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Lightweight gauge steel combined section beams
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Abstract:

The object of this study is beams made of lightweight thin-walled steel profiles of an open
combined section with one axis of symmetry, consisting of three C-shaped profiles, under the action of a
static transverse bending load without eccentricity. This work aims to identify the behavior of such beams
when bending transversely and to substantiate the possibility of applying one of the methods of reducing
cross sections for single profiles to calculation of beams of combines profiles. Method. An experimental
study of bending behavior of a series of samples of such beams, which are hinged on both supports,
under the action of a stepwise concentrated static load from a hydraulic jack is being conducted. Results.
The deformation diagram obtained from the test results is compared with those calculated using various
analytical and numerical methods. Based on the results obtained, it is shown that when bending
transversely in the plane of symmetry beams of open combined section with one axis of symmetry work
linearly up to 68% of the destructive load. It is proposed to use the method not considering reduction of
the cross-section when calculating strength. It is proposed to use the methodology using the section
reduction obtained according to the ARSS (Association for the Development of Steel Construction)
manual when calculating stiffness. This method gives an error of 1.9%.

1 Introduction

Jlerkme ctanbHble TOHKOCTEHHbIE KOHCTPYKUMK (JICTK) 3aBoeBanu nonynsapHOCTb BO BCEM MUpE
Onarogaps wux pgonroBeyHoctM [1], Hebonbwomy Becy, He Tpelbyowemy OOMNONMHUTENBHOIO
obopyooBaHUS ONA MOHTaXa KOHCTPYKUMA Ha CTpoUTEenbHOW nnowagke [2], BbICOKOW CKOPOCTU
MOHTa)ka, CHWXXEHUIO Harpy3oK Ha yHOAMEHT OT COBCTBEHHOrO BeCa KOHCTPYKUWUA 34aHMA U OpYrMM
AOCTONHCTBAM.

KoHcTpykumsam n3 JICTK nocsweHbl paboTbl TakMX POCCUMCKUX U 3apyBeXHbIX YYeHbIX, Kak
Tycuun AP [3], [4], HaameeBa T.B. [5], [6], K.J.R. Rasmussen [7], [8], a Takke aBTOpOB LaHHOro
nccrnegosaHus [9], [10] u MHOrMX Opyrux.

Yacto anemeHTtbl JICTK BBMAY KOHCTPYKTMBHbLIX OCOOEHHOCTEM OKa3bIBAOTCA MOOBEPXKEHDI
CTECHEHHOMY KpYYEeHW0 W JennaHaumu, U B 3TOM Criyyae MX pacyeT HeobxoaMmo npoBOAUTbL C
MOMOLLIbIO TEOPUMN TOHKOCTEHHbBIX CTEPXKHEWN, OCHOBOMOJIOXHUKOM KOTOpon saendaetcs B.3. Bnacos [11].
oA TOHKOCTEHHBIM CTEPXXHEM NMOHMMAETCS CTEPXKEHb, TOMLWMHA KOTOPOro MHOrO MEHbLLE pa3MepoB ero
NMonepeYyHoro ceyvyeHuns, KoTopble, B CBOK O4yepedb, MHOIO MeHbLle ANWHbI CTepXHs. Ha npakTtuke
TOHKOCTEHHbIMU CTepXXHAMU mogenupytoTca anemeHTol JICTK, kak npaBuno, TonwuHon 0.6...3mMM npu

Rybakov, V; Ogurtsov, M.; Dentsel, I.; Tsvetkova, A
Lightweight gauge steel combined section beams;
2024; Construction of Unique Buildings and Structures; 113 Article No 11301. doi: 10.4123/CUBS.113.1


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
mailto:dentsel94@mail.ru
mailto:fishermanoff@mail.ru
https://orcid.org/0000-0002-2299-3096
https://www.researchgate.net/profile/Vladimir-Rybakov
https://orcid.org/0009-0003-9073-5472
https://www.researchgate.net/profile/Mikhail-Ogurtsov-5
https://orcid.org/0000-0002-3191-1216
https://www.researchgate.net/profile/Ilya-Dentsel
https://orcid.org/0000-0002-2993-6836
https://www.researchgate.net/profile/Anna_Tsvetkova8

This publication is licensed under a CC BY-NC 4.0

rabaputax cevyeHus, kak npasuno, 100...350mm. N3BecTHO BonbLIOE KONMMYECTBO TPYAOB MO MEXaHUKe
TOHKOCTEHHbIX CTEPXHEN, NMOCBSALLEHHbIX MeTOo4aM UX pacyeTa Ha ycTonumBoCTb [12], [13], npoYHOCTb
[14], Ha cTtaTnyeckue [15] n anHamuyeckne Bo3genctsus [16], [17], yyeTy pedykuum cedernun [18],
reomeTpuyeckon HenuHenHoctn [19], [20], B TOM uMcne aBTOPOB AaHHOro uccnegosaHus [21], [22], n
MHOre gpyrue.

OpgHako Hopmamu, B TOM 4ucne Hopmamu npoekTupoBaHust Poccunckon ®epepaumm
260.1325800.2024 «KOHCTPYKUMKN cCTamnbHble TOHKOCTEHHbIE W3 XOSIOAHOTHYTbIX OLMHKOBAHHbIX
npodunen n rodppmpoBaHHbIX nnuctoBy [23] (aanee CI1 260), pekoMeHayeTCst KOHCTPYKTUBHO u3beratb
CTECHEHHOrO Kpy4yeHus 1 gennadauum, B TOM YMcne Ha onopax.

