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I'eomeTpHyecKu HeJIMHEHHBIN pacyeT HA YCTOHYMBOCTD MOAKPEIVICHHON IVIACTHHBI
C YY4E€TOM B3aUMOAEHCTBUS COOCTBEHHBIX ()OPM BbIITYYHMBAHUS
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JJ1st ntMTHPOBaHUSA

Manyiinos I''A., Kocuywvin C.b., Ipyoysi-
na U.E. I'eoMeTpuYecKr HEINMHEWHBIN pac-
YeT Ha YCTOMYMBOCTH MOJKPEIUICHHOMN
IUTACTHHBI C YYETOM B3aUMOAEHCTBUS cO0-
CTBeHHBIX (opM BbimyunBanus // CTpou-
TEeJbHAs MEXaHWKA MH)XEHEPHBIX KOHCTPYK-
it u coopyxernmin. 2021. T. 17. Ne 1.
C. 3-18. http://dx.doi.org/10.22363/1815-
5235-2021-17-1-3-18

AnHoOTaums. [Jenu paGoTel — MoApPOOHOE PACCMOTPEHHE B T'€OMETPHYECKHU
HENTMHEHHOW ITOCTAHOBKE HTAallOB PABHOBECHOTO MOBEACHHS CXKATOHW MOJKpPEIUICH-
HOM MJIACTHHBI C YUETOM B3aUMOJEHCTBUS 00LIeH (hOPMBI BBITYYHBAHUSA M MECT-
HBIX (opM BOTHOOOPA30BaHHWs B IUIACTHHE I B IOAKPEIUISIOMNX pedpax,
CPaBHEHUE PE3yJIbTATOB MOJYaHATUTUYECKOTO PELICHHS CUCTEMbI HEIMHEHHBIX
YpaBHEHHH ¢ pe3yibTaTaMH YUCIeHHOro perreHus Ha MKD-kommiekce Patran-
Nastran 3aga4u 0 JOKPUTHYECKOM M MOCIEKPUTHYECKOM PaBHOBECHM CXKaTOH
TIOKPEIUICHHON TIACTUHEL. Menoowl. Vcnons30BaInch TeOMETPHYECKH HENTMHEWHBIH
aHanu3 noJiell nmepeMemeHui, negopManuii ¥ HaNpsHKEHUH, BIYUCIEHUE COO-
CTBEHHBIX ()OPM BBIIYYHBAHUS U MOCTPOCHUE OM(DYpPKAMOHHBIX PEHICHUN U
PELICHUH 151 KPUBBIX PAaBHOBECHS C MPEACIbHBIMU TOUKAaMH B 3aBUCUMOCTH
OT HavaJbHBIX HECOBEPIICHCTB. [Ipe/iokeH OpUrnHaIbHbBIN METOJ IS OIpeie-
JICHUSI KPUTUYECKUX COCTOSHUH W TOJIydEeHUs JBYCTOPOHHUX OLICHOK KPHTHYE-
CKHX HArpy30K B MpPEACTbHBIX ToYKax. Pe3zyromamut. TloqpoOHO omUcaH U Mpo-
WITIOCTPUPOBAH NIPUMEPAMU aJITOPUTM HCCIICOBAHHS PABHOBECHBIX COCTOSHUN
MOJKPETJICHHO MIACTUHBI BOJIU3M KPUTHICCKUX TOUCK C MCIIOJIb30BAHHEM Iep-
BBIX HEJMHEHHBIX (KyOMYEeCKMX UWIEHOB) WICHOB DPA3JIOKEHUS MOTCHIUAIbHON
SHEPTHH, MONTYICHbI KOOPIMHATHI TOYEK OU(YPKAIMK 1 TIPEASTbHBIX TOUYCK, & TAKKE
COOTBETCTBYIOIIHME 3HAYEHHUS KPUTHIECKUX HArpy3oK. [IocTpoeHbI KpHUBbIE YyB-
CTBUTEIBHOCTH KPUTHYECKOH HATPy3KH B 3aBHCHMOCTH OT BEJIUYUHBI HAYATBHBIX
HECOBEPLICHCTB obuiero mporuda. [Ipyn moMomy 4UCIeHHOTO PEeLIeHHs OCTPO-
€Hbl KPHBBIE PABHOBECHS C XapaKTEPHBIMH TOYKaMH OH(YpKalUUd MECTHOTO
BoJIHOOOpa3oBaHus. s cimydast AeHCTBHS ABYX HadaJbHBIX HECOBEPIICHCTB
MPEATIOKEH aJTOPUTM MOJYYCHHS JBYCTOPOHHUX OLIEHOK KPUTHYESCKUX HArpy-
30K B MPE/ICIBHBIX TOUKAX.

KuroueBble c10Ba: reOMETPUYECKH HEJIMHEHHBIE YPABHEHUs PAaBHOBECHs, TOU-
Kkn Oudypkanuu, npenenbHble TOYKH, B3aHMOAEHCTBHE (OPM, MOAKpEIUICHHAS
IUIACTHHA, KPUTHUECKUE HANIPSKECHUS
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Geometrically nonlinear analysis of the stability of the stiffened plate
taking into account the interaction of eigenforms of buckling

Gaik A. Manuylov, Sergey B. Kositsyn, Irina E. Grudtsyna*

Russian University of Transport, 15 Obraztsova St, Moscow, 127994, Russian Federation
*grudtsyna_ira90@mail.ru

Article history Abstract. The aims of this work are a detailed consideration in a geometri-
Received: November 21, 2020 cally nonlinear formulation of the stages of the equilibrium behavior of a com-
Revised: January 22, 2021 pressed stiffened plate, taking into account the interaction of the general form of
Accepted: January 30, 2021 buckling and local forms of wave formation in the plate or in the reinforcing

ribs, comparison of the results of the semi-analytical solution of the system of
nonlinear equations with the results of the numerical solution on the Patran-
Nastran FEM complex of the problem of subcritical and postcritical equilibrium of
a compressed stiffened plate. Methods. Geometrically-nonlinear analysis of dis-
placement fields, deformations and stresses, calculation of eigenforms of buck-
ling and construction of bifurcation solutions and solutions for equilibrium curves
with limit points depending on the initial imperfections. An original method is
proposed for determining critical states and obtaining bilateral estimates of criti-
cal loads at limiting points. Results. An algorithm for studying the equilibrium
states of a stiffened plate near critical points is described in detail and illustrated
by examples, using the first nonlinear (cubic terms) terms of the potential energy

expansion, the coordinates of bifurcation points and limit points, as well as
the corresponding values of critical loads. The curves of the critical load sensi-
tivity are plotted depending on the value of the initial imperfections of the total
deflection. Equilibrium curves with characteristic bifurcation points of local
wave formation are constructed using a numerical solution. For the case of ac-
tion of two initial imperfections, an algorithm is proposed for obtaining two-
sided estimates of critical loads at limiting points.
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BBenenne

NnTepec x paboTe cxKATBIX MOAKPETICHHBIX TUIACTHH MOSIBIIICS TaBHO, OJTHAKO TOJIBKO HAYMHAA C paboT
B.T. Koiirepa [1; 2], A. Bau gep Heiita [3], B. Teeprapaa [4], [Jx. Xanra [5] u mo3zxe A.W. Manesuua [6—8]
OBLIU MOJTYYCHBI CHCTEMBI YPaBHCHUIN PaBHOBECHUS C YUETOM I'€OMETPUYECKON HEJIMHEWHOCTH, KOTOPHIC JAt0T
BO3MOXXHOCTh aHAJIM3UPOBATH HECYIIYIO CIIOCOOHOCTh YIOMSIHYTOH TUTACTHHEI IHOO C y4eTOM 0OIIEero mporu-
0a, MO0 ¢ y4eToM B3aMMOJCHCTBUS TOTO MPOruda ¢ MECTHBIMU (POPMaMHU BOTHOOOPa30BaHUs B peOpax WK
B IJIACTHUHE.

BrnepBbie reoMeTpUyueCKU HEMMHEHHBIEC YPAaBHEHUSI ISl OMMCAHMSI IOTEPU YCTOMUMBOCTH PACCMATPUBAEMBIX
IUIACTHH C YUIETOB B3anmMojaehcTBus dopMm Obum mipenctariensl B.T. Koitrepom [2]. B. TBeprapa cocpemoToumt
CBOC BHUMAaHHUE Ha MCCJIEOBAHUH TUIACTHH C JIBYKPATHBIMH KPUTUYCCKUMU Harpy3Kamu JJisi OOIIEro mporuda u
JUTS BOJTHOOOpa3oBaHMsl B TactuHe [4]. B ero paboTe momydeHbl BaKHbIE U OOIINE pe3yNbTaThl U pacyeTa MoJl-
KPETUICHHBIX IDIACTHH JOCTaTOYHO OOJBIION IIMPHUHBI M PETYISIPHBIM pacrioyioskeHneM pedep. st 7Toro oH BbI-
TSN PETYJSIpHBIN T-00pa3Hblil pparMeHT, KOTOPBINA UCCIeIoBaICs 0ojiee neTanbHo. HekoTophie U3 Momy4eHHbIX
pesyabtaToB B. TBeprapaa Obuu ucnonb3oBasbl k. Xantom [S] i noctpoeHus 0MdypKanuoHHON MOBEPXHO-
CTH TOMEOKJIMHHOW TOYKH OH(ypKaIliH, COOTBETCTBYIOIIEH KaTacTpode TUIepOOTNIEeCKOH OMOMITHKHL.

UccnenoBanust B. Teeprapaa ObUTH MpOAOIKEHBI aBTOpaMHU HacTosmiel padotel [9-11], xoTopsie umc-
JieHHO ¢ oMotk MKD u3yumin BIusSHHE HAYalbHBIX HECOBEPIICHCTB HAa HECYIIYH) CIIOCOOHOCTh MOJIKPETI-
JIEHHOM TTaCTHHBI B CIy4ae KPAaTHBIX U HEKPATHBIX KPUTUUECKUX HArpy30K. bbUlo yCTaHOBIIEHO, UTO MIPHU OJIHO-
BPEMEHHOM BBIITyYNBAaHUH 110 00IIeMy MPOru0y W BOITHOOOPa30BaHHUIO B IJIATHHE, B CIIy4ae COBMAIEHUS KPUTH-
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YECKHX Harpy3oK peajusyeTcs AByKpaTHas OudypKanus IO TUILy TOMEOKIMHHOW TOYKH THIEpOOINYEeCKOl OM-
ownuky. Eciiu ke 0THOBPEMEHHO MPOUCXOUT BBIITYYHUBAHHUE 110 OOIIEMY HPOTUOY U BOJIHOOOPA30BaHUIO B Ped-
pax, To AByKpaTHas MOJyCUMMETPHUYHAs TOUKA €CTh aHTUKIMHHAs OudypKanus, COOTBETCTBYIOIIAs KaTacTpode
AIUTATITHIECKON OMOMIHKH [12].

Baxxubie pe3yibTaThl ¢ UCIHOIB30BAHHEM YpPAaBHEHHM MEPBOTO M BTOPOIO T'€OMETPHUYECKH HENUHEHHBIX
npuOIKeHnH (yueT KyOMUecKUX M KBapTHUHBIX YICHOB B Pa3sIOKEHUU MOTEHINAIbHON dHEPruu) ObLIH TIONY-
yeHsl B 1980-x ronax A.M. ManeBuuem [7; 8]. EMy yaanock yCTaHOBUTbH, UTO, OTPAHUYUBASICh MEPBBIM IPHU-
OmxeHneM (YUUTHIBAIOTCS TOJIBKO KyOUYECKHE WIEHBI), MOJKHO ITOJy4aTh IIpUEMIIEMblE OLIEHKU Hecylleil cro-
COOHOCTH CXaTOW MOJIKPEIJICHHON TUIACTHHBI, €CJIM KPUTUYECKUE Harpy3Ku BOTHOOOPa30BaHMS B €€ DJIEMEHTaX
OJM3KU WIIM MIPEBBIIAIOT KPUTHUYECKYIO HArpy3Ky BBITYYHBaHUS MO cxeMe obmero nporuda. Eciu ke Harpysku
BOJIHOOOPA30BaHMs 3HAUYUTEILHO MEHbILE KPUTHIECKON HArpy3ku oOIIEero mporuda, To y4eT JOIOTHUTEIbHBIX
YJICHOB YETBEPTOW CTENEHH B Pa3NIOKEHHH IOTEHLUANbHON SHEPTHH IO3BOJIAET TMOBBICHUTH MAaKCHMAIbHYIO
Harpy3Ky MOTepH Hecylleil crocoOHOCTH MOAKPEIUIeHHOW miacTuHbl B cpenHeM Ha 30-40 %. OmgHako ydyer
KBAapPTUYHBIX WICHOB CYIIECTBEHHO YBEIMYHMBAET TPYAOEMKOCTh BBIUMCICHUHN M3-3a HEOOXOAUMOCTH OIIpesesie-
HUSI [TOTIPaBOK BTOPOTO MPHOJIMKEHUS K COOCTBEHHBIM (hOpMaM.

B Hacrosimeit ctatbe aBTOPhI OrPaHUYHIINCH YYETOM JIMIIb KYOUUECKHX WICHOB B pa3fioKEHUH MOJIeH mepe-
MEIIEeHUH, AehopMaliii U HaIIPSHKEHHUH, IIOCKOJIBKY B IMPOEKTHOM MPAKTHUKE HCIIOIB3YIOTCS TaKUEe COOTHOLIECHHS
TeOMETPUUECKUX IIapaMEeTPOB MOJKPEIVICHHON IIIACTHHBI, IPH KOTOPBIX KPUTHUECKUE HArpy3KH BOJIHOOOpa30Ba-
HUS B TUTACTUHE WJIH B peOpax OKa3bIBAIOTCSA 3HAUMTENHHO BBIIIE KPUTHUECKON HArpy3KH 00IIero mporuoda.

ITocTanoBKka 3agaun

PaccmaTpuBaeTcs mapHUpHO-0OIEpTas MO TOpLAaM IUTaCTHHA, OAKPEIIIEHHAs C OJXHOM CTOPOHBI PETyIIsp-
HBIM Ha0OpOM TOHKHUX NPSAMOYTOJBHBIX pebep. [IpomonbHble Kpast cBoOOAHbIe. [lnacTHHA ckaTa HEHTPAIBLHO
MIPUIIOKEHHBIMU CHJIaMHU. MaTtepuai MIacTUHBI — HEOTPAHWYEHHO YNPYTHil. DTO MO3BOJISET UCCIEN0BATh YCTOM-
YUBOCTh NOAKPETICHHON IIACTHHBI IPH TIOMOILM aHAIKM3a PABHOBECHS OZHOTO PETYJIIpHOro 7-o0pasHoro ¢par-
MeHTa (1o ananoruu ¢ B. Teeprapaom u A.M. MaHeBudeM), paBHOYCTOHYMBOTO C OCTAIBHBIMU 1-00pa3HBIMH
¢parmenTamu. [lepopmanyn u 3akoH ['yka BeIpaykaroTcs CleAyIOIUM 00pa3om:

e=1L, (U) +%L2 ); (D

o=H(e), ()
rae Ly, H — nuHelHs1l onepaTop; L, — KBaApaTUYHBIA OIIEPATOP.
L,(U+V)=L,(U)+2L;; (U, V) + L, (V), B 5TOM BbIpaxkeHuu L,; — OUIHHEHHBIIH omiepaTop.

Ilonnas NOTCHIUAJIbHAsA SHECPrusa HO,E[KpCHJ'IeHHOﬁ MJIAaCTUHBI TIPU YACPIKAHUHN YJICHOB HE BBIIIC YCTBEP-
TOM CTCIICHH UMECT BUJ

I = a, +%Z as (1 —%) £2 +%Zzzaijk &i&i&k +
S s i j k
Y YN s - Y athr, =120
T T k1 s s

rae § — HOpMUPOBAaHHbBIE COOCTBEHHbIE (POPMBI (AMIUTUTYAA OTKJIOHEHHsSI COOCTBEHHOM (POPMBI, OTHECEHHAs K

TOJIIIMHE TUIACTUHBI; &, — HECOBEPILIECHCTRA 110 s-0i (popMe BbimyuuBanus (s = 1,2,.....n).
YpaBHeHUs1 paBHOBECHS €CTh

(‘2—23) =0; (%) =0; (22:) =0 )
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as (1—%) Es+zzzaijk &i&j +Zzzzaljkl &8k =Zas Esi%- (5)
s T Tk T k1 s

N

Ecmu s = 2 (yuutsiBaetcs obmuii mporud (i = 1) u MecTHas popma BoiaHOOOpa3oBaHus (i = 2)), TO MIOTEH-
UaJIbHAS DHEPTHUS C YIYSTOM B3aUMOJICHCTBUS STUX (POPM 3aIHIIETCS TaK:

1 AN, 1 N, 1 , 1,
I =ay+5a; (1 - }\_1) §&1+>5a; (1 - E) & +5a11181 + 122618 +—ag11187 +

2 2 3 4
1 1 A — A —
+ Zazzzzzg + Eanzzziz% - Za1§1§1 - Eazzzzz- (©)

CoOTBETCTBEHHO, UMEEM YIIPOLICHHBIN BapHaHT ypaBHEHUI paBHOBECHS:

A 2 2 3 2 _ A=
a, (1 - 7\_1) &1+ 11187 + @12285 + A111187 + A11226:8; = )\_1‘1151- (7

A A —
a; (1 - E) €2 + 20122818 + 412,858, + 420085 = }\_zazgz- (8)

I[J'ISI ypaBHeHI/Iﬁ epBoro HEIIMHEHHOTO HpI/I6J'II/I)K€HI/I$I OCTaBJISIEM TOJIBKO KyGI/I‘IGCKI/IC YJICHBI.

A 2 A=
as (1 - 7\_) €1+ a11181 + 212285 = A_algl' )
1 1
A A —
a (1 - E) §2 + 2a122818, = Eazzz- (10)

Ecnu pazmenuth kaxnoe ypaBHeHHE Ha KO3 (UIMEHTH aq U a,, TO MOAYYUM ypaBHEHHS B popMme, npu-
BeneHHol B. Teeprapmom [4] (A4 = A, = Ay).

A A —
(1-5)8 + i + oty =~ En. (i
A A
A A—
(1-1)e + bt = F (12
rae dy = %; dy = %; dsy = —2‘;122.
1 1 2

Koaddunuents! a4, a,, ay11, A122 €CTh

3
a; = —A1{0%L, (UM)}; ay = —Ap{c’L, U} a1y = E{Ule UM}

1

a1zp = 5 {0 L2 U} + {021, (UD, U,

rie 6° — TeH30p HaNpsHKeHUH U3 pelleHus TMHEHHOM 3a1aun paBHOBECHS IIACTHHBI; 01 — 106aBKa IIPH MEepexo-
JIe B CMEKHOE paBHOBECHOE COCTOSIHUE B CiTydae OM(YypKaIUOHHON TOTEPH YCTOMYMBOCTH.
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Jlns onpenenenus ko3pOUIMEHTOB a;j) U dq, d; U d3 HEOOXOAUMO BBIMUCIATH HEKOTOPBIE ONMPEIEIIEH-
HBIE MHTETPAJbI [0 IPSAMOYTOJIBHBIM 00NACTsIM YIIOMSHYTOTO TaBPOBOTO 3JIEMEHTA MOJKPEIUIEHHON MIaCTHHBI.
BelpaskeHust Uil 3TUX WHTETPaiOB: —Al[GOLZ (U(l))}, -2 [O'OLZ (U(Z))}, [0‘1L2 (U(l))} 17§ {GlLZ (U(Z))} +
+{02L11 wm,u (2))} npuBesieHs! B padote B. Treprapaa [4] v B HecKOIbKO MOAH(DUIIMPOBAHHOM BHUJIE B pabo-
te A.W. Manesuua [8].

B ypaBuenus (9) u (10) BXoAAT 3HaYCHUS! KPUTHYECKHUX MAPaMETPOB A U A;, COOTBETCTBYIOIIUX OOIIEH
¢opme u3rnba 1 MECTHOMY BOJTHOOOPA30BAHUIO B MJIACTUHE WK pedpax. DTH BETUUMHBI HAXOAATCS U3 PEIICHNUS
JMHEHHOH 3a7a4u Ha coOCTBeHHBIC 3HaYeHus. B. TBeprapa peman ofHOPOIHYIO KpaeByo 3afaqy Ul CHUCTEMBI
OWrapMOHUYECKUX YPaBHEHHH W BOCHBMH T'PAaHUYHBIX YCIOBHM COTNpPSYKCHWH BIOJb JIMHUW KOHTAaKTa pedpa c
TUTACTHHOM:

D AAw,= A NQW, .. (13)
1
— AAF,; = 0. 14
gp A0 =0 (14)

OTH yCIOBUSA BBIPa)KalOT COOTHOIIEHUS MEXIY YCHIMSAMM U MEepeMeIeHUsIMI Ha Kpasix JIEBOM U mpaBoil
YyacTel IJIaCTUHBI 10 OTHOIICHUIO K pedpy [8]. Ilpu sToM mpeamnonaraercs, 94to oOIIwii MPOTUO pa3BUBAETCS 110
KpUBOH, OJM3KOW K CHHYCOHJE, COOTBETCTBYIOMICH BEHIITYYHBAHHUIO dUJIepoBa CTepkHs. HensBecTHBIE BOCEMb
MPOU3BOJIBHBIX MMOCTOSHHBIX HAXOJSTCS M3 CHCTEMBI OMHOPOAHBIX YpaBHEHUH, MaTpria Ko3QPHUIUEHTOB KOTO-
PBIX MIpHBECHA B IPUIOKEeHNUH K padoTe B. TBeprapaa [4]. A.M. ManeBuu peran 3Ty ke 3afady BapUalloHHO,
C IIOMOIIbI0 OTHOLIEHUs Penesi. 3anaBas pa3aIuyHOE YKMCIIO MOIYBOJIH, OH HAXOAWJI HauMEHbIIee 3HAUCHUE KPH-
TUYECKUX HAarpy30K BOJIHOOOPa30BaHMA B TUIACTHHE WK B pedpax.

B ypasrennsix (11) u (12) B mpaBbIX 4acTsX MMEIOTCS BETHUYHHBI HAYAIBHBIX HECOBEPIICHCTB &; U &y.
OHM COOTBETCTBYIOT (hOpMaM BBIMYYHMBAHHS MO OOIEMY MPOTrHOy U Mo (OopMe MECTHOTO BOJHOOOPA30BaHHUS.
Ecnu 00a 3TH HecoBepIIeHCTBA HEHYJEBbIC, TO KpUTHUYECKAs TOYKA CTh NpejiesbHas Touka. [Ipu 0THOPOAHOM
oudypkarmoHHoi 3axaue (§; = &, = 0) HanGosee MPOCTHIC PELICHHS COOTBETCTBYIOT CIIyYalo KPaTHBIX HAIPY-
30K (A; = A, = A.). budypkaiionssle perieHus mpy OpOCThIX Harpy3kax (A; # A,) OKa3bIBAtOTCS 0OJI€e CIIOXK-
HeIMA. Eciit B ipaBoii yacTy ypaBHeHUs (12) CTOMT HOJB, a B IIpaBoi yacTh ypaBHeHuUs (11) mmeeTcs HecoBep-
[ICHCTBO (a +* 0), MPOTIOPIHOHAIIEHOE MApaMeTPy HArpy3KH, TO OM(ypKAIMOHHAS 3a/aua peaan3yeTcs Kak
IMOUCK KPUTHUYECKOT'O 3HAYCHHUA HArpys3Ku, Ipu KOTOpOﬁ IJIaCTUHa C pa3sBUBAIOIINMC Ha4YaJIbHBIM O6HII/IM Ipo-
THOOM TepsieT YCTOWYUBOCTh B BH/IE BOJIHOOOPA30BaHUs B TUTACTHHE WK B pedpax.

IonyaHnauTHYeCKHe pelleHus 32124 YCTOHYNBOCTH MOJAKPeIIeHHbIX IVIACTHH

PaccmoTpumM perieHus mpocTeimie 3amadn Aiig IBYKPATHOUW IMOIYCHUMMETPHYHON TOUKH OMQypKaIli,
COOTBETCTBYIOIICH pelIeHUSIM OJHOPOJHBIX ypaBHeHul tuna B. Teeprapna. Jlns obmero nporuda u jis pere-
HUS1, OMUCHIBAIONIETO BOJTHOOOPAa30BaHNE B TUIACTHHE, YIIOMSHYTHIC PEIICHHSI 3aIUITYTCS TaK:

6= -(1-7) (15)

(16)

W3 mocnerHuX COOTHOIICHUH BUIHO, YTO OOMINiT MPOrud OTHOCUTENFHON aMIUTATYABI §; SBISETCS HECBS3aH-
Hoii nedopmareii. OH 3aBUCHT TOJIBKO OT OJHOM KOOPAMHATHI, TOTAa KaKk BOJIHOOOPa30BaHUE C aMILUTUTYI0H &,
JIMHEHHO CBSA3aHO C aMILTUTYION oOmiero mporu6a. Eciu sTa ammuTya §; paBHa Hy/O, TO M aMILTUTyaa &,
Takke paBHa Hyito. [Ipu Beruncnennsix B. TBeprapaom 3HaueHUsX KO3 GUIMeHTOB ypaBHeHui d; = —0,0193,

dz—d,

d, = —0,6731 u d; = —0,1138 cooTHOUIeHNE MEXKIY &, U & paBHO = 0,374. 3ameTHnMm, 9TO BCE TPH

ko3 duinenrta d,, d, U d3 OTPHUIATEIILHBL, @ 3TO BO3MOXKHO TOJILKO IPH TOMEOKIMHHON TOYKe OndypKauu (Ba-
pHAHT KaTacTpodsl THIIEPOOTMIeCKO oMOMITIKN). Takast cHTyaItis BOZHHKACT IPH BOJIHOOOPA30BaHUY B TUIACTHHE.
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B cnyyae mpocThIX cOOCTBEHHBIX 3HAUeHUWH (A; # A,) OuypKalMOHHBIE pEIICHHUS CHCTEMbI HETMHEH-
HBIX YpaBHEHUH MPH HYJIEBBIX MPaBBIX YacTiaX §; = §, = 0 oka3pIBalOTCs 00JI€e CIOKHBIMHU:

b= (1) (17)

(18)

Ha xpuBBIX paBHOBECHS MOJKPEIICHHOW TUIACTUHBI CHHTYJISIPHBIC TOUKH (TOYKM OMdypKaiuu uin mpe-
JICIbHBIC TOYKM) IOSBJISIOTCSA TOT/a, KOTJa B KPUTUYECKOM pPAaBHOBECHM MaTpuia l'ecce BhIpOXKIACTCS
(det H,(§1,82,A) = 0). dnsa ypaBuenwuii (11), (12) ata MaTpuiia umeet Buj

(1-5)+2dits 2d,%,

= d3&; (1 - %) + d3&; .

(19)

Ecnmu paccmatpuBaetcst 3ajada, B KOTOPOM 3alaHO HavajlbHOE HECOBEPIICHCTBO IO 00MEeMy TpOrHOy

(81 # 0), a HauanbHOE BOMHOOOpa3zoBaHue OTCYTCTBYET (§, = 0), TO B 3TOM ciy4ae pelieHHe 3aBUCUT TOJIBKO OT
koopauHaThl & (§, = 0), a ycnoBue paBeHcTBa Hymto onpenenurens det H,(§1,&,,A) = 0) cBoguTCs K BBIMOINI-
HEHUIO OJTHOTO U3 JIBYX COOTHOIICHHMIA:

A
1

A
nJiu h22 = (1 - }\_) + d3El = 0. (21)
2

HawuGosee BaxubM siBisiercst yeiaosue (21) (hy, (A, d3, §1) = 0). B atom ciydae ypasHenue pasaosecus (12)

((1 - %) + d321> &, = 0 BBIMONHSIETCS B TPEX BapHAHTAX:
2

a) & = 0, 1O ((1 - %) + dgzl);&o. Crienoarensio, (hyy (A ds, &) # 0), (det Hy(§y, &, A) % 0), urto

. o T A
COOTBETCTBYET PETYJSIPHBIM TOUKaM Ha KpUBOH paBHOBecu# W4 (§1,81), (L1 = }\—);
1

6) &, =0mu ((1 - %) + d3§1> = 0. CnenoBatenbHo, hy, (A, d3, &) = 0, (det H, (84, 8,,A) = 0), a coor-

BETCTBYIOIAs TOUKA KPUBOi |11 (§1,&;) €CTh TOUKA CHHTYJIPHOTO PaBHOBECHS. ByJeT Ji 5Ta TOUKa Ipeneih-
HOH TOYKOW MM TOYKOH OM(ypKaruy 3aBUCHT OT TOTO, OYIET JIM 3HAUCHHE |lq (Efp) JIOKAJIBHBIM SKCTPEMYMOM
win HeT. Ecnm 3HaueHne g (E}fp) HE SBJIAETCS JOKAJIBHBIM KCTPEMYMOM, TO CHHTYJISIpHAs TOYKAa €CTh TOYKa
oudypkanuu (B JaHHOH 3a1a4e CHMMETPUYHON M HEYCTOMYNBOM );

A
B)E, % 0, <(1 -5)+ d3£1> = 0, mp 51oM hpp (A, d3, &) = 0. Omaxo det Hy (8, &5, 1) = —2d,d382 # 0,

U COOTBETCTBYIOIIEEC PABHOBECHE SIBJIACTCS PErYJLIPHBIM. 371€Ch JOCTUrAeTCsS HAUOOJbIIAs HAarpy3Ka CxKaTus,

IMMOCKOJIBKY HOCJ'I66I/I(1)ypKaLII/IOHHOC PaBHOBECHC OKA3bIBACTCA HeyCTOﬁ‘iHBHM.

o Kp _ A
3nauenus GubypKauMOHHON HArpysKu |~ (g = 7\_1) ONPEIENSIeTCS U3 KBaJPpaTHOIO YPABHEHUS, COCTAB-
JIEHHOT'O C Y4€TOM COOTHOIIEHUH
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1—kp,y _ku1—1 k_/12_

hZZ(A'l d3l El) = 0; El = - d3 d3 = Al ;

(22)

u (k?d; —ds k) + pq (ds + ds k — 2kd;, — d3%;) +dy —d3 = 0. (23)

B 3anaue, pemennoit B. TBeprapaom [4], kputuueckas Harpyska JByKpaTHas (OJHOBPEMEHHO IPOHCXO-
JIUT oOllee BHIMyYWBAaHHE M BOJIHOOOpa3oBaHHE B IJIACTHHE). 3a1aBasi HEHyJIEeBOEe HauyalbHOE HECOBEPILEHCTBO

no obmemy nporudy (§; # 0), mosydyuM BO3MOXHOCTh TOCTPOUTH KPHUBYIO UyBCTBUTEIHLHOCTH KPHUTHYECKUX

Harpy3oK B MpeJeNbHBIX TOYKaX B 3aBUCHMOCTH OT BEJIMYUHBI HauaIbHOTO mporubda &;. Beruucnenus coriaacHo
ypaBHenuto (23) nator ipu k = 1:

£, =02, pni(0,2) =0,8476;
£, =05 (0,5)=0,7703; (24)
£, =10, u(1,0)=0,692.

OTH pe3yNbTaThl COBNAAAIOT CO 3HAYCHUSIMH TPEeACTbHBIX HArPy30K MPH HECOBEPIICHCTBAX OOIIETO MPo-
ru0a Ha KpUBBIX, TOCTpoeHHBIX B. TBeprapaom [4].
PaccmoTpuM OnbypKarmoHHYIO 3a1a9y HpH HATMYHU Ha4aJIbHOTO HECOBEPIISHCTBA B BHJIE OOIIETO MPo-

ruba (§; # 0). Ee perieHue maet KpUTUYECKYIO HArpy3Ky BOJHOOOpa30BaHMS B CPABHHUTENIBHO CIA0BIX pedpax
MOJKPEIUIeHHON acTuHbl (puc. 1). B rpaduyeckoii opMe pe3yabTaThl IS 3TOH 3aayd C Pa3IUYHbIMH Ha-
YallbHBIMUA HECOBEPIICHCTBAMU NpuBeeHbI B padore A.M. Manesuya ([8], . 111, puc. 3.3). Uccnenyemas ma-
CTHHA UMeJa Cleayromue 0e3pa3MepHbIe mapaMmeTphl:

b b1 tlbl 1 L }\1
h 25, t bh 5 b 2 Ay
[

| h
|
I
| L
bif | b/2
l
|
I
L1
l

Puc. 1. ITonepeunoe ceuenue 7-006pa3Horo pparmeHTa:
b — paccTosiHEE MEXKy peOpaMH B OCSIX; h — TOJIIMHA IIIaCTHHBI; by — BBICOTa pedpa; t; — ToNmuHA pedpa; L — AIuHA MOAKPEINIeHHON IUIaCTHHEL
[Figure 1. Cross-section of a 7T-shaped fragment:
b — distance between ribs in axes; h — plate thickness; b; — rib height; t; — rib thickness; L — length of reinforced plate]

I'pannyHbIe yCIIOBHSA: MIApHUPHOE OMUPAHKE BIIOJIbL KOPOTKUX CTOPOH, BAOJB MPOJOJIBHBIX KpaeB 3aKper-
JICHUE TUIA MTOIBM)KHON 3a/1€TKH.

Jnst 9TOW macTUHBI 3Ha4YeHUs Kod(pduuueHtoB ypasHenuit (11) u (12): d; = —0,009, d, = 1,024 u
d; = 0,975 B3sTHI U3 paboTHl [§]. OTMETHM, YTO B 3TOMH IUIACTHHE pedpa ecTh OTHOCHTENBHO clalble yUINHEeH-
HBbIE KOHCOJIbHBIC TIacTUHBI. [loTepro ycTOWYMBOCTH MyTEeM BOJHOOOpa30BaHUS CIEAyeT OXMAaTh UMEHHO B
cKaThIX peOpax, a He B mumacTuHe. Ha 3710 ykaswiBaroT 3Haku Ko3ddunuento d; < 0 (310 Bcerma), d, > 0 u
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d; > 0. Ecnu ke Bce koadduiments d; < 0, TO BOJIHOOOpa30BaHUE CIEAYyET OXKHUAATh B IIaCTUHE. Bynem cum-

TaTh, YTO OTHOCHTENIbHASI aMIUIMTyJa HadaJlbHOro obmiero mporuda ects §; = —0,5. [loxctaBnss Bce mpuse-
JICHHBIE TaHHBIE B ypaBHEHHE (23), MOTy4yuM

w2 —1,9927u + 0,67033 = 0. (25)

v} K
Haumenpnii KopeHb ulp = 0,428 omnpenenser Harpy3Ky OudypKaIiy BOTHOOOPa30BaHHS B CIKATHIX pe-
Opax IIaCTHUHBI IIPH JOTIOHUTEILHOM 001IeM mporuoe:

1—kp,

= —0,3728. (26)
d3

& =

OTta 6H(1)yp1<auml CUMMCTpHUYHAA U HCYCTOP'IQHBaH, TaK KaK MpU HAJIWYUU HAYaJIbHOI'0 AOIMOJHUTCIBHOTO

BOJIHOOOpa3oBaHus B pedpax (&, # 0) Bo3HHKaeT MOTEps] yCTOMUMBOCTU B MPENEIBHBIX TOYKaX. 3aMETUM, YTO B

3TOM CITydae KpUBasi pAaBHOBECHI IPOCTPAHCTBEHHAsI, TOCKOJIBKY HATrpy3Ka |1, 3aBHCHUT OT JIBYX KOOPJWHAT &; U &,.

6u
BrruucnenHoe 3HaueHue Harpy3ku BOJ'IHOO6pa3OBaHI/IH |.11 ¢

Tabmn. 3.5 u3 [8].

BrINONHYUB aHANOrHMYHBIE PaCcYeThl MPH JAPYTUX HAYAIBHBIX MPOrH0ax, MOJYYHUM KPUBYIO 3aBUCHMOCTH
KPUTHYIECKON Harpy3Ku OM(ypKaIuy BOTHOOOpa3oBaHUs B pedpax (pucC. 2) OT BEIUIMHBI HAYaTLHOTO HECOBEP-
IIICHCTBA B BUJIE 00IIEro Mporuoa.

= 0,428 coBnagaeT ¢ KPUTUIECKON TOUKOI B

|H M

i

0,8
0,7 | 0,6733
¢

0,6

487
. gs
. 0428

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

=)

[

(=)

A¥e)

-
W
A
(—

Puc. 2. KpuBas 4yBCTBUTENBHOCTH
[Figure 2. Sensitivity curve]

W3 npuBeneHHOro rpaduka BUIHO, YTO BEJIMYMHA KPUTHUECKON HAarpy3Kd BOJHOOOpa3oBaHUS B pedpax

CHJIBHO MaJaeT BMECTE C YBEIUYCHUEM HAaYalIbHOTO HECOBEPIIEHCTBA &; ; Koraa & = 1, To Harpy3ka BOJHOO00-
pa3oBaHUs MIPUMEPHO B JBAa paza MEHBIIE COOCTBEHHOTO 3HAYCHUS U3 PEIICHUS JTUHEHHOW OHOPOIHON 3a1aun

(mpu &, = 0,1, = 0,6733 4,k = —— = 1,4852).

0,6733
Ecnu B ypaBuenusx (11) u (12) npaBele 4acTH HE paBHBI HYJIIO, TO BO3HUKAET 3ajaya 00 OmNpenencHUH

KOOPAMHAT TpeaebHOM TOUKH (], §5) M BETHYMHBI MAKCUMATIbHON HATPY3KH 7.

