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AHHOTauusA

BBE,[{EHME. YKOCHbIE LaxTHble KOMpPbl ABAAKTCA OQHUM U3 Hanbosiee OTBETCTBEHHbIX BNOOB FOPHOTEXHNYECKNX
COOpy)KeHI/IVI LIAxXTHOM NOBEPXHOCTH. oT ONTEeNIbHOCTU CTPOUTEJIbHO-MOHTaXXHbIX p860T Ha OaHHbIX obbekTax
3aBuUCUT 3¢¢EKTVIBHBFI pa60Ta BCero npennpnaTud. |_|03TOMy Ha CerO,D,HﬂLIJHI/II}] OEeHb ABNAETCA ocobeHHO
aAKTyaJibHbIM UccnegoBaHne NaMeHeHund Hal'lpﬂ)KeHHO-,D,eq)OpMI/IpOBaHHOFO COCTOAHUNA CTaJibHbIX KOMPOB
Npn MOHTa>Xe MeToA0M HaABUXKKN, 4TO NMO3BOJIUT COKPATUTb CPOKKN CTPOUTENIbCTBA AAHHbIX 06beKToB.

Llene. MNMpoaHanuanpoBaTb BAMSHME MOHTaXHbIX Harpy3ok Ha Hanps>keHHo-AedopMUpPOBaHHOE COCTOsHUE
BalleHHOro MeTanIMyeckoro Konpa B MOMEHT HafBUra.

Matepuansl u MeToabl. NS aHann3a KOHCTPYKTUBHOM CXEMbl COOPY>KEHWsI C yCTaHaBAMBaeMbIM 060pyfoBaHueM
co3naHa BIM Mozenb B nporpaMMHoOM KoMnnekce anst MHbopMaunoHHoro mogenuposaHus Tekla Structures.
Co3paHHan Mofenb No3BosisieT AaTh 6ofee TOYHYH OLEHKY MacChl COOPYXeHUs. YncneHHble nccnefoBaHms
YKOCHOrO0 Konpa npoBefeHbl B 0Te4eCTBEHHOM NPOrpaMMHO-BblYncnnTensHoM komnnekce JIMPA-CAIMP 2024.
PaccmaTtpuBaeMasi cucteMa npuHsTa B obLieM Buae, ee fedbopMaLum v riaBHble HEM3BECTHbIE NMPefCcTaBAeHb
JINHENHBIMU NepeMeLLEeHUSIMUN Y3N0BbIX TOYEK BLOJSIb ocel X, ¥, Z 1 noBopoTaMu BOKpPYr 3TUX OCeN.

Pesynbrathl. BbinonHeH aHanan3 Harpy3ok v Bo3AeNCTBUIA, NPUKIaAbIBAaEMbIX A5 LAaHHOTO COOPYXeHUs
B MOMEHT HafBMXKW C Y4ETOM AeNCTBUTENbHOM paboTbl KOHCTPYKTUBHBIX 3/leMeHTOB. BbicoTa Konpa co-
ctaBnset 85 M, cymmapHasa Macca - 8028 1. PazpabotaHa MaTeMaTuyeckas MofeNib MeTasIM4eCKoro Konpa
CKUMO-KSIETbEBOW KOHPUTYpaLMK C ABYMS YKOCUHAMU, NO3BOMSIOLLAN OLEHUTb BIMSIHUE MOHTaXa coopyxe-
HWUS METOAOM HamBWXKK. C yyeToM KoadduLmeHTa TPEHUS CKONBXEHNS SIS MOHTaXa NPUHATO 5 [OMKpaToB
no 1000 1. loMKpaTbl yCTaHaBIMBAOTCA Ha CaMble Harpy>XeHHble 0CM HakaToYHOro nyTu. MosyyeHHble pesynb-
TaTbl MO3BONIAOT BbINONHUTL NoAbop 0bopyfoBaHWs AN BbINOJHEHUS HAaABUTA.

