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HAVYYHAS CTATbBA

KoMmnboTepHoe ucciieioBaHne padoThl KAPKACOB
00JIbIIENPOJIETHBIX METAJIMYECKHX KYIOJIOB MPH PAa3JIMYHBIX CIIOCO0aX MOHTAXKA

E.B. Jleoens

HannonanbsHbli uccienoBaTenbCkuii MOCKOBCKUI rOCYAapCTBEHHBIN CTPOUTENIBHBINA YHUBEPCUTET
Apocnasckoe wocce, 26, Mockea, Poccuiickas @edepayus, 129337

(nocmynuna 6 pedaxyuro: 18 uronst 2018 r.; npunsma x nybauxayuu: 02 aBrycra 2018 r.)

B crarbe naercs kpaTkas XxapakTepucTrka nporecca (OpMUPOBAHHUSI KAPKACOB OOJIBIIETIPOIETHBIX METAININYECKUX KYTIOJIOB
B TIPOIIECCE BO3BENCHUS. BBINOIHEHO 00l OMMCAHNUE KOHCTPYKTHUBHBIX PEIICHHUI KapKaCcOB PEOPHCTO-KOJNIBIICBBIX M CETYATHIX
OOJIBIISTIPONIETHRIX METAJUTMYECKUX KYTIOJIOB. YKAa3aHO Ha pa3HbIe pacueTHbIE CIIOCOOBI CONPSHKEHMUSI DJIEMEHTOB KapKAaCOB MEXILy
c0o00ii B KyIoJiax Pa3IMuyHOro KOHCTPYKTHBHOI'O perieHus. Beneactprue paboThl KOHCTPYKITMI MPY MOHTaXKE KYTIOJIBHBIX KAPKAaCOB
IO PAaCYETHBIM CXEMaM, OTJIMYAIOLUMCS OT MMPOEKTHOM, B UX KOHCTPYKTUBHBIX JIEMEHTAX BOSHUKAIOT MOHTAXKHBIE YCHIIHSL.

Jis mpoBeeHUST HCCIIeIOBaHUH pa3pab0OTaHbl TIPOCKTHBIC KOMITHIOTEPHBIC MOJICTH PeOPUCTO-KOIBIIEBOTO U CEKTOPH-
aJIbHO-CETYATOr0 OJJHOMOSICHBIX METAIUIMUYECKUX KYIOJIOB MPOoJIeTOM 48 M U BBICOTON 12 M U3 CTalIbHBIX ABYTAaBPOB C JKECT-
KHMH COTPSDKCHUSMH B y3NaX. Mccienyemple KynoJdbHBIE KapKachl OMUPAIOTCS TI0 KOHTYPY Ha MOCTOSHHBIE CTOWKH Yepes
IIapHUPHBIE compspkeHUs. Ha OCHOBE MPOEKTHBIX MOJENEW CO3IaHbl JOMOJHHUTENbHBIE MOAETH HETONHOTO KapKaca IUIs
HCCIICIOBAHMS Pa3IMYHBIX CIIOCOOOB MOHTaXKa KYIOJIOB, KOTOPHIE OTIIMYANUCHh APYT OT JIPyra KOJMYECTBOM BPEMEHHBIX
OTIOp TPHY IIAPHUPHOM CONPSDKEHUH C KapKacoM W IIaPHUPHBIMH y3JIOBBIMH CONPSIKCHUSMH CTEPKHEBBIX AJIEMEHTOB HaJ
Humu. Kaxmas w3 3THX Mozeneil MHTepnpeTHpoBaia MPOMEXYTOYHOE COCTOSHHE MOHTHPYEMOTO KYMOJBHOTO KapKaca C
XapaKTepHOU JJIsi HEro pacdyeTHON cxeMoi. B 3aBUCHMOCTH OT KOJIMYECTBAa BPEMEHHBIX OTOpP JIsI peOPUCTO-KOJIBIIEBOTO
KYIIOJIa PACCMOTPEHO TPU MOHTAXKHBIX CXEMBI, & JIJIsl CEKTOPHUAIBHO-CETYaTOr0 — YEThIPE.

MoHTaXHbIE Pacy€THBIC CXCMbI BKIIIOYAJIU B 06651 CJICAYIONIME BUAbI BDEMEHHBIX OIOP: HEHTPaJIbHAs Oropa, HEHTpaJlbHas 1
1 psa IpOMEXYTOUHBIX ONOP, LUEHTpaIbHAs U 3 psijia MPOMEXKYTOUHBIX OIOP, ONOpPa MOJ KaXIbIM y3JIOM Kapkaca. JlJisi Kaxxaon
MOHT&)KHOH MOJICJTA KYTIOJIbHOTO KapKaca BHIITOJHEHBI KOMITBIOTEPHBIC pacUeThl Ha JEHCTBIE COOCTBEHHOT'O Beca C IEIBI0 OIpe-
JICTICHUSI UX HAIPSHKEHHO-1e(hOPMUPOBAHHOTO COCTOSTHMS. B pe3ynbTaTe pacyeToB onpeeieHbl HAPsHKCHHUST B KOHCTPYKTUBHBIX
AIIeMEHTax KapKacoB, KOTOPBIE CPABHUBAIICEH C HAPSHKEHISIMI COOTBETCTBYIOIINX AIIEMEHTOB Ha JEHCTBHE COOCTBEHHOTO Beca
B KapKace MPOeKTHOU cxeMbl. 110 moTydeHHBIM JaHHBIM TIOCTPOSHBI TPA(UKH U JHATrPAMMBI, OTPa)KAIOIIIe YPOBEHh MOHTa)KHBIX
HAaIpsDKEHUH B KOHCTPYKTHBHBIX AJIEMEHTAX KapKaca M0 CPABHEHHIO C TIPOSKTHBIMU BEIMYIHAMY C YIETOM XapaKTepa — CKaTHe
W pacTsbkeHue. [Ipr 3ToM paccMOTPEHBI Pa3I9HBIE TPYIIIIHI JIEMEHTOB 110 BCEH BBICOTE KYIOJIBHBIX KapKacoB.

CraenaH BBIBOJ O HEM30EKHOCTH MOSABICHHUSA HANPSDKEHUH B 3JIEMEHTaX KapKacoB OOJIBIIETIPOJIETHRIX METAUTHYECKIX
KYIOJIOB IIPH WX BO3BEACHUH, a TAaKXKE O CYIIECTBEHHON MX BEIWYHHE UL OTIACIBHBIX CIIOCOOOB MOHTa)ka. YKa3zaHBI CIIO-
CO6]>I BO3BCACHUA U BUABI KOHCTPYKTHUBHBIX 3JIEMEHTOB, KOTOPLIC MOI'YT OKa3aTh BJIMAHUE HAa HAACKHOCTH KYIIOJbHBIX Kap-
kacoB. OTMeueHa HEOOXOIMMOCTh 00s3aTeNIbHBIX PACUYETOB KAPKACOB HA MOHTAXXHBIC COCTOSIHUS MPU IPOCKTHPOBAHUH
60J'Il)LlIerOJ'IeTH])IX METAJUIMYCCKUX KYTIOJIOB.

KiroueBble ciioBa: 6OHLHI€HpOJ'I€THI)I€ KyI1i0J1a, METAJUIMYCCKUEC KapKacChl, TCOMCTPUICCKUC CXEMbl, KOHCTPYKTHBHBLIC
peuicHus, CIIOCOOBI BO3BCACHUA, MOHTAX KOHCprKHHﬁ, KOMIIBIOTECPHAA MOJACJIb, HAMTPAKCHHNA B 3JICMCHTAX

BBenenue

Kymona mupoko mpHMEHSIOTCS B KadecTBE I0-
KPBITUH 3aHUHA U COOPY>KEHUM HE TOJBKO M3-32 BbIpa-
3UTEITLHOCTH TEOMETPUYIECKON (POPMEI, HO U Oaromaps
HaJIeKHOCTH 00pa3yeMbIX KOHCTPYKTHUBHBIX CHCTEM.
BcnencTeue noBbILIEHHON MPOCTPaHCTBEHHOM JKECTKO-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

CTH B COYETAaHHUH C SKOHOMHYHOCTBIO pacxofa MeTamia
OHM 3aHHMAIOT BeAyllee HOJOKEHUE CPEAU IIPOCTPaH-
CTBEHHBIX BBINMYKJIBIX MOKPBITHH [1; 2]. D10 00BsACHSET
ux OOJBLIOE PACHPOCTPAHEHWE B MHPOBOM MpPaKTHKE
CTPOUTEJIBCTBA OOJIBILEIPOIETHBIX TOKPBITHI.
Kapxkacsl 00npIIenpoiaeTHBIX METaNIMYeCKUX
KYIIOJIOB HE MOSIBJIIIOTCSA HAa CTPOUTENHHOM IUIOIIA-
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Ke cpa3y u uenukoM. [IpnoGperaroT oHM CBOIO MpO-
eKTHYI0 (popMy, pearu3yIomyocs BO BHEITHEM 00-
nuke [3; 4], TOCTENEHHO B TEUCHUE IITUTEIBHOTO
BpeMeHn. CHavasa MOSBIISIOTCS JIMIIE OTAENbHBIE KOH-
CTPYKIIMH, 3aT€M STH KOHCTPYKIUH OO0BEIUHSIIOTCS
BO (hparMeHTHl KYIOJNBHBIX KapKacoB, (PparMeHTHI
KapKacoB YBEIIMUMBAIOTCS (WM OOBEAUHSIOTCS) C 00-
pa3oBaHUEM ILETHLHOTO KyHOJBHOTO Kapkaca [5]. Ky-
MOJIbHBIE KapKackl cOOMpAroTcs U3 OONBIIOTO KOJH-
YeCTBa METAJUIMYECKUX KOHCTPYKIIUU, TTO-pa3sHOMY
OpUEHTHPOBAHHBIX B MPOCTpaHCTBE. KOHCTPYKTHB-
Hasl CIIOKHOCTH KYTIOJNIBHBIX KapKacoB M CIIOCO0 WX
MOHTa)ka BO MHOTOM 3aBUCST OT T€OMETPHYECKOM
CXEMBI ¥ Pa3MepOB UX MPOJICTOB.

KymonbHble KapKachl Jaxke OJAMHAKOBBIX TE€OMET-
PHYECKHUX CXEM MOTYT CYIIECTBEHHO OTIIMYAThCS JPYT
OT JApyra KOHCTPYKTHUBHBIM HCIONHEHUEM. CaMbIM
B2)KHBIM KOHCTPYKTHUBHBIM TIPU3HAKOM SIBIISIETCS KO-
JMYecTBO MosACOB. [lo 3TOMy npHu3HAKY peOpHCTbIe U
PEOPHCTO-KOJIBIEBbIE KYTOIa MOTYT OBITH OJIHOIIOSIC-
HBIMH M JIBYXIIOSICHBIMH, & CETYAThIC KYIIOja — OJIHO-
CeTYaThIMH W JBYXCETHYATHIMH. DJIEMEHTHI KapKacoB
OJTHOTIOSICHBIX PEOPHUCTBIX M PEOPUCTO-KONBIEBBIX KY-
TOJIOB, OJTHOCETYATHIX KYIOJbHBIX KapKacoB paboTaroT
B OCHOBHOM Ha cxartue ¢ u3ruoom. [losromy nx ceue-
HUsI OOBIYHO HA3HAYAIOT JIBYTaBPOBBIMHU.

BakHbIM KOHCTPYKTHBHBIM M PacueTHBIM (hak-
TOPOM SIBIISIETCSL CITOCOO COMPSIKEHHSI DJIEMEHTOB KY-
MOJIFHBIX KapKacoB MeXAy coboil. CtepxHeBast po-
CTpaHCTBEHHAsI CHCTEMa B OJHOMOSCHBIX PeOpHCTO-
KOJIBIICBBIX U OJTHOCETYATHIX KyMOJax JJs COXpaHe-
HUSI TEOMETPHUYECKON HEM3MEHSEMOCTH B HOPMaJlb-
HOM K YCJIOBHOW 000JIOUKE HaIlpaBIEHUH IOJKHA
UMETH JKECTKHUE Y3ITIOBBIE COMPSIKEHISL.

PeanpHbIE KOHCTPYKIHMH B OOJBIIEITPOIIETHBIX
METAJUTMYECKUX KYTIOJlaXx 00JIa[[atoT COOCTBEHHBIM Be-
COM, a UX KapKachl (QOPMHUPYIOTCS MTOCTEIIEHHO. B 3TOM
MpOIIecce OTACTbHBIC DJIEMEHTHI, KOHCTPYKIHH I
YacTH KapKacOB YCTAHABIHMBAIOTCS HA BpEMEHHbBIE
OTIOPBI WIJIH TTOCPEICTBOM KPEIUIEHHUS K YK€ CMOHTH-
POBaHHOI YacTu Kapkaca. M1 B TOM U B Apyrom ciy-
Yae MOHTa)XKHasi cxema pabdoThl KOHCTPYKIMH HIH
yacTel KYIIOJILHBIX KapKacOB KOPEHHBIM 00pa3oM
OTJIMYAETCsl OT MPOEKTHOU cxeMbl. [losTomy B mpo-
IIECCe BO3BEJICHUS KYIOJOB B MX KOHCTPYKTHBHBIX
9J€MEHTaX BO3HUKAIOT BHYTPEHHUE YCHIIUSA, OT-
TUYaloNecs Mo XapakKTepy W BeIWYWHE OT TeX,
YTO TOSIBIIIIOTCSA TPU paboTe KapKacoB MO TMPOEKT-
HbIM cxeMaM. [Ipu 3TOM BEMYMHEI U XapaKTep pac-
MpeieNIeHns] yCUIUil B dJIeMEHTax Kapkaca Jjisl pas-
HBIX CIIOCOOOB BO3BEJICHUS KYIOJIOB M HAa Pa3HBIX
€ro CTaJusAX OTIMYAIOTCS APYT OT apyra. HanGois-
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miee BIMSAHUE HA 9TH YCHIIHUSI OKa3bIBaeT CIIOCO0 BO3-
BEJICHNUA KyIOJBHOT'0 KapKaca.

Bo3sBenenne kapkacoB OOJBIIENIPOJIETHBIX Me-
TAJUIMYECKUX KYIIOJIOB MOXKET BBIIOJIHATHCS Pa3Ind-
HBIMU crioco0amu [5—7]: ¢ BpeMEHHOH IEHTPaIbHOM
OIOPOH, HECKOIBKMMH BPEMEHHBIMH OTIOPAMH, CO CTPO-
UTEJBHBIX JIECOB, MOAHEMOM COOPAHHOTO Ha 3eMlle,
MOHTaX HaBECHBIM CIIOCOOOM W KOMOMHHPOBAaHHBIMHU
crocobamu. BpemeHHas nieHTpasibHas omopa ycra-
HaBJIMBACTCS TI0J] BEPIINHONW KyToja, OOBIIHO HAa HEH
yCTpauBaeTcsl BEpXHEE KOJIbLO peOPUCTO-KOIBIIEBOIO
Ky[oJjla WIN aHAJIOTMYHAS €My YacThb CETYaToOro Ky-
nojia. Ecniu mpuMeHsIoTCs HECKOJIBKO BPEMEHHBIX
OTIOp, TO JIOTIOJTHUTENBHO K LIEHTPAJHHON Ha PaBHOM
paccTosHUM OT Hee (110 OKPYKHOCTH) YCTaHABIHUBAIOT
erie psa HecKoabKuX omop [8]. Takux psmoB MOKeT
OBITh HECKOJIBKO U OCH 3THX PSAJOB HANIOMUHAIOT
KOHLIEHTPUYECKUE OKPYKHOCTH Pa3HOTO AUaMeT-
pa. Ilpu 1r000M criocoOe Bo3BeAEHHS KYIOJIBHBIE Kap-
Kachl COOMpAIOTCsl KaK M3 OTHEIBHBIX KOHCTPYKIHH,
Tak U U3 (parMeHTOB KapKacoB Pa3HOH CTEICHH
yKpymHeHus [9].

MeTopnoaorus

C uenpio BBIICHEHHS XapakTepa M BeIWYUH
BHYTPEHHHX YCHJIMH B CTEPXHIX B MPOLIECCE BO3BE-
JEHUS1 KapKacoB OOJBIICTIPOTIETHBIX METAIIIMUSCKIX
KYHOJIOB OBUIN BBINOJIHEHBI CIIELUATbHBIE UCCIEI0-
BaHMs1. VccrenoBaHus MPOBOJMINCH HA KOMITBIOTED-
HBIX MOJENIAX MPOCTPAaHCTBEHHBIX CTEP)KHEBBIX CH-
ctem B mporpamme SCAD [10]. B xauectBe 00bek-
TOB WCCJICIOBaHUS PaccMaTpPUBAIIMCh KapKachkl ped-
PHUCTO-KOJIBLIEBOTO U CEKTOPHUAJIBHO-CETYATOr0 KyIO-
JI0B, M300pakeHHbIX Ha puc. 1. s aToro 6putn paz-
paboTaHbl KOMITBIOTEPHBIE MOAENHN KapkacoB [11],
napamMeTpsl KOTOPBIX OBUTH MPHOIMKEHBI K peab-
HBIM KYIOJIBHBIM coopykeHusM. Kymomna cepuue-
CKHE C paguycoM KpuBU3HBI 30 M, mponeToM 48,2 M
u BeicoToM 12,2 M. KaxbIii KynoapHbIN Kapkac Ha-
CUHUTBIBAET MO BHICOTE & sipycoB. CONPSUKEHUs CTEPIK-
HEBBIX 3JIEMEHTOB MEXIy COOOH BO BCEX y3/ax Kap-
KacoB MPHHATHI KECTKUMHU. B pebpucTo-konbieBom
Kyrosie peOpa Ha3HaYCHBI U3 CTAJIBHOTO JByTaBpa
35111, xompria — u3 aByrtaspa 23111. B ceruatom
KyIIOJIE BCE 3JIEMEHTHl Ha3HA4YEHbl U3 CTaJbHOTO
nBytaBpa 20I1I1. B mpoekTHBIX cxeMax KyMOJbHbIE
KapKachl yCTaHOBJICHBI Yepe3 IIapHUPHBIE CONpsIKe-
HUSl Ha KOPOTKHE CTOWKH M3 CTAIBHBIX TPYO, KOTO-
pBI€ pacroiaratoTcsl MoJ KaXAbIM Y3JIOM HIDKHETO
KOJIBLIEBOTO KOHTypa. MaKcHMajbHbIE BEpTHKaIb-
HBIE [IEPEMEILCHNS OT COOCTBEHHOTO Beca KapKaca B
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peOpucTo-KobpueBoM Kymoie paBHbI 0,08 cM, B cek-
TopuanbHo-ceTyaToM — 0,06 cMm.
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Puc. 1. Uccaenyemblie KynoJibHble KAPKACHI:
a — peOPHUCTO-KONBIIEBOIT KyIIOT;
6 — CEKTOPHAIbHO-CETYATBIN KYIIOJ
[Figure 1. Investigated dome frames:
a — the ribbed-rings dome; 6 — the sectoral-lattice dome]

AHanu3 paboTbl IPOCTPAHCTBEHHBIX CTEPKHEBBIX
CHCTEM KyTOJIHOTO THITa Ha KOMITBIOTEPHBIX pacyer-
HBIX MOJENAX JUIA Pa3NYHBIX 337jad pacIpOCTpaHeH
cpemy MHOTHX Hcciemopareneii. Takum oOpa3oM, Ha-
mpuMep, UccleayeTcs padoTa KapKacoB Ha M3MEHe-
HUE TeOMEeTpUYEecKUX MapaMmeTpoB Kynona [12; 13],
BBIXO/la U3 CTpOs Tpynm 31eMeHToB [14], pa3Hble
TEOMETPUIECKUE CXEMBI Kapkaca [15], pasHble 0THO-
IIIEHUS BBICOTHI KyTojia K quamMeTpy [16], m3menenne
MPOJICTOB KymoJioB [17], YCTPOMCTBO OTpakACHUS B
siuelikax kapkaca [18]. ABTOpOM MpeICTaBICHHOIO
3[IeCh MaTepHaja BBITOIHAINCH UCCIEIOBAaHNUS B TIOJI-
HOM COOTBETCTBHMHU C MPUHIUIIAMHU aHATOTMYHBIX UC-
cle0BaHUN pabOTHl MPOCTPAHCTBEHHBIX CTEP)KHE-
BBIX CHCTEM, HO TIOCTaBJIEHHAs 3ajada Oblja COBEp-
IIEHHO Jpyroi. PaccmaTpuBanuch KOHKPETHbBIE CTa-
MU BO3BENICHUS TPHU PA3IMYHBIX CIIOCO0aX MOHTa-
’Ka, IS KaXJ0ro M3 KOTOPBIX CO3/1aBajach OTHEIb-
Has pacueTHas Mojeib (MOHTaXHas cxema) KyHoib-
HOT'O KapKaca.

11 peOprCTO-KONBIIEBOTO KYTIOJIa PACCMOTPEHBI
TPU CXEMBI MOHTaXa C BPEMEHHBIMHU Ortopamu (puc. 2):
LEHTPAIBHOM 1 3 psilaMu MPOMEXKYTOUHBIX OTIOp, TIEHT-
paibHOM U 1 PSIOM NMPOMEXKYTOUHBIX OIOp, C LEHT-
panbHOU onopoil. Bo Bcex cxemax LieHTpaibHas OIo-
pa moJIep>KUBaeT BepXHee KOJbI0, K KOTOPOMY Kpe-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

IATCS MEepUAMOHANBHBIE pedpa. sl ceKTopuaibHO-
CeTyaToro Kyroja pacCMOTPEHbI YEThIPE CXEMbI MOH-
Taka ¢ BPEMEHHBEIMH oropamu (puc. 3): co CIUIONI-
HBIMU JIECAMH, LIEHTPAJIILHON W 3 psilaMd MPOMEXKY-
TOYHBIX OTIOP, IEHTPAIBHOMN U 1 PsIIOM ITPOMEKYTOU-
HBIX OTIOp, C LIEHTPAJIbHOM OMOPOil.

Bce BpemeHHBIE CTOWKM B MOHTa)XXKHBIX pacuer-
HBIX MOJIEJISIX YCJIIOBHO TPUHATHI U3 CTAJBHBIX TOJI-
CTOCTEHHBIX TPYO, COIpPSIKEHUS KOTOPBIX C y3JIaMH
KYTIOJIFHBIX KapKacOB MPUHATH MIAPHUPHBIMH.

Bo Bcex MOHTaXHBIX cXeMaxX PacyeTHBIX MoOJle-
nelt peOprCTO-KOJBIIEBOTO KyToma (CM. puc. 2) U CeK-
TOPHAJIBHO-CETYATOTO Kymoia (cM. puc. 3) yCIOBHO
CYUTAIIOCh, YTO OTJEJbHBIE YacTH KapKacoB HaJ
OIIOpaMH ellle He COEIMHEHbI MeXIy cO00M KECTKO,
HO T€M HEe MEHee YCTaHOBJICHbI Ha BPEMEHHBIE OII0-
pel 0e3 cmemeHus. [loaToMy compspkeHHS dIeMeH-
TOB KapKaca JApYT ¢ JPyTrOM HPUHSATH MapHUPHBIMH.
CornpsbkeHns cTepykHEN B MecTax MPUMBIKaHUA K BepX-
HEMY KOJIbLly WJIM BPEMEHHOU LIEHTPAJIBHON CTOHKE
TaK)Ke MPUHSATHI APHUPHBIMHU.

HccnenoBanne mpow3BOIMIOCHE HA OCHOBE CTa-
TUYECKOT0 pacueTa MoJesel KyIMOJbHBIX KapKacoB
MPOEKTHOM M KaXKIOW M3 MOHTaKHBIX CXEM Ha Jeil-
CTBHE Harpy3KH TOJBKO OT COOCTBEHHOTO Beca KOH-
CTPYKTHUBHBIX 3JIEMEHTOB Kapkaca. Bec BpeMeHHBIX
Y TIOCTOSTHHBIX OMOPHBIX CTOEK HE y4HThIBaJCs. Pac-
CMaTpPUBAINCH CTAINM BO3BEACHNUS, KOT/Ia yKE yCTa-
HOBJICHBI HA BPEMEHHBIE U TIOCTOSIHHBIE CTONKH CTEPXK-
HEBbIC YACTH WU OTJENIbHBIC SJIEMEHTHI TPEX U3 Iile-
CTH HE CBS3aHHBIX MEXIY COOOH CEKTOPOB KyMOJb-
HOro Kapkaca. Harpyska oT mX COOCTBEHHOTO Beca
NepeiaeTcsl Kak Ha MOCTOSHHbIE KOHTYpPHBIE, TaK M Ha
BCE BHYTPUKOHTYPHBIE BpEMEHHBIE OTIOPHI B KAXKIOM
KOHKPETHOM cItoco0e BO3BECHUSI.

B pesynbTare pacueToB ObLIO MOIYYEHO HAmps-
KEHHO-1e(OPMUPOBAHHOE COCTOSIHUE KaXKIION U3 CIIO-
JKUBIIMXCS MOHTQXXHBIX CTEP)KHEBBIX CHCTEM, KOTO-
poe CpaBHUBAJIOCH C MTPOEKTHOM CXEMOM KYMOJIbHOTO
Kapkaca. MakcuMallbHble BEPTUKAJIbHBIE NTEpeEMeEILe-
HUS OT COOCTBEHHOT'0 Beca KapKaca B MOHTa)XHBIX
cXeMax peOpHCTO-KOINbIEeBOTr0 Kymona paBHBI 0,06,
0,08 u 0,14 cM COOTBETCTBEHHO CXE€MaM pHC. 2,
B CEKTOpHalibHO-ceTyaToM Kymoie — 0,00, 0,13, 0,15
u 0,19 cM COOTBETCTBEHHO cxeMaM puc. 3.

Buytpennne ycmuma N; u M, B dI€MEHTax Kax-
JIO¥ M3 MHOTOYHCIIEHHBIX PACUETHBIX CXEM CTEP)KHEBBIX
CHICTEM XapaKTepH3yFOTCS OOJBIINM Paz0pOCcCOM B IIIH-
POKOM MHTEpBajie 3HAYEHWH, BKIIOYAIOIINX WU pa3Hble
3Haku. [lo3ToMy aHanmM3 HaNpsDKEHHBIX COCTOSHUM Ky-
MOJBHBIX KapKacoB IMPOM3BOAMICS IO OTHOIICHHIO
HOPMAJTBHBIX HaNPsDKEHU B KOHCTPYKTHBHBIX JJIEMEH-
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Tax B MOHT&KHBIX CXEMaX Oy ; K HOPMAIbHBIM HAIps-
KCHISIM B IIPOCKTHOM CXeMe G, ;, T.e. Oy ; / Oui -

OneMeHThI IPOCTPAHCTBEHHBIX CTEPKHEBBIX CH-
CTeM, K KOTOPBIM OTHOCSITCA KYIIOJbHbIE KapKachl,
HaxoIsATCAd B COCTOSIHUM JACHCTBHS NMPOIONBHON CH-
JIbI OMHOBPEMEHHO ¢ n3rnooM. B GosplmHcTBE CTEpiK-
HEBBIX JJIEMEHTOB KYIOJIBHBIX KapKacoB — 3TO CXKH-
MaIoILUE HalpsDKEHUsI, HO IS KOJIBLIEBBIX 3JICMEH-
TOB Y OIOPHOTO KOHTYypa (3 HIKHUX KOJbIa B ped-
PHCTO-KOJIBIIEBOM KYIIOJIE€ M ONOPHOE KOJbBLO B CEK-
TOPHAIIBHO-CETYATOM KYIIOJIE) — 3TO PacTATHBAIOLINE
HaNpsDKEHUS.

Hop™anbHble HanpsKeHHd B KaXJIOM i-OM 3Jie-
MEHTE paccMaTPUBAEMbIX KYIOJbHBIX KapKacoB BbI-
YUCIISTHCH TI0 (hopMyIie

N. M., M
Gl= li . i
A4 w., W
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Puc. 2. MoHTaXKHBIE CXEMBbI
pedpuUCTO-KOJIBLIEBOr0 KyNoja:

a — ¢ UEHTPAIBHOI U 3 psilaMU POMEKYTOUHBIX OTIOP;

6 — C LEHTPAIBHOM U | PSIOM IIPOMEXKYTOYHBIX OIIOP;
6 — C LIEHTPAJIbHOM O1opoit

[Figure 2. Installation schemes of the ribbed-rings dome:
a — with a central support and 3 rows of intermediate supports;

6 — with a central and 1 row of intermediate supports;

6 — with a central support]

264

a ;
9
%
"
; 1
o =
l/ :
’\
/\
\/
6
Avay
Z

Puc. 3. MoHTaKHBIE CXeMBbl
CEKTOPHAJIBLHO-CETYATOr0 KymnoJja:

a — CO CIUTOLIHBIMY JIECaMH; 6 — C LIEHTPaJIbHOI U 3 psiiaMu
MIPOMEXYTOYHBIX OIOP; 6 — C LIEHTPAIBHOM U 1 psiioMm
MIPOMEXKYTOYHBIX OIIOP; 2 — C LEHTPAJIbHOH ONopoit
[Figure 3. Installation schemes of the sectoral-lattice dome:
a — with continuous scaffolding; 6 — with a central support
and 3 rows of intermediate supports; ¢ — with a central and
1 row of intermediate supports; 2 — with a central support|

[Tockonbky Hambonee BaKHBIMH B CTEPXKHEBBIX
CUCTEMAX SIBIIAIOTCSA COKUMAIOLIME YCUIHS, TO 34 KPU-
TEpUHA OLEHKU IMPUHATHl HAPSKEHUS CO CTOPOHBI
CKATBIX IIOSICOB JIBYTABPOBBIX 3JIEMEHTOB KYIOJIBHBIX
KapkacoB. Cle0BaTENbHO, TOJyYEHHBIE JAHHBIE 1O
3JIEMEHTaM KYTIOJIBHBIX KapKacoB, KaK IPaBWIIO, Xa-
PaKTEpU3YIOTCS aKLEHTOM Ha CKMMAIOLIUE HapsKe-
Hus. MckimroueHneM M3 3TOro MpaBuila SBIISTIOTCS TE
Clly4ad, KOrJa B 3JIEMEHTAaX BO3HUKAIOT TOJIBKO pac-
TATMBAIOIIME HaNpsDKeHUs. Tak Kak CKUMarolue Ha-
NPSDKEHUS. B IPOEKTHOM U MOHTAKHOM CXE€Max MOTYT
OKa3aTbCs HA MPOTUBOIIOIOXKHBIX M0SCAX IBYTAaBPOB,
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TIPH BBIYMCIICHUH OTHOIIEHHUA Oy ; / Gy, 9TO y4H-

THIBAJIOCh BBEIEHHEM 3HAKOB «1+» M «—». 3HAK «—»
OPUMEHSJICS B TOM Cllydae, KOTAA CXKUMAIOIIUE
HaNpsDKEHUs. B 2JIEMEHTE MOHTaXXHOM M IMPOEKTHOU
CXEM OKa3bIBAIKCH C Pa3HBIX CTOPOH OT HEUTPATILHOM
OCH JBYTaBpa, a 3HAK «+» — €CIH CXKUMAKIIME Ha-
MPSKEHNS OKa3bIBAIIUCH MO OJJHY CTOPOHY.

Pe3yabTaTthl

Ha puc. 4 u 5 npuBeieHbI CpaBHUTENIbHBIE JaHHBIE
TI0 HaNpsKEHUSIM, BOHUKAIOLIMM B CTEP)KHAX KapKaca
PeOpUCTO-KOMBIIEBOTO KYTIONA MPU Pa3IUIHBIX CIIOCO-
0ax ero MOHTaka. JTH JaHHbIE TIOKa3bIBAIOT, YTO TIPU
BCEX CII0CO0AX MOHTaXka B OTJENBHBIX TpyMIax 3Je-
MEHTOB KapKaca peOpHCTO-KOJBLEBOrO KyIoja BO3HH-
KalOT HaIPsHKEHUS, MTPEBBIILIAIOIINE HANPSOHKCHUS MIPU
paboTe Kapkaca 1o MpoeKTHO# cxeme. I1pu 3ToM B pe-
Opax 1o Mepe MpUOMKEHHs! K BEPLIMHE KYTIOJ1a HaIps-
JKEHMsI BO3PACTalOT, a B KOJIbLIAX CHIDKAIOTCS U JaXKe
MeHsoT 3HaK. C yMEHBIIIEHHEM KOJIMYeCcTBa BPEMEH-
HBIX OTOp TIPH MOHTa)Ke HAIpsDKEHHE B pedpax HHK-
Hell yacTu KymoJbHOTO KapKkaca Bo3pacTaeT. [Ipu Mon-
Taxe C LEHTPAIbHOU U 3 psilaMu ITPOMEXYTOUYHBIX
oTop HampsokeHust B pedpax pocturator 1,2—1,6 mpo-
€KTHBIX 3HAYCHUI B BEPXHEU yacTu Kymnoua. [Ipu Mon-
TaXe C LEHTPAJIbHOM U 1 pAIOM MPOMEXKYTOUHBIX
OTIOp HampsKeHus B pebpax mocturator 1,7-2,2 mpo-
€KTHBIX 3HAYCHUI B BEPXHEU yacTu Kymnoua. [Ipu Mon-
Take TOJBKO C IIEHTPaJIbHOW OMOpPOH HANpSKEHUS B
pebpax mocturarot 1,6—2,2 MPOEKTHBIX 3HAUCHHUHA B
BepxHei u 1,4-1,8 B HIDKHEH 9acTsIX KyIoJa.

Hampspkenue B Konbliax KyHOJIBHOTO Kapkaca
JIOCTUTal0T MakCcUMyMa B 2,8 MPOEKTHBIX 3HAUYCHUH

TOJIBKO Ha BHEIIHEM KOHTYpE, a B IpyTUX MecTax He
npeBblIaoT 1,6 MpOeKTHBIX 3HaueHud. OHU He Opo-
SBJIAIOT 3HAYUTEIIBHOM 3aBUCHMOCTH OT CIIOCOOOB MOH-
Ta)ka, 32 MCKIIOYEHHEM 1-ro psga BpeMEHHBIX OIOp
JUIS. MOHT2XXHOH CXEMBI a, TAe HaOII0IaeTCs BCIJIECK
HanpsikeHu# 10 2,4 IpOeKTHBIX 3HAUCHU.

Ha puc. 6, 7 u 8 npuBeieHbI CpaBHUTENBHBIE JIaH-
HBIE 110 HaNpsKEHHUSAM, BO3HUKAIOIIMM B CTEP)KHAX
KapKaca CEKTOpPHAIBHO-CETYAaTOro KyIoJia MpH pas-
JUYHBIX crocobax ero MoHTaxa. s ynobcTBa omm-
CaHUs CTEPKHEBBIE 3JIEMEHTHI HA TPAHHUIIAX CEKTOPOB
Ha3BaHbl MEPUINOHAILHBIMH, 3JIEMEHTBI IO KOJIBLIEBO-
My HallpaBJICHUIO — KOJBLEBBIMH, a DIIEMEHTBI MEXKITY
KOJIBIIEBBIMHU CTEP)KHSAMU — PACKOCHBIMHU.

[lomydeHHble naHHBIE MOKA3bIBAIOT, YTO MpPHU
BCEX cII0co0ax MOHTaXKa B Ha3BaHHBIX IPyMIIaX 3je-
MEHTOB CEKTOPHAIbHO-CETYAaTOro0 KyToja BO3HHKa-
10T HaNpsyKeHUs, NMPEBBILIIAIOIINE HANPSKEHUS MPH
paboTe Kapkaca 1o MPOEKTHOM cXeMe.

IIpn MOHTa)ke CO CIUIOWIHBIX JIECOB HaIpsKe-
HUS B MEPHUIMOHAIBHBIX 3JIEMEHTAaX HE JOCTUraroT
3HaUYECHUN MPOEKTHOU cxeMbl Kapkaca. [Ipu moHTaxe
C IIEHTPAJIBHON U 3 psilaMu MPOMEXKYTOUHBIX OTIOP
HaNpsOKeHHEe B MEPUAMOHAIBHBIX 3JIEMEHTaX HHXK-
HEro sipyca KyIloJbHOTO Kapkaca Bo3pacraeT 1o 3,0
NMPOEKTHBIX 3HAYEHUM, a B BEpXHEM sipyce — o 1,4.
[Ipu MoHTaXxke ¢ HEHTPAIBbHOM U 1 PAIOM MPOMEXY-
TOUYHBIX ONOP HAIpPSDKEHHE B MEPUIMOHAIBHBIX 3Jie-
MEHTaxX HIKHErO M BEPXHETO sIpyCOB BO3PACTAET 110
2,4 u 1,7 npoeKTHBIX 3HAYEHUN COOTBETCTBEHHO.
IIpy MOHTaxke C LEHTPAIBHON ONOPON HaNpsKEHUE
B MEpPUAMOHAIBHBIX JIEMEHTaX HIKHHUX U BEPXHUX
sapycoB Bo3pactaet 10 1,6-2,8 u 2,0—2,8 nIpoeKTHBIX
3HAYEHHUH COOTBETCTBEHHO.

3 8
2
GM,I 9
1
Gn,i 1
0
a 9]
-1
-2
1 2 3 4 5 6 i

Homepa sipycoB OT OCHOBaHUsI KyImojia
Numbers of layers from the base of the dome

Puc. 4. cM,i/cn,i B pedpax pedpHCTO-KOJIbIEBOr0 KynoJia:

@ — MOHTaX C LEHTPAJILHOM U 3 psjaMi IPOMEXYTOUYHBIX OIIOP;
6 — MOHT@X C HEHTPAJIBHOW U | PAIOM IMPOMEKYTOUHBIX OIOP; 6 — MOHTAX C LICHTPAJILHOI OMOpoit

[Figure 4. cM,i/on’i in the ribs of the ribbed-rings dome:

a — installation with a central support and 3 rows of intermediate supports;
6 — installation with a central and the 1 row of intermediate supports; ¢ — installation with a central support]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW
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Homepa kosier; 0T 0CHOBaHHs KyIIoJia
Numbers of rings from the base of the dome
Puc.S5. o, ; / 6, BKoabuax PeGpHCTO-KOJILIEBOT0 KyIoJa:

a — MOHTX C IIEHTPAIbHOH U 3 psigaMu IPOMEKYTOUHBIX OIIOp;
6 — MOHTaX C LICHTPATHHON U 1 PSIIOM MPOMEIKYTOUHBIX OIOP; 8 — MOHTaXK C LICHTPAIBHON OMOPOi
[Figure 5. o, t./o'ﬂ ; in the rings of the ribbed-rings dome:
s s
a — installation with a central and 3 rows of intermediate supports;
6 — installation with a central and 1 row of intermediate supports; ¢ — installation with a central support]

4

4

N3 e

1 2 3 4 5 6 7 8
Homepa sipycoB OT OCHOBaHHsI KyIIOJIa
Numbers of tiers from the base of the dome
Puc. 6. o, ; / G, ; B MEPHIHOHANLHBIX JJIEMEHTAX CEKTOPHAILHO-CETIATOTO KyIoJia:

@ — MOHTa)X CO CIUIOIIHBIX CTPOUTEINIBHBIX JIECOB; 6 — MOHTaXK C LICHTPATBLHOH H 3 PsAIaMy IPOMEKYTOIHBIX OIIOD;
6 — MOHTaX C LIEHTPAJILHOM U 1 PsIOM MPOMEKYTOUHBIX OIOP; 2 — MOHTAX C LIEHTPAIbHOM OMopoit

[Figure 6. o ; / G, ; inthe meridional elements of the sectoral-lattice dome:

a — installation from continuous scaffolding; 6 — installation with a central support and 3 rows of intermediate supports;
6 — installation with a central and 1 row of intermediate supports; 2 — installation with a central support]

4

1 2 3 4 5 6 7 8

Howmepa spycoB OT OCHOBaHHsI KyII0Ja
Numbers of layers from the base of the dome

Puc.7. 0, ; / G, ; B PACKOCHBIX 3JIEMEHTAaX CEKTOPHAILHO-CETYATOr0 KyIoJa:

@ — MOHT@XX CO CIUIOLIHBIX CTPOUTEJILHBIX JIECOB; O — MOHTAX C IIEHTPAJIBbHON U 3 psilaMy IPOMEXYTOUYHBIX OIIOp;
68 — MOHTaxX C IIeHTpaJ'II;HOﬁ ul PAAOM IPOMEKYTOYHBIX OIIOP; 2 — MOHTAaX C I.IeHTpa.HLHOfI OHOpOﬁ
[Figure7. 6 ; / 6, ; inthe diagonal elements of the mesh dome:

)

a — installation from continuous scaffolding; 6 — installation with a central and 3 rows of intermediate supports;
6 — installation with a central and 1 row of intermediate supports; 2 — installation with a central support]
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5 6 7 8

Homepa Koser 0T OCHOBaHHs KyIojia
Numbers of rings from the base of the dome

Puc. 8. O'M i/cn i B KOJIBIEBBIX JJIEMEHTAX CEKTOPHAJIbHO-CETYATOI0 KyIoJia:
> >

@ — MOHTaXX CO CIUIOIIHBIX CTPOUTEIIBHBIX JIECOB; 6 — MOHTX C IICHTPATBHOH H 3 PSIIaMH IPOMEKYTOUHBIX OIIOD;
6 — MOHTaX C LICHTPAJIILHOM U 1 PSIIOM MPOMEKXYTOUHBIX OIOP; 2 — MOHTaX C LIEHTPAIbHOMN OMopoit

[Figure 8. o, i/c“ ; inthe ring elements of the sectoral-lattice dome:

a — installation from continuous scaffolding; 6 — installation with a central and 3 rows of intermediate supports;
6 — installation with a central and 1 row of intermediate supports; 2 — installation with a central support]

Hamnpsbxenne B packocax CEKTOpHAIbHO-CETYATOTO
KyTIOJIa C YMEHBIIIEHHEM KOJIMYECTBAa BPEMEHHBIX OIIOp
BO3pacTaeT B OCHOBHOM HECKOJIBKHMH CKauyKaMHU
B CpeIHEH M BEpXHEH 4acTAX KyIOJIBHOIO Kapkaca,
3a MCKIIIOYEHHEM MOHTaXka Ha jecax. [Ipu moHTaxe
Ha CIUIOIIHBIX JIECaX HANPSDKEHHUA B PACKOCHBIX JJIe-
MEHTaxX BO3pacTaloT IUIaBHO 10 1,8 MpOEeKTHHIX 3Ha-
4YeHU B cpeAHeil yactu kapkaca. IIpu moHTaxke ¢
LEHTPAIBHOHN U 3 psilaMu IPOMEKYTOUHBIX OIOp Ha-
MPSOKEHUST B PACKOCHBIX DIIEMEHTaX BO3PacTaroT 10
2,2 1 2,3 NpOeKTHHIX 3HAYEHNH B CpeJHEN U BepXHeEH
9acTsAX KapKaca COOTBETCTBEHHO. [Ipn MOHTaxe ¢ LieHT-
panbHOM U 1 psiZIoM MPOMEKYTOUHBIX OTIOP HaIpsikKe-
HUS B PACKOCHBIX 3JIEMEHTaxX BO3pacTaioT 1o 2,2 u 2.4
IIPOEKTHBIX 3HAYEHUU B CPEJHEW M BEPXHEH 4acTiIX
Kapkaca COOTBETCTBEHHO. [Ipn MOHTa)ke TONBKO C
LEHTPAJIbHOM ONOpPOH HANpsDKEHUS! B PACKOCHBIX HJIe-
MeHTax Bo3pacTaroT 70 2,0 1 2,4 MPOEKTHBIX 3HAUCHUIA
B CpeTHEN U BEpXHEN YacTsIX KapKaca COOTBETCTBEHHO.

