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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.
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OBLIAA MHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(MeskAyHAPOAHBII J)KYPHAA IO PACYETY TPAXKAAHCKHX M CTPOUTEABHBIX KOHCTPYKIIHI)

Mesxaynapoanblii HayuHbIi kypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHbIii ;KypHAJI M0 pacyeTy rpaxIaHCKUX U CTPOUTEIbHbIX
xoHcTpykuuii)” (IJCCSE) sBnsercs BeayiuM HayuyHbIM NEPUOAMUECKUM H31aHUEM I10 HAIIPABJICHUIO
«VHXEeHepHBIC U TEXHUUECKUE HAyKn», n3aaBaeMbIM, HaunHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B xypHayie Ha BEICOKOM Hay4YHO-TEXHHUYECKOM
YPOBHE paccMaTpUBAIOTCS MPOOIEMbI YHCIEHHOTO U KOMIIBIOTEPHOT'O MOICTTMPOBAHUS B CTPOUTEILCTBE,
aKTyaJIbHbIE BOTIPOCHI pa3pabOTKH, UCCIIEJOBAHMS, Pa3BUTHS, BEpUDHUKALINY, aripoOaIiy 1 MPUIIOKE-
HUI YHUCICHHBIX, YNCIEHHO-aHATMTUYECKUX METOA0B, MPOrPAMMHO-aITOPUTMUYECKOTO 00eCreUeHHs
Y BBITIOJIHEHNSI aBTOMATU3MPOBAHHOTO IPOEKTUPOBAHHSI, MOHUTOPHHIA U KOMIUIEKCHOTO HAYKOEMKOTO
PacUYeTHO-TEOPETHUECKOTO M SKCIIEPUMEHTATIHLHOTO 000CHOBAHUS HANPSHKEHHO-/1e(hOPMHUPOBAHHOTO (H
WHOTO0) COCTOSIHUS, POYHOCTH, YCTOMYMBOCTH, HAIEKHOCTH 1 0€30M1aCHOCTH OTBETCTBEHHBIX 00BbEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPIeTUKH, MAILIMHOCTPOCHHUS, TPAHCIIOpTa, OHO-
TEXHOJIOTHIA M JIPYTHX BHICOKOTEXHOJIOTUYHBIX OTPACIICH.

B penakumoHHbIi COBET )KypHalia BXOIAT U3BECTHBIE POCCUICKUE U 3apYOEKHBIE S TENTN HAyKU
Y TEXHUKU (B TOM YHCIIE aKaJIEMUKH, YJICHBI-KOPPECTIOHICHThI, THOCTPAHHBIE YWICHBI, TOYETHbIE YJICHBI
1 cOBETHUKH Poccuiickoll akaieMuu apXUTEKTYpbl M CTPOUTEIbHBIX HayK). OCHOBHOM KpUTEpHil OT-
Oopa crateil 1 myONrKaluy B )KypHaJie — UX BHICOKUI HayYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIpEIeIIIETCS B XO/I€ BBICOKOKBATU(DUIIMPOBAHHOTO PELECH3UPOBAHUS U OObEKTUBHON SKCIEPTHU3HI,
MOCTYTAIONINX B PEAAKIIMIO MAaTEPHAIIOB.

Kypuan exooum 6 llepeuenv BAK PD sedywux peyeH3upyemvix HayyHbIX U30aHUl, 8 KOMOPbIX
O0JIHCHBI ObIMb ONYONUKOBAHBI OCHOBHbIE HAYUHbLE PE3YIbMAaNmbl OUCCEPMAYULL HA COUCKAHUE YYeHOU
cmenenu KaHouoama Hayk, Ha COUCKAHUe Y4eHou cmeneHu 0OKmopa HAayK 10 HAyYHBIM CIeIHallb-
HOCTSIM U COOTBETCTBYIOIIMM UM OTPACIIsM HayKU:

* 01.02.04 — Mexanuka aeopMUpyeMOro TBEpJOro Teja (TeXHUYECKUEe HayKH),

05.13.18 — MaremaTnueckoe MOAECIUPOBAHUE YNCIEHHBIE METO/IbI U KOMITJIEKCHI ITPOrpaMM
(TeXHUUYECKHUE HAYKH),

05.23.01 — CtpoutenbHble KOHCTPYKLIUH, 3aHHUSI U COOPYKEHHUs (TEXHUYECKUE HAyKN),
05.23.02 — OcHoBanwust ¥ GyHAAMEHTHI, TOJI3EMHBIE COOPYKEHHUS (TEXHUYECKUE HAyKN),
05.23.05 — CtpouTtenbHbIe MaTepHUAIIbl U U3ACNIUS (TEXHUYECKUE HAYKH),

05.23.07 — I'mapOoTEeXHUUECKOE CTPOUTENLCTBO (TEXHUUECKUE HAYKH ),

* 05.23.17 — CrpoutenbHas MEXaHUKa (TEXHUYECKHE HAYKH).

B Poccuiickoit denepanuu xypHan uHAEKCUpyeTcss POCCMICKUM MHIEKCOM HAyYHOTO IUTH-
posanus (PUHLY).

JKypran éxooum 6 6azy oannwvix Russian Science Citation Index (RSCI), nonnocmoto unmezpu-
posanuyto ¢ niamgopmoti Web of Science. JKypHan uMeer MeXTyHApOIHBINA CTAaTyC U BBICHIJIACTCS B
BeAyIIe OMOIMOTEKH U HayYHbIe OPTaHU3aI[MH MUDA.

Hznaresan xypHana — Mzoamenbcmeo Accoyuayuu cmpoumenshblx 8bICUIUX Y4eOHbIX 3a6e-
oenuti /ACB/ (Poccus, . MockBa) u 10 2017 rona Mz0amenvcruti oom Begell House Inc. (CILIA, T.
Hrto-Mopk). OpuImansHEIME TapTHEPAME H3aHUS ABIAETC Poccuiickas akademus apxumexkmypbl
u cmpoumenvuwix Hayk (PAACH), ocymecTBisitonas HayYHO€ KypupOBaHHe U3nanus, u Hayuno-uc-
cnedosamenvckuil yeump Cma/{uO (3A0 HULL CtallunO).

Hesn :KypHaJa — JeMOHCTPUPOBATH B MyOIUKAIMIX POCCHICKOMY M MEXITyHAPOAHOMY IPO-
(heccroHaIbHOMY COOOIIECTBY HOBEHIIIHE TOCTIKEHHS HAYKH B 00JIaCTH BEIYHACITUTEIBHBIX METOIOB
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peuieHus GyHIaMEHTAIbHBIX U MPUKIAJIHBIX TEXHUUYECKUX 3ajay, MPEK/Ie BCEro B 00JaCTH CTPOU-
TEJIbCTBA.

3agaum KypHaJa:

* IPE0CTaBICHUE POCCUMCKUM U 3apyOeHbIM YUEHBIM U CIIELIMaINCTaM BO3MOKHOCTH Ty OJu-
KOBaTh Pe3yNbTaThl CBOMX MCCIIEOBAHU;

* IPUBJICUEHUE BHUMAHHUS K HauOOJee aKTyalbHbIM, IEPCIEKTUBHBIM, IIPOPHIBHBIM U WHTE-
PECHBIM HaIPaBJICHUSAM Pa3BUTHS U MPUIIOKEHUI YUCICHHBIX U YHCICHHO-aHAIMTUYECKUX METO/IOB
pemieHus pyHIaMEHTaIbHBIX U MPUKJIAJIHBIX TEXHHYECKUX 3a7a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT UM
MaTeMaTU4YeCKOT0, KOMITBIOTEPHOTO MOJEIMPOBAHUS, pa3padOTKU U BEpU(PHUKALUU PEaTU3YIOLIETO
MIPOrPaMMHO-AJITOPUTMUYECKOTO 00ECIIeUEHUS;

* obecrieueHre 0OMEeHa MHEHUSMH MEX/1y UCCIIEA0BaTeNIIMU U3 Pa3HBIX PETMOHOB U TOCYAapCTB.

Temaruka sxxypuaga. K paccMoTpeHnIo 1 myONnMKauy B )KypHaJIe IPUHAMAIOTCS aHATUTHUECKHIE
MaTepualbl, HayuyHble CTaTbU, 0030Pbl, PELICH3UU U OT3BIBbI HA Hay4YHbIE MYOIUKALUU 110 (yHIaMeH-
TaJbHBIM U IPUKJIAJHBIM BOIPOCAM TEXHUYECKHUX HAyK, IPEXk/ie BCEro B 00IaCTH CTPOUTENbCTBA. B
KypHaJe TaKKe MyOIuKyI0TCs HH(OPMAIIMOHHbBIE MaTepHAIIbl, OCBEIIAOIIIE HAYYHbIE MEPOTIPHUSTHS
U TIepeIoBbIe JOCTHKEeHHs Poccuiickol akaileMU apXUTEKTypbl M CTPOUTEIBHBIX HayK, HAy4YHO-00-
pa30BaTeNbHBIX U MPOEKTHO-KOHCTPYKTOPCKUX OPTraHU3aAIMA.

Temaruka crareid, MPUHUMAEMBIX K IyOIHMKalUU B JKypHaJe, COOTBETCTBYET €r0 HAa3BaHUIO U
OXBaTbIBACT HANPABJICHUS HAYYHBIX UCCIIEOBAHUN B 00JIACTH pa3pabOTKU, UCCIIEIOBAHMS U TPUIIO-
YKEHUH YUCIICHHBIX U YUCIIEHHO-aHAIUTUYECKUX METO0B, IPOTPAMMHOT0 00€CIIeUeHHsI, TEXHOJIOTHii
KOMIIBIOTEPHOTO MOJICIMPOBAHMS B PEIICHUH MTPUKIIAIHBIX 33/1a4 B 001aCTH CTPOUTEIBCTBA, a TAKKE
COOTBETCTBYIOIIME NMPOPUIbHBIE CIENUATbHOCTH, MPEACTABIECHHBIE B JUCCEPTALMOHHBIX COBETaX
o UIBHBIX 00pa30BATEBHBIX OPraHU3alMAX BBICIIEr0 0Opa30BaHusl.

Penakumonnas nojauruka. [TomuTrka penakiimoOHHOM KOJUIETHH KypHasia 0a3upyeTcst Ha co-
BPEMEHHBIX IOPUAMYECKUX TPEOOBAaHUSAX B OTHOUIEHHHM aBTOPCKOTO IpaBa, 3aKOHHOCTH, Ilaruara
U KJIEBETHI, U3J0KEHHBIX B 3aKoHOzaTenbcTBe Poccuiickoit denepanuy, U 3THUECKUX MPUHIIMIAX,
MOJI/IEP’KUBAEMBIX COOOIIECTBOM BEAYIIMX M3JaTeIel HayuHOU EPUOANKH.

3a nybnukayuto cmameti niama ¢ asmopos He e3vimaemcs. Ilyonukayus cmameii 6 JHcypHae
becnaamuas. Ha T1aTHOM OCHOBE B JKypHasle MOTYT ObITh OIyOJIHMKOBAaHBI MaTe€pUasbl PEKIaMHOTO
XapakTepa, UMEIOLIUE NMPSMOE OTHOLIEHUE K TEMAaTHKE JKypHaJa.

XKypnai npegocrapisieT HENOCPEACTBEHHbIN OTKPBITBINA TOCTYI K CBOEMY KOHTEHTY, MCXO/Is U3
CJIEAYIOIIETO IPUHIUMA: CBOOOIHBINA OTKPBITHIHM TOCTYH K pe3ysbTaTaM UCCIIeI0BaHUN CITIOCOOCTBYET
YBEIUYEHUIO TII00ATBHOTO 0OMEHa 3HAHUSMH.

HNupexcupoBanue. [IyOnukanuy B )KypHajie BXOISIT B CUCTEMbl PACUETOB MHJIEKCOB ILIUTUPOBAHUS
aBTOPOB U >KypHAJIOB. «MHIEKC IIUTUPOBAHUS — YUCIIOBOM MOKa3aTellb, XapaKTePU3YIOLMI 3HAYMMOCTh
JTAHHOU CTAThU M BBIYKCIISFOIIHICS Ha OCHOBE MOCIICTYFOIIMX ITyOTMKAINIA, CCHITAFOIIIXCS HA TAHHYO Pa0oTYy.

ABTtopam. [Ipexe ueM HarpaBUTh CTAaThIO B PENAKIMIO KypHasa, aBTOpaM CIEIyeT O3Ha-
KOMUTBCSI CO BCEMHU MaTepuallaMu, pa3MeIleHHbIMU B pa3jenax caiTa )KypHajla (MHTepHEeT-CalT
Poccuiickoii akageMun apXuTeKTypbl U CTpouTenbHBIX HayK (http://raasn.ru); mompasznen «M3nanus
PAACH» unm untepuer-caiit M3narensctBa ACB (http://iasv.ru); monpaznen « Kypuan [JCCSE»): ¢
OCHOBHOH MH(opManueit o XKypHaje, ero eI IMHU U 3a7a4aMi, COCTABOM PEAAKIIMOHHON KOJUIErHU
U PEJAaKLIMOHHOI'O COBETA, PEAAKIIMOHHOMN MOJIUTHUKOM, TOPSAIKOM PELIEH3UPOBaHMsI HAIIPaBJIIEMbIX B
KYpHaJ CTaTel, CBeIEHUsIMU O COOJIIOACHUM PEJAaKLIMOHHON 3THUKH, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMLEH3UPOBaHMs, O MPEICTaBICHUH KypHasla B HH(OPMALIMOHHBIX cUcTeMaX (MHIEKCUPOBAHUN),
nHpopMalLueil 0 MOANUCKE Ha KypHAaJl, KOHTAKTHBIMU JaHHBIMH U TIp. JKypHan paboTaeT mo JuieH-
3un Creative Commons Tuna cc by-nc-sa (Attribution Non-Commercial Share Alike) — JIuniensus «C
yka3aHueM aBTopcTBa — Hekommepueckas — Konuner».
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PeuenzupoBanue. Bce HayuHble cTaThby, MOCTYNUBIINE B PEAAKIMIO JKypHaia, MPOXOAST
o0s13aTeNbHOE JIBOMHOE CIIeToe pelieH3MpOBaHUE (PELIEH3EHT HE 3HACT aBTOPOB PYKOMHCH, aBTOPHI
PYKOIHCH HE 3HAIO PEIICH3EHTOB).

3auMcTBOBaHUS M Miaruar. PenakiumoHHast KOJIeTus KypHaya Mpu pacCMOTPEHUH CTaThU
MIPOBOAMUT MPOBEPKY MaTepuaa ¢ MOMOIIbI0 CUCTEMbI «AHTHIUIaruar». B ciydae oOHapykeHUs
MHOTOYHMCIIEHHBIX 3aMMCTBOBaHUM pelakius 1eHcTByeT B coorBeTcTBUU ¢ nipaBuiamu COPE.

IMonnucka. Xypnan 3apeructpupoBan B depepaibHOM areHTCTBE MO CPEACTBAM MacCOBOM
nHGOPMAIK U OXpaHbl KyJIsTYpHOTro Hacseaus Poccuiickoit @enepanun. Mnaekc B o01epoccuiickom
karanore POCITEUATD — 18076.

[To BompocaM MOANMMCKK HA MEXKIyHApPOIHBIA Hay4dHBIH )ypHan “International Journal for
Computational Civil and Structural Engineering (Me>xayHapoaHbIii )KypHaJl O pacyeTy rpa)IaHCKHX
U CTPOUTENbHBIX KOHCTPYKINI)” oOpammaiitech B AreHTcTBO «Pocneuars» (OduimaabHbIi caiT B
cetu UnTepHeT: http://www.rosp.ru/) uiv B U31aTeIbcTBO ACCOIMAITUN CTPOUTENHHBIX By30B (ACB)
B COOTBETCTBUU CO CJICTYIOIIUMU KOHTAKTHBIMU TaHHBIMH:

000 «H30amenvcmeo ACB»

Opunnueckuii anpec: 129337, Poccus, . Mocksa, SIpocnasckoe 1., 1. 26, oduc 705;

®dakruueckuit aapec: 129337, Poccus, r. Mocksa, SIpocnasckoe 1., 1. 19, kopm. 1, 5 sTax,

oduc 12 (TL Cone Momn);

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

WuTepHer-caiiT: www.iasv.ru. AJpec 3J1eKTPOHHON MOYTHI: 1asv(@iasv.ru.

KonrakTHas undopmanms. [To BceM Bonpocam paboThl peaKkIMU, PELIEH3UPOBAHNUS, COITIACO-
BaHUS MPaBKU TEKCTOB U IMyOJIMKAIIMK CTAaTEH clieAyeT 00panarbes K IMaBHOMY PeIakTopy *KypHaia
uieny-koppecnonnenty PAACH Cuooposy Braoumupy Huxonaesuyy (agpeca 3J€KTPOHHOM MOUYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) uim K TEXHIYE€CKOMY
penakTopy xkypHaina coBeTHUKy PAACH Kaiimykogy Tatimypaszy bampazosuuy (aapeca 3MeKTPOHHON
noutsl: tkaytukov@gmail.com; kaytukov(@raasn.ru). Kpome Toro, no ykazaHHbIM BOIIPOCaM, a TAKXe
I10 BOIPOCaM pa3MeElIeHUs B )KypHaJje PEKIaMHbBIX MaTepHaioB MOKHO 00paIliaThCs K TeHepaJlbHOMY
nupektopy OO0 «M3marensctBo ACBY» Huxumunou Haoexcoe Cepeeesne (aapeca dIEKTPOHHOH T10-
9TBI: iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

Kypnaa cranoBurcst TexHosnoruunee. Msnarensctso ACB c centsa6pst 2016 rona sBnsiercs
YJIeHOM MeXIyHapOoIHOW accolmanuy u3aareneld HaydHou nurepaTypsl (Publishers International
Linking Association (PILA)), ocymecTBiastomeld cBor nesarenbHocTh Ha muatdopme CrossRef.
OpuruHaiabHBIM CTaThIM, yOJIUKYEMBIM B KypHalie, OyIyT MPUCBAUBATLCS YHHUKAJIbHBIE HOMEpPA
(manexcer DOI — Digital Object Identifier), uro 3HaunTETEHO OOJIETYUT MMOMCK METATAHHBIX U MECTO-
HaXOXKJEHHE IIOJTHOTEKCTOBOTO ITpou3seaeHus. DOI —3To cuctema onpeneneHus HayYHOro KOHTEHTa
B cetu HTEpHET.

C okTs16pst 2016 roma cTayr BO3MOYKEH ITPUEM CTaTei Ha pAaCCMOTPEHUE U PEIICH3UPOBAHUE Yepes
OHJIaiiH cuctemy npuema crareid Open Journal Systems Ha caiiTe xypHana (3JIeKTpOHHAas! PeIaKIHs):
http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp MeEeT BO3MOKHOCTbH CJIEIUTH 3a POJIBYKEHUEM CTaThU B PEIaKIMK KypHAJIa B IUNYHOM
kabunete Open Journal Systems 1 oay4aTh COOTBETCTBYIOILIME YBEIOMIICHHS 110 3JIEKTPOHHOI MouTe.

B despaine 2018 rona xypHan Obu1 3apeructpupoad B Directory of open access journals (DOAJ)
(3TO OZIMH M3 CaMbIX U3BECTHBIX MOMCKOBBIX CEPBUCOB B MHUPE, KOTOPBI MPeJ0CTaBIsAET OTKPHITHIN
JOCTYI K MarepuaiaM U WHICKCHPYET HE TOIHKO 3arOJIOBKH KYpHAJOB, HO M HAyYHBIC CTAaThH), B
cenTs0pe 2018 roga BxiroueH B npoayktsl EBSCO Publishing.

B HOs16pe 2020 roma )KypHaJl Ha4yall HHISKCUPOBATHCS B MEXTYHApPOIHOM O6a3e Scopus.
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OPEN-TYPE CARPARKS
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Elena M. Gryaznova

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: Special aspects of the two-year (2018-2019) geotechnical monitoring for the parking buildings in use and
their deformational behavior are presented in the article. In 2005, open-type car parks No. 1 and No. 2, fell into the
influence zone of a two construction projects, a railway line construction, which connects Vnukovo-1 airport and
Kievsky railway station in Moscow, and construction of the new Vnukovo-1 airport building.The article discusses
tasks to ensure serviceability of existing buildings. Geotechnical monitoring during building operation allows for a
timely documentationof negative processes occurring in building structures and to make prompt decisions to prevent
emergencies. Geotechnical monitoring is carried out according to a specially developed program that includes a set of
works using various methods. This allows us to assess the state of the supporting structures of the monitored buildings
to ensure their strength, reliability, and safe operation.

Keywords: geotechnical monitoring building structures, safety, reliability, parking.

OIBIT IPUMEHEHUA 'TEOTEXHUYECKOI'O
MOHUTOPHUHI'A HA ITAPKUHI'AX OTKPBITOI'O THUITA

EM. I paznosa
HannonanbHbIN HecnenoBaTeslbcKuil MOCKOBCKHN FOCYJapCTBEHHBIN CTPOUTENbHBIA YHUBEPCUTET,
r. Mocksa, POCCHJI

AnHoTtauus: B nanHoli craThbe paccMOTpeHbl 0COOCHHOCTH IpoBeeHus IByxJeTHero (2018-2019 roasr) reorexunye-
CKOrO MOHHUTOPHHTA 3a Jie(hopMaIIMOHHBIM TIOBEJACHUEM 3KCILTYaTUPYEMbIX 3IaHHI MAPKUHIOB, IPECTABIISIOIINX COO0I
aBTOCTOSHKHU OTKpBITOTO TUNA Nel u No2, momasmux B 2005 roy B 30HY BIAUSHUSL CTPOUTENBCTBA KEJIE3HOIOPOKHOM
BETKH, COeAUNHsIoIEeH asponopT BuykoBo-1 u Kuesckuii Bok3an B MOCKBE, U B 30HY BIUSIHUS CTPOUTEIHCTBA HOBOTO
3maHusi a’poriopra BHykoBo-1. B cTarbe paccMOTpEHBI BONMPOCHI 00ECICUCHUST ASKCIUTYaTallMOHHOW MPHUTOAHOCTH
CYIIECTBYIOIIUX 31aHuil. [IpoBeeHrne reoTeXHNYECKOr0 MOHUTOPUHTA B IIPOLIECCE IKCILTyaTalluK T03BOJISIET BOBPE-
Ms 3a()UKCUPOBATh HETATHBHBIC MIPOIECCHI, TPOUCXOSIINE B CTPOUTEIBHBIX KOHCTPYKIUSX U IPUHSATH ONICPaTHBHBIC
peleHust sl NpeJoTBPAIlleHUs aBapUHHBIX cuTyaluuid. ['€0TeXHUYeCKU MOHUTOPUHT MPOBOJIUTCS MO CHEUATBLHO
pa3paboTaHHOW ImporpaMMe BKIIOYAOINICH MPOBEICHUS KOMIUICKCA pa0OT C MCIOJIb30BAHUEM Pa3JIMYHBIX METOJIOB.
DTO TO3BOJSET MOJYYUTh OICHKY COCTOSHHS HECYIIUX KOHCTPYKIHM HAaONIOJaeMbIX 3[JaHUI JJIsi 00CCICUCHUS UX
MPOYHOCTH, HAJICKHOCTU U 0E30MACHON IKCILTyaTaIUH.

KiroueBrble cjIoBa: reOTEXHUYECKHUM MOHHWTOPUHT, 6630HaCHOCTL, HaACKHOCTb, KOMIIJICKCHBIC HaGJ’IIOZ[eHI/ISI
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Implementation of Geotechnical Monitoring on Open-Type Carparks

INTRODUCTION

Geotechnical monitoring is widely used to assess
reliability and of operation of structural elements
in a building, both during construction and during
its service [1-11]. With its help it is possible
to document negative processes occurring in
building structures.This will allow us to make
prompt decisions to prevent emergencies, and
thereby to save significant material resources.
Acomprehensive assessment of the structure state is
done according to the monitoring results.Behavior
of foundations, soil bases, and aboveground
structures is predicted.In the event of negative
processes development in structures, suggestions
to repair and strengthen building structuresare
developed.

In this article, we will focus on the results of
geotechnical monitoring carried out by MGSU
from 2018 to 2020. Geotechnical monitoring
was done for the technical condition of building
structures and base soils of the open-type parking
lots.

During this period, operated parking buildings
No. 1 and No. 2, located at the forecourt of the
Vnukovo-1 airport, were under comprehensive
observations of their deformation behavior.

MAIN PART

During construction period (2005) of the railway
line connecting the Kievsky railway station in

Moscow and the new building of Vnukovo-1
airport, as well as during the construction of the
newest building of Vnukovo-1 airport, these car-
parks fell into the influence zone of these objects
under construction. To ensure the airport operation
at that time, it was decided to preserve car-parks
No. 1 and No. 2. (Fig.1,2).

Three-tier open-type parking buildings were
built in 2004. The construction volume of each
car-park is about 44.3 thousand m?. The level
of responsibility is normalin accordance with
GOST 31937-2011 [19]. Car-parks have a framed
structural diagram. Frame of the buildings is made
of reinforced concrete columns with a section of
40x40cm. Column grid is 6 + 7.2m x 5.1 + 7.2m,
with monolithic beam floor structures in the form
of 20 cm thick slabs on beams with a rib section
of 40 + 30 cm. The structure of the covering is
similar tothat of the floor structures [12—18].
The foundations under the columns are pedestal
footing, made of monolithic reinforced concrete.
The depth of the foundations is 2.9 m.
Geotechnical monitoring of the technical condition
of car-parks' structures was done by MGSU from
2005 to 2012.

Inspections of the car-parks No. 1 and No. 2
buildings carried out in 2016 by OOO "RSP" and
00O "Tekhmeh", allowed to generally assess the
state of building structures as "Operational to a
limited extent".

In this regard, owner decided to conduct
geotechnical monitoring to assess the changes in
technical state of car-parks' structures over time,

Figure 1. Car-park No. 1. General view of the fagade
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Figure 2. Facade fragment of the Car-park No. 2.
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to timely take appropriate measures to prevent
negative consequences during their operation.

In April 2018, a corresponding agreement was
signed with MGSU. Starting from May 2018 and
to the present time, MGSU conducts geotechnical
monitoring of car-parks No. 1 and No. 2, in
accordance with the approved program.
Geotechnical monitoring program of the observed
buildings includes assessment of load-bearing
structures state to ensure their strength, reliability,
and safe operation, based on a set of works using
various methods. The monitoring program ensures
following operations:

— geodetic monitoring with recordings of vertical
displacements (settlements);

— object monitoring — a visual and instrumental
surveying, which allows to assess the current
technical condition of the main load-bearing
structures of buildings;

— electrical contact dynamic sounding of soils.
This type of sounding allows us to study the
geological section at a point to a depth of 10-11
meters and to determine physical and mechanical
properties of soils;

— seismic/acoustic sounding of foundations, to
determine the depth of the foundation base, state of
the foundation-soil contact, state of the foundation
material and to detect large defects and cracks in
the body of the foundation.

For the period from May 2018 to September
2019, four cycles of observations were carried
out, excluding the initial one. The next fifth
cycle was planned to be completed in March
2020, but due to the COVID 19 epidemic and
repair works on car-parks, this monitoring cycle,
in agreement with the owner, was postponed to
October 2020.

The 1st and 2nd cycle of geodetic monitoring
carried out at Car-park No. 1 showed that the total
settlement of the building of car-park No. 1 does
not exceed the maximum permissible value. The
maximum sag on the marks installed in the middle
of parking flooring structure span also does not
exceed the maximum permissible value;
According to the results of the 1st and 2nd cycle of
visual and instrumental surveying of the Car-park
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No. 1 bearing structures, an increase in the area of
damage to floor slabs was noted.

Damage to floor slabs manifested itself in the
form of wetting, efflorescence, swelling of the
paint layer and traces of rebar corrosion on the
lower surface of the slabs. There was also an
increase in the area and the appearance of new
areas of concrete protection layer destruction with
exposure of reinforcement rebars. There was an
increase in slab sag between dilatation joints, loss
of the bearing capacity of the beam and flooring
structure due to systematic soaking (Fig. 3,4).
Category of the technical condition of structures
was assessed in accordance with GOST 31937-
2011 [19], based on the results of 2nd cycle
of geotechnical monitoring of car-park No. 1.
In accordance with [19], for the period of the

Figure 3. Car-park No. 1. Destruction of the
concrete protective layer.

Figure 4. Car-park No. 1. Efflorescences on the
flooring surface at the dilatation joints.
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survey, flooring structures (slabs and crossbars),
coverings, floors and roofing were in "operational
to a limited extent" state. Technical state of the rest
of the structures was confirmed as operational.

An analysis of all results of the car-park No. 1
surveys for the period of the 2nd monitoring cycle
allowed us to draw conclusions about stability, at
that time, of the technical state of foundations and
base soils, however, trend to an increase in damage
of the above-foundation building structures with a
deterioration in their technical condition ntinued.
The results of the survey showed that further safe
operation of Car-park No. 1 is possible for the next
2 years (until February 2021). To extend the life of
car-park No. 1 until 2024 it is necessary to carry
out repair and restoration works: replacement of
asphalt-concrete floors with waterproofing of the

L
Figure 5. Car-park Nel. Dilatation joints and
flooring structure after repair.

e ¥ | o T

Figure 6. Car-park Nel. Reinforced flooring
structure beam.
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flooring structure; creation of dilatation joints in
the new floor; restoration of a protective layer
of concrete in places of destruction; injection of
cracks with an opening width of more than 0.3-
0.4 mm.

According to the assessment of damageability,
performed according to the method [20], the
residual operation time of the Car-park No. 1
structures was 2 years.

During the 3rd cycle of visual and instrumental
survey for the period from February to June 2019
at Parking No. 1, as predicted in the 2nd cycle,
there was an increase in the area of damage
in the form of wetting, efflorescence, swelling
of the paint layer and traces of corrosion of
rebars on the bottom surface of the slabs. Area
of concrete protective layer destruction with
exposure of reinforcement rebars also increased,
and appearance of the new areas with such damage
was noted. There was an increase in slab sag
between dilatation joints. The bearing capacity
of the beams and floor slabs in some areas was
completely exhausted due to systematic soaking.
Noted damage was caused by the accumulation
of melt and rainwater in the lowered area of the
covering, which developed especially intensively
in the winter-spring period.

In accordance with [19], at the time of the survey,
category of the technical condition of the flooring
structure area of the 2nd and 3rd floors was
assessed to be in emergency state, and category
of roofing, covering, flooring structures and floors
was assessed as operational to a limited extent,
technical state of the rest of the structures was
assessed as operational.

Analysis of all survey results carried out within the
3rd cycle of geotechnical monitoring allowed to
draw conclusions about stable technical condition
of the foundations and soil bases. But, at the
same time, the operated to a limited extent and
emergency state of the flooring structures in certain
areas and likelihood of further development of
damage, and, as a consequence, the deterioration
of'the technical condition of the above-foundation
building structures in the winter-spring period
were confirmed.
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It should be noted that in connection with the
appearance of emergency areas, service life of
the car-park No. 1 before the major repairs was
exhausted.

Thus, as of June 2019, further safe operation of
Car-park No. 1 without restrictions was possible
not only after a complex of repair and restoration
works indicated earlier, but also after taking
measures to strengthen individual structures. At
the end of June, car-park No. 1 was closed for
repairs.

Due to the need to strengthen individual sections
of the flooring structures, MGSU developed a
project, according to which reinforcement was
carried out.

At the time of the 4th cycle of geotechnical
monitoring in September 2019, repair and
restoration work on the building of Car-park No.
1 was almost completed.

During repair and restoration works, following
repairs of following elements were carried out:
protective layer of concrete in damaged areas;
dilatation joints; metal mesh fencing; individual
sections of flooring structures (Fig. 5, 6)

As a result of the repair and restoration work
carried out at Car-park No. 1, previously identified
defects and damages affecting the bearing capacity
of building structures were eliminated. Technical
condition of building structures and the building as
awhole as of September 2019, according to GOST

Elena M. Gryaznova

31937-2011 [19], was assessed as corresponding
to the norm.

2nd cycle of geotechnical monitoring at Car-park
No. 2 and analysis of the obtained results testified
to the stability, at that time, of the technical state
of the foundations and soil bases, however, there
was a trend to an increase in the damageability of
the above-foundation building structures with a
further deterioration in their technical condition.
(Fig. 7,8)

Assessment of the technical state of Car-park No. 2
by the results of the geotechnical monitoring cycle
showed that, in accordance with [19], columns,
flooring structures, coverings, floors and roofings
are in a operational to a limited extent condition.
The rest of the structures are operational.
Damageability assessment carried out according
to the method [20], showed that the residual
operation time Car-park No. 2 structures is absent.
In this regard, MGSU recommended to close the
parking lot and carry out a complex of repair and
restoration works with strengthening of individual
structural units.

Based on the results of the 2nd cycle of geotechnical
monitoring, Car-park No. 2 was closed by the
ownerfor repair and restoration works.

By the time of the 3rd cycle (June 2019), repair
works at Car-park No. 2 were completed.
Based on the results of the monitoring, bearing
and enclosing structures were brought into a

Figure 7. Car-park No. 2. Destruction of the
plaster layer of the columns.
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Figure 8. Car-park Ne2. Reinforcement rebar
corrosion marks on the concrete surface
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normative state. According to the assessment of
damageability [6], it was found that further safe
operation of Car-park No. 2 is possible until 2024.
Residual operation time before major repair works
as of June 2019 is 31 years.

During the 4th cycle of visual and instrumental
survey in September 2019 no increment of existing
and formation of new damages was found on the
building of Car-park No. 2. It should be noted
that as of September 2019, settlement values of
the foundations of the Car-park No. 1 and No. 2
are within the measurement accuracy and do not
cause concern.

