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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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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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OBLAA NMHOOPMALIUA O XXYPHAIE

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

MexnyHapoaHblii Hay4YHbIH kypHaa “International Journal for Computational Civil
and Structural Engineering (MexayHapoaHblii ;KypHaJ N0 pacyeTy rpakIAHCKHUX U CTPOHU-
TeabHbIX KOHCTpYKuuii)” (IJCCSE) sBnsercs BeayluuM HayYHbIM NIEPUOINYECKUM U3JaHUEM 10
HanpaBlieHUI0 «MH)XeHEepHbIE U TeXHUYECKHUE HAyKH», U3JaBacMbiM, HaunHas ¢ 1999 roma (ISSN:
1524-5845). B xxypHane Ha BBICOKOM HAYYHO-TEXHMUYECKOM YPOBHE PacCMaTpPUBAIOTCA MPOOJIEMbI
YHUCIIEHHOTO M KOMIIBIOTEPHOTO MOJEJIMPOBAHUSI B CTPOUTEILCTBE, aKTyaJbHbIE BOIPOCHl pa3pa-
0O0TKH, UCCIIEIOBaHMS, PA3BUTHSI, BepUPUKALIUY, alpoOAlMK U MPUIOKEHUN YHCIICHHBIX, YUCIICH-
HO-aHAJIMTUYECKUX METOAOB, MPOTrPAMMHO-AITOPUTMUYECKOIO O0ECIIEUEHUsI U BBIIIOJHEHUS aBTO-
MaTHU3UPOBAHHOIO IPOEKTHUPOBAHMS, MOHUTOPUHIA W KOMILUIEKCHOTO HAyKOEMKOTO pPacyeTHO-
TEOPETUYECKOr0 M IKCIIEPUMEHTAILHOr0 000CHOBAaHUS HaNpsKEHHO-Ae(OPMUPOBAHHOIO (M MHO-
r0) COCTOSIHUS, IPOYHOCTH, YCTOMYUBOCTH, HAZECKHOCTH M OE30MAaCHOCTH OTBETCTBEHHBIX OOBEK-
TOB I'PA’KJAHCKOTO U MPOMBILIUIEHHOTO CTPOUTENBLCTBA, IHEPIETUKH, MAILIMHOCTPOEHUSI, TPAHCIIOP-
Ta, OMOTEXHOJIOTUN U IPYTUX BHICOKOTEXHOJOTHYHBIX OTPACIIEH.

B penakunoHHBII COBET *KypHaia BXOAAT U3BECTHbIE POCCUICKHE U 3apyOeKHbIE JesITeIH
Haykd ¥ TexHUKH. OCHOBHOM KpUTepHUil 0T0Opa cTaTel I myOIHKaIuy B )KypHaJle — UX BBICOKUIN
Hay4yHbI ypOBEHb, COOTBETCTBUE KOTOPOMY OINPEIENAETCS B X0/€ BbICOKOKBAIU(ULUPOBAHHOTO
peLieH3UPOBaHUSA U 00BEKTUBHOM 3KCIIEPTU3bI, HOCTYMAIOMIUX B PEIAKLIUI0 MAaTEPHAIIOB.

Kypnan exooum 6 Ilepeuenv BAK P® gedyujux peyeHzupyemvix HayuHvlx U30aHui, 8 Komo-
DbIX 00JHCHBL ObIMbL ONYONUKOBAHBI OCHOBHbBIE HAYYHbIE Pe3yIbmamvl OUCCEPMAyUli Ha COUCKAHUe
V4eHOoU cmeneHy KaHouoama HayK, Ha COUCKaHue Y4eHoU cmeneHu 00Kmopa HayK 1o OTPacisiM HayKu

e 01.00.00 ®u3uko-maTeMaTUYECKHUE HAYKH;

e 05.00.00 TexHnueckue HayKu
Y TpyNIaM CIenuaabHOCTEN

e (01.02.00 Mexanuka

e 05.13.00 MUudopmaTuka, BEIUNCIUTEIbHAS TEXHUKA U YIIPABICHUE

e 05.23.00 CTpouTenbCTBO B apXUTEKTYPA.

B Poccuiickoit @eaepanuu KypHail HHAEKCUpYETCsl POCCHIICKMM MHAEKCOM HAy4YHOTO ILIH-
tupoBanus (PUHLY).

Kyprnan exooum 6 b6azy oannvix Russian Science Citation Index (RSCI), noanocmwvio unme-
epuposanuyto ¢ niamghopmotii Web of Science. XypHan umeetr MexXIyHapOAHBIA CTaTyC W BHICHIJIA-
eTcs B BeAylre OnOIMOTeKH U HaydyHble OpraHU3allii MUPA.

M3pateau :KypHana — HMzoamenvbcmeo Accoyuayuu cmpoumenbuvix 8biCUUX YYEOHbIX 3a-
seoenutl /ACB/ (Poccus, r. MockBa) u Uzdamenvckuii dom Begell House Inc. (CIIA, r. Heto-
Wopk). OduIuansHEIME TapTHEPAMH M3JaHUS ABISeTCS Poccuiickas akademus apXumexkmypul u
cmpoumenvuvix Hayk (PAACH), ocyiiecTBismionias HaydyHOe KypHpoBaHHWe u3naHus, u Hayuno-
uccneoosamenvckuil yenmp Cma/[uO (3A0 HULL Ctalun0O).

Lenu kypHajsa — I1eMOHCTPUPOBATh B MyOIHKAIUAX POCCHICKOMY U MEXAYHApPOAHOMY
npodeccHOHATBLHOMY COOOIIECTBY HOBEHIIINE JOCTHKEHUS HAYKH B 00JIACTH BBIUMCIUTEIBHBIX ME-
TOJIOB pelieHus (PyHTaMEeHTaIbHBIX M MPHUKJIAIHBIX TEXHUUYECKUX 3ajad, Mpeke BCero B odiaacTu
CTPOUTENHCTBA.

3agaum xkypHaJa:

o MPEIOCTaBIICHUE POCCUMCKUM U 3apyOCKHBIM YUYEHBIM M CIIEIUAINCTaM BO3MOXKHO-
CTH ITyOJIMKOBATh PE3yIbTaThl CBOMX UCCIIEIOBAHMIA;
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o MIPHUBJICYCHUEC BHUMAHHUS K HAHOOJIee aKTyaJbHBIM, NIEPCIICKTHBHBIM, TPOPBIBHBIM H
MHTEPECHBIM HANpPABICHUSM PA3BUTHUS U TMPUIOKEHUNH YHUCICHHBIX W YUCICHHO-aHAIUTUYECKUX
METOJIOB pelleHus] (pyHIaMEHTAIbHBIX W MPUKIATHBIX TEXHUYECKUX 3a/lady, COBEPILICHCTBOBAHUS
TEXHOJIOTHI MaTeMaTUYECKOT0, KOMITBIOTEPHOTO MOJICITUPOBAHUS, Pa3pabOTKU U BepuUpUKaAIIUU pe-
IM3YIOMIETO MPOTrPAMMHO-AITOPUTMUYECKOTO 00ECTICUCHUS;

J oOecrieyeHre oOMeHa MHEHHSMHU MEX]y HMCCIEIOBATEISIMU U3 Pa3HBIX PETHOHOB H
roCynapcTB.

Tematuka xxypHasa. K paccMoTpeHuo U myOiuKaiiy B )XypHaje NPUHUMAIOTCS aHaIu-
TUYECKUE MaTepUaibl, HAyYHBIC CTAThU, 0030PHI, PEIICH3UH U OT3BIBBI HA HAYYHBIC ITYOJUKAIIUH 110
dbyHIaMeHTaIbHBIM U IPUKIIAHBIM BOIIPOCAM TEXHUUYECKUX HAYK, MPEXK]IE BCEro B 00JIACTH CTPOHU-
TeNbCTBa. B kypHane Takke myOnuKyroTcss HHGOPMAIMOHHBIE MaTepraibl, OCBEIIAIONINE HAYUHbIE
MEPOTIPHSITHSI U TIEPEIOBBIC TOCTHKEHHUS POCCHICKON aKaaeMHHM apXHTEKTYPbl U CTPOHMTEILHBIX
HayK, HAy9HO-00pa30BaTEIbHBIX M MPOCKTHO-KOHCTPYKTOPCKUX OPTaHU3aIN.

Temaruka crareil, MPUHUMAEMBIX K MyOIHKAIIMH B )KypHaJe, COOTBETCTBYET €r0 Ha3BaHUIO
Y OXBAThIBACT HANPABJICHHS HAYYHBIX HCCIICIOBAHUI B 00JIACTH pa3paOOTKH, UCCIICIOBAHUS U TIPH-
JIO)KEHUH YMCIICHHBIX U YMCIICHHO-aHATUTHICCKUX METOJIOB, MPOTPAMMHOTO O00ECIICUeHHsI, TEXHO-
JIOTUH KOMIIBIOTEPHOT'O MOAECTUPOBAHUS B PEIICHUH MPUKIAIHBIX 3a7a4 B 00JIaCTU CTPOUTENbCTBRA,
a TaKk)Ke COOTBETCTBYIOIIUE MPO(UIBHBIC CIIENUATBLHOCTH, MPEACTABICHHBIE B AUCCEPTAIIMOHHBIX
coBeTax NpoQUIbHBIX 00pa30BaTEIbHBIX OPraHNU3aLUAX BBICIIETO 00pa30BaHUs.

Penakuuonnasi moauruka. [lonutuka peqakiimoOHHON KOJUIETHH KypHaia O6a3upyercs Ha
COBPEMEHHBIX IOPUINYECKUX TPeOOBAHMIX B OTHOILIEHUH aBTOPCKOTO IMpaBa, 3aKOHHOCTH, TIarua-
Ta W KJIEBETHI, U3JI0)KEHHBIX B 3aKoHOJaTenbcTBe Poccuiickonn denepannu, U 3STUUECKUX TPUHIIU-
nax, IMoJIEPKUBAEMBIX COOOIIECTBOM BEIYIIMX M3/IaTeNIell HAyIHOU NEPUOTUKH.

3a nybauxayuto cmameii niama ¢ agmopog He g3vimaemcs. Ilyonukayus cmameil 8 xHcyp-
Hane Oecniamuas. Ha mnaTHOW OCHOBE B *KypHalle MOTYT OBITH OMYOJIMKOBAHBI MAaTEpUANBI pe-
KJIAMHOTO XapakKTepa, IMEIOIIHNE MPSIMOe OTHOIIEHHE K TEMAaTHKE KypHaa.

ABTtopam. [Ipexie yem HampaBUTh CTAThIO B PEAAKITUIO KypHAa, aBTOpaM CJIEeIyeT O3Ha-
KOMUTBCSI CO BCEMHU MaTepualaMH, Pa3MEIICHHBIMH B pa3JeNax caiTa KypHala (MHTepHET-CaulT
Poccuiickoil akagemMun apXUTeKTypbl U cTpouTenbHbIX Hayk (http://raasn.ru); mogpasnen «M3nanus
PAACH» unu uatepuer-caiit M3natensctBa ACB (http://iasv.ru); moapazaen «Kypuan [JCCSE»):
C OCHOBHOU MH(pOpMaIel 0 KypHale, ero HeNsIMH U 3aJa4aMi, COCTaBOM PEAAKIMOHHOM KOJIe-
TUH U PEIAKIIHOHHOTO COBETA, PEIAKIIMOHHOW MOJIMTUKOH, IMTOPSIIKOM PEIICH3UPOBAHUS HAIIPaBIIs-
€MBIX B JKYpHaJ CTaTeH, CBEICHUSAMHU O COOJIOJICHUH PEIAKIIMOHHON STUKHU, O TIOJUTHKE aBTOPCKO-
ro MpaBa ¥ JIMIEH3UPOBAHUS, O MPEACTABICHUN KypHaAla B HH()OPMAIIMOHHBIX CHCTeMax (MHIEK-
CUpOBaHUM), HHPOPMAIHEH 0 TIOIMUCKE HA JKYpHAJ, KOHTAKTHBIMU JTaHHBIMU | 11p. JKypHan pabo-
taet no jureH3un Creative Commons tuma cc by-nc-sa (Attribution Non-Commercial Share Alike)
— JIunensust «C yka3zanuem aBTopcTBa — Hekommepueckas — Komumed .

Moanucka. XypHan 3apeructpupoBad B DenepaabHOM areHTCTBE MO CPEACTBAM Macco-
BOM MH(OpPMAIIUK B OXpaHbl KyJbTypHOTO Hacienus Poccuiickoit @enepamuu. Muaeke B odmepoc-
cutickoM katainore POCIIEHYATD — 18076.

ITo Bompocam MOAMMCKH Ha MEXAYHAPOIHBIA HAay4dHBIN kKypHan “International Journal for
Computational Civil and Structural Engineering (MexayHapoIHBIN KypHAN 10 pacueTy rpakaaH-
CKMX W CTPOMTEIBHBIX KOHCTPYKIHI)’ oOpamaiitech B AreHTCTBO «Pocmedats» (OdunmanbHbIA
caiit B cetn MuTtepHeT: http://www.rosp.ru/) uinm B U31aTenbCcTBO ACCOLUAIMN CTPOUTEIHHBIX BY-
30B (ACB) B cOOTBETCTBUU CO CIENYIOIIMMHA KOHTAKTHBIMU JJAHHBIMU:

000 «H30amenvcmeo ACB»

KOpuanaeckwii anpec: 129337, Poccus, . MockBa, SpocnaBckoe 1., 1. 26, opuc 705;

®daxtuueckuii aapec: 129337, Poccus, r. Mocksa, SIpocnasckoe 1., 1. 19, kopm. 1, 5 atax,
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oduc 12 (TL] Mebenb Poccun);

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

WuTepHeT-caiiT: www.iasv.ru. AJpec 3JeKTpOHHOM IMOYTHL: iasv(@iasv.ru.

KonTakTHass munpopmanus.

ITo Bcem BonpocaM paOoOThI peJaKK, PELIeH3UPOBAaHUS, COITIACOBAaHUS IIPABKU TEKCTOB U
nyOJuKaIMy cTaTeil cineayer oOpaiaThCs K rIIaBHOMY peaakTopy xypHaia Cudopogy Braoumupy
Huxonaesuuy (anpeca osyektpoHHOH m1ouThl: sidorov.vladimir@gmail.com, sidorov(@iasv.ru,
lasv(@iasv.ru, sidorov(@raasn.ru) Uiu K TEXHUYECKOMY peAakTopy KypHana Kaimykogy Tatimypasy
bampaszosuuy (anpeca snmexTpoHHON TouThl: tkaytukov(@gmail.com; Kaytukov(@raasn.ru). Kpome
TOr0, [0 YKa3aHHBIM BOIIPOCaM, a TaK)KE IO BOIIPOCAM pa3MELIEHUs B KypHaJle PEKIAMHbBIX MaTe-
pHaJIOB MOXKHO oOpamarbes kK renepaibHomy nupekropy OO0 «MznarensctBo ACB» Hukumunoii
Haoexcoe Cepeeesne (aapeca dJIEKTPOHHOW TOYTHL:  1asv@iasv.ru, nsnikitina@mail.ru,
jjccse(@iasv.ru).

KypHaa craHoBuTcsl TexHoJornynee. VznarensctBo ACB ¢ centsi6ps 2016 rona sBius-
eTcs wieHoM MexXyHapOoJHOM accolanuu u3nareneid HaydHoi nurepatypsl (PILA), ocymects-
astouiel cBoro aearenabHocTh Ha miardopme CrossRef. OpuruHanbHbIM cTaThsiM, MyOJUKYEMbIM B
KypHaiie, OyayT mpucBauBaThCcsl yHUKalbHble HOMepa (uHaekcsl DOI — Digital Object Identifier),
YTO 3HAYUTENBHO OOJErYuT MOUCK METaJlaHHBIX U MECTOHAXO0KJEHHE MOJHOTEKCTOBOI'O MPOU3BeE-
nenusi. DOI — 3To cuctema onpeieneHust HaydHOTro KOHTeHTa B ceTh MIHTepHeT.

CrossRef — He3zaBucumas opranuzanusi, oopazosanHas B 2000 rony no uHUIIMATUBE TPYyI-
bl HAyYHBIX u3aarenei. MHunmaropom pa3paboTKU TEXHOJIOTUM cTajo uzaarenbctBo Wiley. Tex-
HOJIOTHsl ucnoib3oBanus cebltok (DOI) npunaanexut arentcTBy CrossRef.

Publishers International Linking Association (PILA) — MexnyHaponHas acconuamus 1o
CBSI3AM M37aTesiell — sIBIIsieTCs yIpaBisionie cTpykrypoil arentctBa CrossRef — arperatopa u pe-
ructparopa DOI, a Ttakke MexayHapoIHOW 0a30i Hay4yHbIX CTaTed M HMX METaJaHHbIX
(www.crossref.org). Ha HacTosiuit MOMEHT B 6a3e HECKOJIBKO JIECATKOB MIJIJTMOHOB MaTEPHAJIOB.

Hcnonb30BaHue 3TOW TEXHOJOTMM IMO3BOJMT IMPEACTaBUTh MH(OPMALMIO O XKypHalle Ha
MEXIyHApOaAHOM TuiaTdopme u3narenei HaydHoil nureparypsl CrossRef, obecneunt ymnoOHbI 1
INPUHSTHII B MUPOBOM HaAYYHOM COOOIIECTBE JOCTYH K MOJIHOTEKCTOBON JIEKTPOHHON BEPCHH. DTO
3HAUUTENBHO OOJIETYUT MOUCK HAYYHOM MH(OpPMAIMH, YTO CIIOCOOCTBYET MOBBIIMICHUIO HAYKOMET-
pPHUECKHUX MTOKa3aTese aBTOpOB cTaTeil, myOsInKyeMbIX B KypHaie. Ecnu, Hanpumep, y npousBeje-
HUs poccuiickoro aBropa ectb DOI u ecnu Ha ero paboTy MMeeTCsl CChblUIKa B MyOJIMKalUU 3apy-
OeXHOTO KOJIJIETH B KypHase, BKItoueHHOM B Web of Science u Scopus, To Takoe npousBeqeHue
aBTOMAaTHUYECKH IOMNAJaeT B 3TH 0a3bl JAHHBIX U MOJy4YaeT B HEM COOCTBEHHBIN MHAEKC LUTHPYe-
MOCTH.

Bce xypHaibl, HHACKCHpYEeMble B MEKIyHApOAHOW 0aze HaydyHOro muTupoBanus Web of
Science u GOJIBIIMHCTBO MEPUOIMYECKUX W3IaHHUM, WHICKCHPYEMBIX B MEXKIyHApOaHOU 0aze Sco-
pus, umeror DOI. Ucnons3oBanue nugpoBoro uASHTU(PHUKATOPA TOBOPUT MPEK/E BCETO O TEXHOJIO-
TMYECKOM KayeCTBE HAyYHOTO M3JAaHUS U SBJSIETCS HEOThEMIIEMBIM aTPHOYTOM CHCTEMBbI HayYHOU
KOMMYHUKAITUH 32 c4eT 3PPEeKTHBHOTO 00eCIeueHus MPOIeCCOB 0OMeHa HaydyHOH HH(OpPMAaITUEH.

C okts6pst 2016 roma crad BO3MOXKHBIM MPUEM CTaTell HA PACCMOTPEHUE U PELICH3HPOBa-
HUE Yepe3 OH-TaiH cucremy npuema ctareir Open Journal Systems Ha caiiTe xypHaia (3JEKTPOH-
Hasl PeAaKINs):

http://ijccse.iasv.ru/index.php/IJCCSE

ABTOp MMeEET BO3MOXKHOCTh CIEUTh 32 MPOJIBIKEHUEM CTAaTbU B PEAAKIMU KypHaja B
anaHoM kabunere Open Journal Systems u mosydaTb COOTBETCTBYIOIIME YBEIOMJICHHUS IO AJIEK-
TPOHHOM TOYTE.
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O PEHIEHUU MHOI'OTOYEYHbBIX KPAEBBIX 3AJIAY
PACYETA KOHCTPYKIIMH B JBYMEPHOU NIOCTAHOBKE
HA OCHOBE COBMECTHOI'O IPUMEHEHMUWA
METOJA KOHEYHbIX 5JIEMEHTOB U JIUCKPETHO-
KOHTUHYAJIBHOI'O METOJA KOHEYHbBIX 3JIEMEHTOB
YACTbH 2: OCOBEHHOCTHU KOHEYHOJRJIEMEHTHOM
ANIIMIPOKCUMAILIMU U 3AJIAHUE TPAHUYHBIX YCJIOBUI

IT.A. Akumoe’*>*3, A.M. Benocmouyxuit>>*>%’, T.B. Kaiimykos', 0.A. Hezpo3oe'>
' Poccwuiickas akafeMust apXUTEKTYpPBI U CTPOMTENBHBIX HayK, I. Mocksa, POCCHSI
23A0 «Hayuno-uccnenosarensckuii neHtp «CraJluO», r. Mocksa, POCCUS
3 TOMCKHI TOCYIapCTBEHHBIN apXUTEKTYPHO-CTPOUTENBHBIN yHUBEPCHUTET, T. Tomck, POCCU S
4 Poccuiickuil yHUBEPCHUTET APYXKOBI HAPOAOB, T. Mocksa, POCCHUA
5 Hay4HO-HCCIIEN0BATENBCKMI HHCTUTYT CTPOMTENBHOM (Gusuku Poccuiickoit akanemMun
aApXUTEKTYpHl U CTPOUTENBHBIX HayK, . Mocksa, POCCHU
¢ Poccuiicknii yruBepcHTeT Tparcnopra (MUMT), r. Mocksa, POCCUSL
7 TlepMCKHii HAlIMOHAIBHEIN HCCIIEI0BATENLCKHI TONTUTEXHUYECKHI YHUBEPCHUTET, T. Ilepmb, POCCHSI

8 HanwoHambHEIH HCcIeI0BaTeNbCKIA MOCKOBCKHI FoCcyTapCTBEHHBIN CTPOMTENBHEIN YHUBEPCHTET,
r. Mocksa, POCCH I

AnHoTranus: Kak n3BeCTHO, MOCTAHOBKA MHOTOTOYEUHOUW KpPaeBOU 3a/laud BKIIIOYAET TPU OCHOBHBIE COCTABIIS-
IOIIME: OTHMCAaHue 00JIaCTH, 3aHUMaeMOl KOHCTPYKIIMEH U COOTBETCTBYIONIUX MOJ001acTel; OMMCAaHNE YCIOBUN
BHYTpH 00JIaCcTH, T.€. BHYTPH COOTBETCTBYIOUIMX MOJO00JACTEH; OMUCaHWEe YCIOBHH Ha IpaHHIE o0jacTu, T.e.
YCIIOBUH Ha TPaHMIIAX «CTHIKOBKHY Mopobnacteil. JlaHHAs CTaThsl ABISETCS MPOJOHKEHUEM APYTOM, OImyOIuKo-
BaHHOW paHee paboThI, B KOTOPOH pacCMaTPUBAIUCH TIOCTAHOBKA M OOIIHME MPUHIIUITHI allIPOKCUMAIIUH MHOTO-
TOYCYHOW KPaeBOH 3aJ]aud CTATUYECKOTO pacyeTra OAaJKU-CTEHKH Ha OCHOBE COBMECTHOTO NMPHMEHCHHS METOMAA
KOHEYHBIX 3JIEMEHTOB U JTUCKPETHO-KOHTHUHYAJIbHOIO METOJIa KOHEYHBIX 3JIeMeHTOB. OTMETUM, YTO allpOKCH-
MaIus B npeaenax (parMeHTOB KOHCTPYKIUH, MMEIOLINX PErysapHble (PU3HKO-TeOMETPHUYECKIE TapaMeTphl 0
OJTHOMY W3 HANpaBJICHUH, IeecO00pa3HO MPOBOJUTH Ha OCHOBE MUCKPETHO-KOHTHHYaJbHOTO METOAa KOHEY-
HBIX eMeHTOoB (JAKMKD), a 1 anmpokcuMaIuu BceX OCTABHBIX (JParMEHTOB CIEIyeT MCIIOIb30BaTh CTaH-
JApTHBIH MeToa KOHedHBIX aneMeHToB (MKD). B Hacrosmied myOauKamuy MPUBOASTCS adalTUPOBAHHBIC IS
ANTOPUTMHUYECKON peanu3anuu GOpMYJIbl ONpeneaeHus] TepeMenleH i, MPOU3BOIHBIX OT TMEepEeMEICHHH, Je-
(dhopmanuii 1 HANPSOKEHUH B paMKaX KOHEYHOAIEMEHTHON MoJienu (IpudyeM Kak B TpeJiesiax KOHEUHOTO dJIeMEH-
Ta, TAK ¥ COOTBETCTBYIONINE Y3JIOBbIE 3HAUCHHSI C YIETOM OCPEIHEHUs ), MPOBOJUTCS aHATN3 BapHAHTOB yCIIO-
BUH CTBIKOBKM Ha TpaHMIAX HomobimacTeli (COOTBETCTBEHHO ITUCKPETHBIX MOJeNneil W ITHUCKPETHO-
KOHTHHYaJbHBIX MOJENeH W yCIOBHS THIA «IIAPHUPHOE OMHpPAHHE», «CBOOOMHBIX Kpai», «HMIOealbHBINH KOH-
TakT» (B OOIIEH CI0KHOCTHU BBIJICIICHO IBEHAIIIATh OCHOBHBIX (0a30BbIX) BAPHAHTOB CTHIKOBOK, K KOTOPBIM CBO-
JITCST OOJIBIITMHCTBO BO3HHUKAKOIIUX HA MPAKTUKE YCIOBUI)), U1 KaXJOrO M3 TAKUX CIy4acB MPEICTABICHBI
aJIalITUPOBAHHBIC ISl AJTOPUTMHUYCCKOW peanu3anuu (HOPMyYJIbl BBIYHCICHUS SJIEMEHTOB COOTBETCTBYIOIIUX
MaTpUIl KO3QPHUIIMEHTOB ¥ BEKTOPOB MPABBIX 4aCTeH.

KiaioueBnble ciioBa: L[I/ICerTHO—KOHTI/IHyaHLHHﬁ METOA KOHCUYHBIX 3JICMCHTOB, MECTO/JJ KOHCYHEBIX 3JICMCHTOB,
pac4deThl CTPOUTEIIBHBIX KOHCprKHHﬁ, ABYMEPHBIC 3a/1a41¥, IIOCTAHOBKH 3aJ4a4, allllpOKCUMaNusl,
MHOTOTOYCYHAA KpacBasd 3ajja4da

ABOUT SOLUTION OF MULTIPOINT BOUNDARY PROBLEMS
OF TWO-DIMENSIONAL STRUCTURAL ANALYSIS
WITH THE USE OF COMBINED APPLICATION
OF FINITE ELEMENT METHOD AND DISCRETE-CONTINUAL
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FINITE ELEMENT METHOD
PART 2: SPECIAL ASPECTS OF FINITE ELEMENT
APPROXIMATION AND BOUNDARY CONDITIONS
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Oleg A. Negrozov'>®
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2 Scientific Research Center “StaDyO”, Moscow, RUSSIA
3 Tomsk State University of Architecture and Building, Tomsk, RUSSIA
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of Architecture and Construction Sciences, Moscow, RUSSTIA
6 Russian University of Transport» (RUT — MIIT), Moscow, RUSSIA
7Perm National Research Polytechnic University, Perm, RUSSIA
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Abstract: As is well known, the formulation of a multipoint boundary problem involves three main components:
a description of the domain occupied by the structure and the corresponding subdomains; description of the con-
ditions inside the domain and inside the corresponding subdomains, the description of the conditions on the
boundary of the domain, conditions on the boundaries between subdomains. This paper is a continuation of an-
other work published earlier, in which the formulation and general principles of the approximation of the multi-
point boundary problem of a static analysis of deep beam on the basis of the joint application of the finite ele-
ment method and the discrete-continual finite element method were considered. It should be noted that the ap-
proximation within the fragments of a domain that have regular physical-geometric parameters along one of the
directions is expedient to be carried out on the basis of the discrete-continual finite element method (DCFEM),
and for the approximation of all other fragments it is necessary to use the standard finite element method (FEM).
In the present publication, the formulas for the computing of displacements partial derivatives of displacements,
strains and stresses within the finite element model (both within the finite element and the corresponding nodal
values (with the use of averaging)) are presented. Boundary conditions between subdomains (respectively, dis-
crete models and discrete-continual models and typical conditions such as “hinged support”, “free edge”, “per-
fect contact” (twelve basic (basic) variants are available)) are under consideration as well. Governing formulas
for computing of elements of the corresponding matrices of coefficients and vectors of the right-hand sides are
given for each variant. All formulas are fully adapted for algorithmic implementation.

Keywords: discrete-continual finite element method, finite element method, structural analysis,
two-dimensional problems, formulation of problems, approximation, multipoint boundary problem

1. JOKAJIbHASI CHCTEMA
KOOPIUHAT B IPEJEJIAX
KOHEYHOI'O 3JIEMEHTA.
BOCIIOJIHEHUE HEN3BECTHBIX

Paccmotpum npousBonbHbIN (k,I, j)-iI KOHEU-
HBIH 251eMeHT (puc. 1.1). Ha snemenTte BBoguTCS
JIOKaJIbHAsi CHCTeMa KOOpAWHAT (KOOPANHATHI 1,
v t,), npustom ¢, €[0,1]; ¢, €[0,1].

HNmeer mecTo ciemyromiee COOTBETCTBHE TIJIO-

OaJbHBIX U JIOKAJBHBIX KOOpZUHAT Y3JIOB 3JIC-
MCHTAa:

Volume 13, Issue 4, 2017

(x5 %5,;,) = (0,0);
('xl,Hl’xz,k,j) = (1,0);
(‘xl,i’x2,k.j+l) = (0,1);
(xl,i+19‘x2,k,j+1) = 11.

(1.1)
(1.2)
(1.3)
(1.4)

Mycts 7 =[t, t,]" m X=[x, x,]" — BeKkTOpHI
KOOPAMHAT NPOU3BOJBHOW TOYKH JIUCKPETHO-
KOHTUHYQJIBHOTO KOHEYHOI'O 3JJIEMEHTa B JIO-
KaJIbHOM W HCXOOHOW TIII00AJBbHONM CHCTEMAax
KOOpJMHAT.
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Pucynok 1.1. Ilepexoo k nokanvholi cucmeme KOOpOUHAM HA KOHEYHOM dJleMeHme.

dopmyna npeobOpazoBaHUs KOOpPAMHAT Ha Hile-
menTe (puc. 1.1):

X(t,1,) =% + 1,5 +

- o 1.5)
—(k.i.)) —(k.i.)) (1.
+15,Ax +4L,A X ,
i LD
e Alx(k""]) — xr(lk,wr ) _xrgk,z,.l) : (1.6)
(ki j) _ (ki j+l) = (kij) .
Ax =X, -x, " (1.7)
=(kij) _ (kitlj+) _ =(kjitl,)) —(ki,j)
Ax =X, -X, —-A,X . (1.8)
Ilosicaum, uTo
(k.ij)
—(kij) _ | X X |,
x = = (1.9)
(k,i+l,j) X
—(k,i+l, ) X Li+l |.
X 7= = (1.10)
n |:x§k,z+l,]):| xzjk,j )
(ki j+1)
ST it T I F PRI Y
n xgk’l"]*—l) x2,k,j+l >
(k,i+1,j+1) x
—(k.i+1,j+1) X Li+l
X T = o = (1.12)
k,i+l,j+1
n |:x§ i+l,j+1) -xzﬂk’j.;.]
ki) (ki
3necy x50 BEKTOPBI  KOOPMHAT

(k,i, j)-ro y3na sneMeHTa B TJI00aNbHOM U JIO-

KaJIBHOU CHCTEMAaxX KOOPAWHAT COOTBETCTBEHHO.
dopMyna BOCIIOJIHEHUSI NEPEMEIICHUI Ha diie-
Menre [1-3]:

u® () =u " o A g +

] o (1.13
+12A2L7“‘”’”+t1t2A1217”‘”’”,( )

22)
S
Z,
-
(12)
rne  Au“t =gt —g B0 (1.14)
Azlx_l(k’i’j) — I/_lrfk°i"/+l) _Erfkai,./); (115)

—(k,i,j) _ —(ki+l,j+1)  —(k,i+l,)) —(k,i,j)
ALu =u, —u —-A,u (1.16)

n

(BepxHmii unaekc «(k)», cnenys [1-3], 3nech u
Jlajiee COOTBETCTBYET HOMEPY PAcCMAaTPUBAEMOMI
nono6acTH, T.e. @, = /).

DyHKIMOHANIBHAsA MaTpuna B(z,,7,) UMeeT BUJL:

ki, j ki, j
( j)(thtz) ﬂ1(,2 j)(tlalz)

B, .(t,t) =" . (1.17)
J, H (kyi,Jj) (k,i,j) 2
! 2,1 ! (tlatz) 2,2 ’ (tlalz)
Trac
(ki.j) — (ki) _ (k.i,7)
vy (t58) =4 x, t Apx, ", (1.18)
p=L2% g=12
A XD = B — 0 =1,25 (1.19)
Apx(ET = x D — xD p=1,25(1.20)
A x(k,i,j) _ x(k,i+l,j+1) _x(k,i+1,j) .
e ’ i (1.21)
—Azxp”’ , p=12.

@opMyi1a BBIYUCICHUS OIPEIEIUTEN:

Jk,i,j (t,8,) = det[Ak,i,_j (4,,1,)]=
ki,j ki)
=ﬂ1(,l j)(tlatz)ﬂz(,z j)(l‘],l‘z)— (1.22)
ki,j ki
_ﬂl(g ‘/)(tl’tz)ﬂz(,l ‘})(tntz)-

Marpuna fkobu A, (4,t,), onpenensemas

dbopmyroin

Ak,i,j(tlﬂtz) :B;,li,j(tlatz)’ (1.23)
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HNMECT BU/
A allilj)(tlot) a(k”)(tlotz)
k,i,j(tl’tZ) (kt/)(t] t) a(kt/)(t] tz) 2
(1.24)
(kyisj)
t,t
e af’i’“(rl,tz)—%; (1.25)
kij 1242
(ki J)
t,t
al(l;l])(tvtz): m; (1.26)
ki/‘(tlﬂt )
(k.i,j)
t,t,
aékll/)(tlﬂtz):_# (1.27)
kij(tlat )
0 (L)
ag"z”)(tl,zz)=ﬁ (1.28)
k,i,j 1242

2. BBIYMCJIEHUE YACTHBIX
IMPOU3BOJHbBIX
OT NEPEMEIIEHUM, JE®OPMAIINI
U HATIPSI)KEHWH B TPEJEJAX
KOHEYHOTI'O DJIEMEHTA

YacTHbie IMPOU3BOAHBIC OT HepeMCH_IeHI/Iﬁ oo
NEPCMCHHBIM tl )51 t2 OIPEACIIAOTCA MO CICAY-

IOIIMM (hopMyTIam:

0 _u
{GTM() (1,8,) =
P (x1,%, )ewl{;ei./'

=Au" 4o AL, p=1,2.

2.1)

®opmyna ornpeneaeHus] YaCTHBIX MPOU3BOIHBIX
OT TNEPEMEINECHUH IO TEPEMEHHBIM X, H X,

HMEET BUI:

0 _u
—u® (tlatz) =
ox, .
(x1,% )€y ; ;

2
:Zliiﬁ(k):| (4,1, )a(k”)(tlatz)’ (2.2)
(% YZ)E(U](I/

p=L12.

Volume 13, Issue 4, 2017

dopmyiia 17151 KOMIOHEHTOB TeH30pa jaedopma-
LU Ha 3JIEMEHTE (B paMKaXxX JBYMEPHOI TeOpHH
yrnpyroctu [4-21]):

(kll)(tl,t )_

1
— (k)
= {8}6 u, :l (t,t,)+
(x xz)e(oké j

{iu(“} (t,t,)h p=12; ¢=1,2.
(x1,%; Jew,
(2.3)

®opmyna g o0bemMHol aepopmanuu [1-3]:

(klj)(tht )= Zg(k”)(t1at2)~ (2.4)

®opmyna A KOMIOHEHTOB TEH30pa Hampsike-
HU Ha 25temenTe [ 1-3]:

O-z(pli}i’j) (tl’t ) = k i ] (k’i’j) (tl Jt ) +
+2:ukz/ (kl/)(tlat ) (25)
=1,2; g =12,
rae 5, , — CUMBON Kponexkepa,
I, p=¢q
5 =1 (2.6)
pa { 0, p#gq.

3. OIIPEJEJIEHUE ITPUBEJIEHHBIX
K Y3JIAM KOHEYHOI'O JIEMEHTA
3HAYEHUU HANIPSI)KEHUN
U JE®OPMAILIMM C YYETOM
OCPEJTHEHUS

Beenem o6o3Hauenus [22]:

Xiij =
=3, Oy iy + 0, + 00,0+ 0, )7 (3D
i=2,3,..N, =1, j=2,3,.,N,, —1;

l91{,1,] (ek,l,j—l + Hk,l,j )71 b
j=2,3,..

//Zk,l,j = 32
,Nz,k _1; ( * )
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XN, = 'gk,zv1 J (gk,N, a4 T Hk,Nl—l,j)A 5 (3.3)
j=2,3,.., N,, -1
Xril = lgk,i,l (ek,i—l,l + 91{,[,1)_1 ) (3.4)
i=2,3,.,N -1
X3iN, = "92,1',N2,,{ (ek,ifl,Nzy,{—l +0k,i,sz,{—l)_1’ (3.5)
i=2,3,.,N -1
Xl = ‘9/(,1,10/:,%,1 ; (3.6)
X = ‘9k,NI,1‘91;jv171,1 ; (3.7)
XN, = l9k,1,N2‘9k,i,N2713 (3.8)
XkNN, = l9/c,N1,N2‘9/;,11\11—1,1\/2—1 ) (3.9)
rac
‘9k,i,j =
1, ecnu
_ ek,i—l,j—l + Hk,i—l,j + gk,i,j—l + t9k,i,j 21
0, ecnn
9k,z>1,_;>1 +0kz Lj +0k1/ 1 +9k =0,
i=23,.,N -1, j=2,3,.., Nz,k -1
(3.10)
4 - 1, ecu 6, ,,+6,,,2>1
k. j 0, ectu 6,,,,+6,,,=0, (3.11)
J=23,.,N,;, -1
3 B 1, ecan ek,Nl—l,j—l +6?k’N17L_]. >1
kNG )0, ecnw Ocni 11t 0 n,; =0,
J=2,3,.,N, -1
(3.12)
g - 1, ecmm 6, ,,+6,,, 21
10, ecmn 0, +6,,, =0, (3.13)

i=2,3,.,N -]
1, ecimm gk,i—l,zvz,rl +0,,; Ny o1 >1
0, ectm 6, Nyt T Hk,l.,Nz’Fl =0,
i=2,3,.,N -1

y

ki N, —

(3.14)
l9k,1,1 = 0k,1,1 5 (3.15)
'9k,Nl,1 =0 N1 (3.16)

ki, j —

{1 ecnd O, +0,,,,+6,,,,+6,,, =1

i,J

0, ecnu 0, +0,,,,+0,,,,+0,,, =0,
=23, N, L j=23,.N,, 1
i, =Gin,as (3.17)
lglk,NpNz :0k,N171,N271, (3.18)

VTOYHMM, YTO B KaXJOH M3 PAacCMOTPEHHBIX
Beiie popmyn mpu &, =0 Oynem uMersh

Xiiy =0.

[TpuBenem Huxe (GopMylnbl JUIsl OHpeeTeHHs
HanpsDKeHUN U nedopMaluil B y3iax JUCKPET-
HO-KOHTHHYaJIbHOH MOJENu (HHUXKE BCIOLY
p=1,2unq=12).
—  BHYTpPEHHHE
j=2,3,..,N,, —1)

y3mel  (i=2,3,..,N,-1;

[O-(k) ](l D= Zklj (O-(kl L7=h (1,1)9]{’[,1,1‘71 +
n O_(klj D (0 l)ek
+O'(kl (1,000,

ljl

+0,07(0,000,,,);

i— l]
(3.19)
(01" = o (e AN,y +
+e o0, ., +
+g(’” (1,006, +£5507(0,006, ;)
(3.20)
— «(J1€Bas BCpTUKAJIbHAA rpanunaa»
(i=L j=23,.,N,, —1)
[Gm](u) _
=Xk ](O'(k i (0, l)gk 1,j-1 +0(k1 /)(070)91(,1,]);
(3.21)
[g(k)](lj) = Zkl](g(klj 1)(0 l)ek,l,j—l + (3.22)
+&017(0,000, ,,); '
k,1
— <<HpaBa$I BCpTUKAJIbHAA TrpaHua»
(i=Ny; j=2,3,.,N,, —1)
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[ (k)](N1 J) — [O.(k)](l N2 ZklNH ;kql Nz—l)(() 1)(92”\/ I (3 33)

(kN =1,j-1) -
=i (0 MDO o B23) gt - S g, 5 (334)
+ O.(k Ny - 1‘])(190)01{,N1—1,j ); '

[g(k) ](le]) = B ClIy4ae [ = Nl’ ] = N2,k UMeeM:
= X ESTIADG, o+ (3.24) -
+g(k Ny - 1.1)(1’0)0“\/_”); [o (k)]( N2 k)
T (k,Ny\=1,N, ;. —1) (3 35)
_Zk NI,NZkO_pq (1 l)ek N, -1, NZk_l’
— «CHHNKXHAA TOPU3OHTAJIbHAaA I'paHua» [ (k) ](N1 Ny i )

= Xk NN i 81(0qu1 e (1’1)0/‘3N1—1’N2,/¢ -1
[O_(k) ](l D= Zk i, l(o-(kl o (1 O)ek,i—l,l + (3.25)

(k i1) -
(0,000,,); 4. AHAJIN3 BAPHAHTOB YCJIOBHIl
[e ka;](l b= Zk il (5(]“ b ({, 0)91(,1471 + (3.26) CTBIKOBKH
£(0,0)0 '
( ) 20, ]) B HpaKTI/IquKI/IX HpI/IJIO)KeHI/IHX HaI/I6OHee qacTo
BCTpeanOTCSI CHe)IyI'OHII/Ie BapI/IaHTLI CTBIKOBKHU

— «BCPXHIA TOpHU30OHTAJIbHAA T'paHuLia» HA TPaHMIAX HO,HO6H3.CTCI>'I (1 6) u3 [ 1] .

(i=2,3,..,N,-1; j=N 2.k ) 1) cTBIKOBKA BUA «IUCKPETHO-KOHTHHYAIbHAS
MOJIeJb — JIUCKPETHAsT MOJEIbY, «BHYTPEH-
(k) (N2 1) <kz LN, 1) HEe» YCIOBUE THIIA «HIeabHBINA KOHTAKT),
[0,.,] =X, (0, LDO, iy, o+ y ! ’

2) CTBHIKOBKA BHJIAa «IMCKPETHAs MOJENb — JIUC-
KPETHO-KOHTHHYaJIbHAsI MOJETbY», «BHYT-
(3.27) PEHHEE» YCIOBHE THIIA «HUACAIBHBIA KOH-
[g(k) ](isNZ,k) — ( (kl LN, 1) (1 1)0 + TaKT»,
Xiij WUk ic1N, -1
( AN 1) 3) CTBIKOBKa BUJA «IUCKPETHO-KOHTHUHYAJIbHAS
27 .
teé,, (O’I)Hk»i»Nz—l )i MOJIeTTb — JUCKPETHO-KOHTHUHYaJbHAS MO-

+0'(kl N““’(o D6, v, 1)

(3.28) JIeNby, «BHYTPEHHEE)» YCIIOBUE THUIA <«WHJe-
aIIBbHBINA KOHTAKT,;
— YTJIOBBIE y3JIbl TPAHUIIB» 4) CTBIKOBKA BHJA «IUCKPETHAS MOJENb — JIUC-
B cinyvae i =1, j =1 umeem: KpeTHasi MOJIEJIb», «BHYTPEHHEE» YCJIOBHE
THUIIA «UJIeaTbHBIA KOHTAKT;
[o.(k)](l A _ = Zens a!(,k;’l)(o 00, .,; (3.29) 5) CTBIKOBKa BHJA «BHEIIHSS TpaHUIA — JIUC-
B LD . KpeTHasi MOJIENb», YCIOBUE THUMA «IIapHUP-
[5 ] =Xk11€pq 0,000, ,,; (3.30) HOE OTIPAHUE;
6) CTBIKOBKAa BUJA «BHEIIHSS I'paHUIA — JIUC-
B ciydae i=N,, j=1 umeem: KpeTHasi MOJIE/b», YCIOBUE THIA «CBOOO/I-
HBIN Kpaiy;
[G(k)](N,,l) S (k N, LD 06, _..; (331) 7) CTBIKOBKAa BHJA «BHEIIHSS TpaHUIA — JIUC-
KPETHO-KOHTHUHYalIbHasi MOJIENbY, YCJIOBHE
[0 = 20w, 15;]2,]\/1 " (1,0)0, 145 (3.32) TUMNA «APHUPHOE OMUPAHHEN;
8) CTBIKOBKA BHJIa «BHEIIHSS TpaHHIa — IHC-
Bcnyuae i=1, j=N,, nmeem: KPETHO-KOHTHHYaJIbHAsI MOJIENbY, YCJIOBHE

TUTIA «CBOOOIHBIN Kpaii»;
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9) cCTbIKOBKa BHUJA «IUCKpPETHAsT MOJENIb —
BHEIIHSSI TPAHUIIA», YCIOBUE THUMA «IlIap-
HUPHOE ONHPAHUE;

10) cThIKOBKa BHJA <«IUCKpETHAs MOJEIh —
BHEIIIHSAS TpaHUIla», YCJIOBUE THUIIA «CBO-
O0aHBII Kpail»;

11) cThIKOBKa BHIA «TUCKPETHO-KOHTUHYAJIbHAS
MO/JI€JIb — BHEIITHSSI TPAHUIIAY, YCIIOBUE THIIA
«UIAPHUPHOE OMHUPAHUEY;

12) cThIKOBKA BUAA «IUCKPETHO-KOHTHUHYAJIbHAS
MO/JI€JIb — BHEIIHSS TPAHULIAY, YCIIOBUE TUIA
«CBOOOJTHBIN Kpaim».

Pazymeercsi, BO3MOKHBI U MHbIE BApPUAHTbI CThI-

KOBOK, OJJHAKO IMOJ00HOTO POja BapUaHTHI, TaK

WM UHAYe, KaK MPaBUJIO, CBOJIATCSA K HEKOTOPHIM

COUYCTAHMSM BBIIIEIIEPEUNCIICHHBIX TBEHA/IIATH.

PaccMoTpuM npanee anropuTmsl 3adaHusl rpa-

HUYHBIX YCJIOBUW B K&KJIOM M3 yKa3aHHBIX JBe-

HA/LATH BAPUAHTOB CTHIKOBKM HA IPaHULIAX MO-

mobmacreii [1-3].

5.3AJIAHME T'PAHUYHBIX YCJIOBUI
IPH CTBIKOBKE BHJIA
«IMCKPETHO-KOHTHHYAJILHAS
MOJIEJIb — TUCKPETHASI MOJIEJIb»
(«<BHYTPEHHEE» YCJIOBUE THIIA
«AIEAJIBHBIA KOHTAKT»)

I[Iycte B  HEKOTOpPOM  TIpaHWYHOW  TOYKE

x;”k, 1<k <n, uMeer MecTo CTBIKOBKA MO100-
NacTH @), ¢ JWCKpeTM3alMed B paMKax
JIKMKD ( p, , =2) u nogobnactu /° ¢ auc-
kpetusanueil B pamkax MKOD (p, =1).

B ceuennmn x, =x,, ClefyeT 3a1aTh YCIOBHS

(4N, ypaBHEeHuH) HAEaNBHOIO KOHTaKTa BHJA
[1-3]:

ul(k_l’i)(xf,k —0)=u"", i=12,.,N,, j=1;

(5.1)
ud G, =0y =ul ) i=1,2,.,N,, j=1;
(5.2)
ol (3, ~0) =05, i=12, N =1
(5.3)

(k=L,i) ¢ b _ (kij) s _ s
55" (x5, -0)=0,3,"", i=12,..,N, j=1,

(54)

(k-L,i)

k-1,i
rae o), D

(x5, —0) u oy (x;, —0) — coor-
BETCTBEHHO NPHMBEJICHHBIE K Y311y (k,i) (yHKIMH
KOMIIOHCHT HANPSHKCHUH O ,(X,) U 0,,(x,) B
npezienax AUCKPETHO-KOHTHHYAIBHOTO KOHEYHOI'O

(ki j) (k.i,j)
O n 0,,

d »
IEeMEHTa @ ;; COOTBET-
CTBEHHO NpUBE/ECHHbIE K Y31y (k,i, j) 3HaueHUS
KOMIIOHEHT HallpshKeHUull o, , U O, , .

VYpasuenus (5.1)-(5.4) MoxkHO TepenucaTh cle-
JYIOIITUM 00pa3oM:

Bl:Uk—l (xé),k -0)= B;Uk > (5.5)
rae B, — marpula rpaHUYHBIX YCIOBHH pa3Me-
pa 4N, x4N,, anroput™ (GOPMHPOBAHUS KOTO-
poii ykaszaH B Tabauue 5.1; B, — marpuna rpa-
4N, x2N\N,,,

dbopmupyemasi Ha OCHOBE MeTo/1a Oa3UCHBIX Ba-
puanui.
Huxe paccMoTpen anroputM (GopMHUPOBAHUS

HHUYHBIX yCJ'IOBI/Iﬁ pa3mepa

MaTpuLbl B Tpu 3ajaHuu ycnoBuid (5.5) onw-
CaH HUXKE.
1. DneMeHThl MaTpULIbI B,: OTPENIEIISIFOTCA TI0

bopmyme

(B;)p,q - 51741 > (5.6)
p=12,.,2N,, ¢=1,2,...,2N,.
3aMeTuM, 4TO BBIYHCIICHUE DJIEMEHTOB MAaTpH-
el B, 1o ¢opmyie (5.6) COOTBETCTBYET 3a/1a-
HUIO TPaHUYHBIX ycioBui (5.1)-(5.2).

2. TlocnegoBaTebHO 3aJaK0TCS I, =1,2,..,N,.
Jns kaxaoro (QUKCHPOBAHHOTO 3HAYECHMUS i,

BBITIOJHSIOTCSL JICHCTBUS, TEPEYUCICHHBIE HU-
xe.

2.1. [TocnenoBarensHO nepeouparoTcs
i=12,...,N,. dna xaxnoro GpuKCHpOBaHHOTO
3HAYEHUS [ BBIMOJHAIOTCS JIEHCTBUS, IEpPEUHC-
JICHHBIC HUXKE.
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Tabnuya 5.1. Aneopumm 3anonnenus mampuysl B, .

No Howmepa 3HaueHHE dJIEMEHTA CooTBeTcTBY-
/1 3aI10JIHACMBIX 3JICMCHTOB MaTpulbl omee yCJIoBHEC
MaTpHIl
1 2 3 4
1 (l, 21—1), l=l,2,,Nl 1 (5 1)
2 (N, +1,2i), i=1,2,...,N, 1 (5.2)
3 (2N +1,2) My hiN{(O)
1
(5.3)
4 (2N, +1,4) iy th;(o) ;=
1
5 (2N, +L2N, +1) 7
6 (2N, +i,2(i - 1)) 1 1
s s N 1
i=2,3,., N, -1 2 iy~ M)
7 (2N, +1,20), 1| Mo =y
i=2,3,..,N,-1 2 h, —— N, (D) + N{(0) ' (25.3)
i- i 1=2,3,...,
8 (2N, +1,2(i +1)), 1o 1o N, -1
i=2,3,..,N,~1 2 iy No0)
9 (2N, +1,2(N, +1)-1), L
i=2,3,..,N,~1 g Pz + i)
10 (3N,,2N, -2) . b N'(1)
thl ( 3)
5.
11 3N,,2N.
( 1> 1) :uklNl h 2(1) i:Nl
N1
12 (3N1, 4N1 _1) ﬁk—l,N,—l
13 BN, +1,1) 1
’ A — NI(0
k-1,1 hl ( )
14 3N, +1,3 ~ 1 (54)
(BN, ) A h_ »(0) 1=
15 (BN, +1,2N, +1) Ay + 20,4,
i=2,3,..,N,-1 2
17 (3N, +i,2i-1), 1 i N s MO (5.4)
i=2,3,..,N,~1 ol T () + P 1(0) i=2,3,..,
i—1 i ]\]1 _1
i:2,3,...,N1_1 2 hz
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! 2 3 4
19 (BN, +i,2(N, +1)), 1 - — (5.4)
i=2,3,.,N, -1 3 Gerin A+ i=2,3,.,
Tl N, -1
20 (4N,,2N, -3) /Tk . 1 NI
— ,N]7
th—l (5.4)
5.
21 _ _
(4N,,2N, - 1) 2o 1 N1 i N,
th—l
22 (4N,,4N,) ﬂ_’k—l,Nl—l 20y

ITpumeuanue: Bee sneMeHTBI MaTpHLbl B, He yKa3aHHbIE B TAOJIUIIEC PaBHBI HYIIIO.

2.1.1. [TocnenoBarenbHO nepeduparoTCs
i=12,..,N,,. Jnd kaxaoro GUKCUPOBaHHOI'O

3HAa4YCHUA ] BBIITOJIHAKOTCA HeﬁCTBHH, nepeyuc-

JICHHbIE HIKE.
2.1.1.1.  TlocnemoBaTenpHO  NepeOHparOTCs
q=1,2. Jlna kaxa0ro GUKCUPOBAHHOTO 3HAYE-

HHSI g BBIITOJIHAIOTCA )ICfICTBI/ISI, MNEpCUUCIICH-

HBIE HUXKE.
2.1.1.1.1. Beruucnsiercs rnoOanbHbli HHAEKC o

j,=q+26-D)+2N,(-D); (5.7

2.1.1.1.2. B xauecTBe BeKTOpa HEM3BeCTHHIX U, '
(cm. popmymy (5.5) u3 [3]) 3amaercs

U, =¢, .

P (5.8)
2.1.1.1.3. B cooTBeTcTBHM CO CTPYKTYypoit (5.5)
BCKTOpa HCU3BCCTHLIX I1I0 COOTBCTCTBYHOIIUM
dopMynaM W3 YHMCIa TIPEJACTABICHHBIX BBIIIC
(3.19), (3.31), (3.23), (3.25), (3.27), (3.29),
(3.31), (3.33) u (3.35) ompenenstoTcsi MpUBE-
(kz)](ig")’

JEHHBIE K Y31y KOMIIOHEHTHl [0}
(k) q(ig,1) o
[0, TEH30pa HaIlPsHKEHUH.

2.1.1.1.4. CooTBeTCTBYIOIINE IEMEHTHI MATPH-
bl B ompezenstoTes no hopmysaam

(B x5, =[0151%"; (5.9)

+ (k) 1lgD
(Bk )3Nl+ig,jg = [O'z,z] . (5.10)
3aMeTHM, YTO BBIYHCICHHUE 3JIEMEHTOB MAaTpH-
upl B, mo ¢opmynam (5.9), (5.10) coorser-

CTBYET 3a/laHUI0 TpPaHUYHBIX YycioBuidi (5.3),
(5.4).

