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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)

MesxayHnapoanblii HayuHbli :kypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHblii ;KypHAJI M0 pacyeTy rpaxIaHCKUX U CTPOUTEIbHBIX
xoHcTpykuuii)” (IJCCSE) sBnsercs BeayiuM HayuyHbIM NEPUOAMUECKUM U31aHUEM I10 HAIIPABJICHUIO
«MHXKeHepHble U TEXHUUECKUE HayKny, n3aaBaeMbIM, HaunHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B »xypHayie Ha BBICOKOM Hay4YHO-TEXHHYECKOM
YPOBHE paccMaTpUBAIOTCS IPOOIEMbI YHCIEHHOTO U KOMIIBIOTEPHOT'O MOICTMPOBAHUS B CTPOUTEIIHCTBE,
aKTyaJIbHble BOIPOCHI pa3pabOTKH, UCCIEIOBAHNUS, Pa3BUTHS, BepU(UKaLluK, anpodaluy U MPUIIoAKe-
HUM YUCIICHHBIX, YUCIEHHO-aHAIUTUYECKUX METO/I0B, IPOrPAMMHO-AJITOPUTMHYECKOTO 00eCTIeUeHHUs
Y BBITIOJIHEHUSI aBTOMATU3MPOBAHHOTO TIPOEKTUPOBAHMSI, MOHUTOPHHIA U KOMIUIEKCHOTO HAYKOEMKOTO
PacyeTHO-TEOPETUYECKOTO U HKCTIEPUMEHTAIILHOTO 000CHOBAaHUS HANPSKEHHO-AEPOPMUPOBAHHOTO (U
MHOTI'0) COCTOSIHUS, TPOYHOCTH, YCTOMIMBOCTH, HA/IEXKHOCTHU 1 0€30I1aCHOCTH OTBETCTBEHHBIX O0BEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPTeTHKH, MAIIMHOCTPOCHHUS, TPAHCTIOpTa, OHO-
TEXHOJIOTHH U JJPYTHX BBICOKOTEXHOJIOTUYHBIX OTPACIIEH.

B penakiirioHHbII cOBET *KypHasa BXOIAT U3BECTHBIE POCCUICKNE U 3apyOeKHbIE IeATeNTN HAyKU
Y TEXHUKU (B TOM YHCIIE aKaJIEMHUKH, YWICHBI-KOPPECTIOHICHTHI, THOCTPAHHBIE WICHBI, TOYETHBHIE YICHBI
1 COBEeTHUKH POoCCHIICKON akaJeMuu apXUTEKTYPhl U CTPOUTEILHBIX HayK). OCHOBHON KPUTEPH OT-
6opa crareil A1 MyOIMKaLUK B )KypHaJe — UX BBICOKHI HayYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIPEJIEINISIETCS B XOA€ BBICOKOKBATH(D)UIIMPOBAHHOTO PELECH3UPOBAHUS U OObEKTUBHON SKCIEPTHU3BI,
MOCTYMAIONIUX B PEAAKIIMIO MAaTEPHAJIOB.

Kyprnan exooum 6 Ilepeuers BAK P® gedywux peyenzupyemvix HaAyuyHvlX U30aHUll, 8 KOMOPbLX
00124CHbL ObIMb ONYONUKOBAHBI OCHOBHbIE HAYYUHbLE PE3YIbMAMbl OUCCEPMAYULL HA COUCKAHUE YYEHOU
cmeneHu Kanouoama HayK, Ha COUCKAHUe YYeHOU Cmenenu 0OKmopa HAyK 10 HAy4YHbIM CIEeLUab-
HOCTSIM M COOTBETCTBYIOIIUM UM OTPACIISIM HAYKH:

* 1.1.8 — Mexanuka eopMUpyeMOro TBEpOIo Tea (TEXHUYECKUE HayKH),

* 1.2.2 — Maremarudeckoe MOJETMPOBAHUE YHCIIEHHBIE METO/IbI M KOMILJIEKCHI IPOrpaMM

(TeXHUUYECKHUE HAYKH),

¢ 2.1.1 — CTpouTenbHble KOHCTPYKLUH, 31aHUS U COOPYKEHUS (TEXHUUECKUE HAYKH),

*2.1.2 — OcHoBanus ¥ GyHAAMEHTHI, 10JI3EMHBIE COOPYKEHUS (TEXHUUYECKUE HAyKH),

* 2.1.5 — CTpouTenbHble MaTEpUAIIBl U U3ENNS (TEXHUUECKUE HAYKH),

* 05.23.07 — TuapoTeXHUYECKOE CTPOUTENBCTBO (TEXHUUECKHE HAYKH),

* 2.1.9 — CTpoutenbHas MeXaHUKa (TEXHUUYECKUE HAYKH)

B Poccuiickoit @enepanyu )KypHaJl HHIEKCUpPYeTCsl POCCUIICKMM MHIEKCOM HAy4HOI'O LIUTH-
posanus (PUHLI).

JKypuan exooum 6 6a3zy oannwix Russian Science Citation Index (RSCI), nonnocmuto unmezpu-
posannyio ¢ naameopmotl Web of Science. XypHan nmeet MeXTyHapOIHBINA CTaTyC U BHICHUIAETCS B
Belyle ONOIMOTEKN U HayYHble OPTaHU3al1 MUDA.

M3narenn xypHaaa — Mzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8blCUIUX YUEOHbIX 3a6e-
oenuti /ACB/ (Poccus, . Mocksa) u 1o 2017 rona Mzoamenvckuii oom Begell House Inc. (CUIA, 1.
Hero-Mopk). OpuIuaisHpIMI HapTHEPAMH H3IAHUs SBIseTCs Poccutickas akademus apxumexmypol
u cmpoumenvhvix Hayk (PAACH), ocymiecTBistomnas HayyHOe KypUpoBaHUe U3aHust, U Hayuno-uc-
cnedosamenvckuul yenmp Cma/{uO (3A0 HULL CtaluO).

ey :KypHaJa — 1IEMOHCTPUPOBAThH B MyOIUKALMAX POCCUICKOMY M MEXIyHAPOAHOMY IIPO-
(eccroHaNIbHOMY COOOIIECTBY HOBEHUIIHE TOCTHKEHHS HAYKH B 00JaCTH BHIYUCIUTEIBHBIX METOI0B
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peuieHus GyHIaMEHTAIbHBIX U MPUKIAIHBIX TEXHUUYECKUX 3aja4, MPEK/Ie BCEro B 00JaCTH CTPOU-
TEJbCTBA.

3agaum KypHaa:

* IPEI0CTABJICHNE POCCUMCKUM U 3apyOeKHBIM YUEHBIM U CIIELIUATUCTaM BO3MOXKHOCTH ITyOIH-
KOBATh PE3YJIbTaThl CBOUX MCCIIEA0BAHUM;

* IpUBJICUEHUE BHUMAHHUS K HamOosee aKTyalbHbIM, IEPCIEKTUBHBIM, IIPOPBIBHBIM U WHTE-
PECHBIM HAIPABJICHUSAM PA3BUTHUS U MIPUIOKEHUH YMCICHHBIX Y YMCICHHO-aHATUTHYECKIX METOJIOB
pemieHus pyHIaMEHTaIbHBIX U MPUKIIAJIHBIX TEXHUYECKUX 3a71a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT U
MaTeMaTUYeCKOTO, KOMITBIOTEPHOTO MOJECINPOBAHMS, Pa3padOTK U BepH(PHUKALUU PeaTn3yIOLIero
[IPOrpaMMHO-aJITOPUTMHUYECKOTO 0OecIIeueH s,

* obecrieueHre 0OMEeHa MHEHUSIMHU MEX/1y UCCIIEI0BATEIIMU U3 PA3HBIX PETMOHOB U TOCYAAPCTB.

Temaruka sxxypHaJa. K paccMoTpeHnio 1 myOIMKaluy B )KypHaJie IPUHUMAIOTCS aHATUTHUECKIE
MaTepHalbl, HayqHbIE CTaTbU, 0030pPbl, PELIEH3UU U OT3bIBbI HA HAy4Hble MyOIUKaLMK IO (yHIaMeH-
TAJbHBIM U IPUKJIAJHBIM BOIIPOCAM TEXHUYECKHUX HAYK, IPEXK/Ie BCETo B 00IACTH CTPOUTENHCTBA. B
KypHaJIe TaKKe MMyOIUKYyI0TCsl UH(OPMAIIMOHHbIE MaTepHalibl, OCBEILAIOIUE HAyYHbIE MEPOIIPUSITUS
U 1epesioBble TOCTHXKeHUs Poccriickol akaileMUM apXUTEKTyphl U CTPOUTENbHBIX HayK, HAyYHO-00-
pa3oBaTEIbHBIX U IPOEKTHO-KOHCTPYKTOPCKUX OpraHU3aLi.

Tematnka crateil, IpUHUMaeMBbIX K IMyOJIMKAIMKU B )KypHaJle, COOTBETCTBYET €ro Ha3BaHUIO U
OXBAaThIBAET HAIIPABJICHUS HAyYHbIX UCCIIEIOBAaHUN B 001aCTH pa3pabOTKH, UCCIIEAOBAHUS U MIPHUIIO-
KECHUH YUCIICHHBIX U YUCICHHO-aHATUTHYECKUX METOA0B, IPOTPAMMHOTO 00€CTIeYeHHSI, TEXHOIOT Ui
KOMITbIOTEPHOTO MOJICJIMPOBAHHUS B PELICHUH MTPUKIIAIHBIX 33/1a4 B 00JIaCTH CTPOUTENBCTBA, & TAKXKE
COOTBETCTBYIOLIME MPOPHUIbHBIE CIEIUATbHOCTH, MPEICTABICHHbIE B JUCCEPTALIMOHHBIX COBETaX
pOoMIBHBIX 00Pa30BATENBHBIX OPraHU3AIMAX BBICIIEr0 0Opa3oBaHusl.

Penaknuonnasi moautuka. [lomurrka penakiimoHHONW KOJUIETHH KypHala 0a3upyeTcs Ha COo-
BPEMEHHBIX IOPUIMYECKUX TPEOOBAHUSAX B OTHOLIEHHWH aBTOPCKOTO IPaBa, 3aKOHHOCTH, IUIaruara
U KJIEBETHI, U3JIOKEHHBIX B 3aKoHonarenbCcTBe Poccuiickont denepanuu, U STHYECKUX MPUHIMUIIAX,
MOJ/IEP’KUBAEMBIX COOOILIECTBOM BEAYIIMX U3/aTelel HayuHOW NEePUOAUKH.

3a nybnukayuto cmameti naama ¢ asmopos He e3vimaemcs. Ilyonukayus cmameii 8 HcypHae
becniamuas. Ha TIaTHOM OCHOBE B JKypHaJIe MOTYT OBITh OITyOJIMKOBAHBI MaTepHajbl PEKIAMHOTO
XapakTepa, UMEIoIIUe MPsIMOe OTHOLIEHHUE K TEMaTHKe XKypHaJa.

XKypnai npeaocTaBisieT HENOCPEACTBEHHBIN OTKPBITBIN TOCTYII K CBOEMY KOHTEHTY, MUCXO/Is U3
CJIEYIOILETO MPUHIIMIA: CBOOOIHBIN OTKPBITHIM JOCTYII K pe3y/bTaTaM UCCIIEJOBAHUN CIOCOOCTBYET
YBEJIUYEHUIO II00aTbHOT0 0OMEHa 3HaHUSAMH.

HupexcupoBanue. [lyOnukaimy B KypHaie BXOIST B CUCTEMBI PACYE€TOB MHJICKCOB IIUTUPOBAHUS
aBTOPOB U JKypHAJIOB. «MHIEKC IUTUPOBAaHUS» — YHCIIOBOM NOKA3aTellb, XapaKTEpU3YIOLHI 3HAYMMOCTb
JIAHHOM CTaThU ¥ BEIYUCIISIOLIMICS HAa OCHOBE MOCIIETYOIIMX ITyOMKALINA, CChUTAFOLMXCS Ha TAHHYHO PaloTy.

ABTopam. [Ipexne ueM HarpaBUTh CTAaThIO B PENAKIMIO XKypHajia, aBTOpaM CIIEAYET O3Ha-
KOMHTBCSI CO BCEMHM MarepuajaMu, pa3MelIeHHbIMH B pasjeiax caiiTa *ypHaja (MHTEpHET-CaiT
Poccuiickoit akageMun apXuTeKTypbl U cTpouTeabHbIX Hayk (http://raasn.ru); monpasnen «M3nanus
PAACH» nunu uarepHet-caidT M3narenscrBa ACB (http://iasv.ru); moapazaen «Kypuan [JCCSE»): ¢
OCHOBHOU MH(OpMaImei o XypHase, ero mejisiMHi 1 3aJadaMi, COCTAaBOM PEIAKIIMOHHOW KOJIJIETUH
U PEJAaKLIMOHHOIO COBETA, PEAAKIIMOHHOM MOJIUTHUKOM, TOPSAIKOM PELIEH3UPOBAHMsI HAIIPABIIIEMbIX B
KYpHaJ cTarel, CBEACHUSIMHU O COONIONCHUH PENaKIIMOHHONW 3TUKHU, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMLEH3UPOBaHMs, O MPEICTaBICHUH KypHaJla B NHPOPMALIMOHHBIX CUCTeMaX (MHIEKCUPOBAHUN),
nHpopMaLueil 0 NOANUCKE Ha KypHall, KOHTAKTHBIMU JaHHBIMU U 1Ip. XKypHan paboTaeT no nuueH-
3un Creative Commons tuma cc by-nc-sa (Attribution Non-Commercial Share Alike) — Jlnnensus «C
yKkazaHueM aBTopcTBa — Hexommepueckas — Kormumedry.
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Penen3upoBanue. Bce HayuHbIe CTaThH, MOCTYNUBIIME B PEAAKIIUIO JKypHAJA, MPOXOMIST
o0s13aTeIbHOE JIBOMHOE clIernoe pelieH3MpoBaHue (PELEH3EHT HE 3HAeT aBTOPOB PYKOMMCH, aBTOPHI
PYKOIMCH HE 3HAIOT PELIEH3EHTOB).

3auMcTBOBaHUS M Muaruar. PenakumonHasi KoOJUIerus KypHaia Mpu pacCMOTPEHUH CTaThbU
IIPOBOJIUT MPOBEPKY MaTepuaia C MOMOIIBI0 CUCTEMBI «AHTHILIAruaT». B ciydae oOHapyxeHus
MHOT'OYHMCIIEHHBIX 3aMMCTBOBaHHUM pelakiys 1eHcTByeT B coorBeTcTBUU ¢ nipaBuiamu COPE.

Ioanucka. XXypHan 3apeructpupoBan B defepaibHOM areHTCTBE MO CPEACTBAM MacCOBOM
MH(pOPMAIK U OXpaHbl KyJIbTypHOTro Hacnenus Poccuiickoii @eneparun. Muaekc B o0mepoccuiickom
karanore POCITEUATD — 18076.

[To BompocaM MOANMCKK HAa MEXKIyHApPOJIHBIA Hay4dHBIM xKypHan “International Journal for
Computational Civil and Structural Engineering (Me>xayHapoaHbIi )KypHaJ O pacyeTy rpaxIaHCKUX
U CTPOUTENbHBIX KOHCTPYKINI)” oOpamaiitech B AreHTcTBO «Pocneuars» (OduimaibHbIil caiT B
cetu UnTepHeT: http://www.rosp.ru/) uin B U31aTeIbcTBO ACCOIMAITIN CTPOUTETHHBIX By30B (ACB)
B COOTBETCTBHUH CO CIIEIYIOIUMHI KOHTAKTHBIMU JIaHHBIMU:

000 «H30amenvcmeo ACB»

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

®akruueckuit aapec: 129337, Poccus, . Mocksa, SIpocnasckoe 1., 1. 19, xopm. 1, 5 atax,

oduc 12 (TL Cone Momn);

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

WNHuTepHeT-caliT: www.iasv.ru. AJipec 3JeKTPOHHOM MOUTHI: 1asv(@iasv.ru.

KonraktHast ungopmanus. [1o Bcem Bompocam padoThl peiakiiu, peleH3upOBaHuUs, COTIIACO-
BaHMs MIPABKHM TEKCTOB M MyOJIIMKAILIMK CTaTel clieayeT o0palarhes K NaBHOMY peJakTopy KypHasa
yneny-koppecnonaeHty PAACH Cuoopogy Baraoumupy Huxonaesuuy (agpeca 3IeKTPOHHON MOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) uim K TEXHHYECKOMY
penakropy xkypHaina coBeTHUKY PAACH Kaiimykosy Tatimypazy bampazoeuuy (anpeca 3J1eKTPOHHOM
noutsl: tkaytukov(@gmail.com; kaytukov(@raasn.ru). Kpome Toro, mo ykazaHHBIM BOIIPOCaM, a TAKKe
10 BOMPOCaM pa3MelIeHHs B )KypHaJjle PeKIaMHbBIX MaTepHaioB MOKHO 00paIlaThCs K TeHepaIbHOMY
mupektopy OO0 «MznarensctBo ACB» Huxumunoti Haoescoe Cepeeesne (apeca 31€KTPOHHOM 110-
9T iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

Kypnaa cranoButcsi Texnojoruunee. MznarensctBo ACB ¢ centsaops 2016 rona siisieTcst
yiieHoM MeXIyHapoHOM acconmanuu u3aareneit HayuHoil nuteparypsl (Publishers International
Linking Association (PILA)), ocymecTBastoneil cBoto nearenbHocTh Ha miuatgopme CrossRef.
OpurvHaJbHBIM CTAThSIM, MMyONUKYEeMBbIM B KypHase, OyayT MpHCBaUBaThbCsl YHUKAJbHBIE HOMEpa
(uanexcel DOI — Digital Object Identifier), uTo 3Ha4MTENBHO OOIETYUT MOMCK METAIAHHBIX U MECTO-
HaXOXJIEHHUE TIOITHOTEKCTOBOTO npounsBenenns. DOI —3To cuctema onpeneneHust HaydHOTO KOHTEHTa
B ceTtu MHTepHeT.

C okTs10pst 2016 roma cran BO3MOXKEH MTPUEM CTaTE HAa pACCMOTPEHUE U PELIEH3UPOBAHUE Yepe3
OHJIaMH cucTeMy npuemMa ctareit Open Journal Systems Ha caiiTe )KypHasia (3J€KTpOHHAS PEIaKIINS):
http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp IMEET BO3MOKHOCTb CIICAUTH 32 MPOABIKEHUEM CTAaThU B PEAAKIMH KypHaJIa B INYHOM
kabunere Open Journal Systems 1 nosay4yarb COOTBETCTBYIOIINE YBEIOMIIECHHS 10 AJIEKTPOHHOM IOYTE.

B ¢deBpane 2018 roga >xypnain Obl1 3apeructpuponat B Directory of open access journals (DOAJ)
(3TO OIMH U3 CaMBIX U3BECTHBIX TIOMCKOBBIX CEPBHUCOB B MUPE, KOTOPHIN MPEAOCTABISAET OTKPBITHIN
JOCTYI K MarepuaiaM U MHICKCHUPYET HE TOJbKO 3aroJIOBKH KypHAJOB, HO M HAay4YHbIE CTaThH), B
centsa6pe 2018 rona BxiroueH B nmpoaykTsl EBSCO Publishing.

B HOos16pe 2020 rona xxypHanI Havall MHACKCHPOBATHCS B MEXKTyHAPOIHOM 0aze Scopus.
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DEFORMATION MODEL AND ALGORITHM FOR
CALCULATION OF REINFORCED CONCRETE STRUCTURES
OF ROUND CROSS-SECTION UNDER TORSION WITH
BENDING

Viadimir I. Travush ', Vladimir I. Kolchunov ?, Sergey A. Bulkin’,
Maxim V. Protchenko *?

! Research Institute of Building Physics of Russian Academy of Architecture and Construction Sciences,
Moscow, RUSSIA
2 Southwestern State University, Kursk, RUSSIA
3 Urban planning institute of residential and public buildings (GORPROJECT), Moscow, RUSSIA

Abstract. Despite a fairly long period of research and a significant number of publications around the world on
the problem of the complex resistance of reinforced concrete, the existing calculation models still remain far
from perfect. This is especially true for structures with a non-rectangular cross section. The article presents a
version of the model and an algorithm for the analytical calculation of reinforced concrete structures of a
circular cross section in torsion with bending, which most fully reflects the specifics of the power resistance of
such structures. The model takes into account all the components of external forces in a rod element of a
circular cross section, the spatial nature of cracks, with the combined action of moments, various cases of the
location of the compressed concrete zone, depending on the ratio of the acting forces in the calculated structure.
For a spatial crack, calculated sections are taken in the form of diagonal large and small ellipses and a spatial
surface bounded by concave and convex spatial parabolas. In compressed and stretched concrete, a broken
section of three sections is considered, two in the form of longitudinal trapezoid and the third, middle section in
the form of a small ellipse rotated at an angle to the longitudinal axis of the structure. The obtained analytical
dependencies allow one to determine interconnected design parameters, such as stresses in the concrete of the
compressed zone, the height of the compressed concrete, stresses in the longitudinal and transverse
reinforcement, deformations in concrete and reinforcement, the length of the projection of a spatial inclined
crack, and others. The deformation model and algorithm can be used in the design of reinforced concrete
structures of circular and annular cross-section, working in bending with torsion.

Keywords: reinforced concrete, circular section, calculation scheme, bending moment, torsion, spatial crack,
dangerous spatial crack, governing equations.

AEQ@OPMAIIMOHHAS MOJAEJIb H AJITOPUTM PACHETA
KEJIE3OBETOHHBIX KOHCTPYKIIUU KPYI'JIOT'O
HOHEPEYHOI'O CEYEHUA IIPU KPYYEHUU C U3T'UBOM

B.U. Tpasyw '3, Ba.d. Konuynoe?, C.A. Byakun 3, M.B. Ilpomuenxo *

! Hay4Ho-mccIeoBaTebCKUi HHCTUTYT cTponTenbHol dpusuku PAACH, r. Mocksa, POCCUST
2 JOro-3anaaHblii TOCyIapCTBEHHBIH yHUBEPCHTET, T. Kypck, POCCHSI
3 T'opocKoii IIPOEKTHBIN MHCTUTYT JKHJIBIX U OOIIECTBEHHBIX 30aHul, T. Mocksa, POCCH I

AnHoranusa. HecmoTps Ha 10CTaTOYHO NPOJODKHUTENBHBIA CPOK MCCIEJOBAHUI M 3HAYUTEIIBLHOE
KOJIMYECTBO IyOJIMKamuii BO BCEM MHpE 110 MpoOJIeMe CIIOKHOTO CONPOTHBICHUS JKele300eToHa
CYIIECTBYIOIIME pacuYeTHbIE MOJEIH JI0 HACTOAIIETO BPEMEHH OCTAIOTCA JaJeKO HE COBEPIICHHBIMU.
OcoOeHHO 3TO OTHOCHUTCA K KOHCTPYKIHMSAM HENPSMOYTOJIHOTO IIONIEPEeYHOro cedeHus. B crarbe
NIPEACTAaBICH BapWaHT MOJAENM M AITOPUTM aHAJIMTHYECKOTO pacyeTa >KeJIe300€TOHHBIX KOHCTPYKIHUH
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Deformation Model and Algorithm for Calculation of Reinforced Concrete Structures of Round Cross-Section Under
Torsion with Bending

KpYTJIOTO TIOTIEPEYHOTO CEUYCHUS MPH KPYUCHHH C M3THOOM HamboJee IOJTHO OTPAKAIOIIUH creruduky
CHIIOBOTO COTIPOTHBIICHUS TAKMX KOHCTPYKIUH. MO/eTh YIUTHIBACT BCE COCTABIIIONINE BHEITHIX yCHIMNA B
CTep)KHEBOM DIJIEMEHTE KPYTJIOTO TMOMEPEYHOTO CEYEHUs, IPOCTPAHCTBCHHBIM XapakTep TPEmnH, Npu
COBMECTHOM JIeHICTBHM MOMEHTOB, pPa3JIHMYHbIE CIydal PacIOI0KEHHUS CKATOM 30HBI OETOHA B 3aBHCHMOCTH
OT COOTHOLICHMs JEHUCTBYIOIIMX YCHIMH B PACCUUTBHIBAEMON KOHCTPYKUMHU. [l IPOCTpaHCTBEHHOMU
TPEUIMHbl TPHHATHI pACUETHBIE CEUCHHWS B BHAE JAWArOHAIBHOTO OONBIIOT0 W MAaJoro AIUIMIICOB U
MIPOCTPAHCTBEHHON MOBEPXHOCTH OIPAaHMUYCHHON BOTHYTOM M BBIMYKJIOH MPOCTPAHCTBEHHBIMU MapadOIaMu.
B cxaToM W pacTIHyTOM OCTOHE PacCMOTPCHO JIOMAHHOE CCYCHHE M3 TPEX YYacTKOB, — JBa B BHJIC
IIPOJOJIbHBIX TpalelUy U TPETUH, CPEIHUN Y4acTOK B BUJE MaJIOrO 3JUIMIICA, IIOBEPHYTOIO IOJ YIJIOM K
MPOJIOJILBHOM OCH KOHCTPYKUMHU. [loslyueHHble aHAIUTUYECKUE 3aBUCUMOCTU IO3BOJISIIOT OIpPEIEsITh
CBsI3aHHBIC MEKIY COOOH pacdeTHBIC MapaMeTphl, TAKHE KaK HAIPSOHKCHUS B OCTOHE CKATOW 30HBI, BBICOTY
cKaToro OeTOHA, HAPSHKEHUS B TIPOJIONBHOM U MOTIepeyHOi apMatype, aedhopMannu B OETOHE U apMarype,
JUTMHY TIPOSKIIMH MPOCTPAHCTBEHHON HAKIOHHOW TpemuHBl W npyrue. [lepopmammoHHas Mojaenb |
AITOPUTM MOTYT OBITH WCIOJNB30BaHBI MPU MPOCKTHPOBAHUH KEIIEe300€TOHHBIX KOHCTPYKIIMHA KPYTIOTO U
KOJIBLIEBOTO TIOTIEPEYHOT0 CEYCHNUS, paOOTAIONINX Ha U3THO C KPYyUCHHUEM.

KiroueBble ciioBa: sxene300eTOHHbIE KOHCTPYKIMHU, KPYTJIOe CeUeHUE, pacuyeTHast CXeMa, IIPOYHOCTb,
U3ru0aI0INii MOMEHT, KPYTSIIUI MOMEHT, TPOCTPAHCTBEHHAS TPEILINHA, pa3pellatolie ypaBHEHHUSI.

INTRODUCTION

It is known that the rational and safe design of
building structures is largely determined by the
availability of effective and relatively simple and
understandable methods for their calculation.
This is especially true for critical structures of
buildings experiencing a complex stress state,
which undoubtedly include structures that work
on the simultaneous action of bending with
torsion. Until now, this is one of the most
complex and little-studied problems of the theory
of reinforced concrete, since it is applied and
used in domestic [10, 15, 18, 19, 23, 24] and
foreign [2, 5-9, 13, 16, 17, 20, 21] research and
in regulatory documents up to the present time,
the methods remain extremely conditional and do
not reflect the complex resistance of reinforced
concrete structures at all levels of loading under
such effects. Numerical solutions using software
systems based on the finite element method and
other numerical methods do not reflect the
physics and all the specifics of the deformation
of such structures, and the results of the solutions
obtained are not unambiguous and are largely
determined by the qualifications of the engineer.
Known analytical solutions usually consider the
calculation of structures of rectangular [2, 5, 7, 9,
13, 18, 20], and more recently box-shaped [26]
sections and do not investigate the specifics of
the calculation of structures of circular and
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annular sections. At the same time, structures
with these cross-sectional shapes are often used
in such critical structures as, for example, the
stiffening core of high-rise buildings, bridge
supports, cable cars, and the efficiency of their
design solutions depends on the accuracy of the
calculation. Therefore, the development of
analytical methods for calculating building
structures made of reinforced concrete, fiber- and
steel-reinforced concrete and other similar
multicomponent conglomerates remains in
demand not only for verifying software systems
and developing regulatory documents, but also
when designing building objects that use
fundamentally new design solutions and
technologies that have not passed verification in
the practice of construction and operation.
Therefore, the purpose of this study was to build
a deformation model and an algorithm for
calculating the complex resistance of reinforced
concrete structures of a circular cross section
under the combined action of torsional and
bending moments, which most fully reflects the
physical features of the force deformation of
such structures.

Deformation model. In the development of
studies [25], in which, to determine the
calculated forces in reinforced concrete
structures of the considered cross section, a
general calculated scheme with spatial sections
was proposed and the corresponding resolving
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equilibrium  equations and  deformation
equations were compiled that determine the
stress-strain state in such structures under the
considered effects on Based on the specification
of these constitutive equations, here is an
algorithm for determining all the calculated
parameters used in this model.

It is assumed that the calculated reinforced
concrete structure is conditionally divided into

two blocks and in the space of these blocks
there is a spatial crack limited along the length
of the structure by normal cross sections 1-1 at
the beginning and 3-3 at the end of the
projection of this crack. The area of the beam
covered by the crack, being projected onto the
side surface of the structure, can be described by
a large ellipse (Figure 1) with a projection
length equal to c.

a)
Cix
1 C! : 1
e L oo
1-1
N Os1°Asy
w 1.7
A |
T.b§<
el =d cosa=f c) Lo
c '[“31'
b) ¢
Cross Cross
section 7—7 section3-3
Tp 19, 14p.1 Tp 19, 14p, 1

B

’ 7

Figure 1. Calculatied scheme of a reinforced concrete element of a circular cross section under the
action of bending and torque moments. a — block with small and large ellipses between normal
sections I-I and 3-3; b, ¢ — diagram of forces, compressed and stretched zones in section I-I and 3-3
respectively
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In the compressed concrete of the design section
within the projection of the inclined crack there
are three characteristic sections with dimensions
Iy, 1, I3, — longitudinal sections (/; and /),

as well as a cross section of a small ellipse at a
longitudinal distance /, (see Figure 1). In the

stretched concrete there are the same three
sections /;, /5, /3, but in addition to the ellipse

for the section /,, there is also a parabola
envelope in the sections /; and /5.
The small ellipse equation for a spatial section is:

ALY (1)

Then in stretched concrete in the first section we
have a spatial curve f,;123(x,»,z) and in the

second section a spatial ~ parabola
fparl,,Z,,?)r (x,y,z).
To construct the first spatial parabola

S par123(x.y,z) we find the coordinates (X,y,z)
of point 1 (T.1) along the axis x (x=-/; 0.5/, ),
the coordinate along the axis z (z=R—x;) and,

belonging to the circle in section 1-1, the
coordinate along the axis y:

y=tJR*~(R-x)*. )

Next, we find the coordinates (x,y,z) of point 2
(T. 2) along the x axis (x=-0.5/,), the z
coordinate (z=-R+x; —Ax;—x;;) and the y
coordinate.

Let us write down the equation of the first

spatial (in the form of a propeller curve)
parabola:

Loariaa(x0,2) =Nz ()2 +y1(0)% ()

where z;(x )? and y1(x) — parabolas along

respective coordinate axes.
The construction of the second spatial parabola
Spart, 2,3, (x.y,z) is similar to the above
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scheme the auxiliary plane curve is defined
v»(x) and the equation of the second spatial

parabola is obtained accordingly:

Foart 2,3, (x2,2)=z2(x) +v2(x)> . (4)

CALCULATION ALGORITHM

In accordance with the accepted design scheme
of the reinforced concrete structure of the beam
of round cross section under the action of
bending and torque moments and transverse
forces, the most dangerous are spatial sections
located at the support with maximum torque,
bending moments and transverse forces.

In this scheme, the first block is separated by
the cross section I-I passing at the end of the
spatial crack, is in equilibrium under the action
of external forces applied to it from the side of
the support and internal forces arising at the
place of the cross section.

When evaluating the complex resistance of the
beam under consideration, the design scheme
shown in Figure 1 is implemented in the
following order.

1. The main one is an arbitrary vertical section
k, passing through the end of the front of the
spatial crack, in which the intensity of
deformations is taken ¢; , =4, .

2. We calculate the value of shear deformations
€4 (Figure 2):

€gu =200s[3sin[3(81’u—83’u), %)

where angle B determines direction of main
deformation of concrete shortening in vertical
section k.

3. Using the diagram of the dependence
proposed in [23] a/ hg—cosP (where a — is the

distance from the support to the edge of the
crack, h, — the working height of the section)

the value of the shear stress limit is calculated

Rq:
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R =1=1 O !

=— . 6
q zl,x1 gi,u 2[1+M(}b)]8q,u ( )

4. For point 1 of state diagrams [23] of
compressed zone concrete in the section under
consideration using known dependencies of
solid deformable body mechanics, strains and
stresses are successively calculated:

cos 3

sx’l=81Jucos2B+s3)usin2B; (7)
82’1=sl)usin2B+83’uc0s26; (8)
Giu 1
Cpl=—————|&x1 +I(A)e, |5 )
S l—uz(k)[ . o1
Gzlzcﬂ;z[gzl"'u(x)gxl}' (10)
Ty l-pt(h) ’

1,0

0,9

0.8

0,7

0,6

3 ////<;
05 L2 4

1 2 3

5 6 7 ak,

Figure 2. Diagram a/ hy—cosp : I - for ratio T/M = 0.1; 2 - for ratio T/M = 0.25; 3 - for ratio T/M
= 0.5, 4 - for ratio T/M = 0.75; 5 - for ratio T/M = 1.0; 6 - for ratio T/M > 1.0

5. The transition from stresses in compressed
concrete on the inclined site of the section under
consideration to stresses on the normal site is
carried out according to the known formulas of
mechanics of the solid deformable body:

Gx’lcos2a+cZ)1sin2a+rxlzlsin2a; (11)
G,1—O
Tk = L 2l 200—-1, ycos2a;  (12)
Sxk .
S bxuk = > (13)
coso.
Txzk .
Cxzu = Uxzu = > (14)
cos o
2 2
Ty k = Rq_sz,k . (15)

Here o — is the angle between the cross section
normal to the longitudinal axis and the section
k-k in question (see Figure 1).

In practical calculations, the direction of the
main deformations of compressed concrete
shortening (angle B) in the vertical section
passing through the end of the front of the
spatial crack can be determined using a graph
of dependence a/ hy—cosp (see Figure 2).

6. From equilibrium equation of projections of
all forces acting in section I-I on axis x
(DX =0), height of compressed zone of

concrete in normal section (unknown x):

(16)

6 prub19(x g, X)x =0 ymA g =0.
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Knowing the circumference radius of the
circular cross section, the area of the
compressed zone of concrete in this sections is
calculated A4,; and then the height of the

compressed zone x of concrete in this section is
calculated.

From the hypothesis of proportionality of
longitudinal deformations there are stresses in

longitudinal working reinforcement O, ; in

section I-I:

_ 102 buxi Eg() ho—x
Ey(L) x

Gs’[ +00SRS’[.(17)

If condition (17) is not met, voltage o, is
taken equal to R .

Normal shortening deformations along the x
axis in compressed concrete at various points of
design section k-k and in section I-I can be
found on the condition of their proportionality
to limit deformations &, ., , at the extreme

point of section k-k (see Figure 1a):
— from right point (rig) to section I-I (similar to
section 3-3)

€ ; -a
_ ©bu,krig,x X (18)

— from right point (rig) to middle point (bk)

€ bu,k,rig,x " Amb

Ehkx = a—ll
V2001
8bu,k,rig,x' a-— ll+712'5_nhor,b'l2
= ; (19
= (19)

— from right point (rig) to left point (lef)

€ bu,k,rig,x " [a - (ll + 12 )]

o (20)

Ebuk lef x =

7. From the equilibrium equation of torques of
all internal and external forces acting in section
I-1, relative to the axis perpendicular to this
section and passing through the point of
application of equal forces in concrete of
compressed zone (> 7 =0), shear stresses from

torque and transverse force (unknown t;; and
Tor), are determined, where they are directed

in opposite directions, and the ratio between
them is taken equal to the ratio 7 / Oy :

03+031+r2+%b'x-l—co_o)l_rz_b—zlb”x—ﬂ =0;(21)

Ty =Tr ETors (22)
TT_J:A. (23)
o1 91

Here b’ (b") — distance in radius from the
center of gravity of the section to the arc of the
section contour on the side where shear stresses
tp; and 1y ; are directed to one side (directed

to opposite sides).
For total shear stresses calculated by the
formula (22) the condition must be met:

TZ+ S‘Cpl. (24)

Here © ,; =1.1R;,.

The second support block is separated from the
reinforced concrete element by a spatial section
formed by a spiral-shaped crack and a vertical
section passing along the compressed zone of
concrete through the end of the front of the
spatial crack (see Figure 1).

For a circular cross section, the torque in section
1-1 will be:

1
Mt,[ :Tpl,u '}\JCI 'bci}’ 0} cir’T.(Zl —0.5'M1)+0.5'Tp],u ~(x1 _Ml)'bcir' 057\.)(1 +§-(x1 —Ml) +Qs(h0—21). (25)
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From the equilibrium equation of projections
of internal and external forces acting in

_Tpl,x'x.b_rpl,x'kQ,m '(hO—X)'b+KM'R

Here, it is assumed that the load forces in the
working reinforcement on average between the
cracks in the cross section I-I are zero.

The lateral force perceived by the compressed
zone concrete will be:

Q[,b:Tpl,x'x'b‘ (27)

In turn, the transverse force perceived by the
concrete of the stretched zone will be (Figure 4):

Q[],T :Tpl,x'kQ,m (hO_x)'b~ (28)

On the other hand, the value of the transverse
force as part of the entire transverse force

perceived by the design section is

(28)

Onr=0-09r1p-

section I-I on the axis Y (D Y =0):

0. (26)

sup =

The equation (26) can be used to determine a
parameter kg, , hat takes into account the

presence of adjacent spatial cracks on the
stressed-strain state of the stretched zone in the
middle (between the cracks) of the calculated
cross section I-I:

_KM'Rsup_Tpl,x'x‘b

29
’Cp]’x(ho—x)-b ( )

ko m

8. From the equilibrium equation of bending
moments of all internal and external forces
acting in section I-I (> Mz =0), a generalized

reference  reaction Rap) 18

determined:

(unknown

o mAgf[ o =9(xpx)x |- M =Ry,a =0 (30)

>
=

N

y

:f(GSAS)

X

Oy

Figure 3. Schemes of distribution of shear strains and shear stresses in the cross section I-I (3-3)

20 International Journal for Computational Civil and Structural Engineering



Deformation Model and Algorithm for Calculation of Reinforced Concrete Structures of Round Cross-Section Under

Torsion with Bending

Figure 4. Diagram of transverse shear stresses g in medium cross sections 1-1 (3-3)

Where @(xj,,x)— coefficient of completeness of

stress graphic in compressed concrete. For the
limit states of the first group, the value of this
coefficient can be taken to be 0.75); m is the
number of rods of longitudinal working
reinforcement in the section under consideration.

Mbend,] :Rsup,[,M A1, P10* 'Gbu,x,IAb,[[hO -

For a circular cross section from the equilibrium
equation of moments of internal and external
forces in section I-I relative to the y axis passing
through the point of application of equal forces
O; in the stretched reinforcement (3 Mo,=0),

we obtain the unknown M, ; :

!
Pz cir 'x] + +m'Rsc,I,up 'wup,cir 'Asc,up (hO _as)

!
+2Rsc,1,i,lef "Oc cir 'Asc,l,i,lef (hO _as,i,lef)+

!

+2Rsc,[,i,rig O cir 'Asc,],i,rig (h() - as,i,rig

)_ZRS,I,i,lef “Ocjp 'As,[,i,lef (as,i,lef _as,d) -

_ZRS,I,i,rig O gy As,],i,rig (as,i,rig —dsd ) _KMKpr,M 'Rsup,l - Rsup,[ a=0, (3 1)
and then lateral force from internal forces:
Mbend 1 Mbend 1
QI = Rsup,],M = —= : . (32)
amJ a-I—KMKpr)M

9. From the condition of zero equality of the
sum of projections of all forces on the x axis
(3. X=0, block II, see Figure 1) acting in space

section k, an unknown parameter is
determined - the height of the compressed
zone in section k (xa,x ) :

GOk My 'As,d + ZRsc,up,i '(’)up 'Asc,up,i _ZRs,i,rig 'mrig 'As,i,rig _ZRs,i,lef 'mlef 'As,i,lef +
+2Rsc,i,rig '(Dc,rig 'Asc,i,rig +2Rsc,i,lef ‘mc,lef 'Asc,i,lef _(PIOTxy,u,Mt 'Ab,ll + @107 xy,u, Mt 'Ab,l3 -

cSb,l,rig 'Ab,* -G sc,,rig 'Asc,l,rig _Gb,3,lef 'Ab,** _Gsc,3,lef 'Asc,3,lef -

_Xb,k 'Ab,k,xB —P107T xy,u, Mt 'Ab,ll,ad +Q107T xy,u, Mt ‘Ab,l3,ad -0 b,1,rig 'Ab,*,cir,ad -

O p3lef * Apwxcirad =X bk - Apk.core =0-
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The following restrictions must be taken into
account for xz x:

Olho SxB,k S03h0, (34)
xB,k < X« (3 5)

In equation (34), X,, — projection of the

resulting directions in the grain of concrete on
the axis x; 4, — area of compressed concrete

on the site /;; A4,; — area of compressed

concrete on the site /5; A . ., — concrete area

of the right sector of broken section (sector with
height x51); 4j «x o — concrete area of the left

sector of broken section (sector with height
xp3); Apj aq — concrete area with height Ax,

at the site /;;4,, ,4 — concrete area with
i3,
height Ax; at the site /5; Ap. . .g — area of

compressed concrete of part of the right sector
with height Ax;;  Ap s cirga compressed

concrete area of the left sector part with height

Axy; Apjcore — area of part of compressed

zone of concrete in section k of small ellipse
enclosed between points AB and section of arc
of ellipse spaced from surface of small ellipse
by height xsx (see figure 1); 4, ., — area of

part of compressed zone of concrete limited by
sections of arcs of ellipses in section k-k, spaced
from each other at a distance xaBx;
Nyig Mg

];1 Rs,i,rig O yig 'As,i,rig ( kZ:l st,i,rig O g 'Asw,i,rig )

— forces in stretched longitudinal reinforcement
(transverse clamps) located in the area of the
RH circuit of the first section of the spatial

parabola  fpgupa(xv.z)  (site D)

Mo M ief
2 Rowiter Otef “Aswiter (2 Ryiter ®ter " Asiter )
pm )

— forces in the stretched longitudinal
reinforcement (transverse clamps) located in the
area of the left contour of the second section of

fparlr,2,,3r(xry»z)

the spatial parabola (site

I3 ); ho _ section working height, P7,1ef , P7.rig ,

P8.1ef , P8, i€ — parameters that take into

account the components of the "heating" effect
in the working reinforcement.

To determine the projection of component
stresses in compressed concrete X, the x axis

is previously calculated as
unknown in the section k-k.

Deformations of longitudinal reinforcement in
the left and right parts of the section &

the following

s,k,rig,x

and condition of their

€ s,k lef ,x on
proportionality in section x and section k-k:

egr = Es1 'aa m,s
€51 -(a— 2hh+b o 2hc+b -O.S-bj oo
a
o= )
o e =R 'a[f,_l(ll I )

The relationship between angular deformations
is recorded:

¥zx,pl = ks Y zx, Mtel > (39)

where  k«=M,/M,... In the first
approximation for the crack torque we take
M, ,..=04M,.

We also take limit values of tangent stresses
Tzx, pl :Rq =Ry

Knowing the angular deformations from the
torque, the values  of the tangent stresses
from the action of the transverse force are
determined

t,cre

(40)

(41)

Tox,0 = Tzx —Tox, Mt >
Ty, Mt Tyx |
ks = =,

T zx, Mt Tox

For the middle point (bx) of the compressed
zone of the broken design section k-k, the
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projection of the component stresses in the
compressed concrete X, on the x axis in the

V21

Q21O pyx P> '{a—(lﬁzlz *5 " Mhor 1y

section /, is calculated by the formula:

Xpr=
a

The height of the compressed zone xj in the

section k-k between the cross sections I-I and
III-IIT (see Figure 1) can be found from a linear
proportion;

:Xl +X3

S (43)

Xk

where x;— is the height of the compressed zone
in section I-I; x3 — is the height of the

compressed zone in section II-111.
By calculating the height of the compressed
zone of concrete xp; in section k-k from

equation (34) and using the conditions of
proportionality between the heights of the
compressed zone in sections k-k and 1-1, the
following ratios are written to determine the
height of the compressed zone in section 1-1:

tga

I,

P12 'sz,u,Q i(PIO 'Txy,u,Mt)'(P3,* ; (42)

X
y,=—"8k (44)
Xp g +Ax
Axlzxk—xl. (46)
Bk  _qg __ Bl
xB,k+AX1 ! )CB’1+A.X1
from which is calculated
Yy -Axy
Xp)=——"—. 45
B (45)

Similarly, the height of the compressed zone is
in another normal section x g 5 ( see Figure 1):

10. Intensity of load in clamps on the right side
of round cross section is determined from
equality of zero of sum of projections of all
forces acting in space section k-k on z axis
(3 Z=0, refer to Figure 1):

h
‘]sw,rig = I I:‘Isw,lef 'nq : rea -0 7,*RSZ@*,cirAs,*,cir _(P7,*,rigRsZ(Drig,*,cirAs,rig +
0

o 7,*,l¢fRsz°)l¢f,*As,lef -0 +Rsup +((P11sz,u,Mt Q9T zy,u,Q)' Ab,ll +

+(<P1 18 zpu,Mt —P9T zpu,0 ) Apg, +

((P14 o u, Mt +012 'sz,u,Q)'Ab,*,cir +

((P14 Toxu,M — P12 'sz,u,Q)'Ab,**,cir + Zb,k 'Ab,k,xB - ((Pllrzy,u,Mt +(P9sz,u,Q)' Ab,ll,ad +

((Pl 1% zpu, Mt~ <P9sz,u,Q) “Ap1yad + (<P14 Toeu, M TO12 Toxu,0 ) “Ap x cir,ad +

+((P14 ToxuM —P12°7 zx,u,Q ) ' Ab,**,cir,ad + Zb,k : Ab,k,core .

Here @7, ¢7,;, — parameters that take into

account the components of the "heating" effect
in the reinforcement. At each iteration step,
these parameters are taken into account as
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(46)

constants, not as functions and are determined
based on the second level model [25]; O — the

transverse force of the section from the support
to the section k-k.