CONCLUSIONS

Realized comprehensive geotechnical
monitoringprogramon the state ofopen-type car
parks’structural elementsover a two-year period
allows us to draw the following conclusions:
—as part of geotechnical monitoring, it is necessary
conduct complex, mutually complementary
surveys. The combination of geodetic, surveying,
geophysical and computational-analytical
methods allow for timely detection and prevention
of the possible emergencies in building structures
at an early stage of their development;

— geotechnical monitoring during operational cycle
for the buildings affected by the new construction
several years ago, ensures safety and reliability of
building structures

— as part of the monitoring, engineering proposals
were developed to prevent and eliminate deviations
exceeding permissible values.Implementation of
thoseproposals was monitored;

— it was found that the highest intensity of damage
to car parks’ structural elementswas observed
during the winter-spring period due to wetting,
efflorescence, destruction of concrete protective
layer, exposure and corrosion of rebars;
—assessed impact of damage to building structures
on their reliability,discovered during geotechnical
monitoring allowed to determine remaining
lifetime for safe operation of car parks.
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NUMERICAL ANALYSIS OF LONGITUDINAL
REINFORCEMENT EFFECT ON RC SLAB
PUNCHING SHEAR RESISTANCE BY STRENGTH AND
CRACK PROPAGATION CRITERIA
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Abstract: The article deals with the influence of longitudinal reinforcement of the support zone of reinforced
concrete slabs on the strength and crack resistance under the criterion for punching failure. The evaluation of impact
was carried out by the method of numerical studies based on finite-element computational technologies. The results
of physical experiments published in the scientific literature are taken as the basis for the conducted research. The
existing provisions of the existing domestic and foreign standards for the calculation of slab reinforced concrete
structures according to the criterion for punching failure are considered. The main provisions of the applied finite
element approach are presented, verification is performed and the correctness of the applied technique is justified.
In the numerical studies, the forecast of strength and crack resistance was done for considered reinforced concrete
slab structures; the results of numerical studies were compared with the data from physical experiments and the
evaluation results based on the relevant domestic and foreign regulations. According to numerical studies results it
was stated that longitudinal reinforcement of the tensile zone of slab structure has a significant impact on both the
level of load-bearing capacity and the scheme of crack formation and propagation. The results of the implemented
studies justify the necessity to revise the national standards of structural analysis for reinforcement concrete slab
structures under the criterion for punching failure.

Keywords: modeling, numerical methods, design model, stress-strain state, reinforced concrete structures,
punching failure.

OLHEHKA BJIUAHUA TPOJOJIBHOI'O APMUPOBAHUA HA
MNPOYHOCTb U TPEHIUHOCTOUKOCTD KEJE30OBETOHHOM
IIJIMTHI ITIO KPUTEPUIO ITPOAABJINBAHUA METO10OM
YUCJEHHBIX UCCJEJOBAHUH

O.B. Kabanues', C.b. Kpvinos?, C.B. Tpoghumos"*

! HarmoHanbHbIN HCCIeI0BaTeIbCkuii MOCKOBCKHUIT TOCYIapCTBEHHBII CTPOUTENBbHBIH yHUBEpCHTET, T. Mockea, POCCU S
? HayuHO-HCCIIeIOBATEIbCKHUIA, TPOCKTHO-KOHCTPYKTOPCKUH M TEXHONIOTHYCCKUI HHCTUTYT OETOHA | jKele300eToHa
uM. A.A. I'Bo3aesa, . Mocksa, POCCHUSL

AnHoTanms: B crarbe paccMarpuBaeTcst BOIPOC BIMSHUS IPOIOIBHOTO apMUPOBAHHS TPUOTIOPHOI 30HBI KEIe300eTOH-
HBIX IUTUT Ha MPOYHOCTH ¥ TPEIIMHOCTOWKOCTD 110 KPUTEPHIO MpoaaBiuBaHus. OIeHKa BINSHUS BBIIIOIHEHAa METOAOM
YUCJICHHBIX UCCJIEJOBAHUN HA OCHOBE KOHEYHORJIEMIICHTHBIX PACUETHBIX TEXHOJIOIUH. B KauecTBe OCHOBBI IPOBECH-
HBIX HMCCJICJOBAHUI TPUHSATHI Pe3yJabTaThl (PU3NYECKUX HKCICPUMEHTOB, OIYOJIMKOBAHHBIX B HAay4HOH JIMTEeparype.
PaccMoTpeHBI cynecTByONINE TOI0KEHNS eHCTBYIOIMX OTEUECTBEHHBIX U 3apyOekKHBIX HOPM IO pacueTy IIMTHBIX
KeJ1e300€TOHHBIX KOHCTPYKIHMH 10 KpUTEPHIO NpoaBiinBanus. [IpecTaBieHbl OCHOBHBIE MOJI0KEHHSI UCIIOJIb3YEMOTO
KOHEYHOJIEMEHTHOTO TOJIX0/Ia, BHINIOJIHEHA BepuduKanus 1 000CHOBaHA KOPPEKTHOCTh IPUMEHIEMONW METOAMKH. B
BBIIIOJIHEHHBIX YMCJICHHBIX UCCIEAOBAHUAX IIOJy4YEH IIPOTHO3 IPOYHOCTH U TPEUIMHOCTOUKOCTH PaCCMOTPEHHBIX Ba-
PHAHTOB KeJIe300€TOHHBIX TUIUTHBIX KOHCTPYKIHMH, TPEJCTABICHO CPaBHEHHE MOJyUYSCHHBIX PE3YJIbTaTOB YUCICHHBIX
UCCJIEJOBAaHHI C JAHHBIMHU (PM3MUYECKUX IKCIIEPUMEHTOB M PE3YJIbTaTaM1 OLIEHKH Ha OCHOBE JACHCTBYIOIIMX OTEUECTBEH-
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HBIX ¥ 3apyOekHBIX HOPM. 1o pe3ynpraram 4nCIIEHHBIX HCCIEAOBAaHUN YCTAHOBICHO, YTO MPOAOIFHOE apMUPOBaHHE
pacTAHYTOW 30HBI INTNTHBIX KOHCTPYKIIMI OKa3bIBAET CYIIECTBEHHOE BIUSIHIE KaK Ha yPOBEHb HECYIIIEH CIIOCOOHOCTH,
TaK ¥ Ha cXeMy (OPMUPOBAHMS M PA3BUTHS TPEIIMH. Pe3ynbTaraMyl BHITOJHEHHBIX HCCIEAOBAaHUNA 000CHOBBIBACTCS
HEOOXOIMMOCTh COBEPIICHCTBOBAHUS OTEUECTBEHHBIX HOPM TI0 PACUETY KEIE300€TOHHBIX INTUTHBIX KOHCTPYKIHUH 1O

KPUTEPHIO NTPO/IaBINBAHUS.

KuroueBble ci10Ba: MOAEINPOBAHUE, YUCICHHBIC METO/IbI, PACUETHAS MOJIEIb, HAMPSKEHHO-Ie(pOpMUPOBAHHOE
COCTOSIHHUE, 7KeJ1e300€ TOHHBIE KOHCTPYKIIMH, TPO/IaBIMBAHHE.

INTRODUCTION

The studies of the punching failure phenomenon
for reinforced concrete structures has a centennial
timeline. Thus, one of the first domestic books
dedicated to structural analysis and design
of reinforced concrete structures [1] contains
guidelines for design methods of supporting
joints of slab structures as well as the number of
structural requirements for the dimensions of zone
adjacent to core support in reinforced concrete
slabs (pp. 19-22). In the early XXth century,
the book [2] containing guidelines for structural
analysis and design of supporting joint of floor
slabs, with probable manifestation of punching
failure, was widely used in the engineering
practice for reinforced concrete structures (pp.
524-525).

The studies of reinforced concrete structures
carried out in the second half and in the late XX
century have taken a broadside approach to the
issue of punching failure. Thus, in the works
of Zalesov A.S. [3, 4, 5], Karpenko N.I. [6, 7]
and others [8—10], as well as of some foreign
researchers (see, for example [ 11-19]), the various
aspects of punching failure for reinforced concrete
slabs are factored in. The studies implemented by
Klovanich S.Ph. and Shekhovtsov V.I. constitute
those few works investigating cruciform and
angle shape (the research results are outlined in
the monograph [20]). It is shown that punching
failure is characterized by rather complicated
mechanisms defined not only (and not so much)
by the performance of the concrete body of a
structure but by the impact of both longitudinal
and transverse reinforcement in the support zones.
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A number of models describing the performance
of slabs under the punching failure have been
proposed (the detailed analysis of models is
presented in [5]).

Along with that, there is commonly held opinion
that structural failure under the punching failure
mechanism is nothing other than a particular case
of sloping section failure of reinforced concrete
structure. However, the works [21, 22] prove
that such an approach is not the correct one.
Thus, punching failure phenomenon should be
thoroughly studied, with special consideration
given to its complicated mechanism.

When doing numerical prediction of the bearing
capacity of reinforced concrete slabs under
the criterion for punching failure, the most
significant aspect is the factor of longitudinal
reinforcement of tensile zone of slab structures.
However, the present regulations and codes of
practice do not examine the factor of longitudinal
reinforcement. So, it is worth considering the
fundamental statements of domestic and foreign
regulations related to strength prediction of a
reinforced concrete structure without transverse
reinforcement of support zones.

Analysis of the current normative approach to
the structural design of reinforced concrete slabs
under the criterion for punching failure.

The following regulations of codes of practice
have been considered: Construction Rules CR
63.13330.2018 (hereinafter CR63) [23], EN 1992-
1-1 Eurocode 2 (hereinafter EC2) [24] and Model
Code 2010 (hereinafter MC 2010) [25].

In the EC2 [24], impact puncture strength,
regardless of transverse reinforcement (VRd,c)
is estimated under the formula (1).
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0.18
Vrae = Y_'bo,Ec 'd'k'(IOO'P'fc)m 2V, Dype -d

c

(1)

where: y_ - reliability factor of concrete under
compression; b, . — perimeter of the effective
cross section circuit with rounded corners at the
2d distance from the loaded area; d — effective
operating height of cross section; f/, — compressive
strength of concrete; p — coefficient of longitudinal
reinforcement (the maximum value of 2%);
k — coefficient factoring in scale effect (relative
reduction of impact puncture strength at the
increase in its effective operating height of cross
section), is calculated as: k = 1 —~200/d; V  —

minimum impact puncture strength that makes
allowance only for tensile strength of concrete and
scale effect, is calculated under the formula (2).

v, =0.035-k¥>.f? )

It should be noted that when evaluating bearing
capacity of reinforced concrete slabs under the
criterion for punching failure, EC2 factor in normal
stresses in concrete along the slab orthogonal axes
(Y u Z) in critical cross sections. The mentioned
normal stresses may appear due to, for example,
prestressed longitudinal reinforcement or due to
the forces formed in the bearing structures exposed
to the loads. The normal stresses factor is taken
into account by insertion of additive component
o, into the right side of the formula (1).

_ch+ccz
cp 2

3)

where: ¢, and o, — axis stresses faired along
the span width for the intermediate columns and
along the width of calculated perimeter for edge
columns. Caused by external actions or stretching,
stresses are taken into consideration.

Factoring in normal stresses in the concrete of
support zone, the formula (1) takes the following
form:

Vi = %-bom~d-k-(100~p-fc)l/3va-boyEc-d+0.1-6qJ(4)

c
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In the MC2010 [25], impact puncture strength
regardless of transverse reinforcement (¥, ) makes
allowance for angular rotation of the slab support
zone i and is estimated under the formula (5).

f
k\y'\/i'bo.dv (5)

VRd,c =
Ye

where: y_— reliability factor of concrete under
compression; b, — perimeter of the effective cross
section circuit with rounded corners at the 0.5d,
distance from the loaded area; d — effective
operating height of cross section; f, — compressive
strength of concrete; &, — coefficient factoring in
the angle of slab rotation y, is calculated under
the formula (6).

. 1
YL5+09-k,, p-d, ©)

where: k — coefficient factoring in the grain size
of coarse aggregate; i — the angle of slab rotation,
estimated by the formula (7) for the recommended
MC2010, the approximation level II.

I‘c y s L5
i E_c ( m_) (7
where: r_— the distance from the point where the
radial moment of flection is equal to 0 (for the
tested samples, the distance from the sample center
to the fixing point); £ — reinforcement modulus
of elasticity; fy — yield point of reinforcement; m_
— moment of flection in the slab exposed to the
load, averaged at the width b = 1.5 ; m,—bending
strength of the slab, estlmated by the formula (8).

_ 2 p'fy

=p-d,-f, 2T (8)
It bears mentioning a significant peculiarity
of the MC2010 [25], i.e. the application of
so-called approach in the form of the Levels
of Approximation (Level of Approximation,
hereinafter LoA) — see figure 1.
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LoA I represents preliminary evaluation of bearing
capacity of a floor slab support zone at punching
failure on the hypothesis that longitudinal
reinforcement has reached yield point at the
moment of failure.

LoA Il is distinguished from LoA I by refinement
of the reinforcement use factor for longitudinal
reinforcement at the moment of punching failure
when the approximate data could be obtained
analytically on the base of punching force and
the parameters of longitudinal reinforcement.
LoA III presupposes specifying strain capacity of
reinforcement by dimensional linear calculation,
and the level IV provides for determining the angle
of rotation directly from the non-linear slab design
(including the slab modelling by shell structural
elements).
The authors of the MC 2010 [25] recommend the
application of the level I (LoA I) for preliminary
calculations. LoA II is recommended for designing
the most part of new structures with the regular
column grid, LoA III is recommended for the
analysis of existing structures and the structures
with irregular geometry; whereas LoA IV is a
good practice for particular cases or for more
specified evaluation of the longitudinal floor slab
to column joint.
In the CP 63.13330.2018 [23], bearing capacity
of reinforced concrete slab without transverse
reinforcement is calculated by the formula (9).
=R, A,

b,ult

©)

A Accuracy —LoA

v
111

11

Time devoted to the analysis

Figure 1. Accuracy of normative evaluation as
a function of time spent on the calculation of
different approximation levels.
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where: F,  —the ultimate force taken by concrete;
R, — tensile strength of concrete; 4, — area of the
effective cross section located at the distance of
0.5k, form the border of the concentrated force
application area F' with the operating height of
the section /. The area 4, is determined by the
formula (10).

Fyu =Ry 4, (10)
where: u — perimeter of the effective cross section
circuit.

Outlined in domestic and foreign codes and
regulations, the comparative analysis of bearing
capacity rating for reinforced concrete slabs
under the criterion for punching failure has
shown that allowance had been made for the
factor fib regulations [25] and in the EC codes
[24]. The given approach seems rather logical
as longitudinal reinforcement of tensile zone of
reinforced concrete slab at the support zone has
an immediate impact on crack formation and
propagation in the zone of superior limits of stress
for slab support zone. In its turn, bearing capacity
of support joint depends on the crack formation
processes under the criterion for punching failure.
Thus, the detailed study of the impact of the tensile
zone longitudinal reinforcement on the value of
bearing capacity of reinforced concrete slabs under
the criterion for punching failure is regarded as the
relevant task. The solution of this task will enable
to refine current domestic codes and regulations.

OBJECTIVEAND METHOD OF RESEARCH

Description of finite element computer system
designated for numerical methods.

The study of stress-strain state, bearing capacity
and crack formation has been carried out by means
of computer system (CS) ATENA [26].
Structural modeling by ATENA, generally
speaking, is done based on specific properties of
materials: concrete is modelled by the volume
finite elements; whereas reinforcing members
are usually modelled as rods. However, for some
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cases, it is quite conceivable that reinforcement
modelling is done by means of distributed
reinforcement, when steel ration of concrete is
set. The user models concrete-to-steel bond by
means of introduction of special bonds performing
under the desired law. In addition, the software
complex allows modelling of other materials,
such as steel, soils, mason work, fiber-reinforced
concretes, ultrahigh-strength concretes, carbon
fiber and others.

Computer software ATENA comprises special
constitutive models for finite element analysis
of concrete and reinforced concrete structures.
In compliance with the official reference book
describing the software theoretical basis [26],
a model of concrete combines theory of plastic
behavior equation (under compression) and
fracture mechanics (under tension). The model
applies the criterion of superior stress limits for
evaluation of strength, exponential softening law,
when a crack could be specified as turning or
restrained one.

Under tension, concrete behavior is simulated
by non-linear methods of fracture mechanics
combined with the smeared crack model. The
main parameters of the given approach are the
following: concrete tensile strength, pattern and
shape of crack formation, and fracture energy.
The phenomenon of crack formation is described
by the smeared crack model in the form of crack
band [27]. In its general form, the law of crack
formation is presented at the figure 2.

Crack opening width is calculated as full movement
within the cracked element [26]. The width w is
determined by the formula (11).

w=e- L (11)

where: ¢ —average relative deflorations of cracked
finite element at the lack of strains; L, — the size
of finite element.

As demonstrated at the figure 3, the process of
crack formation could be divided into three stages.
So-called uncracked stage corresponds to the
performance of the material before reaching its
ultimate tensile strength. Crack formation occurs
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in the zone of a potential crack as tension stresses
are being reduced in this area. Then crack opening
continues at zero tension stresses occurring at the
crack tip.

CS ATENA gives expansive opportunities to
set the loads and effects on the researched finite
element model. Thus, there exist conventional
static and dynamic loading as well as the effect
forming due to creep, contraction, materials
degradation and corrosion.

For plasticity model describing concrete
compression, the Menetrey-Willam failure
criterion is applied. Separately, the algorithm
combining the crack formation model and
plasticity model has been developed. The principal
peculiarity of CS ATENA is as follows: though two
mentioned models are simulated independently,
they are jointly applied in computation.

crack opening law ©

fracture energy Gy

W, W

w=¢ Lt

Figure 2. The law of crack formation in a
general form CS ATENA according to the [27].

|, Cracked

Uncracked| Process zone
I‘
\

| |

Gl

~ =~
Figure 3. The stages of crack formation and
propagation CS ATENA according to [27].
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The other specific feature of concrete model
is the use of so-called restrictions of failure
strain isolation. The given notion is applied for
identifying discrete failure planes, independent
of finite element grid.

For the case of tension, these planes are presented
by cracks, for the case of compression— by the areas
of grinding respectively. In the computed model,
these discrete areas of failure have the dimensions
independent of the element dimensions. For this
particular reason, failure planes are presented in
the model as the planes independent of the finite
element grid dimensions. For the case of tensile
rupture, the present approach is known as the
crack band model mentioned above. In the CS
ATENA, the similar approach is also applied for
compression failure. Thus, restrictors of failure
strain isolation enable to eliminate two principal
shortcomings of traditional finite element concrete
model, i.e. the effect of size and orientation of
finite element grid on the result.

The applied concrete model enables to consider
such phenomena as:

B
G s P~ A |
~ S | E J\ ‘7
s 8
o N
74 \
‘.‘l F.'\
- A
/ \
/z ’
2 - L
1% fg i
\ /
% A
p o
g [
(R ! R _\i
v y v

Figure 4. Geometry of the tested samples under
the [29].
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— non-linear behavior of a material exposed to
tension and compression;

— crack formation and crack opening/closing;

— lowering of compressive and shear strength
occurred after cracking in either direction;
—enhancement of concrete strength properties due
to two-three-side squeeze reduction;

— mesh of crack edges in shear;

— grinding at the high degree of squeeze reduction;
— crack closing occurred due to material crushing
in other directions.

Applying smeared crack model as an integral
part of the above-mentioned constitutive model
of concrete behavior allows accurate computation
and visualization of discrete cracks propagation.
Moreover, as claimed by the software developers
[28], the present model compares favorably
in accuracy with the models realizing discrete
cracks.

Verification of the adopted tool of numerical
study (CS ATENA).

Verification of the research tool (CS ATENA) has
been implemented by the method of comparative
analysis of the results obtained by finite element
calculation of CS ATENA models. The models
correspond to the published results of the physical
experiments carried out in the University of
Lausanne [29]. The tests were done in the
framework of the study of reinforced concrete
slab-to column joint exposed to punching failure
at the low factor of longitudinal reinforcement in
slabs (Figure 2). For all patterns, the samples were
reinforced only by longitudinal reinforcement.
The samples’ characteristics are demonstrated in
the table 1.

Additional parameters for concrete, that are
required for numerical calculations, have been
obtained on the basis of experimental compression
strength by means of the equation from MC 2010
and factoring in given experimental parameters.
By analogy with [18], there have been done
test calculations of the models corresponding
to [29]. The correlation results of verification
computation (¥ ....,) and the data of physical
experiments (V) are given in the table 2. In
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addition, for reference only, the table 2 gives
the computation results under the codes and
regulations [23, 24, 25].

The analysis of numerical studies of bearing
capacity of concrete slab with the reinforced
tensile zone under the criterion for punching
failure implemented by CS ATENA exhibits
good correlation with the results of physical
tests, i.e. average deviation from the physical test
data figures up to 7%. Thus, verification of CS
ATENA for the purpose of further investigation
is fulfilled.

RESEARCH RESULTS

Description of the model of reinforced concrete
slab for numerical studies.

Numerical studies have been implemented with
the purpose to assess to impact of longitudinal
reinforcement of the tensile zone for reinforced
concrete slab on the value of bearing capacity
under the criterion for punching failure. In order
to carry out investigation for the punching failure
scenario, design diagram of slab-to-column joint
has been developed.

Table 1
Parameters of longitudi- Model’s parameters
nal reinforcement of ten-
Sample B, < h ho, "o sile zone:
P m m m m m . . P> fe, Ry, de, L
diameter (mm)/spacing % | MPa | MPa | wm | MPa
(mm)
PGl 3 0.26 | 0.25 0.21 1.5 $20 /100 1.5 27.6 2.4 16 573
PG2 3 0.26 | 0.25 0.21 1.5 @10/ 150 0.25 | 40.5 3.2 16 552
PG3 6 0.52 0.5 0.456 | 2.85 @16/ 135 033 | 324 2.7 16 520
PG4 3 0.26 | 0.25 0.21 1.5 @10/ 150 0.25 | 32.2 2.7 4 541
PG5 3 0.26 | 0.25 0.21 1.5 @10/ 115 033 | 293 2.5 4 555
PG7 1.5 | 0.13 ] 0.125 0.1 0.75 P10/ 105 0.75 | 34.7 2.8 16 550
PG8 1.5 | 0.13 | 0.125 | 0.117 | 0.75 @8 / 155 0.28 | 347 2.8 16 525
PGY9 1.5 | 013 | 0.13 | 0.117 | 0.75 P8 /196 0.22 | 347 2.8 16 525
PGI10 3 0.26 | 0.25 0.21 1.5 @10/ 115 033 | 285 2.5 16 577
PGI11 3 0.26 | 0.25 0.21 1.5 P16/18 /145 0.75 | 31.5 2.7 16 570
Notes: designators in the table 1 are accepted in compliance with [24, 25] — see the section 1.
Table 2
Veo | V| Vo —Viuma o0 | Veae[251, | V2% | Fou[23],
N Sample ATENA, ' IOOA ’ [24], ?
kN KN vV, kN KN kN
1 PG1 1023 919.5 10.12 841 950 947.5
2 | PG2 440 4342 1.32 420 594 1263.36
3 PG3 2153 2209 -2.60 1730 2340 4806.6
4 | pGa 408 419.9 2.92 344 550 1066
5 PG5 550 551.7 -0.31 455 583 987
6 | PG7 241 290.4 220.50 197 189 2576
7 PGS 140 146.2 -4.43 137 178 323.7
8 | PGo 115 117 _1.74 109 165 323.7
9 PGI10 540 571.1 -5.76 454 577 987
10 | PGl11 763 922.5 -20.90 682 788 1066
Volume 17, Issue 1, 2021 27



Figure 5. 3D (to the left) and finite model (to the
right) model for numerical studies done by CS
ATENA.
where: I — column,; 2 — bearing support;

3 —floor slab, 4 — reinforcement rods,

5 — monitoring point for displacement along the
vertical axis, 6 — point of load application;

7 — sample fixture along the symmetry axis.

Oleg V. Kabantsev, Sergey B. Krylov, Sergey V. Trofimov

Design diagram represents %4 of support zone of
reinforced concrete slab (fig. 5). Longitudinal
reinforcement of tensile and compressed zones
of the slab has been simulated by means of
rod finite elements. The diameter and spacing
of rods have been adopted in a such way that
sample fracture occurred due to punching load
and not on the account of slab bending; or
combined fracture took place. Slab load has
been transferred via the column in geometrical
center of the slab. There has been simulated
sample supporting that occurred along the
circuit on the rectangular distribution frame.
The column material has been taken as elastic
one, with concrete modulus of elasticity, to
simplify design diagram. All the parameters
that are required for describing concrete
performance under MC 2010 [25] have been
calculated on the basis of cube strength of
concrete. Slab, column and support structure
have been simulated by volume finite elements.
For the design diagram, volume finite elements
have taken shape of rectangular prisms with the
dimensions 25x25x25 mm.

The main parameters of numerical studies are
given in the table 4.

The results of numerical studies of bearing
capacity for reinforced concrete slab factoring in
longitudinal reinforcement in comparison with the
results of calculation under the current codes and
regulations [23, 24, 25] are outlined in the table 5
and at the figures 6-8.

The analysis of the results obtained by means of
numerical studies enables to state the number of

Table 4
Reinforcement
b, h, ho, . ’ & Ry, | dg, )
Sample m | m m dlam?:ter P, % l\{[(Pa MPa nﬁ I\{I;Pa
(mm)/spacing (mm)
Pl 0.15 ] 0.2 | 0.163 @10/ 100 048 | 224 | 1.78 | 20 | 500
P2 0.15 ] 0.2 | 0.163 P14 /100 094 | 224 | 1.78 | 20 | 500
P3 0.15] 0.2 | 0.163 P16/100 1.23 | 224 | 1.78 | 20 | 500
P4 0.15] 0.2 | 0.163 $20/100 193 | 224 | 1.78 | 20 | 500
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Figure 6. Deformation curve for the calculation
models and the values of ultimate loading (kN).

new aspects in the pattern of formation of stress-
strain state for concrete slab with longitudinal
reinforcement of the tensile zone:

1. Longitudinal reinforcement of concrete tensile
zone blocks formation, propagation and opening
of cracks in the given zone. The main crack
volume is formed in the tensile zone of concrete
that gives grounds to determine a pattern on joint
fracture under the punching failure mechanism
predominately.

2. Stresses in the reinforcing rods of concrete tensile
zone is lowered with the increase in reinforcing rod
diameter. At the same time, the level of bearing
capacity of the joint under the criterion for punching
failure is augmenting. Thus, increase in the ratio
of longitudinal reinforcement of concrete tensile
zone ensures significant enhancement of reinforced
concrete slab under the criterion for punching failure.

Table 5
Vi, Fuuit Viae Fb,ult — \/Sim, ATENA 10004 Stresses arising in rein-
0 forcement at fracture

Sample ATENA, [23], [24], . t d C S ATEN A
N KN KN bult point under "

MPa

P1 538 363 343 -48.21 493

P2 589 363 430 -62.26 346

P3 602 363 467 -65.84 277

P4 636 363 467 -75.21 200

Stress

Sigrna X

[WPa]
3461
3036
2811
2186
176.1

1336
9.1
486
6.1

Figure 7. Stresses in the reinforcement of
concrete tensile zone at fracture point for the
sample P2.
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Figure 8. Representative pattern of crack
formation in the sample P2 at the fracture point.
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3. In domestic codes and regulations, the
lack of clauses allowing for the factor of
longitudinal reinforcement when determining
bearing capacity of reinforced concrete slabs
under the criterion for punching failure
should be regarded as the main shortcoming.
Thus, codes regulating analysis and design of
reinforced concrete structures require further
improvement.

CONCLUSION

The implemented research demonstrates
significant impact of longitudinal reinforcement
of concrete tensile zone on the value of bearing
capacity of the support joint under the criterion
for punching failure that until the present time
had not been evidenced in the current national
codes. The results of investigation proved
plausible proof that the issue of the pattern
of stress-strain state formation in the support
zone of reinforced concrete slabs had not been
studied thoroughly. It is quite evident that
the mechanisms defining the level of bearing
capacity of the support zone have been studied
at a lesser extent than the conditions affecting
bearing capacity of reinforced concrete slabs
under standard cross-section. The patterns of
formation and developments of local damages
of reinforced concrete slabs in the support
zones should be thoroughly studied under two
mechanisms — bending and punching failure.
Setting standards for bearing capacity of the
support zone of reinforced concrete structures
requires further improvement.
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Abstract. The article presents the methodology and principles of creating calculation models for reinforced concrete structures
operating in conditions of complex resistance. A block calculation model of reinforced concrete bar structures in torsion with
bending is presented. This model consists of a support block formed by a spatial crack and a compressed zone of concrete
closed on it and a second block formed by a vertical section running perpendicular to the longitudinal axis of a reinforced
concrete element along the edge of the compressed zone closing the spatial spiral. Cases are considered when the torque effect
has the greatest influence on the stress-strain state of structures. In this case, the following forces are taken into account as
the calculated forces in the spatial section: normal and tangential forces in the concrete of the compressed zone; components
of axial and shear forces in the reinforcement crossed by a spatial crack. A feature of the proposed calculation model is that
it considers independently of each other the strength of an element in spatial sections passing along a spatial crack, and the
strength of an element between spatial cracks. The spatial section is formed by a crack located on three sides of the element
and a compressed zone located on the fourth side and closing the ends of the spiral crack. In this case, the compressed zone,
depending on the ratio of the bending and torque moments, can be located along the horizontal and vertical (lateral) edges of
the element. The governing equations are written in the form of static equations for the adopted calculation cross-sections and
a closed-loop system that unites them, written as a function of many variables with Lagrange multipliers 4. On the basis of the
constructed function for all the variables included in it, an additional non-decaying system of equations has been compiled,
from which follows a dependence that allows finding the projection of a dangerous spatial crack.

Keywords: reinforced concrete, calculation model, torsion with bending, spatial crack, complex stress state.

PACHETHAA MOJAEJIb CJIO KHOHAINIPAZKEHHOT' O
AKEJE3OBETOHHOI'O JIEMEHTA
[P KPYYEHHUU C U3I' UTBOM

H.U. Kapnenxo®?, Bn. H. Konuynoe*>, B.U. Konuynoe*>, B.H. Tpasyw™*
! Poccuiickast akaieMust apXUTEKTYPbI U CTPOUTENBHBIX HayK Poccuiickas deneparys, . Mocksa, Poccus,
2 Hay4yHOo-HCCIIe0BaTEILCKUI HHCTUTYT cTpouTeibHOM (usukun PAACH Poccuiickas ®enepanus, r. Mocksa, Poccus,
4 FOro-3amnagHblii rocyaapCTBEHHBIN yHUBEpCHTET, T. Kypck, Poccus,
4 3A0 «['0poJICKOl MPOEKTHBIA MHCTUTYT KHJIBIX M OOINECTBEHHBIX 31aHui», . MockBa, Poccus

AnHoTanus. V35105KeHa METOIOJIOTHST U TPUHITUITBI CO3JAHKs PACUCTHBIX MOJCIICH, JKeIe300CTOHHBIX KOHCTPYKIIHIA,
paboTaronyx B yCJIOBHUSX CIIOKHOTO conpoTHieHus. [IpuBeaena OiouHas pacdeTHasi MOJIEINb HKelle300eTOHHBIX CTEepIK-
HEBBIX KOHCTPYKIIUH MPU KPYUCHUH C U3rHOOM, COCTOSIIAS U3 TPUOTIOPHOTO OJI0Ka 00pa30BaHHOIO MPOCTPAHCTBEHHOMN
TPEUIMHOW W 3aMBbIKaeMOI Ha Hee C)Karol 30HOI OeToHa M BTOpOro Oiioka, 00pa3yeMoro BEepTHKAJIbHBIM CEYEHHEM,
MPOXOIAIIMM MEPIECHANKYISPHO K MPOJOIBHON OCH 7KeIe300€TOHHOTO AJIEMEHTA MO Kparo C)KaTOH 30HBI, 3aMbIKaroIeit
NPOCTPAHCTBEHHYIO CIIUPAICOOPa3HYIO TpeIIuHy. PaccMOTpeHbI cilydau, Korja HanOoJblee BIUSHIC Ha HAPSKCHHO-
ne(hOpPMHUPOBAHHOE COCTOSIHUE KOHCTPYKIIMI OKa3bIBACT JCHCTBUE KPYTSIIETo MOMEHTa. [Ipy 3TOM B KaueCTBE pacCuCTHBIX
yCI/IJ'II/Iﬁ B MPOCTPAHCTBCHHOM CCUYCHUU YUHUTBHIBAIOTCA: HOPMAJIBHBIC U KaCaTCJIbHLIC YCUJIMA B OETOHE CHKATOH 30HBI;
COCTABJISIOIINE OCEBBIX M HArelbHBIX YCUJIMH B paboueil apmarype, epecekaeMoi MpoCTPaHCTBEHHOH TperuHoi. Oco-
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OEHHOCTBIO MpeIaraéMoil pacueTHOW MOJEIH SBIISETCS TO, YTO B HEM paccMaTpHBaIOTCS HE3aBUCHMO JPYT OT JApyTra
MIPOYHOCTD 3JIEMEHTA 10 MTPOCTPAHCTBEHHBIM CEUCHUSIM, MPOXOASAIINM T10 ITPOCTPAHCTBEHHOH TPEIINMHE, U MPOIHOCTH
3NIEMEHTa MEX/ly IPOCTPAHCTBEHHBIMU TpeIHAMHU. [IpocTpaHcTBEHHOE cedueHne 00pa3yeTcs TPEInHOM, pacoararo-
LIEHCs 110 TPEM CTOPOHAM BIIEMEHTA, U CKATOM 30HOM, pacrosiararonieiics o 4eTBEpTON CTOPOHE U 3aMbIKAIOIIEH KOHILIBI
CTIIMPaTIbHON TpemuHbI. [Ipu 3TOM CkaTast 30Ha, B 3aBUCUMOCTH OT COOTHOIIEHHSI M3THOAIOIIETO U KPYTSIIIETO MOMEHTOB,
MOXKET PacrojaraThCs 1Mo TOPU30HTAIBHBIM U BEPTHKAIBHBIM (OOKOBBIM) TPaHSAM 3JIeMeHTa. Paspemntaronme ypaBHEeHNs
COCTABJICHBI B BUJIC YPABHEHNH CTATHKHU JUISl IPUHSTHIX PACUCTHBIX CEUCHUH W 00BEANHSIONIEH X 3aMKHYTOH CHCTEMBI,
3aNMCaHHOH B BHE (YHKIIMH MHOTHX NIEPEMEHHBIX C MHOKHTENAMH Jlarparska /. Ha ocHOBE mOCTpoeHHOM QyHKIMHM 110
BCEM BXOJIAIINM B HEE IEPEMEHHBIM, COCTaBIICHA JOMOIHUTENbHAS HE PAcIaIaloIUXCs CHCTEMa YPABHEHNH, U3 KOTOPOH
CJIE/LyeT 3aBUCHMOCTb, MTO3BOJISIONIAsT HAXOIUTh IPOEKIIMH OMTACHOW MPOCTPAHCTBEHHON TPEIIHHBI.

KotoueBble cjioBa: xKene300€TOH, pacyeTHAss MOJIENb, KPyUeHHE C U3TNOOM, TPOCTPAHCTBEHHAS TPEIIHHA,
CJIOKHOE HAIPSHKEHHOE COCTOSTHHE.