1-p)g +di 8 +dy8 =p 8. 27)

(1= 1p)8 +dsfid, = u2 5. (28)
W3 ypaBuenus (27) Beipasum &, #+ 0:

10 ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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W E
f = b (29)
1—kyy +ds§
[ToacTaBUM MONYYEHHOE BHIPAKEHUE B ypaBHeHHe (28):
(ens55) d
H1G2 2 =
(1 —pq1)& +di&F + 7= H1&- (30)

((1 —kyy) + d3§1)

B wurore, 0ocBOOOIMBIIUCH OT 3HAMEHATENs, AJIsl ONpeNeNeHIs] KOOPAUHATEl TOUYKM paBHOBecUs &; (TIpH
(UKCUPOBaHHOM 3HAYCHUH HArpy3KHd W 4 ) IMEEM ypaBHEHHE YETBEPTOW CTENEeHU OTHOCHTENbHO &;. [locie He-
KOTOPBIX MPeoOpa3oBaHMii €ro MOKHO 3alHMCaTh B BUAE

dids&t + [2dd3(1 — kp ) +d5(1 —p)]E +
+[2d3(1 — )@ —kpq) +di(1—kpqy)*— d%uli]ii + (31)

_ -2 _
+[(1 —un@ _kU1)2 —2d;(1 - ku1)u1€1]€1 + (kU1)2d2 EZ -1 _kH1)2H1E1 =0.
K aromy ypaBHEHHUIO 700aBUM YCIIOBHE PaBEHCTBA HYIIIO OMIPEICITUTENS MaTPHUITHI [ ecce.

det Hy(1,81,8) = [(1 —pq) 4+ 2d:51[(1 — kp ) + d3§] — 2d,d385 = 0. (32)

Ilocne uckmoueHus u3 COOTBCTCTBYIOIICTO BBIPAKCHUA KOOPANHATLL EZ 6y,IL€M HUMCTH

-2
dyds(kp )%, —0 (33)

det Hy(h1,8,0) = (1 —pq) +2d1§1(1—ku1)+d3§1—(1_kul T di6)?

B utore nomyunnu ABa ypaBHEHUS] OTHOCUTEIILHO IEPEMEHHBIX |L 1 ¥ §;. OIHAKO COBMECTHOE MX PEIICHHUE
JlocTaToyHO cioxHo. B. TBeprapa nckan mpeaesnbHble TOUYKH ITYTEM HEMOCPEACTBEHHOTO MOCTPOEHUS KPUBOU
paBHOBecuii, A.ll. MaHeBHY HCHOIB30BAJI aJrOPUTMBI TMOHWCKA JSKCTPEMYMOB (YHKIMH JBYX MEPEMEHHBIX.
B nmanHoi#i paboTe BoOcCIONb3yeMcsl CIOCOOOM TOIMIArOBOTO YBEIMUYEHHUS HArpy3KH C MOCIEAYIONINM pElIeHHEM
YpaBHEHUSI paBHOBECHSI JUIsl TIPUOIMIKEHHOTO TIOJTYYCHHUsI KOOPAWHAT MPEACIbHON TOYKH U COOTBETCTBYIOIIETO
MakCUMyMa Harpysku. B xadecTBe mpumMepa onpeaeauM KOOPAWHATHI IPeeTbHON TOYKH U COOTBETCTBYIOIIYIO
Harpy3Ky JUIsl pACCMOTPEHHOM BBIIIIE 3a/Ia4H YCTONYUBOCTH MTOJAKPEIUICHHON MJIACTHHBI C BOJTHOOOPa30BaHHEM B

pebpax. [Ipumem, uto HadanbHble HecoBepmeHcTBa & = —0,5, & = 0,1, a HavanbHBIN NapaMeTp HArpy3KH
nw, =0,28,u, = 1,4852u . [TogcraHoBKa YKMCIOBBIX 3HaUeHUH B ypaBHeHUs (31) mpUBOIUT TOCIE HEKOTO-
PBIX YIPOIICHUH K CIIEAYIOUIEMY YPaBHEHHIO YETBEPTOU CTETICHH:

F(&) = —0,008773%,* + 0,67376%,° + 0,94993%,2 + 0,405%, + 0,0495 = 0. (34)

[Tpu pukcMpoBaHHOM 3HAUYEHUH CHIIOBOTO Mapamerpa [, = 0,28 HaiineM MUHUMAJIBHBIA 110 MOAYIIIO OT-
pHULIATENBHBIH KOPEHb JaHHOTO ypaBHEHHs. I 3TOTO BOCIONB3yeMCsl METOJIOM HEOCOOCHHBIX MPOJOKEHUH,
npeanoxxeHHsM I'.A. Manyiinoseim B 1971 rogy [13].

Elm+1 — Elm + |f(El(m))|
\/[f,z@l(m)) A& ™) (5, ™)]

WrepatinoHHbIN Tporiecc OAHOCTOPOHHETO MPUONIMKEHHS K OnrkaiieMy KOpHIO CTEIEHHOTO YPaBHEHUS
OCHOBAaH Ha JIOKaJIbHOH almpoOKCUMAalWHU 3TOT0 YPaBHEHUS THIIEPOOIION MM 3JUIMIICOM B 3aBUCHMOCTHU OT 3HaKa

m=0,1... (35)
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KPHUBU3HBI B TOUKe KacaHWA. JlocTaTOYHOE YCIOBHE OJHOCTOPOHHEH CXOIMMOCTH — BEIIECTBEHHOCTH BCEX KOP-
Hell monrHOMa. CXOAMMOCTh UTepaliid K ONKaieMy MpOCTOMY KOPHIO CTEIICHHOTO YpaBHEHUS] — aCUMIITO-
THYECKU KyOHdecKasl.

Ecnm nBuratecst BoJIb KpUBOH PaBHOBECHIT TOCTATOYHO MaJbIMU IIaraMH 110 HAarpy3Ke, TO MEPecKOK de-
pe3 IpeAeTbHYIO TOUKY IMOPOKAAET «BUCSUMN» dKcTpeMyM (puc. 3). Ha 370 ykaxeT oTpUIaTeNbHBIN 3HAK MO~
KOPEHHOTO BBIpa)KEHU B 3HaMeHaTtene (35).

¥<0 Mg
— T N
/

2% 4>0
I-|1

'3

Puc. 3. «Bucsuuit» sakctpemym
[Figure 3. “Hanging” extremum]|

Pemenne npuBecHHOTO ypaBHEHHUS YETBEPTOM CTETICHH TaeT MCKOMBIN OTPHUIIATEIBHBIA KOPEHb (OIrKaiIIImi
K Hymo npu Wy, = 0,28), pasnslit § = —0,21896. Bropas xoopanHara Touku paBHOBecus &, = 0,10986, co-
rnacHo dopmyre (29). OnHako moydeHHas TOYKa paBHOBECHsI HE MpeleibHas. YBEITUYUM 3HAUYCHHUE |1y JI0 Be-
suaniel 0,3. AHAJIOIHYHOE PEIIeHUe ¢ MOMOIIBI0 GhopmyJsl (35) naeT KoOpAuHATHI paBHOBecHs & = —0,2422,
&, = 0,1399. Ilpu cienyroiieM 3HaueHUH, paBHbIM [ ; = 0,325, mosydynM OTpUIIATEIHLHOE MTOAKOPESHHOE BhIpa-
’eHue B 3HaMeHarene (35), pasHoe —1,129-107. IIp1 HECKOBKO MEHBIIMX 3HAYEHUSX |1 1 TIOMYYUM JBYCTOPOH-
HIOIO OIICHKY.

0,32 < pj < 0,325.
COOTBETCTBYIOIIHE MPUOIMIKEHHBIC KOOPIUHATHI MPEICITbHON TOUKH:
& ~ —0,3135, & ~ 0,1998.

Jnst IpakTUYECKUX LIeJIeH 3TOr0 BIOJHE JOCTAaTOYHO, XOTSA AaHHBIM pe3yibTaT MOXKHO YTOYHHTH IOCIE-
IOYIOUIMMHU BBIYUCIICHUSAMU. BbIUNCICHHBIE KOOPAUHATHI IIPEAeIbHON TOYKU OJIM3KM K MOKa3aHHBIM Ha puc. 3.3
B pabote A.l1. ManeBuua [8].

Paccmotpum cBs3b Mexny xKodpdunreHTamu ypasaenuit (11), (12) u Tumamu BomHOOOpazoBaHus (B 11a-
ctuHe win pedpax). k. Xanr [5], uccnenys 3amauy B. TBeprapma ¢ AByKpaTHOH KpUTHYECKOH Harpy3koil 00-
1iero mporu6a U BOJIHOOOPa30BaHMS B IUIACTHHE, YCTAHOBUJ COOTHOLICHUS MEXIY IIPOU3BOJHBIMH ITOTECHIH-
aJIbHOU 3HEpruu

- = 1 1 1 — -
HS(EL €28 Ez) = gvlllﬁ + EVlzzgg & + M 1(V11HE% + szu%) + VlglilEl + Vzgzgzgz (36)

U K03 PUIHEHTaMH YIOMSHYTHIX ypaBHeHuit d; (i = 1, 2, 3):
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1 2 1 3 .
EV111 = _§d1d3i EVM“ = —ds; V1§1 = 2d3p4;
1 1 B

Evlzz = —2d,d3; EVZZH = —2d,; VZEZ = 4d,kp 4.

Jst Toro 4ToOBI ABYKpaTHas MOIyCHMMeETpUYHas oudypkaius He Obllla MOHOKIMHHOM, B padoTe [8] ObLI0
YCTaHOBJICHO YCJIOBHE TTOJIOKUTEIBHOCTH MOAKOPEHHOTO BBIpaskeHus 1

_ 2y _ Viig

= >0 37
Vozw Vi S

—dy dyds dy d
T=—2_ A28 Tiay, 38
T T a4 4 %)

BrInosiHeHHE 3TOr0 yCIOBYSI MOKA3bIBACT, YTO Yepe3 JBYKPATHYIO TOUKY OM(YpKAIlUK MPOXOIUT HE OJIHA,
a TpU HOBBIX BETBU PABHOBECUM B BUJE NPSIMBIX JIUHUML.

. d d
BOJ'IHOO6p330BaHI/Ie B INTACTUHE CIICAYCT OXKUAATh B CIIy4a€ OAMHAKOBBIX 3HAKOB OTHOLICHHUN d_l nu d_3 Ono
2 2

MPOU30MIET B TOMEOKIMHHON TOUYKe OM(ypKaiuu (runepoonnyeckas oMOmirka). Eciiu ske 3HaKM OTHOIICHUN
d

Z—: u d—z pasHble, TO BOTHOOOpa30BaHME IPOU3OUIET B pe3ybTaTe MECTHOM MOTEPH yCTOHIMBOCTH pedep (aHTH-
KJIMHHAs TouKa Ondypkanun smuntuieckoil omOmnukn). 1o 3Toi npudnHe BoIe ObIIO yKa3aHO, YTO €CIIH BCE
d; OTpHUILIaTENIbHBIE, TO MECTHAS ITOTEPS YCTOMUMBOCTH COOTBETCTBYET BOJIHOOOPA30BaHUIO B IuIacTHHE. Ecnu xe
d; <0 (cerma), a d, d3 > 0, To BOJIHOOOpa30BaHKME BO3HUKHET B peOpax MOAKpenIeHHOH miactuHbl. Cormac-
HO mccnmenoBanusaM A.M. ManeBuua [8], maHHas OCOOECHHOCTH CIIpaBEUIMBA M MPH HEKPATHBIX KPUTHUCCKHX
Harpy3kax. OTMeTHM, 4T0 3HaKku Koddduuuentos ypapuenuit (11) u (12) cymecTBeHHO BIUSET Ha B3aHMOJICH-
CTBHE 00IIero mporuda ¢ JOKaJIBFHBIM BOJIHOOOpazoBaHueM. Ecim sToT mporu® monoxwurenbHbiil (Bce d; < 0),
TO €ro pa3BUTHE MPOBOLUPYET BOJIHOOOPa30BaHKE B MJIACTHHE, OCKOJIBKY OHA MOIYYUT AOTIOIHUTEIBHOE CKa-
tue. Pebpa B aTOM citydae, Ha000pOoT, OyIyT HECKOJIBKO pa3rpyKaThCsl paCTATHBAIONIMMHU HATIPSKCHUSMH.

Ecmu sxe o6muii nporu6 orpunarenen (d; < 0,d, > 0,d3 > 0), To, Hao60pOT, NIACTUHA OYNET pasrpy-
XKaThCs, a pedpa AOTpyXKaThCs MOTOTHUTEIBHBIM CKaTHEM. DTO BBI30BET BOIHOOOpazoBaHWe B pebOpax. Omm-
CaHHOE B3aMMOJICHCTBHE 00mIero mporu6a u 3h(GHeKToB MECTHOTO BOJTHOOOpPA30BaHUs SIBISICTCS TJIABHOM 0CO-
OCHHOCTBIO B TOBEACHUH CKaTOH MOAKPEIIICHHON TJIaCTHHBI.

IIpy npoexTUpOBaHUY MOJKPEIUIEHHBIX IUIACTHH CIENyeT BHIOMPATh COOTBETCTBYIOLINE T€OMETPUUECKHUE
napameTpsl TakK, YTOObl HCKIIIOUNTh HEJIMHEHHBbIE B3aUMOJACHCTBHS (OPM BhITyuuBaHus. s 3Toro HeoOXxomu-
MO, YTOOBI KPUTHYECKHE HArpy3KH BOJIHOOOPa30BaHHSA OBLIM CYIIECTBEHHO BBILIE KPUTHUECKHX HArpy3ok o0-
IIEro BBIMYYHBaHUs. JT0 mpobieMa TpedyeT OTAENBHOrO TIATEIBHOTO HCCISI0BAHUS.

YncaenHblid anaau3 T-00pa3Horo (pparMeHTa moaKpenieHHOH MJIacTHHBI

Panee ObuTM paccMOTpEHBI AITOPUTMBI BBHIYMCICHHSI KPUTUYECKUX HArpy30K Ui MOAKPEIICHHOW Iuia-
CTHHBI, MOJIy4YCHHS CHUHTYJIAPHBIX TOUEK Ha KPUBBIX PABHOBECHS, a TAKXKE yKa3aHa CBs3b 3HAKOB KOA(PHULNCH-
TOB HEJHMHEHHBIX YpPaBHEHUH C THIIOM BO3MOKHOT'O BOJHOOOpa3zoBaHus. OTpaHUYHBasCh PACCMOTPEHHUEM OJHO-
ro peryisipHoro 7-o0pa3HOro parMeHTa, MO>KHO CZeNIaTh BBIBOJBI O HEIMHEHHOM TOBEICHUH BCEH KOHCTPYK-
UM, COAeprkalleil B cebe MX COBOKYNMHOCTh. | MyOMHHOE MOHMMaHME 3a/1a4 yCTOWYMBOCTH, B KOTOPOH CyIie-
CTBYET BOIPOC O B3aUMOACUCTBUU (OPM, B TIOJIHOM 00BEME PACKPBIBAETCS IIPU HCIIOIb30BAHUN KOHEUHO-3JIe-
MEHTHOTO MOJEINPOBAHNS U YUCIEHHOTO PELICHUSI C yY€TOM I'€OMETPUUECKON HEIMHENHOCTH. B naHHOM Yactu
paboThI IpUBEEH aHAN3 YHCICHHOTO PELICHHs! C UCIONIb30BaHHeM mporpaMMmHoro komiuiekca MSC Software
Patran-Nastran. BriOpansr koHeunsie amemenTsl Thma shell (3131 amement). Marepuan cumrtancs abCONIOTHO
ynpyrum (E = 2:10°r/cM?, p = 0,3). ['paHudHble yCIOBUS: IIAPHUPHOE OMUPAHHE BIOIb KOPOTKHX CTOPOH,
BJIOJIb JUIMHHBIX CTOPOH — IUIaBaIOIINe 3aeiKu. Harpyska npusioxeHna neHTpaibHo. ['eomeTpudeckue napamer-
pBI TIony4deHbl U3 cooTHomreHnd A.M. ManeBuua [8, ri. III] mma pemenus takoro kiacca 3amad: 7 = 1 cwm,
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b=25cm, t1=0,5cm, by =10 cm, L = 125 cM. Pe3ynpTaThl cpaBHUBAIOTCS C TIOTYyUYESHHBIMH paHEe Pe3yIbTaTaMu
MOJTyaHATUTUYECKOTO PEeIIeHHsI.

BzanmoneiictBue GpopM MOXKHO TIPEICTaBHUTH B JIByX BapuaHTaX. [lepBbIii BApHaHT — 3TO B3aMMOJIEHCTBUE
001meit 1 MecTHOW (hOPMBI TIOTEPH YCTOMUHUBOCTH TUIACTHHEI. [IposBIsSCTCS OH TOT/IA, KOT/Ia IIPOTHO WMEET TTOJI0-
JKUTENIbHOE 3HaueHue. J[aHHbIM BapHaHT He MpEAIoiaraeT BO3MOKHOCTh BOJIHOOOpa3oBaHUs B peOpax, TOJIBKO B
actuHe. BTopoil BapuaHT — 3T0 B3auMoaencTBre o0mero nporuda ¢ MecTHO# (opMoi BOMHOOOpa3oBaHHS pe-
oep. anHas nedopmaryisi BO3MOXKHA TOJNBKO MPH yCIIOBUU Pa3BUTHS Nporuba oTpuilaTtensHoro 3Haka. Mccnemo-
BaHME TIOAOOHOTO TIOBEICHUS KOHCTPYKIMH CBOAWTCS K PEIICHUIO OM(pYpPKAIIMOHHON 3314 YCTOHYNBOCTH CiKa-
Toro T-o0pasHoro ¢parmenTa. /it TOro 4ToOBl Y4eCcTb MECTHYIO opMy, TP MOAETUPOBAHUH OBLTH HCIIOJIB30Ba-
HBI 5ieMeHTHl TuTa shell; 370 Mo3BOMMIIO paccMaTpUBaTh JAaHHYIO MOJEH KaK COBOKYITHOCTb IJIACTHHOK-TIOJIOCOK
Y YYUTHIBATh HE TOJIHKO MEMOpPaHHEIEC nehopMaIliy TIACTHHBI, HO U ITONepedHble nedopMartuu pedpa.

[Ipu pemieHun TUHEWHOW 3a7a4ll YCTOHYMBOCTH OBLIT MOJyYEH pacyeT KPUTHUYECKUX HArpy30K Ui Tmep-
BBIX JIECSITU COOCTBEHHBIX (OpM. BaskHO OTMETUTH, UTO BOCEMB MEPBBIX (GOPM COOTBETCTBYIOT MECTHBIM (oOp-
MaM BOJHOOOpPa30BaHUS W JIMIIb AeBATast — (hopMe BBHITYIHMBAHUS TIIACTHHBI, HAllOA00OWe dilepoBa CTEPKHS
(PK% =173 322 KF). [lepBas popma umeeT ceMb MOMYBOJIH, YTO COBMAAAET C PE3YIbTAaTOM, IIOJyUYCHHBIM B Pa-
oore [8]. Ha puc. 4 moka3zana nepsasi coOCTBeHHast HopMa U3 JIMHEHHOTO PEIICHHUSL.

Puc. 4. [lepBast cobcTBeHHast popma
[Figure 4. First own form]

Puc. 5. [lepopmupoBanHoe paBHOBecHe (ITPH €| = 0)
[Figure 5. Deformed equilibrium (at & = 0)]

Bbruucisist KpUTHYECKYHO HArpysky Oiniepa, Mbl monyyaeM 3nadenue B, = 229 000 kr. Pesynbrar, BbI-

YHUCJICHHBIN I10 (I)OpMYJ'IC, Ja€T 3aBBINICHHOC 3HAYCHHC KpHTH‘IeCKOﬁ Harpys3kH, TaK Kak CX€Ma pacydeTa Ij1acTu-
HBI KaK BﬁHCPOBOﬁ CTOMKH HE YUUTBIBACT ILe(bOpMaI_II/II/I IJIACTUHYATBIX 3JICMCHTOB CTCPIKHS.
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HccnenoBanre B TeOMETPUYECKH HEJIMHEWHON TOCTAHOBKE O€3 ydeTa HaudalibHBIX HecoBepiieHCTB (§; = 0)
MO3BOJIMJIO TIOJYYUTh Ha PAaBHOBECHOH KPHUBOW TOUKY HEYCTOMUYMBON OM(ypKaliH, COOTBETCTBYIOIICH (hopme
BOJIHOOOpa3zoBaHuio pedpa. JlepopmupoBaHHOE paBHOBECHE M paBHOBECHAs KpWBas IMOKa3aHBI Ha pHC. 5 # 6.
3HaYeHNE KPUTUYECKOH HArpy3Ku cocTaBuio By, = 131430 kr.

W3 puc. 5 BUAHO, 9TO TOTIOTHATENBHBIE CKUMAIOIINE HANIPSDKEHHS AEHCTBYIOT B 30HAX, PUMBIKAIOIINX K
CcBOOOJHOMY Kparo peOpa M BBI3BIBAIOT OM(YpPKAIMIO BOJIHOOOPAa30BaHUsS NPU HArpy3KaX, MEHBIIHMX, 4eM ObLIH
MOJTyYeHbl U3 TMHEHHOTo pacdera. [lanHOe NedhopMUPOBAHHOE COCTOSHUE COOTBETCTBYET PABHOBECHIO B TOUKE
HEyCTOWYMBOH Oudypkanuu. HoBast BeTBb mociie IPOXOXKIACHHUS CHHTYIIIPHON TOYKH SBIIACTCS MMAaNalomel 1 He-
YCTOHYUBOM.

U L S S S m——————— Te—————— -
I | I I I I
I | I I I I
| | | | Peuy | I
0. T T T T T T T T 7
I I I [ I I
I | | | - I |
-900-002 +-——————-— R —— L S —— e —_—— — Y I S — e -
: I I I o I I
I | | o I I
| | | K4 | | |
-1.80-001 G st Fm—————— T——————- 4
| o° I I I
T I I I
-2.70-001 —— A— = .
I I I I
| I I I
-3.60-001 m——————— F——————— S — 1
I I I I
I I I |
-450-001 1 . { ! % i
0. 1.50+001 3.00+001 450+001 6.00+001 7.50+001 9.00+001

Percent of Load

Puc. 6. Kpusas paBHOBecus (Ipu § =0)
[Figure 6. Equilibrium curve (at§; = 0)]
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03 -9

Z1<0

Puc. 7. Kpuas 4yBCTBUTENbHOCTH
[Figure 7. Sensitivity curve]

B ciydasx HeHyJeBbIX 3HaUEHUI Ha4aJIbHBIX HECOBEPLICHCTB 10 00IIeMy IIPOTrudy AJsl IOCTPOSHUS Kpu-

BOW YyBCTBUTENBHOCTH (PHC. 7) 3a1a€M aMIUIUTYIbl HaYaJlbHBIX MPOTHOOB M BEIYHCISIEM KPUTHYECKHE HATPY3-
A

k. IlomyueHHbIe pe3yabTaThl (H1 = }\—) MMEIOT JOCTaTOYHO XOPOILee COBMAACHNUE C Pe3ybTaTaMH I0JIyaHaId-
1

THYecKoro pemenus (puc. 2). 3agaBas aMIUIMTYAy HaudaibHOro mporuba & = —0,5 cM, HaxoAUM BEIUYHHY

o A
KPUTUYECKOH HArpy3ku BONHOOOpasoBauus F, = 72400 KT u 3HaueHue ; = o= 0,417, 9yTO HEMHOTUM
1
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61
MEHBLIE | L 0,428, mosyyeHHOr0 W3 TONyaHATUTHYECKOrO peleHus. BemnmunHa nporuba cocraBmia
&, = —0,427 cMm, Toraa kak no ¢opmyie (26) Ml monyuwn & = —0,3728 cm. KpuBas paBHOBecHs U Hadanb-
Hoe 1ehopMHUpOBaHHOE MOCIeOnpypKaMOHHOE PaBHOBECHE MTOKa3aHbl HA pUC. 8 1 9.
AMIUTUTYABI OTKJIIOHEHUH pedpa OT BEPTHKAIBHOH MJIOCKOCTH 3HAYUTEIBHO OOJIbIIE 10 CPAaBHEHMIO C aHa-
JIOTUYHBIMH OTKJIOHCHUSIMHU, [IOJy9ICHHBIMH B 3aj7jaue 0e3 Ha4aJIbHOTO HECOBEPLICHCTBA.

Puc. 8. JledopMuposarHoe paBHOBecHe (IpH & = —0,5 cM)
[Figure 8. Deformed equilibrium (at §; = —0,5 cm)]

0. B e el S skttt e I -
[ [ [ [ [
[ | | | |
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750002 T ——————— T I -1
[ |
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AB0007 S e e s e e -:
| [
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225001 """~ "T-—————— (i~ I R m
[ |
[ |
00001 PesSessshEsSsssss e e~ g
[ [
3.75-001 I I
-3.75- B R e TR S e e i e A
[ Prp |
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| | | | | |
-4.50-001 T T T T T 1
0. 6.50+000 1.30+001 1.95+001 2.60+001 3.25+001 3.90+001
Percent of Load
Puc. 9. Kpusas paBaoBecus (pu g =-05 M)
[Figure 9. Equilibrium curve (at§; = —0,5 cm)]
Puc. 10. ledpopmupoBaHHOe paBHOBECHE B NIPeebHOI Touke (MTPU i =—0,5cm; 5 =0,1cm)

[Figure 10. Deformed equilibrium (at a =—0,5cm; g =0,1cm)]
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5.10-001

4.25-001

3.40-001
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1.70-001

8.50-002

T T T T T 1
0. 5.00+000 1.00+001 1.50+001 2.00+001 250+001 3.00+001
Percent of Load

Puc. 11. Kpusas paBHOBecus (npn a =—-0,5cm; g =01 CM)
[Figure 11. Equilibrium curve (ata =—-05cm;§, =0,1 cm)]

Harpyska Py, sSIBISETCSI MAaKCUMAJIBHOM B Cllydyae, KOT/Ia MBI 33JIaeM HadalbHOE HECOBEPIIECHCTBO IO 00-
meMy nporudy E = —0,5 cm).

YroOBl MOTYYHUTH NPEACTbHYIO TOUKY Ha KPHBOI paBHOBECHS, HEOOXOOMMO 3al1aTh HECOBEPLICHCTBA I10
MECTHOM 1 001eH (popmMamM BhITyunBaHUs. 3a/1aBasCh aMIUIUTYAaMU a =—-0,5cmmu g = 0,1 cM, HaxXOaUM Be-
JMYMHY KpUTHYeCKOH Harpysku P, = 57 818 kr, torna pj = 0,33, 4TO J0CTAaTOYHO XOPOLIO COBMAIAET €
BEPXHEH OIICHKOM, MOTy4eHHON 13 moyaHanmuTraeckoro perrenns (0,32 < pj < 0,325). O0wwmii mporu® coctaBui
&, = —0,673 cm. [ledopmupoBaHHOE paBHOBecHe Noka3zaHo Ha puc. 10. KpuBas paBHoBecus mokazana Ha puc. 11.

3akaoueHnue

B crarbe paccMOTpeHO pellleHNne HEIMHEMHON 3a1aul yCTOWYMBOCTH OJKPEIUICHHOM IIJIaCTUHBI B ClIydae
KpaTHBIX M HEKPAaTHBIX KPUTUYECKUX Harpy3ok. Hanbomnee onacHbIM B3auMoieiicTBUEM (POpM SBISAETCS B3aHMO-
BIUSHUE MECTHOU MOTEPH YCTOWYMBOCTH pedep MpsIMOYToIbHOTO cedeHus U (popmel obero mporuda. [loapod-
HOE peIlIcHHe TAaHHOW 3aJadd Il MOIKPCIICHHBIX TUIACTHH NpuBeacHo B pabore [10]. CHmkeHHE Hecymien
CHOCOOHOCTH JOCTHTaNo BeTHUUHBI 60 %. Pe3ynpTaTsl MOdyaHaJIUTHYECKOTO W YUCICHHOTO PEIICHHS YCTONYH-
BOCTH 7-00pa3HOro ()parMeHTa IJIaCTUHBI OKAa3aJUCh JOCTAaTOYHO Onu3kuMu. [IprBeneHHbIe ypaBHEHUS TPHEM-
JIEMBI JJIS1 OTIPEIEICHNsT KOOPANHAT CHHTYJISIPHBIX TOYEK Ha KPUBBIX PABHOBECHS U KPUTHYECKUX HATrPy30K.
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Article history Abstract. An important part of scientific and technical support of civil engineer-
Received: January 16, 2021 ing facilities at a construction stage — evaluation of influence of fluctuations
Revised: February 28, 2021 from a designed geometry onto mechanical safety parameters of load-bearing
Accepted: February 20, 2021 metal structures — is considered. A multi-tier structure (industrial frame tower) is

employed to demonstrate main features of such an assessment. Given is an ap-
proach to an analysis of as-built documentation and to a choice of most signifi-

For citation cant fluctuations of structural metal elements from a designed geometry. Effect
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shev S.0., Nagibovich T.E. Calculated as- linearity, during computational estimation of a stress-strain state of metal struc-
tures mounted with deviations from their design positions is investigated. Results
of static and dynamic analyses of designed and as-built (with geometry fluctua-
tions taken into consideration) models of the multi-level industrial frame tower
are obtained and compared with each other. Basing on these results, guidelines
for computational assessment of effects of fluctuations from a designed geome-
try onto mechanical safety parameters of similar frame systems are formulated.
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BBenenune

Cornacuo 1. 10.5 T'OCT 27751-2014 «HaneXHOCTb CTPOUTENBHBIX KOHCTPYKUMN U OCHOBaHUH. OCHOB-
HBIE TOJIOXKEHHUs» HaydHo-TexHuueckoe conpoBoxiaeHne (HTC) 00beKkTOB MOBBIIIEHHOIO YPOBHSI OTBETCTBEH-
HoctH (xnmacca KC-3) mpenycmarpuBaercsl MpH NPOEKTUPOBAHUH, M3TOTOBJIEHHMHM M MOHTa)Ke KOHCTPYKLUH,
a TaKkKe WX TEXHWYECKUH MOHUTOPHHT TNPH BO3BEIACHWU M JKciuryatauuu [1; 2]. U ecnu ¢dopmar HaydHO-
TEXHUYECKOTO CONMPOBOXKACHUS Ha 3Tale MPOCKTUPOBAHUS YCTOSUICS M OTYACTH CPOPMHUPOBaAH TPeOOBAHUSIMH
TOCYIapCTBEHHON AKCIEPTHU3Hl 1 HOPMAaTUBHBIMU JokyMeHTamu [3—5], To HTC Ha sTame cTpouTenbCcTBa 3ada-
CTYIO OTCYTCTBYET WJIM UMeeT (OopMallbHBIA XapakTep. TeM He MeHee B COBPEMEHHOW CTPOUTEIHHOMN MpaKTHKE
BCTPEUAIOTCs ClTyyau, KOTAa MPOBEJCHHE BCECTOPOHHETO HAYYHO-TEXHUYECKOTO CONPOBOXKJIEHHUS C OMOpPOH Ha
MaTeMaTH4YeCKOe MOJIEINPOBAHUE SIBJIETCS 0053aTeIbHBIM U 0€3a1bTePHATHBHBIM.

Nmerotes npeneneHTsl, KOoraa 00bEeKThI MOBBIIEHHOTO KJIACCa OTBETCTBEHHOCTH, IPOEKTHI KOTOPHIX IIO-
JYYWIN TIOJIOKUTENFHOE 3aK/II0UeHIe TOCYAapCTBEHHOM 3KCIIePTHU3HI, Ha 3Talle CTPOUTENHCTBA MOHTUPYIOTCS CO
3HAYUMBIMU T€OMETPUYECKUMH OTKJIOHEHUSIMHU OT NPOEKTa, MPEBBIIAIOIUMH NPEAEIbHO JTOMYCTUMBIE 3Hade-
HUS B cOOTBETCTBUH ¢ Tabi. 4.9 m 4.10 CII 70.13330.2012 «Hecymue u orpakaaroniie KOHCTPYKIHI». B TakoM
cllydae HaJ30pHBIC OpraHbl HE MOTYT MPUHATh OOBEKT B SKCIUTyaTAIMIO U BBIJAIOT MPEANUCAHHS M0 yCTpaHe-
HUIO Je(QEeKTOB MOHTaXka. Y CTpaHHTh 3TH OTKJIOHEHHs 0e3 MOJHOTO JEMOHTa)Xa METAIJIOKOHCTPYKLHH Yallle
BCEr0 HEBO3MOXHO. ETMHCTBEHHBIM BBIXOJOM M3 TaKOM CHTyallMU SBISETCA OLEHKA TEXHUUYECKOTO COCTOSHUS

Alexander M. Belostotsky, General Director of the RDC StaDiO, Professor of the Department of Applied Mathematics of the NRU MGSU, Doctor of
Technical Sciences; eLIBRARY SPIN-code: 8372-9904; Author ID: 16677; ORCID iD: ORCID iD: https://orcid.org/0000-0003-3727-2168.

Dmitry S. Dmitriev, Head of Computational Research Department, PhD of Technical Sciences; eLIBRARY SPIN-code: 7607-6978, Scopus Author ID:
57204526893.

Sergey O. Petryashev, leading engineer of Computational Research Department; eLIBRARY SPIN-code: 5646-4982, Scopus Author ID: 56433506500.
Tatyana E. Nagibovich, engineer of Computational Research Department; eLIBRARY SPIN-code: 2099-6520, Scopus Author ID: 57196032819.

20 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Benocmouguti A.M., Amumpueg 1.C., Mempsiwes C.0., Haeubosuy T.E. CTpoutensHas MexaHuka UHKEHEPHBIX KOHCTPYKLIMA W coopyxeHud. 2021. T. 17.Ne 1. C. 19-29

CMOHTHPOBAHHBIX C OTKJIOHEHHUSMHU CTPOMTEIbHBIX KOHCTPYKLUI ¢ HeoOxoaumbIMu pacderamu B pamkax HTC
crpoutenbeTBa. [lonokuTenbHas OlIeHKA SIBIISIETCS OCHOBAaHUEM ISl BBOJIA B OKCILTYaTAIlHIO CTPOUTEIEHOTO O0BEKTa
u pexkomenayercs PAY «l'nmasrocakcneprusa Poccunm» co cepiikoit Ha 'OCT 27751-2014.

Bonpocam yuera OTKIOHEHHI OT NMpoOeKTa AJISl kKeJe300€TOHHBIX MOHOJUTHBIX COOPYKEHHH IOCBSIICH
psn pabot [6—11]. HacTosimas cTaTest MOCBAIIEHA MHOTOSPYCHBIM TPOMBIIUIEHHBIM METANTIOKOHCTPYKLIUAM (3Ta-
JKepKaM) U OLEHKE MapaMeTpOB UX MEXaHWYECKOH 0e30MacHOCTH ¢ y4eTOM (DaKTHUECKUX T€OMETPUUECKUX OT-
KJIOHEHHH OT IPOEKTA, YTO SBISAETCS aKTyaJbHON MHXCHEPHOH 3aJaueii 1 uMeeT psi OCOOCHHOCTEH, CBA3aHHBIX
C pacueTHBEIM 00OCHOBAHHUEM.

daxkTHUECKHUEe TeOMETPUUECKUE OTKIOHEHHS KOHCTPYKTHBHBIX 3JIEMEHTOB COOPY’KEHHsS Yallle BCEro sB-
JSIFOTCS Pe3yJIbTaTOM COBOKYITHOCTH HECKOJIBKHMX 3JIEMEHTAPHBIX OIIMOOK, JOMYCKAEMBIX IPH HU3TOTOBJIICHUH,
00paboTKe U cOOpKEe MOHTAKHOTO dJIeMEHTa. 3HAUCHUS TPEIACIBHO TOMYCTUMBIX OTKJIOHEHUH KOHCTPYKTHUBHBIX
3JIEMEHTOB OT MPOEKTHOIO TMOJOXKEHUS mepeuncieHsl B 1a0n. 4.9 u 4.10 CII 70.13330.2012, xoTopsIii B CBOIO
ouepesb «yHaciaeaoBam» ux u3 coorBercTByromux pasaenoB CHull I1I-18-75 «IIpaBuna npousBoacTBa U MpH-
eMKH pador.

