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AHHOTALUMUA

BeepeHnune. ObecneyeHre HaAeXHOCTU peLLeT4aTbiX KOHCTPYKLMIA OMop BO3AYLUHbIX NWHWN anekTponepedayn (BJ1) sB-
NSeTcs NepBOOYEPEenHON 3adadvelt NMPoeKTUpOoBLUMKa. ECrn pacyeT n npoeKkTMpoBaHne TUMOBbIX KOHCTPYKLMUA MacCOBOTO
CTpOWTENbLCTBA BEAETCA B COOTBETCTBUM C AENCTBYIOLLUMIN HOPMATUBHBIMU JOKYMEHTaMM, TO BOMPOC obecrnevyeHns rapaH-
TUPYEMOrO MUHUMarbHO Tpebyemoro ypoBHsi HagexxHocTu onop BJ1 ocyllecTBnsieTcs ¢ NpUMEHEHWEM pasnNYHOrO poaa
KoadpmumeHToB HagexHocTu. o cyTu, octarotcss FORM-meToabl (MeTodbl onpegeneHns HageXXHoCTU CTPOUTENbHbBIX KOH-
CTPYyKUMI nepBoro nopsigka), Tak kak SORM-meToabl (MeToabl BTOPOro nopsigka) KpanHe CrnoxHsl B peanu3aumu. MNpu aTom
OHO3HAYHbIA anropuTM OMnpefeneHns XxapakTepUCTUK HaAEeXHOCTU KOHCTPyKUmiA onop BJ1 geiictBytollye HopMaTuBHblE
[OKYMEHTbI HE [aloT.
Matepuanbl u Metoabl. lNpeanaraetcs meToauka ONPEeAEneHust CKMOHHOCTU CTanbHbIX KOHCTPYKUMIA FUHWIA 3MeKTpo-
nepegayu k naBuHoobpasHomy obpyLueHuto Ha 6a3e YncrneHHoro 060CHOBaHHOIO YCTaHOBIEHWUS UCKMOYaEeMbIX 3NeMEHTOB
cucTeMbl Anst (GOPMUMPOBaHUS BTOPUYHOM pacyeTHOW cxembl. B ocHoBe nexuTt pacyeT Ha 6a3e mMeToga KOHEYHbIX are-
meHTOB (MK3) B reomeTpuyecku 1 KOHCTPYKTUBHO-HENMHENHON nocTaHoBKe. [laHHas MmeToauka No3BONsieT YETKO BbISBUTb
Hanbornee OTBETCTBEHHbIE CTEPXKHN KOHCTPYKLIMK, @ HE Ha3Ha4YaTb UX HAa OCHOBE MHXXEHEPHOrOo OMnbiTa UMW pekoMeHaaLmnin.
Pesynbratbl. [MpuBoanTCA MeToauka onpeaeneHnss YNCNEHHbIX XapakTepUCTUK HaOEeXHOCTU CTanbHbIX KOHCTPYKUWUIA Nn-
HWUIA anekTponepenayn Ha 6ase MK3 B cToxacTuyeckon nocTaHOBKe. B kauecTBe KM4EeBOW XapaKTePUCTUKM BbICTynaeT
[anbHOCTb OTKasa . Mickomast HaaeXHOCTb CUCTEMbI HAXOANTCA MeXOY HWKHUM 3HadeHneMm B . (
Hanboriee OTBETCTBEHHOIO 3rIeMeHTa CUCTEMbI) 1 BEPXHWM 3Ha4YeHueM B (xapakTepucTuka Ans rpynnbl Hanbonee ot-
BETCTBEHHbIX 31TEMEHTOB CUCTEMbI), YCTAHOBIEHHBIX NPW aHanm3e KOHCTPYKLMWN Ha CKMOHHOCTb K NaBnHooGpa3HoMy obpy-
weHuto. C Lenbio anpobauum NpeanoXeHHbIX METOAMK BbIMOMHEH aHann3 HaaeXHOCTW aHKEPHO-YINOBOM onopbl Y220-2+9.
Mo pe3ynsTraTtam pac4eToB BbisiBIieHa HeJOCTaTOYHAas HAQEXHOCTb KOHCTPYKLUUM ANsi pacYeTHON CUTyauun ¢ MakcumMarb-
HbIMW U3 paccMaTpMBaEMbIX Harpy3ok.
BbiBoabl. PazpaboTaHa MeToauka aHanmaa CKNMOHHOCTU CTarnbHbIX CTEPXXHEBbIX KOHCTPYKLMIA ONOP NUHUIA ANieKTponepeaayv
K naBUMHOOOPa3HOMy O6pYyLLIEHWIO, NO3BOMSAOLLAA ONPeAensTb Hanbonee onacHble aNeMeHTbl CUCTEMbI A1 KOHKPETHO 3a-
[aHHOro Buaa 3arpy>KeHus.
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BBEJIEHUE

ABSTRACT

Introduction. Ensuring the reliability of lattice structures of overhead line (OL) supports is the primary task of the designer. If
the calculation and design of typical structures of mass construction is carried out in accordance with the current regulatory
documents, then the issue of ensuring the guaranteed minimum required level of reliability of OL supports is carried out by
using various types of reliability factors. In fact, FORM methods (first-order methods for determining the reliability of building
structures) remain, since SORM methods (second-order methods) are extremely difficult to implement. At the same time,
current regulatory documents do not provide an unambiguous algorithm for determining the reliability characteristics of OL
support structures.

Materials and methods. The paper proposes a method for determining the susceptibility of steel structures of power
transmission lines to avalanche-like collapse based on a numerically reasonable determination of the excluded elements
of the system for forming a secondary calculation scheme. It is based on the calculation based on the finite element method
in a geometrically and structurally nonlinear formulation. This method allows for a clear determination of the most critical
structural rods, rather than assigning them based on engineering experience or recommendations.

Results. A method for determining the numerical reliability characteristics of steel structures of power transmission lines is
proposed based on the finite element method in a stochastic formulation. The failure range 8 serves as the main character-
istic. The sought reliability of the system is between the lower value of B, (the characteristic of one of the most critical ele-
ments of the system) and the upper value of B, (the characteristic for a group of the most critical elements of the system),
determined during the analysis of the structure for the tendency to avalanche-like collapse. In order to test the proposed
methods, the reliability of the anchor-angle support U220-2+9 was analysed. Based on the calculation results, insufficient
reliability of the structure for the design situation with the maximum of the considered loads was revealed.

Conclusions. A technique was developed for analyzing the tendency of steel rod structures of power transmission line
supports to avalanche-like collapse, which makes it possible to determine the most dangerous elements of the system for
a specific type of loading.
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TpeOyeMOro ypoBHsI Ha/I)KHOCTH CUCTEMbI OIpe/es-
eTcsl IyTeM IPUBE/ICHNS YNCIICHHbIX XapaKTePHCTHK Ha-

ObGecneuenue HAaACKHOCTU CTPOUTCIIbHBIX KOH-
JC)KHOCTH K MUHUMAJIBHO Tp€6yeMLIM HOPMAaTUBHBIMU

CTPYKIUH SIBIsIETCA MepBOOYEepeHON 3amadeil mpo-
extupoBuyka [1, 2]. Ecau pacuer u npoexTupoBaHue
TUIIOBBIX KOHCTPYKIIMI MaccOBOTO CTPOUTENILCTBA Be-
JIyTCSl B COOTBETCTBUU C IEHCTBYIOIIMMH HOPMaTHB-
HbIMU fokymeHTamu, Takumu kak CII, TOCT u 1.1.,
TO BOTIPOC OOECIEUEHHUS TapaHTHPYEMOTO MUHUMAJIb-
HO TpeOyeMOTo YPOBHS HaJEKHOCTH OCYIIECTBISIETCS
C IIOMOIIBIO Pa3IMYHOrO PoAa KOIPPUIIMEHTOB HalleK-
HOCTH [3, 4].