BbiBogbl. B pesynbTaTte pacueTta ko3adduuneHT yaepkmBaHua coctaeun 13,06 Boonb nposefeHNs HagBMXKM
HalueHHOro Kompa, YTo CooTBETCTBYET TpeboBaHNAM pacyeTa Ha ONpPoOKMUAbIBaHWe. AHaNN3 U3MEHEHUS Ha-
npsiXXeHHo-AebOPMMPOBaAHHOIO COCTOSIHUS KOMpPa CKUMO-KJ1eTbeBOW KOHOUIypaLmuy Npu MoHTaXxxe MeTOLOM
HafBura nokasan HeobxogMMOCTb NPUMEHEHUS NATU rngpaBnmyeckux gomkpatos no 1000 T ¢ nocnenytoLen
KOPPEKTUPOBKOWN AABAEHUS OMKPATOB Ha KaXkAayl M3 oceil Bo nsbexaHve noBopoTa BCEWN KOHCTPYKLUK
W noclieflytolLlero 3ak/IMHUBaHWSA CTEHAA HafBWra. Takxke Npu NPOBEAEHUN HALBUXKKM AAHHbBIX COOPY>KEHUN
Heobxo4MMO 0TKa3aTbCs OT YKOCUHbI, PACMOMOXEHHOM NONepeK ABUXEHMWS KOMPa, YTO NO3BOIUT YMEHbLUNTb
KOSIMYECTBO 0Cel HaKaToOYyHOro NyTu.
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Abstract

Introduction. Inclined shaft headframes are among the most critical types of surface mining structures. The
duration of construction and assembly of these structures directly affects the overall efficiency of the enterprise.
Therefore, investigating the changes in the stress-strain state of steel headframes during installation by the
pushing method is particularly relevant today, as it can help reduce the construction time of these structures.

Aim. This study aims to analyze the influence of assembly loads on the stress-strain state of the tower metal
headframe during the moment of pushing.

Materials and methods. A BIM model was created in the Tekla Structures software for information modeling
in order to analyze the structural scheme of the construction with the installed equipment. This model provides
amore accurate assessment of the mass of the structure. Numerical studies of the inclined headframe were
conducted using domestic software and the LIRA-SAPR 2024 computational complex. The system under
consideration is presented in a general form, with deformations and main unknowns represented by linear
displacements of nodal points along the X, ¥, and Z axes, as well as rotations around these axes.
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Results. An analysis was performed to determine the loads and influences applied to the structure while
it was being pushed. The actual behavior of the structural elements was taken into account. The headframe
is 85 meters high and has a total mass of 8,028 tons. A mathematical model of a two-bracing skip-cage
headframe was developed to assess the influence of installing the structure by the pushing method. Considering
the sliding friction coefficient, five jacks with a capacity of 1,000 tons each were selected for installation. The
jacks are installed on the axes with the greatest load on the rolling path. The obtained results enable the
selection of equipment for the pushing operation.

Conclusions. The calculation revealed that the retention coefficient is 13.06 in the direction of the tower
headframe pushing, meeting the requirements for overturning resistance. Analysis of the stress-strain changes
in the skip-cage headframe during installation using the pushing method revealed the need for five 1,000
ton hydraulic jacks. Adjusting the jack pressures on each axis prevents rotation of the entire structure and
subsequent jamming of the pushing stand. Moreover, when these structures are being pushed, it is essential
to remove the bracing that is perpendicular to the movement of the headframe. This will result in a reduction
of the number of rolling path axes.

Keywords: stress-strain state (SSS), tower metal headframe (TMH), thrust method, numerical model, hydraulic
jacks, limit state, cross-section verification mosaic
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BBepeHune

YKOCHBIE IIAXTHBIE KOTIPHI SIBIISIOTCS OMHUM U3 HanboJiee OTBETCTBEHHBIX BUAOB TOPHOTEXHH-
YECKUX COOPY)KEHUH MmaxTHOW moBepXxHOCTH [1]. OT kadecTBa MPOBOJUMBIX CTPOUTEIHHO-MOH-
TaXHBIX pabOT ¥ CPOKOB BBEJICHHUS TaHHBIX OOBEKTOB B SKCILIYaTalMIO HAMPSIMYIO 3aBUCHUT PadoTa
Bcero npeanpuatus. OQHUM U3 BApUAHTOB COKpAILEHHS CPOKOB CTPOUTENBCTBA JAHHOTO O0BEKTa
SBJIAETCS CII0CO0 HaABMKKY BO3BEIEHHOTO OAIIEHHOTO KOIIPa ¢ YCTaHOBJICHHBIM 000pYIOBaHHEM,
TOTOBBIM K IOAKIHUYEHHUIO.