Hanbonee npocTbiM pelweHneMm, obecneuymBarolMM OTCYTCTBME  IKCLEHTpUCUTETaA W,
cnefoBaTesibHO, KPyTAWEro MOMEHTa W gennaHauuu, sBrisieTcss NpPUMEHEHUE CUMMETPUYHBIX
KOMOWHMPOBAHHLIX MPOdUNEN OTKPLITOO M 3aMKHYTOrO TWUMOB, MPEACTABIEHHbIX HA pUCyHKax 1-2.
Mpocmnu oTKpbITOro TMna, K KOTOPbIM OTHOCUTCS U paccMaTpuBaEMBbIi B HaCTOSALLEM MCCNenoBaHUN
npousib (PUCYHOK 1, 1) LUMPOKO NPUMEHSAIOTCA B KOHCTPYKLMSX, HanpuMep, B kadecTBe Hanok [24].
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Fig. 1 - Open-type combined profiles

Ewe ogHum BMAom cocTaBHbIX Npodunen saBnsoTca Npodunm 3aMKHYTOro Tuna (PUMCyHoK 2),
KOTOpble B OCHOBHOM MPUMEHSIOTCA B CXaTbIX nosicax epm.
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CornacHo CI1 260 [23], B peakux criydasix MoryT ObiTb MCNOMb30BaHbl NPOdunmM OTKPLITOrO 1
3aMKHYTOro ceyeHun, npeacraBeHHbIe Ha pUCyHke 3.
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Fig. 2 - Closed-type combined profiles

Fig. 3 - Rarely used combined profiles, SP 260
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KomOBurHmnpoBaHHbIe Npomnm 3HauMTeNbHO pacumpsaioT obnactb npumeHeHna JICTK n nossonsioT
BO3BOAUTb MOAYMbHbIE 34aHWUHA, KOTOpPble 3HAYUTENbLHO YBENUWYMBAKOT CKOPOCTb CTPOUTENbCTBA WU
BapMaTUBHOCTb apXMTEKTYPHbIX pelleHur [25], a Takke ManoaTaxHble 34aHus - Hanpumep, 2-3x-
aTaxHble agMuHUcTpaTmBHble 3gaHusax CCK «3eesga» B r. bonbwon KameHb [Npumopckoro kpas
Poccuiickon Pegepaumnu (pUCyHOK 4).
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Fig. 4 - Complex of 3-storey administrative buildings of the SSK "Zvezda" in Bolshoy Kamen,
Primorsky Region, Russia

OTaenbHble UccregoBaHMs NOATBEPXKOAKT, YTO XapaKTepUCTUKN KOMOBUHUPOBaHHbIX CEYEHU He
MOryT OblTb MOMyYeHbl MPOCTbIM CYyMMUPOBAHWEM XapakKTePUCTUK OAMHOYHBLIX npodwunen [26] , a
NPOrHo3upyemble rnokasaTenu Taknx npodunen He BCeraa cornacyrTcs ¢ MeToaukaMmm HOpMaTUBHbBIX
OOKYMEHTOB [27].

CnoXHoCTb MPOrHO3MpoBaHUs PaboTbl COCTaBHbLIX XOMOAHOrHYTbIX MpOUen 3aknyaeTcs
Takke B HE0OXO0OUMOCTM y4eTa MECTHOM NOTEPU YCTONUMBOCTU CXKATOM YacTh ceveHns [28] n adpdpekTos
reoMeTpruYeckon HenmHenHocTn [29].

PaHee aBTopamu HacTosero uccnegoBaHus Obina m3ydeHa Hecywas CrnocobHOCTb CxaTo-
n3rmbaembix anemeHToB (kOmnoHH) [30], cocTodAwmx M3 BROXKEHHbIX Apyr B Apyra C-obpasHbix u
HanpaensaLwWwmx npodunen (pucyHok 1,a). B pesynbtaTe npoBegeHHOro nccrneaoBaHms 6bimo nonyyveHo,
YTO KpUTUYECKast Harpyska, paccumtaHHasi no copmyne 7.7.3 CI1 260 [23] cOOTBETCTBYET 3HAYEHUIO,
nonyyYyeHHoOMy aKkcnepumMeHTanbHo. OgHako HECMOTPS Ha LWUMPOKOEe NPpUMEHeEHWe, CoCTaBHble 6anoyHble
aneMeHTbl uccnegoBaHbl He Bbinu.

HepoctaTok akcnepuMeHTanbHbIX UCCNeAoBaHUA COCTaBHbIX CEYEHWUA, NPUMEHSEMbIX UMEHHO B
anemeHTax 6anoyHoOro Tuna, UCNONb3yeMbIX B KayeCTBE HECyLMX B aAMUHUCTPATMBHbIX 34aHUSX,
obycnosunn HeobxoaUMOCTb HaCTOSLLEro MCCneaoBaHUsA M ero Lenb: BbiABreHne xapaktepa paboTbl
CTanbHbIX TOHKOCTEHHbIX KOMOWHMPOBAHHBLIX OTKPbITbIX Npodunen C O4HOW OCbD CUMMETPUM NpwU
AENCTBMM CTaTU4eckon nonepevHon marmbarowien Harpyskm 6e3 akcueHTpucuTeta M 0BOCHOBaHWE
BO3MOXHOCTM MPUMEHEHUA K WX pacyeTaMm OOHOro M3 cnocoboB peayuumpoBaHUSA cedeHun Ons
OOMHOYHbIX Npodunnen.