B ciydae ¢ HETUTIOBBIMU KOHCTPYKITHSMH M KOH-
CTPYKIMSAMH, UMEIOIINMH TTOBBIIIEHHBIN YPOBEHb OT-
BETCTBEHHOCTH, Pa3pyIICHHE KOTOPBIX MOXET IpUBE-
CTH K 3HAYUTEIIEHBIM SKOHOMHUYECKUM TOCIEICTBHAM
WM Y€JIOBEUECKUM KEPTBaM, I1€I1eCO00pa3HBIM CTAHO-
BUTCS IPUIMEHEHNE BEPOSTHOCTHO-CTATUCTUYECKUX Me-
TOZOB 0OOCHOBAHUSI PEATIbHBIX (PH3UKO-MEXaHNIECKUX
XapakTepucTuK marepuanos [5]. Torma obecrneycHme

BeMUYMHaMU, koTopsle npeactasieHsl B [OCT P UCO
2394-2016 «KoucTtpykmuu ctpontensHsie. OCHOBHBIC
TIPUHIAITBL HA/ISKHOCTHY.

B kadyecTBe YMCIIEHHBIX XapaKTEPUCTHK HaJexk-
HOCTH HCIIOIB3YIOTCS XapaKTepPHUCTHKa O€30TIacCHOCTH 3
¥ BEPOSITHOCTH OTKa3a P [6]. VX onpenenenye — Henpo-
cras 3anada s uHxkenepa. TOCT P UCO 2394-2016
JIaeT Psijl CIIOCOOOB BBIYKCIICHHUS BEPOSITHOCTH OTKa3a:

* TOYHBIMU aHAINTHICCKUMHI METOJAMH;

* METO/IaMH YHCIICHHOTO MHTEIPUPOBAHMS;

* IPUOIMIKEHHBIMU aHAIUTHYECKUMHU METOAMH
(FORM/SORM wmeTonaMn MOMEHTOB);

° METOJaMH MOJEIUPOBAHUS WIM COYCTAHUEM
ITHUX METOIOB.

J1st CIIO’KHBIX MHOTO pa3 CTaTHYECKH HEOoIpese-
JMMBIX CHCTEM IPUMEHEHHUE TOYHBIX aHAJIUTHYCCKUX
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METOZOB M METOJOB YHCIEHHOTO MHTEIPHUPOBAHUS
MPAaKTHIECKH HEOCYIIECTBUMO. Tak Kak HEBO3MOXKHO
YCT@HOBUTB 1IEJIE€BYI0 (DYHKINIO HaAEKHOCTH. MeTobI
MOJICTTHPOBAHUS TPEOYIOT 3HAUUTEIBHBIX 3aTPaT BpeMe-
HU ¥ PECypCOB, IIEPEBOAS HHKEHEPHYIO 3a/1ady MpaK-
THUYECKH B 00J1aCTh Hay4HBIX HccienoBanuil. [To cyrw,
octatorcss FORM-MeTos! (MeTOIB! OMpeIeeHns Ha-
JIS)KHOCTH CTPOMTENBHBIX KOHCTPYKIUH MEPBOTO I0-
psinka), Tak kak SORM-meToipt (METOBI OTIPEICTICHHUS
Ha/IeKHOCTH CTPOUTEIBHBIX KOHCTPYKLIUI BTOPOTO I10-
pSKa, MCIIONB3YIONINE CITydaifHbIe MPOIECCHl B OMH-
CaHMU CTOXACTUUYECKUX BEJIMUYUH) KpailHEe CII0XKHBI
B peanuzanuu [7]. IIpyu 5TOM 0JJHO3HAUHBIN aATOPUTM
OTIpE/ICNICHHsSI XapaKTePUCTHK HAJEKHOCTH KOHCTPYK-
LUH ASHCTBYIOIINE HOPMATHUBHBIE JOKYMEHTHI HE Jal0T,
OTPAHUYMBASICH OOIIIMMHU PEKOMEHAAUAMH U OTIHCAHH-
SIMH TTPEAJTIATAEMBIX METOOB.

Jlenast BBIBOJ, MOKHO OTMETUTB, UTO COBPEMEH-
HOMY MH)KEHEpY HeoOXOAMMa 4eTKas M OJHO3HAuHas
METOIKA OIPECICHNS XapaKTePHCTHK HAAEKHOCTH,
M03BOJIsIIONIAs 000CHOBaHHO 00ECIIeUnBaTh 3aJaHHBIN
YPOBEHB HAJISKHOCTH BCEX 3JIEMEHTOB CTPOUTEIBHOM
KOHCTPYKIHH. OCOOCHHO OCTPO 3TOT BOMPOC CTOUT
npu paboTe ¢ KOHCTPYKIHSIMU MTOBBIIIEHHOTO YPOBHS
orBeTcTBeHHOCTH Kiacca KC-3.

ens nccaenoBanusi — pa3paboTKa METOIUKU
AQHAJIN3a CKJIIOHHOCTH CTEP)KHEBBIX KOHCTPYKIUI OMOP
BO3AYIIHBIX JTUHUH 371ekTponepenadn (BJI) k naBuHo-
00pa3HOMy OOpYIICHHUIO.

Jnst nocTuKeHUs: MOCTABICHHOM LeN PelIeHb
CJIeIyIOLIHE 3a/1auH:

* pa3paboTaHa METOIMKA BEIYHUCICHNS XapaKTepH-
CTHK HaJIe)KHOCTU CTAJIBHBIX CTEPKHEBBIX OMOpP JTMHUN
AJIEKTpOIIepeIadyi Ha OCHOBE MCIIOIB30BAaHUS JATbHO-
CTH OTKa3a;

* BBIMOJIHEH aHAIU3 HAINpPSHKEHHO-1e(POPMHUPO-
BanHoro cocrosinust (HIC) pemreryarsix OameHHbIX
OTIOp C IEeNbI0 00ECTIeUeHHsI PEKOMEHIYEMOTO yPOBHS
HAaJISKHOCTH U1l 000CHOBAHHOTO KOJIMYECTBA KOHKPET-
HBIX CTEpPIKHEH, YTO MO3BOJIMIO COKPATUTh METAIIIO-
€MKOCTh OIIOp HpH 00ecIeYeHNH PEKOMEHIyeMOT0
YPOBHSI HQJIe)KHOCTH Ha 3TaMe NPOEKTUPOBAHNUS;

* TIpou3BejeHa anpodanus pa3padoTaHHON Me-
TOAMKHA Ha METAJNIMYECKOW aHKEPHO-YINIOBOW Orope
¥220-2+9 B pa3nuuHbIX peKUMAX PadOTHI.

[Ipenmer uccnenoBaHus — YUCIICHHBIC TIOKa3aTe-
T HAaJIS)KHOCTH AIIEMEHTOB KOHCTPYKIMH peIIeTdaThIX
Gamennsix onop BJI.

B kauecTBe 00BeKTa UCCIEIOBAHNS IPUHSITHI KOH-
CTPYKIIMH CTAIBHBIX JBYXIICITHBIX PEIIETIATHIX OallIeH-
HBIX aHKEpHO-yIoBbIX onop BJI 220 xB.

MATEPHAJIBI U METO/JbI

BbICOKOBOIIBTHBIE JIMHUH HJIEKTPOTIEPEiadl — 3TO
CJIOXHBIE COCTABHBIE CHCTEMBI, CHAOKAIOIIUE DIIEKTPO-
SHeprucii morpeduTeneii pa3Hoit MomHOCTH. B 3aBu-
CUMOCTH OT YPOBHS MOCJIEACTBHIA IIPH pa3pyLICHUH
WK BBIXOJIe 13 CcTposi BJI KOHCTpYKIMU OTTOp MOTYT OT-
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Hocuthes K kiaccam KC-3 uinu KC-2, B cooTBeTCTBUHT
¢ rpaganueit, ucnonssyemoit B 'OCT 27751-2014.