6. SATIAHUE TPAHUYHBIX YCJIOBUI
ITPU CTBIKOBKE BUJIA
«IUCKPETHASA MOJEJIb —
JUCKPETHO-KOHTUHYAJIBHAS
MO/JEJb» («<cBHYTPEHHEE)
YCJIOBUE TUTIA «MJTEAJBHBIN
KOHTAKTY»)

Ilyctb B HekoTOpOWU

IPaHUYHOM  TOUYKE

xé”k, 1<k <n, mMeer MecTo CTHIKOBKA TO/00-
nactu @/, ¢ nuckpertusanueit B pamkax MKD
(p,, =1) u nonobnactu @ ¢ AUCKpeTH3A-
nueit B pamkax JKMKD (p, =2).

B ceueHnn x, =x,, ClefyeT 3a7aTh YCIOBHS
(4N, ypaBHEHHH) HJEAIBHOTO KOHTaKTa BHJA
[1-3]:

(h=Lij) _ . (ki) b
U =U (xz,k +0), 6.1)
i=1,2,..,N, j=N,,
(=L, )

u, = uék’i) (x;k + 0)9 (6 2)
i:1523'-'7N15 j=N2,k—l; .
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Yactp 2: OcoOeHHOCTH KOHEYHOIEMEHTHOH aNNpOKCUMAINN 1 331aHIE TPAHUYHBIX YCIOBHI

(k=Li,j) _ (ki) ,.b
O, =0, (xz,k +0), (6.3)
i=1,2,..,N, j=N,
(k=Li,j) _ (ki) ,.b
C,, =0,, (xz,k +0),

6.4
i=12,..,N, j:NZ,k—l’( )

(k.i)

L
e o5 )

(x5, +0) 1 0y5”(x), +0) — coorser-
CTBEHHO mpuBeAeHHble K Y31y (k,i) QyHKUMN
KOMIIOHEHT HalpsuKeHuit o, ,(x,) u o,,(x,) B
npesenax JUCKPEeTHO-KOHTHHYAJIBHOTO KOHEYHOTO

de kij kij
JNIEMEeHTa @, ;; 0'1( 2”’-’) u O'é 2’”-’)

— COOTBETCTBEH-
HO IpUBEJCHHBbIE K Y311y (k,i, j) 3HAUEHHUA KOM-
HIOHEHT HAIPSHKEHUN O, U O, ;

Ypasaenus (6.1)-(6.4) MOXHO TepenucaTh cie-
JYIOIITUM 00pazoM:

B.U, =BU,(x;, +0), (6.5)
rae B, — marpula rpaHUYHBIX YCIOBHH pa3Me-
pa 4N, x2N\N,, ,, Gopmupyemas Ha OCHOBE
MeTo/a Oa3MCHBIX BapHaIlUii; B,: — MarpuIa

IpaHUYHBIX ycloBUH pazmepa 4N, x4N,, anro-

pUTM QOopMUpPOBaHUS KOTOPOW yKa3aH B TaOJIH-
ne 6.1.
Huxe paccmorpen anroput™m (opmupoBaHUs

MaTpulbl B, Tpu 3aiaHuu ycinosui (6.5) onu-
CaH HUXeE.
1. DnemenTsl MaTpunpl B, ONpENEnsArOTCs IO

dopmyne

(B;)p,q = 5p,q’

(6.6)
p=1,2,..,2N,, ¢=1,2,..,2N,.

3aMeTuM, YTO BBIYHCICHHUE DJIEMEHTOB MAaTpH-
usl B, mo ¢opmyne (3.6) cOOTBETCTBYET 3a1a-
HUIO TpaHUYHBIX ycaoBui (3.1)-(3.2).

2. TlocienoBaTenbHO 3aJaK0TCS I, =1,2,..,N,.

Jnst Kaxaoro (MKCHPOBAHHOTO 3HAYCHHS i,

BBITIOJIHAKOTCA ﬂeﬁCTBHH, MNEPCUUCIICHHBIC HH-
XKE.

Volume 13, Issue 4, 2017

2.1. [TocnenoBarenbHO nepeouparoTcs
i=1,2,...,N,. [ Kaxmoro (puKCHpoBaHHOTO
3HAUEHUS | BBINOJIHAIOTCS JAEUCTBUSA, MEpeUnc-
JICHHbIE HIDKE.

2.1.1. [TocnenoBarenbHO nepeouparoTCs
j=1,2,..,N,, . Ana xaxnoro (ukcupoBaH-
HOT'O 3HA4YEHUsl j BBINOJHAIOTCS AEHCTBUS, Ie-

pEUUCIICHHbBIE HIDKE.
2.1.1.1.  TlocnemoBaTenbHO  TEepeOUparOTCs
q=1,2. Jlng xaxa0ro GpuKCUPOBAHHOI'O 3HaUE-

HHUS g BBIIOJTHAIOTCA ﬂeﬁCTBHH, MNEpCUUCIICH-

HBIC HUXKE.
2.1.1.1.1. Beruncnsercs rioOanbHbIi HHAEKC g

Jo =q+2—-D+2N,(j-D. (6.7)

2.1.1.1.2. B kauecTBe BEKTOpa HEU3BECTHBIX
U, (cm. hopmymy (5.5) u3 [1]) 3amaercs

U =e; .

, (6.8)
2.1.1.1.3. B cooTBeTcTBUU CO CTPYKTYpo# (5.5)
BEKTOpPa HEHW3BECTHBIX IO COOTBETCTBYIOIIUM
dopMysiaM U3 9YHCIA TIPEJCTABIICHHBIX BHIIIIC
(3.19), (3.31), (3.23), (3.25), (3.27), (3.29),
(3.31), (3.33) u (3.35) ompenensitoTCsA MpHUBE-

1)l N
JeHHBIE K Y30y Kommoments [olh ]

5

[O_(k—l) ](ingZ,k—])
2,2

2.1.1.1.4. COOTBETCTBYIOIIUE JIEMEHTHI MaTpHU-

TEH30pa HaIPSKECHU.
bl B, ompexenstorcs o hopmyniam

— [O_l(,l;l) ](ig’NZ,k—l) : (69)
(6.10)

(BIZ)ZNIH

g’jg

- _ (k=1) 7(igsNo 1)
(B, )3N,+ig,jg =[oy, T

3aMeTHM, YTO BBIYHCICHHUE 3JIEMEHTOB MaTpH-
nsl B, mno dopmynam (6.9), (6.10) coorser-

CTBYET 3aJIaHMI0 TPAaHUYHBIX YcJaoBui (6.3),
(6.4).
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Tabnuya 6.1. Aneopumm 3anonnenus mampuysl B, .

No Homepa 3HayYeHue dJIEeMEHTa CooTBeTCTBY-
/T 3aM0JIHAEMBIX JJIEMEHTOB MaTpHIIbI IOIIIE€E YCIIOBUE
MaTpHII
1 2 4
1 @i,2i-1), i=1,2,...,N, (6.1)
2 (N, +4,2i), i=1,2,.,N, (6.2)
3 —_ 1 ’
(2N, +1.2) My~ h —N;(0)
1
4 1 N (6.3)
N +1.4) u“h N} (0) P
5 (2N, +L,2N, +1) .
6 (2N1+i,2(i—1)), llt_lkzl 1 —N/()
i=2,3,..,N -1 2 h._,
7 (2N, +1, 2i), 4., ﬂ” !
i=2,3,.,N, -1 2| 5 N+ == Ni(0) (6.3)
i1 h, i=2,3,..,
8 (2N, +1,2(i+1)), lﬂk, 1 N (0) N, -1
i=2,3,.,N -1 2 h.
9 (2N, +1,2(N, +i)-1), 1 —
i=2’3’.,.,N1—1 2(1uk1 1 /’lk,z)
10 (3N,,2N, —2) _ |
v Hi Ny -1 _h — N (D
Ny -1
11 (3N,,2N,) B 1 ‘(6.3)
v Hie vy ho »(D) i=N,
N, -1
12 (3N134N1_1) ﬁk,Nl—l
13 3N, +1,1 - 1
G LD Foa o Ni(O)
hl
14 — 1, (6.4)
(BN, +1,3) 71— N3 (0) i=
hl
15 BN, +1,2N, +1) Aoy +20,
16 | (3N, +i,2i-3), L v
i=2,3,..,N, -1 2k
17 | @GN, +4,2i-1) 1[4 7,
1 ’ > k,i—1 [ i (64)
i=2,3,...,N, -1 2| 5, NN i=2,3,..,
. A~ N1 -1
18 | (3N, +i,2i+1), L7 1o
i=2,3,...,N, -1 27y
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1 2 3 4
19 (3N, +i,2(N, +1)), - - 24)
i=2,3,..,N,~1 o it )+ B = P i=2,3,..
N, -1
+ (4,20 =) Ton 1 VL)
o th—l
21 (4N,.2N, -1) n L @9
lk,Nl—l h N2(1) l:Nl
N-1
22 (4N, 4N,) v+ 20y

HpI/IMeLIaHI/IGI Bce snemenThI MaTpUIbL B ,: HC YKa3aHHBIC B Ta6m/1ue PaBHBI HYJIIO.

7. 3AIAHME T'PAHUYHBIX YCJIOBUIA
MPU CTBIKOBKE BHJA
«IMCKPETHO-KOHTUHYAJILHAS
MOJIEJb — JUCKPETHO-
KOHTUHYAJILHASI MOJIEJIb»
(«<BHYTPEHHEE» YCJIOBUE THIIA
«AIEAJIBHBIA KOHTAKT»)

I[Iycte B  HEKOTOpPOM  TIpaHWYHOW  TOYKE

x;”k, 1<k <n, uMeer MecTo CTBIKOBKA MO100-
MacTM @, ¢ JMCKpeTM3alMed B pamKax
JKMKD (p, , =2) u nmomobmactu a),fc C muc-
kpetuzanueit B pamkax JIKMKD (p, =2).

B cedeHnmn x, =X,, CleIyeT 3aaTh yCIOBHS

(4N, ypaBHEHMII) UIEAIBLHOIO KOHTAaKTa BUAA
[1-3]:

ufk_l’i)(xi”k -0)= uf"’” (xi”k +0), i=12,..,N;;
(7.1)
uy (x5, —0) =u (x5, +0), i=12,..,N;
(7.2)
o5 (x, —0) =05 (x), +0), i=12,..,N,;
(7.3)
oy (xy, —0) =03 (x5, +0), i=1,2,..,N,.
(7.4)

VYpauenus (7.1)-(7.4) MoXxHO Tiepenucarh cie-
TyroImuM o0pa3om:

Volume 13, Issue 4, 2017

Bk_Uk—l (Xg,k -0)= Bl:ﬁk (Xg,k +0), (7.5)

rae B, — marpuia rpaHUYHBIX YCIIOBHM pa3Me-
pa 4N, x4N,, anroput™M (OPMHPOBAHUS KOTO-
poii ykasan B Tabnuue 5.1; B, — marpuia rpa-
HUYHBIX YCJIOBHH pasmepa 4N, x4N,, amro-

pUTM (hOpMHUPOBAHUS KOTOPOH yKa3aH B TaOJIH-
e 6.1.

8. 3AIAHUE T'PAHUYHBIX YCJIOBUM
ITPU CTHIKOBKE BHUJIA
«IUCKPETHASI MOJIEJIb —
JIUCKPETHASI MOJEJIb»
(«<BHYTPEHHEE» YCJIOBUE THIIA
«MJTEAJBHBIA KOHTAKT»)

Ilyctb B HekoTOpOWU

TPAaHUYHOM  TOYKE

x5y, 1<k<n, uMeeT MecTo CTHIKOBKA MOI00-

nactu - @)

C JHCKpEeTH3alMed B paMKax
JIKMKD (p,, =1) u nomobnactu @

kperu3arueii B pamkax JKMKD (p, =1).

C aucC-

CnenyeT OTMETUTH, YTO B JAHHOM CJIydya€ HH-
o b
KaKUX I'paHUYHBIX YCIIOBUHM B CCUCHUU X, = X, .

dopmynupoBate He TpebOyercsa. IlogoGmacTtu
ol°, 1 ®f crenyer paccMaTpuBaTh B paMKax

MKD coBMECTHO, COOTBETCTBYIOLIUE YCIOBHS
TUIA «UJCATbHBIA KOHTAKT» OYIYyT BBIIOIHEHBI
aABTOMAaTHUYCCKU.
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Tabnuya 9.1. Aneopumm 3anonnenus mampuyvt B .

Ne Howmepa 3HaueHue CootBercTBylOLIEE
n/n 3aIOJTHSIEMBIX JIEMEHTOB dJIEMEHTa yCJIOBHUE
MaTpul MaTpUlbl
1 (2i—=1,2N,(N,, —D)+2i-1),i=12,.,N, 1 9.1)
2 (2i,2N,(N,, =D +20), i=1,2,...,N, 1 9.2)

ITpumeuanue: Bee aeMeHTBI MaTpULBl B HE yKa3aHHBIC B TAOJINIIE PABHBI HYIIIO.

9. 3AIAHUE T'PAHUYHBIX YCJIOBUI
ITPU CTBIKOBKE BHU/JIA «BHELITHAA
I'PAHULA - IMCKPETHAS MO/JEJIb»
(YCJIOBHUE THUIIA «IITAPHUPHOE
OIIUPAHUE»)

[IycTp B rpaHU4YHON TOUYKE xé”k, k =1 3agarorcs

YCIIOBUSI TUIIA ILAPHUPHOTO ONMPAHUs, IPUYEM
JMCKpETU3alis COOTBETCTBYIOLIEH Moa001acTi

o), k=1 ocymecrteiusercs B pamkax MKD.

3neck cinenyer 3a1atb 2N, ypaBHEHUH BUJA:

ut (x5, +0)=0, i=12,..,N,, j=1; (9.1)
u;k’i,j)(xg,l +0)205 l=19 2)’ Nl’ J=1’ (92)

MPEJICTaBUMBIX TaKXKe B MATPUUHOMN opme

BU =&, (9.3)
rae B, — Marpuiia rpaHMYHBIX YCIIOBHI pa3me-
pa 2N, x2N\N,, (tabmuma) 9.1; g/ — 2N,-

MEpHBIN HYJIEBOW BEKTOP,

g =0. (9.4)

10. 3AJIAHUE T'PAHUYHBIX YCJIOBUMI
MPU CTBIKOBKE BUJIA «BHEILIHSISI
I'PAHUIIA — JMCKPETHASI
MO/JEJIb» (YCJIOBUE THUIIA
«CBOBO/IHBII KPAI»)

o b
IlycTh B rpaHU4HOM TOuKe X, ,, k =1 3amarorcs

YCIJIOBUSI THIIA ILAPHUPHOTO ONMPAHUs, IPUYEM

JMCKPETH3alys COOTBETCTBYIOMIEH MOJ00TIacTH
o/, k=1 ocymectpiusercs B pamkax MKD.

B nanHOM ceuenumu x, =x.,, k=1 cuenyer 3a-

Jath ycinoBus 2N, ypaBHEHMH Buja:

0']()2’”:0, i=L2,.,N,, j=1;
(k.i,j) _ P P
o5 =0, i=1,2,..,N,, j=1.

(10.1)
(10.2)

VYpauenus (10.1)-(10.2) moxHO TepenucaTh
CJIETYIOIIUM 00pa3oM:

BU, =g, (10.3)

rie B, — Marpuna rpaHUYHBIX YCIOBHUI pa3me-
pa 2N, x2N,N,,, bopmupyeMas Ha OCHOBE Me-
ToJa Oa3UCHBIX Bapualii B COOTBETCTBHH C

OITMCAHHBIM HHIKC aHFOpI/ITMOM.
1. TlocnenoBaTelIbHO 3amaroTCs i o =12,..,N,.

Jnst xaxnoro (UKCHPOBAHHOTO 3HAYEHHUS I,
BBITIOJHSIOTCSL JICHCTBUS, MEPEYUCICHHBIE HU-
xKe.

1.1. ITocnenoBarenbHO nepeduparoTcs
i=12,...,N,. Ang xaxnoro (pUKCHPOBaHHOTO
3HAYEHUs [ BBIMOJHIIOTCS JEHCTBUS, MIEPEUNC-
JICHHbBIE HIKE.

1.1.1. [TocnenoBarenbHO nepeduparoTcs
j=L2,..,N,,. Jnsg Kaxmoro GuKCUpoBaHHO-

ro 3HAUY€HUs ] BBINOJHAIOTCA NEHCTBUS, Tepe-
YHUCIIEHHbIE HIXKE.

1.1.1.1.  TlocmemoBaTenbHO  TIEpPEOUPAIOTCS
qg=1,2. JIng kaxaoro (UKCUPOBAHHOTO 3Ha-
YeHUsI ¢ BBINIOJNHAIOTCA JIEHCTBUS, MEpeyuc-
JICHHBIE HIDKE.
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MIPUMEHEHHS METO/[a KOHEUHBIX AJIEMEHTOB M AUCKPETHO-KOHTHHYAJIHHOTO METOa KOHEYHBIX JIEMEHTOB.
Yactp 2: OcoOeHHOCTH KOHEYHOIEMEHTHOH aNNpOKCUMAINN 1 331aHIE TPAHUYHBIX YCIOBHI

1.1.1.1.1. Beraucnsiercs r1o0aIbHbIA UHICKC | p

Jo =q+2(—-D+2N,(j-D. (10.4)
1.1.1.1.2. B kauecTBe BeKTOpa HEM3BECTHBIX U,
(cm. bopmymy (5.5) u3 [1]) 3amaercs

U,=e, .

g

(10.5)

1.1.1.1.3. B cooTBercTBHM CO CTPYKTYypoil (5.5)
BEKTOpPAa HEHM3BECTHBIX IO COOTBETCTBYIOIIUM
dopMysaM U3 4YHCIA TPEJCTABIICHHBIX BBIIIS

(3.19), (3.31), (3.23), (3.25), (3.27), (3.29),

(3.31), (3.33) u (3.35) ompenensitoTcsi MpUBE-
i,,l

JEHHBIE K Y31y KOMIIOHEHTHI [0'1(,/‘2)](‘3 '

(k) (g, o

g TEH30pa HAIIPSKEHUI.

1.1.1.1.4. CooTBeTCTBYIOIIUE IEMEHTHI MAaTPU-
ubl B, ompezenstoTes no hopmysaam

k)7, |
(B;)ig,jg = [0'1(,2)] 7

_ (k) (g,D
(B;)N]Hg,jg =[o, 1.

(10.6)
(10.7)

Brruncienne sneMeHToB MaTpuisl B, 1o dop-

mynam (10.6), (10.7) cooTBEeTCTBYeT 3a/laHUIO
rpannyHbIX ycnoBuit (10.1), (10.2).

11. 3AJIAHAE TPAHUYHBIX YCJIOBHUM
ITPU CTBIKOBKE BHUJIA «BHEHITHSA
I'PAHULA - JTMCKPETHO-
KOHTHUHYAJIbHAA MOJEJIb»
(YCJIOBHUE THUIIA «IITAPHUPHOE
OIIUPAHUE»)

[lycTh B rpaHUYHON TOUYKE xé’)k, k =1 3amarorcs

YCIJIOBHS TUIA IIAPHUPHOTO ONUPAHUs, MPUUEM
JMCKPETU3alis COOTBETCTBYIOLIEH MOA00JacTi

o, k=1 ocymectBnsercs B pamkax JJKMKD.
b
B nanHOM ceyenuu x, =x,,, k=1 cnenyer 3a-

JaTh ycloBus 2N, ypaBHEHUH BUJA:
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(11.1)
(11.2)

ul(k,l)(xg,k+0):0’ i:1, 2""’Nl;
u;k’[) (X;)J +0) = 03 I= 1) 2’ T Nl ’

MPEJICTAaBUMBIX TaKkKe B MAaTPUUHOI Gopme

BU,(x;,+0)=g,, (11.3)

rae B, — Marpuna I'paHHYHBIX YCIOBHH pa3me-

pa 2N, x4N, (rabmuma 11.1); g/ — 2N,-
MEpPHBIN HYJIEBON BEKTOD,

g =0. (11.4)

12. BAJAHUE TPAHUYHBIX YCJIOBUM
ITPU CTBIKOBKE BUJIA «BHEIIHSISI
I'PAHUIIA — JUCKPETHO-
KOHTHHYAJIbHASI MOJIEJIb»
(YCJIOBUE THUIIA «CBOBOJIHBIN
KPAW»).

IlycTh B rpaHMYHON TOUKE xé”k , k =1 3amarorcs

YCIIOBHS TUTA IIAPHUPHOTO OMUPAHUS, MPHUEM
JTUCKPETH3AIUST COOTBETCTBYIOMIECH MMOI00JIACTH

o, k=1 ocymectpnsercs B pamkax JJKMKD.

3nech caenyer 3aaare 2N, ypaBHEHUH BUA:

ki) (b P .
01(,21)(.76'2,]( +O)—0, 1—1,2,...,N1,

ki b .
aé’z’)(xz’k +0)=0, i=L2,..,N,.

(12.1)
(12.2)

VpaBuenus (12.1)-(12.2) moxxHO mnepenucarhb
CJIETYIOIIUM 00pa3oM:

BU,(x;,+0)=g/, (12.3)
rie B, — Marpuna rpaHUYHBIX YCIOBHIA pa3me-
pa 2N, x4N,, anroput™M (OpMHPOBAHUS KOTO-
poit ykasan B Tabmuue 12.1; g, — 2N, -MepHBIit
HYJIEBOM BEKTOD,

g =0. (12.4)
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Tabnuya 11.1. Aneopumm 3anoanenus mampuysl B .

Ne Howmepa 3HaueHue CootBercTBYyHOIIEE
n/n 3aII0JTHSIEMBIX JIEMEHTOB dIIEMEHTa yCIIOBHUE
MaTpul MaTpulbI
1 (2i-1,2i-1), i=1,2,..,N, 1 (11.1)
2 (24,20), i=1,2,...,N, 1 (11.2)

HpI/IMC‘IaHI/ICI Bce anemenTsl MaTpulbl B; HC YKA3aHHBIC B Ta6J'II/II_[e PaBHBI HYIIIO.

13. 3AJIAHUE TPAHUYHBIX YCJIOBHUM
ITPU CTBIKOBKE BUJIA
«AUCKPETHASA MOJEJIb —
BHEIIHAA 'PAHULIA» (YCJIOBHUE
THUIIA «IITAPHUPHOE OIIMPAHUE»)

[IycTp B rpaHMYHON TOYKE xé”k, k =n, 3anaror-

Csl YCJIOBHUS TUINA ILAPHUPHOTO OMMpaHUs, Npu-
YeM JUCKpPEeTHU3alusl COOTBETCTBYIOLIEH MO100-

Je —
nactd @ , k=n, ocymecTBisgeTcs B paMKax
MKD.
— 40 —
B namnom cewenmu x, =x,,, kK =n, cuenyer

3a1aTh yciaoBusa 2N, ypaBHEHUH BUa:

ul(kfl’[’j) ()CZ1 +0)=0, i=L2,.,N,, j=N,;;
(13.1)
(k=1i,j) (1.0 = | = =
u, (x;,+0)=0, i=L2,..,N,, j=N,,,.
(13.2)

VYpauenus (13.1)-(13.2) MoxHO mepenucarhb
CJIETYIOIIUM 00pa3oM:
BU., =8, (10.3)

rae B, —marpuia rpaHMYHBIX YCIOBHH pa3Mepa

2N, x2N,N,,_,, anroput™ (GOpMHPOBaHHS KO-

Topoli ykazaH B Tabmume 13.1; g,j - 2N,-
MEpPHBII HYJIEBOM BEKTOP,
g, =0. (10.4)

14. BAJAHUE TPAHUYHBIX YCJIOBUM
ITPU CTBIKOBKE BUJIA
«IMCKPETHASI MOJIEJIb —
BHEIIHSS T'PAHULIA» (YCJIOBUE
THUIIA «CBOBOJHBIN KPAI»).

IlycTs B rpaHU4YHON TOUYKE xé”k, k =n, 3amaror-

Csl YCJIOBHUS TUINA ILIAPHUPHOTO ONMpaHusi, Mpu-
YeM JUCKpPeTH3alusl COOTBETCTBYIOLIEH MOm00-

fe —
Aactd @] , k=n, ocylecTBIseTCd B paMKax
MKD.
— b —
B namHOM cewenmu Xx, =X,,, kK =n, cueayer

3a1arh ycioBus 2N, ypaBHEHUH BUA:

0_1(,1;71,:‘,/‘) =0, i=12,.,N,, j= Nz,k71; (14.1)
chz—l,i,j) =0, i=12,..,N,, j=N,,,. (142)

Vpauenus (14.1)-(14.2) MoxHO TepenucaTh
CJIETYIOIIUM 00pa3oM:

B.U, =g, (14.3)

rie B, — Marpuna rpaHUYHBIX YCIOBHI pa3me-

pa 2N, x2N,N,, , Gopmupyemas Ha OCHOBE

METOoJa 0a3UCHBIX Bapnaunﬁ B COOTBETCTBHHU C
OMMCAaHHBIM HUKEC aJITOPUTMOM.

1. IlocmemoBaTensHO 3amarOTCS I, =L2,.,N,.
Jnst kaxaoro (GUKCMPOBAHHOTO 3HAYEHHA I,

BBITIOJTHSIFOTCS JISHCTBHSI, TIEPEUNCIICHHBIC HIDKE.
I.1. [TocnenoBarenbHO nepeouparoTcs
i=1,2,...,N,. Ing xaxnoro (puKCupoOBaHHOIO
3HAYEHUS | BBIMOJHAIOTCS JIEHCTBUS, IEpPEUHC-
JICHHBIE HIDKE.
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Yactb 2: OcO0EHHOCTH KOHEUHOAIEMEHTHOM aIlMpoOKCUMAIMM U 3a1aHNUC I'PAHUYHBIX YCHOBI/Iﬁ

Tabnuya 12.1. Aneopumm 3anoanenus mampuysl B .

No Homepa 3HAYCHHUE DIICMEHTA Coortset-
n/n 3aI0JIHAEMBIX JIEMEHTOB MaTpULbI CTBYIOLICC
MATPHIY YCIIOBUE
l 2 3 2
i @N, +1.2) i~ N/(0)
s hl
12.1
2 (2N, +1,4) ﬁk,lthé(O) (l: )
1
3 (2N, +1,2N, +1) Hy s
o T T LRy V1)
i=2,3,., N, —1 20
5 (2N, +i,2i), 1| B 7
Zhi N (1) + ’“N'o 12.1
i=2,3,.,N, -1 2| i, 2 h, © ,-2(2 3)
6 (N, +1,2(i+ 1)), Lz Lo N, -1
i=2,3,.,N,—1 2 h
7 (2N, +i, 2(N, +i)-1), l(ﬁk )
i=2,3,.,N, -1 2 ’
3 (3N, 2N, —2) Ty s —— NI(1)
th—l
(12.1)
9 3N,,2N - LYY =
BN ) /uk,Nl—lh_Nz(l) =N,
N,-1
10 (3N,,4N, 1) My
I (3N, +1,1) 1, N(0)
hl
12 3N, +1,3 T L (129
(ML) 2y NAO) i
13 BN, +L2N, +1) ﬂ’k,l + 200,
14 (3N, +1i,2i-3), lzk » LN{(D
i=2,3,.,N,~1 2 hy
15 (3N, +i,2i - 1), 1] A NI+ A A o)
i:2,3,..., N] _1 2 hi—l z l :(12232)
16 (3N, +1,2i +1), l/@iiN;(O) N, -1
i=2,3,..,N, -1 2 7k
17 (3N, +i,2(N, +1)) 1 = T V4 i
) > —(A.. . +A )+ R .
i=2,3,..,N, -1 2 it )t B = P
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1 2 3 4
18 4N,,2N, -3 ~ 1,
( ! : ) ﬂ‘k,Nl—l T NI (1)
i (12.2)
(4N,, 2N, -1) T —— N3 (D) i=N,
th—l
20 (4N1 > 4N1) Zk,Nl—l + Zﬁk,Nl—l

IIpumeuanue: Bee aneMeHTbI MaTpuLbl B, HE yKa3aHHbIC B TAOJIMIIC PaBHBI HYJIIO.

Tabauya 13.1. Aneopumm 3anoanenus mampuysl B, .

Ne Howmepa 3HaueHue CootBercTBylOLIEE
/o 3aIOJIHAEMBIX JIEMEHTOB JJIEMEHTa ycIoBHE
MaTpul MaTpUulbl
1 Ri=L2N,(N,,, —D+2i-1), i=12,.., N, 1 (13.1)
2 (2i,2N,(N,,, =D +2i), i=12,..,N, 1 (13.2)

HpI/IMe‘-IaHI/IeI Bce nnemeHnTHI MaTpulbl B;— HC YKA3aHHBIC B Ta6J'II/II_Ie PaBHBI HYJIIO.

1.1.1. ITocnenoBarenbHO nepeduparoTcs
j=L2,..,N,, . dns xaxmoro ¢huxcuposaH-
HOTO 3HAUEHHUs ] BBINOJHAIOTCS JEUCTBUS, Te-
PEUMCIICHHbIE HUXKE.

1.1.1.1.  TlocnemoBarenbHO  mepeOUparOTCS
g=12. [Ing xaxaoro (puUKCHPOBAHHOIO 3Ha-
YeHUS ¢ BBIOJHIIOTCA JAEUCTBUS, IEpeUHc-
JICHHBIE HIXKE.

1.1.1.1.1. Beruucnsercs rio0aabHbIH HHIEKC | p

Jo=q+2(—-D+2N,(j-D. (14.4)

1.1.1.1.2. B kauecTBe BEKTOpa HEM3BECTHBIX U,
(cm. (5.5) w3 [1]) 3amaercs

Ui, =e; .

) (14.5)
1.1.1.1.3. CornacHo ctpykrype (5.5) BekTopa
HEHM3BECTHBIX 10 COOTBETCTBYIOMINM (opMyIam
U3 4YKclia npeacraBieHHbix Boie (3.19), (3.31),
(3.23), (3.25), (3.27), (3.29), (3.31), 3.33) u

(3.35) ompenenstorcs MNPUBEICHHBIE K Y31y

_ i Ny _ iy Ny
KOMITOHCHTBI [Gfﬁ DYl if‘z”]“” i)

TEH30pa HaIPSKECHUN.

1.1.1.1.4. CooTBeTCTBYIOLUE IEMEHTHI MAaTPH-
usl B, onpenensorcs no GopMmyaam

(B, =[oB1 (146)

(14.7)

- k) UgsNas1)
(B, )N1+ig,jg - [Gécz)] R

Beruncnenue 3neMeHTOB MaTpullsl B, 1o ¢op-

Myinam (14.6), (14.7) coOTBETCTBYET 3aJaHUIO
rpaHuyHbIX ycnoBui (14.1), (14.2).

15. 3AJIAHUE TPAHUYHBIX YCJOBHUMI
ITPU CTBIKOBKE BHJIA
«IMCKPETHO-KOHTUHYAJIbBHASA
MOJIEJIb —- BHEIITHAA I'PAHULIA»
(YCJIOBHE THUIIA «ITAPHUPHOE
OIIMPAHHE»)

ITycTh B rpaHMYHON TOUYKE xé’,k, k =n, 3anaror-
Csl yCIIOBUSI THIA LIAPHUPHOIO OMUPAHUS, MPH-
4yeM JUCKpPETU3allUsi COOTBETCTBYIOLIEH MOJ00-
mactu @, k=n, OCyIIeCTBIsETCS B PaMKax
JKMKD.
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O penieHN MHOTOTOYEYHBIX KPAeBbIX 3a/a4d pacdeTa KOHCTPYKIHH B IBYMEPHOH IMOCTAHOBKE HA OCHOBE COBMECTHOTO
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Yactp 2: OcoOeHHOCTH KOHEYHOIEMEHTHOH aNNpOKCUMAINN 1 331aHIE TPAHUYHBIX YCIOBHI

Tabnuya 15.1. Aneopumm 3anonnenus mampuyst B, .

Ne Howmepa 3HaueHue CootBercTBYyHOIIEE
n/n 3aII0JTHSIEMBIX JIEMEHTOB dIIEMEHTa yCIIOBHUE
MaTpul MaTpulbI
1 (2i-1,2i-1), i=1,2,..,N, 1 (8.1)
2 (24,20), i=1,2,...,N, 1 (8.2)

HpI/IMC‘IaHI/ICI Bce anemenTsl MaTpulbl B]; HC YKA3aHHBIC B Ta6J'II/II_Ie PaBHBI HYJIIO.

b
B cewemnn x,=x;,, k=n, cnenyer 3anath

ycioBust 2N, ypaBHEeHUil Buja:

ul(k—l,i)(xg,k+0):0’ i=1L2,...,N;
u;k—l,i)(xé?’]*_o):o, i=1,2,..,N,.

(15.1)
(15.2)

VYpauenust (15.1)-(15.2) MoxHO mnepenucarb
CJICAYIOIIUM 00pa3oM:
BU, (x5, —-0)=g,, (15.3)

rae B, — Marpuiia rpaHUYHBIX YCIIOBHIA pa3Mepa

2N, x4N,_, anroput™M (OpPMUPOBAHUS KOTO-

poii ykazan B Tabmuue 15.1; g/ 2N, -
MEPHBIN HYJIEBOW BEKTOP,
g, =0. (15.4)

16. SAJAHUE TPAHUYHBIX YCJIOBUM
P CTBIKOBKE BUJIA
«IUCKPETHO-KOHTUHYAJIBHAS
MO/JEJIb — BHEHIHASA 'PAHUILIA»
(YCJIOBHE THUIIA «CBOBOJIHBIM
KPAW»)

v b
I[TycTs B rpaHuYHON TOYKE X,,, k =n, 3a1ar0T-

Csl YCIIOBHSI TUIIA LIAPHUPHOTO OMHPAaHUS, MPH-
YeM JUCKpPETHU3alUsl COOTBETCTBYIOLIEH IMM0/100-

d
TacTH @, , k=n, OCYyLIECTBISETCS B paMKax
JAKMKD.
B ceuenun x, =x§ .» k=1 cnenyer 3amatp

ycaoBus 2N, ypaBHeHMH BUA:
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(k=1,0) b _ . .
o, U(x,+0)=0, i=12,.,N,;

oy (x5, +0)=0, i=1,2,..,N,.

(16.1)
(16.2)

VYpauenus (16.1)-(16.2) MoxHO nepenucaTh
CJIEAYIOIIUM 00pa3oM:

BUp, (x5, —0) =g/, (16.3)

rae B, — marpula rpaHUYHBIX YCIOBHH pa3zMe-
pa 2N, x4N,, anroputM (OpMHUPOBAHUS KOTO-
poil ykazan B Tabmuue 16.1; g, — 2N, -MepHblit
HYJIEBOW BEKTOP,

g =0. (16.4)

3AMEYAHUE

HccnenoBanue BBIIOJIHEHO 3a CYET CPEACTB
I'ocynapcrBennon mporpammsl Poccuiickont ®de-
neparuu «Pa3BuTHE HayKW W TEXHOJIOTHI» Ha
2013-2020 rozsl, IIporpammsl (yHIaMEeHTab-
HBIX HAy4HBIX MCCIEJOBAHHUN IOCYNapCTBEHHBIX
akagemuii Hayk Ha 2013-2020 rogsl, B pamkax
[Tnana ¢yHIaMeHTaNbHBIX HAyYHBIX HCCIEOBa-
HUM MUHUCTEPCTBA CTPOUTENBLCTBA U JKUITUIIHO-
KOMMYHAJIBHOTO ~ CTpouTelbeTBa  Poccuiickoit
®enepanuu Ha 2017 roa, Tema 7.1.1 «Pa3pabot-
Ka MHOTOYpPOBHEBOI'O IOAXOA K MCCIEAOBAHUIO
HalpsLKEHHO-A1e()OpMUPOBAHHOTO COCTOSIHUSA
KOHCTPYKLMIA B paMKax €IMHON HepapXUUECKH
BBICTPOCHHOM pPAacYeTHOM MOJENH Ha OCHOBE
COBMECTHOI'O IIPUMEHEHUS JUCKPETHO-
KOHTHHYAJIbHOTO METOJa KOHEYHBIX JJIEMEHTOB
Y METOJ]a KOHEYHBIX 3JIEMEHTOB.
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Tabauya 16.1. Aneopumm 3anonuenus mampuyst B, .

No Homepa 3Ha4eHHe DIIEMEHTA Cootser-
n/n 3aII0JIHAEMBIX JIEMEHTOB MAaTPHULIbI CTBYIOLICC
MaTpHII YCIIOBHE
1 2 3 2
1 2N, +1,2 T
(2N, +1,2) A NO)
1
—T (16.1)
2 (2N, +1,4) Aty V3(0) i=
1
3 (2N, +L 2N, +1) My
4 2N, +i,2(i—1 1 LY
(2N, +1,2(i - 1)), B0 — NI
i=2,3,..,N,~1 2 hiy
5 (2N, +i,20), Ul B oy M
N S| N+ SN (0) (161
i1 i i=2,3,...,
6 (2N, +1,2(+ 1)), Lo Lo N, -1
i=2,3,.,N,~1 2k
- . — T _ —
(2N, +1,2(N, +i)-1), E(ﬂk—l,i—l + )
i=2,3,..,N -1
8 2N, -2 - LY
(3N19 Nl ) ﬂk*l,lelh_Nl(l)
N, -1
16.1)
9 3N,,2N - L v (
( 1 1) Ile—l,Nl_l h_ N2 (1) 1= Nl
Ny
10 (3Nl> 4]\[1 — 1) ﬁk—l,N,—l
11 3N +1,1 a 1 '
( ! ) A’k—l,l h_Nl(O)
1 (16.2)
12 3N, +1,3 T L '
( ! ) Zk—l,l h_Nz (0) i =
1
13 (3N, +1,2N, +1) Ay + 20,
@GN L), N
i=2,3,., N, 1 2 b
15 3N, +1,2i—1), L A ey o 24 anco
i=2,3, N, -1 2|, DT, T NO) (16.2)
i=2,3,..
16 - : _ b b b
(BN, +i,2i+1), lﬂkililN;(O) N, -1
i=2,3,., N, —1 2, 1
17 3N, +i,2(N, +1)), 1 = 7 = 7
(N, ( 1 +1) (Ao + ) + By — By,
i=2,3,..,N,~1 2
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MIPUMEHEHHS METO/[a KOHEUHBIX AJIEMEHTOB M AUCKPETHO-KOHTHHYAJIHHOTO METOa KOHEYHBIX JIEMEHTOB.
Yactp 2: OcoOeHHOCTH KOHEYHOIEMEHTHOH aNNpOKCUMAINN 1 331aHIE TPAHUYHBIX YCIOBHI

1 2 3 4
18 (4N,,2N,-3) /Tk_l,N,-u LNI’(I) (.16.2)
h N1 i=N,
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KOMIIBIOTEPHBIE TEXHOJIOI'MHU ITPU ®OPMUPOBAHUU
PACUYETHBIX MOJEJIE MOHOJIUTHBIX
’KEJE30OBETOHHBIX KOHCTPYKIIUM

A.H. Beoos', A.C. Canoé’, A.U. I'noumosé’, /1.B. Kyznueyoe’, 3.A. Caovikosa’
! HanmoHaIbHBIA MCCIIEN0BaTENbCKUM MOCKOBCKHI TOCYJapPCTBEHHBIN CTPOUTENIBHBIA YHUBEPCHTET,
r. MockBa, POCCU I
2V puMCKHit rocyIapcTBEHHBIN HE(PTAHOM TEXHUYECKMI YHUBEpCHUTET, T. Y da, POCCUI

AHHoTanus: PaccMoTpeHs! 0671acTy IpUMEHEHUSI OETOHOB M apMaTypHI OBBIIIEHHBIX KJIACCOB 10 MPOYHOCTH B
KOHCTPYKTUBHBIX DJIEMEHTaX MOHOJHMTHOTO JKeNe300€TOHHOrO Kapkaca. [IpeluioskeHbl aHAIUTHYECKUe
3aBUCUMOCTHU, KPUTCPHUU U TPAHUYIHBIC YCIIOBUA, YUCJICHHO ONMNCHIBAIONIUEC B3AMMOCBA3b ITOBBINICHUSA ITPOYHOCTH
0eToHAa W CHWXEHHsI pacxojla apMaTypHOW CTalmd JJs W3Tu0aeMbIX M C)KaTO-M3ruOaeMbIX 3JIEMEHTOB.
Pa3paboTaHbl pacyeTHO-aHAJUTHUYECKHE MOJEIH HAaNpsHKEHHO-Ae(OPMUPOBAHHOTO COCTOSIHUS TEPEKPBITHil
MOHOJIUTHOTO KEJIE300€TOHHOTO MHOTO3TAXHOTO Kapkaca Ha OCHOBE MPOBEICHHBIX MHOTO(AKTOPHBIX
YHCIICHHBIX WCCICIOBAaHUA ISl pa3lMYHBIX 3HAYCHUH TOJIIMH TEPEKPHITHH, MNPOJETOB, ICHCTBYIOIIMX
Harpy3oK, KJaccoB OSTOHa M apMaTypbl. BEIABICHBI pacyeTHBIC NApaMETPhI IUTUT MEPEKPBITHH, ONPENeISIOLINe
UX HECYIIYI0 cHocoOHOCTh. Ha OCHOBE KOMITBEOTEPHBIX TEXHOJOTHH CMOJCIMPOBAHO ONTHMAJbHOE CEYCHHE
KENe300eTOHHOTO AJIEMEHTA [0 KPUTEPUEO CHU)KEHHUSI MATEPHATIOEMKOCTH U PALHOHATBEHOTO COYCTAHUS KIaCCOB
6eToHa M apMaTypHlL.

Ki1oueBbIe €J10Ba: IPOrpaMMHBIC KOMIIIEKCHI, KOMITBIOTEPHOE MOZCINPOBAHNIE, JKENIe300ETOH,
BBICOKOIPOYHBIE OETOHBI, BRICOKHH KJIACC MPOYHOCTH, TIOAOOP ONTUMATILHOTO CEUCHHS e300 TOHHOTO JJIEMEHTA,
PaLHOHAIBHOE COUETAHNE KIIACCOB OETOHA M apMaTypBbI

COMPUTER TECHNOLOGIES IN THE FORMATION
OF COMPUTED MODELS OF MONOLITHIC REINFORCED
CONCRETE STRUCTURES

Anatoliy I. Bedov', Aleksandr S. Salov?, Azat I. Gabitoy?,
Dmitriy V. Kuznetsov?, Elza A. Sadykova’

!'National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
2 Ufa State Petroleum Technological University, Ufa, RUSSIA

Abstract: The areas of application of concrete and reinforcement of higher grades for strength in structural
elements of a monolithic reinforced concrete frame are considered. Analytic dependencies, criteria and boundary
conditions are proposed that numerically describe the relationship between increasing the strength of concrete
and reducing the consumption of reinforcing steel for bent and compressed-bent elements. Calculation-analytical
models of the deformation state of overlaps of a monolithic reinforced concrete multi-storey frame have been
developed on the basis of multifactor numerical studies carried out for various values of the thicknesses of
ceilings, spans, operating loads, classes of concrete and reinforcement. Calculated parameters of slabs are
determined, which determine their bearing capacity. On the basis of computer technology, the optimum section
of a reinforced concrete element is modeled according to the criterion of reducing the material consumption and
rational combination of classes of concrete and reinforcement.

Keywords: software complexes, computer modeling, reinforced concrete, high-strength concretes,
high strength class, selection of the optimal section of the reinforced concrete element,
rational combination of concrete classes and reinforcement
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Pa3BuTHe  BBIUMCIMTENBHOW  TEXHUKU B
NOCIEAHUE TOJAbl MpPHUBEIO K BO3MOKHOCTH
LIMPOKOT0 MCIOJIb30BaHUS YHCICHHBIX METOOB
OTIpeNieNIeHUs] HamnpspKeHUH W jaedopmanuii B
2JIEMEHTaX CTPOUTEIbHBIX KOHCTpYKIM. Cpeau
TaKUX METOJO0B HauOoJbIIee MPAKTUIECKOE
3HAUEHUE HMMEET METOJ KOHEUHBIX 3JIEMEHTOB
(MKD) [1]. B HacTosi11ee BpeMsi B MHKEHEPHOM
IIPAKTUKE MCIIONb3YETCS JOCTaTOYHO MHOIO
KOMIUIEKCOB, peanusytomux MKD.

B ciry4dac MNPUMCHCHUA IMporpaMMHBIX
KOMIIJICKCOB  PE3YyJIbTaTbl pacy€TOB CHJIBHO
3aBHUCAT oT KOPPCKTHOCTHU IMPUMCHSACMBIX

pacyeTHBIX MOJEJIeH, B MPOIECCe pean3aiiu
KOTOPBIX BO3HUKAIOT MHOTOTPaHHBIE BOMPOCHI
KOMITHIOTEPHOTO MOJICTTUPOBAHHS.
Ha CEroJHSsIIHUN JCHb
BBIUKCIIUTEIIEHOMI TEXHUKHU
YOPOCTUJIIO  pacyeT  CJIOXKHBIX  CTaTHYECKHU
HEOMNPENETUMBIX  CHCTEM. OJTO  CHH3HUJIO
MaTepUaIoeMKOCTh M TMOBJIEKIO 3a coOoi
yBeTUYCHHE 00bEMOB CTPOUTEIHCTBA 3aHUN U
COOPY)KEHH ¢ TPUMEHEHHMEM MOHOJUTHBIX
0e30a7109HBIX KapKacoB [2].

Jos KapKacHO-MOHOJIUTHBIX 3JaHHI
npuMeHeHne OETOHOB MOBBIIIIEHHBIX M BHICOKUX

pPa3BUTHUC
3HAYUTCIIBHO

KJIACCOB MPOYHOCTH TpeOyeT OLEHKH UX
TEXHHKO-D)KOHOMHYECKON 3¢ PeKTUBHOCTH.
Taxkas OIICHKA MPUMEHUTEITHHO K
KeJIe300€TOHHBIM KOHCTPYKLIHSM
nenecooOpasHa ¢ y4eToM  XapakTepa HX
Harpy>KEeHUS " HaNPSHKEHHO-
ne(hOPMUPOBAHHOTO COCTOSTHHSI.

CyllecTBYIOIUM  TOAXO K  ONPEIETICHUIO
3¢ (HEeKTUBHOCTH MOBBIIICHUS

MPOYHOCTH OETOHA MO KPUTEPUIO CHIKCHUS
pacxoia apMaTypHOM CTalld Ui CXaTbIX H
U3ru0aeMbIX JKEIe300€TOHHBIX JJIEMEHTOB B
JTUCKPETHON dopme IpeicTaBjIeH B
OTEUECTBEHHOW U 3apyOeXHOU JHTeparype
CyMMOH MPUMEPOB U HE TO3BOJIAET IMOIYYUTH
o0oOmaronye  MPeICTaBICHUS O  CBS3H
MPOYHOCTH OE€TOHA U pacxoia apMartypsl [3,4].
Hecymas CHIOCOOHOCTH U3rubaeMoro
(6a;movHOT0, MIIUTHOTO) 2JIEMEHTA OT JCHCTBUS
U3ru0AOIIer0o MOMEHTa PACCUUTBIBACTCS I10

dbopmyre:

RSO ASO

Mult = RSOASO (hO - 2R b
b0

) (1)

rne Rs, Rpo — pacy€THbIE CONMPOTUBIICHUSA
apMmaTypel U O€TOHa Il MCXOJHOTO CEUYCHUS;
ho, b — pabouas BbICOTA U NIIMPHHA
MPSMOYTOJIBHOTO CEYEHUs JJleMeHTa; Aso —
wionaap pabodel apMaTypsl.

[TpousBoas MOACTaHOBKY

As=uobho

B (1) (Bmecb wo — xodpdunueHt padoyero
apMHUpOBAHUS Ui  HCXOJHOTO  CEYEHHS),
TOJTyJaeM:

R 1,bh
= Ry piobhy (hy — M) .

Mult
2R,,b

)

Hecymasi crmocoOHOCTh BapWaHTHOTO CEYCHHUS,
OTJIMYAIOIIETOCs  OT  HCXOAHOTO  paboueii
BbicOTOU cedeHust (hg;), muomaapio pabdodeit
apMatypsl (4s)) (koadduuuentom pabdouero
ApPMHUPOBAHUSI /i), PACIETHBIM COIPOTHBIICHUEM
OeToHa Ha cXaTue JJs1 BapUaHTHOIO KJacca
(Rpi) u apmatypbl Ha pactskeHue (Ry), mpH

HEU3MEHHOCTH  IIUPUHBI  MPSMOYTOJIHHOTO
ceyeHus b, Oyner OTIPENIETIATHCS
3aBHCHMOCTBIO:
R, 1,bh
M, = Rso:uobho (ho _ﬁobo)
R_1.bh,
M . =R._ubh, (h, ——S00 3
ult suuz Oz( 0i 2Rbib ) ( )

M3MeHeHHe NPOYHOCTHBIX XapaKTEPUCTHK U
OTHOCHUTENIBHBIX pAacXoJI0OB MaTepHAIIOB IPH
COTNOCTABJICHUH HCXOJHOTO M BAapHAHTHOTO
CEUEHH MOXKHO y4yecTb 4epe3 KOI((UIMEHTHI
MU3MEHEHHsI COOTBETCTBYIOIIMX IMApaMeTPOB: ds
U ap — PACUETHBIX CONPOTHUBICHUU  JUIS
apMarypsl 1 OETOHAa COOTBETCTBECHHO

a=2 4B 4
R, “7r,
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Ws W Np — MaTepualoeMKoCTH (pacxoia
marepuaina) s apMatypel U OeToHa
COOTBETCTBEHHO
_ My _ Ny
=", =" )
Koo hy

Ycnosue PaBHOIIPOYHOCTHU IIPpHU O3TOM HOJYIUT
BU:

R 1 h
R, 1tsDhy (hy — xzo]/;o_o )=
50

= (Rya, ) ugn )o(hom, by, —
_ (Ryoa, (o1, ) o, )) _
2R, ,a,

asnsanSO/’IOhO) ) (6)

= a,n,n,RHebhy(n,hy — R 4
b0

Beenem mapamertp k,:

R
ky =22 (7)
2R,

[oncrasnss k, B (6), monydaem:

a,nm, ok,
_ s'ls
1= poky =anmn,(n, - ). (8)
a,
Torna B3aNMOCBS3b K02 (hPUITMEHTOB,
XapaKTEepU3YIOIIHNX 3¢ EKTUBHOCTD
BapHMAHTHOTO  CEUCHUS C  W3MCHCHHBIMH

napaMeTpamM - KJIacCOM NPOYHOCTH OETOHa,
pacxooM OeToHa, KOA(PGUIMEHTOM padodero
ApMUpPOBaHHA U PACUHCTHBIM COIPOTUBJICHUCM
apMaTypbl Ha PacTsHKCHUE, TPUMET BUJIL:

_alning ok,
b

= 2 : )
a,nm, =1+ pok,

[Tonydyennas 3aBucumocTh (9) HOCUT OOIIMIA

xapakrtep [5,6], mpeacraBieHa B Oe3pa3MEpHBIX

napamerpax (tabmuma 1) u  MoxkeT ObITh

UCIOJIb30BaHa [Tl PELICHUS CISTYIOIIUX 3a/au:
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1. cHW)XeHHEe pacxoja apMaTypHOH cTajlu 3a
CYET IMOBBIIICHUS KJIacCa MPOYHOCTH OETOHA
Ha CXaThe IpU HEU3MEHHOW IPOYHOCTH
apMaTypbl U HEU3MEHHOM pacxoje OeToHa
(as=1, np=1);

2. CHIDKEHHME pacxojla apMaTypHOW cTaiu 3a
CUET yBEJIMYEHUS BbICOTHI PA0OYEro ceueHHs
DJIEMEHTA, T.€. TOBBICHHUA  YICIBHOTO
pacxoga  OeToHa  IIpH HEU3MEHHOM
npodyHoctd OetoHa W apMatypsl  (ar=1,
as=1);

3. CHWXKEHHWE YJIEIFHOTO pacxojga OEToHa Mpu
HOBBILICHUM KJIacca MPOYHOCTH OEToHa Ha
COKarthe Tpu OJMHAKOBOM TIPOYHOCTH H
HEM3MEHHOM pacxoze apMarypsl (as=1, 7s=1);

4. CHI)KEHHUE pacxo/ia apMaTypHOU CTallu IyTeM
3aMeHbl UCXOAHOTO Kjlacca CTaau (HarpuMep
A400) Ha TOBBIIIEHHON MPOYHOCTHU Kjlacca
A500C mpu OAMHAKOBOM IPOYHOCTH U
HEM3MEHHOM pacxoje 0eroHa (ar=1, 7 =1).

BeInonHeHO KOMIBIOTEPHOE  MOJCIUPOBAHHE

ONTUMAJILHOTO BapHaHTHOTO CeYeHus
XKene300€TOHHOTO  3JeMEHTa 10  KPUTEPHIO
CHU)KEHUS MaTepUaJIOeMKOCTH u

paloHaIbHOTO COYETaHUS KJIAccOB OETOHA H
apmatypsl [7,8]. HamoxeHnbl orpaHu4eHus 1o
BTOPOI1 TpyYIITIE MPEAETHHBIX COCTOSIHUI.
HcxomaeiMu  TlapameTpamMul  JiIsi  BhIOOpa
ONTUMAJFHOTO PEIICHUs MPH HCIOJIb30BAHUU
MIPOTPaMMBI SIBJITFOTCSI KJTACC TIPOYHOCTH OeTOHA
U apMaTyphbl, IPOLIEHT apMHUPOBAHUS U PEUICHHE
TpeOyeMol 3ajmauM MO0 W3MEHEHHWIO Kilacca
O0eroHa unm apmatypsl. [Iporpamma mo3BossieT
paccuuTaTh Ha BBIXOJE ONTUMANBHBIN pacxo
apMaTypHOHM CTaJld BapUAHTHOTO CEUCHHS TPU
MPUMEHEHHUN BBHICOKOIIPOYHBIX OETOHOB KIJIACCOB
1o B90 [9,10,11]. Pacuer BeneTcst mpu OJHOM U
TOW e HecyleW CrnocoOHOCTH H3rHbaeMoro
HIIEMEHTA.