B pamkax gaHHOW uenuv pewunm cnegyowme 3agaym:

- CTyneH4yaToe HarpyXeHue cepum OAHOMPOSETHbIX LUAPHUPHO-ONEPThIX Ganok craTnyeckown
Harpyskon ¢ oMkcaumen nepemMeLleHnin Ha Kaxaom atane;

-aHanUTU4eCcKum pacyet c Mcnonb3oBaHMeM reoMeTpuYeCcKnx XapakTepucTuK
HepeayunpoBaHHOTO CEeYEHUS;

-aHanUTUYeCKM pacyeT C MUCNOSIb30BaHNEM FeOMETPUYECKMX XapaKTePUCTUK peayumpOBaHHOIoO
pasnuyHbIMK cnocobammn ceveHus;

-4UMCMEHHOE MOENUPOBaHUE 3JKCMEpPUMMEHTA C WCMOMb30BaHMEM MNNACTUHYATBIX KOHEYHbIX
3N1EMEHTOB.
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2 Materials and Methods

MpoBegem aKkcnepuMeHTanbHOe UWCCneaoBaHMEe COCTaBHOTO cedeHus Bankum M3 CTanbHbIX
TOHKOCTEHHbIX Npodunen (PUCYHOK 5) € Lenbio onpeaeneHns ero HecyLen cnocobHOCTN Npu eNCTBUA
narnbatoLero MoOMeHTa.
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Fig. 5 - Dimensions and bindings of the cross-section elements of the test beam
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Bbinu ncnbiTaHbl 6ankn Tunoson cepumn anbboma TexHndeckux peweHun OO0 «CTponnaHens»
«BbIcTpOBO3BOAMMbBIE MOAYNbHBLIE 3a0aHNs «Stroypanel-Frames», 2020rog. [31]. NMpodunum MNC-150-2.0
n MNC-100-2.0 gnsa coctaBHOro ceyeHmnsa npuHaTbl-no CTO-25.11.23-002-65536585-2017 «[Mpodunu
CcTanbHbIE FHYThblE 5151 NPON3BOACTRA 34aHNN U coopyxeHur no TexHonoruun JICTK». MNpegen TekyyecTtu
ctanu 6ankn Ry=280 Mrla, BpemeHHoe conpoTtueneHme R,=360 Mlla. B paccmaTtpnBaemom ceyeHum C-
obpasHbii npodunb (pucyHok 7) 100x50x2, ycTaHoBMeEHHbIM Mexgy asyms npodunsmm 150x50x2
BbINONHAET crneayolme QyHKUNUN:

1) noBblwaeTcs obLiasa yctonumBocTb 6ankum npu nsrmbe;

2) noBblaeTCss MECTHAsA YCTOMYMBOCTbL NPy AENCTBUN NOMNEPEYHON CUMbI;

3) cmelleHne npodung HaBepx NO3BONSET NPeSOTBPATUTL MECTHYIO MOTEPH YCTOMYMBOCTU
CXaTblX 30H.

CnepyeT obpatnTb BHMMaHME Ha TO, 4TOo Ganka paboTaeT He B cocTaBe naHenu (puc.6), a
cBob0ogHO, 3a cyeT cBOBGOAHOrO ONMPaHUSA Ha HUX OCHOBHbIX MaHEren NepekpbITUS.

Fig. 6 - The location of the beams in the bond block of the administrative building
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Cxema ucnbITaHWi NpefcTaBneHa Ha pucyHke 7. banka onnpaeTcsi HUKHUMU NONKaMu Ha ornopy
umMnuHapryeckon popMbl C MOANOXKEHHBIMU  MeTannuMYeckuMn nuctamy TONWUHOW 6 MM, Ans
UCKITIOYEHMST CMSATUSI (PUCYHOK 8).
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Fig. 7 - Scheme of the test

MpunoXxmnm Harpysky C NOMOLLbIO Tpex rMapaBnMyeckMx OAOMKPaToB C paBHOMEPHOW nogayen
OLMHAKOBOrO YCUINNSA Ha Kaxabli. Harpyska oTueHTpoBaHa no ocu cummeTpum 6anku, 4To
obycnaenuBaeT OTCYTCTBME IKCLIEHTPUCUTETA MPUNOXKEHUSA HArpy3Kku, U, Kak crneacteme, CTECHEHHOMO
KpyyYeHusa v gennaHauun. loa gomkpaTbl MOMECTUM MeTannmMyeckme nnacTuHbl TonwmHom 20 mm gns
paBHOMEPHOWN Nepenaqn Harpy3kn Ha Nosnku 6anku (pPMCyHoK 8).

