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AHHOTALMUA

BBeneHue. bonbluenponeTHble COOPYXXeHNA NPOEKTUPYIOTCA B Ka4eCTBE 3AaHWIN 3pENnKLLHO-MaCCOBOro Ha3Ha4YeHNs, crnop-
TUBHbIX KOMMNEKCOB U T.4. Kak 0avH 13 BapMaHTOB NOKPbITUS 6OMbLIENPONETHBIX COOPYXEHUI MOTYT UCNOSb30BaTLCS CTalb-
Hble apoYHble KOHCTPYKLIMK. Bonpoc pauunoHansHOro npoekTMpoBaHust 6onbLIENPONETHLIX CTanbHbIX apOoK, @ TakKe KOPPeKT-
HbI BbIGOP pacyeTHOM CXeMbl U aHanmns3a ee HecyLleln CnoCoBHOCTU ABMNAETCA akTyarbHbIM.

MaTepuanbl n metoAbl. PaccMOTpeHO MOKpbITUE TEHHUCHOTO CMIOPTMBHOTO KoMnekca nponetom 108 M, BbIMONHEHHOE
B BUAE CTanbHOW ABYXLIAPHVPHON apky 6e3 3aTshKKM 1 apoK C NpeaBapuUTeNibHO HaNPsXKEHHOWM 3aTSHXKKOW Y HECKOMbKUMU
BapuaHTamu peluetku. [poBeaeHbl Noabop ceveHrs 3NeMeHTOB KOHCTPYKLMK, aHann3 BUSHUS BENMYUHbBI NpeaBapuTerb-
HOrO HaMpPsXKEHUS 3aTSHXKKN Ha YCUNMUS M NepeMeLLeHs, BO3HMKaloLLMeE B apke, a Takke Ha ee MeTannoemMkocTb. MpoaHanu-
31poBaHa o6LLas yCTONYMBOCTb PACCMOTPEHHbBIX aPOYHbIX KOHCTPYKUMIA. PacyeTbl BbINONMHANUCH B TEOMETPUYECKN Henu-
HENHOW NOCTaHOBKe C MCnonb3oBaHnem nporpammHoro kommnnekca (MNK) JINPA-CATP.

Pesynbratbl. OnpegeneHo, 4To Macca apkv C 3aTSHKKOM 1 pelleTkor MeHbLUe, YeM Macca apku 6e3 3atskku. 3a cyeT oT-
CYTCTBWS Mepedayun pacrnopa OT apKu C 3aTSHXKKOW Ha KONMOHHbI MOXHO JOOUTLCS CHIDKEHWS pacxofa MeTanina Ha KOMOHHbI
1 YNPOCTUTb Y3Mbl KOHCTPYKLMKW. YCTaHOBNEHa Heobxoanmas BennyvMHa NpeaBapuTeribHOro HanpshkeHns 3aTshkkn Ans obe-
cneveHuns TpebyeMol XeCcTKOCTU apku. Heckonbkumy metoaamun onpeaeneHa kputmieckas Harpyaka, npu KOTopow apka
TepsieT YCTOMYMBOCTb B CBOEW NIOCKOCTN — aHanmUTU4YecknuM cnocobom, Ha OCHOBE pe3ynbTaToB reOMETPUYECKN HENMMHenR-
HOro pacyeTa 1 C UCMOMb30BaHNEM pexnmMa «YCTOMUMBOCTbY, peanusosaHHoro B MK JINPA-CATP. Kputudeckas Harpy3ka
oKasarnachb BblLLiE [T apKu C 3aTSHXKKOW.

BbiBopabl. Ha ocHOBe NpoBefeHHbIX pacyeToB MPUHSATO peLleHne O MPYMEHEHUN B Ka4eCTBe NMOKPbITUSI pacCcMaTpuBaemoro
CMOPTVBHOrO KOMMMeKca ABYXLUAaPHUPHOW apku C NpeaBapuTenbHO HaNPSHKEHHOM 3aTSHXKKOM U peLueTkon. BennunHel kpyuTu-
YecKoW Harpy3ku NoTepy yCTOMYMBOCTU apku, NOMy4YeHHbIe Ha OCHOBE FeOMETPUYECKN HENTMHEMHOTO KOHEYHO-3IEMEHTHOIO
pacyeTa 1 C UCMosb30BaHNEM pexnMa «YCTOMYMBOCTbY, OKa3anuchb BecbMa 6rnmaku. MNpumMeHeHe aHannTnyeckoro pac-
yeTa Aano 3aBblLLUEHHOE 3Ha4YEHNE KPUTUYECKOW Harpy3kun, YTo He NO3BOMAET PEKOMEHA0BATL Ero K MCMOMb30BaHMIO.

KNIOYEBbBLIE CITOBA: aByxwapH/pHas apka, apka C 3aTsXKOW, YCTOMYMBOCTb, HEMNMHENHBI pacyeT, KpuTudeckas Ha-
rpy3ka, MeTanfioeMKoCTb, NpeaHanpsixeHme
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Optimal design of a large-span arched structure

Olga A. Tusnina, Mikhail V. Postarnak
Moscow State University of Civil Engineering (National Research University) (MGSU),
Moscow, Russian Federation

ABSTRACT

Introduction. Large-span structures are designed as entertainment and mass-use buildings, sports facilities, etc. A steel arched
structure can be used as a covering for large-span structures. The issue of the rational design of large-span steel
arches, as well as the proper choice of the structural design and the analysis of its bearing capacity is relevant.

Materials and methods. The covering of a tennis sports facility with the span of 108 m, that represents a double-hinged
steel arch without tightening, arches with prestressed tightening and several lattice options are considered. The cross-section
of structural elements was selected; the effect of prestressing on forces and displacements in the arch, as well as the amount
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of metal per structure were analyzed. The general stability of these arched structures was analyzed. Calculations were per-
formed in the geometrically nonlinear formulation using the LIRA-SAPR software package.

Results. It is determined that the weight of the arch, including the tightening and the lattice is smaller than the weight of the arch
without the tightening. The amount of metal, used to make columns, can be reduced to simplify structural units due to the ab-
sence of gusset transfer from the arch with tightening to columns. The required prestressing value is set for the tightening to
ensure the required rigidity of the arch. Several methods were used to determine the critical load at which the arch loses its
stability in its plane: the analytical method, geometrically nonlinear calculation results, and the Stability mode implemented
in LIRA-SAPR software package were employed. The critical load turned out to be higher for the arch with tightening.
Conclusions. Following the above computations, a decision was made to use a double-hinged arch with prestressed tight-
ening and a lattice as the covering of the sports facility. The values of the critical load that triggers the arch stability loss,
obtained using the geometrical nonlinear finite-element analysis and the Stability mode, were quite close. Application of the an-
alytical method resulted in an overestimated value of the critical load, which prevents it from being recommended for use.

KEYWORDS: double-hinged arch, arch with tightening, stability, nonlinear calculation, critical load, metal capacity, prestres-
sing
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BBEJIEHUE

BonpmienposneTHble KOHCTPYKIMH IIUPOKO MPH-
MEHSIIOTCSI B I'PAXK/IAHCKOM CTPOMTENILCTBE B KA4eCTBE
TIOKPBITHH ¥ IEPEKPBITHH Pa3IMYHBIX CIIOPTUBHBIX CO-
OPY)KCHHH, KOHLIEPTHBIX M BHICTABOYHBIX KOMIUIEKCOB,
TOPTOBBIX MOMEIIEHUH U T.1. CTanbHbIC KOHCTPYKIUH
XOPOILO 3aPEKOMEHI0BAIIH ce0sl A1 EPEKPHITUS O0JIb-
LIMX TPOJIETOB. M3BECTHBI pa3iinyHble BUIbI OOJIbIIIE-
TIPOJIETHBIX CTAJBHBIX KOHCTPYKIMI — BUCSYHUE (MEM-
OpaHHBIC 1 BAHTOBBIC), apOUHBIE, (DepMEHHBIE, 000TI0UKN
u npod. [1-6].

B coorBercTBhU ¢ ['paiocTpoUTEIbHBIM KOJEKCOM
P® coopyxenus ¢ nponerom cBeiiie 100 M sBIsIIOTCS
YHHUKAJIbHBIMH ¥ 00J1a1al0T HOBBIIIEHHBIM YPOBHEM OT-
BETCTBEHHOCTH. K yHHKAJIBHBIM COOPYKEHUSAM MPEIb-
SIBIISIFOTCSL 0COOBIe TPeOOBaHUS TIPU IPOESKTUPOBAHUH:
MIPOBEJICHUE pacyeTa Ha MPOrpecCcUpylolee 0OpyIICHHUE;
obecreueHne AIUTETHFHOTO Cpoka ciyk0sr — 100 et
u OoJiee; BBINOIHEHUE HAYYHO-TEXHUYECKOTO COIPOBO-
XKJICHHSI ITPH IPOEKTHPOBAHUH, BKJIIOYAIOIIEE TIPOBEJIe-
HHE ITOBEPOYHBIX PAcYeTOB, OCYIIECTBISIEMOE HE3aBH-
CHMBIMH OPraHU3alUsIMH, OTIINYHBIMH OT TOH, KOTOpast
paspabaTbIBaia IPOEKT; pa3paboTKa CIeLHalbHbIX TeX-
HUYECKUX yCIIOBUH, pEKOMEHAAINH 110 Ha3HAYEHUIO
BETPOBBIX M CHETOBBIX HAarpy30K.

