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AIMS AND SCOPE

The aim of the Journal is to advance the research and practice in structural engineering
through the application of computational methods. The Journal will publish original papers and
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construction materials, large-scale engineering systems and advanced methods of analysis.

The scope of the Journal includes papers on computer methods in the areas of structural
engineering, civil engineering materials and problems concerned with multiple physical processes
interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use
to researches and practitioners in academic, governmental and industrial communities.
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OBLIAA MHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(MesxAyHAPOAHBII YKYPHAA IO PACYETY I'PAXKAAHCKHX M CTPOUTEABHBIX KOHCTPYKIIUI)

MexayHapoanblii HaydHbIi skypHaa1 “International Journal for Computational Civil
and Structural Engineering (MexayHapoaHblii :KypHAaJI 110 pacyeTy IrpaxkIaHCKUX U CTPOUTEb-
HbIX KOHCTpykKuuil)” (IJCCSE) sBnsercss BeAyllMM HAay4YHbIM MEPUOAUYECKUM H3IAHHUEM 10
HarpaBlicHUIO «/H)XEeHEepHbIC W TEXHHMYECKUE HayKW», M3laBaecMbiM, HaunHas ¢ 1999 roma (ISSN
2588-0195 (Online); ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B sxypHalic Ha BBICOKOM
HAY4YHO-TEXHUYECKOM YPOBHE paccMaTpUBAIOTCS NMPOOJIEMbl YUCIEHHOTO U KOMIIBIOTEPHOTO MOJEIH-
pPOBaHUs B CTPOUTENBCTBE, aKTyallbHbIE BOMPOCHI Pa3pabOTKH, UCCIEIOBAHMSI, Pa3BUTHUS, BepuHKa-
UM, anpoOaluy U MPUIOKEHUH YHMCIEHHBIX, YHCIEHHO-aHAJIUTUYECKUX METOJ0B, MPOrpaMMHO-
AJITOPUTMUYECKOT0 O0ECIICUeHHs] U BBIIOJIHEHUS aBTOMATU3UPOBAHHOTO MPOEKTHUPOBAHUS, MOHHUTO-
pPHUHra ¥ KOMIUIEKCHOTO HAyKOEMKOI'O PACcYETHO-TEOPETHUECKOrO U AKCIIEPUMEHTAILHOI0 000CHOBA-
HUS HaNPsDKEHHO-1e(OPMUPOBAHHOTO (M MHOTO) COCTOSHUSA, IPOYHOCTH, YCTOMYMBOCTH, HA/ISKHOCTH
U 0€30MacCHOCTH OTBETCTBEHHBIX OOBEKTOB I'PAXKJAHCKOI'O U MIPOMBIIIJICHHOTO CTPOUTENbCTBA, YHEP-
T€TUKH, MALTMHOCTPOEHHMSI, TPAHCIIOPTA, OMOTEXHOJIOTUHM U IPYTUX BBICOKOTEXHOJIOTUYHBIX OTPACIIEH.

B penakunoHHbIN COBET *kKypHalsla BXOAST U3BECTHBIE POCCUICKUE U 3apyOeKHBbIE JIeATENH
HAayKH ¥ TEXHHUKU (B TOM YHCJE aKaJIeMHUKH, YWICHBI-KOPPECIIOHICHTHI, HHOCTPAHHBIC YJICHBI, I10-
YEeTHbIE WIEHbl U COBETHUKU Poccuiickol akaleMuu apXUTEKTYphl U CTPOUTEIbHBIX HaykK). OCHOB-
HOU KpUTepHii 0TOOpa cTareil 11 myOauKaluy B XKypHajle — UX BBICOKUI HayyHBI yPOBEHb, COOT-
BETCTBUE KOTOPOMY OIIPEAEISAETCS B X0J1€ BHICOKOKBAIU(DUIIMPOBAHHOIO PELIEH3UPOBAHUS U 00b-
€KTUBHOH 3KCIEPTU3bI, IOCTYNAIOUINX B PENAKIIMIO MATEPUAJIOB.

JKypuan exooum ¢ Ilepeuenv Bwicweii ammecmayuonnou komuccuu (BAK) P® npu Munu-
cmepcmee obpasosanusi u Hayku Poccutickou @edepayuu 6e0yuux peyensupyemvix HayuHvlxX uzoa-
HULl, 8 KOMOPbLIX OO0JIHCHBI OblMb ONYOIUKOBAHBI OCHOBHbLIE HAYYHbIE Pe3yIbmamvl Ouccepmayuil Ha
CoucKanue y4eHol cmenenu KaHouoama HayK, Ha COUCKaHue YYeHoll cmeneHyu 0OKmopa HayK 1o OT-
pacisim HayKu

e 01.00.00 ®usnko-maTeMaTUYECKHUE HAYKH;

e 05.00.00 TexHuueCKHE HAYKH
Y TpYIIIaM CHEHAIbHOCTEN

e (01.02.00 Mexanuka

e 05.13.00 MudpopmaTuka, BEIUNCIUTEIbHAS TEXHUKA U YIIPABICHUE

e 05.23.00 CTpoUTENIBHCTBO U APXUTEKTYpa.

B Poccuitckoint denepanuu )xypHail HHIEKCUpyeTcss PoccuiickuM MHIEKCOM Hay4HOTO LiU-
tupoBanus (PUHLI).

Kypuan exooum 6 6asy oanuvix Russian Science Citation Index (RSCI), nonnocmuio unme-
epuposarnyio ¢ niameopmou Web of Science. ypHan umeeT MeKIyHAPOIHBIM CTaTyC M BBICHLIA-
eTcs B BeAylIre ONOIMOTEKH U HayuyHbIe OPTaHU3aIil MUDA.

N3parenu xxypHaua — Hzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8bICUIUX Y4eOHbIX 3a-
seoenuit /ACB/ (Poccusi, r. Mocksa) u 10 2017 rona Uzoamensckuii doom Begell House Inc. (CILIA,
r. Hero-Mopk). OduimansHbIMu apTHEPAMH H3IAHUS SBISCTCS Poccutickas akademus apxumex-
mypol u cmpoumenvivix Hayk (PAACH), ocyliecTBISOmas HaAydYHOE KypHpPOBAHUE H3IAHHS, W
Hayuno-uccneoosamenvcruii yeump Cma/fuO (3A0 HULL Cta/IuO).

Lenu kypHajga — IeMOHCTPUPOBATh B MyOIHKAIUAX POCCHICKOMY U MEXAYHApPOAHOMY
npodecCHOHaIBLHOMY COOOIIECTBY HOBEHIIINE JOCTHKEHUS HAYKH B 00JIaCTH BBIYMCIUTEIBHBIX ME-
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TOJIOB pelIeHUs (PyHIAMEHTAIbHBIX U MPUKIAAHBIX TEXHUUECKUX 3a/1a4, MpexkJie BCEro B o0nactu
CTPOUTEIHCTBA.
3agaum xypHaja:

o IIPEIOCTABIEHUE POCCUUCKUM U 3apyOE€KHBIM YUYEHBIM M CIIELUAINCTaM BO3MOKHO-
CTH IyOJIMKOBATh PE3yJIbTaThl CBOMX MCCIIEOBAHMI;
o IpUBJIEYEHHE BHUMaHMs K HauboJiee akTyalbHbIM, IIEPCHEKTUBHBIM, IPOPBIBHBIM U

MHTEPECHBIM HAMNpaBJCHUSIM PA3BUTHSA W MPUIOKEHUN YMCICHHBIX W YHUCJICHHO-aHAUTUTHYECKUX
METOJIOB pelicHHs] (PyHIAMEHTAIBHBIX W MPHKIATHBIX TEXHUYCCKUX 3a/1ad, COBEPIICHCTBOBAHUS
TEXHOJIOTHI MaTEMaTHYECKOTr0, KOMITBIOTEPHOTO MOACIIUPOBAHUS, pa3pabOTKU U BepuDHUKAIIUN pe-
IU3YIOLIETO TPOTrPaAMMHO-AITOPUTMHUECKOTO 00ECIICUCHUST;

° obecrieueHre oOMeHa MHEHHSIMH MEXJy UCCIEIOBATENsIMU U3 Pa3HBIX PETHOHOB H
roCyJ1apCTB.

TemaTuka xypHaja. K paccMOTpeHHUIO U MyOJIMKAIUK B )KypHAJIE TPUHUMAIOTCS] aHAJIH-
TUYECKHE MaTepuaibl, HAy4yHbIe CTaThU, 0030PBI, PEIICH3UU U OT3BIBBl Ha HAyUHbIE MYOIUKAIINH TI0
dbyHIaMEHTATBHBIM M TIPUKJIAAHBIM BOTIPOCAM TEXHUYECKUX HAYK, MPEXKJIE BCEro B 00JaCTH CTPOU-
TeNbCTBA. B kypHane Takke myOIuKyrTcss HHPOPMAIIMOHHBIE MaTepUAIbl, OCBELIAIOIINE HAYYHbIS
MEPOTIPUATHSI ¥ TIEPEIOBbIC JTOCTHXKEHUA Poccuiickoil akaneMuu apXUTEKTYpbl U CTPOUTEIBHBIX
HayK, HAy4HO-00pa30BaTeIbHBIX U MPOCKTHO-KOHCTPYKTOPCKUX OpPraHU3alui.

TemaTtuka crareil, IpUHUMAEMbIX K ITyOJUKAIIMU B KypHAJE, COOTBETCTBYET €ro Ha3BaHHUIO
Y OXBAaThIBaeT HAMPABJICHUS HAYYHBIX UCCIEIOBAaHUN B 00JIaCTH pa3pabOTKH, UCCIEIOBAHUS U TIPH-
JIO’)KEHUM YMCIICHHBIX U YMCICHHO-aHATUTHYECKUX METOJIOB, MPOrPAMMHOTO O0ECIIEYeHHS, TEXHO-
JIOTUH KOMIIBIOTEPHOT'O MOJICTUPOBAHUS B PEIICHUH MPUKIAAHBIX 3a7a4 B 00JIaCTU CTPOUTENIBCTBA,
a TaKKe COOTBETCTBYIOIIME MPOGUIBHBIE CIEIUATBHOCTH, MPEACTABICHHBIE B AUCCEPTAIIMOHHBIX
coBeTax MpoUIbHBIX 00PA30BATEIBHBIX OPTaHU3AIUAX BBICIIETO 00pa30BaHUS.

Penaxkumonnasi noautuka. [lomutruka pegakiimoHHON KOJUIETHH KypHaia 0a3upyeTcs Ha
COBPEMEHHBIX IOPUINYECKIX TPeOOBAHMSIX B OTHOLIEHHH aBTOPCKOTO MpaBa, 3aKOHHOCTH, IJIarua-
Ta U KJIEBETHI, U3JI0)KEHHBIX B 3aKOHOJaTenbcTBe Poccuiickorn denepannu, U 3THYECKUX TPUHIIU-
nax, moJIJIEPKUBAEMBIX COOOIIECTBOM BEIYIIUX M3AATENeH HAyIHO! MePUOIUKH.

3a nybnuxayuro cmameti niama ¢ asmopos He e3vimaemcs. Ilyonuxkayus cmameii 8 Hcyp-
Hane Oecniamuas. Ha mnaTHOW OCHOBE B KypHalle MOTYT OBITh OMYOJMKOBAHBI MaT€pUANBI pe-
KJIAMHOTO XapaKTepa, HMEIOITHE TIPSIMOE OTHOIIICHHE K TeMaTHKE KypHaJa.

KypHan npenocTaBisieT HEMOCPEACTBEHHBIN OTKPBITBINA JTOCTYIl K CBOEMY KOHTEHTY, HC-
X0/l U3 CIEAYIONIIETO MPUHIIMIA: CBOOOJHBIN OTKPBITHIM JOCTYN K pe3yJbTaTaM HCCIIETOBAHUM
CIOCOOCTBYET YBETMUCHHUIO III00AIEHOTO OOMEHA 3HAHHUSIMH.

NuaexcupoBanme. [lyOnukanuy B )KypHaiae BXOIIT B CUCTEMBl PACYETOB WHJEKCOB ITH-
TUPOBAHUSI ABTOPOB U KypHAIOB. «HIEKC IIUTUPOBAHUS» — UYUCIOBOM IMOKa3aTelb, XapaKTepu-
3YIOIMWA 3HAYUMOCTh JAHHOW CTaThW M BBIUMCIISIONIMICS HAa OCHOBE IMOCJEAYIOMNUX MyOJIUKaIUH,
CCBUIAIOLINXCS HA JAHHYIO paboTy.

ABTopam. [Ipexie ueMm HanpaBUTh CTAThIO B PEAAKIIMIO )KypHaja, aBTOpaM CJIeAyeT O3Ha-
KOMHUTBCSI CO BCEMH MaTepuajlaMy, pa3MEIICHHBIMU B pa3liefiaX caiTa >kxypHalla (MHTEpHET-CalT
Poccuiickoit akaeMuu apXUTEKTYPhl U CTpouTeNbHbIX Hayk (http://raasn.ru); moapasmen «M3xanus
PAACH» wnu unrepner-caiit Uznarenscrea ACB (http://iasv.ru); noapasznen «XKypuan IJCCSEy):
C OCHOBHOM MH(poOpMaIueit o KypHaje, ero IeJsIMU U 3aJa4aMH, COCTaBOM PEIaKIIMOHHOW KoJIjIe-
TUU U PEJAKIIMOHHOTO COBETA, PEJAKIIMOHHOW MOJMTHUKOM, MOPSIKOM PELIEH3UPOBaHUS HaIpaBis-
€MBIX B JKYpHAJI CTaTeH, CBEACHUSIMHU O COOIOJIEHUN PEIAKIIMOHHON STUKH, O TIOJIMTHKE aBTOPCKO-
ro MpaBa ¥ JIMIEH3UPOBAHMS, O MPEICTABICHUH XypHAIa B HHPOPMAIIMOHHBIX CUCTeMaX (MHICK-
CHUpOBaHUM), HH(MOpMAIMEH O MOANMMCKE Ha KYpHAJI, KOHTAaKTHBIMU JTaHHBIMU # T1p. JKypHan pado-
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taet 1o smien3un Creative Commons Ttuma cc by-nc-sa (Attribution Non-Commercial Share Alike)
— JInuensus «C yka3zanuem aBTopcTBa — Hekommepueckas — Konuned».

PenensupoBanune. Bce HayuHble CTaTby, MOCTYNMBILNE B PEJAKIUIO JKypHAJIA, IPOXOISAT
o0s13aTeNpHOE JBOMHOE CIIENOe peleH3UpoBaHKe (PELEH3EHT HE 3HAET aBTOPOB PYKOIIMCH, aBTOPbI
PYKOIMCH HE 3HAI0 PELIEH3EHTOB).

3auMcTBOBaHMS U MJaruat. PenakunoHHas KOJIETHs KypHaia MpH pacCMOTPEHUH CTa-
ThU MPOBOAMUT IPOBEPKY MaTepuaia ¢ MOMOLIbI0 CUCTEMBbl «AHTHILIAruaT». B ciyuae oOHapyxe-
HUSl MHOTOUYMCIJIEHHBIX 3aMMCTBOBAaHUM peakuus AeicTByeT B cooTBeTcTBUM ¢ IpaBmiiamu COPE.

Iopnucka. XypHan 3apeructpupoBad B denepasbHOM areHTCTBE 10 CPEACTBaM Macco-
BOI MH(OpMaIK U OXpaHbI KyJIbTYpHOTO Hacienusi Poccuiickoii denepannu. Munexc B odmiepoc-
cutickom katainore POCIIEHYATD — 18076.

[To Bommpocam MOANKMCKH Ha MEKAYHAPOIHBIA HaydyHBIN *KypHan “International Journal for
Computational Civil and Structural Engineering (MeXayHapoAHBIN KypHAI IO pacueTy rpakaaH-
CKHUX U CTPOMTENIbHBIX KOHCTPYKIMi)” oOpamaiitech B AreHTcTBo «Pocneuats» (OdunumanbHbIT
caiiT B cetu MuTepHeT: http://Www.rosp.ru/) uiu B U3JaTeIbCTBO ACCOLMAIIMHN CTPOUTEIbHBIX BY-
30B (ACB) B COOTBETCTBUHM CO CJIETYIONUMU KOHTAaKTHBIMH TaHHBIMU:

000 «H30amenvcmeo ACB»

KOpunnueckwnii anpec: 129337, Poccust, r. MockBa, SIpociaBckoe 1., A. 26, odpuc 705;

®aktuueckuii aapec: 129337, Poccus, r. Mocksa, fIpocnasckoe mi., 1. 19, kopm. 1, 5 aTax,
oduc 12 (TL[ Mebens Poccun);

Tenedonsr: +7 (925) 084-74-24, +7 (926) 010-91-33;

WNHuTtepuer-caiiT: www.iasv.ru. AJipec 3JIeKTpOHHOM MOYTHI: 1asv(@iasv.ru.

KonTtakTHas undopmanus. ITo Bcem Bornpocam paboThl pelakLiuy, pelieH3UPOBAHUS, CO-
[JIaCOBaHMS MpPaBKU TEKCTOB W MYOJUKALMK CTaTel cielyeT oOpalaThCs K INIABHOMY pEAaKTOpY
KypHana wieny-koppecnonaeHty PAACH Cuooposy Braoumupy Hukonaesuuy (ampeca 3IeKTpOH-
Hou moutsl: Sidorov.vladimir@gmail.com, sidorov@iasv.ru, iasv@iasv.ru, sidorov@raasn.ru) uiu K
TEXHUYECKOMY pelakTopy kypHana coBeTHUKY PAACH Kaumykoesy Taiimypaszy Bampaszosuuy (an-
peca anekTponHon moutkl: tkaytukov@gmail.com; kaytukov@raasn.ru). Kpome Toro, mo ykasaH-
HBIM BOIPOCaM, a TakXe IO BOIPOCAM pa3MeEIleHUs B JKypHalle PEKJIIaMHBIX MaTepHajOoB MOYKHO
obparatscs k reHepansHoMy aupekTopy OO0 «U3marensctBo ACBY» Huxumunou Haoescoe Cep-
2eesHe (apeca dICKTPOHHOM MOUTHL: iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

KypHnan cranoButcst TexHosiorudHee. 3narensctBo ACB ¢ centa6ps 2016 roga siBns-
ercss wWieHoM MexIyHapoqHOl accouuanuu wu3nateneid HaywyHoi murepartypbl  (Publishers
International Linking Association (PILA)), ocyriecTBisomieil CBOO AeSITENbHOCTh Ha TuiaTdopme
CrossRef. OpurnHaibHBIM CTaThsIM, TyOJIUKYEMBIM B JKypHaie, OyI1yT NPUCBAUBATHCS YHUKAIbHBIC
HoMmepa (naaekcsl DOl — Digital Object Identifier), uto 3HaUMTENBHO OOJIETYUT MOMCK METAJAHHBIX
1 MECTOHAXOXKJEHHE MOJHOTeKCTOBOrO MpousBeaeHus. DOI — 3To cucrema onpeneneHuss HAy4YHOTO
KOHTEHTA B ceTh MHTepHeT.

C okTs6pst 2016 Toma crta’m BO3MOXKEH MPUEM CTaTel Ha paCCMOTPEHHE U PEIICH3UPOBAHUE
yepe3 OHJIalH cuctemy npuema crateit Open Journal Systems Ha caiite sxypHaia (3JIeKTpOHHAS pe-
nakius): http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp MMEET BO3MOXKHOCTh CJIEIUTHh 32 MPOJBUKEHUEM CTaTbU B pPEelaKLUU >KypHala B
nuyHoM kabuuetre Open Journal Systems u mosry4aTh COOTBETCTBYIOIINE YBEAOMJICHHUS IO DJICK-
TPOHHOU I10YTE.

B ¢espane 2018 roma *xypHan 6si1 3apeructpupoBan B Directory of Open Access Journals
(DOAJ) — 310 0IMH M3 CaMbIX M3BECTHBIX TIOMCKOBBIX CEPBUCOB B MUPE, KOTOPBIN MPEIOCTABISIET OT-
KPBITBIN JOCTYII K MaTeprajlaM 1 MHIEKCUPYET HE TOJIBKO 3ar0JIOBKH KYPHAJIOB, HO U HAy4YHbIE CTAaThU.
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O PEHIEHUU MHOI'OTOYEYHbBIX KPAEBBIX 3AJIAY
PACYETA KOHCTPYKIIUH B TPEXMEPHOM IOCTAHOBKE
HA OCHOBE COBMECTHOI'O IPUMEHEHMUWA
METOJA KOHEYHbIX OJIEMEHTOB U IUCKPETHO-
KOHTUHYAJIBHOI'O METOJA KOHEYHbBIX 3JIEMEHTOB
YACTD 1: IOCTAHOBKA U OBHIUE IMTPUHIIUIIBI
AIIITPOKCUMAILINH 3ATAY

IT.A. Akumos %34 0.A. Hezpozoe "’

' Poccuiickas akafeMust apXUTEKTYpPBI U CTPOMTENBHBIX HayK, I. Mocksa, POCCHUSI
23A0 «Hayuno-uccnenosarensckuii nenrp «CtaJluO», r. Mocksa, POCCU S
3 ToMcKwHit TOCYIapCTBEHHBIN apXUTEKTYPHO-CTPOUTENBHBIN yHUBEPCHUTET, T. Tomck, POCCUSI
* Poccuiickuii yHUBEPCHUTET APYKOBI HApOAOB, T. Mocksa, POCCHUA
5 HaumoHabHBIH HCCIIEA0BATENBLCKAH MOCKOBCKHH TOCYIapCTBEHHBIN CTPOUTENLHEIM YHUBEPCHUTET,
r. MockBa, POCCH

AHHoTanusi: B Hacroseli craTbe paccMaTpUBaOTCS MOCTAHOBKA M OOIINE MPUHIMITHI aIllIPOKCUMAIIH MHOTO-
TOYECYHOH KpaeBOH 33/1a4M CTATHYECKOTO pacdyeTa TPEXMEPHOH KOHCTPYKIIMH Ha OCHOBE COBMECTHOT'O TIPHMEHE-
HUSI METOJ]a KOHEUHBIX 3JIEMCHTOB M JIUCKPETHO-KOHTHHYaJIBHOTO METO/a KOHEYHBIX IEMEHTOB. B wacTtHOCTH,
OIHCaHbl OCHOBHBIE 0003HAYEHHSI U COTJIALICHUs], IPEJICTaBICHbI pacueTHast MOJIENb U 00I11ask IOCTaHOBKA 3a/1a-
4yl (Ha OCHOBE TPEXMEPHOW TEOPHH YNPYTOCTH), OOIIHE MPHUHIUIBI alllIPOKCUMAIUN O0JIACTH, IPUHSATHIE Mpa-
BIJIa HyMEepaluH MojobiacTel, MpaBuia HyMepalii KOHEUHBIX 3JEMEHTOB U JAUCKPETHO-KOHTUHYAJIBHBIX KO-
HEUYHBIX 3JIEMEHTOB; OMHCAHO IMOCTPOCHHE AUCKPETHOW (KOHEYHORIEMEHTHOM) M AMCKPETHO-KOHTHHYAJIBHOU
annpoKCUMHUPYOUIUX MOJIeTel Ha M0100IacTAX.

KiaroueBble ciioBa: ,I[I/ICerTHO-KOHTI/IHyaJ'IBHHﬁ METOA KOHCYHBIX 3JICMCHTOB, METOJ KOHCYHEBIX 3JICMCHTOB,
pacyeThbl CTPOUTCIIbHBIX KOHCprKHHﬁ, TPEXMCPHBIC 3a/1a4H, IOCTAHOBKHU 3aJa4, alllipOKCUMalusa

ABOUT SOLUTION OF MULTIPOINT BOUNDARY PROBLEMS
OF THREE-DIMENSIONAL STRUCTURAL ANALYSIS
WITH THE USE OF COMBINED APPLICATION
OF FINITE ELEMENT METHOD AND DISCRETE-CONTINUAL
FINITE ELEMENT METHOD
PART 1: FORMULATION AND BASIC PRINCIPLES
OF APPROXIMATION

Pavel A. Akimov %4 Oleg A. Negrozov "’
! Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA
2 Scientific Research Center “StaDyO”, Moscow, RUSSIA
3 Tomsk State University of Architecture and Building, Tomsk, RUSSIA
4 The Peoples' Friendship University of Russia, Moscow, RUSSIA
5 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The distinctive paper is devoted to formulation and basic principles of approximation of multipoint

boundary problem of static analysis of three-dimensional structure with the use of combined application of finite
element method and discrete-continual finite element method. Basic notation system, design model, general for-
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mulation of the problem (based on three-dimensional theory of elasticity), basic principles of domain approxima-
tion, rule of numbering of subdomains, rule of numbering of finite elements, rule of numbering of discrete-
continual finite elements are considered. Construction of discrete (finite element) and discrete-continual approx-
imation models for subdomains is under consideration as well.

Keywords: discrete-continual finite element method, finite element method, structural analysis,
three-dimensional problems, formulation of problems, approximation

B nacrosimieil cratbe paccMaTpuBaroTCs MOCTa-
HOBKa W OOIIWE TPHUHIMIBI AMPOKCUMAIIAH
MHOTOTOYEUHOM KpaeBOM 3aauu CTaTUYECKOTO
pacuera TpEeXMEpPHOW KOHCTPYKIIMM Ha OCHOBE
COBMECTHOTO NPHUMEHEHHS METOJla KOHEYHBIX
3JIEMEHTOB (MKD) u JUCKPETHO-
KOHTHHYQJIBHOTO METO0J1a KOHEUHbIX 3JIEMEHTOB
(AKMKD), mpennoxenHoro B pabdorax II.A.
AxumoBa, A.b. 3onotoBa [1] u pa3BuToro B uc-
cinenoBanmsix [1.A. Akumona [2-11], M.JI. Mo3-
raneBoit [12-22], MomxTaba Acmamu [3-6,16-
19,23], O.A. Kossipesa [24] u O.A. Herpo3ona
[25-28]. Panee B crarbsix [29-30] paccmarpuBa-
JUCh aHAJIOTWYHBIE MPOOJIEMBI JJI ABYMEPHBIX
3a/1ay pacuyera KOHCTPYKLHUM.

1. PACYHETHASA MOJIEJIb U OBLIIASA
ITOCTAHOBKA 3ATIAYHN

[Tycth Tpebyercs pemuTh MHOTOTOYEYHYIO Kpa-
€BYyI0 3aJlauy CTaTHYeCKOro pacuera (ompene-
JIUTH HAIMPSDKEHUS U TIepeMEIeHNs]) TPEXMEPHOI
KOHCTpYKIIMU. PacueTHas Mojens — TpexmepHast
(mpocTpaHCTBEHHAs1) 337a4a TEOPUU YIIPYTOCTH.
MaremaTtuueckass IOCTaHOBKAa JTOM 3amayu
IIpUBEZIEHA, Harpumep, B [31-45].

[Tyctp Q — o0macTh, 3aHMMaeMasi paccMaTpuBa-
€MOM KOHCTPYKLIMEH,

Q={(x,x,,x): 0<x, </,

O<x,<l, O0<x;<L}, (1.1)

IMPUYICM MOXKHO 3aIlucarb, 4YTO

ny—1

a=Jo., (1.2)

1€ COOTBETCTBCHHO
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Q, ={(x,x): 0<x <[,

b b .
0<x,< lz,k’ Xy < X3 < X34 55

(1.3)

Xy k=12, ...

TOYeK (Ipu 7, >2 ¥ MMEEM MHOIOTOYEYHYIO

, N, — KOOPAWHATBI I'PAHUYIHBIX

KpaeBylo 3a/1a4y); 7, — KOJIUYECTBO I'PAaHUYHBIX
Q,, k=12,...,n, -1 —

paccmaTpuBaeMoit oomactu Q2 .
3aMeTHM, YTO TUIIOBBIM SIBJISIETCS CITyJaid

TOYEK; moao0J1acTu

- . _ b b
l,, =const; l,, =const mpu x5, <x;<X3,.,,
OJIHAKO B 0OILIEM ciIydae, pa3yMeeTcsl, UMeeM
[, =1(x;) #const; [, =1,(x;)# const,

T.€. JIOMYCKAeTCs CIydaid KyCOYHOTO ITOCTOSH-
ctBa [, u l,.

PaccmatpuBas 3agauy B paMKkax MeTOJla paciliu-
peHHO# (cTannaptHoil) obnactu A.b. 3omoToBa
[46], MOXKEM OKalMHTh obnacTu
Q,, k=1,2,...,n, -1 COOTBETCTBYIOIIUMHU
pacumpeHHsIMM @,, k=1,2,...,n, -1 n ne-

pelTu K paciMpeHHoi 001acTn @,

n,—1

= Ua)k ,
k=1

(1.4)

rae

@, ={(x,%,,x5): 0<x1<Z,k, (1.5)

T b b
0<x, < lz,k, Xy <Xy <Xy 1o Q,,

MpUYeM, B YAaCTHOCTH, JIJISl YKA3aHHOTO BBIIIE
TUIIOBOTO CITy4asi MO>KHO BbIOpaTh
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L, :qu =const, k=1,2,...,n,-1, g=1,2,

q

T.C.

a)/( ={(.x1,x2,X3): O<‘x1 <ll’ (1 6)
= Y .
0<x,<l, x5, <X3<X3;, D

2. OBIIME INPUHIUIIbBI
AIITPOKCUMALIIMHU OBJIACTH

[Tycts B mpenenax ogHOM rpymnisl odnacTedl o,

u3 uyhcrna ykazaHHeix B (1.4)  Qusuko-
TFEOMETPUUECKUE IapaMeTpbl KOHCTPYKLUU HE
3aBUCAT OT IIEPEMEHHOM X,, OTBEUYAIOUIEH Tak
Ha3bIBAEMOMY OCHOBHOMY HAIIPABJICHHUIO — JUIS
TakUX oOJyiacTell 11e71eco00pa3Ho HCIOIb30BaTh
muckperuzanuio B pamkax JKMKD (umeem
JMCKPETHO-KOHTUHYaIbHYI0 Mozenb). Ilycte B
npezenax Apyrol rpymmsl obsactedl @, CooT-

BETCTBYIOUIME (PU3HKO-T€OMETPUUECKUE Iapa-
METPBl KOHCTPYKLUHU MOTYT W3MEHATHCS IPOM3-
BOJILHO — JUIsSl TAKUX 0OJlacTell clieAyeT UCIOJb-
30BaTh AUCKpeTn3anuio B pamkax MKDO (nmeem
JTUCKpeTHYl0 Mojenb). Urak, nenecoobpasHo
coBmecTHOe npuMenenne MKD u JIKMKD.

Jns ynoOcTBa N310KEHUS BBEJIEM ITapaMeTp o, ,
Ha3bIBa€MbI MapaMmeTp AWCKPETHU3ALUU U MpHU-
HUMAIOIIUH CIIEAYIOLE 3HaueHus: p, =1 — uc-

HOJIb3yeTcsl qUcKkpeTu3anus B pamkax MKDO [47-
49]; p, =2 — ucnomb3yercs TUCKpETH3aLUs B

pamkax JJIKMKD.

3. O IPABUJIAX HYMEPAIIUH
IHOAOBJACTEHA

BooOmie, MOryT HWCHONB30BaThCs Pa3THYHbBIC
MOJXOABI K HyMepaluu mnojaobnacteil (wiu, 4ro
SKBUBAJICHTHO, 00JacTeil), onpenensieMbix Ghop-
mymoit (1.5).

Ilepsbiii n00xo0 MpeaycMaTpUBAET pa3elIbHYIO
HyMEpaluioo o0acTell ¢ pa3IuYHBIMH THUTIAMH
JIMCKPETU3AIHN:

IT.A. Axumos, O.A. Herpo3os

k
by =k(k)=>| p,=2l;
s=1

ky =k, (k)= | p, =1, (.1

rae k — HCXOOHBII HOMEp MOAO0IACTH ), ;

k, = k,(k) — cooTBeTcTBYIOLIMI HOMEp 00IacTH
¢ gauckperuzauueidr B pamkax MKD wnm
k, =k,(k) — coorBeTcTBYIOIIMII HOMEp 00IaCTH
¢ nuckpetusarmen B pamkax JIKMKD.
Pazymeercs, Takxe MOYKHO ITOCTPOUTH OOpaTHbBIE
3aBUCUMOCTHU
k=k(k): k=k(k), (3.2)
BBINOJIHUB TaOyJSLMIO pPEe3yJIbTaTOB BbIYHCIIE-
Hui 1o ¢popmynam (3.1).
Takum oOpazom, Moxkem mnepenucath (1.4) B
CIIEYIOLIEM BU/IE:

Ny

X Ny,
W= Ua)kle + U a),fz‘ , (3.3)
k=1 k=1

MpUYCM CIIpaBECAJIUBbI COOTHOIICHU A

n,—1

n,—1
Nfe=2|ps_2‘; Ndc:Z|ps_1|; (34)
s=1 s=1

No+N,=n, -1, (3.5)

fe _
e ', k, =1,2,..,N,
JaxX KOTOPBIX HCIIONB3YETCS JUCKPETH3alUsS B
dc

pamkax MK3; «, ",

— obnactu, B mpene-

k,=12,..,N, —obnacru,

B Mpefenax KOTOPBIX HCHOIB3YeTCs TUCKPETH-
3amus B pamkax JJKMKDO.

Bmopoii nooxoo, HanpoTHB, OCHOBaH Ha €IUHON
HyMepaluu o0nacTel ¢ pa3MYHBIMH THUIIAMH
JTUCKPETU3aINH, T.€. Ha WCIOJIB30BAHUH IIPEI-
craBienus Buja (1.4), B koTopom

Je

wl°, ectn p, =1

®, = (3.6)

dc
W, , ecan p, =2
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B Takom ciydae, 0O4eBHIIHO, COOTBETCTBYIOIINE
nepecueTsl o popmynam (3.1)-(3.2) He Tpedy-
10Tcs. B HacTosmiel crarbe nanee OyaeT ucrolib-
30BaThCSl UMEHHO BTOPOH IMOIXO/I.

4. O TIPABUJIAX HYMEPAIIHU
KOHEYHbIX U TUCKPETHO-
KOHTHUHYAJIBHBIX 3JIEMEHTOB

PaccMoTpuM npoun3BoiibHYI0 00J1acTh @]¢.
Beenem o6o3HaueHue

fe _ b b _
Ly = X550 = X5 cCa p =1,

@.1)

IIycts
fek fek fek . fe
Xigirs Xgir Xagies 1=12,00 NI,
. fe _ fe
J=L2,.,Ny%, r=1,2,.., N5,

— KOOpAMHATHI (COOTBETCTBEHHO IO TIEPEMEH-
HBIM X,, X, U X;) y3JIOB KOHEUHBIX 2JIEMEHTOB B

obnactu @/°;

(NJi=D; (Nz =D (NG -D)

— KOJIMYECTBO KOHCYHBIX 3JICMCHTOB, Ha KOTO-

pBIe «pazbuBaeTcs» 001acTh a),{ ‘ Mo HampasJe-

HHUAM, COOTBCTCTBYIOIIUM IICPEMEHHBIM X, , X, U
X5 (paCCManI/IBaCTCSI almpoKCUMUpyromaga ceT-

Ka TOMOJOTMYECKH 3KBUBAJIEHTHAS MPSMOTYOJIb-
HOM1). J{71s1 y3710B KOHEYHBIX JIEMEHTOB, UCIIOJIb-
3yeMbIX NpU JUCKpeTu3aluu obnactu o] Oy-
JIeM TPUMEHSTh YETBIPEXUHAEKCHYIO CUCTEMY
HyMepaluu: umeeM Homep tuma (k,i, j,r), Tae
k — HOMEp MOm00NACTH TUCKPETU3ALUH B paM-
kax MKD; i, j U r — COOTBETCTBEHHO HOMEpPA
JJIEMEHTa 1O MpU  JUCKPETU3alUMH  BIOJb
HalpaBJIeHUH, COOTBETCTBYIOLUIMX X,, X, U X;;

fe

a)k,i,j,r — o0o3HaueHHUE COOTBETCTBYIOIIIECTO KO-

HCYHOI'O 2JICMCHTA.

Volume 14, Issue 2, 2018

PaccMOTpHM TIPOU3BONBbHYIO 0671acTh @) . BBe-
JeM 0003HaYCHUE

de _ b b _
L = X550 = X34 €CTH P =2

4.2)

IlycTe

de,k de,k - dc . dc
Xiigs Xap i=L2, N, J=12,., Ny,

— KOOpAHWHATBHI (COOTBETCTBEHHO IO TIEPEMEH-
HBIM X; W X,) y31I0B (Y3JIOBBIX JIMHUH) JHC-

KPETHO-KOHTHHYQJILHBIX KOHEYHBIX 3JICMEHTOB
(JIKKD) B obnactu o} ;

(NG =D; (N5, =1)

— KOJHMYCCTBO IUCKPCTHO-KOHTHHYAJBHBIX KO-
HCYHBIX 3JICMCHTOB, HA KOTOPbIC «pa361/IBaeTc;{»

d
001acTh @,° MO HAIpPaBIEHUSAM, COOTBETCTBY-

IOIIMM HEepEeMEHHbIM X, U X, (0 CEeYeHHIO IOo-
NepeyHOMYy TI0 OTHOLICHWIO K OCHOBHOMY
HAINpaBJICHUIO paccMaTpUBAETCS AaMIPOKCHUMU-
pyIoIIasi CeTka TOTOJIOTUYECKH SKBHUBAJICHTHAS
OpsSMOTYOJIbHOM).  Jms  y3710B  AMCKpETHO-
KOHTUHYJIbHBIX KOHEYHBIX 3JICMEHTOB, WCIIOJb-
3yeMBIX TIpH JMCKPETH3aluu 001acTd o) Oy-
JIeM MIPUMEHSTh TPEXUHAEKCHYIO CUCTEMY HyMe-
pauuu: mmeeM Homep tuma (k,i, j), tme k —
HOMEp TOA00JacTH; i U | — COOTBETCTBEHHO
HOMepa dJIEMEHTa 110 TIPU JUCKPETU3AIMA BIOJTh
HAIIPABJICHNIA, COOTBETCTBYIOIMX X, U X, ; @ ;
— 0003HAaYEHUE COOTBETCTBYIOIIETO TUCKPETHO-

KOHTHHYATHHOT'O KOHEYHOTO DJIEMEHTA.
Beenem 0003HaUECHUS:

N - NI{Z, ecrn p, =1 43)
Lk = 2 .
N, ecm p, =2;
N =1
N,, =4 ke COTL (4.4)
’ Ny, ecma p, =25
N,, =N{;, ecu p, =1; (4.5)
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IT.A. Axumos, O.A. Herpo3os

L,I

P
fe yfe fe Je e fe
Ta 52 o e M Mara e Ma,
] d I -
c e
X2, Y21 X,
dc e
*22 x{__,
[2 xdc xfe
2,-1 2,i-1
o
x?..; xéi
dc fe
Xoj+1 X2 i+
1 o’
b de fe b b
X31 Yo.N, YN, | X3 X33
1 2 I
a
I3, I3
Is
Y,
Pucynok 4.1. Ilpumep k nocmanogke mpexmoyeyHou Kpaesoul 3a0a4iu.
y de,k dc . dc
1%, ecn p, =1 xlh =x* i=1,2,.., N,
L={ % Pe 46) e (4.8)

dc _
L, ecma p, =2.

3aMeTUM, YTO B MPOCTEUIINX TUITOBBIX CIIydasx
CXeMa JMCKPETU3alUU KOHCTPYKIMU 10 HaIlpaB-
JIEHUSAM, OTBEYAIOUIMM IEPEMEHHBIM X, U X,,
HEM3MEHHA IO BCEW 00IacTH, T.e. CIpPaBETUBBI
paBeHCTBa

N,,=N,=const, q=1,2; (4.7)

j:172)"'5N;C’ qu,z;
xfe,k :xfe i:1,2,--'7N1]:Z’

q.isj.r q:i,j° 4.9
Jj=L2,. Ni5, r=12,.,N{, g=12; *9)
de  _ | fe P
X =X 1—'1, 2,...N,, (4.10)
j=L2,.,N,, ¢g=12;
fek _ fe s _ fe
xt o =x ., i=1,2,...N",
qjt,/,/ q5i,] P 1,k p (411)
J=L2, N3, r=12,..,Nji, ¢g=1,2;
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1-1

& . de & d &
1 Y12 o Fra Xridpm o AN

21 I

e yie fe,  yfe yF&
T Yoo Yo Y Ye - Yy

T I,

Iy

iiﬁ

PMCZHOK 4.2. K nocmanosxe 3a0auu: nonepedHvle N0 OMHOWEHUIO K OCHOBHOMY HaAnpaesj1eHuro
CEYECHUSl MPEXMEPHO20 6pyca Cc coomeemcmeyr yuUMU Cemo4YHbIMU ANNPOKCUMAYUAMU
CEeYEHUA 6 OCAX X| U X, .
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[Ipumepbl COOTBETCTBYIOLIMX 0003HAYEHUN TO-
Ka3aHbl Ha puc. 4.1 u 4.2. 3amerum, 4TO 37€ChH
JUISL allIPOKCHMAIMU TONEPEYHOro Mo OTHOIIIe-
HHIO K X, ceueHMs (T.€. IEPEMEHHBIM X, U X, )

HCIOJIB3YCTCA NPsAMOYTOJibHasl CETKa, T.C.

x{ff’j:xfff, i=1,2,...,Nf’“, @11
j=12,..,N¥;

xhy =t =12, N @12)
j=12,..,N¥;

o=xlt=x, i=1,2.,N;  (413)

X =x =%, j=L2,.,N,; (414

x/ = xl* i=1,2,..,N,,

3,0,j,r 3,r 1 (4 15)
j=L2,..,N,, r=12,.,N{;.

5. IOCTPOEHUE JUCKPETHOM
(KOHEYHOJIEMEHTHOM)
ANIIMTPOKCUMHWPYIOIIENA MOJIEJIA
HA IIOJIOBJIACTH

PaccMoTpuM npou3BOJIBLHYIO 00J1aCTh a),-c'e. IIpu-

HHMMAaeTCs Cllefytomas AUCKPETHas amIlpoKCU-
MUpYIOIas MOJENb: 10 BCEM KOOPIUHATHBIM
HanpasiaeHusM (Bponb oced Ox,, Ox, u Ox;)
IPOU3BOANUTCA KOHEYHODIEMEHTHAsl aIlIpPOKCHU-
manus. TakuM oOpasom, obmacTe @ pa3duBa-
eTcsl Ha KoHevHbIe d7ieMeHTHI (KD),

Ny =1Np =1 N3 o —1

u U Ua)k”r, (5.1)

MIpHYeM, B YaCTHOCTH, TIPH YCIIOBUH CITPABE]TH-
BocTH opmyi (4.11)-(4.15) umeem:

a)k,t/l _{(x17x2’x3) xlt<x1<xlz+1’

ek ek
Xojj <Xo < Xppjurs X3, <Xy <X3.0,

(5.1)

XapaKTepuCTUYECKYI0  (YHKIMIO  DJIEMEHTa

a)kff , ompeiensiercs no hopmyiie

IT.A. Axumos, O.A. Herpo3os

1’ a)kﬁj jir c Qk’
=y o (5:3)
0, w. Q,.

ki, j.r

ki j.r

[TosnemeHTHBIE (QYHKIMH, XapaKTepU3YIOIIHIE
CBOIICTBa MaTepuasia KOHCTPYKLUHU (T1apaMeTphl
Jlame) onpenensrorcs o popmysiam:

/Ik,i,j,r = ek,i,j,rﬂ“; Hiijr = Hk,i,j,rlu' (5.4)
OCHOBHLIMI/I HCHU3BCCTHBIMHU B y3HaX KOHCYHBIX
3JICMCHTOB SBJISAKOTCA COCTABJIAIOIIMC HepeMe-

(k) (k)
2

LICHUN U, ul® (Bepxnmii ungexc «(k)»,

cinenys no aHaioruu ¢ [29,30], 3mech u nanee
COOTBETCTBYET HOMepy paccmaTpuBaeMou To-
nobnacty, T.e. @, = w/°), T.e. mua (k,i, j,r)-ro

b for) g Uil ) (KL 1r)
y311a 3TO U, , Uy S Uy

(k) (/») uto

IMons wu,"’,u; ,u; 1O BCEM KOOPAWHATHBIM

HaIlpaBJICHUAM (B)IOJ'IB oceil Ox,, Ox, u Ox;) B

npeenax KaxJa0ro KOHEYHOro »3JIEMEHTa all-
IIPOKCUMHPYIOTCS JIMHEHHO (T.€. UCHOJBb3YHOTCA
CTaHJApTHBIE MPSMOYTOJIbHbIE BOCHMHY3JIOBbIE
KOHEUHBIE 2JIEMEHTBHl TPEXMEPHOM 3aladyd Teo-
pHH yrpyrocTtH (B nepemenieHusx) [47-49]).

Moxno nokazath [47-49], uro B paMKax pac-

CMOTpEHHSI OI00/1aCTH @], pa3pemaromas cu-
crema 3N ,N,N,, NuUHEHHBIX anreOpandecKux

ypaBHEHUI UMEET BUJ:

KU, =R,, (5.5)
e {U} =ul (5.6)
i, - [JI00AJIBHBIA  HMHIEKC TIJ00aJIBHOIrO
3N,N,N,,-MEpHOrO BEKTOpPa HEU3BECTHBIX

U,; k,i,j,r,q — COOTBETCTBYIOILUE JIOKAJIb-
HbIE HHJICKCHI, OIIpeielisieMble 10 popMynam:

(5.7)
(5.8)
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. i, =3(~—=DN,N,
j= +15
3N,
i, =3(r=1)N,N, =3(j-DN
=30 -D 132 (j-DN, +1: (5.10)

g=i,~3(r—1)N,N, =3(j—DN, =3i; (5.11)

(5.9)

K, — rnobanbHas
3N,N,N;, -ro nopsjxa; R, — 3N,N,N;, - mep-

HBI{ TJI00aNIbHBIA BEKTOp MpaBbIX yacTed (Tiio-
OanbHBIA BEKTOp HAarpy3ok); 3amuch tuna [a]

Marpuioa KECTKOCTHU

0003HavaeT HCHIyro 4aCTb 4YnClia a .

6. IOCTPOEHUE TUCKPETHO-
KOHTHUHYAJIbHOU
AIIIMPOKCUMMPYIOIIEN MOJIEJIN
HA IIOAOBJACTH

PaccMOTpMM  POM3BOJIBHYIO — 00JacTh  @;° .

[Tpuanmaercs clieTyromnas TMCKPETHO-

KOHTHHYaJIbHasl aNIPOKCUMHUPYIOILAsl MOJEIb!

II0 OCHOBHOMY HarmpasiieHHIO (Baosib ocu Ox;)

pelraercsi KOHTHHYalIbHAS 3a]a4a, a OCTaJbHBIM

HanpasieHusM (Baosb oceir Ox; u Ox,) mpous-

BOJUTCSI KOHEYHODJIEMEHTHAsl AarIpOKCHMAIHSL.

Urak, 061acTh @;° pa3OMBaeTCs Ha JTUCKPETHO-

KOHTUHYAJIbHBIC KOHCYHBIC DJICMCHTHI,

N, =IN,—1

de __ de
@, = U Ua’k,i,j ;

=1 j=1

(6.1)

IIPUYEM, B YACTHOCTH, IIPU YCIIOBUH CIIPABEIIN-
Boctu Gopmyi (4.11)-(4.15) umeem:

dc

hij = PO X5,X5) 0 X, <X <Xy,

(6.2)

b b
Xy <Xy <Xy s Xyp <Xy <Xy },

XapaKTepUCTHUECKYI0  (YHKIIMIO
rie-

OTIpeIeIIsAs
JUCKPETHO-KOHTHUHYAJIBHOTO ~ KOHEYHOT'O

menta (JIKKD) @), o cnenyromeii popmyse
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dc .

0 - 1, a)kjiﬂjch,
ki,j — 0 de

, @p; Q.

ki, j

(6.3)

[TosnemeHTHBIE (QYHKIMH, XapaKTepU3YIOIIHIE
CBOIICTBa MaTepuasia KOHCTPYKLUHU (T1apaMeTphl
Jlame) onpegenstores o Gpopmynam:

/Ik,i,j = ‘91{,1‘,‘/1; /7/«,1',/ = ek,i,jru . (6.4)

OCHOBHBIMHM HEH3BECTHBIMH B y3j1aX AUCKPETHO-

KOHTUHYAJIbHBIX KOHCYHBIX 3JICMCHTOB SBJIAIOT-

csi cocrasrone nepememnenuit u'X, ul

u ux mpousomusie v, vyt

(k)
s Usg

1O TIepeMeH-

HOU x;, T.e. A (k,i,j)-ro y3ma 31O
(ki) o (kif) o (ki) (ki) (ki) (ki)
u, "y u e N

ki,j kii,j ki,j ki,j ki,j kii,j

[oms ”1( ,w)’ué ,1,1),u§ By vl( al,])’vé J,])’vg )

10 HCOCHOBHBIM HAITPABJICHUAM (BI[OJ'IL X, X, )

B npezenax KaX/10T0 JTMCKPETHO-
KOHTUHYaJIbHOI'O KOHEYHOT'O 3JEeMEHTa arIpokK-
CUMUPYIOTCS NOJVUIMHEWHO.

MoXHO TOKa3aTh, YTO B PAMKaX PacCMOTPEHUS
nopobnactu @,
6NN,

YPaBHEHHI IIEPBOTO MOPAIKA UMEET BUJL:

paspemiaromiasi  cucrema

OOBIKHOBEHHBIX AU (epeHIINATBHBIX

Uk'(x3) = AkUk (x3)+Ek (x3),
U, =U,(x)=[@@) )T

(6.5)

r1e (6.6)
— 6N,N,-mepHas riobanbHas BEKTOP-PYHKIUS
HEM3BECTHBIX (HIWKHHUA WHACKC «(k)», cremys

no axanoruu [29,30], 3mech U Janee COOTBET-
CTBYET HOMEpY paccMaTpuBaeMoi Mojao0iacTy,

dv
T.e. @, = ®;°);

w, =, (x;) =
— [ (L—lrfl,l,l))T (ﬁn(l,2,l) )T (I/—l;LNl,l) )T
(ﬁ(l,l,Z))T (L—l(l,Z,Z))T (ﬁ(l,N“Z))T
n n n
— (LN T —(1,2,N. T —(1,N,, N, TqT.
O A M (7l B (76 M

(6.7)
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Ve = (xy) =
— (11,1 —(1.2, —(LN,,
=[@"HT @YD LT
(‘7(1,1,2))7 (‘—}(1,2,2))T (V(I,NI,Z))T
... (v, B b
. (vél,l,Nz))T (‘—}}51,2,]\/2))7' (‘7’51,N1,N2))T ]T,
6.8
(ki) _ 7 (kii,j) — ( )
W= )= 6 g
:[ul(k,t,j) u;k,l,j) ugk,t,j) ]T,
—(k,i,j) _ —(k,i,j
VI‘E lj) :VI’E /)(x3) = 6 10
(k.i,j) (kyi,J) (ki j) T . ( : )
=[v" v, V3 1

A, — marpuna xo3¢p¢unuenros 6N, N, -ro mno-

psanka; R, (x,) 6N,N,-MepHast BEKTOp-
(yHKIMSA IPaBbIX YacTeil.
Pemenue cucremsl (6.5) MOXKET OBbITH IPECTAB-

JIeHO B BUjE [2]:

U,(x)=E,(x,)C, + S, (x3), (6.11)
rne E, (x)=¢&,(x, —xf’k) —&.(x, —xé’,,m); (6.12)

S.(x) =, (x)*R(x,) (6.10)

&,(x;) — ¢dyHgaMeHTanbHas Marpuua-QyHKIMA
cuctembl (6.5), ompenensiemas corjacHo [2];
CHMBOJI «*» 3/1eCh U Jajee 0003HayaeT orepa-
LU0 CBEPTKU (QyHKUUH [2]; C_’k - 6N/N,-
MEPHBIN BEKTOP IMOCTOSHHBIX, OIIPENEISEMBbIN U3
COOTBETCTBYIOIMX IPAaHUYHBIX YCIOBHII.
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Annoranusi: CoBpeMEHHBI ypOBEHb MOJICIIMPOBAHMS COCTOSIHHSI JK€JIe300€TOHHBIX KOHCTPYKIMH CBSI3aH C
HIMPOKUM HCIIOJIb30BAHUEM UUCICHHBIX MeTON0B. HacTosImas craThs MOCBsIIEHa aKTyaldbHBIM BOIPOCAM, CBS-
3aHHBIM C Pa3paOOTKON M YMCIICHHON peanu3alnneil MEeToI0B pacyeTa HalpsHKeHHO-1e)OPMHUPOBAHHOTO COCTOS-
HUS ¥ HA YCTOMYMBOCTH K IPOrpECcCUpYIOLIeMy OOPYIIEHUIO IPOCTPAHCTBEHHBIX IUIMTHO-000JI0UEYHBIX JKeJle-
300€TOHHBIX KOHCTPYKIHH C y4eToM (PM3NYECKON HEeIMHEHHOCTH, TPEIIMHOOOpa3oBaHMSA M IpHoOpeTaeMoit
aHn3oTponnu. OOOCHOBaHA AKTYaJIbHOCTb TEMBI HMCCIIEIOBAHUS, MPOAHATU3UPOBAHO COBPEMEHHOE COCTOSHHE
WCCIIeIOBaHMH 10 TaHHOH Teme B Poccun u 3a pyOexoM (B TOM YHCIIe B YaCTH BOIIPOCOB, CBA3AHHBIX C THIIAMHU
JIUarpaMM, UCITIOJIb3YEMBIX ISl MOJCITUPOBAHNS ITOBEICHHS CTPOUTENIFHBIX OOBEKTOB, TOCTPOEHHEM OOIIUX Jie-
(hopMaMOHHBIX MOJIeNel Kene300eToHa, pa3padoTKOil, pa3BUTHEM M MPHUMEHEHHEM KPUTEPUEB MPOYHOCTH XKe-
71€300€TOHHBIX KOHCTPYKIMH), ONPEAeNIeHbl e, 3aJadll U TPaHHIbl UCCIIEA0BaHNUs, CHOPMYIUPOBAHEI 10JI0-
JKEHHSI, COCTABIIAIOLINE HAYYHYI0 HOBH3HY, TEOPETUUECKYIO 3HAUUMOCTh U MPAKTUUECKYIO 3HAUUMOCTb, MpEJ-
CTaBJICH HAy4YHBIH 3a]esl 1 OCHOBHbIE IMyOJIMKalMK MO paccMaTpuBaeMoil Teme. CiieflyeT HOAYepKHYTh, YTO B
LEJIOM, MCKIIIOYUTENIBHO BaXKHBIMU OCTAIOTCS MCCIIE0BAHUS, HAPaBJICHHbIE HA JaJbHEiIIee COBEpIIEHCTBOBA-
HHE MOJeJel TIOBEeIeHUS JKeJIe300€TOHHBIX KOHCTPYKINI M X MHTErpalys B COBPEMEHHBIE IIPOrpaMMHBIE KOM-
IUIEKCHI IPOMBIIIIEHHOro Tuna. IIpeacrasnsercs, uTo pa3BUThIE, pealn30BaHHbIE HA YHCICHHOM M IPOTrpaMM-
HO-aJITOPUTMHYIECKOM YPOBHSX METOJBI pacueTa >KeJIe300€TOHHBIX KOHCTPYKIIMH, O3BOJIST 3aMEHUTH MHOTOH-
TEpaIMOHBIE TIOAXO/BI K PEIICHHUIO (PU3NUECKH HEMMHEHHBIX 3a/1a4 U EPEiTH OT MPAKTUIECKH BO3MOXKHOTO BBI-
COKOTOYHOTO PacydeTa OTJACNbHBIX KOHCTPYKIMH K pPacueTy CIOXKHBIX MPOCTPAHCTBECHHBIX KOHCTPYKTHBHBIX CH-
CTEM C YYETOM DPa3IMYHBIX (aKTOpOB (PU3NUECKON HEITMHEHHOCTH M aHH30TPOIHH. TEM CaMbIM CYIIECTBEHHO
MOBBICUTB HAJEKHOCTh POEKTHBIX peleHUH. Vcrionp3yemMble TPy 3TOM KPUTEPHH IIPOYHOCTH, B CBOIO OUEPEb,
TaKOKe TMO3BOJIAT YCTPAHUTD Psifl HOTPELTHOCTEH CYIIECTBYIOINX METOI0B ONPEAEICHHUS TPOYHOCTH.
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Abstract: The modern stage of modelling of behavior of reinforced concrete structures is associated with the
widespread use of numerical methods. The distinctive paper is devoted to development and numerical implemen-
tation of methods of structural analysis including progressive collapse analysis of spatial plate-shell reinforced
concrete structures with allowance for physical nonlinearity, crack formation and induced anisotropy. The rele-
vance of the research topic is substantiated, the current status of research on this topic in Russia and abroad (in-
cluding various aspects dealing with types of diagrams for modelling of reinforced concrete structures, construc-
tion of general deformation models of reinforced concrete, strength criteria for reinforced concrete structures and
methods of structural analysis) is analyzed, the goals, objectives and boundaries of the study are determined, the
provisions constituting scientific novelty, theoretical significance and practical significance are formulated, pub-
lications on the topic are under consideration. It should be noted that generally further improvement and modifi-
cations of reinforced concrete models and their integration in contemporary software systems for structural anal-
ysis remain very important. It is assumed that developing methods of analysis of reinforced concrete structures
will replace multi-iterative approaches to the solution of physically nonlinear problems and move from the prac-
tically possible high-precision analysis of individual structures to the analysis of complex structural systems with
allowance for various factors of physical nonlinearity and anisotropy. As a result, reliability of design solutions
will increase significantly. The strength criteria used in this way, in turn, will also eliminate a number of errors
in existing methods for strength analysis.