WNcnbiTaHns npoBeaem nyTem CTyneH4YaToro HarpyeHus ¢ warom Harpysku B 5 kH Ha gomkpar, a
Aanee, Nnpy nogxoae K npeaenbHbIM Harpyskam, Lwar Harpy3ku cokpatim o 1 kH Ha kaxgbli 4oMKparT.
Ha kaxxgom wware npov3BeaeM M3MeEpPEHUe nepemeLLeHnin B cepeamHe 6ankm u BbiISBUM NpeaenbHyo
Harpysky.

Fig. 8 - Testing of the beam sample

3 Results and Discussion

McnbiTaHns nokasanu, 4To cpefHasa npefernbHas Harpyska Ha 1 gomkpaTt ans paccMatpuBaeMon
cepum 6anok coctaenseT 23 kKH, npn 4OCTMXEHUN KOTOPOM NOSKN B cepeanHe 6ankm noTepsnn MECTHYHO
YCTOMYMBOCTb BCNEACTBUE OENCTBUS CKMMAOLNX HOPMasbHbIX HanpsbkeHnn narnba (pucyHok 9).
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Fig. 9 - Loss of load-bearing capacity of the beam
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npornoos.
Table 1. Deflections of the tested beams
P H MepemelleHnsd, cm
O6pasey Ne1 | Obpaszey Ne2 | ObpaseL; Ne3 CpegHee

0 0 0 0 0

1 0.053 0.046 0.065 0.055
5 0.387 0.42 0.417 0.408
10 0.695 0.732 0.696 0.738
15 1.037 1.126 1.079 1.081
16 1.128 1.215 1.167 1.17
17 1.212 1.305 1.27 1.262
18 1.313 1.409 1.39 1.371
19 1.417 1.511 1.499 1.476
20 1.541 1.645 1.645 1.61
21 1.681 1.781 1.849 1.77
22 1.865 1.951 2.226 2.014
23 2.239 2.2

PesynbTatel nNpormboB COMOCTaBMM C aHaNUTUYECKMM pacyeToM C  MCMNOSib30BaHWEM
pegyumpoBaHHoro ceyenuss no CI 260 [23] u no ocobuio N0 NPOEKTUPOBAHMIO CTPOUTEMBHbLIX
KOHCTPYKUMI ManoaTaXHbIX 34aHUA U3 CTanbHbIX XONOOHOTHYTbIX OLUMHKOBAHHbLIX npodwunen nog
pepakumen Hasmeeson T.B [32] (nanee — Nocobue APCC).

Ona onpegenexHvs npornba aHanMTUYECKMM METOOOM BOCMNOfb3yemMcs opMynon Ans
mogenun 6ankv TUMOLLEHKO C y4eTOM cABUIoBbIX Aedopmaumn (1):
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48EI AG |
rge E — MOD,yJ'Ib yI'IpyFOCTI/l mMaTtepunana 6aJ'IKVI; |x - MOMEHT HuHepununm cevYeHnd OTHOCUTEJIbHO

rOpU3oHTaNbHOM OCK, NPOXOASLLEN Yepes LEeHTP TSKECTU cedveHuns; A — nnoLagb nonepeyvyHoro ceveHms
6ankun; G — moaynb ynpyrocTu nNpu caBure; a — YACNeHHbIN KoadpduumeHT [33].

(1)

<

Fig. 10 - Deflection from the concentrated force applied at a distance a from the support

B cootBeTcTBUM ¢ CI1 260 [23] npu pacyeTe no | 1 |l rpynnam npegenbHbIX COCTOSHUA AOSMKHbI
MCNonb30oBaTbCA reoMeTpuYeckne XapakTepucTukM, B TOM 4YMCNEe MOMEHT uHepuumn Iy
ahpekTnBHOIO (PEnyLMpOBaHHOIO) cedeHns banku.

Yytem peaykumio af1eMEHTOB CeYeHUs Mno LWMPUHE, B COOTBETCTBMU C dhopmyron n.7.3.1.7
CI260 [23] (2):

by; = pb @)
roe De - apdexktuBHas wMpuHa nnacTuHkM; P-  koadbduumeHT peaykumm; b —

HepeayunpoBaHHasi LUMPUHA NNACTUHKMN.

Hangem koadphduumMeHTbl penykuum Anst CTEHKUM LieHTpanbHOro npodund, nosiku U CTEHKU
KpanHux npocdmnen (Tabnuua 2) no popmynam (7.12-7.18) CI1 260 [23] ¢ yyeToM OTrMOOB Kpaes
npodounen.

Table 2. Determination of the reduction of the section by width

iC)
3 230MPa — nemMenT
F P P 1 2 3 4
I
: Y
compression 1 -1.39 1
cenfter of
L gravify — Ko 4 | 3415 4 0.5
2 ocr, MMa
268.8 | 1130.3 | 1191.6 | 1653.3
= ftension =
” 4, 1.02 | 0.49 | 0.484 | 0.412
| ) P 0.768
|
He pegyunpyetcs

[ns onpeaeneHns peaykuum no TOMLWMWHE B CXKaToW Noske ¢ 0TrmbomM BOCMONb3yeMCs yka3aHUAMuU
n. 7.3.2.7-7.3.2.9 CIT 260 [23].

feomeTpuyeckme xapakTepucTUKN ceveHns NpeacraBneHbl B Tabnuue 3.

