpakenue (15) HeoOxoammo moj-
CTaBIIATH KPUTHUECKHUE HAPSHKEHUS, IOy IEHHBIE 10 BbI-
pakenuto (14), a eciu ke 3HAYCHUE THOKOCTH MCHBIIIC
TpeNeNTbHON — OTIPEICIICHHBIE TI0 BEIpaXkeH o (13).

BelmensinoxkeHHasi METOIMKa peajii30BaHa B BUIC
IIPOTPaAMMHOTO HPOIYKTa, KOTOPBIA BOIIEN B BBIYHC-
JIUTENIBHBIA KOMILIEKC ONTUMAaJIbHOTO TIPOSKTHPOBAHUS

20000

KOHCTPYKIIMH OTTOp BO3AYIIHBIX JTUHHUH EKTporepeia-
4u, pazpadorannbiii B HUY MI'CY.

IIpumep. PaccMOTpuM NIpUMEHEHHUE U3JI0KEHHOM
METOUKH JJIS OTIPeIeNICHNs] paCUCTHBIX JJIMH PACKOCOB
PEIIeTKH Ha TpUMepe HIDKHEH cekiuu onopsl 111330-1
(puc. 2).

PaccmarpuBaemast 4acTh CTBOJIa OMOPHI KOH-
CTPYKTHUBHO IPEACTABISET COOO0I MPOCTPaHCTBEHHYIO
CTEPKHEBYI0O METAJNINYECKYIO CTOMKY ¢ HE COBMeE-
IIEHHBIMU B CMEXHBIX TPaHAX y3JaMH, COCTOSILYIO
n3 12 nmaneneii. [Tosica u packoChl CEKIIUU BBITTOTHEHBI
13 OIMHOYHBIX YTOJIKOB, CTBIKYIOTCS SJIEMEHTHI B y371aX
MIPY TTIOMOIIH GOJITOBOTO COEJMHEHHUSL.

—20 000

—40 000

—60 000

—80 000-

Puc. 5. Yrounenue kopHs ypaBHEHUS 715 packoca |- maHean MeToA0M MOJIOBUHHOTO JIEIEeHUs
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s HTOLCTSO: Tou 13 BRimycK 4 (50)

A.B. TaHacoeano, .M. MapaHxa, C.P. ®edopoea

Ta6u. 3. CpaBHUTENBHBIN aHATH3 KOAQDUIHSHTOB L

pacu

Howeprasems | ifi, | NN, | k| oo pcserhowymory | mopasuery g
1 10,987 | 02710 8,1997 0,82 0,7378 10,02
2 10,977 0,2482 8,8506 0,82 0,7366 10,17
3 27,339 0,2296 9,3803 0,82 0,7273 11,30
4 26,394 0,2245 9,5264 0,82 0,7277 11,26
5 26,567 0,2189 9,6853 0,82 0,7275 11,28
6 25,642 0,2100 9,9378 0,82 0,7279 11,23
7 25,807 0,2065 10,0373 0,82 0,7278 11,24
8 24,846 0,2014 10,1829 0,82 0,7283 12,18
9 25,047 0,1958 10,3027 0,82 0,7281 12,78

10 24,104 0,1879 10,4531 0,82 0,7287 13,13
11 24,298 0,1835 10,5359 0,82 0,7285 14,16
12 23,345 0,1772 10,6546 0,82 0,7292 14,87

[lupuna y ocHoBanus — 4,154 m. Beicora cek-
o — 11,5 m.

Otrmerku maneneii nosca: 2, = 1,017 m; h, = 1,998 m;
h, =2,948 m; h, = 3,899 m; hy = 4,849 m; h, = 5,799 m;
h, = 6,749 m; hy = 7,700 m; hy = 8,651 M; h ;= 9,600 m;
h,,=10,551 m; b, = 11,500 m.

