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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(UKaIluK, anpodaluy U MPHIIoxKe-
HUM YUCIICHHBIX, YUCIEHHO-aHAIUTUYECKUX METO/I0B, IPOrPAMMHO-AJITOPUTMHYECKOTO 00eCTIeUeHHUs
Y BBITIOJIHEHUSI aBTOMATU3MPOBAHHOTO TIPOEKTUPOBAHMSI, MOHUTOPHHIA U KOMIUIEKCHOTO HAYKOEMKOTO
PacyeTHO-TEOPETUYECKOTO U HKCTIEPUMEHTAILHOTO 000CHOBAHUS HANPSKEHHO-Ae(POPMUPOBAHHOTO (U
MHOTI'0) COCTOSIHUSL, TPOYHOCTH, YCTOMIMBOCTH, HA/IEXKHOCTHU 1 0€30I1aCHOCTH OTBETCTBEHHBIX OOBEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPTeTHKH, MAILIMHOCTPOSHHUS, 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 cCOBeTHUKH PoccHiicKol akaaeMuu 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 YYeHOoU cmenenu 0OKmopa HAyK 10 HAay4HbIM CIEeLUalb-
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 @enepanmu )KypHaJl HHIEKCUpYeTCs: POCCUIICKMM MHIEKCOM HAy4HOI'O LIUTH-
posanus (PUHLI).

JKypuan exooum 6 6a3zy oannwix Russian Science Citation Index (RSCI), nonnocmuio unmezpu-
posannyio ¢ naameopmoil Web of Science. ypHan nmeet MeXTyHapOIHBINA CTATyC U BBHICHUIAETCS 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 cmpoumenvhuix Hayk (PAACH), ocyiiecTBistomnas HayyHOe KypUpOBaHue U3aHust, u Hayuno-uc-
cnedosamenvckuul yenmp Cma/{uO (3A0 HULL CtaluO).

Iesm KypHaJa — JIEMOHCTPUPOBAThH B MyOIUKALMAX POCCUICKOMY M MEXIyHAPOAHOMY IIPO-
(eccroHaNIbHOMY COOOIIECTBY HOBEHUIIHE TOCTHKEHHS HAYKH B 00JaCTH BHIYUCIUTEIBHBIX METOI0B
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peuieHus GyHIaMEHTAIbHBIX U MPUKIAIHBIX TEXHUUYECKUX 3ajay, MPEK/e BCEro B 00JaCTH CTPOU-
TEJbCTBA.

3agaum KypHaJa:

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

* IpUBJICUEHUE BHUMAHHUS K HamOosee aKTyalbHbIM, IEPCIEKTUBHBIM, ITPOPBIBHBIM U MHTE-
PECHBIM HAIPABJICHUSAM PA3BUTHUS U MIPUIOKEHUH YMCICHHBIX Y YMCICHHO-aHATUTHYECKIX METOJIOB
pemieHus pyHIaMEHTaIbHBIX U MPUKIIAJIHBIX TEXHUYECKUX 3a71a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT U
MaTeMaTUYECKOr0, KOMIIBIOTEPHOTO MOJIETUPOBAHUS, Pa3pabOTKH M BEPUPHUKALUU PEAIU3YIOLIETO
[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 HAy4HbIe yOIUKalMK 10 (yHIaMeH-
TAJbHBIM U IPUKJIAJHBIM BOIIPOCAM TEXHUYECKHUX HAYK, IPEXK/Ie BCETo B 00IACTH CTPOUTENHCTBA. B
KypHaJIe TaKKe MMyOIUKYyI0TCsl UH(OPMAIIMOHHbIE MaTepHalibl, OCBEILAIOIUE HAyYHbIE MEPOIIPUSITUS
U MepesioBble TOCTHXKeHUs Poccriickol akaleMUM apXUTEKTypbl U CTPOUTENbHBIX HayK, HAy4HO-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 MTPHUIIO-
KECHUH YUCIICHHBIX U YUCICHHO-aHATUTHYECKUX METOA0B, IPOTPAMMHOTO 00€CTIeYeHHSI, TEXHOIOT Ui
KOMITbIOTEPHOTO MOJICJIMPOBAHHUS B PELICHUH MTPUKIIAIHBIX 33/1a4 B 00JIaCTH CTPOUTENBCTBA, & TAKXKE
COOTBETCTBYIOLIME MPOQHUIbHBIE CIEIHATbHOCTH, MPEICTABIECHHbIE B JUCCEPTALIMOHHBIX COBETaX
pOoMIBHBIX 00Pa30BATENBHBIX OPraHU3AIMAX BBICIIEr0 0Opa3oBaHusl.

Penaknuonnasi moautuka. [lomurrka penakimoHHONW KOJUIETHH KypHaia 0a3upyeTcs Ha Co-
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 ¥ BEIYUCIISTIOLIMICS HAa OCHOBE MOCIIEAYOIIMX ITyOMKALIN, CChUTAFOLMXCS Ha TAHHYHO PaloTy.

ABTtopam. [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 HOANUCKE Ha KypHaJl, KOHTAKTHBIMU JaHHBIMU U 1p. JKypHan paboTaeT no JuueH-
3un Creative Commons tuma cc by-nc-sa (Attribution Non-Commercial Share Alike) — Jlnnensus «C
yKkazaHueMm aBTopcTBa — Hexommepueckas — Kormumedry.
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PeuenzupoBanue. Bce HayuHble cTaThy, MOCTYNUBIINE B PEJAKIMIO JKypHaia, MPOXOASAT
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
nH(pOPMAIK U OXpaHbl KyJIbTypHOTro Hacnenus Poccuiickoit @eneparun. Muaaekc B o0mepoccuiickom
karanore POCIIEYATD — 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;

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

KonrakTHass mngopmauus. [lo Bcem Bompocam paboThl pelakiiuu, pereH3UpOBaHMS, CO-
I71acCOBaHMs MPaBKH TEKCTOB M MyONMKAIMKM cTaTel cieayeT oOpamarbes K IaBHOMY PelakTopy
xypHana akanemuky PAACH Cuodoposy Braoumupy Huxonaesuuy (anpeca 3JIE€KTPOHHOU TMOYTHI:
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 Hadescoe Cepzeesne (aipeca 371€KTPOHHOM 110-
9T iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

Kypnaa cranoButcsi Texnojoruunee. MznarensctBo ACB ¢ centsaops 2016 rona siisieTcst
yiieHOM MeXyHapoHOM acconmanuu u3zaareneil HayuHoi nuteparypsl (Publishers International
Linking Association (PILA)), ocymecTBastoneil cBoto nearenbHocTh Ha miuatgopme CrossRef.
OpurvHaJbHBIM CTAThSIM, MMyONUKYEeMBbIM B KypHase, OyayT MpHCBaUBaThbCsl YHUKAJbHBIE HOMEpa
(uapexcel DOI — Digital Object Identifier), uTo 3Ha4UTENBHO OOIETYUT MOMCK METAIAHHBIX U MECTO-
HaXOXKJEHHE MOJIHOTEKCTOBOTO IpousseneHus. DOI —3To cuctema onpeneneHuss HAyYHOro KOHTEHTa
B ceTtu MHTepHeT.

C okTs10pst 2016 roma cran BO3MOXKEH MTPUEM CTaTE HAa PACCMOTPEHUE U PELIEH3UPOBAHNE Yepe3
OHJIaMH cucTeMy npuemMa ctareit Open Journal Systems Ha caiiTe )KypHasia (3J€KTpOHHAS PEIaKIINS):
https://ijccse.iasv.ru.

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

B ¢eBpane 2018 roga >xxypnain 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 3aroJOBKH KYpHAJOB, HO M HAay4YHbIE CTaThH), B
centsa6pe 2018 rona BxitoueH B nmpoaykTsl EBSCO Publishing.

B HOs16pe 2020 rona xxypHanI Havall MHACKCHPOBATHCS B MEXKTyHAPOIHOM 0aze Scopus.
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DETERMINATION OF PARAMETERS OF AN EXPERIMENTAL
MODEL OF A MULTI-STOREY STEEL FRAME

Youssef H. Hamaty, Alexander T. Tusnin
Moscow State University of Civil Engineering (National Research University), Moscow, RUSSIA

Abstract: The load-bearing capacity of the structure can be accurately determined on large models made from
the same material (or a material with similar elastic properties) as the actual structure. The scale of the model can
be 1/5-1/6. This depends not only on the actual dimensions of the structure but also on the material of the model.
Experience shows that for metal and concrete models, it is reasonable to adopt a scale of 1/5-1/15. Previous stud-
ies show that analysis based on the calculation of an idealized multi-story steel frame structure without consider-
ing imperfections does not fully reflect the actual performance of the steel frame and may not always ensure the
load-bearing capacity of the building and the operational requirements for permissible frame displacements. It is
interesting to compare some approximate data on the cost of testing in kind with the cost of testing the model.
Thus, full-scale tests of large-panel buildings erected on subsidence soils ac-count for 10 to 30% of the cost of
the buildings themselves. The cost of such tests on models would be 2-3%, that is, 5-10 times cheaper. The pro-
vided data indicates the feasibility of using modeling in the design of structures. The research results can be used
to refine and develop building codes and standards, enabling the calculation and design of multi-story buildings
that account for the actual performance of the steel frame-work.

Keywords: multi-storey buildings, installation and Fabrication errors, rigid frame, steel constructions,
linear calculation, nonlinear calculation, geometric imperfections

OMNPEJEJEHUE IAPAMETPOB DKCIIEPUMEHTAJIbLHOHN
MOAEJIN MHOT'O9TAXKHOI'O CTAJIBHOI'O KAPKACA

10. Xamamu, A.P. Tycnun

HanumonanbsHblil nccnegoBaTebCKuii MOCKOBCKUN rOCY 1apCTBEHHBIN CTPOUTEIIbHBIA YHUBEPCUTET
(HNY MI'CY); r. Mocksa, POCCUS

AnHoTanms: Hecyniyro crmocoOHOCTh KOHCTPYKIIMH MOYKHO JJOCTATOYHO TOYHO OINPEICIIMTh Ha KPYITHBIX MOJIe-
JIX, U3TOTOBJICHHBIX U3 TOTO K€ Marepuaia (Miu OJIM3KOro K HEMy 10 CBOMM YNPYTI'MM CBOKWCTBaMm), 4TO U cama
KOHCTpyKIHst. Macirtad Moaenu MoxeT ObITh 1/5-1/6. DTO 3aBUCHT HE TOJBKO OT HATYPHBIX Pa3MepoOB COOPY-
YKEHHsI, HO U OT MaTepuana Moaeau. ONBIT MOKa3bIBAET, YTO IMPU METAUINIECKUX, OCTOHHBIX U apPMOLIEMEHTHBIX
MOJIEIAX MaciTada meirecoobpasno nmpuanMath 1/5-1/15. TIpoBenéHnble paHee UCCIIEIOBAHUS TIOKA3BIBAIOT, YTO
aHaJiu3, OCHOBAHHBII Ha pacyueTe WACAITM3UPOBAHHOW MHOTOA3TXKHOW CTaJbHOM KapKacHOW KOHCTPYKLHH 0e3
y4€Ta HECOBEPILECHCTB, HE IOJHOCTHIO OTPaXkaeT NEHCTBUTEIBHYIO padOTy CTAIBHOIO KapKaca U HE BCEraa Mo-
JKEeT 00ECIeYUTh HECYIIYI CIIOCOOHOCTh 3/IaHUS M AKCIUTyaTallMOHHBbIE TPEOOBAaHUS IO JOMYCTUMBIM TEpeMe-
LIEHUSAM KapKacoB. IIHTEpeCHO CONMOCTaBUTh HEKOTOPBIC NMPUMEPHBIC JIAHHBIE CTOMMOCTH MCIIBITAHUN B HaType
CO CTOMMOCTBIO UCIIBITaHUSI MOJIeSu. Tak, HATypHbIC MCIBITAHNUS KPYITHOIAHEIbHBIX 3aHUH, BO3BOJIMMBIX Ha
MIPOCaJ0YHBIX TPYHTax, cocTaBisoT oT 10 10 30% croumocTn camux 3aaHuil. CTOUMOCTB MOJIOOHBIX UCIIBITA-
HUW Ha MojelsiX cocraBuia Obl 2-3%, T1.e. aeuienne B 5-10 pa3. [IpuBeneHHbIC JaHHBIE YKa3bIBAIOT HA LIEJIECO-
00pa3HOCTh MCIOJIB30BAHUS MOJICIUPOBAHUS MPH NPOCSKTUPOBAHUH COOPYKEHHI. Pe3ynbTaThl McclieIOBaHUM
MOT'YT OBITH MCIIOJIb30BAHBI JUIsl YTOUHCHHSI U pa3pabOTKH CTPOUTEIBHBIX HOPM W CTaHIAPTOB, YTO JAcT BO3-
MOJKHOCTbH pacyé€Tra W MPOEKTHUPOBAHMUSI MHOTOATAXKHBIX 37JaHUN C Y4ETOM JNEHCTBUTEIbHONW paboThl CTAIILHOIO
Kapkaca.

KuroueBble cjioBa: MHOTOATaXKHBIC 34aHus, IIOrpeIIHOCTb MOHTAaXKa U U3roTOBJICHUA, paMHLII71 Kapkac,
CTaJIbHBIC KOHCTPYKIIUHU, JIUHEUHBIN pacuer, HEeJIMHEHHBIN pacyeT, reOMETPUICCKUE HECOBCPIICHCTBA
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INTRODUCTION

A significant portion of urban development con-
sists of multi-story buildings. These buildings
can be categorized as public, industrial, or resi-
dential based on their purpose. Buildings over
75 meters in height are referred to as high-rise
buildings, while those exceeding 100 meters are
considered unique structures. [1-2]. Multi-storey
buildings are characterized by the fact that a
large building is being built on a relatively small
area of development. The steel frame of a multi-
storey building is a spatial system of load-
bearing structural elements of the rod type,
providing its necessary rigidity, stability and
strength. In addition to columns, floor beams
and vertical connections, hard disks of floors are
formed, ensuring effective load transfer to verti-
cal connections [3-6]. The choice of the struc-
tural frame scheme affects material consump-
tion, building cost, operational expenses, and
assembly labor intensity. In addition to ensuring
the load-bearing capacity of the frame, it is es-
sential to eliminate excessive horizontal and
vertical displacements as well as unacceptable
fluctuations [7-8]. The experience and practice
of constructing multi-story steel frames in resi-
dential buildings in the Russian Federation are
still limited. It is necessary to develop structural
solutions that ensure fast and high-quality frame
montage. The frame, mounted even from per-
fectly made structures, often has deviations of
the columns from the vertical position, which
leads to a decrease in the bearing capacity of the
structure [9-10].

The load-bearing capacity of the structure can
be accurately determined using large-scale
models made from the same material (or a mate-
rial with similar elastic properties) as the actual
structure. The scale of the model can be 1/5-1/6.
This depends not only on the actual dimensions
of the structure but also on the material of the
model. This depends not only on the actual di-
mensions of the structure but also on the materi-
al of the model. Experience shows that for metal
and concrete models, it is reasonable to adopt a
scale of 1/5-1/15.
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The relevance of the work is to study the effect
of the installation error on the operation of the
steel frame of a multi-storey building. The re-
search results can be used to refine and develop
building codes and standards, enabling the cal-
culation and design of multi-story buildings that
account for the actual performance of the steel
framework.

METHODS

The calculation of steel frames can be
formed using several methods (Fig.1).

per-

E —
gl |£
2| |58
AEELR
CAEE R
BlE| 8|8
vla[=].9
By | |0 | &
(1) Fist-order elastic analysis X X
(2) Second-order elastic analysis X | X
(3) First-order plastic analysis %
(4) Second-order plastic analysis X

a) Different structural analysis methods

(1) First-order
elastic analysis

Elastic buckling load

........ P OO .12 o o iy L N
/
.fI (2) Second-order
= | elastic analysis
5 /
,'r - (3) First-order
lastic analysis
jf“ (4) Second-order f '
I plastic analysis

Deformation
b) Load-deformation curve for different analysis types

Figure 1. General characteristics of steel frame
calculation methods [11-14]

15



1. Calculation in an elastic formulation without
taking into account the geometric nonlinearity
of the structure — First-order elastic analysis.

2. Calculation in an elastic formulation taking
into account the geometric nonlinearity of the
structure — Second-order elastic analysis.

3. The calculation takes into account the
physical nonlinearity of the material (the
development of plastic deformations of steel is
allowed), but without taking into account the
geometric nonlinearity of the structure — First-
order plastic analysis.

4. Calculation taking into account physical and
geometric nonlinearity — Second-order plastic
analysis.

Previous studies show that the analysis based on
the calculation of an idealized multi-storey steel
frame structure without taking into account
imperfections does not fully reflect the actual
operation of the steel frame and cannot always
provide the bearing capacity of the building and
the operational requirements for permissible
movements of the frames [15-16].

The evaluation of the testing of the frame with
rigid conjugations in reality was performed
using the example of the frame of a 6-storey
residential building. The height of the floor is
3.0 m. In the transverse direction, the frame
consists of 3 spans, the step of the columns is
8.0 m. Steel columns and beams C345 (Fig.2).
The columns of the frame are made of I-beams
20K2, crossbars of I-beams 40B1.

s ] 3

Figure 2. Geometry of the full-scale frame

Youssef H. Hamaty, Alexander T. Tusnin

A multi-storey frame structure was developed to
test the multi-storey frame in the laboratory.
The total number of floors in the model is 6, the
frame with rigid conjugations , the floor height
is 0.45 m. In the transverse direction, the frame
consists of 3 spans, the step of the columns is
1.2 m. The steel of the columns and beams is
C245 (Fig.3). The columns of the frame in the
model are made of square pipes 45x5 mm,
crossbars of rectangular pipes 70x50x5 mm.

045

45

0.45

0.45

045

045

12 12 12

Figure 3. Geometry of the frame model

The frame is a load-bearing core system in
which the columns and beams are rigidly
connected to each other, and the columns are
rigidly attached to the foundation. Due to the
rigid attachment of the frame elements to each
other, spatial stability and rigidity in the plane
of the transverse frame are ensured.

The weight of the steel frame is taken into
account by the cross sections of the elements
when calculating by computing complexes.
When determining the load from the own
weight of the frame, the load reliability
coefficient equal to 1.05 and the construction
coefficient 1.2 are taken into account, taking
into account the presence of ribs, linings, shapes
and support plates. The load on the steel floor
crossbars is determined taking into account the
width of the loading area equal to the step of the
transverse frames.
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For the IV snow region, the normative snow
load is 2.0 kPa, the calculated 2.8 kPa. For the
IV wind region, the standard wind pressure is
0.48 kPa. The calculated wind load on the frame
is determined taking into account the current
norms and is 0.59 kPa for the top of the frame.
In terms of bearing capacity, the distribution of
wind load over the entire height of the building
is assumed to be constant and equal to the value
of the wind load at the top of the building.

To carry out the calculation, a finite element
core model of the frame for a flat frame was
formed. The calculation was performed using
the LIRA-CAD 2021 computing complex.
Table 1 shows the types of stiffness of the finite
elements of a full-scale multi-storey frame.

Table 1. Types of stiffness of the frame elements

Type of Name of | The cross section
stiffness | the element in reality

1 Columns 20K2!

2 Beams 40B12

The load® was applied to the calculation scheme
in the form of 5 loads:

1 loading: dead load — the weight of load-
bearing structures;

2 loading: dead load — the weight of the
enclosing structures;

3 Loading: live load;

4 loading: snow load;

5 Loading: wind load.

For the main load-bearing elements of the frame
(columns and beams) the stress state is
described by the formula

For the main load-bearing elements of the frame
(columns and beams) the stress state is
described by the formula

1 GOST R 57837-2017. Hot-rolled steel I-beams with
parallel shelf faces. Technical conditions

2 GOST R 57837-2017. Hot-rolled steel I-beams with
parallel shelf faces. Technical conditions

3 SP 20.13330.2016. Loads and impacts. (Updated
version of SNiP 2.01.07—85%*.)

\Volume 20, Issue 4, 2024

_ N+M
ﬂ__,q—'w (1)

where N — axial force, M — bending moment, 4
— cross-sectional area, W — the moment of
resistance of the section.

The geometric dimensions of the model are
taken from the condition of its placement in the
laboratory. The scale of the model is
1.2/8=0.45/3=0.15. The section of the column
was chosen taking into account the adopted
design decision of the frame attachment points
to the power floor. These parameters are used as
the initial parameters for determining the
remaining characteristics of the model.

Let's determine the remaining parameters of the
laboratory model from the conditions of
similarity of a full-scale multi -storey frame .
since the effect of the column deviation from
the vertical on the operation of the frame is
being investigated, first of all, the stress-strain
state of the column will determine the
parameters of the laboratory structure.

Normal stresses in the column arise from the
action of an axial force and a bending moment,
which can be represented as the sum of two
moments: from the eccentric action of the axial
force and bending moment from the horizontal
load.

N (Ne+kTH)
o= + —w (2)
where e — the eccentricity of the axial force
application, 7 — horizontal force equivalent to
wind load, k — the fraction of the moment of the
horizontal force in the column under study, 4 -
building height.

Let's transform this expression to a
dimensionless form. Let's introduce scale
transformations for all values included in the
specified expression,

g=0p0: N=myN;: A=apd: T=n,T: 3)
g=Ipe: H=1H: W =w,W

17



Here, the "O" index marks the scales, and the
letters with dashes at the top indicate the
corresponding dimensional values.

Let the choice of scale be unlimited for now.

Substituting these transformations into the
initial expression, we get:
_ ngN  myly(Ne + kTH)
T = agA * wo W (4)
In order for equation (4) to become

dimensionless, the condition must be fulfilled:
_ny Myl (5)
Opg =— =——
Og Wy

This equality, which represents a restriction
imposed on the freedom to choose scales, is
called the coupling equation. The equation
contains two coupling equations and five scales.
Therefore, three scales can be chosen arbitrarily,
and two are found from the coupling equations
as functions of three arbitrary scales.

Values % =1 and ~ =1, obtained from the

aPW

coupling equations are called similarity criteria.

The initial equation (1), which determines the
stress state of the frame, can be represented in a
dimensionless form. A dimensionless equation
called the law of similarity:

M

7 (6)

9

Il
:I:.-|| :El

I+

The number of independent coupling equations
(t) is less than the number of scales (n).
Therefore, some of the scales can be chosen
arbitrarily, and the rest can be determined using
coupling equations. At the same time, there
should be no scales with interdependent
dimensions among the arbitrarily selected
scales. So, for example, if, among arbitrary
scales, we choose the scale of force ny, the scale
of the cross sectional areaea; u o, — the stress
scale, then an arbitrary choice of any two of
them would already determine the choice of the
third one due to the ratio

Youssef H. Hamaty, Alexander T. Tusnin

% =1 U

nylg

Op =7 — (8)

Wy

In the above scale restriction condition, we can
choose three arbitrary non-interconnected
scales, for example og; ap; my, and the
remaining scales will be determined from the
coupling equation.

Thus, arbitrarily selected scales should have
independent dimensions.

From the example considered, it can be seen
that with the help of scale transformations, at
the same time, the choice of scales must be
subordinated to the following restrictions:

From the total number of n-scales, you should
choose arbitrarily k-scales with independent
dimensions; as arbitrarily selected scales, the
corresponding parameters should be taken
from among the terms included in the
considered physical equation; n — k-scales,
having dependent dimensions, they must be
determined by solving the coupling equations
that are obtained by introducing scale
transformations into the original physical
equation [17-18].

RESULTS AND DISCUSSION
In the table 2 the characteristics of the cross
sections of the columns of nature and model are

presented.

Table 2. Characteristics of column cross

sections
Type of Profile | (A),em? | (W), em?
columns
Nature 20K2 63,53 471,60
Model 45x5 mm 7,57 8,38

Taking into account the given dimensions at the
beginning of the article (Fig. 2 and 3), we find

ly:
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; g H
T e H
.{ _1,2_0,45_0150
8 3
Taking into  account the  geometric

characteristics of the column of the full-scale
structure and the model, we determine the scales
for the cross-sectional area and the moment of
resistance:

a, = A/A
_2ST
% = 6353
w, = W /¥
_ 838 _ 0.0178
"o T yrie0

From equation (7) and assuming =, =1, we get
this

ay = 1y 9)
ny = 0.119

Let's check whether the selected column of the
model satisfies the similarity criteria of equation
(5,7, 8).

Fulfilling the condition (7):

0,119 .
0,119

Tpcolumn =
Fulfilling the condition (8):
_ b11%0,15

Opeotumn — ~ o

error is less than 1%

= 1002 1. The margin of

Let's define the required beam parameters:

Apeam = 0.119 = 72.16 = 8.60 cm?
Wieam = 0.0178 +1011.1 = 18.00 cm?®

A rectangular tube with a cross section has the
closest area and moment of resistance 70x50x5.
In the table 3 the characteristics of the cross
sections of the beams of nature and model are
presented.
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Table 3. Characteristics of cross sections of beams

Type of Profile (A), em? | (W),
beams cm®
Nature 40B1 72,16 1011,10
Model 70x50x5 10,57 18,84

The error for the selected profile in terms of
cross-sectional area is (10.-8.6)/8.6 = 22.91%,
by the moment of resistance (18.84-18)/18 =
4.67%, Due to the fact that, first of all, the
bending characteristics of the beam determine
the moment transmitted to the column.

The selected profiles are accepted for further
construction of the model structure.

In the table 4 shows the scale factors used in the
development of the model.

Table 4. Scale factors for columns

The scale factor of the I, | 0,150
dimensions

Stress scale factor op | 1,000
The scale factor of the force ng | 0,119
Area scale factor ag | 0,119
The scale factor of the moment | wy | 0,0178
of resistance

CONCLUSION

It is interesting to compare some approximate
data on the cost of testing in kind with the cost
of testing the model. Thus, full-scale tests of
large-panel buildings erected on subsidence
soils account for 10 to 30% of the cost of the
buildings themselves. The cost of such tests on
models would be 2-3%, that is, 5-10 times
cheaper.

These data indicate the expediency of using
modeling in the design of structures.

In order to effectively use modeling methods in
building design, it is necessary, in addition to
developing research methodology issues, to
improve existing ones, create special measuring
equipment and devices, generalize experience
and develop a number of new methods of model
manufacturing technology, have specialized
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production groups for model manufacturing in
laboratories.

It should be noted that in order to determine the
parameters of the experimental model, it is
important first of all to calculate the scale
coefficients of the frame size (I,), area (ag) and
moment of resistance (w,) based on the
available data. The geometric dimensions of the
model are taken from the condition of its
placement in the laboratory. The section of the
column was chosen taking into account the
adopted design decision of the frame attachment
points to the power floor.

When checking whether the matched column
meets the similarity criteria, the error turned out
to be less than 1%. When checking the
satisfaction of the selected beam with the
similarity criteria based on the scale coefficients
of the column, an error of 22.91% was found.
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CONVERGENCE STUDY ON ASYMMETRICALLY FLEXURAL
PROBLEM OF COLD-FORMED CHANNEL SECTIONS
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Abstract: Current Direct Strength Method equations computing flexural strength of cold-form members were
reported to be over-conservative when applied to members bent about the asymmetrical axis. Finite Element Anal-
ysis was used to develop new equations. However, the convergence study, which ensures the accuracy of the Finite
Element Analysis result, has not been presented clearly. Thus, this paper performed a convergence study on the
strength problem of channel-section asymmetrically flexural members having the web in compression. 33 cold-
form channel cross-sections utilized in Oey and Papagelis’ study were modeled into ABAQUS to calculate the
elastic buckling moment and the ultimate strength. Two factors affected the accuracy of the models, i.e., the mesh
size, being 5 mm, D/20, D/40, and D/60, and the member length, ranging from 0.3D to 7D, where D is the cross-
section height, were examined. The investigation shows that the seeding method considering the local buckling of
the web is the most justifiable. Therefore, the seed size being 1/40 the cross-section height is suggested. This seed
size is proven to produce results with reasonable accuracy. To avoid the end effect as well as the influence of
incorrect half-wavelength, it is recommended that the member length should be chosen as greater than or equal to
two times the cross-section height, and the lengthier the better.

Keywords: Convergence study, cold-formed, thin-walled, channel section, asymmetrical axis,
Finite Element Analysis, Finite Element Method

NCCIEAOBAHHUE CXOJIUMOCTHU PEIIEHUA 3AJTAYHN
HECUMMETPNUYHOI'O N3I'NBA XOJIOT'HYTBIX
HIBEJIVIEPOB

I'yit Xoanz By , Kyok Anux By ', Kao Xynz ®@am ?
! ®akysbTeT IpaXIaHCKOTO CTPOUTENLCTBA, XaHOMCKUI apXUTEKTypHBI yHuBepcuTeT, XaHoii, BLETHAM
2 MakynbTET rpaXkIaHCKOTO CTpoMTENbCTBa, CUaHelickuii yansepeutet, Cunneit, ABCTPAJIUS

Annotanusi: Vicrione3yemble B HacTOsIIEe BpeMsl ypaBHEHHS METo/a NPSMOM OLIEHKH MPOYHOCTHU JUIsl OLICHKU
HecyIel criocOOHOCTH MOBEP/KEHHBIX U3TN0Y KOHCTPYKIIMH M3 XOJIOJHOTHYTHIX TIPO(MUIICH SIBIISIOTCS CIUIIKOM
KOHCEPBAaTHBHBIMH IIPIMEHHUTENBHO K KOHCTPYKIIMSAM, H30THYTHIM BOKPYT aCHMMETPUYHOH ocu. J[is mocTpoeHus
HOBBIX ypaBHEHHH OBLIO NCIIOJIB30BAHO MOJICIMPOBAHUE METOIOM KOHEYHBIX 3JIeMeHTOB. OTHAKO MCCIIeA0BaHNE
CXOJMMOCTH PELICHHsI, KOTOPOe ObI 00eCIIeuNBaI0 HEOOXOJUMYIO TOYHOCTh PE3YIBTATOB pacyeTa 1o METOLy KO-
HEYHBIX 3JIEMEHTOB, paHee He OBIIO MPEICTaBICHO B IBHOM Buze. Takum oOpa3om, B JaHHOH paboTe OBLIO TIpo-
BEJICHO MCCJIEJOBAaHNWE CXOJMMOCTH PELICHUs 3a/laud O HEeCYyIed CIOCOOHOCTH IPH HECHMMETPUYHOM H3rHOe
HIBEJJIEPOB €O cxkaroit crenkoit. B ABAQUS Obuin cMoaenupoBansl 33 MONEPEYHbIX CEYEHHSI XOIO0IHO THYTHIX
IIBEJUIEPOB, PACCMOTPEHHBIE paHee B uccienoBannn Ods u [lanarenuca. Berauciasuiich MOMEHT MOTEPU YCTOM-
YHBOCTH B YNPYrod NOCTaHOBKE M IPOYHOCTH ceyeHuid. Ha ToyHOCTh Mozenei Bimsun /Ba (akropa: pasmep
cetku pasouenus (5 mm, D/20, D/40 u D/60) u anuna koHCcTpyKTHBHOTO 3nemenTa (ot 0,3D 10 7D, rae D - Beicota
ceueHus1). MccnenoBaHue Imokaszajno, 4To HauOoJjee ONpaBJaHHBIM SIBISETCS IIar pa3OMeHHs, IMO3BOJIIOIICH
Y4YeCcTh MECTHYIO IIOTEPIO yCTOHYNBOCTH CTEHKH IIBeiuiepa. [1o3ToMy mpeyiaraetcest HCIONIb30BaTh pa3Mep CETKH
pasOuenns, paBHbIi 1/40 BBICOTHI cTeHKH. [loKa3aHo, 4TO TaKOM pa3Mep SUCHKH CEeTKN pa30neHus MO3BOISET M0-
JIY49HUTH pe3yJbTaThl C JOCTATOYHON TOUYHOCTHIO. UTOOBI N30exkaTh KpaeBbIX AP (EKTOB, a TakKe BINSHUS HeTIpa-
BWJIBHOH JIMHBI TIOJTyBOJIHBI, PEKOMEHIyeTCs BEIOMpATh IIMHY 3JIEMEHTa OOJIbINE MM PAaBHOW JBYKPATHOH BBI-
COTE TOTIEPEYHOT0 CEYEHHS, TIPH ATOM 4eM OOJIbIIE AIHHA, TEM JIyIle.

Kawouessie cioBa: VcciienoBanie cXoJMMOCTH, XOJIOIHO THYThIE POGIITH, TOHKOCTEHHbIE poduiy,
LIBEJUIEp, OCb CHMMETPUH, KOHEYHO-3JIEMEHTHBIN aHAIIN3, METOJI KOHEUHBIX 3JIEMEHTOB



1 INTRODUCTION

The ultimate strength problem of cold-form
members bent about the asymmetrical axis using
the Direct Strength Method (DSM) is under in-
vestigation due to the finding that the current
DSM analytical equations for the flexural mem-
ber listed in relevant codes, i.e., AISI S100 [1]
and AS/NZS 4600:2018 [2] are over-conserva-
tive for this type of member. Finite Element
Analysis (FEA) is the primary tool for calibrating
the newly efficient equations.

A convergence study is an important step in en-
suring the accuracy of the Finite Element Analy-
sis result. Some studies have been carried out on
many types of problems. For example, a mesh
convergence study was conducted by Hemesh
Patil and P. V. Jeyakarthikeyan (2018) [3] using
ANSYS on the hub of the automotive clutch disc
assembly. Abdulsalam (2021) [4] has investi-
gated the meshing sensitivity of Abaqus/CAE
software to the problem of compact tension spec-
imens. The resultant stresses and strains were dis-
cussed. Aron (2024) [5] analyzed displacement
versus force, stress-strain relationship, maximum
force, and stress for a series of mesh sizes of a
rectangular hollow steel column using ABAQUS.
On the problem of cold-formed steel channels
bent about the asymmetrical axis, Oey and Pa-
pangelis (2021) [6] has utilized a mesh size com-
prising 97 nodes along the cross-section and ex-
truding at 5 mm increments along the longitudi-
nal length of the member. A finer element sizes
were employed at the corners of the channel sec-
tions. The method produced the largest mesh size
of 12 x 5 mm. To avoid the end effect on the in-
stability of the web, the length of the member was
chosen as 5 times the section height. However, no
details about the convergence study were pro-
vided.

To more effectively deal with the mesh conver-
gence problem in Abaqus/CAE, D. H. Vu (2022)
[7] has introduced a method that uses the inte-
grated Python script to refine automatically the
mesh and update the system.

The literature review shows that the convergence
problem of channel cross-section cold-formed
members bent about the asymmetrical axis with
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the compressive web using Finite Element Anal-
ysis has not been discussed clearly. Therefore, it
will be presented in this paper. Python scripts are
a great help to solve a series of analogous prob-
lems with varying parameters.

2 MATERIALS AND METHODS

ABAQUS/CEA 2020 was selected to solve FEA
problems in this study. Its reliability has been val-
idated against the buckling problem of the cold-
formed plain C-section member bending about its
asymmetrical axis [8].

The full 3D shape of plain channel cross-section
simply-supported beams subjected to bending
about the asymmetrical axis having the web in
compression was modeled into the software as a
shell (see Fig. 1). The shell was then meshed into
S4R elements [9, 10]. S4R is a 4-node, quadrilat-
eral, stress/displacement shell element with re-
duced integration and a large-strain formulation.
The mesh density is a factor causing the error of
the FEA result and therefore was taken into ac-
count for the study.

Figure 1. Model in ABAQUS

Member sections are 33 cross-sections utilized in
Oey and Papangelis’s study [6]. Thus, the model-
ing in this study can be verified in Section 3.1 by
the results from that paper.

ABAQUS’s “Rigid Body” constraint combined
with “Reference Point” was used to facilitate the
assignment of loads and support conditions at the
member ends. Research shows that the function
is useful but also results in some errors because it
prevents the edges of plate elements from de-
forming freely [11]. “Rigid Body”’s end effect
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and the influence of member length is the second
subject to be investigated.

To model a simple beam, one end reference
point was assigned a boundary condition elim-
inating the transition in all three directions
(Pinned type, U1 = Uz = Uz = 0), the remaining
point in x- and y- directions (ZASYMM type,
Ur = U2 = UR3 = 0). All three rotational re-
straints were free. The loads are a pair of oppo-
site-sign concentrated moments applied on ref-
erence points in the cross-section’s symmet-
rical plane (yOz plane) which causes the web to
be compressed. The magnitude of momentsis 1
KN.m for the buckling problem. The value of
the critical moment archived from the buckling
problem was then assigned to reference points
in the same process to simulate the load of the
ultimate strength problem.

The Ramberg-Osgood material model was used
which best describes the behavior of high-
strength steel [6, 12]. The grades of steel are
G450, G500, and G550 [13] associated with each
cross-sectional as outlined in [6]. The elastic
modulus E and the Poisson ratio v are 200000
MPa and 0.3, respectively.

Four seed sizes were investigated in this study.
The first is a fixed size of 5 mm. This seed size
was used by Oey and Papagelis [6] to mesh the
longitudinal edge of the member. In their study,
Oey and Papagelis recognized that the buckling
of the web dominates the behavior of channel
members bent about the asymmetrical axis when
the web is in compression. This phenomenon can
also be seen in Fig. 5. Thus, seed sizes related to
the web width, represented by the cross-section
height D, were considered. They are relative seed
sizes of D/20, D/40, and D/60.

A “Buckle” step of the “Linear Perturbation” cat-
egory was derived from the original one to solve
the buckling problem in the elastic range of ma-
terials. As for the ultimate strength, the “Static,
Risk” step dealing with non-linear analysis was
added. Appropriate values of parameters of the
above steps were carefully selected to ensure the
convergence of problems.

Geometry imperfection [14] was also taken into
account in the ultimate strength problem. The im-
perfection surface adopted the first local buckling
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mode [15] of the web with the largest magnitude
of 0.66t [6, 16], where t is the thickness of the
cross-section.

3 RESULTS

3.1 Model’s input validation

First, the correctness of the modeling process was
checked by comparison to the result obtained by
Oey and Papangelis [6]. The member length is
taken as five times the cross-section height ac-
cording to [6].

The term “Similarity” is defined in this paper to
describe how close one value is to another. It is
designated as the ratio between two numbers.
The similarity being equal to unity means that
two values are equal and close to unity means
that one value is in good accuracy compared to
the other.

| Seed size and COV
D/60(0.8)
— —-D/40(1)

0,95 I, 1,05

Seed size and COV

D/60(1.1)
— —-D/40(1.1)
------- D/20(2.2)
- = =5mm(1.7)
\ R
\\\ ~ Sa
1,05 1,10

b) My

Figure 2. Normal distribution of similarities to
Oey’s research
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The critical moments Mcr and ultimate strengths
Mu of 33 cross-sections were determined using
ABAQUS for four seeding methods. The simi-
larities between these moments and the result
of Oey and Papangelis were computed, where
rer and ru. represent the ratio between two buck-
ling moments and that of two ultimate
strengths, respectively. The probability density
function (PDF) for each case of seeding was
built in a process detailed in Section 3.2. Fi-
nally, these functions were summarized and
plotted in Fig. 2.

The outcome shows that the buckling moments
and the ultimate moments archived from mod-
els in this study are nearly identical to those cal-
culated by Oey and Papangelis. The means of
similarities are very close to 1. The biggest is
1.026 belonging to the D/20 seed size case in
calculating Mu. The other means are within 1%
of unity. The corresponding coefficient of var-
iance COV is also small, about 1 to 2 percent.
It means that the models are reliable. Then the
next phase was carried out and presented in the
next sections.

3.2 Mesh density assessment

The convergence study is to compare the results
of one mesh density to those of the next finer
density until the difference between the two ad-
jacent densities is acceptable. Three seed sizes,
D/20, D/40, and D/60, were based on the gov-
erning buckling mode of the cross-section. i.e.,
the local buckling of the web. They establish a
series of similar seeding methods. The mesh
size of 5 mm is of intermediate accuracy and
does not have a solid base. Thus, it is not im-
portant and excluded from the study. The re-
maining three seed sizes form two pairs for
comparison, D/20 to D/40, and D40 to D/60.
Thus, the similarities between the coarser and
the finer (D/20 over D/40, D/40 over D/60) in a
pair will be calculated (it is different from Sec-
tion 3.1 where all the values are compared to
the Oey and Papangelis’s). Intervals were de-
termined and the number of similarities inside
each interval was counted and shown as column
diagrams in Fig. 3. The mean value 4, the stand-
ard deviation o, and the coefficient of variation
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COV were computed and listed in Table 1. The
associated probability density functions (PDF)
are also shown in Fig. 3.

20
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d) Similarities of M, (D/40 to D/60)

Figure 3. Probability density of ratio between
values in a pair of mesh sizes

Fig. 3a, Fig. 3b and Table 1 show that the effec-
tiveness of meshing methods of D/20 and D/40
are analogous. The mean values are the same and
very close to unity. The COVs are both small.
The maximum error rate is only 1%. Thus, both
mesh sizes, D/20 and D/40, are suitable for the
buckling moment determination.

Table 1. Statistical values in Fig. 3

Item Mecr My
Seedzise D/20 D/40 D/20 D/40
u 1.002 1.002 1.019 1.006
0.0020 0.0028 0.0149 0.0064
2 8 7 1
COV (%) 0.20 0.29 1.47 0.64
emax (%) 1.0 1.0 4.7 2.3

For the ultimate moment, there is a big difference
between Fig. 3c, and Fig. 3d. The values in Fig.
3d associated with the seed size of D/40 is more
compact, which means that it is more reliable
than seed size D/20 (Fig. 3c). The mean value of
seed size D/40 is closer to unity than that of seed
size D/20. The COV and the maximum error of
seed size D/40 are a half smaller than those of
seed size D/20. As for the seed size D/40, its
mean value of 1.006, the COV of only 0.64%, and
the maximum error of 2.3% are all within the ex-
pected range. Therefore, the seed size of D/40 is
suitable for the current problem.

\Volume 20, Issue 4, 2024

3.3 Member’s end effect discussion

Three channel cross-sections of C152x64x19x2.4,
C203x76x19x1.9, and C400x125x31x3.2 with a se-
ries of member length to cross-section height ratios
(length/height ratio for short) including 0.3, 0.5, 0.7,
1,2,3,4,5,6,and 7 were modeled in ABAQUS us-
ing the seed size of D/40. The elastic buckling mo-
ments and the ultimate strengths were determined
and plotted against the L/D ratios in Fig. 4.

It can be observed that the trends of curves concern-
ing three cross-sections are the same for both critical
buckling moment and ultimate strength. In the small
length/height ratio range, i.e., L/D < 1, the end con-
straint causes a large effect on the buckling moment
while having little impact on the ultimate strength.
The end effect fades after the member length ex-
ceeds two times the cross-section height for both
critical buckling moment and ultimate strength with
maximum differences to the values of L/D =7 being
0.88% for the former and 1.1% for the latter.

24
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16 - —0O— C203x76x19x1.9
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Figure 4. The moments with respect to L/D ratio
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Therefore, it can be concluded that the
length/height ratio greater than or equal to 2 gives
sufficient accuracy.

The effect of the member length on the buckling
moment can be easily seen from the buckle
shapes in Fig. 5. The number of half-waves is al-
ways a whole number. Thus, different member
lengths result in different half-wavelengths, as
seen in Fig. 5¢ and Fig. 5d. As the member length
increases, this effect reduces. Especially, when

a) L/D=0.3
HWL =0.3D

¢)L/D=2.0
HWL = 0.67D
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the member length is less than and equal to D,
only one half-wave is observed (see Fig. 5a and
Fig. 5b). The half-wavelength is equal to the
member length. It explains the large change in the
early stage of the critical moment curve. Since the
ultimate moment is related to the buckling mo-
ment through the imperfection, its value can be
seen to have a certain variation over the short
member length range.

b)L/D=1.0
HWL = 1.0D

d)L/D=4.0
HWL = 0.8D

Figure 5. The half-wavelength with respect to L/D ratio

4 CONCLUSION

Convergence of the FEA elastic buckling and
non-linear strength problems of cold-form chan-
nel cross-section members bent about the asym-
metrical axis having the web in compression was
investigated. The meshing method and reasona-
ble member length were discussed.

The mesh size of D/40 is recommended for the
current problem. Compared to Oey and Papage-
lis’s meshing solution, the mesh size of 1/40 of
the web depth is simpler. The method is more jus-
tifiable because it allows for the dominated buck-
ling mode of the cross-section, i.e., the local
buckling of the web. The method also gives a
high accuracy with a mean similarity of 1.006 and
COV of 0.64% compared to the next meshing
step.

Another factor affecting the accuracy of the cur-
rent problem is the member length. The lower
bound of the member length to cross-section
height ratio to eliminate the end effect is 2. It
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shows that the ratio of 5 utilized in Oey and Pa-
pagelis’s study is conservative. Lower values
may be considered to reduce the number of ele-
ments and thus the calculation time.
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NUMERICAL MODELING OF WAVE-ICE INTERACTION WITH
A SINGLE SUPPORT

Izmail G. Kantarzhi, Maksim S. Afonyushkin

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

Abstract: The change in the joint wave-ice load acting on a freestanding hydraulic structure under conditions of
ice freezing to the support is considered. The existing scientific works on this problem were analyzed and the
appropriate research method was chosen. The topic of the article is relevant in the light of active development of
the Arctic part of Russia and construction of new hydraulic structures, which require more accurate methods of
determining ice and wave loads. The novelty of the work lies in the analysis of the joint impact of the wave and
ice floe on the structure. Numerical modeling in LS-DYNA program and analytical methods presented in norma-
tive documents were used for the study. Verification of the model by loads was performed by comparing numerical
data with the results of analytical calculation. Changes in the horizontal forces of wave and ice floe pressure on
the structure, as well as the wave impact on the ice floe were obtained. Dependences of changes in these forces
and their ratios on the ice floe length were plotted. In the course of analyzing the results it was determined that the
ice floe pressure force on the structure changes most significantly. The cyclic character of changes in the wave
and ice forces was also revealed. Presumably, this is due to the dynamic nature of ice breakup and the effect of
"ice floe surfacing-submergence". In further research, it is recommended to apply the developed model for differ-
ent scenarios involving other types of ice and types of structures. The results of the paper can be used to develop
more accurate methods for analytical calculation of the impact of waves and ice on structures.

Keywords: Mathematical models, ice, waves, numerical modeling, ice loads, wave loads, LS-DYNA

YUCJIEHHOE MOJIEJIMPOBAHHUE B3éI/IMOI[EIZICTBI/I$[ BOJIH
N JbJAA C OJUHOYHOH OIIOPOH

HU.I'. Kanmapoicu, M.C. Aponrowikun

HanuonaneHsiil uccnenoBarensbckuil MOCKOBCKHIM FOCYJapCTBEHHBIN CTPOUTENBHBIM YHUBEPCUTET, T. MOCKBa,
POCCHUA

AHHoTanus: PaccMOTpeHO M3MEHEHHE COBMECTHON BOJIHO-JIEZIOBOH HArpy3KH, ICHCTBYIOIIEH Ha OTJEIBHO CTOSIIES
THAPOTEXHUYECKOE COOPYKEHHE B YCIOBHAX HMPHUMEP3aHUS JbAa K orope. BeiT MmpoBeeH aHAMM3 CYIIECTBYOMINX
Hay4HBIX paboT 110 JaHHOH NpoOieMe 1 BEIOPaH COOTBETCTBYIONIMI METO/T MICCIEA0BaHMUA. TeMa CTaThi akTyalbHa B
CBETE aKTHBHOI'O OCBOCHHS apKTHYECKON yacTu Poccuu M CTPOUTENhCTBA HOBBIX THAPOTCXHUUYECKHX COOPY KEHHH,
Tpebyrommx Ooee TOUHBIE METOABI ONPEeIeHHs JIEIOBBIX U BOJHOBBIX HArpy30K JJIA oOecrieueHus 6e301macHOCTH
crpoutenbcTBa. HoBru3Ha paboThI 3aKIIFOYacTCs B aHAIN3E COBMECTHOTO BO3ACHCTBUSI BOJIHBI 1 JIBIMHBI HA COOPYXKe-
Hue. 11 npoBeaeHus NCCIIeA0BaHI HCTIOIB30BATIMCH YHCICHHOE MoienrpoBanue B iporpamme LS-DYNA u ananu-
THYCCKHUEC METOIbI, TPECACTABJICHHLIC B HOPMATUBHBIX JIOKYMEHTAaX. BepI/I(bI/IKaHI/IH MOJICJIU 11O Harpy3Kkam ObLIa BBIIIOJI-
HCHA ITyTEM CPaBHCHU YHCJIICHHBIX TAHHBIX C PpE3YyJIbTaTaMH aHAJIUTUYCCKOIO pacucTa. HOJTy'—IeHBI HN3MCHCHUA IOpU-
30HTAJIHBIX CUJI JJABJICHUS BOJIHBI U JIBAUHBI HA COOPY’KEHHUE, a TaKXKe BO3JCHCTBUSI BOJIHBI Ha JbAUHY. [locTpoeHs!
rpaMKy 3aBUCUMOCTEI M3MEHEHHI 3THX CHJI M MX COOTHOIIEHUH OT JUIMHBI JBbAWHBL B Xo7e aHanuza pe3ynbTaTtoB
OIpeieNieHo, YTo HanboJiee 3HAYUTEIbHO U3MEHSETCS CUJIa IaBJICHUS JIbAUHBI Ha COOpyKeHue. Taroke ObUT BBIABICH
UKIMYECKHHA XapaKTep M3MEHEHUs] BOTHOBOW M JIeI0BOH cril. IIpennonokuTensHo, 3T0 CBSI3aHO ¢ AUHAMHYECKHM
XapaKTepoM pa3pyLIeHHs Jiba ¥ 3 PEeKTOM "BCIUIBITHE-TIOT Py KEHNE JILIUHBI". B nanpHeHIX ccIe0BaHusIX peKo-
MEH/TyeTCsI IPUMEHATD Pa3pabOTaHHYIO MOJEb I PA3INYHBIX CLICHAPHEB, BKIFOYAIONINX IPYTHE THIIBI JIbJIA W BUIBI
KOHCTPYKIWI. Pe3ynbTaTel cTaThil MOTYT OBITh MCIIONB30BAHBI TS Pa3pabOTKH OoJsiee TOUHBIX METOANK aHAJINTHYE-
CKOTO pacyeTa BO3JIEHCTBHS BOJH U JIbJIa HA COOPYKEHHSL.

KnroueBble ci10Ba: MaTeMaTHYECKHE MOJEIH, 1€, BOJIHBI, YUCIEHHOE MOJCINPOBAHHE, JISIOBbIE HArPY3KH,
BOJIHOBBIE HAarpy3KH, COBMeCTHBIE Harpy3ku, LS-DYNA



INTRODUCTION

To date, the joint impact of waves and ice on
structures remains poorly studied. The approach
adopted in the regulatory documents is to sepa-
rately determine the wave and ice loads on a
structure using a combination factor. This
method does not take into account hydraulic ef-
fects arising from the impact of waves on the ice
floe, such as ice floe surfacing and submergence,
as well as redistribution of ice debris in the water.
In addition, the nature of changes in ice and wave
loads on the structure depending on the ice field
length, wavelength and other characteristics is
unknown.

The purpose of this paper is to investigate the
wave-ice effect on a freestanding support and
then analyze the dependencies of each of the
loads on the wavelength of the wave and ice field.
The objective of the paper is to study the changes
in the load on the structure caused by the factors
of ice freezing with the support and the impact of
a single surface wave.

To solve this problem, a numerical model was
developed in the LS-DYNA program. The struc-
ture in the model is designed as a vertical support
of square cross-section, but any other shape of
the cross-section of the structure can be used. The
wave impacts the ice floe, causing it to collide
with the structure, which leads to an increase in
the kinetic energy of the ice floe motion and in-
tense changes in the load on the ice floe and the
support. The horizontal forces of wave and ice
floe impact on the structure were measured in the
model. The research methods include analysis of
numerical simulation results and comparison
with the results of calculations performed by an-
alytical methods.

Numerical modeling studies of wave-ice interac-
tion use models in which each ice floe is treated
as a separate fundamental degree of freedom. Ac-
cording to the data from the paper Kantarzhi 1.
G., 2023 [1], this type of models allows to take
into account many different physical and me-
chanical phenomena and provides high predic-
tive accuracy of calculations.

Izmail G. Kantarzhi, Maksim S. Afonyushkin

Numerical calculations in this work are per-
formed through the use of LS-DYNA program,
which is actively used to analyze the impact of
ice load on structures in other studies. The main
purpose of such works is the correct selection of
physical and mechanical properties of ice, as well
as modeling of plausible processes of crack for-
mation with subsequent failure. The Cohesive El-
ement Method (CEM), which allows creating ad-
ditional layers with unique properties between
the volumetric finite elements of the ice floe, is
particularly widespread.

In the study of Gurtner A., 2009 [2], the impact
of an ice floe on a rigid lighthouse and its foun-
dation was analyzed in order to determine the na-
ture of stress redistribution in the structure. The
model was built correctly, but with significant
simplifications: ice thickness and velocity were
not taken into account, and the hydraulic effects
of water were completely ignored (the ice floe
moved on a rigid smooth surface). These limita-
tions were corrected in a subsequent study by
Gurtner A., 2010 [3].

In a study by Daiyan H., 2011 [4], the variation
of ice load on an inclined structure is considered
as a function of the friction coefficient between
the ice floe and the structure, as well as the incli-
nation angle of the structure. The Arbitrary La-
grangian-Eulerian (ALE) method is used for
modeling the aquatic environment, which is also
used in this paper.

In the paper by Pang S. D., 2015 [5], the effect of
mesh size and finite element shape on the magni-
tude of ice load applied to a cylindrical structure
is studied. It is found that the use of CEM method
gives ice load results that are directly propor-
tional to the mesh size. The use of octahedral
hexahedrons facilitates mesh construction but
limits crack propagation along orthogonal trajec-
tories, which makes the use of tetrahedral meshes
preferable.

In Herrnring H., 2019 [6], the accuracy of a CEM
model for simulating ice splitting under tension
is analyzed. It is found that larger elements of the
generated mesh due to their non-uniform distrib-
uted volume reduce the peak normal stresses,
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which may be the reason for requiring higher ten-
sile forces when modeling coarse mesh ice.

In a study by Zhan K., 2020 [7], the dependence
of ice loading on the inclination angle of the
structure and ice thickness is studied. It is found
that the CEM method reliably models the load
changes due to the formation of ice debris. Ac-
cording to the calculation results, the increase in
the inclination angle led to a decrease in the ver-
tical load, which can be explained by a reduction
in the formation of new debris. The results of the
work were confirmed by comparison with exper-
imental data.

Recommendations on the application of the CEM
method are presented in Herrnring H., 2018 [8],
where the advantages and disadvantages of this
method for modeling the interaction of ice with
structures are considered. Among the ad-
vantages, the preservation of the full volume of
the ice floe in the defragmented state and the abil-
ity to model arbitrary crack propagation trajecto-
ries are noted. Major disadvantages include mass
loss during ice breakup and high computational
resource requirements.

For the latter two reasons, the CEM method was
not applied to ice modeling in this work.

Among the studies dealing with numerical mod-
eling of ice-structure interaction that do not use
the coupling element method are the following
works.

In the study by Mintu S., 2018 [9], an ice floe
interaction model with a cone structure is devel-
oped using Smoothed Particle Hydrodynamics
(SPH) and Computational Fluid Dynamics
(CFD) technique. This has achieved high accu-
racy of results, but the SPH method, like the
CEM method, requires significant computational
resources.

In a study by Jeon S., 2020 [10], numerical mod-
eling of the interaction of flat ice with structures
was performed using the Drucker-Prager plastic-
ity model and erosion model, which contributed
to modeling the rapid loss of the ice floe's bearing
capacity characteristic of brittle ice failure.
Inthe work of Jang H. S., 2024 [11], a collapsible
foam model with damping and stretching con-
straints, as well as the already mentioned

\Volume 20, Issue 4, 2024

Drucker-Prager model that takes into account
various yield criteria including dynamic strain
rate, were used to model the impact of an ice floe
on marine structures. The results showed that the
yield criterion in the Drucker-Prager model
within the elastic-plastic framework most ade-
quately reflects the realism of ice impact loads.
There are very few studies devoted to direct nu-
merical modeling of simultaneous wave and ice
impact on structures.

One of them is the work of Behnen J., 2021 [12],
which presents a model of wave, ice and structure
interaction created in the LS-DYNA program. It
compares different water modeling methods such
as CFD, ALE and SPH in terms of computational
time, but no analysis of the direct changes in the
ice load acting on the structure.

Most of the works on the subject are devoted to
experimental study of the problem.

The paper by D. J. McGovern (2014) investigates
the impact of an ice floe on a structure under the
influence of different waves. With irregular
waves, impacts can occur at any time, whereas
with regular waves, impacts can occur at crests.
As the wavelength decreases, the probability of
impact increases.

The work of S. Mintu (2021) studies the impact
of waves on a hexagonal support at different ice
concentrations and wavelengths. It is found that
analytical methods accurately determine the av-
erage ice loads, but the prediction of impulsive
loads remains unpredictable.

A study by A. Tsarau (2017) evaluates ice loads
on a cylindrical structure when regular waves
pass through an ice field. The aim is to determine
the changes in the vertical displacement of the
ice, the hydrodynamic force of the wave and the
impact force of the ice floe. In all cases, an in-
crease in ice load with increasing wave height
was observed.

METHODS
The Mohr-Coulomb model is used to model the

ice frozen to the structure. The physical-mechan-
ical and geometric characteristics of the ice floe
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are taken as follows: density pi = 900 kg/m?,
Young's modulus E = 5,2 GPa, shear modulus G
= 2 GPa, Poisson's ratio v = 0.3, angle of internal
friction ¢ = 30°, cohesion ¢ = 0.5 MPa, shear
strength Rs = 0.85 MPa, compressive strength Rc
= 1.82 MPa, tensile strength Re = 0.57 MPa,
thickness ha = 0.4 m, width B = 5 m, length L
varies from 1 to 10 m.

The CONSTRAINED_TIED NODES_FAI-
LURE keyword is used to model the breakage of
ice into debris, which allows breaking the con-
nection between nodes of a common solid ele-
ment when a certain value of plastic volumetric
strain is reached, which was assumed to be
0.35% according to [16].

The edge nodes of the ice floe are constrained to
move towards the y-axis.

MAT_VACUUM, which is a virtual vacuum
modeling material, is used to model air.

For water modeling, ALE method and
MAT_NULL material are used, the characteris-
tics of which are presented in Table 1.

Table 1. Properties of water. Source: [17].

) Unit of
Quantity measurement Value
Density pw kg/m?® 1000.00
Dynamic Pa*s 0.001
Viscosity 1

The state of water is described by the Gruneisen
equation [18] (1):

el (12

p= 7+ (o +awE, (1)

[1_(51_1)”_52;_;_53@:‘-_?)2]

where p — water pressure, po — initial density of
water, C = 1500 m/s — speed of sound in water.
S1=1.75, S2 = 0, S3 = 0 — shock adiabatic slope
coefficients, yo = 0.28 — Gruneisen coefficient
characterizing the thermal pressure from the vi-
brating atoms, a = 0 — coefficient characterizing
the slope of the graph of dependence of the
Gruneisen coefficient on the volume, u = plpo —
1, p — current water density, E — internal energy
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per unit volume of water. Values are taken ac-
cording to [19].

To create a wave, the model uses a rigid body of
triangular shape [20] (Fig. 1), where the short
side av is taken to be equal to the wave height h
(ab = h) and the long side by is taken to be half
the wavelength 4 (b = 0.54). The body moves in
a cycle, sinking into the water and then rising,
thus creating waves, according to law (2):

(t)=0.5hsin(2xt/T), 2)

where t is time, T is wave period.

The water depth d was modeled so that the ratio
d/Z was kept constant. The calculations are per-
formed at two wavelengths equal to 16 m and 32
m, so the depth was assumed to be 3 m and 6 m,
respectively.

bs

T
H
Tt
=
T

¢ B
Figure 1. Wave modeling. Source: Compiled by
the authors

The boundary conditions for the model are repro-
duced by the CONSTRAINED_GLOBAL key-
word, which defines a global plane of boundary
conditions-restrictions around the model.

The dimensions of the structurearea=1;b =1
m, and the height is 5.8 m. The base nodes are
motion and rotation constrained.

The contact between the ice floe and the structure
is reproduced by the CONTACT_AUTOMA-
TIC_SURFACE_TO_SURFACE keyword. The
coefficient of static friction is 0.2. The coefficient
of dynamic friction is 0.1 [19].

The contact of ice floe debris with each other is
reproduced by the CONTACT_AUTOMA-
TIC_SINGLE_SURFACE keyword. The coeffi-
cient of static friction is 0.1. The coefficient of
dynamic friction is 0.05 [19].

The gravitational force in the model is accounted
for by the LOAD_BODY_Z keyword.

The model is shown in Fig. 2.
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Lowering rigid body

Figure 2. A model of wave, ice and structure in-
teraction. Source: Compiled by the authors

Verification of the model by ice load.

The model described above is used, but without the
rigid body — wave-producer (Fig. 3). The velocity
vector V = 1 m/s is applied to the back side of the
ice floe. The graph of the time dependence of the
horizontal force on the ice floe is shown in Fig. 4.
The results obtained from the model are com-
pared with the analytical calculation according to
SP 38.13330.2018. The formula for determining
the horizontal force of ice impact on a vertical
structure Fcw is presented below (3):

Fc,w = 2'2*10-3Vhd’/AkprRc:
= 2.2*10*1*0.4% v/3 * 1+ 1000 * 1.82 = (3)
=0.065 MN = 65.02 kN

where A = 3b? = 3*12 = 3 m? — the maximum area
of the ice field affecting the structure; kv — ice de-
formation velocity coefficient — it is taken equal to
1.0, because not the first ice movement is taken into
account, but the entire ice floe movement.

Figure 3. Model of ice floe-structure interac-
tion. Source: Compiled by the authors

\Volume 20, Issue 4, 2024
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Figure 4. Graph of change in the horizontal
component of the ice floe impact force on the
structure. Blue line — results obtained from the
model. Orange line — calculation according to
SP 38.13330.2018. Source: Compiled by the au-
thors

The first ice breaking against the structure oc-
curred at a reaction force equal to 67.34 kN,
which is approximately equal to the ice force ob-
tained analytically — 65.02 kN. Subsequently,
due to the formation of ice debris, the loads either
increase (debris gets stuck between the ice floe
and the structure) or decrease (debris goes to the
bottom or piles up on the ice floe).

The nature of the loading is cyclic, which can
lead to dynamic effects.

Verification of the model by wave loading.

The model described in the first section is used,
but without the ice floe. Verification is per-
formed for waves of height h = 1.6 m with
lengths A = 16 m (Fig. 5, a) and 2 = 32 m (Fig. 5,
b). The plots of the changes in the wave force on
the structure are presented in Fig. 6. and Fig. 7.
The model results are compared with the analyt-
ical calculation according to SNiP 2.06.04-82.
The maximum force of the wave impact on the
structure Qmax is determined by formula (4):

Qmax = Qimaxdi + Qv,maxdv, 4)

where Qimax IS the inertial component of the wave
force on the structure (5):

Qimax = 0.25pr7tb2hkvai,Bi, (5)
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where Qvmax IS the velocity component of the
wave force on the structure (6):

Qvmax = 0.083prbh2kv2avﬂv, (6)

odi and ov — coefficients of combination of inertial
and velocity components of the wave impact
force on the structure, depending on the distance
between the top of the wave and the center of the
structure x, m: for A = 16 m x = 1.6 m, corre-
sponding to the calculation timet = 1.5 s (Fig. 8,
a); for A =32 m x = 4.1 m, corresponding to the
calculation time t = 1.4 s (Fig. 8, b), is taken; kv —
coefficient depending on the relative size of the
structure; ai and av — inertial and velocity coeffi-
cients of depth; fi and v — inertial and velocity
coefficients of the obstacle shape.

The calculations are presented in Table 2.

Table 2. Calculation of the wave force on a
freestanding structure according to SNiP
2.06.04-82. Source: Compiled by the authors

A, m 16 32

d, m 3 6
Kv 1 1
ai 0.9 0.875
O 2.1 15
bi 1.6 1.6
Py 1.6 1.6
Qimax, KN 17.74 17.25
Qv,max, KN 7.03 5.02
Oi 1 0.9
Ov 0.6 0.4
Qmax, KN 21.96 17.53

a)

0.5inEnl Thzléﬁ] ' Il
ETs i . gLt
L i
b L
0..5}.z16r£1_ Th::].ﬁm
d=6m
%

Figure 5. Wave-structure interaction model: a —
atA =16 m, b—at A =32 m. Source: Compiled
by the authors
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150
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Force, kN

h

21.92
-100

-150
0.0 0.5 1.0 1.5 2.0 25 3.0
Time, s
Figure 6. Graph of the change in horizontal
wave force on the structure at 2. = 16 m. Cyan
line — results obtained from the model for the
structure. Blue line — smoothed results from the
model. Orange line — calculation according to
SNiP 2.06.04-82. Source: Compiled by the au-
thors

200
150
100

50

17.17
0 W———)‘
17.53

-50

Force, kN

-100
-150
-200

=250
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time, s

Figure 7. Graph of change of horizontal wave
force on the structure at 2 = 32 m. Pink line —
results obtained from the model. Red line —
smoothed results from the model. Orange line —
calculation according to SNiP 2.06.04-82.
Source: Compiled by the authors.

In both cases, the numerical (21.92 kN and 17.17
kN) and analytical (21.96 kN and 17.53 kN, re-
spectively) methods give almost completely con-
vergent results.
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a) x=1.6m

Figure 8. Coordinates of the wave top: a — at
timet=15sfori=16m,b—attimet=14s
for A = 32 m. Source: Compiled by the authors

RESULTS AND DISCUSSION

The model described at the beginning of the pa-
per is used. Eleven calculations were performed
for wavelengths A = 16 m and 1 = 32 m, respec-
tively, with ice floe length L ranging from 0 to 10
m each. The wave pressure force per running me-
ter of ice floe Fuwi, the ice floe pressure force on
the structure Fis, the wave pressure force on the
structure Fws, and the total horizontal force on the
structure Fs were measured. For each load, the
average values were taken at the moment of the
most active interaction with the structure. The
values of force ratios Fui™®"™/Fu¥=32™ and
Fs=16M/F¢=32M are presented in Table 3.

Table 3. Dependence of the ratios
Fuit=o/Fuwi* =32 and Fs*~/5m/F¢=32m on the ice
floe length. Source: Compiled by the authors

L, m Fwi/1=16m /Fwi/1=32m FS/1=16m /Fsl=32m

0 1 1

1 0.59 0.45
2 0.47 0.60
3 0.90 0.76
4 0.81 0.56
5 0.79 0.49
6 0.74 0.62
7 0.72 0.81
8 0.65 0.57
9 0.63 0.46
10 0.46 0.42
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Graphs of changes in horizontal forces Fuwi, Fis
and Fus are shown in Fig. 9.
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Figure 9. Dependence of forces Fuwi, Fis and Fus
onLatl =16 m (blue line) and 2 = 32 m (or-
ange line). Source: Compiled by the authors

As Fig. 9 shows, the pattern of variation of the
wave force on running meter of ice floe Fwi and
structure Fuws, starting from L = 3 m becomes al-
most linear. While the force Fis exhibits cycles,
and the peak values of the cycles are larger the
longer the wavelength of the wave.