Cample OoJpLIME HAMIPSHKEHUS B KOJIBLEBBIX dJie-
MEHTaX CEKTOPHUAJIBHO-CETYATOrO KYTOJIBHOTO KapKa-
ca BO3HMKAIOT MPH MOHTAXKE Ha CIUIOUIHBIX Jiecax U
JIOCTUTAIOT 2,6 MPOEKTHBIX 3HAUEHUI HaJ OMOPHBIM
KOHTYpOM, 3aT€M OHH IUIaBHO yMeHbmatoTcs 1o 0,8.
Taxkoii ke XapakTep MPOSBIISETCS y HANPSKEHUH Tpy
Ipyrux crnocobax mMoHTtaxa. Ilpu MoHTaxe ¢ neH-
TpadbHOH M 3 pAnaMu TNPOMEKYTOYHBIX OIIOP,
LEHTpaJbHOU M 1 pAJIOM MPOMEKYTOUHBIX OIOP,
TOJIBKO C LICHTPAJIbHOW ONOPON HaNpsDKEHUsI B pac-
KOCHBIX 3JIEMEHTax AOCTUTaloT 2,0 MPOEKTHBIX 3Ha-
YEeHUI Takke HaJl OMOPHBIM KOHTYPOM, KOTOpBIE 3a-
TeM ymensbInaroTes 10 0,2, 0,3 u 0,2 cooTBETCTBEHHO.

Cremyer OTMETUTb, YTO U3-3a CYIECTBEHHOIO OT-
JIMYMsl HANIPSHKEHUH IPOEKTHOM CXEMBI B Pa3HBIX dJle-
MEHTaX KyHOJIBHBIX KapKacoB ITO0 BBICOTE AJIsl CPaBHHU-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

TENFHOTO aHAJIM3a MOHTKHBIX CXEM MPEICTABICHHBIX
rpaduKoB HENOCTaTOYHO. Tak, HANPSDKEHUS B PA3HBIX
3Je€MEHTaX OJHOTHUIHBIX KOHCTPYKTHBHBIX YacTel
KapKacoB peOpPUCTO-KOJIBIIEBOTO KyIOJa MPOSKTHOM
CXEeMbI UMEIOT pa30poc 3HAUYCHUI MEXIy MaKCHMallb-
HBIMH ¥ MHHUMAJBGHBIMHU TI0 a0CONIOTHOHM BEJIHYIHE
HanpspkeHusMHu 10 1,9 B pedpax u 1o 4,0 B KOJbITax.
A B CEKTOPHAJIBHO-CETYATOM KyIojie pa3zdpoc abco-
JFOTHBIX BEIIMYMH MEXTy MaKCUMAalbHBIMH W MUHH-
MaJTFHBIMH HalpsDKEHUAME Aocturaet 1,8 B Mepuano-
HaJIBHBIX CTEP)KHSAX, 1,6 B CTEpXkHIX packocosB U 1,8
B KOJIBIIEBBIX CTEpXKHsAX. Kpome Toro, mmeercs pas-
Opoc 3HaYEeHUI MEXIy HANPSHKSHUSMH Pa3HOTHITHBIX
CTEpP KHEBBIX DJIEMEHTOB KYTIOJIBbHBIX KAPKACOB.

[MoaToMy 17t BBIMOJTHEHUST KadeCTBEHHOTO
CPaBHUTEJBHOTO aHAllM3a HAIPSDKEHHBIX COCTOSIHHUN
MIPU Pa3IMYHBIX CIIOCOOaX BO3BEJCHUS IMOJIE3HO CO-
MOCTaBUTh HauOONbLIME N0 aOCOJIOTHOW BENWYHHE
HanpspKkeHUs (C y9eTOM OJHOTO M TOTO K€ 3HaKka B
3JeMEHTaX KOHKPETHBIX KOHCTPYKTHBHBIX TPYIIII
KYHOJBHBIX KaPKAaCOB) B MOHT&KHBIX CXEMax C aHa-
JIOTUYHBIMU HATIPSDKEHUSIMH B TIPOEKTHOM CXeMe.

Ha puc. 9 npuBeneHbl cpaBHUTENBHBIE TaHHbBIE 110

MAakCUMAJIbHbIM HANPsDKCHUWAM G, .- / O max » BO3-
> 5

HUKAIOLIUM B CTEP)KHSIX KapKaca peOpHUCTO-KOJIBLIEBOTO
KyTIoJIa TP Pa3IMYHbIX CIIocobax ero MoHTaxa. OTHO-
CHUTEJIbHBIC MAKCUMAJIBHBIE CKUMAIOIINE HAIPSHKEHUS B
pebpax 1Mo Mepe YMEHBILIEHHS KOJIMYECTBa BPEMEHHBIX
OTIOp HEYKJIOHHO M CYIIECTBEHHO BO3pacTaioT: MpHU
MOHTaXe ¢ HEHTPAJIbHOM U 3 psizaMi POMEKYTOUHBIX
onop paBHbl 1,01, neHTpanbHON U 1 psIOM MPOMEXY-
TOYHBIX omop — 1,25, ¢ 1eHTpanmbpHOM omopoit — 1,66.
CxuMaroliye HanpshKeHUsI B KOJBLAX C YMEHBLICHHEM
KOJIMYECTBA BPEMEHHBIX OIOP BO3PACTAIOT HE3HAYH-
TEJILHO: TP MOHTAXKE C LEHTPATIBHOM U 3 psgaMu Mpo-
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MEKYTOUHBIX OMop paBHHI 1,12, nentpamsHoit 1 1 psi-
JIOM MPOMEXKYTOUHBIX omnop — 1,17, ¢ neHTpaibHOU
onopoit — 1,20. PactsaruBaroiiiie HampshKeHUsT B HIK-
HHX KOJIBIIAaX MPU MOHTaXe C LIEHTPAIBLHOH U 3 psimaMu
MIPOMEXYTOUYHBIX ONOP UMEIOT OOJIBLIYIO BETHYUHY,
paBHyto 1,93, 4em npu MOHTaXKe C LIEHTPaJIbHOU U
1 psmoM mpoMexyTOuHBIX omop — 1,25, a Takke MpH
MOHTa)KE C LIEHTpaIbHOM onopoii — 1,26.

Ha puc. 10 npuBenens! cpaBHUTENTBHBIE JaHHBIE 110

MAaKCHUMAaJIbHbIM HAIIPSDKCHUAM O, .- / O 11 max » BO3HH-

KaIOIM B CTEP)KHSX KapKaca CEKTOPHUATHHO-CETIATOTO
KyTIojIa TP PasiM4YHbIX criocobax ero MoHTaxa. OTHO-
CHUTEJIbHBIC MAKCUMAITLHBIC CKMMAFOIIME HATPSKCHUS B
MEPUINOHATIFHBIX JJIEMEHTAaX MPYU MOTa)KE HA CILTOII-
HBIX Jiecax He3HauuTeNnbHBI U paBHEI 0,21. OmHako, mo
Mepe YMEHBIIICHUS KOJIMYECTBA BPEMEHHBIX OTOp OTHO-
CHUTEIIbHBIE MAKCUMAITLHBIE CYKUMAIOIINE HANPSDKEHUST B

LIEJIOM CYILECTBEHHO BO3PACTAIOT: TP MOHTAXKE C LIH-
TpaJbHONW M 3 pAfaMy MPOMEKYTOUHBIX OINOpP PaBHBI
1,72, neHTpanbHON U 1 PAAOM MPOMEKYTOUHBIX OTIOp —
1,60, ¢ meHTpambHOM omopoit — 2,63. Cxxumaromme
HAaIpsDKEHUS! B PACKOCHBIX HJIEMEHTaX C yMEHBIICHUEM
KOJIMYECTBA BPEMEHHBIX OIOP CTAHOBSTCS HEMHOTO
OoJIbILIe: IPH MOHTAKE Ha CIUIOIIHBIX JIeCaX OHU PABHBI
1,41, ¢ neHTpanpHOUW M 3 psAAaMH IPOMEKYTOUHBIX
orop — 1,58, nienTpanbpHOi M 1 pSaoOM MPOMEXyTOU-
HbIX oniop — 1,61, ¢ nuenTpanpHoO#t onopoi — 1,53.
CxxumMarolye HanpsHKeHUS! B KOJIBLEBBIX 3JIEMEHTaxX
C YMEHBILECHUEM KOJMYECTBA BPEMEHHBIX OIOpP Ja)Ke
HEMHOT'0 YMEHBIIAIOTCA: IPU MOHTaKE Ha CIUIOIIHBIX
necax paBHbI 1,55, ¢ neHTpaybHON U 3 psigaMu Ipo-
MexyTouHbIX omop — 0,91, nentpanbHoil u 1 psagom
MPOMEXYTOUHBIX orop — 1,29, ¢ 1eHTpansHOoil oro-
poit — 1,12.

3
M, max 2
I, tiax 6 6
1
0
1 2 3

Crioco0ObI MOHTaXka KYTIOJILHOTO KapKaca
Methods of installation of a dome framework

Puc. 9. Oy max / Gy B 2IEMEHTAX peOpHCTO-KO/Ib1EBOr0 KynoJia:

1 — MOHTaX C LIEHTPAIBHOM U 3 psilaMu IPOMEXKYTOUYHBIX OIOpP; 2 — MOHTaX C LIEHTPAJILHON U | PA0M HPOMEKYTOUHBIX OIOD;
3 — MOHTaX ¢ IIEHTPAITBHON OIOPO; a — CxKaTHe B pedpax; 6 — CKaTHe B KONBIAX; 6 — PACTSDKEHHE B KOJIbIIAX

[Figure 9. Oy max / O omax in the elements of the ribbed-ring dome:

1 — installation with a central and 3 rows of intermediate supports; 2 — installation with a central and 1 row of intermediate supports;
3 — installation with a central support; @ — compression in the ribs; 6 — compression in the rings; ¢ — tension in the rings]
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GM,max

I, max

1 2

3

CriocoObl MOHTaXa KyIOJIBHOTO KapKaca
Methods of installation of a dome framework

Puc. 10. ¢ / c B 2JIEMEHTAaX CEKTOPHAJIbLHO-CETYATOr0 KyIoJa:
M, max M, max

1 — MOHTaX CO CIUIOLIHBIX CTPOHTEIBHBIX JIECOB; 2 — MOHTaX C IIEHTPAIbHOH U 3 psAIaMHU IPOMEXYTOUHBIX OIOpP; 3 — MOHTaX C LIEHTPAIbHOU
1 | pszioM IPOMEXyTOUHBIX OIOP; 4 — MOHTaX C IIEHTPAIbHOH OIOPOif; a — cikaTHe B pedpax; 6 — ckaTHe B PACKOCaXx; 6 — CXKATUE B KOIBIAX

|Figure 10. ¢ / c in the elements of the sectoral-lattice dome:
M, max 1, max

1 — installation from a continuous scaffolding; 2 — installation with a central and 3 rows of intermediate supports; 3 — installation with a central and 1 row of
intermediate supports; 4 — installation with a central support; @ — compression in the ribs; 6 — compression in the diagonal elements; 6 — compression in the rings]
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Y o001
0,00
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Buj snementa
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Puc. 11. O max / Ry (ckaTHe) B peOpPUCTO-KOJIbIIEBOM KyToIe:
1 — B pebpax; 2 — B KOJbLIax
[Figure18. ¢ / Ry (compression) in the ribbed-ring dome:

1 —in the ribs; 2 — in the rings]

1 OLleHKHW CTENMEeHM BIHSHUS HANpPSKEHUH,
BO3ZHUKAIOUINX B 3JEMEHTaX KYIOJBHBIX KapKacoB
MIPH MOHTaXKE, Ha WX OOIIYI0 HECYIIYIO CTIOCOOHOCTH
OBUIH TTOCTPOEHBI AWAarpaMMBbl CTEIIEHH MCIIOIh30Ba-
HUSI MIPOYHOCTH MpH padoTe Kapkaca Ha COOCTBEH-
HBII BeC B MPOEKTHOH CXeMe.

Ha puc. 11 u 12 npuBeaeHsl AuarpaMmbl OTHO-
CUTENBbHBIX MAaKCHMAaJbHBIX HAIPSUKEHUH B cpaBHe-
HUU C pacueTHBIM CONPOTUBIEHNEM cTanu C245, T.e.
O, max / R, B dneMeHTaX KapKacos peOpHUCTO-KOIb-

LIEBOTO U CEKTOPHAIBHO-CETYAaTOr0 KYIIOJIOB COOT-
BETCTBEHHO.
CpaBHuBas guarpaMmy o 17t peo-

M, max / cjl'l,max
PHUCTO-KOJIBIIEBOTO Kymona (puc. 9) ¢ amarpammoit

O, max / Ry (puc. 11), MOXXHO OTMETHTB, UTO OT pPado-

ThI KapKaca IpY Pa3In4HbIX CIIOCO0aX MOHTaXa B ped-
pax BO3HUKAIOT OTHOCHTEIBHBIC CKUMAIOIINE HAIpsi-
xkenua 0,021, 0,025 u 0,034, a B xomemax — 0,020,
0,021 u 0,022 cortacHO MOCIENOBATEIBHOCTH PHC. 9.

CpaBHuBasi qHarpamMMmy o, .. / Oppmax A4 CEK-

TOpHAIBbHO-ceTYaToro Kymona (puc. 10) ¢ quarpammoit

Oy, max / Ry (puc. 12), MOXHO OTMETHTB, UTO OT pPado-

ThI KapKaca IMpU Pa3lIiuHbIX CIIOCO0aX MOHTaXa B Me-
PHUIMOHATBHBIX 3JIEMEHTaX BO3HHKAIOT OTHOCUTEIh-
sele Hanpsbxerust 0,005, 0,038, 0,035 u 0,058, B pac-
KOCHBIX JJICMCHTAaX BO3HUKAKOT OTHOCUTCIIBHBIC CXKU-
Maronue Hanpsikenus 0,026, 0,030, 0,030 u 0,029,
a B KONbIEBBIX dyemenTax — 0,026, 0,015, 0,021 u
0,019 cornacuo nocnenoBateabHOCTH puc. 10.

BoIBOaBI

Ha ocHoBaHuU HU3JI0:KEHHOTO MaTepuaga MOKHO
CAENaTh CIEAYIOINE BEIBOJIBI:

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN
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Ommax 0,02
B 0,01
0,00

1 2 3

Bupn snemenTa
Element Type

Puc. 12. O max / Ry (c:kaTHe) B CEKTOPHAJILHO-CETYATOM KyIOJIe:
1 — B pebpax; 2 — B packocax; 3 — B KOJbLAX
[Figure 19. G max / Ry (compression) in the sectoral-lattice dome:

1 —in the ribs; 2 — in the diagonals; 3 — in the rings]

— B IIpoliecce BO3BEJCHUS OONbUISTTPOIETHBIX
METAJTMYECKUX KYIOJIOB B KOHCTPYKTHUBHBIX 3Jie-
MEHTaX KapKacoB BO3HUKAIOT HAMPSHKCHHS MPH JIFO-
0oM criocobe MOHTa)ka, 9TO OOYCIIOBIICHO OTIMIHEM
MOHT2XKHBIX CXEM UX Pa0OThI OT MPOCKTHBIX;

— MOHTQ)XHbIC HATPSDKEHUS 3aBHCAT OT CIIOCOO0B
MOHT2XXa ¥ B Pa3HbIX KOHCTPYKTHBHBIX 3JIEMEHTaxX
MPOSIBIISIIOTCS 10-pasHoMy. OJHAKO B LIEJIOM BEJH-
YUHBI HAIPSDKCHUS TeM OOJIbIIE, YeM MEHbIIee KO-
JIMYECTBO BPEMEHHBIX OMOpP MPUMEHSETCS TPU MOH-
TaXe KyIOJbHBIX KapKaCOB;

— BEJIMYMHBI MOHTQXXHBIX HAIPSHKCHHUI COTIOCTABH-
MBI C HAMPSDKEHUSIMH OT COOCTBEHHOTO Beca KYIOJb-
HOTO Kapkaca B MPOCKTHBIX CXeMaX MPH MaKCUMAlb-
HOM KOJIMYCCTBE BPEMCHHLIX OIIOp U CYLICCTBCHHO
MPEBOCXOMAT UX TMPH MUHHUMAIHHOM KOJHYECTBE BpE-
MEHHBIX OIIOp;

— JUIsi 0OECTICUeHUsI HAJISKHOCTH OOJBIICIPOIIET-
HBIX METAUTMYECKUX KYIIOJIOB HEOOXOMMO 00s13aTelb-
HOC BBITMIOJIHEHUE PACYETOB UX KApKAacOB Ha BCE BU-
Jbl MOHTAXKHBIX COCTOSIHI/Iﬁ, KOTOPBIC NOABJIAKOTCA B
MPOIIECCEe BO3BECHHMS, C YICTOM WX BIMSIHHS Ha pa-
00Ty 10 MPOEKTHOM cXeMe.

© Jlebens E.B., 2018
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Abstract. A brief characteristic of the process of forming the frameworks of large-span metal domes during the instal-
lation process is given. A general description of the structural solutions of the frameworks of ribbed domes with annular
rings and lattice large-span metal domes is presented. Alternative ways of modeling structural connections of the elements
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of the frameworks are discussed for domes with different types of structural systems. The load-bearing structural schemes
during the assembly of frameworks differ from those, adopted for their analysis and design. Due to this fact, initial internal
forces appear in the structural elements of frameworks that are called assembly forces.

For the research purpose, design computer models of ribbed dome with annular rings and of sectorial lattice metal dome
were developed with the span of 48 m and the height 12 m. The lattice is made of steel I-bars with rigid connections at
the joints. The investigated dome frameworks are supported along the contour by permanent columns through hinge supports.
On the basis of de-sign models, additional models were created for incomplete frameworks to study alternative ways of erec-
tion, which differed from each other in the number of temporary supports with hinge connection to the framework and hinge
connections of the bar elements at the joint above the temporary support. Each of these models interpreted the intermediate
state of the erected dome framework with its characteristic structural scheme. Depending on the number of temporary supports,
three installation schemes were considered for the ribbed-ring dome, and four schemes — for the sectoral-lattice dome.

Assembly computer models included the following types of temporary supports: central support, central and one row of
intermediate supports, central and three rows of intermediate supports, support under each joint of a frame-work. For each
assembly model of the dome framework, computer analysis was performed for the action of its self-weight in order to de-
termine their stress-strain state. Stresses in the structural members, obtained as a result of the analysis, were compared with
the stresses in the corresponding elements of the design model of the framework under the self-weight. Based on the ob-
tained data, graphs and diagrams were constructed reflecting the level of assembly stresses in the structural elements of
the frame in comparison with design values taking into account the type of work (compression or tension). Various groups
of elements are considered along the entire height of the dome frames.

The conclusion is made that the stresses in the elements of frameworks of the large-span metal domes are unavoidable
when they are erected, and the level of these stresses for specific erection methods is significant. The methods of erection
and the types of structural elements that can affect the reliability of dome frames are indicated. The necessity of compulsory
analysis of frame-works for erection conditions in the design of large-span metal domes was noted.

Keywords: large-span domes, metal frameworks, geometric schemes of domes, structural systems, design solutions,

methods of erection, assembly of structures, computer model, element stresses
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Abstract. It is hard to imagine architecture and construction without large-span shells of various applications and taking
into consideration the requests of architects, the new achievements in numeral modeling of the surfaces and introduction of
new groups of tailored surfaces, the appearance of new forms and types of thin-walled shell structures of this kind is inevitable.
The bionic method of solving these tasks pushes the boundaries of these opportunities. The subject being studied is the stress
strain state of new uncanonical shell “YASUNI”, designed of monolithic reinforced concrete with the use of modern finite ele-
ment analysis settlement system. The form of the shell is built on the basis of images of the Ecuadorian flora. The form of
the shell imitates a leaf of a flower laying on the lay of the land. The triangle finite-element mesh is created with a harmonic
fusion of lily and daisy in a single structure. The shell is designed as a solid-cast one, made of different classes of reinforced
concrete (B25, B30, B35) with thickness from & =5 cm to § = 10 cm with a step 1 cm without contouring beams. The structure
is subjected to self-weight. The article introduces the first results of the research of stress strain state of the shell “YASUNI".
The authors continue the research of the work this shell with different geometrical parameters, the boundary conditions with
the addition of contour elements. Due to the computing complex SCAD OFFICE, precision of which is enough to perform cal-
culations it is possible to reach the most advantageous technical-and-economic indexes of the researched uncanonical shell.

Keywords: shell of uncanonical form, bionic architecture, finite element method, triangle finite-element mesh, stress-
strain state, monolithic reinforced concrete structure, computer system SCAD Office

Introduction Description and calculation of shell

The form of the shell imitates a leaf of a flower
laying on the lay of the land. The triangular finite-
element mesh is created with a harmonic fusion of

It is hard to imagine architecture and construction
without large-span shells of various applications [1]
and taking into consideration the requests of archi-

tects, the new achievements in numeral modeling of
the surfaces and introduction of new groups of tai-
lored surfaces [2]. The appearance of new forms and
types of thin-walled shell structures of this kind is
inevitable. The bionic method of solving these tasks
extends the limits of these opportunities [3]. Young
architect Jose Pesantez from Catholic University of
Cuenca has created two types of new forms of unca-
nonical bionic shell “YASUNI": a wooden rod struc-
ture covered with a tent and a cast-in-place concrete
shell. This pavilion structure is planned to be erected
in the city park of Cuenca (Ecuador).

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

lily and daisy in a single structure (Fig. 1) [4].

Only stress-strain state of the cast-in-place con-
crete shell is investigated in this article.

Stress-strain state of the shell depends on the boun-
dary conditions, with or without contour elements,
the type of the external load — static, wind or seismic.
The of finite elements analysis [5], implemented
with the computer software SCAD [6], which allows
to find out the regularity of the work of the building
and take into consideration all the features of the
structural concept, is used to define the reaction of
the construction to the load and to estimate the most
distinctive geometrical parameters of this shell.
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The overall view of the calculation model with
the approximation of the middle surface by complex of
flat triangle elements is shown in the figs. 2 and 3 [7].

AR T

Figure 1. “YASUNI” shell

Geometrical overall dimensions of the scheme
in the plan are 17.3x5 m, shell depth is 2.3 m, four-
point support with rigid fixing.

The size of the side of finite triangle elements is
from 0.1 m to 0.4 m. The number of the triangle el-
ements is 3438, joints 1813. The shell is designed as

a solid-cast one, made of different classes of rein-
forced concrete (B25, B30, B35) with thickness be-
tween 6 = 5 cm and & = 10 cm with a step 1 cm
without contouring beams. The structure is estimated
to withstand only its self-weight. Some of the results
of analysis for a shell with thickness of 6 = 5 cm,
class of concrete B25 are listed in the figs. 4-7.

Figure 2. Design model. View A

Figure 3. Design model. View B
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Figure 4. Vertical displacements (cm)
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Figure 5. Normal stress Nx (KN/m?)
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Figure 7. Bending moment A, (kNm/m)

The displacement of the console part of the shell
is 5 mm. The maximum displacement between the sup-
ports is 13 mm. The isofields of bending moment M
shows that the shell works in the beam scheme in this
direction. The rate of the maximum bending moment
M, in the span between the supports is 2.1 kNm/m.
In the console part, the rate of bending moment M,
ranges from —0.24 kNm/m to 0.54 kNm/m.

Maximum vertical displacements due to the shell
self-weight are presented in the table 1. The general
pattern of distribution of isofields displacements for
various thickness is analogous.

Table 1

Thick Max vertical Max vertical Max vertical
ness o displacement | displacement | displacement
(cm) (cm), class of | (cm), class of | (cm), class of
concrete B25 | concrete B30 | concrete B35

10 —0,42 -0,39 -0,37

9 -0,51 -0,47 —0,44

8 -0,62 -0,57 -0,53

7 -0,77 -0,71 -0,67

6 -0,99 -0,91 -0,86

5 —-1,32 —-1,22 -1,15

The value of normal stresses N, N,, shear forces
Ox, Oy, bending moments M,, M, in the shell of
the same thickness are similar for the different clas-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

ses of concrete. When the thickness of the shell made
of specific class of concrete is increased, the normal
stresses N, and N, decrease, the values shear forces
Ox, O, and bending moments M., M, increase.

Conclusion

The article presents the first results of stress-
strain state investigation of the “YASUNI” shell.
The authors continue research on this shell with dif-
ferent geometrical parameters, the boundary condi-
tions with the addition of contour elements. The com-
puter software SCAD allows to reach the most advan-
tageous technical-and-economic indexes of the inves-
tigated shell of complexed geometry.

© Olga O. Alyoshina, David Cajamarca Zuniga, 2018
ere
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(nocmynuna 6 pedaxyuro: 04 mas 2018 r.; npunsma x nybruxayuu: 26 urons 2018 r.)

APpXUTEKTYpy ¥ CTPOUTEIIHCTBO CIIOXKHO MPEICTABUTH 0€3 OOJBIICIPOJIETHRIX 000JI0YEK Pa3IMIHOTO HA3HAYCHUS U, YIUTHIBAS
3aMpOoChl APXUTEKTOPOB, HOBBIC JOCTIKEHHUSI B YMCIICHHOM MOJEIMPOBAHUH TIOBEPXHOCTEH, BBEICHNE B O0OPAILICHHE HOBBIX IPYIII
HOBerHOCTeﬁ, 06naﬂa10umx OonpeaACICHHbIMA 3alaHHbIMN CBOﬁCTBaMH, IIOABJICHHUE HOBBIX (bOpM U BUJOB TOHKOCTCHHBIX KOH-
CTPYKIMI TaKOro THIAa HEM30EKHO. bHOHMYECKHIT TOX0/] K PEIIEHNIO 3THX 33/1a4 PaCLIMpseT IPaHULbI JAHHBIX BO3MO>KHOCTEH.
B crartpe mcciemyercs: HanpsbKeHHO-Ie(hOPMHUPOBAHHOE COCTOSIHIE HOBOW HeKaHOHMYECKoi obonoukn «Y ASUNID», mpoekTtupye-
MOM M3 MOHOJIUTHOTO JKEII€300€TOHAa C IPUMEHEHHEM COBPEMEHHON PAcueTHON CHCTEMbI KOHEUHO-3JIEMEHTHOTO aHAIN3a KOH-
crpykuuid. Popma 000JI0UKH COCTaBJICHA HA OCHOBE 00pa30B Mpe/cTaBuTeNei MecTHOH (iiopbl DkBamopa. Dopma 000TOYKH HMH-
THpYeT JIMCT LIBETKa, JISKAIIero Ha pebede MecTHOCTH. TpeyrosbHas KOHEUHO-3JIEMEHTHas! CETKa CO3/1aHa ITyTeM FapMOHHYHOTO
0o0BeMHEHNST (POPMBI JTUCTHEB JIFIIMHA U MAPTAPUTKA B SAMHYIO KOHCTPYKIMEO. O00I0YKa IPOSKTHPYETCS] MOHOJIMTHON M3 Pa3ITid-
HBIX KJIaccoB skerne3o0erona (B25, B30, B35) romumuoii oT 6 =5 cm 10 & = 10 cM ¢ marom 1 cMm 6e3 KoHTypHBIX 6anok. KoHeTpyk-
LIS PACCUMTHIBAETCS HA BOCTIPHSITHE PAaBHOMEPHO-PACIIPEIEIEHHOr0 coOCTBEHHOTro Beca. IIpuBoIsiTCs IepBble pe3yJibTaThl nccie-
JIOBaHUsI HaIPsDKEHHO-Ie(hOpMUPOBaHHOTO cocTostHUsT 000s0ukr «Y ASUNI». ABTOpBHI IIPOAOIDKAIOT M3yYeHHE paboThI TaHHOM
000JI0YKHN MPH PA3IIIHBIX TCOMETPHIECKHX MTapamMeTpax, IPaHIYHBIX YCIOBUSX C 100aBICHIEM KOHTYPHBIX 3JeMEHTOB. briarogapst
BeramcimrensHoMy KoMmimiekcy SCAD OFFICE, obmamaromeMy JOCTaTOYHON TOYHOCTHIO JUISI BBITOIHEHHS PacyeToOB, MOXKHO J0-
OUTHCS HAMOOJIeE BHITOIHBIX TEXHUKO-DKOHOMUUYECKHX MTOKA3aTeNIe paccMaTpHBAEMO HEKAHOHUYECKOH 000JIOUKH.

KuiioueBblie ca0Ba: 060104Ka HEKAHOHHYECKOH (HOPMBI, OMOHHYECKas] apXUTEKTypa, METOI KOHCYHOTO JIICMCHTA,
TpPEyroyibHasi KOHEYHO-JIEMEHTHAsI CETKa, HAPSDKEHHO-1e(hOPMHUPOBAHHOE COCTOSIHIE, MOHOJINTHAS JKeJIe300€TOHHAS KOH-
cTpyKLUus, BerauciuTeabHbi komiuieke SCAD Office
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B psime ciaydaeB apXUTEKTYpHO-KOMIOHOBOYHBIC, TEXHOJIOTHUYECKHE WM WHBIE CIICIaIbHBIC TPEOOBAHUS JUKTYIOT pas-
paboTKy 34aHHUIA U COOPYKEHHH ¢ KPYITHBIMH MPOJIETAMHU MOKPBITHH. BEIOOP CXeMbI HECYIIMX KOHCTPYKIMH 3aBHCHUT OT pa3-
Mepa IpoJieTa, apXUTEKTYPHO-IUIAHUPOBOYHOTO PelieHHs, (OPMbI 3/1aHUS B IUIaHE, BBICOTHI COOPY)KEHHUS, HATMYMS U TUIIA
MTOJIBECHOTO TPAHCIIOPTA, TPEOOBAHUMN, MPEIBIBIEMBIX K KECTKOCTH MOKPBITHS, XapakTepa OCBEIICHUS U adPallii, THIA
KPOBIIH, pa3Mepa U pacnpe/iesieH!s Harpy30K, HeoOX0JUMOCTH pa3MelieH s OOJIBIINX Macce JIFo/eH U Apyrux ¢axkropos. Paz-
JMYMSl B Ha3HAYCHUH OOJIBUICHIPOJIETHBIX 31aHUH U COOPYIKEHUH, OCOOCHHOCTSIX TEXHOJIOTHYECKHX MPOLECCOB, apXUTEKTYp-
HBIX M 3CTETHYECKHX TPEOOBAHUSX ONPENEISIOT IPUMEHEHHE Pa3HOOOPa3HbIX PEIICHNI KOHCTPYKIUHA TaKUX MTOKPBITHH.

B craTtbe npencraBieHbl KOHCTPYKTOPCKUE MEPOIPUATHUS 10 peaTU3aliH apXUTEKTypPHO-XYA0KECTBEHHOTO PELICHUS
3naHus JaenbguHapus B r. Boirorpane. BrlnonHeHO aHaIMTHUECKOE ONMMCAHUE CIIOXKHBIX ApPXUTEKTYPHBIX M KOHCTPYKTHB-
HBIX (hopMm. [IpuBeneH aHaIM3 CynIeCTBYIOIMX KOHCTPYKTUBHBIX ()OPM OOJIBIIEIPOIETHBIX KOHCTPYKIMH. [Ipyu npoektupo-
BaHUM OblIa peann3oBaHa KOHIETNHS KOMOWHUPOBAHHON apOYHO-BAHTOBON CHCTEMBI, B KOTOPOI BaHTOBas CHCTEMa BBI-
MOJTHSET POJIb pasrpy’Karolieil W MoAIepKUBArOIIel cucTeMbl. [IpoBeneHo nccineqoBanue paboThI O HATPY3KOU pa3imd-
HBIX CXeM BaHTOBOM CHCTEeMBI. Takke OBIJIO MCCIEeIOBAHO BIUSHHE IPEABAPUTEIHHOTO HATSHKEHUS OTTSDKEK Ha Aedopma-
UM [TOATePKUBAEMBIX IMH KOHCTPYKIIHHA, 3 4ero OBIIN ONpeAeICHbI ONTUMAIbHBIC 3HAUCHHS YCHIINA HATSDKEHSI BaHT.

KaioueBble ciioBa: NpoeKTHPOBaHHE, METAJUIMUECKHE KOHCTPYKLMH, OOJIBIICHPOJIETHBIE KOHCTPYKIMH, apouHble

KOHCTPYKLIMH, BAHTOBBIE KOHCTPYKLUY, IPEABAPUTEIBHOE HATSDKEHUE

BBenenue

B ropone Bonrorpaae npeaiokeHo CTpOUTENb-
CTBO AeNb(UHAPUS B COCTaBe peabMINTALMOHHOTO
IIEHTpa. 31aHue UMEST CIIOKHYIO KaIUIeBUIHYIO (hop-
My. O6pa3 nenbhuHapus co3aH IJIaBHBIMH, BOJHO-
00pa3HBIMH JIMHUSIMH Ha (acaiax, MoJuepKUBAIOLIH-
MH OCHOBHOE Ha3HauCHHE 3JaHuUsl.

Ieau u 3apaun

Ilems paboThl — pa3paboTka KOHCTPYKTUBHOMN
¢dopmel 3nanus nenbduHapus B T. Bonrorpane, crno-
COOCTBYIOIIEH BOIJIOMICHUIO MPEIJIOKEHHOW apXu-
TEKTYPHOH MAen ¢ MUHUMH3ALHNEH METaJUIOEMKOCTH
KOHCTPYKLUH.

3agaum, penraembie B padore:
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— aHalnu3 KOHCTPYKTUBHBIX (POPM, MO3BOJISIIO-
[IMX Pean30BaTh ApXUTEKTYPHYIO UICIO;

— OTIpPE/ICTICHNE MaTEeMaTHUECKUX 3aBUCHUMOCTEH,
MTO3BOJISIFOIIIUX OITUCATh APXUTEKTYPHBIC (DOPMEI;

— npopaboTKa KOHCTPYKTUBHOTO PEIIeHHUS, 1103~
BOJISIIOIIETO BOCTIPUHSATH pactop (MpU MPUMEHEHUH
MIPOCTPAHCTBEHHBIX APOYHBIX CHCTEM) C IIEIbI0 IO0-
nydeHust (YHIAMEHTOB ¢ MUHHMAaJIbHBIMH pa3Mepa-
MU B TIJIAHE;

— pa3paboTKa KOHCTPYKTHUBHBIX MEPOMPHUSITHI
[0 YMEHBIICHUIO BHICOTHI CEUECHHS HECYIIUX KOH-
CTPYKIIHIA;

— ompezeNieHne palMOHANIBHBIX 3HAUCHUH Tpe-
BApUTEIHHOTO HATSXKEHUSI BAHTOBBIX JIEMEHTOB;

— pa3paboTKa peKOMEHANNi 10 CO3/IaHUI0 KOH-
CTPYKTUBHOM (POPMBI OOJBIIETIPOTICTHRIX 3PETHUIIIHBIX
COOpPYKEHUH, HanboJIee MOJIHO PeaTU3yIONIeH apXu-
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TEKTYPHYIO (hOpMY MO KPUTEPUI0 MUHHUMHU3ALUH Ma-
TEPUAIIOEMKOCTH.

OO0BEKTOM HCCIIeIOBAHUS SIBISECTCS KOHCTPYK-
TUBHAs (opMa 31aHus AenbQuHapus pasmepamu B
tane 54x84 M (OMU3KUMHU K DIUIHIICY C TOTYOCSIMH
27 u 42 M) u BeIcOTOM 20,5 M.

MaTepna.nbl U METOABbI HCCJICAOBAHUSA

Kpamkuit ananusz koncmpykmugnuix ¢popm,
N0380AAIOULUX PEaIU308aMb APXUMEKMYPHO-
Xy00rcecmeeHHoe peuienue oebpunapus

J1st co3paHust €IMHOro CBOOOJHOTO MPOCTpPaH-
CTBa IO/ TOKPHITUEM U YBEJIMUYEHUS MOJIE3HON IJI0-
IIaaU 30aHUsI IPUHATO PEeLIeHue 0 pa3paboTKe Mmpo-
eKTa JenbGpuHapus B BUJE OOJBIISTIPOJIETHOMN Mpo-

CTPaHCTBCHHOW CUCTEMBbl. B KauecTBe MaTepuaioB
HECYIINX KOHCTPYKIMI MPHMEHEeHa CTallb, TaK Kak
TTOKPBITUAS OOJNBIINX TIPOJIETOB Hamboyee Ieneco-
00pa3HO MepeKpPhIBaTh METANIMYSCKUMH KOHCTPYK-
OUAMH Kak Hawbosee JerkuMu. KOHCTpyKTHUBHBIE
(hopMBI  OONBIICTIPOTETHRIX KOHCTPYKITMH TTOKPHI-
TUH OYeHb pa3HOoOpa3Hbl. MccnemoBaHuio pasiny-
HBIX THIIOB OOJIBIICTPOJICTHBIX KOHCTPYKIUN IO-
CBAIIEHO OOJIBIIIOE KOJUYECTBO pabOT KaK POCCHIA-
ckux [1-10], Tak u 3apyOexubix ydeHsix [11-18].
Ha nmanHBIi MOMEHT B KauecTBe OOIBIICTIPOJICT-
HBIX KOHCTPYKIIUY TOKPHITAN MTPUMEHSIOTCS CIIEY-
FOIIE KOHCTPYKTUBHBIE CUCTEMBI: Oaounble (puc. 1),
pamusbie (puc. 2), apouHbsle (puc. 3), mpocTpaH-
CTBEHHBIE CTEP)KHEBHIE (pUcC. 4) U BUCAYNE — BaH-
TOBBIC (pHC. 5), BAHTOBBIE C MTOJABEIICHHBIMI KOH-
cTpyKuusmu (puc. 6).

' I T TS N,

AN

Puc. 1. Basiounble cucTeMbl 00JIbIIENPOJIETHBIX NOKPBITHIL:
a, 6 — dpepma ¢ mapaieIbHBIMU NOSICAMHE; 8 — ABYCKaTHas (pepMma; 2 — OJIHOCKaTHAs TpareueBuIHas Gpepma;
0 — mostMroHansHas hepma; e — TpeyrosbHas epma; oc — IBycKaTHas hepMma ¢ mapauIeIbHBIMU ITOSICAMU C 3aTsDKKOI;
3 — cerMeHTHas epma; u — pepma ¢ apaboIHYECKUM OYSPTaHUEM TOSICOB
[Figure 1. Beam systems of large-span shells:
a, 6 — parallel girder; ¢ — gable trapezoidal truss; ¢ — saddle-pitch trapezoidal truss; 0 — polygonal truss; e — triangular truss;
orc — gable truss with parallel chords with tightening; 3 — segment truss; u — truss with parabolic outline zones]
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Puc. 2. Pambl 60/1b11€NIPO/IETHBIX IIOKPBITHIA:

a — CIUIOINIHAs; 6 — CKBO3Hasl ¢ TMOKUMH CTOMKaMU; 6 — C OIHOM I'MOKOM CTOMKOM; & — C JKECTKMMHU CTOMKaMU;
0— JABYXUIApHUPHAsA; € — C IIOAKOCaAMHU CHAPYXH; K — ABYXKOHCOJIbHAA; 3 — OHOKOHCOJIbHAA; U — KOHCOJIbHAA
[Figure 2. Frames of large-span shells:

a —solid; 6 — through with flexible stands; ¢ — with one flexible stand; 2 — with rigid stands;

0 — double-hinged; e — with struts on the outside; o« — double-console; 3 — single-console; u — console]
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Puc. 3. KoHCTPpYKTHBHBIE CHCTEMBbI APOK 00/1bIIENPOIeTHBIX IIOKPBITHIA:
a — IByXIIApHUPHAs; 6 — TpeXIIapHUpPHas; 6 — OecliapHUpHas
[Figure 3. Constructive systems of arches of large-span shells:
a — double-hinged; 6 — three-hinged; 6 — hingeless]
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Puc. 4. [IpuMepbI cXeM NPOCTPAHCTBEHHDBIX CTEPIKHEBBIX CHCTEM:
@ — CO CTPYKTYPOIi Ha OCHOBE YeTBIPEXYTOJIBHOI CETKHU; 6 — CO CTPYKTYpPOil HA OCHOBE TPEYTOIbHOI CETKU
[Figure 4. Examples of schemes of spatial truss structures:
a — with a structure based on a quadrangular grid; 6 — with a triangular grid structure]
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Puc. 5. Bucsiune nokpbITus
[Figure 5. Hanging coatings]
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Puc. 6. BanToBbie CHCTEMBI € II0ABEIICHHBIMH KOHCTPYKIUAMHU
[Figure 6. Cable-stayed systems with suspended structures]

[TokpeiTHE HenphuHApPHUS B TUTaHE UMeeT Gopmy
HETPaBMIILHOTO AIUTATICOMIA, KOTOPBIA B OOJIBINCH CTe-
TICHU MOYKHO PEaan30BaTh B (hOpME BBITSHYTOH IpPO-
CTPaHCTBEHHOM KaruleBUIHOM cucTeMbl. J{ist obecrieye-
HUS IPOCTPAHCTBEHHOM >XKECTKOCTU U YCTOMYMBOCTU
HecyIasi cucrteMa BBINOJHseTes pedpucroi. Crucrema
pebep mpencrapisieT co00l cUCTEMY TOTIEPEUHBIX apoK,
OITMPAIOIINXCS HA €AMHYIO HECYIIYIO MPOJIOIBHYIO ap-
Ky. ApKY TIO3BOJISIFOT HAWOO0JIEE TOYHO OIMMCATh TOBEPX-
HOCTb TOKpEITUsL. [IpuMeHEeHNe apoYHbIX KOHCTPYKIIUI
TaKKe CIIOCOOCTBYET CHMXKEHWIO BBICOTHI CEYCHHS He-
CYIIMX 3JIEMEHTOB TTOKPHITHSI [T0 CPAaBHEHUIO C OOJIbIIIe-
MPOJIETHBIMU Oaikamu U pamamu [ 1-4].

Ananumuueckoe onucanue
apxXumeKmypHoixX U KOHCIPYKMUBHbIX hopm

[Ipu pa3paboTke KOHCTPYKTHUBHOH (OPMBI B Ka-
4eCTBE 3a/laHus OblIa [IPEAOCTaBICHA apXUTEKTYPHAs
¢dopma, mpencTaBaeHHas Ha puUC. 7. APXUTEKTypHas
¢opma ObiTa mpemokeHa apxutekTopom P.X. Wmi-
MaMeTOBBIM M J0padoTaHa IPU y4acTHU HHXKEHepa
K.T.H. A.B. 'oiinkoBa B KayecTBe KOHCYJNbTaHTa IO

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

KOHCTPYKTOPCKOM 4YacTH JUILNIOMHOTO IPOEKTa ap-
xutektopa E.M. INanuikoit.

[lo pesynbratam aHain3a apXUTEKTYPHBIX (QOpM,
OMHpasich Ha 00OOIIIEHHBIH OITBIT MPOSKTHPOBAHMSI OOITb-
HIEHPOJIETHBIX KOHCTPYKIIWH, PUHATO PEIICHUE PealT-
30BaTh (POPMY MPOCTPAHCTBEHHOW apOYHON CHCTEMOM.
Jns KOHCTPYKTMBHOM NpopaboTku (OpM 3IaHHs BbI-
MIOJTHEHO ONMCaHNE AHATUTUYECKUMH 3aBUCHMOCTSIMH
Pa3OMBOYHBIX M IIEHTPAITBHBIX OCEH KOHCTPYKIIHH.