Pacder omops! BBHINMOJIHAETCS HA HArpy3Kd HOP-
MaJIbHOTO M aBapUITHOTO PEXHMMOB, B3SIThIE U3 PAaCUeT-
HOTO JincTa (Tadn. 2). PacueTHble yCHITUS TaHBI HA CXC-
Me (puc. 2).

B cooTBeTCTBUM ¢ U3JI0KEHHOM BBIIIIE METOIUKON:

* OIpezenseTcst KpUTHieckas cuiaa Diepa B Ho-
SICHBIX TTaHEISX 1o popmyie (8);

* BBIYHCIISICTCS COOTHOMICHHE MEXKILY pPacyeTHBIM
yCHIIMEM B 1iosice N 1 3iinepoBoi cuitoii N ;

* TpuHUMAaETCS KOAQQUIMEHT k 1o Tadm. 1;

* OIPEIEIAETCS] OTHOIIEHHE OTOHHBIX JKECTKO-
CTei Tosica 1 packoca in/ip o opmye (9);

* B 3aBUCHMOCTH OT IPOJOJIBEHOTO YCHIINS B pac-
KOCaX HaXOSITCSl apryMEHTBI TPAHCIIEH/ICHTHBIX (DYyHK-
UM vV .HV]

* BBIYUCIIIOTCS TPAHCLEHICHTHBIE QYHKIMU 1,
Gomis G

* pemaercsi ypaBHeHHE YCTOWINBOCTH (7) ¢ ToMo-
1610 pa3zpaboranHoii mporpammel Ha [I9BM;

* 110 opmyre (12) onpenensirorest 3HaAYESHUSI KO-
3G GHUIMEHTOB PACUCTHOMN JJIMHBI,

* METOAOM IOJIOBUHHOTO JEICHUSI yTOUHSETCS
3HaUCHHE L

pacy’

Ha puc. 4 B Buzme rpaduka mpeacTaBieHO dUC-
JICHHOE peIICHUE XapaKTEePUCTUICCKOTO YpaBHCHUS
YCTOMYUBOCTH JJIsl 3JIEMEHTOB pelIeTKu 1-il maHenu
(k03¢ pUnMeHTHI pacueTHBIX ITHH OTIIOXKCHBI II0 OCH
abcIuce, o0 OCH OpIUHAT — IpaBas 4acTh ypaBHE-
aus (7)).

Bce pacueTsl BEIIOTHSIOTCS B BRIYUCIATEIHHOM
komiuiekce MS «Excel».

KopHuu ypaBHEeHHS (6) YTOUHSIOTCS METOIOM II0-
JIOBUHHOTO JCJICHUS U 32 PACUCTHOE MPUHIMACTCSI MaK-
cHUMalbHOE 3HaYeHHE (puc. 5).

B Tabmn. 3 mpencTaBIieHBI pe3yabTaThI MOTyYICHUS
K03((OUITMEHTOB pacyeTHOW JUTMHBI YJICMEHTOB PEIeT-
KH (PackocoB) I, X CPAaBHEHHE MOTYICHHEIX PE3yJIbTa-
TOB CO 3HAUEHUSIMH U3 PACUETHOTO JINCTA THITOBOH ce-
puu 3.407.2-145.0 nnst onopsr 111330-1.

3AKJIIOYEHUE U OBCYXJIEHHUE

1. IIpeanoxeHa YMCIICHHO-aHAINTHYECKAsT METO-
JIVKa, TI03BOJISIFOIIAsT OTPENEITUTh KOA(PHUIIMEHTHI pac-
YETHOU JUIMHBI B 3aBUCUMOCTH OT IPOJAOJIBHOT'O YCHUIIHA
1 OTHOIICHUS TIOTOHHBIX KECTKOCTEH 1mosica M packoca
noptansHOi onopst BJL.

2. IoxydeHsl HOBbIE KOI(PQUIMEHTHI pacyeTHBIX
JUTMH 3JIEMEHTOB pelieTku, kotopsie Ha 10—15 % Himke
YKa3aHHBIX B OTEUECTBEHHBIX HOPMATHBHBIX JJOKYMEHTaX.