Graphs of changes in the Fis/Fws and Fwi/Fws ra-
tios are shown in Fig. 10.

Figure 10 shows the cyclic dependence for the
Fwi/Fws and Fis/Fws ratios on L. And, while the
variation of Fis/Fws remains linear enough to ap-
proximate this relationship by a linear function of
the form f(L) = aL + b (red dashed line in Fig.
10), Fwi/lFws varies significantly, allowing the
function to be averaged as follows (7):

f(L) = kL + g|sin(aL+b)| + c, 4
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where k, g, @, b and ¢ are some values depending
on the wavelength and height of the wave, ice
thickness and strength, and other parameters. For
the blue dashed line in Fig. 10, this function has
the form: f(L) = 0.117L - 0.2|sin(L — 2)| when L
> 2 m. And for orange - f(L) = 0.1L -
0.79Isin(0.6L)| + 0.79 at L > 3 m. It should be
noted that in order to use dependences of the type
(7) for practical calculations, it is necessary to re-
late the cyclic nature of loads to the physics of
the interaction process between the wave, ice floe
and structure.

The plots of the change in Fs are shown in Fig. 11.
Fig. 11 also shows the cyclic character of the de-
crease of the total horizontal force on the struc-
ture with the growth of the ice floe length.

The plots of changes in the ratios
Fwi=10M/Fwi*=32™ and Fs=10M/F¢*=32M are shown in
Fig. 12.

Fig. 12 shows that the ratio of loads

Fwi*=16M/Fyi#=32M for L > 3m changes rather line-
arly — by 0.04 per 1 m of ice floe length.
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Figure 10. Dependence of Fis/Fws and Fwi/Fws
ratioson L at 2 = 16 m (blue line) and 2 =32 m
(orange line). Blue dashed line — smoothed
Fis/Fws function at 4 = 16 m; orange dashed line
— smoothed Fis/Fws function at A = 32 m; red
dashed line — linearization of Fwi/Fws function.
Source: Compiled by the authors
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Figure 12. Dependence of Fwi*=/5"/Fwi*=3?" and
Fs=16m|F¢=32m on L. Source: Compiled by the
authors

The dependence of Fs&*~1°M/F¢=32M also changes
cyclically, where the coefficient of the force ratio
Fs changes from 0.4 to 0.8 with further decrease.
It can also be noted that the ice force will change
over time, and not only because of further wave
action and ice breakup. During the interaction
with the wave, the ice floe first rises (Fig. 13, a)
and then falls (Fig. 13, b), causing a change in the
horizontal component of the force. As the length
of the ice floe increases, the load peaks decrease
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and almost reach zero, but as the wavelength in-
creases, the forces continue to increase due to the
stronger influences of the ice floe surfacing-sub-
mergence effect, decreasing to zero only when L
reaches 10m.

a)

L
b) %
=

Figure 13. Changing the position of the ice floe:
a — surfacing, b — sinking. Source: Compiled by
the authors

CONCLUSION

A study analyzing the change in the total wave-
ice load on a free-standing vertical support in the
case of ice freezing with the structure has been
carried out, with the development and verifica-
tion of a numerical model in the LS-DYNA pro-
gram. The following conclusions can be drawn
from the results of the work:

1. The dependence between the forces of wave
and ice impact on the structure at different wave-
lengths with keeping constant the ratio of water
depth to wavelength d// has been established. It
turned out that the pressure force from the ice
floe changes most noticeably, and not only the
peak values of the loads differ, but also the char-
acter of their distribution depending on the ice
floe length.

2. The cyclic nature of the dependence of wave
pressure forces on ice and ice pressure on the
structure on the ice floe length was determined.
When developing the normative method of cal-
culation for wave loads acting on streamlined
barriers, these dependencies can be used.

\Volume 20, Issue 4, 2024

3. The character of the change of the wave pres-
sure force on ice and the total force acting on the
structure depending on the length of the wave
and ice floe is revealed. The variation of the wave
pressure force with a sufficiently long ice field
was found to be linear, whereas the total force
acting on the structure also varied cyclically.
This information may be useful in determining
the general law of variation of wave-ice load on
structures.

4. In further research, it is advisable to continue
using the developed numerical model to analyze
the changes in loads depending on the thickness
and physical and mechanical properties of ice.
Similar calculations should also be carried out for
structures of other shapes and designs. In the end,
combining the methods of normative documents
and the results of the numerical model, it is pos-
sible to develop more accurate methods for cal-
culating the wave-ice impact on hydraulic struc-
tures.
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METHOD FOR ANALYZING THE PROBABILITY
OF STABILITY FAILURE OF A RC FRAME
IN AN ACCIDENT SITUATION

Margarita A. Amelina, Sergei Y. Savin, Nataliya V. Fedorova
Moscow State University of Civil Engineering National Research University, Moscow, RUSSIA

Abstract: Despite the general principles on reliability for structures have been stated in the international standard 1SO
2394, the implementation of these principles in the design and construction practice faces with difficulties. One of the
current problems is probabilistic robustness checking for buildings and structures. This study focuses on the develop-
ment of a probabilistic model to calculate the risk of failure of a reinforced concrete frame due to stability failure of its
elements in a scenario of sudden removal of a structural component. The critical forces for the eccentrically com-
pressed structural components of the frame are determined using the displacement method, considering the two-stage
static-dynamic loading regime due to the sudden column collapse. The study takes into account the change in stiffness
of frame elements due to cracking during loading. In addition, it proposes the probabilistic equigradient-based model
for the failure of the frame elements after the sudden removal of a column. The mathematical formulation of this mod-
el is that if some value is a critical force associated with some parameters satisfying a given condition, then the extre-
mum of that value can be found using an auxiliary Lagrangian function. To illustrate the application of the model, the
paper provides an example of the calculation of the stability failure probability of a reinforced concrete frame structure
under the considered loading regime. The calculated critical force values were compared with the experimental data
for the reinforced concrete frame tested for sudden column removal.

Keywords: probability, stability, disproportionate collapse, reinforced concrete, frame, accidental action

METOJIUKA PACUETA BEPOSITHOCTHU IOTEPU
YCTOMYUBOCTU KEJE30BETOHHOM PAMBI I1PU EE
CTPYKTYPHOM NEPECTPOUKE

M.A. Amenuna, C.IO. Cagun, H.B. @edoposa

HaHI/IOHaJ'H)HHﬁ HCCIIe0BATCIbCKUI MockoBCKHit Focy[[apCTBeHHBIﬁ CTpOI/ITeJ'H)HHﬁ YHUBEPCUTCT, I'. Mocha,
POCCHA

AnHoTanus: HecmoTpst Ha To, 4TO 00IIME NPHUHINIIBI HAJIGKHOCTH KOHCTPYKIIMI H3IIO’KEHBI B MEK/TyHApOTHOM CTaH-
napre ISO 2394, peanm3armst STHX NPUHIMIIOB B MPAKTHKE TPOSKTUPOBAHKS M CTPOUTEIHCTBA CTAIKMBACTCS C TPY/IHO-
crsiMu. OZTHOM M3 aKTyaJIbHBIX TIPOOJIEM SIBJISETCS] BEPOSTHOCTHAS OLICHKA JKMBYUECTH 31aHHH 1 coopykeHHil. B HacTo-
SIIeH CTaThe Mpe/yIoKEHa BEPOSITHOCTHASL MOJIEIIb PacyeTa prucKa OTKa3a JKele300€TOHHOM pamMbl W3-3a MOTepH YCTOMH-
YHMBOCTH €€ HIIEMEHTOB, BHI3BAHHON 0COOBIM BO3/IEHCTBHEM — yIAJICHIEM OJJHOH 13 KOOHH. OnpeieieHie KpUTHIECKHIX
CHJI BO BHELIEHTPEHHO CKATBIX KOJIOHHAX paMbl IIPH PACCMaTPUBAEMOM JABYXITAITHOM PEKUME HATPY KEHUsI paMbl CTa-
THYECKOH HArpy3KOH M TMHAMIYECKOM JOTPY>KEHHH OT BHE3AITHOTO 0COOOTO BO3/ICHCTBIIS BBHITIOJTHEHO METOIOM TIepe-
MetneHui. [1py 3TOM yuTeHO N3MEHEHHE KECTKOCTEH 3JIEMEHTOB paMbl BCIISJCTBHE TPELIMHOOOPA30BaHusl IIpU Harpy-
JKEHMU KOHCTPYKLMH. BeposATHOCTHAsA MOJENb OTKA3a DIIEMEHTOB paMbl TIOCJIE BHE3AITHOIO YAAJIEHHS OJHOM W3 KOJIOHH
TIOCTPOEHA € HCTIOJIb30BaHUEM IIPUHIIMIA SKBUIPAIMEHTHOCTH, MaTeMaTiieckas (popMyIMpoBKa KOTOPOTO COCTOMT B
TOM, YTO €CJM HEKOTOpas BEMYMHA — KPUTHYECKasi CHJIa CBA3aHA C HEKOTOPBIMH MapaMeTpaMH, YAOBICTBOPSIOIINMU
3aJITAHHOMY YCJIOBHIO, TO SKCTPEMYM ITOH BEJIMYMHBI MOXKET OBITh HAMJICH C TIOMOIIBIO BCIIOMOTaresibHoN (yHkimn Jla-
rpatka. [IpuBenieH nprMep onpenesieHuss BEpOSTHOCTH MOTEPH YCTOWUMBOCTH KOHCTPYKIIMHU JKEE300€TOHHON paMbl
IIPY PACCMOTPEHHOM PEKUME Harpy KeHUsl. BBINOIHEHO COMOCTaBIEHHUE PACUETHBIX U OMBITHBIX 3HAYEHUM KpUTHUe-
CKHX CHJI IIPH NTOTEPE YCTOMUMBOCTHU PaMbl IIOCIIE BHE3AITHOTO Y IaI€HUs KOJIOHHBI.

KJioueBbie ¢j10Ba: BEPOSTHOCTh, yCTONYHUBOCTD, IIPOrPECCUPYIOIee 0OpYyIIEHHE, XKeae300eTOH, KapKac,
oco0oe BO3IeiCcTBIE
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1. INTRODUCTION

As a result of constantly increasing natural and
anthropogenic disasters, as well as significant
deterioration of assets, the problem of structural
safety of buildings and structures becomes one of
the most important in the scientific research di-
rection for structural engineers of many coun-
tries. A significant number of experimental and
theoretical studies have been carried out to eval-
uate the structural robustness and effectiveness of
solutions for the protection of structural systems
against disproportionate collapse in case of acci-
dental actions caused by the exhaustion of the
load-bearing capacity of any structural compo-
nent [1-3]. As a rule, the published researches
consider the ultimate strain of the material as a
criterion for the exhaustion of the bearing capaci -
ty at an accidental design action. The dynamic
hardening of materials as a function of strain rate
can also be considered according to diagrams and
analytical expressions [1,2,3].

Current standards [4-7] require stability checks
of slender components of reinforced concrete
structures, where the deformation and failure are
significantly influenced by geometric nonlinear-
ity. Failure of such components may occur at
forces less than the strength of the sections. In
ACI 318 [4], a 5% reduction of the capacity of
the component by the axial force is set as the
ultimate limit state criterion in accidental design
situation. EN [5-6] allows a slightly higher, up
to 10%, reduction of the capacity of the compo-
nent with respect to axial force, considering the
second order nonlinear effects (buckling). SP63
and SP385 [8,9] also specify the calculation of
reinforced concrete elements taking into account
physical, geometrical and structural nonlineari-
ty. These standards specify the strength of
cross-sections and ultimate strains as capacity
criteria for the structural components. In this
case, the second-order effects are accounted
through the buckling factor applied to the calcu-
lated value of the first-order bending moment.
However, it should be noted, that the target val-
ues of the reliability index for stability failure
and material failure of structural components
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are different. The second problem is the correct
consideration of the stiffness of structures, since
it significantly affects the failure load of slender
components. Meanwhile, stiffness expressions
in standards are semi-empirical and based on
limited experimental data.

Thus, in addition to the robustness checks for
the strength of structural components at acci-
dental actions [10-15], the robustness check for
stability failure criteria should be performed for
frames with slender columns [16,17]. In the
studies of buckling of elastoplastic structural
components [17,18] and in the works [20,21] on
buckling of reinforced concrete elements, the
extremum of force — displacement diagram (null
tangent stiffness) was adopted as the stability
criterion. The work [20] points out that the cal-
culation of reinforced concrete eccentrically
compressed elements should consider both of
physical and geometric nonlinearity. The au-
thors provided specific recommendations for
determining the stiffnesses of such elements in
the presence of cracks in them. However, such
studies have usually been limited to structural
elements and do not take into account the phe-
nomenon for framed structures, where structural
components may experience unloading at buck-
ling due to the reaction of the frame. At the
same time, the supporting effect of the frame is
of great importance as it provides load transfer
in the hazardous event.

In this context, the energy-based criterion pro-
posed by A.V. Aleksandrov and V.I. Travush
[19] is promising to identify the most dangerous
components of the structural system from the
point of view of stability failure. According to
this criterion, the shear force and bending mo-
ment in the end section of the structural ele-
ment, which loses stability, perform the largest
negative work. In a similar formulation, the
problem of stability of reinforced concrete
frames was solved in [22,23], where the stiff-
ness parameters and the free length of the col-
umns in the structures were varied.

There are relatively few studies that have ap-
plied the stability failure criterion to investigate
the structural robustness of frames. For exam-
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ple, the studies [16,24] provide design models,
stability failure criteria and algorithms for the
stability analysis of reinforced concrete frames
in column removal scenarios. In the study [25],
an analytical model of an eccentrically com-
pressed supper element was proposed to inves-
tigate the stability failure of W-shaped steel col-
umns under accidental impact. In [26], the re-
sults of an experimental study of different types
of stability loss of cold-deformed composite
steel columns are presented. During the tests, all
experimental specimens with cross-sectional
imperfections exhausted the load-bearing capac-
ity due to buckling.

Currently, there are also very few publications
on the probabilistic robustness analysis of struc-
tural systems. We can mention the works of
G.A. Geniev [27,28], who solved the reliability
problem of reinforced concrete multi-span
beams and obtained the minimum probability of
their failure under an accidental action for given
initial conditions.

As paper [29] noted, the reliability analysis re-
quires probabilistic definitions of loads and
strength of a structure. However, the standards
and publications in this field do not contain such
clear definitions for accidental design situations,
which should be considered at robustness check.
There is a lack of target reliability (or risk) val-
ues, partial factors or global resistance factor
calibrated for conditions of accidental design
situation. The fundamental postulate adopted in
establishing acceptable (tolerable) risk is that
the risks associated with the failure of structural
systems of buildings designed and erected in
accordance with current best practice are con-
sidered sufficiently small and acceptable to so-
ciety. On the other hand, current best practices
are reflected in standards [30,31] and structural
design codes [32]. The correct application of
these practices allows to create the safe and reli-
able structural systems. Taking into account the
fact that the approaches for consequence as-
sessment given in [29] have high level uncer-
tainties, the modeling of collapse consequences
in most cases is simplified by considering only
human casualties [10,34]. Thus, in accordance
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with the model [34], the expected number of
potential casualties Nj is calculated depending
on the expected collapse area.

This study aimed at development of a probabil-
istic model for calculating the stability failure of
a reinforced concrete frame at sudden removal
of a column. Critical parameters of the frame
structure are determined using an energy-based
approach; meanwhile the probability of stability
failure of the frame structural components under
such an accidental action is determined using
the equigradient method.

2. MODELS AND METHODS

The study examines probability of stability fail-
ure of the two-span scaled reinforced con-crete
frame previously tested for sudden loss of the
column in the paper [39] The frame is loaded
with concentrated forces eccentrically applied at
the upper joints of the structure. The columns of
the second floor of the frame are of relatively
large slenderness ratio that makes it vulnerable
to stability failure. The frame dimensions, rein-
forcement scheme, and cross-sections are shown
in Figure 1

The loading of the test frame involved two stag-
es as shown in figure 2. At the first stage, con-
stant static concentrated forces P1 = 4.7 kN, P2
= 26.2 kN, P3 = 19.5 kN were applied with an
eccentricity e = 10 mm to the upper joints of the
frame that corresponds to normal operation
conditions. The second stage involved an acci-
dental action due to the sudden removal of the
outermost column of the first floor simulating
initial localized failure.

The frame has pinned restraints at the joints as
shown in Figure 2 that corresponds to the exper-
imental specimen. The stiffnesses and lengths of
the beams and columns of the frame are also
assumed to be the same as in the specimen test-
ed in the study [37] in order to evaluate the de-
veloped approach comparing the calculation re-
sults with the experimental data.

The probability Pi of the stability failure of the
frame components at the scenario of the sudden
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removal of the outermost column of the first
floor was evaluated in the following way.

Firstly, the critical force parameters have been
determined for each column of the primary

design scheme using the displacement meth-
od. The design scheme with accepted un-
known displacements (rotation angles) is
shown in Figure 3.

1-1
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Figure 1. Design of the reinforced concrete frame and its reinforcement scheme
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Figure 2. Design scheme of the reinforced concrete frame at normal operation (a) and at sudden
loss of the column (b)

46 International Journal for Computational Civil and Structural Engineering



Method For Analyzing the Probability of Stability Failure of a RC Frame in An Accident Situation

According to the accepted geometrical dimen-
sions of the frame and reinforcement scheme
presented in Figure 1, the reduced linear stiff-
nesses of the structural components in = Bred,n/In
have been calculated to obtain the expressions
for the force parameters vn = |-(Pi/Bred,)">,
where Bredn and In are the cross-section stiffness
and component length (or height), Pi is the axial
force acting in the it structural component.
During two-stage loading of the reinforced con-
crete frame, the stiffnesses of the column cross-
sections change along the height due to crack-
ing. As it is known, the accuracy of calculation
of the stiffnesses significantly effect on the val-
ues of critical forces for compressed-bent com-
ponents. Therefore, to achieve the correct result,
the study employs a modified version of the
stiffness calculation model, which accounts for
deformation effect of F. Thomas — VLI. Kol-
chunov [35] at determination of the mean strains
in steel rebars in the blocks between cracks. Ac-
cording to this model, the stiffness of an eccen-
trically compressed element with cracks is de-
termined from the expression:

E,-A,z-h

195, Yo M &
v-&

B

(1)

red i =

where Es, As are the elasticity modulus and
cross-sectional area of tensile steel rebars; z is
the leverage of the internal force pair in con-
crete and reinforcement; ho is the effective
cross-section depth of the structural component;
& is the relative compressive depth of a compo-
nent cross-section; v is the ratio of the secant
modulus of concrete to the initial one; b is the
factor accounting for irregularity of tensile con-
crete strains in the block between cracks; p-a is
the reinforcement ratio reduced with regard to
concrete.

The design scheme of the frame according to
the displacement method is shown in Figure 3.
The stability equations for the frame are adopted
according to the displacement method. The un-
known parameters of these equations are the
rotation angles of the frame joints Z1, Z2, Z3, Za,
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Zs, Zs, the horizontal floor displacements Z7, Zs,
and vertical displacement Zy of the joint above
the column to be removed for modelling acci-
dental action. The vertical displacement Zs is
assumed to be zero before accidental action ap-
pears.

Then, the joint reactions rin at unit displace-
ments (rotations) should be obtained to con-
struct the matrix of coefficients r for unknown
displacements (rotations) matrix Z:

rxZ =0, ()

where
r={.. .. .| (3)

In the general case of a robustness check of a
structure, unknown vertical displacements are
assigned at all axes where a hypothetical initial
localized failure of a column is possible. Thus,
the matrix of reactions of unit displacements
(rotations) retains its form for any initial local
failure scenario, which is modeled by equating
the stiffness of the removed element to zero.

By assuming that the determinant of the matrix
r equals zero, the solution of the characteristic
equation in the Maple software gives the critical
values of the force parameters vn.

Using these values and assuming that Zo = 0, we
can calculate the critical forces Pecr,i for each
column of the primary design scheme of the
frame. Similarly, the critical forces Pcr,u,i can be
calculated for the secondary design scheme,
when the outermost column of the first floor is
removed and Zg # 0. In this calculation, the dy-
namic effects in the structure at sudden column
loss are replaced by the equivalent static force
[36] applied in the joint above the removed
component.

The sudden loss of a column usually results in a
decrease of the critical force value for the modi-
fied structural system. In this case, the topology
of the structural system may be the tool that al-
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low ensuring the stability of the components
under such an accidental action.

The considered approach for determining the
critical force in physically and structurally non-
linear reinforced concrete frames allows us to
perform a probabilistic assessment of the risk of
frame stability failure under an accidental de-
sign situation, such as a hypothetical column
loss.

To solve the problem of calculating the stability
failure probability for structural components of
the frame, we use the direct method of probabil-
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istic analysis and the equigradient principle of
G.A. Geniev [27]. The mathematical formula-
tion of this principle is as follows. If a function
P depends on parameters whose sum is con-
stant, i.e.,, g1 + g2 + ... + gn = C = const, then the
extremum of the function P on the given set of
values gi satisfies the equality:

op oP 0P

L L L @)
og,  0d, ad,

Pre Pye Pye
N N4z N3
1 N 2 .3
1y 1;
. Z.Q lo l2
TN TN s
& 5 , 8
R | £s 2 14 U 13
A B cl

Figure 3. Design scheme of the displacement method for the primary design scheme of the frame

Assume that there is a relation between some
parameters affecting on the stability of a struc-
tural element such as:

D=D(P,q,0,,...q,) =0, (5)
where P = Per is the critical force related with
the parameters g1, g2, ..., gn, Which satisfy the

following condition:

Jr+ g2+ ..+ gn=C =const. (6)
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Thus, the extremum of the function P = P(qs, g2,
..., Qn) fulfilling condition (6) can be found us-
ing the auxiliary Lagrangian function:

L= P(q1’q2’---’qn):ﬂ'(ql+q2 +"'+qn)' (7)

where A is the Lagrange multiplier.
The extremum condition for this function is as
follows:

oL _

N 0. 8)
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Thus, we obtain the Lagrange multiplier:

S PP
aql aqz aqn

(9)

The extremum of the critical force function P
satisfies to the condition (4).

From this follows the conclusion: if some value of
P depends on the parameters qi, gz, ..., On, Which
are related to each other by condition (6), then for
the occurrence of the extremum of the function P
it is sufficient to fulfill the criterion (4).

Let Psoi is the initial load of the i" structural el-
ement (i = 1, n) and qoi = woi is the value of the
critical force parameter for the given frame be-
fore the column removal.

For this frame, the probability of non-
destruction of the whole system Pso can be
found as follows:

(10)

The sum of the values of critical force parame-
ters before the column removal equals:

n
Q, = _V; =const.

i=1

(11)

The probability of non-destruction of i"" element
of the frame, according to the method of direct
mathematical analysis can be determined using
the following relationship:

Poi =1- Py, (12)
where Proi is the probability of the it structural
element stability failure.

The probability of the i"" element stability fail-
ure can be determined from the expression (13):

Py =05-®(U), (13)

where ®(U) is the Gauss probability integral:

\Volume 20, Issue 4, 2024

(R
O(U)= -le 2dx, 14
(V) T_ﬂ! (14)
For
R-Q
V= s2 452
R 0

where R,Q are mean values of critical load

(capacity) and applied load; sr and sq are the
standard deviations of the mean values, respec-
tively.

The relationship between the probability Psi of
non-destruction of the i element and the pa-
rameter vi for a system of series-connected ele-
ments can be represented in the form:

Vi

Poi zl_a;Tm’

S

(15)
where

a=(1-P,)" (16)
According to the equigradient principle of G.A.
Geniev, the solution of the problem is reduced
to determining the conventional extremum of
function (11) satisfying to condition (15) and
constraint (12) at the number of compressed el-
ements in the secondary design scheme of the
frame n =5:

f :ﬁ[l—aivv;]+&-[QO—Zslvij. 17)

i=1

According to condition (4), it can be written:

a{”m-'cai—ﬂ:o,
01
(18)
ave % _ 5 o
V05

49



By dividing expressions (18) to P, :1—aiT°i,
we obtain:

Ina, 1-P, _Ina5 1-P,

= A (19)
VOl Psl V05 PSS

Using equality (19), the following relationships
can be written:

(20)

Ina, . Ina, Ina, Ina, Ina,
VOl V02 VO3 V04 V05

Thus, the expression for the critical values of vi

is as follows:
v, _1 In[1+ﬁj :
7i A

Ing,
where y, =—.

0i
The value of the parameter A is derived taking
into account relations (9), (20) and (21):

(21)

(22)

Accounting for the properties of logarithms, the
value of the parameter A will be equal:

|n(]i[7i‘J—Qo

>4

A=exp : (23)

where . :i.
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Thus, if the critical values of vi are obtained by
formula (21), then we can find the extremal
values of the function P, i.e., the critical forces.
Thus, the non-destruction probability for the
frame can be found using expression (12) for
each structural component and then calculating
by formula (10) for the frame. The obtained
results should be compared with the target val-
ues of non-destruction probability for specified
responsibility and operation condition of a fa-
cility. If the non-destruction probability is less
than the target one the modification of the sys-
tem should be carried out. Such a modification
may be performed using the equigradient ap-
proach considered above. In this case, the non-
destruction probability will be the target func-
tion, while the condition (6) for the total load
or for the sum of the force parameters vi re-
mains relevant. The flow-chart of the stability
failure (or non-destruction) probability is
shown in figure 4.

Initial data; ‘

Py, B,ouu ly, constraints, R, 7, sp, 5o

[

¥

Calculation of the critical values of vy, : ‘

for the primary design scheme as initial
approximation for the condition (11)

J

Calculation of the critical values of v;
for the secondary design scheme (after
sudden column loss) accordind equigradient
principle by (4)

¥

| Caleulation of the stability failure probability
for each structural component by (13)

3

Analysis of the non-destruction probabibity
for the frame subject to accidental action
according formula (10)

[ Varying the values

: u; through the B,y to
Accept e i o obtain maximum P ,_,
stractural e < Pon-12 Py «——M'—- value at
design e B n

Q=zuf

1

Figure 4. Flow-chart of the method for analysis
of stability failure probability
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3. RESULTS n
P, :1_[F>sOi =0.6936 for mean values of the
i=1

Using the method in the previous section of this critical force R = Pcr = 37.2kN and mean value

paper, the stability f_eulure pro_babllltles for the of the axial force in the most vulnerable column
columns of the experimental reinforced concrete O =N =373kN

frame were calculated for the outermost column
removal scenario. The initial data used in the
analysis and the results are summarized in Table
1. The probability of non-destruction of the re-
inforced concrete frame under the accident sce-
nario considered in the study was as follows:

The obtained results are in agreement with the da-
ta of experimental studies and numerical modeling
in LS-Dyna, as shown in Figure 5, which demon-
strates the stability failure of column No. 2.

Table 1. Initial data and results of calculation of the probability of loss of stability of the
experimental reinforced concrete frame elements

Column Mean value of Mean value of Standard Standard Probability Probability of
No. capacity (critical load Q, kN deviation of deviation of | of stability | non-destruction
force) R, kN capacity sg, KN | load sq, KN failure P Psi

1 17.58 4.8 5.022 7.656 0.026 0.974

2 37.15 37.3 3.797 6.878 0.882 0.118

3 26.74 20.7 1.284 2.343 0.469 0.531

4 36.48 27,2 3.430 2.361 0.227 0.773

5 26.91 19.6 0.849 1.037 0.188 0.812

@ (b)

o

1.0
=7.9000 -6.0000 -5.0000 -4.0000 -3.0000 -2.0000 -1.0000 0.0 1.0000 2.0p00 0.974 -
4

= P-T middle of the column 2

Column 1 Column 2 Column 3 Column 4 Column 5

(c) (d)

Figure 5. Results of the investigation of reinforced concrete frame stability under accidental im-
pact: general view of the frame after test (a), results of modeling in LS-Dyna (b), force-
displacement diagram for column No. 2 (c), distribution of probability of non-destruction for the
columns (d)
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4. CONCLUSIONS

1. A calculation model based on the equigradi-
ent principle is proposed to estimate the critical
load and the probability of stability failure of
reinforced concrete building frames in an acci-
dent situation due to the sudden loss of a col-
umn.

2. It has been shown that the results of analysis
based on the proposed approach agree with the
experimental data and the results of numerical
modeling. The difference between the calculat-
ed mean value of the critical load and the value
established experimentally is 5.9 %.

3. The equigradient method considered in the
study can be applied to optimize structural de-
sign of building frames according to the criteri-
on of minimizing the probability of stability
failure at a fixed consumption of materials for
the structural system.

5. ACKNOWLEDGEMENTS

This work was supported by the Russian Sci-
ence Foundation grant No. 24-49-10010,
https://rscf.ru//project/24-49-10010/

REFERENCES

1. Amiri S., Saffari H., Mashhadi J. Assess-
ment of dynamic increase factor for progres-
sive collapse analysis of RC structures. En-
gineering Failure Analysis. 2018. (84). Pp.
300-310.

2. Tsai M.-H. An Approximate Analytical
Formulation for the Rise-Time Effect on
Dynamic Structural Response Under Col-
umn Loss. International Journal of Structur-
al Stability and Dynamics. 2018.vol 03 (18).
pp. 1850038.

3. Weng J.,, Tan K. H., Lee C. K. Adaptive
superelement modeling for progressive col-
lapse analysis of reinforced concrete frames.
Engineering Structures. 2017. (151). pp.
136-152.

52

10.

11.

12.

13.

14.

Margarita A. Amelina, Sergei Y. Savin, Nataliya V. Fedorova

GOST 27751-2014. Reliability of building
structures and foundations. Basic provisions
(Reissue, with Change No. 1) (in Russian)
ASCE 76-23. Standard for Mitigation of
Disproportionate  Collapse Potential in
Buildings and Other Structures. - American
Society of Civil Engineers. 2023.

ACI 318-19. Building Code Requirements
for Structural Concrete and Commentary
American Concrete Institute, 2019.

STB ISO 2394-2007. Reliability of building
structures. General principles. Minsk: Goss-
tandart of the Republic of Belarus. 2007. -
69 p.

SP 63.13330.2018. Concrete and reinforced
concrete structures. Basic provisions. (in
Russian)

SP 385.1325800.2018. Protection of build-
ings and structures from progressive col-
lapse. Design rules. Basic provisions. Mos-
cow: Ministry of Construction of Russia,
2018. 33 p. (in Russian)

Kolchunov V.I., Tur V.V. Design direc-
tions of structural systems in special design
situations. Promyshlennoe i grazhdanskoe
stroitel'stvo. 2023. Vol. 7. pp. 5-15. (in Rus-
sian)

Adam JM, Parisi F, Sagaseta J, Lu X. Re-
search and practice on progressive collapse
and robustness of building structures in the
21st century. Eng Struct 2018; 173. Pp.122—
49,

Kiakojouri F, De Biagi V, Chiaia B, Shei-
daii M.R. Progressive collapse of framed
building structures: Current knowledge and
future prospects. Eng Struct 2020;
206:110061.

Kiakojouri F., Zeinali E., Adam J.M.,
Biagi V.D. Experimental studies on the pro-
gressive collapse of building structures: A
review and discussion on dynamic column
removal techniques. Structures 2023,
57:105059.

Beck A. T., da Rosa Ribeiro L., Costa L.
G., Stewart M. G. Comparison of risk-
based robustness indices in progressive col-

International Journal for Computational Civil and Structural Engineering



Method For Analyzing the Probability of Stability Failure of a RC Frame in An Accident Situation

15.

16.

17.

18.

19.

20.

21.

22.

lapse analysis of building structures Struc-
tures. Elsevier, 2023. vol. 57. pp. 105295.
Bassam A. lzzuddin, Miguel F. Pereira,
Ulrike Kuhlmann, Lars Rolle, Ton
Vrouwenvelder, Bernt J. Leira. Applica-
tion of Probabilistic Robustness Framework:
Risk Assessment of Multi-Storey Buildings
under Extreme Loading Struct. Eng. Int.
2012. Vol.22(1). Pp,79-85.

Qiao H., Yang Y., Zhang J. Progressive
Collapse Analysis of Multistory Moment
Frames with Varying Mechanisms. Journal
of Performance of Constructed Facilities.
2018. Vol. 4 (32). pp. 04018043.

Savin S.Y., Kolchunov V.I., Fedorova
N.V. Calculation of stability of reinforced
concrete frames of buildings under special
effects. Promyshlennoe i grazhdanskoe
stroitel'stvo. 2023.vol.9. pp.12-21. (in Rus-
sian)

Gemmerling A.V. Calculation of rod sys-
tems, M.: Stroyizdat, 1974, 207 p. (in Rus-
sian)

Aleksandrov A. V. V., Travush V. 1.,
Matveev A. V. About calculation of rod
structures for stability. Promyshlennoe i
grazhdanskoe stroitel'stvo. 2002. Vol. 3.Pp.
16-20. (in Russian)

Golyshev  A.B., Bachinsky V.Y,
Polishchuk V.P. Reinforced Concrete
Structures. Resistance of Reinforced Con-
crete. vol.1. K.: Logos, 2001. 481 p. (in Rus-
sian)

Tsai M.-H. An Approximate Analytical
Formulation for the Rise-Time Effect on
Dynamic Structural Response Under Col-
umn Loss. International Journal of Struc-
tural Stability and Dynamics. 2018. Vol. 03
(18). Pp. 1850038.

Kolchunov, V.l;  Prasolov, N.O;
Morgunov, M.V. To an estimation of the
survivability of the reinforced concrete
frames at a loss of stability of the separate
elements. Stroitel'naya mekhanika inzhe-
nernyh konstrukcij i sooruzhenij. 2007.pp.
40-44. (in Russian)

\Volume 20, Issue 4, 2024

23.

24,

25.

26.

217.

28.

29.

Kolchunov, V.l.; Morgunov, M.V.; Ko-
zharinova, L.V.; Prasolov, N.O. To the
question of the algorithmicisation of the cal-
culation problem of the reinforced concrete
structures at the stability loss (in Russian)
Promyshlennoe i grazhdanskoe stroitel'stvo.
2012.vol. 12. pp.77-79.

Savin S Yu, Kolchunov V I, Korenkov P
A. Experimental research methodology for
the deformation of RC frame under instan-
taneous loss of columnl OP Conf. Series:
Materials Science and Engineering 962
(2020) 022054 doi:10.1088/1757-
899X/962/2/022054

Mehrdad Memari, A.M. ASCE; Hussam
Mahmoud, M. ASCE and Bruce Elling-
wood, Dist.M. ASCE3 Stability of Steel
Columns Subjected to Earthquake and Fire
Loads J. Struct. Eng., 2018, 144(1):
04017173 DOI: 10.1061/ (ASCE ST.1943-
541X.0001909.

Francisco J. Meza, Jurgen Becque, Iman
Hajirasouliha Experimental study of cold-
formed steel built-up columns, Thin-Walled
Structures,
doi.org/10.1016/j.tws.2019.106291.

Geniev G.A. About the principle of equi-
gradient and its application to optimisation
problems of stability of rod systems. 118.
Stroitel'naya mekhanika i raschet sooru-
zhenij. 1979.-Vol.6.- Pp.. 8-13. (in Russian)
Geniev G A, Kolchunov V I, Degtyar AN
Issues of optimisation of reliability charac-
teristics of reinforced concrete multi-span
beams from the position of minimum proba-
bility of their failure. Materials of the sec-
ond international academic readings ‘New
energy-saving architectural and structural
solutions of residential and civil buildings’ -
Orel, 2003 - Pp 163-166. (in Russian)
Tamrazyan A.G. Methodology of the anal-
ysis and estimation of the state reliability
and prognostication of the service life of the
reinforced concrete structures. Zhelezobet-
onnye konstrukcii. 2023. T. 1. Vol.1. Pp. 5-
18. (in Russian)

53



30.

31.

32.

33.

34.

35.

36.

37.

GOST R ISO 2394-2016. Structures of
construction. Basic principles of reliability.
MoscowsStandartinform.2016.- 61p.

TCP EN 1991-1-7-2009. Eurocode 1. Ef-
fects on structures. - Part 1-7. General im-
pacts. Special effects. Minsk: Ministry of
Architecture and Construction of the Repub-
lic of Belarus. 2010. - 66 p.

CN 2.01.01-2022. Fundamentals of design
of building structures. Minsk. 2022. — 65 p.
Tur V. V., Nadolskiy V. V. Concept of
building structures design on the basis of
numerical resistance models. Stroitel'stvo i
rekonstrukciya. 2022. Vol. 6. Pp. 78-90. (In.
Russ.)

Hingonrani R. Acceptable life safety risks
associated with the effects of gas explosions
on reinforced concrete structures. Caminos,
2017.-227 pp.

V.1. Kolchunov, S.S. Fedorov. Determina-
tion of the level distance between cracks in
reinforced concrete structures. Stroitel'stvo i
rekonstrukciya. 2024. Vol. 4. - Pp. 14-28.
(In. Russ.)

Savin, S.; Kolchunov, V.; Fedorova, N.;
Tuyen Vu, N. Experimental and Numerical
Investigations of RC Frame Stability Failure
under a Corner Column Removal Scenario.
Buildings. 2023, 13, 908.
https://doi.org/10.3390/ buildings13040908.
Thomas, F. G. (1936). Cracking in rein-
forced concrete. The Structural Engineer,
1936.Vol.14, Pp. 298-320.

CIIMCOK JIMTEPATYPbI

1.

54

Amiri S., Saffari H., Mashhadi J. As-
sessment of dynamic increase factor for
progressive collapse analysis of RC struc-
tures // Engineering Failure Analysis. 2018.
(84). C. 300-310.

Tsai M.-H. An Approximate Analytical
Formulation for the Rise-Time Effect on
Dynamic Structural Response Under Col-
umn Loss // International Journal of Struc-

10.

11.

12.

13.

Margarita A. Amelina, Sergei Y. Savin, Nataliya V. Fedorova

tural Stability and Dynamics. 2018. Ne 03
(18). C. 1850038.

Weng J., Tan K. H., Lee C. K. Adaptive
superelement modeling for progressive col-
lapse analysis of reinforced concrete frames
/I Engineering Structures. 2017. (151). C.
136-152.

IF'OCT 27751-2014. HanexXHOCTh CTPOH-
TEJbHBIX KOHCTPYKUMM UM  OCHOBaHHI.
OcuHoBubie monoxenus (Ilepeusnanue, c
N3menennem N 1).

ASCE 76-23. Standard for Mitigation of
Disproportionate Collapse Potential in
Buildings and Other Structures. - American
Society of Civil Engineers. 2023.

ACI 318-19 Building Code Requirements
for Structural Concrete and Commentary
American Concrete Institute, 2019.

CTb 1SO 2394-2007. HanexHOCTh CTPOH-
TEJIbHBIX KOHCTPpYKUUH. OOIIre NPpUHIUIIHI.
Munck: Toccranmapt PecnyOnuku bena-
pycsk. 2007. - 69 c.

CII 63.13330.2018 betonnsie u xene3o00e-
TOHHbIE KOHCTPYKIMH. OCHOBHBIE I0JIOKE-
HUA.

CII 385.1325800.2018. 3amura 31aHUN U
COOPY)KEHHH OT MPOrpecCUpPYIONEro 00-
pywenus. [lpaBuna npoexrtuposanus. Oc-
HOBHbIEC TOJ0XeHUsA. M.: Munctpoii Poc-
cum, 2018. 33 c.

Kosuynos B.H., Typ B.B. Hanpasnenus
MPOCKTUPOBAHUA KOHCTPYKTHBHBIX CUCTCM
B 0coOBIX pacueTHbIX cutyanusx // Ilpo-
MBIIIJICHHOC W TI'Pa)XAaHCKOC CTPOUTCIIb-
ctBO. 2023. Ne 7. C. 5-15.

Adam JM, Parisi F, Sagaseta J, Lu X.
Research and practice on progressive col-
lapse and robustness of building structures
in the 21st century. Eng Struct 2018;
173:122-49.

Kiakojouri F, De Biagi V, Chiaia B,
Sheidaii MR. Progressive collapse of
framed  building  structures:  Current
knowledge and future prospects. Eng Struct
2020; 206:110061.

Kiakojouri F., Zeinali E., Adam J.M.,
Biagi V.D. Experimental studies on the

International Journal for Computational Civil and Structural Engineering



Method For Analyzing the Probability of Stability Failure of a RC Frame in An Accident Situation

14.

15.

16.

17.

18.

19.

20.

21.

22.

progressive collapse of building structures:
A review and discussion on dynamic col-
umn removal techniques. Structures 2023;
57:105059.

Beck A. T., da Rosa Ribeiro L., Costa L.
G., Stewart M. G. Comparison of risk-
based robustness indices in progressive col-
lapse analysis of building structures Struc-
tures. Elsevier, 2023. T. 57. C. 105295.
Bassam A. lzzuddin, Miguel F. Pereira,
Ulrike Kuhlmann, Lars Rolle, Ton
Vrouwenvelder, Bernt J. Leira, Applica-
tion of Probabilistic Robustness Frame-
work: Risk Assessment of Multi-Storey
Buildings under Extreme Loading Struct.
Eng. Int. 2012. 22(1). 79-85.

Qiao H., Yang Y., Zhang J. Progressive
Collapse Analysis of Multistory Moment
Frames with Varying Mechanisms. Journal
of Performance of Constructed Facilities.
2018. Ne 4 (32). C. 04018043.

Casun C.1O. Koruynos B.U., ®enopoBa
H.B. Pacuer ycroitunBoCcTH >Xe/1€300€TOH-
HBIX KapKacoB 3/IaHUi MPH 0COOBIX BO3/IEH-
cTBusx //IIpoMBINIIEHHOE W TPaKIaHCKOE
cTpoutenseTBo. 2023.Ne9. C.12-21.
I'emmepaunr A.B. Pacuer cTep>KHEBBIX
cucteM, M.: Ctpoituzgat, 1974, 207 c.
Anekcanapos A. B., Tpasym B. W.,
MartBeeB A. B. O pacuere CTepKHEBBIX
KOHCTPYKIIMA Ha ycronuuBocTh // Ilpo-
MBINUJICHHOC W TPaXXJaHCKOC CTPOUTCIIb-
ctBo. 2002. No 3.C. 16—20.

Ioabimes A.b. baunnckuii B.S., Ilonu-
myk B.II. XXenezo6eToHHBIC KOHCTPYKIIHH.
Comnporusnenue xene3zoberona. T.1. K.
JIoroc, 2001. 481 ¢

Tsai M.-H. An Approximate Analytical
Formulation for the Rise-Time Effect on
Dynamic Structural Response Under Col-
umn Loss // International Journal of Struc-
tural Stability and Dynamics. 2018. Ne 03
(18). C. 1850038.

Konuynos B.W.IIpaconos H.O. Mopry-
HoB M.B. K ornenke xuBydecTn xenezooe-
TOHHBIX PaM IIpU NOTEPE YCTOWYUBOCTHU
OTHENbHBIX dyeMeHToB // CTpouTtenbHas

\Volume 20, Issue 4, 2024

23.

24,

25.

26.

217.

28.

29.

MEXaHHMKa MHKEHPHBIX KOHCTPYKIIMHI U CO-
opyxenuit, 2007C. 40-44. .

Komauynos, B.U., Moprynos M.B., Ko-
skapunoBa JI.B., IIpacoros H.O. K Bo-
NpOoCy alropuTMHU3ALMU 3a/ladyd  pacuera
KeJ1e300€TOHHBIX KOHCTPYKUUH MpU MOTe-
pe ycroiunBoctd //IlpombiliieHHOE U
rpaxaaHckoe cTpouTenbcTBo. 2012.Nel2.
C.77-79.

Savin S Yu, Kolchunov V 1, Korenkov P
A. Experimental research methodology for
the deformation of RC frame under instan-
taneous loss of columnl OP Conf. Series:
Materials Science and Engineering 962
(2020) 022054 doi:10.1088/1757-
899X/962/2/022054

Mehrdad Memari, A.M. ASCE; Hussam
Mahmoud, M. ASCE and Bruce Elling-
wood, Dist.M. ASCE3 Stability of Steel
Columns Subjected to Earthquake and Fire
Loads J. Struct. Eng., 2018, 144(1):
04017173 DOI: 10.1061/ (ASCE ST.1943-
541X.0001909.

Francisco J. Meza, Jurgen Becque, Iman
Hajirasouliha Experimental study of cold-
formed steel built-up columns, Thin-Walled
Structures,
https://doi.org/10.1016/j.tws.2019.106291.
I'enueB I'.A. O npuHIUIIE SKBUTPAUCHT-
HOCTU W NPHUMCHCHHUU €ro K ONTUMHU3AILIU-
OHHBIM 3aJlayaM YCTOMUYMBOCTH CTEp>KHE-
BeIX cucteM. 118 //CtpoutenbHas MexaHu-
Ka W pacyeT coopykeHuid. -1979.-Ne6.- C.
8-13.

I'enues I' A, Kosruynos B U, Jlerrsaps A
H Bonpocsl ontuMu3anuyu XapakTepUCTUK
HaJI)KHOCTH >KeJ1€300€TOHHBIX MHOTOIpPO-
JICTHBIX 68..]101( C IIo3ulinu MHUHUMAaJIbHOU
BEPOSITHOCTH WX OTKasza //Martepuainbl BTO-
pBIX  MEXKAYHAPOAHBIX  aKaAEMHUYECKUX
yteHuid «HoBbIe 3HEprocOeperaromue ap-
XUTEKTYPHO-KOHCTPYKTHBHBIE peuieHus
JKWJIBIX W TPaXIaHCKUX 31aaHuil» -Opedn,
2003 -C 163-166.

Tampaszsan A.I'. Mertonosorusi aHaiausa u
OLCHKU HAJCKHOCTU COCTOSAHUA U MMPOTHO-
3UPOBAHUE CPOKA CIIYXKOBI JKele300eTOH-

55



HbIX KOHCTpykmuii // JKeme3o0eToHHBIC
koHcTpykmmu. 2023. T. 1. Ne 1. C. 5-18.

30. TOCT P UCO 2394—2016. Konctpykuuu
cTpouTenbHble.  OCHOBHBIE  IPUHLIHUIIBI
HAJECKHOCTH.
MockBaCrangaptuadopm.2016.- 61c.

31. TKII EN 1991-1-7-2009. EBpokon 1. Bos-
neicTBus Ha KOHCTpykuuu. — Yacts 1-7.
Oo6mme BosgencTBug. OcoOble BO3HEH-
cTBUA. MuHCK: MUHHCTEPCTBO apXUTEKTY-
pel U ctpouTenbcTBa Pecnybnmuku bena-
pycs. 2010. — 66 c.

32. CH 2.01.01-2022. OcHOBBI NPOEKTHUPOBa-
HUSl CTPOUTENIbHBIX KOHCTPYKUMHA. MHUHCK.
2022. - 65 c.

33. Typ B. B., Hapoasckuii B. B. Konnenuus
MIPOEKTUPOBAHUSI ~ CTPOUTEIBHBIX  KOH-
CTPYKLIMI HA OCHOBE YHCIICHHBIX MOZECIIECH
conpoTtusiieHus //CTPOUTEICTBO U PEKOH-
crpykuus. — 2022. — Ne. 6. — C. 78-90.

Margarita A. Amelina, Sergei Y. Savin, Nataliya V. Fedorova

34. Hingonrani R. Acceptable life safety risks
associated with the effects of gas explo-
sions on reinforced concrete structures: —
Caminos, 2017.-227 p.p.

35. Ba.M. Koauynos, C.C. ®eaopos. Orpe-
ACJIICHHUC YPOBHCBOTO pPACCTOSAHHUA MCEKAY
TpCIMHaAMH B JKeIe300€TOHHBIX KOHCTPYK-
1usix //CTPOUTETBCTBO M PEKOHCTPYKIIHS. —
2024. — Ne. 4. - C. 14-28

36. Savin, S.; Kolchunov, V.; Fedorova, N.;
Tuyen Vu, N. Experimental and Numerical
Investigations of RC Frame Stability Fail-
ure under a Corner Column Removal Sce-
nario.  Buildings 2023, 13, 908.
https://doi.org/10.3390/ buildings13040908.

37. Thomas, F. G. (1936). Cracking in rein-
forced concrete. The Structural Engineer,
1936.Vol.14, Pp. 298-320.

Margarita Andreevna Amelina - Post graduate student of the
department of Reinforced Concrete and Masonry Structures.
National Research Moscow State University of Civil Engineer-
ing, 26, Yaroslavskoe Shosse, Moscow, 129337, Russia, mar-
go.dremova@mail.ru

Sergei Yurievich Savin — Candidate of Technical Sciences,
Associate professor, Department of Reinforced Concrete and
Masonry Structures, National Research Moscow State Universi-
ty of Civil Engineering, 26, Yaroslavskoe Shosse, Moscow,
129337, Russia, suwin@yandex.ru

Natalia Vitalievna Fedorova - Doctor of Technical Sciences,
Professor, Head of the Department of Industrial and Civil Engi-
neering, National Research Moscow State University of Civil
Engineering, 26, Yaroslavskoye Shosse, Moscow, 129337, Rus-
sia, FedorovaNV@gic.mgsu.ru

Mapeapuma Anopeesna Amenuna - aciupanT Kadeapsl sKese30-
OCeTOHHBIX M KaMeHHbIX KoHCTpykuuit. ®I'BOY BO «Hammo-
HaJbHbIM HccienoBaTeNbcKuil MOCKOBCKUN TOCYAapCTBEHHBIN
cTpoutensHblil yHuBepcure» (HUY MI'CY), n. 26, Spocnas-
CKOe mocce, r. Mockaa, 129337, Poccus,
margo.dremova@mail.ru

Cepeeti FOpvesuu Casun — KaHIUIAT TEXHUYECKHX HAYK, JIO-
LHEHT Kadeapbl Kele300eTOHHBIX U KaMEHHBIX KOHCTPYKIIUH,
®dI'bOY BO «HanumoHanbHbIN HcciaeqoBaTeIbCKUiE MOCKOB-
CKHIl TOCYHapCTBEHHBIH CTpouTeNnbHbINM yHuBepcurer» (HUY
MI'CY), 1. 26, SIpocnaBckoe mocce, r. Mocksa, 129337, Poc-
cust, Suwin@yandex.ru

Hamanua Bumanvesna ®edopoéa — IOKTOP TEXHHYECKUX
Hayk, npodeccop, 3aBenyrommii kadeapoii [IpombinuieHHOrO M
IpaykIaHCKOTO CTpouTenbeTBa, DenepaibHoe rocyaapcTBEHHOS
OropKeTHOE 00pa30BaTEIbHOE YUYPEKICHUE BBICIIET0 00pa3o-
Banusa «Haumonanpnblil uccnenoBarenbckuii MOCKOBCKU roc-
YAapCTBEHHBINA cTpouTeNbHBIN yHUBepcuTeT» (HUY MI'CY), 1.
26, SlpocmaBckoe mocce, T. Mocka, 129337, Poccus,
FedorovaNV@gic.mgsu.ru

56 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 20(4) 57-71 (2024)

DOI:10.22337/2587-9618-2024-20-4-57-71
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Abstract: The potential use of steel tube confined concrete columns in crane structures is being explored as a
means of enhancing damping during the movement of carrying and lifting machines. This is with a view to
mitigating the impact of dynamic effects that may arise during operation. The results of experimental studies
of tube confined concrete specimens for stability under central compression by static loading are given. This
paper presents a methodology for dynamic tests of specimens, which is used to determine the damping ratio of
vibrations and the inelastic resistance coefficient of composite materials. The results demonstrate that tube
confined concrete specimens possess enhanced damping behaviour in comparison to steel and reinforced con-
crete structures. This observation suggests that they are an effective solution for load-bearing structures de-
signed to support moving overhead cranes.

Keywords: crane structures, steel tube confined concrete, critical load, natural vibration frequency,
damping ratio, inelastic resistance coefficient, damping

YIAYUYHHIEHUE JEMIIOUPYIOUINX XAPAKTEPUCTHUK
CTAJIBHBIX MTOJKPAHOBBIX KOHCTPYKIIMIA
IMNOCPEACTBOM UHTEI'PAIIMU BETOHHOI'O CEPAEYHUKA

H .B. llIxooa *?, O.U. Beosiikuna *, /1.A. Jlowkapesa *

! Huxeropockuii rocy1apcTBEHHBIH apXUTEKTYPHO-CTPOUTENBHBIA yHUBEPCHTET, I. Hixuuit Hosropox, POCCHUSI
2PuctutyT npobiem mammuoctpoenus PAH — ®@unnan ®TBYH «®DenepaibHblil HCCeI0BATENBCKUN HEHTP MHCTHTYT
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AHHoTanusi: Vzyyaercst mepcriekTiBa IpUMEHEHUsI TPyOOOETOHHBIX KOJIOHH B ITOJKPAHOBBIX KOHCTPYKIHUSX C
LEJIBI0 YBEIWUYCHUS] AeMII(PHUPOBAHUS BO BPEMsI JABIKEHHS ITOBEMHO-TPAHCIIOPTHBIX MAIIHH, MOJBEP>KEHHBIX
JUHAMHYECKAM BO3JCHCTBHAM B TIPOIECCE SKCIUTyaTaluH. [IpefcTaBieHbl pe3yiabTaThl AKCIIEPUMEHTAIBHBIX
UCTIBITAHUH TPyOOOETOHHBIX 00pPA3lOB Ha YCTOWYHMBOCTH IOJ JIEHCTBHEM LEHTPAIBLHOTO CXKATHS CTAaTHYECKOM
Harpy3ku. Onrcana METOJMKa THHAMHYECKIX UCTIBITAHUI 00pa3lioB, HA OCHOBE KOTOPOW OMpeeneHbl Ko Q-
LUEHTHI JIeMII(UPOBaHUs KOJIeOaHUH M HEYNpPYroro comnpoTuBieHus. [lomydeHHbIe pe3ynbTaThl MMOKa3bIBAIOT,
410 TpyOOOETOHHBIE 00paslbl 0013 a0T 00Jiee BHICOKUMHU JEMII(DUPYIONIMMU CBOWCTBAMH, Y€M CTallbHBIC H
JKEJIe300€TOHHBIE, YTO CBUIETENBCTBYET 00 MX 3(h(heKTHBHOCTH B Ka4eCTBE HECYIIUX KOHCTPYKIIHA, TIpeIHa3Ha-
YCHHBIX IJIs1 MOCTOBBIX KPaHOB.

KaioueBsie cioBa: 1o KkpaHoBble KOHCTPYKIMH, TPYOOOETOH, KpUTHYECKasi Harpy3Ka, 4acToTa COOCTBEHHBIX
KoJieOaHMH, IEKPEMEHT 3aTyXaHus1, KOA(QQUIIMEHT HEYyPYTroro COPOTUBIICHHS, IeMII(UPOBaHUE

1. INTRODUCTION

Crane structures are an integral component of
modern industrial plants, serving a crucial func-
tion in ensuring the safety and operational effi-
ciency of these facilities. Fig. 1 illustrates the

\Volume 20, Issue 4, 2024

configuration of load-bearing and crane struc-
tures, with arrows indicating the potential
movements of the crane trolley 1 along the
overhead crane 2 and the girder itself along the
crane rails 3 on crane girders 4. The columns 5
in crane systems may have various Cross sec-
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tions, including open sections such as I-beams
or channels, as well as closed sections having
rectangular, square and circular cross sections.

In the design of crane structures, it is essential
to consider both static and dynamic loads in or-
der to create a structure that can withstand the
full range of forces acting on the crane during
its operational lifetime. During operation, a

Irina V. Shkoda, Olga I. Vediaikina, Daria A. Loshkaryova

number of factors can contribute to vibrations in
crane structures. These include uneven load lift-
ing, sudden changes in crane speed, wind ef-
fects, malfunctions in the control system, wear
and tear of materials, and geometric imperfec-
tions in the structure. Additionally, vibration
effects from surrounding machines can also play
arole [1-3].

Figure 1. Configuration of load-bearing and crane structures:
1 —crane trolley; 2 — overhead crane (girder crane); 3 - crane rails; 4 - crane girders; 5 — columns

In order to ensure safe and reliable operation of
the crane system, the vibrations occurring in the
crane system must be damped. There are vari-
ous technologies designed to reduce the ampli-
tude of vibrations and increase the stability of
the crane structure [4, 5]. These technologies
include the use of damping devices, adaptive
systems and advanced materials [6-9].

Hydraulic and pneumatic shock absorbers can
be used to absorb vibrations [10, 11]. Adaptive
systems, such as active shock absorbers or feed-
back systems, are able to modify their parame-
ters in real time in response to changes in oper-
ating conditions.

58

Vibration protection systems consisting of
flexible supports and materials with a high
coefficient of internal friction play an im-
portant role in preventing vibrations. Similar
systems are used in vehicles, industrial mech-
anisms, crane structures. Materials with in-
creased damping include specialised elasto-
mers, polymers with high damping capacity,
active materials (e.g. piezoelectric compo-
nents), vibration isolating foams, tube con-
fined concrete, etc.

The use of steel tube confined concrete as a
column material, combining the properties of
concrete and steel, is a viable option when a

International Journal for Computational Civil and Structural Engineering
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closed-section profile is employed. This ap-
proach is widely used to create structures with
increased resistance to vibrations. Concrete
has a relatively high strength, fire resistance
and durability, which makes it an excellent
structural material. Concrete is also a good
damping material. However, concrete is not an
effective material for resisting cracking,
which shortens the lifespan of concrete struc-
tures and requires regular maintenance. The
use of a steel outer shell permits an enhanced
resistance to cracking in concrete structures
subjected to a combination of static loads and
vibrations.

Steel tube confined concrete (STCC) is a com-
plex structure, including a metal tube filled with
concrete, which forms the inner core [12-17].
This combination exploits the distinctive char-
acteristics of both materials, resulting in a nota-
ble reduction in steel and concrete usage, a de-
crease in the weight and volume of the structure,
and a subsequent reduction in overall construc-
tion costs.

The shell tube, which serves the dual purpose
of providing both longitudinal and transverse
reinforcement, is capable of absorbing forces
in all directions and at any angle [18]. The lat-
eral pressure of the tube restrains the radial
expansion of the concrete inside the tube due
to the Poisson's ratio, which in turn prevents
the development of micro-cracks. This signifi-
cantly increases the bearing capacity of con-
crete, increasing its compressive strength by
50-80% [19], due to the triaxial state of stress
[15]. In addition, the steel pipe is protected
from loss of local secondary and general
buckling.

A number of studies have been conducted by
both Russian [12-14, 18-20] and foreign [21-
32] authors on the subject of STCC structures,
their deformation processes and the loss of
stability that can occur. However, the effect of
static compressive loading on the elastic-
damping properties of STCC under forced vi-
brations has not been investigated in sufficient
detail.

\Volume 20, Issue 4, 2024
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Figure 2. General view of steel tube confined
concrete: 1 - outer shell (steel tube); 2 - inner
filler (concrete)

This paper presents an experimental study to
obtain data on the damping properties of STCC.
The research findings establish the decrement
and damping coefficients of vibrations, as well
as the inelastic resistance coefficients of tube
confined concrete.

2. STABILITY TESTS

2.1. Materials and methods

Centre compression stability tests were carried
out to determine the critical compressive
strength of the specimen. For this purpose,
STCC specimens with a length of 700 mm and a
diameter of 60 mm were fabricated. A tube
made of 09G2S structural steel with 2 mm wall
thickness was used as the outer shell, and con-
crete grade B17.5 was used as the filler.

All tests were conducted on a P-125 laboratory
compression machine with a maximum com-
pressive load of 1250 kN. Each specimen was
put directly between the plates of the compres-
sion machine (Fig. 3a). To ensure that the end
section rotates in the bending plane (loss of sta-
bility plane) 1, the specimens 2 were supported
by an additional steel plate 3 and a cylindrical
support hinge 6 with an axis perpendicular to
the plane 1 that is under study. The use of a cy-
lindrical hinge helps to define the bending plane
(loss of stability) of a circular specimen.

By means of two deflection gauges 4, 5 placed
in two perpendicular planes (one of which is the
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bending plane), the horizontal displacements A
of the average cross-section of the rod were
continuously recorded with an accuracy of 0.01
mm as the load P was increased. The readings
recorded by the deflection gauge 5, installed to
control the displacements from the stability loss
plane, were close to zero, which confirms the
validity of the experiment [34].

2.2. Experimental results
The test results are presented in Fig. 3b in com-
pression diagrams, which were used to deter-

F kNI

150 +

100 A
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mine the values characterising the specimen
stability loss. The critical load value corre-
sponded to the load at which the values on the
deflection gauge scale begin to decrease. In
compression diagrams, this value is determined
by the start of bending of the corresponding
curves.

Table 1 shows the values of the destruction
loads for the two tube confined concrete speci-
mens tested.

Tube @60 mm x 2 mm
125 +
75 %
50 ¢
25+
5 10 Amm
b)

Figure 3. Specimens tested in center compression: a) experimental setup scheme; b) compression
diagram

Table 1. Critical load values for the test specimens

Specimens mark Specimen no. Critical load, Per, KN Average critical load,
Per. avg, kN
1 105
STCC 60x2.700 5 11 108

3. DETERMINATION OF DYNAMIC
CHARACTERISTICS OF TUBE
CONFINED CONCRETE

3.1. Materials and methods

The dynamic characteristics of STCC were de-
termined through experimental investigation,
based on the findings of the study of natural vi-
brations of the STCC specimen that was sub-
jected to impact. The tests were carried out at

different values of axial compressive forces act-
ing on the specimens.

The setup for dynamic testing of centrally com-
pressed specimens is shown in Fig. 4. Specimen
1 was hinged at both ends between the load-
bearing I-beam 2 and the foundation. A basket 3
with weights 4 of varying masses was suspend-
ed from the free end of the beam 2, with a hinge
located in the wall recess.
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a)
Figure 4. Test setup for the study of free vibrations of centrally compressed specimens:
a) general view; b) axonometric diagram

The actual load acting on the specimen (axial
compressive force) includes the dead weight of
the load basket and part of the gravity of the
load I-beam applied to the specimen at its two-
point bearing. This load was recorded using a
strain gauge 5 installed under the lower support
of the specimen (the values of the axial com-

b)

pressive force acting on the specimens during
the tests are given in Table 2). The compressive
force of the specimens did not exceed their
load-bearing capacity determined by the stabil-
ity tests.

Table 2. Compressive force of tube confined concrete specimens during testing

Number | Actual axial force on the specimen Nact, KN Dlmen3|oilless axial force
N=Nact/Ncr
1 1.3 0.011
2 6.8 0.057
3 12.8 0.108
4 18.7 0.157
5 24.6 0.207
6 30.6 0.257
7 36.5 0.307

The generation of transverse vibrations in the
specimen was achieved at each stage of loading
using a spring-loaded hammer 6. A triaxial ac-
celerometer 7 of type TBA with a mass of ap-
proximately 50 g was used to record the vibra-
tions (the insignificant mass of the accelerome-

\Volume 20, Issue 4, 2024

ter did not affect the accuracy of the measure-
ments). The accelerometer was fixed in the mid-
section of the specimen. The signal from the
accelerometer was fed through the signal pro-
cessing module 8 (matching amplifier and ana-
logue-to-digital converter) to a personal com-
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puter 9 for registration and subsequent pro-
cessing of the measurement results.

Free decreasing vibrations were generated in the
specimen during a single impact. To illustrate
the test results, Figure 5 shows oscillograms of

A, mm |

5 I N1 =6.8 kN

[
-10 1
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decreasing vibrations in the form of diagrams of
the specimen mid-section displacement A over
time t, obtained at two extreme values of axial
compressive force N1 = 6.8 kN (Fig. 5a) and Ne
= 36.5 kN (Fig. 5b).

A, mmT
_ " Ns =36.5 kN
20
0 -
{, s
-20
-40

Figure 5. Graphs of bending vibrations of a tube confined concrete specimen loaded with axial
compressive force N at impact: a) N1 = 6.8 kN; b) Ne = 36.5 kN

3.2. Experimental results

The analysis of the obtained oscillograms has
demonstrated that these vibrations are highly
analogous to those observed in linear systems
with viscous friction, where the period of natu-
ral vibrations T is largely independent of the
amplitude A. Moreover, the first natural fre-
quency of bending vibrations of the STCC spec-
imen o = 2z/T increases with increasing axial
compressive force N acting on the specimen
(Fig. 6). The authors of [35-37] also observed a

correlation between an increase in frequency
and an increase in compressive stress. It is im-
portant to highlight that this behaviour in the
compression of STCC differs from the estab-
lished concepts regarding the behaviour of iso-
tropic continuous media [38, 39]. This phenom-
enon may be attributed to the characteristics of
the composite material and the specific interac-
tions between the core and the shell of the
STCC.

w, rad/sec 155.76

el |30_(,5. 135.71m

126.68 "
120.0 122.96m
100.0
89.34
80.0 i f } 1 1
6.8 12.8 18.7 24.6 30.6 N, kN

Figure 6. The values of the first natural frequency w of bending vibrations of a tube confined con-
crete specimen depending on the axial compressive force N
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These vibrations can be described with a rea-
sonable degree of accuracy by the well-known
law of free, decreasing vibrations of linear sys-
tems with viscous friction:

x(t) = A(t)e Pt cos(wt), (D
where A(t) - amplitude of vibrations, m; 5 - log-
arithmic damping ratio, sec; e - circular oscil-
lation frequency, rad/sec; t - time, sec.
According to the results presented in Fig. 6, we
can see that an increase in the axial force leads
to an increase in the natural frequency and, con-
sequently, to an increase in the elastic properties
of the structure. In the case of a linear hinged
beam, the natural frequency of bending vibra-
tions is determined by the following formula

[40]:
_nm* [E] _n* |E]
YT oF T2 my

where E - average (reduced) elastic modulus of
the STCC specimen material, N/m?; J - moment

(2)

Evx107N/m?

100 }

90 +
80 +
70 +
60 +
50 4
40 +

30,92
30 +

of inertia of the specimen cross-section, m?; p -
reduced density, kg/m?; F - cross-sectional area
of the specimen, m?; m; - linear mass, kg/m; | -
specimen length, m.

From equation (2), which is derived from the
experimentally obtained value of the natural
frequency of vibration, we can calculate the re-
duced coefficient, which accounts for the elas-
ticity of the material and the influence of the
axial compressive force Nact Of the specimen.

w?m,l*
N =
4]

(3)

In this instance, the alteration of the elastic
properties of the structure as a consequence of
the axial compressive force is accounted for by
a conditional change in the value of the reduced
En coefficient.

The proposed methodology was employed to
calculate the values of the En coefficient for a
distributed mass of the specimen, resulting in m
= 0.01 t/m and J = zD%64 = 6.36 -107 m*
These values are presented in Fig. 7.

E.\_(‘\F" - ('3.\‘; 5 3 (':.\": N & (\1.\' T CU

, N, kN

20 } ;
0 10 20

L
L) 1

30 40

Figure 7. A graph of the reduced coefficient depending on the axial load with an approximating
monotonic function E n(N)
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As illustrated in Fig. 7, the graph demonstrates
that the value of the reduced coefficient rises in
conjunction with an increase in the axial com-
pression force. This outcome reflects the physi-
cal meaning of the coefficient, which is influ-
enced by the axial compression force. Subse-
quent studies may use the obtained value to de-
termine the frequency of natural vibrations of
STCC structures produced from materials of
other brands and with a section different from
that under consideration.