Ormcanye KombLeBOr pa30MBOYHOM OCH BBIOTHE-
HO y4YacTKaMH 10 MCXOAHBIM OCEBBIM rabapuTam 37a-
HUS W IIaraM KOJOHH. PaccTosHMS MeXIy KOJIOHHAMH
B IIaHE TPHUHATHI B KOJBLIEBOM HAIpPaBJICHHH KpPaTHO
CTpoUTENbHOMY MOy O B 300 MM M COCTAaBUIIM B KOJIb-
neBoit yacty 3ganusg 9300 1 10 500 MM, a B gacTH 31a-
HUSI, OTMMCAHHON B IUIaHe mapadonoir — 9000 mm. Jlmst
onpeneneHus GopMbl KOJBLEBOH OCH HAMACHBI TOYKU
pacnoyioxkeHus1 KOJIOHH. JIMHUM, coeqUHSIONME TOUKH
pacnoyiokeHus1 KOJIOHH, allIPOKCUMHUPOBAHBI, TIOy4eH-
HBIE MaTeMaTUYECKHE 3aBUCUMOCTH ISl KOJIBLIEBOM OCH
cBezieHs! B Ta0m. 1. PaguanbHble ocu neprieH INKyISIPHBI
KOITBLIEBOM OCH M IIPOXOZAT YePE3 TOUKHU PACTIONOKEHUS
koJioHH. Cxema pa30MBOYHOM CETH TIPUBE/ICHA Ha pHC. 8.
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Puc. 7. ApXuTeKTYpPHO-Xy/10:KeCTBEHHOE pellieHNe 31aHusA AebpuHapus
[Figure 7. Architectural and artistic concept of the building of a Dolphinarium]

Tabauya 1

YpaBHueHnusi KobleBoii pa3ouBouHoii ocu (Ock Ne 24)
[Table 1. Equations ring staking grid line (Axis Ne 24)]

YuyacTok ocu
[Axis section]

ITapameTpHnyeckas 3aBHCHMOCTb KPUBOIi, THII KPUBOii
[Parametric dependence of the curve, curve type]

Hayvajio koopannar
[Origin]

Ot ocu Ne 2
1o ocu Ne 23
[From the axis No. 2
to the axis No. 23]

OxkpyXHOCTB paguycoM 17,5 m
[Circle with a radius of 17.5 m]

Ot ocu Ne 2
1o ocu Ne 4
[From axis No. 2
to axis No. 4]

IMapa6ona [Parabola] y = 5,5415-10"x" + 4,5070-10" -x + 2,0422-10’

Touxa nepeceyenus ocu Ne 24
Ha ydacTke oT ocu Ne 2 1o ocu Ne 23
cocpro Ne 1

Ot ocu Ne 4
110 ocu Ne 6
[From axis No. 4
to axis No. 6]

IMapa6ona [Parabola] y = 2,9419-10"-x" +1,0071-10-x +9,8938-10"

[Point of intersection of the axis No. 24
on the section from axis No. 2
to axis No. 23 with axis No. 1]

Ot ocu Ne 4
110 ocu Ne 8
[From axis No. 4
to axis No. 8]

IapaGomna [Parabola] y = 5,5497-10°x" +2,7936-10" -x + 3,5483-10°

Ot ocu Ne 8
10 ocu Ne 10
[From axis No. 8
to axis No. 10]

IMapa6oua [Parabola] y = 6,1614-107-x" —3,0676-10-x + 3,8235-10"

Touxka mepeceyenus ocu Ne 24
Ha ydacTke oT ocu Ne 2 1o ocu Ne 23
c ocero Ne 1
[Point of intersection of the axis No. 24
on the section from axis No. 2
to axis No. 23 with axis No. 1]

Ot ocu Ne 10
1o ocu Ne 15
[From axis No. 10
to axis No. 15]

OKpYKHOCTB pamuycoM 26,5 m
[Circle with a radius of 26.5 m]

Bepxusist otMeTka 000s09ku cocTaBisieT 20,5 M,
HWKHIS — 4,5 M. OT pa3ouBouYHO# ocu Ne 5 B cTOpOHY
ocu Ne 4 HIWKHSAS TpaHb O0OJIOYKU TIOKPBITHS OTPaHH-
YeHa IWIMHAPHIECKON TOBEPXHOCTHIO paanycoM 132 m.

s onpeziesieHUs] MaTeMaTUYCCKUX 3aBUCUMO-
CTel, MO3BOJISIOIINX OMUCATh KOHCTPYKTUBHYIO (hop-
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My TIOKDBITHS, BBITIOJTHEH TEPEX0]l OT apXUTEKTYPHOM
(opMBbI 000JIOUKH TOKPBITHS K TIOBEPXHOCTH, MOBTO-
psromIei 3Ty 000JI0YKY, HO TPOXOISILEH yepe3 IeH-
TpaJbHBIE OCH HECYIINX KOHCTPYKINH ITOKPHITHSI.

Ha momy4eHHO! MOBEpXHOCTH MO paavalbHBIM
pa3OMBOYHBIM OCSIM NMPOBEAEHHI ceueHus (puc. 9).
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Ceuenusi 000JI0YKH TOKPBITHS MPEACTABISIOT COO0H
3JUIMIICHI, MATEMaTUIECKHUE YPAaBHEHUS 111 KOTOPBIX
cBeeHbl B Ta01. 2. DTUMH 3aBHCUMOCTSIMU OIHCHI-
BAaIOTCSI ICHTPAJIbHBIE OCH apOK MOKPBITHSI.

[lo apkam 3ampoeKTHPOBaH pacHpeneTUTeNbHbIH
KOHTYp. DJIeMEHThl KOHTYpa JeXaT B MJIOCKOCTH,
OTKJIOHEHHOH OT T'OpPH30HTaJIbHON OCH B IIaHEe Ha
10° u ot BepTuKanu Ha 20°, U MPOXOJAT MO JTUHUU

nepecevyeHus 3TOW MIOCKOCTH € MIOCKOCTBIO 000-
nouku (puc. 10).

C 60kOBBIX CTOpPOH 1O ocaM Ne 5-9 u 16-20
3laHHE€ HMMeEeT IMPOCTPAHCTBEHHBIE BBICTYIBI. Mak-
cuMajbHasi OTMETKa BeICTYIOB +16,5 M. [lokpriTue 1
00KOBast 4acTh BBICTYIIOB OOPa30BaHbI M30THYTHIMHU
LWIMHAPUYECKUMH TTOBEPXHOCTSIMH paguycoM 34 u
11 M cootBercTBeHHO (puc. 11).
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b | B
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! / N ,
.\.‘\V" / \‘\\\\/\
N— e /,@
."._ .‘\_\\X
o
: 23

- A

WI * 6000 6000

5000 + 000

6000 J[ b0, 6000

>0 o

54000

XX}

Puc. 8. Cxema pa3ouBouHO¥ ceTH
[Figure 8. The layout of the mark out network]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

283



Sitnikov I.R., Golikov A.V. Structural Mechanics of Engineering Constructions and Buildings, 2018, 14(4), 278-292

Tabauya 2
YpaBHeHHsI LEHTPAIbHBIX 0Ceii apoK
[Table 2. Equations of the central axes of arches]

Ne apku (coBnmagaer ¢ HOMepoM pa30MBOYHOM OCH, . . Xy
P Ha KOTOPOii pacnogome[:ia apka) Ypasuenue dsunnca [The ellipse equation]: ; + ; =1,
[Arch number (coincides with the number of b
the centering axis on which the arch is located)] raea,b- no?yocn 3J1J1n11ca., MM
[where a, b — semi-axes of the ellipse, mm]
1 (ot ocu Ne 7 B cTopoHy ocu Ne 6) X + Yy 1
[1 (from the axis No. 7 towards the axis No. 6)] 42840 11668
1 (ot ocu Ne 7 B cropoHny ocu Ne §) X . Yy o |
[1 (from the axis No. 7 towards the axis No. 8)] 42840 14040
X
2 + Y =1
30000 10869
X
3 + 4 =1
25000 11718
b
4 + 4 =1
23344 12850
X
5 + =1
25101 13631
X
6 + L =1
26664 13978
X
7 + L =1
27306 14040
X
8 + 4 =1
27840 13705
X
9 + 4 =1
35000 13586
X
10, 11, 12 + 4 =1
42840 14040

Puc. 9. IlocTpoenne oceii apoKk NOKPLITHSA
[Figure 9. Construction of axes of shell arches]
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Puc. 10. ITocTpoeHune pacrpeneiuTeTbHOI0 KOHTYpa
[Figure 10. Construction of the distribution contour]|

Puc. 11. ITocTpoeHue 60KOBBIX BHICTYNIOB
[Figure 11. Construction of side ledges]

Toukn npUMBIKaHUsSI OOKOBBIX BBICTYIIOB K He-
CYLIMM 3JIeMEHTaM OOOJIOYKH CBSI3aHBI PacCHpeaein-
TENBHBIM dJeMeHTOM. [l obecriedeHust mMpoCTpaH-
CTBEHHOH >KECTKOCTH BBICTYNOB II0 UX KpaWHUM
TOYKaM MPEeTyCMOTPEH OKAWMIISIOIIMNA JJIEMEHT.

B nmare OOKOBBIE BBICTYIIBI OTPAHUYEHBI: OT pa3-
OmBOYHOM ocw Ne 5 10 TOYKHM TPUMBIKAHHUS OKaiM-
JISIOIIETO BBICTYH 3JIEMEHTa K paclpeneInuTeIbHOMY
3JIEMEHTY — OKPYXHOCTBIO paguycoMm 30 921 mwm,
oT pa36uBo4HOM ocu Ne 5 mo ocu Ne 3 — mpsimoH,
OINUCHIBAEMON YPaBHEHUEM:

y=-1,1894-x—-1,1378-10".

JaHHas mpsamas siBIseTCs KacaTelbHOM K HUX-
HEMY KOJIbI[y OOOJIOYKH TOKPBITUS B TOYKE €ro Ie-
peceueHus ¢ pa3OUBOYHOM ockio Ne 5, a Takke Kaca-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

TEJIBHOM K OKPYKHOCTH, OrPaHUYMBAIOIIEH BBICTYII
B IUIaHe. 32 HayaJlo KOOPAWHAT MPHUHATA TOYKA Ie-
pecedeHus pazouBouHOi ocu Ne 24 Ha yyacTke OT
ocr Ne 2 1o Ne 23 ¢ ocpro Ne 1.

Bocnpuamue pacnopa om nonyapok

CuctemMa monepeyHbIX M MPOJOJIBHBIX HECYIINX
apok, MoJo0HO KYTOJNBHOHN cHUCTeMe, SIBISETCS pac-
MOPHOH. B KyNOJNBHBIX CHUCTEMax MOJIyapKd ONupa-
FOTCS Ha HIDKHEE KOJIbL0, KOTOPOE BOCIPUHUMAET pac-
nopHble ycunus nosyapok [1-5]. IIpu mpoextuposa-
HUM JAenb(GUHAPUS NPUHATO ONHMPAaHUE IOJIyapoK Ha
KOMITPECCHOHHOE Kounblo. KomnpeccrnonHnoe kombLo,
AQHAJIOTHYHO HIDKHEMY KOJIbIy KYHOJIBHBIX CHCTEM, CBS-
3BIBAET MOJyapKH M KOJOHHBI, BOCHIPUHUMAET PacIop
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OT TOJIyapoK U pacIpenenseT YCUIHs MO0 KOJIOHHAM. Pacnonoxenne LEeHTpaIbHBIX OCEH 3JIEMEHTOB
Ilpu sTOoM Ha (QyHOAMEHT MepenaroTCcs MperMyIe- Kapkaca nenb(puHapus MpencTaBieHo Ha puc. 12.
CTBEHHO BEPTHUKAJIbHbIE HArpPy3KU, YTO 3HAYMTEIILHO MapkupoBKka HECYLIUX 3JIEMEHTOB KapKaca Aeib(u-
CHIDKAET €ro pa3Mepsl B IIJIaHE. Hapus oTpakeHa Ha puc. 13.

—

Puc. 12. IlenTpanbHbie 0CH 3JIEMEHTOB KapKaca
[Figure 12. The central axes of the frame elements]

N4
é
\x

Puc. 13. MapkupoBKka HecyIIHX 3JIEMEHTOB KapKaca
[Figure 13. Marking of load-bearing frame elements]
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Meponpuamus no ymeHnvuieHu10
6bICOMbL CEYEHUA HECYUUX KOHCMPYKUUTL

CHmxeHHe BBICOTHI CEUCHUS HECYIINX KOHCTPYK-
LU JOCTUTAETCsl CIETYIOIMMHU MEPOTIPUATHAMMU:

— YCTAHOBKOM BHEIIHHX MOJUIEPKHUBAIOIINX apOK;

— YCTPOMCTBOM PaclOpHOIl CUCTEMBI B BUJIE pac-
MIPEJIENUTENBHOI0 KOHTYpa IO apKawm;

— YCTPOMCTBOM ECTKOU CBSA3EBOM pEIIETYATON
CHCTEMBI B BUJE PACIpPENeNUTENbHOTO KOHTYpa B
BEpPXHEM Y4yacTKe TOBEPXHOCTH apoK;

— YCTPOMCTBOM pasrpy’Karolieii BaHTOBOU CHUCTe-
MBI OT BHEIIHUX APOK K LIEHTPaIbHOMN apKe 3[aHHs U
pacnpefenuTeNbHOMY KOHTYPY 10 apKaM, OKaimIs-
IOIIIUM KOHTYp BBICTYTIOB.

VYCTpoiicTBO TOJIEPKMBAIOIIE BAaHTOBOM CHCTE-
MBI TIO3BOJIMJIO HE TOJBKO YMEHBIIIUTH BBICOTY CEYEHUI
HECYIIMX KOHCTPYKLHM, HO M yBEIUYUTHb NPOCTpaH-
CTBEHHYIO >KECTKOCTh coopyxkenus [6; 10; 19; 20]. Ta-
KUM 00pa3oM, IPU NPOEKTHPOBAHUH PEaTN30BBIBACTCS
KOMOMHHpPOBaHHasl BAHTOBO-apoyHast cuctema [19; 20].

[IpumeneHne KOMOMHUPOBAaHHOW BAaHTOBO-apOy-
HOH CHCTEMBI TaKXe CIIOCOOCTBOBAJIO pealU3aluu
€IMHOT0 BHYTPEHHEro IMPOCTPaHCTBA JAeib(puHapus
0e3 yCTaHOBKH MPOMEXKYTOUYHBIX MOANEPKUBAIOLINX
KOJIOHH.

Onpeoenenue OnMUMAaIbHbIX 3HAYEHU
npeosapumenbHOz0 HAMAINCEHUA
6AHMOBLIX ITIEMEHMOE

[lepen ompeneneHreM ONTHMAIBHBIX 3HAYEHUH
IPEABAPUTEIBHOTO HATSKEHUS! OTTSIKEK BBIIIOJHEHO
olnpejelieHre Haubojee paluoOHaIbHOIO PACIIONI0oXKe-
HUS BaHT B CUCTEME C LIeNbI0 MPEeNOTBPAIICHUS BbI-
KITIOYeHHS MX U3 paboThl U obecrieueHus 3pdexTus-
HOCTHU UX PaOOTHI.

PaccMoTpeHHBIE CXeMBI BAHTOBOM CHCTEMBI MPE-
CTaBJICHBI Ha puc. 14.

TIpunsitast cxema BaHTOBOM CHUCTEMBI IO IIEHTPaIb-
HOHM apke, pacrpeeuTeIbHOMy KOHTYpy IO TOJTyap-

KaM ¥ 110 OKaMJISIONIEMY KOHTYPY BBICTYTIOB, a TaKXkKe
TBEPJOTENIbHAS IPOCTPAHCTBEHHAS MOJENb PACUETHOM
CXEMBI 37IaHNsT OTOOpaKEeHBI Ha puc. 15.

s onpeneneHus HEOOXOAUMBIX YCHUIIMHA TIPEI-
BAPUTEIBHOTO HATSDKEHUS OTTSDKEK MPOU3BENICHO HC-
CJICZIOBAHVE BIVSIHUS OTUX YCHIIMH Ha TIPOTHOBI (Bep-
TUKAIBHBIC U TOPU30HTAIBLHBIC) KOHCTPYKITHH.

TpeOoBaHus K BETHMYMHE MPOTHOOB yCTAaHOBIIE-
Hbl B npunoxenuu E CII 20.13330.2016 «Harpysku
H BO3ICHCTBHS.

B kauecTBe MCXOAHBIX AAHHBIX MPHUHITHl YCH-
T¥sI, BOSHHUKAIOIINAE B OTTSDKKaX Oe3 MpeBapUTelb-
HOTrO HaTsbkeHus. JlJid aHanmv3a W OmnpesesieHus: ofl-
TUMAJBHBIX YCHINN IPEIBAPUTEIHLHOTO HAIPSIKEHUS
paccCMOTPEHO 5 BapUaHTOB, TI€ OHU MPUHUMAIKCH B
MIPOIICHTAX OT YCHJIUSA B HUX 0€3 MpeaBapUTEIIEHOTO
HanpsoxeHus: 5%, 10%, 15%, 20%, 25%.

Jns co3manus NUHEWKW MOAEIEN ISl YUCIICH-
HBIX SKCIIEPUMEHTOB IMPUMEHSIICS METOJ MaTeMaTH-
YeCKOro TJIaHUPOBAHUA SKCIIEPUMEHTOB.

MonenupoBaHye 30aHUS BBIIOIHEHO B MPOTPaMM-
HO-BBIYHCIIUTEIIEHOM Kommiekce «JIMPA-CAIIP».
Komruieke peanusyer MeTol KOHEYHBIX SJIEMEHTOB B
TIEPEMEITICHISIX M TIO3BOJISIET OIpPENCIUTh BHYTPESHHUE
YCWIHSL B BJIEMEHTAX KOHCTPYKIMH OT CTaTUYECKUX U
JIMHAMIYECKIX Harpy30K, a Takke OT HanOoJiee HEBbHI-
TOIHBIX KOMOMHAIMI BHEITHUX BO3JICHCTBUIA.

PacueT BBINIOJIHEH HA HEBBITOJHOE COUCTAHHE
Harpy3ok. OnpezaeneHue xapakrepa u cOOp BETPOBOI
Harpy3K{ BBITIOJHEHBI ¢ YUY€TOM TpeOOBaHWMA Aei-
CTBYIOIIMX HOPM M a3pOJMHAMUKHU MOJOOHBIX CO-
opyxenuit [21-23].

OmpeneneHbl BEpTUKATLHBIC U TOPHU30HTAIBHEIE
MPOTrUOBI JIEMEHTOB, MOJACPKUBACMbIX BaHTaAMU
(meHTpanpHas apKa U OKAUMISIONIUNA KOHTYP BBI-
CTYIOB). 3HAYEHUS 3TUX TEPEMEIICHUN CBEICHHI B
Tabi. 3.

[Mo mamHbpIM Tabn. 3 mocTpoeHHsl rpaduku 3a-
BHCHMOCTEH MEPEMEIIEHUN OT MpeIBapUTEIbHOTO
HaTSOKEHUs B BaHTaX, KOTOpbIE MPEJACTABICHbI Ha
puc. 16 m 17.

Tabauya 3

BepTukajibHble H TOPH3OHTAILHbIE MPOrHOBI
[Table 3. Vertical and horizontal deflections]

IpeasapuresnbHoe BeprukanbHoe BeprukanbHoe nepe- I'opuzonranbHoe  |I'opu3oHTAIBLHOE HEpeMelLeHue
HaTSIKeHHe, 10J1 OT nepeMelleHHe [IEHT- | MellleHHe OKAiiMJISTIONIero| TepeMelieHHe HeHT- OKAMJISIIOIIIET0 KOHTYpa
JefiCTBYIOIEro yCHiInsl | PajbHOI apKu, MM KOHTypa BBICTYIIa, MM PaNBHON apKH, MM BBICTYNIA, MM
[Pre-tension, the propor-| [Vertical displacement | [Vertical displacement of | [Horizontal displace- [Horizontal displacement of
tion of the acting force] |of the central arch, mm]| the fringing contour of ment of the central the fringing contour of
the protrusion, mm] arch, mm] the protrusion, mm]
0,05 57,15 58,05 50,38 73,05
0,10 47,03 34,55 31,83 45,07
0,15 54,89 57,17 50,58 72,26
0,20 45,35 33,76 31,75 44,24
0,25 57,18 53,47 50,82 72,25
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Puc. 14. CxeMbI BAHTOBOI CHCTEMBI:

@ — pajiiaabHOE PACIIONIOXEHNE BAHT I10 LICHTPAILHOM apKe U Paclpe/IeUTEIbHOMY KOHTYPY; 6 — pafHalbHOE PACIIOI0XKEHNE BAHT IO LIEHTPAILHOM apKe
1 TIEPEKPECTHOE PACIIONIOKEHHUE BAHT 110 PACIIPEACSIUTEIBHOMY KOHTYPY; 6 — TO XK€ CO CBS3€BOM CHCTEMOii [0 HECYIIIUM apKaM BaHTOBOI CHCTEMBI;
2 — pajinalibHOE PACIIONIOKEHHUE BAHT 110 LIEHTPAIIBHOIT apKe, paclpeIeIUTEIbHOMY U OKaiiMIISIONIeMy KOHTYpaM; 0 — paiialibHOE PACIIONIOKEHNE BaHT
10 LIEHTPANIBHOI apKe U OKaiMILIIOIIEMY KOHTYPY H IIEPEKPECTHOE PACHOI0KEHHE BAHT 110 PACIPEICIHTEILHOMY KOHTYPY
[Figure 14. Model of cable-stayed system:

a — radial arrangement of cables on the central arch and distribution edge; 6 — radial arrangement of cables on the central arch and cross-location of
cables on the distribution edge; 6 — the same with the link system on the bearing arches of the cable system; ¢ — radial arrangement of cables
on the central arch, distributing and fringing contours; 0 — radial arrangement of cables on the central arch and bordering the contour
and cross-location of cables on the distribution loop]
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Puc. 15. TBepaoTensHast MoIeIb PAcYeTHOH cXeMbl KOHCTPYKIINH 31aHMsI (@) M cXeMa BaHTOBOii cucTeMBI (0)
[Figure 15. Solid-state model of the design scheme of the building structure(z) and the scheme of the cable-stayed system (6)]
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Puc. 16. Bausinne npeqBapuTe/IbHOT0 HATSI’KEHNsI BAHT HA BePTHKAJIbHBIE MIepeMelleHNs 31eMeHTOB
[Figure 16. Effect of pre-tensioning the cables to the vertical displacement of the elements]
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Puc. 17. Biusinue npeIBapuTeIbHOT0 HATSIZKEHUS] BAHT HA TOPH30HTAJIbLHBIE MepeMeleHUsI 3JIEMEHTOB
[Figure 17. Effect of the pre-tensioning the cables on the horizontal displacement of the elements]

U3 rpadukoB cienyer, 4TO 3aBUCHUMOCTb BEJIH-
YHHBI IEPEMEIEHUI OT MPEeIBAPUTEIHHOTO HATSIKe-
HUS B OTTSKKaX HOCUT HEJIMHEHHBIH CHHYCOMAAb-
HBIHA XapakTep. OTo 00BACHAETCS KOHCTPYKTUBHOU
CHCTEMOH 37aHus, NPUHATEIM PACIOJIOXKEHUEM BaH-
TOBBIX 3JIEMEHTOB, COBMECTHOW pabOTOH KOHCTPYK-
[UH 3MaHMS 107 Harpy3Koi. AHam3HUpys TpaduKu Ha
puc. 15 u 16, momydaeM, 9To Haubojee parHoOHAIb-
HBIM TI0 KPUTEPUSIM MUHUMAJIBHBIX 3aTpaT Ha yCTPOU-
CTBO NPEIBAPUTENBHOTO HATSDKEHUS U IOBBILICHUSA
KECTKOCTH KOHCTPYKLMH SIBISIETCSI IPEABAPUTEIIb-
HOE HATSDKCHHS B BAHTOBOM djieMeHTe, paBHoe 10%
OT NpPEIBAPUTEIBHOIO ycwinsa B HeM. [Ipu naHHBIX
3HAYCHUSAX MPOTUOBI B KOHCTPYKLMSIX MHHUMAJIbHBI
U yIOBJIETBOPSIIOT TPEOOBAHUAM JECHCTBYIOLIMX HOPM.

BrusiHue BeIMUYMHBI MpEABAPUTENHHOTO Hamps-
JKEHUsl B BaHTAaX Ha BEPTUKAJbHBIC MEpPEMELICHUS
3JIEMEHTOB MOXKET OBITh aNIpPOKCUMUPOBAHO 3aBU-
CHUMOCTSIMU BHJA:

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

— 7S HEeHTPaJIbHOU apKH:

¥ =494333,00x" —294340,00x" +
+61002,00x" —5128,70x +194,78;

JUISL OKaMUISIFOILIETO KOHTYpa BhICTYMA:

y =1208666,67x" —727200,00x" +
+151842,33x” —12786,60x + 401,12,
BinsHue BeInMYHHBI OpECAHAINIPAKCHNUA B BAHTax
Ha TOPHU30OHTAJIBHBIC NIEPEMEIICHUSA JICMCHTOB MOXKET

OBITH alPOKCUMHUPOBAHO 3aBUCUMOCTSIMH BUJIA!
JUTS LICHTPAJIbHOM apKH:

y =1002400,00x" —601040,00x" +
+125122,00x" —10500, 60x +331,47;
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— Ul OKAMMJISIIOIIEr0 KOHTYPA BBICTYIIA:

y =1477466,67x" —885906,67x" +
+184464,33x> —15496,13x + 488, 20.

PesynbraTel uccnenoBaHusl BIMSHUS IIPEABAPU-
TEJIBHOTO HATSDKEHUS Ha AeopMalnuy KOHCTPYKUUH:

— BBISIBJIICHO, YTO NIEPEMEIIECHUS OKaHMIIIOIIETO
KOHTYpa BBICTYIIA OoJiee BOCIIPUUMYNBBI K M3MEHE-
HUIO BEJIWYUHBI IPEJBAPUTEIBLHOIO HATSKECHUS B
OTTSXKKAX;

— MOJIy4€Hbl KAUECTBEHHBIE U KOJIUYECTBEHHBIE
XAapaKTEPUCTUKU 3aBHCUMOCTEH, IPEICTABICHHBIX HA
rpadukax;

— OTpPa)XEHBI 3aBUCHMOCTH BIMSHUS IIPEIBapH-
TEJIFHOT'O HANpsDKEHUsl OTTSDKEK Ha MPOTHOBI die-
MEHTOB;

— OIPEJEIICHBl ONTUMAIIBHBIE 3HAUYEHUS NIpeNBa-
PUTEIHHOIO HATSDKEHUS BaHT IPU COOIIOJCHUN Tpe-
OoBaHMII BTOpPOW TPYMIIBI MPEAETbHBIX COCTOSIHUH
JUTSL TOIEPKUBAEMBIX OTTSXKKaMU KOHCTPYKIIHH.

BoiBoabI

[lo pe3ynbraTaMm BBIIOJIHEHHOH pabOThl MOXKHO
CeNaTh CIEeAYIOINe BEIBOIBI.

e JlocTUrHyTa IOCTAaBICHHAS 11eJIb: pa3paboTaHa
KOHCTPYKTHBHasl (opMa, CIIocOOHasi BOIUIOTUTH ap-
XUTEKTYPHYIO HJICIO.

e [IpencraBiieHbl KOMTMYECTBCHHBIE I KaUeCTBCH-
HBIE XapaKTEPUCTHKH, MTO3BOJISIOIINE OMKCATh apXu-
TEKTYPHYIO U KOHCTPYKTUBHY!O (opMbI 31aHusL. JIro-
Oast apxuTeKkTypHas GopMa JOJDKHA OBITH ONMUCAaHA
AHAJTMTUYECKUMH 3aBHCUMOCTSIMH, TOJIKO TOT/a OHA
MOXeT ObITh KOHCTPYKTHBHO ITPOpadoTaHa.

o dopmanu30BaHbl METOUKH PEATH3ALMN apXH-
TEKTYPHOH (OpPMBI HECYIIMMH OOJBIICIPOICTHEIMU
KOHCTPYKLUSIMH.

o [ pa3paboTKy 3[aHNs ¢ KOHCTPYKIMSIMU MH-
HUMaJTbHOW MAaTepHaIOeMKOCTH BBITIOIIHEHO PETyIH-
pOBaHHE YCUIIM B 3JIEMEHTaX 3[JaHHs IyTeM IpUMe-
HEHHUsI COOTBETCTBYIOIMX HECYLIMX KOHCTPYKLHMH U
3 QeKTUBHBIX KOHCTPYKTUBHBIX MEPOIIPHUSITHI.

e OrmpenienieHo ONTHMATIBHOE PACTIONOKEHUE BaH-
TOBBIX JIEMEHTOB, CIIOCOOCTBYIOIIEE YMEHBLICHUIO
nedopMarii U ceUeHHU AIEMEHTOB, a TAKXKE yBEIH-
YHBaroIllee MPOCTPAHCTBEHHYIO )KECTKOCTh U yCTOMl-
YMBOCTH KOHCTPYKLHH.

e llccnenoBaHo BIMSIHUE BENWYMHBI IIpeIBapu-
TEJILHOT'O HATSDKEHUSI B BAHTOBBIX JIEMEHTAX Ha Jie-
¢dopmanun koHcTpykuuit. [lo pesynpraTam 3TOTO HC-
CIICOBAHMS ONpPEIEICHO, YTO MUHUMAIBHBIMU HE00-
XOAMMBIMH 3HaU€HHUSMU IIPEIBAPUTEIHHOTO HaTsXKe-
HUS SABIAIOTCA ycunus, paBHble 10% oT mpenBapu-
TEJIBHOT'O YCWJINS B BaHTAaX.
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e Pa3zpaboTaHHast KOHCTPYKIMS 31aHus JeTb(hHUHA-
pus B T. Bonrorpaje sBIsieTCss MHOTOKpPAaTHO CTaTHde-
CKH HeollpeaenuMoi cucremon. B ciyuae, ecnu BbI-
KJTIOUMTCSI OAMH 3JIEMEHT, TPOHU30MIET IMepepacipese-
JIeHWe YCWJINH U KOHCTPYKIUSA MPOJOJDKHT HECTH
Harpy3Ky, 94To CIIOCOOCTBYET BBITOJIHEHHUIO TPEOOBAHMIA
00 obecrieueHUH MEXaHWYECKOM M KOHCTPYKIMOHHON
Oe3omacHocTH [ Denepanbhblii 3akoH Ne 384-D3].
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Adjustment of forces in large-span structures in the design of
a rational constructive form of a Dolphinarium in Volgograd
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Abstract. In some cases, architectural, technological or other special requirements dictate the development of buildings and
structures with large spans of shells. The choice of the scheme of bearing structures depends on the size of the span, architectural and
planning solutions, the shape of the building in plan, the height of the structure, the presence and type of suspended transport, the re-
quirements for the rigidity of the shell, the nature of lighting and aeration, type of roof, size and distribution of loads, the need to ac-
commodate large masses of people and other factors. Differences in the purpose of large-span buildings and structures, features of
technological processes, architectural and aesthetic requirements determine the use of a variety of solutions of such coatings.

The article presents design measures for the implementation of architectural and artistic solutions of the building of
the Dolphinarium in Volgograd. Analytical description of complex architectural and structural forms is performed.
The analysis of existing structural forms of large-span structures is given. In the design, the concept of a combined arch-
cable system was implemented, in which the cable system acts as an unloading and supporting system. The study of
the work under load of various schemes of the cable system. It was also investigated the influence of pre-tensioning braces
on strain supported their designs, and from what was determined optimal value of the efforts of the cables tension.

Keywords: design, metal structures, large span structures, arched structures, cable-stayed structures, pre-tensioning
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HAYYHAS CTATbA

AHaJIM3 U3MEHEHUS YCUJIMH B KOHCTPYKIUAX MPH Yy4eTe CTAAUNHOCTH BO3BEACHUS
O.B. MkptbiueB, M.U. Auapees*, JI.C. CuaopoB

HanmonanbHbii uccienoBarenbckuit MOCKOBCKUI TOCYJapPCTBEHHBIN CTPOUTEIBHBIN YHUBEPCUTET
Apocnasckoe wocce, 26, Mockea, Poccuiickas @edepayus, 129337

* ABTOp, OTBETCTBEHHBIH 3a IEPEIUCKY

(nocmynuna 6 pedaxyuro: 23 mapra 2018 r.; npunsma xk nybauxayuu: 25 urons 2018 r.)

B crarbe npuBeneHbl pe3ysbTaThl PaCUETHBIX MCCIEHOBAHUN, NO3BOJIMBIIMX YCTAHOBUTH 3aBUCHMOCTb I1apaMETPOB
HAaIpPsDKEHHO-/1e(OPMUPOBAHHOI'O COCTOSIHUSI HECYIIMX KOHCTPYKIMI BHICOTHOTO 3[IaHUS IIPU pacyeTe ¢ y4eToM Hu 0e3 yde-
Ta cTaAuitHOCTH BO3BeAeHUs. [Ipoliecc cTpouTenbcTBa SBISETCS MHOTOATAIIHBIM U CUJIBHO CBSI3aH C MOCJIEI0BATEIbHOCTHIO
BBIMOJIHAEMBIX pa0OT Ha CTPOMTENBHOM IuIomaake. Kak u3BecTHO, OETOH HAOWpaeT PacyeTHYH IMPOYHOCTh B TCUCHHUE
OMpPEICJICHHOTO BpeMeHH. Takke, B TOM HJIH HHOM MOPSIIKE, MOTYT BBIMIOIHATLCS PA0OTHI 10 YCTAHOBKE U YIAJICHUIO KOH-
CTPYKTHBHBIX JIECMEHTOB CUCTEMBI, I3MEHEHHIO COCTOSHUS CBsi3eil. TakuM 00pa3oM, 3TH mapaMeTphl BIUSIOT HA KOHEYHOE
HaTPSKCHHO-Ie(OPMUPOBAHHOE COCTOSHUE HECYIMX KOHCTpykuuil. [Ipu pacuere Oe3 ydueTa CTaAMHHOCTH BO3BEICHHS B
KOJIOHHAX BEPXHHUX 3TaXeH 3MaHUH M COOPYKEHUH MOTYT BO3HHKATH JOCTATOYHO OOJIBIIUE PACTITUBAMOIIUEC YCHIIHS,
HAOIIIOTAIOTCS XapaKTepHbIE TOPU30HTANBHBIE OTKIIOHCHHUS OCH 3TaHHUS OT BEPTHUKANH. MICTOYHHKaMH MEpeKOCOB MOTYT
SIBISITHCSI HEPETYISIPHOCTD KECTKOCTEH 3/IaHMs B IIAHE W HepaBHOMEpHBIC nedopMaui OCHOBaHUS COOpyKeHUs. JlaHHOoe
SIBIICHUE OOBACHACTCA HEYYETOM CTAAMWHOCTH BO3BEACHWS KOHCTPYKIMH, CUMTACTCS, YTO 3aHUE 3arpy’KaeTcs OIJHOMO-
MEHTHO. [ OpH30HTaNIbHBIE CMEIICHUS 3TaXEH, PAaCIOI0KEHHBIX HIKE YPOBHS MOHTa)Xa COOTBETCTBYIOIIETO 3Tama, Heoo-
XOJIMMO KOMIIEHCUPOBaTh, YUUThIBasl UX IIPU pacyeTe. B cBsI3u ¢ 3TUM, B CTaTbe paccMaTpUBACTCA BIHUSAHHUE YUETa CTalUM-
HOCTH BO3BEIEHMs Ha yCWJIUS, BOZHUKAIOIIME B 3JeMEHTax 3naHus. IIpencraBneH npumep pacuera BBICOTHOIO 3/1aHUS B
nporpaMMHOM KoMiuiekce «JIMPA 9.6» ¢ yueTom cTaAMHOCTH BO3BEJEHHSI U MOIIATOBOTO MPUJIOKEHHS HArpy3KW Ha pac-
YETHYI0 MoJieJb. MojenrpoBaHue Ipolecca BO3BEACHUS JAaeT BO3MOXXHOCTh YUHUTHIBATh HEPABHOMEPHYIO OCAJKy BEPTH-
KaJIbHBIX DJIEMEHTOB, CMEIIICHUE XaPAKTEPHBIX TOUCK (OTMETOK) COOPY>KEHHS B TOPH30HTAIHLHOM HAITPABIICHHU.

KaroueBnie ciioBa: CTPOUTCIIBHBIC KOHCTPYKLHU, paCUCTHAA MOACJb, CTaANU BO3BCACHUS, BLICOTHOC 3JaHHC, HAIIPs-
)KCHHO-ﬂCCI)OpMI/IpOBaHHOC COCTOSHHEC, TCHCTHYCCKAasA HeHHHeﬁHOCTL, HEJIMHECHHBIC METOIBI pacye€Ta, KOHCTPYKTUBHAA CXEMa

BBenenue

B HacTosmee BpeMs B HOpMaTUBHBIX TOKYMEH-
Tax HE CYHIECTBYET CTPOTHX TpeOOBaHWH K pacue-
TaM C y4€TOM CTaJIMHNHOCTU BO3BeneHud. I[loaTomy
OOJILIITMHCTBO PAaCUYETOB CTPOUTEIBHBIX KOHCTPYK-
IIAHA, 3TaHUN ¥ COOPYKEHHM MPOBOIATCS 0e3 yuera
CTaIMHHOCTH BO3BEACHUS, YTO MOXKET IIPUBOIUTE K
CYIIECTBEHHBIM MOTPEIIHOCTSAM B PE3yJbTaTax pac-
4yeToB. B cooTBeTcTBHU ¢ TpeboBanusimu @3 Ne 384
(cT. 16) pacueTHble MoAeNH (B TOM YHCJIE pacyer-
HBIC CXEMBbI) CTPOUTENIBHBIX KOHCTPYKUUH U OCHO-
BaHWN JOJDKHBI OTpaXkaTh JEHCTBUTENBbHBIE YCIIO-
BHS pabOTHI 3AaHUS WIIH COOPYKEeHHA. Takum oOpa-
30M, 3ajJlaya MCCIeOBaHMs HamlpsKeHHO-IehopMHu-
POBaHHOTO COCTOSIHMS C Y4E€TOM IO3TAalHOro U3Me-
HEHUS PACUCTHBIX MOJIENEH ABISAETCS aKTyaIbHOW H

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

TpeOyeT peanu3aluy IIPH IIPOBEJCHUM pacueTa He-
CYIIUX KOHCTPYKIUIN COOpY>KeHUH U 31anui [1].

B cayuae, xorga Harpyska K 3JaHMIO NIpHUKIa-
IBIBAETCSI OMHOMOMEHTHO, €r0 HaPsXKeHHO-Aedop-
MHPOBAHHOE COCTOSIHUE MOXKET OTJINYaThCA OT CHU-
Tyalli, KOT/la Harpy3ka HpHUKJIaAbIBaeTCs B MpPO-
1[ecce BO3BEICHHs. JTO MPOUCXOAUT U3-3a U3MEHE-
HUSl pacueTHOW CXEMBI 3JIaHUs MpH ero jaedopmu-
pOBaHMU B XOJ€ BO3BeleHUs. Ecnu usmeHenus pac-
YETHOW MOJENN SBISAIOTCS CYIIECTBEHHBIMH, TO 3a-
Jla4a JOJDKHA pelaTbes B TEHETHYECKH HETMHEHHOM
IIOCTaHOBKE. JlaHHBII BUJ HEJIUHEHHOCTU SIBJISIETCS
Pa3HOBHJIHOCTBHIO T€OMETPUUYECKON HEIMHEWHOCTH,
BO3HHUKAIOIIEHN B IPOLIECCE BO3BEACHUSA COOPY/KECHUS.

CymiecTByromas MpakTUKa pacdeTHbIX 00OCHO-
BAHMM KOHCTPYKTHUBHBIX PELICHHUU COOPYKEHHU U
31aHUI1 OCHOBBIBAETCS HA MPOBEJCHUH CTaTHUECKUX
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pacyeToB B paMKax MpOLEAyphl OAHOITAIHOTO pac-
yeTa. [Ipy 3TOM KECTKOCTHBIE U TEOMETPHIECKUE Xa-
PaKTEPUCTUKHU MPHHUMAIOTCS TTOCTOSIHHBIME TSI BCETO
pacyeTHOro mpouecca. BennunHel U XapakTep MpH-
JIOXKEHHSI CTATUYECKUX HArpy30K Ha MOJENb MPHHU-
MAaIOTCSl HEM3MEHHBIMH TIPH IIPOBECHUH pacyeTa.

[Ipu pacuere Ge3 ydera CTagMWHOCTH BO3BEIE-
HUS B KOJIOHHAX BEPXHHX 3TaXKeH 3JaHUN U COOpYy-
JKEHUI MOTYT BO3HUKATH JIOCTATOYHO OOJBINIKE pac-
TATHBAIOIINE YCHUIINS, HAOIIONAI0TCS XapaKTepHbIe
TOPU30OHTAJIbHBIE CMEIEHUS ATaKel KOHCTPYKIIHH,
T.€. OTKJIOHEHUS OT BEPTHKAIH OCH 37anus. Mcrou-
HUKaMH TIEPEKOCOB MOTYT SIBIATHCS JIOKATHHO pac-
MOJIOKEHHBIE KECTKUE Y3IIbI JIECTHUYIHO-ITA(TOBBIX
OJIOKOB (HEPETYIIIPHOCTH KECTKOCTEH 3/IaHus B TUIAHE)
¥ HepaBHOMEpHBIE nedopMalii OCHOBAHUS COOPY-
skenus [2]. JlanHoe siBIeHUE OOBICHSIETCS HEYUETOM
CTaIUMHOCTH BO3BEICHHS KOHCTPYKLMH, CUHTaeTcs,
YTO 3[IaHHE 3arpyXaercs OJHOMOMEHTHO, a 3TO He
BepHO. ['opHU30HTaNIBHBIE CMEIIEHUS ITaXKEH, pacmo-
JIOKEHHBIX HIDKE YPOBHS MOHTaXka COOTBETCTBYIO-
IIero dTana, HeoOXOAMMO KOMIIEHCHPOBATh, YUHUTHI-
Bas WX IpHu pacuere [3].

[pomecc pakTHYECKOTO CTPOUTENBCTBA B 00IIEM
Cllydae sIBJSIETCSI MHOTOATAITHBIM U TECHO CBSI3aH C
MOCTIETIOBATENIFHOCTHIO BBIMTOHSAEMBIX OTIepaIiii Ha
cTpouTenbHOH Tuiomaake. [Ipu 3Tom, B TOM WM HHOM
MOPSIZIKE, MOTYT BBIIOJNHATHCS pabOTHI 10 YCTAaHOBKE
U yJaJIEHUIO0 HEKOTOPBIX 3JIEMEHTOB CHCTEMBI, YCTa-
HOBKE W yJaJCHHUIO JOIIOJHUTENBHBIX TPY30B, U3Me-
HEHHIO cOCTOsIHUA cBsi3eil. Kpome Toro, 6eTon Habu-
paeTr pacyeTHYIO0 MPOYHOCTh B TE€UYECHHE OIpE/eIICH-
HOTO BpeMeHHU [4].

Metoauka pacuera

Jl711 KOppEeKTHOTO ydeTa BbIIIeyKa3aHHBIX 3aMe-
YaHuil B coBpeMeHHBIX oTeuecTBeHHBIX (JIUPA [5; 6],
CKA/L [7]) u 3apy0exnbix (ANSYS [8], LS-DYNA [9])
MPOTPAMMHBIX KOMIIJIEKCaX CO3/IaHbl CIIeHaIbHbBIC
MOJIyJI C yCIIOBHBIM Ha3BaHHMEM «MOHTax», KOTO-
pBIe TIO3BOJISIOT MPOBECTH KOMITBIOTEPHOE MOJIEIH-
poBaHHE TIpollecca BO3BEIACHHUS KOHCTPYKIIUH, IPO-
CJIEIUB TIOCIIE0BATEIbHOE N3MEHEHNE KOHCTPYKTHUB-
HOU CXEMBI, YCTAHOBKY M CHSTHE MOHTQ)KHBIX HATpy-
30K. DTH MOJIyJIM TaKXKe MO3BOJIIOT CO37aBaTh CTa-
UM IEMOHTaXa, B paMKaxX KOTOPBIX MOXHO Kak Je-
MOHTHPOBATh KOHCTPYKIIUH, TaK  yOUPaTh HATPY3KH.

Ha xaxnmoit cranuu Bo3BeACHHS POU3IBOIUTCS
pacyeT COOTBETCTBYIOIIEH KOHCTPYKTHBHOUN CXEMBbI
3aHuA, COepKalleld 3JIeMeHThl, CMOHTHPOBAaHHBIC
(WM IeMOHTHPOBaHHBIE) K 3TOMY MOMEHTY. [Ipu 3TOM
MOJKET MPOU3BOJUTHCS YUET TEKYIIUX IPOYHOCTH H
Monyns neopmaiuu OCTOHA, a TAKKE HATUYIUS
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BpEMEHHBIX cToek onanyOku [10]. Eciu npoekTHOM
apMaTypsl WIU MPOEKTHOTO KEINe300€TOHHOTO ce-
YeHUS! 0Ka3bIBA€TCA HEJOCTATOYHO, TO HEOOXOIH-
MBI KOPPEKTUPOBKHU MPOECKTHBIX PELICHUMN.

Puc. 1. PacueTHas cxema 31aHusi
[Figure 1. A design scheme of the building]

PaccMOTpUM BBICOTHBIN KUJIOW JOM, KOTOPBIA
npeacraBisger coboir 39-3taxkHOE 3mMaHUE B hopme
Tpamnenuy, B TUIaHe ¢ MaKCHMalbHBIMU pa3MepaMu
mo ocaMm 1-17/A-P 30,95x52,15 M U MakCUMAaJIbHOM
BeIcoTOM 143,3 M (puc. 1).