23



Vladimir I. Travush, Vladimir I. Kolchunov, Sergey A. Bulkin, Maxim V. Protchenko

For the middle point (bx) of the compressed
zone of the broken design section k-k the
projection of the component stresses in the

Zb,k = ((912 “Toxu,Q P4 'sz,u,Mt)

Here, the components of tangent stresses in
compressed concrete are calculated by analogy
as in para. 9, with replacement by t..,, by

sz,ad,Q s Tz u, Mt by sz,ad,Q ’ sz,u,Mt by

sz,ad,Mt etc.
The load intensity in the clamps on the left side
of the round cross section g, ;s s based on the

ratio:

9 swlef =4 swrig ~ A "T0>s (48)

It is assumed that the projections of inclined
cracks on the left and right sides of the circular
section are approximately the same ¢y ~c¢, and

then the value of the coefficient Yy« =4 b,

where b is taken equal to the radius of the cross
section of the calculated structure. Values of
tangent stresses taking into account the action of
transverse force on the left or right of section
are performed with plus-minus sign (£tg)

respectively.
At that, condition check is performed for load
intensity in clamps g, jor :

n'Rbt'Asw<

0.8-Ry, -4
qsw,lefg - sw_qll,*'TQ' (49)

u u

N N

Values of parameters included in formula (51)
are calculated by formulas:

Esw
O, = -0, =n-Ry,;
sw Eb bt bt
n-R;,-A
IZ = 9 sw,lef ,min> (50)
s

C
D11t =V Tplu :‘VQ,*'Rch{Ej; (51)

24

compressed concrete on the z axis in the
section /, is calculated by the formula:

2

2

V2

5 (47)

+((P9 Toypu,0 TO11 'sz,u,Mz)'

At the same time, tangent stresses t,; are

based on the condition of proportionality of
relations of stresses and forces in section k and
in section I-I:

SR (52)
Tok  Qkm

Here 1y, and 7, — tangent stresses due to the

action of the transverse force in the normal section
I-I and in the center of the compressed zone of the
spatial section k- k, respectively; Q; and Oy ,, —a

transverse force acting in the normal section I-I
and in the center of the compressed zone of the
space section k-k, respectively.

11. Stresses in longitudinal reinforcement o

are determined from the equation of moments of
all internal and external forces (D Mp=0),

acting in the vertical longitudinal plane relative
to the axis Z, passing through the point of
application of equal forces in the concrete of the
compressed zone:

o mAg-(h1g—0.5x; )= My —Rgpay, =0 (53)
This checks the condition:
c;S SmasRS' (54)

If this condition is not met, then o, we take it
R

equal to m R,

where m,,=1,/1,4,.), I —
distance from the beginning of the stress
transfer zone in the pre-stressed reinforcement
to the section under consideration; If there is no
prestress in the design, the factor m, =1.

The bending moment, as a function of the
calculated parameters of the section k-k, is from the
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static condition of equal to zero moments of all
internal and external forces acting in the vertical
longitudinal plane relative to the y axis passing
through the point of application of equal forces in
the concrete of the compressed zone by
(X Mpi=0,see Figure 1) Mpena k(05 Osrig) Os lefs
hﬂ- XB.ks As,d- Rs,rig- Rs,lef"qs- W cirr P56 P70 Pay
P11, 9swrig) Dswlef Ab,*,c:’r- Ab,**,cir-

1020 03,T 2y 0,00y M X B XBLXB3 X bk ) -
This constraint is detailed in [25].

The bending moment corresponding to the level
of crack formation is from the following
constraint

Mpend i _

Mcrc,k Mcrc,k

= = ; (55)
0.85W,  0.85W¢ -7

R p

Here, Ry, =2.2MIla - design tensile strength of

concrete; y=2 - a coefficient taken for a

circular section equal to two; Wy, =nD> /32.

The generalized reference reaction
corresponding to the moment of crack formation
is accepted R =0,4 R

From here, the transverse force from internal
forces in the design section is determined:

sup,crc sup,u

M
bend,k (5 6)

O = Rsup,k,M =
Ak

12. Intensity of load in clamps located in lower
stretched zone of round cross section is
determined from equality of sum of projections

1

9swo = oz |:—(P 8, *,rigRs Z o rig,cirAs,rig -
13 +4R?

m,b(c) + KMKpr,M .

of all forces acting in spatial section k- k on y
axis equal to zero (D Y=0, refer to Figure 1) we
have:

—¢ 8,*,lefRsZ(Dlef,cirAs,lef —(ng* 'Rszm*As +

2.2
013 T e M Apx T P13 T yeu My Apps + +Vp g Xpp NI+ +013-T ey v Apxaad +

013 T peu Mt Abxrad T Yok Abkxy Yok 'Ab,k,core] .

Here, o¢g« which take into

account components of "heating" effect of
reinforcement. At each iteration step, these
parameters are taken into account as constants,
not as functions, and are determined based on
the second level model [25];

For the middle point (bx) of the compressed
zone of the broken design section k-k, the
projection of the component stresses in the
compressed concrete on the y axis in the section
1, is calculated by formula:

— parameters,

NG

2
Yb,k =09 Tz u,0 'Ti(PB T yx,u, Mt 7 (58)

Here, the components of tangent stresses in
compressed concrete, by analogy with formula
(49) with the replacement of the corresponding

Volume 18, Issue 2, 2022

(57)

components of tangent stresses 1, ,; o instead of

Tyuo and T, .5, instead of <

Tzy,ad,0 = Vzyu,0 ~ Vzy.cre,Q 5

yx,u, Mt >

Tyx,ad, Mt = U yxcu, Mt — % yx,cre, Mt +

13. The torque, as a function of the
calculated parameters of the section k-k, is
from the static condition of equal to zero
moments of all internal and external forces
acting in the vertical transverse plane relative
to the x axis passing through the point of
application of equal forces in the concrete of
the compressed zone b;, (3 7»i=0, see Figure 1)

Mt,k(st,GJQSw,rig’QSw,lef:n q:nhor,b:(PZ *1(98,*’Rsr
Ag.xp oo ApgApr,  Ap iy

(Pllr(p9'Tyz,u,MtrTyz,u,Q’Ab,*,cir'Ab,**,cir'n hor,b) .
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This constraint is detailed in [25].

14. The length of the projection of the spatial
crack is determined using the function f(x,y,z)
for the diagonal large ellipse of the circular
cross-section structure introduced into the
design scheme, with a smaller »=R and larger
Cl(e)+RN2 +i(c) _2l(c)+Rx/§)

2coso

diagonal a
2cosa

respectively:

CZZI(C)+12+I3(C):

V2.

where, /1(c)=13(c)=dcosa=d-cos45°=d 5

2yR

c=li(c)+Ily+I5(c)=————=cosa =

z=0;

(v=vo)®  (z-z¢)%
21(c)+R2 2+ R2 =1 09
()

cos o

Based on this, the size of the spatial crack for
projecting it onto the horizontal axis is:

LCOS(}LSR’?)\/E.
(R*-z7)
051, 05RV2  RV2
Y cos o 2cosa

(60)

cos

2
2R ﬁ:R\/EsRs\/E RV2 <R32

2R

R-1.41<R-4.24

As a result, for the length boundary of the
spatial crack, we can write:

1.41R<c<4.24R .
In addition, for the length of the spatial crack,

the limitation of the existing standards must be
checked - no more than ¢, determined by the

formula of paragraph 8.1.9 SP 63.13330.2018:

o [ReAu(2h+D)
0~ s
9 sw,

and take into account the limitation ¢ <2h+5b.

(61)

CONCLUSION

1. A block analytical calculated model and an
algorithm for estimating the complex
resistance of a reinforced concrete structure of
a circular cross section from the action of
bending with torsion, with modeling of the
calculated sections by small and large ellipses
and modeling of the calculation spatial crack

by sections of specially constructed spatial
parabolas.

2. Straining model equations for determination
of unknown bending M,,;, and torque

moment M,, height of compressed zone of

concrete xgk, deformations €y i v» €k jef x

and stresses

O s,k lef ,x n
reinforcement on the left and right of design
section, intensity of load in clamps located
respectively on the left and right side of design
section ¢ g, jer i and intensity of load in

c5s,k,rig,x s

clamps located in lower stretched zone of
section gswe. obtained using physical ratios for
concrete and reinforcement and static conditions
in spatial design section.

3. In the spatial section k, for the block cut off
by a complex section passing along a spiral-
shaped crack in the compressed zone, all
reinforcement is taken into account, falling into
this cross section and "heating" effect "in the
stretched longitudinal and transverse
reinforcement, falling into this spatial section,
as well as normal and tangent stresses, located
on sections normal to longitudinal axis at the
distance x from support and that, as bending
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moments increase, height of compressed zone of
concrete in section k between first and third
round normal cross sections decreases.

4. For dangerous spatial crack length of
projection of this crack is found With projection
on horizontal axis of diagonal large ellipse of
function f(x,y,z) with smaller diagonal »=R

and

ellipse with larger diagonal

a=Ili(c)+1,+13(c) for which restriction 1is
accepted 1.41R<c<4.24R.
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COMPRESSIVE CYLINDER STRENGTH AND DEFORMABILITY
OF EXPANDED CLAY FIBER-REINFORCED CONCRETE WITH

POLYPROPYLENE FIBER

Yulia G. Maskalkova, Valeryia A. Rzhevutskaya
Belarusian-Russian University, Mogilev, BELARUS

Abstract. This article presents the experimental studies results of the reinforcement effect with
polypropylene fiber (0.5 %, 1 %, and 1.5 %) on the strength (compressive cylinder strength) and
deformation (compressive strain) characteristics for expanded clay concrete. The most effective fiber
percentage is the content of 1.5 % by weight of the cement mass, based on obtained experimental
results. An increase in the compressive cylinder strength (up to 13 %), a significant increase in the value
of ultimate compressive strain in concrete (corresponding to the peak stress) of the stress-strain diagram
(up to 50 %), and the plastic failure of expanded clay fiber-reinforced concrete are noted.

Keywords: lightweight concrete, expanded clay concrete, dispersed reinforcement, polypropylene fiber,
compressive cylinder strength, compressive strain, stress-strain diagram.

HUWIMHAPUYECKASA ITPOYHOCTDb U AE®@OPMATUBHOCTD
KEPAM3UTO®PUBPOBETOHA HA OCHOBE
MNOJUINPOIUJEHOBON ®UEBPHI

1O.I'. Mockanvkoea, B.A. Pcesyuxasn

Benopyccko-Poccuiickuil ynusepcurer, r. Morunes, BEJIAPYCb

AuHoTamusi: B craTbe mpeACTaBICHBI PE3yJbTaThl JKCHEPUMEHTANBHBIX HCCICIOBAHHN  BIIMSHHS
apMHUpoBaHMs TosunponuiaeHosoi ¢udpoit (0,5 %, 1%, 1,5%) Ha mnpouHOCTHBIE (UMIMHIPUYECKAS
MIPOYHOCTD NPH CKATUH) U AeOpMaTHBHBIC (JeOpMaLMH IIPU CIKATHH) XapAKTEPUCTUKH KepaM3UTOOSTOHA.
Haubonee 3¢ dekTHBHBIM NPOLIEHTOM apMUPOBAHUS MOJIUIPONMICHOBON (hubpoii sBisercs 1,5 % mo macce
OT MAacChl LIEMEHTA COTJIACHO ITOJIY4YEHHBIM SKCIIEPUMEHTAILHBIM JaHHBIM. Ha nuarpamme nedopmupoBaHus
OTMEUCHO YBEIMUEHHE LUIMHApPHUYEcKOoH mpouHoctH (1o 13 %) m 3HaumTenbHoe ysenmueHue (1o 50 %)
Npe/ieNbHBIX OTHOCHUTENBHBIX Aedopmanuii kepam3uTopruOpoOeToHa, COOTBETCTBYIOLIMX MUKOBOH TOYKE
JuarpaMMe, a TakKe TIACTUYSCKHUN XapaKTep pa3pylleHus kepaM3uTohuopoodeToHa.

KiroueBbie ciioBa: nerkuii 0eTOH, KepaM3UTOOCTOH, TUCIIEPCHOE apPMUPOBAHHE,
MOJIUIPOITMIICHOBAs (hUOpa, WIMHAPUYCCKAs IIPOYHOCTH MPH CXKATUH, Ae()OopMAIiK TIPU CIKATHH,
JquarpaMma ey OpMUpOBaHHS.

1. INTRODUCTION

Nowadays, expanded clay concrete is a
promising building material since it can
significantly reduce the self-weight in
structures. However, the porosity of the coarse
aggregate (expanded clay) imposes some
restraints on the use of this material for the
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manufacture of the structure. One of the main
features of expanded clay concrete under load is
the absence of a descending branch in the stress-
strain diagram ‘cc— &’.

The specificity of the lightweight concrete
deformation is taken into account in Eurocode 2
(Section 11, Table 11.3.1), where the ultimate
compressive strain for lightweight aggregate
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elen1 are recommended to be taken equal to the
compressive strain in the concrete at the peak
Stress €iel, 1.€. €icl = Elcul.

The absence of a descending branch in the
stress-strain diagram is evidence of the brittle
failure of the material. This negative factor can
be eliminated by inclusion fiber to the concrete
mix. Many articles are devoted to this topic, but
they are often contradictory. This is probably
due to the peculiarity of using special materials
used to make specimens. According to the
results of some investigations, the polymer fiber
inclusion increases the compressive strength of
LWAC. There are no changes in the
compressive strength in other investigations.
Following the results of some articles, it is
empirically  established, the  dispersed
reinforcement with polymer fibers significantly
improves the deformability of lightweight
concrete. Fiber promotes to eliminate of brittle
failure of LWAC and improve mechanical
characteristics, as evidenced in several studies
[1-6].

The fiber effect on the strength characteristics of
expanded clay concrete containing expanded
clay aggregate 3—8 mm investigated by Fantilli
et al. [7]. According to experimental data, the
compressive strength of expanded clay concrete
specimens was 21.51 MPa, 23.36 MPa, and
2291 MPa with the polypropylene fiber
contents (prrf) of 0%, 1.4 %, and 2.0 % by
cement mass, respectively. The maximum
increase in strength (up to 8.6 %) was
corresponded to prrr= 1.4 %.

The increase in the fiber content changes
insignificantly the compressive strength of self-
compacting expanded clay concrete (expanded
clay aggregate 3—10 mm); it was experimentally
established by Mazaheripour et al. [8]. The
fiber percentage for all series investigations is
considered sufficiently great (prrr= 2.3-2.5 %).
It is assumed, the presence of fiber dispersed
reinforcement prevents the brittle failure of
lightweight concrete.

Similar results were obtained in [9, 10]. The
experimental data showed the uneven change in
the strength characteristics of the lightweight
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self-compacting  concrete  modified  with
polypropylene fiber as the result of an uneven
distribution of fiber in the concrete mixture.
Badogiannis et al. [5] ascertained an increase in
strength of 20% and 29% for LWAC
containing polypropylene fiber of 0.5 % and
1% by concrete volume, respectively.
According to the test results, the following
expression (1) was proposed (coefficient of
determination R* = 0.85):
fCFRLWC/fCLWC= 1+ 1.01 - Vs (/d), (1)
where fRWC _ the compressive strength of the
fiber-reinforced lightweight concrete, £:£7C — the
compressive strength of the lightweight concrete
(Vr=0), Vy— the reinforcement percentage with
polypropylene fiber by concrete volume, //d —
the fiber aspect ratio.
Polypropylene fiber content improves the
strength and deformability properties of
concrete, but exceeding a certain reinforcement
percentage will negatively result [11]. Fallah et
al. [12] evaluated the mechanical characteristics
of concrete containing polypropylene fiber in an
amount of 0.1-0.5 % by concrete volume. As a
result, the fiber content of 0.1 % had a positive
effect on the compressive strength of concrete
(the compressive strength increase was up to
11.5 %).
The literature on fiber reinforced lightweight
concrete shows that the content of polymer fiber
in LWAC should be no more than 2 % of the
cement mass [13—18]. Furthermore, if this value
is exceeded, the strength of fiber-reinforced
concrete is always lower than the strength of
lightweight concrete without reinforcement.
According to [15], the content of synthetic
fibers (carbon fiber) should be in the range of
0.5-1.5 %. A similar conclusion can be derived
from the test results of Singh [19], the
maximum concrete strength is achieved with a
polymer fiber content of 1.5%, and the
percentage of polymer fiber reinforcement of
0.5 % 1s not effective.
The descending branch of the stress-strain curve
is an important keyword parameter for non-
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linear structural analysis and design of
reinforced concrete structures in compression.
The use of fiber affects not only the descending
branch but also the ascending one [20].

The wuse of dispersed reinforcement (steel,
metal, plastic, polypropylene fiber, and a
mixture of different fibers) slightly increased
the compressive strength of expanded clay
concrete specimens [3, 21, 22]. The value of the
modulus of elasticity increased in all cases,
except for the case for LWAC containing
polypropylene fiber.

The increase in the value of the modulus of
elasticity of LWAC was reported with a
polymer fiber content of 0.1-0.3 % by concrete
volume, while with higher fiber content, the
value of the modulus of elasticity was
decreased; it was noted in [12].

In a study [23] the dispersed reinforcement with
basalt and polyacrylonitrile fiber (0.5 %, 1.0 %,
and 1.5 % by concrete volume) of lightweight
aggregate concrete present better compressive
stress-strain ~ test  results than  without
reinforcement: the clear pronounced descending
branch appears on the stress-strain curve.

2. METHODS

The purpose of the investigation is to evaluate
the effect of dispersed reinforcement with

polypropylene fiber on the strength and
deformation characteristics of expanded clay
concrete and to determine the optimal

percentage of fiber reinforcement.

The aim of the investigation is to assign the
reinforcement percentage of expanded clay
concrete with polypropylene fiber, based on
improvements not only in compressive strength
but also in deformation characteristics of
expanded clay concrete as a result of dispersed
reinforcement.

For the manufacture of expanded clay concrete
mixtures, the materials with the characteristics
were used:
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— expanded clay gravel with round shape and a
particle size of 4-10 mm; bulk density of
390 kg/m?; specific density of 2330 kg/m?;

particle density of 800 kg/m®  cylinder
compressive strength of 1.028 MPa; water
absorption of 13.03% (by mass); water

absorption of 10.23 % (by volume); porosity of
83.23 %;

—ordinary Portland cement type 1 (CEM-
142.5N) manufactured by 0JSC
Krichevcementnoshifer; compressive strength at
28 days (the activity of cement) of 42.5 MPa;
bulk density of 1136 kg/m?; specific density of
3050 kg/m’; water requirement of normal
consistency 21-27 %; spread of cement paste of
106 mm;

— river sand was used as the fine aggregate with
the fineness modulus of 2.132; specific density
of 2460 kg/m?®; bulk density of 1667 kg/m?;
porosity of 32.32 %.

According to STB 943, river sand in terms of
grain-size distribution is related to sand of
medium size.

Polypropylene microfibers (PP microF) were
used in the experimental study.

PP microF are made from granules of a high-
modulus thermoplastic polymer by extraction.
These polypropylene microfibers manufactured
in the Russian Federation according to TU
2272-001-30726220-2015. Main characteristics
of PP microF with 12 mm length: diameter of
50 um; aspect ratio (length/diameter) of 240;
shape is round; density of 910 kg/m® at 20 °C;
melting point is more than 160 °C; electrical
conduction is low; alkali resistance is high;
chemical resistance is high.

Dispersed reinforcement was carried out with a
polypropylene fiber contents of 0.5 %, 1 %, and
1.5% by weight of the binder (cement) for
Series 1-2. The percentage reinforcement of
polypropylene fiber of 1.5 % by cement weight
was considered for Series 3-4 as the most
effective in accordance with the results obtained
in [25]. The material components of the
experimental specimens are shown in Table 1.
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Table 1. Material components of the experimental expanded clay fiber-reinforced concrete and

expanded clay concrete specimens

PP microF Characteristics of materials . .
. . 3 Mixture proportions
reinforcement (material components referred to 1 m of LWAC
percentage pres, % of expanded clay fiber-reinforced concrete, kg)
(by binder weight) Binder | Fine aggregate| Coarse aggregate C:S:G | wWIC
Series 1
0 Portland River Expanded clay | 1:2.78:1.29 | 0.85
0.5 cement sand aggregate
1.0
1.5 (258) (716) (333)
Series 2
0 Portland River Expanded clay | 1:1.84:0.79 | 0.52
0.5 cement sand aggregate
1.0
1.5 (428) (787) (338)
Series 3—4
0 Portland River Expanded clay | 1:1.84:0.79 | 0.52
15 cement sand aggregate
] (428) (787) (338)

The shape of the specimens for determining the
strength and deformation characteristics of
expanded clay fiber-reinforced concrete was in
a form of a cylinder (diameter of 150 mm and a
height of 300 mm). These specimens were
tested for short term uniaxial loading on a
hydraulic press in the laboratories of
Belarusian-Russian University.

The fiber was added to the dry components and
then mixed with water in Series 1. Adding
polymer fiber to the dry mixture, thoroughly
mixing, and then proportionally adding water is
applicable for small batches in the laboratory. A
batch with a volume of more than 0.3 m® using
an inclined concrete mixer was used in that
case. The strength of expanded clay fiber-
reinforced concrete was less in all cases than the
strength of expanded clay concrete without
reinforcement (Series 1). In this regard, in the
next Series of specimen’s water was primarily
poured into the drum of the concrete mixer, then
the required amount of PP microF was added in
portions to the water, after cement, sand, and
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expanded clay gravel were consistently added.
Mixing time was increased by 15 %. This
method of preparing a fiber-reinforced concrete
mixture made it possible to obtain the strength
of expanded clay fiber-reinforced concrete not
lower than the strength of the expanded clay
concrete without fiber (Series 2—4) [24].

3. RESULTS AND DISCUSSION

The characteristic compressive cylinder strength
of expanded clay fiber-reinforced concrete at 28
days was determined from the test results taking
into account the coefficient of variation
V'<13.5% with a confidence probability of

95 %. Characteristics of the experimental
specimens are shown in Table 2.
The actual change in the -characteristic

compressive cylinder strength of expanded clay
fiber-reinforced concrete at 28 days depending
on PP microF reinforcement percentage is
shown in Fig. 1 (the data are based on Table 1).
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Table 2. Characteristics of the experimental cylinder specimens

Cylinder compressive strength fic.cy, MPa| The relative
value of
Mean cylinder
pppf The . ;
value of . Characteristic compressive
(by cement . Mean |coefficient of ) Remark
. density, o value at 28 days| strength in
weight) 3° |value fiom| variation .
kg/m Var. 0 Sick comparison
ar, 7o with the control
specimen
Series 1
0 1387 13.79 5.35 12.31 1.00 Fiber was
0.5 1412 11.92 5.64 10.57 0.86 added to dry
1.0 1398 9.48 6.98 8.15 0.69 mix
1.5 1363 10.57 10.05 8.43 0.77
Series 2
0 1387 11.62 5.10 10.50 1.00 Fiber was
0.5 1567 11.83 4.44 10.83 1.02 added to
1.0 1475 11.61 5.28 10.45 1.00 water
1.5 1421 13.12 7.09 11.47 1.13
Series 3
0 1536 11.76 5.41 10.56 1.00 Fiber was
added to
1.5 1413 12.65 4.67 11.57 1.10 water
Series 4
0 1475 | 11.45 4.84 10.44 1.00 Fiber was
added to
1.5 1474 12.39 4.53 11.40 1.09 water

13
--m-- Series 1 —@—S5eries] e Seriesd == Series 4

'~_12 kL
12 11.57
) 1147

" 1140

10 1044

.--m 843

Characteristic compressive cylinder strength, f..... MPa

PP microF reinforcement percentage, %

Figure 1. The change in the cylinder strength of
expanded clay fiber-reinforced concrete
depending on reinforcement percentage
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The obtained results are in a good agreement
with the results obtained earlier in the study of
the cube compressive strength of expanded clay
fiber-reinforced concrete [24, 25].
Compressive strength of expanded clay fiber-
reinforced concrete can be determined based on
the compressive strength of expanded clay
concrete by introducing a partial safety factor
kpps, taking into account the reinforcement
percentage of polypropylene fiber prpy:
Sie.ppr= fic * kppf, (2)
where fic.ppr — compressive strength of expanded
clay fiber-reinforced concrete, MPa, fi. —
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compressive strength of expanded clay concrete,
MPa, kppr — partial safety factor for accounting
the percentage of fiber reinforcement.
According to the data presented in Fig. 1, the
relation between the characteristic compressive
cylinder strength of expanded -clay fiber-
reinforced concrete at 28 days and the
reinforcement percentage is not linear, but it can
be expressed by a 2" degree polynomial. This
statement does not contradict the data obtained
in [8-10].
The following expression (3) for the analytical
determination of the coefficient kppr was
obtained, based on the test results of Series 2—4:
kppr=1.2+0.27pper- (prpr — 1.77),  (3)
where prpr — the percentage of polypropylene
fiber content in the concrete mixture by cement
weight, %.
A comparison of the experimental r. and
theoretical r: values is shown in Fig. 2. All
points are located close to the straight line
re=b'r: on the ‘re—r/ diagram. Inclination of
line is arctan1.0015 = 45.04° = 45° (coefficient
of determination R* = 0.9969).

a)
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12.0
r, /

¥, = 1,0015r;
11.0 R= 0,9969/
10.5 /,
10.0 /
9.5

/ 7y
9.0

9.0 95 10.0 105 11.0 115 12.0

Figure 2. The ‘re—ri’ diagram

The proposed expression (3) 1is required
elaboration based on the accumulated empirical
data.

Plastic fracture in specimens reinforced by PP
microF with a fiber contents of 1% and 1.5 %
by cement weight was observed (Fig. 3).

Figure 3. The failure behavior of expanded clay concrete cylinders:
a) unreinforced oc = fic (the peak stress in the stress-strain diagram), b) reinforced by PP microF
oc = fic (the peak stress in the stress-strain diagram), c) reinforced by PP microF oc > fic
(a descending branch in the stress-strain diagram)

In these cases, a descending branch appears in
the stress-strain diagram (Fig. 4). Moreover, the
actual recorded ultimate compressive strain
increases with raising the fiber content. The
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appearance of a descending branch was not
observed at a fiber content of 0.5 % by cement
weight (Fig. 4).
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a)

b)

kN

c)

kN

0 27 54 81 108 13.5 16.2 18.9 218 243 27
mm

Figure 4. The actual stress-strain diagram of
expanded clay fiber-reinforced concrete

specimens containing polypropylene fiber:
a)0.5%,b)1%,c)1.5%

Fiber forms structural bonds in the concrete mix
and prevents segregation when mixing. The use
of fiber enables to reduce the crack width and
crack spacing, especially at an early age [20, 21].
The optimal effect of dispersed reinforcement is
achieved when fibers are located in the sample
in the direction perpendicular to the force [4].
As  our investigations  have  shown,
polypropylene fibers are predominantly located
perpendicular to the vertical axis in cylindrical
specimens in case of adherence to the
technology of concrete mix preparation with the
fiber addition and sufficient mixing time.

The influence of polypropylene and steel fiber
(0.1 %, 0.2 %, and 0.3 % by concrete volume)
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on the deformation characteristics of expanded
clay concrete was studied in [26]; it was noted
the failure occurs as a result of pulling out or
discontinuity of polymer fiber within the crack
width (Fig. 5).

Fibre bridging a)
effect in tensile
macro-crack N

4
Hooked-end stecl
fibre

Tensile macro-
crack

Polypropylene
fibre

Figure 5. The effect of fibers on cracks in
expanded clay concrete:
a) steel fiber, b) polypropylene fiber [26]

However, our investigations contradict this
statement. Polypropylene fibers restrained
cracking, preventing brittle fracture of
specimens. The fibers were stretched within the
crack, but fiber discontinuity was not noted

(Fig. 6).

! —

Figure 6. Location of fibers within the crack at
the moment of complete failure (see Fig. 3, c)

The investigation results of the effect of
dispersed reinforcement with polypropylene
fiber on the compressive strength and
deformability of expanded clay concrete are
shown in Table 3.
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Table 3. The effect of the fiber reinforcement percentage on the compressive strength and
deformability of expanded clay fiber-reinforced concrete

The effect on
prpr | the compressive | Change in deformability Justification
strength

0.5 % |Compressive The brittle failure. The The fiber content is too low to have an
strength value of compressive appreciable effect on compressive strength
practically does |strain in the concrete at and deformability.
not change. the peak stress €ici

practically does not
change.

1.0 % |[Compressive The plastic failure. The The fiber content is sufficient to prevent
strength value of g1 increases brittle failure, but not enough to inhibit the
decreases. slightly (up to 10 %). development of micro cracks. The fiber with

low strength negatively affects the
compressive strength.

1.5 % |[Compressive The plastic failure. The The fiber content is sufficient to prevent
strength value of €ic1 increases brittle fracture and inhibit the formation and
increases (up to |significantly (more than |internal micro crack development. The
13 %). 50 %). compressive strength of expanded clay

concrete increases due to a later crippling of
the cement stone
4. CONCLUSIONS concrete. A pronounced descending branch

1. According to the obtained experimental data,
dispersed reinforcement with polypropylene
fiber does not have a significant effect on the
strength of expanded clay fiber-reinforced
concrete. When the content of polypropylene
fiber is 1.5 % (by cement weight), the cylinder
strength of expanded clay fiber-reinforced
concrete increases up to 13 %. However, the
increase of the strength can be due to the error
of the testing machine during investigations.

2. The failure of expanded clay fiber-reinforced
concrete occurs as a result of the failure of the
expanded clay concrete matrix, and not as a
result of pulling out or discontinuity of
polypropylene fibers at all investigated
percentages of reinforcement (0.5 %, 1 %, and
1.5 %).

3. Expanded clay concrete reinforced by
polypropylene fiber with a reinforcement
percentage of 1 % and 1.5 % by cement weight
has a positive effect on the deformability of
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appears on the stress-strain diagram; it is
determined the plastic failure of expanded clay
fiber reinforced concrete.

4. It is recommended to assign the percentage
reinforcement of expanded clay concrete
containing polypropylene fiber of 1.5% by
cement weight. In this case, it is possible to
obtain the required compressive strength with a
significant improvement in  deformation
characteristics, eliminating the brittle failure.

5. The technology of concrete mix preparation
with the fiber addition requires clarification.
Adding fiber to a dry mix and then mixing with
water has a negative effect.

6. The compressive strength of expanded clay
fiber-reinforced concrete ficrpf can be
calculated based on the compressive strength of
expanded clay concrete (unreinforced) fic by
multiplying it by the partial safety factor for
accounting  the  percentage  of  fiber
reinforcement kppy.
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Abstract. A comparative analysis of the results of field tests to determine the bearing capacity of a pile at the
facilitys in the Nur-Sultan city and Petropavlovsk city. The aim of the study was to carry out a comparative
analysis of the results of dynamic and static tests in the two construction site in order to identify the difference in
performance. This article provides programs and results of tests with static indentation load and dynamic load on a
pile in different two of the construction site under different soil conditions. The results of the comparative analysis
are the following: Dynamic tests are needed for a preliminary assessment of the dynamic bearing capacity and the
possibility of driving piles in different soil conditions. The bearing capacity of the pile, determined by dynamic
tests, is slightly lower than during static tests, the difference between the results is 11 and 17%.

Keywords: static test, dynamic tests, pile, comparative analysis, bearing capacity.

CPABHUTEJIbHBIA AHAJIU3 CTATUYECKHUX H
JANHAMUNYECKUX UCIIBITAHUU CBAHU B CJIOKHBIX
I'PYHTOBBIX YCJIOBUAX KAZAXCTAHA

A.JK. JKycynoexos ', A.Y. Ecenmaee ', B.H. Kanaxun *, H.B. /[po3ooea *

! Eppasuiickuit Hanwonanoueiii Yausepcuret um. JI.H.I'ymunesa, r. Hyp-Cynran, KABAXCTAH
2 Vuusepcutet Jlenasapa, r. Heroapk, CILIA
3 Cankr-IleTepOyprekuii roCy1apCTBEHHBINA ApXUTEKTYPHO-CTPOUTENBHBIN yHUBEpCUTeT, . Cankt-Iletepbypr, POCCUS

AnHotaums. [IpoBeneH CpaBHUTENbHBIA aHAIW3 PE3yJbTATOB HATYPHBIX HCIBITAHUN TO OIpEeaeICHHIO
HECyIel crocoOHOCTH cBau Ha o0bekTax T. Hyp-Cynran u r. IletpomasmoBek. Llenmpro mcciiemoBanust ObLI0
MPOBECTH CpPAaBHUTENbHBIA aHAINW3 PE3yJbTaTOB JUHAMHYECKMX M CTaTUYECKUX WCIBITAHUA Ha JABYX
CTPOUTENbHBIX IUIOLIAJIKAaX C LIEJIbIO BBISIBICHUSI Pa3HULIbl B SKCIUTYaTallMOHHBIX XapakTepucTukax. B nanHoit
CTaThe TPUBEICHBI MPOTPaMMBl M PE3yIbTaThl HCIBITAHHI CO CTaTHYCCKOW BIABIHMBAIONICH HATPY3KOH U
JTMHAMIYECKON HAarpy3Kod Ha CBAal0 Ha JBYX Pa3HBIX CTPOUIUIONIAIKAX MPH Pa3sHBIX TPYHTOBBIX YCIIOBHSX.
PesynbpraTel CpaBHUTENHLHOTO aHamM3a, clenyromme: JlpHammdeckne WCHBITaHHS HEOOXOMUMBI IS
TIPEABAPUTEIFHON OIIEHKH TUHAMUYECKOH HecyIel ClIoCOOHOCTH U BO3MOKHOCTH 3a0HMBKHU CBail B Pa3iIUHBIX
TPYHTOBBIX YycIoBHsAX. Hecymias cmocoOHOCTH CBaW, OMNpeAeieHHAs MpPH AWHAMUYECKHX HCIBITAaHUAX,
HECKOJIBKO HIKE, UEM IPH CTATUYECKUX UCIIBITAHUSIX, Pa3HHIIA MEXKIY pe3ysibTaTraMu cocTaBisieT 11 u 17 %.

KnroueBble cjioBa: CTaTUYECKHE HUCIIbITAHUA, TMHAMHWYCCKUC UCITIBITAHUS, CBAU, CpaBHI/ITeJ'IBHHﬁ aHaJIu3,
Hecyas CIOCOOHOCTD.

INTRODUCTION bank of the Esil River in the city of Nur-

Sultan, Kazakhstan. The total area of the
The 800-bed Astana Medical University hospital will be 140 thousand square meters.
Hospital is being constructed on the right It will house a consultative and diagnostic
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center, round-the-clock and day facilities
with 800 and 110 beds, respectively. The

__I '-v-l: )

architectural rendering of the hospital

complex is shown in Figure 1.

Figure 1. The architectural rendering of 800-bed Astana Medical University Hospital

Figure 2. The architectural rendering of the hospital complex in Petropavlovsk city

The hospital complex in Petropavlovsk city will
be equipped with state-of-the-art equipment.
Therefore, in order to improve their
qualifications, 200 local doctors will undergo
training abroad. The hospital is designed for 540
beds, dozens of modern departments. On the
territory of the medical complex, there is a take-

off platform for sanitary aviation. A separate
conference building will be built here. The new
multidisciplinary hospital will become a major
medical center, attractive for citizens of other
countries. The architectural rendering of the
hospital complex is shown in Figure 2
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1. PILE DYNAMIC TESTS

1.1. Pile dynamic tests in Nur-Sultan

Field tests of test piles C9-30 and C12-30 with
dynamic load were carried out from September
21 to September 29, 2020 at the construction
site "Construction and operation of the united
university hospital for 800 beds at NJSC"
Astana Medical University "in the city of Nur-
Sultan. In axes X1-X70 and Y1-Y-60. Test
piles C9-30 and C12-30 numbered 1, 2, 3, 4, 5,
6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17 were
subjected to dynamic tests. 18, 19 immersed in
the ground to a depth of 8.5 m from the
absolute elevation of the bottom of the pit
339.82 + 340.22 m, indicated on the layout of
the test piles. Driving and finishing of test piles
was carried out from September 21 to
September 23, 2020 using a Junttan PM-25HD
piling rig with an NNK-8A hydraulic hammer
with a shock mass of 8000 kg and a headband
weighing 990 kg. When driving the piles,
wooden spacers were used inside the metal
head to prevent the destruction of the pile head.
The drop height of the striking part of the
hammer ranged from 0.3 + 0.4 meters

The finishing of the piles was carried out on
September 29, 2020 with two successive
pledges of three and five blows, after 6 + 8 days
from the moment of the end of the pile driving.
Before finishing, in order to accurately fix the
movement, a measuring tape with a scale of 1
mm was glued to the pile. Observation of the
sinking of the piles was carried out using a
level.

Failures of piles during their finishing ranged
from 0.26 cm to 0.42 cm with a hammer energy
of 2.4 t* m.

To determine the bearing capacity, the largest
average failure of three and five blows was
taken, obtained when finishing the pile after
their "rest" (MSP 5.01-101-2003), (SP RK 5.01-
102-2013). The data obtained are given in the
acts of dynamic tests of piles and are attached to
the report

Volume 18, Issue 2, 2022

Figure 3. a) Junttan PM-25HD piling rig in
Nur-Sultan city, b) test pile

The dynamic test results in Nur-Sultan are in the
table 1.

Table 1. The dynamic test results
in Nur-Sultan

g % o0 2 g
s sz £ EE =
28 FE5s S5 3& %
I S n O =
ol %D—% g g %B L: éﬁ % & %Z
= z8 ga= S= B89 &N
5 & =Tz SR < O s
£2 HEE g& 2§ w
o = 'S E = g @ g
£ 2% E E% 3
a = S
1 9,50 0,30 0,34 813
2 9,50 0,30 0,30 869
3 9,50 0,30 0,27 919
4 9,50 0,30 0,22 1025
5 9,50 0,30 0,30 869
6 9,50 0,30 0,20 1078
7 9,50 0,30 0,60 590
8 9,50 0,30 0,86 783
9 9,50 0,30 0,46 682 813
10 9,50 0,30 0,70 542
11 9,50 0,30 0,53 631
12 9,50 0,30 0,84 789
13 9,50 0,30 0,40 744
14 9,50 0,30 0,30 869
15 9,50 0,30 0,56 620
16 9,50 0,30 0,30 869
17 9,50 0,30 0,30 869

1.2. Pile dynamic tests in Petropavlosk
Dynamic tests were carried out from September
26, 2020, using a Junttan PM-25HD pile driver.
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The piles in these groups numbered 1, 2, 3, 4, 5,
6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17 were
subjected to dynamic tests. Additional
information related to the piles is available in
the report on dynamic testing prepared by KGS
Astana LLP .

Figure 4. Junttan PM-25HD piling rig in
Petropavlovsk

The dynamic test results in Petropavlovsk are in
the table 2.

Table 2. The dynamic test results in

Petropavlovsk

& =) E’ £ o é g kS é z
£ £ S®E g9 85z 9z

g £§ ZEZ EP SEG 5
22 ®2E w5 zi& 58
S=! B oW gE Ee&a& g8
22 <SE EE EE
5 £ 2% 2 = = A
A = <3 B

1 10,4 0,40 0,52 745

2 104 0,40 0,54 730

3 104 0,40 0,44 816

4 104 0,40 0,50 761

5 104 0,40 0,56 717

6 104 0,40 0,48 779

7 104 0,40 0,48 779

8 104 0,40 0,52 745

9 104 0,40 0,52 745 746

10 104 0,40 0,50 761

11 104 0,40 0,48 779

12 104 0,40 0,56 717

13 104 0,40 0,50 761

14 104 0,40 0,52 745

15 104 0,40 0,56 717

16 104 0,40 0,44 816

17 10,4 0,40 0,48 779

1.3. Summary about the dynamic tests

In the Nur-Sultan city:

1. The average load-bearing capacity of test
piles in groups C9-30 and C12-30, driven to a
depth of 8.50 m at the above construction site is
813 kN.

2. The permissible load on the pile, taking into
account the safety factor yxk = 1.4 in accordance
with paragraph 3.10. of SNiP RK 5.01.-03-2002
“Pile foundations” should thus be taken equal to
580kN.

In the Petropavlovsk city:

1. The average load-bearing capacity of test
piles in groups C12-30, driven to a depth of
10.40 m at the above construction site, is 746
kN.

2. The permissible load on the pile, taking into
account the safety factor yx = 1.4 in accordance
with paragraph 3.10. of SNiP RK 5.01.-03-2002
“Pile foundations” should thus be taken equal to
533 kN.

2. PILE STATIC TESTS

2.1. Pile static tests in Nur-Sultan

Field tests of S10-30 driven piles with static,
vertical-indentation loads were carried out from
December 02, 2020 to January 08, 2021 at the
construction site of the Main Building and the
Parking lot of the facility “Construction and
operation of a united university hospital for 800
beds at NJSC* Astana Medical University "In
Nur-Sultan".

The tests were carried out on four driven test
piles C10-30 numbered 29, 40 (Main building)
and 62, 66 (Parking), immersed in the ground to
a depth of 9.5 m, up to abs. the marks of their
bottom are 330.28 + 331.80 m. These test piles
are shown in Figure 5.

Field tests were carried out after the piles
“rest”, equal to 30 = 60 days after their
driving. According to fig. 3. The load on the
pile was created using a 100-ton hydraulic
jack "Enerpred DU100P150" with a pumping
station "Enerpac P462", abutting against a
test and loading stand, weighing 120.0 tons.
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The process is described in detail in the settlement graphs are show in Figure 6.
articles previously published. [1,2]. Piles
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Figure 5. Test pile layout plan
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Figure 6. Pile settlement graphs in Nur-Siltan

Static pile tests results in Nur-Sultan: Table 3. The static test results in Nur-Sultan
1) The bearing capacity of the piles test at the P 3
locations of the main hospital building and the = E = 5 T 5 - %‘
parking structure were 990 kN and 780 kN, gg g g; g2 -~ §5
respectively. 522 27z 82E £ § o
ihle L g S5, E¥ S®E 558 £38
2) The permissible pile load, taking into account s ZEZ2Eg TEg £EZ SR
the safety factor yx = 1.2 in accordance with E REss>% A28 £58 &%
clause 4.4.1.11. SP RK 5.01-103-2013 “Pile _Meo62 95 840 48,01 780 720
foundations™ should be taken equal to 750 kN _Ne66 9.5 960 40,14 900
and 650 kN for the main hospital building and 22 9.5 960  40.12 900 900
Ned40 95 960 40,91 900

parking structure locations, respectively.
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2.2. Pile static tests in Petropavlovsk

The movement of each pile was measured by
two 6PAO deflectiometers with a scale division
of 0.01 mm, and by four digital electronic
displacement transducers of the type 027DGI,
027DG2, 027DG3, 027DG4 working in
conjunction with the aforementioned SLT2
monitoring system.

Figure 7. Loading stand

The devices that are part of the SLT2 system are
specially designed to monitor static load testing
of piles in accordance with Eurocode 7. This

system provides the ability to monitor static
load testing of piles at a distance of up to 25 m,
and allows personnel (testers) to remotely
monitor behind the settlement of the piles and
the actual load on the pile without approaching
the potentially dangerous zone of the test site
structure, where the system is under high
pressure and load [3].

The piles were tested with static, stepwise
increasing loads. This consisted of five load
steps 166 kN (60 bar), next 111 kN (40 bar).
The maximum load is 999 kN (pile Nel70),
1164 kN (piles Ne203, 157, 126, 492) u 1274
kN (pile Ne137).

The associated displacements of the piles were
48,10 mm, 39,99 mm, 41,30 mm, 41,33 mm,
42,29 mm u 41,84 mm, respectively.

Each pile was unloaded in steps, with each
unloading step being observed for at least 15
minutes.
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Figure 8. Pile settlements graphs in Petropaviovsk

After complete unloading (to zero), observation
of the elastic displacements of the pile was
carried out for 60 minutes, with the movement
of the piles being recorded every 15 minutes
[4,5]

Static pile tests results in Petropavlovsk

1) The bearing capacity of the piles test at the
locations of the main hospital building was 995
kN.

48

2) The permissible pile load, taking into
account the safety factor v« 1.2 in
accordance with clause 4.4.1.11. SP RK 5.01-
103-2013 “Pile foundations” should be taken
equal to 829 kN for the main hospital
building.

Piles settlement graphs are show in Figure 8
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Table 4. The static test results in Petropavlovsk

E <
=} Eh o3 o “5
232 3 < § s =
23 = =22 S 5
58 E 22 i &
£ o g S =28 ]
N 5% 2z 8¢ e 27
2 g8 EX =% =8 B
5 =8 Z¥ g5e EE£ 228
= NE S5 p=Ee £%2 §E
Ne170 104 999 48,10 917
Ne203 104 1164 39,99 1053
Ne137 104 1274 41,84 1230
Ne157 104 1164 4130 063 P
Ne126 104 1164 4133 1093
Ned92 104 1164 4133 1090
CONCLUSION

1. Based on the results of dynamic and static
tests, it is possible to successfully determine the
permissible load for piles.

2. Dynamic tests are needed for a preliminary
assessment of the dynamic bearing capacity and
the possibility of driving piles in different parts
of a construction site under different soil
conditions.

3. Static indentation test results must be
considered when determining the correct pile
length.

4. The bearing capacity of the piles, determined
by a dynamic tests, is approximately 11% lower
than during static tests in Nur-Sultan.

5. The bearing capacity of the piles, determined
by a dynamic tests, is approximately 17% lower
than during static tests in Petropavlovsk
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SEISMIC DESIGN OF EMBANKMENTS — NUMERICAL
AND ANALYTICAL STUDY
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! Saint Petersburg State University of Architecture and Civil Engineering, Saint Petersburg, RUSSIA
2 Emperor Alexander I St. Petersburg State Transport University, Saint Petersburg, RUSSIA
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Abstract: In this paper, a dynamic shear strength analysis was performed in a finite elements environment to evaluate
the stability of embankments under seismic loadings. In addition, a dynamic factor of safety depending on the results
of the numerical analysis was defined. To study these parameters' effects on the embankment's stability, a parametric
study concerning the embankment inclination and the soil type was performed. Finally, the numerical analysis results
were compared with the results of the pseudo-static analysis according to the EC8. The results of this study show the
significance of the numerical seismic analyses in comparison with the analytical calculations.

Keywords: embankments, dynamic shear strength, seismic loadings, numerical analysis, stability,
sound absorption coefficient.

ITPOEKTUPOBAHHUE HéCI)IHEUﬁ C YYETOM
CEMCMHUYECKHUX BO3JIEUCTBUU — YUNCJIEHHO-
AHAJIMTUYECKOE UCCIIEAOBAHHUE

Aeeao Tanan "2, Anv-Xaitan Xacan 3

! Cankr-IleTepOyprekuii rocyJapeTBEHHBIN ApXUTEKTY PHO-CTPOUTENBHBIN yHUBEpCHTET, I. Cankt-IletepOypr, POCCUS

2 Cankr-IleTepOyprekuii rocy1apCTBEHHBIN YHUBEPCHTET TPAHCIIOPTA UM. UMIIepaTopa Asekcanspa I,
r. Cankr-IlerepOypr, POCCHUS

3 Kadenpa MEXaHUKH TPYHTOB U (yHIaMEHTOCTPOEHHS, Y HUBEPCHUTET (DeIEPATTBHBIX BOOPYIKEHHBIX CHII, T. MIOHXEH,

I'EPMAHUA

AHHoOTauus: B cTarbe BBINOJHEH aHATIM3 IMHAMUYECKON CIBUTOBOM IIPOYHOCTH B IMIPOrPaMMHOM cpelie MeToa
KOHEYHBIX DJICMEHTOB IS OIICHKH YCTONYMBOCTH HACHINEH TpH CelCMUYecKMX Harpyskax. Ilpm stom, mo
pe3yibTaTaM YHCICHHOTO aHaIi3a ONpe/IeNieH THHAMIYCCKUH Kod(hUeHT 3amaca mpogHocT. s n3ydeHns
BIMSHUS 3TUX MAPAaMETPOB Ha YCTOMYMBOCTH HACHINM MPOBEICHO MapaMeTPHUUECKOe MCCIECIOBAaHWE HAKJIOHA
HACHIMK M TWMA TPyHTAa. B 3aBepHIeHHH, pPe3ysbTaThl YHCIEHHOTO aHAIN3a CPABHUBAIINCH C pe3yIbTaTaMU
TICEBJIOCTaTHYECKOTO aHanm3a B cooTBeTcTBUM ¢ EKS. PesympraTel 3TOro mccrienoBaHUs MOKa3bIBAIOT
3HAYUMOCTh YMCIICHHOTO CECMUYECKOT0 aHaIM3a TI0 CPAaBHEHUIO C aHAJIMTHUECKUMH pacyeTaMHu.