Excluding the action of the axial force on the
tested specimen, we obtain a reduced coefficient
that fully reflects the elastic properties of the
material and is in fact the average (reduced)
modulus of elasticity E, which is confirmed by
the results obtained in [32].

The logarithmic damping ratio included in the
equation of motion (1) can be calculated as the
average of several logarithmic damping ratios
from the graphs shown in Fig. 5. In order to

Irina V. Shkoda, Olga I. Vediaikina, Daria A. Loshkaryova

level local errors, instead of two neighbouring
vibration amplitudes xj, xj+1, the ratio of vibra-
tion amplitudes Xx;, xj+s after several s periods
was used in this work (Fig. 8). In the case under
consideration, the logarithmic damping ratio S
was determined on several n different sections
of the oscillogram, offset one from another.
Each section consisted of five periods, which
explains the presence of the coefficient 0.2 in
the equation. Then the average value of the log-
arithmic damping ratio f is calculated by the
following formula:

(4)

where X j, X j+5 are the peak values, at the bound-
aries of the time interval (tj, tj+s), m; n is the
number of waveform sections taken to calculate
damping ratio; T is the period, sec.

&
. x=Ae " cos(ot)
X / F & Vam—
g I\ J\ /\ _/N_~\
0 L 1_“5\/ o l, s
JU

Figure 8. Determining the damping ratio

The processing of the obtained oscillograms
yielded the following values for the logarithmic
damping ratio of the STCC specimen under the
two lowest and highest compressive forces: S=
6.20 at N1 = 6.8 kN and Bs = 10.21 at N6 = 36.5
KN. Thus, it is found that the damping ratio de-
pends on the axial compressive force of the
STCC.

4. FORCED VIBRATIONS

In the context of forced vibrations, the damping
behaviour of support structures are characterised
by the inelastic resistance coefficient y. This co-
efficient accounts for the dissipation of vibra-
tion energy due to internal friction within the
material, with the resulting values determining
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the amplitudes of vibrations in near-resonant
zones. This coefficient is a material constant
and is directly related to the damping ratio and
natural frequency of the system:

(5)

The amplitude of forced vibrations is dependent
upon the dynamic coefficient x, which for linear
systems with one degree of freedom is described
by the following formula [35]:

1
B \/(1 — 192 ¢ ),2/12'

U (6)

where 4 = Q /w is the ratio of the circular fre-
quency Q of the stimulus and the natural fre-
quency of the system w; y is the coefficient of
inelastic resistance of the material, taking into
account the forces of internal friction.

The following values of the inelastic compres-
sive force coefficient were obtained for the
lowest and highest compressive forces (see Ta-
ble 3).

Table 3. The value of the inelastic resistance coefficient

_ Damping ratio Natural-vibration Coefficiept of inelastic
Compression force B, sect frequency resistance
’ o, rad/sec y, rad™
1 N 1=6.8 kN 6.20 89.34 0.139
2 N 6=36.5 kN 10.21 158.5 0.129

The calculated values for different values of
compressive forces acting on the sample exceed
the coefficient of inelastic behavior for concrete
and reinforced concrete yreinf = 0.1 rad™, as well
as for steel ysu = 0.12 rad™.

40
35

30

0 | B EENE S SEEE RN G R JI Il l il | S

Yreinf= 0.1 ‘|' |

The obtained value of the inelastic resistance coef-
ficient (y 1=0.139 rad? and y ¢=0.129 rad™?) differ
by no more than 7%. At the same time, exceeding
similar values for reinforced concrete by 30-40%
results in a notable reduction in the dynamic coef-
ficient at the resonant frequency (Fig. 9).

|
I
[t

TR 6= 0,129

,.--"qg\ yi=0.139
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Fig. 9. Resonance curves of various materials: yreinf is the coefficient of inelastic resistance of
reinforced concrete, ysi is the coefficient of inelastic resistance of steel, y1, ys are the coefficients of
inelastic resistance of tube confined concrete
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5. CONCLUSIONS

In conclusion, the present work demonstrates
the impact of axial compressive loads on the
quantitative characteristics of elastic and damp-
ing behaviour in tube confined concrete. It was
determined that internal stresses have no notable
impact on the inelastic behaviour coefficient
(£7%) and, consequently, on the damping be-
haviour of the materials.

Additionally, tube confined concrete structures
exhibit enhanced damping behaviour in compar-
ison to steel and reinforced concrete structures.
The damping parameters of tube confined con-
crete have been observed to exhibit characteris-
tics that exceed the values of other materials by
up to 40 per cent.

Due to its high strength and rigidity, tube con-
fined concrete structures are able to withstand
significant loads and ensure durability. Further-
more, their damping capacity helps to diminish
vibrations under dynamic loads, which is of par-
ticular significance in various crane structures,
motorway and railway bridges, and oil and gas
platforms that are subjected to seismic and dy-
namic forces. The investigation of this subject
matter has the potential to give rise to innova-
tions and enhancements in the fabrication of tube
confined concrete structures, which in turn could
advance the development of engineering solu-
tions that are more efficient and secure.
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HYDROPHYSICAL PROPERTIES OF HEAVY-DUTY CONCRETE
WITH A COMPLEX MODIFIER FOR HYDROMELIORATIVE
CONSTRUCTION

Mariya B. Kaddo !, Yulia S. Filimonova 2

! National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
2 Moscow Polytechnic University, Moscow, RUSSIA

Abstract: Heavy concrete is widely used as the main structural material in irrigation and drainage construction,
ensuring high reliability and safety of the complexes during operation. The main quality criteria for heavy con-
crete are their operational characteristics. The binder was Portland cement of class CEM | 42.5N. The dispersed
composition, technological and strength characteristics of cement and cement stone obtained from it were deter-
mined using sieve analysis, pycnometric method, determination of bending and compressive strength in accord-
ance with standard methods. Natural sand was used as a fine aggregate. Granite crushed stone was used as a
coarse aggregate. Water was used to mix the concrete mixture. Melflux 5581 F superplasticizer was used as a
plasticizing additive. Microsilica was used as an active mineral additive. Chopped basalt fiber was chosen for
dispersed reinforcement of concrete stone. To determine the efficiency of water interaction with the matrix of the
developed concrete and, as a consequence, the efficiency of diffusion processes inside the matrix, affecting the
destruction of the concrete stone structure and possible moisture loss during irrigation, the porosity of concrete,
its water absorption and water resistance were determined. Analysis of the obtained data shows that the introduc-
tion of a complex modifier together with basalt fiber reduced the water absorption index by 57.8% compared to
the control. The water resistance of the modified concrete in composition 5 increased by 4 loading stages com-
pared to control composition 1. Improvement of hydrophysical properties of modified concrete was established:
water absorption decreased by 57.8%; water resistance grade increased by 4 loading stages in comparison with
the control composition. After 600 cycles of frost resistance testing, the mass loss was 1.5-1.8%, the strength de-
crease was 9.1%-10.2%. The proposed modification with a complex additive together with basalt fiber allows
obtaining high-quality heavy concrete with improved hydrophysical properties.

Keywords: heavy concrete, irrigation and drainage construction, complex additive, concrete modification

TUJAPOPU3NUYECKHUE CBOUCTBA TSKEJOI'O BETOHA
C KOMIVIEKCHBIM MOJINPUKATOPOM JIJIA
I'MAPOMEJINOPATUBHOI'O CTPOUTEJBCTBA

M.F. Kaooo !, 10.C. ®unumonosa ?

! HanmonanbHblil ucenenosaTenbekuii MOCKOBCKHI FOCYJapCTBEHHBIN CTPOMTENBHBIA YHUBEPCUTET,
r. Mocksa, POCCH
2 MOCKOBCKHI TIOJIMTEXHUYECKHI YHUBEpCHUTET, T. Mocksa, POCCHSI

AHHoOTanus: B kauecTBe OCHOBHOTO KOHCTPYKIIMOHHOIO MaTepHaa py T’UAPOMEITHOPATUBHOM CTPOUTEILCTBE
MIPOKO HCIIONB3YETCS TSHKENBIN OSTOH, 00ECTIEUMBAIOIIETO BRICOKYIO Ha/Ie)KHOCTh U 0€30I1aCHOCTh KOMITIEKCOB
npu 3Kcruryatarud. OCHOBHBIMH KPUTEPHSAMH KadecTBa TSDKEBIX OCTOHOB SIBILTIOTCS WX JKCIUTyaTallMOHHBIC
XapaKTEPUCTUKU. BspxymuMm siBisiicst nopTianaueMeHT kiaacca LIEM 1 42,5H. JlucnepcHblil cocTaB, TEXHOIOTH-
YECKUE U MPOYHOCTHBIE XapaKTEPUCTUKU LIEMEHTA U IOJIy4aeMOI'0 M3 HEro LIEMEHTHOTO KaMHs OIpPENEIsUIN C
HCTIOIF30BaHUEM CHTOBOTO aHANIN3a, TUKHOMETPHIECKOTO METO/[a, OTPEICIICHHUS IIPOYHOCTH Ha U3THO U cxKaThe
B COOTBETCTBHUHU CO CTaHIAPTHBHIMHM METOIMKaMH. B KauecTBe MEIKOTrO 3aloJHUTENS NCIOIb30BAIH PUPOIHBIN
mecok. B kauecTBe KPYMHOTO 3aIOIHUTENS HCIIOJIb30BAIA TPAHUTHBIN 11e0eHb. J1J1s1 3aTBOPeHHsT OCTOHHOM cMe-
CH HCIIOJIb30BaJIach BoJa. B kauecTBe rmiacTuduuupyromei 100aBKH HCIOIb30BAICS CYNEepIUIaCTUPHUKATOD
Melflux 5581 F. B kayecTBe BOOPACTBOPUMOW MOJUMEPHON 100aBKH mcnoib3oBanu «[lomunon-A». B kaue-
CTBE aKTUBHOI MHMHEpaJIbHOM J100aBKH NPUMEHSIICSI MUKPOKpeMHe3éM. [ mucrepcHoro apMupoBaHusi OeToH-
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HOTO KaMHS OBLIIO BRIOpaHO pyOJeHHOE 0a3aibTOBOE BOJMIOKHO. [ ompenenenHus 3(h(heKTHBHOCTH B3anMMOICH-
CTBHS BOABI C MaTpPHUIICH pa3paboTaHHOTO OETOHA W, KaK CieACcTBHE, d(pdekTnBHOCTH MU HY3NOHHBIX MPOIIEC-
COB BHYTPW MaTpHIIbI, BIMSIOIINX Ha pa3pylIeHHE CTPYKTYPbl OCTOHHOTO KaMHS M BO3MOXHOM MOTEPH BIIaru
IIPU OPOILICHUH, MPOBOAMWIOCH OIPEAEICHHE MOPUCTOCTH OETOHA, €ro BOJOINOIJIOLICHHE M BOJOHEIPOHHUIIAC-
MOCTb. AHaJIM3 MOJIY4YEHHBIX JAaHHBIX MTOKa3bIBACT, YTO BBEIECHHE KOMIUIEKCHOTO MOJU(HUKATOPa COBMECTHO C
0a3a1bTOBBIM BOJIOKHOM CHM3MIIO TTOKA3aTelb BOJONOIIOIMEHNs Ha 57,8% B cpaBHEHUH ¢ KOHTPOJIbHBIM. Bozo-
HENPOHHULIAEMOCTh MOIN(HUIIMPOBAHHOIO OETOHA B 5 cOCTaBe MOBBICHIACH HA 4 CTYNEHU HAarpy)KEHUs B CpaBHE-
HUH C KOHTPOJIGHBIM cOCTaBOM 1. BBIBO/IBI: yCTAaHOBIICHO YIy4llleHHE THIPOPHU3NIECKUX CBOHCTB MOAUDUIIN-
POBaHHOTO OCTOHA: BOJIOIOIJIONICHUE CHU3WIOCH Ha 57,8%; Mapka 1Mo BOJOHCIPOHUIIAEMOCTH MOBBICHIIACh Ha 4
CTYNEHU Harpy>XeHUsI B CPAaBHEHUH C KOHTPOJIBGHBIM cocTaBoM. [locie 600 UKIIOB HCHBITAHUS HA MOPO30CTOM-
KOCTh TIOTEepsi Macchl coctaBmia 1,5-1,8%, camkenue npounoctu 9,1%-10,2%. [pemiaraemoe MoauduIppona-
HHUE KOMIUIEKCHOH JJ00aBKOI COBMECTHO ¢ 0a3aJIbTOBBIM BOJIOKHOM, TTO3BOJISIET ITOJIYYUTh TSDKENIBIN OCTOH BBI-
COKOT'0 KAQueCTBa C yJIy4IICHHBIMHA THAPOPU3NUECKUMHI CBOWCTBAMH.

KioueBbie ciioBa: TsHKesblii OETOH, THPOMEIIHOPATHBHOE CTPOUTENBCTBO, KOMILUIEKCHAs 100aBKa,
MoIupHUKAIHS OETOHOB

INTRODUCTION

At present, in the Russian Federation, much at-
tention is paid to the development and quality of
irrigation and drainage construction, ensuring
food security of the population, and especially to
the quality of irrigation and drainage systems and
the quality of the system’s operation. Heavy con-
crete is widely used as the main structural mate-
rial in irrigation and drainage construction, ensur-
ing high reliability and safety of the systems dur-
ing operation. The main quality criteria for heavy
concrete are their performance characteristics:
strength (up to 150 MPa and above), frost re-
sistance (F1 = 1000), density (up to 2500 kg/m?3),
water resistance (W20), corrosion resistance in
aggressive environments. Research is also active-
ly being conducted on modifying concrete, which
allows for a given level of quality. Even a small
number of modifying components allows for a
radical change in the process of structure for-
mation and the production of durable concrete
with improved physical and mechanical charac-
teristics [1-2]. Multicomponent modifiers on a
chemical-mineral basis are used in hydraulic en-
gineering; their application allows obtaining a
dense durable structure [3-7]. To obtain concrete
mixtures with optimal rheotechnological indica-
tors and to improve the operational properties of
hardened concrete, it is rational and promising to
use chemical-mineral modifiers [8-10]. The most
important achievements in the field of concrete
science are studies that allow expanding the con-
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cepts of micro-, submicro- and nanolevels of
structure formation processes and provide a sig-
nificant increase in physical and mechanical
characteristics, and above all, strength and dura-
bility. Scientifically substantiated patterns of hy-
dration processes of cement clinker minerals and
control of structure formation of cement stone
and concrete have been obtained, developed and
formulated [11-14]. Based on these provisions,
effective methods for protecting concrete and
reinforced concrete from corrosion and ways to
increase its durability have been developed.
Modification of concrete with chemical additives
is the main direction of development of concrete
technology, which is confirmed by scientific re-
search and implemented in the practice of real
enterprises. The main means of combating leach-
ing corrosion in cement systems (washing out of
calcium hydroxide) is the introduction of active
mineral additives and the use of a dense matrix
of cement stone. Such conclusions can be
reached after studying the practical experience of
the authors of scientific papers [15-17], which
note that when leaching portlandite in an amount
of 20-30% of the total content, the strength of the
cement stone decreases by 35-50% or more. The
key feature of the recommendations in these
works is the use of silica-containing additives, in
particular microsilica, which is a by-product con-
taining more than 91% silicon oxide and is
formed during the smelting of ferrosilicon, where
dust particles of microsilica of 10-50 um in size
are retained on an electrostatic precipitator [18,
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19]. Scientific interest is also aroused by the
combined capabilities of amorphous silica and
superplasticizer, which have an effect that im-
proves the characteristics of the produced heavy
concrete [20]. When using these two elements in
production, the product gains additional com-
pressive strength of up to 150 Mpa, and also be-
comes more waterproof and resistant to cracking.
Thus, improving the quality of concrete for meli-
oration and hydraulic engineering construction is
a problematic issue and requires its development
taking into account the technological paradigm
being developed at the present stage, which pro-
vides for the use of a polydisperse binder in its
composition together with a complex modifier.

METHODS

Mariya B. Kaddo, Yulia S. Filimonova

hydraulic seal, which provided the following con-
ditions: relative air humidity of at least 90% and
an ambient temperature of (20+2) °C. After 24
hours, the samples were unmolded and then stored
in a bath with water for 27 days, the temperature
in which was controlled within (20+2) °C. Upon
expiration of the storage period, the beam samples
were removed from the bath with water and tested
for strength no later than 30 minutes later. The
results obtained are presented in Table 2. Accord-
ing to the test results, it was established that the
cement meets the requirements of the standard for
the standardized indicators: test for uniformity of
volume change, the beginning of setting of the
cement paste, compressive strength after 2 and 28
days.

Table 2. Results of determining the charac-
teristics of Portland cement grade CEM | 42.5N

The work used the initial materials with the fol- Requirement Actual
lowing characteristics. The binder was Portland Indicator GOST 31108- value
cement of class CEM | 42.5N, manufactured by 2020
000 Holcim (Rus) SM (Kolomna). The chemi- | Residue onsieve 45 um, 3.1
cal and mineral composition of the cement was . %
. . Residue on sieve 80 pum,
determined using X-ray phase and X-ray fluo- % 05
rescence analysis, the results of which are pre-  ["Rormal density of cement
sented in Table 1. paste, % 260
Test for uniformity of
Table 1. Chemical and mineral composition of | volume change (Le Chate- 10 7
Portland cement lier Ring), expansion, mm
Ce- Chemical composition, wt.% Sp_eCiﬁc surface (accord- 3500
ment | Na,O0 | SO; | MgO | Fe, | CaO | ALO | SiO, ing to Blaine), cm?/g
e 083 | 06 0,88 ?g 64,1 5,389 23,8 Start of setting, min not eagloer than 175
cEM Content of crystalline phases in clinker, wt. % End of setting, min . 500
42'5 (4C§(§é\':1203~ (3Ca(C)?:1203) (2(;23-51 (3CC;(§-51 Presence of signs of false no no
N Fe,0s) 0,) 0,) setting, yes/no
11,46 6,97 11,5 60,92 Average compressive
strength at the age of 2 not less than 10 26.5
The particle size distribution, process and strength days, MPa
characteristics of cement and cement stone ob- Average compressive | not less than 42,5
tained from it were determined using sieve analy- | strengthattheageof 28 | not more than 455
sis, pycnometric method, determination of bend- days, MPa i 625
ing and compressive strength in accordance with True density, kg/m- - 3150
standard methods. To determine the mechanical Bulk density. kg/m 120

strength, beam samples measuring 4x4 x16 cm
were made of cement-sand mortar with a water-
cement ratio W/C=0.4. After production, the sam-

ples were kept in molds for 1 day in a bath with a

Natural sand with a fineness modulus of 2.5 and
particle sizes from 0.16 mm to 2.5 mm pro-
duced by Khromtsovsky Quarry LLC, located in
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the village of Khromtsovo, Ivanovo Region,
was used as fine aggregate. Granite crushed
stone produced by Bogaevsky Quarry LLC,
Moscow Region, Ruzsky Urban District, was
used as coarse aggregate. It meets the require-
ments for the content of plate-shaped and nee-
dle-shaped grains - 12.0%; dust, silt and clay
particles - 0.93%; crushed stone grade for
crushability - 1400; crushed stone grade for
frost resistance - 300; bulk density - 1385
kg/m®; specific effective activity of radionu-
clides (Aeff) - 90 Bqg/kg; crushed stone grade
for abrasion I-1. The maximum in the crushed
stone size distribution was 20 mm. The aggre-
gate under study belongs to the medium-grained
type of crystalline structure.

Water was used to mix the concrete mixture.
Water does not contain sulfates over 2700 mg/I
(in terms of SOg), all salts over 5000 mg/l, oil
sludge and scale, the content of organic matter
is less than 15 mg/l, pH 7.8, color is absent.
Melflux 5581 F superplasticizer additive by
BASF Construction Additives (Germany) was
used as a plasticizing additive, the consumption
of which was 0.3% of the binder weight, rec-
ommended by the manufacturer.

Polydon-A additive by Orgpolimersintez LLC,
St. Petersburg, was used as a water-soluble pol-
ymer additive, meeting the requirements of TU
9365-002-46270704-2001. The consumption of
this additive was 0.2% of the binder weight.
"Polidon-A" is an aqueous solution of polyvi-
nylpyrrolidone CsHsNO, with a density of about
1200 kg/ms3, a viscosity of 3000 to 6000 MPa s
at 25 °C, and a melting point of 150-180 °C.
Microsilica grade MKU-95 was used as an ac-
tive mineral additive. Microsilica was produced
by OOO NTC EVEREST, Lipetsk.

The chemical composition of microsilica in
terms of basic oxides was determined using X-
ray phase analysis using a DRON-3 X-ray ma-
chine. The specified microsilica has a high con-
tent of amorphous and glassy silicon oxide (up
to 95% SiO2 by weight); the content of other
oxides is low. The results of the analysis of the
chemical composition of microsilica are pre-
sented in Table 3.
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Table 3. Qualitative characteristics of microsil-
ica grade MKU-95

Mass fraction, %
not less than 95.0
not more than 0.09
not more than 0.7
not more than 0.17
not more than 0.1
not more than 0.43
not more than 0.25
not more than 1.21
not more than 0.3

Substance

Silicon dioxide SiO,
Phosphorus oxide P,0s
Magnesium oxide MgO
Aluminum oxide Al,O3
Iron oxide Fe,03
Sulfuric anhydride SO3
Calcium oxide CaO
Free alkalis Na,O, K,O
Water

Chopped basalt fiber manufactured in accord-
ance with TU 5952-002-13307094-08 was se-
lected for dispersed reinforcement of concrete
stone. Unlike steel fiber, basalt fiber has a high-
er resistance to corrosion. Compared to polymer
fibers, basalt fiber has a lower elastic modulus
and is not subject to aging. The melting point of
basalt fiber is 1450°C, the average length of a
fiber section is 12.67 mm, the diameter of an
elementary fiber is 16.19 um, the relative elon-
gation at break is 1.4-3.6%, the tensile strength
Rt is 2.8-3.4 MPa-10%, the true density of the
fiber is 2.63 g/cm?®, the modulus of elasticity of
the fiber is 100-130 MPa-10°, and the resistance
to alkalis and inorganic acids is high.

RESULTS AND DISCUSSION

When creating trays for irrigation canals in con-
ditions of constant contact with water, concrete
must be dense and have good hydrophysical
properties: low rates of water absorption, capil-
lary suction, water resistance and high rates of
frost resistance and corrosion resistance. In the
works [10-17] it is noted that the hydrophysical
properties of concrete are improved with the use
of modifiers, especially those that include in-
gredients with a hydrophobic-plasticizing effect
of 15-30% or more. To determine the efficiency
of water interaction with the matrix of the de-
veloped concrete and, as a consequence, the ef-
ficiency of diffusion processes inside the matrix,
affecting the destruction of the structure of con-
crete stone and possible moisture loss during
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irrigation, the porosity of concrete, its water ab-
sorption and water resistance were determined.
To determine water absorption, the method of
successive saturation of samples with water to a
constant mass was used in accordance with
GOST 12730.3-2020. The cube samples used
had a side of 100 mm and were made of con-
crete mixtures of the developed compositions.
The samples hardened under normal conditions
for 28 days. The series of samples for testing
consisted of 3 cubes plus a control for each of
the compositions. Water absorption of a series
of samples of each composition was determined
as the arithmetic mean of the water absorption
values of each sample in the series. The porosity
of samples of the developed compositions was
determined by assessing the kinetics of water
absorption using the discrete weighing method
in accordance with GOST 12730.4-2020 "Con-
crete. Methods for determining porosity pa-
rameters.” The cube samples had a side of 70
mm, the test series included two samples of
each composition. The porosity value was cal-
culated as the arithmetic mean. The water re-
sistance of the developed concrete products was
determined using the "wet spot” method in ac-
cordance with the requirements of GOST
12730.5-2018 [16]. To determine the water re-
sistance, cylindrical samples with a diameter of
150 mm and a height of 150 mm were made
from the developed compositions. According to
GOST 24587-81 [17] and the technological
conditions for the manufacture of trays, the
largest filler size in them should not exceed 15
mm. The cylindrical samples also had a maxi-
mum filler size of 15 mm. Six samples of each
composition were prepared in the series. Before
testing, the samples were kept in a normal cur-
ing chamber under normal conditions for 24
hours before testing. Water resistance was de-
termined using the Form + Test WE 6 MMZ
installation (Germany). The samples were in-
stalled in the landing devices of the installation,
the cuffs of which were pre-lubricated with wa-
terproof grease. The water pressure was in-
creased stepwise with subsequent holding (0.2
MPa for 1-5 minutes) and a duration of water

Mariya B. Kaddo, Yulia S. Filimonova

exposure under pressure equal to 12 hours at
each step. When a "wet spot™ appeared, as well
as other signs of water penetration into various
places of the sample, the test was stopped. The
value of the maximum water pressure, at which
no water filtration was observed on at least four
out of six samples, was taken as an indicator of
the sample's water resistance. The first basic
method was used to determine frost resistance.
The test samples were a series of concrete cubes
with an edge of 100 mm, six of which were tak-
en as controls, and twelve had additives intro-
duced into their composition in accordance with
the developed experimental plan. The holding
time of the samples was 24 hours with immer-
sion to 1/3 of the sample height, 24 hours with
immersion to 2/3 of the sample height, and 48
hours with complete immersion. The testing
process was continued until the appearance of
structural defects in the samples - cracks, chips
and peeling, loss of mass and loss of strength of
the samples by more than 5% of the required
value [12, 14] The results of tests for water ab-
sorption and water resistance of concrete are
presented in Table 4. Analysis of the obtained
data shows that the introduction of a complex
modifier together with basalt fiber (composition
6, PV + (0.3% Melflux + 0.2% Polydon-A +
15% MK) + 0.7% BV) reduced the water ab-
sorption index by - 57.8%; composition 2 PV +
0.3% Melflux reduced it by 37.8%); composi-
tion 3 PV + 0.2% Polydon-A reduced it by
48.9%; composition 4 PV + (0.3% Melflux +
0.2% Polydon-A reduced it by 53.3%. by 55.5%
— 5 composition PV + (0.3% Melflux + 0.2%
Polydon-A + 15% MK) compared to the control
(composition 1). The water resistance of the
modified concrete in composition 5 PV + (0.3%
Melflux + 0.2% Polydon-A + 15% MK) in-
creased by 4 loading stages compared to the
control composition 1 (PC++ 0.3% Melflux). At
the same time, the presence of basalt fiber PV +
(0.3% Melflux + 0.2% Polydon-A + 15% MK)
+ 0.7% BV in composition 6 did not affect its
water resistance.
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Table 4. Results of water absorption and water resistance tests

Sample marking Water absorpgion by weight, Water resistance, MPa Concrete g_rade by water
% resistance

Composition 1
control factory 4.5 0.6 W6
PC + 0.3% Melflux
Composition 2
PV + 0.3% + Melflux 28 08 we
Composition 3
PV + 0.2% Polidon-A 23 10 wio
Composition 4
PV + (0.3% Melflux + 0.2% 2.1 1.2 w12
Polidon-A)
Composition 5
PV + (0.3% Melflux + 0.2% 2.0 1.4 w14
Polidon-A + 15% MK)
Composition 6
PV + (0.3% Melflux+ 0.2%
Polidon-A + 15% MK) + 1.9 14 Wi4
0.7% BV

The results of tests under cyclic alternating freezing and thawing are shown in Table 5.

Table 5. Results of concrete tests under cyclic alternating freezing and thawing

Sample mass loss, %, after cycles K, after cycles
200 | 300 | 350 | 400 | 500 | 600 | 200 | 300 | 350 | 400 | 500 600

Sample marking

Composition 1
control factory 1.18 | 218 | 3.15 | 432 | - - 0.96 | 091 | 0.78 | 0.67 - -
PC + 0.3% Melflux

Composition 2

PV + 0.3% + Melflux
Composition 3

PV + 0.2% Polidon-A
Composition 4

PV + (0.3% Melflux + 023|098 | 16 | 19 | 29 |389| 103 | 1.01 | 097 | 096 | 0.94 | 0.88
0.2% Polidon-A)
Composition 5

PV + (0.3% Melflux +

0.2% Polidon-A + 15%

MK)
Composition 6

PV + (0.3% Melflux+

0.2% Polidon-A + 15%
MK) + 0.7% BV

Note. Kn; is the ratio of the strength index of a sample after testing its frost resistance to the strength of a sample of

the material in a water-saturated state before determining frost resistance.

047|114 |118| 22 | 3.6 | 530 | 1.0 | 0.96 | 0.94 | 0.92 | 0.82 0.8

032109 |15 | 20 | 3.2 |482| 1.02 | 098 | 095 | 094 | 0.86 | 0.85

0121094 | 12 | 14 | 16 | 180 | 1.04 | 1.02 | 098 | 094 | 0.92 | 091

01 (01502203609 | 15| 1.1 | 1.08 | 1.04 | 0.99 | 0.97 | 0.93

The results of tests with cyclic alternate freezing - maximum reduction in weight up to 6.32% and
and thawing of cube samples made of concrete cube strength by 26% in control composition 1
of different compositions, presented in Table 5, (PC + 0.3% Melflux) after 400 cycles of alternate
showed: freezing and thawing tests, which exceeds the es-
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tablished indicators of the requirements of GOST
10060-2012 (loss of weight and strength of con-
crete no more than 2% and 15%, respectively).

- high frost resistance characteristics of compo-
sitions containing the complex modifier PV +
(0.3% Melflux + 0.2% Polydon-A + 15% MK).
After 600 test cycles, the mass loss in composi-
tions 5 and 6 was 1.8% and 1.5% with a de-
crease in strength of 10.2% and 9.1%, respec-
tively, which confirms the sufficient margin of
strength and frost resistance of the proposed
modified concrete compositions.

CONCLUSION

Based on the presented research results, the fol-
lowing conclusion can be made:

1. An improvement in the hydrophysical proper-
ties of the modified concrete was established: wa-
ter absorption decreased by 57.8%; the water re-
sistance grade increased by 4 loading stages com-
pared to the control composition. After 600 frost
resistance test cycles, the mass loss was only 1.5-
1.8% and the strength decreased by 9.1%-10.2%.
2. The proposed modification with a complex
additive together with basalt fiber allows obtain-
ing high-quality heavy concrete with improved
hydrophysical properties: water absorption, wa-
ter resistance and frost resistance, which makes
it possible to recommend it for the production of
building products and structures operating in
harsh operating conditions.
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Abstract: The relevance of the study is driven by the expanding use of numerical models in the design practice
of retaining structures and the need for their verification. A promising design solution for retaining walls is a
stepped structure, sequentially constructed from hollow-body box type blocks infilled with crushed stone. This
solution has several features that require the adaptation of existing calculation methods.

A numerical model of a retaining structure made of thin-walled blocks infilled with soil has been developed
based on the analysis of the interaction between the structure's components under load, taking into account the
work of the foundation and surrounding soil. The SiO2D finite element modeling computer software was used as
a modeling tool. The calculation results for the proposed numerical models are compared with corresponding re-
sults for analytical solutions. The parameter values of the main physico-mechanical properties of the numerical
models were determined as a result of field and laboratory tests in accordance with standard methodologies con-
sidering the scale of the tests.

The features of the design solution and construction technology of retaining structures made of thin-walled rein-
forced concrete blocks infilled with crushed stone were examined. Numerical models of retaining structures
made of soil-infilled blocks were constructed using the domestic software package SiO2D. Laboratory and field
tests established the parameters of the numerical model of the retaining structure. The research demonstrates
high values of the structural cohesion («interlocking») parameter ¢ (up to 60 kPa), alongside a high internal fric-
tion angle value ¢ (up to 60°), ensuring high shear stability of the infilled blocks.

The study, using numerical models, proposes a calculation basis for retaining structures made of soil-infilled
blocks forming a stepped construction, where the blocks are not rigidly connected but are held in their design po-
sition by the internal resistance forces of the soil against shear.

Keywords: retaining structures, new structures, calculation methods, numerical models,
mechanical strength characteristics of crushed stone
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Nikita Ya. Tsimbelman, Anatoly Yu. Mirnyy, Evgeny V. Fedorenko, Dmitry Yu. lvannikov, Valentin N. Babkin,
Igor V. Kuzovatkin, Tatyana I. Chernova

AHHOTALMSA: aKTyaJIbHOCTb MCCIICIOBAaHUH 00yCIIOBIEHa paclIMpeHneM 00IacTH NPUMEHEHUS YHCICHHBIX MO-
Jesieil B MPaKkTHKEe IPOSKTUPOBAHUS MOJIIOPHBIX COOPYKEHUH N HEOOXOANMOCTBIO NX BepHpukaru. OQHUM U3
HEPCIEKTUBHBIX KOHCTPYKTUBHBIX PEIICHUH MOAIIOPHBIX CTEH SBJISETCS CTyNeHYaTast KOHCTPYKLHS, TTOCIe10Ba-
TEJILHO BO3BOAMMAsI M3 IyCTOTENBIX OJOKOB-KOPOOOB C 3alloJIHEHUEM IojiocTed mebHem. Penienne obnanaer
PSILIOM 0COOCHHOCTEH, TPEOYIONIHMX aNanTallii CYIIECTBYOIINX METOIOB pacu&Ta.

Yucnennas MOJECJIb IMOAIIOPHOI0 COOPYKEHUA U3 TOHKOCTCHHBIX 6J'IOKOB, 3allOJIHCHHBIX T'PYHTOM, pa3pa60TaHa
Ha OCHOBE aHaJM3a B3aUMOJICHCTBUS KOMIIOHCHTOB COOPYIKEHHUS MEXKIy cOOO0H MoJ NeHCTBUEM HArPY3KH C yde-
TOM pabOThl OCHOBaHMS M OKPYXKAIOIIEro rpyHTa. B kayecTBe MHCTPYMEHTa MOJCIHPOBAHMS MPUMEHEHA KOM-
OBIOTEPHAS POrpaMMa KOHEYHO-3JIEMEHTHOro MozaenupoBanus SiO2D. Pe3ynbraThl pacueToB MO MPEAIOKCH-
HBIM YUCJICHHBIM MOJEISM COIIOCTABJIAIOTCS C COOTBETCTBYIOIIMMH PE3yJbTaTaMH aHAJUTHYCCKHX PEIICHHH.
3Ha4YeHUs NapaMeTPOB OCHOBHBIX (DM3HKO-MEXaHHMYCCKHX XapaKTEPUCTHUK YHCICHHBIX MOJEINel OonpenesicHbl B
pe3yJbTaTe IOJEBBIX M Ja0OpaTOPHBIX HCIBITAHMH B COOTBETCTBHU C HOPMATHBHBIMH METOIUKAMH C y4ETOM
MaciTada UCIBITAHUH.

PaccMoTpeHbl 0COOCHHOCTH KOHCTPYKTHBHOTO PEIICHUS W TEXHOJOIMH BO3BENCHHS MOAIIOPHBIX COOPYKECHHH,
COCTOSAIINX U3 TOHKOCTECHHBIX JKeJe300€ TOHHBIX 6J'IOKOB, 3aI10JIHACEMBbIX Hle6HeM. HOCTpOCHI)I YHUCJIICHHBIC MOJIC-
JIK TTOJATTIOPHBIX COOpy)KeHI/Iﬁ M3 3all0JIHCHHBIX I'PYHTOM 6J'IOKOB C IPUMCHCHHUEM OTCYECTBEHHOI'O IMPOrpaMMHO-
ro komruiekca SiO2D. B pesynbTate 1a00paTOPHBIX M MOJEBBIX MCIBITAHHH YCTAHOBJICHBI TTAPAMETPHI YHCIICH-
HOI MOJIENTH MOANIOPHOTO COOpyKeHus. VccaenoBaHus I1eMOHCTPUPYIOT BBICOKHE 3HAYCHHUS MapaMeTpa CTPYK-
TYPHOTO cleruieHus («3arermieHus») ¢ (no 60 klla), Hapsimy ¢ BRICOKAM 3HAYECHHEM yIJla BHYTPEHHETO TPEHHS ¢
(10 60°) 06eCTIEYMBAIOIIETO BHICOKYIO yCTONYMBOCTh 3aIIOTHEHHBIX OJIOKOB Ha CIIBHT.

B pabore ¢ mpuMeHeHHEM YHCIEHHBIX MOJENEH IMPEeIoKEeHO pacueTHOe 00O0CHOBaHHME MOAIOPHBIX COOpPYXKe-
HHH, COCTOSIIMX W3 3alIOJHEHHBIX TPYHTOM OJIOKOB M COCTABIIIOLIMX CTYIEHYATYI0 KOHCTPYKIHIO, B KOTOPOM
OJIOKM HE UMEIOT MEXTy COOOM KECTKUX KOHCTPYKTUBHBIX CBSA3CH, a yIEPKUBAIOTCS B POSKTHOM IIOJIOXKEHUH
3a CYET CHIT BHYTPEHHETO COMTPOTHBICHHS TPYHTA CIIBHTY.

KiioueBrble cjioBa: TMOATIOPHBIC COOPYIKEHHNA, HOBBIC KOHCTPYKIINU, METOABI pacuc€Ta, YUCJICHHbIC MOJCIIH,
MPOYHOCTHBIC XapAKTCPUCTUKU IHC6HSI

INTRODUCTION

Numerical modeling of geotechnical systems is
currently a relevant and routine task for design
engineers [1, 2]. Modern finite element comput-
er software packages, designed for mathemati-
cally describing system behavior, are typically
verified by authoritative expert communities
through a set of test solutions that possess a
more rigorously established mathematical cor-
rectness [3, 4]. Such software packages serve
largely as automated tools, allowing users to
create models of system elements within the
limits of their own ability, describe their interac-
tions with each other and with the surrounding
environment, based on their own understanding
of the physical processes characteristic of the
system. The methods for modeling system com-
ponents in each program are implemented as a
set of special user tools, enabling each compo-
nent to be assigned a mathematical model that
best corresponds to its actual performance [5,
6]. Therefore, despite the near-complete auto-
mation of calculations, system modeling re-

mains a creative task, and the development of
nearly any engineering model depends on the
user’s creative experience and preferences,
rooted in their understanding of the actual be-
havior of the modeled system. As a result, re-
search tasks aimed at justifying and developing
methods for modeling complex engineering sys-
tems using mathematical tools, implemented as
a set of tools in specific computer programs,
remain highly relevant.

This is also true for systems that describe the
interaction of retaining walls with surrounding
soil and other components [7, 8]. Compared to
analytical solutions, numerical models allow for
more accurate reproduction of the configuration
of the retaining structure within the computa-
tional model, the layering of soils, more precise
positioning of applied loads, and the considera-
tion of their distribution characteristics [9, 10].
The setup of the calculation allows for the de-
scription of the retaining structure's behavior,
taking into account the stages of its construction
and loading, as well as changes in loads over
time and other factors.
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Currently, combined solutions for retaining
structures, where soil is used as a construction
material, are becoming increasingly widespread
[11]. This study investigates retaining walls
composed of individual hollow-body box type
blocks, stacked with an offset toward the slope
and infilled with crushed stone (Fig. 1) [12, 13].
The use of retaining walls of this design began
relatively recently in Japan [14], where initial
studies on the stability of such structures under
seismic loads were conducted [15].

)./JP/
i\ =
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4 T4 =T/  soil collapse
M a <7/ \ prism

Figure 1. Cross-section of a retaining wall
made of blocks infilled with crushed stone

The design offers several advantages, includ-
ing  high  construction  speed, cost-
effectiveness, and aesthetic appeal. The main
feature of the design, which affects its per-
formance as part of a geotechnical system, is
the absence of rigid structural connections be-
tween the blocks. The blocks are held in their
design position by internal resistance to shear,
generated by the weight of the infilled blocks
and the shear resistance on the interfaces be-
tween the levels of the blocks.

The computational justification of this design
and the potential expansion of its application
scope require the substantiation of methods
and techniques for numerical modeling. One
of the criteria is the comparison of numerical
modeling results with more mathematically
rigorous analytical solutions, which should
also be developed considering the design's
specific features, including the perception of
active soil pressure along the irregular profile
of the retaining surface [16].

\Volume 20, Issue 4, 2024

MATERIALS AND METHODS

The research is based on fundamental princi-
ples of structural mechanics, soil mechanics,
elasticity and plasticity theory, as well as on
methods of numerical modeling of spatial
combined systems [17, 18]. When developing
computational models of retaining walls made
of soil-infilled blocks, the Coulomb-Mohr
model was used by the authors to describe the
properties of the granular medium [19].

In forming the computational models, modern
achievements in applied mathematics and
structural mechanics were utilized, particular-
ly in the development of numerical methods
for assessing the stress-strain state of calculat-
ed systems under static and dynamic loads.
The SiO2D computational software was used
as the primary modeling tool [20]. The main
physical and mechanical properties of the
computational models were determined
through large-scale physical experiments and
laboratory studies. The experiment planning
adhered to the principles of similarity theory
and dimensional analysis. The developed nu-
merical models of retaining structures were
verified by comparison with more rigorous
mathematical solutions, feasible under specif-
ic computational conditions.

RESULTS OF THE RESEARCH

Provided below are the research results on the
studied retaining structure, including the de-
velopment of the computational model, results
of numerical modeling, as well as the method-
ology and results of laboratory studies con-
ducted to determine the parameters of the
computational model.

Numerical Modeling in SiO2D

To enable a comparative analysis of the re-
sults from the analytical solution [16] with
those obtained from numerical solutions, a
calculation was performed for a retaining wall
consisting of hollow-body reinforced concrete
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blocks infilled with soil. The profile of the
retaining structure, along with the indication
of the soil’s physical and mechanical proper-
ties, is shown in Fig. 2. The blocks are
numbered from top to bottom.

In general, the analytical and numerical ap-
proaches can be considered comparable, alt-
hough there are differences that can lead to
significantly different results. The main dis-
tinction lies in the determination of active
pressure. Analytical calculations typically as-
sume wall movement and therefore use active
pressure, with a coefficient Ka of approxi-
mately 0.2+0.4.

p=10 KH/m’
{ ] ] ] ] ]
72t 725

Specific weight of
retained soil mass

19 kN/m3

Surface load 10
kN/m?

Inclination angle of
the backfill surface to
the horizontal p =0 °
Internal friction angle
of the backfill soil
p=30°

Friction angle along
the retaining wall's
surface s =30°

Specific cohesion of retained soil ¢ = 0 kN/m?

Height of each block — 1 m;

Internal friction angle of the filler o = 30 °

Specific cohesion of the filler ¢ = 0 kN/m?

Specific weight of the block with soil 20,15 kN/m?

* The calculation is simplified by assuming that the bottom
of the wall rests on a firm. non-deformable foundation.

5500

v

500

Figure 2. Profile of the retaining wall

Numerical modeling, through displacement cal-
culations, allows for determining the degree of
transition from at-rest pressure to active pres-
sure. It should be noted that active pressure is
lower than at-rest pressure (KO is approximately
0.4+0.6). A similar situation applies to passive
pressure, where the transition from at-rest state
to passive resistance must be determined, with
the passive pressure coefficient being greater
than the other two, being approximately 2+6.

Igor V. Kuzovatkin, Tatyana I. Chernova

Another difference is the complexity of ac-
counting for the existing slope with other
strength characteristics. It is common to encoun-
ter situations where a retaining wall must be
constructed in front of an existing slope. In this
case, the slope, whether in its natural state or
after partial cutting, must be stable, meaning
that its contribution to active pressure follows
different laws. The simplest way to account for
such situations is to limit the volume of backfill
when calculating active pressure. Sometimes,
active pressure from backfill is combined with
potential landslide pressure in the natural slope,
but this is only possible if, given the specified
safety factor, landslide pressure can take place.
Active Pressure) For comparing pressure val-
ues with analytical calculations, numerical
modeling was performed using the finite ele-
ment method in the SiO2D program. Figure 3a
shows the results of horizontal displacements
after the complete construction of the structure.
The bottom block is fixed and has zero dis-
placements, so maximum pressure is expected
at this level not only due to the maximum soil
height but also due to the use of the at-rest state
lateral pressure coefficient KO. The top block
has maximum displacement, and active pres-
sure coefficient Ka is used in determining the
pressure.

Initially, at-rest pressure was calculated by
adding boundary conditions prohibiting dis-
placements on the front face of each block. The
pressure distributions are shown in Fig. 3b. The
displacement constraints were then removed,
and stress recalculation was performed. This
resulted in the active pressure distributions
shown in Fig. 3c.

In the studied scheme, the bottom block is as-
sumed to be conditionally fixed, so its dis-
placements can be considered zero. In this
case, the pressure for this block will be calcu-
lated based on the at-rest lateral pressure coef-
ficient (KO0), and the pressure value will be sig-
nificantly higher than the analytically calculat-
ed value based on the active pressure coeffi-
cient Ka. The average stress values on the ver-
tical face of the block are presented in Table 1.
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Table 1. Calculation results for block pressure
according to FEM

Numerical pressure Analytical

Block calculation equivalent*

No by KO0, by Ka, kPa '

kPa kPa

1 13 55 12

2 36 19 20

3 52 20 25

4 65 22 34

5 68 19 35

6 66 66 43

*The analytical pressure equivalent is calculated for
a rectangular pressure distribution
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Figure 3. Stress distributions on the back face of
the blocks: a — horizontal displacements of the
blocks (min: -64,70x10° m (bar 8694 - section 0)
max: 0,00x%103 m (bar 1614 - section 11)); b —
static pressure (normal stresses in '-' interfaces
o, kPa/m. min: -76,08 (element 4493) max: 0,00
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(element 1736)); ¢ — active pressure (normal
stresses in '-' interfaces o, kPa/m. min: -78,59
(element 1757) max: 0,00 (element 1736))

Conclusions: 1) The analytical calculation [16]
takes into account the varying inclination of the
back surface, considering each block level indi-
vidually as a conditional monolith. Meanwhile,
the numerical analysis can reveal several areas
of shear deformations, forming local areas of
active pressure within one global area;

2) In the analytical calculation, the distributed
load is usually applied across the entire height
of the wall, considering the coefficient of active
lateral pressure. In the numerical calculation,
the stresses are redistributed depending on the
ultimate and pre-ultimate state of the finite ele-
ment nodes;

3) The pressure distribution curve in the analyti-
cal calculation has a smooth shape, whereas in
the numerical model, the shape depends on the
mesh size of the finite elements;

4) In some cases, the uneven horizontal dis-
placements of the front face of the modular re-
taining wall lead to different states of the soil
behind it: part of the volume may be in a state of
rest, part in a state of active pressure, and part in
an intermediate state. This results in varying
values of the lateral pressure coefficient depend-
ing on the state.

Determination of Numerical Model Parame-
ters

A crucial task for successful numerical model-
ing was determining the actual values of the
physico-mechanical properties of the soil mate-
rial used to infill the blocks and voids between
them — granite crushed stone with a particle size
of 20-40 mm. Considering that the retaining
walls are constructed using a unified technolo-
gy, the parameters of the crushed stone had to
be determined under conditions similar to those
achieved in the field, corresponding to the de-
sired compaction density. To achieve this, a se-
ries of tests on the soil material was conducted
at the KorBet LLC testing site.
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To ensure the crushed stone used met the sup-
plier's declared specifications, a series of tests
was conducted at the Petromodeling Lab LLC
laboratory in accordance with GOST 8269.0-97
and GOST 8267-93 standards. The tests con-
firmed the compliance of the crushed stone with
GOST 8267-93 and established its main physi-
cal characteristics.

The actual compaction density was determined
by placing crushed stone in an air-dry state into
the cavity of a KBP 100/200 block, positioned
on a horizontal concrete foundation, with layer-
by-layer compaction using a hand-operated vi-
brating tamper. After the cavity was filled, the
horizontal alignment of the infill surface was
checked, and excess crushed stone was re-
moved. The crushed stone was then extracted
from the cavity and weighed. This compaction
and weighing process was repeated three times,
resulting in obtaining the mass value of
crushed stone filling the cavity of the KBP
block with the selected compaction method.
The cavity volume was measured by filling it
with liquid and was determined to be
0.506+0.01 ms.

Based on the obtained crushed stone mass (M)
and the known cavity volume (V), the average
density of the crushed stone skeleton (p) was
calculated as 1815+72.5 kg/m?. This value was
used as the target density for subsequent labor-
atory determination of shear resistance parame-
ters.

The determination of shear resistance parame-
ters was carried out in the Petromodeling Lab
LLC laboratory using mobile shear units MSU-
1 in accordance with GOST 20276.4-2020 and
GOST 12248.1-2020 standards. The tests were
conducted on disturbed structure samples with
a diameter of 256 mm and a height of 195-200
mm [21]. The samples were formed directly in
the shear carriage rings by filling them with
compaction. The target density was specified
as the previously obtained value of 1.82 g/cm?.
However, under laboratory conditions, this
density could not be achieved, and the actual
density range of the samples during testing was
1.48-1.66 g/cm?.

Igor V. Kuzovatkin, Tatyana I. Chernova

The tests were conducted without water satura-
tion, in a drained mode. The range of vertical
stresses applied during the tests was 25-300
kPa, with a step of 25 kPa. The vertical stress
was applied in one step and maintained until
the displacement of the stamp stabilized to 0.1
mm/30 min. Then, a stepwise application of
shear load was performed with holding until
stabilization, in accordance with GOST
20276.4-2020 (0.1 mm/1 min). The shear load
step was 5 kPa. A total of 12 tests were con-
ducted. After completing the entire series of
tests, some of the results were rejected based
on the actual achieved density of the samples.
The Coulomb-Mohr envelope constructed in
the «o — ™ coordinates is shown in Fig. 4.
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Figure 4. Coulomb-Mohr envelope constructed
in «o — o coordinates. Points excluded from
consideration due to deviations in sample densi-
ty are marked in red
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As a result of processing in accordance with the
requirements of Sections 7.6 — 7.12 of GOST
20522-2012, the normative and calculated val-
ues of shear resistance parameters were ob-
tained. The average density of the samples was
1.6 g/cm®, which is 12% below the target value.
It is worth noting that within the investigated
range of normal stresses, no deviations from
linearity were observed in the Coulomb-Mohr
envelope, allowing for the continued use of the
Coulomb-Mohr strength theory in further mod-
eling without switching to more complex non-
linear theories (such as the Hoek-Brown failure
criterion).
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It is also noteworthy that even at a density lower
than that achieved in field conditions, this type
of crushed stone exhibits significant interlock-
ing (cohesion was 63 kPa). It is reasonable to
assume that at the actual density in the mass,
this crushed stone will have even higher cohe-
sion values. The minimum pressure at the base
from a single infilled block is 18 kPa, making
lower normal pressure values in the retaining
wall structure technically impossible. This al-
lows us to disregard changes in cohesion in the
low-stress region.

Considering the mono-fraction composition of
the crushed stone used and the high compaction
density, the dilatancy angle was determined to
improve calculation accuracy. The determina-
tion was carried out during single-plane shear
tests by additionally measuring vertical defor-
mation. As a result, dependencies of vertical
displacement of the stamp on the horizontal dis-
placement of the shear carriage were obtained.

Table 2. Final table of physical and physico-
mechanical properties of crushed stone

Sym- . Val-
Ne Parameter bol Unit e
1 | Bulkdensity | norm. | pmn | g/lcm® | 1,47
Density after 5 | 1,82+
2 compaction norm. P g/cm 0,07
Particle 3
3 density norm. Ps glcm® | 2,69
Moisture

4 | contentin
air-dry state

norm. W % 0,1

> norm. Ou 60,2

6 | Internal o= o . 57.3
friction angle | 0.9

! ogs | o 58,3

8 norm. c, 62.6
Specific o=

° cc[))hesion 0,95 G kPa | 95.9
a =

o 0,85 Cin 58,1

H Er:;teancy norm. |y ° 79

The dilatancy angle was determined using the
formula proposed by Bolton (1986) [22], based
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on the assumption of equality between the rela-
tive vertical deformation and the relative shear
deformation. The range for determining the dila-
tancy angle was the section of maximum graph
rise, which in most cases corresponded to the
sample's hardening stage during shear. Table 2
presents the obtained values of the physico-
mechanical properties sufficient for numerical
modeling.

CONCLUSION

The main results obtained from the research are
summarized by the authors in the following
conclusions:

1) Stepped retaining structures made of box type
blocks infilled with crushed stone are a promis-
ing design solution suitable for reinforcing soil
slopes in civil, industrial, transportation, and
hydrotechnical construction. However, due to
the design’s structural features (primarily the
absence of rigid connections between the
blocks), this solution requires the development
of traditional analytical calculation methods, as
well as the justification for the creation of nu-
merical calculation models;

2) For modular retaining walls, the use of nu-
merical calculation methods is preferable due to
the advantages of the finite element method.
The "structure-soil™ system is multiply statically
indeterminate, and the soil's lateral pressure dis-
tribution under the same external load scheme
will differ. Numerical calculations allow to
identify a single stress state from a multitude of
likely and permissible possibilities, determined
by the set parameters of all system elements;

3) During a series of tests conducted in accord-
ance with standard methodologies, the actual
values of the physico-mechanical properties of
the soil material used to fill the blocks and the
spaces between them were determined. Norma-
tive and calculated shear resistance parameters
were obtained. It was found that within the stud-
ied range of normal stresses, the Coulomb-Mohr
envelope is linear. This allows the justified use
of Coulomb-Mohr strength theory when model-
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ing the considered retaining walls without re-
sorting to more complex nonlinear theories,
which require a larger number of parameters.
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Abstract. In the concrete treatments, small cracks are beginning developing inside. As a result of temperature
and stress variations during extraction, the fragments will enlarge and unite to form some noticeable cracks.
Concrete constructions may suddenly shatter as a result of cracks spreading. The study focuses consideration of
the inspiration of additives on the properties of fracture in high-performance concrete with additives (HPCA) as
a foundation for the effective application of building structures. Compared to traditional concrete, HPCA has
better mechanical qualities and durability. The highly responsive nanoparticles significantly improved concrete
performance. Portland cement has been replaced with nanoparticles at different percentages of weight to create
HPCA mixtures. The impact of nano silica (nS) and nano alumina (nA) on the appearance of fracture and crack
extension resistance of HPC during the process of entire fracture will be assessed in this research. Based on the
softening laws and outcomes of the bending test of three-point of concrete material along with grooves, the
resistance of crack extension of HPCA was determined. The crack mouth opening displacement versus load
relationship curves (P-CMOD) represent the ultimate result. Compressive strength and additional mechanical
properties have been determined within the model. Ultimately, the P-CMOD curves are used to analyse and
compute the fracture parameters and features of HPCA utilizing nano particles.

Keywords: Concrete, Nano-particles, Fracture, Characterizations, Durability, Mechanics

NCCIEJOBAHHUE COITPOTUBJIIEHUA PACITPOCTPAHEHUIO
TPEIIIUH B HAHOMOANPUIITUPOBAHHOM BETOHE HA
OCHOBE MEXAHUWKMU PA3PYHIEHUSA

Kannew Jlanoscuoxaii Kanaousa *, Canoorcait Iricowiu *,
Aoxcaiicunx Bazenac Iapaz Pamewoxan Caecanu 2

! Kadenpa rpaxmanckoro crpoutennsctsa, Yausepeurer P. K., Papkkor, ymxapar, THIUS
2 dakynbTeT rPakIaHCKOrO CTPOMTENLCTBA, YHUBepcuTeT noktopa Cybxaima, [xynaranx, I'ymxapar, UHJIVS

AnHoTamusa. B mporiecce 00OpaboTkH OeTOHA B HEM MOIYT MOSIBIATHCSA HEOOMNbBIIME TPEHMHBL B pesynsrare
KoJIeOaHWH TeMIlepaTypbl W HaNpsHKEHWs TPU TIpeKpamieHnd oOpabOTKM MHKpPOTPEIIMHBI YBEJIMYMBAIOTCS U
00BbeMHSIOTCS, 00pasysl 3aMETHBIC TPEIIMHBL. B pesynsrare pacrpocTpaHeHHs! TpelrH OCTOHHBIE KOHCTPYKIMU
MOT'YT BHE3AIHO Pa3pyIIHUThesl. JJaHHOE HcclieJoBaHNe MOCBSIIEHO PACCMOTPEHHIO BIIUSHMS 00AaBOK HA TapaMeTphl
pa3pyieHus BeICOKompouHoro OetoHa c¢ moOaBkamu (HPCA) kak ocHOBEI it 3(p(eKTHBHOrO TPUMEHEHHS B
CTPOUTENBHBIX KOHCTPYKIusX. Ilo cpaBHeHMIo ¢ TpaguimoHHBIM OetoHoM, HPCA obmamaer mydmmMu
MEXaHHYECKUMH CBOHCTBAMH H JIOJTOBEYHOCTBIO. BBICOKOUYBCTBUTEIBFHBIC HAHOYACTHUIIEI 3HAYMTEIHHO YITyUIIIHITH
xapakTepuctuku oeroHa. st cozmanms cmeceit HPCA mopmianemMeHT Ob11 3aMeHEH HAHOYACTUIIAMHE B PA3IIITIHBIX
BECOBBIX IPOIIEHTaX. B MaHHOM HCciemnoBaHWM OBUIO OIEHEHO BIMSIHHME HAaHOKpeMHe3eMa (nS) M HaHOIIMHO3EMa
(nA) Ha TOSIBIICHHE TPEIINH M COMPOTHBIEHHE pacKphITHio TpemH B HPC B mpormecce nmomHoro paspymenns. Ha
OCHOBE 3aKOHOB Pa3yIPOYHEHUSI U PE3YJIbTaTOB MCIIBITAHUS Ha TPEXTOUSYHBI M3rud OETOHHOTO 00pasia ¢ BHIPE30M
ObUIO ompereseHo conportupicHue pacimpennio Tpemud B HPCA. TlomydeHbl KpUBbIe 3aBUCHMOCTH CMEIICHHS
ycThsl TpemuHael oT Harpy3ku (P-CMOD). B pamkax Mopenmu OBUTH ONpEICNICHbI MPOYHOCTh HA CXKaTHEe U
JIOTIOJTHUTENbHBIE MeXaHudeckne xapakrepuctukd. Kpusble P-CMOD wucnosnb3oBaHbl I aHamu3a M pacyera
[apaMeTPOB Pa3pylIeHUs U XapaKTEPUCTUK BBICOKOIPOYHOTO HaHoMoauuippoBanHoro 6erona (HPCA).

KaroueBrble ciioBa: EGTOH, HAaHOY4aCTHULBI, pa3pyLUICHUC, XapaKTCPUCTUKHU, JOJTOBEYHOCTh, MEXadHHUKaA



Investigating the Crack Propagation Resistance of Nano Concrete Through Fracture Mechanics

1. INTRODUCTION

Concrete is the greatest frequently employed
construction substantial and heterogeneous
composite material made of cement, water,
sand, and stones. When concrete is moistened
and mixed with various fluids while in use, a lot
of microcracks are created. Microcracks will
continually form, enlarge, and penetrate when
under load. The internal microcracks in concrete
ultimately broaden and seep through, causing
the material to fracture. Three stages can be
observed in the propagation of concrete cracks
under uniaxial compression: unstable crack
growth, stable crack growth, and crack
initiation. The advancement of concrete crack
propagation research has important implications
for damage-warning techniques and safety
evaluations in numerous construction structures.
Inserting nanoparticles to high-performance
concrete greatly enhance the material's
durability and mechanical qualities. Compared
to silica fume materials in micro-meter sizes,
HPC has used silica material in the size of nano-
meter is seen as a novel development. Ultrafine
silica particles have a size of nano-meters aid in
launching reactions of pozzolanic, uneven
Ca(OH)2 elements has been rejected and result
in gel product of pozzolan at the performance
has high. According to (Lam et al. 2020) [8], the
mechanical characterizations like strength of
compression, flexural, modulus of elasticity and
deformation stress of HPC with NS has been
improved. The impression of nano-silica on the
properties of fracture in concrete was
highlighted by recent studies utilizing NS in
HPC (Khaloo et al. 2016; Zhang et al. 2017,
Vivek et al. 2021) [7,20,19], but no particular
experiments were conducted for evaluation.

Most of the structures of concrete was affected
by the areas of fracture mechanics Mindess
(2002) [12]. Concrete that contains silica fume
have better fracture properties than usual ones
(Ricardo and Marta, 2006). A new approach of
measuring the fracture using artificial failure
surfaces of concrete were performed and
analysed by (Mechtcherine and Muller, 2021)
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[10] The transition of interface zone of quality
between aggregate and mortar is enhanced by
silica fume, which also improves the C-S-H
structure and uniformity. When silica fume is
used, fracture energy, fracture toughness, and
length characteristics all grow more, and the
brittleness of HPC tends to diminish. The
properties of fracture are very crucial for the
endurance and safety structures of HPC
represented by (Zhang et al. 2017) [20]. The
quality of fracture in concrete's are impacted
when pore structures in HPC are improved
through the use of chemical and mineral
admixtures. These results are increasing the
mortar-aggregate density transition zone of
interface. The consistency performance of
mortar will be enhanced by silica ultrafine
particles, which also increase the cohesiveness
between aggregate and cement particles and
greatly improve the concrete's fracture
characteristics.

The microstructure and fracture behaviour of
concrete will both be enhanced by the presence
of ultrafine particles. Because of the high
strength properties of HPC concrete, brittle
fracture occurs more often and often passes
through the coarse aggregate rather than along
the aggregate boundary as it would in regular
concrete. The mechanical properties of normal
concrete have low compared to HPC. The slope
curve's downward (after the apex) steepens for
HPC. This demonstrates that HPC is more prone
than regular concrete to sustain unexpected
deterioration.

The main focus of the essay is centered on
figuring out HPCA's mode | fracture
characteristics and parameters. To ascertain the
fracture parameters of HPCA, a unique testing
procedure in accordance with RILEM was used,
which  involved  regulating the  open
displacement of the crack mouth. In accordance
of IS method as per 10262-2019 for M40 grade
guidelines, the five mixed proportions of HPC
with contents of 0.5%, 1%, 1.5%, 2%, and 2.5
% were computed for the component design to
be used in the experiments. It was determined
how the nA and nS contents affected the HPC's
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fracture properties. The fracture mechanics
approach was applied to assess the experimental
findings and determine the properties of HPCA
beams' resistance to crack extension.

2. RELATED WORKS

Van Mier, Jan GM (2012) [18] asserts that
ultrafine particles will dramatically alter how
concrete behaves during the fracturing process.
The deformation of stress curve illustrates an
improvement in ductility, particularly as the
curves' post-peak slope gradually declines. The
inclusion of ultrafine NS particles helps to
bridge broken surfaces, which explains why the
toughness has improved. The fracture quality
has minimum of normal concrete compared
with silica fume of concrete (Einsfeld et al.
2006) [4]. The administration of silica fume
optimizes the standardization and structure of
C-S-H gels, as well as the functionality of the
ITZ as a of mortar and aggregate. When
utilizing silica fume, the characteristics of
toughness, length, and fracture energy are
increased. HPC brittleness tends to diminish.
Concrete's fracture characteristics are impacted
when the ITZ of mortar and aggregate is made
denser by chemical and mineral admixtures in
HPC (Zhang et al. 2014) [21].

Additionally, some research employing HPC
with ultrafine nano particles asserted, when
hardened the mortar performance and
consistency has been continuously improved.
Increasing the cohesiveness between the
aggregates and cement particles also
considerably increases the fracture toughness
of concrete (Chithra et al. 2016) [3].
Concrete's microstructure and fracturing
behaviour are greatly improved by ultrafine
particles. (Quercia et al. 2013) [13] indicated
that the inclusion of fine material significantly
alters the way that concrete fractures. The
enhanced ductility of the ultrafine concrete
component is indicated by the load-
deformation curve. In comparison to the
concrete without fine particles, slope curve of

post-peak is lower Bianchi (2014) [2].
Bridging surfaces are broken at maximum in
the ultrafine particles’ presence accounts for
an improved toughness. To comprehend the
connection between ultrafine particles and the
behaviour of concrete cracks, some empirical
research has also been carried out. Overall, the
findings indicate that the ultrafine mineral
composition appears to have an impact
property of concrete fracture (Zhang et al.
2017).

(Torabian Isfahani et al. 2016) [17]
investigated the impact of varying nanosilica
dosages on the compressive strength and
durability —of concrete  with  different
water/binder ratios. They evaluated concrete

properties by measuring water sorptivity,
apparent  chloride  diffusion  coefficient,
electrical resistivity, =~ and  carbonation

coefficient. Results indicated that compressive
strength  improved significantly for a
water/binder ratio of 0.65 with the addition of
nanosilica, while no significant change was
observed for a ratio of 0.5. Water sorptivity
decreased with increased nanosilica only for a
water/binder ratio of 0.55. A 0.5% nanosilica
addition reduced the chloride diffusion
coefficient for water/binder ratios of 0.65 and
0.55, but higher dosages did not yield further
improvements. Electrical resistivity increased
with 0.5% nanosilica across all ratios and with
1.5% only for a water/binder ratio of 0.5.
Carbonation coefficient changes were minimal,
with some adverse effects noted for a ratio of
0.65.  Microstructural  analysis  through
techniques such as X-ray diffraction and
scanning  electron  microscopy  provided
additional insights, showing that nanosilica's
effectiveness was more pronounced in lower
strength mixes.

(Mahender et al. 2017) [9]explored using waste
plastics and rubber as partial replacements in
concrete, with incremental 5% substitutions in
both fine and coarse aggregates. Concrete cubes
and cylinders were tested at 7 and 28 days and
compared with specimens containing 0% waste
materials. The study found that incorporating
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waste plastics and rubber was effective for
constructing rigid pavements, sewers, tennis
courts, and walkways, resulting in a reduction in
the overall pavement thickness.

Despite advancements in concrete technology,
the investigation of crack propagation resistance
in nano concrete using fracture mechanics
remains underexplored. Existing research
primarily focuses on the general mechanical
properties and durability of nano concrete, often
neglecting a detailed analysis of its fracture
behavior. Current studies do not sufficiently
address how nanoscale additives influence crack
initiation, growth, and propagation under
various stress conditions. There is a lack of
comprehensive understanding of the interaction
between nano materials and concrete matrix at
the microstructural level concerning crack
resistance. This gap highlights the need for
targeted research that employs fracture
mechanics  principles to evaluate the
effectiveness of nano additives in enhancing the
crack propagation resistance of concrete, which
could lead to more resilient and long-lasting
construction materials.

3. MATERIALS AND METHOD

3.1 Materials

The Portland cement contains aggregates of
coarse  basalt with 125 mm  Dmax,
superplasticizer, nano-silica, nano-alumina and
fine aggregates with a module 2.7 mm. The
Adnano technologies NS product has a surface
area of 200 + 25 m?/g and diameters of 5-50 nm,
was used for the research. Nano alumina (nA)
and nano silica (nS) particles were utilized as
additives in concrete beams.

3.2 Mix Proportion

An IS method as per 10262-2019 for M40 grade
method is used to design the compressive
strength of HPCA for 49 MPa (Sivasankaran et
al. 2019) [16]. Mixtures with 0.5%, 1%, 1.5%,
2%, and 2.5% nano particles ratios were made
for the experimental test. The ratio has chosen
and modified combinations in accordance with
the recommendations Fédération-internationale-
du-béton (2008) [5]. A mixture of the
percentage of HPC with additives as depicted in
Table 1.