CornacHo metoguke lMocobuss APCC [32] anga onpefeneHnsa reoMeTpuyecKknx XapakTepucTuk
ceyeHns 6ankum npu n3rmbe HeobGxo4MMO MPMBECTU CXKaTble MOMKM C OTrMGamMM K HyNeBOW TOSLUMHE.
Nckniounm aaHHbIe 3neMeHTbl N3 pacyeTa reoMeTpUYeCcKUX XapakTePUCTUK CEYEHNST U ONpeaenum ero
reomeTpuyeckmne xapakrepuctuku (Tabnuua 3).
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Fig. 11 - Reduced cross section: a —the reduction method according to SP260 [23] ; b —the
reduction method according to The ARSS Guide [32]

Table 3. Geometrical parameters of the cross-section

MapameTp
MeTop
A, cm? | Wy, ev® | Wy, v | |y, cm* | iy, c™M
[NonHoe ce4yeHne 14907 | 67.731 | 48.572 | 424.300 | 5.335
Penykuus no CM260 [23] 13.546 | 58.992 | 47.293 | 393.733 | 5.391
Penykuus no nocobuo APCC [32] 11.620 | 41.482 | 39.452 | 301.289 | 5.092

MomumMo aHannTM4yeckoro pacyeta nposegem uncrneHHbin akcnepmumeHT B SCAD Office. 3agagnm
CTEHKM Mpodmnen nnacTMHYaTbiIMM KOHEYHbIMW 3MIEMEHTAMKU C LIArom ceTkn 12.5MMm, TOMLWMHOMN,
COOTBETCTBYIOLLEN TOMWMHE MNPOUNA U MPUNOKUM B TpeX TovKaxX COCPEeLOTOYEHHYH Harpysky.
PacyeTHasa cxema 4icneHHOro akcnepuMmeHTa npeacTaBneHa Ha pucyHke 13.

Takke npoBeOEeM YUCIEHHbIA  3KCMEPUMEHT, YYMTbIBAs CeYeHUs, MonyvMBlUMECH C
ncnonb3oBaHnem metoaumk CI 260 [23] n MNocobus APCC [32], 3aHM3uB moayrb ynpyroctu B 104 pas
Yy4acCTKOB CeYeHus, TOSLWMHA KOTOPbIX NPU peayKumm nonyynnack paBHOM Hymo.
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Fig. 12. Calculating scheme in SCAD Office

[nsa aHanu3a nonyyYeHHbIX pe3ynbTaToB NOCTPOMM Auarpammy edopMmpoBaHns 6anok (pMCyHoK
13).

CornacHo Hopmam npoektupoBaHus Poccunckon ®Pepepauumn 20.133300.2016 «Harpysku u
BO3OencTBuA» [34] npegenbHbii Npornd ans paccmaTtpueaemon Ganku nponetom 2.06 M cocTaBnseT
fu.=1.5 cm. Ha pucyHke 14 npegenbHbIn Npornd OTMEeYeH TEMHO-KPACHOW BepTUKanbHOW nuHunen. Kak
BMAWM, OAHHOE 3Ha4yeHue He ObINo OOCTUTHYTO MpUM aHanNMTUYECKOM pacyeTe C UCMOMb30BaHUEM
MOSHOrO ceYeHns N Moaenu kak 6anku TumoLleHko, Tak u bepHynnu-Onnepa; peayunposaHHoro no Crl1
260 [23] ceveHus.

Cnepyet Takke OTMETUTb, YTO @HANUTUYECKMIA pacyeT C UCMOSIb30BAHMEM MOSIHOrO CEeYeHNsa n
mogenu 6anku TUMOLLEHKO npuBen K pesynbTataMm 3HadeHur npornbos, koTopble Ha 28.2% MeHbLue
3Ha4yeHM NpornboB, MOMNYYEHHbIX JKCMEPUMEHTAsNIbHO, aHaNUTUYECKUA pacyeT C MCMOSb30BaHWEM
MONHOro cevyeHns n mogenu 6ankv bepHynnu-Onnepa npueen K pesynbTatam 3HayeHur npormbos,
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koTopble Ha 33.3% MeHblle 3Ha4YeHun NpPornboB, MOMYYEHHbIX SKCMEPUMEHTanNbHO. Takum obpasom,
MOXHO KOHCTaTUpPOBaTb, YTO AaHHbIE METOAbI CUSbHO 3aBbILLAIT XECTKOCTb KOHCTPYKLMU.

Ha nuHusaX, NonyyYeHHbIX pacyeTHbIM NyTeM, 3aceykamu COOTBETCTBYHOLLEro LBeTa OTMe4veHa
Harpyska, npu KOTOpor AocTuraeTcs npeaen Teky4yecTu.
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Fig. 13. Comparison of test results, numerical experiment and analytical calculation

N3 gnarpammbl gecdopMmnpoBaHisi BUOHO, YTO OKOHYaHWE NUHENHON paboTbl 6anok coctaenseT
68% OT paspyLuatoLlen Harpysku.