W3 ananu3a myOnukanui, MOCBSIIEHHBIX obecre-
YEHUIO TIPOYHOCTH M HA/ICKHOCTH TEXHUYECKOTO CO-
CTOSIHUS KOHCTPYKIUI cTanbHbIX onop BJI, cnenyer,
YTO 3HAUUTEIBHBIN BKJIAJ B U3yYCHNE JTAHHOTO BOIIPO-
ca Baecnu: E.B. T'opoxos, E.B. llleBuenxo, B.H. Bacsi-
neB, B.W. 3onorapes, H.A. Cenbkus [8, 9], NL.I1. Cmup-
HoB, A.B. Kosnos, H.A. CemeHnos, a taxxke J. Smith,
A. Johnson, K. Miiller, M. Garcia, H. Tanaka, L. Wei,
E. Johnson, J. Martinez u ap. B paGorax »Tux aBTo-
POB cepbe3HOE BHUMAHHUE YJCISETCsl BOIIPOCaM MOHU-
TOPUHTA TEXHUYECKOTO cOCTOsAHUA 1 u3ydenuto HJIC
KOHCTPYKIMHA. PazpaboTaHbl KOHCTPYKTHUBHBIE TIO/IXO-
JIbl YCUJICHUS SJIEMEHTOB 1 Y3JIOBBIX COSIMHEHHH.

HekoTopbie 13 BBILICTIPUBEACHHBIX aBTOPOB pac-
CMaTpPHBAIOT BOMPOCH! KackajaHoro oopymenus BJI
B MacIuTade Bcel IMHUM, HO HE 3aTParuBatoT 001acTh Jia-
BUHOOOPa3HOTO 0OpYyIIeH!Us KOHKpETHOH onopsl [ 10, 11].
[Ipu sToM obecniedeHne OTCYTCTBHSI CKIIOHHOCTH K Jia-
BHUHOOOpPa3HOMY OOpYIIEHHIO KOHCTPYKIIMH OTIOPHI
YKa3aHO B HOPMAaTUBHBIX JOKyMeHTaX. OCOOEHHO ATOT
KPHUTEpPHUil BaXKEH JUIsl aHKEPHBIX, YIVIOBBIX U KOHIIEBBIX
orop. Bonipocom obecnedeHnst yCTOMUYMBOCTH K TIPO-
rpeccupymomemMy oOpyHICHHUIO 3aHUMAETCs HE Tak
MHOTO aBTOpOB. ClieflyeT OTMETUTH PSJl 3apyOeKHBIX
uccienosareneii [12, 13], a Takxke cOOTEUECTBEHHU-
koB [14, 15]. Ho Bo Bcex aTux paboTax aHaiu3 Be-
JIeTCs C TOMOIIBIO TAKUX MPOTPAMMHBIX KOMITJIEKCOB,
kak JIMPA miu ee ananoru. CiieqoBareiibHO, BCE BBIIIIE-
OTIHMCAHHBIE CITIOPHBIC BOMPOCH! HE 3aTPAaruBaoOTCs.

HanexxHOCTh paccMaTpuBaeTcs Kak COCTOSHHE
KOHCTpYyKIHH 0e3 nedekToB u moBpexacHnit. Ecnu Ta-
KOBBIE HIMEIOTCS, TO OHH MOAJIeKAT yCTPAHEHHUIO (YCHIIe-
HUE 3JIEMEHTOB WJIH y3JI0B KOHCTpyKIHH). [Tocne aToro
OII0pa CUUTACTCS YIOBIETBOPSIOIIEH TPeOOBAHMSIM Ha-
JNEeKHOCTH. UKCIIeHHbIE XapaKTePUCTHKN HAJICKHOCTH
HE YCTaHaBJIMBAIOTCS M YPOBEHb HaJISKHOCTH KOHCTPYK-
LMY HE aHAJIM3upyeTcs. B cBoio odepenb, HOpMaTHBHbIE
JIOKyMEHTBHI ONPEACIISIOT HaCKHOCTh KaK CIOCOOHOCTh
KOHCTPYKIIMH BBITIOJNHSTH CBOM (DYHKIIMU B TEYEHHE pac-
YEeTHOTO (IIPeLyCMOTPEHHOT0) CpoKa dKcrnryaTanui. Co-
OTBETCTBEHHO, CTAHOBUTCS BOIIPOC 00 3(P(heKTUBHOCTH,
a TaKkke 000CHOBAHHOCTH IIPIMEHEHNS KOHCTPYKTHBHO-
TO PELICHHUS UCTIONB3YEMOTO yCHIICHUS.

Hapnexnocts koHCTpYyKmMu BJI Hampsimyto cBsizaHa
CO CITOCOOHOCTBIO ITPOTHBOCTOSITH TIPOTPECCUPYIOIIEMY
obpymrenuro cucremsl. B CIT 385.1325800.2018 mausr
PEKOMEHAIMHU TI0 BBIOOPY MCKIIF0YaeMOT0 AJIEMEHTA
PaMHBIX KOHCTPYKIMH U1 OpMHUPOBAHUSI BTOPHYHOM
pacueTHO# cxeMbl. BropuuHas pacueTHasl cxema Hc-
TIOJTB3YETCSI JAJIs BBIMOTHEHHS aHAIN3a CKIIOHHOCTH KOH-
CTPYKLIMH K TIporpeccupyonieMy oopymnenuro. CTout
TIOTYEPKHYTh OTCYTCTBUE YETKOTO MOHATHOTO PETIaMeH-
THPOBAHHOTO AJTOPUTMa BHIOOpA MCKIIIOYAEMOTO dJie-
MEHTa OIIOpHI NIPH aHAJIN3€ CKIOHHOCTH KOHCTPYKIHH
K MIPOTpeCcCUpyIomeMy OOpYIIeHHI0. JTO CO3aeT He-
OTIPEAETICHHOCTH B TIOJIXO/IE K pacdeTy. Takxke B HEKOTO-
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PBIX CITy4asx BbI3BIBAET HACTOPO)KEHHOCTh NPHMEHEHHUE
ko3 duIeHTa AMHAMUYHOCTH, PAaBHOTO JIBYM IIPH HC-
KJIFOUEHUH 3JIEMEHTA U3 NIEPBUYHON PACUETHON CXEMBI.
B KOHCTPYKIIMSIX, BHITTIOMHEHHBIX U3 MaJIOYTJIEPOIUCTON
CTaJH, MTHOBEHHOE (XPYMNKOE) pa3pylICeHHE dIEMEH-
Ta MasoBeposiTHO. ClieJoBareNbHO, TPEOYeTCs YeTKHA
Y TIOHSITHBIA MH)KEHEPY aJrOPUTM BbIOOpa Hanbosee oT-
BETCTBEHHBIX JIEMEHTOB KOHCTpyKLui BJI, pa3pyiienue
KOTOPBIX HEMUHYEMO MOBJIEUET 3a CO00M pa3BUTHE HPO-
IPECCUPYIOIIETO OOPYIICHHUS.

Hopwmpb! mpoekTHpoBaHus, OCHOBAaHHBIE HA TEOPUH
HAJEKHOCTH, CTaBIT CBOCH IIENBI0 JOCTHKEHUE OTIpe-
JIeIEHHOW BEPOSTHOCTH TOTO, YTO pa3pabarbiBaemast
KOHCTPYKIHMsI OyAeT MPUTOAHON IS MCIIOIb30BaHUS
B TEUCHHE KOHKPETHOTO NIEPHOAA, YIUTHIBAS €€ pacueT-
HBIN CPOK CITyKOBI:

P (T)<[P,), (1)
e [mez] — NPEIMCAHHOE 3HAYE€HNUE BEPOSITHOCTH OT-
Kasza.

W3 ananu3za HepaBEeHCTB CTAHOBUTCS SICHO, UTO OC-
HOBHBIMU 3aJ]JauaMHd HOPM HPOEKTHUPOBAHUS SIBIISETCS
o0ocHOBaHME 00eHX yacTel HepaBeHCTBAa — M PaBOii,
1 JIEBOH.