KroueBble cjioBa: HaCHINY, TUHAMHUYECKAs IPOYHOCTh HA CABUT, CEHICMUYECKHE HArpy3KH, YHCICHHBIN
aHaJIM3, YCTOHYMBOCTh, KOO((OUIIMEHT 3ByKOMOTJIOMICHHSI.

INTRODUCTION

The propagation of the earthquake-induced
waves due to an earthquake event affects the
stability of geotechnical structures and causes
different damages and ground settlements. The
degree of influence depends on the geology,
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topography of the influenced area, and the
behavior and properties of the local soil under
cyclic loadings and it is highly related to the
ground motion parameters. In the historical
developments of the procedures to analyze the
seismic stability of embankments, the pseudo-
static approach of Terzaghi (1950) based on the
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principle of D'Alembert in the mechanics was
used very often. The effects of an earthquake in
this approach and its following improvements are
represented by constant horizontal and/or vertical
accelerations, which produce inertial forces
F, and F, acting through the centroid of the
failure mass. The stability of the slope can be
then evaluated by resolving the static and
pseudo-static forces on the potential failure mass.
Simultaneously, the permanent deformations can
be estimated using the sliding block method
developed by Newmark (1965). In this method,
the permanent deformations can be calculated by
time-dependent double integrating of the
accelerations, which are above a determined
value called the yield accelerationa,, which
makes the pseudo-static factor of safety equals to
unity.

The above-mentioned methods are very simple to
comprehend and to be applied due to their
similarity to the static slope stability analyses and
because they can be used to analyze the stability of
slopes with sliding surfaces of different forms
(planer, circular, or arbitrary failure surfaces).
However, the simplification of the very complex
effects of the earthquake using only pseudo-static
accelerations is very rough. In addition, these
methods assume the soil behavior to be rigid which
means that they do not consider the realistic soil
behavior. Furthermore, these analyses can be
unreliable for soils that build up large pore
pressures or show more than 15% degradation of
strength due to earthquake shaking.

Despite the drawbacks and shortcomings of these
methods, many regulations such as the Euro code
(EC8) or the German standard (DIN EN 1998-5:
2010-12) suggest their applications to study the
seismic stability of slopes and embankments
taking into consideration their application limits.
In contrast to the conventional methods, the
numerical methods consider the realistic
behavior of the soil according to the utilized
constitutive models. In addition, the analyses can
be achieved in the time domain using real
acceleration-time histories. Further, the values of
the expected permanent deformations can be
realistically determined.
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Although the application of the finite element
method is simple, it requires good knowledge of
numerical modeling, an accurate understanding
of the problem to be solved, and deep
comprehension of the material laws, which
govern the soil behavior. In the following, the
most important requirements for numerical
modeling under dynamic loading will be
discussed.

1. THE APPLICATION OF THE FINITE
ELEMENTS METHOD IN THE DYNAMIC
ANALYSIS

The dynamic calculations are mainly concerned
with the phenomenon of wave propagation.
Therefore, the dimensions of the model must be
chosen so that the wave reflections at the model
boundaries won’t influence the important area of
the model, which includes the studied structure.
This leads to a model with big size and a large
number of elements. In addition, the movements
of the soil at the model boundaries must be
represented realistically using suitable boundary
conditions. An additional, artificial, and a special
type of boundary condition, which can absorb the
earthquake-induced energy waves, must be also
used. As a consequence of complying with the
above-motioned requirements, the energy waves
that propagate inside the model are continuously
removed from it.

The mesh coarseness has also a great influence
on the results. A coarse mesh with a small
number of nodes causes the displacement
components of high frequencies to be filtered.
The proposed maximum dimension of an
element must be between 1/8 Kuhlemeyer und
Lysmer (1973) and 1/5 Lysmer et al. (1975) of
the shortest wavelength.

After creating the model and generating the
mesh, the mass, damping, and stiffness matrices
of all elements are calculated and the global
equation of motion of the model is time-
dependent solved to determine the vectors of
acceleration, velocity, and displacement of every
node in the model.
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2. THE MODEL DESCRIPTION

To achieve the main aims of this study, a plane
strain model was created using the program
PLAXIS 2D - version 9.0. The soil layers were
simulated with volume elements of 15 nodes.
The dimensions, boundary conditions, and the
coarseness of the mesh were chosen so that the
already mentioned requirements are met. The
model has a total width of 305 m and a total
height of 110 m. The width and the height of the
slope are 105 m and 60 m and it has an angle of
B=[(30)"0, so that the lateral boundaries and the
basis of the model are at distances of 100 m and
50 m away from the slope as shown in figure 1.
The option ‘standard Fixities” was used to define the
allowed movements at the model boundaries so that
the lateral points of the model can only move
vertically while the base points were totally fixed.
The seismic action was applied at the lower
boundary of the model through prescribed
displacement. Simultaneously, energy absorbent
boundaries were added at the model vertical sides
to eliminate the effects of the reflected waves on
the model boundaries. Only the horizontal
component of the earthquake was considered in
the performed calculations. Figure 2 depicts the
model with its boundary conditions. The mesh
was generated with a fine coarseness.

Figure 1. The created model, its dimensions and
mesh (without scale, all units are in m)

: Absorbent boundaries

Prescribed displacement

Figure 2. The boundary conditions of the model
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3. THE CONSTITUTIVE MODEL HSS

The applied hardening soil small strain model (or
abbreviated HSS-model) has the same features as
the hardening soil model. In addition, it provides
new features added by Benz (2007). The yield
surface of the HSS-model can be extended
depending on the plastic strain without exceeding
the Mohr-Coulomb limit conditions. Due to the
consideration of the double hardening, this model
can’t only account for the elastic and plastic
strains (&) and (&, ), but it also divides the plastic
strains into deviatoric and isotropic portions
depending on the load direction. The soil
stiffness calculated in every calculation step
depends not only on the stress level but is also
related to the level of the shear strain (y) so that
the value of the shear modulus (G) is greatly
increased when the shear strain decreases as
illustrated in Figure 3.

As it was observed from the laboratory
experiments and the field tests, soil shows high
stiffness under dynamic loads, which act within
a short time and in a small strain domain. Since
the HSS-model can take into account the
dependency of the soil stiffness on the level of
the shear strain, the use of this material model for
the dynamic calculations is ideal. In addition, the
HSS-model can also account for hysteretic
damping according to the shear strain, so that the
damping capacity of the soil (y) increases with
the increase of the shear strain as shown in Figure
4.

M- - #—# Retaining walls

- - +— Foundations

. - ——d Tunnels
Very
small

»
strains Conventional soil testing

Senall strains

Shear modulus G/G [-]

Larger strains

10° 0" 10 10° 10 (i
- :
Dynamic methods
[ b * L

Local gauges

Figure 3. Characteristic stiffness-strain
behavior of soil with typical strain ranges
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Figure 4. The soil damping capacity related to
the shear strain

Depending on the previously mentioned
explanations and features of the HSS-model, it
can be concluded that this material law is suitable
to analyze the studied problem. However, the
shortcomings and the limitations of this model
should also be taken into consideration. The HSS
model cannot generate the accumulated strains
due to multiple load cycles. In addition, it cannot
generate the excess pore water pressures in the
undrained calculations, which leads to the
inability of the HSS-model to account for
liquefaction, which is the most important
phenomenon in the dynamic analysis.

4. THE DYNAMIC SHEAR STRENGTH
REDUCTION ANALYSIS

The calculations were carried out stepwise. In the
first step, the model has constructed then a static
shear strength reduction (abbreviated SSR)
analysis was performed to calculate the static
factor of safety FS.,: and finally the seismic
analysis was carried out. Table 1 shows the soil
properties of the used dense, well-graded sand
(SW).

The applied seismic acceleration-time history as
depicted in figure 5 has a maximum acceleration
of PGA= —2.45% , a duration of T = 23.43s,

and a local magnitude of M=5.40.

Awwad Talal, Alkayyal Hassan

Table 1. Properties of the SW soil

Soil property Symbol Unit value
Soil unit weight Yo [kN/m?3] 20
Secant stiffness in

standard drained E; gf [kN/m?] 30000
triaxial test

Tangent stiffness for

primary oedometer Egzg [kN/m?] 30000
test

Unloading/reloading ref 2

stiffness Eyr [kN/m"] 90000
Power for stress-

dependency of m [-] 0.6
stiffness

Cohesion Crey  [KN/m?] 0.1
Friction angle ® [°] 40
Dilatancy angle Y [°] 6
Shear strain at which ¥ [ 1.0*10"
G, = 0.772G, 07 4
Shear modulus at very ref 2 %105
small strain Go [kN/m?] ~ 1.0%10
Poisson’s ratio Uyyr [-] 0.2
Rfeference stress for Dref [kN/m?] 100
stiffness

Failure ration q7/qq R [-] 0.9
Interface strength Rinter [-] 1

In each subsequent calculation step, the
previously done process (excluding the
calculation of the static factor of safety) was
repeated but using manually reduced shear
parameters according to the Fellenius rule
(Fellenius, 1927). The shear strength
parameters were reduced using a reduction
factor RF started from 1,000 (no reduction) and
increased with a rate of 0,025 in each following
step till the failure was observed. This analysis,
in which the shear strength parameters were
step by step reduced and the seismic analyses
were carried out, is called the dynamic shear
strength reduction analysis or abbreviated as
dynamic SSR-Analysis. This analysis is just an
extension of the static shear strength reduction
analysis to the dynamic conditions based on the
Fellenius rule.
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Figure 5. The applied acceleration-time history

To investigate the effect of embankment slope
angle on the results, similar calculations with
four different models with different slope angles
(B =25°,282,32° and 35°) were performed.
Three new models with cohesive, stiff, high
plasticity clay (CH) with different slope angles
(B =21°23° and 25°) were created to
investigate the influence of the soil cohesion on
the embankment stability under seismic
conditions. In these models, the soil parameters
listed in Table 2 were used.

Table 2. Properties of the CH soil

Soil property Symbol Unit value
Soil unit weight Yp [kN/m?3] 18
Secant stiffness in

standard drained Esrgf [kN/m?] 15000
triaxial test

Tangent stiffness for

primary oedometer E::Z; [kN/m?] 15000
test

Unloading/reloadin

stiffness ¢ ° E’Cif [kN/m?] 45000
Power for stress-

dependency of m [-] 0.8
stiffness

Cohesion Crer  [kN/m?] 15
Friction angle () [°] 25
Dilatancy angle Y [°] 0
Shear strain at which Yo,7 8.0*10
Gs = 0.772G, g 5
Shear moFiqus at very Ggef (kKN/m?]  60%10°
small strain

Poisson’s ratio Uyr [-] 0.2
R(?ference stress for Dref [kN/m?] 100
stiffness

Failure ration q;/q, Ry -] 0.9
Interface strength Rinter [-] 1

Volume 18, Issue 2, 2022

5. ANALYSIS OF THE RESULTS

After the end of each calculation step, the
developments of the plastic points (Mohr-
Coulomb plastic points) and the incremental
strains (4¢) resulted from the seismic analyses
were visually observed by creating time-
dependent animations. In addition, the values of
the total displacement at the top point of the
model resulted from the seismic analyses
(Utot,ayn) were read and noted.

The development of failure surfaces inside the
embankment body during the seismic phases of
calculations was utilized to assess the stability
of the embankment depending on the visual
observations of  the time-dependent
developments of the plastic points and the
incremental strains resulted from the dynamic
SSR-analysis. According to these visual
observations, the slope failed when a
continuous failure surface appeared at a
particular time during the dynamic analysis. In
this context, the time-dependent development
of the incremental strains must also be
considered because the plastic points can’t be
used alone as a failure criterion.

Figures 6 and 7 show the failure surface resulted
from the plastic points compared with the
observation of incremental strains at the same
time increment for the model with the slope angle
of B = 30°.

The observed failure surface
bazed on the plastic points.

St
N 5 o . \ 5,
£ %

Figure 6. The failure surface resulted from the
visual observations of the plastic points (the red
points)
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Figure 7. The failure surface resulted from the
visual observations of the incremental strains

Furthermore, the development of the total
dynamic displacements Ut qyn With  the
increasing values of the reduction factor RF
during the dynamic SSR-analysis was also
observed. Figure & illustrates the curve
representing this relationship for the model with
the slope angle of § = 30°.

Depending on the principles of the shear
strength reduction analysis, a dynamic factor
of safety (FS) dyn, which represents an
amount that can be used to evaluate the
stability of an embankment under seismic
conditions, can be defined as the shear
strength reduction factor RF, at which a
continuous failure surface during the dynamic
SSR-analysis was observed. The dynamic
factor of safety can also be obtained from the
curve representing the development of the
dynamic displacements during the SSR
analysis. In this case, the dynamic factor of
safety is defined as the shear strength
reduction factor, at which this curve leaves its
semi-linear development and turns into an
exponential shape. At this value of RF, the
values of the dynamic displacements increase
suddenly very rapidly. This outcome was
found out by noticing the coincidence between
the appearance of a failure surface based on
the plastic points and the incremental strains
from one side and the development of the

shape of the curve representing the
development of the total dynamic
displacements during the seismic SSR

analysis on the other side.

56

Awwad Talal, Alkayyal Hassan

1.300 - =
L2735
1.250
1225 L
- —

1175 |

1.150 /
1125 pa
1.100 o

L075 Wl

1.030

1.025 —t—'[,'tot_d}'n|~
1.000 4

020 025 030 035 040 045 030 035 060

The shear strength reduction faclor (-)

Figure 8. the development of the total dynamic
displacement during the dynamic SSR-analysis

6. THE ANALYTICAL ANALYSIS

The same models discussed in the SSR analyses
were created again using the program “Phase02-
Slide” in order to compare the results of the
performed dynamic analyses with the results of
the conventional pseudo-static method. Figure 9
depicts the model of the slope angle of § = 30°.
The pseudo-static analysis used in this paper
benefited the slices method of Bishop (1955) in
the pseudo-static conditions by adding inertial
forces acting in the centroid of each slice within
the potential failure body and resolving the static
and pseudo-static forces to calculate the pseudo-
static factor of safety FS,;. To determine the
value of the pseudo-static coefficient kj, the
response spectrum method according to
Eurocode 08, Part 5 was utilized.

7. DISCUSSION OF THE RESULTS

Figures 9 and 10 show the changes in the values
of the static FSgq,, pseudo-static FS,;and
dynamic FSgynfactors of safety with the
increasing values of the slope angle (f) for the
previously described models.

It is clear that the values of the static factor of safety
decrease when the values of the slope angle
increase. This is also to be noticed in the values of
dynamic and pseudo-static factors of safety, so that
the steeper the slope is, the lower the dynamic
safety level of the embankment is. Furthermore, the
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cohesion of the soil plays an important role in
increasing slope stability. This fact can be shown
by observing the rate of reduction in the values of
the dynamic factor of safety with the increasing
values of the slope angle for the CH-clay models in
comparison with the models of SW-sand.
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Figure 9. The decrease of the factors of
safety with the increase of the slope angle for
the models of the SW-soil

By comparing the results of the pseudo-static
analysis with the result of the dynamic finite
elements calculations, a rough coincidence can be
noted between the results of both analyses, so that
the pseudo-static analysis can only provide a rough
prediction of the embankment slope stability under
seismic conditions. It can also be noted that the
results of the pseudo-static analysis may not always
be on the safe side, since the results of this type of
analysis are highly dependent on the input value of
the pseudo-static coefficient
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Figure 10. The decrease of the factors of
safety with the increase of the slope angle for
the models of the CH-soil
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8. CONCLUSION

In this paper, a full description of the dynamic
shear strength reduction analysis implemented in
a finite elements environment was explained and
applied to investigate the stability of
embankments under seismic conditions. In
addition, the paper provides information about
the definition of a dynamic factor of safety as a
measure for the evaluation of seismic slope
stability. Furthermore, a parametric study
containing the soil parameters and the
embankment slope angle was carried out to
predict the influences of these parameters on the
stability of the embankments under seismic
conditions. Finally, the results of the static,
pseudo-static, and dynamic analyses were
compared and the main features and
interpretations of the results were discussed.

REFERENCES

1. Alkayyal, H. Analytische und numerische
Berechnungen zur Erdbebenbemessung von
Boschungen und Stiitzmauern, Masterarbeit,
Institut fiir Geotechnik, Leibniz Universitit
Hannover, 2012

2. Awwad T., Donia M. 2016. The efficiency
of using a seismic base isolation system for
a 2D concrete frame founded upon improved
soft soil with rigid inclusions. Earthquake
Engineering and Engineering Vibration
Volume 15, Issue 1, Cover Date 2016-03.
Institute of Engineering Mechanics, China.
SPRINGER pp 49-60. DOI:
10.1007/s11803-016-0304-6

3. Awwad T., Donia M., Awwad L. 2017.
Effect of a stiff thin Foundation soil layer’s
depth on dynamic response of an
embankment dam. Elsevier, Procedia
Engineering, Volume 189, 2017, PP 525-
532. DOI: 10.1016/j.proeng.2017.05.084

4. Awwad T., Gruzin V., Kim V. Sustainable
Reconstruction in Conditions of Dense
Urban Development. In: Weng MC., Lee J.,
Liu Y. (eds) Current Geotechnical
Engineering Aspects of Civil

57



10.

58

Infrastructures. GeoChina 2018. Sustainable
Civil Infrastructures. Springer, Cham, 2019,
pp 13-23 DOI:10.1007/978-3-319-95750-
0 2.

Awwad T., Mussabayev T., Tulebekova
A., Jumabayev A. “Development of the
computer program of calculation of concrete
bored piles in soil ground of Astana city”.
International Journal of GEOMATE Vol.17,
Issue 60, 2019, pp-176-182,
DOI:10.21660/2019.60.17339.

Awwad T., Shakhmov Z.A., Lukpanov
R.E., Yenkebayev S.B. Experimental Study
on the Behavior of Pile and Soil at the Frost
Condition. In: El-Naggar H., Abdel-Rahman

K., Fellenius B., Shehata H. (eds)
Sustainability  Issues for the Deep
Foundations. GeoMEast 2018. Sustainable

Civil Infrastructures. Springer, Cham, 2019,
pp 69-76, DOI:10.1007/978-3-030-01902-0 7.
Awwad T., Yenkebayev S.B., Tsigulyov
D.V., Lukpanov R.E. Analysis of Driven
Pile Bearing Capacity Results by Static and
Dynamic Load Tests. In: El-Naggar H.,
Abdel-Rahman K., Fellenius B., Shehata H.
(eds) Sustainability Issues for the Deep
Foundations. GeoMEast 2018. Sustainable
Civil Infrastructures. Springer, Cham, 2019,
pp 77-84. DOI: 10.1007/978-3-030-01902-
0 8.

Brinkgreve R.; Broere W. Tutorial manual
of PLAXIS 2D - Version 9.0, technical
university of Delft, Netherlands, 2010.

Brotzmannn, F. 2012
Standsicherheitsuntersuchungen von
Stauddmmen unter seismischen

Einwirkungen mittels dynamischer FE-
Analysen, Beitrdge der Spezialsitzung der
Baugrundtagung in Mainz, Hrsg. Deutsche
Gesellschaft fiir Geotechnik (DGGT), S. 23
—-28

Derghoum, R. & Mohamed, M. Numerical
study for optimal design of soil nailed
embankment slopes. International Journal of
Geo-Engineering. 12. 2021.
DOI:10.1186/s40703-021-00144-5

11.

12.

13.

14.

15.

16.

17.

Awwad Talal, Alkayyal Hassan

Eurocode 8: Auslegung von Bauwerken
gegen Erdbeben — Teil 1: Grundlagen,
Erdbebeneinwirkungen und Regeln fiir
Hochbauten, Deutsche Fassung EN 1998-
1:2004 + AC:2009, Dezember 2010
Eurocode 8: Auslegung von Bauwerken
gegen Erdbeben — Teil 5: Griindungen,
Stiitzbauwerke und geotechnische Aspekte,
Deutsche Fassung EN  1998-5:2004,
Dezember 2010

Kodsi, S.A., Oda, K. & Awwad, T.
“Viscosity effect on soil settlements and pile
skin friction distribution during primary
consolidation,” International Journal of
GEOMATE, Dec., 2018 Vol.15, Issue 52,
pp- 152-159. DOI:
10.21660/2018.52.52744.

KRAMER, Steven L. 1996 Geotechnical
Earthquake Engineering, Prentice Hall
press,

Lukpanov R.E., Awwad T., Orazova
D.K., Tsigulyov D. 2019. Geotechnical
Research and Design of Wind Power Plant.
In: Choudhury D., El-Zahaby K., Idriss I.
(eds) Dynamic Soil-Structure Interaction for
Sustainable  Infrastructures.  Sustainable
Civil Infrastructures. Springer, Cham, pp
220-227. DOI: 10.1007/978-3-030-01920-
4 19

MEY, A.; VON WOLFFERSDOREFF, P.-
A. 2008. Die Bedeutung der Stoffmodelle
fir ~ dynamische  Berechnungen  zur
Standsicherheit von Stauddmmen mit der

Finite-Elemente-Methode, Kolloquium
"Bodenmechanik, Grundbau und
bergbauliche  Geotechnik" anl.  75.

Geburtstag Prof. Forster, TU Bergakademie
Freiberg, Veroffentl. Inst. Geotechnik, S.
111-133

Nurakov, S. & Awwad, T. Investigation on
soil cutting by non-bucket bottom rotor end

chisels. International Journal of
GEOMATE, Vol.16, Issue 53, January
2019, pp.231-237. DOI:

10.21660/2019.53.96902

International Journal for Computational Civil and Structural Engineering



Seismic Design of Embankments — Numerical and Analytical Study

18. TOWHATA, 1. 2008. Geotechnical 2.
Earthquake Engineering, Springer-Verlag,
Berlin.

19. Ulitsky V., Shashkin, A., Shashkin, K.,
Lisyuk, M., Awwad, T. Numerical
simulation of new construction projects and
existing buildings and structures taking into
account  their  deformation  scheme.
Proceedings of the 19th International
Conference on Soil Mechanics and
Geotechnical Engineering. Seoul, Korea, 3.
September 2017, pp 2061-2065, EID: 2-
$2.0-85045466035

20. VON WOLFFERSDORFF, P.-A. 2010.
Ausgewéhlte Probleme zu statischen und
dynamischen Standsicherheitsberechnungen
von Stauddmmen, Beitrdge zum 25. 4.
Christian Veder Kolloquium, Technische
Universitit Graz, Gruppe Geotechnik Graz,

S. 163 —182

21. Zhang, W. & Wang, D. Stability analysis of
cut slope with shear band propagation along
a weak layer. Computers and Geotechnics.
2020, 125. 103676.
10.1016/j.compgeo0.2020.103676.

22. Zhussupbekov A., Zhunisov T., Issina A., 5.
Awwad T. “Geotechnical and structural
investigations of historical monuments of
Kazakhstan". Proceedings of Second
International Symposium on Geotechnical
Engineering for the Preservation of
Monuments and Historic Sites, Naples, Italy,
2013. PP 779-784. EID: 2-s2.0- 6.
84878773734.

23. Ziccarelli, M. & Rosone, M. Stability of
Embankments Resting on Foundation Soils
with A Weak Layer. Geosciences. 2021.11.86.
DOI:10.3390/geosciences11020086.

CIIMCOK JIMTEPATYPbI

1. Alkayyal, H. Analytische und numerische
Berechnungen zur Erdbebenbemessung von
Boschungen und Stiitzmauern, Masterarbeit,
Institut fiir Geotechnik, Leibniz Universitét
Hannover, 2012.

Volume 18, Issue 2, 2022

Awwad T., Donia M. (2016). The
efficiency of using a seismic base isolation
system for a 2D concrete frame founded
upon improved soft soil with rigid
inclusions. Earthquake Engineering and
Engineering Vibration. Vol. 15, Issue 1,
Cover Date 2016-03. Institute of
Engineering Mechanics, China.
SPRINGER pp- 49-60. DOLI:
10.1007/s11803-016-0304-6.

Awwad T., Donia M., Awwad L. (2017).
Effect of a stiff thin Foundation soil layer’s
depth on dynamic response of an
embankment dam. Elsevier, Procedia
Engineering, Vol. 189, pp. 525-532. DOI:
10.1016/j.proeng.2017.05.084.

Awwad T., Gruzin V., Kim V. Sustainable
Reconstruction in Conditions of Dense
Urban Development. In: Weng MC., Lee J.,
Liu Y. (eds) Current Geotechnical
Engineering Aspects of Civil
Infrastructures. GeoChina 2018.
Sustainable Civil Infrastructures. Springer,
Cham, 2019, pp. 13-23 DOI:10.1007/978-
3-319-95750-0_2.

Awwad T., Mussabayev T., Tulebekova
A., Jumabayev A. Development of the
computer program of calculation of concrete
bored piles in soil ground of Astana city.
International Journal of GEOMATE Vol.
17, Issue 60, 2019, pp. 176-182,
DOI:10.21660/2019.60.17339.

Awwad T., Shakhmov Z.A., Lukpanov
R.E., Yenkebayev S.B. Experimental
Study on the Behavior of Pile and Soil at the
Frost Condition. In: El-Naggar H., Abdel-
Rahman K., Fellenius B., Shehata H. (eds)
Sustainability Issues for the Deep
Foundations. GeoMEast 2018. Sustainable
Civil Infrastructures. Springer, Cham,
2019, pp. 69-76, DOI:10.1007/978-3-030-
01902-0 7.

Awwad, T., Yenkebayev, S.B., Tsigulyov,
D.V., Lukpanov, R.E. (2019). Analysis of
Driven Pile Bearing Capacity Results by
Static and Dynamic Load Tests. In: El-
Naggar, H., Abdel-Rahman, K., Fellenius,

59



10.

11.

12.

13.

14.

15.

60

B., Shehata, H. (eds) Sustainability Issues
for the Deep Foundations. GeoMEast 2018.
Sustainable Civil Infrastructures. Springer,
Cham, pp. 77-84. DOI: 10.1007/978-3-030-
01902-0 8.

Brinkgreve R. Broere W. Tutorial manual
of PLAXIS 2D - Version 9.0, technical
university of Delft, Netherlands, 2010.

Brotzmannn F.
Standsicherheitsuntersuchungen von
Stauddmmen unter seismischen

Einwirkungen mittels dynamischer FE-
Analysen, Beitrdge der Spezialsitzung der
Baugrundtagung in Mainz, Hrsg. Deutsche
Gesellschaft fiir Geotechnik (DGGT), 2012
S.23-28.

Derghoum, R., Meksaouine, M. Numerical
study for optimal design of soil nailed
embankment slopes. Geo-
Engineering 12, 15 (2021).
DOI:10.1186/s40703-021-00144-5.
Eurocode 8: Auslegung von Bauwerken
gegen Erdbeben — Teil 1: Grundlagen,
Erdbebeneinwirkungen und Regeln fiir
Hochbauten, Deutsche Fassung EN 1998-
1:2004 + AC:2009, Dezember 2010.
Eurocode 8: Auslegung von Bauwerken
gegen Erdbeben — Teil 5: Griindungen,
Stiitzbauwerke und geotechnische Aspekte,
Deutsche Fassung EN  1998-5:2004,
Dezember 2010.

Kodsi, S.A., Oda, K. & Awwad, T.
Viscosity effect on soil settlements and pile
skin friction distribution during primary
consolidation. International Journal of
GEOMATE, Dec., 2018 Vol. 15, Issue 52,
pp- 152-159. DOLI:
10.21660/2018.52.52744.

Kramer, Steven L. (1996) Geotechnical
Earthquake Engineering, Prentice Hall
press,

Lukpanov R.E., Awwad T., Orazova
D.K., Tsigulyov D. (2019) Geotechnical
Research and Design of Wind Power Plant.
In: Choudhury D., El-Zahaby K., Idriss I.
(eds) Dynamic Soil-Structure Interaction for
Sustainable Infrastructures. Sustainable

16.

17.

18.

19.

20.

21.

22.

Awwad Talal, Alkayyal Hassan

Civil Infrastructures. Springer, Cham, pp.
220-227. DOI: 10.1007/978-3-030-01920-
4 19.

Mey, A., VON Wolffersdorff, P.-A. (2008)
Die Bedeutung der Stoffmodelle fiir
dynamische Berechnungen zur
Standsicherheit von Stauddmmen mit der

Finite-Elemente-Methode, Kolloquium
"Bodenmechanik, Grundbau und
bergbauliche  Geotechnik" anl.  75.

Geburtstag Prof. Forster, TU Bergakademie
Freiberg, Veroffentl. Inst. Geotechnik, pp.
111-133.

Nurakov, S. & Awwad, T. Investigation on
soil cutting by non-bucket bottom rotor end
chisels. International  Journal of
GEOMATE, Vol.16, Issue 53, January 2019,
pp-231-237. DOI: 10.21660/2019.53.96902.
Towhata I. 2008. Geotechnical Earthquake
Engineering, Springer-Verlag, Berlin.
Ulitsky V., Shashkin, A., Shashkin, K.,
Lisyuk, M., Awwad, T. Numerical
simulation of new construction projects and
existing buildings and structures taking into

account their  deformation  scheme.
Proceedings of the 19th International
Conference on Soil Mechanics and

Geotechnical Engineering. Seoul, Korea,
September 2017, pp 2061-2065, EID: 2-
$2.0-85045466035.

Von  Wolffersdorff, P.-A. (2010).
Ausgewihlte Probleme zu statischen und
dynamischen Standsicherheitsberechnungen
von Stauddmmen, Beitrdige zum 25.
Christian Veder Kolloquium, Technische
Universitit Graz, Gruppe Geotechnik Graz,
pp. 163-182.

Zhang, W. & Wang, D. Stability analysis of
cut slope with shear band propagation along
a weak layer. Computers and Geotechnics.
2020, 125. 103676.
10.1016/j.compgeo.2020.103676.
Zhussupbekov A., Zhunisov T., Issina A.,
Awwad T. Geotechnical and structural
investigations of historical monuments of
Kazakhstan.  Proceedings of Second
International Symposium on Geotechnical
Engineering for the Preservation of

International Journal for Computational Civil and Structural Engineering



Seismic Design of Embankments — Numerical and Analytical Study

Monuments and Historic Sites, Naples, Italy,
2013.  pp. 779-784. EID:  2-s2.0-
84878773734.

23. Ziccarelli M., Rosone M. Stability of
Embankments Resting on Foundation Soils
with A Weak Layer. Geosciences. 2021.11.86.
DOI:10.3390/geosciences11020086.

Talal Awwad, Dr. Ph.D., Professor of the Geotechnical
Engineering Department, Civil Engineering faculty,
Damascus University, Syria; Professor of the Soils and
Foundations Department, Civil Engineering faculty,
Emperor Alexander 1 St. Petersburg State Transport
University, Russia; Professor of the Saint Petersburg State
University of Architecture and Civil Engineering, St.
Petersburg, Russia. Phone +79112216792; Email:
dr.awwad.gfce@gmail.com.

Hassan Alkayyal, Department of soil mechanics and
Foundation Engineering, University of the Federal Armed
Forces Munich, Germany; M.Sc.; Project Manager. Boley
Geotechnik GmbH; Phone +498960043474; Email:
enghalkayyal@hotmail.com.

Volume 18, Issue 2, 2022

Tanan Aeead, NOKTOp TEXHUYECKUX HayK, npodeccop
Kapeappl TCOTEXHHKH  CTPOHMTENBHOrO  (haKysbTeTa
Hamacckoro yauBepcutera, Cupus; mpodeccop Kadenpst
IPYHTOB M (YHIAMEHTOB CTPOHMTEIBHOrO (haKyybTeTa
Canxkr-IlerepOyprckoro rOCyIapCTBEHHOTO
YHHUBEpCUTETa  IyTel cooO1IeHus umIeparopa
Anekcanapa I, Poccus; podeccop CaHkT-
[TerepOyprckoro  rocyIapcTBEHHOTO — apXUTEKTYPHO-
cTpoutenbHoro yuusepcurera, Cankr-IlerepOypr CaHkT-
[TetepOypr, Poccus. Tenedon +79112216792;
OnekrponHas noyra: dr.awwad.gfce@gmail.com .

Xacan Anv-Xaiian, xadenpa MeXaHUKH TPYHTOB W
CTPOUTEIHCTBA (yHIaMEHTOB, YHuBepcuTeT
®denepanbHbIX BOOPYKEHHBIX cwil, MionxeH, ['epmanus;
M.Sc .; PykoBoaurens npoekra. Boley Geotechnik GmbH;
Temeporn  +498960043474;  DnexTpoHHas  TOYTa:
enghalkayyal@hotmail.com

61



International Journal for Computational Civil and Structural Engineering, 18(2) 62—73 (2022)
DOI:10.22337/2587-9618-2022-18-2-62-73

MODEL OF STRESS-STRAIN STATE OF THREE-LAYERED
REINFORCED CONCRETE STRUCTURE BY THE FINITE
ELEMENT METHODS
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Abstract. The object of the study is multi-layer reinforced concrete structures of concrete with various
physical and mechanical characteristics of materials - concrete and reinforcement under the influence of
loading. Analysis of the stress state of multilayer reinforced concrete beams by using different materials is a
complex problem due to the different mechanical and physical characteristics of materials and the cracking
behavior of concrete. This article presents an analysis of the stress-strain state of three-layered reinforced
concrete structures using the finite element method in the program ANSYS Mechanical. Numerical modeling
allows on ANSYS allows combining different combinations of loads, the variability of the strength and
deformation characteristics of materials and various types of reinforcement in multilayer reinforced concrete
beams. Comparison is made between the experimental results, numerical results and finite element analyses
with respect to initial crack formation and the ultimate load capacity of beams. The results of the study were
shown that as the grade of concrete in the external layer increases from B15 to B20 and the grade of
lightweight concrete in the internal layer increases from B0.75 to B1.5, the crack resistance can be increased
by 59.7% and the bearing capacity of the test beam is increased by 16.4%. When the thickness of the external
layers varies from 40mm to 80mm, making the crack resistance increased by 47.5% and the bearing capacity
of three-layer concrete beams greatly increased by 6.7%. The obtained scientific results enable to determine
rational parameters for modeling various structural solutions of multilayer reinforced concrete structures.

Keywords: concrete buildings; reinforced concrete; multilayer structures; three-layer structures;
contact interlayer; heat-insulating materials; stress analysis; ANSYS Mechanical.

MOJIEJIMPOBAHUE HANIPSI)KEHHO-IE®OPMUPOBAHHOI'O
COCTOSIHUS TPEXCJIOMHOM KEJE30BETOHHOM
KOHCTPYKIIUU METOJJAMU KOHEYHBIX DJIEMEHTOB

By Tunv Txo !, E.A. Kopons °, B.H. Pumwun >, ®am Tyanv Ans !

! Vausepcuter TparcnopTHeIX TexHonoruii (UTT), pakyIbTeT rpaskIaHCKOTO CTPOUTENHCTBA U IPOMBINLIIEHHOTO
CTpouTENbCTBA, I. XaHoil, BBETHAM
2 HanmoHaIBHBIH HCCIEN0BATENLCKHIA MOCKOBCKHUI TOCYIapCTBEHHBIN CTPOUTENBHBIN YHIUBEPCHTET,
r. Mocksa, POCCH

AnHotanusi: OObEKTOM HCCIIEIOBAHUSI SIBIISIOTCSI MHOTOCIIOIHBIE jKee300€TOHHBIE KOHCTPYKIMU U3 OeToHa
C Pa3IMYHBIMU (U3MKO-MEXaHHYECKHMH XapaKTepPUCTHKAaMH MaTephajioB - OETOHa W apMarypbl O]
BO3/ICHiCTBUEM HArpy3ku. AHaJIM3 HANPSHKEHHOTO COCTOSHMS MHOTOCIOMHBIX IKeJIe300€TOHHBIX OalloK ¢
UCIIOJIb30BAaHMEM DPA3JIMYHBIX MaTepUalIOB IPEJCTaBIISIET COOOH CIOKHYIO IpoOiIeMy H3-3a PazIMYHBIX
MEXaHUYECKUX M (PU3NYSCKHUX XapaKTEPHCTHK MaTepHaloB M pacTpecKuBaHus OeroHa. B naHHO# craTbe
NPENCTaBICH aHAJIM3  HAIPSDKCHHO-Ie(OPMHPOBAHHOTO  COCTOSIHUSL — TPEXCIOMHBIX — apMHUPOBaHHBIX
CTPOHUTENBHBIX KOHCTPYKIMI C HCIOJB30BAHMEM METOJa KOHEYHBIX dJeMeHTOB B mporpamme ANSYS
Mechanical. Yucnennoe moaenupoBanue 1mo3BoisieT Ha ANSYS KOMOMHUPOBATh pa3iuyHble KOMOMHAIINN
Harpy3oK, M3MEHYHUBOCTh MPOYHOCTHBIX M Je()OPMAIMOHHBIX XapaKTEPUCTHK MAaTEPHAIOB U Pa3IMYHBIX
TUIIOB apMaTypbl B MHOTOCJIOHHBIX JKeJle300eTOHHBIX Oaikax. [IpoBoauTCst CpaBHEHHE MEXIY
OKCIICPUMECHTAJIbHBIMU  PE3YJIbTaTaMU, YHWCJICHHBIMU peE3yJibTaTaMW W aHaJIM30M METOAOM KOHCYHBIX
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9JIEMEHTOB B OTHOIICHWN HA4YaJbHOTO 00pA30BaHUs TPEIIMH W MPEAEIbHON Hecyllel CIocOOHOCTH Oalok.
Pe3ynbTaThl MCCIEOBaHMS MTOKA3aJIM, YTO MO MEpEe YBEIMUYCHUSI Mapku OeTOHa BO BHEIIHEM ciioe ¢ B15 mo
B20 u copt merkoro 6eroHa BO BHYTpeHHEM ciioe yBenmumBaercs ¢ B0,75 mo B1,5, TpemmHOCTOIKOCTR
MOXeT ObITh yBenaH4eHa Ha 59,7%, a Hecymasi CIOCOOHOCTh TecTa JIyd yBenuueH Ha 16,4%. IIpu TonmuHe
HapyxHbIX cioeB oT 40 MM 10 80 MM TpeumMHOCTOHKOCTH yBenuuuBaercst Ha 47,5%, a Hecymas
CIIOCOOHOCTH TPEXCIONHBIX OCTOHHBIX 0allOK 3HAYUTENIBHO yBeInunuBaeTcs Ha 6,7%. IlomydeHHble HayYHbIE

pe3yIbTaTh

MO3BOJIAIOT OHNPCACIIUTL PpallMOHAJIBHBIC ITapaMETPhI

A MOACIMPOBAaHUA  pa3IMYHbIX

KOHCTPYKTUBHBIX PEIICHUH MHOTOCIIOWHBIX jKeJIe300€TOHHBIX KOHCTPYKIIHIA.

KiioueBble ciioBa: GETOHHBIC 30aHMs; KEIe300eTOH; MHOTOCIOWHbIE KOHCTPYKIIUH;
TPEXCIIONHBIC KOHCTPYKINH; KOHTAKTHASI IIPOCIIONKA; TEIION30JISIIHOHHbBIE MaTePHAIbI;
ananu3 Harpspkenuit; ANSYS Mechanical.

INSTRUCTION

Today, the development of technologies new ma-
terials from concrete has helped create many kinds
of enclosing structures for civil and industrial
buildings. Enclosing structures not only meet the
requirements for bearing capacity but also meet
other requirements such as thermal insulation,
sound insulation, fire resistance, corrosion re-
sistance, ... One of the effective solutions to solv-
ing this problem is the use of multilayer rein-
forced concrete structures with a middle layer of
low thermal conductivity concrete, that consists
of: the external layers made mainly of structural
concrete to provide the load-bearing of elements
such as: heavy concrete [1, 2], fine-grained con-
crete [3] or clay concrete [4, 5]; The internal layer
of heat insulation and sound insulation is used by
light concrete of low strength, such as foam con-
crete [6, 7], coarse-pored concrete [8], polystyrene
concrete [1, 9], etc.

In this type of construction, made of non-
uniform materials, under loadings, stress and
strain distribution is a rather complex process,
so the ratio between the modulus of elasticity of
the middle and outer layers haves a strong influ-
ence on the stress and strain distribution. Vari-
ous methods are used to calculate multilayer re-
inforced concrete structures. For calculating
strength and deformation, the authors [10, 11]
proposed to bring a three-layer reinforced con-
crete cross-section with a monolithic bond to an
I-beam, based on the ratios of the initial elastic
modulus of concrete of the layers using the hy-
pothesis of flat sections. In the literature [12-14]
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a method for calculating a multilayer structure
using a contact layer based on the Kirchhoff-
Love hypothesis was used.

It was found that the stress—strain state of multi-
layer reinforced concrete structures was influ-
enced by many factors. The influence of the
physical and mechanical properties of concrete
and the geometrical parameters of the layers
was analyzed in references [15— 16]. The influ-
ence of geometric and physical nonlinearity,
plastic and geological properties of concrete on
the stress—strain state of multi-layer structures
was studied in references [17, 18].

At present, the development of science and
technology has allowed to perform a wide varie-
ty of researches using the finite element method
and pro-vide results close to full-scale experi-
ments. Meth-ods of debonding evaluation in
FRP strengthened concrete beams based on fi-
nite element model (FEM)-modeling proposed
in References [19-20]. In this study, the authors
propose a solution to analyze the stress-strain
state of three-layer reinforced concrete by using
a finite element model (FEM) with the help of
the program ANSYS.

1. MATERIALS AND METHODS

1.1 Model of tested samples and material
properties

This article considers three-layered beams with a
width of 160 mm, a height of 250 mm and a
length of 3000 mm. For external layers, concrete
of class B15, B20 and B25 (Table 1) is commonly
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used, with a thickness from 40mm to 80mm. For
the middle layer, lightweight concrete with low
thermal conductivity is used, with polystyrene
concrete class B0.75, B1 and B1.5, and with the
thickness from 170mm to 90mm.

150, 760 1500

In the tested beam, armature is obtained with 2
rebars with a diameter of 8 mm (A-500), oy =
475.2 MPa, 6u= 660.5 MPa, modulus of ¢clastic-
ity of the armature Es = 206,000 MPa.
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Figure 1. Three-layer concrete beam model of test
Table 1. Parameters and characteristics of concrete in tested beams
External layer Internal layer
B15 B20 B25 B0,75 B1 B1,5
Rv, (MPa) 11 15 18.5 0.84 1.1 1.61
Rut, (MPa) 1.15 1.4 1.6 0.44 0.51 0.61
Eb, (MPa) 23000 27000 30000 650 850 1100
v 0.2 0.2 0.2 0.2 0.2 0.2

1.2 Finite element modeling for three-layers
reinforced concrete beam on ANSYS

The research methods are based on numerical
simulation of stresses and strains of multilayer
reinforced concrete elements under the action of
various load combinations. The use of modern
software systems enables to carry out numerous
variable studies, combining a different combina-
tion of loads and variability

of strength and deformation characteristics of
materials — structural concrete, low-strength
concrete for the middle layer, as well as to com-
pare the results obtained from PC ANSYS with
the theoretical results of the calculation. One of
the most modern, universal software complexes
ANSYS, based on finite element method was

used in the article as well as volumetric eight-
node finite elements of type SOLID65 and rod
elements LINK 180 [21].

The element Solid65 is used to model the con-
crete. This element has eight nodes with three
degrees of freedom at each node —translations in
the nodal x, y and z directions. This element is
capable of plastic deformation, cracking in three
orthogonal directions, and crushing. A schematic
of the element is shown in Figure. 2 (a). The el-
ement Link8 is used to model steel reinforce-
ment. This element is a 3D spar element and it
has two nodes with three degrees of freedom —
translations in the nodal x, y, and z directions.
This element is also capable of plastic defor-
mation. This element is shown in Figure. 2 (b).
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(a)
Figure 2. (a) Solid65 Element and (b)Link8 element

GOb, Stress
Obn2— _Rp __________
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Figure 3. Stress-strain relationship for concrete
Where: 61, - compressive stresses of concrete;
Ry - prismatic strength of concrete;
¢y - the deformation of concrete;
€b1; €bo; Ev2 - the deformation of concrete corre-
sponding to the stress 6,1= 0.6*Ry; 6b0= Rp = op2

(a)

(b)

Figure. 3 shows the stress- strain relation of
concrete [22]. Following equations are used to
compute the multilinear isotropic stress-strain
curve for the concrete (Figure. 3):

When 0< ¢ < gp1, with
When &b1< € < b0, with

6b=Eb.€b (1)

_ _ %1 |\ e Th1
o, =11 5 )ebo—em +ER, Q)
When &< € < ep2, with 6= Rp
The values of the stress ob1 are determined by
the following formula: 6b1= 0.6R»

3)

. g
Wlth Ep1—

(b)

Figure 4. Three-layers concrete beam model in ANSYS. a) Model of three-layer concrete beam
b) Modeling of steel bars in concrete beams
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2. RESULTS AND DISCUSSION

2.1 The results and analysis the stress-strain
state of three- layered reinforced concrete
structures of experiment and on ANSYS

The analysis and comparison of stress and de-
formation of the three-layer beam under the ef-
fect of load between finite element method with
using software complexes ANSYS, numerical

method and experiment is done on three-layer
beams in Figure. 1. The parameters and proper-
ties of materials are shown in Table. 2.

The analysis results of moment (M) and deflec-
tion (f) of three-layer beam on ANSYS are
shown in Figure 5 and Table 3.

Beam start to crack and to be damaged, are
shown in Figure. 6 and Figure. 7.

Table 2. Parameters and characteristics of concrete in tested beams

The layers of beam External layer Internal layer
The thickness of the layers h, cm 0.04 0.17
Prismatic strength of concrete Rb, (MPa) 21.5 1.54
Tensile strength of concrete Rut, (MPa) 1.8 0.36
The initial modulus of elasticity Eb, (MPa) 12100 1310
Coefficient Poisson v = 0.00189 |Rp|+ 0.12 0.16 0.122
Shear modulus G = Eo/(2(1 +v)), MPa 5216 346
The average density of concrete, kg/m’ 1800 440
12
10 4 /‘/'
£ 8 .,-"/.
;Zc- ,o’./
3° e Analys on ANSYS
o Pig —e— Analys on
5 S ’
= 4] .,o
2 r"'.
o. At the formation of cracks (f=1.0 mm, M=2.11 KN.m)
0 Ii T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
Deflection f, (mm)
Figure 5. Load-Displacement curve for tested beam
S ) e 1 ] s e o S ﬂ. = |
Figure 6. Beam start to crack, at moment Mcre = 2.11 kN.m
{ I Moy T T T 1 WETH -
e R i

Figure 7. Beam is damaged, at moment Muir = 10.20 kN.m
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Table 3. Comparation of the results of analysis

Model At the formation of cracks At failure of beam
Moment Deflection f, Moment Deflection f,
Mere (kN.m) (mm) Muit (kN.m) (mm)
On ANSYS 2.11 1.10 10.20 17.7
Experimental study [1] 2.23 1.12 9.6 8.30
Numerical study based on the mono- 2.09 1.20 11.1 17.96

lith converter of cross-section [1]

The analysis results in Table. 3 are shown that
moment (M) and deflection (f) of the three-
layer beam at the crack’s formation and at the
beam’s failure on ANSYS near experimental
results than results by wusing numerical
models. The difference of the results of the
beam bearing capacity analysis between the
ANSYS model and experiment is 1% at the
crack’s formation and 5.8% at the beam’s
failure. This difference between the numerical
and experimental models respectively is 6.3%
va 13.5%.