HpOBeueHne pacquHoii OLICHKH BJIUAHUSA N'€COMETPUYECCKHUX OTKJIOHEHMIi

MeTtoauka NpoBeleHNs] pacueTHONW OLIEHKH BIMSHHMS F€OMETPUUYECKUX OTKJIOHEHHUI Ha mapaMeTphl Mexa-
HUYECKOH 0E30MacHOCTH METaJNIOKOHCTPYKLHUH, a TaK)Ke HEKOTOPhle OCOOCHHOCTH TAaKHUX PacueTOB MOKAa3aHBI
Ha NpUMEpe TEXHOJIOIMYECKOH 3Takepku (puc. 1), CMOHTHPOBAaHHOM € BBISIBIICHHBIMU IO PE3yJIbTaTaM 00CIeno-
BaHUS TEOMETPUYECKUMH OTKJIOHEHUSMHU OT MPOEKTa, HEKOTOpPbIE M3 KOTOPBIX MPEBBIIIAIOT MPEAEIbHO JOIy-
ctumble 3Hauenus mo CII 70.13330.2012. PaccmaTpruBaeMoe coopyKeHHE MpeIcTaBisieT co00i paMHO-CBA3E€BOM
KapKac Ha eJIe3006TOHHOM OCHOBaHWH (MOHOJIMTHAS TUIATA) C pa3MepaMu B IIaHe 26%36 M 1 BbIcOTOM 68,60 M.
[IpocTpaHcTBeHHAsA KECTKOCTh U T€OMETpUYECKass HEM3MEHIEMOCTh KOHCTPYKLIMH TEXHOJIOTHUECKOH ITaKepKU
o0ecrieunBaeTCsl paMaMK € JKECTKHM 3allleMJIIEHHEM KOJIOHH B (pyHIAMEHTHI, a TaKkKe BEPTHUKAIBHBIMH U TOPH-
30HTAJIBHBIMHU CBSI3SIMH MEXIY METAIIMYECKUMHU KOJIOHHAMHU.
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Puc. 1. O0mmuit BUJ TEXHOIOTHYCCKOM ITAKEPKH
[Figure 1. General view of the technological stack]
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Ananu3z ucnonnumensHoii 0okymenmayuu. Ha nepBoM 3Tamne pacueTHON OLIEHKU BIUSHUS (PaKTHUECKUX
OTKJIOHEHHH METaJFIOKOHCTPYKIIH BHITIOJTHEH BCECTOPOHHUN aHAJIN3 UCIIOTHUTEIBHBIX CXEM, KOTOpbIE SIBIISIOT-
Csl 4acThi0 paboueil TOKYMEHTALMM U MPEICTABIAIOT COOOH KOMILIEKT YepTeKeH, oTpakaromux (hakTHIecKoe
UCIIOJHEHHE NMPOEKTHBIX pemeHuid. [lo pe3ynapraraM MPOBENCHHOTO aHAIN3a OTMEUYEHBI BCE JJIEMEHTHI KOH-
CTPYKIHMH (KOJIOHHBI W OIIOPHI, OAITKH, PUTENN), B KOTOPBIX OTKJIIOHEHHE OT MPOEKTHOTO MOJIOXKEHUs (TIIaHOBOE
WM BBICOTHOE) MPEBBIIIAET MPEIEIBbHO TOMYCTUMbIE 3HAUEHUS.

HauOonpmmii MHTEpEC ¢ TOYKU 3PEHMS BIUSHHUSA Ha MEXaHHYECKYIO 0€30MaCHOCTh KOHCTPYKLMH Npen-
CTaBIISIET IUIAHOBO-BBICOTHOE IOJIOKEHUE BEPTUKAIBHBIX HECYIIUX KOHCTPYKIMH (KOJIOHH), TaK KaK OTKJIOHEHHE
BEPTUKAIBHOTO HECYILETrO 3JeMEHTa BHOCUT Oojee CYIIECTBEHHBIH BKJal B HaNpsDKEHHO-IE(QOPMUPOBAHHOE
COCTOSIHME KOHCTPYKIIMH, YeM IUTAHOBOE CMEIeHHE TOPH30HTAIBHBIX HECYIIMX 3JeMeHTOB (Oamok) [12; 13].
YkazaHHble A€()EKThl U3MEHSIOT PACUETHYIO CXEMY, BBI3bIBAIOT JOIOJIHUTEIbHBIE MOMEHTHI B KOJIOHHAaX BCIEl-
CTBHE SKCIEHTPHUYHOTO MPUIIOKEHHSI HATPY30K OT 0AJOK M 3JEMEHTOB MOKPBITUS U MOTYT PUBECTH K TPEKJIC-
BPEMEHHOU I0TEPE YCTOUUUBOCTH.

B urtore u3 Bcex BBIABICHHBIX TUIIOB OTKIOHEHUI ObUIM OTOOPAHBI TOJIBKO INIAHOBO-BBICOTHBIE OTKJIOHE-
HUS KOJIOHH, TPEBBIIIAIONINE TPEAeIbHO TOMYCTUMbIE 3HaYeHH. DTH OTKJIOHEHUS OBUIM JIOKATU30BaHbI B IBYX
coceHUX pamax 1o ocsiM F u E (puc. 2). MakcuMallbHOE TOPU30HTAIILHOE OTKJIOHEHHE KOJIOHHBI OT IPOEKTHON
OTMETKH COCTaBWJIO 38 MM IpH MpPENeNbHO TOMYyCTHMBIX 3HAa4eHHAX + 5 MM. KONOHHBI B OCTampHBIX pamax
(xpoMe pam 1o ocsiM F' 1 E), COrNIaCHO MCHOJIHUTENBHON TOKYMEHTAIMM, HE UMENIU OTKJIOHEHHUH, IPEeBBIIIA0-
HIMX TPEeAeNbHO JOITyCTUMBbIE 3HAYSHHMSI, UX MOJI0KEHHE B paCUE€THON CXEME OCTaBalIOCh COTJIACHO MPOEKTY.

OTKNOHeHMA BAOAb UMdPOBbIX Oceit OTKNOHEeHMA BAOb ByKBEHHbIX OCe
[Deviations along the axis with numbers] [Deviations along an axis with letters]
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Puc. 2. Ocu ¢ HanOOJIBIINMH ITAHOBBIMH OTKJIOHCHUSIMH KOJIOHH (@, OTMEYCHBI 3CJICHBIM)
U rpaMKd MaKCUMAaJIbHBIX OTKJIOHEHHH KOJIOHH OT IIPOCKTHOTO HOJI0KEHHS (6, 6)
[Figure 2. The axes with the largest planned deviations of the columns (@, marked in green)
and graphs of the maximum deviations of the columns from the design position (6, 6)]

Cremyer OTMETHTB, YTO MTO3TAKHBIE NCTIOHUTEIBHBIE CXEMBI, OTPAXKAFOIINE TTOJIOKEHIE CMOHTHPOBAHHBIX
KOHCTPYKTHUBHBIX AJIEMEHTOB, BBITOJHSIOTCS ITO3TAITHO BMECTE CO CTATUSIMU MOHTa)Ka METANIOKOHCTPYKITHH dTa-
Kepku (sipyc 3a spycom). [ToaToMy Ha 3aBEepIIAIONIMX CTAIUSIX MOHTaXa, KOTJa reoje3ndyeckas CheMKa Ui UC-
MOJTHUTENFHON TOKYMEHTAIMH TIPOU3BOINTCS Ha BEPXHUX OTMETKAX, CBOM BKJIAJ B TEOMETPHUECKIE OTKIOHEHUS
KOHCTPYKITUH MOTYT BHOCHTH Je(hOopManii HIDKENEKAINX KOHCTPYKIUH OT HAarpy30K, TaKUX Kak COOCTBEHHBIN
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BEC U YacCTh IKCIUIyaTallMOHHBIX HAarpy30K (B 3aBUCHMOCTH OT TEXHOJIOTMU MOHTaxa). IIpuHnMas Bo BHUMaHHE
BBIIIEH3JIOKEHHOE, OBLIA MPOBEIEHB! pacyeTHBIE NCCIEIOBAHNUS, OTPAXKAIOIIIE BIUSHHUE yUeTa MOCIIeI0BATEIbHO-
CTH MOHTa’kKa M HarpykeHusl (TeHeTHIecKoi HemmHeliHocTH) Ha nToroBoe HJIC Hecymux KOHCTPYKIIHH.

Yuem enuanus nocnedosamenvhocmu monmasica Ha ceomempuiecKkue OmKaIoHenus. B pamkax stux
UccIieoOBaHUl pa3zpaboTaHa pacueTHas MoJesb B mporpaMmmHoM komruiekce SCAD Office 21 Ha ocHoBe mpo-
eKTHOH (0e3 OTKIIOHEHHIT) MOJETT COOPYKECHHUSI B COOTBETCTBUH C (PAKTUYECKUMH CTaAUSIMU MOHTaXKa U Harpy-
JKEHUSI TEXHOJIOTHUECKON 3Taskepku. COTJlacHO MCTIOMHUTENBHONW TOKYMEHTAEH, MOHTaXX COOPYKEHHUS BKIIIO-
yan 12 craguil — 3T0O OCJIe10BaTeIbHOE BO3BEICHUE OCHOBHBIX HECYIIMX KOHCTPYKIIUN U HacTuiia 12 sipycoB /10
orMeTkH 68,600 M 1 pHUIOKEHNE HA TIOCJIEAHEH CTAJANN BCEX IKCIUTyaTallHOHHBIX Harpy30K.

Pe3ynpTaThl pacueToB Mo MOJEIH ¢ y4€TOM MOHTa)ka (T€HEeTHYEeCKU HeIHMHEHHas Monens 1) comocTaBis-
JIUCh ¢ UCXOHOMN MPOEKTHOW OJJHOMOMEHTHOH cxemMol (Mozelnb 2). JIyid TaHHBIX BEpU(PUKAIMOHHBIX 3a/1a4 pac-
YeThl MPOBOMINCEH Ha dKECTKOM OCHOBaHHHM, YTOOBI HCKIIIOYUTH BIUSHIE OCHOBAHUSI.

Jnst KakAoi U3 MoJieiell COOCTaBISIIICh PE3yIbTAaThl IS IBYX PACUETHBIX CIy4yaeB:

1) yITEeHBI TOJIEKO HAKOMUTEIbHBIC HATPY3KH (COOCTBEHHBIN BEC M BEC HACTHIIA), XapaKTepHbIC HETIOCPE -
CTBEHHO JJIs1 BO3BEJICHUSI KOHCTPYKIINY;

2) pacCMOTPEHO OCHOBHOE COUETaHUE C BIMSIHUEM BCEX BEPTHKAIBHBIX HArpPy30K.

IIpn pacdere TONBKO HAa HAKOMUTENbHBIC HArpy3KH (COOCTBEHHBIH BEC METAIOKOHCTPYKLHMHA W BeC
HAaCTWJIA) MPOSBIIAETCS BIMSAHME y4eTa MOHTaxa. J[Is 3Toro pacyeTHoro ciryuyasi HaOJIIOAAeTCsl KaK KadeCTBEH-
HBIE, TaK ¥ KOJUYECTBEHHBIE OTINYMS B KapTHHAX Ne()OpMUPOBAHUS, OJHAKO KOJIWYECTBEHHbIE 3HAYEHHS pa3-
HOCTH NepeMelneHni (MakcuManbHo 1,61 MM) 3HAYUTENBHO MEHBIIE OTKJIOHEHHH OT MPOEKTHOTO IOJIOKCHHS
10 UCTIOJIHUTEIBHBIM cXeMaM (OT 5 MM 10 HECKOJIbKUX AECSITKOB MM).

[Ipu pacuere Ha OCHOBHOE COUYETaHHE HArpy30K KapTUHBI Je(OpPMHUPOBAHHS HECYIIUX KOHCTPYKIUI
NPaKTUYECKU UAEHTHYHEI. /lo0aBneHne BceX HAarpy30K Ha TMOCIEAHEM IIare MOHTaKa BHIPABHUBAET Pe3yIbTaThl
Ul 00euX pacyeTHBIX cxeM. BiusiHue Toabko cOOCTBEHHOTO Beca MaJlo, 10 CPABHEHHUIO C OCTAILHBIMHU Harpys-
KaMH, 4TO XapaKTEepHO AJIS MOA00HBIX METAITIOKOHCTPYKITHI.

AHalu3 MOyYeHHBIX Pe3yIbTAaTOB MOKa3aJl HE3HAYUTEILHOE BIUSHHUE MOCIEI0BATENbHOCTH MOHTaXKa Ha
HanpsDKEHHO-1e(OPMUPOBAHHOE COCTOSIHUE HECYLIMX KOHCTPYKLMH, CIIeI0BATENbHO, JIS1 OUCHKH MapaMeTpoB
MEXaHMYECKOH 0€30I1aCHOCTH pacCMaTpUBAeMOIl KOHCTPYKIIMU ¢ OTKJIOHEHHUSMH OT IIPOEKTa HE TpeOyeTcs yuu-
THIBaTh IOCJIEJOBATEIHHOCTh MOHTaXa. OCHOBBIBAsACH Ha IOJIyUYE€HHBIX BBIBOJAX, AaJbHEHIINE pacyeTHbHIE HC-
crnenoBaHus (HaKTHUECKON MOJEIH COOPYKEHUS IPOBEACHBI IO OMHOMOMEHTHON CXEMe.

[TocTpoenune pakTUIecKoil MOACIH, MPOBOAMIIOCH ITyTEM KOPPEKTHPOBKH MPoeKTHONW. Ha cooTBeTcTBYyIO-
HIMX BBICOTHBIX OTMETKaX OBLIO 3a7]aHO CMEIICHUE Y3JI0B KOJIOHH Ha HEOOXOJMMOE 3HaYCHUE, COTIACHO HCIION-
HUTEJIBHBIM cxemaM. [lanee ObLTH MpOBeNEHBI pacyeTbl Ha OCHOBHOE M 0c000€ COueTaHHe Harpy3ok mo (hakTH-
YEeCKOM U MPOEKTHON MOJEISM, a PE3yJIbTaThl COMIOCTABICHBI.

Pesynomamur pacuemuvix uccnedosanuii. OnpeneneHue coOCTBEHHBIX 4acTOT M GopM KosebaHuil me-
XaHUYECKUX CHCTEM — ellBa JI He camas mH(opMaTuBHas Bepu(UKAMOHHAS 3a/1a4a, HHTETPUPYIOIAsi MHOTHE
(axTOphI M MapaMeTphl PacCUeTHOW MOJIENIU U B TO K€ BPEeMSI MO3BOJISIONIAS BBISIBUTH UX pasianuue. [loatomy Ha
NepBOM 3Tarie ObUI IPOBEACH MOJAJIbHBIN aHAIN3 00enX MOJeNe TeXHOIOTHYEeCKOH ITaxepku. OTMETUM, 4TO
JUHAMUYECKUE XapaKTePUCTUKHU U (aKTHUECKONW MOJETH BechMa OJM3KU ¢ MpoekTHoW. Hanboee 3HaunmMoe
oTanYNe MeXy GaKTHUECKON M MPOEKTHON MOJAEISIMU OTMEUEHO AJISl TPeTheil cOOCTBEHHOM (hOpMBI KOJIeOaHMi
u He npeBbimaet 1 % (tabm. 1). OTo 00BsSICHAETCS TeM, YTO Ha TpeTbel coOCcTBeHHOU (opme Kosrediercs (par-
MEHT TEXHOJIOTUYECKOM ITaKEPKH, B KOTOPHI BHOCHIUCH (haKTHUECKHE OTKIOHeHuUs (ocu F 1 E).

CormocTaBiieHHe Pe3yJIbTATOB CTATHYECKOTO pacdeTa MPOSKTHON M (PaKTHYECKOW MoJiesield Ha OCHOBHBIE CO-
YeTaHUs Harpy30K IpeCTaBIeHo B Ta0l. 2. MakcuMasbHbIE IEPEMELICHHUS] 0T HOPMAaTUBHBIX HArPy30K OTINYAIOT-
sl TOJBKO IO TOPU3OHTAIFHOMY HarpaBieHnto (pasHuia coctasisier 0,21 %). MakcnMalibHbIe yCHIIHS TI0 OCHOB-
HBIM TPyIIaM KOHCTPYKTUBHBIX 3JIEMEHTOB OTJIMYAIOTCS TaKKe He3HAYUTeNbHO (pa3zHuia He 6omee 3,25 %).

B pamax, B KOTOpPBIX 3a()MKCHPOBAaHBl MaKCUMaJbHbIC OTKIOHEHHS OT MPOEKTa, OTIAMYMS 10 YCHIUSIM B
OTIENBHO B3STHIX JIOKAJIBHBIX 3J€MEHTax focturaer 5 %. Ilpu 3ToM crnemyeT 3aMeTuTh, YTO B OTAENBHBIX CIIY-
qasx yCHJIusA 1Mo (PaKTHIeCKOW MOJAETH MEHbIIE, YTO OOBSICHIETCA HE3HAUYUTENbHBIM ITepepacipeelieHUeM yCH-
JIUH 3a cYET FreOMEeTPUIECKUX OTKJIOHEHUH HECYIUX 3IEMEHTOB.

MaxkcumManbHble K03()(UIMEHTH! UCIIOIB30BAHUS 110 TPYIIIaM KOHCTPYKTHBHBIX 3JIEMEHTOB AJISI IPOEKT-
HOM M (pakTHUECKOM MOAENeil TEXHOIOTHUECKOH 3TaKepKH MpaKkTHYeCKH He M3MeHmMch. [lpu paccmoTpenuun
OTIENBHBIX PaM MOYKHO BBIACITUTH OTIMYHUS B KOI((PHUIHMEHTaX HCIOIb30BaHUS HECYLIeH CrOCOOHOCTH MO OT-
JeNIBHO B3STHIM JIOKaJIbHBIM 3JIEMEHTaM, KOTOpble He mpeBbimaioT 10 % (puc. 3—6).
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Tabnuya 1

YacToThl COOCTBEHHBIX KOJIEOAHMTH
[Table 1. Frequencies of natural vibrations]

3HauyeHue co0cTBeHHOIl yacToThl, I'n [Natural frequency value, Hz]

Homep codcTBenHoii popmbl Otkiaonenne, %

[Custom form number] Hpoexmuasn mooens [Design model] ~ Daxmuueckan modens [Actual model]  [Deviation, %]
1 0,5480 0,5480 0,0000
2 0,6200 0,6201 0,0161
3 1,0260 1,0244 0,1562
4 1,0893 1,0893 0,0000
5 1,3484 1,3484 0,0000
6 1,3614 1,3613 0,0073
7 1,4699 1,4697 0,0136
8 1,6114 1,6115 0,0062
9 1,8273 1,8271 0,0109
10 1,8748 1,8748 0,0000
Tabauya 2

Mapamerpst HAC npu 0CHOBHOM COYeTAHUM HATPY30K
[Table 2. Parameters of the stress-strain state at the main combination of loads]

HauMeHoBaHHe MapaMeTpa IpoexTHasi Mogesib  PakTuveckas moaenb  OTKIIOHeHHE, Yo
[Parameter name] [Design model] [Actual model] [Deviation, %]

MakcumabHble BepTUKAIIBHBIE TIepeMeIieHus (HOPMaTHB-
HBIC HAarpy3KH 0e3 ydera koadduimenTa y,)
[Maximum vertical displacements (standard loads excluding
va coefficient)]
MaxkcuManbHbIe IEpEeMEIICHUS BI0JIb OCH X (HOpMATHBHBIC
Harpy3ku 6e3 yuera K03 hHUIHCHTA Vn)
[Maximum displacements along the X-axis (standard loads
excluding y» coefficient)]
MaxcuMaibHbIe EPEMELLICHHS BI0Jb OCH Y (HOPMATHBHBIC
Harpy3ku 0e3 yuyeta Ko pHIHUCHTA Yr)
[Maximum displacements along the Y-axis (standard loads
excluding ya coefficient)]
MakcuMasbHbIe YCUITHS B METAIUIMIECKHX KOJIOHHAX — JIBY-
taBp 40K2 (pacueTHbIe HAarpy3KH ¢ y4eToM Kod(duimen- Nx=-76,74 T [t] Nx=-76,71T [t] 0,01
TOB Yf H Yn) My =-30,34 ™M [txm] My =-31,28 TxM [txm] 3,10
[Maximum efforts in metal columns — /-beam 40K2 (design Mz =-14,39 TxMm [txm] Mz =-14,40 T<M [txm] 0,07
loads taking into account the coefficients yrand y»)]
MakcuManbHbIe YCHIINS B METAIUIHYECKHX Oalikax — JBY-
taBp 401112 (pacueTHble HArPy3KH € y4eTOM KOdhduIeH-

84,67 MM [mm] 84,67 MM [mm] 0,00

107,27 MM [mm)] 107,50 MM [mm)] 0,21

160,57 My [mm] 160,48 My [mm] 0,06

Nx=113,62 1 [t] Nx=113,72 1 [t] 0,09

TOB Yf U Yn) —_ = _
[Maximum efforts in metal beams — /-beam 40SH2 (de- My ==33.09 mem [txm] - My =-34,15 Tm [txm] 0.18

sign loads taking into account the coefficients yrand yx)]
MakcuManbpHble YCHINS B METAUIMYECKUX Oajkax — ABY-
taBp 301112 (pacueTHbIC HATPy3KH C Y4eTOM KOdhPHUIIEH-

Nx=81,82 1[t] Nx=81,71 T[t] 0,13

TOB Y/ H Yn) _ _
[Maximum efforts in metal beams — /-beam 30SH2 (design My = 1430 v [txm] - My =14,31 m [xm] 0,07

loads taking into account the coefficients yrand y.)]
MakcuManbHble YCHIHS B METAUIHIECKUX 0ajKkax — ABY-
taBp 30B2 (pacueTHBle HArPY3KH C y4eTOM KodduimeH-

Nx =-40,01 T [t] Nx =-39,92 1 [t] 0,23

TOB Yf U Yn) _ _
[Maximum efforts in metal beams — /-beam 30B2 (design My = 2,64 X [xm] My = 2,64 T [xm] 0,00

loads taking into account the coefficients yrand y.)]
MakcuManbHbIe YCHIIHS B METAIUTHYECKHX Oallkax — JBY-
taBp 5012 (pacueTHbIC HATPY3KH C YI€TOM KO3 HUIHEH-

Nx=102,89 T [t] Nx=102,90 [t] 0,01

TOB Y H Yn) — =—
[Maximum efforts in metal beams — [-beam 50SH2 (design ig7= =S A |EA Ay =Sl e F S

loads taking into account the coefficients yrand y.)]
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Oxkonuanue maon. 2

HaumeHoBaHHe mapamMeTpa IpoexTHas moxeabr  DaxkTuueckasi Mogeab  Ortkiaonenue, %

[Parameter name] [Design model] [Actual model] [Deviation, %]
MakcumanbHble YCHIHS B METAUIHIECKUX OajKkax — ABY-
taBp 251111 (pacueTHBIC HATPY3KH C YUIETOM KOd(QHUITHCH-

TOB Y711 7a) Nx=5,231[t] Nx=15,081 [t] 2,95
[Ma){imum efforts in metal beams — I-beam 25SH1 (design My =495 Txu [txm] My =4.95 T [tm] 0,00
loads taking into account the coefficients yrand y.)]
MaxkcuManbsHble yCHIus B cBA3AX — Tp.0160x8 (pacuer-
HBIE HArPY3KH C yIeTOM KOI(DPUIIESHTOB Y/ U Yn) _ _
[Maximum efforts in ties — tr.0160x8 (design loads taking Nor=—48,57T[1] Nx=-48,56T[1] 0,02
into account the coefficients yrand y)]
MaxkcumanpsHele ycuiaus B cBs3six — Tp.0100%5 (pacuert-
HBIC HAIPY3KH C YIETOM KOI(PPHUIIUSHTOB s U Yn) _ _
[Maximum efforts in ties — tr.0100x5 (design loads taking Ne=-14791[1] Ne=-14.78 T 0,07
into account the coefficients yrand yx)]
MaxkcumManbsHble ycuiaus B cBa3ax — Tp.0180x8 (pacuer-
HBIE HaIPY3KH C YI€TOM KOD(PHUIUCHTOB Y7 H Yn) _ _
[Maximum efforts in ties — tr.0180x8 (design loads taking Nox=—4477 T 1] Nx=-44.807[d 0,07
into account the coefficients yrand ya)]
MakcumanbHble ycuius B cBsi3six — Tp.0250x10 (pacuet-
HBIC HArPY3KH C YIETOM KOI(PPHUIIUSHTOB s H Yn) _ _
[Maximum efforts in ties — tr.0250x10 (design loads taking Nx=—136,17 T 1] Nx=-136,27 [{] 0,07
into account the coefficients yrand ya)]
MaxkcuManbsHble yeuius B cBa3sax — Tp.0200%x10 (pacuet-
HBIE HaIPY3KH C YIeTOM KOA(PPHUIUCHTOB Y7 H Yn) [ _ _
Maximum efforts in ties — tr.0200%10 (design loads taking Nx=-66,997[1] Nx=-67.20T14] 0,31
into account the coefficients yrand y)]
Makcumanbhble ycunust B cBsa3six — ayrasp 30K2 (pac-
YETHbIC HarPy3KH C Y4eTOM KOI(PULHUCHTOB Y/ U V) _ _
[Maximum efforts in ties — I-beam 30K2 (design loads Noe=-146,38 T [1] Nox=-146,37 ] 0.01
taking into account the coefficients yrand ya)]
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Puc. 3. Koadpunuments ucrionszopanus. Pama o ocu E/2—5 Ha otmerkax 0-29,2
[Figure 3. Usage factors. Frame along the E/2-5 axis at marks 0-29.2]
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Puc. 4. Koadhdpunuents ucnonp3oBanus. Pama mo ocu E/2-5 Ha otmeTkax 29,2—-68,3
[Figure 4. Usage factors. Frame along the E/2-5 axis at 29.2-68.3]
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Puc. 5. Kosdpdurments! ucnons3oBanus. Pama o ocu F/2-3 na otmerkax 0,0-34,4
[Figure 5. Usage factors. Frame along the F/2-3 axis at 0.0-34.4 marks]
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Puc. 6. Kosddununentsr ucnonszopanus. Pama no ocu F/2-3 Ha ormetkax 34,4—68,6
[Figure 6. Usage factors. Frame along the F/2-3 axis at 34.4—68.6]

I[JISI HpeHCTaBHeHHOﬁ KOHCTPYKIUH IMOMHUMO PACYCTOB Ha OCHOBHBLIC COYCTAHHSA HAIPY30K TaKXKC ObLIH
MPOBEJICHBI PacUeThl HA 0COOBIC coueTaHus (YCTOWYMBOCTh K MPOrpeccupyrolieMy oopymenuro). Paccmarpua-
JIUCH JIBa CIEHApHS JIOKAILHOTO pa3pyIIeHHs — yIaleHne Hanbojee HarpyKeHHbBIX KOJIOHH 10 ocsiM £ u F. Pe-
3yJBTATHI TTOKA3aIHA CXOXKYIO0 KapTHHY C pacdeTaMd Ha OCHOBHOE COUETaHWE. Y CHIIHS B OTAEIBHBIX AJIEMEHTax
W3MEHWIKCH B Tipeenax 5 %, npu 3ToM Ko3((UITMEHTHI UCIIONB30BaHUS M3MEHWINCH B mipenenax 10 %. dak-
TOp, 10 KOTOPOMY peajn30BaHO MaKCHMaJbHOE 3HadyeHHe Kod((UIIMEHTa UCTOJIH30BAHMS, — MPOYHOCTh MPH
COBMECTHOM [IEHCTBHH MPOJOIBHON CHIIBI M M3THOAIOIINX MOMEHTOB. [Ipy 3TOM KOHCTPYKIHS yIOBIETBOPSET
HOPMAaTHUBHBIM Tpe60BaHI/I$IM IMPOYHOCTH, KCCTKOCTH U yCTOfI‘IPIBOCTH.

AHanu3 MOJIyYeHHBIX JTAHHBIX MMOKA3bIBACT HE3HAUYUTEBHOE BIUSHUE (DAKTUYCCKUX OTKIOHCHUH OT MPO-
€KTa Ha HECYIIYIO CITOCOOHOCTh KOHCTPYKITHMH TEXHOJOTHICCKOM dTakepku. JlaHHBIA BBIBOJ TIPUMEHHM TOJBKO
K KOHKPETHOMY COOPY>KEHHUIO C OMpPEACIICHHBIMH 3HAYCHISIMHU T€OMETPHUECKIX OTKJIOHCHHH OT mpoekTta. Pac-
MIPOCTPAHSATH MOJTYYCHHBIC PE3YIbTAThI HA JPYTHUE COOPYKEHUS JAHHOTO TUIIA HEAOMYCTUMO. DTO CBSI3aHO C TEM,
YTO TEOMETPUYECKHE OTKIIOHEHUS OT MPOEKTa B OTACIBHBIX 3JIEMEHTaX KOHCTPYKIIMH MOTYT CO37aBaTh OECKO-
HEYHOE MHOXXECTBO KOMOWHAIIUH JJISI COOPYKEHHS B IIEJIOM, a CIIeI0BaTeIbHO, U BAPHAHTOB KAPTHHBI (haKTHIe-
ckoro H/IC moxet ObITh O4€Hb MHOTO.

3akaouenue

Ha ocHOBaHMU NPOBEAEHHBIX PACUETHBIX MCCIIENIOBAHUI, IPEACTaBICHHBIX B CTaThe, MOXKHO CHOPMYIIHU-
poBaTh psAA METOAMYECKUX YKa3aHMHA M pEKOMEHJAIMM A7 MPOBEACHHS PacueTHOrO aHajIn3a METATUTMYECKUX
KOHCTPYKIMI THIa MHOTOAPYCHBIX METAIJIMYECKUX 3TaXKEPOK MPU OLIEHKE BIMSHUSA I€OMETPUUECKUX OTKIIOHE-
HUU OT MPOEKTA:

1. IlocnenoBaTenbHOCTh MOHTAXA M Harpy>eHUs KOHCTPYKIIMHM HE3HAUWTENIbHO BIMAET Ha pe3yJbTUPYIO-
1Iee HanpsHKEHHO-Ie(QOPMHUPOBAHHOE COCTOSHIE MHOTOSIPYCHBIX MPOMBIIUICHHBIX METAUIOKOHCTPYKIMH (3Taxe-
pok). [lpu ananu3e BAMSHUS OTKJIOHEHUH OT MPOEKTa (AJIs1 pacCMaTpUBAaEMOr0 THIIA COOPYKEHHUI) pacyeTsl ¢ yue-
TOM I€HETHYECKON HEeIMHEHHOCTH (II0CIeI0BATEIbHOCTH MOHTa)ka) 0OOCHOBAHHO MOKHO HE IIPOBOAUTb.
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2. Haubonpmee Bausaue Ha m3MeHeHne HJIC KOHCTPYKIIMM OKa3bIBAIOT TOPHU3OHTAIBHBIC OTKIOHCHUS
BEPTHUKAJIBHBIX HECYIUX 3J€MEHTOB. [103TOMY OTKIIOHEHMSIMH TOPU3OHTAIBHBIX HECYIIIMX 3JIEMEHTOB B YPOBHE
MEePEeKPHITAs (KOTOPBIE TI0 CBOMM 3HAYEHUSIM 3HAYMTEIHHO MEHBIIE Pa3MEpPOB CEUCHHI OCHOBHBIX IIIEMEHTOB)
MO>XHO 000CHOBaHHO MTPEHEOPEUb.

3. PexomeHyeTcsl IPOBOIUTH aHAINU3 MCIOJHUTEIBHBIX CXEM MO TOPU30HTANbHBIM OTKJIOHEHHSM BEpPTH-
KalbHBIX HECYIIMX 3JIEMEHTOB M 337aBaTh MX MaKCHMaJIbHOE 3HAUEHHE B pacyeTHOM cXeMme Kak MHHHUMYM Ha JABYX
COCETHHUX paMax.

4. Ecim B (pakTHUECKOM pacdeTHOH cxeme ycwiwsl U Kod()(HUIIMEHTHI MCIIOIb30BaHUS B OTHEIBHBIX KOH-
CTPYKTHUBHBIX 3JIEMEHTaX KOHCTPYKLHUH MpPH OCHOBHOM COYETAHHM Harpy3oK YBEJIMYMBAIOTCS MO CPaBHEHMIO C
MPOEKTHOM cxeMoit He Oonee ueM Ha 10 % (Ipu yCcI0BHH, YTO MaKCUMAaJIbHBINA KOI((QUINEHT UCIOIB30BaHMUS HU-
xe 0,95), MOXXHO 000CHOBAaHHO OTKa3aThCs OT pacueTa Ha IMPOrpeccupyrolee oopymeHue Mo GakTHIECKON cXeMe.

IIpensiokeHHBIH U PACCMOTPEHHBIA B HACTOSLIEH CTaThe MOAXOJ NPEABAPUTEIBLHOIO aHAIn3a 4yBCTBH-
TEIBHOCTH K TEOMETPUYECKIM OTKJIOHEHHUSM OT MPOEKTa (C BEIPabOTKOM peKOMEeHAalui Mo YIPOIIEHHOMY pac-
YETHOMY aHAJIN3Y) MOKHO PacIpOCTPAaHUTh Ha MHBIE KOHCTPYKTUBHBIE CXEMBI.
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AnHoTtanus. CeiicMOCTOHKOCTh BUOPOU30JIMPOBAHHBIX (PyHIAMEHTOB TypOoarpera-
TOB CIIOXKHEHIIAsi © MHOTOTPaHHasi Po0iieMa, BKIIIOYAIONIasi B ceOs MHOKECTBO
acriekToB. OyHIAMEHT TypOoarperara — ClielHallbHast CTPOUTEbHAS KOHCTPYKIIHS,
00BEIMHSIONIAST YaCTH TypOoarperara B JMHYI0 MAllMHy U CITy>Kallast JUisl BOCIPHUS-
TSI CTATUYECKHUX M TMHAMUYECKUX Harpy3ok. KonmuecTBo mpoeKTUpyeMBIX U CTpOSi-
LIHXCSI SICKTPOCTAHIMI B palOHAX C BBICOKHM YPOBHEM CEHCMHUYHOCTH BEIHKO U
npojonkaeT pactd. Cpe/iu MPOvHX Mepe]] HHKESHEPOM-TIPOSKTUPOBIIIMKOM M PacyeT-
YHUKOM BO3HHKAET BOIPOC BIUSHUS YACTOTHOIO COCTABa CEHCMUYECKOTO BO3ICHCTBUS
Ha CEeHCMOCTOMKOCTh BUOPOM3OJIMPOBAHHBIX (DYHIAMEHTOB TypOoarperatos. J[iMHamMu-
YECKUE PacyeThl MPOBOJSTCS B MPOrpaMMHOM KoMILIeKce Nastran METoJI0M HpsSiMOTO
HHTCTPUPOBAHMS YPABHEHUH JBKCHHS C TPHMEHEHHEM METOId KOHEYHBIX HJICMEH-
TOB. OCHOBHBIMH KPUTEPUSIMHU CEHCMOCTONKOCTH BUOPOU30IMPOBAHHOTO (yHIAMEH-
Ta TypOoarperara MPUHSTHI BEMNYWHBI MAKCHMAIBHBIX CEHCMUYECKMX YCKOPCHHMIA B
OCEBOM HAIIPABIICHUX Ha OTMETKE YCTAHOBKH TypOoarperara, a Takke BEIMIUHBI MaK-
CHMAJIbHBIX CEHCMIYECKHX MepeMEICHNI BHOPOM30IMPOBAHHOIO (yHIaMeHTa (f1e-
(dopmaruu BUOPOU30JSATOPOB). Pe3ynbTaThl MPOBENCHHBIX BBIYHUCIUTEIBHBIX 3KCIIC-
PUMEHTOB CBUIACTEIILCTBYIOT O 3HAYUTCIIBHOM BJIMAHUHU 4aCTOTHOI'O COCTaBa celicMu-
YECKOT0 BO3IEHCTBIS Ha MOBE/ICHHE BUOPOU30IMPOBAHHBIX (DyHIaMEHTOB TypOoarpe-
ratoB. Pacuerbl ()yHIaMEHTOB, YYMTHIBAIOIIME 3EMJICTPSCECHUS OAWHAKOBOW WHTCH-
CHBHOCTH, HO C Pa3TMYHBIMU 3HAYCHISIMH TIPEOONAIAIONIMX YacTOT BO3JACHCTBUSL, MPHU-
BOJUIT K Pa3/IMYaIOLIFMCS B HECKOJIBKO Pa3 3HAYCHUSM MAKCHMAIIBHBIX CeHCMUYECKUX
YCKOPEHUI Ha OTMETKE YCTAaHOBKHM TypOoarperara U CeHCMUYESCKUX TTEPEMEIIICHHIA.

KiroueBble cj10Ba: BUOPOU30JMPOBaHHBIN (pyHIaMEHT TypOoarperara, CIieKTp OTBe-
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Abstract. The seismic resistance of vibration-insulated turbine foundations is a com-
plex and multifaceted problem that includes many aspects. The turbine founda-
tion is a special building structure that unites parts of the turbine and generator unit
into a single machine and it is used for static and dynamic loads accommodation.
The number of designed and constructed power plants in high seismic level areas is
large and steadily growing. In addition, engineers and designers deal with the issue of

the frequency composition of the seismic impact influence on the seismic resistance of
vibration-insulated turbine foundations. Dynamic calculations were performed in Nas-
tran software using time history analysis and the finite element method. The main
criteria for the seismic resistance of a vibration-insulated turbine foundation are the
values of the maximum seismic accelerations in the axial direction at the level of the
turbine installation and the values of vibration-insulated foundation maximum seismic
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displacements (deformations of vibration isolators). The results of the calculation ex-
periments proved a significant effect of seismic action frequency composition on the
behavior of the vibration-insulated turbine foundations. Calculations of foundations,
taking into account earthquakes of the same intensity, but with different values of
the prevailing frequencies of the impact, lead to the differing by several times values
of the maximum seismic accelerations at the turbine level and seismic displacements.

For citation

Babsky A.E., Lalin V.V., Oleinikov LI,
Tarasov V.A. Seismic stability of vibration-
insulated turbine foundations depending on
the frequency composition of seismic im-
pact. Structural Mechanics of Engineering
Constructions and Buildings. 2021;17(1):
30-41. (In Russ.) http://dx.doi.org/10.22363/
1815-5235-2021-17-1-30-41

Keywords: vibration-insulated turbine unit foundation, response spectrum,
seismic stability, earthquake, seismic frequency composition, structural dynamics,
seismic calculation

BBenenue

B nmame BpEMs 0O0JIBIIOE KOJMYECTBO OHEPreTUYCCKUX O6’beKTOB, B 4YaCTHOCTH SHGKTpOCTaHHI/Iﬁ, ITPOCK-
TUPYIOTCS U BO3BOAATCS] B palloHaxX C BBICOKOW ceficMUYHOCTHIO. OHON M3 INIaBHBIX YCTaHOBOK JIIOOOW 3IeK-
TPOCTaHIIMU SBIISIETCS TypOoarperaT, BeIpaOaThIBaOMIUi deKTpodHepruro. CoxpaHeHHe IeT0OCTHOCTH U pabo-
TOCIOCOOHOCTH TypOoarperara BO BpeMsl H MOCIIe TIPOXOXKICHHS 3eMIICTPSICEHUS SIBISIETCS. OTHON M3 LIEHTpaIlb-
HBIX 3aJ]a4 MMPOSKTUPOBAaHUS W pacyeTa BHOPOM3OJMPOBAHHBIX (YHIAMEHTOB TypOOArperatoB MpU BBICOKOM
YPOBHE CEHICMUYHOCTH TUIOIIAIKHA CTPOUTEIHCTBA.

