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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
educational articles of general value to the field that will bridge the gap between high-performance
construction materials, large-scale engineering systems and advanced methods of analysis.

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

Volume 14, Issue 3, 2018



International Journal for Computational Civil and Structural Engineering

OBLWAA NHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(Me>KAYHAPOAHBIH >KYyPHAA II0 PACYETY I'PAXKAAHCKHUX U CTPOUTEABHBIX KOHCTPYKIIHIL)

Me:xaynapoanblii Hay4yHbli kypuaa “International Journal for Computational Civil
and Structural Engineering (Me:kayHapoaHbIii sKYPHAJI 10 pacyeTy rpakIaHCKHX H CTPOUTEb-
HbIX KoHcTpykumii)” (IJCCSE) sBisiercst BeAylMM HAy4HBIM IEPUOAMYECKAM H3IaHHEM 110
HanpaBieHuio «HKeHEepHbIE W TEXHUYECKHE HayKH», h3aaBaeMbIM, HauuHas ¢ 1999 roma (ISSN
2588-0195 (Online); ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B »ypHaie Ha BBICOKOM
HAYYHO-TEXHUYECKOM YPOBHE PacCMaTPUBAIOTCS MPOOJIEMbI YUCIECHHOTO U KOMITBIOTEPHOTO MOJIEIH-
POBaHHS B CTPOUTENBCTBE, aKTyalbHBIE BOIIPOCH! pa3pabOTKU, MCCIICIOBAHUS, PA3BUTHA, BepH(PUKa-
UK, anpoOaliud W MPUIOKEHUN YHCICHHBIX, YHUCICHHO-aHAJMTUYECKUX METOJIOB, MPOrpPaMMHO-
AITOPUTMUYECKOTO OOECIICUCHHSI W BBITIOJHEHUS! aBTOMATU3UPOBAHHOTO TPOSKTHPOBAHMUS, MOHHUTO-
pPHHTa ¥ KOMIUIEKCHOTO HAYKOEMKOI'O PAacYeTHO-TEOPETHUECKOTO U IKCIIEPUMEHTAIHLHOTO 000CHOBA-
HUSI HANPSDKEHHO-1e(hOPMHUPOBAHHOTO (M HHOTO) COCTOSHHSL, TIPOYHOCTH, YCTOHYUBOCTH, HA/ICKHOCTH
1 0€30MacHOCTH OTBETCTBEHHBIX OOBEKTOB IPa)KIaHCKOTO M MPOMBIIUIEHHOTO CTPOUTEIbCTBA, SHEP-
T€TUKH, MAIMHOCTPOCHHUS, TPAHCIIOPTA, OMOTEXHOJIOTUH U IPYTUX BHICOKOTEXHOJIOTUIHBIX OTPACIIEH.

B penakunoHHBIN COBET KypHalla BXOAST U3BECTHBIE POCCHICKUE U 3apyOeKHbIE JIeATENH
HAYKU U TEXHHUKH (B TOM YHCJIC aKaJeMUKH, WICHBI-KOPPECIIOHICHThI, MHOCTPAHHBIC 4WICHBI, T10-
YeTHbIE WIEHBl U COBETHUKHU Poccuiickoil akaseMuu apXUTEKTypbl U CTPOUTENbHBIX HayK). OCHOB-
HOM KpuTepuil ordopa crarel Juist MyOJUKallUY B )KypHaJle — UX BBICOKHI Hay4YHbIH YPOBEHb, COOT-
BETCTBHE KOTOPOMY OMpEENAeTCS B X0Jl€ BRICOKOKBAIM(UIIMPOBAHHOTO PEIIEH3UPOBAHUSA U 00b-
€KTHUBHOM 3KCIIEPTU3HI, MOCTYIMAIONINX B PEAAKIIHIO MATEPUAIIOB.

Kypuan exooum 6 Ilepeuenv BAK P® gedywux peyeH3upyemvix HAYYHbIX U30AHUL, 8 KOMO-
PbIX 00N2HCHBL ObIMb ONYONUKOBAHLI OCHOBHbIE HAYYHblE Pe3yIbmamvl OUCCEPMAayuti Ha COUCKaHUe
VueHoU cmenenu KaHouoama Hayx, Ha COUCKAHUe Y4eHol cmenenu 00Kmopa Hayk 1o OTPacisiM HayKu

e 01.00.00 ®uzuko-maTeMaTHYECKNE HAYKH;

e 05.00.00 TexHuueckue HayKu
U IpynIaM CIenHUaIbHOCTEN

e (1.02.00 Mexanuka

e 05.13.00 Madopmatuka, BBIYUCIUTEIbHAS TEXHUKA U yITpaBIICHHE

e 05.23.00 CTpouTENBCTBO U APXUTEKTYpA.

B Poccuiickoit @enepanum )KypHaia nHIEKcUpyeTcss POccHiiCKUM MHIEKCOM Hay4yHOTO LIH-
tupoBanus (PUHLI).

Kyprnan exooum 6 6a3zy oannwvix Russian Science Citation Index (RSCI), nonnocmuio unme-
epuposannyio ¢ niamegpopmou Web of Science. XXypHan umeer Mex1yHapOIHBIN CTaTyC U BBICHLIA-
eTcs B BeAylIre ONOIMOTEKH U HaAyYHbIE OPTaHU3aI[H MUDA.

H3partenn xypHana — Mzoamenbcmeo Accoyuayuu cmpoumenbHbix 8blCUUX YYEOHbIX 3a-
seoenuit /ACB/ (Poccust, T. Mocksa) u 10 2017 roga Mzoamenvckuii oom Begell House Inc. (CILA,
r. Heto-Mopk). OduuuansHeIMI TapTHEPAMH M3JaHMS sABIseTcs Poccuiickas akademus apXxumex-
mypol u cmpoumenvuvix Hayk (PAACH), ocyliecTBIsOmas HAyYHOE KypUPOBAHUE HW3IAHUS, W
Hayuno-uccreoosamenvcruii yenmp Cma/[uO (3A0 HULL Cta/luO).

Hesn KypHaaa — IeMOHCTPUPOBATh B IYOJHKAIMIX POCCHICKOMY U MEXIyHAPOAHOMY
npodeccnoHabHOMY COOOIIECTBY HOBEHIINE JOCTUKEHHS HAYKHU B 00JIACTH BBIYMCIUTENIbHBIX Me-
TOJOB pelieHHus (hyHIaMEHTANbHBIX M MPHUKIAIHBIX TEXHUYECKUX 3ajiau, MPeKIe BCEro B 00IacTu
CTPOUTENHCTBA.
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3agaum xxypHana:

° IIpEeaOCTaBJIICHUC pOCCHﬁCKHM u 3ap}76e)KHI)IM YUY€HBIM U CII€HAJIMCTaM BO3MOXHO-
CTH HY6J'H/IKOBaTI> PE3YIbTAaThI CBOUX HCCHeﬂOBaHHﬁ;
L4 IMPUBJICYCHUC BHUMAHUA K HauoOoce AKTYAJIbHBIM, MCPCICKTUBHBLIM, IIPOPLIBHBIM H

MHTEPECHBIM HAINpaBJICHUSM DPAa3BUTHA M NPWIOKEHUH YHCICHHBIX M YUCICHHO-aHAIUTHYECKUX
METOJIOB pelieHus (yHIaMEHTAIbHBIX U MPHUKIAJHBIX TEXHUYECKUX 3a/1ay, COBEPILEHCTBOBAHUS
TEXHOJIOTUI MaTeMaTHUYeCcKOro, KOMIBIOTEPHOT'O MOJICTUPOBAHHMSI, Pa3padOTKU U BepUPHUKAIH pe-
AJIU3YIOLIET0 MPOrPaMMHO-aJITOPUTMUYECKOTO 00eCTIeueHUS;

. obecrieyeHre oOMeHa MHEHUSMHU MEX[Y HCCIIEIOBATENSIMU U3 PA3HBIX PETHOHOB H
rocyJ1apcTB.

Tematuka :xypHana. K paccMoTpeHHIO U MyOIHKAIIMU B KypHalle IPUHUMAIOTCS aHAU-
TUYECKHE MaTepHalIbl, HAyYHBIE CTaThU, 0030PbI, PEIICH3UN U OT3BIBBI HA HAyYHBIE MyOIUKALIUU IO
(yHIaMEHTAJIbHBIM U MIPUKJIATHBIM BOIIPOCAM TEXHHUUYECKUX HayK, MPEXJIe BCEro B 001aCTU CTPOU-
TeNbCTBA. B )KypHaie Takke MyOIuKyITCS HH()OPMAIIMOHHBIE MaTePHaIbl, OCBEIIAIONINE HAYIHBIC
MEpPOIPUATHS U TEPeloBble TOCTHXKeHUsT Poccuiickoil akaeMuu apXUTEKTYphl U CTPOUTEIbHBIX
HayK, HAy9HO-00pa30BaTeIbHBIX U MPOCKTHO-KOHCTPYKTOPCKUX OpraHU3alni.

Temaruka craTeil, IPUHUMAEMBIX K yOIMKAIH B )KypHaje, COOTBETCTBYET €r0 Ha3BaHHUIO
Y OXBATBIBACT HAIIPABIICHHUS HAYYHBIX MCCIIEOBAHUI B 00IACTH pa3pabOTKH, UCCICIOBAHUS U TIPH-
JIO’)KEHUH YMCICHHBIX U YHUCICHHO-aHAIUTUYECKUX METOJIOB, MPOTPAaMMHOI0 00ecredeHus, TeXHO-
JIOTHI KOMITBIOTEPHOTO MOJICTTMPOBAHUS B PEIICHUH MPHUKIIAIHBIX 3a/1a4 B 00JIACTH CTPOUTEIHCTBA,
a TaKk)Ke COOTBETCTBYIOIINE MPOGUIbHBIE CIIENUATbHOCTH, MIPEICTaBICHHBIC B AUCCEPTAIIMOHHBIX
coBeTax NpoUIbHBIX 00pa30BaTENIbHBIX OPraHU3aUAX BBICIIET0 00pa30BaHUSI.

Penaknnonnas moautuka. [lonutruka peqakiimoOHHON KOJUIETUH KypHaia 6a3upyercs Ha
COBPEMEHHBIX IOPUANYECKHX TPEOOBAHUSAX B OTHOIIEHWH aBTOPCKOTO MpaBa, 3aKOHHOCTH, TUIarua-
Ta U KJIEBETHI, U3TI0KEHHBIX B 3aKoHOMaTenbcTBe Poccuiickoit denepaiinu, U 3TUYECKUX MPUHITU-
nax, MOAIeP>KUBAEMBIX COOOIIECTBOM BEIYIINX M3AaTENel HAYIHOU MEPHOIUKH.

3a nybauxayuto cmameti niama ¢ agmopos He @3vimaemcs. Ilyonuxayus cmameii 8 Hcyp-
Hane becniamuas. Ha miaTHOW OCHOBE B KypHaje MOTYT ObITh OMyOJIWKOBAHBI MaTepHaNbl pe-
KJIIaMHOTO XapakTepa, HMEIOIIKe PSIMOe OTHOIIIEHHE K TEMATHKE JKypHaa.

XKypHan mpenocTaBisieT HEMOCPEACTBEHHBI OTKPBITHIN JOCTYII K CBOEMY KOHTEHTY, HC-
XOJIsl M3 CIIEAYIOIIEro MPHUHLMIA: CBOOOJHBIN OTKPBITHIA JAOCTYN K pe3ylbTaTaM MCCIIEeIOBaHUMN
CIOCOOCTBYET YBEJIIMUCHUIO TJI00AILHOTO 0OMEHa 3HAHUSIMH.

HNupexcupoBanue. [Iyonukanuu B )KypHalie BXOAAT B CHCTEMbI PACUETOB MHACKCOB IIH-
TUPOBAHMS aBTOPOB U KypHAIOB. «/HIEKC MUTHUPOBAHUS» — YHCIOBOM TOKa3aTeNb, XapaKkTepu-
3YIOUINI 3HAYMMOCTh JAHHOW CTaTbU W BBIYUCIISIONIMIICS HA OCHOBE MOCIEAYIOIMINX MyOIUKAIIHA,
CCBLUIAIOIIMXCS Ha TaHHYIO paboTy.

ABTopam. [Ipexie yem HampaBUThH CTaThIO B PEIAKIINIO )KYpHAJa, aBTOpaM ClIeyeT 03Ha-
KOMHTBCS CO BCEMH MaTepHallaMH, Pa3MEIICHHBIMH B pa3/ielax caiTa XKypHajia (MHTepHET-CaiT
Poccuiickoii akaieMun apXUTEKTYphl U cTpouTenbHbIX Hayk (http://raasn.ru); mompasznen «13nanus
PAACH» wnn unrepuer-caiit Usnarenscrea ACB (http://iasv.ru); noapasaen «XKypuana IJCCSE»):
C OCHOBHOW MH(OpMaLMeH 0 *KypHaje, ero LelIsIMU U 3a/ladyaMH, COCTAaBOM PEIaKIMOHHOW KoJljIe-
TMH ¥ PEIaKIIMOHHOTO COBETA, PENaKIIMOHHOMN MOJUTHKOMN, MOPSIKOM PEIEH3UPOBAHMS HATIPaBIIS-
€MBIX B )KypHaJI CTaTei, CBEJICHUSAMHU O COOJIIOJJCHUN PEIAaKLIMOHHOW 3TUKH, O MOJIUTHKE aBTOPCKO-
ro IMpaBa M JIMLEH3UPOBAHUS, O MPEJICTABICHUN XypHala B UHPOPMAIIMOHHBIX CUCTeMax (MHIEK-
CUpPOBaHUM), HHPOPMAIMEH O TOJMUCKE HA KypHaI, KOHTAKTHBIMU JaHHBIMU | TIp. JKypHan pado-
taet mo ymien3un Creative Commons tuma cc by-nc-sa (Attribution Non-Commercial Share Alike)
— JIunensus «C ykazanuem aBTopcTBa — Hekommepueckas — Konunedy.
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PenensupoBanne. Bce HayuHbIe CTaThu, MOCTYNHBIIKE B PEJAKIUIO KypHAJIA, TPOXOIST
o0s3aTenbHOE ABOMHOE CJIeTNoe peleH3UpoBaHue (PELEeH3eHT He 3HAeT aBTOPOB PYKOIIMCH, aBTOPbI
PYKOIIMCH HE 3HAIO PELIEH3EHTOB).

3auMcTBOBaHMA M IUIaruat. PenakunonHast KoJuierus xypHaia Ipyu pacCMOTPEHUH CTa-
THU TPOBOAUT MPOBEPKY MaTepuaia ¢ MOMOUIbIO CUCTEMBI «AHTHILIaruaT». B ciyyae oOHapyxe-
HUSI MHOTOUHCJIEHHBIX 3aMMCTBOBAaHUN pEaKLIMs IeUCTBYET B cOOTBETCTBUU ¢ IpaBuiamu COPE.

Hoanucka. JXypnan 3apeructpupoBad B @efepaJlbHOM areHTCTBE 10 CPEICTBAM Macco-
BOM MH(OPMAIIMK M OXPaHbl KyJIbTypHOTO Hacieaus Poccuiickort deneparuu. MHaekc B obmepoc-
cutickoMm katainore POCIIEYATD — 18076.

ITo Bompocam MOANUCKH HAa MEXKIYHApOIHBIM HAay4HBIN xypHau “International Journal for
Computational Civil and Structural Engineering (MexyHapoaHbIi jKypHAJ [0 pacueTy rpaxaaH-
CKUX U CTPOMTENBHBIX KOHCTPYKIHI{)  oOpamaiitech B ArentctBo «Pocmneuats» (OdurmanbHbii
caiit B cetn MHTepHeT: http://www.rosp.ru/) uiam B U31aTeNbCTBO ACCOIMAIIUN CTPOUTEIHHBIX BY-
30B (ACB) B COOTBETCTBUU CO CIEIYIOIIUMUA KOHTAKTHBIMU JaHHBIMU:

000 «H30amenvcmeo ACB»

KOpunnueckwmii anpec: 129337, Poccus, r. Mocksa, SIpociaBckoe 1., a. 26, oduc 705;

®daktuueckuit aapec: 129337, Poccus, . Mocksa, Spocnasckoe 1., 1. 19, kopm. 1, 5 atax,
oduc 12 (TL Mebens Poccun);

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

HuTepHeT-caiiT: www.iasv.ru. AJipec 3J1eKTpOHHOM MOYTHI: 1asv(@iasv.ru.

KontakTHas undopmanus. [lo Bcem Borpocam paboThl peIakiiuy, pereH3upOBaHus, CO-
TJIACOBaHMS MPABKM TEKCTOB W MyOJIMKAIllMU CTaTeil cieayeT oOpamaThCs K TJIaBHOMY PEIaKTOPY
XypHaia wieny-koppecnonaenty PAACH Cuooposy Braoumupy Huxonaesuuy (aapeca 3JaeKTpOH-
Hoii moutsl: sidorov.vladimir@gmail.com, sidorov@iasv.ru, iasv@iasv.ru, sidorov@raasn.ru) mim K
TEXHUYECKOMY penakTopy xypHana coBeTHUKY PAACH Katimykosy Tatimypaszy bampasosuuy (an-
peca snekTpoHHO# nouthl: tkaytukov@gmail.com; Kaytukov@raasn.ru). Kpome toro, mo ykasaH-
HBIM BOIPOCAM, a TAaKXKe MO BOIMPOCAM pPa3MEIICHHUS B JKypHAJIE PEKIAMHBIX MAaTepHaIOB MOKHO
obpamiarecst kK reHepasibHoMy aupektopy OO0 «M3narensctBo ACB» Huxkumunoti Haoescoe Cep-
2eesHe (ampeca dJICKTPOHHOM MOUTHI: iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

Kypnau cranoButcst TexHojornunee. MznarensctBo ACB ¢ centsiops 2016 rona sBis-
eTcs wieHOM MeXayHapoaHOW accolmuanuu u3zjareneid HayuHou juteparypel (Publishers
International Linking Association (PILA)), ocyiiecTBisioleii CBOIO JAeATeIbHOCTh Ha Mmaathopme
CrossRef. OpuruHaabHBIM CTAThsIM, MYOJIMKYEMBIM B XKYpHAje, OyayT MPUCBauBAThCS YHHUKAIbHBIC
Homepa (urnexcel DOI — Digital Object Identifier), uTo 3HAYNTETHLHO OOIETYUT MOUCK METAJAaHHBIX
Y MECTOHAXOKJEHUE MTOJIHOTEKCTOBOro npousseaeHus. DOI — ato cuctema onpeneneHuss Hay4HOro
KOHTEHTa B ceTH IHTepHeET.

C okTs6ps 2016 roga cran BO3MOXKEH MPHEM CTaTel Ha pacCCMOTPEHUE U PELIEH3UPOBaHUE
yepe3 OHJIaiH cucTeMy npuema crateir Open Journal Systems Ha caiite xypHana (3J€KTpOHHAS pe-
nakius): http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp MMEET BO3MOXXHOCTh CJIEIUTHh 32 TMPOJBMWKEHUEM CTATbU B PENAKIUU JKypHAJa B
nuuHoM kabunete Open Journal Systems u monydaTh COOTBETCTBYIOIIME YBEIOMIICHHS IO 3JIEK-
TPOHHOM IOYTE.

B depane 2018 rona xypnan Obu1 3apeructpuponan B Directory of open access journals
(DOAJ) — 3TO OAHMH U3 CaMBIX M3BECTHBIX IMOMCKOBBIX CEPBHCOB B MUPE, KOTOPBIN MPEIOCTABIISCT
OTKPBITBIN JTOCTYI K MaTepuaiaM U HHJIEKCUPYET HE TOJILKO 3ar0JIOBKH JKypHAJIOB, HO U Hay4YHbIC
CTaTbH.
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ABOUT METHODS OF SEISMIC ANALYSIS
OF UNDERGROUND STRUCTURES

Alexander M. Belostotsky 234> Pavel A. Akimov 238 Dmitry S. Dmitriev !
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Abstract: As is known, underground facilities are an integral part of the infrastructure of modern society. These
objects have some specific characteristics such as complex construction, high cost, long life cycle, etc. Once it is
destroyed, the direct and indirect losses are more seriousness than the general structure in the ground. Under-
ground facilities built in areas subject to earthquake activity must withstand both seismic and static loading.
Therefore, it is very important to carry on the seismic design of the underground structure in a safe and economi-
cal way. The distinctive paper presents a summary of the current state of seismic analysis for underground struc-
tures. Classification and brief overview of methods of seismic analysis of underground structures (force-based
methods, displacement-based methods, numerical methods of seismic analysis of coupled system “soil — under-
ground structure”) are presented, problems of soil-structure interaction are under consideration as well. So-called
static finite element method with substructure technique for seismic analysis of underground structures is de-
scribed.

Keywords: seismic analysis, numerical methods, underground structures, finite element method,
force-based methods, displacement-based methods, coupled system “soil — underground structure”,
static finite element method, substructure technique

O METOJAX CEUCMHUYECKOI'O PACUETA
MOJ3EMHBIX COOPYKEHUM

AM. Benocmoyxuin 2% 345 IT1.A. Axkumoe >3 ° JI.C. Imumpuee’

! Hayuno-uccnenosarensckuii nentp CraJluO, r. Mocksa, POCCHUSI
2 ToMcKuii rocyIapCTBEHHBII apXMTEKTYPHO-CTPOUTEIBHBIA yHUBEPCHTET, T. Tomck, POCCUA
3 Poccwifcknii yHuBEpCHTET Apy*Obl Hapo 0B, T. Mocksa, POCCHU S
4 Poccuiickuii ynusepcuter tpancnopra (MUAUT), r. Mocksa, POCCH S
5 TTepMckuii HAITMOHATBHBIN UCCIIEA0BATEIHCKUN OTUTEXHUIECKUI yHUBEpCHTeET, T. [lepmb, POCCUSA
® Poccwuiickas akaseMust apXUTEKTYPhI M CTPOMTENBHBIX Hayk, T. Mocksa, POCCHS

AnHoTanus: Kak M3BeCTHO, B HacTosee BpeMs MOJI3EMHBIE COOPYKEHHs SIBIISIIOTCS, 110 CYLIECTBY, BaXKHEH-
el cocTrapisioneld coBpeMeHHO nHppacTpykTypsl. [lon3eMHbBIe 0OBEKTHI XapaKTEPU3YIOTCS LENBIM PSIOM
cnenuduIecknx 0CoOEHHOCTEH, B YnCIIe KOTOPBIX MOXKHO yKa3aTh, B YaCTHOCTH, TPYAOEMKOCTh BO3BEJICHUS,
BBICOKYIO CTOMMOCTD, JOCTaTOYHO MPOJOIDKUTEIBHBIN )KU3HEHHBIH UK. OYeBUIHO, UTO B CIIy4Yae pa3pyIieHus
ITOJI3EMHOT'0 COOPYKEHHS COOTBETCTBYIOIIHE MIPSIMbIE U HETIPSIMBIE TOTEPH OyIyT OoJiee CYyIIECTBEHHBI, YeM NPH
pa3pymeHNH HaA3eMHOTO 3[aHWs WIN coopyxkeHHs. [lon3eMHBIe OOBEKTHI, BO3BEIEHHBIE B CEHCMOOIIACHBIX
paiioHax, pazymeeTcs, TOJKHBI BOCIIPHHUMATD 0e3 pa3pylIeHNs KaK CeHCMHUYECKHe, TaK U CTATHIECKUE Harpy3-
ku. Takum 00pa3omM, 3a1a4a SKOHOMHIECKH 000CHOBAHHOTO MTPOEKTHPOBAHNS O€30TaCHBIX CEHCMOCTOMKIX TOA-
36MHBIX COOPYXEHMH SIBJISETCS UCKIIIOUUTENILHO aKTyalbHOM. B HacToslel craThe paccMaTpUBAIOTCA COBpE-
MEHHBIE METOJIbI CEHCMUYECKOT0 pacdeTra MOA3EMHBIX COOpYXEeHHUH. B yacTHOCTH, pHBeAeHb! Kiaccudukarus
U KpaTKUH aHaJIM3 MOCIeIHUX (METOMAbI, OCHOBAaHHBIE HA 3alaHUM SKBUBAJIEHTHBIX HArPy30K; METO/bl, OCHOBaH-
HBIE Ha 3aJ]aHUU YKBUBAJIEHTHBIX MEPEMEILEHHH; YUCICHHbIE METObl pacueTa CBSI3aHHBIX CHCTEM THIA «COOPY-
KEHUE — OCHOBAHME»), 3aTPOHYTHI NMPOOJIEMBI MOACIMPOBAHUS B3aMMOJECHCTBHSI NMOA3EMHOIO COOPYKEHHUS C
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OKPYXKaroIMuM I'PYHTOBBIM MAaCCUBOM, IIPEACTABJICHO ONMMCAHNUE TaK HA3bIBAEMOTO CTaTHICCKOTO METOAa KOHEY-
HBIX DJIEMEHTOB IJIA pacdeTa IMMOA3EMHBIX COOpyX(CHHﬁ, OCHOBaHHOI'O Ha TCXHHUKEC METOda HO,HKOHCprKI.[PIﬁ.

KiroueBble ciioBa: celicMUUeCKUH pacyeT, YUCICHHbBIE METObl, TOI3EMHBIE COOPYKEHHUS,
METOJ] KOHEUHBIX 3IEMEHTOB, SKBUBAJICHTHbIE HArPy3KH, IKBUBAJICHTHBIC MIEPEMEILEHNs,
CBs3aHHAas CUCTEMa THIIA «COOPY>KEHHE — OCHOBAHHE», CTATUYECKUI METOJl KOHEUHBIX AJIEMEHTOB,
METOJ, TOJKOHCTPYKIUI

INTRODUCTION

As is known, underground facilities are an inte-
gral part of the infrastructure of modern society
[1,2]. Underground structures, tunnels, subways,
metro stations and parking lots, are crucial
components of the build environment and trans-
portation networks. They are more and more
frequently constructed especially in densely
populated urban areas to facilitate different
needs. These objects have some specific charac-
teristics such as complex construction, high
cost, long life cycle, etc. Once it is destroyed,
the direct and indirect losses are more serious-
ness than the general structure in the ground [3-
5]. Thus, considering importance of under-
ground structures for life save and economy,
their appropriate seismic design is of prior sig-
nificance [6-17]. However, underground facili-
ties built in areas subject to earthquake activity
must withstand both seismic and static loading
[18]. Therefore, it is very important to carry on
the seismic design of the underground structure
in a safe and economical way.

A review of the past performance of hundreds
underground openings during earthquakes indi-
cated that underground structures in general are
less severely affected than surface structures at
the same geographic location. However, some
severe damage, including collapse has been re-
ported. We should mention here, in particular,
that some underground structures have experi-
enced significant damage in recent large earth-
quakes, including the 1995 Kobe, Japan earth-
quake, the 1999 Chi-Chi, Taiwan earthquake and
the 1999 Kocaeli, Turkey earthquake (Figure 1).
Ground shaking due to wave propagation and
permanent ground displacements due to lateral
spreading, landslides and fault rupture are af-
fecting underground structures during a strong
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earthquake [5]. The deformation modes domi-
nating the seismic response are somehow differ-
ent from aboveground structures (Figure 2).
These recent damages revealed some important
weaknesses in the current seismic design prac-
tices. For instance, stability of tunnels during
seismic motion is affected by peak ground pa-
rameters, earthquake duration, type of support,
ground conditions and in situ stresses. Moreo-
ver, underground structures are quite vulnerable
to ground failures associated with large perma-
nent deformations, caused by ground liquefac-
tion, slope instability and fault movements [20].
The distinctive paper presents a summary of the
current state of seismic analysis for under-
ground structures. The complexity of the prob-
lem and the conscience on the various short-
comings of the available methods lead often to
an overdesign of the new structures. The lack of
knowledge is attributed, to a certain degree, to
the relatively few well documented cases of im-
portant damages during strong earthquakes.
Several questions regarding their real seismic
behavior during shaking remain still non-
responded.

In densely populated urban areas, tunnels and
other underground structures are often passing
beneath high-rise buildings or they are located
close to them. The existence of these structures
may create complex interaction effects with the
underground structures usually referred as “city
effects” [5]. These effects can affect the seismic
wave propagation field, altering the seismic in-
put motion with respect to the free field case [6,
14]. In this sense, they may modify considerably
the seismic response of the underground struc-
ture, while at the same time the existence of the
embedded structure, close to the surface and
buildings foundations may alter the response of
the buildings themselves.

15



Alexander M. Belostotsky, Pavel A. Akimov, Dmitry S. Dmitriev

b) » SRR

Figure 1. Daikai Station that collapsed during the major Hyogoken-Nambu earthquake (1995).

(a) Settlements of the overlaying roadway caused by the subway collapse.
(b) collapse of the central columns of the station [19].
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Figure 2. Simplified deformation modes of tunnels due to seismic waves [18].

1. CLASSIFICATION OF METHODS Generally, several methods are available in the
OF SEISMIC ANALYSIS literature for the seismic design of tunnels and
OF UNDERGROUND STRUCTURES large underground structures [3,5,8,22,25].

These methods can be classified in three general
As is known, several methods have been pro- categories.
posed in the literature and used in practice for
the seismic design of tunnels and large under- 1.1. Force-based methods.
ground structures. From simple analytical elas- According to these methods, the seismic load is
tic solutions, to pseudo-static or equivalent stat- introduced in terms of equivalent forces acting
ic solutions, and from hybrid methods, which on the structure in a static way. The structure is
try to take into account the relative stiffness of commonly simulated as a frame model using
the ground and the structures and the soil- beam elements. The main differences between
structure interaction (SSI) effects, to more so- the methods are related to the way that the
phisticated and a priori accurate models using equivalent forces are estimated and the way the
full dynamic numerical analysis of the soil- soil-structure interaction is modeled, if
structure system. accounted. It should be noted that the real
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seismic loading on tunnels and underground
structures is applied through the seismic wave
propagation and the associated ground
distortions imposed on the underground
structure. So, displacement-based design is
appropriate and consistent with the physics of
the problem. Besides, the displacement-based
methods are also more appropriate for the
efficient seismic design of reinforced concrete
(RC) underground structures with ductility
higher that unity.

1.2. Displacement-based methods.

Contrary to the force-based methods, in the
displacement-based methods the seismic load is
introduced in terms of seismic displacements, an
assumption, which is closer to the problem’s
physics. Once again, the main differences
between the methods are related to the way that
the seismic displacements are computed and the
way in which the soil-structure interaction is
modeled, if accounted. Force-based design,
despite several drawbacks, remains always
familiar to the engineering community and
simpler to apply (in comparison with
displacement-based design). Several arguments,
in favor of the inconsistency of force-based
design, as discussed by [23, 24] are also valid in
the case of large space underground structures
and tunnels.

1.3. Numerical methods of seismic analysis
of coupled system “soil — underground
structure”.
Full dynamic time history analysis is considered
to be the most sophisticated and accurate
method for the seismic analysis of underground

structures [22] (finite element or finite
difference techniques are always used).
However, complex and time consuming

computer analysis is required and uncertainty of
design seismic input parameters may be several
times the uncertainty of the analysis [18]. These
analyses involve setting artificial boundaries
and soil dynamic constitutive and other issues,
and it is difficult widely used in engineering.
However, numerical methods can efficiently
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describe the kinematic and inertial aspects of the
soil-structure interaction and the complex
geometry of the soil deposit. Moreover, the
nonlinear behavior of both the structure and the
soils can be efficiently simulated using
appropriate constitutive laws.

1.4. About soil-structure interaction.

First of all it should be noted that interface
characteristics underground structure and the
surrounding soil affect considerably the seismic
behavior of the corresponding system [19,25].
With the exception of the third one, where the
soil-structure interaction effects are inherently
considered in the model, methods belonging in
the other two general categories can be also
classified accounting or not for soil-structure
interaction. For the methods where the soil-
structure interaction is not considered (free field
deformation methods), it is assumed that the
structure will undergo the free field ground
deformations, whereas for the soil-structure
interaction methods, the input motion (in terms
of ground displacements or equivalent forces) is
modified to account of the existence of the
structure.

It should be noted that pseudo-static
formulations [4,26] are relatively simple, and
they lead to static calculation methods which
can obtain the effect of underground structures
under earthquake action. These formulations are
widely used in engineering and specifications.
Conventional free field deformation approach
[18] may overestimate or underestimate
structure deformations depending on the rigidity
of the structure relative to the ground. It should
be noted that the term “free-field deformations”
describes ground strains caused by seismic
waves in the absence of structures or
excavations. These deformations ignore the
interaction between the underground structure
and the surrounding ground, but can provide a
first-order estimate of the anticipated
deformation of the structure. A designer may
choose to impose these deformations directly on
the structure. The free field deformation
approach is conservative for underground
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structures stiffer than ground (and overly
conservative ~ for  underground  structures
significantly  stiffer than ground), non-
conservative for underground structures more
flexible than ground and can be applied for
underground structures with equal stiffness to
ground. On the one hand it is comparatively
easy to formulate this approach and free field
deformation approach was widely used with
reasonable results in the past. On the other hand
it provides less precision with highly variable
ground conditions.

2. STATIC FINITE ELEMENT METHOD
FOR SEISMIC ANALYSIS
OF UNDERGROUND STRUCTURES
(SFEM)

Application of static finite element method
(SFEM) with substructure technique [27] for
seismic analysis of underground structures was
presented in [4]. In accordance with [4] the
dynamic soil-structure interaction system can be
decomposed into three sub-structures: structure,
near-field and far-field soil (Figure 3) [9].

Thus we can obtain the basic soil-structure
interaction equations:

SSS Ssn lTS O
ns nn Snb Un = O ’ (1)
Son Spp +Sp | Ty SobUy
where S is the stiffness matrix; T is the
displacement vector; s,n,bare subscripts,

which denote structure, near-field and far-field,
respectively; g is superscript, which denotes

excavated soil.
If we suppose that the excavated soil is a struc-
ture, we can get the following equation:

(Sgp + St?b)Ubf =Souly (2)

where e, f are subscripts, which denote exca-
vated soil and free field, respectively.

Combining (1) and (2) we get:

SS sn l'Ts O
Sns Snn Snb Un = O
S,, SZ+S,, |G, Seu. +Sau,
bn bb bb b bb™b bb~'b

3)

Dynamic stiffness matrix can be defined by
formula:

S=K+iaC -w’M, 4)

where K is the stiffness matrix; M is the mass
matrix; C is the damping matrix; o is
predominant circular frequency.

The ground dynamic stiffness matrix equation
(4) is rewritten as (for simplicity):

Spp = Ky, +iaCyl, . (5)

In order to use the free field seismic response
analysis data or the soil layers seismic response
analysis data to solve the underground structure
seismic response two main assumptions are
made. In accordance with the first assumption
the accelerations of the structure and the near-
field are the same as those of the free field at the
same location. In accordance with the second
assumption the velocity of the structure and the
near-field are the same as those of the free field
at the same location [21].

The key of SFEM is that the stress state of the
maximum moment of the dynamic time history
analysis of the underground structure is replaced
by the static state, and the computed parameters
are obtained from the free field seismic response
analysis. So, assumptions are to facilitate the
use of the results of the free field seismic
response analysis to approximate the seismic
response of the underground structure. Thus the
seismic response of the underground structure
can be obtained by the free field seismic
response [21].
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Figure 3. Substructure decomposition of the soil-structure system.

The formula (4) and (5) are brought into the
formula (3), and taking into account the above
two hypotheses, we can get the formula (6) as
following [4]

« K., ;)
LK., Ky [T |=
Ko K+ Ky || T
M, M, u,
=M, M M., a' |-
L My, Mbgb+Mbb ubf
g - (6)
C, C,, U
-1C,. C,, C.p u' |+
L Con Cbgb +Cyp ubf
i 0
+ 0
Mgl +Crl, +Kg0,

The left hand side of formula (6) represents the
soil-structure interaction system reaction, the
first term and the second term of the right of the
equal sign represent internal force of the
underground structure and the near-field soil
(inertial force and damping force), the third
term represents the boundary condition.

By the formula (6) we can get the computational
model of the generalized static finite element
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method shown in Figure 3 [21]. It includes two
parts: the internal force of the structure and the
soil and the boundary conditions (boundary
constraints and boundary loads).

According to the equation (6) the internal force
of the structure and the soil is mainly includes
the damping force and the inertia force. This
part can be solved by the conventional methods
[6]. However, it is necessary to improve (cor-
rect) boundary conditions [9]. Let us consider
correction of boundary constraints (K, ).

The side and the bottom boundary are con-
strained by the viscoelastic boundary. Since
static calculation, the boundary constraint only
imposed by spring, shown in Figure 2. The val-
ue of the spring coefficient adopts the spring
stiffness of the viscoelastic boundary value [4],
such as the formula

K, =G/(2R); K, =GI/R, @)

where K is the normal spring coefficient; K,

is the and tangential spring coefficient; G is the
shear modulus of the soil; R is the distance be-

tween structure and boundary points.

In accordance with (6), the boundary load in-
cludes four parts: the free field displacement

(T,), the inertia force of the near field soil
boundary (M;u/), the damping force of the
near field (Cg,u," ) and the equivalent load of
the free field displacement (K, T, ).
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Figure 5, Computational model of SFEM [4].'

Let us consider the method of correction of cor-
responding boundary loads.
The free field displacement (Ubf) can be ob-

tained by the specialized well-known soil layers
seismic response analysis software [18].
The inertia force of the near field soil boundary

(Mg, ) can be computed with the use of the

free field acceleration (can be obtained by the
soil layers seismic response analysis programs)
and the near field soil mass (it is also relatively
easy to obtain).

