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AHHOTAULMUA

BBepeHue. Ha Hanpsi)keHHO-4edhopMMPOBaHHOE COCTOSIHME KapKaca MHOTO3TaXHOMO 34aHUsi OKa3bIBalOT BNMsHWE Aedek-
Tbl M OTKITOHEHWS1 OT MPOEKTHOTO peLleHusi. KauecTBo CTpouTenbHOro 06bekTa 3aBMCUT HE TOMBbKO OT KayecTBa NpOeKTUpo-
BaHWUsI U U3rOTOBMEHWS!, HO M OT Ka4ecTBa CTPOUTENbHO-MOHTaXHbIX PaboT. [1py MOHTaxe CTPOUTENbHBIX KOHCTPYKLMIA OC-
HOBHOW LieNbio ABNsieTcst obecneveHre Tpedyemoro no NnpoekTy NPOCTPAHCTBEHHOTO MOMOXEHUSI 31IEMEHTOB CTPOUTESNbHbIX
KOHCTPYKLMIA. [N pamMHOro Kapkaca ¢ XXeCTKUMU COMPSKEHNSIMU 31IEMEHTOB OTKITOHEHWSI OT MPOEKTHOTO MONOXEHNSI BeAyT
K POCTY U3rnbatoLLMx MOMEHTOB, YTO MOXET Bbl3BaThb Bonee paHHee ncuepnaHmne Hecyllern cnocobHOCTU. AKTyanbHOCTb UC-
crnefoBaHMsa 3akrnoyaeTcs B pa3paboTke METOAUKN NPOEKTUPOBAHUSI PpaMHbIX CTalbHbIX KAPKACOB MHOMOATaXHbLIX 30aHMIA
C YY4ETOM MOTrPEeLLHOCTEN U3TOTOBMEHNS U MOHTaXa.

Matepumanbl u metoabl. OueHKka BMUSHUS HavanbHbIX HECOBEPLLEHCTB Obifna BbIMOIHEHA HA MpUMeEpPe pamMHOro Kapkaca
10-3TaXXHOrO XXMNoro 3gaHus. [nsa pacyeTa Ucnonb3oBaH BbluncnuTenbHbi komnneke JIMPA-CAIMP 2021. HavanbHble He-
COBepLUEeHCTBa Kapkaca NpUHSITbl B COOTBETCTBUM C AEWCTBYIOLLMMIU POCCUIACKMMK HopMamu. Kpome npsiMoro yveta mcka-
YKEHHOW reoMeTpUN NPOBOAMITNCE PacYeTbl C AOMOSNHUTENBHBIMU pacnpeAeneHHbIMU FrOPU3oHTaNbHBIMU Harpy3kamu, npu-
KnagplBaeMbIMU Ha Kaxaom ataxe no metoauke EBpokopga 1993-1-1. MonyyeHHble pa3HbiMK cnocobamu nepemeLLeHns
N YCUINWS XapaKTepHbIX TOYEK 1 CEYEHWI KapKaca cpaBHUBANMCh ApYr ¢ ApYroM. PacyeT BbINOMHEH Ha codeTaHue NocTosiH-
HOW, CHEroBOW, NOME3HOW 1 BETPOBOW Harpy3ok.

Pe3synbratbl. YUeT norpeluHocTet cOopku 1 U3roTOBMNEHMS! B TeOMETPUM Kapkaca no3sornsieT 6onee TO4HO y4eCTb BNUsHUE
NorpeLLHOCTen No cpaBHEHUIO ¢ MeToaukon EBpokoaa. MNepemelleHnst U ycunumsl, nonyvyeHHble NIMHENHbIM pacyeToM pam-
HOro Kapkaca, Mano OTNM4alTCs OT pe3ynbTaToB HEMMHENHOro pacyeTa.

BbiBOAbI. YCTaHOBNEHO, YTO MPSIMON YYET NMOrPELLHOCTEN N3roToBMNEHUsI 1 COOPKU KapKkaca B reOMeTpun pacHeTHOW CXEMbI
[aeT BO3MOXHOCTb Gornee TOYHO oUeHMTb paboTy kapkaca. Mcnonb3oBaHve meToauku EBpokoda ¢ OoMOnHUTENbHLIMU
rOpM3oHTarbHbIMK Harpy3kamMu Ha YPOBHE KaXJO0ro aTaxa BefeT K MOMy4YeHUI0 3aBbllUEHHbIX NepeMELLEHNIA U YCUIUIA MO
CpPaBHEHMIO C (haKTU4EeCKNMMU.
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Operation of steel frame structure taking into account installation
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ABSTRACT

Introduction. In cities, a large number of buildings are multi-storey. Multi-storey buildings can be public, industrial and
residential. Buildings with a height of more than 75 m are called high-rise, with a height of more than 100 m — unique.
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BBEJAEHUE

The frames of multi-storey buildings consist of columns, ties and ceilings. The bearing capacity and rigidity of the building
frame is determined by the interaction of all the elements of the frame. The overlaps transfer the load to vertical load-bearing
structures, form horizontal hard disks that combine columns with vertical connections, affect horizontal movements and
vibrations of the frame. The stress-strain state of the frame is affected by defects and deviations from the design solution.
The quality of a construction object depends not only on the quality of design and manufacturing, but also on the quality
of construction and installation work. During the installation of building structures, the main objectives are to ensure the spa-
tial position of building elements required by the project, the mutual connection of structures with each other, ensuring
the safety of installation work. Installation of building structures is a complex process of assembling buildings from separate,
pre-made elements. Increasing the efficiency of installation work is based on the use of progressive methods of work produc-
tion, increasing the level of automation and mechanization of work. Geometric dimensional tolerances in construction are
divided into functional and technological. For a frame structure with rigid interfaces of elements, deviations from the design
position lead to the appearance of additional, primarily bending moments, which may cause earlier exhaustion of the bearing
capacity. The relevance of the work is to develop a design methodology for steel frames of multi-storey buildings, taking into
account fabrication and installation errors.

Materials and methods. The calculation of steel frames can be performed in linear and nonlinear formulation. The linear
calculation does not take into account the deformation of the system under the action of the load and the forces accumu-
lated in the frame elements. With the nonlinear approach, the calculation is performed by several methods: Elastic analysis
of the second order-Plastic analysis of the second order. The assessment of the impact of initial imperfections was carried
out on the example of a frame structure of a 10-storey residential building. When performing the calculation, the finite ele-
ment model of the core frame is taken into account. The work of a separate flat frame is considered, which takes into account
the design features of the frame. LIRA-SAPR 2021 computing complex was used for the calculation. Initial imperfections
of the frame were taken in accordance with the current Russian standards. In addition to direct consideration of the distorted
geometry, calculations were performed with additional distributed horizontal loads applied on each floor according to Euro-
code 1993-1-1. The movements and forces of characteristic points and sections of the frame obtained by different methods
were compared with each other. The influence of imperfections on movements and efforts from individual loads was studied.
The cross sections of the frame elements were initially selected so that its bearing capacity was ensured under the action
of combinations of combinations of design loads. The calculated combination of loads includes constant load, snow load,
payload, wind load.

Results. When analyzing the results, it is necessary to take into account that direct accounting of assembly and manufac-
turing errors in the geometry of the frame is more correct, but requires the formation of more complex calculation schemes
that take into account the errors of the geometry of the frame. The displacements and forces obtained by linear calculation
of the frame structure differ little from the results of nonlinear calculation, which allows us to recommend a linear calculation
method for the frame structure.

Conclusions. Based on calculations of the stress-strain state of the frame of a multi-storey building, it was found that direct
accounting of manufacturing and assembly errors in the geometry of the frame allows for a more accurate assessment
of the work of the frame. The use of Eurocode technique with additional horizontal loads at the level of each floor using
a frame structure leads to excessive movements and efforts compared to the actual ones.

KEYWORDS: multi-storey buildings, assembly and fabrication error, frame structure, steel structures, linear calculation,
nonlinear calculation, geometric imperfections, multi-storey buildings
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u CBHBefI) C IIOMOIIBIO 0Tpa6OTaHHI)IX y3J10B, BO3-
MOXHO MNPHUMCHCHUE TOTOBBIX HECYIIUX 00BEMHBIX

B ropogax 0osbioe 4MciI0 MHOTOSTaKHBIX 3/a- .
Moxaynet [3, 4]. BaxHbIM npu pa3paboOTKe THITOBBIX

Huil. OHU MOTYT OBITH OOIIIECTBEHHBIMH, IIPOMBIIILICH-
HBIMU W XWIBIMH. 37aHUs BLICOTON OoJiee 75 M Ha3bl-
BalOTCSl BBICOTHBIMH, Ooee 100 M — yHHKaJIbHBIMH
[1, 2]. MHOTOSTaXHBIE 3[aHUS XapaKTEPUIYIOTCS TEM,
YTO HAa OTHOCHTEIIBHO HEOOJIBIIOM IISITHE 3aCTPOWKH
BO3BOZUTCS OOJBILIOE TI0 BBICOTE 3/1aHHE.

OO0beM HCIONB30BaHUS CTAIM B HECYIUX KapKa-
caxX MHOTOATAXHBIX 3/JaHUI MOXXHO YBEIIMUHTH 3a CUET
IIPUMEHEHHUs TUIIOBBIX KOHCTpykuui. Mcnons3oBanue
THITOBBIX KOHCTPYKIMI W Y3JI0B COKpamaeT Bpems
U CTOMMOCTH NPOEKTHUPOBAHUSA U CTPOUTEIBCTBA. TH-
MOBbIE KOHCTPYKLIUU HMMEIOT BBICOKYIO HaJI€KHOCTb,
JOCTYIHBI, TEXHOJIOTHU MX M3TOTOBJICHHUS M MOHTaXa
orpaboranbl. OCOOCHHOCTh THUIIOBBIX KOHCTPYKIMI
3aKIIFOYAETCSI B MOAYJIBHOCTH W IIMPOKOM IHMAIa30HE
pa3mepoB. TuIoBBIE KapKackl MOHTHUPYIOTCS W3 IIO-
BTOPSIFOIINXCS] HECYIIUX 3JIEMEHTOB (KOJIOHH, pUTreeh

KOHCTPYKLUH, IJIs1 KOTOPBIX XapaKTEpHO MAacCOBOE UC-
TI0JTb30BaHUE B OOJIBILIOM YHCIE 3AaHUM, a TaKkKe JUIs
KOHCTPYKLUHI, UCIOJIb3YEMbIX B OTBETCTBEHHBIX 3[a-
HUSAX U COOPYXKCHHUSX, ABIIETCS U3YyYEHHUE BCEX OCO-
O6eHHOCTel pabOThl TaKMX KOHCTPYKILHUI, B TOM YHCIIE
BIIMSTHHE Ha HECYIIYIO0 CIIOCOOHOCTH M JKECTKOCTH I10-
TPELIHOCTEN N3TOTOBIEHUS U MOHTaXA.