Table 1. Different proportion of additives

('r\]"A'Xar'\]’c'ior?g) 0.5% 1% 1.5% 2% 2.5%
Cement (kg) 543.31 540.5 534.8 530.9 525.7
Fine Aggregate (kg) 673.2 672.4 671.6 670.8 669.8
Coarse Aggregate (kg) 1049.75 1049.75 | 1049.75 1049.75 1049.75
Nano-Alumina 0.5 1 1.5 2 2.5
Nano-silica 0.5 1 1.5 2 2.5
Superplasticizer 5.32 6.42 751 8.21 9.25
Water 154.67 154.67 154.67 154.67 154.67
Water/Binder 0.27 0.27 0.27 0.27 0.27

3.3 Preparation of sample

Before mixing, material components including
cement, fine and coarse aggregate, and
superplasticizer are ready for measurement. To
make sure that the additives are distributed
equally throughout the mixture, they are

\Volume 20, Issue 4, 2024

specifically combined with half of the water
needed and vigorously agitated. Following
material preparation, the specimen mixing
process is carried out in accordance with the
protocol depicted in Figure 1.
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C+FA+
CA
- Mixture
3 Mins
Water 4 Mins
at 25%
. SP+25%
1 Mins of Water
Additives 2 Mins
+ 50% of
water

Figure 1. HPCA preparation procedure

As seen in Figure_2, the concrete design with
notch has been created. Table 2 represents the
different sizes of beam used for this research
work.

Table 2. Different size of beams

Length | Width | Depth Nsci);(;h
Dimensions | (L) (B) (D) ()
mm mm mm
mm
Small 151.62 | 57 57 11.4
Medium | 303.24 | 57 114 22.8
Large 606.48 | 57 228 45.6
Ratio of a/d 0.2
!
Load Cell

Concrete

5‘?‘3

Figure 2. Specimen used for fracture test

3.4 Experimental Methods
To ascertain the concrete's fracture parameters,
conduct an experiment using notch with

bending beam of 3-point apparatus. A test
procedure has illustrated in Figure 3. The
fracture test uses specimen displacement as
opposed to load control, establishing it separate
from the stronger test and other mechanical
evaluations. The Control experiment machine is
used to perform all three-point bending
experiments in a closed-loop setting. In
Figure_3 represented the linear variable
differential transformer (LVDT) has measured
the outcome of load and beam displacement and
crack mouth open displacement (CMOD) as
determined using extensometer were the
parameters measured during the experiment.

Figure 3. 3-Point bending test of HPCA
specimen

According to  FMC's  recommendations
Recommendation, RILEM Draft (1985) [15],
studies must be carried out to ensure that the mid-
span displacement increases at rate of consistent is
0.2 mm/min. Nonetheless, the analysis suggests
that this condition could be modified slightly. An
experimental test was carried out CMOD control
rather than mid-span displacement control.

3.4.1 Test of Determining Fracture Energy

The deflection of beam is monitored using linear
variable differential transformer (LVDT) located
at center of the concrete beam. The maximum
load was attained 30 seconds after the loading
began selection of velocity loading. A rate of
loading chosen is 0.25 mm/min. Next, a curve of
load-deflection (F-8) was drawn, and under the
curve area was represented by the energy symbol
"Wo." The following expression can be used to
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determine the GF (N-m) (AlKhatib et al. 2020;
Rakesh et al. 2021) [1,14].

Gr =Wy +mg %0 (1)

where Wo = load-deflection area curve (N-m)

m = beam of mass between the supports (kg)

g = gravity acceleration

do = beam deflection at final stage (m)

A = beam cross sectional area exclusive notch (m?).

3.4.2 Test for Determining KSic

The test procedure represented by (Jeng et al.
1985) [6] was utilized to determine KSic, and it
involved a closed-loop testing apparatus with
crack mouth opening displacement (CMOD)
control. The clip gauge was used to monitor the
CMOD. Throughout the test, the applied load and
the CMOD were continually recorded. There were
two loading and unloading steps in the test
protocol. The applied load was manually lowered
(also known as unloading) once the load passed
the maximum load and was roughly 95% of the
peak load. The first process involved loading until
the peak load was attained. Reloading was used
when the applied load was lowered to zero. About
a minute was needed to complete each loading
and unloading cycle. For the test, a single loading-
unloading cycle was needed. The following
formula is used to determine the KSic.

3SP,
KS — max
Ic 2bd?

+ na, F(a) 2

where Pmax = Load at maximum (N)
S = beam length

b = width of beam

d = depth of beam

ac = crack length at critical effective.

4. RESULTS AND DISCUSSION
4.1 Consequence of additives in HPCA
deflection-load and CMOD-load curves

As seen in Figure 4 represented the variation of
outcome CMOD-P slope equivalent to the

\Volume 20, Issue 4, 2024

concrete specimens of beam cured for 28 days
utilizing ratios of 0.5%, 1%, 1.5%, 2%, and 2.5
% of nA and nS. The HPC with additives P-
CMOD curve has a high slope once it reaches
the peak (Pmax). A tiny CMOD causes the force
value to drop off rapidly. The P-CMOD curve
significantly changes when additives are added
to concrete at ratios of 2% and 2.5%,
particularly when 2.5% of additives are added.
The conducted experiment test of beam has
elasticity limit still, the curves often grow in the
same way at first, but as the curve approaches
its peak, a difference begins to become evident.

The P-CMOD curve with a reduced additive
percentage Once concrete reaches its peak
(Pmax), it slopes significantly; at very tiny
CMOD values, the force value rapidly drops.
There is a noticeable shift in the P-CMOD curve
that results from adding chemicals to the
concrete at 2% and 2.5%. Since the stages of
beginning the reached elastic limit of the
concrete. Figure_ 4 illustrates how the curves
of all the samples tend to develop uniformly.
The top of the curve for concrete containing
additives (2.5%) is higher than that of regular
concrete, and variation of slope in HPCA beam
curve peak is high. These can readily realize
tensile strength of the concrete is higher when
additives are used than when they are ignored.

Small
Medium
—— Large

.0 02 OSMOD (m;)lli)i 0?8 1‘0
Figure 4. P-CMOD curve of HPCA specimen
thickness

The HPCA (2.5%) curve has a lower slope in
the period of post-peak than slope of HPCA
(0.5%). When comparing similar results in
CMOD, the outcome of the load has decreased
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growth of slower CMOD as represented in
Figure_4. Specimens with additives continued
to have a higher load valuation than specimens
with a lower percentage of additives.

In comparison to control samples (0.5%), beam
samples with 2.5% additives showed an increase
in crack mouth open displacement, or Pmax
(CMOD), of 107.14%. The displacement of
fractures increased to a maximum of 10% when
the CMOD of beam samples with 2.5%
additives was achieved maximum compared to
sample of control (0.5%). According to the
CMOD results, the hardness of concrete is
considerably increased by the addition of small
amounts of additional particles.

Small
Medium
—— Large

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Deflection (mm)

Figure 5. Load deflection curve of HPCA
specimen

Figure 5 displays that the HPCA specimen slope
of deflection load outcome with different
concentration of additives. The load declines
more slowly, the slope has been lengthens
represented as phase of nonlinear, and slope of
P-6 is thicker for the concrete that uses
additives. Based on Figure 5, it is evident that
the highest length of position (dmax) test of
bending at three points conducted on prepared
specimens increases when samples utilizing NS
are compared from 0.5% to 1.5% of the control
sample (0.5%).

Consider the resulting change in the slope of
deflection and load relationship length of the
center is depicted in Figure 5, which also
demonstrates how the horizontal axis of the
graph and slope of deflection and load under the

area alter in proportion of additives. An area
under the P-6 curve is computed using the
integral technique. According to the findings,
horizontal axis rose by 7.69%, respectively, at
2.5% additives ratios.

4.2 Influence of additives on the energy of
fracture (GF)

The energy of fracture has observed the
increases, when the concentration of additives
increased from 0.5% to 2.5% is depicted in
Figure 6. The fracture energy (GF) produced
from the test of bending at three-point is
computed using  deflection-load  slope
relationship. The average of six specimens'
results is used in the computation. Figure 6
illustrates that specimens with a larger
percentage of additives had fracture energy that
increased by 78% when the additives ratio was
2.5%, respectively, when compared to concrete
specimens with varied percentages of additives.
At 28 days old, the fracture toughness was
assessed. Comparing the macro fracture
toughness of the additive-added samples (2.5%)
to that of the control samples (0.5%), it is shown
that the additive-added samples (2.5%) have the
best strengthening effect. Adding 2.5% of
additives greatly increases the macro fracture
toughness. Consequently, it is advised to use
2.5% of additives to enhance fracture
characteristics for significant buildings that are
vulnerable to frost attack at a relatively young
age.

0.08

Gy (N.mnmv/mm?)
o o o
o (=] (=]
~ (4] (o]
! !

o

Figure 6. Fracture energy of HPCA specimen.
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4.3 Mechanical Properties

After the day of 28, the strength of compression
was observed for different concentration of
additive mixes taken into consideration during
the study's initial phase (Figure 7). The
mixtures' 28-day compressive strengths varied
from 40 to 53 MPa. As was noted, mixture 2.5%
produced the highest compressive strength.
Results for compressive strength were often
much greater than those for concrete strength at
high (i.e., around 53 MPa) or standard concrete
(i.e., around 39 MPa).

To the concrete, additives concentration starts
with 0% to 2.5% by adding of weight of cement.
According to reports, additives enhanced both
the concrete’s early age strength and
compressive strength (AlKhatib et. al., 2020). It
was determined that 2.5% of nA and nS
concentration provided the best crushing
strength (Rakesh et. al.,, 2021). This study
examined an impact of additives as nS and nA
on different strength of concretes. nA and nS
were substituted in different proportions by
cement weight:0.5,1,1.5,2, and 2.5%. The
prepared concrete with different concentration
of additives (2.5%) has been achieved
maximum strength of compression compared to
control concrete (0.5%), and the concentration
of 0.55 water to cement has been increased by
70%. Compared to lower strength concrete,
greater strength concrete was less affected by nS
and nA (Mendes et al. 2019) [11].

504
%40—
)
E 304
% 204
g
S

10

0L & » > 0

R T N v &
NS N $ 5
8 $ 8
Figure 7. Compressive strength of HPCA

specimen
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It is evident from the data that 0.5% mixtures
were able to reach the minimum compressive
strength of 40 MPa. Additionally, mixture 2.5%
yielded the best compressive strength of 53
MPa. It's interesting to note that the
compressive strength of the combinations
slightly worsened when more additives were
added.

4.5 Splitting Tensile strength

When concretes containing nA and nS were
tested in the first stage of the experiment, the
strength of tensile splitting concrete was 0.5%,
however a greater value was observed for
specimens with a nominal weight percentage of
2.5. For the stronger concrete, the additions
increased the tensile strength by 2.5%, whereas
for the weaker HPCA concrete, the
improvement was only 0.5%. The strength
improvement for concretes containing higher
weight percentages of additives was 2.1% for
0.5wt% and 4.5% for 2.5wt%. 2.1% and 4.5%,
respectively, were the increases in tensile
strength for tougher concrete (2.5%).
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Figure 8. Splitting tensile strength of HPCA
specimen

4.6  Stress Intensity Factor

With a notch beam in a three-point bend test, the
critical stress intensity factor (KSic) was
experimentally calculated using a closed-loop
testing apparatus under the CMOD control.
Plots of load-CMOD curves from testing were
made. Equation (2) was applied to calculate the
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KSc. Tests were conducted on concrete
specimens at 14 and 56 days. The results are
summarized in Figure_8. It demonstrates how
the GF and the related tendency of the
concrete's KSic are comparable.
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Figure 9. Stress intensity factor of HPCA
specimen

The KSic values of HPCA (2.5%) are lower than
those of the reference concrete (0.5%) at a
young age (14 days), but they rise over 0.5%
after 56 days. According to this, the extra
pozzolanic reaction of additives with Ca (OH)2
in concrete is said to become active between the
14 and 56-day mark, increasing the HPCA's
KSic. Furthermore, it is shown that for different
ages, the concrete with a higher additive level
(2.5%) had a lower KSIC value than the
concrete with a lower additive content (0.5%).
Conversely, concrete that has been mixed with
finer additions may have higher KSic values.
Figure_9 shows that, for a range of ages, an
increase in the slag's fineness level causes the
KSic value of concrete to rise. Put otherwise, the
combination containing finer slag (2.5%) has a
higher KSic value (2.5%) compared to the 0.5%
KSic value for the same additive replacement
ratio (0.5%). Furthermore, for the various ratio
of 0.5%, the KSc of 2.5% > 2% > 0.5%. The
achievement is attributable to the finer additives
(2.5%) particle's larger surface area, which
promotes a more active pozzolanic process and
elevates strength and fracture toughness.
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5. CONCLUSION

From the experimental setup of bending test of
three point at the different concentration of
additives in concrete, the outcomes revealed that
the parameters of fracture and properties of
HPCA in mode | form were determined.
Through experimentation and analysis, the
fracture parameters and features of HPCA were
established. The outcome of the HPCA has been
represented by CMOD-load, deflection and load
slope, energy of fracture (GF) and strength of
compression. Findings demonstrate that the
substantial impact of different concentration of
nA and nS on HPC parameters of fracture and
features. When it comes to use, the additives
ratio of 2.5% is ideal. The enhanced ductility of
the HPCA is demonstrated by the fracture

energy and distinctive mechanical
characteristics.
When 2.5% of HPCA is used, the crack

resistance will be stronger than when 0.5% of
the control type is used. The mechanical
characteristics of HPCA have been reached at
2.5% and 0.5% of additives, respectively, at 53
MPa and 40 MPa. Because of their better filling
effect, finer additives (2.5%) have a positive
impact on concrete's fracture energy (GF) even
at young ages (14 days). The GF value of
concrete increases or its fracture toughness is
improved with an increase in the fineness level
of the added additives. Similar to the fracture
energy, the stress intensity factor (KSic) critical
of HPCA (2.5%) has a comparable tendency.

Though this study investigates the crack
propagation resistance of nano concrete through
fracture mechanics, offering valuable insights
into its performance. However, several
limitations must be acknowledged. Firstly, the
experimental scope was restricted to a specific
range of nano-materials and concrete
compositions. The influence of varying types
and concentrations of nano-additives on crack
propagation was not exhaustively explored.
Additionally, the study focused on static loading
conditions; dynamic or cyclic loading scenarios
were not considered, which could significantly
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impact crack  behavior in  real-world
applications.

Future research should address these limitations
by expanding the range of nano-materials and
concrete mixtures studied. Investigating the
effects of different loading conditions, including
dynamic and cyclic loads, would provide a more
comprehensive  understanding  of  crack
resistance in practical applications. Additionally,
incorporating long-term durability studies to
assess how environmental factors affect crack
propagation could offer deeper insights into the
long-term performance of nano concrete.
Advanced modeling techniques and larger-scale
experiments could further enhance the reliability
of predictions and guide the development of
more resilient nano concrete formulations. Such
efforts will contribute to optimizing nano
concrete for diverse structural applications and
improving overall construction practices.
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Abstract: The features of the behavior of steel-plate composite walls for static short-term loads are considered.
Based on the analysis of modern technical and regulatory documentation, the rationale for the chosen research
topic is given. A review of the literature is performed, and the features of development are noted. Description
and features of the experimental structures are presented. Analytical and numerical calculations of structures for
central compression have been performed. A description of the calculation complex is presented; a description of
numerical models, features of their construction and calculation are given. Calculation results are presented —
features of changes in structural rigidity during load application. The general types of experimental models
tested for central compression are presented, and the destruction pattern is shown. The analysis of the
experimental data obtained and their comparison with analytical and numerical calculations are performed. An
assessment of the features of modeling steel-plate composite structures in software complexes is given.
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AnHoTtanmsi: PaccMoTpeHbl 0COOCHHOCTH PabOThI  CTaJekKeNe300€TOHHBIX KOHCTPYKIHMHA C  JIMCTOBBIM
apMUPOBAaHUEM IIPH BO3JCHCTBUH KPATKOBPEMEHHBIX Harpy3ok. JlaHo o0OCHOBaHHME BBIOPAHHOW TEMBI
UCCIIeIOBAaHMUs Ha OCHOBE aHAIN3a COBPEMEHHOM TEXHHYECKOH M HOPMATHBHOM JOKyMEHTaluu. BulmomaHeH
0030p JHTEpaTyphl, OTMEYEHBl OCOOCHHOCTH pa3BUTHs Bompoca. [IpencraBieHo moapoOHOE OmHMCaHHE |
0COOCHHOCTH HCCIIElyeMbIX KOHCTPYKIHMH. BBITIOJIHEHBI aHAINTHYECKNE U YMCIICHHBIE PAcUeThl KOHCTPYKLHUH
Ha LEHTpaJbHOE Ckartue. [IpeacTaBleHO oOmMCaHWE pacYeTHOrO KOMIUIEKCa; JaHO OIMCAaHWE YHCICHHBIX
Mojiesield, 0COOCHHOCTH WX IMOCTPOSHHS M pacdera, NMPUBEACHBI Pe3yJbTaThl PACUCTOB — XapaKTEp M3MEHEHUS
JKECTKOCTH ~ KOHCTPYKIMH B  TIpollecce  NPWIOXKEHWS  Harpy3ku. [IpencraBieHsl  oOmme  BHJIBI
9KCMEPUMEHTAIBHBIX MOJIENICH, HCIBITAHHBIX Ha LEHTPAIbHOE CXKATHE, NMPHBEICHA KapTHHA pPa3pyIICHHS.
BoimonHeH aHanM3 MOTYYEHHBIX OSKCIEPHUMEHTAIBHBIX MaHHBIX, HX CpPaBHEHHE C AaHAINTHYCCKUMH U
YHCIEHHBIMH pacueTaMu. /laHa omeHKa 0COOCHHOCTEH MOJESIUPOBAHMS CTAIEKEIe300€TOHHBIX KOHCTPYKIHUI C
JMCTOBBIM aPMUPOBAHUEM B IPOIPAMMHBIX KOMILIEKCAX.

Kuarwuesble cjioBa: 6eTOH, CTallb, )KeJ'Ie306eTOH, crajexene300eToHHas KOHCTPYKIUsA, TUCTOBOC apMUPOBAHUE,
KOMIIO3UTHBIC CTCHBI C JIMCTOBBIM apMHUPOBAHUCM, CIICIUICHUC, aHKEPHOC yCTpOﬁCTBO
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INTRODUCTION

It is essential to properly determine longitudinal
deformations and stiffnesses of the elements in
the walls of high-rise buildings, where the
elements are subjected to significant
compression forces under the action of long-
term and short-term loads. The influence of
longitudinal deformations in multi-storey and
high-rise buildings can affect the drift of the
frame cells, which should have deformations no
greater than those specified in SP 20.13330 and
clause 8.2.4.16 of SP 267.1325800 “High rise
buildings and complexes. Design rules” which
allow displacements of 1/300 of the height of
this building.

Cell drift is calculated by the formula fi/hs + f2/1,
where f1 and f2 are the horizontal and vertical
displacement, respectively, and hs and | are the
height of the cell and its span (Figure E.3 in SP
20.13330 "Loads and actions"). Since there is
no experimentally and theoretically
substantiated methodology for calculating the
stiffness of steel-reinforced concrete
(composite) structures with sheet reinforcement,
as well as the actual experience of building
construction using such systems, it is practically
impossible to reliably determine the values of
controlled vertical and horizontal deformations
of the entire building frame and its individual
elements that are permissible for a particular
structure.

The papers [1, 2] present the results of tests of
eccentrically compressed steel-reinforced concrete
elements with a percentage of longitudinal
reinforcement from 3 to 20, made with concrete of
compressive strength class up to B90 and fiber
concretes. These articles, as well as in [3], provide
the results of tests and calculations for the first
group of limit states in detail. The paper [4]
analyzes domestic and foreign experience in
studying the performance of steel-reinforced
concrete structures in eccentric compression. The
issues of structural performance in compression
are also considered in [5, 6].

Extensive studies of steel-reinforced concrete
structures with sheet reinforcement have been
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carried out by foreign authors in Japan [7, 8],
South Korea [9...14] and China [15...17]. In
these studies, a comprehensive assessment of
the performance of structures with sheet
reinforcement was performed, as well as
experimental and theoretical results and design
recommendations were given.

There is an important description of the features
of modeling and calculation of the considered
structures in the software complexes [18] in
addition to the available experimental and
theoretical information on the operation of
structures, discussed above. In calculations of
the frames of unique buildings and structures
involving steel-reinforced concrete components,
certified software packages that implement the
finite element method are used. Composite
columns and walls, as a rule, are modeled by
beam and shell finite elements of reduced
stiffness, less often - by solid finite elements for
separate nodes. The capability of such an
approach requires a certain justification, which
is presented in this paper based on the
experimental study of R&D “Experimental and
numerical studies for the development of
recommendations for the calculation, design,
construction and erection of steel-reinforced
concrete  structures with external  sheet
reinforcement...”. The results of studies devoted
to the assessment of stiffness and deformability
of high-strength concrete [19, 20] were taken
into account when analyzing the obtained data.
The presented experimental and theoretical data
were obtained for structures with the percentage
of reinforcement - 2.5...5.0 % and are correct
provided that the design requirements for sheet
reinforcement and stad-bolts are met.

METHODS

Large-scale tests of steel-reinforced concrete
structures for central and eccentric compression
have been carried out in the laboratories of the
V.A. Kucherenko Central Research Institute of
Steel and Concrete Structures. Detailed test
results are given in [1, 2].

International Journal for Computational Civil and Structural Engineering



The Stiffness of Steel-Plate Composite Structures for Short-Term Loads

The paper [21] presents a methodology for
calculating the strength of steel reinforced concrete
compressed-bending elements (columns) using a
nonlinear deformation model, which corresponds
to the modern norms for the calculation of
reinforced concrete structures - SP 63.13330. The
limit state of the structure is determined by
reaching the limit longitudinal deformations of
concrete, reinforcement and rigid reinforcing steel.
The limiting value of longitudinal strains of
concrete &, ,,;¢ Is taken depending on the ratio of
concrete edge strains e&and &, by linear
interpolation from -0.002 at &,/e, = 1 t0 -0.0035 at
&le; < 0 (where &, is the concrete strain at the
most compressed edge with the minus sign). In this
case, the resistance of the tensile concrete is not
taken into account in the calculation. The limit
value of the strain of the core steel and tensile
reinforcement is assumed to be 0.025.

In current standards for the calculation of steel
structures SP 16.13330 “Steel Structures”, a
generalized diagram of steel deformation under
load action is given for various steels. Figure 1 a,
b shows the dependences “stress-relative strain”
for steels from C255 to C550 in accordance with
the characterisitic parameters. The ultimate strain
of the steel should be taken corresponding to the
end of the yield point. For steels with yield point
from 255 to 550 MPa, the value of ultimate strain
will vary from 0.017 to 0.047 respectively. From
the above, it is obvious that it is incorrect to take
the ultimate strain as 0.025 (as for rebar),
irrespective of the yield strength of the steel. Since
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for steels C235, C245, C255 this value will
correspond to the steel performance in the self-
strengthening section (above the yield strength),
and for steels C355 and above - will not be fully
utilized plastic properties of steel.

For proper accounting of concrete strains in steel-
reinforced concrete structures, it is possible to
adopt several variants of diagrams of its work
under load. In modern standards it is allowed to
use two- and three-line diagrams (clauses
6.1.19..6.1.21 in SP 63.13330), as well as
curvilinear diagram of concrete deformation
(Appendix D in SP 63.13330), which is developed
on the basis of the studies summarized in the
monograph by Academician N.l. Karpenko
[22...24]. Also, Prof. G.V. Murashkin and co-
authors developed and presented in [25, 26] an
exponential variant of the concrete deformation
diagram. In addition to the above mentioned, it is
possible to use the curvilinear diagram given in
the European Union standards (Eurocode 2). In
this paper, we will limit ourselves to the
consideration of the three-linear (Figure 1 c) and
curvilinear (Figure 1 d) diagrams, since by now
they are reflected in the normative documents (SP
266.1325800.2014 “Composite steel and concrete
structures. Design rules”, SP 63.13330.2018
”Concrete and reinforced concrete structures.
General provisions”), implemented in finite
element software systems, tested by a large
amount of experimental data and many years of
experience in the design and operation of real
buildings and structures.
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Figure 1. Deformation diagrams of steel and concrete: a - for steel, b - curvilinear for concrete
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The theoretical stiffness of a structure subjected
to compression is calculated as follows: the
reduction coefficients of reinforcement and
sheet steel to concrete are calculated, and then
the area of the reduced cross-section A,.q IS
determined.

Asr = E_b' As = —, (1)
Areq = Ap + Agrage + Asag (2)

where A,, A, A, are the areas of concrete, sheet
and bar reinforcement, respectively.

The longitudinal stiffness of the reduced section
Da is calculated by the formula:

Dy = EpAseq (3)

Calculations using the above formulas allow us
to estimate the wvalue of shortening in
compression and compare it with the
corresponding results of numerical modeling
and experimental data.

To verify the solution of the problem, the
results of central compression tests of steel
reinforced concrete columns with sheet
reinforcement are considered. The models are
prisms of 600 mm height, the cross-section is
square of 150x150 mm. The material of sheet
reinforcement is C345 steel. Concrete of the
models has different compressive strength of
class B100, B60, B30. Concrete mix of class
B30, B60 is made on basalt crushed stone
with increased deformation characteristics
(relative to the normative indicators).
Concrete of compressive strength class B100
has an increased modulus of elasticity - not
less than 50 GPa. Longitudinal reinforcement
is A500C class, transverse reinforcement is
A500C class.

To ensure that the sheet reinforcement
cooperates with concrete, the installation of
restraints in the form of bolts with a spacing of
40 mm is provided. A general view of the steel
core and the location of the restraints is shown
in Figure 2. Characteristics of the tested models
are given in Table 1.

Concrete B100
/Ep=501Tla

& 10 C345
3 L Bolt M5
3 VAT

2 1 11| - Sheet reinforcement

=t :

A ) t3 M C345
40/ 4D
.- 180

b) cross-section

Figure 2. General view of the tested experimental models

ViewBl
7 7  t10C345
E:so £/
Concrete 5100 '
E,zs0rta 70
Bolt M5 -f<= ~-4-
b e
- e T O
x| O
- - - —% [w]
Sheet reinforcement ], I”
13 C345 B
tocses 1T
7=,
5, :
40/ 150 |40
a) General view
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Table 1. Characteristics of the experimental models

Quantit W, % Steel class Concrete
No Scheme reinforcem compressive h,cm b, cm L,cm
Y, pcs - of sheets
ent ratio strength class
1 3 4,67 C345 B30 15 15 60
AV
|
2 3 i 4,67 C345 B60 15 15 60
|
L
B100
3 3 4,67 C345 (Ev> 50 GPa) 15 15 60
Note:

M is the reinforcement ratio, equal to the ratio of the area of steel in the cross-section to the area of concrete; h,b are the
dimensions of the cross-section of the concrete part, L is the length of the model, along the axis of which the external

load is transferred.

The tests were carried out on a calibrated
hydraulic ~ press MAN1000 (Germany),
simulating axial load up to 1000 tf (10 MN) in
V.A. Kucherenko Central Research Institute for
Structural Engineering. Loading was carried out
according to GOST 8829-2018 “Prefabricated
construction concrete and reinforced concrete
products. Load testing methods. Rules for
assessment of strength, rigidity and crack
resistance” in stages of not more than 10% of
the failure load. “Central” compression of the
model was ensured by centering the column
model relative to the markings on the press
tabletops, as well as by controlling the readings
of sensors at the first stages of loading. If a
significant difference in deformations was
revealed, the model was additionally leveled
relative to the press table. During testing of
models under stepwise application of
compressive load, the magnitude of applied
load, vertical absolute shortening of models (by
means of displacement sensors) were recorded
at each step. The presented models were tested
within the framework of R&D *“Experimental
and numerical studies for the development of
recommendations on calculation, design,
construction and erection of steel-reinforced
concrete  structures with external  sheet
reinforcement...”. It is important to note that in

\Volume 20, Issue 4, 2024

order to confirm the correctness of the
calculation of the total stiffness of the steel-
reinforced concrete element, it is necessary to
accurately measure its longitudinal
deformations at all stages of loading. In this
case, it is necessary to exclude random factors
of non-uniform load transfer, non-uniform load
absorption by steel and concrete. Therefore, to
investigate the stiffness, we analyzed models
that are equipped with accurate strain gauges
with the possibility of averaging values over the
cross section, as well as those tested under
“accurate” central compression with spherical
press table supports to exclude “clamping” of
individual fibers of the structure.

Numerical modeling by the finite element
method was performed in the ATENA software
package for models similar in size and material
properties, taking into account the nonlinear
performance of materials: a curvilinear diagram
for concrete and a three-linear diagram for steel.
The number of steps and mesh size for each
model was also selected individually. The
minimum number of loading steps was at least
20 and the mesh size was about 20 mm. The
Fracture-Plastic Constitutive Model
(CC3DCementitious2) material model, which is
based on the combination of the tensile fracture
model with the compressive fracture model of
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the material, was used to describe the
performance of the concrete. The characteristics
of the FE models fully replicated the
experimental specimens and were consistent
with the data shown in Figure 2 and Table 1.
Structures with contact interaction between steel
and concrete were also modeled. It was found
that for models with small or zero eccentricities,

Al

the presence of finite contact interaction at the
steel-concrete joint has little or no effect on the
longitudinal strain results. The general view of
numerical models and some results of
calculations for models made of high-strength
concrete are shown in Figures 3, 4. The general
view and characteristic failure of the
experimental models are shown in Figure 5.

L;i

. Steell
D Concrete

Figure 3. General view of numerical models
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a) general view of the model

.

b) characteristic failure

Figure 5. General view and characteristic failure of the model made of high-strength concrete

3 RESULTS AND ANALYSIS

The results of comparison of theoretical,
numerical calculations and experimental data
for the changes in longitudinal stiffness of
centrally compressed structures are shown in
Figure 6. The stiffness of the structures was
determined taking into account the short-term
action of loads according to SP 63.13330, the
concrete deformation modulus was assumed to
be Ebn1=0.85Ep. Comparison of models was
performed in dimensionless coordinate by force,
as it is required to compare theoretical
calculation, in which characteristic values of
strength and deformation properties of materials

are utilized. The experimental data, in which
values of actual failure loads are overestimated
in relation to characteristic values. That is, one
of the coordinates of the graphs was the value
N/Nu, where N is the current compressive load
during tests or calculations, and Nu is the
ultimate design compressive load, which is
calculated by the formula:

Ny, = RpAp + RyAg + RGA (6)
where Ry, R,, R, are the design values of

concrete compressive strength, steel strength,
design strength of reinforcement, respectively.

E 2,50E+06 —&— B100 experiment
o — & -B100 calculation CI no dopmyne (3)
a) —=—B100 calculation FEM (ATENA)
% —#— B100 calculation FEM 6eTtoH (ATENA)
—#—B60 experiment
aE LI Area of desi — & -BB0 calculation CIM o dopmyne (3)
= load gn —=—B60 calculation FEM (ATENA)
o —+—B60 calculation FEM 6etoH (ATENA)
/_g —s— B30 experiment
1 50E+06 — & -B30 calculation CIN no dopmyne (3)
! I | —#—B30 calculation FEM (ATENA)
1,00E+06
5,00E+05
0,00E+00
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
N/Nu

Figure 6. Changes in column stiffness during loading (for all types of specimens and concrete
classes)
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Figure 6 clearly shows the trend of stiffness
drop as the structure approaches failure, and at
the last stage of loading the stiffness tends to
zero. It can also be noted that the stiffness drops
as the compressive strength class of concrete
decreases, which can be explained by a similar
decrease in the elastic modulus of the material.
A significant drop in stiffness for all the studied
specimens was observed at loads above 80% of
the failure load. Moreover, for low-strength
concrete, stiffness starts to decrease somewhat
earlier than for high-strength concrete as it
approaches failure. Experimental data coincide

well with numerical calculations. For high-
strength concrete, the difference in stiffnesses is
within 1.5%. Comparison of experimental and
calculated data for the studied specimens is
given in Table 2. The calculated characteristic
stiffnesses of the structures (dashed lines in
Figure 6) have a satisfactory coincidence with
the stiffnesses obtained experimentally and
numerically, and the characterisric stiffness
curves are slightly underestimated. This can be
explained by the use of non-standard concrete
with moduli of elasticity different from the
characteristic ones.

Table 2. Comparison of experimental and calculated data for the studied specimens

. Numerical Difference,
Parameter Experiment .
calculation %

Prisms, concrete B100

Stiffness at design loads 1229381,4 1220861,9 0,69
Reduced stiffness at design loads 1229381,4 1244345,7 12
Prisms, concrete B60

Stiffness at design loads 1184924,8 1079326,9 9,7
Reduced stiffness at design loads 1184924,8 1090418,4 8,6
Prisms, concrete B30

Stiffness at design loads 938902,3 826346,6 13,6
Reduced stiffness at design loads 938902,3 854559,3 9,8

To illustrate the possibility of using the
approach implemented in SP63.13330 and SP
266.1325800 to determine the stiffness, where
the characteristics of the cross-section of the
element are introduced into the calculation, a
computational comparison was performed. A
structure  completely  similar to  the
experimental model was modeled, including
concrete and steel cladding sheets on both
sides. The calculations were performed in the
solid formulation using the finite element
method, taking into account the nonlinear
performance of materials. A similar
calculation was also performed for the
structure with reduced concrete performance.
Comparing the results of the calculation for
the actual structure and the structure with the
reduced characteristics, a complete match was
obtained (see Figure 9).
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Having a good confirmation of the possibility
to use in the calculations of real steel and
reinforced concrete structures with sheet
reinforcement the reduced cross-sectional
characteristics, the calculation of a section of
a real structure the wall of the stiffening core
with a thickness of 2 m, made of high-strength
concrete of compressive strength class B100
was performed. The calculation was also
performed in two variants: for the actual
element, taking into account the presence of
sheet and bar reinforcement, studs and stad
bolts, and for the equivalent cross-section
reduced to concrete. The general view of the
numerical models and individual calculation
results are shown in Figures 7, 8. Calculation
results as a comparison of graphs of change in
longitudinal  stiffness of structures in
dimensionless coordinates by load are
presented in Figure 9.
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Figure 7. General view of numerical models
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Figure 8. Results of calculations
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Figure 9. Variation of stiffness of steel-reinforced concrete wall with sheet reinforcement during
loading process
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Analysis of the obtained results, presented in
Figure 12, has shown a good convergence of the
calculated data with a difference of 5%. The
insignificant difference can be explained by the
presence of the volumetric stress state when the
material performs in a complex massive
structure.  Summarizing  the  performed
experimental, theoretical and numerical studies,
it is possible to note the validity of the existing
normative calculation methods in relation to the
considered steel-reinforced concrete structures
with sheet reinforcement. Performing complex
calculation schemes with a large number of
finite elements, it is possible to recommend the
introduction of the reduced  stiffness
characteristics of structures into the calculation.
As it was shown above, such an assumption
does not introduce a significant error when
analyzing the calculation results.

CONCLUSIONS

1. The peculiarities of stiffness changes in
structures with sheet reinforcement under
short-term loads have been evaluated. The
presented experimental and theoretical data
are obtained for structures with the
percentage of reinforcement - 2.5...5.0 % and
are valid under the condition of compliance
with the design requirements for sheet
reinforcement and stud-bolts..

2. A comparison has been made of “experiment
- FE model - formulaic calculation” for the
tested models and “verified FE model of a
real wall from a building structure with
nonlinear materials - FE model with reduced
to concrete characteristics” for a real
designed wall. The comparison results show
that the numerical and experimental models
have almost the same load-stiffness
diagrams. The difference of stiffness values
obtained by formula (3) for high-strength
concrete according to the experimental and
FE models is not more than 8% in the load
range of 0.4-0.5 N/Nu (which corresponds to
the design load range).
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3. Good agreement of the experimental data
with the results of numerical and theoretical
calculations is ensured, among other things,
due to the uniform inclusion in the operation
of the sheet reinforcement located at the
opposite edges of the cross-section, by
installing a sufficient number of flexible
stops (stad-bolts) and compliance with the
structural requirements in the design of
experimental models.

4. The use of reduced cross-sectional
characteristics in the stress region, which
corresponds to the design stresses, gives the
same deformation results as those obtained
by solid FE calculations with nonlinear
material characteristics.

5. The possibility of simplified modeling of
steel-reinforced concrete structures with
sheet reinforcement (only concrete section
with the given characteristics) in the general

calculation of the building without
compromising the accuracy of the
deformation calculation of the whole

structure is confirmed.

REFERENCES

1. Travush V.I. Experimental Investigations
of Steel-Reinforced Concrete Structures
Operating in Eccentric Compression [Text].
- Travush V.1., Konin D.V., Rozhkova L.S.,
Krylov A.S., Kaprielov S.S., Chilin LA,
Fimkin A.l. - Academia. Architecture and
Construction. 2016. Ne 3. - Pp. 127-135.

2. Travush V.I. Determination of the shear
bearing capacity of the contact surface “steel-
concrete” in  steel-reinforced  concrete
structures  for concrete of different
compressive strength and fiber concrete
[Text]. - Travush V.1., Kaprielov S.S., Konin
D.V,, Krylov A.S., Kashevarova G.G., Chilin
ILA. - Building and Reconstruction. - 2016,
Ne4 (66). - Pp. 45-55.

3. Travush V.I. Calculation of a steel
reinforced concrete column of a high-rise
building for  oblique  off-centered

International Journal for Computational Civil and Structural Engineering



The Stiffness of Steel-Plate Composite Structures for Short-Term Loads

10.

compression [Text]. - Desyatkin M.A.,
Konin D.V., Martirosyan A.S., Travush V.1.
- Housing construction. - 2015. Ne 5. - Pp.
92-95.

Travush V.I. Domestic and foreign
experience of research of steel-reinforced
concrete structures operation on off-center
compression [Text]. - Travush V.1,
Rozhkova L.S., Krylov A.S. - Building and
reconstruction. - 2016, Ne5. - C. 31-44.
Arleninov P.D. Deformation and stability
of compressed and eccentrically
compressed rod reinforced concrete
elements with account of creep and
cracking [Text]. - Candidate's thesis, JSC
“SIC  “‘Construction” (A.A.  Gvozdev
Research Institute of Reinforced Concrete).
- 2016. - 143 p.

Krylov S.B. Critical force for reinforced
concrete rod elements [Text]. - Academia.
Architecture and Construction. - 2012. Ne2.
- pp. 136-138.

Takeuchi M., Narikawa M., Matsuo I.,
Hara, K. and Usami S. (1998) Study on a
Concrete Filled Structure for Nuclear
Power Plants. Nuclear Engineering and
Design, vol. 179, no 2, pp. 209-223.
Takeuchi M., Fujita F., Funakoshi A.,
Shohara R., Akira S. and Matsumoto R.
(1999) Experimental Study on Steel Plate
Reinforced Concrete Structure, Part 2:
Response of SC Members Subjected to
Out-of-Plane  Load (OQutline of the
Experimental Program and the Results).
Proceedings of the Annual Conference of
Architectural Institute of Japan, (in
Japanese), pp. 1.037-1.038.

Moon I.H.,, Kim S.M., Kim W.B. and
Kim W.K. (2007) The Use of Steel Plate
Concrete for Structural Module of NPP
Structures, Journal of the Korean Society of
Steel Construction (in Korean), vol. 19, no.
2, pp 740-745.

Moon I.H.,, Kim T.Y. and You S.T.
(2008) Nuclear Power Plant Structure and
SC Structure Design, Journal of the Korean

\Volume 20, Issue 4, 2024

11.

12.

13.

14.

15.

16.

17.

18.

Society of Steel Construction (in Korean),
vol. 20, no. 2, pp. 14-23.

Kim W.B. and Kim W.K. (2008) Status
and Background in Developing SC
Structure Specifications for Nuclear Power
Plants, Journal of the Korean Society of
Steel Construction (in Korean), vol. 20, no.

2, pp. 9-13.
Lee UW., Kim K.K., Mun T.Y. and Sun
W.S. (2008) Nuclear Power Plant

Construction and SC Structures, Journal of
the Korean Society of Steel Construction
(in Korean), vol. 20, no. 2.

Lee S.J., Choi B.J. and Kim T.K. (2009)
An Experimental Study on the Behavior of
Steel Plate Concrete Wall with Vertical
Ribs, Journal of the Korean Society of Steel
Construction (in Korean), vol. 21, no. 3, pp.
277-287.

Hong S., Kim W., Lee K., Hong N.K. and
Lee D. (2009) Out-of-Plane Shear Strength
of Steel Plate Concrete Walls Dependent on
Bond Behavior, Transactions of the 20th
International Conference on Structural
Mechanics in Reactor Technology, SMIRT-
20, Div-6: Paper 1,855, Espoo, Finland,
IASMIRT, North Carolina State University,
Raleigh, NC, pp. 1-10.

Song X., Chu M., Ge H. and Wang H.

(2014) A Failure Criterion for Steel-
Concrete Composite Walls. Sustainable
Development of Critical Infrastructure,

ASCE, pp. 324-331.

Leng Y.-B., Song X.-B., Chu M. and Ge
H.-H. (2015) Experimental Study and
Theoretical Analysis of Resistance of Steel-
Concrete-Steel Sandwich Beams. Journal of
Structural Engineering, ASCE, vol. 141, no.
2.

Leng Y.-B., Song X.-B. and Wang H.-L.
(2015) Failure Mechanism and Shear
Strength of Steel-Concrete-Steel Sandwich
Deep Beams, Journal of Constructional
Steel Research, vol. 106, pp. 89-98.
Arleninov, P.D. Analysis of different
methods of calculation schemes creation at
computer modeling of load-bearing

115



19.

20.

21.

22.

23.

24,

25.

26.

116

Vladimir I. Travush, Denis V. Konin, Alexey S. Krylov, Mikhail A. Desyatkin, Andrey N. Ivaschenko

structures // BST: Bulletin of Building
Technology. - Ne5(969). - 2015 - Pp.58-59.
Bezgodov, I. Relationship between strength
and deformation characteristics of high-
strength  self-compacting  concrete  /
Bezgodov, I., Kaprielov, S., & Sheynfeld,
A. /[ International  Journal  for
Computational ~ Civil and  Structural
Engineering. — 2022. Ne18(2), pp. 175-183.
Kaprielov, S. Control of heavy concrete
characteristics affecting structural stiffness /
Kaprielov, S., Sheinfeld, A., Selyutin, N. //
International Journal for Computational
Civil and Structural Engineering. — 2022.
Nel8(1), pp. 24-39.

Mukhamediev  T.A. Calculation of
strength  of steel-reinforced concrete
columns using deformation model [Text]. -
Mukhamediev T.A., Starchikova O.l. -
Concrete and Reinforced Concrete. - 2006.
Ne4. - Pp. 18-21.

Karpenko N.I. General models of
reinforced concrete mechanics [Text]. -
Karpenko N.I. - M.: Stroyizdat. - 1996.-
416 p.

Karpenko N.I. About diagrammatic
methodology of calculation of deformations
of rod elements and its particular cases
[Text]. - Karpenko N.I., Karpenko S.N. -
Concrete and reinforced concrete. - 2012.
Ne6. - Pp. 20-27.

Karpenko N.I. Analysis and improvement
of curvilinear concrete  deformation
diagrams for calculation of reinforced
concrete structures by deformation model
[Text]. - Karpenko N.I., Sokolov B.S.,
Radaykin O.V. - Industrial and civil
construction. - 2013. Nel. - Pp.28-30
Murashkin G.V. Modeling of a concrete
deformation diagram and a scheme of a
stress-strain state [Text]. - Murashkin G.V.,
Murashkin  V.G. - Herald of higher

educational institutions. Construction. -
1997. Ne10. - Pp. 4-6.
Mordovskiy S.S.  Stress state  of

experimental specimens under off-center
loading [Text]. - Mordovskiy S.S.,

Murashkin V.G. - Modern problems of
science and education. - 2012. Ne 4. - URL.:
http://science-
education.ru/ru/article/view?id=6794 (date
of reference: 01.03.2018).

CIIUCOK JIMTEPATYPbI

1. Tpasym B.H. DKClepUMEHTAJIbHBIE
UCCJIETOBAHUS CTaJIexkene300€TOHHBIX
KOHCTPYKILHUH, paboTarommx Ha

BHEIIEHTpEeHHOEe cxkaTtue [Tekct]. - TpaByi
B.U., Konun /1.B., Poxxkona JI.C., Kpbuios
A.C., Kampueno C.C., Ywmn HW.A.,
OumkuH A.U. - Academia. Apxurektypa u
crpoutenbeTBo. 2016. Ne 3. - C. 127-135.
TpaBym B.M. Onpenenenue Hecyuei
CIIOCOOHOCTM  HA  CABUT  KOHTaKTHOM
IIOBEPXHOCTHU «cTanb-0eTOH» B
CTaJIeXkKeNe300€TOHHBIX KOHCTPYKIMSX [
0OETOHOB PA3MTUYHON MPOYHOCTU Ha CXKATHE
u ¢ubpoberona [Tekcr]. - TpaBym B.U.,
Kanpuenos C.C., Kounun JI.B., Kpsuios
A.C., Kamepapoa ['.I'., Unmun UN.A. -
CrpoutenscTBo U pekoHCTpykims. — 2016,
Ned (66). — C. 45-55.

TpaBywm B.A. Pacuer
CTaJiexesne300eTOHHOM KOJIOHHBI
BBICOTHOT'O JI0OMa Ha KOCO€ BHELIEHTPEHHOE
cxkarue [Tekct]. - ecsatkun M.A., Konun
J.B., Maptupocsn A.C., Tpasym: B.H. -
KunumiHoe ctpoutenbCcTBO. - 2015, Ne 5. -
C. 92-95.

TpaBymm  B.M.  OteyecTBeHHBII U
3apyOeKHBII OMBIT HCCIEIOBAHUN PabOTHI
CTaJIe’KeNe300€TOHHBIX KOHCTPYKIMI Ha
BHeLleHTpeHHoe cxatue [Tekcr]. — TpaBymmn
B.1., Poxxkosa JI.C., KpeuioB A.C. -
CrpoutenscTBo U pekoHCTpykims. — 2016,
Ne5. - C. 31-44.

ApaennnoB ILJI. JepopmupoBanue u
YCTOMYMBOCTh C)KAaThbIX M BHELIEHTPEHHO

CKAaTBIX  CTEPKHEBBIX  JKEJIEe300€TOHHBIX
JJIEMEHTOB C Y4YETOM IOJ3y4YecTH M
TPEINHOOOPa30BaAHUS [Tekcr]. -

Kangunarckas nuccepranus, AO «HUILL

International Journal for Computational Civil and Structural Engineering



The Stiffness of Steel-Plate Composite Structures for Short-Term Loads

10.

11.

12.

13.

«CtpoutensctBoy (HUMXKB um. A.A.
I'Bo3neBa). — 2016. — 143 c.

KpsuioB C.b. Kpurnyeckas cuna ans
J)KeJI€300€ TOHHBIX CTCPIKHCBBLIX 3JICMCHTOB
[Tekcr]. — Academia. ApxuTekTypa Hu
cTpouTenbeTBO. — 2012, No2. — C. 136-138.
Takeuchi M., Narikawa M., Matsuo I.,
Hara, K. and Usami S. (1998) Study on a
Concrete Filled Structure for Nuclear
Power Plants. Nuclear Engineering and
Design, vol. 179, no 2, pp. 209-223.
Takeuchi M., Fujita F., Funakoshi A.,
Shohara R., Akira S. and Matsumoto R.
(1999) Experimental Study on Steel Plate
Reinforced Concrete Structure, Part 2:
Response of SC Members Subjected to
Out-of-Plane  Load (OQutline of the
Experimental Program and the Results).
Proceedings of the Annual Conference of
Architectural Institute of Japan, (in
Japanese), pp. 1.037-1.038.

Moon I.H.,, Kim S.M., Kim W.B. and
Kim W.K. (2007) The Use of Steel Plate
Concrete for Structural Module of NPP
Structures, Journal of the Korean Society of
Steel Construction (in Korean), vol. 19, no.
2, pp 740-745.

Moon I.H.,, Kim T.Y. and You S.T.
(2008) Nuclear Power Plant Structure and
SC Structure Design, Journal of the Korean
Society of Steel Construction (in Korean),
vol. 20, no. 2, pp. 14-23.

Kim W.B. and Kim W.K. (2008) Status
and Background in Developing SC
Structure Specifications for Nuclear Power
Plants, Journal of the Korean Society of
Steel Construction (in Korean), vol. 20, no.

2, pp. 9-13.
Lee UW., Kim K.K,, Mun T.Y. and Sun
W.S. (2008) Nuclear Power Plant

Construction and SC Structures, Journal of
the Korean Society of Steel Construction
(in Korean), vol. 20, no. 2.

Lee S.J., Choi B.J. and Kim T.K. (2009)
An Experimental Study on the Behavior of
Steel Plate Concrete Wall with Vertical
Ribs, Journal of the Korean Society of Steel

\Volume 20, Issue 4, 2024

14.

15.

16.

17.

18.

19.

20.

21.

Construction (in Korean), vol. 21, no. 3, pp.
277-287.

Hong S., Kim W., Lee K., Hong N.K. and
Lee D. (2009) Out-of-Plane Shear Strength
of Steel Plate Concrete Walls Dependent on
Bond Behavior, Transactions of the 20th
International Conference on Structural
Mechanics in Reactor Technology, SMiRT-
20, Div-6: Paper 1,855, Espoo, Finland,
IASMIRT, North Carolina State University,
Raleigh, NC, pp. 1-10.

Song X., Chu M., Ge H. and Wang H.
(2014) A Failure Criterion for Steel-
Concrete Composite Walls. Sustainable
Development of Critical Infrastructure,
ASCE, pp. 324-331.

Leng Y.-B., Song X.-B., Chu M. and Ge H.-
H. (2015) Experimental Study and Theoretical
Analysis of Resistance of Steel-Concrete-Steel
Sandwich Beams. Journal of Structural
Engineering, ASCE, vol. 141, no. 2.

Leng Y.-B., Song X.-B. and Wang H.-L.
(2015) Failure Mechanism and Shear
Strength of Steel-Concrete-Steel Sandwich
Deep Beams, Journal of Constructional
Steel Research, vol. 106, pp. 89-98.
ApaenunoB IL.JI. AHaiM3 pa3auyHbIX
MCTOAHUK CO3AaHUA PACUCTHBIX CXCM IIpHU
KOMIIBIOTCPHOM MOJCIUPOBAHHMU HCECYIINUX
koHcTpykuuid  //  BCT:  BronnereHs
CTpOUTENbHON TeXHUKH. - Ne5(969). —
2015 - C.58-59.

Bezgodov, I. Relationship between strength
and deformation characteristics of high-
strength  self-compacting  concrete  /
Bezgodov, I., Kaprielov, S., & Sheynfeld,
A. /Il International  Journal  for
Computational  Civil and  Structural
Engineering. — 2022. Ne18(2), pp. 175-183.
Kaprielov, S. Control of heavy concrete
characteristics affecting structural stiffness /
Kaprielov, S., Sheinfeld, A., Selyutin, N. //
International Journal for Computational
Civil and Structural Engineering. — 2022.
Nel8(1), pp. 24-39.

MyxameaueB T.A. Pacuer mnpouHocTH
cTajaexkeae300eTOHHBIX KOJIOHH C

117



Vladimir I. Travush, Denis V. Konin, Alexey S. Krylov, Mikhail A. Desyatkin, Andrey N. Ivaschenko

HCIOJIb30BaHUEM nedopMamoHHON
monemu [Tekcr]. - Myxamenuer T.A.,
CrapuukoBa O.U. — beton u xene300eToH.
—2006. Ne4. — C. 18-21.

22. Kapnenko H.N. O6mue MOJIEHN
MEXaHUKH Jkeme3o0eroHa [Tekcr]. —
Kapnenko H.M. - M.: Crpoituzgar. —
1996.- 416 c.

23. Kapnesko H.MU. O  guarpammHOM
METOAMKE pacuera nedopMmanuit
CTEpKHEBBIX JJIEMEHTOB M €€ 4YacTHBIX
cnyuyasix [Tekcr]. - Kapnenxko H.U.,
Kapnieako C.H. — beton u xkene300eToH. —
2012. Ne6. — C. 20-27.

24. KapneHko H.N. AHanu3 u
COBEPILIEHCTBOBAHKE KPUBOJIMHEHHBIX
nuarpamm  1eopMUpOBaHMsST OeToHa st
pacuera ene300€TOHHBIX KOHCTPYKIIHH 10
nedopmarmonHor  mozenmu  [Tekcr]. —

Kapnenko H.U., Cokonos b.C., Panaiikun
O.B. — IlpomblieHHOE M TpakIaHCKOE
ctpoutenscTBo. — 2013, Nel. — C.28-30

25. MypamkuH I'.B. MopenupoBanue
auarpammbl - aegopmMupoBaHusi O0eToHa U
CXEMBI  HaNpPsHKEHHO-IE(OPMHPOBAHHOTO
cocrosauus [Tekcr]. — Mypawkun ['.B.,
Mypamkun B.I. - MH3Bectusa Bwicmux
y4eOHbIX 3aBeneHHi. CTpPOMUTENbCTBO. —
1997. Ne10. - C. 4-6.

26. MopaoBckmii C.C. Hampsokéanoe
COCTOSIHUE SKCIIEPUMEHTAIBHBIX 00pa3IoB
MIpU BHELEHTPEHHOM HarpykeHuu [Tekcr].
- Mopposckuit C.C., Mypamkun B.I'. —
CoBpemeHHblE  TpOOJEMBI  HAayKd U
obOpazoBanms. — 2012. Ne 4. - URL:
http://science-
education.ru/ru/article/view?1d=6794 (nata
obpamenus: 01.03.2018).

Travush V.I., GORPROJECT, Moscow. Doctor of
technical Sciences, Professor. Chief designer, Deputy
General Director on scientific work. Vice-President of
Russian Academy of Architecture and Construction
Sciences, 105064, Nizhnyi Susal’nyi lane 5/5A, Moscow,
Russia, e-mail: travush@mail.ru

Desyatkin  M.A, Chief Structural Engineer LLC
"Inforsproekt"”, 115280, 19, Leninskaya Sloboda str.,
Moscow, Russia, e-mail: mdesyatkin@mail.ru

Ivashchenko A.N, Chief Structural Engineer LLC
"Inforsproekt"”, 115280, 19, Leninskaya Sloboda str.,
Moscow, Russia, e-mail: a.ivaschenko@inforceproject.ru

Konin D.V., Candidate of Technical Sciences, Deputy
Director for Scientific Work, Chief manager of
Laboratory of High-rise Buildings and Structures of the
Department of Metal Structures, Research Institute of
Building Constructions (TSNIISK) Named After V. A.
Koucherenko JSC Research center of
Construction,109428, 6, 2nd Institutskaya str., Moscow,
Russia, e-mail: konden@inbox.ru

Krylov A.S., Candidate of Technical Sciences, Leading
Researcher of Laboratory of High-rise Buildings and
Structures, Research Institute of Building Constructions
(TSNIISK) Named After V. A. Koucherenko JSC
Research center of Construction, 109428, 6, 2nd
Institutskaya str., Moscow, Russia, e-mail:
kryl0O7@mail.ru

118

Tpasyw Bnaoumup Hneuu, 3A0 «I'OPIIPOEKT», r.
MockBa, JIOKTOp TEXHHYECKHX HayK, mpodeccop.
I'maBHBII  KOHCTPYKTOp, 3aMECTUTEIb I'€HEPAJIBbHOIO
JUpeKTopa MO HaydyHoW pabore. Bune-npesuneHT
PAACH, 105064, MockBa, Hwxuauii CycanbHblii
nepeynok, 1. 5, cTp. SA, e-mail: travush@mail.ru

Jecamkun Muxaun Anexcanoposuu, [JIaBHBIN
KOHCTPYKTOP 000 "Wudopcnpoext", 115280,
MockBa,yn. Jlenunckass Crnoboma, x. 19, e-mail:

mdesyatkin@mail.ru

Anopeii Huxonaesuu Heaujenxo, TEXHIUECKUH TUPEKTOP
000 "Uudopcmpoekt”, 115280, Mockga,yi1. JIeHHHCKas
Cno6oga, 1. 19, e-mail: a.ivaschenko@inforceproject.ru

Jenuc Bnaoumuposuu Konuwn, KaHIUIAT TEXHHYCCKHX
HayK, 3amecTtuTesb JlMpeKTopa MO Hay4yHOH pabore,
3aBenyrommil  jgabopatopueit  BBICOTHBIX 3maHHA U
COOpPY)KCHHI OT[eNla METAUTMYSCKUX  KOHCTPYKITHH,
OHHUNUCK um. B.A.  Kyuepenko AO  "HUIJ
"CrpoutensctBo", MockBa, 2-1 MHcTtuTyTCcKas yiauua,
1.6, e-mail: konden@inbox.ru

Kpovinoe Anexceii Cepeeeguu, KaHAUJAT TEXHUYECKUX
HayK, BEAyMIUH HAy4YHBI COTPYAHUK JIa0OpaTOPUH
Beicotnbix 3panuii u coopyxkenui, [IHUMCK um. B.A.
Kygepeaxko AO "HUIL] "CrpourensctBo", Mocksa, 2-s1
WucturyTekas yawia, 1.6, e-mail: kryl07@mail.ru

International Journal for Computational Civil and Structural Engineering



DESIGN AND EXPERIMENTAL STUDIES OF STRENGTHENING
OF BACKWATER TYPE HYDRAULIC STRUCTURES WITH
COMPOSITE MATERIALS

Oleg D. Rubin, Dmitry V. Kozlov, Anton S. Antonov, Amer Almasri, Zhang Junhao

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

Abstract: During long-term operation of hydraulic structures of sluices, retaining walls, abutments, there are non-design
settlements, tilts, displacements, opening of inter-block construction joints, corrosion of working reinforcement, change in
strength characteristics of concrete, which leads to a decrease in operational properties and bearing capacity. The analysis
of scientific and technical documentation is presented, the results of surveys are analysed, a spatial mathematical model
based on the finite element method is developed. The computational research of the stress-strain state of sluices is carried
out, including taking into account the reinforcement with prestressed basalt-composite reinforcement. The scheme of
reinforcement of sluice walls has been justified by calculation. In experimental researches the complex problem on
definition of strength, deflections, width of opening of inter-block construction joints, deformations of steel and
prestressed basalt-composite reinforcement of reinforced concrete structures including those exposed to water
environment was solved. The conducted design and experimental studies substantiate the use of prestressed basalt-
composite reinforcement as an effective method of reinforcement of retaining structures, increasing their load-bearing
capacity and maintaining deflections, width of opening of interlock construction joints, deformations of steel and
prestressed basalt-composite reinforcement within the limits allowed by normative documents.

Keywords: sluice walls, design and experimental studies, inter-bay construction joints, cracks, reinforcement,
prestressing, basalt-composite reinforcement, transverse reinforcement, bearing capacity
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INTRODUCTION

The methodology of computational-
experimental studies of strengthening with pre-
stressed basalt composite reinforcement (BCR)
of sluice chamber walls taking into account the
actual data on the operational condition is based
on finite element models of the system
"structures - surrounding soil mass - base" and
data of experimental studies [1-14].

Bending studies of reinforced concrete beams
with basalt reinforcement (BFRP) [1] indicate
that the use of BFRP is an effective way to
repair and strengthen structures that have
changed their performance characteristics over a
period of long-term operation. BFRP repair
systems provide a cost-effective alternative to
conventional repair systems and materials. It is
noted that BFRP reinforcement has high tensile
strength and a lower modulus of elasticity than
steel reinforcement. The advantages of BFRP
over steel reinforcement are also noted.

It is noted that BFRP is an ideal choice for use
in buildings and structures operating in water
environments, including marine environments;
BFRP increases the service life of reinforced
concrete structures, resulting in long-term safe
operation of structures.

The paper [2] presents the results of experiments
in bending of prestressed beams reinforced with
BFRP, including the evaluation of prestress losses.
Five beams were fabricated, of which three were
reinforced with 6 mm diameter BFRP prestressed
to 20%, 30% and 40% of the ultimate prestress
level. The prestress losses were monitored using
strain gauges on the reinforcement bars. In
addition, two control beams were reinforced with
tensile BFRP and steel bars of the same cross-
sectional area, respectively. The dimensions of all
specimens were 125x200x1900 mm.

Based on the results of experiments with beams
tested in bending to failure, the following
conclusions are presented:

— prestressing more than 30% (of the ultimate
tensile strength of the bars) of the BFRP-
reinforced beams improved the performance of
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the beams to a level exceeding that of the steel
bar-reinforced specimens;

— the ultimate deflections of prestressed beams
are recorded lower compared to unstressed
beams with BFRP;

— the crack opening at different values of
prestressing of reinforcement bars was
measured.

It should be noted that the conducted studies do
not contain data on strengthening of the beams
with external reinforcement system.

The aim of the research [3] was to study the
flexural strength of beams reinforced with NSM
(near surface mounted) technology using basalt-
composite reinforcement (BFRP), and to evaluate
the effectiveness of the strengthening. In addition,
the near surface mounted prestressing technology
(PNSM), which to some extent combines two
well-known technologies "external prestressing”
and "NSM", was considered.

The variables considered in this study were:

— strengthening effect (not strengthened and
strengthened);

— type of composite reinforcement (BFRP and
GFRP);

— strengthening method (NSM and PNSM);

— initial prestress level (30% and 50% of the
ultimate tensile strength of BFRP bars);

— position of the NSM  composite
reinforcement (bottom and side).

The test results demonstrated the effectiveness
of using BFRP beams for NSM and PNSM
strengthening of RC beams. In addition, BFRP
reinforcement provided an additional advantage
over GFRP reinforcement for PNSM
strengthening due to its higher tensile and
deformation strength.

In the article [4] the options of basalt composite
reinforcement (BFRP) application for
strengthening of RC-beams were considered and
according to the research results the conclusion
was made: since BFRP have much lower bending
stiffness than traditional steel reinforcement, it is
necessary to use BFRP prestressing to maintain
beam deflections within acceptable values.

This paper focuses on the evaluation of the
failure and shear behaviour of concrete beams
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reinforced with prestressed BFRP in the absence
of reinforcement clamps. Both experimental and
numerical results (ANSYS) are presented in the
paper. All tested beams showed identical failure
mechanics: bending and shear. As it follows
from the article, the experimental results and
results obtained by numerical modelling in
ANSYS are in reasonably good agreement.
Thus, the research results are very useful for the
development of strengthening systems for
serviceable reinforced concrete structures.

In [5] the results of experimental studies of
concrete beams with prestressed reinforcement
are presented.

The experimental results were analysed,
computational nonlinear models were created in
ANSYS and a fairly good agreement between
experiments and calculations was obtained in
terms of the nature of fracture and numerical
values of the failure load, as well as in terms of
stress distribution.

The article [6] analyses the results of tests of
concrete beams with prestressed basalt composite
reinforcement, including those with and without
external clamps. It is noted that the use of concrete
beams with steel reinforcement is problematic
when exposed to water and saline environments,
as well as chemicals due to intensive corrosion,
and therefore the use of BFRP reinforcement is
necessary. In order to prevent intensive cracking
in the beams it is necessary to pre-stress the BFRP
reinforcement. Experiments were carried out on
two beams with shear failure. The other two
beams were shear reinforced with external steel
clamps and collapsed in bending due to yielding
of the reinforcement. In summary, it is noted that
the distribution of shear force and bending
moment along the length of the beam must be
considered in the design of beams in order to
create structures of the required strength.

It is noted in [7] that BFRP reinforcement is a
new environmentally friendly construction
material. In this study, the performance of
concrete  beams reinforced with BFRP
reinforcement was evaluated. Full-scale tests
were conducted on eight large-scale specimens of
concrete beams reinforced with either BFRP
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reinforcement or steel reinforcement. The test
data were analysed to evaluate the shear and
flexural performance of concrete beams
reinforced with BFRP reinforcement. It was
found that at low reinforcement ratio, beams
reinforced with BFRP reinforcement exhibited
more flexural and shear cracks than similar
beams reinforced with steel reinforcement.
Cracking moments were found to be 30-50%
higher for specimens reinforced with steel
reinforcement compared to specimens reinforced
with BFRP. The study also showed that shear
failure can be determined by the design of
reinforced concrete beams reinforced with BFRP
reinforcement and containing BFRP clamps.

The paper [8] investigates the shear strengthening
of flat slabs using carbon fibre reinforced polymer
(CFRP) sheets. Fifteen reinforced concrete slab
specimens were tested. Thirteen of them were
reinforced with CFRP sheets and two specimens
were left as control specimens. Four reinforced
specimens were tested by cyclic vertical loading.
The width of the CFRP sheets varied from
specimen to specimen. The CFRP sheets were
placed on the tensile side of the plates in two
perpendicular directions. The vertical load was
applied using a hydraulic jack. No rupture of the
CFRP sheets was observed in all specimens. The
test results showed that the use of CFRP sheets in
addition to steel reinforcing bars as flexural
reinforcement improves the pushover shear
strength of the slabs. This improvement can be
significant for slabs made of high-strength concrete
with low steel reinforcement ratio. However, under
cyclic vertical loading, the improvement in
pushover shear strength due to FRP reinforcement
is reduced. For strengthened slabs, the equivalent
reinforcement coefficient should be used to account
for the effect of both steel and FRP reinforcement
on the flexural resistance.

The research [9] presents a method of mounting
reinforcement near the surface (NSM), which is
one of the promising methods currently used for
strengthening of reinforced concrete structures.
In the NSM method, carbon fibre reinforced
polymer (CFRP) bars are placed in pre-cut
grooves and attached to concrete with epoxy
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adhesive. In this paper, corroded beams repaired
by NSM technique using CFRP rods are
investigated. The failure mode of the repaired
beam is studied by experimental and numerical
modelling results. Experimental results and
numerical simulation results with a two-
dimensional finite element model using FEMIX
software were obtained on five 3 m long beams:
three corroded beams that had been subjected to
natural corrosion for 25 years and two control
beams without corrosion. Two beams, one
corroded and one control beam (A1CL3-R and
AlT-R), were flexural strengthened using the
NSM method with a single 6 mm diameter
CFRP rod and then tested in three-point bending
until failure. The ultimate strength, yield
strength and failure modes were analysed.
Experimental results showed that the NSM
method increased the overall strength and yield
strength of the control and corroded beams,
despite the non-classical failure mode with
delamination of the concrete cover in the
corroded beam due to corrosion damage. The
results of the numerical simulations in FEMIX
were in agreement with the experimental results.
Comparisons were made between the
experimental results and the numerical
simulation results obtained using ABAQUS
software to investigate the specific failure mode
of the corroded beam that occurred as a result of
concrete cover separation.