INTRODUCTION

There is a whole class of reinforced concrete
structures (central load-bearing core of high-
rise buildings, beams for various purposes
with side consoles, inclined arches, L-shaped
frames of various types, etc.), in which the lack
of consideration of torsion in the calculations
can lead to a decrease in their reliability, and in
extreme cases, and to the collapse of individual
elements of structures and even the entire object.
Over the past few years, a number of domestic and
foreign studies have been carried out on this topic
devoted to the development and experimental
verification of new generation calculation models
for certain types of complex resistance, which
most fully reflect the features of their deformation,
cracking and failure with complex resistance,
including torsion with bending [1-10, 11-15].
However, the solution of the problem of complex
resistance of reinforced concrete, despite these
and other works of the considered direction, is
still fragmentary, and most importantly, it does not
have a reliable experimental justification.

Therefore, a critical analysis, development and
substantiation of general calculation models of
complex resistance of reinforced concrete, as close
as possible to the real work of reinforced concrete
structures under a complex stress state, is an urgent
task. This is especially true of structures made
of high-strength reinforced concrete and fiber-
reinforced concrete, the specificity of deformation
of which under the considered stress state has
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significant features, and their calculation using
traditional models of reinforced concrete does not
reflect the stress-strain state of structures made of
such materials.

Analysis of domestic and foreign models of
deformation of reinforced concrete with cracks
most often used in modern software systems
shows that the calculation of reinforced concrete
structures for the limit states of the second group
is performed most often using the criteria for
achieving the principal stresses or principal
deformations of concrete of their limit values
[3-9]. However, an analysis of experimental
studies of the last two to three decades [17-21]
shows that such criteria reflect the appearance
of only dispersed (regular) cracks in reinforced
concrete structures. Completely different criteria
are needed when modeling the appearance and
development of single discrete cracks in reinforced
concrete. Here, as shown by experimental studies
[1-4, 17, 18, 20], the main role is played by the
concentration of deformations in places of change
in geometric dimensions, in zones of concentration
of force and deformational actions, zones of
cross-media concentration [16, 22], cracking
in structures made of high-strength reinforced
concrete and fiber-reinforced concrete, etc.

An important issue in the practice of research and
calculation of reinforced concrete structures in
modeling the stress state remains the issue of the
correctness of the accepted calculation models as
close as possible to the real work of reinforced
concrete structures [23]. Problems related to the
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fundamental physical foundations of reinforced
concrete deformation and their experimental
substantiation, deformational diagrams of concrete
and reinforcement in the zones of single cracks and,
accordingly, the quantitative values of the width of
the opening of such cracks cannot be determined
on the basis of traditional deformational models of
reinforced concrete built on imperfect hypotheses
of'the theory of reinforced concrete , in particular,
hypotheses about the work of tensile concrete
between cracks and above a crack are very
conditional.

In connection with the above, some possible
directions of development of the modern theory
of reinforced concrete are formulated.
—methodology and basic principles for creating of
calculation models, reinforced concrete structures
operating in conditions of complex resistance and
a deformational model of a complex stressed state
of reinforced concrete in torsion with bending,
as well as its experimental justification. At the
same time, the following directions in solving the
formulated research goal are considered:

— peculiarities of solving problems of the
theory strength, crack resistance and stiffness of
reinforced concrete under complex stress state;
—new patterns of crack resistance and deformability
of reinforced concrete structures;

— proposals for the construction of physical
and calculation models of the resistance of
reinforced concrete of a new generation and the
modernization of existing hypotheses of the theory
of reinforced concrete;

—construction of a calculation model of reinforced
concrete deformation with complex resistance —
bending with torsion;

—experimental substantiation of the deformational
model of reinforced concrete with complex
resistance.

— features of solving problems of the theory
of strength, crack resistance and stiffness of
reinforced concrete in a complex stressed state.
Conducted in the last decade, experimental
and theoretical studies of complexly stressed
reinforced concrete structures, for example [7, 11—
13, 21], including the authors of this publication

[1-4, 8-10], show that the criteria used in the
calculation models of the criteria for achieving
the principal stresses or principal deformations
of concrete of their limiting values reflect the
appearance and development of only a network of
regular cracks in reinforced concrete, for which
they were actually formulated.

When solving such problems, as again the
accumulated experience of experimental studies
on a new basis [1-4, 13, 17-21] shows, the
concentration of deformations at the points of
change in geometric dimensions in the zones
of concentration of force and deformational
actions, in the zones of the so-called cross-
media concentration in two-layer composite
and monolithic structures, in structures made of
high-strength concrete and in other cases where
the formation of discrete cracks is possible. It is
especially important to take into account such
a concentration for high-strength reinforced
concrete and fiber-reinforced concrete, when the
formation of single cracks and the deformational
effect most significantly affect the relative mutual
displacements of concrete and reinforcement, the
assessment of the crack opening width and the
stiffness of the structure. Methods for modeling
this type of cracks have not yet been developed.

The general methodology for solving the problems
of crack resistance, stiffness and strength of
complexly stressed reinforced concrete for the
limiting states of the first and second groups in
this formulation can be presented in the form of a
level diagram (Figure 1).

In accordance with this scheme, the solution to
the problem of complex resistance of reinforced
concrete is built on a unified methodological
basis for the limiting states of the first and second
groups. Contradictory in the theory of reinforced
concrete is the statement about the work of tensile
concrete between the crack and above the crack.
Many effects associated with this phenomenon
require clarification of their physical nature.
There is a need to harmonize the experimental
data obtained at one time using a microscope,
and in recent years, in connection with the rapid
development of measurement technologies and
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instrumental base, digital video cameras, which
provide fixation of development and opening in
parts of a millisecond with an accuracy of 0.001
mm, up to 0.001 mm, and their theoretical values
calculated according to the theory of the existing
calculation apparatus for reinforced concrete.

Moreover, when solving the problems of stiffness
of reinforced concrete elements with dispersed
cracks, the traditional model of V.I. Murashev in
one or another of its modifications. Meanwhile, as
shown in [8, 17, 18, 22], the distance between the
cracks with increasing load remains constant only
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until the appearance of a new crack. Analysis of the
deformation diagram of tensile concrete, together
with the nature of the surface warping, confirmed

a)

dorc,2 Lacrc,2 |, dorc,2
lere.2 lere.2
c)  Eox) I |
M J AT AT L,
° | e %
d) Es(x}| | |
mmgmmmmmm
Iac.? Ir:c2 X

by extensive experimental material, shows that the
nature of the deformation diagram of reinforcement
changes qualitatively with increasing load (Figure 2.).

5)

D

Figure 2: Level picture of cracking in a complexly stressed reinforced concrete element made of
usual (a-d) and high-strength (e-g) reinforced concrete

In areas adjacent to cracks, reinforcement
deformations begin to decrease and even change
sign. Deformations in the middle of the section
increase. It is not always correct to use software
systems in studies of structures made of high-
strength reinforced concrete, in which traditional
physical models built for usual reinforced
concrete are used to assess the limiting states of
the second group, with averaging deformations
for concrete and reinforcement. Meanwhile, the
experimental studies of structures made of high-
strength reinforced concrete and cracks carried
out in recent years show the need to take into
account the deformation effect in the crack [6,
16, 22]. It is especially important to take into
account such an effect for single cracks, when
the deformational effect most significantly affects
the relative mutual displacements of concrete

and reinforcement, the assessment of the crack
opening width and the stiffness of the structure.
Experimental studies of structures made of fiber-
reinforced concrete carried out in recent years,
for example [ 1-4], have shown that in structures
made of such materials, a qualitatively different
nature of deformation and cracking is observed.
In these tests, it was found that the pattern of
cracks in a reinforced concrete beam made of
usual and high-strength reinforced concrete
is qualitatively different. In a usual concrete
structure, a whole network of cracks forms in the
tension zone. Moreover, as the load increases,
new cracks (a,, ,) are added to the already formed
cracks at the first stage of cracking (cracks a )
at higher stages of loading and, accordingly,
the level distances between the cracks lm,l, lm,2
change (see Figure 2.).

38 International Journal for Computational Civil and Structural Engineering



Calculation Model of a Complex-Stressed Reinforced Concrete Element Under Torsion With Bending

In structures made of high-strength concrete,
as a rule, single cracks are formed. The nature
of the deformation diagrams of concrete and
reinforcement in the zone of such cracks and,
accordingly, the quantitative values of the width of
the opening of such cracks cannot be determined
on the basis of the traditional deformation model
of reinforced concrete deformation.

The solution of the indicated problems of crack
resistance and stiffness of reinforced concrete under
acomplex stress state at the first level is undoubtedly
associated with a deep critical analysis of the existing
calculation models of the theory of reinforced
concrete, experience and results of experimental
studies, including those carried out using a laboratory
base of a new generation (see Figure 2 ).

At the second and third levels, it is required to
study the physical laws of the deformability and
crack resistance of reinforced concrete elements
under various types of stress state and to study new
effects of reinforced concrete resistance, including
the formation of discrete cracks in high-strength
reinforced concrete.

The next level in the hierarchy of solving the
considered problem is the construction of calculation
models of a new generation that most fully reflect
physical phenomena under the force and medium
resistance of reinforced concrete, including under
special actions, and their experimental verification
using more advanced equipment and measuring
instruments for the investigated parameters.

The most important final level for assessment the
effectiveness of solving the considered problems and
the reliability of the obtained solutions is a comparative
assessment of the developed deformation models
of the theory of complex resistance of reinforced
concrete with the existing calculation models for the
limiting states of the first and second groups.

IMPLEMENTATION OF THE GENERAL
SCHEME FOR BENDING WITH TORSION
(experiment comparison with norms).

Using the methodology of the presented general
level scheme for solving the problem of stiffness,
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crack resistance and strength of reinforced
concrete, the construction of a calculation model of
a complexly stressed reinforced concrete element
undergoing torsion with bending is considered.
The proposed calculation model for analyzing the
stress-strain state of reinforced concrete elements
with complex resistance — torsion with bending is
based on the accepted in domestic practice in the
works of A.A. Gvozdev [24], N.I. Karpenko [5,6],
VLI. Kolchunov [8-10], Fedorov V.S. [25], V.I.
Morozov [7] and other scientists approach, which
is that the strength of an element in spatial sections
passing through a spatial crack and the strength of
an element between spatial cracks are considered
independently of each other. The spatial section
is formed by a crack located on three sides of the
element and a compressed zone located on the
fourth side and closing the ends of the spiral crack.
In this case, the compressed zone, depending
on the ratio of the bending and torques, can be
located along the horizontal and vertical (lateral)
edges of the element. The calculation is based on
the equilibrium of the moments of external and
internal forces in a spatial section. In this case, in
the spatial section, the forces in the longitudinal
and transverse reinforcement are taken into
account, crossing the spatial section at the face
opposite to the compressed zone. The forces in
the longitudinal and transverse reinforcement are
entered into the calculation with their calculation
resistances at a certain ratio established from the
analysis of experimental data.

The compilation of equations requires some
explanation. The upper, lower and lateral
longitudinal reinforcement (in the presence of
multi-tiered reinforcement), in Figure 3, a (Scheme
A) and Figure 3, a (Scheme B) are conventionally
not shown in order to eliminate the bulkiness of the
image. In conditions of equilibrium, the stresses
arising in the noted reinforcement are taken
into account. The only exception is the equation
of equilibrium of the moments of internal and
external forces acting in section I-I relative to
the axis perpendicular to this section and passing
through the point of application of the resultant
forces in the compressed zone (7, = 0).
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When considering the normal section I — I (III —
IIT) and the spatial section k, the following are
taken into account: the limiting support reaction
R ; the height of the compressed zone of concrete
inanormal section x,, ; coefficient for determining
the lateral force y, ; stress of longitudinal
reinforcement in normal section o, stress in the
reinforcement at the side faces of the section of
the structure in the spatial section g, , ; the height
of the compressed zone of the spatial section x, ,;
linear force in transverse reinforcement located at
the side, top and bottom edges Do Qoo Doier
normal stresses in concrete o, ; components of

axial stresses in the working reinforcement crossed

by a spatial crack 0, OsipOsa Oscd shear forces
in concrete with the completeness coefficients of
their diagrams T, 0,7 ; components of'the thrust
forces in the working reinforcement crossed by
the spatial crack k, as well as the lengths of the
projections of the spatial crack sections onto the
horizontal axis 7, L, L (c).

In the spatial section k-k for block 2, cut off
by a complex section, passing along a spiral
spatial crack and along a broken section of the
compressed zone, all reinforcement falling into
this section is taken into account. In this case, in
the compressed upper longitudinal reinforcement,
cut off by sections I — I and III — III, the nagel
effect is not taken into account,
and in the rest of the longitudinal
and transverse reinforcement, the
components of the nagel effect

\ are taken into account.

‘ The need to use a complex broken
. section of the compressed zone
of concrete is due to the fact
that, according to experimental
data, its destruction occurs in a
certain volume, located not along
the entire length between points
a and b (see Figure 3.1), but only
in a certain volume located in

*Z the middle part. In this case, the

failure occurs in the middle part

1 | \
e :‘@ \

not along the line ab, but at an
angle close to 45° to the upper
edge of the reinforced concrete

X

=~
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structure, which predetermined
the direction of the middle part
of the broken section, where
the ultimate stress-strain state is
reached.

In the areas of the compressed
zone located at the edges of the
broken section, the stress-strain
state varies from sections I — I
and III — III to the middle zone
according to linear dependences,
respectively. In this case, it is
assumed that the height of the
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compressed zone decreases with an increase in
the bending moment.

The lateral surfaces of the broken section in
compressed concrete (see Figure 3 b) coincide
with the planes of the axis or "smeared" plane of
the working longitudinal reinforcement.

In this case, angular reinforcement when crossing by a
broken section is considered to be located on the left for

section [ —I and on the right for section III —III. Thus,
it is intersected by planes I — I, III — III, respectively,
at the end sections of a complex broken section
(see Figure 3 - scheme A and Figure 4 - scheme B).
Diagrams of the distribution of forces from torques
in the compressed and extended zones in the
middle section I — I using the example of case B
are shown in Figure 4.
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The general solution of the considered problem is
constructed as follows. The statics equations are
written for the calculation sections I — I and the
spatial section k-k adopted in the block model. In
this case, when projecting the stress components
in the k plane onto the I — I plane, a parameter
9, 1s introduced that takes into account such a
projection of the stress components.

Also introduced: a parameter K, that takes
into account the static loading scheme from the
standpoint of additional bending moments along
the length of the bar; parameter K, that takes into
account the relationship between the generalized
support reaction R and the bending moment M
and a static- geometrlc parameter ¢ (x, , x) = const
that takes into account the location of the center
of gravity of the compressed zone of concrete in
section I-I, where the compressive stress diagram
is rectangular in the area x, and triangular in the
area x — x,).

As a result, from the equilibrium equation of the
projections of all forces acting in section I-I on the
x axis, the height of the compressed concrete zone
x in this section (3} X = 0) is determined, from the
equation of the sum of torques relative to the point
of application of the resultant forces in compressed
concrete b, (.7, , = 0) we obtain a value x - 1,
characterlzmg the height of the compressed Zone
where the shear stresses from the torque reach
the yield point, and from the hypothesis of planar
cross-sections, the average value of stresses in the
reinforcement o, is found.

Equations are written in a similar way for the
spatial section k-k formed by a spiral-shaped
crack and a vertical section passing through the
compressed zone of concrete through the end of
the front of the spatial crack (see Figure 4).

The missing unknowns of the considered calculation
model are determined by compiling a function of
many variables with Lagrange multipliers A for
mechanical systems of the form F1 (R, XX

B yQ v yT,k’
O-S,I’ O-S,k’ qsw,rig’ qsw,le;f’ qsma’ C, }'l’ 2'2’ j'3’ j'4’ j'5’ j'6’ j’ j'8’
4,): and equating to zero its partial derivatives Wlth
respect to all variables included in it. As a result,
an additional system of equations is obtained for

determining the unknowns.

EXPERIMENTAL SUBSTANTIATION OF
THE PROPOSED CALCULATION MODEL
of the strength of a complex stressed reinforced
concrete element in torsion with bending was
carried out by conducting a series of experimental
studies of reinforced concrete structures. Thus,
in [1], it was found that for reinforced concrete
structures of square section made of high-strength
concrete of class B100 during torsion with
bending, as a rule, there is only one main crack
(the fragile structure of high-strength concrete
contributes to such concentration), along which
failure occurs. For the box-shaped section, several
cracks took place, from which the one along which
the failure occurs. At the steps preceding failure,
this crack begins to prevail over the rest and has
a maximum opening width. Such features of
cracking are fully consistent with the hypotheses
underlying the calculation model for high-strength
concrete.

Based on experimental studies of reinforced concrete
structures made of high-strength concrete [2,4]
and fiber-reinforced concrete [3] of circular cross-
section, data on the complex stress-strain state in
the studied regions of resistance were obtained,
such as: values of the generalized load of cracking,
and failure, its level relative to the ultimate load ;
the distance between cracks at different levels of
cracking (two or three levels are usually formed
before the failure occurs); width of crack opening at
the level of the axis of the working reinforcement,
at a distance of two diameters from the axes of the
reinforcement and along the entire profile of the crack
at various stages of loading; coordinates of points
(x; y, z) of formation of spatial cracks; schemes of
the formation, development and opening of cracks
in reinforced concrete structures during torsion
with bending, which confirmed their satisfactory
agreement with the results of the calculation
according to the considered calculation model.

CONCLUSIONS

1. A general calculation model of the complex
resistance of reinforced concrete structures in
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torsion with bending is proposed. The model
includes a support block formed by a spatial crack
and a compressed zone of concrete closed on it,
— a spatial section & and a second block formed
by a vertical section I-1, passing perpendicular to
the longitudinal axis of the reinforced concrete
element along the edge of the compressed zone
closing the spatial crack. In this case, option A of
the calculation model A is used for a spiral-shaped
spatial crack, option B — for a spatial X-shaped
crack.

2. In the consideration of the general model, the
first and second cases are accepted, when of the
three external influences during torsion with
bending (O, M, T), the torque T exerts the greatest
influence on the stress-strain state of the structure.
3. The resolving equations of the proposed block
model are composed in the form of static equations
for the adopted sections and a closed-loop system
that unites them, written in the form of a function
of many variables with Lagrange multipliers 4.
On the basis of the constructed function for all
the variables included in it, an additional system
of equations has been compiled, from which a
dependence follows, which makes it possible to
find the projections of a dangerous spatial crack.
4. The proposed calculation model was
experimentally confirmed by tests of a fairly
representative group of reinforced concrete
structures made of ordinary and high-strength
concrete and fiber-reinforced concrete, carried
out with the participation of the authors and other
researchers.
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UNSYMMETRIC OSCILLATIONS OF ANISOTROPIC PLATE
HAVING AN ADDITIONAL MASS

Elena B. Koreneva
Moscow Higher Combined-Arms Command Academy

Abstract: The problem of unsymmetric oscillations of circular plate made from anisotropic material is examined. The
plate under consideration has an additional point mass attached off the center or a system of additional masses. Also the
oscillations of anisotropic circular plate with a point support placed off the center are studied. The exact analytical approach
is used for the decision of the above-mentioned problems; the method of compensating loads is applied. For this aim the
basic and the compensating solutions are received. The basic solution satisfies to the resolving differential equation of the
problem under study. The compensating solution satisfies to the corresponding homogeneous equation and this solution
amounting to the basic one also satisfies to the boundary conditions. The Nielsen’s equation is used for the receiving of the
exact solutions expressed in terms of Bessel functions. The equation for determination of frequencies of natural vibrations
is obtained.

Keywords: oscillations, circular anisotropic plate, additional mass, point support, Bessel functions.

HECUMMETPUYHBIE KOJIEBAHUSI AHU3OTPOITHOM
IJIACTUHBI C IPUCOEJIMHEHHON MACCOM

E.b. Kopenesa
MockoBckoe BhICIIee 0011eBOiickoBOe KoMaHaHOe opaeHoB JKykoBa, Jlennna u OkTa0prckoii PeBomronnn
Kpacno3znamenHoe yuunuiie

AnHoTanusi: B paboTte m3y4aroTcss HECUMMETPHYHBIC KOJICOaHHs KPYIJIOW TUTACTHHBI, CIICIAHHOW W3 aHU30TPOITHOTO
Matepuana. PaccmarpuBaemast iiacTUHA UMEET JIONOJHUTENbHYIO BHEHEHTPEHHO PACIIONIOKEHHYIO Maccy WM CUCTEMY
Macc, WM BHELIEHTPEHHYIO OMOpPY TOYEYHOTro TUna. i mosyueHus: peteHus MoCTaBIeHHON 3aa4k UCIIONIb3YeTCs TOY-
HBII aHATUTUYCCKAN METOIT; UCTIONB3YETC s METO KoMIteHcHpyromux Harpy3ok (MKH). [l aToro cTpositcsi OCHOBHOE
U KOMITEHCHUpY¥oliee pemeHns. OCHOBHOE PEIICHHE YIOBICTBOPSIECT pa3pemaroneMy quddepeHInanbHOMYy YpaBHEHHIO.
Komnencupyroiee perieHre yIoBIeTBOPSIET COOTBETCTBYIOLIEMY OJHOPOAHOMY YPAaBHEHHUIO U COBMECTHO C OCHOBHBIM pe-
MICHUEM YIOBJICTBOPSICT TPAHUYHBIM yCIOBHUAM. J{JIs TOTyYeHHUS PEIIeHUs OMHOPOAHOTO MU (epeHINATEHOTO YPAaBHEHHS,
BBIPQ)KEHHOTO B MWIMHAPUICCKUX (QYHKIUSIX, IPUMEHICTCS HOBBIH CIIOCO0, CBI3aHHBII C UCIIOIB30BAHUEM yYPaBHCHUS
Hunbcena. [y onpeneieHus 4acToT COOCTBCHHBIX KOJICOaHUH TOTyYeHBI COOTBETCTBYIOIINE YpaBHECHUs. Pemenus mo-
CTaBJICHHBIX 337124 BEIPAKEHBI B PYHKIUIX beccers.

KaroueBrble ciioBa: HECUMMCTPUYHBIC KOH€6aHI/IH, KPYIJIbIC aHU30TPOIMHBIC IJIACTUHBI, HPUCOCINHCHHBIC
MaccChbl, TOYCYHBIC OIIOPLI, (1)yHKIII/II/I beccens.

INTRODUCTION

The analytical method for the solution of
unsymmetric vibrations of anisotropic circular
plate having an additional point mass attached
off the center or a system of masses, also having a
point support placed off the center is proposed. The
method of compensating loads (MCL) is applied.

The sought solutions are obtained in closed form
and expressed in terms of Bessel functions.

The problem of oscillations anisotropic or
inhomogeneous plates of various geometry is
very urgent. The analytical method application,
in particular, connected with the theory of
special function for plates and shells analysis,
is known in literature. The works [1]-[8] are
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devoted to the plates of variable thickness and
shells examination; the solutions are received
in terms of hypergeometric and confluent
functions. The works [9]-[13] concern to the
problems of statics and vibrations of isotropic
plate, many of them are obtained in terms of
cylindrical functions. In [14], [15] the analytical
methods are applied for computation of plates
and shells made from orthotropic material.
In the monograph [16] for plates of variable
thickness of different forms, subjected to the
action of complicated loads, the theory of
special functions is widely used; the solutions
are expressed in terms of hypergeometric and
confluent functions, Legendre functions, in
orthogonal polynomials.

The present work concerns to unsymmetric
oscillations of anisotropic circular plates with
additional point mass attached off the center or
a system of masses, also a point support placed
off the center. The analytical approach and the
method of compensating loads (MCL) are used.
The new method, suggested in [17], [18], was also
utilized. The mentioned method allows to resolve
some statics and vibration problems of anisotropic
circular plates and to receive the solutions in
terms of Bessel functions. This method uses the
Nielsen’s equation and makes it possible to resolve
some statics and vibration problems of anisotropic
elastic solids.

The works [20], [21] are devoted to the
investigation of symmetric vibrations of
circular plates made from orthotropic material.
The work [20] received the solution of the
problem of the similar plates forced vibrations,
the plates under study are subjected to an action
of concentrated force Psinpt. In the work [21]
the action of loads distributed along concentric
circumferences and over ring surfaces are
considered.

In [23] the problem of circular orthotropic plates
natural oscillations is considered. The plates under
study have a point support in the center or a ring
support or they have an additional mass in the
center or a system of masses.

Volume 17, Issue 1, 2021

FORCED VIBRATIONS OF ORTHO-
TROPIC PLATE SUBJECTED TO AN
ACTION OF A CONCENTRATED FORCE

First the auxiliary problem of unsymmetric vibrations of
orthotropic plate subjected to an action of concentrated
force Psinpt, acting at the point 4 off the center is
considered. Let us denote the distance from the center
to the point 4 by a. We introduce the notation of the
angle between the line OA and the fixed radius by 6.
Further the method of compensating loads (MCL)
[18], [20], [21] 1s applied. For this aim the basic
solution ¥ and the compensating solution W,

W=Ww,+W, (1)

are determined.

The basic solution ¥ satisfies to the differential
equation, describing the problem, and shows the
peculiarities of the external loads. The compensating
solution W _satisfies to the corresponding
homogeneous equation and amounting to W,
satisfies to the boundary conditions.

For the receiving of the solution of the resolving
differential equation the Nielsen’s equation is
used. This method is described in detail in [20],
[21]. Using the mentioned approach we can write
the following expression for the basic solution in
terms of Bessel functions:

P— P
" 8Dnp’

"’}T )
here b=4—"— p3,
gmD

where D is the cylindrical rigidity, y — the volume
weight, p, is the circular frequency of natural
vibrations, S is the member of nodal circles.

s

[ra(z}ﬁxo(z}] @)

L

here z = \faz +x*—2axcos(@—9).
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Using the formulae of the Bessel functions
addition [9], [21] we can write when x > a:

P
8Dm,b*

xzz'[}'ﬂ () 2K, (x_)f,,(a]} cosnl—o)

W, =— x

3)

The symbol ' indicates that when summing the

series the term with zero index multiplies on %

Let us write the compensating solution in the form
of series:

W, = >[4, (x)+ B, (x)|cosn(6—0), (4)

where J,1,Y , K are the Bessel functions.

The coefficients 4 and B are determined from
the boundary conditions.

Let us assume that the contour of the plate under

study is clamped; the reduced radius is equal to
p. Whenx =p

7 (@)f- I’}(ﬂ)fn’(ﬁ)ﬂ“}Zf'(ﬁ)fn(ﬁ)]%ﬁfn(ﬂ)

Elena B. Koreneva

W=0, =0, (5)

where W is determined from the formula (1).
The sum of the basic and the compensating
solutions introduces in the conditions (5). Then
the coefficients at the cosines of the identical
arguments are equated and we receive the
following equations for determination of the
coefficients 4 and B :

P . 2
o 4D?‘Izb2 |:}11[ﬁ)J?:(a)+ - K.‘n )In(a)] i (6)
+A7:Jn(ﬁ)+3n1n(ﬁ):0:
P, 2
o 4Dﬂ2b2 |:}m (ﬁ}J,r(G)-l- E‘Krr (.B_)In(a)]—i_ (,?)

it An‘;n’{t&}—i_BnIn’(tB): 0‘

Solving the system (6), (7) and using the expression
for Bessel functions Wronskian [9], [23], we get:

_ E 7 8)
¥ 4Dngbz In(ﬁ}‘jnr(ﬁ)_""n(ﬂ)jnr(}g)
2 i 2
_In (a)[""rn’(ﬁ)Kn(-B}_Jn (ﬁlkn '(,8]} - J” ((Z)
B - P = T )
’ 4Dﬂ2b2 Ir:(ﬁ)'jr:E(ﬂ}_Jn(ﬁ)‘rnJ(ﬂ}
UNSYMMETRIC VIBRATIONS OF _
ANISOTROPIC PLATE WITH Mo W(a,0;a,0)=1. (10)

ADDITIONAL JOINT MASS OR WITH
SEVERAL MASSES

Further the problem of oscillations of anisotropic
circular plate with additional mass M in the point
(a, 0) is considered. The equation for frequencies
[22] has the following form:

Substituting instead W the expression received
above for the forced vibrations consideration,
we can receive the corresponding equation for
frequencies. Setting the right part of the received
equation equal to zero we obtain the equation
for frequencies for the case when the joint mass
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attached off the center is extremely great. This
fact is identical for the case of the plate with
single rigid support of the point type placed
off the center. We mark that for the case of the
zero term of the series representing basic and
compensating solutions, we get the frequency

w’ M w(ay,0,;a,,0, ;m) -1

2 . .
o’ Mw(a,,0,:a,0;0)

2 . .
o’ MwWa,,0,:0,,0,;0)

For the study of the problem of oscillation of
orthotropic circular plate with elastic supports
of the point type the frequency equation has the
form which is similar to (11). However, we must

D

assume in the frequency equation that A/, = — w—g ,
where D is the rigidity of the support.

When solving the vibration problem of the
orthotropic circular plate with several additional
masses uniformly distributed along a circumference
the system under study will have the same number of
axes of symmetry as the number of joint masses. In this

case the frequency equation becomes more simple.

Table 1. The values of the deflections

2 . . .
o’ Mwla,,0,:0,.0,;0)

o’ M, wa,,0,:0,,0,;0)-1

equation for the plate having ring intermediate
support.

The natural oscillations of the circular orthotropic
plate with several additional masses (n =1,2,3,...)
applied in the points with the coordinates (o , 6))
are examined. For this case we have the following
equation for frequencies:

oM, u{al, 00,6, )

=0. (11)

Let us consider the following computation
example: the forced vibration of the circular
orthotropic plate which contour is clamped and
the radius is equal to . This plate is loaded by
the force Psinpt which applied at the distance a =
0,5b from the center.

For computation it is assumed that the plate’s
radius b = 3m, the plate’s thickness 4 = 0,2m,
modulus of elasticity £ = 2 - 10%/m?, Poisson’s

i =1 _
ratio o =-~; we put 2, = 1.

The calculations show that it is sufficient to retain
four terms of the series.
The results of evaluation are given in the table 1.

Pomt 4.6 1 02:0 | 0:0 | 200 [02: % |1.0: % [20: 5| 02:7 | 12:7 | 2,007
(x; @) 2 2 2
\% 0,3071 10,3475 | 0,3895 | 0,0013 | 0,2916 | 0,1448 | 0,000 | 0,2641 | 0,0981 | 0,0003
The first line shows the coordinates of the points
where the plate’s deflections are determined. In LB, (B)-1,"(BM.(B)=0. (12)

this table the fixed value ——— is omitted.

8 Dnyb*

We note that the function w reduces to infinity
when
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In this case we have the phenomenon of
resonance; the corresponding frequency of forced
vibrations is
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where 8 are the roots of the equation (12).

CONCLUSIONS

The exact analytical solutions of the problem of
unsymmetric vibrations of the circular plate made
from orthotropic material are obtained. An action
of a force applied in arbitrary point, an action of
a joint additional mass attached off the center or a
system of masses, an influence of a point support,
placed of the center are considered.

REFERENCES

1. Kovalenko A.D. Plastiny i Obolochki v
Rotorah Turbomashin. [Plates and Shells in
Rotors of Turbines]. Kiev, [zd-vo AN USSR,
1955, 303 pages (in Russian).

2. Kovalenko A.D. Kruglyie Plastiny
Peremennoj Tolschiny. [Circular Plates of
Variable Thickness]. Moscow, Fizmatgiz,
1959, 294 pages (in Russian).

3. Kovalenko A.D. Slozhnyi Izgib Krugloi
Plastiny Peremennoj Tolschiny v
Osesimmetrichnom Temperaturnom Pole.
[Complicated Bending of a Circular Plate of
Variable Thickness in Symmetric Temperature
Field]. // Sb. Nauchnyh Trudov “Zadachi
Termouprugosti v Energomashinostroenii”.
Kiev, Izd-vo AN USSR, 1960, pp. 235-241
(in Russian).

4. Kovalenko A.D., Grigorenko Ya.M.,
Lobkova N.A. Raschet Konicheskih
Obolochek Lineino-Peremennoj Tolschiny.
[Computation of Conic Shells with Linear
Thickness Variation]. Kiev, [zd-vo AN USSR,
1961, 328 pages (in Russian).

5. Kovalenko A.D., Grigorenko Ya.M., I’in
L.A. Teorija Tonkih Konicheskih Obolochek
Lineino-Peremennoj Tolschiny. [The Theory

10.

11.

12.

13.

14.

Elena B. Koreneva

of Thin Conic Shells with Linear Thickness
Variation]. Kiev, Izd-vo AN USSR, 1963, 287
pages (in Russian).

Kovalenko A.D., Grigorenko Ya.M., II’in
L.A., Polischuk T.I. Raschet Konicheskih
Obolochek pri Antisimmetrichnyh Nagruzkah.
[Computation of Conic Shells Subjected to
an Action of Antisymmetric Loads]. Kiev,
Naukova Dumka, 1966, 495 pages (in
Russian).

Kovalenko A.D. Izbrannyie Trudyi. [The
Selected Works]. Kiev, Naukova Dumka,
1976, 703 pages (in Russian).

Grigorenko Ya.M., Latsinnik I.D. Izgib
Krugloi Plastinki Lineino-Peremennoj
Tolschiny pod Dejstvijem Antisimmetrichnoj
Nagruzki. [The Flexure of a Circular Plate of
Linear Thickness Subjected to an Action of
Antisymmetric Load]. / Prikl. Meh., 1965,
(1), pp. 6776 (in Russian).

Korenev B.G. Nekotoryie Zadachi Teorii
Uprugosti 1 Teploprovodnosti, Reshaemyie v
Besselevyh Funktsijah. [Certain Problems of
the Theory of Elasticity and Heat Conductivity
Solved in Terms of Bessel Functions].
Moscow, Fizmatgiz, 1960, 458 pages (in
Russian).

Korenev B.G., Tchernigovskaja E.I. Raschet
Plit na Uprugom Osnovanii. [Calculation
of Plates Resting on an Elastic Subgrade].
Moscow, Gosstrojizdat, 1962, 355 pages (in
Russian).

Conway H.D. Axially Symmetrical Plates
with Linearly Variable Thickness. // Journal
of Applied Mechanics, 1951, 18(2), pp.
140-142.

Conway H.D. Closed-Form Solutions for
Plates of Variable Thickness. // Journal of
Applied Mechanics, 1953, 20(4), pp. 564—
565.

Conway H.D. The Flexure of Rectangular
Plates of Variable Thickness. // Journal of
Applied Mechanics, 1958, 26(2), pp. 143—
145.

Burmistrov E.F. Simmetrichnaya
Deformatsija Ortotropnyh Obolochek

52 International Journal for Computational Civil and Structural Engineering



Unsymmetric Oscillations of Anisotropic Plate Having an Additional Mass

15.

16.

17.

18.

19.

20.

Vraschenija. [Symmetric Deformation
of Orthotropic Shells]. Saratov, Izd-vo
Saratovskogo Universiteta, 1962, 109 pages
(in Russian).

