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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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OBLAA MHOOPMALIUA O XKXYPHANE

International Journal for Computational Civil and Structural Engineering
(Me>xAyHaPOAHEIII J)KYPHAA IO PACYETY I'PAXKAAHCKHUX M CTPOUTEABHBIX KOHCTPYKIIUH)

MexayHapoaHblii HayuHblIii skypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHbIii ;KypHaJI 110 pacyeTy rpaskIaHCKUX U CTPOUTEIbHBIX
koHcTpykuuii)” (IJCCSE) spnsercs BeayiuM HayYHbIM IEPUOANYECKUM U3/IaHUEM I10 HAlIPaBICHUIO
«VmxeHepHbIe U TEXHUUECKHE HayKn», n31aBaeMbIM, HauuHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B >xypHaisie Ha BBICOKOM HayYHO-TEXHHYECKOM
YPOBHE paccMaTpUBaIOTCSI IPOOIEMbI UUCIIEHHOTO U KOMITBIOTEPHOTO MOZIETIMPOBAHMS B CTPOUTENIBCTBE,
aKTyaJlbHble BOIPOCHI pa3pabOTKH, UCCIEIOBAHNUS, PA3BUTHS, BepuUKaIluK, anpodaluy U MPHIIoxKe-
HUI YHUCICHHBIX, YACICHHO-aHATTUTUYECKUX METOI0B, IPOTPAMMHO-AITOPUTMUYECKOTO 00eCTIeueHHS
1 BBINOJTHEHNS aBTOMATU3UPOBAHHOTO POEKTUPOBAHUS, MOHUTOPHHTA U KOMIUIEKCHOTO HAyKOEMKOTO
PacYeTHO-TEOPETUYECKOTO M AKCTIEPUMEHTAILHOTO 000CHOBAaHUS HANPSKEHHO-AEPOPMUPOBAHHOTO (U
MHOT'0) COCTOSIHUSL, TPOYHOCTH, YCTOWYMBOCTH, HA/IC)KHOCTH M O€30I1aCHOCTH OTBETCTBEHHBIX 0OBEKTOB
Ipa’kJJaHCKOTO U MPOMBIIIIJIEHHOTO CTPOUTENbCTBA, SHEPIeTUKY, MAIIUHOCTPOEHHUS, TPAaHCIIOPTa, OHO-
TEXHOJIOTHH U JIPYTUX BHICOKOTEXHOJIOTUYHBIX OTPACICH.

B penakiroHHbIi COBET )KypHalla BXOISAT U3BECTHBIC POCCUICKHE U 3apYOEIKHBIC S TEITN HAyKU
Y TEXHUKH (B TOM YHCIIE aKaJEMHUKH, WICHBI-KOPPECTIOHICHTHI, ”HOCTPAHHBIC YJICHBI, TOYETHHIC YWICHBI
1 coBeTHUKH Poccuiickoll akaieMuu apXUTEKTYpbl M CTPOUTEIBHBIX HayK). OCHOBHOM KpUTEPHil OT-
Oopa crareii 1y myOIMKaluy B )KypHaJe — UX BBICOKUI HayYHBI YPOBEHB, COOTBETCTBHE KOTOPOMY
OTIpE/IETISIETCS B XOJ1€ BHICOKOKBAJIM(ULIIMPOBAHHOTO PELIEH3UPOBAHUS U OObEKTUBHON 3KCIIEPTU3HI,
MOCTYTAIOLIUX B PEAKIIMI0 MaTEPUAIIOB.

AKypuan exooum 6 llepeuenv BAK P® sedywux peyenzupyemvix HayuHvlX U30aHUll, 8 KOMOPbIX
O0JIIICHYBL ObIMb ONYOIUKOBAHBL OCHOBHBIE HAYYHbBLE PE3YIbIMambl OUCCEPMAayUull Had COUCKAHUe Y4eHOl
cmenenu KaHouoama HAyK, Ha COUCKaHUe YYeHOU cmeneHu OOKmopa HAyK TI0 HayYHBIM CIIelUalb-
HOCTSIM U COOTBETCTBYIOIIUM UM OTPACIISAM HayKU:

* 1.1.8 — Mexanuka neopMUpyeMOTo TBEPOTO Tela (TEXHUUECKUE HAYKH),

* 1.2.2 — Maremarndeckoe MOJAEIMPOBAHNE YUCICHHbIE METO/IbI M KOMILJIEKCHI IPOTpaMM

(TexHUYECKHUE HAYKH),

* 2.1.1 — CTpoutenbHble KOHCTPYKIIUH, 3[IaHUS U COOPYKEHHUS (TEXHUYECKHE HAYKH),

* 2.1.2 — OcHoBaHus U PyHIAMEHTEHI, TOI36MHBIE COOPYKEHUS (TEXHUYECKUE HAYKH),

* 2.1.5 — CTpouTtenbHble MaTepUaIbl U U3ENNs (TEXHUUECKUE HAYKH),

* 05.23.07 — 'mapoTexXHUYECKOE CTPOUTEIBCTBO (TEXHUYECKUE HAYKH),

* 2.1.9 — CrpourenpHas MexaHUKa (TEXHUYECKUE HAYKH )

B Poccuiickoit denepanum xKypHan HHACKCUPYETCs POCCMICKUM HMHIIEKCOM HAyYHOTO LUTH-
posanus (PUHII).

JKypran exooum 6 6azy dannvix Russian Science Citation Index (RSCI), nonnocmuio unmezpu-
posannyto ¢ niamgpopmoti Web of Science. KypHan umeeT MeXITyHAPOTHBIN CTaTyC U BHICHUIACTCS B
Beylre OMOMMOTEKH U HAyYHbIE OPTaHU3alUUd MUPA.

M3narenn xypHana — Hzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8blCULUX YUEOHBIX 3a6e-
oenuti /ACB/ (Poccus, . MockBa) u 10 2017 rona HUz0amenvckuii oom Begell House Inc. (CILIA, .
Heto-Hopk). OpuimansHeIMU TApTHEPAMHI M3JaHUS ABNSETCs Poccuiickas akademus apXumexmypbl
u cmpoumenvuwix Hayk (PAACH), ocymiecTBisitonias Hay4YHOe KypupOBaHUe u3nanus, u Hayuno-uc-
cnedosamenvckuti yeump Cma/[uO (3A0 HULL Cta/lu0O).

Lenu :kypHaia — IeMOHCTPUPOBATH B MyOIHKAIMSIX POCCUICKOMY U MEXIYHAPOIHOMY IPO-
(beccroHaIbHOMY COOOIIECTBY HOBEUIITHNE TOCTHKEHHUS HAYKH B 00J1aCTH BEIYHACIUTEIBHBIX METOIOB
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pemeHust GyHAAMEHTAIbHBIX U MPHUKIAJHBIX TEXHUYECKUX 3a/a4, NPeKIe BCEro B 001acTH CTPOU-
TEJbCTBA.

3agaum KypHaga:

* IPeI0CTABJICHNE POCCUICKUM U 3apyOeKHBIM YUE€HBIM U CIIELIUATNCTaM BO3MOXKHOCTH ITyOIH-
KOBATh PE3YJIbTaThl CBOUX MCCIIEI0BAHUM;

* IpUBJICUEHNE BHUMaHHUS K HambOosee akTyalbHbIM, NEPCIEKTUBHBIM, IPOPHIBHBIM U WHTE-
PECHBIM HaIpPaBJICHUSAM PA3BUTHUS U MPUIOKEHUH YMCICHHBIX U YMCICHHO-aHATUTHYECKIX METOJIOB
pemieHust pyHIaMEHTAIbHBIX U MPUKIIAIHBIX TEXHUYECKUX 3a7a4, COBEPIICHCTBOBAHMS TEXHOJIOTHIA
MaTeMaTU4eCcKOro, KOMIIBIOTEPHOIO MOJEINPOBaHMs, pa3pabOTKU U BEpUPUKALUU PEATU3YIOLIETO
[IPOrpaMMHO-aJITOPUTMHUYECKOTO 00ecIIeueHHMs;

* obecrieyeHre 0OMEeHa MHEHUSIMH MEXKTy HCCIIEI0BATENISIMU M3 PAa3HBIX PETHOHOB M TOCY/IapCTB.

Temarnka sxypHana. K paccMoTpeHuto 1 myOiMKaiy B xKypHaJle IPUHUMAIOTCS aHATUTHYECKHE
MarepHalbl, HayYHble CTaTbu, 0030pPbl, PELIEH3UU U OT3bIBBI HA HAy4HbIEe MyOIUKAIMU IO (yHIaMeH-
TaJbHBIM U MPUKIIAJTHBIM BOIPOCAM TEXHUYECKHX HAyK, MPE’kKIE BCEro B 00JIaCTH CTPOUTENbCTBA. B
AKypHaJe TaKkke MyOIuKyroTcs HH(OPMALMOHHbBIE MaTepUallbl, OCBEILAOLIIE HayYHbIE MEPOTIPHUSTUS
U TIepeioBbIe JOCTIKeHHUs Poccuiickoit akaieMuu apXUTEKTYPbl U CTPOUTEIbHBIX HAyK, HAYYHO-00-
pa3oBaTeIbHBIX U MPOEKTHO-KOHCTPYKTOPCKUX OPraHU3alHM.

Temaruka crarteil, MpUHUMaeMbIX K MMyOJIHMKaLUKU B )KypHaJle, COOTBETCTBYET €r0 Ha3BaHUIO U
OXBAaTBIBACT HAIIPABJICHUS HAYYHBIX UCCIICOBAHUN B 001aCTH pa3pabOTKH, UCCIICAOBAHUS U IIPHUIIO-
YKEHHI YNCIICHHBIX U YUCIIEHHO-aHAIMTUYECKUX METOJIOB, IPOTPAMMHOT0 00€CTIEYeHH S, TEXHOIOT Mt
KOMIIBIOTEPHOT'O MOJICJIMPOBAHMS B PEIIEHUH MTPUKIIAJHBIX 3a/1a4 B 001aCTH CTPOUTEILCTBA, a TAKXKE
COOTBETCTBYIOILIME MPOPHUIbHBIE CIEIHATLHOCTH, MPEICTABICHHBIE B JUCCEPTALIMOHHBIX COBETaX
podUIBHBIX 00Pa30BaTEIbHBIX OPraHU3aLUAX BbICIIETO 00pa30BaHMUSL.

Penakumonnas nmoautuka. [lonuTrka pelakinOHHONM KOJUIErMH KypHasia 6a3upyeTcst Ha co-
BPEMEHHBIX IOPHINYECKHX TPEOOBAaHUSAX B OTHOIIEHHWH aBTOPCKOTO IMpaBa, 3aKOHHOCTH, IUIaruara
U KJIEBETHI, U3JIOKEHHBIX B 3aKOHOnarenbcTBe Poccuiickont @enepanny, U STHYECKUX MPUHLAIAX,
MOJI/IeP’KUBAEMbIX COOOLIECTBOM BEAYIIMX M3/aTesei HaydHOW NepUOIUKH.

3a nybauxayuio cmameti naama ¢ asmopog He e3viMaemcs. Ilyonukayus cmameii 8 xcypHane
oecnnamuas. Ha TIIaTHOM OCHOBE B JKypHaJle MOTYT ObITh OIyOJIMKOBAaHbl MaTe€puasbl PEKIaMHOIO
XapakTepa, UMeIoIlue NPsIMOe OTHOLIIEHHE K TeMaTHKe XKypHaJa.

XKypnai npenocTapiasieT HENOCPEACTBEHHBIN OTKPBITBIN 1O0CTYII K CBOEMY KOHTEHTY, UCXO/Is U3
CJIEIYIOIIEr0 MPUHIUIA: CBOOOIHBINA OTKPBITHIH TOCTYI K pe3yJbTaTaM UCCIIe0BaHUN CIIOCOOCTBYET
YBEJIUYEHUIO II100aTbHOr0 0OMEHa 3HaHUSMH.

HNupexcupoBanme. [lyOnukanuy B xKypHajie BXOIAT B CUCTEMbl PACUETOB MHJIEKCOB LIMTHPOBAHUS
aBTOPOB U >KypHAJIOB. «MHIIEKC IUTUPOBAHUS — YUCIOBOM MOKa3aTellb, XapaKTePU3YIOLHI 3HAYMMOCTb
JIAHHOM CTaThU Y BEIYUCIISTIOIIMIICS HAa OCHOBE MOCIISTYOIINX ITyOMKALININ, CCHUTAIOIMXCS HA TAHHYHO0 paloTy.

ABTopam. [Ipexnie ueM HampaBUTh CTAThIO B PENAKIMIO KypHaja, aBTOpam CielyeT O3Ha-
KOMUTBCSI CO BCEMHU MaTepHajlaMu, pa3MEIEHHbIMU B pa3fenax caiTa KypHaja (MHTepHEeT-CalT
Poccuiickoil akaeMun apXuTeKTypbl U cTpouTeabHbIX HayK (http://raasn.ru); monpasznen «M3nanus
PAACH» unu untepuet-caiit U3narensctBa ACB (http://iasv.ru); moapaznen « Kypuan [JCCSE»): ¢
OCHOBHOM MH(opManuel o XKypHaje, ero LHeIsIMU U 3a7a4aMi, COCTAaBOM PEAAKIIMOHHON KOJUIerHn
U PEJAaKLMOHHOI'O COBETA, PEJAKLIMOHHOMN MOJIUTHUKOM, TOPSIKOM PELICH3UPOBAHUS HAIPaBIISIEMbIX B
KYypHaJ CTaTel, CBEIEHUSIMU O COOJIIOACHUN PEJAKLIMOHHON 3THUKH, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMLEH3UPOBAaHUS, O MPEJICTaBIECHUH KypHasla B MHPOPMALIMOHHBIX cUcTeMaX (MHJIEKCUPOBAHUN),
uHpopMaLueil 0 TOANUCKE Ha KypHAaJ, KOHTAKTHBIMU JaHHBIMU U TIp. JKypHan paboTaeT mo JuieH-
3un Creative Commons Tuna cc by-nc-sa (Attribution Non-Commercial Share Alike) — JIunensus «C
yka3aHueM aBTopcTBa — Hekommepueckas — Konuner».
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PeuenzupoBanue. Bce HayuHble cTaThby, MOCTYNUBIINE B PEJAKIIMIO JKypHaja, MPOXOISIT
o0s13aTeNbHOE JIBOMHOE CIIeTIOe pelieH3MpPOBaHUE (PELIEH3EHT HE 3HACT aBTOPOB PYKOMHCH, aBTOPHI
PYKOMKCH HE 3HAIOT PELIEH3EHTOB).

3anMcTBOBaHUS M MJaruar. PenakinoHHas KOJIErus KypHajia Mpu pacCMOTPEHUH CTAaThbU
MIPOBOJUT MPOBEPKY MaTepuaia ¢ MOMOIIbI0 CUCTEMBbl «AHTUIIaruaT». B cimyuyae oOHapykeHUs
MHOTOYHCIICHHBIX 3aUMCTBOBAaHUN PEAAKIINS JEHCTBYET B cooTBeTCTBUHM ¢ TipaBuiamu COPE.

Moanucka. XKypnan 3apeructpupoBan B denepanbHOM areHTCTBE MO CPEACTBAM MAacCOBOMU
MH(OPMAIH U OXpaHbl KyJIsTypHOT0 Hacseaus Poccuiickoit Denepannu. MHaeKe B 0011epoCCUiCKOM
karanore POCIIEYATD — 18076.

[To Bompocam NOAMMCKU Ha MEXIyHapOIHBIH HayuyHbIN KypHan “International Journal for
Computational Civil and Structural Engineering (MeayHapoaHbIHi )KypHaJ IO pacyeTy rpa)IaHCKHX
U CTPOUTENBLHBIX KOHCTPYKINI)” oOpamaiitech B AreHTcTBO «Pocneuars» (OduimaabHbIi CaiT B
cetu UuTepHeT: http://Www.rosp.ru/) uiau B u31areabcTBO ACCOIMAIINN CTPOUTENBHBIX By30B (ACB)
B COOTBETCTBHUH CO CIIETYIOIIUMHI KOHTAaKTHBIMU JTaHHBIMU:

000 «H30amenvcmseo ACB»

KOpunnaeckwuii anpec: 129337, Poccus, . Mocksa, SIpociaBckoe 1., 1. 26, oduc 705;

®daxruueckuit aapec: 129337, Poccus, r. Mocksa, SIpocnasckoe 1., 1. 19, kopm. 1, 5 saTax,

oduc 12 (TLL Cone Momn);

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

NuTtepHeTr-caliT: www.iasv.ru. Aapec 3JIeKTpOHHOM MOYTH: 1asv(@iasv.ru.

KonrakTHas undopmaums. [To BceM Bonpocam paboThl peIaKkIMU, PELIEH3UPOBAHHUS, COTTIACO-
BaHUs IPABKU TEKCTOB U IMyOIMKALMU cTaTel clieayeT o0palarhes K INIaBHOMY PeIakTopy KypHaia
yneny-koppecnonaeHty PAACH Cuoopogy Baraoumupy Huxonaesuuy (ampeca 3IeKTPOHHON MOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) Wi K TEXHUYECKOMY
penaxrtopy xkypHaina coBeTHUKy PAACH Kaiimykoegy Taiimypa3zy bampazosuuy (agpeca 31eKTpOHHON
nouTthl: tkaytukov@gmail.com; kaytukov@raasn.ru). Kpome Toro, no ykazanHbIM BOIIpocam, a TaKxke
10 BOTIPOCaM pa3MelIeHHs B )KypHaJle PEeKIaMHBIX MaTepHalioB MOKHO 00paIIaThCs K TeHepaIbHOMY
mupekropy OO0 «M3narensctBo ACB» Hukumunoii Haoexxcoe Cepeeegne (anpeca 3JI€KTPOHHOM 110-
YThI: 1asv(@iasv.ru, nsnikitina@mail.ru, ijjccse@iasv.ru).

KypHaa cranoBuTcs TexHoJornuHee. VznarensctBo ACB ¢ centsi0pst 2016 rona sBisercs
yiieHoM MeXIyHapoIHOW acconuanuy u3aarteneit HayuyHoi mureparypsl (Publishers International
Linking Association (PILA)), ocymecTBustomnieii cBow aearenbHocTh Ha maTtdopme CrossRef.
OpuruHagbHBIM CTaThiM, MyOJIMKYyeMbIM B XKypHalse, OyayT IMpUCBAaUBaThCs YHHKaJbHbIE HOMEpa
(uanexcel DOI — Digital Object Identifier), uTo 3HaYUTENBHO OOIETYUT MOMCK METATAHHBIX U MECTO-
HaXOXKJEHHE MOTHOTEKCTOBOTO pousseneHus. DOI —3To cuctema onpeneneHus HAyYHOTO KOHTEHTa
B cetu MHTEpHET.

C okTs16pst 2016 roma cTasi BO3MOXKEH MTPUEM CTaTel Ha pACCMOTPEHUE U PELICH3UPOBAHUE Yepes
OHJIaliH cucTeMy npuemMa crareit Open Journal Systems Ha caiiTe )KypHasa (3J€KTpOHHAS PEAAKIINS):
http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp IMeeT BO3MOKHOCTb CIIC/IUTH 32 MPOABIKEHUEM CTAaThH B PEAAKIIMH KypHAJIa B INTHOM
kabunere Open Journal Systems u moay4yars COOTBETCTBYIOIINE YBEIOMIIEHHS 10 SIEKTPOHHOM MOYTe.

B ¢deBpane 2018 roga »xypnain Ob1 3apeructpuponat B Directory of open access journals (DOAJ)
(9TO OIWH U3 CaMBIX U3BECTHBIX TIOMCKOBBIX CEPBUCOB B MUPE, KOTOPHII MPEAOCTABISET OTKPBITHIN
JOCTYI K MarepuaiaM U MHACKCHPYET HE TOJBbKO 3aroJIOBKH KYpHAJOB, HO M HAy4YHBIE CTaThH), B
centsope 2018 rona BxiroueH B mpoxykrsl EBSCO Publishing.

B HOs16pe 2020 roma )xypHall Ha4yall WHIESKCUPOBATHCS B MEXKTYHApPOIHOM 6a3e Scopus.
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EXPERIMENTAL METHOD FOR STRUCTURAL CONCRETE
DAMPING PROPERTIES EVALUATION

Viadimir A. Smirnov, Michail Yu. Smolyakov
Moscow State University of Civil Engineering (MGSU), Moscow, RUSSIA

Abstract. This article proposes a solution for structural materials such as concrete and cement mortars dynamic
properties investigation using experimental modal analysis technique. The studied dynamic characteristics of
structural materials include the dynamic modulus of elasticity and the loss factor or its derivatives: the
logarithmic oscillation decrement or the relative damping coefficient. Closed expressions are presented for
determining the loss factor of mechanical vibrations, obtained on the basis of solving the differential equation for
vibrations of a single-mass dynamic system. A method for calculating the loss factor based on the analysis of the
spectrum of the transfer function of an oscillatory system loaded with an impulsive dynamic force is presented,
in which the results of measuring accelerations at various points of the sample are used as a response. The
experiments were carried out on short and long samples made from samples of structural materials - cement
mortars with a density of 1500 - 1900 kg/m* with special aggregates. Based on the solution of the equation of
oscillations of a beam with distributed masses, a formula is presented for determining the dynamic modulus of
elasticity of the beam material.