3. IlomydeHHbIE B pe3ysbTaTe UCCIECIOBAHMS JIaH-
HbIE yKa3aJI1 Ha HAJIMYKE pe3epBa HeCyieil cClocCOOHOCTH
C BO3BMOXKHOCTBIO TOCJIGAYIOMIETO COBEPIICHCTBOBAHMS
METOJMKH PELICHHS 3a/1a4l YCTOMUUBOCTH CTEPHKHEH.
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INTRODUCTION

The total capacity of power plants and the length
of power grids in the Russian Federation are significantly
increasing every decade due to the constant industrial devel-
opment of cities and suburbs. This requires the involvement
of huge material and labour resources in the field of power
construction, so it is necessary to identify and implement
all possible ways to reduce the capital intensity of electrical
networks of high and ultra-high voltage classes [1-3].

There are significant opportunities to improve
the efficiency of overhead power lines (OPL). This is,
first of all, the development of a methodology for calcu-
lating overhead line supports based on the consideration
of the limit equilibrium of the structure, which ensures
the equal strength of the system, which makes it pos-
sible to lighten a number of its elements that previously
had unreasonably large reserve factors [4-7].

For practical purposes, in addition to solving
the stability problem itself, it is necessary to determine
the combination of external loads (torque and longitudi-
nal force) that predetermines the smallest possible value
of the critical parameter [8—11]. It is important to take
into account the eccentric application of internal forces
associated with the unilateral bolting of the struts along
one flange to the girders' [5, 6, 12—14].

In order to achieve the set goal, the following fasks
are solved:

+ a numerical and analytical methodology for de-
termining the coefficients of design lengths taking into
account the forces in the support elements and the ratio
of their linear stiffnesses is proposed;

* new, reduced by 10-15 % (as opposed to those
specified in the norms) coefficients of design lengths
were obtained;

* the reserve of the load-bearing capacity of the por-
tal support of an overhead power line was revealed with
the possibility of further improvement of the methodol-
ogy for solving the problem of rod stability.

The subject of research in this paper is stability
parameters of belt and lattice elements of steel lattice
overhead line supports.

The design of 330 kV overhead power line support
of 1P330-1portal type is taken as an object of research.

MATERIALS AND METHODS

Tower-type transmission towers have inclined
girdles and are subjected to longitudinal and trans-

' TEC 60826. Design criteria of overhead transmission lines
(international standard). Geneva, IEC, 2022; 87.
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verse forces in normal operation, and also to torque
in emergency operation [3-5, 15, 16]. Due to the dif-
ferent lengths of individual elements and the increase
in the value of forces in the girdles towards the base,
the level of pliability of the nodes to linear and angular
displacements is not the same, so only some strut ele-
ments will lose stability [18, 19].

To solve the stability problem, consider a tower
of square cross-section with inclined chords, and at
the free end of the tower we apply a torque and a lon-
gitudinal force of constant magnitude along the axis
of symmetry (Fig. 1). The magnitude of the longitudinal
force is chosen such that when the torque reaches a criti-
cal value, the stability of all the struts of the system is
simultaneously lost.

When solving this problem, we will assume free
from the plane nodes of fastening of struts to the belt in
the form of spatial joints that do not break the integrity
of the belt. At the crossing node of the struts, a connect-
ing joint is provided that does not cut through the struts.

Under the action of the torque, internal forces, re-
spectively equal but opposite in sign, are generated in
the individual panels of the belt and the counter struts.
Under the combined action of the torque and centrally
applied force, the same forces N, and N, are gener-
ated in all girdles through the panel (Fig. 1).

Fig. 1. Distortion of elements at symmetric form of stability loss
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Fig. 2. Calculation diagram of the lower section of the sup-
port 1P330-1

When torsion reaches a critical level, all lattice trunk
elements simultaneously experience a loss of stability.
Here, torsion of the support trunk is observed and curva-
ture of the belts appears in the form of waves. The longi-
tudinal axis of the support remains straight. Consequent-
ly, the nodes of the front and parallel to it rear faces move
in the direction of the axis, and on the end faces the nodes
move in the orthogonal direction (along the X axis). Ulti-
mately, the belt of the support section undergoes bending
in space. Due to the symmetry of the structural solution
and the presence of internal forces at the moment of loss
of stability, symmetrical deformation of the rod elements
of the lattice losing stability is observed.