Kapkacbl MHOTO3TaKHBIX 3[4aHUI COCTOSAT U3 KO-
JIOHH, cBsizeil M mepekpbiThil. Hecyias cnocoOHOCTD
U JKECTKOCTb KapKaca 3[4aHHs OIIPEACIAeTCs B3au-
MOJEHCTBUEM BCEX DJIEMEHTOB Kapkaca. Ilepexpsl-
THs IEPENAOT HArPy3Ky Ha BEPTUKAJIbHBIC HECYLIUE
KOHCTPYKIIH, 00pa3yloT TOPHU30HTAIBHBIE >KECTKHE
JICKH, OOBEIMHSIONINE KOJOHHBI C BEPTUKAJIBHBIMU
CBSI35IMM, BIIMSIIOT Ha TOPU3OHTAJIBHBIE MEPEMEIICHHUS
n KoneOaHus KapKaca.
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CTNOMTENbCTB!
HayKa v 06pa3oBaH

HOceg Padyan Xamamu, A.P. TycHuH

[IpoekTHpOBaHWE MHOTOJTAXKHBIX 3/IaHUI CBs-
3aHO C PEIICHHEM KOMIUIEKCA 3a[ad, YYHTHIBAFOIINX
00BEMHO-TUIAHUPOBOYHOE PelIeHHE, paboTy HECYILEro
KapKaca, 0COOCHHOCTH HM3TOTOBJICHUS W MOHTa)a €ro
KOHCTPYKTHBHBIX JIEMEHTOB. MHOTOSTaKHBIC 3JaHHS
W3 METaJlyla MOTYT OBITh TOJBKO KapkKacHbIMU. CTaiib-
HBIE KapKachl paloOHaJbHO MPUMEHSTH B MPOU3BOI-
CTBCHHBIX 3/1aHUAX C 60J'II)I]_II/IMI/I HarpyskKamMmu, a TakKxKe
B TPAXTAHCKUX OOJBIICTIPOTICTHBIX U MHOTO3TaXKHBIX
30aHUAX. 9TO O6’bHCHHeTCH HECKOJIBKUMU ITPUYNHAMU

* CTJBHOM KapKac BCICICTBHE BBICOKOW HeECy-
el crmocoOHOCTH MaTepraja 00IagaeT CYIIeCTBEHHO
MEHBIIIUM COOCTBEHHBIM BECOM TI0 CPABHCHHUIO C JKeJie-
300€TOHHBIM;

¢ BOBMOXHO NPUMCHECHHUE 6OJ'II)HII/IX IIPOJICTOB HE-
CYIIMX KOHCTPYKIIMHA TEPEKPHITHH, T.C. YBEIHUYCHHE
mara KOJIOHH;

° IPY BO3BEJCHUM CTAJILHOI'O KapKaca UCIIOJb3Y-
FOTCSI QJIEMEHTHI ITOJIHOM 3aBOJICKOM TOTOBHOCTH.

PaboTta xapkacoB MHOTO3TaKHBIX 3/aHHUI CBs3a-
Ha CO 3HAYUTCIBHBIMHA BEPTHUKAIGHBIMU Harpy3KaMH
Ha KOJIOHHBI U C 6OJ'IBIHI/IMI/I TOPU3OHTAJIBbHBIMH Ha-
rpy3KaMH OT BETPOBOrO Bo3MeiicTBus. [Ipoekruposa-
HHE MHOTOATA)KHOTO 3[aHHS HAMPSIMYIO CBA3aHO C €TO
00bEMHO-TUITAHUPOBOYHBIM PEIICHUEM, BEIOOPOM KOH-
CTPYKTHBHOM CXEMBI, MATCPHAJIOB TSI HECYIIUX KOH-
CTPYKLH, CIIOCOOOB MX H3rOTOBJICHHUS M MOHTaXa,
a Takke 00CITy)KMBaHUEM 3IaHUS B MPOIECCE IKCILTY-
ataruu [5, 6].

Ha wnanpsbkeHHO-e()OPMUPOBAHHOE COCTOSIHUE
(HAC) xapkaca OKka3bIBalOT BIWSHUE NEPEKTH M OT-
KJIOHEHUsI OT MPOEKTHOTO peureHust. Jledexrsl 3nanuii
MOYKHO KJIACCH(HIMPOBATh 10 CICAYIOUINM IIpU3HA-
KaM: 110 Xapakrepy, IpUIMHE U BPEMEHU, 3HAYMMOCTH.

1. ITo xapakrepy:

* CKpBITHIC;

* SIBHBIC.

2. Ilo npuymnHe U BpEMEHHU:

° OI_HI/I6KI/I 1 IPOCYETHI TPU U3BICKAHUAX U IIPOCK-
TUPOBAHUU;

* OIIMOKHU U MPOCYETHI B MPOIECCE U3TOTOBICHUS
U CTPOUTEIILCTRA.

3. Ilo 3HAYUMOCTH:

* 1-s1 rpymma: yrpokaroliye pa3pyIieHueM, ociia-
OJsIroIIMe KOHCTPYKIIMA W MOTYIIUE IPUBECTH K aBa-
pusiM;

*2-s1 TpyMNIa: HE YIPOXKAMONIUE MEIOCTHOCTH,
HO OCITa0MSAIONNe KOHCTPYKIUH;

* 3-s1 rpymma: He MPHUBOASAIINE K pa3pylICHHO,
HO TpeOyIoIre MOMONHUTEIBHBIX 3aTpar B IMpoIecce
SKCIUTyaTaIHH.

OcHOBHBIC IE(EKTHI CTABHBIX KOHCTPYKIIUH PU
WX W3TOTOBICHUH:

* HEOKBUBAJICHTHASI 3aMCHA MAaTEpPHAaJOB TPU H3-
TOTOBJICHUH DJIEMCHTOB KOHCTPYKIMU (3aMeHa MapKH
CTaJld, THIA JJIEKTPOIOB, YMCHBIIICHUE CCUCHHUS 3JIc-
MEHTOB);
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* U3MEHEHHE TPOCKTHBIX Pa3MEpPOB KOHCTPYKIIUU
B IIEJIOM U €€ OT/IeIIbHBIX 2JIEMEHTOB;

* CMEIICHUE OCEH IIEMEHTOB OT MPOCKTHBIX I'€0-
METPHUYECKHX IEHTPOB Y3JIOB COMNPSIKEHHH HECKOIb-
KHX 3JIEMEHTOB;

* HETIPSIMOJIMHEHHOCTD 3JIEMEHTOB;

* OTCYTCTBHE TPEOyEeMbIX 3a30POB MEXK/Y CTBIKYye-
MBIMH JJIEMEHTaMHU;

* YMEHBIIICHUE JJIMHBI CEYCHUsI CBApPHBIX IIBOB,
HU3KOE Ka4eCTBO CBAPKH, OKpAIIMBAHUE IIBOB C HEOT-
OHTBHIM IILIAKOM;

* IOAPE3KH MeTajula HEeCYIIMX 3JIEMEHTOB NpH
CBapKe;

* HEJIOCTATOYHOE CTATHBAHUE MTAKETOB IPH OONITO-
BBIX COCIMHCHHUSX;

* IOKPBITHE MeTajula T'PYHTOBKOW 0€3 O4YMCTKH
OT P>KaBUHMHBI;

* neeKThl COCIMHEHNI 3JIEMEHTOB (TOJIOBOK 3a-
KJIETIOK, OOJITOBBIX COEIMHEHH, CBAPHBIX IIBOB);

e neeKThl MPOTUBOKOPPO3UOHHBIX OKPHITHI
(HemocTaToYHas TOJIIMHA, yYaCTKU C OTCYTCTBHEM I10-
KPBITUS U T.1L.);

* OTIIPaBKa CTAJbHBIX W3/IENUIl Ha CTPOHKY Oe3
OTPYHTOBKH.

K pacnpocTpaneHHbIM AeekTaM MOHTaXa CTallb-
HBIX KOHCTPYKIMH MOXKHO OTHECTH:

* HapylLIEHHE IPABIIBHON MOCJIENI0BATEIbHOCTH
MOHTaXa;

* HETOYHYIO TIOJI'OHKY M HENPaBHIBHOE COEIUHE-
HUE 3JICMEHTOB B MOHTQ)KHBIX y3JIax;

* CMEIICHUE KOHCTPYKIMH C TIPOCKTHBIX OTMETOK
H OCel;

* OTCYTCTBHE JIEMEHTa KOHCTPYKIHH WIIN COEAH-
HEHHS;

* IOBPEK/ICHNE DIIEMEHTOB KOHCTPYKIMIT IPH MOH-
Taxe (MCKpUBIICHHE, KOPOOIeHNEe, BMSITHHBI U T.I1.) [7].

[Tporiecc MPOM3BOACTBA CTATIBHBIX CTPOUTEILHBIX
KOHCTPYKIHH, KaK IIPAaBUIIO, TPOUCXOAUT Ha CHIEIIHAIIU-
3UpPOBaHHBIX 3aBolIax MeTamIoKoHCTpykmmid (3MK),
COCTOSIIIIMX W3 [IEXOB OCHOBHOTO M BCIIOMOI'aTEILHOTO
TIPOM3BOJICTBA.

TexXHOIOTHYHOCTb, T.€. POCTOTa U YHOOCTBO MX
W3TOTOBJICHUSI B 3aBOJCKHMX YCIIOBHUSX, OJIHO W3 OT-
JIMYUTENBHBIX JIOCTOMHCTB CTPOMTENIBHBIX CTaIbHBIX
KOHCTPYKIMHA. YeM TeXHOJIOTn4YHee KOHCTPYKIHS, TEM
HUWDKE TPYIOEMKOCTh €€ M3TOTOBIICHHMS, & 3HAYUT U KO-
HEYHasi CTOMMOCTb. ABTOMATH3aLMs ONEpaLUi Mo 13-
TOTOBJICHUIO 00ECIEYNBACT CHIDKEHUE CE0ECTOMMOCTH
TOTOBOM KOHCTpyKImu [8—10].

KayectBo crpouTesnbHOrO 0OOBEKTAa 3aBUCHUT
HE TOJBKO OT KauecTBa IMPOEKTHPOBAHMS M HM3TOTOB-
JICHUSI, HO M OT KauyecTBa CTPOMTEIbHO-MOHTAXKHBIX
pa6or. [Ipu MOHTa)Ke CTPOUTENBHBIX KOHCTPYKIUI OC-
HOBHBIMH LEJISIMHU SIBIISIIOTCS 0OecrieueHne TpedyemMoro
0 MPOEKTY MPOCTPAHCTBEHHOTO ITOJOKEHHS AIEMEH-
TOB CTPOMTENILHBIX KOHCTPYKIMH, B3aMMHOE COEIH-
HEHHE KOHCTPYKIMH MeXay co0oif, obecrieueHne 6e3-
OIIACHOCTH MPOBEJICHUSI MOHTaXXHBIX Pa0OT.
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B nacrosiiiee Bpemst CyIiecTByeT OOJIBIIOE KOJIH-
YEeCTBO BHJIOB M CIIOCOO MOHTa)ka, MO3TOMY MOHTX
CTPOUTENBHBIX KOHCTPYKIUH BBIACTSIOT B OTACTHHYIO
0Tpacib CTPOUTEITHHOTO MTPOU3BO/ICTBA.

MoHTaX CTPOUTENBHBIX KOHCTPYKLMU — 3TO
KOMILJIEKCHBIH Tpoliecc COOPKH 3/1aHUH U3 OT/EIIbHBIX,
3apaHee U3TOTOBIEHHBIX 21eMeHTOB. [Iponeccsl, u3 ko-
TOPBIX COCTOMT MOHTAX, JAEJATCS Ha TPAHCIIOPTHEIE,
MTOJITOTOBUTENIEHBIE M COOCTBEHHO MOHTKHBIC. J[ms
BBIMOJTHEHHUS BCEX 3TUX IMPOIIECCOB B KOMIUIEKCE HC-
MOJIb3YIOTCS. MOHTA)KHBIE, TAaKeJaXKHbIE U TPAHCIOPT-
HBIC CPE/ICTBA.

K MoHTaXHBIM TIpoIIeccaM OTHOCSTCS 3aXBaT KOH-
CTPYKLHUH TPy30TOIBEMHBIM MEXaHI3MOM, TIOIBEM WIIN
nepeMelieHe Ha MEeCTO YCTaHOBKH, YCTaHOBKA Ha OT10-
PBL, BBIBEPKA MPaBUIBLHOCTU MPOCTPAHCTBEHHOTO MOJO0-
JKCHUS, BPEMEHHOE M TIOCTOSIHHOE 3aKpEIUICHUE.

Crposimuecss 00beKTHI ¢ KaXKIbIM TOIOM CTaHO-
BATCS BCE CIOXKHEE, 00beM MOHTaXHBIX PabOT B CTPOH-
TEJbCTBE YBEINIUBACTCS.

[ToBbimenue 3pPEeKTUBHOCTH MOHTaXHBIX padoT
OCHOBaHO Ha MPHUMEHCHHU IPOTPECCHBHBIX METOIOB
MIPOU3BOJCTBA, TOBBLINICHAW YPOBHS aBTOMATH3AINH
U MEXaHU3aIIH.