Kapxkac 3manus npenycmaTtpruBaercs B Bujie 0e3-
PUTETHHOTO MPOCTPAHCTBEHHOI'O KapKaca, BKIIIOYAI0-
miero coeMHeHne (PyHIaMeHTOB, KOJIOHH, CTEH, a TaK-
e JIECTHUYHO-TH(TOBBIX y3JI0B, JKECTKO CBSI3aHHBIX
C MOHOJIUTHBIMH MEPEKPBITHIMH.

[IpocTpaHCTBEHHAS KECTKOCTh U yCTOHYUBOCTD
31aHusl 00ecreYnBaeTCss COBMECTHOW paboTOi CTeH
U KOJIOHH, CTEH JICCTHUYHO-JTU(PTOBBIX OJIOKOB U ILIAT
NIEPEKPBITUN.

Hecymme KoHCTpYKIIMY BBITIOHEHEBI M3 MOHOIUT-
HOTO JXeJie300eToHa: PyHIaMEHTHBIC TUTHTH — OSTOH
knacca B35; HapyxHble creHbl — OeToH Kiacca B40;
KOJIOHHBI U BHYTPEHHUE CTCHBI — OeToH Kiacca B40);
IUTUTHI TIEpeKphITHi — O6eToH Kiracca B35, B30; mo-
IIAJKU JICCTHUL] W JECTHUYHBIC MapIin — OETOH
kiacca B25.

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



MkpTbiues O.B., AHgpees M.W., Cuaopos [1.C. CTpouTenbHas MexaHuka MHXEHEPHbBIX KOHCTPYKLMiA u coopyxeruit. 2018. T. 14. Ne 4. C. 293-298

Pe3yabTaTthl pacuera

Hwxe npuBe/ieHbI KOHEYHBIE JIeOPMHUPOBAHHBIE
CXEMBI C M30MOJSIMH TepeMeleHni o X 6e3 ydera
(puc. 2, a) u ¢ yuerom (puc. 2, 6) CTaAUHHOCTH BO3-
BezieHus. OCHOBHBIC Pe3yJIbTaThl pacdera NpuBejie-
HBbI B Ta0J. 1.

BT T T T
-210 -175 -140 -105 -70 -35 -21 O

17
M3onons nepeverennii no X(G)
Emymnp! mMepeHys - Mv

-60.3 -502 -402 -30.1 -20.1 -10 -0.603 0

HenmneitHoe 3arpyxerne 26
M3omnomst nepemertiermii o X(G)
1 IBMEPECHIS - MM

S T L CL L LECE LS

18 0

N
|

Tov

o

Puc. 2. JlepopmupoBanHas cxema

€ M30II0JIAAMH NepeMeleH i mo X:

a — 6e3 y4eTa CTauifHOCTH BO3BECHHUS;

6—c ydeTom CTa,E[HFIHOCTPI BO3BC/ICHUSA
[Figure 2. Deformed scheme
with isofields for X-direction:

a — without regard to the erection level;

6 — taking into account the erection level]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

Tabauya 1
OcHOBHbBIE pe3yJIbTaThl pacyeTa
[Table 1. Main results of calculation]
be3 yuera C yuerom
CTAMIHOCTH CTAAMAHOCTH
[Without re- [Taking into
gard to stage] | account the stage]
Ilepememenus
1mo X, MM 210 60,3
[Displacement X, mm]
Ilepemermenust
no Y, mm 372 102
[Displacement ¥, mm]
Ilepememenus
no Z, MM 346 306
[Displacement Z, mm]
Yenamsa Mx,
T*M/™M (PII)
[Stress Mx, 466(-559) 498(-547)
t*m/m
(foundation)]
Yeunaus My,
T*M/M (PII)
[Stress My, 681(—685) 628(-559)
t*m/m
(foundation)]
Yeuwmus N, T
(KOJIOHHBI)
[Stress V, ¢ —635 (27,6) =775
(column)]

[Hanee npuBenens! ycuiaus N B KOJOHHax 0e3
yueta (puc. 3, a) u ¢ yderom (puc. 3, 6) craguiiHO-

CTH BO3BCIACHHUSI.

[ e I— I
-635 -529 423 -317 -212 -106-0.2760.276 27.6

17
Moszavka N

Enyrvie! msmepenys - T
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[ B e e I
<775 -645 -516 -387 -258 -129 -7.75 -0.198

HermreiiHoe 3arpyxerre 26
Mo3zanka N

Emvrvige! misMepenys - T

/ E/io\ X

o

Puc. 3. Yenaus N B KoJIOHHAX:

a — 6e3 yJeTa CTaAuilHOCTH BO3BECHHS;
6—-c¢ Y4€TOM CTaHHﬁHOCTH BO3BCACHUA
[Figure 3. Efforts N in the columns:

a — without regard to the stage of construction;
6 — taking into account the stage of construction]

BriBoabI

CpaBHUTENBHBIN aHANMN3 MTEPEMEILICHUI TOKa3bI-
BAaeT, YTO MPH y4eTe CTaTUHHOCTH BO3BEACHI HaOIIO-
JTAIOTCSl MeHbIME (B 7 pa3) TOPU3OHTAIBHBIE Tepe-
MEIleHHs Bepxa 31anus. Takue pe3yabTaThl NpUHIN-
MUATEHO COOTBETCTBYIOT JaHHBIM, IOJYYSHHBIM IO
WTOTaM MOHHUTOPHHTA PAa3IUYHBIX MHOTOATAXKHBIX BBI-
COTHBIX 3JaHUM.

Crieyer OTMETHTb, YTO TIpH pacyeTe Oe3 ydera cra-
JIMAHOCTH BO3BEICHMS BOSHUKAIOT PACTSTHUBAIOIINE YCH-
yust N 1o 28 TC B KOJIOHHAX BEPXHUX dTaxkel (puc. 3, a),
YTO HE COOTBETCTBYET AECHCTBUTENBHOCTH. Pactsarusa-
IOIIMe YCUIHSL He HAOMIoaeTcs TpH ydeTe TocIeoBa-
TENIBHOCTH BO3Be/IcHUS (puc. 3, 6). VI3 cpaBHUTENHHOTO
aHaNM3a Pe3yJbTATOB TAKKE BHUAHO, YTO MPH MOJICIH-
POBAaHUH 3[AaHUS C YIETOM CTaIMHHOCTH BO3BEACHUS
HaOmomaeTcs Ooee afeKBaTHAS KapTHHA B YaCTH pac-
TpeJieNIeHHs HaNpsHKEHUH W yCUITHHA (CIyIaXKeHHBIA Xa-
paKTep) MO HECYIMM 3JIEMEHTaM KaXKIOTO 3Taxka, YTO
TIPUBOIUT K SKOHOMHH OETOHA M apMaTypBlI.

3akiouyenne

Takum 06p2130M, BBINICHU3JIOXKCHHOC CBUACTCIIb-
CTBYCT O H€O6XOI[I/IMOCTI/I yueTa CTaJUNHOCTH BO3-
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BEJICHUSA MPU MPOSKTUPOBAHUU BBICOTHBIX 3aHUN U
coopykeHui. Jis pereHns Takux 3aaa4d HeoOXOIu-
MO BBITIOJIHSTh PacyeThl B HEIMHEWHOW MOCTaHOBKE
[11;12].
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Stress changing analysis in structures with account of the erection level
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Abstract. The article shows the results of computational studies of buildings taking into account and without taking in-
to account the stages of erection. They make it possible to establish the dependence of the parameters of the stress-strain
state of the load-bearing structures of a high-rise building during the calculation. The construction process is multi-stage and
is strongly associated with the consistency of the work performed on the construction site. When calculating without taking
into account the stage of construction in the columns of the upper floors of buildings and constructions, sufficiently large
tensile forces may occur, there are characteristic horizontal deviations of the building’s axis from the vertical. The sources
of distortions may be the irregularity of the rigidities of the building in the plan and the uneven deformation of the base of
the structure. This phenomenon is due to the lack of staging of the erection of structures, it is believed that the building is
loaded the instantly. The horizontal displacements of the floors below the installation level of the corresponding stage must
be compensated, taking them into account when calculating. In this regard, the article discusses the impact of accounting for
the stages of construction on the forces arising in the elements of the building. The example of calculation of a high-rise
building in the software complex LIRA 9.6 taking into account the stages of construction and step-by-step application of
the load on the design model. Modeling of the erection process makes it possible to take into account the uneven precipita-
tion of vertical elements, the displacement of characteristic points (marks) of the structure in the horizontal direction.

Keywords: building construction, calculation model, stage erection, high-rise building, the stress-strain state, genetic
nonlinearity, nonlinear calculation methods, the constructive scheme
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Abstract. The effective buckling length of a column in a steel frame depends on the sidesway of the frame.
The classification sidesway — no sidesway of a frame depends on all members of the frame and is made on an empirical
basis. A change of class leads to large changes in the effective column length, and thus affects the buckling load and the
economy of the column design. In order to avoid the uncertainties of the empirical classification, it is proposed to determine
the buckling load of the complete frame with a nonlinear analysis. The method is illustrated with an unbraced and a braced
frame, which are analyzed for hinged as well as fixed columns at ground floor level. The forces in the columns at buckling
of the frames are compared to the buckling loads of the single columns.

The design of high-rise steel frames against buckling by sidesway — no sidesway categorization has been com-
pared to the buckling analysis of the frames as a whole with nonlinear models. The results confirm the large differences
between the buckling loads of braced and unbraced high-rise frames, which are well known from analytical solutions for

simple portal frames.

Keywords: high-rise building, column buckling, sidesway, effective length

1. Objective

Building codes of different countries stipulate
that the effective length for the buckling of columns
in a steel frame depends on the sidesway of the frame.
The effective length factor of columns varies from
0.5 to 1.0 in a single bay portal frame without side-
sway, but from 1.0 to infinity if there is sidesway.
Frames are classified as frames with or without side-
sway on an empirical basis, before separate align-
ment charts for effective length factors are applied
for the two classes. Slight changes in the frame de-
sign, which change the class, can lead to unrealistic
changes in the effective length factor.

Analytical solutions for axially loaded single
columns with hinged and fixed ends [1] show, that
the buckling load does not only depend on the rota-
tional restraints at its nodes, but also on the restraint
against relative lateral motion of the nodes. This la-
teral displacement is called sidesway.
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The traditional analysis of column buckling in
complete structures accounts explicitly for the ben-
ding stiffness of the adjacent members of a column.
The stiffness factors are defined for both nodes of
a column. Restraint against sidesway is not specified
for the adjacent members, but for the structure as
a whole. The classification is empirical according to
rules specified in codes [2; 3]. There are only two
classes of lateral restraint: sidesway and no sidesway.
Intermediate degrees of restraint, which exist in the
structure, are not considered in the buckling analysis.

A considerable amount of research is conducted
in Russia in the area of mathematical and computer
modeling of displacements and stability of 3-D rods
subjected to compression, bending and torsion [4-9].
Numerical investigations with commercial software
products are also being performed [10]. However,
the determination of the effective length of columns
in multistory frames still comprises a problem for
design engineers.
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A reliable method for the determination of
the elastic buckling load of multi-storey and multi-bay
steel frames is presented. Material nonlinearity due
to yielding is not considered. In order to compare
the proposed complete frame method to traditional
single column design, the axial forces acting in
the columns at buckling of the complete frame are
determined. They are compared to the buckling loads
of the single columns, which are restrained at their
ends by the adjacent members of the frame.

Analytical solutions for axially loaded single
columns with hinged and fixed ends [1] show, that

the buckling load does not only depend on the rota-
tional restraints at its nodes, but also on the restraint
against relative lateral motion of the nodes. This lat-
eral displacement is called sidesway.

A column C, which is part of a complete struc-
ture, is restrained laterally and rotationally at its nodes
by the adjacent members of the structure. The degree
of restraint depends not only on the properties of these
members, but also on the stress resultants acting in
the restraining members. If they are themselves near
buckling, the adjacent members do not provide sig-
nificant restraint against buckling of column C.
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Figure 1. Traditional buckling analysis of columns in a frame
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The traditional analysis of column buckling in
complete structures accounts explicitly for the ben-
ding stiffness of the adjacent members of a column C.

The stiffness factors G, and G, in figure 1 are defi-

ned for nodes 4 and B of column C. Restraint against
sidesway is not specified for the adjacent members,
but for the structure as a whole. The classification is
empirical according to rules specified in codes. There
are only two classes of lateral restraint: sidesway and
no sidesway. Intermediate degrees of restraint, which
exist in the structure, are not considered in the buck-
ling analysis.

The influence of the restraints on the buckling load
of column C is measured by means of the effective
length factor B. The effective length factor of a simply

supported column without sidesway equals 1 and its
buckling load is given by the Euler formula. The buck-

ling load P, of a column with general restraint is also

computed with the Euler formula, but its true length L
is replaced by the effective length B L. For given

restraints, the effective length B is read in alignment
charts [11] such as those shown in figure 2.
2
n EJ
P == (1)
(BL)

EJ —bending stiffness of the column.

The simplest frame is a portal frame, which con-
sists of two equal columns connected by a horizontal
girder. The analytical solutions for the effective
length factor of portal frames with hinged and with
fixed columns are shown in figure 3 for the classes
sidesway and no sidesway. The stiffness ratio is

0=G,=(J,L)/(J,L,).
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Figure 3. Buckling of portal frames

Figure 3 illustrates that the effective length factor
B depends very strongly on the end restraint of
the column. The buckling load in equation (1) depends
on B°. The economy of column design in engineering
practice depends on the reliable determination of
the effective length factor. To avoid the uncertainties
associated with the empirical classification sidesway
and no sidesway, which has a dominant effect on
the effective length, and to account for the state of
the adjacent members, which provide the buckling re-
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straint for a column, a new approach is followed by
basing the buckling design on a nonlinear analysis of
the structure as a whole. The objective of the reported
research is to compare this approach to the traditional
column design method.

2. Nonlinear Analysis of Frames

In order to account for the true stiffness of
the elastic frame in the buckling of columns, a geo-
metrically nonlinear analysis of the frame as a whole
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is performed. The attributes of the frame and a load
pattern are prescribed. The applied load is the pro-
duct of the load pattern and a load factor. The finite
element method is used to formulate the governing
equations [12]. The equilibrium conditions are sa-
tisfied for the instant configuration of the structure
and the nonlinear terms of the strain-displacement
equations are taken into account. The nonlinear
governing equations are solved with a stepwise ite-
rative method. The step size is controlled by keep-
ing the arc increment constant. The displacement
increments in the steps are summed to yield the to-
tal displacements.

In each step of the analysis, the tangent stiffness
matrix K of the current frame configuration is decom-
posed into the product of a left triangular matrix L
with unit diagonal elements, a diagonal matrix D with

diagonal coefficients d, and a right triangular matrix

L". The product d,d,...d, of the diagonal coeffi-

cients of D equals the determinant of the tangent stiff-
ness matrix K of the frame in the current load step.

detK = dd,...d,. 3)

The diagonal coefficients d, are monitored. If

the sign of at least one coefficient d; changes from

positive to negative in a load step, this coefficient
has the value null for a load factor A within the load

step. The tangent stiffness matrix K becomes singu-
lar for this load factor, and the frame buckles.

After the load step has been determined in
which the frame configuration becomes singular,
the value of the critical load factor A, is determined

by solving a general eigenvalue problem. The formu-
lation of this eigenvalue problem is also treated in [3]
and implemented in a software platform. The follo-
wing examples have been analyzed with this platform.

3. Test Cases

The buckling load of plane test frames with the
geometry and loading shown in figure 4 is deter-
mined by nonlinear analysis. The test frame consists
of 4 bays with equal widths of 6.0 m and 12 storeys

K =LDL". 2) with equal heights of 4.0 m.
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Figure 4. Multi-storey steel frame subjected to uniform floor load
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Figure 5. Graphic display with finite element model and member attribute panel

The bays are numbered consecutively from left to
right, starting at 0. The vertical lines containing the col-
umns are called sections. The sections are also num-
bered consecutively from left to right, starting at 0. Bay
k starts at section k£ and ends at section £ + 1. The sto-
reys are numbered consecutively, starting at 0. The hor-
izontal lines containing the girders are called floors.
The floors are also numbered con-secutively, starting at
0. Storey £ starts at floor & and ends at floor £+ 1.

The cross-section of the girders is constant over
the height of the frame. The cross-section of the co-
lumns is constant in floors 0 to 3, 4 to 7 and 8 to 11.
The section properties are shown in the figure. Areas
are specified in m”, moments of inertia in m*. All
members of the frame have a modulus of elasticity of
2.1%10° kN/m”. The girders carry a uniformly distri-
buted load of 80.0 kN /m.

The four analyses of the test frame are identified
as case 1 to case 4. In cases 1 and 3 the columns of
the lowest floor 0 are hinged at the foundations,
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in cases 2 and 4 they are fixed. In all cases the co-
lumns are fixed against translation at the foundations.

Different degrees of restraint against side-sway
are provided by means of bracing in bay 0. In cases 1
and 2 the frame is unbraced. In cases 3 and 4
the frame is braced. A range of bracing stiffness is
studied in both cases by varying the area of the bra-
ces from 0.0005 to 0.0020 m”.

The test frame is mapped by a parameterized
generator to a finite element model. The finite ele-
ments for bending in the nonlinear frame analysis do
not account for the influence of the axial force on
the bending moments due to the curvature of the de-
formed axis of the finite element. In order to achieve
adequate accuracy of the buckling loads in a stability
analysis, it is therefore not sufficient to model the co-
lumn between two floors of the frame with a single
finite element. Each column of the frame is mapped
to 4 members with a length of 1.0 m in the finite ele-
ment model. The girders of the frame are not subject
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to large axial forces. Each girder of the frame is
therefore mapped to 3 members with a length of 2.0
m in the finite element model.

Figure 5 shows the digital display of the soft-
ware platform in which the nonlinear analysis has
been implemented. The upper two rows contain but-
tons and combo-boxes for the control of the func-
tions of the platform and the identification of nodes,
members, loads and supports of the finite element mo-
del. The screenshot shows the finite element model
for the frame in figure 4. Also shown is the panel
with the attributes of the member which is marked
with the color cyan in the frame elevation. At other
stages of the analysis, the computed results are dis-
played in the graphic panel.

D | Format Editar | C
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&+ frame history " axial force
" displacement history " shear force

" force history & bending moment

" load pattern " eigenstate
glerment narme I— magnification IW
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show nodes

show grid

Figure 6. Format editor of the graphic user interface

The output of the nonlinear analysis is con-
trolled with the format editor in figure 6.

Case 1. Unbraced frame with hinged supports

The load is applied in 10 steps. The frame
reaches a singular state for load factor 0.9628.
The displacements, bending moments and axial for-
ces in the frame at the buckling load are shown in
figure 7. Also shown is the buckled shape of the frame.
The upper 10 storeys remain essentially undeformed
at buckling and displace laterally due to bending de-
formations of the columns of the lowest two storeys.

There is no lateral displacement until buckling
occurs. The vertical displacement of the topmost left
node is 14.2 mm that of the neighboring node on
the same floor is 30.0 mm. Bending of the inner co-
lumns is negligible. The bending moments in the outer
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columns reach 105 kN*m. The bending moments of
—240 kN*m at the end points of the inner girders are
nearly equal to —gL' /12 =-0.9628%80%6" /12 =
= —231 kN*m. The bending moment of 130 kN*m
at mid-span of the outer girders exceeds g L’ /24 =
=116 kN*m significantly.

The total load at buckling is 22182 kN. The axi-
al forces in the columns in sections 0 to 4 of floor
0 are 2692, 5617, 5560, 5617, 2692 kN. The buck-
ling loads of the single columns, as determined
with the alignment charts, are 2165 kN for the
outer columns and 3718 kN for the inner columns.
The total capacity of the columns in floor O is
2%2165+3*%3718 =15484 kN, which is 69.8 per-
cent of the buckling load of the frame.

Case 2. Unbraced frame with fixed supports

The load is applied in 10 steps. The frame rea-
ches a singular state for load factor 2.442. The dis-
placements, bending moments and axial forces in
the frame at the buckling load are shown in figure 8.
Also shown is the buckled shape of the frame. Unlike
case 1, the columns bend significantly in storeys 0
to 6 due to the fixed supports. The building under-
goes shear deformation after buckling.

There is no lateral displacement until buckling
occurs. The vertical displacement of the topmost left
node is 36.3 mm, that of the neighboring node on
the same floor is 76.4 mm. The increase relative to
case 1 is proportional to the increase in the load factor.
Bending of the inner columns is negligible. The ben-
ding moments in the outer columns reach 289 kN*m.
The bending moments of =578 kN*m at the end
points of the inner girders are nearly equal to
—q L' /12 = —2.442%80%6” /12 = —586 kKN*m. The
bending moment of 430 kN*m at mid-span of the
outer girders exceeds the value ¢ L’ /24 =293 kN*m
significantly.

The total load at buckling is 56235 kN.
The axial forces in the columns in sections 0 to 4 of
floor 0 are 6823, 14247, 14095, 14247, 6823 kN.
The buckling loads of the single columns, as deter-
mined with the alignment charts, are 12822 kN for
the outer columns and 16084 kN for the inner co-
lumns. The total capacity of the columns in floor 0
is 2#12822+3*16084 = 73896 kN, which is 131
percent of the buckling load of the frame, as com-
pared to 69.8 percent in case 1.

FRAME BUCKLING
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Case 3. Braced frame with hinged supports

The load is applied in 10 steps. For a brace area
of 0.001, the frame reaches a singular state for load
factor 5.3533. The displacements, bending moments
and axial forces in the frame at the buckling load are
shown in figure 9. Also shown is the buckled shape
of the frame. The buckled shape is a shear defor-
mation of frame with strong deformation in storey 0.

The frame displaces laterally before buckling.
This is due to the unsymmetrical bracing. The verti-
cal displacement of the topmost left node is 7.0 mm,
its lateral displacement is 737 mm. If the maximum
lateral displacement of a frame of height H is limited
to H/100, the maximum permitted lateral displace-
ment is 480 mm. The frame therefore cannot be
loaded up to the singular state. Because the load fac-
tor-displacement diagram of the left topmost node is
highly nonlinear, the maximum permitted load factor
of 4.62 is read in the diagram.

Due to the bracing, the bending moments in
the columns are lower than in cases 1 and 2, but
the moments in the columns of storey 0 are signifi-
cantly higher than those in the other storeys of
the frame.

The total load at buckling is 123370 kN.
The axial forces in the columns in sections 0 to 4 of
floor 0 are 9709, 35733, 31091, 31127, 15710 kN.
The buckling loads of the single columns, as deter-
mined with the alignment charts, are 28320 kN for
the outer and 30615 kN for the inner columns.
The total capacity of the single columns in floor O is
2%28320+3*30615=148485 kN or 120 percent

of the buckling load of the frame.
Case 4. Braced frame with fixed supports

The load is applied in 10 steps. For a brace area
of 0.001, the frame reaches a singular state for load
factor 6.9384. The displacements, bending moments
and axial forces in the frame at the buckling load are
shown in figure 10. Also shown is the buckled shape
of the frame. The buckled shape is a shear defor-
mation of the frame. The deformation in storey 0 is
much less than in case 3, but the bending defor-
mation of the columns in section 1 has become large
in storeys 2 to 6.

The frame displaces laterally before buckling.
The vertical displacement of the topmost left node
is 81.0 mm, its lateral displacement is 1486 mm.
If the maximum lateral displacement is limited to
H/100, the maximum permitted lateral displacement
is 480 mm. Because the load factor-displacement
diagram of the left topmost node is highly nonlinear,
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the maximum permitted load factor of 4.70 is read in
the diagram.

The total load at buckling is 159860 kN.
The axial forces in the columns in sections 0 to 4 of
floor 0 are 5880, 51937, 40668, 40185, 21193 kN.
The buckling loads of the single columns, as deter-
mined with the alignment charts, are 47615 kN
for the outer and 59480 kN for the inner columns.
The total capacity of the single columns in floor 0 is
2+47615+3%59480 =273670 kN or 171.2 per-

cent of the buckling load of the frame.
Stiffness of the braces

Table 1 and figure 11 show the influence of
the area of the cross-bracing on the critical load fac-
tor of the frame. The sensitivity of the buckling load
to the stiffness of the bracing is not reflected in
the alignment charts in figure 2.

Table 1. Influence of the brace area
on the load factor LF for buckling

Area of a brace LF for LF for
hinged supports fixed supports

0.0005 3.7236 5.6305
0.0006 4.1440 6.1045
0.0007 4.5093 6.5058
0.0008 4.8573 6.7105
0.0009 5.1534 6.8433
0.0010 5.3533 6.9384
0.0015 5.8648 7.1724
0.0020 5.9944 7.2583

g) 8 3 T T

= fixed supports

3

Se //

- [—

% // hinged supports

i, yd

= 7

2
0

0 0.001 0.002

brace area m?

Figure 11. Influence of the brace area
on the buckling load of the braced frame

4. Conclusions and recommendations

The design of high-rise steel frames against buck-
ling by sidesway — no sidesway categorization, com-
bined with the use of alignment tables for effective
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length factors of single columns, has been compared
to the buckling analysis of the frames as a whole with
nonlinear models. Both methods confirm the large
differences between the buckling loads of braced and
unbraced high-rise frames, which are well known
from analytical solutions for simple portal frames.
Sidesway is a very important factor influencing the
stability of the frames.

Four test frames have been analyzed to show
that the differences between the results of the two
methods are significant. The two-class sidesway ca-
tegorization does not account for the stiffness of
the bracing. Either there is no bracing, or the re-
straint against sidesway is rigid. The nonlinear ana-
lysis shows that the stiffness of the restraint has
a strong influence on the magnitude of the buckling
load of the braced frame. It is therefore expected that
the nonlinear analysis leads to more economical de-
signs than the two-category method. The nonlinear
analysis also improves safety because the “no side-
sway” condition of the two-category method cannot
be implemented in the built structure, such that
the buckling load is less than the value computed
with that method.

Before the nonlinear method can be recommend-
ed for general use in the buckling design of frames,
additional investigations are required. For example,
the buckling loads for general load patterns should be
studied in addition to the uniformly distributed load
on all beams used in the examples of this paper.
Broader ranges of frame geometry and member stift-
ness should be investigated. The influence of elastic-
plastic behavior must be considered. For general
structures, a wide range of three-dimensional nonline-
ar analyses must be performed and evaluated relative
to the traditional method of design.

An additional fundamental theoretical issue
must also be addressed. Several finite elements
have been used in this study to model one member
of the frame. This subdivision is necessary because
the element stiffness matrices in the applied method
(and in many commercial packages) do not account
for the influence of axial force on the bending stift-
ness of the individual member. If each member of
a frame can be mapped to a single element in
the model, which buckles at the Euler load corre-
sponding to its restraint condition in the frame,
the required storage and computational capacity for
the nonlinear analysis is reduced very significantly.
This reduction is highly desirable if the method is
considered for general use.

© Vera V. Galishnikova, Peter Jan Pahl, 2018

This work is licensed under a Creative Commons
Attribution 4.0 International License
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AHaJIM3 YCTOMYMBOCTH paM
0e3 yuyeTa KJIACCH(PUKALUM 110 BO3MOKHOCTH MONEPEYHbIX CMelleHU
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* ABTOp, OTBETCTBEHHBIH 32 HEPENUCKY

(nocmynuna 6 pedaxyuro: 15 anpens 2018 r.; npunama xk nyoauxayuu: 15 nons 2018 r.)

PacueTHble AMHBI KOJIOHH MPH pacdyeTe CTAIbHBIX paM ONPEENSIOTCSA B 3aBUCUMOCTHU OT THUIA PAMBI — C BO3MOKHOCTBIO
MIOIEPEYHOTr0 CMELIEHHsT WM MPU OTCYTCTBUH TakoBoro. Kmaccudukanust paM 1o 3TOMy HPH3HAKY 3aBHCHT OT JKECTKOCTH
KOHCTPYKIIMU paMbl U YCIIOBUH €€ 3aKpEMJICHUS U BBIONHAETCS SMIMPUUYECKH. I3MEHEeHUe THIIAa paMbl B COOTBETCTBUH C 3TON
Kiaccu(uKaye BeAeT K 3HAYNTENbHOMY M3MEHEHHIO PACUCTHBIX JJIMH €€ KOJIOHH, YTO BIIEYET 33 CO00M M3MEHEHUE KPHUTH-
YECKON HArpys3KH, BIUSET Ha pa3Mep CEYeHHs KOJOHH M OOIIYI0 MAaTepHAIOEMKOCTh KOHCTPYKIMM paMbl. J[jist TOro 4roOb
n30eXaTh HEONPEAEICHHOCTH SMIMPUIECKON KIIaCCH(UKAINH, TIPEATIAracTCsl ONPENEIISITh KPUTHUECKYIO HAarpy3Ky pambl Ipy
MIOMOIIY HEJTMHEWHOT'O PacueTa, a pacyeTHbIE JUIMHBI KOJIOHH YTOYHSTh, HCX0As U3 (opmbl motepu ycroiunsoctu. Ipemara-
€MbIIi METOJI POUJUIIOCTPUPOBAH IIPUMEPAMHU pacueTa XKECTKOM U cBA3eBOM paMm. IlonydeHHble yCUiIus B KOJIOHHAX IIEPBOTO
9Ta’Ka CPaBHEHBI C KPUTHUYECKUMH HArpy3KaMH OTHENILHO CTOSLIMX KOJOHH. BBINOJIHEHO CPaBHEHUE pacyeTOB IO METOIMKE
HopM CUHIA c ucnosnp3oBaHueM Kiaccu(uKanuy paM U npejiaraeMoMy HellMHeHHOMY MeToxy. Pe3ynbraTel cpaBHEHHs MOA-
TBEPXKJAIOT 3HAUUTENBHBIE PACXOXKICHUS B KPUTHUECKOM Harpy3Ke IJIsl CBA3EBBIX U XKECTKUX MHOTOATAXHBIX PaM.

KiroueBble c10Ba: BEICOTHOE 34aHuEC, NMOTCPA YCTOﬁqHBOCTH KOJIOHHBI, HpO,HOJ'[I:HLIﬁ HpOFI/I6, pacyeTHad AJIMHA
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HAVYYHAS CTATbBA

YacruvHoe 3aKpbITHE NPAMOJHHEHHON TPELIUHBI,
HCXOAs e U3 KOHTYPa KPYTroBOIo OTBEPCTUSI B CTPUHICPHOM IJIACTHHE

M.B. Mup-Caaum-3ane

WNuctuTyT Matematuku u Mmexanuku HAH Asepb6aiimxana
ya. B. Baxabzaoe, 9, baxy, Azepbaiioscan, AZI1141

(nocmynuna 6 peoaxyuro: 15 anpens 2018 r.; npunsma k nyoauxayuu: 20 urons 2018 r.)

Nwmeromumecs B mIacTHHAX TEXHOJOTHMYECKHE OTBEPCTHS CO3JAIOT MOBBHIIICHHYIO KOHIIEHTPAIMIO HATPSOKCHUH B IIIa-
ctuHe. B craThe uccnenyercs moakperieHHasi CTpUHrepaMy TOHKas TIACTHHA, UMEIoIas KpyroBoe OTBEpCTHE, U3 KOTOPO-
I'0 UCXOOUT HpﬂMOﬂHHeﬁHaH TpeuirHa. I/ICHOJ'II)SyeTCH MOJICJIb TPCUINHBI CO CBA3AMU MCKIY 6eperaM1/1 B KOHIICBbIX 30HAaX.
[TnactuHa ¥ NoAKpemsiionKe pedpa KECTKOCTH BBIMOIHEHBI U3 Pa3HBIX YINPYTUX W M30TPONHBIX MarepuasioB. [Ipunsro,
9TO CTPUHTEPHI HE IMOABEPTalOTCs U3rHOy | NpH JedhopMaliy WX TONIIMHA He MeHseTcs. [nacTiHa mojaraeTcss HeOrpaHu-
YCHHOW W MOJIBEPracTCs PaCTSHKCHHIO Ha OCCKOHEYHOCTU. PacCCMOTpEH ciiydyail 4aCTHYHOTO 3aKPBITHS TPEIIUHBL. JlelicTBIEe
CTPUHIEPOB 3aMEHSAETCS HEU3BECTHBIMU SKBUBAJIEHTHBIMU COCPEIOTOUYEHHBIMH CHUJIaAMH, IPUJIOKEHHBIMH B TOUKaX COEIU-
HeHHs pedep ¢ uracTHHOH. J[JIs pelneHns paccMaTpuUBaeMOi 3a1adu OOBEIUHSIIOTCS METOJ PEeIleHHs YIpyToi 3amadu U
METOJ] TIOCTPOSHUs B sBHOH (opme moreHnuanoB KomocoBa — MyCXeNHIIBIIN, COOTBETCTBYIOIINX HEM3BECTHBIM HOP-
MaJNbHBIM CMEMIEHHUSIM BIOJb MPSIMONHUHEHHON TpemuHbl. i1 ompeneeHus mapaMeTpoB, XapaKTepU3YIOMNX 3aKPBITHE
TPELINHBI, TTOIYYeHO CHHTYIISIPHOE HHTETPAIbHOE YPaBHEHHE, KOTOPOE C IIOMOIMIBIO IPOLEAYPHI anredpan3annui CBEACHO K
KOHEYHOW HEJIMHEWHOH anredpandeckoit cucteMe. i onpenereHusi HEeM3BECTHBIX SKBUBAJIEHTHBIX COCPEAOTOUYEHHBIX CHIT
ucToib3yeTcs 3akoH ['yka. Pemenne anreOpandeckoil cHCTEMBI OBLIO MOMYYEHO C HWCIOJIB30BAHHMEM METOJAA IOCIIeAO0Ba-
TEeJIbHBIX NpUOIKeHni. HermocpeacTBeHHO U3 pellieH s NOTYyYeHHBIX alreOpandyecKux CUCTeM ObLIM HalJICHBI CHIIBI CLIEH-
JICHUSA B CBA3AX, KOHTAKTHBIC HAIPSP)KCHUA U pa3MEp KOHTAKTHOM 30HBI TPCUINHBI. HOJ’Iy'-IeHHble COOTHOUICHHA ITO3BOJISAKOT
pemaTh 00paTHYH 3alady, T.€. ONPEIeNATh XapaKTEPUCTHKH U HANPSDIKEHHOE COCTOSHHE MOIKPEIUICHHOW CTPUHTEPaMU
TOHKOW TUTACTHHBI ¢ KPYTOBBIM OTBEPCTHEM, IIPU KOTOPBIX JOCTHTACTCS 3aJaHHAs 00JIACTh KOHTaKTa OeperoB mpsMOUHEH-
HOH TPEIIMHBI, UCXOSIIEH U3 OTBEPCTHUS.

Ki1roueBble cj10Ba: CTpUHIEpHasl IUTACTHHA, KPyrOBOE OTBEPCTHE, CHIIBI CLEIUICHNS B CBA3SAX, KOHTAKT OEPEroB Tpe-
IIMHBI, KOHTAKTHBIEC HAPSKEHHS

Beenenne 13 KOHTYpa KPyTOBOTO OTBEPCTHSI CTPUHTEPHOH TIa-
CTHHEI.

ToHKHE TUTACTHHBI ¢ OTBEPCTUAMH SBIISIOTCS
HIIUPOKO PACIPOCTPAHEHHBIM 3JIEMEHTOM KOHCTPYK-
ruii. OTBepCcTHE CO37aeT MOBBINICHHYIO KOHIICHTpa-
LUI0 HalpsDKEHUW B IUIacTUHE. B CBsA3M ¢ 3TUM 3a-
pO)KZIeHI/Ie NN pa3BI/ITI/Ie TpeIIII/IH cnez[yeT OXHnJgaTrb
¢ noBepxHoctu oTBepctus. [loaToMy 3amauam o 3a-
POXKIICHUH WM Pa3BUTHH TPEIIUH, HCXOISIINX 13 KOH-

ITocTaHoBKa 3agaun

PaccmoTprM OecKOHEYHYHO TOHKYIO TUIACTHHY
C KpyToBbIM OTBepcTueM paauyca R. Ilnactuna sB-
JI€TCsl YIPYroM W M30TPOIHOM M MOJKPEIUIEHA MO-
MEPEUYHBIMU YOPYTUMH CTpUHTepaMu. CTpUHrepbl

Typa OTBEpCTHA, MOCBAILIEHO MHOro pabdor [1-18].
YcuneHne MIaCTUHBI pedpaMH >KECTKOCTH CIIOCcO0-
CTBYeT KOHTakTy OeperoB TpemuHbl [19-21]. Llens
pabOoThI COCTOUT B UCCIICAOBAHUU KOHTAKTa B3aUMO-
JeHCTBYIONNX OEeperoB TPEeIuHbI, KOTOpask HCXOIUT

[POBNEMbI TEOPUM YMPYFOCTK

IpUKJIENaHbl B Toukax z=+(2m+1)Ltiny, (m =

0,+£1,£2,...; n = £1,£2,...) (puc. 1) ¢ TOCTOSHHBIM
maroM o Bced ux ainuHe. M3 KOHTypa oTBepcTHs
HUCXOIUT NPSAMOJHMHEIHAs TpeUIrMHa BIOJb OCH abc-
nucc. [lomaraeM, 4To B 30HE TPEILMHBI, TPUMBIKAIO-
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Il K BEpIIMHE, MeXIy Oeperamul POUCXOUT B3au-
MoJieiicTBHE. DTO B3aUMOACUCTBUE MOJIETIUPYEM CBSI-
35IMH MEXKIy OeperamMu TPEIIWHBI (CHJIAMH CIIeTIe-
Hus1). Dusndeckas MpupoIa CBsA3el Mexy Oeperamu

oT=1 1

(cun cremieHUs) 3aBUCUT OT MaTepualia IJIaCTUHBI,
pasMepoB TPEIIUHBI U 30HBI B3aUMOCUCTBHS (KOH-
1eBo# 30HEI). B miccinemyemMoM ciydae Oepera Tperu-
HBI YACTUYHO COMKHYIHUCH (pHuc. 1).

[ N
IPln IPZn

P—Zn P—ln
! ! y
A
I P I Py
)0
—"_I P I P
R
I P I P \\
I P I P
A, 2L A
‘P—Zn ‘ P—ln

ol

bl

Puc. 1. PacueTHasi cxema 3agaun
[Fig. 1. Design scheme of the problem]

Ha OecKOHEYHOCTH TIACTHHA TMOIBEPracTcs Of-
HOPOJJTHOMY PACTSDKCHHIO BJIIOJIb pebep KECTKOCTH.
[Nonaraercsi, 9TO CTPUHTEPHI HE MOJIBEPTaOTCS U3rUOY
U Tipu AehopMallii UX TOJNIIMHA HE MeHsercs. Jlei-
CTBUE CTPHHTEPOB 3aMEHSCTCS] HEU3BECTHBIMU DKBHBA-
JICHTHBIMU COCPCAOTOUCHHBIMU CUJIaMU P, mn, HTPHUIJIO-
JKCHHBIMH B TOUKaX COCJIMHEHHUS peOep C IMIaCTHHOM.

[puHATH cnenyrolue AOMYIICHUS: a) B IUia-
CTHHE UMEET MECTO IUIOCKOE HANPSHKEHHOE COCTOSIHUE;
0) mIacTHHA U CTPUHIEPBI B3aHMMOJICHCTBYIOT APYT C
JPYTOM B OJIHOW IIOCKOCTH U TOJBKO B TOYKAX Kperl-
JICHUST; B) TIOJKPETUISIONIAS CUCTEMa CTPHHTEPOB (ep-
MEHHOTO THIA, OCJabJeHHsi CTPUHIEPOB U3-3a TOCTa-
HOBKH TOUYEK KPEIUICHHUSI HE MPOUCXOJUT, HAMPSKEH-
HOE COCTOSHHE B HUX — OJTHOOCHOE; T) TOUKH Kperuie-
HUsI OJTMHAKOBBI, a UX pajuyc (IUIOIIaJKa CIICTUICHHMS)
MaJl 10 CPaBHEHHUIO C UX IIaroM M JIPYTUMH XapakTep-
HBIMH pa3Mepamu. J[elCTBHEe TOUKH KPEIUICHHS MOJIC-
JHPYETCs: B CTPUHTEpPE — JCHCTBHEM B CILIONIHOM
pedpe COCPeOTOYCHHOMN CHIIBI, TIPHIIOKEHHON B TOY-
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K€, COOTBETCTBYIOMIEH IEHTPY TOYKU KPEILICHUS,
B IJIACTUHE — JICUCTBUEM COCPEIOTOUECHHOM CHITBI.
Kontyp kpyroBoro orBepcTus U Gepera TpeIuHbl
BHE KOHIIEBOI 30HBI CBOOOAHBI OT BHEIIHUX YCHIINH.
B 30He xoHTaKTa [/, /1] OyIyT BO3HUKATH HOPMAJIHHEIC
HANPSDKCHIS O, = q(x) . BennumHa KOHTAaKTHBIX Ha-

MPsDKEHUH g(x), CHJT CUEIUICHHS p(X) M pa3Mep KOH-
TaKTHOW 30HBI 3apaHee HEU3BECTHBI U MOJIICKAT OIIpe-
JIETICHUIO B TIPOLIECCE PEIICHUS 3a/1a9H.

I'panmyHbIe yClIOBUS B paccMaTpuBaeMon 3aja-
Y€ UMCIOT BU:

— Ha KOHTYPE OTBEPCTHUS

6, —it,=0 mpu |z=R; (1)
— Ha Oeperax TpeIInHbI

o,—it, =0 mpu y=0, RS|x|<l,

o,—it, =p(x) mpuy=0,/<x<lp,

2)

PROBLEMS OF THEORY OF ELASTICITY
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o,—it, =q(x) mpuy=0, [ <x <.

st mepeMeleHuil pacKpbITUS TPEILMHBI UMEEM
YCIOBHSL:

V' (x, 0) = v (x, 0) = C(x, p(x)) p(x)

vix,0)—v (x,0)=0

I<x<ly, (3)
12 SXSZI,

rae C(x, p(x)) — >bdhekTuBHAS TOTATIUBOCTE CBS3EH,
3aBHCAIIAs OT UX HATSKEHUS.

Ha ocnoBannu dopmyn KomocoBa — Mycxenu-
mBWIA [22] ¥ TpaHWYIHBIX YCIOBHU HA KOHTYpE OT-
BepcTHs U Oeperax TpemuHbl (1)—(2) 3amaga cBoauT-
Csl K ONpEAEJICHUIO JBYX aHAJUTHYECKUX (DYyHKIUH
®(z) nu ¥(z) uz ycnoswuii

D(1)+ D(1) - [TD'(1) + P()] e =0, (@)

0  R<lx<!
D)+ D) +1D'(1)+ V(@) =4 p(x) 1<x<L, (5)
q(x) L, <x<I[

i0
rae T= Re", t— apdukc Touek GeperoB TPEUIMHBI.

MeTtoa peuieHus 3a1a44

Pemenue kpaeBoii 3agaun (4)—(5) uiem B BUIE

O(z) = Dy (2) + @, (2) + D, (2),

Y(z)=Y¥,(2)+¥ (2)+¥,(2), (6)

rae noreHuansl O (z) u ¥y(z) onpenensroT mo-

JIe HaMpsDKEHUH U AedopManuil B CIUIONIHON CTPUH-
TepHO TUIaCTUHE

cpo(z)zlc0 ;Z'Pm{

4" 2mh(l+x) &

z—

1 1
mL+iny, z-mL—iny, ’

1 1

1 K
lIIO(Z):_GO —Z'Rnn{

2 2mh(l+x) &

mL —iny,

z—

- + (7
mL+iny, z-mL—iny,

mL +iny,

i Z?a{

+—
2nh(l1+K) o

31ech /i — TONMIIMHA IJIACTUHEBL, K = B-v) / (I+v);

v — koo dunment IlyaccoHa marepuana IUIaCTUHBI,
IITPUX Y 3HAKA CyMMBI O3HAYAET, YTO IIPH CYMMHPO-
BaHWH MCKIIIOUAeTCS HHIEKC m = n = 0.

Oyukuun P(z) u ¥ (z) umem B BuIE

D (z)= 10 dr,
Tth—z
1L 1 t
= || —- 8
‘ﬁ&)Znihﬂ U_ﬂigmm, ®

2u d o, -
rae x)=———|v (x,0)—v (x,0) |; — MO-
g ==V (x 0=V (%, 0] u

AYyJib CABUT'a MATCpUaJla IJIACTUHBI.