[Tporpamma MO3BOJISIET BEITIOJTHUTH
BapHAHTHYIO KOJMYECTBEHHYIO OLIEHKY pacxo/a
apMaTypHOI cTanu JUTST U3TU0aEeMBIX
KeJe300eTOHHBIX AJIEMEHTOB 0e3
MpEIHANPSDKCHUS TPU U3MEHEHHH TPOYHOCTH
0eToHa Ha C)KaTue M KJlacca apMaTypHOU cTalu

(puc. 1).
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Tabauya 1. Pe3ynomamvl peuieHusi OCHOBHbIX 3a0ay NO OyeHKe 3pdexmusHocmu npumeHeHus
OemoHo8 U apmMamypHulX Cmanei NOBbIUEHHBIX U BbICOKUX KAACCO8 NPOYHOCIU 8
useubaemvix (NIUMHBIX) d1eMEeHmMax

OrrocurenpHble | DOpMyYITbI B3aUMOCBSI3H TAPAMETPOB, XapaKTEPHU3YIOIINX

Coneprkanue 3amaqu rapameTphl s dekr

ds| Qb | Ns | Wb

z

OddexTuBHOCTHL
TIOBBIIICHHUS
MIPOYHOCTH OETOHA 10 772 1ok
KPUTEPHIO CHUKCHHS a, = % . a, \/aj —duk, +4uikla,
acxoza apMaTypHOU Ny + Hoky — s =
Ic)TaJH/I npnp P 2Hoky
HEM3MEHHOM PacXojie
OeToHa
Onrumusanusa
COOTHOIICHHMS
YIENbHBIX PacX00B
0eTOHA M apMaTypbl
B TUTUTHBIX
JIIEMEHTaX
OdderTuBHOCTH 5
HOBBIICHUS a, 1, Mok
3 | mpounoctu 6etoHamno |1 [ay |1 | 7 ny =1+ uk,
KPHTEPHIO CHIKEHHUS
pacxozaa OeToHa
CHmwKeHue pacxoza
apMaTypHoO#l cTanu
MIyTEM 3aMEHBI
HCXOJTHOTO Kitacca

_ Iy = Ak, +4uik;
2uokon,

s

CTaJIU O MPOYHOCTH T P YETE

4 | Ha NOBBILICHHBIH as| 1 |7 |1 N, =— \/ Holo +F o Ky
KJIacC TIpH 2u.kya,
OJIMHAKOBOU

MIPOYHOCTH U
HEU3MEHHOM PacXxo/ie
OeToHa

D¢ eKTHBHOCTD
TIOBBIIICHHS
MPOYHOCTH OETOHA U
apMaTypHOM CTaJIH 110

_ i\/a,f —4uk,a, +4uck a,

S | KpUTEpHUIO CHUKEHUA | as | ap | s | 1 n,

pacxozaa apMaTypHOH 2pqkoa,

CTaJiu 1pu

HEM3MEHHOM Pacxojie

OeToHa
Ob6nacthb MPUMEHEHUS MporpamMMbl — BapuaHTHOro ceueHus. Pacuer Benercss mnpu
MPOEKTUPOBAHUE MOHOJMTHBIX OallOYHBIX M OJHOM W TOM Ke Hecyleld CcrnocoOHOCTH
0e30aJT0UHBIX TIEPEKPBITHIA. M3rudaeMoro »JIeMeHTa.

[TporpaMMa moO3BOJISIET paccuUTaTh Ha BBIXOJE
ONTUMAJBHBIA  PAcXol apMaTypHOH cranu
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Ml PacuiT cHHWE HHA PACXDAA APMATYPbI E]@@

MexoaHoe ceyeHue
Knacc Gerona:

e = B20
Knacc apmatyps::

A400 (AITT)

%
15 % <

Pacxopn apeaTyps (%%):

A400 (AILT); 1,5%

BapuaHTHOe ceyexue
Knacc Getona:

B35 v
Knacc apmMarypei:

I ——

Pacxop apmatyps (%):
1,30859053548149

—_—
o o &) a o]

A400 (AIIT); 1,309%

Pacxoa apmaType! MoXeT BbiTe cokpal@H Ha 12,761%

B Pacu@T cHMMe HHA PACXDAA APMATYPSI

WexoaHoe ceyenue
Knacc betona:

B2O -
Knacc apMaTypoi:

A%400 (ALLT) -
Pacxopg apMatype (%):

HHBI NADAMETPOS

we 1,72%

BEPHEHTHOE cedveHuve

Knacc Getona:
B20

s

A400 (aIIl)

B20 -
Knacc apMarypesi:
oo

Pacxop apsaryps (%):

Pacxon apMaTypel MOXeT ObiTh cOKpawweH Ha 18,391%

Pucynox 1. I'paguueckuii unmepdeiic nonvzogameins npocpammol « Pacuem sghghexmuenozco
pacxooa apmamypHot cmany 0 8APUAHMHO20 CeYeHUsl U32UOAEMO20 HCeNe300emOoHH020
NeMEHMax.

B nocnennen 3aperucTpupoBaHHOM IIporpamme
pacder OCYLIECTBISETCA IO BCEM YEThIPEM
napameTpam ceueHMs: paboyasi BHICOTa CEUCHHS
(hoi)), mmomans paboueit apmarypbl  (Asi)
(ko3¢ durment paboyero apMupoBaHUs (i),
pacyeTHble CONMpPOTUBIICHUS OETOHA Ha CXKaTue
JUIsE BApUAHTHOTO Kjacca (Rp) M apMmaTypsl Ha
pactspkenue (Ry;).

[Tonb3oBarens fomkeH BbIOpaTh MapaMmerp
BapUAHTHOTO CEUYEHUs, KOTOPbIH OH XO4YeT
U3MEHUTh (Kjacc OeToHa, Kiacc apMmaryphl,
pacxon OeToHa WM apMarypsl). AJITOPUTM
nporpaMMbl M rpadudeckuii  uHTepdeiic
MPEJICTaBIICHBI HA pUC. 2.

[Ipennaraemsblii anmapar MO3BOJIAET ONEPATHBHO
BBITMIOJIHUTD KOJIMYECTBEHHYIO OLIEHKY
9G(HEeKTUBHOCTH U BBISIBUTH PalMOHAILHBIC
00J1acTH TIpUMEHEHUsT OETOHOB ITOBBIIIICHHOM
NPOYHOCTH B M3TUOAEMBIX >KEIe300€TOHHBIX
JJIeMEHTaXx Uil  TE€XHMKO-3KOHOMHYECKOTO
00OCHOBaHMS Ha CTAIMM MPOEKTUPOBAHUS, UTO
OCOOCHHO  BaXXHO TMpPU  MPOEKTUPOBAHHUU
KapKacCHO-MOHOJIUTHBIX 00BEKTOB [12].

Ha ocHoBe wcnonb3oBaHus MPOTPaMMHBIX
kommiekcoB  SCAD-Office u  JIMPA-CAIIP
ObUIM  OmpeneseHbl  OCHOBHBIE  YCHIIMS,
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MIPOU3BEACHBI pacyeThl HECYyILIeH CIOCOOHOCTH
3JIEMEHTOB Kapkaca u orpezieNeHbl
XapaKTePUCTUKU apMUPOBAHHUS.

JlanHble aHanmM3a 1O CHIDKEHHUIO pacxofa
paboueii apmarypsl A400, a Taxke o apMaType
A500C yka3pIBalOT Ha TO, YTO HMCIOJb30BaHUE
0eTOHOB 0c000 BBICOKMX KJIACCOB IMPOYHOCTH
JaeT MaKCUMaJbHBIA 3(Q(deKT Ui n3rudaeMbIx
(MIUTHBIX) 27eMeHTOB Okojio 25%. W3 storo
aHaJu3a TakXkKe CIEQyeT, YTO MpeAelbHbIM
YPOBHEM TMOBBIIICHUS TPOYHOCTH OETOHA TPH
ucxogHom kiacce B20-B25 cnemyer cuurtath
KJacc MPOYHOCTH B40-B50 [13,14].
[Ipumenenne OETOHOB KIJIACCOB MPOYHOCTH
Beimie B50-B60 B wm3rubaeMbix (TUTUTHBIX)

JJIEMEHTaX C [EIbl0 CHIKEHUS pacxoja
apMaTypHoil  craim  HEI((EKTUBHO,  UYTO
ITOATBEP>KIAETCs JAHHBIMHU PUCYHKOB 3.

Pacuersl 1o BTOpPOH Trpymnme IpeaeiabHbIX
COCTOSIHHI (medpopmariun u
TPELMHOCTONKOCTD) BBISIBUIIN B

OKOHYATENIbHON (hopMe pariMoHaIbHBIE 00IacTH
MPUMECHECHHSI OCTOHOB TMOBBIMICHHBIX KIIACCOB
M0 MPOYHOCTHU Ha cxatue u apmarypsl ASO0C B
3aBUCHMOCTH  OT  TOJIIMHBI  H3THOACMBIX
aneMeHTOB U pacxona (%) pabouei apMaTypbl
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M ilo e aobeton DE&E

BBog knaccos HMecxopHos cevenme
NPO4YHOCTH 6eToHa Knace berona:
1 apmartypebl [ - o0

Bascora cwaroi e Geions (nm);
18

Hnace apuaType: J i
#400 (8211) - —
Precxog apearypes {V): a o QS o e

15

00 (AT, 1,5%
10<he<25 BapuaHTHOE ceveHne
Knace Berom:
I - B35
BuiBoa a Buacata onato sons berona (me):
npeaynpexneHns: A ™)
NpOBEPUTHL YCIOBYUS Knacx apmarypas: oo
201 rpynnbl K00 (4111} B | — —
Pacxap apssarype (%): o o So o /o
®  [1,30859053548149
A400 [AITT), 1,300%

Pacxon GeToHa Ha 1 KB. M NAMTEl C YY4ETOM 3alMTHOrO cnor 30 MM (ky6. M):
ucxoaHoe: 0,21

sapuaHTHoe: 0,21

Pacxop apMaTypel Ha 1 KB. M nAuTe! (Kr):

ucxogHoe: 21,06

BapHaHTHoe: 18,3726111181802

Pacuet
pacxona
apmartypbl

Pacuer
pacxopa 6eToHa

BBoga hy, knaccos BBog knaccos

HeT

ﬁ 10<ho<25

10<ho<25
NpoyYHOCTU GeToHa npo4HocTn GeToHa
1 apMmartypbl 1 apmartypbl BbiBoa
na npefynpexaeHns:
NpOBEPUTL YCIIOBYSI
201 rpynnbl
]
Beoa
pacxopa
apmarypbl Beoa

pacxoaa apmartypbl
BbiBOg
npeaynpexaeHns: Aa
NpoBEPUTL YCIIOBUS
201 rpynnbl
Mi=HoNs
ho=np Ro
\I/ ‘ Reui=ap Roo
BbiBog \|/
pacxoga
apmarypbl Mopn6op knacca 6eToHa,

BbiBoa hyi WUCXOAS U3 CONPOTUBMEHUS

BbiBOA KNacca
6eToHa

BbiBoA Po, Mi, ho, hoi

Pucynox 2. bnox-cxema u epaghuueckuti unmepgetic noivzosamesi pazpadomarHoul

npozpammul 0151 IBM.
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K., % Apmatypa AS00C
0.8
0.7
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0.5 § e
% \ ~ BRO
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\E \‘
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PuCZHOK 3. 3asucumocmu npoyerma apmupoeaHusl ont moJjlyursvl niumsl, Kiacca
npovHocmu bemoHna u cemku KOJIOHH Kapkaca.

Ko, % Apmarypa A400
0,8
0.7 \
!\ ‘~\.*
06— Nt
NN\ . B20
BRSNS
b} \ ~
>~ B20 N
0.4]— B30 TN LN -,
> ™ NN ; \ ]
‘ﬁ 3%\\\ =Eb‘~
0,3 ‘34\&\\\\\\%?3_@
IR RENRNNNS
SN B N
0:2 4 B.:R).L \ e t\ ‘1:\‘\\;
USRS
% MRL\ '
T e e O gt SO
0.1 B40m =
B60 ==
0,16 0,18 020 022 024
TomuuHa mmte h M
a -45M; o-6M; @-720M - -2=>03 MM
[14]. Pe3ynbTaTel ATUX pacyeroB
MpEJICTaBIICHBI HA pUC. 3.
B Xoze aHanusa IIPOBEACHHBIX
MHOTO()aKTOPHBIX WCCIIeIOBAaHHH "
[PEUIOKEHHBIX pacyYeTHBIX Mozeen
HaINpsHKEHHO-IEPOPMUPOBAHHOTO  COCTOSTHHS
MOHOJIUTHBIX )KCJI8306GTOHHBIX 3JIEMEHTOB
yIAIOCh CYIIECTBEHHO YTOYHHUTH pacUETHBIC
napaMeTpel, OTIpEICIISAIOINE HECYIIYIO
CIOCOOHOCTh 3TUX OJJIeMeHTOB. Ha ocHoBe
MMPOBCACHHBIX I/ICCJIGIIOBaHI/Iﬁ C

HCIOJL30BAHHEM HDKOHOMHUKO-MAaTEMAaTHUYECKUX
METOJIOB Pa3pabOTaHbl M 3apETUCTPUPOBAHBI B
PocnartenTe P®  aBroMarusupoBaHHBIE
NporpaMMHBIE  KOMIUIEKCHI,  [O3BOJIAIOIINE

Volume 13, Issue 4, 2017

ONEPAaTUBHO pemiaTh 3aJaud ONTHUMHU3ALMHU
pacyera W KOHCTPYHUPOBAHHUS MOHOJUTHOTO
JKEJIe300€TOHHOTO KapKaca.

Takum oOpa3oM, MOXKHO cJienaTh BBIBOJ, YTO
JUISl CHMDKEHMS pacxojia apMaTypHOU CTalld TIPU
mpojieTax 0 6 M ONTUMAJIbHBIM SIBIISIETCS
MPUMEHEHHE OETOHOB KJIACCOB IO MPOYHOCTH
Ha cxkarue - 10 B40, a npu nponerax cbiiie 6
M — 1o B50. PesynbraThl ucciaeaoBaHUil
MIPUMEHEHBI npu MPOCKTUPOBAHUH u
CTPOUTENLCTBE psiia  KapKACHO-MOHOJIUTHBIX
3IaHWI TIOBBIIICHHON 3TaXXHOCTH B PecmybOmnke
bamkoprocras.
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ITERATIVE AGGREGATION METHOD FOR SOLVING
PRINCIPAL COMPONENT ANALYSIS PROBLEMS

Vitaly E. Bulgakov

SemanticPro, Boston, USA

Abstract: Motivated by the previously developed multilevel aggregation method for solving structural analysis
problems a novel two-level aggregation approach for efficient iterative solution of Principal Component
Analysis (PCA) problems is proposed. The course aggregation model of the original covariance matrix is used in
the iterative solution of the eigenvalue problem by a power iterations method. The method is tested on several
data sets consisting of large number of text documents.

Keywords: principal component analysis, clustering method, power iteration method,
aggregation method, eigenvalue problem

HNPUMEHEHUWE UTEPAIIMOHHOI'O ATPEI'HPOBAHUA
B METOJE I''ABHBIX KOMIIOHEHT

B.E. byncakoe

SemanticPro, r. bocron, CIITA

Annoranusi. [lpeanaraemblii METOJ MOTHBHUPOBAaH pa3pabOTaHHBIM paHee WTEPAlMOHHBIM MOIX0J0M
MHOTOYPOBHEBOT'O arperMpoBaHMs JUIS PEIICHMs 3a/1a4 pacu€ra CTPOMTENbHBIX KOHCTpyKIMi. Ilpu pemenun
33724 METO/IOM IJIAaBHBIX KOMIIOHEHT NPUMEHSETCSI METOJ| CTEIIEHHbIX UTEpalii Ha OCHOBE arperupoBaHHON
MOJIETIH MCXOJHOIM KOBapHMaHTHOM Martpuipl. MeTol NMpOBEpPEeH IpH TECTUPOBAHHM DPsiJla MacCHBOB JaHHBIX,
Ka)KIIbI N3 KOTOPBIX BKJIIOYACT OOJIBIIOE KOJTMYECTBO TEKCTOBBIX IOKYMEHTOB.

KiroueBble ¢JioBa: METOJI TIIaBHBIX KOMITOHEHT, KJIIACTEPHBIN aHAN3, HTEPAIIMOHHBIN CTEIIEHHOW METO/I,
METOJI arperupoBaHusl, MpodiemMa COOCTBEHHBIX 3HAYCHUIA

1. INTRODUCTION

This work was envisioned as application of the
multilevel aggregation method [1] developed by
the author back in 90s to PCA problems.
Multilevel aggregation method was an extension
of well-known multigrid methods [2] from
boundary value problems to general structural
analysis problems which brought it to the class
of algebraic multigrid methods. The idea of the
aggregation method was to use some naturally
constructed course model of the original finite
element approximation of a structure which
provides a fast convergence for iterative
methods for solving large algebraic systems of
equations. One of applications of this method
was an iterative solution of large eigenvalue

problems arising in structural natural vibration
and buckling analyses [3]. In these problems a
sought set of lowest vibration modes can be
thought of as principal components of structure
behavior. An obvious similarity with PCA was a
turning point to start looking for a proper way to
create an aggregation model for data matrix
approximation and use it for efficient solution of
PCA problems.

In this study PCA [4] is applied to and the
method is tested on text analysis problems. A
tested data set consists of documents each of
which produces an N-dimensional vector stored
as a column of a data matrix which values are
term frequencies. Our raw data comes in the
form of text files from data sets such as medical
abstracts and news groups. The purpose of PCA
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is to iteratively compute a set of highest
eigenvalues and corresponding eigenvectors of
the covariance matrix. Covariance matrix is
never formed explicitly. The main operation is
multiplication of large sparse data matrix or its
transpose by a vector. The course aggregation
model of the original covariance matrix is used in
the iterative solution of the eigenvalue problem.
Original covariance matrix and its approximation
of small size assumes similarity of leading
eigenvalues and eigenvectors. This fact allows
fast convergence of subspace iterations at
minimal additional computational cost.

For numerical experiments we use R language
which is rich of linear algebra, statistical and
graphical packages.

2. PCA PROBLEM FORMULATION

PCA in multivariate statistics is widely used as
an effective way to perform unsupervised
dimension reduction. The essence of this
method lies in using Singular Value
Decomposition (SVD) which provides the best
low rank approximation to original data
according to Eckart-Young theorem [5]. Let n
data points in m dimensional space be contained
in the data matrix which is assumed already
centered around the origin for computational
stability

(x1, X200, Xn) =X (1)
Then covariance matrix is
A=XXT (2)

Let (4 ¢x) be an eigenpair of A, where
eigenvectors ¢ define principal directions.

3. AGGREGATION MODEL
In order to create an aggregation model we

divide the entire set of data vectors x; into no
clusters using some similarity criteria where
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no << n. We will explain later how we do
clustering. We assume that all vectors within the
cluster are similar and a single representative of
a cluster is an average of all vectors x; where
i € clustery or for clusterr we have

L, oy,

dlmk i€cluster,

0 _
.Xk_

3)

Transformation of matrix X to Xo is done using
matrix R which we call aggregator

Xo=XR 4
where R[i, k] =if i € clusterr then —— else 0.
Ly
Xo 1s of size (m, no).
Approximation 4o of covariance matrix 4 is
Ao=XoXo" = XRR™X" (5)

Formally matrix AO is of the same size as A but
has a much lower rank. We do not need to use
form (5) for computations. For matrix vector
multiplication we rather use sparse matrix X0
which according to (3) is constructed by simple
averaging of vectors inside a cluster and
Aov = XoXo" (6)
Therefore Aov requires O(mno) operations which
is much lower than O(mn) operations required
for Av. We also expect and this is confirmed by
numerical experiments that convergence of
iterative methods for solving partial eigenvalue
problem for Ay is faster than that for 4.
There are quite a few clustering techniques
known as computationally efficient. Besides
since we need clustering as an auxiliary
procedure we do not need highly accurate
clustering results. In this study we use K-means
clustering algorithm [6] which became very
popular in data mining, unsupervised
classification, etc. and which converges quickly
to a local optimum.
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Our experience says that the aggregated
problem with a small number of clusters
provides a good resemblance of the original and
approximated covariance matrices in terms of
first (highest) eigenvalues which is important
for the iterative method described below.

In Figure 1 this resemblance is demonstrated
where we show distribution of first 10
eigenvalues of both matrices where the data
matrix X was obtained by processing 2014
documents of “Cardiovascular  Diseases
Abstracts” corpus. Matrix Xo was obtained by
K-means method with 10 clusters.

086 08 1.0
1

04

02

0.0

4 8 10
Figure 1 Distribution of I 0 first eigenvalues

of the original and approximate covariance

matrices for 16058 by 2014 data matrix and 10
clusters.

4. ITERATIVE METHOD

We use power iteration method [7] for for
solving auxiliary aggregated eigenvalue
problem and a modified power method for
solving the original eigenvalue problem. This
method is also known as subspace iteration
when used to simultaneously iterate a set of
eigenvectors. One iteration of the power
algorithm consists of the following steps:

~+1 1 k
fori=1ltol: Ui = kH*A”i

Volume 13, Issue 4, 2017

k fe+l ~k+l o~k
u; +1,...,u1+ = orthonorm (ul M yeeeslU +1)
with approximation of eigenvalues (7)
A=
which starts with a set of [/ initial
approximations of first eigenvectors
@y, u, ..., u%) = U

The key property of the power method is that if
approximation u°; is spanned by matrix 4
eigenvectors  subspace, then  after £
multiplications of matrix 4 by this vector the
linear combination of eigenvectors will be
weighted by 4; to the power k which gives boost
to terms corresponding to highest eigenvalues:

Afu = Zcilikgol
k

In the method proposed for the first / principal
directions of PCA we will need first £
orthonormal eigenvectors of 4o g1, q2,..., g«
where k& >= [. These vectors can be obtained by
algorithms (7). We will also need matrix Pi

®)

Pi=4qiq"i )
Since

q'iq;= i
and

P.P; = P;,

it is a projector to the subspace of i -th
eigenvector of 4o. We will modify method (7)
using this projector in the following manner:

~k+1

fori=1tol: H B” where

Bufi = Auki + ai ¥ PiAPuY and
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. ~k+l1 k~k+1
o => min ”Al/tl — j‘i ul. ”

(10)

~k+1)

k+1 k+1 ~k+1
= orthonorm (U, ,....u;

up ..U
with approximation of eigenvalues

This approach can be thought of as "help” to the
power iteration method to converge on the
subspace of eigenvectors of the aggregated
problem. The intuition for that is similarity of
first eigenvectors and eigenvalues of the
original and aggregated problem if clustering is
done properly. Let

u= Zci(pi

where ¢, are eigenvectors of the original
covariance matrix 4 and P; be a projector on
subspace of ¢i. Then

Au+ o Py APru = Zcii,-kqoi +c, A, (1 + a)gok
i#k
(11)

If a is chosen big then the second term of this
expression dominates over the first term thus
providing convergence for ¢; in one iteration
step a can be derived from the condition stated
in (10):

~k+1 ~k+1 k~k+1
®@+)ﬂM%+_4%+|

i

o=>min® =——=0

o (12)

This equation leads to the quadratic equation for
a. Omitting indexes and skipping details we
arrive at the following expression for o

_ (#PuaPu) - 20 (420 Fu )+ 27 (4w, Fu)
(Au,AFu)— 2A(Au,Fu)+ 22 (FuFu)
(13)

where F = PAP.

Vitaly E. Bulgakov

We note that as you can see from (12) a is
chosen from the previous step to simplify
computations. This can also be justified by the
fact that eigenvalues converge faster than
eigenvectors. Detailed algorithm discussion is
out of scope of this paper. We just mention here
that all operations with matrix 4 are reduced to
the matrix vector multiplications of the sparse
data matrix X or its transpose X' .

5. NUMERICAL EXPERIMENTS

For numerical experiments we used two data
sets. The fist one is ”Cardiovascular Diseases
Abstracts” which is a set where each abstract is
an individual document. The data matrix X size
is 16058 by 2014 where the first value is the
total number of terms and the second one is the
number of documents. We searched for 10 first
eigenvalues of the covariance matrix

A=XXT

and used 10 clusters for constructing auxiliary
aggregation problem

Ao = XoX 7.

So the size of this problem is more than 201
times lower than that for the original problem.
The problem is solved using algorithm (10).
Figure 2 shows changes of parameter _ for the
first three eigenvectors. As expected the biggest
contribution of projectors (9) is observed in first
iterations to suppress errors caused by initial
eigenvector guesses. After some number of
iteration contribution of projectors is getting
smaller while eigenvectors are getting more
accurate.

We measure convergence of eigenvalues
through
HAk+1 _ AkH
F
Errory= "
|~
F
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I I I I I I I I
1 2 3 4 5 6 7 8
Figure 2. o changes with iteration number.
a1 (for eigenvector 1) - red, a2 (for eigenvector
2) — green, o3 (for eigenvector 3) — blue.

and convergence of eigenvectors by the residual
matrix through

Error, = HA Uk — UkAkHF

where || || , is a matrix Frobenius norm, U*

consists of orthonormal vectors

k k
Uy ,... U

which are approximations of the eigenvectors
and A*is a diagonal matrix of approximations of
eigenvalues. Errors graph is demonstrated in
Figure 3.

A good convergence rate of the iterative
process is demonstrated. After 40 iterations we
got Error; = 0.00038 and Error, =0.0017.

The second corpus was “talk politics” set
from the news groups. Size of this problem is
13511 (terms) by 1171 (documents). We
searched for 10 first eigenvalues of the
covariance matrix and used 10 clusters again.
The quality of the clustering aggregated model
can be viewed by comparing eigenvalues of the
original and aggregated covariance matrices.
Figure 4 demonstrates a good resemblance of
eigenvalues distribution.

Volume 13, Issue 4, 2017
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0.00
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Figure 3. Eigenvalues and Eigenvectors
convergence for “Cardiovascular Diseases
Abstracts” data set. Error; —red, Error: —
green.

1.0

06
I

04

I I I I I
2 4 6 8 10
Figure 4. Distribution of 10 first eigenvalues of
the original and approximate covariance
matrices for 13511 by 1171 data matrix and 10
clusters.

Convergence graph is demonstrated in Figure 5.

After 40 iterations we got Errori = 0.00044 and
Error, = 0.00049.
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Figure 5. Eigenvalues and Eigenvectors

convergence for "News Group” corpus. Error;

—red, Error; — green.
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OKCIIEPUMEHTAIBHOMY W3y4YEHUIO BIUSHUE pa-
TUAITMOHHBIX TIOJIEH Ha MeTalTM4ecKue, OeTOH-
Hble, monuMepOeToHHbIe, (GuOpoOEeTOHHBIE |
KEJIe300€TOHHBIE KOHCTPYKIUU  TOCBSIIEHO
OTIpe/IeIEHHOE KOJIMYECTBO HAyYHBIX TPYIOB.
OnHaKO TEOPETHYECKHUX HCCIIEeIOBAHUM, MOCBSI-
HICHHBIX MaTeMaTU4YeCKOMY MOJEIUPOBAHUIO
MOBCACHHUA 3TUX APMUPOBAHHLIC TNIACTUHYATHIC
3JIEMEHTHl KOHCTPYKIMUA B YCJIOBHUAX BO3JACH-
CTBUAX paduallMOHHBIX CpCl, HCAOCTATOYHO.
KoHCcTpykTHUBHBIE 37€MEHTHI, paloTaroliue B
YCIIOBUAX PaAUAllMOHHOTO BJIMAHUC BBIIIOJIHA-
I0TCS U3 JUCHEPCHO WM JUCKPETHO apMHUpO-
BaHHOTO OeToHa B opme NTUOO IMIMHIpUYE-
CKHUX, JINOO MPSMOYTOJIbHBIX eMKOCTeH. B cBs3H
C 9TUM MpodIeMa pacuera apMUPOBAHHBIX KOH-

CTPYKLIHMI C YYETOM BO3JCUCTBUS paTUALIMOH-
HBIX CpEJ SBJISIETCS akTyanbHOH [1,2].

B cratbe paccmarpuBaetcs mojnenb AeQopMu-
pPOBaHMUSI IPSMOYTOJIBHON (HUOPOOETOHHOH ITa-
CTUHBI ITOJ1 BO3JEHCTBUEM paJUallMOHHBIX CpE.
IIpu pacu€re mIacTUHBI PacCMAaTPUBAIIUCH Pa3-
JUYHBIE CXEMBbl BO3JECUCTBUS NPHIOKEHHOMN
BHEIIHEH HArpy3Kd M pagualMOHHOM CpEeJbl.
[Tpu mocTpoeHuu MojEIN HUCHOJIb30BaH (heHo-
MEHOJIOTUYECKHN TOJXO0J, OCHOBBIBAKOLIUKCS
Ha paccMoTpeHun GhubdpodeToHa U Kene300eTo-
Ha KaKk HEOJHOPOJHOW Cpenbl C MCIOIb30BaHU-
€M TpaJuLUMOHHOM METOJOJIOTUM MEXaHUKHU
TBEPABIX Je(POPMHUPYEMBIX Tell, B JaHHOM CITy-
4yae CTPYKTYPHBIX mapameTpoB [3].
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Pazpematoiee muddepeHnnanbsHoe ypaBHEHUE
u3ruba IUTAaCTHHBI C YYETOM pPagHalliOHHOTO
o0Iy4YeHus:
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XKEctkocTH, BXOAAIIME B OTH BBIPAKCHHS,
oTpeAeIsIoTCs HopMyITaMHu:
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TJ€ zp — YpaBHEHUE HEUTPaIbHON MOBEPXHOCTH,
OTACJISIONIEN PacTAHYTYIO 30HY IUIACTHUHBI OT
CXKATOM; i, j — HWHIEKCHI, XapaKTEPU3YIOLIHE
CXKATyl0 U PaCTAHYTYIO 30HBI IUIaCTUHBIL. [Ipu
paCTSIHYTOM HMKHEH 30HE M3rnOaeMou IUIacTh-
Hbl j=1, i=2; Ipu pacTAHYTON BEpXHEU 30HE
U CKaToW HWXHeW j=2, i=1; h — TommuHa
IUIACTHHEL.

3aBUCHUMOCTh, XapaKTepHU3ylolllas pacrpesene-
HUE 103kl 00MydeHus (IrOeHca MO TOJIIHHE
KOHCTPYKLUU (2JIEMEHTA):

P _ (Aj _Bjej)’ D< Dy,
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3aBUCHUMOCTD, OIIMCBIBAIOIAs U3MEHEHUE paju-
AI[MOHHOTO PacIyXaHUs:
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T'I€ E€max — JAHHOI'O COCTaBa MaKCUMaJIbHOEC 3Ha-

YeHUe paJMalMOHHBIX AedopMmaiuii 1 6ero-
Ha; £€¢ — paJHAIMOHHBIE nedopmanuu OETOHA
WIN PaJMallMOHHOE paciyxaHue (0ObeMHOe H3-
MEHEHHE); 0, v — IMIHUPUYECKHe KorpuIueH-
Thl, 3aBUCSIIME OT paJualMoOHHON aedopma-
TUBHOCTH 3allOJHHUTENSI W OHEPTeTHYECKOTO
CIeKTpa MOTOKa HEHTPOHOB; @ — 103a 00yUe-
Hust win (pmoeHc); Piuop, DP2nop — MOPOTOBBIE
70361  OOJY4eHHUs, MO JIOCTUKEHUIO KOTOPBIX
HAUMHAETCS M3MECHEHHE MEXaHUYECKHX Xapak-
TEPUCTHK W MOSBISAETCS PACIYXAHUE; &, &, £,,

— nedopMalius TOYeK CPeIMHHON TOBEPXHOCTH;
Xe> Xy» Xy — KPHBU3HBI B OTHX TOYKAX; Z — KO-

OpIMHATHl PACCMATPUBAEMBIX TOYEK, OTCUHUTHI-
BaéMbl€ OT CPEIMHHOI MOBEPXHOCTH; V; — KO-
3 PUIMEHT nonepeyHoit aedopmarnum; e, — UH-
TEHCUBHOCTH JiehopMaliuii TOUKH.

Pa3zpaboranbl MeToMKAa U MPOTPAMMHBIA KOM-
TJIEKC, pealn30BaHHbIN Ha 0aze Matlab, mo3Bo-
ISIOIMME HCcaeaoBaTh aaHHoro cocraBa HJIC
GbuOpoOETOHHOW TIIIACTHMHBI W BBINOJTHUTH €€
pacdér mpu COBMECTHOM JCHCTBHH HArpPy3KU U
paZualMoOHHOTO OOJy4YeHHUs] TpHU Pa3IUYHBIX
CXeMax W CpoKax BO3JEHUCTBUS paAvalluu U
BHEIIIHEH MPUJIOKEHHOW Harpy3ku. Hmke (Tabd-
munsl 1, 2) mpuBeneHbl pe3yabTaThl pacyéra

Volume 13, Issue 4, 2017

(uOpPOOETOHHOM TUTACTUHBI MPH PA3HBIX CXeMax

BO3JICUCTBUS  paJdallUd W IPWIOKEHHOU
Harpys3Ku.
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P.b. T'apu6os

Tabauya 1. Pezynbmamul pacuema niacmunvl npu 0OHOHANPABLEHHOM OelCmeuu HA2py3Ku U pa-

OUAYUOHHO20 00YUEeHUs.

Cxema BO3IEHCTBUSI
BHEIIHUX (aKTOPOB

1 Rad
I)

Il

Maxkcumym Cwmemnienne Cwmemenue Cexympi Cexymuii
Makcn- . . N . MOJIyJIb
MowmenTt . OTHOCH- HEUTpaNbHOU | HEUTpaJIbHOU MOJTYJIb
MaJIbHBII . B 30HE
BPEMEHHU, TEIbHOU MOBEPXHOCTU | TIOBEPXHOCTH B 30HE
nporuo, pacTsike-
JeT <10 1 nedopma- Ha Kparo B LIEHTpE, st cxKaTus,
-3 -3 2 3
U x10™ M x107 M «10° MIla x10° MIla
0 0,579 0,848 2,827 -1,739 23,52 36,18
1 0,578 0,848 2,645 -1,909 23,55 36,18
3 0,575 0,843 2,489 -2,087 23,63 36,19
6 0,618 0,912 4,080 -0,585 18,26 36,17
10 0,710 1,040 5,318 -0,330 13,65 31,94
15 0,811 1,196 6,820 -0,080 9,973 28,07
21 0,923 1,391 8,554 0,202 7,291 24,86
30 1,089 1,686 10,99 0,587 4,890 21,45

Tabruya 2. Pezynbmamul paciema niacmuHvl npu pa3HOHANPAGIEHHOM OelCmeuy HazpysKu U pa-

OUAYUOHHO20 00YUEeHUS.

CxeMa BO3JeHCTBUSA
BHEIIHHUX (haKTOPOB

T

1Rad

MaKcri- Makcumym CMetenue CMerenue C;(I)(yuiﬂ Cexkynuuit
MomeHT o OTHOCH- HEUTPAJIBHOU HEUTPAIBHOMN Ly MOJYJIb
MAaJTbHBIN . B 30HE
BpPEMCHH, TEIbHOU MOBEPXHOCTU | MOBEPXHOCTH B 30HE
mporuo, pacTsixe-
JIET <10 nedopma- Ha Kparo B LIEHTE, s CKaTus,
-3 -3 4 3
07071 x107 M x107 M «10° MIla x10° MlIla
0 0,578 0,848 2,827 -1,739 23,32 36,18
1 0,578 0,849 2,985 -1,523 23,32 36,18
3 0,575 0,847 3,135 -1,355 23,36 36,18
6 0,623 0,886 1,867 -2,573 22,64 29,71
10 0,716 0,995 2,053 -3,321 18,17 24,85
15 0,818 1,121 2,396 -4,049 14,21 20,99
21 0,934 1,284 2,992 -4,732 11,01 17,78
30 1,108 1,534 3,989 -5,611 7,984 14,37
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KOHEYHOJ2JEMEHTHOE MOJAEJINPOBAHUE BbII'UBA
HNPEAHAIIPAXKEHHBIX KEJIESOBETOHHbBIX BAJIOK

ILIL I'aiioscypos

JloHCKOM rocyJapCTBeHHBIM TEXHHUECKUHM YHUBEpCHTET, I'. PocTtoB-Ha-/{ony, POCCHUA

AHHoTanusi: J[i1 GoNbIIeNpOIETHRIX KeIe300eTOHHBIX 0aIOUHBIX KOHCTPYKIUH pa3paboTaHa METOIUKA OIIpe-
JIeTICHUS BBITMOa, 00YCIIOBIICHHOTO TIpEIBapUTEIbHBIM HANPSDKCHUEM CTaJIbHOTO KaHaTa Ha OeTOH. BrImonHeHs!
YHCIIOBBIE SKCIIEPUMEHTHI 110 UCCIICIOBAHNIO BIMSHUS PA3IMUHBIX CXEM KPHBOJIMHEHHON pacKiIagKy MpelBapH-
TENIBHO HANpPsDKCHHON apMaTypsl 0e3 CIIEIUICHHs ¢ OETOHOM Ha paclpesieeHUE pasTpy’Kalolero YCHIHs BIOJb
TPaeKTOPUH APMHUPOBAHMS.

KiroueBble cj10Ba: METO] KOHCUHBIX 3JIEMEHTOB, IIPEIBAPUTEIbHOE HAMIPsKEHUE OCTOHa,
MAaTpHIIBI )KECTKOCTEH (hepMEHHOT0, KOMOMHHUPOBAHHOTO M IUIOCKOTO HOJIMIMHEHHOTO
KOHEYHBIX 2JIEMEHTOB

FINITE ELEMENT MODELING OF CAMBER
OF PRESTRESSED CONCRETE BEAMS

Peter P. Gaigerov
Donskoy State Technical University, Rostov-on-Don, RUSSIA

Abstract: For large-span reinforced concrete beam structures developed by the method of determining the cam-
ber due to the prestressing of a steel rope on the concrete. Performed numerical experiments to study the impact
of various schemes layout prestressed reinforcement without bonding with concrete on the distribution of the re-
lief efforts along the path of the reinforcement.

Keywords: finite element method, pre-stressing concrete, the stiffness matrix of the truss,
combined and plane multilinear finite elements

BBEJIEHUE

B Hacrosimee Bpemsi pacder Ha TPOYHOCTh H
KECTKOCTH OOJIBIIETIPOJIETHBIX MPEIBAPUTEIILHO
HaANPSDKEHHBIX KeNIe300€TOHHBIX KOHCTPYKIIHIM
OCYIIECTBIISIETCS METOJJOM KOHEUYHBIX JJIEMEH-
TOB [1-7] B coueTaHuu CO cCXxemMaMHu pacrpese-
JEHHOTO  (BCTPOEHHOTO) WM  JTUCKPETHO-
CBs3aHHOTO apmupoBaHus [8]. OOmmM yis
00enx cxeM apMHUpPOBaHUS SBISETCS MOJEIUPO-
BaHHWE OETOHHOTO MacCHBa B 3aBUCHMOCTH OT
pa3MEepHOCTH 3a7auid 0OBEMHBIMU WJIH TUIOCKH-
MU KOHEUHbIMU 3ieMeHTamu (K3J) u apmupyro-
IIUX 3JIEMEHTOB — CTEPKHEBBIMH ((pepPMEHHBIMH
wi 6anouneivu) K3. Ipu peanuzamuum pacue-
TOB IO CXEME PaCHpEeEeICHHOTO apMHUPOBAHUS
y3JIbl KOHEYHO-3JIEMEHTHBIX CETOK OOBEMHBIX
(nmockux) U crepkHeBbix KO, kak mpaBuio, He
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copnanarT. [lpu 3TOM cHavama C MOMOIIBIO
OpoIeypsl  aBTOMAaTHUYECKOTO  OMNpeAeNCHHS
NepeceyeHus! CTEPKHEBBIX U 00BEMHBIX (TIOC-
kux) KO dopmupyrorcst ycioBusi KWHeMaTHye-
CKHX CBSI3eH B COOTBETCTBYIOIIMX Yy3J1aX CETKH,
TaK Ha3bIBAEMBIX «POJUTEIBCKUX JOMEHAX
(parent domains)». [locie uwero meromom ai-
PECHOTO OOBEAMHEHHS JKECTKOCTEH OOBEMHBIX
(mockux) u crepkHeBbIX KD dopmupyrores
MaTpPULIBI KECTKOCTH «POJUTENIBbCKUX JOMe-
HOBY», Pa3MEPHOCTh KOTOPBIX COBIAJAET C pas-
MepHOCTBhIO 00BeMHBIX (Tutockux) KDO. Bonee
TOYHOW M BMECTe C TeM OoJyiee 3aTpaTHOW B
IUIaHE BBIUMCIUTENBHBIX PECYpCOB SIBISIETCS
cXeMa JMCKPETHO-CBSI3aHHOTO apMUpoBaHUs. B
JIAHHOM cJlydae y3ibl 0OOBEeMHBIX (IJIOCKUX) U
cTep>kHeBbIX KD MODKHBI coBHanaTh, 4TO IMPH
KPUBOJIMHEHHOM packiajike apMaTypbl HE TO3-



KoneunosnemenTHoe MOACINPOBAaHUEC BBIrHOA IpeaHanpAKCHHbIX JKeJIe300€TOHHBIX 0aI0K

BOJISIET HCIIOJIB30BATh PETYJSIPHBIC TPSIMOJIHU-
Hernble ceTku KD.

MOJEJINMPOBAHUE
ITPEABAPUTEJIBHOI'O HAIIPS’KEHWA
BAJIOYHOU KOHCTPYKIIMH

B crpouTenbHON MpakTHKE MIUPOKOE pPacIpo-
CTpaHEHHUE MOJy4YHJia TEXHOJIOTUs IpeaHaIps-
XKEeHUs OOJIBLICTIPOJIETHBIX >KEJIe300€TOHHBIX
0aJloK ¢ MOMOUIbIO TPOCOB, 3aKIIOYECHHBIX B
IUTACTUKOBYIO 000JI0YKY («MOHOCTPEHIIOBY) [9,
10]. IIpennaraemas B [11] xoHUENIIUA MOIETH-
pPOBaHUsS IE€pPeNaYl YCHIMS OT «MOHOCTPEHJIA»
OeTOHy OCHOBaHa Ha YHCIEHHOM pEUICHUH
IIJIOCKOM JINHEWHO YNPYroW 3a4a4y NPUKIIaIHON
TEOpUU yNpyrocTu. PacuerHas cxema BKIIIOUAET
TpOC, MOJIEIMPYEMBIN LIAPHUPHO-
ctepxkHeBbIMU  (pepmenHbiMu) KO ¢ aByms
CTeneHsIMU cBOOOJIbI B y3ie (puc. 1), u noxpar-
JIMBBIE OIMOPHI, B KAU€CTBE KOTOPHIX HCHOJb3Y-
eM KoMOuHupoBaHHble KO mnpyxuHHOTO THHa
(puc. 2). Pe3ynpTUpPYIOIIYIO COCTABIISAIOIIYIO OT
JIABJIEHUsI HECKOJBKUX IApaJJIENIbHO PACIIOJIO-
YKEHHBIX HANPATaeMbIX TPOCOB Ha OETOH MOKHO
OINPEAEINTh, KAK CYMMY YCHUJIMI OT OTHEJIBHBIX
TPOCOB.

Pucynox 2. Kombunuposannwiii KO.
VYpaBuenue paBHoBecus s pepmernHoro KO B
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rI00AJIBHBIX OCSIX X , ¥V npe€acraBuM B BUIC

(Al {us, ={p}a>

rac Mmarpuna XECTKOCTH

EF
(A, =
cos’ @ cospsing  —cos’ep  —cosg sing
cos ¢ sin ¢ sin’ @ —cospsing  —sin’g
—cos’p  —cosg sing cos’ @ cos @ sin @
—cospsing  —sin’@ cos @ sin @ sin’ ¢

BCKTOPBI Y3JIOBBIX nepeMemeHI/Iﬁ u CUll —

uy, :{uixuiyujxujy}T ;

(pYo={p.rypP, P}

E — monyne ynpyroctu Marepuana tpoca; Fo—
wiomanp nomnepeyHoro ceuenus KO. I'eomer-
pudeckue mapamerpsl @ W | ompenenseM 1o

3HaYEHUSIM KOOpAUHAT y3510B KD.
JUist BBIUMCIIEHUS] TIPOJIOJIBHON CHIIBI B JIOKAJIb-
HBIX OCsIX X, y (puc. 1) ucnosab3yem BbIpaxe-

HUC

N=¥[—COS¢ —sing cose sin@l{u}.

VYpaBHeHue paBHOBecHs Uid HpyxuHHOro KO
3aIluIIeM B BUJIE

[A],{u}t, ={p}s,

rJ€ B 3aBUCUMOCTH OT opueHTanuu KO nmeem:
— nokanbHas ock KD & coBmajgaer ¢ ocbro x

-1
0

{ub,={u, Oujx O}T;

S o O O

0
0f.
of
o {ph={p,0p,0/;

— nokaibHas ocb KD & coBmagaer ¢ oceio
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00 0 0
0 1 0 —1|. {u},={0u,0u, };
[h]b:kv ?
o0 0 0
0 -1 0 1 {p},={0p,,0p,}".

3neck k,, k, xoodduumentsl xecTkocTH, co-

OTBCTCTBYIOIIUC OPHUCHTAIHWAM IPYKUHBI BAOJIb
ocet x U ).

Ha puc. 3 u 4 nokasza nocienoBaTelIbHOCTb I10-
CTPOEHUSI paCUeTHOM CXeMbl Il aHajlIMu3a nepe-
Jadnu  yCUJIUs MNOpPCABAPUTCIBHOIO HATSXKCHUA
Tpoca P, , TIOMEIEHHOrO B KaHAN JMAMETPOM

A, Ha OeroH. B manHOW pacueTHOW cxeme

c
TPEHHE MEXJY TPOCOM U CTCHKaMHU KaHalla He
YUUTBIBA€TCS, IOITOMY paccMaTpUBaeTcs 72 ya-
CTH OaJIKi IPU COOTBETCTBYIOLIMX I'PaHUYHBIX
ycioBusix. B pesynbrare pacuera ompenensiemMm

yeuwmus Fy, F,, ... F, B KOMOMHMPOBAHHBIX

KD, koropsle ucnonb3dyeM B HOCIEIYIOLIEM
aHam3e IJIOCKOTO HaInpsKEHHO-
ne(OpMUPOBAHHOTO COCTOSIHUSI Oajku, Moje-
aupyemoi miaockumu 4-x ysznoBeiMu K3 (puc.
5) B COOTBETCTBHHM CO CXEMOH JHCKPETHO-
CBSI3aHHOI'O apMUPOBaHM.

VYpaBHeHHE paBHOBECHsl Ul IUIOCKOrO 4-X y3-
noBoro KO (puc. 6) B rinodanbHeIX oCsX z,, Z,

npeacTaBuMm B BUIC

b S S — .

12

Pucynox 3. Pacuemnas cxema
Y% yacmu banxu.

!
E
Bpr &' 35 4 F
cee _Ix
0 e

Pucynoxk 4. Koneuno-snemenmmuast
MOOeNb (MOHOCMPEHOA ).

ILIL I'alinxxypoB

Ya
B pr T
— —t
L~ T
Bcp " K “\‘bh ]
1 S
X
R f

Pucynok 5. Koneuno-snemenmnas
Mooenv banku npu obxcamuu 6emoua.

3)

21,0
(1) % T3 (3)
ZHA pzT 43 Pl
L, :
2

X1

2
0 7

Pucynox 6. Ilnockuii 4-x yznosou KO.
[Al{u}={p},

rae [h] — marpurma xectkoctn KD pasmepHo-
cteio 8x8; {u}, {p} — BEKTOPHI-CTOIOUBI y3-
JIOBBIX TEPEMEUICHUN M Y3JIOBBIX CHJI, UMEIO-
IIUE CTPYKTYPY:

1 1 2 2
;{Sul};:{ul()ug)ul( ‘ul? ..

8, @7
'ul u2 } )

O M (2) . (2) &) )T
Y T 2

{p} ={p Py P~ P>

(8x1)

B npunaThX o603Hauenusx u'” u p "

HUH MHIEKC COOTBETCTBYET HOMEpPY OCH Z,,

HUX-

(I=12), a Bepxuuii unnexc (k) — HOMEpY
y3na KO (k=1,2,3,4 ). Obo3nauenus oceil z,,
Z, U X, ¥ SKBUBAJICHTHBI.

Jns cioydas, Korja HepeMelleHus u, U u, B
npou3BOJIbHOM Touke KD 3amatorcst B riobaib-
HBIX OCAX z,, a gedopmawmu ¢, (i,j=12)
OTIPENICTISIOTCS B MECTHBIX «COMYTCTBYIOITUX) B
o0uiemM ciay4yae HEOPTOTOHAIBHBIX OCAX X, ,
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(r=L,2) marpuily >XeCTKOCTH BBIYHCIIEM IIO
dopmyne [12]:

11

m=e] [

-1 -1

[E][D]|J|dx,dx,

(8><8)

roe ¢ — rtoimuHa KO; |J | — OIpeIeTUTEeNb

marpuiiel SIkobu; [E] — marpuia ymnpyroctu
MaTepuana;

[D]

(3x8)

Z[[D]1[D]2[D]3[D]4]

— OylouHas MaTpulla; cyOMarpulia U ee KOMIIO-
HEHTBI:

1 dll d12
[D], =—|d, d,,| (k=1,2,3,4);
(3x2) 4
d31 d32

dy=cylz +(z,+2,05)%,];
d,, =Clk[zz,1 +(ZZ,12+22,1 Cy ) X515
d,, :CZk[Zl,2 +(Z],I2 +z, ¢y )X s

n=Pulzi,+ (2 +z50,)x];
d,, :CZk[Z2,2+(ZZ,12+Z2,ZCIk)x1];

d =ZCo 215 C 5 d;, =Z,,Co T Z5,C -

31€eCh ¢, U c,, — JNEMEHTHI MAaTPUIIBI KOOPIH-

HaT y3510B KD B MeCTHBIX OCsIX

] -1 1 1 -1
cl= :
>4 |—1 -1 1 1
82, 0z,
z, E—
hi ox; “his Ox,0x,

— KOMIIOHEHTHI TeH30pa MpeoOpa3oBaHUs KOOP-
nuHat. MHaekcel i, j, | U3BMEHSIOTCS B auarna-
30He OT 1 10 2. HTEerpupoBaHKe B BHIPAXKECHUH
[ 2] BBIMOIHSEM yncienHo o ¢popmyite ["aycca.
[Iponienypa BbIUMCICHUS HAINpPSOKEHUN B y3J1aX
KD mpeacraBnsier crneayromyr MociaeaoBa-
TEJIbHOCTD:
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1. ®opMupyeM MaccuB [r]| — CTaTUYECKU DKBU-
(4x3)

BaJICHTHOM Harpy3ku B y3iax KO:

1 4
nmzzzo-zj(l-‘rclnx )(1+CZn 2)

npu m=1=i=1, j=1;

n=1,2,...4; npu m=2=i=2, j=2;

npu m=3=i=1, j=2.

rac xlk 5 sz — 3HA4UCHUA JIOKAJIbHBIX KOOpAHU-

k
HAT B TOYKaX HHTCTPHUPOBAHUA, Gij — KOMIIO-

HEHTbl TEH30pa HaIpsSIKEHUUW B TOUKAX HHTE-
TPUPOBAHUSI.
2. ®opMupyeM MacCUB Y3JIOBBIX HANPSHKEHUM

[Q]=[w]" [r],

(43) () (43)

rae ¢yHaaMeHTalIbHas MaTpPUIla TUIOCKOTO 4-X
y3nosoro K9

[l//]—f f{(/)} tp}dxdx, =

a4y 7

4 21 2
12 4 21
9|1 2 4 2

21 2 4

{p}={g, ¢,...0,}"

— BEKTOpP-CTOJOEI] MOJMIMHEHHBIX (YHKIHUN
dbopmsr KD.

Jns crnaxvBaHUs CKAUKOB MOJIA HAIPSKEHUM
BBINIOJIHAEM OCPEHEHUE HANPSKEHUN B CMEX-
HBIX y3J1aX KOHEYHO-3JIEMEHTHOM CETKHU.

YUCJIOBBIE ITPUMEPDBI

C 1uenplo 1eMOHCTpalid BO3MOXKHOCTEH paszpa-
OOTAaHHOH METOJUKH BBIINOJHUM YHCICHHEIC
OKCIIEPUMEHTBI, B KOTOPBIX HCIIOJIb3yeM JIHC-
KPETHO-CBSI3aHHYI0 KOHEYHO-3JIEMEHTHYIO MO-
nenb Oanku mpojieToM 10 M, UMEIoIe mpsMo-
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yroiapHoe mnomnepeyHoe cedyenue 0,4x0,8 wm.
VYceunue npeananpsbkeHus apmatypsl 170 T.
Mexanuueckue KOHCTaHThl O€TOHAa: MOMYJb
ynpyroctu 3,04-10* MIa, koaddunuent Ilyac-
cona 0,17, ynenbnbiii Bec 2200 Kr/Mm>.

Ha puc. 7-9 npusenensl rpaduku TpaeKToOpuu
apMupoBaHus ) (X) W pasrpykKaroIiero YCUJIHS

F(x) nns tpex cxem (mapabonudeckasi, Cruiaii-

HOBasl, TpareueuJanbHas) pacKiIaIKyd Hampsra-
€MOIi apMaTypbl Ha 72 4acTu OaJKu.

FIB, 6.0><10'3 e m
5981
5961
594
5.92
TR R v v i S
X, m

Pucynox 7. I'pagpuxu y(x) u F(x)
07151 NapaboaUYecKol mpaeKmopuu

apMUposanus.
FBr 0,14 v.m
0.12K 40.45
0.10F ™ ¥(x) F(x)/B,, 104
008 X P 035
0.06| N 103
0.04F ™ 10.25
0.02f \\ 10.2
0 N 0.1
_0.02 | | | | | | | | | O
0 05 1 15 2 25 3 35 4 45 5
X, m
Pucynox 8. I'pagurxu y(x) u F(x)
0151 mpaneyeudaibHol mpaekmopuu
aApMUpoBanusl.
F/P, yom
i« 0.45
0.08 104
- FQ)/E, 4035
0.04 ]
(1] SREEREEEERED SEPEERREREE =0.25
402
-0.04 10.15
P — 0.1

-0.08 . L :
0 35 4 45 5
X, m

Pucynok 9. I'pagpuxu y(x) u F(x)
0J151 CNILAUHOBOU MPAEKMOPUL APMUPOBAHUSL.

| |
05 1 15 2 25 3

ILIL TaiimxypoB

Pe3ynbpTaThl KOHEUHO-3JIEMEHTHOTO MOJEIUPO-
BaHUS JUIsl HCCIENYEMBIX CXE€M pacKJIaJKu
IOpeJHANpPsDKEHHOW apMaTypsl B BHJE KOH-
TPacTHBIX KapTUH pacupelesieHus Mojeil mpo-
JONBHBIX HANpPsOHKEHUH O, U BepTHKAIbHBIX

HepeMeIeHni u , ToKa3aHel Ha puc. 10-12.

<
v
HZ

0,01721
0,01549
0,01376
0,01242
0,01032

0,008598
0,006877
0,006154
0,003432
0,001711
-1,0773¢-05

Pucynox 10. Pacnpedenenue noneti o, u u,

8 7> wacmu b6anku npu napadoIudecKou
cxeme npeoHanpsiCeHusl.

| |
N0V~ OV O~ 0
ST on A — S —
FT—oOoTavA o F Y
AN = =~ =3 Fa k
cococcocoocdo o2
oo oS oS 22 o
SS oo g

G

Pucynox 11. Pacnpedenenue noneti o, u u,

8 Y2 wacmu banku npu mpaneyeudaibHol
cxeme npeoHanpANCeHUsl.

T
F

Uy M
GX,H/Mz I ]
tT 0O N oo >0 0 ™~ v v
onNn N AN —aN O — O O
0 DS AN AND SO WV A0 TN~ O 4
Tl NN T % o o S === —=0% F = &
N AAN— — I~ — 8 — & S0 @22 R
Voo e — ScSococ o2 2= ¢
SO SO g
)

Pucynoxk 12. Pacnpeoenenue noneii o, u u,

8 7> yacmu b6anKu npu cnAAUHO80U
cxeme NPeoOHanpPANCeHUs.