YuuteiBas, Kak IpaBUiIo, CIOKHYIO GopMy O0IIb-
LIETIPOJIETHOTO COOPY)KEHHUS, OTIIMYHYIO OT CTAaHAAPT-
HBIX, IPUBEACHHBIX B HOPMAaTUBHBIX JJOKYMEHTaX, CXeMBbI
pacIipezieieHHst CHETOBOM M BETPOBOM HArpy30K B COOT-
BETCTBUH C JICHCTBYIOIMMH HOPMAaMH TpeOyeTcst ycTa-
HaBJIMBATh B CIEIUATbHBIX PEKOMEHIAIUAX, pa3pado-
TaHHBIX HA OCHOBE PE3yJIbTaTOB MOJEIbHBIX UCITBITAHUH
B a3pOJIMHAMHYECKHX TpyOax.

CiemyeT OTMETHTb, YTO [UIS OTIPEACIICHUS CHETOBOH
U BETPOBOU HArpy3KHU Ha COOPY’KEHUs1 B MUPOBOH IIPaK-
THKE B HACTOsIIIEE BPEMsI BCE MIMPE IPUMEHSIOTCSI YHC-
JIEHHBIE MeTOo/bl. Mcrnonbp30BaHne MaTeMaTHIECKUX
MO7IeJIeH ¥ YUCIIEHHBIX METO0B B COBOKYITHOCTH C KJIac-
CUYCCKUMU IKCIICPUMCHTAJIbHBIMU UCCIICIOBAHUAMMA
B a9pOJMHAMUYECKHX TpyOax 1o3BoJisieT Hauboiee
TIOJTHOIIEHHO BOCIIPOM3BECTH PeajbHbIE YCIOBHS, IIPH

KOTOPBIX TPOUCXOJUT CHETOIIEPEHOC U JBUKEHUE BO3-
AYHUIHBIX MacC, U MOJIYYUTh BE€CbMa TOUYHBIC 3HAYCHUSA
Harpys3okK, JeHCTBYIOLIUX Ha COOPY>KEHHE C YUETOM €T
(bopMBI, OKpYKarOMIeH 3aCTPORKHN U APYTUX (PaKTO-
pos [7, 8].

[Tpn mpoeKkTHpOBaHNHU OOJBIIETIPOJICTHBIX COOPY-
JKEHUI BCTAeT BOMPOC HAJEKHOCTU, METAJUIOEMKOCTH,
MPOCTOTHI U CKOPOCTU MOHTAKa OCHOBHBIX HECYIIHUX
KOHCTPYKLM. B CBA3U ¢ 9TUM IIpU IPOEKTUPOBAHUU
OOIBILETIPOJIETHBIX KOHCTPYKIMI TpeOyeTcs BBITOIHE-
HHE ONTHMHU3ALNN U aHATU3 PA3JINYHBIX BAPHAHTOB KOH-
CTPYKTHBHBIX PEIICHUH MOKPHITHS, TAK KaK BEIOOP HaH-
0oJsiee ONTHUMAIBHOTO KOHCTPYKTHBHOTO PEIICHUS
M03BOJISIET 3alPOEKTUPOBATH IMOKPHITHE ¢ Haubolee
palrOHAIBHBIM PACIPEACIICHUEM YCHUIIUH C y4eTOM Jeii-
CTBYIOIIUX HATpy30K, obnaaaroiiee TpeOyemMon KUBY-
YECThIO, TEM CAMBIM CHU3UTh METAIIIOEMKOCTh KapKaca,
YIPOCTUTH MOHTAX, IIPY ATOM 00€CIICIHB HEOOXOAUMYIO
HaJziexKHOCTh [9, 10].

OpHUM U3 HIHPOKO PACIPOCTPAHEHHBIX U XOPOILIO
3apEKOMEH/IOBABIINX Ce0sl BUIOB OOJIBIIETIPOIETHBIX
KOHCTPYKIUH SBIAIOTCS TNIOCKHE apKU. ApPKH TPUMEHSI-
FOTCSI HE TOJIBKO B KaU€CTBE HECYIIUX KOHCTPYKIMHI 3/1a-
HUI U COOPY>KEHUH, HO TAK)KE B BUJIE ITPOJIETHBIX CTPO-
eHuit mocrtoB [11, 12].

Apka paboTaeT Ha cXKaTHe ¢ U3ruO0M, B CBSI3U C YEM
TozIBepKeHa oo1Iel norepe ycroiunBoctu ¢popmsl. [1o-
Tepsl yCTOMYMBOCTHU apKH MOXKET MPOUCXOANTD KaK B ILJIO-
CKOCTH, TaK ¥ U3 TNIOCKOCTH U3ruoa.

[loTepst ycTOMUMBOCTH apKU U3 INIOCKOCTH aHAJIO-
THYHA I10 CBOEMY XapakTepy oO0IIeii moTepe yCTOHINBO-
CTH M3THOAEMBIX 3JIEMEHTOB, @ UMEHHO IPOUCXOANT
roTepst MI0CKoi Gopmbl M3ruba apKu B BUAE 3aKpydH-
BaHUS €€ CEYCHUS U BBIXOJA €0 U3 INIOCKOCTH.

Kak npaBuio, ycToH4UBOCTh apKH U3 MIOCKOCTH
obecrneunBaeTcs 3a C4eT TOTO, YTO OHA JTUCKPETHO
C OTIPEIEIEHHBIM [IArOM 3aKPETIsieTCs OT CMELICHUS
TIPOAOIBHBIMHI CBSI3EBBIMH JIEMEHTaMH (HaPHIMED, pac-
MTOPKaMHU CBS3€BOW CHCTEMBI, TIPOTOHAMH MOKPBITHS,
BOCIIPHHUMAIOIINMHU ITPOJIOJIBHYIO CHITYy U O0bEeIMHEH-
HBIMH KECTKHM CJIBUTOBBIM JIICKOM OTPAKIACHHS U T.11.).
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[Taru, ¢ KOTOPBIMH apKa 3aKPeIuIIeTCs U3 MIIO0CKOCTH,
CILy>KaT PaCYETHOM AJIMHOM, yUUTBIBAIOLIEICS B pacyeTe
Ha YCTOHYUBOCTBH IIOCKOH (popMbl n3ruda apku. OmHa-
Ko B crarbe [13] mokazaHo, 9TO MPUMEHEHNE METOINK
pacdera Ha yCTOHYMBOCTD IIIOCKOH (pOpMBI M3rnbda st
TIPSIMOJIMHEIHBIX OallOK He BCET/Ia OKa3bIBACTCsl BEPHBIM
JUISl IPOBEPKH KPUBOJIMHEHHBIX apOK, 0COOEHHO pado-
TaOIIKX B OONbIIEH CTENEHH HA U3TH0, YeEM Ha C)KaThe,
YTO UMEET MECTO ISl OECIIapHUPHBIX apPOK C KECTKUM
3aKpeIIeHHEM Ha OMOopax.

Kpome 3Toro, CTONT OTMETHTB, ITO KECTKOCTb ITPO-
JOTBHBIX CBSI3€H, KOHCTPYKIHUS y3J7I0B MX KPEIUICHUS
K apKe BIMAIOT Ha pPaboTy apKH M JOJDKHBI YIUTHIBATHCS
IIpH IpOBEpKE ee ycTolunBocTH [14, 15].

[Torepst yCTOMYMBOCTH apKU B MIOCKOCTH MPOUC-
XOJIUT B BUJI€ Pa3BUTH CYIIECTBEHHBIX nedopManuii
1 00pa3oBaHuUs HOBOI Ie()OPMHUPOBAHHOM (OPMBI APKH.
Ha xapakrep norepu ycTOH4MBOCTU apKHU B INIOCKOCTH
BIIMSIET KPUBH3HA €€ OCH, XapaKTep U JIOKAITN30BAHHOCTh
JIeiCTBUSL BHELIHEN HArpPYy3KH, CXeMa OMMUPAHUS apKHU
Ha QyHIaMEHT (’KeCTKOE WM IIAPHUPHOE), YPOBEHB Ha-
YaJbHBIX CBAPOUYHbBIX HanpspkeHuu [16, 17].