Burmistrov E.F., Maslov N.M.
Antisimmetrichnyi Izgib Krugloi
Ortotropnoj Plastiny Peremennoj Tolschiny.
[Antisymmetric Flexure of Circular
Orthotropic Plate of Variable Thickness].
/I 1zvestija AN SSSR. MTT, 1973, 3, pp.
170—174 (in Russian).

Koreneva E.B. Analiticheskije Metody
Rascheta Plastin Peremennoj Tolschiny i
ih Prakticheskije Prilozhenija. [Analytical
Methods for Computation of Plates of Variable
Thickness and Their Practical Application].
Moscow, ASV, 2009, 240 pages (in Russian).
Koreneva E.B. Metod Kompensirujuschih
Nagruzok dlya Reshenija Zadach ob
Anisotropnyh Uprugih Sredah. [Method of
Compensating Loads for Solving of Problems
of Anisotropic Medium]. // International
Journal for Computational Civil and Structural
Engineering, 2018, 14(1), pp. 71-77 (in
Russian).

Koreneva E.B. Analiticheskoje Modelirovanije
Nekotoryih Zadach Statiki i Kolebanij
Anizotropnyih Uprugih Tel. [Analytical
Simulation of Certain Problems of Statics and
Vibrations of Anisotropic Elastic Solids]. //
Proceeding of VII International Symposium
APCSCE, July, 2018, Novosibirsk, 1-8, p.
478 (in Russian).

Grosman V.R. Sobstvennyie Kolebanija
Kruglyih Ortotropnyih Plastin Peremennoj
Tolschiny. Reshenija v Funktsijah Besselya.
[Natural Vibrations of Circular Orthotropic
Plates of Variable Thickness. The Solutions
in Terms of Bessel Functions]. // Stroitelnaja
Mehanika i Raschet Sooruzheniy, 2012, 3, pp.
52-54 (in Russian).

Koreneva E.B. Analiticheskij Metod dlya
Reshenija Zadach o Kolebanijah Uprugih
Anisotropnyh Tel. [Analytical Method for
Solving of Vibration Problem of Elastic
Anisotropic Solids]. / Stroitelnaja Mehanika

Volume 17, Issue 1, 2021

21.

22.

23.

i Raschet Sooruzheniy, 2018, 5, pp. 47-51 (in
Russian).

Koreneva E.B., Grosman V.R. Forced
Vibrations of Anisotropic Elastic Solids
Subjected to an Action of Complicated Loads.
// International Journal for Computational
Civil and Structural Engineering, 2019, 15(3),
pp. 77-83.

Koreneva E.B., Grosman V.R. Kolebanija
Anisotropnyh Plastin, Imejuschih
Prisoedinennye massy ili Promezhutoschnye
Opory. Reshenija v Funktzijah Besselya.
[Vibrations of Anisotropic Plates Having
Additional Mass or Intermediate Supports.
The Solutions in Bessel Functions]. //
Stroitelnaja Mehanika i Raschet Sooruzheniy,
2020, 5, pp. 52-59 (in Russian).
Abramovitz M., Stigan I.A. Handbook of
Mathematical Functions. National Bureau of
Standarts. 10th Edition, 1972, 820 pages.

CIIMCOK JIMTEPATYPbBI

KoBanenko A.Jl. ITnacTuHbl 1 000JO0YKH B
poropax typoomammH. — Kues: M3n-8o AH
YCCP, 1955. -303 c.

KoBanenko A.Jl. Kpymible miacTussl nepe-
MEHHOH TonuHel. — M.: ®usmarrus, 1959.
—29% c.

KoBanenko A.Jl. CnoxHbIil U3rud Kpymion
IUIACTUHBI IEPEMEHHOM TOJIIUHBI B OCe-
CUMMETPHYHOM Temrieparypaom mnone // C6.
HAyYHBIX TPYIOB «3a/1a4¥ TEPMOYIIPYTOCTH B
3HEeproMaimrHocTpoeHun». — Kues: M3a-Bo
AH YCCP, 1960. — C. 235-241.
KoBanenko A.Jl., 'puropenxo 51.M., Jlo6-
koBa H.A. Pacuer koHHUeCKHX 000JI0YEK
JMHENHO-TIEPEMEHHHON TOoNIMHbBI. — Kues:
M3n-Bo AH YCCP, 1961. — 328 c.
KoBanenko A.Jl., I'puropenxko .M.,
HNabun JILA. Teopus TOHKMX KOHUYECKHUX
000JI0YeK JTMHEHHO-TIEPEeMEHHOMN TONIINHBL.
— Kues.: U3n-s80 AH YCCP, 1963. — 287 c.
Kosasienko A. /L., ' puropenxo 51.M., Unbun
JLLA., ITomumyk T.M. Pacuer KoHHMYECKUX

53



000JI04eK MpU aHTHCUMMETPUYHBIX Harpys-
kax. — Kues.: HaykoBa nymka, 1966. — 495 c.

7. Kosasenko A.Jl. I30pannsie Tpyasl. — Kues:
HayxoBa gymxka, 1976. — 703 c.

8. TI'puropenko .M., Jauunuuxk U.®. N3rud
KPYIJIOW TIJIACTUHKHU JIMHEHHO-TIEPEMEHHOMN
TOJIIIMHBI MO/ AEHCTBHEM aHTUCUMMETpPUY-
HoU Harpysku // IlpukinagHas MexaHHKa.
—1965. - T. 1. - C. 67-76.

9. KopeneB b.I. Hekotopbie 3anauu Teopun
YOPYTOCTH U TETUIOMPOBOIHOCTH, PEIlIaeMble
B OecceneBblX GyHKIMIX. — M.: @uszmarrus,
1960. — 458 c.

10. KopeneB b.I., Yepnurosckas E.U. Pacuet
IUIUT Ha yOpyroMm ocHoBaHuu. — M.: Toc-
cTpoiuznar, 1962. — 355 c.

11. Conway H.D. Axially symmetrical plates
with linearly variable thickness //J. of Applied
Mechanics.—1951.—V. 18.—Ne2.—Pp. 140-142.

12. Conway H.D. Closed-form solutions for plates
of variable thickness // J. of Applied Mechanics.
—1953. - V. 20. — Ne 4. — Pp. 564-565.

13. Conway H.D. The flexure of rectangular plates
of variable thickness // J. of Applied Mechanics.
—1958. —V.26. — No 2. — Pp. 143-145.

14. bBypmuctpoB E.®. Cummerpuunas nedopma-
1M1 OPTOTPOIHBIX 0000ueK BpatieHus. — Ca-
paroB: 131-Bo CapaToBCKOTO yHUBEPCUTETA,
1962. — 109 c.

15. bypmucrtpos E.®., MacaoB H.M. AuTrcum-
METPUYHBIN H3TH0 KPYTJIOH OPTOTPOITHOM TITa-
CTHHBI IepeMeHHOM TomuHbI // 3Bectust AH
CCCP.—MTT. - 1973. = Ne 3. - C. 170-174.

16. KopeneBa E.b. AHanuThu4eckrue MeETObI
pacuera MJIACTUH MEPEeMEHHOW TONIIMHBI U

Elena B. Koreneva

UX MpakTudeckue npunoxenus. — M.: ACB,
2009. - 240 c.

17. KopeneBa E.b. MeToi KOMIIEHCUPYIOIINX
Harpy3oK JJIsl pelieHus 3aaad o0 aHHu30-
TponHBIX cpenax // International Journal
for Computational Civil and Structural
Engineering. — 2018. — 14(1). — Pp. 71-77.

18. KopeneBa E.b. Ananutnueckoe MoJeaupo-
BaHUE HEKOTOPBIX 3a/lady CTaTUKH U Kojeba-
Hui anmzotponHbIx Tex // VII International
Symposium APCSCE. July, 1-8, 2018. —
Novosibirsk, 2018. — Pp. 478.

19. I'pocman B.P. CoOcTBeHHBIC KOJIeOaHUS
KPYIJIBIX OPTOTPOITHBIX TUIACTHH MEPEMEHHON
TonmuuHbl. Pemienus B pynkusax beccens //
CrpoutenbHasi MEXaHUKA U PacueT COOpYyKe-
Huil. —2012. — Ne 3. — C. 52-54.

20. Kopenesa E.b. Ananuruyeckuii METO peliie-
HUS 33/1a4 O KOJIeOaHUSIX yIPYTHX aHU30TPOII-
HBIX Tel // CTpouTenbHasi MEXaHUKa U pacyeT
coopykeHuid. —2018. — Ne 5. — C. 47-51.

21. Koreneva E.B., Grosman V.R. Forced
vibrations of anisotropic elastic solids subjected
to an action of complicated loads // International
Journal for Computational Civil and Structural
Engineering. — 2019. — 15(3). — Pp. 77-83.

22. KopeneBa E.b., I'pocman B.P. Kone6anus
AHU30TPOMHBIX IUIACTUH, UMEIOIIHUX MpPHU-
COEIMHEHHBIE MACChl WM MPOMEKYTOUHbBIE
onopel. Pemenns B ¢ynknusx beccens //
CrpoutenbHasi MEXaHUKA U PacueT COOpYyKe-
Huil. — 2020. — Ne 5. — C. 52-59.

23. Abramovitz M., Stigan I.A. Handbook of
mathematical functions. — National bureau of
Standarts. 10th Edition. — 1972. — 820 p.

Elena B. Koreneva, Dr.Sc., Professor, Moscow
Higher Combined-Arms Command Academy; 2,
ul. Golovacheva, Moscow, 109380, Russia; tel.:
+7(499)175-82-45, e-mail: elena.koreneva2010@
yandex.ru.

Kopenesa Enena bopucosna, NOKTOp T€XHUYE-
CKHUX Hayk, npodeccop, MockoBckoe BhIcIIEe
00111eBOMICKOBOE KOMaHIHOE OpJeHOB JKyKoBa,
Jlennna u OxTs6pbckoii PeBomonnu KpacHo3Ha-
MenHoe yumaiie; 109380, Poccust, . Mocksa, yi1.
l'onoBavena, 1.2; Ten.: +7(499)175-82-45, e-mail:
elena.koreneva2010@yandex.ru.

54 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 17(1) 55-74 (2021)
DOI:10.22337/2587-9618-2021-17-1-55-74

LOCALIZATION OF SOLUTION OF THE PROBLEM OF
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Abstract: Localization of solution of the problem of isotropic plate analysis with the use of B-spline discrete-continual
finite element method (specific version of wavelet-based discrete-continual finite element method) is under consideration
in the distinctive paper. The original operational continual and discrete-continual formulations of the problem are given,
some actual aspects of construction of normalized basis functions of a B-spline are considered, the corresponding local
constructions for an arbitrary discrete-continual finite element are described, some information about the numerical
implementation and an example of analysis are presented.
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MN3T'UBE N30TPOITHOM ITJIACTUHBI HA OCHOBE
BEUBJIET-PEAJIM3AIIMU JTUCKPETHO-KOHTHUHYAJIBHOT O
METOJA KOHEYHBIX 2JIEMEHTOB C UCITOJIbB3OBAHUEM
B-CILTIAMHOB

M.JIL. Moszanesa’, I1.A. Akumos™ >4, T.b. Kaiimykog'’
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AnHoTanus: B HacTosme cTaTbe paccMaTpUBaeTCA JTOKAIU3ALNS PEIICHHUS 3a/1a9 O TIONePEeYHOM H3TH0e N30TPOITHON
TUTACTHHBI Ha OCHOBE BEWBIIET-pean3alii AUCKPETHO-KOHTHHYaJIBbHOTO METO/1a KOHEUHBIX JIEMEHTOB C UCIIOIb30BAHUEM
B-crnaiinoB. [IpruBeneHbl NCXOMHBIE ONEPAaTOPHBIE KOHTHHYAIbHAs U JUCKPETHO-KOHTHHYAJIbHAS TIOCTAHOBKHU 3aJ1a4H,
PacCMOTPEHBI HEKOTOPBIE aKTya bHbIE BOIIPOCH MOCTPOCHUSI HOPMAIM30BaHHBIX 0a3uCHBIX (GyHKIMH B-crutaiina, onm-
CaHbI COOTBETCTBYIOIIUE JIOKAIBHBIE TOCTPOSHNUS AJIS IPOM3BOJIBHOTO JUCKPETHO-KOHTHHYAIBHOTO KOHEYHOTO JJIEMEHTA,
IIPE/ICTaBIEHBI HEKOTOPBIE CBEACHUSI O YHCICHHON peann3ayuy 1 IpUMep pacueTa.
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INTRODUCTION

As we have already mentioned [ 1, 2], the B-spline
in a given simple knot sequence can be constructed
by employing piecewise polynomials between the
knots and joining them together at the knots [ 1-3].
For instance, compared with commonly used
Daubechies wavelets [4—8] B-spline wavelet
on interval (BSWI) has explicit expressions,
facilitating the calculation of coefficient
integration and differentiation [1-3]. Besides,
the multiresolution and localization properties
of BSWI can also supply some superiority for
engineering structural analysis [1-3]. The early
applications of spline can be found in papers of
H. Antes [9],J.G. Han [10, 11, 27], Y. Huang [ 10,
11], W.X. Ren [10, 11]. The spline wavelet finite
element method was further developed in papers of
D.P. Chen [28], X.F. Chen [12, 13, 1518, 23, 24,
26], H.B. Dong [23],J.G. Han [25], Y.M. He [17],
Z.H.He[18],Z.J. He [12, 13, 1517, 23, 24, 26],
Y. Huang [25, 27], Z.S. Jiang [22], B. Li [13, 15,
17,23], M. Liang [19, 21],J.Q. Long [20], G. Ma
[20], T. Matsumoto [20, 22], S.T. Mau [30], H.H.
Miao [15], Q,M. Mo [18], T.H.H. Pian [28-30],
K.Y. Qi[23], W.X. Ren [25, 27], K. Sumihara [29],
P. Tong [30], Y.W. Wang [22], J.W. Xiang [12—-14,
17-22], Z.B. Yang [15, 16, 24], X.W. Zhang [16,
24,26], Y.H. Zhang [12], Y.T. Zhong [14].

As is known, generally the structural analysis
normally require accurate computer-intensive
calculations using numerical (discrete) methods.
The field of application of discrete-continual finite
element method (DCFFEM), proposed by A.B.
Zolotov [33] and P.A. Akimov [31-33] comprises
structures with regular (in particular, constant or
piecewise constant) physical and geometrical
parameters in some dimension (so-called “basic”
direction (dimension)). Considering problems
remain continual along “basic” direction while
along other directions DCFEM presupposes finite
element approximation. Solution of corresponding
resultant multipoint boundary problems [34] for
systems of ordinary differential equations with
piecewise constant coefficients and immense
number of unknowns is the most time-consuming
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stage of the computing, especially if we take into
account the limitation in performance of personal
computers, contemporary software and necessity
to obtain correct semianalytical solution in a
reasonable time.

High-accuracy solution at all points of the
model is not required normally, it is necessary
to find only the most accurate solution in some
pre-known domains. Generally the choice of
these domains is a priori data with respect to
the structure being modelled. Designers usually
choose domains with the so-called edge effect
(with the risk of significant stresses that could
potentially lead to the destruction of structures,
etc.) and regions which are subject to specific
operational requirements. It is obvious that the
stress-strain state in such domains is of paramount
importance. Specified factors along with the
obvious needs of the designer or researcher
to reduce computational costs by application
of DCFEM cause considerable urgency of
constructing of special algorithms for obtaining
local solutions (in some domains known in
advance) of boundary problems. Wavelet analysis
provides effective and popular tool for such
researches. Solution of the considering problem
within multilevel wavelet analysis is represented
as a composition of local and global components.
Wavelet-based DCFEM is presented in papers of
P.A. Akimov [35-42], M. Aslami [38-40], T.B.
Kaytukov, M.L. Mozgaleva [35-42] and O.A.
Negrozov [38—40].

The distinctive paper is devoted to numerical
solution of the problem of isotropic plate analysis
with the use of B-spline DCFEM.

1. FORMULATIONS OF THE PROBLEM

In accordance with [1] let the constancy of the
parameters of the problem be in the direction
corresponding to x, (main direction). The
operational formulation of the problem with the
use of so-called method of extended domain [43],
taking into account the selection of the main
direction, is determined by the equation:

International Journal for Computational Civil and Structural Engineering
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Element Method
Ly=F,0<x,<(,0<x,<¢, (1.1)
where we have
=—L46§+L28§+L0; (1.2)
L,=0D; (1.3)
I = —[6ft‘5’Dv+2816'D(1—v)61 +9Dv8f]; (1.4)
L, =000} (1.5)
F=0F+6.f; (1.6)
)L (rx,y)eQ
g(xlaxz)_{()’ (xlbxz)gg; (17)
o(x,,x,)=00/0n; (1.8)

Q is the domain, occupied by plate;

Q={(x,x):0<x,<C;0<x,<C}; (1.9)

1’ 2
¢, £, are corresponding dimensions of extended
domain (linear dimensions of plate); x = (x
x,); x,, x, are Cartesian coordinates; 6(x , x,) is
characterlstlc function of domain Q; 6, = 0 [(xl, )
is the delta function of boundary /"= GQ n=n,
n,]" is boundary normal vector; y is deflection of
plate; D is flexural rigidity of plate; v is Poisson’s
ratio of plate; F'is the load in domain Q; f'is the
corresponding boundary load; 0, = d/0x, s = 1,2.
Let us introduce the following notations

Y, =03y =y,
v, =0,y =5 (1.10)

Nh=r, yzzazy:yl',

Thus we can rewrite (1.1):
Ly, + Ly, + Ly, =F. (L1

Finally we obtain system of differential equations
with operational coefficients:

b 0 1 0 0fy 0

Yol 0 0 1 0]y . 0

“ll 0o 0 0 1| (U

vi| [ L'L 0 LiL, Oy | [-L'F
(1.12)
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or
U'=LU+F, (1.13)
where
0 1 0 0
~ 0 0 1 0
= 0 0 0 1 (1.14)
1, 0 I;L, 0
0 N
F = ; U=["2]. 1.15
0 . (1.15)
_LZIIF Yy

The system of equations (1.12) is supplemented
by boundary conditions, which are set in sections

with coordinates le =0and X = L,

2. SOME ASPECTS OF THE
CONSTRUCTION OF NORMALIZED
BASIS FUNCTIONS OF THE B-SPLINE

The construction of B-spline basic functions
is determined by the recursive Cox-de Boer
formulas [1]:

x, S1<x,,
k=1: ¢,®= {0 t<x,Vizx,
(2.1)
I—X.)o. 4
gpi!k(t):( xz)(pz,kfl()_i_
X. =S
k=22 ket 2.2
00000 %P
xi+k_xi+l -

We will consider such a construction for the case
x, =i are integers. Let us note that,

(Di,k(t) = ¢0,k(t - Z)

and therefore, recursive formulas (2.1)—(2.2) can
be represented in the form
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1, 0<r<l

k=l 5”0:1(1):{0 r<ovezt, 3
1

k>2- qDO,k(t) = E[t'qgo,k—l(t)-l_ (24)

+ (k - I)wo,k—l ([ - 1)]

The function ¢ (t) can be represented by formula

00, (1) = Ssign() —sign(-1]. (2.9

Let us denote by A, the operator of the first
difference. Then we have

1 .
Pos (1) === Ay sign(t). (2.6)

We can substitute formula (2.5) into (2.4) in order
to determine ¢ ,(?):

Pox (=111 90, (D) + 2= )y, (L= ] =
= {r [stgn(r) —sign(r 1) +
(2 )lsign(r —1)—sign(t —2)]} =
= %[r sign(?)—2(t —1)sign(z —1) +

. 1
(t—2)s1gn(f - 2)| :E[|t|—2|t—1|+|t—2|.

Let us denote by A, the operator of the second
difference. Then we have

1 1
P2 () =Sl =2]1=1]+|1=2]=24, |t-1].
2.7)

We can define function ¢ ,(?):

2o (=11 902 (0 + (3092 (=D,
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Omitting intermediate calculations, we get

1
P (1) = Z[f'|f|—3(f—1)|l‘—1 |+

+3(t=2) |t-2|—(t-3)|t-3]] =

11
=55 MAE=Dlr=1). @8)

Based on formulas (2.8) and (2.4), we can define
the function

Do (1) = %[r Pos () + (4=t D).

Omitting intermediate calculations, as a result
we get

(00,4(t):
=L-1[r2-|r|—4(1—1)2 |t—1]+
2-3 2
+6(t=2)" |t=2|-4@¢-3) |t-3|+
+(@t—-4)Y |t-4| =

11 > .
=3B =3 [1=2]). 2.9)

It can be proved that for even k£ =2m we have

L Ly @—my» |t-m))

Po i (1) = Qm—1)1 2

(2.10)

and for odd (uneven) k= 2m + 1 we have

LA @ —myt ji-1)).

@ (1) =— 2m)! 2

(2.11)

Note that ¢ (¢) is a polynomial of degree & — 1
with bounded support and, as follows from the
difference operator, this support is equal to the
interval [0, £].
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In addition, we should note the following property
of B-spline basis functions:

Z(DO,,C (t—i)=1 for arbitrary 7. (2.12)

3.SOME GENERALASPECTS OF FINITE
ELEMENT APPROXIMATION

The discrete component of the numerical solution
is represented by the direction along the axis
corresponding to x . The fulfillment within an
element (interval) for all components of a vector
function U (see (1.15)) is the same. Therefore, let
us use the following notation for simplicity:

Let us divide the interval (0, £) segment into N,
parts (elements). Therefore 2, = ¢/N  is the length
of the element. Besides, let us also divide each
element into N_parts (see Figures 3.1-3.3), for
example, N, = 5 (see Figure 3.1).

Let us use the following notation system: i, is the
element number; Np =N, + 1= 6is the number of
nodes within the element; x (i) is the coordinate
of the starting point of the i -th element; x, (i ) is
the coordinate of the end point of the i -th element.
We take y, and y’ = 0, y(x), i = 1,6 as unknowns
at the boundary points. Besides, we take y,, i =
2,3,4,5 as unknowns at the inner points. Thus,
the number of unknowns per element with such
approximation is equal to

x=x,0=C,y=y.j=1234 (3.1 N,=N-1+2-2=N+3=8.
J’jl y/6
» »2 3 ya ys 6
. . . . - )
X1(ie) X2 X3 X4 X5(ie) X6(ie)
| |
h@
Figure 3.1. Finite element discretication for N, = 5 (sample).
y/l y/4
hg! »2 V3 V4
. . - .
X1(ie) Xz X3 X4(ie)
he
Figure 3.2. Finite element discretication for N, = 3 (sample).
Y1 V2
B4 »2
° .
X1(ie) X2(ie)

A
Y

Figure 3.3. Finite element discretication for N, = I (sample).
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For the elements of localization we can take
reduced number of N . For instance, if we take
N, =3 (Figure 3.2) we get N =N +1=4 and
the number of unknowns per element with such
approximation is equal to

N =N —-1+2-2=N+3=6;

x,(i ) is the coordinate of the starting point of the
i -th element; x,(i ) is the coordinate of the end
point of the i -th element; y. and y',, i = 1,4 are
unknowns at the boundary points; y., i = 2,3 are
unknowns at the inner points.

Besides, let us consider the case with (Figure 3.3).
Therefor we have and the number of unknowns
per element with such approximation is equal to

N,=N-1+2-2=N +3=4;
x,(i)) is the coordinate of the starting point of the
i -th element; x (i) is the coordinate of the end

point of the i -th element; y. and y’, i = 1,2 are
unknowns at the boundary points.

4. LOCAL CONSTRUCTIONS
FOR ARBITRARY FINITE ELEMENT

Let us introduce local coordinates:

E=(X—X) /B,y Xy X< Xy ey 01,
1)

In this case, we have the following relations:
x=x =1 =(x —xl(l.e))/he, i=1,.., N, (42)

v _1d°
dx? b’ dt?

. dv=h,-dr. (4.3)

Since the number of unknowns on the element
is equal to N = 8, we use a B-spline of the
seventh degree in order to represent the unknown
deflection function.

Let us use the following notation:

(1) = Do g z+4);

11 4,.6 _ 1 6
enot e IS ES e (RS RIS

7=
—8(t+3)° |t +3|+28(t+2)° |t+2 |-
—56(t+1)% |t +1]+70¢% |£]|—
—56(1—1)° | 1—1]+28¢ —2)° |1 -2 |-
—8(t—3)° [t-3|+(t—D°|t—4]].
(4.4)

This function is a B-spline, symmetric with respect
to ¢ = 0 and its support is defined by an interval
[—4, 4] (Figure 4.1).

We take the following eight functions as basis
functions on the unit interval (Figures 4.2, 4.3):

()=t +2),
@, (1) =),
P () =p-2),
P () =p(t-4),
0<r<l. (4.5)

@ (1) =p(t+3),
e () =@t +1),

(D) =p-1),

P, ()= (t-3),

Since the number of unknowns on the element is
equal to N= 6, we use a B-spline of the fifth degree
in order to represent the unknown deflection
function.

Let us use the following notation:

o(t) = (00,6(t+ 4);

Ll 5t 1= (13|
cv(f)=§5(A2) (’ Itl)—2.51[(f+3) |1+3|

—6(t+2)" |t +2|+15(¢ +D* |t +1]|-
—20¢* [t | +15( D [t 1| -
—6(t-2)" [t—2|+(@-3)" |1-3]]-
(4.6)
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Figure 4.3. Basis functions ¢ (t) and ¢(t).
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This _functlon'ls a B-sphnfr, symmetric Wlth.respect 0, (D=0 +2), ¢,)=p(t+1),

to ¢t = 0 and its support is defined by an interval

[-3,3] (Figure 4.4). P (O =0), ¢, O)=p-1),

We take the following six functions as basis ps(t)=p(1-2), @(t)=p(-3),

functions on the unit interval (Figures 4.5, 4.6): 0<r<l. 4.7)
B-splme 5

b1 ! T ' ! !

P T T T N S N S S

Figure 4.5. Basis functions (1), k=12..3.
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Figure 4.6. Basis functions ¢ (t) and ¢ ().

1 US| ,
()= -(A)"( Ifl)—ﬁ[(“ﬂ) lt+2]-

Since the number of unknowns on the element 312

is equal to N = 4, we use a B-spline of the — 4+ D [t +1] 4687 1] -

third degree in order to represent the unknown —4(t—=1)7 |t -1+ -2)"|t-2]].
deflection function. (4.8)

Let us use the following notation:
This function is a B-spline, symmetric with respect
P(0) =, (t+4); to ¢ = 0 and its support is defined by an interval
[-2, 2] (Figure 4.7).

01 ! ! ! ! ! ! !

e o S . s
- -,——/|
e o ot
e s s o e o
O A S o v

Figure 4.7. B-spline of the fifth order (1) = ¢ (t + 3).
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P N R
0 01 02 03 04

05 06

Figure 4.8. Basis functions ¢, (1), k = 1,2,...,4.

We take the following four functions as basis
functions on the unit interval (Figures 4.8):

p (D =p(+1), ¢,(0)=0(),

o) =0—-1), () =0(-2),

0<t<1. 4.7
We represent the unknown deflection function y(x)
within the element number i, in the form

y(x) = w(t) =Y e (),

Xy SXS X ys

0<r<1. (4.8)

We have to consider bilinear forms with allowance
for relations (4.2) in order to construct local
stiffness matrices corresponding to the operators
Ly, L,and L, (see (1.3)~(1.5)):

(i) 12 d
By(y.z2)=<Lyy,z>=—- | —56D ~zdx =
2 (1,2)=<Lyy ﬁ(j) dx2
- 0D T dy d_zz -
i, zexl(i)dxz dx2
1 cdiw div
=—— —-dt = B,(w,v); (4.9
e ,gdtz = L (w.9); (4.9)

64

*5(ig)
B(y,z)=<L,y,z>=6D, Iy rzdx =

*1(ig)

1
=1,0,D, [wvdi=B,(w,v); (4.10)
0
B,(y,z2)=<L,y,z>=<L,y,z>+
+<Lyy,z>+<Lyy,z>, (4.11)
where
T56,) 32
<Lyy,z>=-0,D, v, I d{za’xz
Tidie)
1 cdw
- —ZQ;D[.QVEE!? vdt = B, (w,v); (4.12)
T50ig) dzz
<L,v,z>=-6.D. v, : dx =
23y i, x[{)y dx2
1 o dy
=—h—9l.eDieviJw 7dr=Bz3(w,v); (4.13)
e 0
T5(ig) d
<Lyy,z>=-2 j —HD(I v)— zdx =
*1(i, )
X5(i,)
dy dz
=20,D,(1-v,) [ & Zax=
A-v) j >
*1, )
=hL26ieDl.e(1— jd—w ﬁdr B, (w,v).
(4.14)
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for the following type of functions

V) =wt) = a0, (1),

2 =v) =Y B, (1),

x<x 0<r<1 (4.15)

Xy(ie) < N, (ie) >

Let us substitute (4.15) into (4.9)—(4.14):

1 42 2
1 .ij-dw dv

B,(w,v) _E D, s =
HiD N N
— Zzaﬁjqo(r)co"(r)dr—
hg i=l j=1
0D, . _
==K, P, (416)
where
0 1 d’p
Kop(i.))= [ol0)(0dt; ¢"==25 (4.17)
0
1
B,(w,v)= heﬁieDiJw vdt =
=0,D,h ZZaﬂ j(p(r)go (1)dt =
i=l j=1
=h0,D, (K,,@,f), (4.18)
where
1
KiG)=[o0p,0di;  (4.19)
0
1 cd*w
le(w,v)=—ze9l_pjevfe f v =
0D v XX )
=———==3 > ap jco(r)co (t)dt =
he i=1 j=1

0DV, .,
=—— (KL TF), (420)
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where
1
K3 )= [l (nde;  (4.21)
0
1 2
ERCT (LY, v Iw-d—:dt:
he e e le
49 Dl v, L& ,
= 2.2 b j (@] (1) di =
e i=l j=1
6.Dv, ..
. “(KLa.p). (4.22)

where

K5G.))= j Q. (@] (dt = K7 (7,1)5 (4.23)

fdw dv
lz(wv)—E2t9D(l— [ = =t =
0 D. (1 N
= % Zaﬁj.qot(z‘)q)j(z‘)dt_
0 D (1-v, ) n_
= h—K ﬁ) (4.24)
where

1
R T ,_d
K. = [olw)dr, ¢f =% (425)
0

Let us define the parameters a, and f, through the
nodal unknowns on the element:

N,
y,=w(t)= Zak(Pk(tf) 5
=

f=(x, = %) b, i=1.,N,; (4.26)
dy. 1 1 e
o w(t)=— a,plt),
dx hew(z) he}czz; kqpk(z)
=, -x)h, i=LN.  (427)
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yle= Ta,
0, (0) 9,00 94(0)
P[(0) @, (0)  @i(0)
»(02) ¢,(02) ¢,(0.2)
7=p 20D ¢,(04) 9,004
¢,(0.6) ¢,(0.6) ¢,(0.6)
»,(0.8) ¢,(0.8) ¢,(0.8)
o e, (D
o) () @i
For the case N, =6we have
yie = Tﬁa s
where
I »(0) ¢,(0)
2/ (0)  @3(0)
_ @1(1/3) @2(1/3)
1=Dd p213) ,2/3)
Qj’l(l) @2(1)
L 2(0)  9i(0)
For the case N, =4 we have
ye=T,3a,
where
Sy D D,
e =y o )2 dx] ;
a=la a, a, a4]T ;
D=diag(l1 1/h, 1 1/h,);
66

where
(428) ye=[n % Yo Vs Yo Vs Ve dy_ﬁ]T ; (4.29)
x dx
a=la, a, a, a, a, a, a, a;]' ; (4.30)
D=diag 1/h, 1 11 1 1 1/h). (431)
2,(0) 950 (0 9,00 @ (0) ]
,(0)  20) (0 0 (0
?,(02) 9(0.2) ¢,(0.2) ¢,(0.2) ¢4(0.2)
?,(04) 904 ¢, (04) ¢,(04) ¢(0.4) (4.32)
9,(0.6) 9,(0.6) ¢,(0.6) @,(0.6) @ (0.6)" "~
?,(0.8) 9(0.8) ¢,(0.8) ¢,(0.8) ¢:(0.8)
o) o) o) o) )
A I () R A () A VR4 (VI
Sy D1 By
ve=In ALY dx] ;o (4.34)
(4.33) B )
a=la a, a, a, a, a,| ; (4.35)
D=diag(l 1/h,1 1 1 1/h). (4.36)
¢5(0) ,(0) ¢5(0) 9s(0) ]
250) @00 2i(0)  @(0)
@3(1/3) (04(1/3) @5(1/3) (06(1/3) . (4.37)
0,(2/3) ¢,(2/3) 9,(2/3) @, (2/3) |’ )
o5(1) o, (1) os(1) (1)
25(0)  @i(0) @l (0) @ (0) |
?(0) 9,(0) @,(0) ¢,(0)
438 _n |20) ¢,(0) ¢(0) ¢,(0)
@3 L=DI00) 60 a0 o[ @D
() o) (1) @)
(4.39) Similarly, we get
(4.35) z,=T, B (4.42)
(4.40)

forN =8,N =6,N =4
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From (4.28), (4.33), (4.38) and (4.42) it follows

a=1,7"; B = T, 2" (4.43)

We have the following chain of equalities

(Ko, B) = (K, 1, v, 1,,'7) =
=((Iy)' K, 1 5",2%) . (4.44)

Therefore, substituting (4.43) sequentially in
(4.16), (4.18), (4.20), (4.22), (4.24), we obtain

local stiffness matrices K(;?, Kff, K;'el, K% ,
K}, K, corresponding to the operators L,
L4’ LZl’ L23’ LZZ’ L2'

5. EXAMPLE OF ANALYSIS

5.1. Formulation of the problem.

Let us consider the problem of the bending of a
thin plate rigidly fixed along the side faces under
the influence of a load concentrated in the center
as an example (Figure 5.1).

Letus consider the following geometric parameters:
L ,=09m,L,=1.0m,s=0.05mis the thickness.
Let us consider the following design parameters
of material of plate: coefficient of elasticity £ =
3000-10* kN/m?, Poisson's ratio v = 0.16.

Let external load parameter be equal to P =1 kN.

5.2. Structural analysis with allowance for
localization.

Let the number of elements be equal to N, = 6.
Then we have the following element length:

h,=L/N =0.9/6=0.15.

Let’s define localization in the load area.
For the first element and for the sixth element
we have N, = 1 and third-order spline; distance
between the coordinates of the nodes of the first
element and the sixth element is equal to

h,=h,=0.15/1=0.15.

Volume 17, Issue 1, 2021

For the second element and for the fifth element
we have N, = 3 and fifth-order spline; distance
between the coordinates of the nodes of the second
element and the fifth element is equal to

h,=h,=0.15/3=0.05.
For the third element and for the fourth element
we have N, = 5 and seventh-order spline; distance
between the coordinates of the nodes of the third
element and the fourth element is equal to
h,=h,=0.15/5=0.03.
The total number of inner nodes is equal to
N, =2(4+2+0)=12.
The total number of boundary nodes is equal to
N, =N +1=7.