Keywords: numerical methods, reinforced concrete structures, plate-shell structures, stress-strain state,
crack formation, progressive collapse, induced anisotropy
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1. AKTYAJIBHOCTD ITPOBJIEMbI

Kak usBecTHO, xene300eTOHHbIE KOHCTPYKIIMU
COCTaBJISIOT 3HAUYUTEIBHYIO JIOJI0 KOHCTPYK-
IIUH, KUCIOJIb3YEMBIX B OOBEKTaX MPOMBIIIICH-
HOT'O M T'Pa)/IaHCKOI'0 CTpOUTENbCTBa. Bee ua-
1€ TPOSIBIISIIOTCA TEHACHLIMM YCI0KHEHUS! KOH-
CTPYKTUBHBIX PELICHUN 3JaHUN U COOPYKEHUH,
0COOCHHO U3 MOHOJHUTHOIO Xele300eToHa. B
qrcie MoJ00HOT0 poja PeleHHid, HarpuMmep,
IIPOCTPAHCTBEHHbIE KapKachl 3JaHUM C HEpery-
JSIPHOM CETKOM HECYHIUX KOJIOHH U CTE€H, MO-
HOJIUTHO CBSI3aHHBIX C IUIUTAMU NEPEKPBITHH,
MEePEXOHBIMH TUIMTAMH, KOHCTPYKTUBHO HEOJI-
HOPOJHBIMH (DYHAAMEHTHBIMH IUIMTaMH, Kap-
Kachbl BBICOTHBIX 3JJaHUW C CHJIBHO HArpy>KeH-
HbIMU MAacCCUBHBIMU KOJIOHHaMH, CTEHAMH, siji-
paMu KeCTKOCTH, (DyHIAMEHTHBIMU TUTUTAMHU U
ux coeguHeHUsIMU. C OIHOM CTOPOHBI, METOBI
pacdyeTa ¥ TPOCKTUPOBAHHS TaKUX KOHCTPYK-
IUHA NPAaKTUYECKU HE HAIUIU OTPAXKEHUs B JICH-
ctBytomeM CII 63.13330.2012 «CHull 52-01-
2003. «beroHHBIE U KeNe300€TOHHBIE KOH-
cTpyKuuu. OCHOBHBIE MOJIOKEHUS», B KOTOPOM
B OCHOBHOM IIPUBEJIEHBI METOJblI pacyeTa IMmpo-
CTEHIINX KeJIE300€TOHHBIX KOHCTPYKIIUMA — Oa-
JIOK, KOJIOHH, 0anmouHbix iutT. C Apyroi cro-
pPOHBI, UMEHHO TaKHe€ KOHCTPYKIIUU, KaK U KOH-
CTPYKIIMU TUTIOBBIX 37aHUI, pabOTaIOT B yCJO-
BUSIX CJIOKHBIX HEOJHOPOJIHBIX HaIPSHKEHHBIX
COCTOSIHMI, YTO CYILIECTBEHHO BJIMSET Ha Xa-
pakTep (pu3MyecKol HEIMHEWHOCTH XKeje300e-
TOHA, 0€3 HaJIeKAIIEeT0 y4eTa KOTOPOi CHUXa-
€TCsl TOYHOCTh M HaJIeKHOCTh PACYETHBIX 000C-
HOBAHUH MPOEKTHBIX PELIEHUN. B CBA3M € ATUM
aKTyalbHOH mpoOsieMoil pacyeTHOro 00OCHO-
BaHMUsSI M TIPOCKTHUPOBAHMS SIBIISETCS TOCTPOE-
HUE KOPPEKTHBIX M BBICOKOTOUHBIX METOJIOB
pacuera KOHCTPYKUUU 3JaHUA U COOPYKECHHI
IpPU CJIOXHBIX HAMPSIXKEHHBIX COCTOSHUSX C
Y4E€TOM Pas3InYHBbIX (PaKTOPOB (PU3MYECKON He-
JMHEWHOCTH, BKII0Yas TPEIIMHOOOpa30BaHHUE U
pUOOpEeTaeMyIo MPHU 3TOM aHU30TPOIIHUIO.

OCHOBHOM HENOCTaTOK OOJBIIUHCTBA CYIIe-
CTBYIOIIUX MOJENed U METOJOB pelieHus (u-
3MYECKH HETMHEWHBIX 33/a4 jKene300eToHa 3a-
KJIFOYAeTCs B TOM, YTO OHHM CBOJSAT PEIICHHE K

B.A. Xapuronos

MHOTOUTEPALlMOHHBIM MPOLEIypaM, YTO IS
CIIOKHBIX IPOCTPAHCTBEHHBIX CHUCTEM, JaKe
[P HAJIUYUU COBPEMEHHOW BBIYUCIUTEIBHOU
TEXHUKH, CTAHOBUTCS TPYAHO pEIIaeMoi mpo-
0J1eMOi1 BBUY CYIIECTBEHHOI'O 00beMa BBIYHC-
aUTeNbHON padoThl. MccnenoBaHus aBTOPCKOIO
KOJUIEKTHBA MOKA3aJld, YTO YKa3aHHBIX TPYAHO-
CTEH MOXXHO B 3HAYUTEIHHOM CTENeHU wu30e-
kKaTh, IOCTPOUB CUCTEMY (DU3UUECKHX COOTHO-
HIEHUH HE B TPaJUIMOHHON (115 kene300ero-
Ha) (opmMe — B BHJIE CBSI3eH MEXIy HaIlpshKe-
HUSMU U JedopMauusMu, a B BUJAE CBS3EH
MEXy IpHUpAICHUSIMH HampshKeHU u aedop-
Manuil (B MHKpeMeHTanbHOU (opme). Pa3zBuBa-
€Mbl€ B paMKax IPOEKTa HOBbIE CUCTEMBI (PU3H-
YECKUX COOTHOILIEHHUH MO3BOJISAIOT 3HAUUTEIHHO
CHHU3UTh KOJMYECTBO WUTEpAUi, UM H30exaThb
UX BOBCE, 3aMEHHMB UIaroBO-UTEPALIMOHHBIE
nporenyps! marossiMu. [Ipu aTom 3¢ dexTuBHO
peuaercs 3ajadya MEPECTPOMKH HEJTUHEHHBIX
(U3NUECKUX COCTOSHUM, 3alMCaHHBIX B BUJE
CBsI3€M MEXIy HaNpsHKEHUSIMHU U Aedopmarusi-
MU, B CBSI3U MEXJYy UX MPUPALLICHUIMU Ha IIa-
rax Harpysku 3a cueT MOLIaroBOH JMHeapu3a-
LUH.

[TpuauMast BO BHUMaHue TOT (akT, 4YTO B pam-
Kax MPEJCTAaBIIIEMOIO B HACTOSLIEH CTAaThE MC-
CIIEIOBaHMsI COOTBETCTBYIOLIUE (U3HUECKUE
COOTHOILLIEHUSI CTPOATCA B HMHKPEMEHTAIbHON
dbopme, ermie OJHON aKTyalbHOW 3aadyeit sBIsi-
€Tcsl CTBIKOBKA TaKUX MoOJIeneil jxene300eToHa ¢
0ojiee COBEpPUICHHBIMU KPHUTEPUSMHU IPOYHO-
cti. K mocneqHuM OTHOCAT KpUTEPUH MPOYHO-
CTH 3JIEMEHTOB IJIACTUH W TOJOTUX 000J0YeK
IIPY COBMECTHOM JEHCTBUM BCEX LIECTU KOM-
MOHEHTOB YCHUJIMHA — M3TUOAIOMUX U KPYTSIIUX
MOMEHTOB, HOPMAJIbHBIX M KacaTEelbHbIX CHIL.
Kpome oreHKH NpoyHOCTH BakHa M OOpaTHas
3a/laya — palHMOHAIBHOTO apMHMPOBAHHUS, YIO-
BJIETBOPSIOLIETO KPUTEPUSAM IIPOUHOCTH.
[Tomasnstomee GOMBITMHCTBO aBapHil 3MaHUIN U
COOPYXEHHM, HE3aBHCHUMO OT OKOHYATEJIbHBIX
pa3MepoB HX IMOCIEACTBUM, HAYMHAETCS C JIO-
KaJIbHBIX TOBPEXAECHUH HECYHIMX KOHCTPYK-
uuii. [Ipu 3TOM B OJIHHX Cily4dasx BCE UCUEPIIbI-
BaeTCsl IMEPBOHAYAIBHBIM JIOKAJIBHBIM pa3py-
HIEHUEM, a B IPYTUX — HECYIIHE KOHCTPYKLIHH,

32 International Journal for Computational Civil and Structural Engineering



O MeTozax pacueTa HanpsHKEHHO-Ie(OpPMUPOBAHHOTO COCTOSIHUS U HA YCTOHYMBOCTB K ITPOTPECCHPYIOILEMY
00OpYLIEHUIO MPOCTPAHCTBEHHBIX ININTHO-000JI0UYEYHBIX KeJIe300€TOHHBIX KOHCTPYKINH ¢ y4eToM (u3ndeckon
HEJIMHEITHOCTH, TPEIMHO00pa30BaHus U IPpHOOpeTaeMol aHN30TPOIINU

COXpaHUBIIHECS B TEPBBIH MOMEHT 4YpE3BbI-
JaHOT'O MMPpOUCIICCTBUA, HE BBIACPKHUBAIOT 10-
NIOJTHUTEIPHOM Harpy3ku, paHee BOCHPUHU-
MaBIIeHCs MOBPCIKACHHBIMU 3JICMCHTAMHU, U
TOXE pa3pylIaloTcs. ABapuu TOCICIHETO TUIA
MOJIYYUIU B JINTEpaType HaUMEHOBAHUE «IIPO-
rpeccupyroiiee oOpyiieHue». Peamuu cope-
MEHHOTO POCCHICKOTO 3aKOHO/IATENILCTBA B 00-
JaCTU PETyJIUPOBAHUS NMPOCKTUPOBAHUS OTBET-
CTBEHHBIX KOHCTPYKIHHA TpeOyroT OT QyHAa-
MEHTAJIbHON M TPUKIAJHOW HAYKH HOBBIX ME-
TOJAOB U AJITOPUTMOB, IO3BOJIAKOIINUX aHAJIU3U-
pOBaTh TOYHBIH TUHAMUYCCKUNA OTKIIUK 3JIQHHS
(coopykeHHsl) Ha BHE3AITHOE BBIKIIOUCHUE
JJIEMEHTOB C YUYeTOM HeIWHEHHOCTeH, mpu
9TOM, TI0O BO3MOXKHOCTH, HE TPEOYIONIMX WC-
KITFOYUTENbHBIX BBIUMCITUTEIbHBIX MOITHOCTEH.

2. COBPEMEHHOE COCTOSHHE
BOIIPOCA

2.1. O0mme 3amMeyaHusl.

CoBpeMeHHbIHN 3Tall penieHus 3a1a4 MOJIeIUpO-
BaHMs MOBEIEHUS KEJIe300€TOHHBIX KOHCTPYK-
IHUH CBA3aH C HIMPOKUM HCIIOJIb30BAHMEM YHC-
neHHbIX MeToq10B [1]. IIporpecc B kommbroTep-
HOW MHAYCTPUM W BBIYUCIUTEIIHLHON MaremaTu-
K€, MPOJOJDKAIOLIUICSA IOCIECIHUE JeCATUIe-
TUs, 00YyCIIOBWJI U3MEHEHHE COOTHOIIECHHUS aHa-
JUTHYECKUX, IKCTIEPUMEHTAIIBHBIX (MOJIEITbHBIX
Y HAaTYPHBIX) U YUCJICHHBIX TOJXO0/I0OB K aHAJU-
3y CJIO’KHBIX KOHCTPYKLMH, 31aHUH U COOpYXKe-
Hui. [IpakThka BeIIBUraeT 3ajauvl MHOTOBapH-
AQHTHBIX HUCCIEAOBAaHUMN JABYMEPHBIX U TPEXMEp-
HBIX CHUCTEM, aJIeKBaTHOE PEIIEHHE KOTOPBIX
MOXKET OBITh 3a4acTyI0 MOJYYEHO TOJbKO YHC-
neHHbIM nyTeM. Kak mpaBuiio, HallTH 3aMKHY-
TO€ aHAJTUTUYECKOE pelIeHue A OOJIbIIMHCTBA
npo0jeM He TMpPeICTaBIsAeTCS BO3MOXKHBIM, a
SKCHEPUMEHTAIbHBIE UCCIEAOBAaHUS YacTO OKa-
3BIBAKOTCSI BECbMA JIOPOTOCTOSIIMMHU, a IIOPOU U
HEMOJHBIMU. DTUM, B YACTHOCTH, U OOBSACHSET-
Csl OIIPEEIICHHOE MPEBAIMPOBAHUE YHMCIICHHBIX
METO/IOB, UMEIOIIEE MECTO, KAK B OTEUYECTBEH-
HOM, TaK U B 3apy0eXHOM pacueTHOU MpaKTHKeE.
BooOmie, Ha Bcex aTamnax M3ydeHUsl MOBEICHHS
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CTPOUTENIBHOTO O0BEKTa MaTeMaThdeckas Teo-
pusd, UCCIICAOBAHUA aHAIIUTHUYCCKUMU M OKCIIC-
PUMEHTAIBHBIMA METOJAMHM M YMCIECHHBIA pac-
YCT AOJIKHBI IPUMCHATHCA COBMECTHO U COI'Jia-
COBaHHO. B OCHOBE MaTeMaTHYECKOTO MOJEIH-
PoOBaHUA paCCMAaTpUBACMBIX 3aJa4d JICKAT, KaK
IIPABWJIO, COBPEMEHHBIE YMCIIEHHBIE METOJBI UX
AUCKPETU3AUHU 110 IPOCTPAHCTBY U BPCMCHHU, a
MMEHHO, METOJ KOHEUHBIX 3JIEMEHTOB Ul 3a-
J1ad MeXaHUKH 1e(hOpMUPYEMOTO TBEPAOTO Tela
Y CTPOUTEIBHON MEXaHUKHU.

Taxknm O6p2130M, IJid BBIIIOJIHCHHA pacdYCTHOI'O
000CHOBaHMS CTPOUTENIBHBIX KOHCTPYKIMH I~
POKO MCHOJIB3YIOTCSI YHUBEPCAJIbHBIE U CIIEeLHa-
JU3UPOBAHHBIE  KOHEYHOMIEMEHTHBIE  IIPO-
T'paMMHBIC KOMIIJICKCHI. 3aMeTI/IM, 4YTO B Kaude-
CTBE (PU3MYECKHX COOTHOUICHUN MEXAY YCHUJIH-
AMU U JepopMalUsIMU IPU 3TOM HEPEIKO HcC-
MOJIB3YIOTCS  3aBUCUMOCTH Ul CILJIOLIHOIO
YIPYTroro U30TPOIHOro Tena. Mexay Tem, Ui
XKeNne300€TOHHBIX JJIEMEHTOB TaKOW IOAX0[
MOXKET MNPUBOAWUTE K CYIICCTBCHHBLIM IIOIpCII-
HOCTSIM, IIOCKOJIBKY B HUX IIpH JIEHCTBUHU JKC-
IUTyaTallMOHHBIX Harpy3ok, Kak IpaBuio, oopa-
3YIOTCsl TPELIMHBI U HAYMHAIOT Pa3BUBAThCS He-
ynpyrue aegopMmainiy, 4yTO BbI3BIBAET CHUXKE-
HHUE XECTKOCTHBIX (1e()OpMATUBHBIX) XapakKTe-
PUCTHK M IepepacupenelieHue yCUIUN B 3Je-
MEHTaxX CHCTEMbl, yBEJIMYEHUE MPOTrUOOB U Iie-
pemenieHuil. B 3To#l CBA3M AasbHElIIEe coBep-
IIEHCTBOBAHUE U Pa3BUTHE MOjEJEH kene300e-
TOHA W pa3paboTKa Ha UX OCHOBE METOJOB pac-
4yera, YYUTHIBAIOIIMX OOpa3oBaHHWE TPEUIMH U
pa3BUTHE HEYNpyrux nedopmanuii B xene3ode-
TOHHBIX DJIEMEHTAX, a TaKXKe JaJbHEMIas Juc-
JIEHHas U IPOrpaMMHO-aITOpUTMUYECKas pea-
Tu3anys B BUAEC KOMIUIEKCOB MpOrpaMm (mpo-
IPaMMHBIX MOAYJEH) Al pacyera CTPOUTENb-
HBIX KOHCTPYKIIMI, OCTA€TCA BECbMA BaXKHOM.

2.2. O Tunax [uarpaMMm B TEOPUM pacyera
JKeJ1e300€ TOHHBIX KOHCTPYKIMIA.

B Hacrosiiee Bpemsi B TEOpUU pacuera Kejne30-

OCTOHHBIX KOHCTPYKLMH HCIOJb3YIOTCS TpU

OCHOBHBIX THUIIAa JUarpamMM: B aHAJIUTUYECKOM

BUAC, B BHUC KyCO‘IHOfI JIMHCapu3alun aHajiu-

TUYECKUX 3aBHUCHUMOCTEH Tuarpamm B Mpoliecce
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A M. benocronxkuit, H.11. Kapnenko, I1.A. Axumos, B.H. Cunopos, C.H. Kapnenxo, A.H. Ilerpos, T.b. KaiiTykos,

[IarOBOI'0 Harpy»eHus; B BUJE MHOIO3BEHHOU
JIOMaHOM JMHUHU (ITOCPEACTBOM MHOI'OTOYEYHO-
ro 3aJaHusl HaIpsSKEHUH U OTHOCUTEJIBHBIX Jie-
¢dopmaruii). OTIenbHO BBIICTSETCS AUarpaMMa
neOpMUPOBAHUS apMaTypbl B JJIEMEHTaX C
TpellMHaMU. AHAJTUTUYECKUE 3aBHCUMOCTH 3a-
MaHus auarpamm ae@opMupoBaHusi OeTOHA H
apMaTrypbl MOIYYWIM pa3BUTHE B paboTax MHO-
TUX MCCIIEeIOBaTeNeil, Cpelu KOTOPBIX, B 4acT-
HOoCcTH, HeoOxomumo otmetruTh B.H. baiikopa
[2], B.M. bonnapenko [3,4], C.B. bongapenko
[5], B.A. baumnckoro, A.b. I'ombimeBa, E.A.
I'yzeesa [6], FO.IL. I'ymu, I1.®. [dpo3nosa, H.W.
Kapnenxo [7,8], B.1. Komuynosa [3,4,9], B.M.
Kpyrnosa, C.®. Knosanunua, C.A. Manarsna,
JI.P. Maunsna [10,11], C.11. MepkynoBa, B.M.
Muracosa, I'.B. Mypamkuna, SI.M. Hemupos-
ckoro, B.I'. Hazapenko, JI.JI. ITlanpmina, A.H.
Ilerposa [8], A.b. Ilupanosa, b.C. Pactoprye-
Ba, P.C. Camxaposckoro [5], B.1. Tpasyma
[9,12-16], B.C. ®enoposa, B.II. Yaiiku, E.H.
[llep6akoBa, P. Desayi [17-19], K. Gerstle
[20,21], S. Krisnuan, L. Saennz, B. Sinha, L.
Tulin u gp. Wcnons3yroTes nBa cnocoba 3ana-
HUS AUarpaMM: HEMOCPEJICTBEHHO B BUJE KpH-
BBIX «HANpsDKEHUE — AedopManusy», UiId B BUJE
AQHAJOTUYHBIX KPHUBBIX, 3a/1aBa€MbIX 4Yepe3 ce-
Kyliye Moaynu. B ocHOBHOM pa3BUBaJICS Iep-
BBI CIOCO0, KOTOPBIM Hallen cBOe MpHUMEHe-
HUE, B YaCTHOCTH, B pabotax T.A. bamana, C.D.
KrnoBanuua ans mocTtpoeHuss Mojenu OeToHa B
WHKPEMEHTAIbHOM BHJI€ Ha OCHOBE IMarpaMMBbl,
PEKOMEHIOBAaHHOM EBpOIENCKMM KOMHUTETOM
o 6etony (EKB). Cekymue Moaenu ucnosnn3o-
Banuch B nocrpoenusix H.M. Kapnenko, T.A.
MyxamenueBa, A.H. IletpoBa u ap, npu 3ToM
MOJYJIH BBIPAXXAJIUCh 4Yepe3 YPOBHHU HampsiKe-
HUW. 3aMeTUM, YTO B AUarpaMMax apMaTyphl B
KEJIe300€TOHHBIX AJIEMEHTaX B MOMEHT TpPEIu-
HOOOpa30BaHUsI BO3MOXKHBI Pa3pbIBbI IPOM3-
BOJHBIX, BXOJAIIMX B AHAIUTUYECKHE 3aBHCH-
MOCTH (YHKLIMH, 4TO TpeOyeT CrerraibHbIX
MPUEMOB, KOTOPBIE YCIOXKHSAIOT Pacy€T. ITOro
HEJI0CTATKA JIMIIIEH BTOPOUN U3 YKA3aHHBIX BBIIIE
TUIIOB MOCTPOEHMS CBA3EH MEXIy NpUpalICHU-
SIMU HanpsDKeHWH 1 1eopManuii myTéM Kycou-
HOH JINHEapu3aluu JuarpaMmm IPUMEHUTEIBHO

B.A. Xapuronos

K I[IaroBoMy HarpyxeHuro. Pa3Butue 3TOrO
HampaBjieHUuss ObUIO  TOJOXEHO paboTamu
C.H. Kapnienko. Tperuit Tun 3agaHus aua-
rpamMm siBJsieTcss HauboJiee yHUBEpCalIbHBIM. B
CBS3U C OBICTPBIM PA3BUTHEM HOBBIX 3 eK-
TUBHBIX BUJOB OCTOHA U apMaTypbl HE BCEraa
yrnaercsi ObICTPO OmucaTh aHATMTUYECKUMU 3a-
BUCHUMOCTSIMH JHarpammbl gedopmupoBanus. B
ATUX CIy4asiXx MOKHO MPHUHITh MHOTOTOYEYHYIO
dbopmy 3amaHus AUArpaMM C JUHEHHBIMH OT-
pe3kamMu Mexay Toukamu. CieayeT OTMETHUTh,
YTO 3aMEHBI PEATbHBIX JUArPaMM JIBYMS-TPEMsI
OTpe3KaMH JIOMaHOW JIMHUM MPOU3BOAUIIUCH BO
MHOTHX paboTax, B TOM 4ucjie B Tpyaax A.A.
I'Bo3nesa [22], H.W. Kapnenko [7,8,12], O.A.
Kokosuna, A.C. 3anecoBa u np. [Ipennoxenue
M0 WCMHOJb30BAHUIO KYCOYHO-JIMHEWHBIX Ha-
rpamMm 00I1Iero BUaa JUIsl JUHEAPU3alud CHCTEM
HEMMHEWHBIX IuddepeHInaNbHbIX YpaBHEHHMA
caemano B pabore B.M. bonmapenko [3,4] u
C.B. bonnapenko [5], 3areM pa3BUBaJIOCh B pa-
6orax C.H. Kapnenxo [7,8,12].

2.3. O nocTrpoenuu o0mMX AepopMaAIMOHHBIX
MojeJieil axe1e300eToHa.
[Toctpoenne oOmmx aehOpMaIMOHHBIX MOJIe-
et )kene300eToHa paccMaTpPUBAIOCh B paboTax
0.41. bepra, B.M. bounapenko [3,4], C.B. bon-
napenko [5], T.A. banana, A.A. I'Bo3nesa [22],
I''A. T'enmena [23-27], FO.B. 3aiineBa [28,29],
H.MU. Kapnenko [7,8,12], B.M. KomnuyHosga,
B.M. Kpyrnosa, B.H. Kuccioka, C.®. Knona-
Huya, A.H. Ilerposa [8], B.C. Cokomnosa [30],
I''A. Tronuna w 1p. B yacTHOCTH, METOJIbI
pacueta IUIMT U 00OJOYEK HA OCHOBE Pa3IHy-
HBIX Je(OPMAIMOHHBIX MOJENeH paccMaTpuBa-
nuck B paborax B.H. baiikoa, B.M. bonnapen-
ko, B.®. Bnagumupona, H.U. Kapnenko, C.M.
Kpeutosa, C.b. Kpsiona, JI.J. JIudmmumna, N.E.
MuneiiHoBckoro, M.M. Oununmenko, C.H. Ila-
mopuHOM, N.T. Tumko, 10.B. Yunenkosa, I1.A.
[aruna, B.B. Illyraesa [25,31] u ap. Haubo-
Jee 0o0IIel MpenCcTaBIsIeTCs] aHU30TPOITHAS MO-
nenb  1eOpMUPOBAHUS IUTUT C TPEIIMHAMH,
mpoie/ias npoBepky B padborax A.JI. I'ypeBu-
ya, M.W. Jlesu, A.H. Ilerposa C.H. [8] Ilamto-
BuHO#, C.H. Kapnenko u np. Bmectre c Tewm,
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BILIOTh JI0 HEJIABHETO BPEeMEHH IehOpMaIlioH-
HBIC MOJICJIM B TPHPAIICHHUSIX OCTABAIUCH HE
paszpabotaHHbIMH. OTAEIBHOE HCKIIOYCHUE CO-
craBsitoT pabotel I'.A. I'enuneBa, T.A. banana,
I'.B. BacunbkoBa, A.H. Jlonua, B.M. Kpyrnosa,
C.®. Knosannua, JI.IO. ConoseeBa, I'.A. Tro-
nuHa, C.A. TuxoMupoBa u Jip., OCHOBaHHbIC Ha
Pa3BUTHH TIPUMEHUTEIBHO K OCTOHY TEOpUHU
IJIacTUUeckoro teueHus. HawmOoiee oOmmmun
31ech ABIsAOTCA pazpadborku B.M. Kpyriosa,
JL.IO. ConoBbeBa, I'.B. BacunepkoBa i1 0eToHa,
B KOTOPBIX YYUTBIBACTCS HECOBIAJCHUEC II0-
BEPXHOCTH Hauajaa TEKyYeCTH C MOBEPXHOCTHIO
MJIACTUYECKOTO TOTeHIMana, 3pdexr nunara-
IIUM U HEKOTOpbIE Jpyrue 0coOeHHOCTH aedop-
MupoBaHusi OeroHa. OHAKO ATO MPUBOIUT K
3HAUUTENBHOMY YCIIO)KHEHHIO PacdyeTHON Mo-
nend. B 1ierom, ¢ Toukd 3peHHs MPaKTHIECKOTOo
OPUMEHEHUS HauOOoJblllee pPaCIpPOCTPAHEHUE
MOJTYYHJIM HEJTMHCHHBIE MOJCIH JKee300eToHa,
B KOTOPBIX CBOICTBa >KeJIe300eTOHa C Tpeulu-
HaMH aIlIPOKCHMHUPYIOTCS CBOHCTBAMHU HEKOTO-
pOrO CIUIOIIHOTO aHU30TPOIHOIO Tella, MPUYeM
HanboJiee yCIentHo pa3pabaThIBaIOTCSl MOJIEIH,
OCHOBaHHbIC Ha J1e(hOPMALIMOHHON TEOPHUH ILjIa-
cTHYHOCTH OeToHa U keje3oberona . A. I'enn-
€Ba U TeopuH AePOpMUPOBAHUS Kerne300eToOHa
¢ tpemnHamu H.M. Kapnienko.

2.4. O kpuTepusix NPOYHOCTH
JKeJ1e300e TOHHBIX KOHCTPYKIMIA.

Pesynbrathl mcciemoBaHus B 00JlacTH paspa-
OOTKH, pa3BUTUS W TIPUMEHEHUS KPUTEPHUEB
MMPOYHOCTH  KEJIE300€TOHHBIX  KOHCTPYKIIHI
npejcTaBieHsl B padborax M.C. bopuianckoro,
A.A. I'Bo3neBa [22], X.A. 3arunmuna, A.C. 3a-
nmecoBa, A.W. 3Be3moBa, O.®. Unpuna, K. Wo-
rancena, H.M. Kapnenxo [7,8,12], C.H. Kap-
nenko [7,8,13], A.A. Konaparuuka, E.H. [Tans-
koBa, U.A. TutoBa, B.B. Typa u ap.

B umncne ydeHbIX-MEXaHUKOB, BHECIIMX 3HA4U-
TEJNBHBIN BKIIAJ] B pa3pabOTKy U pa3BUTHE MaTe-
MaTUYECKUX IOCTAHOBOK, AHAIUTUYECKUX Me-
TOJ/IOB, OCHOB YHCJIEHHBIX METOJIOB, HUCIOJIb3Yye-
MBIX B 33Jadax pacuera CTPOUTEIbHBIX KOH-
CTPYKLIHMH, 3IaHUI ¥ COOPYKEHHH, HEOOXOAUMO
otmetuTh B.B. bonotuna [32], A.C. BonsMmupa,
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A.b. 3onoroBa [33,34], A.W. Jlypee [35,36],
SL.I'. Tlanoeko [37], FO.H. PaborHoBa [38], A.P.
Pxanunpina [39], C.I1. Tumomenko [40], B.N.
Tpasyma [9,12-16], K. Bacunzy [41], Bectep-
rapaa, A. I'puddurca, P. Knada, XK.-JI. JInonca
[42,43], H. Hetomapka u ap. O0mme Teopernde-
CKH€ U TPUKIAIHBIE AaCIEeKThl COBPEMEHHBIX
YUCJICHHBIX METOJIOB (METO/I KOHEUHBIX 3JIEMEH-
TOB, METOJ] KOHEYHBIX pPa3HOCTEW, BapUaIHOH-
HO-Pa3HOCTHBIM METOJ, METOJl TPAaHUYHBIX dJie-
MEHTOB) U TOJyaHAIUTUYECKHX (UHUCICHHO-
AQHAJMTHYECKUX) METOJIOB OTPAKEHBI B paboTax
H.IT. AGogsckoro, I1.A. Akumona [44-50], C.M.
AnennukoBa [51], H.C. baxsanora [52], M.B.
benoro [33], A.M. benocrouxoro, B.E. bynra-
koBa [33], ILIL. Taitmkyposa, C.K. 'omynoBa
[53], A.b. 3on0toBa [33,34], B.A. Wnbuuesa [3],
I'.I". KameBaponoii [15,16,54], JI.C. JlsxoBuua
[37], A.B. Ilepenbmytepa [55,56], JI.A. Po3una
[57], A.A. Camapckoro, B.A. Cemenona, B.H.
Cunoposa [58,59], B.1. Cnukepa, P.I1. ®eno-
penko [60], B.B. Hlaiigypoa [61], K. bare
[62,63], K. bpeooua [64], E. Buncona [63], P.
lamnarepa [65], O. 3enkeBuua [66,67], [Ix.
Ognena [66], I'. Crpenra, [Ixx. @ukca [68] u np.

[TpoGema xMByYeCTH 3[aHUI U COOpPYKEHUH B
[[EJIOM U 3alIUTHl OT MPOTPECCHPYIOIIETO 00-
pYIIEHUS] B YaCTHOCTH aKTUBHO Pa3BUBACTCS B
MOCTIEAHUE AECATUIIETHS, OCOOCHHO IOCIie Cce-
pUU TPAarM4ecKuX aBapuil MPUPOHOTO U TEXHO-
TEHHOTO XapakTepa. YKa3aHHOW TeMe MOCBSTH-
JU CBOM paboThl Takue y4yeHsle, kak B.O. An-
MazoB, A.M. benocroukuit [1,69,70], HO.B.
bounapes [71], B.M. bonnapenko, A.C. I'opo-
neukuii, I'A. I'enne, B.W. [paran, IL.I". Epe-
meeB [72], K.W. Epémun, B.1. Komuynos, H.B.
Kimoera, B.B. Jlapuonos, C.1. Mepkymnos [73],
O.B. Mkpreiues [74], B.JI. Mongpyc, [O.IL
Hazapos, E.B. Ocosckux, A.C. IlaBnos, A.B.
ITepensmytep, WU.A. Ilerpos, B.U. Ilnernes,
A MN. IInorauxos, A.H. Iloramos, K.II. Ilgaru-
kpecrtoBckuii, b.C. Pactropryes [75], B.M.
Poiitman, U.H. Cepnuk, B.H. CumOupkus,
IO.M. Crpyrankuii, A.I'. Tampaszsan, B.1. Tpa-
By, E.M. Ydumues, 10.T. Yepnos, I'.1. 1la-
nupo [76] u ap. Ha HacTrosmuii MOMEHT, B TOM
WIA WHOH CTENEHW 3ajada 3alluThl 3JaHUHd OT
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IPOTPECCUPYIONIET0 OOpYIIEHUsS OTpakeHa B
Hopmax EBponsi, Poccun, CIIA u Kanamsi,
OpUyYeM aKTyajdbHas peJakius HOPMATUBHOM
JUTEpaTypel TPeOyeT TPOBEACHHS OICHKH
CTOMKOCTH 1I€JIOr0 psifa 3JaHUN U COOPYKEHUM
K MporpeccupyromniemMy (JaBHHOOOpa3HOMY) 00-
PYLICHHIO.

Pacuer 3maHuii M COOpYKEHUH Ha YCTONYM-
BOCTb MPOTUB MPOrPECCUPYIOLIETO OOpYIICHUS
C YYETOM Pa3BUTHIX (PU3MUECKOU, T€OMETpUYIe-
CKOM M KOHCTPYKTMBHOM HEIMHEHHOCTEH
HauOoJIee 1eIeco00pa3Ho MPOBOJUTH HA OCHOBE
HEJIMHEHHON JUHAMHYECKOM METOJUKH, HC-
MOJIB3YIOIIEH TPSIMOE YHCIEHHOE HWHTErPHUpO-
BaHWE ypaBHEHUU [BIKeHUS. [IpakThueckas
MPUMEHUMOCTh JAHHOTO METOJA B YaCTH KeJle-
300€TOHHBIX KOHCTPYKLIUN MOXKET ObITh AP dek-
THBHO TIOJIKPEIICHA pe3yIbTaTaMU HACTOSIIETO
MPOEKTa, a TaKXXe MCIOJIb30BAHUEM MOILHBIX
BBICOKOTIPOM3BOJAUTEIBHBIX ~ KOHEYHOIJIEMEHT-
HbIX KOMIUIEKCOB IPOrpPaMM MHPOMBIILIEHHOIO
TUTIA, MPUMEHSIONNX SBHBIC CXEMbI WHTETPH-
poBanus (ANSYS, SIMULIA Abaqus u np.). B
Yyucie HanboJiee HArISAHBIX PUMEPOB HCIIOIb-
30BaHUA pelIeHus: B OpMe COOTBETCTBYIOIIETO
YUCJICHHOTO JKCIEPUMEHTa MOXXHO TPHUBECTH
pabotel A.M. benocTounkoro, MOCBSIICHHBIE
aHAJIM3y TPUYUH OOpYIIEHUS CIIOPTHBHO-
03710pOBUTENBHOTO KoMmIuiekca «TpaHcBaanb-
TapK».

B nenom, onbIT BeaylUX OTEUECTBEHHBIX U 3a-
PYOEKHBIX Hay4yHO-00pa30BaTEIBHBIX IIEHTPOB
MO3BOJISIET 3aKIIOYUTh, YTO MIUPOKOE MPUMEHE-
HHUE METOJIOB MaTEMaTHYECKOTO0 U KOMIIBIOTEP-
HOTO MOJICTTUPOBAHUS, a TAK)KE BBIUMCIHTEIb-
HOTO JKCIIEPUMEHTA CIIY>KUT ONMKaANIIUM CcTpa-
TETHYECKUM PE3ePBOM YCKOPEHHS HAy4HO-
TEXHUYECKOTO Mporpecca, B TOM YHUCJIE B paM-
Kax paccMaTpHBAEMOM 00JIaCTH MCCIICTOBAHUM.

3. EJIM 1 3AJAYN NUCCJIIEJOBAHUA

3.1. Heab uccieq0oBaHusA.

[lens mpencTaBIsieMOro MCCIEIOBaHUS — Pa3BH-
THUC, YUCJICHHAsA U HpOI'paMMHO-aJII‘ OpI/ITMI/I‘-IeC-
Kas peajn3anys WHKPEMEHTAIbHON MOJCTH Jie-

B.A. Xapuronos

(bopMupoBaHus Kkee300eToOHa U METOJIOB pacye-
Ta JKEJIE300€TOHHBIX KOHCTPYKLUH MTPU CIIOKHBIX
HAIpsDKEHHBIX COCTOSIHUSIX C ydeToM (usnye-
CKOM HEIMHEWHOCTH, aHU30TPOIIMU U KOHCTPYK-
TUBHOM HEOJHOPOJHOCTH (HAa OCHOBE HOBOM CH-
CTeMbl (PU3UYECKUX COOTHOLIEHUI B KOHEUHBIX
HPUPAILEHUAX C Y4E€TOM pa3jIMuHbIX (HAaKTOPOB
¢u3nUecKoil HENMHEHHOCTH U aHU30TPOIUH, CO-
OTBETCTBYIOIIIMX MAJIOUTEPALMOHHBIX AJITOPUT-
MOB pacydera, KpUTEPUEB IPOYHOCTH, IOCTPOCHUE
MHOT'O()aKTOPHBIX KOHEYHO-3JIEMEHTHBIX MOjie-
JIeH 3IaHUA U COOPYKEHUH, B TOM YHUCIIE YHU-
KaJIbHBIX ), pa3BUTHE METOJ0B YTOYHEHHOM OILleH-
KM 3/1aHUM ¥ COOPYKEHUH K YCTOMYMBOCTH IIPO-
THUB IIPOrpeccupyroero oopyuenus [77].

3.2. 3apaum ucciae10BaHNUS

Jlist nocTrKeHus MOCTaBICHHOM 1€/ PelaroT-

Csl CIIEYIOIINE 3aJaUHu:

® JCCIIe[IOBaHUE, Pa3BUTHUE, YUCICHHASI U MPO-
rPaMMHO-aJITOPUTMUYECKAs peanuzanus
pacueTHOM Mojenu 1eOpMHUPOBAHUS KEJe-
300€TOHA NP Pa3INYHbIX HANPSKEHHBIX CO-
CTOSIHUSIX B MHKPEMEHTaJIbHOU (hopMme ¢ yue-
TOM (pU3NUYECKON HETMHEHHOCTH KOMITOHEHT
xKenezo0eToHa,  TPEHIMHOOOpa3oBaHHUS U
npuodperaeMoil B pe3ysbTaTe TPELMHO00-
pa3oBaHUs HEOJHOPOJHOCTH U aHU3O0TPOIHH
U MaJIONTEPAllMOHHBIX AJITOPUMOB pacyeTa
Ha €€ OCHOBE;

® JCClIeJIOBaHME, Pa3BUTHUE, YUCICHHASI U MPO-
rPaMMHO-aJTOPUTMUYECKas peanuzanus
MHOTO()aKTOPHOH  CHUCTEMBI  KpPUTEpHEB
MIPOYHOCTH IS JK€1€300€TOHHBIX 3JIEMEHTOB
MIPU CJIOKHBIX HAMPSKEHHBIX COCTOSHMSIX;

® [IOCTPOEGHHE U BepU]UKAIUS MPOCTPaH-
CTBEHHBIX KOHEYHOZJIEMEHTHBIX MoJIene
CTPOUTENBHBIX OOBEKTOB, PEIICHHBIX B XKe-
71e300eToHe, B TOM YHWCJIE€ B YaCTU YHHKaJb-
HBIX 3JaHUM U COOPYKEHHUH C BBICOKOTOY-
HBIM MOJICJIMPOBAHUEM CJIOKHBIX Y3JIOB CO-
NPSOKEHUST  Pa3JIMYHBIX  KOHCTPYKTUBHBIX
AJIEMEHTOB;

e pa3palboTKa M YMCIIEHHAs pealu3alus MeTo-
JIOB YTOUHEHHOM OLIEHKH 3JIaHHl U COOpY-
XKEHUM K YCTOWYMBOCTH MPOTUB MPOrPECCH-
pyrotero oopymieHus.
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JlonONMHUTENBHEIM  (DAaKTOPOM  TOCTHIKUMOCTH
NIOCTABJICHHBIX 3a/1a4 SIBISIETCS HAJIMYHME U aK-
THUBHOE NPHUMEHEHHWE NPU3HAHHBIX IPOrpaMM-
HBIX KOMIUIEKCOB YMCIIEHHOTO MOJIEIUPOBAHHMS
st OonbIepa3MepHBIX 3a7ad, B YaCTHOCTH
ANSYS u SIMULIA Abaqus, xak 3¢ dexrus-
HBIX HMHCTPYMEHTOB BEepU(PHKALUN MOJIETICH,
METO/IOB, ITOPUTMOB W TPOTPaMM, a TaKXKe
OIIpe/ICTICHHBIN HAyYHBIH 3aJ1e71.
COOTBETCTBYIOIIME PE3YJIbTATHl HACTOSILETO
YiCCIIeIOBaHHUs OyIyT NpeaCTaBIeHBbl B MOCIIe-
JYIOUIMX CTAaThsX aBTOPCKOTO KOJUICKTHBA.

3AMEYAHUE

HccnenoBanue BBINOIHEHO 3a CYET CPEICTB
lNocynapcrBennoi nporpammsl Poccuiickoit ®de-
nepaiyu «Pa3BuTve HaykM M TEXHOJIOTHI» Ha
2013-2020 roger B pamkax [lmana ¢ynmamen-
TaJIbHBIX HAy4yHBIX HCCIEN0BaHUM MuHuCTEp-
CTBa CTPOUTEJIbCTBA u KUITUIIHO-
KOMMYHAJIBHOTO  CTPOMTENbCTBA  Poccuiickoi
Oenepanuu Ha 2018 rox, tema 7.4.2 «Pa3pador-
Ka Y YUCJICHHAs peayln3aliys METOJO0B OIpeese-
HUSL HaNpsHKEHHO-I€(POPMHUPOBAHHOTO COCTOS-
HUSI TIPOCTPAHCTBEHHBIX IUIMTHO-000JIOYEUHBIX
XKeNe300€TOHHBIX KOHCTPYKIMHA ¢ yueToM (Hu3u-
4eCKOW HEMHEHHOCTH, TPEIIMHOOOpa30BaHUs U
proOpeTaeMoil aHU30TPOITUI.
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M.A. Booannukoe

[TepMmckuit HAIMOHANBHBIN HCCIEA0BATEIbCKUIN MOTUTEXHUUYECKHN YHUBEpCUTET, T. [lepmb, POCCHU S

AnHoTanus: I[IpoBeaeHa cepus BBIYMCIMTENBHBIX IKCIEPUMEHTOB B IporpaMMHOM KoMiuiekce ANSYS mo
OIIPEEICHHUIO HeCyIlel CIIOCOOHOCTH U ONTUMANbHON CXEMBI PAclONOKEHHs YITIECIUIACTUKOBBIX Hareseil B co-
€MHEHUAX JCPEBSHHBIX KOHCTPYKIMI Ha YTJIEIIaCTHKOBBIX HakiagkaxX. B kadecTBe BappUpyeMBIX IapaMeTpOB
MPUHATO KOJIMYECTBO HAreJeH B COCIMHEHUN | YTJIbI BKJICHKH Harenel B apeBecuHy. Crenanbl 0000IICHHBIEC BbI-
BOJIBI 110 PA3JIMYHBIM BapHaHTaM KOH(QHUIYpaluy ¢ IMoJ00pPOM ONTHMAIIBHBIX MapaMeTpoB pabOThl KOHCTPYKIUH
IIpY OJMHAKOBOW Harpyske. [lokazaHbl M30MO0JIS paclpeeeHus HalpsDKEeHHH, TOCTPOCHBI TpaduKi 3aBHUCHMO-
CTeHl KOHTPOJHMPYEMBIX MapaMeTPOB Ul KaXKIOT0 PACCMOTPEHHOT'O Cirydasi. BBINOIHEH CpaBHUTENBHBIN aHAIIM3
HalpsDKeHHO-1e(pOPMHUPOBAHHOTO COCTOSIHUSI COSAMHEHUS C PE3yNIbTaTaMU PacdeToB 110 METOJUKE, TPEIyCMOT-
PCHHOH NISHCTBYIONIMMH HOPMaMH U TIPaBWIIAMH colpomara. JlaHbl peKOMEHJaluy 10 PacCTaHOBKE HareleH, a
TaKXe M0 YCOBEPIICHCTBOBAHUIO CTHIKOBBIX COSAMHCHHUH C IPUMEHEHHEM KOMITO3UTHBIX MaTepPHAIOB.

KuioueBble ciioBa: IepeBsIHHBIE KOHCTPYKIIUH, YTICIUIACTHK, YUCIEHHBIH SKCIIEPUMEHT, Mojienb, ANSY'S,
MEXaHH4YECKHEe CBOMCTBA, HAOIIOIEHUE, CTPOUTENBHBIE MAaTEPUAIIBI, UCTIBITAHUE, KOHEYHBIN DJIEMEHT

RESULTS OF NUMERICAL MODELING
OF THE STRESSED-DEFORMED STATE
OF THE JOINT CONNECTION OF WOOD CONSTRUCTIONS
WITH CFRP DOWEL PINS

Mikhail A. Vodiannikov
Perm National Research Polytechnic University, Perm, RUSSIA

Abstract: A comparative analysis based on a series of numerical simulation experiments in the ANSYS software
for determining the bearing capacity and the optimal arrangement of CFRP dowel pins in the joints of wooden
structures. As variable parameters, the number of pins in the joint and the angles of pasting dowels into the wood
are taken. Generalized conclusions are drawn on various configuration options with the selection of optimal de-
sign performance parameters for the same load. The voltage distribution iso-poles are shown, the dependence
curves of the controlled parameters are plotted for each case considered. A comparative analysis of the stress-
strain state of the compound with the results of calculations is carried out according to the procedure stipulated
by the current norms and rules of the strength. Recommendations are given on the arrangement of dowels, as
well as on the improvement of joints with the use of composite materials.

Keywords: ANSYS, carbon fiber, computer modeling, composite material, layer, contact, wood,
computer model, finite element analysis

1. BBEJAEHUE HbIM W 4YpPE3BBIYANHO TPYJOEMKHUM pPa3IeioM

NPOEKTHUPOBAHUS MIPH BO3BEJIECHHH OOJBIIETIPO-
CTBIKM KOHCTPYKIIMH W3 LETbHOM W KJICCHOW JICTHBIX apXHUTEKTYypHBIX (opM. Cl0XKHOCTH
APCBCCHUHBI ABJIAIOTCSA HaI/I6OJIee OTBCTCTBCH- KOMITOHOBOYHBIX pCIJ_IeHI/If/’I CTBIKOB U Y3JIOB CO-
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PeSyJ’ILTaTH YUCJIICHHOT'O MOJACIIUPOBAHUSA HaHpH)KeHHO'Z[e(l)opMI/IpOBaHHOFO COCTOSAHHA CTBIKOBOI'O COCIMHCHMUA

JACPCBAHHBIX KOHCprKHI/Iﬁ Ha YTJICIUIACTUKOBBIX HArejsdax

€MHEHUS JEPEBSIHHBIX KOHCTPYKLIUNA 00YyCIOB-
JI€Ha COBOKYITHOCTBIO (DaKTOPOB, TaKUX Kak
AQHU30TPONUS JAPEBECUHBI, HAIMYUE €CTECTBEH-
HBIX TOPOKOB, HEBO3MOYKHOCTb IPUMEHEHMUS
CBApKH U JIPYTUX TEMIEPATYPHBIX BO3ACHCTBUM
IpU YCTPOMCTBE 3aKJIaJHBIX JeTalied, TpeOoBa-
HUSMHM K OTHECTOMKOCTU KOHCTPYKLHH, U JIpY-
THUX.

[To coBOKymMHOCTH XapaKTEepHCTUK Haumbosee
HIMPOKOE PACHPOCTPAHEHUE MOIYUYUIIU CTBIKU
Ha BKJIeeHHBIX cTepxkHsaX (cuctema [THUMCK)
C IIPUMEHEHUEM CTAJIbHBIX Harejaei 1 HakJIaJoK.
Opnako B psijie ciydaeB (XMMHYECKU arpecCcuB-
Hasl cpejla, BBICOKAs BIAKHOCTb B IIOMELICHUH,
U T.J.) TAKOE PELICHUE HE SIBIIETCS HaJIeXKHBIM,
IIOCKOJIbKY CYILECTBYET PHUCK IpPEXKJIEBPEMEH-
HOT'O BBIXOJIa KOHCTPYKLMU U3 CTPOSI B CBSI3H C
MpOLECCaMH KOPPO3UU CTalbHBIX JeTalicil. B
pabotax [1, 2] nmoka3zaHa nMpUHLMIHAIbHAS BO3-
MOKHOCTb MPUMEHEHUS] KOMIIO3UTHBIX MaTepH-
aJIOB JUIsl CO3/1aHUsl PaBHOIIPOUYHBIX Y3JIOB CThI-
Ka JIepeBSIHHbBIX KOHCTpYKUUH [3].

Ha ceronHsamHuil 1eHb OTCYTCTBYET HOPMaTHUB-
Has 0asa [4] mist pacueTa KOMIIO3UTOB, IIOATOMY
palMOHaIbHBIM IIYTEM PELICHHs 3TOM 3aJaud
MOXKET SIBJISITHCSl TIOCTPOEHUE MaTeMaTHYEeCKOM
MOJIEIM W BBIYUCIIUTEIbHBIE IKCIEPUMEHTHI C
IMOMOIIFI0 METOJa KOHEYHBIX 3JEMEHTOB [5].
[IpumeHeHne  COBpEMEHHBIX  NPOTrPaMMHBIX
KOMIIIEKCOB M MoIHocTer DBM mo3BoirsteT ¢
BBICOKOM TOYHOCTBIO MOJIETIMPOBATh IMOBEICHUE
KOHCTPYKLIMU B TEX WJIM UHBIX YCIOBUSX [6].

B cratbe nmpuBeneHbl JaHHBIE YMCIEHHOTIO MO-
JEJIMPOBAaHMSI HANPSKEHHO-Ie(POPMUPOBAHHOTO
COCTOSIHUSI CTBIKOBOTO COEIUHEHMS JIEpPEBSH-
HbIX KOHCTPYKIMH Ha BKJEEHHBIX CTEPKHSIX
MpH Pa3INYHbIX KOHPUIypalusx paccTaHOBKHU
Haresien.

2. PACHETHASA MOJEJIb
N XAPAKTEPUCTHUKU DJIEMEHTOB
YUCJIEHHOI'O SKCIIEPUMEHTA

B kauectBe ucmbITyeMOro oopasiia NpuHsT Je-
peBsiHHBIN Opyc ceueHuem 100%225x3000 mm,
pa3pe3aHHbIil B cepefiHe MpojeTa. BeimoaHeHa
KOMIIBIOTEPHAsI MOJIEb UCIIBITAHUS TI0 METOU-
K€ YeTHIPEXTOUEYHOIr0 M3ruba, pacueTHas cxe-
Ma npuBefieHa Ha puc. 1. Harpyska nepenasa-
Jachb B BHUOE JBYX COCPEIOTOYEHHBIX CHJI
F=1,25 xH. Benuuuna Harpy3ku npuHsTa B CO-
OTBETCTBUM C KPUTHUYECKOW CUJIOH, OmpeaeneH-
Hoil o MeTonuke CII «/lepeBsiHHBIE KOHCTPYK-
un» [4] 11 Hepa3pe3Hoil Oanku aHaIoruyHo-
ro ceuenus. [Ipu F=1,25 kH nepaszpesnoit obpa-
3€ll JOCTUIaeT MPeAeNbHO JOIyCTMMOIO pac-
YeTHOro 3HaueHus mnporuba 10 mm (m. 4.3.3
[4]), 3amac mpoOYHOCTU MPHU ACHCTBHM H3rHOa-
IOLETO MOMEHTA OT JAHHOM BEJIMYMHBI Harpys3-
ku (1. 4.9 [4]) coctaBnsier 11,2 %. Monens ne-
PEBSHHOI OalKu U y3/1a CThIKa 3alpOEKTUPOBa-
Ha U IIOCTPOEHA NpPU MOMOILM IPOrPaMMHOIO
kommuieckca AUTODESK AutoCAD®. Jlamee
MOJIeJIb IKCIIOPTHPOBaHa B NIPOTrPaMMHBIN KOM-
wiekc ANSYS ¢ momomipio MakpocoB, Hamu-
CaHHBIX Ha fA3bIKE NAPaMETPUUYECKOTO MPOrpam-
mupoBanus APDL.

Ha puc. 2 nmnokazana 1nogHas KOHEYHO-
3JIeMeHTHas Mojenb obpasua. banka pa3pesana
B CEpeAuHE IpojieTa U JKECTKO COEIUHEHA
HAaKJIaIKAMH TOJIIIMHON 5 MM, pacroJIOKEHHBI-
MH 1O BEepXHEW M HIKHEW TrpaHu oOpasia.
Haknaaku 3aaHkepoBaHbl K Telly JApPEBECHUHBI
IIPY TIOMOIIY BKJIEEHHBIX Harejiei JuaMeTpoMm 5
MM (puc. 3).

-
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Pucynox 1. Pacuemnas cxema.
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PMCZHOK' 3. Cxema nHazenvbrno20 coeouHeHus.

PacuerHble MOz€IM AUCKPETU3UPOBAHBI MIPU TIO-
MOIIIM KOHEYHBIX 3JieMeHTOoB [5]. JIpeBecuHa 3a-
JlaHa KaK TpPaHCBEPCAIbHO-U30TPONHBIA  Mate-
puai [7, 8] co crneayomuMy XapakTepUCTUKAMHU:
MOJyJb yIpyroctu 1o ocu x, Ex=1,1x1010 (ITa),
Monyae ynpyroctu Ey=Ez=4,5x108 (Ila), ko-
s¢ppuuuentsr  Ilyaccona  vxy=0,45, vyz=
vxz=0,018; momymp casura Gx=Gy=Gz=6x108
(ITa). Teno Ganku CMOJETHUPOBAHO §-y3JIOBBIM
KOHeuHbIM 35ieMeHnToM SOLID187.

BxiieuBaemble Harenm —  yIJIEIUIACTHKOBBIE
CTEpXKHH Ha MoJuMepHoi marpuue [9] ¢ npene-
JOM NPOYHOCTH Ipu paspsiBe 6B=2248x106
(ITa); momyns ynpyroctu E=117x109 (Ila); xo-
s¢punment Ilyaccona vxy= vyx = 0,31. [na
CTEpKHEW TMPHUMEHEH 3-y3JI0BOM  BJIEMEHT
BEAMI189. Haknaaku 3amaHbl Kak TpaHCBEp-
CaJIbHO-U30TPONHBIM  JIBYHAIIPaBICHHBIM  yT-
JeTIJIACTUK C HANpaBJICHUEM apMUPYIOMIUX CIIO-
eB 45 TpanycoB CO CIEAYIOUIMMH XapaKTepH-
ctukamu [10, 11]: mpenen npodyHocTH npu pas-
peiBe oB=765x106 (Ila); mMomymu ympyroctu
Ex=Ey=87,2x109, Ez=65,4%109 (I1a); k03¢ du-
uuentel  Ilyaccoma vxy= vyx =0,268=
vxz=0,018. Haknaaku ompeneneHsl 8-y30pBbIM
KOHe4HbIM dyieMeHToM SHELL281.

[Ipu MoaenupoBaHUM KJIEEBOTO COECIUHEHHS
YUUTBIBAIACh HEJIMHEHHOCTb, CBSI3aHHAs C
HAJIMYMEM CHJI TPEHHUS 1O TMOBEPXHOCTSIM KOH-

TakTa (IMJIOCKOCTH CONPUKOCHOBEHMS JIPEBECH-
Ha-yrJjeniacTuk). B Mozaens BBeAeHbI creiu-
aJIbHbIE KOHTAKTHBIE KOHEYHbIE 3j1eMeHThl. Of-
Ha M3 IIOBEPXHOCTEH YCJIOBHO Ha3bIBaeTCs
«KOHTaKTHON» MOBEPXHOCTBIO, a BTOpas — «Ie-
JIEBOI» TTOBEPXHOCTHIO [5]. Takue moBepXHOCTH
MOJIEJIUPYIOTCSI COOTBETCTBEHHO IIPU IIOMOIIH
KOHEYHBIX 3JIEMEHTOB CONTA174 u
TARGE170. KonTakTHbIE U LI€TIEBbIE KOHEUHBIE
9JIEMEHTBI, COCTABJISIOIIME KOHTAaKTHYIO Mapy,
CBSI3aHBl MEXJy COOOH MOCPEeICTBOM OOIIEero
Habopa XapaKTepUCTHK.
CymecTByrolas METOAMKA pacyeTa COeANHEHUN
«cuctembl THUUCK» cBogutcs kK CpaBHEHMIO
MHUHHUMAaJIHON Hecyllel criocOOHOCTH Harens U3
YCIIOBUSI CMSITHS IPEBECHUHBI THE3/1a WM U3ruda
Haunbosee HarpyxeHHoro Harens. OJJHaKo MeTo-
JIMKY OTIpEe/IeNIeHUs] YCUJIUM B Haresisx u orpene-
JIeHUs1 HanboJiee Harpy>KeHHOr0 B HOPMaTUBHBIX
JOKYMEHTax He npuBojstces [12].
C uenbio aHanM3a BIMSHUS PA3IMUHBIX ITapameT-
POB Ha YCHJIUSI OBLT BBITTOJTHEH MHOTO(aKTOPHBII
YUCIJICHHBI JKCIIEpUMEHT. B KadecTBe KOHTPO-
JUPYEeMbIX ObUIM NMPHHATHI JBa IapameTpa, BIIM-
SIOUIMX Ha HECYIIYIO CITIOCOOHOCTH CTHIKA!
®  KOJMYECTBO Harenel B coemuHeHun (N=4,
8 mu6o 12 mrT., puc. 4);
e 1mosokeHHe (yrojd BKJCHBAHUSA) Harens

(9=15, 30, 45, 60, puc. 5).
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Haremu ycraHaBnIMBarOTCS B JBa IPOJIOJIBHBIX
psna, pacmojoKeHNe Harenel MPUHITO B COOT-
BETCTBHH C TpeOoBaHusimMu 11.7.18, 7.19 [4].

3. PE3YJIBTATBI PACUETA

Pacuer nmpousBoauiics B HENMHENHOM MOCTaHOB-

Ke IpuiiokeHueM Harpysku F ams kaxpgoro ciy-

yas. [lo okoHuaHMM pacyera B KauecTBE KOH-

TPOJIBHBIX TIPUHATHI CJCAYIOIINE TapaMETPHhI:

e ycuiue B ApeBecuHe (puc. 6);

®  yCWIHE B CTEPXKHSX (puc. 7);

e ycwiue B HaKiajkax (puc. 8);

e mporu6 oOpasia B BEPTUKAIBLHOH IJIOCKO-
ctu (puc. 9).

Jnist kaxaoil u3mepsieMoil BeTMYMHBI M KOH(DU-

Typalyy pacroyioKeHUs Hareslel B COeqUHEHUH

MOCTPOCHBI TpaUKK 3aBUCUMOCTH YCHIUU H

nporu0oB OT yIJla HaKJIOHA BKJIEHKU HAarels.

AHanu3upys NoJydeHHbIE JaHHBIE paclpesaese-

HUS YCUJIUH U MPOTHOOB HCCleayeMoro oopas-

11a MOXHO CZEJIaTh CJIEIYIOIINE BBIBOJIBI.
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[To Mepe yBennyeHHs KOIMYECTBAa Haresjae B
COCIMHEHUH YCUJIUS B JIPEBECUHE, CTEPIKHSIX U
HaKJIaJKaxX pacHpelenstoTcss 0ojee paBHOMEp-
Ho. IIpu atom 11t BapuanToB ¢ 8 u 12 Harens-
MM, 110 Mepe YBEJIMYEHUS yIiIa HaKJIOHA HareJs,
pe3Ko CHIKaeTcs oomas n1ehopMaTUBHOCTh CO-
€lMHEHMs. YCHIME B HaKJIaJKaxX U CTEP)KHIX
HauMEHbIIIEEe IPU YCTAaHOBKE & Hareyel, Npu
9TOM YCHUJIME B JIpEBECHHE HAaUMEHbLIEe NPU UX
YCTAHOBKE I10JT YTJIOM OJIM3KUM K 45.