1-¢

(z—mL - l'nyo)2

z—1

- (z—mL+ iny0)2 }

HewusBecTHas ¢yHKIUsA g(X) U TOTSHIMAIBI
D, (z), ¥»(z) momkHBI OBITH ONPEETEHBI U3 Kpa-
eBbIX ycnoBuil (4)—(5). Ans ux omnpeneneHus mpea-
CTaBHUM IpaHUYHOE yciIoBHe (4) B BUzeC

D, (1) + D, (1) —[T0, (1) + ¥, ()] ™ =
=-0,(1)-O.(1)+ e [T/ (1) + V. (1)], )
Q. (1)=D,(1)+D (1), Y. (1)=Y (0)+¥ (7).

Jlst onpenenenns norenuuanos P, (z) u ¥, (2)
Bocnosbdyemes pemeHneM H.M. MycxenumBum [22].
B pe3ynbTaTe numeem:

,(2) =

(mL —iny,)(mL +iny,)—1

ll
c, 1
2+_ + 2
2z 2ne|t(l-tz) (1-#2)

(10)

1
}gmdr ot x)

m,n

XZ'PW’{

[POBNEMbI TEOPUM YMPYTOCTH

(mL— inyo)[z(mL —iny,)— 1]2 B

(mL +iny,)(mL —iny,)—1 N
(mL +iny,) [z(mL +iny,) — 1] ’
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iK 1 1
+—Z'])mn - ’
2nh(1+ ) o {z[z(mL—inyO)—l] z[z(mL+iny0)—l] }

D @/ 12 t fz—z—t 2(z—t
(0= 20 DO T2 B L P e —
z z z 2nz stz z(1-tz) z(1-tz) (1-¢2) 2nh(l1+x)z
1 1 1 1
x> P, - + - :
o z(mL—iny,)—1 z(mL+iny,)—1 z(mL—iny,) z(mL+iny,)

B dopmynax (10) Bce nuHeiHBIE pa3Mephl OT- My ycioBuio (5) Ha Oeperax TPEUIMHBI, TOTYYHM
HECEeHBI K paanycy kpyrosoro orsepctus R. Tpe- CHUHTYJISIDHOE HMHTErPalbHOE yPAaBHEHHE OTHOCH-
Oys, uToObl GyHKIUU (6) YAOBIETBOPSIN KpaeBoO- TEIBHO g(X):

L1 g L[k mgde = £,00+ £+ p.(o), (1n)
t—x T

t 1 1[2t(x—t)(x2—l)+2x3—x—2t+2t2x—x3t2}

o
K(t,x)=———+—+
xt(l-tx)> x’t 2 x(1-tx)’ x*(1-tx)’

0 R<|x| <1

p.()=yp(x)  [<x<I,
q(x) [, <x<]

RSN S 1

ah(l+x) |55 (x-mLy +n’y, | o4 (x+mL)* +n’y;

1 2\ & (x—mLY —=n’y. —=(xX’ =m’L’) &L& (x+mL)Y —n’y. —(x> =m’L")
VN Zzpm,nn 0 : 2 +ZZP—WL” yo -

mh(l+x) |55 [(x=mLy +ny; | i [Ge+mL) +n’ yé]z ’
= 3 24 s
X=—— n —
: 2n(l+x)h oy x*
2m’L +n’y; =D X Gl —n’y}) +dxmL +1] 2k
o +
(m’L’ + nzy(f)[(xmL +1)° + xznzyozj2 (mxL+1)" +x°n’y,

[x3 Gm’L’ - nzyj) +6x°mL + Sx]

1
+(K——j —4(m2L2+n2y§—1) L
K [(xmL+l) +xn yo:l

4

mL + x(m’ L’ +n2y§) 2{ 1 1 }

K +
[(me +1) + xznzy(f]z (mxL+1) +x’n’y;  m’L’ +n’y,

1 - ( 1) 2m’L +n’y, ~D| X G’ L —n’y)) —4xmL+1]
X +

S P
2l + 1)k = 'L+ ) [ mL-1) + x5} |
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2K

1 272 2.2
+(me—1)21x2n2y2>+(]<_;j<_4(m L +ny, —1)x
0

x*Gm’L —n’y.)—6x’mL +3x
X

mL—x(m’L’ +n’y])

[(xmL -1’ + xznzyé]3

K 2
[(me -1’ + xznzyg]

1
[ (mxL-1)" + x2n2y§

B mosydeHHOE CHHTYIISIpHOE WHTETPaIbHOE YpaB-
Henue (11) BXOIST HEU3BECTHBIE BEIUYUHBI COCpE-
MOTOYCHHBIX CHII Py, (m = £1,12,...; n = £1,£2,...),
CHJT CIETUICHUS p(X) ¥ KOHTAKTHBIX HAPSIKCHUH g(X).

CormacHo 3akoHy ['yka BenmmunMHa COCPEIOTO-
YEHHOU CUNbl Py, JEUCTBYIOIIEH HA KAXKAYIO TOUKY
COEMHEHHS CO CTOPOHBI /71-T0 CTPUHTEpa, paBHa
EgF

5o Ay m=0x£1£2,..;n==2122....), (12)

P =

rae Es — momyns FOHra Matepmana crpunrepa; F —
TUTOMIA/h TTOMEPEYHOTO CEUSHHs CTPUHTepa; 21y —

Av, = AV + AV + AV

kr

kr

AV = :—;(1 +1)d, + 3P,

2n(l+ 1) 5

n
d,+b’

N 1 6, 30,
m'L’ +n’y, 2" 2xt

paccTosiHHE MEXAY pacCMaTpUBAEMBIMH TOUYKAMHU
KpeIieHus; Av,,, — B3aHMHOE CMEIIEHHE paccMart-
PUBAEMBIX TOUYEK KpEIJIEHHUs, PaBHOE YIJIUHEHUIO
COOTBETCTBYIOIIET0 Y4acTKa CTPUHIEPA.

[lonaraem, 4To B3aMMHOE yNIPYyroe CMeIieHne To-
4yeK z =mL +i(nyy —a) U z =mL —i(nyy —a) paBHO
B3aUMHOMY CMELIECHUIO TOUEK KperieHus Av,,, , T1e
a — pannyc TOYKH KpervieHHs (IUIOIIagKu CIieruie-
Hust). C IOMOIIBI0 KOMIUIEKCHBIX MOTCHIUAIOB (6) 1
tdhopmyn KomocoBa — MycxenumBuin [22] HaXoauM
B3aUMHOE CMEIEHUE AV, YKa3aHHBIX TOYEK [8]:

kr kr 2

d,+d" . 2d,d, | 2k (k—m) L +ab | _
(d, +b*)(d, +a*)

1 d rdg(t
AV/S) _tK I o(t)g(t)dt — —IJ.L()dt;
2w L T A

d
A=d; +d}; o(t)= arctgd—l;

(2) _
Avkr -

2u| B B;

2

1 L
+— |9« (pl—tdi+i1* + k——kL
27mLI A 4 B,

&{(lﬂc)dl | 2dkL [k_L_

L

2

| Lt
2 2

d]}

A A7

1 1

(1-£)d, 2t dd,+d,(d, —t2d1)}r

tA’ A7

B

+(41% =)o, +

20d,(d] —£°d})—2(* +1-2¢")d 1d,

retg—-+
kL

+d 1, (=), (d,—’d’)d,+2td,d]) | gm_z—t2+t3—ta d,  2d
: t t B,

A

1

rae b=@r-n)y,—a; d,=b+a; d =ry,—a;

[POBNEMbI TEOPUM YMPYTOCTH

1
Hydt+——— » 'P II;
}g() 2n(l+K)uh;"

d=t—kL; d =(k-myLl; d, =1—ikL;
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- K{q (DKL —D,d,) - Cy(DkL=d,D) C,(DL-D,d,)~C,(D,kL—d,D,)

(D} +D*)B,

(D +D})B, }

(. _1){D3d6 —2ny,mLD, Dd —2ny,mLD, } N I+« In D’ +D} N 2ny,(ny, —a)

(D; +D;)D,

(D’ +D)D,

2  D;+D; d;B,

(D*+D})d,

_(ds - 1) { C4 [mL(Dz _ Dlz) + ZnyoDDl ] - C; |:2mLD1D — nyo (D2 _ Dlz)] )

C | mL(D; - D})=2ny,D,D,]~C; | ny,(D; = D;)+2mLD,D, ||
(D} +D;)d, ’

d.=m’L’ +n’y};

2

kL .
C, =kL+—; czzdl(
B

D, =dmL—nykL;

td,
¢, =- arctgd—,

4

Takum o0pa3om, TS ONpeIeIeHNs] BETUYHUH CO-
CPEIOTOYEHHBIX CHII P, IMeeM OeCKOHEUHYIO JIH-
HelHy1o cucteMy ypaBHeHHi (12).

Tak kak HanPsDKEHUS B TUIACTUHE OTPAHUYCHBI, Pe-
IIEHWEe CHHTYIISPHOTO MHTErpanbHoOro ypaBaeHus (11)
CIIe[TyeT UCKaTh B KJIacce BCIOY OTPaHUYSHHBIX (YHK-
i, 1 mocTpoeHus pelieHus] CUHTYJIIPHOTO NHTe-
TPabHOTO YPaBHEHUS HUCIONB3YyEeM METO]] MPSMOTO
pelIeHnsT CHHTYJISIPHBIX ypaBHeHul [23; 24]. I[Tepexo-
I K Oe3pa3MepHBIM MEPEMEHHBIM, pellleHHe Hpea-
CTaBUM B BHJIE

gm) =+/1-1"g,(n),

rae g,(n) — orpannyeHHas GpyHKuys.

HUcnons3oBanue kBaaparypHbIx Gopmyi [23; 24]
MO3BOJIIET MHTerpanbHoe ypaBHeHue (11) cBectu k
cucreme M + 1 anreOpanmyeckux ypaBHeHHWd ¢ M

HenssectHbIMU g, (T)),..., €,(T,,):

vg'(t) ., mm { 1
Z Sin

w1 M +1 M+1|t —-n

+K(r”,’n,)} =nF(n,), (13)

f@,) R<|x|<1
Fm)=9/(M)+pM,) [<x<l,
SM)+qm,) L, <x<l]

318

242 2.2,
di=m'L"—n"y;;

D, =d mL+ny kL,

D, = d62 +4y§L2m2;

B, =kI’ +d;

d
1+—1J; D =kml’ +ny,d, —1;

2

D, = kmL’ —ny,d, —1;

A =d;+d’t.

rae T, =COS o ; m = 1,2,...,M,
M +1
2r—1
n, = cosr—; r=12,...M+1.
2(M +1)

Tak kak pelIeHne CUHTYJIAPHOTO MHTETPajIbHO-
ro ypaBHeHud (11) umiercs B kilacce BCIOAY OTpaHU-
YEHHBIX (YHKIHA, TO OHO CYIIECTBYET IPH BBIMOJI-
HEHHUHU JIOTIOJHUTENBHOTO YCIOBHs (YCIOBHS paspe-
IMMOCTH KpaeBoi 3ajmaum) [22]. Bwimonnenue no-
MOJIHUTEJILHOTO YCIIOBHSI 00ECIIEUUBACT MOTyUSHHAS
anredpanueckas cucrema u3 M + 1 ypaBrenwuii (13),

cily’Kamasi Ui OlpeesieHust Heu3BecTHbIX g, (T, ),

2o(13)se0s go(1,) UL
B mpaByto gacte cuctemsl (13) BXomaT HEU3BeCT-
HbI€ 3HAYEHUsI CHJI CleTIeHus. p(1).) U KOHTaKTHBIX

HanpsbkeHui ¢(T,) B Y3/IOBBIX TOYKaX, NPUHAJIE-

KallluX COOTBETCTBEHHO 30Ham [/, ] u [[,, [ ].

Hewu3sBecTHbIC CUIBI CHETUICHUS U KOHTAKTHOE Ha-
NpsKEHUE, BO3HUKAIOIIee Ha Oeperax TPEIIUHBI,
ompenenstoTca u3 yciuoBus (3). 3anumem ero s
MIPOU3BOJHON PACKPBITUS CMEIICHHI OSperoB Tpe-
IIMHBIL:

1+«

d
——g(x)=—[C(x, p())p(x)] 1<x<l,, (14)
2u dx
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1+x

2p

gx)=0 [ <x<I. (15)

TpeOyst BoImosHEHNs yeiaoBus (14) B y37I0BBIX
TOUKaX, coAep:Kalmuxcs B 30Hax [/, /,], momyyaem

HEJOCTAIOIME YPABHEHUS U ONpPENEICH s IIPU-
ONIKCHHBIX 3HAYCHMiT cuul cuervienus p(T, ) B y3-

JIOBBIX TOYKaXx:

0 2u
- = _cC
80 =1 m ) (o PP )
g'(t,)+g"(r, )=
2u M
= —C(7,, ,

e m = (e PP (10
S 0 _ 2p M
;g (TM] ) - 1+K T[(ll —R) C'(TMl ,p(er ))p(‘cM1 )

3mece m = 1,2,...,M;; M, — 9ucio y3J0BBIX TO-
yek B oTpeske [/, /,].

AHanornyHo, TpeOys BBINOIHEHUs ycioBus (15)
B Y3JIOBBIX TOYKax, cojepskaimxcs B 30Hax [, /],
HOJTy9aeM YPaBHEHHS UL ONPEACNCHHs MPHOIKEH-
HBIX 3HAQYCHMI KOHTAKTHOTO HanpsokeHus ¢(T,) B

Y3JIOBBIX TOYKaX:

gt,)=0 m,=12,..M, (17)

rae M> — 4uCIIo y3JI0BBIX TOYEK B OTPE3KE [12 , ll ].

Anrebpanueckue cuctemsl (12), (13), (16) u (17)
cBA3aHBl Mexay coboil. X coBMecTHOe penieHue
MI03BOJIAIET ONPEAETIUTh 3HAUCHU UCKOMOM (PyHKIINU
2(x) B y3JOBBIX TOUYKAaX, CHJ CICIUICHHUS B CBS3SIX
p(X), KOHTAKTHBIX HANPSDKEHUH ¢(X), BETUYUHBI CO-
CPEIOTOYEHHBIX CHII Py U pa3Mep KOHTAKTHOM 30HBI
TpeumHsbl. V3-3a HEM3BECTHOrO pa3Mepa 30HbI KOH-
TakTa [, anrebpamueckas cucrema (12), (13), (16) n
(17) okazanach HEMMHEWHOH M peliajach METOIOM
MTOCJIeTOBATENBHBIX NpHOIIKeHnid. [Ipn HeKoToOpoM
OTIpeZIeTIEHHOM 3Ha4yeHuH mapamerpa / cucrema (12),
(16), (17) u (13) 6e3 ycnoBusi pa3pemIiMOCTU Kpae-
BOM 3a[a4yM peliajack OTHOCUTEJILHO BXOAAIINX B HEe

JMHEHHBIM 00pa30M HEM3BECTHBIX B ,..., PNI v, 8o

8oz omr P> Prsees Puys Qs Gooees Gy

Haiinennsie Takum obpasom 3nadenus B ,..., B, ,
1772

o> 8oxos Boms Prs Pases Py Gis oo

[POBNEMbI TEOPUM YMPYTOCTH

qu nu BBI6paHHOC 3HA4YCHHUC Iz IOACTaBJIAOTCSA B

HEWCIIOIh30BaHHOE ypaBHeHHE cucTteMbl (13) (ycmo-
BUE pa3pemiuMocTh). [IOCKOIBKY STH 3HauYeHHs HE
YIIOBIIETBOPSIFOT HEUCIIOIL30BAHHOMY YPaBHEHHIO CHUC-
TEMBI, TO, MMOAOUpasi 3HaYeHHUsS pa3Mepa 30HBI KOH-
TakTa /[, cjenyeT MHOTOKPAaTHO TMOBTOPSATH BBIUHMC-
JeHusi, moka ypasHeHnue (13) He Oyzer yAOBIETBO-
PATHCS € 3aIaHHON TOYHOCTBIO.

B npoBeneHHBIX pacdyeTax CUCTEMa ypaBHEHUI
(12), (13), (16) u (17) B KOKAOM NPUOIIMKCHUH PE-
manach MetofioM l'aycca ¢ BEIOOpOM TIIaBHOTO dlie-
MEHTa JUISI pa3HbIX 3HaueHHU mopsiaka M (mo M = 40).
Omnpenensnuch 3HaueHU KOHTAKTHBIX HANPSLKEHHH,
YCWIMIA B CBSI3IX W pa3Mepa 30HbI KOHTaKTa Oepe-
TOB TPEIIVHBI B 3aBUCHUMOCTH OT T€OMETPHUYECKUX
U (U3NYECKUX MAapaMETPOB CTPUHTEPHON TIACTHHBI
npu v=03; E = 7,1-10* MIla (cnmas B95);
Es = 11,5-10* MIla (xomnosutr Al — cranp);
a/L =0,01; yo/L = 0,25; Fi/yoh = 1. Yucno crpunre-
POB M TOYEK KpeIUIeHUs MPUHUMAJIOCh PABHBIM 14.
[Ipu pacuerax mcmonbp30BaNIHCh Oe3pa3MepHBIE KO-
2x—(, +1)

ll 5
npencTaBieHbl Ha puc. 2. Kpusas 1 cooTBeTcTBYeT

OpAMHATHl X = . PesynbraTsl pacueros

0e3pa3sMepHON IMHE TPEIIUHBI /, :ll/L =0,75;

kpusas 2 — [, =0,50.

A Q/Go

1 N\

<

A

V=

-1,0 -0,5 0 0,5

Puc. 2. PacnpenesieHre KOHTAKTHBIX HANIPS2KeHUIt
B/J0JIb 30HbI KOHTAKTA TPEUINHBI
[Fig. 2. Distribution of the contact stresses
along the contact zone of the crack]

BriBoabI

AHanu3 MoJeny 4acTUYHOTO 3aKPBITHS TPEIu-
HBI CO CBSA3SMHU MEXIy Oeperamu, UCXOISIICH U3
KOHTYpa KPYrOBOI'O OTBEPCTHS], B OECKOHEUHOM MO
KpEIUIEHHOW TOHKO! IIACTHHE CBOAUTCA K IapaMeT-
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pUYECKOMY COBMECTHOMY MCCJIEIOBAHUIO CUHTYIISIp-
Horo ypaBHenus (11) u 6eckoHeyHOU anreOpanye-
ckoit cuctemsl (12), (16), (17) nmpu pa3nuIHBIX T'eo-
METPUYECKUX U (PU3MUECKUX TapamMeTpax IUIaCTHHBI,
3aKOHaxX Je(GopMHpPOBaHUS CBA3€H M pa3Mepax KOH-
1IeBOM 30HBI TpeluHbl. HemocpencTBeHHO U3 peliie-
HUS TIOJTYYEeHHBIX anreOpanyecKux CHUCTeM Ompee-
JISTFOTCS. KOHTAKTHBIC HAMIPSDKECHUS, YCHITUS B CBSI3IX,
pa3Mepbl 30HBI B3aUMOJICHCTBHS OEpEroB TPEIIMHEI
W 30HBI UX KOHTAKTa. HOJ’Iy‘IeHHLIe COOTHOILLICHUA
MO3BOJIAIOT pemarb 00paTHyIo 3a1ady, T.e. Onpene-
JSATh XapaKTePUCTHKU U HANpPsHKEHHOE COCTOSHHE
TOHKOM CTPUHI€pPHOMN TUIACTHUHBI C KPYTOBBIM OTBEP-
CTHEM, MPHU KOTOPBIX JOCTUTaeTCs 3aJaHHas 00JIacTb
KOHTaKTa O0eperoB TPEUIHHEI.
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Partially closure of rectilinear crack emanating
from contour of circular hole in stringer plate

Minavar V. Mir-Salim-zada

Institute of Mathematics and Mechanics of Azerbaijan NAS
9 B. Vahabzadeh St., Baku, AZ1141, Azerbaijan
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Abstract. The technical holes existing in plates create an increased concentration of stress in the plate. In present arti-
cle, a thin plate with a circular hole from which a rectilinear crack emanates is studied. The plate is reinforced by stringers.
The model of crack with interfacial bonds in end zone is used. The plate and reinforcing ribs are made of different elastic
and isotropic materials. It is assumed that the stringers are not bending and their thickness does not change during defor-
mation. The plate is assumed to be unbounded and subjected to stretching at infinity. The case of partial crack closure is
considered. The action of the stringers is replaced by unknown equivalent concentrated forces applied at the points of con-
nection of the ribs and the plate. To solve the problem under consideration, the method of solution of the elastic problem
and the method of construction in explicit form of the Kolosov — Muskhelishvili potentials corresponding to unknown nor-
mal displacements along a rectilinear crack are combined. To determine the parameters that characterize the crack closure,
a singular integral equation is obtained and converted to a finite nonlinear algebraic system. To determine the unknown
equivalent concentrated forces, Hooke's law is used. Solution of the algebraic system was obtained using the method of suc-
cessive approximations. Directly from the solution of the obtained algebraic systems the cohesive forces in the bonds, con-
tact stresses and size of the crack contact zone were found. Using the obtained relations it is possible to solve the inverse
problem, i.e. to determine the characteristics and stress state of the stringer-reinforced thin plate with a circular hole at

which the predetermined contact area of the faces of the rectilinear crack emanating from the hole is reached.

Keywords: stringer plate, circular hole, tractions in bonds, contact of crack faces, contact stresses
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CoBpeMeHHOE COCTOSIHME BONPOCA AHAJIHU3a COOCTBEHHBIX YaCTOT
U ¢popMm KoJ1eOaHUIi KOHCTPYKIIUU U3 KOMIO3MIMOHHBIX MATEPHAJTIOB

A.Y. Hypumoéeros'*, A.A. Jlynuenko>
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* ABTOp, OTBETCTBEHHBIH 32 HEPENUCKY

(nocmynuna 6 pedaxyuro: 18 anpens 2018 r.; npunama xk nybauxayuu: 25 urons 2018 r.)

B nmuTeparype onmcaHbl paziaM4HBIE CIIOCOOBI pacdyera (OpPM M YacTOT COOCTBEHHBIX KOJICOAHWH CTEP)KHEBBIX KOH-
CTPYKLIMH M JIONATOK. B HacTosIIee Bpems Bce elie He MPeIoKEHO eMHON YHUBEPCAIbHOM METOANKH 00ecIieueHUs! BUO-
panMoHHOI NPOYHOCTH JIONATOK, OCHOBAHHOW Ha TOUHOM PEILICHHH 33/1a4M pacueTa BUOPAIIOHHBIX XapaKTEPUCTHK COBpe-
MEHHBIX Pa0OYMX KOJEC CIOKHOW KOHCTPYKIMH. Takum oOpa3oM, mpobiieMa H3THOHO-KPYTHIIBHOTO (hiatrepa pabdodmx
JIONaTOK TypOOMAILMH YPE3BBIYaHO aKTyallbHa, HECMOTpPSI Ha HEAOCTATOYHOE BHUMAHHE, YACIseMOe eil B pa3INuHbIX JIU-
TepaTypHBIX UCTOYHHUKAX. YKa3aHHBIX BBIIIE HEJIOCTATKOB yIaeTcsi M30ekaTh, IPHUMEHsS passIMYHbIe PACUESTHBIE METOMBI
aHanM3a KOHCTPYKUUHA. PacueTHble MeTOABI aHaM3a IPOYHOCTH KOHCTPYKUMIL, KaK MPaBHIIO, pa3ielsaioT Ha aHATUTHIECKHE
U YHMCJICHHBIE. AHAJINTUYECKUE METOIAMKH HMCCIENOBAHMS HANPSDKEHHO-Ie()OPMUPOBAHHOTO U BHOPALMOHHOTO COCTOSIHHH
OCHOBaHBI B OOJIBIIMHCTBE CIIy4aeB Ha YIPOIICHHBIX COOTHOIICHHUAX TEOPHHU CTEp)KHEH, 000JI04eK, a TaKXKe TEOPHH KoJle-
6aHHI>i. Hpel/IMyU_leCTBOM AHATUTUYCCKUX METOAMK SABJISICTCA OTHOCUTEJIbHASA IMPOCTOTA UCIIOJIB30BaHUA U yHOGCTBO npu
NPOBEJCHUH OLIEHOYHBIX PacyeTOB Ha HAaYaIbHBIX JTalax MPOeKTHpPOBaHus. B crarke mpoBeneH 0030p u aHanu3 padoT 1o
BOIPOCAaM HAaX0XKJCHUS 4acTOT U (hOpM KosIeOaHUH CTEPKHEBBIX KOHCTPYKIMH M JIOTIATKH KOMIIPECCOPA C LENbI0 UX I10Cie-
JIYIOIIEr0 MCIOJIb30BAHUS Ui MHOTOCJIOWHBIX aHM30TPOIHBIX CTEP)KHEBBIX KOHCTPYKLMH M3 KOMIO3UIIMOHHBIX MaTepua-
noB (KM) Ha 3Tane 3cKM3HOTO POEKTHPOBAHHSI.

KiaroueBsble cioBa: nedopmarisi, aHH30TPOIHBIA MHOTOCIONHBIN CTep)KeHb, KHHEMAaTHKa, KoJjieOaHWe, KpydeHHe,

pacTspKeHue, H3Tuo, JIonaTka, aBTOKOJIeOaHUs

1. Aspoynpyrue siBjieHUs
B ra3otypounubix apurareasx (I'TH)

[IIupokuii nuamna3zoH a’spoynpyrux MpOLECCOB,
KOTOpOMY TNOJABEPraeTcsi KOHCTPYKLUS MPU B3aUMO-
JIEHCTBHUH C TTOTOKOM Ta3a (’KHIKOCTH), B OJJHUX CITy-
Yyasx MOXET BBI3BaTh Pa3BUTUE YCTaJOCTHBIX Tpe-
LIMH, OPUBOJSAIINX K MPEXKIEBPEMEHHOMY UCUYEPIIBI-
BAHHUIO pecypca KOHCTPYKUMHU. B npyrux cimyyasax
IIPU UHTCHCUBHBIX MEPEXOJHBIX PEXKUMAX MOKET IpU-
BECTH K MCUEPIIaHUIO HECYIIeH CITOCOOHOCTH CUCTe-
MBI M3-33 XPYIKOIO pa3pyllieHHs MaTepuajia Wikl Ma-
JIOIMKIIOBOW ycTanoctd. Hanbomnbiiee BiusHue as-
pOynpyrue mpolecchl UMEOT Ha aBUAIMOHHBIE KOH-
cTpykuuu. B camonerax aspoynpyrum nedopmariu-

LVHAMUKA KOHCTPYKLWIA 1 COOPYXXEHUM

sIM TIOJIBEPTarOTCsl KPBUIO, omepeHue, Hro3esiK, op-
raHbl YIPaBJICHUS; Y BEPTOJIETOB — JIOMACTh HECYIIIe-
ro0 BUHTA; B Ta30TypOMHHBIX IBUTATEISAX — JIONIATKA
KOMIIpeccopa U TypOHHBI.

OmHUM W3 OCHOBHBIX TPEOOBAaHWH, MPEIbIBIS-
€MbIX K COBPEMEHHBbIM aBUauuoOHHBIM [ T/I, ABnser-
Cs TIONyYeHHE MaKCHMAJbHBIX YICTbHBIX TapaMmeT-
pOB, YTO, B CBOIO OYE€pEllb, IPUBOIUT K HEOOXOIH-
MOCTH CHH)KCHHUS MAacChl BCEro ABurateis. JlaHHas
TEHICHITUS TIPUBOIUT K TOMY, YTO BHOBb IPOEKTH-
pyEeMBIC JIOMATKH UMEIOT BCE MEHBIIINE OTHOCUTEIh-
HBIC TOJIIMHBI MPOQuiIcH 1 OOJBIINE OTHOCUTEIh-
HbI€ YIUTMHEHWS, UCTOHYAIOTCS 3aMKOBBIE COeIWHE-
HUS U JUCKH, IPOUCXOJNUT TIEPEX0]l Ha 0€33aMKOBBIC
paboure KoJieca, UCKITIOYAIOIINE KOHCTPYKIIMOHHOE
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neMIpupoBaHUe. DTH MPOLECCHl COMPOBOXKIAIOTCS
MOBBIIIICHHEM YPOBHS a’pOYIIPYTHX KOJIEOaHUH JIO-
MaTOK, BO3pacTaHNEM BEPOSTHOCTH MPOSIBICHUS pa3-
JUYHBIX a’poynpyrux siBaeHud. OCOOEHHO OCTPO
mpobiieMa MPOTHO3UPOBAaHUS TWHAMHYECKOTO IOBE-
JISHVSI JIOTIATOK BO3HUKAET TPH MTPOSKTUPOBAHUN WITH
MOJACPpHU3AIUU TICPCIICKTUBHBIX BCHTUIIATOPHBIX CTY-
TIEHEH, KOTOpBIE SBISIOTCS HauOOJIee HAarpyKCHHBI-
mu. IlomaBisromee yucio IojoMok jomaTok I'T/]
MMEET yCTaJIOCTHBIN XapakTep. JTU MOJIOMKH BBI3bI-
BalOT BHICOKHE BUOPAIIIOHHBIC HANPSKCHUS, BOIHU-
KarIue B pabovnx JomaTKaxX Mpu Pe30HAHCHBIX KO-
nebanmsax [1].

Hecrannonapusie aspoynpyrue sisieHust B I'T/]
MOJKHO Pa3JeINTh Ha 2 TUTA: BEIHYXKJICHHBIE KOJe-
Oanus JTonaTok M ¢urarTep (aBTOKOICOAHWS ).

Ha ceromnsmuuii neHs HauboJiee pacmpocTpa-
HEHHBIM METOJIOM OMPEACICHUS PE30HAHCHBIX PEXKH-
MOB paOOTHI JBHTATENs SBISIETCS MOCTPOSHHUE Ua-
rpammbl Kammbenmna (puc. 1), Ha KOTOpOH HITyTCA
TOYKH MEepeceucHus BO30YKIAIOIIMX YacTOT (HApH-
Mep, KpaTHBIX 4YacTOTe BpPAIlIeHHs POTOpa) U COO-
CTBEHHBIX YaCTOT KOJIeOaHmit TomaTku [2].

4 £, Tt = 13
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Puc. 1. Ilpumep quarpammsl Komnoesna:
JicupHbvle MuHUY — COOCTBEHHBIE YaCTOThI KOJIeOaHHH;
moHKue auHuY — BO30YKIAFOIIIE TapMOHUKY,
KpaTHBIE 4acTOTE BPAIlleHUs poTOpa
[Figure 1. An example of a Campbell diagram:
fat lines are natural frequencies of oscillations;
fine lines are excitatory harmonics multiples of

the rotor rotation frequency]

Haubonee nerko Bo30yxaaercst ¥ IpeACTaBIsSET
HanOOJIBIIYIO OMACHOCTD MepBasi u3ruOHas ¢popma
KoJebaHmii ¢ camoil HU3KO# vactotoit [3]. [TosTomy
Ha JTarne MPOEKTUPOBAHHUS B 00S3aTEIBHOM IOPSIKE
MPOBOAMTCS OTCTPOMKa OCHOBHOW (OpPMBI Koebha-
HHI JIOTIATKA OT PE30HAHCOB Ha MaKCHMaJbHOM pa-
6ouem pexxume. [l aHanm3a pe3yabTAaTOB pacdeTa
CTpOUTCSl AuarpaMMa BO30Y>KICHHUS JonaTku (aua-
rpamma Kamnbenna). [Ipumep auarpamMmel npeacTas-
JIeH Ha puc. 1, T1e mo ocu abCIHCC OTI0KEHBI Ynciia
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000pOTOB BpalIeHUs] pOTOpa, MO OCH OpAUHAT — Ya-
CTOTHI COOCTBEHHBIX KOJEOaHUH JIOMATOK f, KOTOpPhIE
HAHOCATCS Ha AWAarpaMMy IO JaHHBIM pacdeToB. Jly-
YW, MPOBEICHHBIC U3 Hayajla KOOPAMHAT, MPEACTaB-
JSIOT COOON YacTOTHI BO30YXKIEHHSI, KpaTHBIE YHC-
naM o6opoToB n [3]. KpaTHOCTS k yKa3zaHa JJIs Kax-
noro nyda. Touku mepecedeHus Jiyueil ¢ KpUBBIMU
feos ¥ OTIPEIENSIOT YacTOTHI BpAIICHHS ABHIATENS,
IIPH KOTOPBIX BO3ZHUKAIOT PE30HAHCHBIE KOJICOAHMS
noratok. Heo6xomamumo, 94TOObI JaHHBIC YacTOTHI Bpa-
LICHHSI OTIMYAINCh OT Pabdodell YacTOTBI Mpas Bpa-
mieHns poropa aBurarens. s MocTHKeHHS 3TOro
npu npoektupoBanuu jonatok I'TJI npoBoautcs psin
pacdeToB (OpM M YAaCTOT UX COOCTBEHHBIX Kojeba-
HUH. I3MeHsIsi TeOMETPHIO JIOTIATOK, TOOUBAIOTCS OT-
CTPOMKHM OT pe30HaHCa Ha MaKCHMAaJIbHOM pexXuMe
pabots! aBuratens (puc. 2) [3].
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Puc. 2. YacroTHas quarpamma
JIJISl MCCJIEIOBAHUS PE30HAHCHBIX KOJIe0aHMIi JIONATOK:
i — MCXO/iHasi FeOMETPHS; f» — OTCTPOCHHBIE JIONATKU
[Figure 2. Frequency diagram for the study of
resonant oscillations of the blades:
1 — initial geometry; f> — tuned blades]

PeasbHBle AeTany UMEIOT He OJTHY, a LIEJIBIN CIIEKTP
cOOCTBEHHBIX (HOPM KOJICOAHUI U COOTBETCTBYIOIIUX
uM gacToT [3]. U3MmeHsas KoHUTYypalHIO EeTalH,
MecCTa U KECTKOCTh Y3JIOB KPEIICHHs, MOYKHO H3Me-
HUTH CHEKTP YacTOT COOCTBEHHBIX KOJICOAHHWH Tak,
YTOOBI €lle Ha CTaIuH NMPOEKTUPOBAHUS OTCTPOUTD-
Csl OT BO3MOJKHBIX PE30HAHCOB C OOJBIIUMHM IEpe-
MEHHBIMH Harpy3kaMe Ha OCHOBHBIX pabodux pe-
’kuMmax [4]. BBugy clo)XHOCTH pacdeTHOrO OIpene-
JICHUSl BEJIMYMHBI BHOPALMOHHBIX HAIPSKECHUH JIO-
natok ['T/] B pabounx yciaoBUsIX B HACTOSIIEE BpEMs
WX U3MEPSIOT 3KCIEPUMEHTAIBHO MPSAMBIM TEH30-
METPUPOBAaHUEM B cocTaBe ABMrarens. s 3Toro
JIOTIATKH TIPETapupyI0T TEH30PE3UCTOPaMHU U HCCIIe-
IOYIOT UX BHOpAIMOHHBIE XapaKTEePUCTUKUA Ha BCEX
pekuMax pabOTBl ABUTaTeNs MpU €ro JoBouke [3].
Jns perucrpanuu pe3yiabTaTOB 3TUX UCCIEAOBAHUN
MPUMEHSIOT MarHuTorpadbl, KaTOAHbIE U IUTCH(O-
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BbIe OCIMILIOrpagbl. AMILIUTYTHO-4aCTOTHBINA aHAITU3
TIEpPEMEHHBIX BO BPEMEHHU CHTHAIIOB TIPOBOJUTCS C TIO-
MOIIPIO aHATU3ATOPOB CHEKTPOB YACTOT. DTOT KOM-
TUIEKC PacyeTHO-3KCIEPUMEHTAIIBHBIX PaboT mo obec-
TIEYSHNIO0 BUOPAIIMOHHON TPOYHOCTH PabOvYUX JIoMa-
Tok I'T]] siBnsieTCA TPYIOEMKOM, CIIOKHOW MHXKEHEp-
HOM 3amaueit [3]. McximroueHne pe3oHaHCa JIOTMATKU
Ha MaKCHMAaJIbHOM pa0ouyeM peKUME — BaKHEHUIIee
yCIIoBUE O0ecriedeHnsi HaJeKHOW paboThl JBUTATE-
ns1. [losTomy pacdery ¢opm U 4acToT COOCTBEHHBIX
konebanuit monatok I'T/l Ha sTane npoeKTUPOBaHUS
Bcerna yaensercs ocoboe BHUMaHue [3].

Kak mokazaHno B [5] u [6], HaMOONBIIMMY SBIISFOT-
Csl LIGHTPOOEKHbIE CHUJIBI, AEUCTBYIOIIME Ha JIOMIATKH
TIpH BpalieHuH. B 3aBHCHMOCTH OT padodvell JacTOTHI
BpaIleHUs TypOUHBI, a TAKKE Pa3MEpPOB JIOMATKH, YKC-
JICHHbIC 3HAYCHHS JEHCTBYIOIIUX Ha Hee HEHTPOOESK-
HBIX CHJI MOTYT M3MEHSTHCA B OYEHB IIMPOKUX IIpeze-
Jax, AOCTUTAs JUIs JIOMATOK MOCTCTHUX CTYICHEeH HU3-
KOT0 JJaBJIGHUSI HECKOJIBKUX MEraHbloTOHOB. Ecnu B
JIOMaTKaX MMOCTOSHHOTO CEYeHHs IEHTPOOESKHBIE CHITBI
B OCHOBHOM BBI3BIBAIOT HAIPSLKEHUS PACTSHKEHUS, TO
B 3aKpYy4EHHBIX JIOTIATKAaX MEPEMEHHOTO CEYEHHs, TMO-
MHMO HANpPSKEHUH PacTSHKEHHS, BOZHUKAIOT TaKXkKe
3HAUUTENEHBIC HAMPSHKCHUS U3rnba U KpydeHHs. Y Cu-
TS, JeWCTBYIOIIME Ha JIONIATKY OT IOTOKa Iapa, uMe-
0T 3HAYMTEIFHO MEHBIINE YUCIICHHBIE 3HAUCHNS, €M
LEHTPOOEKHBIE CHIIbI, U JOCTUTAIOT MaKCUMaIbHBIX
3HAYCHUH, paBHBIX HECKOJLKUM KHJIOHBIOTOHAM, B pe-
TYJHPYIOIINX CTYIEHSAX MOIIHBIX TypOuH. Ilockombky
JIECTBYIOMIKE OT MAPOBOT0 MOTOKA CHIIBI HAIIPABJICHBI
MEPIEeHANKYJISIPHO OCH JIOTATKH, OHU BBI3BIBAIOT B JIO-
MaTKe W3THOaromye HampsHKeHHUS (Tak Ha3bIBacMbIC
HaIpsDKeHUs mapoBoro u3ruda). Kpome cratuueckux u
TEPMHUUECKUX HAIPSHKCHUM, B pa0dodux JiomaTrkax ma-
POBBIX TypOWH B IIPOIIECCE AKCINTyaTalliyd MOTYT BO3-
HUKaTh JUHAMHYECKHUE HAMPSHKCHUS, MEPUOTUICCKU
M3MEHSIoIecS BO BpeMeHu. B orimume ot cratude-
CKUX HalpsHKEHUH, YMCIIEHHbBIE 3HAYeHUS] KOTOPBIX MO-
TYT OBITh HalIEHBI PACUCTHHIM ITyTEM, 3HAYCHUS TIc-
PEMEHHBIX HAPSHKEHUI HE MOTYT OBITh BBIYHCIICHBI C
TpeOyeMot IS TIPAKTUKHA TOYHOCTEIO, UTO OOBSICHSIET-
Csl HEJOCTATOYHOCTHIO 3HAHUM KaK BO3MYILAIOIINX,
TaK U JeMII(UPYIOIIUX CHIL.

Takxum 00pazom, podireMa H3THOHO-KPYTHIILHOTO
¢natTepa pabounx JIOMATOK TypOOMAIIMH YpE3BBI-
YaifHO aKTyalbHa, HECMOTPS Ha HEJIOCTATOYHOE BHHU-
MaH{e, yAeNseMOe el B pa3IMyHBIX JTUTepaTyPHBIX
HCTOYHHUKAX.

SIBAssCh Pa3HOBUIHOCTHIO TMHAMUYECKOU He-
YCTOWYHMBOCTH YIPYTOTO TeJa, CBI3aHHBIN H3THOHO-
KPYTWIbHBIN (praTTep O4eHb OJHM30K K SBICHHUIO JH-
HaMHUYECKON IOTEPH YCTOMYUBOCTH CTEPIKHEH INpuU
HaArpy>KeHUH CIEISAIINMH CUIaMHU.

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

2. KpurtepuajbHbie OLEHKH
U BEPOSITHOCTHO-CTATUCTUYECKHE MOAXO0AbI

B pabore [7] moka3aHo, 4TO Ha HA4YaJIHLHOM 3Ta-
e pa3BUTHS TEOpuH (rarrepa CyIIECTBEHHOE pas-
BUTHE IOJIYYWIM TaK Ha3blBa€Mble KPUTEPUAIbHBIC
OLIEHKH, SIBJISIOIIMECS B OCHOBHOM OJIHO- WJIU JIBYX-
napaMeTpUYeCKUMH 3aBUCUMOCTAMU [8; 9], 3aBuCH-
MOCTH OT OOJBLIETO YKCiIa MapaMeTpoOB BCTPEUAIOT-
cs1 3HauuTenpHo pexe [10]. CambiM pacmpocTpaHeH-
HBIM M OJHUM M3 HauOoJjee MPOCTHIX KPUTEPUEB SIB-
asiercst uucno Crpyxans (IpUBENEHHAs 4YacToOTa),

oc
BBIYHKCIIsIEMOE TI0 popmyse Sh = I rae ® — Kpy-

roBas 4acToTa COOCTBEHHBIX KOJICOAHWI JIOTAaTKH;
¢ — anuHa xopasl nomatku; U — ckopocTh Haberaro-
mero nmotoka. dusmueckuit cmpicn yucia CTpyxans
COCTOHWT B OTHOIICHWH HECTAI[MOHAPHON COCTaBIIA-
FOIIeH CHJIBI, IEHCTBYIOMEH Ha IPO(HITs W BEI3BAH-
HOW KOJICOAaHUSAMHU JIOTIATKH, K CTAIlMOHAPHON HArpy3-
Ke, onpenenseMoil ckopocTHbIM HamopoM [7]. C yBe-
nyerreM gucna CTpyxais MmoBeeHHe JIOAaTKy CTa-
HOBHTCS Bce 00jIee OTIIMYHBIM OT KBa3HCTaI[IOHAPHO-
ro. Kputepusmu ycroituuBoctu K ¢uiatrepy B pado-
te [10] saBnsroTes 3Hadenus Sh > 0,8 mpu paccMoTpe-
HUW KoJeOaHWi mo m3rnuOHou dopme, Sh > 1,4 —
mo kpytuiabHOU. B [11] coOTBETCTBYIONUME KPUTH-
YeCKUMH 3HadyeHusIMH sBistrorest Sh = 0,3 u Sh = 1,6.
Haunbonee mepcrieKTHBHBIM TIOAXO0JIOM TIPECTABIISET-
Cs1 MCTIOJIb30BAaHNE YMCIICHHBIX METOJUK OTPEAeTeHUs
YCTOWYMBOCTH JIOMATOK K (pIaTTepy B TPEXMEPHOM IM0-
CTaHOBKE, YUHUTHIBAIOIINX BCE TEOMETPHUECKHE U (HH-
3uYecKrue 0co0eHHOCTH 00beKTa [7].