B HenunHenmHon 30He AunarpaMmmbl  4edOPMUPOBAHUS  YUCIIEHHOE  MOLEenupoBaHue C
ncnonb3oBaHWEM peayumpoBaHHoOro cedeHusa no ocobuo APCC [32] paeT norpewHoctb 6.23% u
yKasblBaeT Ha Ty TOYKY, B KOTOPOW MPOUCXOAUT NOTEPS HecyLen CNoCcoOBHOCTU SKCNepuMeHTanbHoO no
Bcem obpasuam, 4YTO rOBOPUT O TOM, YTO KONMYECTBO 0O6pasLOB, MPUHATOE B IKCMNEpPUMEHTE,
A0CTaTOYHO.

[anee onpegenvm cteneHb NPUMEHUMOCTU K Bankam KOMOBUHMPOBAHHOIO CEYEHUsI PasfyHbIX
MEeTOOUK pacyeTa Ha NPOYHOCTb U XXEeCTKOCTb 6anok 0AMHOYHOro Npouns.

Mpn pacyete XeCTKOCTU B JNMHENMHOW 30He paboTbl ©Oanok aHanMTUYECKUn pacyeT C
NCcrnonb3oBaHMEM peayuupoBaHHoro no metoamke ocobmna APCC [32] ceveHus gaeT NorpelHocTb
1.9%, uTO siBNsieTca Hambonee TOYHbIM. PegyuupoBaHue ¢ ncnonb3oBaHnem metoamku CI 260 [23]
Aaet norpelwwHocTb 21.8%, aHanUTUYeCKnin pacyeT C UCNONb30BAHWEM MOSTHOTO CEeYEeHUs U MoAenu
6ankn TUMOLLEHKO OaeT NorpeLiHocTb 28.2%.

Takum 06pa3omM MOXHO pekoMeHOOoBaTb ASIA pacyeTa nepemMeLleHuii UCnonb3oBaTb MEeTOOUKY
penyumpoBaHusa ceveHun Nocobua APCC [32] B TOM crnyyae, ecnv Harpy3ku Ha 6arnky He npuBogAT K
HEINMHENHON paboTe KOHCTPYKLUUN.

Mpn aTOM MNpK pacyeTe MPOYHOCTM MO AOMNYCKAEMbIM HanpshKeHUAM CTeneHb NPUMEHUMOCTU
yKa3aHHbIX Tpex Metoauk byaeT obpaTtHas. 3aceukamu nokasaHbl 3HaYEHWS, NPY KOTOPbIX AOCTUraeTcs
npegen Tekyyectn 6Gankv npu pasnuyHbix cnocobax pacyeta. Kak BumgHo m3 rpadumka, Havbonee
6nu3knin pesynbTat K npegeny TeKydyecTn, cooTBeTcTBylowlemy Harpyske 17.0 kH, gaet mogenb
HepeayunMpoBaHHOIO CEYeHUd, B TO BPEMSI KaK MCMNOSfb30BaHME peayLMpOBaHHOIO CEYEHUS, XOTb U
npubnuxaet guarpammy 4edOpMUPOBaHNS K IKCNEPUMEHTANbHON, HO JaeT CyLeCTBEHHOE 3aHMKeHne
pacyeTHOWN HecyLlen CnocobHOCTW.
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4 Conclusions

B pesynbTaTte nccnegoBaHnsa AOCTUrHYThI Criefyowme pesynbTaThl:

1) lNokaszaHo, 4YTO MpW nonepevyHoMm usrmbe B NMOCKOCTU cuUMMeETpun 6anouvHble npodunu
OTKPbITOr0O KOMOGUHMPOBAHHOIO CEYEHUSI C OOHON OCbl0 CUMMETPUM paboTaloT HENUHEMNHO.
INuHerHasa yacTb paboTbl cocTaBnseT 68% OT paspyLualoLLen Harpysku.

2) [NpennoxeHo nNpu pacyeTe Ha XeCTKOCTb UCMONb30BaTb METOAMKY aHaNMTUYECKOro pacyeTta
no mogenu TUMOLLEHKO C UCMONb30BaHWEM ceyveHusi, nonyyeHHoro no Mocobuto APCC [32],
npu KOTOPOM OTBpackIBalOTCA CxxaTble NOMKu ¢ oTrnbamn. [JaHHbIN cnocob AaeT NorpeLHoCTb
1.9 %.

3) [lNpeanoxeHo nNpu pacyeTe Ha MNPOYHOCTb MCMNONb3oBaTb METOAMKY pacdeTa 6e3 y4yeta
peayKuumn cevyeHus.

4) PesynbTatbl uccrnegoBaHus BHegpeHbl B OO0 «CtponnaHenb» npu MNpoOeKTUMpOBaHUMU,
N3roToBneHun n MmoHTaxe KoHcTpykumin JICTK xunnoro ropogka CCK «3eesga» B r. bonbLion
KameHb MNpumopckoro kpas Poccunckon ®egepaumn.

5 Fundings

WccnepoBaHne BbINONMHEHO 3a cyeT rpaHTa Poccuimckoro HaydHoro choHga Ne 23-29-

00564, https://rscf.ru/project/23-29-00564/.