Hcxons M3 3TOro ONTHUMAJIbHBIM BAPHUAHTOM
KOH(HUTypaluy HareJIbHOTO COeAnHEHHs 00pas3-
a MpU YEThIPEXTOYEYHOM u3rube mnoj jeu-
CTBHEM KPUTHYECKOW cwibl F crienyer nmpuHu-
MaTh BapUaHT C paCCTAaHOBKOW BOCBMH Haresei
0 KaXIOW CTOpoHE moj yriaoMm 45 K JIMHuW,
IpOXOAsLIeH BIOJb JUIMHHOTO Kpasi OaJIKH.

Ha puc. 10 u 11 noka3ansl u3omnoss pacupeze-
JICHUsS HANpSOKEHWM B JIPEBECHHE U COEIUHU-
TENbHBIX JeTaNIAX (HAKJIaJAKaX U CTEPXKHSX) JUIsS
Haun0oJiee ONTUMAIbHON KOH(PUTypaIHH.

BbIBO/IbI

UucneHHoe MOJIEMPOBAHUE TO3BOJISIET € OO0Jb-
IO TOYHOCTBIO OIIEHUBATh HECYIYIO CIOCO0-
HOCTh CTPOUTENBHBIX KOHCTPYKIIMHA M UX COE/IU-
HEHH1. DKCcIiepUMEeHTalIbHbIE AaHHbIe [ 1, 2] moka-
3BIBAIOT BBICOKYIO CTETEHb JOCTOBEPHOCTH pac-
YeTHBIX BeIMYMH. COBpEMEHHOE MPOEKTUPOBAHUE
JKECTKHX CTBIKOB JEPEBSIHHBIX KOHCTPYKIUH C
UCMOJb30BaHUEM MolHocTe OBM mo3Bomsier
paccMaTpuBaTh 3a/1a4M ¢ OOJIBIITNM KOJTHMYECTBOM
KOHTPOJUPYEMBIX MapaMEeTpOB MpPU 3TOM SKOHO-
Msl BpeMsi 1 MaTepuallbHbIE CPEACTBAa Ha IpPOBe-
JICHE MHOTOYHCIICHHBIX JIOPOTOCTOSIIUX JKCIIe-
puMmeHToB. B paccmarpuBaeMoil 3agaue oONTU-
MaJIbHBII pe3ysbTaT MOJyYeH MyTeM BapHaHTHO-
0 MOJIETMPOBAHUSI KOHCTPYKIIMU C OLIEHKOHM TO-
nydeHHbIX TrpadukoB. IlpenenbHbie MPOTrHOBI
KOHCTPYKIIUM C JKECTKUM CTBIKOM MOJTy4arOTCsl
HECKOJIbKO MEHBIIIe, YeM JUI Hepa3pe3Hoi Oanku
[13], uTo roBoput 00 apmupyromeM pdekre yr-
JIETUTACTUKOBBIX JeTajeil. AHAJIOTHMYHBIE PE3YIIb-
TaThl IOKa3aHbl B padore [12] mo ycuneHuto npe-
BECHHBI YIJIETNIACTUKOBBIMH HAKJIAIKAMHU.
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Haubonee OTBETCTBEHHBIM SIBISIETCS CTHIK CO-
NpSOKEHUST  Hareidb-HAKIaJAKa B  PACTIHYTOM
(HrKHEN) 30He KOHCTPYKIIUU.
SKCHepI/IMeHTaJ'H)HBIC H TCOPECTUUCCKHUE JAaHHBIC
MOKAa3bIBAIOT, YTO MPUMEHEHHE KOMIIO3UTHBIX
MaTepHUaJIOB, NHEPTHBIX K KOPPO3UOHHBIM IIPO-
1eccaM, B psijie CIydaeB sBIsieTcs Haubosee 1e-
necoobpaszubm [14, 15, 16].
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LOCAL MINIMUM PRINCIPLE FOR OPTIMIZATION
PROBLEMS WITH DIFFERENT TYPES OF CONTROL SYSTEMS
SUBJECT TO MIXED STATE-CONTROL CONSTRAINTS
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Abstract: This paper discusses the first-order optimality conditions for optimal control problems with two differ-
ent types of control systems, considered on a fixed time interval: systems of ordinary differential equations and
systems of Volterra-type integral equations.

Keywords: integral equation, control system, mixed constraints, local minimum principle, weak minimum,
stationarity conditions

JOKAJIbHBIV NPUHIUII MUHUMYMA JIJI51 3AJJAY
OIITUMU3ALUUA C PASIMUYHBIMHU TUITAMHA
YIIPABJIAEMbBIX CUCTEM IT1PU HAJIMUUU CMEIIAHHBIX
OI'PAHUYEHUHN HA ®A3Y U COCTOSIHUE

A.B. Imumpyx 2, H.II. Ocmonosckuii >*+°
! LleHTpanbHbIi 3KOHOMUKO-MaTeMaTHueckui nacTuTyT PAH, Mocksa, POCCUS
2 MOCKOBCKHH rOCYIapCTBEHHBIN yHUBepcuTeT uM. M.B. Jlomonocoga, r. Mocksa, POCCH S
3 YHUBEPCUTET TEXHOJIOTHIT M ECTECTBEHHBIX HayK, T. Pajsom, TIOJIBIIIA
4 UncTuTYT CHCTEMHBIX MCCIetoBanui, [lonbckas akasemus Hayk, r. Bapmasa, [IOJIBIIIA

3 HanmoHambHbIN MCClenoBaTenbekhii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENLHBIA YHUBEPCHUTET,
r. MockBa, POCCUA

AnHoTanus. B HacTosmelt pabore 00CYyKIarOTCS YCIOBUS ONTUMAIBFHOCTH MEPBOTO MOPSAKA JJIS 337249 ONTH-
MAJIBHOT'O YIIPABJICHUA C ABYMS Pa3JIMYHBIMU TUIIAMU YIIPABJIACMBIX CUCTEM, paCCMaTprBacMbIX HaA @HKCHpOBaH—
HOM OTpE3Ke BPEMEHH: CHCTeMaMH OOBIKHOBEHHBIX AU hepeHInanbHBIX YpaBHEHUH 1 CHCTEMaMH HHTETPATIbHBIX
ypaBHeHui Tuna Bonbreppa.

KaroueBble ciioBa: HUHTETPAJIBHOC YPABHCHUC, YIIpABIAEMas CUCTEMA, CMEIIAHHBIC OTPAHUYCHU S,
JIOKQJIbHBIN MNPpUHIUIT MUHUMYMaA, cnabbIi MUHUMYM, YCJIOBHS CTAIMOHAPHOCTHU

1. INTRODUCTION

The aim of this paper is to observe some results
on the first-order optimality conditions for a
weak local minimum, for control problems with
two different types of control systems,
considered on a fixed time interval, subject to
mixed state-control constraints. We will consider

problems with systems of ordinary differential
equations (ODEs), and with systems of Volterra-
type nonlinear integral equations. We will show
that the appropriate definition of the Pontryagin
function allows to give very similar formulations
of the optimality conditions for these two types
of systems. The proofs of the observed results
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could be based on one and the same abstract
Lagrange multipliers rule.

Let us note that necessary conditions for the
weak local minimum in optimal control problems
constitute an important stage in derivation of any
further necessary optimality condition, including
maximum principle or higher order conditions,
and thus, they deserve a separate thorough study
for each specific class of problems, like it is done
in the classical calculus of variations. This is why
we focus on these conditions. Following the
tradition, we call them stationarity conditions
(or local minimum principle ).

The paper is organized as follows. In Section 2
we formulate first-order necessary optimality
conditions for problems with ordinary
differential equations. Section 3 gives such
conditions for problems with Volterra-type
integral equations. Finally in Section 4 we
present an abstract Lagrange multipliers rule,
used for the proofs.

2. OPTIMAL CONTROL PROBLEM
WITH ORDINARY DIFFERENTIAL
EQUATIONS ON A FIXED TIME IN-
TERVAL

2.1. Statement of the problem (Problem A)
We consider the following control system of
ordinary differential equations on a fixed time

interval [¢,,¢,]:

LD 1 x(0.u), 1)

dt
where x(-) is an absolutely continuous 7n—
dimensional and u(-) a measurable essentially
bounded 7 —dimensional vector-function on
[1,,1,]. We call x the state variable and u the

control variable (or simply the control ). We
assume that the function /f 1s continuous

together with its partial derivatives with respect
to x and u on an open set Q < IR,
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The problem is to minimize the Bolza-type cost
functional

J = gy(x(ty),x(t) + [ D (¢, x(6),u(t)dt — min

2)

on the set of solutions of system (1) satisfying the
Bolza-type constraints

n,;(x(4)),x(8)) +

+ [, (Ol = 0, j = 1.....d ().
@, (x(7,),x(#,)) +
+ [0, (620 u(0)dr = 0, i = 1.....d($),

3)

“4)

and the mixed state-control constraints

E(t,x(0)u(1)) £ 0
forae.te(ty,t],
G, (t,x(1),u(r)) =0
forae. telt,t], j=

i=1,.dF), ©

1,...,d(G), ©

where the functions ¢,,¢,,n7, are defined and

continuously differentiable on an open set
PcIR™, and the functions ©,¥,F,G, are

defined and continuous together with their partial
derivatives with respect to x and u on an open
set O cIR"™". The notation d(¢),d(n),d(F),
etc. stand for the numbers of these functions.
Moreover, we impose the following important
Assumption RMC (on the regularity of mixed
constraints). The mixed constraints (5)-(6) are
regular in the following sense: at any point
(t,x,u)e Q satistying relations F,[S0 Vi and
G, =0 V, the system of vectors

E; (t7 x’ u)’
iel(t,x,u), G]'.u (t,x,u), j=1,..,d(G),

is  positively--linearly  independent, where
I(t,x,u)={i: F,(t,x,u) =0} is the set of active
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indices of mixed inequality constraints at the
given point.
Recall that a system consisting of two tuples of

vectors p,,...,p, and ¢,,...q, in the space IR’

is said to be positively-linearly independent if

there does not exist a nontrivial tuple of
multipliers «,,...,a,, B,...., Wwith all a; 20

such that
dap+)pq,=0.
i j

The problem (1)-(6) will be called Problem A.
Obviously, each pair (x(¢),u(f)) under
consideration must “lie” in the domain Q of the
function f(z,x,u), i.e.

(t,x(t),u(t))e Q for ae.

te [toatl]'

We will need even a stronger condition.

Definition. A pair of functions w(t) = (x(¢),u(t))
defined on an interval ¢ €[¢,,t,] (with absolutely
continuous x(#) and measurable essentially
bounded u(¢)) will be called a process in

Problem A if it satisfies (1) and its graph
G(w) = {(t,x(),u@®)) | t €[t,,1,]}
lies in the set Q with some “margin”, i.e.,

dist((t, x(¢),u(t)),00)> const > 0
foraa. telt,t], )

or equivalently, there exists a compact set Q < Q
such that (¢,x(¢),u(t)) e Q for a.a. t€[t,,t,]. A
process in problem A is called admissible 1if it
satisfies all the constraints of the problem.
Definition. We will say that an admissible
process

w'(0) = (X" (0),u’ (1)), (8)

telt,,t]

Volume 14, Issue 2, 2018

provides the weak minimum if there exists an
£>0 such that for any admissible process
w(t) = (x(¢),u(t)), telt,t;], satisfying the
conditions

x(t)-x"() <& Vi, ©)
and u@)-u’@t)|<e (V),

the following inequality holds: J(w) > J(w").

(Notation (V) conveniently means "for almost

all".)

2.2. The local minimum principle

in Problem A
Let a process (8) provide the weak minimum in
Problem A. To formulate optimality conditions,
let us introduce a tuple of Lagrange multipliers
corresponding to all the constraints and the cost
of Problem A:

(@, B, w(0), h(0), m (1)), (10
i=1,..,dF), j=1,..,d(G),

where  a=(ay,a,,...,a,,) IR  with

a, >0 Vi (for short, we will simply write a > 0),
and  B=(B,....8,,) € IR™
v {t,,t,] > IR"
function,

are  vectors,

is a Lipschitz continuous

h: [tyt1—> 1R, i=1,...d(F), and

m: [t,t]—>1R, j=1,....d(G),

J

are measurable bounded functions.
Further, introduce the Pontryagin function (or
pre-Hamiltonian)

H(t,x,u)=vy f(t,x,u)+

d(p) d(n)

+Zai®i(t,x,u)+ Zﬂj\f/(t,x,u) (11)
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(here, wf is the product of the row and column

n—vectors), and the augmented Pontryagin
function (or augmented pre-Hamiltonian)

H(t,x,u) = H(t,x,u) +
+ Z:hl.l’?l.(t,x,u)wL ij. G,(t,x,u). (12)
i J

Also, introduce the endpoint Lagrange function

d(p) d(n)

503) = (Yo, + B, (13)

Both these functions refer to the tuple (10).

The functions H,H ! will be used in formulation
of optimality conditions.

For the process (8) and tuple (10) with the
specified properties, let us formulate the
conditions of local minimum principle (or the
Stationarity conditions):

a) the nonnegativity conditions

az0, h()=0, i=1,....,dF), (14)
b) the nontrivality condition
lal+| g1+ X h@wdi>0, (19
7 o0
¢) the complementary slackness conditions
a,(4,(x"(t,),x" (1)) +
t
+ [, (6,2 (1), 4 (1))dr) = 0,
{0
i=1,...d(p), (16)

d) the pointwise complementary slackness
conditions

h(OEtX"(t)u’#)=0 ae onlt,t],

i=1,..,d(F), (17)

e) the adjoint equation
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_AVO 0 0)),
dt

f) the transversality conditions

w(t,) = _l"ofx (to);x (#))s (18)
W) =1, () (),

g) the stationarity condition of the extended
Pontryagin function with respect to the control

Ho(t,x"(0),u°@)=0  ae. on [t,1].
The main result of this section is the following

Theorem 1. If a process w’(t) = (x"()u’(t)),
telty,t,] provides
Problem A and satisfies assumption RMC, then
there exists a tuple of multipliers (a, B,y , h;,m))

the weak minimum in

satisfying the specified above properties and
such that conditions a) - g) of the local minimum
principle hold true.

The proofs can be found in the book [3]. This
book also contains further results of that kind,
namely: the first-order conditions for a strong
local minimum in the form of Pontryagin
minimum principle. Moreover, along with
regular mixed state-control constraints, the
problem can also allow pure state constraints,
and the time interval can be both fixed and
variable.

3. OPTIMAL CONTROL PROBLEM
WITH VOLTERRA-TYPE INTEGRAL
EQUATIONS ON A FIXED TIME
INTERVAL

3.1. Statement of the problem (Problem B)
We consider the following control system of
Volterra-type integral equations on a fixed time

interval [¢,,¢,]:

X)) = x(t) + [ f(ts.x(s)u(s)ds,  (19)
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where x(-) is a continuous n— dimensional and
u(-) a measurable essentially bounded r—
dimensional vector-function on [?,,#,]. Again,

we call x the state variable and u the control
variable. We assume for simplicity that the
function / is defined and twice continuously

differentiable on an open set R  IR*"*".

The problem is to minimize the Bolza-type cost
functional (2) on the set of solutions of system
(19) satisfying the Bolza-type constraints (3), (4)
and the mixed state-control constraints (5), (6),
where the functions ¢,,¢,,77, are defined and

continuously differentiable on an open set
PcIR™, and the functions @, ¥ .F,.G, are

defined and continuously differentiable on an
open set O < IR"™"*".

Again, we impose the assumption RMC (on the
regularity of mixed constraints), given in Section
2.1. The problem (2)-(6), (19) will be called
Problem B.

Note that the function / explicitly depends on

two time variables, ¢ and s, the roles of which

are essentially different. Conventionally, the
variable s will be called inner, while ¢ will be
called outer, time variable, and one should
carefully distinguish between them in further
considerations. Among the four arguments of the
function / and its derivatives, the first argument
will always be the outer and the second one the
inner time variable, no matter by which letters
they will be denoted.

Note also that the integral equation (19) is
equivalent to the following integro-differential
equation:

dx(t) _ F(t,t,x(0),u()) +
d1 (20)
e[ ftsxuds,

where the last integral shows, in a sense, how
“far" we are from an ordinary differential
equation. (Here f, means the partial derivative of
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the function f£(z,s,x,u) with respect to the first,
outer time variable z.) If / does not depend on
the outer time ¢, i.e., f = f(s,x(s),u(s)), then
this integral disappears, and Problem B becomes
a standard optimal control problem with the ODE

% — f(x(Ou(t)).
t

each pair  (x(¢),u(t)) under

consideration must 'lie" in the domain R of the
function f(¢,s,x,u), i.e.

Obviously,

(t,s,x(s),u(s)) e R forae. (t,s)e D[t,,¢t],

where D[t,,t,]1={(,s): t,EsE[=e 3.
we will need even a stronger condition.
Definition. A pair of functions w(t) = (x(¢),u(¢))

defined on an interval ¢ €[¢,,t,] (with continuous

Again,

x(¢) and measurable essentially bounded u(7))

will be called a process in Problem B if it
satisfies (19) and its “extended graph”

G(w) ={(t,s,x(s),u(s)) : (¢,5) € D[, 4]}
lies in the set R with some “margin"’, i.e.,

dist((¢,s,x(s),u(s)),0R) const > 0
fora.a. (t,s) € D[t,,t,],

1)

or equivalently, there exists a compact set
Qc R such that (¢,s,x(s),u(s))eQ for a.a.

(t,s) € D[t,,t,]. A process in problem B is called

admissible if it satisfies all the constraints of the
problem.

The notion of a weak local minimum in Problem
B is the same as that in Problem A.

3.2. The local minimum principle in Problem B
Let a process

w' (1) = ("(0,u’ (©), telty,t;]
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provide the weak minimum in Problem B.

To formulate optimality conditions, let us
introduce a tuple (10) of Lagrange multipliers
corresponding to all the constraints and the cost
of Problem B:

(a, B,y (@), h(t), m, (1)),
i=1,..d(F), j=1,...,d(G),

where, as in Section 2.2,
a = (..., Q) € IR with a, >0 Vi and
p= (ﬂla"'aﬂd(ry)) eIR"™
v {t.t,]—> IR
function, (¥ is a row n— vector),

are vectors,

is a Lipschitz continuous

bty t1—> 1R, i=1,...d(F),
m, {ty,t,1 > 1R, j =1,...,d(G),

and

are measurable bounded functions. In what
follows, all pointwise relations involving
continuous functions hold for any ¢, and those
involving measurable functions hold for almost
all .

Further, introduce the
function

modified Pontryagin

H(t,s,x,u)=w(t)f(t,s,x,u)+
+ J;tll//(f)ft (z,s,x,u)drt

d(9) d(n)

+ Z.:aid)i(s,x,u) + Z;ﬂj‘l’j(s,x,u)
i= j=

(22)

and the augmented (or
Pontryagin function

extended) modified

ﬁ(t,s,x,u) = H(t,s,x,u)
+ Y M (OF (s, x,u)+ Y m ()G (s, x,u).

(23)

Again, introduce the endpoint Lagrange function
(13). Both these functions refer to the tuple (10).
In Problem B, for the process (8) and tuple (10)
with the specified properties, let us formulate the
conditions of /local minimum principle (or the
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Stationarity conditions): a') the nonnegativity
conditions (14), b') the nontrivality condition
(15), c¢') the complementary slackness conditions
(16), d) the pointwise complementary slackness
conditions (17), e') the adjoint equation

—y (1) = H(t,1,x°(0),u’ (1)),

f') the transversality conditions (18), g') the
stationarity condition of the extended Pontryagin
function with respect to the control

Ho(t,6,x°@0),u’()=0  aeon [t,,1].
The main result of this section is the following
Theorem 2. If a process w°(t) = (x"(£)u’(1)),
telty,t;] provides
Problem B and satisfies assumption RMC, then
there exists a tuple of multipliers (a, B,y , h;,m))

the weak minimum in

satisfying the specified above properties and
such that conditions a')--g') of the local minimum
principle hold true.

The proof of this theorem (for a more general
problem, with pure state constraints) is given in
[4].

In the next section we formulate an abstract
Lagrange multiplies rule which can be used for
the proofs of Theorems ql and 2.

4. AN ABSTRACT LAGRANGE
MULTIPLIERS THEOREM

Let X,Y, and Z,, i=1,...,v be Banach spaces,
Dc X an open set, and K, cZ,, i=1,...,v
closed convex cones with nonempty interiors.

Let F,:D—>1R, g:D—>Y,and f,:D—>Z,

i=1,...,v, be given mappings. Consider the
following optimization problem:

F,(x) = min,

fi(x) € K,

i=1,...,v,

g(x)=0. (24)
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Let K):={z, €Z :(z],z,) 10 foreveryz, e K, be

1

the polar cone to K,, i=1,...,v. Here (z,z,) is

1

the duality pairing between Z, and its dual space

Z . We study the local minimality of an

admissible point x° € D.

It is worth noting that the inequality constraints

f;(x)<DJ] where f,:D—>IR are given

functionals, may also be presented in the form
f.(x)eK, if we put K, =IR :=(—0,0]. Then

K’ =1IR, :=[0,0).

We impose the following

Assumptions.

1. The objective function F|, and the mappings
f, are Fréchet differentiable at x,; the
operator g is has a Frechet derivative in a
neighborhood of x, and this derivative is
continuous at x, (smoothness of the data
functions),

2. the image of the derivative g'(x,) is closed

in ¥ (weak regularity of equality constraint).
The following theorem gives necessary
conditions for a point x, €D to be a local
minimizer for problem (24).
Theorem 3. Let x, provide a local minimum in

problem (24). Then
multipliers

there exist Lagrange

* 0 . * *
0,20,z, €K, ', i=1,...,v,and y €Y,

satisfying the nontriviality condition

Sl e

the complementary slackness conditions

(z), fi(x)) =0, i=1,...,v, (26)

and such that the Lagrange function

Volume 14, Issue 2, 2018

L) = @ Fy () + Y020 100 + 07 g (0)

is stationary at x,: L'(x,)=0. 1i.e.,

0y (50)+ 227 (5 )+ () =0,
@)

This theorem is an efficient tool for a wide range
of optimization problems with an infinite number
of constraints. Its proof, based on the so-called
Dubovitskii--Milyutin approach [1], can be
found in [3.,4,5].

In a particular case when Y =1IR", Assumption 2
is valid automatically, and y" = (f,,...,3,) is an

n—dim vector.
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ABTOMATU3BAIIUA TEIVNIOPU3NYECKUX I/ICCJIEI[OBAUHI/Iﬁ
OBPA3LHOB HAPYXHbBIX CTEHOBbBIX OI'PAXKAEHUU

C.B. ®eoocos ', I1.H. Mypeee *, B.I'. Komnoe *, A.H. Makapoe *, A.B. Heanoe *

! UBaHOBCKHiT rOCyIapCTBEHHEIN IIOJIUTEXHIIECKHI YHUBEPCHUTET, T. MBanoBo, POCCH S
2 [1oBOIKCKMI TOCYAapCTBEHHBIN TEXHOJIOTHYECKHH YHUBEPCHTET, T. Momkap-Oma, POCCUSI

Annoranusi: B cratee 00cyxkmaeTcst 007aCTh TPaXKTaHCKOTO CTPOUTEIHECTBA H OOBEKTOM PACCMOTPECHHUS SBIISI-
€TCsl TETUIOTIPOBOTHOCTE HAPYXKHBIX cTeH. KirroueBast miest 3aKimoyaeTces B IPeACTaBICHUH aBTOMaTH3UPOBaHHO-
ro JJaOOPaTOPHOTO KOMIUTEKCA. DTOT KOMIUIEKC MOXET IPOU3BOJANTH HEMPEPHIBHBIN KOHTPOIh U3MECHEHUS TEM-
MepaTyphl 10 BCEH TOJNIIUHE CTCHBI B TEUCHHE UIUTEIHFHOTO BpeMeHH. [ 3Toro B KaKApIii 00pasern yCTaHOB-
JICHBI TEPMOTIaphl Ha pa3Hylo TiyOmHy. TemreparypHble NaHHBIE PETUCTPHPYIOTCS CIICHUATBHBIM TIPHOOPOM.
Hanee manHbIe Yepe3 aganrtep uHTEp(delica momaaawT B KoMIbioTep. HenmpeprIBHO mocTymaromas HHPOpMAIusL
dbopmupyercs B 6a3zy maHHbIX. [lociie 3Toro oHu odpabaThiBarOTCs B BHe TaOiuil U rpaduxoB. C MOMOIIBIO
YCTaHOBKHM HCCIIEAYIOT Pa3IMYHbIE CTPOUTENBbHBIC MaTepUalbl JJIsS HAPYXKHBIX CT€H, KOTOPBIC MPEACTABICHBI
npeanpustuaMu Pecrybmuku Mapuit . s 00paboTKy U aHAIHM3a MOJTyYeHHBIX JaHHBIX ObUT pa3paboTaH Ma-
TeMaTudeckuit anroputM. C ero moMOIIbI0 HAITMCaHa KOMITbIOTepHas mporpamMma. OHa cienana oopaboTKy JAaH-
HBIX OYEHb MpOoCcTOi. biarogapsi moay4eHHBIM JaHHBIM OBUIM MPEAJIOKEHbI HOBBIE KOHCTPYKTUBHBIC PEIICHUS
HApPYXXHBIX cTeH. Takke ObUTH OTKPHITH ABa (husnueckux 3¢ ¢ekra. JJaHHBIA KOMILICKC pa3paboTaH It HAYIHO-
HCCIICIOBATEIILCKONW paboTh. Pa3paboTka Oblia mpencTaBicHa HA Pa3IHMIHBIX MEXKITyHAPOIHBIX BBICTABKAX WH-
HOBanWil U m300peTeHnuid. VccenoBaHus 10 TaHHON TeMe BaXKHBI IS CTPOUTEIBFHON U MPOU3BOACTBEHHOH OT-
paciu PecriyOnukn Mapuit Dn. Martepuan, mpencTaBIeHHBIH B CTaThe, MOXET OTKPHITH HOBBIC ITEPCIICKTUBBI
JUTSL TAMBHEHIINX MCCIeJOBaHUI. DTOT MaTepual OyJeT HHTEPECeH TeM, KTO padoTaeT B OONACTH apXHUTEKTYPHI
¥ IPOCKTUPOBAHUS 3IAHUIA U COOPYKCHUH.

KiroueBble c10Ba: rpaxIaHCKOE CTPOUTEIBCTBO, HAPYIKHbBIE CTCHBI, IPOCKTHPOBAHUE 3/1aHU,
aBTOMATH3aIMs UCCIICIOBAHUHN, TEIUIO(pH3UKA, TEINIONPOBOAHOCTh, MATEMATHIECKUI aJITOPUTM,
KOMITIBIOTEPHOE MOJIETIUPOBAHUE

AUTOMATION OF THERMOPHYSICAL RESEARCHES
SAMPLES EXTERIOR WALL FENCES

Sergej V. Fedosov !, Pavel N. Mureev ?, Vitalij G. Kotlov ?,
Aleksandr N. Makarov °, Andrej V. Ivanov ?

! Tvanovo State Politechnical University, Ivanovo, RUSSIA
2 Volga State University of Technology, Yoshkar-Ola, RUSSIA

Abstract: The paper under discussion covers the area of civil engineering and deals with the object of thermal
conductivity of exterior walls. The key idea is to present an automated laboratory complex. This complex can
produce continuous monitoring of temperature changes over all wall thickness for a long time. For this, thermo-
couples are placed in each sample at different depths. A special device records temperature data. Further, the da-
ta through the interface adapter enters the computer. The continuously incoming information is generated in the
database. After that, they are processed in the form of tables and graphs. With the help of the installation, various
building materials for exterior walls, which are represented by enterprises of the Republic of Mari El, are exam-
ined. To process and analyze the data obtained, a mathematical algorithm was developed. With his help, a com-
puter program written. She made the data processing very simple. Thanks to the received data, new design solu-
tions for exterior walls were proposed. Two physical effects were also discovered. This complex is designed for
research work. The development was presented at various international exhibitions of innovations and inven-
tions. Research on this topic are important for the construction and production branches of the Republic of Mari
El. The material presented can open new prospects for further research. this material to be interesting to those
who work in the field of structural engineering and architecture.
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[Ipumenenue BBIYMCIIUTEIbHOM TEXHUKHU
HACTOJIBKO MPOYHO BOILIO B HAIly YXU3Hb, YTO
YK€ HE KaXKETCS YEM-TO HEOOBIYHBIM U HOBBIM.
[Toutu Bo Bcex cdepax NesITeNbHOCTH YeI0BeKa
OHA 3aHMMAET BAKHYIO U HEOTHEMIIEMYIO YacTb.
OT0 ympaBlieHHE MPOU3BOJICTBEHHBIMU MPOLIEC-
caMH, TPAHCIIOPTOM, CBSI3bIO, CTPOUTEIBCTBOM,
JeYeHUEeM TMalueHToB W MHoroe apyroe. Co-
BPEMEHHOE OOILIECTBO HACTOJBKO IMPHUBBIKIO K
KOMITbIOTEpPAM U JPyrol MOOUIBHOM TEXHHKE,
YTO YK€ He MOXKET oTKazarbcs oT He€. Ho emie
kakux-1o0 30-40 neT Ha3ajg MHOTHE COBPEMEH-
HbIE JOCTUKEHUS Ka3aJIuCh HepeallbHbIMU, (aH-
TaCTUYECKUMHU, HEAOCATAEMbIMHU.

I'oBopuTh 00 U3MEHEHUSAX B XKU3HM JIIOJIEH, KO-
TOpbIE IMPOU3OIUIN C BHEAPEHUEM KOMIIBIOTEP-
HOW TEXHUKH, B JIyUIIYIO0 WU XYALUIYI0 CTOPOHY
elle paHo, HO 0e3yCIIOBHO € TOYKHU 3peHus cOo-
pa, XpaHeHHs ¥ 00pabOTKH MaccHBOB HH(pOp-
Maluu 3TO OrpoMHOe JoctuxeHue. biaronaps
CO3IaHHUI0 CHCTEM aBTOMAaTU3UPOBAHHOIO IIPO-
extupoBanust (CAIIP) B obGnactu crpoutess-
CTBa INPOM3OLLIN OIPOMHBIE M3MEHEHUS, INpH-
4yeM B Jydmryio cropony [1, 2, 5, 13]. B pa3zbl
yBEIUYUIACh CKOPOCTh Pa3pabOTKH MPOEKTHOMH
JToKyMeHTanuu, 3D moaenrpoBaHue MO3BOJIMIIO
YIYUYIIUTh Ka4eCTBO NPOEKTUPOBAHUS U CHEIa-
70 ero Oonee WHPOPMATHBHBIM U PEATHCTHY-
HbIM. Ho 3T0 BCE OTHOCHTCS K 006J1aCTH IPSIMOTO
npoektupoBanus. Hac wuHTepecyer o00nacThb
TEMIOPHU3MUECKUX HCCIeIOBaHUN Orpa)/iaro-
LIMX KOHCTPYKLUUN CTEH W aBTOMaTH3anus coo-
pa 1 00paboTKa MOTYYEHHBIX TaHHBIX.

Ha cerognsianii 1eHs Opu BO3BEACHUU CTEHO-
BBIX OTPaKIAIOLINX KOHCTPYKLUH HCIIOJIB3YIOT
KaK OOBIYHBIE OJAHOPOJHBIE MaTepHalbl, TaK U
pa3JIMYHbIE MHOTOCJIOMHBIE KOHCTpyKIMH. HMx
CHEKTP HA CTPOUTEIHHOM PBIHKE OYEHb BEIHK.
[IpousBonuTenn mperoOCTABIAIOT pa3IMYHbIE
cepTu(dUKATHl O XOPOIIUX TEIJIO3AIlUTHBIX Ka-
YecTBaxX MaTepHalloB, HO Ha IPAKTHKE 3TO HE
BCer/a Tax.

B cBsi3u ¢ noBbIIeHHeM TpeOOBaHUN B 00JIACTH
9Heprod(HPEeKTUBHOCTH  OTPAKAAIOIINX  KOH-

CTPYKLHUH, BO3HHUKAET MHOI'O BOIPOCOB IIpH
MPOEKTUPOBAHUM HOBBIX OOBEKTOB U PEKOH-
CTpyKLUHU yXke cymecTBytoumx. HoBsle paspa-
0O0TaHHBIE KOHCTPYKTUBHBIEC PEIICHUS HE BCEer/ia
apdexTuBHBl. Ha HauanbHOM JTame mnepBbIe
NBa-TPU Troja TOCJIe BO3BEICHUS, OHH MOTYT
COOTBETCTBOBATh BCEM HEOOXOIUMBIM TpeOoBa-
HusM. Ho B mporecce skcmiyatanuu 3AaHUS
CTEHa HaKaluIMBaeT Biary. OJTO MPUBOJIUT K
OCEJJaHUI0 U HAMOKAHMIO YTEIUIUTENs], TEM ca-
MBIM B pa3bl CHUXKas MapaMeTpbl MO TeIio3a-
mure 31aHus. Takue BO3AEHCTBUS MOTYT IpH-
BECTH K TeYalbHBIM IOCIIEACTBUSIM, BIIOTH JI0
paspylleHMs KOHCTpykKumil. B pesynbrate
HE00X0/IMMO NPOBOJUTH PEKOHCTPYKIIHIO, 3a-
TpauuMBas Ha ATO OTPOMHBIE JIEHEXHbIE Cpe.-
cTBa. MHoOrue cyuniecTByroume nocrpoku 60-
90x romoB HE COOTBETCTBYIOT COBpPEMEHHBIM
TpeboBaHusAM 10 Temo3aumre. [loaromy HeoO-
XOJIMMO MPOBOAMTH PEKOHCTPYKLHIO 3/1aHUH,
HO 0€3 TMOJHOI0 aHaJIn3a CYILECTBYIOLIEH CUTY-
aluu, MPOUCXOJAUIEH B CTEHaX, CIOXKHO cClie-
JaTh MPaBWJIBHBIE BHIBOJBI M MTPOBECTH TPaMOT-
HO U 3¢ dekTuBHO padory [11-12].

[lenp uccnenoBaHUs 3aKIIOYAETCS B aHAIU3E
TEIUIO3AIUTHBIX CBOWCTB 00pa3lloB CTEHOBBIX
OTpaX/IEHUI NP MOMOIIM pa3pabOTaHHOTO Jia-
O0paTOpHOro KOMIUIEKCA, KOTOPBIA (PYHKIHO-
HUpYET B KIIMMaTHYECKUX YCIOBUsAX Pecry0mu-
k1 Mapuit On; pa3paboTke anroputma obOpa-
OOTKM M aHAJIN3a MOJIYYaeMbIX TeMIEepaTypHBIX
JaHHBIX; B HAMHUCAaHUU C IMOMOILIBI0 pa3zpabdo-
TAHHOTO aJTOpPUTMa KOMIIBIOTEPHOM Mporpam-
MBI; B pa3pabOTKe HOBBIX 3HEProd((HeKTUBHBIX
KOHCTPYKTUBHBIX CXEM HApYXKHBIX CTEHOBBIX
OTPAXKJICHHH, a TAKXKE YIYyYIIEHHUH CBOWCTB CY-
IIECTBYIOLIUX BAPUAHTOB.

Jlannas pa3paboTka paccyMTaHa B OCHOBHOM Ha
HAYYHO-HUCCIIEIOBATENbCKYI0 paboTy, a TJaB-
HbIM TpeOOBaHWEM SBIAECTCS COOp JaHHBIX C
YCTPOMCTB, MOJKIIOUYECHHBIX K ceTH HTEpHET, a
Tak)Ke MPECTaBIEHUE 3TUX JAHHBIX B BHUJIE OT-
4eTOB U IpauKOB, JOCTYNHBIX B ceTn MHTEp-
HET.

66 International Journal for Computational Civil and Structural Engineering



ABTOMaTI/I3aI_lI/IH TeHJ'IO(i)I/BI/I‘IeCKI/IX I/ICCJ'IC)IOBaHI/Iﬁ 06p33HOB HapYyXHBIX CTCHOBBIX orpamﬂeﬂm‘/i

B mnocraBieHHble 3amayd BXOJUT TMOJy4YCHHE
HanOoJIee TIOJTHOM U JIOCTOBEPHOU MH(OpMAIHH
M0 TEIJIO3AIIUTHBIM KauecTBaM Hapy>KHBIX
OTPaKICHU, TTPOBOS KaK MOXKHO Oojiee JTH-
TeNbHBIE HATYpHBIE JKCIEPUMEHTaJIbHBIE HC-
CIICIOBAHMS; MOJCpPHU3AIUS JIA0OPATOPHOTO
KOMIUJIEKCA, CO3/IaHHOTO Ha 0a3e WHCTUTYTa

PaspaboranHan S
KOMNbIOTEpHAA 2

cTpoutenberBa U apxurekrypel @I'BOY BO
«IT'TY». OcHoBHas 3ajnava craenarb €ro moJ-
HOCTBIO aBTOMAaTHU3MPOBAHHBIM U PELIUTH IPO-
0JieMy, CBSI3aHHYIO C JIOJITOCPOYHOCTHIO MPOBE-
JICHUs. MOHUTOPUHIA U3MEHEHUS TeMIleparyp B
Toue orpaxacHus (puc. 1).

Komnbiotep

nporpaMmma T

Koxcoab DAVIS
instruments Vantage Pro2

MeteoctaHuusa DAVIS
instruments Vantage Pro2

| Apantep RS-232

LR Y

g = A%
Q\ _:é: Qum '

YcTponcTBO AAR
U3MEpPEeHUA
Temneparyp
YKT38-1114

Tenaomep

Uccaeayemble o6pasubl

PMCZHOK 1. Pa3eepHyma;1 cxema asmomamusupoeaHnHoco Jza60pam0pH020 Komnijiekcda.
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B naGoparopun crtpoutenbHOR ¢Gu3MKK ycTa-
HOBJIEH CTEH/I C MAThIO 00pa3liaMyu MaTepuaioB
CTEHOBBIX OIPaXJAIOIIUX KOHCTpyKUuil. B
KOKIBIM M3 IIATH MaTEPUANIOB: JEPEBSIHHBIN
Opyc, MHOIOCIIOWHAs KOHCTPYKLUS MPOU3BOJI-
ctBO ¢upMbel «CTe3s», MHOTOCIOWHAs KOH-
CTPYKLMS U3 OETOHA U YTEIUIUTEeNs, ra300eToH-
Hble 0s10ku pupmel «Biktony, KuprnuvHas creHa
TONMLKUHON 640 MM., YCTaHOBJIEHBI TE€pMONApbI
no Bceil TonmuHe marepuana. C UX MOMOIIBIO
OIpeNeNIAI0TCs JJaHHble 00 M3MEHEHUM TeMIle-
parypel B creHe. OOpas3mbl HCCIETyEeMBIX
OTpaX/IeHUI yCTaHOBJEHbl B CHELMAIbHBIX
A4yeiikax, OOOpYyIOBaHHBIX B OTpakJIaroLIei
KOHCTpykuuu 3nanus xkopnyca III'TY u nomyc-
KaOIUX BO3MOXKHOCTb 3aMEHBI.

B TeueHue HecKONbKUX JIeT Ja0OpaTOPHBIM
KOMIUIEKC MpeTepreBan psii U3SMEHEHHH U J10-
nojaHeHuil. Bece monudukanuu OblM 3aruine-
Hpl mnarteHtamu [5-10]. IlepBbie pe3ynbTaThl
9KCHEPUMEHTA, MOJIyuYeHHbIe Ha J1a0opaTOpHOii
yYCTaHOBKE, MOATBEPAWIN €€ paboTocrnocoo-
HocTh. HempepbiBHO mocrymnaromiass nHpopma-
nusi ¢ npubopoB obpabarbiBaeTcsi B BUiE Taod-
JM1L ¥ TpaUKOB.

B npornecce pa3paboTku KOMIUIEKCa BO3HHUKJIA
npobiema cBsizaHHas ¢ 00paboTKoil naHHbIX. Ha
HavyaJlbHOM 3Tarne o0paboTka 3HAYEHUH MpPOU3-
BOAMIach BpyuHyro. CHauana Bce 3HA4YEHHS
HE00X0MMO OBIJIO OTCOPTHUPOBAaTH M3 0asbl
JIAHHBIX, a TIOTOM yXe B mporpamme Excel ux
o0paboTaTh U MOIYYUTh HEOOXOIUMbIE rpadu-
KU ¥ quarpaMmmel. [Ipouecc OblI JOATHN U TPY-
noemMkuid. [Ipm 3TOM MOIIM BO3HHUKHYTH I0-
IPEUIHOCTH U HETOYHOCTH. B pesynbTare mo-
SABUJIaCh HEOOXOJMMOCTh aBTOMAaTHU3UPOBATH
uccnenaoBanusi. Pa3paboTanHbIii MaTeMaThye-
CKHUH aJTOpPUTM CTal OCHOBOW JUIsl HalMCaHUSA
KOMIBIOTEPHON mnporpamMmbl. OHa MO3BOJIMIIA
aBTOMATHU3MPOBaTh KOMIUIEKC M B PEXHUME pe-
QJIBHOTO0 BPEMEHU IPOBOJUTH KPYIJIOTOJNYHBIHI
MOHHMTOPHUHI U3MEHEHHS TEMIIepaTyphbl 10 BCel
TOJNIIIMHE oOrpaxaeHuil. B wuHTEepdeiice mpo-
IrpaMMbl MOKHO IPOU3BOAUTH HACTPOMKY Tep-
Mormap, 100aBIATh HOBble MaTepuaibl. /laHHbIE

M0 WM3MEHEHUIO TEeMIIEPaTypbl B HCCIEAYEMOM
o0pasie B TEYEHUH JHS MOXHO IMPOCMATPUBAThH
MOOYEPEHO B PEKUME pPEabHOTO BPEMEHH
(puc. 2). Taxxe ecTb BO3MOXKHOCTb BbIOMpATh
MHTEPECYIOIINI BPEMEHHONW MPOMEXKYTOK IS
aHamm3a W Oonee MOAPOOHOTO W3YyYCHHS H
Habmoenus (puc.3). Meercs noctyn Ko BceM
JAHHBIM, HAKONMBIIMMCS 32 BECh NEPUOJ CO-
3MaHUsl KOMIUIEKCa. DTO JaeT BO3MOXKHOCTb
aHAJM3UPOBATh TPOIECCHI, MPOUCXOAUBIINE B
pa3Hble rOJIbl U CPABHUBATH IMOKA3aHMUS.
brnaronapsi mosiy4eHHBIM JaHHBIM, OBUIM OT-
KpBITHI Ba (uzudeckux 3ddekra (puc. 4). 910
«Crnoco0 OILIEHKH TEIIO(QU3NIECKUX XapaKTe-
PUCTHK OTPaKJAIONINX KOHCTPYKIMN 3TaHUNA H
COOpPY)KEHH, BBITIOJHEHHBIX W3 KHPIIHYa, B
3UMHHM TEpUOJ MO pPe3ylbTaTaM UCIBITAHUN B
HATYPHBIX YCJIOBHSX» MAaTEHT Ha W300peTeHue
Ne2454659 u «Cnoco6 onpezeneHus BHYTPH
HApY>KHOTO CTEHOBOTO OTPAXXKJICHHS, BBIIOJI-
HEHHOT'O U3 KMpIHMYa, 30H, XapaKTePU3YIOIINX-
Csl KBa3WCTAIMOHAPHBIMH YCIOBUSMH TeTLIONe-
penayu MpU HATYPHBIX JKCIHEPUMEHTATbHBIX
UCCIICIOBAaHUSAX B 3UMHHU TIEPUO NATEHT Ha
nu3zooperenue Ne2618501.

Pa3zpaborannas nporpamma (hyHKIHOHHpPOBAa
TOJIbKO Ha KOMITBIOTEPE, KOTOPBIN HAXOJUJIICS B
nabopatopun crpoutensHoit ¢uzuku OI'BOY
BO «II'TY». [Inst Toro, 4T00BI MOCMOTPETH BCE
rpadMKd M3MEHEHUS TEMIIepaTyphl M aHAJTU3H-
pOBaTh MPOUCXOAALINE TPOLECCH, HEOOXOIUMO
paboTaTh B naHHON aynuTopuu. Pabouuii kom-
IBIOTEP TOJNBKO OJMH, B PE3yJIbTaTe 4Yero BO3-
HUKJIa TIpo0jieMa ¢ OYepeTHOCThIO pabOTHI CO-
TPYAHUKOB JabopaTtopuu ¢ 6a3oi naHHbIX. W3-
3a HEYZ00CTBa HKCIUTyaTalluH MOsIBUIIACh HE0O-
XOJUMOCTh JUCTAHIIMOHHOTO JOCTyma K 0ase
TaHHBIX U rpaduKaM, HE3aBUCUMO OT MECTOHa-
XOXJeHHs deroBeka. [loaToMy KoMmIbIOTEpHAs
nporpamMMa Obljla yCOBEpPIUICHCTBOBAHA U JIOpa-
0oTaHa C 1ENbI0 Nepeayn JaHHbIX Yepe3 CeTH
WuTepHer, a Takke NpeACTaBICHUE ITHUX JIaH-
HBIX B BHJIE OTYETOB U TPadUKOB, TOCTYIHBIX B
cetu MHTepHeT (puc. 5).
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Pucynox 4. I'pagux usmenenus memnepamypul 8 meuerue cymok 08.04.2016 2. na xomopom
HabO00aemcs 3 pexm cmpeyHvIX Mmenio8bix NOMOKOS.

FRODYaA CTaHU WA

NokaneHoe
XpaHuaMwe

ba3za AaHHbIX

Pucynok 5. llpunyunuanvhasn cxema pabomul KOMNbIOMEPHOU NPOSPAMMDYL.

KowMmmbrorepHas mporpamMma BKIIOYaeT B ceOst e BeO-mpuioxkeHue A aHAIHM3a OTYETOB
clieayrome Moayau (puc. 6): U TpaduKOB

e KimeHTckoe mpuiiokeHue s coopa u
aHaJIM3a MapaMeTPOB YCTAHOBKU OcHoBHBIE  (PYHKIMOHAJIBHBIE  TpeOOBaHUS,

° Be6-cepBI/IC 1A c6opa nmapamMeTpoB Hpe,I[’bilBJ'IHeMI)IeKp33pa6aTI>IBaeMOI7[ CUCTEME:
YCTaHOBKH C KIHCHTCKOTO TPHIOXKCHHA H HX
XpaHCHHUC
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Pucynox 6. [luacpamma pazeepmuieanusi KOMnoI0MepHOU NPOSPAMMUBL.

e Kuamenrckomy NPUJI0KEHHUIO:
HNepUOANYECKU cOOp MOKa3aHUM YCTaHOBKH U
XpaHeHHEe MX B JIOKAIbHOM 0a3e JaHHBIX;
nepuoAnyYecKkas OTIpaBKa IIOKa3aHUHW  Ha
cepBep; HACTpoilka MEpUOJUYHOCTH cOopa H
OTIIpaBKHU MOKa3aHUii; padora B offline pexxume;
oTOOpa’keHHe OTYeTa O MOCIEAHUX COOpaHHBIX

JaHHBIX; OTOOpa)keHHe Trpapuka HU3MEHEHUS
TEeMIIepaTyphl B BbIOpaHHBIH JICHb;
0TOOpakeHHE rpaduka W3MEHEHUS
TEMIEpATypa <110 CTEHE», BO3MOYKHOCTb

coxpanenus rpaguxos B popmarax PDF, PNG,
JPEG.

e BeO-cepBuCy: COXpaHEHUE MapaMETPOB
YCTaHOBOK, IIOJIYYEHHBIX C aBTOPH30BaHHBIX
KJIMEHTCKUX Iporpamum; YBEIOMIIEHUE
BJIA/IENIBIIEB O HEAKTUBHOCTH YCTAHOBOKH.

e BeO-npuioxkeHuro: MOKa3aHUs
TEeMIIepaTyphl B BBIOpAHHBII JICHb;
CpeHEMECsIYHas TeMIepaTypa B BbIOpaHHBIM
TOf; €XEeMEeCAYHbI aOCOMIOTHBI MHUHUMYM
TEeMITepaTyphbl B BRIOPAHHBIHN TOJ; €XKEMECIIHbII
aOCOMIOTHBIH ~ MakCUMyM  TEMIIEpaTypsl B
BbIOpaHHBIA TOJ; MOKAa3aHUs TEMIIEpPaTyphbl 3a
OIIPEJIETICHHBIN IIEPUOL.

JlaHHBIE C TepMoOIlap MOCTYMarT Ha OJIUH U3 6
npubopoB  YKT38-1I14 c¢upmer  OBEH,
MNOJKIIOYEHHBIX K KOMIIBIOTEPY C ITOMOIIBIO
apantepa cetn AC-2. Apantep cetn AC-2
NpeaHa3HayeH g [OJKIIOYEHHs 110 8

Volume 14, Issue 2, 2018

npubopoB K OIHOMY COM-nopry
NEepCOHAIBHOIrO KoMmbloTepa. Kaxasiii nmpudop
MOXET UMeTh OT | 110 8 KaHaJOB M3MEpeHus,
TakuM oOpa3omM, uepe3 | mopT KoMIIbIOTEpa
MOXET CUUTBIBATbCS /10 64 aHaJIOroBBIX
napaMmerpoB. [l paboThl ¢ agantepoM CeTd
AC-2 ¢pupma OBEH npenoctaBisier OTKpBITYIO
oubmmotexy Ha C++.

JUis HanucaHus KIIMEHTCKOTO MPUIIOKEHUs ObLT
BBIOpaH s3bIK C#, MOCKOJIBKY Ha HEM yIO0OHO
co3laBaTh Tpaduueckuil uHTEpdeiic (B TOM
yuciae — pa3audHble  rpaduKu) W cpefa
pa3zpabotku Visual Studio 2013. Cucremoit
yIOpaBieHUs  JIOKaJbHOW  0a3zoil  sBIseTCS
Microsoft Access.

Beb-cepBuc nanucan Ha s3bike PHP, s
OTIpaBKM email cooOLeHni HCIOoNb3yeTcs
ctopoHHsss OmOnmuoreka PHPMailer [3,4,].
PHPMailer — ongHa M3 caMbIX NOMYJISIPHBIX
PHP ©Oubnnotek ¢ OTKPBITBIM HCXOJIHBIM
KOJIOM, NpeJHa3sHaueHHas Ui OTIpPaBKH email
cooOmeHuii. BeO-nmpuiiokeHne HaMUCaHO Ha
s3pike PHP ncnonszoBanuem Yii Framework.

Jost B3aUMOJICUCTBU C buzndecKoi
YCTaHOBKOfI B KIINCHTCKOM MPUITOKCHUU
pean30BaHbI cleyronme KJIACCBI:
IInstalationReader, Ukt38Sh4TrpReader,
OwenLibWrapper,  InstallationReaderCreator
(puc. 7).
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O linstallationReader '

' linstallationRea... * |
{ Ukt38Sh4TrpRe... A | | 'MerTECE
Class
= Methods
= Fields @ GetData
EL ChannelsCount @ Getht?Debug
@e ComportsCoUnt @ GetDeVlceStatus £ ————————— - N
@, logger @  GetPortStatus : InstallationReaderCreator # :
EL RetryCount : g I
E, Speed9600 - :
e Spee : I o |
OwenLibW A =
EL TimeoutDelay o Tl : Methods :
=2 Methods 1 @ Create -
@ GetData = Methods
@ GetDataDebug ®@ AC2_Close
@ GetDeviceStatus @ AC2_Open
@  GetPortStatus @ AC2_ReadUKT3...

Pucynoxk 7. Jluacpamma knaccos ona é3aumooeticmaus ¢ pusuieckumu npubopamu.

Knuentckoe mnpunoxeHne B (OHOBOM IMOTOKE
MEPUOJUYCCKH  OIPAIINBACT IOAKITFOYCHHEIC
npubopel. B cinydae BO3HUKHOBEHHS KaKHX-
anbo omubok B craTyc 0ap BBIBOAUTCS
cooOuieHre OmMOKH, €M MoKa3aHus COOpaHBbI
YCIICNTHO — TIOKa3aHWS 3aliCBHIBAIOTCS B 0a3y
JTAaHHBIX.

[TockonpKy OZHMM W3 OCHOBHBIX TPEOOBaHHI
SBIISIETCS.  BO3MOXKHOCTH pPaboThl B o¢driaiin
peXMMe, TO BO3HHKAeT HEOOXOIMMOCTh HE
TOJILKO COOMpATh MOKa3aHMsI C YCTAHOBOK, HO U
XPaHUTh WX B JIOKAJILHOW 0asze JaHHBIX, YTOOBI
BO Mepuojia OTCyTcTBHs MHTEepHET-coeAMHEHUS
MOCTYHAlONIMe C  yYCTAHOBKH  3HAYCHHS
TeMIepaTyp He ObUTH MOTEPSHBI.

Taxke opraHm3anus JIOKaJIbHOH 0asbl JTAaHHBIX
MO3BOJISIET  KJIIMEHTCKOMY  TPHIIOKECHUIO  HE
TOJILKO COOMpaTh IMOKa3aHUs, HO CTPOUTH
pa3nUYHBIE  OTYeTHl W Tpadukd 10
MOCTYNAIOUIMM JIaHHBIM B PEXHUME PEaTbHOTO
BPEMEHH, TIO3BOJISIA TMPOM3BOAWTH  aHAIU3
nokazanuii nmpubopoB naxe B offline pexume.
st XpaHEHUsT  MOKa3aHUU pudopoB

ucnoaezyercss  MS  Access ¢ onHOMU
€IUHCTBEHHON TaOINIIEN.

Taxoke opranuzanusi JOKaIbHOW 0a3bl JTaHHBIX
MO3BOJIIET  KJIIMEHTCKOMY MPHJIOXKEHHUIO HE
TOJBKO COOMpaTh IOKa3aHWs, HO CTPOUTH
paznuYHble  OTYeThl W Tpaduku 10
MOCTYMAIONIMM JaHHBIM B PEXHME PEalbHOTO
BPEMEHH, TIO3BOJISAA MPOU3BOAMTH  aHAIIU3
nokazaHui mpubopoB aaxe B offline pexume.
Jns oroOpakeHuss pa3iMyYHBIX TIpadUKOB B
KIIMEHTCKOM IPHJIOKEHUU MCIIONB3YETCsl KJace
Chart u3 makera DataVisualization.Charting,
nosiBuBmmiicss B .NET Framework 4. Jlanubrit
KJIacC MO3BOJISIET HE TOJBKO OTOOpaxarhb
rpaduKkd, HO U TMPEJOCTaBIAET LIMPOKHUE
BO3MOXHOCTH JJIi HX HACTPOMKH, BKIIIOYas
UCIIOJIb30BaHUE B KayeCTBE TOYEK 3HAYEHHUS
JaTbl M BPEMEHHU, YBEJIWYEHHE OTAEIbHBIX
oOmacrteif, a TaKXke coxpaHeHue rpaduka B
dopmare PNG umu PDF.

Jlyist oTIpaBKM MOKa3aHuii MPUOOPOB HA cepBepe
ucnonb3yercs APl BeG-cepBuca, ¢ KIMEHTCKOTO
npuioxenus 1o nporokony HTTP, meromom
POST ormpasnsiercss ¢aitm 8 JSON dopwmare,
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coaepxaiiue MaccuB otuetoB. Ocnooit HTTP
SIBJISIETCSL TEXHOJIOTHSl  «KJIUEHT-CEPBEP», TO
€CTh MpeANnoaaraeTcs CyILIECTBOBAHUE
norpedurenei (KIMEHTOB), KOTOpBIE
WHULUUPYIOT COEIUHEHHUE U TOChUIAOT 3aIpoc,
Y TIOCTABIIMKOB (CEPBEPOB), KOTOPHIE OKUIAIOT

COCIAMHEHUS  JUId  TOJIyYeHHs  3arpoca,
MPOU3BOJAT  HEOOXOJWMMEBIC  NEHCTBUS |
BO3BPAILAIOT obpaTtHO co00IIIeHnE C
pe3ynbTaroM. 3a OTIpaBKy TOKa3aHUH B
KJIMCHTCKOM  HPHUJIOXCHUU  HMCIOJIB3YIOTCS

pasnuuHble Kiaccol (puc. §).

e —— -~
| SenderManager A ™)
T '"T'I ISender
HEae ServerSender A
@, _dataTimer
@, _milliseconds
@, _statusUpdateAction =l Fields
@, logger -
a '0gg oﬁ _uri

@ MaxReportsCounts

S ———————————— — ————— ———_—_—_ -
N e e e e e e e - e e = = = - —

EL UploadReportS...

=l properties

¥ Period = Methods i A
=l Methods @ Send<T> Interface

@ Run Q - 1 _

€, Send a SerializeTolson... et ok

@ Stop @ ServerSender @ Send<T>

The e e e s e e e e e e e e

Pucynox 8. Jfuazpamma ucnonvsyemvix kiaccos 011 Omnpasku NOKA3AHU.

B kauectBe cuCTeMBbl ymnpaBieHHS Oa3zamu
naHHbix (CYBJ) ObLIO perieHo HCmoib30BaTh
MySQL, a B3auMOI€HCTBUS OCYIIECTBISIFOTCS C
nomoInpto php pacmmpenus mysqli. MySQL —
CBOOOJHAS pPEIAIMOHHAS CHCTEMa YIpPaBICHHS
6a3amu naHHbIX. MySQL sBnsieTcs pelieHuem
JUISL MQJIBIX W CPEIHUX MPUIIOKEeHUU. Bxonut B
cocras cepsepoB WAMP, AppServ, LAMP u B
MopTaTuBHBIE  COOpKHM  cepBepoB  JleHBep,
XAMPP. Ilpu npoekTupoBaHUM 0a3bl JaHHBIX
OBUIO  PENICHO  WCIIONB30BaTh  Pa3JINYHBIC
Tabnuel (puc. 9).