Keywords: dynamic tests, modal analysis, loss factor, modulus of elasticity, damping

IKCIIEPUMEHTAJIBHOE OITPEAEJEHUE
JAEMITIOUPYIOIIUX XAPAKTEPUCTUK
KOHCTPYKIHUOHHBIX MATEPHUAJIOB

B.A. Cmupnos, M.IO. Cmonaxos

HanuonaneHslit uccnenosarensckuit Mockosckuii 'ocynapcTBenHblil YHuBepeuteT, I. MockBa, POCCUA

AnHoTanus. B pabore ¢ mpumeHeHueM MeTola SKCIEPUMEHTAILHOIO MOJAIBHOIO aHallU3a HCCIemyeTcs
BO3MOXHOCTb ONIPEACICHUA TUHAMUYCCKUX XapaKTCPUCTUK KOHCTPYKIIUOHHBIX MaT€PUAIOB, TAKMX KaK OETOHBI
U LEMEHTHbIe pacTBOpbl. K HccienyeMbpiM AMHAMUYECKUM XapaKTePUCTHKAM KOHCTPYKLIMOHHBIX MaTepHalioB
OTHOCSIT TUHAMHYECKUH MOJYJIb YIIPYTOCTH U KOA(PHULIUESHT OTEPh MM €ro IPOU3BOIHbIC: JOrapupMHUIECKUI
JEKpEeMEHT Koje0aHuil wuian KodQQUIMEHT OTHOCHUTENbHOro JemipupoBaHus. [IpeacraBieHbl 3aMKHYTHIC
BBIP@KCHUS JUIS OTIpeJIeTICHUs] KO (UIEeHTa MTOTeph MEXaHMYECKUX KOJICOaHH, IT0JlydeHHbIE HA OCHOBaHWUHU
peuteHust andGpepeHnaIbHOr0 ypaBHEH!s KoJleOaHuii 0lHOMAacCcoBOM JuHamMH4Yeckoi cucreMsl. [Ipeacrasinen
METOJl BBIYHMCICHUS KOX(PQHIMEHTa IOTEph HA OCHOBAaHMM aHajM3a CIEKTpa IepeaTOYHOH (QYHKINU
KOJICOATETIPHON CHCTEMBI, HArpyKEHHOW MMITYJIbCHOH THHAMUYECKOW CHIIOH, B KOTOPOI B KauecTBE OTKIHMKA
UCTIONIb30BaHBl PE3yJIbTAThl H3MEPEHHsI YCKOPEHUH B PA3IMYHBIX TOUKaxX oOpasia. DKCHEPHUMEHTHI MPOBOANIN
Ha KOPOTKHUX M JJIMHHBIX 00pa3lax, BBIMOJHEHHBIX U3 00pa3loB KOHCTPYKIMOHHBIX MaTepPUaslOB — IIEMEHTHBIX
PacTBOpPOB INIOTHOCTBIO 1500 — 1900 Kr/M® O CHENMANBHBIMA 3aMONHATEIAMA. Ha OCHOBaHMH peuIeHUs
ypaBHEHUsT KojeOaHMH Oalku ¢ pacnpele’EHHBIMH MaccaMH IIpeJCTaBieHa (GopMmyla Ui ONpeleieHHs
JUHAMHYECKOI'0 MOJYJIS yIIPYTrOCTH MaTepyaia GalKH.

KnioueBble ci10Ba: TMHAMUUECKHE HCIIBITAHUS, MOAAIBHBIN aHAN3, KO3()(DUIMEHT TTOTePb, MOLYJIb YIIPYTOCTH,
JeMIpupoBaHue
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Experimental Method for Structural Concrete Damping Properties Evaluation

INTRODUCTION

The main parameters necessary for calculating
the amplitudes of forced vibrations of structures
are their dynamic characteristics - primarily the
coefficient of mechanical energy loss, as well as
the dynamic modulus of elasticity of the
structural material. As a result of the application
of external or internal loads, finite deformations
will occur in the structural elements, which,
under certain conditions, will lead to oscillations
with very large amplitudes or to the loss of
stability of the processes of static or dynamic
deformation. It is very important for modern
engineering practice to be able to predict the
occurrence of such movements, instability or
vibrations with large amplitudes in order to be
able to control the level of static and dynamic
stresses, the magnitude of the amplitudes during
dynamic behavior, as well as the levels of
transmitted or radiated noise in accordance with
the needs of practical applications [1].

The importance of taking into account damping
parameters is also due to the fact that the
presence of damping can cause the process of
energy transfer between the forms of
oscillations of superstructures, which can, under
certain conditions, lead to their destruction.
Such an effect was noted and studied in [2, 3].

DYNAMIC MODEL

To determine the dynamic characteristics of
samples of structural materials, ultrasonic
research methods [16], methods of experimental
modal analysis [11, 13—15], as well as methods

with the application of a given forced external
load [7, 8, 12] are used.

Consider the simplest single-mass model of
vibrations of a damped system, shown in Fig. 1.
The equation of oscillations of the system under
consideration under the action of a harmonic
load is written as:

2
d ?}-l-Cd—W-l-kw:Fcosa)t.
dt dt

m

(1

A particular solution wp is a certain function
w(t) that satisfies an inhomogeneous differential
equation and, in particular, has the form [1, 2]:

F _
Y cos(wr —¢) ’

’ \/(k—ma)2 )2 +0’C?

£ =arctg [Ca) / (k —ma’ )}

2)

£(e)

|
-y

—
Figure 1. System with one degree of freedom
and viscous damping

Then the general solution of equation (1) can be
written as:

w=w, +w, =e " (C sinwy+C,coswyt)+ A4 cos(wt—¢),

AI:F/\/(k—ma)z)2+a)2C2.

Arbitrary constants C1 and Cz are determined by
the initial conditions.

One of the general methods for assessing
damping, as noted in [1, 7, 10], is to determine
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the width of the resonant peak of oscillations at
those points of the curve for dynamic
displacements, at which the dynamic
displacement makes up a certain proportion of
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the resonant dynamic displacements of the
system, for example, points A and B in figure 2.
It is usually assumed that points A and B
correspond to frequencies at which the
amplitude of dynamic displacements is several
times less than the maximum amplitude.

T Xmax _____
g 1
E Xmax J_
= 1
= V2 |
g I
< I
1
1
1

1 >

0, 0,0,

| dofe

Frequency——»

Figure 2. Frequencies that determine the
bandwidth of the resonant amplitude

When C*/4km << 1, we obtain:

w,Nmlk =1+ n2—1L, (7)

2Jkm

Where do we get ratio:

Ao o, —o C

= —1——.  (8)

2Jkm

a)pes a)pez

By n= V2 we obtain:

A

a 2\ km

C

where &=C/2Vkm=C/C, - damping ratio;

C, =2Vkm - critical damping of the system.

ma? Y 2C% \ mw
1 _ 2 1 _ 1
k A4km ) k

Yoo —_—o¢, )
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Consider the viscous damping of the system.
The frequency of resonant vibrations is
determined by the expression [1, 9, 11]:

k C’
=] 1- 4
Cpes m[ 2kmj @

Substituting (4) into (3), we find the oscillation
amplitude at resonance:

W :5[2(C/2M)(1—C2/4km)1/2T(5)

p.pes k

In order to find the frequencies corresponding to
points A and B, in which the amplitude is n
times less than the resonant Wy res, the dynamic
displacement determined by the expression

|wp/F|:1/\/(k—ma)z)2+a)2C2 should be

equated to the dynamic displacement (5)
multiplied by 1/n at resonance, as a result of
which we obtain:

2 2
Ca S 12|, (6)
4km\ dkm

Similar transformations can be performed for a
system with hysteresis damping.

In this case, the amplitude at resonance is equal
to:

+1

F
p,pes = E . (10)
The frequencies corresponding to points A and
B in Figure 2, in which the amplitude of
dynamic displacements is n times less than the

resonant amplitude Wy res, are equal to:

(an

Then with 7 =~/2 we get:
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Ao in-N=n. a2
a)pes
And withn << 1:
A
@, 2 2

The relation between Aw/ w

.. and m is linear
only for small values of n. Note that for n > 1
there is no frequency w1 under the assumption
of hysteresis damping, at which the amplitude

of dynamic displacements would be equal to
|Wp|/\/§. In fact, for n > 1, the "peak"

amplitude will be less than the static
displacement F/k. This is true not only for the
case of hysteresis damping, but also for those
cases where the parameters n(®w) and k(w) are
determined from experiments with real
materials.

The dynamic modulus of elasticity reflects only
the elastic properties of the material without the
influence of creep, since when the sample
vibrates, stresses appear in it, which are very
small in magnitude. For this reason, the
dynamic modulus of elasticity is approximately
equal to the initial modulus of elasticity
determined during static tests, and is much
higher than the static modulus of deformation
[4, 9]. The difference in the values of the
dynamic and static modules is also due to the
fact that the heterogeneity of concrete affects
these modules by a different mechanism.

Within the framework of this study, the
parameters of the frequencies of natural
vibrations were determined using the methods
of experimental modal analysis [7, 8], according
to the results of which the frequencies of
bending vibrations of the samples were
determined.

The modulus of elasticity of the structural
material was determined by the well-known
formula for a hinged beam:
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2
[ m
where m is the mass per unit length of the beam,
|1 is the span of the beam, EI is the bending
stiffness of the beam, k is the shape number.
Based on formula (14) and the relationship

between the circular and technical frequency in
the form w=27f, we get an expression for

determining the modulus of elasticity of the
specimen in the form:

Amfl?
E= . 15
k'r*l (15)
EXPERIMENTAL MODEL

The tests were carried out on samples made
from different concrete compositions obtained
in [5, 6]. The size of the samples in the first
batch was 40x40x160 mm, and the second -
800x50x30 mm, which were installed on a
tooling with hinged support at the ends.

The tests were carried out according to the
method of GOST ISO 7626-5-99. The
perturbation was created by exciting vibrations
of a concrete prism with an impact hammer,
applying 5 successive pulses at each location of
the acceleration sensors.

A Bruel&Kjaer 8202 impact hammer (with a
Bruel&Kjaer 8200 force sensor) was used to
register the applied load, Bruel&Kjaer 4375
charge miniature accelerometers were used to
register the response. does not affect test results.
Synchronous recording of the excitation and
response parameters was carried out by the
SCADAS Mobile-I measuring system. The
sample test scheme is shown in Figure 3.

After each impact, the signals from the force
and vibration sensors are fed to low-pass filters
(LPF), which allow avoiding the transfer of
high-frequency components to the measurement
frequency range during sampling, after which
they are analog-to-digital conversion (ADC) to
form a sample.

17



AMYUK CUALI Axcesepomempel

]

VAN i

100

AN

160

Figure 3. Experimental set-up for short
specimen

Each digital entry corresponds to one impact.
For each entry, the DFT 1is calculated. To
improve the estimate, averaging over the
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frequency domain of several implementations of
the frequency response obtained for the same
measurement and excitation points can be
applied.

For each point, at least 5 impulse actions were
carried out with an impact hammer and the
parameters of the input action - the applied
force and the response of the structure -
accelerations at different points were recorded,
as shown in Figure 4 for one of the episodes of
dynamic tests.

To obtain transfer functions, we analyzed the
spectrum of the applied load, for which we built
its auto spectral characteristic. For each block of
impulse actions, the frequency response of the
sample was built, which was averaged using a
weighted average over several implementations.

a)
035 T T T T T T T T T T
03 -
£
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=
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g 02
]
015 =
8
T
: 01
a
E
o 005 -1
e s e — = =, e e e e 1 ]
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Figure 4. Dependence of applied force (a) on time and measured acceleration (b) on time

An example of the computed transfer function
for a rack of one of the samples is shown in
Figure 5, together with a signal coherence plot
(a value close to 1 indicates a high signal-to-

noise ratio, which improves measurement
accuracy).
18

Based on the results of determining the
frequency response - modal analysis, a
stabilization diagram is constructed, within the
framework of which the oscillation modes that
are stable in frequency and damping are
determined.
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Figure 5. Representation of the results of calculating the frequency response of the sample

EXPERIMENTAL RESULTS sample, and the phase shift (the imaginary part of

Based on the determination of a stable oscillation
frequency corresponding to the bending shape, in
which the maximum of the real part of the
oscillation form corresponds to the antinode in the
sensor located in the middle of the span of the test

Table 1. Test results for short specimens

the shape vector) between the sensor located in the
middle and in thirds of the span the sample differs
by w2, the loss coefficient 1 and the relative
damping coefficient & are determined. The test
results for short specimens are shown in Table 1
and for long specimens in Table 2.

Table 2. Test results for long specimens

. Avg value . Avg value
Specimen - Specimen -
Dynamic Dynamic
fame N S modulus, Pa name L 5 modulus, Pa
1500k 0.042 | 0.021 1.69E+10 1500k 0.126 | 0.063 2.91E+10
1500k-¢ 0.028 | 0.014 1.88E+10 1500x-¢ 0.124 | 0.062 3.27E+10
1500¢ 0.133 | 0.067 1.02E+10 1500c 0.157 | 0.079 1.94E+10
1500c-¢ 0.171 | 0.085 9.93E+09 1500c-¢ 0.161 | 0.080 1.94E+10
1700k 0.051 | 0.025 1.98E+10 1700k 0.153 | 0.076 7.85E+10
1700k-¢ 0.038 | 0.019 2.19E+10 1700x-¢ 0.104 | 0.052 3.71E+10
1700c 0.091 | 0.045 1.51E+10 1700c 0.105 | 0.053 1.06E+12
1700c-¢ 0.109 | 0.054 1.61E+10 1700c-¢ 0.358 | 0.179 1.43E+10
1900k 0.070 | 0.035 2.56E+10 1900k 0.094 | 0.047 4.14E+10
1900k-¢ 0.071 | 0.035 2.73E+10 1900x-¢ 0.080 | 0.040 4.63E+10
1900c 0.034 | 0.017 2.09E+10 1900c 0.136 | 0.068 3.08E+10
1900c-db 0.025 | 0.013 2.01E+10 1900c-¢h 0.088 | 0.044 3.77E+10
Th 0.020 | 0.010 3.74E+10 Tb 0.069 | 0.035 6.27E+10
Th-¢ 0.017 | 0.008 3.95E+10 TB-¢b 0.078 | 0.039 8.07E+10

The results of comparing tests of short and long
samples are shown in Figure 6.
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Figure 6. The results of comparing the damping
parameters obtained on samples of different
sizes

CONCLUSION

As the test results show, the introduction of
ceramic microspheres increases the loss factor
by 1.75 times with an increase in the density of
the composition from 1500 to 1900 kg/m3. the
introduction of spherical microspheres at the
same time reduces the loss factor by 9 times. At
the same time, the introduction of fiber into
compositions with silicon spheres leads to a
proportional decrease in the loss factor by a
factor of 1.5 relative to compositions without
fiber with an increase in the density of the
composition. the introduction of fiber into
compositions with glass microspheres increases
the loss factor by 1.28 times relative to
compositions without fiber.

The elastic modulus increases for all
compositions with increasing sample density. At
the same time, compositions with ceramic
microspheres have a 30-40% higher elastic
modulus than compositions with  glass
microspheres. The introduction of fibers into
compositions with glass microspheres has very
little effect on the change in their modulus of
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elasticity. The introduction of fiber into
compositions with ceramic  microspheres
increases their modulus of elasticity by 11%
compared to compositions without fiber.

For the base composition of heavy concrete
(marking "TB"), the presence of fiber reduces
the average value of the loss factor from 0.02 to
0.017 (34% reduction). In this case, the value of
the modulus of elasticity increases by 12%.

The loss factor for samples depends on their
shape and size. With an increase in the span of
the sample (decrease in the first resonant
frequency), the wvalue of the loss factor
increases.

To obtain adequate values of the damping
coefficients, they should be determined on
similar samples with close values of the
frequencies of free oscillations. To take into
account the dependence on frequency, it is
recommended to carry out measurements on
several samples with approximation of the
results.
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NUMERICAL MODELLING OF SNOW DEPOSITS
AND SNOW TRANSPORT ON LONG-SPAN ROOFS
FOR STEADY AND UNSTEADY FLOW
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Abstract: This paper presents the methodologies for numerical modelling of snow deposits and snow transport on
long-span roofs for steady and unsteady flow. The calculation of snow loads on long-span roofs is a complex
problem, solving which often involves deviating from the building code recommendations. Experiments in wind
tunnels, although widely used, do not allow reproducing the full-scale effects of all snow accumulation processes.
At the same time, the continuous improvement of mathematical models, numerical methods, software and
computer technologies makes the development and implementation of numerical modelling technologies in real
construction practice and regulatory documents inevitable. In this paper it is shown that the use of the well-known
erosion-deposition model, supported by field observations and experimental data, allows reproducing reasonably
accurate snow distributions on long-span roofs. The importance of the “synthesis” between physical and
mathematical modelling and the application of the building codes is emphasized, as only the joint use of
approaches can comprehensively describe modelling of snow accumulation and snow transport and provide better
solutions to a wider range of related problems.

Keywords: computational fluid dynamics, numerical modelling, snow accumulation, snow deposits,
snow transport, structure roofs, numerical methods.

METOJUKA YUCJEHHOI'O MOJAEJMPOBAHUS
CHEIOOTJIOKEHUI U CHETOIIEPEHOCA
HA IMMOKPBITUSIX BOJBIIENPOJIETHBIX 3JAHUN
U COOPYKEHUM B CTALIUOHAPHOH
U HECTAIIMOHAPHOM ITOCTAHOBKAX

Bpumukoe H.A. '

! HanmoHaIbHBIA MCCIIen0BaTeIbCKU MOCKOBCKHUIA TOCYIapCTBEHHBII CTPOUTEIBHBII YHUBEPCHUTET,
r. Mocksa, POCCU
2 Poccuiickuii yausepceuret tparcrnopra (MHUHUT), r. Mocksa, POCCUS

AnHoTanusi: B naHHO# paboTe mpencraBieHa METOJMKA YUCICHHOTO MOJICIMPOBAHHS CHETOOTJIOKEHUH W
CHETOIIepeHOCca Ha MOKPBITHAX OOJBIIETIPONIETHBIX 3[JaHUI U COOPYKEHUH B CTAMOHAPHOM M HECTallMOHAPHOMH
MoCTaHOBKaxX. Pacuér CHEroBbIX HArpy3ok Ha OOJBLICIIPOJIETHBIC MOKPBITHS SBISIETCS CIOXKHOW 3ajadei, 1t
pelIeHus: KOTOPOH 4acTO HEJOCTAaTOYHO OJHMX JIMIIb PEKOMEHJALUI CTPOUTENBHBIX HOPM. DKCIEPUMEHTHI B
a’pOAMHAMUYECKUX TpyOax, XOTS W TPHUMEHSIOTCS MOBCEMECTHO, HE IO3BOJISIIOT  BOCIIPOHM3BECTH
MoJHOMacIuTaOHbIe 3(QGEKTh BCEX IPOIECCOB CHETOHAKOIUICHHS. B TO ke Bpems, IOCTOSHHOE pa3BUTHE
MaTeMaTH4eCKUX MOJIENEH, YHCICHHBIX METOJOB, MPOTPAMMHOIO OOECIICUCHHsI M BBIYMCIUTEILHON TEXHUKH
JenaeT Oe3aJbTepHATHBHBIM PA3BUTHE M BHEIPEHHE TEXHOJIOTHI MaTEMAaTHYECKOTO MOCIMPOBAHNS B PEATbHYIO
CTPOUTENbHYIO IMPAaKTUKY W HOPMAaTHBHBIE IOKYMEHTHL. B 1maHHON paboTe MOKa3aHO, YTO MCIOJIb30BAHHUE
M3BECTHON MOJIENIM YHOCA-OTIIOXKEHHS, TOJKPEIUIEHHOE HATYpPHBIMU HAOIIONCHUSMH M 3KCIIEPUMEHTAIbHBIMU
JaHHBIMH, CIIOCOOHO BOCIPOM3BOANTH JIOCTATOYHO TOYHBIE KAapTHHBI paclpeleleHU CHera Ha
OoubIIeTIPONETHBIE TOKPBITHsL. OTHENbHO TOMYEPKHYTAa BaXKHOCTh «CHUHTE3d» MEXKIY (U3HYECKHUM |
MaTeMaTHYECKUM MOJCIUPOBAaHUEM M TIPUMEHEHHEM HOPMATHUBHBIX PEKOMEHIAIMHA, ITOCKONBKY TOJIBKO
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COBMECTHOE HCIIOJIb30BAHUE MOAXOZOB CHOCOOHO BCECTOPOHHE pAaCKpBITh MPOOIEMYy MOJEINPOBAHUS
CHErOOTJIOKEHHUH U CHEronepeHoca U AaTh HauIy4llee eé pelleHue Ui MHUPOKOro CIEeKTpa 3ajau.

KiroueBble cj10Ba: BEIYUCIUTEIbHAS adpoaAHaMHKa, MAaTEMAaTUYCCKOE MOACINPOBAHNE, CHETOHAKOIIJICHUE,
CHETOOTJIOKEHHSA, CHETOIIEPEHOC, TOKPBITUA COOpy)KCHHfI, YUCJICHHBIC MCTO/IbI.

1. INTRODUCTION

Calculating the snow load on the roofs of large-
span buildings and structures, including unique
ones, often involves deviating from the building
code recommendations for the shape coefficient
and using experimental methods to determine the
possible location of snowdrifts. Due to the fact that
snow accumulation is a complex, highly non-linear
and multi-scale phenomenon, the simulation of
which is subject to different approaches depending
on the problem in question, the development of a
unified, verified and validated methodology for its
numerical modelling is non-trivial. However, for
most construction problems, the main interest is the
snow transport, the greatest contribution to which
(according to [4], from 50% to 75%) is made by
saltation. In this regard, a methodology has been
developed that allows to model snow transport and
snow accumulation on large-span roofs of by
means of numerical simulation of saltation, the
results of which can then be used in combination
with the building code recommendations for
determining the design roof shape coefficient L.
Based on our previous studies ([1, 2, 3]), a decision
was made to use the erosion-deposition model to
simulate saltation. Since it describes the change of
the height of the snow surface in time, the
methodology was initially developed for unsteady
flow. Then, to reduce resource intensity and
increase efficiency, the methodology was
developed for steady flow. The results of the
verification and validation of the methodologies
showed that, due to the extremely stochastic nature
of the snow accumulation process, the use of
modelled snow distribution maps alone is not
sufficient to set the design shape coefficient p.
Nevertheless, numerical modelling makes it
possible to identify areas of snow accumulation
dangerous from the point of view of mechanical
safety of the building, which cannot be predicted
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by the building code recommendations. Therefore,
the symbiosis of the numerical modelling with the
guidelines from the building code makes it possible
to obtain the most crucial snow distributions on a
particular roof.