IIpu MOHTa)ke BO3MOMKHO TOSIBICHHE MOTPEIIHO-
CTeH IpH yCTAaHOBKE KOHCTPYKLUI B MPOEKTHOE MO-
JO)KEHUE KaK MO TOPU3OHTAIH, TaK W 10 BEPTHKAIIM.
[TorpemHOCTH, KOTOpBIE YKIAABIBAIOTCA B JOIyCKae-
MBbI€ HOPMBI, Ha3bIBAIOTCA JOMycKaMHu. [lomycku reo-
METPUYECKUX Pa3MEPOB B CTPOUTEIILCTBE Pa3/ieisioT
Ha (QyHKIIMOHAIIBHBIEC ¥ TEXHOJIOTHYECKHE.

Haznauenne nomyckoB TpedyeTcs mis obecriede-
HUS TOYHOH COOpPKM KOHCTPYKLUH M3 HE3aBUCHUMO H3-
TOTOBJIGHHBIX 3JIEMEHTOB B COOTBETCTBUU C MTPEIbSBIIS-
€MBbIMH TPeOOBAaHHUSMH B CTAJJMU SKCILTyaTaIHH.

OyYHKINOHATIBHBIC JONMYCKHA HAa3HAYAIOT C YYECTOM
TpeOOBaHUI K KOHCTPYKIHUSAM II0 TPOYHOCTH, H3OJIS-
LMOHHBIM CBOWCTBAM HWJIM TI0 3CTETHYECKUM CO00Opa-
KeHUAM. DyHKIIMOHAIBHBIE JOMYCKH YCTaHABIMBAIOT
TpeOOBaHUS 10 TOYHOCTH T'€OMETPHUECKHX Iapame-
TPOB B y3JIaX COCNUHCHUS KOHCTPYKIIUI, TOYHOCTH UX
B3aMIMHOTO PACIIONOKEHHS.

TexHonorMYeCKHE OMYCKH ONPEIEAIOT TOUHOCTh
IPU U3TOTOBJIEHUH U yCTaHOBKE A1eMeHTOB. K TexHouo-
THYECKUM JOIyCKaM U3TOTOBJICHHSI OTHOCSTCS JAOIMYCKH
JMHEHHBIX pa3MepoB AIIEMEHTOB, (DOPMBI M B3aHMHOTO
MOJIOKEHUST ToBepXHOCTEH. JlomycKH JMHEHHBIX pas3-
MEpOB PENIAMEHTHPYIOT TOYHOCTh WX H3TOTOBICHHUS
10 JUIMHE, HIMPUHE, BBICOTE, TONIIMHE, a TaKXke TOou-
HOCTb HAHOCHUMBIX Ha 3JI€MEHTbI OpUEHTUPOB [11].

AKTyaTbHOCTh HACTOSMICH pPa0OTHI 3aKIFOUACT-
csl B pa3paboTKe METOAMKH MPOCKTHPOBAHMS PAMHBIX
CTAJIBHBIX KapKacoOB MHOTO3TA)KHBIX 3/1aHUH C y4eTOM
MOTPELIHOCTEH N3rOTOBIEHUS U MOHTaxa. J{J1s pamMHO-
ro Kapkaca (puc. 1) ¢ KEeCTKUMH CONPSDKCHUSIMHE dJIe-
MEHTOB OTKJIOHEHHSI OT IIPOEKTHOTO MOJIOKEHHS BEIyT
K TIOSIBIICHUIO JOMOJTHUTEIBHBIX, TMPEKIE BCETO M3TH-
Oaronrx, MOMEHTOB, YTO MOXKET BbI3BaTh Oojiee paHHee
HcyepIiaHue HeCyIlel ClIoCOOHOCTH.

Puc. 1. MHOrOST@XKHOE 3/[aHHE HA HECYILIEM PaMHOM
Kapkace

MATEPUAJIBI U METO/bI

PacdeT craigpHBIX KapKacOB MOXKET BBITIONHSATHCS
B JUHEHHON W HEIMHCHHOW ITOCTaHOBKe. JIMHEHHBII
pacyeT He YYUTHIBACT Ne(OPMHUPOBAHIE CHCTEMbI MPH
JIEHCTBUM HATPY3KH W HAKOIICHHBIC B 3JIEMEHTaX Kap-
kaca ycunus. [Ipy HeMMHEHHOM MOAXOAE PAacyeT BbI-
MTOJTHSIETCST HECKOJIBKUMU METOaMu (pHc. 2).
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VYnpyras Harpy3ka Ha U3ru0

Ynpyruii ananusz
BTOPOTO MOPSIIKA

[InacTuaeckuii ananms
BTOPOTO MOPsIKA

Harpyska

Jedopmanns
b

Puc. 2. O0mias xapakTeprCcTHKa METOJIOB pacyeTa CTaJbHBIX
kapkacos [12, 13]: a — meromsl pacueta; b — KpuBas
Harpy3ka—zaedopManust 17 pa3HbIX THUIIOB pacdyera
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Puc. 3. [1nan TumoBoro staxka

1. Vnpyeuii ananuz emopozo nopsioka — 3T0 aHa-
JIU3 C YYETOM IeOMETpUUECKOW HeluHeHHocTU. Takon
pacdeT MO3BOJISIET BBISIBUTBH MOTEPIO O0MLIEeH ycTOHYH-
BOCTH CHUCTEMBI B YIIPYTOil CTagun paboThl, HO C yde-
TOM M3MEHEHUsS TEOMETPUH KOHCTPYKIIMH U HAKOTUICH-
HBIX B 2JIEMEHTaxX KapKaca ¢ POCTOM Harpy3KH YCHIIHH.
Hanuumne HagaabHBIX HECOBEPIIEHCTB KapKaca MHOTO-
STAKHOTO 31aHHs CIOCOOCTBYET IPH 3arpykeHun 00-
nee OBICTPOMY OTKJIOHEHHIO TIOJIOKCHHS AIEMEHTOB
Kapkaca OT IIPOEKTHOTO U 00Jiee paHHEMY JIOCTHIKEHHIO
MIpeebHON Harpy3KH.

2. [Tnacmuueckuii aunaiuz 6mopoco Nopsoka —
aHaJM3, KOTOPBIN YUYHUTHIBACT HE TONBKO Je(OpMH-
POBaHHYIO CXeMy, HO M XapakTep (ImarpamMmy) Je-
(dopMupoBaHusi Marepuaia. YpaBHEHHs pPaBHOBECHS
3amucaHbl Uil 1e(OPMUPOBAHHONW (OPMBI, TIPH ITOM
YUUTBHIBAaeTCS Kak (pU3MUECKas, TaK U Te€OMETpHUYECKast
HEJIMHENUHOCTbD.

OTOT TUN aHaIW3a Jydlle BCEro MOAXOAUT A
MOJIEIIUPOBAHUS PEAIIBHOTO MOBEICHUS KOHCTPYKIMH
U pacueTa Ipesesia Heynpyroi yCToiuuBOCTH, T.€. IPU
Pa3BUTHH IUIACTHYECKUX Jedopmanunii B marepuaie
KOHCTPYKIUH MIPU 3arpyKESHUU.

[IpoBeneHHBIE paHEe UCCIIENOBAHNS MTOKA3bIBAIOT,
YTO aHAJIN3, OCHOBAHHBIA Ha pacyeTe Mealn3NpOBaH-
HOM MHOTO3TAKHOM CTaJbHON KapKaCHOM KOHCTPYK-
uum 0e3 ydera HECOBEPIIEHCTB, YacTO HEe oOecreyu-
BaeT HECYIIYIO CIIOCOOHOCTh 37aHUsI M HE OTBEYaeT
9KCILTyaTallMOHHBIM TPEOOBAaHHUAM 110 JIOITYCTHMBIM
nepeMenieHusM kapkacos [ 14].

OneHka BIMSHHUA HadaJlbHBIX HECOBEPIIECHCTB
BBITNOJIHEHA HA MPUMEPE paMHOro kapkaca 10-3TaxHo-
TO JKUJIOTO 3[aHMs, pacnonokeHHoro B IV cHeroBom
u IV BeTpoBOM paiione. 3maHne nMeeT MPSMOYTOIBHBIN
IJ1aH, pasMepsl B maHe 54,4 x 12,3 m. Bricota sTaxa
paBHa 2,95 M. 3nanue 6e3 momsaina. [llar monepedHpx
pam TIepeMeHHBII B TPOAONbHOM HampasieHnn 3,0,
3,3; 3,6; 3,8 u 3,9 M. B monepeyHoM HampaBIeHUH 1Iar
xononH 4,3; 3,3 u 4,7 m. Ha puc. 3 nokasan miaH 311a-
HUs, Ha puc. 4 — paspes.
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Puc. 4. Pa3spes kapkaca

PamHubIii Kapkac mpejcraBisieT coOOH HECyIIyIo
CTEP)KHEBYIO CHCTEMY, B KOTOPOW KOJIOHHBI M Oayku
KECTKO COEJJMHEHBI IPYT C APYTOM, a KOJIOHHBI )KECTKO
MIPUKPEIUICHB! K (PyHIAMEHTy. 3a CYeT KECTKOTO Kpe-
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TUICHHS DIIEMEHTOB KapKaca JIpyT K Jpyry odecrednBa-
€TCs MPOCTPAaHCTBECHHA yCTOﬁ‘{HBOCTb " KECTKOCTbD.

HCperbITI/IH 31aHUs BBIITOJIHAKOTCA B BUJIC MOHO-
JIUTHO# 7K€J1€300€ TOHHOMU IJTUTHI 10 MPOGUITHPOBAHHO-
MY HaCTHITY.

CreHbl 31aHUS KapKacHO-0OMMBHEIE. B mpoekre
pacdera Kapkaca BeC CTEH y4TeH NPHOIMKEHHO U TIPH-
HAT paBHBIM | Klla.

YCTOMYUBOCT, M KECTKOCTh PAMHOIO Kapkaca
B INTOCKOCTH TTOTIEPEYHOH PaMbl 00€CTIEINBACTCS JKECT-
KAM COTPSDKEHHEM pHUTreNiell ¢ KOJIOHHAMH M KOJOHH
¢ ¢yrmameHToM. V3 TUIOCKOCTH TOIEPEYHON pambl
YCTOMYUBOCTH 00ECTICUMBACTCS CHCTEMOW BEPTHKAIh-
HBIX CBs3ei. BepTukanbHBIC HECyIIHe KOHCTPYKIHH
KapKaca — KOJIOHHBI PacIiollaraloTcs Ha MepeCcedeHUsIX
oceil. KoloHHBI 1 Oanku MEpeKPBITHS BBHITIOTHIIOTCS
U3 npokatHbIX aByTaBpoB mo OCT P 57837-2017".
Cranp koioHH 1 6amox C345.

Bec crampHOrO Kapkaca YYHTBIBACTCS BBIYHCIH-
TENBHBIM KOMITJICKCOM TIO CEYEHHSAM 3JeMeHTOB. [Ipu
BEISBIICHUH HAarpy3Kd OT COOCTBEHHOTO Beca Kapkaca
YYUTHIBACTCS KO3(P(UIIMCHT HANCKHOCTH IO HArpy3-
ke, paBHBIH 1,05, u crpouTenbHbIi K03 duueHT 1,2,
YUUTBHIBAIOIINI Hamuuue pedep, HaKIaIoK, (PacoOHOK
1 ONOPHBIX IUTaCTHH. Harpyska Ha cTajbHBIC pHUTeNIn
TICPEKPBITHS ONPEJICNICHa C yYeTOM IINPUHBI TPYy30BOH
TUIOIIA M, PABHOH LIary IOIEPEYHBIX PaM.

Jlnst IV cHeroBoro paiioHa HOpMaTHBHAsE CHETOBast
Harpyska pasHa 2,0 xIla, pacuernas — 2,8 xIla. Jlna IV
BETPOBOTO paiiloHa HOPMAaTHBHOE BETPOBOE JABJICHUE CO-
crasinsieT 0,48 klla, pacuernas Harpyska — 0,672 klla.