OcHoBHOM 3a/1aueit BeO-cepBuca sABIseTcs cOop,
00paboTKa M COXpaHEHHE MOKa3aHuil MpuOOpoB
KJIMEHTCKUX YCTaHOBOK, KOTOpbIE MOCTYIAOT B
Buge JSON ¢aiina, B HMEHH KOTOPOTO
00s3aTeNbHO JIOJDKEH TPUCYTCTBOBAaTh TOKEH
YCTaHOBKH. ITocne HOJTyYEeHUS, Gaiin
obOpabaTsiBaeTcs coriacHo cxeme (puc. 10).
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Jns Toro uyToObl BOHTH B BEO-IPUIIOKEHUE
HY)KHO TIEpEHTH 10 CIEAYILIEMY aJpecy:
tpms.team-force.ru/tpms.
Twumbl nosb30BaTeNe U UX BO3SMOKHOCTH:

e Tocrs - [Iloka3anuss TeMIepaTypbl
CEeTO/HS

e 3aperucTpupOBaHHBIH —
JIOTIOJTHUTEIIBHBIX TPAUKOB HET

e  Yuammecs — Bce rpaduku

e Buajeiablbl YCTAHOBOK — Bce TpaduKH,
uH(pOpMalKs O CBOMX YCTaHOBKAxX

e AJMHHHCTPATOPp — BCE
UH(pOpMaLKs 0 MOJIb30BATEIIX
B pamkax wuccnenoBanuii Obuia paspaboraHa u
3araTeHTOBaHa HOBas MOAM(DUKALUS aBTOMATH-
3MPOBAHHOIO JIAOOPATOPHOrO KOMILIEKca, J0-
nojgHeHHas Meteoctanuueil DAVIS instruments
Vantage Pro2, koTopas pacmmpsieT BO3MOKHO-
CTH TEIUIOPHU3MUECKUX HCCIEAOBAaHUH Orpax-
JTAIOIIUX KOHCTPYKIIUH.

rpaduku,
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installatio
Id
Longitude
Latitude
Name
Description
‘tokens City
_users Id l———O<«| Token_Id
Id ——O<GUser_Id Last_Update
Email Token < 11 rouf1 >
Password < 1[1 roqul >
Credentials
|2 rows|1 >

device_conn_sett

device_connset Id
Id ———-o0«¢Sett_Id
Name Sett_Value
I 1 rowl 1> Device_Id
<2 I 6 rows[

Id

Valuel
Value2
Value3
Valued
ValueS
Valueb
Value?
Value8
Date
Device_Id
< 1|870A 969 roy

devices

Id
Connection_Porl

s Type

Installation_I¢
< 1]6 rowslz >

Pucynok 9. ER-Ouacpamma 6azvl OaHHbIX.

C nomormpio chopMUPOBaHHOM Monenu (yHK-
[IMOHUPOBAHUS MPOTPAMMBl I MaTEeMaTHYECKO-
ro ajaropuTMa paszpaboTaHa KOMIbIOTEpHas
mnporpaMMa Jjsi o0pabOTKH MOJy4yaeMbIX J1aH-
HBIX C Ja0OpaTOPHOI YCTaHOBKH, KOTOpast Mo3-
BOJISIET JMCTAHIIMOHHO HAOIIOJAaTh 32 BCEMH
M3MEHSIOUIMMUCS TapaMeTpaMH  4epe3 CeTb
HNutepner. Ona pacmupsieT BO3MOKHOCTH IS
uccinenoBanusi. E€ akTUBHO UCIIONB3YIO CTYZCH-
Thl WHCTUTYTa CTPOUTEIHCTBA U APXUTEKTYPHI
OI'bOY BO «II'TY» Bo Bpems HaydHO-
HCCIIEIOBATENIbCKUX IPOEKTOB U BBITOJHEHHS
naboparopHbeix pabor.  JlaGopaTopHbBI KOM-
IJIEKC TpeacTaBieH Ha MOCKOBCKOM MeXayHa-
POIHOM CaJlOHEe W300peTEeHUN W HWHHOBAIOH-
HBIX TEXHOJIOTUH «Apxumen» u MexayHapos-

74

HOM (ecTHBalle MHHOBAIUH, 3HAHUI U M300pe-
tarenscTBa “Tesla Fest-2016”, Ha KOTOpBIX OBLIT
YA0CTOEH 30J10ThIX Meaaneid. B 2015 rony pas-
paboTKa BKIIOYEHA B TEPEUEHb BAKHEUIINX
HayuHbIX nocTmkeHuit ®I'bOY BO «IloBomxk-
CKHI rOCYapCTBEHHBIM TEXHOJOTUYECKUN YHH-
BEPCUTETY.

CIIMCOK JIMTEPATYPbI

1. Asporbun JI. H. [IpuMeHeHuEe BBIYHUCIIH-
TEJIBbHON TEXHUKH U MOJIETMPOBAHUS B ap-
XUTEKTYpHOM TMPOEKTUpOBaHWU. — M.:
Crpoiinznar, 1978. — 255 c.
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JSON daiin

MonyuyeHune TokeHa
u3 umeHun daina

Het
BanuaHbIA?

Mapcuur JSON

v

CoxpaHeHeHue
nokazauwi B bJ]

Het
EcTb ownbkn?

ApxXuBHUpOBaHWe
daina

OTBET C KoioM
200

Pucynox 10. [luaepamma oeticmeuii npu obpabomke ¢haiina nokazanuil yCmaHosKu.

Anossn P.M., ®enocos C.B., Muszonosn
B.E. Teopernueckne OCHOBBI MaTeMaTHye-
CKOTO MOJCIIUPOBAHUSA MEXAaHUYECKUX U
TEIJIOBBIX MPOLIECCOB B IPOU3BOJACTBE
CTPOUTEIBHBIX MaTEepPUAIOB: MOHOTpadwusl.
— MBanoBO: MIBaHOBCKHMIA IOCY1apCTBEHHBIN
APXUTEKTYPHO-CTPOUTEIBHBIN  YHUBEPCH-
teT, 2011. — 256 c.

Makarov A. Web Application Develop-
ment with Yii and PHP. Moscow, Packt
Publishing, 2012.

®ayaep M. Pedaxropunr. Yiyumenue
cymiecTByromero koaa. — M: «CuMBoli-
ITarocy», 2003.

Iasaos I'.H. ABTomaruzaiusi apXuTeKTyp-
HO-CTPOUTEJIBHOTO TPOEKTUPOBAHUS Teo/le-
3WYeCKUX KYIoJoB U obonouek. Jluccepra-
LI1sl HA COUCKAaHHWE YYEHOW CTENEHU JIOKTOpa
TEXHUYECKMX HAyK IO CIEeUUATbHOCTH
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ApaBHNbHb
cdhopmar?

v

OTBET C KOAOM
400 u ownbko# create
LI Sdlc

05.13.12 — «CucremMbl aBTOMaTU3aIMN TIPO-
eKTUPOBAHUs (CTPOUTENBCTBO, APXUTEKTY-
pa)». — Hmwxkuuit HoBropoa, Huwxeropoackuit
rOCyIapCTBEHHBIN ApXUTEKTYPHO-
CTpoUTENbHBIN yHUBEpcHTeT, 2007. — 245 c.
IMaTtent P® na u3obOperenue Ne2454659.
Ony6sukoBano 27.06.2012 r. brom. Nel8. /
Crioco6 O1eHKH TerIo(pU3NYeCKUX Xapak-
TEPUCTUK  OTPAKIAIOMIMX  KOHCTPYKLUN
31aHUM U COOPYXKEHUM, BBINOJHEHHBIX W3
KUpIUYa B 3UMHHI MEPHOJ] IO pe3yabTaTam
UCTIBITAHUN B HAaTYPHBIX ycnoBusix// Mype-
e [I.LH. u np.

IMatear P® Ha 1[OJE3HYIO MOJIETb
Ne124395. Onybmukoano 20.01.2013 .
broxn. Ne2. / YerpoiicTBo [uisi onpeencHus
TEMI0(QU3NYECKUX KAdyeCTB OTPaXKIAIOIINX
KOHCTPYKLUUN 3JaHUM U COOPYKEHHUH B
HaTypHBIX ycioBusax// Mypees I1.H. u ap.
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COBEPUHIEHCTBOBAHUE METOJIOB PACUETA
IJIOCKOCTHBIX KEJE30BETOHHBIX KOHCTPYKIIMI
C YYETOM JEWCTBUTEJIBHBIX CBOHUCTB
BBICOKOITPOUHBIX BETOHOB

H.U. Kapnenxo®?, C.H. Kapnenxo?, A.H. Ilempog’

1 Poccuiickas akasieMus apXUTEKTYphl M CTPOMTENLHBIX HayK, I. Mocksa, POCCH S
2 HayuHO-HCCIIE0BATENLCKUI HHCTUTYT CTPOUTENBHOMN Qusuku Poccuiickoii akagemun
apXUTEKTYpHl U CTPOUTEIbHBIX HayK, I. MockBa, POCCHUA
3 [lerpo3zaBojcKuii rocynapcTBEHHBIH yHUBEpCUTeT, T. Ilerposasoack, POCCHUS

AnHoTanusi: PaccMaTpuBaeTcs COBEpIICHCTBOBAHIE METOIMKH PACUeTa INIOCKOCTHBIX JKEJIC300€ TOHHBIX KOHCTPYKIIUH
Ha 6a3e meopManOHHON TEOPHH IIACTHYHOCTH Kee3o0eToHa ¢ TpemuHamu H.M. Kapnenko, roe Hanbosiee moaHO
YUHUTBHIBAIOTCS OCHOBHBIE (DaKTOPHI (hPM3NUECKON HEMTMHEHHOCTH >Kene300eToHa, 00pa3oBaHHE M Pa3BUTHE TPEUIMH B
pacTsHyTOM OeToHe, NEeHCTBUTENBbHBIA XapakTep IedopMupoBaHus OeToHa M apMmarypsl. JlehopmanroHHas MoJelb
XKeJIe300eToHa ¢ TpelIMHaMH C YIeTOM JuarpamMM aehopMHUpoBaHUs OETOHA M apMaTyphl NCIIOIB30BaHA ISl YUCIICHHO-
ro aHanM3a HaIpsHKEHHO-Ie(OPMUPOBAHHOTO COCTOSHHSA OalKH-CTEHKH M3 BBICOKONPOYHOTro OeToHa kiacca B100.
HpOBeZ[eHHI)Iﬁ aHaJIu3 MO3BOJIACT CACIAaTh BBIBOA, YTO YUE€T I[CﬁCTBI/ITCJ'[bHI)IX CBOMCTB MaTe€prajioB CymICCTBECHHO I10-
BBIIIIAET TOYHOCTh KOMITBIOTEPHOTO MOJEIUPOBaHUA. [IpoyHOCTs OeTOHA SABISETCS pemaromuM (akTopoM, Olpenens-
IOIIUM MEXaHM3M Pa3pyLICHUs KOHCTPYKUIUHU U 3(PPEKTUBHOCTh MCIONB30BaHUA apMaTypsl. Ha cragmm nmpoextupoBa-
HUS HanboJiee HaJACKHBIM U TOYHBIM MHCTPYMCHTOM OILICHKH 3KCHHyaTaHHOHHOﬁ IIPUTOJJHOCTH TNIOCKOCTHBIX KEJIE30-
OETOHHBIX KOHCTPYKIMH SBJISIETCS KOMIIBIOTEPHOE MOJIEIUPOBaHKe Ha Oa3e HEeJNMHEHOH AehopMauoHHON MOoaeH ¢
y4EeTOM ACHCTBUTEIBHBIX MPOYHOCTHBIX U JIepOpPMATUBHBIX CBOMCTB OETOHA M apMaTyphl.

Karouesble ciioBa: Z[e(l)OpMaL[I/IOHHaSI MOACIb JKelle300eToHa ¢ TpCIIMHAMHU, IJIOCKOC HAIIPSI)KCHHOC COCTOSIHUC,
METOA KOHEYHBIX 3JIEMEHTOB, KOMIIBIOTEPHOC MOJACIIMPOBAHUE, JUATPAMMBbl COCTOSIHUS, BbICOKOHpO‘IHLIfI 66TOH, KEJe-
300€TOHHBIE OaIKH-CTEHKU

ENHANCEMENT OF THE REINFORCED CONCRETE PLAIN
STRUCTURES DESIGN METHODS WITH THE TAKING INTO
CONSIDERATION THE TRUE PROPERTIES
OF HIGH PERFORMANCE CONCRETES

Nikolay I. Karpenko 2, Sergey N. Karpenko %, Alexey N. Petrov 3
! Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA
2 Research Institute of Building Physics of the Russian Academy of Architecture and Construction Sciences,
Moscow, RUSSIA
3 Petrozavodsk State University, Petrozavodsk, RUSSIA

Abstract: The enhancement of the reinforced concrete plain structures design methods on the basis of the deformation
theory of the plasticity of reinforced concrete with cracks by N.I. Karpenko is considered. The deformation model of
reinforced concrete with cracks taking into account the deformation diagrams of concrete and reinforcement is used for
numerical analysis of a deep beam made of high-strength concrete of class B100. The analysis makes it possible to con-
clude that taking into account the actual properties of materials significantly improves the accuracy of computer model-
ing. The strength of concrete is the decisive factor determining the mechanism of structural failure and the efficiency of
using reinforcement. At the design stage, the most reliable and accurate tool for assessing the operational fitness of pla-
nar reinforced concrete structures is computer modeling based on a nonlinear deformation model, taking into account
the actual strength and deformation properties of concrete and reinforcement.
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du3nuecKkue COOTHOILIEHUsS AJs JKeae300eToHa,
a TaKKe M3BECTHbIC YPaBHEHHUS pPaBHOBECHUSI,
COBMECTHOCTH JAedopmaruii, reoMerpuyeckue
COOTHOILIEHUS U TIPaHUYHbIE YCIIOBUS COCTaB-
JSIFOT CUCTEMbI ONPEACISIOIINX YPaBHEHUN Me-
XaHUKH OeToHa M jxene3o0eroHa. [lockonmbky
JIEMEHTbl MaTPUI] JKECTKOCTH B (U3UYECKUX
COOTHOILIEHUSX HE SBJISIFOTCS KOHCTaHTAMHU, a
NPEJCTABIAIOTCS  (DYHKIUAMM — HaNpsOHKeHUH,
nepopManuil UIM HEAHAIUTUYECKUMU 3aBUCH-
MOCTSIMHM, TO PELIEHUS 3a1a4 BBIIOJIHAIOTCS
YHCIEHHBIMU MeTojamu. Paspemiaromue ypas-
HEHUs, KaK IPaBUIIO, KOHCTPYHPYIOTCSA C IIO-
MOIIIbI0 METO/Ia KOHEYHbIX 3yeMeHToB. X pe-
LIEHWE JOCTUTaeTCsl IAaroBO-UTEPAlMOHHBIMU
METOZaMH{, B OCHOBE KOTOPBIX OOBIYHO JIEKaT
pa3nuuHble MOAU(PHUKAIUN METO/A EPEMEHHOMN
KECTKOCTH HPUMEHHUTEIBHO K JKEJIe300€TOHY.
Haubonee > pexTuBHOMN, C TOYKU 3pEHUS CXO-
JUMOCTU WTEPAlMOHHOIO IIPOLEcca, SBISETCS
3alUCh Pa3pelIAIINX YPaBHEHHUN B IIpHpale-
HUSX JJIS PELEHUs 3a]1a4 MaJOUTEPallMOHHBIMU
meronamu [1].

B nedopmanmonHoit Mmoaenu xenezoberona [2]
YUUTBHIBAETCSl HETUHEHHBIN XapakTep nedhopMu-
poBaHusi OeTOHa W apMmarypel U 0Opa3oBaHUE
TPELUH, YTO MPUBOJIUT K MpHOOpeTaeMoil aHu-
3oTponuu. CornacHo 3TOM MOJENH, CBSI3b MEX-
oy nedopMalusMU M HANpsSOHKSHUSMH TIpenl-
CTaBJIETCS B BUJE!

&y Cu Cp Cy Oy
g, r=|Cn Cypn Cylxqo,n 1)
Vyy Cis C, Cy Tyy

rae [C] — cuMMeTpruHas MaTpuIla MOAATINBO-
CTH >kene300eToHa.

[Ipu popmupoBanuu matpuilsl [C] yIUTHIBArOT-
csl mpuodpeTaemasi aHU30TPOIUsL OETOHA, HETH-
HEWHOCTh JehopMHUpOBaHUs OETOHA M apMary-
PBI, CBSI3W 3alleTUIEHUs] OEPEeroB TPEIWH, BIUS-
HUE CIEIUICHUS apMaTypbl ¢ OETOHOM MEXIy
TpPEIIMHAMU Ha €€ JuarpaMmy pacTsKEHUs Kak
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OCHOBHbIE (DaKTOpbl (U3NYECKOIN HeNnHeHHo-
cru. @usnueckue cootHomenus (1) u korpdu-
LUEHTbl MaTpulpl nojxatiuBoctu [C] ycranas-
JIMBAIOTCS HA OCHOBAaHMM aHAJIM3a HAINIPSKEHHO-
1e(GOpMHUPOBAHHOI'O COCTOSIHUS KOHEUHBIX 3Jie-
MEHTOB. [Ipu 3TOM BBIIENSAIOTCS YETHIPE CTATUH
paloThl MaTepuaa:
e JMHelHas 0e3 TpeuuH (ynpyras craius pa-
00ThI 6E€TOHA U apMaTyphl);
e HenuHelHas 0e3 TpeluH (C y4eTOM BIMSHUS
IUTACTHYECKUX Aedopmaruii B 6eToHE);
e C TpeUMHaMH IpU ynpyroi pabore apmary-
pBI B TpEIIMHAX;
e C TpemuHaMH npu paboTe apMmarypsl 3a mpe-
JIeJIOM YIIPYTOCTH.
Xapakrtep nedopMUpoBaHUS OETOHHBIX Jlie-
MEHTOB 10 00pa3oBaHMs TpeluH Haubolee
TOYHO OIKCHIBAET OPTOTPOIHAS MOJENb, IMO03-
BOJISIOLIAs] YUUTHIBATh HAIIPABICHHOE Pa3BUTHE
MUKPOTPEIIMH ¥ OTIMYUS B W3MEHEHHU (PH3U-
KO-MEXaHUYECKHX XapaKTEepPUCTHK OeTOHa II0
HAIPABJICHUSM CXKUMAIONINX U PACTATHBAIOIINX
HanpsbkeHudl. OproTponust mnpuoOperaercs B
MPOBECE HATPYKEHUS! KOHCTPYKIIUH, OCH CHM-
metpuu N,| mpuoOperaeMoii OPTOTPONHH B dJIe-
MeHTax 0e3 TpelIrH COBNaJAl0T C HalpaBieHU-
SIMU TJIaBHBIX IUIOINAAOK. CBS3M MEXIy Hamps-
KEeHUSAMU (O, 0y, Ty, ) U OTHOCUTEIBHBIMHU

nepopmanusamu (&,,&,Y, ) OETOHa 10 MOsBIE-

HUs TPEIIVH 3aIUChIBAETCSA B OCSIX OPTOTPOIHMH
n,l.
[Ipn sTom

On =Obt3 Ot =025 Toni = Tonz =0,

OIHAaKO BCJIUYHUHBI 7, IIPH 3aIIUCH OHPCIACIII-

OIIHUX COOTHOIIIEHHH OCTaBJICHBI C OCJIbKO HC-
MOJIb30BAHUS CTAHIAPTHBIX MAaTPUUYHBIX MPEOO-
pasoBanuii. B ocax n,| cBs3m Mexny Hampsbke-
HUSIMHU U OTHOCUTCIbHBIMU I[e(bOpMaI_[I/ISIMI/I
(&,,&, 7, ) 3aIUCHIBAIOTCS B BUJIE

9



gn
1
& r=—x
E,
7
(L/vyy) (= 12 1 Viso) 0
X| (= fons Vo) L/ vy, ) 0 |x
0 0 1/vye)
On gt?n
X< 0y r e €
Tonl Yon

)

WM COKpalI€HHO, COXpaHAd IIOCICA0BATC/Ib-
HOCTb HallUCaHUA BeKTOp-CTOJ'I6I_IOB 1 MaTpHIlbI,

{‘9 }n =E, 1[Cb ]n {Ub }n + {gk? }n ' 3)

1€ MHIACKC N YKa3bIBACT, YTO DJIEMCHTHI OTHO-

carcs K ocsam N .
B Bepaxkenun (2) v,V Vigp— KO3GOHLIHEH-
Thl U3MEHEHUs! CEKYIIUX Moayieil aeopmannii

oerona (v, E,,v,,E, — cexymme momymu no
HanpasieHusm N u |, v, ,E, — Moxyns B3anm-
HOTO BIMSHUSA; L4, — KOIQOUIKEHT Morepey-
HOU pedopmanun); v,; — KodQPHUIUEHT u3Me-

HEHHUS CEKyLIEro MOAyIs casura E v,

1 _1 +i+ﬂ, (4)

Vi Vi Vo2 Vi

gd,&n, &), — coOCTBEHHBIE AeopMaIun 6eToHa
(ycamouHble, TEeMIIEpaTypHBIE U JIp.).

Ko uurenTs! n3MEeHEHUsT CEKYLUX MOJyJIeH
nedopmaruu  6eToHa 3aBHCIT OT YPOBHEH

HaIpsHKEHUN

()

CootHomieHus (2) B ocsiX X U y MOTYT OBITh 3a-
MIMCaHBI B BUJE
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{e}, =[G, ]x {ou ), + {gl()) }x’ (6)

II€ COOTBETCTBEHHO UMEEM
[Cb ]x = [a]T [Cb ]n [a]; {88 }x = [a]T {gl(u) }n ' (7

371€Ch [Cb ]X — MaTpuIa NOAaTIMBOCTU OETOHA B

0CAX X U Y, {gt? }X — BEKTOP-CTONOEI] BBIHYXKIEH-
HBIX Jeopmanuii 6eTOHA B OCSIX X U V)

{Gb}x

— BEKTOP-CTOJI0EI HANPSKEHUH B OCSX X U ).
[Tpu pemieHnH OTIENBHBIX 3a7ad COOTHOIIICHHUE
(6) ynoOHO 3anuceIBaTh B 0OpaTHOM BH/JIE

{on ), = [db]x el _[db]x {58 }x’ (8)

rac [db]x — MaTpHIa )KECTKOCTHU B OCIX X U J;

T
= {Gbx ' O-by ' z-bxy }

[d b ]x = [Cb ];1 . )

B pas3BépHyTroM BHE, TOCIE MEPEMHOXKECHUS
MaTpHll, BXOJASIIUX B IepBoe Bblpaxenue (7),
MaTpulla MoIaTIMBOCTH PUMET BUJ

Cbll CblZ Cb13
[C ] CblZ Cb22 Cb23 ' (10)
CblS b23 Cb33_
sin’ « cos a ).
bll Vbl 2 ]
Cb23 = Cb13 = sin2a (i _i}
2B, \(Vip iz
2 . 2
Cbzzzi(cos a+3|n aj; (11)
E, Vi1 Vb2
Chio =~y (Emez );
1(1 1 2y
Cias :—(—+—+#j.
Ey (Vi Vi V12
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[TocTpoenue onpenensomux COOTHOICHUNA IS

KeJIe300€TOHHOTO 3JieMeHTa 0€3 TPeIIUH Mpo-

W3BOJUTCS Ha OCHOBAHMM CJIEAYIOIIMX IMPero-

CBUIOK:

e nedopmManuu Kene300eTOHHOTO 3JIeMEHTa
coBmajmalT ¢ jAedopManusMu  OeToHA
( gbx =8x; gby =‘E‘y; Tbxy :Txy);

® [PUHUMAETCS PABEHCTBO OCEBBIX OTHOCH-
TEJBHBIX JedopManuid apMaTypsl 1 OeToHa
(&4 = &, ), 32 UCKIIOUCHHEM 30H aHKEPOB-
KM apMaTypbl, TJ€ YCIOBHE COBMECTHOCTH
HapPYIIACTCS;

®  HOpMaJlbHBIE

HAITPSPKCHU 9JICMCHTAa

T
{O'}X = {Gx y Uy ) Txy } nojararoT COCTaBHbIMH

BEJIMYUHAMU, COCTOSALIUMU U3 HANPKEHUN
B OeTOHE U NPUBEAEHHBIX HANpPSHDKEHUN B
apmarype:

Oy =Opy — :usxo-sx;
O-y = O_by - :usyo-sy;

z-xy = Tbxy + 075Tsxy (/usx + /us)

(12)

(IOTyCKaeTCs IPUHUMATD T, = Ty, ).

e

B apMaType (Hampumep, B pe3ysbTaTe IpeaBa-
PHUTEIBHOTO HANPSDHKEHMs) O Hayalla COBMECT-
HOM paboThI apMaTypbl U OETOHA.

— HaYaJIbHBIC HAITPAXKCHUA

{82 }X :{8&,53,0}T — BBIHYXJEHHBIC Aedopma-
UM apMaTyphl, KOTOpble peaqu3yloTcs B HpoO-
1[ecce COBMECTHOM paboThl apMaTyphl U O€TOHA
(xax ¥ BBIHY)XJIEHHBIE leopManuy 6eToHa).

ITpu yxa3aHHBIX OOMIMX MPENNOCBUIKAX OIpe-
JETSIONINE COOTHOLICHHUS JUIS )KeIe300€TOHHO-

ro 3jeMeHTa 6e3 TPECIIHUH ITPUHUMACTCA B BUJIC
{O-}x = [d ]X {g}x - [ﬁo]x + {O-so }x’

rIe [d ]X — MaTpHIIa )KECTKOCTH JKeIe300eToHa,

(13)

(14)

[ds ]X — MaTpUIla yIpyrocTH apMaTyphl:
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HoEy 0 0
[ds ]x = 0 Hy By 0 '
O 0 072(ESX/JSX + ESyﬂSX)

(15)

Ey By, — MOIynH ynpyroctu apmarypsl (pu

paboTe apmarypbl B YyOpyromiacTU4ecKol cra-
UM OHU 3aMEHSIOTCS Ha CEKYIIHe MOIYNu Je-
dbopMaruii, KOTOpBIE OmNpenesieMble 10 JHa-
rpaMMaM COCTOSIHUSI apMaTyphl);

{ﬂo}x = {ﬁox’ﬂoy,ﬂoxy }T

— BCKTOp-CTOJ’I6eH BI)IHY)KILGHHI)IX yCJ'IOBHI)IX
(9KBMBAJICHTHBIX ) HAIIPSHKCHUIH,
8% =[d,] {2}, +[d,] {2 .. (16)

Hanpspokenus B apmatype BBIUUCISIOT 10 (op-
MyJIe

fo.} =[d. ] ek —[d] {2} + o0), D)

a HampspKeHus B OeToHe — 1o Qopmynam (2)
i (8) mocite onpenencHus aedopManuii {g}x .
Ompenensromnye COOTHOLIEHUS ISl Kele300e-
TOHA C TpeuMHaMu (HOPMUPYIOTCS B 3aBHCHMO-
CTH OT CXeMbl TpemuH. [Ipu aHammse Hamps-
JKEHHOTO COCTOSIHHSI CJIEyeT MPOBEPATH BO3-
MOXKHOCTh OOpa30BaHHS JBYX CXEM TpPEIIHH:
HEeMepeceKamIuxcss 1 mnepecekarommxcs. He-
TepeceKaroIIrecs TPEIIMHBI 00pa3yroTCs, KOT/Ia
HapylIaeTcs MepBOe W3 ABYX YCIOBUHU (Tpu
Oy >0y

Ot < Ritser bt 3 Fb2 S Rpgeer Vit (18)
TIe ¥, — Kod3(HUIMERT ycnoBuil paboThl GeTo-

Ha, OTpeesIieMbIi 1o hopmyIie

Re®s
0,2+aB)R,p, + R, '

127, =7 (19)
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3HaYeHUss « ©W B NpUHUMAIOTCS COIJIaCHO
yKa3aHHsIM HOPMATHUBHBIX HCTOYHHKOB,;

@, :‘Gbllo-bz"

[epecekaromumecs: TpemuHbl 00pa3yrTCs, KO-
raa Hapymaiorcs oba ycrmoBusi (18). 'maBHbIC
HANpSOKCHUsT B OCTOHE BBIYUCISIOT 10 KOMIIO-
HEHTaM {ab }X no gopmynam (8) mocie HaXOXK-

neHus AedopManuii - dJIeMeHTa {g}x. Vron

HaKJIOHA TPEUIMH ¢ B OETOHE ONpefelsieTcs B
MOMEHT HapylieHus mnepBoro ycioBus (18) u
CUMTAECTCsl HEU3MEHHBIM. B ympyrou craauu
paboThl apMaTyphl JOIYCKaeTCcsl yrojl ¢ ompe-
NeNIATh, UCXOMAS U3 YCIOBUS MPOXOKIEHUS Tpe-
IIMH BJOJb IUIOIIAJOK IPWJIOKEHUS TIJIaBHBIX
CKMMAIOLIMX HaNPSHKECHUH.

Ilocne nosiBIIeHNsT HENEPECEKAIOINXCS TPELIVH
JJIEMEHT Pa3JesAeTCss MU Ha OTJENbHBIE T10JIO-
Cbl, COEIMHEHHBIE CTEPKHAMHU apMaTypHOH ceT-
K1 3a cu€t cui crerienus. CrersieHue TakoBo,
YTO MPOMCXOJUT HApPYLUIEHHME COBMECTHOCTH
oceBbIX Jnedopmanuii apmaTypsl U OeTOHa
BCJIE/ICTBHE TEpeMelleHui (cMeleHuil) apma-
Typbl OTHOCUTEIHHO O€TOHA (B OCHOBHOM MpO-
UCXOJAIIMX [0 KOCOCHMMETPHYHOHM cXeMme B
npeneaax OJHOM IMOJIOCHI MEXIY TPEIIMHAMU).
[Tonocel OeToHa MeXay TpelUIMHAMH MOTYT ca-
MOCTOSITEIbHO paboTaTh HAa OCEBOE C)KaTHe
(pacTspkeHne) BAOIL TPEIIUH WU Ha CIKATHE CO
caBurom. B tpemmnax Bce ycuius (3a MCKIIIO-
YeHHEeM HEKOTOPBIX YCHUJIMI B CBS3AX 3allerie-
HUSl OeperoB TpeIIMH) MepelaloTcsl Ha apMary-
Py, KOTOpasi BOCIIPUHUMAET KaK OCEBbIE, TaK U
KacaTelbHbIe HaNpsHKEHUs (HareabHBINA 2PQPeKT
B apMarype). B monocax Mexnay TpeumHamu
HaIpsDKEHUS B apMaType YMEHbBIIAIOTCA 34 CUET
CWJI CLEIUICHHUs, YTO CKa3bIBAETCSA Ha CPEIHMX
OTHOCHUTENIBHBIX JeOopMalusix apMaTypsl U
XKECTKOCTHU 31eMeHTa. OceBble CMEIEHMs apMa-
TYpbl OTHOCUTENIBHO O€TOHA NPHBOIAT K pac-
KpPBITUIO TpPEIIMH, & HAKJIOHHOE K TpEIIMHAM
pacrojoKeHUEe apMaTypbl U KacaTeJbHbIE
HampsDKeHUs B Hell — emé U K COBUTY Oeperos
tpeumH. [Ipu nepecekaromuxcs TpemuHax Oe-
TOH BBIKJIIOYAETCAd U3 PadOThI, HO MPOJIOJIKAET

H.W. Kapnenko, C.H. Kapnenko, A.H. Iletpos

OKa3bIBaTh BIIMSIHME HA CHUKCHHE CPEAHMX Je-
dbopmanuii ¥ HANPsHDKEHUH B apMaType U CIABUT
JJIEMEHTA.

ITon otHOCUTENBHBIMU J1ehOPMALIUAMHU DJIEMEH-
Ta C HENEPECEKAarIMMHCI TPEIMHAMHU B OCSX
n, I, Toe ock N MPOXOAUT MO HOPMAJIH K Tpe-
IIMHE, NOoJpa3yMeBaloTcs Jedopmanuu, KOTO-
pbl€ CKIAIBIBAIOTCA M3 JIBYX YacTEH: CPEIHUX
(cryia)kKeHHBIX Ha OTPE3KE PACCTOSHUS MEXITY
TPEUIMHAMHU) OTHOCHTEIBHBIX JeQopManuii oT
PacKpBITHS TPELUIMH O/, U ciasura 6eperos A

U CPEHMX M CPEJHUX OTHOCHUTENBHBIX Aedop-
Mamui (&, Ep s Yoy ) HONOC OETOHA MEXKITY

TpEUIMHAMU:

8n :acr /tcr +8bn;
& =&y (20)
ynl =Acrllcr +7an’

rae |, — paccrosiHue MeXIy TpeluHaMu (KiIu

LIMpUHA TOJIOCHl OETOHa MEX]y TPELIMHAMMU).
31ech O0LIME CIBUTH ), COCTOAT U3 JBYX Ya-

cTen

YV =Vn TN
IJIe COOTBETCTBEHHO

7/n = Acr /Icr +O'57bnl ; 7/I = 0157/an; (21)

Yon — YTOJ CABHI'A ITOJIOC OcToHa MCKOAY TpeC-

HI[AHAMHU.
Ocu n, | 10 mosIBICHHS TPEHIMH COBIAIAIOT C
ocsiMu 1,2 riaBHBIX HaMpsDKEHUM, a MOCIe To-
SIBJICHUS TPEIUH MOT'YT C HUMH HE COBITaJIaTh.
B cinyuae nepecekaromuxcsi TpeIUH, OPUEHTHU-
POBaHHBIX BJIOJIb Oceii N, |,

gn =Otcrl“crl;gl =Otcrzllcrz;

7/nlz}/n+7/lzAcrlllt“,rl—+_A /Ich’} (22)

II€ Q,, — IIUPUHA PACKPBITHS TPELIMH, HOP-

cr2

MaJIBHBIX K ocl N mpu i=1 u k ocu | mpu

1=2; A,;— casuru 6eperos Tpemus; |, — pac-
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CBOICTB BBICOKOIIPOYHBIX 0OCTOHOB

CTOSIHME MEXy TPEIIMHAMU OJHOTO U BTOPOTO
HaTpaBJICHUS.

[Ton HampspDKEHUSAMH KeJIe300€TOHHOTO dJe-
MEHTa C TpEIIMHAMH TIOAPA3yMEBAIOTCS JBYX-
KOMITOHEHTHBIE BEIMYMHBI, COCTOSIINE U3 MPU-
BE/ICHHBIX HANpPsOKCHUH B apMmarype u OeToHe,
KOTOpBIE, OJIHAKO, UMEIOT CYIIECTBEHHbBIE OCO-
OCHHOCTH:

— KOMIIOHEHTHI HalpsbKeHUM B OE€TOHE U apMa-
Type (Kak W OTHOCUTEIBbHBIX NedopManuii) B
OTJICTIbHOCTH M3MEHSIOTCS TI0 3aKOHAM HECHM-
METPUYHOTO TEH30pa HampsHKeHUH Tak, 4To Ha
IJIOH[aIKaX C TPEIIMHAMHU  COCTABJISIOIIAS
HanpsDKCHUH B O€TOHE MPaKTUYECKH oOpariaeT-
ci B HOJb (32 HCKIIOYEHHEM HEKOTOPBIX
HaNpsDKCHUH B CBS3SX 3allCTUICHHs), a Ha IUIO-
[aIkax, HOPMAJIbHBIX K TpEIIMHAM, MPUCYT-
CTBYIOT 00€ COCTaBIISIONINE, KOTOPHIC BBIYHC-
JSIFOTCS [0 CPEHUM HAIPsDKEHUSIM B OeTOHE U
apMartype;

— o0Iue HampsDKeHUs B JKEJIe300€TOHHOM
AJIEMEHTE HW3MEHSIOTCS 10 3aKOHAM CHMMET-
PUYHOTO TEH30pa HAPSHKEHUIA;

— W3-3a HapyIIeHUs CIEIUICHHUs apMaTyphl ¢ Oe-
TOHOM 3HAaKH OJHOMMEHHBIX KOMIIOHEHT B Oe-
TOHE ¥ apMaType MOTYT HE COBITQ/IaTh.
Metoauka (U3MYECKH HEIMHEHHOro pacueTa
peann3oBaHa B BUJAE TPOTPaMMBI KOMITBIOTEP-
HOTO MOJIEJIMPOBAHUS KeJIe300€TOHHBIX OaJIOK-
CTEHOK C TpEUIMHAMH, C TIOMOIIBI0 KOTOPOM
OBLT MPOBENIEH CPAaBHUTENBHBIA aHAIIM3 HaMps-
KEHHO-TIE()OPMHPOBAHHOTO COCTOSIHUS ~ JBYX
KOHCTPYKIUKA C OJUHAKOBBIM apMHPOBAHHUEM,
HO W3 OETOHA CYIIECTBEHHO PAa3HOM MPOYHOCTH.
XKenezoberonnsie 6anku-crenkn bC-1 u bC-2
BbicoTOM 1000 MM, TonmuuHo#i 200 MM U TIpoJie-
TOM 4 M, apMHUPOBAJIUCh CETKaMH W3 OPTOTO-
HalbHBIX cTepxkHeill J16A500 ¢ marom 200 mm.
B kadectBe mpomonapHON pabouel apMaTyphl B
pacTsHyTOM 30HE OBUTM YCTAHOBIJIEHBI YETHIPE
crepxHs D28A500. Onupanue OaTOK-CTEHOK
OCYIIECTBIISUIOCH [0 YIJIaM 4Yepe3 CTaJbHbIe
npoksagku 300x300 mm TommmHOM 30 MM.
Cxema apMupoBaHus OallOK-CTEHOK ITOKa3aHa
Ha puc.l. ®u3nKo-MexaHHUUECKUEe CBOMCTBa Oe-
TOHA TPEe/ICTaBlICHbI B Tabmiie 1.

PacuerHast cxema 0allOK-CTEHOK M cXema 3a-
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rpy’kKeHusl mokas3aHsl Ha puc. 2. IIpu HazHaue-
HUU pPacyeTHOM CXEeMbl Y4YMTHIBAlIach CUMMET-
pUsl KOHCTPYKLUMH U IPUIOKEHHUS Harpy3Ku.
CummeTpuyHas 4acTh OAJIKM-CTEHKH ObLia pas-
o6utra Ha 110 MPSAMOYTrOJIbHBIX KOHEYHBIX 3JIe-
MeHTOB c0 135 y3namu. Tumbl KOHEUHBIX 3Je-
MEHTOB Ha pHC.2 BbIIEICHbl TOHOM M OTJIMYa-
I0TCS  KOd(G(UIMEeHTaMH  apMHUPOBaHUS B
HanpaBieHuu ocu x. Koapduumentsl apmupo-
BaHUS KOHEYHBIX AJIEMEHTOB IMPEJCTABIICHbI B
Tabiune 2.

3arpyxeHue  0alOK-CTEHOK OCYIIECTBIISIIOCH
CTYNEHSIMH  DPAaBHOMEPHO  paclpeaeieHHOU
Harpy3ku uHTeHcuBHOCThbIO 20 xH/M s Gan-
ku-cteHku BC-1 n 40 xH/M mis Ganku-cTeHKu
BC-2. Tlompem Harpy3ku A0 paspylICHUS
BKJItO4an 14 cryneneit nna 6anku-crenku bC-1
u 24 nns Ganku-crenku bC-2. Ha pwuc.3 moka-
3aHbl KPHBBIE 3aBHCHMOCTH Iporuba Oanok-
CTEHOK OT BHEILIHEH Harpy3KHu.

Harpy3ka TtpemunHooOpa3zoBaHus Uil Oajku-
crenkn bC-1 cocraBuna 40 kH/m, nepBeie Tpe-
IIMHBl MOSBUJIMCH B HIKHEM pALY KOHEYHBIX
anemenToB (KJ) ¢ nomepamu 108,109,110. dus
6anku-crenku bC-2 Harpyska TpemmHooopazo-
BaHus coctaBmwia 100 kH/m, nepBbie TpeumuHbl
NOSIBWIMCH B HIKHEM psany KO ¢ Homepamu
107,108,109,110. Cxema TpenmHOOOpa30BaHUS
B Oanke-crenke BC-2 nokaszana Ha puc. 4. Hu-
e, Ha pUC. 5, IS CONMOCTaBIIEHUSI PUBOIUTCS
cXemMa TpelmuHoOOpa3oBaHUS TpU Harpyske
100 xH/m B Ganke-ctenke BC-1.

banka-crenka bC-1 pa3pymunnaces npu Harpyske
280 kH/m, cxema TpemmHOOOpa3oBaHUs B CTa-
UM pa3pylleHHs NokazaHa Ha puc.6. Ilpuun-
HOM pa3pyllIE€HUs SBUIOCH HCYEpPIIAHUE HECY-
el CroCOOHOCTH M PACCIOCHHE CHKAToro Oe-
TOHa B cepeauHe nposera B KO ¢ Homepamu
8,9,10,11 (Bepxuwmii psim) u 20,21,22 (cpennuit
psn). Mcyepnanue mpodHocTH OETOHA COIpPO-
BOXKJIAJIOCh TEKYYECThbIKO TMPOJIOJIBLHOM CHKaTOM
apmarypoii. IIpu 5TOM MakcCHMallbHbBIE HAIps-
JKEHHSI B MPOJOJBHOM pacTSIHYTOM apMmaType B
ceuennu ¢ tpemmHou (KD 110) mocturnu 320
MTIla, uro nns apmarypsel kinacca AS00 cocras-
nsieT ToJibko 62,5% mnpenena TeKy4ecTH.
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Ta6ﬂuga 1. Duzuxo-mexanuyeckue ceoticmea bemona.

H.U. Kapnenko, C.H. Kapnenxo, A .H. Iletpos

Monyib
Ky6ukopas [pusMeHHas Hporrocts MIHOBEHHO- Abuucca
Mapxka MPOYHOCTH MPOYHOCTh 1K OCCBOM YIpyrux BEPIIMHBI
an-Ta R(15x15 cm), Rb, paCT’IgKeHHH nepopmanmit AUarpaMmbl
MIla MIla o, Eb, CKATHA &,
Mlla MIla
bC-1 20 15 1.35 27500 0.0020
bC-2 100 71 3.8 43000 0.0029

Tabruya 2. Kosgppuyuenmoi apmuposanus KOHEUHbIX 2NeMEHMO8.

Homepa koHeuHbIX Koaddunuent apmupoBanus | Kosddunuent apmupoBanus
3JIEMEHTOB B HalPaBJIEHUU OCH X B HalpaBJIECHUU OCH Y
1-22 0.01 0.01
23 -44 0.0001 0.01
45 — 66 0.01 0.01
67 —88 0.0001 0.01
89 - 110 0.0616 0.01
20916 A500
|
2016 A500
=~
q S
S
T~
428 A500
<> 200
4000
Pucynox 1. Cxema apmuposarusi 6aniox-cmeHoK.
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Pucynox 3. Kpusvie npoeuba 6anox-cmenok bC-1 (nynkmup) u 5C-2 (cnrownasn nunus).
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Pucynox 5. Cxema mpewunooopazosanus 6 BC-1 npu naepyske 100 kH/m.

MexanusMm paspyiieHus: OalKu-CTCHKU
BbC-2 Hocun nmpuUHIMNUAIBLHO WHOM Xa-
paktep. Pa3pylieHue KOHCTPYKIIMHU CO-
MIPOBOXKAAIOCH TEKYYECTBIO MPOIOJIBHOM
pacTIHyTOM  apMarypbl, TMpHU OTOM
HaIpsDKeHUST B OCTOHE CHKaTOM 30HBI HE
JOCTUTIIA TIPU3MEHHOW MNPOYHOCTH. Te-
Ky4eCTh MPOJOJIbHON pACTAHYTOW apma-

86

Typbl Haudajachk npu Harpyske 580 kH/m
B HmwxkHeM psaany KO ¢ Homepamu
108,109,110. Cxema TpemmHOOOpa3oBa-
HUS B 3TOT MOMEHT MOKa3aHa Ha puc. 8.
JlanmpHenee yBelM4YeHUe Harpy3Kh cCO-
MPOBOXKJANIOCHh YBEIMYEHUEM YHUCIA KO-
HEUYHBIX AJIEMEHTOB, TJle¢ HANpPSKEHUS B
apMatype JOCTUTIIM Mpejiesia TEKYYeCTH.
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Pucynok 7. Cxema mpewunooopazosanus 6 bC-2 npu nazpyske 280 kH/m.

[Tpu narpyske 680 kH/M TekyuecTs ap-
MaTypbl OTMedaeTcsi BO BTopoM psiay KO
¢ HoMmepamu 95-99. HMcuepnanue Hecy-
el CrnocOOHOCTH KOHCTPYKLUH TPO-
u3onuio npu Harpyske 960 xkH/m u co-
IPOBOXKIAIOCHh  CYIIECTBEHHBIM,  Ha
16,5% yBenuueHuem mnporuba Ha II0-
CJIeTHEN CTYNEeHH HArpy>KE€HUs U Pe3KUM
YXYALIEHUEM CXOJIMMOCTH HTEpPalUOH-

Volume 14, Issue 2, 2018

HOTO mporecca. Ilpu 3TOM TekydecThb
apMaTypbl ©Meja MECTO MPAKTUYECKH TI0
BCEMY HWKHEMY TIOSICY OaJIKU-CTEHKH (B
K3 ¢ nomepamu 103-110 B HIKHEM Py
u B KD ¢ Homepamu 93-99 BO BTOpOM
psangy). Cxema TpemmuHOOOpa30BaHHS B
oanke-crenke bC-2 mpu paspyuieHuun
MOKa3aHa Ha puc.9.
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Pucynok 9. Cxema mpewunoobpaszosanus 6 5C-2 npu pazpywenuu (nacpyska 960 kH/m).

CpaBHUTENBHBIM aHAIU3 TMO3BOJSET CHENATh
BBIBOJI, YTO YYET JACHCTBUTEIbHBIX CBOMCTB Ma-
Tepuajia CYIIECTBEHHO MOBBIIIAET TOYHOCTh
KOMIIBIOTEPHOTO MOJeIupoBanus. [IpoyHOCTH
OCTOHA SIBIISIETCS pemarIuM (GakTopoM, orpe-
JETSIOIMM MEXaHHU3M Pa3pyLIEHUs] KOHCTPYK-
1in ¥ 3PPEKTUBHOCTH UCIIOIB30BAHMS apMaTy-
pel. Ha cramuu mpoekTtupoBanus HauOolee
HaJIe)KHBIM U TOYHBIM HMHCTPYMEHTOM OIIEHKH

AKCIUTyaTallMOHHOW PUTOAHOCTH IIIOCKOCTHBIX
XKeNne300eTOHHBIX KOHCTPYKIMN SIBISETCS KOM-
NBIOTEPHOE MOJIEIMpPOBaHNEe Ha Oa3e HETUHEi-
HOW Je(hOpMAIMOHHON MOJENH C y4eTOM Jeii-
CTBUTEJIbHBIX MMPOYHOCTHBIX U Je(POpPMATUBHBIX
CBOWCTB O€TOHA M apMaTypHl.
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®OPMYJIbI JJ151 PACUETA MIPOT'UBA U YCUJIUIA
B IINNPEHTEJbHOM ®EPME
C TPOU3BOJIbHBIM UM CJIOM NAHEJIEA

M.H. Kupcanoes

HarmonansHeIH HccienoBaTeNbekuii yHUBepcuteT «MDOWy», 1. Mocka, POCCUS

AHHOTanMA: 3amava 0 Mporude TUIOCKOHM CTaATUYECKH ONPEeAeTuMOi (pepMbl, UMEIOIIEH JBE OTOPHI U CIOKHYIO
pelIeTKy, pelllicHa B CUCTEME KOMIIBIOTEPHOH MaTeMaTHKu Maple B cumBonbHOH hopme. Vcnonp30BaH MeTO
MHIYKIUH U COOTBETCTBYIOLUE OMNEPATOPHI MOIYUYECHHS U PEUIeHHUsS PEeKyppEeHTHBIX ypaBHeHui. HalineHsol BbI-
PaKEHUS I YCHIMHA B HAHOOJIee CHKATBIX M PACTSIHYTHIX CTEpKHAX. [IpoaHamm3upoBaHo BIMSHUE paciperele-
HUS MaTepHaia Mo CTEPXKHSIM MOSICOB (PePMBI U PEIICTKH, 3aBUCHMOCTh MPOTHUOA OT BBHICOTHI ()epPMBI M YHCJIA Ta-
Henel. [lody4eHo acCHMITOTHYECKOE MPUOIKCHUE PEIICHUs IS CIyYas MpojeTa (GUKCHPOBAHHOW UIMHBI U
3a/1aHHOM Harpyske, paBHOMEPHO Paclpe/eNIEHHOM 1Mo y3J1aM HIKHEro mosica.

KuaroueBble cjioBa: ¢pepma, mporud, MHIYKIWS, HHTETpait Mopa, Maple

FORMULAS FOR COMPUTING OF DEFLECTION AND FORCES

IN THE TRUSS WITH ARBITRARY NUMBER OF PANELS

Mikhail N. Kirsanov
National Research University “Moscow Power Engineering Institute”, Moscow, RUSSIA

Abstract: The problem of the deflection of the flat statically determinate truss, having two supports and a com-
plex lattice is solved in the system of computer mathematics Maple in symbolic form. The induction method and
special operators receiving and solving recurrence equations are used to obtain the solution. The expression for
forces in the most compression and tie rods are detected. Analyzed the distribution of material along the rods of
the belts, girders and lattice, dependence of a deflection of the height of the truss and the number of panels. The
asymptotic approximation of the solution for the case of fixed span length and a given load, uniformly distribut-
ed over the nodes of the lower belt, is obtained.

Keywords: truss, deflection, induction, Mohr' integral, Maple

1. IOCTAHOBKA 3AJTAYHN

C pasBuTHEM CHCTEM KOMIBIOTEPHOM Marema-
tuku (Maple, Mathematica, Maxima u n1p.) mo-
SIBUJIACh BO3MO>KHOCTh Ha OCHOBE aJITOPUTMOB,
paHee NPUMEHSEMBIX B YHCIIEHHBIX pacyerax,
HOJy4aTh TOYHbIE (POPMYIBHBIE PEIICHUs 33734
MEXaHUKH, B TOM YHUCJIE U MEXAHUKU CTEpPIKHE-
BoIX cucteM [1-3]. L[eHHOCTH aHATUTHUYECKOTO
pe3yiabpTaTa, IOMUMO BCErO MPOYEro, ONpeess-
€TCS YMCIIOM HE3aBUCHMBIX I1ApaMETPOB HCCIIE-
nyemoi koHcTpykuuu. s depm sto, kKak mpa-
BUJIO, Pa3MEPBI, CBOMCTBO MaTepHalla U Harpys-
ku. [lonyunts B cucTeMe KOMIBIOTEPHOM Mare-
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MaTHKH KOHEYHYIO (hopMyiy, BKIIOYAIONIYIO B
ce0sl 3TU MapaMeTpsl, He cocTaBiseT Tpyna. Jo-
CTaTOYHO YPABHEHUS PABHOBECHS COCTABUThH HE
B YHCJICHHOW, a B CHMBOJIBHOH Qopme; TOIy-
YUTh PELICHUE CHUCTEMbI, U C IOMOIIbBIO HHTE-
rpaa Mopa BBIBECTH HUTOTOBYIO (OpMYIy ISt
nporuba, eciu CTaBUTCs Takas 3aaaya. Beectu
e B 3Ty (OpMyJTy UMCIIO MaHeIe MOXHO Jaje-
KO He Bcerza. Bo-mepBbIX, 3TO BO3MOYKHO NpHU
YCIIOBUU PETYJISIPHOCTU CXEMBI (PEPMBI C OJTHUM,
peke C JBYyMs HaTypaJbHBIMHM YUCIIAMH, Xapak-
TEPU3YIOIIMMHU CTENEeHb ee cioxHocTu. [Ipocras
OanoyHas (epma ¢ mapaieIbHBIMU HOSCAMH U
PAaCKOCHOM pENIeTKOM — MpPHUMEp TaKOH pery-



dopmysl 415 pacdera mporuda v yCHIHH B IINPEHTeIbHON (epMe C MPOU3BOJIBHBIM YHCIIOM TTaHeel

JSPHOM KOHCTPYKIMHU. UHCIIO maHeied — 3To
napaMeTp CJIOKHOCTH CHCTeMbl. BoO-BTOpBIX,
cnenudrka aHATUTHYECKUX MpPeoOpa3oBaHMI
TaKOBa, YTO C YBEJIUYCHUEM YHCIIAa CTEPIKHEH, a
CIIeZIOBATENIbHO, U YPABHEHUH paBHOBECHS, Bpe-
Ms TIpeoOpa3oBaHUi pacTeT 3HAUYUTEIBHO OBICT-
pee, 4eM 3TO MPOMCXOIMT JUISl YUCICHHBIX pac-
4YeTOB, M, HaYMHAas C HEKOTOPOTO MOpPSAKa CH-
CTeMbI ypaBHEHUH, BpeMsi cueTa HACTOJBKO Be-
JIMKO, YTO MOJYYHTh AHAIUTHUCCKOE PEUICHHE
NPaKTUYECKH HEBO3MOXKHO.

O030p HEKOTOPBIX AHATUTUYECKUX PEIICHUMN
JUIS TUTOCKHUX (hepM coaepxkutcs B [4-6].

2.TEOMETPUSA ®PEPMbI

Paccmotrpum Ganmounyro ¢epMy C PperIeTKou
mmpenreasHoro tumna (puc. 1). B kadectBe ma-
Helmu OyJeM CUYUTATh 3]IeCh SUCHKY MepHuoInud-
HOCTH JIJTHHOM 28 U3 CEeMH CTEPIKHEH.

B depme ¢ N maHensMu B MOJOBHHE MpOJIETa
COJICPKUTCS

m=16n+4

CTEPXKHEH, BKIIIOYAas TPU CTEPXKHS, MOJEIHUPY-
folme onopel. Yncno ysnoB (LIApHUPOB) HpPH
9TOM paBHO 8N+2, ciepoBaTeNbHO, CHCTEMa
CTaTHUYecKu ompenenuma. B takoit gepme Tpa-
JUIMOHHBIMU CIIOCOOAaMH, HalpUMep, METOJIOM
CEUYEHUN, MOYKHO BBIYUCINUTH YCHJIMS HE BO
BCEX CTEPKHAX. )11 HEKOTOPBIX CTEp)KHEH ce-
yeHu Putrepa He cymectByer. IlosTanHsblil
METO/I BBIPE3aHMsI y3JI0B BO3MOKEH, HO YTOOBI
N00paThCsl 10 CTEep)KHEH TIne-HuOyIb B cepe-
JUHE TMpoJieTa MOTpeOyeTcsl BbIpe3aTh MHOTO
y3noB. [Ipu 3TOoM, Kak Bcerga, BO3HUKAET IO-
IPEUIHOCTh BBIUMCICHUM, Heuz0exHas B pe-
3yJIbTaT€ HAKOIUIEHUS OLIMOOK OKpYIJIEHUS.
[ToaTomy Haunbosnee NpoCTbIM M TOYHBIM CIIOCO-
O00M pelleHHs 3a/aud ONpeJeNieHUs] YCHIIUN B
CTEpXHSX OCTAeTCsl aHATUTHUYECKUM MeToxd C
MCIIOJIb30BaHUEM METOJAa MHIYKIIUHU, KOTOPBIN U
npejiaraeTcsi NPUMEHUTh B JIaHHOM 3anade.
OcHoBBIBasiCh Ha airoputme [7], peann3zoBaH-
HOM Ha si3blke Maple (XOTs Ha 3TOM 3Tamne pe-
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IICHUS 337291 BITOJIHE JOMYCTUMBI JIFOOBIC JIPY-
rUe SI3bIKU MPOrpaMMHUPOBAHMS), HAUIEM YCH-
nus B CTepKHAX depMbl. BBenem nanHbIe 0 KO-
OpIMHATaX Y3JO0B B Mmporpammy. Bwibepem
Hayajao KOOpJHMHAT B JIEBOM MOJABUKHOU OIOPE.
[TponymepyeM y3IIbl U CTEp>KHU (pHC. 2).

Nmeem cnemyromyie KOOpANHATHI Y3JI0B:

Xi :a(i—l),yi :O, i:]_’._.’4n+1’
Xitana = a(2| _1)! Yitana = hy i =1.., 2n,
Xit6ni1 = 2a(| _1)l Yison+l = 2h’ i :1, very 2n+1.

[Topsimok coenuHeHUs: CTEpXKHEH M y3JI0B 3aja-
M TIO0 aHAJIOTHH C 33J]aHUEM BEpIIMH U pedep
rpada ycJIOBHBIMH BEKTOpaMH, KOOPAMHATHI KO-
TOPBIX COOTBETCTBYIOT HOMEPaM KOHEUHBIX IIap-
HUPOB CTep>KHs. J[J1s1 cTeprkHEel mosCcoB UMeeM:

V. =[i,i+1)], i=1...4n,
Vi =[i+6n+1 i+6n+2], i=1..,2n,

Viegn =[21-Li+6n+1], i=1..,2n+1
CTepKHH PEIIETKH 3aaHbl BEKTOPAMHU:

Vignig =[21,i+4n+1],i=1,...,2n,
Vistons =[2i =1 i+4n+1)],
1ina =121+ 2n+1, 1+5n+1],

one =L +6N+1i1+4n+1)],

iviana =0+7n+2, 1+5n+1],

dans =0 +6N+2,1+4n+1)],

Vigsng =li+7n+1, i+5n+1], i=1..,n

JUIs BBIYUCIIEHUS HANpaBJSIOUMX KOCHHYCOB,
ABJISIOMIMXCS  KOA(QPUIMEHTaMU  ypaBHEHHI
paBHOBECHSI Y3JIOB B MPOEKIUAX, BBIYUCIUM
JUIMHBl CTEp’KHEH M TMPOEKLUUU HX YCIOBHBIX
BEKTOPHBIX [IPE/ICTABICHUI Ha OCH KOOPIMHAT:

li = W hi =X, =Xy,

i =W, =W, i=L..m
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h
h
tP YP YP YR YP YP YP P yP yP P
. ) a ) [#3 ‘ () ) a ) [#3 ‘ [#3 ‘ a ) a ‘ [#3 ) a ) a
Pucynok 1. @epma, n=3.
14 3 15 10 16 LL 17 12 18
3
1 " 1 16 1
1 1
o 35 2 4 5 b 7 8 9
1 2 3 4 5 6 T

Pucynok 2. Homepa cmepoicheu u y3108, n=2.

B Homepe V;; MHJIEKC | IPUHUMAET 3HAaYeHns |

WIM 2 U COOTBETCTBYET HOMEPY KOMIIOHEHTBI
BeKTOpa V;, BTOPOM — HOMEpY cTepxHs. Mat-

pua HaIpaBJIAOIMUX KOCUHYCOB HUMECT CJIC-
JYIOIIAE 3JIEMEHTHI:
Gk,iz_lj,illi’ k:2Vi’2—2+j, kSns,

k<m, j=12, i=1..m.