Jns nokazarenbcTBa MPaBOd CTOPOHBI HEPaBEH-
CTBa, T.C. IUIS OIpPEICICHUS HEOOXOIUMOIO YPOBHS
HaJIS)KHOCTH, TPEOYETCs BBIIOJHUTD 3a/1a9y BEPOSIT-
HOCTHO-ONTUMAJILHOTO MPOEKTUPOBAHUS, [IPU ITOM
Ba)KHO YYHUTHIBATh HE TOJIIBKO SKOHOMHUYCCKUE (haKTOPHI,
HO U COLIMAJIbHBIE KPUTEPUH.

B ynpouienHom Buje [PM] JUTS CITy4asi yCTaHOB-
JICHUS BEPOATHOCTH OTKa3a KOHCTPYKIIHH, BHI3BAHHO-
TO 000 MPUYMHON B TCUCHHUE €€ PACUSTHOTO CPOKa

CITY>KOBI [Pﬁ",[] " IPEIUIOKEHO ONPENENSITh KaK:

-4
[%J'E%, 2)

TIe CS — KOA(pPUIHMEHT conrnaIbHON 3HAUNMOCTH; 1 —
PaCcUYEeTHBII CPOK CITY>KOBI KOHCTPYKIHH; L — cpenHee
YUCIIO JTIOACH, HaXOMAMUXCS BHYTPH COOPYKCHUS
WIH B HETIOCPEACTBEHHOHN OIM30CTH OT HETO B TCUCHHE
Meproa, 3a KOTOPhI OIIEHUBACTCS PUCK.

VY4YuTHIBas, 9TO B CHITY HAJTMYUS CIyYaiHBIX OIIH-
00K, Te(heKTOB, HECOBEPIICHCTB, KOTOPHIE MOTYT UMETh
MECTO TIPH MPOCKTHPOBAHUH, MOHTa)KE M HKCILTyaTa-
IIUU COOPYKEHHS, B OYCHb YIPOIIECHHOH (hopme Tpea-
JIATaeTCs CBA3AaTh TEOPETUUECKYIO U IEHCTBUTEIBHYIO
BEPOSTHOCTH 0TKa3a COOTHOIIICHHEM [PW] =0,1 [Pml.l] "

Torma TpebyeMoe 3HaUEHHE TEOPETHIECKON BEPO-
STHOCTHU OTKa3a MPUMET BUJI:

10°¢.T
|:Pfail:| = TS 3)
Jnst BeIuMcnieHus 3HaueHuit P W(Tl.) HCIIOJIB3YIOTCS
YIPOIICHHBIC TTOIXO/bI:
* Memoowl 1-20 ypoeHs, T KOTOPBIX MTPAEMIIEMOE
3HaYCHUE HAICKHOCTU 00ECICUNBACTCS HEKOTOPBIM
KOJTMYECTBOM YaCTHBIX KOA((UIIUCHTOB HAIC)KHOCTH,

BBOJUMBIX K XapaKTEPUCTHUCCKUM (HOPMATHBHBIM)
3HAUECHUSIM NCXOHBIX BEJIHYHH;

* Memoobl 2-20 YpoeHs, I KOTOPBIX HaJeKHOCTh
MPOBEPSIETCS TOIBKO B TOYKE HA IPAHUIIEe 00IACTH OTKa-
3a, a HEPAaBEHCTBO MPOBEPSETCS] CPAaBHEHNEM HHJEKCA
Ha/ICKHOCTH.

Ha ocHoBe MeToioB 1-r0 ypoBHS B paboTe mpeuio-
JKEH aJITOPUTM pacyeTa YUCICHHBIX ITOKA3aTeNnel HaleK-
HOCTH B BUJIC XapaKTEPUCTHKH OE3011aCHOCTH 3. AJIITOpHTM
peanu3oBaH Ha s3blke nporpammuposanuss MATLAB
1 COCTOMT M3 IByX OCHOBHBIX PacUETHBIX 010K0B. B mep-
BOM OIIpeJIeIIsieTesl Tpyma Hanbojee OTBETCTBEHHBIX
AJIEMEHTOB, Pa3pylIEHUE KOTOPhIX KPUTUYHO JIsl BCEH
CHUCTEMBl U HEMHHYEMO IIOBJICYET HAyajo JIaBUHO-
obpaszHoro obpymenns. C 3TOH MENTbI0 BBIIOTHICTCS
TEOMETPUYECKH U KOHCTPYKTHBHO HEJIMHEHHBIH pacyer,
T7Ie B paMKax OJIHOTO BHJIa Harpy3KH IIPOM3BOANTCS TIO-
IIIar0BOE 3arpy’KEHHE CUCTEMBI JOTIOJTHUTENBEHOM Harpys3-
KOM ¥ (PMKCUPYIOTCS SJIEMEHTBI, BEIICTEBIINE U3 PAOOTHIL.
Crep:kHH, TIepeCTaBIINE YAOBICTBOPATD YCIOBUAM MPOU-
HOCTH, (UKCHPYIOTCSI I10 MEPE YBEINUYEHHS JIOTIOJTHUTEIb-
HOH Harpy3KH ¥ TIEPEIafOTCsI BO BTOPOH pacueTHBII OIOK.

I'pynna snemMeHTOB, BBIMIEAIINX U3 PabOTHI Mep-
BOIl odepenpro (MHOTAA MPUHUMAETCS BO BHUMaHHE
1 BTOpas o4€pe€ab, 3TO 3aBUCUT OT JKenaeMoi TOUHOCTH
aHaJIM3a CUCTEMBI M KOJIMYECTBA JJIEMEHTOB), CUUTACT-
cs1 HanboJee OTBETCTBEHHOM M TIepeIaeTcss BO BTOPOU
pacyCTHBIN OJIOK.

Bo Bropom pacueTHOM OJIOKE IS TPYIIIBI HAan0o-
JICC OTBCTCTBCHHBIX 3JICMCHTOB BBIUYUCJIAIOTCA YHUCIICH-
HBIC XapaKTEPUCTHUKHU HA/IC)KHOCTH. B KadecTBe OCHOB-
HOH BBICTYTIAET JAIbHOCTD OTKA3a WIIN XapaKTEPUCTHKA
Oe3omacHOCTH. B kauecTBe CTOXaCTHUECKHUX BEJIIMYHMH
paccMaTpUBAIOTCS TEOMETPHUECKHUE XapAKTEPUCTUKA
IUIOCKUX CEUCHMH 3JIEMCHTOB, IPOYHOCTHBIC XapaKTcC-
PUCTHKH MaTepuana (Ipeaes TeKy4ecTH MaTepuana),
BETpOBas Harpy3Ka, CHEroBasi Harpy3ka, reoMeTpude-
CKHE NapaMeTpbl KOHCTPYKIIMU B BUJI€ OTKJIOHEHHUS KO-
OpIUHAT y3710B. PacueT xapakTepucTuku 6€30macHOCTH
OCYIIECTBIISETCS HA OCHOBE METO/1a KOHEUHBIX JIEMEH-
ToB (MKD) B BepOsSTHOCTHOI ITOCTaHOBKE.

Hcnone3ys reHepaTop CIy4alHBIX YHCEI, B paM-
Kax 3apaHee ONpE/ICICHHBIX 3aKOHOB paclpeeseH s,
TEHEPUPYIOTCS ciaydalinble BenuuuHbl. Ha ocHOBE Me-
Toa MonTe-Kapiio npoBoguTCst BHIYUCICHUE XapaKTe-
PUCTHK 0€30MaCHOCTH TPYTITEI HanOoJiee OTBETCTBEH-
HBIX 3JIEMEHTOB.

PezynbraToM pacueToB B paMKax BTOPOTO pacyeT-
HOTO 6HOKa BBICTYIIAIOT ABE BEJIMYNHBI:

* B,;,, — MHHAMAJIbHOE 3HAYEHUE XAPAKTEPUCTH-
K1 0€30MacCHOCTH U3 TPYIIIBI HAaH00JIee OTBETCTBEHHBIX
JJIEMEHTOB CUCTEMBI;

* B, — XapaKTePUCTHKH OE30TACHOCTH TPYTIIIBI
Hanbosiee OTBETCTBEHHBIX AIIEMEHTOB CHCTEMBI, pabo-
TAIOIIUX MapaJIICIbHO.