In [10], an innovative hybrid reinforcement is
investigated to improve the strength of
reinforced concrete flexural elements. The main
objective of this study is to evaluate the
effectiveness of hybrid fibre reinforced polymer
(FRP) strengthening in the overall evaluation of
the flexural behaviour of reinforced concrete
(RC) elements. Eight full-scale square RC
elements were moulded and strengthened with
FRP using a variety of techniques including
near surface mounted (NSM) FRP carbon
laminates only, externally bonded (EB) carbon
fibre  reinforcement only and  hybrid
strengthening using a combination of NSM
carbon fibre reinforcement and EB carbon fibre
fabric. A three-dimensional non-linear finite
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element (FE) based model is developed to
simulate the behaviour of RC beams with and
without FRP reinforcement. Experimental
results showed that the hybrid FRP
strengthening is able to increase the strength by
175% compared to the control RC specimens.
RC beams strengthened by NSM method alone
increased the maximum strength by 111%.
Paper [11] presents a study of lightweight, non-
corrosive basalt composite reinforcement bars
(BCR) made of continuous basalt filaments,
epoxy and polyester resins by pultrusion. It is a
rod with a continuous spiral ribbing formed by
basalt filament for better bonding with concrete.
The advantages of BCR reinforcement
compared to steel reinforcement are presented:
— BCR is more than twice as strong in tension
(to prevent cracking in concrete) as steel
reinforcement;

— BCR is not susceptible to corrosion, which is
inherent to steel reinforcement;

— BCRis 89 % lighter than steel reinforcement
(significantly faster fabrication, installation and
handling of BCR);

— BCR has the same coefficient of thermal
expansion as concrete;

— basalt fibres do not absorb or transmit
moisture and therefore do not create water
penetration pathways that cause concrete
failure;

— BCR is not a conductor of electricity, which
prevents electrolysis in marine environments;

— BCR does not create magnetic fields when
exposed to electromagnetic energy;

— BCR operating temperature range from -70 °C
to +100 °C, which is an important parameter for
operation also in fire-resistant rooms.

Thus, the use of basalt-composite reinforcement
increases the service life of reinforced concrete
structures, which is relevant in the creation of
long-term operating structures, which include
the structures of hydroelectric power plants.

In the article [12] it is noted that nowadays the
method of strengthening of reinforced concrete
structures of long-term operating hydraulic
structures by the system of external reinforcement
based on carbon fibre fabrics is being applied. At
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the same time, the specified method of
strengthening is applicable for structures, to the
tensile zone of which there is an access.

In headwalls, abutments, sluice walls and other
hydraulic structures on the side of the tensile
face there is a soil backfill for practically their
entire height, which essentially excludes the use
of external strengthening.

The application of prestressed basalt-compact
reinforcement for strengthening of operating
reinforced concrete structures with installation
and caulking in drilled boreholes seems to be
effective. Experiments of reinforced concrete
fragments reinforced with BCR have shown an
increase in strength up to 1.55 times. Practical
recommendations on the placement of
prestressed BCR in structural sections based on
experimental and design studies are presented.
The research [13] is experimental and
theoretical and is aimed at developing a
methodology for numerical modelling and
calculation of reinforced concrete structures of
operating hydraulic structures strengthened with
prestressed basalt-composite reinforcement.
Vertical inter-bay construction joints, normal
and inclined cracks, steel and basalt-compact
reinforcement were reproduced in spatial finite
element models. Comparison of experimental
values of stresses in the compressed zone of
concrete  structures, tensile  stresses in
prestressed BCR and in steel reinforcement,
width of opening of inter-bay joints and cracks
with calculations confirms the operability and
reliability of the developed method of modelling
and calculation of reinforced concrete structures
of operating hydraulic structures strengthened
with prestressed BCR.

The paper [14] analyses the results of inspection
of sluice wall structures, develops a spatial model
based on the finite element method, and performs
calculations to determine the stress-strain state,
including strengthening with prestressed basalt-
compact reinforcement. As a result of the
calculations, the occurrence of cracks and opening
of horizontal construction joints were confirmed.
At the same time, taking into account the
corrosion of reinforcement in the area of
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construction joints established by inspections,
tensile stresses occur in it, reaching the design
resistance of A-11 class reinforcement.

During the repair of sluice walls the anchorage of
"new" concrete with “old" concrete was
investigated and found to be insufficient in terms
of anchorage length. It is noted that repair of
sluice walls from the side of the front face plays
mainly the role of preservation of concrete of the
main mass and restoration of concrete parameters
in the compressed zone (from the side of the front
face), while the work of the wall structure as a
whole and first of all from the side of the back
surface (from the side of soil backfill) is
unsecured. Justification of application of
prestressed BCR for strengthening of sluice walls
with placement at the faces and back surfaces of
the walls with reduction of tensile stresses by 40
% in the steel rear reinforcement installed during
the construction period is given, thus reducing the
width of crack opening along the construction
joints, providing extension of service life of the
structure as a whole.

Thus, researches [1-14], aimed at substantiation
of the technology of strengthening of operating
reinforced concrete structures by means of
application of perspective composite materials,
require further development and improvement
in relation to various reinforced concrete
structures having high safety requirements.

METHODS

Strengthening of structures based on the use of
prestressed BCR allows to increase the load-
bearing capacity of structures. The choice of
BCR is justified by the following:

- The cost of BCR is comparable in value to
steel reinforcement;

- BCR has 2.5-3 times higher tensile strength
compared to steel reinforcement with equal
diameter;

- BCR is resistant to the alkaline environment
of concrete;

- BCR weight compared to steel reinforcement
is 4-4.5 times less with the same diameter;
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- BCR corrosion resistance (does not corrode
in water, moisture saturated and aggressive
environments).

Also of note is the use of an integrated
strengthening method: BCR and composite
external reinforcement with carbon tapes.
Corrosion of steel reinforcement is inevitable in
reinforced concrete structures during operation
of hydraulic structures. Therefore, the use of
BCR reinforcement seems reasonable in solving
this problem when strengthening structures.
Application of the finite element method is widely
spread for establishing the actual condition of
stress-strain state of hydraulic structures (HS).
With the modern development of computational
technology, it is possible to solve nonlinear
problems and determine by calculation the actual
location and opening of cracks and inter-bay
construction joints in structures.

RESULTS AND DISCUSSION

Initial data for design and experimental studies
of sluice walls on the example of Pavlovsk and
Gorodets sluices (Russia):

a)
Section 1
Right side of the
wall
N
C o
Expansion of joints
on the rear side of
A the wall
-
Secondary
inclined cracks in o——
the compressed
10ne

1. The Pavlovsk sluice is a single lift, single-
line sluice made of monolithic reinforced
concrete. Overall dimensions of the sluice
chamber: length - 120.0 m; width - 15.0 m; wall
height - 39.5 m.

The sluice chamber consists of 4 sections.

A distinctive feature of the condition of the
walls of the sluice chamber before the overhaul
in 2022 - 2023 was the presence of horizontal
cracks on the face of the lower wall, which
represent the exit of secondary inclined cracks
(Fig. 1), wedged out of the horizontal inter-bay
construction joints in the direction of the face
side due to the lack of transverse (horizontal)
reinforcement in the wall. There were also voids
in the concrete going deep into the wall mass
along the path of inclined cracks (Fig. 2).

2. Composition of navigable structures of
the Gorodets hydro-scheme: two lines of single-
chamber reinforced concrete sluices. Overall
dimensions of the sluices’ chambers: length -
290.0 m; width - 30.0 m; wall height - 14.0 m.
Each sluice chamber consists of 12 sections.

Section 1

Right side of the
b) wrall
Ty
Strut trusse o
L
. 'd_
1 e
I. As a result, the
upper part of the
! wall is separated
| from the lower
| part of the wall
Expansion of
secondary
cracks on the
face of the wall

Figure 1. Nature of formation and opening of secondary inclined cracks
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Inspections carried out prior to the overhaul
(2017-2018) of the sluice chamber walls
revealed the presence of multidirectional
cracks and, primarily, outcrops on the faces of
secondary inclined cracks (Fig. 3) formed
from inter-bay construction joints, as well as
voids extending deep into the concrete mass
of the walls (Fig. 4) along the path of inclined
cracks.

DESIGN CASE

Based on the analysis of wvarious load
combinations during operation and overhaul of
sluice chambers, as well as on the analysis of
design materials and the results of earlier
studies, the design case corresponding to the
most unfavourable state of loading of sluice
chamber walls is accepted:

L

Figure 2. View of the right wall of section No.1
with a sloping crack extending to the face, with
voids, exposed reinforcement and water leaks
(before overhaul)
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Figure 3. Section of the sluice chamber. Dimensions are given in mm, marks in m
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Figure 4. View of a wall with sloping cracks
extending to the face, with voids, exposed
reinforcement and water leaks (before overhaul)

1. In the case of a drained chamber, the load
from the ground pressure on the rear edge of the
wall is the highest and the groundwater level is
the highest (in the case of rapid emptying of the
chamber, when the water level in the ground
behind the wall does not have time to drop).

2. The impact of winter temperatures is taken
into account.

METHODOLOGY OF COMPUTATIONAL
MODELLING AND EXPERIMENTAL
STUDIES OF REINFORCED CONCRETE
STRUCTURES

The present method provides finite element
modelling of sluice structures as part of the
system "structure - backfill - base™" in a spatial
setting, as the sluice chambers and heads, as
well as their backfill interact with each other.

Experience in numerical modelling of HS
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reinforced concrete structures with construction
joints has been taken into account in the
development of the methodology.

Finite element models take into account the
structural features of the structures, including
the actual placement of reinforcement.
Horizontal and vertical contact construction
joints are modelled, taking into account the
strength reduction under the combined action of
shear with tension or compression compared to
a continuous monolithic structure. Breach of
bond between reinforcement and concrete in the
zones of opened horizontal construction joints
and cracks is modelled.

Special approaches are used for modelling
cracking of construction joints and monolithic
concrete, as well as cracking of face concrete. In
this case, the conditions for crack formation are
the action of tensile stresses exceeding the tensile
strength of concrete and the strength of joints in a
complex stress state, i.e. the combined action of
shear forces with tensile (or compressive) forces
in the plane of construction joints.

In the calculation model, horizontal and vertical
construction joints caused by interruptions in
the concreting of the walls and repair of the
concrete face were specified. In the areas of
construction joints, the disruption of bonding of
the working reinforcement in the concrete of the
sluice walls during the construction period was
taken into account.

Due to cracking of the face concrete, a reduced
strain modulus is taken into account in the
calculation models.

Also, the calculation models take into account
the corrosion deterioration of the working
reinforcement of the back surface of the wall as
a result of a long period of operation.

The model of the system “structure - backfill -
base" reproduced a fragment of the sluice base
massif, massifs of soils of the backfill of the
slots behind the outer walls of the chambers and
the backfill of the inter-sluice space (between
the inner neighbouring walls of the two lines of
sluices).

Loads are modelled in accordance with the
accepted design scheme (i.e. in accordance with
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the accepted levels of soil, groundwater, water
in the chambers, etc.), as well as taking into
account physical and mechanical properties of
materials of structures, base soils and backfills.
The main and auxiliary software were used for
calculation studies allow obtaining loads on
sluice structures from soil and water taking into
account the current state of soil mechanics
theory (reflecting the peculiarities of soil
pressure as active, reactive, passive, at rest,

etc.).
Temperature effects were reproduced in the
models “structure - backfill - base" in

accordance with average monthly and average
annual temperature values for the area of
hydraulic structures on the basis of normative
documents. The thermophysical properties of
the areas of the "structure - backfill - base"
system were also taken into account.

The problem of temperature distribution inside
the computational domain was solved in one of
the modules of the computational software
system. Initial design temperature values were
set on the contour of the computational domain
and then, taking into account the thermophysical
properties of the elements of the domain, the
temperature values inside the domain were
calculated.

In accordance with the obtained temperature
distribution in each finite element into which the
computational domain is divided, the main
problem of determining the deformed and then
the stress state of the structure was solved.

One of the most important features of the
approach of modelling structures, which
distinguishes it from traditional approaches to
ordinary engineering calculations to be used in
design, is that it allows various damages, defects
and other deviations from the assumptions
adopted in design to be taken into account by
incorporating them into the finite element
models being developed and adjusted.

In the experimental studies, a complex problem
was solved to determine the strength,
deflections, opening width of inter-bay
construction joints, deformations of metal and
prestressed basalt composite reinforcement
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(BCR) of strengthened reinforced concrete
structure.

Phasing of the work:

— experimental studies of low-reinforced RC

models (analogues of hydraulic structures, for

example, sluice walls, retaining walls,
hydroelectric  power plant piers)  with
operational ~ cracks  (including inter-bay

construction joints) reinforced with metal
reinforcement and BCR strengthening;

— experimental studies under static loading of
reinforced concrete models strengthened with
transverse reinforcement in the zone of inter-
bay construction joints (in the zone of joint
action of bending moments and transverse
forces);

— experimental research of reinforced concrete
models strengthened with composite straps in
the zone of joint action of excessive moments
and transverse forces, under the action of static
loading, and repeated research after holding for
60 days in a water environment.

Reinforced concrete models (2020) are used:

1) concrete of class B30-B35;

2) metal reinforcement A400;

3) basalt-composite reinforcement (Rf#:SOO

MPa and EfP:SO 000 MPa);

4) Carbon Wrap Tape with a surface density of
(900+30) g/m? and Carbon Wrap Resin epoxy
two-component binder.

Computational studies of the Pavlovsk sluice
walls taking into account the formation and
opening of cracks along the inter-bay
construction joints revealed the trajectories of
inclined secondary cracks (Fig. 1.a). For
example, tensile (horizontal) stresses of 4.2
MPa were obtained in the right wall of section
No.1 in the joint zone at 118.00 m and 4.9 MPa
in the left wall, which is significantly higher
than the tensile strength of the wall concrete.
The obtained values of tensile stresses
confirm the formation of secondary inclined
cracks wedging out of the inter-bay
construction joints, with the exit to the face of
the walls. The calculations also show that the
stresses in the transverse (horizontal)
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reinforcement in the zones of secondary
inclined cracks significantly exceed the
resistance of transverse reinforcement of A-I
class (R, =175 MPa). These results indicate

an insignificant amount of transverse
reinforcement installed solely for
constructional (off-design) purposes. The
stresses in the longitudinal (vertical)

reinforcement at the back surface were
obtained as 304 MPa, which exceeds the
resistance of A-l class reinforcement
(R, = 225 MPa).

In 2022 - 2023, in order to carry out overhaul of
the walls face, strut trusses were installed in the
upper part of the walls (Fig. 1. b). In this case,
the stresses in the transverse (horizontal)
reinforcement in the zones of secondary cracks
decreased and did not exceed the resistance of
transverse  reinforcement of A-I  class
(R, =175MPa), and the stresses in the
longitudinal (vertical) reinforcement at the back
surface reached 384 MPa, which exceeds the
resistance of reinforcement of A-1 class
(R, = 225 MPa). The stresses in the longitudinal
(vertical) reinforcement at the face exceed
tensile stresses of 97 MPa.

It should be noted that in this variant with strut
trusses, the opening of secondary inclined
cracks on the face side was confirmed by
inspection results (Fig. 2).

Thus, the calculations of the Pavlovsk sluice
walls showed the necessity of their
strengthening not only of the face (new concrete
and reinforcement, reinforced  concrete
columns), but also the necessity of
reinforcement of the wall structure as a whole
through the application of additional prestressed
reinforcement.

The computational studies showed (Table. 1)
that the maximum displacement of the top of the
walls inside the Gorodets sluice chambers,
taking into account the corrosion of metal
reinforcement of the back surface, was 38.9 mm
(1/360 of the wall height) at a stress in the
tensile reinforcement of the back surface of the
walls - 23.0 MPa, which is close enough (82 %)
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to the design resistance for the reinforcement of
class A-Il (280 MPa), the compression stress in
the concrete of the main mass increases up to
7.67 MPa, which exceeds the design
compressive resistance for the concrete of class
B10 (6 MPa).

In the course of computational studies, cracking
in the walls along the contact surfaces of
horizontal construction inter-bay joints in the
concrete of the main massif was revealed. The
presence of tensile stresses in the concreting
blocks under the inter-bay joints has been
established. In accordance with the provisions
of [17] in the structures of the walls of the sluice
chambers  require  horizontal  transverse
reinforcement in the areas of horizontal inter-
bay joints, which was confirmed by
calculations.

It should be noted that the face concrete of the
sluice walls was replaced with B22.5 concrete
in 2017 - 2018 as part of a major overhaul.

It follows from the analysis of the survey
results, overhaul measures and a set of
calculations that the reconstruction of the face
of the Gorodets sluice chamber walls
contributed to the preservation of the concrete
of the main massif and restoration of the
concrete parameters of the compressed zone,
while the performance of the structure as a
whole and, first of all, on the side of the back
tensile surface is insufficiently ensured.

As a result of calculations, it is obtained that the
application of prestressed BCR gives the
following results:

— installation at the face reduces by 36 % the
tensile stresses in the rear metal reinforcement,
which is subject to corrosion as a result of
prolonged operation;

— installation at the back surface makes it
possible to reduce by 42 % the tensile stresses in
the rear metal reinforcement, which is subject to
corrosion as a result of prolonged operation;
reduce the opening width of horizontal
construction joints, thus extending the service
life of the structure as a whole.
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Table 1. Summary table with the results of calculations

Corrosion deterioration
of metal back
Both sluice| reinforcement in the |Prestressed BCR at|Prestressed BCR at
Type of stress chambers opening areas of the face is taken | the back surface is
drained |horizontal construction into account taken into account
joints is taken into
account
Horizontal
displacements of the
top of the walls 31,9 38,9 32,7 31,5
towards the inside of
the chamber, mm
Verticals
CoMpressive 4,82 7,67 5,49 5,29
stresses in the concrete
of the main mass, MPa
Tensile stresses in the
rear 164,0 230,0 168,5 161,5
metal reinforcement,
MPa

EXPERIMENTAL RESULTS

In 2020, reinforced concrete beam-type models
with vertical inter-bay construction joints and
with design dimensions: length - 2000 mm,
height - 300 mm, width - 150 mm were
manufactured and tested for static loading.

In addition to reinforcing the beams with metal
reinforcement, pre-stressed BCR was installed.
In the present research (2024), experiments
were carried out on the same experimental
beams B1 (with the placement of prestressed
BCR in the tensile zone) and B2 (with the
placement of prestressed BCR in the
compressed zone) in order to obtain new data on
the strength, deflections, opening widths of the
inter-bay construction joints, stresses in the
metal reinforcement and in the BCR after 4

\Volume 20, Issue 4, 2024

years of prestressing the beams through the
application of BCR.

The test type and characteristics of the
experimental beams Bl and B2 are presented
below. Experimental beams Bl and B2 were
fabricated in 2020 with steel reinforcement in
two steps (block concreting) for inter-bay
construction joints. They had a channel for BCR
installation with subsequent prestressing of
BCR "on concrete™, caulking of the channel and
with subsequent release of BCR "on beam
concrete” after the channel concrete had gained
strength.

BCR in beams Bl and B2 was subjected to
prestressing for the value: 0.45x800=360 MPa
(accepted: coefficient 0.45 regarding [15];
R¢,,=800 MPa; BCR tensile strength regarding

[16]) with subsequent concreting of channels in
the beams.
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Type of testing of test beams
All beams have basic longitudinal reinforcement of 212 steel reinforcement of class A400 in the
tensile zone; longitudinal reinforcement coefficient us=0,0056, also all beams have 2 vertical inter-
bay construction joints.

1) Bl beam (Phase 1)._ 2020 r

Inter-bay joint | z ¥ Inter-bay joint
L l -4

—

% Tl

]
I—J

f N
lIl' h
o T

Availability of @32 channel in the tensile zone of the beam for subsequent installation of 1012
BCE.
2} Bl beam (Phase 2); 2020r
LF‘
Inter-bay joint g . g Inter-bay joint
- l -

J | 1 !
| i
A ()

T T
Prestrezzed BCR. 1812 with monclithic channel in the tensile zone of the beam_ pf=0.0033
(beam B1, stage 1).

3} Beam E1 (Phaze 3):_ 2024r

Inter-bay joint

N S
1 .« !l
) Wt

B |
[ |

Prestrezsed @12 transverze reinforcement installed on both sides of the inter-bay construction
joints (beam B1, stage 2).

Inter-bay joint .1
'l

-t —— ——— — o

e e o
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1} Bl beam (Phase 1); 2020r
P
Inter-bay joint | : L) z Inter-bay joint
> l l «
I,__.-"'/ \l
) | L
| |

JI_."I._\“ ,-I: i)

T R
Availability of @32 channel in the tensile zone of the beam for subsequent installation of 1@12
ECE.

2} Bl beam (Phase 2); 2020r
P
Inter-bay joint g L 2 Inter-bay joint
L i -
Y
- J | 1 | L .
- | 1 1 -
Pregtreszed BCR 1012 with monolithic channel in the tensile zone of the beam, pf=0.0033
(beam B1, stage 1).
3) BeamB1 (Phase 3);. . 2024
lP
Inter-bay joint " g g Inter-bay joint

n’{ i l ) ¢

m ™

: ‘—-/ ) S~ |

1§ a

| ] | MR

- I .

Ly T
Prestreszed @12 transverse reinforcement installed on both sides of the inter-bay constroction
joints (beam B1, stage 2).
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joints (beam B2, stage ).

5) Beam B2 (Phaze 4 and Phase 3):

4) B2 beam (Phase 3): W0HT
P
Inter-bay joint - : gl l lg ! IIm.n:r—llir'|rill:nint
41T O O

Prestressed G2 transverse reinforcement installed on both sides of the inter-bay constroction

2024 r

Inter-bay joint
e

Inter-bay joint

i{?{__’ﬁ!q ..:,

o
o
R

reinforcement (beam B2, stage 2)

Composite carbon fabric installed in the shear span after removal of prestressed transverse

It should be noted that @12 transverse
prestressed reinforcement was installed in 2024
in beams B1 (stage 3) and B2 (stage 3) on both
sides in relation to the inter-bay construction
joint; CarbonWrap Tape-900/300 composite
fabric in a single layer was bonded in 2024 in the
span between the support and the P/2 force
application point after removal of the transverse
prestressed reinforcement (beams Bl (stage 4)
and B2 (stage 4)).

The design of the experimental beams is shown
in Figure 5.

It should be noted:

1) During testing, the experimental beams were
supported on movable (roller) and fixed (knife)
supports located at a distance of 150 mm from
the ends.

2) The load was applied vertically in steps by a
hydraulic jack and transmitted through a
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horizontal crosshead at two points 320 mm from
the centre of the beam, with a force spacing (the
‘pure bending' zone) of 640 mm and a force-
support spacing (‘shear span’) of 540 mm
(Figure 5).

Experimental beams were equipped with
instrumentation to  measure:  deflections;
opening width of inter-bay construction joints;
deformations of steel reinforcement and BCR.
For this purpose, strain gauges with a base of
20-50 mm and clock-type indicators were used.

The following main results were obtained in the
process of experimental research.

In the experimental beams B1 (stage 1) and B2
(stage 1) in 2020 the following character of
cracking was recorded: after opening of vertical
inter-bay  construction  joints there was
formation (wedging out) of inclined cracks in
the direction to the applied forces P/2 (at the
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distance X; = 0,24 x h; — 0,34h; from the upper

compressed face of the beams) at P = 44.2 kN
and 39.0 kN, respectively.

Under the action of a load close to the
destructive load, cracks were formed along the

direction "from the inter-bay joint to the
supports™ (violation of the bond between the
reinforcement and concrete in the tensile zone
of the beams). A system of vertical normal
cracks was formed at the section between the

longitudinal working reinforcement in the TOrces in the “pure bending” zone (Fig. 6).
Beam B1
580 (14| 680
. 540 540
i ter-bay | |, Inter-bay
collet chuck euction joint P2 P2 cmsfru:tﬂjoiﬂ /—v\hor 150
2|
§ @12 BCR
et b e o A S MR ST B R R =k=x. o |
e 208 AbOD— L channel d=32mm i \ 2012 ALDD
wop R 212 AL00— — @12BCR Base plate
Beam B2
580 Ba0 B8O
540 540 .,
i er-bay y Im‘er-ﬂy e
collet chuck N P2 L e - /_ 50
= 1 2 i p——— ] 111l !/

— ] - e a4l L e L —
8 ALOD s 208 400 | | L channel d=32mm <%=
step SOmm 2012400 L—1o12BCR =

Figure 5. Design of experimental beams B1 and B2

Analyses of the beam test results showed:

1) The force corresponding to the failure of not
strengthened prestressed BCR beams B1 (Stage
1) and B2 (Stage 1), having working
longitudinal steel reinforcement 2312 class
A400 in the tensile zone of the beams, in the
presence of two inter-bay construction joints, is
46.8 kN and 41.6 kN, respectively. At the same
time, in beam B1 (Stage 1) the @32 channel for
BCR placement is located in the tensile zone
and in beam B2 (Stage 1) in the compressed
zone, which explains the difference in the
magnitude of the failure force. Both the above-
mentioned beams failed brittle by an inclined
crack formed (wedged) in their inter-bay
construction joint from the combined action of
bending moment and shear force.

2) The tests of beams Bl (Stage 2) and B2
(Stage 2) with prestressed BCR installed in the

\Volume 20, Issue 4, 2024

tensile and compression zone, respectively,
showed that their load carrying capacity
increased to 676 KN and 5512 KN,
respectively.

3) Further experiments of beams Bl (Stage 3)
and B2 (Stage 3) with prestressed transverse
reinforcement up to 50 MPa on both sides of the
inter-bay construction joints showed an increase
in load carrying capacity up to 83.2 kN with no
signs of brittle failure.

4) Further, in the shear span (after removal of
transverse reinforcement) of beam B1 (Stage 4),
composite fabric was bonded in one layer. The
bearing capacity of the beam increased to 142.5
kN with no signs of brittle failure.

After conditioning beam B1 for 60 days in an
water environment, the load carrying capacity
was maintained at 150 kN with no signs of
brittle fracture.
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5) In beam B2 (stage 4) after removal of
transverse reinforcement, composite fabric was
bonded in one layer. The load-bearing capacity
of the beam increased to 124.8 kN, while the
metal working reinforcement in the tensile zone
of the beam was found to yield.

P/z

After conditioning beam B2 (stage 5) for 60
days in a water environment, when the load
carrying capacity reached 124.8 kN, there were
signs of beam failure.

P2

Figure 6. Cracking behavior in test beams (2020)

From the analysis of beam test results in terms
of deflections, opening width of inter-bay
construction joints, deformations of steel and
basalt-composite reinforcement it follows:

1) The deflections of beam B1 (stages 1, 2, 3, 4,
5) as it is strengthened from the variant of
longitudinal prestressed BCR - location in the
tensile zone of the beam (stage 2) - to external
transverse reinforcement with composite fabric
after exposure in aqueous environment (stage 5)
are lower by a factor of 1.32, with deflections of
B1 (stage 4) lower than B1 (stage 5) by a factor
of 1.14 as a result of the effect of the aqueous
environment (Figure 7).

The deflections of beam B2 (stages 1, 2, 3, 4, 5)
as it is strengthened from the variant of
longitudinal prestressed BCR - located in the
compressed zone of the beam (stage 2) - to the
external ~ transverse  reinforcement  with
composite fabric are almost the same at P=55.12
KN, with the deflections of B2 (stage 4) lower
than B2 (stage 5) by a factor of 1.65, which is
the result of the water environment (Fig.8).

It should be noted that the pattern of variation of
deflections of B1 and B2 (Figs. 7 and 8) by a
smaller magnitude is preferred for B1 with the
location of prestressed BCR in the tensile zone
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when strengthening by transverse reinforcement
with composite fabric.

2) The opening width of the inter-bay
construction joints in beam Bl (stage 2)
(prestressed BCR located in the tensile zone of
the beam) was recorded 1.21 times smaller than
that in beam B2 (stage 2) (prestressed BCR
located in the compressed zone of the beam) at
P=55.12 kN (Figures 9 and 10).

As beams Bl and B2 are strengthened to the
options of external transverse reinforcement
with composite fabric (stages 4 and 5), the
opening width of the inter-bay construction
joints varies within 10%, while comparison with
the normative document [17] shows that the
permissible values are not exceeded @, ; (Fig.
8 and 9). It is noted that in the research variant
B2 (stage 5) in comparison with B2 (stage 4) the
width of opening of inter-bay construction joints
is on average 1.23 times higher (Fig. 9).

3) Strengthening of beams B1 and B2 (steps 3)
with external prestressed transverse
reinforcement resulted in increased
deformations of steel reinforcement (Figures 11
and 12). 3)  Strengthening of beams B1 and
B2 (steps 4) with external transverse
reinforcement with composite fabric reduced the
deformations of the steel reinforcement, while
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the deformations of the steel reinforcement
almost doubled (steps 5) after the beams were
aged in a water environment. Comparison &£_;
in the study of beams B1 and B2: stages 1, 2, 3
with stages 4, 5 indicates that the option of
strengthening by external reinforcement with
composite fabric is preferable (Figs. 11 and 12).
It should be noted that the maximum tensile
strains of steel reinforcement at maximum loads
in the range of 83.2-150.0 kN were recorded in
the range of (160-220)x107° , which corresponds
to average stresses of 380 MPa close to the yield
strength.

4) The tensile strains of the prestressed BCR
located in beam B1 (Fig. 12) in the tensile zone
showed smaller values (about 2 times) in the
strengthening option of external transverse
reinforcement with composite fabric (steps 4
and 5).

In inter-bay construction joints, the character of
the maximum values of tensile strains of steel
reinforcement and prestressed BCR are quite
similar (Figs. 11 and 13), indicating their joint
operation in the structures.

5) Deformations of prestressed BCR located in
beam B2 (Fig.14) in the compressed zone
showed compression at all strengthening
variants in the range of 20+75 MPa.

D kN
160
150
140
130
120
110
100

=@=B-1 Phasc 1
=@=B-1 Phase 2
=@=B-] Phase 3
=@=B-1 Stage 4

B-1 Stage 5

fomm
0 1 2 3 4 5 6 7 8 9

Figure 7. Deflection diagram of beam B1
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=@=B-2 Phase 1
=9=B-2 Phase 2
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B-2 Stage 5
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0 1 2 3 4 5 6 7 g 9

Figure 8. Deflection diagram of beam B2
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Figure 9. Diagram of opening widths of inter-
bay construction joints in beam B1
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Figure 10. Diagram of opening widths of inter-
bay construction joints in beam B2
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Figure 11. Deformation diagram of steel
reinforcement in the joints of beam B1
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Figure 12. Deformation diagram of steel
reinforcement in the joints of beam B2
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Figure 13. Deformation diagram of prestressed
BCR in beam B1
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Figure 14. Deformation diagram of prestressed
BCR in beam B2

CONCLUSION

1) Experimental studies of low-reinforced
concrete beams with cracking (2020) on
strengthening with prestressed basalt composite
reinforcement  and  external  transverse
reinforcement (2024) showed positive results,
primarily in that the 4-year conditioning of the
beams in prestressed condition (BCR) showed
their  serviceability and confirmed the
stabilisation of prestress losses [18].

2) The bearing capacity of beams Bl and B2
increased 1.4 - 25 times as they were
strengthened from the variant of prestressed
basalt-composite longitudinal reinforcement to
the variant of external transverse reinforcement,
including with holding for 60 days in aqueous
environment.

3) The deflections of beams, the opening width

of inter-bay  construction  joints, the
deformations of steel reinforcement and
prestressed  basalt-composite  reinforcement

decrease with the application of various above-
mentioned strengthening options. At the same
time, the numerical indicators of all values are
within the limits allowed by the normative
documents [15, 16, 17].

4) The fact that in the variant of strengthening
with prestressed basalt-composite longitudinal
reinforcement located in the compressed zone of
the reinforced concrete structure, the load-
bearing capacity, deflections, width of opening
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of inter-bay construction joints, deformations
and stresses in steel longitudinal reinforcement
and in BCR are within the limits allowed by the
normative documents was very positive.

It follows that in hydraulic structures and
structures of hydroelectric power plants, where
it is not possible to determine by engineering
method the location of the compressed or
stretched zone, as well as under the action of
seismic impact, the results of research carried
out by the authors of the article reasonably
allow to achieve a positive effect.
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A FINITE ELEMENT MODEL FOR CALCULATING A NON-
THIN ORTHOTROPIC CYLINDRICAL SHELL, TAKING INTO
ACCOUNT THE INDUCED INHOMOGENEITY

Alexander A. Treshchev, Dmitry O. Besstrashnov
Tula State University, Tula, RUSSIA

Annotation. The formulation of a model for the deformation and strength calculation of an open cylindrical shell
of circular shape rigidly pinched along contour planes formed by generators is considered. The ratios of the
geometric parameters of the shell differ significantly from thin-walled structures, to which traditional technical
hypotheses could be applied. The formulation of a mathematical model defining the stress-strain states of a
thick-walled structure was carried out within the framework of a nonlinear three-dimensional theory. The
peculiarity of the developed model was that orthotropic composites were adopted as the structural materials of
the shell, the deformation and strength properties of which manifest themselves in different ways in accordance
with the types of stress states being realized. The manifestation of such mechanical properties of materials is
interpreted as induced heterogeneity, which significantly complicates the methodology for calculating spatial
structures. Due to the specified features of the research object, isoparametric finite elements of a three-
dimensional tetrahedral shape, the nodes of which had three degrees of freedom, were used to develop a
computational model. In order to adequately account for the stiffness properties of orthotropic composites
exhibiting induced heterogeneity, the basis of the determining relationships for them was the deformation
potential formulated in the normalized stress tensor space associated with the main axes of orthotropy of
materials. Due to the nonlinearity of the problem under consideration, the process of solving it was based on the
method of variable elasticity parameters. As a result of the implementation of the computational model,
comprehensive information was obtained on the stresses, deformations and displacements of the shell, the main
of which are presented in the text of the article with the addition of their analysis.

Keywords: finite element method, open cylindrical shell, structural orthotropy, induced inhomogeneity,
dependence of stiffness on the type of stress state

KOHEYHO-9JIEMEHTHASI MOJEJIb PACHYETA HETOHKOH
OPTOTPOIIHOHU NWJIMHAPUYECKOHU OBOJIOYKH C
YYETOM HABOJAUMOHU HEOAHOPOAHOCTH

A.A. Tpewes, /I.0. Beccmpawinos

Tynbckuii TOCYZapCTBEHHBIN YHUBEPCHUTET, . Tyna, POCCUA

AnHotanusi. Paccmorpena ¢GopMynupoBka Mozenu Ae(OpMAMOHHO-TIPOYHOCTHOTO pacdyeTa HE3aMKHYTOH
MUITHHIPUYECKONH O0OO0JOYKM KPYTOBOTO OUYEPTAaHUs, >KECTKO 3alIEMJICHHOW I10 KOHTYPHBIM IIJIOCKOCTSM,
copMupoBaHHBIM 00paszyromMi. COOTHOWIEHMSI TEOMETPUYECKHX IapaMeTpoB OOOJOYKH CYIIECTBEHHO
OTJIIMYAIOTCSI OT TOHKOCTECHHBIX KOHCTPYKIMH, KOTOPBIM MOTJIN OBITh HPUMEHEHBI TPAIUINOHHBIC TEXHUIECKUE
runore3sl. DopMynupoBKa MaTeMaTHYECKOW MOJEIH, ONPEEIsIONe HanpshKeHHO-Ae(hOPMUPOBAHHbIC
COCTOSIHHSI TOJICTOCTEHHOW KOHCTPYKIMH, ObIJIa OCYIIECTBICHA B paMKaX HEIMHEHHOW TPEXMEPHOW TEOPHH.
Oco0EHHOCTBIO pa3padOTaHHONW MOJENIH SBUIOCH TO, YTO B KQUECTBE KOHCTPYKIMOHHBIX MAaT€PUAIOB 000I0UKH
OBUIH MPUHSATH OPTOTPOIIHBIE KOMITO3UTHI, JIe)OPMAIIMOHHBIE M TPOYHOCTHBIE CBOMCTBA KOTOPBIX HPOSIBISIOTCS
MOo-pasHOMY B COOTBCTCTBHUU C PCATIM3YCMbBIMHU BUIAMU HAIIPAKCHHBIX COCTOSIHUH. HpOﬂBJ’IeHI/Ie HO[[OGH])IX
MEXaHUYECKUX CBONCTB MAaTepHallOB TPAKTYeTCs KaK HaBEeJEHHAas HEOAHOPOJHOCTh, 4YTO CYLIECTBEHHO
YCIIOXKHSICT METOJUKY pacueTa IPOCTPAHCTBEHHBIX KOHCTPYKLMH. BBUIy yka3aHHBIX ocoOeHHOCTEH 0OBeKTa
UCCIIEJOBAaHNUHN JUIsl pa3paboTKy pacdeTHON MoAeH ObLIM NMPHHATHI N30MapaMeTpUYeCKue KOHEUHBIE HJIEMEHTEI
00BEMHOI TeTpasAPHUECKO (OPMBI, Y3116l KOTOPOW MMENH TPU CTENEHH cBOOOAbI. [ ajeKkBaTHOTO ydera
JKECTKOCTHBIX CBOMCTB OPTOTPOINHBIX KOMITO3UTOB, TPOSBIIAIONINX HABEICHHYIO HEOIHOPOIHOCTH, OCHOBOM
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OTIPENEISIIONINX COOTHOUICHUH ISl HUX OBI NPHHAT MNOTeHIMan Jaedopmanuif, cpopMynnpoBaHHBIA B
HOPMHPOBAHHOM TEH30PHOM MPOCTPAHCTBE HAIMPSKCHUH, CBA3aHHOM C TJABHBIMH OCSIMH OpPTOTPOITHH
MaTepuaioB. BBuUIy HemMHEHHOCTH paccMaTpHBaeMOW 3aladd MPOLECC €€ PEHICHUs] CTPOWIICS 10 METOmy

MEPEeMEHHBIX IapaMeTpoB  YIPYTOCTH.

B pesynbrare

peanm3allMd  pacueTHONH MOJENM IOJy4YeHa

ucUeprbIBaromas “HpopManys O BO3HUKAIOUIMX HANPSKEHUAX, NehopMalusix U MepeMEIIeHIsIX O000I0UKH,
OCHOBHBIE M3 KOTOPBIX MIPEJCTABICHBI B TEKCTE CTAThU C JOOABICHHUEM X aHAN3A.

KiroueBbie c10Ba: METO KOHEUHBIX SJIEMEHTOB, HE3aMKHYTas LIMUIMHpHUYECcKast 000JI04Ka,
CTPYKTypHas OPTOTPOIHS, HAaBEJEHHAs! HEOTHOPOJHOCTb, 3aBUCUMOCTB JKECTKOCTH OT BH/Ia HAMPSKEHHOTO COCTOSTHUSA

1. INTRODUCTION

Modern technology and construction use all
new structural materials, among which
composites have become widespread. Their
peculiarity often lies in the presence not only
of structural orthotropy, but also in the
manifestation of deformation anisotropy, such
as the dependence of deformation and strength
properties on the kind of stress state. These
materials are widely used in the manufacture of
spatial structures, the elements of which cannot
be classified as thin-walled. In particular, this
applies to cylindrical shells of various
configurations and other curved structures.
Calculations for the strength and deformability
of similar structures should be based on
reliable calculation models based on the
specifics of the mechanical properties of these
composites and be adequate to the real picture
of the loading processes and geometry of
structures. It is obvious that the accuracy of the
calculation methods used depends on the
reliability of the determining ratios, which do
not contradict established and approved
mechanical deformation experiments of the
studied composites. Obviously, the
dependences of strain and stress tensors arising
from the potential proposed in the works can
serve as the most reliable equations of state [1
— 3]. In the same works and in monographs [4,
5], a detailed analysis of the serious
shortcomings of widely known models
published by many authors [6 — 14] is
presented and, therefore, their assessment is
not given here.
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2. EQUATIONS OF STATE FOR
ORTHOTROPIC MATERIALS
EXHIBITING INHOMOGENEITY
DURING DEFORMATION

As a result of the use of the author's technique
of the normalized tensor stress space associated
with the main axes of the structure of materials,
the deformation potential of an orthotropic
substance sensitive to the kind of stress state
was postulated in [2, 3]:

W = 0,5(Ay + BiyniangJoty + 0, S(Ay +
+Byynatty )05 +0,5(Azzzy + Bagaatraz Jos3 +
tHAypy + Bugp(ong + apllonoy +[4xpss +
+Boysa(py + 33 )]025033 T [Asz1y +
+Bygyy (g3 + oy logony +0, 5(Aipriy +

+Ayapatsy + Az3iTay), @

where ¢;; = o / S - stresses in the

normalized space of the tensor associated with
the main axes of the orthotropy of the material,

S = ojjo; — the norm of the tensor stress
space; ¢jjo;; = 1 —tensor space normalization
condition; material parameters Aijuy , Bijm are

determined after identification of the equations
of state arising from the potential (1) using the
results of mechanical tests performed; (i, j, k,
m=1, 2, 3).

Having differentiated the potential (1) according
to the Castigliano rules, we establish the
equations of connection between the tensors of
the second rank of the deformed and stressed
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states for orthotropic structures acquiring
deformation anisotropy:
iLj,kkm=1213 (2

Ci111 = (41111 + Brineqn) +
2 3
+0, 5[B1111011(1 — ai1) — Bopppasy —

&jj = CijkmOkm,
where

~Bpopp0yy — Bazssady — Auyp0iy — Appattys —
~Aygy3055] + Biygptt(1 = oy — enyatyy) +
+Byyg0za(l — afy — apyazg) -
—Byy3atppttaa(yy + ta3);
Cra22 = 41122 + Bripo (g + )5

Cr133 = 41133 + Bi1zz(a1 + @33 )
Copo2 = (App20 + Boppotrpp) +

+0, S{Byppporpa(l — agy) — Byyygady — Baggzoris -
A1ty — Aggyatty — Appizis] +
+Byyppoyy(1 - oy — ooy ) +
+Byyatsa(l — oy — Ayttsg) -
—By1gg0033( gy +0tg3);
Cop33 = Ap33 + Bpss(app +33)
C3333 = (A3333 + Bagzzarzz ) +
+0, 5[ Basaactas (1 — 33 ) — Byypi0y —
By — Aty — Appa@zs — Aizisis] +
+Bygay (] - agy — ayag) +
By (l — a3y — agarzy) -
—Bpgoqiapn(oqy + dy);

Cio10 = 0,5{A1215 —(Br11101 + Byt +
+Ba333033 )~ 2 Byyggttictng(cy + i) +
+By3tyas (U T Gg3) + Brigzaniags(ony + ags)Ih
Ca323 = 0,5{Ap23 — (Byy1101 + Boggp 3y +
+Bya33033 )~ 2 Brygp0iiOigp (g + gp) +
+Byy330ppttza( gy + 33) + Brgsomas(any + agg )}
Cia1s = 0,5{Ayg13 — (Byyy1s + Boggo0tr +
+By330033 )~ 2AByyggtysctpy( g + atzg) +
+Byysattyp0z3(Qpy + t33) + Bugsomass(ang + agg I}
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Cro12=Coiz1v Comz =Capzpr Cizpz =Caygys  the
other components of the tensor  Cy,
characterizing the malleability of the material
are identically equal to zero

As a result of the analysis of experimental data
on the proportional loading of standard samples
made of orthotropic composites of various
classes, the identification of equations of state
(2) was carried out in [2, 3, 5]. In this case, the
constants of the compliance tensor (2) were
calculated  using  technically  measured
parameters established during tensile testing,
compression of standards cut along the main
axes of orthotropy and in shear experiments in
the main planes of materials:

Ay = (1 / E
B = (1 / E¢
Aij = =i / Ej
Bji = —(vf} / ET

+

1/ E)/ 2
1/ E)/2;

+

v/ Ej) /2

vi | Ef =vi | Eiiik=123 (@

where £, vij? — elastic modulus and transverse

strain coefficients calculated as a result of
processing data from experiments conducted in
the directions of the main axes of orthotropy
using the least squares method (a positive sign
corresponds to tensile experiments, and a
negative sign corresponds to compression); Gij

— shear modules in the main orthogonal planes
of orthotropy.

Along with the identification of the model (1) -
(3), in the same works [2, 3, 5], the boundaries
of possible potential constants were determined
in accordance with Drucker's postulate and the
proof of the theorems of the existence and
uniqueness of solutions to boundary value
problems. These procedures confirmed the
inviolability of energy conservation [2, 3, 5].
Particular ~ values of the  mechanical
characteristics of orthotropic materials with
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acquired heterogeneity are available in well-
known publications [1 — 13, 15].

3. PROBLEM STATEMENT AND SHELL
CALCULATION

Using the physical and mathematical
correctness of potential dependencies (1) — (3),
they can be used as the basis for a finite element
model for calculating the stress-strain state of
thick-walled cylindrical shells. Considering that
it is supposed to investigate shells that do not
meet the criteria of thin ones, three-dimensional
finite elements of isoparametric interpretation
were used in the form of a tetrahedron having
three degrees of freedom at the node. The
mathematical apparatus of these finite elements
is fully developed in [16, 17]. The presented
article is based on the transformation of only the
stiffness matrix of the specified elements, into
which the equations of state (2) were embedded,
previously converted into the matrix form of the
stress-strain relationship:

to}=[P{e} (4)

where {0'} and {e} — six-dimensional stress and

strain vectors composed of components of the
corresponding tensors (2); [P] — a rigid matrix

in size 6x6, the inverse of the material's
compliance matrix, consisting of tensor

components Cijij (2), depending on the type of

stress state, [P]= [C]_l.

A short, unclosed cylindrical shell of circular
shape with rigid clamping along the reference
planes was selected for analysis. The breakdown
of the shell into finite elements is shown in Fig.
1, and the calculation scheme is shown in Fig. 2.
In the process of sampling the shell continuum,
the convergence of the FE model was checked,
which is shown in Fig. 3.

The developed FE model was used not only
taking into account the equations of state (2), (4)
introduced, but also calculations were carried
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out on its basis with embedded determining
ratios of widespread theories of deformation of
different resistant orthotropic materials. In order
to compare the results of shell calculations, the
equations proposed in the works of such authors
as R.M.Jones — D.A.R.Nelson [8, 9, 11, 12] and
S.A.Ambartsumyan [14] were used. In addition,
to estimate the error given by the generalized
Hooke's law formulated for orthotropic
materials [18], if it is used as physical
dependencies of deformation mechanics, it was
also used in calculations. At the same time, the
average  characteristics  obtained  from
experiments on uniaxial tension and
compression in the main axes of orthotropy
were taken as elastic modulus and transverse
deformation coefficients. To calculate the shell,
a composite material based on graphite of the
ATJ-S brand, widely used in technology, was
adopted. A complete set of stiffness parameters
characterizing its properties is given in [11]. As
a result of the -calculations, complete
information was obtained on the distribution of
shell SSC parameters. Here we will focus on the
analysis of individual parameters, which are
presented in Fig. 4 — 8.
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Figure 1. The design scheme of the cylindrical
shell
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In Fig. 4 — 8 the introduced digital designations of
the graphs of changes in the calculated values, refer
to solutions obtained on the basis of various models
of constitutive relations: 1 — author's model; 2 —
model based on the classical theory of deformation
of orthotropic materials using the generalized
Hooke’s law [18] and using the medium
mechanical characteristics of the material; 3 —
model by S.A. Ambartsumyan [14]; 4 — model by
R.M.Jones — D.A.R.Nelson [8, 9, 11, 12].

4. ANALYSIS OF THE RESULTS
OBTAINED

Analyzing the results of calculations of cylindrical
shells with structural orthotropy and made of ATJ-
S composite, which are presented in Fig. 4 — 8,
important theoretical features can be noted. These
features are concluded in the fact that traditional
mathematical models, which are based on the
generalized Hooke’s law, which does not take into
account the dependence of the rigidity properties of
the material on the kind of stress state, lead to
serious errors in determining stresses up to 58% —
78%. In this case, errors in determining the points
of the cylindrical shell can reach 35%. If the
R.M.Jones — D.A.R.Nelson model is used for shell
calculations [8, 9, 11, 12], then the results will
differ from the theoretical data using the
generalized Hooke’s law somewhat less and reach
16-36% and 18%, respectively. An explanation for
this may be the not entirely correct consideration of
the effect of a complex stress state on the change in
the components of the compliance tensors, which
are used by models [8, 9, 11, 12] and [14] in
comparison with equations obtained using
normalized tensor stress spaces [1 — 5].

5. CONCLUSION

The results of the calculations performed and the
analysis of the results obtained demonstrate and
confirm the fact that the design of elements of
spatial structures with a curvilinear outline such as
cylindrical  shells made of graphite-based
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composite materials should be carried out most
carefully. In this case, it is imperative to take into
account the peculiarities of the mechanical
behavior of such composites. In addition, when
performing calculations of stresses and strains of
shells, special attention should be paid to the
selection of mathematical models of constitutive
relations that do not conflict with known
experimental data and are most adequate to the
latter when changing complex kinds of stress states.
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ESTIMATION OF ELECTRICITY CONSUMPTION FOR WATER
TRANSPORTATION IN PRESSURE PIPELINES AFTER THEIR
REPAIR

Vladimir A. Orlov, Sergey P. Zotkin, Dmitry V. Podolyan, Dmitry A. Petersburgsky

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

Abstract. The issues of using pipes made of different materials in water supply systems and the current situation
with the technical condition of pressure pipeline transport are considered. It is noted that in order to ensure the
standard service life of pipelines, it is necessary to carry out high-quality repair and restoration work using
trenchless technologies and modern building materials, which include polymer pipes and flexible hoses. The
object of research is a section of a dilapidated steel pipeline network of a certain thickness, diameter, depth and
groundwater level above the tray. For the renovation of the pipeline, internal protective coatings are used,
applied by dragging new pre-compressed polymer pipes and flexible polymer sleeves based on fiberglass. A
description of trenchless technologies is presented, as well as automated programs that implement the tasks of
determining the technological parameters (wall thickness of a polymer pipe and a polymer sleeve), hydraulic
calculation of pressure losses depending on the degree of roughness of the pipeline walls, the inner diameter of a
new two-layer pipe structure when passing a certain water flow, as well as the amount of electricity consumed
for water transportation when appropriate wall thicknesses of protective coatings.

Keywords: pipelines, reconstruction, protective coatings, energy consumption

OLHEHKA NOTPEBJIEHUA 3JIEKTPOOHEPI'MU HA
TPAHCITIOPTUPOBKY BO/Ibl B HAITOPHbIX
TPYBOIIPOBOJAX ITOCJIE UX PEMOHTA

B.A. Opnoes, C.II. 3omkun, /].B. Ilooonan, /[.A. Ilemepoypzckuii

HanmonansHsIi rccnenqoBaTenbckuii MOCKOBCKHN TOCYAapCTBEHHBIN CTponuTenbHbIN yHUBepcuTeT (HUY MI'CY),
r. Mocksa, POCCHA

AHHoTanus1. PaccMOTpeHbI BOIPOCHI MCIIOJIB30BAHMSI B CHCTEMaX BOJOCHAOKEHHUsI TPYO W3 pasHbIX MaTepuajioB W
CIIOYKMBIIYIOCS CUTYAIIMIO C TEXHUYECKUM COCTOSHUEM HAIIOPHOTO TPYOOIPOBOAHOrO TpaHcropta. OTMeUeHO, 4To Jist
o0ecrieyeHrsT HOPMATUBHOTO CPOKA CITY>KObI TPYOOIPOBOIOB HEOOXOAMMO KAueCTBCHHOE MPOBEACHUEC PEMOHTHO-
BOCCTAHOBHTENIBHBIX PabOT € HCIOJB30BAHUEM OCCTPAHIICHHBIX TEXHONOTHI M COBPEMEHHBIX CTPOHMTEIBHBIX
MaTepHAIIOB, K KOTOPBIM OTHOCSITCS TIOJIMMEPHBIE TPYOBI U THOKHE pyKaBa. OOBEKTOM HCCIICIOBAHHUIN SBISETCS YIACTOK
BETXOM TPYOONPOBOIHON CETH U3 CTAIH OMPEICTICHHO IMHBI, TMAMETpa, TITyOHHbI 3aJIeraHust U YPOBHSI IPYHTOBBIX BOJT
HaJ JOTKOM. J{yisl peHoBaImK TPyOOIPOBO/A MCIIOB3YIOTCS BHYTPEHHUE 3AIlUTHBIC MOKPBITHS, HAHOCHMBIC ITyTeM
MPOTACKUBAHHUS B TPYOOIPOBOJ HOBBIX MPEABAPUTENIBHO CKATHIX MOMMMEPHBIX TPYO M TMOKUX MOJMMEPHBIX PYKAaBOB
Ha OCHOBE CTEKJIOBOJIOKHA. [IpesicTaBiieHo orucaHne OeCTpaHIIeHHBIX TEXHOJIOIHH, a TAKKEe aBTOMATH3MPOBAHHBIX
MPOTPaMM, PEATH3YIOIIMX TTOCTABJICHHBIC 3a/[a4i OIPEICICHUs] TEXHOIOIHUECKUX MMapaMETPOB CaHAIMK (TOJIIMHBI
CTCHKH TOJIMMEPHON TPyObl U MOJMMEPHOTO PYyKaBa), THIPABIMYECKOTO pacyeTa MOoTeph HAropa B 3aBHCUMOCTH OT
CTEIICH! MIePOXOBATOCTH CTEHOK TPYOOIPOBOA, BHYTPEHHETO JHAMETPa HOBOH IBYXCIIOMHOW TPyOHON KOHCTPYKIIAH
NpU  TPOIYCKE ONPEJCICHHOr0 pacxXoga BOJbI, a TAKKE BEIMYMHBI 3aTPAuMBACMOI  JJIEKTPOSHEPIrHH Ha
TPAHCIIOPTHPOBKY BOJIbI [IPU COOTBETCTBYIOIIMX BAPUAHTAX TONIIHHBI CTEHOK 3aIIUTHBIX MOKPBITHIL.

KaroueBble ciioBa: TpyOOIPOBO/IbI, PEKOHCTPYKIIHS, 3aIIUTHBIE OKPBITHSI, YHEPro3aTpaThl

INTRODUCTION pressure  pipeline transport systems [1].

However, over the past 30 years, both in Russia
In cities and towns of Russia, steel and cast-iron and abroad, polymer pipes have become a
pipelines have become the most widespread in serious competitor to steel, cast iron and
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reinforced concrete pipes [2]. In particular, in
the Russian Federation, they account for 86.5%
of newly built water supply networks after
2010, excluding data for Moscow and St.
Petersburg. In addition, polymer pipes and
flexible hoses made of polymer materials have
firmly become one of the most promising
building materials for the renovation of
pipelines made of various materials [3]. Despite
the clear progress in terms of the widespread
use of pipes made of such traditional materials
as steel, cast iron and others for both
construction and trenchless repair of pipelines,
their actual service life is below the standard
values. Statistics show that, in general, in all
settlements of the Russian Federation, there is
an excess of the standard service life of water
supply networks up to 40.8%. This
circumstance is a consequence of the early
appearance of various kinds of defects and, as a
result, an increase in the amount of leaks of
transported water [4, 5]. At the same time, it
should be noted that the pace of renovation of
existing domestic pipeline water supply
networks, where modern trenchless technologies
are used, sometimes leaves much to be desired,
since they amount to about 2 and at best 4% per
year of the length of the networks with a need of
about 7-8%, which would allow in the coming
years to fully restore the required condition and
efficient operation pipeline networks [6]. To
ensure the standard service life of pipelines, it is
necessary to carry out high-quality repair and
restoration work using modern materials, which
include polymer pipes and hoses. An equally
important component of the task of effective
reconstruction of pressure pipeline transport is
the reduction of energy costs for transporting
water through a two-layer pipeline after
construction work [7-9].

Foreign researchers note that a significant role
in energy consumption in water distribution
systems is given to their hydraulic indicators
and the effective management of hydrophore
stations (i.e. pumping stations with several
parallel installed pumps), when modeling (by

\Volume 20, Issue 4, 2024

correlation) between the amount of water
supplied and electricity is necessary [ 10, 11].
Also, a certain role in energy consumption is
given to the temperature factor, in particular, the
temperature of the surrounding natural
environment (i.e., the soil where the pipeline is
laid and transported water) [12], as well as
increasing the capacity of the restored pipeline
network based on the changing parameters of its
operation [ 13-15].

The circumstances listed above are a significant
argument when making the final decision on
choosing the appropriate trenchless renovation
method, since operating costs for electricity can
affect the payback period of restoration work [16].
The essence of the method of stretching a new
polymer pipeline into an old one is that the outer
diameter of the polymer pipe slightly exceeds
the inner diameter of the steel pipeline being
restored. Due to the preheating of the polymer
pipeline in a special installation and subsequent
compression in a conical matrix, its diameter
decreases and the walls thicken at the same
time. After cooling for several hours, the
polymer pipeline increases in diameter to values
equal to the inner diameter of the old pipeline,
i.e. it fits snugly in the inner surface, forming a
two-layer pipe structure [17, 18].

In turn, the essence of the method of applying a
flexible polymer sleeve based on fiberglass
consists in its inversion in an old pipeline
(steam or water pressure) and subsequent
polymerization of organic resin previously
applied to the inner surface of the sleeve billet,
forming a durable two-layer pipe structure [19].
Figure 1 shows an illustration of the process of
heating, compressing and dragging a polymer
pipeline into an old one, and Figure 2 shows as
a sample one of the possible schemes for
applying a flexible polymer sleeve using an
inversion drum.

METHODS AND MATERIALS

The study consists of two stages, where, at the
first stage, the analysis of design options for
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restoration work on a dilapidated steel
pipeline is carried out using the technology of
stretching pre-compressed polymer pipes into
it, and at the second stage flexible polymer
hoses are considered as the object of research.
Polymer pipes with different SDR values (the
ratio of diameter to wall thickness of the
pipe), as well as different wall thicknesses of
polymer hoses, depending on their modulus of
elasticity and a number of conditions for
laying the old pipeline (diameter, length,
depth and groundwater level), are subject to
analysis for the most effective use in terms of
saving electricity during water transportation.
The research method is the analysis of
automated calculations to determine the
complex parameters of a polymer pipeline
after operations for its compression and
straightening in an old pipeline, taking into

account the transformation of hydraulic and
energy parameters of a two-layer pipeline
structure [20, 21].

Automated programs were used as information
retrieval systems [22-24].

The initial information for carrying out the
entire  complex of necessary technological,
hydraulic and energy calculations using the
above-mentioned automated programs is the
following:

-the inner diameter of the old steel pipeline to be
renovated d: 400 mm (outer 426 mm);

-length of the pipeline I: 4500 m;

-depth of the pipeline H: 3.0 m;

-groundwater level h: 2.5 m of water column;
-flow rate of transported water Q: 0.134 m3/s;
-efficiency of the pumping unit np: 0.9;

-outer diameter of the polymer pipe dp: 450 mm;.

Figure 1. An illustration of the operations of preheating, compressing and dragging a polymer pipe
into an old pipeline
1-polymer pipe subject to thermomechanical compression, 2- starting well, 3- device for stretching
a pipeline with a furnace chamber and a narrowing matrix, 4- section of the pipeline being
restored, 5- deformed polymer pipeline, 6- finishing well, 7- site for installing equipment for the
implementation of the process
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Figure 2. Inversion of a flexible polymer sleeve
using a special drum

1- inversion drum; 2- polymer sleeve; 3- repair
site; 4- pipeline defect

RESULTS

The calculation of energy consumption savings
during water transportation through a pipeline
for two alternative repair options is performed
according to formulas (1) and (2), which are
basic in the algorithms of the above-mentioned
automated programs [25].

AE1m=[9.81-Q%(4s - An)-24-365)mp (1)

where A E is the amount of savings in electricity
consumed, KW-h/year; Q is the consumption of
transported water, m®s; As and Ap are,
accordingly, the resistivity coefficients of the
old and restored pipeline using the technology
of dragging a polymer pipe or a flexible
polymer sleeve; np is the efficiency of the

pumping unit; | is the length of the pipeline, m;
24 is the number of hours of pump operation per
day, h; 365 —the number of days in a year

A45=0,0017ds5:1359 )

where ds is the inner diameter of the old
pipeline, m; dn is the inner diameter of the new
two-layer pipeline structure, m

For the reconstruction option of the old pipeline
using a polymer pipe with a wide range of SDR
values, the resistivity coefficients of the An are
calculated using the formula (3), and for a
polymer sleeve 4n based on fiberglass for the base
array of the considered values of the elastic
modulus S (N/mm?) according to the formula (4):

An =0,0004d,7>7276 3)
An =0,0007dn"5:27% (4)

The above formulas for the dependence of
resistivity on the diameter An=f(d) were
obtained experimentally on experimental
hydraulic stands in the laboratory of the
National Research University MGSU, where
pipes made of various materials [17].

The results of the automated calculation of
technological, hydraulic and energy parameters
in the implementation of renovation technology
by dragging a polyethylene pipe into an old
pipeline are presented in Table 1.

Table 1. Summary data of the automated calculation when using a polymer pipe with an outer

diameter of 450 mm for renovation

Calculated values for different SDR SDR 17

SDR 21

SDR 26 | SDR SDR 41 SDR 50

33

The wall thickness of the polymer pipe
after compression and straightening
operations in the old pipeline, mm

27.09

21.64

17.5 13.95 11.09 9.04

The inner diameter of the double-layer

pipeline after renovation, mm 345.81

356.71

365.0 372.11 | 377.81 381.91

Pressure losses along the entire length of
the pipeline before renovation, m of water
column

15.698
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Pressure losses along the entire length of

the pipeline after renovation, m of water | 14.152 11.847 10.386 9.301 8.524 8.041
column

Average annual energy savings after

renovation, kW-h/year 21987.7 | 54749.4 | 75521.1 | 9955.4 | 101992.0 | 109250.0

According to Table 1, with an increase in the
SDR values, there is a pronounced tendency to
change the inner diameter of a two-layer pipe
structure due to a decrease in the wall thickness
of the polymer pipe. Also, with an increase in
SDR, there is a significant reduction in pressure
losses along the entire length of the pipeline. At
the same time, the average annual energy
savings increases with an increase in SDR due
to an increase in the diameter of the two-layer

pipe structure after renovation. The observed
effect in terms of energy savings is also
achieved due to the lower hydraulic resistances
of the polymer pipe compared to steel.

For the case of use during the renovation of a
polymer sleeve, calculated data on wall
thicknesses, elastic modulus values and internal
diameters of a two-layer pipe structure are
presented in Table 2.

Table 2. Summary data of the automated calculation when using a polymer sleeve for renovation

The values of the elastic

modulus S, N/mm2 3500 4000

4500

5000 5500 6000 7000 8000

The thickness of the polymer

sleeve in the old pipeline, mm 4.8 4.7 4.5

4.4 4.3 4.2 4.1 4.0

of the
after

diameter
pipeline

The inner
double-layer
renovation, mm

390.4 390.6

391.0

391.2 391.4 391.6 391.8 392.0

Average annual energy savings

after renovation, kW-h/year 90578.4 | 90919.1

91476.7

91754.2 | 92013.7 | 92306.5 | 92581.3 | 92855.2

According to Table 2, the thickness of the
polymer sleeve at elastic modulus values in a
wide range (3500-8000 N/mm2) does not
undergo significant changes, which practically
does not affect the amount of annual energy
savings calculated by formula (1).

Comparing the calculated data presented in
tables (1) and (2), it can be stated that the most
advantageous reconstruction option in terms of
saving electricity during water transportation is
the use of trenchless technology of pre-
compression of a polymer pipe and its dragging
into an old pipeline in the SDR values 33-50

range. However, in the range of SDR values 17-
26, the polymer pipe as a protective coating is
significantly inferior to the polymer sleeve in
terms of achieving an energy-saving effect.

In order to analyze the possible expansion of the
effective range of SDR values of polymer pipes
during the renovation period, an automated
calculation was performed, provided that a
polyethylene pipe with a smaller outer diameter,
i.e. 400 mm instead of 450 mm, is used to drag
into the old pipeline. The calculation results are
presented in Table 3.

Table 3. Summary data of the automated calculation when using a polymer pipe with an outer

diameter of 400 mm for renovation

Calculated values for different SDR SDR 17 | SDR21 | SDR26 | SDR33 | SDR41 | SDR50
The wall thickness of the polymer pipe after

compression and straightening operations in the

old pipeline, mm 23.7 19.0 15.4 12.3 9.8 8.0
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The inner diameter of the double-layer pipeline

after renovation, mm 352.6 362.0 369.2 3754 380.4 384.0
Pressure losses along the entire length of the

pipeline before renovation, m of water column 15.698

Pressure losses along the entire length of the

pipeline after renovation, m of water column 12.661 | 10.89 9.728 8.843 8.198 7.767
Average annual energy savings after renovation,

KW-h/year 43182. | 63361.6 | 84876.0 | 97458.3 | 106633.7 | 112754.6

4

An analysis of the data in Table 3 shows that in programs  for  calculating  technological,

this case, there is also an advantage of the steel
pipeline repair method by dragging a polymer
pipe compared to a polymer sleeve in the same
SDR ranges, i.e. 33-50. However, the average
annual energy savings when replacing a pipe
with a smaller outer diameter increases, for
example, for SDR 50 by 3.21%
(112754.6%100/109250).

Thus, it can be stated that when choosing the
technology of trenchless reconstruction of
dilapidated pressure pipelines, the required
standard standards in terms of their strength can
also include the amount of energy saving,
characterizing it as an additional significant
argument for making a final decision. Using
automated calculations, it is possible to identify
the most effective use case for a particular
technology for the appropriate renovation of old
pipelines of certain diameters and lengths,
depths of occurrence, costs of transported water
and other parameters. Such a methodological
approach using automated information retrieval
systems for estimating electricity consumption,
as well as carrying out estimated calculations of
the cost of repair and restoration work, make it
possible to choose the optimal option for
trenchless renovation of pressure pipelines,
taking into account their initial technological
parameters and the nature of defects.

CONCLUSIONS

1. An analysis of the use of alternative
trenchless technologies for the renovation of
dilapidated  pressure  pipelines, including
accompanying algorithms and automated

\Volume 20, Issue 4, 2024

hydraulic and energy parameters, is presented.

2. A methodological approach to the automated
selection of the optimal option for the
renovation of old pipelines with polymer pipes
and flexible polymer sleeves is recommended
and implemented, which allows us to identify a
range of wall thicknesses of protective coatings
of pipelines and their diameters, which save
energy costs for water transportation.
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NUMERICAL INVESTIGATION ON FLEXURAL
PERFORMANCE OF BUILT-UP STEEL BEAMS WITH
DIFFERENT WEB OPENINGS

Hussein Talab Nhabih ', Mohammad R.K.M. Al-Badkubi?’, Marwa Marza Salman >

! Department of Civil Engineering, Faculty of Engineering, Babylon University, Babylon, IRAQ
2 Department of building and construction technology, Islamic University,Najaf, IRAQ
3 Department of Ceramic and Building Material, Faculty of Materials Engineering, Babylon University, Babylon, IRAQ

Abstract. Recently, the usage of Structural Steel Beams with Opening in the Web has spread extensively in all
over the world, in various types of buildings such as high-rise buildings and industrial buildings. There are
several advantages in using openings in beams. There for, an analytical investigation was carried out on
fourSteel Beams with Opening (SBWO) models by using a powerful nonlinear simulation software ABAQUS.
The initiative was to study the overall flexural behaviour of (SBWQO’s) and to establish the maximum load
carrying capacity, and deflection. Only vertical loads have been considered in the (SBWOQO’s) performance
investigation. The Built-Up sections were tested up to failure. The simulated models were considered to be under
simply supported condition at their edges and a uniform distributed load were applied over the upper flange of
the beam along all beam's length. The flexural behaviour of beams with different opening shapes were tested and
compared. The test results proved to be very useful in selecting the opening shape.