IIpu mpoBeneHHM pacyeTa yUYTEHO CIIeAyIoIlee.
Koneuno-anementHas moxens (KOM) kapkaca crepx-
HeBas. Paccmorpena paboTa OTAENbHON IIOCKON
paMbl, 4YTO YYUTBHIBACT 0CO6€HHOCTI/I KOHCTPYKIIUH
Kapkaca. [[ns pacuera MCHOIB30BaH BHIYUCIUTEIbHBIN
xomruieke JIMPA-CATIP 2021. B ta6i. 1 mpencTaBieHbl
THUIIBI )KECTKOCTEH M CEYCHHUS 2JIEMEHTOB Kapkaca [15].

Tao6u. 1. Tunsl )xecTKOCTEH 2JIEMEHTOB PAMHOI'0O Kapkaca

Tun HaumenoBanune
CeueHue
JKECTKOCTHU 3JICMEHTA
1 Koouusr 35K2
2 banku 3062

Harpy3ska® npuknagpBatach K pacueTHOH cxeme
B BU/JIC IISITH 3aIrPyKECHUMN:

1) Bec HeCcymUX KOHCTPYKIHH;

2) MOCTOSIHHASL HArpy3Ka — BEC OTPaKIAOIIUX
KOHCTPYKLUIA;

3) mone3Has HarpysKa;

'TOCT P 57837-2017. JIByTaBpbI CTaJbHBIC TOPSTYCKATAHBIC
C MapaJuIeIIbHBIMU IPAHSIMHU T0JIOK. TEXHUYECKUE YCIOBHSI.

2 CIT 20.13330.2016. Harpysku u BO3ICHCTBHS. AKTyalH3HU-
poBannas pepakuust CHull 2.01.07-85%*.

4) cHeroBasi Harpy3Ka;

5) BeTpoBasi Harpy3Ka.

HavanbpHble HECOBEpIICHCTBA KapKaca HPUHSATHI
B COOTBETCTBHUM C JCHCTBYIOLUMHU POCCUHCKUMU HOP-
MaMI/I3. Komonusr B 3JaHUU NPHUHATBI JABYXOTaXHbBIMU
mmHor 5900 mm. PaccMoTpeHO OTKIIOHEHHE Bepxa
KOJIOHHBI IT0 BEPTHKAJIM HA ATOM YYaCTKE B IIOCKOCTH
MONEPEYHON pambl. BennuuHa 3TOro OTKIOHEHUS CO-
craBnseT 15 Mmm. Kpome OTKIIOHEHHS OT BEPTHKAIH Y-
TeHa ¥ HayaJIbHas ITOru0b KOJIOHHBI B IJIOCKOCTH IIOIIC-
peuHoit pamsl co ctpesoit 0,0015 pnuue! nm 8,85 mm.
VYKka3aHHBIC OTKJIOHEHHsSI OT MPOCKTHOH TIeOMEeTpHr
yureHs! B reomerpurd KOM. {71t aToro KommoHHA OBbITa
pasaeneHa Ha JeCATh PaBHBIX 4aCTEH, KOOPAMHATHI y3-
JIOB OMPENEISUTUCh C YYeTOM HPUHATHIX OTKJIOHEHHH
B BHJIE CMEILICHUS BepXa KOJIOHHBI Ha 15 MM M CTpesnsl
moru6u 8,85 Mmm. B 3amac Hecymeit crtocoOHOCTH pH-
HSATBIE OTKJIOHEHUSI KOJIOHHBI HAKAIUTUBAJINCH /10 BEpXa
3paang. CyMMapHOE OTKJIOHEHHE KOJIOHHBI Ha BEpXY
3nanust paBHo 75 MM [16]. K pacuerHoii cxeme ¢ uc-
Ka)KCHHOM TeOMETpHEel NpHKJIa bIBAINCh YKa3aHHbIC
BBIIIIE HATPY3KH U BHIMOJHSJICA PacyeT YCHINH U repe-
MemieHui. ITOT crmocob pacuera Hamboee JOCTOBEp-
HO OTpa)kaeT paboTy Kapkaca, OJHaKO ero IpUMEHEHHE
COIPSDKEHO € JIOCTAaTOYHO TPYJOEMKOH Mpoleaypoit
(hopMHUpPOBaHKsI TEOMETPHN KapKaca C yU4eTOM ITOTpelI-
HOCTEH M3TOTOBJICHHS 1 MOHTaXa.

Kpome npsiMoro ydera MCKa)KEHHOH TI€OMETPUU
MPOBOAUJIMCH PACUYC€Thl C AOIMOJHUTECIBHBIMU pacrpe-
JICJICHHBIMH TOPH30HTAJIBHBIMH Harpy3KaMH, MpHKIIa-
JIBIBAEMBIMH Ha KaXJIOM dTaxe, 0 MeToauke EBpokoia
1993-1-1% [17-20]. TTo metonuke EBpokoma OTKIIOHE-
HHUE OT MPOEKTHOTO MOJIOKCHUS YUUTHIBACTCS JOMOJI-
HUTEJIbHON FOPU30HTAJILHON Harpy3Koi, KoTopas Ipu-
KJIaJ(pIBacTCsl K Hene(OpMHUPOBAHHON KOHCTPYKIHMU
Ha ypOBHE MEPEKPBHITHS KAKIOro u3 dTaxeu. [opu-
30HTaAJIbHAsT HArPY3Ka OTPEEISIeTCS] TOIBKO OT BEpPTH-
KaJIbHBIX Harpy30K Ha Kapkac. [loNoIHUTENbHBIE TOPH-
30HTAJIbHBIC HAIrpy3KH pacCYUTaHbl HA TO, ‘-ITO6I)I JaThb
TOT k€ MOMEHT B KOJIOHHaX, YTO W NpSIMOW ydeT Ha-
YaJbHBIX Je(EKTOB B TEOMETPUH KOHCTPYKIHMU. B eB-
pomelcKnX HOpMax HadaJlbHbIE HECOBEPIICHCTBA YUH-
TBIBAIOTCA JIJId KaXXI0T0 3arpy>K€HNs ¢ BEPTUKAJIIbHBIMU
HarpyskamMm JOINOJHUTCIIbHBIMUA TOPU30HTAJIbHBIMU
Harpy3KaMu: COCpPEIOTOUYCHHBIMH CHJIaMH Ha YPOBHE
Ka)KJIOTO TIEPEKPBITHSI M PACTIpEIeICHHBIMH 110 JUTHHE
KOJIOHH Harpy3KaMH.

1. HayanpHbIe HECOBEPIICHCTBA B BUIE OTKIIOHE-
HUI OT BepPTUKAIN (TIONMEPEUHBIX OTKJIOHEHUH) YUUTHI-
BAIOTCSl COCPEIOTOYCHHBIMH TOPU30HTAJILHBIMH CHJIA-
MH Ha YPOBHE KaXJIOTO ITEPEKPBITHS:

N = G — ropHu30HTaJbHAs HAarpy3ka OT BEpTH-
KaJbHON HAarpy3KH Ha mepekpeitue, rie G — cymmap-

3 CIT 70.13330.2012. Hecyyie U Orpaskatomine KOHCTPYK-
nun. AxryanmsupoBanHas penakiust CHull 3.03.01-87.

4EN 1993-1-1:2005. TTpoeKTHPOBAHUE CTATBHBIX KOHCTPYK-
nuit. O0mue npasuia.
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Hasi BEpTUKaJbHAs Harpy3ka Ha HEepeKpbITHE dTaxa
OT COOTBETCTBYIOIIETO 3arpy>KeHNSI.

rie ¢, = 1/2000, a, = 2/\/h, 1o 2/3 < a, < 1,0 — 1o-
HIGKAIOWIUH KOd(Q(PULUEHT C YYETOM BHICOTHI KOJTOHHBI
h — BBICOTA 31QHUS;

o, = 10,5(1 + l/m) — TMOHIKAIOIMUN KOA(DhUIH-

€HT C Y4eTOM KOJHMYECTBA KOJIOHH B PSIAY; M — KOJH-
YeCTBO KOJIOHH B PSITY.

C y4eToM BBICOTHI KOJIOHHBI 29,5 M U 4eThIpex KO-
JIOHH B psiny Koaddunuent ¢ = 0,005 - 1 - 0,79 =0,004.

2. OTHOCHTEbHBIE HAYaJlbHBIE MECTHBIC H3THO-
HbIE HECOBEPIICHCTBA AJIEMEHTOB IIPH TUIOCKOH (hopme
TOTEPH YCTOWYNBOCTH YUNUTHIBAIOTCS pacIpe/ieIeHHbI-
MU IO JJIMHE KOJIOHHBI TOPU30HTAJIBHBIMHA HAarpy3KkaMu:

g =4Ge,/L, rne G — cymMMapHasi BepTUKaJIbHAs
HarpysKa Ha IepeKphITHE ITa)ka OT COOTBETCTBYIOILETO
sarpyskenust; €, /L =1/350 ~1/100 — skBuBaseHTHOE
HavaJbHOE MECTHOE MCKpuBIeHHE; L — (akThyeckas
JUTMHA 3JIEMEHTA.

[pu npoBeeHnn pacyera npusTo e, /L =1/300,
torma g = G/75.

B nanpHeifmemM paccMaTpuBanoch JBa criocoda
pacdera KapKaca ¢ OTKJIOHCHUSIMH:

1. Pacyer kapkaca ¢ H”3MEHEHHON T€OMETPHUEH.

2. Pacuer ujieasbHOTO Kapkaca ¢ Y4eTOM JIOIOJ-
HUTEIBHBIX TOPU30HTAIBHBIX HArpy30K IO METOIHKE
EBpoxona.

Kpome pacueToB 110 nepBoMy U BTOPOMY BapHaHTY
yueTa HECOBEPIIEHCTB BBIMOJHEH pacyeT HealbHOTo
Kapkaca, MMEIOIIEr0 IMPOCKTHYI0 TeoMeTpuio, n 0e3
yueTta JOHNOJTHHUTCIIBHBIX TOPU30OHTAJIBHBIX B03ﬂeﬁ-
ctBui. [lomy4yeHHbIE pa3HBIME CIIOCOOAMHU TIEepeMere-

Howmep staxa
— N WA VOO0 O

0 5 10 15 20 25

HUS M YCUJIUS XapaKTEePHbIX TOUYEK U CEYEHUM Kapkaca
CPaBHMBAJINCH APYT C ApyroM. V3y4anoce BIUSIHUE He-
COBEPIICHCTB Ha TEPEMEIICHUS U YCHINS OT OTHCIb-
HBIX 3arpy>KeHUH.

Bce pacuersl ocymiecTBIsIINCh NPU YIPYTOH pa-
60Te cranu. PacdeThl BBINOIHSIINCH B reoMeTPUICCKU
JINHENHOW U HEJINHEHHOM [TOCTaHOBKAX.

CedeHns 2IEMEHTOB PaMbl NIEPBOHAYAIIBHO MO/I0-
OpaHbl Tak, 9TOOBI ObIIa 00ECTIEYeHA HEeCyasi CIoco0-
HOCTb TIPH JEHCTBUN COUCTAHUH PACUETHBIX HArPY30K.
B pacuerHoe coderaHue Harpy3oK BKJIIOUEHBI HOCTO-
siHHasi, CHEroBasd, I10JIC3Hasd, BCTPOBasd. IlocTosinnas
U TI0JIe3Hasi Harpy3KH B3sThI ¢ KOd(duireHToM coue-
TaHus 1, BeTpoBas ¢ xkodddunnenrom couetanus 0,9,
cHeroBas ¢ ko3 urnmenTom couetanns 0,7.

PE3YJIBTATHBI HCCIEJOBAHUA

[IpoBenen aHanmm3 pe3yabTaToOB pacdeTa Kapkaca,
MTO3BOJIMBINUI BBISIBUTH BIUSHUE PAa3HBIX CIIOCOOOB
ydeTa HECOBEPIICHCTB T€OMETPHUH Ha TEPEMCIICHHS
u yeuust. ConoctaBiieHbl IEpEeMELIeHUsI U YCUIIUS, T10-
JIy4eHHbIE TUHEHHBIM U HETUHEHHBIM PACYETOM.