OTH J1Be BEJIMYHMHBI U OYIyT ONpeNesiTh BEpXHUI
Y HIDKHUH TIPEJIeNbl HAZIEKHOCTH KOHCTPYKIINH.
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PE3YJIBTATHBI HCCIEJOBAHMUA

[IpemnoxkeHHass METOMKA aHAN3a CKIOHHOCTH
CHCTEMBI K JJABUHOOOpa3HOMY OOpYIICHHIO, a TaKXkKe
BBIYMCJICHUIO YUCJICHHBIX MMOKa3aTeJien HaACKHOCTHU
KOHCTPYKIIMH alpoOMpOBaIach Ha METAIIMYECKON aH-
KEpHO-YyIIoBo# onope ¥Y220-2+9 B pa3NIu4HbIX pexH-
Max paboTHI.

PaccmarpuBanuchy pacyeTHble CUTyaluuu IJs pe-
JKuMa paboTsl KoHCTpyKuuH I11k:

1) omopa xoHIIEBas;

2) 000pBaH MPOBOI, AAFOLIHI HAUOOBIIHIA KPYyTsi-
LI MOMEHT Ha OTIOPY;

3) Tpoc He 00OpBaH.

Marepuai KOHCTPYKLUHUNA — YIJIEPOAUCTHIE CTAIN
Juist cBapHbIX KoHcTpykiui BCt3 o T'OCT 380-71%,
coorBeTcTByOmKe C245. DieMeHThl CeKIUN coeau-
HSIOTCSI O0ITaMU HOPMAaJIbHON TOYHOCTH KJIACCOM 5.6.
[Tosica cMEXHBIX CEKIIMil COCAMHEHBI MEXIY COOOMU
(raniamu Ha GonTax Kiacca 5.6.

[Tosica mepBBIX TpeX CHU3Y CEKIUH OMOPHI BHIMOI-
HeHBI u3 yronka 200 x 16 MM, 3aTeM cedeHue mosica

L 80 %6
L50x%x5
L 63 x5
L90 x7
L70x6
L110x8
L9OX7:
L 63 x5
2} 12
L 90 x7
L 80 x6 L 80 x6
L 200 x16
L80x6
L 100 x 6,5 L125%x8

AE b

L

Puc. 1. CeueHnst OCHOBHBIX JIEMEHTOB OMOpPHI ¥Y220-2+9
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Puc. 2. Pacuernas cxema KoHIIeBOW omopsl Y220-2+9
JUIS BBITTOJTHEHUs! ToBepouHbIX pacyetoB B [IK JIMPA-CAIIP
(epBas pacueTHasi CUTyalus)

M3MEHSETCS Ha YTONMKU (BepXHss cekius) 160 x 10 MM
(puc. 1). ITogca TpococToitku — yromok 80 X 6 MM.
CeueHust pacKOCOB B TIpejeliaX OJHOM CEKIUU OJH-
HAKOBBIE: PACKOCHI TOACTABKHM BBIITOJHEHBI M3 YTOJ-
ka 125 X 8 MM, pacKkoChl IEPBBIX JIBYX CHU3Y CEKLIMI
M3TOTOBJICHBI U3 yroika 80 X 6 MM, packOChl BEpXHUX
ceKIif — yrosok 90 X 7 MM, pacKOChI TPOCOCTONKH —



U AMHUN SAEKTPONepesayn

MpOeKTUPOBaHUE CTaAbHbIX PELLETYATLIX KOHCTPYKLIM
C MCMOAL30BAHUEM NapaMeTPOB HAAEXHOCTH Ha MPUMEPE aHKEPHO-YIAOBOK OMopbI

C. 74-90

¥Y220-2+9

50—

50~

CTpouTenbCTRO:
HayKa u 06pa3oBanmne

Tom 15. Bbinyck 3 (37)
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Puc. 3. Pacuer onopsr ¥220-2+9 (pacueTHas cutTyanus 2): a — ucxopHas pacuetHas cxema B MATLAB; b — 4-if mar 3a-

TPY>XCHUS, SIIEMEHTHI, BBILIEANINE U3 paboTsl (3 mIT.); ¢ — S5-I mIar 3arpy»KeHusl, 3JIeMEHTHI, BeIIeanre u3 padotsl (111 mr.);

1 Harpy3Kon

d — rpaduk BBIXOJa IEMEHTOB MPH 3arpy>KEHUH KOHCTPYKIINU BPEMEHHO
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Puc. 4. Pacuer onopsr ¥220-2+9 (pacueTHas cutyanust 3): @ — 4-i mar 3arpy:KeHusl, SIeMEHTHI, BhIIIeAre 13 padoTsl (20 mT.);

b — rpaduK BEIXOA 2IEMEHTOB MPH 3aTPyKEHHN KOHCTPYKINH BPEMEHHOH Harpy3KoH

50 x 5 mm. [Tosica HIKHUX U BEPXHUX TPAaBEPC — YTOIOK
90 x 7 mm, cpenHelt TpaBepchl — yroiok 110 X 8 mm.
TAru HIKHUX U BEPXHUX TPABEPC — YTOJIOK 63 X 5 MM,
cpemneit TpaBepchl — 70 X 6 M. [Iradparmpl: HIOKHIX
ceknuit — yromok 100 x 6,5 MM, B MecTax IpHUMBIKa-
HUS TpaBepc — yromok 110 X § mm.

B kauectBe ciyyaliHBIX BEJIMUMH paccMaTpuBa-
eTCst COOCTBEHHBIN BEC KOHCTPYKIMH, TOJIOJIEAHAs Ha-
rpy3ka [16], neexTsl reoMeTpun KOHCTpyKIuu [17]
U TIPOYHOCTHBIC CBOMCTBa Marepuaina (pezes TeKyJe-

CTH WJIH yCIIOBHBIH MPe/iesl TEKyUEeCTH).

PacuetHas cxema omnopsl (paboraromieil kak KOH-
uesas), coznannas B [1IK JINPA-CATIP st npoBeneHust
MIOBEPOYHBIX PAacueTOB, NpUBeieHa Ha puc. 2. ['padu-
YecKHe JIaHHBIE TI0 IEPBOW M BTOPOH PAacUETHBIM CHUTY-
AIUSIM CXOXKH MEXKITy COOOM W JIJIsT BTOPOH pacueTHOU
CHUTyaIliH NoKa3aHsl Ha puc. 3. Mudopmarus mo tpe-
Thel pacueTHOM CUTyalluu MpeicTaBlIeHa Ha puc. 4.

Pe3ynbraThl 4HCIEHHOTO HKCIIEPUMEHTA IIpUBeie-
HBI B Ta0I. 1.

AHanu3upys MONXy4YCHHBIE TaHHbIE, MOXHO CKa-
3aTh, YTO NMPH MAKCUMAaJIbHBIX HATrpy3Kax Ha OMOPY

TabJ1. 1. Pe3ynbrarhl Y4MCISHHOTO ONpPEAeSICHUS] HAISKHOCTH Onopbl ¥Y220-2+9
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Howme Komsectso Konuuectso
P Hanbomee T'OCT P UCO 2394-2016
pacdeTHOH 11aroB B B
e —— OTBETCTBECHHBIX sarpysxeHus B
JIIEMEHTOB

1 3 4 9,32 13,95

2 3 4 6,00 15,17 4,7

3 20 2 3,21 9,08




MpoeKTUpPOBaHHUE CTaAbHbIX PELLETYATLIX KOHCTPYKLIMI AMHUI SAEKTponepesaym

C. 74-90

C MCroAb30BaHUEM MapaMeTpOB HaAEXHOCTH Ha NMpUMepe aHKepPHO-YIA0BOM onopskl Y220-2+9

Taou. 2. ITonbop ceuenus anemeHToB onopsl ¥Y220-2+9 ¢ yuetom pexomengauuii [OCT P UCO 2394-2016

Konmnuectso
Homep
. Haubomee KonmyectBo mraros
pacueTHOMH B B Macca KOHCTPYKIUH, T
OTBETCTBEHHBIX 3arpy’eHus min max
CUTYyallul
JNIEMEHTOB
3.1 20 2 3,21 9,08 16,294
32 8 3 4,75 11,05 17,02

(Tperbs pacueTHasi CUTYyallHsi) XapakTepucThka 0e3-
OIMaCHOCTU HE COOTBCTCTBYCT MUHUMAJIBHO PEKOMCH-
JlyeMOMY HOPMAaTHUBHOMY 3HAYEHUIO.