2. UNDERLYING PRINCIPLES

Both methodologies utilize the erosion-deposition
model (described in [6]), developed on the basis of
some previous works of the early 1990s. The
aforementioned model is based on the assumption
that snow mass entrainment is the result of
aerodynamic forces, while deposition is the result
of settling and attachment of snow particles
brought by wind flow. The change in snow cover
height over time is described by the expression:

dh

14
where h is the height of the snow surface, t is
time, and y is the bulk density of snow.
The snow mass exchange flux between air and
snow cover g 1s given by:

49 =9+ —9q- (2)
uZ

g+ = Cwy (1 __Z>9(ut - u,) 3)
U

q- = Apg(u? —uf)f(u, — uy), “4)

where g, is the deposition flux, g_ is the erosion
flux, C is the snow concentration in the air near
the snow accumulation surface, wy is the average
snowfall velocity, A is the coefficient depending
on the degree of cohesion (snow particles
intergranular bonding), p, 1s the air density, u, is
the friction velocity, u; is the threshold friction
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velocity, and 6 is the Heaviside function. The
friction velocity is determined by the following
formula:

Tw

Pa

u, =

)

where T, 1s the local shear stress on the surface
calculated by numerical simulation of wind flows
over the surface in question. Threshold friction
velocity u; is determined experimentally. If the
friction velocity u, is lower than the threshold
velocity u;, deposition is observed, otherwise,
erosion is observed.

3. METHODOLOGY FOR UNSTEADY FLOW

The flowchart of the methodology for unsteady
flow can be represented as the following list:

1. Analysis of the object

Analysis of climatic characteristics at the
location, identification of possible snow
accumulation and snow drift zones.

2. Problem statement

Selection of blowing directions and velocities,
specifying the flow characteristics for each phase
(snow concentration, friction velocity, etc.).

3. Computational model generation

Creation of a geometric model of the
computational domain and a computational mesh
that takes into account the points of interest of the
object.

4. Selection and tuning of the turbulence model
Bearing in mind the computational optimization
considerations.

5. Definition of the calculation parameters
Initial and boundary conditions, timestep size,
numerical schemes and solvers.

6. Aerodynamic analysis

Transient analysis which utilizes custom code to
calculate the change in snow height.

7. Engineering analysis of the calculation results
The equation (1) is solved at each timestep At
with help of custom code, where dt = At, and
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the snow-surface mesh is deformed by moving
each node in z direction by dh = Ah provided by
the equation. The problem is solved until a
satisfactory result has been achieved.

4. VERIFICATION OF THE METHODOLOGY
FOR UNSTEADY FLOW

Two problems were considered as verification
problems:

1) The model problem (flow around a cube), for
which snow accumulation 1is investigated
qualitatively, with the formation of characteristic
structures (windward and leeward snowdrifts and
a horseshoe-shaped trace);

2) The building code problem (snow distribution
on a gable roof), for which snow accumulation is
investigated both qualitatively and
quantitatively, with calculation of the shape
coefficient p for each slope.

4.1 Solution of the model problem for
unsteady flow: a two-phase flow around a
cube

In a rectangular computational domain of
10x10x5 m a Eulerian two-phase flow around a
IxIx1 m cube (primary phase is air, secondary
phase is solid particles) with a logarithmic
velocity profile at the inlet is simulated for 60
min with timestep of 1 s. In this problem the
density of the secondary phase is 150 kg/m®. An
aerodynamic domain (Fig. 1¢) is formed from the
finite-volume mesh (Fig. 1b). A series of
additional steady-state calculations were carried
out to select the initial value of the snow volume
fraction at the inlet and the initial friction
velocity. Based on the results, they were set to
1:10*% and 0.3 m/s, respectively. Realizable k-¢
model was used for turbulence modelling.

The calculated snow accumulation (Fig. 1d) in
general agrees with the field experiment (Fig.
l1a): two characteristic drifts on the windward and
leeward sides and a horseshoe-shaped trace of the
erosion flow are observed. The results suggest
that the application of the erosion-deposition
model for the saltation is sufficient to produce
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snow drifts of characteristic shapes and to
simulate snow transport. However, they also
demonstrate the stochasticity of the snow

- _._.-;N .

a) snowdprift around a low-rise construction

(from [8])

x el
1350 EE)

¢) layout of the aerodynamic domain

Nikita A. Britikov

accumulation and the resource-intensive nature
of the modelling itself, for a very small timestep
is required for problem’s adequate convergence.

b) outer layer of the finite-volume mesh
(~35.8k cells)

d) snowdrift aroun;’ the c:tbe at the end of
the simulation (t = 3600 s)

Figure 1. Unsteady numerical modelling of snow accumulation and snow transport around a
cube

4.2 Solution of the building code problem for
unsteady flow: a two-phase flow around a
gable roof

In a rectangular computational domain of
40%x38x15 m, a Eulerian two-phase flow around
a 10x8x6 m building with the same
characteristics as given in paragraph 4.1 is
simulated for 50 min with timestep of 1 s. An
aerodynamic domain (Fig. 2¢) is formed from the
finite-volume mesh (Fig. 2b). In this problem, a

26

series of additional steady-state calculations were
also carried out to select the initial value of the
snow inlet volume fraction and the initial friction
velocity. Realizable k-¢ model was used for
turbulence modelling, as well.

The calculated snow accumulation (Fig. 2d)
allows to conclude that qualitatively snow
erosion was obtained on the windward side of the
roof, snow deposition was obtained on the
leeward side, and a horseshoe-shaped trace was
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obtained around the building, but quantitatively
the result does not agree with the building codes,
because snow erosion is almost complete
(in contrast to the expected p = 0.75 according to
the code).

a) snow distribution on a gable roof

(from [9])

¢) layout of the aerodynamic domain

In conclusion, based on the results of the
verification, it is demonstrated that the erosion-
deposition model can be applied to simulate
snow accumulation and snow transport for
unsteady flow and allows to obtain a qualitative

x

b) outer layer of the finite-volume mesh
(~143k cells)

H. .x=14.4 cm

d) snow distribution on a gable roof at the end
of the simulation (t = 3000 s)

Figure 2. Unsteady numerical modelling of snow accumulation and snow transport on a gable roof

result; however, obtaining adequate guantitative
result requires multiple calculations with varying
initial conditions and analysis of intermediate
results, which are special cases of snow
accumulation.

5. VALIDATION OF THE METHODOLOGY
FOR UNSTEADY FLOW

The validation is performed for a real building
under construction for which snow accumulation
on the roof is to be investigated.

In a rectangular computational domain of
519%953%125 m, a two-phase flow around an
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industrial building with the same characteristics
as in paragraph 4.1 is simulated for 40 min with
timestep of 1 s. In this problem the density of the
secondary phase is 300 kg/m>. An aerodynamic
domain (Fig. 3c) is formed from the finite-
volume mesh (Fig. 3b & 3d). Initial conditions,
the inlet velocity and snow volume fraction, were
varied to obtain different snow accumulation
patterns on the roof. The parameters are
presented in Table 1.

As a result, three snow accumulation
distributions were obtained on the roof. Although
qualitatively they allow determining the direction
of snow transport and quantitatively the height of
snow cover, it is not possible to draw a general
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In conclusion, the results suggest that it is not
possible to directly use the data from the unsteady
flow modelling to determine the design shape
coefficient .

conclusion for the value of the design shape
coefficient pu from them, as individual cases of
snow accumulation are obtained.

<

a) geometry of the industrial building

b) finite-volume mesh (~1.7m cells)

e ' /
-

¢) layout of the aerodynamic domain

d) inflation in the boundary layer
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e) final snow distribution for  f) final snow distribution for
case 1 (see table 1 for details) case 2

g) final snow distribution for
case 3

Figure 3. Unsteady numerical modelling of snow accumulation and snow transport
around an industrial building

Table 1. Validation cases summary

Case | Simulated II;efzc;?;ozZ S’:Z;;:Z:{Zfe Snow phase maximum Snow
. 0/. 3 . . .
number | snowfall ground [m/s] height [em] concentration [%-107] | distribution
1 Mild 0.84 20.9 0.19 Close to even
2 Mild 1.69 114 1.34 Uneven
3 Moderate 0.84 105 1.2 Uneven
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6. METHODOLOGY FOR STEADY FLOW

Due to the problems identified during
verification and testing of the methodology for
unsteady flow, it was necessary to change the
approach and develop a methodology for steady
flow, reducing resource intensity but not losing
accuracy.

For these reasons, the erosion-deposition model
is supplemented by two hypotheses:

Hypothesis I: There is initially some amount of
snow o = const on the roof;

Hypothesis 2: The flux gg and its constituent
parameters are time-independent.

The modelled shape coefficient pm 1is also
introduced to emphasize the difference between
it and the design shape coefficient p.

Then, integrating expression (1), we obtain:

H
fdh=
0

where H = (W, — Wo)Sn/y is the change in
snow cover height, T is the observed time period,
and S, is the characteristic value of snow on the
ground at the relevant site.

Assuming q, to be time-independent, (6) can be
rewritten as:

T
[ agit (©)
0

<R

mm—m):zq
% y 9
T
Wn:”0+;qg (7)

Separate observing time periods for snow
deposition T, and for snow erosion 7T_. are also
introduced. Finally:

q+T+ —q-T-

+
0 Sn

Wn = 1 (8)

By varying the initial amount of snow |y, the
observing time periods T, u T_, and the wind
speed at the inlet, different snow accumulation
distributions and different contours of the
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modelled shape coefficient p» on the roof can be
obtained to find the most unfavourable ones,
which are determined from the mechanical safety
considerations for the building.

It is important to note, with reference to the
conclusions of the validation of the methodology
for unsteady flow, that the obtained distributions
of the modelled shape coefficient w» are used
qualitatively in conjunction with the building
code recommendations. Based on the synthesis
of these approaches, the design shape coefficient
U is obtained.

For turbulence modelling, the Generalized k-
model (see [5]) is used. Through adjustments of
certain coefficients, it can be tuned for particular
objects and can predict the boundary layer flow
more accurately, which is crucial for determining
the shear stress and, subsequently, the friction
velocity. It comprises the capabilities of
previously used k-¢ and k- models, which at this
point renders their further use redundant.

The flowchart of the methodology for steady
flow can be represented as the following list:

1. Analysis of the object

Analysis of climatic characteristics at the
location, identification of possible snow
accumulation and snow drift zones.

2. Problem statement

Selection of blowing directions and velocities,
specifying the flow characteristics (friction
velocity, etc.).

3. Computational model generation

Creation of a geometric model of the
computational domain and a computational mesh
that takes into account the points of interest of the
object.

4. Tuning of the turbulence model

Adjustment of the GEKO coefficients for proper
simulation of the flow around the particular
object.

5. Definition of the calculation parameters
Initial and boundary conditions, numerical
schemes and solvers.

6. Aerodynamic analysis

Steady-state analysis which utilizes the modified
erosion-deposition model, supplemented by
hypotheses 1 and 2.
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7. Engineering analysis of the calculation
results

Derivation of the design shape coefficient p
through the synthesis of numerical modelling and
building codes.

7. VERIFICATION OF THE METHODOLOGY
FOR STEADY FLOW

Similar  problems were considered for
verification but the geometry of the dynamic
contour of the CSTB wind tunnel (Fig. 4a) was
used for the computational domain, as the data
from [7] was utilized.

7.1 Solution of the model problem for steady
flow: a one-phase flow around a cube

In a computational domain of 23x10x6 m, the
one-phase flow around a 1x1x0.5 m cube with a
logarithmic velocity profile at the inlet is
simulated for 150 iterations. As with the previous
simulations, an aerodynamic domain is formed
from the finite-volume mesh (Fig. 4b & 4c).

The calculated snow accumulation (Fig. 4d & 4e)
1s consistent with both field observations,
physical modelling in the wind tunnel and
numerical modelling results for unsteady flow.
The snow distribution on the top face of the cube
is also observed, although not taken into account
during the verification procedure. Similar to the
unsteady flow case, two characteristic drifts on
the windward and leeward sides and a horseshoe-
shaped trace of the erosion flow are observed.
The results allow to conclude that the modified
erosion-deposition model can adequately
simulate snow accumulation and snow transport
for steady flow.

7.2 Solution of the building code problem for
unsteady flow: a one-phase flow around a
gable roof

In the same computational domain from the
paragraph 7.1, the one-phase flow around a
1%1%0.92 m building with a logarithmic velocity
profile at the inlet is simulated for 150 iterations.

Nikita A. Britikov

An aerodynamic domain (Fig. 5a) is formed from
the finite-volume mesh (Fig. 5b).

The calculated snow accumulation (Fig. 5d)
suggests that qualitatively an uneven distribution
of snow on the roof and a horseshoe-shaped trace
around the building is obtained. Quantitatively,
the result is close to the physical modelling (Fig.
5¢), but not close enough to the building code
distribution (see Table 2, total discrepancy
~22%).

In conclusion, the advantage of the steady-state
approach over the transient approach is
demonstrated, but the modelling results still
cannot be used directly for the design shape
coefficient. It should be also noted that the
absolute height of the snow surface depends on
the observing time periods T, and T_ and can be
adjusted, but the pattern of the snow
accumulation and snow transport itself remains
unchanged and depends entirely on the shear
stress pattern on the roof.

8. VALIDATION OF THE METHODOLOGY
FOR STEADY FLOW

The methodology for steady flow has been

validated on several real objects under
construction, for which the synthesis of
numerical modelling and building code

recommendations has given the design shape
coefficient p. For all simulations, the following
values of experimental constants were taken:
Apg = 10" kg-s/m*, wy = 0.5 m/s, uy = 0.25 my/s.

8.1 Community Centre

In a cylindrical computational domain of
600x100 m, the one-phase flow around a civil
building (Fig. 6a) is simulated for 200 iterations.
Ten simulations were carried out for the two
wind directions due to the symmetry of the
building (180° and 210°; 20 simulations total)
using the numerical methodology for steady flow
with varying wind speed without considering the
surrounding buildings. According to Table 7.1 of
SP 131.13330.2020 Construction Climatology,
the average wind velocity at a height of 10 m
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during the winter period for the centre’s location
is 2.6 m/s. Simulations were carried out in the
velocity range from 1 m/s to 10 m/s in steps of 1
m/s. The snow concentration C was assumed to
be 5 g/m’, which corresponds to a moderate
snowfall. The contours of modelled shape

a) modelled part of the dynamic contour of
the CSTB wind tunnel

¢) inflation in the boundary layer

SnowFloor
0.1797

0.1664
0.1530
- 0.1387°

01263

01130
00996 )
00863 v
00729
0.0585
0.0462
0.0328
00185

coefficient u» obtained by numerical simulation
for steady flow (Fig. 6¢ & 6e) were then analyzed
to identify the most unfavourable cases from the
mechanical safety point of view and summarized
in the form of contours of the design shape
coefficient .

b) finite-volume mesh (~1.47m cells)

d) snow distribution on and around the cube at the
end of the simulation (150 iterations, T, =3600 s)

e) snow distribution in the whole aerodynamic domain
Figure 4. Steady numerical modelling of snow accumulation and snow transport around a cube
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a) layout of the aerodynamic domain b) inflation in the boundary layer

of the finite-volume mesh (~1.65m cells total)

Cross section of the model (roof 40°) and snow cover (wind 4m/s)

110 +
100 +

height (cm)

. 40 + 1
¢) physical modelling of snow distribution on a gable roof (from [])

d) snow distribution on a gable roof at the end of the simulation (150 iterations, T, =3600 s)
Figure 5. Steady numerical modelling of snow accumulation and snow transport on a gable roof

Table 2. Comparison of physical and numerical modelling of snow on a gable roof

Modelling approach Windward shape coefficient Leeward shape coefficient
Physical 0.88 1.13
Numerical 0.96 1.03
Discrepancy 9.1% 8.8%
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The Community Centre simulations allowed
thorough adjustments to the methodology. As
such, they revealed that such a wide range of inlet
velocities was excessive, and fewer velocities (as
well as study cases) can be utilized in obtaining
the contours of the modelled shape coefficient
wn. It was also shown that an average value of
0.25 m/s for the threshold friction velocity is
sufficient for achieving plausible snow
distributions for real buildings.

8.2 Sports Centre

In a cylindrical computational domain of
1500%1200 m, the one-phase flow around a civil
building (Fig. 7a) is simulated for 200 iterations.
For this problem, two setups were considered:
the one that includes the surrounding buildings
and terrain around the Sports Centre (Fig. 7b) and
the one that doesn’t. This was made to both
demonstrate the influence of the environment on
the snow distribution and obtain more varied
distributions in search of the most unfavourable
ones.

In numerical modelling, three simulations were
carried out for eight wind directions for the
Sports Centre (0°, 36°, 90°, 144°, 180°, 213°,
270°, 327°, 24 simulations total) using the
numerical methodology for steady flow with
varying wind speed. With reference to the
conclusions of the previous case, simulations
were only made for wind speeds of 1 m/s, 3 m/s
and 6 m/s. To simulate a longer snowfall, in
which an uneven snow distribution can be
obtained, the deposition time 7+ was assumed to
be 6 h and the erosion time 7- to be 240 h.

A more traditional physical modelling in the
wind tunnel was also carried out for the Sports
Centre, which allowed to both compare the
results given by two approaches and validate one
through the other. In physical modelling, the
same wind directions were investigated as for the
numerical, and the characteristic wind speeds at
which snow transport was analyzed on the model
ranged from 3.4 to 8 m/s. The modelling was
performed at 3.5-4% humidity using wood flour

Volume 18, Issue 4, 2022

with a particle size of 50250 pm as a snow-like
material, which was shifted from a smooth
painted surface at a wind speed of 3.4 m/s. As a
result of prolonged exposure of the model
covered with a thin layer of wood flour in the air
flow at a speed of 6+7 m/s, the patterns of snow
transport were formed. Analysis of the obtained
snow distributions was performed to zone the
roof and obtain the physically-modelled shape
coefficient pmp for the zones. As with the
numerical modelling, the simulations were
carried out with and without taking into account
the surrounding buildings, albeit in a lesser
radius due to the wind tunnel test chamber size.
Through the comparison of the results, it was
clearly observed that both the physical and the
numerical modelling provide mostly similar
snow distributions. The overall distribution
pattern, as well as some local snow drifts, were
in agreement with each other (compare Fig. 7c
vs. 7e & Fig. 7d vs. 7f and Fig. 8a vs. 8c & Fig.
8b vs. 8d). A similar influence of the surrounding
buildings on the obtained contours was also
noted. As per the methodology, the results given
by the two approaches were summarized and
used qualitatively in the engineering analysis in
conjunction  with  the  building code
recommendations, which provided the final
contours of design shape coefficient p (Fig. 7e;
note a small p = 2.7+0.6 zone on the right side of
the picture, which was specified by the code).

In conclusion, the use of numerical modelling for
both validation cases made it possible to provide
the design shape coefficient p, as well as identify
some non-obvious and hazardous distributions of
said coefficient, which could not be obtained
solely by following the recommendations of the
Russian building code or any other building
codes. The physical modelling carried out for the
Sports Centre also evidently showed that
numerical modelling is capable of providing
similar and thus plausible results, which are true
to the nature of the snow accumulation and snow
transport processes.
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a) geometry of the Community Centre b) inflation in the boundary layer
of the finite-volume mesh (~5m cells total)
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¢) contours of friction velocity and modelled shape d) design shape coefficient
coefficient for wind direction 180° at 7 m/s for wind direction 180°
Friction Velosity msr1) My
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e) contours of friction velocity and modelled shape 1) design shape coefficient
coefficient for wind direction 210° at 7 m/s for wind direction 210°

Figure 6. Steady numerical modelling of snow accumulation and snow transport
for the Community Centre
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e) numerical modelling for wind direction 144°  f) numerical modelling for wind direction 213°

Figure 7. Steady numerical modelling of snow accumulation and snow transport
for the Sports Centre
(provided design shape coefficient contours for these wind directions are not given in this paper)
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a) physical melling for wind direction 90° b) physicl modelling for wind direction 90°
(surrounding buildings ignored) (surrounding buildings considered)

¢) numerical modelling for wind direction 90°  d) numerical modelling for wind direction 90°
(surrounding buildings and terrain ignored)  (surrounding buildings and terrain considered)

e) design shape coefficient based on the results of physical and numerical modelling
and the building code recommendations for wind direction 90°

Figure 8. Steady numerical modelling of snow accumulation and snow transport
for the Sports Centre
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9. CONCLUSION

The methodologies of numerical modelling of
snow loads for unsteady and steady flows have
been developed, verified, and validated. The
specifics of the erosion-deposition model used at
their basis have been studied, the limits of the
applicability have been determined.

The methodology for unsteady flow has proven
to be capable of producing plausible results that
agree with field experiment. The validation
process also revealed its high sensitivity to initial
conditions and ability to provide a wide variety
of snow distributions for the same geometry
under different flow regimes. With that said, this
methodology is unlikely to become practically
applicable in the nearest future. High resource
intensity and computational time demands all
make it difficult to apply the methodology to
everyday engineering problems, especially when
multiple study cases need to be examined and
multiple simulations are required. Its ability to
produce special cases of snow accumulation and
snow transport also appears to be its
disadvantage in this sense, as producing a more
general snow distribution on the roof requires
varying the initial conditions and summarizing
the results.

The methodology for steady flow, on the other
hand, successfully combines the strengths of its
unsteady counterpart and benefit of being time-
independent without losing too much in
accuracy. For a wide range of long-span roof
geometries, the steady-state approach appeared
to be sufficient in producing plausible results.
Comparisons with field experiments and
physical modelling make it clear that numerical
modelling is in no way less efficient in
simulating snow accumulation and snow
transport and may be used for obtaining the
design shape coefficient p if applied reasonably.
In the case of the methodology for steady flow,
the results of the numerical modelling are
considered qualitatively to gain insight into the
snow behaviour and used in conjunction with the
building code recommendations to assign the
coefficient values for the roof. With this
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approach, the methodology for steady flow can
be applied in engineering practice due to its
lower resource intensity and efficiency and a
more generalized nature of the snow distributions
it provides.