Keywords: Finite Element Modeling, Abaqus Computer Program, Flexural Behavior, Built-Up Section,
Steel Beam, Web Opening

YUCJIEHHOE NUCCJIEJOBAHUE U3I'UBA COCTABHBIX
CTAJIbHBIX BAJIOK C OTBEPCTUSIMU PA3JIMYHOM
®OPMbI B CTEHKE

Xyceiin Tanaé Haoux ', Moxammao P.K.M. Anv-Baokyou ?,
Mapea Mapza Canman 3

! Kadeapa rpaxiaHckoro cTpouTesIbCTBa, MHKEHEPHbI (akyJibreT, BaBuionckuii yausepeuter, Basunon, UPAK

2Kadeapa CTpOMTENbCTBA U CTPOUTENIBHBIX TeXHOJIOrui, Mcnamckuil yuusepcurer, Hamxadp, MPAK
$Kadempa KkepaMUKH M CTPOUTENBHBIX MATEPHANIOB, (aKyJIbTET MATEPHATOBECHNS, BaBUIIOHCKNI YHUBEPCHTET,
Basunon, UPAK

AuHoTtanusi. B mocnenHee BpeMsi HCIHOJB30BAHUE CTAIbHBIX OAlIOK C OTBEPCTHSMH B CTEHKE IOJIYYHIO
HIMPOKOE paCIpOCTPAaHEHWE BO BCEM MHpE, B pA3IMYHBIX THIAX 3/aHUH, TAKUX KaK BBICOTHBIC |
MPOMBIIUICHHbIE 37[aHusl. VICIONb30BaHHE OTBEPCTHH B CTEHKAax OaloKk MMeeT psij mpeumyinectB. [losaTomy
OBUIO MPOBEJCHO YHUCICHHOE HCCIIEJIOBAHUE YEThIPEX Mojeneil cralibHbIX Oanok ¢ orBepcrusivu (SBWO) c
MOMOIIIBIO TTPOrPAMMHOT0 obecredeHust sl HennHelHoro mozenupoBanns ABAQUS. Llesbio ucciienoBanust
ObUTO M3ydeHHE 00IIero compoTuBicHus u3ruOy Oanok (SBWO) u ompernencHre MakCHMalbHON Hecylien
criocoOHocTH, a Take mnporuda. Ilpm wuccnenoBanum xapakrepuctuk (SBWO) y4uTBIBAINCH TOJBKO
BEpTHKaJbHbIC HArpy3ku. HarpyskeHue BBINOJHSIIOCH BIUIOTH A0 paspylueHus. PaccMaTpuBaiuch CBOOOIHO
orepteie 1Mo Kpasm Oanku. K BepxHe#dl mnonke Oanku 1O BCcel ee JUIMHE MNPUKIAAbIBajach pPaBHOMEPHO
pacnpeieneHHasl HarpysKa. bbuti nccneioBaHus 1 CpaBHEHHE PE3YNBTaTOB JUIsl OAJOK C pa3nu4HbIMU (opmamu
orBepcTuid. [loiydeHHbIE pe3yJIbTaThl HCCIEAOBAHWI MOTYT OBITh HCIOJIB30BaHBI TPH BbIOOpE (HOPMEI
OTBEPCTHI B CTAJbHBIX BYTABPOBBIX OaIKaXx.
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I. INTRODUCTION

From about eight decades, a large number of
investigations have made by structural engineers
looking for an untraditional methods to decrease
the charge of steel constructions as much as
possible. From designing point of view the
maximum potential structural steel strength
properties cannot always be achievable due to
existence of other design factor such as
serviceability. This factor usually accounts in
the design process by taking the maximum
permissible deflection to be the design factor.
Therefore, numerous innovative ways have been
suggested to increase the steel member’s
stiffness without increasing the required weight
of steel, significantly.

Thus, steel beams with web opening also known
as castellated or cellular beams have been used
widely. One of the major benefits of using the
openings in the beam in construction is the
incorporation of services, such as electric cables
as well as ventilation and hydraulic pipes,
through the designed section depth of the beams,
as shown in Fig.1.

The strength of structural members with web
opening has been stated that may have large
reduction. This statements were made by
researchers like Bower (1968) [2], Lawson
(1987) [3], and Darwin (1990) [4].

H. 0@

Services
Figure 1. Reduction of beam height by utilizing
holes for insertion service combinations [1]

However, the present specifications and design
procedure codes for such beams are also difficult
to use or inadequate (SCI P355 2011) [5]. This can
be because the complexity in understanding and
analyzing the performance of steel beams with
web openings, and too difficulties to simplify
design  procedures. Thus, more extensive
researches and investigations are needed in order
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to achieve sufficient information for understanding
the behavior of beams with web opening to
develop a much simpler design method. There are
some analytical and experimental investigations
have been made in the past to study SBWOs
behavior. Redwood (1969) [6] suggested that by
using modified dimensions equivalent rectangular
opening, most of the design rules can be applied
for steel beams with circular web openings.
However, the ultimate strength of steel beams are
substantially underestimated as a result of the
simplistic approach. Chan and Redwood (1974)
[7] used the curved beam analysis and the theory
of elasticity to examine stress distribution in
elastic range for beams having big circular shape
web openings. The investigations made by
Olander (1953) [8] and Sahmel (1969) [9] were
used to develop a design method at the Steel
Building Institute in 1990 in order to find the
ultimate strength of steel beams having several
circular shape web openings using an explicit
approach. Later on in 1998, the method
incorporated in Euro code 3 (EN1993-1-3)[10]
after minor modification. However, this method
also has been recommended to use for steel beams
with separate circular shape web openings using a
dissimilar set of approximate design methods.
Laboratory tests and Numerical investigation on
steel beams with circular and rectangular openings
have been approved by Thevendran and
Shanmugan (1991) [11]. They constructed
cantilever and simply supported beams models
made from a plexi glass sheet. For computing the
critical buckling load for this type of beams the
energy technique was proposed. Lawson and
Chung (2001) [12] made an theoretical
investigation on steel beams having circular and
rectangular openings using a large web opening
composite beams design method and presented in
Euro code 4. Two suggestions were made by
Chung et al. (2001) [13] first a practical design
method against Vierendeel mechanism for circular
web opening steel beams, second the perforated
section empirical shear—-moment interaction curve.
An empirical design method was industrialized by
Chung et al. (2003) [14]using generalized
moment-shear interaction curve for steel beam
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with various shapes and sizes web openings.
Tsavdaridic and D’Mello (2011) [15] made a
study on the web post buckling effective ‘strut’
action and guess the final vertical shear load
strength of web posts using an empirical formula
obtained from the particular shapes of web
opening. In order to achieve a simplified approach
to develop a reliable prediction for moment
modification factor Kis in cellular beams an
investigation was made by Sweedan (2011) [16].
An experimental investigation was made by Saka
and Erdal (2013) [17] and they observed different
types of failure modes including post buckling of
the web, Vierendeel bending, web buckling and
lateral torsional buckling. A through finite element
method was performed by Panedpojaman and
Thepchatri (2013) [18] and a modified coefficient
function were suggested after analyzing 408
nonlinear finite element model fore liable
deflection prediction of cellular beams. A
numerical and experimental study was made by
Boissonnade et al. (2014) [19] and a design
procedure for lateral torsional buckling in cellular
beam was suggested. Samadhan and Laxmikant
(2015) [1] performed an experimental and
parametric study on simply supported steel beams
with web opening subjected to vertical loading.
Iman Satyarno et al. (2017) [20], perform an
analysis on castellated steel beam by full scaled
rectangular opening shape in which some of the
specimens were partially encased in reinforced
mortar and some of them without encasing. Made
Sukrawa (2017) [21], made a finite element study
on reinforced steel beam with large opening in the
web subjected to axial forces. Tareq Almusallam
et al. (2018), perform an experimental and
numerical investigation on behavior of FRP-
strengthened RC beams having large rectangular
shape web openings in flexural zones. Morkhade
et al. (2019) [23], made an effort on study the
effect of opening in the web on the ultimate
strength of steel beam by trapezoidal corrugated
shape web in which it can increase the share
capacity without providing the transverse
stiffeners.

There are numerous benefits of using SBWOs,
some of them can be listed as:
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e Incorporation of services within the structural
height of the beams.

eReduction of overall dead weight of the
structure which allows smaller foundation sizes.

eReducing overall costs due to reduction of
material consumption.

e Longer spans between columns than traditional
structures.

I1. SAMPLES DESCRIPTION

This study signifies an analytical study on flexural
performance of built-up section steel beams with
different web opening which consists tests on four
steel beam models up to failure using a nonlinear
simulation software Abaqus to find the better
opening type which gives better performance
during the application of loading.

In general the test results give an overall
understanding of the behavior of these beams. The
failure type which controls the behavior of these
beams is flexural failure in the section. In the
present investigation the load—deflection behavior,
the ultimate load-carrying capacity and the failure
modes are to be considered. Fig. 2 & 3 illustrated
the specification details of the test specimens.
These details also listed in Table 1.

As it is shown in Fig.2a-d, for all steel beam
specimens the parameters such as beam overall
dimensions and total number of the openings and
beam’s depth were kept constant in order to
investigate only the influence of opening shape on
the flexural behavior of the steel beams with web
opening exclusively. From practical point of view
manufacturing circular web opening is the easiest
comparing to other shapes because of the drilling,
measuring and residual stresses. Thus, the steel
beam having circular shape web opening is used to
select other opening shapes dimensions and
spacing. As shown in the Fig. 2a, 3the diameter of
the circular opening is selected so that the opening
be large enough to see the effect of the opening on
flexural behavior more clearly, and the spacing
between the circular openings is calculated
according to the design of openings from BS 5950
part-1 (2000) [24] which considers to take opening
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spacing to its diameter ratio (S/Do = 1.08-1.5).
Also, the web openings considered to start from
250 mm from the ends of the beam. This distance
is selected in order to increase the stiffness of the
beam at support zone and also not too far from the
support so that the opening is spread in all beam's
length and practically be possible to use any
length for the beam and do not need special
manufacturing for different beam's length.
Furthermore, to investigate the influence of the
opening shape exclusively the dimensions of the
other web opening shapes are selected so that the
area of the shape remain almost equal to the area
of the circular shape. For dissimilar opening
shapes for example rectangular, triangular, and
hexagonal shape, in order to minimize the high
stress concentration which occurs in the opening
shape corners, a 5 mm in radius fillet is provided
in those regions. As shown in Fig. 2c the spacing
between the openings is not large enough to place

150 mm
133 mm

150 mm

236 mm

Figure 3. Opening details

Table 1. Samples Identification

the triangles with same orientation, so to maintain | No. | Beam Lengt | Opening | Flange
the opening numbers and spacing the nearby Symbol h Shape Width
triangle for each opening is flipped upside down. (mm) (mm)
. 1 | SBCWO | 4500 | Circular 150
lzooooon 0000000000 XE | 2 | SBSWO | 4500 | Square 150
3 | SBTWO | 4500 | Triangul 150
a) Steel beam with circular web opening (SBCWO) ar
| = E N EEEEES NN 4 | SBHWO | 4500 | Hexagon 150
b) Steel beam with square web opening (SBSWO). al

-

A VAV AVAVAV/ANV/NVAVAVAY &

c) Steel beam with triangular web opening
(SBTWO).
ngQOQr“ﬂ T ';:.‘\-' YOIOIS ] }(BQQQCD
d) Steel beam with hexagonal web opening
(SBHWO).

150 mm
15 mm

15 mm

B o

200 mm

15 mm

1

Figure 2. Schematic representation of tested
specimens
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I11. FINITE ELEMENT MODELLING OF
THE SPECIMENS

The simulated SBWO models have been used to
guess ultimate strength capacity and flexural
behavior of the samples during the loading time
and at the final stage of loading which
considered to be the model rupture failure using
finite element simulation technique. Thus, a 3-D
model with limited finite elements is developed
by using a powerful simulation software Abaqus
(6.14-4), which can simulate the material
properties as well as geometric nonlinearity in
beam samples.

Building the models is the starting step in the
finite element analysis method. In this step, the
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overall structure of the model is formed after
that the model divided in to finite elements, each
element connected with others at their nodes. It
IS necessary to define the element type, material
properties and overall geometry of the model to
build an accurate finite element model.
Furthermore, the accuracy and cogency of the
adapted sample is verified by comparing the test
results to those given by an experimental study
made by Samadhan (2015) [1].

A. Modelling of Built-Up Steel Beam with Web
Opening

1) Steel Beam Sketch

In order to establish valid and reliable simulated
models of the steel beam with web opening the
steel beam parts are drew and their
characteristics are carefully designated. First,
the structure of steel beam is formed after
selecting the 3D space modeling, solid extrusion
shape, and deformable type, as shown in
Fig.4.The beam's cross section dimensions and
its length have been simulated according to the
specimen identification table shown previously.
The simulation of the openings for other types
of openings are also done by selecting the 3D
space modeling, solid extrusion shape, and
deformable type, as shown in Fig.5.

" . > /

Figure 4. Modelling of solid steel beam part

&

s @

s,
Figure 5. Modelling of solid opening shape part
Finally to achieve the steel beam with web

opening models, the solid opening shape part is
subtracted from the solid steel beam part. Then,

164

a new complete steel beam with web opening
part is created as shown in Fig.6.

i
Figure 6. Complete steel beam with web
opening model

2) Element Type Selection

In the presented study the element type which
adopted to represent the steel beams was a 10-
noded 3D stress quadratic tetrahedron elements
(C3D10M) which has six degree of freedom at
each node. Fig. 7 show the adapted element for
steel beams.

face 4
10 face 3
face 2 8

i 5 6
face 1 %
Figure 7. 10-node quadratic tetrahedron
element (C3D10M) [25]

The selection of the model mesh density was
done in such a way so that each element has the
same length of 25mm length. Thus, the total
number of element in the beam width are 6
elements and in the length 180 element. Fig. 8
demonstrations the meshed shape of the steel
beam.

Figure 8. Meshed shape of steel beam model
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3) Material Mechanical Properties

The steel material properties in this study taken
similar to steel properties in experimental study
made by Samadhan (2015) [1], which obtained
from tensile test made on a coupons cut of a
steel plate. The experiment results such as
modulus of elasticity, ultimate stress, and yield
stress, are given in Table 2.

Table 2. Properties of Steel Material

fy (MPa) fu (MPa) Es (MPa) v

350 490 200,000 0.3

A simplified stress—strain curve shown in Fig. 9
is adapted for modelling the steel material
mechanical properties along by the von Misses
yield criterion having the isotropic hardening
law. The adapted properties simulation shown to
be adequate in simulating steel material

properties due to test results. Also, in here the
large

effect of deformation have been

considered.

.
€a Epi €ap €e3 €1

Figure 9. Stress-strain curve for steel [26]

4) Models Boundary Conditions

To make sure of obtaining a unique results in
analyzing the deformation and maximum load
capacity in the simulated steel beams with web
opening the selection of the models end
boundary conditions are necessary. In the
present research work the steel beams are
considered to be simply supported beams. In
order to achieve this condition in the simulated
models two additional solid extrudes are used at
the bottom face of the steel beams. The solid
extrudes considered to have rectangular shape
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with dimensions of (100, 150, 50 mm) in width,
length and thickness, respectively. The extrudes
considered to be made from hard steel with (fy =
600 MPa and fu = 900 MPa), this type of steel is
used to ensure that the extrudes will not deform
under the ultimate load for the steel beams. The
solid extrudes are placed at a distance of 150
mm from the two edges of the steel beams. The
left support considered to be hinged support and
the right one considered to be roller support.
The type of support can be determined by
selecting the restricted transition direction. To
ensure the nodal action of the supports the
center line on the bottom face of the solid
extrude are selected to be the line of supports.
Fig.10 shows the solid extrude simulation and
modelling of the support line location.

Figure 10. Solid extrude simulation and
modelling of the support line location

5) Loading Mechanism

To simulate the applied load on the beam
specimen the mechanical pressure type was
selected to act on top face of the steel beams as
shown in Fig. 11.

¥
Figure 11. Modelling of loading pressure on top
face of the steel beam sample

The applied pressure is distributed evenly at all

surface area and increases linearly up to failure
of the specimen.
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IV.PARAMETRIC STUDY

A parametric study was made after making sure
of the accuracy of the used finite element
modeling predicting the ultimate load capacity,
to investigate the shape of the opening influence
on the flexural behavior of steel beams with web
openings.

For simulating the other steel beams models
with other types opening shapes, similar
procedure which was used to simulate the steel
beam with circular shape opening in the web
model is used. But, with slight difference due to
different shapes of the openings. Fig.12
illustrates the other steel beams modeled in
Abaqus.

b) Steel Beam with Triangular Web Opening
(SBTWO)

c) Steel Beam with Hexagonal Web Opening
(SBHWO)

Figure 12. Representation of other steel beams
modelled in Abaqus

166

V. RESULTS AND DISCUSSION

As it was mentioned previously the analysis
concerns around the effect of the shape of the
openings on the flexural behavior of the steel
beams. Fig. 13 shows the applied load and mid-
span deflection curve for the different types of
the openings considered in the investigation.

SECWO

Applied Load (KN/m)

SBSWO

SETWO

——SBHWO

Mid-Span Deflection (mm)

Figure 13. Comparison of load-deflection
curves between different types of opening shape

By seeing the load-deflection curves shown in
Fig. 13, it can be see that the stiffness of the
steel beams with triangular and square web
opening are greater and smaller than the
stiffness of the other shapes, respectively. For
all beams the plastic range of the curves starts
from almost (30 mm) mid-span deflection at this
point the amount of the applied load on the steel
beams are (59.42 KN/m), (56.77KN/m), (55.68

KN/m) and (49 KN/m), for (SBTWO),
(SBCWO), (SBHWO) and (SBSWO),
respectively. Though, despite of the maximum
load carrying capacities and maximum

deflections are not in the same order, but in this
study it was assumed that any strength of a
beam after a mid-span deflection more than (30
mm) (almost after elastic range) is not
considered safe strength since the deflection
would be so large that it can be considered as
failed beam. Thus, in this investigation the steel
beam with triangular web opening considered to
have the best performance in flexural resistance
under the applied load. However, the maximum
load carrying capacity and corresponding
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maximum mid span deflection for every tested
beam in this analysis is illustrated in Table 3.

Table 3. FEM Test Results

No. Beam W (KN/m) Wmax Amax
Symbol | ar4 =30 | (KN/m) | (mm)
mm

SBSWO 49 7092 | 73.89 FEM tested specimen (SBSWO).

SBTWO 59.42 70.98 | 53.3
SBHWO 55.68 73.61 | 69.73

AWIN(F

V1. SPECIMENS STRESS DISTRIBUTION
AND DEFORMED SHAPE

The following figures, Fig.14, illustrates the
stress distribution and deformed shape of the
analytically tested samples with different types
of web openings by subjecting the distributed
load on samples top surface in F.E. analysis
models. .

o

FEM tested specimen (SBTWO)

a) The deformed shape and stress distribution for
FEM tested specimen (SBCWO)

i

B

FEM tested specimen (SBHWO)

SBCWO 56.77 729 63.82 b) The deformed shape and stress distribution for

.

C) The deformed shape and stress distribution for

4

d) The deformed shape and stress distribution for

Figure 14. The deformed shape and stress

distribution of the tested steel beams with web

openings
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Form the figure above it can be observed that
the stress distribution will be more concentrated
at the regions between the openings and it
reduces by increasing the width of this region.

VIl. CONCLUSIONS

The chief aim of this work was to examine the
flexural behavior of steel beam with different
types of opening in the web by using a nonlinear
simulation software (Abaqus). Thus, some
model tests are established on SBWOs. The
subsequent results and conclusions are complete
in accordance of the obtained simulated SBWO
models test results:

1) Test results of the analysis demonstrations
that the load carrying capacity and the stiffness
of the steel beam with triangular web opening is
greater than the other three shapes which are
circular, square and hexagonal at the elastic
region by (4.66%, 21.26%, 6.71%) respectively.
2) The ultimate load at which the specimen fails
will causes very large amount of deflection, thus
the applied load which causes 30 mm deflection
was the control value of the comparisons.

3) The circular web opening shows almost
similar response to flexural stress as the
hexagonal opening, this may be due to the shape
of the hexagonal geometry which has more
internal angles and make it to be more like a
circle shape.

4) Furthermore, the square web opening has the
least strength and stiffness due to large flexural
stress concentration around its corners. Also, the
deformations in the rectangular opening sample
Is greater than other test samples.

REFERENCES

1. Samadhan G. Morkhadel, and Laxmikant
M. Guptal (2015), "An experimental and
parametric study on steel beams with web
openings", Int J Adv Struct Eng, Vol. 7,
P.P. 249-260.

168

10.

11.

12.

Bower J.E. (1968), "Design of beam with
web openings”, J Struct Div 94, Vol. 3,
P.P.783-807.

Lawson R.M. (1987), "Design for openings
in the webs of composite beams”, CIRIA
Special Publication and SCI Publication
068. CIRIA/Steel Construction Institute,
London.

Darwin D. (1990), "Steel and composite
beams with web openings"”, Steel design
guide series no. 2. AISC, Chicago.

Design of composite beams with large web
openings. SCI P355 (2011).

Redwood R.G. (1969), "The strength of
steel beams with unreinforced web holes",
Civil Eng. Public Works Rev 64(755):
P.P.559-562

Chan P.W., Redwood R.G. (1974),
"Stresses in beams with circular eccentric

web holes”, J Struct Div 100(ST1):
P.P.231-248
Olander H.C. (1953), "A method of

calculating stress in rigid frame corners", J
Struct Div Proc. ASCE

Sahmel P. (1969), "Konstruktive Ausbildung
und Ndherungsbenechaung geschewisster
Biegetrdger und Torsionsst dbe mit grossen
stegausnehmungen"” [The design,
construction and approximate analysis of
weld beams and torsion members having
large web openings]. Schweissen und
Schneiden 21(3): P.P.116-122

European committee for standardization.
EN 1993-1-3, Euro code 3 (EC3) (1998)
Design of steel structures—part 1.1: general
rules and rules for buildings; 1992, and
amendment A2 of Euro code 3: Annex N
‘Openings in webs’. British Standards
Institution.

Thevendran V., Shanmugam N.E. (1991),
"Lateral buckling of doublysymmetric
beams containing openings"”, J Eng Mech
117(7): P.P.1427-1441

Lawson R.M., Chung K.F. (2001),
"Simplified design of composite beamswith
large web openings to Euro code 4", J
Constr Steel Res 57: P.P.135-163

International Journal for Computational Civil and Structural Engineering



Numerical Investigation on Flexural Performance of Built-Up Steel Beams with Different Web Openings

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Chung K.F., Liu T.C.H, Ko A.C.H.
(2001), "Investigation on
Vierendeelmechanism in steel beams with
circular web openings”, J Constr Steel Res
57: P.P. 467-490

Chung K.F., Liu T.C.H, Ko A.C.H.
(2003), "Steel beams with large
webopenings of various shapes and sizes:
an empirical designmethod wusing a
generalized  moment-shear interaction
curve™,J Constr Steel Res 59: P.P.1177-
1200

Tsavdaridis K.D., D’Mello C. (2011),
"Web buckling study of thebehaviour and
strength of perforated steel beams
withdifferent novel web opening shapes”, J
Constr Steel Res 67: P.P.1605-1620
Sweedan A.M.l. (2011),"Elastic lateral
stability of I-shaped cellular steel beams", J
Constr Steel Res 67: P.P.151-163

Saka M.P., Erdal F. (2013),"Ultimate load
carrying capacity of optimally designed
steel cellular beams", J Constr Steel Res 80:
P.P.355-368

Panedpojaman P., Thepchatri T. (2013),
"Finite element investigation ondeflection

of  cellular beams  with  various
configuration”, Int JSteel Struct 13:
P.P.487-494

Boissonnade N., Nseir J., Lo M., Somja
H. (2014), "Design of cellularbeams
against lateral torsional buckling”, Proc
Inst Civil EngStruct Build 167:436-444
Iman Satyarno, Djoko Sulistyo, Dina
Heldita, A. Talodaci Corte Real De
Oliviera (2017), "Full height rectangular
opening castellated steel beam partially
encased in reinforced mortar”, Procedia
Engineering 171: P.P. 176 — 184

Made Sukrawa (2017), "Finite element
modelling of reinforced large-opening on
the web of steel beam considering axial
forces”, AIP Conference Proceedings 1903,
020018, P.P. 1-9

Tarek Almusallam, Yousef Al Salloum,
Hussein Elsanadedy, Abdulhafiz
Alshenawy and Rizwan Igbal (2018),

\Volume 20, Issue 4, 2024

23.

24.

25.

26.

"Behavior of FRP-Strengthened RC Beams
with Large Rectangular Web Openings in
Flexure ~ Zones:  Experimental and
Numerical Study", Int J Concr Struct Mater
12:47,P.P. 1-28

Morkhade, S.G., Baswaraj, S.M. &
Nayak, C.B. (2019), "Comparative study of
effect of web opening on the strength
capacities of steel beam with trapezoidally
corrugated web", Asian J Civ Eng 20,
P.P.1089-1099

BS 5950: Part 1 (2000),"Structural use of
steelwork in building”, BritishStandards
Institution, London: Code of practice for
design.Rolled and welded sections

Abaqus (6.14-4), "Analysis User's Manual",
U.S.A. (2014).

Mohammad R.K.M. Al-badkubi (2019),
"Finite Element Study on Ultimate Shear
Capacity of Voided Reinforced Concrete
Beams”, 2nd International Conference on
Engineering  Technology and  their
Applications  2019-1ICET2019- Islamic
University, Alnajaf-Iraq, P.P. 19-24

CITUCOK JIMTEPATYPbI

1.

Samadhan G. Morkhadel, and Laxmikant
M. Guptal (2015), "An experimental and
parametric study on steel beams with web
openings", Int J Adv Struct Eng, Vol. 7,
P.P. 249-260.

Bower J.E. (1968), "Design of beam with
web openings”, J Struct Div 94, Vol. 3,
P.P.783-807.

Lawson R.M. (1987), "Design for openings
in the webs of composite beams”, CIRIA
Special Publication and SCI Publication
068. CIRIA/Steel Construction Institute,
London.

Darwin D. (1990), "Steel and composite
beams with web openings”, Steel design
guide series no. 2. AISC, Chicago.

Design of composite beams with large web
openings. SCI P355 (2011).

169



10.

11.

12.

13.

14.

170

Hussein Talab Nhabih, Mohammad R.K.M. Al-Badkubi, Marwa Marza Salman

Redwood R.G. (1969), "The strength of 15. Tsavdaridis K.D., D’Mello C. (2011),

steel beams with unreinforced web holes",
Civil Eng. Public Works Rev 64(755):
P.P.559-562

Chan P.W., Redwood R.G. (1974),
"Stresses in beams with circular eccentric

web holes”, J Struct Div 100(ST1):
P.P.231-248
Olander H.C. (1953), "A method of

calculating stress in rigid frame corners", J
Struct Div Proc. ASCE

Sahmel P. (1969), "Konstruktive Ausbildung
und Ndherungsbenechaung geschewisster
Biegetrdger und Torsionsst dbe mit grossen
stegausnehmungen" [The design,
construction and approximate analysis of
weld beams and torsion members having
large web openings]. Schweissen und
Schneiden 21(3): P.P.116-122

European committee for standardization.
EN 1993-1-3, Euro code 3 (EC3) (1998)
Design of steel structures—part 1.1: general
rules and rules for buildings; 1992, and
amendment A2 of Euro code 3: Annex N
‘Openings in webs’. British Standards
Institution.

Thevendran V., Shanmugam N.E. (1991),
"Lateral buckling of doublysymmetric
beams containing openings”, J Eng Mech
117(7): P.P.1427-1441

Lawson R.M., Chung K.F. (2001),
"Simplified design of composite beamswith
large web openings to Euro code 4", J
Constr Steel Res 57: P.P.135-163

Chung K.F., Liu T.CH., Ko A.C.H.
(2001), "Investigation on
Vierendeelmechanism in steel beams with
circular web openings”, J Constr Steel Res
57: P.P. 467-490

Chung K.F.,, Liu T.CH., Ko A.C.H.
(2003), “"Steel beams with large
webopenings of various shapes and sizes:
an empirical designmethod wusing a
generalized moment-shear interaction
curve",J Constr Steel Res 59: P.P.1177-
1200

16.

17.

18.

19.

20.

21.

22.

23.

"Web buckling study of thebehaviour and
strength of perforated steel beams
withdifferent novel web opening shapes”, J
Constr Steel Res 67: P.P.1605-1620
Sweedan A.M.l. (2011),"Elastic lateral
stability of I-shaped cellular steel beams", J
Constr Steel Res 67: P.P.151-163

Saka M.P., Erdal F. (2013),"Ultimate load
carrying capacity of optimally designed
steel cellular beams", J Constr Steel Res 80:
P.P.355-368

Panedpojaman P., Thepchatri T. (2013),
"Finite element investigation ondeflection
of  cellular  beams  with  various
configuration”, Int JSteel Struct 13:
P.P.487-494

Boissonnade N., Nseir J., Lo M., Somja
H. (2014), "Design of cellularbeams
against lateral torsional buckling”, Proc
Inst Civil EngStruct Build 167:436-444
Iman Satyarno, Djoko Sulistyo, Dina
Heldita, A. Talodaci Corte Real De
Oliviera (2017), "Full height rectangular
opening castellated steel beam partially
encased in reinforced mortar"”, Procedia
Engineering 171: P.P. 176 — 184

Made Sukrawa (2017), "Finite element
modelling of reinforced large-opening on
the web of steel beam considering axial
forces”, AIP Conference Proceedings 1903,
020018, P.P. 1-9

Tarek Almusallam, Yousef Al Salloum,
Hussein Elsanadedy, Abdulhafiz
Alshenawy and Rizwan Igbal (2018),
"Behavior of FRP-Strengthened RC Beams
with Large Rectangular Web Openings in
Flexure  Zones:  Experimental  and
Numerical Study", Int J Concr Struct Mater
12:47,P.P. 1-28

Morkhade, S.G., Baswaraj, S.M. &
Nayak, C.B. (2019), "Comparative study of
effect of web opening on the strength
capacities of steel beam with trapezoidally
corrugated web"”, Asian J Civ Eng 20,
P.P.1089-1099

International Journal for Computational Civil and Structural Engineering



Numerical Investigation on Flexural Performance of Built-Up Steel Beams with Different Web Openings

24. BS 5950: Part 1 (2000),"Structural use of
steelwork in building”, BritishStandards
Institution, London: Code of practice for
design.Rolled and welded sections

26. Mohammad R.K.M. Al-badkubi (2019),
"Finite Element Study on Ultimate Shear
Capacity of Voided Reinforced Concrete
Beams"”, 2nd International Conference on

25. Abaqus (6.14-4), "Analysis User's Manual™, Engineering  Technology and  their
U.S.A. (2014). Applications  2019-1ICET2019- Islamic
University, Alnajaf-Iraq, P.P. 19-24
Hussein Talab Nhabih, Department of Civil Engineering, Xyceitn = Tana6  Habux, «kadeapa  rpaxkIaHCKOrO
Faculty of Engineering, Babylon University, Babylon, crpoutenscrBa, mmxeHepHBIi (akynbTeT, BaBHUIOHCKHIA
Irag. E-mail: eng.hussein.t@uobabylon.edu.iq YHHUBEPCHUTET, Baswuuion, Upak. O noyra:
eng.hussein.t@uobabylon.edu.iq
Mohammad R.K.M. Al-Badkubi, Department of building Moxammao P.KM. Anv-Baokybu, Kadempa

and construction technology, Islamic University,Najaf,
Irag. E-mail: Mohammad.R.Albadkub@iunajaf.edu.iq

Marwa Marza Salman, Department of Ceramic and
Building Material, Faculty of Materials Engineering,
Babylon  University, Babylon, Irag. E-mail:
mat.marwa.marza@uobabylon.edu.iq

\Volume 20, Issue 4, 2024

CTPOUTENBCTBA U CTPOUTEILHBIX TEXHOJIOTHH, Mcimamekuit
YHUBEPCUTET, Hamxad, Hpaxk. Om. 1o4ra:
Mohammad.R.Albadkub@iunajaf.edu.iq

Mapsea  Mapza  Canman, xadempa  KepaMHKH U
CTPOUTEIbHBIX MaTepUaioB, (HaKyIbTeT MAaTePHATIOBEICHUS,
BaBuronckuii yHuBepcurer, Basuion, HMpak. On. moura:
mat.marwa.marza@uobabylon.edu.iq

171



THE RESEARCH OF AN IMPACT IN STRENGTH
CHARACTERISTICS OF OIL-CONTAMINATED SANDY SOILS

Rashid A. Mangushev, Alina V. Kvashuk, Alexandra V. Vagurina,
llya D. Kulyashov
Saint Petersburg State University of Architecture and Civil Engineering, Saint Petersburg, RUSSIA

Abstract: A review of existing studies by domestic and foreign authors on changes in the angle of internal fric-
tion of sandy soils contaminated with oil products is provided. The main experimentally confirmed results of
studies of the angle of internal friction of sandy soils interacting with oil products are outlined. Laboratory tests
were conducted to determine the strength characteristics of sandy soils contaminated with oil products using the
in-plane shear method. Coarse, medium and fine sands contaminated with A-95 gasoline, diesel fuel, and heavy
oil at a concentration of 0-12% by dry soil weight were used as test samples. A methodology for conducting la-
boratory tests using the in-plane shear method for sands contaminated with oil products is described and tested.
The degree of influence of viscosity and oil product concentration factors on the value of the angle of internal
friction of sands of different sizes was determined and mathematically substantiated using regression multifacto-
rial analysis. The sensitivity analysis of the adopted regression equation with six degrees of freedom is per-
formed. The scope of application of the proposed function is designated. It is shown that the use of polynomials
of the second kind in linear regressions leads to a significant complication of the model associated with the im-
possibility of explicitly identifying individual influence coefficients without additional calculation of partial de-
rivatives to compile the function gradient with its subsequent analysis.

A decrease in the angle of internal friction of coarse, medium and fine sandy soils regardless of the type of oil
product and its concentration has been laboratory confirmed. A graph of the dependence of the angle of internal
friction of sands of different sizes on the concentration of oil products is presented. It has been statistically sub-
stantiated that the greatest influence on the angle of internal friction of sandy soils contaminated with oil prod-
ucts is exerted by concentration, to a lesser extent - the type (viscosity) of oil products.

Keywords: sandy soil, oil products, in-plane shear, angle of internal friction, regression analysis, concentration

YCTAHOBJIEHHUE BJIUAHUA 3ATPASHEHUSA ITECYUAHDBIX
I'PYHTOB HE®TEITPOAYKTAMU HA UBMEHEHHUE UX
IMPOYHOCTHBIX XAPAKTEPUCTHUK

P.A. Manzywee, A.B. Keawyk, A.B. Bazcypuna, H./]. Kynawoe

Canxkr-IlerepOyprekuii rocy1apcTBEHHBIN apXUTEKTYPHO-CTPOUTEIBHBIN YHHBEPCHUTET,
r. Cankr-IlerepOypr, POCCHUA

AHHOTanusi: BeinosiHeH 0030p CyIIECTBYIOMINX HCCIIENOBAHMN OTEYECTBEHHBIX U 3apyOeKHBIX aBTOPOB 00 U3-
MEHEHHH yIiia BHYTPEHHEro TPEHHMs MECYaHbIX TPYHTOB TIPH 3arps3HeHnd Hedrenpoaykramu. O003HaUEHBI OC-
HOBHBIE 3KCIIEPUMEHTAIBHO MOTBEPIKICHHBIEC PE3YJIbTATHl UCCIIEIOBAaHNH YIila BHYTPEHHETO TPEHHUS IECYaHbIX
TPYHTOB IIPH B3aUMO/ICHCTBUM C HETENPOyKTaMU.

[IpoBenensr 1abOpaTOpPHBIE UCTIBITAHMUS TI0 ONIPEAETICHHUIO MPOYHOCTHBIX XapaKTEPUCTHK ITECUaHbIX TPYHTOB, 3a-
IPS3HEHHBIX He(TENPOAYyKTaMH, METOAOM OJHOIIOCKOCTHOTO cpe3a. B xadecTBe HCHIBITYEeMBIX 00pa3LoB MpH-
MEHSUTUCH TIECKU KPYITHBIHA, CpeqHEell KPYITHOCTH M MEIIKHH, 3arps3HeHHbIe OCH3MHOM A-95, IM3eNbHBIM TOILIH-
BOM, TsDKeJIol HedThio B KoHIeHTpanuu 0-12% mo macce cyxoro rpyara. Omnucana u anpoOupoBaHa METOIUKA
MIPOBE/ICHHUS JIAOOPATOPHBIX MCHBITAHUI METOIOM OJHOIUIOCKOCTHOTO Cpe3a AJIs IIECKOB, 3arps3HeHHBIX HedTe-
nponykramu. [locpencTBoM perpecCHOHHOr0 MHOTO(AKTOPHOTO aHAIM3a ONpelelieHa U MaTeMaTH4ecKu 0boc-
HOBaHa CTEICHb BIUSIHUS (PAKTOPOB BSA3KOCTH U KOHIIEHTPALUK He(TENPOAYKTa HA BENUYMHY YIjla BHYTPEHHETO
TPEHUS NIECKOB pa3Iu4HON KpynHOCTH. IIpoBeneH aHannu3 4yBCTBUTEIBHOCTH IPUHATOIO YPaBHEHUS PErPECCUU
C IEeCThIO cTeneHsMHu cBoOonbl. O003HaUeHa 00J1acTh MPUMEHEHHs MpeIoxKeHHON QyHKimu. [TokasaHno, 4to
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HCIOJIb30BAHUC TMOJMHOMOB BTOPOTO pOJia B JIMHEHHBIX perpeccunax BEAET K 3HAYUTCIbHOMY YCJIOXHCHUIO MO-
ACJih, CBA3aHHOMY C HEBO3MOXKXHOCTBIO ABHOI'O BBIACICHUS OTACIBHBIX KOB(b(l)I/IIII/ICHTOB BIMSIHUS 0€3 JOIIOJTHHU-
TCJIBHOT'O BBIYMCIICHUA YAaCTHBIX IMPOU3BOAHBIX IJIs1 COCTABJICHUA I'pAJJUCHTA q)yHKHI/II/I C €ro mnociacayrouumm

aHaJIn30M.

JlabopaTopHO TOATBEPXKICHO CHIKEHHE YIjla BHYTPEHHErO TPEHHMS IIECUaHbIX I'PYHTOB KPYITHBIX, CpEIHEH
KPYITHOCTH M MEJIKHX BHE 3aBHCHMOCTH OT BHJIa HE()TEIPOAYKTa M €ro KOHIEeHTpanuu. [Ipencrasien rpadux
3aBUCHMOCTH yTJIa BHYTPEHHETO TPEHUS NECKOB PA3IMYHON KPYNMHOCTH OT KOHIIEHTPALUH HE(PTENpPOIYyKTOB.
Crartuctuieck 00OCHOBAHO, YTO HauOOJbIIEE BIMSIHUE HA yroj BHYTPEHHErO TPEHHs MECYaHBIX I'PYHTOB, 3a-
IPS3HEHHBIX He()TENPOAYKTaMH, OKa3blBaeT KOHIIEHTPALMsA, B MEHBIIEH CTEleHH — BUA (BSI3KOCTh) HedTenpo-

IYKTOB.

KioueBbie ci1oBa: necuanslii IpyHT, HE(YTETIPOLYKTHI, OHOIUIOCKOCTHON CpEe3, YroJl BHYTPEHHETO TPEHHS,
PEerpecCuOHHBIN aHaIN3, KOHIEHTPaLusl

1. INTRODUCTION

According to the Ministry of Energy, the number
of accidents accompanied by oil product spills
(hereinafter - OP) exceeded 17000 in 2019 in the
territory of the Russian Federation [1], [2]. Oil
spills are accompanied by infiltration into the soil
mass, resulting in changes in the physical and
mechanical characteristics of soils [3].
Mechanical properties are the most important in
the design and construction of bases and foun-
dations, since they form the stress-strain state of
the soil along with the acting loads on the base.
It is known that the strength of sandy soils is
ensured by friction forces arising at the contact
points of mineral particles.

According to studies [4-8], contamination of
sandy soils with oil products is accompanied by
the formation of oily envelope around mineral
particles, resulting in the effect of “slipping” of
sand particles relative to each other. Hence, the
angle of internal friction is reduced.

Thus, in the studies of C. Shin, J.B. Lee, B.M.
Das [9] as an object of investigation were con-
sidered medium coarse sands with relative den-
sity of 50% and 75% samples, contaminated
with oil in concentration from 0% to 4.5% by
weight of dry sand. Single plane shear tests
were conducted at a vertical pressure of 40 kPa.
As a result of the experiment, the angle of inter-
nal friction decreased significantly at oil con-
centration C = 1.3%, with further increase in
concentration, the decrease in the angle of inter-
nal friction continued, but was insignificant

\Volume 20, Issue 4, 2024

(Fig.1). Decrease of the angle of internal friction
is also noted in [10-13].

The opposite result was reached by Z. N.
Rasheed, F. R. Ahmed, H. M. Jassim in the re-
search [14], where the object was coarse sand
contaminated with gasoline and kerosene. Ac-
cording to the results obtained, the angle of in-
ternal friction increased by 3-8° as the.
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Figure 1. Graph of relationship between the
peack angle of internal friction of medium-sized
sand and oil concentration [9]
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At the same time, the results of the study [15]
indicate that there is no obvious law of change
in the angle of internal friction with increasing
oil products concentration.

Taking into account the contradictions in the
results of domestic and foreign authors, the aim
of the study is to substantiate the degree of in-
fluence of variable parameters such as sand
coarseness, type (viscosity) and concentration of
oil products on the degree of change in the angle
of internal friction of sandy soils contaminated
with oil products, as well as to establish their
regression dependencies.

Objectives of the study:

1. Determine the nature and degree of change in
the angle of internal friction of sands of differ-
ent coarseness at contamination of oil products
(heavy oil, diesel fuel, gasoline A-95) in differ-
ent concentrations (0,2,6,12%) by mass of dry
soil.

2. By means of regression multi-factor analysis,
using the results of laboratory tests, to identify
the degree of influence of sand size, type of oil
products and its concentration on the change in
the angle of internal friction.

2. LABORATORY TEST PROCEDURE

Tests for determining the angle of internal fric-
tion were carried out by the method of single-
plane-bone shearing on monofractional samples
of sand of different sizes (coarse, medium and
fine), contaminated with gasoline A-95, diesel
fuel and heavy oil at a concentration of C =0, 2,
6, 12% by weight of dry soil.

Concentration of oil products and humidity in
the tested samples were set so that complete fill-
ing of pores with pore fluid (oil products + wa-
ter) was ensured. Thus, the maximum and min-
imum oil products concentrations were provided
at minimum and maximum soil moisture, re-
spectively.

The volumes of oil products (1) and water (2)
added to the test samples were calculated ac-
cording to the expressions:
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Vun = C .Vs & ! (1)
Pun
VW :Vs'(e_C&]’ (2)
Pun

where C is the concentration of oil products; V,
is the volume of soil particulate, cm®; p, is the
soil particulate density, g/cm®;p, s the oil
products density, g/cm?, e is the porosityfactor.

Figure 3. Sandy soil sample contaminated with
diesel fuel after the single plane shear test

2.1. Results of Laboratory Tests (Input Data for
Regression Analysis)

Coarse sand:

The angle of internal friction of coarse sand de-
creases from 9% to 19% for heavy oil contami-
nation, from 6% to 11% for A-95 gasoline con-
tamination, and from 8% to 14% for diesel con-
tamination compared to clean sand.

Medium coarse sand:

The angle of internal friction of medium coarse
sand decreases from 8% to 19% for heavy oil con-
tamination, from 5% to 8% for A-95 gasoline con-
tamination, and from 5% to 14% for diesel fuel
contamination compared to clean sand.

Fine sand:

The angle of internal friction of fine sand de-
creases from 14% to 22% when polluted with
heavy oil, from 7% to 17% when polluted with
gasoline A-95, from 13% to 19% when polluted
with diesel fuel in comparison with clean sand.
It is worth noting the similar character of de-
crease in the angle of internal friction for sands
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of different sizes when polluted with all consid-
ered oil products: the maximum decrease at a
concentration not exceeding 6%, with further
increase in concentration the angle of internal

The results of laboratory tests of sandy soils
contaminated with oi products are presented in
Fig. 4. Numerical values of the angle of internal
friction are summarized in Table 1.

friction insignificantly decreases.
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Figure 4. Graph of the relationship between the angle of internal friction and oil products concen-
tration for sands of different sizes at different types of pollutant oil products

2,00

Table 1. Values of the angle of internal friction of sands of different coarseness depending on the
type and concentration of oil products

Coarse sand ‘ Medium coarse sand ‘ Fine sand
The pore space is filled with heavy oil and water
;; 0,00 2,00 6,00 | 12,00 | 0,00 2,00 6,00 | 12,00 | 0,00 2,00 6,00 | 12,00
o | 43,23 | 3952 | 36,91 | 36,28 | 41,76 | 38,66 | 35,2 35,18 | 40,42 | 3545 | 33,65 | 33,25
%) | 0% | A7%0]19%1) | 0%) | (8%1) [(19%L) | (19%)| (0%) |(14%L)[(20%.) |(22%1)
The pore space is filled with A-95 gasoline and water
;; 0,00 2,00 6,00 | 12,00 | 0,00 2,00 6,00 | 12,00 | 0,00 2,00 6,00 | 12,00
o | 43,23 | 40,84 | 39,45 |38,98 | 41,76 | 39,95 | 39,01 | 38,66 | 40,42 | 37,71 | 35,06 | 34,58
%) | (%)) [ (10%)](11%1) | %) | (5%)) | (7%0) | (8%L) | (0%) | (7%L) [(15%L) [(17%1)
The pore space is filled with diesel fuel and water
g;)' 0,00 2,00 6,00 | 12,00 | 0,00 2,00 6,00 | 12,00 | 0,00 2,00 6,00 | 12,00
o | 43,23 | 40,19 | 38,22 | 37,84 | 41,76 | 39,58 | 36,75 | 36,66 | 40,42 | 3574 | 34,6 | 34,02
P %) | (8%1) [(13%1) | (14%)] (0%) | (5%1) | (14%1)[ (14%1) | (0%) | (13%1)[(17%)) | (19%])

Note: n%] is the decrease in the angle of internal friction of sandy soil contaminated with oil products, com-
pared to clean sand, expressed in percentage.
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3. METHOD OF STATISTICAL ANALYSIS

3.1. Solving regression equation with number
of degrees of freedom m=5

The multiple linear regression model can be
generally expressed as:

y:Zk;xi-,Bi+g:x1-ﬂ1+x2-ﬁ2+...+xk-ﬂk+g, (3)

i=1

where Xx;;X,;...; X, — are the factors influencing

the value of the function (predictors);

L PBor---; B — model parameters (influence co-
efficients);

& —is the random unpredictable error.

To determine the degree of influence of each
factor on the intensity of change in the angle
of internal friction of sands contaminated
with oil products, a multiple linear regression
model will be written for the case under con-
sideration:

V=B X +B, X, +B A +B A +B-A +&,(4)

where:

Factor 1: x, =C €[0;12],%— independent var-
iable of oil products concentration by mass of
dry soil, in the range from 0 to 12 %;

Factor 2: x, =k [0,596;49,702] - independ-
ent variable of coventional viscosities of oil

773(12 AZHUMENb M
products, calculated as x=—2""""_ Since
776’!)()0
the conventional viscosity of water x=1,000

and kinematic ~ viscosity ~ of  water
2

n~110°2 then in the equations with the
C

conventional viscosity 7 it is possible to per-

form substitution for the kinematic viscosity
with a change of their corresponding coeffi-
cients by a factor of 10° (Table 2).

Factors 3-5: A ;A_;A, €{0;1}— discrete inde-

pendent variables indicators of sand size
(dummy variables): A, — coarse sand; A_—me-

176

dium sand; A, —fine sand, where 1 indicates

the presence of sand of a given size in the test,
and 0 indicates the absence.

Table 2. Physical properties of pore fluids

=} < ) =
3 5 @ 2 2
S = o © =
o = 5 © 2 5
DO_ < 5 I
O
Density
Ke 1000,0 737,8 837,8 898,4
/L;
Kinematic
viscosity
" 1,006 0,600 3,452 50,000
77-10’6,J—
C
Convention
al viscosity | 1,000 0,596 3,431 49,702
K

Since the tests were carried out on monofrac-
tional sand samples, the indicators for coarse,
medium coarse and fine sands are as follows:

A =1->A,=A, =0
A, =1>A =A, =0;(5)
A,=1>A =A =0

B By Bsi Bas Bs — model parameters (influence

coefficients), which take into account the
change in the angle of internal friction when
changing the values of predictors.
The initial data for the multifactor regression
analysis are presented in Table 3.

Assume Yy =¢", where ¢° — is the angle of in-

ternal friction according to the results of labora-
tory tests. Then the equation of multiple linear
regression can be represented as:

(;:ﬁl.c-i-ﬂZ.K+ﬁ3.AK+ﬁ4.Ac+ﬂ5'AM’
or

V=px+pB,-x,+ .- A +p,-A_+
+185‘A,w (6)
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Table 3. Initial data for regression analysis and
list of accepted factors

n
14
L 0
=2
2 >
=5 — N ™ < LO
C = — 1 S — —
o ® o o o o o
— =] =] = = +—
o T O Q Q | &) |5} | &)
z| 28 | 8| 8 | &| 8| &
© S
Q
o X
S S
n
y Xl X2 AK Ac AM

The sand is coarse. The pore space is filled with
heavy oil and water

1 43,23 0 1,000 1 0 0
2 39,52 2 | 49,702 1 0 0
3 36,91 6 | 49,702 1 0 0
4 36,28 12 | 49,702 1 0 0

Medium-sized sand. The pore space is filled with

heavy oil and water

5 41,76 0 1,000 0 1 0
6 38,66 2 | 49,702 0 1 0
7 35,20 6 | 49,702 0 1 0
8 35,18 12 | 49,702 0 1 0
The sand is fine. The pore space is filled with heavy
oil and water
9 40,42 0 1,000 0 0 1
10 35,45 2 | 49,702 0 0 1
11 33,65 6 | 49,702 0 0 1
12 33,25 12 | 49,702 0 0 1

The sand is coarse. The pore space is filled with
gasoline A-95 and water
13 40,84 2 0,596 1 0
14 39,45 6 0,596 1 0
15 38,98 12 | 0,596 1 0
Medium coarse sand. The pore space is filled wit
gasoline A-95 and water
16 39,95 2 0,596 0 1 0
17 39,01 6 0,596 0 1 0
18 38,66 12 | 0,596 0 1 0
The sand is fine. The pore space is filled with gaso-
line A-95 and water
19 37,71 2 0,596 0 0 1
20 35,06 6 0,596 0 0 1
21 34,58 12 | 0,596 0 0 1
The sand is coarse. The pore space is filled with die-
sel fuel and water
22 40,19 2 3,431 1 0
23 38,22 6 3,431 1 0
24 37,84 12 | 3431 1 0
Medium coarse sand. The pore space is filled wit
diesel fuel and water
25 39,58 2 3,431 0 1 0
26 36,75 6 3,431 0 1 0
27 36,66 12 | 3431 0 1 0

0
0
0
h

0
0
0
h
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The sand is fine. The pore space is filled with diesel
fuel and water

28 35,74 2 3,431 0 0 1

29 34,60 6 3,431 0 0 1

30 34,02 12 | 3431 0 0 1

Using the least squares method we determine
the values of influence coefficients:
B, =-0,309, B, =-0,041, B, = 41,633,
B, =40,664, B, =37,971.

Substituting the influence coefficients into the
multiple linear regression equation, we obtain:

§ =—0,309-x, —0,041-x, +41,633-A, +
+40,664-A, +37,971-A,,,  (7)

Comparison of the results of laboratory results
of internal friction angle with the predicted val-
ues is presented in Table 4.

Table 4. Comparison of values of the results of
laboratory measurement of the angle of internal
friction with predicted values

1

=

<3

a o

= .l @
galsg .
=3 gg - o
Q| == o =
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+ O > C = =

= el e g
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5 © D.S

S @
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©
- - Vi =Y

Yy v e=Yy-y | £=—""-100%
Yi

The sand is coarse. The pore space is filled with
heavy oil and water

1 | 43,23 | 41,59 -1,64 -3,79
2 | 39,52 | 38,97 -0,55 -1,40
3 3691 | 37,73 0,82 2,22
4 | 36,28 | 35,88 -0,40 -1,10

Medium-sized sand. The pore space is filled with
heavy oil and water

5 | 41,76 | 40,62 -1,14 -2,72
6 | 38,66 | 38,00 -0,66 -1,71
7 | 3520 | 36,76 1,56 4,44
8 | 3518 | 3491 -0,28 -0,78
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The sand is fine. The pore space is filled with heavy

oil and water
9 | 40,42 | 37,93 -2,49 -6,17
10 | 35,45 | 35,31 -0,15 -0,42
11 | 33,65 | 34,07 0,42 1,26
12 | 33,25 | 32,22 -1,03 -3,11

The sand is coarse. The pore space is filled with
gasoline A-95 and water

13 | 40,84 | 40,99 0,15 0,38
14 | 39,45 | 39,75 0,30 0,76
15 | 38,98 | 37,90 -1,08 -2,78

Medium coarse sand. The pore space is filled with
gasoline A-95 and water

16 | 39,95 | 40,02 0,07 0,19
17 | 39,01 | 38,78 -0,22 -0,57
18 | 38,66 | 36,93 -1,73 -4,48

The sand is fine. The pore space is filled with gaso-
line A-95 and water

19 | 37,71 | 37,33 -0,38 -1,02
20 | 35,06 | 36,09 1,03 2,94
21 | 34,58 | 34,24 -0,34 -0,99

The sand is coarse. The pore space is filled with die-
sel fuel and water

22 | 40,19 | 40,99 0,80 2,00
23 | 38,22 | 39,75 1,53 4,01
24 | 37,84 | 37,90 0,06 0,16

Medium coarse sand. The pore space is filled with
diesel fuel and water

25 | 39,58 | 39,90 0,32 0,81
26 | 36,75 | 38,67 191 5,21
27 | 36,66 | 36,81 0,15 0,42

The sand is fine. The pore space is filled with diesel
fuel and water

28 | 35,74 | 37,21 1,47 4,11
29 | 34,60 | 3597 1,38 3,99
30 | 34,02 | 34,12 0,10 0,30

Thus, the executed model has the following
characteristics:
1) Coefficient of determination:

oo 2l -Y)" 161,20 _

= — = ~0,833, (8)
zi:1(yi — y) 192,73

High R’ indicates a small share of unexplained
variance and, therefore, a high level of fit of the
linear regression model to the laboratory data.

2) Fisher's criterion:
2
MSR R n-m 0,833 30-5
Fo -— - : ~ 24,9, (9)
MSE 1-R m 1-0,833 5
178

SSR .
where MSR=——— is the Mean Square Re-
m
gression;
SSE .
MSE = — is the Mean Square Error;
n-m

SSR=SST-R*=Y " (§,-y) ~is the Sum of
Squares for Regression;

SSE n N2 .
SST = — => . (y,=¥) - is the Total Sum
of Squares;
SSE:Zi":l(yi—yi)z— is the Sum of Squares
for Error;
n=30- is the total number of observations in
the sample;

m=5— is the number of parameters in the
model;

SSE .. )
R*=1-——=0,833— coefficient of determina-

tion (R-squared).

Comparing the obtained value of Fisher's crite-
rion with the tabulated value, we obtain the fol-
lowing results:

F_(a;k =mk, =n-m)=F_(0,055;25) ~ 2,60
F=249>F =260, (10)

Therefore, the regression equation is statistically

significant.

3) P-value is determined using the Fisher

distribution function. The level of significance

obtained from the p-value is 2,1-107°, that con-

firms the high statistical significance of the
model against the null hypothesis, according to
which all additional parameters are equal to zero
and do not improve the explanatory power of
the model.

Thus, we can reject the null hypothesis and con-
clude that the included parameters are signifi-
cant.

4) Average approximation error index

Yi — Vi

Yi

-100% ~ 2,14% , (11)

— 1
A:F'Zin:l
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indicates that, on average, the predicted values
of the angle of internal friction deviate from the
laboratory values by 2.14 %, which indicates a
high accuracy of the equation.

Conclusion: the proposed regression equation
with the number of degrees of freedom has a high
level of explained variance and the level of statis-
tical significance. However, according to Table 5,
the coefficient of influence g, =40,664 has p-

value = 0,06719 >« = 0,05, which is not statisti-

cally significant. In order to ensure statistical sig-
nificance of all influence coefficients, we perform
the regression analysis again, increasing the num-
ber of degrees of freedomto m=6.

3.2. Solving regression equation with number
of degrees of freedom m=6

In the course of calculations of different variants
of mathematical description of graphs of rela-
tionships between the angle of internal friction
and concentration for different sands and oil
products in the regression analysis, the variable
X, is represented in the form of a polynomial of

degree 2, in connection with which the equation
will have an additional degree of freedom:

y:ﬂ1'x1+ﬂz'x12+ﬂ3'xz+ﬂ4'AK+
+B. A+ B A +e, (12)

Table 5. Regression analysis of model parameters (influence coefficients)

_ Values of the influ- - Confidence intervals
Predictor ence coefficients, /3, Standard error t-statistics p-value

low 95% Top 95%

X, B, =-0,309 0,0475 -6,51 8,0-107 -0,407 -0,211

X, B, =-0,041 0,0094 -4,38 0,00019 -0,061 -0,022
A, B, = 41,633 0,4710 88,39 9,9-10°% 40,663 42,603
AC S, = 40,664 21,2901 1,91 0,06719 39,650 41,589
A, B, =37,971 5,2519 7,23 14107 36,957 39,044

The initial data for the regression analysis and
the list of accepted factors taking into account
the additional degree of freedom of the regres-
sion equation are presented in Table 6.

Table 6. Initial data for regression analysis and
the list of accepted factors taking into account
the additional degree of freedom of the regres-

sion equation

No

factor 1
factor 2
factor 3
factor 4
factor 5
factor 6

laboratory tests

« | ¢° based on the results of

The sand is coarse. The pore space is filled with
heavy oil and water

1 14323] 0 0 | 1,000 1 0 0
2 3952 2 4 149,702 ] 1 0 0
3 |13691| 6 | 36 | 49,702 | 1 0 0
4 13628 | 12 | 144 | 49,702 | 1 0 0
Medium coarse sand. The pore space is filled with

heavy oil and water

5 14176 | 0 0 | 1,000 0 1 0
6 |3866]| 2 4 149,702 | 0 1 0
7 [3520] 6 | 36 | 49,702 | O 1 0
8 | 3518 | 12 | 144 49,702 | 0 1 0
The sand is fine. The pore space is filled with heavy
oil and water
9 14042 | 0 0 | 1,000 0 0 1
10 | 3545 | 2 4 149,702 | 0 0 1
11 | 3365| 6 | 36 [ 49,702 | O 0 1
12 | 3325 | 12 | 144 [ 49,702 | O 0 1

The sand is coarse. The pore space is filled with gas-
oline A-95 and water
13 14084 | 2 4 | 0,596 1 0 0
14 1 3945| 6 | 36 | 0,596 1

o
o
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15 138,98 | 12 | 144 | 0,596 1 0 0
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Sand of medium coarseness. The pore space is filled
with gasoline A-95 and water

Medium coarse sand. The pore space is filled with
heavy oil and water

16 [ 3995 | 2 4 | 0,596 0 1 0 5 | 4176 | 41,97 0,21 0,51
17 | 3901 | 6 | 36 | 0,596 0 1 0 6 | 3866 | 38,28 -0,38 -0,99
18 | 38,66 | 12 | 144 | 0,596 0 1 0 7 13520 | 3581 0,61 1,74
The sand is fine. The pore space is filled with gaso- 8 | 3518 | 3559 0,41 1,17
line A-95 and water The sand is fine. The pore space is filled with heavy oil

19 137,71 | 2 4 | 0,596 0 0 1 and water
20 | 35,06 | 6 | 36 | 0,596 0 0 1 9 | 4042 | 39,28 -1,14 -2,83
21 | 34,58 | 12 | 144 | 0,596 0 0 1 10 | 3545 | 35,58 0,13 0,36
The sand is coarse. The pore space is filled with die- 11 | 33,65 | 33,12 -0,53 -1,57

sel fuel and water 12 | 33,25 | 32,90 -0,35 -1,05

22 140,19 | 2 4 3,431 1 0 0 The sand is coarse. The pore space is filled with gaso-
23 13822 | 6 | 36 | 3431 1 0 0 line A-95 and water
24 | 37,84 | 12 | 144 | 3,431 1 0 0 13 | 40,84 | 41,03 0,20 0,48
Medium coarse sand. The pore space is filled with 14 | 39,45 | 38,57 -0,89 -2,24
diesel fuel and water 15 | 38,98 | 38,35 -0,63 -1,62

25 13958 | 2 4
26 1 36,75| 6 | 36

3,431 0
3,431 0

1
1

Sand of medium coarseness. The pore space is filled
with gasoline A-95 and water

27 | 36,66 | 12 | 144 | 3,431 0 1 0 16 | 39,95 | 40,06 0,11 0,28
The sand is fine. The pore space is filled with diesel 17 1 39,001 | 37,60 -141 -3,62
fuel and water 18 | 38,66 | 37,38 -1,28 -3,31

28 | 3574 | 2 4
29 13460 | 6 | 36

3,431 0 0 1
3,431 0 0 1

The sand is fine. The pore space is filled with gasoline
A-95 and water

A comparison of the results of laboratory de-
termination of the angle of internal friction with
the predicted values within the regression analy-
sis is presented in Table 7.

Table 7. Comparison of values of the results of
laboratory determination of the angle of inter-

nal friction with the predicted values within the
regression analysis

30 | 34,02 | 12 | 144 | 3,431 0 0 1 19 | 37,71 | 37,37 -0,34 -0,91
20 | 35,06 | 34,90 -0,16 -0,45
21 | 3458 | 34,69 0,11 0,31

The sand is coarse. The pore space is filled with diesel
fuel and water

22 | 40,19 | 41,03 0,85 2,11
23 | 38,22 | 38,57 0,35 0,91
24 | 37,84 | 38,35 0,51 1,36

Medium coarse sand. The pore space is filled with diesel
fuel and water

25 | 39,58 | 39,96 0,37 0,94
26 | 36,75 | 37,49 0,74 2,01
27 | 36,66 | 37,28 0,62 1,68
The sand is fine. The pore space is filled with diesel fuel
and water
28 | 35,74 | 37,26 1,52 4,26
29 | 34,60 | 34,80 0,20 0,59
30 | 34,02 | 34,58 0,56 1,66

5 E
z £
S a o= N
28| 235 s g
g2l gS€| & S
cLe| 88y % 2
2l 55 888 ¢ :
o Q - c Q
48 av5 @
o @
‘s ‘s
y g eojoy | &=L 100%
Yi
The sand is coarse. The pore space is filled with heavy
oil and water
1 |4323 | 4295 -0,28 -0,65
2 3952 | 3925 -0,27 -0,69
3 3691 | 36,78 -0,13 -0,35
4 | 36,28 | 36,57 0,29 0,80
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The obtained coefficients at variables have high
statistical significance (Table 8). Substituting
the influence coefficients into the expression for
multiple linear regression we obtain:

§ =-1,08-x +0,058-x’ —0,036- X, +

+42,984- A, +42,01-A, +39,317-A , (13)

M

The addition of a degree of freedom resulted in
a change in characteristics:
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1. coefficient of determination:

R2 — Z.}(yl —
Zi:1(yi n

2. Fisher's criterion:

y)' 18015
y) 192,74

~0,935, (14)

_R® n-m_ 093 30-6
1-R® m 1-0,93 6

F~57,23>F _(0,056;24)~2,51, (15)

=

~ 57,23

3. p-value =4,6-10",

4. average percentage of approximation
error:

— 1 on
Azﬁ'Zizl

u‘ -100% ~1,38%, (16)
Yi

Conclusion: since the coefficient of determina-
tion and Fisher's criterion have increased, and
the p-value and average percentage of approxi-
mation error decreased in comparison with simi-
lar ones at m=5, it can be concluded that the
function at m=6 has higher statistical signifi-
cance than the equation with m =5 degrees of
freedom of re-regression.

Table 8. Estimation of regression coefficients (regression analysis of model parameters)

Values of influence

Confidence intervals

iF:;g(: coefficients, Standard error t-statistics p-value low 95% | top 95%
X, B =-1,080 0,1301 -8,30 1,6:10° -1,349 -0,812
x? B, =0,058 0,0095 6,10 2,7-10° 0,038 0,078
X, B, =-0,036 0,0061 -6,00 3,4:10° -0,049 -0,024
A, B, = 42,984 0,3738 114,99 2,0-10% 42,212 43,755
A, B, =42,010 0,3745 112,19 3,6:10% 41,237 42,783
A, B, =39,317 0,3745 105,00 1,810% 38,544 40,090
3.3 Comparison of the proposed linear multiple  Conclusion: since p-values

regressions with different regression degrees of
freedom m=5 and m=6 by Fisher's criterion
The quality of models with m=5 and m=6 was
compared using F-test (Fisher's exact test). The
results are presented in Table 9.

Table 9. Comparison of regression equations

with m=5 and m=6 (F-test)
Alternative hypothesis

(H1)

The regression equation
with m=6 degrees of
freedom  significantly
improves the predictive
power compared to the

Null hypothesis (H0)

Parameter S, -x’, added

to the regression equa-
tion compared to the
equation with m=5, in-

significantly  improves equation with m=5
the predictive ability of
the model.

Fisher's criterion value F ~ 10,30
p-value = 0,00376 < o = 0,05

\Volume 20, Issue 4, 2024

0,00376 < a =0,05, null hypothesis (HO) devi-
ates and the addition of the summand 2, -x’

into the equation statistically significantly im-
proves the regression equation in comparison
with the model with the number of degrees of
freedom m=5. Thus, to identify the degree of
influence of the given factors on the angle of
internal friction of sandy soils at oil products
pollution, we take the regression equation with
the number of degrees of freedom m=6.

3.4. Verification of error variance by the Gold-
feld-Quandt method for the adopted regression
equation with m=6 degrees of freedom

To check the homogeneity of the random error
variance of the regression model, we will per-
form the Goldfeld-Quandt test. We introduce
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the null hypothesis (HO) about homoscedastic-
ity of the model and the alternative hypothesis
(H1) about heteroscedasticity of the model.
For the calculation, we order and divide the
existing sample of trials n=30 into 2 groups:

N, ={1...;10} and N, ={21;...;30}, excluding
N ={11;...;20} of the central observations. We

determine the sum of squares of regression
errors for group 1 ESS, = 0,537 and for group

2 - ESS, =0,475. Thus, the Fisher criterion is

determined and compared with the tabulated
value in the form:

ES%/ SS, 0,53
E ,537
F=xtM_— ~113

B ESS/ ESS, 0,475
m

F=113<F (0,056;4)~6,16,

7)

Since the calculated value F is less than F

mabn !
the null hypothesis (HO) of homoscedasticity is
accepted, which, in turn, indicates a constant
error variance.

We accept the final regression equation that
satisfies the main tests with a 95% confidence
level:

§ =—1,08-x +0,058-x* —0,036- X, +
+42,984-A +42,01-A_+39,317-A

or

@ =-1,08-C+0,058-C*—0,036-x +

+42,984-A +42,01-A,+39,317-A,, (18)

The graphical representation of the regression
model with the experimental points obtained
through laboratory experiments is presented in
Fig. 5.