Due to the symmetrical shape of the loss of stability
of the struts, their end nodes are displaced by the same
values z,, and the middle nodes are also displaced by
the same values z,, but in the opposite direction (Fig. 1).
The nodes of the front and rear edges are displaced in
the direction of the Y axis, while the nodes of the side
edges are displaced in the perpendicular direction, along
the X axis, resulting in a spatial bending of the belt.

At the initial stage of solving the stability problem,
we add in dummy nodal links prohibiting longitudinal dis-
placements, and we obtain the equations of the displacement
method (canonical), which will be written as system (1):

(M

nmz + Nz, = O}
ryz, + rpz, =0

We calculate the value of the critical force from
equation (2), taking the determinant of the matrix as
Zero:

r, r
M hal 2
D= =nry —h, =0. (2)
o Iy

Based on the fact that at a single displacement
along Z, (provided that Z = 0) the cross-section
of the lattice elements does not experience rotational
deformations at the point of force application, the value
of r,, is determined from reference data. The parame-
ter r,, is summarized from r,, and the internal force r]b]
required to move the belt, the values of which depend
on the degree of pliability of the belt nodes to lateral
displacements [11, 13].

To calculate the value of rlf{ , a fragment of the belt
taken from the total system should be used (Fig. 3, ).

The influence of the lattice elements on the belt
operation is replaced by orthogonal rod connections.
At the ends in two planes parallel to the angle flanges,
we introduce elastic bracing to replace the action
of the deflected part of the belt.

Fixing the position of the axes in the common
coordinate system we obtain the matrix of directional
cosines (3):

g, & & [0707 0707 0
A=, m, myl|=[-0.707 0707 of, (3)

G & G 0 0 1

where ¢, €,, €, are cosines of the angles formed by
the x-axis with the X, Y, Z axes; n,, 1,, n, are the cosines
of the angles formed by the y-axis with the X, Y, Z axes;
C,» G, C, are the cosines of the angles formed by the z-
axis with the X, Y, Z axes.

We apply forces 7 to the nodes of the rod under
study in the direction of the expected displacements,
which will cause the nodes to move by the value A= 1
(Fig. 3, b). In this case, one node will receive a rotation-
al displacement by the value @, relative to the X axis,
and by the value @, relative to the Y axis. The neigh-
bouring node will be rotationally shifted with respect
to the X axis by the value ¢,, and with respect to the ¥
axis — by the value ¢, etc.

To obtain the basic system of the displacement
method (Fig. 3, ¢), we impose pinching dummy links
prohibiting rotation of the support sections and rod links
prohibiting linear displacements.

The canonical equations by means of which is de-
termined 7;, , are of the form (4):

R @y @y 75 1=0
Ty @y +ry @y 1 1=0 5. @)
R R e N

After determining the rotation angles @, and ¢,,

their values are substituted into the third equation
of the system (4), from which the force 7" is found.

RESEARCH RESULTS

In [14], the reduction factor of the design length
of the belt panel p,, taken with respect to the axis parallel to
the angle flange, was determined. The coefficient p, = 2.38,
thus we obtain the maximum force in the belt equal to:
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Fig. 3. Calculation diagram of the belt at the loss of stability of all struts of the lattice: @ — coordinate system; b — deforma-
tions of the belt at a single displacement of nodes; ¢ — basic system of the method of displacements

Ly Ny _
yO‘H[z)

N;™ = 0.423 - N3, (5)
where N; is the Euler force for the belt panel at hinged
support; /; is the moment of inertia of the belt with
respect to the axis parallel to the flange.