CTOUT OTMETHTH, YTO MENBIA Psa aTOMHBIX AekTpocTaHuil (ADC), IPOEKTUPYEMBIX COTPYAHHKAMHU
kopropatuu «Pocatom»: ADC «Onb-Jlabaa» (Eruner), «Ilakm-2» (Benrpus), «Akkyo» (Typuus), «Pymmyp»
(banrnanmenr), maHUpyeTCsS BO3BOAMTH B pailoHaX C BBICOKOH ceiicMmuHOCTHI0. Ha BCeX 3TMX CTaHIUSAX Tpey-
CMOTPEHBI OT NIBYX IO YEeTHIpeX OJIOKOB C TypOoarperaramu MoOmHOCTBI0 1200 MBT, ycTaHaBIMBacMBIMH HA
BUOPOM30IUPOBAHHBIE (PYHIAMEHTHI.

[Ipu cTpoutenbcTBE 0OBEKTOB MOBBIIIEHHOH OTBETCTBEHHOCTH, K KOTOPBIM OTHOCSTCS 3JEKTPOCTAHIIUH
0OJBIION MOIHOCTH W BCE ATOMHBIC 3JIEKTPOCTAHIIMU, MPOBOJMUTCS MHKPOCEHCMOpPaHOHHPOBAHUE, a TaKXKe
orpeJieNieHre CeHCMUYECKUX YCIOBHH IIIOMIAAKH CTPOUTEIhCTBA. Pe3ylbTaToM BhINICYKa3aHHBIX PabOT 4acTo
SABJISIFOTCS CHIEKTPBI UCXOIHOTO CEHCMUYECKOTO BO3ACUCTBHS I KOHKPETHOH momaaku. Jaxke ans ogHOH u
TOM JKe TUIOIIAJKU B Pe3yIbTaTe HECKOIBKUX MCCIEIOBAHUI BO3MOXHO MOTydeHNE MPUHIMITHAIBHO PA3INIHBIX
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CIEKTPOB MCXOIHOTO CEHCMHIYECKOro Bo3neicTBHs. [Ipr 3TOM make mpu COBMAJCHWH TaHHBIX HHTEHCHUBHOCTH
3EMIICTPACCHUA (MaKCI/IMaJH)HBIe celicMHUYecKue yCKOpeHI/ISI) YACTOTHBIN COCTaB MOXKET CHUIBHO OTINYATHCS.

OOBeKTOM HCCieIoBaHuA B JAaHHOW paboTe sBIseTcS BUOPOM3OIUPOBAHHBIA (yHIAMEHT TypOoarpera-
ta (OPTA), mpenmeToM UccienoBaHus — ceiicMocToiikocTh @TA B 3aBHCHMOCTH OT YaCTOTHOTO COCTaBa CEHCMMU-
YECKOT'0 BO3JCHCTBUS.

AkceneporpamMMa 3eMJIETPSICEHUS] — 3aBUCUMOCTh CEHCMUYECKOTO YCKOPEHHUSI OT BpEMEHH Uil (PUKCHPO-
BaHHOTO HAIPaBJIEHUS — OOBIYHO MPEACTABISIETCA B BUAE rpaduka wid onudpoBku. BaxHeimel xapakrepu-
CTHKOW aKceleporpaMMBbl SBIISIETCS aMIUIATY/la CEHCMHIYECKOro yckopenns. Ee BenmunHa mOKa3bIBaeT MaKCH-
MaJbHOE 3Ha4YE€HUE CEMCMHUYECKOTO YCKOpPEHUs 3emiieTpsceHus. IIpu 3ToM KaxaoMy 3Ha4YEHHMIO CEeHCMUYECKON
0aJTPHOCTH COOTBETCTBYET CBOE 3HAUCHUE CEHCMHUYECKOTO YCKOpeHUs TpyHTa. J[ist mpunsaToi B Poccun mikanet
bayeHOCTH 3emMiteTpsiceHrit MSK-64 pacdeTHBIMU SBIISIOTCS 3eMIICTpsICEHUS B 7, 8 1 9 OaJIOB ¢ MUKOBBIMU
ceficmuueckumu yckoperusimu 0,1g, 0,2g u 0,4g COOTBETCTBEHHO.

Kornebanus KOHCTPYKIMI BO BpeMsl 3eMIICTPSICEHUS — TUHAMHYECKHH MpoLiecc, TI0OITOMY PEaKIys COOPYKEHHI
3aBHCHT HE TOJBKO OT BEJIMUMHBI YCKOPEHHSI, HO M B HE MEHBIIIEH CTENEHH! OT YaCTOTHOTO COCTaBa BO3MYyIIEHHS [1].

Hayxke m3BecTHBI cilydau, KOT/ia 3eMJIETPSICEHHE C IIMKOBBIMHU YCKOPEHHUSIMH TpyHTa BILIOTH a0 0,4g mpu-
BOJIWIN JIMIIb K YMEPEHHBIM MOBPEXACHHUSIM COOPYKEHHUH, 1 HA000pOT, 3eMJIETPACEHHS C OTHOCUTEIBHO He-
OOJBIIMMU YCKOPSHHUSMH TIPUBOIIIIN K CHIBHBIM pa3pyiieHusm [1]. Jlanabie akTbl MOXKXHO OOBSCHUTH KakK pa3
pa3IMYHBIMHA YaCTOTHBIMH COCTaBaMH CEMCMHYECKHX KoieOaHwi rpyHTa. B cimydae, xorma mpeoOGmangarorime
4aCcTOThl CEHCMHUYECKOTO BO3MYIICHHS OJU3KM K 4YacTOTaM OCHOBHBIX COOCTBEHHBIX (OPM KoOJIeOaHHMU KOH-
CTPYKIIMH, B TIOCJIEIHEW pa3BUBAIOTCA CHIIBHBIE KOJIEOAHWs, HECMOTpPS Ha JOCTATOYHO HEBBICOKHE 3HAYCHUS
CEeMCMUYECKUX YCKOPEHUM TpyHTAa.

YacTOTHBIN COCTaB aKCeIeporpaMMBbl 3eMIIETPSACEHHS XapaKTepU3yeTcsl ee CeKTpoMm oTBeta. CHekTp oT-
BeTa (peakiun) — COBOKYITHOCTh aOCOJIOTHBIX 3HAYEHUI MAaKCUMAaJIbHBIX OTBETHBIX YCKOPEHUH JIMHEHHOTO OC-
MULISATOPA TIPU 33JJaHHOM aKCEeIeporpaMMOi BO3IEHCTBUH C YU4ETOM COOCTBEHHON YacTOTHI M IapaMeTpa JeMII-
(bUpOBaHUS OCHHIIISATOPA.

Jnsi BBINIONHEHHUS KOPPEKTHOTO CPaBHUTENIFHOTO aHANIW3a MOBEAEHHUS KOHCTPYKIHH BHOPOH30JIMPOBAH-
HBIX (DYyHZaMEHTOB MPH Pa3NIUYHBIX IMapaMeTpax CEMCMHUYECKOT0 BO3ICHCTBUS HEOOXOIMMO BCE aKCeneporpaM-
MBI, UMEIOIINE PA3INIHBIN YaCTOTHBIH COCTaB, HOPMHPOBATh Ha OJMHAKOBOE 3HaueHWe yckopeHus. Hopmmpo-
BaHHBIE aKCEJIEePOrpPaMMBbl ONHCHIBAIOT 3EMJIETPSACEHHS OAMHAKOBOM WHTEHCHBHOCTH, OJJHAKO M3-32 PA3IUYHOTO
YaCTOTHOTO COCTaBa Pe3yJIbTaThl CEHCMHYECKUX PACUETOB KOHCTPYKITMH PA3TMYHBI.

YunteiBas, 4T0 BHOPOM30IMPOBaHHBIE (hYHIAMEHTH TypOoarperaToB — 3TO HHM3KOYACTOTHBIE CHUCTEMBI
¢ OOMNBIION Maccoi, OYeHb BAXKHO MPOAHAIN3UPOBATh, KAK YaCTOTHBIM COCTaB aKceIeporpaMM CEHCMUYECKOTO
BO3/ICHCTBHA OyIeT BIMATH Ha CEHCMOCTOMKOCTh (PyHOaMEeHTOB TypOoarperatoB. JlaHHBIH (pakT MOATBEpKIAET
aKTyaJIbHOCTh TPOOJIeMBbI UCCIIETOBAHUS.

AHanM3 JUTEPaTypHBIX UCTOYHHUKOB, MOCBSIICHHBIX CEHCMOCTONKOMY MPOEKTHPOBAHUIO M PacueTy CO-
OpYXEHUH, KOHCTPYKLIHUI U 000pyIOBaHUS JIEKTPOCTAHIMH MOKa3ajl IIMPOKYIO OCBEIICHHOCTh B HayYHOH JIH-
Teparype mpoodiieM obecrieueHusi CEHCMOCTOMKOCTH PeakTOpHbIX oTneneHnit ADC Kak cOOpyKeHUI HauBBICIIIE-
TO YPOBHSI OTBETCTBEHHOCTH. Takke B MHOYKECTBE MCCJICIOBAaHWA OCHOBHOM YIIOp JeiaeTcsl Ha podieMy ceil-
CMOCTOHKOCTH TE€XHOJIOTHYECKOTO 000pYyIOBaHUSI, Yallle BCETO CBSI3aHHOTO C 0€30MaCHOCTBIO DJIEKTPOCTAHIINH.
Tem He MeHee TeMa CeHCMOCTOMKOCTH BUOPOM3OIMPOBAHHBIX (DYHIAMEHTOB TypOOarperaroB B HAyYHOH JIMTe-
paType OIMpPOKO He TPeACTaBIIeHa, XOTS SBIIETCS He MEHEe BaXKHOM.

BrimeykazanHoe 00CTOSITENBCTBO MOJNTBEPIKIACT LEIecO00pPa3HOCTh MPOBENCHHS HUCCIIEI0BAHNUS, 1IEIbIO
KOTOPOTO SABJISIETCS OIpENIeNeHNne BIMSHMS YaCTOTHOTO COCTaBa CEMCMHUYECKOIro BO3JEMCTBHSA Ha CEHCMOCTON-
KOCTh BHOPOM30JIMPOBAHHKIX (PYHIAMEHTOB TypOOarperaTos.

Jis JOCTIKEHUS TIOCTABICHHOW [ENH PENIaINCh CIIEAYIONIIe 3a/1auH:

— 0030p ¥ CpaBHUTEIbHBIN aHAIN3 HAYYHOM JUTEPATyphl B 00JacCTH 00ECIEUYeHUsI CEHCMOCTORKOCTH CO-
OpyXKeHUH 1 000pyIOBaHUS SHEPTETHUECKUX OOBEKTOB;

— CO37]aHMe KOHEYHO-3JIEMEHTHON pacueTHOW MOJeNd BHOPON30IMPOBAHHOTO (PyHIaMeHTa TypOoarpera-
Ta C BRICOKOM CTEIICHBIO ACTATN3AIIHNH;

— MPOBEACHUE BBHIYUCIUTEIBHBIX IKCIIEPUMEHTOB — BBIMOJIHEHUE PACUETHBIX COMOCTABICHUH TUHAMUYe-
CKOH peaklnu BUOPOM30JIUPOBAHHOTO (hyHIaMeHTa TypOoarperara mpu CeHCMUYECKOM BO3/ICWCTBUU C OJMHA-
KOBOU WHTCHCHUBHOCTBIO, HO C PA3JIMYHBIM YaCTOTHBIM COCTaBOM;

— (hopMyAHMpOBKa BBIBOJIOB IO BIUSHHIO Ha CEHCMOCTOHKOCTh BUOPOU30IMPOBAHHBIX (yHIAMEHTOB TYyp-
0oarperatoB celiCMUYEeCKOTO BO3ACUCTBUS C PA3TMYHBIM YACTOTHBIM COCTaBOM.
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IlepBeie B CoBerckoM Coro3e uccienoBanus B 00JacTH CEHCMHUYECKO 3alUThl 2JIEMEHTOB CTPOUTEIIBHBIX
koHcTpyKiuid npooawuck B [THUWCK mon pykoBoactBom .M. AilizenbOepra [2—3]. VX pe3ynbTarhl cTaiu
OCHOBOH Ul JalbHEWIINX HAYYHO-METOIUYECKUX Pa3pabOTOK M MHCTPYMEHTAJIbHBIX CPEACTB B OOJIACTH CEii-
CMOCTOMKOTO CTPOUTENLCTBA [4].

OTKpBITHE HOBBIX W pa3BUTHE CYIECTBYIOIIUX HAayYHBIX pa3paboTok B cdepe celicMOCTOHKOro CTpOoH-
TEJILCTBA TECHO CBSI3aHBI C PA3BUTHEM M COBEPIICHCTBOBAaHMEM TUHAMHUYECKHX PacueToOB, CIOCOOOB MaTeMaTu-
YEeCKOTr0 MOJICTUPOBAHUS B PacdeTax COOPYKEHUH, yCOBEPIICHCTBOBAHUEM TEOPHH B3aUMOACHUCTBHS COOPYKe-
HUSI C OCHOBAaHMEM M MHOT'MM APYTHM.

Cpenu MHOCTPaHHBIX M OTEUECTBEHHBIX YUEHBIX-UCCIIEIOBATENEH B 00JacTH CEHCMOCTORKOCTH COOpYKe-
HUU cleayeT OTMETHTh TakuX, kak S1.M. Aiizenbepr, A.H. bupbpaep, U.U. Ionpaendnar, M.®. bapmreiin,
B.I". Kopones, .M. Pabunosuq, U.A. Koncrantuuos, H. Hetomapk, 2. Pozen6nar, C.I'. Lllynsman, O.A. CaBu-
HOB, B.B. Kocrapes, }0.JI. Pytman, A.M. ¥Y3nun, T.A. benam, A.T". Tsmun [5-7].

OcHoBHBIE IPOOIEMBI CECMOCTOMKOTO MPOSKTUPOBAHMS KOHCTPYKTUBHBIX JIEMEHTOB COOPYKEHHUH B TEXHO-
JIOTHYECKOTO 000y IOBaHMS SHEPTETHIECKUX 00BEKTOB TPEICTaBIeHBI B padoTax T. Xupaku (2014), Jlx. Uena (2014),
M. Kymapa, A.C. Yurrakepa u M.C. Koncrantuny (2015) [8—13].

OtnenvHble KOHCTPYKTUBHBIE PELICHHUS, TPUBOISIINE K MOBBIIICHUIO CEHCMOCTONKOCTH CTPOUTENBHBIX
KOHCTPYKIIMM W 00OpyaoBaHUs, ocBemieHbl B paborax C. Menenb-Bepa (2015), U. Iomutomymoca (2015),
M.A. Caiten (2015), E.C. ®upoozadana (2015), 3. Wxkoy, /Ix. Bornranma, C. Maxuna (2016), B.B. Kocrapesa u
I1.C. Bacunnena (2007), A. Yacanespuca (2020), V. funa (2019), I1. Bana (2018), M. Ana (2018), /I)x. Bonra u
C. Maxuna (2020), C.C. 1O (2018), V.C. Hona (2019) [14-25].

B paborax M. Ucmamna (2018), I1.M. Kanseu (2018), JI. MypasbseBoit 1 H. Batuna (2014), JIx. Jpaxuda
u H. Batuna (2016), FO.JI. Pytmana (2017), A.E. Caprcsana (2013) [26-31] npemioxkeHsl pa3TudHble METOTUKH
JUHAMHYECKUX PAaciyeTOB, B TOM YHCIIE C YUeTOM AeMidupoBanus. OfHAKO B HUX JaHBI JUIIb OOIIUE MPUHIHIIBL
y4deTa CeHCMHUYECKHX BO3ICHCTBHH Oe3 yueTra 0COOEHHOCTEH KOHCTPYKLHUH, a TAKXKE XapaKTEPUCTHK celicMuye-
CKOT'0 BO3JICHCTBHSI, CBSI3aHHBIX C €r0 YaCTOTHBIM COCTABOM.

Tpyas! [32—-36] nmocBsIeHBl YYETY pa3IddyHOrO0 YacTOTHOI'O COCTaBa CEHCMHYECKOTO BO3JIEHCTBHS NPH
pacuerax coopykeHHH U 00opyznoBaHus. B paboTax OTCYTCTBYET SIBHBIN aHAIM3 PEaKMU HU3KOYaCTOTHBIX M30-
JIMPOBAaHHBIX CHCTEM OOJBIION MACCHl HA CECMUYECKOE BO3EHCTBHE C PA3HBIM YaCTOTHBIM COCTABOM.

B mpenpinymmx paboTax OJHOTO M3 aBTOPOB MPOBEICH aHAIHM3 BIUSHUS KOHCTPYKIMH BHOPOH30JIHPO-
BaHHOTO (yHIaMeHTa OBICTPOXOJHOIO TypOoarperaTa Ha €ro ceiicMOCTOMKOCTh [37] U MpennokeHO HHHOBAIH-
OHHOE KOHCTPYKTHUBHOE pEIIeHHE IS 3[aHusl TypOuHbI: ABOMHAs cucTeMa ceicMOoM30oiiMu (PyHAaMeHTa Typoo-
arperarta [38].

Taxum o0pazom, 0 UTOraM 0030pa Hay4YHOH JUTEPATyphl IO TEME HCCIIEAOBaHUs ClIeNIaH BBIBOJ 00 OT-
CYTCTBHU B HACTOSIIMH MOMEHT PEIIEHHS BONPOCA BIUSHHS Pa3IMYHOIO YaCTOTHOTO COCTaBa CEHCMHUYECKOTO
BO3JICHCTBHS Ha CEHCMOCTOMKOCTH BUOPOHM3OIMPOBAHHBIX (YHIAMEHTOB TypOoarperaTtoB. JTo eImie pa3 MmoaATBep-
JKZIAeT aKTYaJIbHOCTD IPOBOJMUMOTO UCCIIEAOBAHMS.

MeTtoanl

Jlnst TypboarperatoB, 0COOCHHO OONBIIONH MOITHOCTH, 3aBOAOM-U3TOTOBHUTEIEM O0OPYAOBAHMS OOBITHO
OTPaHUYHUBACTCS YPOBEHb MAKCHUMAJIbHOTO CEHCMHUYECKOTO TOPU30HTAILHOTO YCKOPEHUS B OCEBOM HarpaBiie-
HUU Ha OTMETKE yCTaHOBKHU TypOoarperara. /laHHOe 0OCTOSTEIHCTBO CBSI3aHO C MPOYHOCTHI) YIIOPHOTO IMOJ-
nMmHvKa Typooarperata. [Ipu padote TypOUHBI BO3HUKAET 3HAYMTENBHBIA HATPEB U, KaK CIIEJCTBHE, TeMIepa-
TypHble Aedopmanuu. st Toro 4roObl TeMIeparypHble JeQopMaIii He IPUBEIH K CHIIBHBIM TeMITEPaTyPHBIM
HANPSHKSHUSIM U, CIISA0BATENILHO, K Pa3pyIICHUIO MAITHHBI, BCE OTMOPHI TypOoarperara, KpoMe OJHOM, MPOSKTH-
PYIOTCSI CKOMB3SIMUMH. EJMHCTBEHHBIH YMOPHBIA MOMIIMIHHUK B CIIydae CEHCMHUYECKUX KONEOAHUH OIDKEH
BOCIIPHHSTH BCIO TOPHU3OHTAIBHYIO HArPY3KY B OCEBOM HAIPaBIICHUH HE pa3pylIMBIIMCH. IMEHHO 10 3TOH mpu-
YHUHC 3aBOAbBI-U3TOTOBUTECIIN MOIIHBIX Typ60aneFaTOB YCTaHaBJIUBAIOT OIrPAaHUYCHHUEC MAKCUMAJIbHOTI'O 3HAUCHUA
CEHCMUYECKUX YCKOPECHUI B OCEBOM HAINPABICHUU Ha OTMETKE YCTAHOBKH TypOoarperara: OTe4eCTBEHHBIN MPo-
m3BoauTenh AO «CuitoBble MamuHBD (JIeHUHTpanckuii MeTayumdeckuii 3aBo, JIM3) orpanmuansaet mo 0,2-0,23g,
¢panysckuii npousBoautesib GE SPS orpannynBaeT HopMallbHYIO 3KCILTyaTaluio Benuunnoi 0,1g u obecrme-
YHBACT IEJIOCTHOCTh TypOuHHI 10 0,35g.

Taxke HEMaOBaXXHBIM KPUTEPUEM CEHCMOCTONKOCTH BHOPOM30IUPOBAHHBIX (YHIAMEHTOB TypOoarpe-
raToB SBJISCTCS BETUYMHA MAaKCUMAJBHBIX CEMCMUUYECKUX CMEIeHUH. Bo-TIepBhIX, TEXHONIOTHYECKHE TPYyOOIIpo-
BOJIBI OOJIBIIOTO AMAMETPA, TAXKE MPU HATMYUN KOMIICHCATOPOB, TP COXPAHEHUU IEJIOCTHOCTH U T€PMETHYHO-
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CTH MOTYT CMEIIaThCs JIHIIb B ONPEAETICHHBIX Ipeenax. Bo-BTOphIX, caMy N30IMPYIONIHE YICMEHTHI B 3aBHUCH-
MOCTH OT THIIa U HECyIIed CIIOCOOHOCTH UMEIOT OTpaHUYCHHs Ha cMelleHus. B-TpeTbux, QyHAameHT Typoo-
arperara pu CEHCMHYECKHUX KONEOaHUAX HE JOIKEH COYAAPATHCS ¢ KOHCTPYKIMAMHU OTMETKU 00CTYKUBaHUSL.

B cBs131 ¢ BBIIEH3I0)KEHHBIM B JAHHOM HCCJICIOBAaHHN BBIOPAHO /1Ba HA0OpAa OCHOBHBIX MApaMeTpPOB IS
pacuyeTHOro CpaBHEHMs M aHaNn3a ceiicMocToiikocTn GyHaaMeHTa Typboarperara:

— 3HAYeHUS MaKCHUMaJbHBIX CEHCMUYECKUX YCKOPEHHH B OCEBOM HAIPaBICHWH Ha OTMETKE YCTaHOBKH
TypOoarperara;

— 3HaYECHUS] MAaKCUMAJIBHBIX B3aMMHBIX CEHCMHYECKUX MEepEeMEIeHNIT: BHOPOM30INPOBAHHOTO (pyHIaMEH-
Ta TypOoarperara — MoJONOpHbIE KOHCTPYKUUH, (pyHIaMEeHT TypOoarperara U OTMETKa OOCITy>KHBaHUS M KOH-
JIEHCATOPHI — IOAOTIOPHBIE KOHCTPYKIIHH.

ITpoBeneHre BEMUCIUTENBHBIX SKCTIEPUMEHTOB MIPHHATO KaK OCHOBHOM METOJT MCCIIEIOBAHNS B TAHHOH padoTe.

Puc. 1. KoHeuHo-371eMEHTHAS MOJIEINb 3AaHUsI TYPOUHBI
[Figure 1. Finite element model of the turbine building]
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Puc. 2. Koneuno-anemeHTHas MOZIeNb GyHAaMEHTa TypOoarperara u moA0IOPHBIX KOHCTPYKIIHH
[Figure 2. Finite element model of the turbine foundation and supporting structures]
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Bce Berumncnenns mpoussoammick B MSC/Nastran ¢ mpumerenneM MKD npsmMbIM HHTETpHPOBAHAEM YpaBHE-
Huii nprokenus. Llar uaterpupoBanust s Beruucienus cuektpos 0,001 ¢, aist Beraucienus nepemertienuii 0,005 c.
KoneuHo-aneMeHTHas pacdeTHast cxema BHOPOHU30JIMPOBAHHOTO (PyHIaMeHTa TypOoarperara B COCTaBe 3/1aHUs TYp-
ounbI uMmeeT okoi10 300 000 HeM3BECTHRIX W MpeacTaBicHa Ha puc. 1 u 2. [IpuMbikaromie K 31aHU0 TYpOHUHBI 311a-
HUA, a TAK)KE BEPXHAA 4YaCThb 3AaHUA Typ61/IHBI MOJCIMPOBATIMCH YIIPOLICHHO JId CHYKCHUA YMClla HCU3BECTHBIX.

[Tpu MomenMpOBaHUM PACUSTHOM CXEMBI UCTIONIL30BAUCH CTEPIKHEBBIC, IJIACTUHYATEIC, TPYKUHHBIC U CIIe-
[UalTbHBIE KOHEYHBIE 3JIeMEeHTHI. [[pyKHHHBIE N30JIATOPEI MOJICTUPOBAIIICE TPYKHHHBIMHU dJIEMEHTaMU, JeMII(e-
PBI — CTIEITHATEHBIME JIEMEHTAaMH BS3KOTO TpeHus. Typboarperar mpenMyiecTBEHHO MOAETHPOBAICS MacCaMH.

Oo6miee 3aTyxaHue B cHCTEME MPUHATO paBHBIM 7 %. Koadduuuent o B Mmetonuke Penest npuHAT paBHBIM
Hymo. O0mas MaTpuna AeMri(pupoBaHUs COCTOUT U3 CYMMBI MATPHIIBI 3aTyXaHUs Peres 1 MaTpHUIlbl 3aTyXaHUA,
MOJTydYeHHON M3 y4eTa COCPEOTOYSHHBIX AeMIT(pepoB.

PacueTHbIe cXEMBI AJI1 BCEX BOCBMHU PACUCTOB ObLIH NICHTHUYHBI.

Jnist IpoBeieHUs] BHIYUCIUTEIBHBIX SKCIICPUMEHTOB HUCIIOJIB30BATUCH TPEXKOMIIOHCHTHBIE aKCelneporpam-
MBI, OTICIIBHO 10 HAMPAaBICHUIO TI00aNhHBIX oceit X, Y u Z, HopMmupoBaHHble Ha 0,1g, CHHTE3UpOBaHHBIC U3
BOCBbMH Pa3JINYHBIX CIICKTPOB. B kauecTBe JAUHAMUYCCKUX XapPaKTCPHUCTHUK OCHOBAHUA IMPUHATHI XapaKTECPUCTU-
KH, COOTBETCTBYIOIIUE «CPEAHEMY» IPYHTY, CBOWCTBA KOTOPOTO yKa3aHbl B Ta0J. 1. 3aTyxaHue B IpyHTaxX OCHO-
BaHUs OorpaHu4mBaiiock BenmunHamu: §z= 0,35, Ex= 0,15, £,=0,15.

B Tabn. 2 mpezncraBieHO KpaTKOE OMHMCAaHUE KaKJOTO W3 BOCBMH CIIEKTPOB. I 'padmdecknd CHEeKTphI 1Mo
HaIPaBJICHHUIO M100aTBLHON ocH X (B OCCBOM HAMpPaBICHHUH MO0 OTHOIICHHUIO K (pyHIaMeHTy TypOoarperara) npej-
CTaBJICHHI Ha pUC. 3.

Tabauya 1
CBoiicTBa IPYHTOB OCHOBAHHS
[Table 1. Characteristics of base soils]
HaumenoBanue Monyasb cagura G, MIIa  Kosdpuuuent Iyaccona,v ILnorHocTh, p, Ki/M®  Moay.an aedgopmanuu,
[Description] [Shear modulus G, MPa] [Poisson's ratio, v] [Density, p, kg/m?] En, MIla
[Deformation modulus,
Ep, MPa]
I'MUHUCTBIC TPYHTBI
MIOJTyTBEPAbIE
(«cpenHuit» rpyHT) 6350 0.27 2200 150
[Semisolid clayey soils
(“medium” soil)]
Tabnuya 2
Pa3anuHbIe CIEKTPHI CeiicMUYeCKOTro Bo3AeiicTBUS
[Table 2. Different spectra of seismic impact]
No O0o3HayeHue Onucanue
h [Designation] [Description]

1 —I1_NP Ceticmnuecknii criektp u3 HI1-031-01 (Poccus) [Seismic spectrum from NP-031-01 (Russia)]

2 2 RG Ceitcmmueckuii criektp NRC, RG 1.60 (CIIA) [Seismic spectrum NRC, RG 1.60 (USA)]

3 —3_HAF Ceticmnuecknii ciektp HAF0101 (Kurait) [Seismic spectrum HAF0101 (China)]

4 4 NE CelicMUUeCKHIi CIIEKTP COOTBETCTBYET CEHCMIYECKOMY MUKPOpaliOHUPOBaHUIO Iuontaaku B CeBepHoil EBporne

[The seismic spectrum corresponds to the seismic microzoning of the site in Northern Europe]

CelicMU4eCcKuil CIIEKTP COOTBETCTBYET CEHCMUUECKOMY MUKPOPaHOHHUPOBAHUIO IUoManku B LleHTpansHOi
2
5 5_CE Espone, Tum 1
[The seismic spectrum corresponds to the seismic microzoning of the site in Central Europe, type 1]

CelicMU4eCcKuil CIIEKTP COOTBETCTBYET CEHCMUUECKOMY MUKPOPaHOHHUPOBAHUIO IUOLIanku B LleHTpansHOi
% R %k
6 6_CE EBpomne, Tun 2
[The seismic spectrum corresponds to the seismic microzoning of the site in Central Europe, type 2]

CelicMUYeCKHil CHEKTp COOTBETCTBYET CEHCMHUYECKOMY MHKPOPaHOHHUpOBaHHUIO IUiomaaku B [lepenneit
7 —7 FA Asun, Tum 1
[The seismic spectrum corresponds to the seismic microzoning of the site in Western Asia, type 1]

CelicMU4ecKUil CHEKTP COOTBETCTBYET CEHCMHYECKOMY MHKPOPaHOHHUpPOBaHHUIO IUIomaaku B [lepenneit
8 —8 FA* Asum, T 2
[The seismic spectrum corresponds to the seismic microzoning of the site in Western Asia, type 2]
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Puc. 4. Ilonepeunslit pa3pe3 3aanust TYpOUHBI ¢ BHOPOM30JIMPOBAHHBIM (YHIaMEHTOM TypOoarperara:
1 — ypoBeHb HIKXHEH QyHIaMEHTHOM IUIMTHL; 2 — OTMETKA YCTAHOBKH H30JIITOPOB 0/ KOHJEHCATOPaMH; 3 — OTMETKa yCTAaHOBKH KOHJICHCATOPOB;
4 — ypOBEHb MPOMENKYTOUHOI0 HEPEKPBITUS; 5 — OTMETKA YCTAaHOBKH M30J11TOpOB 101 D TA (BEpXHss IOBEPXHOCTH MOJOMOPHBIX KOHCTPYKLUH);
6 — yposenb OTA; 7 — oTMeTKa 00CITy>KHBaHUS; § — OTMETKA PACTIONOKEHIS 000PYIOBAHIS; 9 — OTMETKA YCTAHOBKH MOCTOBOTO KpaHa OOJBIIOH IPy30I0IbeMHOCTH
[Figure 4. Cross section of the turbine building with the vibration-insulated turbine foundation:
1 —level of the lower foundation slab; 2 — level of the installation of insulators under the capacitors; 3 — level for the installation of capacitors;
4 — intermediate floor level; 5 — level of installation of insulators under turbine unit foundation (upper surface of support structures);
6 — turbine unit foundation level; 7 — service floor level; 8 — equipment location level; 9 — level of installation of a heavy-duty overhead crane]

CxeMaTHyHO TIOTIEPEUHBIA pa3pe3 BHOPOM30JMPOBAHHOTO (PYHIAAMEHTa TypOoarperata B COCTaBE 3IaHUS
TYpOMHBI C YPOBHSIMH BBIYHCIICHHS CIIEKTPOB CEHCMHYECKUX YCKOPEHUH mpeacTaBiieH Ha puc. 4. C TOUKU 3peHHs
MPOYHOCTH TypOoarperaTa HHTEPECHBI YPOBHU 3 ¥ 8, ypoBHU 2 U 3, 5 U 6 XapaKTepU3yIOT U3MCHCHHUS celicMUYe-
CKUX YCKOPCHHUIl MpH MPOXOXKICHUU Yepe3 CCHCMOM3OIMPYIONMIMNA CIIOW, OCTATBHBIE YPOBHU OBUTH BKITIOYCHBI B
pacuer AJisl MOJTHOTHI UCCIICI0BAHMUS CEHCMUYECKOTO MOBEJICHHUS BCETO 31aHUs TYPOUHBI B IICTIOM.
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JJ1 KOMITIEKCHOTO aHAJIM3a CEHCMUYECKUX YCKOPEHHH Ha OTMETKE YCTaHOBKH TypOoarperara u JpyTrux
OTMETKax OBbLIN BEIYUCIICHBI CIIEKTPhI OTKIIMKA CEHCMUYECKUX YCKOPEHHI.

CeiicMuueckye NMEpPeMEILECHUs ONPEAesUINCh KaK B3aUMHbIE CMEIICHUS Y3JI0B HaJ U IMOJ U30JSTOpaMu
(medopMari M30JIATOPOB), a TaKXKe KaK B3aWMHBIE CMEIICHWS HECKOJNBKHX Iap TOYEK, PACIONOXEHHBIX Ha
¢byHaaMeHTe TypOoarperara U OTMETKE 00CTYKHBaHUSI COOTBETCTBEHHO.

Pe3yabTaTthl 1 00cy:K1eHUE

B cBs3u ¢ Tem, uTo ans GyHIaMEHTOB TypOOarperaroB KpUTHYHBIM C TOYKH 3PSHUS CEHCMUYECKHX yCKO-
PEHHSI SBISIETCSI OCEBOE HaNpaBJeHHe (HApaBJeHHE 10 TI00aIBHOM OCH X pacyeTHOMN CXEMBI), HIKE TIPECTaB-
JIEHBI BBIYUCIICHHBIE CIIEKTPBI UMEHHO JIJISl HETO.

[Ipu gacroTax BbIIIE HEKOTOPOTO Tpenaena f = fyun YCKOPEHHUS TP IOOBIX 3aTyXaHUSX OJWHAKOBBI U
paBHBI 3HAUEHUIO, IMEHyeMOMY yCKopeHreM HyseBoro nepuosa (YHII). 3to 3naunT, 94TO B IHama3oHe 9acToT
BBIIIE fynr OCHUIUISATOP PearupyeT Ha BO3MYIICHHE TPAKTHUECKH KaK TBEPIOE TENO («OCHMILISTOP C MIEPHOI0M
paBHBIM HYJIO»), €r0 OTHOCUTEIILHBIC YCKOPEHHUs MpeHeOpeknuMo Manbl. HBIMU clioBaMH, 3aKOH KOJICOaHHIA
€ro Macchl aHAJIOTHYEH akceieporpamme. llpu 3emierpsiceHnn 3HaY€HHME YacTOTHI fyur OOBIYHO MEHBIIE JTHO0
paBuo 33 I'm [1].

Pe3ynbpTaThl pacyeToB CHEKTPOB CEHCMUUECKUX YCKOPEHUI B OCEBOM HAIPaBJICHUU MPU S5 %-HOM 3aTyXa-
HUU TIPEJICTABJICHBI HA pUC. 5 U B Ta0n. 3. Pe3yibTaThl BEIYMCICHNS MAaKCUMAIBHBIX CEHCMUYECKUX CMEIICHUN
TpeacTaBiieHbl B Ta0u. 4. Ha puc. 5 mBera kaxmoro rpadguka COOTBETCTBYIOT I[BETaM CIICKTPOB BO3ICHCTBHIA,
MIpeJICTaBJIEHHBIM B Ta0J. 2 1 Ha puc. 3.

AHanm3upys pe3yibTaThl, MPEICTaBIeHHbIC B TA0N. 3, BUANM, YTO MIPH MaKCHUMaJIbHON aMILTUTYIE Cei-
CMHYECKOTO YCKOPEHHs HCXOIHBIX akceneporpamm, pasHoit 1 m/c? (0,1 g), y’ke Ha HWKHEH TUTHTE 3/aHUS Typ-
OMHBI MOSIBIAETCS pa3HUIA B aMIUTUTYyAax cedicMuueckux yckopenuit 10 40 %. Pacuernas mozens 31aHus Typ-
OMHBI MMEET CIIOKHYIO KOH(UTYpalHio, HECOBIAJACHUE IIEHTPa Macc, IIEHTPa >KECTKOCTH M T€OMETPUIECKOTO
[EHTPA, YTO MPUBOJNUT K OTCYTCTBHUIO SIBHBIX (POPM KOJIeOaHHIA B OCEBOM HarmpaBieHHH (10 TI00abHOi och X).
Ecnu npoananu3upoBath HaKOIUIEHHE MOJAIBHON HAarpy3KH IO HAIpaBJICHUIO TI00albHONM ocH X ¢ yBEIWYEHU-
€M YacTOThI, JIJIS JAHHOW pacueTHOM cXeMbl YBUAMM clieayromee: k yactore 9,0 I'n nakamnusaercs 50 % mo-
JadbHOU Harpysky, K yactote 20,5 ' — 70 %, x wactote 24,7 I'u — 90 %.