The total number of nodes for all elements is
equal to

N,=N +N,=12+7=19,

Figure 5.1. Example of analysis.

The number of nodal unknowns for each component
of the vector function Vs j=1,2,3,41s equal to

N =N +2N,=12+2-7=26.
g p b
The total number of unknowns is equal to
N,=4N_=4-26=104.
4
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X 10‘5 =20

loc-spline | H ' i

" ot
Figures 5.2. Comparison of the results of analysis in the middle sections along x| direction
(discrete direction).

< 1° x1=17

loc-spline
cub

Wxa)

01 02 03 04

05
x2

Figures 5.3. Comparison of the results of analysis in the middle sections along x, direction
(continual direction).

5.3. Structural analysis without localization.

In this case, we will consider only the standard
cubic fulfilment. In this case, the length of the
element is taken equal to the minimum distance
between the nodes, i.e. #,= 0.03. Then the number
of elements is equal to

N,=0.9/0.03 =30

and the total number of nodes is equal to N,
31. In this case, the number of nodal unknowns

68

for each component of the vector function y,, j =
1,2,3,4 is equal to ‘

N,=2:N,=2-31=62
and the total number of nodal unknowns is equal to
N,=4N_=4-62 = 248.
4

Graphical comparison of corresponding results
of analysis is presented at Figures 5.2 and 5.3
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(Loc-spline are nodal values computed with
allowance for localization; cub are nodal values
computed without localization).
As researcher can see, the results obtained are
almost completely identical. Besides, the use of
localization based on application of B-splines of
various degrees leads to a significant decrease in
the number of unknowns. The difference for this
example is equal to

N,  —N

Ucub Ul

=248 104 = 144,
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Abstract. The paper describes the technique of strengthening shallow foundations of reconstructed buildings using injection
piles. First, the constructive solution of the existing foundations, the structural scheme of the building, as well as the loads
transferred to the building structures before and after its reconstruction are established. At the same time, an assessment of the
soil conditions of the construction site of the reconstructed building is carried out; a bearing soil layer is revealed for deepening
the lower ends of injection piles. Based on the data obtained, the loading of the base of the foundations of the reconstructed
building is assessed and the need for their reinforcement (or further operation without reinforcement) is established. In the case
of strengthening the foundations of the building, the method of transferring the additional load to the injection piles is selected.
Then their bearing capacity and design loads allowed on the piles are substantiated. The construction of foundations is carried
out, taking into account their reinforcement with injection piles, which are hereinafter called combined. Verification calculations
of the base of the combined foundations are performed for the first and second groups of limit states. In accordance with the
regulatory documents, strength calculations of the main structural elements of foundations are carried out, which are necessary
to ensure their full operation, taking into account the reinforcement. At the final stage, working documentation is developed to
strengthen the foundations of the reconstructed building. The stages of the design of strengthening the foundations of reconstructed
buildings using injection piles presented in the work allow to properly and consistently organize the work of specialists.

Keywords: reconstruction of buildings, soil conditions, shallow foundations, injection piles, calculation and design
methods, foundation reinforcement, combined foundations.

YCUWJIEHHUE ®©YHIAMEHTOB PEKOHCTPYUPYEMBIX
3JAHUHA UHBEKIITMOHHBIMU CBASIMU

AU, Honuwyk’, H.C. Hukumuna?, A.A. Ilemyxoe’, H.B. Ceménos’
! KybaHckuit rocyapcTBeHHblIi arpapubiii yausepcuret um. U. T. Tpyoununa, r. Kpacuogap, POCCUS

2 HarmoHaTbHBIN HCCIIENOBATEbCKUT MOCKOBCKHUI TOCYMApCTBEHHBIH CTPOUTEBHBIN YHIUBEPCHTET,
r. Mocksa, POCCH

Annortanus. M3naraercs Metoyka ycrieHus (pyHIaMEHTOB MEJIKOTO 3aJI0KEHHS PEKOHCTPYHPYEMBIX 3/1aHHH C UCTTONB30BAaHHEM
WMHBEKIMOHHBIX CBail. BHauase ycraHaBInBaeTCst KOHCTPYKTHBHOE PEIICHUE CYIIECTBYIOMMX (DyHTIaMEHTOB, KOHCTPYKTHBHAsI
CXeMa 37IaHusl, a TaKKe Harpy3KH, MepeiaBaeMble Ha CTPOUTEIIbHBIE KOHCTPYKIMH JI0 ¥ TIOCJIE €ro peKoHCTpyKIwu. OxHoBpe-
MEHHO BBITIOIHSETCS OLICHKA TPYHTOBBIX YCIIOBHH CTPOMTEIHHOH TIIONIAJKH PEKOHCTPYHPYEMOTO 3/IaHUS; BBISBIISIETCS HE-
CyIIMIA CJIOW IPyHTA JUTst 3aNTyOJIeHHsT HYDKHUX KOHIIOB MHBEKIIMOHHBIX cBail. Ha OCHOBE MOTyYEeHHBIX JAHHBIX ITPOU3BOANTCS
OIIEHKA 3arpy>KeHHs] OCHOBaHUS (DYHJAMEHTOB PEKOHCTPYHPYEMOTO 3/I1aHHMS M yCTaHABIIMBAETCSI HEOOXOMMOCTD MX YCHIICHUS
(v manpHelnIel skeruTyararms 6e3 ycrienus). B ciydae ycrmnenust pyHIaMeHTOB 3/1aHusT BBIOMPASTCsI CIIOCO0 Mepeiadu J10-
TIOJTHATEIILHOM Harpy3KH Ha MHBEKIMOHHBIE CBaM. 3aTeM 000CHOBBIBAETCS MX HECYINAst CHOCOOHOCTH M pacyeTHBIE HATPY3KH,
JIOITyCKaeMble Ha cBar. [1pon3BotuTCst KOHCTpyHpoBaHHe (DyHIaMEHTOB C YUETOM MX yCHIICHHS! MHBEKIIMOHHBIMHU CBAsIMH, KO-
TOpBIE B TabHEHIIIEM Ha3bIBAIOTCSI KOMOMHUPOBAHHBIMU. BBIMOIHSIOTCS TOBEPOYHbIE pacyeThl 0CHOBAHMSI KOMOMHHPOBAHHBIX
(yHIAMEHTOB 110 TIEPBO ¥ BTOPOH IpyTITIaM IPeieIbHBIX COCTOSIHHI. B cCOOTBeTCTBIY C HOPMaTHBHBIMH JIOKYMEHTAMH BEILYTCS
PpacyeTsl OCHOBHBIX KOHCTPYKTHBHBIX JIEMEHTOB (PyHJAMEHTOB Ha IPOYHOCTb, HEOOXOTMMBIX 7151 00€CTIeUeHHS MX ITOJTHOLIEHHOM
paboThI ¢ yueToM ycuiieHus1. Ha 3akimoanTennsHOM dTane pa3padarsIBacTcst paboydast JOKyMEHTAIHs 110 YCHIICHHUIO (hyH/IaMEHTOB
PpeKOHCTpyHpyeMoro 31anust. [IpeicraBieHHbIe B padoTe 3Tambl IPOSKTHPOBAHUS YCHIICHUS (hyHIaMEHTOB PEKOHCTPYHPYEMBIX
371aHUH C NCTIOTB30BaHNEM HHBEKIIMOHHBIX CBai MTO3BOJISIIOT MPABHIIBHO 1 ITOCIIE/IOBATELHO OPTraHN30BaTh PA0OTY CIEIHAIIIICTOB.

KiiroueBble €j10Ba: PEKOHCTPYKIHS 37aHUM, QyHIAMEHTBI MEJIKOTO 3aJI0KCHHUS, METOMKA YCUICHUS (DyHIaMEHTOB,
HHBEKIIMOHHBIC CBaK, KOMOWHUPOBAHHBIC (DYHIaMEHTHI.
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BASIC PROVISIONS

During the reconstruction of buildings, the loads
on the building structures often increase and
the pressure along the bottom of the existing
foundations increases. Such operating conditions
of buildings can lead to a loss of the bearing
capacity of the base, significant settlement of
foundations, the development of cracks in walls
and other building structures. Therefore, from
time to time there is a need to strengthen the
foundations and harden the soils of the base of
the reconstructed buildings.

One of the ways to increase the bearing capacity of
the foundation of shallow foundations is to change
their operation scheme by transferring part of the load
from the building to additionally arranged piles [1—
5]. At the same time, in order to strengthen shallow
foundations in clayey soils, injection cylindrical piles
are increasingly being developed. They are arranged
by pressing a metal injector into clay soil, followed
by feeding a fine-grained mobile concrete mixture
under pressure and pressing the wells [6—12].

FOUNDATION REINFORCEMENT
DESIGN METHODOLOGY

The design technique for reinforcing shallow
foundations using injection piles includes the
following main stages:

1. Based on the results of the survey and the use of
archival documentation, the constructive solution
of the existing foundations, the structural scheme
of the building, as well as the loads transferred
to the building structures before and after the
reconstruction of the building are established;

2. Assess the soil conditions of the construction
site of the building to be reconstructed and identify
the load-bearing soil layer for deepening the
lower ends of injection piles used to strengthen
the foundations;

3. Assess the loading of the shallow foundations of
the building to be reconstructed and establish the
need for their reinforcement (or further operation
without reinforcement);

4. Choose a method for installing injection piles
and transferring an additional load to them in case
of strengthening the foundations of the building;
5. Substantiate the bearing capacity of the injection
piles, as well as the design loads allowed on these
piles.

6. Carry out the design of the foundations, taking
into account their reinforcement with injection
piles.

7. Perform verification calculations of the base of
the reinforced foundations (combined) for the first
and second groups of limiting states (for bearing
capacity and deformations). The settlements of
the foundations established in this case after their
reinforcement and the transfer of an additional
load should not exceed the permissible values;

8. Perform calculations of the main structural
elements of foundations for strength (selection
of reinforcement of reinforcement elements,
designation of sections of thrust beams,
calculation of foundations for punching, etc.),
necessary to ensure their full operation, taking
into account reinforcement; the solution to these
issues is carried out in accordance with the
regulatory documents (SP 16.13330.2017, SP
63.13330.2018, etc.).

9. Prepare working documentation for strengthening
the foundations of the re-constructed building.

MAIN DESIGN RESULTS AND THEIR
APPLICATION

Constructive solution of existing foundations.
The constructive solution of the foundations of
the buildings under reconstruction is established,
as a rule, according to the results of the
examination of building structures and soils of
the foundation. In this case, it is recommended to
use design, executive and archival documentation
for the building being reconstructed (conclusions,
technical reports, inspection reports, etc.).
Inspection of foundations is carried out more
often from pits, which are laid in the most
characteristic places of the building plan. Other
methods, instruments and equipment are also
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used to inspect foundations, base soils. When
examining foundations in prepared pits, their
geometrical parameters are determined (depth,
base width, thickness of the slab part, dimensions
of the pocket foundation or wall part of the
foundation, etc.) At the same time, during the
examination, the strength characteristics of
the foundation materials are determined and
their defects are identified (the presence of
concrete chips, brickwork, cracks, corrosion
of reinforcement, violation of waterproofing,
etc.). The strength of the foundation material
is established by destructive or non-destructive
methods.

Based on the results of a survey of foundations
(including base soils), taking into account the
identified defects and damages, an assessment of
their technical condition is given in accordance
with the recommendations of GOST 31937-2011.
Details of the assessment methods can be found
in the papers [13, 14, 16].

At the design stage of foundation reinforcement,
it is important to determine the loads transmitted
to the foundations of the building before and
after its reconstruction. Loads, as a rule, are
installed at the level of the foundation cutoff,
the external planning mark or the basement floor
level (basement, technical floor). Constant loads
(weight of bearing and enclosing structures,
weight and pressure of soil, etc.), transferred
to the foundations of the building before its
reconstruction, are determined by the results of
the survey of the building and the use of archival
data (including measurements, identification
of types building materials). Temporary loads
are established depending on the purpose of
the building (taking into account the weight
of equipment and devices, people, furniture,
etc.) and the area of its construction (snow,
wind, seismic, etc.). The loads transferred
to the foundations of the building after its
reconstruction are usually established according
to the data of the adopted design decisions,
taking into account the technical condition of
the design assignment.

Volume 17, Issue 1, 2021

Assessment of soil conditions. Assessment of
the soil conditions of the construction site of a
building being reconstructed is understood as
a generalization of the results of studies of soil
properties and composition of underground water
performed at the stage of surveys (geotechnical,
geotechnical, including archival, etc.), and
identifying the possibility of their use as foundation
base. Assessment of soil conditions of construction
sites of reconstructed buildings is carried out
based on the results of studying materials of
geomorphology, lithological structure and
engineering-geological sections, as well as
physical and mechanical properties of soils and
hydro-geological conditions of construction,
which are given in reports (conclusions) for
engineering and geological surveys. Assessment
of soil conditions usually begins with an analysis
of archived soil data from the site in question. The
reliability and efficiency of the decisions on the
foundations and foundations of the reconstructed
buildings and structures taken in the project largely
depend on the quality and completeness of the
survey materials [14, 15].

One of the main issues in assessing the soil
conditions of the construction site of a building
being reconstructed is the choice of the bearing
layer of the foundation soil for injection piles,
into which it is assumed that their lower ends
are buried. As a rule, this layer should be the
strongest, less compressible in comparison with
other engineering-geological elements (soil layers)
within the length of the piles and the compressible
thickness of the base of the pile foundations.
Assessment of the loading of the foundation base.
The assessment of the loading of the base of the
foundations (shallow foundation) is understood as
the analysis of the initial data and the results of
the calculation, in which the correspondence of the
size of the base of the considered foundation to the
existing loads (N, M, Q) and the soil conditions of
the construction site of the reconstructed building
isrevealed. When assessing the loading of the base
of the foundations, the conditions are checked

(Fig. 1):
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pmax = 1’2Rcs

pmin = O’
P=R,

(1)

where p — average pressure along the foot of
the foundation (before and after reconstruction

N = wom—
1| BRIz
Lol

g
(=]
T

0

b/2 | br2

Parameter R — it is such a pressure on the
ground of the foundation along the foot of the
foundation, which takes into account the effect of
its compression by the load from the weight of the
building. In order to determinate R, we use the
method the basis of which is formula (5.7) from
SP 22.13330.2016 with the existing prerequisites
and restrictions. The method takes into account the
changes in soil properties caused by compaction
and watering (soaking), which lie at the base of
the foundations of long-term buildings. In general,
the design resistance of the compacted soil of the
base Rcs is determined by the formula [16]:

_ Ye1 " Ye2

Ryq X

-(My-Kz-b-yH-Ky
+Mq'd1'YiI
+(M;—1)dp vy +

+M; -y K.) - K,

)
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of the building), kPa; R — design resistance
of the compacted soil of the base, kPa; p_,
p,,, —Tespectively, the maximum and minimum
pressure along the foot of the foundation before
and after the reconstruction of the building, kPa.

Figure 1. Design diagrams of the projected
foundations of reconstructed buildings:

a — a free-standing foundation for a building
without a basement; b — strip foundation
Jfor a building with a basement; p, ., p . —
respectively, the maximum and minimum
pressure on the base of the foundation, kPa, |,
b — respectively, the length and width of the base
of the foundation, m; d — foundation depth, m; h
— foundation height, m; Q, N, M — loads acting
on the foundation; h_— thickness of the soil
layer above the foot of the foundation from the
basement side, m; h_basement floor structure
thickness, m, d, — basement depth, m

where K , K coefficients taking into account
changes in density characteristics p (specific
gravity v, ) and specific cohesion ¢ of base soils
under the foundation during the period of operation
of the building; My , Mq , M, — coefficients adopted
according to SP 22.13330.2016 depending on the
characteristics of the angle of internal friction of
the soil ¢, base, compacted by pressure p from
the building in use:

O =¢n - Ky, 3)
¢, — angle of internal friction of natural (non-
compacted) foundation soil, degrees; K, -
coefficient taking into account the change in the
characteristic of the angle of internal friction for
the period of building operation; K — coefficient
taking into account the degree of implementation
(use) of the maximum foundation settlement
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during the period of the building's operation. The
rest of the notation is the same as in formula (5.7)
SP 22.13330.2016.

Coefficient values K, K, K, established
experimentally for clayey soﬂs They are selected
depending on the ratio of the average pressure p
along the base of the operating foundation to the
design resistance of the natural (uncompacted)
soil of the foundation R, which was taken during
the initial design of the object (p/R). Values of
coefficients Ky, Kw, K accepted by [13, table 16.3;
16, table 6.1].

The value of the coefficient K varies from 1 to 1.4,

depending on how fully the ultlmate foundation
settlement s for the building under consideration
is realized during its operation. The largest value
of the K coefficient is taken when the calculated

+0.000

2 )

(actual) settlement of the foundation s of the
existing building, established at the actual pressure
p, 1s less than 20% of the maximum permissible
s (s<0.2s ). If the calculated (actual) foundation
settlement s is more than 70% of the maximum
permissible su (s > 0.7 s ), then the value of the K
coefficient is taken to be one (K =1). The Values
of the coefficients K _are taken according to [13,

table. 16.4; 16, table 6.2].

In the event that one or two of the conditions (1)
are not met, then a decision is made on the need
to strengthen the foundation (strengthening the
base) of the reconstructed building.

Method for setting up injection piles. After
assessing the loading of the base of the foundation
(shallow foundation) and making a decision on the
need to strengthen it, one of the two main methods

+0.000

Figure 2. Methods for arranging injection piles when reinforcing strip foundations of reconstructed
buildings: a, b — respectively, under the sole of the existing strip foundation and adjacent to its
perimeter, 1 — existing strip monolithic reinforced concrete foundation, 2 — existing strip rubble

(brick) foundation, 3 —

injection pile; 4 — a tapered hole in the slab part of the existing foundation;

5 — transverse metal beam, arranged through a hole in the wall part of the existing strip foundation;
6 — longitudinal reinforced concrete beam; 7 — bearing layer of solid (low-compressive) soil

Volume 17, Issue 1, 2021
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10,000

Figure 3. Methods for installing injection piles when strengthening individual foundations of
reconstructed buildings: a, b — respectively, under the sole of the existing separate foundation and
adjacent to its perimeter; 1 — existing separate monolithic reinforced concrete foundation;

2 — existing separate precast reinforced concrete foundation; 3 — injection pile; 4 — a tapered
hole in the slab part of the existing foundation, 5 — reinforced concrete cage, arranged along the
perimeter of the foundation, 6 — bearing layer of solid (low-compressive) soil

of installing injection piles and transferring to
them and below the soils of the base part of the
load from overhead building structures is selected.
Such piles can be installed directly under the
base of the existing foundation (first method)
or adjacent along its perimeter (second method)
(Fig. 2, 3). The foundation arranged in this way is
often called combined. In this case, the combined
foundation can be single-pile (if one pile is
arranged under a column or pillar), cluster (if two
or more piles are arranged) and in the form of a
pile field (if ten or more piles are arranged under
the existing foundation).

In the first method, injection piles, arranged
directly under the base of the foundation, transfer
part of the external load to the bearing layer
of the solid foundation soil within the contour
(perimeter) of the base of the existing foundation
(Fig. 2a, 3a).

According to the second method, piles are arranged
along the contour or along the perimeter of the sole
of'the existing foundation (strip and separate). Part
of the external load on the supporting solid layer
of the foundation soil is transferred to the injection
piles adjacent to the foundation. The junction of
the piles with the body of the foundation (the base
of the foundation) is usually arranged rigid and
equal in strength (Fig. 2b, 3b) [16, 17].

Justification of the bearing capacity of piles.
Let us consider the assessment of the bearing
capacity of injection piles. Their bearing capacity
F, is understood as the limiting resistance of
the near-pile basement soil to their movement
under load. To estimate F, the bearing layer of
the foundation soil is selected according to the
engineering-geological section, in which the lower
ends of the piles are arranged (see above). The
choice is made in favor of the most durable soil
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layer, less compressible in comparison with other
upstream engineering-geological elements. Weak
soils (varieties of clayey soils of fluid-plastic and
fluid consistency, loose sands, peat, etc.) are not
recommended to be used as a bearing layer of the
base of combined foundation.

The value of the bearing capacity of the hanging
pile F, can be pre-determined analytically by the
physical and mechanical characteristics of the
base soil using the formula (7.8) according to SP
24.13330.2011 — Pile foundations:

n
Fd:YC.(YCR.R.A+u.ZYCf.fi.hi>' (4)
i=1

Considering the data for determining the bearing
capacity of injection piles 7, according to condition
(4), the following should be noted. At the initial
stage of performing work on their device, a metal
injector is pressed into the ground without its
excavation, which is similar to the method of
immersing piles by indentation. But the supply of
fine-grained mobile concrete under pressure into the
well (through the injector) and its further pressure
testing have common features of the technological
processes of the injection pile device. Therefore,
the peculiarities of the injection pile device do not

i

N2 +0.000

2 = 2
// ////
A

%
A

3

P

Volume 17, Issue 1, 2021

allow to fully use the values of the coefficients y
and 7, fprovided in the regulatory and other technical
literature. Thus, formula (4) for injection piles
often leads to significant reserves of their bearing
capacity, and, often, does not reflect the features of
the device technology. Consequently, the values of 7,
established by the calculation according to (4) should
be considered as preliminary, which need additional
verification. It should also be noted that the method
for determining /' according to (4) is used more often
for conditions of new construction and does not take
into account the stress-strain state of the soil of the
foundation of the building being reconstructed. In
recent years, methods for determining the bearing
capacity F, of injection piles for foundations of
reconstructed buildings have been developed,
which are based on the results of experimental and
theoretical studies. The results of these studies can
be found in the papers [7, 9, 10, 13].

Foundation design. When designing foundations,
taking into account their reinforcement, first analyze
the data on loads N, and N, at the floor elevations
of the first (basement) floor before and after the re-
construction of the building (Fig. 4). The planned
number of injection piles required to strengthen the
foundation, as well as the choice of the method of
transferring additional load AN from the building
AN =N, — N, to them significantly depends on the

Figure 4. Scheme of distribution of external
load from the reconstructed building between
the elements of the foundation: a — before its
strengthening, b — after reinforcement with
injection piles; 1 — column, 2 — separate
Jfoundation; 3 — injection pile; N, is the load
on the foundation before the reconstruction of
the building; N,— load on the foundation after
the re-construction of the building; N, is the
load transferred to the slab part of a separate
foundation under conditions of building
reconstruction; N_ — the same, transferred to
injection piles; p,—pressure on the sole of a
separate foundation before its strengthening;
P, —pressure along the bottom of a separate
foundation after its strengthening
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difference between these loads N, and N,. Then, the
calculation of the proportion of loads transmitted to
the base soil by the base of the foundation N, and
injection piles N . The share of Nfis calculated taking
into account the strength (bearing capacity) of the
foundation soil and the pressure pf (load N,) from
the building before its reconstruction [12, 17]. Next,
they begin to design the foundations, taking into
account its reinforcement with injection piles (Fig.
4). Assign the geometric dimensions of additional
structural elements of the reinforcement (beams,
clips, grillages, struts, tides, etc.). In the presence
of significant defects in the pocket foundation (for
individual shallow foundations) or in the wall, slab
parts of the foundation (for strip foundations), their
preliminary restoration is envisaged.

Verification calculations of the base of foundations.
Verification calculations of the base of foundations,
taking into account their reinforcement by injection
piles, are performed according to the first and
second groups of limiting states (in terms of bearing
capacity and deformations). The complexity of
such calculations lies in the fact that the base of
the existing foundation is in a stressed state, as
it experiences pressure from the reconstructed
building, which must be taken into account in the
design. At present, a limited number of methods for
calculating the settlement [8, 18] and the bearing
capacity [2, 6, 10] of the base of foundations,
taking into account their strengthening, have been
developed, which have not yet been included in
the regulatory documents of Russia. Therefore,
quite often in the design of the foundations of
reconstructed buildings, taking into account their
strengthening, regulatory and technical literature
is used, prepared for the design of foundations in
conditions of new construction [2, 3, 5, 19].
Strength calculation of foundation elements
and their design. The structural elements of
the reinforced foundation and the nodes of their
interface are calculated in accordance with the
methods given in the normative and technical
literature (SP 63.13330.2018; SP 16.13330.2017,
SP 14.13330.2018; Reference book of geotechnics,
2016, etc.), taking into account those in force on
these elements are actual loads and actions. Such

structural elements include reinforced concrete
clips, stiffening belts, beams, building elements,
as well as metal (steel) struts, struts, shelves,
anchors, etc. Taking into account the calculations
performed, they are designed [17, 20, 21].
Preparation of working documentation. Design
of reinforcement of foundations of reconstructed
buildings with injection piles provides for the
preparation of working documentation. The
documentation includes detailed drawings for
the performance of work, specifications for the
materials used, a work production project (WPP),
etc. The working documentation also indicates
measures for unloading the building structures
of the aboveground part of the building, as well
as safety measures during production work to
strengthen the foundations.

CONCLUSION

It has been established that in the conditions of
reconstruction of buildings in clay soils, a method
of strengthening (increasing the bearing capacity)
of shallow foundations by transferring part of
the load from aboveground building structures
to additionally arranged injection piles is widely
developed. At the same time, their device is
performed by pressing a metal injector into the
ground, followed by injecting a fine concrete
mixture into the well. Fine-grained mobile
concrete mixture is supplied to the wells formed in
this way under pressure, which performs pressure
testing. The experience of the reconstruction of
buildings shows that by now the main approaches
to the design of reinforcement of shallow
foundations known from technical and regulatory
literature have been developed. However, for
the conditions of reconstruction and restoration
of buildings, the issues of justifying the bearing
capacity of injection piles used to strengthen,
design combined foundations, methods of their
verification calculations have not yet received
proper development. The solution of these issues
will make it possible to properly and adequately
organize the work of specialists.
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RELIABILITY ANALYSIS OF RHS STEEL TRUSSES JOINTS
BASED ON THE P-BOXES APPROACH

Anastasia A. Soloveva, Sergey A. Solovey
Vologda State University, Vologda, Russia

Abstract: Reliability is one of the main indicators of structural elements mechanical safety. The choice of stochastic
models is an important task in reliability analysis for describing the variability of random variables with aleatory
and epistemic uncertainty. The article proposes a method for the reliability analysis of RHS (rectangular hollow
sections) steel truss joints based on p-boxes approach. The p-boxes consist of two boundary distribution functions
that create an area of possible distribution functions of a random variable. The using of p-boxes make possible to
model random variables without making unreasonable assumptions about the exact cumulative distribution functions
(CDF) or the exact values of the CDF parameters. The developed approach allows to give an interval estimate of
the non-failure probability of the truss joints, which is necessary for a comprehensive (system) reliability analysis
of the entire truss.

Keywords: reliability, truss, joint, p-box, random variable, safety, uncertainty, probabilistic design

METO/ OHEHKHN HAJAEXHOCTH Y3J10B CTAJIBHBIX
®EPM U3 THYTOCBAPHBIX TIPO®UJIEM (I'CIT) HA OCHOBE
P-BJIOKOB

A.A. Conosvesa, C.A. Conoswves
Bonoroackuii rocygapcTBEHHBIH yHUBEpCUTET, I. Bonoraa, POCCUA

AnHoTauus: Hae)XHOCTD SIBIISIETCSl OTHUM M3 IVIaBHBIX TOKa3aTeNeil MeXaHMUeCKOH 0€30IIacHOCTH 3JIEMEHTOB CTPO-
UTENBHBIX KOHCTPYKIHUH. [Ipy BEpOSITHOCTHOM OIIeHKE HAZCKHOCTH BaKHOW 3a/1aueil SIBIISIETCS BRIOOP CTOXaCTHYECKUX
MoJIeneil A1l ONMCaHusl M3MEHYMBOCTH CITyYalHBIX BEJIMYHMH C YYETOM aJCaTOPHOM M AMHCTEMOJIOTHYECKON Heolpe-
JICICHHOCTH. B cTarbe nmpeuioskeH MEeToJ| pacuyeTa HaJAeKHOCTH Y3JI0B CTAIBHBIX ()epM M3 THYTOCBAPHBIX Mpoduien
Ha OCHOBe P-0J10KOB (p-boxes). P-010ku cocToAT U3 IBYX IpaHUYHBIX (PyHKIMHA pacHpene’eHus, CO3AaI0NINX 00IacTh
BO3MOXKHBIX (DYHKIMH pacrpeencHus cilydaiHo# BenuunHbl. Vicnonb3oBaHuMEe p-OIOKOB MO3BOJSIET MOJCINPOBATH
CiTydaifHble BETMYMHBI €3 HeOOOCHOBAHHBIX MTPE/IIOIOKEHUH O TOYHOM BEPOSITHOCTHOM PACHPEACICHUN HITH TOYHBIX
3HAUYEHUSIX MapaMeTpoB (QyHKIMH pacrpesieneHus] BeposiTHOCTeH. Pa3paboTaHHbIi TOAXO0/ MTO3BOJISIET 1aTh B HHTEP-
BaJbHOH (hOpME OICHKY BEpOSITHOCTH 0e30TKa3HOW paboThl y3na (epMbl, KOTOpas HeoOXoauMa JUIsl KOMIUICKCHOH
(cHCTEeMHOIT) OLIEHKM HAJIS)KHOCTH BCEH (hepMBI.

KirueBsbie ci1oBa: HaIe)KHOCTb, (epMa, y3el, p-0IIoK, ciaydaiiHas BeTHYNHA, 0e30MacHOCTb,
HEONPEEIEHHOCTh, BEPOITHOCTHOE MIPOESKTUPOBAHUE
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INTRODUCTION

Ensuring safety and reliability is one of the key
aims in the design and inspection of structural
elements. Structural reliability analysis is a
powerful tool for evaluating the structural safety
level. As noted in Eurocode 0 “Basis of structural
design”, reliability is “an ability of a structure
or a structural member to fulfil the specified
requirements, including the design working life,
for which it has been designed. Reliability is
usually expressed in probabilistic terms, and it
covers safety, serviceability and durability of a
structure”.

The paper [1] also notes that theory and methods
for structural reliability have been developed
substantially in the last few years and they are
actually a useful tool for evaluating rationally
the safety of complex structures or structures
with unusual designs. Recent evolution allows
to anticipate that their application will gradually
increase, even in the case of common structures”.
The existence of the randomness in structural
parameters and loads makes the reliability analysis
essential to structural safety [2].

One of the main tasks in structural reliability
analysis is the choice of accurate stochastic
models for random variables, taking into account
all statistical uncertainties. The article [3] notes,
that structural reliability analysis requires
addressing all sources of uncertainty. To design
reliable structural products, different forms of
uncertainty in engineering provide a challenge for
reliability analysis and carry higher requirements
on uncertainty analysis.

In accordance with [3, 4, etc.], there are two
fundamentally distinct forms of uncertainty
in the structural probabilistic design. The first
is variability that arises from environmental
stochasticity, inhomogeneity of materials,
fluctuations in time, variation in space. Variability
is sometimes called Type I uncertainty or aleatory
uncertainty to emphasize its relation to the
randomness in gambling and games of chance. It
is also sometimes called irreducible uncertainty
because, in principle, it cannot be reduced by
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further empirical study (although it may be better
characterized). The second kind of uncertainty is
the incertitude that comes from scientific ignorance,
measurement uncertainty, censoring, or other lack
of knowledge. This is sometimes called Type II
uncertainty or epistemic uncertainty. In contrast
with aleatory uncertainty, epistemic uncertainty is
sometimes called reducible uncertainty because it
can generally be reduced by additional empirical
effort at least in principle.

There are different approaches in structural
reliability analysis for uncertainty modeling.
One of the most common approaches is p-box
(probability box) approach [4, 5]. P-boxes were
introduced as interval-type bounds on cumulative
distribution functions by Williamson and Downs
[6] in 1990. In general, p-box is an area bounded
by cumulative distribution functions which is
covers the real cumulative distribution function
(unknown due to the aleatory and epistemic
uncertainties).

Trusses are the common part of many structures.
The safety and reliability of whole building or
structure depends from the trusses reliability. The
complex truss reliability consist of truss elements
(bars and joints) reliabilities. It is necessary to have
the reliability values of the bars and joints of the
truss for a comprehensive assessment of the entire
truss reliability.

The article presents the approaches for RHS
(rectangular hollow sections) steel trusses
joints reliability analysis based on p-boxes for
uncertainty modeling.

METHODS

Four limit state criteria for each joint element
should be taken into account in reliability analysis
of typical RHS truss: bearing capacity of the
chord wall to which the brace element is adjacent
(I); buckling of the chord side wall (II); bearing
capacity of the brace element near the abutment
to the chord (III); strength of welds (IV).

The Appendix L of SP 16.13330.2011 «Steel
structures» presents the following inequality for
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bearing capacity of the chord wall to which the
brace element is adjacent:

[ v LSM ]
X db ) }rc.

where N is an initial force in a brace element;
M is a bending moment in a brace element; R,
is a ultimate steel stress (design yield strength);
is a force factor: y, = 1.0 if a brace element is
compressed, y, = 1.2 if a brace element in tension;
7. 1is a factor of operation conditions; y, is a factor
of force influence in the chord; other parameters
in (1) are shown on Fig. 1.

Bending moment M occurs in most types of
truss structures from the truss self-weight load
and misalignments (eccentricities) of the truss
member’s connections. As the forces in the truss
bars from the self-weight are a small variable
value, the bending moment M is considered as a
deterministic (constant) value.

(0.4+1.8¢g/b)-f -sina

}’d-yD-RJ,.-tz -(b+g+,r2Df

<1, (1)
)

In case if the condition >0.5 met, then

Y
7, = 1.5 —F/(RyA) and the mathematical model of
the limit state (1) based on SP 16.13330.2011 can
be written as:

( - 1.5M\J F @)

N+ kf+—<15R,
X db ) 3 2

(04+18g/b) f-sina

Ve va-12 (b+g+ 2Dr)

Wave line above the symbols is the indicator of
random variables in mathematical models of limit
states. _

As the force in brace member N and in chord
member F depends on the joint load P and the
truss geometric parameters, then inequality (2)
can be written as:

where &/ -

3)

— SN o
(5NP+15 ! -kI+5FP£1,5R1,,
\ db ) A -
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where 6, and ¢, are factors for internal forces in truss
bars depending on the truss geometric parameters.
The inequality (2) can be converted to the next form:

I
P< Pm‘r’

1.5M SF )
k ( Sy-kp+2|.
d IJ NRp+ A J

4)

7 _
where B.= [l.:RJ,

In other cases, the reliability analysis of the truss
joints according to the criterion of the bearing
capacity of the chord wall can be carried out using
the mathematical model:

q.}. 1
s J or P<pP!