According to the obtained maximum force in
the girdle (5), the coefficient of the design length
of the girdle with respect to the y-axis is calculated.

After determining the rotation angles ¢, and ¢,,
their values are substituted into the third equation
of the system (4), from which the force rﬁ is found.

The values of 7, were determined in [17] at different
values of compressive force and are given in Table 1.

The coefficients of the stability equation (2) have
values (6):

m=%[i§~ni-(ni‘+Cf)+

.y 2 y y b
+i -8 '(111 +C1 ):I'H’h
=r

11 _rlbl > (6)

r22

iy =%[i§"n§'(Ci‘—nf)+

il el (¢ )]

transcendental functions that take into account com-
pression in some struts and stretching in others, defined
according to [2, 8, 14, 15, 19, 20].

The arguments of the transcendental functions are
dimensionless longitudinal force parameters v* and v, ac-
counting for longitudinal-transverse bending [18, 20-23].

Taking ) = ki) /17, after substituting the reac-
tive forces (6) into the stability equation (2), we obtain
the equality (7):

0.75[3.86(n; +7)+n) +c{]2 +

ki, fi,[386(n + )+ +) |- )
2

- 0.75[3.86(C; —n; )+ - | =0.

Expression (7) is referred to as, or characteristic
equation (of the cross-lattice stability).

Taking into account the above approach, we pro-
pose a numerical and analytical methodology for solv-
ing the lattice stability problem, implemented in the fol-
lowing sequence:

1) in the specialized software block “USL” the stat-
ic calculation of the overhead line support is performed
to determine the forces in the structural elements;

2) the critical Euler force in the belt panels with re-
spect to its own axis a the section y-y, is determined:

where i, il are the linear stiffnesses of the strut with Bl
respect to the principal central axes of inertia x —x, and E= #yo, ®)
Yoy L, is the length of the strut; nf', ', ), { are (u-1)
Table 1. Value of coefficients k&
N, 0 0.1 N} 0.2 NJ 0.3 N; 0.423 N;
5 P P i’ P i
r 1458 12114 10225 7374 4755
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Table 2. Schemes of design loads on the support 1P330-1

No. Characterization of schemes Loading scheme
— 1,840
The wires and cable are not frayed and are free of 2201 \28 0
ice.
The wind is directed along the axes of 240 | 2940
the traverses. 67 Ol\ 67 Ol\ 905
I t=5°C; C=0. 2,940 """ 905 2,940
G =50 kg/m?; Geuy = 74 kg/m?®. l\ Ol\
Area I ice. 670, 905 67 905
o= 60°. Pull difference. 2,940 \——\—"2,940
Wire AC-240/32, cable C-50 6701 303 6701 905
. — 2,005
The wires and cable are not frayed and are covered l \
with ice. 13451 2o
The wind is directed along the axes of 3650 | 3,650
the traverses. l\ l\
t=-5°C; C=20 mm. 3 6502’225 5902225 5903 650
H 1A 7 e =
q,;, = 14kg/m? q., =16.5kg/m’. \ \
District IV ice. 2,2251 590 22251 590
o= 50°. Pull difference. .
3,650
The scheme is a calculation scheme for the girdles 3,650 l\ 51\
2,225 2,22 590
of the support shaft 590
End support. l \_: 250
The wires and cable are not frayed and are covered 670 2,070
with ice. 240 _240
The wind is directed along the axes of 1,2001 1,2001\
the traverses. 640 640y ‘590
4,350
ey = s oc; =20 mm. 240 230
o ol 1,200 1.200
G = 14 kg/m?; Gy = 16.5 kg/m?. 640 1\4,350 640 1\4,350
IV region of ice-covered ground o = 0°. . .
The diagram is the design diagram for the cable 2401 ,2001 1,2001\
girders, chords and crossbeam struts 640 %350 640y ‘4,350
The wire giving the highest bending and torque 1,345
moments on the support is broken. o _0
The cable’s not broken. 3,190 l 3,190
I 1= 5 . C; C_= 0;4=0. 0 2,225 2,225 0
District IV ice. — —
0= 60° a=0° 3,190 \‘1,600
’ o ; 2,225 1,200 3.190
The scheme is a design scheme for the support ) 0 >
shaft struts and the traverse belt 3,190 l 13_’{90
2,225 2,225
End support. 5
The wire giving the highest torque to the support U
is broken. 1 2001\ \
Ik The cable’s not broken. 13,7801 1200 3,780
t=-5°C; C=20mm; O =0. l
IV region of .ice-cov'ered ground. o = 0°. 1,200 3780
The scheme is a design scheme for the struts of —
the support shaft l
1,200'3,780 1,200 3,780
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Fig. 4. Graphical determination of the design strut length factor of the first panel