3. YncaeHHble METOAbI AHAIH3A

Crnenyet OTMETUTH, YTO OOBIYHBIN CIIOCO0 YyiIyd-
meHust napametpoB ['T/] Ha ocHOBE TpaAMLIMOHHBIX
[IOJIX0/I0B, OPHEHTHPOBAHHBIX Hapsily C pacueTaMu
B OCHOBHOM Ha JIOPOTOCTOSIIINE 3KCIIEPUMEHTBI, MpaK-
THYECKH ncuepnan ceds [7]. B cuny orpaHnmueHHBIX
BO3MOXHOCTEH Ha3eMHBIX 3KCHEPUMEHTAIBHBIX yC-
TaHOBOK, UX JIOPOTOBU3HBI U JUINTEIBHOCTH UCIIBITA-
HUI B IPaKTHUKE JBUTaTEIECTPOCHUS U Ipyrux obia-
CTSX TEXHWKH WHTCHCHBHO DPa3BHBAeTCs HaIpaBiie-
HHUE, OPUCHTUPOBAHHOE Ha CO3/IaHME U aHAJIU3 MaTe-
MAaTUYECKUX MOJeNeld 00BEKTOB, Oa3HpyIomeecs: Ha
IIMPOKOM NPUMEHEHUH U CHHTE3€ COBPEMEHHBIX
YHCJICHHBIX METOAOB MEXAHUKHU CIUJIOIIHOW CpeAabl U
OBM. [Ipu 4ncICHHOM PEUIeHUH 3a/1a4l O COBMECT-
HBIX KOJeOaHUSAX TBEPJOrO Tejla W Ta30BOTrO IMOTOKA
HCCIIEIOBATENN CTAIIKUBAIOTCS C PAIOM TPYIHOCTEH.
Bo-nepBbIX, 3T0 MHOIOAMCLUIIIIMHAPHOCTD 3aauu —
IIpH €€ pelIeHUH NMPUXOAUTCS MOIB30BATHCS METO-
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JlaMH TE€OpUHU YIPYTOCTH, a’3pOJAWHAMHUKU U TEOPUHU
KoneOaHuit. Bo-BTOPBIX, HECTAIIMOHAPHOCTH MPOTe-
KafoIIUX MPOIECCOB, B YaCTHOCTH MOJIBMKHOCTH Tpa-
HUII pacyeTHON 00JIaCTH, 3aBUCHMOCTb HECTAIL[IOHAP-
HBIX TA30BBIX CHJI OT TEKYIIETO IOJIOKEHUsI U TIpeIbICc-
TOPUH JIBWKEHHS JIOMATKH. B-TpeTeux, mpu pere-
HUU CBSI3aHHBIX 337[ad UMEIOTCS CJI0)KHOCTH MaTeMa-
THUYECKOTO TUIaHa 10 MPUYMUHE OTCYTCTBUS YHU(H-
[IUPOBAHHOT'O MaTEeMaTHYECKOTO armapara JJisi KOM-
IJICKCHOTO OTMHCaHus ee moBeaeHus [7]. BenencTeue
YKa3aHHBIX ()aKTOPOB MHOTHE HCCIEIOBATENH HC-
MOJIB3YIOT YIPOIIEHHBIE MOJIENH, MTO3BOJISIONINE TaK
WU WHA4Ye CBECTH 3aJady K IOCIIeI0BATEIbHOMY
pEIIeHUI0 Ta30IMHAMUYECKON U TBEPAOTENbHON 3a-
Jlad WIA K OJJHOW M3 HHUX C UCIOJh30BaHHEM aHAIHU-
THYECKUX 3aBUCHMOCTeH mis apyroit [7]. Takue
noaxoasl JIx. Mapmamn u M. Umpuran [12] Ha3bI-
BAaIOT «KJIACCHYECKHMMW». B rpymnmy «uHTErpHpoBaH-
HBIX» JTAHHBIE aBTOPBI OTHOCST METOMBI, B KOTOPBIX
MIPOBOJMTCS TOTIBITKA PEIICHHs] COBMECTHOW 3a/1adH.
Bonboit 0030p MeTom0B pemeHus 3aaadn giaarrepa
MIpHUBEJIeH Takke B padorax [13-15].

Jlo HemaBHMX TIOP OCHOBHBIM METOJIOM PacyeToB
HanpskeHHO-Aedopmupyemoro coctossuus (HAC) u
BUOPALIMOHHBIX XaPaKTEPUCTHK ObLIa «CTEep>KHEBAS»
TEOpHs, pacCMaTpPHBAIOIIas JOMATKy KakK TOHKHH,
€CTeCTBEHHO 3aKpy4eHHbI crepkeHb [5; 16-18].
JlomaTku yclOBHO HOApa3AeNsaiuch Ha THOKUE U
JKECTKHE M IS KaXKJO0ro Kiacca BBOJUIINCH CBOH
JIOTIOTHUTENbHBIE TPEeATONOKeHH. [ KecTKux
JIOMIATOK YNpPYTrHe MpOoruObl U yIibl IOBOPOTa cede-
HUH CUUTAIOTCA MallbIMH U HE M3MEHSIOINIMMU Te0-
METPHUYECKYI0 (OPMY HX OCEBBIX JHHUH. B 3TOM
Cllydae HampspKeHHs B JIOTIaTKe OT JEHCTBHS IEH-
TPOOEKHBIX CHJI U MAPOBBIX YCHIIUI MOXKHO OIpere-
JSATh OTHENBHO. J[J1s1 pacdyera >KECTKUX JIOMATOK HC-
MOJIB3YETCS TEOpHUs MPSMBIX CTEpIKHEH (Teopust Oa-
oK) [19; 20]. K XecTKUM CTEp>KHAM OTHOCHUTCA
OOJBIIMHCTBO JIOTIATOK MApOBBIX TYPOWH: BCE CTY-
MIEHN BBICOKOTO M CPEIHETrO NABJICHHUA, a TaKXke JIO-
MaTKHd MEpBBIX CTyNEHEeW HU3KOro naBieHus [5].
Oco0eHHOCTh pacyeTra TMOKUX €CTECTBEHHO 3aKpy-
YEHHBIX JIOMTATOK 3aKJII0YaeTCsl B TOM, YTO IPH pac-
CMOTpeHHH UX AchOopMamuu HEOOXOJAMMO YUHUTHI-
BaTh B3aMMOCBS3aHHOCTH AedopManuii pacTsKeHus,
nsruba u kpyuenus [46]. Kpome Toro, mpu BeIYHUC-
JICHUH W3TUOAIOIIET0 W KPYTAIIETO MOMEHTOB HEIlb-
31 CYMTaTh MaJBIMU yNPYTrHe MPOTUOBI U yIJbI HO-
BOPOTOB CEUYEHWH W MpeHeOperatb UMM, KaKk 3TO Je-
JIAETCS TIPH pacueTe KECTKUX JIOMATOK [5].

®opMmbl KoseOaHUN 3aKPyYEHHBIX CTEp)KHEH SIB-
JISIFOTCS TIPOCTPAHCTBEHHBIMHU, OHH HE UMEIOT Y3JIOBBIX
HETIO/IBIKHBIX TOYEK OCH CTEPKHs, KOTOPBIE TIO3BO-
JSIIOT JIOCTATOYHO MPOCTO KIaCCU(PHIMPOBATH (HOPMBI
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KoyieOaHuil He3aKkpydeHHOro crepxkHsi. HawambHyio
3aKpY4E€HHOCTh CTEp)KHEW IIByCHUMMETPHYHOTO TIOIe-
PEYHOTO CEYEeHHs YYHUTHIBAECT KIIACCHYECKas TEOPHS
crepxxeit Kupxrogpa — Kinebma [21]. Ognako mome-
peuHble CedeHUs] pabodYuX JIOMATOK MMEIOT SBHO BBI-
paxeHHy0 HecmMmMmeTpuio. HecnMmmerpusi cedeHus
MIPUBOJNUT K B3aMMOCBS3U Pa3IUYHBIX BHUJIOB KOJe-
Oanwmii. HepIIMOHHAS CBsI3b U3TMOHBIX U KPYTHIBHBIX
KoJleOaHu BOHUKAET BCIIEICTBUE HECOBIIAACHUS 1IEH-
Tpa Macc M IIeHTpa M3ruda cedeHus. Y4eT 3TOro He-
COBIAJICHUS YTOYHAET KJIACCHUYECKYIO TEOPHIO CTEpIK-
Hert Kupxroda — KneOmia, HO He siBIsieTCsl JOCTAaTO4-
HBIM JIJTS OTTHCAaHMS KoJleOaHi 3aKpydeHHBIX JIOMATOK
HECUMMETPHUYHOTO CEUEHHUSI.

TexHudeckass TEOpHS 3aKPyYEeHHBIX CTEpIKHEH
YYHATHIBAET, KPOME TOTO, NePOPMAIHIO ITPOJOTBHBIX
BUHTOBBIX BOJIOKOH NPH YIPYTOM KPYYEHHUU CTEpK-
HA. Jlaxe 175 cTep)KHA ¢ ABYCHMMETPUYHBIM TOIe-
PEYHBIM CEYeHHEM IPU 3TOM BO3HUKAET CBS3b IPO-
TOJIGHON M KPYTIIBHON medopMamuii. Y CTEpKHS
C HECUMMETPHUYHBIM NOMEPEYHbIM CEYEHHEM IIpO-
JOTBHBIE NTe(hOpMaIuil PH KPYUYSHUH BHI3BIBAIOT HE
TOJIBKO TIPOIOIBHYIO CHITY, HO M MU3THOAIOIIHe MOMEH-
Thl. MI3ru6 3aKpyueHHOTro CTEpXKHS C HECUMMETPHY-
HBIM CEUEHHEM 3a CUET MOMEPEYHBIX COCTABIISIOIINX
nedopManuii BUHTOBBIX BOJIOKOH BBEI3BIBAET neop-
Marto Kpydenus [46]. Takum o6pa3oM, BOSHHKAET
nedopMalioHHas CBs3b U3THMOHBIX, KPYTUIBHBIX U
MIPOJIOIBHBIX KoeOaHwmii [22; 23; 76].

[Ipu HEOOXOAMMOCTH TIPOBOISATCS CEPUH OHO-
TUITHBIX PAcYeTOB, B YACTHOCTH B IpoIiecce MpUBEe-
HUSl COOCTBEHHBIX YAaCTOT KoJeOaHWil MpOEeKTHpYye-
MO JIOIIATKK B COOTBETCTBHE C TPeOOBAHUSIME HOPM
npoyHocTH [24]. B aToM ciydae st mepebopa MHO-
XKecTBa KOH(UTypaLuid 3a OrpaHUueHHOE BpEMS BO3-
HUKaeT MOTPEOHOCTh B BRICOKOM CKOPOCTH pacyera.

B pabore [4] moka3zaHo, 4TO MOJEb CTEPKHS B
pabortax U.A. buprepa [18; 19] u b.®. Illoppa [17]
MpUMEHEHa IS Pa3BUTHUS Pa3IIUYHBIX BapHaHTOB
TEOpPUH 3aKPYUEHHBIX CTEP)KHEH W SBIISIETCS BEChMa
3G GEKTHBHOW TIPH MOACTHUPOBAHUHM JWHAMHKH JIO-
natok. IIpaktuuecku ¢ Hauvana BHeapenus ['T/ mo
HAaCTOSIIEr0 BPEMEHH MPOIOJDKAETCS MPOIECC COo-
BEPILECHCTBOBAHMUS CTEP)KHEBON MOJENHN IS TPOCK-
TUPOBAHUS JIOMaToK TypOomammH. Omupasich Ha
kimaccudeckue pabotel . Kupxroda, A. Knebmra,
A. JlsBa [20-23], ucnomnn3ys pe3yiabTaThl HCCIIEI0Ba-
muit ['.1O. Ixanemunze, A.U. Jlypwe [26], C.IL. Tu-
momieHko, I1.M. Pu3za [23], ocHOBaHHBIE Ha IpUMeE-
HEeHWU TeopuH ympyroctu k armamuzy HJ[C 3akpy-
yeHHbIX cTepxkHed, M.A. buprep, FO.C. BopoOreB u
Bb.®. Illopp pa3paboranu pa3nuvHble BAPHAHTHI TEO-
PHH €CTECTBEHHO 3aKpYUYECHHBIX CTEPKHEH I pacde-
Ta Jionarok TypOomariuH. [TogpoOHBIE 0030pHI pa-
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00T B 3TOM HarpaBJICHUM NpuBeAcHHI B [27; 28]. [laH-
HBIA TOAXOJ MO3BOJWII YYECTh BIMSHUAE TakuX (hak-
TOpPOB, KaK HadalbHas 3aKpyTKa, JeTUIaHAIWs cede-
HUS, CABUT U T.A. [4]

OTO MO3BOMIIO TTOJTYYaTh yIOBIETBOPUTENBHBIC
pesynbraThl mpu pacdere H/IC u dactor cobcTBeH-
HBIX KOJeOaHUH KOMIIPECCOPHBIX JIOMATOK OONbLIO-
ro YJUIMHEHUS, U1 KOTOPHIX CHpaBeUIMBa TUIIOTE3a
CBOOOTHOTO KPYUCHHUSI.

VYpaBHeHUS paBHOBeCHs NPSMOIMHEHHBIX ecTe-
CTBEHHO 3aKPYYEHHBIX CTEpKHEU TaKkke MOXKHO HaUTH
y B.A. Ceermmutikoro [24; 29]. B pabote FO.M. Temuca
u B.B. Kapa6ana [30] Obia peann3oBana HeJIMHCHHAS
MOJIeTIb TIPEBAPHUTENHLHO 3aKPYyUSHHOTO CTEpPIKHS, HC-
TOJIB3YIOINAs ISl OMMCAHUs JIeOpMAIIUK YIICHBI BTO-
POro MopsiIka MaJIOCTH, YTO MO3BOJIMIO CYIIECTBEHHO
MOBBICUTh TOYHOCTH PAcyeTOB M YYECTh HEIWHEWHBIE
3¢ eKTh, Takue KaKk M3MEHEHHe IIeHTPOOSKHOW Ha-
TPy3KH, JEWCTBYIOIEH Ha BpalalOLIyIOCs JOMATKy B
npotiecce ee nedopmupoBanus [24].

Heo0xoammMo oTMETHTB, YTO KaXKIast y TOUHSIOIIAs
Mo (UKl CTEPI)KHEBOM MOJENM JIOMATKH COTIpS-
JKeHa C yCJIOKHEHHEM 3Toi Mozenu. B wactHOCTH, MO-
nens AWM. Ymakosa [31], mpeanoXuBIIero cBoi Bapu-
aHT HEJIMHEWHON TeOPUH TOHKOCTEHHBIX CTEPXKHEH Mpo-
W3BOJIBHOW (OpPMBI JUIsT pacdera JOMAaTOK C KPUBOH
0CBI0, KOCBIMH TOPIIaMH 1 TIEPEMEHHOM 110 AJIMHE Teo-
MeTpHel, MO3BOJISET YyYeCTh HE TOJBKO JETUIAHAILIUIO
CpeIHEH JIMHIH TOTIEPEYHOTO CEYEHUS, HO TaKKe U JIe-
(hopMaImro CTeHKH. ITa MOJIEIb, XOTS ¥ TIO3BOJISFOIIAs
BEPHO OIICHUThH BEIMYMHBI HU3IINX YaCTOT KOJCOaHUH
IIHPOKOXOPHBIX JIOMATOK KOMIIPECCOPOB, BEHTUIIATO-
POB M HEKOTOPBIX THUTIOB OXJaXIAEMBIX JIOMATOK TYp-
OWH, SIBJISETCS Ype3MEPHO CIIOXKHOM, ITOCKOIBEKY BMECTO
OJHOMEPHOM CTEPKHEBOM MOJIENH CBOAMTCS (haKThue-
CKM K O0BEMHOMY aHaNW3y TaKUX KOHCTpyKumii [31].
K mHacrosmeMy BpeMeHH OIyOJMKOBaHO OOJBIIOE
YHCI0 pabOT OTEUYECTBEHHBIX U 3apyOeKHBIX UCCIIEO-
BaTeseH, MOCBSIIICHHBIX 3TOW MpobieMe.

B nurepatype onvcanbl pa3iuyHbIe CIIOCOOBI pac-
geta GOpM M 4acTOT COOCTBEHHBIX KOJeOaHui Jioma-
TOK. X 00muM HemocTaTkoM SIBISETCS TO, Y4TO pe-
3yJbTaThl pacyeTa XOpOILO COINIACYIOTCS C 3KCIEepH-
MEHTaJIbHBIMH 3HAYCHUSIMH TOJHKO B KOHKPETHBIX
YACTHBIX CIIyYasiX AJIS ONPEAeNeHHBIX KOHCTPYKIIHH
nmonatok [3; 4]. Ha ceroansmHuii 1eHp Bce elle He
NPEIUIORKEHO eINHON YHUBEPCATIbHOW METOAUKH 00ec-
MeveHus] BUOpaMoHHO# mpouHocTH jonatok [T/,
OCHOBaHHOM Ha TOYHOM peIICHWHW 3a/Jadll pacueTa
BHOPAIMOHHBIX XapaKTEPUCTHK COBPEMEHHBIX pabo-
YHUX KOJIEC CJIOKHOW KOHCTPYKIUH.

4. DHepreTHYECKU MOIX0T

[Ipu uCrONb30BaHUU SHEPTETUUECKOTO IOIXO0A
mpezrnonaraeTcst [7], 9To Bce JIOMATKU KOJIECOIIOTCS TI0
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OJTHOH W TOH ke (opMe KoJeOaHHid, C OHON aMILIH-
TYJOH W 4YacTOTOHM (JaHHBIC MapaMeTpbl SBISIFOTCS
KOHCTaHTaMu 3anaun). B pabore [74] mokazaHo, 4TO
TaKas TIOCTAaHOBKA COOTBETCTBYET CIIy4ar0 ¢ HanMEHb-
el ycTOMYMBOCThIO peuleHuil. Onucanue Merona
OJTHMM M3 TIEPBBIX OBbUIO JTaHO B [32]. AJropuT™ periie-
HUS 3a/1auyd COTJIaCHO YHEPreTHYeCKOMY MOJIXO0ay
MOJKHO YCJIOBHO OITHCATh CIICIYIOIIM obpazoM [7]:

— ompeJieNieHne COOCTBEHHBIX ()OPM U 4acTOT KO-
nebaHuil TonaTku 0e3 yueTa HeCTallMOHAPHBIX adpo-
JTUHAMHYCCKUX HArpy30K;

— BBIOOp TeX (GOPM M YaCTOT, BOSHUKHOBECHHUE
ABTOKOJIE0AHUN TI0 KOTOPHIM Hanbojee BEpOsATHO
(kak mpaBWIIO, 3TO TEPBbIC M3TUOHAs U KPYTUIbHAS
bopmst [33]);

— 3a[aBIINCh HEKOTOPHIM 3aKOHOM KoJieOaHu
nonaTok (popMor U 4aCTOTOM, aMIUTHTYA0H U (hazo-
BBIM CJIBUTOM), TIPOBOJIUTCSI HECTAI[MOHAPHEIN a’po-
JUHAMHYECKUI pacyeT oOTEeKaHUs KoJeOromencs
pereTky npoduei;

— 110 3HaKy paloOTHI ra3a HaJ| JIOMATKOM 3a OJIMH
nepuoJ KojaeOaHui OnpeaemnsieTcs yCTOHIUBOCTh 110
cooTBeTcTBYIOmIel cobctBeHHON (opme. [lomoxuTens-
Has paboTa CBHIAETENBCTBYET O CKIIOHHOCTH JIOTIATKH
K aBTOKOJICOaHHAM, OTpHUIlaTeIbHass — 00 yCTOWYH-
BoctH [7].

Kax otmeuaercs B pabote [34], sHEpreTHIECKUt
moaxoJ 00agaeT HU3KMMHU 110 CPaBHEHUIO C aHaJo-
raMu TpeOOBAaHUSMHU K BBIYHCIUTEIHHBIM pecypcam
U TIO3BOJIAET OMPEIENIUTh 3alachl YCTOMYUBOCTH BO
Bcelt pabodeii obacTy.

Pe3ynpTaTer pacyeToB MO IHEPTETUIECKOMY Me-
TOIy 3aTeM MO>KHO HCIIONIb30BaTh ISl pacyera Mmpod-
HOCTH ITyTeM TapMOHHYECKOTO aHanm3a (ITOMCKa OT-
KJIMKa CUCTEMbI Ha TAPMOHUYECKHE HAaTrPy3KH).

OCHOBHBIM JTOCTOMHCTBOM 3HEPIre€THYECKOTO IO/
XO071a, TI0 CPaBHEHHIO C PEIICeHHEM CONpPSKEHHOH 3a-
Jlauu, SIBIISIETCSI OTHOCHTEIbHAS MPOCTOTA, a HEMIOo-
CTaTKOM — BO3MOYKHOCTh MOJIETUPOBATh TOJIBKO YCTa-
HOBHBIIIECS KOJeOaTembHBIC MPOIECCHl 0e3 ydera
00paTHOTO BIUSHUS Ta30BOTO MOTOKA HA KOJIEOaHUs
JIOTIATKHY.

5. Pemienue 3aja4u IPOYHOCTH
B YaCTOTHOM 00J1acTH

B oTnmume OT SHEPreTHdecKoro Mmoaxoaa METOx
pelIeHns a’poynpyroi 3agady Ha COOCTBEHHbIE 3HA-
YEeHHUsS OMHPAETCS TJIABHBIM 00pa3oM Ha peIICHUE
TBEPIOTEIHHON COCTABJISIOIIEH 3aJadu, yrnpouias
adPOJMHAMHIYECKYIO COCTABIIONIYI0. B aTOM Ciydae
MIPOBOJUTCS aHAINU3 ypaBHEHUI CBOOOTHBIX KoJeba-
HUM JIOTIATOK B MPEATOIO0KEHUH, YTO a3pOyIpyrue
CHUTBI SIBJISTFOTCS TOJIBKO (DYHKIMSIMHU MIEPEMETICHHUI.

JUT 3TOTO pacyeTHBIM WM MHBIM ITyTEM Olpe/e-
JsteTcsl Habop a’pOAMHAMHYECKUX MapaMeTpoB (MOAb-
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EMHBIX CHJI I MOMEHTOB, BO3HUKAIOIIUX TIPH Pa3JInd-
HBIX CMEMIEHUAX TPOQUIIS), KOTOPBIE 3aTEM HUCTIOb-
3YIOTCSI B Ka4ecTBe KOI((UIIMEHTOB B MaTPHUIIAX JKECT-
koctH 1 Aemiduposanus [7]. Jlanee 3amaua cBoquT-
cs K 3a7ade O COOCTBEHHBIX 3HAa4YCHHAX. JeHCTBH-
TelTbHAS YacTh IMONYyYEHHBIX KOMIUIEKCHBIX YacTOT
COOTBETCTBYET 4acCTOTE COOCTBEHHBIX KOJICOAHUH,
MHUMas — XapaKTepPU3yeT YPOBEHb a3poJieMI(pUpo-
BaHus [7; 9].

AHanmu3 B YacTOTHOW oOjacTu obiagacT TeMu
K€ MPEUMYIICCTBAMHU, YTO W IHEPTETUYCCKHU TO/I-
XOJl — OTHOCHTEIHHON MPOCTOTON U OoJiee HU3KUMU
TpeOOBaHUSIMH K BEIYHACIHTEIHHBIM PECypCaM.

'YKa3aHHBIX BBIIE HEIOCTATKOB yaeTcs N30eKaTh,
MIPUMEHSISI pa3IMyHbIe pacueTHBIE METOJbI aHAIH3a
KOHCTPYKIMH. PacueTHble METO/IbI aHAJK3a MPOYHO-
CTH KOHCTPYKIIMH, KaKk NMPaBUJIO, pa3eiiaioT Ha aHa-
JUTHYECKUE U YUCIICHHBIE.

AHaTMTHYECKHE METOIMKH MCCIIEOBAHMS HAIpsi-
KEHHO-TIe(POPMUPOBAHHOTO W BUOPAIIMOHHOTO CO-
CTOSIHUSI OCHOBAHBI, KaK IMPaBIJIO, HAa YIPOIICHHBIX
COOTHOIICHHUAX TEOPUHU CTEPIKHEH, 000JI0UeK, a TaK-
XKe Teopuu Kojebanuid. [IpemMyIiecTBOM aHaIUTH-
YECKUX MCTOAMK ABJISACTCA OTHOCHUTCJIbHAA IPOCTOTA
UCTOJBb30BaHMUS M YAOOCTBO NPH IMPOBEICHHUH OIlC-
HOYHBIX PacyeToOB Ha HAYaNBHBIX JTalax MpPOEeKTH-
poBanus [76; 77].

6. M3rudHo-KpyTHIbHBIE KOJIe0aHns
€CTeCTBEHHO 3aKPY4YeHHBIX JIONATOK

['maBHOW 0COOEHHOCTBIO €CTECTBEHHO 3aKpy4eH-
HOH JIOTNIATKU SBJISIETCS B3aWMHAas CBSI3aHHOCTh pac-
TSOKEHHUSI M U3THba ¢ KpydeHHEeM: pacTATHBaOIIas
CHJIa ¥ M3TMOAIOUINe MOMEHTHI B CEUECHUSIX JIOTIATKU
BBI3BIBAIOT HE TOJBKO M3rHO0, HO U KpyueHue. Coot-
BETCTBEHHO, KPYTAIIMA MOMEHT BBI3BIBAE€T HE TOJIb-
KO 3aKpy4YHMBaHHUE JONATKH, HO TaK)KE PacTsHKCHUE —
ckatue ¥ u3ru0. UToObl ydecTh 3Ty B3aUMHYIO CBS-
3aHHOCTH, paboUme JIOTATKN TypOOMaIiuH Hanbosee
YacTO MOJIETUPYIOT B BUJIE TOHKOCTEHHBIX €CTECTBEH-
HO 3aKpyYEHHBIX CTepkHed [75], coBepLIaronIux
M3rHOHO-KPYTUIIbHBIE WIN KPYTHUIBHO-IIPONOJIBHBIE
koneOanus. OJJHAKO B HACTOSIIEE BPEMsI OTCYTCTBYIOT
METO/Ibl aHAIMTHYECKOTO pelieHus cucteMbl audde-
PEHLMABHBIX YPAaBHEHUH, OMMCHIBAIOLINX H3THOHO-
KpyTHJIBHO-IPOAOJIbHBIE KOJIeOaHUs 3aKpyIeHHON
JIOTIATKY NIEPEMEHHOT0 CEUYEHUSI.

HaxoxaeHune cOOCTBEHHBIX YacTOT KOJieOaHUM
paboumX JIONATOK SIBJIAETCS OJHON U3 OCHOBHBIX 3a-
Jlad TIpU MPOEKTHPOBAHUH 000N TypOOMAaIIHHBI.
A TIOCKOJTbKY aHAJIMTHYECKOE PEILICHHE CHCTEMBI AU]-
(dhepeHITManbHBIX YPaBHEHUH H3THOHO-KPYTHUILHO-
MPOAOIBHBIX KOJIeOaHUH 3aKpy4eHHOMN JIOTAaTKH Tie-
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PEMEHHOTO CeYeHHs OTCYTCTBYET, pa3padoTaH psil Ipu-
OmmKEeHHBIX MeToNIOB (MeTonbl Panes, Puria, meron
TTOCIIeTOBATEBHBIX TTPHOIMKCHIH | T. 1.) [35], mo3-
BOJISIFOIUX OICHUBATH COOCTBEHHBIEC YaCTOTHI KOJIC-
OaHni pabOYMNX JIOMATOK.

OpHAM W3 BapHAHTOB OIEHKH COOCTBEHHBIX Ya-
CTOT KoIeOaHuii 3aKPYUCHHBIX JIOIIATOK ABJIACTCA MC-
TOJIMKA pacdera ¢ moMomeio Tabmui. [Ipu ucnomns-
30BaHUU ITON METOJMKH COOCTBEHHBIE YaCTOTHI
KOHCOJIBHBIX 3aKpPYUYCHHBIX OaJiok PacCUUTBIBAIOTCA
0 CTaHAApTHBIM (opMynam [25].

Kak moka3biBaeT mpakTHKa pacyeTHBIX M JKCIIe-
puMeHTanpHBIX uccaenaoBanmii HIC momatok [36],
IJId TIOBBIIICHUA AJOCTOBCPHOCTU IOJYyUYAaCMBIX pac-
YETHBIX Pe3yJbTaTOB Hamboliee ImenecooOpa3Ho Hc-
TI0JTB30BaTh YHCIIEHHBIE MeTOABI [76; 77]. JlocTonH-
CTBOM YUCJICHHBIX MCTOIOB ABJISACTCA BO3MOXHOCTH
pEIICHUsT CIOXKHBIX 3a7lad MEXaHWKH jaedopmupye-
MOTO TBEPJAOTO Tella M MEXaHWKH KOHCTPYKITUH MpH
ropa3fo MEHBIINX 3aTparax, 4YeM MPH dKCIepUMEH-
TaJIbHBIX UCCIICIOBAHUSX.

7. AHanmm3 cocTosiHus podsiembl kosiebanus I'T]L,
U3roToBJeHHbIX U3 KM

B pabote [37] moka3aHo, 9TO CO3IaHHE COBpE-
MEHHBIX Ta3oTypbunnbeix nasurateneir (I'Tl) xapak-
TEpPU3yeTCs 3aMEHOH B psjie AeTalel TpaAUuIIMOHHBIX
KOHCTPYKITMOHHBIX MaTepuaioB (CTalled W TUTaHO-
BBIX CIUTABOB) Ha COBPEMEHHBIC KOMITO3HIIMOHHBIC
matepuansl (KM), umeromue 0ojiee BEICOKUE YACTb-
HYyI0 TPOYHOCTh M JKECTKOCTh. Takue paboThl mpo-
BOJIT BCE BEAYIIUE IBUTATCIICCTPOUTEIBHBIC (HUp-
Mmbl Mupa (General Electric, Pratt and Whitney, CFM
International u ap.). MccnenoBanusmu B 3T0# 00ma-
ctu Ttakxke 3aHmMmaroTcas PI'VII HUAM, OI'VII
BHUAM, OAO «HIIII “Motop”», OAO «Ilepmckuit
MOTOpPHBIN 3aBoa» U Np. B HacTosiee BpeMs oJHUM
13 OCHOBHBIX HampaBieHU nmo npumeHeHuro KM B
ra30TypOMHHBIX ABUTATEISAX SIBISICTCS CO3IaHUE JIO-
MaTOK M3 YTJeIIacThKa, TUTAHOBOTO CILIaBa, apMHu-
POBaHHOTO BOJIOKHaMH KapOuia KpeMHHUs, JOMaTKH
COCTaBHOM KOHCTPYKIMHU U jomaTku u3 KM Ha Mme-
Tayumueckoi matpure [37].

B [38] ormeuaercs, yTo pacTymmii MHTEpec K
JeMIQUPYIOMNUM KOHCTpyKuusM n3 KM crumynu-
pyeT pa3paboTKy METOIOB OMpEIeNICHUS HX C00-
CTBEHHBIX YaCTOT U KO3(PPUIIMEHTOB MEXaHHMUYECKUX
oTeph. DTOT WHTEpeC OOYCJIOBIEH B MEPBYIO OUe-
peIb TeM, UYTO AWCCHUITATHBHBIC CBOHCTBA KOHCTPYK-
uroHHbIX KM 3HauuTeNbHO MPEBOCXOIAT aHAJIOTHY-
HBIC XapaKTEPUCTHKH MOABJISIONIETO OOJIBIINHCTBA
METaJUIOB M CIUIABOB M MOTYT OBITH HCITOJIb30BAHBI
B Ka4eCTBE MapaMeTPOB MPOCKTUPOBAHUS KOHCTPYK-
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uuit ¢ 3agaHHeiMu cBoiicTBamu. Ilpu cozmanuu KM
Y W3JIENINH U3 HUX Ba)KHEHIIee 3HaYCHHEe UMEeeT Ipo-
THO3WPOBAHHE YNPYTUX W AUCCHIIATHBHBIX XapakKTe-
PUCTHK KOHCTPYKIUH 1O U3BECTHBHIM CBOWCTBAM OT-
JIENBHBIX MOHOCNOEB. [[st aToro HeoOxomumo pac-
roJiaraTh MOJTHBIM HA0OPOM YIIPYTHX W JFCCHUIIATHB-
HBIX XapaKTePUCTUK MaTepUaIOB MOHOCIOEB, CKOM-
MMOHOBAHHBIX B KOHCTPYKIHH. Bompockl ompenene-
HUS TIOJTHOTO Habopa KOMILTEKCHBIX MOJYJIEH IMoIry-
YU JIOCTaTOYHOE OCBEUICHHE B COBPEMEHHOM JIH-
teparype [39—42]. OnpeneneHHslil mporpecc B 3TOM
HaNpaBIeHUH TOCTUTHYT JUIS 3JEMEHTOB KOHCTPYK-
U, COCTOSIMUX M3 KECTKUX KOHCTPYKIIHMOHHBIX
KM [43-45]. Ilpu nepexose K CIOUCTHIM KOHCTPYK-
IIUSIM, COCTOSIIIIMM W3 COBOKYITHOCTH YKECTKHX W MST-
KX CJIOEB, CHUTYyallWisl CTAHOBUTCS €IIe CIOXHEe H
M3BECTHBI TOJILKO HECKOJBKO Pa0OT, MOCBSIMIEHHBIX
WCCIICJIOBAHUIO UX 3aTyXaroIuX Kojedanuit [47—49].
Hu B omHO# U3 yKka3zaHHBIX pa0OT HE OBUIH YYTEHBI
3(h(PeKTHI TpaHCBEPCATBHOTO CKATHS, YIET KOTOPOTO
MO3BOJUT OOJiee MOJHO BBIIBUTH OCOOCHHOCTHU IIO-
BEJICHHS YKa3aHHBIX KOHCTPYKIMNA. YYUTHIBAS CIOXK-
HOCTP TTOCTaBJICHHOH 3a7[adH, €CTECTBEHHO BHIOpATh
00BEKT UCCIIEA0BAHUS, C OTHON CTOPOHBI, MAKCUMaITb-
HO IIPOCTOM, ¢ APYIO¥ — YUYUTHIBAIOIIMM BCE XapaK-
TepHBIC 0COOECHHOCTH HCCIIEAYeMOTro sBIeHuUs [38].

He ocranaBnuBascCh Ha [IETalIbHOM aHAJIN3E
MHOT000pasusi CyIIECTBYIOIIUX MOAXOJO0B K HCCIe-
JTOBAaHUIO KOJICOAHHI CIIOMCTHIX aHU3O0TPOIHBIX TIIa-
CTHH, OTMETUM TOJILKO HanOoJee CyIecTBEeHHBIE 0CO-
OcHHOCTH WX JIehOPMUPOBAHHUSL.

Mopynu monepeyHoro caBura coBpeMeHHbIx KM
O0OBIYHO OYEHBb MAaJIBI 1O CPABHEHUIO C MOIYJISIMU
YOPYTOCTH B IJIOCKOCTH, B pe3yJibTare 4ero nedop-
MaIi¥ CIIBUTa MOTYT BIUSATH HA MOBEJCHUE TaKHX
MaTepHaIoB TOPa3/I0 CYIIECTBEHHEE, YeM Ha IOBe-
JIEHWE OIHOPOIHBIX M30TPOIMHBIX MarepuayioB [50].
Hanpumep, onpeaensieMble MO KIACCHYECKON Teo-
pUH TUIACTHH COOCTBEHHBIC YaCTOTHI JJIS TUIACTHH C
OTHOIIEHUEM JUIMHBI CTOPOHBI K TOJNIIMHE, PaBHBIM
10, Ha 25% mpEBHIIIAIOT YaCTOTHI, OIIPEEIEHHBIE TIO
TEOpHUH, yuuThIBaroIei aedopmanuu cusura [50].

Huddepentnnanpapie ypaBHEHUS, KOTOPBIC TIO-
JIy4arOTCsl TIPU MCIIOJIb30BAHUHM TPUHIIUIIA MUHUMY-
Ma MOTCHIUAIBLHON 3HEPTUH, MO3BOJSIOT JOCTATOY-
HO XOpOIIO OMHCaTh TII00ANhbHOE MOBEJCHHE Ia-
CTHHBI U CTEP)KHEH, T.€. ONPEICTUTh MPOTHOKI, CO0-
CTBEHHBIE YaCTOTHI U KpUTHYECKHUe Harpy3ku. OnHa-
KO, JUTsI ICCIIEIOBAHUS PacIpeieiICHUS HANPSIKEHHH
0 TOJIIUHE TUIACTHHBI U CTEPXKHEH B 001acTAX pas-
pBIBa HEMIPEPHIBHOCTH, HAIIPUMED Ha TPaHHUIIAX, TPe-
Oyetcs Oonee crnoxHas Teopus. Ha rpanumnax mexc-
JIOWHBIE HANPSDKEHHS CO3MA0T <« QEKT MmorpaHud-
HOTO CJIOSD», B COOTBETCTBUU C KOTOPBIM HaIpsiKe-
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HUSL MEXIY CIOSIMH Pa3IMYHBIX MaTepHaIoB OTJINY-
HBI OT HyJiA [76; 77].

[IpuBeneHHBINM KpaTKuid 0030p MO3BOJISICT 3AKITIO-
YUTb, YTO I MOCTPOEHUS MAaTEMaTHYECKOW MOETH
COOCTBEHHBIX KOJeOaHWH KBa3sHOAHOPOIHBIX CIIOU-
CTBIX aHM3OTPOIHBIX IUIACTUH U CTEpP)KHEH Ieneco-
00pa3HO BOCHOJIL30BAThCSI YTOUHEHHOH TEXHUYECKON
TEOpHeH, MOCKONBKY UCCIelyeTcs r1o0anbHOe MoBe-
JIeHHE KOHCTPYKILHUH.

B pabore [49] mis aHanmm3a ynpyrux M Tuccumna-
TUBHBIX XapaKTePUCTUK MHOTOCIOHHBIX TUIACTHH
n3 KM ucnonb3yeTrcss MoAeab CIOUCTON peryisp-
HOW CTPYKTYpHI, ipemnoxkenHas B [50; 51]. Kowm-
MO3UT MPECTABISAETCS B BUAE COBOKYITHOCTH Yepe-
IOYIOLIMXCS CIOEB C CYIECTBEHHO PA3IMYHBIMU CBOM-
ctBamu. OpHa TpyIma CioeB, Ha3BaHHAS B [49] sxecT-
KHMH, UIMUTUPYET apMHPYIOIINE 3JIEMEHTHl KOMIIO-
3UTa (CTEKJIOIUIACTUKH, YIIEMIacTUKU U T.I.). [py-
rasg rpymna — MSTKHe CJIOHW, MOAEIHPYET CBOMcTBa
neMnUupyomux BA3KOynpyrux cioes. JKecTkue
CJIOM BOCIPHUHMMAIOT OCHOBHBIE YCHJIHS B IIJIOC-
KOCTH apMHUPOBaHUs, a MATKHE CIIOM HECYT OTBET-
CTBEHHOCTh 33 MEXCIOWHBINA casur. OgHOU W3 Cy-
IIECTBEHHBIX CcTOpoH Teopuu [49; 50] sBnsercs co-
BOKYMHOCTh KHHEMAaTH4eCKHX Tunotes. lehopmanmn
CJIONCTON KOHCTPYKLMHU IIOJHOCTBIO 3aJa0TCs Iie-
pPEMEIEHUSIMH JKECTKUX CJIO0EB, AJS KaXJIO0ro U3 KO-
TOPBIX YUYHTBHIBAaETCA BIUSHHE NepopMaluil caBUTA.
Ha moBepXxHOCTH KOHTaKTa XKECTKUX U MATKUX CIOEB
BBINOJIHSIETCSL YCJIOBHE HENPEPBIBHOCTH IepeMelie-
Huil. B TO ke Bpems mons aedhopmMannii MOTyT UMETh
paspbiBel. [IpuMeHeHHe BapHallMOHHOTO MPUHIMIIA
I'aMuiIbTOHA TO3BOJISIET MOCTPOUTH JIyHUIIEEe B 3HEP-
TeTUYECKOM CMBICIIE TPUOIDKEHHE TOoJeld mepeme-
LIeHui, qedopMalnuii 1 HaNpsSKEHUH K UCTHHHBIM
noJusMm [76; 77].

B pa6ote [37] npuBeneHa METOAMKA pacdyeTa Ha
MPOYHOCTH JIOMATKH KOMIIpEccopa ra3oTypOMHHOTO
asuratens u3 ruopuanoro KM, otnuuaromasics tem,
YTO II03BOJISIET OIPEICISATh HANPSIKCHUS B MaTpU4-
HOM Marepuaje M B apMHUPYIOIIUX BOJIOKHAX, Olle-
HUBAThb 10 HUM HPOYHOCTH JIOTIATKH M, PaccMaTpH-
Basl pasIn4HbIe CXEMbl apMHUPOBAHUS, BBIOMpATh U3
HUX BapHaHT, 00eCHeunBaONNil MUHUMHU3AIUIO Ha-
NpsOKeHWH B HambOosiee OMACHBIX TOYKaX JIONATKU.
PaccmatpuBaetcs pacueTHas MOAEb AJIS OMpeerne-
HASA 3G (DEKTUBHBIX XapaKTEPUCTUK KECTKOCTH TH-
opunHoro KM Ha ocHOBe MarHMeBOH MaTpHLBI, ap-
MHUPOBAHHOW YTIEPOIHBIMA U OOPHBIMH BOJIOKHAMH,
BKJIIOYAOLIeH (OpPMUPOBaHKUE IPEICTABUTEIHLHOTO
aneMeHTa TubpugHoro kommosuta. [loctpoenune ko-
HEYHO-3JIEMEHTHOM MOJETM KOMIIO3UTa U aHAJIN3
TOYHOCTH I10JIy4aeMbIX PEe3yJIbTaTOB PEAM30BAHBI B
pamkax makera ANSYS.

329



Nurimbetov A.U., Dudchenko A.A. Structural Mechanics of Engineering Constructions and Buildings, 2018, 14(4), 323-336

Konebanus u a3poynpyroctb KOMIO3HLMOHHBIX
JIOTIacTe# paccMaTpuBaroTcs B padbotax [52—65]. He-
JMHEHHBIM a3pOYIPYTUM KOJIeOaHHAM IIOCBSIIEHBI
pabotsl [66—70]. HekoTopbiM Bompocam, OTHOCS-
MIMMCSI K MaTeMaTHUYEeCKUM MOJEISIM YIPYTHX JIoMa-
CTeH M YUCICHHBIM METO/AaM MX pacueTa, IOCBsIIe-
HBI pabotsl [71-73].

3akiroueHmne

[Tpu coznannu paborocrocoOHO# sonartku n3 KM
OJTHAM W3 Ba)KHEWIIINX HAIPABIICHUH SIBJIAETCS MaKCH-
MaJIbHOE CHIDKEHHE HAIPSHKEHUH B MECTaX Tepexofa OT
Tiepa JIOTIATKH K €€ XBOCTOBUKY M B YTJIOBBIX TOUKaX Ha
OOKOBBIX T'paHSX XBOCTOBHUKA, TJIE IMPOHMCXOIUT Paspy-
IIIeHHe JIONMAaTK U3 TPAJUIMOHHBIX MaTrepHaioB. B ot-
JIYHE OT OMHOPOIHBIX MaTepUalioB B jiomarke u3 KM
HANpPsDKEHYSI B OMACHBIX 30HaX MOXXHO CHUXKATh HE
TOJIKO 3a CUET TeoMeTpudecKor (POpMBI JIOMATKH,
HO ¥ 32 CYeT BHIOOpa PAIIOHATFHON CXEMBI €€ apMHUPO-
Banus [76; 77]. o Hacrosmiero BpeMeHH 3(EKTHB-
HOCTB 3TOro mnoaxona B jomnarkax I'T/] meramsHo ere
HHUKTO HE aHAJIM3UPOBAJI, XOTS 3TO MOXKET J1aTh BECbMa
3aMETHBIN TOJOXKUTENbHBIH 3 dexT [37]. dst peanusa-
MY TaKOM BO3MOXKHOCTH HEOOXOJMMa METOJIMKA pac-
gera HJIC nomatku n3 KM ¢ yderom ero peaiabHOU
CTpyKTyphl. [Ipy co3maHmy Takoil METOIMKH HeoO0Xo-
JIIMO PEIHTh PsJT aKTYATbHBIX HAYYHBIX 3a]1a4: pa3pa-
00TaTh METOIMKN SKCIIEPUMEHTAILHOTO OTPEISIICHHS
YIPYTHX W MPOYHOCTHBIX Xapakrepuctnk KM, pacuera
KO3((PHUIMEHTOB JKECTKOCTH KOMIIO3UTOB IIPU Pa3iny-
HBIX CXeMaX apMHUPOBAHUS C OIHUM WITH JBYMS BHUIIAMHU
apMUPYIONTX BOJIOKOH, pacdera H/IC nomarku n3 KM
C OmpeeNicHHeM HaNpsDKEHUH B MaTpPHUIlC U apMUPYIO-
IIMX BOJIOKHAX, BBIOpaTh Hawboliee PalMOHAILHYIO
CXeMy apMHUpPOBaHHUS C HANMEHBIIIUMH HAMPSHKEHUSMA B
HanOoJee OMACHBIX TOYKAX JIOMATKHU. Pelienne ykas3aH-
HBIX 3ajlay sIBIISIETCSI BEChMa aKTyalbHBIM, O0Jaa-
IONIUM CYIIECTBEHHOW HOBWU3HOM M MIMEIOIIUM BaX-
HOE TIpaKTHyeckoe 3HadeHue [37].
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Abstract. Various methods for calculating the shapes and frequencies of natural vibrations of rod structures and blades
are described in the literature. At present, there is still no one unified universal technique for ensuring the vibratory strength of
blades, based on the exact solution of the problem of calculating the vibrational characteristics of modern impellers of complex
design. Thus, the problem of the flexural-torsional flutter of working blades of turbo-machines is extremely relevant, in spite of
the insufficient attention given to it in various literary sources. The above drawbacks can be avoided by applying various de-
sign analysis methods. Calculation methods for analyzing the strength of structures, as a rule, are divided into analytical and
numerical. Analytical methods for studying the stress-strain and vibration state are based in most cases on simplified relations
between the theories of rods, shells, and also the theory of oscillations. The advantage of analytical methods is the relative ease
of use and convenience in performing valuation calculations at the initial stages of design. The paper reviews and analyzes
works on the finding of frequencies and modes of vibrations of rod structures and compressor blades for their subsequent use

for multi-layer anisotropic rod structures from composite materials (CM) during the design phase.