Kak BUJHO H3 NPCACTABJICHHBIX MAHHBIX JJIS
BCEX CXEM pacCKIIaAKh JSKCTPEMAJIbHBIC 3HAYC-

HUSL O, JIOKAJIU3YIOTCA B 30HC 4aHKCPOBKHU

NpeaHaNnpsHKeHHON apMatypbl. ComocTaBiieHHE
3HaYeHUH BHIrMOa Oaliky, MOJYYEHHBIX C TI0-
MOIIbI0 KOHEUHO-3JIEMEHTHOTO MOJIEIIUPOBAHMS
u ynpouieHHoro pacuera [10] mpeacraBieHo B
Tabiuue 1.
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Tabnuya 1. Conocmaénenue 3navenuil evieuda
OanKu, NONYYEHHLIX C HOMOUWDBIO
KOHEUHO-91eMEHMHO20 MOOeIUPO-
BAHUS U YNPOWEHHO20 pacyemd.

3HaueHus BeIrMOa Oaliku,

Cxema iy
MpEeABAPUTEIILHOTO v
MPOILICHHAS
HanpsHKEHUs MKD port

Metouka [10]

[Tapabomuyeckas | 0,0172 0,00940
TpaneuennanbHas | 0,0241 0,00934
CrutaiinoBast 0,0204 0,00954

AHanu3upys 5TU JaHHbIE, TPUXOAUM K BBHIBOAY,
qTo YHpOHleHHaSI METOOUKA IaCT 3aHHUXCHHBIC
3HaueHusi BbiruOa. [lpuyem mnpu KOHEUYHO-
DJIEMEHTHOM aHajIu3€e 3HadyeHue BbLIrnOa Oolee
CYIIECTBEHHO 3aBHCHUT OT CXEMbI PaCKIaJKH
IIpEIHANPSKEHHOM apMaTypbl, 4eM MpPH YIIPO-
IICHHOM pacyere.
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2. YCTaHOBIEHO, YTO 3HAYCHHUS BBIrHOa Oal-
KM, BBIYHCIICHHBIE IO MpeIaraeMoil MeTo-
muke B 1,8...2,6 paza Oojbllie BeIHYMH,
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NCCIEJOBAHHUE IMOBEJAEHUA HEMEHTHbBIX
KOMITIO3UTOB B YCJOBUSIX NOBBIIIEHHON
BJIAKHOCTHU U TIEPEMEHHBIX ITOJIOKUTEJBbHbBIX
TEMIIEPATYP
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AHHoTanusi: B paboTe npuBOAATCS pe3ynbTaThl HCIIBITAHUN [IEMEHTHBIX KOMITO3UTOB B YCIIOBUSIX BO3/ICHCTBUS
Ha HUX IOBBIIICHHON BJIA)KHOCTH W NEPEMEHHBIX MOJIOKUTEIBHBIX TeMueparyp. 11o ko3 duuuenTy n3MeHeHus
TBEPAOCTH (CTOHKOCTH) CPAaBHUBAIOTCS COCTaBHI C Pa3IMYHBIMH HAITOJHHUTESIMH, INIACTUQHUIUPYIOIIUMH U APY-
UM QyHTHIUAHBIME JOoOaBKaMu. JIJIst IPUHSTHS pEIICHNsS] O CTOMKOCTH (YCTOHYMBOCTH) CTPYKTYPHI M CBOWCTB
KOMIIO3UTOB IPeJIaraeTcsl OMUPaThCs Ha BEJIMYHMHY IO MHOTOYTOJIBHUKA, IIOJIyY€HHOTO B Pe3ynbTaTe Ky-
COYHO-JIMHEWHO!N anmnpoKCUMalUy TOYeK IKCIOHMpoBaHus. JlatoTcst 00bsCHEHUs BIMSHUS (aKTOPOB Cpelbl Ha
HU3MEHEHNE TBEPAOCTH KOMIIO3UTOB.

KaioueBble ci10Ba: KOMIIO3UTHI, BIAXKHOCTb, MIOJIOKHUTENBHBIE TEMIIEPATyphl, KOOQQUIIEHT CTOHKOCTH,
IJIOIIAb MHOTOYTOJIbHUKA, COCTaBbl KOMIIO3UTHBIX MaTEpPHAIOB, yCTOMYMBOCTh, OTHOCUTENBHBIEC 3HAUEHUS,
KYCOYHO-JTMHEHHAs! HHTEPHIOJISALMS

RESEARCH OF BEHAVIOR OF CEMENT COMPOSITES
IN CONDITIONS OF HIGH HUMIDITY
AND VARIABLE POSITIVE TEMPERATURES

Irina V. Erofeeval, Victor V. Afonin’, Viadislav A. Fedortsov',

Denis V. Emelyanov', Nikolay Yu. Podzhivotov’, Marina M. Zotkina'

!'National Research Ogarev Mordovia State University, Saransk, RUSSIA
2 All-Russian Scientific Research Institute of Aviation Materials GNC RF, Moscow, RUSSIA

Abstract: In this paper, the results of testing cement composites under the conditions of the effect of high humidity
and variable positive temperatures are given. By the coefficient of variation of hardness (stability), the composi-
tions are compared with various fillers, plasticizing and other fungicidal additives. To decide on the stability (sta-
bility) of the structure and properties of composites, it is proposed to rely on the area of the polygon obtained as a
result of piecewise linear approximation of the exposure points. Explanations of the influence of environmental
factors on hardness change of the composites.

Keywords: composites, humidity, positive temperatures, coefficient of stability, polygon area,
compositions of composite materials, stability, relative values, piecewise linear interpolation

[lemMeHTHBIE KOMITO3UTHI BO BpPEMsI CBOEHM 3KC-
IJlyaTalldd MOTYT IOJABEPraTbCsl BO3JACHCTBUIO
Pa3IMYHBIX KIUMaTH4YeCKux (akTopoB. OCHOB-
HBIMU W3 HHUX SIBJISIFOTCS] BIQXKHOCTh M TEMIEpa-
Typa OKpykaromeh cpeapl. ITH HaKTOPhl MOTYT
JIEWCTBOBATh B PA3JIMYHOM coudeTaHuu. EcTb u
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TakHhe BO3ACMCTBUS, KOTJa MOKHO CUMTATh, UYTO
OJIUH U3 ATUX (HaKTOPOB B TEYECHUE CYTOK OCTa-
eTcs IMOCTOSIHHBIM, a BTOpoH MeHsercs. Ode-
BUJIHO, YTO B 3TOM CJIyd4ae 3aJada o ompezaese-
HUIO BIMSHHUSA COCTABIIAIOUIMX OKpY)KaroLlen



HccnenoBanne moBeAeHUs EMEHTHBIX KOMIIO3UTOB B YCII0BHUAX MOBBIIIEHHOM BIIAXKHOCTH U TMCPEMCHHBIX

[IOJIO’KUTENBHBIX TEMIIEPATYP

cpeibl Ha M3MEHEHME MEXaHHYECKHUX CBOICTB
KOMIIO3UTOB YIPOIIAETCS.
B nanHOl cTaThe HMccienylOTCS KOMIIO3UTHI Ha
LIEMEHTHON OCHOBE, BbIIEP)KAHHBIE B YCIOBUSIX
HOBBIIIEHHON BJIQXKHOCTU M MEPEMEHHbIX M0JI0-
YKUTEJIbHBIX TEMIIEpPATyp. 3a OCHOBY HCCIIEI0Ba-
HUS TIPUHSTO BBINOJIHEHHOE aBTOPAMU HCCIIE0-
BaHUE [IOBEJCHUS ILIEMEHTHBIX KOMIIO3TOB B
YCIOBHAX LUKIMYECKOTO BO3JEHCTBUS OTpHLIa-
TEJbHBIX U MOJIOKUTEIbHBIX TEMIIEPATYD.
OpHMM U3 Ba)KHEHIINMX CBOMCTB CTPOMTEIbHBIX
MaTepHuaioB U, B YACTHOCTH, IEMEHTHBIX KOMIIO-
3UTOB SIBJISIETCS] UX CHOCOOHOCTh COMPOTUBIIATHCS
JICCTBUIO OKPYXKAOLIEH cpezbl, KOTOpasi OLIEHU-
BaeTcsi K03((UIMEHTOM CTOMKOCTH (YCTOHUUBO-
CTH) CTPYKTYPBI U CBOMCTB (DM3UYECKUM, XUMH-
YECKUM U JIPYTUM BO3/ICHCTBUSM.
HccnenoBanus BeIIOIHEHBI B 4 dTamna:
®  CpPaBHUBAIKMCH PE3YJILTATHI I10 COCTaBaM Iie-
MEHTHOT'O KaMHs C pa3jIu4HbIM BOJOCOAEP-
YKaHUEM U C BBEJCHUEM TUIlepIiacTuuKa-
Topa (9ram Nel);
® [IEMEHTHBIM KOMIIO3UTaM, BKJIOYAIONIUX B
CBOEM COCTaB€ MIECOYHbIE (PPAKIIUH, a TAKKE
N00aBKM MHKpPOKpEeMHe3eMa C KaMEHHOMU
Mykoi (3Tam Ne2);
e  Ha aKTHBHMPOBAHHOM BOJIE 3aTBOPEHHUS (dTaIl
Ne3);
®  [IEMEHTHbIE KOMIIO3UThI, UMEIOIIUE B CBOEM
cocTaBe OnonuHbIe 100aBku (3Tarm Ned),
JI14 pa3In4HbIX KOMIIO3UTOB, C Pa3IMYHBIMHU J10-
OaBkamMu 3HaueHUs K03()(PUIIMEHTOB CTOWKOCTH,
KaK IpaBUJIO, 3aMETHO paszinyarorcs. Mccneno-
BAHHMIO CTOMKOCTH CTPOUTEIBHBIX KOMIIO3UTOB B
Pa3IMYHBIX SKCITyaTal[MOHHBIX Cpelax IOCBs-
IIEHO JOCTaTOYHO MHOro padoT, BKJIIOYas pa-
60151 aBTOpOB [1—17]. Koaddumment croiikoctu
YCTaHaBJIMBAIOT 10 XapaKTepy HU3MeHeHus ¢u-
3UKO-MEXaHUYECKUX U JPYyrux CBOMCTB. B
HAaIllUX UCCIIE0BAaHUAX CTOMKOCTh OLICHUBAJIH 10
U3MEHEHUIO TBEPIOCTH Ha MOBEPXHOCTH 00pa3-
1oB. Kak m3BecTHO, TBEpAOCTh HAIPSIMYIO CBS-
3aHa ¢ nokaszaresnem npodHoctH [18]. Kourpoms-
HbI€ TOUKU BPEMEHU U3MEHEHHsI CBOWCTB KOMIIO-
3UTOB (PUKCUpOBAIUCH uyepe3 15 u 45 cyrok uc-
nbiTaHui. HauanbHas TOYKa HOJIb COOTBETCTBYET
KOHTPOJIbHOMY ITOKa3aTelIt0 CBOMCTBA.
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B kauectBe 00BEKTOB HCCIIEIOBAHMS paccMmat-
PUBAIHCH IIEMCHTHBIE KOMITO3UTBI, COCTABhI KO-
TOPBIX MPUBEACHBI B Ta0uIe 1.
OO0pa3siibl KOMIIO3UTOB, MPUBEICHHBIX COCTABOB,
MOJIBEPTajii TEPMOLMKIN-YECKUM HCIIBITAHUSIM.
OuH TepMOIUKI JTHIICS 24 yaca U BKIII0Yal ye-
ThIPE TEPMOCOCTOSIHHS:
e HarpeB o0Opa3lOB OT KOMHATHOHM Temmepa-
Typhl (+23 °C) no +60 °C npu BiaXxHOCTU
98 % — 0K0JIO 5 MHH.;
® BBIICP)KKA O00pa3oOB TpU TEMIIEpaType
+60 °C u Bnaxxnoctu 98 % — 9 yacos;
® [pU BBIKIIOYECHHONW Kamepe eCTECTBEHHOE
OCTBIBAaHUE 00Pa3IOB A0 KOMHATHON — TE€M-
nepatypsl (+23°C) npu BrnaxHoctu 98 % —
IIPUMEPHO 5 4acoB 55 MUH.;
®  BBIJIEP)KKA 00pa3IOB NP KOMHATHOUW TEM-
nepatype (+23 °C) npu BraxHocTH 98 % —
9 gacos.
Takum 00pa3oM, KOMITO3UTHI UCIIBITHIBAIA TIPU
MOCTOSTHHOM BBICOKON BIQXXHOCTH U TEPEMEH-
HBIX TIOJIOKUTEIIBHBIX TEMIIEpaTypax.
Jlnst cpaBHEHUST KOMITO3UTOB MO Kod(duIiueH-
TaM CTOMKOCTH IIeJIeCO00pa3HO MX MPUBECTH K
OTHOCHUTENIbHBIM ~ 3HAYEHHUSM, OTHOCHUTEIHHO
KOHTPOJIBHOTO 00pa3iia mepes; HayalloM 3KCIIo-
HUpoBaHus. Torna xapakTepHbIN BUI 3aBHCUMO-
CTCH OTHOCHTEIILHOTO 3HAYCHHS CBOWCTBA
(Hampumep, Ko3(dumeHTa TBEpAOCTH) MOXKET
OBITh TIPUBEJICHA B TOM BHJIC, KaK TOKa3aHO Ha
puc. 1.
Ha puc. 1 mox kaxmaoil JoMaHOW MPSIMOU BbIJIE-
JIeHbl OOJIACTH B BHJIE MHOTOYTOJILHUKOB, IS
KOTOPBIX MOXXHO paccyuTaTh Iwiomans (),
HarpuMmep, 1o merony tpaneuuid. dopmanbHO
pPa3MEpHOCTh TaKUX IUIOMIAACH COOTBETCTBYET
pa3MepHOCTH BpemeHu. PopMa MHOTOYTOJIbHU-
KOB MOXXET OBITh pazHooOpasHoi. [lo BenmumnHe
TUIOMIAIA TIPEJIaraeTcsi OIEHUBATh CTOHKOCTH
COCTaBOB KOMITO3UTOB K HM3MEHEHHSIM CBOMCTB
UX CTPYKTYpPBI, COOTBETCTBEHHO U CBOMCTB. KoH-
TPOJIbHBIN OOpa3zell KOMIO3uTa 0003HAYUM Kak
cocraB 1. CpaBHHBaemble 00pa3iel OyaeM 000-
3Ha4aTh Kak 2, 3 U T. 1. (cM. Tabmwmiy 1).
Paccmorpum  cHawaia ~ KOMMO3UTHI  (co-
cTaBbl 1, 2), OCHOBY KOTOPBIX COCTAaBIISICT Iie-
MEHTHBIN KAMEHb.
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Ta6ﬂuga 1. HCCﬂeOyesze cocmaesvl YEMEHMHBIX KOMNO3UNO6 U UX Ha4ualbHble MEXAHUYECKUEe XapaKme-

PUCMUKU.

KomnuectBo BCIICCTBA

Ne IIpounocts
Hcxonnbie coCTaBIIsIONIME BEIECTBA 110 OTHOIICHUIO [TokazaTenn
co- Ha C)KaTHe,
crapa KOMITO3HUTA K COJICP>)KaHHIO MITa TBepaoctH, MIla
[IEMEHTA, OTH. YUCJIa
1 LBI§J1\I4aeHT yinbstHoBekui [111500/10 . 2167 56.4 4010,17
2 |(Lement ynpsHosckui [1I1500/10 1 52.6 2065,24
Bona 0,35
3 |(Uement ynbsHosckui [TI150010 1
I'TI «Melflux 1641 F» 0,009 133 7016,08
Bona 0,171
4  |lewment ynpsaoBckui [TI[500/10 1
[Tecox MOTOTHIN (MUKpPOKBapLL) 1,1
ITecok ¢p. 0-0.63 mm (r. UBaHOBO) 2,753
[Tecok ¢p. 0,63-2,5 mm (r. UBaHOBO) 2,347 67,1 >476,90
I'TI «Melflux 1641 F» 0,009
Bogaa 0,6
5 |Uement ynbsnosckuit [TI500/10 1
[Tecox MOIOTHIN (MUKPOKBApII) 0,75
MukpokpeMHe3eM 0,1
ITecok (bp. 0-0.63 mm (F. I/IBaHOBO) 1,775 110 9746,86
ITecok ¢p. 0,63-2,5 mm (1. IBaHOBO) 1,975
I'TI «Melflux 1641 F» 0,009
Boza 0,475
6 |Llement ynpsaroBckui 11150010 1
ITecok ¢p. 0-0.63 mm (1. iBaHOBO) 2,065
ITecok ¢p. 0,63-2,5 mm (r. UBaHOBO) 1,76 32,5 4089,57
I'TI «Melflux 1641 F» 0,009
Boga 0,525
7 |Lement ynpsaHoBckui 11150010 1
ITecok ¢p. 0-0.63 mm (1. iBaHOBO) 2,51
ITecok ¢p. 0,63-2,5 mm (r. IBaHOBO) 2,14 41 1187,85
I'T «Melflux 1641 F» 0,009
Bona 0,56
8 |Uement ynbsinoBckuit [1L[S0010 1
ITecox MOOTHIH (MUKPOKBApII) 0,825
ITecok ¢p. 0-0.63 mm (1. iBaHOBO) 2,065
ITecok ¢p. 0,63-2,5 mm (. IBaHOBO) 1,76 >3 7438, 59
I'TI «Xuneran 9y» 0,012
Boga 0,56
M3 |Ilement ynbsanosckuii ITI[500/10 1
Bona aktuBupoBaHHas IO PEXUMY 85 5168,04
9*tM (3-3) 0,26
T3 |Lewment ynbsHosckuii [TII500/10 1
buonmnnas nobaska
«Teflex YHuBepcanbHbII 0,03 32 174,46
Bona 0,267
68 International Journal for Computational Civil and Structural Engineering
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PMCEHOK 1. Hpumepbl UBMEHEHUS. OMHOCUMETIbHO20 NOKA3AMENs C0UCMEA
u OepaHZ/l’vleHHOL? um nﬂou;adu MHO20Y20IbHUKA

Tabauya 2. Pezynbmamol 5KCNOHUPOBAHUA KOMNO3UMOE NPU NOBLIUEHHOU GNANCHOCIU U
nepemennol nonoxcumenvrou memnepamype (22—60 °C) cocmagog 1, 2

JmuTenbHOCTD [Tokazarenun OTHOCHUTEBHBIE [Tmomans
HKCIIOHUPOBAHUS, TBEPJOCTH, MoKa3aTesn MHOT'OYTOJIbHUKA,
CYTKH MIIa, nis cocTtaBoB TBEPAOCTH JIJIS1 COCTaBOB
JUISI COCTABOB
1 2 1 2 1 2
0 4010,17 | 2065,24 | 1,00000 | 1,00000 | 46,85506 | 69.92950
15 4308,81 | 349244 | 1,07447 | 1,69106
45 4058,15 | 3356,80 | 1,01196 | 1,62538

H3menenue mokaszareneid TBEPAOCTU KOMIIO3H-
TOB MO MEPE BBIAEPKKHU B CPEJIie, a TAK)KE 3HAUYE-
HUS TUIONIa/Ie MHOTOYTOJIbHUKOB, pacCUUTaH-
HBIX TI0 pUC. 2 TPUBEACHBI B Ta0J. 2. BumaHo, uto
JUIsl KOMITO3UTa COCTaBa 2, UMEIOIIEro 1Mo Mepe
WCTIBITAHUS TIOBBIIICHUE IIOKAa3aTeliel TBEp/I0-
CTU MO CPaBHEHHUIO C MaTepuasoM cocrasa I,
MMEET MECTO U 3HAYUTEJIbHOE MPEBBIIICHUE ILI0-
11aI1 MHOTOYTOJIbHUKA.

N3 tabmn. 2 u puc. 2 caeayerT, 4To 1Mo MOKa3aTelto
TBEPJIOCTH COCTaB Ha OCHOBE TECTa HOPMAJIbLHOM
TYCTOTHI SIBIIAETCS OOJIee MPOYHBIM, HEKETU CO-
CTaB C TOBBIIIEHHBIM BOJOCOJEpKaHuemM. B
TOXE BpeMs IIPU BO3JIEUCTBUU CPEAbl y COCTaBa

Volume 13, Issue 4, 2017

C TIOBBIIIEHHBIM BOJOCOCPKAHHUEM TTIPOU3OIILIO
YBEIIMYCHUE PACCMATPUBAEMOTO ITOKa3aTellsl.
DT0, MO-BHIUMOMY, OOBSCHSAETCS B OOINBIICH
CTETIeHH, YeM JIs MaTepHhalia coctaBa |, CHIKe-
HUEM IMOBEPXHOCTHOH MOPUCTOCTH 0OPa3IOB HU3-
3a o0mIel TCHJICHIIMA YMEHBIICHUS MX TOBEPX-
HOCTH 3a CUET MPOJIOJDKEHUS THAPATAIINN BIXKY-
IIEeT0, TTOBEPXHOCTHOW KapOOHM3AIUU IEMEHT-
HOT'O KaMHS U IPYTUX IPOIIECCOB, CIIOCOOCTBYIO-
IIMX YMEHBIICHHUIO TOBEPXHOCTHOM SHEPTHH.
Paccmotpum coctasel 1 u 3. CoctaB 3 oTHOCHTCS
K [IEMEHTHOMY KaMHIO U3 CAMOYIUTIOTHSFOIIEHCSI
[IEMEHTHOW CYCIICH3UH C THUIEPILIACTU(PUKATO-
pom.
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Pucynok 2. Hzmenenue xosgpuyuenma meepoocmu KOMROZUMA 6 3a6UCUMOCU
om 8pemenu 8030eticmsus cpeovl 0Jis1 cocmasos 1 u 2

Tabnuya 3. Pe3ynvmamvl 9KCHOHUPOBAHUSL KOMNO3UMOSE NPU NOBLIUEHHOU GILANCHOCMU
u nepemerHou noaodcumenvuou memnepamype (22—60 °C) cocmasosg 1, 3

JmuTenbHOCTD [Tokazarenun OTHOCHUTEBHBIE [Tmomans
sKcnoHupoBaHus, | TBepaoctu Mlla, MOKa3aTeNn MHOT'OYTOJIbHUKA,
CYTKH JUISL COCTaBOB TBEPJIOCTH JIJIsl COCTaBOB JUISI COCTaBOB
1 3 1 3 1 3
0 4010,17 | 7016,08 1,00000 1,00000 | 46,85506 | 37,38871
15 4308,81 | 4926,15 1,07447 0,70212
45 4058,15 | 6590,88 1,01196 0,93940

PesynbTathl pacueToB, aHATOTUYHBIC, OTPAXKEH-
HBIM B TabnwIle 2, mpuBeaeHbl B Tadmwmie 3. [{ua-
rpamMma ¢ U3MeHeHHAMHU K03(duuneHToB TBEp-
JOCTH OT BPEMEHH IS KOMITO3UTOB COCTaBOB |
U 3 nmokasaHbl Ha puc. 3.

CpaBHEHHE PE3yNIbTaTOB UCIHBITAHUN 1O abCco-
JTIOTHBIM TTOKa3aTelsIM CBUJICTEIBCTBYET O OoJiee
BBICOKOW IMPOYHOCTH COCTABOB C JJOOABKaMHU T'H-
nepractTudukaropa. B Toxe Bpems crieayeT oT-
METHTh COXpPAHEHUE MMOBEPXHOCTHOW TBEPAOCTH
y KOMITO3UTa Ha OCHOBE T€CTa HOPMAJILHOH TY-
cToThl  0e3  miactuuupyromux  ao00a-

BOK (puc. 3). Kak B npeplayIieM cirydae noBbI-
IIEHWE M COXpaHEHUE TBEpIOCTU Oosee BbIpa-
JKEHO y MEHee TBEpAOro (IpOYHOI0) KOMIIO3UTA,
a COOTBETCTBEHHO OoJiee MOpPUCTOro. Y H3Ha-
4aJbHO 00JIee TBEPIOro MaTeprata B HAUYaJIbHOE
BpEeMsl BBIJIEPKKH IPOUCXOAUT YMEHbILIECHHE
TBEPAOCTH C MOCIEAYIOIIUM €€ BO3PACTaHUEM.
PaccmoTpum coctassl 1, 3 u 6. CoctaB 6 OTHO-
CHUTCA K MECUaHOMY OETOHY MepeX0HOTO MOKO-
nenus ¢ ['T1. Pe3ynpTarsl pacueToB MpUBEIEHBI B
Tabm. 4. JluarpamMmma ¢ u3sMeHeHUsIMH K03 P Puiu-
€HTOB TBEPAOCTH OT BPEMEHHU MJIsi COCTaBOB
1, 3 u 6 npuBeeHbI Ha puc. 4.
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Pucynok 3. Uzmenenue kosgpguyuenma meepoocmu KOMROZUMA 6 3A6UCUMOCTU
om 8pemeHnu 8030elicmaus cpedvl 0Jis1 cocmasos 1 u 3.

Tabnuya 4. Pe3ynbmamei 5KCNOHUPOBAHUS KOMNOZUMOE NPU NOBBIUEHHOL 6IANCHOCMU U Nepe-
MeHnHot nonodcumenvrot memnepamype (22—60 °C) cocmasosg 1, 3, 6.

Jlnurenb- ITokazarenu OTHOCHUTENLHEIE IImomans

HOCTh tBepaoctu Mlla, TIOKA3aTeNIN TBEPIOCTH MHOTOYTOJIb-
SKCIIOHU- IIJIA COCTaBOB JIJIST COCTABOB HHKa,
pOBaHMS, JJI1 COCTAaBOB
CYTKH 1 3 6 1 3 6 1 3 6
0 4010,17 | 7016,08 | 4089,57 1,00000 1,00000 1,00000 o | = _
(=) 0
o2e]
15 4308,81 | 4926,15 | 5337,79 1,07447 | 0,70212 1,30522 £ o %
O | = =3
45 4058,15 | 6590,88 | 634220 | 1,01196 | 0,93940 | 1,55082 | ¥ | @ | *°
PesynbTarel ucnbelTaHui, paccMOTpeHHBIX MaTte- Paccmorpum cocraBel 1, 4, 5, 6. Cocras

puasnoB, MpuBeJIeHHbIE B Tabnuie 4 u rpadgukax
U3MEeHEeHUs K03 ((HUIIEHTOB TBEPAOCTH (pHcC. 4),
MOJITBEPKJIAIOT PaHee MOydYeHHBIE MTOKa3aTeNH,
YTO YBEJIIMYECHHE BO3ACHCTBUS IOBBILIEHHOMN
BJIQKHOCTHIO U TEPEMEHHBIMU IOJIOXKUTEIb-
HBIMM TeMIleparypamu B mpenenax 22—60 °C
NPUBOJIUT K CHIKEHUIO MOPHUCTOCTH Marepua-
JOB U TEM CaMbIM YBEIUYEHHUIO MOKa3aTess
TBEPAOCTH.
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Ne4 — 310 mecuanbiit 6€TOH HOBOT'O MOKOJICHUS C
I'TI u xamennoit myku (KM), a coctaB 5 — ato
necyaHblii 0eToH HOBOTO MokojeHust ¢ MK (c nc-
110JIb30BaHNEM MUKpokpeMHeszema) u I'TI (¢ ru-
neprutactudukaropom). uarpamma ¢ m3meHe-
HUSAMH KO3((PUIIMEHTOB TBEPAOCTH OT BPEMEHH
BBIJICPKKH JIJI1 KOMIIO3UTOB COCTaBOB 1, 4, 5, 6
NPUBEJICHBI HA PHC. 5, a pe3yJbTaThl PacuyeToB
MIPUBEICHBI B Ta0IHIIE 5.
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Pucynox 4. Uzmenenue xoda¢hghuyuenma meepoocmu KOMno3uma 8 3a8Ucumocmu
om 8pemenu 8030elticmsusi cpeovl 0Jis1 cocmasos 1, 3 u 6.

Tabauya 5. Pe3yiomamsi 5KCNOHUPOBAHUS KOMNO3UMOS8 NPU NOBBIUEHHOU BLANCHOCIU U Nepe-
MeHnHot nonodcumenvHot memnepamype (22—60 °C) cocmasos 1, 4, 5, 6.

JmuTenbHOCTh [Tokazarenun OTHOCHUTEIBHBIE [Tmomans
9KCIOHUPOBA- TBepaocty Mla, 1oKa3aTean TBEPIOCTH MHOTOYTOJIbHUKA,
HUsA, CYTKHU IJIs1 COCTAaBOB JIs1 COCTAaBOB IJIsA COCTAaBOB
1 4 5 6 1 4 5 6 1 4 5 6
~ o o ~ o o
|82 |28 g &E|E
0 S 2 g 2 S S S S
o < N S < < < <
< e =) <t — — — —
O <t e} —
I o o o 00 N
% ~ N . < A a o X S % x
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) X
gl 2l8leg]2]¢k
3 SISl 3|l=z2|5) 7%
= o o A - A A
<t — S O — — — —

CpaBHeHHE MeXOy COOOH PacCMOTPEHHBIX CO-  OIHOBPEMEHHO C IByMs (PpaKLMsIMHU KBApPIEBOTO
CTaBOB IOKAa3bIBA€T JOCTATOYHO BBICOKHE (PU- HAMOJIHHUTENS TUIEPIIACTU(PUKATOP, KAMEHHYIO
3UKO-MEXaHUYECKHUE CBOMCTBA y MATEPUAJIOB HO-  MYKY U MUKPOKPEMHE3EM.

BOT'O [TOKOJICHUS, BKJIIOUAIOIIUX B CBOEM COCTaBE
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Bpemsi. cCYTKH
Pucynox 5. U3menenue xoa¢hgpuyuenma meepoocmu KoMno3uma 8 3a8Ucumocmu
om 8pemeHnu 8030eticmsusi cpeovl 0Jis1 cocmasos 1, 4, 5 u 6.

Tabnauya 6. Pe3ynbmamsi 5KCNOHUPOBAHUS KOMNO3UMOS8 NPU NOBLIUEHHOU GIANCHOCMU U hepe-
MeHHoU nonodcumenvHot memnepamype (22—60 °C) cocmasos 1, 5, 7, 8.

Jlnurenb- ITokazarenu OTHOCHUTEILHEIE IImomane
HOCTb tBepaoctu Mlla, II0Ka3aTeJu TBEp- MHOTI'OYTOJIbHUKA,
JKCIIOHUPOBA- JIJISI COCTaBOB JIOCTH JIJISI COCTaBOB JIISL COCTaBOB
HUS, CYTKH 1 5 7 8 1 5 7 8 1 5 7 8
~ O " o o o
2|2 2|lg|E]8]¢
0 S| 2| =|g|]8]8]8]8
o ~ — < « S €S ~
<t (@) — o~ — — — —
Ne) 0 [e2e] O
— (@) (@) — o~ (@ o (o\]
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il I S I S I O O
[oe] >~ on
45 2 2ls|2|3|2|3|¢%
(@) ~ [\l () S ES - ~
<t — — on — — — (e

OnHako, KaKk U y KOMIIO3UTa cocTaBa 3, UMEIo-
IIET0 TaK)K€ BBHICOKYIO HauaJbHYIO TBEPJIOCTh, B
MIePBBIC THU BBIICPKKU HAOIIOAACTCSI CHH)KCHHE
TBEPJIOCTH C MOCJIECAYIOIIUM €€ MOBBIIICHUEM.

Paccmotpum coctassel 1, 5, 7, 8. CoctaB 7 — nec-
yaHblii OeTOH mepexomHoro mokoyeHust ¢ [Tl
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Melflux. CoctaB 8 — mecuaHbiii 0ETOH MTEpPEXo/I-
Horo nokosieHus ¢ I'Tl «Xuneran 9y». Pe3ynsb-
TaTbhl PAcUETOB NpHUBENEHBI B Tabauue 6. /ua-
rpaMMa ¢ U3MEHEHHSIMU KOX(h(DHUIIMEHTOB TBEP-
JIOCTH KOMITO3UTOB OT BPEMEHU UX BBIJIEPKUBA-
HUS 7151 cocTaBoB 1, 5, 7, 8 mpuBeneHa Ha puc. 6.
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Bpewms, CVIKH
Pucynox 6. Uzmenenue xosghgpuyuenma meepoocmu KOMRO3UMA 8 3A8UCUMOCTIU
om épemeHu 8030elicmaus cpeosl 0Jist cocmaeos 1, 5, 7, 8.

Pe3ynbpTaThl HCOBITAHUNA CBHIETEIBCTBYIOT O
TOM, YTO HOBBILICHHBIE 3HAYECHMSI BJIAXXHOCTU U
TEMIEPATypbl NPUBOIAT K O0Jiee 3HAUYUTEIbHBIM
M3MEHEHUSIM CBOWCTB IIEMEHTHBIX KOMIIO3UTOB C
nobaskoit I'Tl «Xuneran», yem y MatepHaioB C
I'TT «Melflux». B Toxe Bpems HauaibHas TBep-
JOCTh 3HAYMTEJHHO BBIIIE Y MaTE€pHUaJIOB C T'HU-
neprutacTupuratopom «Xuaeran». OueBUAHO,
YTO KOMIIO3HT C BHICOKOW TBEPOCTHIO B HaUaJIb-
HOE BpEMs UCIIBITAHUS B CPEAE C MOBBILIEHHOU
BJIQKHOCTHIO U TIEPEMEHHBIMU IOJIO)KHUTEIb-
HbIMU TeMneparypamu (23— 60 °C) Tepsier ee Ha
60 %. B To ke BpeMs MaTepuan, UMEIOIINAN 10-
Ka3aTejb TBEPAOCTH B HECKOJBKO pa3 MEHBIIE,
HE YMEHBIIIAET €r0 B TEYEHUE BCETO NEPHUOJA HC-
MIBITAHUS B OTOM KE Cpelie.

Paccmotpum cocraBel 1 1 M3. CoctaB M3 — 310
LIEMEHTHBIN KaMEHb Ha aKTUBUPOBAHHOM MO pe-
xumy  O+M  (3-3)  Boxme  3aTBOpEHWS.
HIupp 3+M (3-3) o3Havaet, yTO BOJA 3aTBOpE-
HUs 00paboTaHa IEKTPUIECKUM TOKOM C TIJIOT-
HOCTBIO Jmax = 22 A/M? B Kamepe 3JeKTPOXHUMH-
YECKOM aKTUBALIMH U JIEKTPOMArHUTHBIM M10JIEM
¢ Hmax = 75 xkH/M B Kamepe 31eKTpOMarHuTHOM
aKTHBaluu. Pe3ynpTaThl pacueToB IPUBEICHBI B

tabnuie 7. JlmarpamMma ¢ M3MEHEHHSIMU KOA(-
(UIMEHTOB TBEPAOCTH OT BPEMEHHU JUI COCTa-
BOB | u M3 npuBeneHa Ha puc. 7.

W3 Tabmuupl 7 U puc. 7 BUJHO, YTO aKTHUBHAs
BO/Ia 3aTBOPEHUSI 3HAUUTEJIHHO HE MOBIMsIIA Ha
CTOMKOCTh LIEMEHTHOTO KaMmHs. OHa MeHblIE y
LEMEHTHOI0 KaMHS Ha aKTUBUPOBAHHOM BOJE.
OO0 >TOM CBUAETENBCTBYET M IUIOIIAAM MHOIO-
yrosibHUKOB. [[y1s1 Takoro kommosurta Hab01a-
€TCs1 B HaYaJIbHOE BPEMSI BBIJIEPKKH B CPEJI€ CHU-
JKEHHE TTOBEPXHOCTHOM TBepaocTH Ha 40%.
Paccmotpum cocrasel 1 u T3. CoctaB T3 — 310
OMOCTONKNI KOMIIO3UT C 100aBKOM
«Teflex YuuBepcanmbHbIi». Pe3ynpTarhl pacue-
TOB TIpUBeeHbI B Tabnuie 8. Jluarpamma c u3-
MEHEHHUSIMHU K03()(HUITUEHTOB TBEPIOCTH KOMIIO-
3UTOB OT BPEMEHU HUX BBIIEPKHUBAHUS B CpeENe
n1st coctaBoB 1 u T3 npuBeneHa Ha puc. 8.
HcnpiTanus o0pa3noB, MPUTOTOBIECHHBIX U3 CO-
CTaBOB ¢ OMOIMIHOM J00aBKOM 1 Oe3 Hee, IToKa-
3aJId YMEHBIIICHHE TBEPIOCTH 00Pa3IoB ¢ 100aB-
kou. [Ipu 3TOM M3 pe3ynbTaTOB TaKXe BUIHO,
YTO M3MEHEHHsI TBEPIOCTH Yy 00pa3loB 0Ooux
COCTaBOB IIPU BBIIEPKKE B Cpelle UMEIOT MpH-
MEPHO OJMHAKOBBIN XapaKTep.
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Tabnuya 7. Pesynbmamol 5KCHOHUPOBAHUSL KOMNO3UMOE NPU NOBLIUEHHOU BILANCHOCMU U Nepe-
MeHnHoU nonodcumenvHot memnepamype (22—60 °C) cocmasos 1, M3.

JnmuTenpsHOCTh [Tokazarenu OTHOCUTEBHBIC [Lnomans
SKCIIOHUPOBAHUS, tBepaoctu Mlla, MoKa3aTeu MHOT'OYTOJIbHUKA,
CYTKH JUUIsL COCTaBOB TBEPAOCTH JUIS COCTaBOB
JUIsI COCTABOB
1 M3 1 M3 1 M3
0 4010,17 | 5168,04 | 1,00000 | 1,00000 | 46,85506 | 39,23126
15 4308,81 | 3081,12 | 1,07447 | 0,59619
45 4058,15 | 6310,88 | 1,01196 | 1,22114
1,3 M3
1,2 .
1 e

1,1

1 4

0.8 hi> N

e . e

06 e

OTH. e]1.

05 M3

0,4
0,3

0,2
0,1

0 15
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BpeMs, cyTKH
Pucynok 7. Usmenenue kosgppuyuenma meepoocmu KOMRo3uma 6 3a8Ucumocmu
om épemenu 8030elcmsusi cpedvl 011 cocmasos 1 u M3

Tabnuya 8. Pe3ynomamul 9KCHOHUPOBAHUS KOMIO3UMO8 NPU NOBLIULEHHOU GIAICHOCIU U Nepe-
MeHnHot nonodxcumenvrot memnepamype (22—60 °C) cocmasos 1, T3.

JnurenbHOCTh IToxazarenu OTHOCHUTEJIBHEIE IInomane
BKCHOHHpOBaHI/Iﬂ, TBep,Z[OCTI/I MHa, IIoKa3aTejin TBepI[OCTI/I MHOFOerJIBHI/IKa,
CYTKH IIJISI COCTABOB JIJISI COCTABOB IIJISI COCTABOB
1 T3 1 T3 1 T3
0 4010,17 | 1174,46 1,00000 1,00000 46,85506 52,21704
15 4308,81 1518,65 1,07447 1,29306
45 4058,15 1223,25 1,01196 1,04154

IlepBoHavasbHBIE CBOWCTBA MAaTEPHUANIOB IIPU
BO3JCHCTBUU CpEllbl MPAKTUYECKH HE H3MEHH-
JUCh. YMEHBIICHUE HayaJbHOW TBEPAOCTH HE
HaOmogaeTcs. OTHaKo, Kak U B IPYTHUX CIIyYasXx,
MaTepuall, UMEIOLIMKA Ha4yaJbHYI TBEPAOCTH

Volume 13, Issue 4, 2017

MCHBIIC, B TICPBOC BpPEMs BO3ﬂ€ﬁCTBHH CpCablL
00JbIIe YIIIOTHSACTCS.

Takum o0pa3oM, B paccMaTpHBaeMOH CTaThe
YCTAHOBJICHO U3MEHEHHUE CBOWCTB Ha MOBEPXHO-
cTH 00pa3I0B HAa OCHOBE TIACTU(PUIINPOBAHHBIX
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Bpems., CYIKH
Pucynok 8. Usmenenue kosgppuyuenma meepoocmu KoMnouma 8 3a6UcUmMocmu
om épemenu 8030elicmsus cpedvl 011 cocmasos 1 u T3.

¥ OUOIMIHBIX IIEMEHTHBIX KOMMO3UIMI ¢ pa3-
JUYHBIMUA  HAMNOJIHUTEISIMU. Y CTOWYHMBOCTh
(CTOHKOCTB) CTPYKTYpPbl KOMIIO3UTOB MPEAJIO-
’KEHO OLEHMBATH 110 BEJIMYUHE TUIOIIAIA MHOTO-
VTOJbHUKA, MOJYYEHHOTO B pe3yjibTaTe Ky-
COYHO-JIMHEMHON HHTEPHOJISIIUMA TOUYEK 3KCIIO-
HUPOBaHUSL.

Kpome TOro skcrnepuMeHTanbHO YCTaHOBJIEHO,
YTO KOMIIO3UThI, UMEIOIME HayallbHbIE TTOKa3a-
tenmu TBepaoctu ot 1174,46 Mlla no 4089,57
MIIa o Mepe BBIIEPKKHU B CPEJIE C MOBBILIEHHON
BJIQXHOCTBIO W IIEPEMEHHBIMU IOJOXKUTEIb-
HBIMH TEMIIEpaTypamMH WX HE CHUXKAIOT, a Ha000-
poT, HaOJIO1aeTCs Aake MOBBILIEHUE, B OCHOB-
HOM B HavallbHOE BpeMs HCTbITaHUSA. A Oojee
TBEp/bIE€ KOMIIO3UTHI, C MOKA3aTEIIMU TBEPIO-
ctu ot 5168,04 MlIla no 9746,86 Mlla, nmeroT
TEHJCHLUMIO B HAYaJbHOE BpEMs BO3JEHCTBHS
Ccpelpl YMEHbIIATh CBOIO IMOBEPXHOCTHYIO TBEP-
JIOCTh, 3aT€M €€ YBEJIINYMBATh WJIM COXPAaHSATH,
KaK Hanpumep necuanbii komnosur ¢ I'TI Xune-
Tann 9y. 3aKOHOMEPHOCTSIM U3MEHEHUS TTOBEPX-
HOCTHOW TBEPJOCTA LEMEHTHBIX KOMIIO3UTOB
MOKHO HaWTH OOBSICHEHHE W3 PACCMOTPEHHUS
0COOEHHOCTEHN MX OTBEpJIEBAHMS, IPUBEJICHHBIX
B Hay4yHOW M ydeOHO# juteparype [19, 20, 21,

22]. IlpuBenemM HEKOTOPHIE IIOJOKEHUS IIPU

OTBEP/ICBAaHUU IIEMEHTHBIX KOMITO3UTOB:

e TEMIl YIIPOUYHEHHS] LIEMEHTHOTO KOMIIO3UTA
B MIO3/JTHEM BO3pacTe YMEHBIIAETCS IPH MO-
BBITIICHUH ero TpouHocTH [20];

e  BeIMYMHA HeT0OOpa MPOYHOCTH KOMITO3HUTA
YBEITUYMBAETCS TP 00Jiee BHICOKUX 3Haye-
HUSX BOJOIeMEeHTHOTro oTHorineHus (B/L)
cmecu [20];

e KapOOHM3AIUS IIEMEHTHBIX KOMIIO3UTOB
CTAHOBUTCS HE3HAYUTEIBHOM MPU OTHOCH-
TeIIbHOM BiIakHOCTH Onu3koi k 100 %, mo-
TOMY YTO B MHUKPOIIOpaX MPOUCXOIUT KOH-
JIEHCAITMs BOJISTHOTO Tapa u ux nuddy3noH-
Has MPOHMIIAEMOCTb CHMKAETCS Ha He-
CKOJIBKO TIopsiAKoB [19, 21];

e KapOOHM3AIMs pPa3BUBACTCS TeM OBICTpEe,
YeM BBIIIE TEMIIEpATypa U MEHEE TIOTEH Oe-
TOH, TOCKOJIBKY B 3TOM CIIyyae BO3pacTaeT
KOJIMYECTBO MOP, HE 3aMOJTHEHHBIX KOHICH-
carom [ 19, 21];

e KoneOaHUS TeMmMIepaTypbl B ONTHMAJIbHBIX
npejienax Mnpu MOBBIIIEHHOW OTHOCUTE! T1ei
BJI&KHOCTH MOTYT JIOMOJHHUTENBHO CHOCO0-
CTBOBaTh 00pPA30BaHUIO 3apO/IbIIIECH MaTepu-
ajia ¢ oCJICIYIOUIUM €ro YIIPpOYHEHHUEM [22].
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[IpuHuMmas Bo BHUMaHue pe3yiabTaThl UCCIENO-
BaHUs, MPUBEJACHHBIC B Ta0I. 1, COTJIaCHO KOTO-
PBIM TBEPJIOCTH OOJBIIE Y KOMIIO3UTOB € OoJiee
BBICOKOU IIPOYHOCTHIO HA CXKATUE, MOXKHO TIPE/I-
MOJIO’KUTh, YTO MOBBILICHUE U COXPaHEHUE TBEP-
JIOCTH MEHEE TBEP/bIX MAaTEPHAJIOB B HAUYAJIbHOE
BpeMsl JICUCTBUS CPENIbl CBS3aHO C MX OOJbIIei
MOTEHIIUATHHOM BO3MOKHOCTBIO YIIPOUHSITHCS, a
COOTBETCTBEHHO TIOBBIIIATH MOBEPXHOCTHOE
OTBEpJCBaHHUE.

Ponp kapOoHM3a1MK KOMIIO3UTOB B YIIPOUYHEHHUH
HE3HAYMTENIbHA, OHA TMOBEPXHOCTHA U BCE XKE
OoJbIIe JUIsI MEHEe TBEPAbIX KOMIIO3UTOB, IO-
CKOJIbKY OHHM UMEIOT TOPBI OOJIBIIIUX Pa3MEPOB,
KOTOpbIE HE 3aMOJIHSIOTCA KOHIEHCATOM, YTO
CIOCOOCTBYET YMEHBIIICHHIO COMPOTHUBIICHHS
KapOOHM3ALIUH.

YMeHbIIIeHHEe TBEPAOCTH 00Jiee MIIOTHBIX KOM-
MO3UTOB B HAYAJIbHOE BPEMs BBIICPKKU B CpPEZIE
C TIOBBIIICHHOW BIAXHOCTBHIO U TIEPEMEHHBIMU
MOJIOKUTEIBHBIMU TEMIIEPATYPAMU MOKHO 00b-
SCHUTh UX MUKPOIIOPUCTOM CTPYKTYpPOH, B KOTO-
POl KOHIEHCUPYETCS Biara, IpUBOIALIAs K Bpe-
MEHHOMY CHIDKEHUIO TBEPIOCTH M3-3a IMOBEPX-
HOCTHOTO yBiaXHeHHs. OJIHaKO C MOSBIEHUEM
HOBBIX I[EHTPOB KPUCTAJUTM3AIUN U3-3a KoJieha-
HUS TOJOKUTEIbHBIX TEMIIEpaTyp MOSBISAETCA
BO3MOKHOCTH YITPOYHEHHSI KOMIIO3UTOB, & COOT-
BETCTBEHHO IMOBBIIIEHUS X TBEPJAOCTH [22].
Ponp cocTaBnstomux KOMITO3UTa, B YaCTHOCTH
n00aBOK, CKa3bIBA€TCS B OCHOBHOM C UX BIUS-
HUEM Ha MHTETPATbHYIO U quddepeHnnanIbHyIo
MOPUCTOCTh MaTepuaja, Ha €ro MPOYHOCTb U
TBEPAOCTh. DTO BIUSHUE TpeOyeT AeTaabHOro
U3YYCHHUS, TOCKOJBKY TpU OOIIeH TeHICHINH
MOBBIIICHUS TBEPJOCTH C OBBILLIEHUEM TPOYHO-
CTH MBI HE MOYKEM TOBOPHUTH O TOM, YTO MEXIY
XapaKTePUCTHKAMU ITUX CBOWCTB HAOIIOIaeTCS
npsiMasi 3aBUCUMOCTH (CM. TabuIry 1).
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Abstract: Some variants of the generalized Hamiltonian formulation of the plate theory of I. N. Vekua — A. A.
Amosov type are presented. The infinite dimensional formulation with one evolution variable, or an
“instantaneous” formalism, as well as the de Donder — Weyl one are considered, and their application to the
numerical simulation of shell and plate dynamics is briefly discussed. The main conservation laws are
formulated for the general plate theory of N* order, and the possible motion integrals are introduced.
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de Donder — Weyl formulation, conservation laws

O TAMUWJIBTOHOBBIX ®OPMYJIMPOBKAX U 3AKOHAX
COXPAHEHUA B TEOPUSAX ITVIACTUH
THUITA U.H. BEKYA - A.A. AMOCOBA

C.U. /Kasoponok
MucruTyT npuknagHoi Mexanuku Pocculickoil akagemun Hayk, Mocksa, Poccust
MockoBckuii aBUaITMOHHBIN HHCTUTYT (HarmoHanpHBIN UCCIIeIOBaTeNbCKUN yHUBEpCUTET), MockBa, Poccus

Pe3tome: IlpeanokeHsl pa3nuyHble BapHaHTHI 00OOIIEHHBIX TaMHIBTOHOBBIX (OPMYIHPOBOK OOIIEH Teopuu
obomouek tuma M.H. Bexya — A.A. AmocoBa. PaccmoTrpensl GopMmynnpoBkn Ha 06a3ze OECKOHEUHOMEPHOTO
(ha30BOTO MPOCTpPAHCTBA C OJHOHN IBOIOIMOHHON TIEPEMEHHOH, a Takke Ha ocHOBe opmanmsma ie Jlonaepa —
Beis1, 06cy>k1atoTcss BOSMOXKHOCTH MX MPWIJIOKEHUS K YHCIIEHHBIM PEUISHHSIM 33714 MEXaHHUKH TOHKOCTEHHBIX
cucreM. IlonyueHbl OCHOBHBIE 3aKOHBI COXpPaHEHMs Ui TEOpUH 000JI04eK N-TO TOpsAAKAa M OINpEeIICHBI
OCHOBHBbIE TIEPBBIE HHTETPAJIBI CHCTEMBI.

KioueBbie c10Ba: Teopust 000JI04EK BBICIIETO MMOPSI/IKa, aHATMTHIECKast MEXaHWKa KOHTHHYalIbHbBIX
cucreM, popmanism ['amunbToHa, Gopmynupoka ae Jonnepa — Beiliisi, 3akoHBI COXpaHEHHS

1. INTRODUCTION

The modern theory of shells and plates deals
with many different problems in thin-walled
structures’ mechanics [1]. One can note that
“...new, more reliable 2D multi-field models
are needed... for high-frequency vibrations of
shells” [2] (see also [3-7]), in particular for
functionally graded structures [8-10], as well as
for wave propagation problems [11-13] and in
the transient plate and shell dynamics [14]. A lot
of different refined models for plates and shells
exist, for instance the ones based on power
series extension [4, 5, 8], or using the
asymptotic integration [11-13, 15, 16]. An
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efficient approach that allows one to construct
the hierarchy of various order shell and plate
models was constructed by I.LN. Vekua [17] on
the basis of orthogonal series and further
improved in [18-20]; this type of shell theories
has shown its efficiency in dynamics, especially
for transient problems [21].

The new variant of the shell theory of 1. N.
Vekua type obtained by A.A. Amosov [22, 23]
is based on the use of the tensor algebra; it
offers the improved formalization level close to
the one of the finite element method [23, 24].
The further improvement of the Vekua —
Amosov higher order theory of shells and plates
consists in the use of Lagrangian formalism of
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analytical mechanics extended to continuum
systems [24-27].

The Lagrangian formulation of refined plate
models is quite efficient in steady dynamics
problems such as [28, 29]. At the same time it is
known that the Hamiltonian approach [30]
provides some advantages (e. g. see [31]). Some
attempts to use the features of symplecticity of
Hamiltonian structures in statics were made in
[32-35] where the so-called “instantaneous”
formalism was applied and the Hamiltonian
systems with operator coefficients were studied
(an approach similar to [36-38]). This way leads
to first-order “evolution” differential equations
in time domain with second-order spatial
derivatives. An alternative approach proposed
by N.A. Kilchevskiy [39] deals with the
Legendre transform considering both time and
space derivatives; it leads to the finite
dimensional phase space formalism well known
in the general field theory as a “polymomentum
formalism” [40, 41]. Various types of Lepagean
equivalents may be used to obtain different
Hamiltonian systems while the simplest one
corresponds to the de Donder — Weyl formalism
[40]. Both “instantanelus” and de Donder
formulations for the plate theory of Nth order
are constructed below, and main conservation
laws are considered.

2. FUNDAMENTALS OF THE PLATE
THEORY OF NTH ORDER

Let the plate be a three-dimensional body
bounded by face planes S, and a lateral surface

Sg [23-27, 47], with the mid-plane S and the
plate thickness denoted as 2h [25].

Vcll’,V=VuUdV,ov=S,®S,;
VM, eV,MeS R(M,)=r(M)+hn.

The two-dimensional model of a plate consists
in the two-dimensional manifold S,
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S=SuU(65=5nS,)

>

with the curvilinear chart &°eD, cl?,
a=1,2, so that YM S R(M)Er(é“). Two

base vectors
r,=0,r, 0, =0/
corresponding to £” induce the metrics

a5 =, 1y

the normal unit is defined as

V)

n=a""(rxr,), a=deta,.

Let
u=u,r*+un

be the spatial displacement vector field. Thus,
the three-dimensional problem statement of
elasticity theory is based on the Hamilton
principle [25, 26]:

sj: (Jcav+[ coas)d=o0. @1

Let us consider the Lagrangian continuum
system defined within the configuration
manifold Q, with the field variables of the 1%
kind u®, u® being the expansion factors of
the spatial displacement field u with respect to
the biorthogonal function system p,,(5),

p(k)(C) [26, 27], so that we have

u(t,g%,¢)~ (ug”r“ + u§k>n) B (€)- k=0.N.

Here the components u,(t,§%,C), u,(t,&%,C)
are assumed to be square integrable over
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[-1,1]13 ¢ [25-27]. In general, the convergence

is supposed folloving [15].
The Lagrangian densitiy can be now defined on
S and 0S as follows [33, 35]:

o m ol m) \ v k
_%(C(kfny)ésvyug )+C(klr3n3)u§ ))Vﬁu(x) -
m m) \ < k
_%(C(ﬁ)}vyug ) + C(3k[:;1/)u§ ))Vﬁug ) (2-2)

Los (ng)vugk)) = q;(k)u((xk) * OglUa -

Here V denotes the covariant derivative and

Dy, are linear operators (see [23-29]):

Dl =(dpyyy /S, pY) ;

()~ B33,
h D( )C(nm 2

- ()~ a3p3
=h D(kZ)C(nm) :

ple) = (PP, gy ) :
333 oy (1)~ 3333, a3 _
Cin =h"DICED; Cob =
3By _ (G ) 3p3y, ap3
Cim =N "D Ciamys Cen

Thus, the plate is defined as a two-dimensional
continuum system within the field variables

u, u® and the Lagrangian densities £, L.