Cucrema ypaBHEHHMI paBHOBECHS Y3JIOB MMEET
BUJ{

GS =B,
e S ={S,,...,S,,} — BekToOp ycuui, B — Bek-

TOp BHEUIHMX Harpy3ok. /[lns omnpeneneHus
nporuda ¢pepmbl UCHIOIB3yeM UHTErpai Mopa,

m-3
A=P) sPSPI/(EFR),

i=1

r7ie CYMMUPOBAaHUE BEAETCSA TOJBKO MO CTEPXK-
HIM (epMbl U 06o3HadeHo: SO — ycumus ot
€IMHUYHOW CHJIbI, MPWJIOKEHHOW K CEpelIuHE
HwKkHero mosca (ysen 2n+1, puc. 2), S —

YCHUIIMA B CTCPIKHAX OT 3aAaHHOH HArpy3KH, Ii

— JuuHBL cTepkHen. JKecTkocTu crepxHen

EF B oOmem ciyuae pasnsle. Ilycts niomanu

CEUYEHNI BEPXHEro M HWKHErO I0sca BbIpaxka-
IOTCSl Yepe3 HEKOTOPYIO YCIOBHYIO (MOXHO H
enquHuuHylo) mwiomans: F=F/y , i=1..,6n.
[Inomany ceyeHuii BCEX CTEPKHEM pEIIETKH
umerot Bua: F=F/y,, i=6n+1..,m-3. Ilo-
CJIeZIOBaTeNIbHBIA aHAIMTUYECKUH pacueT depm
C YBEJIMYUBAIOLIUMCSI BCAKUI pa3 4YHUCIOM Ta-
Hellel BBIABUII, uTO (popMyna ajs nmporuda nme-
€T OJIMH U TOT € BUJ:

a’y. +(H h*+Cc?
A:PAW 7/1 (ZhQEF n )7/2’ (1)

OTJIMYAsICh TOJILKO KOd((UIIMEHTaMU TIpH CTe-
neHsx (Kybax) pasmepoB @, h u
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c=+a?+h?.

s Toro, 4ToOBI HANTH OOIIMIT WICH IOCIIEI0-
BaTeNbHOCTH KOd(punmentoB 4, 58, 282, 876,

2120, 4374, 8078, 13752, 21996, 33490 npu a®
HE00XO0IMMO C TOMOIIBIO CIIEIUAIBHOTO Omepa-
topa rgf findrecur HaifT pekyppeHTHOE ypaB-
HEHHUE, KOTOPOMY YJOBIIETBOPSIET 3Ta MOCIEI0-
BaTEILHOCTh

A, =5A—-10A _,+10A ;-5A ,+A 5,

a 3aTeM peIINTh €ro, HCIONb3Yys OIepaTrop
rsolve. Pemenue nmeer Bu

A, =n(0n®+5n-3)/3.

AHaJIOTUYHO TIOJy4aeM BBIPAKCHHUS JUIS APYTUX
K03 puUIMeHTOB:

H, =4(n*-n+1),C, =n(4n-1).

3. AHAJIN3 ITPOI'MBA

PaccmoTpuM crydaii depmbl ¢ 3aJaHHBIM TIPO-
netoM L W NpPOU3BOJBHBIM YHUCIOM TaHEJEH,
TaK 4TO

a=L/(4n).

Ananmutryeckas (opma pemeHus TO3BOJISIET
HAIJISITHO BBISIBUTH HEKOTOPBIE €M0 OCOOEHHOCTH.
3adukcupyem Taroke o0IIyr0 Harpy3Ky Ha epmy

P, =@n-1P.

Beenem o603HaueHME s O€3pa3MEpHOTO TIPO-
ruba

A'=AEF /(P L).

um
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Ha pucynke 3 npu y, =y, =1 u L=50 M nans!

KpHUBBIE 3aBHCUMOCTH Tiporuda (1) oT uncia ma-
HeJel, MOKa3bhIBaIOIUe, YTO B JAHHOM IIOCTa-
HOBKE PELICHUE UMEET SIBHO BBIPAXKEHHBIA KC-
TPEMYM, 3aBUCAIINI OT BBICOTHI ()epMBI. ITO
JIa€T BO3MOXKHOCTh TPOEKTHPOBIIUKY BBIOpPATh
onTuManbHOe ymucio nanenei. Kpome Toro 3a-
METHBI M1 aCUMIOTOTHI KpUBBIX. Jy11 aHanuTHye-
CKOrO HX BbIpakeHM A'=A,+ kn BeIYHCIHM

Mpeaebl:

K=IlimA/n=y,h/L,

n—o

A, = lim(A'—kn) = (5y,L° —288y,h®) / (768Lh?).

HHTEpecHO OTMETUTh, YTO Yroid HAKIOHA
aCHMITOTHI 3aBUCHT TOJBKO OT JKECTKOCTH pe-
IETKU ), , BBICOTBI h u mponera L. 3aBucu-

MOCTB MPOTruba OT BBHICOTHI (epMblI (puc.4) Tax-
xKe oOHapyxkuBaeT d3KkcTpeMyM. C yBemnueHHEeM

JKECTKOCTH PEHIETKH (yMEHBIICHUE Y, ) ONTH-

MaJibHasI TI0 JKECTKOCTH BbICOTa (hepMBbl YBEIH-
YUBACTCH.

4. YCUJIUA B CTEPKHSAX

Jns onpeneneHus 3aKOHOMEPHOCTH 00Opa3oBa-
HUSL KO3 (PUIIMEHTOB B YCHIIUSAX CTEPIKHEH ITO-
TpeboBajach IOCIEI0BATEILHOCTh PAcCUeTOB
MeHbIIeH JUMHBL. WHAyKIUsS 1O pe3yibraTam
miecTd (hepM c 9rciaoM maHenei ot 1 1o 6 maer
obmyro dopmyny mis Hambojiee PacTIHYTOTO
CTEp>KHS B Cepe/INHE HIDKHETO IMosica

S\M =pPn”alh.

Ananorn4so, ¢popmyna s ycuius B Haubosee
C)KaTOM CTEp’KHE CEepelMHbl BEpXHEro Iosica
UMeeT BU:

s® = —p(2n® —1)a/ (2h).
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Pucynox 3. 3asucumocmov npoeuba om uucna nawnerneil.

A

Pucynok 4. 3asucumocmv npocuba om evicomul hepmul.
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KPUTEPU MUHUMAJIBHOW MATEPUAJIOEMKOCTH
IMOJIKU CTEP)KHS IBYTABPOBOI'O CEYEHUS
ITPU BAPBUPOBAHUWM EE TOJIIIIUHBI 1 OYEPTAHUS
IIAPUHDBI TIPU OTPAHUYEHUSX HA BEJIUUNHY
KPUTUYECKOW CUJIbI NJIX TIEPBON YACTOTBHI
COBCTBEHHBIX KOJIEBAHUH B IBYX I''TABHBIX
IMJIOCKOCTSX UHEPIIUU CEYEHUSA

JI.C. JIaxoeuu ', I.A. Akumoe »?>3*, 5.A. Tyxgpamynnun !
! ToMckuii TOCYIapCTBEHHBIN apXUTEKTYPHO-CTPOUTENBHBIN YHUBEPCHTET, T. ToMck, POCCHUS
2 Poccwiickas akaJeMHs apXUTeKTyphl H CTPOHTENBHBIX HayK, T. Mocksa, POCCHUS
3 Hayuno-uccnenosarensckuit nentp CraluO, r. Mocksa, POCCHUA
3 PoccuiicKuii YHEBEPCHTET APYKOBI HAPOIOB, T. Mocksa, POCCHUSI

AnnHotanus: Panee ObUT chopMyIHPOBaH KPUTEPH MUHUMAIBHOW MATCPHATIOEMKOCTH MPH MPOCKTHPOBAHUU
OYepTaHUs UIUPUHBI MOJIOK CTEPKHEHN NBYTaBPOBOTO MOMEPEYHOTO CEUEHUS] U OTPAHUYEHUSX 10 YCTOMUHUBOCTH
WJIM BEJIMYUHBI TIEPBOA COOCTBEHHOM YaCTOThHI B OJIHOH TJIABHOU TUIOCKOCTH MHEPIIUMHU cedeHus. B ganHo# pabdo-
Te HOPMYIHPYETCS] KPUTEPU MUHUMAJIBHON MaTEPHUATOSMKOCTH TOJKH CTCP)KHS JABYTaBPOBOI'O CEUCHHUS IPHU
BAPbUPOBAHUU €€ TOJILMHBI U OYEPTAHUS LIUPUHBI MPU OIPAaHUYEHMSIX HA BEIMYMHY KPUTHUYECKOM CUIIBI WX
MEePBON YaCTOTHI COOCTBEHHBIX KOJIEOAHHH B IBYX TVIABHBIX IJIOCKOCTSIX UHEPIUH CEYCHHSI.

KaioueBble ci1oBa: ontuMuzanyst, QyHKINS €M, OTPAHMYCHHUS 110 YyCTOHYUBOCTH, YACTOTE COOCTBEHHBIX KO-
nebaHni, KpUTEPHUH MUHUMAIBHON MaTEpHAIOEMKOCTH, (POPMBI ITOTEPH YCTOHYNBOCTH, POPMBI COOCTBEHHBIX
KoJieOaHNH, HANIPsDKCHNUS, ABYTaBP

CRITERION OF MINIMUM MATERIAL CONSUMPTION
OF FLANGE OF I-SHAPED BAR WITH A VARIATION
IN ITS THICKNESS AND OUTLINE OF THE WIDTH,
WITH RESTRICTION TO THE VALUE OF THE CRITICAL
FORCE OR RESTRICTION TO THE VALUE OF THE FIRST
NATURAL FREQUENCY IN TWO PRINCIPAL PLANES
OF INERTIA OF THE SECTION

Leonid S. Lyakhovich ', Pavel A. Akimov " 234, Boris A. Tukhfatullin’
! Tomsk State University of Architecture and Building, Tomsk, RUSSIA
2 Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA
3 Scientific Research Center “StaDyO”, Moscow, RUSSIA
4Peoples’ Friendship University of Russia, Moscow, RUSSIA

Abstract: We have already presented original criterion of minimum material consumption within the design of
the outline of the width of the I-shaped bar and the stability constraints or restriction to the value of the first natu-
ral frequency in one principal plane of inertia of the cross-section. This paper is devoted in its turn to a criterion
for the minimum material capacity of the I-shaped bar with a variation in its thickness and outline of the width,
with restrictions to the value of the critical force or restriction to the value of the first natural frequency in two
principal planes of inertia of the section.
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KpI/ITepI/Iﬁ MHUHHUMAaJIbHOMN MaTCPUAJIOEMKOCTH MOJIKU CTCPIKHA IBYTABPOBOTI'O CCUCHUA ITPU BApbUPOBAHUU €€ TOJIIIUHBI
1 O4YCPpTaHU HIMPUHBI IPU OTPAHUYCHUAX HA BEJIMYHUHY KpHTI/I‘{eCKOﬁ CHJIBI UJIN HepBOﬁ YaCTOTEI COOCTBEHHBIX

KoJieOanuii B ABYX TJIaBHBIX INIOCKOCTAX MHEPLUUU CCUCHU S

Keywords: optimization, target function, stability constraints, natural frequency, criteria of minimum material
consumption, mode of buckling, natural modes, stresses, [-shaped bar

B nacrosel cratbe paccMaTpUBAIOTCS CTEPK-
HU JIBYTaBpOBOIO IomnepeyHoro ceueHus. Coor-
BETCTBYIOILIAsl MPHUHATAs CUCTEMa KOOpAMHAT
MOKa3aHa Ha pUCYHKeE 1.

Kputepuii MUHUMaAJIBHOW MaTepUATIOEMKOCTH
IpU MPOEKTUPOBAHUM OYEPTAHUS LIUPUHBI I10-
JIOK CTEp)KHEW ABYTABPOBOIO IMONEPEYHOIO Ce-
YEHHUS] U OTPAaHUYEHUSAX 110 YCTOMYMBOCTH WJIU
BEJIMUMHBI NIEPBOM COOCTBEHHOI YacTOTHI B O1-
HOM TJIABHOM IIIOCKOCTM MHEPLMHU CEUYECHUS
x—0—-y Obu chopmynupoBan B [1]. B Heko-
TOPBIX CIIydasX MOSABISETCS HEOOXOAUMOCTh
BBEJICHUS OTrPaHMUYEHUIN Ha BEJIUYUHY IEPBOU
KPUTHUYECKON CHJIBI MJIM YaCTOThl COOCTBEHHBIX
KOJICOAHUH U BO BTOPOHl TIJIaBHOM IIOCKOCTH
uHepuuu x —0—z. IIpu Hamuyuu Takoro pona
YCIIOBUM IIOSIBJIAETCS BO3MOKHOCTb BapbUPO-
BaTh IPY ONTHUMHU3ALHUHA HE TOJIBKO OYEPTAHUEM
LIMPUHBI [TOJIKH, HO U BETMYUHOM €€ TOJIIUHBI.
Wrak, Bappupyercss (yHKUUS UIMPUHBI TOJKU

(b,(x)) M BeNMMUMHA TOJIMHBI TIONKH (5, ); He

BapbUPYIOTCS BBICOTAa CTEHKH (b,), TONIIMHA
CTEHKU (O, ); OTPAHUYUBAIOTCS BEIUUUHBI IIEpP-

BOM KPUTHYECKON CHJIBI WJIM 4YacTOThI COO-
CTBEHHBIX KOJICOAHUN B JIBYX TJIaBHBIX IUIOCKO-
cTsax uHepuuu. OTMETHM, 4YTO YYHUTHIBA€TCS
BIIMSIHUE TIPOJIOJBHOM CHJIBI HA BEJIMYMHY COO-
CTBEHHOHl YacTOThl M BIHUSHHE BO3MOXKHOCTH
BHOpAIMOHHBIX BO3JCHCTBUN 3aJaHHOM YacTO-
ThI Ha BEJIMYUHY KPUTUUECKOMN CHUIIBIL.

3anuieM QyHKIHOHAT LN B BUJIE

Vo =2[b, ()5, dx, (1)

rae V, — obbeM Matepuana monok; 2b,(x)o, —

IJIOIIAb CEYEHMS TOJIOK.
BriBenieM mpy MOCTABIEHHBIX YCIOBHUSX KPUTE-
pyuil MUHMMaJIbHOM MaTEpPUATIOEMKOCTH TMOJKH
IIPY OIPaHUYEHUSIX HA BEJIMYMHY IEPBOI 4acTo-
ThI COOCTBEHHBIX KOJEOAHH, HO C YIETOM BIIH-
SHUS TIpoaosbHON critbl. ChopMynupOBaHHBIN
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TaKUM O0pa30M KPHUTEPUH MOXKET HCIIOJIb30-
BaThCA U HpI/I OFpaHI/I'-ICHI/ISIX 110 YCTOﬁHHBOCTH,
€CIIi B HeM OyJleT NPUHATO HYJIEBOC 3HAYCHUE
CcOOCTBEHHOM YaCTOTEHI.

OrpanuyeHuss Ha BEIMYUHY HM3IIEH YaCTOTHI
COOCTBEHHBIX KOJIEOAHUH 3aIIMCHLIBAIOTCS B BUIE

w, < wl[l];

w, < w2[l],

2)
3)

rae @, — 4YrClIo, OrpaHUYUBAIOLICC BCIMYNHY

HU3IIEH YacTOThl COOCTBEHHBIX KOJI€OAHUIA;
@1[1] — HU3IIas YacTOTa COOCTBEHHBIX KOJeOa-

HU B 1ockocth x—0—y; @2[l] coorBer-

CTBEHHO B INTIOCKOCTH x — 0 —z.
Ecau IIPUHATL OTPaHUYCHUA B BUJC

o, = o1[1]= o2[1], )

TO, KaK U3BeCTHO [1, 2], MOJDKHBI UMETh MECTO
CJIEIYIOIUE YCIOBHS

3,1 =5 JIEL L) = PO -
) (5)

—(@,)*[m(x) + pF (x)v, ]}dx = 0;

9, = 2 [{EL ()W) ~ Py, ) -

2 (©6)

—(@,)’[m(x) + pF (x)w, 1}dx = 0,

rne 9, u 3, — dHepreTuueckue (PyHKIUOHA-
Jbl COOCTBEHHBIX KOJIE€OaHUH B INIaBHBIX IJIOC-
koctax uHepuwuu; I, (x) u [,(x) — coorBer-
CTBYIOILIME MOMEHTHI MHEPIUH ceueHus; £, p

— COOTBETCTBEHHO MOJYJIb YIIPYTOCTU U YIENb-
Has Macca marepuaina cTepxkHs; P(x) — mpo-

JonbHAs cuia; m(x) — WHTEHCHBHOCTH BHEIII-
Hel maccel, F(x) — miomiaab CeYEHUs: CTepkK-
HS, Vv, U W, — OpAUHATHl (JOPM COOCTBEHHBIX

KOJIcOaHUI COOTBETCTBEHHO B I'JIaBHBIX IIOCKOC-
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Al

z

Pucynox 1. llpunamas cucmema koopounam u HeKomopbvie 00603HAYUEHUS.

KoJIeOaHUH COOTBETCTBEHHO B IJIaBHBIX ILIOC-
KocTsx uHepuun x—0—y u x—-0—z.

Takum oOpa3oMm, TpeOyercsi OTHICKaTh TaKylo
(YHKLIMIO U3MEHEHUS LIMPHUHBI NOJKU b, (X) U
TaKO€ 3HAYEHHME TOJIIMHBI MOJKK O, , TIPH KO-

TOpPbIX OyIyT BBINONHATHCS ychoBus (5)-(6) u
¢ynkunonan obvema noaku (1) Oyner MuHU-
MaJTbHBIM.

@DyHKIIMOHAN, 3KCTPEMYM KOTOPOTro 00ecreyuT
MUHUMYM (yHkuuoHany (1) ¥ BbINOJIHEHHE
ycnoBuii (5) u (6), 3anuiiercs B BUIE

/
Voo = [{12b, ()8, 1= LLEL (x)(v]))" —

= P(x)(v},)" = (@) [m(x) + pF(x)v, 1] -
= LIEL (x)(w;,)* = P(x)(w,,)” -

—(0,)*[m(x) + pF (x)w, 11}dx,
(7

rne A, u A, — HeolpeaeIeHHbIE MHOKHUTEIH.

C yuerom cootHomenuit (5) u (6) paccmarpu-
BaeMasi 3a/1a4a SIBISETCS M30NePUMETPUIECKOH,
a A, u A, TOCTOSIHHBIMU BEJINIHMHAMHU.

OueBuaHO, YTO BapHaluuyu yHKIMOHANA V), 10

0w
v iaw HpI/IBe,Z[YT K ypaBHeHI/IHM CO6CTBeHHBIX
KOJICGaHI/If/’I B TJIABHBIX ITJIOCKOCTAX I/IHepL[I/II/I, a

Bapuanuu V,, mo A, m A, — K BBINOJHEHUIO
ycioBuii (5) u (6).
MoMeHTBI HWHCPIUH CCUCHHA 3alIUIICM B BU/IC

<+b,(x Cio
‘ C1ws
O
>" «—
z i T bys
X, Sp—> LS e
Glm
y
b, (x) ;3 b(x)-0 3
1 =2 b +25 )Y — =22 (p) =
1 (x) 12 (b, p) 12 (b))

- é[(bz ()b, +26,)° — (by (x) — 5., b7 ;
®)

20b, (OIS, +1b, T'h,
_ALPS, +Th

1,(x) 12

CnenoBarenbHo, ¢GyHKIMOHaNn (7) mpUHUMAET
CIEAYIOLIUNA BU:

Voo = | {[20,(x)9, 1~

[y S—

E 3
-4 [E[(b2 (xX)(b, +26,)" —
= (b, (x)=3,)b1(vy)* = P(x)(v;)” -
= (@)’ [m(x) + p(2b,(x)3,, +b,0,)ve1-
2[b,(0)1°6, +[b, 1},

—L[E 1 (wg)™ =
— P(x)(w,)* -
—(@,)’[m(x)+ p(2b,(x)d, + b5, )Iw, 1}dx.

(10)

OkctpemyMm (ynkruonana (19) omnpenensiercs
pEIICHUEM CUCTEMBI YpaBHEHUI [2]
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ov,,
S =0, 80)y0 =0

p

(11)

WM B Pa3BEPHYTOM BHJIE

ov,,

85p
X(Vg)2 —2(a)0)2pb2 (x)vf)} -
A b0 ()7 = 200" by (0 13 =0
(12)
S(VOw)bz(x) = 2517 - {%[bl +25p)3 —bf]x
X (V) = 2(e,) pi, v}~
by (x)d,

26,0 = 11 (B (513, + 26,0

~I[E (W) =2(w,)’ pd,w;, =0.

(13)

[IpeoOpa3yeM HEKOTOphIE BBIPAKEHHUS U3 ypaB-
venuit (12) u (13). PaccMoTpum U3 ypaBHEHHS
(13) BeIpaxkeHue

E "
E[bl +25p)3 =b1v)" =
_E'(b +6b}5, +12b,5, +85, —bf)( e o
= 12E Yol 7
2E25p (3b12 +6b15p +45;)( 11)2
- v,) =
12E ¢
_ E25p[(b12 +4b15p +4§;)+2b12 +2b15p)(v”)2 _
6E ’
E*S [(b,+25))* +2b,(b,+5,)] ,
= i p6E £ (VIZ) *

(14)

YMHOXUM 4YHCIUTENh M 3HameHatenb (14) Ha
[1,(x)]*. Kax u3BecTHO,

ET (x)v;, = M (x) (15)

— U3THOAIOMINKA MOMEHT B TJIOCKOCTH X —0— .
O4eBUIHO, YTO

Volume 14, Issue 2, 2018

M, (x)(b, +26,)
= O-lw
21, (x)

(16)

— HOPMAJIbHOE HANPSKEHWE B KPaWHHUX BOJIOK-
Hax IONEPEYHOr0 CEUECHHS CTEPIKHS.

O0603HaunM
bys = b (b +5,). (17)
Torna umeem (puc. 1):

— HOPMAaJIbHOE HaIpPsDKCHUE B BOJIOKHAX IIOIIE-
pEYHOI0 CEYEHHsI CTEpXKHSA, OTCTOAIIUX OT
HEUTPaAJIbHOU OCU Ha PACCTOSHUE

1 1 ————
Ebw =5 bl(bl +5p) .

Teneps Boipaxkenue (14) 3anuiercs B BUjie

(19)

20

)+l (20)
AHAJIOTUYHO UMEEM:
2 212
Eb2 (x)d, (ufY? = 8,E°by (x)[1, (x)]z Wy,
2 2F [£,(x)]
(21)
I'JI€ COOTBETCTBEHHO
EIL, (x)w,, = M, (x) (22)

— M3rU0AIOIMH MOMEHT B INIOCKOCTH x — 0 — z;

M, (x)b, (%) _

) T2 (X) (23)
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— HOpPMaJIbHOE HaMpsDKEHHE B KpalHUX BOJOK-
HaxX TOMEPEYHOTO CECYCHHS CTEP>KHS OT MOMEH-
Ta M,(x).

Jlanee ¢ yuyeToM MpoBeIEHHBIX TPe0Opa3oBaHU
ypaBHenus (12) u (13) mMoxxHO mepenucarh B
CIIEyIOIEeM BUIE

vy, 1
5= I (2b,(x) -

p

A ()07, ()= 20, ) by (0 |-

a0, () - 20 pb (2 ] =0
(24)

251’ 2
5(V0w)b2(x) = 2517 - /11 [3_E O-lm(x) +

46
3 5 015 () = 2(wy)* pS,va]—

20
— Al Ep O-gw (x) - 2(500)2,0519‘"’023] =0.
(25)

YMHOXXHUM Bce cllaraeMmble ypaBHEeHUU (24) u
(25) ma E, cmaraemplie MepBOro ypaBHEHHS €IIIe
M HA J,,aBTOPOro —Ha b,(x).

O06o3HaYNM miomanab CCUCHUA IMOJIKH

b,(x)6, = F,(x), (26)

a 3aTeM MPOMHTETPUPYEM BTOPOE ypaBHEHHUE B
npenenax or 0 mo 1. B pesynbrare coorsert-
CTBYIOILIME YPAaBHEHUS IPUMYT BUJ

2’% _ ! {2EF, (x) - 4 [202, (X)F, (x) -

~2(wy)* pF, (x)Evf,]—iz[gaiw (DF, (x) -

—2(w,)’ pF,(x)Ew, 1}dx = 0;
(27)
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0V iy = [ (2EF, (x) -

-5, [%ofw WF, (x)+§afw5<x)F,, (x) -

~2(w,)’ pF,(x)Ev, ]~
= 1[203,(0F, (x) = 2(w,)’ pF, (x) Ew, 1}dx

=0.
(28)

Paznocth ypaBHeHms MU (27) u (28), oueBHIHO,
OTIPEICIIICTCS BHIPAKCHHEM

1

[ (@2, () - 2, () F, () -
° 29)
- A%, (O, () =0

Ha ocxHoBanuu (29) MmoxeM 3anucarh:

1

2[5 F, (0, () 0 (01 =

0

, (30)
= 1[I F, ()0, (o
La '
|5 Fo ()7, (¥) = 7,5 (X)) e
Ay =2 — J = uA;
[[SF, @0, (0l
0 (1)
VYpaBuenue (25) MOKHO 3amUCaTh B BHJIC
20, =4 [235Ep ol (x)+ 3—Epa,2w§ (x)—
—2(w,)? pd,val- (32)

25P 2 2 2
_lu/ll [?O-Zm(x) - 2(6()0) papwm] = O'

YMHOXUB CcllaraeMble 3TOTO YpaBHEHUs HA E u
[IOJEJIUB Ha 20 , > Oy IUM:
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3

501041

[ 05 00+ 5 71 (0= (@) PEE 1+ o, () - (@,)° p w2 ] = = cost

(33)

low

5., ()= J[% o2 () + %afmsm —(@0y)* pEV2 1+ [0, (x) — (@0, pEW? ] = const .

Takum obpazom, nokazamo, 4mo Kpumepuem
MUHUMATLHOU — MAMepUuaioemMKkocmu  NOJKU
CMepIHCHST 08YMABPOBO2O CedeHUsl, K020d 6apb-
upyemcs ouepmanue u MOIWUHA NOJKU, U He
8APLUPYIOMCSL BLICOMA U MOIUUHA CINEHKU NPU
OCPAHUYEHUSAX NO YCMOUYUBOCTNU UNU 8EIUYUHDL
nepeoli cobocmeeHHoU wacmomul 6yoem nocmo-
AHCMBO NO  ONUHEe CMEPHCHS NPUBEOEHHBIX
HanpsaxceHuil ©,,,(X), 803HUKAIOWUX NO COOM-

eemcmeyoujeli. coocmeeHHou gopme npu coo-
CMBEHHbIX KOEOAHUAX UU NOMeEPU YCMOU4UBO-
cmu.

[Ipn orpaHM4eHNM BEIMYMHBI IIEPBOM YACTOTHI
COOCTBEHHBIX KOJ€OaHUN U AEHCTBUH HPOIOJIb-
HOM cuiibl €€ BiusgHue Kputepuit (33) yuurtbiBa-
er. llpu nelcTBUM TONBKO OIpPAHUYEHUN IO
ycroiunBocTH B (33) noacrasisercss @, =0.
[IpuBeneHHbIEe HANPSXKEHUS! HOPMUPYIOTCS TaK,
4yToObl HauOoJbIlIee 3HAYEHHE KaKIOro U3
0,,(x) mo nmuHe cTepkHsA ObLIO OBl PAaBHO
eauHuie. Torga 6JU30CTh MOJMYYEHHOTO pelie-
HUS K MUHMMAJIBHO MaTepHUaJIOEMKOMY OLIEHU-
BaeTCs OJIM30CTHIO BENMYMHBI O, (X) K €IUHH-
1I€ MO BCEH JUTMHE CTEPHKHS.

JUid WIIIOCTpalluy HUCIIOJIB30BAHMSI KPUTEpUs
(33) paccmoTpum IpuMeED.

Crep>keHb JABYTaBPOBOI'O IIONEPEYHOIO ceve-
HUS, Yy KOTOpPOro 3ajJaHa BbICOTA CTEHKHU
b, =028 m, TommmHa crenku b, =0.006 ..
I'pannunsle YCIIOBUS B IJIOCKOCTH
x — 0 — ynpuBeeHBl Ha BEpPXHEHN YacTu puc. 2,
a B IIOCKOCTH X —0—2z — Ha HIKHEH 4YacTu
puc. 2. Ha crepkeHb NEUCTBYET MNPOJ0JIbHAS
cuna P =300xH . BHemHue Macchl OTCYT-
ctBytoT. CoOCTBEeHHBIE KOJieOaHUsI O0yCIIOBIIe-
Hbl MacCOM CTEpKHs. Y IelbHasi Macca MaTepu-
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(34)

ana crepxkHsa p = 7850 k2/ m’ . Moayns ynpy-
roctu E =206000 Mlla .
OBITH MOJIBEPKEH BHOpAIIMOHHBIM BO3JEHCTBU-

SIM ¢ 4acToTol @, =15cex .

CrepkeHb MOXET

Pemenune peanusyercsd Ha OCHOBE AMCKPETHOH
mozenu [1, 2] uz 30 yuactkoB. Bapeupyrorcs
pa3Mmepbl mMpUHBI NoONkK (b,[i]) U BenuuuHA

TOJILMHBI TIOJKK (J,). He BapbupyroTCs BBICO-

Ta cTeHKH (b, ), TonmmmHa creHku (0, ). Orpa-

HUYUBAIOTCS BEIMYMHBI IIEPBOM KPUTHUUYECKON
CHJIBI M YacTOTBl COOCTBEHHBIX KOJICOAHHMH B
JIBYX TJIABHBIX IJIOCKOCTAX MHEPUUH. Y YUTHIBA-
€TCs BIIMSIHUE IPOAOJBHOW CHUJIBI HA BEIUYUHY
COOCTBEHHOH YacTOTHI U BIIMSTHUEC BO3MOXKHOCTH
BUOPALIMOHHBIX BO3JCHCTBHI 3aJaHHON YacTo-
ThI Ha BEJIMYMHY KPUTUUECKOU CUIIBI.

st nuckpeTHoM Mojenu (pyHKUIUS [eTd 3aru-
IIeTCS B BUJIC

V, = 22172[1']5,] , (35)

I[€ 7 — KOJIMYECTBO YYACTKOB JIUCKPETHON MO-
JIeNH.
Orpanu4eHuss MO0 yCTONYMBOCTH 3alUIIYTCS B
BHJIE

P < PI[1];

P<P[1], (36)

rae Pl[1], P2[l] — nepBble KPUTHUUECKUE CHUIIbI

COOTBETCTBEHHO B IUIOCKOCTSIX x—-0—y ©

x—0—z. OrpannyeHuss Ha BEIUYHHY IEPBOH
CcOOCTBEHHOM 4acTOTHI (4).

Kpurepuit (34) st AUCKPETHOW MOJAENTH TPH-
HHUMAET BU/
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Om

Pucynox 2. Paccmampusaemvie epanuunbvle YCio6usl.

,li1= \/ [1 o2, [+ 202, 5[]~ (@)’ pEvi} + 103, [l - (,)* pEw, ] = const

3 3

JIJisi OTBICKaHWSI BEJIMYUHBI MPEACTHLHO MHHH-
MaJbHOH MAaTepHaIOeMKOCTH PAacCMOTPUM 3a-
Jady, HE HCIOJIb3ys KOHCTPYKTHUBHBIC OTpaHU-
yeHus. PemeHue peanusyercs METOIOM CIy-
YAHOTO TIOWCKA. Pe3ynbTaThl TpHBEIEHBI B
tabnure 1.

Han BTOpBIM M TPETBHM CTOJIOIIAMH TIPUBOIMT-
Csl BETMYMHA ONTUMAIBHOTO TMPH BHIOPAaHHBIX
YCIOBUSX  3HAYEHUS  TOJIIUHBI  TIOJKH
dpo =0.000764 m, a B TpeTheM CTOJIOIIEC 3HAUE-

HUs WupuHsl b,[i]. Bo BTOpom crosbie mnoka-

3aHbl BCJIWYHMHBI TPHUBCACHHOI'O HAIPSAXKCHUSA
G,,[i]. Bo Bcex ceueHMsAXx KpoMe BTOPOro M

TPEThEro BeNMYMHA &, [i] ONM3Ka K eIUHMIIE,

YTO TOJTBEPKIAeT MHUHUMAIbHYIO MaTepHalio-
€MKOCTh 00beMa TIOJIKM JAByTaBpa. B cedeHmsx
2 ¥ 3 mUpHUHA MOJKU MPAKTHYECKH paBHA TOJI-
[IMHE CTEHKH, TO €CTh MPAKTHYECKH CIMIACH C
Hell. B mpeanocnenHel cTpoke moja CTONOIaMH
2 ¥ 3 MpUBOJUTCS 3HAYEHUE 00beMa MaTepuasia
nonka  fi = 0.01597 a*. OueBuaHO, 9TO MoJy-
YEHHOE PEIICHHE HEeMpUeMJIeMO, TaK KakK pa3-
MEpBI MOJIKK OJIM3KU K BhIpoKIeHuto. OIHaKO,
MOJIyYEHHOE pElIeHHE TaeT 3HAaYeHHE BeNYu-
Hbl MHUHHMAIBHO MAaTEpPHUaJIOEMKOro Oo0bhema
MOJIKU MPU OTPAHUYEHUSX BEIMUYMHBI KPUTHYE-
CKOH CHJIBI C yY4ETOM BIIUSIHUSI BO3MOKHBIX BHO-
PALMOHHBIX BO3JEHUCTBUN. DTOT Pe3yJbTar Mo3-
BOJIUT OIEHUTH OJIN30CTh KOHCTPYKTUBHO IPH-
€MJIEMBIX pellIeHUuH K MUHUMAJIbHO MaTepHalio-
E€MKOMY.

102

(37)

PaccMmoTpuMm npumepsl ONTUMU3ALNMK 3HAYEHUI
0, u by[i] mpu Gynkuuu nemu (35), orpanuye-

Husx (4), (36) ¥ JOMONHUTENBHO MPU KOH-
CTPYKTHBHBIX OTPaHMYEHUSIX BEIWYHH BapbH-
pyeMbIX IapamMeTpoB. BBepeHnue mpu onTUMH-
3allMM  KOHCTPYKTHBHBIX OTPaHUYCHUH IpH-
ONMMKaeT ONTUMAIbHOE PELICHHE K IMpaKTHye-
cku nmpuemsiemomy [1,2].

PaccmarpuBarorcss cemb BapHaHTOB BbIOOpa
orpaHnyeHui. B Tpex U3 HUX BBOIATCS OTrpaHU-
YEHUS BEJMUMHBI TOJIIMHBI TIOJKH, B TPEX Jpy-
T'UX HMIAPHHBI TIOJIKK U B OJTHOM OTPaHHYUBACTCS
U TOJIIIMHA U IIUPUHA MOJKU. Pe3ynbraTsl pe-
IIEHUH TpUBEACHBI B Ta0IHIE 1.

Pe3ynpraT onTMMH3aLMU NPU OTpPAaHUYEHUH Be-
JIMYUHBI TOJIIMHBI TTOJKK &, = 0.006 v mpu-

BeneH B croiubme 4. OO0OpeM  IIOJIKH
ft =0.01773 >, uro Ha 10.88% Gomblue, yeMm

MHWHUMAJIBHO MaTCpI/IaJ'IOCMKI/Iﬁ 00BeM.
PGSYJ'IBTaT OINITUMHU3AIUU ITPU OrPAHUYCHHUHN BC-

JINYUHBLI TOJIINWHBI MOJKU O o 2 0.008 m mpm-
BemeH B croimdome 5. OObeM  IIOIKH
ft =0.01919 u°, uto Ha 20.01% Gomblue, yeM

MUHHUMAJIBHO MaTEPUAIIOEMKHH.
Pe3ynpTaT onTUMU3AMK NIPU OTPAHUYCHUH Be-
JINYUHBI TONIIAHGL IIOJIKA O o 2 0.01 » mpuse-
geH B croimome 6. OOBeM  MOJKHU
ft =0.02107 »*, uro Ha 31.93% Gonbue, yem
MHUHHUMAJIbHO MaTEPHATIOEMKHI.
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Tabauya 1. Pesynomamul pacuema (6e3 KOHCMPYKMUBHBIX OSPAHUYEHUL, C 02PAHUYEHUAMU HA 8e-

JUYUny 6, ).

Ne | be3 KOHCTPYKTHBHBIX OrpaHUYCHHUN C orpanu4eHUsIMM Ha BEJUYUHY O,
/1 6,, =0.000764 ,, 20.006 J9,, 20.008 J5,,20.01
J,, =0.006 J,, =0.008 5,,=0.01
Ty,[7] b,[i] b,[i] b,[i] b,[i]
1 0,999 0.092 0.097 0.116 0.125
2 0,710 0.061 0.093 0.114 0.123
3 0,617 0.075 0.080 0.107 0.117
4 0,934 0.089 0.050 0.095 0.105
5 0,987 0.145 0.065 0.075 0.093
6 0,994 0.240 0.096 0.044 0.072
7 1 0.350 0.117 0.070 0.039
8 0,996 0.467 0.128 0.097 0.072
9 0,994 0.583 0.136 0.111 0.093
10 0,997 0.692 0.142 0.123 0.108
11 0,996 0.804 0.143 0.130 0.117
12 0,995 0.914 0.147 0.133 0.125
13 0,991 1.023 0.143 0.135 0.128
14 0,994 1.122 0.140 0.134 0.131
15 0,998 1.215 0.139 0.129 0.130
16 0,992 1.317 0.139 0.124 0.130
17 0,993 1.404 0.141 0.117 0.120
18 0,997 1.484 0.157 0.108 0.113
19 0,996 1.566 0.172 0.108 0.102
20 0,996 1.642 0.186 0.119 0.091
21 0,997 1.712 0.196 0.136 0.082
22 0,996 1.781 0.211 0.149 0.095
23 0,994 1.845 0.220 0.164 0.114
24 0,997 1.895 0.230 0.171 0.130
25 0,997 1.949 0.241 0.183 0.141
26 0,995 2.002 0.252 0.192 0.153
27 0,998 2.036 0.261 0.195 0.156
28 0,996 2.083 0.265 0.201 0.162
29 0,998 2.111 0.269 0.208 0.169
30 0,997 2.144 0.269 0.213 0.174
ft 0.01597 0.01773 0.01919 0.02107
eft % 0% 10.88% 20.01% 31.93%
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Tabauya 2. Pe3ynomamsl pacuema (¢ 02panudenusimu Ha 8eauyuny b,[i]).

104

No C orpaHuueHUs MU Ha BEJIINYUHY b,[i] b,[i1<0.14

/I b,[i]1<0.18 b,[i]1<0.16 b,[i]<0.14 | 5,,20.01

9, =000711 46, =00079 | 6,,=0.0091 | &5, =0.01
b,[i] b,[i] b,[i] b,[i]
1 0.106 0.108 0.118 0.126
2 0.098 0.102 0.113 0.124
3 0.091 0.097 0.114 0.118
4 0.076 0.084 0.099 0.106
5 0.075 0.076 0.089 0.094
6 0.078 0.079 0.093 0.072
7 0.105 0.092 0.102 0.046
8 0.117 0.113 0.097 0.073
9 0.134 0.122 0.127 0.098
10 0.147 0.140 0.129 0.109
11 0.151 0.145 0.140 0.126
12 0.151 0.151 0.140 0.129
13 0.159 0.158 0.140 0.136
14 0.157 0.160 0.140 0.138
15 0.171 0.160 0.140 0.139
16 0.171 0.160 0.140 0.138
17 0.175 0.160 0.140 0.138
18 0.177 0.160 0.140 0.132
19 0.180 0.160 0.140 0.125
20 0.180 0.160 0.140 0.117
21 0.180 0.160 0.140 0.106
22 0.180 0.160 0.140 0.112
23 0.180 0.160 0.140 0.105
24 0.180 0.160 0.140 0.119
25 0.180 0.160 0.140 0.134
26 0.180 0.160 0.140 0.140
27 0.180 0.160 0.140 0.140
28 0.180 0.160 0.140 0.140
29 0.180 0.160 0.140 0.140
30 0.180 0.160 0.140 0.140

ft 0.01910 0.01982 0.02124 0.02137

eft % 19.61% 24.11% 32.99% 33.81%

International Journal for Computational Civil and Structural Engineering




KpI/ITepI/Iﬁ MHUHHUMAaJIbHOMN MaTCPUAJIOEMKOCTH MOJIKU CTCPIKHA IBYTABPOBOTI'O CCUCHUA ITPU BApbUPOBAHUU €€ TOJIIIUHBI
1 O4YCPpTaHU HIMPUHBI IPU OTPAHUYCHUAX HA BEJIMYHUHY KpHTI/I‘{eCKOﬁ CHJIBI UJIN HepBOﬁ YaCTOTEI COOCTBEHHBIX

KoJieOanuii B ABYX TJIaBHBIX INIOCKOCTAX MHEPLUUU CCUCHU S

PesynpTar onTUMH3aIUU MPU OTPaHUYEHUH Be-
JUYUHBI IUPUHBI 1TOJIKKU b, [i] < 0.18 » npuse-
JIeH B cTOJIOIE 7. O0beM  IMOJIKH
fi =0.01910 »°, gro ma 19.61% Gonbiue, dem
MHUHUMAaJIbHO MaTEPUATOEMKHIA.

Pe3ynpTar onTUMH3aIUU MPU OTPaHUYEHUH Be-
JUYUHBI IUPUHBI 1TONKU b,[i] < 0.16 m npuse-
neH B cromoume 8. OObeM  TOJKH
fi =0.01982 u°, uto Ha 24.11% Gomblue, yeM
MUHUMAJILHO MaTepUATOEMKHUH.

PesynbTar onTUMHU3aIUU MIPYU OTPAHWYCHUU Be-
JUYMHBI WUPUHBI onku b,[i]<0.14 m npuse-
neH B crombue 9. OObeM  MOJKH
fi =0.02124 »m°, aro Ha 32.99% Goblme, Yem
MHUHUMAJIbHO MaTEPUATOEMKHIA.

PesynpTar onTUMU3ALMM TPU  OTPAHUYECHHUAX
BEJIMYMH TOJIIMHBI NONKK O, = 0.01m u wm-

pusbl nonku b,[i]<0.14 » npuBeneH B cTosod-

e 10. O6wvem mosiku fi = 0.02137 a’, uro Ha

33.81% Oosnbie, 4eM MUHUMAJIBHO MaTepHallo-
E€MKUH.

PaccmoTpuM emé oauH BapuaHT ONTHMH3AIUU
HOJIKK TpH GyHKIHMH 1enu (35), orpaHUYEHUSX
(4), (36) 1 KOHCTPYKTUBHBIX OTPAaHUYCHUSIX Be-
JMYUHBI TOJIIWHBI MOJNKHU, €€ MIUPUHBI, HO MPHU

YCIOBUU TIOCTOSIHCTBA IIMPHUHBI 1O JJIMHE
crepxkHsa. [Ilpumem orpaHudeHuss B  BHUIAE
0, 200lm u b,[i]=b, <0.14m.

B  pe3ynprare = onTHUMU3auMU  MOJYYHM

§,=001045 u by[i]=h, =0.126 u. O6bém

nonku  ft =0.02360 &>, uTO OTNIMYaeTCA OT
MUHUMaJIBHO MarepuanoeMkoro Ha 47.78%. Ot
MPUBEICHHBIX BHIIIE ONTUMH3AIMOHHBIX pellle-
HUH, B KOTOPBIX IIMPHUHA MOJKU MEHSETCs IO
JUIMHE CTEP’KHS, pa3HUIla B MaTepUATIOEMKOCTH
CYILIECTBEHHO MEHbIlIE. Tak pa3HHIa C PELIEHU-
€M IIpU MEPEeMEHHOM MO JJIMHE CTEp)KHS IIu-
pUHE NOJIKK U Npu orpanuyeHusx 6,, = 0.01.u

u b,[i]<0.14 m cocraBur 10.44%.

Bo Bcex oNTHMH3AIIMOHHBIX PEIICHUSAX, KaK C
KOHCTPYKTUBHBIMHM OTPaHUYCHHSIMH, TaKk U 0e3
HUX JOCTUTAETCS PaBHOYCTOWYHMBOCTH B O0EHX
TIABHBIX IJIOCKOCTSX HHEPIUH.

Volume 14, Issue 2, 2018

Takum oOpa3zom, HAOOp ONTHUMH3AIUOHHBIX pe-
ICHUH MOXKET CIIY)KUTh OPUEHTHUPOM IIPH BHI-
Oope cuCTEeMBbl OrpaHUYEHHH, OTBEYAIOLINX
KOHKPETHBIM YCJIOBHSIM TpoeKkTupoBaHus. [Ipu
9TOM MOSBISETCS BO3MOXKHOCTh CPaBHEHHUS OIl-
TUMH3UPOBAHHBIX BAPUAHTOB 0 MaTEpPHAIOEM-
KOCTH KaK MEXIy cOOOM, Tak U Ha OCHOBE KpH-
tepusi (15) ¢ MHUHUMaAIBLHO MaTEPHATIOEMKHM
[1,2]. [Tomy4enHblil B JaHHOM paboTe KPUTEPHUIA,
TaK)Ke Kak M MoJy4eHHbIe paHee (Hampumep [3-
6]), MOTYT HCIOJNB30BAThCS TaKkKe B 3aJayax
ONTUMHU3AIMKN KOHCTPYKIIMM, B YaCTHOCTH OII-
TUMAJIbHOT'O YCHJICHUSI KOHCTPYKLMii [7-16].
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EVALUATION AND ANALYSIS OF BEARING CAPACITY
OF BORED PILES AND DEEP-LAID PILE-BARRETTE
FOR A HIGH-RISE BUILDING ON LOOSE GROUNDS BASED ON
CALCULATIONS AND FIELD TESTS

Rashid. A. Mangushev', Nadezda S. Nikitina’

! Saint-Petersburg State Architecture and Construction University, Saint-Petersburg, RUSSIA
?National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. The study describes the standard procedure of the assessment of the bearing capacity of piles by field
methods used in the Russian Federation. Basing on the example of an experimental deep-laid foundation pile
(length L = 65 m, diameter D = 1.2 m) intended for a high-rise building designed for a thick layer of loose ground
the study demonstrates the structure of a loading system on site and the results of static tests of piles in comparison
with the results of analytical and numerical calculations. On the same construction site an experimental barrette-pile
of rectangular cross-section measuring 3.3 x 1.1 with a length of 65 m was installed with the base in solid Protero-
zoic clays. The pile test was carried out using Osterberg cells. For this purpose in the process of the installation of
the pile strain gauges were mounted in its reinforcing cage at 9 levels. The test barrette-pile was carried out in two
stages. On the first stage a standard test of the whole pile in the top-down direction was performed (Top - Down).
On the second stage, after reaching the maximum possible load, the “O — cell” element test was performed trans-
mitting the load in two directions (up and down). “O — cell” was located at a depth of 50 m in the layer of blue-
stone. The article contains the graphs of the movements of pile from under the load applied on the first and second
stages of the tests and the general assessment of the load-bearing capacity of the barrette-piles by different methods.

Keywords: experimental studies, piles-barrettes, bored piles, dependence of sediment-load, bearing capacity,
test methods

OLIEHKA M AHAJIN3 HECYIENW CHIOCOBHOCTH
BYPOHABUBHBIX CBA 1 CBA-BAPPET I'’TIYBOKOTI'O
3AJIOKEHMUS 1JIS1 BBICOTHOT O 3IAHUS HA CJIABBIX
T'PYHTAX IO PE3YJBTATAM PACYETOB M ITOJIEBBIX

UCTIBITAHUUA

P.A. Manzywes', H.C. Hukumuna’
]CaHKT-HeTep6yprc1<m71 roCyJapCTBEHHBIN apXUTEKTYPHO-CTPOUTEIbHBIN YHUBEPCUTET,
r. Cankr-Ilerepoypr, POCCUA
*HarmoHanbHbIH UCCIEN0BaTENbCKII MOCKOBCKHUI rOCYAApCTBEHHBIN CTPOUTENbHBIM YHUBEPCUTET,
r. MockBa, POCCHU A

AnHoTanus. OnrcaHa CTaHAapTHAS MPOIeTypa OIEHKH HECYIeH CTOCOOHOCTH CBail MOIEBBIMUA METOAAMH, HIC-
nonp3yeMoii B Poccniickoit @eneparmn. Ha mprMepe M3rOTOBIEHHOW OIBITHOW CBaW TIYOOKOTO 3aI0)KEHUS
(mmuHa L= 65 M, mumametp D =1,2 M) 101 BBICOTHOE 3[]aHUE, CIIPOCKTHPOBAHHOE Ha OOJBIION TOJIIE CIA0BIX
TPYHTOB, TIOKa3aHO yCTPOHCTBO HATPY30YHOI CHCTEMBI Ha CTPOUTEIFHON TUTOMIAIKE M MIPUBEICHBI PE3yIbTaTHI
CTaTUYECKOTO UCIBITAHUS CBAM B COTIOCTABIICHUH C PE3yJIbTaTaMH aHAUTHYCCKUX M YUCIICHHBIX pacueToB. Ha
9TOM K€ CTPOUTENBHOM IUIONIA/IKE BBIMOJIHEHA OMBITHAS CBas-0apeTTa MpsiMOYroJbHOrO ceueHus pa3mepom 3,3
x 1,1 anuHOM 65 M C pacHoNIO)KEHUEM OCHOBAHUS B TBEPABIX MPOTEPO30MCKUX IIMHAX. VcnbITaHue cBau MPOBO-
JIAIIOCH C UCTONb30BaHueM siueek OctepOepra. Jliist 3Toro, mpu yCTPONUCTBE CBau B €€ apMaTYpPHBIA Kapkac Ha 9
YPOBHSIX MOHTHPOBAIKCH NATUYUKHU nedopmanuu. VcnbpITaHne ONBITHON CBau-0appeThl MPOBOIWIOCH B JIBA JTa-
na. Ha mepBoM 3Tare BBIONHAJIOCH CTAHJAPTHOE MCIBITAHUE BCEW cBaMl B HampaBieHUH cBepxy-BHU3 (Top-
Down). Ha BTopoMm sTarre, mocie MOCTIKEHUSI MaKCHMAIBHO BO3MOKHOW HATPY3KH, BBHITIOIHSIINCH MCIIBITAHUS
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METOJIOM C MoMoIIbI0 stueiiku “O-cell” - anemeHTa, nepenaroiiero Harpy3ky B JByX HalpaBleHUSX (BBEpX M
BHI3). Sueiika “O-cell” pacnonaranack Ha riyounae 50 M B ToJILe TBEPIBIX MIMH. B crarthe npuBeaeHs! rpadu-
KU TIepEMELICHHS CBau OT NMPUJIO)KEHHOW HArpy3Kd Ha MEPBOM M BTOPOM 3Tanax UCIBITAHUH W 00INas OleHKa
HeCyIeH CIOCOOHOCTH CBau-0appeThl 110 PA3IMYHBIM METOAAM.

KaioueBble ci10Ba: skcriepuMeHTaNIbHBIE HCCIIEJOBAaHMs, CBaii-0apper, OypoHaOMBHBIE CBau, 3aBUCHMOCTb
ocajika-Harpy3ka, HecyIasi CiocCOOHOCTb, METOIUKH UCIIBITAaHUN

INTRODUCTION

Evaluation of the bearing capacity of piles by
analytical methods and further verification of
these values by field tests is an important aspect
of the design of pile foundations. There is a
large number of analytical methods for calcula-
tion of load capacity of single piles which take
into account the geometrical dimensions of the
pile and characteristics of the surrounding soil
[1]. However, very often the values obtained by
calculation based on these methods significantly
differ from the results of the field tests of the
piles by vertical load method. First of all, it con-
cerns large length piles designed in the ground
with the protection of clay mortar or pipe cas-
ing. Generally, calculations results of the bear-
ing capacity of piles made in accordance with
the methodology based on Russian standards
SNiP 24.13330.2011 [2] and SP 50-102-2003
[3] are significantly lower than the values of the
carrying capacity obtained by standard vertical
load capacity tests made in accordance with
GOST 5686-2012 Soils. Methods of field tests
by piles [4]. Field tests of barrette piles in Rus-
sia are still not standardized.

When preparing the design of the building of
“Ohta-center” public and business complex with
the height of 396 m two experimental cased
bore piles with the diameter of 1.2 m and the
length of 52.8 m as well as 5 experimental bar-
rette-piles of 3,3 x1,0 m and with the length of
65 m were made and tested.

One of the tasks of the field tests was to deter-
mine the total bearing capacity of bore piles and
barrette piles, as well as the bearing capacity
calculated separately along the side surface and
the base.
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Within drilling depth (170 m) the following de-
posits of subsoil were observed: man-triggered
soils tg IV; lacustrine-marine deposits m, 1IV;
lacustrine-glacial deposits (upper sediments) of
the Baltic Glacial Lake lg IIIb; lacustrine-glacial
sediments of Luzhskaya glacial clay (bottom
sediments) lglllz; glacial deposits of the Lu-
zhskaya glacial clay gllllz; bed-rock disturbed
and undisturbed clay Venda Vkt 2.

The averaged basic characteristics of soils are
given in Table 1.

EVALUATION OF THE BEARING
CAPACITY OF THE
EXPERIMENTAL PILE WITH
DIAMETER D =1.2 M AND
LENGTHL=528M

In accordance with Russian standards [1, 2] ana-
lytical bearing capacity of hanging piles is de-
termined by the formula

Fd ZYC[gcRRA+uZYCfﬁ}Li]a (1)

where v, is the coefficient of pile work condi-
tions in the ground, for driven piles, y. =1; R is
the design resistance of the ground below the
lower end of the pile; 4 is the cross-sectional
area of the pile, m® ; u is the perimeter of the
cross-section of the pile, m; f; is the design re-
sistance of the i-th soil layer along the lateral
surface of the pile, kPa; #; is the thickness of the
i-th layer of soil in contact with the side surface
of the pile, m, etc. and Niemann 4 < 2 m ;
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Table 1. The averaged basic characteristics of soils.

. . Y, Ea Q, S,

No. Ground name icalindex KN/ m? w e I MPa | deg | MPa

1 Filled soil tg IV 17.5 -

o |Marineand o 1496 0256 [0683 (071 |14 |24 |0
lacustrine deposits

g | Upperlacustrine- ol igs 10360 | 0980 |11 |45 7" |0.006
glacio sediments

4 | Bottomlacustrine- |\ 1 og4  0200 | 0.600 |0.87 | 105 |17 |0.030
glacio sediments

5 | Glacial clay Glllz |215 |0160 |043 [025 |17th |22 |0.036
deposits

g | Disturbed Vkt2 214 |0.176 | 0503 |-035|16 |14 |0.130
Venda clay

7 | Undisturbed Vkt2 223 |0.129 | 0367 |-079 | 113 |22 |0.840
Venda clay

der.; Owitht IS the coefficients of the working

conditions of the ground under the bottom end and
on a side surface of the pile, taking into account
the effect of the pile manufacturing method.

The tests of piles with the diameter of 1.2 m and
a length of 52.8 m with vertical static load were
carried out using hydraulic jacks with the maxi-
mum load up to 3,500 (35.000 kN) [Works on
installation and testing of bored-injecting piles
were conducted in 2009 by JSC Geoizol.]. For
this purpose, a special loading platform was con-
structed from the cross beams, based on a system
of 33 bored-injecting anchors of the Titan type
(Fig. 1).

According to the Russian standards [4] the total
bearing capacity of the pile is estimated by the
value of load on the pile which results in its ver-
tical deformation corresponding to value A = 20
mm. In this case, it corresponded to a load value
of Fysite = 25.000 kN.

Analytical calculations according to formula (1)
showed the value of the total bearing capacity of
this pile equaling to Fqcaic = 8320 kKN. With that
71% (5.985 kN) corresponded to tip of the pile
and only 29% (3.145 kN) to a side surface.

The value of the total load-bearing capacity cal-
culated by [2, 3] turned out to be comparable
with the results of calculations of this pile for
vertical load (Fd, PLAXIS 11000 KkN), per-
formed under the PLAXIS 3D program.
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- Figure 1. Geh'ér.ailview of the loading syste

The results of evaluation general bearing ca-
pacity of an experimental pile by various meth-
ods are listed in Table 2.

ey "

|

for testing a pile with a static vertical load.

Table 2. The total load bearing capacity
Fq, kN, of the pile (D =1.2mand L =52.8 m).

Calculation by the formula
8.320 (-301%
(1) [1' 2]1 I:d,calc ( 0)

Calculation by PLAXIS

11,000 (-227%
3D, FqpLaxis ( %)

The results of field tests,

25,000
I:d,site
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Figure 2. The results of the test of a pile with a diameter of 1.2 m and a length of 52.8 m
with a vertical static load.
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Figure 3. The results of calculations of the experimental pile by the vertical load,
performed in PLAXIS D.

EVALUATION OF THE BEARING
CAPACITY OF THE
EXPERIMENTAL BARRETTE-PILE
WITH THE SIZE
OFLxB=33x10M

AND LENGTHL=65M

At the same construction site an experimental
test of a pile of the size / x b = 3.3 x 1.0 mand

112

length L = 65 m with the location of the base in
the thickness of the bedrock — Vendian clay
Vkt 2 — took place. The tests were supposed to
be carried out applying among other Osterberg
cell “O — cell” and strain gauge, the scheme of
disposition of which is shown in Fig. 4. The ex-
perimental barrette was tested by a vertical stat-
ic load in two stages. The first stage involved a
standard test by a vertical load applied to the
head of the barrette-pile and directed down-
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wards (Top - down). After reaching maximal
possible load, the second stage was carried out
using “O — cell” at an altitude (-45.00). With
this method the load was transmitted in two di-
rections — up and down [5].

+3.90

Level 9 (-9.37)

Ig il b

Ig il 1z Level 8(-19.37)

Level 7 (-24.37)

glillz Level 6(-31.37)

Level 5(-37.37)

Level 4 -41.37;
Level 3 (-43.90
O-cell

Vkt?

Vkt,2
Level 2 (-54.37)

Level 1-(58.00)
-59.50

Figure 4. The layout of the “O — cell”
and displacement sensors on an experimental
barrette-pile
Fig. 5 shows the results of the tests of the exper-
imental barrettes at the first stage of loading by
the method (Top - down). With maximum load
35000 kN the settlement was less than 20 mm.
Extrapolation of the load-settlement graph to the
horizontal line corresponding to A = 20 mm,
made it possible to estimate the overall bearing
capacity of the experimental barrette-pile at its
primary load case at the value Fyr,p -
32.000 kN.
The analytical calculation of the experimental
barrette-pile according to formula (1) [2, 3]
showed the value of its total load-bearing capac-
ity Fycae = 31.244 kN, which is very close to
the results of the tests carried out using the Top
- Down method.
The results of calculations according to the pro-
gram PLAXIS 3D showed a total value of the
bearing capacity of barrette F,;prqxis = 27.800

Down —

Volume 14, Issue 2, 2018

kN (Fig. 6), which is slightly less than the re-
sults obtained using Top — Down method.

The results obtained by the tests using Osterberg
cell method “O — cell”, carried out after the Top -
Down method test are presented in Fig. 7.