Ha puc. 5 npexncrasnens! nepeMelleHUs KapKaca,
MTOJIyYCHHBIE PacyeToOM pa3HBIMH CIOcO0aMu, OT pac-
YETHOTO COYETaHUS HATPY30K.

lopu3oHTanbHBIE TIEPEMEMICHHS BepXa 3JaHUSL
MpU y4yeTe HECOBEPIICHCTB KapkKaca MEepBbIM CIIOCO-
0OOM MPEBBIMIAIOT MIEPEMECIICHUS UICATBHOTO KapKaca
Ha 0,33 %. HeoOXoauMoO OTMETHTh, YTO MCIIOJIb30Ba-
HHE METOAWKH EBpoKoga Mo CpaBHEHHIO C MPSIMBIM
Y9IETOM HECOBEPIIIEHCTB B TEOMETPUHU PACUCTHOH CXe-
MBI BEZICT K ITepeMeIIeHUsIM, 00IbpIuM Ha 7,6 %. Yaer
HEJIMHCHHOI pabOTHI KapKaca BeJCeT K POCTY IepeMe-
meHuit Ha 5 %.

30 35 40 45 50 55 60

[Tepemerenus no X, Mm

e PacueT ujeanbHOro Kapkaca

= Pacder xapkaca ¢ ©3MEHEHHHO! reoMeTpueit

Pacuer naeanpHOTO Kapkaca ¢ Y4€TOM JONOJTHUTEIIBHBIX TOPU30OHTAJIBHBIX HATPY30K

no meroauke EBpokona
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[Tepemerenus no X, Mm

=== JIUHEIHBII pacueT npu nepBoM crocobe

c

e HenMHEHHBIN pacueT mpu NepBoM criocobe

Puc. 5. l'opusoHTanbHBIE MEpEMEIEHHS Kapkaca MHOTOITaXKHOTO 3aHHS OT PACIETHOTO COUYSTAHMUS HarPy30K, MM:

a — IMHEWHBIe; b — HEeNMHEHHbIE; ¢ — CONOCTaBICHNE TMHEHHOTO U HEIMHEHHOTO pacyeToB MPH IEPBOM CIIOCO0E pacueTa

Ha puc. 6 mpuBeeHO M3MEHEHHE MPOIOJIBHBIX
yCWINH B CpelHeH KOJOHHE MO BBICOTE 3aHHS JUIs
JIMHEWHOTO W HEJTMHEeWHOro pacyeroB. HawOosnbiiee
OTJIMYUC B BCIMYUHAX IMPOAOJIbHBIX yCI/IHI/Iﬁ Ha6n10)1a-
eTcs y KOJIOHH HWXKHUX 3TaXeH, Mo3ToMy Ha rpadukxe
TIPE/ICTaBIICHA 3aBUCUMOCTb IPOIOIBHBIX YCHINHN JUIs
KOJIOHH 1-5 aTaxei.

B tabn. 2 npeacrasieH aHaU3 IPOAOIbHBIX YCH-
JUH U KOTOHH 1—5 3Tarke# I CpeaHUX KOJIOHH.

AHa3 BIWSTHNS HECOBEPILICHCTB KapKaca Ha Ipo-
JI0JIbHBIE YCUIIUS B KOJIOHHAX I0Ka3al, 4To 10 CpaBHe-
HUIO C WJealbHBIM KapKacoM HepBhIi crocod pacyera
naeT mpoponbHble ycuiausa Oombire Ha 0,13 %. Ilpn

WCTIONB30BAaHIHM METOOUKH EBpokoma TpOJONbHEIE
YCWJINS TI0 CPABHEHHIO C MEPBBIM CIIOCOOOM yueTa He-
coepuieHcTs Ha 0,6 % Oosbuie. HenuuelHbli pacuer
YBEJIMYUBAET MPOAOJIbHBIE YCUIIUS 110 CPABHEHUIO C JTU-
HeltHbM Ha 0,4 %. B kxpaliHuX KOJIOHHAX MPOJONbHEIE
YCHUITUS TIPH TIPSIMOM yUE€Te HECOBEPIIICHCTB TEOMETPHH
OoubIme, 4eM B uaeanbHoM Kapkace Ha 0,25 %.

Ha puc. 7 mpeacraBieHO H3MEHEHNE N3THOAOIINX
MOMEHTOB B CpEJIHEH KOJOHHE IO BBICOTE 3TaHMsI st
JIMHEHHOTO U HEJIMHEHHOTO PacyeTOB.

B Tabn. 3 nmpuBencH aHAN3 N3THOAOIIAX MOMEH-
TOB JJIs1 KOJIOHH 1—5 aTa)kel 1uist CpeIHUX KOJIOHH.
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Howmep ataxa

—-1400 —-1300 —-1200 —-1100 —-1000

-900 -800 700 —600 -500

IIpononsusie ycunus N, kH

JluneliHbIil pacyeT npu nepBoM crocode

Henwuneiinpiii pacuer npu nepsom crnocobe

Puc. 6. [IpononbHbIe ycHIns B CpeaHEi KOJOHHE s 1—5 3Taxeil mpu mepBoM crocode pacyera OT PacueTHOTO COUCTAHUS

Harpy3oK ycuiui

Taou1. 2. AHanu3 NPOAONIBHBIX YCHIIUH B CPEIHUX KOJIOHHAX 1—5 3Ta)kel OT pacyeTHOTo COYETaHUs Harpy30K

Jluneiinplii pacuet Henuneiinsiit pacuer
H H
OMep W neansHblit 1-i1 croco6 | 2-ii crtoco6 OMep Uneansubrit 1-i1 crioco6 | 2-it croco6
JTaxa JTaxa
1 —-1280,58 —1281,89 —1289.,44 1 -1285,37 —1286,73 —-1295,53
2 -1128,83 -1130,27 —1136,38 2 -1132,92 —1134,38 —-1141,51
3 -992,83 -993,64 -998,84 3 -995,93 -996,74 -1002,71
4 -857,75 —858,55 -862,14 4 -859,88 -860,68 -864,76
5 —724,94 —725,22 -728,02 5 -726,26 -726,54 —729,64
10
9
8
% 7
S 6
& 5
=
é — - 4
— e 3
e e i —————— 2
———— 1
0
-120 -100 -80 -60 —40 =20 0 20 40 60 80

Wsrubaromuii moment M, kH-m

JluneliHbIil pacyeT npu nepBoM crocode

Henwuneiinpiii pacuer npu nepsom crnocobe

Puc. 7. M3rubaronine MOMEHTHI B CpeHEH KOJIOHHE IIPH TIEPBOM crioco0e pacyera OT PaC4eTHOTO COYETaHHUs Harpy30K

14



Paborta pamHbIX CTaAbHbIX KapKacoB C y4eTOM MOrpeLHOCTeN i MOHTaxa M M3roroBAeHUs C. 6-28
Ta6a. 3. Ananu3 u3rubaronMx MOMEHTOB B CPETHUX KOJIOHHAX 1—5 aTakel OT pacyeTHOTo COYeTaHus Harpy30K
JIuneiinblit pacuet Henuneiinsbiit pacuer
Homep asraxa | MneanbHblii 1-i1 cnoco0® 2-ii coco6 | Homep ataxka | WneansHblit 1-i1 ctoco0 2-1 crioco0
1 Hu3 -97,40 —-109,00 -123,00 1 13 -102,00 —-113,00 -130,00
1 Bepx -3,58 -2,03 2,38 1 Bepx -3,67 -2,26 2,93
2 Hu3 -58,80 -59.,20 -61,40 2 HU3 —63,40 —63,70 —66,60
2 Bepx 33,50 28,00 26,40 2 Bepx 36,00 30,50 29,10
3 HU3 —-46,10 -53,90 -63,10 3 HU3 -49,70 -57,50 —68,10
3 Bepx 45,30 48,10 55,40 3 Bepx 48,80 51,70 60,50
4 HU3 —-34,70 -34,30 -35,00 4 a3 -37,20 -36,80 -37,60
4 Bepx 45,00 41,50 41,50 4 Bepx 48,50 45,00 45,60
5 HU3 -26,50 -31,90 —-38,50 5 Hu3 -28,10 -33,60 -40,90
5 Bepx 40,90 43,30 49,30 5 Bepx 43,90 46,30 53,30
AHanu3 BIUSHUS ~ HECOBEPIICHCTB  Kapkaca Ha puc. 8 mpencrasieHO U3MEHEHUE N3THOAOIINX

Ha M3ru0aroIMe MOMEHTHI B KOJNOHHax 1-5 srtaxen
MOKa3aJl, 4TO M0 CPABHEHHUIO C UJICAILHBIM KapKacoM
HepBbI CIOCO0 pacueTa JaeT M3rudarole MOMEH-
Tl Oosbinie Ha 12,0 %. IIpu UCMOIB30BaHUN BTOPOTO
criocoba pacuera M3rubaronie MOMEHTBI B KOJIOHHAX
1-5 sTaxkeil MO CpaBHEHHUIO C HJCATBHBIM KapKacoM
6osnbire Ha 26 %. Vicnionb3oBanue Metoauku EBpokosa
JlaeT M3rudaroe MOMEHTHI B KOJIOHHAX IO CpaBHe-
HHIO ¢ mepBbIM criocodoM Ha 13,0 % Oonbme. Hemu-
HEHHBIM pacyeT yBeIWYHMBACT M3rHOArOINe MOMEHTHI
B KOJIOHHAX I10 CPaBHEHUIO C JTMHEHHBIM Ha 7,6 %.

B Tabin. 4 npeacTaBicH aHAIM3 U3rHOAIOIIUX MO-
MEHTOB JJIsi KOJIOHH 6—10 3Taxkelt OT pacyeTHOro co-
YeTaHHs Harpy3oK.

AHanu3 BIMAHUS  HECOBEPIICHCTB  Kapkaca
Ha W3rubaroIMe MOMEHTHI B KOJOHHaX 6—10 staxken
MOKa3aJl, 4TO MO CPABHEHHMIO C UJICAILHBIM KapKacoM
HepBbI CIOCO0 pacueTa JaeT M3ruOarole MOMEH-
Thl Oombite Ha 23,78 %. Mcmonp3oBaHne METOIMKH
EBpokona maer m3rubarommye MOMEHTHI B KOJIOHHAX
10 CPaBHEHHMIO C UICAbHBIM KapkacoM Ha 7,1 % 0oib-
nre. HenmuHeWHBI pacdeT yBeIMuMBaeT H3rHOaromye
MOMEHTBI B KOJIOHHAX [0 CPaBHEHHUIO C JIMHEHHBIM

Ha 7,0 %.

MOMEHTOB B 0ajKax MepeKpbITHH MEePBOTo dTa)ka JUis
UICaTBHOTO KapKaca U IepBOro crocoda yyera OTKIO-
HEHUH OT PacUeTHOTrO COYETAHMUsI Harpy30K.

B Tabin. 5 mpeacraBieH aHAIU3 U3rHOAOIIUX MO-
MEHTOB 0aJIOK MepeKpbIThii 1-ro, 5-ro u 10-ro sTaxe.

AHanus BIUSHAS HCCOBCPUICHCTB KapKaca Ha HU3-
rUOArOIINe MOMEHTHI B OajKax MEPEKPBITHsI MOKa3al,
4yTo Haubojee 3HAYUTENILHOE BIUSIHUE OTKIOHEHHMS
Kapkaca oKa3aJdh Ha MOMEHTHI B Oayikax 1-ro sTaxa.
[To cpaBHEHUIO ¢ WIEAIBLHBIM KapKacoM IEpPBBIH CIIO-
co0 pacuera daeT W3rHOArOIIHMC MOMCHTBHI OOJIbIIEC
Ha 1,5 %. Hcnonw3oBanue meroquku EBpokona maet
M3rUOaroIMe MOMCHTBI B OaJIKaxX MEPEKPBITHS 0 CPaB-
HEHHIO C IEPBBIM CIIOco00M Ha 5,2 % Goblie.