Unsolved  problems  remain  that the
methodologies do not consider. For example, at
current time they don’t account for snowmelt, the
impact of which may be detrimental for many
roofs and buildings, specifically for translucent
constructions. We believe that the methodology
may and will be expanded to take other snow
accumulation phenomena into consideration and
thus allow to obtain higher-quality results and
further secure the mechanical safety of buildings.
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MODEL OF THERMOMECHANICAL VIBRATIONS
OF CURRENT-CARRYING CONDUCTORS
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Abstract. In the operation practice of overhead power transmission lines (OHL), the phenomenon of "gal-
loping" of conductors is well known — vibrations with frequencies of ~ 1 Hz and with amplitudes of the or-
der of the static sag [1, 2]. This phenomenon is observed, as a rule, when the symmetry of the conductor
section is violated due to icy deposits, which gives the conductor some aerodynamic efficiency. However,
this model does not explain all the observed cases of galloping. In this regard, it is advisable to pay atten-
tion to the little-known experience of Academician Abram F. loffe, who experimentally discovered the self-
excitation of a current-carrying conductor — a stretched string that heats up when connected to an electrical
circuit. Solving this issue can significantly expand the understanding of the nature of conductor galloping
and open up new ways to fend off this phenomenon, which poses a danger to the stability of the functioning
of energy systems. This requires a mathematical model of the OHL conductor describing the interaction of
mechanical and thermal processes. The purpose of this work is to construct the simplest version of this
model, on the basis of which the condition of self-excitation of thermomechanical self-excitation of real
OHL conductors can be justified.

Keywords: power transmission, sagging conductor, heat generation, heat transfer, thermomechanical processes,
vibrations, self-excitation, galloping

MOJEJb TEPMOMEXAHUYECKNUX KOJJEBAHUM
TOKOHECYIIUX MTPOBO/HHUKOB

A.H. lanunun ', E.C. Onyuun *, B.A. ®envommeiin *

'®I'BYH UHCTUTYT NPUKIAIHON MEXaHuK POCCHICKON akageMun HayK
2 AO «1leHTpanbHbIi Hay4HO-HCCIIEI0BATENBLCKMI MHCTUTYT MALIMHOCTPOESHHUS

AHHoOTanms. B npakTHKe 3KCIUTyaTanny BO3AYLIHBIX JUHHUN 3nekTponepenaun (BJID) nssecten dpenomen
«IUISICKM» TIPOBOJOB — KoJjiebaHus ¢ yactoTaMu ~1 'l M ¢ aMmuTygamMu mopsiika CTPEeiIbl CTaTHYeCKOro
npoBucanusi nposoxaa [1, 2], nHabGmiomaeMble, Kak NPaBHIIO, NPH MOTEPE CHUMMETPHM CEYCHMS IPOBOJA
BCJICICTBHE TOJIOJICTHBIX OTIIOXKEHHUH, UTO MPHUJAET MPOBOAY HEKOTOPOE a’poAMHaMudeckoe kauecTBo. Of-
HAKO 3Ta MOJENb HE 00BSICHICT BCEX HAONIOJAEMBIX CIydaeB IUIACKH. B cBsi3mM ¢ 3TUM 1enecoobpa3Ho 00-
paTUTh BHUMaHHE Ha MAJOU3BECTHBIN onbIT akagemuka A.D. Modde, sxciepumMeHTanb HO 00HAPYKUBIIETO
caMOBO30y’XKJJCHIE TOKOHECYIIETO MPOBOJHMUKA — HATAHYTOH CTPYHBI, HarpEBAIOLICICS MPHU BKIIOYECHUU B
DJEKTPUYECKYIO IleTb. Pelmenne 3Toro BOnpoca MOKET CyHIECTBEHHO PAaCHIMPHUTh MPEACTABICHHS O PUPO-
Jie TUIACKH TPOBOJIOB M OTKPBITH HOBBIE ITyTH MAPUPOBAHMS 3TOT0 (PEHOMEHA, MPEJICTABIISIOIIEr0 ONaCHOCTh
JUISE CTaOWIIBHOCTH (DYHKIIMOHUPOBAHUSI SHEPTeTUYECKUX cucTeM. [t Toro HeoOXxoauMa MareMaTH4ecKast
MoJieds npoBoga BJID, omuchiBaromas B3auMOJEHCTBHE MEXaHUYECKUX M TEIJIOBBIX TpoieccoB. llenbio
JTAHHOW paboTHI SBISETCS MIOCTPOCHHE HAauOOJIee MPOCTOr0 BapuaHTa ATOW MoJeiH, Ha 0a3e KOTOPOro Mo-
XKeT OBITh 0OOCHOBAHO YCJIOBHE CaMOBO30YXXIEHHS TEPMOMEXaHMUYECKOTO CaMOBO30YXIEHHUSI PEabHBIX
nposonoB BJID.

Karouesble ciioBa: QJICKTpoOIiepeaada, HpOBI/ICEIIOHII/Iﬁ mpoBOA, TCIIJIOBBLACIICHNUE, TCILJIOOTAA4a,
TECPMOMCXAHNICCKUEC NPOLCCCHI, KOHe6aHI/I${, CaMOBO36y)K,HeHI/I€, TaJoMupoOBaHUC
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Model of Thermomechanical Vibrations of Current-Carrying Conductors

INTRODUCTION

Open mechanical oscillatory systems interacting
with energy sources and the environment are
widely known in technology. These include, for
example, relay thermoregulators that include
current only in a given range; their mode of op-
eration is relaxation self—oscillation. In thermis-
tor generators, self-oscillations do not occur as a

result of circuit interruption, but due to the de-
pendence of resistance on temperature. A spe-
cial class of thermomechanical self-oscillations
was experimentally discovered by A.F. loffe,
who demonstrated, as an illustration for a lec-
ture course in physics, the self-excitation of a
conductor — a stretched string that heats up
when it is connected to a DC electric circuit.

- Jo Lfs 4

(fs ‘I'Z)(‘g

Figure 1. Kinematic parameters of three conductor states

The works devoted to the construction of a theo-
ry explaining this phenomenon are [3-7]. It is
shown that self-oscillations in such systems can
be caused by the interaction of a number of
thermomechanical factors: Joule heat release,
thermal and deformation changes in the electri-
cal resistance of the conductor (thermoresistive
effect), dependence of heat transfer to the medi-
um on the vibration amplitude. In [7] there are
indications of a repetition of the experience of
A F. Ioffe. Of practical interest is the question
of whether the concept of thermomechanical
vibrations can serve as an explanation for the
phenomenon of conductor galloping — low-
frequency vibrations of overhead power line
(OHL) conductors with frequencies of ~ 1 Hz
and with amplitudes of the order of static sag.
The authors of the cited works have made such
an assumption, but it has not yet received con-
vincing confirmation: there is no transfer of the
effect, modeled theoretically and observed in a
laboratory model, to the full-scale OHL conduc-
tors. The purpose of this work is to build, if pos-
sible, an elementary model suitable for as-
sessing the conditions for self-excitation of vi-
brations and transferring them to the actual op-
erating conditions of OHL.

1. MODEL OF CONDUCTOR
VIBRATION

The conductor is considered as an elastic flexi-
ble heavy thread in a homogeneous field of
gravity (Figure 1). With a static sag that is small

compared to the span length (/5 <</), the cur-

vature and tension of the conductor can be con-
sidered constant, and the conductor configura-
tion in the equilibrium state is a parabola

vs=fs(1-4x° /1) = fio(x).
It is assumed that the shape of vertical oscilla-
tions relative to the static equilibrium position

coincides with the shape function O'(x):
y(t,5) = y5(s)=z(1)o(x). The state parameters
are: the sag variation z(t), the angle of devia-
tion of the conductor plane from the vertical
¢(t), temperature @(¢). Ambient air tempera-
ture @, is at the moment of self-excitation of

vibrations.
There are three conductor states:
- natural:

f=/1,9=0,0=06,,
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when there are no deformations (6, — installa-

tion temperature before static deformations oc-
cur in it);
- stationary:

f:fs’ (0:0’ 9:95’

when the deformations and temperature corre-
spond to equilibrium with the electric voltage
switched on and stationary heat release Q ;

- perturbed (vibration mode):
f=fs+z, %0, =06, +1,

when perturbations are imposed on static de-
formations and temperature z, 77, due to chang-

es in configuration, heat release Q, (t) and heat

transfer.
The lengths of the conductor in the natural, stat-
ic and perturbed states are respectively equal to:

%={Hﬂ@j,L {Hﬁ@],
3/ 3/
=71 (fS + Z) .
32 '

Static and total deformations are:

S 3[2 (f:s ﬁ)z )’
e [ R SIS
8
= &g +?(22 +2Zfs)=8S +e.
When describing coupled thermomechanical

vibrations, the role of the elastic potential W
passes to the free energy [8]:

F =W =3ka,0e,

Volume 18, Issue 4, 2022

wherek = E/3(1-2v) is modulus of volume

elasticity, e 1is volume strain, o, 1s coeffi-

cient of linear thermal expansion. ~ Expressing
the volume strain in terms of the elongation

strain by the formula e = (1 - 21/)8 , find the free

energy expression for the entire volume of the
conductor:

F= BzB(gS +8) —a, (0 +1-6,) (s + 5)} -

V2n[(f+2)(1-cosp)-2- 1+ 4]

Here B=ES
S =ra*> — effective conductor cross section
with section radius a; m — linear mass.

Kinetic energy is

is tensile conductor stiffness;

2 1/2 ) 4 )
_ "0 _
K—m7 j o (x)dx-Eleo )

—1/2

where V, = \/z’z + (fs + 2)2¢2 — the speed of

the midpoint of the span.

Let's limit ourselves to taking into account the
aerodynamic drag. With normal flow, the linear
aerodynamic force is equal to F =—p,V [V'|Cpa

, where p,, V' — density and velocity vector of

incoming air. The drag coefficient for a circular
cylinder in the current range of Reynolds num-
bers Re =10’ ~10> changes slightly and can be
taken equal to C, =1,2.

Dissipative function [9] is

31/2 16
]

O =p,C, a‘ ; o’ (x)dx EpBC al‘Vo‘}-

—=1/2

We write the vibration equations in the La-
grange form:

alc, Vyz +

8 16
Eml[z —(f + 2)¢?] + 350
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de
+Bl[e + &g — ar(6s — 0y) — am] Frin

2 2
—§mgl + —mgl(l —cos¢) =0,

—ml[q.’)(z + )2 +2dz2(z+ ] +

6
+—pgalc,Vo(fs + 2)?¢? +

357
+§mgl(z +f)sing =0. (2)

2. CONDUCTOR TEMPERATURE

The conductor heating occurs due to Joule heat
generation, the power of which is uniform in
volume. When the conductor oscillates, it ac-
quires a velocity relative to the air, as a result of
which heat transfer occurs, uneven on the sur-
face. Taking into account the unevenness would
dramatically complicate the model, so the heat
transfer is taken into account according to New-
ton's law with an averaged heat transfer coeffi-
cient over the cross section and over the span
length. In this approximation, the temperature
distribution is axisymmetric and constant along
the conductor length, and the first law of ther-
modynamics takes the form [8, 10]:

de _
dt

_,10 a(‘93‘H7_‘90)
_Arar(r S ]+QS+QV(t),

pc%—? +3ka,0,
€)

where p and c¢ — density and specific heat ca-

pacity of the conductor.

The stationary component of the temperature
satisfies the equation and the boundary condi-
tions:

10( 0(6,-6,) ~
ﬂza[fTJ Os =0

6(49S - 90)
or

=0, )

0
3(6; - 6,)

pe +a(0,-6,-6,) =0.

a

42

Passing, as before, from e to ¢ and taking into
account (4), we transform (3) to the form

Let us apply to both parts of this equation the
averaging over the cross-sectional area:

“on on
pcf —rdr = /1 r—) dr +
0 ot

a
arEQ, erdr.

+ QVrdr—.I-
0

0

On the surface r=a, Newton's heat transfer
condition must be satisfied both for the total
temperature 6, — 6, +n and for its stationary
component; hence it follows that the variable
component must satisfy the condition
—-A0n/or =an. Taking this into account and
introducing the cross-sectional average tempera-
ture j = 2a~2 foa rndr, we arrive at an equation
for its change:
L 2a . .
pci] = Qy ——1 — arEfyé. (6)
Here, omitting for brevity a rather elementary
justification, the result is used: for the Fourier
numbers Fo=A/pca’w, characteristic of the
modes of dancing of the OHL, the amplitude of
the periodic temperature component is almost
constant over the conductor cross section, which
gave reason to replace the surface temperature
n(a) in (6) with its average value 7.

3. HEAT RELEASE AND HEAT
TRANSFER

The power of heat release in the span of a con-
ductor with electrical resistance R is equal to

W'=U*/R=I’R. In the general case, a

International Journal for Computational Civil and Structural Engineering
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change in resistance changes the current and
voltage simultaneously, but two limiting cases
can be distinguished: a circuit with a stabilized
voltage and a circuit with a stabilized current.

In the first case, as the resistance increases, the
heat release decreases, and in the second case, it
increases. Small fluctuations in resistance can-
not change the current in the OHL conductors,
which is determined by the large load re-
sistance, so the second option is of practical im-
portance W*=I’R(1+cos2am,t), where I — effec-

tive current, @, — its frequency. Since the oscil-
lation frequency of the conductor is small com-
pared to @,, we can neglect the variable com-

ponent in the expression for ™.

The change in conductor resistance R depends
on the change in length, cross-sectional area
(tensoresistive effect [11]), and the temperature
dependence of resistivity:

dR _(dp,  di_dS)
R p. L S/

dl d
7:8+QT777 &:ﬁlna
P

e

ds
= 2(am—ve);

where p, — resistivity, g ~4.10°K" — coeffi-

cient of temperature dependence of electrical
resistivity, £, =1+2v — coefficient characteriz-

ing the tensoresistive effect, v — Poisson's ratio
of conductor material. As a result, taking into
account that o, << 3, we find

R=4p,(B0+ Be)l/nd”,

and the variable component of the heat release
power per unit volume of the conductor is (here-
inafter, the tilde sign above the variable 7 is

omitted):
12
0, (=165 (Bn+ Be). (D)

Volume 18, Issue 4, 2022

Heat transfer depends on the speed of blowing
with ambient air and on the presence of icy de-
posits on the surface of the wire. Let's look at
the first of these factors. Heat transfer from the
wire surface is taken into account according to
Newton's law. The heat transfer coefficient is
determined by  the  Nusselt  number
a =Nu-4,/d, depending on the Reynolds and

Grashof numbers

Re=Vd/v,,
Gr = gf,d’ (775 _773)/‘//}2?-

Here: A;,v,, [, are coefficient of thermal con-

ductivity, kinematic viscosity and the coeffi-
cient of volumetric thermal expansion of air, d —
conductor diameter. Approximation of the data
contained in [12, 13] leads to the following rela-
tionship (at a constant flow rate):

a:0,47ﬂ;73 Re++/Gr/2 . (8)

We assume that this dependence is also true for
the instantaneous values of the Reynolds num-
ber with its periodic change (quasi-stationary
model), and the conductor speed during vibra-
tions will be replaced by its average value over
the span VV = 2V, /3. At low velocities ¥, which
are characteristic of the initial stage of soft self-

excitation of oscillations (Re<<+/Gr/2), the
determining factor is the free convection effect

and o =0.394Gr A, /d .

The reason for the dance is traditionally associ-
ated with the icing of the wire [1, 2], as a result
of which its cross section becomes similar to a
wing profile, and the excitation of the dance is
likened to a flutter. However, practice shows [1]
that dancing can also occur with a uniform dep-
osition of a thin layer of ice, in which the sec-
tion does not acquire an aerodynamic quality.
From the standpoint of the thermomechanical
model, the role of the ice sheath may be to
change the thermal regime of the wire. In this
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regard, it is necessary to assess the degree of
this influence.

Taking into account the significant uncertainty
in the shape of ice deposits, for evaluation we
consider a simplified auxiliary problem, replac-
ing the axisymmetric model with a flat one: an
infinite plate with a thickness of 2a (analogous
to a wire) contacts with plates with a thickness
O (analogous to an ice shell). Considering, due
to symmetry, half of the region and placing the
origin of coordinates on the contact surface, we
write down the equations of heat conduction:

T, = x,. Ty + el@t (—g < x <0);

1€1
TZ = XzTZN (0 <x< 6).
Assuming T, = ”n,(x), T, =¢e"'n,(x), we ar-

rive at the equations for the amplitudes
—ion, + i +q =0, —ion, + 7,n;,=0;

X2 = /11’2 / p, 20 — coefficients of thermal conduc-

tivity of the conductor and ice, ¢ =0/ p,c,. The
solutions of the equations have the form of heat

waves 7, = eXp(iVsz) , Where v, , = \/10)/7(1,2 .

The characteristic values of the thermal parame-
ters of ice are [14, 16]:

p,: 200kg/m*, c,: 2kJ/kg K,

A, 0.1 W/m-K (granular frost),

p,: 900 kg/m’, ¢,: 2kI/kg K,
A, 0 22 W/m-K (ice).

At vibration frequencies ~1 Hz the value
|V2| ~10° 10" 1/m, |v1|~ 250. It follows that

the variable temperature component does not
penetrate deeply into the ice shell and attenuates
at a distance of less than 1 mm from the wire
surface. This allows us to represent the tempera-
ture amplitudes in the form:

_ lq Vix —V|x
n=-—+A4e" +4e"

—VHX
, 1, =B‘e 2
1)

9

under boundary conditions:

n'(=a)=0, An/(0)=An}(0),
m,(0)=1,(0).

Determining the constants, we find

& & _
o~ 9 1__6\\/'\): ., i|(2a+x) .
0] I+¢ I+¢&

Taking into account that & =v,4, /v,4, =0.01+0.1,
as well as the estimate v,a~2+5, we will make

up for the interface x =0 the ratio of the type of
heat transfer condition from the conductor to the
icy shell —An =, n,, from which follows an

approximate estimate of the equivalent heat transfer
coefficient:

!

aak(; = _ﬂ'l i(O) ~ ﬂ'lvlg = 1’21/2 .

m

)

Therefore, for an iced wire, the variable tempera-
ture can be calculated in the same way as for a
bare conductor when using the value ¢, as the

heat transfer coefficient in equation (6). Note that
for v,0>2, which is already achieved at

o0 >1mm, the heat transfer with respect to the

variable temperature does not depend on the speed
of blowing the conductor with the air flow.

4. RESOLUTION SYSTEM OF
EQUATIONS AND SIMILARITY
PARAMETERS

Let's move on to compiling a resolving system
of equations. Let us transform (2), substituting
expressions for deformations (1) into them and
passing to dimensionless variables:
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g=2, T=tlr, 1= |5 9= (9

- fs ’ 5¢ 0,

Note that the accepted time scale differs by only
10% from the oscillation period of a mathemati-
cal pendulum with length f;. Let us represent

the heat transfer coefficient (8) as
a=2u(q,0)/d , tne u(q, ¢) =
Jar(@.d)+ a2

w(a,0) = i + (1 + a7,
o, =044 falv,r, a; =0.15/Gr.

Considering that in static equilibrium the ten-
sion in the conductor 7 =B(e&;—¢,), where

& =a,(6;,—6,), is related to the sag by the
ratio 87f, = mgl® , we finally obtain

i+ev(q,¢)g— A+ qQd*+
+(1+28)q+BBq*+q°) +1-

—cos¢ —yI(l+q) =0, (11)
L+ @) +6v(q )1+ )¢ +
+24¢ + sing = 0, (12)

Substituting (7), (8) or (9) into equation (6), tak-
ing into account expression (1) for strains and
passing to the previously accepted dimension-
less values, we finally obtain:

9 =9 +&(q% +2q) -
—xq(L+q) =94u(4,¢).  (13)

The parameters ¢, £, 7, &, &,, & are deter-

mined by the formulas (14) below.

The first and second terms in the right part deter-
mine the change in the heat output power due to the
dependence of the electrical resistance on tempera-
ture and on the conductor deformation (strain-
resistive effect); the third term describes thermoe-
lastic connectivity — cooling by increasing the de-
formation (downward movement) and heating by
decreasing it (upward movement); the last term

Volume 18, Issue 4, 2022

determines the heat transfer due to the conductor
movement relative to the air during vibrations.
Thus, the system is described by equations
(11)—(13) and a set of dimensionless similarity
parameters:

o =022059 o2 0.15JGr,

VT
= 64Bf; Ipr
3mgl*’ pelrtd*’
815
$ :éesﬂla S Z#éjﬂZ: (14)
2
A4 ﬂ;BT ’ Z:16/} aTEHO’
d*pc 317 pcb
8 f,0,0,B &r
7 = 2 = s
mgl Eg—&;
— 3p6deCL
= .
Tm

In the presence of icy deposits with the parame-
ters indicated above A,, p,, c, heat transfer to

air is replaced by heat transfer to ice and param-
eter A in (14) is taken as

A= 41'{‘/1 +2p \//12 P5Cs / pcd and the parameter

4 in (13) is assumed to be 1.

It is advisable to express the similarity parame-
ters (14) in terms of operational and easily
measured values in the experiment, fixing the
design parameters and characteristics of alumi-
num as the predominant conductor material:

a,=5.5-10"d/ f;, a, =443d’ (65— 6,),

3 12
B = 1.09-104?—5, £=533.10"" JIs

O,d*
[2
;:21.3.10-187*/75, (15)
S :22.7-10*15—12”;
? da‘'re,’
2
A=1.6-10’8\/§, =3.69f§‘90,
d 1’6,
y=490—fsfs, g=0.67ﬁ;
/ m
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in the presence of ice

A:AOE, A,=10"-10",

In an experimental study of the excitation of
vibrations on a laboratory model, it is most con-
venient to vary the measurable operational pa-
rameters of the model: the conductor tempera-
ture before turning on the current 6,, current

I, temperature ¢ and sag f; in the heated

state, leaving the design parameters of the mod-
el unchanged.

Under the conditions of a laboratory experi-
ment, the air temperature €, and the conduc-

tor temperature in the natural (installation)
state ¢, are naturally considered to be the

same. Therefore, the entire set of coefficients
in (15) is expressed in terms of current 7,
sag f,,and stationary temperature &, . In this

case, it is advisable to empirically establish
the dependence of the temperature and the
sagging arrow on the current. This will allow,
in the experimental study of self-excitation,
to express all similarity parameters (14), (15)
related to a given physical model, through a
single and easily adjustable quantity — the
current.