The blue line corresponds to the bottom-up test
of the top part of the pile and allows to estimate
the bearing capacity of the lateral surface of the
barrette-pile. The red line corresponds to the
Top-Down test and allows to estimate the bear-
ing capacity of the heel of the barrette.
Extrapolation of the upper part of the graph
‘loading’ (blue line) to the intersection with the
horizontal axis corresponding to the value A = -
20 mm allows to estimate the bearing capacity
of a lateral surface of a pile by the value of FJ o-
cel = 29.500 kN. The lower part of the graph
(red line) estimates the bearing capacity of the
barrette tip with a value of at least FdR,O_ce” =
13.000 kN. The total bearing capacity of the pile
according to this test method was not less than
Fd,o-cell = 42500 kN

As expected the total value of the bearing ca-
pacity of the barrette-pile by the repeated load-
ing by the method of “O — cell” was higher
than the value obtained by the primary loading
by the Top - Down method (more than 30%).
The summary table 3 shows test results of the
tests using  “O — cell” method and analytical
calculations.

CONCLUSION

1) The results of the tests of the bearing capacity
of experimental barrette piles of a diameter D =
1.2 m and the length L = 52.8 m showed that
observed values were significantly higher (over
200%) than the results obtained by calculations
according with the Russian standards [2, 3], as
well as by PLAXIS 3D program.

2) Results of the tests of the bearing capacity of
the experimental barrette-pile of 3.3x1.0 m and
with a length L = 65 m were very close to the
results of calculations according to Russian
standards [1, 2] (2.5%), and differed by 15%
from the results obtained in PLAXIS 3D.
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Figure 5. Graph of displacement the barrettes-pile resulted by the applied vertical load.
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Figure 6. The results of the calculations of the experimental barrette-pile tests by vertical load
(Top - down), formed in PLAXIS 3D
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Figure 7. Graph of displacement of the pile from the applied vertical load
By «O-cell» method.

Table 3. The total load bearing capacity Fy, kN, REFERENCES
of the barrette-pile 3.3 x 1.0 m and L = 65 m).

1.

Calculation by the .
formula (1) [1,2], Fycare 31244 (-2.5%)
Calculation by PLAXIS

27800 (-15%
3D, F. d,PLAXIS ( 0)
The results of Top -

Down field tests (primary 32000 )
loading),F 7op-Down '
The results of «O — cell»
field tests (secondary
loading):
Fi oceln 42.500
Fa/ o-cell 29.500 3.
Fl ocen 13.000

3) The bearing capacity of the ground by the tip

(13.000 kN) turned out to be twice lower than

the bearing capacity of the lateral surface
(29.000 kN), despite the presence of a large
thickness of weak soils alongside the barrette-

pile shaft.
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METOIUKA CYIIEPOJIEMEHTHOI'O MOJAEJIMPOBAHUSA

AUHAMUKHU CUCTEM «OCHOBAHHUE — KOHCTPYKIIUHN

OYHAAMEHTOB U TPUBYH - KOHCTPYKLUU ITIOKPLITUSA»
CTAIMOHOB YEMIIMOHATA MUPA 110 ®YTBHOJY

2018 'OJA B POCCHUHU. OIIUCAHUE U BEPUOUKALIUA

A.U. Hazuooe6uu

3A0 «Hayuno-uccnenoBarenbckuii nentp CtaluO», r. Mocksa, POCCH S
HanuonaneHsli vccnenoBaTenbCckuit MOCKOBCKHMH TOCYJapCTBEHHBIH CTPOUTENIBHBINA YHUBEPCUTET,
r. MockBa, POCCHA

AHHoTanmsi: B Hacrosmei craThe MpeiCTaBIICHBI: ONMCaHNe U Bepu(duKanus pa3padoTaHHON METOAWKH YHC-
JICHHOTO (CYNEp3JIEMETHOTO) MOJCITMPOBAHMS TUHAMUKH TPEXMEPHBIX CHCTEM «OCHOBaHUE — XKeJIe300€TOHHBIC
KOHCTPYKIMH (DYyHIAMEHTOB U TPUOYH — METaJUTMYECKHe KOHCTPYKIMH MOKPHITHS» CTaAHOHOB K YEMITMOHATY
Mmupa 1o ¢pyroory 2018 roga B Poccuu mpr OCHOBHBIX M OCOOBIX COUETAHUSAX HATPY3O0K.

KaroueBble ci10Ba: MaTeMaTH4ecKoe MOJICIIMPOBAHUE, YUCICHHBIE METO/IbI, METOJ KOHEYHBIX JJIEMEHTOB,
CYIEepPAJIEeMEHT, METO IMHAMUYECKOTO CUHTE3a MOIKOHCTPYKIIUii, HAIIPSHIKEHHO-1e()OPMUPOBAHHOE COCTOSTHHE,
JNMHAMUYECKUE XapaKTePUCTUKU, COOCTBEHHBIC YaCTOTHI U JOPMBI KOJieOaHuH,

MeXaHU4ecKas 0€30IaCHOCTh, PyTOONBHBINA CTaTHOH

TECHNIQUE OF SUPERELEMENT SIMULATION
OF DYNAMICS FOR SYSTEM “BASIS - FOUNDATIONS
STRUCTURES AND STANDS — STRUCTURES OF THE ROOF”
FOR STADIUMS FOR THE 2018 FIFA WORLD CUP IN RUSSIA.
DESCRIPTION AND VERIFICATION

Alexander I. Nagibovich
Scientific Research Center “StaDyO”, Moscow, RUSSIA
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The article presents descriptions and verification of the developed technique of numerical (superele-
ment) simulation of dynamics of the three-dimensional systems "ground base - reinforced concrete foundation
structures and stands - metal structures of the roof" of stadiums for the 2018 World Cup in Russia with basic and
special combinations of loads.

Keywords: math modeling, numerical methods, finite element method, superelement,
component mode synthesis, stress-strain state, strain-stress state, dynamic characteristics,
natural frequencies and modes, mechanical safety, football stadium

BBEJEHHUE CTel, MoAPOOHO OHM ObUIM ONMHUCAHBI B IPE/bI-
JylIEN CTaThe.
YucneHHoe  MOJENMpOBaHWE  HampsbkeHHO-  OnHa U3 KIIIOYEBBIX 0COOEHHOCTEH, ¢ KOTOpOH

Ne(OPMHPOBAHHOTO COCTOSIHUSI TaKUX YHH-
KaJTbHBIX OOJBIICTIPOJICTHBIX COOPYKCHHI KaK
(GyTOOIBHBIE CTAaAMOHBI UMEET PSJl OCOOCHHO-

NPUXOJUTHCS CTOJIKHYTBCS TMPH PACUETHOM
00OCHOBaHMU COOPYKEHHMH TaKOro THIIA 3a-
KJIIOYaeTcss B TOM, 4YTO NPOEKTUPOBAHHUEM U
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pacueTaMu pa3IMYHBIX MOJCHUCTEM HECYIIUX
KOHCTPYKILIUH, TAKUX KaK «OCHOBAHUEY, «XKelle-
300€TOHHBIE KOHCTPYKIMU (PYyHIAMEHTOB U
TpUOYH» U «METaUTNYeCKUe KOHCTPYKIMH TI0-
KPBITUA U (PacazioB» 3aHUMAIOTCS HE3aBUCUMbIE
IIPOEKTHBIE OpraHu3anuu. Takoll moaxox Xxa-
paKTepeH Kak JJs OTeUeCTBEHHOW MPaKTUKH,
TaK ¥ Ui 3apyOexHoit. CienoBarenbHO, HEOO-
XOJMMO 000CHOBATh BO3MOKHOCTH IIEpexo/ia OT
UCCIICIOBAHMSI TTOJIHOW CHUCTEMbI «OCHOBAHUE —
KeJIe300€TOHHbIE KOHCTPYKIMH (PYHIaMEHTOB
U TpUOyH — METaJUIMYeCKHe KOHCTPYKLHHU I0-
KpbITHS U acagoBy (PyTOOIBHBIX CTaMOHOB K
OTJENIBHBIM MOJICNIAIM MOJCUCTEM. AJbTepHa-
TUBHBIM TOJXOJIOM SIBJISIETCS MCIIOJIb30BaHHE
METOAa JIUHAMUYECKOTO CHHTE3a IOJIKOH-
cTpykuuii. Jlns npeonosieHus: yKa3aHHOM Mpo-
61embl/0coOeHHOCTH pa3paboTaHa U BepudpH-
MpPOBaHa IPUBE/ICHHAs HI)KE METOJIHKA.

1. OBIIEE OIIMCAHUE METOJIHUKH

Mertoauka YUCIEHHOTO MOJEIUPOBAHUS JUHA-
MUKHU CHCTEM «OCHOBAHHME — >KeNe300€TOHHbBIE
KOHCTPYKUMU (YHIAMEHTOB M TPHUOYH — Me-
TaJNIMYECKUE KOHCTPYKIHMHU MOKPBITHS» (GyT-
OOJBHBIX CTAMOHOB MpEAHA3HAYCHA /IS OIpe-
nenenusi mapamerpoB HJIC, npounocTtu, nunHa-
MUKH YyKa3aHHBIX KOMOWHHPOBAHHBIX CHCTEM
MIPU IEUCTBUU OCHOBHBIX M OCOOBIX COUCTAHUM
HArpy30K U BozjaelicTBuil. Pa3paboranHas me-
TOAMKA MPETyCMaTPUBAET PA3IMYHBIE MTOIXO/bI
pellIeHns TOCTABJICHHOM 3a7jaul B 3aBUCUMOCTH
OT BJIMSIHMS JKECTKOCTHBIX XapaKTEPUCTUK IMOJ-
CUCTEM JApYT Ha JIpyra, UMEIOLIErocsl B pacio-
PSKEHMH MTPOrPaMMHOTO 00ECIICUEHHs, a TAKXKE
COBMECTHMOCTH ()OPMATOB PA3IUYIHBIX PacUeT-
HEIX MOJEJIEH.

OnHVM W3 OCHOBHBIX JTamoB pa3paboTaHHON
METOANKHN SIBISETCA CPABHUTEIBHBIA aHAIU3
JTUHAMHYECKHX XapaKTePUCTHK (COOCTBEHHBIX
4acToT U (GopM KojeOaHWUN 3HAYNMOTO CIICK-
Tpa) MOJHOW MOJENN KOHCTPYKIUH CTaAHOHA U
COCTaBJIAIOIIMX €€ MOJeNed MOJCUCTEM «Me-
TAJUTMYECKUE KOHCTPYKIIUU MOKPBITUS» U «OC-
HOBaHHE — JKEJIE300€TOHHbIE KOHCTPYKIUU
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¢bynnamenToB u TpubyHn». Ilpu pacuerax moze-
JIed MOACUCTEM HEIOCTaroIasi YacTh YUUThIBA-
€TCsl C HCIOJB30BAaHUEM COCPEIOTOUYEHHBIX
Macc (Il ydeTra TOKpPBITHSA) WA 3aJaHHBIX
KECTKOCTEH (IIJIs1 yueTa >kele300eTOHHOTO Kap-
Kaca).

ConoctaBuB COOCTBEHHBIE YacTOThI U (POPMBI
KoJIeO0aHUN IIOJIHOM MOJEIN COOPYXKEHUS U
MOJMOJIETT! KOHCTPYKUUN TOKPBITUS MOXKHO
OIICHUTh HACKOJIbKO BEITUKO BIIHMSIHHUE MOJATIH-
BOCTH OIIOPHOM TOACHCTEMBI «OCHOBAaHUE —
KEJIe300€TOHHBIE KOHCTPYKIIMH Yallin» Ha CTa-
TUYECKOE COCTOSIHUE, JAMHAMUKY U YCTOWYH-
BOCTh YIOMSIHYTOM MOJICUCTEMBI «METaNIOKOH-
CTPYKLUHU TOKPBITHSI.

[Ipu orcyTcTBHM CBSi3aHHBIX (POPM U HE3HAYH-
TEJIbHOM PACXOXJACHUU 3HAYEHHUH 4acTOT KoJe-
OaHMii JUIsI POACTBEHHBIX (DOPM, MOXKHO CHe-
JaThb BBIBOJ O BO3MOXKHOCTH HCCIIEIOBAHUS
HJIC B pamkax cenapaTHbIX MOJENEH.
AJIbTEpHAaTUBHBIM MOJIXOJ0M, KOTOPBIM MOKET
OBITh MPUMEHEH AK€ B TOM CiIy4ae, Korja
CPaBHUTEJIbHBIA aHAIU3 COOCTBEHHBIX YacTOT U
dbopM KonebGaHUW TMOJHON MOIETH W MOJENen
MOJICUCTEM KOHCTPYKIMM CTaJAuoOHAa HE JaeT
YAOBIIETBOPUTEIHHOTO OTBETA (O BO3MOKHOCTHU
JEKOMIIO3UIINN), SBISETCS METOJ JWHAMUYe-
CKOrO0 CHHTE3a MOAKOHCTPYKIUH WA METOJ
cynepanemeHToB (MCD). DTOT moaxos Mmo3Bo-
JSeT MPU pacyeTe OTACIbHOM MOJENIH MOJCH-
CTeMBbl MOJAKJIIOYATh MAaTPHIbl KECTKOCTU U
MacC OCTAJIbHBIX MOACUCTEM, TEM CaMbIM y4H-
ThIBasg BiausHue nociaeanux Ha HJC Bcei cu-
CTEMBI.

MeTtonuka peann3oBaHa Ha OCHOBE NMPOTPaMM-
Horo komrmuiekca ANSYS Mechanical u co6-
CTBEHHBIX MPOTPaMMHBIX pa3paboTOK aBTOpA.
OOmasi CTpyKTypHasi cXeMa METOAWKHU TMpe-
CTaBJICHa Ha PUCYHKeE 1.

2. METO/bI JTUHAMUYECKOT' O
CHUHTE3A MOJKOHCTPYKIIUIA

CYHCPSHGMGHTHBIP'I pacd€T CHUCTEM BKIIIOYACT
CJICAYIOIMEC OCHOBHBIC 3TAIlbl:
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Pacuet
K3-moaenn
NOAHOW MOAENMW
CUCTEMBI

L

I

MocTpoeHue
K3-moaenv nonHoM
MOJENW CUCTEMBI

W

HeT O6ocHoBaHWe

' nepexoaa K pacyeTy
NoAcUCcTEM B pamKax
cenapaTHbIX MOOenei

Het

[ocTpoeHUe W pacueT

Mmogenei NnoacucTem
C NPUMEHEHWEM
CYNEepaNemeHTHOTo

nogxoga ).

I\_l Oa
!

q

PacuyeT noacHcTeMbl
«OCHOBaHWE —
wenesobeToHHbIE
KOHCTPYKLMMK
dYHAAMEHTOB M TPUBYH»

Pacuer nogcucremsl
“METaNIMYECKHNE
KOHCTPYKLUMWH MOKPEITHUA»

| I

~ Pesynstathl pacueT HJC, OLIeHKa NpOYHOCTM, YCTONUMBOCTM HECYLLIMX KOHCTRYKUMI dyTBonbHOrO
— cTaguoHa —

Pucynok 1. Obwas cmpykmypnas cxema pazpabomannou MemoOuKy cynepaieMeHmHo20
MOOEUPOBAHUs CUCTEM OCHOBANUE — KOHCIMPYKYUU PYHOAMEHMO8 U MPUOYH — KOHCMPYKYUU
HOKpbIMUAY QymOOIbHbIX CMAOUOHOS.

1. Hdexkomnosuimsi. VcxonHoe coopyKeHHe
pa30uBaeTCsl HAa HE3aBHCHMBIE TOJKOHCTPYK-
AU, JJI1 KOKJIOH M3 KOTOPBIX pEeIIeHUE 3a1auu
Mpole, YeM pacyeT BCEU CHUCTEMBI B LIEJIOM.
V3510BBIe HEU3BECTHBIE I KaXXKIOM IOIKOH-
CTPYKLMHU pa3leisiioTcsl Ha JIB€ TpyNInbl —
«BHYTPEHHUE» U «TPAHUYHBIEY.

2. Konnencanusa. HeusBectHble, COOTBETCTBY-
IOIIME BHYTPEHHUM Y3JIaM JUIsl KaXKJA0W MOJAKOH-
CTPYKLUH, BBIPAKAIOTCS 4epe3 I'pPaHUYHbIE He-
W3BECTHBIE M MCKJIIOYAIOTCS M3 CUCTEMBI pas-
pematrouux ypaBHeHuil. [locne 3Toro mogkoH-
CTPYKIII/IIO MOXHO paCCManI/IBaTI) KaK KOHCY-
HBII 3JIEMEHT, y3JIaMHU KOTOPOTO SIBJISIIOTCS rpa-
HUYHBIC Y3JIbI — «CYTIEPITIECMEHTY.

Volume 14, Issue 2, 2018

3. Coopka. CynepaneMeHThl 00bETUHSIIOTCS JJIS
o0pa3oBaHMs MOJEIN UCXOMAHOTO COOPYKCHHSI.
I[Ipy 5TOM y CTBIKyeMBIX CYIEpAJIEMEHTOB
OTOXECTBJISIOTCSI UX COOTBETCTBYIOILIUE CTe-
MeHU cBOOO/IbI, M CUCTEMbI YPaBHEHH 7151 BCeX
CYTEpAIIEMEHTOB 00BEIUHSIOTCS B TTI00aTHHYIO
CHUCTEMY ypaBHEHUN OTHOCHUTEIIbHO TPAHHYHBIX
HEU3BECTHBIX.

4. Boruucnenue perienus. [IpousBogutcst pe-
IIEHHE TMOJIyYeHHON TJI00albHOM  CHCTEMBI
ypaBHeHUH. B pesynbTaTe 3TOr0 HaXOIATCS
3HAQUYEHMS] TPAHMYHBIX HEU3BECTHBIX NJIsi BCEX
MOAKOHCTPYKIMI. 3HaUeHUsI BHYTPEHHUX HEH3-
BECTHBIX JJIi BCEX MOJAKOHCTPYKLMM BBIYUCISA-
IOTCSI C TIOMOIIBIO 3aBUCHUMOCTEH, HCIIOIB30-
BABIIMXCS JIJIS1 UX UCKITIOYEHUSI.
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CoBpeMeHHBIE «TSKeINble» YHUBEpCAbHbIE KO-
HEYHODJIEMEHTHBIC TPOTPAMMHBIC KOMILUICKCHI,
takue kak ANSYS, NASTRAN, ABAQUS
UMEIOT B CBOEM (YHKIIMOHAJIE BO3MOXKHOCTH
MOCTPOCHUS M HMIIOPTa-3KCIOpPTa PEAyLUpPO-
BaHHBIX MATpPHWIl BJIUSHUS (KECTKOCTH, MAacc,
neMripupoBaHusi) Il 0OeCIeYeHus, B 4YaCTHO-
CTH, COBMECTHBIX pa3pabOTOK M TOYHOTO aHaJIH-
3a CJIOXHBIX MHOTOCBSI3HBIX CTaTUYECKU U -
HAMUYECKH Harpy>KEHHBIX KOHCTPYKIUWA U CO-
OpYKEHUH.

Tak ke MOJQJIbHBIN CUHTE3 YaCTO UCIIOJIb3YETCS
KaK 3()(PEeKTUBHBI METOJ] YMCHBIIICHHUS BBIYKC-
JIUTEIBHOW Pa3MEPHOCTH pelaeMoy 3ajgauu. B
TOM METOJIe pacueTHasi 00JIacTh pasfensercs
Ha KOMIIOHEHTHI (MMOAKOHCTPYKIMH). s xax-
JIOM MOJKOHCTPYKIMHU, OMpPEAEIseMON Mmepeme-
menueM {U}, matpuueit xécrkoctu, [K], mar-
pureii macca [M] u cunamu {f}, cucrema ypas-
HEHUI IBIKEHUS 3aMTUChIBACTCS B BUJIE!

[M{u+[K]{up={1] (1)

Paznenum 5TH ypaBHEHHs B COOTBETCTBUH CO
CTBIKOBOYHBIMH (TpaHUYHBIMH) {Ub} ¥ BHYT-
peHHUMH {Ui} CTETICHSIMHU CBOOOIBI.

|:Mbb I\/Ibij| Lljb +|:Kbb Kbij| ub fb (2)
Mib I\/Iii ul Kib Kii ui fi

CyThb METOMOB TUHAMHUYECKOTO CHHTE3a MOI-
KOHCTPYKLIUH COCTOMUT B MEpexoJie OT MOJHOTO
Habopa (hM3MYECKHX CTerneHell CBOOOIBI K pe-
JQyLUpOBaHHOMY Ha0opy 0O0OOIEHHBIX KOOPIH-
HAT, T.e. JUIA TIPEJICTABIICHUS TEPEMEIICHHS
HNOJKOHCTPYKLMH  HCIOJB3yeTcs Mpoleaypa
Penes-Puria, B KOTOpOWl nepemenieHrue mnpen-
CTaBIIsIeTCSI B BHUJE CYNEPHO3ULUH Oa3UCHBIX
BEKTOPOB ((popm)

{uj =[¥}{aj
rae [¥] — naGop GasucHBIX BEKTOPOB /UIs MO

KOHCTPYKIIMH, a COOTBETCTBYIOIIME UM 0000-
IEHHBIC MOJIATIbHBIC KOOPIMHATEL.
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Takum oOpa3oMm, ypaBHeHHE (2) MOXET OBITH
3arMcaHo Kak

[e] [M][]{d}+[¥] [K][¥]{a} =
=[] {f} (3)

HIJIN

rac

[RJ=[¥T [K][¥] @

B wutore, mocie CTBIKOBKM MOJKOHCTPYKLHUH,
ONMCHIBAEMBIX PENYyLUPOBAHHBIMU MaTpHUIIAMU
KECTKOCTH M Macc, MOJIy4YUTCsl oOLiast MOJEib
CYLIECTBEHHO MEHBIIEH Pa3MEPHOCTH.

MeTonpl IUHAMUYECKOIO CHUHTE3a IOJKOH-
CTPYKUUN KJIACCUPHUIMPYIOTCS MO COCO0Y BbI-
60opa 6a3uCHBIX BEKTOpoB Metonaa Penes-Putia
JUISL TIOJKOHCTPYKIUHM, a TaKke MO CHoco0y MX
cThIKOBKM. Kak mpaBmio, B kadecTBe Oasuca
JUISL IOJKOHCTPYKIUH UCIOJIB3YIOTCS €€ (POPMBI
KOJICOAHUH TIpU ONpEeAETCHHbIX TPaHUYHBIX

YCIIOBHSAX:

e s 3akpemieHHoi rpanuisl - R.R.Craig.
M.C.C.Bampton u W.C.Hurty;

e i cBoOonaHoit rTpanunbl. W.A.Benfield.
R.F.Hruda;

® ISl YACTUYHO 3aKPEIJICHHOW TpaHUlbl MOA-
xoHcTpykumu. R.H.MacNeal;

N3 Tpex paccMOTPEHHBIX BapHAHTOB METOAA
HaunOoJee TPEANOYTUTEIBHBIM, C BBIYHCIIH-
TEJIbHOW M peaan3allMOHHONW TOYEK 3pEHUSs, SIB-
JsieTcsl TIePBBIN, UCHOJB3YIOMUM (HopMbl KoJte-
OaHUl OCHOBHOM CHCTEMBI METOJIa TepeMelrie-
HUH.

Bce Tpu oTMedeHHBIX BbIIIE CHOCO0a OrpaHu-
YEeHUsI CTHIKOBOYHBIX CTENeHEeH CBOOOBI peau-
30BaHbl B mporpaMMHoM komruiekce ANSYS
Mechanical.
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OO6muit Habop PU3NUECKUX CTETEeHEH CBOOOIbI
0603HaunM kak P . HaGop BHyTpeHHHX cTelie-
Hell cBOGOABI 0003HAYMM Kak [ , TIONMHBIIA
HAa0Op CTBHIKOBOYHBIX KOOPAMHAT 0003HAYMM
kak T . DT HaGOPBI KOOPAMHAT COJEPIXAT P, i,
u t cTermeHelr cBOOOABI, COOTBETCTBEHHO. JlIst
WCIIONIb30BAaHUSl CMEIIAHHOW TPaHUIIbI, MyCTh
HaGop T cOCTaBiIeH U3 0OBEIMHEHHS HAGOPOB
B u C . Tlpu BBIYMCICHHH COOCTBEHHBIX YaCTOT
1 GopM cTemeHn cBoOOABI U3 Habopa B ¢uk-
CHpOBAHBI, CTENeHH cBobonapl m3 Habopa C
CBOOO/THBI.

3. METOJ OCTATOYHOM 5
MNOJATJIUBOCTHU CMEIIAHHON
T'PAHUIIBI (OIICT)

MeToa cMelIaHHOM IPAHMIBI UCIIOJIB3YET TPU
Habopa dhopm:

C
® OrpaHUYUTENbHbIE (POPMBI [‘Pb], ompeje-

néHHble HA Habope B ;

Xy I,
X, r= 0 I

c c

s -gf(gh) v

Meroa ¢uUKCHPOBAHHOM TIPAaHULBI: TOYHAS
penykius k metony Xaptu / Kpeiira — bemmro-
Ha. [IpeoOpazoBanus koopaunat meroaa OIICT
TOYHO TMPHUBOIAT K Meromy Xaptu/Kpeiira —
bemntoHa B ciydae Bceil 3aUKCUPOBAHHOM
TPaHMIIBL, TO €CTh, OTCYTCTBYIOT CTEIEHEN CBO-
60161 Habopa C .

X, I, 0 ||x,

= (7
xi l//lc ¢1N Qk

OTOT METOJ ABJAETCA Hanbosee MOy IsIpHBIM B
YHUBEPCAIBHBIX «KOMMEPYECKUX» IMpPOrpaMM-
HBIX KoMIUIekcaX. OH CBOAMTCSA K IOCTPOCHHUIO
PEAYLIMPOBAHHBIX MaTPHIL )KECTKOCTH U Mace
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v R
e (GOpMBI OCTaTOYHOW NOAATIMUBOCTH [gc ],

ornpenenéHHble Ha Habope C ;
o N
® yceueHHBIH HA0Op HOPMAIBHBIX (HOPM [qﬁk ] .

Kak nmeer mecto B merone Xaptu / Kpeiira —

BemnTona, Habop B Kak MHHHMYM J0CTaTo-
YeH, YTOOBI UCKIIOUYNUTHh KOMIIOHEHTHI COOTBET-
CTBYIOIIME JBMKEHHIO TBepjoro tena. Jlns
ciy4asi cBOOOJAHOM TpaHUIIbI, TO €CTh, BCE Ipa-
HIYHBIE KOOPIMHATHI COJIepKaThcs B Habope C
, BBIYMCIIEHUE OCTATOYHOM MOAATIMBOCTU Tpe-
OyeT mpoueaypbl MHEPLUHUOHHON KOMIICHCAIIMH
Kak B Metoze PyOuna.

Koopaunarmonnoe nmpeoOpa3zoBaHue MpeacTaB-
JICHHOTO MeToJla U3 (pU3MYecKuX KOOpAMHAT B
KOOPJIMHATHI CMEIIAHHOM TPAaHUIIBI MOXKET OBIThH
3aMMcaHo B CIEAYIONIEM BUIC

=11z He.) )

WJIU B pa3BepHyTOM popme

0 X,
0 x (6)

g (g%)" o) —gf(gt) ol L9

[R1=0| & B0 |id1=| B I
Kbi Kbb 0 KNN
noa M M M, M
[M]=[D)| " 0 |[@]=| e e
Mbi Mbb MCN MNN
2 1 0
D=
rae [ ] |:CD,~C q)iN}
®,. — mnepemelieHWs BHYTPEHHUX CTEIECHEH

cBoboapl CO [Isl 3aJaHHBIX EAMHUYHBIX Tepe-
MEIIEHUI T'PaHUYHBIX (CTHIKOBOYHBIX) Y3JIOB,
®,, — mnepeMerieHHs BHYTPEHHHUX CTENCHEN

CBOOOJIBI, COOTBETCTBYIOIIUE yIEP)KUBAEMBIM
coOcTBeHHBIM (popmaM KoseOaHUil TpH OrpaHu-
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YEHHUM CTEeTeHeH CBOOOIBI (3a/IeNIKe) TPaHUIHBIX
y3n0B, [K,,] u [M,,] — IuaroHaiabHble MO-
JTATTbHBIC MATPHIIBI )KECTKOCTH M Macc,

[Kee1=[K1; M 1=[M]1;
[MNC] Z[MCN]T

— 3aII0JIHCHHBIC MaTPUIBI.

MeToa cBOOOAHOM TIpaHMIbI: TOYHAS PEAYK-
s K Mmetony Pyouna.

[IpeobpazoBanus koopaunatr wmetoma OIICT
IpUBOIAT K MeToay PyOuHa B ciyuae Bcell cBo-
0O0JIHOM TpaHUIIbI, TO €CTh, OTCYTCTBYIOT CTEIe-

Hel ¢cBo0o 161 Habopa B .

X ]c O X
c — ~ ~ c 7
x| et (gh) ol -gt(gh) ol |la 7

Takum o6pazom, npeodpazoBanue OIICI (6)
SBIIIETCS O0OOIICHWEM HANEKHBIX U HIMPOKO
UCTIIONB3yeMBIX MeTonoB Xaptu / Kpeiira-
bemnTona u Py6una.

4. BEPUOUKALIUA METOJAUKHN

B kauecTBe BepH(pUKaLMOHHON 3a1auM BBIOpaH
peanbHBIl M TIOKa3aTelIbHBIH OOBEKT — OJIOK
«E» runepmapkera B 1. Bomkckuit (puc. 2).
KoHcTpykuuu paccmarpuBaeMoro 010ka UMEIOT
CXOXKHUH THII ¢ OOJNBIIETPOJIETHBIMH KOMOWHU-
POBaHHBIMU KOHCTPYKUUSMH CTaJUOHOB: JKeJle-
300€TOHHBI KapKkac M KyNoJ METaJJIOKOH-
CTpyKuui nokpeitus. Ha 3ToM TecroBoM mpu-
Mepe HCCIIEAYIOTCS BO3MOXXHOCTH M OCOOEHHO-
CTH NPHUMEHEHUS METOJAa JUHAMUYECKOTO CHH-
Te3a MOAKOHCTPYKIMHA K pacueraM KOMOMHHUPO-
BAHHBIX CUCTEM. TakKe MCCIIEeIyEeTCs BIIUSHHE
BbIOOpa METOJ]a yyeTa BHYTPEHHUX (QOopM KoJie-
OaHMIl KOHCTPYKIIMH, 3alIMCbIBAEMOIl B cynepa-
JeMeHT (MeToJl (PMKCUPOBAHHOM IpaHHULIBI U Me-
TOA cBOOOMHOM rpanullbl). [Ipu conocraBneHnmn
pe3yabTaTOB NMHAMUYECKUX PACUETOB CPaBHU-
BalOTCA YacTOThl U (OPMbI COOCTBEHHBIX KOJe-
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O0aHMi MOJAENU TOJHOW CHCTEMbI «K.0. KOH-

CTPYKLHMH Kapkaca — METaJUIMYECKUe KOH-

CTPYKLMU TOKPBITUS» M MOJEIEH COCTaBIISIO-

mux €€ MOACUCTEM C MCHOJIb30BAaHUE CYIEp)-

nemeHToB. Ha 06a3e 3Toro jaenaercss BBIBOI O

BO3MOXKHOCTH Iiepexona k uccienosanuo H/C

CHUCTEMBI B paMKax CenapaTHbIX MOJIEJIEH.

PacueTHpie MHOTOBapHaHTHBIE BepU(UKAIINOH-

HbI€ YHWCJICHHBbIE HCCIEIOBAaHUS MOJENIN Hecy-

IIMX KOHCTpYKIMH Onoka «E» rumepmapkera

MIPOBOJMJINCH I TIOJHOM MOJENIH, , & TAKKe

JUIL MOJIEJIeH TOACUCTEM <OK.0. KOHCTPYKIIMK

U «METAUIMYECKUE KOHCTPYKIMH MOKPBITHUS C

IIPUMEHEHUEM METOJla AMHAMHUUYECKOTO CHHTE3a

MOJKOHCTPYKIHUM.

Hecymue xoncTpykuuu 6moka «E» rumepmap-

KeTa B I'. BOJDKCKUI COCTOSIT U3 OMOPHOTO Ke-

71€300€TOHHOT0 KapKaca U METaJTMYeCKOro Ky-

T10J1a MTOKPBITHSL.

Xene300eToHHBINA KapKac MpeACTaBIeH KOJIOH-

Hamu ceuenreM 600600 MM, 2-MU EPEKPHITU-

SIMH U «KO3BIpbKOM» C Oankamu. DyHIaMEHT —

MOHOJIUTHBIE >KEJI€300€TOHHBIE POCTBEPKU Ha

CBAilHOM OCHOBAHHH.

Kymon oGpa3zyercst 18-10 paguaibHBIMU peIieT-

YaTBIMU «TPEYTOJIBHBIMI» (epMaMu apoyHOTO

OYepTaHUs, PACHOJIOKEHHBIMU MO yriaom 20°

JpyT K 1pyry. @epMbl COCTOST U3 TPEX IMOSICOB

KOJIBIIEBOTO CEYEHUS, COEMHEHHBIX TPyOUaThI-

MU CBsI3IMHU-packocaMu. [lo BHemHemy paauy-

cy (epMbl KECTKO OINEpPThl HAa KOJOHHBI, IO

BHYTPEHHEMY — COEIMHEHBl BEPXHUM U HUXK-

HUM KOJIBLIEBBIMHU ITOSICAMH.

B nmporpamMHOM  komiuiekce  ANSYS

Mechanical mocTpoeHbl u BepubUIIUPOBAHBI

CJICAYIOUINE MPOCTPAHCTBEHHBIE 000JI0YEUHO-

CTEP>)KHEBbIE ~ KOHEYHODJIEMEHTHBIE  MOJENH

(Tabnuna 1) Hecymmx KOHCTpYKIMi 610ka «E»

runepmapkera B r. Bomxkckuit (31ech U nanee

«K.0.» — COKPAIIEHHO «KeJIe300€TOHHBII):

1. Mojenb MOJHOW CHUCTEMBI “XK.0. KOHCTPYK-
LMK KapKaca — METAJUINYECKUE KOHCTPYK-
Y TIOKPBITUS

2. MoJenb MOACUCTEMBI ‘“K.0. KOHCTPYKIMH
Kapkaca’;

3. MoAelb MOJICUCTEMBI “‘METAJTMYECKUE KOH-
CTPYKLIMH TOKPBITUS
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Mertonuka CyrnepaieMEHTHOTO MOJICIINPOBAHUS TMHAMHUKH CHCTEM «OCHOBAaHHE — KOHCTPYKIMH (yHIaMEHTOB
¥ TpUOYH — KOHCTPYKIIMHU TMOKPBITHs» cTanuoHoB Uemmnronarta mupa o ¢pyroony 2018 roga B Poccuu.
Onucanue U BepudUKaIus

Bun ¢ pacana

By Ha Hecymue KOHCTPYKIHMH KYTIO
\/ \

9‘." ( 7 ‘ ] A

o) 2 oy v > I RE

Pucynox 2. @omoepaguu eunepmapxema 2. Bonscckuii (TL BoreaMonn).

4. Mopaenb MOACHUCTEMBI ‘K.0. KOHCTPYKLUHU TOHHBIX KOHCTPYKIIMHA KapKaca Kak cynepa-
Kapkaca” C y4yeTOM METaJUIMYECKUX KOH- JIEMEHTA.
CTPYKIIMM MOKPBITUS KaK CYIEpIIEMEHTa; PazpaboTanHble pacueTHbIE MOJIETU CUCTEMBI U

5. MO MOJCUCTEMBI “METAJUTMYECKHNE KOH- TOJCHCTEM aJIeKBaTHO OTPAXKaIOT T€OMETPHUKO-
CTPYKLIUHU TIOKPBITUS C YUETOM >Keie300e- IKECTKOCTHBIE U MHEPIIMOHHBIE CBOWCTBA U HAr-
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Tabnuya 1. PaspabomaHmuvie pacuemmuvle KOHEUHOINEMEHMHbIE MOOenU HeCyujux KOHCMPYKYUll
onoxa «E» eunepmapxema 6 2. Bonoicckuil.

o Q
Mm Mm o
No K3-monemn § g § =
- A H3o0paxeHue g 5| £ 8 Tume KD
/1 CUCTEMBI/TIOICUCTEMBI = 92| E 2
S 3 5
7 X O
«Kere300€TOHHEIE
1 KOHCTPYKLHMH KapKaca — E § SHELL181
METAJIIINYECKHUE ° o BEAM188
KOHCTPYKLHHU MTOKPBITHUS
) ~
5 «KelIe300€TOHHbIE e 3 SHELL181
KOHCTPYKLIUH KapKaca ~ ~ BEAM188
N N
«METAIJINUECKHE o < SHELL181
3 NS o
KOHCTPYKLHH ITOKPBITUS» ~ ° BEAMI188
«WKEIT TOHHBI
KOHCT e If 3(I/)I§IGK;) Kac:l» + o 3 SHELL181
4 fymf 3HGMEHT " | X | BEAMISS
yuep ™~ ™~ MATRIXS50
«TOKPBITHEY
«METaJNINYECKUE
KOHCTPYKUHH MOKPBITHS» + ~ o SHELL181
5 CyHEpIJEMEHT Q & BEAM188
«Kere300€TOHHEIE = | MATRIX50
KOHCTPYKLIHUU KapKaca o
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Meroanka CynepaIieMEHTHOTO MOJCITHUPOBAHUS JUHAMHKH CUCTEM «OCHOBaHHE — KOHCTPYKLUUH (DYHIAMEHTOB
1 TPUOYH — KOHCTPYKIIMU TOKPHITHSD CTaqroHOB YemnuoHarta mupa 1o ¢pyrdomy 2018 roma B Poccun.

Omnucanne u Bepudukamus

PY304YHBIE XapaKTEPUCTUKUA CTPOUTEIHHBIX KOH-
cTpykimii. O6 3TOM, B YaCTHOCTH, CBHJCTEIb-
CTBYEeT M BBIUHCIHUTENbHAS Pa3MEpPHOCTh IIO-
ctpoeHHbIXx ANSY S-mozeneit — 1o 6 145 yznos
(36 870 creneneii cB000abI) U 8 289 KOHEUHBIX
AJIEMEHTOB.

[Tpu cozmanum MoJenu IJMHA TPAaHH KOHEYHOTO
alieMeHTa npuHATa B cpeanem 1.2 — 2.8m. Ilpu
aToM ceTka KD Ha mumrax u nepekpbITuii 00J1a-
JaeT HeoOXOAMMOM MOJPOOHOCTBIO ISl BOC-
IIPOM3BEICHUS IEPEMELICHHM, CUJI U MOMEHTOB.
OOuwmii Buja, pa3MepHOCTh U THIIbI UCIIOJIb3Yye-
MBIX 3JIEMEHTOB, MOCTPOEHHbIX KDO-mopeneit
6noka «E» runepmapkera B 1. Bomkckuil npu-
BeeHsI B Tabmure 1.

s MopenupoBaHUs IUIAT IIEPEKPBITUH UC-
MOJIb30BAJIUCh YETHIPEXYTOJbHBIE U TPEYIroJib-
Heie B maHe KO o6onouku tuna SHELL181 —
4-X y37I0BOM OOOJIOYEHHBIH AJIIEMEHT, peaau3y-
omui Teopuro Munnuna-PeliccHepa. banku u
KOJIOHHBI BBITIOJIHEHBI cTepkHeBbIMU KO Tuma
BEAMI188 — 2-x y3710BOH NpPOCTPaHCTBEHHBII
OaJIOYHBIM AJEMEHT. 2 y3ja pacIoIOKEHbI Ha
KOHIIaX AJIEMEHTA, TPETUHl y3el HeoOX0AUM JUIs
MO3UIMOHUPOBAHUS CEUEHUS B IPOCTPAHCTBE.
VY3en opueHTaruu MOXKeT OBbITh 3a7aH OOUTUM
JUISL  HECKOJBKHUX  DJIEMEHTOB.  DJIEMEHT
MATRIXS50 (cynepaneMeHT) — ABIsETCS Tpyll-
Mol mpenBapUTENbHO COOpPaHHBIX KOHEYHBIX
AIIEMEHTOB, KOTOpas paccMaTpuUBaeTcs B Kaue-
CTBE OT/IETFHOTO AJIEMEHTA U MpeCTaBlieHa pe-
OyIUPOBAHHBIMU ~ MaTpHllaMu  (KECTKOCTH,
Macc, Harpy3ok). Ilocnme Toro, kak cymepaie-
MEHT C()OPMUPOBAH, OH MOKET OBITh BKIIIOUCH B
mo0yI0 MOJENb MPOrpaMMHOrO  KOMILIEKca
(ITK) ANSYS Mechanical u ucnonp3oBaThCs B
J000M THUIE pacyeTra, JJs KOTOPOro JOMycKa-
€TCsl €r0 IPUMEHEHMUE.

['pannuHbIE YCIOBUS — KECTKOE 3allleMJICHUE
(3a7e11Ka) y3JI0B 110 HU3Y KOJOHH.

Pacyer MeTooM AMHAMHYECKOTO CHMHTE3a MO/I-
KOHCTPYKLUUH TPOBOJWIICS C INPUMEHEHHEM
JBYX TOJXOJ0OB yuyeTa BHYTPEHHHUX (OopM KoJie-
OaHuit cymepaieMeHTa: Meroaa (uKcHpoBaH-
HOM TpaHHIBl U METOoAa CBOOOAHON TI'PaHUIIBI.
Jlasiee mpoBOAMIIOCH COMOCTaBJIEHHUE PE3YJIbTa-
TOB TOJYYEHHBIX U1 BCEX MOJENEH cucteM U
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MOJICUCTEM HECYIUX KOHCTPYKIHi 61oka E ru-
rnepMapkera B r. Bommkckui.

5. CPABHUTEJIBHBIN AHAJIN3
PE3YJIBTATOB

[Ipu comocraBieHUN pe3yibTATOB JIHHAMHYEC-
CKHX PAacueTOB CPaBHUBAJIUCH YaCTOTHI U (Hop-
MBI COOCTBEHHBIX KOJIEOAQHMH MOAEIN ITOJHOH
CHUCTEMBI <OKEJIe300€TOHHBIC KOHCTPYKIIUH Kap-
Kaca — METAUIMYeCKHe KOHCTPYKIUH MOKPHI-
Tus» O1oka «E» runepmapkera B T. Boipkckuit
1 MOJIEJICH COCTABJISIONMIMX €€ IMOICHCTEM.

[Ipu pacuerax ¢ mpUMEHEHHUEM CYMEpIJIEMEHT-
HOTO TOJXOJa MCIOJh30BAINUCH J[BA albTEpHA-
THBHBIX METOJ[a y4eTa BHYTpEeHHUX (HOpM KoJie-
0aHU KOHCTPYKLUH, YITEHHBIX KaK CymepaJe-
MEHTBI: METOJlT (PMKCHUPOBAHHONW M CBOOOHOI
TPaHUIIBI.

B Tabnuie 2 mpuBeaeHbl 4acTOThI COOCTBEHHBIX
KosebaHuil uccieayembix mozeneil. CpaBHuBa-
JIUCh COOCTBEHHBIC YaCTOTHI U (OPMBI KoJieOa-
HUM IIOJIHOM MOJEIM U MOJEISH IIOJICHCTEM C
WCIIOIb30BaHUEM CYIIEPAJIEMEHTOB. Pe3ynbTarhl
TAKOTO COIOCTABJICHUS MPUBEIACHBI B TA0JIHUIIAX
1 u 2. A1 u A2 B yKa3aHHBIX TaOJIUIIaX — MaKCH-
MajbHas pa3HHIlA YacTOT COOCTBEHHBIX KOJIIe-
OaHUIl ITOJTHOM MOJIENN M MOJEJIEN IIOJACUCTEM C
MPUMEHEHHEM CYIIEPIJIEMEHTHOTO TMOAXO0/a C
y4€TOM BHYTPEHHUX (HOpM KOJIeOaHUN METOJIOM
(uKCcUpoBaHHON M CBOOOJHOW T'paHUIIBI COOT-
BETCTBEHHO.

B rtabnuiax maHHBIE PACIONOXKEHBI TAKUM 00-
pa3oM, 4TO B OJHOU CTPOKE MPHUBEICHBI 4acTO-
TBI, ONM3KWE IO BEIWYUHE, a TaKKe HMEIOT
CXOJIHbIE WJIM COBIajatomue (Gpopm coOCTBEH-
HBIX KOJIeOaHui

ComnocTaBaeHME U aHAJINU3 COOCTBEHHBIX YacTOT
u popM KoneOaHMI TMONHBIX MOJENEH CHUCTEM
«OKeNe300€TOHHBIC KOHCTPYKIIMK KapKaca — Me-
TAUTHYECKUE KOHCTPYKIIMH TOKPBITUS» M MO-
Jieieil TIOJICUCTEM YYETOM CYIEPIJIEMEHTOB T10-
Ka3bIBA€T, YTO PACUYEThl JUHAMHUYECKUX Xapak-
TEPUCTUK C MPUMEHECHHUEM YKa3aHHOTO MOAX0/1a
JAIOT Pe3yIbTaThl, MPAKTUYCCKH HICHTHYHBIC
MOJIYYCHHBIM TPU pacyeTe IOJHOW CHUCTEMBI.
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1-s1 co6cTBeHHast popma KonedaHuil,
f1 =2,0422 Ty

2-s1 cobcTBeHHas popma KosiebaHui,
f> =2,1511Tn

NODAL SOLUTION

STEP=1

0 .033043 - 066086 09913 132173
.016522 .049565 . 082608 .115651 148695

3-s cobcTBeHHas hopMa KoyeOaHui,
f2 =2,3328Tn

4-s1 coOCTBEHHAS @opﬁa KoseOaHuH,
f, =3,7718 Ty

E—
0 .032824 065649 096473 .131298
.016412 .049237 .082061 .114886 -14771

NODAL SOLUTION

0 .03862 .077241 115861 154481
.01931 .05793 .096551 .135171 173791

5-s coocTBeHHas hopma KoneOaHwmid,
fs =3,7870 T

6-s1 coocTBeHHas popma KoaebaHui,
fe =5,3515 Ty

Pucynok 3. Huzwue ¢popmuvl cobcmeennvix Konebanuti noaHou MOOeau Cucmembl
«Hcene300emonvle KOHCMPYKYUU KapKaca — Memauiuieckue KOHCmpYKYuu noKpbImusiy
onoka «E» eunepmaprema 6 2. Bonowcckuii. IIK ANSYS Mechanical.

CneuyeT OTMETUTH, YTO NPHU IMPUMEHCHHUU CYy-
MNEPIJICMECHTHOI'O MIoAX0Ja IJId CUCTEM HECYIIUX

KOHCTPYKIIMH HCCIIeIyeMoro Tuma 0Ooiiee TOY-
HBIM ITOKa3aJl ce0st MeTOI CBOOOIHOMN TPaHUIIBI.
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Meroanka CynepaIieMEHTHOTO MOJCITHUPOBAHUS JUHAMHKH CUCTEM «OCHOBaHHE — KOHCTPYKIUUH (DYHIAMEHTOB
1 TpUOYH — KOHCTPYKIIMU TOKPBITHSD CTaqroHOB YemnuoHarta mupa 1o ¢pyrdomy 2018 roma B Poccun.

Omnucanne u Bepudukamus

Tabauya 2. Conocmasinerue coOCMBEHHbIX YaCmom KoIeOanus Mooeiell NOIHOU CUCEMbL U COCMABIAIWUX e€ noocucmem oroxka «Ey
eunepmapxema 6 2. Bonowcckuii. IIK ANSYS Mechanical.

ITonxasa Mmoxenb Monens
CHCTEMEL MOJACUCTEMBI Mojens IoACUCTEMBI Mogpens nogcucteMsl | Mojenb IOACUCTEMBI
5 «OK.0. KOHCTPYKIIMH | «MeTajl. KOHCTPYKIIHI «OK.0. KOHCTPYKITUHU «MeTaJ. KOHCTPYKIIUH
zommmww\wnss KapKaca» ¢ y4eTOM | TOKPBITHS» C YUYETOM KapKaca» ¢ y4eToM MOKPBITUSD C YUETOM
Kapkaca — MeTal. K.0. KOHCTPYKIIHIA A1, % | MeTan. KOHCTPYKIIHH K.0. KOHCTPYKIIHIA A2, %
METAL KOHCTPYKLUU Kapkaca MIOKPBITHS Kapkaca
MTOKPBITHS KaK CyTmepajeMeHTa KaK CyTmepajeMeHTa KaK CyTmepajeMeHTa
KOHCTPYKIIH Kak CyIlepdJIeMEHTa FIX FREE FREE
MTOKPBITHSD) FIX
Ne Yacrora, Ne Yacrora, YacrorTa, Ne Yacrora, Yacrora,
/1 I'o i/ I'o I'o /1 I'o I'm
1 2.0422 1 2.0422 2.0427 0.024 1 2.0422 2.0422 0.000
2 2.1511 2 2.1511 2.1517 0.028 2 2.1511 2.1511 0.000
3 2.3328 3 2.3328 2.3339 0.047 3 2.3328 2.3328 0.000
4 3.7718 4 3.7718 3.7718 0.000 4 3.7720 3.7718 0.005
5 3.7870 5 3.7870 3.7870 0.000 5 3.7871 3.7870 0.003
6 5.3515 6 5.3515 5.3515 0.000 6 5.3516 5.3515 0.002
7 6.2311 7 6.2311 6.2328 0.027 7 6.2311 6.2311 0.000
8 6.3335 8 6.3336 6.3442 0.169 8 6.3335 6.3335 0.000
9 6.5406 9 6.5407 6.5511 0.160 9 6.5406 6.5406 0.000
10 7.1281 10 7.1282 7.1392 0.155 10 7.1281 7.1281 0.000
11 7.2008 11 7.2008 7.2024 0.022 | 11 7.2008 7.2008 0.000
12 7.4110 12 7.4112 7.4374 0.355 12 7.4110 7.4110 0.000
13 7.8657 13 7.8660 7.8923 0.337 | 13 7.8658 7.8657 0.001
14 8.5772 14 8.5772 8.5798 0.030 | 14 8.5772 8.5772 0.000
15 8.7472 15 8.7476 8.8014 0.616 | 15 8.7472 8.7472 0.000
16 8.9045 16 8.9045 8.9154 0.122 | 16 8.9045 8.9045 0.000
17 9.0157 17 9.0160 9.0337 0.199 | 17 9.0158 9.0157 0.001
18 9.0454 18 9.0459 9.1039 0.643 | 18 9.0455 9.0454 0.001
19 9.0574 19 9.0577 9.1433 0939 | 19 9.0575 9.0574 0.001
20 9.1367 20 9.1368 9.1556 0.206 | 20 9.1368 9.1367 0.001
21 9.1532 21 9.1533 9.1634 0.111 | 21 9.1532 9.1532 0.000

r~
AN
—
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22 9.1625 22 9.1625 9.2111 0.528 | 22 9.1625 9.1625 0.000
23 9.2486 23 9.2487 9.2748 0.282 | 23 9.2486 9.2486 0.000
24 9.3700 24 9.3701 9.3978 0.296 | 24 9.3701 9.3700 0.001
25 9.4190 25 9.4191 9.4417 0.240 | 25 9.4191 9.4190 0.001
26 9.4919 26 9.4924 9.6393 1.529 | 26 9.4922 9.4919 0.003
27 9.8804 27 9.8805 9.8844 0.040 | 27 9.9877 9.8828 1.074
28 10.259 28 10.259 10.266 0.068 | 28 10.259 10.259 0.000
29 10.345 29 10.345 10.356 0.106 | 29 10.345 10.345 0.000
30 10.364 30 10.365 10.436 0.690 | 30 10.365 10.364 0.010

* [Ipumeuanne: FIX — meton dpukcupoBanHoi rparuibl; FREE — meTom cB0601HOM IpaHUIIBL.
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Mertonuka CyrnepaieMEHTHOTO MOJICIINPOBAHUS TMHAMHUKH CHCTEM «OCHOBAaHHE — KOHCTPYKIMH (yHIaMEHTOB
U TpUOYH — KOHCTPYKIIMH MTOKPBITHS cTaqroHoB Uemnuronara mupa no ¢pyrdony 2018 rona B Poccun.

Onucanue U BepudUKaIus

Tabauya 3. Conocmasnenue co6CmMEeHHbIX YACmMom U opm Koaedanus noaHOU Mooenu u mooenetl

noocucmem ¢ NPUMEHeHUEM CYnepasieMeHmuo20 nooxooa onoka «E» eunepmaprkema 6
2. Bonorcexuui. IIK ANSYS Mechanical.

[TonHAas Moaellb CUCTEMBI
«KeIe300€TOHHEBIE
KOHCTPYKIIUU KapKaca —

Moaens moacucTeMel
«KeJe300€TOHHEBIE
KOHCTPYKIIMU KapKacay

Mogenp moacucTeMbl
«METaJNINYECKHE
KOHCTPYKUHI MOKPBITUS»

C Y4E€TOM METAJUIMYCCKHX C YYETOM JKEIIE300€TOHHBIX | &
METAJUTMYECKHE KOHCTPYKIIUU . o
HOKpBITHSD KOHCTPYKIIMU TOKPBITHS KOHCTPYKIIMH KapKaca Kak <
kak cynepanementa FREE cynepaieMmenta FREE
No dopma koneOaHus Ne dopma KonebaHus Ne dopma koneOaHus
/i / yacToTa n/n / 9acToTa n/m / yacTtoTa
1 1 1 S
S
fi = 2.0422Iy fi = 2.0422Iy
o : : i 8
2 2 2 S
S
f=21511y fo=2.1511Ty
» S
3 3 3 ' S
S
e : R = 2.33281"
fi=2.3328Iy = 2.3328Iy f5 4

* [Ipumevanue: FREE — meTon cBoOOAHON rpaHUIIbI
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[TorpentHoCTh BRIUMCIEHHBIX COOCTBEHHBIX Ya-
CTOT U opM KoJIeOaHU MPU UCTIOTH30BAHUHT
MeToaa GUKCUPOBAHHOM TPaHUIIBI COCTABHIIA, B
ocHoBHOM, He Oonee 0,40%, a mIst OTHEIBLHBIX
dopm 1,53%. [Ipu npumeHeHUN METOAa CBO-
0o/1HOM TpaHulibl — B 11es10M He 6osee 0,01%, a
JUISL OTJICBHBIX (hopM Koebanmii — 10 1,07%.

JAK/IIOYEHUE

Pestomupys pe3ynbTaThl, U3J105KEHHBIE B HACTO-
SIIEeH CTaThe, MOYKHO CIETAaTh CIEIYIOIINE BbI-
BOJIBI:

1)

2)

3)

4)

5)

130

[Ipennoxena u TeopeTuyecku 0OOCHOBaHA
METOJIMKa CYINEPIIEMEHTHOTO MOJEIUpO-
BaHUSl JIMHAMUKH CHUCTEM «OCHOBaHHE —
KOHCTPYKIMU (YHIAMEHTOB U TpUOYH —
KOHCTPYKIIMA  TOKPBITUS»  (HyTOOJIBHBIX
CTaIUOHOB.

Pa3paborannas meToauKa peanu3yer co-
BPEMEHHBIE IMOAXOJbI MAaTEeMaTUYECKOTO
MOJIEJIMPOBaHUs, B TOM YHUCIIE — CyIepaJie-
MEHTHBIE — W OCHOBaHa Ha MOAPOOHBIX
0oJIbIIEpa3MEpHBIX MIPOCTPAHCTBEHHBIX
TUHAMHYECKUX KOHEYHOIIEMEHTHBIX MO-
JENIAX YIIOMSHYTBIX CUCTEM.

MeTtoauka peaan3oBaHa B YHHUBEPCAIbHOM
(«TsDKETTOM»)  TIPOTPAaMMHOM  KOMITJIEKCE
yHuclieHHOro  MozenupoBaHuss  ANSYS
Mechanical ¢ ucnonb3oBaHHEM COOCTBEH-
HBIX IIPOrPaMMHBIX pa3paboTOK aBTOpA.
Pazpaboranbl u BepudUIMPOBAHBI MPO-
CTPAaHCTBEHHBIE 000JOYEYHO-CTEP)KHEBBIE
KOHEYHORJIEMEHTHBIE ~ MOJEJIM  CHCTEMBI
“kene300eTOHHBIC KOHCTPYKITUU KapKaca —
METAITNYECKUE KOHCTPYKIIUH MOKPBITUS U
OCHOBHBIX  COCTaBIISIIOIIMX  IOJICUCTEM
(6moka «E» runepmapketa B T. Bomkckuit),
aJICKBaTHO OTpaXKarolllue UX TeOMETPUKO-
KECTKOCTHbIE, MHEPLIMOHHBIE M Harpy3ou-
HBIC XapaKTEPUCTHUKU U PE3yJIbTUPYIOIIEE
HaNpsHKEHHO-1eOPMUPOBAHHOE  COCTOSI-
HUE, TapaMeTphbl TUHAMHUKH.

[To pa3paborannpiM KDO-monensim B Bepu-
(UIIMPOBAaHHOM  YHUBEPCATBLHOM  TIPO-
rpammHOM KomIuiekce ANSYS Mechanical

6)

7)

A.W. Harn6osuyu

BBIUUCIIEHBl AMHAMHUYECKUE XapaKTEePUCTH-
KM HECYIIMX KOHCTPYKIMU (COOCTBEHHBIE
4acToThl U (opmbl Kojiebanuit). Comocrag-
JeHHe M aHaiu3 COOCTBEHHBIX YacCTOT H
¢dbopM KosieOaHUI MMOJHBIX MOJENIEH CUCTEM
«K.0. KOHCTPYKIIMM KapKaca — MeTajl. KOH-
CTPYKIIMH HOKPBITUS» U MoOJeNed IOJCH-
CTEM YYETOM CYyTIEePIJIEMEHTOB ITOKa3bIBACT,
YTO pacueThl JAWHAMHUYECKUX XapaKTepH-
CTHK C IPUMEHEHHEM YKa3aHHOTO MOJX0/a
JAI0T Pe3yJIbTaThl, IPAKTUYECKH HJICHTHUY-
HBIE MOJIyYE€HHBIM IIPU pacueTe MOJIHOM CH-
CTEMBI.

Pe3ynbraThl TpOBEAEHHOW BepUPHUKAIMU
pa3pabOTaHHON METOJUKU HOJATBEPAMIIH,
YTO NPUMEHSIEMbIH MOJXO0 MPH HCIIOJB30-
BaHUM METO/a JUHAMUYECKOIO CHHTE3a
MOAKOHCTPYKLMU, PEATM30BAHHOTO B HEW,
o0ecreunBaeT JKeJIaeMyl0 BO3MOXKHOCTb
MIPOBE/ICHUSI HE3aBHCHUMBIX pPacueToB Mpo-
EKTUPYEMbIX IOACHUCTEM B paMKax cema-
pPaTHBIX MOJECIIEH.