IIpu aTOM mJI TpeTbell pacueTHOM CUTyaluU Ha-
OmroaeTcst siBHas CKIIOHHOCTb KOHCTPYKIIMM K TIPO-
rpecCUpyIOIEeMy OOpameHuIo, TaK, BBIXOA 3JIEMCEH-
TOB HaYMHAETCS YK€ HAa BTOPOM IIare AOTPYKEHHUS,
a Ha TpeTheM HaOIroIaeTCs JTaBHHOOOpa3HOE pa3pyIe-
HHUE KOHCTPYKINH (puc. 4, b).

Jns obGecrieuenust TpeOyeMoro MUHUMAILHOTO
HOPMAaTHBHOTO YPOBHSI XapaKTEPUCTUKH Oe30IacHO-
CTH B . YBETHYHMM CEYEHHE DIIEMEHTOB, IPHUBENEHHBIX
Ha puc. 4, a (20 cTepxHeit), Ha OJHY HO3UIHIO COpTa-
MEHTa 1 TIPOBEJIEM ITOBTOPHBIN pacdyeT KOHCTPYKIIUH.

Pesynbrarsl pacuera npusenenst B tadu. 2 (3.1 —
WCXOJIHBIE MTapaMeTphl, 3.2 — rmapamMeTpbl OMOPHI C yBe-
JIMYCHHBIMU CCUCHUIMMU SHGMGHTOB).

AHanu3upys MoNydeHHbIE Pe3yabTaThl, CIEAYyeT
OTMETHUTh, YTO XapaKTEPUCTHUKA HAJC)KHOCTH TMOCIEe
yBenuuyeHus cedeHuii 20 HamboIee OTBETCTBEHHBIX
AIIEMEHTOB CHCTEMBI COCTaBMIA 4,75, 9TO MPeBHIIIACT
pEeKOMEHIyeMoe MIHUMabHOe 3HaueHue Ha 0,05.

YMEHpIINIACh CKIOHHOCTh paccMaTpUBAEMON
OTIOPHI K JIABUHOOOPAa3HOMY OOpPYIICHHIO, TaK KaK KO-
JIMYECTBO IIAr0B JIOTPYKEHUH /10 HadajIa BBIXO/A diie-
MEHTOB YBEJIMYMIIOCH Ha EIMHHILY.

Takum 00pa3om, 000CHOBAHHO ONPEJNENNB IPYII-
Iy HanOoJiee OTBETCTBEHHBIX AJIEMEHTOB KOHCTPYKIHH
1 YBCJIMYMB UX MNONEPCUYHBIC CCUCHUS, obecrneynBaeT-
CAa pCKOMCHI[OBaHHBIﬁ YPOBEHb HAAC)KHOCTHU CUCTEMBIL.
IIpu 3TOM Macca Onopsl yBEJIUUMUIACh HE KPUTUYHO
¢ 16,294 1o 17,02 T, uro coctaBuiio 4,46 %.

JAKJIIOYEHUE U OBCYXJIEHHUE

Pa3pabGorana MeToaMKa aHalln3a CKIOHHOCTH
CTAJIBHBIX CTEPKHEBBIX KOHCTPYKLIHH ONOp JUHUH
ANIEKTpONEepeIadn K JJaBUHOOOPa3HOMY OOpYIICHHIO,
MIO3BOJISIOLIAs OIIPENEIISATh HauboIee OIacHbIe IEMEH-
TBI CHCTEMBI ISl KOHKPETHO 3aJIAHHOTO BHJA 3arpyiKe-
Hus. COBOKYNMHOCTh TaKMX CTEpXKHEH HazHadaeTcs

Ha OCHOBAaHUHM 00OCHOBAaHHOTO YHCIEHHOTO pacyeTa.
Pacuer BrimomHseTcst Ha 6a3e MKD B reoMmerpruuecku
1 KOHCTPYKTUBHO-HEJIMHEHHON TOCTAHOBKE.

[Ipennoxena MeToIMKa BEIYUCICHNS XapaKTepH-
CTUK Ha/IeKHOCTH CTAJBHBIX CTEPKHEBBIX OIOP JIH-
HUH 3JeKTponepenadn. B kauecTBe KIO4eBOM Xapak-
TEPUCTUKHU HAJECKHOCTH MPEAJIAraeTcsl NCIOIb30BaTh
JAILHOCTh OTKa3a (XapakTepucTUKy Oe3omacHocTH) f3.
IIpu 3TOM HCKOMOE 3HAaUeHUE TAaHHON XapaKTepUCTHU-
KM OyIeT HaXOAWThCS MEXIy HW)KHEH TpaHMIeH Ha-
NeXHOCTH B . (XapaKkTepUCTHKa OJHOTrO Hamboiee
OTBETCTBEHHOTO DJIEMEHTa CUCTEMbI) M BEpXHEH Tpa-
HuuEH B (XapakTepucTHKa M TPYNNBI Hanbomee
OTBETCTBEHHBIX AJIEMEHTOB CUCTEMBI), OTPEJIEIICHHbBIX
IIPY aHaJIN3€ KOHCTPYKIMU Ha CKIOHHOCTb K JIABHHO-
00pa3HOMY OOpYIICHHUIO.

[IpensnoxeHHbIE METOAMKY arpoOUpPOBaHbI HA Me-
TaJUTMYECKO aHKepHO-YIIIOBO# omope ¥Y220-2+9 B pas-
JMYHBIX peKUMax paboThl. B pexximMe ¢ HanOoIbIuMu
Harpy3kamy 3HauYeHHe XapaKTepHUCTUKU O0€30MacHOCTH
(B,;, = 3,21) mpunsno Menbine pekomenayemoro 'OCT
(Byopw = 47). Tlocie yBemuyeHus cedeHuii rpynisl
HanboJiee OTBETCTBEHHBIX 3JIEMEHTOB (20 CTepKHEH )
U TIOBTOPHOM OIIPECIICHUH XapaKTEPUCTHKH Ha/lexk-
HOCTH OHa ITPEBbICHIIAa MUHUMAIILHO PEKOMEH/1yeMbIi
ypOBeHb U cocTaBuia B . = 4,75. Macca KOHCTPYKIMH
yBenuuuiach Bcero Ha 4,46 % ¢ 16,294 no 17,02 T.

Pa3paboTaHHBIC METOIUKH MO3BOJISIOT OIIPEACTIATh
«TOHKHE MECTa» CTEPXKHEBBIX ONOP JUHUN DIEKTPO-
nepeiaud ¥ yBEeIUYMBATh CEUCHUS HJIEMEHTOB C IEJIBI0
oOecrneueHHs] peKOMEH/yeMOTO YPOBHS HAJCKHOCTU
JUTst 0O0CHOBAHHOTO KOJIMYECTBA KOHKPETHBIX CTEP)KHEH.
OTO AaeT BO3MOXXHOCTh 3HAYUTEIIBHO COKPATUTh METa-
JIOEMKOCTB OTIOPBI TIPH 00ECTICUCHNH PEKOMEH TyeMOTO
YPOBHSI HaJSKHOCTH CUCTEMbI Ha dTare MPOEKTHUPO-
BaHUSL.
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INTRODUCTION

Ensuring the reliability of building structures is
a priority task for designers [1, 2]. If the calculation and
design of standard structures for mass construction are
carried out in accordance with current regulatory docu-
ments, such as CP, GOST, etc., then the issue of ensur-
ing a guaranteed minimum required level of reliability
is implemented using various types of reliability coef-
ficients [3, 4].