CONCLUSION

The resulting system of equations and a set of
dimensionless similarity parameters are in-
tended for the primary analytical analysis of
the conditions for self-excitation of thermo-
mechanical oscillations on a laboratory scale
model and for transferring the results to natu-
ral conductors of overhead lines. In the future,
it is planned to use the results obtained on the
analytical model to build a detailed model that
more fully takes into account the features of
overhead power lines and their operating con-
ditions.
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Abstracts. In recent years, self-compacting concrete mixtures have been widely used. Such mixtures are charac-
terized by high workability without the use of vibration exposure. The application of innovative technologies al-
lows manufactoring of various materials and products for architectural and construction purposes with improved
decorative properties. The paper provides the results of a study on the selection of compositions for decorative-
finishing powder-activated concrete with a granular surface texture according to rheological properties, strength
and frost resistance had been adopted.

The following components were adopted for the research. Egyptian white cement was used as a binder, mi-
croquartz as a microfiller, screenings of crushing granite and cooper slag of 0-0.63 mm fraction was used as a
finely dispersed component, granite cuts 0.63—5.0 mm and cooper slag of 0.63—2.5 mm fraction as an aggregate
sand. A new generation superplasticizer of domestic and foreign productionplasticized the mixtures. Structural
and rheotechnological parameters of powder-activated concretes were calculated.

From the obtained values of the conditional rheological criteria of powder-activated concretes, it follows that all of
them are much greater than unity and characterize a significant excess of the volumes of rheological matriuces over
the volumes of fine-grained, coarse-grained components that fit into them with large separation of particles and grains.
Strength as a complex mechanical characteristic, including a combination of strength, reliability and durability
criteria, is the most important quality parameter of the concrete structure as an active and the most massive
building material for structural purposes. A significant number of facilities made of concrete and reinforced con-
crete are being built in the southern and northern regions, characterized by extreme climatic conditions. Build-
ings and structures are exposed to cyclic loadings of various types and climatic influences, characterized by cy-
clic manifestations of negative and alternating temperatures. The research revealed high indicators of strength
and frost resistance of decorative powder-activated concretes with a granular surface texture.

Keywords: decorative concrete, powder activation, composition selection, structural and rheotechnological indi-
cators, strength, frost resistance
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Powder-Activated Concrete with a Granular Surface Texture

Annotanus. [TokazaHo, 4To B IOC/IETHIE T'OBI B OTEUECCTBEHHOW M MUPOBOH MPAaKTHKE MIMPOKOE IPUMEHEHNE
HAIlUTM CaMOYIUTOTHSIIOINECS OETOHHBIE CMECH OTIIMYAIONINEcs] BEICOKOH yI000yKIIa pIBaeMOCThIO Oe3 TprMe-
HEHUsl BUOpaMOHHOTO Bo3AelcTBHs. C MPUMEHEHHEM MHHOBAIIMOHHBIX TEXHOJIOTHH MOTYT OBITh U3TOTOBIICHEI
pa3HoOOpa3Hble MaTepualbl M U3ACINs apXUTEKTYPHO-CTPOUTEIFHOTO HA3HAYCHUS C YIy4YIIEHHBIMU JIEKOpa-
TUBHBIMHA CBOWCTBaMH. [IpuBeseHBI pe3yiabTaThl HCCICAOBAaHMS 110 IOJ00PY COCTAaBOB JIEKOPATHBHO-
OT/EJIOYHBIX IOPOIIKOBO-aKTHBUPOBAHHBIX OCTOHOB 3€pHHUCTON (DAKTYpOH MOBEPXHOCTH MO PEOIOTHYECKUM
CBOICTBaM, [10Ka3aTeJSAM IPOYHOCTH U MOPO30CTOMKOCTH.

[Ipu mpoBeneHNH HCCIIeIOBAaHINA B KAUECTBE BSLKYILETO HMCIIOIB30BAJICS eTUIECTCKUM OBl IIEMEHT, MUKPOHAIION-
HUTEIS] — MUKPOKBApII, TOHKOMCIIEPCHOTO KOMIIOHEHTA — OTCEeBbI Ipo0JIeHNs rpaHnTa U Kynepiuiaka ¢p. 0-0,63
MM, TIeCKa-3aroJHUTEIIsl — IpaHuTHBIe BbiceBKH (p. 0,63—5 Mm u kynepuuiak ¢p. 0,63-2,5 mm. Cmecu mnactudu-
LIUPOBAIIICH CYNEPINIACTU(GUKATOpAMH HOBOTO MOKOJICHUS OTEYEeCTBEHHOIrO U 3apyOexHoro mpousBoncrsa. Pac-
CUUTAHbI CTPYKTYPHBIE U PEOTEXHOJIOTMYECKHE MTOKA3aTeN OPOIIKOBO-aKTHBUPOBAHHBIX OETOHOB.

W3 nonydeHHBIX 3HAYEHUH YCIOBHBIX PEOJIOTHYECKUX KPUTEPUEB IMOPONIKOBO-aKTHBUPOBAHHBIX OETOHOB Clle-
JIyeT, 4TO BCE OHHM 3HAYNTEIHHO OOJIBIIE EMHUIIBI U XapaKTePH3YIOT CYIIECTBEHHOE IPEBBIINICHHE 00HEMOB
PEOJIOTHYECKHX MaTpHUI] HaJl 00beMaMH TOHKO3EPHHUCTBIX, IPyOO03epPHUCTBIX KOMIOHEHTOB, KOTOPBIE BMEIIAIOT-
sl B HUX ¢ OOJIBIIUMH Pa3ABMKKAMU YacTHII U 3€pPEH.

[TpouHOCTH Kak KOMIUIEKCHAsI MEXaHNYEeCKast XapaKTEePUCTHKA, BKIIFOYAIOIIAs COUYCTAHNE KPUTEPUEB MPOYHOCTH,
HAJIS)KHOCTH U JIOJITOBEYHOCTH, SIBJIACTCS BaKHEHIIINM MTapaMeTPOM KadeCTBa CTPYKTYPbI OETOHA KaK aKTHUBHOTO
M CaMOro MacCcOBOTO CTPOHMTEJIFHOTO MaTepHaja KOHCTPYKIIHOHHOTO Ha3HAYEHHs. 3[JaHUS U COOPY)KCHHS B
YCIIOBUSIX 3KCIUTyaTallly TOBEPraloTCs NUKINIECKUM MEXaHMYECKUM Harpys3kaM pa3IMdHOrO BHJAA M KIIMMa-
THYECKHM BO3JCHCTBHAM, XapaKTEPU3YIOUIMMCS [UKIMYECKUMH MPOSIBICHUSIMA OTPULATENILHBIX U 3HAKOIIEpe-
MEHHBIX TeMIIepaTyp. B pe3yibraTe BBIMOIHEHUS UCCIEJOBAaHUI BBISBICHBI BEICOKHE MOKA3aTEIN MPOYHOCTH U
MOPO30CTOHKOCTH J€KOPATHBHBIX IIOPOIIKOBO-aKTUBHPOBAHHBIX OETOHOB € 36PHUCTOHN (haKTypOil MOBEPXHOCTH.

KiroueBblie ciioBa: eKOpaTUBHBIE OCTOHBI, ITOPOIITKOBAS AKTUBAITHUS, TTOJ00P COCTABOB,
CTPYKTYPHBIC U PCOTECXHOJIOTHYECKUE TOKA3aTEINH, TPOYHOCTh, MOPO30CTOHKOCTh

INTRODUCTION them, chemically resistant, biostable, self-

cleaning decorative and other products and coat-

In recent years, self-compacting concrete mix-
tures have been widely used. Such mixtures are
characterized by high workability and do not
require the use of vibration exposure [1, 2].
Modern construction is already impossible to
imagine without it. Due to the unique rheologi-
cal properties, such as good flowability, high
resistance to delamination and effective air re-
moval, self-compacting concrete is actively
used primarily in those areas of construction
where the use of vibration compacting is diffi-
cult. For example, it is relevant for work in resi-
dential areas where the requirements for sound
insulation are stringent, as well as when forming
products with high reinforcement density or
complex geometry [3]. The production of self-
compacting concrete mixtures is less expensive.
To date, it is relevant the studies aimed to ob-
taining construction materials and products with
new properties, for example, ensuring environ-
mental safety, expanding the use of additives
that give surfaces special properties, etc. Among

ings are known [2]. One of the effective tech-
nologies for implementation in construction is
also 3D printing, which is carried out by layer-
by-layer extrusion in accordance with a given
three-dimensional digital model [4].

The usage of innovative technologies allowsman-
ufacturing of various materials and products with
improved decorative properties for architectural
and construction purposes. Decorative concrete
with a granular surface texture can be obtained
using waste screenings from stone crushing quar-
ries, which have accumulated more than 6 billion
tons in the Russian Federation. These all allow
obtaining fine aggregates and aggregate sand.

A large number of works [5] are devoted to the
selection of concrete compositions with a ra-
tional binder consumption. In concretes of op-
timal structure, the cement paste not only covers
the surface of the aggregate grains, but also fills
the remaining voids between them. For this pur-
pose, the principle of successive filling of voids
is used. According to this principle, the grains
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of finer fractions fall into voids between coarse
aggregate grains without causing its expansion.
It is known that a decrease in the voidness be-
tween the grains of fine aggregate (sand) causes
descending of the consumption of the binder,
and the strength of the solution increases [6].
One of the most effective ways to control the
rheological properties and aggregate stability of
cement composites, including decorative ones,
is the use of substances that have surface activi-
ty at the solid-solution interface. In the industry
of construction materials, these additives are
called as plasticizers and superplasticizers (SP).
The introduction of plasticizing additives helps
to increase the strength of cement stone by re-
ducing the water-cement ratio [7].

As it follows from the basics of physical chemis-
try, a concrete mixture must contain a sufficient
amount of a highly concentrated water-dispersed
mixture (matrix), which can be converted from
aggregation-unstable to aggregation-stable using a
plasticizer. In this case, it is necessary to meet the
basic rule: an increase in the volume of the dis-
persed phase should be provided without increas-
ing the consumption of cement, but by adding
powder filler in an amount of 40-70%, and in
low-cement concrete - up to 90-100%. [8]. Such a
high content of dispersed powder, for example,
ground quartz sand, leads to increase the volume
of the water-cement-mineral mixture and
achievement of a high thinning effect of the su-
perplasticizers. In this case, it is also necessary to
take into account the limiting values of the volume
concentration of the solid phase C), :

Ver

—_se 1
I/SP_'_VW ()

Vv

where V,— is thevolume of the solid phase (ce-

ment, ground sand, fine sand, aggregate sand,
crushed stone); V, — is the water volume.

Kalashnikov V.I. noted that an important task of
choosing mineral additives as microfillers of cement
concretes is to determine not only their rheotechno-
logical activity in comparison with cement systems,
but also their reactive activity in relation to cement
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systems in terms of binding hydrolytic lime released
during cement hydration, and the possibility of for-
mation of intergrowth contacts on defect-free sur-
faces of microcrystals formed on the surface of hy-
drated particles of cement and microfiller.

Structural strength as a complex mechanical
characteristic is the most important parameter of
the quality of the concrete structure as an active
and most widespread construction material for
structural purposes [9]. It includes a combination
of strength, reliability and durability criteria.
Modern construction shows more pronounced
the tendency to use high-strength materials, in
particular concrete. Over the past decades, the
strength of used ready-mixed concrete has in-
creased 1.5 times in some countries. And there
is a task to increase it up 2—3 times (to the level
of 100-150 MPa) in the coming decades [9].

A significant number of construction projects
are being built in the southern and northern re-
gions, which have extreme natural and climatic
conditions. Buildings and structures under oper-
ating conditions are subjected to cyclic mechan-
ical loadings and climatic influences. For this
conditions, special operational requirements are
imposed on construction materials and products.
For example, the durability of pavement and
similar elements of transport communications
and landscaping is mainly estimated by indica-
tors of frost resistance and strength.

In the construction industry, decorative con-
cretes are used in the manufacture of various
building products [10, 11]. Based on this, com-
plex studies on the formation of a dense and
time-stable structure of decorative concretes un-
der cyclic physical and mechanical impacts
have a particular interest. As well know, it is
also necessary to ensure the required workabil-
ity of concrete mixtures in addition to the re-
quirements of strength and frost resistance of
hardened concrete. The workability is more
consistent with powder-activated concrete.
Decorative powder-activated concrete is one of
the most promising materials for use in the con-
struction of buildings and structures of in-
creased architectural expressiveness since it al-
lows choosing a rational recipe composition.
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The reason for the high strength of new generation
concrete is not only the presence of a powder
component. To enhance the action of the super-
plasticizer (SP) in new generation concretes
(NGC), there should be fine-grained sand of 0.16—
0.63 mm fraction, capable of being liquefied by
plasticizers in an aqueous extract of cement paste.
One of the main quality criteria in assessing du-
rability and service life without loss of strength
and aesthetic characteristics of architectural and
decorative concretes operating under atmos-
pheric conditions is the frost resistance. A large
number of studies in this field are devoted to the
investigation of the resistance of concrete to the
effects of frost in a water-saturated state and to
increase their frost resistance [12]. Most re-
searchers note that the fundamental reason for
the frost destruction of cement concrete is the
phase transition of water into ice, accompanied
by an increase in its volume and the appearance
of stresses in a rigid frame. The water to cement
ratio significantly affects the porosity and frost
resistance of concrete. At the same time, it was
also found that finely ground additives intro-
duced in an amount of up to 25-30% by weight
of cement contribute to an increase the frost re-
sistance of concrete due to better filling of voids
between fine aggregate grains. In addition, a
decrease in the specific consumption of cement
per unit volume of concrete reduces the relative
volume of cement stone and reduces internal
stresses from unmanifested capillary shrinkage.
Thereby, it increases the crack resistance of the
concrete matrix and its frost resistance.

As a rule, the frost resistance grade of the old
generation concretes does not exceed F 300—
400, which is quite sufficient for the predicted
high durability of concretes [13]. However, the
period of operation before the disappearance of
the decorative expressiveness of surfaces signif-
icantly reduced for architectural and decorative
concretes in this case.

For hard operating conditions, the developed
concretes must perceive more than 1000 cycles
of alternating freeze-thaw. At the initial stage of
selecting the composition of concrete, it is nec-
essary to evaluate the rheotechnological proper-
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ties of the components for their liquefaction us-
ing various superplasticizers, not only individu-
al cement and mineral suspensions, but also
their compositions.

In this regard, studies aimed to creation of con-
struction materials with increased strength, density
and high frost resistance are urgent. The task of
the composition selectingwas not only to obtain
high-strength concrete with a low water absorp-
tion value, but also to significantly increase frost
resistance without the use of special air-entraining
additives that increase the cost of concrete.

AIMS AND SCOPE OF THE RESEARCH

The present research aims to the selection of

compositions of decorative and finishing pow-

der-activated concretes with a granular surface
texture according to rheological properties,
strength and frost resistance indicators.

The tasks of the Research:

1. Analysis of the state of art in researches on
concretes of a new generation with the allo-
cation of structural and rheotechnological
properties of powder-activated concretes.

. Selection of the components for the formation
of powder-activated concrete, considering cost
minimization, providing the required view of
the granular texture of the concrete surface, and
ensuring high rheology of concrete mixtures
based on the selected components.

3. Calculation of the structural and rheotechno-
logical indicators of decorative and finishing
powder-activated concrete and selection of
the optimal compositions for technological
properties.

. Experimental studies of powder-activated
concrete, depending on the type of superplas-
ticizer and various fillers.

5. Determination of the volumes of various ma-
trices, volumetric content of water-dispersed,
water-dispersed-fine-grained and  mortar
components, relative excesses of volumes of
conditional rheological matrices in decora-
tive powder-activated concretes.

International Journal for Computational Civil and Structural Engineering



Vladimir T. Erofeev, Nikolai I. Vatin, Irina. N. Maksimova, Oleg V. Tarakanov, Yana A. Sanyagina, Irina V. Erofeeva,

Oleg V. Suzdaltsev

6. Experimental studies of powder-activated
concrete strength and frost resistance, de-
pending on the type of superplasticizer (SP)
and fillers used.

MATERIALS AND METHODS

In these studies, the rheotechnological properties
of cement composites of several types and several
types of dispersed fillers in suspensions plasti-
cized with plasticizers of various types were in-
vestigated at the first stage. And at the second
stage, the strength and frost resistance of cement
composites plasticized by superplasticizer such as
Melflux-1641 were studied. The selection of
components was carried out in regard with the
combination of the following parameters: the cost
of the components, providing the required view of
the granular texture of the concrete surface, ensur-
ing high rheology of concrete mixtures based on
the selected components.

Fillers including those of the above type, were
used as a finely dispersed component that in-
creases the volume of the rheological matrix of
the first row, which was microquartz from the
Lebedinsky Mining and Processing Plant. And
as filling components, that provide a granular
surface texture, screenings of crushed granite of
0-5.0 mm fracture and cooper slag of 0-2.5 mm
were adopted. The binder was Egyptian white
cement (CEM 52.5). Materials of both domestic
and foreign production were used as SP and GP,
including Melflux 1641 and Khidetal y-9.

We used a standard cone (GOST 10181-2014)
to determine the rheotechnological parameters
of the concrete mixture. The relevant regulatory
documents (GOST 18105-2018; GOST 10060-
2012) were used to determine the strength indi-
cators and frost resistance of concrete.

Based on experiments, four most optimal com-
positions were proposed with optimized rheo-
logical matrices in terms of the content of ce-
ment, microquartz (ground sand), fine sand of
0.16-0.63 fracture and aggregate sand.

The studied compositions that differ in the type
of superplasticizer and the quantitative content
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of filling components are given in [14]. In addi-
tion to mass contents, the volume content of the
components, as well as the sediments of a
standard cone, are indicated there.

The volumes of various matrices, the volume
content of water-dispersed, water-dispersed fi-
ne-grained and mortar components in new gen-
eration concretes were calculated. These results
are also in [15].The technology for calculating
indicators is given below.

Frost resistance was determined according to
GOST 10060-2012 “Concretes. Methods for
determination of frost-resistance" according to
the 3rd accelerated method, for which the sam-
ples are saturated with a 5% aqueous solution of
sodium chloride. The tests were carried out in
an independent laboratory of the production en-
terprise Penza Construction Department LLC in
a freezer of the KTX-14 type at a temperature of
minus 50 °C. The test mode was as follows: 8
hours of freezing, 16 hours of thawing.

CALCULATION OF STRUCTURAL AND
RHEOTECHNOLOGICAL INDICATORS
OF DECORATIVE AND FINISHING
POWDER-ACTIVATED CONCRETE

The calculation of structural and rheotechnologi-
cal indicators of decorative and finishing pow-
der-activated concretes of a new generation, as
well as relative excess volumes of conditional
rheological matrices, was carried out using
methods developed by V.I. Kalashnikov.

The volumes of various matrices, depending on
their type, are calculated using the following
formulas:

Lkind: V=V, +V, +Vy; (2)
ITkind: V,, =V +V; 5 (3)
I kind: Vy, =V, +V, 4)

where V. — isthe volume of cement per 1000 li-
ters of concrete mix; V, — is thevolume of mi-

croquartz (ground sand) per 1000 liters; V, — is
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the water volume per 1000 liters; ¥, — isthe

volume of fine sand based on stone crushing
screenings of granite stone and cooper slag of
0-0.63 mm fraction per 1000 liters; V, — isthe
volume of aggregate sand based on a fraction of
0.63-2.5 mm per 1000 liters.

For comparison, the volumes of matrices in
concrete of the old generation with the above
composition can be calculated as follows:

Ikind: V, =V, +Vy;
I kind: V};, =V, +V, .

)
(6)

Taking into account the established volumes,
the volume content of water-dispersed, water-
dispersed-fine-grained mortar suspension com-
ponents in plasticized powder-activated con-
crete of a new generation is calculated. The cal-
culation of the volume content of water-

dispersed ( Cy,,,), water-dispersed fine-grained (
Cypp, ) and solution (Cy, ) suspension compo-
nents in plasticized powder-activated crushed
stone concrete of a new generation is carried out
according to the formulas:

Ve +V, +V,

= 2 100% ;
(7)
Vi+V, +Vy +V,
Wop, = 100% ; ©)
Ve+Vo +Vy +V, +V,
Poe=t W B P 100%. (9)

conc.mix

The limits of volume concentrations of the stud-
ied concrete mixes are: Cy,, varies from 39.91

to 43.94%, C\’;,DPT varies from 63.85 to 66.19%
and for C., from 99.61 to 99.76%.

Only one composition in self-compacting mix-
tures has the volume concentration of a water-
dispersed suspension less than 40%. Moreover,
even in those mixtures, the rigid consistency of
which is associated with a change in the content
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of the filler, the volume concentration of the wa-
ter-dispersed suspension is more than 60%.
Concrete mixtures of optimal composition have
an equal volume concentration of the mortar
component (over 60%). This is the fundamental
difference between the developed concretes and
traditional ones, in which the volumetric con-
centrations Cy,,and C, are in the range of 24—

26% and 54—57%, respectively.

For the topological analysis of all types of new
concretes, developed and traditional concretes
of the old generation, it is effective to use di-
mensionless rheological criteria. For powder
concrete, the first criterion is the relative excess
of the volume of the conditional rheological ma-
trix of the I kind IIYT“ P i.e., relative excess of the

volume of the water-dispersed system V,,, over
the absolute volume of fine sand ¥, . It is calcu-

lated by the following formula:
Ilmi = WD/VPT :(Vc sy +VW)/VPT , (10)

where V., V, , Vy .V, — areabsolute volumes

of cement, ground sand, water, fine sand, re-
spectively.

There are two rheological matrices in powder-
activated sandy concretes of the new generation:
a water-dispersed matrix of the I kind and a wa-
ter-dispersed fine-grained matrix of the II kind,
including cement, microquartz (ground sand),
fine sand and water. Fine sand in this matrix
participates in the rheological process, provid-
ing the displacement of aggregate sand grains in
the matrix of the I kind. The latter one is located
discretely in a matrix of the II kind, ensuring the
fluidity of the system without steric obstacles.
The relative excess of the volume of the rheo-
logical matrix of the II kind over the absolute
volume of aggregate sand is calculated by the
formula:

B =V, [V, = (Ve + W, +Vy + 7 ) 7, - (1)
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where Ve, V, ., Vi, V, . V, — are absolute vol-

umes of cement, ground sand, water, fine sand,
aggregate sand, respectively.