Pacuer apox BBIIOJIHSIOT C HCIIOJIB30BAaHUEM H3-
BECTHBIX METO/IOB CTpOUTENbHON Mexanuku. Kiaccuue-
CKHUI OAXOJ ITPU pacyeTe Ha yCTOWYMBOCTh YUUTHIBAET
HHHeﬁHyIO B3aNMOCBA3b MCKAY NCPEMCIICHUSAMUA U HA-
TpsDKEHMSIMH. Takoi MOJIX0/T IOy CTHUM JJIs1 QpOK € O0ITh-
0¥ KPUBU3HOM, TaK KaK UX Ae(opMayi OTHOCUTEIh-
HO MaJIbl 110 CPAaBHEHHIO CO CTPESION MOAbEMa apKH.
Jedopmannu monorux apox, MpoOUCXOAIINE Ha dTare
JI0 TIOTEPH YCTOMUYNBOCTH, COM3MEPUMBI CO CTPEION
MOJbEMA, B CBSI3U C ATUM IPH PacyeTe MOJIOTUX apoK
HE0O0XOMMO YUUTBIBATH U3MEHEHHE T€OMETPUU OCH
apK¥ IpU Harpy>KeHHH, T.€. IPOBOINUTH HEITMHEHHBIN
(medopmanmonnslit) pacuer [ 18-22]. B Hacrosee Bpe-
M1 B CBSI3U C IIMPOKHUM PacIpOCTPAHEHUEM YHCIEHHBIX
METO/I0B PACYET aPOUHBIX CUCTEM HAa yCTOWYMBOCTH LiE-
J1€CO00pa3HO BBHIOIHSTE C UCTIOIB30BAaHUEM IIPOTPaAM-
MHBIX KommiekcoB (ITK), peannsyromux MeToa KoHed-
HBIX 3JIEMEHTOB B I'€OMETPHUYECKU HEJIWHEHHOU
nocrtaHoBke. [IpoBezeHre HENMMHEHHOTO pacyeTa o3Bo-
JIAET MOJIYYUTh KPUTHYECKYIO HArpy3Ky, IpH KOTOPOH

MIPOUCXOUT TTOTEPS] YCTOWYUBOCTH apKHU B IUNIOCKOCTH,
a TaKKe NMPOAHAIN3UPOBATh 3aKPUTHUYECKYIO paboTy
apku (TIOBEICHUE MTOCIIE TIOTEPH YCTOHUUBOCTH) [23].

JLiist 6onee TOYHOTO ydeTa AIeHCTBUTETHHOM PaboTHI
ApOYHON KOHCTPYKIIMHU, B YaCTHOCTH y4UeTa Pa3BUTHSA
TUIACTUYECKUX Ae(opMalvii py pacyeTe, CleyeT yuu-
THIBaTh U (PU3NICCKYIO HETUHEHHOCTb.

MATEPHAJIBI U METO/IbI

B Hacrosimeli craTbe paccMOTPEHO 3/1aHNe TEHHUC-
HOTO CIIOPTUBHOT'O KOMITJIEKCA MPSIMOYTOIBHOE B IUIAHE,
¢ pazmepamu B ocsix 192 x 108 m. ITonepeunsiii pa3pes
371aHUs TOKa3aH Ha puc. 1. B cooTBeTCTBHY C TPUHSATHIM
APXUTEKTYPHBIM PEIICHUEM TTOKPBITHE 31aHHS BBITOI-
HEHO B BUJE TI0cKuX apok. [Iponet apok — 108 M. BeI-
coTa 371aHusl B KOHbKe — oKou1o 30,5 M, B kapHH3€e 23 M.
[ITar 0CHOBHBIX KOJIOHH — 12 M.

31aHue TEHHUCHOTO CIIOPTUBHOTO KOMILIEKCa Ipet-
cTaBlsieT co00i paMHO-CBA3€BOIl CTaNbHOI KapKac.
B nonepeunoM HampaBieHUM YCTOMYMBOCTh KapKaca
obecreynBaeTcs 3a c4eT pabOTHI paM € JKECTKUM 3aKpe-
TUICHUEM KOJIOHH B 0a3¢ M IapHUPHBIM OITMPAHUEM apOK;
B [TPO/I0JIEHOM HAIpaBJICHUH — 32 CUCT YCTAaHOBKH BEp-
TUKJIBHBIX CBS3EH 110 KOJIOHHAM.

3aaua McciaeJ0BaHUS — OMpeAeIeHNUE ONTUMAIb-
HOTO KOHCTPYKTHBHOTO PEHICHUS] apOYHOTO TIOKPBITHS
JUISL pacCMaTpPUBAEMOTO 3/JaHNs] TEHHUCHOTO IIEHTpa.

I'eomeTpust apku (KpUBU3HA €€ OCH, CTpeJIa TOIb-
ema) ObliIa IPUHSTA UCXO U3 apXUTEKTYPHBIX CO00-
paKEeHHIA, TI03TOMY BIIMSHHE €€ N3MEHEHUSI Ha HECYIIYTO
CHOCOOHOCTh M METAJNIOEMKOCTh B HAcTosAIIeH padbore
HE U3y4ajoch.

HccnenoBana mosoras AByXIIapHUPHAs apodHast
crucTeMa, BBIMIOJTHEHHAs B JBYX BapHaHTax: apka 0e3
3aTSDKKH B apKa ¢ 3aTsDKKoH (puc. 2). I apka ¢ 3aTsK-
KO PacCMOTpPEHBI PA3IMYHbIEC BAPUAHThI KOHCTPYKIIHH:
apKa ¢ packocaMu U IIEHTPaJIbHOH cToKOM (puc. 2, b),
apka TOJIBKO C packocamu (puc. 2, ¢) u apka 0e3 packocoB
u ctoiiku (puc. 2, d). C neipio yMEeHbLICHUS poruoda
apKH, a TaKk)Ke Jy4lIero BKIIOYEHHS B padOTy 3aTsKKa
MIPOCKTUPYETCS TIPEIBAPUTEIILHO HATPSHKEHHOM.
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Puc. 1. Ilonepeunslii pa3pe3 31aHUs TEHHICHOTO KOMILIEKCA
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Puc. 2. O0mwuii BUJ pacueTHOM CXeMBbl: ¢ — JABYXIIApHUPHAs apka 0e3 3aTsHKKH; b — NByXIIapHUpPHAs apKa C 3aTsDKKOMH, pac-
KOCaMH M IIEHTPAIBHOH CTOHKOIT (cxema /); ¢ — JIByXIIapHHUpHAst apKa C 3aTsHKKOI TOIIBKO ¢ packocaMH (cxeMa 2); d — AByX-

IIapHUPHAS apKa ¢ 3aTSDKKOM Oe3 pemreTku (cxema 3)

KoHcTpykiusa mogoroi apku gBisieTcsl CxKaTo-
n3rubaeMon, mpu4eM oceBast CKUMAIOIas Cuiia — J10-
MUHHPYIOIIasi, 4TO AeTaeT TAKOU TUI KOHCTPYKIIUHU yB-
CTBUTEIIbHBIM K IOTEpE yCTOHUMBOCTH [24]. [y aHau-
3a HanpspKeHHO-edopmuposanHoro cocrosiaus (H/IC)
apOYHOI CUCTEMBI BBIOJIHSUICS UUCIICHHBIN PAacUeT ¢ Uc-
nonb3oBanueM 1K JIMPA-CAITIP B reomeTpuyecku He-
JIMHEHHOW MOCTaHOBKE.

3ajaua HACTOALIETO UCCIIEA0BAHUS — aHAIM3 pa-
0OTBI apKH B THIOCKOCTH, B CBSI3U C 9THM PAaCCMOTPEHBI
TUIOCKHE pacuyeTHbIE cXeMbl apok (puc. 2). [1pu pacuere
YUYTEHO, YTO apKU 3aKPEIJICHbI U3 MJI0CKOCTU MPOTOHa-
MU, 00BETMHEHHBIMH KECTKUM C/IBUTOBBIM JIHCKOM I10-
KpBITHS U3 NpodriinpoBaHHoro Hactuia. CornacHo
TIPUHSTHIM TEXHHYECKUM PEIICHUSM, IPOTOHBI paboTa-
10T KaK paclopKH, a y3/bl UX KPEeIJICHHs K apkaM BOC-
TIPUHAMAIOT JICHCTBYIOIIYIO M (PUKTHBHYIO IPOIOIBHYIO
cuiy. lllar nporoHos cocraBnser 6 M. Mexay Toukamu
ONMPAHMs MPOTOHOB apka pa3dnuTa Ha 6 KOHEYHBIX
anemenToB (KD). Tum npuHATOro KOHEYHOTO dJIEMEH-
Ta— KD Ne 310, reomeTpuuecky HeJIMHEHHBINA YHUBEP-
CaJIbHBIA MPOCTPAHCTBEHHBIH cTepkHeBor KO (HUTB).

Ha apky 1e#icTBYIOT HOCTOSIHHBIE HArpy3KH OT CO0-
CTBEHHOT'O BeCa HECYILUX U OTPaKIAIOIUX KOHCTPYK-
LUH, IIUTENbHAs Harpy3ka OT BeCa OCBETUTEIBHOTO
Y MHOTO 000PY/I0BaHMs, 3aKPETUICHHOTO Ha apKe, a TAKKe
KpaTKOBpeMeHHas CHerosas Harpyska. CymmapHas pac-
4yeTHasi PABHOMEPHO paclpeieIeHHas Harpy3Ka o apke
(3a MCKITFOYEHNEM COOCTBEHHOTO Beca apKt) COCTaBMIIa

75 kH/m. Yuer coOCcTBEHHOTO Beca apKy BBITIOJTHEH aB-
TOMAaTU3UPOBAHO C oMolbio cpencts [1K.