Finally, the generalized Lagrange equations of
the second kind [25]

oL o 0L oL _ .
atau“) i ov,ul o o .
ﬁﬁs oL, azs 3)

6u Ve (ﬁﬁug T au®

can be formulated in the particular case of the
Nth order plate theory as (2.4) (e. g. see [25])
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(Mo _ o ap K-l (m) a3 a,

Pl iy = V0 — W'D o + Fi: 04
PN =¥ 6P _hD(WeE L E.
(0 = VO () O(m) + 3

as well their natural boundary conditions (2.5)

2.5)

while the corresponding initial conditions can
be written as (2.6) (see [24-26]):

u((xk) :Uék); ugk) :U3(k);
t=t, t=t,
(2.6)
Uﬁk) :V(fk); ng) =V3(k)
t=t, t=t,

Let us note that the generalized tangential and
shear forces can be defined by the partial
derivatives of the Lagrangian density L :

oL, oL,
o= _ of=—ZS_ (27
O 8V5uflk) @7)

Finally, the total Lagrangian for the plate can be
determined as follows:

L=[£ds+ [ £,dT.

3. ENERGY AND MOMENTUM
CONSERVATION LAWS IN THE
PLATE THEORY OF NTH ORDER

Let us define the total time derivative of the
Lagrangian densities given by (2.2):
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%Es(u((x),ug ) ufi) u§ ),vﬁu;k“,v u(k))
a2 s g, 9L o, OFs
8u G 6u ok 8u () 6" 8u(k

L L G, 9 SANGY
vyl e Ty i et
pYs g3

d (k) =3
d_ﬁﬁs( “ 9. u gk)) = q(k)uka) + q(gk)ugk)'

Accounting for the Gauss-Ostrogradsky
theorem, we can represent the corresponding
time derivative for the total Lagrangian as

jﬂﬁdsq‘mS dr =

! dt 4 dt
:ji ME ) + aﬁi ) |ds +
dt| au! aul
oL g, o5 __ oL, L
‘I O Vo g o gty |V 98
s| au 6VBua ou,
or. or. éﬁj (3.1)
k
‘I O Ve g 1 ag Gds +
s| 3 BY3 30
O i
+ — u; v dl —
I(8Vuk e GVBugk) S

B
+I oL; u(k)+aE dr.
aul) éugk)

Taking into account the generalized Lagrange
equations of the second kind (2.3) for the plate
theory of N order [25-27] coinciding with the
square-bracketed terms in (3.1) as well as their
natural boundary conditions (2.5), we can write
the total time derivative using the following
representation:

CIH0 {K)
{( )u dr +
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where the Hamiltonian is defined as follows:
0 _ 0
= L H°dS.

The surface density of the Hamiltonian H° is
constructed by means of the Legendre transform
of the Lagrangian surface density L
considering only time derivatives of the field
(SIS
u3
“infinite dlmensional phase space”, or
“instantaneous” formulation [30, 42]:

variables U, in terms of the so-called

H =g+ pii, -4, (33)

where the generalized momenta of the Kk -xe
order are determined by the formulae

o aﬁs i (:HI) o,
Py = - P Y
(3.4)
p(k) — aﬁs — (m L]3
3 8L‘|§") Py Ym)-

The formula (3.3) yields that H° is the total
energy; it follows from (2.2) and (3.4). It can be
seen that the bracketed terms in (3.2) coincide
with (2.5), therefore the total energy H°
becomes the integral of motion for the plate if
the boundary conditions on 0S are exactly
satisfied. Thus, the formula (3.2) defines the
energy conservation. Moreover we can obtain
the differential formulation of the conservation

law for the energy density H’:

H® =-V,S"; (3.5)

here S=S" I, is the tangent vector field of the
energy flux [43]:

3B 5

ap (K
SF = -5l —shul.

o (3.6)

This quantity can be useful, in particular, for
waveguide problems such as [28, 29].
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Now let us consider the total derivatives of the
Lagrangian densities with respect to the surface

coordinates &':

d GGG 0 S 0
d_iyﬁs (u(7 LUy 0y ,VﬁufX ,Vﬁu3 )z
oL u4 L \% ugk)+
au((xk) Yo a gk) Y
L o .00, L 5 .
+8L’|(k) V.u, '+ L V. Uy +
o 3
oLy =< . oLy < (k)
+a§ﬁuék) Vyvﬁua Gﬁﬁuék) Vvvﬁu3 3
d‘a(’} —d 7 k =3 k
d&vS = G V,u, + TV 0

Keeping in mind that the Riemann-Christoffel
tensor of the plane S vanishes,

RixBlf = O ’

and for the Gauss-Ostrogradsky theorem, we
have

jd'cs ds + j Los g -

! de de
H(—k A
Yat{aa® e T aam

oLy . 0L oL |5 .m

-1 0 +V,— - V. u. ’dS —

! fodl)  Tav,ul aul |
PR

Jlo Vi o [V ds +

5| 6u 8Vu au;” |

+I _aﬁs(k) §yul(xk) + aﬁs( )V ul v, I+
ov,u Eﬁvﬁu3

0S o
]dr

K o
as au( ) ! a § )
Accounting hence for the Lagrange equations
(2.3) for plates [25-27], we have finally

o
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dG -
ol (oftivs = g ) VU +
5 (3.7)
+[(ofhvy — B3y ) 7,0,
S
G, =|.G,s, (3.8)

where the covariant components of the wave
momentum vector [30] are defined by (3.9):

G = aﬁSv (k) ﬁsvup. (3.9)

T oul Yuu ol

a 3

Thus, the covariant components G, of the total

wave momentum vector (3.8) become the
integrals of motion if the boundary conditions
on 0S coinciding with the bracketed terms in
the formula (3.7) are satisfied exactly.
The differential form of the field momentum
conservation law can be written as follows:

g =V,H", (3.10)

where the components of the Hamilton tensor
are introduced by (3.11) accordingly to [40]:

oLy =
?y' = )V u(k)
8V u
GCS (3.11)
k) B
+—=—_V ul" 3L,
avﬁugk) Y Y

Finally, the conservation law for the moments
of wave momentum [30] can be formulated. Let
us introduce the momentum moment field
normal to the mid-plane S of the plate:

M,=[ MdS, M =€2'G".  (3.12)

Similarly to the previously derived integral
conservation laws, we obtain for the wave
momentum moment (3.12) the following one:
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M, _ —[ €, H"dS +
dt 3P
+j5&/<: a (offhvy =G5 )V, Ud0 + (3.13)
+ j R qg(k))iugk)dr.
The stress symmetry,
(113 _ GBa

and the first term in (3.13) imply that the
Hamilton tensor (3.11) is symmetric; the total
moment of momentum (3.12) becomes integral
of motion if the boundary conditions on the
plate contour 0S are satisfied exactly.

4. HAMILTON EQUATIONS
OF THE NTH ORDER PLATE THEORY
IN TERMS OF THE INSTANTANEOUS”
HAMILTON FORMALISM

These equations can be obtained following J.B.
Leech [30]. Let us consider the total differential

of the Hamiltonian H°:
oH"

dH’ = —dul + — oM’
oul aul)

aH() . aH() i (k)
+5ppo(k) + Wd (VBU(X )+

aHU
aIO

du(k

T g(7,u)

dpk + gUs
) 8VBU§

On the other hand, from the definition for the
H’ (3.3) we have accordingly to J. Leech [30]
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dH’ = - Mﬁ du - OES > duf) -
8ufx) 8u
0L (5 u® - %% 4(T (®
‘(ﬁ ul d(vﬁ“ )_ ov,uld d<vﬁu3 )_
+p m Ek)ugk)_i_u(k\[)(a)_i_ug )P(k)

and the following relations can be derived:

oH® oLy oM = oL @.1)
AP o o ag®
oH" 8L
ov,ul vl
. (4.2)
oH" 0L
vl vl
as well as two Hamiltonian equations:
0 0
u@”:a”f , ugk>:5"’f . (4.3)
Py Py

Now let us consider the generalized momenta
(3.4). Accounting for the Lagrange equations
[25] results in the following relationships:

(4.4)

They are the dynamics equations [30, 40]:
3d v (CeBry (M ap3, (m)
p(k) - Vﬁ (C an VSU +C nm)u3 )_
—h’lD((;' (C(‘"”)SV u{™+ C“‘3Y ))+ Fe.
B = T CHT )+ G

(
—hDl (C +cm ™ )+
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similar to the Lagrange equations [25-27]; their
right hand sides contain second-order covariant

derivatives of the field variables u‘® ugk). The

natural boundary conditions can be rewritten in
the following notation:

0
Vg ?H o+ aHiS sul =o;
aVBuf1 ) auf1 ) s
- - 4.7
aH() 4 87_[88 | 5 (I() _ 0 ( )

v oVl aul ol T

L - oS
where formally
Hos =L

Finally, we have the initial conditions

t=t,

(4.8)
=P

t=t, (

3
k)*

The obtained formulation (4.3), (4.5), (4.6),
(4.7), and (4.8) corresponds to the so-called
“Iinstantaneous” Hamiltonian formulation for
continuum systems that is based on the infinite-
dimensional phase spaces [42].

5. HAMILTON - DE DONDER - WEYL
EQUATIONS OF THE N-TH ORDER
PLATE THEORY

The Hamilton — de Donder — Weyl approach
deals with finite dimensional phase spaces [41,
42] and is based on the set of polymomenta
induced by spatial derivatives of field variables
of the 1*' kind (2.7).

Let us construct the new Hamiltonian density
depending on momenta and polymomenta using
the Legendre transform considering both time

and space derivatives of U\, u{“:

Sergey 1. Zhavoronok

(5.1)

dH"Y = dp;.. +7dp(3k) +

On the other hand, from the definition given by
Legendre transform (5.1) we obtain

dH"" = ug”dpg;) + u§k>dp(3k) +
- k o i k
+VBufx d c(f) + Vﬁug )dcs?f) +
+ p(ﬁ‘()duka) + pfk)dugk) +

+G&B)d (%ug‘) ) + fo)d (§ﬁu§k)) - (52

aﬁs (k aﬁg L (K)
oild T aa
_ 96 gy - %5 47 ub -
ovul P ay ) T
OLs o0 _ OLs 4 (k)
- du;’ — du;’,
aul aul)

therefore we have the following relations for the
partial derivatives of the Lagrangian and
Hamiltonian surface densities:

OH™ oLy oM™ AL (5.3)
au e Al au '

as well as the first pair of the canonical
Hamilton — de Donder — Weyl equations:
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DW DW
ugk) _ G'HQ ’ ugk) _ 8?'(3 (5.4)
Pl Py
and the second quasi-canonical pair:
DW DW
vl = aﬁ—aﬁ, Vol = GHSB . (5.5)
Gc(k) ﬁc(k)

The equations (5.4) define the generalized
velocities, or field variables of the 2™ kind,
whereas the equations (5.5) are constitutive
relations  represented in  their inverse
formulation and solved for the distortions.
Considering hence the Lagrange equations of
(2.3) together with the definitions of momenta
(3.4) and polymomenta (2.7), we obtain the last
pair of quasi-canonical equations (5.6):

_ oH™
:y O af _
P = Vit =~ w0
“ (5.6)
_ OH
3 po__FE
P = VS =~ @
3

The equations (5.6) coincide with the equations

a3 33

(2.4) except the terms with o/, o, that are

k k
(),Ug).

o

expressed through u

Finally, the natural boundary conditions (4.7)
can be represented similarly to (2.5):

aHDW
opy, _ 1T -0
(%Vﬁ ou® J =0
o aS
(5.7)
aHDW
By, 21T —
(%Vﬁ ou® ] =0
o aS

HY =—L ., the
kinematic boundary conditions pair corresponds
to the equations (5.5) in accordance with the
approach shown in [39]. The initial conditions
correspond to (4.8).

where formally while
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CONCLUSIONS

Starting from the Lagrangian formalism of the
Vekua-Amosov general theory of thick plates,
the conservation conditions are formulated, and
the main motion integrals are constructed. It has
to be noted that the presented plate model
corresponds to the “elementary” theory that
does not accounts for the boundary conditions
on the faces of thin-walled structures. These
boundary conditions are approximately satisfied
as a result of the convergence of the two-
dimensional solutions sequence to the solution
of the three-dimensional initial-boundary value
problem. Thus, the nonzero energy flux vector
field and the normal component of the second-
rank Hamilton tensor due to the boundary
conditions discrepancy appear on the mid-plane;
the total Hamiltonian H® as well as the integral

field momentum vector components G, are

therefore motion integrals under assumption of
vanishing boundary conditions discrepancy as
N —>o. In general, this drawback of
“elementary” theories can be eliminated on the
background of “extended” plate and shell
theories (e. g. see [44-47]).

The Hamiltonian field equations for the Nth
order plate theory are constructed. This
formulation 1is variationally consistent and
allows one the use of methods of lines in time
domain for numerical solutions in transient plate
dynamics’ problems. On the other hand, the
instantaneous Hamiltonian formulation can be
considered as an “evolutionary” system of
ordinary differential equations in time domain,
or, with coefficients containing differential
operators. This formalism maybe useful in
various semi-analytical approaches such as [31-
34], [35] as well as [36-38].

The obtained de Donder — Weyl Hamiltonian
° does not represent the total energy density
[40] but allows one to construct the equations
system that contains only first-order covariant
derivatives. The obtained equations of Hamilton
— de Donder — Weyl type (5.5) cannot be
interpreted as canonical equations because of
presence in their left hand sides the covariant
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derivatives; they can be rewritten nevertheless
in the canonical representation by translating the
terms with Christoffel symbols to their right
hand sides. At the same time the dynamic
equations (5.6) remain quasi-canonical due to
the divergence operators and minus marks with
the corresponding terms. The last drawback can
be eliminated by means of different
Hamiltonian construction (e. g. see [39]); the
polymomenta definition also allows a certain
degree of arbitrariness in the model formulation,
so that the following general notation can be
obtained:

veou=2t
oP

vip=-1
P={p o}, v'={o V}

The proposed Hamiltionian formulation can be

considered only as a simplest one; its
improvement become possible on the
background of the powerful symplectic

geometry formalism developed in the field
theory [40, 41, 43]. Let us also note that the
more complex Hamilton — Caratheodory
formalism [41] offers nevertheless some
features, at least in the numerical simulation,
providing the use of Hamilton—Jacobi theory.
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AHAJIN3 YCTOUMYUBOCTHU PABHOBECHUS MOJIEJIN ®EPMbI

C KKECTKHUMH Y3JIAMU HA OCHOBE PA3JIMYHbBIX
AUATPAMM JE®OOPMUPOBAHUA MATEPUAJIA

C.b. Kocuuvin, M.M. becuuees
Poccuiickuit yausepcuret tpancnopta (MUUT), r. Mocksa, POCCUA

AnHoranusi: B pabore Ha npumepe MOCTOBOI ()epMBI C KECTKUMHU Y3JIaMH YUCICHHO HM3YY€HBI BOIIPOCHI
YCTOMUYMBOCTH PAaBHOBECHUS CTEP)KHEBBIX CHCTEM C YYETOM I'€OMETPUUYECKON HETMHEHHOCTH W MOSBICHUS IIa-
cTrieckux nedopmanuii Marepuana. PaccMoTpeHBI pa3nnuHble MOJEIN MaTepHaia: JMHEHHO yNpyruil u ymnpy-
TOIUIaCTHYECKUH ¢ anarpammamu nedopmupoBanus IIpanarmis u peansHoi. [TokazaHbl 0COOCHHOCTH HOTEPH
YCTOWYNBOCTH PaBHOBECHSI.

KiroueBbie ciioBa: noTeps YCTOI>'I‘IPIBOCTI/I PpaBHOBECHU:, XJIOIOK, IMPEACTIbHAA TOYKA,
IMIaCTHYCCKHEC Z[e(i)OpMaL[I/II/I

ANALYSIS OF STABILITY OF A TRUSS MODEL WITH HARD
NODES BASED ON VARIOUS STRESS-STRAIN CURVES
Sergey B. Kosytsyn, Maxim M. Begichev
Russian University of Transport (MIIT), Moscow, RUSSIA
Abstract: The stability of the equilibrium of rod systems is studied numerically taking into account the geomet-
ric nonlinearity using as an example a truss with rigid nodes. Various material models are used: linear elastic and

elastoplastic with Prandt] and real stress-strain curves. The features of the loss of equilibrium stability are shown.

Keywords: loss of stability, buckling, limit point, plastic strain

1. BBEAEHHME

[Ipu mpoexTupoBaHuu J0OOTO0 HHKXEHEPHOTO
COOpY)KEHHsSI (B TOM YHCIE COCTOSIIEr0 W3
CTEP)KHEBBIX MJIA TOHKOCTEHHBIX IPOCTpPAaH-
CTBEHHBIX JJIEMEHTOB) OJIHOM U3 Hambolee
BaXXHBIX 3aJ1au sIBJIETCA oOecreyeHue yCToil-
YUBOCTU €ro PAaBHOBECUS TPU PaA3IMUYHBIX
BHEIIHUX BO3JCUCTBUAX. 3a/Jaud YCTOMYHBO-
CTH pABHOBECHUS] COCTABJISIOT JOCTATOYHO
CJIOKHBIM M MaJlo WM3YyYEHHBIN pa3fen CTpOoHU-
TEJIbHOM  MeXaHMKu. Psaxg  KoHCTpykuui
(HampuMmep, paMHbIe KapKachl 3/1aHUH, JIeMEH-
ThI TPAHCIIOPTHBIX COOPYXKEHUU U Jp.) TEPSIOT
YCTOMYMBOCTh MpPHU MOSIBICHUU IUIACTHYECKUX
nedopManuii  MaTepuanoB, 4To emie Oolee
YCIIOXKHSET 3a7a4y. B MOMEHTHI, MpealiecTBy-
IOIIKE MTOTEPE YCTOMYMBOCTH, a TAKXKE B 3aKpH-
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TUYECKOM COCTOSIHWH, JJIEMEHTHI KOHCTPYKITUI
UMEIOT JOCTaTOYHO OOJNbIINE TepeMeIIeHHs,
KOTOpPBIMHM HEJb3s IpeHeOperatb B pacuerax,
MOATOMY KOPPEKTHO TIOCTABJIICHHAs 3ajaua
YCTOMYHMBOCTH PABHOBECUS SIBISETCS TE€OMET-
PUYECKU HETTUHENHOM.

B Hacrosmieit pabote Ha mpuMepe CUMMETPHY-
HOU IUIOCKOW BOCBMMIIAHEIIbHOW TOPU30HTANIb-
HOH MOCTOBOW (PpepMBI C >KECTKUMHU Yy3JIaMHu
(mponer depmbl 44 M, BbicoTa 8,5 M), Harpy-
KEHHON OJMHAaKOBBIMH BEPTUKAJIBHBIMU CHUJIA-
MU, TPUJIOKEHHBIMU B y3J1aX HIKHETO Mosica

(puc. 1) B reomeTpruecKu HEJIMHEHHOW TMOCTa-
HOBKE PAcCCMOTPEHBI BOMPOCH YCTOWYHUBOCTH
paBHOBecHsi. CTepkHU (EepMbI — TOHKOCTEH-
HbIe TIpocTpaHcTBeHHBIe H — oOpasnsbie. [eo-
METPHUYECKUE XAPAKTEPUCTUKH TOTCPEYHBIX
CEYCHUI pHUBEACHBI B Ta0. 1.



Amnanus YCTOFI‘{I/IBOCTH PpaBHOBECHA MOJCIIN (l)epMI)I C JKCCTKHUMHU Yy3JIaMU Ha OCHOBEC PA3JIMYHBIX JUArpaMM

nedopmupoBaHus MaTepuaia

1
P P P P P P P

Pucynok 1. Pacuemnas mooeinb Mocmosoti

— JUHENHO ynpyrum (MOIyldb YOPYTOCTH U
kodp¢dunment IlyaccoHa  COOTBETCTBEHHO
paBubl £ =2-10"" H/™M?, v=0,3);

— YIPYTOIUIACTHYECKUM COTJIACHO OMIIMHEHHOM
auarpaMme, BechbMa OJNM3KOM K JauarpaMme
[Ipannarns (mpenen TEKy4ecTH M pPaBHBIM emy
npesiea MPONOPIHOHAIBHOCTH Gy = Ony = 2-10%

pepmbi. H/m?);

— YIPYroiylacCTUYeCKUM Ha OCHOBE pPEalbHOM

Monenb ¢GepMbl COCTOUT M3 OJAHOMEPHBIX KO-  JMarpaMMbl IUIACTHYHOM  cramm  (Tadi. 2,
HEYHBIX 3JeMeHTOB (ux yucio 290), pabdorato- puc. 2).

HIMX Ha pacTshkeHue (cxkaTue) u u3rud. Jdine-
MEHTBI COEIMHEHBbl B y3JIax »XecTko. B mpo-
rpammHoM komiiekce MSC.NASTRAN [1],
IIPY IOMOILM KOTOPOT'O MPOU3BEACHBI PACUETHI,
ux HazbiBaloT BEAM.

Ha puc. 1 u3o6paxeHsl CBsi3U, HAJIOKEHHbBIE HA
onopHbsle y3i1bl (epmbl. depma B mporpamm-
HOoM koMiuiekce MSC.NASTRAN paccmarpu-
BaeTCsl KaK MPOCTPAHCTBEHHAs! CUCTEMa, OJHa-
KO B HacTofAlled paboTe M3ydeHa JMIIb II0C-
Kasi IOoTepsl €€ yCTOMYMBOCTH.

HccnenoBanbl BO3MOJKHBIE CLIEHApUU IOTEPU
YCTOMYMBOCTH paBHOBecusi depmbl. MaTepuan
CTEpKHEN cUnTaCcA:

01774
0159
0142+
0124+
0106
0.0885-
0.0708
0.0531+
0.0354
0.0177+

0. T u o) T 1

0. 5950'0000. 119000000, 178500000, 238000000. 297500000. 357000000.
Function Values

1: Diagrame

Pucynok 2. Peanvuas ouacpamma oegpopmupo-
eanusi mamepuana (o—&).

Tabruya 1. I'eomempuyeckue xapakmepucmukiy NOnepeunslx ceyeHuti npocmparcmeennvix H — 06-

DA3HBIX D]IeMenmo8 ghepmul.

Pazmepsnr IImomane | Ilnomans MowmeHT MowmeHT MowmeHT
DJeMeHT JIMCTOB JIUCTOB o0ras uHepiu J. | uHepuuu J, | uHepuuu Ji,
MM MM M2 10* m* 10* m* 10° m*
420%12 5040
Beggf;ﬁ [ 46020 9200
D | 46020 9200
Cymma 23440 | 0023440 | 9,65261 304514 2.72228
Packoc 440%10 4400
BOCXOIS- 420%10 4200
it / 420%10 4200
H“g‘;;"' Cymma 12800 | 0,012800 | 4,96307 1,23517 0,450507
436x10 4360
Croiika/ | 240x18 2880
IMOJIBECKA 240%x18 2880
Cymma 10120 | 0,010120 | 3,58151 2,76843 | 0434578
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Tabauya 2. Yucnogvle 3naueHus: ouazpammul
dehopmuposanus mamepuaia.

Ne o] €
TOYKHU 10® H/m?

1 0 0

2 2,4500 0,001225
3 24516 0,020000
4 2,6100 0,026500
5 2,7800 0,032400
6 3,0200 0,045600
7 3,1600 0,057500
8 3,2900 0,073600
9 3,3900 0,089200
10 3,4500 0,103000
11 3,5000 0,122000
12 3,5400 0,141000
13 3,5700 0,177000

2. JUHEMHBIN AHAJIU3
YCTOMUYUBOCTU PABHOBECHSI
MOCTOBOM ®EPMBI C )KECTKUMHA
V3JIAMHU

[Ipoananusupyem pe3yapTaThl KJIACCHYECKOIO
JUHEHHOTO pacdeTra MOCTOBOHM (hepMBbI C JKECT-
KHMH y3JIaMH, BBIIIOJIJHEHHOTO Ha OCHOBE IIpO-
HeAypbl pelieHus mpobsieMbl COOCTBEHHBIX
3HA4YEeHU [2]

(K, -AGy,)Z; =0. (1)

ik
31ecs 0003HAYEHO: Knm — KOMIIOHEHTBI MAaT-

pULbI JKECTKOCTEM Ha HadaJIbHOM JTalle
ik
HarpyxxcCHusl, nm — COCTABJIAIOIINUC MATPHUIIbLI

gm
HadaJIbHBIX HaHpSI)KeHHfI; k — KOMIIOHCHTHI

COOCTBEHHOTO BEKTOPA, ONPEACIIIONIe GopMy
MOTEePU YCTONYUBOCTH; A _ cobersentoe 3ua-

4yeHue (MacmTaOHbBIN (akTop), Kl ABIIAETCS

3amacoM YCTOMYMBOCTU MO OTHOIICHUIO K JICH-
CTBYIOIIEH HarpysKe.

C.b. Kocutieia, M.M. beruuen

B (1) u B manpHeieM HCIOJb30BaHO COTIJIA-
IEHHE O CYMMHUPOBAHHUU MO MOBTOPAOLIEMYCS
HHJIEKCY.

Kputnueckuit napamerp okas3ajucs IByKpaTHBIM
C TOYHOCTBIO JIO YEThIpeX 3Havamwux Iudp.
Halinennbie ero BeJIMYMHBI COCTABUIIN

Piri= Ay -Pa=0,018965-(1-10%)=1,8965-10° H,
Pirr=N 5 Pra=0,018968+(1-10%)=1,896810°H.

@opMbl TOTEPH yCTOMYMBOCTH TMOKA3aHbI Ha
puc. 3 B COOTBETCTBYIOIIEM MacIiTaoe.

a)

0)

Pucynok 3. Jlgykpamuvie popmul nomepu
VYCMOUYUBOCMU MOCMOBOU hepmbl

C JHCeCMKUMU Y3NAMU (MAMEPUA — TUHEUHO
ynpyeuii),; a) nepsas (KoCcoCUMMEMPUUHAsL),
0) emopas (cummempuynas).

3. TEOMETPUYECKHU HEJIUHEWNHBIN
AHAJIN3 YCTOMYUBOCTHU PABHO-
BECHUS MOCTOBOM ®EPMBbI C
KECTKUMMU Y3JIAMU

PaccmoTpuMm pe3ynbTaThl T€OMETPUYECKH He-
JIMHEWHOTO pacdyeTa MOCTOBOM (DepMBI C KecCT-
KUMHU y37aMu. Marepuan crepkHeill (epMsl
cUMTaICa OECKOHEYHO JIMHEWHO ynpyrum. B
CpeIHEM y3JIe HIDKHEro mosica ¢pepmbl (Touka 1
Ha puc. |) mpusio’keHa AOIOJIHUTENbHAS BO3-
Mymatoniasi ropusoHtasnibHas cuna 0,001P ¢
LETBIO0 BBISIBJIEHUS BO3MOYKHBIX HECUMMETPHUY-
HBIX PaBHOBECHBIX (hOpM B Mpoliecce MOTepu
YCTOMYMBOCTH. [l pemieHuss reoMeTpuyecKu
HEJIMHEMHON 3a/Ja4yd 3alMIlIEM HEJIWHEHbIE
anreOpanveckue ypaBHEHUS B MPHUPALICHHUIX
JUIl OTAETBHOTO Iara 1o aHajloruu ¢ (yHaa-
MeHTalibHOM MoHorpadueit k. Onena [2]:
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Amnanus YCTOﬁ‘II/IBOCTH PpaBHOBECHA MOJCIIN (bepMI)I C JKCCTKHUMHU Yy3JIaMU Ha OCHOBE PA3JIMYHBIX JUArpaMM

nedopmupoBaHus MaTepuaia
k ASm _ ADi
KnmAZk - AI:)n : (2)

3mech Aka — COCTaBJISIIOIIME MpUpAIICHUN

HEM3BECTHBIX OOOOIICHHBIX TEPEeMEUICHUN;

AP’ — 3jeMeHTBI BEKTOpa IPHpALICHUS Tapa-

MeTpa y3i10Boi Harpysku; KX — KOMIIOHEHTSI

KacaTeJIbHOM MAaTpHUILIbl KECTKOCTEH CUCTEMBI
HEJIMHEHHBIX YPaBHEHUM:

Ky, =K +Gp +Co +Ry . (3)

K
3neck o0o3HaueHo: K\ — KOMIIOHEHTHI Mart-

. . ik
pusl Tpupamenuii xectkocreit; G, — co-
CTaBISIOLIME MaTPUIbl HAYaJIbHBIX HamIpsKe-

o ik
HUH; Cnm — DJJICMCHTBI MAaTpHUIllbl HAaYaJIbHBIX

ik
IIOBOPOTOB; an — KOMIIOHCHTBI MAaTpHIbI

HAYaJIbHOTO HArPYKCHHUS.
Jns ananu3a pelieHus: HEIMHEWHOW 3aaadu
YCTOMYMBOCTH PABHOBECHS HEOOXOIUMO IIO-
CTPOUTH AMArpaMMy PaBHOBECHBIX COCTOSIHUM.
JuarpaMMmy CTpOAT TMOCPEICTBOM IIaroBOM
MpOLEAYphl, Ha KaXJIOM IIare KOTOpoil MeTo-
noM Herorona — Padcona pemator cucremy
HEJIMHEMHBIX anreOpanyeckux ypaBHEHHUH (2).
C uenpio Moucka MpelenbHbIX TOYEK HCIOJb-
3oBaHa nporeaypa Arc-Length metona B Bapu-
anre Kpuchunna [3].

KpuBas cocrosHul paBHOBecUs UIsl CpeaHEH
TOYKH HIKHero mosca ¢epmsl (Touka 1 Ha
puc. 1) uzoOpaxkena Ha puc. 4.

AHanu3 pe3yapTaToB pacyera MoKasal, 4To Io-
Tepsl yCTOMYMUBOCTH (hepMbl MPOMU30IILIA XJIOM-
KOM M3 TOUKH | (puc. 4) Ha BOCXOJISIIYIO YaCTh
KpPUBOIl paBHOBECHBIX COCTOSIHUM (TOuUka 2 Ha
puc. 4). Ilocine sToro mnpu Oosiee BBICOKOM
Harpy3ke IIpoM30LUIa BTOpPUYHAs  IOTEps
YCTOMYMBOCTH XJIOIIKOM M3 TOYKH 3 B TOUKy 4
(puc. 4). U, Hakosert, emie ojJHa NOTeps yCTOM-
YUBOCTU TMPOU30ILIIA B THPEIACIbHON TOUKE
(Touka 5 Ha puc. 4). @opMbl paBHOBECHS, CO-
OTBETCTBYIOLIME ToukaM 1, 2, 3, 4 u 5 puc. 4,
M300pakeHbI Ha PUC. 5, 6 U 7 COOTBETCTBEHHO.

Volume 13, Issue 4, 2017

Pucynok 4. Kpusas pasnogecnuvix cocmosinuii

7»5

«npoaub — Haspy3xka» 0Jisi CpeOHel MOouKU
HUDICHE20 Nosica hepmbl ¢ HceCmKUMU Y31amu
(mamepuan — MuHeUHO ynpyutl).

a)

0)

Pucynox 5. @opmel pasrosecus pepmoi ¢
HCECMKUMU V3NAMU (MAMepUuan — TIUHeUHo
YHpy2uti) npu nepeom XJionKe,

a) 0o xnonka, 6) nocie Xai0nKa.

0)

/e \

Pucynox 6. @opmsi pasrnosecus ghepmoi
C JHCECMKUMU Y3NAMU (MAMEPUATL — TUHELHO
ynpyeuii) npu 6mopom XJi0nKe,
a) 0o xnonka, 6) nocie XJa0nKa.
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Pucynox 7. @opma pasnosecus ¢hepmol
C ofcecmKuUMU Y31amu (Mamepuan — IUHeuHo
ynpyeutl) 8 npedeivroli mouxe (3J)

Benuuunsl KPUTHYCCKUX ITaPaMCTPOB:

Pi1=0,1805P1nax=0,1805-(1-107)=1,805-10° H,
Pj2=0,5515"P1nax=0,5515-(1-10")=5,515-10° H,
P5=0,7369-P1uax=0,7369 (1-107)=7,369-10° H.

4. TEOMETPUYECKHU HEJIMHEWHBIN
AHAJIN3 YCTOMYUBOCTHU
PABHOBECHS MOCTOBOM ®EPMbI
C )KECTKUMHU Y3JIAMH TPU
MUCIOJb30BAHUU BUWJINHENHOM
JTUATPAMMBI TEDOPMHUPOBAHUS
MATEPHAJIA, BJIU3KON
K JUATPAMME IPAHATJIS

[Ipoananu3upyem pe3yiapTaTbl TE€OMETPHUECKH
HEJIMHEHHOTO pacyeTa MOCTOBOU (PepMBbI € JKeCT-
KUMHU y3JlaMH, W3TOTOBJIEHHOM W3 ympyroruia-
CTHUYECKOT0 MaTepualia ¢ OWIMHEHHON Tuarpam-
MOH, Onmm3kod k nuarpamme llpanaris. Yuer
IUIACTUYECKUX JIeopMaliuii MPOU3BEIEH 10 TEOo-
puM 1uiactudeckoro teueHus [4, 5]. Iloepx-
HOCTb TEKY4YeCTH IPHHATA B COOTBETCTBHH C
KpHUTepueM Tekydectn Xyoepa — Museca [4, 5].
KpuBas paBHOBECHBIX COCTOSIHUU JJIsl CpeaHEN
TOYKHM HIKHero mosca ¢epmsl (Touka 1 Ha
puc. 1) uzobpaxkena Ha puc. 8.

AHanu3 pe3yapTaToB pacyera MokKasal, 4To Io-
Tepsl yCTOWYUBOCTU (epMbl MPOU30IILIa B Mpe-
nenbHOM Touke (Touka 1 Ha puc. 8) ¢ mosaie-
HUEM IJIaCTHYeCKUX nedopManuii B KpailHHX
(mopranpHbIX) packocax (Ha pucC. 9 OTMEUEHBI
9TH Tmactuyeckue nedopmanuu). Toabko B
ATUX pacKocax HaIlpsDKEHUs TOCTUIVIM MIpereria

C.b. Kocutieia, M.M. beruuen

TekydecTu. JlapHelnee yBeIUYEHHUE HArpys-
KM Ha epMy CTallo y)Ke HEBO3MOXKHBIM. Bernu-
YUHA KPUTUYECKOIO ITapaMeTpa COCTaBUIIa

Pkr]:0,0723357'ngx:
=0,0723357-(1-107)=0,723357-10° H.

Pucynox 8. Kpusas pasnosecnvix cocmosinuti
«npocub — Hazpyskay OJis cpeoHell MoyYKu
HUJICHE20 NoACA ghepmbl € dHceCmKUMU Y3Namu
(Mamepuan — ynpyzoniacmudeckuii ¢ OunuHeu-
HOU 0UAcpammott).

%ﬁ.‘,_m,m,‘.m.‘l;gl

o D
Pucynox 9. Ilnacmuueckue oegpopmayuu 6
CMEPIAHCHAX hepMbl € HCeCmMKUMU Y3NAMU
(Mamepuan — ynpyeoniacmuyeckuii ¢ OunuHel-
HOU Ouazpammot)
npu nomepe yCmoudugoCmu pagHOBeCUsl.

5. TEOMETPUYECKHW HEJIMHEWNHBIN
AHAJIN3 YCTOMYUBOCTHU
PABHOBECHSI MOCTOBOH ®EPMbI
C '/KECTKUMH Y3JIAMU [IPU
MUCHOJIb30BAHUU PEAJIBHOM
NTUATPAMMBbBI JTE®OPMHUPOBAHUS
MATEPHAJIA

PaccmoTpum pe3ynbTaThl F€OMETPHUECKH He-
JUHEHHOTO pacyera MOCTOBOM (epMbI C ImIap-
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Amnanus YCTOﬁqHBOCTH PpaBHOBECHA MOJCIIN (l)epMI)I C JKCCTKHUMHU Yy3JIaMU Ha OCHOBEC PA3JIMYHBIX JUArpaMM

nedopmupoBaHus MaTepuaia

HUPHBIMU y3JIaMH, U3TOTOBJIEHHOW W3 YIPYro-
IUTACTUYECKOr0 Marepuajla ¢ pealbHOW aua-
rpamMmoit  aeopMupOBaHUs, IOKa3aHHON Ha
puc. 2. UucnoBble 3HaYEHUS] XapaKTEPHBIX TO-
YyeK JauarpamMMmbl npuBeneHbl B Tabia. 2. Ilo-
BEPXHOCTb TEKYYECTH IPU 3TOM pacllIupsuiach
U30TPOITHO (M30TPOITHOE YIIPOUHEHHE).

KpuBas paBHOBECHBIX COCTOSHMM JJIsl CPEIHEH
TOYKH HMXKHero mnosca ¢epmsl (Touka 1 Ha
puc. 1) uzobpaxena na puc. 10.

|

Pucynok 10. Kpusas pasnosecnvix cocmosnui
0J151 CpeoHell MOYKU HUINCHEe20 nosca gepmobl
C JHceCmKUMU y3namu (Mamepuan —
YNPY2ONIacmu4ecKuli ¢ peailbHou
ouazpammot).

Pe3ynbTarhl pacuera mokasaiu, 4To Io-
Teps YCTOWYMBOCTH (hepMbI ITPOU30IILIA B Mpe-
nenpHOM Touke (Touka 1 Ha puc. 10) ¢ mosiBie-
HUEM IJIaCTUYECKUX JedopMalnuil B MOPTalb-
HBIX pacCKocCax. Tonpko B HUX HaIps>KCHUA 10-
CTUINIM Tpenena Tekydectu. llocie norepu
YCTOMYMBOCTH YBEJIMYCHHUE HArpy3KH Ha Qep-
My CTaJIO Y€ HeBO3MO)KHO. HalineHHoe 3Ha-
YeHHUEe KPUTUYECKOTO MapaMeTpa COCTaBHIIO

Pkr] = 0,0722999'Pmax:
=0,0722999-(1-107) = 0,722999-10° H.

6. AHAJIN3 PE3YJIBTATOB PACYHETOB
MOCTOBOM ®EPMbI C )KECTKUMH
Y3JIAMUA

Kputnueckue Harpy3ku s KOHCTPYKIMH TH-
ma MOCTOBBIX (pepM C JKECTKUMH y3JIaMH U
CTEP>KHSIMU, BBIIOJIHEHHBIMU W3 YOPYroria-
CTHYECKHX MaTEpUajIOB, BCIEACTBUE CHUKEHUS

Volume 13, Issue 4, 2017

AKECTKOCTHU CHCTEM IPU CXKATUU I1OCIIE MOsBIIe-
HUS IJIACTHMYECKUX JepopManuil oKazaauch B
2,5 paza HUXKe aHAJIOTMYHOM Harpysku [uis
(bepMBI CO CTEPXKHIMH M3 HEOTPAaHUYEHHO JIU-
HeillHo ynpyroro Mmarepuana. Tak, ecnum Juis
(GepMBI CO CTEP)KHSMH M3 JIMHEHHO YIPYroro
MaTepuaga (reoMeTpUYecKd HeJIMHeWHHas Io-
CTaHOBKAa 3aJayu) TMpU MEPBOM  XJIOIKE
Pw1=1,805-10° H, To 1715 depM co CTEpKHAMH
U3 YOPYTOIUIACTUYECKUX MaTepHalioB ¢ OWIH-
HEIHON M peanbHON TuarpamMmamu jaedopMmu-
poBaHMsl (F€OMETPUYECKU U (PU3NYECKU HEHU-
HEellHbIe TIOCTAaHOBKM 33/a4) aHAJIOTUYHbIE
Harpy3kyd IMpu IOTepe YCTOMYMBOCTU B IIpe-
JEJIBHBIX TOYKAaX COCTABWJIA COOTBETCTBEHHO
P1=0,723357-10° H u P-=0,722999-10° H.
IIpu sToM BUI auarpamMmsl J1eOpMUPOBAHUS
Matepuaia (OunuHeiiHas Wik peajbHas) Ha Be-
JUYMHY KPUTHYECKOIO IlapaMerpa IOBJIUSII
HE3HAYUTENIbHO  (KpUTHUYECKHE  IapaMeTphbl
COBHNAJM C TOYHOCTBIO JI0 TpPEX 3HaydalIux
uudp). Jluneinsit OudypKaMOHHBIN aHAIU3
(petenne mpoOIEMBbI COOCTBEHHBIX 3HAYCHHIA)
nan Gojiee 4eM NBYKPAaTHYIO BETUYMHY KPUTH-
yeckoro mnapamerpa (Pr:=1,89654-10° H nu
P12=1,89683-10° H coBmaimu ¢ TOYHOCTBIO 10
YyeThlpex 3Hayamux Iudp), koropas Ha 5%
BbIIlIE KPUTHYECKOTO 3HAYEHHUS, MOJIYyYEHHOIO
U3 TEOMETPUYECKH HEIMHEWHOIO pEIlIeHUs

YOpPYrou 3agayud.
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NUMERICAL SIMULATION OF YIELDING
SUPPORTS IN THE SHAPE OF ANNULAR TUBES UNDER
STATIC AND SHORT-TERM DYNAMIC LOADING

Oleg G. Kumpyak, Nikita V. Mescheulov
Tomsk State University of Architecture and Building, Tomsk, RUSSIA

Abstract: Occurrence of extreme man-made impacts on buildings and structures has become frequent lately as a
consequence of condensed explosives or explosive combustion of gas- vapor or air-fuel mixtures. Such accidents
involve large human and economic losses, and their prevention methods are not always effective and reasonable.
The given research aims at studying the way of enhancing explosion safety of building structures by means of
yielding supports. The paper presents results of numerical studies (finite element, 3D nonlinear) of strength and
deformability of yielding supports in the shape of annular tubes under static and short-term dynamic loading.
The degree of influence of yielding supports was assessed taking into account three peculiar stages of
deformation: elastic; elasto-plastic; elasto-plastic with hardening. The methodology for numerical studies
performance was described. It was established that rigidity of yielding supports influences significantly their
stress-strain state. The research determined that with increase of deformable elements rigidity dependency
between load and deformation of yielding supports in elastic and plastic stages have linear character. Significant
reduction of dynamic response and increase of deformation time of yielding supports was observed by increasing
the plastic component. Therefore it allows assuming on possibility of their application as supporting units in
reinforced concrete constructions.

Keywords: yielding supports, strength, deformability, numerical simulation, finite element method, explicit dynamic,
nonlinear effects

YUCJIEHHOE MOAEJIUPOBAHMUE NOJATJIUBBIX OIIOP
B BUJAE TPYbB KOJIBHEBOI'O CEYEHUA IIPU CTATHYECKOM
N KPATKOBPEMEHHOM JUHAMHNYECKOM HAT'PYXXEHUU

O.I'. Kymnax, H.B. Meweynog

ToMckuil rocyiapcTBEHHBIN apXUTEKTYPHO-CTPOUTENbHBIN yHIBEpCcUTET, I'. ToMck, POCCUA

AHHOTAIIUA: B nocineaHee BpeMsi yYacTHIIMCh CIydau SKCTPEMaJIbHBIX TEXHOI'€HHBIX BO3JEHCTBUN Ha
3MaHUSI W COOPY)KCHHUS, HAlpHMeEp, BCIEICTBHE B3pPbIBA KOHICHCHPOBAHHBIX B3PBIBUATHIX BEIIECTB JHOO
B3pPBIBHOTO TOPEHHS Ta30-, Mapo- WIHM TBUIEBO3AYIIHBIX cMeced. Takume COOBITHS MOTYT IOBIIEYb OOJBIIHE
YeJIOBEYECKHEe M HKOHOMHYECKHE TMOTEpH, a METOIBl MX NPEAOTBPAIICHUS WM CHIDKEHHS TOCIEINCTBHH He
Bcerga A(QEeKTHBHBI W panuoHambHBL. Llenpio maHHOW paboOTH SIBISETCS H3yYSHHE CIIOCO0a TOBBIMICHHS
B3pPBIBOOE30IIACHOCTH CTPOMTENBHBIX KOHCTPYKIHUI 3a CYeT MPUMEHCHHs MOAATIMBEIX omnop. [IpencraBieHbI
pe3yNIbTaThl YUCICHHBIX (KOHCYHOAJIIEMCHTHBIX, B TPEXMEPHOM HEJIMHEHHON MOCTAHOBKAX) HCCIICIOBAHUI
MPOYHOCTH U Je(hOPMATHBHOCTH MOJATIUBBIX OMOP B BUAC TPYO KOJBIICBOIO CCUCHUS NPH CTATHUYCCKOM H
KpaTKOBPEMEHHOM JMHAMUYECKOM HarpyxeHuu. [IpousBezeHa OlleHKa CTENEHH BIMSHUS MOJATIMBBIX OIOP,
UMCIOIUX TP XapaKTEePHbIC CTaauu e(hOPMUPOBAHUS: YIIPYyTasl; yIPYro-IIacTHIECKAas, YIPYTro-IIacTHISCKas
¢ oTBepaecHUeM. [IpuBeeHO onmucaHue METOAMKH YHMCICHHBIX HCCIEAOBAaHUN U €€ MPOTrpaMMHON peau3aluu.
YCTaHOBIIEHO, YTO TPH YBEIWYCHHH >KECTKOCTH CMHHAEMBIX BCTABOK 3aBHUCHMOCTb MEXIY HArpy3KOd u
neOpMHPOBAHUEM OIIOPHI B YIIPYTOH U IIACTUYECKOH CTaJnAX MMeEeT JIMHEHHBIX XapakTep. BrIsBiIeHO Takke
3HAYUTENbHOE CHIKCHNE THHAMHYECKON PEeaKInH M yBEIWYeHNE BpeMeHH 1e(hOpMUPOBAHUS OJATIMBEIX OTIOP
TIPH YBEJIIMYCHUN WX IUIACTHYECKOH COCTABISIOMICH, YTO IMO3BOJSET PEKOMEHIOBATh MX K NPUMEHEHHIO B
Ka4yecTBE OMMOPHBIX YCTPOUCTB IS KeJIe300€ TOHHBIX M3TH0aeMbIX M CKATO-M3TH0aEMBIX KOHCTPYKIIHH.

KaioueBble ciioBa: NOJAATIIUBBIC ONIOPLI, TPOYHOCTD, [[eq)OpMaTPIBHOCTL, YHUCJIICHHOC MOACIMPOBaHUE,
METOA KOHCYHBIX 3JIEMCHTOB, HCABHAA CXEMa MHTCTPUPOBAHUA, HEJIMHEHHbBIC 3(1)(1)6KTI)I
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1. INTRODUCTION

Explosive impacts refer to single emergency
loads. They are characterized by short term of
action but high intensity which results not only
in structural failure but also in production
facilities damage and human losses. The
existing approaches to designing building
structures resistive to explosive impacts are
based on increasing the material consumption of
structures, which leads to increasing the cost of
objects. Therefore, the elaboration of alternative
economically feasible and reliable approaches is
required to design structures that are resistant to
intensive dynamic loads.

Yielding supports are one of the active means of
structural protection, based on prevention or
localization of dynamic impact or reducing the
intensity of dynamic loading [1-9].

Currently, research results in the field of
yielding supports application for protection of
buildings and structures subjected to intensive
dynamic loading are fragmentary. Experimental,
theoretical and experimental-theoretical research
[1-9] demonstrate both positive and possible
negative influence of yielding supports on the
dynamic response of RC beams. The object of
the present study is numerical study of the
strength and deformation property of yielding
supports given as the tubes of annular section
under static and short-term dynamic loading.

2. METHODOLOGY FOR CONDUCTING
NUMERICAL SIMULATION OF
YIELDING SUPPORTS UNDER STATIC
LOADING

Finite element method (FEM) is certainly one of
the dominant modern techniques of numerical
simulation of such 3D nonlinear (physically,
geometrically and structurally) static objectives;
therefore it was selected as the basic one for
conducting the present studies.

Program software Ansys Mechanical, v 17.2.
was used as a software package realizing FEM
in the given statement. The first stage of the
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work included analysis of yielding supports
under quasi-static loading with the constant
loading velocity. The design model was
idealized and formalized copy of the physical
reality and it duplicated the experimental study
with a large accuracy [1] (Fig. 1).

Finite element model consisted of the two slabs,
one of them was supporting and motionless, the
second slab served as a force slab and it had the
capacity of vertical displacement. The third
element of the model was yielding support.
Sample spacing of the finite element mesh of the
slabs was 4 mm, of the yielding support —
0.8£0.1 mm. The volume -eight-node finite
element SOLID185 was used as a finite element.
Each finite element node is defined by three
translational degrees of freedom and includes the
possibility of using plastic materials and is also
able to withstand larger deformations.

The model uses low-order finite elements (h-
simulation technique). The analysis was
performed for all the considered lengths of
yielding supports in the range from 10 to 120
mm (Fig. 2).

The dimensions of the solved objective
depending on the length of yielding support
varied from 5664 to 58464 finite elements.

The work of material of yielding support was
described by multilinear diagram of material
straining with isotropic hardening. It was
obtained by preliminary field experimental
study of material under tension.

The loading of yielding support (rigid,
kinematic) was performed by means of the
given displacement of the upper slab (Fig. 1) to
the distance corresponding to the inner diameter
of yielding support.

3. RESULTS OF NUMERICAL
SIMULATION OF YIELDING
SUPPORTS UNDER STATIC LOADING

Let us consider the distinctive features of
yielding supports straining on the example of
inserted element of annular cross-section 40 mm
long (Fig. 3). As can be observed, for all the sta-
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Figure 1. The general view of yielding supports field tests (a); numerical simulation (b);
1 — supporting slab,; 2 — reinforced slab; 3 — yielding support.

d) e)

f)

Figure 2. The general view of flexible bearings of various length: experimental studies (a; b, c);
numerical finite element model (d, e; f): 120mm (a, d); 60mm (b, e); 10mm (c, f).

b) <)

d)

Figure 3. Peculiar stages of yielding supports deformation: elastic (a, e); elasto-plastic (b, f);
elasto-plastic with hardening (c, g, d, h)

ges of yielding support work the strain pattern
during field test corresponds to the strain pattern
during numerical simulation.

The geometry of the studied sample during
loading significantly changes its shape several
times (Fig. 3) and the rigidity accordingly.

Volume 13, Issue 4, 2017

Considering that fact, the model was
supplemented with the option of finite
displacements  consideration and angular

displacements after each equilibrium iteration
(geometrical nonlinearity). During straining
process (Fig. 3), the yielding support interacts
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Figure 4. Alteration of the design model of yielding support in the process of straining: one contact
point (line) with the slab (a); two contact points with the slab (b, c).

with the force slabs changing its design model
several times. After occurrence of the plastic
strain in the yielding support, the contact point
with each of the force slabs is divided in two.
Then, along with the load increase, the contact
points distribute from the center of the support
to its edges (Fig. 4). In order to consider the
above-mentioned process contacting pairs were
established in the model between the inserted
element and the force slabs, as well as between
the internal surfaces of the yielding support. The
blue color in Figure 7 identifies the contact
elements, which are significantly remote from
the contact surface. Contact elements, which are
rather close to the contacting surface, are
marked with yellow color. The red color
identifies contact elements interacting with the
contact surface, the force slab in particular.
Moreover, during yielding supports straining the
contact of inner surfaces of the ring occurs (Fig.
3 ¢, g), which in its turn alters the simulation
model one more time. Further, the internal
surfaces come into full contact (Fig. 3 d, h).

It was established, that during straining process
distortion of the ends of yielding support occurs
in the areas of plastic hinge. Thus, the contact of
internal surfaces of the ring occurs not
simultaneously and from the ends to the middle
part (Fig. 5).

As a contact interaction interface for all
contacting pairs the model of contact with
friction p=0.15 was used. This model includes
the possibility to divide contacting pairs after
interaction and generally can contain the areas
of cohesion and sliding. Augmented Lagrangian
method was applied for solution of contact
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interaction; it is based on the dependency of
contact force on the penetration value (1):

'F;z = kuxp +“1J (1)

where: kn — contact stiffness directed from
normal to the surface, x, — the value of
penetration along the normal to the surface, 4 —
the augend reducing sensitivity to the value of
contact. Simultaneous linear equations method
was used for solution of the given objective (2):

[K1{u} = {F}, )

where, [K] — system stiffness matrix, {u} — the
unknown vector of nodal displacements, {F} —
the vector of the given external forces.

Checking the solution of non-linear problem
was conducted using the Newton-Raphson
method based on the equilibrium equation (3):

E

R = |I'F;xr' - Fiur”f = ||Z[Fa.rt,i - Fi:'zt',i):-

\Ii:D

3)

where, R — the difference between the external
and internal force vectors, Fext — external force
vector, Fint — internal force vector, N — the
number of vector elements, equal to the amount
of degrees of freedom of FEM. During solving
the objective of static loading of the yielding
supports, the solution admitted computational
error of 5% between internal and external forces.
Along with the increase in the number of
elements in the solved objective in order to
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b)

Figure 5. Alteration in the design model of yielding support during straining: impact of
contacting pairs at the edges (a); contact of internal surfaces in the mid-area (b),; gradual increase
of the contact spot in the middle area (c); full contact of the internal surfaces (d).

002483
0021727
0018623
0015519
0012415
0,0093114
0,0062076.
00031038
0 Min

Figure 6. Distribution pattern of the plastic strain in the yielding support.

provide high accuracy, the proportional increase
in the number of equilibrium iterations was
required. Thus, the objectives considered from
500 to 8000 iterations. Analysis of the results of
numerical  simulation  demonstrated that
significant straining of yielding supports occurs
due to formation of plastic hinges when the
stresses in the material reach the yield stress.

Volume 13, Issue 4, 2017

These areas are first established in the upper and
lower areas of the rings (Fig. 6a), and then at
the lateral surfaces of the sample (Fig. 6b).
Further straining is accompanied by the gradual
growth of plastic strain and increasing the area
of active straining. It should be noted that the
value of relative strain at the internal lateral
surface of the yielding support € > 39% (Fig. 6d),
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Figure 7. The strain diagram of yielding supports of various length under numerical and
experimental study, dI- inner diameter, d2- outer diameter of the yielding supports, the uneven
numbers correspond to the experimental studies; the even numbers present numerical simulation.
1-2- 10 mm; 3-4- 20 mm; 5-6- 40 mm; 7-8 60 mm, 9-10-80 mm, 11-12- 100 mm; 13-14- 120 mm.

which exceeds the ultimate strain of the steel
255 & 255 > 26%. The mentioned area of
straining undergoes compressive strain and due
to curvilinear geometry of the sample, these
locations are marked by the materials self-
hardening effect.