B xome panpHEeHIMX HCCIENOBaHWI ILIa-
HUpYeTCs MpPOBECTH ampodaruio paszpado-
TaHHOM METOJMKHU YUCIIEHHOro (cymepaiie-
MEHTHOTO) MOJICIMPOBAHUS TUHAMUKH CH-
CTEM «OCHOBaHUE — KeJe300€TOHHbIE KOH-
CTpYKIIMHU (YHIAMEHTOB U TpUOYH — Me-
TaJJIMYECKNEe KOHCTPYKLUUH MOKPBITHS» Ha
peanbHbIX (yTOOJNBHBIX CTAIHMOHAX YEMITH-
onata mupa 2018 roxa.
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PEHIEHUE ®U3NYECKHA HEJII/IHEIZIHI)IX 3AJJAY U3I'UBA
IIJIACTUH HEPEMEHHOMH! TOJIIIWHBI

B.B. Ilempos, P.B. Muwenko, /I.A. [lumenoe

CapaToBCKUI rocyJapCTBEHHBIN TexHuueckuil yauBepcureT umenu ["arapuna 10.A., r. Capatos, POCCUS

AHHoOTanMs: AITOpUTM IpajueHTHOro Metoaa KaHTopoBrua NpUMEHUTENBHO K HEMMHEHHBIM 33aJadyaM CTPOH-
TENLHOM MEXaHUKH U MEXaHUKH 1e(OPMUPYEMOro TBEPJIOIO Tella, MPeJIoxKEeHHbIH B [1], mpuMeHeH K uccieno-
BaHMIO M3rnba PU3NUecK HEIMHEWHBIX [UIACTHH MIEPEMEHHON TONIIMHEL J[aHHYIO CTaThIO CIEyeT paccMaTpu-
BaTh KaK JIOTHYECKOE Pa3BUTHE COMIepKaHUs paboTsI [2].

KiroueBble c10Ba: HelMHEHAs CTPOUTENIbHASI MEXaHUKA,
METOJ, TOCIIEI0BATENbHBIX HATPYKEHUH, METO HACKOPEHIIEro CIycKa

THE SOLUTION OF PHYSICALLY NONLINEAR PROBLEMS
OF BENDING VALVE PLATES

Vladilen V. Petrov, Roman V. Mishchenko, Dmitry A. Pimenov
Yuri Gagarin State Technical University of Saratov, Saratov, RUSSIA

Abstract: The algorithm of Kantorovich gradient method applied to nonlinear problems of construction mechan-
ics and mechanics of deformable solids, proposed in [1], is applied to the study of the bending of physically non-
linear plates of variable thickness. This article should be considered as a logical development of the content of
the work [2].

Keywords: nonlinear structural mechanics, method of successive loadings, method of steepest descent

MHuorue npobieMbl MaTeMaTHYeCKOH (U3UKH
CBOJATCA K 3aJa4e IOMCKA dKCTPEMYMOB KBaJ-
paTHUHbIX (YyHKIMOHANIOB. Paccmorpum oco-
OCHHOCTU TPUMEHEHMs T'PaJUEHTHOIO0 METoja
KanropoBuua k pemienuro 3agad u3ruda Qusu-
YEeCKM HEJIMHEWHBIX IUIACTUH NEPEMEHHOM TOJI-
[IMHBI, OMHUCHIBAEMBIX HENMMHEHHBIMH audde-
pEeHIMAIIBHBIMU YpaBHEHUAMU. B Teopeme, no-
ka3zanHoH JI.B. KanTopoBuuem, oroBapmuBanocs,
YTO /ISl IPUMEHEHHUSI ATOT0 METoJ]la HeoOX01u-
MO, 4TOOBI 3a/a4a OMNMCHIBAJIACh OIPAaHUYECH-
HBIM, CHMMETPUYHBIM JIMHEUHBIM OIIEPATOPOM.

[Ipu pemieHUn HENMHEHHBIX 3a/1a4 TEOPHUU IIJIa-
CTMHOK U 000JIOUEK METOJIOM IOCIJIEA0BaTENb-
ueix Harpyxenuii (MITH) [3] Ha kakaom srtarme
Harpy’KeHus pemlaercs JnHelHas 3anada. Cie-
JIOBATEIbHO, HA KAXKIOM JTalle PEIICHUs UMEEM
COOTBETCTBYIOIIMI KBaJpaTHUHBIA (yHKIHO-
Han. JI.B. Kaatoposuy [1] pa3Bui rpagueHTHBII

METO/I HAWCKOPEWIIIEro CITyCKa IS PEelIeHUs
TUHEHHBIX TuddepeHInaTbHbIX ypaBHEHUN B
orepaTopHoil (opMe MpU CYIIECTBOBAHUU CO-
OTBETCTBYIOILIETO KBAJAPATUYHOTO (PYHKIIHMOHA-
na. I[loaromy ecnu npu pemieHur HEINHEWHBIX
3a/lady MPUMEHUTb METOJl TOCJEeI0BATENbHbBIX
Han}I)KeHI/II\/’I U Ha KaXAOM 3Tall€ HArpyxXCHHUA
pematb MHKpPEMEHTalIbHbIE YpPaBHEHUS TPaJiv-
€HTHBIM METOJIOM HAMCKOPEWINero CITyCKa, TO
MOJIYYUM aJITOPUTM IIPUMEHEHHS TPAJUEHTHOIO
Metona KanTopoBuya i pemieHus] HEJIMHEH-
HBIX 3aJa4 MCXaHUKHU.

Tak kak Ha KaKJOM dTalle HarpyXeHUsS HUMeeM
YIPYI'yI0 KOHCEPBAaTUBHYIO JIMHEHHYIO CHUCTE-
My, TO Ha OCHOBaHMHM TeopeMbl MakcBemia
MOKHO yTBEpK/aTh, YTO OMEPaTOp OyIEeT CUM-
MeTpuyHbIM. ClenyomuM TpeOOBaHUEM MpH-
MCHCHHA I'palUCHTHOTO METOda HaHCKOpefIHJC-
ro CIIyCKa SIBJISIETCSI OTPAaHMYEHHOCTh OIeparo-
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m Bu,u

pa 3agaun. Ecnu paccmaTpuBaemas 3azada Onu-
ceiBaeTcs nuddepeHaTbHBIMI YPaBHEHUSIMH,
TO onepatop Oyner HeorpaHuyeHHbM. JI.B.
KanTopoBrnuy npuHaIeKUT UAEs, YTO HEorpa-
HUYEHHBII CIIOKHBIN oreparop 4 MOXHO Orpa-
HUYUTH APYrUM OoJiee MPOCTHIM HEOrpaHHUYCH-
HBIM oreparopoM B. MM noka3ana teopema: ec-
JY IIOJIOKUTEIBHO OIPEACIICHHBIA JIMHEWHBIN
oneparop A seusercs B - orpanuuennbiM, To
€CTb CIIPaBEUIMBO BBIPAKEHUE!

m(Bu,u) <(Au,u) <M (Bu,u), (0<m<M <+

< Auu <M Buu, (0<m<M <+x), (1)

TO HMEET MeCcTO B-cxoIuMocTh Ipolecca
HAMCKOpEHIIero crmycka K 000OLIeHHOMY pe-
HICHUIO ypaBHEHUS ¢ OBICTPOTON reomerpuye-
CKOH Iporpeccuu. 31ech U J1ajee UCIOIb3YETCs
0003HaYEeHHE CKAJSIPHOIO MPOU3BEICHUS JIBYX
dyuxumnit Fu o5 sume (F, ).

B merone mocienoBaTenbHbIX HAarpyXeHUH pe-
[ICHUE HEJIWMHEWHOHN 3a1a4d CBOJUTCS K IOCIe-
JIOBaTEJIbHOMY PEIICHUIO JTUHEHHBIX YpaBHEHHH
C mepeMeHHbIMU Kod(pdUIlneHTaMu BU/A:

A(u,_y)Au, = Aq,, (2)

rJie IPOM3BEICHUE A(unil) Au, —uddepennu-
an ['aTo MCXOAHOrO HEIMHEHHOTO oneparopa B

touke U ,, N —HOMEp dTanma HarpyxeHus,

U, ; —CYMMapHO€ pEIICHHE, MOTYYCHHOE 3a
n—1 mpenpiaymue 3Tanbl HarpyxeHus. Ecnu
n=1, To ypaBHeHue (2) BBIPOKIAECTCS B ypaB-
HEHHE COOTBETCTBYIOLIEH JIMHEHHON TEOpHHU.
[IpucBanBas N mnocnegoBaTeNbHBIE 3HAYECHHS

1 2,3....N MBI OyzmeM mepemMeniarbCsi BAOIb Be-
nymero napamerpa (|, pemias IpH 5TOM IO-
CTaBJICHHYIO HETMHENHYIO 3a/1auy.

JUIst peanu3aldy IPaJUeHTHOTO METOa HEOO0-
XOJMMO Ha HEKOTOPOM JIMHEHHOM MHOKECTBE
(2 noTHOM B rMIILOEPTOBOM IpocTpancTtee H

BbIOpAaTh CUMMETPUYHBIN MOJOXKHUTEIBHO MOy~
OTpaHUYEHHBIN orepaTop B:
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(Bu,u)>(Au,u),

o0nacTh ompeAeneHus: KOTOPOro COBMAAAET C
00acTei0 ompenenenus oneparopa A, u npu
3TOM crpaBemanBo HepaBenctBo (1). Tlpu pe-
WIEHUW 33J1a4 CTPOUTEIbHOW MEXaHUKU B-
OrpaHMYEHHOCTH omeparopa A obecreunBaeT-
csl, €CIM yHnpyras CHUCTEMa, OIKChIBaeMasl oIle-
paTopoM B sBIsieTCS Ma)XKOPaHTOH, TO ecTh 00-
Jiee JKECTKOM IO CPaBHEHHUIO C MCXOJHOM, onu-
ceiBaeMoii oneparopom A [4]. TTosTomy onepa-
}op B npu penieHun KOHKPETHOM 3a/a4d MOX-
HO TIOCTPOMUTbH MCXOJS U3 MH)KEHEPHBIX CO00pa-
JKEHUM, IIPH 3TOM 4eM Onmke omeparop B k
ucxoaHomy omneparopy A, Tem MeHblie Gymer
pasauma M —m B (1) u Tem ObIcTpee CXOAUTCS
rpotecc.

I[Ipu BBIOOpE yIpolIEHHOro omeparopa B ma
KOHKPETHBIX 3aJa4 MEXaHUKH TOJe3HO o0pa-
maTh BHUMaHWE Ha (PU3MYECKOE COep)KaHUe
k0> dunuenTo onepatopa A m, 3ameHss HX
TEMH WM WHBIMHA TTOCTOSTHHBIMH YHCJIaMH, CJie-
JaTh KOHCTPYKLHIO OoJiee KECTKON MO CpaBHe-
HUIO C pacCMaTpPUBAaEMOM.

B HenmHEWHBIX ypaBHEHUSX U3rH0Oa MIACTUHKH
MEePEMEHHON TOJIIIUHBI B TOJHBIX (DYHKIHIX
MEpPEeMEHHasl JKECTKOCTh SBIAETCA (PYHKIIHEH
MCKOMOTro mporu0a MjIacTUHKU, a B UHKPEMEH-
TaJbHBIX YpPAaBHEHUSX MEpPEMEHHasi >KECTKOCTh
SBJSICTCS. M3BECTHOM (YHKIIMEW MPOCTpaH-
CTBEHHBIX KOOpIuHAT X U Y, MOCKOJIbKY CyM-

MapHbId Tporud miacTUHk W H3BECTE€H W3
IPEABIAYIINX TAlOB HATPYKEHHUSL.

[Tpu pacyere pu3NyeCKH HEIMHEHHBIX IUIACTH-
HOK IIEPEMEHHOM TOJILMHBI MHKPEMEHTAJIbHOE
YpaBHEHHUE Ha KaKJIOM JTale HarpyXeHus uMe-
et Bup [3]:

Vz(DkVZAW)—%L(Dk,AW) =Aq(x,y), ()

riue Aq(x, y)—npupanienue

V? —omeparop Jlamutaca, L— muddepenmuans-
HBII OllepaTop BHUJA

Harpy3Ku,
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(D, Aw) =

0.3 [

Pemenue (bHSquCKI/I HEJIMHENHBIX 3aJ1a4 n3ruda MmIacTuH nepeMeHHoﬁ TOJHIMHBI

L(D,,Aw)=
( k ) 5X2 6y2 ayZ 6X2

_’D, 0°Aw  0°D, azAw_zasz aZAw_ (@
x* oyt oyt ox? OX3y OXoy

[IepemeHHass BIOJIB MPOCTPAHCTBEHHBIX KOOpP-
JuHaT X U Y KECTKOCTb IUIACTUHKHU IIEPEMEH-

HOM TOJIIMHBI NpU H3rule Oompeneisercs us3
BBIPAKCHMUS:

D (xy)=

roe h ( X, y) — TIepeMeHHas TOJIINHA TIACTHH-

KH. HepeMeHHaﬂ KECTKOCTb B HMHKPEMCHTAJIb-
HBIX YPaBHCHHAX COACPIKUT KacaTellbHbIII MO-

nyas E, , B T0 Bpems kak B ypaBHeHusx, 3aru-
CaHHBIX Yepe3 MOJIHbIE (PYHKLNHU, OHA COIEPIKUT

cexymmii moxyns E &; —HMHTEHCHUBHOCTb JIe-

c H
(hopmanuii.

Ha kaxxgom stame HarpyxeHus ypaBHeHue (3)

_ °D, 0°Aw . 0°Dy O°Aw ) &°D, 0°Aw
X3y oxoy

gl
Di,=—||D, _dxdy-
= abyd !

MO03>KHO MCIIOJIB30BaTh YCJIOBHUC

max
c,j-1

* *
Djil = I Dj71 =D,,

rae Dy — mnmmaapuaeckas xecTkocTs ynpyroit
TUTACTUHKY MTOCTOSIHHOM TOJIIINHEI.

DTO OTpa3UTCsl HA CKOPOCTU CXOAUMOCTH METO-
Jla HAaUCKOPEHIIIEero CITycKa.

CrenoBaTesbHO, B Ipe/eiax dTana HarpyKeHHsI
(manmee WHAEKC | OMyCKaeM) HYJEeBOE MpHOIH-
J)KEHHE ecTh pemieHue auddepeHuaIbHOTo
ypaBHEHHUS:

D'V*AW, = Aq(x). (6)

Hanee onpenensieM HEBSI3KY pelieHus: F (x, y),
nojcTaBIsAs Aw, B ypasHenue (3). B pesyibra-
T€ ONYyYUM (YHKIUIO HEBSI3KU PEIICHHS:

1
F(xY) :VZ(DKVZAWO)— ) L(Dy,Aw, ) —Aq(X, y).

OyzneM pematb METOJOM HaMCKOPEUIIEero p(l)jé/;@;y) vz ( DkVZ AWO) _ % L ( D,, AWO) _ Aq( X, y)_ ©)

Ka. B cooTBeTCTBUU C 3TUM METOAOM 3a HyJe-
BOE MpUOIIKEHUE OepeM pelleHue 3a1aduu u3-
ruba IIaCTUHKHU C BBIOpaHHOM HaMH IMOCTOSH-
HOM KECTKOCThIO. IIOCTOSIHHYIO JKECTKOCTb
orpezesnsieM, 3aMeHssl IEPEMEHHYIO0 KECTKOCTh
Dk'jfl HEKOTOPOW TOCTOSIHHOW KE€CTKOCTBHIO

D].*_l, BEJIMYMHA KOTOPOW OIpeaensieTcs Hu3

ycnoBusi B-orpaHudeHHOCTH U depeHnnab-
HOro orneparopa ypaBHenus (3). B atom ciyuae
MJIACTUHKA, UMEIOIIasi MOCTOSHHYIO YKECTKOCTb,
10 CPABHEHHUIO C MUCXOJHOW MIACTUHKOM HOJIXK-
Ha OBITH OoJiee KECTKOH. YUWThIBas, 4TO B
KaXJIOM TOYKE IJIACTUHKU EC > Ek H, ClIeJioBa-
TEJIBHO DC > D, , TO B Ka4eCTBE OJTHOTO M3 BO3-
MOXXHBIX BapUAHTOB TMOCTOSHHYIO 3>KE€CTKOCTb
*
D {1 ONPENeNuM KaK OCPe/IHEHHYIO JKECTKOCTh

CJIeTYIONIM 00pa3oM

Volume 14, Issue 2, 2018

[TepBoe mpubMMKEeHHWE NPUHUMAEM B CIIEAYIO-
IIeM BHJIE!

AW, = AW, — g7, (8)
rjae Z, peuieHnue ypaBHEHHM!
D'V'Z, =Fy(x,Y). 9)

Benmuuuna cnycka & ONpeNenseTcs ypaBHEHHU-
€M BHJA:

(10)
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IZIE COOTBETCTBYIOIIME CKAIAPHBIE IIPOU3BELE-
HUS ONPEAeISIOTCs (popMyamMu:

UM AHAJIUTHYCCKHM BBIPpAXKCHHUCM M OIIPCIC-
JICHUSA aHAJINTHYCCKHUX Bpra)KeHI/Iﬁ EC u Ek .

Ecnu B uHTEpecyroleM Hac auamnasoHe aedop-
MaIui 3KCIIEpUMEHTAIbHAS Tuarpamma jaedop-
MHUPOBaHUSA MOXET OBITh, HAIPUMED, MPEICTaB-
JICHA B BUJIE

(AZyetm), i,z g{@g Véii z@h@k i;)]i;a&ay

TO CGKYH_IHﬁ M KacaTeabHBIN MOAYJIX IIPpUHHUMA-

<§Z}; Zi> = Dizz[v%j Z,exély,

o, = Eg (15)

3
i —mé‘l .

AZ,,Z, :TJTVZ(DKVZZJ ;L(Dk, )}dedy
00

IOT BU.
(11) 2 4 2
E,=E,—4(z+0.5h) mR(W), E,=E,—_(z+0.5h)"m
Jlanee urepallOHHBIN IPOLECC TOBTOPSAETCS: 3
E,=E,-4(z +(015)h) RW), E, :Eo—g(z+0.5h)2mR(W). (16)

AW, =AW, ; — &, Z
KectkocTHBIC napamMeTpbl IUIACTUHKU II€pC-

rac Zn CCTh PCUHICHUC YPABHCHUA BU/JIA: .
MCHHOMU TOJIIUHBI UMCIOT BU.

D'V'Z,=F,,(x,y), (13)

h® h° h® h°
D, =Ej—-—mR(W), D =E -
npaBas 4acTh ypaBHEHHs — HEBS3Ka peme}hlgﬂ S
BBIMUCISETCS 110 hopmyne: D, (X,y)=E 09 15 mR (W), D.(xy)=E, ST mR(W ), a7

1
Foa(Xy)= v? ( DkvaWn—l) 5 L(Dy, AW, ;) — AGL, yéd —Moztynb ynpyroctd, R(W )-—ksajpa-

TUYHasE QYHKIMS Mporuda MIaCTUHKHU, KOTOPast
UMEET CIEAYIOUIUI BU:

(28] 2],

Ly)=V? (DkVZAwn_l)—% L(Dy, AW, _;)—-Aq(x,y), (14)

oMW 52W (azw ]2

a gn OIMPEACIIACTCS BBIPAKCHUCM axz ayz + axay
2 2 2
BZ 7 2 2 2
o SBnZal Ry TW| L [OW SWOW [OW ) (rg)
(AZ,,Z,) OX oy OX°> oy OX0y

Cnenyer oOpatuTe BHMMaHHE Ha TO, 4TO B pac- I[loxacrasiss (17) B (3), moiMyduM HHKpPEMEH-

CMaTpUBAEMOM aJTOpPUTME MOCIIeI0BaTeNbHbIE
npUOIMKEHUS TTOIYYalOTCsl HE B allpHOPHO BbI-
OpanHOl (hopMme, Kak B BapHAIlMOHHBIX METO-
nax, a B popMe orpenesieMon caMoi 3a1adueid.

[Tpouecc pemieHust ciaeayeT HauyMHATH C arfl-
IMpOKCUMaINuu 3KCHepHMeHTaHBHOfI AuarpaMMbl
nedhopMupoBaHUs MaTepuana OajKh IOIXOIs-
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TaJIbHOE YpaBHEHUE N3TH0a MITACTHHKH.

Takum 00pa3oM, COBMECTHOE NMPUMEHEHUE Me-
TOJIa MTOCJIEI0BATEIbHBIX HATPYKEHUI U MeTO/1a
B-orpaHMuYEHHBIX OIEPATOPOB TO3BOJSIET HC-
MOJB30BATh JJISl PEIICHUS HENWHEWHBIX 3ajad
CTPOUTENBHON MeXaHUKH A(PPEKTHUBHBI METOA
HaWCKOPEHIIEro CIycKa.
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Pemenue (1)I/I3I/I’~IGCKI/I HEJIMHENHBIX 3aJ1a4 n3ruda MmIacTuH nepeMeHHoﬁ TOJHIMHBI

B kauectBe mpumepa, Ui peanM3aliid METojaa
HAaWCKOPENIIEro CIyCcKa, pacCMOTPHUM 3ajady
nu3ruba KBaJpaTHOW IIJJACTUHKH TIEPEMEHHOM
TONIIMHBLI  BBIIIOJIHEHHONM W3  HEIWHEHHO-

nedopMupyeMoro marepuaia B Oe3pazMepHOM
Bune. IlmacTuHKa HAXOAUTCS II0J JEUCTBUEM
MONEpPEYHOMN

PaBHOMEPHO  pacmpeeeHHON

Harpy3ku. Huxe Ha puc. 1 mpuBenena pacuer-
Hasi cXeéMa paccMaTpUBAaEMOM IUIACTUHKU C CO-
OTBETCTBYIOLIUMHU 0003HAYEHHUAMU:  hy —TOJI-

MrHHa IUIACTUHKW II0 KOHTYPY, hc — TOJIIIINHA

IJIACTUHKUA B LIEHTpe, P —paBHOMEpPHO paclpe-
JICJICHHAs NIOTIepeYHasl HarpysKa.

- P=const

Y, J AR ARARARARARARARARA AR AR AR AARAAAA]

z

Y

PMCZHOK 1. Pacuemnas cxema naacmunku ¢ OCHOGHbIMU 0003HAYCHUAMU.

QOYHKIMIO [TEPEMEHHON TOJIIUHBI h(g,n) Ipu-

MEM B BHJIE CHHYCOMIAIBHOTO Betapouna [5]:
h(&,n)=1-Asin(#&)sin(zn), (19)

1€ COOTBETCTBCHHO

— Oe3pa3MepHBIi TapaMeTp OTHOCUTEIbHON
TOJIIINHBI TUTACTUHKH.

7
/

10
12

U107

(@)

Jns pemenust nuddepeHIanbHbIX YpaBHEHHMA
(6) u (9) npuMeHsIICS METOJlT KOHEUHBIX Pa3HO-
creil ¢ ceTkor 32 x 32. BprumncieHue OBOWHBIX
onpezeneHHbIX uHTerpanoB (11) BhINONHSIOCH
¢ ucnosibzoBanueM Meroaa Cumricona. s pe-
anu3aluyy alropuTMa METOJa MOCIJIEeI0BATENb-
HBIX Harpyxenuit (MIIH) nHarpy3ka pa3OuBa-
jmack Ha 10 gacTell 1 Ha Ka)KIOM dTale METola
MIIH 3amada pemianacb METOAOM HaHWCKOPEM-
rero crycka (MHC).

Huxe Ha puc. 2a mpuBeIeHBI YMIOPHI MPOTHOOB
MJIACTUHKA IMAPHUPHO OMEPTOH MO0 KOHTYPY
MIPU Pa3IMYHBIX 3HAYEHUSX NapameTpa OTHOCH-
TEeTFHOM TOMIUHEI A .

0 0.1 0.2 0.3 0.4 ¢

I

1

0.2 :
\‘\: I

0.4 ;‘\ '
0.5+ 0.7 :

0.6 Vi 1
N 3

A=0" \& :

0.8 AN :
1 \'

()

Pucynox 2. dniopel npo2ubos npu paziudnbx 3Ha4eHusx napamempa A (a).
Oniopsl npoeubos, Hopmuposanuvie Kk edunuye 6 yenmpe (0).
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JInst OLIEHKM KayeCTBEHHBIX U3MEHEHUW HA PUC.
20 mpuBEIEHBI ITH K€ 3MIOPbI IPOrnbOB, HOP-
MHUPOBaHHbIE K €IUHUIIE B LIEHTPE IIACTUHKH.
Huxe Ha puc. 2-5 MyHKTUPHBIMU JTUHUSAMH 000-
3HAu€Hbl KPUBBIE COOTBETCTBYIOLINE PEIICHUIO
(¢u3nyecky HEITMHEHHON 3a/1a4, a CIIJIOLIHBIMU
JVHUSMHU PEIICHUI0 (QU3NYECKH JTMHEWHOH 3a-
Jlauu.

Pesynbrathl, mpuBeneHHBIE Ha pHUC. 2a, puc. 20
IIOKa3bIBAIOT, YTO C POCTOM IIapaMeTpa OTHOCH-
TENbHOM ToMmmMHEL A CKOPOCTh POCTa IIPOTH-
0OB IUTACTHMHKH B pa3IMYHBIX TOYKAX pa3iuyHa
U JOCTUTaeT MaKCUMyMa B LIEHTPE IJIACTUHKHU.
Jns Gojnee KaueCTBEHHOM OLIGHKU BIMSHUSA I1e-
PEMEHHOM TOJIIMHBI IUIACTUHKU Ha €€ Hamps-
AKEHHO-/1e()OPMHUPOBAHHOE COCTOSIHUE HUXKE PHC.
3a TIpUBEICHBI S0Pl U3THOAOIINX MOMEHTOB B

0.1 0.2 0.3 0.4 (o
01 02 03 04 ¢ 0 ;
0 ! 0.2 i
0.5 1 ! 0.4 I
1 1907 o :
I ” x
1.5 2 1
Y\h ' 0.5 0.8 !
2 \ 1 1 !
2.5 ~__ } 12 :
3 3 e k=) o ;
M-107 . ;
3.5 : 1.6 z
(a) (6)
Pucynox 3. Dnioper uzeubarowux MOMenmos npu pasiudHslx 3Havenusx A (a).

Onropul uzeUbAOWUX MOMEHMO8, HOPMUPOBAHHbIE K eOuHUYe 8 yenmpe (0)
0 01 02 03 04 ¢ 0 01 02 03 04 =
1 J 1 1 =
b 1
N -h= N :
NS Sl N |
2 N i i \ 0.7 ;
3 N Sm—adi0.5 e i
- 057 Ng :
! 0.6 7 I
! ! N i
N B 0 8 )u A O \ .
5 =y ' ) :
U10° [ NN
6 : 1 :

(a) (6)
Pucynox 4. dniopwr npo2ubos npu paziuunbx 3HaveHusx napamempa A (a).
Onropul npoeubos, HopmuposanHvle K eduHuye 8 yeumpe (0).
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IUIACTUHKE BAOJb JUMHMU 77=0,5 npu pasiauy-

HBIX 3HAYEHMSX Mapamerpa A, a Ha puc. 36
NPUBEIEHBI DITIOPHl  M3THOAIONIMX MOMEHTOB,
HOPMHUPOBAaHHBIX K €IMHHUIE B LIEHTPE IIJIACTUH-
KH. BUIHBI Ka4eCTBEHHBIE U3MEHEHHUS B JIIIOPAX,
C pocToM A, TIPOMCXOMUT MEPEMEIIEHHE MaK-
CUMAaJIbHBIX 3HAY€HWH M3ruOarolMX MOMEHTOB
13 LIEHTPA IJJACTUHKH B €€ YETBEPTHU.

[anee paccCMOTpUM IUIACTUHKY, KECTKO 3alIEM-
JIEHHYIO 110 BceMy KOHTypy. Ha puc. 4a npuse-
JI€HBl SMIOPBI MIPOrMOOB IJIACTUHKHU BJOJb JIU-
Hun 1 =0,5 1Ipu pa3nMYHBIX 3HAYECHMSIX I1apa-
meTpa A, a Ha puc. 46 — aHAJOTHYHBIE SITIOPHI,

HOPMHPOBAHHBIC K €AUHUIIC B LICHTPC IJIACTHUH-
KH.




Pemenue (1)H3quCKH HEJIMHENHBIX 3aJ1a4 n3ruda MmIacTuH nepeMeHHoﬁ TOJHIMHBI

PesynbTathl, mpuBeneHHbIe Ha puC. 4,a TOKA3bI-
BAaIOT, 4TO C POCTOM IapameTpa A 3HAYMTENBHO
yBEJIMYUBAIOTCA MPOrudbl B ieHTpe. U3 puc. 4,6
BUJIHO, YTO KAa4YECTBEHHbIC W3MEHEHHUS B JIIIO-
pax mporu0oB MPOUCXOJIAT HE TOJIBKO B LIEHTPE
IUTACTUHKH, HO U B €€ YETBEPTAX, C POCTOM Ia-
pametpa A 1mporu6 IUIACTHHKM B 4YETBEPTH
YMEHBILIAETCS, OJJHAKO 10 CPABHEHMUIO C H3Me-
HEHUSIMU, TMPOUCXOASIIMMHU B EHTPAIBLHON Ya-
CTH TUTACTUHKU 3TU U3MEHEHUS MaJIbl.

01 02 03 04 ¢
-4 1
-3 1
-2 4 :
|
-1 - N :
0 I
NI . 'A=0
; S | 10.5
2 - \\ I
P M-107 — 0.7

(@

JUi KaueCTBEHHOI OLIEHKM BJIMSHUS IE€pEMEH-
HOM TOJILIMHBI IUIACTUHKUA HAa €€ HaIlpsHKEHHO-
1e(OpMHUPOBAHHOE COCTOSIHME HUXKE Ha pUC. 5,a
IPUBEIECHBI AMIOPHl M3rHOAIOIMX MOMEHTOB B
IUTACTHHKE KECTKO 3allEMJICHHON IO KOHTYpPY
IPY PasiIMYHBIX 3HauYeHusX napamerpa A . s
OLIGHKHM KaueCTBEHHBIX W3MEHEHHH B KPHUBBIX
M3rudarIIUX MOMEHTOB Ha puc. 5,0 IpUBEIEHBI
SMIOPbl MOMEHTOB, HOPMUPOBAHHBIE K €IUHULIE
B LIEHTPE IUIACTUHKH.

0.1 0.2 0.3 0.4 &

-5 1

-4 -l\ :

\\ 1

el 0.7 !

S, / I

0.5 ;

-7 == ] I

7 G '

1 2=0 1
(6)

Pucynox 5. Dnioper useubarowux MOMenmos npu pasiudnvlx 3Havenusx A (a).
Onropul uzeubaAOWUX MOMEHMO8, HOPMUPOBAHHbIE K eOuHUYe 8 yenmpe (0).

Pesynbrarel, mpuBeaeHHbIE HA pUC. 5,a, TOKa-
3BIBAIOT, YTO C yBEJIMYEHHEM Tapamerpa A u3-
rubarpmme MOMEHThl B IIEHTpPE IUIACTUHKH
YMEHBILIAIOTCA, @ B ONOPHOM 30HE M3rudaroime
MOMEHTBI HA000POT PACTYT.

B 3akmiouenue crnegyeT OTMETUTh, YTO COB-
MECTHOE HCIOJIb30BAHUE METOAA IOCIIEOBA-
TEJbHBIX HAarpPYXEHUW W METOJ/Ia HaMCKOpEHIIe-
TO CIyCKa TO3BOJISIET CBOAUTH pelieHue aud-
(bepeHIIMaTbHBIX YpPaBHEHUM C TIEPEMEHHBIMH
KOd(pUIIMEHTAMH K PEIICHUI0 YPaBHEHUH C TI0-
CTOSTHHBIMH KOA((PHUITMEHTAMHU, TaKKe CIIeTyeT
CKa3aTh, 4yTO Hcnojb3oBanue MHC mo3Boaser
Ha KaXXIOM d3Tare pelieHus 3aJayd KauyecTBEH-
HO yJydlllaTh TOJy4aeMbld pe3yabTaT, 4YTO
o0ecrieunBaeTcs MOCTPOCHHEM IOCIIE0BATENb-
HBIX NPHOIMKEHUH HE B allPUOPHO BHIOPAHHOM
¢bopMe, Kak B BapHallMOHHBIX METOJaX, a B
(hopme ompezenseMoil camoi 3a1adei.
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COBEPHIEHCTBOBAHUE I'MAPABJIMYECKHUX PACYHETOB
CUCTEM BOJAOCHABKEHHUS C UCIIOJIb30OBAHUEM
QJEKTPOHHbLIX MOJAEJIEU

O.I'. IIpumun, I'.H. I pomos
HanumonaneHelil nccnenoBaTebckuii MOCKOBCKUM TOCYIapCTBEHHBIN CTPOUTEIbHBIN YHUBEPCUTET,
r. MockBa, POCCU
AO «MocBopokananHUWnpoekr», r. Mocksa, POCCHU A

AnHotanust: Pa3paboTka ruapaBinueckoil MOAEIH PEryaIupyeTcsi B COOTBETCTBHU C POCCHUCKUM 3aKOHO/IaTelb-
ctBoM. OfIHaKO, 3aKOHOAATENIbHBIEC aKThl HE COJEP)KaT MOSICHEHHH OTHOCUTEIHHO METOIOJIOTHU U YPOBHS AeTa-
JM3alUK TUAPABIMYECKOH MOJENH, a Takke TpeOOBaHMI ISl JOCTaTOYHOTO YPOBHSI KaJMOpOBKH Mozend. B
HacTosIIel cTaThe NMpecTaBIeHa METOAOJIOTHs BHEAPEHUS THAPABINUECKON MOENN Ul CUCTEM BOJOCHAOkKe-
HHUSL.

KiaroueBble cjioBa: cucremMa BO,I[OCHa6)K€HI/I$I, DJICKTPOHHAA MOJCJIb, pealn3alusi

HYDRAULIC CALCULATIONS IMPROVEMENT OF WATER
SUPPLY SYSTEMS BY USING ELECRONIC MODELS

Oleg G. Primin, Grigory N. Gromov
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
JSC «MosvodokanalNIIproekt», Moscow, RUSSIA

Abstract: Development of hydraulic model is regulated according to Russian legislation acts. However, these
legislation acts do not contain explanations regarding the methodology and detail level of hydraulic model, as well
as requirements for sufficient level of model calibration. This paper presents hydraulic model implementation
methodology for water supply systems.

Keywords: water supply system, electronic model, realization

1. BBEAEHHUE

3HauuTEeNbHAsL YACTh HACEJIEHUs] TOPOJOB U IO-
cenennii Poccuu obOecrieueHa NMUTHLEBOM BOIOM
rapaHTUPOBAHHOTO KadyecTBa (xoTs ObI o 50 ma-
pamerpam). OgHako, OOJbIIAS YaCTh HACCICHUS
noTpebIseT BOIY, KAYeCTBO KOTOPOI HE rapaHTH-
pOBaHO, MpUYEM JECATKH MHUJUIMOHOB YEIIOBEK
UCTIONB3YIOT MPUPOAHYIO BOMy O€3 MpeaBapu-
TEIHLHON OYMCTKH.

Jl1st mosTanHoM peanu3anuy 3TON 3a1a4U U B 11e-
JSX OTNPEAENICHUS JOJITOCPOYHON MEepPCIIeKTHUBBI
pPa3BHUTHUS CHUCTEM BOJOCHAOKEHUS M BOJIOOTBE-
JICHUsI TOPOJIOB M moceneHud Poccun, a Takxe
SKOHOMHMYECKOTO CTUMYJIHUPOBAHUSL IMPABUTEIb-

ctBoM PO yrBepkIeH U BBecH B nencteue Pe-
JepaibHbIi 3aKkoH oT 7 nexadbps 2011 . Ne 416-
@3 «O BomocHaOXKeHUH U BOIOOTBeACHUM [1].
Ha ocHoBaHuU 3TOrO 3aKOHA pa3BUTHE LEHTpa-
JIM30BaHHBIX CHCTEM BOJOCHAOKEHUS U BOAOOT-
BEJICHUSI TOPOJOB W ToceneHuit Poccuu ocy-
LIECTBIIIETCS TOJBKO B COOTBETCTBUU C [eHe-
pa’JbHBIMM CXeMaMM 3TuX cucteM [1]. B cocTase
CXeMBbl HEOOXOIMMO pa3padoTaTh NEKTPOHHYIO
MOJIENTb LIEHTPAIN30BaHHON CHUCTEMBI BOIOCHA0-
JKEHUS U BOJIOOTBEJIEHUS TOpoAa.
3HauUNTENbHBIH 00bEM CTAaTHUCTUYECKOW U 3KC-
IUTyaTallMOHHON MH(OPMAIUH, CI0KHasE KOH(pU-
rypaius ¥ CTPyKTypa CUCTEM BOJIOCHAOXKEHHS U
BOJIOOTBE/ICHHUS, HEOINPEAEIECHHOCTh CIIpOoca Ha
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BOJly MOTpeOOBaIN MpUMEHEHUs UH()OpPMaIIMOH-
HBIX TEXHOJIOTHH /ISl OIICHKH M aHaiu3a (yHK-
UOHUPOBAHUS ITUX CHUCTEM U ONTHUMH3AIUHN UX
pabotel. B crarbe nmpuBeeHBI HAIPaBICHUS CO-
BEPILICHCTBOBAHMS THPABINYECKUX PACUETOB
CUCTEM BOJOCHAaOXKEHUS C WCIOIh30BAHHEM
AIIEKTPOHHBIX MOJIEIICH.

B cooTrBercTBUU ¢ TpeOOBaHUSAMU, MPEAbSBIIsC-
MBIMH 3aKOHOJATENbCTBOM Poccum, paszButHe
BOJIHOT'O XO35IHICTBa M HHXKEHEPHOI HHPPACTPYK-
TypBl TOPOZOB U HACEICHHBIX IIYHKTOB HEOOXO-
JUMO OCYIIECTBIISITh B COOTBETCTBUH C ITPOEK-
TaMU T€HEPaJbHBIX CXEM BOJAOCHAOKEHUS U BO-
nootBeneHus. [IpoekTsl cxem pazpadaTbiBalOTCs
B COOTBETCTBUHU C JOKYMEHTaMHU TEPPUTOPHUAIIb-
HOTO IJTAHWPOBAHUS TOPO/Ia U OCHOBBIBAIOTCS HA
pa3paboTKe MPOEKTHBIX PEIICHUH, MO3BOJISIO-
X OMPEIETUTh HHKEHEPHBIC PEIICHUS U Tpe-
OyeMble KaluTalbHbIC BIOKEHUS

[Ipu uncnennoctu HaceneHus ropoaa donee 150
THIC. YEJOBEK JaHHBIE CXEMbl O0SI3aTeNBHO
JOJKHBI BKJTIOYATh B €051 AJIEKTPOHHBIE MOJIEITH
CUCTEM BOJIOCHAOKEHUS ¥ BOJIOOTBEICHHUSI.
DNEeKTpOHHAsI MOJIENIb CHCTEMBI BOJIOCHAOKEHHUSI
— ato reounpopmarmonnas cucrema (I'MC), xo-
TOpasi OTPaKaeT B AIEKTPOHHOM BHJIC aKTyaslb-
HYI0 UHGOPMAITHIO O CTPYKTYPE U TEXHHUKO-IKO-
HOMHUYECKOM COCTOSIHMHM CHUCTEM, a TaKke oOec-
NEYMBAET MPOBEJICHUE TUAPABIUYECKUX pacye-
TOB. DJIEKTPOHHAsI MOJIEJIb SIBJISIETCS HHCTPYMEH-
TOM aHaln3a pabOThl CUCTEMBI BOJIOCHAOKEHUS,
a TaKXe IO3BOJISIET MOJACIHUPOBATh €€ PEKOH-
CTPYKIIUIO U NIEPCIEKTUBHOE €€ pa3BUTHE.
CTOouT OTMETHUTH, YTO B COOTBETCTBUU C «[IpaBu-
JaM# pa3paOOTKU M YTBEPKIEHHUS CXEeM BOJIO-
cHaOXeHUs ¥ BOAOOTBEIEHUS» [2], periiaMeHTH-
pyIOTCsl TpeOOBaHUS K pa3pabOTKe AIIEKTPOHHOM
mMopenu. OHAKO ITH TPEOOBAHMS OTHOCSITCS K €€
COJIEpKaHUIO U MPOTPAMMHOMY OOECIIEUEHUIO U
HE CofiepKar B ceOe pa3bsiCHEHUI B 4aCTH METO-
UKW ¥ CTENIEeHH JeTaln3allud MOJIENIH, a TaK¥Ke
TpeOOBaHUI K CXOAMMOCTH DJIEKTPOHHOH MO-
nenu ¢ (paKTUYECKUMHU ITOKa3arelsiMu padoThI
CUCTEMBI.

Ha Texymuii MOMEHT JIJ1s1 peaJin3alu AIEKTPOH-
HBIX MOJIEJIEHl MOXHO HCIIOJb30BaTh Pa3InuHbIE
nporpammubie  Komiuiekchl  (Bentley, MIKE
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URBAN, Zulu, UCUT'P,Citi Com u ap. [3-7]). B
Poccuiickoit ®enepauuu Haubosee MNOMysp-
HBIMU SIBJISIFOTCS OT€YECTBEHHBIE ITPOTPAMMHBIE
IPOAYKTBL, 3TO OOBACHSAETCS HEOONIBIION LEHOH
10 CPAaBHEHHIO C PACCMOTPEHHBIMU MPOTIPAMM-
HBIMH KOMIUIEKCAMH M JIOCTaTOYHBIM HAOOpOM
¢byukumii cornacHo «lIpaBunam pa3pa®oTku u
YTBEPKJICHUSI CXEM BOJIOCHA0KEHHS U BOJOOTBE-
nenus» [2]. OnHaKko CTOUT OTMETUTh, UTO OTEUE-
CTBEHHBIE MTPOTrPaMMHBIE KOMILUIEKCHI YCTYIAIOT
MHOCTPaHHBIM [TPOrPaMMHBIM ITPOYKTaM B psijie
(YHKIIMOHATBHBIX BOBMOXXHOCTEH, B TOM UYHCIIE
B psifie PYHKIIMOHATBHBIX BO3MOXKHOCTEHN, HEOO-
XOAUMBIX JUISI TIOCTPOEHHUS D3JECKTPOHHOM MO-
JICIIH.

WNuctutyT «MocsonoxkananHWnpoekr»
YCHEIIHO Peain30Bal JIEKTPOHHBIE MOJIEIH CU-
CTEM BOJIOCHAOKEHHS TAKUX TOPOJIOB, Kak: Y da,
Upkyrck, [lensza, Openbypr, Tromens, Canagar,
Munck. B pganHo#l paboTe mpeacTaBieH OIBIT
pa3paboTKu U alrOPUTM MOCTPOCHUS IIEKTPOH-
HOM MOJIEJIH CHCTEMBI BOJIOCHAOKCHHS.

2. TOCTPOEHUE JIEKTPOHHBIX
MOJIEJEN CUCTEMBI
BOJOCHABKEHHUS

[TocTpoeHue 3mMeKTPOHHON MOJENH MpeaycMmar-

pHUBaET CIENYIONINE ITAIBI:

1.  TloctpoeHue pacueTHOM CXEMBI.

2.  OmpeneneHne pacXoIHON XapaKTEPUCTUKH
MOJIEIH.

3. Kamubposka moseny.

[Ipr 3TOM K OCHOBHBIM BHJaM JaHHBIX OTHO-

cATCS:

1.  Tomorpaduueckue maHHBIE MO TPYyOOIPO-
BOJIaM U COOPY>KEHUSIM CETH.

2.  JlanHple 00 OOOPYIOBAaHHWHM COOPYKEHUU
CeTH.

3. CrarucTuueckue JaHHbIE PaOOTHI
CTEMBI BOJIOCHAOKECHHUSI.

B npaktuke paznuyaroT 2 BUAa MOJENEH: eTa-

JTU3UPOBAaHHASA M YKPYIHEHHAs] AIIEKTPOHHBIE

Monenu. JleranuzupoBaHHAsl SNEKTPOHHAsT MO-

JIeNIb CUCTEMBI BOJOCHAOXKEHHSI Topoja BKIIIO-

CH-
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4aeT B ceds BCIO UH(OPMALIHIO O CUCTEME BOJIO-
cHaOxeHwus. [Ipu nocrpoennn ykpynHéHHOM Mo-
JIeTd UCIIOJIb3YeTCsl YCJIOBHAs CXeMa BOAOOT-
Oopa.

VYcnoBHas cxema BoJ00TOOpa MpeamnosiaraeT or-
00p BOIBI U3 CETH MyTeM HE(PUKCHPOBAHHBIX y3-
JOBBIX 0TOOpPOB. PaccTaHoBKa pacyeTHBIX y3710-

BbIX OTOOPOB IIPOM3BOJUTCS B MECTaxX Iepeceye-
HUSL MarucTpajibHbIX TPYOONPOBOJIOB, a TAKXKE B
MECTax COCPE0TOUYEHHOI0 0TOOPa MPOMBIIILIEH-
HBIMU NPEANPUATUAMU U APYTHX KPYIHBIX I10-
Tpebuteneil Boapl. Pasnuune Mexay neranusu-
POBaHHOM M YKPYITHEHHOU 3JIEKTPOHHBIMU MOJIE-
JISIMU TIPEACTABIIEHO Ha puc. 1.

P [
b |

— |‘ | | .
/A~
b B - N
g L) ==
! / —

Pacuérnas cxema yKpylnHEHHOU
ANEKTPOHHON MOAEIHN

Pacuérnas cxema aetanu3upoBaHHOU
ANEKTPOHHON MOJAEIH

Pucynox 1. Ilpumepuvl pacuémmvix cxem 0emanusupo8asHou u YKpynHeHHoU
9NEeKMPOHHBIX MOOEIell.

VYKkpymHeHHas AJIEKTPOHHAS MOJETh OTINYACTCS
MEHBIIIEN CTEMEHbI0 CXOJUMOCTH B CPAaBHEHUH C
JEeTaTU3UPOBAHHON MOJENbI0, HO, B CBOIO Oue-
peab, TakKe OTIMYAETCsS HA MOPSAOK MEHBIIUM
00beMOM HEOOXOIMMBIX HCXOMHBIX JTAaHHBIX H
CPOKOM €€ peain3aluu.

[Tocne BeIOOpa THTIA M MOCTPOEHUS PACUETHOMN
CXEMbl OIpPEIENSIETCS pacXoAHas XapaKTepu-
CTUKa MOJIEIH, KOTOpasi OCHOBBIBAETCSA Ha aHa-
JU3€ CTAaTUCTUKU TMOJAa4M HACOCHBIX CTAHIIMM
BTOpOro noaseMa. Ha ocHoBe aHanu3za omnpene-
JIIETCS MAaKCUMAJIbHBIM JICHb U MaKCUMAIbHBIN
yac Bomononaun. Jlanee ¢popmupyercs 6ananco-
Basi CXeMa CHCTEMBI, KOTOpasi BKIFOYAeT B ceOs
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30HBI, a TaK)K€ MOA30HBI CUCTEMBI BOJIOCHA0OMe-
HUSL.

Ha ocHoBe 6anaHcOBOM cXe€Mbl THAPABINYECKHIMA
pacyéT CUCTEMbI BOJOCHAOKEHUS MOXKET OBbITH
BBITMIOJIHEH Ha Pacu€THBIA 4Yac WU TNPOBEJIECHO
24-&x yacoBoe MoJenpoBaHue cucteMbl. CTOUT
OTMETUTh, YTO 24-€X 4YAaCOBOE MOJICIUPOBAHHE
CUCTEMBI TpeOyeT mocTpoeHus 24 0amaHCOBBIX
CXEM COOTBETCTBEHHO.

[Tpr moCTpOEHUM YKPYIMHEHHBIX AJIEKTPOHHBIX
MojieTiel HeoOXoauM pacu€T pacxoja He(HUKCH-
POBaHHBIX Y3JIOBBIX OTOOPOB. AHAJIM3 POCCUH-
CKHX ITPOTPAMMHBIX KOMILIEKCOB ITOKa3aJl OTCYT-
ctBue Takux ¢(yHkuumid. B cBsa3u ¢ atum, AO
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«MocpoaokanarHUWnpoekT» pazpadboTan airo-
pUTM pacuéra HE(UKCUPOBAHHBIX Y3JIOBBIX OT-
O0pOB, KOTOPBIM MPUMEHHM K MPOTPAMMHOMY
oOecnieueHuto «Zuluy. AIropuT™ peaan3oBaH Ha
s3pike Visual Basic for Application (VBA) ¢ uc-
nonk3oBanueM Tabmui Excel. Ctpykrypa anro-
pUTMa BKJIIOYAET B ceOsl:
1. Bemrpyska 6a3el pmanaeix [10  «Zuluy
(mpeaBapUTENbHO Y37I0BBIE OTOOPHI HyMe-

pyroTCs).

2.  ®opMHpOBaHWE MAaTPUIBI WHIMICHTHO-
CTH.

3. 3aHeceHHMe NaHHBIX IO pacxojaM 30H H

MOJI30H CUCTEMbI BOIOCHAOKEHUSI.
4.  Pacuér He(MKCUPOBAHHBIX Y3JOBBIX OTOO-

pOB.
5. 3arpyska pe3yabTaroB pacuéra B 6a3y JaH-

HBIX «a1oTpedurensy» [10 «Zuluy.
PazpaGoTanHblii anropuT™M pacuéra pacxolloB
He()UKCHPOBAHHBIX Y3JI0BBIX OTOOPOB OBLI anpo-
OMpOBaH U BHEAPEH IpU pa3pabOTKe yKPYIHEH-
HOU MojieH BogocHaO)eHus ropoaa MuHcCKa.
Jnsi 0oObeKTUBHOW OLIGHKU BIMSIHUS HEpPCIeK-
TUBHBIX MEPOIIPUATHI, HAIIPABJICHHBIX HA YIyY-
IIeHUE PabOThI CETH, a TAKXKE PA3BUTHE CUCTEMBI
BOJIOCHAOXXEHHS TOPOJa, HEOOXOAMMO MOJIEIH-
POBaHME C HCIIOJB30BAaHUEM aJI€KBATHOM 3JIEK-
TPOHHOW MOJENH. AJIEKBAaTHOCTb JIEKTPOHHOMN
MOJIETIH TOCTUTAETCS ITyTeM €€ KaTuOPOBKH.
OCHOBHO¥ 1L1€TbI0 KATUOPOBKH AEKTPOHHONU MO-
JIeTIH CETH BOIOCHAOKEHMS SIBJISIETCSI COOMoieHne
MOJIEJIBIO 3aMEPEHHBIX XapaKTEPUCTUK pealbHON
cucteMbl BojpocHaOkeHHs. C MareMaTu4ecKoi
TOYKH 3pEHUS Mpoliecc KaTUOPOBKYU THpaBInye-
CKOM MOJIeNI BOJOCHAOKEHHUS 3aKITF0YaeTCs B MU-
HUMM3AIIWY 11e1eBOi QyHKImu E:

E=Y w, (W= h)?+ 32, w, (@™ — h)?,
(1)

rae P u Q aBistoTcs U3MEpPSEMbIMY 3HAYEHUSIMU
JaBJIeHHs U pacxona; hy' - u3MepsieMblil Harop B
y3iie i; h; - pacyeTHBI HaAmop B y3ie i; q; - u3-
MepsieMBbIi pacxof B i TpyOe; g;- pacyeTHBIH pac-
X011 B i TpyOe.

Ha texymuii MOMEHT BO BCEMUPHO HM3BECTHBIX
nporpaMMHubIX npoayktax Mike Urban, Bentley
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UCIIONIB3YIOTCSI HESBHBbIE (ONTUMHU3ALMOHHBIC)
KaanopoBouHble Mojenu. HesaBHble kKanmuOpoBoy-
HBIE MOJICNI OCHOBBIBAIOTCSI HA PEIICHUU OITH-
MU3aAIMOHHON mpobiembl (ypaBHeHue 1). s
pelleHus JaHHOW 3aJadyu B MPOrPaMMHBIX IPO-
nykrax Mike Urban, Bentley wucmonssyercs
CJIO’)KHBIM T€HETUYECKUI anroput™ [8-9].
AHanu3 pocCUMCKUX MPOrpaMMHBIX IPOIYKTOB
MoKa3aj OTCYTCTBUE (QYHKIUU aJITOPUTMHU3UPO-
BaHHOU kanuOpoBku. B cBs3u ¢ atum, AO «Mo-
cBonokanamHM M npoekT» pazpaboTrai aaroputm
ABTOMAaTUYECKOM KaJIMOpPOBKHU 3JIEKTPOHHOM MO-
JIeNu JJIs POCCUICKOro MporpaMMHOro obecrie-
yeHus: «Zulu» Ha OCHOBE I'€HETUYECKOIO aJro-
puTMa. AJTOPUTM peanu30oBaH Ha si3bike Visual
Basic for Application (VBA) ¢ ucions3oBanrem
tabnur Excel u 0ubnunorexku ActiveX KOMIIOHEH-
ToB «ZuluNetTools».

HecMoTpss Ha BBICOKYIO IPOU3BOAUTEIBHOCTD
FEeHETUYECKOrO aJlfOPUTMA, MPU 3aJaHUU OOJIb-
IIOT0 KOJIMYECTBA HEU3BECTHBIX, BpeMs pabOoThI
JIOCTaTOYHO BBICOKO JUISl J€TaIM3HUPOBAHHBIX
ANEKTPOHHBIX Mozenei. [loaToMy B pykoBoICTBE
nosib3oBarenss Mike Urban [8], a taxxe B [10]
MpEeJIOKEHa TpelBapuTeNbHasl TPYNIHPOBKA
TPYOOIIPOBOJIOB IO LIEPOXOBATOCTH UITH APYTHUM
XapakTtepuctukam. /(s cBsizu marepuana, roaa
MPOKJIAJKU M IIEPOXOBATOCTH TPYOOIPOBO/AA B
pabore [11] Obla mpeasioxkena cienyromas ¢pop-
MyIna:

8i=8max'(8max'8min) [(tmax'ti)/(tmaX'tmin)]b, (2)

TJIE & — IIePOXOBATOCTH JUISI TPYOBI i, MM; Emin Y
Emax — MUHUMAJIbHBIE U MaKCUMaJIbHbIC 3HAYCHHUS
[IIEpPOXOBAaTOCTH, KOTOPHIE COOTBETCTBYIOT MUHU-
MaJIbHOMY ¥ MaKCHMaJbHOMY BO3pacTam Tpyo,
MM; tmin Y1 tmax — MUHUMAJIBHBINA 1 MaKCUMAJITLHBIN
BO3pacThbl TPyOONPOBOAOB B IPyMIIE, TOI.

Ha ocnose popmyis 2 AO «MocBogokananHU-
HrnpoekT» pazpabotay aqropuT™M KaauOpOBKH,
peanm3oBaHHBIM Ha s3bike Visual Basic for
Application (VBA) ¢ ucnons3oBaHreM TaOIHIL
Excel u Oubnmorexkn ActiveX KOMIIOHEHTOB
«ZuluNetTools». Anaroput™M TpUMEHHM K IPO-
rpaMMHOMY obecriedenuto Zulu.

CrtpykTypa paboThI aITOPUTMA BKITIOYAET B CeOS:
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1. B kayecTBe MCXOIHBIX JaHHBIX 3a1aETCs
JIMara3oH MaKCHMAJbHBIX IIEpOXOBATO-
CTEH, COOTBETCTBYIOIUH MAaKCUMAJIbLHOMY
BO3pacTy TpyOOmnpoBoO/a.

2.  Hcnonb3ys 3HaYE€HUS U3 3aJJaHHOTO AMana-
30Ha, PaCCUNUTHIBAIOTCS 3HAUEHUS 1IEPOXO0-
BaTOCTH Ka)JI0Tro TpyOOIpoBo/a.

3. JlaHHBIE 3KCIIOPTHPYIOTCS B 0a3y IaHHBIX
Zulu ¥ TPOU3BOIUTCS TUIAPABIMYECKUMN
pacuer.

Hcnonb3yst ¢gopmyny 1, oneHuBaeTcst CXOnu-

MOCTh MOJIEJIH TIPY 33/1aHHOM 3HAYEHUU MaKCH-

MaJIbHOM I1epoxoBatocTH. Ha ocHOoBe monmyuen-

HBIX 3HaueHuM QyHkuuu E ¢dopmupyercs mo-

BEPXHOCTb, MO0 KOTOPOW IOJIb30BATENIb MOXKET

OIIpEAEIUTh ONTUMAJIBHOE COOTHOILIEHUE MEXKIY

MaKCUMAJIbHBIMM 3HAYEHUSIMHU IIEPOXOBATOCTEH

TPYOOIIPOBOJIOB M CXOIUMOCTBIO MOJIEIIH.

3. IPUMEPDBI PEAJIN3ALIUN
SJIEKTPOHHBIX MOJEJIEHN
CUCTEMbI BOONOCHABKEHUA

OpHuMH U3 TOCIENHUX PadOT, BBHIMOIHEHHBIX
AO «MocsonokananHUUpoekTy, SBISIIUCS:
pa3paboTKa YKpYIMHEHHOH 3JEKTPOHHON MOAETH
ropoga MuHCKa U KanuOpOBKa JI€TaTU3UPOBAH-
HOI Mojenu ropona Canagar.

[TocTpoenue MeKTPOHHON MOJIETH CHCTEMBI BO-
nocHaOXeHus ropoga MuHCKa OCHOBBIBAJIOCH Ha
YCJIIOBHOU CXeMe BOJ00TOOpa, KOTOpasi Mpearo-
narajga (UKTUBHBIE U COCPEIOTOYCHHBIE Y3IIO-
BBIE OTOOPHI.

B mopens ObTH BKITIOUYEHBI OCHOBHBIE Maru-
CTpalibHBIE BOJOBO/IBI CHCTEMBI C IMAMETPOM 00-
nee 300 mm. PaccTranoBKa cCOCpeTOTOUEHHBIX OT-
OOpOB MPOM3BONMIACH B MECTax OTOOpa BOIBI
KPYITHBIMH TTIOTPEOUTENISIMH  (TIPOMBIIIIJICHHBIC
npennpustusg PITHC u JIIIHC r. Muncka). Pac-
CTaHOBKAa (DMKTUBHBIX Y3JIOBBIX OTOOPOB B Me-
CTax MEePeCceueHUst MaruCTpaibHbIX BOJIOBOJIOB.
B wmopens Ovuio BHeceHo 4800 siaeMeHTOB,
BKIItoYasi: 15 HacocHBIX craHiuit, 694 moTpedu-
tenst. KpynHbie moTpeOuTenu BoAbl B 3JEKTPOH-
HOW MOJIENTU CUCTEMbl BOIOCHAOXKeHUsS T. MuH-
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CKa YYHUTHIBAIUCH KaK COCPEIOTOYEHHBIE OT-
0opbl. 151 3TOr0 MPOBOMIICS aHATU3 OIIPOCHBIX
JUCTOB TMPOMBIIUICHHBIX MPEANPHUITHIA, TaKKe
aHAIM3UpPOBajach CTATUCTHKA NOTPEOIeHUS
BOJIbI PAMOHHBIX MOBBICUTENIBHBIX HACOCHBIX
CTaHIMI U JIOKAJIbHBIX TOBBICUCTENIBHBIX HACOC-
HbeIX cranuuit). [Ipu pacu€re pacxona moBbICH-
TEJIbHBIX HACOCHBIX CTAHIMI YUUTHIBAJICS KOA()-
bUIUEHT HEpaBHOMEPHOCTH, MOJNYyYEHHBIH Ha
OCHOBaHUU pacHpeesIeHUs] CYTOUHbIX PacX0/0B
B TEUEHUE Toja.