The damping force of the near field (CZ,u,") can

be computed with the use of the following for-
mula for boundary damping force based on rela-
tionship between the Rayleigh damping and the
damping coefficient

f.=cu;

ci i

c, =2mw,&;;
& =05(a, /W, +a,W,), (8)
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where f is the damping force; c; is the damp-
ing coefficient; U; is the node speed; m, is the
assigned node mass; w, is the frequency; &, is
the damping ratio; «,, «, are two Rayleigh
damping coefficients, respectively.

The equivalent load of the free field displace-
ment (K:,0,' ) can be equivalent to the same
location soil stress of the free field, which can
be obtained by the well-known soil layers seis-
mic response analysis software.

Therefore, the computational model of SFEM is
shown in Figure 5 [4].

3. CONCLUSION

Thus SFEM includes the three main stages.
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The first stage is solving the free field shear
stress, acceleration, velocity and displacement,
when the moment that the relative displacement
of the soil that the underground structure located
in reaches the maximum.

The second stage is computing of internal forces
and parameters of boundary conditions (the
spring parameters, the inertia force, the damping
force, the equivalent load of the free field dis-
placement).

The third stage is construction of the static finite
element model and imposing the loads and
constrains computed at the second stage as
shown in Figure 4, and then making a static
analysis.

Verification samples [9] show good agreement
of SFEM and dynamic FEM, meaning that
SFEM has good accuracy. Besides, SFEM is
less affected by the size of the model, but the
boundary of the model must have more than one
times the width of the structure distance from
the side wall.

Full dynamic time-history analysis, using three-
dimensional finite elements, finite difference or
lumped mass models [22], is by far the most
adequate method to design large and long
underground structures. With this method, both
the transversal and the longitudinal directions of
the structure can be modeled and analyzed
simultaneously, taking into account the
complicated soil deposit geometry, the non-
linear behavior of the soil and the structure,
using appropriate constitutive relationships, and
the behavior of the soil-structure interface.
While the input motion definition remains a
decisive and constantly debated parameter, the
main shortcoming of the method is the high
computational cost, which makes its use
difficult for parametric analysis, usually needed
during the design phases of underground
structures. To this end, full dynamic three-
dimensional analysis is practically used in cases
of structures of significant importance (i.e.
nuclear station underground ducts). Several
issues, such as the appropriate simulation of the
soil-tunnel interface or of the incoherence and
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spatial variation of the seismic input motion are
still open [28, 29].
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Abstract: The distinctive paper presents the general papers of the science-based universal software system
“STADYO” intended for the numerical solution of stationary and nonstationary problems of field theory, analy-
sis of static, temperature and dynamic stress-strain state (SSS), stability and strength of arbitrary combined me-
chanical systems (massive-shell-lamellar-membrane-rod with “rigid” bodies, fluid cavities and internal bonds,
isotropic and orthotropic materials) into a flat axis, axisymmetric and three-dimensional linear and nonlinear
formulations. The composition of the “STADYO” software system is briefly described; in terms of its theoretical
foundations, the main provisions and matrix relationships of the superelement method (which is known to be one
of the most effective ways to increase the universality and increase the computational efficiency of finite element
algorithms) are presented, as well as methods for dynamic synthesis of substructures and submodelling. The su-
perelement algorithm is also extended to solving a system of linear equations at each step of the implicit scheme
of direct integration of the equations of motion, and at each iteration in the calculation of natural oscillations;
however, an alternative and more efficient approach consists in constructing special superelement algorithms
based on the direct condensation of the equations of motion and ideologically close to the method of dynamic
synthesis of substructures. The submodelling options, in particular, are important for the refined analysis of the
three-dimensional SSS of heavily loaded component parts of the objects under consideration. In general, the
presentation of the global design model of the system as a set of substructures is also very convenient for its de-
scription and creates the prerequisite for the creation (application) of effective pre- and postprocessor software.
The paper also provides information on verification and experience in the use of the “STADYO” software sys-
tem, as well as prospects for development.

Keywords: buildings, dynamic substructure synthesis method, finite element method, mathematical modelling,
submodelling, substructure method, superelement method, “STADYO” software system, structures

YHUBEPCAJIbHBIA MTPOI'PAMMHBINA KOMILJIEKC
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YCTOMYNBOCTHU U JUHAMMUKHU MPOCTPAHCTBEHHBIX
KOMBUHUPOBAHHBIX CUCTEM:
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AHHoTanusi: B Hacrosmieil cratee mpezcTaBieHa o0Ias XapakTepUCTHKa HAYKOEMKOTO YHHBEPCAJIbHOTO IIPO-
rpammHoro komiuiekca CTAJIMO, npenHa3HauYeHHOTO AJISI YUCICHHOTO PEIICHUS! CTAIMOHAPHBIX W HECTAaINo-
HapHBIX 3a7ad TEOPHM IIONIS, PAacdeTOB CTATHYECKOTO, TEMIEPATYpPHOTO M JAWHAMHYECKOTO HAaNpsKEHHO-
nedopmupoBantoro cocrostaus (HIC), ycTOWYHMBOCTH U MPOYHOCTH MPOU3BOJILHBIX KOMOMHUPOBAHHBIX MeXa-
HUYECKUX CUCTEM (MacCHBHO-000JI0Y€YHO-TIIACTHHYATO-MEMOPaHHO-CTEPIKHEBBIX C «OKECTKUMM» TEJIaMH, MOJIO-
CTSIMH JKHJIKOCTH M BHYTPEHHHUMHU CBA3SIMH, U30- U OPTOTPONHBIMU MaTepHanaMi) B INIOCKOH, 0CECUMMETPUYIHOM
U TpeXMEepHOU ITMHEeHHON 1 HeMMHeNHHO! nocTaHoBKax. KpaTko omucaH coctas nporpaMmHoro kommiekca CTA-
JVO, B 4acTH €ro TeOPETUIECKUX OCHOB MPHUBEICHBI OCHOBHBIC TTOJIOKEHHUSA U MaTPUYHbIE COOTHOIIEHHS METOAa
CyIepa3JIEMEHTOB (SBIIAIOLIETOCS, KaK M3BECTHO, OJIHUM M3 HauboJjiee JEHCTBEHHBIX CIIOCOOOB MOBBIIICHUS YHH-
BEPCAIbHOCTH W YBEIMUCHNUS BHIYNCIUTENLHON 3P (PEKTHBHOCTH KOHEYHORIEMEHTHBIX aJITOPUTMOB), & TAKXKE Me-
TOJIOB TMHAMHYECKOTO CHHTE3a MOJKOHCTPYKIMH U cyOMonenupoBanus. CynepaieMEeHTHBIH aJITOpUTM pacipo-
CTPaHEH TAaK)K€ Ha PELICHHUE CUCTEMBl ITMHEHHBIX ypaBHEHHH Ha Ka)KIOM IIare HEIBHOW CXEMBbI MPSIMOTrO MHTE-
TPUPOBAHUS yPaBHEHMI ABMKEHUSA M HA KAXIOH UTEpaIy MPU pacdeTe cOOCTBEHHBIX KOJICOAHWH, OHAKO ajb-
TepHATUBHBIN U Oojee 3 HeKTUBHBIA MTOX0] COCTOUT B MMOCTPOSHHUH CIICIMAIBHBIX CYIIEPIEMEHTHBIX alTOpUT-
MOB, OCHOBAaHHBIX Ha HETIOCPEICTBEHHONW KOHJICHCAIIUN YPaBHEHUH IBMKEHUS U UIC0JIOTMYECKH OIM3KUX METOLY
JMHAMUAYECKOTO CHHTE3a MOAKOHCTPYKIMHA. Onuuy cyOMOIENMPOBaHHUsl, B YACTHOCTH, SBJISAIOTCS BAKHBIMH IS
yTOuHEeHHOTro aHanu3a TpexmepHoro HJIC Tskeno Harpy>KeHHBIX y3JI0B-AieTaneil paccMaTpUBaeMbIX 00beKTOB. B
LIeJIOM, TIPEJICTaBICHUE TTI00aTbHOM PacyeTHON MOJIETH CUCTEMBI B BH/I€ COBOKYITHOCTH MOJKOHCTPYKIHIN SBIIS-
€TCsl TaK)Ke OYeHb YZOOHBIM JUISl €€ OMMCAHUS U CO3aeT MPEANOChUIKY Al co3ianus (npumeneHus) 3hhexTrs-
HBIX TIpe- ¥ HOCTIIPOLIECCOPHBIX MPOTrPaMMHBIX CPEJCTB. B cTaThe Takke NMpuBeIeHbI CBEIeHUS O BepuBHKaLUK 1
OTIBITE UCTIONB30BaHus porpaMMHoro kommiekca CTAIMO, a Takxke paccMOTPEHBI IEPCIEKTUBEI Pa3BUTHSL.

KaioueBble c10Ba: MaTeMaTH4eCKOE MOJICIUPOBAHIE, METO/I KOHECUHBIX 3JIEMEHTOB,
METO/I CYIEPIEMEHTOB, METO IOAKOHCTPYKINH, METOJI TMHAMUYECKOTO CHHTE3a OAKOHCTPYKINH, CyOMo/Ie-
nupoBanue, nporpammubii komiuieke CTAINO, KOHCTPYKIMH, 3/1aHUSI, COOPYKEHUS

1. GENERAL CHARACTERISTICS
OF “STADYO” SOFTWARE SYSTEM

Founded in far 1975, the Russian multipurpose
software system “STADYO” ™ provides a nu-
merical solution of stationary and nonstationary
field theory problems, analysis of the static,
temperature and dynamic stress-strain state
(SSS), stability and strength of arbitrary com-
bined mechanical systems (massively shell-
lamellar-membrane-rod with “rigid” bodies, flu-
id cavities and internal bonds, isotropic and or-
thotropic materials) in a plane, axisymmetric
and three-dimensional linear and nonlinear
statements [1, 2, 8].

In the “STADYOQO” software product, a repre-
sentative library of straight- and curvilinear rod,
flexural-membrane, curved super- (thin- and
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medium-walled shells) and isoparametric volu-
metric finite elements (total more than 120
types), elements with given stiffness, inertia and
damping matrices see, for example, Figure 1),
modern optimized numerical algorithms (the
methods of Cholesky and the preconditioned
conjugate gradient, block method of Lanczos
and method of iterations of the subspace, explic-
it and implicit difference schemes of integra-
tion: central differences, Newmark, Wilson and
Crank - Nicholson, finite-element and superel-
ement schemes, etc.) and developed service
provision are implemented.

The main quantitative possibilities for the ver-
sion of the complex on IBM-compatible PCs
(the main programming language of the compu-
tational modules is Intel Visual Fortran) are pre-
sented in Table 1.
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Flgure 1. Some implemented types of finite elements.

Table 1. The main quantitative capabilities of “STADYO” software system.

Parameter for system / superelement Limiting value
Degrees of freedom 24 000 000
Grid station 4 000 000
Finite elements 4 000 000
Fabric (environment) 4 000 000
Eigenfrequencies and forms 4 000

The hierarchy and degree of “nesting” of sub-
structures (for the superelement “branch” of the
software system) are arbitrary.

2. COMPOSITION OF THE “STADYO”

SOFTWARE SYSTEM

“STADYO” software system consists of the fol-
lowing program modules (Figure 2):

28

STADYO-STATN - solution of stationary prob-
lems of thermal conductivity, filtration, flow of
an ideal fluid, and other problems of field theo-
ry with arbitrary boundary conditions;
STADYO-NSTATN — solution of non-
stationary problems of field theory (with the
possibility of memorizing and using results for
the subsequent solution of elastic problems);
STADYO-STAT — linearly elastic calcula-
tion for stationary loads (volumetric, sur-
face, linearly distributed, concentrated forc-
es and moments, temperature, initial strains
and stresses), including multiple-choice
calculations, taking into account the stage-
by-stage construction;

STADYO-FORM - solving a particular
problem of eigenvalues: determining the

significant part of the spectrum of eigenfre-
quencies and vibration modes, critical loads
and forms of stability loss;

STADYO-SEISM — quasi-static “normative”
spectral calculation for seismic actions
specified by the acceleration spectra, with
the determination of displacements, accel-
erations, forces and stresses using alterna-
tive methods;

STADYO-VIBR — estimation of parameters
of forced steady-state oscillations of sys-
tems without damping, with orthogonal and
non-orthogonal damping;

STADYO-SPEC — spectral dynamic calcula-
tion of linear-elastic systems (and systems
with local nonlinearities) for force and kin-
ematic effects with decomposition accord-
ing to the modes of natural oscillations;
STADYO-DYN - direct integration over
time of the equations of motion of linear-
elastic systems for given thermo-force and
kinematic influences (including «non-
platform» excitation schemes) with deter-
mination of accelerograms and response
spectra;
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Figure 2. Stress state of pipeline parts (STADYO-ASTRA), 2005.

e STADYO-NLIN - solution of nonlinear
problems (large displacements, finite de-
formations, plasticity, viscoplasticity and
heredity effects for metals, concretes and
soils, unilateral joints, seams and cracks
with friction) for given static and dynamic
thermal and kinematic influences;

e STADYO-FRACT - solving the linear prob-
lems of fracture mechanics, including the de-
termination of stress intensity factors and J-
integrals in bodies with cracks;

e STADYO-SNIP — the estimated evaluation of
the strength and longitudinal reinforcement of
reinforced concrete structures for the first and
second limit states in accordance with the
provisions of the current Russian building
codes and regulations (SNiPs);

e STADYO-ASTRA — an object-oriented sub-
system of refined automated calculation of

Volume 14, Issue 3, 2018

the spatial temperature and stress-strain
state, estimation of static, seismic and cy-
clic strength (in accordance with the re-
quirements of the PNAE standards G-7-
002-86) of typical pipeline parts: tees,
bends and knees, conical transitions, lens
compensators and zones of welded joints;
STADYO-CABINET - an object-oriented
subsystem of automated seismic resistance
calculation (in accordance with the re-
quirements of nuclear energy norms) of
standard instrument cabinets of nuclear
power plants;

STADYO-PED - object-oriented subsystem
of automated calculation of vibration of
submersible electric motors (multi-layer
thick-walled orthotropic finned shells in a
viscous liquid);
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e STADYO-WEU — an object-oriented subsys-
tem of automated static and dynamic calcu-
lation of typical orthogonal wind power
plants.

3. METHODS OF SUBMODULATION
AND DYNAMIC SYNTHESIS
OF SUBCONTRACTIONS

3.1. Preliminary remarks.

Modern “heavy” finite-element software sys-
tems (ANSYS, NASTRAN, SIMULIA Abaqus)
contain options for constructing and importing-
exporting reduced impact matrices to ensure, in
particular, joint development and accurate anal-
ysis of complex multiply connected statically
and dynamically loaded engineering structures
and buildings. Another side of the same process
is submodelling, for example, refined three-
dimensional nonlinear analysis of complex and /
or originally solved structural components of
rod systems (column support, connections of
chord-diagonal members, parts of pipeline sys-
tems). In this paragraph, the main provisions
and matrix relations of methods of dynamic syn-
thesis of substructures (MDS) and submodelling
implemented in “STADYO” product are given.

3.2. The concept of the method of superele-
ments.

One of the most effective ways to increase the
computational efficiency of finite element algo-
rithms is the superelement method (SEM), also
known as the sub-structure method. The key
procedure of the SEM is static condensation [9,
10] — elimination of internal degrees of free-
dom of the substructure {u.}, — leading the ini-

tial block system of equilibrium equations

P it
Kei Koy J{Up F
to the reduced system with respect to the com-
ponents of the vector of the corresponding

boundary unknowns {u, }:

(3.1)

[KHu,}={F}, (3:2)

where
[R] = [Kbb]_[Kbi][Kii]_l[Kib]; (3-3)
{If}z{Fb}_[Kbi][Kii]_ {F.} (3-4)

Accounting of the possible repeatability of sub-
systems leads to significant savings both by re-
ducing the number of arithmetic operations, and
to a significant reduction in the amount of
stored and processed information. The data
structure is organized hierarchically, so that
making local changes to the calculation scheme,
i.e. the correction of a part of the numerical
model of the structure can be performed inde-
pendently for each substructure with minimal
computational costs. Representation of the
global design model of the system as a set of
substructures is also very convenient for its de-
scription and creates the prerequisite for the cre-
ation (application) of effective pre- and postpro-
cessor software [1].

3.3. Methods of dynamic synthesis of sub-
structures.

The superelement algorithm is also extended to
solving a system of linear equations at each step
of the implicit scheme of direct integration of
the equations of motion and at each iteration in
the calculation of natural oscillations [1]. An
alternative and more efficient approach is the
construction of special superelement algorithms
based on the direct condensation of the equa-
tions of motion and ideologically close to the
method of dynamic synthesis of substructures.
Methods for the dynamic synthesis of substruc-
tures can be classified by the method of select-
ing the basis vectors of the Rayleigh - Ritz
method for substructures and by the method of
their joining. Most often, as a basis for substruc-
tures, its vibration forms are used under certain
boundary conditions: R.R. Craig, M.C.C.
Bampton [15] and [16] — for the fixed boundary,
[20] — for the free boundary, [17] — for the par-
tially fixed boundary of the subconstruction.
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The most preferable from the computational and
realization points of view among the three con-
sidered variants of the method is the first one,
which uses the vibration modes of the basic sys-
tem of the displacement method. In order to
simplify the joining of substructures and to cor-
rectly take into account their rigid displace-
ments and displacements of boundary points,
the basis of the vibration modes is expediently
supplemented by a set of static functions of the
superelement form, each of which is a vector of
elastic displacements of the substructure nodes
caused by a single displacement in the direction
of the corresponding fictitious bond for the
basic system of the displacement method. Such
an approach, in particular, is described in
[18,19].

In the general case, in a dynamic synthesis any
suitable system of linearly independent vectors
can be used as a basis for substructures, not
necessarily including oscillation modes. Thus,
in [21] a certain specific basis is used, for the
construction of which a solution of the particu-
lar eigenvalue problem for the subconstruction
IS not required.

The numerical solution of the resulting reduced
system of nonlinear integro-differential equa-
tions is found by modified implicit difference
schemes of the Newmark type with the use of a
significant part of the natural frequencies

[Q]=diag(@, @, ...,,)

and form [®] of the partial subsystems-
substructures [14]:

[M {0, } +[C KU, } + [KKu, 3+
+ Y [GIIQI[SIN[Q(t - )I[G] {u, ()}d 7 =

= > {F 3~ [GlIQI{a®)});
(3.5)
{ub(o)}:{uOb}; {ub(o)}:{VOb}; (3.6)
[M]=[M,1+ > [M]; [C]=IC,]; (37)
[KI=[K,J+X[KI;  (38)
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[M]1=[M,]-[M,IIM; T [M, ] (3.9)
[K] = [Kyp] - [Ku][K T K, 15 (3.10)
{FOI={ROI-IM,IIM,I{F®}; (3.11)
[G] =[K, ][®][Q]* ~[M, ][®]; (3.12)

{q} ={a®)} = COS[A][®]"[M; {Ty; } +

HOISINQUIOT M HYp b+ (3.13)

+[Q]™ SIN[Qt] = [@]' {F, (1)};
{0} ={us I+ [K; ' [Ki Kug}s  (3.14)
o} =+ KT K Kvp}:  (3.15)

SIN[Qt] = diag[sin(at), sin(et),..., sin(at)] .
(3.16)

Craig-Bempton approach [5,7,13,16] realized in
universal “commercial” products (NASTRAN,
ANSYS, ADAMS, ...), is mentioned most popu-
lar, which reduces to the construction of re-
duced stiffness and mass matrices:

; | Kio K 2 ch 0
[K]=[®] { } [©]= J;

Ko K 0 KNN
(3.17)
LMy M . [ Mg M
[M]Z[CD]T|: i |b} [(D]Z ACC ANC ,
My My, Moy My
(3.18)
where
- I 0 |.
[CD]—LDiC %J’ (3.19)

®,. — displacement of internal degrees of free-
dom for given single displacements of boundary
(docking) nodes; ®,, — displacements of the in-

ternal degrees of freedom, corresponding to the
retention of its own forms of oscillation, while
limiting the degrees of freedom (sealing) of the

boundary nodes; [K,,] and [M,] — diagonal
modal stiffness and mass matrices;
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[ch] =[K]; [Mcc] =[M]; [|\7I nc) :[MCN]T
(3.20)

— filled matrix.

The same algorithm has been implemented
since 1999 in the research “STADYO” software
product [2]. The software implementation of

matrix operations in the formation of [K] and

[M] (and reduced load vectors {F}), as well as

possible affine transformations, is basically built
on standard procedures contained in software
package modules. Fulfilling the canonical fi-
nite(-super)-element assembly does not encoun-
ter any difficulties and allowance for considera-

tion of [K], [M] and {F} in the general super-
element model.

4. VERIFICATION AND EXPERIENCE
OF USING THE STADYO SOFTWARE
SYSTEM

The «<STADYO» software system is verified in
detail on a representative set of test and practi-
cal tasks, certified in Rostekhnadzor (2011, as
part of ASTRA-STADYO [4]), documented in
detail and implemented in leading design and
research organizations ‘“Atomenergoproject”
and “Hydroproject”, Special Design Bureau
“Hydropress”, All-Russian Research Institute of
Atomic Engineering, All-Russian Research In-
stitute of Electromechanics, Central Research
Institute of Construction Structures, Design Bu-
reau “Krasnaya Zvezda”, JSC “Melaks”, etc.).
There is more than 41 years of experience with
the complex in calculating studies of the spatial
temperature and stress-strain state, strength and
reliability of pipelines and their elements, tech-
nological, electrical equipment, machines and
mechanisms, building structures and “founda-
tion — construction” systems of particularly re-
sponsible industrial facilities and civil construc-
tion, taking into account the normatively regu-
lated combinations of temperature, static, spe-
cial dynamic (wind, seismic shock, wave, vibra-

tion, etc.) and emergency actions (Figure 3-14),

such as:

e protective shells, reactor compartments,
computer rooms, special buildings, diesel-
generating standby electric power stations,
cooling towers and waste storages of nucle-
ar power plants (Armenian, Kursk, Smo-
lensk, Chernobyl, Ignalina, Leningrad,
Bilibinskaya, Novovoronezhskaya, Kali-
ninskaya, Rostovskaya, Balakovo, Lovisa
(Finland), Kozloduy (Bulgaria), Busher
(Iran), Kudankulam (India), nuclear power
plants of the new generation, etc.);

e dams, buildings of hydroelectric power
plants and underground hydraulic struc-
tures, taking into account the stage-by-stage
construction, nonlinear effects in seams and
macro cracks, soil rheology, hydrodynamic
effects of reservoirs (Volga, Kama, Inguri,
Khudoni, Kurpsai, Nurek, Rogun, Nama-
khvani, Katun, Gekhi, Kapanda, Teri,
Tang-E-Duk, Zagorskaya hydroelectric
pumped storage power plant, etc. [3]);

e wind power plants of various types;

e unique buildings and typical civil engineer-
ing constructions (roof slab of the Big
sports arena of Luzhniki, the monument to
the 300th anniversary of the Russian Navy,
the high-rise complex of the Moscow Inter-
national Currency of Moscow Central Stock
Exchange, the underground parking on the
Manege Square shopping complex, the
Aquadrome and Transvaal Park, the Bas-
manny Building market, the indoor swim-
ming pool of the “Iskra” sanatorium (So-
chi), multistorey panel and prefabricated
monolithic block sections and their “assem-
blies” with an assessment of stability in
emergency situations, high-altitude multi-
functional complexes, etc. [6]);

e aboveground and underground pipelines of
heating systems, main oil and gas pipelines,
oil and gas processing and petrochemical in-
dustries, oil and gas exploration complexes;

e floating structures, ice-resistant platforms
for oil and gas production on the shelf
(Chayvo-1 and others);
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Superelement model of the ice palace of sports on Khodynka.
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Figure 14. Frament of the “Algha” international space $tation. Dynamic superelement model.

Lower own vibration modes (1999).

e complex machine-building structures, parts,
machines and mechanisms (aerospace sys-
tems, transport, ship and power engineer-
ing, ferrous and non-ferrous metallurgy,
household appliances, etc.).

Among the solved pioneering tasks is the model-
ling of the dynamics and strength of the “Russian
segment — drive units — solar cells” system of the
International Space Station “Alpha” at the stages
of transportation, launch and orbital activity.
It should be noted that the outrunning develop-
ment and use of the method of dynamic synthesis
of substructures in the aerospace industry — this
is evidenced by the above-mentioned fundamen-
tal theoretical works [12, 16, 17-19, 21] — seems
historically and substantively substantiated. In-
deed, dozens of design firms in different countries
independently develop and optimize dynamically
linked main subsystems (blocks and nodes), and
the «price of the issue» is extremely high.

5. HORIZONS FOR THE DEVELOPMENT
OF THE «STADYO» SOFTWARE
SYSTEM

Among the planned tasks for the development
of “STADYO” software system we can name

Volume 14, Issue 3, 2018

the following, reinforcing its status of a univer-

sal research software system [11]:

e development of an interface with “heavy”
CAD systems for import-export models;

e development of a complete verification re-
port reflecting the new capabilities of the
software package;

e increase the computational dimension of the
solved problems due to the new possibili-
ties for creating geometric and FE models,
the implementation of algorithms for paral-
lel computations [12];

o further development of software implemen-
tations of alternative algorithms for dynam-
ic synthesis of substructures;

o realization of a discrete-continual version of
the finite element method as a competitive
alternative and complement to the tradition-
al FEM schemes;

o allowance for plastic deformation of metals
(associated flow law with isotropic and kin-
ematic hardening) for an adequate assess-
ment of the static strength of pipeline parts,
equipment and metal structures.
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MOISTURE REGIME CALCULATION FOR SINGLE-LAYER
ENCLOSING STRUCTURES USING DISCRETE-CONTINUAL
MATHEMATICAL MODEL

Vladimir G. Gagarin %2, Kirill P. Zubarev !
! National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
ZResearch Institute of Building Physics of Russian Academy of Architecture and Construction Sciences,
Moscow, RUSSIA

Abstract: The paper describes moisture regime calculation for single-layer enclosing structures using discrete-
continual method. A formula for calculation of moisture potential dependence on time in any enclosing structure
section, at any time, under continuous control for temperature distribution, has been derived. Moisture regime
calculation results under the proposed method have been compared to results obtained by well-known methods
by V.G. Gagarin and V.V. Kozlov for aerated concrete single-layer enclosing structure. It has been found out
that the proposed method gives quantitative and qualitative results similar to results obtained using Gagarin’s
unsteady-state method.

Keywords: moisture regime, discrete-continual method, moisture potential, enclosing structure,
aerated concrete, moisture exchange coefficient

PACUYET BJIA’)KHOCTHOI'O PEXKUMA
OJHOCJIOHHBIX OI'PAKIAIOINX KOHCTPYKIIUA
C ICHOJIB30BAHUEM JUCKPETHO-KOHTUHYAJIbHOM
MATEMATHYECKOHN MOJEJIA

B.T'. I'azapun *-2, K.II. 3ybapes *
! HaupoHasbHbIH Mccnen0BaTenbekuii MOCKOBCKHI FOCYIapCTBEHHBINA CTPOMTENbHBIA YHUBEPCHUTET,
r. Mocksa, POCCHSL
2 HayuHo-HcClIe10BaTe IbCKMIE MHCTUTYT CTPOUTENBHOM (DU3HKK
Poccuiickoii akageMuu apXUTEKTYpPbI U CTPOUTENBHBIX HayK, I'. MockBa, POCCUA

AHHoTauusi: B HacTosIIEel cTaThe NPeACTaBIeH pacyeT BIaXKHOCTHOTO PEXHMa OJHOCIOMHBIX OrPa)KAAI0IINX
KOHCTPYKIUH 3JaHAHA C TNPUMEHCHHEM JHCKPETHO-KOHTHHYAIBHOTO MeToja. BriBemeHa Qopmyia,
MO3BOJISIONIAS PACCUMTHIBATG 3aBHCHMOCTh IIOTCHI[MANa BJIAXKHOCTH OT BPEMEHH B IJIFOOOM CEYCHUU
OTpaKAAoIIe KOHCTPYKIMU, B JIFOOOW MOMEHT BPEMEHH, NP HEMPEPHIBHOM y4YeTe TEMIEpPATYpPHOTO IIOJIA.
[IpoBeneHo cpaBHEHHUE PE3YNBTATOB pacyeTa BIAKHOCTHOTO PEXHMMa MO MPEAJIOKEHHOMY METOAY PEKHUMa C
n3BecTHbIMU MeronaMu B.I'. T'arapuna un B.B. Ko3noBa a1 0JHOCIOWHON OrpakJarolleil KOHCTPYKLHMU M3
razoberona. [lodydeHo, YTO MPEIOKEHHBIA METOJ AAaeT M KOJWYSCTBEHHBIH M KaueCTBEHHBIM pPE3yJbTaT C
HecTalnMoHapHbIM MeToaoM B.I'. ["arapuna.

KuroueBble cj10Ba: BIaXXHOCTHBINA PEXKUM, l]I/ICerTHO-KOHTI/IHyaHBHBIﬁ METOA, IMOTCHIIMAJI BJIAXKHOCTH,
oTpakIaroniasi KOHCTPYKIHS, ra300€ToH, KO3 HUIIMEHT BIaroooMeHa

1. INTRODUCTION Wet construction material can result in higher

heat loss [1, 2, 3] and premature failure of load-

Moisture regime calculation for enclosing bearing structures [4, 5, 6, 7]. Construction
structures is an actual and high-demand area of material moisture influence on human
focus in construction.
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electromagnetic shielding has also been studied
recently [8, 9].

Development of moisture regime calculation
methods for enclosing structure is one of the
most important research trends [10, 11, 12].
Methods based on moisture potential theory are
the most progressive ones [13]. Gagarin’s
moisture potential [14], which is a function of
temperature and moisture, is well-known:

F(w,t)=Et(t)-¢<w)+%jﬂ(;)d:-, (1)

where F — moisture potential, Pa; E,—maximum
water vapor tension, Pa; ¢ — relative air
humidity, %; x — vapor permeability coefficient,
kg/(m- s- Pa); B — moisture conductivity
coefficient, kg/(m - s - kg/kg), which depends on
moisture.

Moisture potential F (1) distribution for single-
layer enclosing structure is described by
moisture transfer differential equation:

OF(wt) 1 (W) O F(w,t)
T—(Nﬂ(WH—aW E (1)) v ol (2)

where y, — enclosing structure dry material
density, kg /m?®, T —time, s; X - coordinate, m.
Within a month a temperature distribution is
appears to be constant [14] and has the
following form for single-layer enclosing
structure:

9t o 3)

where t — temperature, °C;

Association between temperature and moisture
distribution is determined by Clausius-Clapeyron
correlation:

E,(t)=1.84-10" - exp(-5330/ (273+1)).  (4)

As temperature distribution is assumed to be steady
within the model, water vapor tension E, is constant

during a month.
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Third-order boundary conditions of moisture
exchange are set for the equation (2) at the
enclosing structure boundaries.

Boundary condition of moisture exchange
between outside air and structure surface can be
represented as follows:

—H o = ﬂext (Fext - Fl)’ (5)

El

where F,, — outside air moisture potential equal
to partial pressure of outside air water vapor,
Pa; F, — moisture potential of the enclosing
structure surface which contacts with outside
air, Pa; p,— moisture exchange coefficient of
outside air and enclosing structure section,
kg /(m?-s-Pa).

Boundary condition of moisture exchange
between inside air and structure inner surface
can be represented as follows:

oF

T = (F
;u@Xi:N ﬂm( in

- FN )1 (6)

where F,, — inside air moisture potential equal
to partial pressure of inside air water vapor, Pa;
F, — moisture potential of the enclosing
structure surface which contacts with inside air,
Pa; p, — moisture exchange coefficient of
inside air and enclosing structure section,
kg /(m?-s-Pa).

Moisture regime calculation by equations (1) —
(6) requires numerical method application using
computer, thus, it is difficult to be used in
engineering practice. Kozlov’s engineering
method [15], based on moisture potential
steady-state distribution examination is the most
applicable method for moisture state assessment
of an enclosing structure:

O°F (w,t) _

_ =0 ™

Computer modelling methods have been
advanced in parallel to moisture regime theory
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development. In papers [16, 17] A.B. Zolotov,
P.A. Akmov et al. Propose a thermal
conductivity formula, which stays steady in
time:

U(r)=e*-U, - A*(E-e*")-§, (8)

where U — temperature distribution column
vector; U, — initial temperature distribution

column vector; A — coefficient matrix; S —
boundary conditions column vector.

In practice, equation (8) is a solution for
unsteady-state thermal conductivity problem
under time-constant first-order boundary
conditions.

This method has been developed in papers by
V.N. Sidorov and S.M. Matskevich [18, 19, 20].
First-order boundary conditions varied with
time, and temperature distribution was
described by the following expression at any
time:

U(r)=e**-U, + [e*7.§(o)do. (9)
0

Integral in equation (9) has been determined by
trapezoidal method.

2. THE PROBLEM

Development of moisture regime engineering
calculation method for single-layer enclosing
structure in unsteady-state moisture regime
using discrete-continual method.

3. MATERIALS AND METHODS

The following expression has been proposed:

e (W, 1) =(p(w)+%jﬁ(a)da/ E, (). (10)

Vladimir G. Gagarin, Kirill P. Zubarev

where ¢. — “relative elasticity of moisture

potential”.

“Relative elasticity of moisture potential” can
be represented as a characteristic curve, which
is called as “sorption-oversorption isotherms”.
“Sorption-oversorption isotherms” is of the
following form for aerated concrete D400
(Figure 1).

= 50
= i (Y N Y /

5
il e o s
® 35 | %4*—‘
230 HF | 432 1}
¥ 25 St=——+
~ 20
£15
.'E 10

5
= 0

0 5000 10000 15000 20000 25000
Relative elasticity of moisture potential
Pr, %o

Figure 1. “Sorption-over sorption isotherms”
for aerated concrete D400
(1 — temperature -10°C; 2 — temperature -5°C;
3 —temperature 0 °C; 4 — temperature 5°C;
5 —temperature 10 °C; 6 — temperature 15 °C;
7 — temperature 20 °C).

"Average coefficient of construction material
hygrothermal properties” x(w,t) has been
introduced. The coefficient has been taken to be
constant within the assessment month:

- (11)

x(w,t) = .
7o - (dw/dee (W, 1))

According to expressions (10) and (11) a
modified differential moisture transfer equation
can be derived:

O*F (w,1)
ox®

= x(W,t) - E, (1)

oF(w,t)
. (12)

Taking into account boundary conditions (5)
and (6), the equation (12) can be represented by
a system of simultaneous equations:
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?:h_’(z. 11.(_(1+&.h).|:l+|:z)+h_’(z.En.ﬂexI h-F,
T u H

?:h—’i-Eﬁ (F,-2-F+F,),i=234,.,N-1

T

oF K B K B

5‘: :F'EIN '(FN—I_(1+7'h)FN)+F'ELN 'T'h'Fin

F(x0)=z(x),0<x<I

(13)

where h — enclosing structure partition step in
coordinate x; — enclosing structure section
number; — initial  moisture potential
distribution, Pa.

Assuming that inside air moisture potential is
constant, let’s represent moisture potential
variation outside construction during the
month as a linear function:

E

" =M-7+0N, (14)
where m — boundary conditions slope ratio
within a month; — boundary conditions graph
rise within a month (Figure 1), Pa;

Taking into account boundary condition (14),
simultaneous equations (14) represent a Cauchy

problem in matrix form.

F =E,-A-F+p-r-L+B
ToRAEEPTLAR o (15)
F(0)=7,0<x<I
where
p=x-Ey- B -h-ml(h*-w).
h
—L1+ﬁm.—J 1 0 0 0
U
1 2 1 0 0
A== 0 DTS 0
h
0 0 1 -2 1
h
0 0 0 1 —(1+/3m.—)
7]
E,00 0 0 F 1
0E,0 0 0 F, 0
E =l ... o =] L=
00 OEI(N—l) 0 FN—l 0
000 0 E, Fy 0
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KEy fog oI (07 1) K (7)
0 F(v)

5= Bl
0 i ()

KBy By heFy 1 (0 1) Fo(7)

Problem (15) solution can be written as:

F= p-((Et-A)’2 -eEr‘A'f—r-(Et.A)’l—(Et-A)’Z)-.

L+(E-A) (5% —E)-B+e"*" -, (16)

Calculation by formula (16) is executed during a
month. Moisture distribution value at the end of
the current month is taken as initial moisture
distribution value at the following month start.

4. RESULTS AND DISCUSSION

Single-layer enclosing structure made of 0.6 m
thick aerated concrete D400 has been studied.
Construction area: Moscow. Inside air
temperature 20 °C and relative air humidity 50%
have been maintained constant in the building
during a year.

Moisture regime calculation results for the
single-layer enclosing structure obtained by
different moisture potential theory methods —
the proposed discrete-continual  method,
Gagarin’s unsteady-state method, and Kozlov’s
engineering method — have been compared.
Calculation according to Gagarin’s unsteady-
state method has been based on equations (1) —
(6) by finite difference method using and
explicit  difference  scheme.  Calculation
according to Kozlov’s engineering method has
been based on analytical dependence (7).
Calculation according to discrete-continual
method has been based on expression (16).

Calculation results obtained by different
moisture potential methods are given at
(Figure 2).
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0 0L R T e s g
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Figure 2. Comparison of moisture potential
theory methods for moisture regime calculation
of single-layer enclosing structure in January
(1 — moisture distribution in enclosing structure
according to Gagarin’s unsteady-sState method,
2 — moisture distribution in enclosing structure
according to discrete-continuous method,
3 — moisture distribution in enclosing structure
according to Kozlov’s engineering method).