In the case of non-standard structures or structures
with an increased level of responsibility, the destruc-
tion of which can lead to significant economic conse-
quences or human casualties, it becomes expedient to
use probabilistic-statistical methods to justify the real
physical and mechanical characteristics of materials [5].
In this case, the required level of system reliability is
determined by bringing the numerical reliability char-
acteristics to the minimum values required by the stan-
dards, which are presented in GOST R ISO 2394-2016
“Building structures. Basic principles of reliability”.

The safety factor 3 and the probability of failure P,
are used as numerical reliability characteristics [6]. De-
termining these is a difficult task for an engineer. GOST R
ISO 2394-2016 provides a number of methods for cal-
culating the probability of failure:

* precise analytical methods;

» numerical integration methods;

* approximate analytical methods (FORM/SORM
moment methods);

» modelling methods or a combination of these
methods.

For complex systems that are statically indetermi-
nate in many ways, the use of precise analytical meth-
ods and numerical integration methods is practically

impossible. This is because it is impossible to establish
a target reliability function. Modelling methods require
considerable time and resources, turning the engineer-
ing task into a scientific research project. In essence,
FORM methods (methods for determining the reli-
ability of first-order building structures) remain, since
SORM methods (methods for determining the reliabil-
ity of second-order building structures using random
processes in the description of stochastic quantities) are
extremely difficult to implement [7]. At the same time,
current regulatory documents do not provide a clear al-
gorithm for determining the reliability characteristics
of a structure, limiting themselves to general recom-
mendations and descriptions of the proposed methods.

In conclusion, it can be noted that modern engi-
neers need a clear and unambiguous methodology for
determining reliability characteristics, allowing them to
reasonably ensure the specified level of reliability of all
elements of a building structure. This issue is particu-
larly acute when working with structures of increased
responsibility class KS-3.

The aim of the study is to develop a methodology
for analyzing the susceptibility of overhead line (OL)
support structures to avalanche-like collapse.

To achieve this goal, the following tasks were solved:

» amethod for calculating the reliability character-
istics of steel rod power line supports based on the use
of failure distance was developed;

« an analysis of the stress-strain state (SSS) of lat-
tice tower supports was performed in order to ensure
the recommended level of reliability for a reasonable
number of specific rods, which made it possible to re-
duce the metal capacity of the supports while ensuring
the recommended level of reliability at the design stage;
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* the developed methodology was tested on
a U220-2+9 metal anchor-angle support in various op-
erating modes.

The subject of the study is the numerical reliabil-
ity indicators of the structural elements of lattice tower
supports for overhead power lines.

The objects of the study are the structures of steel
double-circuit lattice tower anchor-corner supports for
220 kW power lines.

MATERIALS AND METHODS

High-voltage power lines are complex composite
systems that supply electricity to consumers of various
capacities. Depending on the level of consequences in
the event of destruction or failure of the power line, sup-
port structures can be classified as KS-3 or KS-2, in ac-
cordance with the gradation used in GOST 27751-2014.

An analysis of publications devoted to ensuring
the strength and reliability of the technical condition
of steel power line support structures shows that signifi-
cant contributions to the study of this issue have been
made by: E.V. Gorokhov, E.V. Shevchenko, V.N. Vasi-
lev, V.I. Zolotarev, N.A. Senkin [8, 9], I.P. Smirnov,
A.V. Kozlov, N.A. Semenov, as well as J. Smith,
A. Johnson, K. Miiller, M. Garcia, H. Tanaka, L. Wei,
E. Johnson, J. Martinez, and others. The works of these
authors pay serious attention to the issues of monitoring
the technical condition and studying the stress-strain
state of structures. Design approaches for strengthening
elements and node connections have been developed.

Some of the above authors consider issues of cas-
cading collapse of power lines on a line-wide scale, but
do not touch upon the area of avalanche-like collapse
of a specific support [10, 11]. At the same time, ensur-
ing that the support structure is not prone to avalanche-
like collapse is specified in regulatory documents. This
criterion is especially important for anchor, corner, and
end supports. Not many authors deal with the issue
of ensuring resistance to progressive collapse. A number
of foreign researchers [12, 13] and Russian researchers
[14, 15] should be noted. However, in all these works,
the analysis is carried out using software packages such
as LIRA or its analogues. Consequently, all the above-
described controversial issues are not addressed.

Reliability is considered to be the condition of
a structure without defects or damage. If any are found,
they must be eliminated (by reinforcing structural ele-
ments or assemblies). After that, the support is consid-
ered to meet reliability requirements. Numerical reliabil-
ity characteristics are not established and the reliability
level of the structure is not analyzed. In turn, regulatory
documents define reliability as the ability of a structure to
perform its functions during its design (intended) service
life. Accordingly, the question arises about the effective-
ness and validity of the structural solution used for rein-
forcement.

The reliability of a power line structure is directly
related to its ability to withstand progressive collapse
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of the system. CP 385.1325800.2018 provides recom-
mendations on selecting the excluded element of frame
structures for forming a secondary design scheme.
The secondary design scheme is used to analyze
the structure’s susceptibility to progressive collapse.
It is worth emphasizing the lack of a clear, understand-
able, regulated algorithm for selecting the excluded
support element when analyzing the structure’s suscep-
tibility to progressive collapse. This creates uncertainty
in the approach to calculation. In some cases, the use
of a dynamic coefficient equal to two when excluding
an element from the primary calculation scheme also
raises concerns. In structures made of low-carbon steel,
instantaneous (brittle) failure of an element is unlikely.
Consequently, a clear and understandable algorithm is
required for engineers to select the most critical ele-
ments of overhead line structures, the failure of which
will inevitably lead to progressive collapse.

Design standards based on reliability theory aim
to achieve a certain probability that the structure under
development will be suitable for use during a specific
period, taking into account its design life:

P T) =[P, (D

where [P, is the prescribed failure probability value.

From the analysis of inequalities, it becomes clear
that the main tasks of design standards are to justify
both parts of the inequality — the right and the left.

To prove the right side of the inequality, i.e. to de-
termine the required level of reliability, it is necessary
to perform a probabilistic optimal design task, taking
into account not only economic factors but also social
criteria.

In simplified form [Pﬁzil] for the case of establish-
ing the probability of failure of a structure caused by
any reason during its design life [P,.]1"s it is proposed
to define it as:

[ P : @)
where (_is the social significance coefficient; T is
the design life of the structure; L is the average number
of people inside the structure or in its immediate vicin-
ity during the period for which the risk is assessed.

Considering that due to the presence of random errors,
defects, and imperfections that may occur during the de-
sign, installation, and operation of a structure, it is proposed
to relate the theoretical and actual probability of failure in
a very simplified form by the ratio [P, ]=0,1[P ]".

Then the required value of the theoretical prob-
ability of failure will take the form:

[Pu]-20 ©)

Simplified approaches are used to calculate
the values of P (T):

o [st level methods, for which an acceptable reli-
ability value is ensured by a certain number of partial
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reliability coefficients introduced to the characteristic
(standard) values of the initial quantities;

* 2nd level methods, for which reliability is
checked only at the point on the boundary of the failure
region, and inequality is checked by comparing the reli-
ability index.

Based on Level 1 methods, the paper proposes
an algorithm for calculating numerical reliability indica-
tors in the form of a safety characteristic . The algorithm
is implemented in the MATLAB programming language
and consists of two main calculation blocks. The first
block identifies the group of most critical elements,
the failure of which is critical for the entire system and
will inevitably lead to an avalanche-like collapse. For
this purpose, a geometrically and structurally nonlinear
calculation is performed, where, within the framework
of one type of load, the system is gradually loaded with
an additional load and the elements that have failed are
recorded. The rods that no longer satisfy the strength
conditions are recorded as the additional load increases
and are transferred to the second calculation block.

The group of elements that failed in the first stage
(sometimes the second stage is also taken into account,
depending on the desired accuracy of the system analy-
sis and the number of elements) is considered the most
critical and is transferred to the second calculation
block.