where E is the modulus of elasticity; I, — moment
of inertia of the belt with respect to the axis y—; 1 —
the coefficient of the design length of the belt panel,
taken equal to one; / is the geometric length of the girder
panel between the fixing points;

3) the ratio of the design force N, to the Euler force
N, is determined, depending on which the coefficient ,
which is included in the formula for determining ’”1[; , 18
determined according to Table 1;

4) the ratio of the linear stiffnesses of the belt and
strut i,/i_is determined:

I ﬁo -1 s

i [i, =——, )
b Iy,

20,000

where [ and /, are the geometric lengths of the strut and
belt respectively; 7 fo and 7}, are the moments of in-
ertia of the belt and strut with respect to the axis y—,;

5) depending on the longitudinal force in the struts,
the arguments of the transcendental functions are found,
to a first approximation:

N N
v =/l |[—— and v] =1 — (10)
) “\ EL, ) ) EI;0

where N_is the design force in the strut obtained from
(GUSL”;

6) we compute the transcendental functions 7, {;,
s, G-

|

)

—20,000

0.8

—40,000

—60,000

—-80,000-

Fig. 5. Refinement of the root of the equation for the strut of the 1st panel using the half division method

108



Methodology for determining the design lengths of cross-grid elements of steel supports

of overhead transmission lines P. 95-111
Table 3. Comparative analysis of coefficients
Mo
No. of panel i/i N/N, k inYoice by ggegign %
(by design sheet)
1 10.987 0.2710 8.1997 0.82 0.7378 10.02
2 10.977 0.2482 8.8506 0.82 0.7366 10.17
3 27.339 0.2296 9.3803 0.82 0.7273 11.30
4 26.394 0.2245 9.5264 0.82 0.7277 11.26
5 26.567 0.2189 9.6853 0.82 0.7275 11.28
6 25.642 0.2100 9.9378 0.82 0.7279 11.23
7 25.807 0.2065 10.0373 0.82 0.7278 11.24
8 24.846 0.2014 10.1829 0.82 0.7283 12.18
9 25.047 0.1958 10.3027 0.82 0.7281 12.78
10 24.104 0.1879 10.4531 0.82 0.7287 13.13
11 24.298 0.1835 10.5359 0.82 0.7285 14.16
12 23.345 0.1772 10.6546 0.82 0.7292 14.87

The functions are taken relative to the main central
axes of inertia of the angle cross-section:

3 3

d cl(v)=m; (11)

(V)=
W)= 3(tgv—v) o
7) using specialized programmes, the characteristic
stability equation (7) is solved. The roots of the equation
are all possible values of the arguments v of the transcen-
dental functions;
8) by graph-analytical method using the obtained
values of the arguments v, the coefficients of the design
length p,, are determined according to the formula:

T

I’Ldex = (12)
v

9) the maximum coefficient p, is taken from the ob-
tained values. Subsequently, the range of p, values is au-
tomatically narrowed and the accepted value of the design
length coefficient is refined using the method of half division.