Tabauya 3
YHII B 0ceBOM HanpasJieHHH, M/c?
[Table 3. Zero period acceleration in the axial direction, m/s?|
OTtmertka [Level] 1_NP 2 RG 3 HAF 4 NE 5 CE 6 CE* 7 FA 8 FA*
| = HIoKHsA ITa 131 1,18 1,42 1,40 1,13 1,04 0,97 1,01
[bottom plate]
2 — OTMETKAa YCTaHOBKH H30-
JITOPOB NI01 KOHCHCATOpAMH) ) 4 2,04 2,22 2,73 1,97 1,38 1,12 1,68
[level of insulators installation
under the condensers]
3 — Ha KOHJICHCATOpaX 1,92 1,59 1,78 1,61 1,36 1,14 1,17 1,08

[on the condensers]

4 — mepeKphITHE INPOMEXKY-
TOYHOE 5,28 4,18 5,24 3,77 3,74 3,79 2,77 4,17
[intermediate floor]

5 — OTMETKa YCTaHOBKH H30-
saropoB nox ®TA

. . . 5,73 5,13 6,05 4,42 4,26 5,16 3,90 4,56
[level of insulators installation
under turbine unit foundation]
6 - dTA
[Turbine unit foundation] 2,50 1,96 1,66 0,96 1,01 1,54 1,68 0,97
7 — oTMeTka 0bcyKHUBaHHs 6,67 5,65 6,67 4,63 4,66 5,38 4,04 5,14
[service level]
8 —na oGopynosanuu 2,60 2,02 1,77 1,01 1,08 1,58 1,65 1,06
[on the equipment]
9 — BepX KOJIOHH 6,84 6,00 7,18 5,67 524 5,35 3,71 5,61

[top of columns]
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Puc. 5. CriekTp OTKIIMKA CeHCMHUYECKUX YCKOPEHHH Ha 000PYI0BaHHHU B OCEBOM HAIIPABJICHHU
[Figure S. Seismic accelerations response spectrum at the equipment level in the axial direction]

Taxum 00pa3oM, OCHOBHOM BKJIaZ B KoeOaHUs 34aHUS TYPOMHBI B OCEBOM HAIPABJICHUH [T BEIOPaHHBIX
JUHAMHYECKUX XapaKTepUCTUK OCHOBAaHMS IPEHMYIIECTBEHHO 0oOyciaBiuBaercs (opMamu ¢ 4acTOTaMH OT 3
1o 25 I'u. B cBsi3u ¢ 3TUM aKkceleporpaMMbl, CHHTE3UPOBAHHBIE U3 CIIEKTPOB, HIMEIOIINX B BHIIIEYKAa3aHHOM JHa-
na3one Oonpiue yckopenus (1_NP, 3 HAF, 4 NE), BoI3biBatoT 60BN OTKIMK CEHCMUYECKUX YCKOPEHUI Ha
(GbyHIaMEHTHON MJNTE 30aHUS TypOUHBI, HEXKEJIN OCTaJIbHBIE. AHAJOIMYHO MOXHO CKa3aTh M 00 OCTAaJIbHBIX OT-
MeTKax 3/1aHus TYpPOUHBI.

1.11-00:

Mode 2: Freq. =1.4172,

1.04-00:

9.63-00

8.89-00

8.15-00

7.41-00

6.67-00

5.93-00

5.19-00

4.45-00

3.71-00

2.96-00

2.22-00

1.48-00:

7.42-00

Puc. 6. OcuoBHasi popma KosedaHHil BHOPOH30IHPOBAHHOTO (yHIaMeHTa TypOoarperara B OCEBOM HaIPaBJICHUH
[Figure 6. The fundamental mode of the vibration-insulated turbine foundation in the axial direction]

Jist GonpIIMHCTBA BHOPOU30IMPOBAaHHBIX (PYHIAMEHTOB TypOOarperatoB 4acTOThl OCHOBHBIX ()OPM KO-
nebaHuil B OCEBOM HaIpaBIICHUHM HaxonsaTcs B quanasone 1-4 I'm. Ha puc. 6 mpezacraBieHa ocHOBHas (opma
Kosie0aHuii BHOPOM30IMpOBaHHOTO (pyHIaMeHTa TypOoarperara B OCEBOM HAlpaBICHHWH, YKPYITHEHHO MMOKa3aH
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BHOPOM30IUPOBAaHHBIN (pyHIaMEHT M MOJOMOPHBIE KOHCTPYKIHMH. YacToTa, COOTBETCTBYIOMAs JaHHOUN (opme
JUIST KOHKPETHOM pacdeTHOU cxeMbl, cocTaBisieT 1,42 ', Ha mannoit gactore criektp 1 NP mmeer nmukoBoe 3Ha-
ueHne yckopeHus 2,75 M/c?, 4To IPHBOJAUT K MaKCHMATbHOMY TIONydeHHOMY 3HadeHHIo oTkanka ®TA B oceBoM
HaInpaBlIeHnH, paBHOMY 2,6 M/c* (0,26g). Criektp 2 RG Ha wacToTe 1,42 'l NMeeT TMKOBOE 3HAYEHHE YCKOpE-
ausg 2,07 M/c’ 4TO NMpPHBOAMT K 3HaueHMIo oTkiuka ®TA B oceBoM HampasieHuu, paBHoMy 2,0 m/c® (0,2g).
B cBoto ouepensb, cnektpbl 4 NE, 5 CE u 8 FA* uMeror MakCUMalIbHbIC UKH B TUANIa30HE 4acToT Bhimie 4 [,
a Ha yactote 1,42 ' umerot yckopenus 0,51; 0,78 u 0,35 M/c? COOTBETCTBEHHO. JIaHHBIE OTHOCHTEIBHO «HEBbI-
COKHe» 3HaYeHHs MPUBOJAT K 3HaUeHHI0 oTkInka ®TA B oceBoM HanpasieHun okomno 1,0 m/c? (0,1g).

Tabnuya 4
MaxkcumanbHble ceiicMuUYecKHe nepeMeiieHusi, MM
[Table 4. Maximum seismic displacements, mm]
IIapa y3n08 [Pair of nodes] 1_NP 2 RG 3 HAF 4 NE 5 CE 6 CE* 7 FA 8 FA*
BuOpPOU30IISITOP 1101 KOHICHCATOPOM
[Vibration isolator under the condenser] 14,6 11,0 73 29 45 70 10,2 3.7
Bubpomsonstop mog ®TA
[Vibration isolator 45,8 42,5 32,2 12,7 21,3 29,6 34,7 16,2
under the turbine unit foundation]
Ormetia obcnyxusarmus GTA 53,0 49,5 34,6 15,8 243 34,5 38,1 20,1

[Turbine unit foundation service level]

KauecTBenHo kapTuHa AedopMmanuil M30JIATOPOB M B3aUMHBIX CMEIEHHUI Map TOYeK, HAXOIAIUXCS Ha
¢bynmzamente Typboarperara 1 Ha OTMETKE OOCITy>KMBaHHMSA, MIOBTOPSIET KAPTUHY PACHPEACICHUS] OTKIUKOB Ceii-
CMHMUYECKHX YCKOPCHHH 110 OTMETKaM 3/1aHusI TypOuHbl. bonbline yckopeHus BBI3BIBAIOT OOJIbIINE HHEPLIMOHHbIE
CHIIBI |, KaK CJIEJICTBHE, Oonbine nepeMemieHuns. Hanpumep, HanOosbee 3HaueHne yckopenus: Ha OTA, pas-
Hoe 2,5 M/c? u focTuraromeecs npu BoszeiictBu 1 NP, IpuBoauT K AedopMaIusM B BEPXHHUX H30IATOPAX J0
45,8 mm. B cBoro ouepens, BoszeiicTeue 4 NE u cooTBercTByIomee emy yckopenne Ha OTA, pasrnoe 1,0 m/c?,
MIPUBOJHUT K ehopMaITisaIM BEPXHUX U30JISITOPOB JIUIIH 10 12,7 MM.

3akjaroueHue

Hcxonst U3 MoTy4eHHBIX pe3yIbTaTOB UCCIIEOBAHNS, MOYKHO 3aKIIFOYUTh CIIeIyolIee:

1. Ilpu BBIIOTHEHNN CEHCMUYECKOTO pacueTa BUOpOM30IUPOBAaHHOTO (yHIaMeHTa TypOoarperara Ha ak-
CceJicporpaMmabl C OI[HHaKOBOﬁ MHTEHCUBHOCTHIO — MaKCUMAaJIbHBIM 3HAYEHHEM CEHCMHYECKOTr0 YCKOpPCHUA, paB-
ueiM 1 M/c? (0,1g), HO ¢ pa3IUUHBIMHU 3HAYEHUAMH TIPEOOIIANAIONINX YACTOT BO3CHCTBHS, IONTYYEHBI 3HAUCHHS
OTKJIMKA CEHCMUIECKUX YCKOPSHHUH Ha (DyHIAMEHTE B OCEBOM HAlpaBIICHHUH, OTIMYAIOIIHECs Ooiee 4eM B 2,5 pasa.
CelicMuyeckne TepeMeneHnss KOHCTPYKIMU BUOPOW30IUPOBAHHOTO (DyHIAMEHTa TMPU ITOM OTIMYAIOTCS TO
3HA4YCHHIO OoJiee ueM B 3 pasa.

2. Beimen3noxeHHbli (hakT CBHIETENECTBYIOT O 3HAYUTEIHHOM BIUSHUH Pa3IMIHOTO YaCTOTHOTO COCTa-
Ba CEMCMHYECKOTO BO3JCHCTBHUS Ha CEHCMOCTOHKOCTH BHOPOHM3OJUPOBAHHBIX (YHIAMEHTOB TypOOarperatros.
o 3ol MpU4KMHE 0OCOOEHHO BaYKHO B CaMOM Hayajle MPOSKTHPOBAHUS BUOPOM30JIMPOBAHHOTO (yHAaMEHTa TypOO-
arperara He TOJIBKO yYeCTh BEIIMYMHY MaKCHMAIIBHOTO YCKOPEHHUS MCXOJHOTO CEHCMHUYECKOTO BO3JEHCTBHA,
HO U JI€TalbHO U3YYUTh YaCTOTHBIA COCTAB CEMCMHUYECKOIO BO3IECUCTBHUSI.

3. Ceiicmuueckuii criektp, ykazanuelii B HI1-031-01, umeer upe3BpIuaitHO MIMPOKHI JUANa30H 4acToT,
COOTBETCTBYIOIINN MUKOBBIM YCKOPEHHUSAM, YTO MPUBOJIUT K CHJIIBHOMY KOHCEPBATU3MY IPHU €r0 HUCIOIb30BaHUU
B YACTH CEHCMOCTONKOCTHA BHOPOM30IMPOBAHHBIX (DyHIaMEHTOB TypOoarperatoB. Ero MoKHO MCIIONB30BaTh Ha
CTagu 00OCHOBAHMSI MHBECTUIIUH U TPH pa3paboTKe MPOEKTOB YHU(OUIIMPOBAHHBIX OJIOKOB aTOMHBIX CTAaHITHH,
OJIHAKO Ha CTAJUSAX MPOCKTa U pabOyero MpOeKTUPOBAaHUS HEOOXOIUMO UCIOIb30BATh CEHCMHUYCCKUE CIIEKTPHI
KOHKPETHOM IJIOMIaIKK CTPOUTEIBCTBA.
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Hcropus cratbu AHHoTanus. CTaThs IOCBAILIEHA MOJECINPOBAHUIO U BU3yalnu3alud oOpa3oBaHUs
IMoctynuna B penaxuuto: 11 HosOps 2020 r. IUIOCKOHOCOTO (KypHOCOr0) Joziekasapa Ha Oase mozpekasnpa Ilinarona. Ilemu uccie-
Jlopabotana: 27 nexadpst 2020 r. JIOBaHUS — pacyeT MapaMeTpoB YCEUSHWsI JOJEKadapa Ui OINpPENeNICHHs BEITUIHHBI
[punsra k nyonukarmu: 21 saBaps 2021 r. pedpa IIOCKOHOCOTo J0AeKadIpa, MOJCIMPOBAHME W BU3yalIW3alMs Ipolecca ero

(opmupoBanus. OOpa3oBaHKe TpaHEeH IUIOCKOHOCOTO JOJIEKas/ipa COCTOUT B yceue-
HHM pebep M BepIMH Jozekadapa [lnaTtoHa ¢ mocieIyromyM MOBOPOTOM HOBBIX Ipa-
HEll BOKpYT MX IIEHTpOB. BenuuuHbl ycedeHust pedep nozeKasapa, yria noBopora
rpaHel U JUIMHBI peOpa MIOCKOHOCOTO J0/IeKadpa — IapaMeTpbl TpeX ypaBHEHHH,
COCTAaBJICHHBIX KaK pPacCTOSHUS MEKIy BEpIIMHAMH TPEYTOJIbHUKOB, PACIIOJIOKEH-
HBIX MEXAY IPaHsAMH KypHOCOro Jojekadjpa. PelieHue ykazaHHBIX ypaBHEHUI
BBINOJIHAJIOCH METOJIOM IIOCIIEA0BATENbHBIX MPUOIIMDKEHUH. Pe3ynbTaThl BhIUHC-

JI;1si uMTHPOBAHHUS JIEHWH WCIIONIB30BAJIKCH JUIS CO3JAaHMS AIIEKTPOHHOW MOJIEINH IIOCKOHOCOTO J0/IeKa-
Pomanosa B.A., Cmpawnos C.B. Monenupo- SMIpa ¥ BU3yalnHu3aluuK ee o0pa3oBaHus. PerieHne nocTaBieHHON 3aa4yk B 1IEJI0M
BaHME U BU3yalM3alis 00pa30BaHKS IIOCKO- ocymecTBisuIoch B cucreMe AutoCAD ¢ ucrosnb30BaHHEM NMPOrpaMMbl Ha S3bIKE
HOCOTO jofeKadipa B cucteme AutoCAD // AutoLISP. CoznaHo mporpaMMHOe oOecTieueH e I pacyeTa mapaMeTpoB MOIEITHPO-
CTpOI/ITeJ'II)Haﬂ MEXAaHUKa WHXCHEPHBIX KOH- BaHW INIOCKOHOCOI'O J0ACKa’Apa U BU3yalln3alluu €ro q)OpMI/IpOBaHI/lﬂ.
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Article history Abstract. The article is devoted to modeling and visualization of the formation
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dodecahedron consists in the truncation of the edges and vertices of the Platonic do-
decahedron with the subsequent rotation of the new faces around their centers.
The values of the truncation of the dodecahedron edges, the angle of rotation of
the faces and the length of the edge of the flat-nosed dodecahedron are the parame-
ters of three equations composed as the distances between the vertices of triangles
located between the faces of the snub dodecahedron. The solution of these equations

For citation was carried out by the method of successive approximations. The results of the calcu-
Romanova V.A., Strashnov S.V. Modeling lations were used to create an electronic model of the flat-nosed dodecahedron and
and visualizing of the formation of a snub visualize its formation. The task was generally achieved in the AutoCAD system
dodecahedron in the AutoCAD system. using programs in the AutoLISP language. Software has been created for calculating
Structural Mechanics of Engineering Con- the parameters of modeling a snub dodecahedron and visualizing its formation.
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BBenenue

JIBe THICSYM JIET O Hallel 3pbl YeNOBEUECTBY OBLIM U3BECTHHI MHOTOTPaHHUKHU. B Te manekue BpemeHa
STHIITSHE, BABWIOHSIHE, KUTAUIILI YMEIHU BBIYUCIATh 00BEM, TUIOIIA/h, YIJIbI U3BECTHBIX UM MHOTOTPAaHHHKOB.
B marom Beke mo Hameit 3ps1 yaeHsiMu [Inaropeiickoil MKoIb APEBHUX IPEKOB OBUIH U3YUCHHI IISITh TPaBUIIb-
HBIX MHOTOTPaHHUKOB, onucaHHBIX [ImaTonom (427-347 no H. 3.) ¥ Ha3BaHHBIX B €ro YecTh. [lepBoe ompenere-
HUE TPaBUJILHOTO MHOTOTpaHHUKa gaHo EBkmumaom (325-265 mo H. 3.).
I'pevyeckum matematukoM Apxumenom (287-212 no H. 3.) B pabore
«O MHOTOTpaHHHWKaxX» OMHCAHBI TPHHAIIATH ITOIYIMPAaBHIBLHBIX MHOTO-
TPaHHUKOB U JIaHbl X PHCYHKH. Kak/iasi TpaHb TaKOro MHOTOTPaHHHKA —
MPaBWILHBIA MHOTOYTOJIbHHUK, BOKPYT BEPIIMH KaKIOW I'PaHU PacIioia-
TaroTCs IPaBUIIbHBIE MHOTOYTOJIBHUKY OJIMHAKOBOM, HO JPYTOH (OPMEI,
B O/IMHAKOBOH TOcIenoBaTenbHOCTH. OTMedaeTcs], 9To ApXUMeIOBHI Tena
MOTYT OBITH TIONy4eHbI U3 [1NaTOHOBBIX Te, MpUYEM AEBSITH U3 HUX — yce-
yeHreM [11aTOHOBBIX TeJ, elle JABa — BTOPHIM yCEUSHHEM, a KypPHOCHIH
Ky0 M KypHOCBIH JoieKka’ap (puc. 1) — mepeMeneHneM rpaleit qomeka-
37pa HapyKy U MMOBOPOTOM UX BOKPYT cBOMX HEeHTpOB [1]. Kemtep mep-
BBIM OITyOJIMKOBAJT TOJTHBIN CIIMCOK TPUHAIATH APXUMEIOBBIX Tel U lall  Puc. 1. II10ckoHOCHIH (KYpHOCHIT) 101eKadp
MM Ha3BaHUs, KOTOPHIMU MBI TI0JIb3yeMcsl B HacTosimiee Bpems [1; 2]. [Figure 1. Snub dodecahedron]

C Tex mop 4eIOBEYECTBO IOCTOSHHO MOIOJHIET CBOM 3HAHWS B 00JIACTH HAYKHW O MHOTOrpaHHukax. Oc-
HOBHBIMH MOTHBaMH NPOJIOJDKAIOMINXCSA HCCIEOBaHMI MHOTOTPaHHHUKOB SIBIISIOTCS MX KpacoTa U TapMOHHSL.
B nHacrosimee BpemMsi OHH HCIIONB3YIOTCS B 00pa30BaHUM MHHOBAIMOHHBIX (DOPM, KOTOPBIE MPEACTABIISIOT UHTE-
pec s apxXuTeKTopos [3; 4].

CoBepIIeHCTBYIOTCS. METOIbI (POPMUPOBAHUSI MHOTOTPAaHHUKOB. MOJIENH TONYNPABIIBHBIX MHOTOTPaH-
HUKOB CO3JAIOTCSl C IOMOLIBIO Pa3BEPTOK [5; 6], yceueHuUs! MpaBUIbHBIX MHOIOTpaHHUKOB [7]. 3BecTeH MeTon
(opMEpPOBaHMS TIOCKOHOCOTO AOAEKAdApa’, TI0 KOTOPOMY AAMUY20NbHbIC 2PAHU GbIMALUEAIOMCA HAPYICY HA
6EUYUHY HECKOIbKO MEHbULYI0, YeM TIPUMEHAEMYIO I pOMOOHWKOCOI0IeKadIpa, ¢ 00pa3oBaHHEM MPOMEKYT-
KOB NPAMOY20AbHOU pOpMbl MEKAY TPAHSIMH, a 3aTEM BBITIOIHSACTCS MOBOPOT I'paHel IIIOCKOHOCOTO I0/IeKadapa
o 00pa3oBaHuUs B YKa3aHHBIX MPOMEKYTKAX MPABHIBHBIX TPEYTrOILHUKOB, CTOPOHBI KOTOPHIX PaBHBI CTOPOHAM
MATUYTOJBHBIX Tpaneit [§8; 9].

[Ipeanoxen meton GopMUPOBaHHS IIIOCKOHOCOTO HOJEKa’pa U3 COBIAAAIONINX C TPaHsSIMH AOAEKadapa
12-Ti MpaBUIIBHBIX MSATHYTOJIBHUKOB, MEXIY BEPUIMHAMH KOTOPBIX UMEIOTCS PACCTOSHHUS, paBHBIC JIIMHAM WX
cropoH. [lonokeHre MATHYTONBHBIX TPaHEH BBITOTHACTCS SKCIIEPUMEHTATRHO [4].

B pabote (5) npemaraercst [Ba BapuanTa 00pa3oBaHHs TNIOCKOHOCOTO JI0JIEKadIpa:

— KOHCTPYHMPOBAaHHE MHOTOTPaHHUKA U3 12 MpaBWIBHBIX MATHYTOJBHBIX TUpaMu U 80 MPaBMILHBIX TPE-
YTOJNBHBIX THPaMUT;

— 0o0nuIOBKa TBEpHO# chepbl nuamerpoM D NMPaBWIBHBIMH NSATHYTOJNBHUKAMU M MPAaBHILHBIMU Tpe-
YTOJNBHUKAaMHU CO CTOPOHOM @, ONpeaessieMOi U3 COOTHOLICHUS:

! Snub dodecahedron. URL: https://wiki2.org/en/Snub_dodecahedron (nata o6parmenus: 10.01.2021); Snub dodecahedron. URL:
https://www.wikiwand.com (maTta o6pamenus: 10.01.2021).
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azz,

rae D — nuametp cdepbl, OMMCaHHOW BOKPYT JAHHOTO MHOTOTpaHHHKa; C — KOHCTaHTa, OMyYeHHAss aBTOPOM,
C=2,155837375...

[NosiBysIFOTCS PaOOTHI TIO MCIIOIB30BAHUIO 30JI0TOTO CEYCHUS U 30JI0TBIX MHOTOYTOJIBHUKOB JIJISl [TIOCTPOE-
HUS MKOCadIpa, AoAekasapa u Ten Apxumena [10; 11], mo onpeneneHuo napaMeTpoB MIOCKOHOCOTO TOAEKadI-
pa mocpeICTBOM KOMIBIOTEPHBIX TexHONorui [12; 13]. Pa3zpaboTansl criocoObl BU3yan3anuu oOpa3oBaHus 1o-
BEPXHOCTEH MHOTOTPaHHHUKOB B Takux cpeaax, kak AutoCAD n MathCAD [14-23].

B HacTosmem ucciaenoBaHUH MPOIOKASTCS TeMa 0 MOJCTHPOBAHUH W BU3yalIM3allid 00pa30BaHUs TO-
BEPXHOCTEH TMOYIPABMIBHBIX MHOTOTPAaHHUKOB KHHEMATHIECKHM MeToJoM B cpene AutoCAD ¢ ucmons3oBa-
HHUEM NporpaMM Ha si3bike AutoLISP.

B npenpiaymmx craThsx OBUIM PacCMOTPEHBI YCEUCHHBIM TETpadp, YCECUCHHBIM OKTadap, yCCUCHHBIH
WKOCad/p, YCEUYECHHBIA NOAEKadJp, WKOCOMOMEKadAp, YCEUEHHBIH HMKOCOMOMIEKadaAp W POMOOMKOCOMOAEKAdIP.
[IpuopuTeT B HACTOSIIIIUX UCCIIEIOBAHUAX OT/AAH TUIOCKOHOCOMY (KYPHOCOMY) JAOJEKadIpy.

[TnockoHOCHIH (KypHOCHI) HoAeKadAp SBISETCS OAHUM U3 TPUHAIUATH Tel Apxumena. Y Hero 92 rpanu
JIBYX BUAOB: 12 IpaBUIBHBIX MIATHYTOIFHUKOB U 80 paBHOCTOPOHHUX TPEYTOIEHUKOB.

B npencraBnenHoit paboTe mccieayeTcss BO3MOKHOCTh BH3yalTM3aIlH IIporiecca 00pa3oBaHus IIIOCKOHO-
coro (kypHocoro) goaekasapa B cucreme AutoCAD.

Pewenue nocraBieHHON 3ajauM BBINONHSETCS] HOCPEACTBOM MporpamMmsl Ha s3bike AutoLISP u Bkmrodaer
CJIeTyFOIINE ITAITBI:

1) onpenesieHre BEMUYUHBI peOpa IIOCKOHOCOTO J0JICKadIpa;

2) pazpaboTka METOUKH 00pa30BaHMs IUIOCKOHOCOTO AojAeKasapa B cucteme AutoCAD;

3) Bu3yanuzanusi pOpMHUPOBAHIS TNIOCKOHOCOTO JoIeKadIpa.

Onpez[e.ﬂelme BCJIMYINHBI peﬁpa MJIOCKOHOCOI'0 J01€Ka‘dapa

[Ipenmonaraercsi, 4To TpaHU IIOCKOHOCOTO NOJEKadipa o0pa3yrTCs IMOCPEACTBOM ycedeHHs pedep u
BEPIIUH JI0JIeKadpa ¢ TOCIEIYIOIINM BpallleHHEM HOBBIX MPABWIIBHBIX IMSATHYTOJNBHBIX TPaHeld BOKPYT MX IICH-
TpoB. MexXly MSATHYTOJBHBIMH TPaHAMU 00pa3yeTcs MPOCTPAaHCTBO, B KOTOPOM TIPH OTNPEAEICHHBIX YCIOBHUIX
HNMECTCA BO3MOXHOCTL PACIOJIOKHUTE IO ABa PABHOCTOPOHHHUX TPEYTOJIbHHMKa CO CTOpOHAMH, paBHBIMHU CTOPO-
HaM TMATHYTOJILHBIX rpaHeid. [Ipu 3TOM oflHa U3 CTOPOH Ka)IOTO TPEYTOJbHHUKA SBISETCS TAKXKE CTOPOHOM Iisi-
TryronsHUKA. [lo Kaxkmoi BepIuHOI 101eKadJpa yCTaHABIMBACTCSA TPEYTOIBHIK, CTOPOHBI KOTOPOTO TIPUHA-
JIeXKAT TAKKEe CTOPOHAM YCTaHOBJICHHBIX PaHEE TPEYTOJILHUKOB (pHC. 2).

%5

Puc. 2. O6pa3oBanue rpaHeil KypHOCOTO JOAEKadApa
[Figure 2. Formation of the faces of the snub dodecahedron]
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CrnemoBaTenpHO, €CIIA TPEYTOJBHUKHA MEXIy TPaHAMH TUIOCKOHOCOTO JOJIEKad/ipa SIBIAIOTCS PaBHBIMHU H
PaBHOCTOPOHHHMH, TO BCE TPEYTOJIHHHUKH TUIOCKOHOCOTO JOEKadpa SBISIOTCS PAaBHOCTOPOHHUMH U PaBHBIMU
MEX]Ty cOOOi.

Ha puc. 2 uzobpaxens! Tpu rpanu [1,, I, u I1; nonexasnpa [InaToHa, Tpu TpaHu TIOCKOHOCOTO JIOACKAdpa,
pacIoyioKeHHbIE B IUIOCKOCTSIX rpaueil I14, 1, u I3, nBa TpeyronpHuka A1 A,C;, A, C,C;, pacTionoKeHHbIE MEXTY
cropoHamu 44 Cy u A, C, MIOCKOHOCOTO NOAEKa3Apa U TpeyronbHuK A1 A, A3 o BepimHoil A fonekasapa.

B ugepTexe ycTaHOBIIEHBI TpH CHUCTEMBI kKoopauHatT: Oxyz B cepeaune pedpa AC, 01Xx1Y121 ¥ 02X5Y52,
B 1ieHTpax 0, u O, NATUYTOJBHBIX TPaHeH 1oaeKadpa.

HcxoaHpIM mapaMeTpoM SIBISIETCS painyc TOKPYKHOCTH, OITMCAaHHON BOKPYT MSATHYTOJIBHUKA JOJeKadapa
[Inarona.

Panmyc okpy>KHOCTH, OIIMCAaHHOW BOKPYT MSATHYTOJIBHHUKA TUIOCKOHOCOTO JOJEKadpa, ABISIeTCs (YHKIIH-
elt oT yceuenus ero pedep r; = f(del) u paBen

r+cosB—del
Tl =

) ©)
rae 3 — yrou, paBHbii 36°; del —BenuunHa yceueHus rpaHedl A0[eKa’Ipa; I — Paiuyc OKPYKHOCTH, OIMCAaHHON
BOKPYT MATHYTOJbHUKA J0ACKadIpa.

Paccmotpum tpeyronpauk A,C,C; (puc. 2).

KoopnuHater Touek A;, A,, C; u C, sBusorcs GyHKIUAMHA Kak OT mapamerpa del, Tak m ot yrma o.
YToJ o BBIYMCISETCS U3 BBIPAXKCHHS

cosf

a=p-35, )

rae 8 — yroi moBopoTa rpaHel MIOCKOHOCOTO TOIeKad[pa OTHOCUTEIBHO UX [IEHTPOB.

YToOBI OMpeeNuTh BEJMYHHY pedpa TIIOCKOHOCOTO JOICKadApa, HeOOXOMMMO HAWTH TaKKe 3HAYCHUS MapameT-
pos del u o, ipu KOTOPBIX TpeyronbHuku A, C,Cy 1 A, C; A, SBISIOTCS PABHOCTOPOHHUMH U PaBHBIMH JIPYT PYTY.

'eomeTpryeckn paBeHCTBO BCeX CTOPOH TpeyronbHuka A,C,C; mocturaercs, ecinu rpauku GyHKUIU
A,C; (a), C,Cq () u A,C, (), n300paxkeHHBIE B cCHCTEME KoopauHaT Oay, mpu HEKOTopoM yceuenuu del mepe-
cekarorcst B ogHoi Touke P(a, y) (puc. 3).

[pu npyrux 3HaueHus1X napameTpoB del u o rpaduky yka3aHHBIX 3aBUCHMOCTEN MPeACTaBICHBI Ha pHC. 4.

Jl71s1 uckomoro yceueHus

[For the desired truncation] M)::I del=25
! eps,
MM | alfg=22.8936°
C2Cl(a)
~
E T % \\\ %y:AZCl((X) epsl
28 4202 \
S e ~
8% N X y=42C2(a)
5o 2 \
< = Q \,
£'S v <
5 o A2C1(a)
5 = -
3 B y=cz2c1(«)
/M eps2
5
0 o ol del,
o 5 4 MM
ITosopor rpaneii, ° Q,rpaz. \
[Rotation of the faces, °] 0 4
Puc. 3. YcioBue paBeHCTBA TPEyTrOJbHUKOB Puc. 4. I'padyky 3aBHCUMOCTH CTOPOH Puc. 5. I'paduxu GpyHKImii
A,C,ComAy,CiA, — TpeyronbHuKa A,C,C; OT yria o epsl(del) u eps2(del)
nepeceycHue rpapuKoB B OJHOM TOUKe P [Figure 4. Graphs of the dependence of sides [Figure 5. Function graphs
[Figure 3. Equality condition of triangles of the triangle A,C,C; from an angle o] epsl(del) and eps2(del)]

A,C,C; and A,C1A, —
intersection of graphs at one point P]
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Jis xakmoi napel napameTpoB del U o UMeeTCsl OTKIIOHeHHE 3HaUeHUH BhIpaxeHuit A,C; () u C,C; (o)
OT JUIMHBI CTOPOHEI A, C, (puc. 4):

epsl = AzCz - C2C1,
epSZ = A2C2 —A2C1.

Benmmuaunst epsl u eps2 — aOCOMOTHASI IOTPENTHOCTD BHIYUCIICHHMN.
CtopoHa, SBISIONIAsCS IPAHbIO IIOCKOHOCOTO OIeKadIpa, OMPEAeseTCs U3 BRIPAKCHUS

A,Cy, = 2 x 1y (del) * sin B,

YTO YKa3bIBa€T Ha 3aBUCUMOCTh €€ BEJINYMHBI TOJIBKO OT mapamertpa del.

Brrpaxenus ans onpenenenus ctopoH A,C; u €, COCTaBISIOTCS KaK pacCTOSAHUS MEXAY COOTBETCTBY-
IOLIMMH TOYKaMU B cucteMe OXxYyz U ABISIOTCA QYyHKUUSAMH OT mapaMeTpoB del u o. DTH BBIpaXKEHUS TPAaHCLICH-
JCHTHBI, TIOCKOJIBKY COJIepXKaT TpuroHomerpuueckue GyHknuu. B cBs3u ¢ stum mapamerpst del u o, a takxke
BEJIMYHMHA Pedpa IIOCKOHOCOTO J0/ICKadipa MOTYT ObITh BBIYMCIICHBI TPUOIMKEHHO, C 3aJaHHONH TOYHOCTBIO €.
YcnoBueM ompeeneHns BeIMYHHBI pedpa IIOCKOHOCOTO A0JeKadipa ABIsSeTCs

lepsl| < ewu |eps2| < . 3)

Jlnst BBINONIHEHHUST HEOOXOJUMBIX BBIYMCIIEHHH HCIIONB30BAJICSl METOA UTEpaLuil, peanusanusi KOTOpOro
o0ecrieunBanzach mMporpaMmMon, co3ganHol Ha s3bike AutoLISP. 3aBucumocTu epsl u eps2 ot mapamerpa del
MIpH 33JaHHOM BeNMYWHE O TIPUBEACHHBI Ha puc. 5. Pemenne Haxomutcs Ha wHTepBane [31, 32], rue y QyHK-
uii eps1(del) u eps2(del) 3Haku BeNUUUH U3MEHSIOTCS.

ANroputM pelieHus BKIIYACT [Ba LIMKJIA BBIYUCICHUH, BIOXKEHHBIX OPYyTr B Apyra. Bo BHemHeM nukie
3a7ar0Tcs 3HaUCHHMs yria o u3 uaTepsana [0, B].

Bo BHyTpenHeM nukie ¢ napameTpoM del BEIYUCISIOTCS KOOPAUHATH ToUeK Ay, Cy, €1, BETUUYNHBI CTOPOH
A,C,, A,Cy, C,Cy u iorpemHocTeit epsl, eps2.

Benuunna abcomoTHOM MOTPENTHOCTH € MPUHUMAETCS paBHON

€ =0,00001 mm.
[pu Bemonnennu yenorus (3) u pu r = 90,0 MM TOJTyYeHBI CIEAYIONINE PE3yIbTATHI:
del = 31,8826 MM,
§ = 13,1064,
A:Cr=A4,C;=C,Cr=a=59,4732 MM,

IJie a — BeIMYMHA pedpa MIOCKOHOCOTO J0IeKadapa.
PaccunTana BenuurHa pacCTOSHUS MEKIY MATUYTOJIBHBIMU IPAHIMU, KaK JUIsl INIOCKOHOCOTO J0JEKadIpa,
TaK | IS pPOMOOHUKOCO0IEKadIpa W3 COOTHOIIECHHS

dist = 2 * del  sin V/,,,

TJie Y — BeJIMYMHA JBYTPAHHOTO yIiia 060MX MHOTOIPAaHHUKOB, ¥ = 116,565 .
B tabnuue npuBeneHbl CpaBHUTENBHBIC JaHHBIE AT pPOMOOMKOCOA0ACKadIpa, OIMMCAHHOTO B cTaThe [23],
Y TUTOCKOHOCOTO JToJIeKadpa, o0pa3oBaHHEIX pu 7 = 90,0 MM.

Tabauya
CpaBHHUTeJIbHbIE Pa3MePBhI MI0CKOHOCOTO I01€KAIPa U POMGONKOCOT0AeKAIIPA, MM
[Table. The relative size of snub dodecahedron and rhombicosidodecahedron, mm]

IMapametps! [Parameters] Ilnockonocslii noxexa’ap [Snub dodecahedron]  Pom6ouxocononexasap [Rhombicosidodecahedron]

Del 31,8826 33,5408
a 59,4732 57,0637
dist 54,2419 57,0637

JlagHbIe TAOJNHIBI YKA3bIBAIOT HA TO, UTO YCEUCHHEM pebep momeka’npa Mexmy cropoHaMu A>Cr u A1C)
y TUIOCKOHOCOTO JIoJieKadjpa o0pasyeTcs MPOMEKYTOK B BHJIE IPSIMOYTOJIBHHKA, a Y POMOOHKOCO0AeKadapa —
KBaJIpara.
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IMocTpoeHne MJI0CKOHOCOTO AoAeKa’apa B cucteme AutoCAD

dopmupoBaHHE MIIOCKOHOCOTO A0EKa3/Ipa BBITOIHSIOCH B 1Ba dTana. Ha mepBoM 3Tare npou3BoIMIOCH
(opMupOBaHHE TpaHel IIIOCKOHOCOTO JOJEKajapa yceueHHueM pedep moxekasnpa [lnatona. I'pann kypHOCOro
JToJIeKasipa OCTAal0TCS B sSYeWKax Kapkaca jJoaexa’apa (puc. 6), mpu 3ToM MeXTy HUMH 00pa3yeTcs MpoCTpaH-
cTBO. LIeHTpHI MATHYTOJHHUKOB HOBBIX IpaHEW COBMAAIOT C HEHTPAaMH ISATHUYTOJBHUKOB MCXOIHBIX TPaHEM.
Pagnyc OKpyXHOCTH, ONMMCAaHHOW BOKPYI MATHYTOJBHUKA KypHOCOTO JOJEKa’pa, BBIYHCIACTCS 1O (opMy-
ne (1). 310 maeT BO3MOXKHOCTH BBIYEPTUTH MATHYTOJBHBIM KOHTYp MJIOCKOHOCOTO AOAEKa’Apa BHYTPU IISTH-
YIrOJIbHUKA SYEMKU MCXOAHOrO Kapkaca. /(i BelUepUMBAHMS ISATUYTOJNBHUKA B suelike rpaHu [I, monekasapa
cucTeMa KOOpJAMHAT MEPEHOCUTCS B €€ LEHTP — TOUKy O, W BBINONHsETCS oOpaiueHue Kk komanae Polygon. Ilo-
Jy4YEeHHBIH MSATUYTOJIBHHUK €, UCIIONIBb3YeTCsl B KauecTBe mapameTpa QYHKUUH Array, KOTopas CO3JaeT MAacCHB
ISATUYTOJBHUKOB HIDKHETO psifa. AHANIOTW4YHO (OPMUPYIOTCS ISITUYTOJIBHUKHA BEPXHETO psAla M OCHOBAaHHUM
KypHOCOTO J0/ieKadipa. B IMATHYTONBHBIX siueiikax GOpMUPYIOTCS TOBEPXHOCTH TpaHel (puc. 6).