In the second calculation block, numerical reliabil-
ity characteristics are calculated for the group of the most
critical elements. The main characteristic is the failure
range or safety characteristic. The geometric characteris-
tics of the flat cross-sections of the elements, the strength
characteristics of the material (yield strength of the ma-
terial), wind load, snow load, and geometric parameters
of the structure in the form of node coordinate deviations
are considered as stochastic variables. The safety char-
acteristic is calculated using the finite element method
(FEM) in a probabilistic setting.

Using a random number generator, random vari-
ables are generated within the framework of predefined
distribution laws. Based on the Monte Carlo method,
the safety characteristics of the group of most critical
elements are calculated.

The results of the calculations within the second
calculation block are two values:

* B, — the minimum value of the safety char-
acteristic from the group of the most critical elements
of the system;

* B,.. — safety characteristics of the group
of the most critical elements of the system operating in
parallel.

These two values will determine the upper and
lower limits of the reliability of the structure.

RESULTS OF THE RESEARCH

The proposed method for analyzing the system’s
susceptibility to avalanche-like collapse, as well as for
calculating numerical indicators of structural reliability,

was tested on a U220-2+9 metal anchor-angle support
in various operating modes.

Calculation situations for operating mode II1k
were considered:

1) end support;

2) broken wire providing the greatest torque to
the support;

3) cable not broken.

The material of the structures is carbon steel for
welded structures VSt3 according to GOST 380-71%,
corresponding to C245. The elements of the sections
are connected with bolts of normal accuracy class 5.6.
The belts of adjacent sections are connected to each
other with flanges on bolts of class 5.6.

The belts of the first three lower sections of the sup-
port are made of 200 X 16 mm angle iron, then the belt
cross-section changes to 160 X 10 mm angle iron (upper
section) (Fig. 1). The cable support belts are made of
80 x 6 mm angle iron. The cross-sections of the braces
within one section are identical: the braces of the base

L 80 X6
L50x%x5
L 63 x5
L90 x7
L70%x6
L110x8
L9OX7:~_
L 63 x5
2] 12
L 90 x 7
L80x6 L 80 x6
L 200 x16
L 80 x6
L 100 x 6.5 L125%x8

1y b

Fig. 1. Cross-sections of the main elements of the U220-2+9
support

85

([S) S NSSI'GLION Ggammaiey



scionco o ruction: o] 15, Issue 3 (57)

Anatoliy N. Orzhehovskiy, Anton V. Tanasoglo, Igor M. Garanzha,

Vladimir F. Mushchanov, Natalia S. Smirnova

%
%

i

,F_
Sl v

Fig. 2. Design diagram of the end support U220-2+9 for
verification calculations in LIRA-CAD (first design situation)

are made of 125 x 8§ mm angle iron, the braces of the first
two lower sections are made of 80 x 6 mm angle iron,
the braces of the upper sections are made of 90 x 7 mm
angle iron, and the braces of the cable stand are
made of 50 x 5 mm angle iron. The belts of the low-
er and upper crossbars are made of 90 x 7 mm angle
iron, and the middle crossbar is made of 110x 8 mm
angle iron. The rods of the lower and upper crossbars
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are made of 63 x 5 mm angle iron, and the middle
crossbar is made of 70 X 6 mm angle iron. Diaphragms:
lower sections — 100 x 6.5 mm angle bar, at the points
of connection to the crossbars — 110 x § mm angle bar.

The following are considered as random variables:
the dead weight of the structure, ice load [16], defects
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Fig. 3. Calculation of the U220-2+9 support (calculation situation 2): ¢ — initial calculation diagram in MATLAB; b — 4th loading
step, elements that have failed (3 pcs.); ¢ — 5th loading step, elements that have failed (111 pcs.); d — graph of element failure

during loading of the structure with a temporary load

in the geometry of the structure [17], and the strength
properties of the material (yield strength or conditional
yield strength).

The design diagram of the support (functioning
as an end support), created in the LIRA-CAD software
package for verification calculations, is shown in Fig. 2.
The graphical data for the first and second design situa-
tions are similar and are shown in Fig. 3 for the second
design situation. Information on the third design situa-
tion is presented in Fig. 4.

The results of the numerical experiment are shown
in Table 1.

Analyzing the data obtained, it can be said that at
maximum loads on the support (third design situation),
the safety characteristic does not correspond to the min-
imum recommended standard value.

At the same time, for the third design situation,
there is a clear tendency for the structure to undergo
progressive failure, with the failure of elements begin-
ning already at the second stage of loading, and ava-
lanche-like failure of the structure observed at the third
stage (Fig. 4, b).

To ensure the required minimum standard safety
characteristic fmin, we will increase the cross-section
of the elements shown in Fig. 4, a (20 rods) by one size
and recalculate the structure.

The calculation results are shown in Table 2 (3.1 —
initial parameters, 3.2 — parameters of the support with
increased cross-sections of elements).

Analyzing the results obtained, it should be noted
that the reliability characteristic after increasing the cross-
sections of the 20 most critical elements of the system was
4.75, which exceeds the recommended minimum value
by 0.05.

The tendency of the support under consideration
to avalanche-like collapse decreased, as the number
of reloading steps before the elements began to fail in-
creased by one.

Thus, by reasonably determining the group of
the most critical structural elements and increasing
their cross-sections, the recommended level of sys-
tem reliability is ensured. At the same time, the weight
of the support increased non-critically from 16.294 to
17.02 tonnes, which amounted to 4.46 %.

87

(G) € BNSS] ‘G JON Ieneanrapuc eauajag



scionco o ruction: o] 15, Issue 3 (57)

Anatoliy N. Orzhehovskiy, Anton V. Tanasoglo, Igor M. Garanzha,
Vladimir F. Mushchanov, Natalia S. Smirnova

350

(%)
(=3
=

N
W
=

Number of elements
— [\
93 S
e 2

._.
o
=

Loading step
b

Fig. 4. Calculation of support U220-2+9 (calculation situation 3): @ — 4th loading step, elements that have failed (20 pcs.);

b — graph of element failure during loading of the structure with a temporary load

Table 1. Results of numerical determination of the reliability of support U220-2+9

Calculation

Number of most

Number of

GOST R ISO 2394-2016

scenario number | critical elements | loading steps Buin Brax B
1 3 4 9.32 13.95
2 3 4 6.00 15.17 4.7
3 20 2 3.21 9.08

Table 2. Selection of the cross-section of support elements U220-2+9 taking into account the recommendations
of GOST R ISO 2394-2016

Calculation Number of most Number of B B Structure weight. t
scenario number | critical elements loading steps min max &1
3.1 20 2 3.21 9.08 16.294
32 8 3 4.75 11.05 17.02
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CONCLUSION AND DISCUSSION

A method has been developed for analyzing
the susceptibility of steel rod structures of power line
supports to avalanche-like collapse, which allows
the most dangerous elements of the system to be iden-
tified for a specific type of load. The set of such rods
is determined on the basis of a well-founded numerical
calculation. The calculation is performed on the basis
of FEM in a geometrically and structurally nonlinear
setting.

A method for calculating the reliability character-
istics of steel rod power line supports is proposed. It
is proposed to use the failure range (safety character-
istic) B as the key reliability characteristic. In this case,
the desired value of this characteristic will be between
the lower reliability limit B_. (characteristic of one
of the most critical elements of the system) and the up-
per limit B (characteristic for a group of the most
critical elements of the system), determined during

the analysis of the structure for susceptibility to ava-
lanche-like collapse.

The proposed methods have been tested on a metal
anchor-corner support U220-2+9 in various operating
modes. In the mode with the highest loads, the safety
characteristic value (B_, = 3.21) was less than the GOST
recommendation (B, =4.7). After increasing the cross-
sections of the group of the most critical elements (20
rods) and re-determining the reliability characteristic, it
exceeded the minimum recommended level and amount-
edto B . =4.75. The weight of the structure increased by
only 4.46 % from 16.294 to 17.02 tonnes.

The developed methods allow identifying the “weak
spots” of transmission line pole supports and increasing
the cross-sections of elements in order to ensure the rec-
ommended level of reliability for a reasonable number
of specific poles. This makes it possible to significantly
reduce the metal capacity of the support while ensuring
the recommended level of system reliability at the design
stage.
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