ONP = db ult?

)

_ R,
N

R M
where }if}f L(—— L5 I].
k ky  dp

The geometric parameters (Fig. 1) in the factor &,
can be adopted as constant values on the structural
design stage. After the construction of the truss
structure, the reliability can be recalculated
taking into account changes in the parameter k,
by the actual values of geometric parameters after
manufacturing and installation of the truss in site.
The mathematical model for the truss’s joint
reliability analysis according to the buckling of
the chord side wall criterion (II) can be written as:

5 1l
P< Pui'i‘ ’

(6)

where P -
ult .2 |
s oo

4

1 (Znﬁh‘?}fdb\l
“E\.-' i
The mathematical model for the RHS truss’s joint
reliability analysis according to the criterion of
bearing capacity of the brace element near the
abutment to the chord (III) can be written as:

5] 117
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And, the mathematical model for the RHS truss’s  non-joint loads (self-weight and bracing/purlin
joint reliability analysis according to the criterion ~ weight), an equivalent joint load P* is selected,

of strength of welds (IV) is: which creates similar forces F and N in the truss
elements.

P PIEV, (8) There. are possible some diﬂ“erc?nt lim'it state

“" equations. For example, “Design guide for

T TP rectangular hollow section (RHS) joints under

predominantly static loading” [7] proposed 5
limit state criterion: chord face plastification,
i : ~5di b local yielding of brace, chord punching shear,
N [1 +0. 01(3 oL R0 ldb] l b chord shear, chord side wall failure. In general,
: there are the same shape of presented in [7]
equations and equations (4)—(8). A similar
R, is a design resistance of the welding corner observation is true for the equations in the
seams to the shear; k/ is a leg of a fillet weld; ,Bf paper [8]. The reliability analysis approach
is a fillet weld factor. presented below can be easily adapted to the
The design mathematical models (4)—(8) contain  design equations in [7, 8, etc.].
joint loads of P (Fig. 1). To account for deterministic

plv _ 1 4ﬂf kf dp-7. R nf M

3000

3000 I3 3000 l 3000 |7 3000 | 3000 | 3000

] 1 “l gl 4

g
T
3.0-2

3.0-P

Figure 1. Design scheme of truss and joint No. 3 Figure 1. Design scheme of truss and joint No. 3

90 International Journal for Computational Civil and Structural Engineering



Reliability Analysis of Rhs Steel Trusses Joints Based on the P-Boxes Approach

RESULTS AND DISCUSSION

Table 1 presents the forces in the truss (Fig. 1) bars.
As noted above, there are different p-box
models for random variables depending on
quantity and quality of statistical data. For
example, if the cumulative distribution function
of a random variable is known — normal
distribution, but there are interval estimations of
expected value my e[my: mx] and standard
Sy €[Sy: Sx], the
boundary distribution functions can be used for
the p-box model:

deviation following

N
NES o IS
F ()= exp{ [ bx ] | #x<ex

(12)

1 otherwise

where a, is a “mean” value which is calculated as
a,=0. S(XI o TX ), b, is a measure of variance
Wthh is calculated as bX= 0.5(X —Xmm)/\/—lna,
where X andX  isamaximum and a minimum
value in the set of {X}; a is a cut (risk) level [9].
The Gumbel distribution (or Generalized
Extreme Value distribution Type-I) is often
used for stochastiseveral ¢ modeling of the

snow load [10, 11]. If there is uncertainty in

e i m(fﬁ_;(, 5, l if x<my ) estimation of snow load statistical parameters
Fny. Sy). f x2my my elmy: mx] and SyelSy; Sxl, the
following boundary distribution functions (p-box
= Frrof"m(m)i _§ ) if x < 'i)( . 10) model) can be used:
F?‘!O?ﬂ?(mx’= S l If x> my
[y —045-5¢]-5)|
. . .. . . €Xp| — eXp| — = if x< my
where F"™() is a cumulative distribution function | _ 0.78-Sx .
of normal distribution. o e o r b, 0455, ]-x W :
If there are extremely small statistical data about exp| — exp| — X fxzmy
. S : 078-Sy
random variable, the fuzzy distribution functions -
can be used [9]: [ [mX 045-8 ] o
exp| — exp 0785 [zjx{m)(
L X
2 Fxy(x)= - ;
X—dy
_ l—exp[—[ AJ}U‘,{>GX - ﬂml’ 0.45- SY] 1 e
P . p| — exp if x=2mx
Fx(x= bx AaL) | L 0m8-5x l
0 otherwise
Table 1. Forces in the truss (Fig.1) bars
Bar Force SN Bar Force SN
1-2,10-11 —0,5P -0.5 4-5,7-8 -P -1
1-3,9-11 0 0 4-6, 6-7 _P/2 —1/42
2-3,9-10 5P /2 ~J572 4-7 +45.P +4.5
2-4,7-10 +25P +2.5 3-4,7-9 +3P/2 +~/372
3'59 8'95 5'65 - 4ﬁ -4
6-8
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Table 2. Statistical data about loads on the truss
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No. Joint load Distribution Expected value of Deviation of force
force P, kN P, kN
1 Load from the truss self- Constant value 4.5 -
weight and weight of the
braces (P%9)
2 | Ribbed reinforced concrete | Normal, (9)-(10) [70.0; 73.0] [1.0; 3.0]
slabs weight
3 | Structural insulation weight | Fuzzy, (11)-(12) ax—45.0 b=2.6
4 Roof membrane weight Normal, (9)-(10) [2.5; 3.0] 0.3
5 Snow load Gumbel [10] | o ela; a|-50; 400] | pelp: p]-[8.0120]
Roof membrane welght Structural insulstion weight
p-box mods] pbox m
:s"": ﬁ;:;f‘:; = E;od-.:l koed p-box ﬁ’iﬁﬁ ;ans weight
B
|
=
lfll.O 0.0 J‘;LO .-’O:I.O S:I.l'l 3:1.0 D:'l.ﬂ 100.0 KN
Figure 2. P-boxes plots of truss loads by the Table 2
Interval estimates for statistical parameters are
refined for snow regions or individual localities
Fxtx) depending on the available statistical sample of
] Exty) 99.5-percentile weather station data on yearly snow cover height
maxima (or the snow weight directly).
Fig. 2 presents the p-boxes plots of joint loads by
statistical data of the Table 2. There is a problem
of different type p-boxes addiction for stochastic
estimation of the total load.
mt] For p-boxes addiction, it is necessary to transform
it into a Dempster-Shafer type structure [4].

0.05-percentile

Figure 3. P-box discretization on focal elements
A, with basic probabilities mi
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Continuous boundary cumulative distribution
functions in p-boxes are sampled into a certain
number of blocks (Fig. 3). The distributions
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during discretization are limited to 0.05 and 99.5
percentiles [4].
The basic probability (discretization level) m;, is

17

0.01 [4], and > m; =1.
=1

In such case, we get 100 interval estimations

A, of random variable X (Fig. 3). For example,
one hundred intervals can be obtained by

discretization the p-box of the joint load from
the weight: [ gmow. ﬁ.lmaw}

y —snow —SRoOwW
[PE”O“’; P2 }

[Pf;;g“’, P100
one hundred intervals can be obtained for joint
loads, for example, joint load form reinforced

usually takes as m, =

SNow

J Similarly,

concrete slabs weight: {Pf; Pl I [PE_: 1_35}
[E{'gg; 15{00}-

After p-boxes discretization, it is possible to
summarize the p-boxes [4, 6] from different
joint loads to the one common p-box. The
table form (Table 1) is useful for two p-boxes
addiction. Boundary distribution functions of
p-boxes after discretization are can be presented
as Dempster-Shafer [12] structures. Detailed
information on mathematical operations with
Dempster-Shafer structures is given in the
research [4].

Table 3. Addiction of two Dempster-Shafer structures [4]

[gfﬂﬂw; Pf”"“‘} , 0.01 {PW‘: ps“"“} 0.01 {P{gg", pr’;‘S‘"}, 0.01
[gj‘ ;?ﬂ : [gf””“# P ;Ff””“’#ﬁf} : [Pé”m‘ + PP 4 Fﬂ : [pi“{;g“ + P2 P00 +P]]
0.01 0.0001 0.0001 0.0001
[1% Pz} {ff”‘“‘" PP +§E] : [ggm’ + PPy 4 Pz} o [Pfgg“ + P PlO0 + Pg} :
0.01 0.0001 0.0001 0.0001
Plog: Phoo| | [ 279 4 Bl P 4 oo | | [ P57 + P10 B + Phoo PSOW 4 Pr 0 P100° + PLoo
100 K 100 1] |22 100 L00  £100:
., 0.01 , 0.0001 , 0.0001 , 0.0001

The elements in Table 1 are written as follows
A; € {gi;ﬁi}, m;, where P,; P, are lower and

upper bounds of the focal element 4, m, is a basic
probability for the focal element 4. .

The lower and upper boundary distribution
functions can be constructed from these intervals
based on the provisions of the Dempster-
Shafer evidence theory [4, 12]. These boundary
distribution functions will create a p-box of
joint load P. For more than two p-boxes, a
combination of the sums of all dispatching options
is considered. Information about automating the
interval calculation process can be found in [4].
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The p-box (Fig. 4) can be obtained by addiction
of p-boxes and constant value of different joint
loads in the Table 2. Such p-box is presented as
empirical boundary distribution functions F,(P)
and F,(P) consisting of possible combinations of
different joint loads. The probability of non-failure
can be calculated as:

IHE PI'(.P SPy)= EP(PH.{:‘ )9
P =Pr(P < By) = Fp(Pyy).

For example (Fig, 4), the non-failure probability
interval for truss bar 2-3 in joint 3 by the
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bearing capacity of the brace element near the

abutment to the chord is P‘27H3—Fp iﬁ?],

Anastasia A. Soloveva, Sergey A. Solovev

7’5’?3 ~Fp Pw) The reliability is presented in

interval form [ p pm péﬂ 3]

Ep(P)

Fo(P)

|

0.0 | | |
120 130 140 150 160 170 180

| | l I |1
190 200 210 0/ 2".@\ 'l_40

PBI.\ P"!]l ‘IlP“ll

P, kN

Figure 4. The p-box obtained by addiction of the b-boxes in the Table 2

There will be several reliability intervals for

every truss joints [ P2 .; Pi- 71, wherezisan

i— j ?
indicator of limit state criterion, i-j is an indicator
of truss bar.

A comprehensive assessment of the reliability
of the selected truss joint can be obtained from a
given subset of intervals [ P7_ 75 - Pi_ ;7] using the
following equations [13]:

G

P = max| 0, ZP —(n-1
i , z={I, 00,11V},
P =min(P;_ )

where n is a number of brace elements in the truss
joint.

The advantage of using mathematical models
(4)—(8) 1s that it simple to use different limit
state models [7, 8, etc.] in presented algorithm
replacing P

The mathematical models (4)—(8) can be presented
for existing steel trusses as:

P< ﬁult (6:3,113{ )9

where o, is an steel ultimate stress obtained by
the steel samples tests results.

Such models can be used in cases when there
is no information about steel of existing truss
or at degradation of physical and mechanical
properties of structural steel. Algorithms for
analyzing the reliability of truss joints can be
taken from paper [14] in such design situations.
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Values of truss joints reliability can be used
in structural reliability analysis of truss as a
mechanical system or in decision making and
risk analysis problems [15, 16].

CONCLUSIONS

1. The p-boxes can be used for more careful
modeling of random variables in the structural
reliability analysis problems;

2. If the reliability interval [ P; P] is too wide
for decision making, it is necessary to obtain
narrower boundary distribution functions by
increasing the quantity or quality of statistical
data about random variables;

3. The proposed reliability analysis method for
HSS truss joints can be used in truss reliability
analysis as a structural system.
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INDOOR AIR QUALITY REQUIREMENTS FOR CIVIL
BUILDINGS IN RUSSIAN REGULATIONS IN COMPARISON
WITH INTERNATIONAL GREEN STANDARDS
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2Research Institute of Construction Physics of the Russian Academy of Architecture and Construction Sciences,
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Abstract: A new trend combining the concept of "green" buildings with the idea of preserving and strengthening peoples’
health in order to eliminate sick building syndrome and building related illnesses has been observed worldwide. The COVID
— 19 pandemic consequences outlined the necessity of updating the regulatory framework considering health preserving
built environment principles in order to create sustainable and comfortable living environments. Indoor air quality directly
correlates with human health: exposure to polluted air increases the risk of cardiovascular disease, myocardial ischemia,
angina pectoris, hypertension and heart disease. It is known that indoor air quality depends not only on ambient air quality,
but also on indoor sources of chemical and biological pollutants. Existing regulatory framework does not cover the civil
buildings indoor sources of air pollution topic. This article discusses the terms of the Russian national technical and hygienic
standards concerning the indoor air quality. A comparative analysis of the Russian Federation regulatory framework that
refers the civil buildings indoor air quality with international "green" standards was carried out. Based on the analysis, the
necessity to update the Russian regulatory framework is highlighted.

Keywords: sustainable development, environmental safety, regulatory framework, green standards, design criteria,
comfort, health preserving.

TPEBOBAHMUS K KAYECTBY BO31YXA BHYTPEHHEW CPEJIbI
MOMEIIEHU I'PA’KTAHCKHUX 3IAHUHM B POCCUHUCKHUX
HOPMAX B CPABHEHUU C MEKJIYHAPOJHbBIMHU
3EJIEHBIMU CTAHJIAPTAMU

B.U. Tenuuenxo', A.A. Benyac’?, H.C. Pyos'

! HarimoHanbHbIH nccnenoBaresibckiuii MOCKOBCKHIT roCyIapcTBeHHBIN cTpouTenbHbli yHuBepeuter (HUY MI'CY),
129337, r. MockBa, SIpocnmaBckoe mocce, 1. 26.
2 ®I'BY «HayuHo-ncCienoBareibCKuit HHCTUTYT CTPOUTENbHOM (HhH3UKH POCCHIICKON aKkaleMUH apXUTCKTYPhI
u crpoutenbHbIx Hayk» (HUMC® PAACH), 127238, Mocksa, JlokomoTuBHBIH 1p., 1. 21.

AHnHoTanusi: CerozHs BO BCeM MUpPE (POPMHUPYETCSI HOBBIH TPEH]] B CTPOUTENBCTBE, O0bEANHSIIONINN KOHIETIIIUIO «3eJIe-
HOTO0» CTPOUTEIBCTBA C U/ICEH COXPAHEHMS U YKPETIIICHUsI 3[0POBBsI JIFOJEH, IIETbI0 KOTOPOTO SBJIsETCA 60pbda ¢ «CHH-
JPOMOM OOBHOTO 3AaHUM» U «O0JIe3HEH, CBA3aHHBIX co 3aannemy». [locnencteus nanaemun COVID — 19 momuepkaynmm
HEOOXOIMMOCTh aKTyaJIN3allii HOPMaTUBHO-TEXHIUUECKON 0a3bI C y4ETOM NPHHIUIIOB 3/I0POBbECOSPEIKEHUSI ISl CO3/IaHUS
YCTOMYMBOH 1 KOM(OPTHOH CpeIbl )KU3HEACATEIbHOCTH YesioBeka. KauecTBo BO3yxa BHYTpEHHEH Cpe/Ibl 31aHIH HAIPS-
MYIO CBSI3aHO CO 3/J0POBBEM: BO3ICHCTBUE HA YEJIOBEKA 3arPA3HEHHOTO BO3AyXa YBEIMUMBACT PUCK CEPICUHO-COCYANCTHIX
3a00eBaHN, NIIEMUT MUOKap/1a, CTEHOKap/INH, THIIEPTOHNH 1 3a001eBaHui cepaia. PakTHIeCKH, U3BECTHO, YTO TOMHUMO
KauecTBa HapYKHOTO BO3/yXa, KAYECTBO BO3AyXa B TIOMEIICHUH TAKKE 3aBUCUT OT HAJIMUUSI BHYTPEHHUX HCTOUHHUKOB 3a-
IPSA3HEHNUS, KOHLIEHTPALUHT XUMUIECKIX M OMOJIOTHUECKHX 3arpsisHuTeneil. CylecTByomas HOpMaTHBHO — TEXHUYECKast
0a3a He OXBATHIBACT TEMY BHYTPEHHUX HCTOYHUKOB 3arps3HEHNUS BO3/IyXa B TPAXKIAHCKUX 31aHUAX.

B crarse paccMOTpeHbI TPeOOBaHMS POCCHICKNX HOPMATHBHO-TEXHHUECKUX U CAHUTAPHO-3TIUAEMHUOJIIOTHUECKIX HOpMa-
TUBHBIX JOKYMEHTOB B OTHOIIICHHH Ka4eCTBa BO3/LyXa BHYTPEHHEH cpe/ibl IpaJaHCKUX 37aHui. [IpoBeieH cpaBHUTENBHbIN
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AHAJIN3 OTCYCCTBCHHBIX HOPMATUBHO-TCXHUYCCKUX U CAHUTAPHO-3MIHUACMUOJIOTHYCCKUX HOPMATHBHBIX TOKYMCHTOB C
MCKAYHAPOAHBIMHU «3CJICHBIMW) CTAHAAPTAMHU, HA OCHOBAHUUN KOTOPOTO IMOKa3aHa H€06XO,HI/IMOCTL AKTyaJIu3aluu poc-
CHICKOI HOpMaTHBHO-TeXHPI‘IeCKOﬁ 0a3bl ¢ y‘IéTOM MCKAYHAPOAHOTO OIIbITa «3ETEHBIX» CTaHAapTOB.

KuaioueBble ciioBa: ycTOHUMBOE pa3BUTHE, IKOJIOTHYECKasi 0€30I1aCHOCTh, HOPMATHBHO-TEXHUYECKas 0a3a, «3eJIeHbIe»
CTaHAAPTHI, KPUTEPUH ITPOSKTUPOBAHUS, KOM(DOPT, 3710pOBbECOEPEKEHHE.

INTRODUCTION

Currently, the professional construction
community information field worldwide is largely
filled with the topic of creating a comfortable
living environment. Within the framework of
the renovation of the housing stock under the
renovation program, as well as the federal projects
"Housing" and "Ensuring a sustainable reduction
of unsuitable housing stock" of the national
project "Housing and the Urban Environment",
the Government of the Russian Federation
sets the task of creating a comfortable living
environment. Analyzing the regulatory and
technical base, research, scientific publications
of leading experts in the field of design and
construction, as well as feedback from users of
buildings, it is noted that the setting of the task
of creating a comfortable living environment and
the methods of its implementation are interpreted
in different ways by different specialists, which,
often leads to unsatisfactory results. Thus,
the design of space-planning and engineering
solutions for a comfortable indoor environment
of premises is currently difficult due to the lack
of formed conceptual framework that reveals the
meaning of the term "comfort" and the concept of
"comfortable environment", as well as a criteria
list that determines the indoor environment quality
in the Russian Federation regulatory and technical
framework.

Sick Building Syndrome and Green Buildings.
According to the World Health Organization
(hereinafter WHO), a person spends about 90% of
the time indoors. Accordingly, the quality of life,
health and well-being of a person directly depends
on the quality of the internal environment of the
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buildings in which we spend a significant part
of our life. The main factors forming the indoor
environment quality (IEQ) are indoor air quality
(IAQ); thermal comfort; water quality; visual
comfort; acoustic comfort; spatial comfort (space-
planning solutions); finishing materials. IEQ can
negatively affect occupants’ physical health (e.g.,
asthma exacerbation and respiratory allergies)
through poor air quality, extreme temperatures,
excess humidity, and insufficient ventilation
and psychological health (e.g., depression and
stress) through inadequate lighting, acoustics, and
ergonomic design [1-4].

The term "sick building syndrome" (SBS) is
used to describe situations in which building
occupants experience acute health and comfort
effects that appear to be linked to time spent in a
building, but no specific illness or cause can be
identified. The complaints may be localized in a
particular room or zone or may be widespread
throughout the building [1, 5, 18]. In contrast,
the term "building related illness" (BRI) is
used when symptoms of diagnosable illness are
identified and can be attributed directly to airborne
building contaminants [3, 5]. Studies have shown
that employees with such health conditions are
absent more often, lose more work hours, and
are less productive than employees without these
conditions [6-8].

A new trend in construction is now formed
worldwide, combining the concept of "green"
buildings with the idea of preserving and
strengthening people's health. Designing a new
building, architects, and engineers strive to take
into account not only environmental factors,
reduced energy consumption, but also how built
environment affects the health, wellbeing, mood,
and performance of building users. To solve these
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problems, interdisciplinary teams are created, in
which, in addition to architects, engineers, builders,
designers, medical experts and psychologists are
involved. Health-preserving approach is a great
contributor to designing socially, economically
and ecologically sustainable buildings.

The lockdown due to COVID-19 pandemic
has outlined that sustainable and comfortable
indoor environment is crucial for a person to
maintain physical and psychological health during
several months of “individual isolation”. The
consequences of the pandemic, and the imminent
risk of its repetition, highlight the necessity to
apply a new concept of health, in terms of indoor
well-being, to housing policy and building sector
[9]. Moreover, COVID-19 pandemic has showed
the need to rethink approaches to the design
of the human life environment and the need to
implement tools for integrating the concept of
“health preservation” into the existing design,
construction and building operation paradigm.
British Research Establishment Environmental
Assessment Methodology (BREEAM) 1990 and
Leadership in Energy and Environmental Design
(LEED) 1993 were established as constantly
improving and dynamically developing systems
of design, construction and building operation
regulations to construct sustainable, comfortable,
energy effective, high performance buildings.
To regulate the design of health-saving (health-
improving) buildings’ indoor environment, in
2014, the United States Green Building Council
(USGBC) established the WELL Building
Standard based on synergy of medical and
engineering science. The Well Standard focuses its
attention specifically on building users’ health and
wellbeing and consists of 115 design and building
operation strategies criteria (59 design-referred
criteria and 56 operation and management-referred
criteria) divided in 10 concepts: air; water;
nourishment; thermal comfort; sound; materials;
mind; community; innovation. Compared to
the widely used BREEAM and LEED building
certification schemes the WELL Building
Standard is the most precise and scrupulous in
covering health and wellbeing topic [10].
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In 2018, the Government of the Russian Federation
approved the passport of the national project
“Housing and Urban Environment”, which
includes four federal projects: Mortgage, Housing,
Formation of a Comfortable Urban Environment,
and Ensuring Sustainable Reduction of Unfit
Housing. Within the framework of the indicated
national project, the goal is to increase the volume
of housing construction by 120 million square
meters per year, with the following tasks:

* To update, by 2024, 279 units of existing
regulatory and technical documents for the
introduction of advanced technologies and the
establishment of restrictions on the use of obsolete
technologies in design and construction.

e Introduce, by 2024, 115 new regulatory and
technical documents in construction to phase out
the use of outdated technologies in design and
construction.

Moreover, to accomplish the national project
“Housing and Urban Environment” tasks, the
Russian Government established the “Regulatory
guillotine” in 2019. The “Regulatory Guillotine”
is a tool for large-scale revision and cancellation
of regulatory legal acts that negatively affect the
overall regulatory environment.

By order of the Russian Federal Agency for
Technical Regulation and Metrology dated
September 15,2016 Ne1315 Technical Committee
for Standardization Ne366 “Green” technologies
of the living environment and “green” innovative
products” (TK 366) was created. TK 366
acts in order to form "green" standards for the
advanced standardization of the promising
technological base of the living environment and
to ensure advanced technological development
and accelerated implementation of scientific
developments in production, conduct a full
innovation cycle of research and development
works, including the creation of samples of a
"green" living environment [11]. TK 366 works on
accomplishment of the national project “Housing
and Urban Environment” tasks of developing
new technical documents and updating existing
technical regulatory framework. Today, the main
TK 366 project is the development of Russian
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National “Green” Standards system as a free and
accessible tool for implementing sustainability
approaches in the Russian building sector. The
Russian Federal Agency for Technical Regulation
and Metrology approved the development
of a GOST R standard “Assessment of built
environment parameters’ effects on human health”
under the TK 366 by order dated March 18, 2020
Ne579, which is planned to be a regulatory tool
of implementing health- preserving approaches
in design, construction and building operation.

Indoor Air Quality in Russian Regulatory
Framework.

In the Russian Federation, building sector
regulatory framework is represented by both
technical and hygienic standards. With regard to
indoor air quality (IAQ) ventilation rates and air
filtration requirements in different premises is
regulated by “SP” while thresholds for particulate
matters, volatile organic and volatile inorganic
compounds is regulated by hygienic guidelines.
In this article, a comparative analysis between
Russian technical regulations, WELL and LEED
concerning office building ventilation rates
was conducted. SP 60.13330.2016 regulates
minimal ventilation rates for public buildings’
premises. The LEED v4 and WELLV2 regulations
concerning indoor air quality are based on
ASHRAE 62.1-2010, which is why the analysis
office building ventilation rates will be conducted
using SP 60.13330.2016 and ASHRAE 62.1-2010.
According to LEED v4, ventilation rates should
match ASHRAE 62.1-2010. According to WELL

v2, ventilation rates have to exceed ASHRAE 62.1-
2010 by 60%. The ASHRAE 62.1-2004 standard
edition announces a new approach in determining
the calculated air exchange for public buildings.
The ventilation rate is calculated by summing
up the need, taking into account the occupant
density, to supply fresh outside air directly for the
breathing of a person and for diluting pollutants
emitted in the room where a person is located.
Oddly enough, the air exchange rate per person
for the most typical public buildings’ premises has
become lower than recommended in ASHRAE
62.1-1999 [12]. According to retrospective
analysis, ventilation rates regulations in ASHRAE
62.1 — 2004/2010/2019 are identical for office
premises as shown in table 1 below. In ASHRAE
62.1-1999 the air exchange rate in office premises
was accepted as 10 (I/s) which is 36 (m*h per
person) with an area rate of 14 (m*/person) is:

36 /14 =2.6 (m*h*m? of area) (1)
In the ASHRAE 62.1 —2004/2010/2019 versions
exchange rate in office premises is 2,5 (I/s per
person) which is 9 (m?/h), adding 0,3 (I/s per m?
ofarea) or 1.08 (m*/h per m? of area), which at the
same rate of 14 m?/person is:

(9 + 1.08 * 14) = 24 (m*/h per person) (2)
24 /14 = 1.7 (m*/h*m? of area) 3)
Air exchange rate for office premises in ASHRAE

62.1 — 1999 compared to ASHRAE 62.1 —
2004/2010/2019 versions is 1,5 times less.

Table 1. ASHRAE ventilation rates regulations retrospective analysis.

Premise Ventilation rate Ventilation rate Ventilation rate Ventilation rate
name ASHRAE 62.1-1999 | ASHRAE 62.1-2004 | ASHRAE 62.1-2010 | ASHRAE 62.1-2019
m?/(pers*hour) m?/(pers*hour) m?/(pers*hour) m?/(pers*hour)
Office 36 24 24 24
Breakrooms 30 12 12 12
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The trend towards a decrease [13] in the
calculated air exchange for most public buildings,
which reveals the resource and energy efficiency
approach in ASHRAE and LEED standards,
is obvious. Considering this background, the
air exchange rates in SP 60.13330.2016 are
overestimated for office premises. The ventilation
rate for office premises in SP (60 m*h per
person) exceeds ASHRAE 62.1-2010/LEED v4
(24 m*/h per person) 2,5 times, which doesn’t
correspond to the energy efficiency approach.
On the contrary, taking into account the building
users’ health and wellbeing approach, the SP

Table 2. Ventilation rates regulations comparison.

V.I. Telichenko, A.A. Benuzh, N.S. Rud

60.13330.2016 ventilation rate requirement
(60 m*/h per person) exceeds WELL v2 (39
m’/h per person) by 1,5 times, which perfectly
fits the health- preserving principles (Table 2).
However, due to improper distribution of such
large volumes of air in office premises workers
may feel uncomfortable because of drafts [12].
Often, implementation of green practices results
in poor TAQ: energy efficiency strategies that
increase indoor pollutants, location of buildings
near transportation emissions, and the use of
natural ventilation in areas with elevated outdoor
pollution [14].

Ventilation rate Ventilation rate Hogngz;;;};}g);;olﬁ_l\;;lllg "
Premise name | SP60.13330.2016 WELL v2 (LEED ‘.,4)
m®/(pers*hour) m®/(pers*hour) m*/(pers*hour)
Office 60 39 24
Breakrooms 60 19 12

According to “Regulatory guillotine” mechanism
approved by the Government of the Russian
Federation, 108 hygienic standards were decided
to be revised, in order to introduce the unified
hygienic standard “Hygienic standards of
environmental factors” (HS 1.2-20) on 01.01.2021.
In particular the hygienic standard “Threshold
limit value (TLV) of pollutants in ambient air of
urban areas” (HS 2.1.6.3492-17), which regulates
threshold limit values (TLV) of particulate
matters, volatile organic compounds (VOCs),
semi-volatile organic compounds (SVOCs) and
volatile organic compounds (VOC) is revised.
Ambient air quality and indoor air quality are in
direct correlation [14,15]. The migration of dust
and toxic substances contained in the atmosphere
is due to the aerodynamics of the airflows
movement. When ventilating buildings by natural
or mechanical ventilation, hazardous contaminants
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of ambient air enter the premises. Therefore,
TLVs of pollutants in ambient air is crucial for
IAQ. It is necessary to note that among others the
hygienic standard “Threshold limit value (TLV)
of pollutants in working zone air” HS 2.2.5.3532-
18 is revised due to the “Regulatory guillotine”.
However, HS 2.2.5.3532-18 regulates IAQ of
industrial buildings and cannot be implemented
for civil ones, as sources of exposure for these
building types are different. Long - term exposure
to VOCs cause acute symptoms such as nose,
throat, and eyes irritations, headaches, allergic skin
reactions, nausea, dizziness. Moreover, several
VOCs and SVOCs may not be immediate hazards
but can lead to chronic health risks such as liver
and kidney damage, the development of cancerous
tumors, hematopoietic organs and the central
nervous system damage, vascular atherosclerotic
changes, chromosomal aberrations [16-21].
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Table 3. Improved and worsened TLVs of airborne contaminants.

HS 2.1.6.3492-17 (mg/m?) HS1.2-20 (mg/m?)

Compounds

Benzene

1,3-Butadiene
Hexachloroethane
Tetrachloromethane
1-Phenylethanone
Butylethylene
1-Hydroxy-4-chlorobenzene

Dimethylbenzene-1,2-
dicarbonate

Potassium chloride
Ozone
Acrolein
Allyl acetate
Propyl pentanoate
Mercury
Selenium dioxide

Odorant mixture of natural
mercaptans with a mass content
of ethanethiol 26 — 41%,
isopropane-thiol 38 — 47%, sec-
butanethiol 7 — 13%
Tripropylamine

Chloroform

Trichlorofluoromethane

1,1,1-trichloroethane

Carbon monoxide

Hydrofluoride

Chloroprene
Chloroethane
Vinyl chloride

Comparative analysis of hygienic standard
HS 1.2-20 addenda 1 “Ambient air of urban
areas” and HS 2.1.6.3492-17 was conducted,
the results are shown in table 3. TLVs for
15 compounds were introduced. Out of 658
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compounds, TLVs were increased for 19
compounds and decreased for 6. TLVs of 618
compounds remained unchanged compared to
HS 2.1.6.3492-17. For 62 compounds, average
annual TLV (TLVaa) was established based on the
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additional probability of developing malignant
neoplasms (cancer) in an individual throughout
his life (an individual carcinogenic risk at the
level of 1 x 10, corresponding to 1 additional
case of cancer per 10 thousand population).
Daily average TLV (TLVda) of benzene was
decreased from 0,1 to 0,06 mg/m?®, which
corresponds to the LEED v4 threshold. TLVda
of tetrachloromethane was decreased from 0,07
to 0,04 mg/m?, which corresponds to the LEED
v4 threshold, comparative analysis between HS
2.1.6.3492-17, WELL v2 and LEED v4 was
conducted in previous researches [21]. TLVda
of trichlorofluoromethane was increased from 1
to 10 mg/m?. TLVda of trichlorofluoromethane
was increased from 0,2 to 1 mg/m?, however
the study [22] showed that 0,02 mg/m® is the
most stringent requirement compared to WELL
and LEED. TLVs of carbon monoxide were
dramatically increased. One time maximum TLV
(TLVom) was increased from 5 to 23 mg/m>.
TLVda (8 hour exposure) of carbon monoxide
was increased from 3 to 10 mg/m?.

Hygienic standard HS 1.2-20 are developed
in coherence with federal law Ne 52-FL
"On the sanitary and epidemiological well-
being of the population" dated March 30,
1999. According to Article 38, Clause 2, the
development of sanitary rules should provide
for conducting comprehensive research,
determining sanitary and epidemiological
requirements, calculating and assessing risk
to human health, establishing safety criteria,
analyzing international experience, establishing
grounds for revision of hygienic and other
standards, forecasting the social and economic
consequences of the application of sanitary
rules. However, in hygienic standard HS 1.2-20
project no research results justifying changes
have been released.

The analyzed hygienic standard regulate
“ambient air,” the term has been interpreted
as “outdoor air,” or air external to buildings,
excluding indoor air. While outdoor air quality
can affect the indoors, and indoor air contains

104

V.I. Telichenko, A.A. Benuzh, N.S. Rud

pollutants from both outdoor and indoor origin
[14]. The indoor air pollutant sources are
construction work, furniture, textile, clothes,
carpeting, and wood processing household
appliances, particle board, painting, plywood.
Existing regulatory framework does not cover the
indoor air pollutants topic although concentration
of chemical and biological pollutants is a crucial
IAQ indicator.

Another key indicator of air quality is the
concentration of particulate matter PM10 —
inhalable particles, with diameters that are
generally 10 microns and smaller, and PM2.5
—fine inhalable particles, with diameters that are
generally 2.5 microns and smaller. Ammonia,
organic and elemental carbon, sulfates, nitrates,
chloride ions, sodium, potassium, zinc, calcium,
iron, magnesium and copper ions, crustal
minerals, particle-bound water, polycyclic
aromatic hydrocarbons are the most common
chemical components of PM10 and PM2,5.
These components are absorbed by alveolar
macrophages (as it is one of the main lung
functions), which causes inflammation of lung
tissue, resulting in chronic hypoxemia. Besides,
chronic exposure to PM 2.5 causes the DNA
damage itself and influence the DNA repair [23].
Overall, these processes lead to cancerogeneses,
which results in increased lung cancer mortality
[24, 25]. According to the 2013 WHO report
"Health Exposure to Particulate Matter" PM2.5
accounts for approximately 3% of deaths from
cardiopulmonary pathology and 5% of deaths
from lung cancer. The research [26] found that
every 0.01 mg/m3 increase of PM10 stands
for respiratory mortality increase by 0.58%.
Table 4 shows the result of a comparative
analysis of the TLVda of particulate matter in
HG 2.1.6.3492-03; HS 2.1.6.3492-17; WELL
standard; LEED standard and maximum
permissible threshold value recommended
by WHO for the concentration of suspended
particles PM10; PM2.5. The values of the
required TLVs are reduced to a single dimension
—mg/m?.
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Table 4. Comparison of TLVs of particulate matters PM10, PM2,5.