The analysis results of stress and deformation of
three-layer beams on ANSYS are close to the
experimental results, it allows to use this meth-
od in the research and evaluation of bearing ca-
pacity of the three-layer beam under the effect
of load.

2.2 Effect of concrete grade changes in
external and internal layers on the bearing
capacity of three-layer concrete beams

The three-layer reinforced concrete beams in
Figure. 1 are used to analyze the effect of con-
crete grade changes in external and internal lay-
ers on the bearing capacity of three-layer con-
crete beams. The heavy concrete class B15, B20
and B25 are used in external layers thickness
40mm. The lightweight concrete class B0.75,
B1 and B1.5 are used in internal layers thick-
ness 170mm.

Table 4 presents the cases of investigating
changes in concrete grades in the external and
internal layers:

Volume 18, Issue 2, 2022

Table 4. Concrete grade in cases investigated

Layer 1: Layer 2: Layer 3:

Case  NC layer LW layer NC layer
1 B15 B0.75 B15
2 B15 B1 BI15
3 BI15 B1.5 B15
4 B20 B0.75 B20
5 B20 B1 B20
6 B20 B1.5 B20
7 B25 B0.75 B25
8 B25 B1 B25
9 B25 B1.5 B25

Where: The normal concrete layer below is layer 1; the
lightweight concrete layer in the middle is layer 2; the
normal concrete layer above is layer 3.

For three-layer concrete beams, the vertical dis-
placement spectrum and moment at the for-
mation of cracks and at the failure of the beam
are shown in Table. 5, Figure. 8 and Figure. 9.

Table 5. Comparation of the results of analysis

Model At the formation of At failure of beam
cracks
Moment | Deflection | Moment |Deflection
M (kN.m)| f, (mm) Mg (kKN.m)| £, (mm)
Case-1 1.16 0.43 9.07 22.06
Case-2 1.18 0.41 9.82 19.96
Case-3 1.19 0.39 10.19 17.36
Case-4 1.52 0.57 9.44 23.07
Case-5 1.54 0.54 10.19 18.85
Case-6 1.57 0.51 10.37 16.26
Case-7 1.74 0.52 9.65 23.24
Case-8 1.81 0.51 10.48 18.67
Case-9 1.90 0.51 10.55 17.13
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For three-layer reinforced concrete beams, as the
grade of concrete in the external layer increases
from B15 to B20, the bearing capacity of the test
beam is increased. The moment at the crack's
formation increased from 1.16 kN.m to 1.74 kN.m
(increase by 50%), on the beams using lightweight
concrete B0.75 in the internal layer; and increased
from 1.19 kN.m to 1.9 kN.m (increase by 59.7%),
on beams using lightweight concrete B1.5 in the
internal layer (in Figure.8). The moment at the

116 1.18 1.19

Moment at the formation of cracks, kN.m
o

e J

B15

152 1.54 1.57

@
‘bfﬂ

beam’s failure can be increased from 9.07 kN.m
to 10.55 kN.m (increase by 16.4%), is shown in
Table.5 and Figure. 9.

When the concrete grade in the external layers is
the same, the grade of lightweight concrete in
the internal layer increases from B0.75 to B1.5,
the moment at the beam’s failure can be
increased from 9.07 kN.m to 10.19 kN.m
(increase by 12.4%) (in Figure.9).

Il B0.75 in the internal layer
I B1 in the internal layer
[ B1.5 in the intemal layer

5 D A » 9
It =4 0 @ e
C),b% C)'b Q‘b Q,b’a C)q;.
B20 B25

Concrete grade in external layers

Figure 8. Chart of the relationship between crack's moment and concrete grade in external layers
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Figure 9. Chart of the relationship between bearing capacity of beams and concrete grade in inter-
nal layers
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2.3 Effect of thickness of the external and
internal layers on the bearing capacity of
three-layer concrete beams.

In this case, three-layered beams with width
160mm, height 250mm and length 3000 mm,
shown in Figurel, are studied. The external lay-
ers of tested beams made by heavy concrete
(normal concrete) grade B15, with changes of
thickness from 40mm to 80mm and the

internal layers of tested beams made by light-
weight concrete grade B1, with changes of
thickness from 170mm to 90mm.

Table 6 presents the cases of investigating
changes of thickness of the external and internal
layers on bearing capacity of three-layer rein-
forced concrete beams.

The results of the analysis the stress and defor-
mation state on the beams are shown in Table. 7
and Figure.10.

Table 6. Thickness of layers in cases investigated

Layer 1: Layer 2: Layer 3:

Case NC layer LW layer NC layer
10 40 mm 170 mm 40 mm
11 60 mm 130 mm 60 mm
12 80 mm 90 mm 80 mm

Where: The normal concrete (B15) layer below is layer 1;
the lightweight concrete (B1) layer in the middle is layer
2; the normal concrete (B15) layer above is layer 3.

Table 7. Comparation of the results of analysis

Model At the formation of At failure of beam
cracks
Moment | Deflection| Moment |Deflection
Mere (kN.m)| £, (mm) Mere (kKN.m)| f, (mm)
Case-10 1.18 0.41 9.82 19.96
Case-11 1.57 0.44 10.19 20.26
Case-12 1.74 0.46 10.46 19.15

12 4
T
= 101 T e
£ re ./././
Z pad
- 81 A —=—Case-10

El 'J‘./':/'/ — +— Case-11
"Gc')' 64 /(.;A:’;'}/ —4i— Case-12
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=

4 e

2 —;:/
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L
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12 14 16 18 20 22 24

Deflection f, (mm)

Figure 10. Load-displacement curve for tested beams

In the beam samples case-10; 11 and case-12,
the material used by the external and internal
layers of the three-layered beams remains con-
stants, when thickness of the external layers var-
ies from 40mm to 80mm, making the crack re-
sistance and the bearing capacity of three-layer

Volume 18, Issue 2, 2022

concrete beams greatly changed. The moment at
the crack's formation increased from 1.18 kN.m
to 1.74 kN.m (increase by 47.5%), the bearing
capacity of tested beams increased from 9.82
kN.m to 10.46 kN.m (increase by 6.7%).
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3. CONCLUSION

The obtained experimental and theoretical re-
sults lead to the following conclusions:

(1) The final analysis shows similar results ob-
tained by numerical methods using the ANSYS
PC, compared to experimental studies and theo-
retical calculations. The results of analysis of
moments and deflections of multilayer rein-
forced concrete beams of ANSYS are usually
lower compared to the result of moments and
deflections when calculated according to the
theory scheme (from 1 to 5.8%).

(2) The analysis of concrete grade changes in
the layers shows that as the grade of concrete in
the external layer increases from B15 to B20,
the crack resistance can be increased in 59.7%
and the bearing capacity of the test beam is in-
creased in 16.4%. When the concrete grade in
the external layers is the same, the grade of
lightweight concrete in the internal layer in-
creases from B0.75 to B1.5, the moment at the
beam’s failure can be increased in 12.4%.

(3) The analysis of changes thickness of the ex-
ternal and internal layers shows that when the
thickness of the external layer varies from
40mm to 80mm, making the crack resistance in-
creased in 47.5% and the bearing capacity of
three-layer concrete beams greatly increased
6.7%.
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THE MODEL OF FREE SPREADING A FLOW RAPID BEHIND
A RECTANGULAR PIPE

Olga A. Burtseva ', Viktor N. Kohanenko ', Sergey I. Evtushenko ?,
Maria S. Alexandrova !

! Platov South Russian State Polytechnic University (NPI), Novocherkassk, RUSSIA
2 National Research University Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. The article considers the free spreading of a turbulent stationary two-dimensional open potential water
flow into a wide diverting riverbed behind a non-pressure pipe of a rectangular section. A system of nonlinear par-
tial differential equations of motion has been adopted as the mathematical model of the flow in the physical plane.
When moving to the plane of the velocity hodograph, the nonlinear system of equations is transformed into a linear
system with respect to partial derivatives. Using the obtained system of equations, various problems along the flow
of two-dimensional water streams have been solved analytically. The paper determines the flow kinetics parameter
7 and the angle 6 characterizing the direction of the local flow velocity vector at the intersection points of an arbi-
trary equipotential and an arbitrary current line. The X, Y coordinates of these points are found. The peculiarities of
changing the angle 0 during the transition of the vertical front of the Xp are taken into account. Article proposes a
module for the transition from a two-dimensional water flow model to a one-dimensional one. This module is nec-
essary for using the laws of flow resistance and taking into account the resistance forces. The model proposed in
this paper is a development of analytical methods for calculating potential flows with previously unknown bounda-

ries and before the flow expands. It allows determining the entire range of geometric and kinematic parameters of
the flow with an error not exceeding 10%. The adequacy of the model for all flow parameters improves the accura-
cy of previously existing methods. This allows the designers of road culverts to increase its reliability.

Keywords: mathematical model, two-dimensional flow, motion equations, resistance forces,
flow energy equations, line flow, hydrodynamic pressure, flow spread parameters,
free spreading of the flow into the diverting riverbed.

MOJEJb CBOBOJHOI'O PACTEKAHUSA BYPHOI'O TIOTOKA
3A MIPSIMOYTI'OJIBHOM TPYBOM

O.A. Bypuesa ', B.H. Koxanenko !, C.H. Eemywenko °, M.C. Anexcanoposa '

! TOxmu0-Poccuiickuii TocyrapcTBeH bl nonutexandeckuii yausepcutet (HITN) numenu
M.U. I1natoBa, r. HoBouepkacck, POCCUA
2 HanmoHaIbHBIA HCCIIET0BATENbCKIH MOCKOBCKHUI rOCYIapCTBEHHBII CTPOUTEIBHBIH
yHEBepcureT, T. Mocksa, POCCU A

AnHoTamms. PaccmarprBaetcs cBoOOAHOE pacTekaHne OypHOTo, CTAIIMOHAPHOT0, IBYXMEPHOTO B IIaHE, OTKPHI-
TOT0, TOTEHIIMATIBFHOT0, BOAHOTO ITOTOKA B IIMPOKOE OTBOJIAIIIEE PYCIIO 3a OE3HAIOPHOM TPYOOH MPSIMOYTOILHOTO
ceueHust. MaremMaTruueckasi MOJICIb IOTOKA B (PU3MYECKO TJIOCKOCTH OITHCHIBACTCS B BUJIC CHCTEMbI HEJTMHCHHBIX
nuddepeHITaTbHBIX YPAaBHCHUN IBM)KCHUS B YACTHBIX MPOM3BOAHBIX. [Ipy mepexone B IJIOCKOCTh rojorpada
CKOPOCTH HEJTMHEHHAs CHCTeMa YpaBHCHUI TpaHC(HOPMHUPYETCS B JIMHCHHYIO CHCTEMY OTHOCHUTEIBHO YaCTHBIX
POU3BOAHBIX. [10JIB3ysCh MOTYYEHHOM CUCTEMOW YpaBHEHUI aHAIMTUYECKU PELIEHb] pa3IMuHble 3a7a4u 10 Te-
YEHUIO IBYXMEPHBIX BOJHBIX MOTOKOB. OmpeeNieHbI TapaMeTp KHHETHIHOCTH T MOTOKA M YT 6, XapaKTepr3y-
IOLIHI HAMpaBJIeHHUE BEKTOPA MECTHOW CKOPOCTH TMOTOKA B TOUKAaX MepeceueHust MPOU3BOIBHON SKBUMTOTEHIIUATI
1 TIPOM3BOJILHON JIMHUY TOKa. Haiinerbr koopauHaThl X, Y 3THX TOYEK. YUTeHBI OCOOCHHOCTH M3MCHEHUS yriia O
IpU TIepexoJic BepTUKaibHOro Gponrta Xj. Ilpemmoxker MOIyIb mepexoia OT IBYMEPHOH B TUIAHE MOJICITH TeYe-
HUSI BOJTHOTO TIOTOKA K OJJHOMEPHOM. DTOT MOJIYJTb HEOOXO MM TSI MICTIONIF30BAHMS 3aKOHOB COIPOTHBIICHHS TI0-
TOKY W y4eTy CHJI COIPOTHBIICHNUS. Moierb, Ipe/yTo;KeHHAs B padOTe TPEACTABIICT COOOH pa3BUTHE aHAIUTHYC-
CKUX METOJIOB pacyéTa TOTCHIIMATHHBIX TIOTOKOB C 3apaHee HEM3BECTHRIMU TPAHHUIIAMH U JIO0 PACIIPEHHUS ITOTOKA
= 7+10. ITo3BossieT ¢ MOrPEeNIHOCTBHIO HE TpeBbIatoItyo 10% onpenensTs BECh CHEKTP FEOMETPHIECKUX H
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KMHEMaTHYECKUX NTapaMETPOB MOTOKA. AEKBATHOCTh MOJIEIH TT0 BCEM IapaMeTpaM IOTOKa JI0 pacIIipeHus B =
7+10 yrydmaeT ageKBaTHOCTh IO paHee CYMISCTBYIONIMM METOaM, YTO MO3BOJsIeT poekTipoBiukaM [ TC mo-
PO’KHBIX BOJIOTIPOITYCKHBIX COOPY’KEHHI MOBBIIIATH UX HAIEKHOCTb.

KiroueBble ciioBa: MaTeMaTHuecKasi MOJIENb, IBYXMEPHBII B IJIaHEe BOAHBIH OTOK, YPAaBHEHUS JBHKEHHUS,
CHJIBI CONPOTHBIICHHUS, yPAaBHEHHS SHEPTHHU ITOTOKA, JIMHUSA TOKA, THAPOIMHAMUYECKUI HAIIOP,
napaMeTphl pacTeKaHHs II0TOKA, CBOOOJHOE pacTeKaHHe IOTOKA B OTBOJSAIIEE PYCIIO.

INTRODUCTION

This work is devoted to the development of I.A.
Sherenkov’s ideas [1] for solving a practical prob-
lem concerning the turbulent flow behind the vol-
untary flow into a wide discharge channel. The
flow parameters behind the non-pressure pipe are
necessary for the road water conduit structures’
design under roads and railways [2]. On the basis
of the characteristic theory, I.A. Sherenkov carried
out the solution to the problem [3, 4] and supple-
mented it with the analytical studies.

I.A. Sherenkov developed a theory for calculating
the flow parameters, based on which he proposed
a universal schedule as it was shown in the work
[5]. Previously, this theory provided a powerful
impetus for the culverts’ calculation development.
However, it turned out to be very approximate due
to the graphical methods of the characteristic theo-
ry use, borrowed from the gas dynamics [6].
Thereby, the purpose of this work is develop-
ment of the same problem solution based on the
analytical methods.

1. RESEARCH METHODS

1.1. Equations of water flow motion in the
physical plane of its streaming.

The motion basic equations of a two-dimensional
plan water flow have the form [7, 8]:

1
pox = dt
19 du
—L_r-—
p Oy dt
_1op_, _du
poz ° dt’
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where X, Y, Z are the volumetric force compo-

nents; 7, Ty, T,

sistance forces per liquid mass unit; p denotes
liquid density; p is the local pressure.

For the steady-state water flow with vertical ax-
is direction z and the action of a single volume
force (gravity) in liquid, the system (1) takes the
following form [9, 10]:

are the components of re-

_la_p_T;z Vaufﬁ_uyaux +uzaux;

p Ox Tox T oy Oz
_la_p_ _ Guy +u 6uy o ﬁuy; (2)

poy =~ Toax oy o
1op _ ou._ Ou_ ou_

poz = o oy Tz

Without considering the resistance forces to the flow
T.=T =T.=0

and taking into account:

the system (2) transforms to the following one:

1 op Ou, ou, ou,
——=-T =u, —+u, —+u —,
pox T ox oy 0z
0 0 0 3
—la—p—ﬂzux uy+u, uy+u,i; )
p Oy ox oy oz
o Lop_y
p Oz
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From the third equation of the system (3), it fol-
lows:

p=—vz+f(xy),

where f(x,y) denotes the arbitrary function.
Since z=2z,, p=p,6 =const on a free sur-

face, we arrive to the hydrostatic law of pressure
distribution on the vertical:

p—p,=v(z,—2).

Denoting the watercourse bottom coordinate
with z,, we get:

op 0 op 0
_—_= e + h ) —_= —_— *
ox ! ox (ZO ) oy ! oy (z0+4)

The Egs. (3) under these conditions is written in
the form:

ou ou 0
~+ t=—g—(z,+h);
“o T g (z, +h)
0 0
u, uy+u, e :—gi(zoJrh).
ox " oy oy

Having supplemented this system of equations
with the continuity equation for a two-
dimensional flow

0 0
a(hux)+5(huy) =0

we obtain the system of equations:

ou ou 0
e L =—g—/(z, +h);
“s Ox " oy g@x(zo )
ou 0
u, Yoy i:—gi(zo-i-h); @
ox 7 Oy oy
0 0
—(hu )+—(hu ) =0.
8x( u,) 8y( u,)

In case of the discharge channel horizontal bot-
tom z,, Egs. (4) can be written as follows:

ou ou Oh
u,—~+u —+g—=0;
ox 0Oy ox
0 0 5
u, Yo uy+g@:0; ©
ox 7 oy oy
0 0
—(hu ) +—(hu,)=0.
ax( u,) ay( u,)

The system of partial differential equations (5)
describes the two-dimensional flow in terms of
open stationary flows in a horizontal conduit
without taking into account the flow resistance
forces. This system is a system of essentially
nonlinear equations isolated with respect to the
unknown functions:

u = u (x,y); u,=u,(x,y);, h=hxy).

Introducing an additional condition for the flow
potentiality:
ou ou,

Y

ox Oy

3

where Q is the velocity vortex for a two-
dimensional flow, we are convinced that there
exists such a potential function ¢ = ¢(x, y) that:

u =2 4 -2

T dy’

In this particular case, the system (5) is reduced
to the form:

0 0 o
a(hux)+5(huy) =0; (6)

)
oox T oy
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where Ho is a constant for the whole flow.

The system of equations is the main one for
solving the problem of planned flows directly in
the flow physical plane.

1.2. The flow equations in the velocity hodo-
graph plane.

The system of equations (6) accepts a transition
to the velocity hodograph plane as suggested by
S.A. Chaplygin for the gas flows study [11, 12].
As a result of this transformation, the nonlinear
system of equations (6) transformed into a linear
system with respect to partial derivatives.
Introducing the squared velocity coefficient

Vz
2¢H,’

where V2 = w2+ u2; angle “0” characterizing
the local flow velocity vector direction; current
function y =w(r,0); potential function
¢ =¢(r,0), we obtain a system of equations in
the velocity hodograph plane I'(z,8)

o9 b 3c-1 oy
or 2H.t(1-1) 08’

o T(1=7) 7
W _,h T Oy

0 H,(1-7) ot ’

where T, 0 are the independent variables.
Wherein:

h=H,(1-t);, V=t 2gH0,%<rSI;

Vz
H,= h +—=>,
2g

where £, 1] are define depth and flow velocity

at some characteristic point.
The system solution (7) is reduced to solving
the following equation

Volume 18, Issue 2, 2022

i( 27 81//]+ 1-3¢ o'y
or\1-7 or ) 2r(1-7)* 06’

Moreover, there is a complex differential link
between the planes ®(x,y) and I'(7,6) [8]:

d(x+iy) = [d¢+i fy , (8)

el@
dw} 1
H,(1-7) 72 2gH,

where i= - 1 - is an imaginary unit; x, y are
the coordinates of a liquid flow particle in terms
of its flow; 1, O are the independent variables of
a liquid particle flow in the velocity hodograph
plane; ¢ =¢(7,0) is a potential function;
v =w(r,0) is a stream function.

Egs. (7) makes it possible solving the boundary
problem of flow spreading first in the velocity
hodograph plane I'(z,6), and then using the

relation (8) to obtain a solution to the problem
in the physical plane ®(x,y).

In the works [7, 8], a whole spectrum of the
system’s analytical solutions (7) has been ob-
tained. However, it was proved that the sys-
tem solution (7)

1//=Asml€;¢:A£ cos@ ©)

T? H, r%(l—r)

is the solution providing sufficient adequacy to
the real flow for the flow outlet vicinity in the
range from the rectangular pipe up to the flow
expansion:

Y
=——=7+10,
p b/2

where b is the culvert width; y defines the trans-
verse coordinate of the extreme streamline, see
Fig.1.
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Extreme stremline

Charactenstic of the 1-st kind

Y
| XE“ |
PRSI ST IITTI] A @ @ @
! 0 ® M |
b p— X
+ 5
Charactenstic of the 2-nd kind

FRadial flow

Figure 1. The plan of the flow

2. THE PROBLEM SOLUTION IN THE
VELOCITY HODOGRAPH PLANE

Solving the boundary problem in the velocity
hodograph plane means determining the con-
stant “A” in the formulas (9) and determining
the flow parameters 7,6 at the intersection

points of an arbitrary streamline and an arbitrary
equipotential.

2.1. The constant A definition.

The extreme streamline cuts off 50% of the ap-
plication rate (referred to «ho») from the longi-
tudinal symmetry axis. Therefore:

Vb sin @
Ve T
Atinfinity 7=1; §=6,__ . Then
Wb
2sin@

The angle 6,
following from the characteristic theory [3, 4]:

is determined by the formulas

e +(J§—1)%;

1 [37,-1
C, =arct / f {
arctg - arcg(\/, J

2.2. Defining the flow parameters 7,6 at the

arbitrary streamline intersection points with
an arbitrary equipotential.

According to the equations (9), the following
equalities are completed along the arbitrary
streamline:

51111/49 =Ksin@,__;
T
10
cosd 1 (10)
-7 PU-7.)’

where K €[0,1] is the flow coefficient along

the streamline under consideration; 7 is the

(193]

parameter “t” at the intersection of the equipo-
tential under consideration with the longitudinal
symmetry flow axis.
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The system of equations (10) is solved analyti-
cally with the standard methods by reducing it
to solving a cubic equation [13]. In this case, the
equation root should satisfy the condition:

7, <7<I.

Next, it is necessary to move to the physical re-
gion of the streams with known parameters 7,68

at the intersection point of an arbitrary line flow
with an arbitrary equipotential.

3. DETERMINATION OF THE X, Y
COORDINATES IN THE PLANE O(x, y)

CORRESPONDING TO THE POINT 7,60

IN THE VELOCITY HODOGRAPH
PLANE I'(,0).

When inspecting the arbitrary streamline, start-
ing from the culvert, one can reach the given
point with the coordinates 7,6 . Therefore, we

consider dy =0 in the equation (8). Moreover,

i0

e
d(x+iy)=dp———— 11
(rei)=dd e (D
follows from (8).
Separating the variables in Eq. (11), we obtain:
dy = d¢cost :
11/21/2gH0 .
d¢sin @ (12)
dy = 1/2—
T°\J2gH,

Egs. (12) confirm that along the streamline:

dy
— =tgfd.
dx 8

The velocity vector along the streamline is in-
clined with angle “6” to the flow symmetry axis
Ox, 1.e., it is tangential to streamline.

Volume 18, Issue 2, 2022

From the first equation of the system (10), we
determine:

sind =Kz’ sing__ . (13)
Substituting the right-hand part of Eq. (13) in-

stead of sinQ into the second equation of the
system (12), we obtain:

1/2 . .
JY = dgKz"sin6,, _dgKsinf, .

2 \2gH, J2eH,

(14)

Additional information from the
experimental research.

It was experimentally revealed in the work [12-
17] that there is a vertical front with a length
“Xp” along the flow symmetry axis, along
which the flow parameters do not change
(Fig.1).

There is an abrupt change in angle “0” from ze-
ro to O after point “K”. “Xp” length was deter-
mined by processing more than a hundred ex-
periments. The following formula of which has
been obtained:

F, -1
X, = trunc hy |+1,
max(E)+2)

sin @

2

|2
where F, = —% is the Froude number at the

ghy
flow outlet from the pipe; /4, denotes flow
depth at the pipe outlet; € is the maximum
flow angle; values of X ,A, are determined ex-

perimentally and given in cm.
Integrating the Eq. (14), we obtain:

_ Ksing,

Y, -7, (b — B ) 15
WH= () 09
where 4 = h, cos6,

H, o (1-1,)’
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4 —Aho cos,
= AL

H,/’(-7,)’

0,,7,
tial equipotential.

The system’s first equation integration (12)
leads to the following one:

are the flow parameters defining the ini-

™

X, =X, +X, + J-K'J,-K'J,]

el

where K =sin’ 8!

max 2

T

0.  defines the maxi-

mum angle of the flow spreading along the se-
lected streamline;

l+7 T
= +In ;
7(1-7) -7
g miTh s —m— (16)

In a particular case from Eq. (15) and Eq. (16),
it follows that, along the flow symmetry axis,
the relationship between X and 1 takes the form:

X=X, +X,+
Ah, l+7 -7 l+7, I-7, |
—In - +1In
H\/Zgl—]0 (l-71) . r,(l-7) 7,

where )E'D =§tg%. The angle 6, and the pa-

rameter 7, are determined from the system:

sin 6,
1/2
k

cos, 1
o*d-7,) *(-7,)

=sind

max 2

Along the extreme streamline, it follows from
Eq. (15) and Eq. (16) that:

X=X,+

Ah, { I+t 2sm 6 . I-7
~In

— (17
+H0\/2gHO r(-7) (7

1-7 T

l+7,

B In -7,
r,(1-7,) T,

22
Y:é+Ah0s1n Qmax[ 1/Sost9 B 1/(2:os0k } (18)
2 Hy2gH, | "(0-7) 7°(1-7)

)

+2sm 0. |

9
I-7,

We determined depths and flow rates with the
known parameter “t” according to the formulas:
V="

h=H,(1-7); 2eH, .

4. THE TRANSITION FROM
A TWO-DIMENSIONAL MODEL TO
A ONE-DIMENSIONAL

This module is necessary to use the flow re-
sistance laws and takes into account the re-
sistance forces.

We use the flow rate conservation equation

O= BVH,

where

V=7"J2gH,; h=H,(1-7)

or in other form:

Q=BH,(1-7)2gH, 7"

Assuming the known width of the flow B = 2V,
where Y is taken from a two-dimensional flow
model, it is possible to determine the parameter
“z,,” from the solution of the cubic equation:

(19)

. 12 _
q rcp)rcp

Q
2YH,\[2gH,
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For 7, <7, <1, the root of 7z can be deter-

mined from the equation:

Q2

(l—z'cp)zrcp =
4Y°H 2gH,

We will further define the parameters of a con-

ditionally one-dimensional flow with the char-

acteristics:

h,=H,(1-7,); V, = r;f‘/ngO . (20)

The corresponding X coordinate is determined
by equation (17). Therefore, the parameter “t”
is determined for the abscissa “X” given. Fur-
ther, Y(t) is determined from equation (18). And

the average depths and velocities £, V,  in the

considered non-pressure flow line are deter-
mined by formulas (20).

THE RESULTS OF THE STUDY

1. The model proposed in the work represents
the analytical methods’ development for calcu-
lating the potential flows with the previously
unknown boundaries. This allows determining
the entire range of geometric and kinematic
flow parameters with an error not exceeding
10% up to the flow expansion S =7-+10.

2. The model adequacy for all flow parameters
up to the flow expansion £ =7-+10 improves

the accuracy of the previously existing methods,
which allows the designers of the road culverts’
hydraulic structures to increase its reliability
using the results of the structure fastening de-
signers’ work.

3. This model can be applied as an initial model
for calculating the real flows behind the culverts
taking into account the fluid resistance.

4. The authors propose an additional module to
take into account the fluid resistance.

5. The transition to a one-dimensional model
allow us to take into account the action of the
fluid resistance and recalculate the flow parame-

Volume 18, Issue 2, 2022

ters required by the designers of the hydraulic
structure. The paper indicates only the direction
for possible consideration of the fluid resistance,
which will be further developed and detailed.

6. The package of applied programs is available
at the Department of General Engineering Dis-
ciplines of the Platov South-Russian State Poly-
technic University.

CONCLUSIONS

The model proposed in the paper represents the
development of analytical methods for calculat-
ing potential flows with previously unknown
boundaries and before the flow f=7-+10 ex-

pands. It allows determining the entire range of
geometric and kinematic parameters of the flow
with an error not exceeding 10%. The substanti-
ation of this position is confirmed by experi-
mental experiments and numerical calculations
given in [8, 12].

The adequacy of the model in all parameters of
the flow before f=7+10 expansion improves

the accuracy of previously existing methods,
which allows the designers of the hydraulic
structure of road culverts to increase its reliabil-
ity using the results of the work of the designers
of the fastening of the structure.

The article proposes a module of transition from
a two-dimensional water flow model to a one-
dimensional one. This module is necessary for
using the laws of fluid resistance and takes into
account the fluid resistance.
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DEFINITION OF THE BEAMS FROM A NONLINEARLY

DEFORMED MATERIAL BY THE RITZ-TIMOSHENKO

METHODS AND FINITE DIFFERENCES TAKING INTO
ACCOUNT THE DEGRADATION RIGIDITY FUNCTIONS

Viladimir P. Selyaev, Sergey Yu. Gryaznov, Delmira R. Babushkina
National Research Mordovia State University, Saransk, RUSSIA

Abstract. The article solves the problem of determining the deflections of a beam made of a nonlinearly de-
formable material — a polyester composite held in water using the numerical methods of Ritz-Timoshenko
and finite differences. The influence of an aggressive environment on the material of the structure was taken
into account by introducing the degradation function of stiffness into the calculation algorithms of the above
methods. The problem of determining the time and conditions for the onset of the limiting state of the struc-
ture in the second group in accordance with the current norms and rules has been solved.

Keywords: beam, nonlinearity, deflection, Ritz-Timoshenko method, finite difference method, stiffness,
degradation function, limiting state.

OIPEJAEJEHUE NPOTUEOB BAJIKU U3 HEJMHEHO
JTE®OPMUPYEMOI'O MATEPUAJIA METOJIAMU
PUTLA-TUMOIIEHKO U KOHEYHBIX PASHOCTEI
C YYETOM JETPAJALIMOHHBIX ®YHKLMI )KECTKOCTHU

B.II. Censaes, C.IO. I'paznos, /I.P. badywkuna

HarnmonaneHsIi HecaenoBaTenbekuit MopaoBCKHi TOCYAapCTBEHHBIN YHUBEpCHUTET, I. Capanck, POCCUA

AHHoTanus. B cTartee pemeHa 3agaya onpeneneHus mpornooB Oanku U3 HEMWHEHHO NedOopMHUPYEeMOro Ma-
T€puajia — HOJ'II/IS(bI/lpHOFO KOMIIO3MUTa, BBIACPKAHHOI'O B BOJIC, YMCIICHHBIMU METOJaMU PI/ITLIa-Tl/lMOLHeHKO u
KOHEYHBIX pa3HocTed. BrnusiHue arpecCMBHOM cpejibl Ha MaTepuasl KOHCTPYKIMU ObUIO YUTEHO BBEJCHHEM
JIerpaaliioHHON (DYHKIUH KECTKOCTH B PACUETHBIC AJITOPUTMBI, BbILICHA3BaHHBIX METO/I0B. Peiena 3aiaua
[0 ONPE/CICHUI0 BPEMEHU U YCJIOBUHM HACTYIUICHUS IMPEIEIBHOIO COCTOSHHS KOHCTPYKLHUH IO BTOPOM

rpynre coriiaCHoO HeﬁCTBylomHM HOpMaM U IIpaBUJIaM.

KiroueBble ciioBa: 6aJ'IKa, HeHHHCﬁHOCTB, HpOFI/I6, METO PI/ITL[a-TI/IMOH.IeHKO, METOA KOHCYHBIX paSHOCTeﬁ,
JKECTKOCTD, ACTrpadalluOHHAas (I)yHKL[I/IFI, MNpeACIIbHOC COCTOSHUC.

INTRODUCTION

Construction materials and structures may be
subject to the destructive effects of aggressive
environments at any stage of the life cycle of the
object. The probability of occurrence of some
adverse events is taken into account at the
design stage of structures by the introduction of
conditional reserve coefficients that guarantee

Volume 18, Issue 2, 2022

the impossibility of the occurrence of limit
states. However, in practice, emergency
situations often occur in which the structure can
go into the limit state in a fairly short period of
time. For example, numerous studies have
proved the nonlinearity of the development of
chemical degradation processes [1-8].

Consequently, in the existing mathematical
models, all unreasonable coefficients should
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be replaced by functional dependencies that
take into account the influence of complex
stochastic and chronological processes [9-11].
Among the known approaches to assessing
durability and reliability [12-20], the most
accurate, perfect and  experimentally
reasonable is the method of assessing the
chemical resistance of construction materials
and structures using degradation functions
[10, 21-24].

The purpose of the work: to determine the
change in deflections of a polyester composite
operating under the combined effects of
mechanical loads and an  aggressive
environment; to determine the conditions for the
onset of the limit state for group 2, using the
method of degradation functions.

E(y)

EZ
I
I

I
I
I
I
I
|

E(y)

MATERIALS AND METHODS

It has been experimentally established [10] that the
process of destruction of the material within the
cross-sectional area of the element has an uneven
character. The aggressive medium begins to
penetrate deep into the material through weak
areas, through pores, capillaries, amorphous
particles.  Consequently, the elastic-strength
characteristics will change non-linearly along the
cross-section, which can be traced on the
corresponding graphs — isochrones of degradation
(Fig. 1, b). The position of the degradation
isochrones is characterized by three parameters: the
coordinate of the destruction front — the depth
index (a), the characteristic of the linearity of the
degradation mechanism — (¢), and the chemical
resistance coefficient of the material — (5).

£

0 aft) h/2

Y

0 a(t) 2y

Figure 1. Basic models of deformation modulus change: a — linear, b — nonlinear

It has been experimentally established that the
numerical values of the modulus of deformation
and micro-hardness, determined with high
accuracy by sclerometric methods, have a
directly proportional relationship. Therefore, the
degradation  function of stiffness F(B),
characterize by the law of variation of the
modulus of deformation over the section of the
element, was determined as the basic one. It is
important to note that in this work, the process
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of transferring an aggressive medium into the
sample was studied only along the y axis.

Let is consider a single-span, pivotally
supported beam with a length [ = 10 m ¢ with a
constant cross-section b X h = 0,3 X 0,4 m of
polyester composite (Table. 1), loaded along the
entire length with a uniformly distributed load
q = 17 kN /m (Fig. 2).
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g =17 kN/m

L 10m |

Figure 2. The design scheme of the beam

For bendable elements, the degradation
stiffness function, based on a combined
power approximation of the isochron of
degradation, in relative coordinates has the
following form:

3
F(B) = kyco — (kx.c.Z - kx.c.l) ' (%) ’ % , (1)
where is ky.1 =B, =H{/Hy=E{/E; — the
coefficient of chemical resistance of the
material, determined by the degradation
isochrones, using numerical values of the
change in micro-hardness over time on the
sample surface [25];

kyc2 =B, = Hy/Ho = E;/Ey — the coefficient
of chemical resistance of the material,
determined at the depth a of the damaged
material layer;

h — the height of the cross section of the
element;

a = k(§)\Dt — coordinate of the leading edge
of corrosion, characterizing the depth of damage
to the material (depth indicator);

k(¢) =01 — a coefficient that takes into
account the instrumental accuracy of
determining the coordinatea;

D = 0,02 cm?/day — the diffusion coefficient
of the aggressive medium into the material
determined experimentally;

t — time of exposure to aggressive solution;

a/h — relative characteristics of the corrosion
front.

In formula (1), the parameter p characterizes the
type of isochron degradation, their position and
shape. It can be determined experimentally from
the analysis of isochron degradation, or selected

Volume 18, Issue 2, 2022

from a pre-formed statistical database of
compliance of materials, conditions of physico-
chemical and mechanical effects, as well as the
duration of the aggressive environment.
Numerically, the parameter p can be equal to
any positive rational number, provided the
inequality is one.
For the polyester composite exposed in water,
the values of elastic strength characteristics, as
well as the values of degradation functions (1),
were obtained at each time point under
consideration t (Table 1).
To solve the problem of bending a beam from
a non-linearly deformable material, an
analytical function of the following form
approximating the deformation diagram «c —
£», was chosen:
o=ag—f¢°, (2)
where the constants «a = Ey(ty) = 3,16-
104 MPa, B = (Eb — Ebu)/ggu = 5,12 '
1012 MPa are determined from the condition of
conformity of the approximating function (2) to
the normalized indicators [26].

RESULTS AND DISCUSSION

To solve the problem of determining the
deflections of the beam, 2 methods were used:
the Ritz-Timoshenko method (MRI) and the
finite difference method (MD). Both options
were automated in Microsoft Excel 2010. To
verify the software algorithms, additional
calculations were performed in the Lira-CAD
2013 software package (Fig. 3).
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Table 1. Elastic strength characteristics of polyester composite

Exposure time of samples in water t, day
Parameter
0 15 30 175 265 400
1 2 3 4 5 6 7
Oye, MPa 132.853 122.581 117.153 84.819 74.592 60.477
Eue 0.0042 0.0047 0.0051 0.005 0.005 0.0049
E,,MPa 31631.667 | 26081.064 | 22971.176 16963.8 14918.4 12342.245
Opu, MPa 150 140.572 135.304 99.773 93.466 82.197
Ehu 0.006 0.0065 0.0066 0.0076 0.0083 0.0097
Epy, MPa 25000 21626.462 | 20500.606 | 13128.026 | 11260.964 | 8473.918
kycq 1 0.825 0.726 0.536 0.472 0.39
kyco 1 1 1 1 1 1
a,cm 0 5.5 7.7 18.7 23 28.3
a/h 0 0.1375 0.1925 0.4675 0.575 0.7075
F(B) 1 1 0.998 0.962 0.92 0.827
I N (S (S— (— [ | I 1 ]
43.774 -38.264 -32.798 27331 -21.865 -16.399 -10.933 -5.4663 -0.4373 0
17 ) 17
1 ) 17
e LE]-----_'L. - 17 17 . ]:'_-----r/\lx
Hﬁ"“-—h ¢ - / - J . 3 5-"""‘*
Z Jarpyerne 1
Mosauxa nepesemenuii no Z(G)
LX Ezmmime: ssmeperns - M

Figure 3. Linear calculation of beam deflections in the Lira-CAD 2013 PC
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Table 2. Comparison of the results of linear calculations of Lira, MRI and MD atF (B) = 1

Cross-section Deflections w, mm
coordinate X,
m Lira MRI A% MD A%
0 0 0 0 0 0
0.625 8.680 8.681 0.01 8.707 0.31
1.25 16.980 16.982 0.01 17.029 0.29
1.875 24.566 24.570 0.01 24.635 0.28
2.5 31.158 31.162 0.01 31.241 0.27
3.125 36.524 36.529 0.01 36.619 0.26
3.75 40.485 40.491 0.01 40.588 0.26
4.375 42913 42919 0.01 43.021 0.25
5 43.730 43.737 0.01 43.840 0.25
| max | 43.730 43.737 0.01 43.840 0.31

Table 3. Comparison of the results of linear calculations of Lira, MRI and MD at F(B) = 0,827

Cross-section Deflections w, mm
coordinate x,
m Lira MRI A% MD A%
0 0 0 0 0 0
0.625 10.495 10.497 0.02 10.527 0.30
1.25 20.531 20.535 0.02 20.590 0.29
1.875 29.704 29.710 0.02 29.785 0.27
2.5 37.674 37.681 0.02 37.774 0.26
3.125 44.163 44.171 0.02 44.275 0.26
3.75 48.952 48.961 0.02 49.075 0.25
4.375 51.888 51.897 0.02 52.0160 0.25
5 52.876 52.886 0.02 53.007 0.25
| max | 52.876 52.886 0.02 53.007 0.30
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Note to Tables 2 and 3: the beam is symmetrical
relative to the middle of the span, so the results
are presented in abbreviated form.

The introduction of the degradation stiffness
function into the algorithm for solving the
problem by the Ritz-Timoshenko method (MRI)
was implemented as follows.

This method is based on the Lagrange-Dirichlet
theorem on the minimum of the total potential
energy of a body in equilibrium. Taking into
account formula (2), the expression for the total
potential energy of the beam will be written as
follows:

l

V_l J‘ d*w Zd
_Za]" dxz) “*

0
l

1 d?w\°
oo [(G) & ©
0

where is J/, =bh>/12 u | =bh’/448 — the
moments of inertia of the beam section (axial
and higher order, respectively).
In equation (3), the multipliers af, and S],
represent nothing else than the stiffness of the
beam, linear and higher order, respectively.
Multiplying them by the value F(B) obtain
formulas for recording the stiffness of the beam
taking into account the degradation function:
B, = aJ,F(B); B, = BJ,F(B). (4)
The operation of an external distributed load
q(x) is determined by the formula:

l

Ay = jq(x)wdx.
0

(5)

Adding (5) and (3) taking into account (4),
obtain a formula for determining the total
bending energy of the beam

l l
1 1
3W) =55, f (w")2dx 2B, f (w")odx
. 0 0

—fq(x)wdx. (6)

0

The deflection of a beam can be represented as a
series with a finite number of terms:

N
w(x) = Z K,p,(x), (n=1,2.N), (7)
n=1

where is K,, — the desired constants (generalize
coordinates);

¢, (x) — approximating functions (constructed
by the method of initial parameters), each of
which must satisfy geometric boundary
conditions.

Formula (6) from the generalize coordinates
[27] will be written as:

3(K)=f1K2—f2K6—f3K- ®

From the condition of the minimum of
the total potential energy of the beam, obtain the
following nonlinear algebraic equation with
respect to the deflection amplitude K:

d3_ s _
o= 2hiK—6LKS—f;=0. (9

Here the coefficients f, f,, f, are determined
by the formulas:

l l
1 1
fi=qB [0"dx s fo =B [(070dx s 1y
0 0
l

= fq(x)<pdx :

0

(10)

The final resolving equation will be written as:

a-K°+b-K+c=0. (11)
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It follows from formula (7) that in order to
determine the deflections of the beam, it is
necessary to find at least one real root of equation
(11), at which the identical equality of this
equation is fulfilled. However, this equation is not
solved in radicals, i.e. there are no formulas that
would make it possible to calculate the roots by
coefficients. This was first proved by the
Norwegian mathematician Nils Abel. However,
the roots of the 5th degree equation can be found
with any predetermined accuracy using numerical
methods. In this case, the actual roots were
calculated with 1-107> precision. Thus, the
maximum deflection of the beam, determined by
the above method (MRI), taking into account the
degradation function F(B) = 0,827 was W4, =
52,888 mm . At the same time, the root of
equation (11) was K ~ 1,69 - 1075,

To solve this problem by the finite difference
method (MD), the following algorithm for

*

q;

introducing the degradation function of stiffness
into the calculation is proposed.

The basic differential equation of bending of a
beam made of a nonlinear elastic material has
the form:

d*w dj.(w) d3w d?J.(w) d*w

Jew) dxt 2 A d T de? dxa?
=q(). (12)
Equation (12) includes both the stiffness

variable along the length of the beam and its
derivatives. In this case, they can be calculated
only numerically using finite-difference
approximation formulas [28].

After a series of transformations, equation (12),
written 1in finite-difference form, can be
transformed relative to the deflection value w;
by the following formula:

Wip Aj =W By =Wy "E; — Wiy - F

o , 13
w c (13)
where the variable coefficients depending new iteration stage according to the
on the stiffness will be recalculated at each  formulas:
Jeo Jei Jei | Jei Jei Jéi
= g =g gy o= gL
oAxt Ax3 P Ax* Ax?  Ax? ¢ Ax* " Ax?
]ci ]ci ]ci ]ci ]ci
: Ax* Ax3  Ax?’ ' Ax*  Ax3 14

Consequently, the smaller the step of dividing
the beam lengthwise into finite elements Ax, the
smaller the error value of the finite-difference
approximation. Thus, to take into account the

q;i — Wi—z " A = Wi " Bi = Wii1 " E; — Wiy - F;) - F(B)

stiffness degradation process, it is proposed to
multiply formulas (14) by the value of the
degradation function F(B).

Then the main equation (13) will be written as:

Wi =

Solving the system of finite-difference
equations (15) with respect to deflections w; in
each section of the beam under consideration
(we take Ax = 0,625m ), we determine the
deflections along the entire length, taking into
account the degradation function.

The boundary conditions in the finite-difference
form when the beam length is split (hinted along

Volume 18, Issue 2, 2022

C.-F(B) (15

the edges, Fig. 4) into n = 16 parts will be
determined by the formulas [28]:

W =Wp =0; Wgq +Wgi1 =0;
Wa 2+ Wai2 =05 Wy +Wyy =0;
Wy + Wy =0.

(16)

91



Vladimir P. Selyaev, Sergey Yu. Gryaznov, Delmira R. Babushkina

| ) Ax=0.625m |,

®

|

|

|

|

|

|

Ax=0.625m I -
% T
e it I

Wael
Was2

M Wy Wha1 Whi2
Wh-1

Wp-2

Figure 4. Accounting for boundary conditions in a finite difference scheme

The solution of a system of linear algebraic
equations involves an iterative calculation
process. This task was solved using the built-in
iterative processor in Microsoft Excel 2010. The
maximum number of iterations was 32767 with
the accuracy of the calculation 11076, Thus,
the maximum deflection of the beam,
determined by the above method (MKR), taking
into account the degradation function F(B) =
0,827 was Wy, = 53,013 mm.

The discrepancies in the values with the previous
calculations turned out to be insignificant,
however, it is important to note that the beam was
loaded by 16,91% of the destructive load, as
evidenced by the magnitude of the relative
deformations in the middle of the span & =
0,00101, while the limit deformations for this
material £,,, = 0,006. That is, the beam material
under such a load works linearly elastic.
According to clause 15.1.1 of SP
20.13330.2016, when calculating building
structures for the second group of limit states,
the condition must be met:

w<w,,

< (17)
where is w — the deflection and displacement of
the structural element (or the structure as a
whole), determined taking into account the
factors affecting their values;

w, — the maximum deflection or displacement
established by the norms. For a beam with a span
of 10 m, the maximum deflection is 0,0478 m.

In order to predict the moment of the onset of the
limit state for the 2 group of limit states, as a result

of the influence of an aggressive environment,
taken into account with the help of the degradation
function, the formula can be used:

Wo
WE®B) = Figy (18)
where is wy — the initial deflection (before the
start of the aggressive environment).
Therefore, solving the inverse problem, it is possible
to determine the critical value of the degradation
function at which the limiting state occurs:

FB).. = Yo _ 0,0437
" w, 0,0478

=0914. (19)

The graph of the change in the degradation
function F(B) over time (Fig. 5) can be
approximated with a high degree of accuracy by
higher-order polynomial dependencies,
however, for this particular case, the accuracy of
the approximation turns out to be high already
when using the quadratic equation.

Substituting the limiting value of the
degradation function (19) into the quadratic
equation shown in the graph (Fig. 5) instead of
the wvalue y», obtain an expression for
determining the approximate moment of time x
of the onset of the limiting state:

y =9,5712-1077 - x? — 50601 - 107> - x
+8,6421-1072=0. (20)

Solving the quadratic equation (20) obtain x =
275 day (Fig. 5).
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Figure 5. Dependence of the degradation function F(B) on the duration of the medium t, day
for the conditions according to Table 1

CONCLUSIONS

Thus, based on the above, the following
conclusions can be made:

1. In the work, numerical methods of Ritz-
Timoshenko and finite differences were used to
determine the deflections of a polyester
composite beam. The control calculation of the
design in question was performed in the Lira-
CAD 2013 PC, thereby confirming the
correctness of the proposed automation
algorithms for MRI and MD in the Microsoft
Excel 2010 program.