The excess rheological matrix of the II kind also
provides the necessary distances between the ag-
gregate sand grains. For narrow granulometry of
sand, the theoretical calculation of distances can
be close to the real one. For a wider granulometry,
a distribution curve of the granulometric composi-
tion should be constructed, and then the distances
between grains in narrow fractions can be calcu-
lated. Topological patterns of particle placement
in narrow fractions are then combined into a sin-
gle topological pattern with the free space maxi-
mization algorithm. This approach belongs to the
problems of computer materials science, which
can be useful for studying the topology of new
generation concretes and optimizing the granulo-
metric composition of components.

For concretes of the old generation, these crite-
ria may not be excess volumes of rheological
matrices over the volumes of sand and crushed
stone, but shortcomings. They are calculated
according to the formulas:

(12)
(13)

L=V [V =(Ve + Vi) Vs,
]SC}?P = CDP/VSH :(Vc +Vy 1, )/VSH :

ANALYSIS OF EXPERIMENTAL
RESULTS

From the point of view of rheotechnological indi-
cators, all compositions showed a fairly high qual-
ity as follows from the results of the study. Ac-
cording to the calculated values of conditional
rheological matrices of the I and II kind, composi-
tions 2 and 1 seem to be the most qualitative,
compositions 4 and 3 are slightly less qualitative.
Compositions 2 and 1 are self-compacting con-
cretes with a cone draft of 27.4 and 28.5 cm,
which corresponds to the American SF2 standard.
There is a regularity in achieving close values of
conditional rheological matrices (1, ", I, "),

equal to 1.67-1.97 and 1.78-1.98, respectively.
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Thus, the volume content of the water-dispersed-
fine-grained suspension component (C;/VDPT) for

self-compacting powder-activated sand concrete
should be in the range of 60-70%. The self-
flowing can be ensured only at a high content of
water-dispersed-fine-grained suspension.

The difference between compositions 2 and 1 is
that the composition 1contains the increased vol-
ume of the conditional rheological matrix of the I
kind due to a larger amount of microquartz (300
kg/m?) relative to composition 2 (200 kg/m?).
While maintaining the sum of the masses of all
components in composition 2, a part of mi-
croquartz is replaced by screening of stone crush-
ing for greater saturation with granular compo-
nents of the concrete mix and providing the most
complete visual picture of the surface. As a result
of this, rheotechnological, physical and technical
indicators fall very slightly (see tables 1, 2). At the
same time, in such self-compacting concrete mix-
tures, it is important to ensure aggregative stability
and prevent sedimentation of particles.

As can be seen from the values of the condition-
al rheological criteria of powder-activated con-
cretes, all of these values are much greater than
unity and characterize a significant excess of the
volumes of rheological matrices over the vol-
umes of fine-grained, coarse-grained compo-
nents that fit into them with large separation of
particles and grains.

The physical and technical properties of powder-
activated concretes of four compositions were
studied. Indicators of compressive and bending
strength and complex indicators for evaluating the
effectiveness of materials of 4 compositions were
obtained from testing of standard samples.

To assess the economic indicators of individual
compositions, we determine the specific con-
sumption of cement per unit of compressive and
flexural strength as follows:

Cy = RQ , kg/MPa, (14)
s C
Cy = = kg/MPa. (15)

b
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The specific strength per unit of cement con- K=R/R,. (17)
sumption was determined by the formulas:
According to the data from [15] it follows that
RS, = R , MPa/kg, RS, = R, , MPalkg. (16) composition No. 3 [15] has improved perfor-
© C © C mance. The table 1 presents the results of com-
prehensive studies of the properties of concrete,
The ratio of strength indicators in compression taking into account the data from table 3 in [15].
and bending was also determined as follows:

Table 1. Properties of decorative powder-activated sand concretes

Components | Disperse- |Per 1 m?,| Volum | W/C, | P, B, | B | P, Strength
fractional kg eper | WIT | kg/m® | ¢ | ¢ | ¢ | _MPa,atdays
composition 1m, 1 1 28
1 2 3 4 5 6 7 8 9 10 11
Pwl da
Cement 600 ) ys R=37 | Re=90
DO Egyptian 3800 cm“/g | 500 161 0,4 04| 1,4 12,11 Ri=6.1| Ro=11
2415
Meloﬂux 1641 — 4,5 3 2P _ 3.916 Cy =5,55
0,9 % ofC C
Microquartz {3400 cm?/g {200 75,5 0,081 |Pteor | 1,"° =1,67 R, =0,18
2434 | A

Screening  |0-0,63 mm |450 165 T =1,78 Cp, =454
stone ’
crushing Kseal | Vyp =436,5  |RJ/Rb=38,18
granite 0,992 Ve, = 698,4

0,63-5,0 930 344 Vi =1090,8

mm Crop =39,91 %
Cooperslag  [0-0,63 mm (252 96,9 Cropp. = 63,85 %

Vv
CSo=11cm |G =99,73%

0,63-2,5 126 48,4

mm
2 My, 2464  |—
2V — — 894,4
Water 200 200

conc.mix 2664 _
conc.mix _ 1 094
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We calculated the dimensionless parameters of
raw components' ratios and criteria of condi-
tional rheological matrices, which have the fol-

lowing values: P/C=3,55 ; R’=0,418
MPa/kg; I;:’D =1,67 ;IISZDP =1,78.

It should be noted that a change in these criteria in
the direction of a slight decrease or increase leads
to a decrease in strength indicators by 10-20%. It is
important that an extremely low specific consump-
tion of cement per unit of concrete strength in
compression (C; = 5.55 kg / MPa) and tension in

bending (C, = 45.4 kg / MPa) has been achieved.

Strength ratio of indicators is R, /R_ =0.112.

The supposed correctness of the forecast of high
frost resistance depending on the kinetics of water
absorption was accounted. It was less than 1.5%
by weight after four days of exposure. After two
weeks of testing, this value was 1.98% and ex-
ceeded the 4-day water absorption by approxi-
mately 25-28%. That is, such a kinetics of water
absorption for a sufficiently long time causes a
large number of free pores which remain after wa-
ter saturation of concrete for four days before test-
ing for frost resistance. It is known that the vol-
ume of water increases by 9.6% at freezing. Thus,
it can be safely predicted that an almost threefold
excess of the volume of free pores over the incre-
ment in the volume of water when it passes into
ice contributes to extremely high frost resistance.

The results of the experiment showed that after
1000 cycles of alternating freezing and thawing the
weight of the samples decreased by an average of
0.7%. At the same time, there were no obvious
signs of external destruction such as chipping of the
corners of the samples, peeling of the surface,
which shows the presence just of minimal destruc-
tive processes in the concrete structure and a slight
change in strength. Besides, this result guarantees
the preservation of the visual architectural appeal of
the concrete surface over a long period of operation
under the influence of harsh environmental factors.

After 1000 cycles of alternating freeze-thaw, the
samples were tested for strength. The standard
compressive strength of the test concrete after 28
days of hardening in normal humidity conditions
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was 85 MPa. By the end of the test, the samples
stored in saline had a strength of 92 MPa. In this
case, the samples that were tested had a strength
of 90 MPa (after 1000 freeze-thaw cycles). That
is, the loss of strength was slightly more than 2%,
which is within the experimental error and meets
the requirements of GOST.

Thus, the composition of architectural and decora-
tive concrete proposed for implementation corre-
sponds to the required properties in terms of
strength and frost resistance. The results provide a
basis for setting the limit levels of loads on con-
crete of various coatings, as well as for establish-
ing requirements for the properties of concrete
when designing it for operating conditions.

CONCLUSIONS

1. In recent years, self-compacting concrete mix-
tures have been widely used. Such mixtures are
characterized by high workability without the us-
age of vibration compacting. Using innovative
technologies, various materials and products for
architectural and construction purposes with im-
proved decorative properties can be manufactured.
2. According to physical chemistry, it follows
necessity for the concrete mixture to have a suf-
ficient amount of highly concentrated water-
dispersed mixture (matrix), which can be con-
verted from aggregation-unstable to aggrega-
tion-stable with the help of a plasticizer. In this
case, it is required to stay the basic rule: an in-
crease in the volume of the dispersed phase is
provided without increasing the consumption of
cement, but by adding powder filler in an
amount of 40-70%, and in low-cement concrete
- up to 90-100%.

3. The studies have been performed to select the
compositions of decorative and finishing con-
cretes with a granular surface texture according
to rheological properties. Egyptian white ce-
ment served as a binder, micro-quartz as a mi-
crofiller, and screenings of crushed granite and
cooper-slag of 0-0.63 mm fraction and the same
components as filler sand of 0.63—5.0 mm and
0.63-2.5 mm fractions. The new generation su-
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perplasticizers plasticized the mixture. At the
initial stage of selecting the concrete composi-
tion, it is necessary to evaluate the rheotechno-
logical properties of the components for their
liquefaction using various superplasticizers, not
only individual cement and mineral suspen-
sions, but also their compositions.

4. The paper provides determined in the study
structural and rheotechnological indicators of
powder-activated concretes such as volumes of
various matrices, volumetric contents of water-
dispersed, water-dispersed-fine-grained and
mortar components, relative excesses of vol-
umes of conditional rheological matrices in
decorative powder-activated concretes.

5. The research results shows that all composi-
tions showed a fairly high quality in terms of
rheotechnological indicators. According to the
calculated values of conditional rheological ma-
trices of the I and II kind, compositions 2 and 1
seem to be the most qualitative, compositions 4
and 3 are slightly less qualitative. Compositions
2 and 1 are self-compacting concretes with a
cone draft of 27.4 and 28.5 c¢cm, which corre-
sponds to the American SF2 standard. There is a
regularity in achieving close values of condi-
tional rheological matrices (IIYTJD, [}YZV PP equal

to 1.67-1.97 and 1.78-1.98, respectively. Thus,
the volume content of the water-dispersed-fine-

grained suspension component (C\';,DPT) for self-

compacting powder-activated sand concrete
should be in the range of 60—70%. Only a high
content of water-dispersed-fine-grained suspen-
sion ensure absolute self-flowing.

6. The difference between compositions 2 and 1 is
that in composition 1, the volume of the conditional
rheological matrix of the I kind increases due to a
larger amount of microquartz (300 kg/m®) relative
to composition 2 (200 kg/m*). While maintaining
the sum of the masses of all components in compo-
sition 2, part of the microquartz is replaced by
screening of stone crushing for greater saturation
with the granular components of the concrete mix-
ture and ensuring the most complete visual picture
of the surface (while the sum of the masses of all
components is preserved). This leads to a slight
decrease in rheotechnological and physical and
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technical indicators. It is essential to ensure aggre-
gative stability and prevent particle sedimentation
in such self-compacting concrete mixtures.

7. All values of the conditional rheological cri-
teria of powder-activated concretes are signifi-
cantly greater than one and characterize a signif-
icant excess of the volumes of rheological ma-
trices over the volumes of fine-grained, coarse-
grained components that fit into them with large
separation of particles and grains.

8. The second stage included studies of the
strength and frost resistance of concrete. As a
result of testing for strength and frost resistance,
high rates of these properties were revealed for
decorative concretes.

9. The reason for the high strength of new gen-
eration concrete is not only the presence of a
powder component. New generation concrete
should contain fine-grained sand of a fraction of
0.16-0.63 mm capable of being liquefied by
plasticizers in an aqueous extract of cement
paste to enhance the action of the SP.

10. The results of the experiment showed that
the weight of the samples decreased by an aver-
age of 0.7% after 1000 cycles of alternate freez-
ing and thawing. At the same time, there were
no obvious signs of external destruction, which
allows us to assume the presence of minimal
destructive processes in the concrete structure
and a slight change in strength. Besides, this
result guarantees the preservation of the visual
architectural appeal of the concrete surface over
a long period of operation under the influence of
harsh environmental factors.

11. The samples were tested for strength after
1000 cycles of alternate freezing-thawing. The
characteristic compressive strength of the test
concrete after 28 days of hardening under nor-
mal humidity conditions was 85 MPa. The sam-
ples stored in saline had a strength of 92 MPa.
In this case, the samples that were tested had a
strength of 90 MPa (after 1000 freeze-thaw cy-
cles). That is, the loss of strength was slightly
more than 2%, which is within the experimental
error and meets the requirements of GOST.

12. Thus, the composition of architectural and
decorative concrete developed and proposed for
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implementation corresponds to the properties in
terms of strength and frost resistance. The ob-
tained results allow setting the limit levels of loads
on concrete of various coatings, as well as estab-
lishing the requirements and properties of concrete
for designing with regard to operating conditions.
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THE EFFECT OF THE AXIAL AND SHEAR STIFFNESSES
ON ELASTIC ROD’S STABILITY

Daria A. Kuznetsova !, Viadimir V. Lalin ?, Nikolay M. Malkov '

! Far Eastern Federal University, Vladivostok, RUSSIA
2 Peter the Great St.Petersburg Polytechnic University, Saint Petersburg, RUSSIA

Abstract. This article is about the nonlinear problems of the theory of elastic Cosserat — Timoshenko’s rods in the
material (Lagrangian) description. The variational definition for the problem as finding the stationary point of the
Lagrangian functional and differential formulation of static problems were given. The exact stability functional
and stability equations of the plane problem for physically linear elastic rods taking into account the axial, shear
and bending stiffnesses were received. The exact value of the critical load was obtained taking into account the
axial, shear and bending deformations in the problem of the stability of a rod compressed by an axial force. In the
present paper the stability of classical simplified rod’s models such as the Timoshenko beam and the Euler—
Bernoulli beam was investigated. Also, the stability of third simplified rod’s model, based on beam’s axial and
bending stiffnesses, was explored. The stability functionals, the stability equations and critical loads formulations
for this three types of simplified models were derived as a particular case of the general theory. There were made
the comparisons of described solutions which regards all the rod’s stiffnesses and solutions, based on simplified
models. The effect of the axial and shear stiffnesses on rod’s stability was analyzed.

Keywords: stability of structures; variational formulation; the stability functional; the stability equations;
the critical load

BO3JIEUCTBUE )KECTKOCTEM HA PACTSI’)KEHUE — C)KATHUE
U CIBUT HA YCTOMYUBOCTD YIIPYT'UX CTEPKHEN

J.A. Kysneuoea ', B.B. /lanun >, HM. Mankoe !

! lanbHeBOCTOUHBIN (enepanbHblil yauBepeutet, Bnagusocrok, POCCUS
Cankr-TletepOyprekuii monurexnuueckuii yanpepeutet Ierpa Bennkoro, Cankr-TlerepOypr, POCCHS

AHHoOTanusi. JlaHHAas CTaThsl MOCBAIIEHA HENMHEHHBIM 3aJadaM Teopuu ympyrux crepxkHeidl Koccepa —
Tumomenko B mMatepuaibHoM (JlarpamkeBoM) onmcanuu. [IprBeseHO BapHallMOHHOE OTpE/ENCHNE 3a1a4l B
BHJIE TIOMCKAa TOYKM CTallMOHApHOCTH (yHKIMOHaa Tuma Jlarpamka n audQepeHnuanbHble TOCTAaHOBKH
cTaTH4ecKuX 3a1ad. [lomydens! TouHbIe (PYHKIIMOHAT YCTOMIMBOCTH M YPaBHEHUS! YCTOHUMBOCTH IUIOCKOH 3aaun
A GU3NYECKN JTWHEHHBIX YIPYTHX CTEPXKHEW C YYeTOM IMPOAONBHOW, CIBUTOBOM M M3THOHOI KECTKOCTEH.
TouHOoe 3Ha4YeHHE KPUTHYECKONH HArpy3KH MOJIYYEHO C YYETOM TMPOJOJIbHBIX, CABHUIOBBIX W M3THOAIOIINX
nedopmanuii B 3amavye yCTOWYMBOCTH CTEPIKHS, C)KATOrO OCEBOW CHIIOW. B Hacrosimieit pabore mcciemoBaHa
YCTOWYMBOCTh KJIACCHUYECKHX YIPOIIEHHBIX CTEP)KHEBBIX MOJeNel, Takux kak Oanka TumorneHko u Oajika
Bepuymum - Diinepa. Takxke Oblia mcciaeqOBaHa YCTOMYMBOCTH TPEThEH YIPOIICHHOW MOJENN CTEpPIXKHS,
OCHOBAHHOW Ha yd4eTe MpOJIOJIbHON M M3THOHON kecTKocTel Oanku. OyHKIMOHAIBI YCTOHYUBOCTH, YpaBHEHHS
YCTOWYMBOCTH 1 (POPMYJIBI KPUTHUECKHUX CHJI JUISL ATUX TPEX THUIIOB YIPOIIEHHBIX MOJIeNIei ObUTH BBIBEICHBI B
KayecTBEe YaCTHOro ciydast obOmiell Teopuu. IIpoBeneHbI CpaBHEHHs ONMCAHHBIX PELICHHH C YYeTOM BCEX
KECTKOCTEH CTEP KHS M PELICHHH, OCHOBAHHBIX Ha YNPOIIECHHBIX MOJEIsIX. [IpoaHann3npoBaHo BIMSHAE OCEBOH
1 CABUTOBOM KECTKOCTH HAa yCTOMYMBOCTD CTEPIAKHSL.

KaroueBble ci10Ba: ycToOWYMBOCTS KOHCTPYKIIHMIA, BapuannonHas GopMyIHpOBKa; GYHKIIMOHA YCTOHYMBOCTH;
ypaBHEHUsI yCTONYUBOCTH; KPUTHIECKAS HATPY3Ka
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1. INTRODUCTION

The desire to reduce the material consumption of
structures leads to the use of more flexible
structural elements in modern construction. This
increases the possibility of loss of stability of
these elements. Traditional assessment methods
of the rod’s stability based on the classical
Euler’s formula, give only approximate values of
critical loads for compliant elements. This is due
to the fact that only the bending stiffness of the
rods is taken into account in the Euler’s formula.
In this paper, we obtain exact solutions to the
stability problems of rods that take into account,
in addition to bending stiffness, also axial and
shear stiffnesses.

The apparatus of the classical variational calculus
is used to solve this problem. The traditional
approach to the variational formulation of the
problem of rod’s nonlinear deformation is to use
the variational equation in the form of the principle
of possible displacements [1-18]. In this paper, it is
shown that the variational problem can be
formulated as a problem of finding the stationarity
point of a Lagrange-type functional, using
energetically conjugate vectors of forces and
deformations [19]. In this case, it becomes possible
to obtain exact stability equations as the Euler’s
equations for the second variation of the
Lagrangian functional for the first time. From the
exact stability functional and stability equations, it
is possible as a consequence to obtain an
approximate stability functional and stability
equations, in which only bending stiffness (the
Euler—Bernoulli beam) or only bending and shear
stiffnesses (the Timoshenko beam) or only bending
and axial stiffnesses (the Euler—Bernoulli beam
taking into account the axial stiffness) are
considered.

2. VARIATIONAL FORMULATIONS OF
THE NONLINEAR STABILITY
PROBLEMS OF ELASTIC RODS

Formulation of the geometrically nonlinear
problem for the physically linear rod consists of

Volume 18, Issue 4, 2022

three groups of differential equations:
equilibrium equations, geometrical equations
and physical equations.

Equilibrium equations for the plane problem are:

(Ncosgp — Qsing)’ + q,, = 0;

(Nsing + Qcosg)’ + q,, = 0;

M' + x'(Nsing + Qcosgp) +
+y'(Qsing — Ncosp) + m = 0,

(1)

where N is axial force; Q is shear force; M is
bending moment; g, gy and m are distributed power
and moment loads respectively. Functions x(s),
V(s), and ¢(s) are three degrees of freedom in the
plane problems of the geometrically nonlinear
deformation of the rod. In the reference unstressed
configuration every point of the rod can be
identified by the s coordinate, where 0 <s <L, L is
length of the unstrained rod. (...)” denote derivative
with respect to s.

The components of axial, shear and bending
deformations ¢, y, y are defined through the
functions x(s), y(s), and ¢(s) by geometrical
equation:

€ = x'cosp + y'sing — 1;
y = —x'sing + y'cosy;
Y =9

2)

Physical equations for the linear elastic material
are:

N =ki& Q = kyy; M = k31, (3)
where ki = EA is axial stiffness; ko = GAKk is
shear stiffness; ks = EI is bending stiffness; E is
Young’s modulus; A is cross-section area of the
rod; G is shear modulus; k is cross-section form
coefficient; I is moment of inertia.

The Lagrange functional can be written in the
following way:

LGy, @) = [ [5 (ke + oy ? + katp? -

—q:(x = 5) — g,y —mp)| ds — F,(x(1) -

—L) — Fy(L) — M;p(L), 4)
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where: Fi is "dead" load parallel to the X axis; F2
is "dead" load, parallel to the Y axis; M1 -
external moment applied at the end of the rod at
s=L.

In [20 - 23], it was proved that the differential
formulation of the problem (1)-(3) is
equivalent to the L— STAT wvariational
problem of the search of the stationary point of
functional (4).

The stability functional of the plane problem for
physically linear elastic rods taking into

account the axial, shear and bending stiffnesses,
resulting from the second variation the Lagrange
functional, can be written in the following way:

& (u,v,0) = %fOL[NBsB + NO(2yp +

+60(e + 1)) + Qpyp + Q(Oy — 2e5) +
+Mpig] ds, (5)

where the following notation is used:

NB = klgB; QB = kZVB; MB = k3l/)13;
gg=u"cosp —x'Osinp +v' singp +
+y'6 cos@; (6)
Vs =—Uu'sing —x'0cosqp+v' cosep—
—y'Osing;
Y, =06".

The quantities X, y, ¢, €, v, ¥, N, Q, M denote the
equilibrium state characteristics, satisfying the
system of equations (1) - (3), as well as boundary
conditions. These quantities are characteristics of
the equilibrium state, whose stability is studied.
The quantities with the subscript "B" are denoted
variations; u(s), o(s), and 6(s) variations of
coordinates x, y and angle of rotation o,
respectively.