[Tpn ananu3e pe3yabTaroB HEOOXOAMMO YHECTb,
YTO TPSIMOI y4eT MOrpermHocTeld cOOPKH M M3rOTOB-
JICHUSI B TEOMETPUH KapKaca sIBIIsieTCs1 0oJiee MpaBUiib-
HBIM, HO TpeOyeT (OpMHUpOBaHHs Ooliee CIOKHBIX
PACUYCTHBIX CXEM, YYUTBIBAIOUINUX MMOTPEIIHOCTU I'€OMEC-
Tpuu Kapkaca. [lepemenienus u ycunus, oJ1y4eHHbIE
JIMHEHHBIM pacyeToM PaMHOTr0O Kapkaca, Majo OTJInya-
I0TCSI OT Pe3y/IbTaToOB HEJIMHEHHOro pacuera, 4To I10-
3BOJISIET JUIsl PAMHOTO KapKaca PeKOMEH/I0BaTh JIMHEH-
HBII METOJI pacuera.

Taba. 4. Ananu3 n3rudaronX MOMEHTOB B CPEIHHUX KOJIOHHAX 6—10 sTaxkelt OT pacyeTHOTO COUSTaHHs HAarpy30K

JIuneiinblii pacuet

Henunelinbiii pacuer

Howmep sraxa | MneanbHblii 1-i1 cnoco0® 2-ii coco6 | Homep ataxka | WneansHbIit 1-11 ctoco0 2-1 crioco0
6 HU3 35,00 32,80 33,00 6 HU3 37,30 35,10 35,80
6 Bepx -10,90 -14,30 —-18,60 6 Bepx 11,40 —-14,80 -19,30
7 uu3 28,30 30,00 34,20 7 Hu3 30,00 31,60 36,40
7 Bepx -3,15 -2,61 -2,28 7 Bepx -3,32 2,77 -2,36
8 Hu3 20,30 19,20 19,50 8 Hu3 21,30 20,20 20,70
8 Bepx 3,09 1,53 0,43 8 Bepx 3,10 1,57 0,43
9 HU3 14,50 15,40 17,60 9 Hu3 15,10 16,00 18,40
9 Bepx 11,10 11,60 12,20 9 Bepx 11,20 11,60 12,30
10 HU3 5,08 -5,18 -4,96 10 Hu3 —4,82 —4,92 —4,66
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352 38,5 -332 55,3 351 38,7 -333 55,2
% AL A }, yi 10-it sTax %&Wﬁ
20,9 10,7 252 20,9 10,7 252
74,1 71,5 =05 751 -72,6 91,3
-10,2 5-if aTax -9,2
26,5 24,7 31,1 26,7 253 31,2
844 79 2.6 -853  _802 93,4
-11,1 1-# aTax -10,2
304 262 332 30,7 26,7 33.4
a b

Puc. 8. M3rubaromiye MOMEHTHI 0aJIOK NEPEKPBITUI TIEPBOTO ATaxka JUTsl HJeaTbHOIO KapKaca 1 MepBoro crocoba ydyera
OTKJIOHEHHI OT PACUETHOTO COUCTAHMUS HATPY30K: ¢ — HJIeaNIbHBII Kapkac (0aiku nepekpbITuii 1-ro, 5-ro u 10-ro sTaxeii);
b — niepBblii crtocob yueTa oTKIOHeHHs (0aiku nmepexpsiThii 1-ro, 5-ro n 10-ro sTaxeit)

Ta6a. 5. Mzrubaromye MOMEHTH B OajIKax MepeKpheITHi 1-ro, 5-ro u 10-T0 STa)eit OT pac4eTHOTO COUCTAHMs HATPy30K

Usrubaromme MomeHTsl, KH M

Hoeanvuwiil
Homep sraxa b1 B2 B3
Ocb b IIponer Ocp B Ocp B IIponer Ocs I’ Ocp I’ [Iponer Ocp [
1 11,10 -30,40 84,40 —12,00 -26,20 79,00 23,80 -33,20 92,60
5 10,20 -26,50 74,10 -15,10 -24,70 71,50 12,00 -31,10 90,50
10 35,20 -20,90 38,50 18,80 -10,70 28,20 33,20 -25,20 55,30
1-ii cnocob
Howmep staxa b1 B2 B3
Ocb b [Iponer Ock B Ock B [Iponer Ocp I’ Ocp I’ IIponer Ocb J{
1 10,20 -30,70 85,30 —13,20 -26,70 80,20 23,00 -33,40 93,40
5 9,20 -26,70 75,10 -16,20 -25,30 72,60 11,30 -31,20 91,30
10 35,10 -20,90 38,70 18,80 —-10,70 28,10 33,30 -25,20 55,20
2-11 cnocob
Howmep staxa b1 B2 B3
Ocws b IIponer Ocs B Ocs B IIponer Ocp I' Ocp I' [Iponer Ocb 1
1 6,51 -31,80 88,90 —-17,70 -28,90 84,60 19,70 -33,90 96,90
5 5,94 27,70 78,20 -20,10 -27,40 76,40 8,30 -31,90 94,30
10 34,90 -20,90 38,90 18,80 -10,70 28,20 33,10 —25,20 55,50

3AKJIIOYHEHHUE U OBCYXIAEHHUE

Ha ocnoBanmm pacueroB HJIC kxapkaca MHOTO-
STaXHOTO 3[aHWUS YCTAHOBJCHO, YTO MpPSIMOH ydYer
MOTPEITHOCTEH M3TOTOBJICHHS U COOPKH B T€OMETPHU
Kapkaca JaeT BO3MOXKHOCTb 0OJIe€ TOYHO OIEHUTH pa-
0oty kapkaca. Mcronp3oBanue Mmeronuxu EBpokona
C JIOTIOJHMTEIbHBIMUA TOPH30HTAIBHBIMHE HArpy3Kamu
Ha ypOBHE Ka)KI0T0 3Taka C UCIIOIb30BAaHUEM PAMHOTO
KapKaca BeZIeT K MOJTy4YECHUIO 3aBbIIICHHBIX NIepeMele-
HUH 1 ycunuii o cpaBHEHHMIO ¢ hakTraecknumu. Ompe-

16

JIENICHO, YTO TIOTPEIIHOCTH M3TOTOBICHUS M MOHTaXKa
paMHOTO Kapkaca:

* MaJIO BITUSFOT HA TOPH30HTAJIBHBIC ITEPEMETIICHUS,
KoTopsie yBennmuuBarotcs a0 0,33 % u Ha mpoaoIbHbIE
yCUNIHs B KOJOHHAX, yBemruuBatomuecs 10 0,13 %;

* 3HAYUTEIEHO BIVSIOT Ha HW3THOAIOIINE MOMEH-
THI B KOJIOHHaX 1—5 nTa)keil, KOTOpble yBEIUYUBAIOTCS
1o 12,0 %, u B xomorHax 6—10 ataxeit 1o 23,78 %;

* IPH TPOBEICHUN MPAKTUYECKUX DPACUCTOB IS
ydeTa BIUSHHS OTKJIOHCHHI Kapkaca OT MPOCKTHOM
TCOMETPHH BO3MOXKCH pacueT WUACaTN3UPOBAHHON



Pabora PaMHbIX CTaAbHbIX KapKacoB C y4eToM I'lOI'peLUHOCTeI/? MOHTaxa 1 N3roToBAEHUA

C. 6-28

pacdyeTHO# cXeMbl C YMHOKEHHUEM PE3y/IbTaToOB Ha T0-
MIpaBOYHBIC KOAPPHUINEHTHI: I U3THOATOIINX MOMEH-
TOB B KOJIOHHaX 1-5 oraxeit v, = 1,12 u B komonHax
6-10 sraxeti v\, = 1,24. [lepemMeruenns u NpONOILHBIE
yCHIINS B KOJIOHHAX, OJyYSHHBIC PACYETOM HJICalTU3H-
POBAHHOTO KapKaca, JIOMYCKaeTCsl MCHONb30BaTh MPU
MIPOEKTUPOBAaHNK (DAaKTHYECKOTO Kapkaca 0e3 Tormpa-
BOYHBIX KOA(PHUIIHECHTOB,;

* N3MEHEHHUSAMH N3THOAIONINX MOMEHTOB B Oalikax
NEePEKPBITHH, MOIyYSeHHBIMH (PAKTHUECKUM PacuyeToOM,
MOKHO IpeHeOpeyb.

JInst ymeHbllIeHUs OTKJIIOHEHHM Kapkaca oT Ipo-
eKTHOH TeOMEeTPUN HEOOXOTUMO COOIONATh TEXHOJO-
THYCCKUC MEPOIPUSITHS, KOMIICHCHPYIOIIUE MMOTPEIl-
HOCTH U3TOTOBIICHHUS U MOHTaXa.

Pesynbrarhl, OTy4YeHHBIC AT OCHOBHOTO HCCIIC-
JIOBaHUS, MO)KHO CUUTATh JCHCTBUTCIBHBIMH TOJIBKO
JUI PAaCCMOTPEHHOM KOHCTPYKIWHU Kapkaca. Jlms pas-
pabOTKH HOPMATHBHBIX PEKOMCH AN TPeOyeTCst mpo-
BECTH TEOPETHUYCCKHUE, IKCTICPIMCHTAIBHBIC U YUCIICH-
HBIC UCCIICIOBAHUS HIMPOKOU TPYIIITBI MHOTOATAXKHBIX
KapKacoB.
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INTRODUCTION

In cities, a large number of buildings are multi-
storey. Multi-storey buildings can be public, indus-
trial and residential. Buildings with a height of more
than 75 m are called high-rise, with a height of more
than 100 m — unique [1, 2]. Multi-storey buildings are
characterized by the fact that a large building is erected
on a relatively small plot of land.

The use of steel in the load-bearing frames of multi-
storey buildings can be increased through the use of
standard structures. The use of standard structures and
assemblies reduces the time and cost of design and con-
struction. Standard structures have high reliability, are
available, and the technology of their manufacture and
installation is well developed. A characteristic feature
of standard structures is modularity and a wide range
of sizes. Typical frameworks are assembled from re-
petitive load-bearing elements (columns, transoms and
links) with the use of developed assemblies, it is pos-
sible to use ready-made load-bearing volume modules
[3, 4]. It is important in the development of standard
structures, which are characterized by mass use in
a large number of buildings, as well as for structures
used in critical buildings and structures, to study all
the features of the operation of such structures, includ-
ing the influence of manufacturing and installation er-
rors on the load-bearing capacity and stiffness.

The frames of multi-storey buildings consist of
columns, links and slabs. The bearing capacity and
stiffness of the building frame is determined by the in-
teraction of all frame elements. Slabs transfer the load
to vertical load-bearing structures, form horizontal rigid
discs uniting columns with vertical links, influence hor-
izontal displacements and vibrations of the frame.

The design of multi-storey buildings is associated
with the solution of a set of problems that take into ac-
count the volume-planning solution, the operation of
the load-bearing frame, the peculiarities of manufac-
turing and installation of its structural elements. Multi-

18

storey buildings made of metal can only be frame build-
ings. Steel frames are rationally used in industrial build-
ings with heavy loads, as well as in civil large-span and
multi-storey buildings. This is explained by several rea-
sons:

o the steel frame has a significantly lower dead
weight than a reinforced concrete frame due to the high
load-bearing capacity of the material;

* it is possible to use larger spans of slab load-
bearing structures, i.e. increased column spacing;

* when erecting the steel frame, the elements are
used in full factory readiness.

The operation of multi-storey building frames is
associated with significant vertical loads on columns
and with large horizontal loads from wind effects.
The design of a multi-storey building is directly related
to its volume-planning solution, the choice of structural
scheme, materials for load-bearing structures, methods
of their manufacture and installation, as well as mainte-
nance of the building during operation [5, 6].