5. CONCLUSIONS

Unsteady-state moisture regime determination
method using discrete-continual approach has
been developed for single-layer enclosing
structures. It was shown that the proposed
method for moisture regime calculation gives
quantitative and qualitative results similar to
results of Gagarin’s unsteady-state method.
Moisture regime is calculated on equation (16)
without numerical method, thus, the proposed
method can be used by design engineers in
practice.
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OF REAL AND NUMERICAL EXPERIMENTS FOR DEFINING
THE ULTIMATE BEARING CAPACITY OF LIGHT GAUGE
STEEL STUDS “ATLANT”
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Abstract: The article in question describes the results of comparison of numerical and real experiments,
presented in the report of the Canadian laboratory “Bodycote” [1]. The paper depicts the test fixture, on witch six
samples (two typical sizes) of light gauge steel stud “ATLANT” were tested. As a result, dependencies between
bearing capacity and characteristic displacements were received. In order to repeat the experiment, the series of
computer models were created with the software ANSYS. The computer models have complex nature:
geometrical / physical nonlinearity was used. For accounting steel material nonlinearity, we used a multilinear
model with isotropic hardening (MISO). The proper diagram was used for each typical size in accordance with
the experiments on the tensile-testing machine. For the purpose of supporting condition and load modeling
which are identical to the full-scale experiment, a couple of contact elements were used. The utilization of
contact elements allowed us to consider friction between the sample and the supporting structures. One of the
disadvantages of the full-scale experiment is the absence of measurements of the initial geometrical
imperfections. For their consideration the use of probabilistic approach is suggested. This approach entails
calculation of several models with different spread of initial imperfections. The initial geometrical imperfections
with stochastic nature were included in the computing model. Parameters of distribution were based on the
measurements of eighty-eight C-shaped members [8]. In the result of comparison, fine precision in terms of the
ultimate bearing capacity and deformation pattern were established. According to expectation, the results of the
full-scale experiments were found inside the fictitious “corridor”, created in accordance with the results of
computer modeling.

Keywords: light gauge steel members, “ATLANT” studs, ANSYS, initial geometrical imperfections,
real experiment

CPABHUTEJILHBINA AHAJIN3 PE3YJIBTATOB
HATYPHOI'O 1 YUCJIEHHOI'O DKCIIEPUMEHTOB
IO OMPEAEJIEHUIO NPEJEJTBbHOM HECYIIENA
CHOCOBHOCTH TOHKOCTEHHBIX TPO®UIEN «ATJIAHT»

I'.I'. Kaweeaposa, I1.A. Koceix

TTepMckuii HAITMOHATBHBIN UCCIIEA0BATEIHCKUN OJTUTEXHUIECKUI YHUBEpCHTET, T. [lepmb, POCCH S

AHHoOTanus: B cTaTbe BBIOIHEHO CpaBHEHHE PE3yJIbTATOB HATYPHBIX SKCIIEPUMEHTOB, U3JI0KEHHBIX B OTYETE
Kananckoit mabopatopun Bodycote [1], ¢ pe3ynbraramMu KOMIBIOTEPHOrO MojenupoBaHus.  Onwucal
UCTIBITATEIbHBIA CTEHJ, Ha KOTOPOM OBUIO MCIIBITAHO IIECTh OOpasloB (ABYX THUIIOPAa3MEPOB) TOHKOCTEHHBIX
npoduineit mapku «ATIIAHT». B pesynbrate ObUIM HONYUYSHBI 3aBHCUMOCTH MEXJy CXKHMaloUleld CHIOH H
XapaKTepHBIMH TepeMenieHusIMH. C 1eNbIo TOBTOPEHUS IKCIIEpUMEHTa B pacueTHOM Komiuiekce ANSY'S Gbura
co3JlaHa cepHsi KOMITBIOTEPHBIX Mozieeld. Mogeny coepxar kak (U3NUECKH, TaK TeOMETPHUYECKH HEJTMHEHHYTO
MIOCTaHOBKY 3ajauu. s ydera (U3MUYECKOH HENMHEWHOCTH CTaJM HCIIOJIb30BaHA IOJIMJIMHEHHAs MOJENb C
M30TPONHBIM ~ ympouHeHuem (MISO). Jlng kaxmoro TuIlopasMepa TNPUMEHSIACh CBOS  JHarpamma,
COOTBETCTBYIOIAsl WCIBITAHWAM Ha pa3pblBHOW MammHe. C LENpl0 MOJCIMPOBAHMS YCIOBHH ONHPaHHA H
HAarpy>KCHUs, HICHTUYHBIX HATypHOMY OKCIIEPHMEHTY, HCIOJIb30BaHA Mapa KOHTAaKTHBIX 3JIEMEHTOB.
JIOTIOJTHUTENPHO IPIMEHEHNE KOHTAKTHBIX 3JIEMEHTOB ITO3BOJIMIIO YUECTh TPEHHE MEXITy 00pa3oM M OHOPaMH.
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OnmHNM M3 HEJOCTATKOB HATYPHOTO 3KCIEPHUMEHTA SIBIISIETCS] OTCYTCTBUE 3aMEPOB HAYAIBHBIX T€OMETPHIECCKUX
HecoBepIIeHCTB. I uX ydera IpeasaraeTcsl NCIOIb30BaTh BEPOSITHOCTHEIN moaxon. [logxox moapasymeBaeT
1oJ; co00# pacyeT HECKOIBKUX MOJAENIEH ¢ pa3IMYHBIMU 0 BEJIMYMHE U (OpME paclpeAeIeHHIMI HadyallbHBIX
HECOBEPIIEHCTB. B pacueTHble MOJeIN BHOCUINCH HaualbHble T€OMETPUYECKHE HECOBEPILIEHCTBA (MECTHBIE U
o01ue), IMEIoIIe CTOXacTHYeCKUi xapakrep. [lapamMeTpsl pacnpeneneHus ObIIM MMOJTy4eHbl Ha OCHOBE 00Mepa
BOCBMHJIECATH BOCbMH 00pa3nioB cruonHbix C-00pa3Hbix npodueii [8]. B pesynbraTe cpaBHEHUS yCTaHOBJICHA
Xopolas CXOJUMOCTh PE3yNbTaTOB B IUIaHE INPEIeNbHOM Hecymield crocoOHocTh. YacTh 00pas3loB mokasaia
CXOKHE KapTHHBI TeopMupoBaHus. Kak 1 0XHIanoch, pe3yabTaTbl HATYPHOTO 3KCIIEPUMEHTA IOl BHYTPb
MHHMOT0 KOPHIOPa, CO3JaHHOTO Pe3yIbTaTaMH KOMITBIOTEPHOTO MOAEINPOBAHUSL.

KuroueBbie cioBa: JICTK, npopumm mapku «ATJIAHT», ANSYS, HaduanbpHbIE TEOMETPHUYCCKIE
HECOBEPIICHCTBA, HATYPHBII DKCIIEPHUMEHT

1. TEST FIXTURE

According to the presented report [1], the tests
were conducted on the test fixture, depicted in
Figure 1. The test fixture consists of three
supporting structures, tightly attached to the
reinforced floor, between which the horizontally
positioned sample can be found. Both of
sample ends wereattached totrackswith self-
tapping screws with the diameter of 4.8 mm.
One of the tracks (“the lower” one) was
attached to the supporting structure along the
full length with six bolts M12. Another track
(“the upper” one) was fixed in its ends on the
two remaining supporting structures, positioned
at a distance of L,,, = 1219 mm with four bolts
M 12. While testing both sample flanges,
positioned in the center of the span, were
constrained by using bands sized 38.1x1.27
mm.The band length was Lg = 1219 mm.
Moreover, vertical mobility measurement at the
Y-axis was taken in the center of the span.
Sample adjustment on the test fixture was held
by means of a laser pointer, positioned near “the
lower” track. The load was transferred over the
length (Z-axis) through “the upper” track with
the help of servo-hydraulic actuator, equipped
with the dynamometer. The mechanical motion
transducer was installed in combination with the
dynamometer at the Z-axis. The metal plate was
assembled between the actuator and the track.
The load was transferred continually with
continuous traversing speed monitoring 0.76
mm/min.
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2. TESTS SAMPLES

Three samples of steel studs “ATLANT” of two
typical sizes were tested in the course of the
experiment [2]. The first typical size (samples
S1-S3): web height H = 152.4 mm, flanges
width B = 41.3 mm, steel thickness Tk =
2.0 mm. The second typical size (samples S4—
S6): web height H = 152.4 mm, flanges width
B = 41.3 mm, steel thickness Tk = 1.0 mm.
All six samples were of the length L =
2438 mm. Before the experiment the
measurements of the main geometrical
parameters were made on each sample in three
positions (beginning, middle, end). The results
of the measurements are presented in Table 1.
According to [5], microscopic analysis of the
metallographic specimen of each sample was
conducted. The thickness of zinc covering as
well as of base metal were defined. As the result
of the experiment, there were graphs, made for
each sample which describe the correlation
between pressure load and sensor reading of the
two motion detecting transducers. These graphs
will be presented along with the results of
computer modeling.

3. COMPUTER MODELLING
In order to display the results of the full-scale
experiment by means of the ANSYS software

[6] we created a series of CAE-models
(Figure 2).
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Figurel. Testing bed scheme: a) top view; b) side-view.
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Figure 2. The overview of the calculating model.
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Table 1. Geometrical parameters of steel studs.

Parameter Sample S1 Sample S2
Beginning Middle End Beginning Middle End
H, mm 152.654 152.883 152.806 153.162 152.806 152.857
B1, mm 41.720 41.605 42.012 41.250 42.520 42.113
B2, mm 41.224 41.948 42.139 41.783 41.694 41.948
Cl, mm 12.891 12.751 14.402 12.459 12.586 11.938
C2, mm 12.370 12.802 12.065 13.170 12.192 13.475
Parameter — Sam_p le S3 — Sample >4
Beginning Middle End Beginning Middle | End
H, mm 153.886 154.115 153.988 153.695 152.578 152.159
B1l,mm 41.123 41.021 41.326 41.554 41.059 42.824
B2, mm 41.250 41.504 41.478 41.720 42.431 41.935
Cl,mm 13.284 13.030 14.669 12.852 12.560 13.551
C2, mm 13.551 13.716 13.216 13.145 13.551 12.789
Parameter Sample S5 Sample S6
Beginning Middle End Beginning Middle End
H, mm 153.822 152.705 152.171 153.899 152.603 152.438
B1l, mm 42.050 41.021 42.901 42.164 41.072 42.824
B2, mm 42.139 42.215 41.745 42.050 41.999 41.707
C1, mm 12.624 12.306 12.687 12.751 12.306 13.360
C2, mm 12.852 13.526 12.751 13.157 13.500 12.954

The model consists of the test sample, bands
and rigid supports. Shell members SHELL181
with the average size of 3-5 mm were used for
creating the final-element mesh. Beam elements
BEAM188 were used for creating bands. For
modeling the band attachment in the sample
flanges we prepared holes with the diameter of
4.8 mm which is equal to the self-tapping
screws diameter. Nodes along the circuit holes
joined in the rigid region with “the master”
node, positioned in the center of the hole. The
attachment of beam elements of bands was done
by combination of displacements ((ux, uy, uz)
with the correspondent nodes and the “the
master” node. For the purpose of supporting

Volume 14, Issue 3, 2018

condition and load modeling which are identical
to the full-scale experiment, we used a pair of
contact elements CONTAL177 (end of the
sample) and TARGEZ170 (face of support plate).
Given that stiffness of rigid supporters
transferring the load is considerably greater than
the stiffness of the sample, the elements
TARGE170 were wused in nondeformable
formulation and were guided by “the master”
nodes.

In addition, the use of contact elements allowed
us to consider friction between the sample and
the supporting structures (frictional coefficient
u = 0.25). The load modeling was conducted
by moving the contact elements TARGE170 of
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“the upper” track at the Z-axis toward “the
lower” track. The following boundary
conditions were put: “the master” node of the
contact elements of “the lower” track and the
side nodes of the bands were constrained in ux,
uy, uz; “the master” node of the contact
elements of “the upper” track — ux, uy. For
accounting steel material nonlinearity we used a
multilinear model with isotropic hardening
(MISO) [7]. The proper diagram was used for
each typical size in accordance with the
experiments on the tensile-testing machine.

One of the disadvantages of the full-scale
experiment isthe absence of measurements of
the initial geometrical imperfections. For their
consideration the use of probabilistic approach
is suggested. This approach entails calculation
of several models with different spread of initial
imperfections. The value of imperfections was
obtained on the basis of normal distribution [8],
derived from the measurement of 88m solid C-
shaped studs. It is anticipated that distribution of
initial imperfections of real samples is in the
diapason of computer modeling. Therefore, the
results of the full-scale experiments are
supposed to be inside the fictitious “corridor”,
created in accordance with the results of
computer modeling.

Implementation of the initial geometrical
imperfections with stochastic nature was done
in the following order. Firstly, the initial local
and general buckling modes were defined on the
basis of the linear buckling analyses (Figure 3).
Figure 4a presents uy flange displacement in the
line 1-2 (Figure 3) in case of local buckling. It is
clear that the shape in question is wavy with a
variable half-wave length. With the purpose to
give this shape stochastic nature it was decided
to set up the peak amplitude for each separate
section (highlighted by a dashed line) between
zero displacement uy. The peak amplitude was
deduced by normal distribution. The parameters
of normal distribution for this type of
imperfection are applied to thickness of steel
D/Tk and described in paper [8]: mean
valueu = 0.26, standard deviation ¢ = 0.49.0n
the basis of this distribution 5 variants of the
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peak magnitude amplitude were defined for
each section. Therefore, we prepared 5
calculating models for each typical size of the
stud which are different in their shape and the
value of initial geometrical imperfections. The
variants ANS1-x relate to the first typical size of
the stud with the metal thickness of 2.0 mm:;
variants ANS2-x relate to the second typical
size of the stud with the metal thickness of 1.0
mm. The symbol “x” stands for the variant
number of imperfections introduction. The
result of amplitude adjustment with the
consideration of stochastic nature is presented in
Figure 4b.

General initial imperfections were introduced
according to the related buckling mode which is
a curve along the sinusoidal wave in a plane of
lesser stiffness. For each of the 10 variants on
the basis of normal distribution [8] (1 = 2033,
o = 3471) we generated a series of values
(L/2)/A, where A is an imperfection value. In
addition to 10 variants described, four models
were prepared. Initial imperfections were
absolutely absent in variants ANS1-6, ANS2-6.
The value of initial imperfections was raised to
the level of standard values in variants ANS1-7,
ANS2-7. In order to instill the model with
stochastic nature, geometrical sizes of the
calculating models were also computed on the
basis of normal distribution.

4. COMPARATIVE ANALYSIS

According to the results of full-scale
experiments and computer modeling, we
obtained correlations between the value of
pressure load and: a) displacement uz of the
sample end in the position of “the upper” track;
b) displacement uy of “the lower” stud flange
inthe centre of the span. The correlation of
pressure load and displacement uz is presented
in Figure 5 for pictorial comparison. The value
of ultimate compressive force corresponding to
full-scale experiments occurred in the interval,
obtained by computer modeling.

The diapason of the results of the first type of

54 International Journal for Computational Civil and Structural Engineering



The Comparative Analysis of the Results of Real and Numerical Experiments for Defining the Ultimate Bearing

Capacity of Light Gauge Steel Studs “Atlant”

the typical size (ANS1-x) was from 67.8 kN to
92.1 kN. The results of full-scale experiments
are presented homogeneously inside the
interval, which indicates that the value of initial
geometrical imperfections in real samples
(S1-S3) varied from minimum to maximum-
allowable. The diapason of the results of the
second type of the typical size (ANS2-x) was
from 245 kN to 34.6 kN. Furthermore, the
results of full-scale experiments (S4-S6) are
presented close to the lower limit, which
confirms the fact that the value of initial

imperfections of the samples was close to the
limit value.

According to the results of full-scale experiment
u, and wu, correspond to the ultimate bearing
stress and on average 2-4 times exceed similar
meanings, derived by computer modeling.

Nevertheless, the difference in the absolute
values does not exceed 9 mm for the samples of
the first typical size, 3.4 mm - for the samples of
the second typical size.

D\Tk

-0.6 L

1.5 2 2.5

S, ™

b)

Figure 4. Displacement uy along the line 1-2: a) in original shape;
b) in adjusted shape with consideration of stochastic nature.
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The results of computer modeling demonstrate
patterns of deformation which are similar to
full-scale experiments. Sample S1 pattern
corresponds to the results of computer modeling
of the variant ANS1-4 (Figure 6) — in both
cases we can observe a considerable curve of
the upper flange in the centre of the second half
of the stud. Sample S3 pattern corresponds to
the results of computer modeling of the variant
ANS1-5— in both cases we can observe a
considerable curve of the upper flange in the

0 B 1 |
0 2 4

— 81 —82~——83 ANS1-1 ——ANS1-2

35
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centre of the first half of the stud.

The ultimate bearing stress values were close:
the measure of inaccuracy between the results
S1 and ANS1-4 — 4.3%, between the results S3
and ANS1-5— 0.74%.

The identical pattern of deformation is observed
in samples S4-S6— a local curve of the upper
flange on the first half of the stud.

The similar pattern of deformation is observed
in sample ANS2-5.

1 | 1
6 8 10 12

UZ. MM
ANS1-3 ——ANS1-4 —— ANS1-5

ANS1-6 —— ANS1-7

——84 —S85 —S6 ANS2-1 —— ANS2-2

u, Mm
ANS2-3 —— ANS2-4 —— ANS2-5

3 4 5 6
ANS2-6 —— ANS2-7

Figure 5. Correlation between compressive force and displacement uz for samples:
a) first typical size; b) second typical size.
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DETERMINATION OF ELASTIC PROPERTIES
OF CEMENT-SAND COMPOSITION USING STRUCTURAL
SIMULATION MODELING

Yuri E. Kurbatov, Galina G. Kashevarova
Perm National Research Polytechnic University, Perm, RUSSIA

Abstract: The estimation of quantitative influence of fine-grained concrete structural elements on its strength
characteristics is a very actual task requiring application of computer technologies. In this article, the authors
propose a structural and simulation model of cement-sand composition, which includes pores, cement stone,
sand and the contact zone between them. As a result of the numerical calculation of this model, the integrated
elastic characteristics of the material (modulus of elasticity and Poisson’s ratio) are obtained, which can be
assigned as initial data for the model of a higher scale level in order to optimize the composition of concrete.

Keywords: cement-sand composition, fine-grained concrete, structural simulation modeling, mesostructure,
Monte Carlo method, boundary problem, contact zone

ONPEJAEJEHUE YIIPYI'HX XAPAKTEPUCTHUK
HEMEHTHO-IECHAHOU KOMIIO3UIIUU METOJ10OM
CTPYKTYPHO-UMUTAIIMOHHOI'O MOJAEJINPOBAHUA

IO.E. Kypoamos, I'.I'. Kawesaposa

[TepMmckuit HAIIMOHANBHBIN HCCIEN0BATENBCKUI MOMUTEXHUUYECKHI YHUBEPCUTET, T. [lepmb, POCCUA

Annoranusi: OleHKa KOJIMYECTBEHHOTO BIIMSIHHUS CTPYKTYPHBIX JJIEMEHTOB MEIIKO3EPHUCTOrO OCTOHA Ha €ro
MPOYHOCTHBIC  XAPaKTEPUCTHKH SBISICTCS BEChbMa aKTyalbHOW 3amaueld, TpeOyrolied pUMEHEHUS
KOMIBIOTEPHBIX TEXHOJIOTHH. B maHHO# cTaThe aBTOpaMH MPEAJIOKEHA CTPYKTYPHO-UMHTAIMOHHAS MOJICIb
LEMEHTHO-TIECYaHON KOMITO3UIMHU, BKIIIOYAIOIIAsi B Ce0sl OPBI, [IEMEHTHBIN KAMEHb, IECOK U KOHTAKTHYIO 30HY
MEXAy HUMU. B pesyjbpraTe YHCICHHOrO pacyera MaHHOM MOJEIH TOJNYYeHbl HHTErPAbHBIC YIPYrUe
XapaKTEePUCTUKU MaTepuaia (Moysb yrnpyrocta u kodddumuent [lyaccoHa), KOTOpble MOTYT OBbITh Ha3HAUYCHEI
B KA4eCTBE HCXOHBIX TAHHBIX U MOJAENU 00Jice BHICOKOrO MACIITAOHOTO YPOBHS C LEIbIO ONTUMH3AIUH
cocraBa OeToHa.

KutioueBble cjIoBa: IIEMEHTHO-TIECYaHAsT KOMITO3UITUS, MEITKO3EPHUCTHIN OETOH,
CTPYKTYPHO-UMHUTAIIMOHHOE MOJISTIMPOBaHUE, ME30CTPYKTYpa, MeTol MoHTe-Kapio, kpaeBas 3amayda,
KOHTAaKTHas 30Ha

1. INTRODUCTION

Structural-simulation modeling (SSM) is one of
the most effective tools which is suitable for the
description of the complex structured systems
such as fine-grained concrete. SSM allows to
take into account the distribution of structure
components in space, their mutual orientation
and pairing. In [1] the author presents an
analytical review of existing approaches to SSM

of a complex composite structures such as
fibrobeton, analyzes the main stages of
modeling, including the creation of geometry
and orientation of structural elements in space,
the appointment of effective properties, binding
and loading the model.

In the paper [2] Haritonov A.M. offers a
generalizing model of fine-grained concrete
structure, which can be used to study the
heterogeneity of stress distribution in the
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material volume. This phenomenon, according
to the author, can be explained by a large
difference in the values of the elastic modulus
of cement stone and fine aggregate. The author
created a flat model of cement-sand composite
microstructure on three scale levels in order to
calculate it. At the same time, the author's
program "PoreSolution™ [3], implementing the
Monte Carlo method, was used to place the
structural elements of the model within a given

Yuri E. Kurbatov, Galina G. Kashevarova

area. An experiment on static compression of a
flat concrete model for developed geometrical
and finite element models was simulated (see
Figurel). Boundary conditions of the
experiment are shown in Figure 2. Performed in
the work [2] studies have allowed to obtain the
strength and deformation regularities in the
behavior of cement-sand  compositions
depending on their composition.
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Figure 1. The geometric model of cement-sand compositions structure [2]:
a) 5x5 mm; b) 20x20 mm; c) 50x50 mm.
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Figure 2. Boundary condltlons of the calculatlon scheme [2].

The authors of this publication have set an aim
to conduct an own independent computational
experiment on the basis of the study described
above to determine additional output parameters
and to conduct a comparative analysis of the
results with the data presented in [2]. At the
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same time, to form the geometric scheme of the
cement-sand  composition, an alternative
program in the APDL language was written.
Thus, all stages of the computational experiment
were implemented in one software environment
— ANSY'S Mechanical.

International Journal for Computational Civil and Structural Engineering



Determination of Elastic Properties of Cement-Sand Composition Using Structural Simulation Modeling

2. CONDUCTING OF THE
COMPUTATIONAL EXPERIMENT

The formulation of the boundary value problem
in this case is traditional for the structural-
simulation approach. The basic relations of the
elasticity theory are given below:

oy (N+F(r)=0 1)

5 (=20, 0+U,0) @

Gij (r)= Cijkl (r)(lijkl _Hijkl(r))gkl N Q)
Gy XN, = F 4)
u |r: u= (5)

The concept of “probabilistic-geometric
concentration” proposed in [4] was used to
create a structural-simulation model. A
distribution of pores and grains of sand by size,
porosity and arrangement of pores and solid
phases in model space were considered as a
major probability factors that define the
geometry model. The design plane of the model
is taken in the form of a square with dimensions
of 50 x 50 mm. Structural components which
considered in the model are as follows:
e the matrix (cement stone);
e grains of sand (0,5-1 mm);
e pores (sizes range from 0.2 mm to 0.8 mm));
e the contact area between the grains of the
filler and the matrix (thickness 0.2 mm).
The form of pores and grains of sand is
conditionally  accepted as circles for
simplification of construction of a finite-element
grid. The contact area is simulated as an annular
shell around each grain of sand.
The modulus of elasticity (E) and Poisson's ratio
(n) of quartz sand are adopted on the basis of
literature data and are equal to: E = 72,8 GPa,
u=0,167. The values of the modulus of elasticity
and Poisson's ratio of the contact zone are
assumed to be equal 10,6 GPa u 0,30 (according
to estimates obtained in the work [5]).

Volume 14, Issue 3, 2018

The above values were recalculated for use in
two-dimensional formulation [6] in order to
prepare for the calculation:

E
E, :732’ 6
(- u3) ©
— IUS 7
Ho (1—/13) (7)

The values of modulus of elasticity and
Poisson's ratio of cement stone for each
calculated composition (P1...P10, see Table 2)
are taken from the results of experiments carried
out at the previous scale level (20x20 mm) in
[2]. These values are assigned as initial values
for cement stone in model 50x50 mm. Figure 3
shows a typical geometric scheme of the
composition for P1, built by the author's macro-
program in the language APDL (ANSYS
Mechanical). Each time you run the program, it
implements a new packaging option that does
not repeat the previously built layouts. The
conditions of fastening and loading were taken
in accordance with Figure 2.

The following two types of finite elements have
been selected to build the mesh in the ANSYS
library: PLANE 182 and PLANE 183.
According to the results of preliminary
calculations on two corresponding meshes (with
the same partition step, but with different types
of finite elements) in one case, the result was
noticeably overestimated relative to the
experimental value, in the other — slightly
understated (see Table 1). After the final
selection of the finite element type
(PLANE183), a second preliminary calculation
was carried out, also on two finite element
meshes, but with a different partition step (0.2
mm and 0.4 mm). Based on the results shown in
Table 2, it can be concluded that the 0.2 mm
mesh pitch gives a slightly more accurate result.
The enlarged fragment of this mesh is shown in
Figure 4.
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Figure 4. The enlarged fragment of the calculation scheme for the composition P1

Figure 3. Geometry of composite for structure P1
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1 - cement matrix 2 -pore 3-sand particle 4 - contact area.
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Table 1. Parameters of material.

Modulus of elasticity, GPa
Composition | SN | POres E..* [ E, . (PLANE182) E,... (PLANE 183)
3D 2D 3D 2D 3D
P1 47,4 19,86 22,41 25,262 23,843 23,068 21,772
Table 2. Parameters of material.
.. Sand Modulus of elasticity, GPa
Composition o
0 Pores
% Eocen™ Epacq (s=0,4 mm) Epacq (s=0,2 mm)
3D 2D 3D 2D 3D
Pl 47,4 19,86 22,41 23,020 21,727 23,068 21,772
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In preparation for the main series of strength
calculations for each composition (P1...P10) it
was formed on three models with different
distribution of structural components in the
plane of the model, but with the same
percentage, with one type of finite element
(PLANE 183), and with one partition step (0.2
mm). The results were averaged for each

composition. Then the summary Tables 3 and 4
were made, in which the values of the modulus
of elasticity and Poisson's coefficients specified
iN [2] (Eszen™, Ezeop™s Hreop™), and received as a
result of the executed calculations

(E Eaxs’-"’[pam)-

paca’ EHHT-"

Table 3. Parameters of material.

Modulus of elasticity, GPa
Compo | Sand | Pores * E* E E E E
Sition % % IKCN meop pacu uHm IK6 K6
3D 2D 3D 2D 3D 2D 2D E e
Pl 47,4 19,86 22,41 25,7 24,3 | 22,884 | 21,599 | 26,097 42,358 1,85
P2 48,9 19,09 23,95 26,8 244 | 23,484 | 22,165 | 26,214 | 43,241 1,84
P3 52,3 17,68 32,01 33,3 315 | 28,187 | 26,604 | 32,015 | 46,475 1,65
P4 49,1 18,13 25,34 27,0 25,6 | 23,560 | 22,237 | 28,752 43,844 1,86
P5 53,2 20,25 22,03 25,1 23,8 | 21,932 | 20,762 | 27,379 44,834 2,04
P6 55,3 17,65 27,81 29,3 27,8 | 24,667 | 23,351 | 30,037 47,107 1,91
P7 56,1 17,21 30,56 32,2 30,5 | 27,701 | 26,223 | 31,439 47,875 1,73
P8 55,4 19,62 20,60 23,4 22,2 | 21,383 | 20,242 | 28,142 45,921 2,15
P9 58,3 20,05 22,44 25,9 24,6 | 21,091 | 20,023 | 30,808 | 47,337 2,24
P10 66,1 18,70 19,02 22,8 21,4 | 19,492 | 18,504 | 25,998 50,766 2,60
Table 4. Parameters of material.
Composition Share of sand, % Poisson’s ratio
Porosity, % Hoeon Hpoe
2D 3D 2D 3D
P1 47,4 19,86 0,31 0,24 0,310 0,237
P2 48,9 19,09 0,31 0,24 0,310 0,237
P3 52,3 17,68 0,30 0,23 0,310 0,237
P4 49,1 18,13 0,30 0,23 0,310 0,237
P5 53,2 20,25 0,30 0,23 0,300 0,231
P6 55,3 17,65 0,30 0,23 0,300 0,231
P7 56,1 17,21 0,30 0,23 0,301 0,231
P8 55,4 19,62 0,30 0,23 0,300 0,231
P9 58,3 20,05 0,29 0,22 0,291 0,225
P10 66,1 18,70 0,29 0,22 0,291 0,225

3. RESULTS OF CALCULATION

Several approaches were used to obtain the
values of the modulus of elasticity and Poisson's
ratio based on the results of the computational
experiment. According to [7], modulus of
elasticity E ., is defined as the ratio of voltage

increment from zero to the level of external load

Volume 14, Issue 3, 2018

equal to 30% from the damage (20 MPa
according [2]), to the increment of elastic-
instantaneous relative deformation of the
sample. The Poisson ratio is calculated as the
ratio of the elastic-instantaneous relative
transverse strain to the longitudinal strain of the
specimen. Thus devices for measurement of
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deformations of a concrete sample in the form
of a cube shall be established on four free sides.
In accordance with the indication (in the
transition to the plane problem), the results of
strength calculation in ANSYS (values of the
elastic deformations) was determined in the
nodes located on the free right edge of the
model (see Figure 2). According to the obtained
data, the average values of longitudinal and

Yuri E. Kurbatov, Galina G. Kashevarova

transverse strain on the face were calculated
(see tables 3 and 4). The calculated values of the
elastic modulus E and Poisson's ratio

pacy
Mo, Were  determined. Figure 5 shows the

distribution  fields of elastic longitudinal
deformation for the composition P3, which
provided the highest value among all the
simulated compositions.

¢
(A ]

¢
§ ° %y

Figure 5. Elastic longitudinal deformation of the composite composition P3.

The second approach to the calculation of the
elastic modulus is based on the calculation of the
integral value of the obtained data on the stress-
strain state in each node of the model. The value
of the elastic modulus was defined as the ratio of
the normal stress in the node to the elastic
longitudinal deformation in the same node:

Then the integral modulus of elasticity was
determined as the average value for all nodes:

.
EuHm = L EuHmi )

The equivalent modulus of elasticity takes into
account the degree of influence of the structure
components on the elastic properties of the
composite and is calculated by the following
expression:

o, =Y (k.Ey) ®)

This value sums the shares of the “contribution”
of individual phases to the strength of the model
in proportion to the volume occupied by them in
the structure of the model. It is obvious that the
equivalent modulus of elasticity differs
markedly from the actual absolute value of the
resulting young modulus. In the paper [2] the
following relation is obtained, which according
to the author is almost constant:

E:l(@ = 1’ 61E;eop (9)

However, according to the results of
calculations shown in table 5, the authors of this
article found that the ratio is variable and varies
in the range of 1.65..2,60. Thus, three
alternative values of the elastic modulus for
each composition were obtained by different
methods, which were compared with the

experimental values given in [2] E _ and

KCcn

numerical values E;,wp, received on results of

calculations. A comparison of the values of all
the above values is given in Table 5.
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Table 5. Comparison of results.

Difference (in %) between:
Composition E e q.. E e e
Ear(cn Emeap Emenp Ejm :1,61
meop

Pl 3,62 | 11,12 | 1,52 12,97

P2 745] 9,16 | 2,19 12,50

P3 16,89 | 1554 | 1,61 2,42

P4 12,25 | 13,14 | 6,09 13,44

P5 576 | 12,76 | 8,32 21,08

P6 16,03 | 16,00 | 2,45 15,71

P7 14,19 | 14,02 | 2,36 6,94

P8 1,74 | 8,82 | 16,85 25,12

P9 10,77 | 18,61 | 15,93 28,13

P10 2,71 ] 13,53 | 12,30 38,08
4. CONCLUSION Fibrobetonnogo Kompozita [Problems and
Possible Directions of Solving Problems of
The obtained results of the mechanical Structural-Simulation Modeling of Fiber

properties calculations allow us to conclude that
a consistent increase in the percentage of sand
in the composition to 50-55% leads to an
increase in the value of the elastic modulus, but
with a further increase in the reinforcement of
the cement stone with a small filler, there is a
significant decrease in the elastic characteristics
of the material.

The obtained values can be used to assign the
physical properties of the matrix of a higher
scale level (for example, in coarse-grained
concrete). Thus, the developed structural
simulation model of cement-sand composition
allows reproducing the most important
mechanical characteristics of the material in
order to assess the impact of individual
structural components on the strength of the
composite.
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ARCHITECTURAL MODELLING OF “SOUND” PERGOLA
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Abstract: The article describes architectural solutions of pergolas adapted for the reproduction of synthesized
acoustic space. The solution is represented by means of computer modelling and visualizes both processes and ob-
jects on the example of construction and calculations. The project design of architectural models is an integral part
in the practical reconstruction of the geospatial space studied by the architectural geography.
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APXUTEKTYPHOE MOJIEJIUPOBAHUE «3BYKOBOI» INEPT'OJIbI

B.C. Jlecosuk, U.JI. Ilepwuna, /1.1O. Ilonos, A.B. Illeguenko

Benropockuii rocynapcTBeHHbIN TexHoNMornueckuil yausepcurer uM. B.I'. Illyxosa, r. bearopon, POCCUA

AHHOTanus: B craThe OmHMCaHBl apXUTEKTYpHBIE PEIICHHs IEProJibl, MPUCHOCOOIEHHONW i1 BOCIPOM3BOJCTBA
CEHTE3UPOBAHHOIO aKyCTHYECKOTO MPOCTPAaHCTBA. PelleHue MpeACTaBIeHO CPEACTBAMU KOMIIBIOTEPHOIO MOJAENIHU-
POBaHUS U BU3YQIM3HPYET KaK MPOIECCHI, TaK M OOBEKTHI Ha MpUMepe MOCTpoeHHs U pacueToB. [IpoexTHas paspa-
00TKa apXMUTEKTYPHBIX MOJEJNCH SIBJISCTCS HEOTHEMJIEMOH YacThiO B NMPAKTHYECKOM BOCCO3IaHUH HCCIIETyEMOTO
apXUTEKTypHOH T€OHNKOH reocnenu(puIecKoro NpoCTPaHCTRa.

KaroueBrble ciioBa: APXUTCKTYpHAsd r€OHMKAa, KOMIIbIOTECPHOC MOACIMPOBAaHUC, CHGL[I/I(bI/I‘IeCKOG MNpOCTPAHCTBO,
AKyCTHYCCKAad apXUTCKTypHas cpe/a, TeKCTI/IJ'IB'6€TOH, ApMHPOBAaHUEC, KOMIIO3UITMOHHOC BsIKYIICC

1. INTRODUCTION.
ABOUT THE PROCESS CONTENT OF
THE COMPOSITION

Denoting the problem of creating an architectural
environment that exerts a therapeutic interven-
tion on the physical and psychoemotional state of
a person, a solution appears to be a fundamental-
ly new way of solving an actual scientific prob-
lem. The originality of the formulated approach-
es allows us to talk about a new paradigm in ar-
chitecture — architectural geonics [1-3], which
formulates the systematic study of the influence
of geofactors on humans and has in its deposit
tools for creating specificity of space [4-5].

Modern trends of transdisciplinarity in the theo-
ry and practice of architectural geology [6], ex-
pressed in separate concepts, methods and ap-
proaches, are "supported” by the latest
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knowledge and indicate the development of the
vector of geodirectional architecture. Their local
manifestations reflect a comprehensive ap-
proach to creating a positive architectural and
spatial living environment. This confirms the
need for the development of architectural geol-
ogy in the framework of theoretical and project
experience in the formation of geo-approaches,
as well as the development of principles and
models of geosynthetically specific space.

The results presented in this paper are an archi-
tectural part of the implementation of the exper-
iment on the practical implementation of the
idea of creating an acoustic environment as a
form of representation of an architectural space,
according to A.G. Rappaport formulation, —
one of the types of “perceptual real space, re-
flected by human perception” [7].
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As a model of an architectural specific space,
two sketches are implemented, developing ideas
for the conceptual shaping of structures for var-
ious purposes. The specificity of space in all
cases is monosyllabic: one geosynthetized tool
of architectural geography using the possibilities
of air flows was applied.

The aim is to erect a "sound" surface for practi-
cal modelling of a specific medium by means of
architectural geography within the framework of
scientific research.

At the preparatory stage of the practical solution
of this problem, the search and systematization
of architectural analogs were carried out; on the
basis of this stage, the development of concep-
tual design proposals for sound architectural
structures that form the geospecific nature of
space through the application of methods of
computer modelling of structures and objects.
The possibilities of modern software tools for
analyzing and designing the concepts of sound
spaces were limited to the ArchiCad, 3-Ds Max,
SketchUp programs and the Lumion 3D anima-
tion visualization program. As an opportunity to
implement it is proposed to use the products of
scientific developments of post-graduate stu-
dents and scientists of BSTU named after V.G.
Shukhov. They initiated the research of a non-
traditional material for Russian construction —
textile-concrete. Textile-concrete is a composite
material, consisting, like ordinary reinforced
concrete, of concrete and reinforcement, but in-
stead of steel reinforcement, alkali-resistant
glass fibers or carbon fibers are used.