182

Figure 5. Graphical representation of the re-
gression model with experimental points ob-
tained through laboratory tests

3.5. Sensitivity analysis of the adopted regres-
sion equation with the number of degrees of
freedom m=6

To analyze the sensitivity of the function, we
calculate the gradient, which shows how chang-
es in individual variables affect the function in
order to determine which variables are most
critical for changing the values of the function:

y:(ﬁ;ﬂ;ﬂ;ﬂ;ij, (19)
OX, OX, OA,_ OA, OA,
VI (%3854 A,) =

=[-1,08+0,116 - x; -0, 036; 42, 984; 42, 01, 39,317], (20)

It should be noted that the value of the partial
derivative 2 =-1,08+0,116-x,_depends on x,.
OX

1

The initial sensitivity value is -1.08 and changes
by 0.116 for each unit change in x . Since the

dummy variables (5,,5;, 5;) indicate only the

reference point, they cannot be taken into ac-
count to analyze the degree of change in the an-
gle of internal friction. The obtained depend-
ence gives an extremum at the point
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1,08
X, =

0,116
associated with a sharp drop in the angle of in-
ternal friction at low oil products concentra-
tions. For example, for a point with a low oil
products concentration x, =2%, the change in
the angle of internal friction Ay with a change
in concentration by Ax, =1% will be calculated
as the scalar product of a vector consisting of

partial derivatives of functions for each parame-
ter (function gradient V§ ) and a vector contain-

ing changes in the variables under consideration
(vector of changes AX):

~9,3%. This feature of the model is

AV = Vy-AX =Vy - (Ax,;Ax,;0;0;0) =
= (—0, 848;,-0,036;42,984; 42,01, 39, 317)-
-(1,0;0;0;0), (21)

AY ~ (—0,848-1) + (—0,036-0) + (42,984 -
-0)+(42,01-0)+(39,317-0) =—0,848 ~ -1

Such a value AY, indicates a decrease in the an-

gle of internal friction of approximately 1 de-
gree. However, in the region of oil products
concentrations from about 8 to 10%, the change
in the angle of internal friction will be smaller
than in the region of small concentrations from
0 to 4%. As the conditional viscosity of the NP
changes, the angle of internal friction will
change linearly by -0.036 for each unit change
in conditional viscosity: if the viscosity increas-
es by 10 units, the angle of internal friction will
change by an insignificant -0.36 degrees.

3.6. Assumptions and scope of the adopted
function

1. The equation is valid in the range of concen-
trations C =x, €(0;12]%.

2. The presence of oil products in soil pores im-
plies a non-zero concentration.

3. The equation is valid if the dummy values
fulfill the following condition: A, =1, then

VA, =0.

\Volume 20, Issue 4, 2024

4. CONCLUSIONS:

The influence of the considered factors on the
intensity of the decrease of the angle of internal
friction is expressed by the values of deriva-
tives: at any point within the given interval
(0;12] % for concentration and constant for

viscosity ? = 3, =—0,036. The highest value
of the derivative corresponds to the concentra-
tion of the oil product, the lowest value corre-
sponds to the viscosity, thus, the concentration
of the oil product has the greatest influence on
the angle of internal friction of sandy soil, and
the viscosity has the least influence.

Dispersity (coarseness) had no effect on the reduc-
tion of the angle of internal friction for oil product
contamination because sand coarseness was set as
a fictitious parameter indicating only the initial
values of the angle of internal friction, i.e.
¢@(C =0). Consequently, the granulometric com-

position cannot be considered as a factor influenc-
ing the change in the angle of internal friction of
sandy soils contaminated with oil products.
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TO THE MATHEMATICAL ESTIMATION OF THE STRAIN
SENSORS ERROR

Nelly N. Rogacheva, Vladimir N. Sidorov, Yulia G. Zheglova

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

Abstract: The work is devoted to the mathematical analysis of the error of the theory of strain sensors. In the
theory of deformation sensors, it is assumed that the sensor, due to its geometric and mechanical characteristics,
does not make changes (or makes minor changes) to the stress-strain state (SSS) of the tested structure. To
numerically estimate the sensor error, an exact solution of the dynamic contact problem of the sensor and the
elastic half-space is obtained. For the analytical solution of the problem, the method used by Lamb to determine
the dynamic stress-strain state of an elastic half-space under the action of concentrated forces applied to its
surface is generalized. A numerical solution of this problem has been performed for sensors and elastic half-
space made of various materials. Practical recommendations are formulated. A numerical solution of this
problem has been performed

Keywords: stress-strain state, strain sensor, contact problem, Lamb problem, error estimation

K MATEMATHYECKOW OLEHKE OT' PEIIHOCTH
JTATYUKOB JE®OPMAIIMIA

H.H. Pozauesa, B.H. Cuoopos, I0.I'. /Kecnosa

HauunonaneHelil uccnaenoBaTenbckuii MOCKOBCKUN TOCY1apCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCHSI

AnHoTanusi: Pabota mocBsimeHa MaTeMaTHIECKOMY aHAJIM3Y MOTPEITHOCTH TEOPHHU JaTIMKoB Aedopmanuii. B
TEOPHH IaTYUKOB Ae(GopMalyii peanoiaraeTcs, YTo JaTYHK B CHILy CBOMX F€OMETPHUYECKHX M MEXaHHMYECKHX
XapaKkTepPUCTHK HE BHOCHT W3MEHEHHH (MIM BHOCHT HE3HAYUTENbHBIC W3MEHEHHsS) B HANpPSDKCHHO-
nepopmupoBanHoe coctosHue (H/C) ucmpityemod KOHCTpYKIuH. [ YHCICHHOW OLEHKH ITOTPEUIHOCTH
JaT4yvuKa TIIOJIY4€HO TOYHOC PCHICHUE ,E[I/IHaMI/I‘IeCKOﬁ KOHTAKTHOM 3aJauyn Jgatdyuka W YIpyroro
MOJYIPOCTPAHCTBA. J{JIsl aHATUTHYECKOTO PEIICHHs TOH 3a/1auu 0000IIeH METOl, KOTOPBIH HcIob30Bal JIaMo
JUIsl OTPENEIeHUs] TMHAMUYECKOT0 HANpPsDKEHHO-Ae(hOPMHUPOBAHHOTO COCTOSHMSL YIIPYTOro IMOJIYIIPOCTPaHCTBA
MO/ ISHCTBHEM COCPEIOTOYECHHBIX CHJI, MPHIOKEHHBIX K €ro MOBEPXHOCTH. BHIMOIHEHO YHMCIEHHOE pELIeHUE
9TOHM 3a/7a4u Ay JAaTYUKOB M YNPYroro IMOJYHNPOCTPAHCTBA M3 Pa3IMYHBIX MarepraioB. ChopMyIHMpoBaHbBI
MPaKTHYECKHUE PEKOMEHIALH.

KamoueBble ciioBa: HaHpH)KeHHO'ﬂeq)OpMI/IpOBaHHOG COCTOSAHHUEC, JaTUYUK I[G(i)OpMaIII/II/I, KOHTaKTHasd 3ajJiaya,
3aJa4dya .H3M6a, OLICHKA NOrpCIIHOCTU

INTRODUCTION

The history of the emergence and use of strain
sensors begins in the middle of the 19th century
with the invention by Professor Thomson
(known as Lord Kelvin) of the first sensor for
measuring elongation (compression) strains [1]
on the surface of the structure under study. To
ensure reliable operation of the structure, as a
rule, the analytical or numerical calculation of

the structure should be supplemented and
verified with experimental studies of its stress-
strain state (SSS). If the results of the
calculation and experiments differ slightly, then
the calculation is correct. In particularly difficult
cases, when it is impossible to obtain a
sufficiently accurate solution to the problem, the
role of the experiment is irreplaceable. The
main role in BIM technology in construction, as
well as in monitoring the responsible for unique



To the Mathematical Estimation of the Strain Sensors Error

buildings and structures, is played by long-term
experimental observation of the state of the
structure. This is why it is very important to
estimate the error of experiments.

The measurement error of strain sensors
analysis is a complex problem, since it is
necessary to estimate both the error of the
theory of sensors and the error of experimental
measurements.

We will consider the error of the theory of strain
sensors using the example of the most common
sensor of Lord Kelvin. The obtained
conclusions are also suitable for new types of
piezoelectric sensors [2-3].

Lord Kelvin was the first to notice that the
deformation of a conductor is accompanied by a
change in its electrical resistance. By measuring
the change in resistance, its deformation can be
detected. The first strain sensor, Lord Kelvin's
strain sensor, is based on this fact. The change
in resistance is extremely small, but it can be
amplified and measured using additional
equipment.

The theory of the piezoelectric sensor was
constructed and confirmed by experiments in
[2]. Thin-walled elements made of pre-polarized
ceramics with a strong piezoelectric effect were
used as the sensor. The front surfaces of the
piezoelectric element were covered with
electrodes. The piezoelectric sensor was glued
to the surface of the deformed body and
deformed together with it. The operation of the
sensor is based on the use of the direct
piezoelectric effect. The direct piezoelectric
effect is as follows: when the piezoelectric
element is mechanically loaded, an electric
charge appears on its electrodes. For a material
with a strong piezoelectric effect, a significant
part of the mechanical energy of the deformed
piezoelectric element is converted into electrical
energy.  Tangential  deformations  were
calculated based on the measured difference in
electrical potentials on the electrodes.

The error of the sensor theory is the error of the
contact problem of the sensor and the structure
under study. It should be noted that insufficient
attention is paid to the estimation of the error of
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the main hypotheses of the theory of
deformation sensors in research. As a rule,
research is devoted to sensor calibration,
experimental measurement errors, errors in the
description of material properties, etc. [4-11]. In
the paper, we will evaluate the validity of the
sensor theory.

Each  sensor  measures one integral
characteristic. For example, the integral
characteristic of the Kelvin sensor is the change
in resistance. The change in the cross-sectional
area of the conductor is used to calculate the
change in the resistance of the conductor and its
deformation.

For a piezoelectric sensor, the integral
characteristic is the difference in electric
potential on its electrodes. Based on this
measured value of the difference in electric
potential, the corresponding component of the
strain tensor at the point of the test object is
calculated.

APPROXIMATE DETERMINATION OF
THE SSS OF A STRAIN SENSOR

The contact problem of a sensor and a body
under study is a complex mathematical problem.
For simplicity of research, we will assume that
we measure the elongation or compression
strain at a point on the surface of an elastic half-
space using a sensor. Figure 1 shows the sensor
and the elastic half-space related to the
Cartesian coordinate system. It is assumed that
the sensor has a length 21, a thickness z and is

infinite in the direction X,. We will investigate
the deformation of e, in the direction x. To

simplify the problem, we will assume that our
solution does not depend on X, .

We will assume that the elastic half-space
performs harmonic oscillations under the action
of a load changing according to the law e,
where i1 is an imaginary unit, t istime, o is
the circular frequency of oscillations. Since the
oscillations are harmonic, all equations can be

written relative to the amplitude values of the
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sought quantities. Note that the solution to the
contact problem does not depend on the
coordinate X, .

Figure 1. Schematic representation of the
sensor on the surface of the elastic half-space

To solve our problem, we will use the iteration
method. Describing the zero approximation of
the solution to the problem, we assume that the
sensor satisfies all the conditions of its
applicability for measuring deformations:

-in the contact area of the sensor and the
structure under study, the conditions of ideal
contact are met;

-on the part of the body surface where the
sensor is located, there is no surface load,;

-the sensor is made of a material that slightly
changes the stress-strain state of the body being
studied in the area of its contact with the sensor;
-the characteristic length of the deformation
pattern in the elastic half-space is greater than
the width of the active element (this means that
the variability of the sensor's SSS along the

coordinate x, is small), which allows us to
assume that the elongation (compression)
deformation along the coordinate X, does not

change.

In all sensor theories, it is assumed that the
sensor does not introduce disturbance into the
SSS of the test object, therefore, as a zero
approximation of the iterative process, it is
natural to assume that within the sensor, the
elongation (compression) deformation in the
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direction of the axis does not depend on the
variable x; .

As a zero approximation of the contact problem,
we assume that the longitudinal deformation of
the half-space and the sensor are equal and are
constant in the contact region. In this case, the
contact condition for stresses is not satisfied.
Then, at the next step of the iteration process,
we will fulfill the contact condition for stress -
we will remove the discrepancy that appeared at
the previous step.

The  equations  describing  the  zero
approximation of the sensor's SSS relative to the
amplitude values have the following form
(below are written only those equations that will
be used for the zero approximation of solving
the formulated contact problem):

Equation of motion

oy +_8c713 + pw’u, =0 (1)
X, OX
Hooke's Law
o, = ke (2

Geometric equation relating deformation to
displacement

_ oy,

el—a

©)

In equations (1)-(3) o,,, 0,5, are stresses, e, are
the component of the strain tensor in the
direction X, and u: is the component of the
displacement vector in the direction X;.

Let us transform these equations.

Since, according to the assumptions made, the
strain component e; does not depend on the
variable x;, then

g, = const 4)

International Journal for Computational Civil and Structural Engineering
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By virtue of relation (2) the stress component
also does not depend on the variable X, .

oy, = const

(®)

Taking into account (5), the equation of motion
(1) becomes simpler and can be written as

doy,

2
+ poxe =0
an 1~1

(6)

We integrate equation (4) and find that the
displacement is an odd function x, and changes
along the coordinate X, according to a linear
law

(7)

U, = X6

From the accepted assumption of the absence of
surface load on the outer surface of the sensor it
follows

(8)

0-13|x3:r -

Integrating the equation of motion (6) with
respect to the variable x, and satisfying

condition (8), we obtain

(9)

_ 2
013|X3=0 = X, 7pw’e,

For further use, the stress o, should be

continued as a periodic function of x, over the
interval [-L,+L], L>2l as follows:
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The function o,(x) is chosen so that the
function F(X,) is continuous in the interval

+L
[-L,+L]. In addition, the integral jF(xl)dx
g

must be equal to zero. Note that the function can
be continued [-L,+L] in any way that ensures

rapid convergence of the solution.

The conditions of ideal contact of two
deformable bodies are that at all points of the
contact area of the bodies the displacements and
stresses of both bodies are equal. In this
particular case, instead of equality of
displacements, equality of deformations can be
used.

In the zero approximation of the iteration
method, it was assumed that the deformations of
the sensor and the half-space are equal. At the
same time, on the contact surface, as shown by
formula (9), the condition of ideal contact for
stress o, Is not satisfied. We will remove this

discrepancy under contact conditions at the first
step of the iteration process. To do this, we will
calculate the elastic half-space loaded with
surface load (9) in the region -l <x, <I. After

performing the first step of the iteration process,
a discrepancy in the equality of deformations in
the contact region will appear. It is this value -
the value of the maximum deformation of the
half-space surface that serves in the contact
region, serves as an estimate of the sensor error.

PROBLEM FOR AN ELASTIC HALF-
SPACE

The complete system of equations describing an
elastic half-space SSS (x,<0) includes

equilibrium equations, geometric ratios relating
deformations to displacements, and equations of
state (Hooke's law).

Since analogous to the Lamb problem is
considered, the equations are taken in the
traditional form in terms of displacements. To
solve the problem, the Lamb method is used,
described in papers [12, 13] for the case of
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concentrated forces applied at a point on the
surface of an elastic body. In this paper, the
Lamb method is generalized to the case of a
distributed surface load. This generalized Lamb
method was previously used in [14] to solve the
dynamic contact problem of an actuator and an
elastic half-space.

Following Lamb, the equilibrium equations are
written as

A+ ,u)j—er 1V + po’u, =0
591 (11)
(A + 'u)ﬁ_x+ 1V2U, + po’u, =0

3

where V? is the Laplace operator, & is the
volumetric deformation, A4 and u are the

Lame coefficients:

, 08 & ou, ou,

ox; ox:’ oX, 0% (12)

vE E
= — Y, = 13
L) -2 “ 7 2) (13)

Stress-strain formulas with Lame coefficients
are written as

o, =A(e, +e;)+2ue
o, = Ae, +€;) +2ue, (14)
O3 = HE3

Here e, €, €,
deformation

the components of the

ou, ou, 0u,
=" &= Gy =+ ——

(15)
0%, X, OX

The functions ¢ and w associated with

movements are introduced in the usual way:

8(0 81//
ax1 0%,

_%p oy

= 16
e a W

1
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The equilibrium equations and formulas for
stresses through functions ¢ and y can be

written as follows:

(V?+h*)p=0, (V2+k)1// 0 (17)

— k2 _ l//
'u( v 8x axlax)

j (18)

”[ 8X18XJ
o _w_z
- CZ ' - 2!
- 5 > (19)
+
C = ,Ll, G = £
P P

Here, c. and c¢r are the phase velocities of
longitudinal and transverse waves, h and k are
the wave numbers of longitudinal and transverse
waves, respectively.

To solve the problem, the integral Fourier
transform of a variable x, is used

. 1 +00 7-5
=— | e "d
0= I e dx,
i (20)
. l +00 7.5
=— | we*d
% 27z£'// X

Since the axis X, is directed from the elastic

half-space surface (Figure 1), the solution in the
elastic half-space should decrease with X,

decreasing, so the solution is taken as

9" =Ae™ ' =Be™ (21)
where «, f are positive real values, which
ensures the attenuation of the stress-strain state
of an elastic body when moving away from the
source of vibrations deep into the body. The

values «, B can be found as a result of

International Journal for Computational Civil and Structural Engineering
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substituting (21) into equations (7), transformed
taking into account the formulas (20)

o= ,§Z—h2, b= lgz_kz

Equations (16), (19) as a result of applying the
Fourier transform will take the form

(22)

u, =i&Ae™ + SBe™
u, = a Ae™ —igpe”™
oy = p((287 k) pe - 2igpBe’" )

(24)
,u((2§2 —Kk?)e’*B —2i§aAe“X3)

O3

Arbitrary integration constants A and B are
found from the contact conditions of the sensor
and the elastic half - space on the plane x, =0.

The problem for an elastic half-space is solved
using the integral Fourier transform. The
integral stress o,, conversion takes into account

the equality of these stresses to the
corresponding sensor stresses in the contact area
and their equality to zero on the rest of the
elastic body surface. A similar method is used in
hydroacoustics to solve the problem of
vibrations of a pivotally supported cylindrical
shell immersed in an infinite liquid.

The first step of the iterative process is to solve
the problem for a half-space when only a
tangential load o, =sin px, acts in the contact

area on the surface of the half-space.

AUXILIARY PROBLEM FOR AN
ELASTIC HALF-SPACE

The following stresses are set on the surface
X, =0 of an elastic body

O33|%,=0 X
Xy5 =sin px;, (x|<1),

w0 =04 (> 1),

=0, oy, %=0 — /N3

(25)

Og3[x-0 =0, Oy
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With boundary conditions (25), N+1 auxiliary
problems should be solved, in which
p=p.=(2n+1)/2l, n=0,1,2,...N. Then we write o13
asasum

N
O3 = chala P X
n=0

with unknown constants cn. The unknown
constants cn are determined by equating the
sensor stress o13 to the half-space stress o3 in
the contact area.

Using the Fourier transform (10), (11), (6), (9)
reduces the conditions (25) to formulas

*

P3ly0 0, oy 0 Xis» (26)
)(* —i ei(P+r§)| _efi(PJrrf)l ~ ei(pff)l _efi(pféf)l
Y oAn p+& p—¢

As a result of the Fourier transform, the
conditions on the surface of the half- space

X; =0 will be written as

(28% —K?)A—2iEBB =0,

2i§aA+(2§2—k2)B=ﬁ (@7)
MU
where
AP X g 25K Xy g
F(E) u F(&) wu

To estimate the error of the sensor, the main
interest is the displacement u, and the
deformation e; on the surface of the half-space

x, =0, so we will write only the formula for u;

*_:Bxl*s _ 2 A0 2 1,2\nP%s
Ul——ﬂF(f)(Zée +(287 -k%)e™) (29)

1*‘” 2  axX 2 2 X; ﬁx* i&x
“1_ 2,Ze 3 2 _k eﬂ3 _Be‘fldé: (30)
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Integrals (29) in the contact area |x,/ <1 can be

transformed to a form convenient for
calculations
u® = — 1 pmevn _ 1 pogein _

2H 2” (31)

—- 'kxlj‘S e ™dn—— 'hxl-[S e ™dp

27r,u bol]
here
n Z ( K) n _kzﬂ
HZ( )= k K Pz( )= P 32
R T B
M) 4.2 _ _ BO(s)

5" = [4"0(0)~F (o) -Rlell e 26|
S = [ (6) - F6)-40(s)apl f 20
Zl(g) _ ei(p+g)l . el(p ol

p+¢  P-¢

NUMERICAL EXAMPLES OF
CALCULATIONS FOR ESTIMATING
THE ERROR OF THE STRAIN SENSOR

According to the general theory of deformation
sensors, the elongation along the axis of the
sensor is a constant value and is equal to the
elongation on the surface of the half-space in
the area of contact with the sensor. Then the
movement of u;, along the sensor changes
linearly. The error of these assumptions is
determined by calculating the displacement
corrections u, found at the first step of the
iterative process.

The sequence of calculations is as follows:

- calculate by formulas (31), (32) the
displacement corrections u; as a function of the
variable x; for problems with boundary
conditions  (25), where  p=p.=(2n+1)/2I,
n=0,1,2,...N, - summarize the found corrections
for n.

The results of the calculation are summarized in
tables.
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In all tables, the first column shows the values
of the longitudinal displacements u; as a linear
function of the variable x; obtained by the
sensor as a result of the widely used assumption
that the sensor does not change the SSS of the
studied design. Columns 2-4 show the
corrections for displacements obtained as a
result of solving the contact problem. The
sensor readings are correct if the corrections are
significantly less than the displacement values
in the first column. If the corrections are larger
or of the same order as the movements written
out in the first column, then this means that the
sensor gives completely incorrect results.

Let us denote by u® the longitudinal
displacement determined according to the
accepted hypothesis that the sensor does not
introduce disturbance into the stress-strain state
of the structure under study. Let us denote by
ul® the corrections to u®®, obtained as a result
of solving the contact problem.

Table 1. Values of displacements u; (first
column) and corrections to them (columns 2-4)
as functions of the variable x, and the circular
frequency w for a half-space made of steel and

a sensor made of copper (sensor 7=0.002 m,

1=0.02 m)
» | ©=1000 | »=10000 | »=100000
! u©
1
0.002 | 55107 | 6.2:10° 10-10”7
0.004 | 1.3:10° | 3.3-107 1.6-10”
0.006 | 2.210° | 1.110° | 29.10°
0.008 | 3.1-10° | 2.010° | 6.6-10°
001 | 4110% | 3010% | 1.1.10°
0012 | 5.0-10° | 4.1.10° | 1610°
0014 | 5810° | 51.10° | 2010°
0.016 | 6.510° | 6.1.10° | 25.10°
0018 | 7.210° | 7.010° | 29.10°
002 | 7710% | 7.810°% | 34.10°

It can be seen from the table that the corrections
are small, the error in the theory of strain
sensors is less than 0.001%. It means that the

International Journal for Computational Civil and Structural Engineering
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main hypothesis according to which the sensor
introduces a small disturbance in the SSS of the
studied structure is correct.

Table 2. Values of displacements u, (first
column) and corrections to them (columns 2-4)
as functions of the variable x, and the circular
frequency o for a half-space made of reinforced
concrete and a sensor made of copper (sensor
7=0.002 m, [=0.02 m)

o) w=50 | =100 | w=500
Uy u©

1
0002 | 00128 | 0.0075 | -0.0253
0004 | 00325 | 0.0240 | -0.0244
0.006 | 0.0572 | 0.0470 | -0.0041
0.008 | 0.0847 | 0.0740 | 0.0296
001 | 01129 | 01025 | 00715
0012 | 0.1399 | 0.1304 | 0.1176
0014 | 0.1646 | 0.1563 | 0.1653
0016 | 0.1865 | 0.1797 | 0.2128
0018 | 0.2058 | 0.2004 | 0.2593
002 | 02227 | 02190 | 0.3047

(o 7y (1 SNSRI S OB 3

o0+

- T ; T : 1 e T - i 95
i 0004 : O00D8 : 0012 : 0016 : 0862

Figure 2. Displacement u1 as a function of the
variable x1 in accordance with Table 2

The blue line on the Figure 2 corresponds to the
displacement ul(b) of Table 2 (column 1), the

green line corresponds to the displacement ul(b)
taking into account the correction u'® at w=50
(Table 2, column 2), the red line - taking ul(b)
into account the correction u® at »w=100 (Table
2, column 3), the yellow line - u® taking into
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account the correction u'® at »=500 (Table 2,

column 4).
The Figure 2 shows that in this case the sensor
measurements are incorrect. The corrections

ul(C)are significantly greater than ul(b).

Table 3. Values of displacements u; (first
column) and corrections to them (columns 2-4)
as functions of the variable x, and the circular
frequency o for a half-space made of reinforced
concrete and a sensor made of constantan
(sensor 7=0.0001 m, 1=0.02 m)

o | =50 | ©=100 | «=500

Uy ul©
1

0002 | 00010 | 0.0006 | 0.0019
0.004 | 0.0024 | 0.0018 | 0.0018
0.006 | 00043 | 0.0035 | 0.0003
0.008 | 0.0063 | 0.0055 | 0.0022
001 | 00084 | 00076 | 0.0053
0012 | 00104 | 00097 | 0.0088
0014 | 00123 | 00117 | 0.0123
0016 | 0.0139 | 0.0134 | 0.0159
0018 | 0.0154 | 0.0150 | 0.0194
002 | 00166 | 00163 | 0.0227

Tables 2, 3 show that the strain sensor
introduces a large disturbance in the SSS of the
studied structure, and gives incorrect values of
deformations.

Table 4. Values of displacements u; (first
column) and corrections to them (columns 2-4)
as functions of the variable x; and the circular
frequency w for a half-space made of reinforced
concrete and a sensor made of piezo film
(sensor £=0.0001 m, 1=0.02 m)

o) 0=50 | ©=100 | ®=500
U, ul®
1
0.002 | 2910°® | 1.7.10% | -57.10°
0.004 7.3-10° 5.4-10% | -55.10°
0.006 | 1.310° | 1.1.10° | 9.2.107
0.008 | 1.910° | 1.710° | 6.6-10°
0.01 2510 | 2310° | 1.610°
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0.012 3.1-10° 2.9-10° 2.6-10°
0.014 3.7:10° 3.5.10° 3.7-10°
0.016 4.2.10° 4.0-10° 4.8.10°
0.018 4.6:10° 4.5.10° 5.8-10°
0.02 5.0-10° 4.9.10° 6.8-10°

The results of the calculation in Table 4 show
that the piezoelectric film deformation sensor
causes a small disturbance in the SSS of the
structure under study, and can be used to
measure deformations in reinforced concrete
structures.

CONCLUSION

The paper presents a relatively simple method
for estimating the error of the theory of strain
Sensors.

It is shown by numerical examples that sensors
made of materials with large elastic modules,
used for structures made of materials with
significantly smaller elastic modules, give
incorrect measurements of deformations. This is
confirmed by calculations performed for
reinforced concrete structures. The calculation
results allow us to recommend piezoelectric
film sensors. Even more accurate measurements
of deformations in reinforced concrete
structures can be obtained using layered piezo
film sensors [15]. Effective coefficients of this
sensor must be obtained wusing the
homogenization method [16]. Such a sensor has
a smaller modulus of elasticity and a higher
efficiency than a single-layer sensor.

Using the proposed method, it is possible to
develop recomendations, which will specify the
types of sensors for structures made of different
materials that guarantee sufficiently correct
measurements of deformations.
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RATING THE LIMITING SHIFT OF A STORY AS A CRITERIA
FOR A SPECIAL LIMITING STATE

Oleg V. Mkrtychev, Ekaterina M. Lokhova, Timur A. Tagirov

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

Abstract: The article presents a verification of one of the existing seismic resistance criteria found in domestic
and international standards. The study examines the limit value of relative displacement of the first-floor column
in a reinforced concrete building under seismic loading using two different material models in a nonlinear dy-
namic framework. The article introduces a modeling approach that allows for the assessment of the seismic re-
sistance of reinforced concrete buildings and structures in a nonlinear dynamic framework. The objective of the
work is to verify the standardized limit drift value for a specific structural scheme when modeling the column
with volumetric elements including direct reinforcement.

Two different material models, implemented in the LS-DYNA software, were used in the column modeling. The
first material model is the Karagozian & Case (K&C) Concrete model. This material model represents a three-
invariant model with multiple strength and yield surfaces. The model's input parameters include various factors,
including empirical ones, such as yield strength, ultimate strength, and residual strength, which are key parame-
ters for the damage accumulation function. The second material model is the Continuous Surface Cap Model,
represented by a closed surface (a cap model with a continuous yield surface). This model also accounts for
damage accumulation and the degradation of stiffness and strength under cyclic loading.

The results include isocontours of the damage accumulation function in concrete, isocontours of strain and stress
intensities in concrete and reinforcement at various time steps, as well as graphs of the damage accumulation
functions. The findings confirm the accuracy of the numerically determined limit displacement value and identi-
fy which material model most precisely represents the failure mechanisms of concrete, thus indicating its suita-
bility for further in-depth research.

Keywords: seismic resistance, accumulation of damage, calculation in nonlinear dynamic setting,
material models, criteria for seismic resistance

HOPMUPOBAHHME HPEJAEJBHOI'O CABUI'A OTAXKA KAK
KPUTEPUA OCOBOI'O ITPEJAEJBHOI'O COCTOAHUA

0.B. Mkpmoiues, EM. Jloxosa, T.A. Tacupoe

HarmmonaneHsIi HecnenoBarenbckuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBINA YHUBEPCUTET, T. MockBa, POCCHUA

AHHoTanusi: B cratee npencrapneHa BepuduKamus 0JHOTO U3 CYIIECTBYIOIIMX B OTEUECTBEHHOH M 3apy0ex-
HOM HOpPMATHBHOHN OKYMEHTALUU KPUTEPUsl CEMCMOCTOMKOCTU. PaccmaTrpuBaeTcsi IpeaesibHOE OTHOCUTEIBHOE
nepeMelieHre KOJIOHHBI TIEPBOTO ATa)a )KeJIe300€TOHHOTO 3/1aHMs TIPH CeicMHYeCKOM Bo3JeicTBrn. Bepudu-
Kalys IPOU3BOIUTCS C UCIIOJIb30BAaHUEM JIBYX PA3JIMYHBIX MOJEJIECH MaTEpUaioB B HEIMHEUHON TUHAMUYECKON
IIOCTaHOBKE. B cTaThe NpuBeEEH MOAX0 MOACIUPOBAHUS, TO3BOJISIIOILMK IPOU3BOJAUTD OLIEHKY CEHCMOCTOMKO-
CTH KOHCTPYKIIMH KeJIe300€TOHHBIX 37[aHUi M COOPY>KEeHUI B HEIMHEHHOM AMHAMUYECKOH nocraHoBKe. Llernbro
paloTHI sIBIISIETCST BEpUPHKAIS HOPMUPYEMOTO TPEIEIFHOTO 3HaYeHHE MepeKoca Uil KOHKPETHOH KOHCTPYK-
THUBHOM CXEMBI ITPU MOJEINPOBAHUH KOJIOHHBI 00BEMHBIMH 3JIEMEHTaMH C HEIIOCPE/ICTBEHHBIM apPMHUPOBAHHEM.

[Ipn MonenupoBaHWM KOJIOHHBI OBIIM MCIHOJIB30BAHBI JIBE Pa3IMYHbIC MOZEIH MAaTEpPHAJIOB, PEaTH30BAHHBIC B
nporpaMmmaoM kommiekce LS-DYNA. IlepBas mozens matepuana - Karagozian & Case (K&C) Concrete. [lan-
Has MOJEIb MaTepHalla MPEICTABISAET TPEXUHBAPHAHTHYIO MOJEIb C MHOKECTBEHHBIMU ITOBEPXHOCTSAMH MPOY-
HOCTIMH U TeKy4eCTH. VICXOAHBIMH NapaMeTpaMu MOJENU SIBISIOTCS Pa3iIM4YHbIE MApaMETPBL, B TOM YHCIE H
SMIMPUYECKUE, B YACTHOCTH MPEE TEKYUECTH, MIPENENbHAS IPOYHOCTh U OCTATOYHAs MPOYHOCTh, KOTOPBIE SIB-
JISFOTCS ONPEACTIIOIINME TTapaMeTpaMu s (yHKINK HaKOIUIEHUS OBpeXAeHui. BTopas Monens MaTepuana -
Continuous Surface Cap Model npencraBieHa 3aMKHYTOH MOBEPXHOCTHIO (IIATPOBast MOJAECIb ¢ HEIPEPHIBHOM
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Hpe/:[eanoﬁ HOBCpXHOCTL}O). I[aHHaH MOZCJIb TAKXKE YYUTBIBACT HAKOIIJICHUEC HOBpe)K,HeHI/Iﬁ u aerpaganuro

JKECTKOCTH U MPOYHOCTH IPU HUKITNICCKUX HArpy3Kax.

B kauecTBe pe3yibTaToB IpeJICTaBICHBI H3010Ms (DYHKIIMH HAKOTUICHHS IOBPEK/ICHNH B OCTOHE, M30I10J151 HHTEHCUBHO-
cte aedopmarmii ¥ HanpsDKeHH! B OSTOHE M apMaType B pa3iIMYHbIe MOMEHTHI BpeMeHH, a Takke rpaduxy GyHkumit
HAKOIUICHHS TIOBPEXICHNH. Pe3ynbTaTs! HccieJoBaH i CBUICTEIBCTBYIOT 00 000CHOBAHHOCTH YHCIICHHOTO 3HAUCHHS
MPEZIETILHOTO MEPEMEIICHNS, @ TAKXKe MO3BOJIIOT CAEIATh BBIBOJL O TOM, KaKasl M3 MOZIETIEH MaTeprana Hanbosee TOIHO
OITHCBIBACT XapaKTep paspylleHHs OETOHA U MOYKET OBbITh HCTIOIB30BaHA TS JATBHEHIINX UCCIISI0BAHUH.

KiroueBble ¢jioBa: ceiCMOCTONKOCTD, HAKOTUICHNE TIOBPEXKICHUH,
pacyeTsbl B HETMHEHHON JMHAMUYECKON MOCTaHOBKE, MOJIENIN MaTepuaioB, KpUTEPUU CEHCMOCTOMKOCTH

INTRODUCTION

Existing domestic and international seismic design
standards commonly utilize maximum allowable
relative displacement, or inter-story drift, as one of
the criteria for assessing seismic resilience. The
maximum displacement can be taken equal to
h/150 (h — floor height). [1] However, this criteri-
on has yet to be substantiated through rigorous
nonlinear dynamic analysis. [2,3] The article pre-
sents a detailed examination of this specific limit
state criterion, including an analysis of the seismic
resistance of first-floor columns in a reinforced
concrete structure. The study employs two distinct
material models within a nonlinear dynamic
framework, implemented using the LS-DYNA
software package.

The primary objective of this study is to verify
the standardized allowable drift criterion for a
specific structural configuration. This is
achieved Dby modeling the column with
volumetric elements and detailed reinforcement,
utilizing material models that incorporate effects
of degradation and damage accumulation.

Methods

The study examines a first-floor column (Figure
1). The concrete used is of strength class B25,
with a column height of 6 meters and a cross-
section of 400x400 mm. The longitudinal rein-
forcement consists of four rebars with a diameter
of 28 mm (A500C). The transverse(shear) rein-
forcement is provided by hoops by 10 mm diame-
ter ties (A500C) in the central part of the column
and 14 mm diameter ties (A500C) at the ends,
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spaced 200 mm apart. The concrete was modeled
using solid elements, while the reinforcement bars
were modeled using beam elements.

The finite element mesh size for both the rein-
forcement and concrete was set at 12.5 mm in
all directions. Column base is fixed in three lin-
ear directions. The top of the column is subject-
ed to a forced horizontal displacement of 2 cm
along the X-axis (varying sinusoidally), along
with a vertical load of 3 tons applied at each
node. The model consists of 248521 finite ele-
ments. Several material models were used:
Piecewise Linear Isotropic Plasticity for the re-
inforcement, and both the Continuous Surface
Cap Model and the Karagozian & Case (K&C)
Concrete model for the concrete.
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Figure 1. Finite element model used
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Considered mathematical models of materials
are presented below.

KARAGOZIAN & CASE (K&C)
CONCRETE MATO072R3

This material model is primarily designed for
simulating the dynamic responses of reinforced
concrete structures. It accounts for various con-
crete properties such as hardening, softening,
strain rate effects, compaction, and shear dila-
tancy. The model is a three-invariant formula-
tion featuring multiple yield and strength sur-
faces. The initial parameters of the model are
various parameters, including empirical ones. In
particular, the yield strength, ultimate strength
and residual strength of the material, determined
as functions of damage accumulation during
compression and tension.

The model decomposes the stress into hydro-
static pressure and deviatoric stress components:

i)

1
c; =S +§G--8 (1)

where:
o; - is the stress tensor:

s; - Isthe deviatoric stress tensor;

o; - is the hydrostatic pressure.

Hydrostatic pressure is related to the material's
volumetric strain, while deviatoric stress is as-
sociated with its shear resistance. The deviatoric
stress is usually expressed through the second
invariant of the deviatoric stress tensor:

SZ S?_ SZ
J2 :lsijsji :@:10’ ‘o'
’ 2.2 @

The model features three independent strength
surfaces: the maximum strength surface, the
yield surface, and the residual strength surface,
as illustrated in Figure 2.

\Volume 20, Issue 4, 2024

Ac>0
Y
Maximum strength surface

Yield surface

Residual strength surface

S P

Figure 2. Strength surfaces for the Karagozian
and Case concrete model (KCC)
material model [4]

The general expression for the strength surfaces
can be written as:

Ac=.[3], = f(p,J,), (3)

where: Ac - is the difference between the prin-
cipal stresses; p -is the hydrostatic pressure.

Typically, equation (3) refers to the compressive
meridian. The whole failure curve can be ob-
tained through rotation of the compressive me-
ridian around the hydrostatic pressure axis by

multiplying © [5] (4-5):

_2(1-y?)cosh, +(2y —1)\/4(1—\412)cos2 0, +5y° -4y
- 4(1-y?)cos? 8, + (1-2y)’

AG:r3®L' 3\]2 = f(p,J2|J3); (4)

0=cos™ (% JJ;Z J/ 3
2

1 -
= ifp<0
5 p
1 + 31, ifp= X
2 2f; 3
v = af, ' ifp:200‘,21()‘%1.15 (5)
2af! 3
Ly S—y
3a,m + 2a,maf;
0.753 if p=3f/
1.000 if p>8.45f/
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where:
v - is the ratio between the tensile and compres-

sive meridians. This ratio is a function of pres-
sure and can be calculated using the Malvar
method [5].

f, - is the compressive strength;

f' - is the tensile strength.

At the initial increase in hydrostatic pressure,
deviatoric stresses remain within the elastic
range until the yield surface is reached. Devia-
toric stresses can continue to evolve until the
ultimate strength surface is attained, at which
point the material begins to fail. Following the
onset of failure, the material progressively loses
its load-bearing capacity and eventually reaches
the residual strength surface. The equations for
these three surfaces are provided in the follow-
ing equations [4]:

Yield surface:

P (6)

Ao, =a, +——.
’ ’ a1y+a2yp

Maximum strength surface:

Ao, =a,+ P : ()
a,+a,p
Residual strength surface:
A, =—P ®)
&+ P

The parameters ao, a1 ,a2 aif ,azf ,aoy ,a1y ,azy,
used for these three surfaces, can be determined
based on the results of experimental tests, such
as triaxial compression, biaxial compression, or
uniaxial tension/compression.[5]

After reaching the initial yield surface but be-
fore attaining the ultimate strength surface, the
current surface can be obtained through linear
interpolation between the yield surface and the
ultimate strength surface.

Once the maximum strength surface is reached,
ongoing failure is interpolated between the max-
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imum strength surface and the residual strength
surface. The dynamic form of the failure surface
is implemented by interpolating between pairs
of fixed strength surfaces based on the damage
parameter A. The evolution of this parameter is
defined as a function of the plastic strain rate

tensor &°:

A =h(p)é"; (9)
(10)
The function h(p) describes the dependency be-

tween pressure and the rate of change of dam-
age accumulation.

- -
p
1 lr. ,p=0;
Il @0 P
P T8 (11)
1+ P lr, ,p<O0.
(1)

where :
r, - is the Dynamic Increase Factor(DIF).

b1, b2 — are experimentally determined parame-
ters.

The concrete model also uses the parameter n
for interpolation between different strength sur-
faces. This parameter varies from zero to one,
depending on the accumulated effective plastic
strain. Specifically:

1. As A begins to increase, n increases from 0 to 1.
2. When A reaches the value Am (plastic strain at
maximum strength) n becomes 1.

3. n then decreases back to 0 as A continues to
increase (1<A<2). indicating softening and pro-
gressive failure. The material continues to de-
grade after reaching its maximum strength.

The parameter n aids in modeling the transition
between the ultimate strength surface, the yield
surface, and the residual strength surface, de-
pending on the degree of material damage.
Theoretically, each of the three strength surfaces
is described by equations, with nine parameters
calibrated based on experimental data. Howev-
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er, due to limited data, it may be impossible to
calibrate the parameters across the entire range
of pressures. As a result of this scarcity of ex-
perimental data, several assumptions have been
incorporated into the model when using the
strength surfaces.[6]

Firstly, experimental data for calibrating the ul-
timate strength surface at pressures below f/3,

are likely unavailable, as damage does not occur
within this range. Consequently, in the model
implementation, the ultimate strength surface is
predefined as:

p c
a, + >_¢
o a1m+a2mp p 3
fV
“ 3 <L oriA<A
60 =15 (p+ ) P=3 "2
-f,<p<0
3(£+ft] p<0andi>i,
n

Similarly, the yield surface cannot be calibrated
for pressures between 0 and 0 u f/ /3(f, — is

the yield limit), as yielding does not occur with-
in this pressure range. Therefore, the yield sur-
face is modified as follows:

p ye
Qo+t ———— pz——
y a, +a,p 3
R 1.35f f.
G, = 1.35ft+3p(1— Py fJ 0< pé?y ((13
ye )

1.35(p+ f,)

The residual strength surface (Figure 2) models
the transition from brittle to ductile behavior in
concrete as lateral pressure increases. At very
high lateral pressures, the concrete may exhibit
strain-hardening behavior. The model accounts
for this by defining the residual surface so that,
at high pressures, it equals or exceeds the ulti-
mate strength surface.

\Volume 20, Issue 4, 2024

CONTINUOUS SURFACE CAP MODEL

This model also incorporates damage accumula-
tion, with the damage accumulation function
accounting for both the reduction in material
strength and the degradation of the elastic mod-
ulus. [7]

Shear Strenght
Shear Surface / o

Smooth
Intersection /-~

Cap ™
o,

Pressure

Figure 3. Continuous surface cap model CSCM

The damage accumulation is mathematically
expressed as follows:

o =(1-d)ojf. (14)
Here d — is a scalar damage parameter that
transforms the undamaged stress tensor, denoted
as ¢'P, into the damaged stress tensor, denoted
as oY The damage parameter d varies from 0
(indicating no damage) to 1 (indicating com-
plete loss of strength). The effect of this pa-
rameter also includes the proportional reduction
of both the bulk modulus and the shear modulus
simultaneously.[8]
Brittle damage accumulates under tension. The

accumulation of brittle damage depends on the
maximum principal strain emax:

Eg?

max -

T, = (15)

where 1t - is an energy-type parameter. Brittle
damage initiates when t exceeds the initial
threshold rop.

Plastic damage accumulates under compressive
loading and is dependent on the components of
the total strain eij:
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d =2 %%

where td - IS an energy-based parameter. Plastic
damage begins to accumulate when tq exceeds
the initial threshold rod.

(16)

RESULTS AND DISCUSSION

The key results are summarized as follows:

Fig. 4 shows the calculation scheme with iso-
fields of the damage accumulation function, and
also highlights the fragment for which the re-
sults will be presented.

LS-DYNA keyword deck by LS-PrePos
Time = 0.8

Contours of Effective Plastic Strain
min=0, at elem# 2770
max=1.94992, at elem# 219351

1.950e+00
1,755e+00
1.560e+00 _|
1.3650+00 _
1.170e+00 __
9.750e-01
7.800e-01 _
5.850e-01_
3.900e-01
1.050e-01 :I
0,000e+00

e

Figure 4. Calculation scheme with isofields of
the damage accumulation function (t=0,8 s)
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Figure 5 shows a group of finite elements for
which the graphs of damage accumulation func-
tions are given. (For Karagozian & Case (K&C)
Concrete model - in Figure 6, for Continuous
Surface Cap Model - in Figure 7)

Figure 5. The area under consideration

Element History

Damage accumu-
[ ——

Time, s
Figure 6. Damage accumulation function in
concrete element

Element History

ind

Damage accumula-
‘:L

{
/I; —

05 1 ' 15 2 25
Time, s

Figure 7. Damage accumulation function in

concrete element

Figures 8-11 depict the isopleths of stress inten-
sity in concrete at different time steps. Figures
12-15 depict the isopleths of stress intensity in
reinforcement at different time steps.

Figures 16-19 depict the isopleths of strain in-
tensity in concrete at different time steps. Fig-
ures 20-23 depict the isopleths of strain intensity
in reinforcement at different time steps.
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= o |
iy s
| oL
Figure 8. Stress intensity in concrete

(t=1,05), Pa Figure 12. Stress intensity in in reinforcement

. t=1,0s), Pa
(Karagozian & Case (K&C) Concrete model) (Karagozian & éase (K(éLC) Concrete model)

[l g

= =3
: =l
Figure 9. Stress intensity in concrete

(t=1,0s), Pa Figure 13. Stress intensity in in reinforcement

. (t=1,05s), Pa
(Continuous Surface Cap Model) (Continuous Surface Cap Model)

yi
Figure 10. Stress intensity in concrete

(t=1555), Pa Figure 14. Stress intensity in reinforcement

. (t=1,555), Pa
(Karagozian & Case (K&C) Concrete model) (Karagozian & Case (K&C) Concrete model)

Comtears ol DRectes Boria i

Figure 11. Stress intensity in concrete
(t=1,555), Pa
(Continuous Surface Cap Model)

Figure 15. Stress intensity in reinforcement
(t=1,555s), Pa
(Continuous Surface Cap Model)
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Figure 16. Intensity of deformations in concrete Figure 20. Intensity of defomaions in rein-
_ (t=1,059) forcement (t=1,0 s)
(Karagozian & Case (K&C) Concrete model)  (Karagozian & Case (K&C) Concrete model)

LS-DYNA keyword deck by LS-Prefost
Tess 1

Eomirary of Beciiey Sirain

.

an ol G274, #f clems 13881
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Pecive St

.
i)
2oy prosiesy
?M] Lditea0
s .
i) s |
prT—y :""“-
‘-M] ]
bty ol
bbbigiy | -y
by yrives
!M] M]
200000 A,

Figure 17. Intensity of deformations in concrete
(t=1,05)
(Continuous Surface Cap Model)

Figure 21. Intensity of deformations
in reinforcement (t=1,0 s)
(Continuous Surface Cap Model)

Figure 18. Intensity of deformations in concrete
_ (t=1,5555) forcement (t=1,55 s)
(Karagozian & Case (K&C) Concrete model)  (Karagozian & Case (K&C) Concrete model)

ek BOGAEER it 1133

Figure 19. Intensity of deformations in concrete
(t=1,555s)
(Continuous Surface Cap Model)

Figure 23. Intensity of deformations in rein-
forcement (t=1,55 s)
(Continuous Surface Cap Model)
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Figures 24-28 present the isopleths of the dam-
age accumulation function at various time inter-
vals.

LS-DYNA keyword deck by LS-PrePost
Tmes 1

Consours of Effective Plastic Strain
min=0, af elem® 2839
mars.93, ot ehemd 213251

Effective Plastic Strain.
19500400
|.I'M:I
1.5608+00 _F
13656400 _
14708400
9.750e-01 ]
7.800e-01
58500401
3900001

1950601
00008400

K

Figure 24. Damage accumulation
function in concrete (t=1 s)
(Karagozian & Case (K&C) Concrete model)

WWMM“&MM

Cantours f Efiective Plastic Strain
min=0, at hem# 2778
maxn. 000 o slemd 13748

Effecuve Plastic Strain
000801

o |
Touze |

5908001
=1
1900etn 1
2oarest
1908601

e |

Figure 25. Damage accumulation
function in concrete (t=1 s)
(Continuous Surface Cap Model)

LS-DYNA deck by LS-PrePost
. 1

Figure 26. Damage accumulation
function in concrete (t=1.55s)
(Karagozian & Case (K&C) Concrete model)
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Figure 27. Damage accumulation
function in concrete (t=1.55s)
(Continuous Surface Cap Model)

Ls-um:n;vum deck by LS-PrePost -

Figure 28. Damage accumulation
function in concrete (t=2.60 s)
(Continuous Surface Cap Model)

CONCLUSION

1. The research results indicate the adequacy
and validity of the limit value for the inter-story
drift for this structural scheme, which is numer-
ically setat 2 cm.

2. The approach to modeling proposed in this
study enables the evaluation of the seismic re-
sistance of reinforced concrete buildings and
structures in a nonlinear dynamic framework.
This approach accounts for the degradation of
strength and softening of the structural system,
as well as the accumulation of damage under
cyclic loading.

3. Based on the results of the study, it can be
concluded that the Karagozian & Case (K&C)
Concrete material model more adequately de-
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scribes the nature of concrete destruction and
can be utilized in further research.
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ANALYSIS OF VIBRATIONS OF AN ELASTIC PLATE ON A
VISCOELASTIC BASE VIA THE FRACTIONAL DERIVATIVE
KELVIN-VOIGT MODEL

Marina V. Shitikova, Anastasiya S. Kornilova
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: In the present paper, free and forced vibrations of an elastic Kirchhoff-Love plate on a viscoelastic
foundation of the Fuss-Winkler type are studied, the damping properties of which are described using the Kelvin-
Voigt model with a fractional derivative. The integral Laplace transform method with further expansion of the
sought functions into a series of eigenfunctions of the problem is used as the method for solving the problem of
non-stationary vibrations of linear elastic plates on a viscoelastic foundation. The solution is obtained as the sum
of two terms, one of which controls the drift of the equilibrium position of the system and is determined by the
quasi-static creep processes occurring in the system, and the other term describes the damping of oscillations
around the equilibrium position and is determined by the inertia and energy dissipation of the system.

Keywords: free and forced vibrations of an elastic plate, viscoelastic Fuss-Winkler-type foundation,
Kelvin-Voigt model with fractional derivative, Riemann-Liouville fractional derivative, Laplace integral transform

AHAJIN3 KOJIEBAHUU YIIPYI'OM IIJIACTUHKHU HA
BSA3KOYIIPYTOM OCHOBAHUM C IOMOIIBIO MOJEJIN
KEJbBUHA-®OUI'TA C JPOBHOH IMMPON3BOJIHOMN

M.B. lllumuxkoea, A.C. Kopnunosa
HauunonaneHelil necaenoBaTenbckuil MOCKOBCKUN TOCY1apCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCH L

Annotanusi: VccnenoBansl cBOOOHBIC W BBIHYKACHHbBIC KojeOanusi ynpyrod ruactuibl Kupxroda-Jlssa na
BA3KOYNpPYyroM ocHoBaHuM Tuma @Dycca-Buukiepa, meMmndupyromune cBOHCTBa KOTOPOTO OIMCHIBAIOTCS IPH
oMoty moaen Kenssuna-doiirta ¢ 1pobHOM mpon3BogHON. B kauecTBe MeTONa peIIeH s HCIIOIh30BaH METO
HHTErpajbHOTO MpeoOpa3oBanus Jlamnaca ¢ JaJbHCHIIMM pPA3OKCHHEM HMCKOMBIX (YHKIHMA B psAd IO
CO6CTB€HHLIM (byHKHI/IHM 3aa4u. Pemenue MOJIY4Y€HO B BHJAC CYMMBI JIBYX CJlIara€MbIX, OJHO H3 KOTOPBIX
yIpaBisieT ApeiioM TMOJI0KEHUS] PaBHOBECHSI CHUCTEMBl M OINpPEIEISeTCs] KBAa3UCTATHYECKUMHM IPOIeCcCaMu
MOJI3YYECTH, TPOUCXOJSIIIMMU B CHCTEME, a JPyroe cllaraéMoe OIMCHIBAET 3aTyXaHHe KoJieOaHHs BOKPYT
MOJIOKEHUS PABHOBECHSI U OTIPEIIIAETCSl MHEPLMEN U TUCCUTIAIIEe SHEPTUU CUCTEMBI.

KaioueBsle c10Ba: cBOOOIHBIE U BHIHYKICHHBIE KOJICOAHNS YIPYTOH IIIACTHHKH,
BS3KOYIIpyroe ocHoBanue Tuna dycca-Bunknepa, moaens Kensuna-doiirra ¢ apoOHON TPON3BOIHOM,
nIpoOHas mpousBoaHas Pumana-JInyBwiuisa, mHTETpansHOE TpeodpazoBanue Jlammaca

INTRODUCTION

The analysis of plate vibrations on a viscoelastic
base is an important area of structural mechanics,
since plates are used as structural elements in the
construction of buildings and structures. The
effect of the base response on the dynamic
behavior of the slabs is of common interest to
structural engineers.

At present, there is an increased interest in the
analysis of plates and beams resting on a
viscoelastic base under the influence of various
types of dynamic loads [1]. Viscoelastic base
models of the Fuss-Winkler type with fractional
derivatives have become widespread [2], since
fractional calculus plays an important role in
dynamic problems of structural mechanics [3-6].



Analysis of Vibrations of an Elastic Plate on a Viscoelastic Base Via the Fractional Derivative Kelvin-Voigt Model

Modeling the vibrations of elastic plates on a
viscoelastic base is an important and urgent task
not only from a theoretical point of view. Due to
the wide application of elastic plates in various
fields of science and technology, including
mechanics, construction and acoustics, the study
and modeling of vibrations of elastic plates on a
viscoelastic base, damping features of which are
described by the fractional derivative Kelvin-
Voigt model [7,8], is of great practical
importance, since it makes it possible to
adequately describe the dynamic reaction of the
"plate + viscoelastic base" system with the fewest
parameters. At the same time, the order of the
fractional derivative is an additional structural
parameter, the variation of which from zero to
one corresponds to the change in the level of
viscoelasticity and allows for a more flexible
description and analysis of the hereditary
behavior of systems with long-term memory.
Thus, the study of the dynamics of plates on a
viscoelastic base using models with fractional
derivatives is a significant area in mechanics of
materials and structural mechanics, covering
both theoretical and practical aspects. In recent
years, researchers have focused on the use of
fractional derivatives in models of viscoelastic
properties of different structural elements, what
makes it possible to describe the complex
behavior of plates under loads more correctly [3-
5,9].

For example, Rossikhin and Shitikova [10] were
among the first to study the dynamic response of
an elastic rectangular plate oscillating in a
viscous medium, the damping properties of
which are described by the Kelvin-Voigt model
with fractional derivatives. Vibrations of the
plate were described by three linear differential
equations with respect to in-plane and out-of-
plane displacements of the plate. Laplace method
of integral transformations was used as a method
of solution.

The analysis of the dynamic behavior of
viscoelastic thin Kirchhoff-Love plates under
impact was carried out for circular and
rectangular plates, respectively, in [11] and
[12,13]. A modified Hertzian law was used, in
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which the modulus of elasticity was replaced by
a viscoelastic operator of the fractional order.
Quasi-static analysis of an elastic rectangular
plate lying on a viscoelastic Winkler base, the
properties of which are described by the Kelvin-
Voigt model or a standard linear rigid body with
fractional derivatives, was carried out by the
Laplace transform method in [14] and [15],
respectively.

Free and forced linear oscillations of plates on a
viscoelastic Winkler base under the action of a
moving harmonic force and a harmonic force
whose position does not change over time are
considered in [16]. The damping properties of the
foundation were described by a standard linear
solid model with fractional derivatives.
Numerical studies of the amplitude-frequency
characteristics of the system were carried out.
The results demonstrate how the oscillation
parameters change under different types of loads
and how the viscoelastic properties of the
foundation affect the dynamic behavior of the
system.

In this paper, the forced linear oscillations of the
system "elastic plate + viscoelastic base of the
Fuss-Winkler type" are investigated, the
damping properties of which are described by the
fractional derivative Kelvin-Voigt model, under
the influence of a concentrated harmonic load,
using the approach proposed in [10]. It is based
on the assumption that each mode of oscillation
possesses its own damping coefficient and
retardation time, what makes it possible to obtain
a solution in a form convenient for engineering
applications.

PROBLEM FORMULATION

Let us consider the oscillations of a linearly
elastic rectangular plate with sides a and b along
the x- and y-axes, respectively, lying on the base
(Fig. 1).

The dynamic behavior of a Kirchhoff-Love plate
on a viscoelastic base under the action of an
external transverse load q = q(x,y,t) is
described by the following differential equation:
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DV?V2w + phw = q — Fy, (1)

where w=w(x,y,t) Is the transverse
displacement  (deflection of the plate),

D = ER*/12(1-v*) is the cylindrical stiffness of the

plate, E is the Young's modulus of the plate, h is
its thickness, p is the density of the plate material,
V2V? s the biharmonic operator, ¢ = F§(x —
X0)(y — yp)cosfpt is the external harmonic
load, F and 2 is its amplitude and frequency,
6(x —x¢)(y — y,) is the Dirac delta function,
and F is the reaction of the viscoelastic base.
Let us assume that damping properties of the
viscoelastic base are described by the Fuss-
Winkler model:

F1 = Aw, (2)

where 1 is the compliance operator of the
viscoelastic base, the damping properties of
which are modeled using the Kelvin-Voigt
operator of the fractional order [2]:

1= 2o(1+ /DY), @3)

and 4, is the coefficient of compliance of the
base, t is the retardation time,

d ~tu(t—t)de
Dyuzafoﬁ, <y<1l (4)
- fractional derivative of Riemann-Liouville [17],
I'(1-y) is a gamma function, y is the order of a
fractional derivative, which is a parameter of the
fractionality of the wunderlying viscoelastic
medium.

TR

Figure 1. Elastic plate on a viscoelastic base
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The boundary conditions for a plate hinged along
the contour are as follows:

02w
x=0anda w Py 0
—0and b w=lY_
y =0 and b, W—ay2

Let us represent the dynamic deflection of the
plate as an eigenfunction expansion of the
problem:W,...(x, y):

W(x, Bz t) = Z;?:l Z?lo=1 Wmn (x, J’)xmn(t)’ (5)

where x,,, (t) are generalized displacements that
depend only on time, and

W, y) = sin% sin%,
are eigenfunctions that
conditions.

When deriving differential equations, we will
take into account the filtering property of the

delta function:

satisfy boundary

JI8(x = x0)(y = y,) fx, )dxdy = f(x0,¥,)
(6)

Substituting the proposed solution (5) into the
system of equations (1) and (2), taking the
relation (3) into account, multiplying each of the
obtained equations by W,,(x,y), and
integrating the length and width of the plate with
due account for the orthogonality properties of
eigenfunctions, we obtain the following system
of differential equations with respect to
generalized displacements x,,,,, (t):

. A
Xmn + Qrznnxmn + p_;)l(l + TyDy)xmn = mn(t) )

ERh? 2
oY Wan(xy) are the

squares of the natural frequencies of oscillations
of the elastic plate, and

where 0%, =
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fa fob(Fcos.QFt)S(x—xo)(y—yo)sm— smnnydxdy

Iy f QY OWmn (xy)dxdy
Pon(t) =
hf f Winn (x,y)]2dxdy

4Fcos!2Ft sin—0

ph fa fb sinz% sinz%dxdy

0 TlT[yO
sin—— b

Let us introduce dimensionless values:

1/2 2
* — (ab) * T h E x __
Xmn = K2 Xmny U= ab \,12p(1—v2) L, x =
y

X

- y* = =

a

Equation (7) could then be rewritten in a
dimensionless form as

.ok %2 * * Y ok
Xmn +w mnXmn + /10 ‘L'an D Xmn —

—4F" sinmmx,*sinny *cosy 't = 0, (8)
s 22,2
where is 25, = ¢ m;n , (= g
« _ 12a%b*(1-v2) 12(ab)2(1 v?)
do = —mar Mo Fr= E-h°m ’
* ab ,12;) 1—v2
QF _m gﬂﬂwmn_ﬂmn'l'

+2," are squares of the dimensionless natural
frequencies of oscillations of the "plate + base™
system.

Equations (8) for each fixed pair of values of m
and n in the Laplace domain are reduced to
equation (9) (here and below * for dimensionless
quantities are omitted for ease of presentation):

pzfmn + wrznnymn + Ao0" T X = P, (9)

where p is the Laplace variable, P,,, = ﬁpzi;np,
B = 4F sinmmx, sinmny,.

Equation (9) coincides with an accuracy of
coefficients with the equation of forced
oscillations of a single-mass mechanical system
in a viscoelastic medium, the damping properties
of which are described by the fractional
derivative Kelvin-Voigt model. The solution of a
similar equation for the case of free oscillations
of the Kelvin-Voigt oscillator was obtained in
[18]. Using the solution method proposed in [18]
to equation (9) and then applying the inverse
Laplace transformation, it is possible to find the

\Volume 20, Issue 4, 2024

phab

dynamic deflection of the plate in the form of the
expansion (5).

METHOD OF SOLUTION

Analysis of the characteristic equation
The characteristic equation for the system of
equations (8) has the form:

fon@®@) = D% + AT i DY + Wi (10)
Let us introduce the substitution of variables in the
characteristic equation (10) using the formulas:

P=D Wnn Tmn=T" w_lmn-
As a result, we will get
* * *2 /10 * *
f®)=p +pr Ytv+1=0, (11)

mn

whence at t* = 0 it follows that p, = +i.
Substituting p* = r*e'¥" in equation (11) and
separating the real and imaginary parts yield

Ao
r*2cos2y* +

mn

Vr*¥sinyy* = 0.

Vr*Ycosyyp*+1 =0,

A
r*2$in2y* + —

mn

(12)

To calculate the roots of the system of equations
(12) at §< Y* < m, following [18], let us
introduce new variables x; =r*?andx, =

T*¥r*Y. Then, for each fixed angle <YPr<

wmn

my at given A, and wZ,, we arrive at a set of two
linear equations with two unknowns x; and x,:

x1€082Y* + x,cosyyp* +1 =0,

x18in2Y* + x,sinyy* = 0, (13)
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the solution of which has the form

_ sinyy”

Csin-p) Y

__ sin2y’

X2 = SNz = N (14)

X1

This allows one to calculate the values r* =
x /2, 2017 = x, ¥*=7 | which together with

Wmn

one selected value of ", governs the root of
the characteristic equation. Substituting —y"
instead of 1" results in its complex-conjugate
root.

Thus, equation (11) for each fixed value ’120 v
[

has two complex-conjugate roots p* = —§" + w*
in the plane with the negative real semi-axis cut
out -7 <yY* <m.

The behavior of roots in the complex plane
-t <YP* < g as function of the parameter 7*¥

at w2, = 1 and given A, is shown in Figure 2
(dashed lines indicate asymptotes for selected
y). Figure 2 shows that when the parameter ¢*¥
changes from 0 to oo, the root curves p* leave
the points +i and grow monotonically and
unlimitedly, while rapidly approaching the
corresponding asymptotes coming out of the
origin at the angle y* = % :

Having determined the roots of the basic
equation (11), we could find all roots of the
characteristic equation (10) using the
formulas:

Pon = Wmn r*eilp*» Ty =T @0 1y (15)
The values of the roots of the characteristic
equation (10) are presented in Table 1 at y =
025, (=1, 1<mn<6, for the initial
retardation time t* = 1, which corresponds to the
main roots p* = —0.4013 + 2.2368i.
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~Y=0.5

-5 -4 -3 2 -1 0

Figure 2. Behavior of the roots of the basic
equation (11) of the plate+base system based on
model (3)

Construction of the solution
Let us reduce equation (9) to the form:

(pZ + Aop¥ TV + C’-)7znn) Xomn = Pmn- (16)

or

Xon = Pon £, (D), (17)

where f(p) is defined by formula (10).
Equation (17) shows that functions x,,,, on the
complex plane are multivalued functions with
branch points p = 0up = —co0, which have
poles at values p = p;, that turn the denominator
(17) into zero, that is, they are the roots of the
characteristic equation (10).

For multivalued functions that have branch
points, the Mellin-Fourier inversion formula

c+ioco

| Fw@) erap (18)

c—ioo

xmn(t) = ﬁ

is valid only for the first sheet of the Riemann
surface, that is, when —-m<argp<m.
Therefore, the integration path should be selected
as shown in Figure 3.
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Table 1. Values of the roots of the characteristic equation (10)

m n Dinn WDmn Tmn Tmn

1 1 2 2.730 0.366 6.204
1 2 5 5.334 0.187 12.122
2 1 5 5.334 0.187 12.122
2 2 8 8.213 0.122 18.664
1 3 10 10.171 0.098 23.114
3 1 10 10.171 0.098 23.114
2 3 13 13.132 0.076 29.843
3 2 13 13.132 0.076 29.843
3 3 18 18.096 0.055 41.123
1 4 17 17.101 0.058 38.863
4 1 17 17.101 0.058 38.863
2 4 20 20.086 0.050 45.646
4 2 20 20.086 0.050 45.646
3 4 25 25.069 0.040 56.970
4 3 25 25.069 0.040 56.970
4 4 32 32.054 0.031 72.843
1 S 26 26.066 0.038 59.236
5 1 26 26.066 0.038 59.236
2 S 29 29.059 0.034 66.038
5 2 29 29.059 0.034 66.038
3 5 34 34.051 0.029 77.381
5 3 34 34.051 0.029 77.381
4 S 41 41.042 0.024 93.269
5 4 41 41.042 0.024 93.269
5 S 50 50.035 0.020 113.704
1 6 37 37.047 0.027 84.189
6 1 37 37.047 0.027 84.189
2 6 40 40.043 0.025 90.999
6 2 40 40.043 0.025 90.999
3 6 45 45.038 0.022 102.350
6 3 45 45.038 0.022 102.350
4 6 52 52.033 0.019 118.246
6 4 52 52.033 0.019 118.246
5 6 61 61.028 0.016 138.688
6 S 61 61.028 0.016 138.688
6 6 72 72.024 0.014 163.675

According to Jordan's lemma, the curvilinear
integral taken by arcs Cp tends to zero at R — oo,
and the integral calculated by c,, also tends to

zeroatp - 0.

Using the main theorem of the residue theory, the

solution of equation (18) can be written as

\Volume 20, Issue 4, 2024

drift

Ko () =

- %f [_an(S e—ir[) - J_Cmn(s eiﬂ')] X
0

X e~ Stds,

(19)

(20)
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Ce T

c+iR

= ]

¢ -iR

Figure 3. A contour used to compute the
complex integral of inversion in the Laplace
method

xhinr (@) = Z res[Xm(p,) €P],
k

(2D
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position of the system and is determined by the
quasi-static creep processes occurring in the
system, and the second term (21) describes the
damped oscillations around the equilibrium
position and is determined by the inertia of the
system and the dissipation of energy [10].

Analysis of elastic plate vibrations

A) in the case of free oscillations

To obtain a solution in the case of free
oscillations of the plate, it is sufficient to put
P,,, = 0 forallmand nin (17).