6 Conflict of Interests

The authors declare no conflict of interest. The funders had no role in the design of the study; in

the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

10

References

Tharmarajah, G. and Van Doren, K. (2023) Cold Formed Steel for Residential Construction
.Design  Philosophy and Durability = Concerns.  Preprints, 2023090106, 1-14.
https://doi.org/10.20944/preprints202309.0106.v1

Shevtsov, S. and Astafeva, N. (2022) The Concept of Modular Construction on the Example of the
Use of Light Metal Structures. Engineering Research, Ne3(8), 30-37. https://eng-
res.ru/archive/2022/3/No8.pdf

Tusnin, A. R. (2016) Finite Element for Calculation of Structures Made of Thin-Walled Open Profile
Rods. Procedia Engineering, 150, 1673-1679. https://doi.org/10.1016/j.proeng.2016.07.149
Tusnin, A.R. and Akhramochkina, T.I. (2020) Steel Reinforced Concrete Floors with the Use of
Bent Steel Profiles. Industrial and Civil Construction, 5, 10-14. https://doi.org/10.33622/0869-
7019.2020.05.10-14

Nazmeeva, T.V. and Vatin, N.I. (2016) Numerical Studies of Compressed Elements of a Cold-Bent
C-Profile, Taking into Considering Initial Imperfections. Magazine of Civil Engineering, 62,. 92—
101. https://doi.org/10.5862/MCE.62.9

Pronin, D.G., Pekhotikov, A.V., Pavlov, V.V., Nazmeeva, T.V. and Zhuravlev, A.Yu. (2021)
Features of Fire Resistance Tests of Building Structures Using Cold Formed Galvanized Profiles.
Industrial and Civil Construction, 10, 30-35. https://doi.org/10.33622/0869-7019.2021.10.30-35
Abbasi, M., Rasmussen, K.J.R., Khezri, M. and Schafer, B.W. (2023) Computational Modelling of
Built-up Cold-Formed Steel Columns and Parametric Studies. Thin-Walled Structures, 191,
111035. https://doi.org/10.1016/j.tws.2023.111035

Trouncer, A.N. and Rasmussen, K.J.R. (2014) Flexural-Torsional Buckling of Ultra Light-Gauge
Steel Storage Rack Uprights. Thin-Walled Structures, 81, 159-174.
https://doi.org/10.1016/j.tws.2013.10.001

Rybakov, V., Ha, Q., Gordeeva, A. and Urmanceva, K. (2021) The Stability of the Thin-Walled
Perforated Compressed Elements. Lecture Notes in Civil Engineering, 141, 420-432.
https://doi.org/10.1007/978-3-030-67654-4_45

Zhuravov, K.A., Rybakov, V.A. and Nazmeeva, T.V. (2021) An Analysis of the Criteria for
Evaluating the Efficiency and Optimization of Light Gauge Steel Structures. A Review. AlfaBuild,

Rybakov, V; Ogurtsov, M.; Dentsel, I.; Tsvetkova, A
Lightweight gauge steel combined section beams;
2024; Construction of Unique Buildings and Structures; 113 Article No 11301. doi: 10.4123/CUBS.113.1


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://rscf.ru/project/23-29-00564/
https://eng-res.ru/archive/2022/3/No8.pdf
https://eng-res.ru/archive/2022/3/No8.pdf

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

This publication is licensed under a CC BY-NC 4.0

2(17), 1-14. https://alfabuild.spbstu.ru/article/2021.17.2/

Vlasov, V.Z. (1961) Thin-Walled Elastic Beams. 2nd ed., Israel Program for Scientific Translation,
Israel. https://www.scirp.org/reference/referencespapers?referenceid=1258660

Bely, G.I. (2020) Analytical and Numerical Method for Calculating the Stability of Core Elements
of Light Thin-Walled Steel Structures. The Bulletin of Civil Engineers, 4(81), 39-46.
https://doi.org/10.23968/1999-5571-2020-17-4-39-46

Ghersi, A., Landolfo, R. and Mazzolani, F.M. (1994) Buckling Modes of Double-Channel Cold-
Formed Beams. Thin-Walled Structures, 19(204), 353-366. https://doi.org/10.1016/0263-
8231(94)90039-6

Bely, G.I. (2020) Improvement of the Engineering Methodology for Calculating the Strength of
Core Elements of Light Steel Thin-Walled Structures. The Bulletin of Civil Engineers, 1(78), 72-
81. https://doi.org/10.23968/1999-5571-2020-17-1-72-81

Huang, Zh., Zhang, X. and Fu, X. (2020) On the Bending Force Response of Thin-Walled Beams
under Transverse Loading. Thin-Walled Structures, 154, 106807.
https://doi.org/10.1016/j.tws.2020.106807

Uzikov, V.P. and Zavyalova, O.V. (2011) Consideration the Shear of the Median Surface When
Calculating Thin-Walled Rods of an Open Profile for Static and Dynamic Impacts. Bulletin of the
Universities. Construction, 1, 69-75. https://aracy.pd/files/documents/44-
redaktor/nauka/izdaniya/nauch_potentsial/ 1/69-75.pdf

Cai, Y., Chen, H., Lv, X. and Chen, L. (2023) Dynamic Response of a Thin-Walled Curved Beam
with a Mono-Symmetric Cross-Section under a Moving Mass. Thin-Walled Structures, 189,
110941. https://doi.org/10.1016/j.tws.2023.110941