The stress-strain state of the frame is influenced by
defects and deviations from the design solution. Defects
of buildings can be classified according to the following
features: by nature, reason and time, significance:

1. By nature:

* hidden;

* explicit.

2. For reason and time:

* errors and miscalculations in surveying and de-
sign;

« errors and miscalculations in the fabrication and
construction process.

3. Significance:

e group 1: threatening to collapse, weakening
structures and potentially leading to accidents;

* group 2: not threatening integrity, but weakening
structures;

* group 3: not leading to destruction, but requiring
additional costs during operation.
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The main defects of steel structures during their
manufacture are:

* non-equivalent replacement of materials in
the manufacture of structural elements (replacement
of steel grade, type of electrodes, reduction of element
cross-section);

* changes in the design dimensions of the structure
as a whole and its individual elements;

« displacement of element axes from the design
geometric centres of joint nodes of several elements;

* nonstraightness of elements;

* absence of required gaps between the jointed ele-
ments;

* reduction of welds cross-section length, poor
welding quality, colouring of welds with unbroken slag;

* trimming the metal of supporting elements dur-
ing welding;

« insufficient tightening of packages at bolted con-
nections;

* coating of metal with primer without rust removal;

o defects of element joints (rivet heads, bolted
joints, welded seams);

e defects of anticorrosion coatings (insufficient
thickness, areas with no coating, etc.);

« sending steel products to the construction site
without priming.

Common defects in the installation of steel struc-
tures include:

« violation of the correct installation sequence;

* inaccurate fitting and incorrect connection of ele-
ments in assembly units;

* displacement of structures from the design marks
and axes;

« the absence of a structural element or connection;

» damage to structural elements during assembly
(warping, warping, dents, etc.) [7].

The production process of steel building structures
usually takes place at specialized steel construction
plants (SCP) consisting of main and auxiliary produc-
tion shops.

Technological efficiency, i.e. simplicity and con-
venience of their manufacture in factory conditions is
one of the distinctive advantages of building steel struc-
tures. The more technologically advanced the structure,
the lower the labour intensity of its manufacture, and
therefore the final cost. Automation of manufacturing
operations ensures the reduction of the cost of the fin-
ished structure [8—10].

The quality of a construction object depends not
only on the quality of design and manufacturing, but
also on the quality of construction and assembly works.
During assembly of building structures, the main ob-
jectives are to ensure the spatial position of elements
of building structures required by the project, mutual
connection of structures with each other, and to ensure
the safety of assembly works.

Currently, there is a large number of types and
methods of installation, so the installation of building
structures is allocated to a separate branch of construc-
tion production.

The assembly of building structures is a complex
process of assembling buildings from individual, pre-
fabricated elements. The assembly processes are divid-
ed into transport, preparatory and actual assembly. To
perform all these processes together, assembly, rigging
and transport means are used.

The assembly processes include gripping of struc-
tures with lifting equipment, lifting or moving them
to the installation site, direct installation on supports,
verification of correct spatial position, temporary and
permanent fixing.

Construction projects are becoming more and
more complex every year, the amount of installation
work in construction is increasing.

Increasing the efficiency of installation works
is based on the application of progressive methods of
work production, increasing the level of automation
and mechanization of works.

During assembly, errors may occur in the horizon-
tal and vertical positioning of structures in the design
position. The errors that are within the permitted tol-
erances are called tolerances. Tolerances of geometric
dimensions in construction are divided into functional
and technological tolerances.

The assignment of tolerances is required to ensure
that structures are accurately assembled from indepen-
dently manufactured components to meet the require-
ments during the operational phase.

Functional tolerances are specified taking into ac-
count the requirements for strength, insulating proper-
ties or aesthetic reasons. Functional tolerances set re-
quirements for the accuracy of geometric parameters
in the joints of structures, accuracy of their mutual ar-
rangement.

Manufacturing tolerances determine the accuracy
of the manufacturing and installation of components.
Manufacturing tolerances include tolerances of linear
dimensions of elements, shape and mutual position of
surfaces. Tolerances of linear dimensions regulate
the accuracy of their manufacture in length, width,
height, thickness, as well as the accuracy of landmarks
applied to the elements [11].

The relevance of the work lies in the development
of a design methodology for steel frames of multi-sto-
rey buildings taking into account manufacturing and
installation errors. For the frame structure (Fig. 1) with
rigid interfaces of elements, deviations from the design
position lead to the appearance of additional, primarily
bending moments, which can cause an earlier exhaus-
tion of the load-bearing capacity.
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Fig. 1. Multi-storey building on a load-bearing frame
structure

MATERIALS AND METHODS

Steel frames can be calculated in linear and non-
linear formulation. Linear calculation does not take into
account the deformation of the system under load ac-
tion and accumulated forces in the frame elements. In
the nonlinear approach the calculation is performed by
several methods (Fig. 2).

Initial imperfections
Linear material
Nonlinear material

l Ideal form

Second-order elastic analysis

%
%

Second-order plastic analysis . Cx X

a

Elastic bending load

elastic analysis

Second-order
plastic analysis

Load

Deformation

b

Fig. 2. General characterization of steel frame calculation
methods [12, 13]: @ — methods of calculation; b — load-
strain curve for different calculation types
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1. Second-order elastic analysis is an analysis that
takes into account geometric nonlinearity. Such calcu-
lation allows to reveal the loss of general stability of
the system in the elastic stage of operation, but taking
into account the changes in the geometry of the struc-
ture and the accumulated forces in the frame elements
with load growth. The presence of initial imperfections
in the frame of a multi-storey building contributes to
a faster deviation of the position of the frame elements
from the design position during loading and to an ear-
lier achievement of the ultimate load.

2. Second-order plastic analysis is an analysis
that takes into account not only the deformed pattern
but also the nature (diagram) of the deformation of
the material. The equations of equilibrium are written
for the deformed shape, and both physical and geomet-
ric nonlinearity are taken into account.

This type of analysis is best suited for modelling
the actual behaviour of the structure and calculating
the inelastic stability limit, i.e. when plastic deformations
develop in the material of the structure under loading.

Previous studies show that the analysis based on
the calculation of an idealized multi-storey steel frame
structure without taking into account the imperfec-
tions often does not ensure the load-bearing capacity of
the building and does not meet the operational require-
ments for allowable displacements of the frames [14].

The assessment of the influence of initial imper-
fections was performed on the example of the frame
structure of a 10-storey residential building located in
4 snow and 4 wind districts. The building has a rec-
tangular plan with plan dimensions of 54.4 x 12.3 m.
The height of the storey is 2.95 m. The building is with-
out a basement. The pitch of transverse frames is vari-
able in longitudinal direction 3.0, 3.3, 3.6, 3.8 and 3.9
metres. In the transverse direction the column spacing
is 4.3, 3.3 and 4.7 m. Fig. 3 shows the plan of the build-
ing, Fig. 4 shows the section.

The frame is a load-bearing rod system in which
the columns and beams are rigidly connected to each
other and the columns are rigidly attached to the foun-
dation. The rigid fixing of the frame elements to each
other ensures spatial stability and rigidity.

The floors of the building are made in the form of
a monolithic reinforced concrete slab on a profiled deck.

The walls of the building are framed and clad.
In the design of the frame calculation, the weight of
the walls is taken into account approximated and as-
sumed to be 1 kPa.

The stability and stiffness of the frame in the plane
of the transverse frame is ensured by the rigid connec-
tion between the transoms and the columns and be-
tween the columns and the foundation. From the plane
of the transverse frame, the stability is ensured by a sys-
tem of vertical connections. The vertical load-bearing
structures of the frame — columns are located at the in-
tersections of the axes. Columns and floor beams are
made of rolled I-beams according to GOST R 57837—
2017". Steel of columns and beams C345.

" GOST R 57837-2017. Hot-rolled steel I-beams with parallel
faces of flanges. Technical conditions.
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Fig. 4. Section of the frame

The weight of the steel frame is taken into ac-
count by the calculation system for the cross-sections

of the elements. When determining the load from
the frame’s own weight, the load reliability factor of

1.05 and the construction factor of 1.2, which takes
into account the presence of ribs, linings, mouldings
and support plates, are taken into account. The load on
the steel floor ledgers is determined taking into account
the width of the load area equal to the pitch of the trans-
versal frames.

For snow region IV, the normative snow load is
2.0 kPa, the design load is 2.8 kPa. For wind region
IV, the normative wind pressure is 0.48 kPa, the design
load is 0.672 kPa.

The following is taken into account in the calcu-
lation. The finite element model of the frame is a rod
model. The work of a separate flat frame is considered,
which takes into account the peculiarities of the frame
design. LIRA-SAPR 2021 computer complex was used
for the calculation. Table 1 shows the types of stiffness-
es and cross-sections of frame elements [15].

Table 1. Types of stiffnesses of frame elements

Sti
iffness Name of element Section
type
1 Columns 35K2
2 Beams 30B2

The load? was applied to the calculation scheme in
the form of 5 loads:

1. Weight of load-bearing structures;

2. Constant load — the weight of the building en-
velope;

3. Payload,

4. Snow load;

5. Wind load.

Initial imperfections of the frame are accepted in
accordance with the current Russian norms®. The col-

2CP 20.13330.2016. Loads and impacts. Updated version of
SNiP 2.01.07-85%*.

3 CP 70.13330.2012. Bearing and enclosing structures. Up-
dated edition of SNiP 3.03.01-87.
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umns in the building are assumed to be of two-storey
length of 5,900 mm. The vertical deviation of the col-
umn top at this section in the plane of the transverse
frame is considered. The value of this deviation is
15 mm. In addition to the deviation from the vertical,
the initial column death in the plane of the transverse
frame with a boom of 0.0015 length or 8.85 mm is also
considered. These deviations from the design geometry
were accounted for in the geometry of the finite ele-
ment model. For this purpose the column was divided
into ten equal parts, the coordinates of the nodes were
determined taking into account the accepted deviations
in the form of displacement of the top of the column by
15 mm and 8.85 mm deflection. The accepted deflec-
tions of the column were accumulated up to the top of
the building to reserve the bearing capacity. The total
column deflection at the top of the building is 75 mm
[16]. The above loads were applied to the design
scheme with distorted geometry and the calculation of
forces and displacements was performed. This method
of calculation most reliably reflects the performance
of the frame, but its application involves a rather la-
bour-intensive procedure of forming the geometry of
the frame, taking into account the errors of manufactur-
ing and installation.

In addition to the direct consideration of the dis-
torted geometry, calculations were performed with ad-
ditional distributed horizontal loads applied at each
floor according to Eurocode 1993-1-1¢ [17-20]. Ac-
cording to Eurocode methodology, the deviation from
the design position is accounted for by an additional
horizontal load applied to the undeformed structure
at the floor level of each floor. The horizontal load is
determined only from the vertical loads on the frame.
The additional horizontal loads are designed to give
the same moment in the columns, which directly ac-
counts for the initial imperfections in the geometry of
the structure. In the European Standards, initial imper-
fections are accounted for each loading with vertical
loads by additional horizontal loads: concentrated forc-
es at the level of each slab and loads distributed along
the length of the columns.

1. Initial imperfections in the form of deviations from
the vertical (transverse deviations) are accounted for by
concentrated horizontal forces at the level of each slab:

N = @G horizontal load from the vertical load on
the slab,
where G is the total vertical load on the floor slab from
the corresponding loading.

¢= (pOaham’
where ¢, = 1/2000, o, = 2/«/%, but2/3 <o, < 1.0 reduc-

tion factor taking into account the column height # —
height of the building.

a, =4/0.5(1+1/m) — reducing coefficient taking

into account the number of columns in yhe row; m —
number of columns in the row.

*+EN 1993-1-1:2005. Design of steel structures. General rules.
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Given a column height of 29.5 metres and four
columns in a row, the ratio @ =0.005 - 1 - 0.79 = 0.004.

2. Relative initial local bending imperfections of
the elements in case of flat form of stability loss are
accounted for by horizontal loads distributed along
the length of the column:

q=4Ge,/L,

where G is the total vertical load on the floor slab from
the corresponding loading;

e,/L=1/350~1/100 — is the equivalent initial
local curvature; L is the actual length of the element.