B nHacrosmee BpemMs METOZ HAJBMKKU B 3HAUUTEIILHON CTEIEHU PACHPOCTPAHEH B MOCTO-
CTPOCHUHU MPU MOHTAXKE MPOJIETHBIX CTPOCHUM. MeToa MOHTaxa «HaJBUXKKa» MPUMEHSETCs
IUTs1 0C000 TSDKENBIX KOHCTPYKIMN MM OOJIBIINMX MO TUTOLIAaIy KOHCTPYKTUBHBIX OJIOKOB 34aHUI
WA COOPY>KEHUU. B CTPOUTENBCTBE IPOMBILIIIIEHHBIX IPEAIPHUATHNA JaHHBIM METO IPUMEHSAETCS
UCXOJ U3 IKOHOMHUECKUX ITOKa3areneu. [Ipu cTpouTensCTBE KONPOB IIPEAIIECTBYOIUM HTAlOM
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UJET NMPOXOJKA CTBOJIA IIaXThl M YCTPONUCTBO KPEMH, KOTOpPhIE 3aHUMAIOT 3HAYUTEIBHOE BpeMs,
KaK M CTPOUTENLCTBO CAMOT0 CTBOJIA IAXTHI (Ha3eMHOE COOpyXeHue). /[ yMeHbIIeHns CPOKOB
CTPOUTENILCTBA TPUMEHSIETCS METO] «HAJIBUKKI», KOTOPBIH MO3BOJISET NapajIeIbHO TPOU3BOANUTH
MIPOXOAKY MOA3EMHOM YacTH CTBOJIA M CTPOUTENLCTBO Kompa. [lapanienbHOCTh CTPOUTENBCTBA
o0ecreunBaeTcs 3a CUET TOTO, YTO CTBOJI OAILICHHOTO KOTIpa CTPOUTCS PSIIOM C MECTOM, T/Ie IPO-
XOIHT MTPOXOJIKa, Ha CTIEHUANBHO pa3paboTaHHoM cTeHze. [1o OKoHYaHWU IPOXOAKH U CTPOUTEIb-
CTBa KOIIpa HAI3eMHAasl 4acTh MEPEMEIAETCs MO CIIEIUANBHO pa3padoTaHHOMY ITYTH B IPOEKTHOE
MIOJIOKEHNE U B MOCIEIYIONIEM COEIUHSAETCS CO CTBOJIOM MPOXOJIKH.

MeTton «HaABUXKKW» (TTepeABUKEHUS 31aHUI U COOPYKEHU) He sABseTcsI HOBBIM. [lepBbie
YIIOMHHAHHUS O NEPEABUKEHUN COOPYKEHUN TaTUPYIOTCA ThICSYEH JIET 10 HallleH 3pbl. Yue-
HBIE TIPENOJaraloT, YTO TaKUM o0pa3oM ObuT epenBuHyT pyHmament Cunkca B Erumnre.
Brnepseie B Poccun B 1770 1. TakuMm o6pazom Obu1 mepenBunyT namstHUk [letpy I B Cankr-Ile-
tepOypre [2]. [IpuMeHeHNI0 TaHHOTO METO/Ia CIIOCOOCTBOBAJIA UHIYCTPUATIU3AIUS TOPOIOB
Y COXpaHCHHE MaMITHUKOB apXUTeKTyphl. Janusiii metoxn 6bu1 npumened B CCCP, Espore,
CIIIA. Ocoboe BHUMaHUE JaHHOMY METOIy OBUIO YAeIeHO B TOPHOAOOBIBAIOIIEH MPOMBIIII-
nendoctu Jlonbacca.