2. In the calculation formulas of the methods
under consideration, an additional mathematical
dependence was introduced, which is a
degradation function of the stiffness of the bent
element. Thanks to this, it was possible to
determine the deflections of the beam taking
into account the aggressive effects of the
environment, in this particular case — water.

Volume 18, Issue 2, 2022

3. It was found that the limit state for the
second group, for a polyester composite beam,
taking into account a given uniformly
distributed load, occurs already at the linear
elastic stage of the material. Thus, it can be
concluded that the geometric parameters of the
bent element under consideration are not
optimal, therefore, the solution of the
optimization problem is required.

4. In the work, the value of the limiting
degradation function of stiffness was
determined, at which the limit state for the
structure occurs in the second group.

5. The construction of a graphical interpretation
of the dependence of the degradation function of
stiffness on the duration of the aggressive
medium, followed by approximation by
polynomial dependencies, allowed wus to
determine with a sufficient degree of accuracy
the moment of the onset of the limiting state of
the structure for the second group.
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TEMPERATURE DEFORMATIONS OF PVC WINDOW
PROFILES WITH REINFORCEMENT

Ivan S. Aksenov, Aleksandr P. Konstantinov
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. Modern window structures made of PVC profiles can experience significant temperature deformation
during both winter and summer operation. This effect is not considered in the current engineering methods of
PVC windows calculation, which causes a number of problems in their operation (freezing and blowing through
the windows, the failure of fittings, etc.). The use of laboratory methods of testing windows for temperature
loads is limited due to their labor intensity and the high cost of testing equipment. We propose to develop an
engineering method for calculating the mechanical operation of PVC windows under the action of temperature
loads, which can be used at an early stage of design. One of the stages of its creation is a theoretical description
of the temperature deformation of a PVC window profile when it works together mechanically with a
reinforcing core. The article describes the nature of the forces transmitted by the PVC profile on the core during
thermal bending (the case of temperature deformation at negative outside temperatures is considered). It was
proposed to decompose these forces into two components: longitudinal, caused by different values of
temperature shrinkage of PVC profile and reinforcing core, and transverse, caused by thermal bending of PVC
profile. Mathematical models have been developed to calculate both force components and temperature
deformation of the profile at different numbers and spacing of attachment points. A physical model has been
proposed for implementation in the numerical calculation program, which allows a more accurate description of
the temperature deformation of a long profile. Calculation of the test problem according to the proposed
methodology and by means of full-fledged three-dimensional finite-element modeling in the COMSOL
Multiphysics program was performed. A comparison of the results showed a discrepancy of less than 10%. It
was found that the key influence on the deformations of PVC window profiles with a reinforcing core will have
characteristics of the outermost joints "PVC profile — reinforcing core", because the greatest forces arise in them
under the action of temperature loads.

Keywords: PVC windows, temperature deformation, finite-element modeling, COMSOL Multiphysics,
PVC profiles.

TEMIIEPATYPHBIE JE®OPMAIIMA OKOHHBIX TPOPUIEN
IIBX C YHETOM APMHUPOBAHUA

HU.C. Axcenos, A.Il. Koncmanmunog

HanunonanbHelil necnenoBaTenbckuil MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBIN YHUBEpPCUTET, T. MOCKBa,
POCCHA

Annoranusi. CoBpeMeHHbIe OKOHHBIE KOHCTpYKIMH n3 [IBX mpoduiell MOTYT UCTIBITHIBATh 3HAUUTEIBHBIC
TEeMIIepaTypHble JeOopMaliy Kak B 3UMHMH, TaKk M JIETHHH Nepuoj SKcruryatanuu. JlaHaeni s¢dekr ne
YUUTBIBAETCS B IEHUCTBYIOUIMX MHKEHEPHBIX MeToAax pacuera okoH [IBX, uTo craHOBHUTCS MPUUYMHOM psia
npo0JIeM MpH MX dKCIuTyaTanuu (IpoMep3aHue U MpoayBaHUE OKOH, HapyIIeHHe padoThl PYpHUTYPHI U T.JI.).
[Tpumenenne 1abOpPaTOPHBIX METOAOB HCIBITAHMH OKOH HA JEHCTBHE TEMIICPaTypHBIX HArpy30K HOCHUT
OTPaHMYCHHBIN XapakTep M3-3a MX TPYAOEMKOCTH M BBICOKOH CTOMMOCTH HCITBITATEIIEHOTO 000y JOBaHMS.
[Ipemmaraercst k pa3paboTKe WHKEHEPHBIA METO] pacdyeTa MexaHndeckoi pabotsl [IBX okoH mpu neifcTBun
TEMIIEpaTypHONH Harpy3Kd, KOTOpPBIH MOXKET OBITh HCIOJBb30BaH HA paHHEH CTajuM NPOEKTHPOBAHUS
MOJOOHBIX KOHCTpyKIMi. ORHUM W3 3TAalOB €ro CO3JaHUsl SBISIETCS TEOPETHYECKOE OINMCAHUE
TemrepaTypHbix aedopmanuii okonHoro [IBX mpodmuis npu ero coBmecTHO MexaHudeckod pabore ¢
apMUPYIOLIMM CeplieuHHKOM. B crarhe ommcan xapakrep ycwinii, nepenaBaembix [IBX mpodunem Ha
CepICYHUK IIpU TEMIIEPaTypHOM u3rube (paccMOTpeH ciydail TeMmmneparypHbIXx Jedopmanuii mpu
OTpHLATENIBHBIX TEMIlepaTypax HapyKHOro Bo3ayxa). [Ipe/uloskeHO pas3fiokKHUTh OTH YCWIUS Ha JBE
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KOMIIOHEHTEHI: TIPOJIOIBHYI0, 00YCIIOBICHHYIO PA3IMIHON BEIMYUHON TeMmepatrypHoi ycanku [I1BX mpodus
1 apMHPYIOIIET0 CEepACYHHKA, M MONEPedHyI0, 00yCIOBICHHYIO TeMnepaTrypHbM n3ruoom [IBX mpodus.
Pa3paboTaHbl MaTeMaTHYECKHE MOJICNH, MO3BOJISIONINE PACCUUTATh KaKk 00¢ KOMIIOHEHTBHI YCHIIMH, TaKk U
TeMIeparypHsle aedpopmanuy TpoduiIs IPH PA3INIHOM KOJMYECTBE U IIare Touek kperuieHus. [penioxena
¢du3nyeckas MoIenb Ui peaM3alyd B [porpaMMe YHCICHHOTO pacyera, MO3BOJSIONIas 0ojiee TOYHO
omucaTh TeMIeparypHsle nedopmanny npoduis OoNbIION IIHHBL. BBIMONHEH pacdeT TecTOBOH 3aiadu 1o
NPEAJIOKEHHOH  METOIMKE W CPEJACTBAMHM  IOJHOLEHHOIO  TPEXMEPHOrO0  KOHEYHO-3JEMEHTHOI'0
moaenupoBanust B nporpamme COMSOL Multiphysics. CpaBHeHHE pe3ysIbTaTOB IMOKA3aji0 PaCcXOXKICHUE
menee 10%. YcraHOBIEHO, 4YTO KIIOYEBOE BIMsSHME Ha Jedopmanuu OKOHHbIX mpoduieir [IBX c
apMUPYIONIMM CEpACYHUKOM OyIyT OKa3blBaTh XapaKTEPHCTHKH KpailHuX y3ioB coequHeHus «[1BX
poHIb — apMHUPYIOIINHA CEPACUHUK», T.K. UMEHHO B HUX BO3ZHHMKAIOT HAHMOOJBIINE YCHJIHS TPH ACHCTBUU
TEMIIePaTYPHBIX Harpy3oK.

Karouesbie cioBa: [IBX okHa, TemrepaTypHble ieopMaiiii, KOHEYHO-3JIEMEHTHOE MOJICITUPOBAHHUE,
COMSOL Multiphysics, IIBX mpo¢umm.

1. INTRODUCTION

Currently, the quality assessment of windows is
based on the use of declared (nominal) values of
their technical and operational characteristics.
Nominal technical and operational characteristics
of windows are determined under standard
laboratory test conditions without reference to the
actual climatic conditions of operation [1]. Thus,
most standards for test methods of air
permeability of windows (EN 1026 in Europe,
ASTM E283 — in North America, GOST 26602.2
— in Russia) requires tests at the same and constant
temperature on both sides of the window [2-4].
This approach is reasonable and appropriate for
the purpose of comparing the products of
individual manufacturers with each other.
However, this does not correspond to the real
operating conditions of windows during the cold
season, when their tightness becomes an important
factor influencing the quality of the microclimate
in the room [5-8]. Temperature loads lead to
deformation of the profile elements of the
window. This leads to a decrease in the
compression force of window seals, which
violates the tightness of the window and can
increase its air permeability by several times
compared with the results of standard tests [9,10].
For the first time this phenomenon was studied in
1970 in the work [11] where it was found
experimentally that the air permeability of
windows with double vertical sliding sash
increases with decreasing outside air temperature.
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A very important work in the topic under study is
the work [12]. It discusses the disadvantages of
the method used in the USA (at the time of 1985
year) for determining the air permeability of
window structures (ASTM E283). One of the
criticism points is precisely the lack of
consideration of temperature loads. The author
proposed to develop a new method for testing the
air permeability of windows, taking into account
the temperature load. This method has been
implemented in the new ASTM E1424 — 91
standards, which now runs parallel to ASTM
E283. In the Russian Federation, the methodology
for determining the air permeability of window
structures with regard to temperature effects was
patented in 2012 [13], but it has never become
mandatory.

Studies on the subject in Western Europe and
North America have ceased since the publication
of the work [10] in 1998. The work evaluated the
effect of changes in the air permeability of
windows when the outside temperature decreases
on the energy balance of the building. As a result,
it was concluded that this phenomenon has an
insignificant effect on the energy balance of the
building and therefore in the daily design
activities it can be neglected. However, these
results were obtained at the design temperature
of the outside air during the heating period of -
5°C, which is acceptable for the countries of
Europe, but unacceptable for countries with cold
climate [14—16]. In the Russian Federation the
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problem of temperature deformation of window
structures and their impact on air permeability,
on the contrary, began to receive attention in
recent years. A number of experiments have been
conducted, which confirm the conclusions of
earlier studies — the air permeability of window
structures may increase 3-10 times when the
outside air temperature decreases to -30...-50°C
[17-20]. The works [21,22] show that
temperature deformation of modern PVC and
aluminum windows in winter conditions can be
comparable to deformations from wind load. In
the work [23], which was the result of a large
number of laboratory tests, it is proposed to
develop a set of criteria for the applicability of
windows for different climatic operating
conditions, and the temperature deformation are
considered in this case as one of the mandatory
factors to be taken into account.

Methods of experimental investigation of window
temperature deformation, with all their obvious
advantages, have significant limitations: the
complexity and high cost of the necessary test
equipment, significant time and labor costs to
conduct tests. Accordingly, it seems appropriate to
develop a theoretical method for calculating the
temperature deformation of windows, which
would allow the engineer to make effective design
decisions. To date, only a limited number of
papers have attempted to study the temperature
deformation of modern windows by analytical or
numerical methods. The authors of this paper
previously published an article [24] in which they
examined in detail the bending process of
unreinforced PVC window profile from the action
of temperature load, taking into account the actual
temperature distribution in its cross section. The
present article deals with the joint operation of the
PVC profile and the reinforcing core.

2. METHODS

In winter conditions, there are temperature
differences on different sides of the window.
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Its value depends on the climatic region of
construction, and in the Russian Federation
can reach up to 60°C. As a consequence, the
profile elements of the window undergo a
bend in the direction of the warm room. The
presence of steel reinforcing core significantly
affects the nature of deformation of PVC
window profile under temperature load. PVC
profile is connected to the core by means of
self-tapping screws, the number and pitch of
self-tapping screws may vary depending on
the length of the profile. As it was found out
[24], the temperature field arising in the cross
section of the steel core 1is practically
homogeneous (due to the large value of the
thermal conductivity coefficient of steel [25]).
This means that the core experiences only
longitudinal temperature deformations and
remains straight, while the PVC profile tends
to bend. For simplicity, let us assume that the
forces between the core and the PVC profile
are transmitted only at the joints of the self-
tapping screws (in other words, we will not
consider the contact interactions, which in the
general case may occur in the problem under
consideration). Since the stiffness of the
reinforcing core is many times greater than the
stiffness of the PVC profile, at the first stage
we will consider the core as an absolutely
rigid body. Let us also neglect the fact that the
locations of the self-tapping screws (and,
therefore, the forces occurring in them) are
eccentric with respect to the neutral axes of
the PVC profile and the core, and we will
consider these forces to be centrally applied.
The forces occurring at the connection points
of the profile and the core will have both
longitudinal and transverse components (see
figure 1). Transverse components are due to
the tendency of the PVC profile to bend, they
compensate for this bend. The longitudinal
components are due to the difference in
longitudinal temperature deformations of the
profile and the core.
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Figure 1 — Forces transmitted from PVC profile to reinforcing core (at 4 attachment points)

To determine the magnitude of these forces, we
use the superposition principle. Let us assume
that due to the smallness of the deformations of

the PVC profile, their longitudinal and
transverse  components can be  found
independently of each other.

2.1 Determining the longitudinal force
components

Assume that the profile and the reinforcing core
experience only longitudinal temperature

deformations. We will look for the solution in

general form (see Figure 2). Let the PVC profile
has an arbitrary length and is connected to the
reinforcing core with m fasteners (the distances
between the fasteners can also be arbitrary).
Each fastener has two points: one referring to
the core (we will denote the coordinate of this
point by a capital letter "X"), the other referring
to the PVC profile (we will denote the
coordinate of this point by a lowercase letter
"x"). Initially, the X and x coordinates are the
same in each fixture: X; = x;

Up to longitudinal temperature deformation

sy s
| | | | | X
X X2 X3 = Xm
After longitudinal temperature deformation
X'y X' >|<'3 T X'm
P —
; : ; | , "
X X2 X3 = X'm

Figure 2. Physical model for determining the longitudinal forces at the attachment points

As a result of temperature stresses, the
reinforcing core changes its length (its
corresponding attachment points move and
occupy a new position X’). Since the core is
regarded as an absolutely rigid body, then:

X', = X;(1+ ay(T), ~ T,p))

(*)
X, =0= X" =0

PVC has a much higher coefficient of linear
thermal expansion than steel, so when PVC
cools down, the profile shrinks much more
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than the core (in the problem at hand we
calculate exactly for winter operating
conditions). Free shrinkage of the PVC profile
is prevented by the forces generated at the
fixing points. The PVC profile is stretched in
this process. As a result of the deformation,
the attachment points belonging to the PVC
profile move from the old position x to the
new position x'. At the same time, due to the
supposed suppleness of the mount, the points
X' and x' belonging to the same mount can
move relative to each other, and a force occurs

between them |Hi|:§x-|X'i—x'i|. The
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conditions described above are
mathematically expressed by the following
system of equations:

x'h=x'1=(x —x1)kgfc(—Nl +1)
Epypc

x'3=x'y =(x; —xz)kfz[;c(—Nz +1)
Epye

N, _
x'm_x'm—l =(xm_xm—l)kZ£C(E m-] +1) (**)
PVC
Ny =& (x'1=X")
Ny =N =& (x'—X")
Nm—l _Nm—Z = gx(x'm—l_X'm—l)
“Vm-1 :fx(x'm_X'm)

where k' =¢i"“—1 is the coefficient of

longitudinal deformation of the PVC profile
axis at unconstrained temperature deformation
(see [24]) and N; is the longitudinal force
between the 1 and 1+1 attachment points.
Equations (**) with account of (*) form a linear
closed system that can be solved by the matrix
method. By solving this system, we can find the
vector of unknown quantities and determine the
magnitude of longitudinal forces arising in the
PVC profile.

2.1 Determining the traverse force
components

Assume that the PVC profile attachment points
to the reinforcing core can slide freely along the
core axis. Then, when bending the PVC profile
at the connection points only transverse forces
will occur. Consider a few cases:

1. PVC profile is connected to the core with 2
self-tapping screws (true for short profiles);

2. PVC profile is connected to the core with 3
self-tapping screws;
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3. PVC profile is connected to the core with 4
self-tapping screws;

4. PVC profile is connected to the core with
more than 4 self-tapping screws.

2.2.1 Two attachment points

In the first case, no transverse force will occur
at the two connection points. PVC profile will
curve freely with the curvature Kune (profile
curvature at unconstrained temperature
deformation — see [24]), the distance between
the mounting points will be reduced (because
they can freely slide along the core). Now
apply a force N to the sliding attachment
points, determined by the method described in
the previous section. This takes into account
that the PVC profile at the same time as
bending also experiences tension. After the
longitudinal force is applied, the deflection of
the PVC rod will decrease. Calculation of
deflections, in which the influence of the
longitudinal force is taken into account, will
give more accurate results, but will also lead
to more complex calculation formulas. On the
contrary, neglecting the influence of the
longitudinal force will result in simpler
calculation formulas, but at the same time a
less accurate result Table 1 shows a
comparison of the analytical solution for
bending of the profile axis in two these
statements. The calculation scheme of the
problem is shown in Figure 3. The calculation
takes into account that in the case of small
displacements, the curvature of the profile is

equal to the second derivative of the
deflection function.
- ulx) /
A A — “"/L-u,\
N T o

Figure 3 — Calculation scheme
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Table 1. Analytical solution for different formulations of the problem

Taking into account N (1) Excluding N (2)
The analytical u(x) = K. .EIl ™ + L) 1 u(x) = Kone 2o K. L .
solution N 1+e%F 2 2
oL
. e 2
The maximum K, El (1-¢2 ) N = KineL
deflection Uy =— N : L1 = E m 8

The maximum possible step between the screws
when attaching the reinforcing core to PVC
profiles is determined by the technological
recommendations of PVC profile manufacturers,
but usually not more than 400 mm. Comparative
calculations on specific examples showed that the
difference between the values of maximum
deflection calculated according to formulas (1)
and (2) of Table 1 is the greater the parameter L
is. At L = 0.4 m this difference is about 1.5% (the
maximum deflection in this case reaches about 1
mm). Such a difference can be neglected and the
deflections can be calculated using the simpler
formulas (2) in Table 1. Note that if the maximum
deflection of the PVC profile is less than the gap
that exists between the reinforcing core and the
PVC profile, then there will be no contact between
them, otherwise the PVC profile will be pressed
(central part) into the wall of the reinforcing core
and the calculation scheme will change, in the
joints there will be transverse forces.

2.2.2 Three attachment points

In the second case, the central fixing point will
prevent the free bending of the PVC profile.
This will result in balanced lateral forces at the
attachment points (see Figure 4).

In the previous example, it was found that the
longitudinal force does not significantly affect
the deflections of the profile. In this and the
following sections of the paper, in addition to
deflections, the transverse reaction forces (R) at
the attachment points will also be determined.
The attachment points of the PVC profile to the
reinforcing core may in general also be
malleable in the transverse direction. This
allows them to shift relative to the center line of
attachment. Let us assume that the value of this
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displacement is proportional to the shear force
occurring in the anchorage |Rl~| =¢, |ul| To

estimate the most significant factors in
determining the transverse reaction forces, the
problem will be solved in 4 formulations:

1. Without taking into account N / Without
taking into account compliance

2. Without taking into account N / Taking into
account compliance

3. Taking into account N / Without taking into
account compliance

4. Taking into account N / Taking into account
compliance

Since the problem is symmetrical, there will be
no longitudinal force at the central attachment
point: the same tensile force N will act
throughout the PVC profile. Due to the
symmetry of the problem, it is sufficient to
consider only half of the profile. Results of the
analytical solution for the described statements
of the problem are shown below, computational
schemes are shown in Figure 4.

/UM VR
N ——

R IWynhj

F 4

‘R/gz‘

.
X

ulx) on
.\_a_sr/ — J;/ZR/T~
R

N//

y ¥
[ obj quj

Figure 4. Calculation diagram (top — without
taking into account compliance, bottom — taking
into account compliance)
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The equation for determining R:
1. Without consideration of compliance /
without consideration of N:

3K, El
2L

R=

2.  Without consideration of compliance / with
consideration of N:

2
_ [0)
R__KuncEI_ (1 ¢ ) . — ﬁ
L 201 O\ Er
it P
ol

3. With consideration of compliance / without
consideration of N:

R=

-1
K, .El |2 6FEI
L 3 re
4. With consideration of compliance / with
consideration of N:

pe Kl -]

L ’ 2oL
(ezwL +1)(1+2]\2]—e . !
.
z

A comparative calculation on specific examples
showed that the longitudinal forces have little
effect, including on the values of transverse
reaction forces (difference of about 3%). That is
why here and in the following calculations they
can be disregarded. At the same time, the joint
compliance significantly reduces the value of
transverse forces (by ~30%), so it must be taken
into account in the calculation.

2.2.3 Four attachment points

The calculation scheme for the considered case
is shown in Figure 5. As justified above, the
longitudinal forces will not be taken into
account in determining the transverse reaction
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forces. The analytical solution for R is
following:
R:_KuncE[_ Ll +L2
L 4E12 +2L1 +L,
&L 3
2
ulx)
R R Xop
R = ‘/Yoh,- \/Rr
L1 L2

Figure 5. Calculation scheme

2.2.4 Joint compliance factor

In this article, two coefficients of the joint
compliance "PVC profile — reinforcing core"
were introduced in the calculations: longitudinal
& and  transverse & The  longitudinal
compliance  coefficient is caused by
deformations of the connection node (local
deformation of the profile wall, rotation of the
screw under the action of the shear force).
Calculations of the mechanical work of the
profile together with the reinforcing core in the
elastic formulation using a three-dimensional
finite-element model allowed to estimate the
value of &. It can be taken as 4.3...5-10° N/m.
The question of the effect of PVC plastic
properties on the value of & remains open. The
transverse compliance coefficient is due in large
part to the bending stiffness of the reinforcing
core itself — with transverse loads, the core
bends and the attachment points shift relative to
the center line. The value of this displacement is
directly proportional to the value of the shear
force (which corresponds to the introduced
definition of the value &). These considerations
allow us to obtain the equations for &:

E1
for three attachment points — &, =9—3+
L
for four attachment points — &, = £, és . 12L
L7 2432
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With this in mind, the equations for R can be
rewritten.

2.2.5 More than 4 attachment points

With a larger number of attachment points, the
outermost two (at the opposite ends of the
profile) remain the most stressed, while there
are almost no transverse forces at the central
points. However, the redistribution of forces
between the attachment points leads to a change
in the shear forces arising at the extreme points
with respect to those values determined by the
formulas from the previous sections. The
appearance of new attachment points violates
the linear character of &, results in its increase
(the core bends less at the same temperature
moment), also the pairing of forces is violated:
in the second attachment point from the edge,
the shear force module will be slightly higher
than in the first (by 8% tentatively). If this
difference is neglected, then in first
approximation we can assume that the pair of
forces arising between the first attachment

K, El
Rly=-K,, ,El = R = -~

h

A more accurate determination of the transverse
components of the reaction forces with a large
number of attachment points is possible using a
numerical solution. We can use the same
physical model from which the formulas in
section 2.2.4 were derived: two rods with
different bending stiffness are connected at the
attachment points by hinges, one of the rods
tends to bend under the temperature load and
bends the second rod by acting on it through the
attachment points

3. RESULTS AND DISCUSSION

To check the correctness of the proposed
methodology, a comparative calculation of the
reinforced profile Veka system SL70 (see figure
6) on the temperature load was carried out. The
same problem was solved analytically, as well

—

Ef (;nmt::nt El‘ge Pc\c;r(r;p ergsﬁail?ZecttiI:)ell' temperature o in the finite element modeling program
P ‘ COMSOL Multiphysics.
1060
50 300 300 300 50
0 1000 0

Figure 6. PVC profile with a length of 1,060 mm with a core of 1,000 mm, fastened with self-
tapping screws in 4 places with the pitch of 300 mm

The calculation was performed for the
following conditions: tex = -20°C; tin = 20°C;
oz = 8.7 W/(m? °C); 0w = 23 W/(m? °C). For
the profile in question its thermal resistance is
known Ro = 0.77 (m? °C)/W. The paper [24]
described in detail how to use these data to
calculate the temperature field in the cross
section of the PVC profile (taking into
account the reinforcing core) and to determine
its parameters of free temperature deformation
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under the effect of this temperature field: the
curvature  (Kunc) and the longitudinal

deformation coefficient (k.. ). The results of

the calculation using this method are shown in
Figure 7. In this case, Kunc = -0,02567 1/m;

kU¢ = 0.998348 .

Let us write down all other necessary data for
the calculation (see table 2).
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Table 2. Calculation data

Ivan S. Aksenov, Aleksandr P. Konstantinov

L 103m Apve 19.05 cm?2 Solving the system of equations (*) and (**), we
b 03m Epve | 2.7-10° Pa find: N, =1446 N; N, =1855 N; N5 =1446 N.
L |2.13cm* apve | 7-10° K! Next, we determine the transverse force
Es |2-10''Pa & 14.3:10°N/m components:
Os 1.2:10° K! Tm | -1.54°C
Irvc | 58.62 cm* Trer | 20 °C
—_— . . 9 . . _8
Re— 0.02567 2.701;) 58.62-10 " . 0.3+0.32 e 1185 N
: 203403 |1+ 5——2
3 200-2.13
T 15.05°C
-1.54°C
10
-18.13°C
219mm 328 mm 153 mm| g
0
-5
-10
reinforcement -15

Figure 7. Temperature field

Thus, the forces acting on the reinforcing core
from the PVC profile side will have the value
shown in Figure 8.

409N MBS N

MeSN, LI N
| LGN TESN WBSN  1hh6N |
Figure 8. Forces acting on the core from the
PVC profile side
In the COMSOL Multiphysics program

(hereafter COMSOL), a similar problem was
posed. The model created in COMSOL reflected
the real three-dimensional geometry of the PVC
profile and the core, all elements in it were
considered to be perfectly elastic, at the points
of self-tapping between the PVC profile and the
core were given hinged connections. In the
cross section of the profile elements, a
temperature field similar to that shown in Figure
7 was set (see Figure 9).
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hinge

Figure 9. 3D model of the reinforced profile and
the temperature field in it (legend in °C)

To ensure the uniqueness of the solution, the
boundary conditions of the "Rigid Connector"
type were imposed on the end faces of the
PVC profile in a flexible type of connection:
on one end, connections were imposed for
movements in all directions and for rotation
around the longitudinal axis of the profile (x
axis), on the other end, only for movements
along the y and z axes (free rotations). Such
boundary conditions do not create any
obstacles for internal deformations of the
profile, but provide its fixed position in space.
The results of the simulation are shown in
Figure 10. The reaction forces in the joints
connecting the PVC profile and the core are
shown in the table 3.
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Figure 10. Deformations (legend in mm)

As can be seen, the results of the manual
calculation according to the proposed method
are in good agreement with the results of
numerical modeling. The observed
discrepancies are primarily due to the fact that
the attachment points of the profile to the core

(and consequently the application points of the
reaction forces) are eccentric with respect to the
neutral axes of the core and the profile itself,
which causes: torsion (to which the metal core
is more subject) and bending of the profiles not
only around the z axis (axis position — see
Figure 10), but also around the y axis. However,
as part of the structure of the window, the PVC
profile has less free deformation conditions. In
this way the end edges of PVC profiles are
rigidly connected to each other by welding, such
a connection prevents the torsion of the profiles
and their bending around the second axis
(thereby bringing the real picture of the stress-
strain state of the profile even closer to the
model that was developed in this article). These
prerequisites will make it possible to determine
the forces occurring in the corner joints of PVC
windows, which will be a topic for further work
by the authors.

Table 3. Comparison of calculation results

Based on simulation Based on manual Divergence, %

No. of results calculation results ’
joint | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
component | component | component | component | component | component
1 1325 H 1103 H 1446 H 118.5 H -9.1 -7.4
2 447 H -110.3 H 409 H -118.5H 8.5 -7.4
3 -447H -110.3 H -409 H -118.5 H 8.5 -7.4
4 -1325H -110.3 H -1446 H 118.5H -9.1 -7.4

4. CONCLUSION

In this work, a method of analytical calculation
of the temperature deformation of a PVC profile
reinforced with a metal core was proposed, thus:
1. The nature of the forces occurring at the
attachment points of the reinforcing core to the
PVC profile was described. The greatest forces
occur in the extreme fasteners that fix the PVC
profile to the reinforcing core. The compliance
of these joints has a decisive influence on the
deformation of PVC profiles under the action of
temperature loads.
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2. A mathematical model was developed to
calculate the longitudinal components of the
forces in the attachment points due to different
values of temperature shrinkage of PVC profile
and reinforcing core;

3. A mathematical model was developed to
calculate the longitudinal components of the
forces in the attachment points caused by the
thermal bending of the PVC profile;

4. In order to increase the calculation accuracy
with a large number of attachment points (for
long profiles), a physical model of the joint
mechanical operation of PVC profile and core
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was proposed, this model is planned to be
implemented in the numerical calculation
program;

5. A comparative calculation of the bending of
a reinforced PVC profile with a length of 1 m
using the proposed methodology, as well as
with the full three-dimensional finite-element
modeling in the program COMSOL
Multiphysics was carried out. Comparison of
the calculation results showed convergence with
an error of less than 10%.

The theoretical conclusions proposed in this
article are part of a more extensive, currently
under development methodology for calculating
the mechanical operation of modern window
structures with regard to temperature loads. This
methodology will allow engineers to make
effective decisions early in the design process
and greatly reduce the amount of expensive and
time-consuming laboratory testing.

In what follows, the authors propose to consider
the following issues:

1. Influence of plastic properties of PVC on the
value of the coefficient of transverse
compliance of joints "PVC profile — reinforcing
core" &;

2. Oblique bending of PVC profiles (this
problem is especially acute for PVC profiles
with a marked asymmetry of the cross-section);

3. Static operation of the nodes connecting the
profile elements of the window with each other;

4. Influence of rigidity of translucent filling
(insulating glass unit) and bracing elements of
fittings on deformations of profile window
elements.
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INFLUENCE OF STAGE-BY-STAGE CONSTRUCTION OF A
CYLINDRICAL SHELL ON STRESS-STRAIN STATES OF AN
EXISTING NEARBY SHELL IN A SOIL BODY

Sergey B. Kosytsyn, Viadimir Y. Akulich
Russian University of Transport (MIIT), Moscow, RUSSIA

Abstract: a study was carried out on influence of stage-by-stage construction of a cylindrical shell on stress-
strain states of an existing nearby shell in a soil body. Additionally, a case is considered in which the stage-
by-stage construction of shells was not taken into account. The obtained results were analyzed by the authors.

Keywords: construction stages, soil body, shell, finite elements, contact elements.

O BJIMSTHUU ITOSTAITHO BO3BOANMOM
MUJINHAPUYECKOM OBOJIOYKH HA HJIC
CYUWECTBYIOHIEHN BJU3JIEXKAIIEN OBOJIOYKH U UX
EJIUHOI'O OKPYKAIOIIETO OCHOBAHMUSI

C.b. Kocuuywin, B.JO. Axyauu
Poccwuiickuit yausepcutet tpancrnopra (MUNT), r. Mocka, POCCUA

AHHOTanusi: B paboTe MPOBENEHO HCCICIOBAHMWE BIISHUSA IIO3TAITHO BO3BOAWMON IFIIMHIPUYECKON
000JI0OYKH Ha HAIMPSHKCHHO-IC(OPMHUPOBAHHBIC COCTOSHHS CYLICCTBYOIICH Onm3ieKanieid 000J0UKH U UX
€JIMHOTO OKPYIKAKOIIEr0 OCHOBaHUS. [IOMOMTHUTEIFHO PACCMOTPCH CiTydail 6e3 yueTra 3TalHOCTH COOPYKCHUS
06os0uek. [TomydeHHbIE Pe3yIbTaThl IPOAHATM3UPOBAHBI ABTOPAMH.

KaroueBble ci1oBa: CTaiuu CTPOUTCIILCTBA, I‘pyHTOBHﬁ MacCHB, 060n0q1<a,
IJIOCKHE U TPOCTPAHCTBCHHBIC KOHCYHLIC 3JIEMCHTBI, KOHTAKTHBIC KOHCYHBIC 3JICMCHThI.

2. NUMERICAL ANALYSIS OF STRESS-
STRAIN STATES OF CYLINDRICAL
SHELLS IN A SOIL BODY

1. INTRODACTION

There is a problem of evaluating the impact of
potential future construction of the cylindrical

shell of a new tunnel on the stress-strain state of
the cylindrical shell of an existing tunnel built
earlier. Similar problems emerged when
designing the first variant (with two tube
tunnels) of the Lefortovo tunnel in Moscow.
Calculations of such systems are known in two-
dimensional formulation. For example, S. B.
Kositsyn and D. B. Dolotkazin explored the
effect of some features of the Lefortovo tunnel
on its stress-strain state by the finite element
method [4].

112

The calculation of the stress-strain state of shells
was performed by the finite element method in
the ANSYS Mechanical software package [2, 3,
6,8, 11, 12].

The developed spatial computational models
includes two parallel cylindrical shells and a soil
body. The purpose of the study is to determine
how the phased construction of a new
cylindrical shell affects the stress-strain state of
the existing shell built earlier. The geometric
characteristics of cylindrical shells in the

International Journal for Computational Civil and Structural Engineering
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Soil Body

computational model are close to the initial data
of the work [4]. The diameter of the shell D =
13.5 m, the thickness of the shell 7 = 0.7 m,
depth of cylindrical shells Z = 25.0 m, distance
between the axes of shells — 2D. The distance
between the shell and the left and right sides of
the soil body is W = 5D. The distance between
the shell and the upper side of the soil body is H
= 5D. Both cylindrical shells consists of 32
separate rings with a width of 2.8 m.

The material of the cylindrical shell is presented
by a linear-elastic model with the following
characteristics: density p — 2300 kg/m3, elastic
modulus £ — 30000 MPa, Poisson's ratio u —
0.2. The material of the soil body [9] is
presented by an elastic-plastic model of Mohr—
Coulomb with the following parameters: density
p — 2000 kg/m?, deformation modulus Eger — 10
MPa, Poisson's ratio ¢ — 0.3, cohesion C, — 10
kPa, friction angle ¢ — 25° These material
models require a physically nonlinear
calculation.

The soil body has constraint on the side faces
and on the bottom face. The load consists of the
own weight of the soil body and the cylindrical
shells. In addition, there is a gap between the
shell and the soil body in the computational
model [7, 10], which takes into account the
influence of a slurry shield during the
construction of the cylindrical shell (the friction
coefficient /= 0.6) [5].

The calculation was done geometrically,
structurally and physically nonlinear statement.
The design case consists of 65 stages of
determining the stress-strain state of the
cylindrical shell and the soil body: the first
(zero) stage calculates the natural state of the
soil body without the shell, the next 64 stages
calculate the stress-strain state of the model
after activating each individual ring of shells
(thirty-two stages for each shell). The change in
the stress-strain state is considered for the
elements of the shell installed first. This makes

Volume 18, Issue 2, 2022

it possible to evaluate the impact of the
construction of the second shell on the first.

The spatial computational model is shown in
figure 1. The cylindrical shells are shown in
figure 2.

Figure 1. Spatial computational model in
ANSYS Mechanical

SHELL 1

SHELL 2

¥

A

Figure 2. View of cylindrical shells

30,00 (m)
1500

The equivalent stresses curves according to the
IV strength theory (von Mises) [1] of the
cylindrical shell rings are shown in figures 3 —
11. Vertical green lines on the graphs separate
the stages of construction of the first and second
shells.

Table 1 shows the values of the stress increase
caused by the construction of the second shell,
and their percentage share for the considered
rings of the first shell.
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ring of the

first shell

Table 1. The increase in the equivalent stresses according to the IV strength theory (von Mises) in

the considered rings of the first shell

Shell ring Increase in equivalent stresses, MPa %
1 0.08 0.1
4 0.04 0.2
8 0.59 3.1
12 0.91 4.7
16 0.94 4.9
20 1.11 5.6
24 1.26 6.5
28 1.25 7.8
32 2.89 116.8

The results show that the construction of the
second shell has little impact on the existing
shell. The increase in equivalent stresses is
116.8 % only in the last ring. This is due to the
fact that the last ring is underloaded more than
the others during the construction of the first
shell. However, this ring takes a new load
equally with the others during the construction
of the second shell. The stresses increase does
not exceed 7.8 % in rings from 1 to 28. The

maximum equivalent stresses in the shells are
46.3 MPa in the calculations without taking into
account the construction stages. Table 2 shows
the stresses in the first shell from the calculated
cases, taking into account and without taking
into account the stages of construction, as well
as the difference of these stresses as a
percentage. Higher stresses were obtained in all
the shell rings without taking into account the
construction stages, except for the first one.
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Table 2. The maximum equivalent stresses according to the IV strength theory (von Mises) for the

calculated cases with and without taking into account the stages

Maximum equivalent stresses, MPa The difference of the
Shell ring Without taking into With taking into account maximum equivalent
account the stages the stages stresses, %
1 46.3 63.5 37 %

4 46.3 21.6 -53%
8 46.3 19.8 -57%
12 46.3 20.2 -56%
16 46.3 20.0 -57%
20 46.3 20.8 -55%
24 46.3 20.7 -55%
28 46.3 17.2 -63%
32 46.3 5.4 - 88 %

3. CONCLUSION

The authors consider the features of the stress-
strain state of a system consisting of two
parallel cylindrical shells and a soil body. In this
paper it is shown how the phased construction
of a new cylindrical shell affects the existing
nearby shell. The results obtained showed that
this effect is insignificant. The stress increase
for all the considered rings of the first shell does
not exceed 7.8 %, except for the last ring, where
the stress increase is 116.8 %.

Additionally, the stress-strain state of the first
shell is compared with and without taking into
account the stages of construction. The
comparison showed that it is necessary to take
into account the stages of construction of
cylindrical shells in such tasks.
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STUDY OF THE INFLUENCE OF THE KINETICS OF
HYDROGEN SATURATION ON THE STRESS-DEFORMED
STATE OF A SPHERICAL SHELL
MADE FROM TITANIUM ALLOY

Aleksander A. Treshchev, Violetta O. Kuznetsova
Tula State University, Tula, RUSSIA

Abstract. In this paper, a mathematical model is considered that allows one to determine the stress-strain state of a
spherical shell made of titanium alloy VT1-0, the external load is assumed to be transverse uniformly distributed,
acting on the outer surface, the medium is assumed to act on the inner surface of the shell. For this, a nonlinear
model was used, presented in normalized stress spaces. Fastening along the contour of the shell is rigid. Nonlinear
resolving equations for calculating a spherical shell are obtained. An algorithm for solving the problem of
hydrogenation of titanium alloy shells has been developed. A practical solution was made by a two-step method of
sequential perturbations of parameters using the MatLab and Maple software packages. To solve the system of the
obtained differential equations, the method of finite differences is applied. The calculation of the stress-strain state
of the shell is obtained taking into account the diffusion process of an aggressive hydrogen-containing medium,
and the obtained solution is compared with the results of the classical nonlinear theory without taking into account
the aggressive medium. The results of comparing these solutions demonstrate quantitative differences in the
parameters of the shell deformation process, which are explained by a more accurate account of the influence of
the type of stress state. This approach has a rather flexible mechanism for considering the initial and induced
differential resistance, demonstrates a high accuracy of matching the obtained theoretical results with empirical
data on loading a wide range of materials under complex types of stress state.

Keywords: flat shell, titanium alloy, finite differences, nonlinear equations, initially isotropic material,
large deflections.

UCCJEJOBAHUE BO3JIJENCTBUSI KUHETUKHA
HABOAOPO>KUBAHUSA HA HAIIPAKEHHO-
JE®OPMUPOBAHHOE COCTOAHUE COEPUYECKOM
OBOJIOYKH U3 TUTAHOBOI'O CIIJTABA

A.A. Tpewes, B.O. Ky3neuosa

Tynpckuii TOCYIapCTBEHHBI YHUBEPCUTET, T. Tyna, POCCUA

AnHoTaums. B nanHoi paboTe paccMoTpeHa MaTeMaTHuecKast MOJIEIb, MO3BOJISIIOIIAsT ONPEEIISATh HAMPSHKEHHO-
neopMHUpPOBaHHOE COCTOSIHHME ceprdeckoil 00omoukn w3 TUTaHoBoro criaBa BT1-0, BHemmHsAs Harpyska
IIPUHATA [IONIEPEYHON PABHOMEPHO paclpeieEHHOM, JEHCTBYIOIIEH Ha BHEIIHIOK [IOBEPXHOCTh, Cpelia IIPUHATA
JCUCTBYIOIIEH HAa BHYTPEHHYIO ITIOBEPXHOCTH O0O0NOUYKH. 7SI 3TOrO WCIONBb30BaHA HENWHEHHAS MOJENb,
Npe/ICTaBlICHHAs] B HOPMUPOBAHHBIX MPOCTPAHCTBAX HANPSDKEHHUH. 3aKpeIUIeHHE 110 KOHTYPY O0OJIOUKH KECTKOE.
[omyuyeHbl HENMHEHHBIC pa3pellarole ypaBHEHHsS pacuéra cdepudeckoil obomouku. Paspaboran amroputM
pellIeHust 331a4k HaBOJIOPOXKUBAHMSI 000JIOUEK M3 THTAHOBOTO CIijiaBa. [IpakTHueckoe perieHre por3BOANIOCH
JIBYXILIATOBBIM METOJIOM TIOCIIE/IOBATENBHBIX BOMYILIEHHH [TapaMeTPOB C MCIIOI30BAHIEM MTAKETOB TPHUKIIAHBIX
nporpamM MatLab u Maple. [{nst pemienus cucreMsl ModydeHHBIX AUQQEpeHINATBHBIX YPaBHEHUH NPUMEHEH
MeTosl KoHeuHbIX pasHocteil. [lomyden pacuer HJIC oGomoukn ¢ yderom mporecca auddy3nu arpeccHBHON
BOZIOPOJIOCOJIEPIKAILEH CPE/Ibl, POM3BE/ICHO CPABHEHUE TTOJIyUEHHOTO PEIICHUS C Pe3yJbTaTaMH KIACCHYECKOH
HEJMHEHHON Teopun O3 yd4era arpecCMBHOM cpenbl. Pe3ynbraThl CpaBHEHMSI YKAa3aHHBIX —PEIICHHUH
JIEMOHCTPUPYIOT KOJMYECTBEHHBIE PA3IMUMs B IMapaMmeTpax Iporecca AeopMHUpOBaHHS OOOIOYKH, KOTOPHIC
OOBSICHSIOTCST O0Jiee TOYHBIM YUYETOM BIHSHMS BHJAa HANPSHKEHHOTO COCTOSHMS. JlaHHBIA TOAXOM HMeeT
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JIOCTATOYHO T'MOKMI MEXaHW3M ydeTa W3HA4YaJbHON M HaBEICHHOW pPa3HOCONPOTHBISIEMOCTH, IEMOHCTPUPYET
BBICOKYIO TOYHOCTBH COTJIACOBAHMS IOJY9AEMbBIX TEOPETUUECKUX PE3yJbTATOB C SMITMPHICCKUMHU IaHHBIMU IO
Harpy>KeHHIO [IMPOKOT0 KPyra MaTeprasioB IPH CIOXKHBIX BUJIaX HAPSHKEHHOTO COCTOSHUSL.

KoroueBbie ci1oBa: nosnoras 0001049Ka, THTAHOBBIH CIIaB, KOHECUHbIE Pa3HOCTH, HEJIMHEIHHbIC YpaBHEHHUS,
HAYaJIbHO M30TPOIHEIA MaTepHall, OOJIBIINE TPOTHOBI.

INTRODUCTION

One of the first theories for calculating
structural elements operating in aggressive
hydrogen-containing media, taking into account
the change in material properties over time,
apparently, should be noted the model proposed
in the works [1 —4].

In previous studies, to construct a mathematical
model of the behavior of materials in a hydrogen-
containing medium, it was proposed to use the
theory of Yu.N. Rabotnov [5, 6] taking into
account physical and chemical effects on the
surface and in the volume of the deformable But,
as practice has shown, this theory does not take
into account a number of effects inherent in the
problem under consideration, such as the
presence of triple nonlinearity, as well as induced
differential resistance, which undoubtedly leads
to a decrease in the accuracy of the results. This
study also considers the change in the properties
of materials under the influence of a changing
concentration of an aggressive medium, but
initially nonlinear relationships were used built in
normalized stress spaces, which consider a
continuous change in the state of a structural
material depending on the type of stress state and
quantitative characteristics at a point. A more
effective mathematical model for solving the
problem of the effect of hydrogenation on the
stress-strain state of a flat spherical shell made of
titanium alloy is proposed, a numerical solution
of the problem is constructed based on the finite
difference method. To solve the problem with
triple nonlinearity, a two-step method of
sequential perturbations of parameters was
adopted [7], which allows linearizing the
resolving equations and also has a high accuracy.
The numerical implementation of this approach
was carried out by the finite difference method of
increased accuracy. The integration of the

122

functions of the stress-strain state and rigidity
parameters over the thickness was carried out by
the Simpson method [8].

FORMULATION OF THE PROBLEM

The object of research is a flat spherical shell
made of titanium alloy VT1-0, loaded with an
external uniformly distributed transverse load
with an intensity of up to 5 MPa, rigidly fixed
along the perimeter, the radius of curvature of
the shell is taken equal to R = 3 m, the radius
of the base of the shell is taken equal to
a =1,5m, and a hoist arrow — f = 0,4 m.

The location of any point on the median surface of
a spherical shell is determined by a Gaussian
coordinate system ¢, «,, and the position of an
arbitrary point in thickness is determined by the
coordinate ¢;, considering that » — horizontal
displacements along a radial coordinate r (the
projection ¢,), ¢ — radial displacements, w —

vertical displacements (deflections) under the
action of a lateral load ¢. The design scheme of

the shell is shown in the figure 1.

| / f ‘k \ / )
a v a
\ e

hydrogen containing medium

Figure 1. The design scheme of the shell
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Study of the Influence of the Kinetics of Hydrogen Saturation on the Stress-Deformed State of a Spherical Shell

Made from Titanium Alloy

For a flat spherical shell, the constancy of the
main radius of curvature of its middle surface
within the plan is valid:

R =R, =R, (1)

k, =k, =k =1/R —main curvature.
Consider the equilibrium of a spherical shell
with thickness 42 =0,05 m, under the influence

of a transverse axisymmetric uniformly
distributed load ¢ and a hydrogen-containing

medium with a concentration 2. We accept the

kinetic potential of deformations in the form [9,
10]:

W, =(4,(2)+B,(A)&)a” +(C, () +
+D,(A)E+ E,(A)nCos3p)r” +
+[(4,(A)+ B, (A)é)a’ +(C, (M) +
+ D, (A& + E,(AnCos3p)r’]", (2)

where 4,(1), B.(4), Co(1), D(1), E.(1),
4,4, B,(4), C,(1), D,(4A), E, (1) -
functions that determine the physical and
mechanical characteristics of the material that
appear in the recording of the potential of the
quasilinear and nonlinear parts and depend on
the degree of hydrogen saturation. The
quantitative characteristics of the stress state are
determined by the modulus of the total stress
vector on the deviator site:

S,=No’+7°,

but a quality picture — is determined by the
normalized stresses on this site, which depend
on the angle y between normal and vector S,

and also the harmonic phase invariant ¢ :

E=cosy =0/8,;
cos3p :\/Edet(Sij)/f,

n=siny=t/S,;

Volume 18, Issue 2, 2022

where o = 0,;0,/3 — medium stress or normal
T= (S,.J.Sij /3)”2

octahedral stress; 5, — the Kronecker symbol;

octahedral; tangential

S, =0, — 8,0 —stress deviator i, j=(1,2,3).