The stability equations are the Euler’s equations
for the variational problem ®..— STAT. Euler’s
equations resulting from the condition §®_.. = 0
are the further equations:

Daria A. Kuznetsova, Vladimir V. Lalin, Nikolay M. Malkov

( (N, cos @ — Q, sinp)' —
—(6(Nsing + Q cos (p))’ = 0;

(N, sing + Q, cos @)’ +
+(6(N cos @ — Q sin <p))' =0;

S M, +u'(Nsing + Q cos @) +
+v'(Q sin¢gp — N cos @) + x' (N, sin @ +
+Q, cos ¢ +0(N cos ¢ — Q sin (p)) +
+y'(Qy sin¢@ — N, cos ¢ +

\ +6(N sing + Q cos ¢)) = 0.

(7)

System (7) is a system of equations for the
functions u, v, and 6. Functions x, y and ¢, as well
as N, Q, M are fixed and are solutions to problem
(1) -3).

Equations (7) are the exact equations of the problem
of the equilibrium state of the rod for the case of the
plane problem. We would like to stress that the
derived system of the stability equations is exact. No
simplifying assumptions were made about the
displacement and rotation angles quantity, and the
character of the equilibrium state of the rod. The
resulting functional (5) and equations (7) are written
in general terms and are applicable for any type of
load and boundary conditions.

In [20 - 23], stability equations (7) were also
obtained by the second way like the equations in
variations of the equilibrium equations (1).

The classic Euler problem (hinged rod under the
axial potential dead load shown in Figure 1) is
considered as an example. The equilibrium
configuration is rectilinear.

Y

Figure 1. Design model of the rod
Boundary values for this example are:

s=0: x(0)=0; y(0)=0; M(0) =0;
s=L: (Ncosgp —Qsing)|s, +

T; y(L)=0; M(L) =0. ®)
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The exact solution of the nonlinear problem (1) -
(3) and (8) is described by the formulas:

y - ) (p ] &= kl - kl ]
y=0 ¥=0
N=-T;, Q=0 M=0. 9)
'=e+l= N +1=
T TR T T TR
Substitute equations (9) into the stability
functional (5) wusing expressions (6). The

functional components containing u describes
the axial deformations, not associated with the
load T, and can be omitted when studying
stability. Finally, the stability functional for this
example can be written as:

1

2
o041 o[ -0(1-3)) +
+k36'? +T6 ((1 — kl) 6 — 2v’>] ds.  (10)

The stability equations, which follow from the
condition § @, = 0, have the form:

I(kz(u'—(1—k11)9)'—7"9' - 0;
k0" + k, (v’ - (1 —kl) 9)-

-(1 +T(i—kil)>1= 0.

A detailed solution to the system of equations
(11) was considered in [20 - 23].

The critical (minimal) force value is calculated
from the quadratic equation [20 - 23]:

(1)

T2 (Z-L)+T=T;=0, (12)

ky ki

2
ks Euler's force for the hinged rod

where T = —;

[24].
It is easy to show that the only positive value of
the critical load, following from equation (12) is:
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_ /1+4TE(%—%)—1

Ccr 1 1
Z(E‘E)

Solution (13) is the exact solution of the problem
of the hinged rod when axial, shear and bending
stiffnesses are taken into account.

. (13)

3. THE STABILITY OF SIMPLIFIED
ROD’S MODELS

3.1. The Timoshenko beam

The Timoshenko beam theory is based on taking
into account the effect of shear deformation on
the stress and strain state of the rod. The classic
Euler problem (hinged rod under the axial
potential dead load shown in Figure 1) is
considered as an example. When analyzing the
stability of the Timoshenko beam, the
assumption is made that the change in the
geometric dimensions of the rod under
subcritical deformations is considered negligible.
For instance, the length of the rod is unchanged
in the process of loading. Thus, the rod is stressed
but not deformed. So:

N=kie=-T;€=0; > k; >0 -
- (kp)™t = 0.

The stability functional for the Timoshenko
beam follows from the stability functional in
equation (10), taking (k;)~1 = 0:

®..(v,6) = ngL[kge'Z + ko (v — 0)% +
+T6(6 — 2v')]ds. (14)
The stability equations for the Timoshenko beam,

arising from the stability functional in equation
(14), can be written in the following way:

k(' = 0) —T6" = 0;
ke + o —0) (14 1) =0. (1Y)
2

The solution to the system of equations (15),
which is an exact solution to the stability problem
for the Timoshenko beam, taking into account
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the shear and bending stiffnesses, can be written
in the following way:

k 4T
Tcr:f( /1+k—2’5—1>.

To assess the effect of the axial stiffness of an
initially rectilinear rod compressed by an axial
dead load T, as shown in Figure 1, let us compare
the values of the critical load calculated by the
exact formula, according to equation (13), taking
into account the axial, shear and bending
stiffnesses, with values, calculated by equation
(16) for the Timoshenko beam, taking into
account only the shear and bending stiffnesses.
Figure 2 shows the graphs for the strut, made of
the I-beam, as an example.

(16)

104 wweee the Euler-Bernoulli beam,

taking into account the
axial stiffhess (equation 22)

1,02

1 - = - the Euler-Bernoulli beam
(equation 19)

=098 - N

Vi

the exact solution (equation
13)

= 0.96

0,94

— « =The Timoshenko beam
(equation 16)

0,92

YEEE
E z o
(=} ™0
3 o~

35K2
40K1

g ;

40K3
40K4
40K5

- ﬁI—E-i;jma ¢
Figure 2. The effect of the axial and shear
stiffnesses on values of the critical load

20k1
23k1

Based on the analysis of the results, we can
conclude that the inclusion of the axial stiffness
increases the critical load. Thus, we take into
account the rod’s internal "reserves" under the
action of the "dead" axial load, adding the axial
stiffness to the calculation of the rod’s stability.

3.2. The Euler—Bernoulli beam

Let us consider the stability of the Euler-
Bernoulli beam, which does not take into account
the effect of shear deformation on the stress and
strain state of the rod, as well as the hypothesis
of non-deformability of the rod in the subcritical
state is accepted. The classic Euler problem
(hinged rod under the axial potential dead load
shown in Figure 1) is considered as an example,
as for the Timoshenko beam.

Daria A. Kuznetsova, Vladimir V. Lalin, Nikolay M. Malkov

The stability functional for the Euler-Bernoulli
beam follows from the stability functional in
equation (10), taking (k)™ = 0; (k,)™* =0:

.. (v,0) = % [ Thesv" = Tu'?]ds. (17)

Euler’s equation, which follows from the
condition § P, = 0, can be written as:

kv + Tv" = 0. (18)
The solution to the stability equation (18) is the

classical common Euler formula for the critical
load exclude the axial and shear stiffnesses.

7T2k3

7}; - 2

(19)

To assess the effect of the axial and shear
stiffnesses of an initially rectilinear rod
compressed by an axial dead load T, as shown
in Figure 1, let us compare the values of the
critical load calculated by the exact formula,
according to equation (13), taking into account
the axial, shear and bending stiffnesses, with
values, calculated by equation (19) for the
Euler-Bernoulli beam, taking into account only
the bending stiffness. Figure 2 shows the
graphs for the strut, made of the I-beam, as an
example. For illustrative purposes, the figure 2
also shows the graph of the critical load values
for the Timoshenko beam, calculated by
equation (16), and the graph of the critical load
values for the Euler-Bernoulli beam, taking
into account axial stiffness, calculated by
equation (22).

Based on the analysis of the results, we can
conclude that the inclusion of the axial and shear
stiffnesses significantly reduces the critical load.
Thus, the use of the classical Euler formula in
equation (19) leads to the risk of loss of stability
by the rod even before reaching the critical load
calculated by the equation (13).

3.3. The Euler—Bernoulli beam taking into
account the axial stiffness

Let us consider the stability of the Euler-
Bernoulli beam, which takes into account the
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axial stiffness, but does not take into account the
effect of shear deformation on the stress and
strain state of the rod. However, the hypothesis
of non-deformability of the rod in the subcritical
state is not accepted in contrast to the classic the
Euler-Bernoulli beam. The classic Euler problem
(hinged rod under the axial potential dead load
shown in Figure 1) is considered as an example,
as for the Timoshenko beam.

The stability functional for this simplified rod’s
model follows from the stability functional in
equation (10), taking (k,)"1 =0 :

Tv'?
T

(l_kl

ey (v,0) =2 [ [(’i”l";z - )] ds. (20)

Euler’s equation, which follows from the
condition § P, = 0, can be written as:

e2y)

The solution to the equation (21), which is an
exact solution to the stability problem for the
Euler-Bernoulli beam, taking into account the
axial and bending stiffnesses, can be written in
the following way:

k 4T
Tcr=§(1— | ‘k—f>-

To assess the effect of the shear stiffnesses of an
initially rectilinear rod compressed by an axial dead
load T, as shown in Figure 1, let us compare the
values of the critical load calculated by the exact
formula, according to equation (13), taking into
account the axial, shear and bending stiffnesses,
with values, calculated by equation (22) for the
Euler-Bernoulli beam, taking into account the axial
and bending stiffnesses. Figure 2 shows the graphs
for the strut, made of the I-beam, as an example. For
illustrative purposes, the figure 2 also shows the
graph of the critical load values for the Timoshenko
beam, calculated by equation (16), and the graph of
the critical load values for the Euler-Bernoulli beam,
calculated by equation (19).

(22)
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Based on the analysis of the results, we can
conclude that the value of the critical load
obtained from equation (22) is greater than the
value obtained from the exact formula (13) and
the value obtained from Euler's formula (19).
Thus, the use of equation (22) leads to the risk of
loss of the rod’s stability even before reaching
the critical load calculated by the equation (22).
Therefore, as shown in figure 2, it is
unacceptable to take into account the axial
stiffness without taking into account the shear
stiffness, when analyzing the rod’s stability.

4. CONCLUSIONS

1. The formulations of the problems are
presented in the form of a system of
differential  equations and  variational
formulations in the form of the problem of
finding the stationarity point functional of the
Lagrange type.

2. For the plane problems, equations of
equilibrium stability problems are obtained as
the Euler equations for the second variation of
the Lagrange functional

3. The exact universal solution in equation (13),
taking into account axial, shear and bending
stiffnesses, which gives the exact value of the
critical load was obtained for the problem of the
stability of a rod compressed by an axial force.

4. There were made the comparisons of exact
solutions which regards all the rod’s
stiffnesses and solutions, based on three
simplified models.

5. It was shown, that considering axial stiffness
leads to increasing the values of the critical
load. Thus, we take into account the rod’s
internal "reserves" under the action of the
"dead" axial load, adding the axial stiffness to
the calculation of the rod’s stability.

6. It was shown, that inclusion of the axial and
shear stiffnesses significantly reduces the
critical load. Thus, the use of the classical
Euler formula leads to the risk of loss of
stability by the rod even before reaching the
critical load calculated by the exact equation.
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7.

It was shown, that taking into account the
axial stiffness, without taking into account the
shear stiffness, significantly increases the
critical load. Therefore, it is unacceptable to
take into account the axial stiffness without
taking into account the shear stiffness, when
analyzing the rod’s stability.

It was shown, that the obtained exact value of
the critical compressive load, taking into
account all rod’s stiffnesses, has a lower value
than the critical load value calculated by the
classical Euler’s formula. Since both formulas
are equally simple for manual calculation, the
resulting exact formula can be recommended
for use in all cases in which Euler's formula
was previously used.

REFERENCES

1.

68

Goloskokov D.P., Zhilin P.A. Obshaja
nelinejnaja teorija uprugih sterzhnej s
prilozheniem k opisaniju jeffekta Pojntinga.
Deposited VINITI No. 1912-V87 Dep. p 20
Eliseev V.V. Mehanika uprugih sterzhne;.
Saint-Petersburg: SPbGPU Press, 1994, 88
pages (in Russian).

ZHilin P.A., Sergeev A.D. Ravnovesie i
ustojchivost tonkogo sterzhnya
nagruzhennogo konservativnym
momentom//Trudy SPbGTU. Mekhanika i
processy upravleniya, SPb.: SPbGPU Press,
1994, Volume 448, pp. 47-56 (in Russian).
ZHilin P.A., Sergeev A.D., Tovstik T.P.
Nelinejnaya teoriya sterzhnej 1 ee
prilozheniya // Trudy XXIV letnej shkoly
«Analiz 1 sintez nelinejnyh mekhanicheskih
kolebatelnyh system», Saint-Petersburg:
SPbGPU Press, 1997, pp. 313-37 (in
Russian).

ZHilin P.A. Prikladnaya mekhanika.
Teoriya uprugih tonkih sterzhnej. Saint-
Petersburg: SPbGPU Press, 2007, 102 pages
(in Russian).

Eliseev V.V., Zinoveva T.V. Mekhanika
tonkostennyh konstrukcij. Teoriya sterzhne;j.
Saint-Petersburg: SPbGPU Press, 2008, 96
pages (in Russian).

Daria A. Kuznetsova, Vladimir V. Lalin, Nikolay M. Malkov

10.

I1.

12.

13.

14.

15.

16.

17.

18.

Jelenic G., Crisfield M.A. Geometrically
exact 3D beam theory: implementation of a
strain — invariant finite element for static and
dynamics // Comp. Meths. Appl. Mech.
Engng, 1999, Volume 171, pp. 141-71.
Shabana A.A., Yakoub R.Y. Three
dimensional absolute nodal coordinate
formulation for beam elements: theory //
ASME, Journal of Mechanical Design,
2001, Volume 123 (4), pp. 606-613.

Reddy J.N. An Introduction to Nonlinear
Finite Element Analysis. Oxford University
Press, 2004, 482 pages.

Antman S. S. Nonlinear problems of
elasticity. Springer, Berlin Heidelberg New
York, 2005, 835 pages.

Gerstmayr J., Shabana A.A. Analysis of thin
beams and cables using the absolute nodal
coordinate formulation // Nonlinear Dynamics,
2006, Volume 45 (1-2), pp. 109-130.
Shabana A.A. Computational continuum
mechanics. Cambridge University Press,
2008, 349 pages.

Wriggers P. Nonlinear finite element
methods. Springer-Verlag Berlin
Heidelberg, 2008, 566 pages.

Krenk S. Non-linear modelling and analysis
of solids and structures. Cambridge
University Press, 2009, 361 pages.
Ibrahimbegovic A. Nonlinear Solid
Mechanics.  Springer  Science+Business
Media B.V, 2009, 585 pages.

Bigoni D. Nonlinear solid mechanics:
bifurcation theory and material instability.
Cambridge University Press, 2012, 550
pages.

Coskun S., Oztiirk B. Elastic Stability
Analysis of Euler Columns Using Analytical
Approximate Techniques Advances in
Computational Stability Analysis ed Dr.
Safa Bozkurt Coskun ISBN: 978-953-51-
0673-9, InTech, DOI: 10.5772/45940
Bagmutov V.P., Belov A.A., Stoljarchuk
A.S. Jelementy raschetov na ustojchivost"
ucheb.  posobie.  Volgograd:  ITUNL
VolgGTU, 2010, 56 pages (in Russian).

International Journal for Computational Civil and Structural Engineering



The Effect of the Axial and Shear Stiffnesses on Elastic Rod’s Stability

19.

20.

21.

22.

23.

24.

Lalin V.V. Razlichnye formy uravnenij
nelinejnoj dinamiki uprugih sterzhnej //
Trudy SPbGPU, 2004, Volume 489, pp.121-
128 (in Russian).

Lalin V.V., Rozin L.A., Kushova D.A.
Variacionnaja postanovka ploskoj zadachi
geometricheski nelinejnogo deformirovanija
1 ustojc’ hivosti uprugih sterzhnej //
Inzhenerno — stroitel'nyj zhurnal, 2013,
Volume 1, pp. 87-96 (in Russian).

Lalin V.V., Zdanchuk E.V., Kushova
D.A., Rozin L.A. Variacionnye postanovki
nelinejnyh  zadach s  nezavisimymi
vrashhatel'nymi stepenjami svobody //
Inzhenerno — stroitel'nyj zhurnal, 2015,
Volume 4, pp. 54-80 (in Russian).

Lalin V.V., Kushova D.A. Geometricheski
nelinejnoe  deformirovanie 1 ustojchivost'
ploskih uprugih sterzhnej s uchetom zhestkostej
na rastjazhenie-szhatie, sdvig 1 izgib //
International Journal for Computational Civil
and Structural Engineering, 2013, Volume 9, pp.
178-185 (in Russian).

Lalin V.V., Kushova D.A. Reshenie zadachi
ustojchivosti szhatogo sterzhnja
dinamicheskim  metodom s  uchetom
zhestkostej na sdvig 1 rastjazhenie //
Stroitel'naja mehanika 1 raschet sooruzhenij,
2014, Volume 5 (256), pp. 49-54 (in Russian).
Perel'muter A.V., Slivker V.I. Ustojchivost'
ravnovesija  konstrukcij 1  rodstvennye
problemy. Volume 1. Moscow: SKAD SOFT
Press, 2010, 704 pages (in Russian).

CIIMCOK JIMTEPATYPbBI

I.

IonockokoB JILII., Kuaun II.A. O6mas
HEeJMHEWHas TeOpHsl YNPYTUX CTEpKHEH C
NpWIOKEHWEM K ommcaHuto  3ddexra
[Totintunra // Jlemonupoano BUHUTU
Nel1912-B87 Her., 20 c.

Enucee B.B. Mexannka ynpyrux CTep>KHE.
CII6, Mza-o CIIOITIY, 1994. — 88 ¢

AKunun ILLA., Ceprees A.Jl. PaBHoBecue u
YCTOMYHBOCTD TOHKOTO CTEpIKHS,
Harpy>KeHHOTO KOHCEPBATUBHBIM MOMEHTOM

Volume 18, Issue 4, 2022

10.

I1.

12.

13.

14.

15.

// MexaHHKa ¥ TPOIIeCChI yrpaBiieHus. Tpy bl
CIIOI'TY. 1994. No 448. c. 47-56.

Kunamn I1.A., Ceprees A.[., ToBctuk
T.II. Henunuelinasg Teopusi CTepKHEH U ee
npwioxenuss // Tpyasr XXIV nerneit
IIKOJIbI «AHamM3 W CHHTE3 HEIMHEHHBIX
MEXaHUYECKUX KOJIeOaTeIbHBIX CHCTEMY,
Cankr-IlerepOypr, 1997, c. 313-37.
AKunun IILA. Ilpuxnangsas MexaHHKa.
Teopust ToHkux ympyrux crepxkneind. CIIO,
N3n-o CIIGITIY. 2007. — 102 c.

Emncees B.B., 3unoBneBa T.B. Mexanuka
TOHKOCTEHHBIX  KOHCTPYKLIMIA. Teopus
crepxxren. CI16, M3n-Bo CIIGITIY. 2008. —
96 c.

Jelenic G., Crisfield M.A. Geometrically
exact 3D beam theory: implementation of a
strain — invariant finite element for static and
dynamics // Comp. Meths. Appl. Mech.
Engng, 1999, Volume 171, pp. 141-71.
Shabana A.A., Yakoub R.Y. Three
dimensional absolute nodal coordinate
formulation for beam elements: theory //
ASME, Journal of Mechanical Design,
2001, Volume 123 (4), pp. 606-613.

Reddy J.N. An Introduction to Nonlinear
Finite Element Analysis. Oxford University
Press, 2004, 482 pages.

Antman S. S. Nonlinear problems of
elasticity. Springer, Berlin Heidelberg New
York, 2005, 835 pages.

Gerstmayr J., Shabana A.A. Analysis of thin
beams and cables using the absolute nodal
coordinate formulation // Nonlinear Dynamics,
2006, Volume 45 (1-2), pp. 109-130.
Shabana A.A. Computational continuum
mechanics. Cambridge University Press,
2008, 349 pages.

Wriggers P. Nonlinear finite element
methods. Springer-Verlag Berlin
Heidelberg, 2008, 566 pages.

Krenk S. Non-linear modelling and analysis
of solids and structures. Cambridge
University Press, 2009, 361 pages.
Ibrahimbegovic A. Nonlinear Solid
Mechanics.  Springer  Science+Business
Media B.V, 2009, 585 pages.

69



16. Bigoni D. Nonlinear solid mechanics:
bifurcation theory and material instability.
Cambridge University Press, 2012, 550
pages.

17. Coskun S., Oztiirk B. Elastic Stability
Analysis of Euler Columns Using Analytical
Approximate Techniques Advances in
Computational Stability Analysis ed Dr.
Safa Bozkurt Coskun ISBN: 978-953-51-
0673-9, InTech, DOI: 10.5772/45940

18. barmytoB B.IL., besioB A.A., CToasipuyk
A.C. OneMeHTBI pacueToB Ha
ycToitunBocTh: yued. mocobue. Bonrorpan:
MUYHJI BoarI' TV, 2010. — 56c.

19. Jlaaun B.B. Paznuunbie hopmbl ypaBHEHHI
HEJIMHEHHON JTUHAMUKHU YIPYTUX CTEPKHEU
/I Tpyasr CIIOI'TIY. 2004, Ne489, c. 121-
128.

20. Jlanun B.B., Po3un JI.A., Kymosa JI.A.
BapunanvoHHass  IOCTaHOBKAa  IUIOCKOM
3aJjaud  TEOMETPUYECKH  HEJIMHEHHOIo
ne(OPMHUPOBAHUS U YCTOHYUBOCTH YIIPYTUX
cTrepkHe //  VHXEHEepHO-CTPOUTEIHHBIN
xKypHain, 2013, Ne 1 (36), c. 87-96.

Daria A. Kuznetsova, Vladimir V. Lalin, Nikolay M. Malkov

21. Jlanun B.B., 3nanuyk E.B., Kymosa /[.A.,
Po3un JI.A. BapuanmoHHble TTOCTaHOBKH
HEMMHEWHBIX  3a7ad ¢  He3aBUCHMBIMU
BpalaTeIbHbIMA ~ CTETICHSIMH  CBOOOIBI  //
WNnxeHnepHo —cTpouTenbHbIN xypHai, 2015,
Ne 4, c. 54-80.

22. Jlamun B.B., Kymosa JI.A. I'eomeTpuuecku
HEJIMHENHOe nedopmupoBanue "
YCTOWYHMBOCTH TUIOCKHUX YIPYTUX CTEP)KHEH ¢
YUETOM KECTKOCTEH Ha pacTsKeHUe-CXKATHUE,
cnur U m3ru0 // International Journal for
Computational ~ Civil and  Structural
Engineering, 2013, Ne 9, c. 178-185.