In the calculation, it is assumed e,/L =1/300,
then g = G/75.

In the following, two ways of calculating the devi-
ated frame were considered:

» method 1: calculation of the frame with modified
geometry;

* method 2: calculation of the ideal frame taking
into account additional horizontal loads according to
Eurocode methodology.

In addition to the calculations according to the Ist
and 2nd variants of imperfection accounting, the ideal
frame with the design geometry and without taking into
account additional horizontal influences was calculated.
The displacements and forces of characteristic points
and sections of the frame obtained by different methods
were compared with each other. The influence of imper-
fections on displacements and forces from individual
loads was studied.

All calculations were carried out at elastic behav-
iour of the steel. The calculations were performed in
geometrically linear and nonlinear formulations.

The cross-sections of the frame elements were
initially selected so that its load-bearing capacity un-
der the action of combinations of design loads was
ensured. The design load combination includes perma-
nent, snow, useful and wind loads. Constant and useful
loads are taken with the 1st combination factor, wind
load with a combination factor of 0.9, snow load with
a combination factor of 0.7.

RESEARCH RESULTS

The results of the frame calculation were analyzed
to reveal the influence of different ways of accounting
for geometrical imperfections on displacements and
forces. The displacements and forces obtained by linear
and non-linear calculation are compared.

Fig. 5 shows the displacements of the frame, ob-
tained by calculating by different methods, from the de-
sign combination of loads.

Horizontal displacements of the top of the building
when taking into account the imperfections of the frame
1st method exceed the displacements of the ideal frame
by 0.33 %. It should be noted that the use of Eurocode
methodology in comparison with the direct considera-
tion of imperfections in the geometry of the calculation
scheme leads to displacements greater by 7.6 %. Tak-
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Fig. 5. Horizontal displacements of the frame of a multi-storey building from the design load combination, mm: a — linear;
b — non-linear; ¢ — comparison of linear and non-linear calculation with the 1st calculation method
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ing into account the non-linear work of the frame leads
to an increase in displacements by 5 %.

Fig. 6 shows the variation of longitudinal forces
in the middle column along the height of the building
for linear and non-linear calculation. The greatest dif-
ference in the values of longitudinal forces is observed
in the columns of the lower floors, so the graph shows
the dependence of longitudinal forces for columns
1-5 floors.

Table 2 shows the longitudinal force analysis for
columns 1-5 floors for the middle columns.

The analysis of the influence of frame imperfec-
tions on the longitudinal forces in the columns has
shown that in comparison with the ideal frame the 1st
calculation method gives longitudinal forces higher by
0.13 %. When Eurocode methodology is used, the lon-
gitudinal forces are 0.6 % higher compared to the 1st
method of imperfections. Nonlinear calculation in-
creases longitudinal forces by 0.4 % compared to linear
calculation. In the outermost columns, the longitudinal
forces are 0.25 % higher than in the ideal frame with
direct consideration of geometrical imperfections.

Fig. 7. shows the variation of bending moments in
the middle column along the height of the building for
linear and nonlinear calculation.

Story number

-1,400 -1,300 -1,200 -1,100 -1,000

Table 3 shows the analysis of bending moments
for columns of floors 1-5 for the middle columns.

The analysis of the influence of the frame imperfec-
tions on the bending moments in the columns of the 1st—
Sth floors showed that compared to the ideal frame,
the 1st calculation method gives bending moments high-
er by 12.0 %. When using the 2nd calculation method
the bending moments in columns of 1-5 storeys in com-
parison with the ideal frame are 26 % higher. The use of
Eurocode method gives bending moments in columns in
comparison with 1st method by 13.0 % more. Nonlinear
calculation increases bending moments in columns com-
pared to linear calculation by 7.6 %.

Table 4 shows the analysis of bending moments
for columns of 610 storeys from the design load com-
bination.

The analysis of the influence of frame imperfec-
tions on bending moments in columns of 6-10 storeys
showed that in comparison with the ideal frame st
method of calculation gives bending moments more by
23.78 %. The use of Eurocode method gives bending
moments in columns in comparison with ideal frame
by 7.1 % more. Nonlinear calculation increases bend-
ing moments in columns compared to linear calculation
by 7.0 %.

-900 -800 =700 —600 =500

Longitudinal forces N, kN

Linear calculation with 1 method

Nonlinear calculation with 1 method

Fig. 6. Longitudinal forces in the middle column for 1-5 storeys with the 1st calculation method from the design combination

of loads of forces

Table 2. Analysis of longitudinal forces in the middle columns of floors 1-5 from the design load combination

Linear calculation

Nonlinear calculation

Story number Perfect 1 way 2 way Story number Perfect 1 way 2 way
1 —1,280.58 —-1,281.89 —-1,289.44 1 —-1,285.37 -1,286.73 —-1,295.53
2 -1,128.83 -1,130.27 -1,136.38 2 -1,132.92 —-1,134.38 -1,141.51
3 —992.83 -993.64 —998.84 3 —995.93 -996.74 —-1,002.71
4 —857.75 —858.55 -862.14 4 —859.88 —860.68 —864.76
5 —724.94 —725.22 ~728.02 5 ~726.26 —726.54 —729.64
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Fig. 7. Bending moments in the middle column with 1st calculation method from the design load combination
Table 3. Analysis of bending moments in the middle columns of floors 1-5 for the design load combination
Linear calculation Nonlinear calculation
Story number Perfect 1 way 2 way Story number Perfect 1 way 2 way
1 bottom -97.40 —-109.00 —-123.00 1 bottom -102.00 —-113.00 —-130.00
1 top -3.58 -2.03 2.38 1 top -3.67 -2.26 2.93
2 bottom —58.80 -59.20 —61.40 2 bottom —63.40 —63.70 —66.60
2 tops 33.50 28.00 26.40 2 top 36.00 30.50 29.10
3 bottom —46.10 —-53.90 —63.10 3 bottom —49.70 -57.50 —68.10
3 tops 45.30 48.10 55.40 3 tops 48.80 51.70 60.50
4 bottom -34.70 -34.30 -35.00 4 bottom -37.20 -36.80 -37.60
4 top 45.00 41.50 41.50 4 top 48.50 45.00 45.60
5 bottom —26.50 -31.90 —38.50 5 bottom -28.10 —33.60 —40.90
5 top 40.90 43.30 49.30 5 top 43.90 46.30 53.30
Table 4. Analysis of bending moments in middle columns of 610 storeys from design load combination
Linear calculation Nonlinear calculation
Story number Perfect 1 way 2 way Story number Perfect 1 way 2 way
6 bottom 35.00 32.80 33.00 6 bottom 37.30 35.10 35.80
6 tops -10.90 -14.30 -18.60 6 tops -11.40 -14.80 -19.30
7 bottom 28.30 30.00 34.20 7 bottom 30.00 31.60 36.40
7 tops -3.15 -2.61 -2.28 7 tops -3.32 -2.77 -2.36
8 bottom 20.30 19.20 19.50 8 bottom 21.30 20.20 20.70
8 top 3.09 1.53 0.43 8 top 3.10 1.57 -0.43
9 bottom 14.50 15.40 17.60 9 bottom 15.10 16.00 18.40
9 top 11.10 11.60 12.20 9 top 11.20 11.60 12.30
10 bottom -5.08 -5.18 -4.96 10 bottom -4.82 -4.92 —4.66
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Fig. 8 shows the variation of bending moments in
the floor joists of the 1st floor for the ideal frame and 1st
method of taking into account deviations from the de-
sign load combination.

Table 5 show the bending moment analyses of
the floor beams of 1.5 and 10 storeys.

The analysis of the influence of frame imperfec-
tions on the bending moments in the floor joists showed
that the most significant influence of frame deflections
had on the moments in the 1st floor joists. Compared to
the ideal frame, the 1st calculation method gives bend-
ing moments higher by 1.5 %. Using Eurocode method

gives bending moments in the floor joists 5.2 % higher
than in the 1st method.

When analyzing the results, it should be taken
into account that the direct consideration of assembly
and fabrication errors in the frame geometry is more
correct, but requires the formation of more complex
calculation schemes that take into account the frame
geometry errors. Displacements and forces obtained by
linear calculation of the frame structure do not differ
much from the results of non-linear calculation, which
allows to recommend the linear method of calculation
for the frame structure.

352 385 332 O3 351 387 333 o2
%WAWAWA 10th floor hwpﬁqw%ﬁ]
209 107 555 209 107 555

741 s 00 751 -126 913
-10.2 5th floor 9.2
26.5 247 31.1 267 253 312
844  _79 —92.6 853 _go2 934
-11.1 1 floor -10.2
304 262 332 30.7 26.7 33.4
a b

Fig. 8. Bending moments of floor beams of the 1st floor for ideal frame and 1st method of taking into account deviations
from the design load combination: a — ideal frame (floor joists of 1.5 and 10 storeys); b — 1st method of deflection

accounting (floor beams of 1.5 and 10 storeys)

Table 5. Bending moments in floor beams of 1, 5 and 10 storeys from design load combination

Bending moments, kN/m

Perfect
Story number B1 B2 B3
Axis B Aisle Axis V Axis V Aisle Axis G | Axis G Aisle Axis D
1 11.10 -30.40 84.40 —-12.00 -26.20 79.00 23.80 -33.20 92.60
5 10.20 -26.50 74.10 -15.10 -24.70 71.50 12.00 -31.10 90.50
10 35.20 -20.90 38.50 18.80 -10.70 28.20 33.20 -25.20 55.30
1 way
Story number B1 B2 B3
Axis B Aisle Axis V Axis V Aisle Axis G | Axis G Aisle Axis D
1 10.20 -30.70 85.30 -13.20 -26.70 80.20 23.00 -33.40 93.40
5 9.20 -26.70 75.10 -16.20 -25.30 72.60 11.30 -31.20 91.30
10 35.10 -20.90 38.70 18.80 -10.70 28.10 33.30 -25.20 55.20
2 way
Story number B1 B2 B3
Axis B Aisle Axis V Axis V Aisle Axis G | Axis G Aisle Axis D
1 6.51 -31.80 88.90 -17.70 -28.90 84.60 19.70 -33.90 96.90
5 5.94 -27.70 78.20 -20.10 -27.40 76.40 8.30 -31.90 94.30
10 34.90 -20.90 38.90 18.80 -10.70 28.20 33.10 -25.20 55.50
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CONCLUSION AND DISCUSSION

On the basis of calculations of the stress-strain state
of the frame of a multi-storey building it is established
that direct accounting of manufacturing and assembly
errors in the geometry of the frame allows a more ac-
curate assessment of the frame performance. The use of
Eurocode methodology with additional horizontal loads
at the level of each storey with the use of frame struc-
ture leads to overestimated displacements and forces
compared to the actual ones. It was found that the frame
structure fabrication and installation errors:

* have little effect on the horizontal displacements,
which increase to 0.33 % and on the longitudinal forces
in the columns, which increase to 0.13 %;

« significantly affect the bending moments in col-
umns of 1-5 storeys, which increase up to 12.0 %, and
in columns of 610 storeys up to 23.78 %;

» when carrying out practical calculations to take
into account the influence of frame deviations from

the design geometry, it is possible to calculate the ideal-
ized design scheme with multiplication of the results
by correction factors: for bending moments in col-
umns 1-5 floors v, =1.12 and in columns 6-10 floors
Y = 1.24. Displacements and longitudinal forces in
columns obtained by the idealized frame calculation
can be used in the design of the actual frame without
correction factors;

« the changes in the bending moments in the floor
beams obtained by the actual calculation can be ne-
glected.

To reduce the deviations of the frame from the de-
sign geometry, it is necessary to follow technological
measures to compensate for manufacturing and assem-
bly errors.

The results obtained for the main study can be con-
sidered valid only for the considered frame design. To
develop normative recommendations, it is necessary to
conduct theoretical, experimental and numerical studies
of a wide group of multi-storey frames.
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