Analysis of the results of numerical and
experimental studies under quasi-static loading
can be conducted based on the strain diagram of
yielding supports (Fig. 7). Figure 7 illustrates
the diagrams “load-displacement” for the
yielding supports 10 and 20- 120 mm long with
the span of 20 mm. According to the diagram, it
can be judged on the close level of accordance
of the experimental and numerical results at all
stages of yielding supports performance.
Furthermore, with the increase of the yielding
supports rigidity during experimental studies the
strain diagrams are marked with the “yield
drop” during transition of the support work from
elastic into plastic stage of hardening, however
it was not observed at the diagrams of numerical
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simulation. This effect applies for the low-
carbon steel. The occurrence of the “yield drop”
is attributed to the dislocation deformation
mechanism. At the initial phase, the density of
dislocations 1is insignificant to provide larger
strain degree. After reaching the upper yield
stress, the intensive formation of new
dislocations begins resulting in decrease of
stress. Software package Ansys v 17.2 does not
consider the dislocation deformation
mechanisms referring to micro-structural steel
composition; therefore, it leads to the absence of
the “yield drop” in Figure 7.

Along with that, the local inaccuracy of the
absolute value of load between the experimental
and numerical result does not exceed 3.5 % and
does not change significantly the general strain
pattern of yielding support within the solution of
the given objective.
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4. METHODOLOGY FOR CONDUCTING
NUMERICAL SIMULATION
OF YIELDING SUPPORTS UNDER
DYNAMIC LOADING

Simulation of dynamic impact was conducted in
the module Ansys v17.2 - explicit dynamic
(explicit difference integration scheme in time
for dynamic objectives). Explicit dynamic
defines the time step considering the stability
condition of Courant-Friedrichs-Lewy (4):

At=f» H 4)

where, At — the time step, f — Courant number (f
<1), h — the typical element size, ¢ — the local
sound velocity in the element material.

The objectives were solved using Lagrangian
approach to the medium motion description.

The simulation of the yielding supports
operation under short-term dynamic loading was
aimed at assessing the influence degree of the
yielding supports on the dynamic response of
the system: falling weight - yielding support -
supporting slab (Fig. 8). The variable rigidity
parameter in the work was changing the length
of the deformable element. Cross-section and
the material of yielding support were accepted
in accordance with the experimental studies [1].
Within the present objective the moment of
impact of the falling weight 1 on the yielding
support 2 was simulated. The mass of the
weight 1 corresponded to the weight used while
experimental studies, which is 265 kg. For that
purpose, the density of the weight was increased
for each of the solved objectives.

The velocity of the weight 1 at the moment of
impact on the yielding support 2 corresponded
to the velocity of weight dropped from the
height of 650 mm during experimental studies.
The velocity of the weight 1 at the moment of
impact on the yielding support 2 was calculated
according to the dependence (1) obtained from
the formulas for uniformly accelerated straight
line motion (5) and was 3.57 m/s.
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5. =58, (s)

5 -
“ax

where: Sx- the height of falling weight (0.65 m),
V- squared velocity at the impact moment of
falling weight 1 and yielding support 2, V-
squared initial velocity of falling weight 1 (0
m/s?- the weight is suspended), ax - acceleration
of weight 1 (corresponds to gravity acceleration
9.81 m/s?).

The supporting plate 3 was rigidly fixed along
all degrees of freedom. Weight 1 and supporting
plate 3, due to their small thickness in the model
(Fig. 8 b), were accepted as completely rigid
elements.

In the present work, three distinctive types of
supports were considered (Fig. 9): a — elastic
support; b — yielding support, working in elasto-
plastic stage with hardening, ¢ — yielding
support, working in elasto-plastic stage.

5. RESULTS OF NUMERICAL
SIMULATIONS OF YIELDING
SUPPORTS UNDER DYNAMIC
LOADING

The degree of influence of the support rigidity
can be evaluated from the diagram (Fig. 13).
The first case (Fig. 9a) presents the elastic
support, which possesses the properties of low-
carbon steel, which strains according to the
Hooke’s law. This support can be
conventionally considered as elastic as the
relative strain in it under dynamic loading will
be changed according to the linear law with the
constant deformation modulus corresponding to
the steel elasticity modulus.

The support working in elasto-plastic with
hardening stage (Fig. 9b) is characterized by the
plastic straining with smooth increase in the
dynamic response up to the moment when the
internal surfaces of the supports contact
(Fig. 10) and (Fig. 13b, point A). After that
sharp increase in the value of dynamic response
occurs.

Supports working in elasto-plastic stage (Fig.
9c), (Fig. 13 3, 4), depending on their rigidity
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Figure 8. Design model of the yielding support testing under short-term dynamic loading
(a); general view of the finite element model (b), falling weight (1), yielding support (2);
supporting slab (3); d1-inner diameter: d2-outer diameter.

a) b)

c)

Figure 9. Computational finite element models of yielding support under short-term dynamic
loading, elastic support (a); yielding support, working in elasto-plastic stage with hardening (b);
yielding supports working in elasto-plastic stage (c, d).
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Figure 10. The overall scheme of the support straining, working in elasto-plastic with hardening
stage, the moment of transition of the support into hardening stage point A (Fig. 13b).

can have different dynamic response diagrams.
Along with the increase in plastic component of
such supports increase in time of response
occurs. Thus, for instance for the support 120
mm long (Fig. 13 4), compared to the support
1600 mm long (Fig. 13 3), the time of dynamic
resistance increased by 2.66 times, which
testifies on more plastic work of the first one.
Moreover, the support of the larger length does
not deplete the whole potential of its plastic
properties (Fig. 11), while the support of the
less length almost come into contact by the
internal surfaces of the ring (Fig. 12). The
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decrease in the maximum value of dynamic
response should be noted (Fig. 13 3, 4) from
407 kN corresponding to the support 1600 mm
long to 288 kN for the support 120 mm long
which makes 29.2 %.

Having compared the support work in elasto-
plastic stage (Fig. 13 3, 4) and the support work
in hardening stage (Fig. 13 2), the reduction of
the system dynamic response by 6.4 times was
observed (Fig. 13).

Conducting the analysis of yielding supports
work (Fig. 13 2-4) with totally elastic support
(Fig. 13 1), a significant reduction in the system
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Figure 11. The general strain pattern of the support working in elasto-plastic stage
(the length of the support 1600 mm).

| S

Figure 12. The general strain pattern of the support working in elasto-plastic stage
(the length of the support 120 mm).
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Figure 13. Diagram of changing in the dynamic response of the supports depending on their
rigidity, totally elastic support (1), yielding support, working in elasto-plastic with hardening stage
(2); the moment of transition of yielding support into the hardening stage (A), yielding supports
working in elasto-plastic stage (3, 4).

dynamic response was revealed, thus, for
instance for the elasto-plastic support (Fig. 13
4), compared to the totally elastic support (Fig.
13 1) the reduction was 23.4 times, and for the
elasto-plastic with hardening support it was 6.62
times. Along with that, one should note that the
increase in the time of dynamic response for
yielding supports compared to the totally elastic
ones should be specified (Fig. 13). The time of
straining for totally elastic supports was 0.0005
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sec, while for the supports working in the
hardening stage it was 0.009, and for elasto-
plastic it was 0.012, which is 18 and 24 times
more than for the elastic supports accordingly.

5. CONCLUSION

Within the conducted research, the results of
numerical and experimental studies of
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deformation of yielding supports in the shape of
inserted elements of annular cross-section under
static loading were compared. Results
demonstrate high qualitative and quantitative
coincidence of the used methods. Therefore it
testifies on possibility of FEM application for
solution of objectives with significant physical,
geometrical and contact (structural)
nonlinearities, being simultaneously present in
one objective. Along with that, it should be
noted that FEM application in research of
nonlinear structural behavior under dynamic
impact is an effective tool compared to the field
tests. Field tests are generally hard or even
impossible to implement while the obtained data
is fragmentary and to a large extend limited by
the measuring facilities.

Numerical simulation results found in the
present paper also demonstrate high efficiency
of yielding supports subjected to short-term
dynamic loading as compared to traditional
elastic supports. The required effect is reached
due to the peculiarities of plastic straining of the
annular section and increase in the time of
dynamic straining. Therefore, the obtained
results enable to judge on the possibility of
yielding supports application aimed at the
increase in the dynamic strength of RC beams.
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YYET PACYHETHbBIX ITAPAMETPOB HHITYHTOBbBIX CTEH
NPOPUJIA «IAPCEH» ITPU ITPOEKTUPOBAHUH
OI'PA’KIEHUU KOTJIOBAHOB

P.A. Manzywees, M.B. (DaOeee\

Cankr-IlerepOyprekuii rocyJapcTBEeHHBIH apXUTEKTYPHO-CTPOUTENIBHBIH YHHBEPCHUTET,
r. Cankr-IlerepOypr, POCCUA

AHHOTanusi: MexaHu3M paboThl, KECTKOCTh U IMPOYHOCTh HA U3THO IIITyHTOBBIX CTEH U3 poduia JlapceH 3aBu-
CHT OT COIIPOTHBIIIEMOCTH CIBHI'Y 3aMKOBBIX COUJICHEHHH CBail B cTeHE. DTOT (PAaKT HE YUHTHIBACTCS B OTEYe-
CTBEHHOM MPaKTHKE IPOCKTUPOBAHMS U YCTPOMCTBA IIITYHTOBBIX CTEH.

KinroueBrble ¢JI0Ba: CTaJbHEIC MIIYHTOBBIC CTCHKHU, ITOKA3aTCJIN MPOYHOCTU U KECTKOCTHU, 3aMKOBBIC COCANHE-
HUs, MOMCHT HHEPUIHUU, MOMEHT COIPOTHUBJIICHUA

THE ACCOUNT OF OPTIONS SHEET OF WALLS PROFILE
LARSEN IN THE DESIGN OF EXCAVATIONS SUPPORTING
WALLS

Rashid A. Mangushev, lAlexandr B. F. adeev‘

Saint-Petersburg State Architecture and Construction University, Saint-Petersburg, RUSSIA

Abstract: Bending stiffness and strength of steel sheet retaining walls is strongly dependent on shear resistance of pile
interlocks. This fact, usually, is not taken into account in domestic practice of design and construction of sheet walls.
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BBEJIEHUE

CranibHbl€ HIMTYHTOBBIE CTEHBI IIUPOKO MCIOJb-
3YIOTCSI B PA3JIMYHBIX 001ACTIX TE€OTEXHUYECKO-
0 CTPOUTENBCTBA. MIX TOCTOMHCTBaAMU SIBIIAIOT-
cs1 OBICTPOTA U OTHOCUTEJIbHAS MPOCTOTA BO3BE-
JICHHS], BBICOKAsi IPOYHOCTh, MaJlasi BOJIOIIPOHU-
11aéMOCTh, BO3MOKHOCTh JIEMOHTaXa U MOBTOP-
HOTO HCIIOJIb30BaHUs. B KOHEYHOM HTOIe
CTaJbHBIC IIMYHTOBBIE CTEHBI OOBIYHO OKAa3bl-
BAIOTCS YKOHOMHUYHEE JIPYTUX IMOIIMOPHBIX KOH-
CTPYKLIH.

[Toka3aTenu KeCTKOCTH U MPOYHOCTH ILIITYHTO-
BBIX CTeH M3 mpoduieii Jlapcen 3aBUCAT OT co-
MPOTUBIIIEMOCTH 3aMKOBBIX COYJICHEHHUH CBail
CIBUTOBBIM YCWJIMSIM, BO3HUKAIOIIUM MEXKIY
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YETHBIMU U HEUETHBIMU CBasIMU B CTEHE. JTOT
(dakT HE YYMTHIBAETCS B OTEYECTBEHHOM Ipak-
THUKE IPOCKTUPOBAHUS U YCTPOWCTBA LIIYHTO-
BBIX CTE€H, YTO MOXET UMETh HeOJIaronpusTHbIE
IIOCJIEICTBUSL.

1. YCHJIMA B 3AMKAX

Jnst yCcTpoiCTBa MIMYHTOBBIX OTPAXKICHUN KOT-
JIOBaHOB OOBIYHO HCIIOJIB3YIOTCS TOpsiYeKara-
Hble cTasnbHble cBan U-npoduns (Jlapcen) u Z-
npoduns (puc.l) [1]. B eBpomnelickoii mpakTuke
yame HaxoguT mnpuMeHeHue U-mpodunb, B
CIIA o00bluHO TmIpennouyTeHue otnaercs Z-
npoduIto.
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U-npodomne ¥

B

Z-npodiine

Pucynox 1. Ilonooicenue 3amko8 u pacnpeoenerue HanpaiceHu.

Tabauya 1. Illapamempuor cewenuit wnynma U-npogus.

[Ipoduns Pazmepsl Macca 1 m, kr MomenT MomenT
CEUYEeHUs WHEPLHHN CONIPOTHUBJICHUS
cBau, M L, ecm? W, cm?

B H CBau CTEHBI CBau Im cTeHbl cBau 1M cTeHBI
JI4 0,40 | 0,18 74 185 4660 39600 405 2200
JIS 0,42 | 0,18 | 100 238 6243 54000 461 2962

[Ipu u3rube MIMyHTOBOW CTEHBI B MJIOCKOCTH Y-
Z MaKCHMAaJIbHbI€ HOPMAJIbHBIE HANPSHKEHUS G
BO3HUKAIOT B KPAalHUX BOJIOKHAX CEYEHHMS CTe-
Hbl, & MAaKCHMaJbHbIE HANpPSOKEHUS CIABUrA T
BO3HMKAIOT Ha HEWUTPaJbHOW OCH CEUYCHMUS.
[IpuHnunuaneHoe pasnuune creH u3 U u Z
npoduiIei 3aKII04aeTcsl B MOJOKEHUN 3aMKOB
COWICHEHUN CBal: y Z-CTEH 3aMKU HaXOIATCS
Ha KpaiHUX BOJOKHAX CEUYCHUS M HAa HUX HE Ie-
penarTcs cIBUroBble ycunus, a y U-cTeH 3am-
KM HAaXOJATCS Ha HEUTpaJIbHOM OCH M HAa HUX
MEPENAOTC MAKCUMAJIbHBIE CIABHUIAOLIUE CH-
ael. Ecnm conmpoTHUBIsIEMOCTh 3aMKOB JIOCTa-
TOYHO BeJIMKa U B3aMMHOI'O CABHUIa CBail B HUX
HE TMPOUCXOJUT, TO CEUYCHHE CTEHBI pabOTaeT
KaK CIUIOIIHOE€ C MaKCHMaJlbHBIMH MOMEHTaMH
MHEepLMH U comnpoTuBiieHus. Ecnu ke compo-
THUBJISIEMOCTh B3aMMHOMY CJABUTY CBail paBHa
HYJIIO ¥ CBal B 3aMKax CBOOOJIHO MPOCKAJIh3bI-
BAIOT, TO CTEHA MPEBPALIAETCA B PAJl HE3aBUCHU-
MO paboTaroNIMX CBail C MX MapamMeTpamH.

B Ttabn.l mpuBoasTcs mapamerphl OTEUECTBEH-
Heix U-nipoduneit J14 u JIS.

B Tabnune 1 MOMEHTBI HHEPIIUH U CONIPOTHBIIE-
HUSI | M CTEHBI MPUBOAATCA JJIsI CIIOIIHOTO Ce-
yeHus: 0e3 MPOCKalb3bIBaHUS B 3aMKax. B orte-
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YECTBEHHOM NpPAKTUKE MPOEKTUPOBAHHUS IIITYH-
TOBBIX CTE€H MMEHHO 3TH 3HAYEHUS U HCIOJIb-
3ytoTcs. Mexay Tem 3apyOekHble MPOM3BOAU-
tenu U-npodusieil mmyHTa, NpUBOJIS TaKue IMo-
Ka3zarenu, 00s3aTeIbHO OrOBapuBaIOT, YTO OHU
JNENCTBUTENbHBI JIUIIb MPHU YCIOBHUM HAJIWYMUS
HEOOXOIUMOM MPOYHOCTHM 3aMKa Ha CABUT
[2,3.,4,5].
BenuunHa cun CONMpOTHBIEHHS] B3aUMHOMY
CABUTY COCEIHHUX CBall B CTEHE ONIpEIENSIEeTCA
CJIEIYIOIIUMHU COCTaBISIOIIUMU:
® TpEHHE B 3aMKE U3-3a Bapualuil TeOMETPUN
3aMKa 10 JJIMHE CBau,
e TpeHHE B 3aMKE€ H3-3a 3alIEMJIEHHOIO B
3aMKe TPYHTAa,
® TpEHHUE CBau O IPYHT.
OpHako, 3THX CHJI COMPOTUBIIEHUS MOXKET OKa-
3aTbCsl HENOCTATOYHO Ul MPOTHBOCTOSTHUS
CIBUTY, OCOOCHHO B CJIA0BIX TJIMHAX W CYTJIMH-
Kax IMpH BHOPOMOTPYXEHHM WINMyHTa. B 3TOM
cillyyae TpYHTOBOE 3allOJIHEHHE 3aMKa Oyner
CKOpEe WUrpaTh poJib CMa3KH, HEXKEIU YCHUIIUTE-
JI51 TPEHHUS.
Ha pwuc.2 npuBeneHbl TpU pacueTHBIX Tpaduka
C/IBUTAOILEH CHUJIBI B 3aMKE 10 INIyOMHE IIMyH-
TOBOM CTEHBI, NOANEPTOM B YpoBHE -2,0 M [4].
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Pucynok 2. I'paghuxu cosuearoweii cunvl 8 3amKe WNYHMOBOU CMEHb.

[Ipu cBOOGOJHOM COUIEHEHUH CBail B 3aMKe
C/IBUTAIOILasl CUJIA MO BCEl INIyOMHE eCTeCTBEH-
HO paBHa Hym0. [Ipu monHo# (ukcanum 3amka
OT CIBUIA CABHUTaOIIAs CHJIA MaKCHUMAalbHA.
daxTuyeckuii rpauK CIBUTAIONIEH CHIIBI, TO-
CTPOEHHBIN JJI PEaJbHOrO I'PYHTA, HAXOAUTCS
B IIPOMEKYTKE MEXAY ABYMs KpallHUMU Cllyda-
AMH, TIPU OTOM CHJIA COIPOTUBICHHS CHBUTY
CBail B 3aMKe COCTaBJIsieT 0koJio 1/3 oT Bennuu-
Hbl, HEOOXOIUMON AJI TOJHOIO HMCKJIIOUEHHS
casura. EcrecTBEeHHO, UCIIOJIB30BAaHUE TIPU pac-
yeTax B 3TOM Cllyyae HapaMeTpoB Ipoduiiei,
OTIPEICIICHHBIX ISl YCIIOBHIA TIOTHON (pUKcarym
B 3aMKax, IpUBEJIO Obl K ONAacHOW NEpeoleHKe
CONPOTHUBIIIEMOCTU CTEHBI. M3BeCTHBI aBapuii-

1lle

HbIE CUTYyalliu, BOSHUKIIUE MO TAKOW MpUUYHHE
[1,4].

PanukanbHOM Mepo# 711 UCKIIFOUEHUS CABUTA B
3aMKe SIBJISIETCS €ro CBapKa WJM YeKaHka. B 3a-
pyOEeKHOH TpaKTHKE OOBIYHO IIMTYHTOBBIE CBAH
U-npoduns (ma u Z-npoduiiss Toke) morpyxa-
IOTCSI COUJIEHEHHBIMU TMOMAPHO, a U3TOTOBUTEIU
o0ecreunBarOT TMOCTaBKY CIBOCHHBIX M Jaxe
CTPOCHHBIX CBall C TapaHTUPOBAHHON COIPO-
THUBJIIEMOCTBIO 3aMKOB cABUTY. Yamie Bcero
3aMKHM Ha CJBOEHHBIX CBasX CKPEIUIAIOTCS TO-
YeyHoil yekaHkou uepe3 25-30 cm. Kaxnas ye-
KaHKa 00eCIeurnBaeT CONPOTUBIICHUE CIIBUTY HE
Hwxke 75 kH [5].
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Hanuuue BaBOHCKOﬁ CBAPKH HJIM YCKAHKH KaX-
A0ro BTOpPOIo 3aMKa B CTCHC HpI/I6JII/DKa€T €C
MOMCHTBI MHCPLHUU U COIIPOTHBJIICHUSA K MAaKCH-
MaJIbHBIM 3HAYCHUSM.

HpI/I OTCYTCTBHUU CBAPKU WJIM YCKAHKHU 3aMKOB
cTeHa B ci1aboM BOJOHACBINICHHOM TJIMHUCTOM
TPYHTC 6yz[eT HUMCTb MOMCHTBI MHCPLIHUU U CO-
IPOTHUBJICHUA, ONu3KHEe K MHHUMAJILHBIM 3Ha-
YCHHUAM, PAaBHbBIM apH(I)MCTquCKOfI CYMMC MO-
MCHTOB CBaf/'I, MMpUXOaAIUXC HA 1 MCTP CTCHBI:

Levens: = Iepan /By Werenst = Wepan /B,

rae B — mmpuHa cBau, M).
PacuerHbiil n3rudarommii MoMeHT M it
LIITYHTOBOM CTE€HBI ONIPEAEISAETCS BRIPAKECHUEM

M=WRy ,
rae Ry — pacdyeTHOE CONPOTHBIICHHE CTalU 110
npeseny TeKy4ecTH).
B Tabn. 2 npuBeneHBl 3HAUCHHUS MOMEHTA

WHEPLIMH, MOMEHTAa CONPOTHUBIIEHUS M pacyeT-
HOTO M3rubaroniero MomMeHTa st 1 M mmyHTo-
BBIX CTEH CO CBOOOJHBIMHU U (PMKCHPOBAHHBIMU
3aMKaMHM. Marepuan IIITyHTOBBIX CBald CTajb
C235 ¢ pacuetHbIM conpoTuBiIeHHEM Ry =230
MIIa.

W3 Tabn.2 BHUIHO, YTO OTCYTCTBHE CBAPKH WIIH
YeKaHKHU 3aMKOB MOYKET CHU3UTh MOMEHT MHEp-
IIUM CTEHbI OOJIee YeM BTPOE U COOTBETCTBEHHO
YBEJIMYUTh  AeQopMali CTEHbl M OCaJKH
OKpYXaloIMUX coopykeHui. OTHOBPEMEHHO
MOMEHT CONPOTHUBJIEHUS M PACUETHBIM M3ruda-
IOIIMIA MOMEHT CTEHBI CHIKAIOTCS Oosiee dem
BIIBOE€, YTO 3aCTAaBUT HCIOJB30BaTh Ooiiee Ts-
JKEJBIA TPOPHUITH.

Heo6xoauMocTh uKcayy 3aMKOB 3aKperuieHa
B €BpOMNENCKUX HOpMax [3], HO MOKa He Hanuia
OTPa)KE€HHUs B OTE€YECTBEHHOM HOPMAaTUBHOM J10-
KYMEHTALUH.

2. PACYETHBIN TPUMEP
B IlerepOypre Ha 0lHOM U3 OOBEKTOB CIIPOECK-
TUPOBAHO IIMYHTOBOE OTPaXJICHHE U TMOJ[ €ro

38.H.[PITOI71 OCYHICCTBIIAIACh OTKOIIKAa CTPOUTCIIb-
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HOTO KOTJIOBaHAa. BBIJIO BBINOIHEHO YUCIIEHHOE
MOJIEJTMPOBAHUE COOPYKEHUSI CTEHBI U OTKOIIKH
KOTJIOBaHA C IMOMOIIBI0 Tporpammsbl Plaxis B
IIJIOCKOM IMOCTaHOBKE.

OO61as pacueTHas cxema MpuBeeHa Ha pucC.3.
I'pyHThI - Xapakrtepuble ais [lerepOypra:
MPEUMYIIECTBEHHO BOJIOHACHIIICHHBIE MbIICBa-
Thle TeCKu u cnabsle cyrnuHkd. CBolicTBa
TPYHTOB B MOPSAJIKE CIEI0BAHUS CIOEB Ha puc. 3
IIPUBE/IEHBI B Ta0I. 3.

ITo nmoBepxHOCTH TpyHTa 3a IpeneilamMu OTKa-
IBIBAEMOI'0 KOTJIOBaHA MpUIOkKeHa Harpyska 20
kl]a.

OTKoOIKa KOTJI0OBaHA BHITIOJIHETCS B 3 (asbl: 10
riyOunst 4, 8 1 10 m.

bopT KOTIIOBaHA MOAAEPKUBAECTCS CTEHOM U3
mnyHra JIS. I'my6una crens 13,5 m. Ilnynro-
Bas CTEHa ONMpaeTcsi Ha 3 sipyca pacropok,
YCTaHABIMBAEMBbIX II0CJIEIOBATEILHO 110 MeEpe
OTKOIIKM KOTJOBaHa. JKEeCTKOCTh  pacmopok
EA=1,000E+06 xkH Ha 1 M CcTCHEI.

Bbbutn BBITIOSTHEHBI ABE CEPUU MOJEIUPOBAHMUS:

1 — n3rubHas KecTKOCTh IIIYHTOBOM CTEHBI CO-
OTBETCTBYET CTeHE C (PMKCUPOBAHHBIMHU 3aMKa-
vu: EI=1,069E+05 kHm?/Mm;

2 — u3ruOHas KECTKOCTb IIMYHTOBOI CTEHBI CO-
OTBETCTBYET CTEHE CO CBOOOJHBIMU 3aMKaMH:
EI=3,062E+04 kHm?/Mm.

Bce npoune mapameTpsl B 00euX cepusix MoJjie-
JUPOBAHUS OJIUHAKOBBI.

Ha puc.4 a,0,8 npuBezeHa obmas KapTuHa Je-
dbopmaruit mocie 1, 2 u 3-if Ga3pl OTKONKHA KOT-
JoBaHa (cTeHa ¢ (PMKCUPOBAHHBIMU 3aMKaMH), a
Ha puc.4r,a,e — TO K€ JJI1 CTeHBl CO CBOOO/I-
HBIMHU 3aMKaMH.

MaxkcuManbHOE NEpEMENICHUE Y3JI0BBIX TOUYEK
Ha puc.4a coctaBiseT 65,0 mm, Ha puc.406 — 65,4
MM, Ha puc .4B — 52,8 MM, Ha puc.4r — 84,0 mm,
Ha puc.4a — 112,3 mm, Ha puc.de — 104,7 mm.
CpaBHUTENBHBIN aHAJIN3 pPE3yNbTATOB pacyeTa,
MO3BOJIUJI YCTAHOBHUTh, YTO TMPH CBOOOJHBIX
3aMKax Bce JeopMaluu MPUMEPHO B JiBa pas3a
BBIIIIE, YeM MPHU (PUKCUPOBAHHBIX.

VYcewnus B pacriopkax Maso 3aBUCAT OT COCTOSIHUS
3aMKOB. MakcUManbHOE YCHIHME B paclopkax
npu (UKCUPOBAHHBIX 3aMKax cocTaBmio 442.9
kH/m, mpu cBoOoHBIX 3amKkax — 471,4 kH/m.
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Ta@zuua 2. Pacuemnwie napavwempbusl UWnyHnoesblx CNeH.

Tun CocrosiHuE MomeHT MomeHT PacueTHprit
npoduias 3aMKOB WHEepIH /, COnpOTHUBIICHUS, W, HM3ru0aromui
em*/m cM/M MOMEHT M,
kHm/Mm
J14 CBOOOTHBI 11650 1012 234
(bUKCUPOBaHBI 39600 2200 506
JIS CBOOOTHBI 14864 1098 252
(UKCUPOBaHBI 54000 2962 681
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Pucynox 3. Obwas pacuemnas cxema.
Tabauuya 3. Ceoticmea epyHmMos cmpoumenbHou nioWaoKu.
Ne cnost OO0wemHbIH Bec, Mopyns Cuennenue ¥Yroi BH. Tp.
kH/m3 nedhopmaruu kH/M? rpaaycoB
kH/m?

1 19,7 6000 8,0 14,8

2 20,0 18000 1,0 25,45

3 20,0 11000 1,3 23,6

4 19,7 6000 8,0 14,8

5 18,0 4000 3,3 11,3

6 19,5 9000 8,7 12,2

7 20,6 22000 21,3 13,9

8 21,8 32000 33,3 18,3
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Pucynox 4. ledhopmayuu cmenwt u epynma 6 xooe 0mxkonku npu YukCuposaHuwix (a,0,8)
U c80000HBIX 3aMKaAX(2,0,¢e).

=N
——
=4
7 . —1
E : il
Eendirg moments Bending monrents Bending moments

Extreme bending momert -233.51 KNAM  Exbyeme bending moment -433.83 khm/fm

Extrerne hending moment <345.44 kNm/m

Pucynox 5. Oniopel uzeubarowux MomMenmos 6 WnyHmogoll cmene ¢ PUKCUPOBAHHbLMU
samkamu Ha 1, 2 u 3 ¢paze omxonxu.

Ha puc.5 npuBeneHsl 3M0pbI H3rHOAOITIX MO-
MEHTOB B IIITYHTOBOW CTeHE C (UKCUPOBAHHBI-
MU 3aMKaMH Ha 1, 2 1 3 ¢a3ze OTKOIKH.
MaxkcuManpHbli H3rHOarommii MoMeHT 433,83
kHM/M Bo3HHKaeT Ha 2 ¢aze. DTO HIKE pac-
4eTHOro MomeHTa npoduis JIS ¢ ¢puxkcupoBan-
HbIMU 3aMKamMu 681 kHwm/M (Tabin. 2), To ecTh
MIPOYHOCThH CTEHBI JOCTATOYHA.

Omnopbl U3ru0aAIONMX MOMEHTOB B CTEHE CO
CBOOOJHBIMU 3aMKaMH 1O (OpMe aHAIOTHUYHBI
puc. 5, HO aOCOJIOTHBIE BEIMYHMHBI MOMEHTOB
npuMepHO B 1,5 paza HUXKE BCIEICTBUE MEHbB-
1€l )KECTKOCTH CTeHbl. MaKCUMalbHBII W3rU-
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Oaronuii MOMEHT BO3HHMKAET Takke Ha 2 (aze u
cocraBnsieT 320,08 kHm/M. Dra BenuunHa mpe-
BBIIIIACT pacueTHbIE MoMeHT mpodwuias JIS co
cBOOOAHBIMU 3aMKamu 252 kHm/Mm (Tabim.2), To
€CTh NMPOYHOCTH CTEHBI HA U3TUO CO CBOOOJIHBI-
MU 3aMKaMH HEJJ0CTATOYHA.

TakuMm oOpa3zom, paccMaTpuBaeMas LIMTYHTOBAS
CTEHa, COOpYKEHHasi 0e3 Mep YCHIICHUS 3aMKOB,
MOXET TPUUTH B aBAPUUHOE COCTOSAHHE MPHU
BO3HUKHOBEHUU CIBUTOB B 3aMKaX. Paccmor-
PEHHBI TpUMEp HArJISAHO JIEMOHCTPUPYET
HEOOXOUMOCTh y4eTa COCTOSHUS 3aMKOB IPH
MPOEKTUPOBAHUU LITYHTOBBIX CTEH.

119



3. 3AKVIIOYEHHUE

Jlns ycTpoCTBa WIMYHTOBBIX CTEH B OTeYe-
CTBEHHOH TIPaKTUKE OOBIYHO HWCIIOJIB3YIOTCS
ctanbubie cBau U-npoduns (Jlapcen). XKect-
KOCTb W MPOYHOCTh TAaKUX CTCH 3aBHCUT OT Be-
JUYUHBI CUJI CONIPOTUBIICHHUS B3aUMHOMY C/IBU-
Iy COCEIHMX INIYHTOBBIX CBal B 3amkax. [lo
CUX TIOp, 3TOMY (PaKTy HE yAESeTCs TOJKHOTO
BHUMaHHUA M YacTO, MO YMOJYAHHUIO, IIITYHTO-
BbI€ OTPaXJECHUS NPOCKTUPYIOTCS Ha MAaKCH-
MaJIbHBIC TTOKA3aTeNN, YTO CO3/1aeT MPEIIOChHLI-
KU JJ1s1 BOSHUKHOBEHMS aBapUNHHBIX CUTYaIUi.
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BAPUALIMOHHO-TEOMETPUUYECKUE OIIEHKHU PEIIEHUI
JJIA IVTACTHUH C 3AKPEIVIEHHBIM KOHTYPOM HA
OCHOBE MOAU®UIIUPOBAHHOI'O METOJA PEJIESA - PUTHA

I'.A. Manyiinos
Poccwuiickuii yauBepcutet tpancriopra (MUUNT), r. Mocksa, POCCUS

AHHOTalII(Iﬂ: I[JIS[ TOHKUX YHNPYIruX IUJIACTUH NPOU3BOJBHOI'O0 OYCpTaHUA C INIAAKHUM 3alllCMJICHHBIM WJIKW I0ap-
HUPHO OINCPTHIM KOHTYPOM Ha OCHOBE MOI[I/I(l)I/ILII/IpOBaHHOFO MeToaa PCJ’ICSI-PI/ITIIEI TMOJIYYCHbBI ABHBIC BBIPAKCHUA
JIIsA HpI/I6J'II/I)K€HHI>IX 3HAYCHHI MaKCHMaJIbHOI'O npom6a OT paBHOMCPHO pacnpe,ueneﬂﬂoizi Harpysku, nporn6a B
TOYKEC HPUIIOKCHUA COCpeHOTOquHOﬁ CHJIbI, KpPITI/I‘{CCKoﬁ CUJIbl PABHOMCPHOI'O CXKaTud U OCHOBHOM YaCTOTBI
COOCTBEHHBIX KOJIEOAHMIA. Honepeque NnepeMelICHUA alIlIPOKCUMUPOBATINCH CIICHHUAJIbHBIMHA (byHKIII/IHMI/I,
HUMCHOLIUMHU JINHUU YPOBHA, HOﬂO6HLIe KOHTYpPY IIJIaCTUHBI. HpI/IBCHeHI)I PE3YIbTAThI pacucTa IJIaCTUHBI B q)opMe
TpymI€eBUAHOT'O OBajia, KOTOPBIC XOPOILIO COTJIACYKOTCA C ABYCTOPOHHUMU I'COMCTPUIYCCKUMU OLICHKaMU COOTBET-
CTBYIOIIUX peHIeHHﬁ.

KiroueBblie ciioBa: meron Penes-Putia, mporud, gactora cOOCTBEHHBIX KOIeOaHMI, OTEPST yCTOWINBOCTH,
IJIACTHHA

THE APPROXIMATE SOLUTION FOR PLATES
USING MODIFIED RAYLEIGH-RITZ METHOD

Gaik A. Manuylov
Russian University of Transport (MIIT), Moscow, RUSSIA

Abstract: For thin elastic plates of arbitrary shape with a smooth pinched or hinged contour based on the modi-
fied Rayleigh-Ritz method, explicit expressions are obtained for the approximate values of the maximum deflec-
tion from a uniformly distributed load, the deflection at the point of application of the concentrated force, the
critical force of uniform compression, and the first eigenfrequency. The lateral movements were approximated by
special functions having level lines similar to the plate contour. The results of calculating the plate in the form of
a pear-shaped oval are presented, which are in good agreement with the two-sided geometric estimates of the cor-
responding solutions.

Keywords: Rayleigh-Ritz method, deflection, eigenfrequency, loss of stability, plate

PaccMoTpuM BO3MOXKHOCTHM MOJIyY€HHUSI Bapua-
IIMOHHO-TE€OMETPUUYECKUX OILIEHOK MaKCHUMallb-
Horo mporubda Wy OT JeHCTBUSL paBHOMEPHO
pacrmpeiesieHHONM Harpy3ku ¢, mporuba Wpp
IOJI COCPENOTOYEHHON cwiion P, xpurnueckoun
CUJIBI PABHOMEPHOTO CKaTusl Nkp U OCHOBHOM
4acToThl  KonebaHuii ® 1.bynem omnpenensars
YKa3aHHBIE 3JIEMEHTBHl PEIICHUN IS 3alleM-
JICHHBIX Y IIAPHUPHO OMEPTHIX IJIACTHUH, Orpa-
HUYEHHBIX IJ1aJKUM BBITYKJIBIM KOHTYpPOM [ 1o
W3BECTHBIM BAPUALIMOHHBIM MTPEACTABICHUSIM.

W, =[[q- F G p)dA2n, (fep); (1)
of =min{2n,(f (o) [[ (e p)da}; (1a)
Wpp =max{P/2n,(f(x,y))}; (2)

oy 2n5(f(x, )
Nicp = min J‘J. grad?® f(x, y)dA - @

3necy  f(x,y) -
(0<f(x,y)<]),

HUYHBIM YCJIIOBHAM 3alICMJICHUSA WJIW IIapHUP-

«eUHUYHBIE»  (DYHKIIHH
YIOBJIETBOPSIOIINE Tpa-
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Horo onupanus; A —oneparop Jlamnaca; 15 —
NOTEHIMaNbHasE dHeprus ynpyrou nepopma-
1uH; dA — 3eMeHT TUIOIAAN TUTACTHHBI.

IIpu 3TOM

VVq(xay) = VVq f(xay)5
Wp(x,y) =Wpp - f(x,).

Jns  monyyeHus NPUOTMIKEHHBIX 3HAYCHUN
paccMaTpUBaeMbIX MPOTHOOB, a TAK)KE KPUTHU-
YEeCKOH CHJIBI U OCHOBHOM 4acTOThI KoseOaHUH
IPUMEHUM MOIU(PHUIMPOBAaHHBINA MeTol Penes-
Putna, B KOTOPOM HCHONB3YIOTCA KaK «IOIly-
CTUMble (YHKIHUU CpPaBHEHHS», HEKOTOpHIC
¢bynkuun f¥(x,y), UMeromue JIUHUHM YPOBHS
,IOIOOHBIE KOHTYpPY IUIACTHHBI, W IOA0OHO
pacIioyio’KeHHbIE ¢ LIEHTPOM TOJ00Ms B Havaje
KOOpJMHAT. DTO MO3BOJISIET IBYMEPHYIO 3a/1a4y
CBECTU K OJHOMEpPHOM, IIOCKOJIBbKY TaKue
(GYHKIIMY UMEIOT BH/T

P (x,y) = gt/r(p)) =g(p), (0< p<T),

rae r(¢)— mnoysipHOE ypaBHEHHE KOHTypa [ ¢
[EHTPOM B Hayaje KoopauHaT; g(,0)—dyHk-
LU, YOPAaBISAONIAs 3aKOHOM paclpeesieHus
JUHUNA YPOBHS OT <IIGHTpa» K Tepu(epu.
Brieppie 5T (QyHKIUM OBLIM NPHUMEHEHBI
J.ITomua u I'.Cere [1] B 3a1ayax o KoJieOaHUAX
3aKpeIUIEHHBIX MEMOpaH W KPYYeHHH CTepXK-
Heil. Jlns wHTerpamoB OT (QyHKIMH THIA
f*(x,y), Bxomsammx B BeIpaxenus (1,2), umu
OBUIN TIOTYYEHBI CIICAYIOIINE BHIPAKECHHS

1
[[ 7 *(x.y)da =24 g(p) pdp.
0
1
[[ 1% v)da=24[g*(p)pdp,

0

1
[ grad’ £ * (x.y)dd = B[ ¢©* (p)dp,

0

2
B= j(1+r©2 (@) (@) =27
0

I'.A. Manyiinos

3nece B — XxapakTepucTHKa MNpPaBUIBHOCTH
(hOpMBI IIJIACTUHBI.

PazBuBas uneun pabotsr [1], B.1. Kopobko [2]
BbIBEJI BaXHYIO (GOpMyiIy JUisl MHTErpaia oT
KBajpara namacuana Gyakoum f*(x,y) B mo-
JISIPHBIX KOOPJMHATAX

1
D[ (Af *(x,y)?dA =D, [ g pdp+
0
1 1 SNC)
+J[2¢'g" pdp+J,[ (g™ / p)dp)
0 0

rae Ji, J2, J3 — umHTErpamel mo 3aMKHYTOMY
koHTYpy (0L @ <27),r =r(p),

J| =J.(1+r'2/r2)2d(/)/7”2, 4
Jy = [ 1)U+ 202 17 P gl 2, (4a)
J :j(1+2r'2 /2= r)del . (5)

B pacuerax mactus 3té popMyIibl, HACKOIBKO
U3BECTHO aBTOPY, 10 CUX MOp HE IPUMEHS-
nuck; B.M. Kopobko moien nanbiie, u ¢ mo-
Moupl0 HepaBeHcTBa  Komm-byHskoBCkOro
MOJIYYWJI HMHTEPECHYI0 H30IEPUMETPUUYECKYIO
OLIEHKY

D j j (Af *(x,1))>dA~ D(B* | 24)-

Lo R (6)
(e p+2g'g"+g"/ p)dp
0

PaBeHcTBO 3mech gocTuraeTcs IS KPYTJIBIX
IJACTUH M B HEKOTOPBIX 3ajJadax u3ruba 3a-
IIEMJIEHHBIX JJJIMITHYECKUX IIJACTHH.

OtMeruM, 4TO paBeHCTBO (3) maeT mpeacTaB-
JIeHUE TOTEHIINAIbHOM YHEPTHH 3aleMIIEHHBIX
IJIACTHH C TIAJKUM KOHTYpPOM, eciu nedopma-
1us u3ruda 3amaercs “‘eNMHUYHON” QyHKIHEH
tuna f*(x,y). [Ipu 3ToM BTOpO# uieH mpaBoii
4acTU paBeH Hymo. (s MIacTHH C TIaJKuM
IIAPHUPHO OMEPTHIM KOHTYPOM BBIBEJIEM aHa-
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JIOTUYHYIO (hOopMyIly HpU MOMOIIU HU3BECTHOTO
BBIPAXKEHUS

211, = D” (Af)*dA-
=201-)[[(fiufy = 134, (7)

rae D — nunuuapuyeckas KeCTKOCTh IJIacTH-
uelL, ¥V — xo>dpumuent Ilyaccona; nHaexcamu
OTMEYEHBI BTOPHIE IIPOU3BOJHBIE MO X U IO Y.
Bropoii unTerpan B aToil popmMyiie ecTb UHTE-
rpajl OT TraycCOBOM KPHUBU3HBI MOBEPXHOCTHU
MpPOrudoB IJIACTUHBI; OH PaBeH HYIIO JUIS JIO-
ObIX IUTACTUH C 3alleMJICHHBIM KOHTYpOM, a
TaK)Ke JJI IMOJIMTOHAJbHBIX IUIACTUH C ILap-
HUPHO OMEpThIM KOHTypoM. Ilostomy nns Ta-
KHX IUIACTUH B BBIPAKEHUU MOTEHIUAIbHON
SHEPTUH YIPYyroi AeGopmaiu 0CTaeTcsi TOJb-
KO HHTerpaj oT KBajpara JjaruiacuaHa Jlis
HIAPHUPHO OMNEpPThIX IUJIACTUH C KYCOYHO-
IJIaJIKUM KPUBOJUHEHHBIM KOHTYPOM HHTETpal
OT TayCCOBOI KPHUBU3HBI HE PaBEH HYIIIO; UMeE-
I0TCA TUIACTUHBI C TJVIAJKUM KOHTYpOM, IIO-
BEPXHOCTh IPOrHO0OB KOTOPBIX MpPH JIEHCTBUU
psiZa Harpy30K OKa3bIBA€TCS BCIO/AY BBIMYKIIOM.
B cBs3u ¢ 3TUM 114 anbHEMIIEro BTOpOl MH-
terpain B (7) ynoOHO mpeoOpa3oBaTh B KOHTY]-
ueiit (MLILL. bupwmas, [3, 4]). bynem nmets

F(s)* ds
2n3:D”(Af)2dA—(l—v)if7 R (8)
rie R(s) — paamyc KpUBH3HBI KOHTYpA,

J'(s)/ ch —npousBo/iHAs TIO HOPMaiM K KOH-
Typy (yroia moBopora), ds — 3JIEMEHT Tyrd KOH-
Typa:

ds=r-doN1+r?/r? .

YroOnl mosyunth mist BeauduHbl 2I15(f*) BoI-
ya

paxeHue, aHajmoruyHoe (3), BOCHOJIb3yeMcs

CJIEIYIOIITUMHU COOTHOIICHUSIMU

Volume 13, Issue 4, 2017

1 P2t 128 ="

R(s) - (r2 +r'2 )3/2 - r(1+r'2/r2)3/2

T (T _ et VL. L
(an)‘(d)‘g ( ljrz g M-

[ToacranoBka 3Tux cooTHOLIEHUH B (7) JaeT BbI-
paxenue 2I15(f*) ans mapHUpHO omepThIX IUIa-
CTHH C IJIaJIKUM KOHTYPOM , aHasioruuHoe (3):

b

1 1
2n5(f*)=D(Jy [ &' pdp+ T, - [28'"dp +
0 0
1
+Jy-[(g7 ) pydp—J,(1-v)-g” (1), (9)
0

rae uHTerpaisl Ji, J2, J3 BBIUKCIAOTCS corac-
HO (4,5); unrerpain J4 UMeeT BUJ

J4 =§(1+2r'2/r2 — '/ Pyde A+ r? 1.

HcnonwzoBanue Gopmyn (3, 9) mis moaydeHus
NpUOMMKEHHBIX ~ 3HAYEHMH  (PYHKIIMOHAJIOB
(1,2) TpebOyeT mpeaBapHTEIBHOIO HCCIEI0BaA-
HUs 00JacTU HUX BO3MOXHOIO KOPPEKTHOIO
npuMeHeHus. Jeao B TOM, 4TO Ha MPSMOJIH-
HEWHBIX y4acTKax KOHTypa UHTErpaisl Jz ,J3 .1
J4 paBHBI HYITI0, TOCKOJIBKY B HOJIb OOparaercs
BBIpaKEHHE

142, /02 =¥/ r,

cTosflIee B UUCTUTENe GOPMYIIbI 17151 KPUBU3HBI
KoHTypa. [losTomMy Ui TOTUTOHANBHBIX IUIA-
ctuH B cooTHomeHusX (3) u (9) mnsa 2I15(f*)
OCTaeTCsl TOJBKO UHTETpal Ji , a TMHUH YPOBHS
¢dbyakumii Tuma £¥(X,y) OKa3bIBarOTCS 3aMKHY-
THIMH MHOTOYTOJIbHUKaMH. DYHKIIUU C TAKUMU
JTUHUSMHU YPOBHS HCIOJB30BAINCH aBTOPAMU
[1] B 3amagax o kojeOaHUSAX MeMOpaH MHOTO-
yrolbHOM (OPMBI U KpPYUEHUU CTEpKHEH ¢
MHOTOYTOJIbHBIMU cedeHusiMH. Ka3zanock Obl,
YTO U ]IS MHOTOYTOJIBHBIX TUTACTUH MOAOOHBIE
(GYHKIIMHM Takke SIBISIOTCS JomycTuMbIMH. Ha
camoM gene ¢yHkuu f*(X,y) ¢ JIUHUSAMU
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YPOBHSI B BUJI€ 3aMKHYTBIX MHOTOYTOJIbHHKOB
HE MOTYT MPHUHAJUICKATh O0JACTH OIpesese-
Hus QyHkuoHanoB (1,2) mua miaacTuH, TO-
CKOJIBKY B psle 3aJad NPUMEHEHHE TaKuX
(GYHKIMHM TPUBOIUT K HAPYIICHUIO COOTBET-
CTBYIOIINX BapUalMOHHBIX MIPUHITUTIOB.
Hanpumep, nma kBagpaTHOW 3alieMJIEHHOH
IJACTUHBI TP HCIIOJIB30BAHMHM B Ka4yeCTBE
cobctBeHHOM popMmbl GyHKIMU f*(X,y) C KBa-
paTHBIMH JIMHUSMH YPOBHS BBIYMCIIEHHAs OC-
HOBHAs 4aCTOTa COOCTBEHHBIX KOJICOAaHUI OKa-
3aJIach MEHBIIIE TOYHOM:

o =3429YD/m/a’

BMECTO

@ =35985VD/m/a’.

TouHo Takke MpPU BBHIYMCICHUU KPUTHUECKON
CHJIBI PaBHOMEPHOTO C)KaTUs AJIs 3alleMIICH-
HOM KBaJpaTHOM MJIACTUHBI OBUIO TOTYyYEHO

N*¢p=38,07D/a’
BMECTO TOYHOT'O 3HAYCHMUSI
Nkp = 52,344D/a’

(a — cropoHa KBajsipaTa).

EcTb 1 eme o1HO cooOpakeHne, KOTopoe. yKa-
3bIBaCT HAa HEMPUMEHUMOCTh (QyHKIHH f*(X,y)
C JIMHUSIMM YPOBHSI B BUJIE 3aMKHYTBIX KYCOUHO
IJIAJIKUX KPUBBIX C YIJIOBBIMM TOYKaMH JJist
MOJIy4EHHUs] BAPHALIMOHHBIX OLICHOK peIleHUH B
OUrapMOHMYECKHX 33Jayax, CBS3aHHBIX C IUIa-
cTuHamu. Takue (QyHKIMHM UMEIOT PeOpUCTYIO
MIOBEPXHOCTh C JIMHUSAMHU COCPEAOTOYEHHBIX
KPUBH3H, HUAYIMMX OT BEPIIMHBI “‘XoiMa’
¢bynkumu f*(X,y) K Kaxaod YrioBoH TOYKe
koHTypa I'. Brone pebpa nepBas npousBoHas
[0 HOpMaJM OyJeT CTyNeH4YaTol (yHKuuei, a

BTOpas MpoM3BOAHas &°f */® “Ha peGpe”

okasbIBaeTcs O —¢yHKuueil. B BeipaxkeHus mo-
TEHIMAJIBFHONW PHEPTUU YHpYyrou aedopmariu

I'.A. Manyiinos

(3,9) BXxoasT MHTETpaIBl OT KBAAPATOB BTOPHIX
npousBoaHbIX. Ho omepauuu Bo3BeneHus
O —(yHKIMM B KBagpar W HMHTETPUPOBAHUS
ATOrO KBaJpaTa B MaTeMaTUKE HE OIpeIeICHBI
(Ha 3TO 0OCTOATENHCTBO BHUMAHUE aBTOpa 00-
patiit A.A. KocMoneMbsHCKH).

W3 cka3aHHOrO BBITEKAET, YTO BBIpaKeHUs (3)
u (9) ans 2I15(f*) KOppeKTHHI TOIBKO B CiIydae
TJIAJIKOTO KOHTYpa (BO3MOXHO, YaCTHYHO TPSi-
MOJIMHEIHOTO [5, 6]).

Yro kacaercst HepaBeHCTBa (6), TO OHO crpa-
BEIMBO TOJIBKO AJIsI 00JIacTel, OrpaHMYEHHBIX
TJIAJIKAM, BCIOJy KPHBOJWHEHHBIM 3BE3IHBIM
KOHTYpPOM, TOCKOJBKY JIMIIb JJIsI TakKuX 3a-
MKHYTBIX KOHTYPOB CIpPaBe/UIMBO PaBCH-
cTBO [7]

B={(+r?/r)dp= §(1+2r7 /7 ="/ r)de-
27 2z

[Ipu BBIYMCICHUN OIICHOK CYLIECTBEHHBIM OKa-
3pIBaeTcs BbIOOp (yHkumit g(p). Hammyumme

pe3ynapTaThl  JAlOT (YHKIUH, SIBJISTFOIIAECS
TOYHBIMU (WJIM TIOYTH TOYHBIMHU) PEHICHUSMU
COOTBETCTBYIOIIUX 3a/ay I KPYIJIbIX IUIa-
ctuH. [loaTomy B onienkax nporu6oB Wq u Wpep
WCIIOJIb3YEM MU3BECTHBIC TOUHBIE PEIICHHUS.

JIns 3a1emMiIeHHoro KOHTypa:

g,(p)=01-p)";
g,(p)=1-p*+2p*Inp.
JIns mmapHUpHO ONEPTOro KOHTYpa:

g,(p)=1-p*(6+20)/(5+v)+ p* 1+ V) (5+V);
g,(p)=1-p* +2p*(1+V)In p/3+v).
B onenkax kputuyeckoi cuiibl Nkp 3aI1eMIICH-

HBIX IUIACTUH HCMOJB30BAJIOCh TOYHOE pelle-
HUE, BEIpaXKEHHOE yepe3 pyHKuuto beccens.

Jo(x) - (g(p)=1=Jo(4p)/ Jo(4) ;
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(4, = =3,831706)). Ilpn mapHupHOM OmnuUpa-
HUM KOHTypa B KadecTBe g([0) HNPUOIMKEHHO
nprHUMatack GyHKuust g, (o). I1a xe QyHK-

LMsl UCIIOJIb30BANaCh M IPU OIPENEIEHUH OC-
HOBHOH 4acTOThI KosiebaHuil @, . B ciydae 3a-

MIEMJICHHOTO KOHTYpa B 3TOW 3a/iaye MCIOJIb-
30BAJIOCh  «IOCTATOYHO XOpOIIee» MPUOIIH-
YKEHHOE pereHue [§]

g(p)=(1-p*)? +0325(1- p*)’.

OKOHYaTEeIbHO BapUAIIMOHHO-TEOMETPUUECKHE
oueHkn Wq,Wpp, Nkp 1 @) 17151 3a111€MIICHHBIX

IIACTUH C I'NTAAKUM KOHTYPOM 3aIlMIIYTCs TaK

~

W, =qAl D(24J, +8J5) ~ W, (10)
W, =P/4D(J, +J3) <W,, (11)
N, = D(9,5173 - J, +5,16468 - J;)/ B> N,, (12)
@F = D(36,7436- J, +15,4488- J,)/ mA> a, (13)

ILJ'DI HIapHHUPHO ONECPTHIX IVIACTUH C TJIAAKHUM
KOHTYPOM 3TH OLCHKH UMCIOT BU/J|

o qgA(7T+v)(5+Vv)
T D24@B+v)J, +192-J, +
5 zVVq (14)
+8(19+8v +v?)J; —192(1-v)J,]
- P3+v)?
Wy = 2
4D -[A+v )], +4-J, +
<w,_ (15
+(5+av v —41-v)J,1 )
Iy _D-[123+Vv*)J, +96-J, +
o B(33+10v +v7?)
2
+4(19+8v +v7)J; —96(1 V)J4]>N@ (16)
P D[243+v?)J, +192-J, +
L mA22,6+72v +0,607)
2 _ _
+8(19+8v +v?)J; —192(1 v)J4]>w12 (17

Volume 13, Issue 4, 2017

OtmeTuM, 4yTO MHTErpajsl Ji - J4 - pa3MepHbie
BEJIMYMHBI,

Ji :jk/[L]za

U Ul UX BBIYMCICHHS (KaK MpaBUIIO, YUCICH-
HOT0) HEOOXOJUMO HMMETh IOJIAPHOE ypaBHe-
HUE KOHTypa IuacTulbl r» =r(@).Ecom I'-

OKPY>KHOCTb pazuyca R, u Hauano xoopauHar
IIOMEUICHO B €€ LIEHTPE, TO

Ji=l=)3=l4= 27/ R*.