2. ARCHITECTURE MODELS

The conceptual proposal is a geological model
of the "sound" pergola (Figure 1). The proposed
small form is located in Belgorod, on the territo-
ry of BSTU named after V.G. Shukhov. The
pergola is a lattice black and shade canopy on
three visually massive supports (Figure 2 and
Figure 3). According to the calculations below,
the geometric dimensions of the pergola in the
plan are 41.00 x 33.00 m (Figure 4). The shape
in the plan is triangular, with radially rounded
ends. The lattice structure has a height of 200-
600 mm with a cell size of 300 x 300 mm. The
conditional plane of the pergola canopy has a
complicated concave surface of different heights
(within 600 mm).

The expediency of such geometric data is due to
the possibility of arbitrary placement of pipes /
tubes to create sounds of various required fre-
quencies. The optimal outer diameter of the
pipes is 300 mm. In this case, it is possible to
place pipes of any larger diameter multiple of
300 mm by cutting a cross-shaped segment of a
pergola structure for a diameter of 600 mm or
cutting a 900 x 900 mm grating segment to
mount a 900 mm diameter pipe.

The concept of sound pergola technology is to
form the whole structure with the help of tex-
tiles-concrete, described in the section "Applied
Materials" of this article.

The estimated height in the span is 4,00 — 5,00
m. The maximum height of the structure is 5,00
— 6,60 m. The sound pipes are metal.

Figure 1. Three-dimensional model of pergola from height of human scale.

Volume 14, Issue 3, 2018

69



70

T
Al A

Valery S. Lesovik, Irina L. Pershina, Dmitry Yu. Popov, Andrey V. Shevchenko

R

Figure 3. Orthogonal projection of the facade.

Figure 4. Top view.

International Journal for Computational Civil and Structural Engineering



Architectural Modelling of “Sound” Pergola

The initial stage of pergola design involves the
search for alternative solutions for support. Ac-
ceptable variants in the form of abstract forms
are given in Table 1. The shape of each model
dictates its own, spatial compatibility of sup-
ports, acceptable only for this variant. The op-
timality of the constructive solution is con-
firmed by numerical calculations.

Simulation of the lower part of the support (Ta-
ble 2) assumes design and pragmatism in opera-
tion, for example, a reduction in the number of
potential places of accumulation of debris and
the availability of seats for people.

Theoretical propositions of some design solu-
tions for the creation of sound spaces based on
the analysis of the use of the experience of ex-
traction of sounds in wind instruments, set forth
in the report and in a published article [8] in the
section “Architectural Geonics” of the Interna-
tional Online Congress “Fundamentals of
Building Materials Science” (BSTU named af-
ter V.G. Shukhov, 2017), allow us to compile
the theme of a sound specific environment
through the analogy of sound extraction from
musical instruments, such as wind and string.
The use of methods for creating musical tones
on such instruments will make it possible to
repeat the features of sound formation in geo-
logical installations, thereby creating the possi-
bility of studying the emotional responses of a
person caused by the sound specificity of an
architectural space. And this can be considered

Volume 14, Issue 3, 2018
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a modelling of the form of a specific medium
by means of architectural geonics.

The analysis of the medical factors of the sound
effect on the endogenous rhythms of the organ-
ism [9-10] confirms the influence of a specific
architectural environment on the creation of a
psychological climate [11], the generation of
positive emotions, creative mood, and mental
activity. And gives a scientific justification of
the therapeutic properties of the ecological-
physiological method of impact by an acoustic
method by quantitative and qualitative assess-
ment of the factors of their optimizing effect.

3. MATERIALS EMPLOYED

To create a new architectural environment,
conceptually new efficient building materials
are needed, which allow creating complex fili-
gree forms that ensure ease of operation and
safety during operation. Attractive from this
point of view is a textile-reinforced composite
material — textiles-concrete [12, 13]. At pre-
sent, the composite is widely used in a number
of European countries and has established itself
as a universal high-quality material [14-16]. To
create a “sound” pergola, it is proposed to use
textile-concrete of increased efficiency, the
composition of which is specially selected tak-
ing into account the peculiarities of the local
raw materials used, the method of preparation
and optimization of the processes of structure
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Table 1. Modelling of the abstract form of pergola support.

Model

. Orthogonal projection of the model
option

Axonometric representation of the model

B

, A
»

|

formation due to application of composite bind-
er properties [17, 18]. The characteristics of the
materials used are presented in Table 3. The use
of composite binders allows to obtain a new
generation of material with high physical-
mechanical and operational characteristics that
are unattainable with the use of traditional raw
materials and will ensure a qualitative structure
formation of the material.

The composite binder is prepared by the joint
grinding of cement and waste of wet magnetic
separation (WMSW) to a specific surface of 550
m?/kg and optimized by the optimum amount of
superplasticizer.
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Optimization of the processes of structure for-
mation of composite binders is due to the suc-
cessive growth of neoplasms during the harden-
ing of the system “clinker minerals — quartz of
different origins of WMSW — water-
superplasticizer waste”, due to the different in-
tensity and time of interaction of polygenetic
quartz with the products of hydration of clinker
minerals.

Selection of the rational composition of the fill-
er mixture is carried out by the method of calcu-
lation of high-density packages [19]. The char-
acteristic of the proposed composition of fine-
grained concrete is presented in Table 4.
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Table 2. Simulation of the lower part of the pergola.

Model | Orthogonal projection of the lower part Axonometric view of the bottom part
option of the model of the model
1
2 e r ;‘ .
3 k
’."

Table 3. Characteristics of the materials used.

Denomination Deposit Dispersability Sl spizllfrﬁsgrawty,

"Klinovec" quarry,

Sand Senevskoe deposit, 0,16-0,63 mm 2630
Korochansky district

Cement ZAQ “Belgorodsky 330 m2/kg 3100

Cement

Wet Magnetic Separation Lebedinsky GOK, 2

Waste (WMSW) Gubkin 85 mrlkg 2800
"Klinovec" quarry,

Crushed sand Senevskoe deposit, 200 m?/kg 2630
Korochansky district

Glenium-51 Liquid 1,13-1,15 kg/dm?

4. NUMERICAL IMPLEMENTATION
OF THE CONSTRUCTION

As a design scheme, we take a spatial core sys-
tem with a span of 22 m. The cell step is 300 X
300 mm. The physical nonlinearity of the mate-
rials is first taken as an exponential dependence.

Volume 14, Issue 3, 2018

Concrete is heavy, fine-grained, class B20 (Ep =
27500 MPa, Rop, ser = 15 MPa). AR-glass (120
g/m?, 2D, Bewehrung Typ 11, Ef= 72,000 MPa,
Rf n= 1450 MPa, Ar= 7.07 mm?) was used as
the reinforcing material. The bending moment
in the section (for the 111 snow region) M = 0.83
KNm.
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Table 4. Characteristics of the cement matrix of textile-concrete.

Denomination Condition Unit Value
Fresh mortar stiffness kg/m® 2400
Elapsed time at +20 °C min ~ 60
Spread in accordance with DIN 5 min cm >17
EN 1015-3 30 min cm > 14
Compressive strength 24 h MPa > 15
in accordance with GOST 10180, | 7 full days MPa >40
prisms 4 X 4 x 16 cm 28 full days > 80
Bending strength in accordance 24 h MPa >3
with GOST 10180, 7 full days >6
prisms 4 X 4 x 16 cm 28 full days >8
Modulus of elasticity 28 full days MPa >25000
a b
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Figure 6. For example of crack resistance Pt

Figure 7. For example of strength calculating:

calculation: a — the design scheme \ ¢
a — the design scheme of the section;

of the section; b — diagram of relative

deformations; ¢ — stress diagram.
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b — stress diagram.
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Figure 8. Concrete deformation diagram for strength calculation.
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Figure 9. The diagram of the deformation of concrete for the calculation of the second group
of limit states.

The results of calculating the strength and frac-
ture toughness are given in Tables 5 and 6.

The minimum cross-section of the structure was
previously taken at 100 x 200 (h) mm. In the
calculation, we consider the work of only the
fly-through part of the pergola. The calculation
is carried out according to the procedure [20] on
the basis of the nonlinear deformation model of
concrete (Figures 6-9), and also taking the pro-
portional dependence of the deformation of the
reinforcing material.

The limiting moment, perceived by the cross
section, is My = 1,41 - 10° Nmm = 1,41 kNm.
The relative error in the calculations was 7%.

Volume 14, Issue 3, 2018

The crack resistance moment Mcrc = 1.08 - 108
Nmm = 1.08 kNm (calculated with a relative
error of 2%). The limiting load, perceived by
the cross section Mcre = 1.08 kKNm> M = 0.83
KNm. Tables 5 and 6 show the results of calcu-
lating the strength and crack resistance of the
normal section: strength and crack resistance are
provided.

Based on the results of calculating the structural
strength of one element of a triangular shaped
canopy of “sonic” pergola, the following textile-
concrete construction is proposed to provide the
required strength (Table 7).
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Table 5. Results of calculating the strength of a normal section.

Co | Co
Sec- Plott ordi | ordi
tion age nat | nat N Eb,i, Obi, Et.i, Gfi, 1/p, | epu | Z0, S
num P e ' | MIla | MIa | MIa | MITa | mm? | & [ mm | 0% | Z
mm
ber Zy, | Zs,
MM | MM
1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 275 9.62 0.00 | 5808.1 -11.500 -3163 | 30439
5 198
2 275 6.87 0.00 | 14929.8 -8.510 -2340 | 16089
5 057
3 275 4.12 0.00 | 18264.7 -6.210 -1708 | 7044
5 034
4 275 1.37 0.00 23000 -2.530 -696 957
5 011
0.00
5 1100 5.5 046 0 0.000 0 0
0.00
6 1100 | 16.5 137 0 0.000 0 0
0.00
7 1100 | 275 228 0 0.000 0 0
0.00
8 1200 | 395 328 0 0.000 0 0
0.00 8.30E- | 0.00
9 1200 | 515 428 0 0.000 05 198 11.0 0 0
10 | 1200 | 635 000 0.000 0 0
' 527 )
0.00
11 1200 | 755 627 0 0.000 0 0
0.00
12 1200 | 87.5 797 0 0.000 0 0
0.00
13 1200 | 99.5 826 0 0.000 0 0
111. 0.00
14 1200 e 926 0 0.000 0 0
123. 0.01
15 1200 5 026 0 0.000 0 0
135. 0.01
16 1200 5 195 0 0.000 0 0
147. 0.01
17 1200 5 275 0 0.000 0 0
159. 0.01
18 1200 5 305 0 0.000 0 0
171. 0.01
19 1200 5 424 0 0.000 0 0
183. 0.01
20 1200 c 524 0 0.000 0 0
185. | 0.01 72000.0 13583
21 7.07 5 433 00 1035.71 7323 i
_ 14128
I= | -584 53
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Table 6. Results of calculation of fracture toughness of normal section.

Co | Co
Sect Plot ordi | ord &
ion tage nat | ina . Eb.i. Obi, Eti, ofi, 1/p, Z0, s s
i - t,ul i-Ai i-Ai-Zi
num 5 e | te MIla | MIla | MIla | MIla | mm* 1907 S i B
mm t
ber Zy, | Zs,
MM MM
1 1000 | -905 00000 | 26217 | -1573 4573 | 142357
6
2 1000 | -805 00000 | 26217 | -1573 1573 | 126627
6
3 1000 | -705 00000 | 26480 | -1.324 4324 | 93342
5
4 1000 | -605 00000 | 26775 | -1.071 4071 | 64796
4
5 1000 | -505 0.0000 | 27067 | -0.812 812 | 41006
3
6 1000 | -405 0.0000 | 27067 | -0.812 812 | 32886
3
7 1000 | -305 0.0000 | 27350 | -0547 547 | 16684
2
8 1000 | 205 0.0000 | 27500 | -0.276 276 5658
1
- 6,80g | 20
9 1000 | -105 0.0000 | 27500 | -0.276 B9 | 0o 276 2898
1 07
10 100 | -05 0 - 0.000 0 0
11 1900 | 95 O'Ofoo 26900 | 0.269 511 4855
12 1000 | 195 O'Ofoo 26900 | 0.269 269 5246
13 1000 | 295 0'0300 26000 | 0520 520 15340
14 1000 | 395 O'O??OO 24867 | 0746 746 20467
15 1000 | 495 o.ogoo 24867 | 0.746 746 36927
16 1000 | 595 0'0200 23575 | 0.943 943 56109
17 1000 | 695 o.ogoo 22080 | 1.104 1104 | 76728
18 1000 | 795 o.ogoo 22080 | 1.104 1104 | 87768
19 1000 | 895 o.ogoo 20383 | 1.223 1223 | 109459
20 1000 | 995 0'0;)00 18486 | 1.204 1204 | 128753
o . 101, | 0.0000 200000 | o i 2617
5 7 0
s= | 232 | 1080523

The minimum cross-section of the structure
was previously taken at 100 x 200 (h) mm. In
the calculation, we consider the work of only

Volume 14, Issue 3, 2018

the fly-through part of the pergola. The calcula-
tion is carried out according to the procedure
[20] on the basis of the nonlinear deformation
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model of concrete (Figures 6 - 9), and also tak-
ing the proportional dependence of the defor-
mation of the reinforcing material.

The limiting moment, perceived by the cross
section, is Myt = 1,41 - 108 Nmm = 1,41 kNm.
The relative error in the calculations was 7%.
The crack resistance moment Mcrc = 1.08 - 108
Nmm = 1.08 kNm (calculated with a relative
error of 2%). The limiting load, perceived by
the cross section Mcre = 1.08 KNm> M = 0.83

kNm. Tables 5 and 6 show the results of calcu-
lating the strength and crack resistance of the
normal section: strength and crack resistance
are provided.

Based on the results of calculating the structural
strength of one element of a triangular shaped
canopy of "sonic" pergola, the following tex-
tile-concrete construction is proposed to pro-
vide the required strength (Table 7).

Table 7. Textile-concrete construction.

Denomination Parameter Number of layers | Thickness of layer,
mm
Fine grained concrete Table 2 7 40
_ 2
Textile matrix AR-glass, 120 g/m?, 6 1

2D

CONCLUSIONS

The proposed composition of high-performance
textile-concrete and its construction can provide
the necessary strength of the entire canopy of
"sound" pergola and safety of operation. Com-
posite materials with a set of different proper-
ties have become the main building materials of
the 21st century, which allows to expand the
possibilities of modern architecture and open
new boundaries of excellence. In this connec-
tion, the use of textiles-concrete in modern ar-
chitecture as the main material for creating
complex spatial forms is seen as particularly
interesting.

The presented architectural concepts are the
result of the first stage of the systemic study of
the influence of one of the geofactors on a hu-
man within the framework of an architectural
geonics, assuming the transdisciplinarity of the
study. This stage formulates the problem of the
need for mathematical calculations of geomet-
ric characteristics of the main sound translators
— tubes. The formulation of this problem is re-
duced to the definition of the following:

e the length of the tube;

e diameter of the internal cavity;

e the size of the end of the tube;

e selection of pipe material with different
sound reflectance;

o the effect of the wall thickness of the tube in
the case of using the methods of creating
wind musical instruments to extract sound
harmonic oscillations in conditions of spon-
taneity of wind force and direction.

At the decision of this task the sound back-
ground will be controlled and therefore — di-
rected. Calculations of “correcting” natural
spontaneity will help create an alternative that
mimics the sound frequencies of music, in the
range of which a positive effect on a person oc-
curs.
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ABOUT WAVELET-BASED MULTIGRID NUMERICAL
METHOD OF STRUCTURAL ANALYSIS
WITH THE USE OF DISCRETE HAAR BASIS
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Abstract: The distinctive paper is devoted to so-called multigrid (particularly two-grid) method of structural
analysis based on discrete Haar basis (one-dimensional, two-dimensional and three-dimensional problems are
under consideration). 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). Special projec-
tors are constructed for the spaces of vector functions of the original grid to the space of their approximation on
the first-level grid and its complement (the refinement 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 initial
operator equation is a system of linear algebraic equations which is constructed with the use of finite element
method or finite difference method. Block Gauss method can be used for direct solution.

Keywords: structural analysis, wavelet analysis, numerical methods, multigrid methods, two-grid method,
discrete Haar basis, reduction, local structural analysis, approximation, boundary problem

O BEMBJIET-PEAJIM3AIIMUA MHOT'OCETOYHOI'O
YUCJEHHOI'O METOJA PACUETA KOHCTPYKIIUHA
HA OCHOBE JUCKPETHOI'O BA3UCA XAAPA

M.JI. Mo3zzaneea ', I1.A. Axkumos >**>, T.B. Kaiimykoe *°
! HaumonanbHe1i uccnenosarenbekuii MOCKOBCKHUI TOCYJapCTBEHHBINH CTPOMTENBHBIA YHUBEPCHUTET,
r. MockBa, POCCU
2 Poccwuiickas akageMusi apxUTEKTYPhI M CTPOMTEINBHBIX HayK, T. Mocksa, POCCHSI
3 Hayuno-uccneznosarenbckuii nentp CraJuO, r. Mocksa, POCCHS
4 ToMcKkuii TOCY1apCTBEHHBIN APXUTEKTYPHO-CTPOMTENLHBIH yHUBEpcHUTeT, T. Tomck, POCCHUS
5 Poccwuiickuii yHuBEpCHTET Apy*Obl HApo 0B, T. Mockpa, POCCHU S
6 [lenTpanbHbIil Hay4HO-MCCIEN0BATEILCKUI M IPOEKTHBIA HHCTUTYT
MuHHCTEPCTBA CTPOUTEIHCTBA U KITUIITHO-KOMMYHAJIBHOTO X034HCTBa, T. MockBa, POCCUA

Annoranusi: Hacrosimas cTaThst HOCBSIIEHA TaK Ha3bIBAEMOMY MHOTOCETOYHOMY (B YaCTHOCTH, JABYXCETOYHO-
My) METOAY pacdera CTPOWTENbHBIX KOHCTPYKIMH, OCHOBAaHHOMY Ha HCIIOJBb30BaHHWU JUCKPETHOrO Oasuca
Xaapa (paccMaTpuBaroTCsl OJJHOMEpHBIE, IBYMEPHbIE M TpeXMepHbIe 3ana4n). Onucana ammpoKCUMalHU CETOY-
HBIX (DYHKIUI Ha HYJEBOM M NIEPBOM YPOBHSX JUCKpETHOTO 0aznca Xaapa (ceToyHasi GyHKIMS NPEICTaBISIETCS
B BUJIE CyMMBI, B KOTOPOI MEPBOE CIaraéMoe COOTBETCTBYET aNMPOKCUMALIUU Ha IEPBOM YPOBHE, a BTOPOE cia-
raeMoe IpeACTaBiIIeT co00M TaK Ha3bIBAEMYIO JACTAIH3ALNIO (JOMOIHEHHE 10 MCXOIHOTO COCTOSHHS) Ha CETKE
mepBoro ypoBHsS. CTpOSTCS CIeIMaibHBIC MIPOSKTOPHI IMPOCTPAHCTBA BEKTOPHBIX (DYHKITHIA Ha MCXOTHOM CTeke
Ha TPOCTPAHCTBO HMX aNMIPOKCHMAIMK HA CETKE IEPBOTO YPOBHA W JCTAIH3ALMIO (TOMOIHEHHE 0 MCXOIHOTO
cocrostHus). V3nmoxeHa obmas cxema IBYyXCETOYHOI0 MeToja. JJaHHBIM MeTo ] MO3BOJISET pemaTh KpacBhle 3a-
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Ja4¥l CTPOMTEIFHON MEXaHMKH C HCIOJIb30BAHHEM COOTBETCTBYIOUIMX MATPUYHBIX OINEPATOPOB CYIIECTBEHHO
MeHbIIEH pa3MepHocTH. ClleyeT OTMETHTh, YTO AUCKPETHBIM aHAJIIOTOM HCXOJHOTO ONEPAaTOPHOTO YpaBHEHHS
SIBJISIETCSI CHCTEMa JIMHEHHBIX anreOpanyeckuX ypaBHEHHH, (opMupyeMasl ¢ UCII0JIb30BaHHEM TEXHUKH METoJa
KOHEUHBIX 3JEMEHTOB MM METOJa KOHEUHBIX pa3HocTel. /i mpsMoro pemeHus yKa3aHHOH CHUCTEMBI MOXKET

HCII0Ib30BaThCS OJIOYHBIH meTon Jlanmoma.

KiroueBble cj10Ba: pacueTsl CTPOUTEIbHBIX KOHCTPYKIUI, BeHBIeT-aHaINU3, YUCICHHbBIE METOABI,
MHOT'OCETOYHbIE METO/BI, IBYXCETOUHBIN METOJI, TUCKPETHBIN Oa3zuc Xaapa, peayKius,
JIOKaJIBHBIN pacdeT KOHCTPYKINH, almpoKCUMaIys, KpacBas 3a1a4da

1. ONE-DIMENSIONAL PROBLEMS
1.1. About alternative discrete basis.

Let us consider the following functions:
— father wavelet (Figure 1),

1, 0<x<1

q)(x):{o, X<0vx>1; (1.1)
1
0
0
07
05
04
04
03
0
01
-%.5 0 05 1 15
Figure 1. Father wavelet.
— the first mother wavelet (Figure 2),
1, 0<x<1/3
Y, (x)=9 -1 2/3<x<1 (1.2)

0, x<0v1l/3<x<2/3vx=>1L

— the second mother wavelet (Figure 3) i.e. vari-
ant of French Hat,

-1 0<x<1/3v2/3<x<1
2, 1/3<x<2/3
0, x<0vx=>1

¥, (x) = (1.3)

_-E].S 025 0 025 05 075 1 125 15
Figure 2. The first Mother wavelet.

1.5

05

_-E].S 0 05 1 15
Figure 3. The second Mother wavelet.

Matrix of transition from one level to the next level
has the same structure as in the Haar basis [1-25]

Q
Q

where for the Haar basis we have
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111 1
-l )
and for considering basis we have
1 1 -1]1/3
Q=1 0 2 1/~2 . (1.4)
1 -1 -1 1/J/6

Let us denote a family of discrete functions:

{l/7jp}, i=12,.,N,, p=L1L..,M,

where M is the number of levels: N =3 is
space dimension,

. — — P —p
1<p<M: l//jpz['//l,j V/z,j]’ (1.5)

vhO=a, 0200 ) @)

Vi =, % (D) @)

_ -M —M -
l//lM :[‘//1,1 Vi ¢2',\“; (1.8)

A (i) = a@[';ﬁj ;

p=M:

(1.9)

N, =N/3" is the number of v, and y;, at
level number p;

1 1 1
=—, «

“r = e

are normalizing factors.
Because 1/3 has no finite exact value, the ex-
pression

e

(1.10)

1-0.5
3P

is used to evaluate correctly instead of
i-1
K

Volume 14, Issue 3, 2018

The set {i7"} presented in this way is a basis in

the N -dimensional vector space. Moreover, this
basis will be orthonormal.
Let's consider a given vector

ueR" ) U:{ui}lsigN .
We present its decomposition in the Haar basis
M (& —p —p -
u=> {Z(vjpwlj +Wj”1//2jJ+ulM¢1M, (1.11)
p=1 j=1
where we have
P _ (" - P_ (" 1) -
VP =(wy;, U); W) =(w,;, U);

u' =(g", o), j=12,.,N, p=L1..,M.

(1.12)

p H

1.2. Determination of averaging coefficients.
Let us consider an example of a grid partition
for N=9=23% i.e. M =2. Then the location of
nodes by levels can be represented as shown in
Figure 4. The formation of the decomposition
coefficients at the first level is carried out ac-
cording to the following formulas:

k=123
il =+l uS) =B (L13)

~ 1
Uko = 3 (ué)k—z + ugk—l + ugk) ; (1.14)
1
Vi = E(ng—z _ugk) =
LWy (1.15)
= —ﬁZh% = —\/Eh(DOUO)Q,k,l;
1
W& = ﬁ(_ugk—z + 2u§k—1 _ugk) =
0 90 0
— _i h2 u3k—2 u23k—1 + u3k ) — (116)
J6 h
h? 2o
__%(D u )3k—1
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Zero level
0 0 0 0 0 0 0 0 0
4 3 Uy Ly s g iy g Ly
. p * . . * * * . .
The first level
i B s
i V3 V3
W W, W3
. . °
3
The second level
uf
*u'lz
Wi
°
Figure 4. About determination of averaging coefficients.
The formation of the decomposition coefficients  The following dependencies can be noted
at the second level is carried out according to
the following formulas: 1
g (D0u°)3k_1 = __Vi
\J2h
1 7% (1.21)
:E(ull"‘ué"'ué); (1.17) (D2U0)3k—1 :_F i;
1, ui-u; J2
woul)y=——— < T0y 2
\/—( 1 3) \/E 6h (DOU )2 \/§'6th
~0 _ ~0 (1.18) (1.22)
\/§ us; —u \/§ S0y . ~ \/E
=——06h =——=6h(D,u"),; (D00, =———w’;
J2 6h V2 > @)
1 1 1 1 1y _
Wy = T(_ul + 2, —Uy) = and then we have
2u; +u;
( h)* —3) = 1,
vV, =——=V
f( ) - 207 +u3)_ ) 1, k=123. (1.23)
J6 (3h)? W=
(3h)* /oo
= (D°u™),. _
V2 1.3. The final formulas.
Let the initial one-dimensional domain be given
For averaging (reduction) we assume as interval with length L. We can use simple
mesh (grid) for approximation of domain and
(DU g1 = (DyU°),, divide interval (the initial domain) into (N -1)
(D), , =(D%°),, k=123. (1.20) equal parts. We can represent the mesh vector
function U=[u, ... uy]" inthe form
86 International Journal for Computational Civil and Structural Engineering
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Ng
0=>ud], (1.24)
j=1
where we have
N, =N=3"; (1.25)
uj=u;, 1<j<N; (1.26)
=0/\ _ l, |= j
(Dj(l)—{o’ o (1.27)

— ] -th vector of unit basis of level 0,
1<j<N, =

At the same time, this grid function can be rep-
resented in the basis of the first level as

_ Ny —_ N —1 Ny —
U :Z;u}d)} + > VW +Zl:w}\yz,j , (1.28)
1= ] j=

j=1
where we have

N, =N/3;
U =(0,®Y); vi=(T¥1);

W= (@, W2), 1<j<N,, (1.29)
o =[u..uy 1" vV =[v..v 1"

W =[w ... wi ]". (L1.30)
Dl =a(®), + Dy, + DY) (1.31)

is the j-th approximation vector of discrete
wavelet basis of the first level, 1< j<N,;
N7 10 0
Wij =0 (Dyy, — Dy)) (1.32)

is the j-th refinement vector of discrete wavelet
basis of the first level, 1< j< N, ;

Wi =, (-, , +2D , — D) (1.33)
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is the j-th refinement vector of discrete wavelet
basis of the first level, 1< j< N, ;

a=1/-3
a, =1/2
a2=1/\/6

(1.34)

are normalizing factors.

Based on the representation of (1.28), the mesh
function is represented as a sum, where the first
term is its approximation on the mesh (grid) of
the first level, consisting of N, nodes, and the
second and third terms are called refinement
(addition to the initial state) on the mesh (grid)
of the first level.

The representation (1.28) can be written as

(1.35)

(1.36)

—0 & T T— 1

VP =) VW =, PO = WV (1.37)
j=1

Nl J—
W =3 W = W, W0 = W,, W, (1.38)

j=1

where we have

o, =[3 .. @ 1; (1.39)
¥, =[P .. Yinl; (1.40)
¥, =[Va1 ... You] (1.41)

matrices of size N x N,, the columns of which

are respectively approximation and refinement
vectors of the discrete basis of the first level.
Due to the orthonormality of the Haar basis [1-
7,9-25], the operators

Pcb = cI)lCDI, P‘P,l = \P1,1\P1T,1’ P\P,Z = \P2,1‘PzT,1
(1.42)
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are projectors of the space of vector functions of
the original mesh (grid) to the space of their ap-
proximation on the first-level grid and its com-
plement (the refining component) to the initial
state, respectively.

spectively.

1.4. Basic scheme of the two-grid method.
Let systems of linear algebraic equations

Al = f (1.43)

are discrete analogs of some operator equation
defined on a given interval of order N .

We can substitute in (1.43) the expression for U
in the form (1.35). Then we can multiply, in
turn, both sides of the equality on the left by the

matrices ®; and ¥, ¥;,. Thus we have

O; AD, T + O] AV, V' +
+ O AY, W' =] f
W AD U + W, AY, V' +

- - (L.44)
+ WL AY, W=/, f
Y, AD,T" + ¥, AY, V' + )
+W, AY, W =V, f;
or
Al,lul + Al,zvl + Al,sv_vl = 1Eu
AT+ ALV AW =, (1.45)
Aa,l'jl + As,zvl + A3,3V_Vl = 1Evw
where we have
A.I.,l = q)lTAq)l; A1,2 = chTA 111 (1-46)
A1,3 = (DlT ALPZ,l; A2,l = le,;Aq)l; (1-47)

A2,2 = \Pl,TlA 117 Az,s = \Pl,TlA\PZ,l; (1-48)
As,l = LPZT,lAq)l; As,z = \PzT,lA\Pl,l; (1-49)
A3’3 = ‘~I’2T'1A‘I’2’1 (1.50)

are block matrices of size N, x N,.

f,=0/f; f,=¥.f; f,=¥,,f

, (1.51)
are right-side vectors of length N, .

We can find the solution of the system (1.45)
using the block Gaussian method.

The expanded block matrix has the form:

A An Al
A A Ag| | @52)
As A, Al

We have the following result of forward algo-
rithm:
— the first step

Ar A As |
0 A, A f. (153
0 A, Aslfy
where we have
A;,z = Az,z _C2,1A1,2 ; A;,s = Az,s _C2,1A1,3;
(1.54)
fvl = fv _C2,1 fu1 C2,l = A21A]j, (155)
Aé,z = A3,2 _C3,1A1,2; Asl,s = As,s _CS,lAl,S;
(1.56)
fviI/. = fw _C3,1 fu , C3,1 = A31A1_11 (1-57)
— the second step
As An Al
0 A, ALl (1.58)
0 0 AL[f,
where we have
A32,3 = A31',3 _Cs,z A22,3 ; (1-59)

fvf = f_vt _Cs,z fvl’ C3,2 = Asl.,z(A;,z)_l- (1-60)

We have the following result of backward algo-
rithm
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’

L

Figure 5. To the formulation of the boundary problem.

——0—0 90— 90— 060 0 00 0 00
1 2 3 : -2 -1 1 i+l j+2 n-2 nl n
Figure 6. Discrete approximation of the domain.
W= (AZ) " f2 yOX) +4a’y(x)=F(x), 0<x<L; (1.63)
VSRR (e {y<0)=y"<0)=o (L6
U= A (f, —ALV - AW y(L)=y"(L) =0,
In accordance with formulas (1.35)-(1.38) solu-  where we have
tion of the considering problem (1.43) has the
form Kk
st =K EoPs-ly e
EJ EJ 2

U=0,0' +¥ V' +¥,,W. (162

It should be noted that the proposed method
makes it possible to obtain a solution with the
use of matrices of size N, = N /3 and vectors of

size N, =N/3.

1.5. Numerical sample.

Let us consider (as a model example) the nu-
merical solution of the boundary problem of the
bending of a beam on an elastic foundation with
the following parameters: L =8 m is the length
of the beam; h=1.3 m is the height of the cross
section of the beam; b=1 m is the width of the
cross section of the beam; E = 2560-10* kN/m?
is the modulus of elasticity; P =100 kN is the
load set at the middle point, P, =100/hy;

k =75-10° kN/m? is the coefficient characteriz-
ing the resistance of the foundation in the model
of Winkler; k =k -b, J =bh?®/12 (Figure 5).
The definition of the deflection of the Bernoulli
beam is reduced to the solution of the following
boundary problem:

Volume 14, Issue 3, 2018

Let us divide the interval (0, L) into equal parts
with step (Figure 6).

If n is the total number of points, it is obvious
that

h, =L/(n-1). (1.66)

Next, we move from the solution of the bounda-
ry problem (1.63)-(1.64) to the solution of the
following system of difference equations:

=1 y =1
i=2: _ZY1+(5+4h;a4)y2_4y3+y4:f2
2<i<n-1: vy, , -4y, +(6+4hla’)y, -

—4Yiat Y =T
i=n-1: y,, -4y, +(56+4ha’)y, -
_Zyn = fn—l

i=n:y =f,

(1.67)

where we have
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i 10° progib-uo&y

0

i /

\ /
LN /
TN /
N /

o W/

. AN /

14t i \\‘/ ’ :
0 1 2 3 4 5 6 7 8

Figure 7. Comparison of results.

X =h(0-1); vy, =Yy(%); (1.68)
0, i=1

f. =4 h'[F(x)/h] 2<i<n-1 (1.69)
0, i=n.

In accordance with the results of analysis com-
parative graphs of deflections were obtained.
Direct solution of the system (1.67) and solution
defined by the formula (1.62) are presented at
Figure 7. It should be noted that full match re-
sults obtained.

2. TWO-DIMENSIONAL PROBLEMS

2.1. General information.

Let the initial two-dimensional domain be given
as a rectangle [8]. Let L, and L, be lengths of
sides of this rectangle in directions correspond-
ing to Cartesian coordinates x, and x,. We can
use simple rectangular mesh (grid) for approxi-
mation of domain and divide each side of the

90

rectangle (the initial domain) into (N —1) equal
parts. The corresponding mesh (grid) width are
defined by formulas

h=L/(N-1); h,=L,/(N-1). (2.1)
Thus, the resulting mesh contains N* nodes.
Let us introduce the mesh function

U=[Up; . Uy o Uyy Uy 1 (22)
We can represent the mesh function (1.2) in the
form

RO 0 =0
u :Zzujthq)jz:h !

(2.3)
J2=1 h=1
where we have
No=N; (2.4)
u?Zvjl :ujzvjl’ 1< jll j2 <N ; (25)
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: WAty =1,
121(2’1) {,_'(l—h/\'z—])
1<),, <N, =N, 1<i,,i, <N, (2.6)

where @ | is (j,, ;) -th vector of a unit basis

or a discrete zero-level Haar basis

The mesh function (2) can also be represented
in the form of an expansion in the Haar basis of
the first level:

Nl Nl Nl N1
= 1 =1 1 Wl
O=2 > up @+ > Vi Pop +

—e e
N N T 2.7)
l 1 sl
2.2 V20,0 Yo +ZZV3,12,J1\P3,12,11’
2=l ji=L J2=lj=1
where we have
N,=N/2; (2.8)
_(U (Dlzh); l] Jh _(U LI“ll )’ (29)
2]2 h _(U \leJz h)’ 3J2xj1 :(u'\{l:)’lvjpjl); (210)
0" =[upy . Uy, oo Uy e Uy T (2.10)
vkl =[Vi,1,1--- Vt,l,Nl pees Vi,Nl,l - ]l;,Nl,Nl] , k=123;
(2.12)
cDjz:j _a(q)zj -,2j-1 +CD212—1211 + (2.13)
—0 .
+CD2] 2p 1+CD2j2,2jl)

— (J,, J;) - th approximating vector of the dis-
crete Haar basis of the first level, 1< j,, j, < N,;

\Pl

_ =0
i = 0 Poj, 050~ Pojyazy, +

0 0
+ Dy, 051~ Dy, 05)

(2.14)

— (4, J,, J,) - th refining vector of the discrete
Haar basis of the first level,

\I]l

2 = (@2, 1250+ Py 1o —

0 0 .
CDZJZ 2j-1 q)2j2v2j1)’

(2.15)

- (2,],,],)-th refining vector of the discrete
Haar basis of the first level,

Volume 14, Issue 3, 2018

_ =0
a((DZj 12j1 q)zjz—l,zjl -

T0
q)zJ 2j-1 +q)212 2J1)

wl
\P3 I

(2.16)

— (3, J,, J;) - th refining vector of the discrete
Haar basis of the first level,
1<, <N, (2.17)
a =1/2 is normalizing factor.
In accordance with (2.7), the mesh function T is
represented as a sum in which the first sum-
mand (the first sum) is its approximation on the
grid of the first level including N/ nodes, and
other three terms are called the refinement (the
complement to the initial state) on the grid the

first level. The representation (2.7) can be writ-
ten in the form

U=0 +V, +Vy, +Vy); (2.18)
ZZUJz J1(I):JLZ I = (qu)I_ =CI)1U1; (219)
i2=lj=1
N, N,

—0 1 sl T & gl
Via = szk,jz,jlqlk,jz,jl = \Pk,llPk,lu = \Pk,lvk )
=Ll
k=123, (2.20)
where we have
®, =[D], ... Dy .. Dy ;. Py 17 (2.21)
= [\Pkl,l,l IPkl,l,N \Pkl N; 1 \Pkl N, Ny ]
k=123 (2.22)

are matrices of size N°xN/, whose columns
are, respectively, approximating and detailing
vectors of the discrete Haar basis of the first
level.

Due to the orthonormality of the Haar basis [1-
7,9-25], the operators

P, =®,®;, P, =¥, ¥, k=123 (2.23)

are projectors of the space of vector functions of
the original grid to the space of their approxima-
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tion on the first-level grid and its complement
(the refining component) to the initial state, re-
spectively.