The dependences of the mechanical properties
on the degree of hydrogenation of the material
are presented in the form of a polynomial
expansion of the coefficients of the kinetic
potential in powers of the concentration of the
medium A, and the expansion coefficients of
the polynomials are determined by least-squares
processing of empirical data on the deformation
of titanium alloy specimens to axial tension and
compression at different levels 4 (0; 0,02; 0,04
u 0,08%), which for the VT1-0 alloy take the
form:

Va(A)=ey +ey - A+ey A
Vpk (A =Dy +Pi '(sz)/l; (3)
A, D) =V,(4); B (D) =V;(A);
C(A)=V,(A); D, (A)=V,(4)
E (1) =Vs(A);
A4,(A) =V, (A);  B,(A)=V (1)
C,(A)=V,,(4); D,(A)=V,,(A);
E,(2)=V,(4), “4)
where e, , p, polynomial coefficients,
i =0.2;k=1.5][9, 10].
Connections of strain and stress tensors are

established  from  potential (2) using
Castigliano's formulas:
ow, ow,
ey = s Ve = ; 5
k aa,, Vi aT[j Q)

(i, j,k=123;i+j);

Taking into account the axisymmetry of the
problem and the fact that the shell is subjected
to pressure ¢ on the outer surface of the shell,

the geometric dependences take the form:
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2, u .
g =u,—kw+0,5(w, ) & =——kw,
r
. W |
L= Wors Xo=—— (6)
r
ey =& TN e =& TN,

where ¢, ¢, — relative deformations in the
middle  surface;  y;,  x,—

curvatures.

Considering equations (2) - (6) and Kirchhoff-
Lav's hypotheses, the relationship between the
simplified form of deformations and stresses is
represented in the form:

A,(A) 4,4
{ell}:[A]{all}; [A]={ 11( ) 12( )}(7)
€»n O 4,/ () Ay(4)
Inverting matrix equations (7), we obtain the
dependences of stresses on deformations:

o e B, (1) B,

e
22 22 21 22
where [B]=[A]"; A1, An, ...
the symmetric compliance matrix [A], which are
functions containing the deformation potential
Wi (2), depending on the type of stress state and
the degree of hydrogenation of the titanium
alloy.

These components are determined according to
[9, 10] as follows:

mid-surface

— components of

A, (A) = 2[R, (A) + 2R, (A)]/3+ R, (A)S[3 -
—281/3+R,(A[EQR-n")/3+
+4(0,, —20,,)/95,1+ R, (A)[nCos3p(1+ £*) +
+24/2E —2Cos3p —20,, 18,1}/ 3;

A, () ={2[R (1) = Ry(D)]/3+[R, (1) +
+R,(A)/31¢ + Ry(A)[Cos3p(1— 1) —2E1}/3;
Ay (A) ={2(R,(A) + 2R, (1)) /3 +
+ Ry(A)E[B3-2&71/3+ R (DER 1)+
+4(0,, —20,,)/9S,1+ R,(A)[nCos3p(1+ &%) +
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+232E = 2Cos3p — 20, 1 8,1}/ 3;
Alz(l) = A21(Z) 5
R, (A)= L, (A)+nl(4,(2)+B,(A)E)o” +
+(C, (D) +D,(D)E+E, (A)ncos3p)r* " L, (4)
L,(A)=4,4); L,,(4)=B8,();
L,(A)=C,(A); L, (A)=D,(A);
L. (A)=E,(A); m=ep, k=123

The forces and moments are determined by
integrating the stresses across the shell thickness
in the traditional way:

hil2 hi2
N, = J.a“dz; N, = Jazzdz;
~h/2 ~h/2
hi2 hil2

M, = IG112dZ; M, = J-Gzzzdz.

~h/2 ~h/2

)

The moments and forces are expressed in terms
of the components of the deformations of the
middle surface of the shell in the following way:

N =K, (Ve + K (De, +
+ Ri(D + B, (D) xs;
N, = K, (D)e + Ky (A)g, +
+ By (M + Po(A)xss
M, = B(De, + B,(Ae, +
+ Dy (D + Dp(M) s
M, = B,(A), + Py (A)e, +
+ D5 (M) 11+ Doy (D) 12,

(10)

where the integral characteristics of material
functions, taking into account the influence of
the degree of hydrogenation, are calculated
through its concentration A4 as follows:

hi2
P, = J-Bij (A)zdz;

~h/2

h/2
K= [B(Ddz
—h/2

hi2

Dy= [ Bi(W)Zdz
-h/2
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In connection with the triple nonlinearity of the
problem, the resolving equations are formulated
in a linearized form using the two-step method
of sequential perturbations of the parameters of
V.V. Petrov [7]. Physical dependencies are
presented in the following linearized form:

0 0
oey, =t ooy, + = 00 y;
oo, Oy
ey, = Oex 60y, + O 605, (11)
ooy, 0o,,
ou
0€, = Ou,—kow+w, w,, ; 0&, =——kow;
r
—514/,
Gy = —OWyy,5 g, = p -

The inversion of relations (11) leads to the
following  dependences  of  stresses on
deformations in increments of the following form:

ooy, = B(A)de, + B,(1)oey;

00y, = By (1)de, + By, (4)dey,, (12)
where Bl(l):ﬂ;
A
A A
A) = A)=— 21 _ 12;
B,(4) =B, (1) A A\
A Oe Oe
ﬂ,:ll;A: n.opA =2
Bah) =0k A=y A=
Oe Oe
Al2 =A21 = 2 = —2 5 A=A11A22 _AIZAZI;
o, 0o,

Dependences of deformation increments at a
point on the deformation increments of the

middle surface J¢; and Jde, and it’s curvature

oy, Oy, are presented in the form:
oe, =0¢ +z8y; Oe,, = 0c, + 20y, .

Then the equations for the connection of efforts
with deformations of the middle surface in
increments have the form:
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OM = K, (A)de, + Ky, (A)de, +
+ R1(A)dx + By (AD)dx,;
ON, = K, (A)de, + Ky, (A)de, +
+ P (D)o + By (A)0xy;
OM, = R,(A)d¢, + B,(A)de, +
+ D (D)o + D (D)oy,;
OM, = R, (A)0¢, + Py (A)de, +
+ Dy (D)ox, + Dy (4)01,,

(13)

The axial symmetry of the problem under
consideration makes it possible to simplify the
equilibrium equations in increments as follows:

SN, + (SN, —6N,)/ r—

KOM,,,+(0M, —5M,)/ r]=0.  (14)

Integrating equations (12) over the thickness of
the shell according to the rules (9), and
introducing the results into equilibrium
equations (14), we arrive at two linearized
differential equations in displacements:

2r2D12,11 5"V’1+2”2D12a1 5"":11_2”2]312»11 ou —
—2r’B,,, Ou, +2rP,,,, du+ 2rP,du, —2P,du —
—-2rD,,,, ow, —2rD,,ow,,,+2D,,ow, —
— 41’ B, O, —4r B it +417 Dy ) S, +
+ 412Dy 6w, =217 By, Gty —41 R, Sty —
_2r3})115’4’111+2r31)11(5"‘}:11)2 +2”3D11’11 oW,y +
+4r°D,,, 6w, ,,+21° D, 6w, =21 kK ) 6w, —
=2 kK ,w,, S, +21° 6w, K, kéw —
= 2176w, K, ,w,, Sw, +21° 6w, K, kow +
+2r°0w,,, K, kw+ 216w, K kw—2r°kK ,0u,,+
+2r° K, k6w =21 6w, , K, 0, —2r 6w, K, 1, —
_7”35”":11 K11W:12_47"2P11Wa1 W,y —
21 kK, 0u — 2r° kK ,,6u — 2r° 6w, K,,0u +
+2r°6w,,, Byow, —2r6w, , K u +
+21° P, k6w +2r° P, w, ow, +4r’ P kow, +
+ 21 Ry w,, W, +41 Byw,, w,, -
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—2r*P,, kéw+4r’B,, kow—4r’ P, w, ow, +
+4r° P, kéw, —4r" B,w,,, ow,,+
+21’3P]1,11 ké‘w_4r3le Wi 5""’1_27331,11"":1 oW, +
+4r° P, kéw,,—4r P, w,, 6w, ,+
+4r3])11k5VV>11_2r3})11W>111 é‘V"51_27’3]')11"Va11 oW, —
—2r°B\w, oW, +2r° P, kow +
+4r° P, kdw, +4r° B kow,,,—2r kK, du,, +

+ 2K, K ow+4r’ K k*ow=2rdg; (15)
r*(kD,, — P11)w,,,,—
- (r}Dll’l_krDll’l+r(k[)ll - K1 1)W71_kD11 + Pn)’”é‘wm_
_Vz(kpu _Kn)&“m_
—ow,, Vz(kR1 _K11)W’11+
+kr? (kSw — w,, Sw,, 0, )Py, —
— 12 (kSw —w,, oW, —0u, K, +
+ (= ow,, +k(krdw — 6u))P, ,, +
+ (k28w + U)K 0y +6w,, Dyyy ki +
+ (_ ’"(kpil —kR, - K, +K,, )W’l )5"Va1+
(k*Pr* +k*P,r* =k’ K, —kr’K,, —kD,, + P,,)ow,,—
_r(kpll _Kll)&/’sl"'éwpukzr_
— WK, o — (kréw — ou \kPy — K, )= 0.

The resulting gradient system of equations (15)
needs to be supplemented with boundary conditions
in increments. Due to the axial symmetry of the
problem, at the center of the shell the rotation of the
normal to the middle surface, radial displacements

and their increments will be equal to zero (w; | =0,

In the process of chemical adsorption, hydrogen
molecules disintegrate into atoms that diffuse
deep into the material [9, 10]. The flux density J
is proportional to the spatial concentration
gradient 4, the diffusion equation takes the form:

oA

J =-Dgradl =—-D—, (16)
0z

where D =const — diffusion coefficient, z —
coordinate in the direction of diffusion that
corresponds to the axis a;.
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In accordance with the experimental data
presented in [11], as well as in connection with
unidirectional diffusion, the kinetic equation of
hydrogenation corresponds to Fick's second law,
and its solution is known due to the double
Fourier transform (direct and inverse), the result
of which has the form:

0A(z,1) 0> A(z,1)
-D =2
ot oz

(17)

where ¢ —is a current time.

The solution of equation (17) for the process of
one-sided diffusion has a  well-known
approximate analytical solution presented in the
works [9, 10]:

Az,t)y=4,+(A, —A)z/h+
+2/7) isin(i -7z hyexp(=F,n%i’) x
x[A, cos(i-m)—A4]1/1,

2 . . . .
where F, = Dt/h” —is a Fourier number; i —is

a row member number; A, and A, — boundary

values of the concentration of the medium on
the lower and upper surfaces of the shell.

For the shell, the following boundary conditions
are accepted: in the event of an aggressive
medium acting on the side of the application of
a power load:

A=hl2,6)=2, =4, A+h/2,0)=0=4,,

where A, — equilibrium concentration of a

hydrogen-containing medium.
The initial conditions are:

A(z,0)=0.

The calculations were performed using the
MATLAB and Maple software packages. The
results of calculating a spherical shell operating
in an aggressive environment of hydrogen with
various concentrations from 0 to 0.08% using
the proposed model are presented below.
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Figure 3. Stresses o11 along the radius from
below

CONCLUSION

After analyzing the presented graphs shown in
figures 2 - 6, it is easy to note the similarity of
the results calculated using the model considered
in the presented article with classical nonlinear
solutions without taking into account hydrogen
saturation. The conducted research is fully
consistent with the experimentally established
facts, which shows that during a certain time
interval corresponding to large gradients of
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hydrogen concentrations, there is an intense
change in the nature of the stress-strain state of
structures. In this case of a spherical shell,
quantitative changes reach 20% for stresses in
compressed and 24% in stretched zones. The
control of the impact of an aggressive hydrogen
environment in the work was organized on the
basis of nonlinear relationships that consider the
induced sensitivity to hydrogen saturation in a
wide range of changes in the types of stress state
(8,9, 12, 13].
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In this work, a mathematical model of the effect
of hydrogen saturation on the stress-strain state
of a shallow spherical shell is constructed and a
numerical solution to the problem is presented
with an illustration of deflections, displacements
and stresses.

The model of the influence of gas saturation,
constructed in this work, is based on the
approaches to constructing constitutive relations
for materials with different resistance, proposed in
works [8, 9, 12, 13]. This approach uses a rather
flexible mechanism for taking into account a
variety of stress states and demonstrates a high
accuracy of agreement between the results
obtained and experimental data on the
deformation of a wide range of materials under
complex types of stress states. In turn, the model
for accounting for materials with different
resistance, proposed in the works of LG.
Ovchinnikov [1 — 4], is based on the simplest
nonlinear theory of elasticity and is built
considering the uniaxial stress state and, therefore,
has an approximate mechanism of the influence of
the type of stress state on the strength of materials.
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OPTIMIZATION OF BEARING STRUCTURES SUBJECT TO
MECHANICAL SAFETY: AN EVOLUTIONARY APPROACH
AND SOFTWARE
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Abstract. An approach to solving the urgent problem of optimizing the load-bearing structures of buildings and
structures based on adapted genetic algorithms is presented. As a tool for finding a solution, iterative schemes are
used, in which, in the classical approach to evolutionary modeling, a system of constraints is used that forms the
operational requirements for reinforced concrete, steel and other structures. In this case, the value of the risk of
material losses is used as one of the measures of the design optimality. This value is used to assess the feasibility of
increasing the initial costs of manufacturing structures, taking into account the degree of their mechanical safety in
case of emergency impacts. Groups of scenarios are considered as such impacts, including local damage to one or
more load-bearing elements. A limitation is formed on the resistance to progressive collapse of the structure, which
is interpreted as preventing large displacements and limiting deformations of certain parts or the structure as a
whole. The magnitude of the risk is determined by a relative index determined as the ratio of the likely cost for
damage from material loss to the initial cost of manufacturing the structure. The block diagrams that implement
such iterative processes, information about the developed software and an example of optimization of the
reinforced concrete supporting structure of the frame of an administrative multi-storey building are considered.

Keywords: genetic algorithms, evolutionary modeling, mechanical safety, optimization, progressive collapse,
emergency actions, risk, software.

OHNTUMAJIBHOE IIPOEKTHPOBAHUE BE3OITACHBIX
HECYHIUX KOHCTPYKIUU: OBOJIOIIMOHHBIA ITOAXO/]
N IMTPOI'PAMMHOE OBECIIEYEHHUE

A.B. Anekceiiuee ', An Anu Moxamao ?

1 HaHI/IOHaHI)HBIi/’I ucciaea0Bal eHI)CKHﬁ MOCKOBCKI/Iﬁ CTPOUT eﬂBHI)Iﬁ HUBCPCUTET, T'. MOCKBa I OCC[lﬂ
B >
2 [exHMYECKHI YHUBCPCUTET B KOHII/IHG, T. KOHII/H_IC, CJIOBAKUA

AnHoTauus. [IpencraBieH BO3MOXKHBIN MOAXO/ K PEHICHUIO aKTyaJIbHOM 3319 ONTHMHU3ALMN KOHCTPYKTUBHBIX
peLIeHnH Il HECYLUX KOHCTPYKLMH 3JaHUH U COOPYKEHHMI Ha OCHOBE aJalTHUPOBAHHBIX T'€HETUUECKHUX
aJrOpUTMOB. B KadecTBe MHCTPYMEHTA ISl TIOUCKA PEIICHUS UCIOJIB3YIOTCSl NTEPALIMOHHBIE CXEMBI, B KOTOPBIX
IpU  KJIACCHYECKOM TIOAXOZE€ K SBOJIOLMOHHOMY MOJEIHPOBAHUIO HCIIOJIB3YETCS CHCTEMa OrPaHWYCHU,
(hopmupyroIIas SKCIUTyaTaliOHHbIe TPEOOBaHMUS K KeJIe300€TOHHBIM, CTabHBIM U APYrHM KOHCTpyKuusM. [Ipu
3TOM B Ka4yCCTBC OZ[HOﬁ H3 MCp ONTUMAJIBHOCTU KOHCTPYKIHH MCIIOJB3YCTCA BEJIMYMHA PHUCKAa MaTCpUaJIbHBIX
HoTepb. OJTa BeJIMYMHA MCIIONB3YETCs UL OLEHKH LeIecOO0Pa3HOCTH YBEIMYCHNS NePBOHAYAIBHBIX 3aTpaT Ha
W3rOTOBJICHHE KOHCTPYKIMH C Yy4YeTOM CTEleHM WX MEXaHW4YecKold Oe30MmacHOCTH NpH  3alpOEKTHBIX
BO3JICHCTBUSAX. PaccMaTpuBarOTCsl TPpyMIbl CLEHApHEB, BKIIOYAIOIINE JIOKAIbHBIE MOBPEXKICHUS OJHOIO WU
HECKOJIbKMX HECYIIMX AJIeMeHTOB. IIpy 3TOM CTaBHUTCS OrpaHMYEHHE Ha JKUBYYECTb KOHCTPYKLHMH, KOTOpas
TpaKTyeTcsl KaK HeJIOMyIeHne OOJIBIINX MEepPEeMEIeHIH 1 MpeeTbHBIX JeopMalinii OnpeieNIeHHbIX YacTel Hin
KOHCTPYKIIMM B IeJoM. BennumHa puHCKa OIpEeNseTcs OTHOCHUTENIBHBIM —HHACKCOM, ONpPEAeIsieMbIM
COOTHOILIEHHEM BEpPOSITHOTO yIiepOa OT MaTepuaIbHbIX MOTEPh B CTOMMOCTHOM BBIPQ)KCHHN K MEPBOHAYAIBHBIM
3aTpaTaM Ha MU3TOTOBJIEHNE KOHCTPYKIHMH. PaccMaTpuBaroTCst OJI0K-CXEMBI, PEaTN3YIONINE TaKHe NTEPaIIOHHbIC
TMIPOIIECCHI, CBEZICHUS O Pa3pabOTaHHOM IMPOrPaMMHOM OOECIIEUCHHN W TPUMEP ONTHMU3ALMH JKEeJIe300€TOHHON
HeCyHIeﬁ KOHCTPYKIIMH KapKaca aIMUHUCTPATUBHOI'O MHOT'OOTA>KHOT'O 3/1aHUA.

KirwueBble cjI0Ba: TCHETUUCCKUC AJITOPUTMBI, O9BOJTIOLIMOHHOC MOACIMPOBAHUE, MEXaHNYCCKAA 6630HaCHOCTL,
ONTUMMU3AlA, )KUBYUYCCTD, 3aAlIPOCKTHLIC BO3}16f/iCTBI/IH, PUCK, IPpOrpaMMHOE obecrieueHHe.
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INTRODUCTION

The problem of optimizing reinforced concrete
and steel frames considering their safety level is
mostly understudied. There are only a few
studies that concern particular aspects of the
problem to a different extent [1-4]. At the same
time, some studies focus on both mechanical
and technogenic safety [5]. As an example of
optimizing, let’s consider relatively simple
objects, while hazards shall be excluded from a
single iterative procedure. Structures safety is
considered according to the values loss risk
factor calculation [6-7]. In this regard, it may be
difficult to optimise a design solution,
considering costs of construction site life cycle
stages in its in normal operations and
considering its resistance to beyond design basis
effects. Recent search schemes based on modern
information technologies allows for getting
better in solving this problem. Firstly, these are
genetic algorithms [8-10], particle swarm
methods [11-13], ant colony [14], and firefly’s
methods [15]. These algorithms may get
accustomed to solving optimisation tasks both
reinforced concrete, steel and other structures of
various types. The article is concerned with the
common approach to optimisation of reinforced
concrete and steel load bearing structures
considering the level of their mechanical safety,
as well as  evolutionary  algorithms
implementation for truss and plated and truss
structures. It is proposed to introduce a measure
of relative integral socio-economic losses risk as
an estimate of safety level. The risk considers
both normal operations of structural systems as
part of a functional ongoing process in the
building and emergency conditions related to
mechanic damage of individual units or
elements.

1. THE PROBLEM FORMULATION
As an optimal design goal, we’ll wuse

minimization of value terms of materials
consumption of a structure, the labour intensity
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involved in its manufacture, and also safety
level at emergency.

C({Y})—)min;

(=10 )y (1)

where C 1is a notional value (conventional
units), that considers the materials that make up
the load bearing structure, manufacturing
features and socio-economic losses risks; {Y } is

a set of design parameters that vary in search

process, consisting of N, disjoint subsets { y}l. ;s

it=(...Np); {y}it — a set of parameters

consisting of parameter values admitted for
selection in search process, corresponding to its
it type.

This parameter type implies, for example,
combinations of building element cross
sections, position of structural joints, material
classes of which it is made, plate width and etc.

Expressions for calculation of the value C for
specific cases of structure optimisation have
various notations, for example, for reinforced
concrete frames [16]:

C=(R+h5 +Pr)—> Py )

where P., P,

cotr»
manufacture for concrete, fittings, casing and
associated materials, respectively, P, — some

Py —prime cost of materials and

small real number;
— for steel frames [17]:

n
M =p> A4il; —> min,
i=1

)

where p is steel density, 4;, /; are area and

length of structure element, respectively, and »
is their number;
— for wood structures [18]:
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Ctim I/tim (X) + Cp[ Vpl ()_(;)
ab

n-n

f(X)= —min, (4)

where (X) is a vector of variables; ¥, (X),

V., (X) are wood and plywood volumes in the
fabricated structure; a,,, b, are bay and width

of a wood structure; Cy,,, Cp

coefficients for wood and plywood.

In solving the minimisation problem (1) by way
of task (2) and (4), socio-economic losses risks
is not considered in the goal function, that
significantly diminishes the mechanical safety
level of such optimized structures. The goal
function is proposed as follows:

; are weight

C=(Cy+Ry)— min,

N M (5)
Ry=2.2 pijUi;
i=1 j=1
C, 1s a value related to costs for materials,
structure  fabrication,  joint  connection

arrangement and etc.; R, is the value terms of

A
socio-economic losses risk defined by the
probability p; ;j for emergency j at stage i of

structure life cycle. This probability can be
determined based on the well-known Bayes'
formula for conditional probability, N, M are a
number of emergencies considered in
optimisation for life cycle stages and those that
may occur at this stage.

In solving load bearing structures optimisation
problems, the following main active constraints
are used:

— structure elements strength. This criterion can
be expressed in strains, deformations and
critical forces in dangerous cross section of a
building element. These factors should not
exceed the set design resistances, deformations,
and forces;

— structure stiffness along linear displacements
or angles of rotation;

Volume 18, Issue 2, 2022

— stability of system geometrical shape in the
presence of its structural (topological) changes.

Passive constraints may be presented by
conditions for ensuring structure overall
stability, local durability of its structural
elements, observing the requirements for
unification of constructive solution,
manufacturing or assembling processes.

It’s obvious that the growing complexity of
design solutions creates the necessity of varying
dozens of design parameters. In this regard,
manual approaches to optimisation become
unacceptable, while gradient-based optimization
algorithms are not efficient. With that said,
methods evolve based on a combination of
search algorithms, linear and non-linear
mathematical programming. The major problem
in implementation of such an optimisation
approach for load bearing structures lies in the
necessity of multiple automatic calculation at
structure strain-stress distribution. Let us
consider one of the variant for this calculation
arrangement.

2. GENERAL SOLUTION SEARCH
CIRCUIT

A number of basic stages is proposed for
evolutionary algorithm implementation in terms
of design solution.

2.1. Defining one or several optimisation
criteria corresponding to problem solution goal.
For example, cost minimum, ensuring strength,
collapse resistance in emergency and etc. Here a
decision is also taken about optimisation task
decomposing, its phasing for a purpose of
optimal topological synthesis, search for
rational form. An example of such
decomposition is addressed in work [19].

2.2.  Formation of data on structure
computational model, design parameter sets,
force, kinematical, structural and technological
constraints of the task.

2.3 Development or selection of a mathematical
model for estimation of constraint satisfaction.
A proven calculation model can be used for
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bearing structures set forth in regulatory
documents, and also computing model based on
finite elements method. Moreover, for
evolutionary approach implementation there is a
problem for solver integration into the iterative
search scheme. One of such methods will be
stated in this paper.

2.4 Verification of constraint satisfaction,
calculation of target function values and
implementation of preserving the best solution
for further reproduction and improvement of
decisions. In using several optimality criteria, the
target function value can be calculated based on
weight coefficients x; per each of the criteria:

Nc
C= Z Ckxk, Zxk =1,
k=1 k

(6)

where C; is a goal function value upon

criterion k£, Nc is a number of criteria.

A

4 L
—

Goal function value
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2.5 Verification of the condition of search
process end. Provided that the condition for
ending the iterations is satisfied the search is
stopped. If it’s not, then based on existing best
solutions, structure options are modified by way
of changing some varied parameters and
proceeding to stage 2.4.

Some integral iteration number N, is

considered as a criterion of ending the iterations
for genetic search during which no
improvements occur in the iteration process:

(7

where n is a number of independently varied
parameters; m is the arithmetic mean for values
admitted for each parameter selection.
Implementing the condition for ending the
iterations is shown in Fig. 1.

Reference|
point 1 AC=0

.
'

Nj, N4 Nmr

[teration count

Figure 1. For realisation of iteration stopping criterion

Upon completion of iteration stopping, a
decision obtained as a result of search is
verified for satisfaction of passive (not
considered during the iteration process)
constraints.

Such constrains may include local durability of
joint connection elements, design features
related to ensuring structural support, local plate
durability, ensuring necessary installation
conditions and etc. Studies [20-23] explain in
more detail the evolutionary algorithm in
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respect to individual types of load bearing
building constructions. We’ll demonstrate the
content of stage 2.2 and stage 2.4 of
evolutionary approach using the example of
reinforced concrete simple beam (figures 2, 3).
In this case, 4 parameters vary independently:
higher and lower fitting diameters, concrete and
fitting class. Some parameters may remain
permanent.
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P;(Concrete class)

a) b)
1:2d14
B20  A500 Memberl 2d18 R B B B p_loas
G 3:2d18
‘ 2d14 ‘ ] 3 2 2 1:2d14
B25 A600 Member 2 2d14 B 2:2d16
i \ ‘ 3:2418
? 22116 2 1 3 3 4:2d20
B15 A500 Member 3 / 2d20 1:B15
G | | P ={2:B20}
T 3 4 1 2 3:B25
B25 A400  Member Mn Z/d 16 o . . 1:A400
& [ - ] P, =12:A500
. I 2 3 1 3: A600
2d14 g 0 5

Figure 2. Presentation of reinforced concrete beam and sets of such structures in evolutionary
approach: examples of setting varying and non-varying parameters (a), (b), vision of initial
occasionally generated decision set (c), example of coding parameter values (d), set of permitted
parameter values (e)

The choice of structure members for further
solution improvement is made based on
roulette-wheel selection method in fig. 3, a,
where the choice probability is determined by
the value:

N I
L=f] 3 fi =l =14, (g
j=1

Structure modification is made based on
operators, examples of which are shown in fig.
3, b, c. In making a decision about preservation
of the best solution the following elitism EC
criteria are used (fig. 3d):

Volume 18, Issue 2, 2022

{(VA,. ell,))3A ¢1l,

- =
C(VA, € HA) < Cmax (Af € HB) 5 (9)

2(1176173):(14].6]714).

The first condition in the system means absence
in elite set [7z a copy from the set 77,, and

second condition means that the meaning of a
target criteria for a member from set 77, must

be less than maximum from the elite set. It
should be noted that dimensions A,, of a current

set and M,,, elite set of decisions may differ.

Practical use of evolutionary approach showed
that M, €[15+50], M,, €[10+25].
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Figure 3. Evolutionary search components: roulette-wheel scheme (a), multipoint crossingover (b)
and mutation (c) operators, elite population editing scheme on the basis
of elitism criteria (EC) satisfaction

3. INTERACTION WITH PROGRAM
COMPEX SOLVERS

Current requirements to structural designing
assume the assessment of their strain-stress
distribution taking into account physical,
geometrical and constructive nonlinearity. It
calls for using modern program complexes with
a possibility of exchanging data with a solver
and exterior programme  developments.
Simcenter “Femap”. Preprocessor of this
complex can integrate with all modern solvers,
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while we’ve used NX Nastran solver. The
scheme of organisation of evolutionary search
program interaction [24, 25] with Simcenter
“Femap” is shown in fig. 4.

The operating system is used to exchange data
between the finite element complex solver and
the genetic search program. This is possible if
there is an open format for the input / output
file, as well as the ability to run the solver
without using special pre / postprocessor
commands.
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4 Inttial data for
design

/;

Blocks implemented in I
“AlGen”, “GenAl” software

File "Genfile dat" containing;

a set of GA control parameters,
- description of variable
parameters: (type, association
with structural elements, set of
values allowed for selection)

Formation of the initial set
of objects (dynamic array
of data structures)

Formation of the current
set of objects

Fy

' Lo

A
File "Datfile.dat" containing a
description of the type of analysis and
FE model in the Small Field format
used in the pre / post processor FEMAP

NX Nastran 11.0
- Static analysis

Solver

l Nonlinear Static
Data arrays associated
with the finite
elements including:
- displacements of nodes;
- stresses in the rods,
plates, etc.

Buckling

Transient Dynamic

Nonlinear Transient

i

Genetic operators
- the procedure for random changes;
- parameter exchange procedure;
- madification procedure

]

Execution check
- strength conditions;
- rigidity conditions;

Y

- conditions of crack

Are the criteria
for completing the GA procedure

No for the best options; resistance, etc
X The optimal
No solution
¥ (Criterion 1)

Editor and sorter
databases for

satisfied?

"Elite" set(s)

Yes f Ormah.On
l of the file

—> "Datfile dat"
ave passive constraints Yes for a better
i
been met? solution

The optimal
solution
(Criterion N)

NX Nastran 11.0
Solver

:

Visualization in Femap
and documentation

Figure 4. Structure of software employing the evolutionary process search

for bearing structure optimization

4. EXAMPLE OF USING
EVOLUTIONARY ALGORITHM IN
VARIOUS APPROACHES TO DESIGNING

Let us consider the designing of the frame of
half precast multi-storey civil building. Frame
ceilings and finishes are precast. It is believed,
that their parameters to be non-variable. It
means, that they are not considered within the
search.

There are three options of frame designing to be
considered:

— using solutions given in typical design
documentation (s. B1.020) allowing for normal
operations (I);

Volume 18, Issue 2, 2022

— using evolutionary search with no regard for
safety limits according to presentation (5) in
Ry =0(ID);

— using evolutionary algorithm in accordance
with presentation with a possibility of
considering emergencies Rg#0  while
mechanical safety at level
C=R;/C; =0.2. Frame calculation scheme is

ensuring

shown in fig. 5, a. As an emergency script, it
is offered to have an opportunity of
excluding their design diagram one from
columns KI1-K7 as a result of local
mechanical damage fig. 5, b.
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Figure 5. Results of building frame designing: design diagram including the map of vertical yield
of the building foundation (a), emergency scripts (b), results of safety and cost estimation in normal
operations (c, d) and emergency (e, f)
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As the figure 5, ¢, d shows, in normal operations
regardless of possible emergency conditions, the
approach to designing according to rules (I)
allows for gaining the structure value comparable
to optimisation algorithms (II), (III). Moreover,
structure  cost-cutting using (II) approach
significantly decreases its safety. Using constrains
in view of the risks in optimisation algorithms
(IIT), a 40% safer structure option has been
obtained with very insignificant appreciation (to
10%) in comparison to approach (I).

DISCUSSION

Considering emergency condition scripts,
conventional approach (I) does not allow for
obtaining minimal design cost in reaching a
relative level risk £<0.2. Utilising genetic

search (II) in minimal cost may appear
unacceptable due to a low safety level, which
appeared to be almost 2 times lower than in
approach (I). Approach (III) is the most cost-
saving solution in constraints to safety level.

CONCLUSION

1. An approach has been developed to bearing
structure parameter optimisation based on
evolutionary algorithm.

2. Solving the problems of optimizing building
load bearing structures of normal and advanced
responsibility level must include a requirement
for considering the risk of consequences from
an accident.

3. A scheme of interaction of evolutionary
search iteration procedure with modern program
complexes.
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THE USE OF COPPER NANOMODIFIED CALCIUM
CARBONATE AS A BACTERICIDAL ADDITIVE FOR
CONCRETE

Kamil B. Sharafutdinov ', Kseniya A. Saraykina ', Galina G. Kashevarova ’,
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Abstract: Experimental studies of the resistance of cement stone and concrete to the influence of mold fungi have
been carried out. The effectiveness of the use of nanomodified calcium carbonate and the PHMG biocide as
bactericidal additives for concrete has been investigated. The influence of Glenium and C-3 plasticizers on the
effectiveness of the action of bactericidal additives has been investigated. Both investigated biocidal additives
showed a fungicidal effect on concrete specimens. The use of nanomodified calcium carbonate as a bactericidal
additive for concrete is effective as the use of PHMG biocide. The introduction of this bactericidal additives does
not reduce the strength of the hardened concrete.

Keywords: concrete, mold fungi, biocidal additives, PHMG, calcium carbonate.

HNPUMEHEHUE HAHOMOJAU®PUIIUPOBAHHOI'O
KAPBOHATA KAJIBLHHUA B KAYECTBE BAKTEPULIU/THOHA
JAOBABKH JJISAI BETOHA

K.B. Llapagymounoe ', K.A. Capaiikuna’, I.'T. Kaweesaposa ', B.T. Epogees *

! TlepMcKuMit HAMOHANBHBIN HCCIIETOBATENLCKAN MOMMTEXHUYECKUN yHUBEPCHTET, T. [lepmb, POCCUS
2 MopmoBckuii rocynapcTBennsiii yausepeuteT um. H.IT. Orapega, . Capanck, POCCHSI

AnHoTtanus: [IpoBesieHbI 3KCIIepUMEHTAIBHbBIE HCCISOBAHMUS CTOWKOCTH 00pa3oB U3 IIEMEHTHOI'O KaMHS U
OeToHa K  BO3ICHCTBHIO  TUIECHEBBIX  rpubOoB. MccrmemoBana — A((eKTUBHOCTH  IPUMCHEHUS
HaHOMOJU(HUIIMPOBAHHOTO KapOoHaTa Kanmblws u Ononuma [II'MI-I'X B kadecTBe GakTepUIMIHBIX 100aBOK
Juist Oetona. JlononHuTeNnbHO Uccie0BaHo BiausHue riactudukaropos Glenium u C-3 Ha 3¢dhdexTuBHOCTD
JecTBUs OaKTepHIMIAHBIX H00aBok. OOe mcciemoBaHHbIE OHMOLMAHBIC NOOABKH TOKa3aiH (pyHTHUIMIHBINA
spdexr Ha OertoHe. IlpumeneHne HaHOMOJU(DUIMPOBAHHOTO KapOOHATa KalblMs B  KauecTBE
OakTepunuaHONW 100aBkM Juisi OeroHa He MeHee 3(¢eKTHBHO, 4yeM npumeHenue Ouonmpa [MT'MI-I'X.
BBejieHue rccie0BaHHbIX OMOLUIHBIX JOOABOK HE CHIYKAET ITPOYHOCTD 3aTBEP/IEBILEro OETOHA.

KiroueBbie cjioBa: 6TOH, IIICCHEBIC TPUOLI, OnoruHbe 100aBku, [II'MI', kapOoHAT KabITUsL.

INTRODUCTION reinforced concrete penetrating inside the

structure and causing metal corrosion. The

Biocorrosion is an important problem in modern
construction. The growth of organisms such as
bacteria, lichens and building materials can
negatively effect on the structure of reinforced
concrete. Microbes destroy the building
material, not only manifesting themselves on its
surface. They reduce strength characteristics of

Volume 18, Issue 2, 2022

destruction of structures by biocorrosion can
cause colossal damage and repairing of such
structures leads to high financial costs [1,2].

The degree of mold growth depends on
environmental factors, material properties and the
characteristics of the mold itself. Biocorrosion
research aims to predict whether mold will grow
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on a specific material under favorable conditions,
certain humidity and temperature. To prevent the
growth of mold fungi, such research must be
carried out at the stage of development of new
building materials and must be considered in the
design, construction and operation of the building.
The knowledge gained will help to protect the
future building structure from biocorrosion.

The most susceptible building materials to mold
are wooden structures. Sugar and starch in the
wood are suitable for the growth and
reproduction of fungi [3, 4]. But it is necessary
to understand that fungal mycelium can become
a breeding ground for other fungi or for other
microorganisms. The destructive effect of this
microorganisms will manifest itself on other
materials, in particular on concrete. There are
foreign studies of biocorrosion of concrete
structures, which show that the most dangerous
for cement are sulfur-oxidizing and sulfate-
reducing bacteria [5, 6].

Molds reproduct by spores, so it is usual to
Cladosporium, Penicillium and Aspergillus to
have their spores in the air. Mold fungi can stay on
the surface of the material for a long time in the
form of spores and do not appear in any way until
conditions for their favorable development arise.
The most important factor for the development of
mold fungi is the humidity of the environment,
which depends not only by the climatic features,
but also by the operating conditions of the rooms
in buildings or by short-term exposure to moisture
on the building structure [7, 8]. Indoor mold
growth is also harmful to humans and it can cause
adverse health effects.

A large number of works are devoted to the study
of the biological resistance of cement composites
aimed of the effect of the type of binders, fillers
and biocidal additives on the mold fouling and
resistance of materials to molds [9, 10, 11].
Theme of bacterial protection became especially
relevant in 2020, when the epidemic of the
SARS-CoV-2 virus had arrived. Scientists were
faced with the need to create antibacterial
surfaces capable of destroying bacteria [14].
Chinese scientists [12] conducted an analysis of
studies of inorganic and organic antibacterial
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additives, which showed that inorganic
additives with metal ions are more effective
than organic due to a longer duration of action.
It was concluded that the use of antibacterial
nanoadditives is a promising way to increase the
biostability of building materials [13].
Antibacterial nanoadditives contain nanoparticles
of heavy metals in their composition. However, in
some cases, the resulting product becomes toxic
and unusable that is why the most common metals
are silver or copper. Copper and silver
nanoparticles show a complete absence of toxic
effects on humans [15]; therefore, the use of copper
ions is most promising for the development of
bactericidal nanoadditives. Copper has not only
antibacterial but also antiviral properties. [16,17].
British scientists [18] conducted a study showing
that no viable SARS-CoV-2 was found on the
copper surface after 4 hours.

Modern nanotechnology makes it possible to
increase the resistance of the material to
biodegradation that will lead to increasing the
durability of the concrete structure.

Carbonate rocks are the basis for the production
of building materials. Introduction of carbonate
into the composition of concrete does not reduce
its strength [19, 20]. Calcium carbonate
nanomodified with copper particles can become a
promising bactericidal nanoadditive for mortars.
This additive is currently used in the production
of antibacterial silicone rubber and plastics. The
surfaces of materials made with this additive will
retain antibacterial properties until the copper
nanoparticles are not removed mechanically.

MATERIALS AND METHODS

The purpose of this experimental study was to
determine the effectiveness of the use of
nanomodified calcium carbonate as a bactericidal
additive for concrete. The effectiveness of the
additive =~ was  researched  through  the
determination of the resistance of cement stone
and concrete to the effect of mold fungi.

For experimental specimens, Portland cement
CEM 1 425 R produced by LLC
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«Gornozavodskcement» was used as a binder.
Fine-grained river sand sifted to a fraction of 0.315-
0.2 mm was used as a fine aggregate for concrete.
Plasticizing additives «Glenuim ACE 440»
manufactured by LLC «BASF» and plasticizer «C-
3» manufactured by JSC «GK Polyplasty were
introduced in the dosage recommended by
manufacturers into concrete compositions together
with mixing water. All experimental compositions
had a normal solution consistency according to
GOST 310.4-81 standart, because the type of
plasticizer influenced to the W/C ratio of solution.

Researched antibacterial additive was a calcium
carbonate modified with copper nanoparticles
manufactured by GV Holdings Co (South Korea).
This additive was used as the main bactericidal
nanoadditive for the research. As an alternative
bactericidal additive, the additive «PHMG»

produced by LLC «Alterkhim-Pro» (Dzerzhinsk,
To

Russia) was chosen. ensure  uniform

[+] [Perspective ] [Standard ] [Defaut Shading ]

Figure 1. 3D model of formwork and 3D printed formworks

distribution of the additives in the concrete
mixture, they were previously introduced into the
mixing water. The number of components by
weight is given for 1 kg of cement in table 1.
Concrete specimens were molded in the form of
small briquette bars with size dimensions 1x1x3
cm. This size of specimens allows to put them
in Petri dishes for testing for fungal resistance
and then use to determine the strength of
hardened concrete. For the manufacture of
formwork these forms were modeled in the
Autodesk 3dsmax software (Fig. 1A). The
created model was printed (Fig. 1B) on a 3d-
printer in the laboratory of Perm Polytechnic
University (Perm, Russia). The use of additive
technologies made possible to reduce the cost of
molds production and increased the accuracy of
the concrete specimen. Forming of concrete
specimen was carried out in the laboratory of
Perm Polytechnic University (Perm, Russia).

A

Table 1. Types of experimental compositions

Ne | C, [S, | W, Plastisizer Antibacterial Type of composition
kg | kg | kg additive
type mass, | type mass,
kg kg

1 1 0,32 Cements stone — no additives
2 1 0,32 CaCO3 0,005 Cements stone with 0,5%C CaCO3
3 1 3 10,34 | Glenium | 0,01 CaCO3 0,005
4 1 3 0,34 | Glenium | 0,01 PHMG 0,005 Experimental compositions with 0,5%C
5 |1 |3 036 |C3 0,005 | CaCO3 | 0,005 | dosage of additive
6 |1 3 1036 | C-3 0,005 | PHMG 0,005
7 1 3 10,34 | Glenium | 0,01 Concrete — no additives
8 1 3 1036 | C3 0,005
9 1 3 10,34 | Glenium | 0,01 PHMG 0,02 Experimental compositions with 2%C
101 (3 (0,34 | Glenium | 0,01 CaCO3 | 0,02 dosage of additive

Volume 18, Issue 2, 2022
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After 28 days of hardening, the concrete
specimens were packed into groups according
to the compositions and then transported to
the laboratory of microbiological analysis of

» & ©
=R

Lobachevsky University (Nizhny Novgorod,
Russia). They were tested for resistance to
mold fungi.

Figure 2. Concrete specimens before experiment and in Petri dish

The tests were carried out in accordance to
GOST 9.049-91 according to methods 1 and 3.
When tested according to method 1, the material
is contaminated with mold spores in water and
placed in a sterile Petri dish. In this case, molds
grow only on the nutrients contained in the
material. If the material is not a nutrient medium
for molds, then the growth of molds will not
occur, therefore, the material is fungus-resistant.
When tested according to method 3, the material
is contaminated with mold spores and then
exposed in a Petri dish with a nutrient medium
for fungi. In this case, fungi will grow on the
nutrient medium, but if the material is
fungicidal, then mold fungi will not grow on it,
and as a result of the diffusion of the biocide
into the nutrient medium, an inhibition zone is
formed in which mold growth will not be
observed.

Specimens were exposured in Petri dishes for 1
and 3 months at temperature 28 = 2 °C and
humidity of more than 90%. Thus, the
specimens were kept in an environment
favorable for the development of molds. 5
concrete specimens were taken for each
composition and method.

After the experiment each of the tested groups
was packed separately according to the methods
and transported to Ogarev Mordovia University
(Saransk, Russia), where the specimens were
tested for compressive strength.
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Figure 3. Mold fungi growth

The compressive strength of the samples was
determined from the results of testing 5
specimens for each composition. Specimens
were placed in a special tooling that allowed the
specimens of this size to be tested using
standard test equipment. Flexural strength was
not determined due to the low strength of the
fine-grained concrete specimens caused by their
small size. The average compressive strength of
the 5 specimens tested is taken to display the
result.

RESULTS

Results according to method 1 testing show that
all researched compositions of concrete and
cement stone were found to be fungus-resistant.
This happened because cement stone and

International Journal for Computational Civil and Structural Engineering
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concrete are not a breeding ground for molds,
therefore, their growth was not observed on the
specimens. But the fungal resistance of a
material does not itself guarantee that the
material will be protected from mold. During
the operation of the concrete structure, various
contaminants brought by water and winds settle
on the surface of material. Thus, wvarious
bacteria, algae and other contaminants can
appear on the surface of the concrete and they
will already be a breeding ground for mold.
They will contribute to biocorrosion and

destruction of building material, therefore it is
important to provide the building material to be
not only fungal resistant, but also fungicidal.
That can be determined by method 3
experiment.

Table 2 shows the results of testing specimen
according to method 3. The points indicate the
degree of mold fungi growth, where R is the
size of zone of inhibition in the presence of a
fungicidal effect. The introduction of biocidal
additives caused a fungicidal effect.

Table 2. Results after 4 weeks of exposition in mold fungi by methods 1 and 3

Ne | Type: Plasticizer | Antibacterial | Degree of mold fungi | Result

Cem - cement additive growth, points

C — conctrete Type %C | M1 M3

A - additive
1 | Cem 0-1 |2 Fungi resistant
2 |Cem+ A CaCO3 (0,5 [0 0 (R =4-5 mm) Fungicidal
3 |[C+A Glenium CaCO3 [0,5 |0 0 (R=2-4 mm) Fungicidal
4 |C+A Glenium | PHMG [0,5 |0 0 (R=8-10mm) | Fungicidal
5 |[C+A C-3 CaCO3 [0,5 |0-1 [O0((R=1-5mm) Fungicidal
6 |[C+A C-3 PHMG |0,5 |0 0 (R=12-15mm) | Fungicidal
7 | C Glenium 0 0 (R =1-2 mm) Fungi resistant
8 |C C-3 0-1 |2 Fungi resistant
9 [C+A Glenium | PHMG |2 0 0 (R =8-15 mm) Fungicidal
1I0]C+A Glenium CaCO3 |2 0-1 |0(R=1-4mm) Fungicidal

The degree of mold growth after 4 months of
exposure can be observed in photos of Petri
dishes with the studied specimens. The most
indicative result of the effect of nanomodified
calcium carbonate is noticeable on specimens of
cement stone.

7 ‘ i

Figure 4. Degree of mold growth on cement stone:
1 — no additive, 2 — with nanomodified CaCQOj3
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Photos are shown Specimens with the biocidal
nanomodified calcium carbonate show a
fungicidal effect with an inhibition zone of 4-5
mm after | month of exposure. After 3 months of
exposure, the inhibition zone decreased to 2-3
mm, however, the specimens continued to
demonstrate fungicidal effect. Compositions
No.3- No.10 were a specimens of concrete with a
plasticizer. This building material is used in
building structures, therefore the results of testing
of these specimens for fungal resistance will be
more practically applicable. Compositions No.7
and No.8 were prepared to assess the effect of the
plasticizing additive on fungal resistance. Fig.5
shows the results of mold growth of concrete
specimens made with different plasticizers but
without biocidal additives.
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Figure 5. Degree of mold growth on concrete:
7 — plasticizer Glenium ACE 440;
8 — plasticizer C-3

The results show that Glenium ACE 440
polycarboxylate superplasticizer performs much
better than C-3 plasticizer. Specimens with
Glenium plasticizer showed a negligible
fungicidal effect with an inhibition zone of 1-2
mm, while specimens with C-3 plasticizer show
a mold growth rate of up to 2 points according
to method 3. Concrete with C-3 plasticizer is
fungus resistant, but it is no longer fungicidal,
like concrete with Glenium plasticizer.