J1J1s1 apKu € 3aTsDKKO ITPeABapUTEIHHOC HATSHKCHHC
3aTSDKKH 32J1aBAIOCH 32 CUCT MPUIIOKCHHS K HEH TeMIie-
patypHOii Harpy3Ku. PacdeT BBIMIOIHSIICS B TCOMETPH-
YeCKH HeNTMHEHHOW nocTtanoBke. [IpuHsaT MeTon Hemu-
HEIHOTrOo pacyera ¢ aBTOMAaTHYCCKHM BBIOOPOM IIIara.

JIns apku ¢ 3aTSKKOM HENMHEHHOe 3arpykeHue
C YYETOM TEXHOJIOTHH €€ MOHTaKa BKJIFOYAIIO TPHU I0-
CJIEJIOBATEIIHHO MPUKIIAIBIBACMBIX 3aTPYyKCHUS:

1. IlpenHanpsikeHHe 3aTSHKKK C MTOMOIIBIO TEMIIe-
paTypHOU Harpy3Ku.

2. PacueTHbIi COOCTBCHHBIN BeC HECYIIHX dJICMCH-
TOB KOHCTPYKIIHH.

3. PacueTHas MOTOHHAs Harpy3Ka, BKIIFOYAIOIIast
MIOCTOSIHHYIO HAarpy3Ky OT Beca OrpayKJarollnX KOH-
CTPYKIIUI TOKPBITHUSL, JUTUTEIBHYIO U CHETOBYFO HArPY3KY.

s apku 6e3 3aTsDKKH 1OCIIeI0BaTeIbHOCTD 3a-
TPY)KCHHUI TIPUHSATA aHAJIOTUYHO, 38 HCKITFOYCHUCM OT-
CYTCTBHS HEOOXOJJMMOCTH 3a/1aBaTh MPEABAPUTEILHOE
HATIPSKCHUE 3aTSHKKH.

Hcuepnanue Hecymield CIOCOOHOCTH apKH MOXKET
MIPOU3OUTHU MO MPOYHOCTH, O YCTOHUMUBOCTHU B IJIOCKO-
CTH WJIM U3 TIocKocTH. Kpome aToro, Heobxoanmo ode-
CIIEYMBATH TPEOYyEeMYIO KECTKOCTh apKH — yPOBEHb
nedopmanuii ¥ nepeMenieHui, He 0oJiee T0yCKaeMOro
B HOPMATHBHBIX JTJOKYMCHTAX.

[To pe3ynpraram pacueToB NOAOUpAIHCH Tpedye-
MBI€ CEUCHHS HIEMEHTOB apKH: CEUCHHUE apKH B BHUJIE
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3aMKHYTOTO MPsIMOYTOJILHOTO CBApHOTO TpoduIIs, 3a-
TSOKKa B BUJIC ABYX MOJIOC CTAJIM, PACKOCHI 1 CTOMKa —
13 KBaJpaTHBIX TpyO. Apka BelnoiHeHa u3 craian C355.

PE3YJIBTATBI HCCJIEJOBAHUA

B Tabn. 1 mpuBeaeHBI MOTOOPAaHHEIE IO PE3yib-
TaTaM pacdyeTa CEYEHHUs DJIEMEHTOB PACCMOTPEHHBIX
apOYHBIX KOHCTPYKLMI. BennunHa npeaBapuTeabHOro
HaIpsDKeHUS 3aTSDKKHU, CO37aBaeMOro TeMIIepaTypoi,
npunsarta —50 °C.

HaumMenbinm BecoMm 00aiaeT apka ¢ 3aTsHKKOM,
pacKocaMH U IICHTPaIbHOM CTOWKOM (cxeMa /), To3ToMy
Takoe KOHCTPYKTUBHOE pElICHUE OBLIO MPHUHATO KaK
OCHOBHOE U aHAJIM3UPOBAJIOCH B JAJIbHEHUIIIEM.

C uelnplo aHajM3a BIMSHUS BEJIMYHHBI TPEBAPH-
TEJIBHOTO HAINPSDKEHHS 3aTSHKKH Ha METAJIOEMKOCTb
apKH BBITIOJIHEHBI PacyeThl C Y4ETOM Pa3HOro YPOBHS
NpeJHANPSDKEHHS 3aTSDKKH, CO3/1aBaeMOTo TeMIIepaTyp-
Ho# Harpy3koit (—50; —100; —150; =200 °C). 3aBucu-
MOCTb Macchl apKH OT BEJIHUYUHBI MPEJABAPUTEIHLHOTO
HaIpsDKEHUS 3aTsDKKH ITOKa3aHa Ha puc. 3. J{ns cpaBHe-
HUSI Ha Tpaduke MyHKTHPHOW JIMHUEH NOKa3aHa Macca
apKku 0e3 3aTSHKKH.

U3 rpaduka Ha puc. 3 BUIHO, YTO C YBEIHYCHHEM
BEJINYMHBI IIPEIBAPUTEITEHOTO HANPSKEHUS 3aTSHKKH T10-
BBIIIAETCS MacCa apOYHON KOHCTPYKIIUH, 9TO 00y CIIOB-
JIeHOo 0oJIee aKTHBHBIM BKJIIOUCHHEM B pabOTy packocoB
U CTOMKH U BOBHUKHOBEHHEM B apKe OOJIbIIIEro MOMEH-

Ta (Tabm. 2).

Taba. 1. [TonoOpaHHbIE ceueHus U Macca apOYHON KOHCTPYKIUH

A 3aTspKKa Apka Packocsl, cTolika O6uras macca
Ka
P Ceuenne | Macca, T Cedenue Macca, T Ceuenue Macca, T apK, T
JIByx1urapHupHas apka B B 2-650 x 40 + 126 B B 126
6e3 3aTsuKku (puc. 2, a) +2-1320 x 36
JIByxIapHupHast apKa
C 3aTSDKKOM, packocaMu 2-600 x 40 + Ksanparnas
2-400 23,80 0,52 4 117,8
1 [EHTPAIBHOMN CTOMKON %35 3 +2-800 x 36 %0, TpyGa 300 x 10 35 787
(cxema I, puc. 2, b)
JIByx1apHupHas apka
C 3aTSDKKOHU TOJIBKO 2-600 x 40 + Ksanparnas
2-400 x 35 | 23,80 93,61 2,82 120,23
C packocamu ) ’ +2-850 x 36 ’ Tpy6a 300 x 10 ’ ’
(cxema 2, puc. 2, ¢)
I{ByxmapHvI/IpHaﬂ apka 2-600 x 40 +
¢ 3arTspkkoit Oe3 pemetkn | 2-400 x 55 | 37,30 99,44 - - 136,74
+2-850 x 40
(cxema 3, puc. 2, d)
127
126
126
125
124
5
s
2 123
&
Q
2 122
S
5 121
) 120,68
o) /'
120
119 118,79
117.87 118,17
118 T/
117
0 50 100 150 200 250

Temneparypa, °C (npeaHanpsokeHHe)

—a— ApKa ¢ 3aTsHKKOH U pemeTkoi (cxema /1)

- - - - Apka 6e3 3aTsKKA

Puc. 3. 3aBHCUMOCTH MacChl apKH OT BETMUHHBI IPEABAPUTEILHOTO HAMPSKEHNS 3aTIKKH
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Tao6u. 2. Yeunus u nepeMeeHns B apkax

(pemsanpmene) | TP | e v, | PP K | Mo | it | HEPCE R
Apka ¢ 3amsickoil u pewemkotl (cxema 1, puc. 2, b)
=50 335 10 572 - -10 682 | 4420,7 2,05
-100 219 10 576 - -10 687 | 4533,5 2,11
-150 101 10 593 - -10706 | 46478 2,15
-200 -15,7 10 598 - -10713 | 4781,4 2,22
Apka 6e3 samsidicku (puc. 2, a)
- 336 - 15883 | 15883 | 1815 | 0,38

TakuMm 00pazoM, HEOOXOAUMBIN YPOBEHb IpE/Ba-
PHUTEIBEHOTO HAPSDKEHNS 3aTSHKKH IPHHUMACTCS U3 YC-
JIOBHSI 0OeCIICUeHHS TPOruba apku He 00Jiee MPEIe/IbHO
JIOITyCKaeMOr0 HOPMaMH.

[IpenenpHBIN BEpTUKATBHBIN MPOTHO B JaHHOM
ciydae npuHsT 1/300 mposteta, uto cocrasisiet 360 MM.
Jast obecnieuenus mporuba apku He Oosiee npeeTbHOTO
HEeoOXouMas BEJINUMHA TPEBAPUTEIBHOTO HaIpshKe-
HUS 3aTSDKKHM apKU CO3/1aeTCsl TeMIlepaTypHOH Harpys-
kot =50 °C.

ApKa ¢ 3aTsHKKOW W pelneTkoi padoTaeT Ha Ooee
BBIPKCHHOE BHEIIGHTPEHHOE CXKaTHe, YeM apka 0e3 3a-
TSDKKH, 9TO BUJTHO TI0 BEJTMYMHE IPUBEICHHOTO OTHOCH-
TEIBHOTO SKCLEHTPHCHTETA M, (Ta0II. 2).