Particulate Matter Thresholds PM10 PM2.5
TLVda in HS 2.1.6.3492-03 (mg/m?) Not regulated Not regulated
TLVda in HS 2.1.6.3492-17 (mg/m?) 0,06 0,035

TLVda in HS1.2-20 (mg/m°) 0,06 0,035
WELLYV.2 (mg/m?) 0,02 0,01
TLVda in WHO guidelines (mg/m?) 0,05 0,025

The most stringent requirements for the particulate
matter thresholds PM10; PM2.5 are imposed by
the WELL Building Standard. TLV regulated by
HS1.2-20 PM10 particles is 3 times higher than
the WELL requirements, and PM2.5 particles are
3.5 times higher.

CONCLUSIONS

1. Ambient air quality directly affects indoor air
quality. However, indoor air contains both external
and internal pollutants and is not dependent only
on outdoor air. Emissions from furniture, finishing
materials, household chemicals and their impact on
the state of the indoor air quality of civil buildings’
premises and are currently not standardized by
either technical or sanitary - epidemiological
regulations in the Russian Federation. The hygiene
standards do not consider the indoor air quality of
civil buildings as a separate category.

2. Research results justifying changes in threshold
limit values of several VOCs and SVOCS have
not been released. Threshold limit values of
several VOCs and SVOCS should be reconsidered
within a view to international “green” standards
WELL and LEED. Based on article 38, clause
2 of Federal Law Ne 52 the development of
sanitary rules should provide for conducting
comprehensive research, determining sanitary
and epidemiological requirements, calculating
and assessing risk to human health, establishing
safety criteria, analyzing international experience.
3. It is crucial to create interdisciplinary teams
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consisting of researchers and practitioners, experts
of various fields: architects, structural engineers,
engineers, builders, medical professionals and
psychologists in order to solve the problems
of maintaining and improving the health and
wellbeing of building users. Interdisciplinary
teams should not only be involved in design
but also take part in developing building sector
regulatory framework.

4. It is important to consider a little shared
vocabulary between disciplines and absence
of interdisciplinary building sector regulatory
documents aimed at regulating design, construction
and operation of buildings in accordance with
sustainable and health preserving principles, since
buildings and are multi-dimensional systems
influenced by trends and processes operating
at local, national and global levels. Since the
building sector regulatory framework in Russia
is represented by both technical and hygienic
standards, in order to create an accessible tool to
design and build comfortable living environments,
the Technical Committee for Standardization Ne366
“Green” technologies of the living environment
and “green” innovative products” should work on
development of interdisciplinary standards based
on health preserving built environment principles.
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Abstract. Constructive measures taken to ensure the integrity of the entire building or its part in emergency situations with
design based on the existing criteria of the limiting state method leads to a significant increase of the construction cost.
One of the ways to reduce additional costs of construction while the protection design against progressive collapse is the
possible use of additional reserves of deformability of load-bearing elements. It leads to redistribution of loads and the use
of non-destroyed structures. It also leads to possible changes of limiting states in non-standard emergency design situations,
taking into account the peculiarities of the operation of structures in a special limiting state at a stage close to destruction.
In the GOST 27751-2014 «Reliability for constructions and foundations. General principles» calculated states of the first
and second groups of limiting states are given, and for a special limiting state only the area of its permissible application
is indicated. The work of reinforced concrete structures at the stage close to the depletion of the load-bearing capacity is
little reflected in the scientific and technical literature; the work of reinforced concrete structures at the unloading stage
due to the redistribution of forces is represented in single publications. The article presents theoretical studies based on
experimental data on the deformation of bent reinforced concrete beam elements at a stage close to the maximum load-bearing
capacity and at the stage of unloading up to the transformation of a structural element into a mechanism. The influence
of the longitudinal reinforcement, the class of reinforcement, prestressing and the concrete strength on the deformation
of reinforced concrete bending elements is considered in the article. The research of the behavior of structural elements
continuation at this stage is relevant and contributes to the development of economical and rational design solutions for
protection against progressive collapse and in the design of earthquake-resistant buildings.

Keywords: Protection against progressive collapse, special limiting state, deflections, partial destruction of sections,
ultimate deformations of concrete, special limiting state criteria

K BOIIPOCY OIIPEJAEJIEHUA KPUTEPUEB
JAE®OPMATUBHOCTU B OCOBOM ITPEAEJIBHOM
COCTOAHUUAN

H.H. Tpexun®?, 3.H. Kooviuw’, C/I. IlImaxoe*>, H.A. Tepexos* >,
K.JI. Kyosakoe"*

! HanmoHasbHbIH HcclieqoBaTebeKiii MOCKOBCKHIA TOCYIapCTBEHHBIN CTPOUTEIbHBIN yHUBEpCUTET, . MockBa, POCCH S
2LleHTpaJbHBII HAYYHO-HUCCIIEIOBATENILCKUI U IPOCKTHO-3KCIICPUMEHTAIBHBI HHCTHTYT NPOMBILUICHHBIX 30aHHN 1
coopyxernid» (LIHUWIIpom3manuii), r. Mocksa, POCCUA
3 Poccuiickuii yauepcutet Tpancnopra (MUUT), r. Mocksa, POCCHSI
*HUMXB um. A.A. T'BozneBa AO «HULL «CrpouTtesnbctBon, . Mocksa, POCCUS

AHHOTa].ll/Iﬂ. KOHCprKTPIBHBIe MCpbI, IPUHUMACMBIC IJISL obecrieueHus OCJIOCTHOCTHU BCECTO 3/1aHUA WK €r0 4aCTu B
aBapI/II;’IHBIX CUTyaluAX HpU MPOCKTUPOBAHUN Ha OCHOBC CYHICCTBYIOIIUX KPUTCPUCB MCTOAA IMPCACIIBbHBIX COCTOSIHUI
MMPUBOAMT K CYHIECTBECHHOMY POCTY CTOMMOCTHU CTPOUTCIILCTBA. O,HHI/IM M3 CIIOCOOOB CHUKCHUS JAOIIOJIHUTCIIbHBIX 3aTpar
B CTPOUTCIILCTBC ITPU NPOCKTUPOBAHNHN 3aIUTHI OT IIPOTPECCUPYIOIICTO O6pyH.IeHI/I$I SABJISICTCS BO3BMOKHOC paCIIMPCHUC
HCIOJIb30BaHUA PE3CPBOB I[C(l)OpMaTI/IBHOCTI/I HECYIINX 3JICMCHTOB, ITPUBOJAIICC K 6OJILH.I€My nepepacnpeiCICHUIO yCI/IJII/Iﬁ
W BKIIIOYCHUIO B pa60Ty HEPA3PYHICHHBIX KOHCprKL[PIﬁ. 910 MNPUBOAUT K BO3BMOKXHOCTH U3MCHCHUS I'PaHUL] IPCACIBbHBIX
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COCTOSIHMH B HECTaHIAPTHBIX aBAPHHHBIX PACUETHBIX CUTYalMsX, YUUTHIBAIONIEE OCOOCHHOCTH padOTHl KOHCTPYKINH
B 0COOOM TIpeeTbHOM COCTOSHUH Ha cTaann Oomm3koil k paspymennio. B TOCT 27751 «HaneXHOCTh CTPOUTEIHHBIX
KOHCTPYKLMI ¥ OCHOBaHUiD» NPUBEIEHBI paCUETHBIE COCTOSIHUS IIEPBOM U BTOPOH T'PYIII MPEAEIbHBIX COCTOSHUM, a JIIst
0c000T0 MPEINBHOTO COCTOSIHUS 0003HAYeHA JIUIIb 00IaCTh €T0 JOMyCKaeMoro NpuMeHeHus1. B HacTosiee Bpems B Ha-
YYHO-TEXHUIECKOH JTUTEPAType MAJIO OTpaKeHa paboTa JKeNe300€TOHHBIX KOHCTPYKIINH Ha CTa i1 OMN3KOH K HCUEPITAHHIO
HecyIel crocoOHoCTH, a paboTa ’kesie3006TOHHBIX KOHCTPYKIMH Ha CTaJuM pasTrpy3KH 3a CUET IepepactpeieeHus
yCHUIMH TIpe/ICTaBIcHa SIMHNYHBIMY ITyONuKanusaIMy. B cTarbe mpuBeseHb! TEOPETHIECKNE UCCIEA0BAHMUS Ha Oa3e IKC-
MIePUMEHTAIBHBIX JaHHBIX Ae(POPMUPOBAHUS H3THOAEMBIX KEJIe300€TOHHBIX 0AIOUHBIX JICMEHTOB Ha CTAIHH OIMM3KOH K
MaKCHMaJIbHOI HeCyIeH CIOCOOHOCTH, a TAK)Ke B CTa/INH PAa3rPy3KH BILIOTH 10 MIPEBPAIICHNS KOHCTPYKTHBHOTO JJIEMEHTa
B MEXaHHU3M. PaccMmarpuBaeTcs BIUSIHAE KOTMYIECTBA POAOIHLHOTO apMUPOBAHUS, KITacca apMaTypBbl, TPEABAPUTEITLHOTO
HaTIpsDKEHUS, a TaKXKe POYHOCTH OeTOHA Ha 1e(hOpMIPOBaHHUE JKEIe300e TOHHBIX H3THOAEMBIX 2IeMeHTOB. [Ipogomkenne
HCCIIEJOBaHNH TTOBEJICHUS] KOHCTPYKTHBHBIX 3JIEMEHTOB Ha JAHHOMN CTAJNU SIBISIETCS] aKTyaIbHBIM M COCOOCTBYET pas-
paboTKe SKOHOMHUYHBIX M PAIIMOHATIBHBIX KOHCTPYKTUBHBIX PEIICHHUH [UIS 3alIUTHI OT IPOTPECCHPYIONIETO OOPYIICHNUS 1
MIPU POEKTUPOBAHUH CEMCMOCTOMKUX 31aHUM.

KuroueBble cj10Ba: 3aUTa OT IPOrPECCHPYIOLIETO 00pyLIeH s, 0c000e MpeieNIbHOE COCTOSTHUE, IIPOTHOBI, YaCTUYHOE
pa3pylLIeHIe CeUeHNUH, peesibHbIe Te(opMany 6ETOHA, KPUTEPUH 0CO00T0 MPEISIbBHOTO COCTOSHHS

INTRODUCTION

Analysis of world practice of design and operation
of buildings and structures of the increased level
of responsibility or of the normal level with a mass
presence of people showed the need of protection
against progressive collapse and to ensure the
evacuation and preservation of the people in
buildings and structures, to increase safety during
the operation of objects. Since the end of the
twentieth century, the resistance of load-bearing
systems of buildings and structures to avalanche-
like progressive collapse in emergency situations
have been studied in the world design practice.
The protection of buildings and structures
from progressive collapse is relevant for newly
designed, already constructed objects, and objects
under reconstruction; it is regulated by the current
normative documents in Russia, including [1] SP
385.1325800.2018 "Protection of buildings and
structures against progressive collapse. Design
Code. Basic statements".

THE STATEMENT OF THE PROBLEM

In Russia there is a legal requirement of
protection design of the load-bearing objects
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from the avalanche-like progressive collapse in the
hypothetical alternate removal of one load-bearing
element. Such calculated situation is unlikely in
reality, but if it occurs, it can cause complete or
partial object destruction; additional measures
excluding catastrophic consequences with the
use of limiting states criteria for the operation
stage can lead to additional economic costs [2].
It is possible to reduce these costs by using the
reserves of load-bearing capacity of structures and
buildings in a special limiting state.

It is known that the operation of individual
structural elements beyond the normalized
maximum load-bearing capacity is possible and
it leads to significant redistribution of forces in
statically indeterminate systems [3].

The most complete implementation of the reserves
of strength and deformability is possible in load-
bearing systems with a high degree of constructive
interaction of all load-bearing elements and only
when changing the criteria of limiting states. It is
necessary to go beyond the standard requirements
of the serviceability of reinforced concrete
structures, rigidly limiting the crack opening and
the appearing of sags. The low probability of the
calculated situation and the serious consequences
of the destruction of the building facilitate it. The
local partial destruction of cross-sections and
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unit connections are must be allowed to keep the
building as a whole. But it is necessary to use
the unloading parts of the connecting elements,
keeping the entire load-bearing system in a stable
(equilibrium) state for a certain period.
According to SP 385.1325800.2018, “a special
limiting state is the state of structures after
exceeding the limit of load-bearing capacity for
the first limiting state and deformability for the
second limiting state, in which they do not fully
fulfil the functional requirements. The further
increase of loads and (or) impacts leads to their
destruction”. In this Building Code some criteria
for a special limiting state of reinforced concrete
and metal structures are suggested, they are
designed based on the existing design practice,
operation, experience in examining the technical
condition of structures and experimental studies.
Due to the limited amount of experimental data,
the special limiting state criteria given in the
current version of SP 385.1325800.2018 were
adopted with some reserve to ensure the safety
of building structures. The clarification of the
criteria of the special limiting state is necessary
to establish the possible further safe exceeding of
the limits of the first and second limiting states;
it is important for improving the efficiency of
design solutions.

EXPERIMENTAL STUDIES

One of the important research areas is the study of
the stress-strain state of bent reinforced concrete
elements at the stages close to the maximum
of load-bearing capacity and at the stage of
destruction. For this purpose, the experiments
(performed to solve other problems) of Plotnikov
A.1.[5], Gushcha Yu. P. [6], Tamov M. A. [ 7] were
studied in the article.

The diagrams below show the values of relative
deflections of bent reinforced concrete elements
in sections with the maximum bending moment,
depending on the degree of loading (Fig. 1-3).
The results of tests of four series of reinforced
concrete beam elements differing in the content of
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longitudinal stretched reinforcement are presented
in the paper [5]. At the same time, one of the
samples of each series at the area of pure bending
(the middle third of the span) had no longitudinal
compressed reinforcement and clamps. In total, 12
beams were manufactured and tested. The cross-
section was 100x180 mm and the length was 2000
mm. The beams were reinforced with A400 steel
(AIII-35GS). Concrete Rb=27.1 MPa.

Based on the data presented in Fig. 1, samples
without longitudinal compressed reinforcement
were destroyed more intensively and deflections
at the level of 0,7Mult were on average 1/70
of the span L. The longitudinal reinforcement
in the compressed area of normal cross-section
increases the resistance to the load after the
destruction of the compressed area of concrete
and deformability before turning the beam
structure into a mechanism, it corresponds to the
deflections 1/40 of the span. At the same time
the maximum deformability before the structural
destruction varies inversely with the amount of
stretched reinforcement and for samples with
a reinforcement coefficient u=1.95-2.5% and
is 1/50 of the span. The increased longitudinal
reinforcement of the stretched area of the bent
element leads to its rigidity increase, an increase
of the compressed area of concrete and decrease
of the deformability of the bent element.
Analyzing the diagrams presented in Fig.
2, we can see that using thermally hardened
tensile reinforcement of AIV class, structural
deformability of plastic stage is reduced to
30% in comparison with similar constructions
of AIV regular class. Prestressing of stretched
reinforcement structures increases its general
rigidity and crack resistance. Also it leads to a
decrease of the maximum values of deflections
up to 15% in comparison with analogues without
prestressing.

The results of static and dynamic tests show that
structures loading increase speed before the reduce
the load-bearing capacity has little effect on the
maximum values of deflections of truss elements
(Fig. 3). Also there is an increase of the bearing
capacity of dynamic loads up to 15 %.
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Plotikov AL [5]
1 i (L =18 m; b*h=0,1*0,18 m; Rb=2?',l MPa; A-III)
| II '\ (1]
AN With compressive reinforcement, p'= 0,35%
".I - "'.ER-_.__ —a— Bl (-5-1{u=0,97%) —=— B-12-5-1{p=1,45%)
A e B14-8-1{p=1,95%) B-16-5-1(p=2,5%)
'-,I Without compressive reinforcement, p'= 0
—a— B-10-8-2(=0,97%) —s— B-12-8-2(u=145%)
- —a— B-14-8-2(u=1,95%) B-16-5-2(u=2,5%)
e 3 2 :
— * 102
= = - f-l"La, 1*10
T - T . T y T y 1
1 2 3 4 5
Figure 1. Diagrams of deformation of bent elements with different amount of longitudinal
reinforcement (based on the works of Plotnikov A. 1.)

Gushcha YuP. [6]
(L,=3,6 m; b*h=0,16*0,3 m; R =30 MPa; p'= 0 %)
0,4 4 —— BT-9 {A-IVt, p=0,27%, “,fm
—i— BNT-T —— BNT-8 (A-IVt, p=027%, uw=5'f[|' MPa)
—BI-12 {A-IV, p=0,27%, nw=m
0.2 —-=BNI-10 - - BNI-11 (A-IV. p=0.27%, o_=570 MPa)
3 S o o
= = B @ f/L , 1*10°
0.0+ — — - |‘_ : T ~ T ;
0 1 2 3

1
4
Figure 2. Diagrams of deformation of bending elements with conventional and thermally

5
strengthened stretched reinforcement of AIV class, with and without prestressing
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uli

1,0 <
=
0,8
0,6

1/100
1/50

Tamov M.A. [7T]
(L,=2,5 m; b*h=0,3%0,2 m; A-1V, p'=0,1%)

("S" = static load; "D" - dynamic load)
—BS-1-1 == BD-1-2 (R =30-35 MPa; u=0,44%)

—B5-1-2 =« BD-1-3 {Rb=45-5!'.l MPa; p=0,44%)
——BS1-3 —— B5-2-2 {Rh=55-6ﬂ MPa; p=0,88%)
—— BD-2-3 —— BD-2-4 —— BD-2-5-« BD-2-6

1/30

fL,, 1*10°

0,0+ X T ' |
0 1 2

3 4 5

Figure 3. Diagrams of deformation of bent elements with different strength of concrete
and the amount of longitudinal reinforcement, with static and short-term dynamic
loads (based on works of Tamov M. A.)

THE PROSPECTS OF THE CRITERIA
REFINEMENTFORASPECIALLIMITING
STATE

The experimental data confirm the presence of
reserves for the strength and deformability of
structures in the calculation methods of the first
and second groups of limiting states.

The present and prospective limits of the
deformability criterion are presented in Table 1.
The deformation test in compressed concrete
showed that the approved limits in the SP
63.13330.2018 “SNiP 52-01-2003 Concrete
and reinforced concrete structures. General
provisions” and in European norms match the
experimental data. It is not necessary to refine the
value of maximum compressibility of concrete for
a special limiting state.

The deformation test in stretched reinforcement
showed the possibility of increasing the limits
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of the ultimate deformability of reinforcement,
including the hardening stage for steels with a
physical yield strength.

The largest reserves of the maximum
deformability (deflections) are connected with
the possibility of redistributing forces by using
the adjacent structures in the process of force
redistributing (deformation). To the greatest
extent, this mechanism can be used in statically
indeterminate structural systems. Additional
testing allows to implement the principle of
gradation of the criterion of limiting state of
deformation (deflection) depending on the
type of load-bearing structures and the ability
to redistribute loads. It is used for monolithic
buildings, prefabricated buildings, depending
on the type of reinforcement (physical and
conditional yield strength) and availability of
the minimum allowable length of the bearing
(embedment) area.
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Table 1. Current and prospective limiting state for deformability of reinforced concrete structures

Criteria of I and II
group of limiting
states according to SP
20.13330.2016, SP
63.13330.2018

Criteria for a special
limiting state according
to SP385.1325800.2018

Prospective data for the
special limiting state after
additional testing of the
bending elements

The relative
deformation
of the concrete
(below 60), ¢,,

0,035 (100%)

0,035 (100%)

0,035 (100%)

Relative
deformations of

(with a nominal
yield strength), ¢ ,

reinforcement 0,025 (100%) 0,033 (132%) ?;1%30/5(1),502305
(with physical ( 0... 0)
yield strength), ¢,

The relative

deformation of

the reinforcement | 0,015 (100%) 0,020 (133%) (?ﬁi: : :(1),607202 |

Deflections for
structures with 1
span

The maximum
deflections and
displacements of
elements of buildings
and structures are not
specified in the present
and other normative
documents; vertical and
horizontal deflections
and displacements from
permanent, long-term
and short-term loads
must not exceed 1/150
(100%) or 1/75% of the
console overhang.

The deflections of the
bending elements of
the structural system
for a special limiting
state, with the minimum
allowable length of the
bearing (embedment)
area must not exceed
1/30 (500%) of span
length 1, excepting the
concrete structures
reinforced with high-
strength reinforcement
with nominal yield
strength, the deflection
of which must not
exceed 1/50 (300%) of
the span length.

The use of the gradation
by types of load-bearing
structures principle, taking
into account the ability to
redistribute forces, most
fully used in a statically
indeterminate structural
system, for example, for
monolithic buildings, the
deflection of the bending
element reinforced with a
physical yield point, if the
minimum permissible length
of the support (anchoring)
area can be 1/25...1/20
(600%...750%) of the span
with reinforcement with a
conditional yield strength
— 1/50...1/40 (300%...375%)
length.
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CONCLUSION

Due to the complexity of the reliable assess of
stress state of cross sections at the stage of load-
bearing capacity limit, and then at the destruction
stage (when the hypothesis of flat sections is not
tested) it is convenient to use the deformability
criterion as the most predictable criterion of
a special limiting state when ensuring limited
operability of load-bearing reinforced concrete
structural elements.

The analysis of normative documents,
experimental and theoretical studies of bent
reinforced concrete beam elements [8-10]
showed that when fulfilling the normative
requirements for the strength and deformability of
reinforcement and concrete materials, geometric
characteristics and the absence of structural
defects, the structures have strength reserves up
to 25%, and deformability reserves up to 35%.
It is confirmed by comparing the experimental
data with theoretical data obtained according
to the calculations performed on the basis of
regulatory documents. The research showed that
when performing certain design requirements,
including the use of reinforcement with a yield
line in sections of the normative (optimal)
percentage of reinforcement (not pre-reinforced),
at the stage after reaching the limit of load-
bearing capacity, there is a limited functional state
of the element to reduce load-bearing capacity
to (0,5 — 0,9)Mult with the intensive cracks and
deflections. The variation of results is due to the
limited amount of available experimental data.
It is found that at the stage of reducing the load-
bearing capacity (unloading) of the bent element,
the criteria for a special limiting state in the current
version of SP 385.1325800.2018 are presented
with some margin and help to fulfil the safety
requirements, according to the current regulatory
documents. The criteria are confirmed by the
analysis of the works of Gushcha Yu. P. [6], Tamov
M. A. [7] and Plotnikov A. 1. [5]. After additional
tests, due to the limited experimental data, the
criteria can be refined by using the available
reserves.
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According to the authors, the operation of
structures in a special limiting state can be used
in earthquake-resistant construction.

REFERENCES

1. Federal Law No. 384-FZ "Technical
Regulations on the Safety of Buildings and
Structures" dated 30.12.2009

2. Kodysh E.N., Trekin N.N., Chesnokov
D.A. The protection of multistory buildings
from progressing collapse. Promyshlennoe
1 grazhdanskoe stroitel 'stvo [Industrial and
Civil Engineering], 2016, no. 6, pp. 8—13. (In
Russian)

3. Krylov S.M. Redistribution of forces in
statically indeterminate reinforced concrete
structures. M.: Publishing house of literature
on construction, 1964, 170 p. (In Russian)

4. Trekin N.N. Kodysh E.N. Special limiting
state of reinforced concrete structures and its
normalization Promyshlennoe 1 grazhdanskoe
stroitel 'stvo [Industrial and Civil Engineering],
2020, no. 5, pp. 4-9. (In Russian)

5. Plotnikov A.I. Dynamics of elastoplastic
reinforced concrete beams under the action
of intense short-term emergency loads: dis.
... Cand. tech. sciences. — M., 1994. — 375 p.
(In Russian)

6. Gushcha Yu.P. Study of bending reinforced
concrete elements while the operation of bar
reinforcement in the elastoplastic stage: dis.
... Cand. tech. sciences. — M., 1967. — 142 p.
(In Russian)

7. Tamov M.A. Investigation of concrete
bending structures reinforced with steels of
increased strength under short-term dynamic
loading. M.: JSC NIIZhB. 1981 (In Russian)

8. Pankov E.N. Features of the work of
bent concrete structures with compensated
shrinkage under the action of transverse
forces: dis. ... Cand. tech. sciences. — M, 2005.
— 160 p. (In Russian)

9. Trekin D.N. Determination of deflections of
bent reinforced concrete elements without

International Journal for Computational Civil and Structural Engineering



Determination of the Criteria of Deformation in a Special Limiting State

prestressing on the basis of a deformation
model. Molodoy uchenyy [ Young Scientist],
2019. no 37. pp. 103—-105. (In Russian)

10. Arslanbekov M.M. The study of strength,
crack resistance and rigidity of reinforced
concrete bending elements with mixed
reinforcement: dis. ... Cand. tech. sciences. —
M, 2005. 166 p. (In Russian)

CIIMCOK JIMTEPATYPbI

1. ®enepanbublii 3akoH Ne384-D3 «TexHuue-
CKUH periaMeHT o 0e30macHOCTU 3/1aHul U
coopyxeHui» ot 30.12.2009 r.

2. Koabim J.H., Tpexun H.H., YecHoxos /[.A.
3amuTa MHOTOATaKHBIX 3/IaHUN OT Iporpec-
cupytomero oopymrenus // IIpomeinneHHoe
U rpakAaHckoe cTpoutenbetBo. 2016. Ne6. C.
8-13.

3. Kpsuios C.M. Ilepepacnipenenenue yCuinii
B CTAaTUYECKHU HEOIpEIeIUMBIX Kele300e-
TOHHBIX KOHCTpYKIUsAX. M.: M3naTenbcTBO
JIUTEpaTyphl 10 cTpouTenascTBy 1964 1. 170 C.

4. Tpexun H.H., Koasim 3.H. Ocoboe
MpeebHOE COCTOSIHUE KEIe300€TOHHBIX
KOHCTPYKIHMI 1 ero HopMmuposanue // IIpo-

MBILIJIEHHOE U IPaXAaHCKOE CTPOUTEIBCTBO.
2020. Ne 5. C. 4-9.

5. HuaoraukoB A.U. /IluHamuka ynpyroruia-
CTUUYECKHX KEJIE300€TOHHBIX OaJloK MpH
JIEHCTBUM WHTECHCHUBHBIX KPAaTKOBPEMEHHBIX
Harpy3oK aBapuWHOTO XapakTepa: Juc. ...
KaHJ. TeXH. HayK. — M., 1994. — 375 c.

6. T'yma FO.Il. MccnenoBanue u3rnbaeMbix
JKeJe300€TOHHBIX AJIEMEHTOB MpPHU padboTe
CTEP’)KHEBOM apMaTypbl B yIpyro-TuiacThye-
CKOM CTaJuu: IUC. ... KaHJl. TEXH. HayK. — M.,
1967. - 142 c.

7. TamoB M.A. UccnenoBanue xejie300€TOH-
HBIX M3TH0aeMbIX KOHCTPYKITUI, apMHUPOBaH-
HBIX CTaJISIMU ITOBBITIICHHOW TPOYHOCTH, TIPH
KpPaTKOBPEMEHHOM JITMHAMUYECKOM Harpyske-
mun. M.: AO HUMKE. 1981.

8. IManbkoB E.H. OcoGeHHocTn paboThl U3-
ru0aeMbpIX KOHCTPYKIIMH W3 OCTOHA C KOM-
MEHCUPOBAHHOW yCaJKOW MpU NEUCTBUU
MOTICPEYHBIX CHJI: JTUC. ... KaHJ. TEXH. HayK.
— M., 2005r. 160c.

9. Tpexkun A.H. Onpenenenue nporuboB u3-
ru0aeMBIX JKeJne300€TOHHBIX DJIEMEHTOB 0e3
MPEIBAPUTEIILHOTO HAIPSKEHUSI HA OCHOBE
nedopmarmonHor Moaenu // Monoaoi yde-
HbeIHA. 2019. Ne37. C. 103-105.

10. ApcaandexoB M.M. VccnenoBanue npod-
HOCTH, TPEUIUHOCTOUKOCTH M YKECTKOCTH
JKeJIe300€ TOHHBIX U3TH0aeMBIX 2JIEMEHTOB CO
CMEIIaHHBIM apMHUPOBAHUEM: JTUC. ... KaH]I.
TEXH. HayK. — M., 166 c.

Nikolay N. Trekin, advisor of RAASN, doctor of technical
sciences, professor of the National Research Moscow State
University of Civil Engineering; 26, Yaroslavskoe Shosse,
Moscow, 129337, Russia. phones: +7 (495) 482-38-72.
E-mail: otks@narod.ru

Emil N. Kodysh, Honored Scientist, Honorary Member
of the RAASN, Doctor of Technical Sciences, Professor,
Chief Researcher at Central Scientific Research and Project
Experimental Institute of Industrial Buildings and Constructions;
46, bldg. 2, Dmitrovskoe Shosse, Moscow, 127238, Russia.
phones: +7 (495) 482-35-65. E-mail: otks@narod.ru

Volume 17, Issue 1, 2021

Sergey D. Shmakov, post-graduate student, engineer of the
department of structural systems Nel at Central Scientific
Research and Project Experimental Institute of Industrial
Buildings and Constructions; 46, bldg. 2, Dmitrovskoe
Shosse, Moscow, 127238, Russia. phones: +7 (495) 482-
44-65. E-mail: otks@narod.ru

Ivan A. Terekhov, Candidate of Technical Sciences,
Associate Professor of the Russian University of Transport
(MIIT); 9, bldg. 9, st. Obraztsova, Moscow, 127994, Russia
phones: +7 (499) 482-44-65. E-mail: terekhov-i@mail.ru

115



Nikolay N. Trekin, Emil N. Kodysh, Sergey D. Shmakov, Ivan A. Terekhov, Konstantin L. Kudyakov

Konstantin L. Kudyakov, Candidate of Technical Sciences,
Associate Professor of the National Research Moscow State
University of Civil Engineering; Head of sector of laboratory
Ne 13 in the Research institute of reinforced concrete named
after A.A. Gvozdev at JSC Research Center of Construction,
6, bldg. 5, 2nd Institutskaya st., Moscow, 109428, Russia
phones: +7 (499) 174-77-24.

E-mail: konst k@mail.ru

Tpexun Huxonaii Huxonaesuu, coBetank PAACH, mokrop
TEeXHUYECKHX HayK, mpodeccop PI'BOY BO «Hammonans-
HBII HccnenoBaTenbckuii MOCKOBCKUN TOCYAapCTBEHHBIN
cTpoutenbHBIit yHUBepcuTeT» (HUY MI'CY); 129337,
Poccus, . Mockaa, SIpocmaBckoe mocce, A. 26; Ha9aaTbHUK
otaena KOHCTPYKTUBHBIX cucteM Nel AO «LleHTpanbHBIH
HayYHO-MCCIIEI0BATEIILCKHUI 1 ITPOEKTHO-IKCIIEPHMEHTAITb-
HBIII UHCTUTYT INPOMBILUICHHBIX 3IaHUN U COOPYKEHUII»
(UHNUIIpom3manwmit); 127238 Poccusi, Mocksa, J{mu-
TpOBCKOE mmocce, 1.46, kopi. 2. Temn.: +7 (495) 482-38-72.
E-mail: otks@narod.ru

Koowvuu Omuns Haymosuu, 3aCITy>KeHHBIH AEATENb HAyKH,
moyeTHbIH wieH PAACH, mokTrop TeXHHYECKUX HayK, MPo-
(eccop, maBHbI HayIHEIH cOTpyTHUK AO «LleHTpanpHbIH
Hay4YHO-HCCIIEI0BATEIILCKHUI 1 ITPOEKTHO-IKCIIEPHMEHTAITb-
HBIIl UHCTUTYT INPOMBILUIEHHBIX 3IaHUN U COOPYKEHUII»
(UHNUIIpom3manwmit); 127238 Poccust, Mocksa, J{mMu-
TpOBCcKoe 1mocce, 1.46, kopr. 2. Tem.: +7 (495) 482-35-65.
E-mail: otks@narod.ru

116

LImaxos Cepeeti [[mumpuesuy, aCIPaHT, HEXKCHEP OTeNa
KOHCTPYKTHBHBIX cucTeM Nel AO «LleHTpanbHBIN HayIHO-
HCCIEN0BATENbCKUI U MPOEKTHO-3KCIIEPUMEHTAIbHBIN
WHCTUTYT NMPOMBIIUICHHBIX 30aHni 1 coopyxeruiny (L{THU-
Ullpom3nanwmif); 127238 Poccus, Mocksa, [IMuTpoBcKoe
mocce, 1.46, koprr. 2; accucteHT @PTAOY BO «Poccuiickmii
yHuBepcuteT Tpancmnopray (PYT (MUNT)), 127994, Poc-
cusi, MockBa, yi. O6pasmosa, 1. 9, ctp. 9, Ten.: +7 (495)
482-44-65. E-mail: otks@narod.ru

Tepexos Hean Anexcanoposuy, KaHIUOAT TEXHUIECKUX
Hayk, noueHT O@TAOY BO «Poccuiickuii yHHBEPCUTET
tparcmoptay (PYT (MUUT)), 127994, Poccus, Mockaa,
yi. O6pasnoBa, 1. 9, cTp. 9; 3aBeAYIOMNIT CEKTOPOM OTeNa
KOHCTPYKTHBHBIX cucTeM Nel AO «LleHTpanbHBIN Hay9HO-
HCCIEN0BATENbCKUI U MPOEKTHO-3KCIIEPUMEHTAIbHBIN
WHCTUTYT MPOMBIIUICHHBIX 30aHui 1 coopyxeruiny (L{THU-
Ullpom3nmanwmif); 127238 Poccus, Mocksa, [IMuTpoBckoe
mocce, 1.46, xopn. 2; Ten.: +7 (495) 482-44-65. E-mail:
terekhov-i@mail.ru

Kyosikoe Koncmanmun Jlb6o6uy, KaHIUIAT TEXHUICCKUX
HayK, goreHT ®I'BOY BO «HannonansHBIN HCCIeToBa-
TenbCKUi MOCKOBCKUIM TOCYIapCTBEHHBIN CTPOUTEIbHBIN
yausepcutery (HUY MI'CY); 3aBenyroniuii ceKTopom
maboparoprn Ne 13 HUIMKB um. A.A. I'Boznea AO «HUIL]
«CrpourensctBo; 109428, Poccus, r. Mocksa, 2-1 MHCTH-
TyTCKas yiI., 1. 6. kopm. 5. Ten.: +7 (499) 174-77-24. E-mail:
konst k@mail.ru

International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 17(1) 117-126 (2021)
DOI:10.22337/2587-9618-2021-17-1-117-126

ON DIFFERENT DEFINITIONS OF STRAIN TENSORS IN
GENERAL SHELL THEORIES OF VEKUA-AMOSOV TYPE

Sergey 1. Zhavoronok
Institute of Applied Mechanics of Russian Academy of Sciences, Moscow, RUSSIA

Abstract: Several possible definitions of strains in a general shell theory of I.N. Vekua—A.A. Amosov type are considered.
The higher-order shell model is defined on a two-dimensional manifold within a set of field variables of the first kind
determined by the expansion factors of the spatial vector field of the translation. Two base vector systems are introduced,
the first one so-called concomitant corresponds to the cotangent fibration of the modelling surface while the other is defined
on a surface equidistant to the modelling one. The distortion appears as a two-point tensor referred to both base systems
after covariant differentiation of the translation vector field. Thus, two main definitions of the strain tensor become possible,
the first one referred to the main basis whereas the second to the concomitant one. Some possible simplifications of these
tensors are considered, and the interrelation between the general theory of A.A. Amosov type and the classical ones is shown.