For experimental compositions No.3- No.6,
the dosage of biocidal additives was chosen
the same and equal to 0.5% of the cement
mass (0,5%C). This made it possible to assess
the effect of the additive on the fungicidal
properties of concrete with a plasticizer.
Despite the fact that concrete with a
plasticizer Glenium and without a biocidal
additive already shows a fungicidal effect, it
was important to find out how the joint
introduction of biocidal additives and
plasticizers  will affect the fungicidal
properties of concrete. The results in Table 2
show that concrete with both types of
additives show a fungicidal effect, but in
compositions with PHMG (No.4 and No.6) the
zone of inhibition is much larger and reaches
15 mm.

For compositions with nanomodified CaCO3,
the inhibition zone does not exceed 5 mm. This
difference is also noticeable in the photographs
shown in Fig.6 and Fig.7.
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Figure 6. Degree of mold growth on concrete
with a Glenium plasticizer:
3 — nanomodified CaCOj3 additive;
4 — PHMG additive

Figure 7. Degree of mold growth on concrete
with a C-3 plasticizer:
5 — nanomodified CaCOj3 additive;
6 — PHMG additive

For experimental compositions No.9 and No.10,
an increased dosage of biocidal additives was
chosen. It was equal to 2% by weight of the
cement. These 2 compositions were made in
order to understand the effect of an increased
dosage of a biocidal additive on the fungicidal
properties of concrete. Concrete specimen were
made with Glenium plasticizer. The results in
Table 2 show that increasing the dosage of the
biocidal additive does not enhance the
fungicidal effect on concrete. The inhibition
zone did not exceed 5 mm with an increase in
the dosage of nanomodified calcium carbonate.
With an increased dosage of the PHMG biocide,
the inhibition zone was 8-15 mm, which also
corresponds to the result obtained at a dosage of
0.5%. It can be assumed that the increasing of
dosage of researched additive does not make
sense, since positive results have already been
obtained with dosages of 0.5% of additive.
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Figure 8. Degree of mold growth on concrete

with a Glenium plasticizer with antibacterial

CaCOs additive dosage: 7 — 0%, 3 — 0,5%C;
10— 2%C

Figure 9. Degree of mold growth on concrete
with a Glenium plasticizer with PHMG additive
dosage: 7—0%; 4—0,5%C; 9 —2%C

Fig.8 and Fig.9 clearly demonstrate that the degree
of mold growth does not depend on the dosage of
the bactericidal additive in the selected ranges of
0.5-2%. For a visual comparison, the figures show
the test results of specimen from the composition
No.7, where only the Glenium plasticizer was used
and no biocidal additives were introduced.

Mold growth rate depends on the exposure time.
All of the above results describe the degree of mold
growth after 4 weeks of exposure. This time is
sufficient to assess the fungicidal properties of the
material in accordance to GOST 9.049-91. In
practice, mold growth can manifest itself at a much
later time, since mold, like any living creature, will
adapt to environmental conditions for some time
and then grow and develop over time. Fungicidal
properties of the material may appear in the form of
a zone around the specimen only at the early time
of exposure, but later this zone may overgrow,
since one species of fungi will become a breeding
ground for other type of fungi. In this case, the
fungicidal property of the material will not allow
mold fungi to cause biocorrosion.

In this study, Petri dishes with specimens of
compositions No.3- No.6 were additionally
photographed after 3 months of exposure. This

Volume 18, Issue 2, 2022

allows a visual assessment of the growth rate of
molds over time. Fig.10 and Fig.11 show that
concrete compositions with Glenium plasticizer
and two investigated biocidal additives after 3
months of exposure continue to demonstrate a
fungicidal effect. No significant mold growth was
observed in the inhibition zone and mold did not
grow on the specimens themselves. This allows us
to conclude that the nanomodified CaCO3 additive
shows the same efficiency as the PHMG biocidal
additive even after 3 months of exposure to molds.
Fig.12 show that the composition of concrete with
the plasticizer C-3 and the nanomodified CaCO3
after 3 months show a fungicidal effect, but there is
noticeable overgrowing of the zone after 3 months.
If PHMG was chosen as a biocidal additive, even
after 3 months, there is a clear absence of additional
mold growth after 3 months. It can be concluded
that the combined use of PHMG and the Glenium
plasticizer is the most effective way for ensuring
the durability of a concrete structure to the extent of
its resistance to the destructive effects of molds.

Figure 10. Degree of mold growth on concrete
with a Glenium plasticizer with antibacterial
CaCO3 additive (composition No.3).

A — after 1 month, B — after 3 months

A B
Figure 11. Degree of mold growth on concrete
with a Glenium plasticizer with antibacterial
PHMG additive (composition No.4).
A — after 1 month, B — after 3 months
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Figure 12. Degree of mold growth on concrete
with a C-3 plasticizer with antibacterial CaCO3
additive (composition No.5).

— after 1 month, B — after 3 months

Figure 13. Degree of mold growth on concrete
with a C-3 plasticizer with antibacterial PHMG
additive (composition No.6).

— after 1 month, B — after 3 months

But we should know that PHMG can be toxic
for human and cannot be used in construction,
that is why nanomodified CaCO3 can be used to
protect concrete structure.

Compressive  strength is an  important
characteristic of concrete. Biocorrosion leads to a
deterioration of the strength characteristics of
concrete structures. The decrease in strength of a
structure from the effects of mold can pass slowly
and imperceptibly. If it is not detected in time, the
destruction of the structure can occur suddenly. In
this study, all tested concrete specimens proved to
be fungus-resistant after 1 month of exposure.
Therefore, a noticeable decrease in the strength of
the samples as a result of the destructive effect of
molds should not be observed.

For the practical applicability of this study and
substantiation of the effectiveness of the use of
nanomodified additives, the compressive strength
of specimens from all compositions was
additionally investigated. Due to small size of the
tested specimens (I1x1cm), the results obtained are
relative, however, they allow to make a
comparative analysis.
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Specimens were divided into 3 groups. The first
and second group of specimens after 28 days of
hardening were exposed to mold fungi
according to methods 1 and 3, respectively. The
third group of samples after 28 days of
hardening was left for storage at a temperature
of 20 + 2 °C and a humidity of 60%.

After the experiment on fungal resistance with
specimens of groups 1 and 2, specimens of all
groups were tested for compressive strength at
one day. For compositions No.3- No.6, samples
were additionally tested after 3 months of
exposure. Fig.14 show the compressive strength
results of samples stored in room conditions
compared to samples stored in a Petri dish at 28
+ 2 °C and humidity of above 90%.

The increased temperature and humidity during
tests according to methods 1 and 3 led to an
acceleration of the compressive strength of
concrete. That is evident from the results of tests of
specimens tested according to method 1, where the
compressive strength increased by 3-6 times
compared to specimens stored at room temperature.
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Glenium  Glenium
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22, 60%

28 C, 90%

Figure 14. Relative compressive strength of
concrete specimens
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Concrete with C-3 plasticizer has lower
compressive strength compared to concrete with
Glenium plasticizer. This is clearly seen on
compositions with a biocidal additive at a
dosage of 0.5%C. Compositions with Glenium
plasticizer have 1.2 - 2.5 times greater
compressive strength than compositions with C-
3 plasticizer. This is observed both on
specimens stored at room temperature and on
specimens exposed to mold, where much better
conditions for the concrete curing were created.
The introduction of biocidal additives together
with the Glenium plasticizer leads to a slight
increase in the compressive strength of the
concrete.

For compositions No.3 - No.6 were obtained
results that allow to compare the compressive
strength of the specimens after 1 and 3 months of
exposure. The results show that the additional
increasing of strength of the specimens during the
second and third months of exposure is already
insignificant and at 3 months of exposure all
compositions have the same strength as they had
after 1 month of exposure. Glenium plasticizer
accelerates early strength development, which is
also evident in the results of these tests. Strength
diagrams are shown in Fig. 15.

1 month of exposition

Glenium Glenium
0,5% CaCO3 0,5% PHMG 0,5% CaCGS 0,5% PHMG

.

£ R W

3 months of exposition

Glenium Glenium
0,5% CaCO3 0,5% PHMG 0,5% CaCOI& 0,5% PHM-G

P

[¥5]

=

=

Method 3
28 C, 90%

. Room - Method 1 "

22 C, 60% 28 C, 90%

Figure 15. Relative compressive strength of
specimens

Volume 18, Issue 2, 2022

DISCUSSION

The results of the study show the effectiveness of
usage of each type of additive as a bactericidal
additive and as a hardening additive.

Cement stone specimens showed a fungicidal
effect, so the introduction of nanomodified
calcium carbonate into the cement stone can be
effective.

Composition of concrete with Glenium ACE
440 plasticizer also showed a fungicidal effect,
which can be explained by the high quality of
this type of plasticizer. The manufacturer
indicates that this plasticizer increases the
durability of concrete structures, therefore, it is
likely that the manufacturer includes fungicidal
additives to the plasticizer, which led to an
insignificant fungicidal effect of concrete. Mold
already begun to grow up to 2 points on
concrete specimens only with C-3 plasticizer
and while tested according to method 3.

The introduction of PHMG into the concrete
composition gives greater efficiency than the
introduction of nanomodified calcium carbonate
in the same dosage. This is noticeable from the
results of measuring the zone of inhibition. All
compositions with PHMG show an inhibition
zone of up to 15 mm, while concrete samples
with the addition of nanomodified calcium
carbonate show fungicidal activity with an
inhibition zone of maximum 5 mm.

Increasing of the fungicidal effect is not
observed while increasing of the dosage of
biocidal additives above 0.5%. Concrete
retained its fungicidal properties, but the
inhibition zone of the material remained the
same size as it was at a dosage of 0.5%.
Therefore, increasing the dosage of the biocidal
additive above 0.5% is not advisable.

The compressive strength of concrete specimens
with Glenium plasticizer is in all cases higher than
the strength of specimens made of concrete with
C-3 plasticizer. This can be explained by the high
quality of the plasticizer and the presence of
hardening accelerators in its composition.

The introduction of PHMG slightly increases
the compressive strength of concrete specimens,
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which corresponds to the manufacturer's
description. However, the 2-3 times increase in
compressive  strength  declared by the
manufacturer was not achieved. At a dosage of
PHMG equal to 0.5% - 2%, the strength of
concrete specimens increased by an average of
14-18%.

CONCLUSION

In this study the resistance to mold fungi was
determined for cement stone specimens and
samples of concrete with different plasticizing
additives. Two types of antibacterial additives
were investigated: calcium carbonate modified
with copper nanoparticles and the biocidal
additive PHMG. All studied specimens were
found to be fungus resistant. Concrete
compositions with biocidal additives are
fungicidal or at least fungistatic for 1 month of
exposure.

The introduction of nanomodified additives into
concrete may be relevant from the point of view
of novelty, however, this study shows that the
introduction of the biocidal additive PHMG on
the studied concrete compositions gives the
same. At the same time, an increase in the
dosage of biocides is not advisable since it will
only lead to an increase in the cost of concrete.
Its compressive strength and  biocidal
characteristics will remain the same.

In further studies, reduced dosages of biocidal
additives and various plasticizing additives for
concrete should be considered, since they can affect
the biocidal properties of the concrete in different
ways. Polymeric materials are actively used in
modern construction. The use of nanomodified
additives can be effective precisely in them;
however, this topic requires further research.
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METHOD FOR EXTRACTING DIAGNOSTIC FEATURES OF
THE FACILITIES TECHNICAL CONDITION IN THE SYSTEM
FOR MONITORING

Viadislav A. Kats, Liubov A. Adamtsevich

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

Abstract: Technical diagnostics of facilities is an urgent problem during its operation. An integral part of the
implementation of diagnostic monitoring systems is the development of a decision support system (DSS)
based on the analysis of acoustic emission (AE) diagnostic data and machine learning methods. A necessary
condition for the application of machine learning methods in the development of DSS is the process of
extracting diagnostic features from the AE signal. In the present work, an improved method is proposed for
extracting diagnostic features from time series of AE signals. This includes two successive steps. At the first
step, the frequency and frequency-time characteristics are calculated in a sliding window of short duration,
which describe local changes in the shape and structure of single pulses. At the second step, the resulting
matrix of informative features is aggregated by calculating statistical moments of various orders, which
makes it possible to effectively detect long-term trends in the AE signal changes emitted by the defect.
Verification of the proposed method was carried out on a full-scale control object of the oil tank RVS No. 3
("NTEK LLC"). Based on the results obtained, a conclusion was made about the effectiveness of the
proposed method in the development of diagnostic monitoring systems based on acoustic emission data.

Keywords: acoustic emission, decision support system, feature extraction, digital signal processing,
feature dimension reduction.

CIHOCOB U3BJEYEHUA TUATHOCTUYECKUX ITPU3HAKOB
B CUCTEME MOHUTOPUHI'A TEXHUYECKOI'O
COCTOsAHMUA CTPOUTEJBHBIX OBBEKTOB

B.A. Kau, JI.A. Aoamuesuu

HarmonaneHsiii uccienoBaTenbckuii MOCKOBCKHIA TOCYAapCTBEHHBIN CTPOUTENbHBIN yHUBEpcUTeT, T. MockBa, POCCH S

AHHoTanusi: TexHHUUeCcKas ANATHOCTHKA CTPOUTENIBHBIX OOBEKTOB B MPOIECCE MX HKCILTyaTaIlN SIBISCTCS
aKTyaJIbHOH mpobieMoil. HeoThemiieMoil 4acThio peanu3aliy CHUCTEM JHArHOCTHYECKOTO MOHHTOPHHTA
SIBIIICTCS pa3paboTka cuctemsl noanepkku npuasatusa pemenns (CIIIIP), ocHoBaHHOW Ha aHaNM3e JaHHBIX
aKyCTHKO-3MUCCHOHHOHN (AD) MMarHOCTHUKM W METOAaX MAIIMHHOTO 00ydeHns. HeoOxomuMbIM ycioBHeM
MPUMEHEHNSI METOZI0B MAaIIMHHOro oOyueHus npu paspabotke CIIIIP sBrsiercss mpomecc H3BICYECHUS
JIUArHOCTHUYCCKUX MPU3HAKOB M3 curHaiga AD. B Hacrosmed pabdoTe MPeIIoKEH YJIYYIICHHBIH CIOC00
M3BJICYCHUA AUATrHOCTUYCCKUX IMPU3HAKOB M3 BPEMCHHLIX PSAI0B A:‘)-CI/IFHaJ'IOB, BK.]'IIO‘IaIOLHI/II‘/II B Ce6$[ JBa
IOCJICAOBATCIIbHBIX  IHIara. Ha IEPBOM MIare BbIYHUCIIAIOTCA YaCTOTHBIE MW  YaCTOTHO-BPEMCHHLIC
XapaKTEPUCTHKU B CKOJIB3SIIEM OKHE MaJoil JJIMTEILHOCTH, OIUCHIBAIONINE JIOKAIbHBIE U3MEHEHUST (POPMBI
U CTPYKTYPBI €MHUYHBIX UMIYJIBECOB. Ha BTOpoM Imare mojrydeHHasi MaTpuna HHPOPMATHBHBIX TIPH3HAKOB
arperupyercss MOCPEICTBOM pacyera CTaTHCTHYECKUX MOMEHTOB Pa3IMYHBIX IOPSJIKOB, YTO ITO3BOJISIET
3G PEKTUBHO IETEKTUPOBATH IOJITOBPEMEHHBIC TPEHIBI M3MEHEHHUsI curHasia AD, M3IlydaeMble JIe(EKTOM.
Bepugukanus npeioxkeHHOro crnocoba mpoBeJieHa Ha HAaTYpPHOM OOBEKTe KOHTPOJS — He()TCHAIMBHOM
pesepsyape PBC Ne3 («OOO HTOK»). Ha ocHOBe mOMy4YeHHBIX pe3yJbTaTOB CHETaH BEIBOJ 00
3 PEKTHBHOCTH TPEATIOKEHHOTO CrHocoda Mpu pa3paboTKe CHCTEM IHATHOCTHYECKOTO MOHHTOPWHTA,
OCHOBAHHBIX HA JJAHHBIX aKyCTHYECKOH IMHUCCHHU.

KaioueBble ciioBa: akycTHYeCcKasi SMUCCHUS, CUCTEMA TIOJICPIKKU TIPHUHSATHS PEIICHHSI, H3BJICUCHHE TIPHU3HAKOB,
nudpoBas 00paboTKa cUrHaia, peayKIUsI pa3MepHOCTH MTPU3HAKOB.
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INTRODUCTION

Diagnostics of the technical condition of facilities
without its decommissioning is an urgent problem.
Its solution deals with the need to continuously
monitor the technical condition of building
structures,  develop  integrated  diagnostic
monitoring systems, as well as effectively manage
the risks of accidents at control objects. As a part
of the practical implementation of the diagnostic
monitoring system, an important task is to predict
the failure of an object and assess the possible
damage caused by an emergency situation at a
construction site using the decision support system
(DSS) [1].

Machine learning methods are widely used in
modern DSS. It is noted that these methods
promise assessing the technical condition using
the data of instrumental non-destructive testing,
in particular, the results of acoustic emission
(AE) diagnostics [1].

A necessary condition for the use of machine
learning to assess the hazard class is the
extraction of a set of informative features
characterizing the evolution of defects (“feature
extraction”) from the registered AE signal [2].
A useful AE signal has a number of features that
complicate the task of feature extraction:

a) Data from sensors (AE transducers) are
usually recorded with a high sampling rate of at
least 1-2 MHz, which entails a large amount of
monitoring data. In this regard, of particular
importance is the provision of compression of
the initial data when extracting features and, on
the other hand, the sensitivity of the informative
features themselves to changes in the local
structure of the AE time series when a single
pulse of short duration appears.

b) The evolution of defects-sources of acoustic
emission is slow [1].

The characteristic time for the development of
defects before the onset of a pre-destructive state
ranges from several weeks to several years,
depending on the technical condition of a particular
building structure and its operating conditions. At
the same time, in order to determine the hazard
class of AE source defects and to reveal the kinetics
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of their evolution, it becomes necessary to register
and analyze long-term trends of the corresponding
informative features.

The present work proposes an improved method for
extracting features from the time series of acoustic
emission signals by means of sliding time windows
of different widths with overlaps. This method can
be used for the analysis of experimental AE time
series of long duration obtained during the
diagnostics of full-scale building objects.

METHODS

In this paper, we study a method for extracting
diagnostic features of the defect’s presence in a
structural member, based on the calculation of a
number of statistical values that are directly
related to the shape parameters and the local
structure of the sequence of acoustic emission
and noise pulses recorded during the control of
the technical condition of a building structure. It
is essential that the registration of noisy time
series of acoustic emission in this case should
be implemented in such a way that ensures the
identification of the true shape of the useful AE
signal against the background of noise. This
condition is satisfied if recording noisy AE data
using a non-threshold method [4].

At the first step, informative features in the
frequency and time domains are calculated in sliding
windows with overlaps in order to identify local
changes in the signal shape on a small-time scale,
which are associated with the occurrence of signal
source defects. The length of such an analyzing
window is chosen from the following
considerations. On the one hand, the window length
should be small enough to ensure the stationarity of
the noisy signal and its spectrum within the window.
On the other hand, the window length should be
large enough to ensure the representativeness of the
calculation of statistical features in the time domain
and the required spectral resolution in the frequency
domain respectively.

Based on the results of preliminary studies of
experimental AE time series, it was found that
the most informative on small time scales is the
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following set of features in the time and
frequency domains:

1) Spectral centroid.

It is defined as the weighted average amplitude
of the frequency spectrum of the signal:

where W,is a number of Fourier transform coefficients

X.(k) is magnitude of k" transform coefficient

i 1s the index of time window

The centroid is a measure of the shape of the
spectrum. The growth of the centroid indicates the
predominance of high-frequency components in
the spectrum of the noisy signal, due to the
presence of interference.

2) Range factor.

This factor describes the standard deviation of
the spectrum, which is related to the width and
position on the frequency axis of the signal
bandwidth [6]:

N

D k=CYX, ()

k=1

ZXf(k)

Noise pulses usually have a larger peak-to-peak
factor, while the appearance of AE pulses
associated with a structural defect leads to a
small spectral spread and a corresponding
decrease in the peak-to-peak factor.

3) Spectrum attenuation factor.

This factor determines the frequency below
which the q™ fraction of the area under the
spectrum amplitude distribution function is
concentrated (the corresponding frequency is
analogous to the percentile in statistics [7]):
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The attenuation coefficient also describes the
shape of the spectrum and can be used to
differentiate the useful AE signal and noise, as
well as signals related to source defects of
various hazard classes.

4) Spectral flux density (sequence) of pulses.

It is defined as the square of the difference
between the normalized magnitudes of the
spectra of two successive time windows:

Fiioy =Z(EN1' (k),—EN.(k), )2 ’

k=1
X, (k
where EN, (k), =N’(7)
Z X, (m)
m=1 L
L is the basis length of Fast Fourier Transform for
spectrum calculation

b

This measure is sensitive to local changes in the
amplitude of the spectrum associated with the
dynamics of the evolution of the shape of the
AE time series during the occurrence and
development of AE source defects that belong
to different hazard classes.

At the second step, the features calculated at the
first step are aggregated over time to identify
patterns of useful AE pulses due to the
development of defects. Aggregation is carried
out in sliding windows up to several seconds
wide by averaging over a number of statistical
parameters: mathematical expectation, standard
deviation, median, extreme values, coefficients
of variation, skewness and kurtosis.

The width of the aggregating window is chosen
from the following considerations. The window
length should be small enough to reveal the
differences between the noise and signal
components and, on the other hand, large
enough to reveal the differences between the
signal components of different hazard classes
that arise in the process of long-term evolution
of AE signal source defects.

For each averaging parameter, a time series is
formed, consisting of samples, the value of each
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of which is determined by a single aggregating
window of a given width. Combining these series
into a two-dimensional array forms a matrix of
informative features. The resulting matrix is used
further as input data for the application of machine
learning algorithms in classifying the detected
defects by hazard classes.

RESULTS AND DISCUSSION

Verification of the proposed approach was
carried out on the data of experimental time
series of acoustic emission obtained during the
diagnostics of the technical condition of the oil
tank RVS No. 3, containing defects of various
hazard classes, located in the control object.

Figure 1 shows graphs of the differential
distribution function of a number of informative
features that describe the shape of the AE signal
and its change during the transition from one
hazard class of the AE source defect to another.
As an example, the calculation results are shown
for three features in the frequency domain - the
spectral centroid and the spectral density of the
AE pulse flux. In this case, the following
parameters were used for the calculation on a

small-time scale (analyzing windows): the width
of the sliding time window is 18 ms, the overlap
is 14 ms, the width of the spectral window in
calculations in the frequency domain is 32768
samples, the type of the spectral window is the
Hamming weight function [6].

It follows from Figure 1 that the probability
distribution densities of the statistical features
listed in the previous section significantly depend
on the hazard class of the AE source defect and,
accordingly, on the shape of the generated
acoustic emission signal: the spectral flux
distribution mode (Fig. 3a) shifts towards higher
values with an increase in the hazard class from
the first to the third, however, the magnitude of
the shift is weakly expressed. In this case, the
value of the distribution density corresponding to
the mode, on the contrary, increases significantly.
The distribution mode of the spectral centroid
(Fig. 3b) changes in the opposite way, namely,
the wvalue of the distribution density
corresponding to the mode remains practically
unchanged, and the mode itself noticeably shifts
to the region of large values of the centroid
frequency with an increase in the hazard class. At
the same time, the value of the asymmetry
coefficient increases.

Figure 1. Probability distribution densities of statistical signs of local changes in the shape of the
AE signal for defects-sources of acoustic emission of I, II, Il hazard classes: a) spectral flux
density, b) spectral centroid

Table 1 summarizes the results of the
calculation of statistical parameters at short time
intervals. From the analysis of the data
presented in Table 1, it follows that the
probability density of the distribution of the
selected features correlates with the hazard
class. Accordingly, there is reason to believe
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that the time series of feature values
corresponding to the obtained distribution
functions can be used as input data at the second
step of the proposed method, while it is
advisable to use the parameters shown in Table
1 for averaging.
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Table 1. Statistical values of the distribution function of diagnostic features

for different hazard classes

Informative feature / | Defect hazard | Mode Median Skewness Kurtosis
distribution function | class
parameter

Spectral flux I-class | 0.0002 0.0007 2.8611 18,8905

lI-class | 0.0005 0.0006 2.1951 12.4415

lll-class | 0.0006 0.0008 2.3149 14.1484

Spectral centroid I-class | 0.0448 0.0452 8.5160 95.4774
lI-class | 0.0473 0.0473 11.2270 176.0832
lll-class | 0.0552 0.0541 9.2873 133.9230

To assess the degree of information content of the CONCLUSIONS

signs, a priori information about the hazard classes
of AE source defects, obtained, as noted above, by
an independent control method, was used. Figure 2
shows the results of feature calculation in the space
of two SNE components. The points corresponding
to the aggregation window, which belongs to a
certain hazard class of the AE source defect, are
marked in one color: green - the first class, yellow -
the second, red - the third. It follows from Figure 2
that the grouping of features in the SNE-
component space generally agrees with the color
coding by hazard classes, while the classification
error estimated using the “Accuracy” metric [14]
does not exceed 2.5%. Thus, the proposed set of
features and the method of its calculation make it
possible to correctly divide acoustic emission
signals into groups in accordance with the hazard
class of AE source defects.

80

60 - L Fod

2]
40+ e g

L i
-60 -40 -20 0 20 40 60

Figure 2. Averaged statistical signs of acoustic
emission for the control object with sources of
three hazard classes in the space of two SNE
components
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The paper presents a method for extracting
diagnostic features from time series of acoustic
emission signals in order to build on its basis a
decision support system that provides diagnostic
monitoring of the technical condition of
facilities.

As diagnostic features, it is proposed to use a set
of statistical parameters that are calculated in
the frequency and time domains and describe
the shape and local structure of the AE signal
sequence: spectral centroid, flux, peak-to-peak
coefficient, and  spectrum  attenuation
coefficient.

The proposed approach was tested on a real test
object - a vertical steel tank containing a
defective weld. Based on a numerical
comparison of the classification results in a two-
dimensional feature space with a priori known
from the experiment grouping of signals
according to the hazard classes of AE source
defects, it was found that the proposed set of
features and the method of its calculation make
it possible to establish a correspondence
between the numerical values of the feature
vector and the hazard class.

Thus, these diagnostic features can be used to
describe the process of evolution of AE source
defects in the control object from one hazard
class to another and can be effectively used in
building a decision support system as part of
diagnostic monitoring systems for building
structures.
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STRENGTH MODEL FOR CALCULATING CENTRALLY
COMPRESSED CONCRETE ELEMENTS WITH COMPOSITE
REINFORCEMENT, TAKING INTO ACCOUNT THE SPACING
OF STIRRUPS

Ashot G. Tamrazyan, Andrey E. Lapshinov

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

Abstract. The article discusses the relevance of developing techniques for confined elements with FRP
reinforcement. The method for calculating centrally confined concrete columns with non-metallic GFRP
reinforcement (without regard to its compression work) is proposed for the first time in the Russian
Federation. The strength model was developed based on the well-known theoretical model of confined
concrete. The article considers the effect of strengthening the concrete core of the columns, which is obtained
due to the more frequent placement of both transverse and longitudinal reinforcement. The dependence of the
bearing capacity of concrete columns on the strength of the transverse reinforcement material is shown. It
was proved that with a decrease in the spacing of the longitudinal reinforcement, the area of the effectively
confined concrete core inside the reinforcement cage increases. It was shown that, due to the low
compressive modulus of elasticity of the FRP reinforcement, the stress in it will be comparable to the
concrete stress. Therefore, the compressive strength of the FRP reinforcement can be neglected in the case of
determining the bearing capacity of centrally confined concrete elements. As a result, a strength model for
calculating confined concrete elements with FRP reinforcement was proposed, considering the spacing of
transverse reinforcement, the longitudinal and transverse reinforcement ratio, and the strength of the material
of transverse reinforcement. The developed strength model can be applied not only for square, but also for
columns of round and rectangular sections.

Keywords: confinement, stirrups, GFRP, spacing, reinforcement ratio.

INPOYHOCTHASA MOIEJIb 1JIA PACUETA HEHTPAJIBHO
CKATBIX BETOHHBIX JIEMEHTOB C KOMIIO3UTHOM
APMATYPOU C YUYETOM IIAT'A IONEPEYHBIX CTEP)KHEM

A.I. Tampa3zan, A.E. /lanuiunoe

HauuonanbeHbli ucciaeaoBaTebCKuii MOCKOBCKHN FOCYJaPCTBEHHBIN CTPOUTENIbHBIN YHUBEPCUTET, I. MOCKBa,
POCCHUA

AnHoTanus. B craree oOcyxmaeTcs akTyalbHOCTh pa3paOOTKM METOAMKHU JUISl SJIEMEHTOB C 3(PQEKTUBHO
00’XKaTBIM SIPOM M apMHPOBaHUEM CTEKJIOKOMIIO3UTHOW apMaTypoil. Briepseie B Poccuiickoit denepanun
NPEAJIOKEH  METOJ| pacdyera LEHTPAJIbHO  CXKATBIX  OCTOHHBIX  KOJOHH C  HEMETaJUIMYeCcKOH
CTEKJIIOKOMITO3UTHOM apMmaTypoii (06e3 yueTa ee paboTHI Ha cxkaTue). Moaenb mpoYHoCcTH OblIa pazpaboTaHa
Ha OCHOBE XOpOIIO H3BECTHOM TeopeTndecKkol Mmozaenn obxartoro OeroHa. B crathe paccmarpuBaercs
3¢ eKT ycuneHus: OETOHHOTO s/Ipa KOJOHH, KOTOPBI 00pa3yeTcs 3a c4eT Ooyiee 9acTOro pa3MemeHus KaK
MIOTIEPEYHON, TaK W TMPOJONBHOW apMaTypbl. [lokazaHa 3aBHCHMOCTH HECYIIEH CIIOCOOHOCTH OETOHHBIX
KOJIOHH OT IIPOYHOCTH MaTepHaia IMOoINepeIHoN apMaTypsl. bblIo 10Ka3aHO, 9TO ¢ YMEHBIIEHUEM PACCTOSIHUS
MEXIy TPOMOJIBHOW apMaTypoil Iuiomans 3(PQPEeKTUBHO 00Xaroro sjapa OeToHa BHYTPH apMaTypHOTO
Kapkaca yBeJIM4YMBaeTcsi. bblIo 1MoKa3aHo, YTO M3-3a HU3KOIO MOJYJISl YIIPYTOCTH MPU CXKATHH apMaTypbl U3
CTEKJIOIUIACTHKA HalpshKeHHe B Hell OyJeT COIOcTaBUMO C HamlpspkeHHeM B OeToHe. CleloBaTelbHO,
MIPOYHOCTBI0 Ha C)XKAaTHE CTEKJIOKOMIIO3MTHOH apMaTypbl MOXKHO TpeHeOpedb B Cilyyae OIpEelICHUs
Hecyllell CIoCOOHOCTH LIEHTPAIbHO CKATBIX OETOHHBIX JIEMEHTOB. B pe3ynbTaTe Oblia NpeaaokeHa MoJenb
MIPOYHOCTH JJIs pacdeTa CKaThIX OETOHHBIX 3JIEMEHTOB C apMUPOBAaHWEM KOMITO3UTHON apMaTypol ¢ y4eToM
paccTosHHS MEXIy NONEepeyHOH apMaTypoi, IpOIEeHTa apMHPOBAHUS TPOAOJIBHONH W IIONEPEYHON
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apMaTyphl, a TaKXKe MaTepuala MonepedHoi apMaTypsl. PaspaboTanHast MPOYHOCTHAST MOJIETh MOXKET OBITH
MIPUMEHEHA HE TOJIBKO ISt KBaPATHBIX, HO M JJISI KOJIOHH KPYTJIOTO M HPSIMOYTOJIFHOTO CEUCHHSI.

KiroueBbie ci1oBa: 06xaTHe, XOMYTbI, CTEKJIOKOMIIO3UT, LIAT, TPOLEHT apPMUPOBAHUSL.

INTRODUCTION

In recent years, studies of confined concrete are
becoming more and more widespread [1,2]. It
was noted that concrete works most efficiently
under three-dimensional stress, which led to the
appearance of structures with both various types
of confinement reinforcement and an increased
spacing of transverse reinforcement [3]. The
advantages of increasing the bearing capacity of
columns by creating a three-dimensional stress
state with the use of transverse reinforcement
are obvious and have great potential [4]. There
is also a whole spectrum of compressive
members  suffering  from  reinforcement
corrosion, where the use of steel reinforcement
leads to early failure of the structure due to
corrosion and shortens the life cycle. In such
harsh conditions (for example, in tanks, silos,
bunkers, reservoirs) columns with non-metallic
FRP reinforcement can be successfully used,
increasing the life cycle of structures, their
overhaul intervals and reducing capital repair
costs.

However, a strength model that would
consider the effect of an increased spacing of
transverse reinforcement on the strength of
centrally confined elements has not been
introduced in the Russian Federation so far.
There is still no methodology for calculating
centrally confined columns reinforced with
longitudinal and transverse FRP reinforcement
in our country. In the modern design standards
of the Russian Federation [7], the design
resistance of FRP  reinforcement for
compression is taken equal to 0. In the design
standards of different countries, FRP
reinforcement as compression reinforcement
is also not considered [8, 9]. Canadian
researchers [10] proposed the following
formula (1) for calculating centrally confined
circular elements considering confined GFRP
reinforcement:

le4

PB=085f (A, —A)+a, [, 4., (1)

where 0.85 — coefficient defined as the ratio
between the strength of concrete in a structure
and the cylindrical strength of concrete;

f’c — cylinder strength of concrete;

Ag — column cross-section area;

Ar — cross-sectional area of confined FRP
reinforcement;

og — a new coefficient that considers the
compressive strength of FRP reinforcement
depending on its tensile strength.

Jiu — tensile strength of FRP reinforcement.

From formula (1), it can be established that with
the strength of FRP reinforcement of 1000 Mpa
and a coefficient of ag = 0.3, the strength of
composite reinforcement considered in the
design will be 300 Mpa.

It is known that the design compressive strength
of reinforcement is determined to a greater
extent by the ultimate compressibility of
concrete eou=2-1073. The ultimate
compressibility of concrete depends on the
strength of the concrete, its grade, composition,
and the duration of the load application. With an
increase in the grade of concrete, the ultimate
deformations decrease, however, with an
increase in the duration of the load application,
they increase.

Since, due to bond, the reinforcement deforms
with the concrete esc= epu, the limiting stresses
in it are determined by the formula of Hooke's
law:

GSC = SSCES (2)
where Es — modulus of elasticity of the
reinforcement. Therefore, the design resistance

of the steel reinforcement will be equal to
Rsc=400 MIlla, which is accepted in modern
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design standards for traditional reinforced
concrete structures.

Using Hooke's law (2) it can be obtained that
the limiting stresses in the FRP reinforcement at
the compressive modulus of elasticity 30 000
MPa and standard strain values for concrete
0,2% achieved only around 50-60 MIla, which
can be comparable to the compressive stresses
of concrete. Under such stresses, considering
the ratio of reinforcement in confined structures
(usually no more than 2-3%), the share of FRP
reinforcement in the bearing capacity of the
column will be very small, comparable to the
computational error, which greatly limits the
prospects for its use in confined elements.

Thus, the stresses in confined FRP
reinforcement, due to the low modulus of
elasticity, cannot reach such high values
proposed by Canadian researchers; therefore,
this approach is practically inapplicable. In
addition, this strength model ignores the
influence of the transverse reinforcement
parameters (diameter, spacing, strength) on the
strength of a confined element, which, as studies
show [11, 12], is incorrect. The results of
studies carried out with the usual, not frequent
spacing of the stirrup [13], show no increase in
the strength of the samples. Therefore, it is
necessary to develop a methodology that
considers the step of the transverse
reinforcement, the ratio of longitudinal and
transverse reinforcement, and the strength of the
stirrups.

METHODS

During the development of the strength model,
general scientific research methods were used
(analysis and  synthesis, methods of
generalization, induction, and deduction). To
develop the calculation methodology, the well-
known model of confined concrete proposed by
Mander et al in 1988 [14] was taken and
adapted for columns with FRP reinforcement.

A comparative stress-strain diagram is shown in
Figure 1. This figure shows two curves. One
curve is for unconfined concrete (bottom), the
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other is for confined (top). The upper curve has
2 branches - ascending and descending. The
ascending branch has a variable slope and starts
at a point with a value E». Further, the slope of
the curve decreases until it reaches the value of
the maximum limited strength Rcp, &cb.
Thereafter, a descending branch begins with a
slight negative slope, reflecting plastic behavior.
The end of the curve has a point with maximum
deformation s, in which the destruction of the
first stirrup occurs. The bottom curve reflects
the behavior of unconfined concrete. It has the
same ascending branch as the confined concrete
curve, with a peak value f¢ (Rs), eco. Then, the
descending branch follows to the value
1,5...2¢ec0. Further, the dependence is a straight
line until zero strength is reached when cracks
appear (esp). In our case, it is extremely
important to find the dependence for
determining the stress-strain state of a limited
concrete core inside the stirrups.

@ Confined Concrete
8 fec Mg
15} S i First Hoop
2 { Ve \ Fracture
g fo—h |
= | |
5}
o s
‘ “ Untonfined Concrete
5/ Bec | !

Ewo 1. 58t Ee Eeu

Figure 1. Axial Stress-Strain Model proposed by
Mander et al. (1988) for monotonic loading

A distinctive feature of the methods for
calculating structures with a triaxial stress state
of the inner core is considering the increased
strength of concrete in the longitudinal
direction.

When comparing the efficiency of structural
elements  with  different  methods  of
reinforcement, the factors of the efficiency of
concrete work is m and the efficiency of the
structural element as a whole - m.
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where o,— longitudinal stresses in concrete at

the moment of failure;
N — bearing capacity of the element.

Ashot G. Tamrazyan, Andrey E. Lapshinov

For elements reinforced only with longitudinal
reinforcement and the usual standard spacing of
transverse reinforcementn =m =1, previously
conducted experiments [15] found that the

efficiency of confined concrete largely depends
on the method of reinforcement (Table 1).

Table 1. The dependence of the efficiency factors of concrete u and the structural element m on

the reinforcement method

Type of element, reinforcement 1] m
Steel tube confined concrete (STCC) 1,5...2,0 3,0..42
With reinforcement
Spiral 1,2...1,4 1.4...1,8
Mesh 1,3...1,5 1,4...1,8
List 1,2...1,4 1.4...1,7
Angle (L-shape) 1,1...1,2 1,2...1,5

The efficiency of a confined concrete core
operating in confined conditions can vary
significantly depending on the type of concrete.
So, for example, for steel tube confined concrete
(STCC) concrete #» varies from 3.0 for
lightweight aggregate concrete to 4.2 for
conventional concrete; for elements with mesh
and spiral reinforcement - from 1.4 to 1.8,
respectively; with corner reinforcement - from
1.2to L.5.

Columns of circular cross-section are rarely
used in structures for industrial and civil
construction therefore, for further research, we
will use columns of square and rectangular
cross-section.

For the calculation of traditional tube confined
concrete structures with a reinforcing cage
inside the tube, previously it was proposed to
distinguish three characteristic zones in its cross
section, which are in different stress-strain state
[3].

In our case, due to the frequent setting of
transverse reinforcement, only 2 characteristic
zones can be considered in the cross section of
the element — 4/ inside the reinforcement cage
and A2 from the outer edge of the column to the
inner edge of the reinforcing cage (Figure 2).
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Inside of the A/ zone concrete works under
conditions of a biaxial stress state, while in the
zone A2 the stressed state of concrete can be
characterized as uniaxial compression.

AD

Al

‘ be

;
3

|

|
| S
&

Figure 2. Plot of lateral pressure over the core

For the rest, the calculation is proposed to be
carried out by analogy with square-section
concrete not taking the steel shell into account.

RESULTS

The strength of the concrete core of a composite
reinforcing cage element operating under
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volumetric compression is determined as the
average value of the strength of the peripheral
and central zones:

_ Rb3,fAsz +Rb(A_As,z)

Rb3,m : A s (5)

where R,, ,— the compressive strength of the

b3.f
central zone of a concrete core having indirect
reinforcement in the form of frequently installed
transverse FRP reinforcement. 4, . — area of the

zone inside the stirrups.
Strength of concrete reinforced core R,; , is

determined by the formula (6) with replacement
of Ry by Rys and o by os(or o). In our case

o - the relative value of the lateral pressure in
the limiting state from the side of the
reinforcing cage on the concrete core and Rps —
compressive strength of concrete with indirect
reinforcement with stirrups.

Ry, 3r1s calculated by the formula:

— 2
N O'»,—z O"_z o
o a1 057252 225 ©
1

where o - relative radial stresses inside the
reinforcement cage.

The value of o, is calculated by the following
formula [6,13]:
o =048 p (7)

In the formula (7) the structural element p is
replaced by py, defined as follows:

y.p-p (8)

The value of E_ﬁ: is calculated by the following
formula:

Volume 18, Issue 2, 2022

- ufccy,sc
G,=—"", 9
TR, )

whereo | - spiral yield strength;

M, - transverse reinforcement ratio with

stirrups.

The transverse reinforcement ratio with stirrups
depends on the area of the stirrup Az, the area
limited by the diameter of the spiral dey and

spacing of stirrups s. 4. is calculated according

to the formula:

e (10)
o d s
off

Formulas (9) and (10) reflect the previously
made assumption that the smaller the spacing of
transverse reinforcement, the higher the relative
radial stresses inside the reinforcement cage
and, therefore, the higher the strength of the
concrete core.

In our case, in formula (9) instead of the yield
point of steel o, . it is necessary to use the

c

tensile strength of the material from which the
stirrups are made, namely GFRP reinforcement.

In current construction practice, bent steel rods
are already shipped to site prefabricated or bent
on site. Unlike the FRP reinforcement, steel has
an elastoplastic nature and, therefore, can be
easily fixed to “cold”. Current design codes
specify bending radius for steel reinforcement
from 2,5ds for mild steel, which corresponds to
a maximum deformation of 20%. In the case of
FRP reinforcement, there may be problems with
potential buckling of the fibers on the inner
(compressed) side. Besides that, the typical
ultimate strain of composites ranges from 1% to
2.5%, therefore strains in the fibers must be
controlled to avoid early failure of the entire
rebar. As a result, the cold bending of composite
rebar requires larger radius than steel rebar.

It is believed that the bending strength of FRP
reinforcement bars is lower than the strength of
a straight bar [16, 17]. The key factor is the
parallelism of the fibers. So, for fibers, the
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decrease in strength begins for angles from 5°.
For laminates with an angle of inclination of the
fibers from the b-axis 30° strength is only 10%
of the initial (Figure 3).

The  compromise  between  mechanical
properties, ease of manufacture and use of
composite stirrups is a bend diameter 7 times
larger than the stirrup diameter [18]. In addition,
some researchers [19] obtained graphs of the
dependence of the strength of FRP
reinforcement rods on the angle of inclination of
the fibers (Figure 4).

1
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Figure 3. The influence of deviation angle of
fibers to strength of UD laminates for different
fiber contents [19]
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w
1

Bending radius/ diameter ratio ( r/d)

Figure 4. Induced strain values in cold bent
bars [18]

Considering the above, we can conclude that for
composite stirrups the strength of the rebars on
the bends critically depends on the angle of
inclination of the fibers. This fact is reflected in
the design standard of the Russian Federation
for  structures  reinforced  with  FRP
reinforcement [7]. So, according to clause
5.2.10 [7], the design value Rsv of the resistance
of FRP reinforcement to tensile at the bend
radius of stirrups made of rebars with a diameter
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dsw, equal to at least 6ds» should be defined by
the formula:

R, =0.004E, <0,5R, (11)

Thus, at the most common value of the tensile
elastic modulus of GFRP reinforcement 50 000
MIlla it is necessary to substitute values no more
than R#=200 MPa in the formula (11) instead

of o

ysc *

It is also important to determine the area of the
effectively confined core of the section.
According to [4], the area of an effectively
limited concrete core 4. is less than the area of
the core inside the center lines of the stirrups,
excluding the area of the longitudinal
reinforcement Az.. The confined concrete zone is
assumed to be the area within the center lines of
the stirrup’s perimeter (Figure 5).

HEIPQ HEuMEr gau-o
OEPOHUME ot ¥ ozponuseniozo Agoa

Figure 5. Zone of confined concrete for square
columns

The total ineffective area of the confined core
at the level of the stirrups, taken that their
number is #:

(12)

Considering that the boundary of effectively
confined concrete between two adjacent stirrups
has the shape of a square parabola with an initial
angle of inclination 45°, the ratio of the area of
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effectively confined concrete to the area of the
core will be as follows:

(13)

As can be seen from Fig. 5, the contour of an
effectively limited core is not square or rectangular,
as it was assumed earlier [20]. From the equation of
the area of a square parabola, the ordinate of the
parabola depends on the abscissa (the spacing of
the longitudinal reinforcement). That is, with a
decrease in the distance between the bars of the
longitudinal reinforcement, the ordinate of the
parabola also decreases. At the same time, the area
of unconfined concrete is reduced, and the area of
efficiently confined concrete is increased. Based on
the above, we can conclude that saturation with
longitudinal reinforcement, i.e., an increase in its
spacing, directly affects the area of an effectively
confined core enclosed inside the stirrups and, as a
result, affects an increase in the bearing capacity of
the centrally compressed element.

Thus, the area of confined concrete in the
section is determined in the middle between two
adjacent stirrups:

O G R G o A

Accordingly, the effective area in the middle
section is calculated as follows:

el i)
2b 2d (15)

b 7 Lb d, ZK—Z}) d (I_EII_%j
g5 o

It can be seen from the formula above that the
smaller the spacing of the transverse
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reinforcement, the larger the area of effectively
confined concrete in the core of the section will
be and, therefore, the higher the bearing capacity
of the centrally compressed element will be. This
proves the previously stated assumption that with
a decrease in the spacing of the transverse
reinforcement, the bearing capacity of a confined
concrete  element increases with  FRP
reinforcement. In addition, the spacing of the
longitudinal reinforcement also affects the area
of the effectively compressed core of the section.
The more often the longitudinal reinforcement is
installed in the section, the smaller the variable
w' will be, the larger the area of the effectively
compressed core and, therefore, the greater the
bearing capacity of the element will be.

DISCUSSION

As a result, the bearing capacity of a
compressed element with FRP reinforcement
can be represented as following:

N 3f — Rb3,fAe +R,(4-4,)

u (17)
This formula takes into account the increased
strength of an effectively confined core Rbsf
whereas the compressive strength of the FRP
reinforcement is not taken into account.
Generally, the method takes into account the
spacing of the transverse reinforcement, the
saturation of the longitudinal and transverse
reinforcement, the strength of the material of the
transverse reinforcement (stirrups).