2.2. Basic scheme of the two-grid method.
Let systems of linear algebraic equations

Au = f (2.24)

are discrete analogs of some operator equation
defined on a given rectangular prism of order
NZ.

We can substitute in (2.24) the expression for T
in the form (2.18). Then we can multiply, in
turn, both sides of the equality on the left by the
matrices @; and ¥,, k=123. Thus we

have

3 -—
o] AD, T +Zq>{ AY, V. =] f

Y/ AD T +Z‘P11A‘I’kl = f

k1 (2.25)
YL AD T+ W AY, T =Y, f

k=1

3 -
YL AD T + ) VLAY, Vi = f

k=1

Equations (2.25) can be rewritten in the form

(2.26)

24: w,=f, i=1..,4.

where A ; are block matrices of size N/ x N/;

f; and w; are block vectors of size N7,

Ay = QDI AD;; Ay, = CDI AY,,,
Ao =PLAD,, k=123; (2.27)
Acipn = POAY,.., kK p=123; (2.28)
f=0lf, f,=%,f, k=1..7; (229
W, =0", W,=v;, k=1..,7. (2.30)

We can find the solution of the system (2.26)
using the block Gaussian method.
The expanded block matrix has the form:

Ar A, As AR
A2,l A2,2 A2,3 A2,4 .Ii2 (231)
An Ao A A T
A4,1 A4,2 A4,3 A4,4 f_4

We have the following result of forward algo-
rithm:

Al,l A1,2 A1,3 A14 fl
1 1 1?1
O A2,2 A22,3 A24 _22 , (232)
0 0 A, AL
0 0 0 Aff4 ff
where we have
AilszAilfj_l_Ci,kA:,_jl' k=1..4,
i=k+1..,4, j=k+1..,4; (2.33)
f=f"-C f" k=1..4,
i=k+1,..4; (2.34)
Cii =ACAS) ™, k=1..3,
i=k+1,...,4. (2.35)

We have the following result of backward algo-
rithm

W, = (A),) (2.36)
W =(AT)™ Lf' . Zpﬁ— J i=3,2,1. (2.37)

In accordance with formulas (2.18)-(2.20) solu-
tion of the considering problem (2.24) has the
form

CI
CI

(2.38)

7
—1 — —
WV =0, W, + Z\Pk,lwkﬂ'

k=1

M~ ” M“
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CONTOUREF: function U

60 80 100 120 140

a) “
Figure 9. Solution of the boundary problem: a) solution of problem in initial formulation;
b) solution with the use of two-grid method.

It should be noted that the proposed method
makes it possible to obtain a solution with the

use of matrices of size N xN; and vectors of
size N/ (N2=(N/2)?).

3.3. Numerical samples.

Let us consider (as an example) the definition of
bending a rectangular plate, hinged on the edg-
es, loaded in the center by the concentrated
force (Figure 8).

Design scheme of a rectangular plate is shown
on Figure 8: L, =L, =140 mm are dimensions

of plate; h=20 cm is thickness of plate;

E=3-10° kN/cm? is modulus of elasticity of
the material of plate; v =0.16 is Poisson's ratio
of the material of plate; P =100 kN is parame-
ter of concentrated load.

We can use finite difference method for numeri-
cal solution of the considering problem. Thus,
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CONTOUREF: function U
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b) .

we can get resultant system of equations with
respect to the nodal deflections,

AU = f, (2.39)

where A is matrix of coefficients: f is load

vector;: U is vector of unknown nodal deflec-
tions having the following structure

U=[Uy;, .. Uy . Uy, Uy T (2.40)

U;; =Uu(X,;,X%,;) is the deflection in the node

), 1Lj=1,.,N.

In accordance with the results of analysis graphs
of deflections were obtained. Direct solution of
the system (2.39) and solution defined by the
formula (2.38) are presented at Figure 9.
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Let us consider (as an example) the static analy-
sis of a trapezoidal beam-wall (Figure 10).

b

X2

.f.lf '}J

Figure 10. Design scheme.

Design scheme of a trapezoidal beams-wall is
shown on Figure 10: height is equal to 140 cm;
width at base is equal to 140 cm and at the top

of the structure is equal to 70 cm; E =3.10°
kN/cm? is the modulus of elasticity of the mate-
rial of structure; v =0.16 is Poisson's ratio of
elasticity of the material of structure; P =100
kN is parameter of concentrated load. Besides,
we have fastening at the bottom corner points in
both directions.

We can use finite element method for numerical
solution of the considering problem. Thus, we
can get resultant system of equations with re-
spect to the nodal displacements (u, and u,),

KU =R, (2.41)

where K is global stiffness matrix; R is global

load vector; U is vector of unknown nodal dis-
placements having the following structure,

1 =T T T T T.
U =[U;...U ..Uy Uyl s

- Uy (X5, X,,)
i Luz (Xl,j 1 Ko )J

are displacements u, and u, in the node (i, j),
L j=1,..,N.

(2.42)

(2.43)

Let us denote P, as the matrix operator of such
a permutation, i.e.

V=BU or U=PV. (244

As a result, the resolving system (13) is con-
verted to the form

(2.45)
where we have

K,=P,KP}; R,=P,R. (246)

Besides, we use the following block matrices in
formulas (2.26)-(2.38):

o, 0
|3 3
Y 0
b _ k,1
\Pk,l_i‘ 0 lPk,l

In accordance with the second equation of the
formula (2.44), the solution of the initial prob-
lem (2.41) has the form:

(2.47)

J, k=123. (2.48)

. 3
U= Plg ((va_vl + Z\Pkblv_vkﬂ) . (2-49)
k=1

In accordance with the results of analysis graphs
of displacements were obtained. Direct solution
of the system (2.41) and solution defined by the
formula (2.49) are presented at Figures 11-12.

3. THREE-DIMENSIONAL PROBLEMS

3.1. General information.

Let the initial three-dimensional domain be giv-
en as a rectangular prism [1]. Let L, L, and L,
be lengths of sides of this prism in directions
corresponding to Cartesian coordinates x,, X,

and X, .

94 International Journal for Computational Civil and Structural Engineering



About Wavelet-Based Multigrid Numerical Method of Structural Analysis with the Use of Discrete Haar Basis

CONTOURF: function U1 x 10" CONTOURF: function U2 x 10"
140 1

120

100
80 \
60— q

X2

40

20

) " b)
Figure 11. Solution of the boundary problem (displacements u, (a) and u, (b)) in initial formulation.

CONTOURF: function U01 x 107 CONTOURF: function U02 x10*
140 1 14

120

12

100
80 \
60— q

10

X2

40

20

a) - -4 -20 )2_ 20 40 60 b)
Figure 12. Solution of the boundary problem (displacements u, (a) and u, (b))
with the use of two-grid method.

We can use simple rectangular mesh (grid) for We can represent the mesh function (1.2) in the
approximation of domain and divide each side form

of the rectangular prism (the initial domain) into

(N-1) equal parts. The corresponding mesh oy Ny N

(grid) width are defined by formulas 0= ;;;sz,h,jﬂ’jz,h,h - (39

h =L /N-1); h,=L,/(N-1);

where ®° . (i,,ii,i,) s the (iy s, jo) -th
h,=L,/(N-1). (3.1) Boudns V12011013 or J1r Js

vector of a unit basis or a discrete zero-level
Haar basis

Thus, the resulting mesh contains N* nodes.

Let us introduce the mesh function

— T
U=[u1,1,1 u1,N,1 uN,N,l uN,N,N] .

(3.2)
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Jz I Js(lz’ll’ 3)_
1, (i, = jl)ﬂ(iz = jz)ﬂ(is = Js)
0, (i = iU, = i,)UJ (s # iy,
1<, 01, Js <Ny =N; 1<i,,i,i;, <N, =N;

. o (3.4)
uj2vj1vj3 = ujzvhvl-z’ 1S -ll’ JZ’ J3 < N ; (35)
No =N. (36)

The mesh function (3.2) can also be represented
in the form of an expansion in the Haar basis [1-
7,9-25] of the first level:

N, Ny Ny

ZZZ 20 duids 12 h 13+

js=1Jp=1j=1
N, Ny N

+zzzzvk P k J2iduids?

k=1 jo=1j,=1];=1

(3.7)

where qﬁ i 18 (J2 Jiy J3) -th approximating

vector of the discrete Haar basis of the first level,

=1 _
D i =@, 0 0050+ Poj 220t

=0 -0
"‘q)zj 2]1—1213—1"‘@212 2y, 213—1+ (3 8)
21 1,2j,-1,2 2j,-12j1,2]3

=0 0 .
+ Dy, 25125, + Pajy 2,23, )5

Wi — (K 1y, Jp J3)-th refining vector of

the discrete Haar basis of the first level,

11,1'2,1'1,13 = a(q)zjfl 2j12j 31271,21'1,21'371 +
+ ?312,211—1,213—1 __312,211,21'371 +
+?gjz—1,2j1—l 2 = Poj, 122, +
+ (ngzxzjrlvzla CD(Z)JZ 2j1.2]3 )
(3.9
lP21,j2,j1,j3 = a(q)ij—th—l 2j3-1 + c1)212—1 2, 213—1
~ @3, 23121~ Pajy 2 2ia +
+q)gj -1,2j;-1,2]3 +q)312—12]12]3
— 03, 2125, ~ P2 2 2);
(3.10)

70
q)21'271,21'1,21'rl

at

wl _
lPB J2. 0103 a(CDZJ -12j-1,2j3-1

0
CD2]2 2j;-12j3-1 +q)212 2j1,2]5
-0 0
+ @y, 125125, ~ Pojazg20
50 -0 .
(Dzlz 2j;-1,2]; +(D212 2, 213)

(3.11)

_ ~
Poiis = (@2, 1050051+ Doy an0pa +
0
+ CDZJ 2j1-1,2j3-1 + (D212 2j1.2j3-1
0 0
®2J2*1 2j1-12j; ®2J2*1 2], 2]3

0 0 .
cI)ZJz 2j-12]; q)212v211v2j3)’

(3.12)
Tl _ =0
\P5 J2.01 03 cX(Q)Zh*l 2j-12j3-1 (D2j2—1,2j1,2j37l +
0 0
+ CI)21 2j-12j3-1 q)zjz 2j1.2j3-1
50 0
q)ij—l 2j1-12]3 + (1)2]2*1 2j1,2j3
0 50 .
(Dzlz 2j1-12], + (Dzlz 2, 2]3)
(3.13)
Wl _
o ppiis = (P35 121251 T Pojyrzg2i1 —
30 _Ho _
2jp,2j1-1,2j3-1 2j5.2j1,2j3-1
0 50
(D2j2—l,2j1—1,2j3 q)2j2—1,2j1,2j3 +
0 0 .
+ q)2j2,2j1—l,213 + CDZJZ 2], 2J3)
(3.14)
Tl _ =0
¥ i a(q)sz—l 2i12j1 ~ Paj 12 2)1
0
2 2irzia T Py 2 2,0
0 0
D@3, 125125, T Paj,a2j,25, +
0 0 .
+(1)2J'2,2J'1—1,2J3 CDZJZ 2], 2]3)
(3.15)
1 (= 1 .
U, g = @ D5 5050
1 = ol _
Vi ini s _(u,‘Pk,jZ’hij), k=1,..7; (3.16)
a=1/(2\2); N;=N/2 (3.17)

« 1S normalizing factor.

In accordance with (3.7), the mesh function o
represented as a sum in which the first sum-
mand (the first sum) is its approximation on the
grid of the first level including N} nodes, and
the second term (the second sum) is called the
refinement (the complement to the initial state)
on the grid the first level. The representation
(3.6) can be written in the form
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7
o= Z‘ (3.18)
Ny Ny Ny
hz—]-;; J2: b J3 Jz ids (319)
=0, (®,,U)= CI)lcl)IU;
N, Ny Ny
k1 ;;; K iz duids © Koz duids (320)
= \Pk,l(\PkJ!U) = \Pk,l\PI;I—,lU’ k :1,...,7,
D, =
=[Py, - (DllN1 q)’l\l N1 q)lNl N,
(3.21)
\Pk,li
=[Werrs - Peons - Yenones - Pononon ]
k=1..,7.
(3.22)

Due to the orthonormality of the Haar basis
[2,3,5,6], the operators

P, =®,®;, P, =¥, ¥, k=1..7 (3.23)
are projectors of the space of vector functions of
the original grid to the space of their approxima-
tion on the first-level grid and its complement

(the refining component) to the initial state, re-
spectively.

3.2. Basic scheme of the two-grid method.
Let systems of linear algebraic equations

AU = f (3.24)

are discrete analogs of some operator equation
defined on a given rectangular prism of order
N,

We can substitute in (3.22) the expression for U
in the form (3.16). Then we can multiply, in
turn, both sides of the equality on the left by the
matrices @, and ¥,,, k=12,34,56,7. Thus

we have
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O] AT, +Zq> AP, v, =] f, (3.25)

¥, AT +Z‘{’J‘1A‘Pk11\7§ =y, f, k=1..,7
k=1
(3.26)

Equations (3.25) and (3.26) can be combined in
the system

iAJw =f, i=1..8.  (3.27)

where A ; are block matrices of size N xN/;

f; and W, are block vectors of size N,

A1,1 = CDI A(Dl; Al,k+l = CDI A\Pk,l’
A =VYLAD, k=1..,7; (3.28)
Acrpn =LA ., k,p=1234567;
(3.29)
ff=0/f, f,=%,.f, k=1..7; (3.30)
w, =0, W,,=v;, k=1..7. (3.31)

We can find the solution of the system (3.27)
using the block Gaussian method.
The expanded block matrix has the form:

rguall
-

Ar Ar Ag Ar As Ag A Ay
P Ao A A As A Ay Ay
A A A A A A Ay Ag
A4,1 A4,2 A4,3 A4,4 A4,5 A4,6 A4,7 A4,8
A Ao As A As Ag Ag Ay
A Az Aa A As A Aar A
A7,1 A7,2 A7,3 A7,4 A7,5 A7,6 A7,7 A7,8
Ar Ao A A As A Ag Ay

—h| —h| —h| —h| —h| —h|
o o s lw N

'3

—hn
©

(3.32)

We have the following result of forward algo-
rithm:
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AN, ALA A A AL A f

0 1 1 1 1 1 1 1 fl

2 3 4 5 6 7 8 2

0 0 23 24 2,5 2,6 27 2,8 f32

0 0 0 A, A5 Ay A, A |f)
0 0 O O 4,5 46 4,7 48 f54 1

0 0 0 0 0 A, A, Alf

0 0 0 0 0 o0 A, Al

00 0 0 0 0 0 A,lf
(3.33)

where

A=A -C AL, k=17,

i=k+1..,8, j=k+1..,8; (3.34)
fr=f'"-C f" k=1..7,
i=k+1..,8; (3.35)
Ci,k=Ailfk_l( k,il)_lv k=1..7,
i=k+1...,8. (3.36)

We have the following result of backward algo-
rithm

W, = (Are) " fy'; (3.37)

W, =(A;;1)-1L fit— iA‘ijJ, i=7,...1.

j=i+l
(3.38)
In accordance with formulas (3.18)-(3.20) solu-
tion of the considering problem (3.24) has the
form

7
U=0 + 2\7& =
k=L (3.39)

7 7
=0+ Z‘I’Mvk =D,W, + Z‘kalwm.
k=1

k=1

It should be noted that the proposed method
makes it possible to obtain a solution with the

use of matrices of size N xN, and vectors of
size N;.
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ABOUT THE PROBLEM OF ANALYSIS RESISTANCE BEARING

SYSTEMS IN FAILURE OF A STRUCTURAL ELEMENT
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Abstract: This paper focuses on the methods of calculating load-bearing systems in the case of a failure of a
structural element. This kind of failure makes it necessary to assess further behavior of the structure with a possi-
bility of the progressive collapse development. The stress-strain state analysis of a load-bearing system in the case
of a failure of a structure is carried out by two main methods — static and dynamic calculation. It is shown that the
static calculation (quasi-static analysis using the dynamic amplification factor) is not a universal method. This
paper justifies the application of the direct dynamic calculation in the mode of direct integration of motion for the
design analysis of load-bearing systems with high rigidity stories (protection structures for a load-bearing system).
It also gives recommendations for selecting parameters of the direct dynamic calculation in the case of a failure
analysis of a bearing structure.

Keywords: modeling, numerical methods, calculation model, strain-stress state, progressive collapse

Ob AHAJIM3E COITPOTUBJIEHUA HECYIIUX CUCTEM
IHPU OTKA3E KOHCTPYKTHUBHOI'O JIEMEHTA

A.B. Hepenvmymep *, O.B. Kabanyee >
THIIO CKAJ Cogr, r. Kues, YKPAUHA
2 HanuoHaJIbHbIH HCCen0BaTeNbCKuii MOCKOBCKUI FOCYJapCTBEHHBIH CTPOMTENbHBIA YHUBEPCUTET,
r. MockBa, POCCHU I

AnHoTanusa: PaccmaTtpuBaroTcs BONPOCHI METOAMKH pacueTa HECYUIUX CHUCTEM IMPU OTKa3e KOHCTPYKTHUBHOIO
anemenTta. OTKa3 Takoro poja MPUBOJIUT K HEOOXOAUMOCTH OLIEHUTH AalbHEHIIee MOBEIeHNEe KOHCTPYKITUH C
BO3MOYHOCTBIO Pa3BUTHSI IPOTPECCUPYIONIETO pa3pylIeHHs. AHAIN3 HAMPSHKEHHO-1e(hOPMHUPOBAHHOTO COCTOS-
nust (HIC) HecyIeil CHCTEMBI B YCIOBHSIX 0TKa3a KOHCTPYKIMU BBIMOJIHSETCS 0 ABYM OCHOBHBIM METOIUKAM —
CTaTHUYECKHA ¥ AMHaMUYecKkuit pacueT. [TokazaHo, 4To cTaTndecKuil pacueT (KBa3HCTaTUIECKUI aHAIN3 C UCTIONb-
30BaHKEeM KO3((HUIMEHTA JUHAMUYHOCTH) HE SIBJISICTCS YHHBEpPCAIbHBIM MeTOoM. [IpuBeseHb 000CHOBAaHMUS
TOTO, YTO JIJIsl PACYETHOT'O aHAJIA3a HECYIIUX CHCTEM C ITa)KaMH ITOBBIIICHHOM )KECTKOCTH (KOHCTPYKIIMH 3aIUTHI
HECYIIeH CUCTEMBI) I[eJIECO00Pa3HO MPUMEHSATH MPSAMON JMHAMHYECKUI pacdeT B PEKUME IPSIMOT0 HHTETPUPO-
BaHUs JBIWXKCHUA. [IpUBEeHBI PEKOMEHAAUH 110 BBIOOPY MapaMeTpoB MPSIMOTO TWHAMHUYECKOTO pacdera Ipu
aHaJIM3€e 0TKa3a HECYIEH KOHCTPYKIIHHU.

KiroueBble c10Ba: MOIEIMPOBAaHIE, YNCIICHHBIE METOIBI, paCUeTHAs MOJIEIb,
HanpsKeHHO-Ae(OopMUPOBAaHHOE COCTOSIHHE, IPOTPECCHPYIOIIee O0pyIIeHHE

1. INTRODUCTION AND TASK
STATEMENT

Stability evaluation of the load-bearing system in
the event of individual load-bearing structure
failure or when a local defect is created in the
structural system is one of the most important

tasks when assessing the safety level of the build-
ing bearing system in its entirety. In some cases,
this task is formulated as an estimate of the struc-
ture survivability [1,2,3] which seems to be one
of the justified approaches. The legislative docu-
ment in force [4] outlines requirements to ensure
mechanical safety of buildings and structures in
the event of an emergency design situation:
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‘when designing a facility of an increased criti-
cality rating, an emergency design situation must
also be taken into account, which has a low
chance of appearance and short-term duration,
but ... which is crucial from the point of view of
the consequences of reaching the limit states that
may be generated in this situation (including the
limit states arising in connection with explosion,
collision, emergency situation, fire, and also right
after the failure of one of the supporting struc-
tures)’.

Following further description of the require-
ments [4], the state standard [5] outlines the re-
quirements with regard to the stress-strain fore-
cast of the bearing systems: ‘When performing
structural design, the following design situations
should be taken into account: ‘emergency’ being
a situation which implies exceptional conditions
of the building operation and which can lead to
significant social, environmental and economic
losses’. The state standard [5] introduces a new
kind of limit state: ‘special limit states, namely
the states arising from particular impacts and sit-
uations exceeding of which leads to the failure of
structures with disastrous consequences’. It
should be mentioned that previously the regula-
tory documents did not cover ‘special limit
states’.

The definition of special effect sis thoroughly
studied in the regulatory document [6], where in
the definition is follow sis given: ‘Special loads
are those loads and impacts (e.qg., explosion, col-
lision with vehicles, equipment failure, fire,
earthquake, certain climate-relevant impact, fail-
ure of a structural element) which result in emer-
gency situations with eventual catastrophic con-
sequences’. Code of Practice [6] defines that* the
impact caused by particular emergency effects
needs to be taken into account in modeling to de-
termine the structures progressive collapse.
Along with the wording of the aforementioned
state standard [5], the following is defined: ‘Cal-
culation model for the structures progressive col-
lapse may be considered not compulsory if spe-
cial measures are ensured and which exclude pro-
gressive collapse of the structure or part thereof”.
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The standard [5] requires as follows: ‘For every
limit state there should be taken into account the
design models of the structure, its structural ele-
ments and bases which can characterize their be-
havior under the most unfavorable conditions at
the time of their construction and operation.

As a matter of fact, evaluation of the bearing sys-
tem resistance in the event of failure of the struc-
tural element can be reduced to an analysis of the
development of fracture processes in the bearing
system due to a local cause (failure of an individ-
ual structural unit). This approach corresponds to
the modern interpretation of the well-known and
frequently used concept of a‘ progressive col-
lapse’ which is considered to be a‘ dispropor-
tional® destruction owing to a local failure. It
seems that the term ‘disproportional’ in view of
destruction more closely corresponds to a phe-
nomenon that the norms require to prevent,
namely: it is deemed compulsory to avoid ad-
vancement (development) of destructions in the
bearing system due to occurrence of the initial
failure of an individual structural unit.

To evaluate the bearing system resistance against
a local structural failure, various methods are
proposed. For instance, in [7] it is proposed to
employ the survivability index Irc:

lee =—2 1)

where Rmax is the maximum possible failure; R is
the failure caused.
The source [8] thus defines the quantitative index
of survivability K:

m

Zki(Ni _ni)
= Zm:Ni

i=1

K )

where N;is the total of the structural elements in
this group; m is the total of the groups of ele-
ments; ki is the weight factor for i-th of the group
of elements; n; is the total of the damaged ele-
ments of the i-th group.
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It should be noted that the proposed methods of
resistance of the bearing system (evaluation of
‘survivability’ as the terminology proposed by
the authors) imply the information on the extent
of destruction. In order to estimate the surviva-
bility of the designed buildings using the meth-
ods as above, a forecast of the extent of damage
needs to be carried out and which can be sup-
ported by the outcome of the design analysis.
Information on the extent of destruction that oc-
curred and was caused by the initial local failure
is also needed to assess the correspondence of
such an extent to the maximum admissible values
of the destruction in the building (structure)
which are outlined by the norms [6] (Item 5.7):
‘Under the action of design and emergency spe-
cific circumstances, the maximum allowable area
of local destruction of the load-bearing structures
is determined as follows:

e for buildings with height of less than 75 m it
is up to 40 m?;

e for buildings with height of 75 to 200 m it is
up to 80 m?;

e for buildings with height of more than 200 m
it is up to 100 m?;

o for other facilities it is determined by the de-
sign brief and depends on the structure type
(large-span shells, bridges, cooling towers,
air-discharge pipes, etc.).

Thus, the task of the calculation model of the
bearing system in the absence of a local structural
element to provide a consistent result (namely the
process of development or neutralization of the
development of destructions and the scope of de-
stroyed elements) is by all means important from
the point of view of implementation of the re-
quirements of the existing laws and regulations.

It should be emphasized that the contemporary

best practice of designing the load-bearing sys-

tems provides an approach which proves to be
not entirely justifiable to allow the formation of
such significant ‘allowable’ degrees of structural
damage (re. Item 5.7 [6]). In order to block the
development of the destruction caused by the in-
itial local event, various types of ‘special
measures excluding the progressive collapse of
the structure or part thereof ([5]) or ‘... measures
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limiting the destruction area ([6])’ are proposed.
For instance, the source [9] suggests one method
of protection against progressive collapse based
on the arrangement of floors of increased stiff-
ness (outrigger floors) and which ensure certain
modification in the operation pattern of the verti-
cal load-bearing structure in the event of failure
of a lower-lying element; such structural unit is
suspended to an outrigger floor. The principle of
operation of the outrigger floor as a structure
providing for the ‘suspension’ of vertical bearing
structures is quite consistent with the definition
of ‘a special measure excluding progressive col-
lapse of the structure or part thereof’ which
causes its extensive practical use when designing
high-rise reinforced concrete buildings.

As the above mentioned concise analysis of the
issues of estimating the resistance of a load-bear-
ing building system in event of failure of the in-
dividual load-bearing structural units shows that
the most important element ensuring the possibil-
ity to forecast the behavior of the bearing system,
as well as assessing the compliance of the system
with the regulatory requirements, represents the
method of calculating of the bearing system un-
der the special design situation. This method of
calculation should ensure that the particularities
of the processes occurring in the bearing system
are taken into account when the bearing element
locally fails and this requires the implementation
of a number of special numerical methods.

2. ANALYSIS OF METHODS

TO CALCULATE BEARING SYSTEMS
IN THE EVENT OF LOCAL
STRUCTURAL FAILURE

In line with the established practice of design
analysis of load-bearing systems in the special
design situation, two cases of failure of local de-
sign can be considered:

a) the structural element is not included into the
operation of the bearing system due to exter-
nal causes: failure to complete the design so-
lution of the node (absence of bracing ele-
ments, unacceptable plays and clearances,
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etc.); structural material not envisioned by the
design brief (when mixing concrete mortar
low-quality or defective cement is used); non-
fulfillment of the design solution for the struc-
tural element (underestimated longitudinal /
transverse reinforcement, low-quality rolled
products profile is used);

b) the structural element is included into the op-
eration of the bearing system structure; still
owing to some external impact it gets de-
stroyed and loses its bearing capacity.

Case (a) corresponds to a design model which

features no defective structure, and this leads to

the formation of an adequate stress-strain state
for this kind of a bearing system in its entirety.

Case b) illustrates a more complicated situation;

therein should be considered several stages of ex-

istence of a calculation model of the bearing sys-
tem:

1. A calculation model corresponding to the de-
sign state with a full set of structural elements
and formed stress-strain state;

2. A calculation model corresponding to the
changed state of the bearing system (without
a failure of a structural element), which leads
to alteration of the original stress-strain state
and, consequently, may lead to subsequent
(secondary) destructions of the bearing sys-
tem elements;

3. A calculation model corresponding to the
modified state of the bearing system with con-
sideration for secondary destructions which
also lead to alteration of the original stress-
strain state formed at stage 2, and, conse-
quently, may lead to further subsequent de-
structions of the bearing system elements.

Thus, the failure of the load-bearing structure in

case (b) predetermines the need for a multi-stage

design analysis accounting for the inherited
stress-strain state from stage to stage. Calculation
techniques for a multi-stage design analysis
should provide an accurate solution to the prob-
lem under the conditions of stiffness degradation
in individual elements of the design model; sim-
ilar questions of multi-stage calculations are con-
sidered in the source [10].
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The most important provision in the event of fail-
ure of the bearing structure in view of the design
analysis in case (b) is the possibility to correctly
consider the mechanism of ‘removal’ of the
stressed-strained element out of the design model
composition, which leads to the formation of a
certain dynamic effect. It is certain that problems
of this sort can be successfully solved within the
process of a direct dynamic calculation (when it
comes to the field construction, the modules of
direct dynamic calculation are included in all the
main computational software). Nonetheless, the
direct dynamic calculation technique is quite
comprehensive, and requires generation of a vari-
ety of special raw data inclusive of the structural
materials performance characteristics under dy-
namic influences, etc.

For the purposes of impact mitigation in the di-
rect dynamical modeling problems it is proposed
to employ the quasi-static calculation method us-
ing the kg dynamic factor (see, for instance,
sources [11, 12]). By virtue of its simplicity, the
calculation based on the dynamic factor usage
has gained popularity. It is due in no small part
to the fact that for a system with one degree of
freedom which is acted upon by a short-time
loading the values of the dynamic coefficient
[13] and its ceiling limit (k¢=2) are known.

It is known that making a quasi-static calculation
with the account for the dynamic coefficient is
justified only for systems with one degree of
freedom when this coefficient is defined as a ra-
tio of displacements triggered by the same load
at its dynamic and static actions (Figure 1).
When it comes to multi-element systems, quite
good results can be obtained in those cases when
the system motion mode is close to the form of
its static equilibrium without a remote element.
Only then one can discuss the ratio of displace-
ments common to all nodes of the system.
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A nok

Figure 1. Determination of dynamic coefficient.

In critical cases it is natural to check the dynamic
behavior of the system. This can be achieved and
illustrated by means of a simplified model of a
truss (Figure 2) which is studied in the sources
[14, 15].

21.819 116.3()4
g ——

§° —77 q J"&
N\ 16.364¢ JM)&
Figure 2. Design model to illustrate
the example.

The truss elements are made of square pipes:
belts 160x5, braces 140x5, racks 80x5. The main
weight is assumed to be concentrated in the upper
nodes of the truss; the weights are shown in Fig-
ure 2.

Based on the static loading of the truss with all
elements in the diagonal rod of 6-12, the force
value equals to N = 27,274 t.

If the truss is studied with no consideration of the
diagonal rod of 6-12, in order to restore the static
equilibrium for the nodes of 6 and 12 of the finite
element model, it is compulsory to apply the load
equal to the force acting in this diagonal rod. In
Fig. 3 such a load is represented by means of
components directed along coordinate axes. In
this case (units of measurement are tons) the fol-
lowing is valid:

N = 27,274 = /16,3627 + 21,8197 (3)
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Figure 3. Elements replaced by reactions.

The physical withdrawal of the diagonal rod 6-12
is associated with a sudden (very rapid) dump of
the loads shown in Figure 3 which in the calcula-
tion model is implemented by generation of a
new load with the forces directed in opposite di-
rections (Figure 4) and which increase in time
from zero (at the beginning of the loading pro-
cess) to their full value.

16,364
21,819 \ 4

777

NN I6.364¢ S\
Figure 4. Impact from the element withdrawal.

In theory, the pattern of time variation of this con-
ditional loading should be established by trial and
error, and can be different for different forces; still
taking into account the high failure rate, the con-
nection can be assumed as a piecewise linear one
and remaining identical for all forces.

Hence, it is essential to make a dynamic calcula-
tion to assess the forces arising from a sudden re-
moval of the element. In this case, the dynamic
effect can be described by the bilinear time-de-
pendent forces (Figure 5) where tq is the failure
time during which the structure once received a
‘negative impulse’ at first ‘gets stuck’ in its ini-
tial position due to the inertia forces and then
starts to move yet in a defective state.

The solution to the problem is found using the
SCAD software complex [16] performing in the
Direct motion integration mode. At that, the re-
quired procedural modeling is carried out in ac-
cordance with the requirements of the design
mode: a special static load is gained, a file de-
scribing the law on variation of forces arising
from the sudden removal of an element is gener-
ated, a value of the modal damping action is spec-
ified, integration spacing (0.01 sec.) is recorded
a well as the action period (2 sec.).
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;!.a'
Figure 5. Time-depended load increase
(force P is given on the vertical axis).

In order to analyze the state of the elements of the
structural design, it is prerequisite to consider the
graphs illustrating the change in forces in the el-
ements. SCAD features this function in the query
mode to obtain data on an element
(Figure 6 can be referred to as an example).

= -

{11

B twes B over v X @ Oves

Figure 6. Track record on time-dependent
change in force in the design model elements.

The stress-strain analysis of the elements of the
model in time shows that the utmost force values
generated in the elements of the system (as well as
the movements of the nodes) are not achieved
simultaneously (for reference see an example of
the change in forces in individual elements in Fig-
ure 7). Thus, in element 8 the extremum is reached
attimet=0.21sec., inelement 11 att = 0.17 sec.,
and in elements 20 and 31 at t = 0.16 sec.

Likewise, it should be taken into account that all
motions of the system occur around the displaced
equilibrium which was gained by the structure at
the moment preceding the element destruction.
Therefore, the results of the dynamic calculation
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obtained at direct integration of the equations of
motion should be added up with the results of a
static calculation of an intact structure.
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Figure 7. Time-dependent change in forces
for some elements of the design model.

The research problem to study the stress-strain
state of the design model elements as shown in
Figure is also solved in quasi-static mode em-
ploying the dynamic factor kq = 2.0 (at the utmost
theoretical value). Correlated values of the solu-
tion results obtained through various methods are
given in Table 1.

Juxtaposition of the obtained results with the nu-
merical method in [15] proves good agreement of
results. When it comes to the quasi-static solution
obtained employing the dynamic factor kq = 2.0,
strong divergence gets to the surface. Such fun-
damental difference in results can be explained
through the incongruity of the static equilibrium
model form without a removed element and the
first form of self-induced oscillations (Figure 8).
Thus, the very concept of dynamic factor as a
multiplier to the static deformation bears no sig-
nificance. It should be noted that the idea of a
quasi-static calculation employing the dynamic
factor and based on the energy approach (ref.
[11]), is widely used by various authors in view
of the structures made of materials in which the
stress-strain state is not linear. At that, the re-
searchers of the stress-strain state for the bearing
system in the mode of failure of its individual el-
ements highlight that if there is inelastic defor-
mation detected in the construction material (and
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Table 1. Correlated values of the solution results obtained through various methods.

# of Forces in element Divergence of results
element through SCAD (%)

Intact Dynamics | Dynamics | Quasi-statics vs. the vs. the results

system [15] [SCAD] ka=2,0 results of ofquasi-
[15] statics kg =2,0
1-2 | -28,778 -36,21 -36,404 -20,116 0,54 44,74
2-3 4,862 18,18 18,539 13,717 1,97 26,01
3-4 23,916 34,86 34,676 31,932 -0,53 7,91
4-5 23,916 35,03 35,597 39,712 1,62 -11,56
5-6 4,862 -20,29 -19,869 -52,084 -2,07 -162,14
6-7 | -28,778 -30,66 -30,203 -13,16 -1,49 56,43
8-9 | -11,822 -18,81 -17,202 -13,094 -8,55 23,88
9-10 | -52,847 -66,68 -67,555 -53,93 1,31 20,17
10-11 | -71,127 -87,93 -87,725 -73,05 -0,23 16,73
11-12 | -71,127 -80,11 -80,171 -65,271 0,08 18,59
12-13 -52,847 -94,54 -94,811 -119,731 0,29 -26,28
13-14 | -11,822 -13,74 -13,983 -6,134 1,77 56,13
1-8 | -15,866 -22,18 -22,445 -16,82 1,19 25,06
2-9 7,498 12,00 12,257 5,733 2,14 53,23
3-10 5,019 7,39 7,514 2,767 1,68 63,18
4-11 5,309 9,20 9,712 8,264 5,57 14,91
5-12 5,019 -19,29 -18,779 -40,75 -2,65 -116,99
6-13 7,498 -10,22 -10,32 -38,4 0,98 -272,09
7-14 | -15,866 -17,14 -17,244 -11,6 0,61 32,73
1-9 | -43,556 -59,77 -59,558 -41,968 -0,35 29,53
2-8 14,777 23,06 22,293 16,367 -3,33 26,58
2-10 | -27,274 -56,63 -54,172 -25,923 -4,34 52,15
3-9 7,726 14,49 14,477 9,079 -0,09 37,29
3-11| -16,091 -19,99 -20,04 -13,692 0,25 31,68
4-10 -4,424 -8,88 -8,616 -2,023 -2,97 76,52
4-12 -4,424 -13,38 -14,217 -11,751 6,26 17,35
5-11| -16,091 -24,5 -25,052 -23,415 2,25 6,53
5-13 7,726 48,32 47,918 91,332 -0,83 -90,60
6-12 | -27,274 — — — — -
6-14 14,777 17,03 17,203 7,667 1,02 55,43
7-13 | -43,556 -58,02 -57,717 -50,664 -0,52 12,22

with due regard to their consideration while per-
forming the analysis), the dynamic factor de-
creases substantially and reaches the value of 1
(for reference see the studies by V.A. Almazov
and his students).

The grounds of choosing the quasi-static meth-
ods are preconditioned by constant total energy
for the element under consideration. Still it must
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be borne in mind that the total potential energy is
a constant for the system in its entirety, and for
the multi-element system it is very much likely
to observe the shift of this value from one ele-
ment to another in the process of deformation. In
other words, it is not only a system with one de-
gree of freedom, for which the concept of a dy-
namic factor appears worthwhile but also, on top
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a)

OSSO

b)

Figure 8. Juxtaposition of the deformation
forms: a) static equilibrium form of the model
without a removed element; b) the first form of

self-induced oscillations of the model.

of everything, it is also a system with one de-
formable element.

The use of quasi-static methods for the system
analysis which include ‘special measures to pre-
vent progressive collapse of the structure or part
thereof’ [5], e.g., outrigger floors (the overall
view is shown in Figure 9), does not in principle
enable us to obtain a correct result to be proved
by the reasons given above.

Some aspects influencing the selection of time-
dependent load increase.

First of all, this concerns the choice of the failure
time tq value. Owing to the ambiguity of this pa-
rameter, for structures of the increased criticality
rating it is recommended to perform a series of
calculations spotting a variation of tq from 0.001
to 0.01 sec.