AHanus nccnepgoBaHus

3HauUTENbHBIN BKJIa ] B Pa3BUTHE TPOSKTHPOBAHUS KONPOB BHECIIM TaKue yueHble, kak B.E. An-
npees [1], 51.B. Bpoeman [3], B.M. Jleun [4], S. Lagomarsino, L..C. Pagnini [5].

HccnenoBaHusIMU BHICOTHBIX COOPYKEHHUH, B TOM YMCIIE H UCCIEJOBAaHUSIMH OAIlICHHBIX METaI-
JUYECKUX KOMPOB, 3aHUMAJINCh Takue yueHsie, kak E.B. ['opoxos [6-9], B.H. Kymenko [10, 11],
A.C. Kocrpurkuii [12], B.K. Kejriwal [13], V.V. Kulyabko [14], D.G. Elms [15], J. Murgewski [16].

Iennro nccnenoBaHus sBISETCS aHAIN3 BIMSHUS MOHTAXHBIX HArpy30K Ha HAaIpsHDKEHHO-7e-
(hopMHPOBaHHOE COCTOSHUE OAILIEHHOTO METALTHYECKOTO KOIIPa METOJIOM «HaIBHKKID).

O0BeKT nccneoBaHNus — YKOCHBIM HIaXTHBIN KOIP CO CKUITO-KJIETHEBBIM MOBEMOM.

Ipeamer uccnenoBanusi — HANPsHKEHHO-IE(POPMUPOBAHHOE COCTOSHUE HECYIMX CTaTbHBIX
3JIEMEHTOB IIaXTHOTO KOTIpa.

OcHoBHOM MaTepuan

B nanHO#1 cTaTbe paccMaTpuBaeTCA HAABHKKA OAIIEHHOTO METAJTTHMYECKOTO KOTIpa BBICOTOM
85 M CO CKHMO-KJIETHEBLIM MOABEMOM MOJIE3HBIX UCKOMaeMbIX (puc. 1).

Komep nmeeT nBe yKOCHHBI, pacooKeHHBIE BAOJb HUPPOBBIX U OYKBEHHBIX OCEH COOPYKEHUSI.
Ha ormertke +22,000 M pacmosoxeH OyHKep mpremMa Chipbsi o0beMoM 600 M3, DBaKyaIrlHOHHbBIE
BBIXOJIbI BBITTOJIHEHBI U3 MOHOJIUTHOTO kene300eToHa. B ocax YK—JI pacnonaratorcst Tsxkenble
KOHBEHEpBI sl OTTPY3KH JOOBITOTO CBHIPHAL.

Ha nepBom artane npoBoanTCS aHAIN3 KOHCTPYKTUBHOM CXEMBI COOPY)KEHUS C yCTaHABIUBA-
eMBIM 000pyaOBaHHEM. DTO TpeOyeTcs I OLIEHKH MacChl COOPY>KEHHSI U HAXOXKICHUS LICHTPa
TKECTH. J{J1s1 TOUHOW OLIEHKH MacChl COOpYx)eHus Oblia co3nana BIM-Mozens B mporpaMMHOM
xomruiekce Tekla Structures (puc. 2).

JanHast Mofienb TI03BOJISIET O0Jiee TOYHO ONPENENIUTh Bec coopykeHus. OHa co3naercs 1o JaH-
HBIM IIPOEKTHOI OpraHu3alyy, KoTopast IpoBOANUT MPOEKTHPOBAHKE KOIIPa B CTAUHU IKCILTyaTalluy.
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Puc. 1. BaleHHbI MeTananyeckuin Konep ckuno-kieTbesoro nogbema (paspes)
Fig. 1. Steel tower headframe of the skip-cage lift (cross-section)

Puc. 2. BIM-Mopenb baleHHoro MeTannmyeckoro Konpa
Fig. 2. BIM model of steel tower headframe
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ITpu pazpaboTke mpoekTos opranuzauu ctpoutensersa (I10C) u nmpousBoactea pador (I1I1P)
JUTS TIPOBEJCHHS HaJIBUKKH TIepe] MH)KEHEPOM CTOST 3a/laui: OIICHKa HeCyIlel CroCOOHOCTH
COOpYXEHHS B Ipoliecce HAaABIIKKH; pa3padoTKa CIeHHaIbHOTO CTeHIa COOPKH KOMpa C y4eTOM
TeOJIOTHUECKUX U3BICKaHUI 00BEKTa; pa3paboTKa HAKATOYHOTO MyTH JJIS TIEPEMEIIEHUs COOpY-
JKCHUS B IPOEKTHOE MOJIOKEHHUE; MOAOOP MaTepHasioB CKOJIBKEHHSL:

— MEeTaJlJI 110 MEeTaJlTy, CMa3aHHBINA TpadUTOBOM CMAa3KOii;

— MEeTaJJI 110 METAJUIMYECKUM Kpyram, CMa3aHHbIA TpaduTOBOM CMa3Koii;

— IpPUMEHEHHE CIEIHaTIbHOTO BOJIOKHA [Tl HAJABM)KKH MTPOJIETHBIX CTPOSHUH MOCTOB.

A TarKe CTOST 3aJa4y MPUHATHS PEILICHUS [0 PUMEHEHUIO JOMKPATOB JINOO PUMEHEHHIO
0JIOKOB M TIOJIMCIIACTOB TATOBBIX MEXAaHU3MOB; pa3paOOTKHU Y3JIOB KPETJICHHUSI MOHTAXKHBIX TIPH-
CHOCOOJIEHHH U Y3JI0B KPEIUICHHSI COOPYKEHUS B TPOEKTHOE MOJIOKEHHE.

s pemieHus BBILICTICPEUMCIICHHBIX 3a/1ad pa3paboTaHa pacueTHasi CXeMa B IPOrPaMMHOM
komruiekce JIMPA-CAIIP 2024 (puc. 3, 4). Pacuetnast cxema omnpeenieHa Kak CUCTeMa C PU3Ha-
KoM 5 (IIpOCTpaHCTBEHHAas cucTeMa). TO 3HAYMT, YTO pacCMaTpHUBAETCs CUCTeMa OOIIero Bua,
ee gehopMaLiny U TIIaBHBIE HEM3BECTHBIE PEACTABICHBI THHEHHBIMU MTEPEMEIIEHUSIMH y3JIOBBIX
TOYEK BJIOJIb Ocell X, ¥, Z 1 moBOpOTaMH BOKPYT 3TUX OCEH.

B pacueTHOM KOMIUIEKCE K COOPY’KEHHIO TPUKIABIBAIIICH HATPy3KU OT Beca KOIIpa € y4eToM
YCTaHOBKH OTPaKIAIOIINX KOHCTPYKLIHIA OT oTMeTKH 6,000 M 1 pactiofioskeHHst 000pyJ0BaHMsI KOTIPa.
CHeroBasi Harpy3Ka pacCUMTHIBAIACh C YUYETOM Pa3HOBBICOTHOCTH OJIOKOB COOpy»keHus. BetpoBoe
BO3JIEMCTBUE PACCUUTHIBATIOCH C YUYETOM ITYJILCALIMOHHOM COCTABIISFOLLEH 110 HAIPABIIEHUIO OCU X 1 Y.

[Ipoananu3upoBaB BIM-Mozienb, MOXKHO caenaTh BBIBOJA, YTO CyMMapHasi Macca Korpa co-
crapisieT 8028 TOHH, IpeBapUTEIHHO € YueToM K03 durreHTa TpeHus ckonbxenus 0,4 (MeTan
0 MeTaJlTy ) MpuHUMaeM 5 ToMKkpatoB 1o 1000 TOHH 1 ycTaHaBIMBAaEM X Ha CaMble Harpy>KeHHbIE

T

Puc. 3. 3D-momenb
Fig. 3. 3D model
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Puc. 4. PacyeTHas cxeMa konpa, BbinosiHeHHas B nporpaMmHoM komnnekce JINPA-CAMP

Fig. 4. Analytical scheme of the headframe, developed in the LIRA-SAPR software complex
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OCH Hakaro4Horo nytu. Ha puc. 5—7 mpencrasiieHbl MO3aMKU IPOBEPKU MPUHATHIX CEUCHUN
M0 TIEPBOMY MpeNeIbHOMY COCTOSHUIO (IIPOYHOCTH), IO BTOPOMY MpPENeIbHOMY COCTOSHUIO
(mporuOsbI ¥ epeMeIeHHs ), 0 MECTHOH yCTOWYHBOCTH.