Ha ocHOBe 1osTy4eHHBIX pe3yJIbTaToB [Uisl apKyu 0e3
3aTSOKKU NTPUHSATO NMPSIMOYTOJILHOE CBApPHOE CEYCHHE
2-650 x 40 + 2-1320 x 36. [{ns apku ¢ 3aTsDKKOW Ha-
3HAUEHBI CIEAYIOIINE CEUCHUS: apKa — MPSIMOYTOJIbHAs
cBapHas TpyOa 2-600 x 40 + 2-800 x 36, 3aTsKKa —
2-400 x 35 1 packochl U3 KBaaparHoi Tpyos — 300 x 10.

C nenbro aHanM3a 3arnaca yCTOMYMBOCTH apOYHOI
CHCTEMBI B CBOEH INIOCKOCTH OIIPE/IeieHa KpUTHIECKast
Harpy3ska, IIpd KOTOPOU MPOUCXOJUT IOTEPs. yCTOUYU-
BOCTH apKu. J{11s onpenenennst KpuTHIeCcKor Harpys3KH,
BBI3BIBAIOIICH ITOTEPIO YCTONYMBOCTH apKH, K HEl ObLTa
MIpUIJIOXKEHa MTOTOHHAas Harpy3ka 158 kH/M u BeImonHeH
T€OMETPUUECKH HETMHEHHBIN pacyer.

Ha puc. 4 npuBeneHs! rpaduky 3aBUCUMOCTH HPO-
JIOJIGHOTO YCHJIMSI M BEPTUKAJILHOTO MPOTrH0a IIeHTpasTb-
HOTO y371a OT MPOIEHTA JICHCTBYIOIMIEH HATPY3KH IS
paccmarpuBaeMbix apok. Ha puc. 5 mpencrasiena ¢pop-
Ma IOTepH yCTOMYMBOCTH apOK.

W3 rpadukoB BUJHO, YTO KPUTHUECKAs! HArPy3Ka,
IIpY KOTOPOM IIPOUCXOIUT NOTEPST yCTOMYMBOCTH apKHu
B CBOCH MJIOCKOCTH (T.€. TOUKA, B KOTOPOH Mporajaet
JIMHEITHAS 3aBUCUMOCTD MEX/y YCHINEM U TPOLICHTOM
HarpysKn), 1o pe3yJibTaraM reOMeTpHYEeCKH HelTnHEe-
HOTO pacyera Juist apku 0e3 3aTskku cocraBmia 80 %
OT HOJHON BENMYUHBI (YTO COOTBETCTBYET HArpy3ke
126,4 xH), a nns apku ¢ 3atsxkoit — 87,3 % oT monHoM
BenmmunHbI (137,9 kH) npunoxxeHHON Harpy3KH.

Kpowme 3toro, ko3 duitnenT 3amaca yCTOMIUBOCTH
OBLT ONpesiesieH C UCTIONB30BaHUEM PEKMMaA « YCTOM-
4uBOCTHY, peanuszoBanHoro B [1K JIMPA-CAIIP. ITpu

TakoM pacyeTe Kod(pPHUIHMEHT 3anaca yCTOWYHMBOCTH
o niepBoit popme cocrasui 0,78 (123,2 kH) mist aByx-
mapHupHOH apku 6e3 3arsokku u 0,79 (124,8 xH) st
apKU C 3aTSHKKOM.

Jlist ABYXIIapHUPHOM apKu 0e3 pereTK KpUTHye-
CKasl Harpy3ka MOXKET OBbITh OIpe/ieJieHa aHaJIUTHYe-
cku [25] o dopmyie:

El

_ x
P = k 1 13 >
7€ A7l AByXIIapHUPHOH apku &k, = 28,4 (Tabm. 5.1 [25]);
E — Monyns ynpyrocTH ctanu; [, — MOMEHT HHEPLIUHN
CEUCeHNS apKU OTHOCHTEIILHO TOPU30HTANIBHOM ocH; [ —
MIPOJIET apKHU.

JlelicTByromasi B apke IIpu NOTEPE yCTOMUMBOCTH
MIPOJOJIbHAS CHJIA OTIPEACIIACTCS CIEAYIOINM 00pa3oM:

n’El

X

(uS)*’

rae | — k03 (UIHEHT PacYeTHOH JUIMHBI, TPUHIMAC-
MBIif 10 Tab1. 5.3 [25] B 3aBUCUMOCTH OT COOTHOIICHHS
CTpeJIbl IOABEMA K IIPOJIETy apku f// (B TaHHOM ciiydae
fl1=0,07); S — nmuHa TOTyapKH.

Kpurnueckas cuia, moiydeHHast B pe3yJbTare aHa-
JUTUYECKOTO pacyeTa, cocraBmia 171 kH/M, mpu aTom
MIPO/IOJIbHAS CUIIA, BO3HUKAOIIast B apke, —24 712 kH.
[TpononpHas cuia B apke 06€3 3aTAKKH B MOMEHT IIOTEpU
YCTOWYMBOCTH, OJTyYEeHHAs ITPU YUCIICHHOM T€OMETPH-
YeCKH HEJIMHEHHOM pacdere, OKa3ajiach OoJbIle, YeM
onpe/iesieHHast aHATUTHYECKH, U cocTaBuia —27 184 kH
IIpY MEHbILIEH BEJIMYMHE ACUCTBYIOIIEH HAIPY3KHU
(126,4 xH).

PesynbraThl onpeneneHnst KpUTHIECKOH Harpy3Ku
TIPUBEJICHBI B Ta0M. 3.

Kak BHJHO, BEIMYUHBI KPUTHUYECKOW HArpy3KH,
TIOJTy9EHHBIE 10 JAHHBIM T€OMETPHIECCKH HETMHEHHOTO
pacdera 1 pacueTa pexxuMoM « YCTOHUMBOCTbY, OTIINYa-
1otcst He 6onee yeM Ha 10 %, 4To 1MO3BOJISIET PEKOMEH-
JoBath 00a crocoba pacueTa nojo0HbIX apOYHBIX KOH-
CTPYKLUHH Ha yCTOMUHUBOCTh. AHAJIUTUYECKUN pacdyeT
JlaeT 3aBBIIICHHYIO Ha 35 % BeINYUHY KPUTUYECKOH
Harpys3KH, 4TO He JJaeT BO3MOYKHOCTb UCIOJIb30BaTh €T0
B JTAHHOM CJTy4ae.

cr
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C. 6-22

b

Puc. 5. O0mmuii Bua GOpMBI MOTEPH YCTOMYUBOCTH, MOTYUYSHHOU MO pe3yabTaTaM TeOMETPHUUECKH HEITMHEHHOTO pacdera:

a — apka 0e3 3aTSDKKH; b — apKa ¢ 3aTSHKKOU U peleTKOH

Tao6u. 3. CpaBHeHHE KPUTUYECKON HArpy3KH Ha apKH

Bun pacuera

Kputnueckas narpyska, kH/m

JIByxmapHupHast apka 0e3 3aTsKKH

JIByX11apHupHas apka ¢ 3aTsKKOH U peleTKoH

['eomeTpuyeckn HeTMHEIHBIA pacueT 126,4

137.9

Pacuer pexuMoM «YCTOHYUBOCTBY 123,2

124,8

AHanUTHYEeCKUl pacyer 171

JIByxuiapHUpHas apka 0e3 3aTsDKKH U PEILeTKH 00-
JlaJlaeT MEHbIINM 3anacoM ycroiunBoct Ha 9 %. Kpo-
Me TOTO, AByXIIapHUPHAs apka 0e3 3aTsHKKHU Tepegact
CYIECTBEHHBIH pactop Ha HECyIIne KOJOHHBI, TEM Ca-

MBIM Tpe6y;1 SHAYUTEJIBHOTO YBEINYCHUSA CCUCHUS KO-
JIOHH U YCJIO)KHCHUSA Y3JI0B OITMpPaHUA.

3AK/IIOYEHUE U OBCYXKXJIEHHUE

Ha ocHoBe npoBeNeHHBIX UCCIEA0BAHUI MOXKHO
CJIeNIaTh CIEAYIONIUE BBIBOIBI.

B kadecTBe KOHCTPYKIUU TOKPBITHS IPOCKTHPYeE-
MOTO 3IaHUs TEHHUCHOTO KOMIUIeKca mporetoM 108 M
CIIeTyeT IPHHATH aPKY C IPEIBAPUTEIHHO HAPSHKCHHON
3aTSDKKOW M PELIeTKOM, Tak Kak oHa obnanaer Ha 6 %

MEHBIIIEH METaI0OEMKOCTEIO U Ha 9 % OoubmmM 3ama-
COM YCTOMYMBOCTH B INIOCKOCTH, YeM apKa 0e3 3aTSDKKU
U PeIIeTKH.