It can be noted that the developed model can be
adapted for round and rectangular columns as
well. Only in the case of columns with a circular
cross-section, the efficiency of using FRP
reinforcement should be higher due to the
greater strength of the transverse reinforcement
material without bends.For comparison with the
experimental data, a comparison was made with
the research results obtained in [11,12,21]. The
comparison results (table 2 and figure 6) shows
good correlation between theoretical and
experimental values.

169



Ashot G. Tamrazyan, Andrey E. Lapshinov

Table 2. Experimental results and model prediction for GFRP reinforced compressed members

Ne Specimen b(d), w, s,mm | Ry, MPa | Ry3r, MPa Nexp Ntheor ﬂ
mm mm N theor
1 2 3 4 5 6 7 8 9
CB 1-1 200 75 500 14,9 15,65 615,1 646 0,95
CB 2-1 200 75 500 14,9 15,22 504,5 624,9 0,81
CB 1-2 200 75 250 14,9 16,36 600,1 640 0,94
CB 2-2 200 75 250 14,9 15,53 532,2 626,8 0,85
§ CB 1-3 200 75 167 15,9 18,05 738,3 689,6 1,07
§ CB 14 200 75 100 15,2 18,59 746,1 688,6 1,08
_c'c: CB 2-4 200 75 100 15,9 16,67 619,8 680,1 0,91
zn CB 1-1 200 75 500 14,9 15,63 568,4 650,4 0,87
_é CG 2-1 200 75 500 14,9 15,22 561,1 628 0,89
':-%" CG1-2 200 75 250 14,9 16,35 583,3 643 0,91
- CG2-2 200 75 250 14,9 15,52 491,2 629,8 0,78
CG1-3 200 75 167 14,9 17,05 586,1 641,4 0,91
CG1-4 200 75 100 15,2 18,64 798.4 678,6 1,18
CG2-4 200 75 100 15,2 16,74 726,2 646,4 1,12
CG2-3 200 74 167 19,73 21,9 849.6 818,6 1,04
CG 2-4-6 200 74 100 19,73 23,18 901,3 839,1 1,07
E CG 2-4-3 200 74 100 19,73 23,18 901,3 839,1 1,07
g CG 2-4-4 200 148 100 19,73 23,18 849,6 779,1 1,09
g CC1-4 200 74 100 19,73 23,79 1042,3 848 1,23
E; CS1-4 200 74 100 19,73 23,79 1091 1210 0,9
g" CS 1-5 200 74 50 19,73 27,14 1140 1270,7 0,9
:E CS 1-5 200 74 50 19,73 27,14 1042,2 908,7 1,15
% CS 2-5 200 74 50 19,73 26,08 993,6 891,5 1,11
CS 2-5-4 200 74 50 19,73 26,08 901,3 891,5 1,01
CS 2-5-6 200 75 50 19,73 26,08 936,5 890,4 1,05
Tj C.4010-50-1 150 100 50 22,4 35,95 670,5 541,4 1,24
Q;a C.40010-50-2 150 100 50 27,8 41,97 652,3 664,6 0,98
.g C.4010-100-1 150 100 100 20,1 27,68 501,5 471,2 1,06
% _ | €4010-100-2 150 100 100 20,1 27,68 5389 471,2 1,14
Ef 5 C.8010-50-1 150 50 50 26,2 40,20 721,6 666,8 1,08

In the table 2: CB — columns with BFRP rebars, CG — columns with GFRP rebars, CC —
columns with CFRP rebars, CS — columns with steel rebars, C.40 — columns with GFRP rebars.
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Figure 6. Comparison of calculated and experimental strength data of the author's tests [11,12,21]

CONCLUSION

1. Based on the above-described model of
confined concrete, a model for calculating the
strength of a centrally compressed concrete
element with FRP reinforcement has been
adapted and proposed for the first time in RF.

2. The proposed method considers the effect of
the frequent spacing of the transverse
reinforcement and saturation of longitudinal
reinforcement on the strength of centrally

confined concrete elements with FRP
reinforcement.
3. The influence of the strength of the

transverse reinforcement material on the bearing
capacity of the centrally compressed concrete
element has been justified.

4. An increase in the bearing capacity of
confined elements with a decrease in the
spacing of transverse reinforcement and
saturation of the amount of longitudinal
reinforcement is theoretically justified.
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CHARACTERISTICS OF HIGH-STRENGTH
SELF-COMPACTING CONCRETE
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Abstract. The paper provides data on the strength and deformation characteristics of heavy self-compacting
concrete of classes B30-B100 with a cubic compressive strength of 36.5-114.8 MPa. It has been established
that the values of the concrete prism compressive strength (36.2-104.2 MPa) are 42-64% higher than the
normalized values given in the building code of the Russian Federation SP 63.13330.2018. The values of the
static modulus of elasticity for high-strength concretes of classes B80-B100 are 44.1-48.1 GPa and exceed by
5-12% the values given in SP 63.13330.2018. The ultimate compressive strains of concrete of classes B30-
B100 are in the range from 261x107 to 326x10° and exceed the value of 200x10° given in SP
63.13330.2018. Complete deformation diagrams of self-compacting concretes of classes B30-B100 have
been constructed. The nonlinearity of these ones decreases with increasing concrete strength. The descending
branch of the o-¢ diagram is observed only for concrete of a class below B55 with a total relative compres-
sive strain of 403.3 x 107 under a loading level of 0.85Ry,. Concrete of classes B55-B100 has no descending
branch. Previously established dependencies are refined for the analytical description of strains and stresses
at any stages of loading structures.

Keyword. High-strength self-compacting concrete, complete strain diagrame, deformation characteristics,
Poisson's ratio, ultimate compressive strains, compressive strength, static modulus of elasticity.

B3AUMOCBA3b ITPOYHOCTHbLIX U JE®OPMALIMOHHbBIX
XAPAKTEPUCTHUK BBICOKOITPOYHBIX
CAMOYIUVIOTHAIOIHNXCA BETOHOB

H.M. Fe320006', C.C. Kanpuenos?, A.B. llleiinghenso *

! Hayuno-uccnenoBareiabckuil 1 UcnbITaTeNbHbINA HEeHTp «MI'CY CTPOU-TECT» HanmoHnansHBIA Hcclieq0BaTEIbCKUI
Mockosckuii I'ocynapctBenssiii CrpoutensHslil Y HuBepceutert, r. Merrumu, POCCHUA
2 Hay4HO-HCCIIe0BATEIbCKHU, IIPOEKTHO-KOHCTPYKTOPCKUH U TEXHOJIOIHYECKHiT MHCTUTYT OETOHA H JKeIe300eTOHa
uM. A.A. I'Bo3zaesa, . Mocka, POCCH S

AnHoTtanus. [TomydeHsl JaHHBIC O MPOYHOCTHBIX M J1e(OPMAIMOHHBIX XapaKTEPUCTHKAX TSDKENBIX CaMo-
yrutoTHsonuxcst 6eronoB kinaccoB B30-B100 ¢ xkyOukoBoii mpouHocThIO Ha cxkaTtre 36,5-114,8 MIla. Ycra-
HOBJICHO, YTO 3HAYCHUS TIPU3MEHHOM MPoYHOCTH OeTOHOB Ha cxatue (36,2-104,2 MlIla) na 42-64 % mpesoc-
XOZST HOPMHPYEMBIE TIOKa3aTenu, npuseaeHubie B cBoze mpasui PO CIIT 63.13330.2018. 3nauenus craTtu-
YECKOro MOJYJISl YIPYTOCTH, ISl BRICOKOIPOUHBIX OeToHOB KitaccoB B80-B100 cocrassitor 44,1-48,1 I'Tla
npeBblmaoT Ha 5-12 % 3Hadenus, npuBeaenHsle B CII 63.13330.2018. IlpeaenbHble OTHOCUTENBHBIE Jie-
dopmanun cxatus 6eToHoB KiaccoB B30-B100 Haxonsarcs B auanaszone ot 261x103 1o 326x107° u npesbI-
warot 3nadyenne 200x10, npusenennoe B CIT 63.13330.2018. ocTpoeHbI MOJIHBIE AUarpaMMbl 1eopMupo-
BaHUS CaMOYIUIOTHSFOIIUXCsE OeToHOB KiaccoB B30-B100, HeMMHEHHOCTh KOTOPBIX YMEHBIIACTCS TI0 Mepe
pocTa mpouHocTn O6eToHa. Hucxopsimas BETBb AUarpaMMBbl G-€ HaOJIOIAeTCsl TOJIBKO y OETOHA Kilacca HIXKe
B55 ¢ cymmapHO# oTHOCHTeNnbHOM medopmanueii cxatns 403,3x10° mpu yposne Harpyxenus 0,85R,. Y
6etoHoB KitaccoB B55-B100 Hucxoasmas BEeTBb OTCYTCTBYET. Y TOUHCHBI paHEe YCTaHOBIICHHBIC 3aBUCHMO-
CTH ISl aHAJIUTHYECKOT0 ONHMCAHUS OTHOCHTENBHBIX Je(opMalnii 1 HapsHKeHUH Ha J0OBIX dTarax Harpy-
JKEHUSI KOHCTPYKLMH.
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KaioueBble ci1oBa: BeICOKOPOYHBIN caMOYTUIOTHSIOIIMIICS OCTOH, TIOJIHAs IMarpaMma Je(opMupoBaHus,
neopMannoHHbIE XapaKTepUCTHKH, K03 ¢unnent [lyaccona, nmpeesibHble OTHOCUTENbHBIE Ie)OPMAINU CKATHS,
MIPOYHOCTh Ha CKATUE, CTATHYECKUI MOJYJIb YIIPYTOCTH.

INTRODUCTION

All regulatory documents for the calculation of
reinforced concrete structures both in Russia
(set of rules SP 63.13330.2018) and abroad (in-
ternational standard Model Code MC 2010, Eu-
ropean standard EN 1992-1-1: 2004 Eurocode
2) are based on the relationship between the
strength and deformation characteristics of con-
crete.

In Russia, the generalized strength parameter is
the compressive strength class of concrete de-
termined by the values of cubic (R) and prism
(Rv) compressive strength. Among several nor-
malized deformation characteristics of concrete,
the most significant is the static modulus of
elasticity (£,), which according to SP
63.13330.2018 “Concrete and reinforced con-
crete structures. General Provisions”, depends
mainly on the classes and types of concrete. The
remaining deformation characteristics are either
depends on the elastic modulus (shear modulus
(G=0,4-E;)), or are taken constant (transverse
strain coefficient - Poisson's ratio v,=0.2; ulti-
mate strain for axial compression under short-
term load €5,7,=0.002).

At the same time, foreign standards give
strength and deformation characteristics (except
for Poisson's ratio) for each class of concrete.
An analysis of the existing concrete strain dia-
grams under compression in Russian and for-
eign regulatory documents has shown that the
ultimate compressive strain of concrete in many
countries is taken as a variable. And non-linear
dependences of strain diagrams are proposed,
considering the ascending and descending
branches [1]. In addition, the values on the as-
cending branch of the corresponding cylindrical
strength and the total strain, taking into account
the descending branch, are determined for each
class.

176

However, the application of the dependencies
given in foreign standards and literature is diffi-
cult in Russia, since the methods for determin-
ing the main characteristics of concrete have
significant differences regarding the shape and
size of the samples, the conditions for their
maintenance, the speed and discreteness of load-
ing, etc.

A number of studies [2-9] showed that the ex-
perimentally obtained dependences between the
strength and deformation characteristics of ordi-
nary concrete with a compressive strength not
exceeding 40 MPa cannot always be used for
high-strength concrete with a strength of 60-120
MPa.

Therefore, the study of the relationship between
the strength and the complex of deformation
characteristics of both ordinary and high-
strength concretes with the construction of
complete strain diagrams (including the de-
scending branch) and the refinement of the pre-
viously obtained dependencies is an urgent task.
This is of particular interest for concretes made
of self-compacting mixtures, the volume of
which is growing.

The purpose of the research was to determine
the relationship between the strength and de-
formation characteristics of concrete classes
from B30 to B100, prepared from self-
compacting mixtures, with the refinement of
previously obtained dependencies

To achieve the purpose, the following tasks
were solved:

- determination of strength (cubic and prismatic
compressive strength) and deformation (static
modulus of elasticity, Poisson's ratio, ultimate
compressive strains) characteristics of five
compositions of self-compacting concrete of
classes B30-B100;

- construction of complete concrete deformation
diagrams, including the descending branch;
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- refining of the previously established in [8, 9]
dependences of the deformation characteristics
of concretes on their prism compression
strength;

- comparing of the obtained results with the
standard values given in the building code of the
Russian Federation SP 63.13330.2018.

MATERIALS AND TEST METHODS

Applied materials

The materials (cement, modifier, microfiller,
sand and crushed stone), which satisfy the
standards of the Russian Federation and applied
in the production of self-compacting concrete
mixes for construction projects at the Moscow-
City MIBC, were used for the preparation of
concrete in laboratory conditions.

The characteristics of the materials were as fol-
lows:

- Portland cement CEM 1 52.5 N, corresponding
to GOST 31108;

- organomineral concrete modifier MB10-50C
A-II-2, including microsilica (45%), fly ash

(45%) and superplasticizer (10%) [10], corre-
sponding to GOST R 56178;

- micro-filler - non-activated mineral powder
MP-1 (ground limestone) with a particle size of
less than 1.25 mm, corresponding to GOST R
52129 and GOST R 56592;

- superplasticizer SikaPlast E4 based on a mix-
ture of modified lignosulfonates and polycar-
boxylate esters, corresponding to GOST 24211;
- class I quartz sand with fineness modulus
Me=2.55, corresponding to GOST 8736;

- crushed granite fraction 5-10 mm, correspond-
ing to GOST 8267;

- water for mixing concrete mixtures, corre-
sponding to GOST 23732.

Compositions and Properties of Concrete
Mixes

In laboratory conditions, 5 concrete composi-
tions were prepared using self-compacting mix-
tures with a cement consumption of 287 to 482
kg/m® with the addition of MB modifier and mi-
cro-filler at a water-binding ratio W / (C + MB)
from 0.25 to 0.69.

The compositions of self-compacting concrete
mixtures are presented in table 1.

Table 1. Composition of self-compacting concrete mixtures

No Composition of self-compacting concrete mixes, kg/m’
°°mpn°s't‘° C MB MP-1 FA CA SP w
1 287 - 148 822 871 3,53 198
2 305 29 167 836 836 - 177
3 349 65 150 818 838 - 161
4 423 70 101 826 846 - 161
5 482 131 50 733 904 - 151

Note: C - Portland cement; MB - modifier; MP-1 - microfiller; FA - sand; CA - crushed stone; SP - superplasticizer,

W - water.

Concrete mixtures were prepared in a 25-liter
forced-action mixer with mixing of each batch
for 5 minutes. The results of tests of concrete
mixtures showed that their mobility, determined
by the spread of a normal cone [11], is in the
range from 55 to 65 cm.

Volume 18, Issue 2, 2022

Object of Research and Test Methods

Samples were formed from the prepared con-
crete mixtures: 3 cubes with a size of 100 x 100
x 100 mm to determine the cubic compressive
strength of concrete (R) according to Russian
standards GOST 10180 and GOST 31914; 6
prisms with a size of 100 x 100 x 400 mm to
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determine the prism compressive strength of
concrete, the static modulus of elasticity, Pois-
son's ratio according to the standards of the
Russian Federation GOST 24452 and GOST
31914; 3 prisms with size of 70.7 x 70.7 x 280
mm to establish complete strain diagrams of
concrete according to the method [13, 14].

Control specimens were stored for 28 days un-
der normal conditions (temperature plus 20 £ 2
°C, humidity 95 + 5%) before testing. The load-
ing of the prisms was carried out in steps equal
to 0,1R;, with holding at each step for 5 minutes
until the destruction of the specimens. The static
modulus of elasticity and Poisson's ratio were

determined at a loading level of 30-40% of the
prism strength.

TEST RESULTS AND DISCUSSION

Table 2 presents concrete test results in terms
of: concrete class (B), cubic (R) and prism (R})
compressive strength, static modulus of elastici-
ty (E,), Poisson's ratio (vv), ultimate compres-
sive strain (€v0). And figure 1 shows complete
strain diagrams of concrete.

Table 2. Strength and short-term deformation characteristics of concrete

Strength and deformation characteristics of concrete

No
B’ Ra Rb’ Eb, 5 -0,85 5
MPa MPa MPa MPa v oo 107 & 10
1 B30 36.5 36.2 32.5 0.206 261 403
2 B55 61.8 56.0 39.2 0.214 276 -
3 B70 80.2 74.5 40.5 0.198 299 -
4 B8&0 92.5 85.3 44.1 0.205 294 -
5 B100 114.8 104.2 48.1 0.230 326 -
B0, Jue
= ' a
100 £, =326x10°
% B0l
o 80 £,,=294x10
o |
5 7 S B
g w i
Fal P B
E,.=276x10°
40 7 ‘ - !
" )
30 - / g R‘_,=BBB.320MF’? :::Eam o
20 / § £.=261x10" w
10 g
S
0 50 100 150 200 250 300 350 400
Relative compression strain, £x10°
Figure 1. Complete concrete compressive strain diagrams o—¢&
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Compressive Strength

The cubic compressive strength (R) for all con-
cretes at the age of 28 days is in the range from
36.5 to 114.8 MPa and corresponds to concrete
compressive strength classes from B30 to B100.
The prismatic compressive strength of concrete
(Rp) at the age of 28 days is in the range from
36.2 to 104.2 MPa. Evaluation of the above re-
sults according to the criterion of the prism
strength coefficient, determined by the ratio of
the prismatic compressive strength of concrete
to cubic strength (Kpp = Rb / R) shows that its
actual values are in the range from 0.91 to 0.99
and significantly exceed the values of this coef-
ficient calculated according to the parameters
given in the building code of Russian Federation
SP 63.13330.2018 (from 0.71 to 0.73).

Static Modulus of Elasticity

The static modulus of elasticity of concretes of
classes B30-B100 with prismatic strength from
36.2 to 104.2 MPa is in the range from 32.5 to
48.1 GPa (see Table 2). Figure 2 shows the de-
pendence between the static modulus of elastici-
ty and the prismatic compressive strength of
concrete.

50

48.1

=] 441
3 45 23 | T | 458
o _ e 437
g% 40 92| o
= /537
& pd
- W 35 o
Q — 334 e
L
= 32.5
i) 30
»

-

0

"4 50 60 70 8 9 100 110
Compressive strength of concrete prisms (R,), MPa

@&— - actual data obtained from the results of testing concretes prisms
O=== - actual static elastic modulus, calculated by the formula (1)

Figure 2. Static elastic modules vs compressive
strength of concretes prisms

The obtained results (see Fig. 2) show that the
static modulus of elasticity of concrete is pro-
portional to the prismatic strength and can be
determined by the corrected formula [8] in the
form:

Volume 18, Issue 2, 2022

_ 52000-R,
b= 2340.92R, ()
Comparison of the calculated results and those
obtained experimentally shows (see Figure 2)
that this formula can be used to determine the
static modulus of elasticity of concrete, since
the calculation error does not exceed 5%.
Comparison of the experimentally obtained
values of Eb with normalized values showed
that the static modulus of elasticity of high-
strength concretes of classes B80-B100 ex-
ceeds by 5 ... 14% the values given in SP
63.13330.2018, corresponds to Model Code
MC 2010 and is consistent with previously ob-
tained results [4-6, 15, 16].

Poisson's ratio

Poisson's ratio of heavy concretes of classes
B30-B100 is in the range from 0.198 to 0.230
(see Table 2) and, in general, corresponds to the
normalized value of the coefficient of transverse
deformations vp, p= 0.2 according to the build-
ing code of the Russian Federation SP
63.13330.2018.

Ultimate compressive strain

Ultimate compressive strains of concrete of
classes B30-B100 with prismatic strength from
36.2 to 104.2 MPa are in the range from
261x107 to 326x10 (see Table 2) and exceed
the value of 200x10° given in SP
63.13330.2018. The complete strain diagrams of
concrete under compressive show (see Fig. 1)
that the descending branch is observed only in
class B30 concrete with a prism strength of 36.2
MPa, where the total relative compressive strain
was 403.3x107 at the level of 0.85Ry of the de-
scending branch. For concretes with higher
strength, there is no descending branch, which
corresponds to the results obtained in [9].

Figure 3 shows the dependence between the
ultimate strain and the prismatic compression
strength of concrete.
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Figure 3. Ultimate compressive strain vs com-
pressive strength of concretes prisms

The obtained results (see Fig. 3) show that the ul-
timate strain of concrete increase with an increase
in prismatic strength and can be determined by the
corrected formula [8, 9] in the form:

Epo — 0024 3\/2::7 (2)

Comparison of the calculated results and those
obtained experimentally shows (see Fig. 3) that
this formula can be used to determine the limit-
ing relative deformations of concrete, since the
calculation error does not exceed 5%.

Relationship between Strains and Stresses

It is necessary to determine the values of strains
or stresses at any stage of loading or defor-
mation of structures when calculating or testing.
For an analytical description of relative strains
and stresses at any stages of loading, it is pro-
posed to use the refined equations [8, 9] in the

form:
8n:8b0'(1in/1-Rib> (3)
O-r/:Rb'|]' 8_’7 .Rb (4)
€ho
where:

& 1s strain at a given stress level,
oy 1s the stress at given strain, MPa;
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n is the loading level equal to the ratio of stress-
es to prismatic strength (o6/Rv);

&ro1s ultimate compressive strain;

R» is the prismatic compressive strength of con-
crete, MPa;

n is the degree of non-linearity of the concrete
strain diagram, which depends on its strength
and can be determined by the formula:

Ry-10°
Ep

n=23.5- Q)

The dependence between the degree of nonline-
arity of deformation diagrams and the prism
compressive strength of concrete is shown in
Figure 4, from which it can be seen that with
increasing strength, the degree of nonlinearity
decreases and tends to unity. This confirms the
results of previous studies [8, 17].

It should be noted that when determining the
strain in the descending branch of the diagram
c—¢, the sign in front of the root of the second
polynomial in formula (3) should be replaced
from minus to plus.

Comparison of the strainf of self-compacting
concretes of classes B30-B100, obtained exper-
imentally, with the results calculated from the
analytical dependence (3) showed satisfactory
convergence, which makes it possible to use
equations (3) and (4) to assess strains and
stresses at all stages of loading structures.
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Figure 4. The degree of nonlinearity of concrete
compressive strain diagrams
vs compressive strength of concretes prisms
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CONCLUSIONS

1. Strength (cubic and prismatic compressive
strength) and deformation (static modulus of
elasticity, Poisson's ratio, ultimate compressive
strains) characteristics of five compositions of
self-compacting concretes of classes B30-B100
were determined using standard and special
methods.

2. The obtained results show that the values of
the strength and deformation characteristics of
high-strength self-compacting concrete of clas-
ses B80-B100 exceed the standard values given
in the building code of the Russian Federation
SP 63.13330.2018.

3. Complete strain diagrams of self-compacting
concretes of classes B30-B100 are constructed.
The nonlinearity of these diagrams decreases as
the strength of concrete increases. The descend-
ing branch of the c-¢ diagram is observed only
for concrete of classes below B55 with a prism
strength of 36.2 MPa, while it is absent for con-
crete of classes B55-B100 with a prism strength
0f 56.0-104.2 MPa.

4. Previously established dependences for de-
termining the static modulus of elasticity, ulti-
mate compressive strains and analytical expres-
sions for strains and stresses at any stages of
loading the structures made of self-compacting
concrete of classes B30-B100 have been re-
fined.
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FORMATION OF COMPUTATIONAL SCHEMES
OF ADDITIONAL TARGETED CONSTRAINTS THAT
REGULATE THE FREQUENCY SPECTRUM OF NATURAL
OSCILLATIONS OF ELASTIC SYSTEMS WITH A FINITE
NUMBER OF DEGREES OF MASS FREEDOM, THE
DIRECTIONS OF MOVEMENT OF WHICH ARE PARALLEL,
BUT DO NOT LIE IN THE SAME PLANE
PART 1: THEORETICAL FOUNDATIONS

Leonid S. Lyakhovich !, Pavel A. Akimov 2
! Tomsk State University of Architecture and Civil Engineering, Tomsk, RUSSIA
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Abstract: For some elastic systems with a finite number of degrees of freedom of masses, in which the direc-
tions of mass movement are parallel and lie in the same plane (for example, rods), special methods have been
developed for creating additional constraints, the introduction of each of which purposefully increases the value
of only one natural frequency and does not change any from the natural modes. The method of forming a matrix
of additional stiffness coefficients that characterize such targeted constraint in this problem can also be applied
when solving a similar problem for elastic systems with a finite number of degrees of mass freedom, in which
the directions of mass movement are parallel, but do not lie in the same plane (for example, plates). At the same
time, for such systems, only the requirements for the design schemes of additional targeted constraints are for-
mulated, and not the methods for their creation. The distinctive paper proposes an approach that allows research-
er to create computational schemes for additional targeted constraints for such systems. A variant of the compu-
tational scheme, represented by a rod system with one degree of activity, is considered. Some special properties
of such targeted constraints are revealed. When forming the computational scheme, the material consumption for
creating a constraint is minimized, and design restrictions are taken into account. Particular attention is paid to
the modification of the computational scheme of the constraint, when, during its formation, rods appear that
“pass” through the original system.

Keywords: natural frequency, natural modes, generalized additional targeted constraint, stiffness coefficients

OOPMUPOBAHUE PACUETHBIX CXEM AOHNOJHUTEJBHBIX
CBS3EM, MPUIIEJIBHO PET'YJIMPYIOIIUX CIIEKTP YACTOT
COBCTBEHHBIX KOJIEBAHUM YIIPYTUX CUCTEM
C KOHEYHBIM YU CJIOM CTENNEHEN CBOBO/Ibl MACC,

Y KOTOPBIX HAITPABJIEHUA ABUKEHUS ITAPAJIJIEJIBHBI,
HO HE JIEXXAT B OJJHOM IIJIOCKOCTH
YACTD 1: TEOPETHYECKHUE OCHOBBI

JI.C. JIaxoeuu?, I.A. Akumoe >

! Tomckuii rocy1apCTBEHHBIN apXUTEKTYPHO-CTPOUTENBHBIN yHUBEpCHUTET, T. Tomck, POCCU S
2 HanmoHanbHBIH MCClea0BaTeNbcKiii MOCKOBCKHUI rocyIapcTBEHHBIH CTPOUTENILHBINA YHHBEPCHUTET,
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AHHoTanus: [ HEKOTOPHIX YNPYTHX CHCTEM C KOHEYHBIM YHCIOM CTETeHEeH CBOOOIBI Macc, Y KOTOPBIX
HaTIpaBJICHUS JIBIDKCHUS MacC MapajuieNIbHBI M JIEXKAT B OJHOM IUIOCKOCTH, (HAaIpuUMep, CTEPKHN) pa3paboTaHbI
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Formation of Computational Schemes of Additional Targeted Constraints that Regulate the Frequency Spectrum of
Natural Oscillations of Elastic Systems with a Finite Number of Degrees of Mass Freedom, the Directions
of Movement of Which are Parallel, But do Not Lie in the Same Plane Part 1: Theoretical Foundations

METO/IbI CO3/IaHMs JOTIOJIHUTENBHBIX CBS3EH, BBEJCHUE KaXKA0H M3 KOTOPHIX IPHUIIENBEHO YBEIHMYHBACT 3HAYCHHUE
TOJIBKO OJTHOM COOCTBEHHOW 4acTOTHI M HE U3MEHSET HU OJHY U3 (hopM COOCTBEHHBIX Konebanuii. Meron dop-
MHPOBaHHUS MaTPHLBI TOTOJHUTEIBHBIX KOI(Q(UIMEHTOB KECTKOCTH, XapaKTePH3YIOIINX B 3TOH 3a1ade TaKkyro
NPHULEIBHYIO CBA3b, MOXKET OBITh NPUMEHEH U NPH PEILICHWH aHAIOTMYHON 3a7add Ul YIPYTHX CHCTEM C KO-
HEYHBIM YHCJIOM CTEIIeHeH CBOOOIBI MacC, Y KOTOPHIX HAalpaBJICHHS ABM)KCHUS MacC MapajlIebHbl, HO He JeKaT
B OJTHOH IIOCKOCTH (HAmpuMep, IIACTHHBI). BMecTe ¢ TeM Ui Takux cucTeM c(OpMYIHPOBAHBI JIHIIH TPeOo-
BaHHUS K PACUETHBIM CXeMaM JIONOJIHUTEIbHBIX NPULCIBHBIX CBA3CH, a He METOABI UX co3aHus. B nanHoii cra-
Th€ MPETAraeTCs IIOIX0, MO3BOJIIOIINI CO31aBaTh PACYETHBIC CXEMBI TOIOJHUTEIBHBIX PULCIBHBIX CBS3CH
U 711 TaKUX cucTeM. PaccMOTpeH BapHaHT pacyETHOI CXEMBI CBSI3H, NPEICTaBICHHBIA CTEP’KHEBOH CUCTEMOI ¢
OJTHOM CTEIEeHbIO aKTUBHOCTH. BBISBICHBI HEKOTOpPBIE 0COObIE CBOMCTBA TaKUX NMpPUIEIBbHBIX cBs3ei. [Ipu ¢op-
MHUPOBaHHH PAacYETHON CXEMBI BBIIOJIHSIETCS MUHMMH3ALHUS pacxoja MaTepraia Ha CO3JaHUe CBSI3H, YUUTHIBA-
I0TCSI KOHCTPYKTHBHBIE orpaHnyeHus. Ocoboe BHUMaHKE y/elIeHO MOJU(UKAIIMN PACUETHON CXEMBI CBS3H, KO-
rza npu ee GOpMUPOBAHUH TOSBIISIOTCS CTEPIKHHU, IIPOXOJISIIUE» CKBO3b HCXOJHYIO CUCTEMY.

KuroueBbie cjioBa: 4acToTa COOCTBEHHBIX KoJeOaHwMiA, opMa COOCTBEHHBIX KOJICOaHHI,
000011eHHasI IPULIETbHAS TOMOIHUTEIbHAS CBA3b, KOA(P(UIIHEHTBI HKECTKOCTH

As is known [1, 2, 3, 4, 5, 6], introduction of
generalized targeted constraints is one of the
methods for freeing a given interval of the natu-
ral frequency spectrum from one or more of
natural frequencies.

Original solutions of problems of forming a ma-
trix of additional stiffness and creating on the
basis of this matrix of the computational scheme
of the corresponding targeted constraints are
presented in [1, 2, 3, 4]. These solutions are
based on the displacement method for systems
with a finite number of degrees of freedom of
masses, in which the directions of mass move-
ment are parallel and lie in the same plane.

It was shown in [5, 6] that the method of form-
ing a matrix of additional stiffness coefficients
can also be applied in solving a similar problem
for elastic systems with a finite number of mass
degrees of freedom, in which the directions of
mass movement are parallel, but do not lie in
the same plane. Besides, the requirements for
the computational schemes of additional target-
ed constraints were formulated in [5, 6] in rela-
tion to this problem.

Let us give the order of formation of the matrix
of additional stiffness in relation to the consider-
ing systems.

In the papers mentioned above, the main system
of the displacement method [7] was chosen,
which was obtained by introducing linear rela-
tions in the direction of mass movement. For
example, for the plate [8, 9] shown in Figure 1a,
the main system is shown in Figure 1b.
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Figure 1. Sample of structure.

The displacement method equations were writ-
ten in the conventional form for systems with a
finite number of degrees of freedom:

(r[L,1] + m[Je® VL, j1+ r[L2V[2, j]1+
+...+r[Lgl*v[q, j]+...+ r[L,n]*Vv[n, j]=0

r[21V[L j1+ (r[2,2] + m[2]0®)V[2, j]+
+...+r[2,q]*Vv[q, j]+...+r[2,n]*V[n, j]=0

rin1v[L, j]+r[n,2Jv[2, j]1+
+...+r[n,qv[q, j]+
+...+ (r[n,n]+ m[n]*®*) *v[n, j]=0

1)
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In (1) the values r[i,k] form a matrix of stiff-
ness coefficients A= |r[i,k]|; m[i] are the mass
values, forming a diagonal matrix M = |m[i]|;

w is the frequency of natural oscillations of the
system; V[k, j] are displacements in the direc-
tion of mass movement in the j-th natural
mode (j=12,..,q,,..,n) (forms of natural oscil-
lations). Equation roots

A-’M|=0 )

determine the frequency spectrum of natural os-
cillations of the system

oll], &f2], .., [q-1], 0], &fq +1]. ..., @[N] (3)

It is shown that the creation of generalized tar-
geted constraint that increases only one fre-
quency of natural oscillations (for example,
@[q]) to a predetermined value and does not

change any of the natural modes and the values
of the remaining frequencies of the spectrum is
based on the formation of a matrix of additional
stiffness coefficients:

A= Aoh =Agla LK, (@

where we have
A =l [i. K], - (5)

The matrix A, must have special properties. If

the introduced constraint is “targeted” at the
(g) -th frequency of natural oscillations, then the

stiffness coefficients |ja, [i,k]||i”k:l should be or-

thogonal to the coordinates of the natural modes
of the remaining (n—1) frequencies of the spec-

trum, that is

> agli, kMK 11=0, ©
=120, j=12,..(9-D,(q+1),..,n).
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With respect to the (q)-th natural frequency, at

which the introduced constraints is “targeted”,
the coefficients are not orthogonal, that is,

Zn:ao[i, klv,[k,q]#0, (i=12..,n). (7)

It can be shown that conditions (6) and (7) will
be satisfied by the coefficients

a,[i,k] = mfilmlk}v,[i,qlv,[k,a].  (8)

The value of the multiplier is defined as the root
of the equation

(A-oIM)+Ap A =0. 9)

Since the (qg)-th natural mode of the original
system remains its natural mode after the intro-
duction of the targeted constraint and at a fre-
quency ay, the factor A, can be found as

Aso =
=22 (@i, kI~ o¢mli,k])v, [i, qlv,, [k, q]
i=1 k=1
222l kIv, [i,alv, [k, a]
i=1 k=1
(10)
The result of solving the equation
(A+ ApA) - 0*M|=0. (11)

must confirm that the natural modes have not
changed, and the “targeted” frequency has in-
creased to @ .

The support device, to which the matrix of addi-
tional stiffness coefficients A, will correspond,
must provide the ratio between the nodal dis-
placements the same as between the coordinates
of the (q)-th natural mode of the original sys-

tem. It is shown that such a ratio will be realized
if the additional support system transfers forces
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to the nodes of the main rod system, the ratios
between which are proportional to the values
Ro[i1=mlilvi, (a)]. (12)
In [5, 6], the requirements for the computational
schemes of additional targeted constraints were
formulated in relation to systems with a finite
number of degrees of freedom of masses, in
which the directions of mass movement are par-
allel, but do not lie in the same plane.
For such systems, the generalized targeted con-
straint should correspond to the matrix of addi-
tional stiffness coefficients A, (4). If the com-

putational scheme of constraint is represented
by a variant of the hinged-rod system, then it
should be once statically indeterminate, in the
nodes of the system where the masses are locat-
ed, vertical members are installed in the direc-
tion of movement of the masses, and the pre-
stress of any one constraint member causes
forces Nst[i](i =1..,n) in these vertical mem-
bers, the relationship between which are propor-
tional to the ratios between the forces R[i]

(11). In this case, the constraint structure should
not have any connections with the original sys-
tem, except for vertical members installed in the
nodes where the masses are located.

It was noted in [5, 6] that the computational
schemes of generalized targeted constraint that
meet the above requirements are multivariant
and depend on the geometry of the original sys-
tem, the location of the masses, and some other
characteristics of the considering object.

In particular, it is possible to accept the compu-
tational scheme of the targeted constraint in the
form of a once statically indeterminate hinge-
rod system, the geometry of which is deter-
mined both by the lengths of the main vertical
members installed in the nodes in the direction
of mass movement Ist[i] (i =1,2,..,n) and by the
given lengths of additional rods
Id[k] (k =1,2,..,n,), that have no connections

with the original system.
Then, after forming the matrix of additional
stiffnesses A, (4), computing the values A,

Volume 18, Issue 2, 2022

(10) and R,[i] (12), the problem is reduced to
finding the lengths Ist[i] (i =12,..,n) from the
conditions for the occurrence in the main verti-
cal members of forces Nst[i](i =1,..,n), the ra-

tios between which will be proportional to the
ratios between the forces R,[i] (i =1,.., n).

Below, one of the options for finding the lengths
of the rods will be presented, which determine
the geometry of the targeted constraint, in which
the necessary ratios between the forces in the
main vertical members are provided.

The considering variant is based on methods for
minimizing the square of the difference between
the forces arising in the main vertical members
Nst[i](i =1,..,n) in the process of forming the
targeted constraint and the values R;[i] (i =1..., n).

Thus, we have the problem of minimization of
the function

fo = i(Nst[i] —Ry[i])%. (13)

in the parameter space Ist[i] (i =12,..,n).

In accordance with the above requirements, a
computational scheme of the targeted constraint
is created in the form of a once statically inde-
terminate hinge-rod system, in which the length
of one of the main racks (for example, g -th) is

specified. Let's call this vertical member the
base one Ist[g] = IstO[g]. According to the de-
sign conditions, the lengths of additional rods
ld[k] (k =1,2,..,n1) are selected, which do not
vary during the formation of the scheme of the

targeted constraint. The initial values of the re-
maining variable lengths

Ist[i] ( =12...,(g —1),(g +1)...,n)

are also set. These actions determine the initial
geometry of the computational scheme of the
targeted constraint. Since the computational
scheme of the targeted constraint is once stati-
cally indeterminate, the force in one of the main
vertical members (for example, in g -th) is set. .
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The method of searching for the minimum of
the objective (target) function (13) in the space
of variable lengths (the steepest descent, random
search, etc.) is selected.
Let us consider an algorithm for implementing
actions to form a computational scheme for tar-
geted constraint.
We recommend application of special algo-
rithm, presented below.
1. In accordance with the chosen method of
searching for the minimum of the objective
function, increments to variable lengths

Ist[i] =Ist[i]+ Al(i =1,2,.., (9 —=1),(g +1),..,n)
are set and the geometry of the computational
scheme of the targeted constraint is updated.
2. A system of equilibrium equations is con-
structed in order to determine the forces in the
rods of targeted constraint. Since it was as-
sumed that Nst[q] = R,[q], now the number of
unknown forces in the rods of the targeted con-
straint is equal to the number of equilibrium
equations.
3. Unknown forces in the rods of the targeted
constraint are determined from the equations of
equilibrium with allowance for Nst[q] = R,[d].

4. The value of the objective function is computed
fo=> (Nstfi]— Ry[i])’.
i=1

5. If we have f, >00O, then in accordance
with the chosen method of searching for the
minimum of the objective function (12), the in-
crements Al[i] are corrected (values Al[i] and

ratios between them are changed). We have
Ist[i] = Ist[i](i

=12.,(g-1,(g+1,.,n).

Then the transition to the third step (item 3) is
made. and the process continues.

6. If the value f, is less than a preselected
small value OOO, then the process ends, and
the computational scheme of the targeted con-
straint is formed with a given error (OOQ ) pro-
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vided that the length of the base rack is accepted
Ist[g] = IstO[g].

The cross-sectional areas of the rods of targeted
constraint are found from the condition that its
stiffness coincides with the stiffness determined

by matrix Ay = Asg - As = Ao | 8l K[y (4)-
Targeted constraint is constructed on the basis
of forces R,[i], which correspond to the forces

in the main vertical members
Nst[i] = R,[i](i =1,2,..,n), in additional vertical
members Nd[k] (k =12,..,n1) and in the rods
of the belt of constraint N,[j](j =12,..,n2).
The derivation of the dependency that deter-
mines the area of the cross-sections of the rods
of targeted constraint for the systems, in which
the directions of mass movement are parallel
and lie in the same plane, is given in [4]. This
dependence with allowance for some modifica-
tions, can also be applied to the system under
consideration

Aso(z st[I] |lst[I]|
i=1 [I] (14)

”2N[J]|[J] o, N2[K] -1 [k]
LERG X ERK T

where
Flil=F-alil; F[il=F- ALl
Fs[kl=F k] (15)
are respectively, the cross-sectional area of the
vertical members, belts and additional rods of
the targeted constraint; E is the modulus of
elasticity of the material of the rods. The coeffi-
cients ofi], A[j] and y[k] determine the ratios
between the cross-sectional areas in the rods of
targeted constraint.
The value F is determined by dependence

NIl [Istli] |
- a3 e o
+"ZZ: oLi1- 1141 iN a[K1- 15 [k])
= E-pli] 7 E-yK]
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The length of the base vertical member

Ist[g] = IstO[g]

and the values «fi], A[j] and y[k] depending
on the design conditions, can either be set or
found by minimizing the volume of material of
the targeted constraint.

If the volume of material of the targeted con-
straint is minimized, then the objective function
(volume of material of the targeted constraint
V, ) has the form:

Vg, = F £ ali]-stli] +
E (17)

+ nz_:ﬂ[j] e[+ nZV[k] ld[k]}:

When constructing the computational scheme of
the targeted constraint, the values of some vari-
able lengths may turn out to be negative. There-

fore, absolute values of variable lengths |Ist[i]]

are introduced into (14), (16) and (17).

When constructing the computational scheme of
the targeted constraint and minimizing the func-
tion (17), the limitations of the variable values
can be taken into account. Restrictions on the
values of ¢fi], B[ j] and y[k] are related to the
conditions of strength, stiffness, and stability of
the rods. These restrictions are not considered in
the distinctive paper. The restrictions on the
lengths of the main vertical members can be
written in the following form:

Imax > Ist[i] > Imin, (1=12,..,n), (18)

where Ist[i] are the lengths of the main vertical

members; Imin and Imax are respectively
their allowable minimum and maximum values.
Since the ratios between the forces

Nst[i] = R [i](i =1.2..,n)
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do not change during the construction of the
targeted constraint at f, <OOO, the ratios be-

tween the lengths of the variable values do not
change when the length of the base vertical
member changes. This circumstance allows us
to attribute restrictions (18) to one variable
length — the length of the base vertical member
Ist[g] =IstO[g]. If for f, <OOO among the

main vertical members the largest length is
equal to Ist[kl], and the smallest is equal to

Ist[k2], then, denoting y1=Ist[g]/Ist[k1] and
x2 =Ist[g]/Ist[k2], expression (18) can be re-
written as:

Imax 0> IstO[g] > 1min O, (19)

where we have
Imax 0 =1max* y1; Imin 0 =Imin* »2.

Now, when searching for the minimum of func-
tion (13), the range of acceptable values Ist0[g]

is determined by dependence (19).

Constraints in the form (18), (19) are used pro-
vided that the signs of the lengths of all main
vertical members are positive. If the signs of the
lengths of all main vertical members are nega-
tive, then the sign of the coordinate in the direc-
tion of the vertical members is reversed.

There are cases in construction of computational
scheme of the targeted constraint, when the val-
ues of the lengths of some main vertical mem-
bers turn out to be positive, while others are
negative. Structurally, such a scheme requires
an ideally free “passage” of a part of the rods of
targeted constraint “through” the original sys-
tem, which is almost unrealizable. In these cas-
es, the targeted constraint should be shifted in
the direction of movement of the masses in a
positive or negative direction by an amount at
which the values of all the lengths of the main
vertical members will be of the same sign.

Let us designate by Ist[ijmax the largest length

among the “positive vertical members” at
fo <000, and by Ist[k]min the largest abso-

lute value among the “negative lengths”.
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If the targeted constraint is moved in a positive
direction, then the shift value must be greater
than

Z,, =Ist[k]min +1min .

Obviously, in this case, the lengths of all verti-
cal members will be “positive”. In this case, the
vertical member of the smallest length will be in
the node where the vertical member was with
Ist[k]min . Now the length of the vertical mem-
ber in this node will be equal to Imin. The
longest length of vertical member will be at the
node where the vertical member was with
Ist[ijmax . Now the length of the vertical mem-
ber in this node will be equal to

Ist[i]max+ Ist[k]min + 1 min .

If the targeted constraint is moved in a negative
direction, then the shift value must be greater
than

Z,, =Ist[iJmax+Imin .

Obviously, in this case, the lengths of all verti-
cal members will be “negative”. In this case, the
vertical member with the smallest absolute val-
ue of the length will be in the node where the
vertical member was with Ist[ijmax. Now the
absolute value of the length of the vertical
member in this node will be equal to I min . The
largest absolute length of the vertical member
will be at the node where the vertical member
was with Ist[k]min . Now the absolute value of
the vertical member length in this node will be
equal to

Ist[i]max+ Ist[k]min + 1 min .

In these cases, the restrictions on the lengths of
the vertical members take the form

I max > (Ist[i]Jmax+ Ist[k]min+Imin) . (20)
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As noted above, at f, <OOO, the ratios be-

tween the lengths of the variable quantities do
not change. This circumstance allows us to at-
tribute restrictions (20) to one variable length —
the length of the base vertical member
Ist[g] = IstO[g]. Using (20) we get

| max—Imin > Ist[i]Jmax+ Ist[k]min

or
I max—Imin > Ist[i]max +Ist[k]m|n (1)
IstO[g] IstO[g] IstO[g]
Since the ratios
Ist[i]max Ist[k]min
IstO[g] IstO[g]

remain constant when the length IstO[g] chang-
es, then we have

Ist[ifmax Ist[k]min Ist[i]max+Istmin 1

Isto[g]  IstO[g] Isto[g] %!
(22)
where
_ IstO[[g] . (23)
Ist[i]max+ Ist[k]min
remains constant when changing IstO[g].
Thus, constraint (20) can be represented as:
(I'max—1Imin) * »3>1st0[g]. (24)

Now, when searching for the minimum of func-
tion (17), the range of acceptable values Ist0[g]
for cases where the lengths of the main vertical
member turn out to be of different signs is de-
termined by dependence (24).

The choice of , and does not af-
fect the computational scheme of the targeted
constraint, but only affects the values of the
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cross-sectional areas of its rods. The value of
the length of the base vertical member affects
both the geometry of the computational scheme
of the targeted constraint and the cross-sectional
areas of its rods.
Let's consider the procedure for implementing
actions to minimize the volume of material of
targeted constraint.
If the values , and are set ac-
cording to the design conditions, then, after de-
termining the initial values of the cross-
sectional areas of the rods of targeted constraint,
we can determine the length of the base vertical
member, at which the objective function (17)
takes minimum value in the range of permissi-
ble values of this length ((19) or (24)). It can be
done by the above algorithm and one of the var-
iants of the one-dimensional search method.
If the values : and are also de-
termined from the conditions of the minimum
material of the targeted constraint, then in this
case one of the variants of the method of suc-
cessive approximations can be used. The initial
values : and are preliminarily
selected, and the initial values of the cross-
sectional areas of the rods of targeted constraint
are determined. Each approximation of the
method consists of two successive steps:
1. On the basis of the algorithm given above and
the one-dimensional search method, with known
: and the length of the base ver-

tical member is determined, at which the objec-
tive function Vg, (17) takes the minimum value

in the range of allowable length values IstO[g]
((29) or (24)).

2. One of the methods for finding the minimum
of the objective function (17) (the steepest de-
scent, random search, and others) in the space of
variable values , and continues
the process of minimizing the function (17).
Approximations of the method (the first and the
second steps) are repeated until the difference
between the weight functions (17) of two neigh-
boring approximations becomes less than a suf-
ficiently small preselected value.
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