Puc. 6. ['panu KypHOCOTO HOAEKAdIpa PACTIONOKEHBI Puc. 7. [ToctpoeHue TpeyroibHbIX Y€K Kapkaca
B sUeiiKax Kapkaca JoAeKadIpa [Figure 7. Constructing triangular frame cells]
[Figure 6. The faces of the snub dodecahedron are located
in the cells of the dodecahedron]

Puc. 8. HaGop TpeyroibHbIX 371€MEHTOB OBEPXHOCTU Puc. 9. OGpa3oBanne NOBEpXHOCTH KypHOCOTO J0/eKadapa
[Figure 8. Set of triangular surface elements] [Figure 9. Formation of snub dodecahedron surfaces]

Ha BTOpOM 3Tare mosiBUBIIEeCs MEXAY TPAHSIMH IIPOCTPAHCTBO 3AMOMHACTCS TPAHAMHU TPEYTOIHHOU (OPMBI.
[MocTpoenue pedep moaexa’qpa NokKazaHo Ha pUC. 7, TAe U300PaKEHBI 10 JIBE MATHYTOJBHBIX SYSHKH T0JeKad -
pa Ilnatona u KypHocoro nonekasapa. Cucrema koopauHat Oxsys yCTaHaBIUBaeTCsl B cepenuHe pedpa DE —
touke O. Och x HampaBiIIeTCs MO0 YKa3aHHOMY peOpy, och ¥ pa3meraeTcs B Tiockocty [1s. [Ipu Takom momoxe-
HUU cucteMbl Oxgys KoopanHaTsl Touek Ag,Cs,A; u C; paBHBI KoopauHataMm Touek A;,C;,A, u C, cooTBeT-
CTBEHHO (pHC. 2), KOTOPHIC 3apaHee BBIYHCISAIOTCS mporpammoii Ha sa3bike AutoLISP. Coenunss Touku As u A,
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Cs u C;, C5u A;, KaK TOKa3aHO Ha pHUC. 7, TIOJTy4aeM Ba PAaBHOCTOPOHHUX TPEYTOJbHUKA MEXAY TpaHsIMH Kyp-
HOCOT0 J0AEKadApa.

Jnst GopMHUPOBaHHS MMOBEPXHOCTEH B MOJIyUYSHHBIX TPEYTOJNBHBIX SUEHKaX CHCTEMY KOOPAWHAT MEpeHO-
CHUM CHayayia B TOUKy T, OChb X HampaBisieM B TOuky C;, a ocb y — B TOUKy A;. @opMHUpOBaHUE MOBEPXHOCTH
BBITIOTHSIETCS KHHEMATHYECKUM CIIOCOOOM.

Hamnpapnsiomumuy TUHUSME SBISIOTCA CTOPOHBL A, Cs u A, C; Tpeyronsauka CsA;C;.

Jlist 0O6pazoBaHUs TTOBEPXHOCTH B TPEYToibHOU suciike CsAgA; cTopoHBl CsA, u Ag A, IpUHUMAIOTCS
B KadecTBe Hampasisonmx. Cucrema KOOpAMHAT MEPEHOCUTCA B TOUYKY 15, OCh X HampapiseTcs B TOUKy (s,
a 0Ch Y — B TOUKY A7.

Jnst popMHpOBaHHsI TIOBEPXHOCTH KypHOCOTO AOJIEKadpa HEOOXOAUM HAabOp TPEYroJbHBIX MMOBEPXHOCTEH,
KOTOPBIA MOXKET CIIYXXHTh mapameTpoM QyHKuuu Array s3pika AutoLISP. Takoi Habop npencraBieH Ha puc. 8.
O6pa3oBaHue 3J1eMEHTOB Ha00pa UIET IO ONUCAHHOMY BBIIIE aITOPUTMY MEKAY MATUYTOJIbHBIMU sUEHKaMH.

Kaxnpiii snemeHT Habopa MOXeT OBITH O0pa30BaH KaK MAaCcCHB OTCEKOB MOBEPXHOCTH TPEYTOJIbHHKA.
B 3ToM cimyyae moBepxHOCTb, chopmupoBanHas (yHKuueil Array, mpeacTaBisieT co00i MacCUB OTCEKOB IIO-
BEPXHOCTH TPEYTojbHbIX rpaHeil. C UCIOIBb30BaHNEM AAHHOI'O MAacCHBa OCYIIECTBIISIETCA BU3YaJlIM3allUsl Ipo-
1ecca 00pa3oBaHUs MOBEPXHOCTH IUIOCKOHOCOTO JOJEeKa’daApa MEXIY MATHYTOJbHBIMU TPAHIMU METOJOM «3a-
MopakuBaHus» [16; 22; 23]. [loBepxHOCTs (hOpMHUPYETCS MPH TOCIEAOBATEIBHOM «Pa3MOPAKUBAHIH» OTCEKOB
TPEYTONBHEIX TpaHel (puc. 9). OOpa3yroleil MOBEepXHOCTH SBIISICTCS JOMaHAas TUHUA .

3akiaroueHue

MogennpoBaHue IIOCKOHOCOTO OJAEKa3pa MOKET OBITh BBITIOJHEHO MOCPEICTBOM ycedeHus: pedep u
BEpIINH Joaekasapa [lnarona, eciu n3BecTHBI MapaMeTpsl: ycedenue pedep del noxexasapa u yromn § moBopora
rpaHel INIOCKOHOCOTO 0EKa’pa, MPU KOTOPBIX BCEe pedpa ero paBHBL APYT APYTY.

[MockonbKy BBIpakKeHUs Ul pedep copepKaTr TpUTOHOMeTprUYeckre (QYHKIWH, IJIsl peIleHHs 3aaui Hc-
MOJIB30BAJICA METOJ| MOCJEe0BAaTENbHBIX NpuOMKeHni. Bennunna pebpa BeIUMCISIIACH C TOYHOCTBIO, 1OCTa-
TOYHOU IJIST MEDKEHEPHBIX 3a11ad. Pa3paboTaH anropuT™ U mporpamMma Ha si3bike AutoLISP mis BeramcieHus Be-
TMYUHbI pedpa 1 napametpoB del, €. Pemena koHKpeTHas 3aa4ya, B KOTOPOi HCXOAHBIM ITapaMeTpoM ObLT paau-
yC OKPY>KHOCTH, OTIMCAHHOW BOKPYT TISITUYTOJBHUKA AojAeKadapa. IlapannensHo BBIUMCICHB! BenuuuHbl del, a,
dist s poMOoMKOCOIOIEKadApa IO MporpaMMe, onMcaHHON B pabote [23]. CpaBHUTENBHBIE TaHHBIC, TTPHUBE-
JICHHbIE B Ta0JIuIle, YKa3bIBaIOT HA TO, YTO y INIOCKOHOCOT'O A0AEKadApa GOpMUPYETCsS MEXIY TPaHsAIMH IpoMe-
JKYTOK B BUJI€ IPSIMOYTOJIbHHKA, & Y POMOOMKOCOJ0JeKadIpa — KBaapara.

st 00Opa3oBaHMA 3JEKTPOHHON MOJENN MOBEPXHOCTH KYPHOCOTO JOAEKasApa U BU3yalu3auuu ero ¢op-
MHUPOBAHUS KHUHEMATUYECKUM CIIOCOOOM CO3aHBI ABE€ MPOrpaMMbI-(yHKIIMHM B OCHOBHOW IpOrpaMMe Ha SI3bIKE
AutoLISP.
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Article history Abstract. Nowadays there are various calculation methods for solving a wide
Received: October 7, 2020 range of problems in construction, hydrodynamics, thermal conductivity, aero-
Revised: January 17, 2021 space research and many other areas of industry. Analytical methods that make
Accepted: February 4, 2021 up one class for solving problems, and numerical calculation methods that

make up another class, including those implemented in computing complexes,
are used for the design and construction of various thin-walled structures such as
shells. Due to the fact that thin-walled spatial structures in the form of various
shells are widely used in many areas of human activity it is useful to understand
and know the capabilities of different calculation methods. Research works on
the study of the stress-strain state of the torse shell of equal slope with an ellipse
at the base are not widely available at the moment. For the first time the deri-
vation of the differential equations of equilibrium of momentless theory of shells
to determine the normal force N, from the action of uniformly distributed load
tangentially directed along rectilinear generatrixes to the middle surface of
the torse of equal slope with a directrix ellipse is presented in this article.
The parameters of the stress state of the studied torse are also obtained by

the finite element method and the variational-difference method. The SCAD
software based on the finite element method and the program SHELLVRM writ-
ten on the basis of the variational-difference method are used. The numerical
results of the parameters of the stress state of the studied torse are analyzed, and
the advantages and disadvantages of the analytical method and two numerical
calculation methods are determined.

For citation

Aleshina 0.0., Ivanov V.N., Cajamarca-
Zuniga D. Stress state analysis of an equal
slope shell under uniformly distributed tan-
gential load by different methods. Struc-
tural Mechanics of Engineering Construc-

tions and .Buildings. 2021;17(1):51-62. Keywords: thin shell theory, analytical method, momentless state, torse shell,
http://dx.doi.org/10.22363/1815-5235-2021- surface of equal slope, finite element method, variational-difference method,
17-1-51-62 SCAD Office computing system, Mathcad system

Olga O. Aleshina, teacher-researcher, assistant of the Department of Civil Engineering of the Academy of Engineering; eLIBRARY SPIN-code: 8550-4986.
Vyacheslav N. Ivanov, Professor of the Department of Civil Engineering of the Academy of Engineering, Doctor of Technical Sciences; eLIBRARY
SPIN-code: 3110-9909, Scopus Author ID: 57193384761, ORCID iD: https://orcid.org/0000-0003-4023-156X.

David Cajamarca-Zuniga, Docent of the Department of Civil Engineering; eLIBRARY SPIN-code: 6178-4383, ORCID iD: https://orcid.org/0000-0001-
8796-4635, WoS ResearcherID: AAO-8887-2020.

© Aleshina O.0., Ivanov V.N., Cajamarca-Zuniga D., 2021
This work is licensed under a Creative Commons Attribution 4.0 International License
C https://creativecommons.org/licenses/by/4.0/

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLIA 51



Aleshina 0.0., Ivanov V.N., Cajamarca-Zuniga D. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(1):51-62

AHAJIN3 HANIPSAKEHHOI0 COCTOSTHUSA 000JI0YKH OJJMHAKOBOI0 CKATA
NPHU 1eHCTBUM PABHOMEPHO pacipeae/IeHHON KacaTeJbHON HATPY3KHU

Pa3JIMIHBIMHA ME€TOAAMH

0.0. Anémuna'*, B.H. Usanos', /I. Kaxamapka-Cynura?

LPoccuiickuii ynusepcumem opyacol napooos, Poccuiickas @edepayus, 117198, Mocksa, yi1. Muxnyxo-Maknas, 0. 6
2Kamonuueckuii ynusepcumem 2. Kysuxa, Pecnybnuxa dxeadop, 010101, Kysuka, Av. De las Americas & Humboldt

*xiaofeng@yandex.ru

Hcropus cratbn

IMocrynuna B penakuuto: 17 oxrsadps 2020 r.
JopaGotana: 17 suBaps 2021 r.

[punsra k nyoiukarmu: 4 dpespans 2021 r.

JJ1st ntMTHPOBaHUSA

Anéwuna O.0., Heanos B.H., Kaxamapka-
Cynuea J]. AHanu3 HaNPsHKEHHOTO COCTOSHUS
000JIOUKH OJJTHAKOBOIO CKaTa MpH JIEHCTBHH
PaBHOMEPHO pacHpeNeNIeHHON KacaTeIbHON
Harpy3ku pasnmum4HbIMH Metogamu // Ctpou-
TeNbHAs MEXaHUKa WH)XEHEPHBIX KOHCTPYK-
it u coopyxenmin. 2021. T. 17. Ne 1.
C. 51-62. http://dx.doi.org/10.22363/1815-
5235-2021-17-1-51-62

AHHoTanus. Ha ceronssuiHuii 1eHb CYIIECTBYIOT pa3iNyHble METOAbI pacueTa
JUTSL pEILIeHNUs] IMHPOKOTO CIIEKTpa 3a1ad B CTPOUTENBCTBE, THAPOJHHAMUKE, TEII-
JIONPOBOTHOCTH, KOCMUYECKHUX HCCIIENOBAaHHUAX M JPYTHX OTpacisix. sl mpoek-
THPOBAHMS W BO3BEAEHHS Pa3HOOOPA3HBIX TOHKOCTEHHBIX KOHCTPYKIMH THIIA
000JI0YeK MPUMEHSIOTCSI AaHATUTHIECKUE METO/IBI, COCTABIIIONINE OIMH KIace i
pelIeHus 3a/1a4, ¥ YHCJICHHBIE METOABI PAacieTa, COCTaBILIONINE APYIroi Kiacc,
B TOM YHUCJIC PCATIM30BAHHBIC B BbIYMCIIUTEIIbHBIX KOMILUICKCaX. B cBs3u ¢ TEM, 4YTO
TOHKOCTEHHBIE IIPOCTPAHCTBEHHbIE KOHCTPYKIMU B (hopMe pazHOOOpa3HBIX 000-
JIOYEK IIHPOKO HCIOJB3YIOTCS BO MHOTUX Chepax AeATeNbHOCTH YeTI0BeKa, I0JIe3HO
MOHMMATh U 3HATh BO3MOXHOCTH Pa3IMYHBIX METOJOB pacdera. PaGoTsl mo uc-
CJIEIOBAaHUIO HANPSLKEHHO-AE(OPMUPOBAHHOIO COCTOSHUSI TOPCOBOM 000I0UKH OfU-
HAKOBOI'O CKaTa € 3JUIUIICOM B OCHOBaHHY IIPE/ICTABICHB] HA JAHHBIA MOMEHT B MaJIOM
o0beme. B crarbe BriepBbIe TPUBOIUTCS BHIBOA I (epeHIIMaNbHBIX YPaBHEHUH
paBHOBecHs1 OE3MOMEHTHOI TEOpHH O0OJIOUYEK IS ONPENeTICHUs] HOPMaJIbHOTO
yeunusi Ny OT IeHCTBUSI paBHOMEPHO-PACIIPEeNICHHON Harpy3KH, HallpaBJICHHON
10 KacaTeJbHOM BIOJb MPSMOIMHEHHBIX 00pa3yOUIMX K CPEAUHHON MMOBEPXHO-
CTH TOpPCa OIMHAKOBOT'O CKaTa C HANPABILIONIMM JJUTHIICOM. TakKe MOIydeHBI
IapaMeTpsl HAIPSHDKEHHOTO COCTOSHUS HCCIIEyEeMOT0 TOPCa METOAOM KOHEUHBIX
3JIEMCHTOB M BapUallUOHHO-PA3HOCTHBIM METOAOM. I/ICHOJ]I)?)y}OTCﬂ BbIYMCJIN-
tenbHbId KoMIulekc SCAD Office Ha ocHOBE MeTO/a KOHEUHBIX JJIEMEHTOB U
nporpamma SHELLVRM, HanucanHas Ha 6a3e BapHallMOHHO-PA3HOCTHOTO Me-
TOMa. BEINONHEH aHANM3 YHCIOBBIX PE3yJIbTATOB IIAPAaMETPOB HANPSHKEHHOTO
COCTOSIHUSI UCCIIEYEMOI0 TOPCA, YCTAHOBIICHbI ILTIOCHI U MUHYChI IPUMEHEHUS
aHAIUTUYECKOI0 METO/a U IBYX YMCIIEHHBIX METOJIOB pacyera.
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METOJT KOHEYHBIX JJIEMEHTOB, BAPHAITMOHHO-PA3HOCTHBIA METOI, BHIYMCITUTENb-
ue1ii komireke SCAD Office, cucrema Mathcad

Introduction

For the design of diverse engineering structures, various calculation methods are used, such as analytical,

numerical and numerical-analytical. In the practice, to get the general parameters of the stress-strain state of spa-
tial-structures, engineers use automated numerical calculation methods because analytical calculation methods
are quite complex and time consuming.

The most common numerical calculation method is the finite element method (FEM). Originally, FEM
was used for solving mathematical problems in a simpler form. The subsequent development of FEM and auto-
mated software systems based on this method such as SIMULIA (www.3ds.com), ANSYS (www.ansys.com),
SAP2000 (www.csiamerica.com), SCAD (www.scadsoft.com), PROKON (www.prokon.com) and others, made it
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possible to apply it to solve a wide range of problems in acrospace research, to model and take into account dyna-
mic loads, to solve various problems in thermal conductivity, hydrodynamics, construction and many other areas.

The idea of discretization on which the FEA is based is very old. Before 1922, Courant used the finite ele-
ment ideas in Dirichlet’s principle. The period of 1962—-1972 is known as the golden age of FEM [1]. There are
five groups of papers (Courant, Argyris, Turner et al., Clough and Zienkiewicz) which may be considered in
the development of the FEM and in one of these the name originated [2]. Clough coined the term “finite ele-
ments”, Turner perfected the direct stiffness method and the works of Huges, Bathe and Zienkiewicz [3] laid
the foundation for further progress of the FEM [1]. In [4], a method for calculating bending plates by the finite
element method in stresses is proposed, and a comparison with the results of the finite element method in dis-
placements is made. The solution of plane problems of the theory of elasticity based on the approximation of
stresses is considered, the calculations of a cantilever beam and a plate with a hole are performed for various fi-
nite element meshes, and comparison is made with solutions by the method of finite elements in displacements
and with exact solutions in the work [5]. A special issue including 35 papers is devoted to research in the field of
development and application of FEM [6].

The finite-difference energy method (FDEM) [7-10] or so called variational-difference method
(VDM) [9-14] is also referred to numerical calculation methods [15; 16]. This method takes into account
the geometric characteristics of the middle surface of the shell, which allows a more accurate representation of
the stress-strain state of thin-walled structures of complex geometry. The VDM (FDEM) is based on the idea
put forward by Courant in 1943 [9; 17; 18], which was continued by Houbolt in 1958 [8], who performed
static analysis of beams and plates combining finite difference analog of derivatives with a variational formula-
tion [19]. Further developed by Griffin and Varga in 1963 [20] who introduced finite difference into the varia-
tional formulation of strain compatibility and boundary conditions for the analysis of plane elasticity prob-
lems [19]. Further Bushnell in 1973, and Brush and Almroth in 1975 [21] who extended the approach to
the analysis of other type of structures [22].

The successful application of VDM largely depends on how well the system of basic functions allows
the qualitative characteristics of the solution. Consequently, it can be expected that the efficient solution of these
variational problems will require numerical schemes that differ from traditional techniques based on continuous
approximations [23].

In the Department of Construction of the Academy of Engineering of the RUDN University of Russia,
the Doctor of Technical Sciences, Professor V.N. Ivanov together with his postgraduate students (currently PhD)
Nasr Younis Ahmed Abboushi (Palestine), Muhammad Rizwan (Pakistan), Bock Hyeng Christian Alain (Came-
roon), Govind Prasad Lamichhane (Nepal) led the development of SHELLVRM, a new Variational-Difference
Method based program. This program allows to determine the stress-strain state of plates and various types of
shells with an orthogonal coordinate system, which middle surfaces are described by analytical equations.
The program includes such classes of shells as: flat shells on rectangular and curved planes, shells of revolution,
shells in the form of Joachimsthal’s channel surfaces, shells in the form of Monge surfaces and normal cyclic
surfaces. The program includes a system of plane curves, on the basis of which sections of surface classes are
formed and coefficients of quadratic forms are calculated. The basics of the VDM and the text of the program for
plate calculations are given in [15].

Analytical calculation methods are used for spatial structures in the form of various surfaces [24]. Analyti-
cal methods are quite complex and time-consuming. More than 600 analytical surfaces are described in the En-
cyclopedia of Analytical Surfaces [25]. The geometry of surfaces and automated possibilities of their construc-
tion are considered in the monograph [26].

Among an extensive variety of analytical surfaces, the torse shells of equal slope possesses the ability to
unfold onto a plane without folds and breaks [27], and this type of shells are widely used in many areas of indus-
try and manufacturing [28-31].

This article is part of a series of research papers devoted to the study of the geometry and stress state of
torse shell of equal slope with an ellipse at the base under the action of different loads. In previous works,
the authors have performed calculations this shell under the action of a linear load on the upper edge and under
the action of self-weight [32; 33] and with a different restraint of the base ellipse [34]. Also, a design of an aw-
ning in the shape of a torse of equal slope was proposed and new results were obtained in the field of geometric
studies [35; 36]. In this article, we consider the uniformly distributed load directed along rectilinear generatrixes
of the torse. The choice of the load type is determined by the possibilities of the momentless shell theory. The main
task of this article is to find an analytical solution and determine the parameters of the stress state of the torse by
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the momentless theory (MLT), followed by comparison with the results of two numerical methods (the finite
element method and the variational-difference method).

The surface of equal slope is a ruled surface generated by a straight line moving in the normal plane of
a flat directrix-curve with a constant angle of inclination to the plane of the directrix. If we take an ellipse as
a flat directrix-curve, then straight lines of equal inclination to the plane of the ellipse will generate the torse sur-
face of equal slope (Figure 1). The surfaces of equal slope are surfaces of zero Gaussian curvature (K = 0).
The papers [37; 38] describe the basic properties of these surfaces. The equal slope surface also belongs to
the class of Monge surfaces [24; 27].

Figure 1. Torse shell of equal slope with an ellipse at the base

As its shown in [27], the directrix ellipse can be defined by parametric equations (1):
x=x(v) =acosv, y=y{W)=bsinv, €))

where a and b are the dimensions of the semi-axes of the directrix ellipse at the base of the torse, and the pa-
rameter v must be in the limits 0 < v < 2m.
According to [27], the parametric form of setting the torse surface with a directrix ellipse is:

ubcosacosv

- H
Va?sin?v + b2cos?v

x = x(u,v) = acosv —

uacosasinv

- H
Va?sin2v + b2cos2v

y = y(u,v) = bsinv —

z = z(u) = usina. 2)

The family of u lines is the rectilinear generatrixes of the torse surface of equal slope, while the coordinate
line u = 0 coincides with the ellipse at the base, a is the angle between the principal normal n = —e X k directed
inwards of the directrix ellipse and the straight generatrix u (Figure 1).

The coefficients of the basic quadratic forms of a given surface and its main curvatures are [27]:

ab sin a
A=1; B=u1/2—uE; F=0; L=M=0;, N=B———;
n il
ab sin a
ki =ky=0; ky=k, =B—u' 3)

where u = u(v) = a?sin?v + b% cos?v, B = abcosa.
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Let us consider the application of the momentless theory of shell calculation, the finite element method
and the variational-difference method on the example of a thin torse shell of equal slope with an ellipse at
the base under the action of a uniformly distributed load ¢ = 1 kN/m? tangentially directed along rectilinear ge-
neratrixes to the middle surface of the torse (Figure 2). Thus, the external surface load is X = —¢, Y =2 = 0.
The geometric parameters of the torse are: a = 3 m, b = 2 m, a = 60°, the length of the straight generatrixes is
u = 2 m. The boundary conditions at the level of the directrix ellipse (¢ = 0 m) are simple (movable) supports,
and at the top (# = 2 m) the edge is free.

fragment of a distributed
surface load

Figure 2. Torse under the action of external distributed surface load

To determine the parameters of the stress state of the considered torse, the momentless theory of shell cal-
culation [24; 27], the SCAD integrated system for finite element structural analysis (FEA), and the SHELLVRM
program based on the variational-difference method [15; 16] are used.

The differential equilibrium equations of the momentless theory are obtained from the general equilibrium
equations of the moment shell theory [24; 27].

Differential equations of equilibrium of the momentless torse shell

The momentless theory is a simplified version of the general theory of thin elastic shells, which neglects
the influence of transverse forces and moments. At the same time, the possibility of existence of the momentless
stress state of the shell depends on a number of conditions [24; 27]. The shell should have the form of a smooth-
ly changing continuous surface, also the load on the shell should be continuous and smooth, and the supports of
the edges should allow the shell to move freely in the direction normal to the middle surface, normal movements
and rotation angles at the edges of the shell should not be restrained.

We obtain differential equations of equilibrium for determining the normal force under the action of a uni-
formly distributed load acting in the direction of a tangent along rectilinear generatrixes to the middle surface of
the considered torse.

General differential equations of equilibrium of the momentless theory [24; 27] have the form:

0B 10
(BNu) N + ——(AZS) + ABX = 0;

aA 10
(ANU) +—=—(B?S) + ABY = 0;
Bou
N, Ny
———7 =
R, + R, 0 4)
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For the considered case of load application (Figure 2), we obtain X = —g and ¥ = Z = 0. The differential
equations of equilibrium (4), taking into account expressions (3), are transformed as following:

aB as
(BNu) — 4+ XB = 0;

ou av
oN, 10,
F™ E(’)_( S) =0;
N,
R =0 5)

The resulting system of differential equations (5) is of second order. To solve it, it is sufficient to have one
boundary condition at each point of the torse shell contour. Thus, at the top of the shell at ¥ = 2 m the force
N, = 0. Moreover, from the second and third equations of system (5) the forces N,, = 0 and § = 0.

By integrating the first equation of system (5), we obtain the expression for the values of normal force N,
along the rectilinear generatrixes u:

N, = B(u ) qu(u V) du+X1(v)] 6)

Here X, (v) is an arbitrary function of integration.
Then, by integrating of (6):

2
f B(u,v) du = w2 =P = E(Bw. v) +ul/2) =

o o5 (= B2, v)), ™

2

To satisfy the boundary condition N;, = 0 on the upper free edge under u = 1 = 2 m, the arbitrary func-
tion of integration X, (v) in (7) must be equal to:

2
X () =—q (nul/z — %) ®)

The equation (6) for the calculation of numerical values of the normal forces N,, along the rectilinear ge-
neratrixes taking into account the value X; (v) of the arbitrary integration function (8) takes the following form:

. q
N = B(u,v)

B

[u”z (w—m) - - nz)]- ©9)
1l

To find numerical results of normal force N, (9) we use the engineering math software Mathcad.

Numerical methods for investigation of the stress state of the shell

The investigation of the stress state of the torse of equal slope was performed by the finite element method
and the variational-difference method. The first calculation is performed by using SCAD software. The view of

\ the 3D computational model when approximating the middle surface by a set of quad-
j‘\ rangular planar shell elements is shown in Figure 2. The maximum distance between
3 : | the nodes of the finite elements of the computational model is 0.228 m. The number of

finite elements is 1680 and of nodes is 1760.

For the implementation of simple (movable) supports, which is a necessary
condition for the momentless work of the torse, the SCAD program has added
short bar elements with hinges (Figure 3). The introduction of hinges in these
support rod elements releases linear movements along the normal to the torse mid-
dle surface (Figure 3, direction z;), angular movements tangent to the surface (Fi-

. _ gure 3, direction y;) and normal to the surface of the shells (Figure 3, direction z;),
Figure 3. Implementing . . . .. . .
of momentless state as well as angular movements in the direction of rectilinear generatrixes u (Figure 3,
in SCAD software direction x 1).
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The second calculation is performed in the program SHELLVRM, based on the variational-difference
method. The calculated grid is similar to the grid in FEM. This calculation also takes into account and imple-
ments all the necessary conditions for the momentless state of the shell. The calculation is performed for
a 1/4 segment of the torse shell, taking into account two planes of symmetry.

Results and discussion

The obtained results of the analytical calculation are compared with the results of numerical methods
(by the finite element method and the variational-difference method) for 11 cross-sections (Figure 4).

Figure 4. Cross-sections of the torse to compare the results

-34 9252 -30,6824
-30,6824 -26,4396
-264396 -22,1967
-22,1967 -17,2539
-17.9539 -13,711
-13711 -9.4682
-9.4632 -5,2254
-5,2254 -0,5825

Figure 5. Normal stress 6(N,) by FEM, kN/m?

The maximum deviations of the analytical results of normal force N, along the rectilinear generatrixes
from the results of two numerical methods are: 7.4% in section 1-1 (Table 1), 5.0% in section 2-2, 1.9% in sec-
tion 3-3, 3.7% in section 44, 4.1% in section 5-5 (Table 2), 3.6% in section 6-6, 2.8% in section 7-7,
2.2% in section 88, 2.0% in section 9-9, 1.9% in section 10-10, and 1.9% in section 11-11 (Table 3).
At nodes of coordinates # =2.00 m in FEM and VRM the values are different from zero when compared with MLT.

For an overall picture of the stress state of torse shell under the action of uniformly distributed load ¢ tan-
gentially applied along rectilinear generatrixes to the torse middle surface, the contour graph distribution of nor-
mal stress o(/V,) obtained in the SCAD software is shown in Figure 5.
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Table 1
Results of normal force /Vu: cross section 1-1
U-axis Nu, MLT, Nu, FEM, Deviation, Nu, VDM, Deviation,
coordinate, m section 1-1, KN/m section 1-1, KN/m MLT and FEM, section 1-1, KN/m MLT and VDM,
section 1-1, % section 1-1, %
0.000 —-1.2500 —1.2438 0.50 -1.2980 3.70
0.200 —1.1432 -1.1906 3.98 -1.1920 4.09
0.400 —1.0353 —-1.0841 4.50 —-1.0860 4.67
0.600 -0.9258 -0.9757 5.11 -0.9767 5.21
0.800 —0.8143 —0.8640 5.75 —0.8645 5.81
1.000 —-0.7000 —0.7477 6.39 —0.7480 6.42
1.200 -0.5818 —0.6253 6.96 —0.6255 6.99
1.400 -0.4579 —0.4942 7.35 —0.4944 7.38
1.600 —-0.3250 —0.3503 7.22 -0.3504 7.25
1.800 -0.1769 -0.1871 5.45 -0.1870 5.40
2.000 0.0000 —0.0563 - —-0.0002 -
Table 2
Results of normal force Vu: cross section 5-5
U-axis Nu, MLT, Nu, FEM, Deviation, Nu, VDM, Deviation,
coordinate, m section 5-5, KN/m section 5-5, KN/m MLT and FEM, section 5-5, KN/m MLT and VDM,
section 5-5, % section 5-5, %
0.000 -1.5623 —1.5004 4.12 —1.5340 1.84
0.200 —1.4292 —1.4004 2.06 -1.4010 2.01
0.400 —-1.2930 -1.2647 2.23 —-1.2650 221
0.600 —-1.1531 -1.1262 2.39 -1.1270 2.32
0.800 —-1.0090 -0.9840 2.54 -0.9842 2.52
1.000 -0.8599 —-0.8375 2.68 -0.8376 2.66
1.200 —-0.7050 —0.6859 2.78 —0.6860 2.77
1.400 —0.5432 —0.5284 2.80 —0.5285 2.78
1.600 -0.3731 -0.3637 2.58 —0.3638 2.56
1.800 -0.1928 -0.1892 1.88 -0.1899 1.53
2.000 0.0000 -0.0572 - —-0.0002 -
Table 3
Results of normal force /Vu: cross section 11-11
U-axis Nu, MLT, Nu, FEM, Deviation, Nu, VDM, Deviation,
coordinate, m section 11-11, KN/m section 11-11, kKN/m MLT and FEM,  section 11-11, kN/m MLT and VDM,
section 11-11, % section 11-11, %
0.000 -1.7778 —-1.7439 1.95 -1.7870 0.51
0.200 -1.6159 -1.6240 0.50 -1.6240 0.50
0.400 -1.4512 —1.4585 0.50 —-1.4590 0.53
0.600 —1.2833 —-1.2899 0.51 -1.2900 0.52
0.800 -1.1122 -1.1178 0.50 -1.1180 0.52
1.000 -0.9375 -0.9420 0.47 —0.9420 0.48
1.200 —-0.7590 -0.7622 0.42 —0.7622 0.42
1.400 -0.5763 —0.5783 0.35 —0.5784 0.36
1.600 -0.3892 —-0.3901 0.23 —0.3902 0.26
1.800 -0.1972 —-0.1973 0.07 -0.1974 0.10
2.000 0.0000 —0.0553 - 0.0000 -
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Comparison of the obtained results of normal force N,, by three calculation methods shows good conver-
gence. The concentration of the largest deviations of the numerical values of the normal force N, by the mo-
mentless theory from the VDM and FEM is in the region of the shell with the largest change in the radius of cur-
vature along the curvilinear directrices, i.e., in the upper nodes of sections 1-1 and 2-2 (Figure 4).

According to the Theory of Strength of Materials, the numerical values of the normal force N,, under the ac-
tion of uniformly distributed load tangentially along rectilinear generatrixes to the torse middle surface at the nodes
of all sections at coordinate # = 2.00 m must be N,, = 0. However, the values of the normal force N,, in the FEM
and VDM are different from zero, and the results of the VDM are more accurate compared to the FEM. It is well
known that the accuracy of the results of FEM and VDM calculations depends on the correct choice of the size of
the finite elements (mesh). Moreover, it is noted in [15] that a comparison of the results of VDM and FEM calcula-
tions at the same mesh shows close accuracy, and in some cases, VDM gives even higher accuracy results.

FEM and VDM allow obtaining numerical values also for normal forces N, along curved directrices,
bending moments M,,, M,,, tangential forces S and shear forces Q,, Q,. The normal forces N, by VDM range
from —0.0246 to 0.0148 kN/m, and by FEM ranges from 0.0490 to 0.0216 kN/m. The shear forces Q,,, Q,, range
from —0.01 to 0.01 kN/m. The tangential forces S ranges from —0.0354 to 0.0354 kN/m by FEM, and from
—0.0162 to 0.0067 kN/m by VDM. The values of bending moment M,, range from —0.0261 to 0.4244 N-m/m by
VDM, and by FEM from —0.1143 to 0.4733 N-m/m. The values of bending moment M,, by VDM range from —
0.4140 to 1.4030 N-m/m, and by FEM range from —0.4398 to 1.5562 N-m/m.

The bending moments M,, and M,, are of particular interest, since the values of bending stresses when
compared with normal stresses can be used to infer the bending state of the torse shell under the action of
the considered load.

The normal stress o), and o from normal forces N, ;, and moments M,, ,, are determined as follows:

N, 6M
on ==L oy =22 (10)

-0,1143 -0,04028
-0,0408 0,0326
00326 0,1061

01061 |0.1785
01795 |0,253

0,253 0,326
[ 0,3264 0,2%99
o399 [04733

Figure 6. Bending moment M, by FEM, N-m/m

The results of the VDM for the maximum ratio of stresses o, to oy, are: in the cross section 1-1 is
156.5% in the node of coordinate u = 2.00 m, 27.2% in the node with the coordinate ¥ = 1.80 m, 13.1% in
the node with the coordinate # = 1.60 m, 7.2% in the node with the coordinate ¥ = 1.40 m, in other nodes does
not exceed 4.4%. In cross section 2-2 is 61.9% in the node of coordinate u = 2.00 m, 25.0% in the node with
coordinate # = 1.80 m, 12.3% in the node with the coordinate u = 1.60 m, 6.8% in the node with the coordinate
u = 1.40 m, other nodes do not exceed 4.2%. In section 3-3 is 25.9% in the node with the coordinate u = 2.00 m,
18.5% in the node with the coordinate ¥ = 1.80 m, 9.9% in a node with coordinate ¥ = 1.60 m, and in the other
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nodes does not exceed 5.8%. In section 4—4 is 7.0% in node with coordinate # = 2.00 m, 9.3% in the node with
coordinate ¥ = 1.80 m, 6.7% in the node with coordinate # = 1.60 m, and in all other nodes does not exceed
4.5%. In section 5-5 is 45.5% in the node with the coordinate # = 2.00 m; in section 6—6 is 13.3% in the node
with the coordinate # = 2.00 m; in section 77 is 17.4% in the node with the coordinate # = 2.00 m; in section
88 is 10.9% in the node with the coordinate u = 2.00 m; in section 10-10 is 8.9% in the node with the coordi-
nate u = 2.00 m; in section 11-11 is 34.8% in the node with the coordinate ¥ = 2.00 m, 5.8% in the node with
the coordinate # = 1.80 m. In other nodes of sections 5-5 to 11-11, the stress ratio does not exceed 5.2%.

-04398 -0,1503
-0,1503 0,0582
0,0592 0,3087
0,3057 0,5582
0,5532 08077

0,8077 1,0572
1,0572 1,3067
1,2087 15562

Figure 7. Bending moment M, by FEM, N-m/m

The bending stresses oy, arising from a uniformly distributed load directed tangentially along rectilinear
generatrixes to the middle surface, in the VDM have an even greater influence on the bending state of the con-
sidered torse shell with a directrix ellipse at the base.

The results of studying the influence of bending stresses o,y and oy, in FEM show a similar character.
Figures 6 and 7 show the contour graph distribution of bending moments M,, and M,, obtained in the SCAD
software.

Conclusion

The research is carried out at the Academy of Engineering of the Peoples' Friendship University of Russia
(RUDN University). In the field of geometry and stress-strain state of various shells, in particular torse shells
class, works at RUDN University have been carried out since 1960's. An undeniable contribution to modern the-
ory of shells was made by Prof. V.G. Rekach, Prof. S.N. Krivoshapko and Prof. V.N. Ivanov and their postgra-
duate students (today PhD in Technical Sciences). Currently, S.N. Krivoshapko and V.N. Ivanov continue their
research in the field of shell theory [39—41].

This paper for the first time presents the differential equations of equilibrium for a torse shell of equal
slope with a directrix ellipse and the expression for the normal force N,, determination under the action of uni-
formly distributed load tangentially directed along rectilinear generatrixes to the torse middle surface.