ApKa ¢ 3aTsSDKKOH U pemeTkoil paboTtaet Ha Oonee
BBIpaKEHHOE BHEIIEHTPEHHOE CXKaTHe, 4eM apka 0e3 3a-
TSDKKW — BEJINYMHA TPOJIOJILHONM CHIIBI B HEH HUXKeE,
a MOMEHT OoJIblIIe.

s nanbonee xoppekrHoit onenkn HJIC paccmo-
TPEHHBIX TOJIOTHX apOK HEOOXOIMMO MPUMEHSTh YNC-
JICHHBIM reOMETPUYECKH HETMHENHBIN pacueT, KOTOPhIH
MIO3BOJIAET MOJIYYUTh KPUTHYIECKYIO HArpy3Ky MOTEpH
YCTOWYMBOCTH, a TAK)KE IPOAHAIN3UPOBATH 3aKPUTHYE-
cKy1o paboty apku. [IpuMeHeHne aHaTMTHIECKOTO pac-
YyeTa MOKET JJaBaTh 3aBHIIICHHYIO KPUTHYECKYIO Harpys3-
Ky M HE pEKOMEHYEeTCsI Ul MIPAaKTHUYECKUX PacyeToB.

CIIMCOK HCTOYHHUKOB

1. Epemees I1.I'. MeTanandeckue KOHCTPYKIUU
TTOKPBITHH YHUKAJIBHBIX OOJIBIICIIPOIECTHBIX COOPYIKe-
Hui // TTpoMBIIIIIIEHHOE ¥ TPAKIAHCKOE CTPOUTEIIBCTBO.
2007. Ne 3. C. 19-21.

2. Kpusowanko C.H., Mamuesa H.A. Beimarommu-
€csl MPOCTPAHCTBEHHBIE COOPYXKEHHUS MOCIETHUX
20 stet // MOHTaXHBIC U CIICIIHANIbHBIC PA0OTHI B CTPO-
urensctBe. 2012. Ne 12. C. 8-14.

3. Kpusowanko C.H. Bucsuue TpocoBble KOH-
CTPYKILIMH U TIOKPBITUS COOpYy>KeHHH // CTPOUTEITHCTBO
YHHUKQJIBHBIX 31aHUH 1 coopyxenuii. 2015. Ne 7 (34).
C. 51-70.

4. Lazzari M., Majowiecki M., Vitaliani R.V., Saet-
ta A.V., Nonlinear F.E. Analysis of Montreal Olympic
Stadium roof under natural loading conditions // Engi-
neering Structures. 2009. Vol. 31. Issue 1. Pp. 16-31.
DOI: 10.1016/j.engstruct.2008.07.010

5. wxesuy K.H. Ponb 60abIIETIPOIETHRIX 000-
J04YeK B pOpMOOOpa3OBaHUN OOIIECCTBCHHBIX 31aHUI //
Architecture and Modern Information Technologies.
2017. Ne 4 (41). C. 163-178.

6. Iawrkosa JI.A., Henucosa FO.B. DBononus
OOITBIICTIPOJICTHRIX COOPYKEHUI Ha PAMEPE OJTAMITHIA-
ckux oowvekroB // Bectuuk BI'TY nm. B.T'. lllyxosa.
2016. Ne 11. C. 88-94. DOI: 10.12737/22380

13

(9%) 7 9NSSI ZL 10N Suisaaionis



rapkeMTANLETSE: Ty 12. BoInYCK 4 (46)

O.A. TycHuHa, M.B. lMocmapHak

7. Belostotsky A.M., Britikov N.A., Gorya-
chevsky O.S. Critical review of modern numerical mo-
delling of snow accumulation on roofs with arbitrary
geometry // International Journal for Computational
Civil and Structural Engineering. 2021. Vol. 17. Issue 4.
Pp. 40-59. DOI: 10.22337/2587-9618-2021-17-4-40-59

8. Tominaga Y. Computational fluid dynamics
simulation of snowdrift around buildings: Past
achievements and future perspectives // Cold Regions
Science and Technology. 2018. Vol. 150. Pp. 2—-14. DOI:
10.1016/j.coldregions.2017.05.004

9. Cemenos A.A., Hemuoosa J].A., Hagpuxosa A.A.,
3umun C.C., Huxonaes /].M. BapuanTHoe IPOESKTHPO-
BaHHME KOHCTPYKIIMH TOKPBITHS OOJIBIIETIPOTIETHOTO
CIIOPTUBHOTO COOpYsKeHwUst // CTPOUTEIILCTBO YHUKAIb-
HBIX 3/1aHUH 1 coopyxeHnit. 2018. Ne 5 (68). C. 24-35.
DOI: 10.18720/CUBS.68.3

10. Cemenos A.A., Ilopvisaes U.A., Cogosn C.B.,
T'unemxanos P.A., Cemenos C.A. Ananus paboThl He-
CYIIMX KOHCTPYKIUN MOKPHITUSA OONBIIETTPOTIETHOTO
CIIOPTUBHOTO COOpYKeHHst // CTPOUTEIILCTBO YHUKAIb-
HBIX 3/1aHUH 1 coopyxennit. 2015. Ne 4 (31). C. 58-81.

11. Backer H.D., Outtier A., Bogaert Ph.V. Buck-
ling design of steel tied-arch bridges // Journal of Con-
structional Steel Research. 2014. Vol. 103. Pp. 159-167.
DOI: 10.1016/j.jcsr.2014.09.004

12. Cai Y.Q., Ding W.S. Mechanical behavior
analysis of long-span steel truss arch bridge based on
static load test // IOP Conference Series: Materials
Science and Engineering. 2018. Vol. 392. P. 062008.
DOI: 10.1088/1757-899X/392/6/062008

13. Bradford M.A., Pi Y.-L. Flexural—torsional
buckling of fixed steel arches under uniform bending //
Journal of Constructional Steel Research. 2006. Vol. 62.
Issue 1-2. Pp. 20-26. DOI: 10.1016/j.jcsr.2005.02.012

14. Dou C., Jiang Z.Q., Pi Y.L., Gao W. Elastic
buckling of steel arches with discrete lateral braces //
Engineering Structures. 2018. Vol. 156. Pp. 12-20. DOI:
10.1016/j.engstruct.2017.11.028

15. Lu HW., Liu A.R., Pi Y.L., Huang Y.H.,
Bradford M.A., Fu J.Y. Flexural-torsional buckling of
steel arches under a localized uniform radial-load
incorporating shear deformations // Journal of Structural

Tlocmynuna 6 pedaxyuio 13 nosabpa 2022 a.
Ipunsma 6 oopabomannom eude 16 noabps 2022 a.
Ooobpena ona nyoauxayuu 30 noaops 2022 .

Engineering. 2019. Vol. 145. Issue 10. DOI: 10.1061/
(ASCE)ST.1943-541X.0002407

16. Chen S.H., Chi M.Z., Fu X.M., Mao J.W.,
Ju J.S. Stability analysis of H-section steel arch
considering effect of welding residual stress // Journal
of Physics: Conference Series. 2021. Vol. 1777. Issue 1.
P. 012035. DOI: 10.1088/1742-6596/1777/1/012035

17. I'pyoes U.J]., Cumon H.IO., J]eopnuros B.A.
dopma ocH, KOHCTPYKILIUA U pacyeT YCTOMYUBOCTH
apok // TIpOMBIIIIEHHOE U TPaXKJAHCKOE CTPOUTEIIBCTBO.
2008. Ne 5. C. 22-24.

18. Pi Y.-L., Trahair N.S. In-plane buckling and
design of steel arches // Journal of Structural Engineering.
1999. Vol. 125.Issue 11. Pp. 1291-1298. DOI: 10.1061/
(asce)0733-9445(1999)125:11(1291)

19. PiY.-L., Trahair N.S. Non-linear buckling and
postbuckling of elastic arches // Engineering Structures.
1998. Vol. 20. Issue 7. Pp. 571-579. DOI: 10.1016/
s0141-0296(97)00067-9

20. Konokonos C.b. Metoauka moadoopa ceueHust
CTaJBHOW apKH TPH MOMOIIH 1e()OPMAI[HOHHOTO pac-
yeta // BectHuk OpeHOYpPIrcKOTo rocy1apcTBEHHOTO
yauBepcureta. 2015. Ne 5 (180). C. 151-154.

21. Konokonos C.b. UccnenoBanue mporiecca Je-
(dbopMHUpOBaHUs apOYHOW KOHCTPYKI[MU KaK CIoco0
OlIeHKH ee ycToiunBoctH // BectHuk OpeHOyprckoro
rocyaapcTBeHHoro ynusepcurera. 2010. Ne 2 (108).
C. 150-153.

22. JImumpues A.H., Cemenos A.A., Jlarun B.B.
VY eTOoMUMBOCT paBHOBECUS YIIPYTHUX apOK C Y4ETOM UC-
KpuBIeHUs oc // CTPOUTENBCTBO YHUKAIBHBIX 3/1aHUN
u coopyxenuid. 2018. Ne 4 (67). C. 19-31. DOI: 10.18720/
CUBS.67.2

23. Tusnin A., Tusnina O. Analysis of supercritical
behavior of rod systems // Proceedings of the METNET
Seminar 2011 in Aarhus (Denmark). 2011. Pp. 160-169.