KannGpoBka monenu Obuia Mpou3BeaeHa Ha OC-
HOBaHUM (DAaKTUUECKHUX MOKa3aHUI CBOOOAHOIO
Haropa B KOHTpOJbHBIX Toukax (100 Touek).
CyMmMmapHas OTHOCHUTENBbHAs CXOIUMOCTb pac-
YETHOTO Pacxoja BOABI OT IIaBHBIX HACOCHBIX
CTaHIMIl B BOJONPOBOAHYIO CE€Thb I. MMHCKa C
daktraeckuM coctaBisgeT 95%. Cymmapnas ot1-
HOCHTEJIbHAS CXOAUMOCTB 10 HAallopy COCTaBUIIa
77%.

Jis kanuOpoBKU 3JEKTPOHHOM MOJeNu BOAO-
cHabOxeHwus . CanaBar ObUIM IPOBE/ICHBI 3aMEPBI
cBoOonHOrO Hamopa (36 Todek u3mepeHus). 3a-
Mepbl ObUIM MPOBEJEHBI C MCIOIb30BAHUEM Ma-
HoMeTpoB Mapku JIM02-100-2-M. IlonyueHHble
pe3ynbTaThl HaTYpPHBIX U3MEPEHUN ObLUTH MPUBS-
3aHbl K COOTBETCTBYIOIIMM KOJIOJALIAM B 3JIEK-
TPOHHOM MOJIENTA BOJIOCHAOXKEHHUSI.

J1y1 OLIeHKH 3HaY€HMs LIEPOXOBATOCTH KOHKPET-
HOTO TPyOONpPOBOa UCTIOIB30BAIOCH YPABHEHHE
(2). MunuManbHbIE 3HAUEHHs IIEPOXOBATOCTH
CTaJbHBIX M YYT'YHHBIX TpPyOONpPOBOIOB, COOT-
BETCTBYIOIIME MHHHUMAJIBHOMY BO3pacTy, ObUIM
MPUHSTHI COITIACHO TUIPABINYECKOMY CIIpaBOY-
HUKY.

KannOpoBka 311eKTpOHHON MOJIENIN OCYIIEeCTBIIS-
Jach MyTeM BapbUPOBAaHUS MAaKCHUMAaJIbHBIMU
3HAYEHMSIMM ILI€POXOBATOCTEM CTaJbHBIX U 4Uy-
TYHHBIX TPYOONpPOBOIOB, KOTOpPBHIE COOTBET-
CTBYIOT MaKCHMaJIbHOMY BO3pacTy TpyOOIpoBo-
noB. CpenHee aOCONIOTHOE PACXOXKIEHHE I10
CBOOOIHBIM HAropaMm MEXJy 3JIEKTPOHHOM MO-
JIebIo U (paKTUYECKOr pabOTON CeTH COCTABHIIO
4,03%. Cpennee aOCOMIOTHOE PACXOXKIECHUE IO
pacxofiaM UCTOYHUKOB MEXKIY IEKTPOHHOU MO-
JIeNbI0 U (pakTUYEeCKOi paboToil ceTH coCTaBUIIO
0,95%.
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4. AICITIOJIb3OBAHHUE 3JIEKTPOHHBIX
MOJEJIEU CUCTEMBI
BOJOCHABXEHMUSA

Ornenka (hakTHYECKOTO YIACIBHOTO BOJOIOTPEO-

JdeHus B roponax-npexacrasutensx (Ilensa,

Openo6ypr, TioMeHb) Mokasaia, 4To B MOCJICIHNE

ro/ibl OTMEYaeTCsl 001asi TeHJCHINS CHIKEHUS

oO01Iell BEMMYMHBI TTOJa9H BOJBI B CETh U BEJIH-

YUHBI YIEIbHOTO BOJONOTPEOJIEHUS Ha XO035i-

CTBEHHO-TIUTHEBBIE HYXIBI KHUTEICH HCCIIENO-

BaHHBIX TOPOJOB. JTO B LEJIOM TpeOyeT ImpoBe-

JICHUS COOTBETCTBYIOIINX HCCIICOBAHUN 10

00OCHOBaHMIO U ONTHMHU3ALMHU YAEIbHBIX HOp-

MaTHUBOB BOJIOTIOTPEOJICHUS IJIsi TIPOCKTHPOBa-

HUS LIEHTPAJM30BaHHBIX CHCTEM BOJOCHa0Xe-

HUS, TIPU UX Pa3BUTUHU U PEKOHCTPYKIIUH U OTIpe-

JIeNICHUs] TeXHUYECKUX YCJIOBUN IOIKIHOUCHHS

00BEKTOB KAIUTAIILHOTO CTPOMTENHCTBA M IIPH

IPOEKTUPOBAHUN CUCTEM BHYTPEHHETO BOJIO-

IIPOBOJA.

Jist 3TOr0 OBLIM pa3paboTaHbl JEKTPOHHBIE MO-

JIeTTd CUCTEMBI BOAOCHAOXEHHs, C UCIOIH30Ba-

HUEM KOTOPBIX ObLIa MPOBE/IeHa CPaBHUTEIbHAS

OIlIEHKA KalHWTaJbHBIX 3aTpaT Ha pa3BHTHE CH-

CTEM BOJIOCHAOXKEHMS, MPH Yy4ETE PasIUYHbIX

HOPM YAETHHOTO BOAOTIOTPEOICHHS.

Ha KOHKpeTHBIX IpUMepax NepCHeKTUBHOTO pa3-

BUTHSI CHICTEM BOJIOCHAOKEHHSI TOPOJIOB- IPEI-

cTaBHUTeNel (IPU UCTIOIB30BaHUH HOPMATHBHBIX

3HAYeHUH YJENbHOIO BOAOMOTPEONEHUS U TMPHU

UCIIOJIb30BaHUM JIAHHBIX, OCHOBAaHHBIX HA aHa-

Ju3e ¥ MporHo3e (pakTUYECKOro BOAONOTpeoie-

HU1) OBIJIO MOKa3aHO YBEJIIMYEHUE KAIUTAIbHBIX

3aTpar MpH UCIOJIb30BaHUU MpHuBeAeHHbIX B CII

HOPMaTUBOB B cpearem Ha 30 %.

Ha ocHOBaHWMM TpPOBENEHHOTO aHajIH3a MOTYT

OBITh PEKOMEH/IOBAHBI CIIEYIOINE HOPMATUBBI

YJIEIBHOTO BOJAONIOTPEOICHUS:

o 3aCTpoiika 3JaHUAMH, O0OPYAOBAaHHBIMHU
BHYTPEHHUM BOJONPOBOJOM M KaHaJIM3a-
1€, c BAHHBIMHM M MECTHBIMHU BOJIOHArpe-
Batensimu - 140 — 190 n/cyr;

o 3aCTpoiika 37aHUAMH, O00OPYAOBAaHHBIMHU
BHYTPEHHUM BOJOIPOBOJOM M KaHaJIM3a-
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1[Mei, C BAHHBIMH U MECTHBIMH BOJIOHArpe-
BaTEJSIMK C IICHTPAITM30BAHHBIM TOPSYAM
BojiocHaOkeHueM - 195 — 220 n/cyr.
Hcnone3ys mporpammy BoAHOro OanaHca, a
TaK)K€ CTAaTHCTUYCCKHE JaHHBbIC pPaOOTHI CH-
CTeMBbI BOJOCHAOXeHHsI ropoaa TEOMEHH U JaH-
HBIC DJICKTPOHHON MOjENH, Oblja MoydeHa 3a-
BHUCHUMOCTb MPSMBIX ITOTEPh BOJBI B CHCTEME BO-
JIOCHAOKEHHS OT JaBJIECHHs, HaOII0IaEMOTO B CH-
creme [12].
Taxke CTOMT OTMETHTb, YTO 3JICKTPOHHAS MO-
JIeJIb CUCTEMBI BOIOCHAOKEHUS SIBJIsETCS Oa3u-
COM /IS TPOBEICHHSI TaKUX PaboT, Kak:
° BBISIBJICHHE TIPOOJIEMHBIX yYaCTKOB B CH-
CTEME U COCTABJICHHUE CITCKOB PEKOHCTPY-
UPYEMBIX TPYOOIIPOBOIOB;

L ONTUMHU3AUA OUAMCTPOB )IeﬁCTBYIOIIIHX
TpyOOIIPOBOIOB;
o pa3paboTKa MepONpUATUH, HATIPABICHHBIX

Ha HEAOMMYHICHUEC CHUKCHUS MUHHUMAJIBHO
H€06XOI[I/IMOF0 JaBJICHHUSA B CUCTEMC,

o pa3paboTka TpOrpaMMbl IO CHIKEHUIO
TABJICHUSI B TOPOJIE;

L BI)I60p TOYCK KOHTPOJIA OaBJICHUA B CHU-
CTeMe;

o BBLIOOp MecTa YCTaHOBKH PETYIATOPOB
JTaBJICHHSI,

o BBIOOp ONTUMAIBHOTO pEXUMa paboTHI
HACOCHBIX CTaHIIHIA;

. pa3paboTKa IPOrpaMM MO CHUKEHHUIO BCEX

BHUJ0B ITOTECPb BOJBI.

5. BBIBOJbI

1.  DAeKTpOHHBIE MOJAETH SIBISIFOTCS HHCTPY-
MEHTOM OLIEHKH TEKYIIIETO COCTOSIHUS CHU-
CTeMBbI BOJOCHAOKEHHMS, a TaKXKe IT03BO-
JAIOT MOJETUPOBATh €€ MEepPCIEeKTUBHOE
nojoxkenue. s OOBEKTUBHON OILICHKH
BIIUSIHUS MEPOIIPUATHI, HAIPABJICHHBIX HA
yIydineHue paboThl CHCTEMBI BOAOCHAO-
XKEHUS U e€ pa3BUTHs, HEOOXOIUMO MOJIe-
nupoBaHue €€ paboThl C MCIOIB30BAHUEM
aJIEKBAaTHOU 3JIEKTPOHHOW MoAenH. AJeK-
BATHOCTbH AJICKTPOHHOW MOJIENU JOCTUTa-
eTCs TyTeM € KaTHOpPOBKH.
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COBeleIeHCTBOBaHI/Ie TUAPABINYCCKUX paCUCTOB CUCTEM BOILOCHa6)KeHI/I$I C UCIIOJIb30BAHUEM DJICKTPOHHBIX Mozee

AHanM3  POCCHICKOTO  MPOrpaMMHOTO
o0OecrieyeHrs U CpaBHEHUS C MHOCTpaH-
HBIMU aHAJIOTaMH MOKa3bIBAE€T OTCYTCTBUE
psina HeoOXOAMMBIX (DYHKIMA U pa3pa-
OOTKH 3JIEKTPOHHBIX MOJIEJICH, UTO MOTpe-
00BaJIO JTOMOJHUTENIBHON pa3paboTKu He-
00XOJIMMBIX aJITOPUTMOB.

HNucturyr «MocsogokananHUHnpoek»
YCIEIIHO PEaTu30Bal JJIEKTPOHHBIE MO-
JIEJIA CUCTEM BOJOCHA0XKEHUSI TAKUX TOPO-
noB, kak Y ¢a, Upkyrck, [lenza, OpenOypr,
Tromens, CanmaBat, Munck. Ha ocHoBanuu
OTIbITa peanu3aluu Oblia pazpaboTaHa Me-
TOJIMKA MOCTPOEHUS AIEKTPOHHBIX MO/e-
Jeil, a Takxke pa3paboTaHbl aITOPUTMBI,
NPUMEHUMBIE K POCCHIICKOMY TpOTpaMM-
HOMY obecriedeHnio «Zulu» u He0OXoau-
MBI€E JIJIS1 TIOCTPOEHUS MOJEIIEH.
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KEJE3OBETOHHBIE IIVIMTHI HOKPBITUA
ABTOMOBHWJIBHBIX TOPOTI
HA YIIPYT'OM ITOJYIIPOCTPAHCTBE

C.JI. Cemenwk, P.B. Kymauwioe

benopyccko-Poccuiickuii yausepcuter, r. Morunes, Peciyonuka BEJIAPYCh

Annotanusi: Cratnyeckuii anann3 HJ{C mimTsl Ha ynpyromM OCHOBaHHH BBIIOJIHSETCS BYMsI CIIOcO0aMu Ha IIpH-
Mepe xkerne300eToHHON opoxHOH i Th mokpbIThs 2111130.18-30 ceprm 53.503.1-1, npenna3znadueHHO# 715 Bpe-
MEHHBIX JOPOT. JlaHHBIE TUIMTHI PACCMATPUBAIOTCS KaK IJIOCKOCTHBIE KOHCTPYKIMH Ha YIPYTOM OCHOBAHHUH IO
BO3JIEHCTBUEM DKCILTyaTallMOHHBIX Harpy3ok. Ilnura paccunrana ciocobom b.H. JKemoukuna ¢ ncnonb30BanueM
Mmerona Putna, 1 onpeneneHus mporuOoB IUINTH B OCHOBHON CHCTEME, C IPUMEHEHHEM MaTeMaTHUECKOro a-
kera «MathCad». Taxoke BBIIOJIHEH IyOnupyromiuii cratuaeckuii pacuer winThl Ha [IK «JIMPAy. [IpuBoastcs
Pe3yNbTaThl KCIIEPUMEHTAIILHBIX U YUCJICHHBIX UCCIIEJOBAaHNH.

KiroueBnie cioBa: 5xe1e300€TOHHAS TOPOKHAS IUIUTA TOKPBITHS, TUIOCKOCTHASI KOHCTPYKIIHS,
ynpyroe ocHoBaHue, criocod b.H. XXemoukuna, meton Putna, pacueTHast MOJeNb, KOHTAKT, JIIOPA,
KaHOHUYECKOE YPaBHEHUE, IKCIIEPUMEHT

REINFORCED CONCRETE COATING PLATES
OF HIGHWAYS ON AN ELASTIC HALF-SPACE

Slava D. Semeniuk, Roman V. Kumashov
Belarusian-Russian University, Mogilev, BELARUS

Abstract: Static analysis of the stress-strain state of a plate on elastic foundation is made in two ways on the
example of a reinforced concrete road plate 2PP30.18-30 series B3.503.1-1 intended for temporary roads. These
plates are considered as a planar structure on an elastic foundation. The plates are calculated by the method of B.N.
Zhemochkin using the Ritz method to determine plate deflections in the main system using the mathematical
package «MathCad». Also the plates are calculated on the PC «LIRA». There are given the results of experimental
and numerical studies in this article.

Keywords: reinforced concrete road plate, planar structure, elastic foundation, Zhemochkin method,
Ritz method, calculation model, contact, diagram, canonical equation, experiment

1. BBEJJEHUE M3rHOAIONIMX U KPYTAILIMX MOMEHTOB, YTO OTpPHU-
LIATEJIbHO CKAa3bIBAETCSl HAa HKCIUTYyaTal[MOHHBIX
B coBpeMeHHBIX aBTOMOOWJIBHBIX JIOpOrax BCE  XapaKTEPHCTUKAX JaHHBIX IJIMT. B obmiem ciy-
Oosnblliee 3HaAUEHUE MPUOOPETAIOT MOHOJUTHBIE Yae IUIMTHI pabOTalOT KakK MPOCTPAHCTBEHHBIE
U cOOpHBIE )KeJIe300€TOHHBIC MOKPBITUS, MIPEI- KOHCTPYKIUH, MOITOMY TpeOyeTcsi YYHUTHIBAThH
Ha3HauYEHHbIE JJI1 aBTOMOOMJIBHOTO ABMKEHMSI  BIIMSHHUE KaKIOrO M3 BO3ICHCTBUI HAa HECYLIYIO
OO0JBIION MHTEHCHBHOCTH, CKOPOCTH U TPY30-  CIIOCOOHOCTH >K€JI€300€TOHHBIX IUTUTHBIX KOH-
HOJJbEMHOCTH. CTPYKIMH MPU UX NMPOEKTUPOBAHUHM U U3TOTOB-
HepaBHomepHble nedopmanu OcHOBaHMS U JieHHH [1].
HECUMMETPUYHOCTh  NPWIOKEHUSI ~ Harpy3KH
IPUBOJAT K BOBHUKHOBEHHIO B CEUEHUSAX IUIUT
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2. TEOPUSA CTATUYECKOI'O
PACUETA ILIUTHI HA YIIPYTOM
MHOJYINPOCTPAHCTBE

Pacuér mut BeIMonHseTCs cmocooom B.H. XKe-
MouKHrHa [2] (o0mias mocTaHOBKAa M aHAUTHUYE-
CKO€ PEIICHHE) W, YaCTUYHO, METOAOM Putma
(ompenenenue mporuOOB MIUTH B OCHOBHOW CH-
cTeMe) ¢ NMPUMEHEHHEM MaTEeMaTHYECKOro Ia-
keta «MathCady.

JlaHHBI TOAXOJ TIO3BOJIAET PACCUUTHIBATH
IUTUTHI HA TPOU3BOJIBHOM JIMHEHHO-YTIPYTOM Jie-
dbopMHupyeMOM OCHOBaHHMH Jt000H (OpMBI B
IJIaHE U 3arpy>KEeHHbIE TPOU3BOJILHOW HOpMalb-
HOM K CPEIMHHOW MUIOCKOCTH IUJIUTHI BHEIIHEH
Harpyskoi [3].

[lmuTer  pa30uBarOTCA HaA  MPSAMOYTOJbHBIE
yuactku b.H. )Kemoukuna (puc. 1). B cepenune
KaXJI0r0 y4acTKa CTaBHUTCSl CBA3b, Y€pe3 KOTO-
PYIO OCYILECTBISIETCA KOHTAKT IUIMTBI C yHpPYy-
TMM OCHOBAaHHMEM, a B IIEHTPE IUIUThI BBOJUTCS
3amemiienue. [IpuHumaercs, 4To ycuiiue B Kax-
JIOM CBSI3M BBI3BIBAECT PABHOMEPHOE paclipeiene-
HUE PEaKTUBHBIX JABJIECHUHU B Mpeiesax yyacTka
b.H. XKXemoukuna [2].
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Pucynox 1. Ilpumep pazouexu naumoi
Ha yuacmku b.H. JKemouxuna.

[Ipu onpenenennn nepemMenienuii Touku M(x,y),
HaxoJsIIelcs Ha IOBEPXHOCTU  YNPYIoro
OJHOPOJHOIO0 M30TPOIHOIO MOJIYIIPOCTPAHCTBA
OT JIEWCTBUS €AMMYHON CUJIBI, PACTIPEIEICHHON
no IUiom@aAu yyacTtka ()  MOBEPXHOCTH
MOJyIPOCTPAHCTBA, HEOOXOAMMO BBIUUCIHUTH
WHTErpaL:
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rae 2 —miomane yyactka b.H. )Kemoukuna.
[lepememienne TOUKM M(X,y), TOBEPXHOCTH
YIPYTOro IMOJIYIIPOCTPAHCTBA MPHU 3arpyKEHUU
ydacTka MPSMOYTOJILHOM (bopMBbI Ha
[MOBEPXHOCTH MOJYNPOCTPAHCTBA PABHOMEPHO
pacrpencieHHON Harpy3koun c
paBHOACHCTBYIOIIEH, paBHOM 1,  mocne
BBIYMCITHUS HHTErpana (1) umeer BuA:

2

1-v y_dx

rae a,b,c,d — KOOpIMHATHI TPAHMI] Yy4dacTKa
b.H. )KXemoukuna [3].

Jiis pacu€ra nipu ornpeeneHuH Ko HUITUESHTOB
KaHOHHMYeCKHX ypaBHeHHMH crnocoba b.H. XKe-
MOYKHHA 33/1aéMCsl QYHKITEH MTPOruO0B IPSIMO-
YIOJIBHOW IUIMTHI € 3alIEMIICHHOW B Hayaje KO-
OpJIMHAT HOPMAJIBIO B BUJIE 0COOOTO pelIeHUs U
COBOKYITHOCTH YacTHBIX pemieHuit KieoOma:

0

+ZAan (x,y) 3)

n=l1

po? |l(x 1) (y_z)
16D b b b b

W(x,y) = WO (x

Wy (x.y)=
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JKene300eTOHHEIE TUIUTEI TMOKPBITUA aBTOMOOMIIBHBIX J0pOoT Ha yOpyrom noJiynnpoCTpaHCTBE

2xy
W(x,y)=x——y—, w (x,y)=—,
1 b2 B2 2 b2
W (x,y)== x_+ﬁ W, (xy)=2 ﬁ+ﬁ
3x’y_bb2 2 | e\ Y)= b2 bz”

rae W, (x,y) — ocoGoe pemenue; W (x,y) —

yacTHoe pemeHue Kiebmia, ampuopu yznosie-
TBOPSIOIIEE YPAaBHEHUSIMH PABHOBECHUS TUIUTHI C
3alIEMJIEHHOW HOPMAJIBIO MOJT IECTBHEM COCpE-
JOTOYEHHOM CHIIBI M1 KHHEMaTHUYeCKUM TpaHHUY-
HBIM YCJIOBUAM BO BBCACHHOM 3allICMJICHUU t,z

— KOOpPJMHAThl TOYKHU MPHIIOKEHUS COCPENOTO-
YCHHOM cuibl; A~ — HeonpeenéHHble Kodpu-

IIUEHTBI; b — HEKOTOpBIM JIMHEWHBIH pa3Mmep
TIUTHI [3].

[Tpu ompenenenuu K03(PPHUINEHTOB KaHOHHUYE-
ckux ypaBHeHuit coco6a b.H. XKemoukuna st
pacyeTa NpsAMOYTOJIbHOM IUIUTHI HA MPOU3BOJIb-
HOM YTIPYTOM OCHOBaHUHU MOKHO HAIHCATh:

M(FO+F1 )+

ik ik ik
l TEEOb l
2 2 2
(P=1)b xT oy Xy
P Citnd LR RN [ N WP S I
22 b2 bz 22b2

0
rae F,' — GespasmepHas GyHKIHS [ Ompere-

JICHUA HepeMGH_IeHI/Iﬁ TOYKM I Ha MMOBCPXHOCTHU
YIPYyroro OCHOBAaHHS OT JEHUCTBUS €IMHUYHOMN
CHUJIbI, PABHOMEPHO pacHpeAeaEéHHOM M0 IpsMO-
YTOJIbHOMY YYacTKy Ak MOBEPXHOCTH MOJYIpPO-

1
cTpancTBa. Onpezensercs BelpaxenueM (2); F,

Volume 14, Issue 2, 2018

0
— KOpPEeKTHpYyeT F, MPUMEHHTEIBHO K PacCMar-
pUBaeMoOil MOIENU YIIPYTOTr0 OCHOBAHHUS.

n n

Zl : ISikRk+q>0xyi+(p0yxl,+u0+Al,p =0
1= =

n
—];Rkyk+Mpx:0;

()

n
>R x, +M =0
k™ k ’
=l py

n
>R, +0=0,
k=1

rac MO ) ¢0x . (Doy — JIMHCHUHOC U YTJIOBLIC IICPC-

MEIIEHUs BBEIEHHOTO 3alIEMJICHHS Ha TuIuTe; O
, M o M o PaBHOJEWCTBYIOIAS BHEIIHUX

CHWJI, IEUCTBYIOLIMX HA IUIUTY, U €€ MOMEHTHI OT-
HOCHTEIBHO KOODIMHATHBIX OCei; R, — peax-

TUBHBIC YCHIIHS.
ITocne pemenus cucTeMbl KAHOHUYECKUX ypaB-
HeHu# (5) Mo HaWJEHHBIM 3HAYEHUSM PEaKTHB-
HBIX yCWIMH R , HAXOIATCS PEaKTHUBHOE JaBJie-

HHE TIOJ, IIJIMTON M ocaaka. Jlanee 1mo u3BeCTHBIM
3HAYCHUSAM OCaAJOK TOYCK IIJIUTHI JICTKO onpe):[e-
JTUTh W3THOAIONMUe W KPYyTAINIUE MOMEHTHI, a
TAKXC HonepeqHHe CHUJIbI B CCUCHUAX ITJIUTHI.

IKCHEPUMEHTAJIBHBIE
NCCIIEAOBAHUMA

VcnibiTaHust IPOBOJATCS € ETBbI0 ONpENENICHUS
PEATTLHOTO pacmpe/ielieHus] 0CaJ0K YIpyroro oc-
HOBAHMS O] TUTUTOM JTOPOKHOTO TTOKPBITHSI.

Jlo mpoBeaeHHsT UCTIBITAHNS Ha IUIOMIAAKE ObLIH
BBITIOJTHEHBI MHKEHEPHO-T€0JIOTHUECKUE M3BICKa-
HUA. Pe3ysnbTarsl CTaTHUECKOTO 30HIMPOBAHHS
I'PYHTOB IIPUBEJIEHBI HA pHC. 2.
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— VienbHOE CONPOTHUBICHHE IPYHTA I10/] HAKOHEYHHKOM 30H1a s, MITa
— VJenbHOE CONPOTUBICHHE HA yuacTke 60KoBOiT noBepxHoctH f, klla

Pucynok 2. Pe3ynomamuer cmamuyeckoeo
30HOUPOBAHUA HA NIOWAOKE NPOBEeOeHUs.
UCNBIMAHUL.

[To pe3ynpTraTam cTaTUYECKOTO 30HAUPOBAHUS JISI
Ka)XI0r0 TPyHTa B COOTBETCTBUU C TaOIHUIICH 6.7
TKII 45-5.01-15-2005 onpenenen Mmoayib aedop-
Maruu rpyHra (Tabmuma 1).

Tabauya 1. Xapaxmepucmuku epyHmos.

Howmep Tun Momsocts | 9 E 0 v
cJios TpyHTa cJIos, M MIIa | MIla
1 0,8 0,5 4,0
2 0,6 4,9 19,8
3 1,2 16,5 | 444
4 ITecok 1,0 10,9 | 32,7 0.3
5 MeJIKUH 1,2 6,0 | 22,0 ’
6 2,0 7,0 | 24,0
7 1,2 6,1 22,2
8 0,8 11,7 | 35,0

N3Mepenne mnepeMemeHnii npou3BOAMIOCH 9
nporubomepamu ¢ To9HOCTHIO 0.01 MM. Toukwm
3aKperIeHHs IPOruOoMepoB PUBEIEHBI HA PUC.
3.

VcnblTaHue TINThl TPOU3BOIMINCE AJIS CIIEAdy-
IOLIUX PACUETHBIX CXEM:!

a — 0JHO Koseco Ha muTte. [locnenoBaTensHO B
4 Toukax (B LIEHTPE IUINTHI, HA KpasiX IUIUTHI U B
yIiIy IUTUTBI, CM. pHC. 4a) IPOU3BOAUTCS UCIIbI-
TaHUE OJHUM JIOMKpaToM Ha Harpy3ky 100 xH;
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Pucynox 3. Cxema pacnonosicenus
npoeubomepos 6 I1AO c yenoti denenus 0.01.
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Pucynok 4. Cxemst pacnonooicenus
O0OMKPAmMos npu UCHbIMAHUSX.
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0 — nBa kosieca Ha TuuTe. [IpOM3BOAMTCS UCTIBI-
TaHUE OJHOBPEMEHHO JIBYMs JOMKpaTaMH B ce-
penune tmThl (puc. 40) Ha Harpy3ky 100 kH
KOKIBIHA, CICMyIONiee WUCIBITAHUE — Ha Kparo
Tkl (puc. 48) Ha Harpy3ky 100 kH xaxnibrii.

WcnpiTanue npou3BoAMIIOCh B KaXI0M U3 6 TO-
YyeK

Harpy3kd CTYNEHSIMH 1O MaKCUMaJbHOW Bellu-
ynHbl, paBHO 100 kH. B mpouecce ucnpitanus
3aMepSUIUCh TOJIBKO BEPTHKAJIBHBIE [IEPEMEILICHMS.

Pe3ynbrartel SKCHEpUMEHTANIBHBIX HCCIIEI0BA-
HUH TpUBEEHBI HA pUC. 5.
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Pucynox 5. Pacnpedenenue ocadok ocHOGaHUs NAUMbL NO Pe3VIbMamam IKCHepuUMenma.
a) 3azpyoicenue 1; 0) 3azpysicenue 2; 8) 3azpysicenue 3; 2) sazpyacenue 4, 0) 3azpycenue S;
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e) sazpyoicenue 6.
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PaccmaTtpuBaemast BeIllie TUTHTA ObLIa TAKXKE Pac-
CUMTaHA B MPOrPaMMHOM KoMITTeKce «JIupay.

[Tpu mocTaHOBKE 3a7a4M MCIOJIB3YIOTCS CIICIy-
IOIIUE THITOTE3bI U JOIMYIICHUS: B 30HE KOHTaKTa
IUIUTBl C YOPYTUM OCHOBAaHHMEM BO3HUKAIOT
TOJILKO HOPMAJIbHBIC HAMIPSKEHHS, CHITBI TPSHUS
IPEHEOPEIKUTEIIHBHO MaJIbI.

B pacuer mpuHHMAIOTCS CIICIYIOIIAE YIPYTHE
XapaKTePUCTHKU: JUISl TUIUThI — KOHEUHBIA 3J1e-
meur KD-41, E=31500MIIa, v=0,167,

H =0,17 m ; 11 OCHOBaHMSA — KOHEYHBIM 3JIe-

ment KD-36, moayns ynpyroctu E | n kooddn-

rueHT [lyaccona v, B COOTBETCTBHH C TaOIHIICH

0
1. Ha pucynke 7 npuBeaeHa pacyeTHas MOJIEIb
wnthl B 1K «JIupay.
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Pucynok 7. Pacuemnas mooens naumol
6 IIK «JIUPA».
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Pa3mepsl pacueTHOW 007acTH OCHOBaHUS CO-
ctaBusioT 18a 1 18b cOOTBETCTBEHHO B MPOI0ITh-
HOM U ITOTIEPEYHOM HANpaBICHUSX. 37ech a U b
— HOJYyHIMpHHA IUIATBI B IMPOAOJIBHOM MU IIOIIC-
pPEYHOM HarnpaBieHHsIX. | TyOuHa pacueTHoi 00-
JIaCTH OCHOBAHUS COCTaBJISET 6a.
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Pucynox 8. Pacnpedenenue ocadok ochosanus
naumsl npu pacueme 6 IIK «/lupay:
a) 3azpyacenue 1, 0) 3azpyicenue 2;
8) 3azpyscenue 3; 2) 3aepysicenue 4,
0) 3azpyoicenue 5; e) 3azpyicenue 6.

4. BAKIIOYEHUE

Cratuueckuil pacuér U SKCIIEpUMEHTAIIBHBIE UC-
CJI€I0BAHMS TOKA3bIBAIOT, UTO B YCJIOBMSX JKC-
IUTyaTalK IUIMTHI TOKPBITUS aBTOA0POI BCEI/1a
OyIyT TOABEPKEHBI CIOXXHOMY JedopmMupoBa-
HUIO, TaK KaK Harpy3Kd OT KOJeC aBTOMOOWIIS
MIPUKJIAJbIBAIOTCA BHE OCU CUMMETPHUH TIITUTHI U
JIOPOKHOE OCHOBAHME IOJ IUIUTHI HEOJHOPOIHO
KaK 10 JUIMHE TUIMTHI, TaK U IO [IHUPHUHE.

[lo pesynbprataM CpaBHEHHS SKCIIEPUMEHTAJIb-
HBIX Y YUCJICHHBIX UCCIEIOBAHUN MOXHO OTMeE-
TUTh, 4yTO0 cnoco0 b.H. JKemoukuna mo3BossieT
JIOBOJILHO TOYHO OTPa3UTh OOLIYIO TEHACHIIUIO
pacrpezenenust 0cajiok noj miauto. OgHako, B
CBSI3H C JIOBOJIbHO OOJIBIINM PAaCX0XKICHUEM 3Ha-
YeHUH 0calloK, TpeOyeTcss KOPPEeKTUPOBKa pac-
YEeTHOM MOJENM W YTOYHEHHE IapaMeTpoB
Tkl [Ipu pacuere B I1K «JIupa» monenuposa-
HUE CJIIOUCTOTO OCHOBAHMS MO3BOJIET IIPH OIpe-
JIEJIEHUN OCa/IOK IJIUTHI IPUOIU3UTCS K pe3yJib-
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TaTaM HKCIEPUMEHTAIbHOro ucciuenoBanus. On-
HaKo, HaOJII0J]aeTCsl PaCXOXkKAEHHUE IIPU KPAEBbIX
3arpy’KEeHUsIX TUTUTHI.
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KINETICS OF STRUCTURAL TRANSFORMATIONS AT PORES
FORMATION DURING HIGH-TEMPERATURE TREATMENT
OF FOAM GLASS

Sergey V. Fedosov !, Maksim O. Bakanov %, Sergey N. Nikishov '*
! Ivanovo State Politechnical University, Ivanovo, RUSSIA
2 Ivanovo Fire Rescue Academy of State Firefighting Service of Ministry of Russian Federation for Civil Defense,
Emergencies and Elimination of Consequences of Natural Disasters, Ivanovo, RUSSIA

Annotation: The work shows the key points used in the simulation of pores formation and growth in the foam
glass structure. Pore is represented as a separate radius growth center with the outer boundary of a spherical shape
and with a specified value of the initial radius surrounded by a finite volume of molten glass that is a part of foam
glass charge stock. Solution of three-dimensional problem is reduced to one-dimensional setting in spherical co-
ordinates. The presented model takes into consideration kinetics of pores radius growth, taking into account the
influence of glass viscosity and surface tension, as well as the effect of moving (stretching) glass cladding when
pores radius increases.

Keywords: foam glass, separate pore, mathematic simulation, glass cladding, surface tension, viscosity

KWHETHUKA CTPYKTYPHBIX IIPEBPAIIIEHUMN
IHPU ®OPMUPOBAHHUU ITOP B ITPOLHECCE
BBICOKOTEMITIEPATYPHON OBPABOTKH INIEHOCTEKJIA

C.B. ®@edocos ', M.O. Bakanoe *, C.H. Hukuuiog '

! MIBaHOBCKMH TOCY1apCTBEHHBIN TIONMTEXHUYECKHH yHUBEpCHUTET, T. UBanoso, POCCUS
2 MBaHOBCKas HoxkapHo-cracarensHas akagemus I'TIC MUC Poccun, T. UBanoso, POCCHSI

AnnHotanus: B pabore moka3aHbl KIIFOUEBBIE MOMEHTHI, IIPUMEHSIEMBIC TIPY MOJISIIMPOBAHHH TIporiecca (POPMHUPOBAHUS
U POCTa IOp B CTPYKType eHocTekia. [lopa mpeacrapisieTcss Kak eqUHAYHBIN IICHTpP pOCTa paiyca ¢ BHCITHEH IpaHUIIeH
cheprueckoit GOpMbI M C 3aJJaHHBIM 3HAYEHHEM HA4YaJbHOTO Pajinyca, OKPYKEHHbI KOHEYHBIM OOBEMOM paciuiaBa
CTEKJIa, BXOAAILIETO B COCTAaB IIEHOCTEKOJIBHOM IIMXTHI. Penienne TpexMepHOH 3a7aun CBEAECHO K OJHOMEPHOH IocTa-
HOBKE B c(hepriecKux KoopauHaTax. [IpeacTaBieHHast MOJIENb yYUTHIBACT KHHETHKY POCTa PaIIyca Iop C yIeTOM BIIH-
SIHUSL BS3KOCTH CTEKJIa M MIOBEPXHOCTHOTO HATSHKCHUS, a Takke 3P (eKT MBIKyIIEHCS (pacTArMBAOIICHCS) CTCKIITHHON
000JI0YKH TP YBEJINYECHUH painyca IOpHI.

KaroueBble ciioBa: NEHOCTCKIIO, CAMHUYHAA 1Mopa, MaTEMATUYCCKOC MOJCIIMPOBAHNE, CTCKIIAHHAA 060n0q1<a, MOBCPX-
HOCTHOC HATsXKCHUC, BA3KOCTH

1. INTRODUCTION

Currently, manufacturers of heat insulating ma-
terials have to adapt to the dynamically changing
market conditions, since consumers start to pay
interest to the materials with high structural per-
formance and materials with good heat and sound
insulation properties.
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In this regard, such heat insulating material as
foam glass [15] gains growing popularity. Foam
glass production technology is associated with
thermal treatment of raw material mixture (foam
glass charge stock), which involves consumption
of a significant amount of electrical power [2, 5],
due to which the finished product cost is higher
than for example, in case of expanded-clay con-
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crete, foamed concrete, autoclaved aerated con-
crete, pumice stone concrete, sawdust concrete
and other heat insulating materials.

It is required to pay attention to scheduling ther-
mal treatment processes in order to reduce the
production cost of foam glass. Knowledge of the
heating processes peculiarities, foaming and an-
nealing of foam glass charge stock will enable to
adjust the material quality, energy consumption
and production areas by adjusting the thermal
treatment modes and sizes of process equipment
[13].

It is worth noting that one of the main factors in
the foam glass technology is to obtain the mate-
rial with uniformly distributed pores throughout
the volume. Foam glass porous structure for-
mation is very important, because physical and
chemical properties of finished product are
formed during this process [3, 6].

Currently, foam glass powder production method
is the most widespread because it enables to re-
ceive the finished product with different charac-
teristics depending on composition and ratio of
raw feedstock and gas developing agent [12].
For receive foam glass with the use of powder
method the mixture of crushed glass and gas de-
veloping agent is subjected to thermal treatment
at the temperatures above the glass softening
point and gas developing agent decomposition.
During the heating the glass particles are sintered
together forming the pores, which gas developing
agent particles get into [16]. Thus, the pores ra-
dius growth centers are formed. External bound-
aries of pores radius growth centers must be in-
creased in order to produce foam glass with low
density and with large volumetric weight. Due to
similar processes the thickness of formed inter-
porous glassy partitions decreases [11]. Sintering
and pores initial formation is shown schemati-
cally in Fig. 1.

Thermal decomposition of gas developing agent
and increase in the gas stage content in the foam
glass charge stock determines the pore-forming
potential of the whole charge stock.
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™ Gas developing
agent particles

Figure 1. Pores initial formation during
sintering of glass/gas developing agent mixture.

Equilibrium state of gas phase pressure inside a
pore and surface tension of molten glass on its
boundaries contributes to formation of a uniform
porous structure throughout the material volume.
Gas developing agent activation leading to in-
crease in gas phase pressure and as a conse-
quence the volume inside a pore constitutes iner-
tial potential of call growth. Gas generation de-
pends on the bulk transfer of chemically and
physically dissolved oxygen in the glass volume
around the pore surface [7], during its interaction
with carbon the CO or COa, the gas, is formed.
The most developed models describing the pores
growth or shrinkage in the glass melt consider
only separate pore in an infinite glass melt with a
spherical shape. Obvious conclusion is that sim-
ulation of pore growth in foam glass charge stock
taking into consideration limitless glass melt sur-
rounding the latter one does not provide adequate
dependencies and perceptions of structural trans-
formations in the process of foam glass charge
stock thermal treatment.

The works [20, 22] demonstrate that the ap-
proaches in which assumptions about infinite
melt of foam glass charge stock surrounding a
separate pore are adopted, can be applied to sim-
ulate the structural transformations only at the in-
itial stages of pores radius growth with the sizes
about 10 microns. However, over time, in terms
of pores radius growth, the latter ones start to in-
teract with each other, thereby forming a porous
matrix (Fig. 2).
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2. RESEARCH METHODS

Simulation of separate pore radius growth taking
into consideration infinite melt glass volume sur-
rounding a pore is non-rational because with this
assumption the cellular structure of the target ma-
terial and interaction of neighboring pores is not
taken into account. Cellular structure of foam
glass shows that each pore cladding is sur-
rounded by a finite volume within the limits of its
glass partitions. Pores shape in the finished foam
glass is more polygonal than spherical. This de-
viation from spherical nature dramatically in-
creases the mathematic simulation complexity.
However, taking pores spherical shape during
mathematic simulation with small volume-equal
partitions, as shown in Figure 3, instead of poly-
gons, permissible error in this case does not ex-
ceed 5%. This ratio was determined by compar-
ing the models with the structure in the pores
form with systems of closely spaced pores [19].
Figure 3 demonstrates the model of spherical
pores in foam glass where spherical pores (cells)
and glass claddings around them are displayed in
such a way having described a single unit cell
then the rest of the cells can be similarly de-
scribed.

In developing the model we consider a separate
spherical pore with an initial radius surrounded
by a finite volume of foam glass charge stock
melt. This allows to reduce the three dimensional
problem to one-dimensional problem in spherical
coordinates.
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Glass cladding

Pores superposition

Spherical pore
Figure 3. Model of spherical pores in foam
glass.

Important aspect of pores growth simulation is
the influence of pore radius increasing on the
molten glass volume. Taking into consideration
the spherical shape of pores, surrounded by glass
cladding, the cladding thickness decreases with
pore radius increasing, since constant volume of
the mold for foaming is assumed. Glass particles
melt, stick together with each other and form
voids at the initial stage. With increasing temper-
ature, first shrinkage of the charge stock as a re-
sult of transition from solid to molten state takes
place, and then gas developing agent inside the
voids starts to activate, and the internal pressure
starts to increase thereby forming a pore. Shrink-
age (decrease of the geometric dimensions) occurs
as long as the pressure generated inside the form-
ing pore is equal to the pressure on the surface.
Growth of the produced gas concentration gradu-
ally leads to increasing in internal pressure and in-
creasing in the pore radius. This effect is shown
schematically in Fig. 4.

Gas developing agent Glass cladding
particles melt

a b ¢ d e

Figure 4. Dynamics of change of the radius of
separate pores and melt glass cladding volume
(a— sticking of particles and the pores for-
mation, b — pore reduction, ¢ — glass cladding
formation; d — pore growth; e — decrease of
glass cladding volume).
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Analysis of the existing mathematical models de-
scribing the formation of foam glass porous
structure [14, 17] has shown that it is required to
develop such a model that will enable to describe
the foaming process not only at the micro level
(separate pore change, but at the macro level as
well (size change of the total charge stock vol-
ume), since it is required to resolve the boundary
value problem with moving boundaries for the
ability to describe the temperature fields in foam
glass charge stock, and without knowledge of the
law regarding changing the geometry of the
charge stock is almost impossible. Simulation of
temperature fields’ distribution in charge stock is
one of the key issues in improving the foam glass
production technology. In this work we didn't
state the aim to describe influence of the law re-
garding pore size change on the solution of equa-
tions on heat conductivity factor in charge stock.
However, we should not keep silence about the
fact. Returning to the question of bubble growth
simulation, it should be noted that ideally, the
model should consider not only described by us
below effects of glass viscosity and surface ten-
sion, but also the diffusion processes as the mass
transfer of the molten glass determines the laws
of the porous structure of foam glass formation.

3. BASIC PART

Complexity of pores formation in the foam glass
during its production significantly complicates
the analytical solution for such problems. Thus,
it's required to simplify certain conditions or
even neglect them, so let's take a number of as-
sumptions.

1. Melt glass around a pore is taken as incom-

pressible

d
_pz(),
dt

while the glass density forming a part of
foam glass charge stock — as constant at any
point and time moment

Vp =0.
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2. Melt viscosity of foam glass charge stock
will be taken as depending only on tempera-
ture and pressure.

3. We consider a separate pore of a completely
spherical shape, therefore,

] ]
Vo=Vy=0; 5=5-=0.
The assumption shows that cladding external
boundary is the boundary between two pores
of identical size, including its cladding.

4. Temperature is taken as constant for every
small time interval, i.e. there is no tempera-
ture gradient in the area pore/glass cladding.

5. Spherical coordinates with the system origin
of coordinates in the pore center are used
(Fig. 5).

6. Despite the fact that external boundary of the
considered pore cladding out of the glass
melt is the boundary between the neighbor-
ing pores of identical size (Fig. 3) we assume
that the external surface of separate pore
(when » = R?2) is impermeable to penetration
of gaseous products that are generated as a
result of thermal decomposition reaction of
the gas developing agent in the neighboring
pores.

X \

Figure 5. The coordinates system used
for the considered pore.
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7. Glass melt behaves as a Newtonian fluid, i.e.
viscosity, according to this definition, de-
pends only on temperature and pressure, but
not from movement rate.

Continuity equation for fluid in accordance with

[4] can be written down as:

=-(V-pv), (1)
where p — fluid density [kg/m’], ¢ — time [sec]
and v — vector of the sustained mass flow rate
[m/sec]. For incompressible fluid with constant
density values, we get the following:
(V-v)=0. (2)
Spherical symmetry eliminates expression for di-
rections 0 and @. At a constant glass density for
the continuity equation at the glass phase we get:
]
(V) =5 (?v) =0, 3)
where r — radial coordinate in spherical coordi-
nates [m], vr — average fluid rate in r direction
[m/sec].
Integration of equation (3) between the two bound-

aries R1 and Ro, where Ri is the pores inner radius
[m] and Rz is the outer radius [m], leads to:

2

2. _ — p2 R
r?v, = constant = Rivg, © v, = Vg, (4)

where vg —pores radius growth rate R;.

— dR1
VR, = P

©)

Under the conditions that the pore has a spherical
shape, the glass melt is a continuous medium that
fills the space without voids and gaps, and, ne-
glecting gravitational forces, the Navier — Stokes
equation for incompressible viscous fluid is re-
duced to the following view [3]:

[5 5]
p T ar

T
_____r(r rr) +M: (6)
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where p — pressure [Pa], tr— radial component of
the stress tensor in the r-direction [Pa], 196, Tpy —
similar components of the stress tensor in the in-
dicated directions 6 and ¢.

Assuming that the viscous fluid follows the New-
ton's law of viscous friction in its flow, tw is ob-
tained:

v,

Trr=_ﬂ[2 ]+ p(V-v),  (7)
where p — factor of fluid dynamic viscosity
[PA"s]. In terms of equation (2) we get:

vy

Trr = —2U ar" (8)

Similarly, the equations for z¢¢ and 7y, are con-
verted to the following view:
+ —)] +

_ [2 (1 6179
Tgg = —U - 90

+Iu(Vov) =2 (9)
_ 1 0vy |, vrtvgetgh
Top = ~H [2 (rsinO dp + r )] +
+2u (V- v) = —2p (10)

Then by putting the values of equations (8)-(10)
in equation (5), we get:

[avr+ o]
_9_ 1 9vr 2\ _ 4,0
or r26r< 2 or T') 4‘“7‘2'(11)

Temperature range of the foam glass froth build-
ing varies from 600 °C to 900 °C, and corre-
sponding dynamic viscosity p of foam glass
charge stock modifies in the interval from 108 to
10° [Pa]. Duration of foaming process makes
from 0.5 to 1 hour, and the pore radius varies
double-order from standard 10 to 107 [ml].
Reynolds Number:

PUR2R
U

e =
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less than 10 throughout the total froth building
mode [8, 9]. In other words: for liquids with high
viscosity two members of the left-hand side of
equation (10) can be neglected since vris very
small and changes very slowly. Therefore, the

. . av . . ov
thermal inertia v, a_rr and the inertial member a—tr

can be neglected. This simplifies equation (11) to
the view:

vy

”a_r"”z) —4uZ=0. (12)

dp 1 0 (_
or r?or

Let's integrate equation (12), between » = R1 and
r = Rz (glass cladding boundaries):

Rz, Op R, 1 0 vy
fR1 (_E)d fR rzar( 2‘“?

R VUr
le 4p—dr

rz) dr —
(13)

Let's integrate the first additive component:

[P ydr =pR) - mi(R)  (14)

Let's integrate the second additive component by
substituting equation (4):

Rz21 0
,le r_zar(
_ fRZ 10 <4,uR1vR1>
R, T2OT
—4uR1vR1f 4

Ry
=S uRve, |5 = ] (15)

Let's integrate the third additive component by
substituting equation (4):

R, v,
4/1 —2 dr =

Rq
= 4uRivy, [ 7 dr = SuRive, |15~ ] (16)

Difference of equations (15) and (16) is equal to
zero, so during integration of equation (12) be-
tween R1 and R we'll get:
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pi(Ry) —pi(Ry) =0, (17)
where pa(R1) — fluid pressure at the inner radius
r = Ri, pac(R2) — fluid pressure at the outer radius
r = Ro.

It should be noted that R1 and Rz are functions of
time (R1 (t) and R2 (t)).

It is required to obtain the power balance in order
to determine the values of various pressures, aris-
ing in the glass melt when » = R1 and » = Ro, as
well as surface tension effect on pores growth. In
the absence of external powers on the fluid power
balance can be obtained in accordance with Fig.
6.

As it has been already noted, the pore outer
boundary at » = Rz is not the real outer boundary,
but is the boundary of the glass cladding of the
adjacent pore. Since one pore with its cladding is
considered, initial pressure is the pressure ap-
plied to the entire system (pore + glass cladding).

Glass

Figure 6. Power balance on the external
and internal border of the glass cladding,
arrows indicate the direction of forces.

Taking into account symmetry of the porous
structure in the considered model of porous struc-
ture, the pressure acting on the glass cladding
when 7 = Ra(pressure at the external boundary of
glass melt), formed during gas formation reaction
at thermal decomposition of gas developing
agent in the foaming stages, we'll receive the bal-
ance of powers:

1) forr = Ry:
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Dint. T Trr,r(Rl) =

=p(R) + 10 (R) +57, (18)

where p;,,; — gas pressure inside the pore [PA], o
— surface tension factor [N/m], ZR—G — voltage act-
1

ing perpendicularly to the fluid surface due to
surface tension.
2) forr = R,:

Pext. = Pi(R2) + Trr i (R2), (19)

where pext.. — pressure on external (outer) border
of the glass melt [Pa].
Radial viscosity tension of gas phase 1rr,g IS Very
small compared to trr,1 OF liquid phase and there-
fore it can be neglected. T, IS given by equation
(7) therefore, by combining equations (8) and (4),
we get the equation describing the stresses in the
inner radius (R1) and outer radius (R2):

4u dR4

Trr,l(Rl) = R, dt (20)
4u dR
Trr,l(Rz) = R_!:d_tz (21)

From power balance and equations (17), we get:

20
Pint. — Pext. — R_1

dR; 1 dR, 1
—4/1 (_1_ _ _2_) = 0.

(22)

Since the total volume of pore cladding glass
melt (V) is adopted by us as constant, R1 and Rz
will be linked through the equation:

v, = gn(Rg’ — R3) = constant.

(23)

Thus:

1

4] 3 3

3
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In order to get the formula of radius R1 change it
is required to calculate the change in Rz depend-
ing on R1:

dR, _ dR,dRy _ R? dR,

dt  dR, dt 2 dt
(eri)
4TT

Combining equations (22), (24) and (25), we get
the equation for the pore growth:

(25)

3_VlR3

Wy _ 3z 71 (ApR, —26),  (26)
dt 4H_l
41T
where
Ap = Dint. — Pext.- (27)

The Runge—Kutta fourth-order method [1] in the
MathCAD program was used for calculations
and equation graphical interpretation (26).

Four function values for two intermediate points
were used on the following step: two values in
the center of the step and the two values at the
ends of the step:

ki=hf (¢;, Ry); (28)
ke=f (& + 5, Ri+ ki =+ ARy);  (29)
ke=f (t; +>h,Ri+ ky =~ ARy).  (30)

ke=f (t; + h, B; + k3 - AR;). (31)

Riyi = R + (ky + 2k, + 2ks + k) -%ARi. (32)

Runge—Kutta fourth-order method was used, as it
provides the calculations with required accuracy
and is characterized by resistance and possibility
of monitoring the error and calculation step
change, unlike «Euler», «Adams» and «Predic-
tor-corrector methods.

Calculations results are presented in Fig. 7.
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Figure 7. Diagram of pores radius growth
depending on the temperature.

Values p and o at calculations are taken as vari-
ables.

Changing the values of dynamic viscosity was
calculated by the formula [10, 18]:

ATo=T
U= g 107 T-B»T0=0), (33)
where p, — factor of dynamic viscosity at the in-
itial moment of time [Pa-s], T, — temperature at
initial moment of time [K], T — temperature [K],
A and B — empirical factors.

Changing the values of surface tension factor cal-
culated by the formula [21]:

T-1173

6 =06y — 0,004 o0’

(34)

where o, — factor of surface tension at the initial
moment of time [N/m].

Temperature change over time was prescribed as
follows:

T=Ty+k-t, (35)
where k — factor taking into account the heating
rate, t — time [sec].

Value p, was taken equal to 10'° [Pa]. Value o,
was taken equal to 0.2 [N/m]. Factor A was taken
equal to 3700. Factor B was taken equal to 510.
Dynamics of pores radius growth was examined
at initial temperature of 293 [K]. Value k£ was
taken equal to 0.25, which allowed defining the
temperature change in increments of 15 [K/min],
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that is, we have been simulating total froth build-
ing process within 1 hour.

The diagram (Fig. 7) shows that the pore radius
starts to increase when the temperature reaches
900 [K], herewith the temperature increase up to
1000 [K] leads to radius increase only by 0.0001
[m]. However, the active melting of glass parti-
cles starts at temperatures above 1000 [K], while
concentration and pressure of the gas developing
agent becomes sufficient for overcoming surface
tension forces, and the pore radius starts to in-
crease. When reaching temperatures of 1200 [K]
the pore radius increases to the sizes 2-2.5 [mm)],
after which pore radius growth slows down and
then stops. This fact is due to a number of rea-
sons. First, the formed pores start to collapse, as
the glass cladding does not withstand high pres-
sures that occur inside and outside the pores due
to decrease of surface tension ratio and decrease
of viscosity of raw material mixture glass parti-
cles (foam glass charge stock). Second, as a re-
sult of prolonged exposure to temperatures above
1200 [K], complete thermal decomposition of the
gas developing agent takes place, and its amount
gradually becomes not sufficient for the new
pores formation. The formed pores start to col-
lapse, which ultimately can lead to deterioration
of final thermos-physical properties of the fin-
ished material.

4. CONCLUSIONS

Equation (26) shows that pressure in a pore
(Pint.) should be by 2o greater than the pressure
at the outer boundary (p,,; ) of a pore in order to
form glass cladding around the source of gas de-
veloping agent by overcoming the surface ten-
sion forces. Increase of viscosity of melt glass
particles in raw material mixture slows down the
pores radius growth rate. Pressure increase inside
a pore depends on several factors, major of which
is the mass transfer process of glass melt along a
pore surface. For further refinement of the pore
growth model it's required to consider not only
physical parameters but also chemical reactions
occurring during the gas generation on the glass
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cladding / pore boundary, this will enable to ob-
tain results through analytical calculations, at
mathematic simulation, as close to the real phys-
ical and chemical process as possible.

Absence, at present, of mathematical relation-
ships and physically clear concepts regarding this
process inhibits the industry development as a
whole, but also directly affects the material cost.
Development of adequate mathematical models
able to describe the dynamics of porous structure
formation of foam glass, taking into account tem-
peratures distribution in the material at all stages
of thermal treatment, will allow for comprehen-
sive approach to the technological process of
foam glass production, as well as to take into ac-
count all the peculiarities of heat and mass trans-
fer in the material.
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OB HTOI'AX BbIBOPOB YAEHOB
POCCHHCKOH AKAZTIEMHH APXHUHTEKTYPBI
H CTPOUTEABHBIX HAVK (PAACH) B 2018 roay

B cooTrBerctBuM ¢ nocranosiienneM lIpesnauyma Poccuiickoi akaaeMuu apXUTEKTYpbl
U CTpOUTENbHbIX Hayk OoT 8 aexabps 2017 r. Nel3 o mpoBeneHuu BBHIOOPOB aKajeMHKOB
PAACH u unenos-koppecnionieHToB PAACH Hay4yHpIMM OpraHu3anusiMH, JE€HCTBYIOIIMMH B
cdepe apXUTEKTyphl, I'PaJOCTPOUTEILCTBA U CTPOUTEIbHBIX HaykK, U wieHamu PAACH Obuin
BBIIBUHYTHI & kanauaaTta B akageMuku PAACH u 40 kaHAMAAaTOB B WICHBI-KOPPECTIOHICHTHI
PAACH. O6mmM cobpanuem uineHoB PAACH 19-20 ampens 2018 roma, coryiacHo ycTaBy
PAACH, akanemukamu PAACH u unenamu-koppecnonnenramu PAACH 6butn n30pansl ciie-
IYIOIIUE YUEHBIE:

AKAITEMHKH PAACH
damunus, UM, OTYECTBO [To HayyHOMY HarnpaBJIeHUIO (CIEMATBEHOCTH)

Otnenenue apxurekrypsl PAACH

Hawoxuna Mapusa Brnaoumupoena — HayKa 1 o0pa3oBaHue
I'neooeckuti Cepeeit Buxmopoguu — ApXUTEKTypHAas PaKTHKa
Mamowun Muxaun Anexcanoposuy — aPXUTEKTypHas NPAKTUKA

YAEHBI-KOPPECIIOHZAEHTBI PAACH
®amunus, UM, OTYECTBO [To Hay4yHOMY HaInpaBIEHUIO (CIELMATBHOCTH)

Otnenenue apxurektypsl PAACH

Canumos Anexceti Mapamosuu — HayKa H 00pa30BaHKE
FOounyes Braoumup Ilemposuy — apXUTEKTYypHas MpaKTUKA
Xomskose Anexcanop Heanosuu — apXUTEKTYypHas MpaKTUKA
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Otnenenue rpagocrpourteabcrsa PAACH

Kocenxosa FOnus Jleonuoosna — IpalOCTPOUTEINIbHAS HayKa
Camorinenxo Upuna bopucoena — I'paJlOCTPOUTEIbHAS TPAKTHKA
Masaes Aumon I pucopvesuu — IPaJOCTPOUTENbHAS IPAKTHKA

Otnenenue crpoutesbHbIX Hayk PAACH

Cuoopoe Braoumup Hukonaesuu — TEOPETUYECKHE OCHOBBI CTPOUTEIbHBIX HAYK

Tpewes Anexcanop Anamonveuu — TEOPETUIECKHE OCHOBBI CTPOUTENIBHBIX HAYK

[Tpumedanue: CuMBOI * 03HAYaeT, YTO JaHHAs BaKaHCHS OOBSBIICHA C OTPAaHUYECHUEM BO3pacTa

KaHIMJaTa Ha MOMEHT M30paHus B wieHbl-koppecnoHaeHTsl PAACH — o 60
roja BKJIIOUHUTEILHO.
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