Determination of the internal force N,, of the investigated torse shell by the analytical method is a complex
and time-consuming task that requires a lot of time and increased concentration of attention on its implementa-
tion, since a slight inaccuracy can lead to incorrect results. The comparison of the results of the momentless the-
ory with the results of the finite element method and the variational-difference method shows good convergency,
which indicates the correctness of the obtained differential equilibrium equations and the expression for deter-
mining the values of the normal force N,,. The use of SHELLVRM and SCAD programs simplifies the solution
of this task. However, the calculation in the SHELLVRM program is possible if there is the program text for its
implementation, and in the SCAD program it becomes difficult to implement a momentless state (introduction of
simple-movable supports). When choosing a method of solving the problem, SCAD program, based on the finite
element method, is the simplest and most versatile way for solving the research problem.
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The values of the normal force N,, along the rectilinear generatrixes of the shell indicate that the consi-
dered shell is working in compression. Thus, it is a big plus when selecting materials for the design and manu-
facture of torse shells. Considering the property of this class of shells to be flattened on the plane without folds
and breaks, this is also an advantage when selecting torse shells among similar shaped.

Due to the results of the FEM and VDM, it was found that the bending stresses oy, and oy, have a sig-
nificant influence on the torse shell stress state. Therefore, it is necessary to consider the bending moments M,,
and M,, when designing different structures in the form of this class of shells. The momentless theory does not
allow us to obtain these parameters of the stress state of the torse. Thus, it may be concluded that the momentless
theory is not applicable for the considered torse shell of equal slope with ellipse directrix.
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Abstract. In most of the countries, the irregular building construction is po-
pular for fulfilling both aesthetic and functional requirements. However,
the evidence of past earthquakes in Nepal and the globe demonstrated
the higher level of seismic vulnerability of the buildings due to irregularities.
Considering this fact, the present study highlighted the common irregularities
and its effect on reinforced concrete building response. The effect of structural
irregularities was studied through numerical analysis. The geometrical, mass
and stiffness irregularities were created by removing bays in different floor
levels and removing the columns at different sections respectively. In this
study, the numerical models were created in finite element program SAP2000.
The structural performance was studied using both non-linear static pushover
and dynamic time history analysis. The results indicate that the level of irre-
gularities significantly influenced the behavior of structures.

Keywords: RC buildings, pushover analysis, structural irregularities, time
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3asBjienne 0 KOH(IUKTE HHTEPECOB MaTepuaga KOHCTPYKIMH U KECTKOCTEH UX CeYeHUH MOJIEIMPOBANINCH IyTEM
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Introduction

The behavior of structure during earthquake depends on the distribution of stiffness, mass, plan, strength
and many other irregularities in both the vertical and horizontal direction of the structure [1]. The past scenarios
of damages of the buildings indicated that the irregularity was major reason behind the failure of the structures
during strong ground shaking [2]. When the structure is subjected to earthquake, the horizontal forces is generated
in the structure and this produced inertia forces acting through the center of mass of the structure. All these forces
are resisted by the vertical columns and walls; and resultant of these forces act through a point known as center of
stiffness. The level of horizontal and vertical irregularities is very sensitive for structural performance during
strong ground shaking.

To perform well against seismic forces, structure should be subjected to adequate lateral strength, simple
and regular configuration, sufficient stiffness and ductility. Buildings with simple geometry and uniformly distri-
buted mass and stiffness in plan and elevation are less vulnerable in comparison to the structures with irregular
configuration [3]. Many building structures are irregular in some sense. Some have been initially so designed and
others have become so by accidently. For example, structures can irregular due to inconsistence or even errors
during the construction process while many have been rendered irregular during their life time because of damage,
rehabilitation or change of use. Vertical irregularities in buildings are imposed by city regulations and structural
designers have to earthquake response. Furthermore, the main vertical irregularities examined by the researchers
are: stiffness irregularity, mass irregularity, vertical geometric irregularity, in-plane discontinuity, discontinuity in
capacity. Similarly, the horizontal irregularities are basically due to asymmetrical plan shapes, re-entrants’ corners,
diaphragm discontinuity and torsional irregularities [4].

In the modern era, irregular structures are quite frequently being built in almost every country including
Nepal. Irregular structure is being popular in multi-storied building because of its both aesthetic architecture
as well as its functional use. Besides, this land limitation is the main cause for providing adequate daylight and
ventilation for the lower story in the urban area with closely spaced tall buildings. From the view point of seismic
safety, fundamental period, base shear and most importantly stress concentration and ductility demand in localized
in the structure. Thus, during an earthquake, geometrical regular shape structure with uniform mass and stiffness
has good performance as compared to vertically irregular structures. To this end, the geometrical, mass and stiff-
ness irregularities were created by removing the bay in different floor levels and removing the columns at different
sections respectively.

Classification of irregularities

Many researchers have focused on the vertically irregular structures leaving behind the influence of configu-
ration and plan irregularity. However, the past earthquakes in Nepal and globe clearly indicated the risk level in
different irregularities. It can also be seen that the major challenges in the seismic design of every structures because
of excessive torsional responses and stress concentration at every corners of the buildings. The best example of
the stress concentration is the re-entrant corner in the L-shaped, 7-shaped and U-shaped buildings that causes heavy
stress concentration due to changes in stiffness and torsional amplification. The stress concentration is the main rea-
son for early failure of the structure [5]. The main irregularities in structures can be summarized as follows.

Mass irregularities. 1f there is the variation of more than 150% of mass between the adjacent story then it
is considered as mass irregularity (see Figure 1). During the time of earthquake, high rise as well as small structures
are generally subjected to failure due to the presence of several irregularities such as strength, mass, discontinuity
in capacity and restrained corner [6]. Several building structures are damaged during Bhuj, Chili and Gorkha

64 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Tumupe K., Yaynazeir X. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxenuin. 2021. T. 17. Ne 1. C. 63-73

earthquake are due to the mass irregularities. The higher amount of mass leads in the reduction of ductility of
vertical load resisting elements and leads to the collapse of structures. The heavy mass on upper story leads
the structure to the vulnerable condition than those at lower story level [7]. From the analytical study of different
regular and irregular buildings, it is noticed that the type, magnitude and location of irregularities had strong in-
fluence on collapse capacity of the structures. The buildings having stiffness, setback and strength irregularity at
the bottom storey has less collapse capacity [8]. The trend of variation of collapse capacity was observed to be
reverse for regular buildings. For mass irregular buildings, the maximum impact on collapse response was ob-
served for the case when mass irregularity was present at the top story [9]. The plan irregular building models
showed less sensitivity to collapse response as compared to the vertical irregularities. This may be due to least
sensitivity of seismic response to plan irregularity.

VNIV

Heawy
mass

] -

Figure 1. Representation of mass irregular structure Figure 2. Representation of stiffness irregularity of the structure

Figure 4. Representation of geometrical irregularity of the structures:
a — top storey high weight; b — top storey fully infilled while lower storey is in bare frame

a>1.30b

stress concentration
center of mass

center of resistance

ground motion ¢

Figure 3. Representation of geometrical Figure 5. Condition of stress concentration in the structure
irregularity of the structure

Stiffness irregularities. 1f the lateral stiffness is less than 70% of that in the storey above or less than 80%
of the average stiffness up to 3 storey then it is said to be soft story [10]. During the earthquake in Chili, several
number of buildings around the alto-Rio building were badly damaged but safe while the alto-Rio building got
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completely collapsed due to vertical irregularities in the stiffness [11]. The performance of the structure also de-
pends on the lateral shear stiffness or flexural stiffness. The lateral shear stiffness of the story can be found by
using following relation. The representation of stiffness irregularity is shown in Figure 2.

Ki = yne 12Ejlj +Znstrut‘4m

j=1 L cos? Om,

where nc — total number of continuum columns in the i-th story; ngw — the total number of struts in i-th story;
Ej — modulus of elasticity of materials; /j — moment of inertia of the member; Lj — length of column;
Em — elastic modulus; Am — axial area; Lm — length; Om — angle of inclination with respect to the horizontal
axis of strut.

Geometrical irregularities. 1f the horizontal dimension of the lateral force-resisting system in any story
varies by more than 130% of adjacent story in both the above and below level, then it is said to be vertical geo-
metric irregularities [12]. This type of irregularity exists in elevation (Figure 3).

Horizontal irregularities. These types of irregularity exist if any element of the lateral load resisting system
is not parallel to one of the orthogonal axes of the lateral load resisting system of the entire structure (Fi-
gures 4 and 5). Among different horizontal irregularities, torsional irregularity is one and can be removed by
increasing column sizes by bracing and adding the shear wall [13].

Description of study buildings and modelling procedure

Description of the buildings. In this study, one regular and four irregulars RC moment resisting frame
structure are taken for analysis. The detailed information of the studied building structures has been collected
from the drawing by consultants, municipality drawing and a field survey of existing buildings in Pokhara Met-
ropolitan City. The collected information helps to know the reason behind the construction of irregular struc-
tures, level of irregularity and the status of irregular building structures in the locality. The typical building
model used in the study is the real model. For further analysis, the building models are modified to address
the different irregularity types.

To extract more detailed structural information such as the size and detailing of RC elements (beam and
column), inter-storey height by width, type of steel reinforcement and quality of concrete are the same to all study
models. To study the influence of irregularity in performance of structures, all the building models are prepared
and analyzed with a three-dimensional model. The material properties of the building are assumed to be same in
all the buildings and throughout the height. Here, building models used in the analytical study are considered to

@® ® ® ® ® ® ® ® have 7 bays 4 m width in X-direction and

| | | ‘ | 3 bays of 4 m width in Y-direction with

G~ e il e il ) 3 m storey height. The bay width is kept
: ; j ‘ : f | 4 m on the basis of standard code in
; 1 j i I the region. The plan of the building model
Coss Rt A S e aae el S 'l‘ “@ s presented in Figure 6.
! ; ] j § : For numerical analysis, non-linear
| ; : : 1 i | static pushover and non-linear dynamic
® ‘l — ¥ I ata B " - ®  time history analysis are used. The regu-
é : l 1 } : i : lar building is kept regular throughout
l ; : ; : I the seven story whereas some bays are
@- f;{m;- e I %@  femoved in different story in case of ir-
@® ® ) ® ® ® ) © regular buildings. In IRR1 type irregular

building one bays in X-direction is re-
moved in each story of the buildings.
In IRR2 type irregular building two bays
in X-direction is removed from each two story of the building respectively. In IRR3 building 3 bays in
X-direction are removed from G+ three story of the buildings while in IRR4 type irregular buildings 4 bays in
X-direction are removed from G+ four story of the buildings. The parameters used for design of regular and irre-
gular building models is presented in Table 1.

Figure 6. Plan of study building model
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Table 1

Parameters used for design of regular and irregular buildings models

Parameters Details Unit
No of storey 7
Floor height 3 m
Thickness of infill wall 230 mm
Imposed load on roof 1 kN/m?
Imposed load on regular floor 3 kN/m?
Floor finish load 1 kN/m?
Wall load 4.4 kN/m?
Size of column 450x450 mmXmm
Size of beam 350%350 mmXmm
Slab thickness 150 mm
Grade of concrete, fei 20 MPa
Grade of steel 415 MPa
Specific weight of concrete 25 kN/m?
Soil type Medium
Seismic zone \%
Zone factor 0.36
Importance factor, / 1
Response reduction factor, R 5
Poisons ratio 0.2
Modulus of elasticity (infill), En 5310 MPa
Modulus of elasticity (concrete), Ec* 25 000 MPa
Time history data El Centro
Damping ratio 5 %
Thickness of shear wall 250 mm
Angle of friction of soil 30 Degree
Specific weight of soil 18 kN/m?

Note: * E.=5000Vfck.

Numerical analysis method. The most accurate procedure for structure subjected to strong ground motion
is the time-history analysis. The pushover analysis is less onerous than nonlinear dynamic analysis since it does
not require the monitoring of cyclic inelastic response of structural member and it avoids the dependence on
the input motion [10]. The necessity for faster method that would ensure a reliable structural assessment or design
of structure subjected to seismic loading led to the pushover analysis [14].

A pushover analysis is performed by the subjecting a structure to a monotonically increasing until structure
become unstable or predefined displacement reached. Under incrementally increasing loads various structural ele-
ments may yield sequentially. Consequently, at each event, the structure experiences a loss of stiffness. Pushover
analysis generate static pushover curve which plots an applied lateral load against displacement. The value of
the lateral force incrementally increases with the transition of structure in the nonlinear zone, plastic hinge is
formed. When analyzing frame structure, material nonlinearity is assigned to discrete hinge location where plastic
rotation occurs according to the [15—16], or other set of code-based or user defined criteria.

Numerical analysis based on the bare frame building modelling with three dimensional models (see Figu-
res 7 and 8). Modelling of the structure is carried out by using SAP2000. Nonlinear behavior occurs within
the frame elements at the location of plastic hinge [17]. The plastic hinges are the points on a structure where one
expects cracking or yielding. The automatic, user defined and generated hinges can be created in structural analysis
program [18]. Automatic hinge properties cannot be modified. User defined hinge properties can be viewed and
modified based on the member cross section and reinforcement detailing. Only automatic and user defined hinge
properties are assigned to a frame element. And once the automatic and user defined hinge are assigned program
automatically create a generated hinge property for each hinge. Salihovic and Ademovic [19] interpreted the result
by assigning auto hinge and user defined hinge with experimental data and concluded that auto hinge could not

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLIA 67



Ghimire K., Chaulagain H. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(1):63-73

simulate the exact nonlinear behavior of the structure. Hence, in this study nonlinear static analysis is carried out
by using default and user-defined plastic hinge properties.

On the beam section, the moment curvature relation established which gives ultimate moment, yield mo-
ment, ultimate curvature and yield curvature and the values were normalized with respect to yield moment and
yield curvature, the plastic hinge length is taken as half of the depth of beam [16]. All the analysis is performed
based on displacement-controlled procedure. The procedure for nonlinear analysis in this study is summarized as:

— application of 10% static lateral load induced due to earthquake at the CG of the building;

— developing (M-0) relationship for critical region of beam and column;

— select control point to see the displacement;

—apply full gravity load as a nonlinear static load pattern and gradually increasing lateral load, until the tar-
geted displacement reached;

— developing hinge formation sequences and the base shear vs roof displacement (pushover curve) table.

o .
AsEEEEa

a b c

d

Figure 8. Irregularities in the buildings:
a—IRR1 model (upto 2™ floor); b — IRR2 model (upto 3™ floor); ¢ — IRR3 model (upto 4™ floor); d — IRR4 model (upto 5 floor)

Analysis and interpretation of results

Pushover curves. From the pushover analysis, it is noticed that the regular buildings have immediate occu-
pancy level before the performance point whereas irregular buildings reached life safety level before the performance
point. In regular buildings, plastic hinges are evenly distributed from bottom to top storey level whereas in irregular
buildings plastic hinges are formed in some of the beam only in the same storey level reaching the plastic limit earlier.
The column of irregular buildings reached life safety and collapse prevention earlier than the regular buildings.
From the pushover curve, it is clearly seen that irregular buildings have slightly higher base shear capacity.

From the hinge formation patterns, it is noticed that in regular building the life safety hinge are formed from
bottom to top in regular status where as in IRR1 and IRR2 building the column of G+3 story get life safety hinge first.
And at the time when G+3 story column gets life safety hinge the G+1 and G+2 story is in only immediate occupancy.
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The results have shown that among the studied building types, regular buildings seem to have more capacity
than any other steeped buildings. Regular buildings have higher stiffness compared to the buildings with floating
columns. Irrespective of mass irregular building both of them have almost same capacity and have slightly less
capacity than the regular buildings (see Figure 9).
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Figure 9. Comparison of base shear versus displacement a
of different regular and irregular buildings
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Figure 11. Story versus story drift in push X Figure 10. Comparison of storey displacement, mm,

of regular and geometric irregular buildings
both in X- (a) and Y-direction (b) of loading

Displacements due to pushover analysis. From Figure 10, it is seen that the maximum displacement of
the 7™ storey regular building have more than that of the other irregular buildings. It is because there is more
amount of mass upto top level in regular buildings compared to other irregular buildings. The same reason is
behind the maximum top displacement in building model IRR3 and IRR4. These results justify that as the irregu-
larity percentage increases in maximum displacement will decrease. However, due to torsional effects, the building
model IRR1 has more displacement than IRR2 building model.

Comparison of story and story drift of structures. The story drift at the location of the steps building is
changing abruptly as shown in figure in comparison to the regular buildings. The change in story drift is mainly
noticed in the location of change of steps. The maximum story drift of irregular stepped buildings is seen less in
comparison to the maximum story drift in regular building as indicated in Figure 11.

Time history analysis. The earthquake ground motion are important for dynamic analyses of the structures.
Though, many earthquakes have been reported in the history of Nepal, no accelerations have been recorded.
Due to the lack of actual time history data in Nepal, the dynamic time history analysis was performed with El Centro
time history data (Figure 12). The analysis is good to represent the realistic behavior of structure [20].

From non-linear time history analysis as indicated in Figure 13, it is observed that the maximum top dis-
placement of the regular building is 126.6 mm. The one step irregular buildings (IRR1) have displacement of
89.52 mm at the top while IRR2 have 94 mm and IRR3 have 95.98 mm at the top respectively. It is seen that
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maximum displacement of roof level in seventh story regular building than that of others irregular buildings. While
comparing the result between the pushover and non-linear time history analysis the value of displacement of roof
of the building given by non-linear time history is high compared to pushover analysis but the pattern of displace-
ment of both the regular and geometric irregular building is same that is REG building had more displacement
followed by IRR4, IRR3, and so on.

ELCENTRO EARTHQUAKE MAY 18, 1940 _REG
NORTH-SOUTH COMPONENT
0.5 8 r
0.4} 7 F
03 r 6 -
@ 0.2t m 5 |
=z 01 [v'd
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8 -0
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03} 1r
-0.4 0 * . * * . : * * . : * . * * !
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2 d ” 1 2 = 20 ROOF DISPLACEMENT (M)
TIME (SEC)
Figure 12. Earthquake time history data for El Centro earthquake Figure 13. Story versus displacement curve

from non-linear time history analysis

Comparison of moment of regular and geometric irregular buildings. The moment of regular and geomet-
ric irregular buildings is compared at the section of D-D. Here D11, D32, D42 likely D represents the value of
moment at section D-D second place numerical value represents the place of moment taken as per plan of
the buildings and third place numerical value represents story levels. Here the negative value represents that irre-
gular buildings have more moment than regular buildings in percentages.

While comparing moment of regular and irregular buildings at section D-D, the moment of regular buildings
is greater than IRR1 buildings upto the 2 story and slightly greater at 3 story level. But after the 3 storey level the
moment of IRR1 buildings is greater than (52%) regular buildings. This is because the IRR1 building also have some
configuration at bottom at two story but after bottom two story one bay is removed from each story creating geomet-
rical irregularity. Hence, the moment is increased due to torsion in IRR 1 buildings through the mass is decreasing.

Similarly, to above result of IRR1 building, IRR2 building also have less moment than regular building
(upto 13%) at lower story but at G+2 story level there is two bays removed creating geometrical irregularity.
And after this story level moment of IRR2 building is greater than (upto 30%) regular building due to torsion
induced in the IRR2 buildings through there is the reduction of the mass by the removal of the bay from upper
story of buildings (Figures 14-17).
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Figure 14. Plan and percentage increased or decreased of moment IRR1 with respect to regular buildings
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Figure 15. Plan and percentage increased or decreased of moment IRR2 with respect to regular buildings
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Figure 16. Plan and percentage increased or decreased of moment IRR3 with respect to regular buildings
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Figure 17. Plan and percentage increased or decreased of moment IRR4 with respect to regular buildings
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Torsion effect on irregular building structures. Torsion is the twisting or wrenching of a structure by
the exertion of forces tending to turn one end or part about a longitudinal axis while the other is held or turned in
the opposite direction [21]. Torsion factor = Deflection Umax / (Deflection Ul max + Deflection U2max). The torsional
factor of studied building models is presented in Table 2.

Table 2
Torsion factor of studied building structures

Storey REG IRR1 IRR2 IRR3 IRR4
7 0.559 0.669 0.519 0.575 0.531
6 0.558 0.564 0.524 0.572 0.526
5 0.557 0.683 0.714 0.565 0.776
4 0.554 0.765 0.732 0.748 0.785
3 0.552 0.826 0.820 0.756 0.790
2 0.552 0.871 0.826 0.757 0.794
1 0.553 0.874 0.829 0.758 0.796

From the Table 2, it is observed that regular building has almost same torsion factor from top to bottom
whereas there is variation in other irregular buildings. It is noticed that there is 0.66 value at the seventh story and
it increases to 0.87 at bottom story. Similarly, it follows same pattern in other three geometric irregular buildings.

Conclusions

This research explores the common structural irregularities and its effects on RC building response. To achieve
the objectives irregularities were created by removing the bay in the building in different floors. The columns in
the different section of the building structures were also removed for creating the irregularities in the study. The main
outcomes of this study can be highlighted as:

— the non-linear time history analysis gives more roof displacement values of the same structures than
the non-linear static pushover analysis;

— the column of irregular buildings reached life safety and collapse prevention earlier than the regular buil-
dings. It reflects the good construction practices in beam column joints;

— the regular buildings have the higher roof displacement values as compared to the irregular ones. It is due
to the effect of irregularity in the structures;

— the moment distribution of both regular and irregular building is more at bottom storey while in upper
storey irregular buildings have more torsional effect and resulting higher moment than the regular one.
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Introduction

Reinforced concrete structures experience degradation due to environmental factors, construction errors,
aging, and increased loads caused by changes in usage [1]. These deteriorated structures can recover their load-
bearing capacity through strengthening [2; 3]. Strengthening methods are largely divided into enlargement of
the concrete section, externally bonded reinforcement (EBR), and near-surface mounted reinforcement (NSMR) [4].
Particularly, the EBR method is easy to apply because reinforcing materials such as steel plate and fiber are
adhered to the concrete surface by an epoxy resin and also exhibit excellent strengthening effect [5].

Continuous basalt fibers (BF) havin a diameter of 10-20 micrometer are produced from melted basalt
stones through an extrusion process, similar to the manufacturing process of glass fibers [6]. However, the basalt
fibers production process is more economical and environmentally friendly compared with glass fibers [6; 7].
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The reason is that the only input of basalt fiber production line is the natural basalt stones and also it uses less
energy [6; 7]. The basalt fiber behaves elastically until the failure point at the plastic zone [6]. Similar behaviour
was also observed in basalt fiber reinforced polymer (BFRP) materials [8]. In the literature, there are contradictory
opinions regarding the durability of basalt fiber [9]. The most prominent concern in flexural members reinforced
with BFRP is their brittle behavior. BFRP bars do not yield; therefore, they have a linear elastic behavior until
failure [10-23]. This could result in sudden failure without warning; this situation is undesirable to designers.

The American standards and design code for fiber-reinforced polymer (FRP) as longitudinal reinforcement,
ACI 440-1R-06 [24], allows two modes of flexural failure to be used in the design of FRP-reinforced concrete
members [25]. The first failure mode is controlled by FRP rupture. This mode of failure is like the tension-
controlled failure which is adopted by the ACI-318 code for steel reinforcement. Since FRP bars have no yiel-
ding point, the signs before failure are limited and the member experiences a sudden and catastrophic failure.
The second failure mode is controlled by concrete crushing (compression-controlled). According to ACI 440-1R06,
to design a section that can fail by FRP rupture, the FRP reinforcement ratio should be less than the FRP ba-
lanced reinforcement ratio (pf'< pfb). In contrast, concrete crushing failure can be accomplished by using an FRP
reinforcement ratio that is greater than the FRP balanced reinforcement ratio (pf >pfb) [25].

Researchers have performed many investigations that aim to develop a suitable solution to improve the duc-
tility of the concrete members reinforced with FRP. Since FRP bars have no yielding strain and since it is prefer-
able that concrete crushing occurs before the FRP bars rupture, the challenge is to improve the compressive
strain properties of concrete in order to postpone concrete crushing and allow FRP bars to contribute more to
the load-carrying capacity [11; 15; 19; 21; 26]. Incorporating randomly distributed microfibers into the concrete
mix is one solution to overcome the problems of ductility and deformability of FRP-reinforced concrete mem-
bers. Although concrete is a brittle material, studies have shown that the compression-controlled failure mode
exhibits more plasticity than the tension controlled one. Since compressive concrete properties can be enhanced,
compression-controlled failure is recommended as it provides a more advanced warning before failure. Studies
had proven that the effect of the fibers on concrete properties depends on the length and dosage of the fibers in
the concrete mix [27-30]. In addition, studies have shown that the optimum dosage of basalt fibers to allow
the best mechanical properties to be achieved ranges between 0.3—0.8% of the total volume of the concrete
mix [28; 30; 31]. In this study, chopped basalt fibers of 12 and 24 mm length and a volume fraction of 0.75% of
the total volume of the mix are used. Generally, adding fibers to the concrete mix can improve its mechanical
properties including flexure, deformation, toughness, ductility, and load-carrying capacity after cracking [30].
Bridging the micro and macro-cracks in the structural member is the main function of the short and long fibers.
Consequently, the post-cracking behavior of FRP-reinforced concrete members is improved [28].

The high strength of lightweight aggregate concrete leads to increased brittleness, therefore fiber reinforce-
ment should be considered for improving strength and ductility. Analyzing from the reviews detailed in this paper,
lightweight aggregate concrete and the usual gravel coarse aggregate can increase their ductility when reinforced
with basalt fiber. The volume of the fiber in the concrete mix affects ductility growth. From 0.5% fiber increment
in the concrete, a significant increase in the ductility of the concrete is seen. Adding lightweight aggregates to the
concrete mix decreases the ductility of the concrete and at the same time increases the brittleness of the material.
The shear and flexural definition of ductility index p consists of the ratio of the area of the load-deflection response.
Shear ductility should only be measured on shear deformation [32]. The fiber volume fraction of 1.5% or higher
achieves strain hardening faster than lower fiber volume fractions. By the addition of 10-20% fly ash and silica
fume cement substitutes, the ductility and flexural strength of lightweight fiber-reinforced concrete is improved.
This yields an increment of 50-150% flexural displacement (ductility) at ultimate load [33]. For lightweight aggregate
fiber-reinforced concrete, ductility results from enforced crack resistance due to the fiber bridging concrete layers [34].
It can be concluded that adding fibers into the lightweight concrete mixtures increases the compressive strength of
the concrete by 20%, tensile strength by 80%, and flexural strength by 90% [35]. In multi-story buildings, the dead
load is decreased by using structural lightweight concrete [27; 36; 37]. A comprehensive analysis of ductility of
basalt fiber reinforced concrete, to focus on lightweight expanded clay is illustrated in the review paper [38].

The flexural strength and ductility of concrete slabs are highly necessary for structures. As a result of
the load which affects the deflection or flexure of slabs, it becomes a problem that needs to be solved. Generally,
adding fibers to the concrete mix can improve its mechanical properties including flexure, deformation, tough-
ness, ductility, and load-carrying capacity after cracking but little experiments have been done on the flexure and
ductility of lightweight expanded clay concrete slabs reinforced with basalt fiber polymers. The effects of basalt
fiber mesh on ductility and flexure will be checked in this research work.
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Research methodology

Materials. The experimental study of concrete is carried out per CIS Interstate Standard GOST 10180-2012 [39].
The materials for the lightweight concrete (LWC) mix and the production of the concrete for this study are listed
below for better illustration.

1. LECA of 5-8 mm fraction as coarse aggregate was used at 200 kg/m’.

An expanded clay aggregate is a lightweight aggregate from clay. The LECA is known for its properties
like lightweight, insulating, strong, non-combustible and fire-resistant, extremely stable and durable, natural
material for sustainable construction, versatility, and high drainage capacity [40; 41].

2. Quartz sand of 0.6-1.2 mm fraction as fine aggregate with fineness modulus of 2.7 = 585 kg/m’.

3. Mineral filler Silverbond Quartz flour of 50 um 100 kg/m® as mineral filler.

Quartz differs from other mineral fillers in hardness, abrasion and chemical resistance, anti-corrosion, and
low coefficient of thermal expansion. Quartz is a chemically stable mineral, it is soluble only in hydrofluoric
acid. With a low oil absorption and a small surface area of the particles, the use of quartz flour makes it possible
to achieve a system with a high degree of filling.

4. Binder Holcim Portland cement M500 at 500 kg/m®.

The characteristics of Holcim Portland cement M500 D20 CEM 11 42.5 N: M — brand, 500 is a figure
showing the average compressive strength for 28 days in kg/cm?, D — additives, 20 — allowable number of additives
in % (up to 20%), CEM II — cement containing additives, and the content of additives is 6-20%, 42.5 — class
compressive strength for 28 days, must be at least this value, N — normal hardening.

5. Organic mineral-based additives: silica fume at 62.5 kg/m’, and fly ash at 62.5 kg/m”.

6. Super plasticizing and water-reducing additive Sika Plast concrete at 8 I/m’.

7. Tap water at room temperature at = 255 1/m’. Generally, water that is suitable for drinking is satis-
factory for use in concrete.

For concrete reinforcement, the following materials are needed:

8. Chopped basalt fiber with a length of 20 mm and diameter 15 micrometers.

9. Basalt rebar of diameter 10 mm for concrete reinforcement.

10. Basalt fiber mesh for slab reinforcement.

Cell parameters: 25%x25 mm.

The diameter of the fiber tendons for the cell parameters is 1.5 mm

The 1.6% basalt fiber is used. The 1.6% chopped basalt fiber is used for this research experiment was
derived from the series of experiments done the research work of [42].

Research description. The ductility and flexural/deflection tests were done on nine engineered cemen-
titious composite (ECC) slabs. These nine slabs are divided into three reinforcement methods which are stated
below. The dimensions of the ECC slabs are: length — 1500 mm, width — 500 mm, thickness — 65 mm.

The basalt rebars are placed in longitudinal and transverse directions. The concrete mix was done in
an electric mixer and poured into a wooden slab mold. The steps taking according to CIS Interstate Standard
GOST 10180-2012 [39]. From the concrete mix, three sets of ECC slabs were molded. The ECC slabs in molds
were covered with polyethylene and kept at room temperature (20 + 5 °C) and relative air humidity (95 £ 5%).
The slabs were removed from the wooden molds within the 74™ and 76™ hour after pouring in the molds, then
placed in a curing bath at room temperature. On the 28" day after molding, the concrete slabs were tested for
deflections, ductility, and cracks.

To generate a compression zone on the top side of the slab, two symmetric point loads are applied to form
the four-point bending test (Figure 1). To determine the deflection, an electronic strain gauge was used.
The pointer (gauge) is placed under the concrete beam at an angle of 45°. The measured deflection is multiplied
by cos 45°, to derive the corrected deflection. The diameter for each basalt rebar is 10 mm.

600mm
Al = ; } A-A
B 300mm 43 600mm % 300mm 500mm
g =
1 SOxnm_Q— - 1200mm ——150mm
Al m
1500mm

Figure 1. ECC slab prototype and dimensions

OKCNEPUMEHTANBHBIE UCCNELOBAHMA 77



Galishnikova V.V. et al. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(1):74-81

The ECC slabs and their reinforcements are as follows:

1) three lightweight ECC slab reinforced with basalt rebars @10 mm (first slab type);

2) three lightweight ECC slab reinforced with basalt rebars @10 mm with dispersed chopped basalt fiber
and basalt fiber polymer (mesh) of cells 25%25 mm (second slab type);

3) three lightweight ECC slab reinforced with basalt rebars @10 mm with dispersed BF of length 20 mm,
diameter 15 pm (third slab type).

Results and discussion

Cracks and deflection of basalt fiber reinforced ECC. First slab type shows more cracks if compared with
second and third slab types. Confirming the influence of chopped basalt fiber in ECC, Figure 2, b shows the crack
locations under the ECC slab. During the loading of first slab type, cracks appeared earlier and the deflection growth
percentage was faster. The deflection width of slab type 1 is shown in Figure 2, a. Second slab type showed lesser
cracks (Figure 3, b) than slab type one but more compared to third slab type. This is attributed to the addition of dis-
persed chopped basalt fiber in the ECC mix. The deflection growth in second slab type was slower than in first slab
type and the deflection width of third slab type is shown in Figure 3, a. Comparing the crack appearance and deflec-
tion in third slab type with first and second slab types, it is seen in Figure 4, b the cracks appearance of third slab type
where third slab type proves that inclusion of dispersed chopped basalt fiber in ECC slab and reinforcement of
the tension zone of the ECC slab (under the slab) with basalt fiber mesh enhanced crack resistance the slab.

The physical deflection of the three sets of slabs are shown in Figures 2, a, 3, a, 4, a while Figures 2, b,
3 b, and 4, b show the physical view of the cracks. From Figure 5, the maximum flexural load for first slab type
is 16.2 KN with 8,075 mm deflection, second slab type is 24.7 KN with 17,26 mm deflection, and third slab type
is 32 KN with 15,29 mm deflection. From Figure 5, it is seen than third slab type shows more nonlinearity. This
explains the plastic effect of the basalt materials in the ECC in third slab type which yielded more plastic
deflection when acting on imposed load.

Ductility of basalt fiber reinforced ECC. In the laboratory experiment, slab type 3 showed more ductile
behavior when acted under the imposed load. There more imposed load acted on slab type 3 and also more
deflection but lesser cracks when compared to slab type 1 and slab type 2. Figure 6 shows the stress-strain
diagram of the 3 (three) types of ECC slabs. Slab type 1 has its maximum strain as 0.006729167 and maximum
stress as 498.4615385Pa. Slab type 2 has its maximum strain and maximum stress as 0.014383333 and 760Pa
respectively. Slab type 3 has maximum strain of 0.012741667 and maximum stress of 984.6153846Pa. Slab
type 3 show more ductile ability from the stress-strain analysis.

L — T

Figure 2. Physical experimental results of first slab type:
a — deflection of first slab type; b — cracks on first slab type

Figure 3. Physical experimental results of second slab type:
a — deflection of second slab type; b — cracks on second slab type
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Figure 4. Physical experimental results of third slab type:
a — deflection of third slab type; b — cracks on third slab type
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Figure 5. Load-deflection diagram of ECC slabs Figure 6. Stress-starin relationship of ECC slabs
Conclusion

From the experimental analysis, inclusion of dispersed chopped basalt fiber in concrete enhances crack re-
sistsnce and ductility in ECC slabs. The flexural load of the ECC slabs were more in slab containing dispersed
chopped basalt fiber and even more when reinforced with basalt fiber mesh.
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HBIMHU COOPYKXCHUAMHU, BXOAAIINMU B COCTAaB r'IpOy3JI0B. m MpUCYIIU Xapak-
TEpHbIE OCOOEHHOCTH T'MAPOTEXHUYECKUX COOPY)KEHMH, TaKue KaK 3HAUUTENb-
Hble rabapuThl, HU3KUIl npoueHT apmupoBanus (1o 1,0 %), ropu3oHTaIbHbIE
MeKO0JIOUHBIE IBbI, 00YCIOBIMBAIONIME UX XapaKTep paboThl U HAIPSHKEHHO-
nedopmupoBanHoe cocTosiHue. OCHOBHBIE HAarpy3Kd Ha THUIOBBIE I'PaHM IOA-
IIOPHBIX CTEHOK — 3TO HAarpy3KHU OT AeHCTBUA IPyHTa 3achlloK. IIpu 3ToM Xapak-
Tep WX BO3JECHCTBUS MOXET OKa3aThCs pa3MuHbIM. HemosHbI ydeT KOHCTPYK-
THUBHBIX OCOOEHHOCTEW W XapakTepa NEHCTBHs HAarpy30K IPH NPOEKTUPOBAHHU
LEJIOTO Psijia TIOANOPHBIX CTEHOK, HAXOISIINXCS B CTaJHU JIIHTEIHHON dKCILTya-
Taluy, BBI3BaJ HEOOXOIMMOCTh YCHIICHUS OATIOPHBIX CTeHOK. OIMH U3 CIIoco-
00B YCHJICHUS 3aKJIOYAJICSI B YCTAHOBKE CTEPXKHEH apMaTypbl B POOypEeHHBIE
HaKJIOHHBIE OTBEPCTHS, EPECEKAIONINE CTPOUTENbHBIE IIBBl. Bo3HUKIa HEOO-
XOJUMOCTb M3Y4EHHUsl KOHCTPYKUUH MOJNOPHBIX CTEHOK IpU JEHCTBUM pas-
JIMYHBIX HArpy3o0K, B TOM YHUCJIC C YYE€TOM YCUJICHUSI HAKJIIOHHBIMU CTCPIKHSAMMU.
L]eny SKCTIEPUMEHTANBHBIX UCCIEIOBAHUM 3aKiIioyanach B M3YUYEHUH BIIMSIHUS
[IEpEMEHHOM HAarpy3Kd Ha HaNpsDKEHHO-Ie()OPMHUPOBAHHOE COCTOSIHUE YKa3aH-
HBIX KOHCTPYKIMH, B TOM YUCIIE C Y4€TOM HAKIOHHOW apMaTypbl, yCTaHOBIICH-
HOI B 30HaX IOPU3OHTAIBHBIX MEXOIOUHBIX LIBOB. IIpu perieHuu NoCTaBiICH-
HBIX 3a7la4 MPUMEHSUINCH MPOBEPEHHBIE YKCIEPUMEHTAIBHBIE Memodbl UCCiIe-
JOBaHUH JKeIe300€TOHHBIX KOHCTPYKIHH THAPOTEXHHYECKHUX COOPYKECHHHU.
Pesynomamui. TlomydeHbl ONBITHBIE TaHHBIE HCCIECIOBAHUS MOJIENEH MOAIOp-
HBIX CTECH, B TOM YHCJIE C YCHJIEHHEM HAaKJIOHHOW apMaTypoi, IpU pa3In4yHOM
pacmoJioKeHUN PaBHOAEHCTBYIONIEH HArpy3KH Ha THUIOBBIE TPAaHU MOJEIEH.
BrInonHEeHO YKCIepUMEHTalbHOE 00O0CHOBAaHHUE YCUJICHHS KeIe300€TOHHBIX
KOHCTPYKLMH MOAIIOPHBIX CTEHOK HAaKJIOHHON apMaTypoi, IepeceKarolieil ropu-
30HTAJIbHBIC CTPOUTECJIbHBIC LIBBI.