In the American regulatory document [17] it is
indicated that t4<0, 71 failure. Here T1 faiture IS the
timeline of the initial stage of the self-induced os-
cillations detected in the failure-impacted design
model, namely the design model from which the
failed element under consideration has already
been removed.

Some foreign sources [18, 19, 20] recommend
considering the general integration time as no
less than0,5x T failure. This recommendation arises
from the fact that the utmost values of internal
forces upon the failure in the majority of cases
act till the moment in time calculated as0,5xT;,
failure, WhereT ailure IS the oscillations cycle at i-th
frequency of design model affected by failure in
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that way of oscillations which is the most proxi-
mate to the type of deformation upon the element
failure (as per the type shown in Figure 8a).

Figure 9. Overall view of the bearing system
with outrigger floor: 1 — outrigger floor;
2 — local failure of a structural element.

3. CONCLUSIONS

Methods of design analysis of the bearing sys-
tems operation in the event of failure of an indi-
vidual element should accurately account for the
processes occurring in actual design. The failure
of the local element leads to a realignment of not
only the design analysis and the associated forces
redistribution, but also results in rather complex
dynamic phenomena. The application of simplified
methods of the design analysis, i.e. a quasi-static
method employing the dynamic factor does not en-
sure the conditions for modeling accuracy and, thus,
the reliability of the design analysis outcome.
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ABOUT THE FREE-VIBRATION MODE SHAPES
OF ELASTOPLASTIC DISSIPATIVE SYSTEMS

Aleksander N. Potapov
South Ural State University (National Research University), Chelyabinsk, RUSSIA

Abstract: The author presents the conditions of the generalized orthogonality of the free-vibration mode shapes
of an elastic dissipative system, for which traditional classical orthogonality conditions are a private case. As
opposed to these conditions, the above ratios contain the mass matrix, the damping matrix, and the diagonal form
of the spectral characteristics (damping coefficients and mode-shape frequencies). Within the theory of time anal-
ysis, free-vibration mode shapes of an elastoplastic system are built on the basis of using a schematized diagram
of strain with hardening. The author proposes a design scheme that reduces the process of nonlinear vibrations to
a sequence of processes flowing according to a linear scenario within the time intervals called quasilinear. In these
intervals, the parameters of the dynamic model (elements of the stiffness matrix and the damping matrix) remain
unchanged, all the changes occur only when passing through the critical points. As a result, the author formulated
the condition for the nondegenerate state of an elastoplastic dissipative system. According to the condition, local
plastic zones characterized by the size, the number and location of the zones on the design scheme of the structure
correspond to each quasilinear interval. Since within the intervals, the parameters of the plastic zones are un-
changed, the conditions of the generalized orthogonality of the mode shapes of the elastoplastic system are satisfied
by analogy with the vibration mode shapes of an elastic dissipative system. The free-vibration motion of a hinged
beam with three degrees of freedom are analyzed taking into account local plastic zones with different lengths and
the location of zones in different nodes. It is shown that the configuration of the forms of elastoplastic oscillations
differs qualitatively from the configuration of the corresponding forms of elastic vibrations.

Keywords: elastoplastic system, dissipative system, free-vibration mode shapes, plastic zone, orthogonality,
stiffness matrix, damping matrix

O ®OPMAX COBCTBEHHBIX KOJIEBAHUM
YIIPYTOIIVTACTUYECKUX JUCCUITATUBHbBIX CUCTEM

A.H. ITomanoe

HOsxHO-Y panbCkuii TOCYIapCTBEHHBIN YHUBEPCUTET (HAIIMOHATIBHBIH UCCIIeIOBATENILCKUI YHUBEPCHUTET),
r. Yensounck, POCCHUS

Annoranusi: [IpuBenensr ycinoBus 0000mEHHON OpTOrOHANLHOCTH (OPM COOCTBEHHBIX KOJIEOaHMH yNpyrou
JUCCUNATUBHOW CHUCTEMBI, A KOTOPBIX TPAJULMOHHBIE KIACCUYECKHE YCIOBUS OPTOTOHAIBHOCTU SIBISIOTCS
YaCTHBIM ciIydaeM. B oTiimume oT 3TuX ycinoBuii IprBeEHHBIE COOTHOIICHHS CO/IEPKAT CBA3aHHBIE MEXY CO00H
MaTpULBl Macc, AeMI(pHUPOBAHHSA U AMArOHAJBbHYIO (OPMY CIEKTPaJbHBIX XapaKTePUCTUK (KO3 ULUECHTOB
JeMn(GUpOBaHUs K YaCTOT COOCTBEHHBIX KoJieOaHMi). B pamkax Teopun BpeMEHHOTO aHalli3a OCYLIECTBICHO MO-
cTpoeHue GopM COOCTBEHHBIX KOJIEOaHHU yIPYromiacTH4ecKOl CUCTEMBI HAa OCHOBE HCIIOJIb30BAHHS CXEMaTH3H-
pOBaHHON AuarpaMMmsbl JeGopMUpoBaHHs ¢ ynpouHeHueM. lIpeanoxeHna pacyéTHas cxema, CBOAAIIAsA MpOIecc
HEJIMHEHHBIX KoJeOaHUH K TTOC/IeI0BATEIFHOCTH IIPOIIECCOB, MPOTEKAIOIINX 10 IMHEHHOMY CLIEHApHIO Ha HHTEP-
BaJlaX BPEMEHU, Ha3bIBAEMBbIX KBa3WIMHEHHbIMU. Ha NaHHBIX HHTEpBallaX MapaMeTpbl paCYETHON IMHAMUYECKOU
Mozieny (37EeMEHTHI MaTPHI] KECTKOCTH U AeMIT()HUPOBAHI) OCTAIOTCSI HEU3MEHHBIMH, BCE U3MEHEHHUS MIPOMCXO-
JISIT TOJIBKO TIPH TIEPEX0/1e Yepe3 KpUTHIECKUe TOUKH. B pe3yibrare c(opMyIMpOBaHO yCIOBHE HEBBIPOXKAEHHOTO
COCTOSIHUSL YIPYTOIJIaCTUYECKOM JUCCUIIAaTUBHON cucTeMbl. COrIacHO yCIOBHIO, KaXKIOMY KBa3UIMHEHHOMY UH-
TepBally COOTBETCTBYIOT JIOKAJIbHBIE TUNIACTUYECKHE 30HBI, XapaKTEpPU3yeMbIE pa3MepaMu, KOJIMYECTBOM U pacIo-
JIOKEHHEM 30H Ha pacu€THOH cxeMme coopy:keHHs. Tak Kak BHyTpH MHTEPBAJIOB MapaMeTphl IIIACTUYECKHUX 30H —
HEM3MEHHBI, TO YCJIOBUSI 0000MEHHON OPTOTOHAIBHOCTH COOCTBEHHBIX ()OPM KOJIeOaHMH YHpYyTroIiacTHIeCcKOH
CHCTEMBbI BBIIOJHSIOTCS 110 aHAJIOTUH ¢ popMaMu KosleOaHUH ynpyroi auccunatuBHOi cucteMsl. [IpoBenén ana-
T3 COOCTBEHHBIX KOJICOaHUI IMAapHUPHOH OaNKH ¢ TpeMs CTEIEHSIMH CBOOOBI C YIETOM JIOKAIBHBIX ITaCTHYE-
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CKHUX 30H C Pa3IMIHON UIMHOM 1 Pa3IMIHBIM PACIIOJIOKEHUEM 30H B y3i1ax. IlokasaHo, 4T0 KOHGHUTYpays coo-
CTBEHHBIX (JOPM yNPYTOIUIACTHIECKNX KOJIEOAHUH Kaue€CTBEHHO OTJIMYACTCS OT KOH(PHUIYPALH COOTBETCTBYIO-

uwmx GopM ynpyrux KojacOaHHi.

KaroueBrble ciioBa: yrnpyromjaacTuieckas CucteMa, 1MCcCuraTuBHas CucTemMa, (bopMa COOCTBEHHBIX KOHe6aHHﬁ,
IJ1aCTU4YeCKas 30Ha, OpTOTOHAJIbHOCTDh, MaTpulia )KéCTKOCTI/I, Marpunia Z[eMH(l)IdeBaHI/ISI

1. INTRODUCTION

Modern structures operate in the conditions of
complex dynamic influences, when maximum
stresses in the main bearing elements often ex-
ceed the value of the elastic limit. Off the scale
stresses must be considered, for example, in the
design of seismic buildings and structures [1, 2].
In this case, the appearance of nonlinear strains
in frame buildings is not only considered admis-
sible, but also justified by special calculations for
the organization of so-called "plasticity zones"
generally located in horizontal bearing elements
(crossbars). These zones are created in order to
absorb the seismic action energy and its subse-
quent diversion (dissipation) into the environ-
ment, which ensures the integrity of the system
in general. The developments in this field are re-
flected in national regulatory documents [3, 4]
and in advanced foreign studies and regulations
[5-7].

The presence of plastic zones in the bearing ele-
ments of structures naturally influences the sys-
tem stiffness parameters, and, consequently, its
internal dynamic characteristics. [8, 9] studied
the behavior of the beams made of an elasto-
plastic material under impulse actions. [8] ob-
tained an approximate solution of the problem of
residual deflections of an impulse loaded rigidly
fixed beam at its nonlinear vibrations, taking into
account the sensitivity of the material to the
strain rate in the plastic zone.[9]gives an original
solution of the problem of free vibrations of a
hinged beam beyond the elastic limit under the
influence of a distributed impulse simulating an
explosion, based on the analytical approach. The
article presents algorithm of formation of mode
frequencies for an ideal elastoplastic material and
demonstrates a decrease of their values with an
increasing length of the plastic zones.

Using computer simulation of frame buildings
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within of the elastoplastic analysis, frequency-
damped characteristics and free-vibration mode
shapes were determined on the basis of Prandtl
diagram [10, 11]. A frame building was pre-
sented in the form of a discrete dissipative system
(DDS), for which it was also shown that an in-
crease in the yield in the frame floors leads to a
decrease in the frequency spectrum.

The present work deals with the issues relating to
the free-vibration motion in the DDS taking into
account elastoplastic strains. We obtained the
conditions, under which the fundamental proper-
ties of the orthogonality of free-vibration mode
shapes are satisfied in a dissipative system in the
yield state associated with the appearance of lo-
cal plastic zones. The qualitative nature of the in-
fluence of a nonlinear process on the configura-
tions of mode shapes is exemplified by a hinged
beam.

2. BASIC RATIOS

Free-vibration mode shapes of any system (linear
or nonlinear) are determined by its strained state
caused by the action of inertial and dissipative
forces. Free mode shapes are unchanged in the
process of vibrations in a linearly strained sys-
tem, so their configuration does not depend on
time. It is manifested in a known property: the
ratio of any two ordinates of the k-th mode shape
is a constant value: pjk / pik = const.

In the elastoplastic system, the appearance of
yield in structural elements is accompanied by a
decrease in its stiffness parameters. The presence
of plastic strain zones in the structure leads to a
redistribution of internal forces and stresses and,
as a consequence, to a change in the configura-
tion of mode shapes. Therefore, the ratio of the
ordinates pjx and pik of an arbitrary k-th mode
shape of an elastoplastic system taken at different
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instants of time will no longer be a constant
value: pjk / pik=const.

Let us denote the free-vibration mode shapes of
a discrete system through Pk (k=1, ..., n). These
mode shapes have some properties known as or-
thogonality conditions. For an elastic conserva-
tive system, the mode shapes are orthogonal in
relation to the mass matrix

M = diag (M1, ..., Mn)

and to the stiffness matrix K = KT [12, 13]:

P/MP=0, PKP, =0 (1)
k, j=1, ..., n; k#j).

In case of the DDS vibrations, the damping ma-
trix C is generally chosen so that the equations of
motion could be reduced to a diagonal form. In
this case, the matrix C corresponds to a propor-
tional damping model [14], and one more orthog-
onality condition, including the damping matrix
C, is added to the orthogonality conditions,
which take the same form as for the conservative
system:

PCPy = 0 (kl). )

The presence of conditions (1), (2) is a conse-
quence of the separation of all the three forces:
inertia, elasticity, and damping in the normal co-
ordinates.

The equations of motion are not reduced to nor-
mal coordinates or dissipative structures with an
arbitrary damping matrix. In this case, building
of orthogonality ratios faces considerable diffi-
culties [15-17], in particular, in [16, 17] the or-
thogonality conditions of the free-vibration mode
shapes are obtained in convolutions.

The time analysis theory [11] introduces matrix
conditions for the generalized orthogonality of
free elastic vibration mode shapes of the DDS
with an arbitrary symmetric damping matrix C.
These ratios have a rather simple mathematical
form (represented by equations (10), (12)) due to
the developed apparatus associated with the anal-
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ysis of the characteristic matrix quadratic equa-
tion (the equation of motion of mode shapes):

MS2 + CS + K = 0. (3)

Equation (3) in the basis consisting of the mode-
shape vectors of the matrix

S=PAP?
has the form:
MPAZ + CPA + KP =0, 4)

where S — matrix of internal dynamic character-
istics of the system;
P= [Pl, cee s Pn]

— matrix of the mode-shape vectors (vibration
mode shapes);

A =diag (A1, ..., An)
— diagonal matrix of spectral characteristics.
Each vector Px determining the k-th mode shape
of damped vibrations corresponds to the charac-
teristic complex number Ax = —ex + ok, Which
contains the damping factor &in the real part and
the mode frequency wx in the imaginary part.

The solution of equation (3) is presented in the
form of the root pair

S1p= Mfl(—C +V+U)/2, (5)

where the matrices V and U have the properties
of oblique and direct symmetry:

V=-viu=U"

and Vieta’s formulas are valid for the root pair
S1, S2

S"M + MSn=-C, SITMSp =K (6)
(m, =1, 2; m=l).
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Under the condition of a small dissipation, the el-
ements of the matrices V and iU (i is the imagi-
nary unit) belong to the real number field [11],
therefore, the matrix roots (5) are complex con-
jugate S1 =S, S» =S. Then, ratios (6) are con-
verted into the form:

S'M+MS =-C, S™MS =K, (7)

where S'=S T,

If the mode-shape matrix P is normalized, the
symmetrical matrix U is determined by the for-
mula

U= (PPHL

3. GENERALIZED ORTHOGONALITY
OF THE FREEVIBRATION MODE
SHAPES OF AN ELASTIC DDS

Equation (3) is reduced to a system of equivalent
equations [11]:

S'TM+MS+C=U, STMS-K =US,

which after the transformation in the new basis
are converted into the form:

APTMP + PTMPA + PTCP = E, (8)
APTMPA — PTKP= A. 9)

Matrix equation (8) is the ratio of the generalized
orthogonality of the matrix P. Unlike traditional
orthogonality conditions (1), (2), this equation
contains the matrices M, C and the diagonal form
A. Equation (9) is a diagonal form of writing the
equation of motion of the free mode shapes (3).
The left-hand side of this equation is an algebraic
sum total of two terms, each of which is not a di-
agonal matrix in the general case.

Passing from equation (8) to the system of n? sca-
lar equations, we obtain respectively n(n-1) con-
ditions of the generalized orthogonality of the
mode shapes Py, Pj (at k#j) and n conditions of
their normalization (at k = j):
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P TM(%; + Ax) + C]P«= O(ksj),
P'[2MAk + C]Pi= 1(k = j)
K j=1, ..., n).

(10)
(11)

n? scalar rational so follow from the diagonal
form equation (9), wherein n(n-1) conditions
analogous to the orthogonality ratios result at k #j
and n conditions at k = j:

P TMAA — K]Px = O(k=j),
P TMAG — K]Pxk = Ak = j)
k j=1, .., n).

(12)
(13)

In the private case of the conservative system

(C=0, ¢ =g =0), formulas (10), (12), due to
(7\‘1' + ) = i +(0j) #0 and kj'kk =~k 0F 0,

are reduced to ratios (1).

The conditions, under which the ratios of the gen-

eralized orthogonality (10), (12) become applica-

ble to an elastoplastic system, are shown below.

4. NONDEGENERATE STATE
OF THE ELASTOPLASTIC DDS

Let us consider a fragment of the design scheme (to
be specific—a beam model) shown in Figure 1. Sup-
pose that plastic strains develop near the j-th node
forming a local zone with the sizes ajand bj (respec-
tively, left and right of the node). In relative quan-
tities, the length of this zone is determined by the
parameters

oj=aj/d, Bj=bj/d,

where d represents the distance between the ad-
jacent nodes. At the boundaries of the plastic
zone, the stress value corresponds to the yield
limit o,;. According to the schematic diagram of
strain with hardening (Figure 2), the maximum
stress o IN the j-th node should not exceed the
strength limit ou.

[11, 18] analyze elastoplastic systems using
Prandtl diagram and the bilinear diagram.
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Figure 1. Fragment of the CMD with a plastic
zone (ai, bi) near the j-th node.
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Figure 2. “o-¢” bilinear diagram.

The process of calculating the inelastic response
according to the mathematical vibration models
was divided into a series of successive (quasilin-
ear) intervals te [ti, ti+1] (i =0, 1, 2, ...), within
which the parameters of the design scheme (ele-
ments of the stiffness and damping matrices) re-
mained unchanged. The elements of the mass
matrix were taken constant during the entire elas-
toplastic strain process.

According to the proposed scheme of analysis, a
certain local plastic zone (one or several) with
fixed parameters, characterized by the sizes,
number and location of the zones in the design
scheme of the structure corresponds to the i-th
quasilinear interval te [tj, ti+1]. Any non-linear
events occurring in the structural elements of the
system, including the beginning or the end of
non-linear strains (yield and unloading), as well
as changes in the parameters of the local plastic
zones, are considered to occur only at the bound-
aries of these intervals—at the critical points tj,
ti+1, ... As a result of this simulation, the inelastic
analysis is reduced to a successive series of dis-
cretely varying systems that are implemented in
these intervals according to the elastic design
scheme.

The value of the determinant of the matrix K(t) >
0, where tjis the time at the beginning of the i-th
interval, is used to evaluate the nondegenerate
state of a quasilinear system. The condition of the
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nondegenerate state is formulated as the follow-
ing statement [11].
The stiffness matrix K(t) of a quasilinear system
is nondegenerate if and only if both matrices of
internal dynamical characteristics S1, S2in (5) are
nondegenerate:

det K(t) >0 <=det Sw=0 (m=1,2). (14)
The fact of non-degeneracy of both matrix roots
Sm follows from the second Vieta’s formula in
(6). Let us demonstrate the need for the condi-
tion. Suppose that the matrix K(t;) is nondegener-
ate in the quasilinear interval te[t;, ti+1], then

det K(ti) = det (51"MSp) =
= det (Si)-det (Sm)-det (M) > 0 (m=l).

Hence, det Sm= 0 (m = 1, 2) follows for both ma-
trices. The need is demonstrated. The sufficiency
of the statement is also obvious.
It follows from the above result, under the condi-
tion of a small dissipation, that matrices (5) in the
considered interval, as well as for the elastic so-
lution, are presented in a complex conjugate
form. Therefore, conditions (6) take the form
analogous to (7):

S'™M + MS = —C(ti), S'MS =K(t). (15)
The following inequality results from the second
ratio in (15) for the lower boundary of the matrix S:

IS 12y M (DK@t 1,

where ||-|| — norm of the corresponding matrix. A
decrease in the stiffness parameters with a grow-
ing yield leads to a decrease in the norm||K(t) ||,
and, consequently, ||S ||. At the same time, the
weaker the norm of the matrix S, the smaller the
modules of its characteristic numbers

}Lk =—g t i(Dk(k =1, .. ,n).

Since under the usual conditions of the elastic sys-
tem vibrations, the damping coefficients (to)are
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much less than the corresponding mode frequen-
cies mx(to),these are the frequencies that are most
sensitive to the change in the elements of the ma-
trix K. Therefore, a decrease in the modules Ais
initially due to a decrease in the frequency spec-
trum o (t) (k=1, ..., n) (Figure 3).

oi(1)

®,(7)

/
/

fy 4L 1

Figure 3. Frequency spectrum of a
nondegenerate elastoplastic system
in the course of vibrations.

Consequently, when condition (14) is met, the
frequency spectrum is strictly positive and below
the elastic one 0<wk(t)<w«k(to), where wk(to) is the
mode frequency in the elastic state of the calcu-
lation model at te [to, t1].

Hence, it follows that all the mode shapes have a
harmonic law of motion

ok(t) = (Ax cos axt + Bk sin wxt) g~ait

where Ay, Bk represents arbitrary constants. For a
conservative system (C = 0), there is no damping
term in the equations of mode shapes.

5. GENERALIZED ORTHOGONALITY
OF THE MODE SHAPES
OF ANELASTOPLASTIC DDS

An important consequence of the above result is
that, under the condition of a nondegenerate state
of the elastoplastic system (14), equalities (8) —
(13) will be satisfied together with ratios (15). In
particular, the orthogonality conditions in the
matrix (8) and scalar (10), (11) form, respec-
tively, take the form:
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AP™MP + PTMPA + PTC(t)P = E,  (16)
P IM(j + M) + C(t)IP=0 (k#j),  (17)
P'[2MAk + C(t)]Pk=1 (k = j) (18)

( j=1, ..., n).

These conditions will be valid only if two arbi-
trary mode shapes Py, Pj (k%)) belong to the same
quasilinear interval te [ti, ti«a] or, which is the
same, correspond to the plastic zone (or zones)
with the same parameters.

6. EXAMPLE

Let us consider an example of elastoplastic vibra-
tions of a hinged beam with three degrees of free-
dom (n = 3) under a dynamic action. The parame-
ters of the design scheme of the beam are: I-beam
No. 70, A516 steel, £ = 2,1-10° MPa, stiffness of
the beam EJ = 2,83-10°kN-cm?, d = 300 cm (Figure
4a). The characteristics of the strength and deform-
ability of the beam material: o, = 305 MPa, o, =
440 MPa, &= oy/E = 0,00145, §,= 0,21.

The mass matrix and stiffness matrix of the elas-
tic system were:

M = diag (0,5 0,6 0,5)-102kN-s?/cm,

1,0319 —0,9871 0,4038
K=|-0,9871 1,4357 -0,9871 [-10° (kN/cm).
0,4038 —0,9871 1,0319

A nonproportional damping model was used to
build the damping matrix [11]:

C(ti) = [K(t)T + TK(t:)]/2,

where: T =yWg*, W, = diag(Woy, ... , Won), Woi =
Jri /m; (rjjm;— diagonal elements of the matri-

ces K(tj) and M), y= d/=, 6 = 0,07.

In the elastoplastic vibration mod shape, the stiff-
ness matrix was formed using the flexibility ma-
trix L(t) = K(t)™. The displacementsdy;(t;)— ele-
ments of the flexibility matrix were determined
by the known methods of structural mechanics,
taking into account the presence of the plastic
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zones in the nodal sections of the beam: &y(t;) =
dyj fij(ti).Here,5;— elements of the flexibility ma-
trix L of the elastic system; f,;(t;)—correction func-
tions that take into account non-linear strains, de-
pend on the size and location of the plasticity
zones, on the value & = Eo/E, whereE= tgo, Eo=
tgpo(& = 0,003). The functions fij(ti) (k, j=1, 2, 3)
for the plastic zones near nodes 2 (Figure 4b) and
3 (Figure 4c) are shown below.

m, n, hiy
\ 2 25 @3 y;”
i L a |"a | a”
7 A A 7 A
a, Rz b2 (13T Rz(b\
25 y 3y
b R A ¢ B -

—
=
A
J o

T o

MZ /‘}3
Figure 4. Design scheme of the beam (a);
fragments of bending-moment curves

for the plastic zones near: (b) — node 2;
(c) — node 3.

Node 2 (a=ax/d, B =ho/d):
fin =1 + v-[yi(a) + y2(B)]/36;
f22 =1+ v-[ya(a) + y2(B)]/16;
fi2 =fa1= 1 + v-[ys(a) + y2(B)]/22;
faa =1+ v-[ya(a) + y1(B)]/36;
fiz =far =1+ v-[ys(a) + wa(B)]/28;
fo3 =fs2 =1 + v-[ya(a) + w3(B)1/22,
where yi(y) = 12y + 6y° + v, wa(y) = 12y — 6/ +,
wa(y) = 12y —v3(y= o, B),v= (1 & - 1).
Node 3 (o =az/d, =hs/d):
fin =1+ v:[ni(a) + n3(B)]/36;
f2 =1+ v-[n1(o) + n3(B)I/16;
fi2 =fa1 = 1 + v-[nu(a) + ma(B)]/22;
fas =1+ v:[(27a — 90 + o) + 9n3(B)]/36;
fi3=fa =1+ v:[n2(a) + 3na(B)1/28;
fs =f32 =1 + v:[n2(a) + 3n3(B)1/22,
where: ni(a) = 3o+ 302 + o,
N2(o) = 9o + 3a® — o, na(B) = 3B — 3p2 + 2.
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In Figure 4: Mo — value of the limit moment cor-
responding to the yield limit; Rj— restoring force

at the j-th node.

Figure 5. First (a), second (b) and third (c) free
mode shapes for the yield zones in node 2 at oz:
1-0,1;2-0,2;3-0,3;4-0,5 (2=0,1).

We considered various vibration modes of the
calculation beam model beyond the elastic limit.
Figure 5 shows the free-vibration mode shapes P,

(k = 1, 2, 3) for local plastic zones of different
lengths near node 2. Figures 6 and 7 show, re-
spectively, the first and the second elastoplastic
mode shapes of the beam for the plastic strains
zones near nodes 2 and 3.

It follows from the analysis of Figures 5 — 7 that
the configuration of the elastoplastic mode shapes
differs sharply from the corresponding mode
shapes of elastic vibrations, which are shown by a
dotted line in all the figures. The configuration of
the elasticoplastic modes depends on many fac-
tors: on the intensity of the yield strains develop-
ment, which influences the sizes (length) of the
plastic zones in the dangerous section (Figure 5);
on the number of sections with the nonlinear work
of the material; on the location of the zones in the
design scheme (Figures 6, 7).
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-1

0 1 2 3 4

Figure 6. First free mode shape for the yield
zones: 1 —ax= p2=10,1;

2 (5) — a2 (23)=0,5; p2 (3) = 0,1;
3—a3=0,05; p3 = 0,005;
4-03=0,1; p3=0,002.

0 1 2 3 4
Figure 7. Second free mode shape for
the yield zones: 1—oa2= 0,3, f=10,1;
2—0a3=0,002; f3=10,002;
3-az3= 10,01, p3=0,001;
4—a3=10,5; p3=0,002.

The curvature of the rod axis sharply increases in
the yield zones in comparison with the elastic
sections of the design scheme; therefore, even in
case of small sizes of the plastic zones, the free
mode shapes can differ significantly from the
corresponding elastic mode shapes. An example
is the second mode shape in Figure 7 (position 2)
built at the yield in the 3rd node for a local zone
with the total length of 0,004d. In percentage
terms, this length is (0,004d/4d)100% = 0,1% of
the beam span | = 4d, i.e. 1/1000 part of the span,
where the beam material works beyond the elas-
tic limit. A comparison of this mode shape with
its "double" —a mode shape obtained at the yield
in the second node (Figure 7, position 1) with the
length of the plastic zone 0,4d (10% of the beam
span) shows that these mode shapes differ signif-
icantly by the configuration not only from the
mode shape of elastic vibrations, but also from
each other.

As it has already been noted, the critical zones in
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the elastoplastic process can change in size, dis-
appear and appear again (due to multiple unload-
ings and loadings), change their location on the
structure, etc. Since all this is connected with the
appearance of the zones with a concentration of
infinitely large curvatures, it will lead to a signif-
icant "distortion" of their mode shapes with re-
spect to their elastic analogs and, eventually, to
the modification of these mode shapes that cease
to be similar to themselves in the process of non-
linear vibrations.

It should be noted that during a nonlinear analy-
sis of structures using numerical methods of the
stepwise integration, the dynamic response is
generally built using the original (i.e., elastic)
mode shapes of undamped vibrations. It is con-
sidered to be permissible, "if inelastic strains do
not lead to major changes in the nature of their
deflections ..." [12]. However, in practice, such
estimates are difficult to implement, and their im-
plementation provides for the creation of more
sophisticated mathematical models that ensure
building of free-vibration mode shape staking
into account inelastic strains.

Resorting to the previous example, we will give
a comparative analysis of the movements of the
third node at elastoplastic beam vibrations
caused by the action of the force R3z (Figure 4c).
For a plastic zone with the following parameters:
o3 = 0,002; B3 = 0,001,the node movements are
1,73 times larger than the corresponding elastic
movements, i.e., the local zone with the total
length of 0,003d = 0,9 cm leads to a change in the
node movements by almost 2 times. If the zone
sizes are doubled: o3 =0,004; B3 =0,002, the ratio
of the movements increases already in 245
times.

Thus, the proposed algorithm allows us to obtain
not only qualitative but also quantitative esti-
mates of the influence of the inelastic strains on
the characteristics of the strain-stress state in the
structure. Since even small plastic zones (less
than 1 cm) can significantly alter the strained
state of structural elements, it suggests the need
to create new approaches that allow us to con-
sider nonlinear strains when formation of mode
shapes. In this connection, there arises a question
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on the correctness of the methods based on the
use of elastic vibration mode shapes in a nonlin-
ear analysis, and an estimate of the error degree
of such an analysis.

The final part of the paper gives an example of
meeting the orthogonality conditions (16) for the
free-vibration mode shapes of a beam with a lo-
cal plastic zone in the second node (Figure 5).
The correction functions fij(ti) are built for the pa-
rameters: a2 =0,2; B2=0,1. As aresult, the values
of the stiffness matrix and damping matrix were:

407,96 261,45 83,56

K(t) = | 261,45 319,26 347,94 | (KN/cm),
83,56  —347,94 592,77
0.0318  -0.0228 0.00596

C(t) = | -0.0228 0.0308  -0.0281 |(KN-s/cm).
0.00596 -0.0281 0.0384

From the solution of (3) we obtained matrix roots

(5) S1 =S, S2=S , which allows us to calculate the
spectral characteristics — the mode-shape matrix
P and the diagonal form A (the values of the ma-
trices P and A correspond to the matrix S):

S10=
—3,18+£i258,77 2,02¥i132,44 -0,59Fi0,62

+2,12+i110,37 -2,57 +i136,67 2,75+i128,78

-0,60Fi0,62 2,31Fi154,53 -3,84+i314,05
(€,
P=
0.431 0.819 0.420 +i0,39*10°*
0.803 —0.127 +i0,12*10> —.509—i0,46*10* |,

0411  —0.560—i0,25%10"> 0.752
Ao 00
A=|0 2, 0],
0 0 &

where: A1 =-0,01+i11,5;A> = —2,91+i279,8;

A3 =—6,68 +i418,19 (¢ ).
For comparison,Ax corresponding to the elastic
solution are shown: A, =-0,17+i85,07;
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L2 = —3,08+i354,43; A3 = —12,32+i720,45 (¢ 1).
The above values of the matrices satisfy ratios
(15), (16). Thus, the calculation of the left-side of
ratio (16) leads to the identity matrix:

100
APTMP + PTMPA + PTCP= |0 1 O,
001

Thegeneralizedorthogonalityconditionspresent-
edbythescalarformoftheratios (17) are realized
for off-diagonal elements of this matrix. The di-
agonal elements of the matrix are obtained by
normalizing the mode-shape matrix P using the
diagonal matrix D:

1962 — i1963 0 0
D= 0 0.422 - i0.423 0
0 0 0.336 — i0.339

which ensures the fulfillment of the conditions
(18).

7. CONCLUSION

1. It is shown that:

e traditional (classical) ratios of the orthogonal-
ity for the free-vibration mode shapes are a
private case of more general conditions of the
generalized orthogonality of the mode shapes
valid for an elastic dissipative system;

e the free mode shapes of an elastoplastic sys-
tem in a quasilinear interval corresponding to
the same parameters of the plastic zones have
the property of the generalized orthogonality,
which is determined by the equations analo-
gous to the equations of an elastic dissipative
system.

2. For the free-vibrations motion of a hinged
beam with three degrees of freedom, taking
into account the internal friction, it is shown
that:

o elastoplastic mode shapes are qualitatively
different from the corresponding mode shapes
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of elastic vibrations in their configuration;
arbitrary k-th free-vibration mode shapes
formed for the plastic zones located in differ-
ent nodes of the calculation model, also differ
from each other in their configuration.

3. The proposed algorithm allows us to obtain not

only qualitative but also quantitative estimates
of the influence of the inelastic strains on the
strain-stress state characteristics of the struc-
ture. The development of this approach to
formating of mode shapes, taking into account
the elastoplastic strains, opens the possibility
of creating more sophisticated structural anal-
ysis methods at nonlinear vibrations.
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COMPUTER MODELLING OF THE STRESS-STRAIN STATE
OF PLUG-IN CONNECTIONS OF REINFORCED CONCRETE
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THE OUT-OF-SQUARE ECCENTRIC COMPRESSION

Boris S. Sokolov !, Evgeniy O. Troshkov 2
1 Joint Stock Company “Kazan Giproniiaviaprom”, Kazan, RUSSIA
2Povolzhsky State Technological University, Yoshkar-Ola, RUSSIA

Abstract: The technique and results of computer simulation of the stress-strain state of plug joints of reinforced
concrete columns with overlap plates under the effect of out-of-square eccentric compression are described. An anal-
ysis of the results obtained is provided to optimize the experimental research plan and to develop a technique for
calculating the strength of the joints used in the UICSS bearing system.
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1. INTRODUCTION

The construction of buildings using prefabricated
reinforced concrete frame systems is widely used
in the territory of the Russian Federation, since it
minimizes the labor and financial costs of their
erection, and also shortens construction time.
The development of technologies promotes the
use of new variants of constructive framing solu-
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tions, one of which is the precast reinforced con-
crete bearing system with beamless floor
"UIKSS" ("Universal Industrial Frame Construc-
tion System™) (Figure 1) [1]. A feature of such a
frame is the use of plug-in joints for connecting
floor slabs to columns.

The proposed joint (Figure 2) is a structure in
which the lower column (1) has the outlets (2), in
the plate (5) are located the holes (6) for placing
these rods, and the upper column (3) is equipped
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with boreholes (4 ), which, when mounted
through special holes (7), are injected with a
grouting compound. Prior to installation, steel or
synthetic (polymeric) centering gaskets (8) are
installed on the bottom column and plate.

Figure 1. General view of the base cell
of the frame system “UIKSS”.

Figure 2. General view of the column joint
with a slab.

The "UIKSS" system is applicable for the design
and construction of low-rise private, residential
multi-apartment and public buildings, school and

Volume 14, Issue 3, 2018

preschool institutions, as well as for the reconstruc-
tion of buildings and structures [2,3, etc.].

The introduction of the proposed frame system is
hampered by the absence in the scientific and tech-
nical literature on methods for calculating the
strength and deformation of the plug joints located
in the zone of action of longitudinal and transverse
forces and bending moments, therefore for the de-
velopment of such techniques it is necessary to
conduct stress-strain analysis (SSA) of the joints.
The study of SSA data of joints includes theoreti-
cal, numerical and experimental studies.

2. FORMULATION OF RESEARCH
PROBLEMS

The analysis of available scientific, technical and

normative literature allowed the authors to divide

the joints studied into three types depending on
their location in the overlap and on the resulting
combinations of forces:

e medium, located in the middle part of the
overlap, where the compressive forces with
random eccentricity mainly act;

e extreme, connecting the overlapping plates
with columns of the extreme row and perceiv-
ing longitudinal and transverse forces and
bending moments;

e angular, perceiving longitudinal forces, as
well as transverse forces, bending and twist-
ing moments in two directions.

In[4,5, etc.] the results of the study of medium and

extreme joints are published. This article is de-

voted to the study of the SSA of corner joints with
oblique eccentric compression with the use of
computer modeling. The most relevant studies in
this area are the work of T.S. Evdokimova, dedi-
cated to the SSA of skew-collapsible fiber-rein-
forced concrete elements and made under the su-
pervision of the Doctor of Technical Sciences,

Professor V.l. Morozov [6,7]. The difference be-

tween the author's studies is the study of the SSA

of the contact zone of reinforced concrete joint el-
ements under the action of oblique eccentric com-
pression.
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Numerical studies were carried out in the PC

LIRA-SAPR 2013 R3 implementing the finite el-

ement method (FEM) and possessing the neces-

sary functionality for solving the set tasks, in-
cluding:

e obtaining data on destruction schemes, distri-
bution of stresses in concrete and strength of
the joint, as well as its individual elements;

e determination of geometric characteristics of
the calculated zones of concrete structures and
stresses arising in the reinforcement;

e identify the features of the SSA elements of
the joint, taking into account the effect of a
combination of loads on the column and slab;

e optimization of the program for conducting
physical experiments and reducing the costs
of their implementation.

3. METHODOLOGY OF RESEARCH

Numerical studies were carried out taking into
account the physical nonlinearity of materials. In
the modelling, we used volume isoparametric fi-
nite elements (FE) of type 236 and 234 and uni-
versal spatial rod FE — type 410.

The physical and mechanical characteristics of
concrete were modeled according to the law of
deformation of GA. Geniev [8]. The design re-
sistance of the material to compression and
stretching, as well as ultimate deformations, were
taken according to the current norms [9]. The
stiffness characteristics of reinforcing steel were
described by two-line diagrams [9].