24. Zilenaite S. Comparative analysis of the buck-
ling factor of the steel arch bridges // Engineering
Structures and Technologies. 2019. Vol. 11. Issue 1.
Pp. 11-16. DOI: 10.3846/est.2019.8856

25. I'opes B.B. MeTtannndeckne KOHCTPYKIIHH.
T. 2. Koncrpykuuu 3ganmii. M. : Beicimas mikoma, 2004.
528 c.

Op ABTOPAX: Oabra A.]IeKcaH)lpOBHa Tycnmla — KaHAuaaT TEXHUYCCKUX HayK, JOUCHT, JOLCHT Kaq)ez[pm McC-

TaJJIMYECKUX U JePEBAHHBIX KOHCTpYykuui; HannonaabHblii HecienoBareibeckuii MocKoBCKHii rocyiapcTBeHHbII

crpoutenbHblii ynusepcuter (HUY MI'CY); 129337, . Mocksa, SIpocnasckoe mocce, 1. 26; PUHLL ID: 7465-2846,

Scopus: 55975424400, ResearcherID: U-7848-2018, ORCID: 0000-0002-5595-2784; tusninaOA @mgsu.ru;
Muxana BanepseBnu [Tocrapnak — acnmpanT kadeipbl METAUIMYECKUX U JAEPEBSHHBIX KOHCTpYKIuii; Ha-

LHHOHAJIbHBII Heelea0BaTeIbcKUIT MOCKOBCKHUIE Iocy1apcTBeHHbIN cTPOUTeIbHbIN yHuBepcuter (HUY MI'CY);
129337, 1. Mockaga, SIpocnaBckoe mocce, 1. 26; PUHLL ID: 3569-6358, ORCID: 0000-0002-1248-7026; mihail.pasternak(@

mail.ru.

Brnao asmopog: éce agmopul coenanu 3Kk6UBAIEHMHbI 6KIAO 8 NOO2OMOBKY NYOIUKAYUU.

Aemopbl 3as61510m 06 OMCYMCMBUU KOHGIUKMA UHMEPECOB.

14



Optimal design of a large-span arched structure

P. 6-22

INTRODUCTION

Large-span structures are widely used in civil engi-
neering as coverings and ceilings of various sports facili-
ties, concert and exhibition halls, shopping centres, etc.
Steel structures are widely recognized as coverings for
large spans. There are various types of large-span steel
structures, including suspended (membrane and cable-
stayed), arched, truss, shell, and other types of struc-
tures [1-6].

Pursuant to the Urban Planning Code of the Russian
Federation, constructions, having a span over 100 me-
ters are unique; they are characterized by a so-called
higher level of responsibility. Special design require-
ments are imposed on applied to unique structures:
progressive collapse analysis; a long service life
of 100 years or more; scientific and engineering support
in the course of structural design, including verification
of any analyses by independent companies different
from the project designer; development of special tech-
nical specifications, wind and snow load recommenda-
tions.

Taking into account the complex shape of large-
span structures, different from the standard ones speci-
fied in the regulatory documents, snow and wind load
distribution patterns should be set in special recommen-
dations, developed on the basis of results of simulation
tests in wind tunnels.

Numerical methods are now increasingly used to
determine snow and wind loads on structures world-
wide. The use of mathematical models and numerical
methods together with classical experimental research
in wind tunnels allows reproducing the real conditions
of the snow transfer and the movement of air masses,
and obtaining very accurate values of the loads acting
on the structure, taking into account its shape, surroun-
ding buildings and other factors [7, 8].

When large-span structures are designed, is-
sues of reliability, metal consumption, simplicity and
speed of installation of the main load-bearing struc-
tures arise. In this connection, optimization and ana-
lysis of various structural solutions for a covering are
needed in the course of designing large-span structures,
as the choice of the most optimal structural solution
allows designing the covering that has the most ratio-
nal distribution of forces, taking into account current
loads, having the required survivability to reduce metal
consumption of the frame and simplify the installation
process, while ensuring the necessary reliability [9, 10].

Flat arches are a widely spread type of large-span
structures. Arches are used not only as bearing struc-
tures of buildings and structures, but also as bridge
spans [11, 12].

The arch resists compression with bending and
is, therefore, it follows the general buckling mode.
The arch buckling can occur both in the plane of ben-
ding and out of it.

The arch buckling out of the plane is similar in
nature to the general buckling of bending elements.

As a rule, the stability of the arch out of the plane
is ensured by the fact that it is discretely fixed by lon-
gitudinal ligament elements to prevent displacement
(e.g., struts of the ligament system, roof purlins which
take the longitudinal force and are united by a rigid
shear disk of the enclosure, etc.). The steps, used to
fix the arch out of the plane, serve as the design length
taken into account in the stability analysis of flat shape
of the arch bend. However, the article [13] shows that
stability analysis methods, applied to the flat shape
of the arch bend in rectilinear beams, are not always
correct for verifying curvilinear arches, especially those
that resist bending more than compression, which is
typical for rigidly fixed arches.

In addition, it is noteworthy that the stiffness
of longitudinal ties and the design of their attachments
to the arch affect the behaviour of the arch and should be
taken into account when verifying its stability [14, 15].

The loss of arch stability in the plane occurs in
the form of significant deformations and the formation
of a new deformed shape of the arch. The curvature
of its axis, the nature and localization of the external
load, the pattern of the arch resting on the founda-
tion (rigid or hinged), and the level of initial welding
stresses affect the character of the arc stability loss in
the plane [16, 17].

The analysis of arches is performed using well-
known methods of structural mechanics. The classical
approach to stability analysis takes into account the lin-
ear relationship between displacements and stresses.
This approach is acceptable for arches with large cur-
vature, because their deformations are relatively small
compared to the arch rise. Deformations of shallow
arches, occurring at the stage before stability loss, are
commensurate with the arch rise; therefore, when an-
alyzing shallow arches, one should take into account
a change in the geometry of the arch axis during loa-
ding, i.e. to perform a non-linear (deformation) analysis
[18-22]. At present, in connection with the widespread
use of numerical methods, it is expedient to calculate
the stability of arch systems using software packa-
ges (PCs) and the finite element method in a geomet-
rically nonlinear formulation. The nonlinear analysis
makes it possible to obtain the critical load at which
the stability of the arch is lost in the plane, as well as
to analyze the overcritical behaviour of the arch (beha-
viour after stability loss) [23].

To analyze the actual behaviour of the arch struc-
ture more accurately, in particular, to analyze the deve-
lopment of plastic deformations, physical nonlinearity
should also be taken into account.

MATERIALS AND METHODS

The building of a tennis sports centre, which is
rectangular in plan, is considered in this article; its di-
mensions in the axes are 192 x 108 m. The cross section
of the building is shown in Fig. 1. In accordance with
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the architectural solution, the covering of the building is
made in the form of flat arches. The span of the arches is
108 m. The height of the building ridge is about 30.5 m;
the height of the cornice is 23 m. The column spacing
is12 m.

The building of the tennis sports centre is a braced-
frame steel structure. In the transverse direction, the sta-

bility of the frame is ensured by the resistance of frames
with the rigid fastening of the column base and hinged
support of the arches; in the longitudinal direction it is
ensured by vertical connections along the columns.

The task of the research is to determine the optimal
structural solution of the arch covering for the building
of the tennis center.
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Fig. 1. The cross-section of the building of the tennis centre
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Fig. 2. The general view of the structural model: a — double-hinged arch with no tightening; b — double-hinged arch with
tightening, struts and central post (pattern 1); c — double-hinged arch with tightening and struts (pattern 2); d — double-hinged

arch with tightening without lattice (pattern 3)
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The geometry of the arch (curvature of its axis,
arch rise) was selected on the basis of architectural con-
siderations, so its influence on the bearing capacity and
metal consumption was not studied in this work.

The authors studied a double-hinged hollow arch
system implemented in the two options of arches: an arch
without tightening and an arch with tightening (Fig. 2).
Different design options were considered for the arch with
tightening, including the arch with struts and a central
post (Fig. 2, b), the arch with struts only (Fig. 2, ¢), and
the arch without struts and a post (Fig. 2, d). To reduce
the arch deflection, as well as to better ensure the joint
resistance of the arch and the tightening, the tightening
is designed as a pre-stressed element.

The construction of the hollow arch is com-
pressed-bent; the axial compressive force is domi-
nant, which makes this type of structure sensitive to
loss of stability [24]. To analyze the stress-strain state
(SSS) of the arch system, a numerical calculation was
performed using the LIRA-SAPR software package in
the geometrically nonlinear formulation.

The task of this study is to analyze the behaviour
of arches in the plane; in this connection, we consider
flat designs of arches (Fig. 2). The analysis takes into
account the fact that the arches are fixed from the plane
by purlins united by a rigid shear disk of the profiled
deck covering. According to the adopted technical solu-
tions, purlins behave as struts and their attachments to
the arches absorb the effective and fictitious longitudi-
nal force. The purlin spacing is 6 m. Between the pur-
lin resting points, the arch is divided into 6 finite ele-
ments (FE). The type of the finite element is FE 310,
a geometrically nonlinear universal spatial rod FE
(a string).

The arch is subject to permanent loads from
the dead weight of supporting and enclosing struc-
tures; a continuous load from the weight of lighting
and other equipment attached to the arch and a short-
term snow load. The total uniformly distributed design
load on the arch (except for the arch’s own weight) was

Table 1. Selected cross-sections and weight of the arch structure

75 kN/m. The proper weight of the arch was taken into
account by the software.