Ki1ioueBbie cjioBa: MOJNOPHBIE CTEHKU TMIPOY3JI0B, TOPH30HTAIBHBIE MEXKOI04-
HbIE LIBBI, XapakTep AEHCTBUS HArpy30K, HaNpsHKEHHO-Ie()hOPMUPOBAHHOE COCTOS-
HHE, SKCIIEpUMEHTAJIbHbIE UCCIIETI0BAHUS

Ilawenko @edop Anexcanoposuu, reHepaIbHBINA TUPEKTOP.
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Experimental-theoretical studies of hydrotechnical angular-type retaining walls
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Article history Abstract. Relevance. Retaining walls are common structures that are part of
Received: October 16, 2020 waterworks. They have the characteristic features of hydraulic structures, such
Revised: December 24, 2020 as large dimensions, low percentages of reinforcement (up to 1.0%), horizontal
Accepted: January 14, 2021 interblock joints. The listed features determine the nature of the work and

the stress-strain state of the retaining walls. The main loads on the rear faces of
the retaining walls are loads from the action of the backfill soil. The incomplete
consideration of the design features and the nature of the loads action in the de-
sign of a number of retaining walls that are in the stage of long-term operation
has caused the need to strengthen them. One of the reinforcement methods was
to install reinforcement rods in drilled inclined holes in the zones of horizontal
interblock joints. It was necessary to conduct experimental studies of reinforced
concrete retaining walls under the action of various loads, in particular conside-
ring the reinforcement by inclined rods. The aim of the experimental research
was to study the effect of variable load on the stress-strain state of these struc-
tures, among others with due regard to inclined reinforcement installed in
the zones of horizontal interblock joints. When solving the set tasks, proven ex-
perimental methods of researching reinforced concrete structures of hydrotech-
nical structures were used. Results. Experimental data from the study of models

of retaining walls, including those with reinforcement by inclined reinforcement,
at different locations of the resultant load on rear faces of models were obtained.
An experimental substantiation of the reinforcement of reinforced concrete struc-
tures of retaining walls with an inclined reinforcement crossing horizontal con-
struction joints has been carried out.
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BBenenne

[MoamopHbIe CTEHKH SIBISIOTCS PACIPOCTPAHEHHBIMH COOPYKCHHUSMH, BXOJSIIUMU B COCTaB THIPO-
y310B [1-7]. UM mpucymu xapakTepHble 0COOCHHOCTU THAPOTEXHHUUYECKUX COOPYKEHHUH, TaKHe KaK 3HA4M-
TenbHBIE Ta0apUTHI, HU3KKE MPOIeHTH apmupoBanus (10 1,0 %), ropuzoHTaIBHBIE MEXOIOYHBIE MBHL. [lepe-
YHUCIEHHbIE 0COOCHHOCTH OOYCJIOBIHBAIOT XapakTep paboThl U HANPSIKECHHO-NCHOPMUPOBAHHOE COCTOSIHHE
MOJTMIOPHBIX CTEH.

OCHOBHBIC HArpy3Kd Ha THUIOBBIEC TPAaHU TMOJIOPHBIX CTEHOK — 3TO HArpy3Kd OT JCHCTBHS TPyHTa 3aChl-
nok. [Ipu 3TOM XapakTep UX BO3JEHCTBUS MOXKET OKA3aThCs PA3TUYHBIM.

He monHbIi yyeT KOHCTPYKTHBHBIX 0COOCHHOCTEH M XapakTepa NeHCTBUS HATPY30K MPH MPOSKTUPOBAHUH
LEJIOTO Psifia TOIOPHBIX CTCHOK, HAXOSAIIUXCS B CTaJIUU JUIUTEIBHOMN SKCIUTyaTallly, BhI3BAJl HEOOXOIUMOCTh
YCHJIEHUS TOATIOPHBIX CTEHOK [8—16].

OnHUM U3 CIOCOOOB YCUIICHHS 3aKJIFOYaNCs B YCTaHOBKE CTEpIKHEH apMaTyphl B MPOOYpEHHbBIC HAKIOH-
HBIC OTBEPCTHS, MEPECEKAIOIINE CTPOUTEIBHBIC IIBHI.

Bo3Hukia HE00X0AUMOCTh U3YYCHUS KOHCTPYKIUI MOAMOPHBIX CTEHOK MPH JACHCTBUM Pa3IUYHBIX HATPy-
30K, B TOM YHCJIC C YYE€TOM YCTaHOBKH HAKJIOHHBIX CTEPKHEH.

Fedor A. Pashchenko, General Director.
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Taxum 00pa3oM, Liesb SKCICPUMEHTAIBHBIX MCCIEJOBAHUM 3aK/II0YaIach B U3YUEHUH BJINSHUS IIepeMEH-
HOU HArpy3KH Ha HalpsHKEHHO-I1e(OPMHUPOBAHHOE COCTOSHIE YKa3aHHBIX KOHCTPYKIWH, B TOM YHCJIE C YIETOM
HaKJIOHHOM apMaTypbl, yCTAHOBJIEHHOH B 30HaX TOPU30HTAIBHBIX MEKOJOYHBIX ILIBOB.

IIpu npoBeneHUH SKCHEPUMEHTANBHBIX HCCIEIOBAHMN OBLI TAaKXKE HCIOJIb30BaH 3apyOC)KHBIM OIBIT
MPOBEACHUS UCCIICIOBAHUHN HANPSHKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHUS TIOJIIOPHBIX CTEHOK [17-25].

MarepuaJibl H METOABI

[Ipu permienny NOCTAaBICHHBIX 3a[a4 MPUMEHSIMCH IPOBEPEHHBIE HKCIIEPUMEHTANBHBIE METOBI UCCIIE0-
BaHHH KeIe300€TOHHBIX KOHCTPYKIIMHA THAPOTEXHUUECKUX COOPYKEHHUH.

DKCTIepUMEeHTaIbHBIE NCCIIEI0BAHMUS POBOAMINCH HA OCHOBE JKEJIe300€TOHHBIX MOJIeNeil OANOPHBIX CTEHOK,
M3TOTOBIICHHBIX B MaciTa0e 1:12 HU30BBIX IOATIOPHBIX CTEHOK BoonpueMHmka 3aropckoit [[ADC [8; 9; 14].

OcHoBHBIC TaOaPUTHI KEIIe300€TOHHBIX Mojaelneii: BeicoTa 1,43 M, TommuHa 0,30 M, mMprUHA B KOPHEBOM
ceuenun 0,33 M, mupuna sepxa moaeneit 0,08 m. Ha Bricote 0,14; 0,345; 0,708 M 0T KOPHEBOTO CEYCHUS YCTPO-
€HBI TOPH30HTAJIbHBIC Mek0I04YHbIe MBI beToH Moxereii kinacca B25.

VYV ThUIOBOM T'paHU yCTAHOBJIEHBI TPU CTEPKHs nuameTpom 12 MM kiacca A-III, y nuuieBoit rpaHu — OJIMH
cTepkeHb quamerpoM 12 mm kimacca A-II1L

IBe monenu M-1 u M-4 usroraBnuBanuch 0e3 ycuieHus, aBe Mojenu M-2 u M-3 yCcuIHMBamuch mocpes-
CTBOM HaKJIOHHBIX XoMyTOB ) 10 MM knacca A-IlI, pazmemeHHbIM 110 O0KaM MOZAEIH 1Mo yriioM 15° kK ropu3oH-
TaJbHOMY CpPEIHEMY IIIBY.

Ha mepgoif ctaguu nccnenoBanuii (3tansl 1 u 2) moneneid M-1 (6e3 ycunenus) u M-2 (ycuieHHOM
HAKJIOHHBIMU CTEPHIMH) PABHOACWCTBYIOIIAs HATPY3KH MPHUKIaIbIBasiach Ha pacctosHun 0,82 M 0T KOPHEBOTO
Ce4YeHMUs.

Ha sramax 3 u 4 BTOpO# cTamuu MCCIIEOBaHUI PaBHOACUCTBYIONIAS HATPY3KH IIPHUKIIAIBIBATACh K MOJIE-
1M M-3 u M-4 Ha paccrostaun 0,645 M OT KOPHEBOTO CEUEHHUS.

Koncrpyknuu moneneit M-1, M-2, M-3, M-4 u cxeMbl UX UCHBITAHUN IIPEICTaBICHBI Ha pUC. 1.

Stage 1 31an 1 Stage2 Jran 2  Stage3 Otan 3 Stage4d Jran 4
l— h‘_ ’F &r
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I— lr ’F ir
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©
3
- 1 3 i 1
—\‘
g- 4
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-1 1 wos
T
Y N— N— N~
33

Puc. 1. Konctpykuuu moneneit M-1, M-2, M-3, M-4 u cxeMbl UX UCTIBITAHUH
[Figure 1. Designs of models M-1, M-2, M-3, M-4 and their test schemes]
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Pe3yabTathl U 00Ccyx1€eHHE

Pe3ynomamut IKCnepuMeHmManbHBIX UCCTEO08AHULL MOOETU IHCENe300emOHHOI NOONOPHOIL CHIEHKU
0e3 ycunenua npu pacnonoicenuu nazpy3ku na paccmoanuu 82,0 cm om KopHegozo ceuenun

Ha mepBom »Tane npoBoAMINCE SKCTIEpUMEHTAIBHBIC HCCIISIOBAHIS MOICITH TTOAIIOPHONH cTeHKH M-1 6e3
YCHJICHHS TIPH PACIIOIOKEHUH PAaBHOACHCTBYIONIECH Harpy3ku Ha BbicoTe 82,0 cMm oT HH3a Mojenu. OmBITHRIE
JTAaHHBIC CBEJICHBI B Ta0M. 1.

Tabauya 1
PesyabTatel ucnbitanuii mogeau M-1 (P = 62,4 kH) npu Harpy3ke Ha BepxHeii oTMeTKe
[Table 1. Test results of the model M-1 (P = 62,4 kN) at the load at the top mark]
Packpeitue ropusonTansHbx mBoB [Disclosure of the horizontal joints]:
— BepxHuii moB [upper joint] cp. [average] 0,16 mm [mm]
— cpennuii moB [middle joint] cp. [average] 0,39 MM [mm]
— HIDKHUH 010B [bottom joint] cp. [average] 0,365 MM [mm]
No 3 —0,5 MM [mm]
Packpertue Haknonsbix TpenmuH [ The inclined cracks opening] Ne 4 — 0,4 MM [mm]
No 6 — 0,8 MM [mm]
[epememenne Bepxa monenu [Displacement of the top of the model] 20,37 MM [mm]
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[Figure 2. The value of horizontal displacements] [Figure 3. The value of the upper joint opening]
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[Figure 4. The value of the middle joint opening] [Figure S. The value of the lower joint opening]
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[Figure 6. The value of the inclined cracks opening] [Figure 7. Deformation value of the model M-2 inclined reinforcement]

Haubonpmas Harpyska Ha mozens M-1 Ha mepBom atane paBHsiachk 62,4 xH. Ilpu aTom nepemermienue
Bepxa monenu coctaBmwio 20,37 mM. CpenHee 3HaYCHHE NTUPUHBI PACKPBITHS BEPXHETO, CPEIHETO U HIDKHETO
TOPMU30HTATIBHBIX MEXOI09HBIX MBOB coctaBmio 0,16; 0,39; 0,365 MM cooTBeTcTBeHHO. lllMpuHA pacKpHITHI
HauOoJIee CYIICCTBCHHBIX HAKIOHHBIX TpemuH Ne 3, 4, 6 cocrasuna 0,5; 0,4; 0,8 MM COOTBETCTBEHHO.

OnbITHBIC TaHHBIE UCTIBITAHUIA Mozenu M-1 n300pakeHsl B BHjie TPadUKOB (B COMOCTABICHUU C UCTIBITA-
HUSMHU Mozenu M-2) Ha puc. 2—7.

Pesynomamol IKCHEPUMEHMATILHBIX UCCIEO0BAHUTE MOOETU MHCe1e300eMOHHOI NOONOPHOT CIEHKU,
YCUTIEHHOU HAKTOHHBIMU CHIEPHCHAMU, NPU PACHOI0MCEHUY HazZPy3Ku Ha paccmoanuu 82,0 cm om Hu3a modenu

Ha BTOopom 3Tane n3yyanach KOHCTPYKIUS MoAenu M-2, B KOTOpOU yCTaHOBJIEHHI ABa cTepkHI O 10 MM
kiacca A-III, pa3MemnieHHBIX MO0 O0KaM MOJEIH MO YoM 15° K TOpU30HTaIFHOMY CPEIHEMY IIBY MPH PacIIo-
JIO’)KEHUH Harpy3ku Ha pacctosHuH 82,0 cM 0T KOopHEBOTO ceueHHst. ONbITHBIE JaHHbIE CBECHBI B Ta0M. 2.

Tabauya 2
PesyabTathl uenbiTanuii Mogeaun M-2 (¢ ycusnenuem, P = 66,56 kH) npu Harpy3ke Ha BepxHeii oTMeTKe
[Table 2. Test results of the model M-2 (with amplification, P = 66,56 kN) at the load at the top mark]

Packpeitue ropuzontaneabx mBoB [Disclosure of the horizontal joints]:
— BepXHHUii moB [upper joint] cp. [average] 0,17 mm [mm]
— cpenuuii moB [middle joint] cp. [average] 0,39 MM [mm]
— HIKHAHR moB [bottom joint] cp. [average] 0,43 MM [mm]

Ne 4 — 0,65 mm [mm]
Packpoitue Haknonusix TpeuuH [The inclined cracks opening] Ne 6 — 0,90 mm [mm]

No 7 —0,30 mm [mm]
OtHocurenbHas nedopmaius HakoHHbIX cTepxkHeil [The relative deformation of the inclined rods] 42,0107 €. 0. 1.
IMepememnienue Bepxa monenu [Displacement of the top of the model] 21,75 MM [mm]

Haubonpmas Harpyska Ha Moaens M-2 Ha BTopoM 3Tane paBHsutack 66,56 kH. IIpu stom nepemernenue
Bepxa Mozenu coctaBwio 21,75 MM. CpenHee 3HaUeHHME MIMPUHBI PACKPBITHS BEPXHETO, CPETHETO M HIKHETO
TOPHU30HTATIBHBIX MEXKOIOUHBIX MIBOB coctaBmio, 0,17; 0,39; 0,43 MM coorBercTBeHHO. lllMpmHAa packpheITHS
HauOoJIee CYIIECTBCHHBIX HAKIOHHBIX TpemuH Ne 4, 6, 7 cocraBuia 0,65; 0,90; 0,3 MM COOTBETCTBEHHO.

BenuuuHa OTHOCHTENBLHOTO PACTsKeHHs B OOKOBOH HakJIOHHOU apMatype coctauia 42,0107 mpu Be-
nuurHe HanpspbkeHuit 84 MIla u yeunuit 9,49 xH.

OmnbITHBIE NaHHBIE UCTIBITAaHUH Moaenn M-2 u300pakeHsl B BUe TpaduKoB (B COMOCTABICHUEM C UCIIBI-
TaHUAMHU Mozenu M-1) Ha puc. 2-7.

ComnocTaBieHre U aHAIU3 MOJIyYEHHBIX ONBITHBIX AAHHBIX MTOKA3ajH, YTO HAIMYHME CTEP>KHEH HAaKIOHHOU

apMaTypbl BBI3BAJIO BO3pACTaHHE MPeAeIbHON HArpy3KHu Ha 6,7 %, CHIKeHHE TOPU30HTAIBHBIX CMEIICHHUA U Be-
JUYUHBI PACKPBITUS CTPOUTEIHHBIX IIIBOB U HAKIIOHHBIX TPEIIUH.
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Taxxe npu Harpyske 62,4 kH ropusoHTandpHBIE CMEIIEHUs CHU3WINCh Ha 1,5 %, BeMW4MHA PaCKPBITH
cpenHero mmBa — Ha 5,2 %, HIDKHETO mBa — Ha 6,5 %, BeMUUrMHA PacCKPHITHI HAKJIOHHBIX TpemuH: Ne 4 — Ha 33,3 %;
Ne 6 —Ha 6,3 %; Ne 7 —na 20,0 %.

Pesynbmamsl IKcnepumMeHmanbHbIX UCCTEO06AHUTL MOOETU HCEe300eMOHHBIX HOONOPHOU CHEHKU,
YCUTIEHHOU HAKTOHHBIMU CHIEPHCHAMU, NPU PACHOTIONCEHUN HAZPY3KU HA paccmoanuu 64,5 cm om Huza modenu

B pamkax TpeThero sramna npoBOAWIUCEH KCIIEPUMEHTAIBHBIE UCCIEI0BAHNU MOJAETH MOANOPHON CTEHKU
M-3 (ycuieHHOW HaKJIOHHBIMH CTEPXKHSIMH), K KOTOPOW PaBHOJEHCTBYIOIIAsl HATPY3KH MPIIIOKEHA Ha BBICOTE
64,5 cm ot Hu3a Mojean. ONbBITHBIE JaHHBIE CBEACHBI B TA0. 3.

Tabauya 3
Pesyabratel ucnsiTanmii mogeau M-3 (¢ yeunenuem, P = 83,2 kH) npu Harpy3ke Ha HUKHell 0TMeTKe
[Table 3. Test results of the model M-3 (with amplification, P = 83,2 kN) at the load at the bottom mark]
Packpertre ropusonTanbpHbIx mBoB [Disclosure of the horizontal joints]:
— BepXHUH 1I0B [upper joint] cp. [average] 0,07 mm [mm]
— cpennuii woB [middle joint] cp. [average] 0,34 MM [mm]
— HIDKHHH 10B [bottom joint] cp. [average] 0,37 MM [mm)]

No 3 —0,43 MM [mm]
Packpritre Haxionnsix tpemyH [The inclined cracks opening] Ne 4 —0,70 mm [mm]
Ne 6 — 0,63 MM [mm]

OtHocurenbHas nedopmanys HakIOHHEIX cTepkHeil [The relative deformation of the inclined rods] 72,0x107 e.0.1.

[Nepememnienune Bepxa monenu [Displacement of the top of the model] 18,24 mm [mm]
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[Figure 8. The horizontal displacements value] [Figure 9. The value of the upper joint opening]
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[Figure 10. The value of the middle joint opening] [Figure 11. The value of the lower joint opening]
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[Figure 12. The value of the inclined cracks opening] [Figure 13. Deformation value of the model M-3 inclined reinforcement]

Haubonpmas Harpyska Ha Mozens M-3 Ha TpeTbeM 3Tane paBHsiach 83,2 kH. Ilpu aToM mepemermienue
Bepxa mojnenu coctaBmio 18,24 mm. CpenHee 3HAUCHHE IIUPUHBI PACKPBITHS BEPXHETO, CPEIHETO U HUXKHETO
TOPU3OHTANBHBIX MekO0104HbIX mBOB coctaBmio 0,07; 0,34; 0,37 MM coorBercTBeHHO. lllMpuHa packpeiThs
HanOoJiee CYMEeCTBEHHBIX HAKIOHHBIX TpemuH Ne 3, 4, 6 coctasmia 0,43; 0,70; 0,63 MM COOTBETCTBEHHO.

BenuunHa OTHOCHTENBHOTO PACTSHKEHHs B OOKOBOH HAKJIOHHOM apMaType coctaBmia 72,0x107° mpu Be-
nuarHe HanpspkeHui 144 Mlla u yennmit 16,27 xH.

OMnBITHBIE TaHHBIC UCIBITAHUN Moaenn M-3 n300pakeHbl B BUE TpauKoB (B COMMOCTABICHUH C UCITBITA-
HUsMH Mozenu M-4) Ha puc. 8§—13.

Pezynomamot IKCnepUMEeHMANbHBIX UCC/1€008AHUI MOOETIU Hcele300emOHHOI NOONOPHOI CIMEeHKU
0e3 ycunenusa npu pacnonodcenuu Hazpy3ku Ha paccmoanuu 64,5 cm om nuza moodenu

B paMKax TPETLETO dTalla MPOBOJUINCH SKCIICPUMCHTAJIBHBIC UCCIICAOBAHUA MOACIIN HO,[[HOpHOﬁ CTCHKH

M-4 6e3 ycumneHus1, K KOTOPOH paBHOMCHCTBYIONAs HArpy3KH NMPIIIOKEHA Ha BRICOTE 64,5 CM OT HH3a MOJICIH.
O1nbsITHBIE TaHHBIE CBENEHBI B Ta0II. 4.

Tabnuya 4
PesyabTatel ncnbiranuii mogeau M-4 (P = 79,04 kH) npu Harpy3ke Ha HH:KHeil 0OTMeTKe
[Table 4. Test results of the model M-4 (P = 79,04 kN) at the load at the bottom mark]
Packpeitue ropuzontansHbx mBoB [Disclosure of the horizontal joints]:
— BepXHUH 1I0B [upper joint] cp. [average] 0,085 MM [mm)]
— cpennuii moB [middle joint] cp. [average] 0,37 MM [mm]
— HIKHAHN moB [bottom joint] cp. [average] 0,30 MM [mm]

Ne 3 -0,80 MM [mm]
Ne 4 — 0,45 mm [mm]
Ne 6 — 0,70 mm [mm]
Ne 7-0,65 mm [mm]

Packpoitue Haknonusix TpeuuH [The inclined cracks opening]

[epememnienune Bepxa monenu [Displacement of the top of the model] 17,86 Mmm

HawnGomemas Harpy3ka Ha Mozaens M-4 Ha geTBepTOM 3Tarne paBHsack 79,04 kH. Ilpu sTom mepemerte-
HUE Bepxa Mozienu coctaBmio 17,86 mm. CpenHee 3HaUeHHE HIMPUHBI PACKPBITHSA BEPXHET0, CPEHETO U HUKHE-
T0 TOPU3OHTAIBHBIX MEKOJIOUHBIX MIBOB cocTaBmiio 0,085; 0,37; 0,30 MM cootBercTBeHHO. [luprHa packpbITHs
HanOoJiee CYIMEeCTBEHHBIX HAKIOHHBIX TpemuH Ne 3, 4, 6 coctamna 0,8; 0,45; 0,70 MM COOTBETCTBEHHO.

OnbITHBIE TAaHHBIC UCTIBITAHUN MoJenu M-2 n300pakeHbl B BUE Tpa(uKoB (B COMOCTABICHUH C UCIIBITA-
HusMu Mozenu M-3) Ha puc. §—12.

ComnocraBieHre W aHAJIN3 MMOJIYIEHHBIX OMBITHBIX JAHHBIX IMOKA3ajH, YTO HAIMYHE CTeP)KHEH HaKIIOHHOM

apMaTypbl BBI3BAJIO BO3pACTaHHE MpeAeIbHON HArpy3Kku Ha 5,3 %, CHIKeHHE TOPU30HTAIBHBIX CMEIICHHUA U Be-
JIMYUHBI pACKPBITHUA CTPOUTCIIbHBIX IIIBOB U HAKJIIOHHBIX TPCHIWH.
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Taxxe npu Harpyske 62,4 kH ropusonTtanpable cMemeHus cHu3mwmch Ha 0,3 %, BeMWYMHA PaCKPBITH
cpennero mBa — Ha 11,1 %, HmwxkHero mBa — Ha 30,0 %, BenmuuMHA PacKPBITUS HAKIOHHBIX TpemuH: No 4 —
Ha 29,0 %; Ne 6 —Ha 8,5 %; Ne 7 —Ha 11,6 %.

3akaouenue

Y CcTaHOBJIEHO, UTO HEMOJHBINA yUeT KOHCTPYKTUBHBIX OCOOCHHOCTEN U XapakTepa ACHCTBUS HAarpy30K MpU
MIPOEKTUPOBAHUH LIETIOTO PsiAa MOANOPHBIX CTEHOK, HAXOAAIIMXCS B CTAANM JUIUTENBHOM 3KCIUTyaTalluy, BhI3BaI
HEOOXOJUMOCTh MX YCHJICHHS (B TOM YHCIIEe BCIEIACTBHE HEJOCTATOYHOTO TOPU30HTAIBHOTO apMUPOBAHUSA).
[Ipu >TOM OnWH M3 CcHOCOOOB YCHIIEHHS 3aKJIIOYajCsl B yCTAaHOBKE CTEp)KHEH apMaTyphl B MPOOYpEHHBIE Ha-
KJIOHHBIE OTBEPCTHUS B 30HAX TOPU3OHTAIBHBIX MEKOJIOUHBIX IIBOB.

st uccnenoBaHusl BIUSHUS Pa3IMYHOrO XapakTepa NEHCTBYIOUIMX HACPY30K, a TaKXKE BIUSHUA yCHUIIe-
HUSI KOHCTPYKITMH TOJAIOPHBIX CTEHOK CIa00HAKIIOHHBIMH apMaTypHBIMU CTEPKHSIMHU B 30HAX TOPH30HTAIBHBIX
MEKOJIOYHBIX ITBOB OBLTH M3TOTOBJICHBI JKEIe300€TOHHBIE MOJETH HU30BBIX ITOAMOPHBIX CTEHOK BOJOTPHEMHH-
ka 3aropckoit [ADC B macmrabe 1:12.

Brutn poBeieHbI SKCIIepUMEHTATBHBIE NCCIIEIOBAHNUS JKeTIe300eTOHHBIX Mozeleil (6e3 yCHIIeHus u ycH-
JICHHBIX CTA00HAKJIOHHBIMU apMAaTypPHBIMH CTEPKHSIMH), K KOTOPBIM PaBHOACHCTBYIOIIAsI HATPY3KH TPUKIIA bl
Bajach Ha paccTosHuAx 0,57 u 0,45 BBICOTHI MOJIENN OT KOPHEBOTO CEUECHMUS.

AHanu3 NOJy4eHHBIX ONBITHBIX JAaHHBIX MOKa3aj, YTO MPU MOJOKEHUU PAaBHOACHCTBYIOIIECH HArpy3KHu Ha
paccrosgauu 0,57 BbICOTHI MO M-2 OT KOPHEBOIO CE€YEHUS HAIMYME CTEp>KHEH HAaKJIOHHOW apMaTypbl BbI-
3BAJIO BO3pACTaHHE MPeAeTbHON HAarpy3ku Ha 6,7 %, CHIDKCHHE TOPHU3OHTAIBHBIX cMemleHnid Ha 1,5 % u Benm-
YMHBI PACKPBITHS CTPOUTENBHBIX IIBOB (B CpeAHeM Ha 5,85 %) 1 HaKJIOHHBIX TpeLyH (B cpeaHeM Ha 19,9 %).

A TIpU TIOJIOKEHUU PaBHOJACHCTBYIOIIEN HArpy3ku Ha paccTosiHuu 0,45 BbICOTHI Mojend M-3 OT KOpHEBO-
rO CeYeHUs HaJM4Me CTep)KHEeW HaKIIOHHOM apMaTypbl BBI3BAJIO BO3pacTaHHUE MpPEENbHOM Harpy3ku Ha 5,3 %,
CHIDKEHHE TOPU30HTAIBHBIX cMemieHui Ha 0,3 % 1 BeTMYMHBI PaCKpBITUS CTPOUTENBHBIX IIBOB (B CPEIHEM Ha
20,6 %) 1 HaKJIOHHBIX TpenvH (B cpearemM Ha 16,4 %).

Takum 00pa3oM, SKCHEPUMEHTAIBHO 00OCHOBaHA IENIeCO00Pa3HOCTh YCHIICHHS KeJe300€TOHHBIX KOH-
CTPYKUMH MOATIOPHBIX CTEHOK HAKIIOHHBIMH CTEP)KHSIMH B 30HE CPEIHETO TOPU30HTAIBHOTO MEKOIOYHOTO IIBA.
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MoHorpadus mocBseHa BAKHOW U aKTyaJbHOW Mpo0ieMe COBEPIIEHCTBOBAHNUS METOMOIOTHH PacieTOB
COCTaBHBIX JK€JI€300€TOHHBIX KOHCTPYKIMI. B Hell Ha oCHOBe aHalM3a ONBITHBIX AaHHBIX U B Pa3BUTHE TeOpe-
TUYECKUX HCCIICOBAaHUN OTEUECTBEHHBIX M 3apyOeKHBIX YUCHBIX KeJI€300€TOHHBIX KOHCTPYKIHH COCTaBHOTO
ceveHus: chopMyITUpOBaHbl paboUune THUMIOTE3Bl U MPEATNOCHUIKH OTPaXKAIOIIHe, T0 MHEHUIO aBTOPOB, JICHCTBU-
TeIbHOE HANpPsKEHHO-1e(hOPMUPOBAHHOE COCTOSTHUE MAaTepHAJIOB TI0 CEYEHUIO COCTABHBIX KOHCTPYKIMA. Taxoke
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pa3paboTaHBl pacyeTHbIE MOJEIH CHIJIOBOTO COMPOTHBICHHS OTAEINBHBIX CIOEB M METOIBI pacuera >Keie3o0e-
TOHHBIX COCTABHBIX KOHCTPYKLMI IIO MPENECIBHBIM COCTOSHUSIM IIEpPBOM U BTOpoM rpynim. Ha 3Toil ocHOBe peko-
MEH/I0BaHbl HOBBIE KOHCTPYKTHUBHBIE PEIICHMs NTPOU3BOJCTBEHHBIX 3[aHHWN, OCHOBHBIE KOHCTPYKLUHM KOTOPBIX
3aluIIeHbl nateHTaMu Poccuiickoit denepanuu.

Mouorpadus 00beMOM B 15,5 YCIOBHBIX MMEYATHBIX JUCTOB COCTOMT U3 BBEACHUS, YETHIPEX IJIaB, CIUC-
Ka HCIIOIb30BAaHHOW JIUTEPATYPhl OTEYECTBEHHBIX 1 3apYOCKHBIX aBTOPOB B KonnuecTBe 312 HaMEHOBaHUIA.

B paGore npoBenieH BCeCTOPOHHUI U INTyOOKHI aHAJIM3 COCTOSHUA MPOOIEMbl METOAOIOTHH PACUETOB CO-
CTaBHBIX KeNe300€TOHHBIX KOHCTPYKIWH. [leTambHO paccMOTPEeHBI KOHCTPYKTHBHBIE OCOOEHHOCTH XKele300e-
TOHHBIX COCTaBHBIX JJIEMEHTOB M UX IIBOB. [IpoBeneH KOMILIEKCHBIN
aHaJIM3 HanOoJIee 3HAYMMBIX PE3yJIbTATOB SKCTICPHUMCHTATIBHBIX FCCIIC IO s
BaHHUH COCTAaBHBIX JKEJIE300€TOHHBIX KOHCTPYKIIHHA KaK C MPENOCHUIKON
abCOITIOTHO KECTKOTO IIBa COMPSHKEHUST MEKAY JIEMEHTaMH, Tak U C JI0-
MylEeHNeM MOAATIMBOCTH IIBOB cABMra. Ha ocHoBe BCECTOpPOHHETO
aHaliM3a TEOPETUYECKUX Pa3pabOTOK MCCIeAO0BaTeNeH, MpearycMaTpH-
BAaIOMINX KaK MOJIENIb YIPYTOIUIACTHYECKOTO Ae(hOpMHUPOBaHUS KeIe30-
0eToHa, TaK U MAaKpPOCTPYKTYpHbIE Ae(OpPMALMOHHBIE MOAEIH, aBTOPHI
MOHOI'pauM NMPUXOIAT K BBHIBOAY, YTO IPAKTUUYECKH BCE M3BECTHBIE
METOJIBI TIO OIIEHKE HANPSKEHHO-Ie(OPMUPYEMOTO COCTOSIHASA HE Y4H-
THIBAIOT 3P (EKThI, BO3HUKAIOIINE B KEIE300€TOHHOM DJIEMEHTE TIOCIIe
HapyIIEHUs €r0 CIIOMIHOCTH.

OCHOBBIBasICh Ha TEOPUHU COCTAaBHBIX CTEpKHEH B (hopMe MeToaa
cun npogeccopa A.P. PxannnpiHa u B Gopme MeTona mepeMerieHuit
npodeccopa M.E. MuneiikoBckoro, a Takke B pa3BHUTHE pPa3pabOTOK
npocdeccopa B.M. bonnapeHKko, yTOUHSAIONIUX pacdeT jKelie300eTOH-
HBIX KOHCTPYKIHH ¢ y4eToM 3 ¢eKTa HapylIeHUs CIUIONIHOCTH, aB-
TOpaMH MOHOTpa(uu MPeJIoKEHbl OPUTHHAIBHBIE PacdeTHBIE MOJIEINH,
UX CHJIOBOE CONPOTUBJICHHUE W METOJBl pacuera >Kene300eTOHHBIX CO-
CTaBHBIX KOHCTPYKUMH IO NMPEAEIbHBIM COCTOSIHUSAM IEPBOM U BTOPOM
TPYII C YYETOM pabOvHX TUIOTE3, MO3BOJSIONIMX CYIIECTBEHHO YNPOCTUTH MU PepeHINaTbHBIE YPaBHEHHUS
JKeNe300€TOHHBIX COCTABHBIX CTEP>KHEH, B TOM YHCIIE U IPU HAJIMYUH TPELIUH, 0€3 CHIDKEHHUS CTPOTOCTH U TOY-
HOCTHU MX PEIICHHUS.

Marepuai U3J10KeH JIOTHUECKH IT0CTIeI0BATENBHO, T0-HAYYHOMY CTPOTrO M TpaMoTHO. KoppekTHO mcmonb-
30BaHbl HAyYHbIE TEPMHUHBI. MIUTIOCTpaTUBHBIM MaTepra IOMOJHIET TEKCT U CIIOCOOCTBYET JIydyllIeMy TOHHMA-
HUIO CYITHOCTH Pa0dOTBI COCTaBHBIX KeNe300€TOHHBIX KOHCTPYKIUH.

Pe3ynpraTel MpoBENEHHOTO MCCIEAOBAHUS SBISIOTCS HOBBIMH W OPWUTHHAJIHHBIMH, 00JIaIat0T HECOMHEH-
HOW TEOPETUYECKOW M MPAaKTHUECKOW 3HAYMMOCTBIO, BEChbMa aKTyallbHbl U OyIyT clOCOOCTBOBATH MOBBIIEHUIO
YPpOBHS 0€30MaCHOCTH 31aHUH U COOPY>KEHHH.

X.3! Bawupoe|  BiMl Konuyhos  BIG: GERopoE)
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NYBJIUKALIUA MATEPUAJIOB KOH®EPEHIIUIA

Crarbu OyayT onmyOJMKOBaHBI B COOpHHUKAX TPYAOB KoHpepeHui, naaekcupyemsix B b/ PUHII,
WK B KypHane, uaaekcupyemom B BJ] Scopus u Web of Science.

HAYYHBIE CEKIIHU

e MarepuanoBeieHue, MEeTAJUTyprisi U HAHOTEXHOJIOTHH.

® ManmMHOCTpOeHHe, IHEPTreTHKa U TPAHCTIOPT.

® ABHMALIMOHHBIE U KOCMUYECKHUE CHCTEMBI.

e ['eosorus, ropHoe U HeTerazoBoe JAelo.

® ['paxk1aHCKOE, IPOMBIIIJICHHOE U THIPOTEXHUUYECKOE CTPOUTEIBCTBO.
® ApXUTEKTYypa U IPOMBIIIJICHHBIN JU3aiiH.

e IHHOBAlIMOHHBIN MEHEIXKMEHT B MMPOMBIIIJICHHOCTH.

KOHTAKTHAS HH®OPMALIUA

Opranusartop koH(pepenuuii: Poccuiickuii yausepcuret npyx0s1 HaponoB (PYIH).
Anpec crpanunbl kKoH(pepenuuii Ha noptasae PYIH: http://engr.rudn.ru/?p=14247
MecTo npoBeaeHusi KOH(pepeHuii:

Mocksa, yi. Opxonukunse, 1. 3, Unxenepnas akagemus PY JIH.

3acenanue cekuuu « MalMHOCTPOEHNE, YHEPTETHKA U TPAHCIIOPT» COCTOUTCS I10 aJIpecy:
Mocksa, [Togonbckoe 1., a. 8, kopit. 5.

IIpeacenarens Oprkomurera:

ManwskoBa Mapuanna OpseBHa, nmpodeccop AenapTaMeHTa CTpOUTeIsCcTBa MHKEeHepHOH akaje-
muu PYJIH.

E-mail: malkova-myu@rudn.ru
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MEXTYHAPOJTHbIIN HAYYHO-TEXHUYECKHWA ®OPYM
0 MEXAHUKE KOCMUYECKOTIO MOJIETA, KOCMUYECKUM KOHCTPYKIUSM U MATEPHAJIAM
(TAA/AAS SCITECH FORUM)

2—4 vons 2021 roga

Mecto nposeaenusi: Mocksa, yi. Mukinyxo-Makmnas, 1. 6,
Nuxenepnas akagemus PYIH.
Opranusartop ¢popyma: Poccuiickuii yauepcuret npyx0bl Haponos (PYIH).

Temn.: +7 (495) 952-08-29, e-mail: kupreev-sa@rudn.ru

O®UIINAJBHBIN S3BIK

AHTIIUACKUHA.
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