Keywords: deformation, anisotropic multilayer rod, kinematics, oscillation, torsion, stretching, bending
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YmncsieHHOE nccIel0BaHUe COOCTBEHHBIX YaCTOT
U ¢popm KoJ1eOaHuil BO3TYX00NOPHBIX COOPYKEHUIt

H.A. Mokun*, A.A. KycroB, M.I. I'ankyHueB

HanunonanbHblil uccnenoBaTenbckuii MOCKOBCKUN TOCyAapCTBEHHBIN CTPOUTENbHBINA YHUBEPCUTET
Apocnasckoe wocce, 26, Mockea, Poccuiickas @edepayus, 129337

* ABTOp, OTBETCTBEHHBIH 3a IEPEIUCKY

(nocmynuna ¢ pedaxyuro: 18 mas 2018 r.; npunsma x nybauxayuu: 02 aBrycra 2018 r.)

CoOcTBeHHbIE YaCTOTHI U (POPMBI KOJIeOaHNH SIBIISIOTCS! BAYKHBIMU TMHAMHUYECKHMH XapaKTEPUCTHKAMHU CTPOUTEIbHBIX
KOHCTPYKIMH U coopyXeHui. B nanHO# paboTe npuBeAeHO pelIeHne 3a/1a4 110 OIPEIeNIEHHI0 COOCTBEHHBIX YacTOT U (JOopM
KoJieOaHWi IpeBapUTEIbHO HANPSHKEHHBIX MATKHX 000JI0YeK U3 OPTOTPOIHOrO MaTeprana. B MarpnyHOM Buze 3amucaHo
yYpaBHEHHE JBIDKCHHS Ul CHCTEMbI C KOHEYHBIM YHCIIOM CTENeHeH CBOOOIBI, U3 KOTOPOTO BBIBOJHUTCSI ypaBHEHHE COO-
CTBEHHBIX KojebaHuil. OTMEeYeHbl OCOOCHHOCTH MPOBEAEHNSI MOJAIIBHOTO aHAJIN3a MPEJBAPUTENBHO HAIPSHKEHHON CHCTe-
MBI [ OTpabOTKM METOAMKY B HAYYHOM JIMTEpaType ObUIa HaliZieHa M pellieHa TeCTOBas 3a/iada 110 MOAAIbHOMY aHalU3y
KPYTOBOH IIMJIMHAPHYECKOH 00070ukM (TTHEeBMOOankn). B n3yueHHoi padoTe i aHannM3a 4acToT U (hopM COOCTBEHHBIX
KoJIeOaHUH ITHEBMOOAIIKM MPU Pa3IMYHBIX IPAHWYHBIX YCIOBHAX HCIIOJB3YETCs OJHOMEpHas (CTepiKHEeBas) MOAENb, JUIs
KOTOpOH OBIIO MOJYYEHO AaHATUTUYECKOE PEIICHHE C YU9E€TOM OPTOTPOIHBIX MEXaHWYECKUX CBOMCTB M NPEIBApUTEIBEHOTO
HanpspkeHus. TecToBast 3a7aya pelieHa B JaHHOW paboTe ¢ MCII0Jb30BaHHEM MMPOCTPAHCTBEHHOW 000I0YEYHON MOJCITH Ha
OCHOBE METOJ[a KOHEUYHBIX JJIEMCHTOB C MPHUMEHEHHEeM mporpamMmmHoro komiuiekca ANSYS Mechanical. IIpoBeneHo como-
CTaBJICHUE IOJYYCHHBIX YHMCIEHHBIX PE3YJIbTATOB C «3TAJOHHBIMIWY) PEIICHUSIMH, OOBSCHEHBI BO3MOXKHBIE TIPUUUHBI pac-
XOXKICHUS pe3ysbTaToB. MeToIuKa pelleHus] TECTOBOM 3a1aun Obljla NMpUMEHEHa Ul YHCIICHHOTO WCCIENOBaHMS COO-
CTBEHHBIX 4acTOT M (GopM KojeGaHUil BO3yX00HOPHOH 000I0YKN Ha MPSIMOYTOJILHOM IL1aHe pazmepoM 20x50 m. [{ns mo-
Jienel pa3IMyHOM CTeNeHH AUCKPETH3ALNH JOCTUTHYTa MPAKTHIECKast CXOAUMOCTb Pe3yIbTaTOB. MeXay BETMIMHON BHYT-
PEHHETO IaBJICHUS U KBaJpaTaMy COOCTBEHHBIX YaCTOT BBIABICHA MPAKTUUECKH JTUHEHHAs 3aBUCHMOCTD, YTO COTJIACYETCS C
W3BECTHBIMH PEIICHHUSIMU, IPUBEICHHBIMHU B HAYYHOH JIUTEPAType VI H30TPOIHBIX MEMOpaH.

KarwueBble ciioBa: BO3AYXOOIIOPHOE COOPYIKCHUC, HHGBMO6aﬂKa, MOI[aJILHLIﬁ aHaJiu3, COOCTBEHHEIC YaCTOThI U (I)Op-
MBI KOJ'IG6aHPIfI, MCTOJ KOHCYHBIX 3JICMCHTOB

— Marepual 000JIOYKU SBISETCS OpPTOTPOIIHBIM
n pa60TaeT TOJIBKO Ha pacCTAKCHUC,
— IIPU BETPOBBIX BO3H€ﬁCTBHHX TMPOABJIAKOTCS a3PO-

BBenenune

3a MOCJIEIAHUE ACCITh JICT B HaIICH CTpaHC OBLIO

BO3BEJICHO JOCTATOYHO MHOTO BO3AYXOOHOPHBIX CO-
OpYKeHHH pa3IMYHOTO HazHadeHHs. B Hactosmee
BpEeMsl CaMbIM PaclpOCTPaHEHHBIM THIIOM BO3IyXO-
OTIOPHBIX COOPYKEHUH ABISAIOTCA O00JOYKH Ha Tpsi-
MOYTOJIEHOM I1ane (puc. 1).

OO0 uHTepece K MOA00OHBIM KOHCTPYKIIMSAM B OTe-
YeCTBEHHOH HayKe CBUACTEIBbCTBYET MHOSBICHHE 00-
30pHBIX CTaTel Mo naHHoM Teme, Hampumep [1]. Craox-
HOCTB pacyeTa TaKuX COOpYKEHHH Ha JeHCTBUE BHELI-
HHX Harpy3ok oOycloBieHa paaoM (haKTOpoOB:

— HE0O0XOMMasl KECTKOCTh KOHCTPYKLHUH CO3/a-
eTcs 3a CUeT BHYTPEHHETO AABJICHUS, SIBIISIOIIETOCS
CHensIIEel Harpy3KOu;

— ¢popMa 000JOUYKH MOXKET CYLIECTBEHHO H3Me-
HATBCS B IPOLIECCce HATPYKEHHUS;

LVHAMUKA KOHCTPYKLWIA 1 COOPYXXEHUM

ynpyrue 3¢dexTst [2, c. 396].

HccnenoBanusam xosebanuii 000JI04eK MOCBsIIe-
HO MHOXXECTBO KaK KJIACCUYECKUX, Hampumep, [3—5],
TaK U COBPEMEHHBIX pabot [6; 7]. Monorpadus [3]
sBIIsIeTCs (PyHIaMEHTAIBHBIM TPYIOM, TTOCBSIIEHHBIM
00IIMM BOIIpOCAaM aHaJIM3a COOCTBEHHBIX KOIEOaHUI
000JI0YE€K C MOMOIIBIO ONEPAaTOPHBIX METOIOB.
Jns M30TPONHBIX NPSIMOYTOJNBHBIX MEMOpaH BIIHs-
HUE HATSDKEHHMS Ha 4acTOThl COOCTBEHHBIX KouebOa-
HU onucaHo B kuure [4]. HekoTopsie Bompockl Ko-
nebaHuii THOKUX OPTOTPOIHBIX 00O0JOYEK KaHOHH-
yeckoi (hopMbl onrcaHbl B riiaBe 3 kHuru [8]. Cre-
IyeT OTMETUTb, YTO aHAJIMTHUYECKHE PEILCHUS yIaeTcs
MOJYYUTh TOJNBKO ISl 000J0YeK W MeMOpaH mpo-
cTOH (KaHOHUYECKOH) (popMEI.
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B cratbe [9] uzy4arorcsi COOCTBEHHBIC YaCTOTHI U
(opMbI KoJIeOaHUI MTHEBMOOAKN (KPYTOBOH IHITHH-
JIPAYECKON 000JI0UKH, TIPEABAPUTEIHHO HATPSDKEHHOMN
3a cyeT M30BITOYHOTO JABJICHUS) C TTIOMOIIBI0 METOA
JIMHAMIYECKOW JKECTKOCTH (dynamic stiffness method),
paspabdotanHoro B [10]. [IneBMoOaka MOACTHPYETCS
B BUJIC CTEP)KHS THIA THMOIIIECHKO, T.€. YUUTHIBAIOTCS
nedopmanuu momnepeyHoro caBura. Takas MOJACIb
MTHEBMOOAJTKH TIO3BOJISIET YIECTh OPTOTPOITHBIE (PU3UKO-
MEXaHMYECKUE CBOMICTBAa Marepuaja U HEIUHEHHbIE
3¢ EKTI, BBI3BAHHBIC CIESAIICH HATPY3KOW OT BHYT-
PEHHETO NaBJICHUS, W TIOJIYYUTh aHAIUTHYECKOE pe-
menne [9]. Tounas MaTpuIia TMHAMHAYIECKOH JKECTKO-
CTH TTHEBMOOAIKH ObLIa TIOTyYCHA ITyTEM JIMHEApH3a-
[IUHM HEeJIMHEHHBIX YpaBHEHUH OKOJIO TPEABAPUTEIBHO
HanpsHDKEHHOTO cocTostHus. Ha ocHOBe mpoBeeHHOTO
0030pa JUTepaTyphl BICPBbIC MOJYYCHBI aHATUTHYC-
CKHE BBIPKEHUS ISl ONpENeNieHHs] COOCTBEHHBIX Ya-
CTOT KOJIeOaHUI MTHEBMOOAIKH M3 OPTOTPOITHOTO Ma-
Teprana Mpy paszINyHBIX TPAHWYHBIX ycIoBusX. [lo-
CTOBEPHOCTH PE3YJIbTATOB MOATBEPHKAACTCS UX COIO-
CTaBJICHHEM C TIOJTyYSHHBIM paHee PelIeHHueM 3a1a4u
JUTA TIAPHUPHO OIEPTON MHEBMOOAIKH W3 H30TPOII-
Horo marepuana [10], a Takxke ¢ pe3ybTaTamMH, MOJy-
YEHHBIMU JUIS TIPOCTPAHCTBEHHON 000JI0UEUHOU MO-
JIEJT METOJIOM KOHEUHBIX 3JieMeHTOB B [1K Abaqus.

Puc. 1. Bo3nyxoonopHoe noxkpbiTue
(yr6obHOrO cTanuona B Kpacnonape,
CNpoeKTHPOBaHHOI0 M Bo3BeeHHoro OO0 «IICH “Beprexo”»
[Figure 1. Air-supported roof of football stadium
at Krasnodar, Russia. Project and erection
was performed by LL.C “PSB Verteco”]

1. MaTtemaTnueckasi NoCTaHOBKA 3a/1a4YH

1.1. Onpeoenenue uacmom u gpopm
COOCMEEeHNbIX KOJICOAHUTL 0151 CUCIEMBbL
C KOHEUHbIM YUC/IOM CIEeneHell c60000bl

B Hacrosiee BpeMs A pacyeTa CTpOUTEIBHBIX
KOHCTPYKLMH, KaK MPaBUIIO, HUCHOJIB3YIOTCSI YHCIICH-
HBIE METOJIbI, a TIOCKOJIBKY METO]I KOHEYHBIX 3JIeMEH-
TOB coYeTaeT B cebe YHHBEPCAILHOCTH aJTOPUTMOB
peLICHHs Pa3IMYHbIX KPaeBbIX 3a1ad ¢ 3QPEeKTUBHO-
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CTBbIO KOMIBIOTEPHOH peanusanuu BeluMciaeHui [11],
TO OH MOJIy4MJ1 HauOosbliee pacnpocTpaHeHue. [as-
HBIM IPUHIMI, HA KOTOPOM OH OCHOBAaH — 3TO pac-
CMOTpPEHHE peabHON KOHCTPYKIHHU B BUJE CHUCTEMBI
C KOHEYHBIM YHCJIOM CTETIeHEel CBOOOBI.

3anumeM B MaTPUYHOM BHJAE YPaBHEHHE JBU-
JKEHHSI JUI1 CUCTEMBI C KOHEYHBIM YHCIIOM CTENeHe
cBoOonbl [12; 13]:

Mii+Cu+ Ku = p, (1)

IJie ¥ — BEKTOp Y3JIOBBIX MepeMELIEHHH TSl BCETo Tena;
# M i — BEKTOPbI Y3JIOBBIX CKOPOCTEH M YCKOPEHWH
(ToukamMu 00O3Hau€HBI MPOU3BOJAHBIE MO BPEMEHH);
M, C, K — «rnobansHbIe» MaTpHIBl Macc, AeMIpH-
POBaHHMS M XKECTKOCTH ISl BCETO TeNa; p — BEKTOP JK-

BUBAJIEHTHBIX Y3JIOBBIX HArPy30K IS BCETO TENa.

MoganbHbI aHaIU3 MPOBOJUTCSA ISl ONpene-
neHust 4yactoT U Gopm (Moa) cOOCTBEHHBIX Koieba-
HUN KOHCTPYKUUI B NMPEANON0KEHNH, YTO CHCTEMa
SIBIIIETCSl TUHEHOH. BHemHue cuibl u geMrdupo-
BaHHE I0JIaTal0TCs PaBHBIMH HYJIO. B 3TOM ciydae
ypaBHEHHE KoJeOaHMH KOHCTPYKIHMH B MaTPHUYHOM
¢dopme (1) mpuHUMaeET BUI

Mii + Ku =0. )

MopanbHbIN aHAIU3 3aKJIF0YAETCS] B HAXOXKIACHUU
YCIIOBHH, NMPU KOTOPBIX CUCTEMa COBEPIIACT rapMo-
HUYECKHEe KoyiebaHwuii 1o 3akony [13]:

u(t)=Wsin(wt+qg), (3)

rne Y — BekTOp, Xapakrepusyromuid GpopMy coo-
CTBEHHBIX KOJICOaHMI (COOTHOIICHHS MEXKITy CMEIIIe-
HUSMH Y3JIOB); (0 — KPyTOBas 4acTOTa COOCTBEHHBIX

konebaHuil; ¢, — HavanbHas (asa.

IMoncranoBka (3) B (2) maer ypaBHeHHE COO-
CTBEHHBIX KOJICOAHHMIA:

(K—Mmﬂw=a @)

TpHUBHAIBHBIM pELLICHHEM YPaBHEHUS SIBISICTCS HY-
JIEBOE CMEILICHUE Y3JI0B (CHCTEMa OCTAETCsl HEIIOABIIK-
HOH). HerpuBrnansHoe pemienue ypaBHeHus (4) cylue-

CTBYET JIMIIIb TOT/IA, KOT/Ia BEJIMYMHBI (); (i =1 .., n)
00paILaoT B HYJb JETEPMUHAHT MaTPHIIBI (K ~Mo* )

CootBercTBytone UM (HOpPMBI COOCTBEHHBIX KOJIE-
Oannii Y BBIMHCIIAIOTCS JIMIIL ¢ TOYHOCTHIO JIO TPO-
W3BOJIBHOTO MHOXKHUTEINSI, 3HAUEHHE KOTOPOTO OIpe-
nensieTcss U30paHHBIM CIIOCOOOM HOPMHPOBKHU COO-
ctBeHHBIX ¢opM [13]. Takum 0Opa3omM, aMIUIUTYIBI
COOCTBEHHBIN KOJeOaHUI HE OIpEe/eNIeHbl, U3 pellie-
HUASA ypaBHEHUS (4) MOTYT OBITH TOJYYECHBI TOJIBKO

DYNAMICS OF STRUCTURES AND BUILDINGS
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COOTHOILICHUSI MEXIY MEepeMEIICHUSIMU Pa3InIHbIX
TOYeK cUCTeMbl. OTMETHM, YTO YUCIIO COOCTBEHHBIX
($hopM COBIAacT ¢ YHCIOM CTETCHEH CBOOOMBI NTH-
HaMHYECKOI CUCTEMBI A.

Hapsimy ¢ kpyroBoii COOCTBEHHOUW 4acTOTOU ;
TaKXe BBOAUTCS COOCTBEHHAs 4acTOTa f;, MPEICTaB-
nsromasi cobol ynucno konebGaHWUW 1O i-TO# cOO-
CTBEHHOH (hopMe, COBEpIIaeMBbIX CUCTEMOU 3a OJHY
CeKyHY:

fi=—~. (5)
T

B xauyecTBe OCHOBHOIO HMHCTpYMEHTa VISl IPOBE-
JIEHUsI pacyeToB BbIOpaH BepU(HULIMPOBAHHBIN B CHCTe-
Me PAACH yHuBepcanbHbI TPOrpaMMHBIN KOMITIEKC
(IIK) ANSYS Mechanical, B KOTOpOM pearm3oBaHa BO3-
MOXKHOCTb y4eTa IPEABAPUTEILHOIO HAPSDKEHUST KOH-
CTPYKILIMH NP TIPOBEJEHUN MOJATIBHOIO aHAJTH3a, a TaK-
K€ BO3MOXKHOCTb MCIOJIb30BaHUS MEMOPAaHHBIX KOHEY-
HBIX 3JIEMEHTOB M3 OPTOTPOITHOTO MaTepraia [ 14].

1.2. Ocobennocmu mooanvnozo ananusa
npeosapumenbHO HANPAIHCCHHOI CUCHEMbL

CobcTBeHHBIE YacTOTHI U (HOpMBI KoJIeOaHui pe-
BapUTEIbHO HAIPSDKEHHOW CHUCTEMBI OTIMYAIOTCS OT
COOCTBEHHBIX YacTOT U (hopM KoyieOaHwi HeHaTpsHKEH-
HOU cucTeMbl. OTOT 3(h(HEeKT MOXKHO HAOIIOIATh MPH
HATSDKEHUH CTPYH B MY3BIKaJbHBIX MHCTPYMEHTaX —
IUTS CHCTEM, pabOoTaIOMNX MPEUMYIIIECTBEHHO Ha pac-
TSOKEHHE, YaCTOTHI PACTYT C YBEIUYCHUEM IPEIBaAPH-
TenbHOrO Hanpsikenus [4; 12; 13].

Kak ykazaHo Bblllle, MOJAIIEHBIA aHAIH3 CHCTE-
MBI UMEET CMBICJI TOJIBKO B JINHEHHON IOCTAHOBKE,
B HEJIMHEHHBIX 337a4aX MOXHO TOBOPHUTH O Pa3lio-
JKEHUH JIBHKEHHSI CHCTEMBI 10 (opMaM CBOOOTHBIX
KoJIe0aHW B OKPECTHOCTH M3y4aeMOTr0 PaBHOBECHO-
ro ee TIOJOKEHUS TIPpY JTMHEeAPU3aIlui TIOBEIACHUS CH-
CTEMBI B 3TON OKPECTHOCTH.

Ormpenenenne HAMPsHKEHHO MTe)OPMUPOBAHHOTO
cocrosiaust (HZIC) cuctemsl nmpu mpeaBapuTebHOM
HaMpPSHKCHUH JOHKHO BBITIOJNHITHCS C YYETOM T€O-
METPUYECKH HEJIMHEWHBIX 3(PQEKTOB: pacueT ciemy-
€T MPOBOANTSH 110 e(hOPMUPOBAHHON CXeMe, TIPUHU-
Masi BO BHUMaHUE CICAAIUI XapakTep Harpy3Ku OT
naBieHus Bosayxa [9]. [amee HeoOXoaumMo mocTpo-
UTh JTUHAMUYECKYIO MOJETh TaK Ha3bIBaeMOH JIMHe-
apU30BaHHOW CHCTEMBI, B KOTOPOI BCE COCTaBIIAIO-
IIME €€ DJIEMEHTHI PACCMATPUBAIOTCS B JTMHEHHOH TO-
CTaHOBKE, HO C KacaTeJIbHBIMU (MIHOBEHHBIMH) MaT-
puniamu xectroctu [13].

Hns sToro B ypaBHeHUH (4) BMECTO OOBIYHOM
MaTpULIBI XKECTKOCTH K () BBOIUTCS KacaTellbHas (MTHO-

BEHHAas) MaTPHIA KECTKOCTH K :

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

K:K() +KG, (6)

rne K;=K;+K, — MaTpuina reoMeTpuuecKoin
KecTKoCTH: K| — MaTpuia HadaldbHBIX HampsiKe-

HHl; Ky — Marpuna HadaabHBIX TIOBOPOTOB.
JletaibHOE TIOCTPOEHHE MaTPHILBI FeOMeTpHYe-

ckoif xkectkoctn K, a Takke marpun K| u K,

moApoOHo onmicano B kamre [13, ¢. 138-140].

2. PemieHue TecToBOii 3a1a4n
10 ONpefeIeHHI0 COOCTBEHHBIX YACTOT
U popM KoJieOaHuii MTHEBMOOAIKH

2.1. Onucanue pacuemuvix mooeneil

OOBEKTOM HCCIICIOBaHMUS BhIOpaHa THEBMOOAI-
Ka — MUINHIpHYecKas obomouka auamerpom 0,28 wm,
JUIMHOK 3 M M TommmHOM 1 MM, uccrienyemas B pa-
oote [9]. O4eBHIHO, UTO HATUYKE TOPIIOB B 000JIO-
YEUYHOW MOJIENU MPUBOAUT K JOTOJHHUTEIFHOMY IPO-
JONBHOMY DPAacCTSHKEHHIO 00O0JIOUKH OT AEWCTBUS H3-
OBITOYHOTO JABJICHMsI, OTHAKO, B paboTe [9] He yka-
3aHO, OBUIO JI YYTEHO 3TO PACTSHKEHHE B IOCTPOCH-
HOH CTEPKHEBOU MOJENH.

B nanHoit pa®oTe ObUIM BHITIOJHEHBI PACUYETHI
JUIst 000JI0UEYHON MOJICNIM THEBMOOAJIKH KaK ¢ TOp-
aMH, Tak u 6e3 Hux. s ydmrel cXoIuMOCTH JHC-
JICHHOTO aJTopuTMa perieHus ¢opMa TOPIIOB ObLIa
MIpUHATA B BUJE Nonycdep, pacCTOSHUE MEXIY LIeH-
TpaMH KOTOPBIX COCTABJISUIO JITUHY MHEBMOOAIKH,
T.€. 3 M.

TpexmepHas koHeuHo-a1eMeHTHas (KO) Mmonens
mHeBMoOanku cozpaBanack B [IK ANSYS Mechanical
C WCIIONb30BAaHUEM TPEXY3JIOBBIX O0OIOYEHHBIX KO-
HeuHbIx 3neMmeHToB Tuna SHELL181, B xotopom
peanmu3oBaHa Teopusi obonouek MuHanuHa — Pefic-
cHepa. [l pemeHus JaHHOM 3aaun ObUTAa BKITIOYE-
Ha meMOpanHas ommus (mapamerp KEYOPT(1)=1),
KOTOpasi TIO3BOJISIET HE YUUTHIBATh M3THOHYIO JKECT-
KOCTh U HTHOPHPOBATDH YTJIOBBIE CTETIEHH CBOOOIBI B
y371axX 3JeMeHTOB [14].

Jns uccnenoBaHusl CETOYHOM CXOOUMOCTH pac-
CMOTPEHBI TPU BapHaHTa PACUYECTHOM CETKH C MaKCH-
ManpHOM ymmHON pedpa KD d, pasmoit 0,06, 0,03 u
0,015 m. PesynbraThl pacuera Uid ABYX IOCIETHUX
CITy4JaeB MPAKTUYECKH COBMAIAIOT U IIPHBEACHBI HIDKE.

Bbrino paccMoTpeHo 2 BapuaHTa 3aKperiCHH
ITHEBMOOAJIKY:

1) 3amiemIieHHBIN JICBBIH Kpall U CBOOOJHBINA OT
3aKpeTUIeHUH TpaBblil Kpail (KOHCONbHAs 0ajKa);

2) 3ameMJICHHBIN JICBBIH Kpald W TIApHUPHO
ONEPTHIN MpaBbIi Kpai.
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2.2. IIapamempuot pacuemos

PaCCMOTpeHLI HHeBMO6aJIKI/I, BBIITOJIHCHHBIC U3
JIBYX PA3IMYHBIX OPTOTPOIHBIX MaTepUajoB — THUIIA
1 1 Tuna 2. PU3NKO-MEXaHUUYECKUE XapaKTePUCTUKU
IMPUBECACHELI B Tabm 1 u NPUHATBEI B COOTBETCTBUU C

JIaHHBIMM M3 UCTOYHUKA [9].

Tabruya 1

Du3HK0-MeXaHHYeCKHe XapaAKTePHCTHKH MaTePHAJIOB
[Table 1. Physical and mechanical properties of materials]

XapakTepucTuka Tunl | Tun2
[Property] [Type 1] | [Type 2]

[LnorHocTs p, kr/m? [Density p, kg/m?] 1420 1420
Mopyib ynpyrocTy B IpoJ0JIbHOM (OCEBOM)
HanpagsieHuu E1, MIla
[Modulus of elasticity in longitudinal (axial) 393,13 | 18370,0
direction E1, MPa]
Moy yIpyrocTd B KOJILIEBOM
HanpasieHnu £z, MIla 45159 | 14120.0
[Modulus of elasticity in circular ’ i
direction £, MPa]
Mopnyns casura Giz2, MIla
[Shear modulus G12, MPa] 103,01 6460,0
Koadumment Ilyaccona viz
[Poisson ratio vi2] 0,07 0,28
Koaddunuent [lyaccona vai 0.08 022
[Poisson ratio va1] > >

Jns mpoBeneHus MopanbHOTOo aHamm3a B I1K
ANSYS Mechanical ncrions3oBaics OJOYHBIA METOIT
Jlaamoma. Pemenne cucreMbl TUHEHHBIX anreOpau-
yeckux ypaBHeHMH (CJIAY) BBINOIHSAIOCH pa3peskeH-
HBIM MeTozoM (pemarens Distributed Sparse Matrix
Solver).

2.3. Pe3ynomamul pewienus mecmoegoil 3a0auu

PesynbTaThl peluieHus TECTOBOM 3ajayd Mpea-
CTaBJICHBI B CIICAYIOIIEM BHJC: Ha PUC. 2 U 3 TIOKa-
3aHbl (popMBI KONMeOaHWH NIl MHEBMOOAJIOK M3 Ma-
Tepruaia THma | Mpu pa3TUYIHBIX TPAHUYIHBIX YyCIIO-
BUSX, & B TaOJuIle 2 MPHUBEACHBI COOCTBCHHbBIC Ya-
CTOTHI JUIS BCEX PACCMOTPEHHBIX CIydaeB B COIO-
CTaBJIEHUH C pPe3yJbTaTaM{ ITaJOHHOTO HCCIIEN0Ba-
Hus [9].

OTHOCUTEIBHBIC TTOTPEITHOCTH € BRIYHCIICHBI TI0
thopmye:

8:|fo—f|

0

-100%, (7)

rze fo — STaJloOHHBIE pe3yabTaThl [9]; f — pe3yabTaThl
pacyeToB, BHINOJIHEHHBIX aBTOPAMH CTAThH.

Tabauya 2
Pe3yabTaThl pelieHust TeCTOBOIi 3a1a4u
[Table 2. Results of test case solution]
CobcTBennas yacrora fi, I'n [Natural frequency fi, Hz]
Homep n3rubnoi Pe3yanTaThl aBTOpOB cTaThl [Authors’ results] HUcrtounuk [Source] [9]
(opmbl Ko1€0aHMIt - :
[Bending eigenmode C ropuamu [With ends] | Be3 Topuos [Without ends] Abaqus CrepxkueBast | /e o,
number] d=003m, |d=0015m, | d=0,03m, | d=0015m, | d=0,03wm, MozeE
7708 K3 | 30560 K3 | 7046 KD | 27888 KD 2862 K3 [beam model|
Cayuaii 1.1. Konconv, mamepuan muna 1 [Case 1.1. Cantilever, material type 1]
1 2,90 2,90 3,09 3,09 3,00 3,14 1,5/7,7
2 16,41 16,42 16,52 16,51 16,38 16,41 0,0/0,8
Cayuaii 1.2. Konconv, mamepuan muna 2 [Case 1.2. Cantilever, material type 2]
1 19,82 19,85 21,73 21,77 20,28 22,13 1,6/10,4
2 114,84 115,05 124,46 124,73 117,69 118,47 2,2/6,0
Cnyuaii 2.1. JKecmroe 3axkpennienue ¢ 00HOU CMOPOHBL U WAPHUPHASL ONopa ¢ Opyeou, mamepuan muna 1
[Case 2.1. Clamped-simply supported ends, material type 1]
1 12,73 12,75 11,28 11,25 12,85 11,89 0,8/12,5
2 36,12 36,14 34,52 34,45 35,76 31,61 1,0/14,3
Cnyuaii 2.2. JKecmroe 3axkpennienue ¢ 00HOU CMOPOHBL U WAPHUPHASL ONOPaA ¢ Opyeoll, mamepuan muna 2
[Case 2.2. Fixed-simply supported ends, material type 2]
1 89,12 89,32 88,96 89,17 87,70 85,59 1,4/4,4
2 259,62 259,94 258,83 260,12 255,70 231,89 1,2/12,2
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B. 3=16,412 I'u (Hz)

6. fi= 3,00 T'u (Hz) [9]

r. £,=16,38 ' (Hz) [9]

Puc. 2. IlepBas (a, 6) u BTOpas (8, 2) N3rudHbIe cCOOCTBEHHbIE GOPMBI M YACTOTHI KOJIeOaHU KOHCOJIbHOI MTHEBMOOATKH:
a, 6 — NONyYeHHble B laHHOM pabote (d = 0,03 m); 6, 2 — nanHbIe ucTounuKa [9]
[Figure 2. The first (a, 6) and the second (6, 2) bending mode shapes and natural frequencies of cantilever airbeam:
a, ¢ — calculated by the authors (d = 0.03 m); 6, r — from source [9]]
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Puc. 3. IlepBas (a, 6) u BTOpas (8, 2) U3rudHbIe COOCTBEHHbIE GOPMBI M YACTOTHI KoJIe0aHuii MHEeBMOOAJIKH,
JKeCTKO 3aKpeIJieHHOM c/1eBa U IIAPHUPHO ONEPTOi cnpaBa:
a, 6 — NOJIyueHHbIe B IaHHOM pabote (d = 0,03 M); 6, 2 — nanHble uctounuka [9]
[Figure 3. The first (a, 6) and the second (6, 2) bending mode shapes and natural frequencies of fixed-simply supported airbeam:
a, 6 — calculated by the authors (d = 0.03 m); 6, 2 — from source [9]]

ITockonmpky B pabote [9] mmeercs mo aBa 3Ta-
JIOHHBIX pe3ysbTaTa (A aHATUTUYECKOW CTep)KHe-
BOHM M YHMCIICHHOW 000JI0YEUHOM Mojeseit), a B aH-
HOW paboTe BBHIMOJHEHBI PAcUeThl ISl ITHEBMOOATIOK
¢ Topramu u 0e3, TO ISl OTHOCHUTENBHOM MOTPeIIHo-
CcTH (HEBS3KH) PEe3yJbTaTOB B Ta0i. | mpuBEICHBI
MAaKCUMAJIbHOE E€max U MUHUMAIBHOC Emin 3HAUCHUS.
Jns pe3ynbTaTtoB, MONYYEeHHBIX B JJAHHOW paboTe,
JIOCTUTHYTa CETOYHAsl CXOAMMOCTbH, TIOCKOIBKY COO-

LIMHAMVIKA KOHCTPYKLIUA 1 COOPYKEHMI

CTBEHHBIE YaCTOTHI MIPH CTYIIEHUH PAaCUETHON CETKH
¢ 0,03 go 0,015 M m3MeHsIOTCA HE Oojiee 4YeM Ha
0,05-0,5%. Pacxoxnenne MexIy pe3ylbTaTaMd aB-
TOPOB CTaThU W DTaJOHHBIMH pe3yJNbTaTaMu s
crepxxHeBoil Monenu [9] mocturaer 14,3%. Takas
pasHUIa B Pe3yJbTaTax MOXET OOBSICHATHCSA Pa3iiv-
YHEeM B MOJICIIMPOBAHUU TOPIICBBIX 30H U TPAHUYHBIX
YCIIOBHH, a TaKKe OCOOSHHOCTSIMH TIOCTPOSHUSI CTEPK-
HEBOM aHAJIUTHYECKOM MOJEIW: B YaCTHOCTH, ObLIa
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NpPUHATA THIIOTE3a, YTO CEYEHHs MHEBMOOAIKu Oc-
TAIOTCSl KPYTIIBIME | TIocie nedopmarun [9], oxHa-
KO, PacdeTsl C UCIOIb30BaHMEM 000I0UYEUHBIX MOJIE-
Jiell MOKAa3bIBAIOT, YTO 3TO YCJIOBHE HE BCEra BBIMOJ-
Hsercs (puc. 4, a). OTHOCHTEIbHAS TOTPELTHOCTD VIS
000JI09€YHBIX KOHEUHO-3JIEMEHTHBIX MOJIeJIeH HE Ipe-
BoIimaet 1%.

Kpome Toro, u3 ogHOMEpHOH CTEpKHEBOM MO-
JIeSTH MOTYT OBITh OJIyYEHBI TOJIBKO M3MHOHBIE (DOPMBI
KoJIeOaHUl, a B TPEXMEPHBIX KOHEYHO-IJIEMEHTHBIX
MoJeNsX HaOmoaaTes 00onoyeuHsie GopMbl Koe-
Oanwmii, 00yCIIOBIEHHBIE BOJTHOOOpPa30BaHHEM KaK B

g e
o1

a. fr4= 259,62 I'n (Hz)

MPOIOJILHOM, TaK M B KOJIbLIEBOM HampasiieHuHd. [1o-
3TOMYy BTOpO# M3rubOHOW (opme KonebaHMil, Kak
[IPaBUJIO, COOTBETCTBYET IOpa3fao OOIbIINN HOMED
coOcTBeHHOH Qopmbl. B wactHOCTH, Ha puc. 4, a
i cirydast 2.2 (¢ TopmaMu) mokasaHa 24-s gopma
KoJIcOaHUM, KOTOpask SBJISETCS BTOPOW HM3THOHOM.
Ee wacrora fr4 = 259,62 I'y Bhllle, YeM, HampuMep,
st 13-ii popmbl Kosebanuit (000I04eYHOH), TTOKaA-
3aHHOW Ha puc. 4, 0, T.X. fi3 = 223,06 ['n. O6pa3o-
BaHHE OJIHOH IMMOJYBOJIHBI B TPOJIOJILHOM HampaBiie-
HUH ¥ BOCBMH TIOJIyBOJIH B KOJBLIEBOM COOTBETCTBY-
et 13-i popme.

0. fi3=223,06 I'u (Hz)

Puc. 4. 24-1 (a) — BTOpas m3ruéHas u 13-s1 (6) codcTBeHHbIE (POPMBI H YACTOTHI KOJIeOaHUIT MHEBMOOAJIKH /IS CiIy4as 2.2 ¢ TOpUaAMH
[Figure 4. The 24" mode shape (a), corresponded to the second bending shape, and 13" mode shape (6) of airbeam with ends (case 2.2)]

C y4eToM clenaHHbIX 3aMEeYaHUi MOKHO CUHTATh
TECTOBYIO 3aJ]ady YCIEIIHO PELICHHO, YTO I03BO-
JSIET WCTIONB30BaTh MPHUMEHEHHBIH MOAXOM A aHa-
n3a COOCTBEHHBIX YacTOT M QOpM KoneOaHUil BO3-
JYXOOTIOPHOH 000JI0YKH.

3. UccenoBanme coGCTBEHHBIX YaCTOT
u GopM KoJ1eGaHNii BO3TYX00NMOPHOI 000/10YKH

3.1. Onucanue pacuemmnoii mooeau

OOBEKTOM HCCITCOBAHMS BRIOpaHa BO3IyXO0OTIOp-
Hasi 000JI0YKa Ha MPSIMOYTOJbLHOM ILIaHE Pa3MEpOM
20%50 M, ee BBICOTA B BEICIICH TOYKE COCTABIIICT 8,6 M,
pamuyc CKpyTiieHHs yriioB 00onmouky 2 M. Kak mpaBu-
710, pabodee BHyTPEHHEE TaBJICHHUE IO 000JIOUYKOMN CO-
crapiseT nopsaka p = 150 I1a [15]. OHo MoxeT ObITh
TIOBBIIIICHO B HECKOJBKO (OOBIYHO OT JBYX /IO YETHI-
pex) pa3 B cirydae HeOIaromprusATHBIX TOTOJHBIX yCII0-
BUIl — cHJIBHOTO BeTpa miu cHeronana. CoOCTBEeHHBIE
9acTOTHl U (POpMBI KOJIeOaHHU 3aBUCAT OT OOOOIICH-
HOW JKECTKOCTH W PAacIpeIeNeHHss Macchl KOHCTPYK-
IIUH, TIO3TOMY T0 UX U3MEHCHUIO MOXHO OIICHHUTH, KaK
MeHsIeTCsT 00O0OIIIEHHAsT KECTKOCTh BO3AYXOOTIOPHOM
000JI0YKY TP TIOBBIIIIEHUH JTABJICHUSL.

Havansnas paBHOBecHast ¢opma BO3IyXOOIOp-
HOW 00O0JIOUKH HE SIBIIICTCS KAaHOHWYECKOW M ObLIa
MIPeIBAPUTEIHHO OTpeeNieHa YUCICHHO C TTOMOIIBIO
nporpammsl ixForten 4000.
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OU3UKO-MEXaHUYECKUE TTapaMeTphl JIUHEHHO-
YIIPYTOro OPTOTPOITHOTO MaTeprana 000JIOYKH (YCIIOB-
HOW TEXHWYECKOH TKaHW C TIOKPHITHEM) MPUBEIACHBI
B Tabu. 3.

Tabnuya 3

Du3NK0-MeXaHHYeCKHe XapaKTepPUCTHKH MaTepuajia
[Table 3. Physical and mechanical properties of material]

XapakTepucTuka Beanuyuna
[Property] [Value]

IlnorrocTs p, kr/m3 [Density p, kg/m?] 1200
Tonmuna /i, M [Thickness £, m] 0,001
Moy yIpyrocTd B HallpaBJI€HUHM HUTEH
OCHOBBI (BIOJIb KOPOTKOH cTopoHsl) E1, MIla 600
[Modulus of elasticity in warp direction
(along the short side) £1, MPa]
Mouyib ynpyrocTy B HalpaBJICHUH HUTEH yTKa
(BOJIB TMHHOHU cTOpOoHBI) E2, MIla 300
[Modulus of elasticity in weft direction
(along the long side) £2, MPa]
Mopnyns casura Giz, MIla 30
[Shear modulus G12, MPa]
Koo dumment Ilyaccona viz [Poisson ratio viz] 0,1
Koaddurment [yaccona v21 [Poisson ratio vai] 0,2

Pacuer coOcTBeHHBIX 4acToT U GopM KoJeOaHuUit
BO3/{yXOOMOPHOW 000JIOUKH MPOU3BEICH IO METO -
K€, UCTIOIh30BAHHOM B I1. 2 TAaHHOH pabOTHI.

Jlns ompenenceHUs ONTHMAIBHOTO pasMepa Ko-
HEYHOTO 3JIEMEHTA U TOJYYCHHUSI CETOUHOM CXOIUMO-
CTH pacueTHas ceTKa ObLIa pacCMOTpEHa B TpeX Ba-
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pHUaHTax, MapaMeTpbl KOTOPBIX MPHUBEICHBI B Ta0M. 4.
PacuerHbie ceTku 111 BApUAHTOB 2 U 3 MOXKHO YBH-
JIeTh Ha puc. 5.

Tabauya 4

ITapaMeTpsl pacyeTHOIi ceTKH
JJIS1 PACCMOTPEHHBIX Mo/ieJIeii BO3yX00NOPHOii 000/104KH
[Table 4. Parameters of finite-element mesh used
for the present models of air-supported structure]

Mozeas [Model] 1 2 3
Pasmep KO, d, m

[Size of FE,d,m] | *° 1,00 0,75
KonunuectBo K9 1273 112 24795

[Number of FE]

3.2. Pe3ynomamul pacuema
6030YX00NOPHOIL 000104KU

Ha puc. 5 nns AByx BapHaHTOB pacueTHON CETKU
MOKAa3aHbl LIBETOBBIE KAPThl MAKCUMAJbHBIX [NIaBHBIX
pacCTATMBAIOIIUX HANPSHKEHUH, PACCUUTAHHBIX TIPU JeH-
CTBUM BHYTPEHHETO W30BITOYHOTO JaBJICHUs 107 000-
noukoit p = 150 Ila. Ha Gombrnelr wactu 000I0YKH
HaNpPsDKEHUS] MEHSIOTCS] B HE3HAUNTEIIFHOM JTHara3o-
He oT 1,25 mo 1,47 Mlla, 310 TOBOPUT O TOM, YTO Ta-
Ky 000JIOYKY MOXXHO MPUOJIMKEHHO CUUTATh «paB-

Maximum Principal Stress

Unit Pa
2.1329e6 Max
19121e6
16914e6
14706e6
124996
1.0291e6
8.0836e5
5.876e5
3.6685e5
1.4609e5 Min

KOO 45?
v%: /

VAVAYS,
25
2> W
Qiﬁ 7

5.000 15.000

a.d=1,00 M (m), 2712 KD (FE)

Maximum Principal Stress
Unit Pa

20000 (m)

HOHANPSHKCHHOW» U, CIICIOBATENBEHO, PAIlMOHATBLHOM.
Benmuunabl HanpsoKeHWH W KapTHHA MX pacrpererne-
HUS IPAKTHYECKH COBITAIAIOT.

Ha puc. 6 moka3aHbl BETUUUHEI NIEPBBIX MSTH COO-
CTBEHHBIX 4acTOT s Moxeneil 1, 2 u 3. Bausnue
pa3Mepa KOHEUHOTO JIEMEHTA CHIIbHEE CKa3bIBaeTCs
Ha 00JIee BBICOKUX YacTOTaX, MMOCKOJIBKY pa3Mep MoJTy-
BOJIHBI CTaHOBUTCSI MEHbIIE W Ooiee rpydasi ceTka
XyXKe anmpoKCUMUPYET Ae(POPMUPOBAHHYIO MTOBEPX-
HOCTH O0OJIOUKH.