For the arch with tightening, the prestressing
of the tightening was used due to its exposure to
the temperature load. The computation was performed
in the geometrically nonlinear formulation. The non-
linear calculation method with automatic step selection
was used.

The nonlinear loading of the arch with tightening
included three consecutively applied loads, taking into
account its installation technology:

1. Prestressing of the tightening using the tempera-
ture load.

2. Design own weight of the load-bearing elements
of the structure.

3. Design linear load, including constant load from
the weight of the enclosing structures of the covering,
continuous load and the snow load.

For an arch without tightening, the loading se-
quence is assumed to be the same, except there is no
need to specify prestressing of the tightening.

The exhaustion of the bearing capacity of the arch
can occur in terms of strength, in-plane or out-of-plane
stability. In addition, it is necessary to ensure the re-
quired rigidity of the arch, while the level of deforma-
tion and displacement shall not exceed those allowed
by the regulations.

According to the computations, the authors chose
the required cross-sections of the arch elements:
the arch section is made of a closed rectangular welded
profile, the strut is made of two steel stripes, the struts
and the post are made of square tubes. The arch is made
of steel C355.

RESEARCH RESULTS

Table 1 shows the cross-sections of the elements
of the considered arch structures, selected according
to the computation results. The value of prestressing
of the tightening created by the temperature is assumed
to be —50 °C.

Tightening Arch Struts, post )
Arch c c Total weight
I‘O.SS Weight, t | Cross section | Weight, t rqss Weight, t | of the arch, t
section section
Double-hinged arch without 2-650 x 40 + 126 126
tightening (Fig. 2, a) +2-1,320 x 36
Double-hinged arch with
2-600 x 40 + S tub
tightening, struts and central | 2-400 x 35 | 23.80 - 90.52 | >duarctuidbe ) 35y 117.87
. . +2-800 x 36 300 x 10
post (Diagram /, Fig. 2, b)
Double-hinged arch with
2-600 x 40 + S tub
tightening and with struts | 2-400 x 35 |  23.80 - 93.61 |>duaretudel ;e 120.23
. . +2-850 x 36 300 x 10
(Diagram 2, Fig. 2, ¢)
]?ouble.-hmg_ed arch w.1th 2600 x 40 +
tightening without lattice 2-400 x 55 | 37.30 +9-850 x 40 99.44 - - 136.74
(Diagram 3, Fig. 2, d)
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An arch with tightening, struts and a central post
(Diagram /) has the lowest weight, so this design solution
was accepted as the basic one and analyzed further.

To analyze the effect of pre-stressing on the steel
consumption of the arch, calculations were made taking
intoaccountdifferent levels of pre-stressing of the tightening
created by temperature load (—50;—100; —150; 200 °C).
Dependence of the arch mass on the value of prestressing

127

of the tightening is shown in Fig. 3. For comparison,
the dotted line on the graph shows the mass of the arch
without tightening.

The graph in Fig. 3 shows that the weight
of the arch structure rises with an increase in the pre-
stressing value, which is caused by the higher resistance
of struts and the post, as well as a higher moment in
the arch (Table 2).

126

126

125

124

123

122
121

120

120.68

Total weight of arch, t

119

118.79

118

117

117.87 118.17 ___—"

0 50 100

150 200 250

Temperature, °C (prestressing)

—=— arch with tightening and lattice (diagram /)

- ——- arch without tightening

Fig. 3. Dependence of the arch weight on the value of the prestressing of the tightening

Table 2. Forces and displacements in arches

Terzizrsizz:’) = Deflection, mm | Tightening force N, kN | Thrust, kN | N_,., kN M, kNm lizilelfjr(:cri‘:;a;‘;
Arch with tightening and lattice (diagram 1, Fig. 2, b)
=50 335 10,572 - -10,682 4,420.7 2.05
-100 219 10,576 - -10,687 4,533.5 2.11
-150 101 10,593 - —-10,706 4,647.8 2.15
—200 -15.7 10,598 - -10,713 4,781.4 2.22
Arch without tightening (Fig. 2, a)
- 336 - 15,883 -15,883 1,815 0.38

Thus, the required level of prestressing of the tigh-
tening stems from the condition that the deflection
of the arch does not exceed the maximum value allowed
by the standards.

In this case, the vertical deflection limit is taken
as 1/300 of the span, which is 360 mm. To make sure
that the deflection of the arch does not exceed the limit
allowed by the standards, the required value of the pre-
stressing of the arch tightening is created by a tempera-
ture load of —50 °C.

The arch with the tightening and lattice resists
more pronounced eccentric compression than the arch
without tightening, which is evident from the value
of the reduced relative eccentricity m,,(Table 2).

Based on the obtained results, a rectangular welded
section of 2-650 x 40 +2-1,320 x 36 is used for the arch

18

without tightening. For the arch with tightening, the fol-
lowing cross-sections are used: the arch — rectangular
welded pipe 2-600 x 40 + 2-800 x 36, the tightening —
2-400 x 35 and struts from square tube — 300 % 10.

To analyze the stability margin of the arch system
in its plane, the critical load at which the loss of arch
stability occurs is determined. To determine the critical
load that causes the loss of stability of the arch, a linear
load of 158 kN/m was applied to the arch and a geo-
metrically nonlinear calculation was performed.

Fig. 4 shows dependence graphs of the longitudinal
force and vertical deflection of the central attachment
on the percentage of the effective load for the arches
under consideration.

Fig. 5 shows the form of stability loss of the arches.
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b

Fig. 5. General view of the buckling mode based on the geometrically nonlinear calculation: ¢ — arch without tightening;

b — arch with tightening and lattice

The figures show that the critical load at which
the stability of the arch in its plane is lost (i.e. the point
at which the linear dependence between the force and
the load percentage disappears), according to the geo-
metrically nonlinear analysis of the arch without tigh-
tening was 80 % of the full value (corresponding to
the load of 126.4 kN), and for the arch with tighten-
ing — 87.3 % of the full value (137.9 kN) of the applied
load.

In addition, the stability factor was determined
using the Stability mode in the LIRA-SAPR software
package. In this calculation, the first stability coefficient
was 0.78 (123.2 kN) for a double-hinged arch without
tightening and 0.79 (124.8 kN) for an arch with tighte-
ning.

For a double-hinged arch without lattice, the criti-
cal load can be determined analytically [25] by the for-
mula:

EI

Por = k=5~
1 13

where k; = 28.4 (Table 5.1 [25]) for a double-hinged
arch; £ — modulus of elasticity of steel; /. — moment
of inertia of the arch section relative to the horizontal
axis; / — span of the arch.
The longitudinal force in the arch in buckling is
determined as follows:
n’El

X

cr

where p is the coefficient of design length, taken from
Table 5.3 [25] depending on the ratio of the arch ridge
to the span of the arch f// (in this case, f// = 0.07); S is
the length of the half-arch.

The critical force, resulting from the analytical cal-
culation, was 171 kN/m, while the longitudinal force,
arising in the arch was —24,712 kN. The longitudinal
force in the arch without tightening at the moment
of stability loss obtained by the geometrically nonlinear

20

numerical calculation was higher than that determined
analytically and amounted to —27,184 kN while the ac-
tual load value was smaller (126.4 kN).

Resulting critical load values are provided in
Table 3.

Table 3. Comparison of critical load applied to arches

Critical load, kN/m
. Double-hinged | D0uPle-hinged
Type of calculation . arch with
arch without . .
tightenin, tightening
g & and lattice
Geor.netrlcally . 126.4 1379
nonlinear calculation
Calculat}(?n made using 1232 124.8
the Stability mode
Analytical calculation 171 -

Evidently, critical load values obtained using
the geometrically nonlinear calculation and the Stabi-
lity calculation differ by no more than 10 %, which al-
lows to recommend both methods of stability calcula-
tion of arch structures. The value of the critical load
is overestimated by 35 % if the analytical calculation
method is employed, which makes it unsuitable in this
case.

A double-hinged arch without tightening and a lat-
tice has a smaller stability margin of 9 %. In addition,
the doubly-hinged arch without tightening transmits
a significant thrust to the supporting columns, thereby
requiring a significant increase in the column cross-
section and more complicated support nodes.

CONCLUSION AND DISCUSSION

The following conclusions can be made on the ba-
sis of the studies.

An arch with pre-stressed tightening and a lattice
should be used as a structure of the covering for the de-
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signed tennis building whose span equals108 m, as it’s
metal consumption is 6 % lower, and the in-plane sta-
bility reserve is 9 % greater than that of an arch without
tightening and a lattice.

An arch with tightening and a lattice resists more
pronounced eccentric compression than an arch without
tightening; longitudinal force value in it is lower and
the moment value is larger.

To ensure the most accurate assessment of the SSS
of flat arches, it is necessary to make a geometrically
nonlinear numerical calculation, which makes it pos-
sible to obtain the critical load of buckling, as well
as to analyze the supercritical behaviour of the arch.
The analytical calculation can result in the excessively
high critical load value, and it is not recommended for
practical calculations.
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