One of the important issues in the simulation of
the SSA of reinforced concrete structures is the
issue of the coupling of reinforcing bars to con-
crete [10 - 12], and in the study of the work of
plug joints — the coupling of reinforcing elements
with the injection of wells. Analysis of the litera-
ture showed that this problem can be solved us-
ing various computational models of FEM [13 +
15]. In the numerical studies carried out, the ad-
hesion of the reinforcement to the concrete and
the injection solution is realized by simulating
common nodes of elements, without assigning
additional boundary conditions.
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The simulation was carried out with a step-by-step
increase in the load, allowing the structures to be
brought to virtual destruction, which is necessary to
evaluate the SSA of the joint elements at each load-
ing stage. Criteria for failure were the attainment of
limiting stress values along the main areas in the
group of bulk FEs, the yield stress in reinforcing
bars, and the transition of the system to a geometri-
cally variable one.

To model and study SSA of the joint it was nec-
essary to determine the possible values of eccen-
tricities under the action of external loads. To
solve this problem, static calculations of 2-, 3-, 4-
, 5-, and 6-storey double-span building schemes
loaded with vertical loads were performed ear-
lier. The performed calculations showed that for
angular joints the greatest values of the eccentri-
cities of the longitudinal force arise in the coating
level,

2x = 1,68; 2 = 1.
h h

Eccentricities in joints of other floors are within

€ox eOy
—=0,09..0,44; — = 0,06 ...0,25.
h h

The obtained data allow carrying out numerical
studies of SSA.

Samples in the numerical studies carried out had
the parameters shown in Figure 3. A general view
of the FEM of the joint is shown in Figure 4. The
maximum geometric dimensions of volumetric FE
columns are taken as 25 x 25 x 20 mm. Wells were
modeled by volumetric FE with six nodes converg-
ing at the central point and simulating the cylindri-
cal shape (see Fig. 4, b).

In the framework of numerical studies of the SSA
with  out-of-square eccentric  compression,
calculations of the ES-I1-5 and ES-11-5.1 series
samples were performed. Variable parameters and
research tasks are shown in Table 1.

The models of the ES-I1-5 series were calculated
under the action of constant values of the uni-
formly distributed vertical load on the overlap (q =
4 kN/m?) and horizontal loads applied to the slab
in two directions (Qx = Qy = 40 kN).
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Table 1. Variable parameters and research problems.

12

Hisxnee apyuporanie |
04 B500

2};/

1

[Monepeunoe apMupoBanne
M A0

!

5

Lo
=

./ LLeHTpHpYyIoman npokiaika
100 100 1 0sm

b KoMyTH W3 MOA0COBOH
y cramn 1225 mm

. B20A400

s, oMyt 006 A240

Model family Real load Variable feature Research objectives
Definition of:
= 4 KN/m?; J destructl.on schemeg; _
e q=5xN . | a) eox/lh =eov/h = e geometric characteristics of the
ES-1I-5 Qx =Qy =40 kN; )
N — step-up 0.125; calculated zones of the contact
b) eox/h = egv/h = zone according to the theory of
0.25; the resistance of anisotropic
=0k | e =eo= | il o compression
— — . . L4 )
Es-i-5.1 Qc=Qy=0kN; made of steel strip, indirect re-
N — step-up .
inforcement mesh
CeTka KOCECHHOTD
apyuposanna GHA240
@20A400
B 14A400
= L
E' Crrasuna O350 s
]
Bepxnee apMupoBanne 3 6)‘-’.:1“}"““ 13 NOAOCORGH
= 14 A400 \ /c‘m:m 1255 mm
E g " - w " L - w " w
= :

7

10040

]

8

1000

4

CeTEa KOCBEHHOTD

apmuposanua B6A2Z40

Figure 3. Geometric dimensions and reinforcement scheme for simulated samples:
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4 — grid of confinement reinforcement; 5 — cored hole; 6 — yokes from strap iron;

7 — aligning gasket; 8 — yoke.
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b)

Figure 4. Finite-element design model of the joint: a — general view;
b — column with centering gasket (top view).

ES-I1-5
Ex )

N

Ex

N

LS

Figure 5. Loading scheme for models ES-11-5 and ES-11-5.1.

In this case, a step-by-step increase in the vertical
load on the column with different values of eccen-
tricity and bringing the model to destruction was
performed (Figure 5).

4. ANALYSIS OF THE RESULTS
OF THE RESEARCH

The destruction pattern of ES-11-5 and ES-11-5.1
series samples should be characterized as the
achievement of the endurance strength of the end
sections of the columns in the contact zone. The
analysis of the principal stresses and the failure
scheme showed that their SSA corresponds to the
theory of the strength resistance of anisotropic
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materials to compression [16], while the triaxle
compression zone is displaced along the x and y
axes by equal distances with respect to the center
of the section, and the slope angles of the wedge
a correspond to the theoretical ones [16].

The results of modeling of the ES-11-5 series made
it possible to reveal a feature that the geometric
characteristics of the calculated zones of the end
sections of the upper and lower columns (the
wedge height hx and the width of the Lioc load trans-
fer zone) are different. The values of these param-
eters in the upper column coincide with those ob-
tained in the simulation of eccentric compression
with eccentricity of one direction, and in the lower
column have large values (Figure 6).
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The calculated concrete areas of the end sections
of the columns have different geometric di-
mensions, because a vertical evenly distributed
load applied to the overlap plate causes the ele-
ment to bend, thereby further "squeezing™ the up-
per end of the lower column, causing an increase
in the triaxle compression zone.

This conclusion is confirmed by the isofields of
the principal stresses obtained by calculation of
the ES-11-5.1 series models, according to which
the geometric sizes of the calculated zones of the
upper and lower columns have low divergences of
absolute values (Figure 7).

Analysis of stresses in the reinforcing bars of the
ES-11-5 and ES-11-5.1 series models showed that in
the corner rod of the longitudinal reinforcement of
the columns closest to the load application area,
stresses at breakdown reach a yield point. The val-
ues of compressive stresses in the remaining rods
are lower, and at eccentricities of 0.25 and 0.375 in
the opposite angular rods tension was observed. It
is determined that the steel strips yokes crossing
the area of concrete shear experience tensile
forces and should be taken into account in the
calculation expressions. Tensile forces are also
fixed in the grids of the indirect columns crossing
the plane of detachment of concrete [16].

Thus, the obtained data on SSA of the joint allow
us to develop the necessary methodology for cal-
culating the strength with oblique eccentric com-
pression.

5. CONCLUSIONS

The computer simulation of the SSA of the plug
joints of the slabs with columns of the precast re-
inforced-concrete frame system "UIKSS" under
the action of out-of-square eccentric compression
made it possible to formulate the following con-
clusions.

1. The destruction schemes and the tensioning
isofield confirm the possibility of applying the
theories of the force resistance of anisotropic
materials to compression for the development
of a technique for calculating the strength of
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the joint with out-of-square eccentric compres-
sion based on the evaluation of the strength of
the end sections of the columns.

2. The characteristics of the calculated zones of

concrete (Lioc, hp, o) and stresses arising in the
reinforcement elements necessary for the de-
velopment of the strength calculation proce-
dure are determined.3. It was found that with
out-of-square eccentric compression taking
into account vertical loads acting on the slab,
the zone of triaxle compression of the end por-
tion of the lower column increases due to
bending of the plate, increasing the strength of
the element.4. Taking into account the obtained
results, it is possible to optimize the plan of ex-
perimental studies of joint SSA in the operational
stage with out-of-square eccentric compression.
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BOLTS PULLING TEST. REVERSER FOR BOLTS TESTING

Mark P. Son

Perm National Research Polytechnic University, Perm, RUSSIA

Abstract: The article describes developed device for performing pulling tests of bolts, including high-strength.
Principle of reverser operation is change of sign of applied load — compression of press causes stretching of a
bolt. Advantages of presented reverser are: reliability, mobility, small size, economical operation and
simpleness. Reverser designs permit to perform bolt tests at any hydraulic press. Using the developed device,
deformation diagrams were obtained for bolts of different strength class 8.8 steel 40Kh and 20G2R and 10.9
steel 40Kh. These diagrams may serve as basis for numerical modeling of bolts in software packages, and also
manual calculation of yielding. Tests revealed a number of advantages of bolts made of steel 20G2R over 40Kh,
due to which application of bolts made of steel 20G2R is recommended in assemblies of any level of
responsibility.

Keywords: reverser, bolt,deformation diagrams,mechanical properties, yielding

UCIBITAHUE BOJITOB HA PACTA’KEHHUE.
PEBEPCOP IS UCIIBITAHUSA BOJITOB

M.II. Con

IlepMmckuil HalTMOHATBHBINA UCCIIEOBATENBCKUNA OJUTEXHUYECKUN YHUBEPCUTET, T. [lepmb, POCCUA

AnHotanusi: B crarbe ommceiBaeTcs pa3pabOTaHHOE YCTPOMCTBO Uil WCHBITAaHMH OONTOB, BKIIOYas
BBICOKOIIPOYHBIE, Ha pacTskeHue. [IpuHnmn paboThl peBepcopa 3aKiIouaeTcsl B CMEHe 3HaKa IPHUKIIAIbIBAEMOTO
YCUIIMSI - CKaTHe IIpecca BBI3BIBAaET pacTsukeHHe Oonrta. K JOCTOMHCTBaM INpencTaBIEHHOTO peBepcopa
OTHOCSTCS: HaJIe)KHOCTh, MOOMIIBHOCTh, KOMITAKTHOCTh, SKOHOMHYHOCTh M IpocToTa. KOHCTpyKIHsS peBepcopa
MO3BOJISIET MIPOBOJUTH UCIIBITAHUS OOJITOB Ha JIIOOOM THIPAaBIMYECKOM mpecce. [lpu momomu pa3paboTaHHOTO
YCTPOMCTBA OBLIM MOJYYCHBI JHArpaMMbl 1eOpMHUPOBaHUs i O0NTOB Kiacca mpounoctd 8.8 craneit 40X u
20I"2P u 10.9 cramu 40X. JlaHHBIE AMAarpaMMbl MOTYT CIYXXHTb OCHOBOW Ul YHCIICHHOTO MOJEITMPOBAHUS
60NTOB B IPOTPAMMHBIX KOMIUIEKCAaX, a TakKe PYYHOTO pacdera MOJATIUBOCTH. VCTBITaHMS BBIBHIN DA
npeumymiectB 6oxtoB u3 cranu 20I2P B cpaBHeHNE ¢ 40X, B CBSI3H ¢ 4eM, PEKOMEHIYeTCs IPUMECHEHUE OOITOB
u3 ctamu 200 2P B y3max mo00ro ypoBHS OTBETCTBEHHOCTH.

KaroueBble ciioBa: peBepcop, 6OJ'[T, AnarpaMmbl ﬂe(l)OpMI/IpOBaHI/ISI, MEXaHHYCCKHUEC CBOﬁCTBa, OJaTINBOCTH

Bolt joints of beams and columns, high pressure
vessels and other structures are critical
components often determining reliability of the
whole structure. To increase reliability of this
type of joints it is necessary to apply design and
calculation methods, based on consistent tests
[7].

At present, there exists a large number of works
dedicated to study of mechanical behavior of
bolt and flange s joints, for example, study of
operation of T-shaped flanges [6]. Article [1]
presents variants of bolt joints of beams and
columns. Work [2] presents results of series
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tests of full-scale samples. Sample consisting of
column and adjacent beam was loaded with
bending moment applied to beam until
destruction of the joint, with varied plate size
and number of connecting bolts. Study [3]
shows that reinforcement of flange with
additional stiffening ribs leads to increase of
strength but decreases joint deformability. Share
of plastic deformations in reinforced joint
decreases and consequently decreases ability of
the joint to disperse oscillations caused by
seismic loads. Experimental and theoretical
study of bolt joint "column - column” [4]
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performs detailed mathematic modeling of the
assembly with regard to dimensional geometry
of columns, flanges and bolts. Contact condition
is given for flanges, implementing dry friction,
preliminary tensioning of bolts is taken into
account. Analysis of structure consisting of
large number of bolted beams is given in work
[5]. Structure behavior in case of exclusion of
one bolt of flange joint is modeled.

Large number of studies are aimed to study bolt
joints, while omitting the bolts themselves from
the analysis. It is the bolt breakage which may
constitute breakage of the assembly and the
structure in whole. Calculations of bolt joints, of
all mechanical bolt properties, use only design
strength corresponding to strength class. In
reality bolts of same strength class may be made
of different steel grades, and consequently differ
in relative elongation at failure and variation of
mechanical properties.

Loads on assemblies and joints are mainly
oscillatory. To increase fatigue strength bolts
are pretensioned to value Fo. After application
of external force F compression stress of joined
flanges decreases and bolt receives additional
force yF, and part of force equal to (1- y)F
decreases initial compression of flanges. Final
loads in bolt and flanges may be determined
according to formulas 1.

Fo=Fo+yF
Fr=-Fo+ (1- gF Q)

where F, — full stress in bolt, Fs flanges
compression stress, y — main load factor.

Factor 7y, determining share of external
stretching force additionally loading the bolt, is
of special importance in calculation of joints
operating under oscillatory loads. Main load
factor depends on stiffness of flanges and bolt
and may be found according to formula 2:

% = Ml (Aot Af) 2)

where Ap — axial yield of bolt, As — axial yield of
flanges (clamped parts).

Volume 14, Issue 3, 2018

In clamping flange package maximal
compressing stresses are in points near opening
under bolt head and nut. These stresses decrease
to middle of the clamped package, forming cone
of pressure (Figure 1). It is considered that base
of cone does not depend on external load value
and consequently compressed flanges operate as
stem with cone-like section with opening until
load reaches value Fo/(1-x) when flanges will
open. Such model describes actual operation of
thick thickness flanges with enough exactness.
For thin (flexible flanges) calculation agrees
with the experiments at large values of
tightening stress 60=(0,5-0,7)6r and such
external load which causes just slight opening of
joint. Angle of inclination of cone generatrix is
considered equal to 30° consequently having
calculated average cone diameter it is possible
to obtain yield of flanges As.

o

Gps)

~/§"§%ﬂ

]
Fo

Figure 1. Distribution of stresses in compressed
flanges over cone of pressure.

Yield of bolt may be determined as sum of
yields pf its parts: cylindrical part of bolt and
threaded part of bolt (where I, A, E — length, area
and elasticity modulus). Calculation of Xy is of
no difficulties, but for short bolts (I < 6d) yield
of bolt head (An), and also of thread (A:) within
limits of nut coupling should be considered.
There are empiric formulas for calculation of An,
A, but as V.B. Kuklin has showed, yield of
thread strongly depends on tolerance ranges and
angle of profile of thread and nuts. Also
V.B. Kuklin has found that contact deformations
of operating surfaces of thread have significant
influence on thread yield, which may 2-4 times
surpass own yield of turns.
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Each bolt, following to GOST, should be marked
with designation of strength class, which is
determined according to results of bolt tests.
Bolts are testes at tensile testing machines equipped
with special bolt grips. A bolt is «dressed» into an
insert which is installed into a grip, which in turn is
fastened to tensile machine rod.

2al

Figure 2. Attachment for testing bolts at tensile
machine. 1 - bolt, 2 - inserts, 3 - grip,
4 — bush for fixing grip onto rod,
5 —rod of tensile machine.

Common main drawbacks for all types of these

grips are:

1) High cost, grips for stretching bolts are not
included into main kit of tensile machine and
should be bought separately.

2) Possibility of using grips only in tensile
machines made by same manufacturer.

3) Limited carrying capacity of grip. For
example, grips for bolts Zwick/Roell for test
machine line All round Line are limited to
load of 250 kN, while temporary load on bolt
may reach 2000 kN (for bolts M48 strength
class 12.9).

To eliminate the described drawbacks the author

of this article has developed reverser for testing

bolts. The device belongs to accessories for
fixing and mechanical testing of bolts and high-

strength bolts. Reverser consists of two same U-

shaped metallic parts (Figure 3) with round

opening in shelf of a part for bolt installation.

Axis of opening coincides with axis of bolt and

direction of stress. U-shaped parts are located

orthogonally, connected with stands to each
other until alignment of openings, after which
connected by a bolt (high-strength bolt). Nut is
screwed on threaded end of bolt. Connected
parts are installed into a press. Compression of
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press makes them to spread, causing stretching
stress on a bolt. So, principle of reverser
operation is change of sign of applied stresses —
compression of press causes stretching of bolt.

A T e |
Figure 3. On the left — part of reverser,
on the right — bolt test in press, using reverser.

Reverser compares favorably to grips, its main
advantages are:

Universality — reverser may be installed and
bolts testes at any press.

Reliability.

Mobility (transferability) is attained by small
reverser weight.

Small size — reverser size is determined by
diameter of bolts being tested.

Safety at break of bolt is achieved by the fact
that bolt body is fully covered by the reverser
itself (one U-shaped part from 2 sides, second
part from 2 sides), which excludes possible
shrapnel and bolt parts coming into personnel.
Economic operation — reverser is made from
sheet metal using plasma cutting and has no
expensive parts.

Simpleness — preparation process includes
installation of bolt with turning on reverser,
with following installation to press plate. Bolt is
centered automatically, its preparation to test
takes about 30 seconds.

Using this reverser, were tested bolts M24 from
different steels, lots and strength classes. Tests
were performed at hydraulic 500 t press.
Technical characteristics of press: load accuracy
— 16 kg, deformation accuracy - 0,0036 mm,

International Journal for Computational Civil and Structural Engineering
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loading speed 133 kN/min. Bolt stretching
diagrams were received (Figure 4-5).

force, kKN

400

300

200 ' ........... ..... R 1

100 +-#4f

B

2 4 6 8

displacement,mm !
4 i1 4 1
: |

Figure 4. Diagrams of testing bolts
of steel 40Kh.

Diagrams 2-4 are built for bolts strength class
8.8 from steel 40Kh. According to test results
tensile strength of bolts was Rbun=950-1090
MPa.

Diagrams 5-11 are built for bolts strength class
10.9 from steel 40Kh «select». According to test
results tensile strength of bolts was Rbun=1040-
1200 MPa, except for bolt Ne 7, which
experienced maximal load 238,5kN (6=676
MPa) and showed deformation diagram
drastically different from other bolts, this
product is considered defective. Also bolt Ne 8
may be considered defective, though it showed
Roun=1165 MPa, but destruction was by thread
stripping, and according to GOST a test is
considered satisfactory if breakdown happens in
rod or free threaded part of bolt.

In other cases (tests 2-6, 9-11) destruction was
brittle, bolts were broken at normal in threaded
part by tearing off.

Also were tested bolts 8.8 from boron steel
20G2R. Deformation diagrams of 4 tested bolts
(Figure 5) are practically identical. Maximal
load on bolts was 339-343 kN, which
corresponds to stresses ©6=960-970MPa. Bolts
showed greater plasticity comparing to bolts

Volume 14, Issue 3, 2018

from steel 40Kh. Destruction was ductile, with
formation of sloping planes and characteristic
tapering neck (Figure 6).

f"‘""‘"\

force, kKN

200

100

‘ . displacerrllent,li,m
2 4 6 8 10
Figure 5. Diagrams of testing bolts
from steel 20G2R.

Figure 6. Characteristic destruction of bolts.
On the left — bolts 10.9 from steel 40Kh,
on the right — bolts 8.8 from steel 20G2R.
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CONCLUSION

For calculation of bolt joints it is necessary to
know actual diagrams of bolts operation, as
their yield consists of yield of bolt body, yield
of head and yield of thread. Using the developed
device for mechanical stretch testing of bolts —
reverser, deformation diagrams for bolts
strength class 8.8 steels 40Kh and 20G2R, and
10.9 steel 40Kh were obtained. These diagrams
may serve as basis for numeric modeling of
bolts in software packages, and also for
calculation of share of main load according to
formula 2. At present in Russia it is customary
to design critical assemblies using bolts from
steel 40Kh, which is based on obsolete
recommendations on design.Test revealed
number of advantages of bolts from steel
20G2R comparing to 40Kh. First, greater
relative elongation at rupture.Second, smaller
variation of mechanical properties. Also bolts
8.8 from steel 20G2R showed temporary
resistance of 960-970 MPa, which is higher than
800 MPa assigned for the class, while bolts
from steel 40Kh in some cases showed
unacceptable strength or destruction scenario (in
the thread) and were considered defective. So
we recommend using bolts made of boron steel
20G2R in assemblies of any level of
responsibility.
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RELIABILITY ANALYSIS OF REINFORCED
CONCRETE ELEMENTS WITH NORMAL CRACKS
(ON RC BEAM EXAMPLE)

Vladimir S. Utkin, Sergey A. Solovyev
Vologda State University, Vologda, RUSSIA

Abstract: The purpose of research is development of methods for reliability analysis of structural reinforced
concrete elements (on example of reinforced concrete beam) according to criterion of the normal cracks length in
tensile zone of concrete. Cracks in tensile zone of concrete in beams leads to displacement of the beam's neutral
axis towards the compressed part of the concrete, thereby increasing the compression stress in the concrete, to
the increasing of the stress in the reinforcement bars on the crack width, to the growth of corrosion processes,
etc. This leads to the decreasing of beams mechanical safety and reliability (as a quantitative measure of
mechanical safety). The main parameters, which reduce the strength and stiffness of the beam, of the cracks is
the length and width of the crack. The article describes the influence of the cracks length on the reliability of
reinforced concrete elements. The article differs from existing approaches in that is it built on a limited statistical
data of controlled parameters in mathematical models of limit state. The article also considers the influence of
cracks in the structural element. The methods of reliability analysis allow to assess the mechanical safety of
reinforced concrete elements and to make appropriate decisions about the safety, strengthening or replacement of
the reinforced concrete element.

Keywords: reliability, normal cracks, beam, safety, failure probability,
fuzzy variable, random set theory

PACYET HAJAEXKXHOCTH KEJIE3OBETOHHbBIX 9JIEMEHTOB
C HOPMAJIbBHBIMHU TPEIIIUHAMMHA
HA IIPUMEPE KEJIE3OBETOHHOM BAJIKU

B.C. Ymkun, C.A. Conosves

Bonoroackuii rocynapcTBeHHbIN yHUBEpCUTET, T. Bonoraa, POCCHU S

AnHoTtanus: Llexs paboTsl — pa3paboTka METOJIOB pacdeTa Hae)KHOCTH HECYIIUX KeJIe300€TOHHBIX JIEMEHTOB
Ha TIpUMepe Kene300eTOHHON Oallku M0 KPUTEPHIO JJIMHBI CEPUH HOPMAIBHBIX TPEUIUH B PACTIHYTOH 30HE
OetoHa Oanku. TpemuHbl B pacTSHYTOW 30He OeTOHA OaJKU MPUBOIUT K CMEIICHUIO HEUTpaIbHON OCH OajIKu B
CTOPOHY CXKAaTOW YacTh OaJKH, MOBBIIIAS TEM CAMBIM HATIPSDKCHUS COKATHs B OCTOHE, MOBBIIAIOT AeopMariiu B
apMaType Ha IIUPUHE PACKPBITHS TPEIIMHBI, CIOCOOCTBYIOT Pa3BUTHIO KOPPO3HOHHBIX MPOIECCOB U T.JA. DTO
MPUBOJUAT K CHI)KCHUIO MEXaHHYECKOW Oe30IMacHOCTH Oallk, B KAYeCTBE KOJIMYCCTBEHHOH MEphl KOTOPOU
HCTIONB3YeTCsl HaIeXKHOCTh. OCHOBHBIMH TIapaMEeTPaMU TPEIIUHBI, MPUBOAAIINMA K CHU)KCHUIO MPOYHOCTH U
KECTKOCTH OaJIKH, SBJISIETCS JIIMHA W IIUPUHA PACKPBITHS TPEIIUHBL. CTaThs MOCBAIICHA YUSTY BIMSHUS JITHHBI
CepUM HOPMAIBHBIX TPEIIMH Ha HAJAEKHOCTh IKEIe300€TOHHBIX »JJeMeHTOB. CTaThsi OTIWMYAETCA OT
CYIIECTBYIOMIMX IMOAXOJIOB TEM, YTO TOCTPOEHA Ha OTPAHUYEHHOM O0BEME CTATUCTHUECKOH WHQPOpMAIUU O
KOHTPOJMPYEMBIX TapaMeTpax B MaTeMaTHYECKUX MOJENSX MPENeIbHBIX COCTOSHHM, a TaKKe YUeTy BIUSHHS
HECKOJIbKUX TpEIIMH B HECYymeM JjeMeHTe. [IpenyokeHHble METOAbl PAcueTOB HAJAEKHOCTU TO3BOJISIIOT
OIICHUTh MEXaHWUYECKYIO 0€30TIaCHOCTh HECYIIHX JKeJIe300€ TOHHBIX PJIEMEHTOB U MPUHSThH aJICKBATHBIE PEIICHUS
0 6€30MacHOCTH IKCIUTYaTAIMH, YCHJICHUIO WA 3aMEHE OalIKH.

KiaroueBrblie ciioBa: HaJACKHOCTb, HOPMAJIbHBIC TPCIINHBI, 6an}<a, 6630HaCHOCTL, BEPOATHOCTL OTKa3a,
HCYCTKas NEpeMCEHHas, TCOpus CHy‘laﬁHHX MHOXXCCTB
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Reliability Analysis of Reinforced Concrete Elements with Normal Cracks (On RC Beam Example)

1. INTRODUCTION

The Russian Federal Law No. 384 “Technical
regulation for buildings and structures safety”
came to force in 2010. Interstate Standard
GOST 27751-2014 “Reliability of structures
and foundations” came to force in 2015 on the
basis of the Law No. 384. One of the main
purposes of the Law is the provision of
mechanical (structural) safety of buildings and
structures during their operation. “Mechanical
safety” is the state of structure in which there is
no inadmissible risk of failure and harm to the
life and health of citizens. Quantitative
assessment of the mechanical safety may be the
reliability (safety) of the structure or structural
element. According to the European Standard
Eurocode 0 “Basis of structural design”, the
reliability — is an ability of a structure or a
structural member to fulfill the specified
requirements, including the design working life,
for which it has been designed. Reliability is
usually expressed in probabilistic terms. The
measure of reliability is probability of failure or
probability of non-failure. General principles of
structural reliability are regulated by Eurocode 0
and International Standard ISO 2394:2015
«General principles on reliability of structuresy.
Interstate Standard GOST 27751-2014 regulates
the general principles of structural reliability in
Russian Federation.

2. LITERATURE REVIEW

Probabilistic-statistical methods of reliability
analysis were studied by many researches: [1, 2,
3 etc.]. Most of the work for the reliability
analysis by probabilistic method is currently
based on the hypothesis of normal distribution
of random variables in mathematical models of
limit state. The paper [4] presents the
comparison between FORM (First Order
Reliability Method) and ISM (The Importance
Sampling Method) in reliability analysis of
reinforced concrete buildings (including RC
beams). Both methods are only used with a
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large amount of statistical data, which in
practice may cause some difficulties. The article
[5] describes the reliability analysis methods for
triangular and T-reinforced concrete beams. The
method of reliability analysis also based on
probabilistic methods. The article [6] presents
reliability analysis of reinforced concrete beam
exposed to fire using Monte Carlo simulation.
The article [7] presents the reliability analysis of
a corroded RC beam based on Bayesian
updating of the corrosion model.

However, the vulnerability of probabilistic
methods of reliability analysis appears in its
practical use for individual structural elements
in condition of limited time for inspection, the
high cost of individual tests, inaccessibility or
inability of the study to some parameters, and
other reasons. In this regard, new methods of
reliability analysis based on new mathematical
theories: possibility theory [8], fuzzy set theory
[9], theory of random sets [10, 11] etc., has been
developed. The new methods allow to take into
account the limited statistical information of
controlled parameters in mathematical models
of limit state in the reliability analysis, of course
with the reducing the information content of the
result. There is no theory to make up for the
lack of statistical data in the reliability analysis.

So, Dubois and Prad [8] notes that "the
probability, on the one hand, and a pair of
"possibility — necessity" correspond to the two
extreme, and so the ideal, situations”. It is also
noted that a probability measure in a natural
way synthesize database of accurate and
differentiated knowledge, then as a measure of
possibility is the essence of reflection is
inaccurate, but coherent (i.e. corroborative)
knowledge.

3. PROBLEM STATEMENT

A special problem occurs in assessing the safety
level in reinforced concrete beams with normal
cracks in the tensile zone of concrete, when
statistical data of the controlled parameters is
always individual and limited. In this case, the
application of probabilistic and statistical
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methods is not correct. The Figure 1 shows an
example of a reinforced concrete beam with
normal cracks. Without considering the reasons
for the formation of cracks and their impact on
the reduction of the RC beam strength and
stiffness, let’s consider the method of reliability
analysis of RC beam with normal cracks on
crack length criterion for subsequent decision-
making about the possibility of further
operation, strengthening or even replacing.

The relevance and novelty of the problem lies in
the fact that in the standards of reinforced
concrete elements design there are no
requirements on the design RC elements
according to the crack length criterion and
guidelines  for the reliability  analysis
consequently. At the same time, it is known [12]
that the cracks in reinforced concrete beams
reduces their reliability, and the critical crack
length leads to it spontaneous self-growth and to
the possibly failure. Piradov K.A. and
Savitchkiy N.V. convincingly demonstrate in
[13] the necessity for a transition to reinforced
concrete structures design by fracture mechanics
methods.

So, it is proposed to consider the methods of
reliability analysis of reinforced concrete beams
with normal cracks (Figure 1), with different
types of statistical data about controlled
parameters in the design mathematical models
of limit state.

The reinforced concrete beam failure may occur
according to various criteria of limit state
(strength of concrete and rebar, the deflection,
the cracks width, etc.). In this sense, the RC
beam is a coherent mechanical system in terms
of reliability theory. Cracks in RC beams are
caused by tensile stresses and are characterized

by width a.,. and length I..
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Figure 1. Reinforced concrete beam
with normal cracks.
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4. RELIABILITY ANALYSIS

The article [14] presents the method of
reliability analysis of reinforced concrete beam
with one crack by crack length with the
mathematical model of limit state:

lere < lereut =03, or X <k, (1)

where X:rcrc — length controlled (measured)

crack the greatest length in the beam cross-
section; k=1 ,;+ =0,3hy — critical crack length

(adopted as an option by [12]), which is
deterministic value in this case; hy - distance

from extreme compression fiber to centroid of
longitudinal tension reinforcement.

There are other proposals about the critical
length of cracks in reinforced concrete beams,

for example 1.« =0,5h [15]. Not discussing

the problem of the size of the critical crack
length, let’s assume that it is known, and in the
general case depends on the critical value of
stress intensity factor K,c. Evaluation of K¢

for reinforced concrete beams described in [16].
Every crack reduces the reliability of the beam.
If to take the lack of interaction between cracks
length (for simplicity), and the failure of the
beam by the any of cracks leads to failure of the
entire beam, then the beam with cracks can be
seen as a coherent mechanical system in terms
of reliability theory. In the reliability analysis by
possibilistic methods for each criterion of limit
state, and for the considered task for each
normal crack, the possibility R and the necessity
N non-failure of the RC beam as a coherent
system [17] will be determined by the interval
[Ni,min; Ri,min]-

Measurement of the crack length in reinforced
concrete beams is challenging, since its length is
determined not only by visible part, but by a
part of loosened concrete at the crack tip [12].
It is proposed to use the method described in the
patent [18] to measure the crack length
(Figure 2).
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Figure 2. Method for measurement
of crack length by [18].

As noted above, the reliability analysis of RC
beam will be carried out on the basis of
possibility theory [8, 9]. In this case, fuzzy
variable described by the distribution function
of possibilities 7y (x) . The most widely used in
practice of reliability analysis of structural
elements received a distribution function of
possibilities with the analytical view:

2
nx(x)=exp“xbaX] J ©)

ay =0’5'(Xmax +>(min)

where

— “conditional mean’;
by =0,5(X max = Xmin )/ V-

— measure of “dispersion”, X jox ¥ Xmin - the

maximum and minimum value in the set of
values {x} of fuzzy variable X; « <[0;1] - cut
(risk) level, the value of which is set.

The choice of distribution function has an
impact on the result of reliability analysis,
including the width of the confidence interval
[N; R], which is the results of reliability
analysis. There are no rules for functions
choices and checking them such Pearson’ chi-
squared test.

Cut level « can be considered as an indicator
(measure) of uncertainty of the distribution
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functions sets of random variables with their
distribution in the shaded areas.

The reliability analysis of RC beam with one
crack by possibilistic method carry out by the
result of several measurements of crack length
by mathematical model (1). We set «, and
calculate the parameters a, and b,. If a, <k

(that usually corresponds to the operational
stage), then R=1. Possibility of failure Q
calculated as

Q=exp“k;:‘xﬂ_

Reliability will be characterized by the interval
[N=1-Q; R].

Example 1. Let X ={17;20;23} mm and
k=24 mm. Let’s find parameters of 7y (X)

with different values of «a. By (2):
a, =05-(23+17)=20 mm and
b, =0,5(23-17)/v-Ih « mm. As

a, =20 <k =24 mm, then R=1. Results of Q

with different values of « shown in table 1.
Figure 3 shows a graph of the dependence of
possibility of failure Q and the cut level « :

o) = exp| - 2420 ?
05(23-17)/vV-In

according to the Example 1.
Table 1. Given Data.

Cut level o by mm Q
0,01 1,398 2,78*10"
0,05 1,733 4,865*10°°

0,1 1,977 1,677*10?
0,2 2,365 0,057
0,4 3,134 0,196

145




Vladimir S. Utkin, Sergey A. Solovyev

0,30

0,24

0,18
Qleed

0,12

0,06

0 0.1

02

0,3 0,4 0,5

La]

Figure 3. Dependence of possibility of failure Q and the cut level & .
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Figure 4. Graphs of belief function Belx(x) and plausibility function PIx(x) for X = I:rc.

From the above values of Q in the table 1 and
from the graph (Figure 4) we can see, that the
intensity of the impact of the cut (risk) level for
the Q increases with growth « . At small values
of a<0,05, the effect on Q is more subtle. Q

increases dramatically with «>01. These

results show the reduction of information
content of the reliability result in the form of a
confidence interval with increasing « values.
That is a disadvantage of possibilistic method of
reliability analysis for an individual object.

In this regard, the possibilistic method of
reliability —analysis is preferred in the
comparative analysis of two or more objects by
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reliability index. And value of o« it is
recommended to take in the interval [0,01; 0,1],
where o« impact on the value of Q is relatively
small. Provides information on the reliability
analysis of reinforced concrete beams can be
used to assess the level of safety of one beam
and a series of such beams in order to compare
them by reliability indexes.

5. RANDOM SET THEORY APPROACH

Let’s consider the second approach to reliability
analysis of reinforced concrete beam with normal

International Journal for Computational Civil and Structural Engineering
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cracks on the basis of known theory of random
sets (theory of evidence of Dempster-Shafer) [10,
11], in which there are no parameters and
therefore their influence on the result of the
reliability analysis. Reliability analysis of
reinforced concrete beam we will still spend on
the criterion of crack length for the mathematical
model (1) by method based on the theory of
random sets [19] with the data about X in the
form of sub-intervals set of the measurement
results of the controlled parameter X.

Example 2. Let X :i;rc in interval form at

different points in time during the operation
process of reinforced concrete beam as: X =
{[150; 154], [151; 155], [150; 156], [152; 157],
[149; 153]} mm and g ¢ =k =156 mm. In

accordance with the theory of random sets [19],
Figure 4 shows graphs of belief function Belx(x)

and plausibility function Plx(x) for X =l.,
which does not contain parameters to set.
The upper P and lower P boundaries of the

probability of non-failure interval is estimated
by [19, 20] Fig. 4. with lg.c x =k =156 mm as

interval [0,80; 1].

Example 3. Let’s consider another feature of
reliability analysis based on the theory of
random sets. With the original data of the above
example and with k =158 mm, the interval of
reliability is [1; 1], i.e. the probability of failure
is equal to 0, which is statistically incorrect.
Thus, the reliability analysis of structural
elements based on the theory of evidence (or
theory of random sets) can be used in practice
without the involvement of functions of random
variables  (and  parameters  definitions).
However, the small amount of statistical data as
sub-intervals sets and for large values of the
non-failure probability of structural element this
method may be inconclusive, since the
probability of failure may be equal to one.

There is another variant for the reliability
analysis with a small amount of statistical data
in form of intervals subset. So, it is proposed
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[20] to use the advanced functions of belief and
plausibility through the use of a imprecise
Dirichlet model (IDM) as one of the types of
robust models. In this case, the upper and lower
bounds of probability of non-failure can be
written as:

E(A|c,s):W:ZBeI(A) and
N+s
_NCPI(A)+5s _

P(Alc,s) 1- 7[L-PI(A)], (6)

where N — the number of tests (observations); s
— the parameter characterizing the extent of
«uncertainty», the value of which is set, where
is the notation

z=@+s/N)?

and y €[0; 1]. Let’s consider the algorithm of

calculation by this method with an example.

We use the statistical data in the first example,
but with introducing the advanced belief and
plausibility functions. Parameter s=2 as the most
safe solution [21]. When N=5, extent of
contamination is

7=@0+s/N)t=@+2/5)" =0.714.

Then

P(A|c,s)= -0.80=0571
and

P(Alc,s)=1-y1-1]=1.
Reliability characterized by interval [0.571; 1],
which is wider then interval [0.800; 1] in above
example.
Figure 5 shows that the parameter s changes the
lower bound of the non-failure probability within
[0,571; 0,800], in contrast to the parameter in

possibilistic method, which causes the possibility
of failure Q in the larger range [0; 1].
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Figure 5. Probability of failure P - parameter of «uncertainty» s graph.

Therefore, a volitional decision on the appointment
of the parameter s to a lesser extent affects on the
final result of reliability analysis. And this result
can be considered as more credible.