Bely, G.I. (2016) The Effect of Section Reduction on the Stability of Core Elements of Structures
Made of Paired Cold-Bent Thin-Walled Profiles. The Bulletin of Civil Engineers, 4(57), 57-63.
https://doi.org/10.23968/1999-5571-2020-17-1-72-81

Zhao, F., Bao, H. and Zhang, F. (2023) Geometrically Nonlinear Deformation Reconstruction of
Based on Euler—Bernoulli Beam Theory Using a Nonlinear IFEM Algorithm. Thin-Walled
Structures, 189, 110884. https://doi.org/10.1016/j.tws.2023.110884

Han, Q., Wu, Ch., Liu, M. and Wu, H. (2024) A Corotational Isogeometric Assumed Natural Strain
Shell Element in Updated Lagrangian Formulation for General Geometric Nonlinear Analysis of
Thin-Walled Structures. Thin-Walled Structures, 194, 111311.
https://doi.org/10.1016/j.tws.2023.111311

Rybakov, V.A. and Jos, V.A. (2022) Bending Torsion of [N-Shaped Thin-Walled Frames.
Construction of Unique Buildings and Structures, 2(100), 10004.
https://doi.org/10.4123/CUBS.100.4

Rybakov, V.A. (2022) The V.l. Slivker's Semi-Shear Theory Finite Elements Research for
Calculation of Thin-Walled Closed Profile Rods. AlfaBuild, 4(24), 2403.
https://doi.org/10.57728/ALF.24.3

SP [Code of Rules] 260.1325800.2016 Cold-formed thin-walled steel profile and galvanized
corrugated plate constructions. Design rules. https://docs.cntd.ru/document/456033922
Marutyan, A.S (2019) Comparative Calculation of Optimal Parameters of Bent and Closely Bended
Channel Profiles. Structural Mechanics of Engineering Structures, 15(6), 415-432.
https://doi.org/10.22363/1815-5235-2019-15-6-415-432

Kryzhanovsky, V. (2023) Modular Buildings in Modern Construction. Engineering Research, 1(11),
31-37.https://eng-res.ru/archive/2023/1/Nol1l.pdf

Di, M. and Rasmussen, K. (2023) Test and Design of Cold-Formed Steel Closed Built-up Beams
with Double Sigma Sections and Triple Lipped Channel Sections. Thin-Walles Structures, 192,
111192. https://doi.org/10.1016/j.tws.2023.111192

Prostekishina, D.A. (2020) Numerical Modeling of a Composite Section Element Made of Thin-
Walled Profiles Taking into Account Initial Geometric Imperfections. Bulletin of Civil Engineers,
1(78), 82-86. https://doi.org/10.23968/1999-5571-2020-17-1-82-86.

Young, B., Rasmussen, K. and Kim J. (2000) Inelastic Bifurcation of Cold-Formed Singly
Symmetric Columns. Thin-Walled Structures, 3(36), 213-230. https://doi.org/10.1016/S0263-
8231(99)00046-4

Rasmussen, K. (2023) Stiffness Reduction of Cold-Formed Steel Structures Subject to Sectional
Buckling and Yielding. Journal of Structural Engineering, 11(149), 23-35.
https://doi.org/10.1061/JSENDH.STENG-12655

Rybakov, V; Ogurtsov, M.; Dentsel, I.; Tsvetkova, A
Lightweight gauge steel combined section beams;
2024; Construction of Unique Buildings and Structures; 113 Article No 11301. doi: 10.4123/CUBS.113.1


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://www.scirp.org/reference/referencespapers?referenceid=1258660
https://агасу.рф/files/documents/44-redaktor/nauka/izdaniya/nauch_potentsial/%201/69-75.pdf
https://агасу.рф/files/documents/44-redaktor/nauka/izdaniya/nauch_potentsial/%201/69-75.pdf
https://eng-res.ru/archive/2023/1/No11.pdf

This publication is licensed under a CC BY-NC 4.0

30 Dentsel, I.S, Bondar, V.T. and Rybakov V.A. Stress-Strain State of a Beam Made of Paired Nested
Profiles. Nedelya Nauki ICE: Collection of Materials of the National Conference, 03-09 April 2023.
Part 2.2023. Pp. 452-455. https://ice.spbstu.ru/userfiles/files/pdf 21 22/I1SI-CHast-2--v-polnom-
sbore.pdf

31 (2020) The LLC “Stroypanel” Album of Technical Solutions “Prefabricated Modular Buildings
Stroypanel Frames”, 2020. https://www.stroypanel.ru/

32  SP [Code of Rules] 20.13330.2016 Loads and actions. https://docs.cntd.ru/document/456044318

Rybakov, V; Ogurtsov, M.; Dentsel, I.; Tsvetkova, A
Lightweight gauge steel combined section beams;
2024; Construction of Unique Buildings and Structures; 113 Article No 11301. doi: 10.4123/CUBS.113.1


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://ice.spbstu.ru/userfiles/files/pdf_21_22/ISI-CHast-2--v-polnom-sbore.pdf
https://ice.spbstu.ru/userfiles/files/pdf_21_22/ISI-CHast-2--v-polnom-sbore.pdf
https://www.stroypanel.ru/

	1 Introduction
	2 Materials and Methods
	3 Results and Discussion
	4 Conclusions
	5 Fundings
	6 Conflict of Interests
	References