Ha puc. 7, a—0 mokasaHbsl TnepBble ISATH COO-
CTBEHHBIX (HOpM KosieOaHHH BO3AYXOOMOPHOH 000-
JIOYKH Ay Mojenu 3 (ceTka KOHEYHBIX 3JIEMEHTOB
He moka3zana). ®opMbl COOCTBEHHBIX KOJIeOaHUN oXa-
paKTepu30BaHbI Mapol mapameTpoB (m, n), Tae m —
YUCIIO TIOJIYBOJIH BJAOJNb IJIWHHOW, a 7 — YHCIO
MOJYBOJH BJIOJb KOPOTKOW CTOPOHBI OOOJOYKH.
Ha puc. 7, e ansa cpaBHeHHs MOKa3aHa IepBas coO-
CTBeHHas ¢Gopma, NOTyUYeHHAs MPU UTHOPHPOBAHUU
JIOTIOJTHUTENBHOM JKECTKOCTH, CO3/1aBa€MOl BHYTpEH-
HUM U30BITOYHBIM JJABJICHUEM: TIOCKOJIEKY MeMOpaHa
He 00JIaJiaeT KeCTKOCThI0 Ha U3TUO, TO TEPBOM COO-
CTBEHHOH (hOpMe COOTBETCTBYET JIOKAIHFHOE BBIITY-
YUBaHKE OOOJIOUKM BOJIM3U OJHOTO M3 Yy3JI0OB pac-
YETHOU CETKHU.

2.1401e6 Max
19184e6
16968e6
14751e6
1.2535e6
10318e6
2.1015e5
5.885e5

3.6685e5
-4007.4 Min

20.000 (m)

6. d =0,75 m (m), 4795 K (FE)

Puc. 5. MakcumajibHble IJIaBHbIe HANIPSIZKEHUs! NP AeiiCTBMH BHYTPeHHero 30bITOYHOro AaBjaeHus p = 150 Ila
[Figure 5. Maximum principal stress due to the action of internal pressure p = 150 Pa]

3,000
2,500

f, T (Hz)

2,000
1,500
1,000
0,500
0,000
1 2 3 4 5

d,m(m): m150 m1.00 m0.75

Puc. 6. CeTouHasi cXoquUMOCTb pelieHuii 1 moaeneii 1, 2 u 3 (3esieHblil, KpacHbINH U CHHUI CTOJIOLBI COOTBETCTBEHHO)
[Figure 6. Mesh convergence for the models 1, 2 and 3 (green, red and blue respectively)]
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C: Modal

Total Deformation - Mode 1 - 1.5813 Hz
Type: Total Deformation

Frequency: 1.5813 Hz

Unit: m

12.04.2018 20:35

0.046011 Max
0.040899
0.035786
0.030674
0.025562
0.020449
0.015337
0.010225
0.0051124
0 Min

a. (1,2), fi = 1,581 ' (Hz)

C: Modal
Total Deformation - Mode 3 - 2.3838
Type: Total Deformation
Frequency: 2.3838 Hz
Unit m

12.04.2018 20:35

0.051608 Max
0.045874
0.04014
0.034406
0.028671
0.022937
0.017203
0.011469
0.0057343
0 Min

B. (2,2), f = 2,384 T (Hz)

C: Modal
Total Deformation - Mode 5 - 2.6184 Hz
Type: Total Deformation
Frequency: 26184 Hz
Unit m

12.04.2018 20:36

0.067216 Max
0.059748
0.052279
0.044811
0.037342
0.029874
0.022405
0.014937
0.0074685
0 Min

. (1,4),f5=2,618 I'u (Hz)

C: Modal

Total Deformation Mode 2 2.0726 Hz
Type: Total Deformation

Frequency: 20726 Hz

Unit m

12.04.2018 20:35

0.066704 Max
0.059293
0.051881
0.04447
0.037058
0.029646
0.022235
0.014823
0.0074116
0 Min

6. (1, 3), o =2,073 T'u (Hz)

C: Modal
Total Deformation - Mode 4 - 2.394 Hz
Type: Total Deformation
Frequency: 2.394 Hz
Unit m

12.04.2018 20:36

0.059318 Max
0.052727
0.046136
0.039545
0.032954
0.026364
0.019773
0.013182
0.0065909
0 Min

r. (2,3), fs = 2,394 T'u (Hz)

C: Modal
Total Deformation - Mode 1 - 1.5813 Hz
Type: Total Deformation
Frequency: 0.35072 Hz
Unit m

12.04.2018 22:01

0.9237 Max
0.82107
071843
06158

051317
041053
03079

0.20527

e.p=0Pa,f; =0,351 I'u (Hz)

Puc. 7. Co6cTBeHHbIEe YACTOTHI U (pOPMBI KOTeOaHUI NPH AelicTBHM BHYTPeHHero aAasJjenus p = 150 Ila nas mogenn 3 (a—0);
e — mepBasi coGCcTBeHHAsI YACTOTa U (hopMa KoJIeGaHUI MPH OTCYTCTBHH BHYTPEHHEr0 N30bITOYHOIO0 1aBJIEHUS
[Figure 7. Natural frequencies and mode shapes for model 3 when internal pressure p = 150 Pa is applied (a—0);

e — the first natural frequency and mode shape when internal pressure p is neglected]
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Puc. 8. 3aBucuMocTb COGCTBEHHBIX YACTOT (4) H KBaPATOB COOCTBEHHBIX YacTOT (0)
st popm (1, 2) u (1, 3) oT BeTuUMHBI M30BITOYHOIO AaBJieHus p (Moaeanb 3, d = 0,75 m)
[Figure 8. Dependence of natural frequencies f (a) and squares of natural frequencies 1% (0)
on internal pressure p for the mode shapes (1, 2) and (1, 3). Model 3, d = 0.75 m]

Ha puc. 8 mokazansl rpaduky 3aBUCHMOCTH COO-
CTBEHHBIX YacCTOT (@) M KBaJpaTOB COOCTBEHHBIX Ya-
ctot (0) s popm (1, 2) u (1, 3) OT BeTUUUHBI U30bI-
TOYHOTO JaBieHus p B auanasone ot 50 go 1050 Ila.
Crnemyer OTMETHTD, 9TO C POCTOM JIaBJICHUS COOCTBEH-
HbIe ()OPMBI TPAHCPOPMHUPYIOTCS, MEHSIECTCS UX MTOPSI-
JIOK CIIEIOBAHUS JPYT 3a PYTOM B CBSI3U C U3MEHE-
HUEM TIPeBapUTEIHHOTO HAaNPSKEHHO-1e()opMHIpO-
BaHHOTO cOcTOsTHMA 00o00uku. Popmbl Konebanuit (1,
2) u (1, 3) ObLIK BBIOpaHBI IOTOMY, YTO MX KOHQUTY-
panys 0cTaBajJoCh HEU3MEHHON B paCCMOTPEHHOM
JMana3oHe N30bITOYHOTO 1aBJICHUS.

B xuwure [4, c. 437-438] npu MoaansHOM aHAIIU-
3¢ MPSAMOYTOJBHBIX MPEABAPUTEIBLHO PACTIHYTHIX
MeMOpaH MoKa3aHo, YTO KBaJApaThl COOCTBEHHBIX
YacTOT MPSIMO TPOMOPIIMOHATBLHBI PACTATHBAIOIIEMY
ycmmio. B BO3IyXOOMOPHBIX COOPYKEHHUSIX PacTsi-
TUBAOIINE YCUIIUS TMPAKTHIECKH MPSMO TPOTIOPIIHU-
OHAJIbHBI BEJIMYMHE U30BITOYHOTO JIaBJICHUS (TIPH OT-
CYTCTBUU JPYTHX HArpy30K), IO3TOMY B yKa3aHHOM
WHTEpBase NaBICHUA HAOIIONAeTCs TIOUYTH JINHEHHAS
CBSI3b MEXIY BEIMYMHOW M30BITOYHOTO JABICHUS U
KBaJ[paTaMu COOCTBEHHBIX YacTOT, MOKa3aHHas Ha
puc. 8, 6.

4. AHa/1u3 pe3yJIbTaTOB M BHIBO/AbI

Ha ocHOBe mpoBeneHHOr0 0030pa HAY4YHOH Jiu-
TepaTypbl ObUIa HaliieHa U YCIIEIIHO pelieHa TeCTOo-
Basl 3aJ1a4a 10 pacyeTy COOCTBEHHBIX 4acTOT U (PopM
KOJICOaHWI TPEIBAPUTEIIHFHO HAMPSHKEHHON ITHIIHH-
JPUYECKOi 000JI0YKH M3 OPTOTPOITHOI'O MaTepHaa.
[TomydueHo xopoiee COOTBETCTBHE MEKAY pe3yIbTa-
TaMU W3 UCTOYHUKA U PE3yJIbTaTaMH aBTOPOB CTATHH.

LVHAMUKA KOHCTPYKLIWA 1 COOPYXEHUM

Pacxoxaenus mo wyactoram KojeOaHM aist 000J10-
YeYHBIX MOjeNel He mpeBsimaioT 1,8%, pacxoxme-
HUE C aHAIMTUYECKUM pEIIeHUEM IJIsl CTEPKHEBOIM Mo-
Jenu He npeBbimaeT 15%, uyto o0bsCHIETCS yrpoLe-
HUSIMH, UCTIONB3YEMBIMU IPH IIOCTPOSHUM AHAIUTHYIC-
CKOI CTep)KHEBOM MOJIENH, a TaKKe HECKOJIBKO pa3iny-
HBIMHU [IOIXOAAMH K YUETY BIUSHHS TOPLIOB OOOJIOUKH.

MeTtoauka perieHns TECTOBOH 3aau ObLIa MpH-
MEHEHa JIJI YHCIEHHOTO UCCIIEJOBAaHUSI COOCTBEHHBIX
4acToT U (OpM KonebaHui BO3AyXOOMOpHOH 0001104-
KM Ha IPAMOYTOJILHOM TUIaHe pazmepoM 20%50 M.

B pabote BhIsIBIEHA MPAaKTUYECKH JTHMHEWHAs 3a-
BHCHUMOCTb MEXIY BEINYMHON BHYTPEHHETO AaBiie-
HUSL ¥ KBaJpaTaMH COOCTBEHHBIX YacCTOT, YTO COOT-
BETCTBYET PE3yJIbTaTaM JIPYrUX UCCIeN0BaTENEH.

© Moxkun H.A., KyctoB A.A., Tanmxynues M.U., 2018
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Abstract. Natural frequencies and mode shapes are important properties of engineering structures and buildings. Mo-
dal analysis of the prestressed membrane structures made of orthotropic material is described in this paper. The equation of
motion of the system with finite number of degrees of freedom was given in the matrix form. Features of the modal analysis
of prestressed system are described. To validate our technique, we have found in the literature and repeated the modal ana-
lysis of cylindrical membrane structure (inflated beam). In the source paper the analytical solutions for the natural frequen-
cies were obtained for the one-dimensional (beam) model with taking into account orthotropic mechanical properties and
prestress. In this paper the test case was solved for the spatial shell model using finite element analysis, realized in program
software “ANSYS Mechanical”. Comparison between authors’ results and results described in reference is carried out.
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The possible reasons of results divergence are explained. The validated technique has been applied to modal analysis of
an air-supported structure based on the rectangular plan of 2050 m. Models with different mesh sizes were used to achieve
the mesh convergence of results. Almost linear dependence between internal pressure and squares of natural frequencies has
been received. This result is in the accordance with known solutions, described in the literature for isotropic membranes.

Keywords: air-supported structure, air-beam, modal analysis, natural frequencies and mode shapes, finite elements method
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M.II. Con

[TepMckuii HAIMOHAJIBHBINM HCCIIEIOBATENIBCKAN MMOJTUTEXHUYECKUI YHUBEPCUTET
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B Poccun sxcriepuMeHTaNbHBIX UCCIESI0BaHNH (IIaHLIEBbIX COSIMHEHUI OANOK ¢ KOJIOHHAMH paHee He MPOBOAMIIOCH, YTO
TIOBJIEKJIO 33 COOOM OTCYTCTBHE HOPMATHBHBIX METOAMK MX pacyeTa M MPOSKTUPOBaHMS. B craTbe MPHUBOASTCS pe3ysbTaThl HOJ-
HOMacCIITaOHBIX HATYPHBIX UCIIBITAHUH TPeX MozeNel (IaHIEeBbIX COeMMHEHNH. Moieny pasiiyHbl 10 KJIacCy MPOYHOCTH 00JI-
TOB, TOJNIIIMHE (JIaHIa U cXeMe HarpykeHus. Llenb sKcriepruMeHTOB — HcciiesioBaHne padoThl M HeCyIel criocoOHocTH (hnaHIe-
BBIX COCAMHEHMI OAIIOK ¢ KOJIOHHAMH B YIPYTOH M YIPYTOIUIACTHYECKON CTaIUH TP ISHCTBUH CTATHYECKIX HATPY30K. DKCIIe-
PUIMEHTHI TIPOXOIIIIH ITI0 MHOTO(aKTOpHOMY IUTaHy. MccenoBanus IpOBOAMIIMCE Ha pa3pabOTaHHOM aBTOPOM HCITBITATEIFHOM
CTEH/Ie, IPEICTABILIIONINM 3aMKHYTHIA CHIIOBOM KOHTYD, BOCIIPUHAMAIOIINI JaBJIeHHE JOMKPAaTOB 0€3 BO3HUKHOBEHUSI PEAKITHI
Ha CHJIOBOIA noJt taboparopuu. J{aBieHue B ciucTeMe HarpyeHus: (PMKCUpOBAJIOCh MAHOMETPAMH, [IEPEMEILICHHS — JIMHEHHBIMU
JaTIMKaMH TiepeMeleHnH, nedopmarmu — TeH3opesuctopamu. 1o pesynpraTamM 3KCIepUMEHTOB ITOKA3aHO, YTO BO3MOXHO IIPO-
EKTUPOBAHKE U KCILTyaTanus (JIaHLIEeBbIX COSMHEHHI 0e3 2IeMEHTOB YCHIICHHUS, TAKUX Kak pedpa KECTKOCTH, ByThl, 0OpaTHbIC
(hiaHIIbl, ONOpHBIE CTONMKU U TIp. J[o Harpy3o0k 25-35 T¢ coeauHeHus paboTany JUHEHHO, pa3pylicHue 00pa3iioB MPOUCXOIUT
Ipy MOMeHTax cuiIbl 45-50 Tc M. Ycunus, BoCIpUHUMAaeMble HaTYpHBIMU MOJEIISIMH, OKa3aJIUCh B HECKOJIBKO pa3 BBIIIE YCUIIUM,

BBIUHMCJICHHBIX B IPOrpaMme «Komera-2» u PEKOMEHAYCMBIX JJIA1 pacyeTa (bHaHHGBLIX COGHHHCHHﬁ.

KuroueBsle ciioBa: QuaHel, y3el, KOJIOHHA, IIOJTHOMACIITAOHEIC UCTIBITAHUS

BBenenue

OcHoOBHas 3a1a4a MPOSKTUPOBAHMS M pacyera co-
OpYXEHH — 3TO oOecnedeHue HaJae)KHOCTH IIPU MH-
HUMU3AIMK 3aTparT, T.e. CHIDKEHHE KaK MaTepHaIoeM-
KOCTH, TaK ¥ TPYAOEMKOCTH, YTO JOCTHIaeTcs BBEJe-
HHUEM METOJIOB OINTHMAIILHOTO MPOSKTHPOBAHMUS, T103-
BOJISIFOIIMX MAaKCHMAJIbHO TIOJIHO MCIOJIb30BaTh HECY-
e CIIOCOOHOCTH COOpPYXEHHsl W ero yacteil. Onru-
MaJlbHOE MPOEKTHPOBAHWE BO3MOXKHO IIPH COOTBET-
CTBHH PACUCTHBIX CXEM C pearbHON (pr3mdaeckoit pado-
TOW KOHCTPYKIMH, YTO MOXKET OBITh JJOCTUTHYTO TOJNb-
KO TIOCPEICTBOM 3KCIIEPUMEHTAIBHBIX M YHUCICHHBIX
vccienoBaHuid. JlampHEHIMM 11aroM BJsieTcsl pa3pa-
00TKa OCTaTOYHO TMPOCTOM HMHKEHEPHOH METOIMKH,
TIO3BOJISIONIEH MPOEKTUPOBIIMKY CO3/1aBaTh HCCIEN0-
BaHHBIE KOHCTPYKIIMH CAMOCTOSATEIHHO.

Ilo npuuune orcyrctBus B Poccuu skcnepu-
MEHTAJbHBIX WCCICHOBAHUN ()IAHIICBBIX COCIMHE-
HUH Oajok (pureieil) ¢ KOJTOHHAMH OT€YECTBEHHBIC
Y3IT6I BBITTOJTHSFOTCST HEpalHOHAIBHO (puc. 1).

348

IHocTtanoBka npodieMbl

1. OTcyTCTBHE JOCTATOYHOTO KOJIMYECTBA aIlpHOp-
Hol mH(OpMarmH (3KcriepuMeHTOB). COBETCKUMH yUe-
HBIMH [IPOBOAMJIMCH UCTIBITAaHUS Ha pacTshkeHue (iaH-
ueBblx coeguHenuil (PC), ycranocTHOW MPOYHOCTH
pactsaryThix OC [1], @C n3rudaembIx 37eMeHTOB [2].
Ucnsrtanuit y3nos @C tuma Oanka — kononHa B Poc-
cuu (CCCP) He mpoBOAMIINCH, TIO3TOMY Y3I]bI, BO-
menamue B ceputo 2.440-2 (puc. 1), umeroT 0ombImoe
KOJIMYECTBO KOHCTPYKTHBHBIX JJIEMEHTOB — BYT, 00-
paTHBIA (bIaHeI], OMOPHBIA CTONHMK, pedpa KECTKOCTH,
(hacoHKH — B YCTaHOBKE KOTOPBIX HET HEOOXOAUMOCTH.
JanpHelmue ucciaeqoBaHUS B ATOH 00MacTH ObLIH
[IPUOCTAHOBJIEHBI, YTO MPUBENIO K MPAKTHYECKOMY OT-
Ka3zy OT NMPOEKTHUPOBAHUS 3AaHUH KHUIJIOTO M 00IIe-
CTBEHHOTO Ha3HAUCHHWs Ha MeTaJulokapkacax. B crpa-
Hax EBpomnsl, CIIA, Kanane, Kurae, rie qoms rpakaas-
CKOTO CTpOMTENbCTBA Ha Merayue 3aHuMaer 40-70%,
nccnenoBanus OC Bemyres o cux nop [3-9]. Haubo-
Jiee 9acTO BOCIPOM3BOAMMBIM 3KCIIEPUMEHTOM SIBIIS-
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€TCsl MCTIBITAHUE TIeMeHTapHbIX T-00pa3HbIx (hiaHIe-
BbIX coeauHeHui [10]. To gaeT Jauib OTHOCUTEIHLHOE
TIpeIcTaBlieHue 0 pabote psma 601ToB U (praHIa, HO
HE JIaeT MOJIHOTO MPEJACTaBICHUs 0 PaboTe CoenuHe-
Hus. Ha mMetoauke «pacuneHenus» @C Ha OTAEIbHBIE
T-00pa3Hble IeMEeHTH OCHOBAaH, HAIpUMep, MPUHIINAT
pacdera Takux y3J0B B Eurocode.

2. Pacmmpenne copTraMeHTa METaNIONPOKaTa B
Poccun. B nacrosmmit Mmoment Boien ['OCT [11] no
TOPSTYEKATAHOMY JBYTaBPY, COTVIACHO KOTOPOMY KOM-
MIOHOBKA CEUCHHUS JBYTABPOB OTJIMYACTCS OT MPUHATON
panee [12]. CnenoBarenbHO, peIICHUsI TPUHSITHIE AT
CTaporo CopTaMeHTa MOTYT OKa3aThbCsl HEHa/Ie)KHBIMHU

WA HEOKOHOMHWYHBIMU 110 OTHOIICHUIO K HOBOMY. HUMCIOT CHUJIBI.
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[Figure 2. Drawing of the full-scale model]

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

3. OTcyTCcTBHE OTE€YECTBEHHBIX HOPM IO MPOEK-
tupoBanuio u pacuery ®C. B Poccun (CCCP) mpo-
6nemoit @C aktuBHO 3aHMMaIUCH A0 1990 1. Takue
yuensle, kak W1./1. I'pynes, B.B. Kanenos, B.B. Ka-
tiomnH, B.M. 'opmmuenko, B.b. ['maybepman BHec-
1 O60BIION BKIAA B m3ydeHnue npoudHocta OC[13].
AKKYMYJSITUBHBIM 3QGEKTOM UX PaOOTHI MTOCITY KT
BBIXOJ] PEKOMEHIALUUN M0 pacueTy, MPOEKTHPOBa-
HUIO, M3TOTOBJICHUIO M MOHTaXy (IIaHLIEBBIX COCAU-
HEHUIl CTalbHBIX CTPOMUTENBHBIX KOHCTPYKIHH [14]
u cepun 2.440-2 [15] no mpoeKTUPOBAHUIO KECTKUX
(pamMHBIX) y3II0B coeiHEHHs Oajlok ¥ KoloHH. Ha ce-
TOAHALIHUN A€Hb 3TH HOPMAaTHBHBIE IOKYMEHTHI HE
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CnpaBounslie MaTepuainsl [14; 15] tpeOyroT mpo-
EKTHPOBaTh COCIUHEHHS TOJIBKO Ha BBICOKOIPOYHBIX
oonrax n3 cramu 40X «CenekT» ¢ BpeMEHHBIM CO-
npotusieHueM He Huke 1100 Mlla, nomyckaTb BO
¢nanue ToAbKO ynpyrue aegopMmanuu, B KaxIbId
y3€J1 yCTaHaBJIMBATh ONOPHBII CTOJUK U OOpaTHBIE
¢naHIBl B pacTsAHYTYIO 30HY. CTpeMUThcsl K puMe-
HEHUIO B y31ax ByToB. B cepun 2.440-2 y37b1 pazou-
THI Ha JIBA THINA: C THOKUMH (JIaHIAMU TOJIIMHON
27 MM ¥ XKEeCTKUMHU (JaHIIAMHU TOJIIIUHOH 45 MM.
B EBporne npeamnoynTaroT UcIoiab30BaTh 00Jiee TOHKHE
(1aHLBI 1 OONTHI KJIacca MPOYHOCTH 8.8.

B 2016-2017 rr. B mabopaTopuu CTPOUTEIH-
HOro ¢akyinbpTeTa [lepMCcKOro HalMOHAIBHOTO UC-
CJI€JJOBATENBCKOTO MOJIUTEXHUUYECKOTO YHUBEPCHU-
tera (ITHUITY) npu yuactun Acconmaniuu pa3BUTHS
cranbHOTro cTpoutenbeTBa (APCC) npoBoaumck mc-
IBITAHUS TIOJIHOMACIITa0HBIX MOAeNeH (aHLEeBBIX
coemuaeHni (puc. 2). lleas SKCIEpUMEHTOB — WC-
crenoBanne paboThl U Hecymel ciocoOHocTH (hran-
IIEBBIX COCMUHEHWH OaloK C KOJOHHAMH B yHIPYTOH
U YNPYTOIUIACTHYECKON CTaJWUU IPHU JEHCTBUU CTa-
TUYECKUX Harpy3ok. DKCIEPUMEHTH! MPOXOJWIN 10
MHOT0(aKTOPHOMY IIJIaHy.

Ceuenne 0aOK W KOJIOHHBI — CBapHBIC JTBYTaB-
put 3013 u 25K6 coorBerctBenHo [11], Gonter M24.
JnuHpl OaloKk TakXke COOTBETCTBYIOT Hartype. Bo-
HEPBBIX, JUIMHBI JOCTATOYHBI, YTOOBI YHTH OT Kpae-
BBIX 3(peKxToB. BO-BTOpBIX, Oanku peanbHOro Kap-
Kaca ¥ OaKu HATYPHOM MOJAEIH ONMHMCHIBAIOTCS OJU-
HaKOBBIMH ypaBHeHHsMH (Dinepa — bepHymmm).
B-Tperpux, mocTuraercs aHaJOTHYHBIN MacmTad B
MOJENN U KOHCTPYKLIMHU MO COOTHOLICHUIO M3Trnba-
IOIIeT0 MOMEHTa K mornepeuHoit cune M / Q. Jlns
6-METpPOBOTrO MPOJIETa KOHCTPYKIMH, HAPY>KEHHOTO
PaBHOMEPHOW HAarpy3kod ¢, OIOPHBII MOMEHT
cocraput M = ql?/12, a Q = ql/2. CooTBeTcTBEH-
HO M / Q =1 M. B HaTypHOI MOAENHN TIeYO OT ICH-
Tpa AaBJI€HHS AOMKpara 0 PacyeTHOr'o0 CedeHHUs
pasHo 1 M (puc. 2).

JlaHHBIN y3es1 He UMeeT HUKAKUX AOMOIHUTEIb-
HBIX KOHCTPYKTHBHBIX JIEMEHTOB, YTO 3HAYUTEIHHO
YIPOILAET €ro MU3rOTOBJICHHE U MOHTAX HECYIIMX U
OTpaXXAAlOMINX KOHCTPYKIUH, KOTOPBIM IPOXOAUT
cormacuao CII 70.13330.2012 B ciemyrorieit mocie-
noBatenbHOCTH. OUHIaeTcsl MOBEPXHOCTh (praHIeB
OT CJIEJOB Macja pacTBOPUTENEM, 3aT€M MEXaHUYe-
CKOM Kpyriod meTkod mo meramny. Kunsarsrcs
00aThI, Talikk ¥ WakObl B Boge 10—15 muH., mocie
YeTo B rOpsiueM COCTOSIHUM IPOMBIBAIOTCS B IIPUTO-
TOBJICHHOU CMeCH, cocTosie u3 75% HesTunupo-
BaHHOTO OeH3mHa W 25% MHHEpaJIbHOTO Macia.
He mo3zxe yem uepe3 8 yacoB BBIMOIHAETCS cOOpKa.
CHauana 3aTATUBaOTCS OOJITHl MOHTA)XKHBIM KJIIO-
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yoM, cienoM Ha 0,9 Hecymie#t cnocoOHOCTH 0OJI-
TOB 3aTATUBAIOTCS JTUHAMOMETPUYECKUM KITFOUOM,
HaTSDKEHHE TMPOU3BOIUTCS OT CEPEIUHBI K Kpasm
(puc. 3). [InotHoCTh cThiKAa DPC KOHTpOIUPYETCS
urynom 0,1 mMm.

[:::__ﬂt:::
C AlAcL
2-QH-0-0
[
.. Y. . NS
—CQ H Q-7
3-0-H-0-¢
lih i
1
T N OO
- O—0-0

Puc. 3. Ilocie1oBaTe IbHOCTD MPeABAPUTEIbHOM
3aTSKKH 001TOB. MOHTaX y371a
[Figure 3. Sequence of preliminary tightening of bolts.
Assembly of the node]

Jns pacuera y3ma UCIONB3yeTCs CATEIUTUT MPO-
rpamMmmbl SCAD — «Kometa-2» [16], koTopbIil moMo-
raeT paccuMmTaTh M CIPOSKTUPOBATH y37bl (pHcC. 4,
Tabn. 1). PacuerHass Hecymas cocOOHOCTh OaNKH
30ILI3 cocraBuseT mopsaka 35 tc-M. [Ipoepum y3en
Ha ycuiue 30 TcM.

[lo pesynbpraTam pacyera BUAHO, UTO y3€II HE TIPO-
XOJAWT B JBa C JUIIHUM pa3a. B ocHOBHOM He mpoxo-
JUT CTEHKa KOJIOHHBI, HO TaKXe YCJIOBUSAM IMPOYHO-
CTH HE YJIOBJIIETBOPSIOT U (IaHEl, U CBAPHBIE IIBHI.
BbIxoauT, 4TO TaKoH y3en, M0 MPAaKTUKyeMbIM B Poc-
CHH pacdeTaM, MOKHO HCIOJb30BaTh IJI BOCIIPHSI-
Tug MoMeHTa B 13 tc-M. Ecnu yBenu4uTh TOMUIMHY
(dmanma, To MoxxkHO moOuThCs 15 Tc'M Ha 30 MM
(hmante.

EXPERIMENTAL INVESTIGATIONS
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Puc. 4. [lannbie 1is pacyera y3ia B nporpamme «Komera-2»

[Figure 4. Data for the calculation of the node in “Kometa-2” program]

IIpoBepka npoyHoOCTH (PJIAHIIEBOTO COETMHEHHSI
[Table 1. Checking the strength of the flange connection]

Tabnuya 1

IIposepeno no CIT IIposepka Ko3¢pdunueHnt ucnonp3oBanus
[Checked by Set of Rules] [Checking] [Ratio of bearing capacity]
IpouHOCTH (hiIaHLa U3 YCIOBHUSI CMSITHSI TOPLICBON TOBEPXHOCTH
[The strength of the flange from the condition of 0,091
crushing of the end surface]
n.8.13, (7) Ipounocts ¢uana U3 ycaoBus 001l yCTOHYHBOCTH 0.161
T [The strength of the flange from the condition of general stability] ’
ITpo4HOCTH (hIaHLa U3 YCIOBUS MECTHON YCTOHYMBOCTH CBECa MOJIKH
m. 9.5.14, (82) [The strength of the flange from the local stability condition of 0,424
the overhang shelf]
IIpouHoCTh (hnaHIa MPU U3THOE C YUETOM OCITAOICHUS OTBEPCTUAMH
[Bending strength of the flange, 1,679
taking into account the weakening of the holes]
n. 15.1.16, (155), (156), I
m15.1.17, (157), (158), POYHOCTH CBAPHOTO COC/IMHCHHS! PHIEIIs C ¢bnanuem 1372
1. 15.1.19, (161), (162) [Strength of a welded joint with a flange]
m. 15.3.3, (170), [IpouHocTh 60ITOBOTO CoeAMHEHHS (IIAHIIA C TOJIKOW KOJOHHBI 0.481
m. 15.3.4, (171) [The strength of the bolted connection of the flange to the column shelf] i
ITpoYHOCTb CTEHKH KOJIOHHBI 110 MECTHBIM HAIPSKEHHUSAM
. 9.2.2, (40), (41) [The strength of the column wall by local stresses] 2,323
TIpOYHOCTH CTEHKH KOJIOHHBI 110 TIPUBEICHHBIM HATIPSHKCHUSIM
m.9.2.2,(38) [The strength of the column wall by reduced stresses] 2,02
m 9.5.2, (71), (72), MecTHast yCTOWYUBOCTh CTCHKH KOJIOHHBI 0.046
m. 9.5.3, (73) [Local stability of the column wall] i

OKCNEPUMEHTAILHBIE UCCNEROBAHMA
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OnpenennM HECYIIYIO CIIOCOOHOCTH y3JI0B 1O
pe3ybTaTaM SKCIepUMEHTa.

Onucanue 060py10BaHust

CreHl mpencTaBiseT 3aMKHYTHIA CUJIOBOA KOH-
Typ (puc. 3), BOCIpHUHUMAIOLINI aBIeHUE JOMKpa-
TOB 0€3 BO3HMKHOBCHHUS PEAKIM Ha CHJIOBOH IOJ
naboparopuu. [lockonsky @C 6anok ¢ KOJIOHHAMU
MOTYT OBITH JIBYyX THIIOB: B KOJIOHHAX LEHTPaIbHBIX
PSAAOB — C IBYCTOPOHHHUM TPUMBIKaHHEM Oasok (y3-
T THTIA +), B KOJIOHHAX KpalHero psiia — ¢ OJHO-
CTOPOHHUM TpHUMbIKaHUEM Oanku (y3ubl Tuma T),
WCIIBITATEIbHBIM CTEHA MOJKEH MPOEKTHUPOBATHCS
Ha o0a pexxuMa paboThl. banku HarpyxaroTcs IOM-
kparamu J[1, pazpuBarommmu ycuiaus 10 56 T u J12
(mo 110 7).

st mpoBeeHusl CIOKHBIX 3KCIEPUMEHTOB He-
00X0IMMO TIPUMEHSTH COBPEMEHHOE N3MEPUTENBHOE
000pyIOBaHKE U CHCTEMBI 3aITUCH, XPaHEHUS 1 00pa-
0OTKM MaHHBIX. B Hammx skcriepruMeHTax Bee nedop-
Maluu u3MepsrTes Tenszopesucropamu FLA-10-11
¢ 0azoii 10 MM, Takoil ke TEH30PE3UCTOpP KPEIUTCS
Ha TEPMOKOMIIEHCATOp, BCE MEPEMELICHUS U3MEPs-
IOTCA JMHEMHBIMU JaTuukamu nepememenuin 111
100. Kaxapie 2 cexkyHIbI UAET ONMPOC MOoKa3aTenei
BCEX MPUOOPOB C 3aMUCHI0 U XpaHEHUEM JaHHBIX
Ha YHUBEpPCaAJIbHBIA MHOTOKaHAJIbHBIA U3MEPUTEIb-
peructpatop «Tepem-4.1». JlaBneHue B cucTeMe
¢ukcupyercs manoMmerpamu. [lepemernierue Todek
HaTYpHOH MOJENU 3aMepseTcsl OTHOCUTENIBHO CIie-
LIMaJIbHO BBICTABJICHHOM OTCYETHOI 0a3bl, HE CBSI3aH-
HOM ¢ cuioBoil pamoii (puc. 4). AIJI kpenures co-
OCHBIMH MIAPHUPAMHU K OTCUETHOH 0a3e W TOUKe MO-
JIeJH, 4TO MPEAOTBPAIIAET UX HOPUY BO BpPEMsI Upes3-
MEpHOTO Ae(hOPMHUPOBAHUS MOAEITH HA MOCIETHUX
CTaIUsIX HArPyKCHUSI.

Jns ycraHOBIEHUS YAJIMHEHUH U BBIYMCICHHS
MpUpaNIeHUs] yCIui B OONTHI PacTIHYTON 30HHI yc-
tanaBiauBaroTcs I1JI. 3amep pa3smMepoB m Hadallb-
HBIX HECOBEPIICHCTB: F'€OMETPUS CEYCHUH U JU-
HElHbIE pa3Mephbl 3aMepsIIOTCS METAJIMYECKUMU
nuHeiikamMu — nuHelkod 30 cM ¢ MOrpemHOCTHIO
ompexaenenus pasmepa 0,1 MM u nuHelkon 1 M ¢
norpemHocThio 0,2 MM. TONIIMHBI TUCTOB OTpPE/IE-
JSJIMCh IITAHTEHUUPKYJIEM C 3aMEpOM TOJIIUHBI B
HECKOJIbKMX TOYKax. B mucrax, 3aBapeHHBIX CO BCEX
CTOpPOH, CBEPJIMIIOCH HEOONBIIOE OTBEPCTHE, 3aMep
TOJIIUHBI TPOU3BOJIMICS BBLABMXXHBIM IITOKOM.
Bosbiie KOHTPOJIBHBIX TOYEK W3MEPEHUS TONIIUHBI
uMenu (QIaHIBl U TMOJKH KOJOHH B MECTaX CTHIKA,
T.K. B 3THX MeCTax TOJIIMHA Ooyiee HepaBHOMEpHA
n3-3a (hpe3epoBKH MOBEPXHOCTEH, KOTOpast He0OX0-
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IUMa IS JOCTUXKCHUSI HYXXHOUM IUIOTHOCTHU KOH-
takTa (3a3op 0,1 MM yxe HemomycTum). Obmee oT-
KJIIOHCHHE TOYCK MOJEIEH OT IITOCKOCTH (UKCUPO-
BaJOCh MYyTEM 3aMepa PacCTOSIHUUA OT HATSAHYTOM
CTPYHBI.

Packneiika tenzopesucropoB (TP) u paccranos-
ka JIIJI ocymecTBisieTcss COTJIACHO NAaHHBIM YHC-
JMeHHbIX Moaenei. [Jns mecra Hakineiiku TP BrIOH-
paroTcs XapaKTepHBIE TOYKH HATYPHON MOJIENH C
OoNpIIIMHU TepOPMAIIHIMHA, HO OTHOCUTEIHLHO Ma-
JBIMU UX TPAJUECHTAMH.

Onucanue 3KCNEPUMEHTOB
U pe3yJIbTATOB HCIIBITAHUIA

Axcnepumert Ne 4! (puc. 5). Vien tuma m,
TonmuHa ¢uanueB 20 MM, KJlacc IPOYHOCTH OOITOB
10.9, cranp 40X «Cenekr» ¢ BPEMEHHBIM COIpPO-
tuBieHneM Ru = 1060 MIla (cormacHo ucHBITaHU-
ssM OOJITOB Ha paspbiB). 3aTsHKKa OOJITOB MPOU3BO-
JIWIaCh TUHAMOMETPHUYECKUM KJII0YOM Ha MOMEHT
M = 1100 Hm. Ilneuo or paBHOJECUCTBYIOIIECH CHUITBI
JIOMKpara [0 KOHTakTa (hjaHueB paBHO 1 M IIIIOC
tommuHa (rnanna, uroro 1,02 m. Harpyxenune o06-
pasia OCYLIECTBISETCS OJHUM JOMKpaToM. Pazpy-
maroras cuina P cocraBuia 42,8 tc. [lpu artoii Benu-
YHHE BO3AEUCTBHUS MPOU3OIIEN pa3pblB O0JITa HUXK-
HETO psiza.

OxcriepumeHT Ne 8 (puc. 6). Vzen tuma +,
tonmuHa ¢uanneB 30 MM, Kiacc MpoYHOCTH OO0JI-
ToB 8.8, cranb 20I'2P ¢ BpeMeHHBIM CONpPOTHBIIE-
HueM Ru = 960 MIla (corimacHo ucHbITaHUAM 00J-
TOB Ha pa3pbiB). MoMmeHT 3atskku 60nToB 900 HwM.
IIneyo OT paBHOJEHUCTBYIOIIEH CHUITBI TIOMKpaTa JI0 KOH-
takta ¢annes 1,03 m. Harpyxenue obpasmna ocy-
LIECTBIISIOCH TpeMs AoMKpaTamu: cieBa 100-ToOHHBIH,
cupaBa U cHu3y 50-toHHbIf. Paszpymenue monenu
MPOW3OIILIO TPU HArpy3Ke Ha JeBOM JoMKpaTe 48,6 Tc
(ma mpaBoMm cooTBeTcTBeHHO 24,8 1C). IIpu 3T0i Be-
JMYMHE BO3JIEHCTBHUSI OJHOBPEMEHHO Pa3opBajioch ABa
HWKHHX OO0ITa.

OkcriepumenT Ne 9 (puc. 7). Y3en Tuma +, Tom-
muHa QuaHneB 16 MM, 60aThH 8.8. MOMEHT 3aTsSKKH
6ontoB 900 Hm. Harpyxenne obpasia oCcyIiecTBIIs-
J0Ch TpeMs ToMKpatamu: cHu3y 100-TOHHBIH, cripa-
Ba u cieBa 50-toHHbI# (puc. 7). Ilpm moctmwkeHnn
cwioit P 44,2 T tpecnyn ¢nanen mox mBom. Haoiro-
Jamich OOJbLINE OCTaTOUHBIE AeopManyy, HUKHNE
IBa psiga 0ONTOB OBUIM CHMIIBHO M30THYTHI, HA OJTHOM
60J1Te UMENNCH Cllebl HAYMHAIOIIET0Cs Pa3phiBa.

' CooTBeTcTBYeT (PAKTHUECKOMY TOPAAKOBOMY HOMEPY

HCIIbITaAHHA.

EXPERIMENTAL INVESTIGATIONS
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0 4

Puc. 5. Hatypnas moaennb
[Figure 5. The full-scale model Ne 4]

LR

Puc. 6. Hatrypnas moaenn
[Figure 6. The full-scale model Ne 8]

09

Puc. 7. HatypHas moaeinnb
[Figure 7. The full-scale model Ne 9]
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I'padukn «cuna — mepeMelieHrne)» OMMCAaHHBIX
BBIIIIE UCTIBITAHUNA IpeAcTaBieHbl Ha puc. 8. U3mepe-
HHE TEePEMELICHIH POMCXOANT AJIsl TOUEK, PACIIONo-
JKCHHBIX Ha PACCTOSIHUM 85 CM OT KOHTaKTa (hIaHIIEB
(puc. 5). HarpyxeHnue HaTypHBIX MOZEJEH MPOU3BO-
JUJIOCHh CTYTICHSIMU Harpyska — pasrpyska ¢ IIaroMm
npupamenuss 2—4 tc. ['paduku mokazaHBl TOJBKO
10 TOYKaM Harpy3KH, HO C y4eTOM KPaTKOBPEMEHHON
nomsydectd. TOUKH, COOTBETCTBYIOIINE PA3PYLLICHUIO
00pasnoB Ha puc. 8 He MoKa3aHbl, T.K. yacTh JI1JI
nepen pa3pyLIieHHEM CHUMAETCS C MOJIEIIH.

40 8 akc
/ 1| experiment number 8
L
30 // — 4 ske
experiment number 4
20
R []
10 20 30 40 50 60

Puc. 8. I'padukn «cuiia — nepeMenieHue»
[Figure 8. Power — displacement graphs]

ITo rpadukam BHUIHO, 9TO 1O HArpy30K 25-35 TC
Y3761 pabOoTaOT JIMHEHHO, pa3pylIeHNuEe TPOUCXOTUT
oT cui cBhimie 40 tc. s JaHHBIX y3JI0B, B 3aBUCH-
MOCTH OT TOJIIWHBI (hJIaHIa, Kjacca MPOYHOCTH
0OJTOB M CXeMBI HAarpy KeHUs, MPEACTHHBI MOMEHT
coctaBus 45-50 Tc'M. PacueTHble 3HAUEHUS YCUIIUN
B «Komere-2» (tabin. 1.) momyuunuchk B 2,5 pasa
MEHbIIIe, YeM YCHJIMS B HaTypHOW MOJEIH, TPH KO-
TOPBIX OHA HAXOMJIACh B HOPMATHBHOM COCTOSIHUH,
1 70 4-X pa3 MEHbIIE MPEACTbHBIX yeraui. OCHOB-
HBIM CIIEHApPHUEM Pa3pyIICHUS MOJETeH SBIAJICS pas-
pBIB 1-TO psiga pacTAHYTHIX 00dTOB, 1O TabmHIEe 1
Ha000pOT HE MPOXOIUIIO BCe, KpoMe OOJITOB.

BriBoabl

[IpoBeneHHOE HICCIemOBaHNE MMOKA3bIBAET HEOO-
XOIUMOCTE Pa3pabOTKH METOIUK pacuera ¢iaHIe-
BBIX COCMHEHN OAJIOK ¢ KOJIOHHAMH U BHECEHHE WX
B CTpOWTEIbHBIE HOPMEI. [IpoBeneHHBIE HAaTypHBIC
WCIIBITAHMS TTOKA3BIBAIOT, YTO BO3MOKHO MPOEKTH-
poBaHHME W SKCIUTyaTarnus (hIaHIEBBIX COSTUHEHUI
0e3 2IIEMEHTOB YCHJICHUS, TAKUX KaK pedpa )KEeCTKO-
CTH, BYTBI, OOpaTHBIEC (DJIAHIIBI, OMOPHBIE CTOJIHUKH H
mp., o0s3aTenbHbie IO cepun 2.440-2. McmeiTanue
(hIaHIEBBIX COeTUHEHUH Ha 0oNTax Kilacca MpOIHO-
cti 8.8 HE BBIABHIN HETAaTHBHBIX 3((PEKTOB TIO
CpaBHEHUIO C UCIOJIb30BaHMeM 00TOB Kiacca 10.9.
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Abstract. In Russia experimental studies of flange joints of beams with columns have not been carried out previously,
which led to the absence of normative methods for their calculation and design. The article presents the results of full-scale
tests of three models of flange connections. Models vary in bolt strength, flange thickness, and loading pattern. The purpose
of the experiments was to study the operation and bearing capacity of flange joints of beams with columns in the elastic and
elastoplastic stage under the action of static loads. The experiments were carried out according to a multifactorial
plan. The researches were carried out on a test bench developed by the author, representing a closed power circuit receptive
the pressure of the jacks without the occurrence of reactions to the laboratory's power floor. The pressure in the loading sys-
tem was fixed by pressure gauges, the displacement by linear displacement sensors, and deformations by strain gauges. Ac-
cording to the results of the experiments, it has been shown that it is possible to design and operate flange joints without
reinforcement elements, such as stiffeners, haunches, back flanges, support tables, etc. Up to loads of 25-35 tf, the connec-
tions worked linearly, samples are destroyed at moments of 45-50 tf-m. Efforts perceived by full-scale models proved to be
several times higher than those calculated in the “Kometa-2" program and recommended for calculating flange connections.

Keywords: flange, node, column, full-scale testing
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