Let’s use the data from the example 3 (with
k =158 mm), but with the advanced functions
of belief and plausibility. Let s=1, given the
higher confidence in test results and greater the
credibility of the expert values and thus a lower
"uncertainty” of the statistical data. With N=5
we calculate:

7=0+s/N)yt=@1+1/5)"=0833.
Then
P(Alc,s)=z-1=0,833
and
P(Alc,s)=1- 7L-1]-1.

Reliability is characterized by the interval
[0,833; 1], which more correct then interval
[1; 1] in Example 3.

Thus, using of advanced functions of belief and
plausibility using the imprecise Dirichlet model
and random sets theory allow us to obtain more
conclusive results of reliability analysis for a
single crack in the concrete. But the advanced
functions are parametric (including parameter s).
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As a result of using the advanced functions of
belief and plausibility, we can get the expanded
boundaries of the mathematical expectation of a
random variable X:

F(x|c;s)=P(w=xj|c,s)=

(N+s)™h Dic,x<Q.
= isup A<x
1 x=Q.;

F(x|c,s)=P(jw< x}|c,s)=

_ (N+s)‘1[s+ ZCi,X]>Q*

isup A <x

0, x=Q..

By [20], bounds of the mathematical
expectation of a random variable X represented
by intervals (such as probability of non-failure)
can be found as:

EX =Iaﬂf(m|c,s)=

=(N +s)l(s-Q,t+Zn:ci inf AJ;

i=1

EX:J'a)dE(aﬂc,s):

=(N +s)1(s-§2* +Zn:ci sup A ]

i=1
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Let conventionally known intervals, which
characterizing the reliability of a reinforced
concrete beam according to the criterion of
crack length: [0,995; 1], [0,997; 1], [0,994; 1],
[0,995; 1]. It is known that the reliability of
changes in the boundaries of the interval

[Q.=0; Q" =1]. Take s=0.4. Then:

EX = (4+0,4)7(0,4-0+ 0,995+
+0,997+0,994+0,995)=0,9,

EX = (4+0,4)7(0,4-1+1+1+1+1)=1,

Subject to uncertainty s=0,4 of source data, the
mathematical expectation of the reliability of
reinforced concrete beam according to the
criterion of crack length is characterized by the
interval [0.905; 1]. In the absence of
"uncertainty " (when s=0):

EX =(4+0)73(0-0+ 0,995 +
+0,997 + 0,994 + 0,995) = 0,9953,
EX =(4+0)1(0-1+1+1+1+1)=1,

statistical mathematical expectation of the
reinforced concrete beam reliability according
to the criterion of crack length is characterized
by the interval [0,9953; 1].

Thus, advanced functions of belief and
plausibility can be used in practice of reliability
analysis, having the advantage over methods
based on the theory of possibilities, that the s
parameter is lesser affects on the results of
reliability compared with the parameter (cut
level ) in possibilisitc method.

Returning to the cracks system in reinforced
concrete beams and reliability analysis using the
theory of random sets, with the conditions of
independence in the interaction between cracks,
the reliability analysis of reinforced concrete
beam produced by each crack of the beam with
the results by the lower and upper values of
probabilities, and the reliability of the beam as
system according to the criterion of crack length
is characterized by [20] interval
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n n
{HEi; PiJ, i=1,...,n,
i1 il

where n is the number of cracks in the beam.
Possibilistic method of reliability analysis may
be recommended in case of a very small amount
of statistical data in the form of individual
values. In this case, it should carefully consider
the purpose of the cut (risk) level « and take it
on the recommendations and in the interval
[0,01; 0,1], or other reasonable methods
depending on the level of safety. Parameter “S”
also is subject to additional research.

6. CONCLUSIONS

1. The article describes the method of reliability
analysis of structural RC elements on example
of RC beams with a series of normal cracks on
the basis of the possibility theory;

2. Some recommendations are given for the
appointment of the cut (risk) level in
possibilistic methods of reliability analysis of
structural elements;

3. The article presents the methods of reliability
analysis of reinforced concrete beams with a
series of normal cracks on the basis of the
random set theory and on the advanced
functions of belief and plausibility on the
imprecise Dirichlet model;

4. The developed methods can be used in the
reliability analysis of other structural elements
for the requirements of standards on safety of
structures and foundations.
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DURING FOAM GLASS HIGH TEMPERATURE PROCESSING

Sergey V. Fedosov !, Maksim O. Bakanov 2, Sergey N. Nikishov 12
L lvanovo State Polytechnic University, Ivanovo, RUSSIA
2 lvanovo Fire Rescue Academy of State Firefighting Service of Ministry of Russian Federation for Civil Defense,
Emergencies and Elimination of Consequences of Natural Disasters, Ivanovo, RUSSIA

Abstract: The paper presents basic aspects of simulation of pores formation and growth in the foam glass struc-
ture process during raw material mixture high temperature processing. The key mathematical approaches to heat
transfer processes simulation and the dynamics of the pores radius growth in the raw material mixture structure
are presented. The key assumptions and restrictions allowing representing the most adequate research outcomes
at this stage of the subject development are outlined.

Keywords: foam glass, heat treatment, mathematical simulation, temperature patterns, surface tension, viscosity

NCCIEAOBAHUE U MOJAEJIUPOBAHUE ITPOLECCOB
TEIJIONNEPEHOCA ITPU BBICOKOTEMIIEPATYPHOU
OBPABOTKE IIEHOCTEKIJIA

C.B. @eoocos ', M.O. Bakanoe ?, C.H. Hukuwoeg *'?

VIBaHOBCKMI TOCYIapCTBEHHBIN TTONUTEXHUUECKUH YHHBEPCUTET», T. IBanoBo, POCCU S
2 MlBaHoBCKas MOMKAPHO-CIIAacaTelbHas aKkageMus I ocyaapcTBeHHON NPOTHBOIIOKAPHOI CI1yKObI
MununctepcTBa Poccuiickoit @enepaliiu o geaam rpaxaaHCKoNR 000pOHBI, Ype3BBIYaHBIM CUTYaLUsIM
Y JUKBHIAIUU MIOCJIEACTBUM CTUXUHHBIX OeacTBuii, r. UBanoso, POCCHU S

AHHOTanusi: B padoTe MpeACTaBICHB OCHOBHBIC aCHEKTHl MOJEIMPOBAHMS Tporecca GopMUpOBaHHS M POCTa
IIOp B CTPYKType NMEHOCTEKJIA IPH BBICOKOTEMIIEpaTypHOil 00paboTKke chipheBOi cMmecH. [lokazaHbl KitodeBbIe
MaTeMaTHYeCKHe MOIXOAbI K MOJACIUPOBAHHUIO MTPOIECCOB TEIUIONEPEHOCa U TUHAMUKH POCTa pauyca MOpHl B
CTPYKTYpe chIpbeBoi cMecu. OO03HAUCHBI OCHOBHBIE IOMYIICHUS M OIPaHMYECHHMS, MTO3BOJIAIOMINE HA JAHHOM
JTane pa3pabOTKH TEMbI IPEACTAaBUTh HaOOIEe aJJeKBATHBIC PE3YJIbTAThI HCCIIEA0BAHUS.

KitioueBble cJI0Ba: IIEHOCTEKIIO, TEPMHUYECKast 00pabOTKa, MATEMATHIECKOE MOICIMPOBAHIE, TEMIICPATYPHBIC
T10JIA, TOBEPXHOCTHOC HATSXKECHUE, BA3SKOCTH

1. INTRODUCTION

Improvement of the buildings thermal insulation
and housing and utilities infrastructure energy
efficiency constitutes one of the energy saving
directions. Modern requirements related to
building envelopes energy saving determine the
use of high-tech materials and systems enabling
to solve the issue of the buildings effective
thermal protection.

Despite the fact that in recent years the issues of
thermal insulating materials range expanding
and quality improving has attracted considerable

attention the construction market continue to
experience shortage in this product.

Insufficient attention is given to assessing the
reliability of newly developed materials in
buildings envelopes which are often not inter-
linked with climatic, inventory and logistics and
economic conditions of separate regions of our
country.

Pursuant thereto, elaboration of physic-and-
engineering and structural-and-technological
basis for energy-efficient materials creation
constitutes relevant objective for the construc-
tion industry. High-performance thermal insu-
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lating material characterized with cellular struc-
ture - foam glass [1] - is gaining increasing ur-
gent imperative.

Foam glass is a highly porous material (80-
95%), consisting of closed or intercommuni-
cating pores separated by vitrifaction separating
partitions [2, 3]. Conventionally, foam glass is
produced on the basis of secondary glass cullet
or specially welded glass (finely crushed glass),
with its full or partial introduction into the raw
material mixture composition [4].

Several research directions within which scien-
tists actively conduct their survey are visible in
the foam glass technology. One of the directions
is to optimize the raw material mixture heat
treatment for foamed glass production. The key
research method of this direction is the mathe-
matical simulation of thermal processing opera-
tions during the foam glass production.

2. RESEARCH METHODS. PROBLEM
STATEMENT

Thermal processing operations simulation is ex-
ecuted on the basis of heat transfer theory which
allows considering intercorrelation of macro-
physical characteristics of foamed glass produc-
tion engineering operation.

Consideration of the process physical founda-
tions is not insignificant because the end materi-
al thermal insulating properties are depend di-
rectly on other physic-and-engineering charac-
teristics, which change over time and under
temperature modification [6].

During the simulation we take the primary envi-
ronment as the raw material mixture backfilling
for foamed glass production in the foaming
mold, where the microdomains not filled with
crushed glass and gas-forming agents act as
pores. The primary system is a chaotic structure,
which causes certain difficulties in the process
mathematical description, so the necessity in
elaboration of the arranged mathematical model
reflecting all the primary structure major peculi-
arities appears.

154

It is obligatory to formalize both the heat trans-
fer processes and the physical processes taking
place when changing the heat treatment modes.
With temperature increasing, existing moisture
in the raw material mixture starts to evaporate
and exits to the furnace chamber for foaming.
When the temperature values in the furnace
chamber are close to the values when the glass
grains melting starts, the backfilling near-
surface layers that are in the immediate contact
with the foaming mold metal bezels start to melt
first, and somewhat later (in terms of time) the
layer, which is heated through convection. The
process of backfilling near-surface melting (raw
material mixture) takes place — the backfilling
central areas are still not heated (due to the sur-
rounding material low thermal conductivity). As
a result thereof, the gas-emission sources in
these pores do not operate, while the glass parti-
cles surrounding this center are already being
foamed, and pore radius growth continues in it.
Thus, the pore formation material of the charge
is formed unevenly, which affects the end prod-
uct thermal and physical properties quality.

In cases where the temporal parameters for the
raw material mixture conditioning during foam-
ing are not sufficient to enable the glass grains
melting over the backfill entire volume, the raw
material mixture centers need more time for
melting, and thus remain not porous. In cases
where the foaming period is considerably ex-
ceeding the glass grains melting period, fusing
of the backfilling near-surface layers takes place
since gas production sources completely burn
up through warming up, and the glass viscosity
decreases, and the molten glass surface tension
does not allow delaying a dedicated gas phase in
the formed pores spheres, which exits to the
furnace chamber for foaming. In such cases, the
raw material mixture central part becomes more
porous compared to the raw material mixture
surface layers.

Thus, we assume that the distribution of tem-
perature patterns over the backfilling of the raw
material mixture passes from near-surface areas
to the center. The first objective of the research
was to determine and describe the temperature
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patterns distribution in the raw material mixture
backfilling volume and to identify the patterns
of the pore radius growth as a result of its high
temperature processing.

The second objective was to determine the con-
ditions for the pores uniform formation over the
material volume. Such conditions can be creat-
ed, for example, through various technical
means and technologies, allowing to influence
the raw material mixture in real-time, for exam-
ple, the vibration platforms or ultrasonic treat-
ment application as well as application of pow-
ders with different gas-yielding properties (ac-
tivity), combination of these and other techno-
logical influences is possible.

Difficulties which solution requires the heat
transfer simplified (or approximate) mathemati-
cal models application appear when developing
the unified mathematical model able to take into
consideration all the above mentioned factors.
As a rule, mathematical physics methods are
used for the differential equations solution. In
some specific cases, these equations can be
solved through numerical methods using com-
puter. However, difficulties related to computa-
tional nature arise herewith.

In general case, the heat and substance mass
transfer boundary problem can be represented
with  parabolic  type non-linear  non-
homogeneous differential equations in particular
derivatives:

- heat conductivity boundary problem:

[ﬂ(u,t)%x")} (1)

where p(u,t), c(u,t), ﬂ(u,t) - is the thermal
properties of the foam glass charge material
(density, heat capacity, thermal conductivity), in
general case depending on the moisture content
and temperature;

- initial condition:

o) elun?er) 2

tx, 7)), =to(x) 2
- boundary conditions:
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t( 7))o = ful(7) 3)

ot(x,7) B

Ta )L =0 (4)
2

The initial condition (5) demonstrates that foam
glass charge material is characterized with an
arbitrary  temperature  distribution on a
coordinate at the moment taken for the reference
point.

The boundary condition (6) demonstrates that
we have assumed the equality of the mold
temperature and material values from which the

coordinate * is calculated in the walls contact
zone of the metal mold for foaming. Condition
(7) indicates that the objective can be
considered as a symmetrical one.

It is obligatory to set the boundary conditions
and solve the plane problem for one of the coor-
dinates in the modeling early stages. Figure 1
shows the boundary problem of heat transfer in
foam glass charge material for the metal mold
on the x coordinate.

1 2
z
-~ P — oz
- S
P
H| L~
=
= |~
0o
S
VA L 9y

Figure 1. The raw material mixture model (2)
— metal mold (1).

Under these conditions the boundary problem of
heat transfer in the raw material mixture in met-
al mold shall be recorded as follows:

2
0 t(X’T);T>o;0sx£%, (5)

at(x,7)
=A
X o ox?
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t(x,7)|__o =to(x), (6)
t67) g =t (7
at(x, r) B

o | 70 ®)

X=

Here: p, ¢, A — respectively: the raw material
mixture density, heat capacity and thermal con-
ductivity.

Let us introduce dimensionless variables:

~ _\ txo)-tg. . ar .= x
T(x,Fo)_—O,Fo_(L/Z)Z,X—(L/Z),
(©)

And then the problem (5)-(8) assumes the view:

tH _tO

oT (x, Fo) _oT (;"ZFO); Fo>0;0<x<1; (10)

oFo ox
(e, Fo)= T r)
H 0
T(xFo).__ = ﬁ 1 (12)
ﬂ;‘):(ﬂ) 0. (13)
x=1

3. RESEARCH OUTCOMES

Omitting ordinary but cumbersome conversions,
we provide the final solution of the boundary
problem in the originals area:

+ngm[g<zn—1>i}jn<¢)-

-sin {% (2n —1)§}d§ - exp[—%2 (2n-1)* FOJ
(14)
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Calculation results according to the equation
(14) are shown in Figure 2 as curves illustrating
the dimensionless temperature change on the
dimensionless coordinate depending on the di-
mensionless process time.

Thus, the equations system (5-8) with initial (2)
and boundary (3-4) conditions is called the heat
transfer boundary problem and in general
demonstrates the temperature patterns distribu-
tion in the raw material mixture.

Researchers [7] proposed the model based on
the processes time scales during the required
porous structure formation in order to describe
the pores formation physical process in the raw
material mixture melt:

X
Figure 2. lllustration of calculations to the
equation. Fo: 1) 0.01; 2) 0.1; 3) 0.2; 4) 0.3;
5) 0.4; 6) 0.5; 7) 0.6; 8) 0.7; 9) 0.8;

10)0.9 11) 1.
2
q-", (15)
a

where 71 — the crushed glass heating period to
chalk decomposition temperatures range; a, m?/s
- the mixture thermal diffusivity factor; h, m —
the typical length scale in the mold volume.
Pores formation due to the gas pressure increase
by gas-emission sources takes place in the pro-
cess second stage:

Ty = Rogs, (16)

a
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where o' — gas-emission source power factor,
J/s; Po — atmospheric pressure, Pa; R — pore ra-
dius, m.

In describing the second simulation stage the
authors used the motion equation of a viscous
incompressible fluid (Navier—Stokes) and conti-
nuity equation in spherical coordinates, simulta-
neously noting that the v liquid rate around a

bubble has only a radial component, and due to
spherical symmetry depends only on R — dis-
tance from the pore center (pore radius) and t —
process time: v=v(R,t). The process second
stage model represents a nonlinear differential
equation for pores radius R(t) growth over time:

2lde it? pl° R

where p — melt density of cellular glass charge
stock, [kg/m?]; R(t) — the function of cell radius
increase over time; o' — power factor of gas gen-
erating source, [J/s]; g’ — initial conditions fac-
tor, [J]; R — cells radius [m]; Po — atmospheric
pressure, [PA]; o — melt surface tension factor
of the cellular glass charge stock, [N/m].
Analysis of the work outcomes related to foam
glass porous structure formation suggests using
equation (18), which describes the single pore
growth:

K%
R 4—'+R13
El: ﬂwl ((Pint, = Pext) ' R1 —20, (18)
Jha
3

where R; — is the pores inner radius [m]; V1 —
molten glass volume within the pores shell; o —

surface tension factor, [N/m]; # — fluid dynam-
ic viscosity factor [PA-s]; pint. — Qas pressure
inside pore, [PA]; pex. — pressure on the glass
melt external (outer) boundary, [Pa].

The Runge—Kutta fourth-order method [8] in the
MathCAD program was used for calculations
and equation graphical interpretation (18).

Four function values for two intermediate points
were used on the following step: two values in
the center of the step and the two values at the
ends of the step:

kp=h-f(t-R); (19)

Volume 14, Issue 3, 2018

2 2 ' [/
B(dR) _R(t)d_Rzl(PoJrgj_lﬁ rat

1 d’R 4 (dR
+—— 1, 17
p R V(dR)dtz 3R(dt) (17
dt

1 1
k2=f(ti-E-h,Ri+k1-E-ARi); (20)

1 1
k3:f(ti-E-h,RiJrkz-E-ARi); (21)
kg = f(t;-h, R +k3:AR;);  (22)

Rii1 =Ry + (ki+2ko + 2k + ky4) - %ARi . (23)

Values X
variables.
Changing the values of dynamic viscosity was
calculated by the formula [9, 10]:

and @ at calculations are taken as

g LT
[T 10 WT-E¥i T_D-Cf’ (24)
where £o — factor of dynamic viscosity at the
initial moment of time [Pa-s], To — temperature
at initial moment of time [K], T — temperature
[K], A and B — empirical factors.

Changing the values of surface tension factor
calculated by the formula [11]:

T —1173

— 0,004
100 )

o= oy

(25)
where @a — factor of surface tension at the initial
moment of time [N/m].
Temperature change over time was prescribed
as follows:

T=Tﬂ+k-r, (26)
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where k — factor taking into account the heating
rate, t — time [sec].
Calculations results are presented in Figure 3.

0.00223

000199 {

0.00172 /

0.00146

R, aeu /
0.00119

0.00093

0.00066 ]

[ I —
0.0004

Q00 1000 1100 1200
T.K

Figure 3. Diagram of pores radius growth de-
pending on the temperature.

4. OUTCOMES DISCUSSION

Application of the equation (18) is admissible
when making a number of assumptions and al-
lows creating a shared understanding of the
foam glass foaming process, since glass melt
viscosity indices exert the greatest influence on
the bubble growth rate and radius of all the used
variables, as the start and end values are charac-
terized by changes from 102 to 10. Glass vis-
cosity value depends on the primary raw materi-
al and pursuant to [12] considerably changes in
the foaming process (Figure 4).

5. CONCLUSIONS

Adequate methods enabling to analytically de-
termine the dependence of the glass melt viscos-
ity on temperature is currently not available, so
it is necessary to conduct experimental studies
ultimately limiting the mathematical model ap-
plication only for the particular primary raw ma-
terials used in the experiment.
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Figure 4. Dependence of the glass melt viscosity
on the glass temperature and class: 1 —"Long"
glass; 2 — "Short" glass.

The above mentioned suggests that there exists
the necessity in mathematical models elabora-
tion capable, with a sufficiently high accuracy,
to describe the phenomena occurring at the
foam glass porous structure formation during its
production, based not only on the thermophysi-
cal, but engineering, economic and other fac-
tors.
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MATHEMATICAL MODELING OF DIFFUSION PROCESSES
OF MASS TRANSFER OF “FREE CALCIUM HYDROXIDE”
DURING CORROSION OF CEMENT CONCRETES

Sergey V. Fedosov, Varvara Eu. Roumyantseva, Viktoriya S. Konovalova,

Svetlana A. Loginova
Ivanovo State Polytechnic University, Ivanovo, RUSSIA

Abstract: The paper presents a mathematical model of mass transfer in the processes of corrosion of the first
type of cement concrete at the level of phenomenological equations for a closed reservoir-liquid system. A step-
by-step transition to the recording of the boundary value mass conduction problem in dimensionless coordinates
is shown. The solutions of the boundary value mass conduction problem for the region of large and small values
of Fourier numbers are obtained.

Keywords: cement concrete, corrosion, mathematical model, mass transfer,
concentration of "free calcium hydroxide”

MATEMATHYECKOE MOAEJIUPOBAHUE
ANDODY3INOHHBIX ITPOLHECCOB MACCOIIEPEHOCA
«CBOBOJHOT'O 'MAPOKCUIAA KAJIBIIUSA»

P KOPPO3UU HEMEHTHBIX BETOHOB

C.B. ®eoocos, B.E. Pymanyesa, B.C. Konosanoea, C.A. J/locunosa

MBaHoBCKUI rocyAapCTBEHHBIA NOJUTEXHUYECKUN YHUBEpCUTET, T. iBanoBOo, POCCU S

AnHOTanus: B cTaThe mpencTaBiieHa MaTeMaTHIecKasi MOJIENIb MAaCCOIIEPEHOCa B MPOIECCaX KOPPO3UH ITEPBOTO
BHJa IICMECHTHBIX OETOHOB Ha YPOBHE ()eHOMCHOIIOTUIECKUX YPaBHEHUH U 3aMKHYTOH CHCTEMEBI «pe3epByap-
KUAKOCThY». [loka3zaH MONIaroBbIA Mepexoj K 3amuch KPaeBOHM 3ajadyd MacCONMPOBOJHOCTUA B Oe3pa3MEpHBIX
koopauHaTax. [lomydeHbl pemieHUs KpaeBOW 3ajaud MacCOMPOBOJHOCTH Ui O0JacTH OONBIIMX U MAaJbIX
3HaueHuil uncen Oypepe.

KiroueBble cjioBa: IeMEHTHBIN OETOH, KOPPO3HS, MaTeMaTHYECKast MOJIeTb, MaCCOTIEPEHOC,
KOHIIEHTPAIUs «CBOOOHOTO TUAPOKCHIA KaTBITHSI

1. INTRODUCTION

Durability of buildings and structures can be
provided by the use of corrosion-resistant
materials. Forecasting the service life of
concrete and reinforced concrete structures is a
complex analytical process [1]. In most cases,
the main causes of damage are corrosion
processes caused by adverse environmental
effects.

Reliable prediction of durability of building
structures is impossible without experimental

analysis and theoretical developments [2] aimed
at creating mathematical models of processes
occurring at all stages of production and
operation [1, 2].

One of the directions of the scientific school,
which works fruitfully at Ivanovo state
Polytechnic University, is the theoretical study
and mathematical modeling of corrosion
processes of concretes proceeding along the
mechanisms of the first and second types [3-9].
To date, the authors of the article have
developed a complex of mathematical models of
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corrosion processes in different environments,
and proposed ways to combat corrosion
destruction [6-9].

First of all, calcium oxide is responsible for the
strength of concrete, which is part of the main
minerals of Portland cement [1, 10]. The
decrease in the content of "free calcium
hydroxide", which is the main component that
determines mass transfer, causes a change in the
phase and thermodynamic equilibrium in the
system, leads to the decomposition of the main
components of the cement stone, and as a result,
to the loss of the strength properties of concrete.

2. MATHEMATICAL MODEL OF MASS
TRANSFER IN CORROSION PROCESSES
OF THE FIRST TYPE AT THE LEVEL

OF PHENOMENOLOGICAL EQUATIONS
FOR A CLOSED "RESERVOIR-LIQUID"
SYSTEM

Mass transfer in the "reservoir-liquid” system
according to the first type of corrosion is
determined by the boundary value problem of
mass conductivity of the type [3, 4]:

ac(xr) k 9%¢(x,1)
at 0x2

,7>0,0<Xx<4. 1)

Initial condition:

(2)
C(x,T)|r=¢ = C(x,0) = C,.

Border conditions:

3)
ac(0,7)

ox 0,

4)

K250 _ e, - 01

0x

where: C(x,z) is concentration of "free calcium
hydroxide" in concrete at a time t at an arbitrary
point with x coordinate, in terms of CaO, kg
CaO / kg of concrete; Co(x) is concentration of
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"free calcium hydroxide" in concrete at the
initial moment of time at any point with x
coordinate, in terms of CaO, kg CaO / kg of
concrete; k is mass conductivity coefficient in
solid phase, m%s; & is wall thickness of the
structure, m.

The value of the equilibrium concentration on
the surface of the solid Ce is not constant, but
depends on the concentration of the component
in the liquid phase:

Ce(D) = f[Ciig(M]- ()

The simplest form of this dependence is Henry's
law [9]:

Ce(7) = mCi;q(7), (6)

where: m is Henry's constant, kg of liquid / kg
of concrete.

According to the law of mass conservation, the
mass flow of substance emerging from the
concrete surface should be equal to the amount
of substance arriving in the liquid phase.

aCc(4,1)

9Cyiq(7)
_Spconk T 1

—5r ()

= ViiqPliq

where: S is internal surface of the tank, m?; Viiq
is tank volume m? pcon, piiq are densities of
concrete and liquid, respectively, kg/m?.

To obtain generalized solutions suitable for
qualitative analysis of corrosion processes, we
introduce dimensionless variables of the form:

Co—C(x,7) _ «x
—_— X ==
G T
o 8

Z(x,Foy) =

Fop,

We transform the equation (1) with regard to

(8):
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C[Co — C(x, D] _ Fom =k =
aT " CO B e
@ . . o
92C[Cy — C(x,7)] is Fourier mass transfer criterion. o
=k : We transform the equation (7) by multiplying

2.
0x* - Co the summands on the left by
This implies: 5
3,
0Z(%,Fo,,) _ 0%7Z(x, Fom). (10) .
o1 0x2 and on the right by
Multiply by 62 and divide by k both parts of the ”
equation: o*
d[Cy — C(6,7)]6
= 2 2 i 2 — —
0Z(%,Fo,,)6 _ 0%Z(%,Fo,,)6 | (11) Spconk Codx 0
otk 0x? (16)
_v aCll’q (T)62
In dimensionless coordinates, the boundary = ViiaPiiq Y50 52
value problem (1)-(4) is transformed to the form
[5]: Assuming that the equilibrium in the system

obeys Henry's law (6), we write:
0Z(X,Foy,) 0°Z(X,Foy,)
doFo,, ox: ' (12)

S Peon k 9Z(0,Fo,)

V pug 6 0x

Fom>0,0 <% < 1.
0Z|Cy — mCyy (D)

Initial condition: o (%) Co52 (17)
Z(x,0) = 0. (13) _ 0Zy1q(Fop)
Border conditions: " mo (%) 52
020, For) _ Divide by k:
dx
1 921 Fo.) S Peon 1 0Z(1,Fom) _

- — V plg O dx
fm 0% 1s) " 1)

= [Z.(Fo,,) — Z(1, Fo,)]. __ w
T
mo (=) 62
where: (52)
5 The last expression denotes:
Bigm = 1'9 '?
is Bi iterion: Co — mCy;, (T
is Bio mass transfer criterion; Zuig (Fo) = 0 liq ( ). (19)

Co
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We denote that:
— m56 . pCOTl — chon 20
™ Vg Piig Gig (20)

where: Km is coefficient considering phase
characteristics; Geon IS the mass of the concrete
tank, kg; Giig is the mass of liquid in the tank,
kg.

In the accepted variables equation (7) will take
the form:

dFo,, " 6'
We transform the equation (6):
Co—C.(7 Co —mCy, (7T
0 e( )= 0 llq( ) (22)
Co Co

In this case, the boundary value problem of
mass conductivity will take the form:

0Z(X, Fop)  6°Z(X,Fom)
dFo,, ax:

(23)

The initial and boundary conditions of
expression (23) are expressions (13)-(15). In
equation (15), Ze(Fom) is the same as Ziig(Fom).
The solution of the equation (23) obtained by
the Laplace integral transformation takes the
form [5, 6]:

Z(%,s) = Ach(V/sx) + Bsh(v/sx), (24)
dZ(x,s) _
PrE AVssh(vsx) + 25)
+B+sch(vsx),
o [AEshVS] + " [aVEshys] =
' (26)
— Zlu;(o) —Ach\/g,

le64

A=
B BinVsZy;,(0) (@7)
s[sshvs + Kpmshv/s + BiVschys|
Z(x,s) =
BiyZyq(0)ch(v5%) (28)

B s[sshv/s + Bip Kmshys + Bim\/ECh\/E].

The final solution of the boundary value
problem (23) for the region of large values of
Fourier numbers (for Fom > 0,1) has the form

[5]:

2(x.Fo,) = %)
X E0m) =1k
(29)
281,24 (0) Z ) exp(—t o)
U (1) = sin um[3u?n +
Bim(pZ4-Keb)] + (30)

Hm €COS p—m[urzn'(BimKGb + 2)]

The characteristic equation for finding the roots
of um is:

Bipmpm
t == 31
For the average concentration, we write:
Z,iq(0)
mld (F m) - -

1+ Km

(32)
sin um

ZBllezq (0) Z 0 exp (_:uranOm)’
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Zliq (Fop) =

= Zliq(o) {1
+ 2Bi, K, Z

. 1]}_

In cases where the condition Fom < 0,1 is
satisfied, it is advisable to obtain solutions using
hyperbolic functions for large values of
arguments (small Fourier numbers).

The final solution of the equation (23) for the
region of small values of Fourier numbers has
the form:

sinu (33)
ll) (m ) exp( .umFOm

Z(X,Foy)
Zliq (O) B

—Z( Diexpl
JBiZ — 4K, &

©) + aFop] erf (1_"
— X a; ro erfc

e 2./Fo,
—ai,1F0m>,

a; =

—a;(1
(34)

—a++VD
—
Zmia(Fom) = [ Z(% Fo)dx,
le'q (Fom) .
Zliq(o) Bl

. 2
K. Bi, Z(—l)iﬂ {2 Fo,,
s

JBiZ, — 4K, Biy, &
Fom
+a; f exp(aizFom)erfc(—ai,/Fom)dFom}.

0

(35)
(36)

(37)

The obtained expressions allow to calculate the
concentration  fields of the transferred
component along the thickness of the structure,
to find the average concentration at any time,
and to determine the value of the concentration

Volume 14, Issue 3, 2018

of the "target" component in the liquid phase.
Some results of calculations [5-7] are shown in
Figures 1 and 2.

Z(X,For) 05

0.4

0.3

0.2

0.1

0 02 0.4 06 08 1

Figure 1. Profiles of the dimensionless
concentrations on the thickness of the concrete
at Fom = 0.05 at various values of Bim: 1 —0.5;

2-1;3-175;4-25;5-3.

Ziig(Fow)
24

[¥]

1.5

Figure 2. Concentration of the transferred
component in the liquid phase at Fom = 0-+5;
Km=0.1; Bin:1-05;2-1;3-15.

A necessary condition for the implementation of
calculations is the availability of data on static
and Kinetic characteristics of the process, which
can be obtained only on the basis of
experimental studies.

3. CONCLUSION
Development of mathematical models is
impossible without a clear understanding of the

mechanism of the processes, experimental data
characterizing the influence of various factors
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on the kinetics and dynamics of processes and
verification of the correctness of the forecast
methodology in full-scale conditions [6, 8].

The joint analysis of the results of numerical
and experimental studies confirms the adequacy
of the developed mathematical models of mass
transfer in the systems under study and makes it
possible to use the developed mathematical

models

and the proposed methods for

calculating the mass transfer process at the
corrosion of the first and second types on real
objects.
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K IOBMIEIO BUTAJINAA UBAHOBNYA COJIOMHUHA

16 uronst 2018 roma ucnonHmocs 90 et akageMuky Poccuiickoi akajeMun apXUTEKTyphl U CTPOH-
TENFHBIX HAYK, Ipodeccopy, TOKTOPY TEXHUYECKUX HayK Buramuio MBanosuuy CoiomuHYy.

TpynoBas u TBopueckas aesrenbHocTh B.M. ConomuHa Ha npoTskeHUM 0osiee 4eM CeMU JIECATU-
JIETUN — JTOCTOMHBIA MPUMED IS MOAPAXKAHUS MOJIOJIOMY IMOKOJIEHUIO, BOCIIUTAHUIO KOTOPOrO OH
BCErJa yAemsul ¥ yAenseT 00JbIloe BHUMAaHHE.

Mpi 3Haem Burtanus MBaHoBHUa Kak KpymHOTo, Mpu3HaHHOTO B Poccuu u 3a pyOekoM Y4eHOTo B
00JIaCTU CTPOUTEIIBHOW MEXAHHKH, MOJTYYUBIIETO BBIIAIOIINECS PE3YIbTaThl, CBI3aHHBIC C pellle-
HUEM HEJMHEHHBIX 3aJlay pacdyeTa U ONTUMAIBHOTO MPOEKTUPOBaHUSA (DYHAAMEHTHBIX KOHCTPYK-
U ¥ UX OCHOBAHWH, OCHOBATENS M PYKOBOJUTENS KPYIMHOM HAYYHOM IIKOJBI, paboTa KOTOpOit
TPaIUIIMOHHO OblIa HAIMpaBJeHa HAa COBEPIICHCTBOBAHUE METOJIOB pacyeTa U MPUHIIUIIOB KOHCTPY-
upoBaHusl GYHIAMEHTHBIX KOHCTPYKIIMH, OMIBITHOIO OpraHU3aTopa Hayku, oOpa3oBaHMs U MPOCBE-
TUTENBCKOU IEATENBHOCTH.

[Ipodeccuonanvhas nestenbHocTh B.M. ConoMuHa Obly1a HEOJHOKPATHO OTMEUYEHa BHICOKUMHU TOC-
yIapCTBEHHBIMU HAarpajaMu M TMOYETHBIMU 3BaHUSIMH, B UUCIE KOTOpHIX opaeH «3Hak [loueran,
HarpyHbli 3Hak MunuctepcTBa Boicuiero oopazoanus CCCP «3a otnuynble ycnexu B padboTe,
menanb «50 net Ilo6ens! B Benukoit OredecTBeHHOW BOiHe», 3BaHus Jlaypear ['ocynapcTBeHHON
npemuu CCCP 3a 3acioyru B o0acTi Hayku U TeXHUKH, [TouetHslit crpoutens Pocenn, 3aciyxeH-
HBIN fearens Hayku U TexHUkn PCOCP, [ToueTHslii rpaxkaanuH 1. YensaOuHCKa 1 Apyrue.

Kenaem Bam, Burtanuii MIBaHOBHY, KpPEMKOTO 3J0POBBS, OJIATOMONYYHUs, OOJBIIOTO CYACTHI H
JATbHEUIIINX TBOPUECKUX YCIEXOB!

Peoaxyuonnwiti Cosem mexncoynapoono2o HayuHo2o HeypHaia
nternational Journal for CompUtational Civil and Structural Engineering”
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PAACH

O ITPOBEJIEHHH OBIIET'O COBPAHHS YAEHOB
POCCHHUCKOH AKAITIEMHH APXHTEKTYPBI
H CTPOUTEABHBIX HAYK B 2019 roay

Ha ocHoBanum VYcraBa (enepanbHOro IoCylapCTBEHHOTO OIOPKETHOTO YUpEeKICHUS
«Poccuiickas akagemMusi apXUTEKTypbl U CTPOUTENBHBIX HAYK», YTBEP)KICHHOIO MOCTAaHOBJICHUEM
[IpaButensctBa Poccuiickoit denepannu 28 mas 2014 r. Ne488, BbiOopbI npe3uaeHTa Poccuiickoit
aKaJieMHH apXUTEKTyphl U cTpouTenbHbix Hayk (PAACH) u npesunuyma PAACH OyayT npoBene-
Hbl Ha O6mem coOpanuu wienoB PAACH 17-19 ampens 2019 rona (Mocksa, LlenTpanbubiii jom
apXHUTEKTOpA).

ITpaBo BBIABMIKEHMSI KaHAWIATOB Ha AOJDKHOCTH mpesuneHTa PAACH, nepsoro Buile-
npesunenta PAACH, sune-npesunenroB PAACH (no HanpaBieHusM «Apxurekrypay, «I pagoctpo-
UTENbCTBOY, «CTpouTenbHble HayKn», «VIHHOBaMNY), akajieMMKOB-cekperapeit otaenenuiit PAACH
(apXUTEKTYpBI, IPAJOCTPOUTEILCTBA, CTPOUTENBHBIX HayK) penocranisercs wienaM PAACH.

BriBrokeHre KaHIUIATYp HA YKa3aHHBIC JOJDKHOCTH OCYIIECTBIISICTCS HE TIO3/THEE, YeM 3a 2
(mBa) Mecsia 1o Aatel poBeaeHus Oomiero coopanus uienoB PAACH.

B cootBercTBUM ¢ mocTaHoBineHueM npesuguyma PAACH ot 26 cents6ps 2018 r. Nel0 BbI-

6opbr uneHoB PAACH (akagemukoB PAACH u unenos-koppecnionnentosB PAACH) B 2019 roay
MIPOBOJIUTHCS HE OYITYT.
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