As a result, the coefficient of the design length
of the grid element p, in the i-th panel will be ob-
tained, and so on for the remaining panels that make
up the structural solution of the overhead line support;

10) the flexibility of the grid elements kgr is deter-
mined by the formula:

}\, _ l""des 'ls
g T .x ’
lrad

(13)
where i, is the radius of inertia of the angle with re-
spect to the axis parallel to the flange;

11) the critical stresses in the elastic region are
determined using Euler’s formula at A, > - 1/E/ G, :
2 . E .
2 (14)

gr

cr

o =

cr

or 6, =

12) when the flexibility is less than the ultimate
flexibility A, <m-,/E/c,., the critical stresses in
the elastic-plastic region are determined by Jasinski’s
formula:

2
n-T
=—5—or o, :a—b-kgr,

gr

(15)
where 7 — variable reduced modulus of elasticity; @ and b
are empirical coefficients depending on the material
of the element, measured in MPa;

13) the longitudinal bending coefficient ¢ is deter-
mined by the formula:

o=— (16)

It is important to note that if the value of flexibil-
ity is greater than the ultimate flexibility, the critical
stresses obtained by expression (15) should be substi-
tuted into expression (16), and if the value of flexibility
is less than the ultimate flexibility, the critical stresses
should be determined by expression (14).

The above methodology is implemented in
the form of a software product, which was included in
the computational complex of optimal design of over-
head line support structures, developed at the Nation-
al Research University of Moscow State University
of Civil Engineering.

Example. Let us consider the application of
the above methodology to determine the design lengths
of the grid struts on the example of the lower section
of the support 1P330-1 (Fig. 2).

The part of the support trunk under consideration
is a spatial rod metal column with nodes not aligned in
adjacent faces, consisting of 12 panels. The chords and
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struts of the section are made of single angles, the ele-
ments are joined at the nodes by bolted joints.

Width at the base — 4.154 metres. Section
height — 11.5 metres.

Belt panel marks: 4, =1.017 m; &, = 1.998 m;
h,=2.948 m; h,=3.899 m; h,=4.849 m; h, = 5.799 m;
h,=6.749 m; h,=7.700 m; h, = 8.651 m; ;= 9.600 m;
h,,=10.551 m; 2, =11.500 m.

The support is calculated for normal and emer-
gency loads taken from the calculation sheet (Table 2).
The design forces are given in the diagram (Fig. 2).

In accordance with the methodology outlined
above:

» the critical Euler force in the belt panels is deter-
mined by formula (8);

* the ratio between the design belt force N, and
the Euler force N, is calculated;

* k coefficient is taken according to Table 1;

* the ratio of the linear stiffnesses of the girdle and
strut 7,/i_is determined according to formula (9);

* depending on the longitudinal force in the struts are
the arguments of the transcendental functions v_and Vi

* we compute the transcendental functions 7, C,
G

* stability equation (7) is solved using the devel-
oped PC programme;

* the values of the design length coefficients are
determined using formula (12);

* by the method of half division the value of p , .

10

Fig. 4 shows the numerical solution of the char-
acteristic stability equation for the lattice elements
of the Ist panel (the coefficients of the calculated
lengths are plotted on the abscissa axis, the right-hand
side of equation (7) is plotted on the ordinate axis).

All calculations are performed in the MS “Excel”
computer complex.

The roots of equation (6) are specified by the meth-
od of half division and the maximum value is taken as
the calculated value (Fig. 5).

Table 3 presents the results of obtaining the coef-
ficients of the design length of the grid elements (struts)
u,. and comparison of the obtained results with the val-
ues from the design sheet of the standard series 3.407.2-
145.0 for the support 1P330-1.

CONCLUSION AND DISCUSSION

1. A numerical and analytical methodology is
proposed, which allows to determine the coefficients
of the design length depending on the longitudinal force
and the ratio of the linear stiffnesses of the girdle and
strut of the overhead line gantry support.

2. New coefficients of calculated lengths of ele-
ments of the lattice, which are 10-15 % lower than
those specified in domestic normative documents, were
obtained.

3. The data obtained as a result of the study indi-
cated the presence of a reserve of bearing capacity, with
the possibility of further improvement of the methodolo-
gy for solving the preroblem of stability of rods.
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