Knowing the roots of the characteristic equation
(10) and substituting the relation (17) in (19) —

(21), we get xTVE (D), x¥bT (1) and X (0):

drlft —st
where the summation is carried out over all @) = f)(mn(s)e Yds (22
isolated special points (poles). vibr 3
In other words, the solution (19) is represented as Xinn' () = A€ sin(wmmt ‘pmn)’ (23)
the sum of two terms, the first of which (20)
determines the displacement of the equilibrium  Where
) AoTh,SYsinym
Xn\S) =
m s+ why, + 252w%, + A T $2 + 22077, 57 (52 + why)cosym
dmn
\/4r2mn + AOZYZTZymnrng(y—l) + 4"10y":ymnrymn COS(Z - )/) lpmn
2T COSY 4+ AoV T Ty’ " Fc0s(1 = Y,
tang == — - — ” =" — .
2rppsing, - — oY T T~ SIN(L = Y)Y
Then the solution for generalized movements
will take the form: (D% + Ap" T + W2y Xy =
%QFZLF sintmx, sinmny, (25)

X () = d e~ 0mnt sin( @yt
[ee]

= P
! —std 24
+— | Apn(S) €7ds. (24)
0
B) in the case of forced oscillations

To obtain a solution for the forced oscillations of
the plate, let us reduce equation (9) to the form:

When an external harmonic load is applied to the

drlft B /101
(t) ;f()

214

plate, the  expressions  for d”f o),
xVbr(t) and x,,,(t) take the form:
y+1 i
nS (51n(y+1)7r+.(2p sin(y—1)m) e‘“ds, (26)
(s+02F)?2 ((s+a)mn) 202 s ‘r ¥ +2(s+whn)AoThy,sY cosym

International Journal for Computational Civil and Structural Engineering



Analysis of Vibrations of an Elastic Plate on a Viscoelastic Base Via the Fractional Derivative Kelvin-Voigt Model

xyrg]lr(t) = denﬁe_gmnt Sin(wmnt - ¢mn)'

xmn(t) = denﬁe_(smnt Sin(wmnt - (pmn) + gf an(s) e_StdS;
0

where

(27)

(28)

4r4mnc0521pmn+2y)(rmn2+Vcosy1pmn+4r2 mnf2p+20py 1Y mncos =y,

tang, = —

4rtppsin2y, 42y xrmp 2t sing, A 20py X1y SINQR2-Y,,

)

4'T‘an + VZXZTng(y+1) + 4y)(rmn2+y (T4mn + -QFZ) COS(Z - )/)llJmn +

+052 (A%, + VT2 + QF (870 cOs 2Y  + 2y2 )21, 20 HD X
X cos(1 =92y, +4yxrm**cosyy,

(r4,m + .QFZ + ZQFTZmnCOSZI/)mn) (4712 0 + V22T 20D +

+4VernyCOS(2 - V)lpmn)

) ATy sY T (sin(y+ D)+ sin(y—1)m)

e Stds.

Xn(S) = [,

Substituting the generalized displacements
Xn(t) determined by equations (24) and (28) in
relation (5), it is possible to obtain the desired
displacements of an elastic plate lying on a
viscoelastic base using the Kelvin-Voigt model
with a fractional derivative under free
oscillations and under the influence of harmonic
loading, respectively.

NUMERICAL EXAMPLE

All calculations were performed in the MathCad
program for mathematical and engineering
calculations.

For numerical calculations, the following
characteristics were taken for the plate and the
base: E = 32500 MPa for concrete B30, A, =
3.454 for the base from hard loam, the material
of the plate is concrete B30, p = 2430 %,
dimensions in the plan a = 6 m,b = 6 m, and
height h = 0.2 m, Poisson's ratiov = 0.25; y =
0, 0.25, 0.5, 0.95.

The external load varies according to the law g =
106(x — x¢)(y — yo)cos10t and is applied in
the center of the plate, where F =10, 2 =

1 1
10, xo :E,yo = E

\Volume 20, Issue 4, 2024

2 2y
(s+2m)2((s+wky) +20%s ‘rfg’n+2(s+a)3nn)lo‘r¥nnsy-cosyn)

Dynamic displacements w(x, y, t) are shown in
1

Figure 4 for the center of the plate x = %,y =
considering 9 terms of the series, since for the
middle of the plate with even modes, the
eigenfunctions W,,,(x,y) are zeroed. Figure 5
shows the deflection w(x, y, t) at free vibrations

for the point of the plate with coordinates x =
é»y = g with due account for 36 terms of the
series.

Displacements  w(x,y,t) under force driven

vibration s are shown in Figure 6 for the point of

the plate with coordinates x ==,y =-

2
considering 9 terms of the series.

Figure 4. The time dependence of dimensionless

displacements at free oscillations for a point of

1

a plate with coordinates x = %,y =3
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Figure 5. The time_dependence of dimensionless

displacements for free oscillations for a point of

a plate with coordinates x = %,y =1

i
WL

1=0.25

1,3
0,8
0,3

202

0,7
1,2
1,7

T=0

[=]

t

Figure 6. The time_dependence of dimensionless
displacements for forced oscillations for a point

of a plate with coordinates x = %,y = %

CONCLUSION

This article presents an original method for
solving the problem of non-stationary
oscillations of linear elastic plates on a
viscoelastic base, the properties of which are
described by fractional derivatives.

The solution algorithm is based on the use of
the integral Laplace transform with further
decomposition of the desired functions into a
series according to the eigenfunctions of the
problem. However, in contrast to the traditional
approach, when the rationalization of a
characteristic equation with fractional powers
is carried out during the transition from the
frequency domain to the time domain, here the
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non-rationalized characteristic equation is
solved by the method proposed in [10].

As a result of this approach, the solution is
obtained as a sum of two terms, one of which
controls the drift of the equilibrium position of
the system and is determined by quasi-static
creep processes occurring in the system, and
the other term describes the attenuation of
oscillation around the equilibrium position and
is determined by the inertia and dissipation of
the energy of the system [10, 18].

Modeling the vibrations of an elastic plate
lying on a viscoelastic base using the fractional
derivative Kelvin-Voigt model allows one to
take the viscoelastic characteristics of the base
into account and to obtain more accurate
results. The findings of the research show that
the oscillations depend on the parameters of the
model and the foundation, which can be used
to optimize the design of various devices and
systems.
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EXPERIMENTAL SUBSTANTIATION OF CONSTANTS IN THE
MATHEMATICAL MODEL OF CONCRETE IN STRUCTURES
MADE BY 3D PRINTING TECHNOLOGY

Oleg V. Kabantsev, Alexey V. Karlin

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

Abstract: The paper presents the results of the study of concrete fracture mechanisms in structures made by 3D
printing technology using the layer-by-layer extrusion method. It is established that concrete fractures in such
structures occur by fundamentally different mechanisms - cohesion and adhesion fracture mechanisms. The type
of fracture mechanism is determined by the load direction relative to the direction of concrete extrusion layers.
The compressive strength of concrete and the corresponding basic constant (compressive strength of concrete -
Rp) is determined, in general, by the cohesive fracture mechanism. But when loaded parallel to the extrusion
layers, the influence of the adhesion mechanism of fracture on the overall value of the key constant of the
concrete model has been established. Fracture of concrete in structures made by 3D-printing technology by
layer-by-layer extrusion is determined by the direction of loading relative to the direction of concrete extrusion
layers. Under loading perpendicular to the extrusion layers (direction of tensile stresses is parallel to the extru-
sion layers), failure occurs by cohesive mechanism. The value of concrete tensile strength (Ryt) corresponding
to the cohesive fracture mechanism can be used as a key constant of the mathematical model of concrete. When
loading parallel to the extrusion layers (direction of tensile stresses is perpendicular to the extrusion layers), the
failure occurs by the adhesion mechanism. As a key constant of the mathematical model of concrete can be used
the value of adhesive strength of interaction of layers (Radn), corresponding to the adhesive mechanism of frac-
ture. The presented experimentally substantiated key constants of the mathematical model of concrete provide
adaptation of such a model for concrete in structures made by layer-by-layer extrusion.

Keywords: 3D Concrete Printing (3DCP), Mechanical Properties, Anisotropy, Orthotropic Material,
Stress-Strain Diagram, Mechanisms of destruction

SKCHEPUMEHTAJIBHOE OBOCHOBAHUE KOHCTAHT
MATEMATHYECKOU MOJAEJIU BETOHA B KOHCTPYK-
HUAX, BBINNOJTHEHHBIX 110 TEXHOJIOI'MH 3D-IIEYATH

O.B. Kaoanues, A.B. Kapaun

HaunoHanbeHbI UccnenoBaTenbCKuii MOCKOBCKHI OCY 1apCTBEHHBIN CTPOUTENIBbHBINA YHUBEPCUTET,
r. Mocksa, POCCH S

AHHOTanusi: B cratbe mpencTaBieHB! pPe3yNbTaThl UCCIEIOBAHHUSA MEXAaHMW3MOB pa3pylIeHHs OETOHA B KOH-
CTPYKIHAX, BBIIIOJHEHHBIX MO TexHonoruu 3D-neuaTn MeTONOM MOCIOWHON 3KCTPYy3HH. YCTAHOBIECHO, YTO
paspymeHust 0eTOHA B TAKMX KOHCTPYKLUSAX MPOUCXOAAT N0 NPUHIMITHAIBHO Pa3IMYHBIM MEXaHHU3MaM — KO-
TE3UOHHBIN U aIr€3MOHHBII MEXaHNU3MBI pa3pyleHus. Buj Mexanu3Ma paspymeHus ONpeAeisieTCs] Halpasiie-
HUEM Harpy3Kd OTHOCHTEJIBHO HalpaBlIEHHs CJIOEB SKCTPy3uH OeToHa. [IpoyHOCTh OETOHA Ha C)KAaTHE M COOT-
BETCTBYIOIIas 6a30Basi KOHCTaHTa (IPOYHOCTH OE€TOHA Ha cxkaTue — Rp) onpenensercs, B 1IEJI0M, KOT€3HOHHBIM
MeXaHM3MOM paspyuieHus. Ho npu HarpyxeHuu napajuiesbHO CIIOSIM SKCTPY3UM YCTaHOBJIEHO BIMSHUE ajre-
3MOHHOTO MEXaHW3Ma pa3pylleHHs Ha OOLIyI0 BEJIMYMHY KIIOUEBOH KOHCTAHTHI MoJienn OetoHa. Paspymienue
0eToHa B KOHCTPYKIHUSX, BBIIOJHEHHBIX 1O TeXHOJ0ruu 3 D-nieyaT METOI0M MOCIIOMHOM SKCTPY3UH, ONpeie-
JsieTcsl HalpaBJeHUEM Harpy»KeHUs! OTHOCHTEIIBHO HalpaBJIEHHs CIIOEB dKCTpy3un OeToHa. [Ipm HarpyxeHuu
NEPIEHINKYISIPHO CIOSAM SKCTPY3HH (HAIpaBIEHHE PAcTATHBAIONINX HANpPSDKEHUH MapajuleabHO CIOSIM JKC-
TPY3UH) pa3pylIeHHE IPOUCXOANUT MO KOTE3HOHHOMY MEXaHu3My. B kadecTBe KiII0ueBON KOHCTAHTHI MaTeMa-
THYECKOW MOJENH 0ETOHAa MOXKET OBITh HCIOJb30BaHA BEJIMYHHA MPOYHOCTH OeToHa Ha pacrsvkeHue (Ruy),
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COOTBETCTBYIOIIAS] KOTE3HOHHOMY MEXaHH3MY pa3pylieHus. [Ipy Harpy»KeHUH MapajielIbHO CIOSIM SKCTPY3HH
(HampaBlieHHE PACTATUBAIOIINX HAMPSHKEHUN MEPIEHANKYISIPHO CIOSIM dKCTPY3HU) PAa3pyIICHUE TPOUCXOTUT
[0 aJIre3MOHHOMY MEXaHu3My. B KadecTBe KIIIOYEBOH KOHCTAHTHI MATEMAaTHYECKOH MOJelr OETOHA MOKET
OBITH UCTIOJB30BaHA BEIMYNHA a/IT€3MOHHON MPOYHOCTH B3aUMOJCHCTBHS CI0EB (Radh), COOTBETCTBYIOIIAS a]-
re3MOHHOMY MeXaHH3My paspyuieHus. [IpejcraBieHHbIe SKCIEPUMEHTAILHO 000CHOBAaHHbBIE KIIFOYEBbIE KOH-
CTaHThl MaTEMAaTHYECKOIl MOJIesin OeToHa 00eCIeYnBaIOT aaNTalMI0 TAKOW MOJIeNH Ui OETOHA B KOHCTPYK-

LUSX, U3TOTOBJIEHHBIX METO/IOM MOCIOWHOM 3KCTPY3HUH.

KuaroueBble cioBa: texnosorust 3D-nevatn 6eroHom (3DCP), mexannueckne xapakTepUCTHKH,
AQHM30TPOIHSI MEXaHWYECKUX XapaKTEePHUCTHK, OPTOTPOITHAS MOAEIb OETOHa,
JMarpaMMa «HanpspKeHHS-Ie(OpMaLiy, MEXaHH3MbI Pa3pyIICHUS

1. INTRODUCTION

3D Concrete Printing (3DCP - 3D Concrete
Printing) is one of the most promising techno-
logical trends, which is part of a vast group of
additive technologies, providing increased ef-
ficiency of work on the construction of build-
ing structures. Additive technologies provide
the implementation of the principles of digital
approach to construction: on the basis of a 3-
dimensional digital model of structures of the
bearing system of the building a program of the
printer is created. Under the control of such a
program the printer layer by layer forms struc-
tures using 3D concrete printing technology.
The technology of 3D concrete printing pro-
vides the possibility of transition to mass con-
struction of houses according to individual de-
signs developed in digital technologies. Thus,
3DCP technology is a modern industrial ap-
proach with the production of the necessary
structure directly at the place of its further use.
In this case, the known limitations on the diver-
sity of architectural appearance of construction
objects are removed, which is ensured by the
use of individual digital projects of houses built
using standard standard standard technology.
Construction production based on digital prin-
ciples realizes the task of digital transformation
of the construction industry as a whole and en-
sures the growth of labor productivity in con-
struction [1-4].

The obvious prospects of 3DCP-technology ap-
plication in the construction industry are recog-
nized in many countries. Saudi Arabia has
adopted a program for the construction of hous-
ing with the mass application of 3DCP
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technology [5]. In the UK, the National Additive
Manufacturing Strategy program [6] evaluated
the possibility of creating marketable products
in the volume of the country's GDP up to 1 bil-
lion dollars and creating up to 15,000 jobs in the
construction industry. A group of industrial
ministries in the People's Republic of China has
developed an initiative [7-8] to support industri-
alized construction methods, including 3DCP
technologies, as the main direction for the de-
velopment of the construction industry.

The possibility of practical realization of 3DCP
technology is provided by the achievements of
construction science in several main directions:
the development of methods and technologies of
layer-by-layer structure formation with various
effective extrusion mechanisms [9-13]; the de-
velopment of new types of concrete mixtures
with specified characteristics that allow layer-
by-layer formation of a structure that retains its
shape until the moment of strength gain [14-16].
At present, two directions of realization of the
method of 3D printing with concrete using the
technology of layer-by-layer horizontal extru-
sion are actively developing: Direct Digital Fab-
rication of Concrete (DDFC) / Direct Digital
Fabrication of Concrete Structures/ and Digital
Fabrication of Formworks (DFF) / Digital Fab-
rication of Formwork/.

The DDFC direction allows, on the basis of the
general technological process of 3D printing
with concrete, to realize the production of con-
crete structures of various shapes in conditions
of limited possibilities of using reinforcement
elements. The DDFC direction can be very ef-
fective in the production of small-scale and in-
dividual structures, in the operational modes of
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which there are no significant tensile or shear
forces. Such limitations are determined by the
current state of 3D concrete printing technology,
in the framework of which the installation of re-
inforcing elements in the body of the structure
to absorb tensile forces is quite complicated, and
the technology of installation of reinforcing ele-
ments is a foreign (in relation to the 3DCP con-
crete technology) process. The actual practice of
DDFC direction implementation shows that the
installation of reinforcement elements into the
body of a structure is possible with human inter-
vention in the highly mechanized technology of
3D printing with concrete or in the conditions of
using additional equipment [17].

The currently known problems in the field of
practical application of 3D concrete printing
technology are not critical for manufacturing
building structures using the new innovative
technology. The characteristics of masonry
structures are quite similar, as masonry made of
piece materials (bricks, large-sized artificial
stones) on masonry mortar is a layered structure
with minimal opportunities for installing inter-
layer reinforcement. But the characteristics of
masonry do not prevent the widespread use of
masonry structures in construction.

The most significant factor that ensures the wide
application of a particular technology in the con-
struction industry, including 3D concrete print-
ing technology, is the availability of methods
that allow you to justify the strength, reliability
and level of deformability of designed structures
by calculation. Such calculation methods are
based on a scientifically substantiated model of
the material forming the structure and realizing
strength properties as part of this structure. The
latter circumstance is very important, as the
model should correctly reflect the realization of
mechanical characteristics of the material,
which are formed not only in the frames of local
volumes of such material, but also in the condi-
tions of interaction of local volumes in the total
volume of the structure. Such local volumes of
the material can be formed due to the peculiari-
ties of the manufacturing technology of the
structure.
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The analysis of 3DCP technology shows that
the structure obtained by layer-by-layer extru-
sion of concrete has significant differences
from the traditional technology of manufactur-
ing structures by monolithic concreting tech-
nology. The traditional technology of manufac-
turing of reinforced concrete structures, which
includes the procedure of concrete mixture
compaction, provides the formation of a suffi-
ciently homogeneous concrete body of the
structure with minimal amounts of leaks. The
most important quality control procedures in
the traditional monolithic concreting technol-
ogy is the control of concrete mixture homoge-
neity. Concrete homogeneity ensures the reali-
zation of interaction of concrete mixture parti-
cles throughout the entire volume of the struc-
ture. According to [18], concrete obtained by
conventional technology is a composite mate-
rial consisting of binder particles, aggregate
particles of different size and transition zone of
interaction between particles, modeled by a set
of elastic bonds. In general, the model of inter-
action of concrete particles in a structure made
by traditional technology with concrete com-
paction procedures is presented in Fig. 2. The
homogeneity of the concrete mixture makes it
possible to use the characteristics of concrete
strength and deformability corresponding to
the model of a homogeneous deformable body
in the design justification.

Figure 1. Principle model of interaction of
concrete particles in a structure made with the
procedure of concrete mixture compaction (by

[18])
Contrary to concrete in a structure made by
traditional technology  with concrete
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compaction throughout the entire volume of the
structure, concrete in a structure made by 3D-
printed concrete by layer-by-layer horizontal
extrusion has natural zones of concrete layers of
a given thickness, each of which is produced
separately from other layers with a gap in the
time of production. In this way, a layered

(a)

Differences in the structure of concrete in struc-
tures made by the technology of traditional
forming of the monolithic concrete body of the
structure in comparison with structures made by
3DCP technology have been investigated by
many authors, but, in general, this direction is at
the initial stage of development.

In [19] the issues of concrete mixes formulation
peculiarities suitable for 3DCP method of struc-
tural fabrication are investigated. In [20] the in-
fluence of 3DCP-technology on changes in the
mechanical characteristics of concrete under
compression conditions is studied. The issues of
variability of mechanical characteristics of con-
crete in structures made using the 3DCP method
are considered in [21-23].

A number of studies have investigated the
manifestation of anisotropy properties in con-
crete, the volume of which is made using
3DCP technology by layer-by-layer extrusion.
The results of such studies confirm: concrete
in a structure made by 3D printing technology
realizes a pronounced anisotropy effect. In
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structure of concrete is technologically formed,
and each layer has a mechanism of contact in-
teraction with other layers. Since freshly placed
concrete has adhesive properties due to the pres-
ence of binder, the interaction of layers is real-
ized by adhesive mechanism (Fig. 2).

(b)
Figure 2. Principle model of interaction of local elements of the structure made layer-by-layer by
3DCP technology; a - appearance of the structure at single-row concrete extrusion; b - model of
interaction of local elements of the structure; ¢ - zone of contact interaction of local elements of
the structure

[24] the results of the study of the influence of
3DCP-method on the formation of the anisot-
ropy effect of concrete strength characteristics
are presented. The results of the study show
that the average axial compressive strength of
the samples drilled from the massif made by
3D printing technology is 15-27% lower than
that of the samples drilled from the massif
made by the traditional technology of mono-
lithic concreting. The data on the measured
densities of different zones of concrete of the
array made by 3D-printing technology are also
given. It is shown that 3DCP technology forms
the concrete body of the structure with a sig-
nificantly lower compaction relative to the
same indicator of concrete of structures made
using traditional technology. In [25], the in-
fluence of the layered structure and imperfec-
tions in the geometry of the structure, deter-
mined by the peculiarities of 3DCP technol-
ogy, which influence the premature failure of
the structure in the manufacturing process,
was investigated. In [26, 27], the mechanical
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properties of concrete at an early age are in-
vestigated, which allows predicting the behav-
ior of the structure in the mode of fabrication
using 3D printing technology. In [28], a
method of modeling concrete deformation in
the process of structure fabrication is pro-
posed. The standard method of modeling of
the construction with additional functions of
activation of layers of the manufactured struc-
ture was used, which allows to correct the ge-
ometry of the model. In [29] it is noted: in
structures made by 3DCP technology, in the
process of extrusion in the layer of concrete
can be formed zones of looseness, and in some
cases - breaks in the body of the concrete
layer, which has a negative impact on the co-
hesion (monolithicity) of the concrete in the
structure.

In [30, 31] it was established: the layered struc-
ture of concrete in structures made by 3DCP
technology with layer-by-layer extrusion of
concrete forms a special type of concrete, the
mechanical characteristics of which have a pro-
nounced anisotropy, which is a fundamental dif-
ference from traditional cast-in-place concrete
with compaction of the mixture in the formwork
(the mechanical characteristics of traditional
concrete are recognized as isotropic).

The reason for the anisotropy of mechanical
properties of 3DCP concretes according to [32,
33] is the weak bonds of extruded concrete lay-
ers. It is quite obvious that the direction of bond
failure between the layers corresponds to the ex-
trusion trajectory of the layers, and this, in turn,
determines the anisotropy of the me-mechanical
properties of concrete. Studies [34] have estab-
lished that the anisotropy of 3DCP concrete
properties can be correlated with mutually or-
thogonal directions: properties in the direction
perpendicular to the extrusion layers and prop-
erties in the direction of the extrusion layers.
Thus, the fact of a significant difference be-
tween the mechanical characteristics of concrete
in structures with the traditional technology of
monolithic concreting with compaction of the
mixture over the volume of the structure and the
similar characteristics of concrete in structures
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made with the technology of 3D printing by
layer-by-layer extrusion can be considered es-
tablished and substantiated by scientific re-
search.

However, it should be emphasized that neither
academic reviews on the topic of 3DCP tech-
nology nor open publications provide infor-
mation on the development/adaptation of a
mathematical model of 3DCP-concretes, which
would take into account the pronounced aniso-
tropic properties of such concretes. Also there
is no information about works on correction or
improvement of methods of calculation of con-
structions made by 3DCP technology. The
analysis of few published works on the subject
of calculation analysis of structures made by
3D printing technology by layer extrusion
method shows that traditional concrete models
are used with minimal refinements of tradi-
tional constants values. Thus, [35] provides
only a list of issues that need to be taken into
account when calculating the strength of struc-
tures made by 3DCP technology, as well as di-
rections for optimizing concrete structures
made by layer-by-layer extrusion technology.
In [36], a model of concrete structures made by
3DCP technology is proposed in the form of a
brittle-plastic material model. The model uses
the well-known orthotropic smeared crack
model for tension (fracture) and a plasticity-
based model for compression (plastic behav-
ior). This material model is extended to take
into account the temporal variability of its pa-
rameters. The interaction of layers was mod-
eled by weaker (relative to concrete) interface
elements. However, the failure of layered ma-
terials occurs by significantly different mecha-
nisms (adhesion and cohesion), which must be
taken into account in the layered material
model. A similar approach was used in [37,
38], where the interaction of layers was mod-
eled by special interfacial elements. For the
conditions of the time interval corresponding to
the fabrication of the structures, results close to
the experimental results were obtained. For the
conditions of concrete with design strength, the
results of numerical studies have significant
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differences from the results of physical experi-
ments, which indicates the need to improve the
mathematical model of concrete as a layered
material.

Thus, the analysis of open publications on the
results of studies of mechanical characteristics
of 3DCP-concretes made by the technology of
layer-by-layer extrusion shows: mechanical
characteristics of 3DCP-concretes have pro-
nounced anisotropic properties, which deter-
mines the fundamental differences of such con-
cretes from traditional cast concrete. It is obvi-
ous that anisotropy of mechanical properties is
determined by various factors. The factor of
looseness of the layered material, which was not
subjected to compaction throughout the entire
volume of structures, is an objective conse-
quence of the technology of layer-by-layer ex-
trusion. However, the most significant factor af-
fecting the manifestation of anisotropic proper-
ties of concrete in structures made by 3DCP
technology is the factor of layer interaction in a
multilayer structure, which requires an experi-
mental study to determine the mechanism of
layer interaction and the mechanism of

destruction of interlayer interaction. The results
of the study will allow us to substantiate the
characteristic characteristics of the key con-
stants of the mathematical model of concrete in
structures made by layer-by-layer extrusion us-
ing 3DCP technology.

2. MATERIALS AND METHODS

Concrete in structures made by traditional tech-
nology with concrete placement in the form-
work of the structure and concrete compaction
throughout the volume, which provides an ac-
ceptable level of uniformity of the material, is
described by a well-known mathematical model,
which is approved by the International Federa-
tion for Structural Concrete (FIB) and is used in
the normative documents of many countries,
computing systems, for example, [39], and is
given in many publications.

In a generally accepted form, the model of tra-
ditional cast-in-place concrete for uniaxial com-
pression-tension conditions is described in the
stress-strain axes (“o-¢”) is shown in Fig. 3.
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Figure 3. Diagrams “ g-¢ ”” for concrete at traditional technology of structural performance: a -
full diagram; b - fragment of the diagram for tensile conditions
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The diagram is represented by the following ratios:
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The descending sections of the diagram simu-
late the strength reduction during crack for-
mation and opening. The parameter ¢ deter-
mines the length of the descending section of the
diagram, while the parameters a and g deter-
mine the residual strength of concrete and sec-
ondary strengthening.

The diagram shown in Fig. 3, is based on well
known mechanisms of deformation and fracture
of concrete under uniaxial stress state, uses natu-
ral characteristics of strength and deformability
of concrete and allows correct modeling of con-
crete performance in a structure made by tradi-
tional technology with the formation of a mono-
lithic structure of concrete in the structure.

The deformation theory of plasticity of concrete,
which is widely used in mathematical modeling
of concrete, is based on the following provi-
sions:

- elastic volume change:

O = 3Ko, 3)

where ® =ox+oy+to:;0=(01+02+03)3; K
= (1- 2v)/E; ® — volume expansion; o — average
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pressure; E — initial strain modulus; v — Pois-
son's ratio;
- stress and strain deviators are proportional to:

Ds = 2G’(D: - D#), 4)

where Dy, D: - stress and strain deviators; D" —
residual strain deviator; G* = ge / (3 &e) — shear
modulus; oe, ee — reduced stresses and strains;

- elastic relief:

Ds = 2G’D," - 2G(D; - DA, (5)
where unngexc P — plot point e — e (Fig. 4), cor-
responding to the beginning of unloading; G =
E/(2(1 + v)) — elastic shear modulus.

In the framework of the deformation theory of
plasticity of concrete, let us consider the case
shown in Fig. 4, when the deformation process
starts in the tensile zone of concrete and active
loading is carried out along the OP trajectory
(described in detail in [41, 42]).

According to [41, 42], at the loading step, at
each subsequent time instant the reduced strain
exceeds its value at the previous time instant:

International Journal for Computational Civil and Structural Engineering



Experimental Substantiation of Constants in the Mathematical Model of Concrete in Structures Made

by 3D Printing Technology

ge™l > g, where i is the conditional number of
the moment (step) of the analysis. If the analysis
at the considered step demonstrates e > ¢e”, the
loading process continues. In the case where ¢e
< &, elastic unloading occurs, which corre-
sponds to equation (5).

P

Figure 4. Unsymmetrical “o-¢”” diagram for
concrete

The analysis of the considered situation shows
that the mathematical model of concrete, devel-
oped for the traditional technology of manufac-
turing of structures, corresponds to the condi-
tions of realization of the elastic unloading
phase in the mode of tensile stresses. The reali-
zation of the elastic unloading phase is ensured
by the homogeneous structure of concrete
throughout the entire volume of the structure un-
der cohesion failure conditions.

2270

The cohesive mechanism of tensile fracture adopted
in the traditional mathematical model of concrete is
substantiated by numerous experimental studies and
corresponds to a key constant in the form of concrete
tensile strength (Rot). A number of methods for mod-
eling the process of crack development in mono-
lithic concrete, including the method of distributed
(“smeared”) cracks, have been developed based on
the use of this constant (Ro).

The 3DCP technology of layer-by-layer horizontal
concrete extrusion has fundamental differences
from the traditional technology, which is that the
volume of concrete in the structure is formed layer
by layer. The concrete structure made by the method
of layer-by-layer concrete extrusion consists of con-
crete layers formed during the passage of the extru-
sion head of the 3D printer, and contact zones of
such layers (Fig. 5). The concrete of the layers is het-
erogeneous (Fig. 5b): the main part of the layer vol-
ume (estimated up to 80%) has a structure close to
the traditional concrete structure; the volume of con-
crete forming the outer part of the layer (estimated
up to 20%) has a more loose structure with increased
porosity, which is confirmed by studies [21]. The in-
teraction of concrete layers is determined by the
mechanism of adhesion of layers with a certain level
of adhesion strength (Radn), which is determined by
the composition of concrete mixtures including
binders, such as cement. In general, at the micro
level, the assumed scheme of interaction of struc-
tural elements (layers) is presented in Fig. 5¢, which
requires experimental confirmation.

concrete layer n+1

T -y

- B

(0550007

(a) (b)

by-layer extrusion of concrete: a) - scheme of layers of the structure (Li -

(c)

Figure 5. Peculiarities of the structure of the concrete structure made by the technology of layer-

layers of concrete); b) -

scheme of the layer structure (1 - central area of the layer; 2 - outer area of the layer); c) - as-
sumed scheme of interaction of the layers of the structure
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Taking into account these features of concrete
structure in the structure made by layer-by-layer
extrusion by 3DCP-method, the model of con-
crete of such a structure, including basic con-
stants based on cohesive fracture mechanism,
should be adapted to the fabrication technology
on the basis of taking into account the actual
characteristics and fracture mechanisms that are
realized by concrete. Thus, to substantiate the
parameters of the adapted model of concrete,
correctly reflecting the specific features and in-
fluence of the manufacturing technology, it is
necessary to perform experimental studies to de-
termine the mechanisms of fracture and me-
chanical characteristics of concrete in the struc-
ture made by the method of layer-by-layer hori-
zontal concrete ex-trusion.

For experimental studies of concrete compres-
sive strength (Ro), fragments of the structure
made by layer-by-layer extrusion by 3DCP
method (Fig. 6a) and control specimens made by
traditional technology (Fig. 6b) were made.

(@)
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Fragments of the structure for 3DCP-concrete
samples were made by layer-by-layer extrusion
using a 3D printer with an extrusion head, which
provides the formation of a layer of concrete
with a width of 50 mm and a thickness of 20
mm. The structure for making 3DCP-concrete
specimens is a rectangular slab of 200x200 mm
size with a thickness of 100 mm (Fig. 6a). Mul-
tilayer 3D printing was applied in the fabrication
of the fragments. For 3DCP-concrete samples, a
special mixture for 3D printing produced by the
building materials industry of the Russian Fed-
eration was used. Control samples were made of
this mixture using the traditional technology, in-
cluding concrete compaction in the formwork.
Cylinder specimens with a diameter of 70 mm
(Fig. 6¢) were selected from the fragments of
structures for testing. From the fragments of the
structure made by layer-by-layer extrusion us-
ing the 3DCP method, cylinder specimens were
selected by drilling parallel and perpendicular to
the layers of extrusion.

979

200

200

(b) (c)

Figure 6. Geometric dimensions of concrete fragments for determining the compressive strength
of concrete (Rb) a - samples made of fragments by the method of layer-by-layer horizontal extru-
sion of concrete; b - samples made by the traditional technology with compaction of concrete
mixture; ¢ - scheme of drilling out cylinder samples from concrete fragments for determining the
compressive strength of concrete (Rb)

Compression testing of the specimens was per-
formed according to the method recommended
by FIB on a laboratory press machine MEGA 6-
3000-100 (Form+Test, Germany) with a maxi-
mum compression force of 3000 kN. The load-
ing of the specimen was carried out at a constant
rate of 0.6 MPa/s.

For testing, the specimen ends were machined
to obtain a plane perpendicular to the longitudi-
nal axis of the specimens. Before the tests the
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specimens were prepared to standard humidity
(55%). The tests were carried out within 30-36
days after fabrication of fragments for 3DCP-
concrete specimens and control specimens.

The values of compressive strength were de-
termined by loading the specimen-cylinders
with compressive loads in the press equipment

(Fig. 7).
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(a)

(b)

Figure 7. Test of cylinder specimens for determining the compressive strength of concrete (Rp) a -
test with loading perpendicular to the extrusion layers; b - test with loading parallel to the extru-
sion layers

For experimental investigations of concrete ten-
sile strength (Rot), beam specimens of two types
of sizes (bxhxl) were fabricated (Fig. 8) using
3DCP technology: 100x100x400 mm (series 1);
150x150x600 mm (series 2). The control beam
specimens with similar dimensions were manu-
factured using conventional technology with
concrete mix compaction.

3DCP-concrete specimens were produced by
layer-by-layer extrusion using a 3D printer with

an extrusion head, which ensures the formation
of a layer of concrete with a width of 50 mm and
thickness of 20 mm. Multilayer 3D-printing was
used in the fabrication of the fragments. For
3DCP-concrete samples a special mixture for
3D-printing, produced by the building materials
industry of the Russian Federation, was used.
Control samples were made of this mixture ac-
cording to the traditional technology, including
concrete compaction in the formwork.

X R
(@) (b)
Figure 8. Geometric dimensions of concrete fragments for determining the tensile strength of con-
crete (Rot), made fragments by layer-by-layer horizontal extrusion of concrete: a) - specimens for
flexural tensile tests under loading perpendicular to the layers of the seal; b) - specimens for flex-
ural tensile tests under loading parallel to the layers of the seal; ¢ - control specimens made by
traditional technology

Flexural tensile testing of specimens was per-
formed according to the method recommended
by FIB on a laboratory press machine MEGA 6-
3000-100 (Form+Test, Germany) with a maxi-
mum force of 100 kN. The loading of the

\Volume 20, Issue 4, 2024

specimen was carried out at a constant rate of
0.05 MPals.

Tensile strength (Rot) testing of concrete speci-
mens was performed on the press with loading
at two points (Fig. 9).
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(a) (b)
Figure 9. Testing of concrete tensile strength (Rut) specimens (a) specimens for flexural tensile
tests when loaded perpendicular to the extrusion layers; (b) - specimens for flexural tensile tests
when loaded parallel to the extrusion layers; (c) tests of control specimens

3. RESULTS AND DISCUSSION

The results of the concrete compressive strength
(Rob) tests are presented in Table 1.

Oleg V. Kabantsev, Alexey V. Karlin

Table 1. Results of concrete compressive strength studies (Rb)

Cylinder specimens made
by 3DCP method in com-

Cylinder specimens made by 3DCP

\variation (%)

Type of pression along the X-axis method in compression along the Y-axis| Control
No . . . :
characterization | (parallel to the extrusion |(perpendicular to the extrusion layers) /| samples
layers) / % of control val- % of control values
ues
1 |Average value 17,0/ 68,8% 19,7/ 79,8% 24,7
2 |RMS deviation 1,2 1,8 -
3 Coefficient of 71 9.26 i

The analysis of the results of concrete compres-
sive strength (Rp) studies demonstrates failures
by traditional cohesive mechanisms. At the
same time, the reduction of concrete strength
characteristics by =20-30%, which is deter-
mined by the presence of the outer area of the
concrete layer with higher porosity compared to
the central area of the layer. To the greatest ex-
tent, the influence of the outer region of the con-
crete layer is realized when the specimen is
loaded parallel to the extrusion layers: the tan-
gential stresses destroying the specimen form
cracks confined to the contact areas of the lay-
ers. The interaction of concrete layers is deter-
mined by a complex mechanism, including,
among others, the adhesive interaction of layers
subjected to tensile tangential stresses. It should
be taken into account that the value of adhesive
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strength (Radn) is significantly lower than the
concrete tensile strength (Rot), which corre-
sponds to the cohesive failure mechanism. The
combination of dissimilar fracture mechanisms
(adhesive and cohesive) leads to a 31.2% de-
crease in the concrete compressive strength (Rb)
when the specimen is loaded parallel to the ex-
trusion layers in relation to the control speci-
mens made of monolithic concrete.

The values of the coefficients of variation of the
compression test results of the specimens indi-
cate insignificant deviations from the average
values of the test results, which correctly re-
flects the peculiarities of the structure of 3DCP-
concretes for compression conditions.

The results of the concrete tensile strength (Rut)
tests are presented in Table 2.
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Table 2. Results of tensile strength of concrete specimens (Rot)

Ne

Type of
characteristic

Specimens for flexural tensile

tests when loaded perpendicu-

lar to the extrusion layers / %
of control specimen

Samples for flexural tensile
tests when loaded parallel to
the extrusion layers / % of
reference sample

Beam test specimens for
bending tensile tests

100x100x400 [150x150x600 [L00x100x400/150x150x600 100X 100x400[150%150x600
mm mm mm mm mm mm
1 |Average value| 2,23/69,25 | 2,08/ 78,49 | 0,19/5,90 | 0,22/8,30 3.22 265
2 RMS 0,32 0.25 012 011 0.22 0.29
deviation
3 Coefficient of 14,45 11,89 ; 53,16 6,70 10,88
\variation (%)

The analysis of the results of concrete tensile
strength (Rot) studies demonstrates a pro-
nounced anisotropy of the concrete structure
material made by the technology of layer-by-
layer extrusion.

Under the action of external loads perpendicular
to the layers of extrusion (direction of tensile
stresses is parallel to the extrusion layers), the
destruction of samples by cohesive mechanism
is observed. The reduction of concrete strength
characteristics by ~20-30% was recorded. The
magnitude of strength reduction depends on the
size of experimental samples and is determined
by the presence of the outer area of the concrete
layer with higher porosity in comparison with
the central area of the layer and, accordingly, the
reduced strength of the concrete of the outer
area. The presence of the concrete area with re-
duced density leads to a decrease in the re-
sistance of the compression zone of the experi-
mental specimen, which determines the reduc-
tion of the failure load level and, consequently,
to a decrease in the tensile strength of concrete
(Rot).

At action of external loads parallel to layers of
extrusion (direction of tensile stresses is perpen-
dicular to the extrusion layers) the destruction of
samples on adhesive mechanism is observed -
destruction occurs on planes of contact of layers
without presence of damages of a surface of
concrete of layers in a zone of the destroyed
contact. At the same time, a multiple (=90-95%)
decrease in the tensile strength of the specimen
was recorded.
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Such a significant reduction of mechanical char-
acteristics is determined by a fundamentally dif-
ferent structure of concrete in the structure: con-
crete has a pronounced layered structure. The
layers of the structure are made with a break in
time and (in the absence of special structural
measures) interact by the mechanism of adhe-
sion. Under the conditions of tensile stresses
per-perpendicular to the layers of extrusion, de-
struction is realized by the weakest mechanism
of mutual interaction of concrete elements of the
structure - by the mechanism of destruction of
adhesive interaction of layers with adhesive
strength (Radn), the value of which is many times
lower than the tensile strength of concrete (Rbt),
corresponding to monolithic compacted con-
crete.

An important feature of the fracture mechanism
of adhesive interaction is its brittle character:
the unloading phase is practically absent, frac-
ture occurs within a short time. For detailed
studies of the unloading phase with adhesive
fracture mechanism, it is necessary to perform
additional studies.

The values of the coefficients of variation of the
tensile test results indicate acceptable deviations
from the average values of the test results when
loading perpendicular to the extrusion layers.
For loading conditions along the extrusion lay-
ers, the values of variation coefficients show
high heterogeneity of the results, which corre-
sponds to the high variability of the key indica-
tor of monolithicity of the tested structure - ad-
hesion strength of contact interaction between
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the layers (Radh). The analysis of experimental
results shows that the tests demonstrate funda-
mental differences in the mechanical character-
istics of 3DCP-concretes from the analogous pa-
rameters of traditional cast-in-place concrete.
Thus, when external loads are applied perpen-
dicularly to the extrusion layers (direction of
tensile stresses is parallel to the extrusion lay-
ers), the specimen fracture is realized by the
mechanism of cohesive failure of concrete of
extrusion layers with reduced tensile strength
(Rut). When external loads are applied parallel to
the extrusion layers (direction of tensile stresses
is perpendicular to the extrusion layers), the
specimen fracture is realized by the mechanism
of adhesive interaction failure of layers with ad-
hesive strength (Radn). Such different fracture
mechanisms determine a pronounced anisotropy
of the material of the concrete structure made by
the technology of layer-by-layer extrusion. The
presence of different fracture mechanisms
should be taken into account in the mathemati-
cal model of concrete: for the conditions of
loading parallel to the extrusion layers, the value
of adhesive strength (Radn) should be used as a
key constant of the model.

The analysis of the experimental results shows
that in compression mode the deformation of the
samples qualitatively coincides with the known
diagrams of concrete deformations of structures
made by traditional technology. The diagrams
of deformation diagrams of concrete structures
made by 3D-printing technology are similar to
the traditional diagrams of concrete defor-
mation. As a key constant of the mathematical
model of concrete can be used the value of con-
crete compressive strength (Rb), corresponding
to the cohesive failure mechanism, but corrected
on the basis of experimental studies, corre-
sponding to the type of construction made by
3D-printing technology. Differences are ob-
served only in the value of ultimate compression
stresses (oc) corresponding to the point C(ec,oc)
and some difference in the value of &.. To deter-
mine more precisely the differences in the limit
values of relative strains (), it is necessary to
conduct additional studies. In view of the above,
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it seems reasonable to adopt the scheme of the
diagram “o-¢” in the compression mode of con-
crete structures made by 3D-printing technology
similar to the scheme of deformation of concrete
structures made by traditional technology (the
proposals are presented in Fig. 10).

_— £

£ C

Figure 10. Fragment of the diagram of the “o-
¢’ diagram for concrete in compression mode:
1 - concrete in structures made by traditional
technology; 2 - concrete in structures made by
3D-printing technology (compression perpen-
dicular to the printing layers); 3 - concrete in
structures made by 3D-printing technology
(compression parallel to the printing layers)

The analysis of experimental results shows that
the deformation of specimens in the tensile
mode has significant differences.

When the specimens are loaded perpendicularly
to the extrusion layers (direction of tensile
stresses is parallel to the extrusion layers), the
deformation of the specimens coincides qualita-
tively with the known diagrams of concrete dia-
grams of structures made by traditional technol-
ogy. The coincidence of deformation diagrams
is determined by the same cohesive failure
mechanisms. As a key constant of the mathe-
matical model of concrete can be used the value
of concrete tensile strength (Rut), corresponding
to the cohesive fracture mechanism, but cor-
rected on the basis of experimental studies, cor-
responding to the type of structure made by 3D
printing technology. The diagrams of concrete
deformation diagrams of the 3D-printed struc-
ture are similar to the traditional concrete defor-
mation diagrams. Differences are observed only
in the value of ultimate compressive stresses
(00) and some difference in the value of ultimate
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relative strains (et). For more precise determina-
tion of differences in the limit values of relative
strains (et) it is necessary to carry out additional
studies. In view of the above, it is reasonable to
consider the scheme of the c-¢ diagram in the
tensile mode of concrete structures made by 3D-
printing technology under loading perpendicu-
lar to the extrusion layers to be similar to the
scheme of deformation of concrete structures
made by traditional technology (the proposals
are presented in Fig. 11, line 2).

When the specimens are loaded parallel to the
extrusion layers (direction of tensile stresses is
perpendicular to the extrusion layers), the defor-
mation of the specimens has a prin- tially differ-
ent character. This is determined by adhesive
mechanisms of specimen fracture with the de-
struction of adhesive interaction between the

R.=C

= I
€ adh”

Gy 4

Ru=0y

layers. As a key constant of the mathematical
model of concrete should be used the value of
adhesion strength of contact interaction of lay-
ers (Radn), corresponding to the adhesion failure
mechanism Adhesion strength (Ragn) is many
times lower than the tensile strength of concrete
(Rot), which limits the tensile strength of the
specimen to the value of adhesion strength. The
adhesive failure is brittle in nature (Fig. 12, line
3) and the angle of inclination of the unloading
line to the vertical («) tends to 0. The value of
the limit value of relative strain in the adhesive
fracture mechanism (etadn) is significantly lower
than the analogous value for concrete in struc-
tures made by conventional technology (et). To
determine the exact values of a and etadn it IS
necessary to perform additional studies.

——

£

£

Figure 11. Fragment of the diagram of o-¢ diagram for concrete in the tensile mode: 1 - concrete

in structures made by traditional technology; 2 - concrete in structures made by 3D-printing tech-

nology (stretching along the printing layers); 3 - concrete in structures made by 3D-printing tech-
nology (stretching perpendicular to the printing layers)

The presented stress-strain dependence (“o-¢”
for 3DCP-concretes has prin- cipal differences
from similar dependences for traditional cast-in-
place concretes. First, the “o-¢” dependence
shows a pronounced anisotropy: the stress limits
have significant differences for different direc-
tions (along the seal layers/perpendicular to the
seal layers). Secondly, the mode of unloading is
also fundamentally different: when tensile along
the print layers, the concrete demonstrates a
smooth mode of fracture, close to the fracture
patterns of monolithic concrete made by
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traditional technologies. When stretching per-
pendicular to the seal layers, the unloading cor-
responds to the brittle fracture mechanism.

It should be emphasized that the currently used
engineering methods of calculation of concrete
and reinforced concrete structures, as well as
methods of physically nonlinear calculation
cannot realize such significant differences in
mechanical characteristics in different direc-
tions of concrete in the structure. Traditional
mathematical models of concrete, based on iso-
tropic properties of concrete and cohesive
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failure mechanisms, do not allow to justify by
calculation the level of bearing capacity and re-
liability of structures made of 3DCP-concrete,
which essentially restrains the development of
promising innovative technology. Conse-
quently, the existing calculation methods need
to be finalized and improved (on the basis of an
adapted mathematical model of concrete for the
conditions of structural fabrication by layer-by-
layer extrusion, taking into account fundamen-
tally different failure mechanisms), which will
allow the use of such methods for calculations
of structures made by 3D printing technology.

4. CONCLUSIONS

The analysis of the performed research allows
us to formulate conclusions:

1. The structure of concrete in structures made
by the method of layer-by-layer horizontal ex-
trusion of concrete (3DCP) has a layered piece-
wise homogeneous structure, which forms fun-
damental differences from the structure of con-
crete in structures made by the traditional tech-
nology of cast-in-place concrete with compac-
tion over the volume of the structure.

2. The results of experimental studies of con-
crete samples in structures made by the 3DCP
method testify to the pronounced anisotropy of
concrete properties of such a structure. In a sim-
plified form (with limitations determined by the
technology of layer-by-layer extrusion), it is ac-
ceptable to define concrete in structures made
by the 3DCP method as a piecewise homogene-
ous layered orthotropic material having differ-
ent values of mechanical characteristics along
mutually orthogonal axes.

3. The results of the research substantiate that
fractures in compression mode of concrete
structures made by the 3DCP method occur by
complex mechanisms. Under loading perpen-
dicular to the extrusion layers, failure occurs by
cohesive mechanism. When loading parallel to
the extrusion layers, fracture is determined by a
complex mechanism, including, among others,
adhesive interaction of layers subjected to
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tensile tangential stresses. As a key constant of
the mathematical model of concrete can be used
the value of concrete compressive strength (Rb),
corresponding to the cohesive mechanism of
fracture, but corrected on the basis of experi-
mental studies corresponding to the type of
structure made by 3D printing technology. The
scheme of “stress-strain” diagram (“o-€”) in the
compression mode of concrete of structures
made by 3DCP method can be accepted as sim-
ilar to the scheme of deformation of concrete of
structures made by traditional technology.

4. The results of the research substantiate that
tensile failure of concrete structures made by the
3DCP method under loading perpendicular to
the extrusion layers (direction of tensile stresses
is parallel to the extrusion layers) occurs by the
cohesive mechanism. As a key constant of the
mathematical model of concrete can be used the
value of concrete tensile strength (Rot), corre-
sponding to the cohesive mechanism of failure,
but corrected on the basis of experimental stud-
ies corresponding to the type of construction
made by 3D printing technology. The stress-
strain diagram (“o-¢”) in the tensile mode under
loading perpendicular to the extrusion layers
can be assumed to be similar to the deformation
diagram of concrete structures made by tradi-
tional technology.

5. The results of the research substantiate that
the fracture in the tensile mode under loading
parallel to the extrusion layers (direction of ten-
sile stresses is perpendicular to the extrusion
layers) occurs by the adhesion mechanism. The
value of adhesion strength of layer interaction
(Radn), corresponding to the adhesive mecha-
nism of fracture, can be used as a key constant
of the mathematical model of concrete. The
stress-strain diagram (“o-¢”) in the tensile mode
under loading parallel to the extrusion layers in
the ascending section can be approximated by a
straight line with a constraint determined by the
value of the adhesion strength (Radn). The adhe-
sive failure has a brittle character and the angle
of inclination of the unloading line to the verti-
cal (o) tends to 0.
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6. The presented experimentally substantiated
key constants of the mathematical model of con-
crete provide adaptation of such a model for
concrete in structures made by layer-by-layer
extrusion. The proposed adapted mathematical
model and new types of key constants serve as
a basis for the development of engineering
methods of calculation of structural elements
made of 3DCP-concrete, as well as for the de-
velopment of numerical methods of calculation
of structures made of 3DCP-concrete in the fi-
nite element formulation taking into account the
physical nonlinearity and anisotropy of the
structural material. The creation of methods for
the calculation of 3DCP-concrete structures will
allow to remove restrictions on the mass appli-
cation of 3DCP technology in the construction
of buildings and structures.
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EARTHQAUKE OF BUILDINGS AND STRUCTURES: REGULA-

TORY "MUST-DO" OR SCIENTIFICALLY SUBSTANTIATED
RESULTS

Alexander M. Belostotsky, Alexander I. Nagibovich, Pavel I. Novikov,

Vladislav V. Vershinin
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: Within the present article the problem of selection and substantiation of “compensating measures” to
provide earthquake resistance of buildings and structures which have deviations from structural regulatory re-
quirements is considered. The authors proposed and tested a theoretical approach to substantiation of earthquake
resistance of buildings and structures as opposed to unreasonable utilization of seismic isolation devices. The
proposed approach is demonstrated through validation of seismic resistance of the Choreographic Academy
building located in Sevastopol city with the use of a numerical (finite element) analysis performed in a physical-
Iy nonlinear dynamic formulation, taking into account the structural solution compensating extra factor.

Keywords: mathematical modeling, numerical methods, finite element method, earthquake resistance,
seismic protection, stress-strain state, structural solutions compensating factor, scientific and technical support

CEMCMOCTOMUKOCTH 3JAHUHN U COOPY KEHUM:
HOPMATHUBHAS "OBSI3AJIOBKA" NJIU HAYYHO-
OBOCHOBAHHBIE PE3YJbTATHI

A.M. berocmoukuii, A.H. Hacuooeuu, I1.U. Hosuxoe, B.B. Bepuwiunun

Hanunonanenslii nccnegoBaTenbckuii MOCKOBCKHN FOCYJapPCTBEHHBIN CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCUA

AHHOTanMsI: B cTaTbe IpeCTaBlieHa MpodieMa BbIOOpa M 00OCHOBAaHHS «KOMIICHCHUPYIOLIMX MEPONPHUSTHID
Juisl oOecriedeHust CeHCMOCTOMKOCTH 3/IaHNil U COOPYKECHUH C OTCTYIICHUSIMUA OT HOPMAaTHBHBIX KOHCTPYKTHB-
HBIX TpeOOBaHMii. ABTOpaMH IPEUIOKEH U anpoOMpOBaH pacyeTHBIH MOJX0J K 0O0OCHOBAHHIO CEHCMOCTOMKO-
CTH 3[JaHUIl M COOPYXXCHHUI B MPOTHBOBEC HEOOOCHOBAHHOMY NPHMEHEHHUIO CEHCMOM30IMPYIOIINX YCTPOHCTB.
[IpennoxeHHbIH TOAX0A AEMOHCTPUPYETCs Ha IIpuMepe 00OCHOBAHUS CEHCMOCTONKOCTH 31aHuss Xopeorpadu-
Yyeckoi akazemMud B T. CeBacTONONb C peaM3alreil YNCICHHOTO (KOHEYHO-3JIEMEHTHOT'0) MOJEIMPOBAHUS B
(u3HUeCKU-HENMHEWHON JMHAMUYIECKON TOCTAHOBKE C YUETOM JIOMOJIHUTEIBHOTO KOMIIEHCHPYOIETo Ko3ddu-
LMEHTa KOHCTPYKTUBHBIX PEIICHNH.

KnroueBble cjioBa: MaTeMaTHYECKOE MOACIMPOBAHUE, YUCIICHHBIC MCTO/Ibl, METO KOHCYHBIX 3JIEMCHTOB,
CeCMOCTOMKOCTD, celicMO3alluTa, HAPSHKEHHO-/1e()OPMUPOBAHHOE COCTOSIHUE,
KOMITCHCUPYIOLIHH KOA(PHUIUESHT KOHCTPYKTUBHBIX PEIICHUH, HAYYHO-TEXHUYECKOE COMPOBOXKIICHNE

PROBLEM RELEVANCE

For unique buildings, structures and complexes
with bold modern architecture, designed and
constructed in earthquake-prone regions, it is a
common issue of compelled deviations from
structural requirements prescribed by current

\Volume 20, Issue 4, 2024

building codes [9]. In such cases certain com-
pensating measures are usually designed.

One of the ways to decrease seismic forces is
to construct a specific seismic protection sys-
tem. There is a view that installation of seis-
mic isolation devices (seismic isolation pads,
dampers, etc.) by itself is enough to provide
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sufficient earthquake resistance. Such design
solutions are often proposed without any theo-
retical substantiation. Evidently, installation
of seismic isolation and (or) damping devices
will change the eigen spectrum of a structure,
but, without a sophisticated theoretical analy-
sis, it is impossible to determine whether cor-
responding changes of the structure dynamic
response will provide its better earthquake
resistance or not.

An alternative proposed and tested on several
unique structures by the authors [2] is to use the
following measures as compensating ones:

» Detailed accounting of loads and excitations,
in particular their actual areas of application,
seismological parameters, potential earthquake
focuses, possible earthquakes and their spectra.
Design response spectra and ground accelera-
tion histories are developed basing onto seismic
microzonation of a construction site.
 Structural solutions extra factor K, is taken
into account during design earthquake analysis
and maximum considered earthquake analysis
when there are deviations from the require-
ments of SP 14.13330 [9].

» Sophisticated theoretical substantiation of
structural safety parameters for special load
combinations including the seismic loading. A
theoretical substantiation of structural safety
is prescribed by SP 14.13330 [9] which re-
quires to account of current standards. Among
design parameters are: a location of the con-
struction site, a structure type according to its
function, a structure risk category (Ko), a de-
sign level of structural damage during an
earthquake (K1), energy dissipation factor
(Ky), and structural solutions factor (Kz). Al-
so, the following factors altering the stress-
strain state of the structural system shall be
taken into consideration: foundation bed stiff-
ness,  soil-structure interaction, three-
dimensional response of the structural system,
orientation of the structure relative to the
seismic sources, heterogeneous damping in
structural elements, and, where necessary,
nonlinear properties of structural materials,

242

large deformations and large strains of struc-
tural elements and their erection sequence.

« Scientific and technical support during design
and construction with eventual determination of
actual earthquake resistance of a structure using
its dynamic characteristics obtained from thor-
ough microseismic-based investigations.

The mentioned issues can be illustrated by a
representative example of the Choreographic
Academy located in Sevastopol city.

BUILDING DESCRIPTION

The construction site of the educational facil-
ity is located in the coastal zone with signifi-
cant difference of local topography. The
building has a planform of open rectangle
(114.8x104.9 m) and is divided into six dy-
namically independent blocks with various
number of stories (up to 8 stories), functions
and architecture. The general view of the
Choreographic Academy is shown in Fig. .
The structural system of the Academy is
classified as wall-frame with stiffness cores.
The cast-in-place reinforced concrete frame
is formed by vertical bearing elements — col-
umns, walls, and stiffness cores (staircase
and elevator blocks) — and horizontal floor
slabs.

All connections of structural elements are rigid.
The foundation is made of cast-in-place rein-
forced concrete and underlain by natural bed.
The construction site is located in the earth-
quake-prone region. According to the map

OSR-2015-A and SP 14.13330 [9], the seis-
mic intensity at the construction site is 8
grade with a mean return period of 500 years
and the probability of 0.90 for the seismic
intensity to stay within its nominal value
within a 50-years period (risk level “A”).
The construction site is classified as Catego-
ry Il based on the seismic behavior of foun-
dation soils.
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a) Architectural rendering
Figure 1. The general view of the Choreographic Academy

DEVIATIONS FROM THE REGULATO-
RY REQUIREMENTS

The most critical deviation from the require-
ments of SP 14.13330 [9] refers to the limit
height (number of stories) of the building. In
such cases when the limit number of stories is
exceeded due to functional requirements, it is
prescribed to utilize a specific seismic protec-
tion system. Also, there are deviations con-
cerning the shape of expansion joints as com-
pared to the required one in the cases when
separated blocks have significantly different
stiffness and (or) mass, foundation type, lay-
out of walls, diaphragms, bracing, stiffness
cores and columns.

COMPENSATING MEASURES

Initially, at the behest of “seismic market-
ers”, to reduce seismic forces, it was decided
to design and construct a special seismic pad
beneath the foundation slabs of the building
blocks. Also, the building frame was intend-
ed to be provided with damping system.

The interesting point is that the Choreo-
graphic Academy building locates in the im-
mediate proximity to a unique structure — the
Opera and Ballet Theater (Sevastopol city,
Fig. 2) which earthquake resistance in the
absence of any seismic protection system
was successfully substantiated by NIC

\Volume 20, Issue 4, 2024

s

6) Construction stage

StaDyO JSC [2]. The results of an elaborat-
ed dynamic analysis of the Opera and Ballet
Theater building validated the earthquake
resistance of the designed structural system
without any seismic protection system, which
has arisen certain questions concerning ne-
cessity of “enforced” measures to provide
earthquake resistance of the Choreographic
Academy.

The authors proposed an alternative — utiliza-
tion of “compensating measures” that do not
require mandatory seismic isolation. The
proposed approach is based onto real (not
“fake”) complex scientific and technical sup-
port including sophisticated theoretical anal-
ysis of major structural safety parameters,
performed independently of the design anal-
ysis.

Figure 2. Architecture rendering of the Opera
and Ballet Theater in Sevastopol city
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a) Blocks 1 and 2 model

c¢) Block 4 model

STRUCTURAL MODELING

Three-dimensional finite element structural
models of the Choreographic Academy blocks
were constructed in SCAD Office 21.1 software
using shell type and beam type finite elements.
Reinforced concrete columns, beams and brac-
ing were modeled with beam type finite ele-
ments, while reinforced concrete foundation
slabs, floors, bearing walls were meshed with
triangular and quadrilateral shell type finite el-
ements of constant thickness. Foundation bed
elastic properties required for the static analysis
were determined using KROSS software. Math-
ematical models of blocks having joint founda-
tion were assembled together, and the full mod-
el was analyzed.

Design earthquake effects were determined
through modal response spectrum analysis.
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d) Block 6 model
Figure 3. Mathematical (finite element) models of the Choreographic Academy blocks

Three directions of a seismic ground motion
were considered: along X and Y horizontal axes
and along Z vertical axis. The corresponding re-
sponse spectra ignoring Ko, K1, Ky, K2 factors are
shown in Fig. 4.

Dead and live gravitational loads were consid-

ered according to Table 5.1 of SP 14.13330 [9].

Requirements of SP 13.13330 [9] concerning
the minimum value of a combined modal mass
participation were fulfilled as well.

Due to the deviations from the requirements of
SP 14.13330 [9] (caused by the challenging
construction site conditions and functional re-
quirements) design earthquake effects were cal-
culated using structural solutions extra factor Kz
= 1.2. Adopted values of seismic load factors
Ko, K1, Ky, K2 are given in Table 1.
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Figure 4. Spectral response acceleration (ignoring Ko, K1, Ky, K2 factors) for horizontal (colored in
red) and vertical (colored in blue) components of the design earthquake according to SP

14.13330.2018

Table 1. Adopted values of seismic load factors

No. Factor Design earthquake Maximum considered earthquake
1 Ko 11 15
2 K1 0,3 1,0
3 Ky 1,0 1,0
4 K> 12 12

Maximum considered earthquake effects were
calculated through nonlinear dynamic analysis
with seismic excitation applied in the form of
the ground acceleration history having three in-
dependent components. To integrate the equa-
tions of motion over time, the implicit New-
mark scheme was used with a time increment
set equal to 0.005 s. Damping in the structural
model was defined as the Rayleigh one corre-
sponding to 5% of the critical damping. Within
the nonlinear dynamic analysis, reinforcement
and concrete of vertical bearing elements were
modeled taking their physically nonlinear prop-
erties defined as bilinear stress-strain curves
into account. Horizontal structural elements
were modeled as elastic ones.
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The analysis was performed in two stages. At
the first stage, dead and live loads were stati-
cally applied and retained in the further anal-
ysis. At the second stage, a ground displace-
ment history having three independent com-
ponents and time duration of 25 s came into
action. An example of ground displacement
history and corresponding ground accelera-
tion history having three independent com-
ponents and used in calculations are shown
in Fig. 5.

Reinforcement of concrete structural elements
was defined in the mathematical model ac-
cording to design drawings (see, for instance,
Fig. 6).
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Figure 5. Ground acceleration (4x, Ay, Az) and displacement (Sx, Sy, Sz) histories
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Figure 6. Wall reinforcement in Block 1 model

RESULTS

Results of the conducted analyses exhibited
consistent distribution of displacements and
forces (Figs. 7, 8, 9) in foundation and super-
structure structural elements of the Choreo-
graphic Academy blocks under special load
combinations including the seismic load.

It was determined that design parameters of the
building (geometry (layout and cross-sections),
material properties, characteristics of element
connections, values and combinations of loads)
provided compliance with the requirements con-
cerning strength, stability and limited defor-
mations of the structural system and its individu-
al elements.
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a) Ux, mm, time instant t = 14.20 s
Figure 7. Horizontal displacements induced by the special load combination including the maxi-
mum considered earthquake (the presented time instants correspond to the maximum absolute val-
ues of the displacement components)
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Nonlinear dynamic analysis of the building re-
sponse to the special load combination includ-
ing the maximum considered earthquake ap-
plied in the form of the ground motion history
(see Fig.5) revealed its spatial and time com-
plexity. Nevertheless, the design reinforcement
with the structural solutions compensating extra
factor K2=1.2 taken into account appeared to be
enough to provide structural safety.

Some of the results for the block 1 are presented
in Figs. 7-11 below.

Zones where the reinforcement reached its yield
stress are depicted in Fig. 10. Also, using the
SCAD postprocessor tools normal stresses in
the most severely strained cross-sections of in-
dividual reinforced concrete elements were de-
termined (see Fig.11).
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b) Uy, mm, time instant t = 12.70 s
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Figure 8. Horizontal displacements along X axis at the top of the block 1 induced by the special
load combination including the maximum considered earthquake with the structural solutions extra
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Figure 9. Horizontal displacements along Y axis at the top of the block 1 induced by the special
load combination including the maximum considered earthquake with the structural solutions extra
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a) Finite elements in which the reinforcement  b) Finite elements in which the reinforcement
reached its yield stress under tension reached its yield stress under compression

Figure 10. Finite elements in which the reinforcement reached its yield stress due to action
of the special load combination including the maximum considered earthquake with the structural
solutions extra factor K2=1.2 taken into account

Concrete:

Compression. The minimum of -17.3 MPa Concrete:
. Tension. The maximum of 1.29 MPa . Compression. The minimum of -17.1 MPa
Reinforcement rods in which the yield stress of 522 MPa Tension. The maximum of 1.05 MPa

was reached are shown by the arrows Reinforcement rods in which the yield stress of 522 MPa
was reached are shown by the arrows
a) Column 800200 mm on grid lines 16-17/E b) Column 800800 mm on grid lines 18/D

Figure 11. Normal stresses in the cross-sections of the reinforced concrete elements induced
by the special load combination including the maximum considered earthquake with the structural
solutions extra factor K2=1.2 taken into account
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CONCLUSION

1. Nonlinear dynamic analysis of the Choreo-
graphic Academy response to the special load
combination including the maximum considered
earthquake (applied in the form of the ground
motion history, see Fig. ) conducted using elabo-
rate three-dimensional finite element model re-
vealed spatial and time complexity of the build-
ing response. Nevertheless, the design rein-
forcement with the structural solutions compen-
sating extra factor K2=1.2 taken into account
appeared to be enough to provide structural
safety (preventing progressive collapse of the
building).

2. The very utilization of the *“compensating
measures” (we had not coined this term and be-
lieve there is a better one) which do not require
mandatory seismic isolation enabled to perform
the design and the scientific and technical sup-
port at a high level, and ensure the structural
safety of the one considered within the present
article and other truly unique buildings located
in the earthquake-prone regions without
groundless installation of a seismic isolation
devices. Among famous and the latest approved
by the FAI “Glavgosexpertiza of Russia” are
the Opera and Ballet Theater located in Sevas-
topol city (in the immediate vicinity to the Cho-
reographic Academy) and the Opera and Ballet
Theater located in Kaliningrad city.

3. The structural safety of unique, highly dan-
gerous, and technically sophisticated permanent
facilities shall be substantiated by a real scien-
tific and technical support including detailed
and independent analysis of major structural
safety parameters, not by its “imitation” usually
come down to uncountable references to highly
imperfect Russian building codes (a very gentle
characteristic when considering its part related
to the earthquake resistance of buildings and
structures), and (or) “juggling” with regular
“acts of the party and the government”.

4. The considered one and other plentiful ex-
amples of theoretical substantiation of the
earthquake resistance of buildings and struc-
tures performed by NIC StaDyO JSC and
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Zolotov Research and Educational Center for
Computational Modelling of the National Re-
search Moscow State University of Civil Engi-
neering state with absolute certainty that supe-
riority of structural requirements over results of
an elaborate theoretical analysis, which takes
place in the current Russian seismic building
design code [9], is desperately backward and
hazardous. Perhaps, such requirements should
be fulfilled only by underqualified design engi-
neers; on second thoughts, it is more rational to
keep such engineers off the substantiation of the
earthquake resistance of permanent facilities.
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