Ecnu xe Hayano KOOpAMHAT CMEIIEHO OT LeH-
Tpa Ha PacCTOSHHE

a=Er

Tak, yto r(0) > R, TO mosy4um

J, :szj‘ dp ] ,(18)
(1-&sin” p)’[Ecos g+ (1-Esin® p)2 T
J, =R ; dg . (19)
(1-&2sin” )2 [Ecosp+(1- &7 sin? )2
Jy=R>[dp/[(1-&sin’p)’,  (20)
_ d
Ji=R7[ i T’
[Ecosp+(1-&2sin® 9)2](1- &£ sin? )2
(P <o <p,). (21)

B uwactHOM ciydae npu & =1 uHTerpaisl oka-

3bIBAlOTCA TAaOMUYHBIMU. JIJIS AIIUOTHYECKUX
KOHTYPOB C HAyaJOM KOOpJUHAT B IIEHTpE 3JI-
munca ObUTH TakXe BbIBEACHBI (HOPMYIbI AJis
uHterpainoB Ji-Js. Ilpu umHTErpUpOBaHUM MO
3aMKHYTOMY KOHTYPY 3JUIUIICA JJISi HHTETPaoB
J1 1 J3 monmy4eHo KOHEUHOE MpeCTaBlIeHUE

J,=J,=(0,75-B* —7%)/ A,

A=mb,
B=n(a/b+b/a),
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rae a u b — nomyocu aunca. Jias sToro uc-
MOJIb30BaHbl Pe3yNnbTaThl padotel [2]. s
MPSIMOJIMHEIHOTO yyacTKa KOHTypa

1=15=14=0, J, = (tg¢)2 —tg¢1)/a2

(a — paccrosHHE OT Hadajga KOOPJAWHAT JO
npsaMoil, @, <@ < @,).

B 3akmouenue npuBeaemM npuOIMKeHHBIC 3HA-
uyenus pemrenuid Wq, ,Wpp Nkp 1 (01 101 11a-

CTHHBI B BHUJE TPYLIEBUIHOIO OBaJjla, OPaHU-
YEHHOI'0 JIByMS JIyraMu OKpYXHocTel (¢ paau-
ycamu R u 0,5R), coeqmHEeHHBIX MEXKIy cOOOM
IBYMs KacaTelbHbIMU HpsIMbIMU. Jlyra Oouib-
1IeTo paanyca oxBaThiBaeT yroj 240°, MeHbIIIe-
ro — 120° paccrosHHE MEXIy LEHpaMH IyT
0,5R; Hawano xoopauHatr (mpezamnoJiaracMas
TOYKa MakCUMyMa MporuOoB) MPUHATO Ha pac-
crossauu  0,15R ot meHtpa Oosbmied Iyru.
[nomane oBama A=3,441216R> xapakrtepu-
ctuka B=6,810055. B ciyyae 3aimemieHHOTO
KOHTYypa npuommwkenus cormacHo (10-13), (18-
21), u ABYCTOPOHHHE OIEHKH UMEIOT BH/]I

W, =0,001453 g4*/ D
(0,001394 < W, <0,001583 )gA”/ D ;
W, =001921 PR*/D;
(0.01989 <W,, <0,02179)PR*/ D
N,, =13,698D/R*;

(13,404 < N,, <14,682)D/R*;

@ =9,7714D/m)""* | R*;
(9,3256 < @y <10,215)(D/m)""*/ R*.

AHaJIOTUYHBIC JIBYCTOPOHHUE OIICHKH W TPH-
onuxeHHble perieHus Ha ocHoBe (14)-(17) u
(18)-(21) ObuM TOMYYEHBI W JUISI IIAPHUPHO
orneproro oaia (rmpu v =0,3)

W, =0,0666gR* /D
4.
(0,0637 <, <0,07643 )gR/ D*;

I'.A. Manyiinos

W,, =0,04697 PR/ D ;
(0,0505 <W,, <0,05532)PR/D?;
N,, =4,0437D/R*;

(3.8311 < N, <4,1965)D/R*;

@ =4.8385(D/m)"?/R?*;
(4,5074 <y <4,9373)(D/m)"? / R*.

B kauecTBe NBYCTOPOHHMX OLIEHOK IPUHHUMA-
JIUCh pelIeHUs Ui KPYIJIbIX IUIACTUH, OJHA U3
KOTOpPBIX MMEET paJuyc, paBHbIM R, a mpyras
paBHOBeNIMKasl ¢ JaHHBIM oBasioM. Kak BuAHO
U3 COMOCTAaBJICHMs MOYTHU BCE MPUOIMKEHHBIE
pellIeHUs MONald B MHTEPBabl JBYCTOPOHHHUX
onieHOK. bonee rpyOpiMu oOKazanuch mpuOIu-
XKEHHUSl JUIsl Mporudba mMoJ COCpelOTOYCHHOU
CWJION NpHU YCIOBUSX LIAPHUPHOTO OMHPAHUS.
Bo3MoxkHO, 9TO 3TO OOBSICHSIETCS HECOBMAe-
HUEM TOYKH MaKCHUMaJbHOTO mporuda maxWpp
u Hayana koopauHar [9, 10]. Jns snnunrtude-
CKUX TIUJIaCTHUH MPHUOIUKEHHbIE PEIICHUs CO-
rmacao (10)-(13) u (14)-(17) Obumn TaKke
BecbMa OJM3KH K M3BECTHBIM PEIICHUSM WU
COOTBETCTBYIOILIUM OLIEHKAM.
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JIBYXCETOYHBIA METOJ] PACUETA CTPOUTEJBHBIX
KOHCTPYKIIMH HA OCHOBE UCIIOJIb30BAHUSI
JUACKPETHOI'O BABUCA XAAPA
YACTD 1: OAHOMEPHBLIE ITPOBJEMbI

M.JI. Mo3zzaneea', I1.A. Axumoe*>*>°
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¢ Hay4HO-HCCIIeI0BaTENbCKHI HHCTUTYT CTPOUTENBHOM Qusnky Poccuiickoii akageMun
ApXUTEKTYpPHl U CTPOUTENBHBIX HayK, . Mocksa, POCCHU

AnHoTanus: B HacTosmel cTaTke paccMaTpUBacTCS ABYXCETOYHBIN METO]] pacdeTa CTPOHUTEIBHBIX KOHCTPYK-
Ui Ha OCHOBE MCIOJIB30BaHUS TUCKPETHOTro 0a3mca Xaapa (B YaCTHOCTH, 3/1€Ch PACCMaTPUBAIOTCS IMPOCTCHIITIE
oIHOMepHBIe 3a1aun). [IpuBeaeH kpaTKuit 0030p MyONUKAIIUI HOCIEAHHUX JIET POCCUICKUX U 3apyOeKHBIX CIIe-
[IUAJIICTOB, MTOCBSIICHHBIX aKTYaJbHBIM HalpaBJICHUSIM HCIOJIB30BAHUS BEHBIIET-aHAIN3a B CTPOUTEIBHON Me-
XaHUKe, OMUCaHbl alMpOKCHMAIMM CETOYHBIX (YHKIMHA B TUCKPETHBIX 0azucax Xaapa HyJIEBOrO M MEpPBOTO
ypoBHEH (ceTouHas (QyHKIMS MPEACTABIISIETCS B BUAEC CYMMBI, B KOTOPOH OJIHO cllaraeMoe SIBJISIETCS ee allpoK-
CHUMalueil mepBoro ypoBHs, a BTOpOE claraeMoe HasbIBaeTCs AeTaIM3aliel (TOMOIHEHHEM O MCXOIHOIO CO-
CTOSIHUS) HA CETKE MEPBOr0 YPOBHS), MOCTPOCHBI MPOEKTOPHI Ha MPOCTPAHCTBA BEKTOPHBIX (DYHKIMH HCXOJHOM
CETKH Ha MPOCTPAHCTBO UX aNIPOKCHMAIIUM HAa CETKE MEPBOTO YPOBHS U €r0 JOIOJHEHHS (JeTaTU3UpPYIOIas
COCTABIISIIONIAST) O UCXOJHOTO COCTOSIHUS, M3JIOKECHA CXeMa TIOCTPOCHUS IBYXCETOYHOTO METO/]Ia, TO3BOJISIOIIC-
T0 MOJIYYUTh PELIEHUE KPAeBBIX 3a7au CTPOUTEIbHON MEXaHUKH, ONEPUPYs] MATPUUHBIMU ONEpaTopaMu Cyllle-
CTBEHHO MeHbIIeH pa3MepHOCTH. [losicHMM, 4TO B KayecTBE NUCKPETHOrO aHaJora MCXOJHOTO ONEPAaTOPHOTO
YpaBHCHHS, ONPEACICHHOTO Ha 3aJJaHHOM OTPE3KE BBICTYHAET CHCTEMa JIMHEHHBIX anreOpandecKux ypaBHEHUH
(CJIAY), chopMmupoBaHHast B paMKax METOJla KOHCYHBIX PAa3HOCTEH WJIM METOJa KOHEYHBIX dJIeMEeHTOB. Jlanee
ocymiecTBIsIeTcsl iepexon K paspematomieir CJIAY, pemraemMoli ¢ ucnoib30BaHneM Oj09HOrO Meroaa ['aycca
(TIpoM3BOANTCS COOTBETCTBEHHO MPSMON M 0OpaTHBIN X0x). B KauecTBe XapakTepHOTO MPAKTUYECKH BAXKHOTO
OJTHOMEPHOTO MPHUMEpPa PACCMOTPEHO YHCICHHOE PEIIeHNE KpaeBOW 3a/a4y O MonepeyHoM m3rude 6anku bep-
HYJUTH, JIeKalleil Ha yImpyroM OCHOBaHHUH, OITMCHIBAEMOM B paMKax Mojenu Buukiepa. MimMeeT mecto xopormas
COTJIACOBAHHOCTh PE3YNIbTATOB, IMOIYYCHHBIX IMPEUIOKEHHBIM METOJOM M CTaHJApTHBIM METOJO0M KOHEYHBIX
pa3HoCTEeN.

KiroueBble cj10Ba: 1ByXCETOUHBINH METOJ, METOJl KOHEUHBIX Pa3HOCTEHN, METOJ] KOHEUHBIX 2JIEMEHTOB,
BeiiBIIeT-aHAIN3, IMCKPETHBII Oa3uc Xaapa, pacyeThl CTPOUTENbHBIX KOHCTPYKIIMH, KpaeBas 3ajaya,
OJTHOMEPHBIE 3a7auil
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JIByXCceTOuHBII METOJI pacuyeTa CTPOUTEIbHBIX KOHCTPYKIIUII Ha OCHOBE HCIIOJIb30BaHMS AUCKPETHOTO Oa3uca Xaapa.
Yacts 1: OrHOMEpHBIE IPOOIEMBI

¢ Research Institute of Building Physics of Russian Academy
of Architecture and Construction Sciences, Moscow, RUSSIA

Abstract: The distinctive paper is devoted to the two-grid method of structural analysis based on discrete Haar
basis (in particular, the simplest one-dimensional problems are under consideration). A brief review of publica-
tions of recent years of Russian and foreign specialists devoted to the current trends in the use of wavelet analy-
sis in construction mechanics is given. Approximations of the mesh functions in discrete Haar bases of zero and
first levels are described (the mesh function is represented as the sum in which one term is its approximation of
the first level, and the second term is so-called complement (up to the initial state) on the grid of the first level).
Projectors are constructed for the spaces of vector functions of the original grid to the space of their approxima-
tion on the first-level grid and its complement (the detailing component) to the initial state. Basic scheme of the
two-grid method is presented. This method allows solution of boundary problems of structural mechanics with
the use of matrix operators of significantly smaller dimension. It should be noted that discrete analogue of the in-
itial operator equation (defined on a given interval) is a system of linear algebraic equations (SLAE) constructed
within finite difference method (FDM) or the finite element method (FEM). Next, the transition to the resolving
SLAE is done. Block Gauss method is used for its direct solution (forward-backward algorithm is realized). We
consider a numerical solution of the boundary problem of bending of the Bernoulli beam lying on an elastic
foundation (within Winkler model) as a practically important one-dimensional sample. There is good consisten-
cy of the results obtained by the proposed method and by standard finite difference method.

Keywords: two-grid method, finite difference method, finite element method, wavelet analysis,
discrete Haar basis, structural analysis, boundary problems, one-dimensional problems

O NIPUMEHEHWU BEWUBJIET-

AHAJIM3A B CTPOUTEJLHON
MEXAHHUKE

Crnenyer cpazy NOAYEPKHYTh, UTO B MOCJIEIHHE
roasl BeiBieT-aHamu3 [1] HaxomuT Bce Ooee
HIMPOKOE MPUMEHEHUE B TEXHUUYECKHX HayKax.
Bwmecte ¢ TeM, B 007aCTH CTPOUTENTLHON Mexa-
HUKE BCE ellle HaOIII0IaeTCsl OTHOCUTENBHO He-
OOJIBIIIOE YHCIIO MOTOOHBIX HCCIENOBaHUNA. B
YKCJIE OCHOBHBIX HAIlPaBJIEHUW HCCIEIOBAHUI
MOXXHO yKa3aTh CJIEAYIOIIWE: pelieHue 3ajad
CTaTUKH CcOoOpyXkeHui [2-9]; pemeHue 3amady
YCTOMYMBOCTH COOpPYXEHUM [2,3]; pemieHue 3a-
Ja4 TUHAMUKU coopyxeHui [10-12]; pazButue
METOJla KOHEYHBIX 3JIeMeHTOB [13,14]; BbIsiBIC-
HUE JePEeKTOB (30H pa3pylIeHHs, TPEIIMH H
T.J1.) B KOHCTPYKIHUSX, B TOM YHUCJIE B paMKax
MOHUTOPUHTA COCTOSIHUSI CTPOMUTENBHBIX KOH-
CTPYKLHH, 3JaHUN U coopyxeHuit [15-27]; pac-
YEeT CBA3AHHBIX CHUCTEM THIMA «COOPYXKEHUE —
OCHOBaHME» [28]; pa3BUTHE BEPOSTHOCTHBIX
METO/IOB B CTPOUTEIHHOM MeXaHWKEe U Ap. 3a-
METHM, YTO 3HAYUTEIbHBIM YCIIEXOM BHUIAATCS
JOCTHO>KCHHST TIOCJICTHUX JIET, KAacarolIuecs: uc-
MOJIb30BAaHUsl BEHBJIETOB B YMCICHHBIX U YHC-
JICHHO-AaHAJIMTUYECKUX METOJaX PEeIIeHUs pa3-
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JUYHBIX OMEPATOPHBIX YPaBHEHHM, B TOM YHCIE
SIUTUNITHYCCKUX ypPaBHEHUH B YACTHBIX IMPOU3-
BOJHBIX, TPAHUYHBIX WHTETPATBbHBIX ypaBHE-
HUH, ncenoaud@epeHnaNIbHbIX YpaBHEHUN U
Ip., YTO TIPEJICTaBISAETCS OCOOCHHO BaXKHBIM,
HaIpuMep, MPU PEHICHUH 3a/1a4d TCOPHH YIIPY-
TOCTH U TUIACTUYHOCTH (COOTBETCTBYIOIIAS TO-
npoOHas Oubnmorpadus npuseneHa B [29]). B
[EJIOM, METOMAbl, WCIONb3YIOINUE BEHBIET-
aHaJN3, XapaKTepPHU3YIOTCs, KaK MPaBHIO, MHO-
TOYPOBHEBBIM XapakTEpOM M BBICOKUM Kaue-
CTBOM  aIlMPOKCUMAITUK  COOTBETCTBYIONTUX
OTepaTopoB U (HYHKIIHA.

B uuncne pabGoT poccuiickux wuccieaoBaTesen
HE00X0uMO BbIIENUTh myonukanuu M.B. XKu-
rasosa [30-32], A.B. Kpsicsko [30,33,34], B.A.
Kpsiceko [31,32,35] u B.B. CongatoBa [30-33]
BEJIETCSI IOCTPOCHHUE MaTeMaTUYECKUX Mojiesei
CIIOXKHBIX KOJeOaHUN pachpeeIeHHbIX CHUCTEM
(B BUJE OJTHO- M MHOTOCIIOMHBIX Oanok (criasH-
HBIX U HECIMAsHHBIX ), TUIACTUHOK, CPEPUIECKUX
MOJIOTUX W IUJIUHIPHYECKUX 000JI0YEK), a TaK-
xKe pazpaboTka MPOrpaMMHOrO obecredeHus,
MO3BOJISIONIETO OCYLIECTBIATh BEHBIIET-aHAIN3
CIICHApHEB TEepexo/ia B XaoC ISl TAKUX CHCTEM.
C.I1. KonbicoB [36-39] u FO.A. Carneea [36-
39] paspaboTtay METOIl OCPEIHEHUS DJUTUTITH-
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yeckux AuddepeHnnanbHbIX ypaBHEHUH, OCHO-
BaHHBIN Ha BEHBIIET-NIPEOOPA30BAHUN M METOIE
KOHEYHBIX 3JIEMEHTOB ISl IPOrHO3UPOBAHMS
3¢ (EeKTUBHBIX CBOWCTB W aHaIHW3a OCpPETHCH-
HBIX pEIICHUH ypaBHEHHUH A1 KOMIIO3UTOB C
U3BECTHBIMM CTPYKTYPOM M CBOWCTBaMH CO-
CTaBJISIONIMX KOMIIOHEHT.

Cepus pabor A.b. 3omnorosa, M.JI. Mosrasne-
Bou, II.A. AkumoBa un J[.H. AnekceeBa mocBs-
nieHa pa3paboTKe U M3YYEHUIO YHUCICHHBIX Me-
TOJIOB U AJITOPUTMOB HUCCJIEN0BAaHUS JIOKAJIBHO-
r0 HaNpsKEHHO-Ae(POPMUPOBAHHOTO COCTOSIHUS
KOHCTPYKLMH C IIOMOIIBIO BEHBIIET-aHAIN3A
(mogpobuast Oubnuorpagust umeercs B [29]).
Tax, Hantpumep, B [9] pelieHue npeacTaBisieTcs
C TO3UIMM  ONpPENENECHUS  HaIpsSHKEHHO-
1e(OpPMHUPOBAHHOIO COCTOSIHUS B 3apaHee Bbl-
JICTIEHHOW JIOKajabHOM 30He. Ha ocHOBe 3Tmx
COOOpa)KeHHI CTPOUTCS ONTUMalbHAas pacyer-
Hasi CeTKa, Jarollas KayeCTBEHHYIO KapTUHY
CTEIIEHW BIIMSHUS HANPSKEHHBIX COCTOSHUM
KOHCTPYKIIMU B pa3jIMuYHBIX 00JacTsX Ipyr Ha
npyra. IIpy MHOroypoBHEBOM BEMBIIET-aHAIN3E
pelieHrne TpeaCTaBiIsIeTcs B BUJE KOMIIO3ULIUU
JOKaJbHBIX M TJ00aNbHBIX KOMIIOHEHT, 4TO
MO3BOJIIET OLEHUTHh BIMSHUE PA3IUYHBIX (C
TOYKU 3peHus Jokanuzauuu) ¢akropos. Ctpo-
UTCSl HE TOJIBKO 00Jiee KaueCTBEHHAs pacyeTHas
MOJI€Ib, HO M BHOCSTCSI HEKOTOPBIE KOHCTPYK-
TUBHBIC W3MeHeHusa. B [1] mpeacraBiensl pas-
paboTaHHBIE CIEUAbHBIE JUCKPETHBIE MOACTH
pacuera KOHCTPYKUUH, d3QPEKTUBHbIE IS TPU-
MEHEHMS JIOKAJIBHBIX METOJIOB MCCIIEJOBAHUS U
BElBIIET-aHANN3a; NPEAJIOKEHbl METOJbl BbI-
yuciaeHus QyHIaMEHTAIbHBIX (QYHKUUN I 3a-
a4 TEOpUM YOPYIOCTH C IPUBJICYECHHEM
BEIBJIET-aHANIN3a; ONUCAHbl METObl JUCKDET-
HOTO BeWBJIEeT-aHaJIM3a Ha OCHOBE Oa3uca Xaapa
C TIO3MLIMH €ro UCMOJIb30BaHUS B pacyeTe KOH-
CTPYKLUI; MPEACTaBIEHbl aJTOPUTMBbI CHHTE3a
U aHaau3a Mo JAMCKpeTHOMY Oasucy Xaapa c
BBIJICJIEHUEM JIOKAJIbHBIX M TJIOOATBHBIX dJie-
MEHTOB; pa3paboTaHa METOAMKA MOIy4eHHsI JIO-
KaJbHBIX PELICHUH; peleHbl MPaKTHYECKHE
IPUMEPBI ¢ BBEJCHUEM JIOKAIU30BaHHBIX CETOK
¥ MHOTOYPOBHEBOI'O IIPE/ICTABJICHMSI PELLIEHU B
BeliBieT-0a3uce Xaapa.
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1. IIPEJBAPUTEJIBHBIE IOCTPOEHUSA

[lycts 3aman otpe3ok anuHou L. Hanecem Ha
HEro OJHOMEPHYIO CETKYy, COCTOAllyr0 Hu3 N
y3710B. CeTOYHYIO0 BEKTOPHYIO () YHKIIUIO

i =[u,..,uy]" (1.1)
MOJHO IIPCACTABHUTL B BUAC
No
=y u,®}, (1.2)
Jj=1
rae N,=N, (1.3)
npuyeM N — 4eTHOE;
ul=u,, 1<j<N; (1.4)
— 1, i=j
omh=1 """ (1.5)
: 0, i#j

— j-# BEKTOp €AMHUYHOTO 0a3uca WM JAUCKPET-
Horo 0Oa3uca Xaapa 0-ro ypoBHS,

I<j<N,=N, I<i<N.
OHOBPEMEHHO 3Ty CETOYHYIO (DYHKIIMIO MOX-

HO TNpe/IcTaBUTh B 6a3uce Xaapa 1-ro ypoBHs B
BHJIE

N _ Ny _
=Y ul® +> vV}, (1.6)
j=l J=l
rzie N, =N/2 (1.7)
1 — = — ! . )
u; :(u,d)j.), v} =w,¥;), 1<j<N,; (1.8)
u' =[ull...u}\,l 1 v'i=[y... v}vl 1"; (1.9)
D) =a (D), +D;,) (1.10)

— j-# anmpOKCUMHPYIOIINN BEKTOP TUCKPETHO-
ro 6a3uca Xaapa 1-ro ypoBus, 1< j < N;

¥ =a(®),, - D) (1.11)
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Yacts 1: OrHOMEpHBIE IPOOIEMBI

— j-# NeTanu3upyroIHi BEKTOp AUCKPETHOTO
6a3uca Xaapa 1-ro ypoBus, 1< j< N,

a=1/2 (1.12)
— HOpMUPYIOHIHH K03 PULIHEHT.

Ucxonss w3 mnpexacrasnenuss (1.6) cerounas
(GyHKIUS u TpeacTaBlIeHa B BHJE CYMMBI, I/Ie
IIEpBOE CJIaraeMoe SIBJISIETCS €€ allnpoKCHUMalu-
eil Ha ceTke l-ro ypoBHs, cocrosiued u3s N,—
y3JI0B, @ BTOPOE CJIaraéMo€e Ha3bIBaeTCs JeTajlu-
3anueil (DOMOJIHEHUEM 0 MCXOJHOTO COCTOS-
HUS1) Ha ceTKe 1-ro ypoBHSI.

[IpecraBnenue (1.6) MOXKHO 3anmucarh B BUJE

—  —0 , =0
u=u, +v,,
N]
—0 _ 11
U, _Zujq)j =
=

N
= ST == (L)
j=1

(1.13)

oD u=0u', (1.14)

rae D, :[6;,...,6}% 1;

¥ =[¥,... ¥y ]

(1.16)
(1.17)

— Matpuuel pasmepoM N x N, cronbnamu Ko-
TOPBIX SBJISIOTCS, COOTBETCTBEHHO, ANIMPOKCH-
MUPYIOLIUE U JETATU3UPYIOLIUE BEKTOPHI TUC-
KpeTHoro 6a3uca Xaapa 1-ro ypoBHS.
B cuny oproHopmupoBanHocTH Oasuca Xaapa
OIepaTopsl

P,=0,d; P, =VY¥/ (1.18)
ABIIAIOTCA MPOEKTOPAaMHU IIPOCTPAHCTBA BEKTOP-
HBIX (YHKIHUH HCXOJHOW CETKM Ha IMPOCTpaH-
CTBO MX aNIIPOKCUMAILMM Ha CETKE 1-ro ypoBHS
U €ro JONOJHEHUS (AEeTaIu3UpyIoLas COCTaB-

JSIOIAsT) 10 WMCXOJHOTO COCTOSTHHS, COOTBET-
CTBEHHO.
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2. CXEMA ITIOCTPOEHUA
JABYXCETOYHOI'O METOJA
PEHIEHUSA

[Tyctp cuctema JMHEMHBIX anredpandecKux
ypaBHEeHUU nopsaka N

Aui=f 2.1)
SBJISIETCSl AMCKPETHBIM aHAJIOTOM HEKOTOPOTo
OIIEpPaTOPHOTO YpaBHEHHs, ONPEIENCHHOIO Ha
3aJJaHHOM OTpE3KE.

[ToncraBum B (2.1) BelpakeHue AJii u B BUAE
(1.13). 1 ymHOXHUM moodepeHO 00€ CTOPOHBI
paBencTBa cniepa Ha @] u W', T.e.

D AD ' + DAYV =D f
1 1 1 1 1 (2 2)
W ADu' + P APy = f
HNJIn
Aua'+Av = f
11 12 f_; (23)
A+ A0 =,
e A, =0 AD,; A,=® AY,; (2.4)
— T —1
A21 = \PITA(DIMI; A22 == lP] A\PIV (2.5)

— O104HBIe MaTpUIIBI pazMepoM N, x N,;

f,=0/f, f,=¥f (2.6)

— BEKTOPBI IIPaBoii 4acTH pasmepoM [V, .

Haxomum pemenne cuctemsl (2.3), UCTONB3Yst
6mounsrii meron ["aycca.
Pacmmmpennas matpuna

|:Al 1 AlZ .f:;,{ :| (2 7)
AZl AZZ v
[Ipsamoit xon
All Al2 J_;‘u (2 8)
O A212 v1 ’
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L

Pucynox 3.1. K nocmanoske paccmampusaemoti Kpaesou 3a0adu.

i-2

—o—o
1 2 3 i-1

4
i

*—eo
i+l +2

*—eo
n-2 pn-1 n

Pucynox 3.2. Jluckpemnas annpokcumayus obracmu.

rIe Aéz =A,,—C,A4,; (2.9
fvl =fv_C12 s (2.10)
-1
C12 = /121/111 . (2.11)
OOpaTHbIif XO1:
—1 — Al -1 rl
v (4,)" f, 2.12)

' = Aﬂl (]}u - Alz‘_)l)

Torma, cnenyst popmymnam (1.13)-(1.17), pere-
HUE UCXOJHOM 3a1auu (2.1) monyyaem B BUJE:
u=0u' +¥y' (2.13)
[Ipu »TOM cnenyer OTMETUTH, YTO MPEIIOKEH-
HBII allTOPUTM MO3BOJISIET MOJYUYUTh PEIICHUE.

OIIepHpPYs] MATPHYHBIMH OIIEpaTOpaMu pasmep-
HoctH N, =N/2.

3. IPUMEP PACYETA - YUCJIEHHOE
PEIIEHUE KPAEBOM 3AJTAYH
O IONNIEPEYHOM M3I'MBE BAJIKHA
BEPHYJIJIN

Iocmanosxa 3a0auu. B xadecTBe MOIEIHLHOIO
npuMepa pacCMOTPHUM OallKy Ha YIPYroM OCHO-
BaHUM  CO  CIEAYIOIIMMHU  IapaMeTpamu
(puc.3.1): L=8wm — gmuna; h=13 M, b=1M —
BBICOTA U LIMPHUHA MTONEPEYHOr0 CEYEHUs, COOT-
BerctBenHo;, E =2560-10" kH/m> — MOJYJTb
ynpyroctu; P =100 kH — Harpy3ka, 3a1anHasi B
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cpenneit Touxe, P, =100/hp; k=75-10° kH/™> —

KO3 (ULIMEHT, XapaKTepU3YIOIIUNA OTIIOP IPyH-
Ta B paMKax Mozenu Bunkiepa;

k=k-b; J=bh/12. (3.1)

Omnpenenenue nporudba Oanku bepHymiu cBo-
JUTCSA, K PELICHHUIO CIEYIOLIel KpaeBoi 3a1auu
Jutst nupepeHnanbHOro ypaBHEeHUs YeTBEPTO-
ro HopsijiKa:

yYP () +4aty(x)=F(x), 0<x<L,(3.2)
{y(O) =y"(0)=0
y(L)=y"(L)=0

_ k.
EJ’

(3.2)

P L
e 40t F=—06(x-2). 3.3
it For, (x 2) (3.3)

Huckpemnoe pewenue 3adauu. PazdbuBaem oT-
pesok (0, L) Ha paBHble wacti ¢ marom /i,
(puc. 3.2).
Ecnu n — o01iee KOJMUECTBO TOUEK, TO OYCBH/I-
HO, YTO

h,=L/(n-1). (3.4)
Jlanee nepexoauM OT PEUICHHs KPaeBOH 3a71auu

(3.2)-(3.3) K pemeHu0 CUCTEMBI Pa3HOCTHBIX
YpaBHEHUH BUIA

Ay=f, (3.5)
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x 10° progib u0&y
-2
0
A /
4
6 \\ /
o ;
10 h\ y Ve
\\ —*—uo /
12 N ol
14 \\‘\rﬂ/’/ L
0 1 2 3 4 5 6 7 8

Pucynok 3.3. Cpasnenue pezyrbmamos.

NOJPOOHO MPEICTaBIEHHBIX C YUETOM KpaeBbIX
ycnoBuii (3.2) B BUzE:

i=1:
»n=1
i=2:
-2y +(5+4h:0{4)y2 —4ys+y, =1,

2<i<n-1:
Via =4y, +(6+4h[ja4)yi 4yt Via =
i=n-1:

yn—3 _4yn—2 +(5+4h;a4)yn—l _2yn :fn—l
i=n:

Yo =1,
(3.6)
rne x, =h,>G-1; vy, =y(x); (3.7)
0, i=1
f,=<Rh[F(x)/h], 2<i<n-1 (3.8)
0, i=n
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ITo pe3ynbraTam pacuera npu N =32 moctpoe-
Hbl CpaBHUTEJbHBIE Tpaduku nporudos. Ha pu-
CyHKE 3 — CpaBHEHME HEINOCPEJCTBEHHOI'O pe-
mieHust cucteMsl (3.6) v ¢ u0, IOCTPOEHHOrO

o gopmyne (2.13). AHaIOrMYHO MOKHO TIOKa-
3aTh XOPOIIIYIO COTJIAaCOBAHHOCTh W JAPYTUX Ta-
pameTpoB HaANPSDKEHHO-1e(hOPMUPOBAHHOTO
COCTOSTHUSI KOHCTPYKIIHH, ONPEJICIICHHBIX B CO-
OTBETCTBHHM C TPEIOKEHHBIM TMOAXOJA0M |
CTaHJapTHBIM YHCIEHHBIM METOJO0M (B JaHHOM
clIy4yae — METOJIOM KOHEUHBIX pa3zHocTeil) [40].

3AMEYAHUE

HccnenoBanue BBIIOJIHEHO 3a CYET CPEACTB
I'ocynapcrBennoil nporpammel Poccuiickonn @e-
neparuu «Pa3BuTHE HayKW W TEXHOJOTHI» Ha
2013-2020 roxsl, IIporpammsl (yHIaMEHTab-
HBIX HAYYHBIX MCCIIEOBAaHUI IOCYIapCTBEHHBIX
akagemuil Hayk Ha 2013-2020 rogpl, B pamkax
[Inana ¢pyHIaMEHTAIBHBIX HAYYHBIX HCCIIEI0Ba-
HUM MUHUCTEPCTBA CTPOUTENBCTBA U JKHIIUIIHO-
KOMMYHAJILHOTO ~ CTpOMTENbCTBA  Poccuiickoit
®enepanuu Ha 2017 rox, tema 7.1.1 «Pa3pabor-
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Ka MHOT'OYPOBHCBOI'O IIOAXO0Ja K HCCICAOBAHUTIO

HaINpPsDKEHHO-1e()OPMUPOBAHHOTO

COCTOSHHA

KOHCTPYKLIMH B paMKaxX €IWHOW HepapXU4YeCcKH
BBICTPOEHHOM pAacyeTHOW MOJENM Ha OCHOBE

COBMECCTHOI'O

MMPUMCHCHUA JAUCKPCTHO-

KOHTUHYAJIBHOI'O METOJAa KOHCYHBLIX 3JICMCHTOB
1 METOJa KOHCYHBIX 3JICMCHTOB».
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COCTOAHMUA TOJCTBIX KEJE3OBETOHHBIX IIVIUT
C YYETOM NOJIBYYECTU BETOHA

b.M. A3vies, A.C. Yenypnenko, A.B. Caitoenn

JloHCKOM rocy1apCTBEHHBIN TEXHUYECKUH yHUBEpCUTET, I. PocToB-Ha-Llony, POCCHUA

AHHoTanus: B crarbe npuBOIUTCS BBIBOJ pa3pelIalolUX YPaBHEHHUH A pacyeTa ¢ y4eToM IMOJ3y4ecTH TOJ-
CTBIX )KeJIe300€TOHHBIX IUIUT. Vicronb3yeTcs THIoTe3a o mapadoInueckoM 3aKOHE pacipeeeHHs KacaTelbHbIX
HaIpsDKeHUH 110 TOJIIMHE TUINTHL. 3ajjada CBeNach K CHCTEME U3 ABYX AU(QepeHIINATBHBIX YPaBHEHUH OTHOCH-
TenpHO nporuda n GyHkuuu casuros. [IpuBeneH mpumep pacdera MAPHUPHO ONEPTON MO KOHTYPY IUIUTEHIL, 3a-
TPYXEHHOH PaBHOMEPHO pacIpeie/IeHHON Harpy3KoH, ¢ HCIOIb30BaHUEM BA3KOYIIPYTOi MOJIETH HacJeICTBEH-
HOTO cTapeHus: OeToHa. PeneHne npon3BoIMIIOCH IIPU TOMOIIH ABOMHBIX TPUTOHOMETPHUUECKHUX PAIOB B COUE-
TaHWH C METOZOM Diepa JuIs onpeaeneHus AehopMaIii IoI3ydecTH.

KroueBble c1oBa: xene300eTOHHBIE IIUTHI, TEOPHS TOJCTBIX IUTUT, OI3Y4YeCTh, BI3KOYIPYTOCTh,
YUCJICHHBIE METO/IbI

MODELING OF STRESS-STRAIN STATE OF THICK CONCRETE
SLABS TAKING THE CREEP OF CONCRETE INTO ACCOUNT

Batyr M. Yazyev, Anton S. Chepurnenko, Anzhelika V. Saibel
Don State Technical University, Rostov-on-Don, RUSSIA

Abstract: In the article the derivation of the resolving equations for calculation taking into account creep of
thick reinforced concrete plates is given. We use the hypothesis of a parabolic law for the distribution of tangen-
tial stresses over the thickness of a plate. The problem was reduced to a system of two differential equations with
respect to deflection and the function of shear. An example is given of a calculation of a plate hinged on the con-
tour loaded with a uniformly distributed load using a viscoelastic model of hereditary aging of concrete. The so-
lution was carried out using double trigonometric series in combination with the Euler method for determining
creep strains.

Keywords: reinforced concrete slabs, the theory of thick plates, creep, viscoelasticity, numerical methods

INTRODUCTION

At present, when calculating reinforced concrete
slabs, the Kirchhoff-Love theory is widely used,
based on the hypothesis of straight normals.
This theory well describes the stress-strain state
of thin plates, in which the shear deformations
Y-c» Vo are much smaller than the angles of ro-

tation

ow ow
— and — .
ox oy
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Thin plates are those for which the following
relation 1is valid [1]:

(L+L)Sﬁﬁ(l+lj, (1)
80 100) a \5 8

where & — plate thickness, a — the smallest size
in plane.

Calculations with allowance for the creep of
thin plates are considered in papers [2-5].

There are many different versions of refined
theories of thick plates, differing not only in the
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sets of accepted hypotheses and the factors con-
sidered neglected in the classical theory, but al-
so in methods of construction [6]. In dynamics
and in the theory of stability, a refined theory
generalizing Tymoshenko's theory of beam
bending taking into account the shear has be-
come widespread and allows us to accurately
calculate the integral characteristics of the plate
(critical loads, oscillation frequencies, etc.)
However, in this theory, shear deformations,

like tangential stresses 7_, 7., are assumed to

be constant across the thickness of the plate,
which contradicts the absence of tangential
loads on the plate surface in the most common
case of a uniformly distributed area load.

When calculating the stress-strain state of
plates, theories are often used in which the
quantities 7, and y_ as well as 7, and 7_ in
thickness are variable. The smallest errors are
obtained by refined theories in which a parabol-
ic change in stress 7, and 7, along the plate
thickness is assumed. Among these theories, we
can distinguish the theory of S.A. Ambartsu-
myan [7], also taking into account normal
stresses o .

1. DERIVATION OF RESOLVING
EQUATIONS

In deriving the resolving equations, we will use
the basic hypotheses adopted in [7]. The ele-
ment of reinforced concrete slab considered is
shown in Fig. 1.

For the tangential stresses 7, and 7, , along
the thickness of the plate, we take the distribu-
tion according to the law of a quadratic parabo-
la:

o 22 O z
szr 25[1—4}1—2},7&)/ :5[1—4? ) (2)

where ¢ = (p(x, y) — shear function.
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Figure 1. Element of reinforced concrete slab.

We assume that the tangent stresses 7_  and
7.,,as well as the normal stresses o, the arma-

ture does not perceive, ie:

sz :szx’ sz :szy’ O-z :O-bz‘ (13)
Stresses 7., 7., and o, and are related by the

equation of equilibrium:

0
Oty 9% 00, 4)
ox oy Oz

Substituting (2) into (4), we obtain:

oo z?
azz = —v2¢[l—4h—2j. (5)

Integration of equation (5) will give:

o, =—V2gp@(z)+C(x,y), (6)

where @(2)22(1—422 /(3h2)),

C (x, y) is an arbitrary integration function de-

termined from the boundary conditions:

atz=—h/2:0,=—q(x,y);
atz=h/2:0,=0.
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Substituting the boundary conditions in (6), we
obtain:

ﬁV@ﬁ*X&yﬁ
3
L (7)
—q(x,y) = §V2§0+ C(x,y).
Summing the first and second equalities in (7),
we find the function C(x,y):

C(x,y)=—q(x,y)/2. (8)

Substituting (8) in the first equation (7), we ob-
tain the resolving equation for the shear func-
tion:

SN VILS:

We obtain an expression for o, by substituting
(8) and (9) in (5):

3z z
O'z :—%( —7 4;] (10)

The Cauchy relations for shear strains have the
form:

6u 6w _Ov Ow
7 zx = —t-
82 8x oz oy

(11)
From the physical point of view, the defor-
mations y,, and y_ represent the sum of elastic

deformations and creep strains:

(12)

T
-2 *
- +7/zy’

_sz+ *
Vo =04 7zx’7/zy G

G

where G — shear modulus of concrete.
Substituting (2) into (12) and equating (12) to
(11), we obtain:
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ou ow 1op(, 2
u_, w_100 4 BT
oz " o G@x[ hzj 7 ( )

Integration of (13) with respect to z gives:

_l5¢ f

_Gé?x z—+f(x »)

(14)

We will consider the case of symmetric rein-
forcement, then the middle plane is not deform-
able, and when

z=0 u=0,
from which it follows that

f,(x,»)=0.

Similarly, for displacements v, we can write:
v=——@(z)—za—w+j}/:ydz. (15)
W

Deformations ¢,, &, U y, , and are defined as

follows:
ou o'w @O
8X=—:—z—2+——+F
ox ox> G ox’
2 2
y:@ - 0 W+98—2+F (16)
oy 8y G oy
2 2
y = ou @ 2@8¢_226W+FH
Y 8y ax G 0Oxdy oxoy 7
0 ¢ » 0 ¢ »
where I’ =—|\y, dz;I") =— |y, dz;
ax,([ y ay_([ zy

0 ¢ 07 s
r, :a_!‘yzydz+5'([yzxdz.
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It follows from (16) that the deformations, and
consequently also the stresses in the plate along
the thickness, are distributed nonlinearly.

The relationship between strains and stresses in
concrete in the case of a volumetric stress state
is written as:

o, —v(a,,y +(7;,z)

*

gx = +8bx;
Eb
Gby _V(O-bx +sz) *
€, = e (7)
Eb
z.bxy *
yxy = G +7/hxy'

We express from (17) the stresses through de-
formations:

E, o’w  O'w . .
o, =—1_V2 (z o +v 6y2 +&, Ve, +
20 (0° ?
—(F +vIl ))+ aq)+v8¢) + Y%
) i l—vioxr ot ) 1-v
E, ow  O'w . .
O'by:—l_v2 (z o +v e +&, +VE, —

2 2
—(F +va))+ 20 8(20+V8(2p +VO-”Z;
g 1-v\ oy ox* ) 1-v
2

2
T, = = —228W+F)C -7, +2<Da¢.
T2(1+v) oxoy VT Oxdy

Bending and twisting moments, perceived by
concrete, are written in the form:

hil2 2 2
M, = [ 0,zdz=-D, (a—?wa—vf}—M; +
—h12 Ox oy
. 20 82(o+v62¢) LV gh®
15(1-v)lax*  &*) 1-v 10~
h/2 2 2
ow  Ow .
Mby: J‘O'byZdZ:—Db(W‘f-VW]—Mby‘F
—h/2
. 20 82(/)+V62¢) . vgh®
15(1-v)la®  ax* ) 10(1-v)’
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hi2 2 3 A2
H= [7,zdz=-D,(1-v) ow ¢y
B oxdy 15 oxoy
where

D, =EJn /(12(1-v*));
hi/2
H,=G I (—ny+;/;y)zdz;

—h/2

h/2
M, = lff/z ;'!./2(8; +ve,, —(Fx +vI, ))Zdz;
, E ", ,
Mbyzl_—”2 I (gby+vgbx—(Fy+va))zdz.

—~h/2

We define deformations of reinforcement from
the condition of its joint work with concrete:

2 2
£ =—z_ 2 ijp(ésx) ‘2 P+T.(z,):
X X
., 0w D(z,)0%
gsx = st axz - ((; ) axz +FY (st);

AL

&y =72y é‘yz G 5‘)/2 +Fy (Zsy);
, 0w Plz,)o
&, =2z, 8);1)_ (G}) 6;20 +Fy (zsy).

The bending moments perceived by the arma-
ture are written as:

-y hzl ol =

SX X

MSX = lLlsthsxo-sx
= Eh(u

2 @ 2
= _Dcx a_‘;v + ZIusths-xEv (—Z”‘)a_?’
o ox .o Oox

_ A
Mxy - ll’lsyhzsyo-sy _lusyhz o

sy sy

z & —,u'z’g')=

(19)

_ v
- Esh (lusstygsy - lusstygsy ) -

Ow D(z,) 8%
=P I E T

2 .
Ds‘y = 2ll’lsth E lu.rx7

sy s 9

where D=2 ,usxhzz E

sxXTs 0
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Hys M5 (1, — reinforcement factors.

The equation of equilibrium is written as:

*H M,
+
oxoy oy’

2
8A/2[x+2
ox

=—q(x,y). (20)

Substituting the expressions for the bending and
torsional moments into the equilibrium equation
(20), we obtain the second resolving equation:

4 4 2v72
+2D, 82w2 +D, 0 vfzq+ vhV g
ox~0y oy (1—1/)10
4 3 2u hz E®
_q*+a ?( 2h + lLle ZSX N (Z_SX))J’_
ox 15(1—v) G

(21)
84(0[ Ve 2IuSthYyES@(ZS},)J+

o'w
" oxt

e 15(1-v) G

4’ o'
+ ,
15(1 —V) ox*oy’

where
. 2 * 2 * aZM*
q (x,y):— aMzhx+2aHh+ 2by ,
ox ox0y Oy
D =D,+D,,D,=D,+D,,.

sx 2

Thus, the problem of calculating a thick rein-
forced concrete slab with allowance for creep
was reduced to a system of two differential
equations (9) and (21).

2. METHOD OF CALCULATION

For the hingedly supported contour of the plate,
the solution is sought in the form:

MAX in 272
ZZgomn sin 222 sin P

m=1 n=1

in 7Y
ZZW Sll'l Sll’l b .

m=1 n=1

(22)
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The functions q(x,y) and ¢’ (x,y) can be ex-

panded in a Fourier series:

The coefficients of expansion are determined by
the formulas:

ab

B, = %E‘:J;q(x,y)sin m;rx sin m;rx dxdy;
4 5, . MIX . MIX
C, = E”q (x,y)sin ——sin— dxdy.

00

The coefficients B,, for some loads can be de-
termined analytically. The coefficients C,, are

determined by numerical integration.
Substituting the expansions of the functions

q(x,y) and ¢(x,y) into (9), we obtain:

3B . (24)

2 2
GRS
a b
The shear function does not depend on time, and
therefore the coefficients ¢ are determined

Pon =

only once.
Substituting (22) and (23) into (21), we obtain:

allwmn =alp’ (25)

mr\' mr Y (nr\ AN
ol (ol
a a b b
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As the law of creep, we will use the equation of
the viscoelastic model of the hereditary aging of
concrete, which under the uniaxial stress state
has the form [8]:

_Jt)_’ GC(t,r) .
g(t)_E(t) ,{0(7) PR 26
C(t,r)=C mm_e:r+B(e_”—e_y’),

o

C=3.77-10"°* m’/kN
B=5.68-10"°m’/kN,
a=0.032days™'; y =0.062 days™

where

—rheological parameters of the material.

For a bulk stress state, the transition is per-
formed on the basis of the superposition princi-
ple. The differential form of equation (26) is
given in [9,10]. The calculation is carried out by
the stepping method, the creep strains at the
time ¢+A¢ are determined by strains and
stresses at the time ¢ using the Euler method.

3. RESULTS AND DISCUSSION

The calculation was carried out for a rectangular
plate hinged by the contour at

g=100kPa,a=2.5m,b=3m,
E, =310 MPa, v=02, E ,=2-10° MPa,
My =1, =0.005, =, =0.006,
h=45cm, z, =z =12 cm,

z, =z, =105 cm.

N
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Fig. 2 shows the growth curve of the deflection
in the center of the plate. The dashed line corre-
sponds to a solution based on the Kirchhoft-
Love theory. The difference between displace-
ments at = 1o is 13.6%, and at r—o0 is 5.11%.

0.2

0.18 r

w, mm
o
=

g
+ |~ =Kirchhoff-Love theory

012 : —refined theory
01r 1k

!
0.08 - - - - .

20 40 60 80 100 120
t, days
Figure 2. The graph of the growth
of the deflection.

0.5
e
Ay
Z o
z
g
-0.5|

J 7~ “Kirchhoff-Love theory
—refined theory

-1 :
-0.3 0.2 -0.1 0 0.1 0.2 0.3

z,m
Figure 3. Distribution of stresses opx
over plate thickness.

The stress o, distribution along the plate

thickness at the end of the creep process is
shown in Fig. 3. It can be seen from the present-
ed graph that at a given ratio /#/a the nonlinear
character of the diagrams begins to appear.

Fig. 4 and Fig. 5 show variation of the maxi-
mum stresses in concrete and reinforcement.
Stresses in concrete, obtained on the basis of the
direct normal hypothesis and using a refined
theory, differ by 4.1% at the beginning of the
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creep process, and by 9.6% at r—o. For the
stresses in the reinforcement the difference is
0.6% and 7.1%, respectively. When the shear
strains are taken into account, the redistribution
of stresses between the reinforcement and con-
crete is less pronounced.

1.06 T T
1.04 - \
102r
g \
s [
y \ —refined theory
&= 0.98 T LY = =Kirchhoff-Love theory
S
0.96 | N
~
= el
0.94 | T==—d
092" : - : :
20 40 60 80 100 120

t, days
Figure 4. The time variation of the maximum
stresses Opx.

B2 '—refined theory
6| - =Kirchhoff-Love theory| |

20 40 60 80 100 120
t, days

Figure 5. The time variation of the maximum

Stresses Osy..

CONCLUSIONS

The equations obtained are universal and allow
us to calculate thick reinforced concrete slabs
under any creep law. As a result of the solution
of the test problem, it is established that at
a/h = 5.5 the nonlinear character of stress distri-
bution in concrete over the plate thickness be-
gins to appear. Also, at this ratio between the

146

Bb.M. S3pieB, A.C. Uenypuenko, A.B. Caiibenp

thickness of the slab and its smallest size in the
plan, the discrepancy between the displacements
obtained on the basis of the Kirchhoff-Love
theory and taking into account the shear defor-
mations reaches 13.6%, despite the fact that,
according to the generally accepted classifica-
tion, the slab is thin.
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COOBHIEHME O KOHKYPCE HA MEJIAJIX U TUITJIOMbI
POCCUMCKOMN AKAJJEMUU APXUTEKTYPBI U CTPOUTEJIBHBIX
HAYK (PAACH) 3A 2017 TOJ

B cootserctBun ¢ «Ilonoxennem o Konkypce Ha mepanu u nuiuioMsl Poccuiickoil akaneMun ap-
XUTEKTYpbl U CTPOUTENIbHBIX HAyK 3a JIy4lIME€ HaydHbl€ U TBOPUECKHE PAOOTHI», YTBEPKJIECHHBIM
nocraHoBieHueM OOmiero coopanus uwieHoB Poccuiickoit akaeMiun apXUTEKTyphbl U CTPOUTEIBHBIX
Hayk (PAACH) ot 22 anpens 2016 roaa, u pemenuem npesuauyma PAACH (nocranonenue npe-
sumuyma PAACH ot 27 centsops 2017 roma NelO) Poccuiickasi akaneMusi apXuTeKTypbl U
CTPOMTE/IbHBIX HAYK 00bsBJseT 0 npoBeaeHnu XXI Konkypca Ha qyqyiumne HayYHble U TBOP-
yeckue padoTbl B 00/1aCTH apXHTEKTYPbl, IPAJOCTPOUTENLCTBA M CTPOUTEIbHBIX HAYK 34
2017 roa (oanee — Koukypc).

Harpansr Poccuiickoil akajgeMun apXUTEKTyphl U CTPOUTENbHBIX HayK (medanu u ounnomsl PA-
ACH) npucyxiaioTcsi HA KOHKYPCHOH OCHOBE paboTaM apXHUTEKTOPOB, IPaJOCTpOUTENEH, YUEHBIX
APXUTEKTYPHO-TPAJOCTPOUTENBHBIX U CTPOUTEIBHBIX CIEHMUAIBHOCTEN — TpaxaaHam Poccuiickoit
denepauy U/ WM UHOCTPAHHBIX TOCYAPCTB — B CIEAYIONIMX HOMUHAIIMAX:

e 32 JIyYIIU{ peaNn30BaHHBIN MPOEKT (CPOK IKCNILyamayuu O0IHCeH cOCmassams He meHee |
(00H020) 200q);

e 32 JIYYIIUH MPOEKT, HAXOJALINECS B CTAAUM pealu3aluy, C MOJATBEPKIECHHBIMU JIOKYMEH-
TaMH 00 YTBEP)KACHUU MPOEKTa (07151 2padocmpoumensuvix pabom);

e 32 JIy4YIIYyI0 HAyYHO-HCCIIEI0BATEIbCKYIO U/UIIH MPOEKTHO-KOHCTPYKTOPCKYIO pa3paboTKy, B
pe3yabTaTe KOTOPOH MOJy4YeH 3HAYUTENbHBIM SKOHOMHUYECKUI WM COLMAIBHBIA 3(PQEeKT,
MOATBEPKICHHBIM KOHKPETHBIMU PACYETAMH U PEKOMEHIALIUSIMU;

e 3a JMy4mue onyOJIMKOBAaHHBIE HAy4YHBIE TPYbl, MOHOTpa(QHH, UMEIOIINE OITYOINKOBAaHHbIE
IIOJIO’KUTENBHBIE PELIEH3NH;

e 3aydinee yueOHOe M3HaHue (YueOHUK Uiy yueOHoe nocoobue), UMEIoIee OMyOITMKOBAaHHYIO
MOJIOKATEIIBHYIO PELICH3HIO;

e 32 JIy4lIMH HEOCYLIECTBICHHBIN APXUTEKTYPHBIN [IPOEKT;

e 3aJIy4YIIMH KOHIENTYaJIbHbIN IPAOCTPOUTEIbHBINA TPOEKT.

Ha Konkypc npeacrapisitores:
e TIPOEKTHI, peaIU30BaHHBIC (N0 apxumexkmype) WU MPOEKThl peain3yembie (no epadocmpo-
umenbcmey), MHXKEHEPHBIC MTPOEKTHI, HAYYHBIE COMPOBOXKICHHS PEATU30BAHHOTO WHIKCHEP-
HOTO TPOEKTa WM pa3paboTaHHAs M PEATN30BAHHAS TEXHOJOTHA (10 cmpoumenbHbiM
HayKam), ¥ BHITIOJIHEHHBIC B TEUCHHUE MTOCICIHUX 5 (nsamu) NeT;
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OImMyOJIMKOBaHHbIE Hay4dHble pabOTHl (10 apxumexmype, no 2padocCmpoumenbcmay, no
CMpOUmenbHbIM HaYKam), i U3JaHHbIC B TEUCHUE TIOCIETHUX S (namu) JeT.

Ha Konkypc He npencraBisitores:

paboTsl, ynocroeHHsie ['ocynapcrBennbix npemuit Poccuiickoii ®enepanuu, npemuii [pa-
BuTenbcTBa Poccuiickoit denepanuu B 001acTi HAyKU M TEXHUKH, ipeMuil [IpaBurenbcTBa
Poccuiickoit denepanuu B obGnactu obpazoBanus, npemuil [IpaBurenscrBa Poccuiickoit
®enepanyu B 00JaCTH HAyKU U TEXHUKU JJI MOJIOABIX YUEHBIX, MeJanei u aumiaomos Poc-
CUICKOH aKaJleMUU HayK, JPYTUX TOCYJapCTBEHHBIX aKaJeMUI HAYK;

paboTel, BeIABUHYTHIE B 2017 rony Ha couckanue npemuu IIpaBurensctBa Poccuiickoii ®de-
Jiepaiy B 001acTH HAayKH U TexHHUKH, npemuu [IpaBurenscrtBa Poccuiickoit denepanuu B
obnactu obpaszoBanus, npemun [IpaButenbcTBa Poccuiickoit denepannn B 001aCTH HAYKH
U TEXHUKHU JJI1 MOJIOABIX YYEHBIX, MEJAJIEH U JUIUIOMOB PoCCUIICKON akaieMuH HayK, Opy-
TUX FOCYJapCTBEHHBIX aKaJeMHUI HaYK;

paboThl, yYaCTBOBABIIME B 3aKA3HBIX U OTKPBITHIX apXUTEKTYPHBIX U I'PaJOCTPOUTEIbHBIX
KOHKYpcCax;

paboThl, paHee yaocToeHHbIe Meaaneit u numioMoB PAACH;

KOJUIEKTUBHbIE COOPHUKH HAayYHBIX TPY/AOB, 32 UCKIIOYEHHEM KOJUIEKTUBHBIX MOHOTpa(Hii.

B pamkax Konkypca B yCTaHOBJICHHOM IOPSIIKE MPOBOIUTCS OTACIBHBIA KOHKYPC «3a JTydinue
TPYZAbl U TBOPUYECKHE PAOOTHI B 00JIACTH apXUTEKTYPHI, TPAJOCTPOUTENHCTBA U CTPOUTEIBHBIX HAYK
JUTST MOJIOZIBIX YUEHBIX U CIICIIUATIUCTOBY (8 803pacme 00 35 jiem GKIIOUUMENbHO).