Keywords: hierarchical modeling of shells, dimensional reduction, analytical continuum dynamics, strain tensors, stress
tensors

O PA3JIMYHBIX ONPEJAEJEHUSX TEH30POB
JTE®OPMALIMHU B OBLIEN TEOPUU OBOJIOYEK
U.H. BEKYA — A.A. AMOCOBA

C.U. ’Kasoponok

WnctutyTt npukiagHoit Mmexanuku Poccuiickoit Akagemuu Hayk, MockBa, Poccust

AHHoTanmsi: PaccMOTpeHbI pa3uyHble BOBMOXKHBIE ONpeiesieHnst ieopMariui B odmieit Teopun odonouek M.H. Bekya —
A.A. AMocoBa. Moyiest 000JI09KH BBICIIIETO MOPSIAKA OpeieieHa Ha ABYMEPHOM MHOTO00pa3Hi MHOMKECTBOM MEPEMEHHBIX
TIOJISL TIEPBOTO POJIA, OTPE/IETICHHBIX KO3((HUIIMEHTaMH Pa3IoKEeHHs TPOCTPAHCTBEHHOTO TIOJISI BEKTOPA MEPEMEIIECHHS 10
HEKOTOpOii cucteMe (hyHKIM. BBeseHbI 1Be crcTeMbl 6a3UCHBIX BEKTOPOB, @ IMEHHO COITY TCTBYIOIHI 0a3MC B KaCaTEIbHOM
paccioeHny MHOT000pasHsi, COOTBETCTBYIOIIEIO PENIEPHON MOBEPXHOCTH 00OJIOUKH, 1 OCHOBHOM 0a31C, COOTBETCTBYIOIIECH
MIPOU3BOJILHON MOBEPXHOCTH, SKBUIUCTAHTHOH penepHOi. BBeIeHbI Takke ABYXTOUEUHBIE IPECTaBICHUS TEH30pa JUCTOP-
CHH B TEH30PHOM ITPOM3BE/ICHNH KacaTeIbHBIX IPOCTPAHCTB K PETICPHOM M SKBUMCTAHTHOH IIOBEPXHOCTSIM, TIOPOKIAEMBbIC
TpaJMeHTOM TOJIs BEKTOpa repeMenieHust. TakiM 00pa3oM BOSHHUKAIOT J(Ba OIPe/IeICHHS TEH30pa Ie(hOpMaIii 000JIOUKH KaK
TPEXMEPHOTO TeJIa, EPBBII N3 HUX OTHECEH K OCHOBHOMY 0a3mCy, TOT/a Kak BTOPOH — K COITyTCTByIomeMy. PaccMoTpeHsl
HEKOTOpBIE YIPOIIEHHbIE ()OPMBI 3aIMCH TEH30POB Je(hOpMaIiK, COOTBETCTBYIOIINE TEOPHSIM HU3IIHX IOPSKOB, M YKA3aHO
COOTBETCTBHE MEXXTy TeopHei 00oouek B popme A.A. AMOCOBA M KIIACCHYECKUMH TEOPUSIMU.

KiaroueBrble ciioBa: HUCPAPXUICCKHUEC MOACTIN O6OH0‘16K, peayKuusa HpOCTpaHCTBGHHOﬁ PasMEPHOCTH, aHAJTIUTUYICCKAA
MCXaHHWKa KOHTUHYAJbHBIX CUCTEM, TCH30PbI I[e(bOpMaIII/II/I, TEH30PbI HAIPSIKCHU S

INTRODUCTION curvature lines of the modelling surface [3] while the

modern shell theory is based on the tensor analysis
The intrinsic kinematics of the classical shell [4]. Various refined theories of shells use different
theory is based on two parameters, the tangent and  strain definitions [5, 6] referred to the orthogonal
bending strains of the modelling surface of a shell coordinates or tensor-based definitions [7—10].
[1, 2]. These quantities were initially defined using  One should note that most of cited works introduce
the orthogonal coordinates referred to principal different strain tensor definitions; several theories

Volume 17, Issue 1, 2021 117



operates with tensor coefficients with no description
of base systems in details [9, 10]. Indeed, at least
two base vector triads could be used in generalized
shell theories [7, 10—12], the spatial (or main) basis
of an arbitrary curvilinear frame normally attached
to the modelling surface and the concomitant one [ 7,
11, 12]; the first one generates a set of space tensors
whereas the second one generates surface tensors
[7]. Let us note that more complex models use two-
point tensor definitions [13—15]. Such a situation
leads to different work-conjugated pairs of stress and
strain tensors and different formulation of variational
principles [16] for a shell theory.

This work is a brief systematization of strain and
stress tensor representations in higher-order shell
theories. The two-point spatial distortion tensor [15]
is used as a background; two main formulations
for the spatial strain and four for the stress tensors
allowing one to obtain the surface tensors after
integration over the thickness are introduced. It is
shown that a clear analogy of these quantities and
the tensors used in the nonlinear solid mechanics
appears if a surface equidistant to the base one is
obtained as a result of the imagined motion along
normal, and the spatial, or main, basis could be
interpreted as “acting” one while the concomitant
basis as “initial” one [18]. The appropriate work-
conjugated tensor pairs are defined, the strain
energy is formulated, and the sets of surface stress
and strain tensors defining a higher-order shell
theory are described. Finally, the interrelation
between the strain tensors in the higher-order theory
[15] and the classical shell theories is shown.

GEOMETRY OF THE MODELLING
SURFACE OF A SHELL

Let us consider a two-dimensional manifold:

l

Scli: vMeS r(M)=x(M)e,;

)

Q"{
Il
Q
kr—
S,
[8))
Jr
a
R
&
—_—
SV
e<-—
T~
Je
=}
S’
Il
N
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¢ are curvilinear coordinates on S. The tangent
fibration 7S can be defined by:

TS = ]_[ TS, TyS= {J’mru y el }

Mes

(1.2)

The fibration 75 is furnished by the metric a

p

a: ISxIS—>0,, a=ar'r’,

p
Aup =Ty "Iy, a:det(auﬁ), a0 =

YMeS 3Ja®, a"ﬁaaﬁ Vi S 1

P

and the discriminant tensor T = T“Brarﬁ. The
cotangent fibration 7S is given as

°8=]]7:8 TeS={yr*|y, €0} (13)
Mes

The orientation of the manifold S is defined by the
normal unit vector n:

n(M)=a"%' ar® =1%r, ATy, (1.4)

so that we obtain the normal fibration of .S:

NS=]]N.S. N S={m|yeO}. (1.5

Med

The differentiation of r , n is defined by

O =TT r'+b,n, &,p'=-I" rf+5'n,
pra aft afp e B p B (16)

el o
Opn = —b ,r.

KINEMATICS OF A DEFORMING
MODELLING SURFACE OF A SHELL

Let us define a vector field u :
ug:Sx(0,u{0})>T°SDNS,
(1.7)
u, =i, (E_,B,r] r* + w(iﬁ ,r)n;
here u correspond to the tangent translation while

w is the deflection of a surface S. Introducing
Nabla operator V=r"0, we have
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here 2/ denotes the shell thickness. We can define
d=V® W, = .:?Burﬁr“‘ - Sﬁrﬁn, hence an equidistant surface S, for any (# 0, e.g.
(1.8)  a manifold with the fibrations

dy, = Vi, —bogw, 8, = Bw + b0,
78, =[I{»*R.1»* €0},
Let us consider the deformed surface S”: T Mes

R, =0 R=Ar, 4'=8 0%
VMeS r'(Mt)=r(M)+uy(M,t); (1.9)

NS, =] J{ym|yeD}=Ns: =12
MeS
Thus, we obtain the tangent fibration 7S’ and u
) TV = 'R m;=TS, D NS.
normal one NS’ for the deformed surface S": !!—[,{J a ™ }n} 2
. . _E,
75 — H {yar; (M)|y* el }, here the linear transfor_m. given l.ﬁy A5 [7, ]f‘:]
Mes (1.10)  detfines the parallel shifting. This transform is
r'(M)=r,(M)+dFfr, +9_n; nonsingular if 4=det(4")=0,1. e. if[15
B gu -
a’=alr" @rf = (aaﬁ +26,, )r“rﬁ, A=120hH + R K= (1- Lhk, )(1- Chi, ) # 0
R (1.11)
“un = 3(Valfy + Vot )~ b o h<inf, k', a=12  (1.16)
Me§ Ma 2 At '
oS H{J e }’ where k.  are principal curvatures of S. Accounting
u (=12 for, we lézould obtain [7, 14]
n'=Ja'fa ™K~ n— 9 r° ’ ’

=GR, A4 =80

Here ¢, is the surface tangent strain while its e e (1.17)
bending strain is defined by the tensor u: Ay =4 (Sﬁ -G b )
b= (bu[} 4 Zm&ﬁ)l‘arﬂ, ;= 1) The metric g on 7S is defined by (1.18) [7]:
. V(BT 4 BT ’ . L
= (Va8 + Vg8, ) + 3(bldy + 7L, ), 8o = A1 4%, = a,— 20hb o+ Chic,,,
812 2 .
here the second-order terms are neglected as g= det(gaﬁ): det(ADf') a=4A%a, (1.18)

provided by linear shell theories [2]. c=blb,. H=1b5°, K= det( b"z_')‘

GEOMETRY OFTHE SHELLASATHREE- For more details see [14, 15, 17].
DIMENSIONAL BODY

PARALLEL SHIFTING TENSORS
Let us consider hence the shell as 1 0 °[15]:

One could have two interpretations of parallel shift

VM. eV HR(Mi.) =r(M)+gm(M), (1.14) tensors. Let us consider a unit tensor I:

teD,=[-1,1];
) Lrir®— AR —dor RG—

(1.19)
=4 4°R R =R R =R .R;
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such an interpretation was introduced by [.N. Vekua
in [7]; the left indices of AC;_'_E’ must be raised and

lowered by the metric tensor g whereas the right
ones — by the metric a [7]:

| L0 R R ) S T U o

4

I= A/ R,r* = £ a"Ryr; = ARy, ...

The Vekua unit tensors (1.19) allow to define
vector fields on the fibrations 7S, I=S:
u, :Vx (D LU {0})—> TS, u;=i,R";
u, Vx(0, w{0}) > T°8, uy =ur,
u-I=4%4 R"Rr®= A%4 r=u r"; (1.20)
Iu,= A'rf‘uﬁrﬁ T, R'= A,fMﬁRT: ﬁTR";

A o - B o B -~
u =4, u,=A u.
On the other hand we have the tensor A({):

AR =i = AR R

(1.21)
AF—r RS AtR RE=—Airrs:
Let us note the analogy of A and the position
gradients [18] if the vector r_ is interpreted like
“initial basis” and R like “acting basis™:

A-r,=R;, A".R, =r,, (1.22)
This tensor provides the linear morphism
A TS TS, A:.T°S, >T°S;
B : (1.23)

A7 :T°S>T°S,, A 15, > T5.
SPATIAL KINEMATICS OF A SHELL

Let u(M, ¢, t) be translation vector field:

w: V(O ulo)>TF,
(0. 010) ' (1.24)
IIZHERﬁ + u,n.
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Since the fibration 7V is defined by (1.15) and the
morphism (1.23) of bundles exists, 7'S,= 7S x D,
we could represent 7¢V as

TV =T°S, ®NSO T°S®NSxD,, (1.25)

thus, the vector field u can be determined as

u:SxDx(0,0{0}) TS ® NS xD, o
= u=ug’ +um,

where the basis r“,n does not depend on .
Let V=R"0,+nd, be Nabla operator on
IV=15,D NS ; thus, we obtain the two-point
formulation of the distortion d =V @u [14]:
ot 2um ) =

= = i~ (1.27)
=dR°r’+d, R0 +d,nr'+ dy;nn;

d=(R°0,+n0,)®(u

|

= Vuuﬁ— b u

- P
apls s d,= Vm1f3+bu_zr3,

2 ’ (1.28)

p = Oty s = 0t

Taking into account (1.20) we have [15]

d ,: daﬁrarﬁ+fi&ran + aiman+ d?nn = o
=d, R*R'+d ;R"n+d, nR'+d, nn;

(";Yu' - A--Bgoe 2 c;(oe :ga
- A (1.30)
d3,_*‘1,-d3|3: dy; =ds;
d—eazd AT
S (1.31)
d3|3 = dsp.: d33 - d33

THREE-DIMENSIONAL
REPRESENTATION OF STRAIN
TENSORS FOR A SHELL

The formulation (1.29) allows one to obtain the
symmetrized tensor, i.e. the strain field:
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e=e,r T’ +e, (r*m+nr®) + eynm = (1.32)
=é,R°RP+E,, (R“n + nR“) +&,,nn; (1.33)

the first formulation (1.32) is referred to the basis
r* in 7S that depends not on ¢, and
€p= %(VﬁztaJrVuuﬁ ) = (bu[}+ ChKa,g )3{3—
-1 CT'-'?"EJ;}‘ (TQHVTHB-F TE_LLV?MD( );
e %(vuu3+bfuﬁ+a,_‘uu )+%C_2?32K@Quu— (1.34)

(T"'?'b;f"[wv?uﬁ Ku,+2H0,u, );

bl | —

& = (VF20hH + CR*K )0 uy; ;=476

at the same time the second one (1.33) is referred
to the main basis R* in 7§

o)~ (Bupt Chicyg Jus-
—Ch (B Vgu, + 8,V ); (1.35)

B S
—Chb, 0,uy; &, =0, u,.

Let us note that both strain formulations use
the translation components u , u, referred to

the basis r”, n on the fibration 7°S @ NS .
Let us consider hence the tensor e :

LY A

eS:AT-e-A, A=A tnn; (1.36)
e;= &, rr e, (r'ninr”)+ e mm. (1.37)

Accounting for (1.36) and (1.37) we have the

- T ~
inverse formula, i. e. e = (A'l) TINY

DIMENSIONAL REDUCTION

Let H[-1,1] be a Hilbert space, and let us introduce
a base function system on H [15]:

Volume 17, Issue 1, 2021

H ={py, (O)}=p"(2)};

(Peop™ ) =500

(1.38)
(1.39)

(1.39) denotes the appropriate scalar product,
thus, Py p™ is a biorthogonal base system.

Let us introduce a subspace H,, = {p(k)}kzo___N,

so that H =H, @A, . Taking into account

(1.24), (1.38), and (1.39), we obtain [14, 15]
u-= uf-k?'p[k-} (&) u® = 4 ugk-"n,

(k) E) S50

u' :(u_,pl ), k=0...N

The formula (1.40) approximates the spatial
translation within N + 1 Fourier coefficient

u:§x(0,u{0}) >T°SONS  (1.41)

being the vector fields on the Whitney sums of the

cotangent and normal fibration of S.

Let us consider hence the strain tensor e defined

by (1.34). Since this tensor is referred to r®, n,

we could define them within a set of Fourier

coefficients corresponding to (1.38):
e=e¥p,(C), € =(epy))  (142)

The Fourier coefficients ¢® define tensor fields
on the fibration of the manifold S:

elk): § % (D R {O}) —
—(T°S®NS)®(T°S @ NS).
On the other hand, let us consider a tensor
A=yg/a;

e=e. (1.43)

- %%

defined by e’aﬁ, é ., €,,; this tensor allows to
represent its Fourier coefficients as follows:

121



emﬂ:%(v u( +V_ u ))
(& 3g5+hﬁa$zﬁj)(ﬂ_

(k) v
IZ{MT b”(T Vu +Tﬁpvyu )

&0 _1 (v ) 1 62 + D) -

(k) [ rgom (m)
Lz ( b T,V uy +

(m)

(1.44)
+Kut"’}+ 2HD['f"]:¢(-"] ) +
+Z 2 KD u;
% = (8

ZgK)D

27 hH +

DEmyl®)

uc
+Z (n)

Accounting for (1.32), (1.34), (1.43)—(1.44), we
obtain the Fourier coefficients for e :

£ eg)p(k]? eﬁt) = (e‘“p[!‘:) ) (1.45)

The tensor e referred to the basis R, n and defined
by (1.35) cannot be represented by surface tensors

being its Fourier coefficients, but we could define
the “shifted” tensor e

e :e(;-'p[k}, eg'] = (es,pm); (1.46)

the surface tensors e(;‘) are determined by

(£)

=0 0°r'3+e“(r ninr ) &)

€33 I,

Lﬁ) —%(Vuul R uu_])—

“ W+ hcupz(? ]ul"')

(1.47)
—zigh(b;v3¢?‘+5¢vau§)}

D' ’T*] l’"))

et = %(Vuugk] +bfu” )

o3

kb2 ZID; &) = D)™,
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STRESS TENSORS FOR A SHELL

Let us introduce the following stress tensors:
G— G“Brurﬁ+ 0“3(r°‘n+m'°’ ) +onn = (1.48)
=5"R R+ 6“3(R°n+nR° ) +67nn; (1.49)

this tensor defines the true stress as the Cauchy
one in the nonlinear mechanics [18];

s=s%rr +s%r n+s%nr, +s%nn = (1.50)

& P

:A[&“BraRBJréua(r“ n+nR" )+ c"rﬁnn]. (1.51)

Let us provide the analogy of the basis r* and
the initial basis, as well as the basis R* and the
acting basis in the nonlinear mechanics (i.e. the
equidistant surface is obtained by motion of base
surface points along normal). Thus, (1.50) is
analogous to the Piola tensor;

b :A[c"r"“erqr[pL &“s(r“lﬁnr“ } 46331111J (1.52)

is analogous to the 2" Piola stress tensor [18];

o ~ ~ i
s:AAﬂo,n:AA*c(A*).(Lﬁ)

Finally, let us introduce the tensor t = Ac:

t :A[G“Brurﬁ+ t:r'”(r“‘n+nr°E ) +cr”nn} (1.54)

analogous to the Trefftz-Kappus tensor [18].

Let us note that the tensors (1.48), (1.50), (1.52),
(1.54) could be represented by their Fourier
coefficients being surface tensors:

), =(0,p(kj);

=(S,p{k]);
m =", “{k]:(“=p(n);

e ® B
t=t,p, %H‘(“HH}

6=0,D

§ = s(Hp |
(1.55)
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STRAIN ENERGY FORMULATION

Accordingly to [16], we have,

U:%jo:edl/’ :%jjo:mha’c_d& (1.56)
¥V §-1

Let us define a surface strain energy density:

1
US:sthd(;, Wy=1de:e; (1.57)
-1

Here the strain energy density W could be
represented using the equivalent formulations, e.g.
we have the work-conjugated tensor pairs

2 —oae =1 —grae = fae ] .5 8)

where D is the reduced distortion tensor [15]:

_z\T
DSl (1.59)

= c?mﬁrt"rB +d_r'n + E_%Bnrﬁ +d,nn.

Accounting for (1.42)—(1.47), (1.48)—(1.55) as
well as for (1.38) and (1.39), we obtain

o k) —(k
2U, = Um i )y 20{;] el 4 crff)ei;',
(1.60)
Sy :h(‘j -’Pm)-‘
r a ) ad ~(k k)
2U; = nhé el + 21 68 + T8 &y,
(1.61)
ey = FT(AGWU«))‘-
W, =l + 203 + el
(1.62)
= h(40” Dy );
r k ['s k k
2= s d P sead S rshdy Hsindss
(1.63)

)‘h( =pm)

The formula (1.63) was used to derive the dynamic
equations in [14] and [15].

Volume 17, Issue 1, 2021

STRAINS AND STRAIN ENERGY FOR
THE FIRST-ORDER SHELL THEORY

Let us consider hence the 1 order shell theory as
a particular case of the N order:

u=u?+zu? (1.64)

Here

(L.7);
amplitude 1y,

u” = #,r“ +wn so that corresponds to
u = % X" +wn, here the displacement
corresponds to the tangent
rotation angle, ¢@* :T“‘Bxﬁ, while w is the

transverse normal strain. Thus, we have
veu® = d, D=d+ynn+ Q{l(]);
)= dORer® + dlRn.

1.65
a0V g b d® Vb0 :
af ccx[j uﬁw? [ o P

Accordingly to (1.11), (1.13), (1.35), (1.65), we
obtain the following 1* order approximation of
the strain tensor (1.37):

€,p = Eog T Gy — Ch W

1.66
18 (8Ldy) + 8,7d0); —
éc(S = lT(-Soa ap 1@,) + %Cvawe é33 — W- (1.67)

Thus, the reduced strain tensor (1.37) of the 1%
approximation referred to the basis r% n on the
fibration 7S ® NS is given by the surface strains,
i.e. tangent strain (1.11) and bending strain (1.13)
of the surface as well as the averaged transverse
shear 0 , splitting shear V_w [7] and the normal
transverse .

Let us consider hence the true strain tensor e in
terms of the 1% order approximation; it is given
by the covariant components (1.66), (1.67).
Since this tensor is referred to the basis R% n on
the fibration 7S & NS it does not allow one to
create a set of surface tensors by the integration
over the thickness.
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Let us represent this tensor by the particular sum
of Taylor series with respect to {; since we have
the formula for the base vectors R*:

R(’Jﬂ:2 RCI

Lot CORT = (8547 r®, (1.68)

Use of the Taylor series together with (1.68) gives
the following strain tensor e:

e=er'ri+e, (1'°‘n+m'“) + e,,nn,
€y N &y +Q1< (1.69)
K =M, +blg, +bge

a®py T O0pEo

thus, the first-order term obtained by Taylor
expansion gives the reduced bending strain tensor
K, corresponding to the one used in classical shell
theories (e. g. see [2, 3]).

Let us note that the tangent strain €, and the
reduced bending strain K, definig the tensor e =
eaﬁr“rB are two quantities being unknowns in the
compatibility equations of the classical theory of
thin shells [2]:

V1%, — by V118 = 0;

oty |30 oy, pd .
V VT T € 5 + b, 17T K 5 = 0,

that provide the static-geometry analogy [2].
Accounting for (1.62), (1.33) and introducing
averaged shear 0 =9 + y , we have hence

T ol
2U, + 27,0 +T[|0]‘Lp+

(0) af (0) e

m

i (1.70)
+TEU} (I_I.l,u13

banJ‘)-l—ET[mVa\p,
s h_[ &6 4d, nf*g_kj &% Acde, (1.71)

Lm_kj 6 Ad¢, mi= h_[ &% ACde; (1.72)

] -
n= %J. lc“BAQZa’f" o=

2~ 32 0= ‘33Ad¢ (1.73)
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o a3 33
Here Tons Tons

o are expansion factors

of the “2™ Pjola” tensor 7, or the moments of
the contravariant components of the true
strain tensor G”. Here the tensor given by

n('g; works on the tangent strain ¢, (1.11),

the tensor given by nfﬁ works on the bending

strain m,, (1.13) (and by ), while TEFS

works on the averaged shear 0. Thus, n{'f)

defines the work-conjugated tangent force

tensor, nﬁﬁ defines the work-averaged

bending couple, while nﬁf) is the work-

averaged shear force and finally TI:FS is the

work-averaged splitting force [7]. Let us note
that these quantities differ from the ones
working on du,, oy, and being unknown
quantities in the dynamic equations [15]; the
last ones were defined as S(0)>
surface tensors on 7S @ NS [7]. Accounting

for the formulae for the contravariant
components of the stress tensor s [15]:

Sys e being

s = A4 0™ = 44,767,

s = 447 6% = 467, 5™ = 40™ = 44,76%,

we obtain the quantities equivalent to the ones
introduced in [19]. The stresses used in classical
shell theories [2] appears as a result of neglecting
of the value A = Vg/a (e.g. see [2]), the similar
assumption was used by [.N.Vekua for the general
theory of thin shallow shells [7]; such a tensor

could be obtained as S = A™! - 6, therefore we have
5ot = hI A°6%de, SE = El 4767,

On the other hand one could consider the strain
energy (1.62) with the components of the strain
el.j(k) defined by the formula (1.69); this is the
formulation that uses the tangent and bending
strains accordingly to [2]. Thus, we obtain the

International Journal for Computational Civil and Structural Engineering



On Different Definitions of Strain Tensors in General Shell Theories of Vekua-Amosov Type

following definitions of the tangent force and
bending moment:

1
18 = h j tPde,
-1

off _ 1 I
e t _er Lde;  (1.74)

(1)

here the contravariant components 7 = Ag? of
the stress tensor referred to the basis r , n in the
fibration 7S & NS are used contrarily to where
the ones referred to the basis R%, n in the fibration
T.S ® NS were used. The definition of tangent
forces and couples tensors corresponding to [2]
could be obtained by neglecting the multiplier 4.

CONCLUSIONS

One can conclude that several different strain
tensors could be considered. These definitions
are required, in particular, to derive the constraint
equations for extended higher-order shell theories
[20] that appears a result of the translation of
boundary conditions from faces onto a base
surface. The further construction of extended
shell theories without the use of constraint
multiplier could be based on the constraint
equations represented in terms of generalized
strains. Moreover, the statement of the boundary
value problem of the higher-order shell theory
in terms of generalized forces requires the
appropriate compatibility equations such as the
ones proposed in [22] where only the 1st order
shell model was considered; various definitions
of strain tensors generate different formulations
of the two-dimensional compatibility equations.
On the other hand the solution of problems of
coupled dynamics of medium-thickness shells
and surrounding media (e.g. see [23, 24])
require constraint equations corresponding to the
impermeability condition on wetted shell face;
such equation could be also expressed in terms
of strains, thus, an approach similar to [2] where
the strain boundary conditions were defined on
shells’ contours. Finally, the solution of different
static problems [25, 26] could be more efficient
if the stress-based problem statement is used as a
background.
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PELHEH3UA

na monorpaduio «KEJE3OBETOHHBIE COCTABHBIE KOHCTPYKIIAW 3[IAHUM
W COOPYKEHW»: Bamupos X. 3, Komuynos Ba. U., ®enopos B. C., SIxosenxo U.A.
— M.: U3pareabcTtBo ACB, 2017 — 248 c.

AKTYyaJIbHOCTb Hay4YHBIX UCCIIEIOBAHUMN KEI€300€TOHHBIX, B TOM YHCJIE, 1 COCTaBHBIX
KeJ1e300€TOHHBIX KOHCTPYKLUH TOIBKO BO3PACTAET, BCJIEACTBHE MOJyUEHHSI HOBBIX 3HaHUM
13 CMEXKHBIX U ApYyrux o0nacTel HayKu, TEXHUYECKOT 0 Mporpecca, B YaCTHOCTH, HA OCHOBE
MOBBIIIEHUS] BO3MOXXHOCTEH COBPEMEHHBIX THATHOCTUYECKOTO U HKCIEPUMEHTAIbHOIO
000pynoBaHUs U IPUOOPHOI Oa3bl.

MoHorpadus npeacTaBisieT co00i MPeAMETHBIN MOAX0] K PAa3BUTHIO TEOPUH pacyeTa
KeJ1e300€TOHHBIX COCTABHBIX KOHCTPYKILUN, B KOTOPOH aBTOPBI HEPAPXUUECKH MOCIEA0-
BaTEJIbHO JAIOT aHaJU3 CO/AepKaHus Oosee MOJHBIX PeajbHbIX SIBICHUN C yUETOM paHee
HE YYUTBHIBAEMbIX U MIO3TATHOTO TPe0oOpa3oBaHus UX B PU3NUECKHE, paCUETHbIE U MaTeMa-
TUYECKHE MOJIEJIM MEXaHUYECKOTO COCTOSIHUS JKEJI€300€TOHHBIX COCTABHBIX KOHCTPYKIIUI
10 HOPMaJIbHBIM U HAKJIOHHBIM CEYEHUSIM.

B 00ocHOBaHUS 10CTOBEPHOCTH MPEICTABICHHBIX PE3YIbTATOB HEOOXOAUMO OTMETHUTb,
9T0 ()YHIAMEHTOM HCCIIEIOBAHUHN SBISETCS IKCIIEPUMEHTATBHBIA MaTepual, a TeopeTHIe-
CKHe pa3pabOTKH OCTPOEHBI C UCIIOIb30BAaHUEM U3BECTHBIX MOJIOKEHUH MEXaHUKHU TBEPOTO
nehopMHUpyeMOro Tela, TEOPUH COCTaBHBIX CTEPKHEN U TEOPUU Keyle300eToHa.

B pabote BrnepBble IpeICTaBIEH MHOTOYPOBHEBBIN MPOIECC TPEIIMHOOOPA30BaHUS U
PaCKPBITHSI TPEIIHH B 5K€I1€300€ TOHHBIX COCTABHBIX KOHCTPYKIMAX U IPEIOKEHA HePaAPX U
paszeneHusl TpexX TUIOB TPELIMH Ha XapaKTepHble Beepa. B xkene300eTOHHBIX COCTaBHBIX
KOHCTPYKIHMSX paccMOTpeHa paboTa 30HbI CONMPSIKEHUs JIByX MaTe€puajoB U MOJEPHU3H-
POBaHO B MPUJIOKEHUU K KEJI€300€TOHHBIM COCTaBHBIM KOHCTPYKLHSM YpaBHEHHUE TEOPUHU
COCTaBHBIX CTepkHel nmpodeccopa A. P. Pxanunpiaa, a ”MeHHO B oTiudue ot quddepen-
[IUATBHOTO YPAaBHEHHS BTOPOTO MOPsIKa OBLIO MONMydeHO quddepeHnnanrbHoe ypaBHEHNE
MIEPBOTO NOPSAKA, YIUTHIBaroIIee (Pu3ndecKu HeTHHEeWHOoe 1epopMupoBaHue xkeae300eToHa
C TpelMHAMU. DKCIEPUMEHTAIBHO YCTAHOBJIEH U YUTEH 3P QEeKT HapyLlIeHUs CIJIOMHOCTH
0eToHa B COCTABHBIX KeJI€300€TOHHBIX KOHCTPYKIIMSIX.

Teopernueckas 3HAUUMOCTH PaOOTHI COCTOUT B TOM, YTO Ha OCHOBE 0000I1IEHNUs U aHaI3a
OTIBITHBIX IAHHBIX 000CHOBaHO CPOPMYIMPOBAHBI pabOYHe TUIIOTE3bI, HHBAPUAHTHI U ITPE/I-
MTOCBUIKU JIJIs1 TIOCTPOEHUS paCUETHBIX MOJIeNIel, HaubOoJIee MOJIHO YUYUTHIBAIOIINE BCE MHOTO-
o0pa3ue pa3IUYHbIX THIIOB TPEIINH U OTPaXKaIoIIHe AeHCTBUTEIHLHOE HAPSHKEHHO-1ePop-
MHPOBAaHHOE COCTOSIHUE MaTEPHAJIOB IO CEYEHUIO TaKUX KOHCTPYKIUI. CliefyeT OTMETUTb,
YTO MPOILECCHl TPEIMHO00Opa3oBaHus, Ae(hOPMHUPOBAHUS U PA3PyLICHUS KeI€300€TOHHBIX
COCTaBHBIX KOHCTPYKIMH paccMaTpuBaIOTCS HauOoJjee MOJHO C YYETOM BhIIIEyKa3aHHBIX
paboTHI CHII B IIIBE MEKIy OETOHAMH, HECOBMECTHOCTH epopmannii 6eTOHA U apMaTyphl U
a¢dekra HapyIIeHHS CITIONTHOCTH OeToHa. [IpeayToKeHHBIN MOIX0/] K TPEIUHOO0Pa30BaHUIO
MPEOTPEACIIUII TOCTPOCHUE OPUTHHATILHON SU-0JIOYHOM pacueTHON CXEMBI.

[IpakTrdeckas 3HaUMMOCTH pabOThI COCTOHT B TOM, YTO pa3paboTaHa eqMHAsI METOINKA
pacdeTa TaKMX KOHCTPYKIUH IO MpPENeNbHbIM COCTOSIHUSIM MEPBOM W BTOPOMW IpyIaM C
0oJree MOITHBIM YYE€TOM ITapaMeTPOB M 0COOCHHOCTEH 1e(hopMUpPOBaHUS apMaTyphl M OETOHa,
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YTO MO3BOJISIET MOJIYYUTh B OJHUX CIydasx Oosee TOCTOBEPHbIE PEIICHHUS, B APYTUX — Bbl-
SIBUTH pe3epBbl Il 3P(HEKTUBHOTO UCIOJIb30BaHUS MaTepHranoB. Ha ocHOBe pe3yabTaroB
MCCJIEZIOBAHUS JaHbI TPEUIOKEHUS 110 CUHTE3y MHHOBAI[MOHHBIX PEILICHUH 5Ke1e300€ TOHHBIX
COCTaBHBIX KOHCTPYKI[UU U KOHCTPYKTUBHBIX CUCTEM ISl IPOCKTUPYEMBIX U PEKOHCTPYH-
PYEMBIX TPAHCHOPTHBIX 3/1aHUN U COOPYKEHUM.

OnyOnrKOBaHHBIE PE3YJIBTATHI SIBJISIOTCS MOJIE3HBIM UHCTPYMEHTAPUEM ISl YUEHBIX U
CHEIHAIHUCTOB 10 UCCIIEIOBAHUIO KeJIe300€TOHA, TPOEKTUPOBAHUIO COOPHO-MOHOJIUTHBIX
KeJIe300€TOHHBIX KOHCTPYKIMM U JIPYTHX COCTaBHBIX K€JI€300€TOHHBIX KOHCTPYKIIUH,
MoJIy4aeMbl€ NPU YCUJIEHUH B XOJI€ PEKOHCTPYKIIHH.

3asedyrowutl xaghedpoti

HKenezobemonnvie koncmpykyuu HUY MI'CY,
Jlokmop mexnuueckux nayx, npogeccop
Tampazan A.T.
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