IlosmryueHHBIE pe3yJbTAThI IO3BOJSIOT KOPPEKTHO IIPOBECTH YCHIIEHUE JOIOIHUTEIbHON
Pa3BsI3KoOii CBs3ell mepBoro sTaxka. [Ipu nmpuinokeHWu Harpy3Kd OT JOMKpPATOB MO Haubosee
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Puc. 5. Mo3aunka npoBepKku ceueHuin No nepsoMy NpeaesibHoOMy COCTOAHMIO (MPOYHOCTL)
Fig. 5. Cross-section verification mosaic for the first limit state (strength)

%
5
3

= TR
> &
! 9':‘( [
5 &
$0.05 a0
T -
= sl
2 *‘\
£ En
8 )
. &
Ey g
= o

Fig. 6. Cross-section verification mosaic for the second limit state (deflections and displacements)
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Puc. 8. Mo3auka nepemeteHus no ocu X BLoAb ByKBEHHbIX 0CE OT NPUNOXEHWUS HAarpy3Kv OMKPaToB, NpeiBapuUTeNbHo
ycTaHOBNEHHbIX Ha HanbBonee HarpyxeHHsble ocu B, T, [, E, XK (mo 1000 T Ha ocb)
Fig. 8. Displacement mosaic along the X-axis due to the application of jack loads, pre-installed on the most heavily
loaded axes B, G, D, E, and Zh (1,000 tons per axis)

Harpy>KeHHbIM OCSIM HaKaTOYHOTO ITyTH MPOUCXOTUT IMOBOPOT (pHC. §8) Kompa ¢ MOoCcIeyIOUIM
M3JIOMOM OHOH W3 ykocHH. [Ipu mpoBeqeHnH HaIBUXKKH JAHHOTO COOPY>KEHHUSI HEOOXOAMMO
OTKa3aThCs OT YKOCHHBI, pACIOJI0KEHHON MOMepeK IBMKEHUS KOIpa. DTO IMO3BOJIUT YMEHBIIUTh
KOJIMUECTBO OCEel HAKATOYHOT'O My TH.
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BbiBoabl

1. Koaddunumenr ynepkuBanus npepbimaet 1 u coctapiset 13,06 BIOIb NPOBEICHHS HAIBUKKY,
YTO B CBOIO OYepe/ib COOTBETCTBYET TPeOOBAaHUAM pacueTa Ha OIpPOKUABIBAHHE.

2. CymmMapHas Macca KoIpa COCTaBiseT B JeTHUl nepuoj 8028 TOHH, a B 3MMHUI Hepuos —
8028 + 506 = 8534 ToHHEI.

3. Pacuer moaTBepani, 4to TpeOyeTcsi BHITOIHUTD yCHICHHE DIIEMEHTOB, HE TPOIIEAIINX
10 IEPBOMY IPEIEIbHOMY COCTOSHHUIO (KOJIOHHBI IIEPBOTO ATaka, MepBasi CeKIUs HOTH, CBI3U
MIEPBOTO ATAXa), TAKXKE TPEOyeTCs MPOBECTH JOMOIHUTEIBHYIO Pa3BA3Ky KOJIOHH MIEPBOTO ATaXkKa.

4. IIpoananu3upoBaB pe3ysabTaThl pacyeTa, pEeKOMEHIyeTCs TPOBOJUTH HAIBUT KOIIPa C OTHOM
YKOCHHOM, PacloNIOKEHHO! BIOJb OYKBEHHBIX OCEH.

5. Pexomentyercs npuMeHEHNe MATH THIpaBIndYeckuXx ToMKkpaToB 1o 1000 T —oauH ¢ nocie-
Jylollel KOpPeKTUPOBKOM JaBleHUsI TOMKPATOB Ha KaKAYIO U3 Oced BO M30ekaHHEe IMOBOPOTA
KoTipa (IOCNIEAYIOLIero 3aKINHUBAHNSI CTEH/1a Ha/IBUTA).
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