Ilpumeuanue:

Paboma, npedcmaenennas na Koukypc u e npouieouias KOHKypCHbuIll 0moOop, Modicem Oblmb 8bl-
0sunyma Ha couckanue meoaneu u ouniomos PAACH ewe ooun pas, Ho npu 5mom ogpopmienue
OOKYMEHMO8 NPOU3B00UMCS NOBMOPHO.

Ha Konkypce ycranoJienbl ciaeaywomue megaan PAACH:

1 (oana) 3on0Tas menaibr PAACH u 1 (ogna) Cepedopsinas meganb PAACH — B 06.1acTu ap-
XUTEKTYPbI B CJIEAYIOIIHX HOMUHALMAX:

«3a Ty4Immi peaaTu30BaHHbIA apXUTEKTYPHBINA MPOEKTY;
«3a TyqIyro onyoJIMKOBaHHYIO HAYUYHYIO paboTy».

1 (onna) 3os10tast u 1 (onHa) Cepedpsinas menaab PAACH — B 00s1acTH rpaocTpouTe/ibcTBa
B CJIEAYIOLINX HOMMHAIUSAX:

«3a Iy41ui IpoeKT, MOJTHOCTHIO WIM YACTUYHO PEAIM30BaHHBIN»;
«3a Ty4myro ormyoJIMKOBaHHYIO HAYYHYIO paboTy».

1 (oana) 3os10Tas u 1 (ogna) Cepedpsinas menaab PAACH — B 06/1acTH CTPOUTEJIBHBIX HAYK B
cJIeyIOIUX HOMUHAIIMAX:

«3a JIyqiui peanu30BaHHbI MH)KEHEPHBIN MPOEKT WIX 3a Jy4dlllee HayYHOE COIPOBOXKIC-
HHUE pealn30BaHHOI0 MHXKEHEPHOI'O MPOEKTa MJIM 3a JIYYIIyl pa3pabOTaHHYIO U peanu3o-
BAaHHYIO TEXHOJIOTHION;

«3a Dy4Iyro onyOoJIMKOBaHHYIO HAyUYHYIO paboTy».

Ilpumeuanusn:
3onomas u Cepeopsanas medanu PAACH npucysicoaromesi asmopy uiu KaicoOMy YieH) d8mopCcKo-
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20 KOJLIeKMUBA HA OCHOB8E KOHKYpCa medicoy pabomamu, npedcmagiennvimu 6 omoenenusi PAACH 6
coomeemcmeuu ¢ 00bABNIEeHHBIMU HOMUHAYUIMU.

Lononnumenvro x 3onomoti u Cepeopsinoii medanu PAACH aeémopy uiu kaxcoomy wieHy asmop-
cKo2o Koanekmusa epydaemcs ouniom PAACH.

Ha Konkypce ycranosisens! ciaeaywomue J{uniaomsl PAACH:

4 (ueTnipe) Jluniioma B 00J1aCTH AapXUTEKTYPHI (Oe3 pazdeneHus Ha HOMUHAYUY) U TOTIOJTHH-
TeJIbHO B CJIEAYIOUIMX HOMHHAIUSAX:

e | (omun) Jumiom «3a apXUTEKTYpHBIA MPOEKT» Uil paboT, HEOCYLIECTBICHHBIX B CTPOU-
TEJIbCTBE (KOHKYPCHblE NPOEKMbl, ICKU3HbLE NPOEKMbl, NPOEKMbl, NPUHAMbIE, HO He pedau-
306aHHble 8 Hamype u Op.);

e 1 (ogun) Aumiom «3a n1y4ymuii yueOHUK WM yueOHOE TocoOue»;

e 2 (nBa) dumnoma «3a Jiydlive Hay4HbIE U TBOPUYECKUE pabOThl MOJIOBIX YUEHBIX U ClIeLua-
JIFICTOBY.

4 (uernipe) Jlumiioma B 00J1aCTH IPAJOCTPOUTENBLCTBA (0e3 pazdenenus Ha HOMUHAYUL) W 10-
MOJTHUTEJIbHO B CJIEAYIONINX HOMHUHAIUSAX:

e | (omuH) numioM «3a KOHUENTYaJbHBIA I'PaJlOCTPOUTENBHBIA MPOEKT» (epadocmpoumens-
Hble KOHYenyuu, UHUYUAmueHvle npoekmol u opyaue paspabomku, e mpebyioujue ymeep-
JHcOeHus);

e 1 (ogun) Aumiom «3a q1y4ymuii yueOHUK WIH yueOHOE TocoOue»;

e 2 (nBa) Aumnoma «3a Jydiive HaydHbIE U TBOpUECKUE pabOThl MOJIOJBIX YUEHBIX U CIeLHa-
JIFICTOBY.

4 (uernipe) JIlumiioma B 00J1aCTH CTPOUTEIBLHOI HAYKH (Oe3 pazoeneHus Ha HOMUHAYUL) U 10-
NOJIHUTEJILHO B CJIEAYIOIMX HOMUHAMAX:

e | (omun) Aumiom «3a Tyqiuii yueOHUK WK yueOHOe mocoduey;

e 2 (mBa) dumuioma «3a Jydiline Hay4yHbI€ U TBOpUYECKHE PabOThl MOJIOABIX YUEHBIX U CIelHa-
JHCTOBY.

Ha Konkypce ycTaHOBJICH CJIeyOIIMI MOPSIA0K BbIABHKeHUsI Pa00T HA COMCKaHue Measiei
u gunjomoB PAACH:

e Ha couckanue menaneil u nuniaomoB PAACH npencraBisitoTcst aBTOpbI WIIM aBTOPCKUE KOJI-
JIEKTUBBI, IPUYEM KOJMYECTBO couckarene menaneid u agumiaomoB PAACH B cocraBe aB-
TOPCKOTO KOJUIEKTUBA HE JOJKHO MPEBBIIATh 6 (ecmsb) YETOBEK;

e Menanu u guiuioMsl PAACH npucyxaaroTcs KaxaoMy WIEHY IPeJCTaBIeHHOIO aBTOPCKO-
IO KOJUIEKTHBA.

Ha Konkypce He 10nycKaeTCs BKJIOYEHHE B COCTAB COMCKATeJel JIHIL:

e  OCYIIECTBIISIBIIUX B IMPOIECCE BBIMOJIHEHUS PAOOTHI TOJBKO aTMUHUCTPATUBHBIC W (WJIH)
OpraHHU3aIOHHbIE (PYHKINU;

e BKJIIOYCHHBIX B aBTOPCKHH KOJUICKTHB, BBITIOJIHSBIIUN JPYryl0 padoOTy, BBIABHHYTYIO B
2017 rony Ha couckanue menaneit u nuriomoB PAACH, npemun IIpaBurensctBa Poccnii-
ckoii dexepannu B 00J1aCTH HayKH M TeXHUKH, npemun [IpaBurensctBa Poccuiickoit dexe-
paruu B obnactu oOpa3zoBanums, npemun [IpaButenscTBa Poccuiickoit denepanuu B o0a-
CTH HAyKHU U TEXHUKU JUISI MOJIOJIBIX YUCHBIX.
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IHpumeuanusn:

Apxumexmopbwi, epadocmpoument, yuenvie apxXumeKmypHo-epaooCmpoumenbHblX U CMpOUmeibHbiX
cneyuanvHocmell, HazpadxicoenHvle medanaimu PAACH, umerom npaso nosmopHo yyacmeosams 8
KoHKypce Ha medanu u ouniomvl PAACH 3a nyywue nayunvle u meopueckue pabomul He panee yem
yepe3z 5 (namv) 1em nocine ymeepcoenus npesuouymom PAACH pewenus o npucysicoenuu medanu
PAACH.

Apxumexmopwi, epadocmpoument, yueHvle apXumeKmypHo-epadoCcmpoOUmebHblX U CMpPOUMeIbHbIX
cneyuanvHocmet, Hazpadxcoentvle ouniomamu PAACH, umeiom npaeo nosmopno yuacmeosamo 8
KOHKYpce Ha medanu u ouniomel PAACH 3a nyywue HayyHvle u meopueckue pabomul He panee yem

yepes 3 (mpu) ecooa nocie ymeeparcoenus npezuouymom PAACH pewenus o npucysxcoenuu ounio-
ma PAACH.

Ha Konkypc pa0oTbl BBIABHIAIOTCH:

e MNpoQecCHOHAIbHBIMU OpPraHU3aLUsAIMU B 00JIACTH ApPXUTEKTYphI, IPalOCTPOUTENLCTBA U
CTPOUTENIBHBIX HayK (COIO3aMH apXUTEKTOPOB M CTPOUTENEH, NMPOEKTHBIMU M HAy4HO-
HCCJIEIOBATEILCKUMU OpraHU3alusiMU, 00pa30BaTeIbHbIMA OpraHU3alUsIMHU BBICLIETO 00-
pa3oBaHus U 1p.);

o uneHamu PAACH (akagemukamu PAACH u unenamu-xoppecnonaearamu PAACH), 6ropo
ornenenuii PAACH u npesuanymamu teppuropuanbibix otaeneHuii PAACH, cosetom
MOJIOJBIX yUeHBIX 1 criennanuctoB PAACH;

e TOCYJapCTBEHHBIMHM OpraHaMH B OOJIACTH apXUTEKTYphl, IPaJOCTPOUTENIHLCTBA U CTPOUTEIb-
CTBa.

Ha Konkypc npeacrap/isiloTcsi MaTepHaJibl clIeAy0lue MaTepuaibl (pEKOMEHIAlUN 10 MOA-
roToBKe U odopmiieHHI0 paboT (MaTepuanoB), BbABUraeMbeix Ha KOHKypC Ha Menanu U AUILIOMBI
PAACH pasmemens! Ha oputnansHoM caiite PAACH (http://raasn.ru/)):
e TMpejAcTaBlieHUE BBIABUTAONIEH opranm3anuu win 4wieHa PAACH, conepikaiiee ocHOBaHUS
JUTSI BBIZIBOKCHHS,
e MHCHMO O BO3MOXKHOCTH OMYOJIMKOBAHHUS B OTKPBHITOM MeYaTH HAa3BAaHUS U CONEPIKaHUS pa-
00ThI, haMUITUI aBTOPOB, UX JTOJDKHOCTEH, MECT pabOTHI,
e  coOrjiacHe KaXkJIoro aBTopa Ha 00paboOTKy MEepCOHANBHBIX JAHHBIX (B OJIHOM K3EMIUIIpE);
e  OJIMH JK3EeMIUTAp aabOoMa (OyKieTa) ¢ ONUCAHUEM (MmeKCcmosblil U epaguyiecKuti Mamepuain)
APXUTEKTYPHOTO MPOEKTa, MPOEKTHON pabOThl B 00JACTU TpaJOCTPOUTEIHCTBA, WHKEHEP-
HOT'O TMPOEKTa, HAYYHOT'O COMPOBOXK/IEHUSI NHKEHEPHOTO IPOEKTa, pa3pabOTaHHOMN U peasu-
30BaHHOM TEXHOJOTUU (8 ygemHom paspeuienuu, pazmep A3 uiu A4), B TOM YUCIE DIIEK-
tpoHHasi Bepcust (ha CD u/unu DVD-oucke u/unu ¢hnsw nHaxonumesne) NMPeaOCTABISIEMbIX
MaTepuasos;
e OJWH KOMIUIEKT JOMOJHUTEIBHBIX MaTEepHUaIoB (KOMUU CTaTel, MATEHTOB Ha M300PETCHUS,
CBUJICTENLCTB HA IMOJIE3HbIE MOJIEHN, TATEHTOB Ha MPOMBIIIJICHHbIE 00pa31ibl, CBUIETEIbCTB
0 TOCY/IApCTBEHHOU perucTpanuu nporpamm st 9BM u ap.), pacKpbIBalOMIUX CYIIHOCTb U
MOSICHSIIOIIMX U3JIOKEHHBIC B YKa3aHHOM aibOoMe (OyKIieTe) CBEeIeHNS,
e OJIMH JK3EMIUISP OMYOJUKOBAHHOM HayyHOW paboThl, yueOHOro mM3nanus (yuedOHuka, yueo-
H020 nocobust) ¢ ONyOJTMKOBAaHHOM pelleH3UEH;
e OJIMH 3K3eMIULSIp pedepar-npe3eHTauu padoThl;
e  OJMH 9K3EMILIAp aHHOTAIUHU PabOTHI;
e CHpPaBKH O TBOPYECKOM BKJIAJIE aBTOPOB (CIpaBKa O TBOPUECKOM BKJIAJE KaXJIOTO aBTOpa
JOJKHA coiepKaTh (paMHIIUIO, UMS, OTYECTBO aBTOPA, CBEICHUS O 3aHMMAeMON UM JOJIK-
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HOCTH, a TaKXKe JOJDKHOCTSX B MEPUOJ BHIIOJHEHHS paboThl, CBEICHUS O HAIMYMH YUEHOU
CTENEHH, YUEHOT'0 3BaHMs, ONIMCaHNEe KOHKPETHOTO BKJIaJa aBTOpa B paboTy U 000CHOBaHME
BKJIIOUEHUS B COCTaB aBTOPCKOTO KOJIJIEKTHUBA);

e cBeJeHUus 00 aBTOpax;

e JIOTIOJHUTENbHBIE MaTepPHAIIbI (B COCTaB KOTOPBIX MOTYT ObITh BKIIFOUEHBI CXEMbI, YEPTEKH,
KOITUYU aBTOPCKHUX CBUJCTEILCTB, KapThl, (poTOorpaduu, BEIPE3KH U3 ra3eT U KypHAIIOB, CITHU-
COK OTHYETOB 0 TEeMaTHUKe PadOThI, IPYrHe MaTepUasbl, KOTOPbIE BKJIAIBIBAIOTCS B OTAEIb-
HYIO MaIKY);

e DJIGKTpOHHBIN HOocuTenb MHpopMmanuu (DVD-RW wunu npyroit) ¢ pasMeieHHbIMH Ha HEM
BBILIECTIEPEYNCIICHHBIMU MaTEPUATIAMH.

Ilpumeuanusn:

Mamepuansi, omnpagnentvie no noume, 0odicHvl npubvims 8 PAACH ne nozonee ycmanognenHoz2o
cpoka.

Mamepuansi, npeocmasnenuvie Ha Konkypc (6 mom yucie Hayunvie pabomul, MoHocpaguu, yieo-
Hble uz0anus (yueOHuKU, yueOHble nocobus), anvbomwvl (OyKiemvl) U dNEeKMPOHHbIE HOCUMENU C
npoexmamu (¢ NOCMpouKamiL)), He 6036PaAUAIOMCA.

Onybaukosannvie HayuHble Mpyobl, MOHOZpAPUU, YueOHUKU, YieOHble nocodus u arbbomvl (OyKie-
mol) npoekmos nepedaiomces 6 budbauomexy PAACH.

Pemenne o npucy:kieHun Megasei u JUIVIOMOB nIpuHuMaeT npesuauym PAACH.

YcraHoBJIeH cpok npeacTasiaeHus pador (Matepuanos) Ha Koukype PAACH
- He no3onee 31 ausaps 2018 200a (cpeda) exnouumenvro, 0o 17 uacos 00 munym.

Paborbl (¢ maTepuasamu) npeacrabiasorca B PAACH wiun HanpaB/siioTcest (0YTOM)
1o ajpecy:
Poccuiickas ®eaepanus, 107031, Mocksa, yi. boasmas JImutpoBka, 1om 24, crpoenue 1
6 coomeemcmayrwoujee omoeievue PAACH
(Omoenenue apxumexmypuot, Omoenenue epadocmpoumeibCmeo
u Omoenenue cmpoumenbHuixX HayK).

KonrakTHast ungpopmanus:

Otnenenue apxurektypsl PAACH
—Ten. 8(495) 629-14-95, 8(495) 625-76-84, e-mail: oarch(@raasn.ru

Otnenenue rpagoctpoutensctsa PAACH
—1en. 8(495) 629-19-91, 625-81-48, e-mail: grado@raasn.ru

Otnenenue crpoutenbHbix Hayk PAACH
—Ten. 8(495) 625-76-80, 8(495) 625-73-16, e-mail: osn@raasn.ru
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COOBLIEHUE O BLIFOPAX YJIEHOB
POCCHIICKOI AKAJIEMUM APXUTEKTYPBI U CTPOUTEJIBHBIX
HAYK (PAACH) B 2018 TOJTY

Ymeepowcoeno nocmanosnenuem Ipezuouyma

Poccuiickoil akademuu apxumexmypvl u CMpouUmenibHulX HaAyK
om 8 dexabpsa 2017 2. Nol3

B cootBercTBHM ¢ myHKTOM 24 YcTaBa (eliepaibHOr0 TOCYIapCTBEHHOTO OFOJIKETHOTO YUPEKICHUS
«Poccwuiickas akagemMust apXUTEKTYpbI U cTpouTenbHBIX Hayk» (PAACH), yTBepKI€HHOTO TOCTaHOBIEHUEM
[IpaBurtensctBa Poccuiickoit denepaunu ot 28 mas 2014 r. Ne 488 (manee — Ycras PAACH), mpesugnym
Poccuiickoli akageMuu apXUTEKTYPbl U CTPOUTENBHBIX HAayK coodmmaeT o nmpoBeaeHnu 19 u 20 ampens 2018
roma ouepeaHbIx BeIOOpoB akaneMukoB PAACH u unenoB-koppecnornenToB PAACH mo otaenenusm PA-
ACH 1 Hay4YHBIM HanpaBJIeHHSM (CIIEHATBHOCTSM).

1. Pacnpenesienne Bakancuii wienos PAACH
(axanemukoB PAACH n 4yinenoB-koppecnongenToB PAACH)
no otaejeHnssM PAACH u no Hay4YHbIM HanpapJ/ieHUAM (CHeUATbHOCTAM)
Ha BbIOopax B PAACH B 2018 roay

1.1. Ha Be160ps! akagemukoB PAACH ycTaHOBIEHBI CeAyrOie HANMEHOBAHNS HAYIHBIX HaIlpaBJe-
HUH (crienuanbHOCTEl) U KOMMUeCTBO BakaHCcHit o Otaenenuto apxutektypsl PAACH B oTHOLIEHNH Kax-
JIOTO HAYYHOTO HampaBJieHUs (CIEHaIbHOCTH):

HaumeHoBaHne Hay4YHOr0 HaNIPaBJIEHUA KonuuectBo
HaumenoBanue otieneHus .
(CeTrMaNbHOCTD) BaKaHCHU
Hayxka n 0O6pa3oBanue 1
Otnenenne apxutekTypsl PAACH Y P
ApXUTEKTypHas MPAKTUKa 2

1.2. Ha BrIiGopsI uneroB-koppecnonneHToB PAACH ycTaHOBIEHBI cleAyIONIe HANMEHOBAHHUS Hayd-
HBIX HalpaBJIeHUH (CHenuaabHOCTel) n KomdecTBo Bakancuid mo Otnenennsm PAACH B oTHOmeHnn Kax-
JIOTO HAYYHOTO HampaBJeHHUs (CIEIMaIbHOCTH):
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HanmeHoBaHMe Hay4HOIO HaIIpaBICHUS KomuuectBo
HaumenoBanue oTaeneHus .
(crienuanbHOCTB) BaKaHCUH
Hayka u oOpa3oBanue 1*
Otnenenue apxutekTypsl PAACH J P "
ApXUTEKTYpHAas MIPaKTUKA 1+1
I'panocTpoutenbHas Hayka 1
Otnenenune rpagoctpoutenbctsa PAACH P P Y "
I'pagocTponTesibHas IpaKTUKA 1+1
Teopernyeckrue OCHOBBI
Otnenenne ctpoutensHbIX Hayk PAACH p 2+2%
CTPOUTCIIbHBIX HAYK

Hpumeuanue: Cumeon «*» ozwauaem, umo Ha ochosanuu nocmarosirenus npesuouyma PAACH om 8 Oe-
kabps 2017 2. Nel3 dannas eakancus 06va6ieHa ¢ 02paHuyeHuemM 03pacma Kaouoama Ha MoMerm uzopa-
HUs 6 unenvi-koppecnonoenmol PAACH — 0o 60 nem gxnoyumensho.

2. llopsinok u yciaoBus nzdpanust wienos PAACH.

2.1. TTopsmok u ycnoBust m36panus wieHoB PAACH, nepedeHb JOKYMEHTOB, MPEACTABIISAEMBIX KaH/I1-
nmatamu B wieHsl PAACH, a Takxke mopsiok MPOBEICHUS TOJIOCOBAaHUS U TO/ICYETa TOJIOCOB Ha BBIOOpAX dJie-
HOB PAACH omnpenenstorcst coorBeTcTBeHHO YcTtaBoM PAACH u PernmamMeHTOM BBIABUKEHUS KaHAUAATOB,
MIPOBEICHUS TOJIOCOBAHMS U TOZACYETa TOJIOCOB Ha BBIOOpax wieHOB PoccHiiCcKol akageMHuu apXUTEKTyphbl U
CTPOUTETIbHBIX HAYK, YyTBEP)KICHHBIM ocTaHoBieHreM npe3uaunyma PAACH ot 29 HosOps 2017 1. Ne 12.

2.2. Akanemukamu PAACH wu30uparorcst ydeHsle U3 ymcia 4ieHoB-koppecnongentos PAACH, a
TaKKE BEIYIINE MacTepa apXUTEKTYPhl M TPaJOCTPOUTEIHCTBA, OOOTATHUBIINE apXUTEKTYPY, TPaIOCTPOU-
TETLCTBO M CTPOUTEIBHEBIC HAYKH TPYIaMHU NIEPBOCTEIICHHOTO HAYYHOTO U TBOPUYECKOTO 3HAUCHUSI.

2.3. Unenamu-koppecrnonnenramu PAACH wuzbupatorcs rpaxnane Poccuiickoit denepanuu, odora-
THBIIIAE COBPEMEHHBIE apXUTEKTYPY, TPATOCTPOUTEIIECTBO U CTPOUTEIBHBIC HAYKH BBEIIAIONIUMUCS TPYIaMHU
1 (W) 3HAYUMBIMH TIPAKTHYECKIMHU JTOCTYKCHHUSIMI.

2.4. Kanmmnaramu B unensl PAACH o Otnenenuto apxutektypbl PAACH MOTYT OBITH:

2.4.1. y4eHbIe B 00JIaCTH apXUTEKTYPHON HayKH, HAYYHO-TIEarorn4eckue pabOTHUKH 00pa3oBaTellb-
HBIX OpraHU3aIfil BBICIIETO O0O0pa3oBaHUs (0Opa30BAaTENBHBIX OPTaHU3AIMi BHICIIEr0 OOPa30BaHUS apXH-
TEKTYPHOTO TPOGUIIs, CTPYKTYPHBIX TOJPa3AeICHUN apXUTEKTYPHOTO Mpoduis o0pa3oBaTeIbHBIX OpraHH-
3anuii BeICIIEr0 00pa30BaHusl), UMEIOIINE OIMyOIMKOBAHHEIE HAYYHBIC H yYeOHO-METOAMYECKUE TPYABI, IO-
JIYYHUBIIIKE MHPOKOE MPO(HECCHOHATBHOE U OOIIECTBEHHOE NMPU3HAHUE, YUCHYIO CTEIEeHb JIOKTOpa HAYK WM
yueHoe 3BaHue mpodeccopa, MprcBoeHHOe Briciiell arrectanmonnoi komuccueit (BAK) nmpun Munucrep-
cTBe 00pa3oBaHus 1 Hayku Poccuiickoii Denepanuu;

2.4.2. TUIIIOMUPOBAHHBIE APXUTEKTOPEI, SIBJSIONIUECS OCHOBHBIMU aBTOPAMU BBIAAIOIINXCS MPOEKTOB
¥ TIOCTPOEK, TOTYYHBIIUX IITMPOKOE OOIIECTBEHHOE MPHU3HAHHE, TBOPUECKAS NESATEIFHOCTh KOTOPBIX OTMe-
YeHA MTOYETHBIMU 3BAHUSIMU, TOCYIAPCTBEHHBIMH U TIPO(ECCUOHATLHBIMU PEMUSIMU M HATPAJIaMHU.

2.5. Kanymnaramu B unensl PAACH no Otnenenuto rpagoctpoutensctBa PAACH MOryT OBITE:

2.5.1. ydeHble B 00JIaCTH TPaIOCTPOUTEIHFHOW HAYKH, HAYIHO-TIeAarornueckue paboTHUKH 0Opa3oBa-
TETHHBIX OpTaHW3aInil BeICIIEro 00pa3oBaHus (00pa30BaTENBHBIX OPTaHU3AIMK BBICIIIETO 00pa30BaHUS ap-
XUTEKTYPHOTO MPOQIIs, CTPYKTYPHBIX MMOAPA3/ICICHUN apXUTEKTypHOTO Mpodmist 00pa3oBaTelbHBIX Opra-
HU3aIWA BRICIIETO 00pa30BaHMWs), NMEIOIINE OIMyOJIMKOBAaHHBIC HAyYHBIC W YICOHO-METONUYECKHUE TPYIBI,
MOTyYUBIINE IUPOKOE MPOo(hecCHOHaIbHOE W OOIIEeCTBEHHOE MPHU3HAHKE, YUCHYIO CTENEHb JOKTOpa HayK
WIN y4eHoe 3BaHHe Ipodeccopa, NpucBoeHHoe Briciueil arrecraumonHoi komuccueit (BAK) npu Munu-
cTepcTBe 00pa3oBaHus U Hayku Poccuiickoit Deneparmu;

2.5.2. IUMIIOMHPOBAHHBIE TPAIOCTPOUTENH, SBISIONINECS OCHOBHBIMH aBTOPAMH BBIJAIOIIMXCS TPO-
€KTOB U MOCTPOCK, MOJyUYUBIINX IIUPOKOE OOIIECTBEHHOE NMPU3HAHUE, TBOPUCSCKAS JCATEIBHOCTh KOTOPHIX
OTMEYCHA IMOYCTHBIMU 3BaHUSIMU, TOCYIAPCTBEHHBIMU U PO ECCHOHAILHBIME MTPEMHUSIMHU U HarpaaMH.

2.6. Kanmnnaramu B unensl PAACH mo Otaenenuro crpoutenbHbix Hayk PAACH moryT ObITh yue-
HBIE CTPOUTENHHBIX CHENHUANBHOCTEN W HAYYHO-TIEAarOrMIecKre PabOTHUKH 00pa30BaTEeIbHBIX OpTraHU3aIui
BBICIIIETO 00pa3oBaHus (00pa30BaTENILHBIX OPraHM3allUi BBHICIIETO O0pPa30BaHUS CTPOMTEILHOIO MPOGUIIS,
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CTPYKTYPHBIX TOAPA3JeNeHUH CTPOUTEIBHOTO MPOQHsi 00pa30BaTeIbHBIX OPraHMU3alii BhICIIEro 0Opa3oBa-
HUS), IMEIOIIHE OMyOJIMKOBAaHHBIE HAYYHBIE TPY/IBI, TIOIYYMBIIHE IIMPOKOE MPO(ECCHOHATBHOE MPU3HAHUE, U
YUYEHYIO CTEIeHb JOKTOpa HaYK.

2.7. IlockoNbKy 3aMeNIeHHe TOJDKHOCTEH B OpraHax rocynapcTBeHHO# Biactu Poccuiickoit depaepa-
1M, paboTa pyKOBOAMTENEH KPYITHBIX KOMITAHUHN TIOJpa3yMeBaeT NCIOTHEHNE JODKHOCTHBIX 00s3aHHOCTEH
Ha BBICOKOM TPO(ECCHOHANBHOM YPOBHE, a Hay4dHas JeATeIbHOCTh MOXET OCYIIECTBISATHCS TOJNBKO B CBO-
00HOE OT OCHOBHOM pabOTHI BpeMsl, TUIaM, 3aHUMAIOLINM TOCyIapCTBEHHBIC JOKHOCTH Poccuiickoii ®e-
JIepalny, JOKHOCTH TOCYIapCTBEHHOM IpakIaHCKOM ciry:x0b1 Poccuiickoit denepaiinu, JOKHOCTH PyKO-
BOJIMTENEH TOCYIApCTBEHHBIX KOPITOpAIiii, TOCYIapCTBEHHBIX KOMIAHUNA W aKIIMOHEPHBIX OOIIECTB C TOCY-
JTAPCTBEHHBIM yYaCTHEM, PEKOMEHIYETCS BO3JEPKATHCS OT yUaCTHsI B BEIOOPAX.

2.8. [IpaBo BeInBIKEHUS KaHauaaToB B uieHbl PAACH npenocrasinsetcs (06e3 ocparuyenuss konuiecmsa
BbLOBUINCEHUIL):

2.8.1. Ynenam PAACH (axademuxam PAACH u unenam-xoppecnondoenmam PAACH), npuduem
MpaBoO BBIABIDKEHUS KaHauaaTa B akagemMuku PAACH npenocrasnsercs akaaemuky PAACH, kanmuaaTa B
uneHbl-koppecnionzieHTsl PAACH — uneny PAACH.

2.8.2. I'ocyoapcmeennvim opzanam, oCyuwecmenalouium ynpagienue é cjepe apxumexmypol, pa-
oocmpoumenscmea U CMpoumenabHblX HAyK, IpUUeM BBIIBIDKEHUE KaHauaata B dwieHsl PAACH mpoBo-
JTUTCS Ha 3aCeJaHUU KOJUIETHAJILHOTO OpraHa rocy/IapcTBEHHOTO OpraHa, OCYIIECTBIISIOIETO YIIpaBlieHHE B
cepe apXUTEeKTyphl, TPAJIOCTPOUTEIHCTBA M CTPOUTEIHHBIX HAYK, IIyTEM TAaHHOTO TOJIOCOBAHUS MPOCTHIM
OOJBIIMHCTBOM TOJIOCOB IPH HAJIWMYHUU KBOPYMa.

2.8.3. Hayunvim opzanusayuam, 0eiicmeyrouium 6 chepe apxumexkmypbl, 2padoCmpoumenscmeda u
cCmpoumenbHbIX HAYK, TpUYeM BEIBIDKeHUE KaHaunata B wieHbl PAACH npoBoguTcs Ha 3acenaHuu y4de-
HOTO WJIM HAayYHO-TEXHWYECKOTO COBETa MyTEM TAWHOTO TOJIOCOBAaHUS MPOCTHIM OOJBIIMHCTBOM TOJIOCOB
TP HATMYUHN KBOPYMa.

2.8.4. O6wecmeennvim opzanusayusm', deticmeyrouum ¢ chepe apxumexmypol, 2padocmpoume’ivb-
CIMea u CMpoumesbHbIX HAyK, IPUUEM YCTaB OOIIECTBEHHON OpraHn3aliy JOJDKECH COJAepKaTh YKa3aHHe Ha
HAYYHYIO M TBOPUYECKYIO JIESATENFHOCTh KaK HaIpaBICHHE JEATEIHHOCTH OOIIECTBEHHON OpraHu3alvd U B
CTPYKTYpe OOIIECTBEHHOW OpPraHW3aIlMH JIOJDKEH MPHUCYTCTBOBATH YUEHBIH COBET I HAYYHO-TEXHUYECKHN
coBeT (MM MHOHM OpraH), OCYILECTBISIIOIIMNA HayYHO-3KCHEPTHYIO AEATENBHOCTh B O0NAaCTH apXUTEKTYpHI,
TpafOCTPOUTENBCTBA U CTPOUTENBHBIX HAyK, IPUYEM BbIIBHXKEHUE KaHuaata B wieHsl PAACH nmpoBoautcs
Ha 3aCeJaHNH YYE€HOTO COBETa WJIM HAYYHO-TEXHHYECKOTO COBETAa, WJIM MHOTO OPTaHa, OCYIIECTBIISFOIIErO
HAYYHO-IKCIIEPTHYIO JESTEIbHOCTh B O0JAaCTH apXUTEKTYpPbI, TPalOCTPOUTEIBCTBA U CTPOUTEIBHBIX HAayK
MyTEM TalHOTO IOJOCOBAHHS MPOCTHIM OOJIBIIMHCTBOM I'OJIOCOB IPU HAJTMYUH KBOPYMa.

2.9. IIpesunenr PAACH, nepsoiii Bume-tipesuneaT PAACH, sunie-npesuaenatsl PAACH, rmaBHBIH
ydaeHslii cekperappb npesuanyma PAACH, akagemuku-cekperapu Oraenenuiit PAACH ot pexomennaruii o
BBIIBKEHUIO KaHAUaToB B uieHsl PAACH Bo3nepkuBaroTcs.

3. IToaroToBKa TOKyYMEHTOB JIsl PerHCTPalMU KaHAUIaTOB B Wwienbl PAACH

3.1. BeinBunytele kanauaats! B wieHsl PAACH peructpupytores B otaenenusx PAACH, npenocras-
5151 € IMHOBPEMEHHO MaTepHAaIIbI 110 TPEICTABICHHOMY Jajiee MIEPEYHIO.

3.1.1. IHucomennoe 3asa6enue c coznacuem Ha évloguicenue u uzopanue 6 cocmaes unenoé PAACH
(hopma nokymeHTa U TpeGOBaHKs K €ro 0(GOPMIIEHHUIO pasMeNIeHsl Ha oduiMansHoM caiite PAACH?).

3.1.2. IIpeocmasnenue kanouoama 6 uneuvt PAACH (Oonycxaemcs ne 6onee 1 (00no20) npedcmag-
nenus) (TpeboBaHUsA K 0OPMIICHUIO JOKYMEHTA pa3MelieHbl Ha odurmanbHoM caiite PAACH).

' B cootBercTBru ¢ PenepanbHbIM 3aKk0HOM OT 19 Mas 1995 roga Ne82-®3 (meiictByromas pegakuus, 2016) «06 06-
IIECTBECHHBIX 00BEINHCHUSIX» OOIICCTBEHHOIN OpraHu3aiyeii ABIseTCs OCHOBAHHOE HA WICHCTBE OOIIECTBEHHOE 00b-
¢IMHEHHE, CO3aHHOC Ha OCHOBE COBMECTHOM NEATEIBHOCTH JUIS 3alllUThI OOUIMX WHTEPECOB M JOCTHKCHHS YCTaB-
HBIX Tejel o0bpequanBIIIXCs rpaxaad (CtaTes 8. OOmecTBeHHAS OpTraHU3aIns).

2 3nech u manee: opumanbHbIi caiit PAACH — http://www.raasn.ru/.
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3.1.3. Hayunasn u meopueckas xapaxmepucmuxa kanouoama ¢ 4ienvt PAACH (tpeboBaHus K
o OpMIIEHHUIO JOKYMEHTa pa3MelieHbl Ha opunmansHoM caiite PAACH).

3.1.4. Cnucox onyoauKo8aHHbIX yUeOHbIX UZOAHUI U HAYYHBIX MPY008 KaHouoama 6 uieHvl PA-
ACH c BblICJICHUEM HAYYHBIX U Y4eOHO-METOAMYECKHX TPYJOB M0 TOMY HAYYHOMY HAalpaBJICHUIO (CTELH-
ATBHOCTH), IO KOTOPOMY BBIJIBUTAETCS KAHIUAAT B WIEHBI AKaJIeMUHN — 00s3aTeNIeH TONBKO JUIS KaHIUAATOB
B wieHsl PAACH., coorBeTcTBYIOIMX TpeOoBaHUAM ITyHKTA 2.4.1. yum nyakTra 2.5.1, iy nyHkTa 2.6 HacTo-
siero CooOrienus o Beioopax wieHoB PAACH (dhopma mokyMmeHTa U TpeOOBaHMs K ero 0(hOpMIICHHIO pa3-
MeleHsl Ha opunuansHoM caiite PAACH).

3.1.5. Cnpaska o yumupyemocmu nyonukayui kanouoama 6 uienvt PAACH, unoexcupyemoix
MENHCOYHAPOOHBIX UHPOPMAUUOHHO-AHATUMUYECKUX CUCIEMaX HAYUHO20 YUMUPOBAHUsA — 00sS3aTeNbHa
TOJBKO Jutst KauaunatoB B uwieHbl PAACH, coorBeTcTBYIONIMX TpeOOBaHUSAM IyHKTA 2.4.1, MM NYHKTA
2.5.1, unm nynkra 2.6 Hactosmniero CoobmreHus o Beioopax uineHoB PAACH (¢popma noxkymeHnTta u TpeboBa-
HUS K ero oopMIICHHIO pa3MelIeHbl Ha opuuuansHoM caiite PAACH).

3.1.6. Cnucox npoexmoeé u nocmpoex, 6bInoJAHeHHbIX Kanouoamom ¢ uinenvt PAACH ¢ kauecmee
OCHO6HO020 agmopa — 0053aTeNICH TOJbKO Juid KaHauaaTtoB B wieHbl PAACH, cooTBeTCTBYIONMX TpeOoBa-
HUAM myHKTa 2.4.2 wim nyHkTta 2.5.2 Hactosmiero CooOmienns o Beibopax uieHoB PAACH (tpeboBanus k
0 OpMIICHHUIO JOKYMEHTA pa3MelleHbl Ha oduiansHoM caiite PAACH).

3.1.7. /loxnao o naubonee 6a)rcHvIX CMOPOHAX HAYYHOIL, NPAKMUYECKOU, Ne0azo2uiecKoll oeameib-
HOCIU N0 00bABIEHHOMY HAYYHOMY Hanpaeienuro (cneyudivHocmu) (TpeboOBaHUS K 0POPMIICHUIO JIOKY-
MEHTa pa3MeleHs! Ha odunuaasHoM caiite PAACH).

3.1.8. Konusa nacnopma zcpaxcoanuna Poccuiickoit Dedepayuu unu 0OKymMeHma, 3amMeHAIOU€20
nacnopm zpaxcoanuna Poccuiickon Dedepayuu, yoocmogepaouiezo JUYHOCHb KAHOUOAMA 6 YJ1eHbl
PAACH, 3aBepeHHast TMUHON moanuCkio kKanauaata B wieHsl PAACH.

3.1.9. JTuunstit aucmok no yuemy xKadpoeé ¢ NpukiceHHON Gororpadueii (popmMa TOKyMEHTa U Tpe-
0oBaHuUs K ero o(hOpMIICHHIO pa3MelieHbl Ha oduiinansHoM caiite PAACH).

3.1.10. Konusa mpyooeoii knuscku kanouoama 6 unenvt PAACH (TpeboBaHMs K 3aBEPEHUIO yKa3aH-
HOW KOIMY pa3MenieHbl Ha opunmansHoM caiite PAACH).

3.1.11. Asemobuozpagpus kanouoama e unenvt PAACH B npousBonbHOW Qopme (TpeOoBaHHS K
0o OpMIICHUIO JOKYMEHTa pa3MelieHbl Ha opuiansHoM caiite PAACH).

3.1.12. Kpamkasa nayunas u meopueckasn xapaxmepucmuka kanouoama ¢ uienvt PAACH (tpe6o-
BaHUS K 0pOpPMIIEHHIO TOKyMEHTa pa3MelleHsl Ha opunuansHoM caiite PAACH).

3.1.13. Cnpasxa 0 mecme ocnoenoit pabomsi kanouoama 6 4nenvt PAACH (tpeboBaHus K 0QOpM-
JICHUIO IOKyMEHTa pa3MelieHsl Ha odunnansHoM caiite PAACH).

3.1.14. Konuu ounnomoe (ammecmamog) o6 OKOHYaHNN 00pa30BATEIHLHONW OPraHM3AINU BBICIIETO
o0pa3oBaHHs, O IPUCBOSHHUH YUEHBIX CTETIEHEH, O IPUCBOSHUH YUCHBIX 3BAHUIA, KOITUS aTTeCTaTa COBETHUKA
PAACH (s kagguaaros B wieHnsl PAACH, 0aiioTUpYIONIMXCS B COCTAB WIEHOB-KOppeCcnoHaeHToB PA-
ACH, npu Hanmuumu), Konust AuIuioMa wieHa-koppecroneHTa PAACH (ans kangunatos B wienst PAACH,
bayutoTHpYyIONMXCcs B cocTaB akaneMukoB PAACH, npu HAIMYHH), KOTIUHA YAOCTOBEPEHUHN U TPaMoT O TIpHU-
CBOCHHMH TIIOYETHHIX 3BaHHi, JlAypeaToB IPEMHiA, KOIWUW JUIUIOMOB YJICHOB (aKaJCMHKOB, YJICHOB-
KOppeCHOoHACHTOB) Poccuiickoii akafeMun HayK W/WIH JPYTUX TOCYAApCTBEHHBIX aKaJeMUH; KOTHH JIOKY-
MEHTOB, IOJTBEPKAAIONINX ITPHU3HAHIE TBOPUECKON JesITensHOCTH KanauaaTa B wiensl PAACH mytem nipu-
CBOEHHS ITOYETHBIX 3BaHWH, TOCYAapCTBEHHBIX U MPOo(ecCHOHaTBHBIX TpeMUil 1 Harpaj (00s13aTebHO TOJIb-
KO Uit kauawaatoB B wieHsl PAACH. coorBercTByrOommx tpeboBanusM nyHkTa 2.4.2 wnu nyHkra 2.5.2
Hacrosmiero Coobmienns o Beioopax wieHoB PAACH (TpeboBaHHS K 3aBEPECHHUIO YKAa3aHHBIX KOIHH pa3Me-
meHsl Ha opurmanbHoM caiite PAACH).

3.1.15. l{eemnwie ghomozpagpuu xanouoama ¢ unenvt PAACH pazmepom 4.5 cMm X 6 cm, Oe3 yroika
(3 (Tpm) mtyku, Ha Kaxaou (ortorpacduu ¢ 0OOPOTHON CTOPOHBI KapaHAAIIOM YKA3bIBAKOTCS MHHUIIUAIBI U
(hamunms kaaauaara B wieHsl PAACH).

3.1.16. Coznacue xkanouoama 6 unenvt PAACH na xpanenue, 06pabomky, nposepKky u nyonuxayuio
nepcoHanbHBIX OAHHBIX B YAaCTH, Kacaloulelcss ydacTus B BeiOOpax B uwiensl PAACH (dopma noxymenTa
pasmerieHa Ha opuransHoM caiite PAACH).
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3.1.17. Konusa ycmasa oouwecmeennoil opzanusauuu, ykazanoi B nmyHkre 2.8.4 Hacrosmero Coo0-
menns o Beioopax wieHoB PAACH, npu BeinBmkennn kanaugaTta B wiensl PAACH cormacHo nyHkTy 2.8.4
HacTosero Coo0Omenns o Beibopax wieHoB PAACH (TpebGoBaHus K 3aBEPEHUIO YKa3aHHOW KOMHU pa3Me-
nIeHsl Ha opunuansHoM caiite PAACH).

3.2. latel HEOOXOANMO IPOCTaBUTh Ha BCEX MPENOCTABIIIEMBIX JOKYMEHTAX 33 MCKIIOYEHUEM JOKY-
MEHTOB, yKa3aHHBIX B yHKTE 3.1.14 Hacrosimero Coobmenus o Beroopax wieHoB PAACH. [leficTBUTEIHHBI
JOKYMCHTBI, TaTHPOBAHHbIC TOJBKO B 45-THEBHBIN MEPHOJL CO JHs OMyONWKOBaHHUS COOOIICHHS O MPOBesIe-
HuH BbIOOpOB uneHoB PAACH B 00uiepoccHiickux cpeficTBax MaccoBoi HHGQOpMAIINH.

3.3. Marepuansl, ykazanHble B myHKTax 3.1.1 — 3.1.17 nactosmero CooOmieHns o BRIOOpax 4YICHOB
PAACH, co ckB03HOI HyMepanuei JTUCTOB (BBITIOTHIETCS KapaHJAIIOM B TIPaBOM HIDKHEM YTITy), CHaOka-
eTcsl OMHUCHIO M KOMILUICKTYETCSl B OJHY MJIM HECKOJBKO TamokK ¢ (haillaMu, U3rOTOBICHHBIX M3 TUIACTUKA U
o0ecreyrBaloOINX HAJIESKAILYI0 COXPaHHOCTh JOKYMEHTOB (opmarta A4.

Ha nuneBoii cropoHe 00105KKH NaNKy YKa3bIBAIOTCA:

— (hamMuMs, UM, OTYECTBO KaHauaaTa B wiensl PAACH;

— xarteropus uineHctBa (akagemuk PAACH, unen-koppecnonnenr PAACH), otnenenne PAACH,
Hay4YHOE HalpaBieHUE (CHELUAIBHOCTh), COOTBETCTBYIOIIEE OAHOMY M3 OOBABICHHBIX; OTMETKA 00 y4acTUH
B BBIOOpax ¢ yCTAaHOBJICHHBIM OTpaHHUYCHHEM BO3pacTa Juisi KaHaunatoB B wieHsl PAACH (B ciydae u3bsB-
JICHUS JKEJTaHHs y4acTBOBATh B BEIOOPAX C YCTAHOBJICHHBIM OTPaHWYEHHUEM BO3pacTa JJIsl KaHIUAaTOB B Wie-
Hbl PAACH) (B cOOTBETCTBHH € yKa3aHHBIM B MHCHBMEHHOM 3asIBICHHU C COTJACHEM Ha BBIABIDKCHHE M H3-
Opanue B cocra wieHoB PAACH);

— KOHTaKkTHbIE TenedoH(bI) ¥ aapec(a) IMeKTPOHHOM MouThl KaHaunaTa B wieHsl PAACH.

3.4. Bce maTepuansl, ykaszansele B myHKTax 3.1.1 — 3.1.17 Hactosimero Cooluienust o BeiOOpax uje-
HOB PAACH (kaxnplii JOKyMEHT B BUJE OTIEIBHOTO (paiiya) AOMOIHUTEIHHO MPEACTABISIOTCS HA DIIEK-
TpoHHOM Hocurene (auck DVD-RW wim npyroii), KOTOpbId BKJIabIBAETCS B MANKy ¢ (aiiaMu, yKa3aHHYIO
B nyHkTe 3.2 Hacrosiuero Coobienus o Beidopax uwieHoB PAACH).

dopmar mpeAcTaBIeHNs] JOKYMEHTOB Ha 3lieKTpoHHOM Hocutene — Adobe PDF (ckanupoBaHHBIE JOKY-
MEHTHI). DIIEKTPOHHBIE BEPCHH JOKYMEHTOB, YKa3aHHbBIX B MyHKTax 3.1.11 u 3.1.12 mactosmero CooOrieHust o
BbIOOpax wieHoB PAACH nosmkHb! ObITh Takke HpeacTaBieHsl B popmate Microsoft Word (DOC win DOCX).

3.5. Kaugunar B wieHsl PAACH MOKeT BBIIBUTATHCS TOJIBKO 10 OJHON U3 OOBIBICHHBLIX BAKAHCHI, B
COOTBETCTBHHU C YKa3aHHBIM MM B MUCbMEHHOM 3asBJICHUU C COTJIACHEM Ha BBIIBUKEHHE W M30paHue B CO-
craB wieHoB PAACH, kareropueii wieHcTBa, otaeinearneM PAACH, HaydHBIM HampaBieHHEM (CIIEITHATBHO-
CTBbI0), OTMETKOH 00 ydacTWu B BHIOOpax C yCTaHOBJICHHBIM OTPaHMYEHHEM BO3pacTa JUlsl KaHAWIATOB B
uieHsl PAACH (B cityuae U3bsIBICHHSA JKEJIAHUS Y4aCTBOBATh B BHIOOpAX C YCTAHOBIICHHBIM OIpaHHMYCHHUEM
BO3pacTa s KauauaaTos B wieHsl PAACH).

3.6. OTBETCTBEHHOCTH 3a NMPABWILHOCTh OQOPMIICHHUS, JIOCTOBEPHOCTh U TIOJIHOTY TPEI0CTaBIISIEMbIX
JIOKYMEHTOB HeceT KaHauaar B uieHsl PAACH.

3.7. OrcyrcTBHE WM MPeICTaBICHNE HE3aBEPEHHBIM KaKOro-1100 U3 JOKYMEHTOB 110 YKa3aHHOMY Ieped-
HIO MOYKET OBITh TIPUIMHON ITOCTISIYIOMIETO OTKIIOHEeH!S Kaunuaara B wieHsl PAACH npesnmmymom PAACH.

4. IlpueM 10KyMEeHTOB KaHAuAaTOB B Wwienbl PAACH.

4.1. CooOmienue o nposeaeHun BIOOpoB wieHoB PAACH nognexur nmyOnukanun B « CTpOUTENEHOR
razere» 12 saBaps 2018 roma (CunmerenscTBo o peructpanuu [T No ®C-77-69446 ot 02 mas 2017 roma
BEITaHO PockoMHam30poMm).

4.2. EnvHOBpeMeHHBIN NMPUEM BCETO KOMIUIEKTA JOKYMEHTOB OCYILECTBISIETCS B 37aHUH Poccuiickoit
aKaJeMHM apXUTEKTYphl U CTPOUTENBHBIX Hayk mo azapecy: 107031, Poccuiickas ®enepauus, Mocksa, yiu.
Bbompmas [Imutposka, 1. 24, ctp. 1, exeqaesHo ¢ 10 wacoB 00 munyT 12 ssHBaps mxo 17 gaco 00 muHyT 26
(eBpas, KpoMe BBIXOJHBIX W MPa3JHAYHBIX JHEH, CO JHS OMyOJUKOBAaHUSI COOOIIEHHS O MPOBEICHUN BbI-
6opoB wieHoB PAACH B 00miepoccHiiCKuX CpecTBaX MacCoOBOH MH(POPMAaIIUH.
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4.3. KoMIUIEKT TOKyMEHTOB, OTIIpaBieHHbIN KaHaunaToM B wieHsl PAACH no noure u He mosryyeH-
HbIl B yKa3aHHBIA CPOK WIM MpeACTaBICHHbIA KaHauaatoM B wieHbl PAACH nosnHee ycTaHOBIEHHOTO
BpPEMEHH, HE PacCMaTpPUBAETCSL.

PexoMenayeTcs He OTKIIAABIBATh MOJauy JOKYMEHTOB Ha MOCIEIHUE THU.

5. YTBep:kaenne kaHAUAATOB U BbIOOPHI B wienbl PAACH

5.1. Ilo pe3ymnpraram 3acemanus 6ropo oraenenuss PAACH ornenenne PAACH moaroraBmmBaeT sKc-
TIEPTHBIE 3aKJIFOUEHUS B OTHOIICHWH BCEX BBIABHHYTHIX IO COOTBETCTBYIOIIEMY OT/ACICHHIO KaHIUIAATOB U
PEKOMEHIyeT KaHAUIATyphI A yTBepKacHus npesuanymom PAACH kanaunnaramu B wiensl PAACH.

5.2. Kanaunater B unensl PAACH moryt 3aciymmBaTthcst Ha 3acefqanuu Otopo otnenerns PAACH,
NpOBeJIeHHE KOTOPOro MpeaycMOTpeHo MyHKToM 5.1 HacTosero CooOmenus o Beidopax wienos PAACH.

5.3. Ilpe3uguym PAACH ytBepkaaeT kanauaatoB B wieHsl PAACH.

5.4. Coucku yrBepkneHHbIx npesunuyMmoMm PAACH kannunatoB B wieHsl PAACH, moarorosieHHbIe
B COOTBETCTBUHU C paclpeiesieHHeM BaKaHCUM OyayT omyOimkoBaHbl Ha oduumansHoMm caiite PAACH B
cpok 1o 19 mapra 2018 rona.

5.5. Y1Bepxkaeuusie npesuguymoM PAACH kanaunatel B wiednsl PAACH, oduimansHo npuriamia-
fotcst Ha O61ee codopanue wieHoB PAACH B 2018 rony, Ha kotopom 19 u 20 ampens 2018 rona coctosTes
BeIOOpHI wienoB PAACH.

5.6. Brioops! wieHoB PAACH npoBozsiTes myTeM TaiiHOTO rosiocoBanus Ha OOIeM coOpaHUH YICHOB
PAACH u Ha OCHOBE TaifHBIX TOJIOCOBaHMIA Ha 00IMX coOpanusx otneneanii PAACH, npoBoIUMBIX B pam-
kax Oobmero cobpanus wienos PAACH.

5.7. B ciyqae uz6panus wieHa-koppecrnonaeaTa PAACH akamemukom PAACH, o6pa3oBasimasics Ta-
KM 00pazoM BakaHcus wWieHa-Koppecrmongaenta PAACH ocraercs BakaHTHOW 110 CIEAYIOMIUX BBIOOPOB
ynenoB PAACH.

6. KontakTHasi ungopmanus

Odunpmansueiii cait PAACH — http://www.raasn.ru/

Otnenenne Otnenenue Otnenenue
apxutektypsl PAACH rpagoctpoutensctBa PAACH crpoutensHbix Hayk PAACH
Teneghonur: Teneghonur: Tenegonur:
+7 (495) 629-14-95 +7 (495) 625-79-75 +7 (495) 625-73-16
+7 (495) 625-76-84. +7 (495) 629-19-91. +7 (495) 625-76-80.
Adpec snexmponHoll noumst: Adpec anekmponHOl NOYMbL: Adpec snekmponHOL NOYMbL:
oarch@raasn.ru grado@raasn.ru osn(@raasn.ru
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YHEJI U3 )KU3HU I'YPAM ABTAHJINJIOBUY JUKUHYBEJIAILIBUJIN

8 nexabps 2017 roma Ha 62-m rony yuien u3 xu3Hu JKuHuBenamBmwin ['ypam ABTaHIWIOBUY, 3a-
Benyronui kadeapoi «Briciias MaTemMaTHKa U €CTECTBEHHBIC HAYKH» Poccuiickoro yHMBepCcHUTETa
tparcnopta (MUUT), Yuensiii cekperaps Hayunoro coBeta PAACH mo ceiicmonoruu u ceiicmo-
CTOHKOMY CTPOUTENLCTBY, Mpodeccop, TOKTOp TEXHUIECKUX HAYK.

Vxon u3 xu3uu ['.A. JKWHYBENAMBUIN — OJHAM W3 BEAYIIUX POCCUUCKHX YUEHBIX B OOJACTH
CEHCMOCTOMKOTO CTPOUTENBCTBA, 3aMEYATENIbHOIO NeAarora, yuyuTens, NpeJaHHOro HayKe M IMpo-
(heccun, BRICOKOMHTEIUTMTEHTHOTO Y€JI0BEKa, OT3LIBYMBOTO W BHUMATEIHHOTO KOJUIETY, HUCKITIOYH-
TEJIbHO HAJIEKHOTO Jpyra — HEBOCIHOJIHMMAs TMOTEps IJsi CTPOUTEIBHON HAyKH, a TakkKe U s
KaXJIOTO, KTO 3HaJI ero Ju4Ho. biarogapHas mamsTh O HEM HaBCerJa COXPAHUTCS B CEPJIAX €ro
Jpy3€d U KOJLIET.

Peoakyuonnviii Cogem mencoyHapooHo2o HayuHo20 HCYPHAIA
“International Journal for Computational Civil and Structural Engineering”

Peoakyuonnas Konneaus mexcoynapooHo2o HayuHo2o HcypHaLa
“International Journal for Computational Civil and Structural Engineering”
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