23. Jlanmun B.B., Kymoa J[I.A. Pemenue
3a/la4yil YCTOMYMBOCTH CXKATOTO CTEPIKHS
JUHAMUYECKMM  METOAOM C  Y4ETOM
KECTKOCTe Ha CIBUT M pacTsokeHue //
CrpoutenbHasi  MeXaHMKa W pacyeT
coopyxennii, 2014, Ne 5 (256), c. 49-54.

24. Ilepenrbmyrep A.B., CumBkep B.H.
VYCTOMUMBOCTh paBHOBECHSI KOHCTPYKIMH M
poactBeHHble  mpobiembl.  Toml. M.:
WzparensctBo CKA [ CODT, 2010. — 704 c.

Daria A. Kuznetsova, Ph.D.; Associate Professor of
Department of Geoinformation Technologies of
Polytechnic Institute of Far Eastern Federal University; 10
Ajax Bay, Russky Island, Vladivostok 690922, Russia; e-
mail: kuznetcova.dal@dvfu.ru. ORCID: 0000-0002-6551-
9271; eLibrary.ru SPIN-kox: 1399-3200

Viadimir V. Lalin, Professor, Dr.Sc.; Professor of Higher
School of Industrial, Civil and Road Construction, Institute
of Civil Engineering, Peter the Great St. Petersburg
Polytechnic University, Polytechnicheskaya, 29, St.
Petersburg 195251, Russia; e-mail: vllalin@yandex.ru.
ORCID: 0000-0003-3850-424X

Nikolay M. Malkov, Ph.D. Associate Professor; Associate
Professor of Department of Geoinformation Technologies
of Polytechnic Institute of Far Eastern Federal University;
10 Ajax Bay, Russky Island, Vladivostok 690922, Russia;

Kysueyosa Japvs Anexcanopogua, KaHaujaT
TEXHUYECKHUX HAyK; JIOLIEHT Jenapramenra
reonH()OPMAIMOHHBIX TeXHOJIOTHH [lONUTEeXHUYIECKOTO
HWHCTHUTYTa JlanbHEBOCTOUYHOTO denepanbHOTO
VYuuBepcurera, Oyxta Askc, 10, octpoB Pycckuid, T.
BrnaauBocToK, 690922, Poccus; e-mail:
kuznetcova.dal@dvfu.ru. ORCID: 0000-0002-6551-9271;
eLibrary.ru SPIN-kox: 1399-3200

Jlanun Bnaoumup Braoumuposuu, npodeccop, TOKTOp
TEXHUYECKHUX HayK, 3aBeyIOLIHH Kagenpoi
«CrpourenbsHas MeXaHHKa u CTPOUTEJbHBIE
koHCTpykimm»y DPI'BOY BIIO Cankr-IletepOyprckoro
MOJIUTEXHUYECKOr0 yHuBepcutera, 195251, Poccus, T.
Cankr-IlerepOypr, IMonmnrexumueckast yi., 29. e-mail:
vllalin@yandex.ru. ORCID: 0000-0003-3850-424X

Manvkose Huxonaii Muxatinosuy, KaHIAJAT TEXHAUCCKUX

HayK, JIOLICHT; JIOLICHT JHemapramenTa
reonH(OPMAaMOHHBIX TeXHOJOrui [lonuTexHu4eckoro
WHCTUTYTA JlanpHEeBOCTOUYHOTO denepalibHOrO

VYuuBepcurera;, Oyxra Asikc, 10, octpoB Pycckwmid, T.
Bnanueocrok, 690922, Poccusi;

70 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 18(4) 71-81 (2022)

DOI:10.22337/2587-9618-2022-18-4-71-81

FORMATION OF COMPUTATIONAL SCHEMES
OF ADDITIONAL TARGETED CONSTRAINTS THAT
REGULATE THE FREQUENCY SPECTRUM OF NATURAL
OSCILLATIONS OF ELASTIC SYSTEMS WITH A FINITE
NUMBER OF DEGREES OF MASS FREEDOM, THE
DIRECTIONS OF MOVEMENT OF WHICH ARE PARALLEL,
BUT DO NOT LIE IN THE SAME PLANE
PART 3: THE SECOND SAMPLE OF ANALYSIS
AND CONCLUSION

Leonid S. Lyakhovich, Pavel A. Akimov?, Nikita V. Mescheulov'
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Abstract: For some elastic systems with a finite number of degrees of freedom of masses, in which the directions
of mass movement are parallel and lie in the same plane (for example, rods), special methods have been developed
for creating additional constraints, the introduction of each of which purposefully increases the value of only one
natural frequency and does not change any from the natural modes. The method of forming a matrix of additional
stiffness coefficients that characterize such targeted constraint in this problem can also be applied when solving a
similar problem for elastic systems with a finite number of degrees of mass freedom, in which the directions of
mass movement are parallel, but do not lie in the same plane (for example, plates). At the same time, for such
systems, only the requirements for the design schemes of additional targeted constraints are formulated, and not
the methods for their creation. The distinctive paper is devoted to solution of corresponding sample of plate anal -
ysis with the use of approach that allows researcher to create computational schemes for additional targeted con-
straints for such systems.

Keywords: natural frequency, natural modes, generalized additional targeted constraint, sample of analysis

OOPMUPOBAHUME PACUHETHbBIX CXEM JOINOJHUTEJIBHBIX
CBS3EM, MPULIEJIBHO PETI'YJIMPYIOUIUX CIIEKTP YACTOT
COBCTBEHHBIX KOJEFAHUM YIIPYTUX CUCTEM
C KOHEYHBIM YU CJIOM CTEINEHEH CBOBO/1bl MACC,

Y KOTOPBIX HAITPABJIEHUA IBUXEHUSA TAPAJIVIEJIBHBI,
HO HE JIEXKAT B OJJHOM IJIOCKOCTHU
YACTbD 3: BTOPOI TECTOBBIA NPUMEP U 3AKJTIOUYEHUE
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AHHOTaHI/IﬂZ I[J'IH HEKOTOPBIX YIIPYTHUX CUCTEM C KOHCYHBIM YHCIIOM CTeIcHeH CB060,HI)I Macc, Y KOTOPbIX HAIllpaB-

JICHUA IBUKCHUS MACC MTapaJUICIIbHBI U JICKAT B O,HHOﬁ IIJIOCKOCTH, (HaanMep, CTep)KHI/I) pa3pa60TaHL1 METOAbI
CO31aHuA JOIIOJTHUTCIBbHBIX CBﬂSeﬁ, BBEJICHUC KaXKIOH U3 KOTOPBIX MPUIECITBHO YBEINYUBACT 3HAYCHHUEC TOJIBKO
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Leonid S. Lyakhovich, Pavel A. Akimov, Nikita V. Mescheulov

OJTHOM COOCTBEHHOM YaCTOTHI M HE U3MEHSET HU OAHY U3 (POpM COOCTBEHHBIX KojieOaHnii. MeTox hopMUpOBaHUS
MaTPHIIBI JOTIOJTHUTEIBHBIX KO3((GHUINEHTOB )KECTKOCTH, XapaKTEPHU3YIOIINX B ATON 3a/1a4€ TaKyIO MPULEIbHYIO
CBSI3b, MOKET OBITH IIPUMEHEH W NPH PELICHUH aHAJIOTMYHON 3aJa4uM Ul yIIPYTUX CHCTEM ¢ KOHEYHBIM YHCIIOM
cTemneHeil cBoOOAbI Mace, y KOTOPBIX HAIIPaBJIEHHs ABUKEHHs Macc NapajliesbHbl, HO He JIeKaT B OJHOM MIOCKO-
cTU (HampuMep, IIaCTUHBI). BMecTe ¢ TeM Aist Takux cucteM cOpMyIMPOBaHBI JINIIb TPEOOBAHUS K PACUETHBIM
CXeMaM JIOMOJHUTENbHBIX NPHULENIBHBIX CBs3€H, a He METO/Ibl X CO3AaHusA. B 1aHHOI cTaThe paccMaTpUBaeTCs
TIpuMep IPUMEHEHUS ISl TUIACTHH pa3paboTaHHOTO MOJX0/a, MO3BOJISIOIIETO CO3/1aBaTh PACUETHbBIE CXEMBbI J10-

TOJTHUTCIIBHBIX MPULCIbHBIX CBsI3CH U JJIA TaKUX CUCTCM.

KiroueBbie cjioBa: yacToTa COOCTBEHHBIX KOJIeOaHU, opMa COOCTBEHHBIX KOJICOaHUH,
000011IeHHAs TIPHULIEIIbHAS JTOTIOJHUTENbHAS CBSI3b, IPUMEp pacyeTa

THE SECOND SAMPLE OF ANALYSIS

Let us consider a hinged rectangular plate [4, 10-
14, 19, 20] 6 m by 6 m in size, carrying concen-
trated masses (Fig. 1a [4])

m[1]=1000kg, m[2]=1100kg,
m[3]=1150kg, m[4]=1200kg .

The thickness of the plate is 0.12 m. The modulus
of elasticity of the plate material

E=24-10° N/m* =24-10° Pa.

Poisson's ratio v, =0.2.

Assume that it is required to increase the value of
the fourth frequency of natural oscillations up to
250 5! (or up to 250 Hz, respectively). To do this,
in accordance with formulas (7), (8), (9) given in
[4], we form a matrix of additional stiffness co-
efficients (4) (see [4]). All the data necessary to
use dependencies (7), (8), (9) from [4] are given
in Table 1. After forming the matrix of additional
stiffness factors, taking into account their influ-
ence, we determine from equation (10) given in
[4], the modified spectrum eigenfrequencies and
their corresponding vibration modes [1-6, 13].
The modified spectrum of natural frequencies and
their corresponding forms are shown in Table 2.

It can be seen from the Table 2 that taking into
account the additional stiffness factors did not
change any of the modes of natural oscillations
of the plate, but only increased the value of one
of the frequencies from 205.4514 57! to the spec-
ified value of 250 s7.

The initial variant of the computational scheme
of the targeted constraint is shown in Figure la
and Figure 15.

For the base we will take the vertical member of
the first node. Let’s compute the forces

Ro[i] = m[i]v[i,4], i=1,..,4

were m[i] are given values; V[i,4] are presented

at the fourth columns of Table 1 and Table 2.
The forces are shown in Table 3.

It is also necessary to set the force in one of the
vertical members. Let's accept

Ny [1] = Ro[1] = 589.2890kg

Let's perform the formation of design schemes of
sighting for different values of the lengths of the
base vertical member /_ [1] . Table 4 contains fif-

teen variants of lengths of the base vertical mem-
ber / ,,[1].

The development (formation) of computational
schemes of targeted constraint was done without
taking into account restrictions on the length of
the wvertical members. Consideration of re-
strictions will be considered as well.

In each variant, after the development of the
computational scheme, the areas of transverse
sections of the rods of the targeted constraint
were computed. As in the first sample [...], when
minimizing the volume of the targeted constraint
material (formula (16) from [...]), the case is
considered when, according to the design condi-
tions, we have a[i]=2 and f[i]=1. Let’s con-
sider all the rods of a solid circular section. The
modulus of elasticity of the material of the rods

72 International Journal for Computational Civil and Structural Engineering



Formation of Computational Schemes of Additional Targeted Con-straints that Regulate the Frequency Spectrum of
Natural Oscilla-tions of Elastic Systems with a Finite Number of Degrees of Mass Freedom, the Directions of Movement
of Which Are Parallel, But Do Not Lie in the Same Plane Part 3: the Second Sample of Analysis and Conclusion

is equal to E = 2.06 - 10°MPa. The cross-sec- bonding material were determined by depend-
tional areas of the rods and the volume of the ences (13)-(16) from [4].

Table 1. Values of eigenfrequencies (natural vibration frequencies) of the plate

and coordinates of their corresponding eigenmodes (natural modes) (the second example).

) 61.6965 141.4295 146.2905 205.4514
1 0.4908 0.0001 0.7080 -0.5893
2 0.4965 -0.7093 0.0895 0.5154
3 0.5058 -0.0676 -0.7003 -0.4432
4 0.5068 0.7016 0.0181 0.4367
Table 2. Modified frequency spectrum of natural vibrations of the plate
and coordinates, corresponding to them natural forms (the second example).
® 61.6965 141.4295 146.2905 250.00
1 0.4908 0.0001 0.7080 -0.5893
2 0.4965 -0.7093 0.0895 0.5154
3 0.5058 -0.0676 -0.7003 -0.4432
4 0.5068 0.7016 0.0181 0.4367

Figure 1. The second sample: variant of the computational targeted constraint:
a) three-dimensional visualization; b) top view.

Table 3. To the analysis of the targeted constraint in the computational scheme (the first example).

i 1 2 3 4
mli] 1000 1100 1150 1200
Vil -0.5893 0.5154 -0.4432 0.4367
R[] -589.2890 566.8873 -509.7103 524.0320

For each version of the length of the base vertical
member, Table 8 shows the lengths of the re-
maining vertical members and the amount of tar-
geted constraint material V.

In all considered variants, the lengths of the first
and third vertical members are positive, and the
lengths of second and fourth vertical members
are negative.
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Table 8 shows that the minimum amount of con-
straints material is achieved at ly[1] = 1.17m
(highlighted line number 11 from Table 4). The
arcas and diameters of the cross-sections of the

targeted constraint vertical members are equal
the following:

F, =0.00048651>, D, =0.02489.1,

Figure 2. The second sample: general view of this targeted constraint.

Table 4. The parameters of targeted constraint (the first sample).

No. lstO [1] lst [2] lst [3] lst [4] VSV
1 1 0.9737 0.7968 1.0162 0.02495
2 1.5 1.4606 1.1952 1.5242 0.01567
3 2.15 2.0934 1.7131 2.1848 0.01268
4 2.45 2.3855 1.9521 2.4896 0.01247
5 2.6356 2.5662 2.1000 2.6782 0.01254
6 3.0 29211 2.3904 3.0485 0.01300
7 3.25 3.1645 2.5896 3.3025 0.01351

F,= 0.0002432 17, D, =0.01760m .

The general view of this targeted constraint is
shown in Figure 2.

As we have already noted, structurally, such a
computational scheme is almost unrealizable. In
these cases, the targeted constraint should be
shifted in the direction of movement of the
masses in the positive or negative direction of the
axis Z by the value at which the values of all
lengths of the main vertical members will be of
the same sign. When performing a shift, the rela-
tionship between the forces in the rods is pre-
served.

When the constraint is shifted in the positive di-
rection of axis Z by the value of
Z,=(,k],, +1., the length of all vertical

min

members will become “positive”. In this case, the
length of the largest vertical member will be
(L, [1D) pae +(, [K]) i + 1 » and the length of the

smallest vertical member will be / . .
When the constraint is shifted in the negative di-
rection of axis Z by the value of

Zy =(,[i]), . +1., the length of all vertical
members will become “negative”. In this case,
the largest absolute value of length of all vertical
member will be (/,,[i]),.. + k] + 1, » and
the smallest absolute value of length of all verti-
cal member will be /__ .

max

When forming restrictions on the lengths of the
vertical members and, accordingly, the area of
admissible values of the length of the vertical
member [/ ,[1], which 1is variable when
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minimizing the volume of the material of the tar- o= [,ollg]
%z‘flelg constraint, it is necessary to determine the T D) e G KD

Table 5. Results representing the computational schemes of targeted constraints
taking into account shifts in a one-dimensional search for the minimum
volume of targeted constraints material (the second sample)

lxto[l] ZV
lst [1] lsz [2] lsz [3] lst [4] VSV ZV
1.07 2.352 0.100 1.901 0.232 0.008941 1.282
1.08 2.373 0.100 1.918 0.233 0.008938 1.293
1.09 2.395 0.100 1.935 0.235 0.008920 1.305
1.10 2416 0.100 1.952 0.236 0.008910 1.316
1.11 2.437 0.100 1.969 0.237 0.008902 1.327
1.12 2.458 0.100 1.9857 0.239 0.0088961 1.338
1.13 2479 0.100 2.002 0.240 0.008891 1.349
1.14 2.500 0.100 2.019 0.241 0.008888 1.360
1.15 2.521 0.100 2.036 0.242 0.008887 1.371
1.16 2.542 0.100 2.053 0.243 0.008887 1.382
1.17 2.563 0.100 2.070 0.244 0.008888 1.393
1.18 2.584 0.100 2.086 0.246 0.008890 1.404
1.19 2.605 0.100 2.103 0.2467 0.008895 1.415
1.2 2.626 0.100 2.120 0.248 0.008900 1.426
1.25 2.731 0.100 2.204 0.254 0.008946 1.481
L[1] Zy
l,01] L, [2] /3] l,[4] Vey Zy

1.07 -0.100 -2.352 -0.551 -2.221 0.009497 -1.17
1.08 -0.100 -2.373 -0.555 -2.240 0.009488 -1.18
1.09 -0.100 -2.395 -0.560 -2.260 0.009481 -1.19
1.10 -0.100 -2.416 -0.564 -2.280 0.009476 -1.2
1.11 -0.100 -2.437 -0.568 -2.300 0.009473 -1.21
1.12 -0.100 -2.458 -0.572 -2.320 0.009471 -1.22
1.13 -0.100 -2.479 -0.576 -2.339 0.009471 -1.23
1.14 -0.100 -2.500 -0.581 -2.359 0.009473 -1.24
1.15 -0.100 -2.521 -0.585 -2.379 0.009476 -1.25
1.16 -0.100 -2.542 -0.589 -2.399 0.009481 -1.26
1.17 -0.100 -2.563 -0.593 -2.419 0.009487 -1.27
1.18 -0.100 -2.584 -0.598 -2.439 0.009495 -1.28
1.19 -0.100 -2605 -0.602 -2.458 0.009504 -1.29
1.2 -0.100 -2.626 -0.606 -2.478 0.009514 -1.3
1.25 -0.100 -2.731 -0.627 -2.577 0.009587 -1.35
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It will be the same for all variants, presented in
Table 4. If we determine y, from the data of row

number 11 of Table 4, then we get

2, =1.7/(1.17+1.2929) = 0.475 .

Let's consider two options for forming restrictions
on the lengths of the vertical members and, accord-
ingly, the range of acceptable values for the length
of the base vertical member /,,[1], which is varia-

ble while minimizing the volume of targeted con-
straint material:

Figure 3. The second sample: general view of this targeted constraint.

1. =2.6m,1,. =0.1xu;
(lmax _lmin) ' ZB 2 lsto[g] ’ 11875 2 lst() [1] ’
21 =24m, 1 =01m:1.0925>1 [1].

Let's shift each variant of the computational
scheme of targeted constraint from Table 4 both
in the positive and in the negative direction of the
axis Z . The results representing the computa-
tional schemes of targeted constraints, taking into
account shifts in a one-dimensional search for the
minimum volume of targeted constraint material,
are shown in Table 5.

The values of the shift values of the computa-
tional schemes Z, and Z, were determined ac-
cording to the data in Table 4 and taking into ac-
count the selected option of restrictions.

In the first variant of the restrictions on the length
of base vertical member, when
[,o[11=<1.1875Mm, and the targeted constraint is
shifted in the positive direction of the axis Z , the
minimum volume of targeted constraint material
V., =0.008887 x° is reached at / [g]=1.16m.

The areas and cross-sectional diameters of the
rods of targeted constraint are equal to

F, =0.0005078 m>, D, =0.02543 .,
F,=0.0002539:, D, =0.01798 .

The lengths of the vertical members are given in
table 9 at /,[g]=1.16.m. They are all positive.

The optimum is achieved when the restrictions
on the length of the base vertical member in the
form of inequality (/[1]=1.16m<1.1875Mm)

are met. Thus, this extremum is global. A general
view of this targeted constraint is shown in Fig-
ure 3.

Also, in the first version of the restrictions on the
length of base vertical member, constraint is
shifted in the negative direction of the axis Z . In
this case, the minimum volume of material

Vy, =0.009471° is achieved at /,[g]=1.12Mm,

and the areas and diameters of the cross-sections
of the rods of targeted constraint are equal to

F, =0.0005298 %>, D, =0.02597
F,=0.00026491*, D, =0.01837 ..

The lengths of the vertical members are given in
Table 5 at /,[g]=1.12.m. The lengths of all ver-

tical members are negative in this case. Since the
optimum is reached when the restrictions on the
length of the base vertical member in the form of
inequality /,[1]=1.12m <1.1875m are met, this
extremum is also global. The general view of this

targeted constraint is shown in Figure 4. This ver-
sion of the computational scheme can also be
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implemented when the direction of the axis Z is
reversed. It is obvious that this action does not
change the targeted properties of the constraint.
A general view of the targeted constraint for such
a case is shown in Figure 5.

In the second variant of the restrictions on the
member

length of base vertical with

[,o[11=<1.0925m and shift of the targeted con-

straint in the positive direction of the axis Z or
in the negative, the minimum volume of targeted
constraint material is reached at the border of the
area of admissible values of the length of the base
vertical member at /,[1]=1.0925m (Table 5).

Figure 4. The second sample: general view of this targeted constraint.

When the targeted constraint is shifted in the pos-
itive direction of the axis Z, the minimum is

V,, =0.008920 x°, and the areas and diameters

of the sections of the rods of targeted constraint
are equal to

F, =0.0005250 >, D, =0.02585.:,
F,=0.00026251>, D, =0.01828x .

When the targeted constraint is shifted in the neg-
ative direction of the axis Z, the minimum is

V., =0.009481°, and the areas and diameters

of the sections of the rods of targeted constraint
are equal to

F, =0.00053751>, D, =0.02616.1,
F, =0.00026883>, D, =0.01850.1 .

So, in the second variant of restrictions on the
lengths of the vertical members, the minimums
of the volume of the targeted constraint material
turned out to be boundary. Therefore, their values
are somewhat higher than the corresponding val-
ues for the first variant of restrictions, in which
the minima Vg, were implemented as global

ones.

Volume 18, Issue 4, 2022

CONCLUSION

The first sample, considered in [...] confirms the
possibility of development of computational
scheme of targeted constraint for systems with a
finite number of degrees of freedom of masses,
in which the directions of mass movement are
parallel, but do not lie in the same plane. It also
illustrates the possibility of minimizing the vol-
ume of material when creating targeted con-
straint. At the same time, the limitations of the
lengths of the main vertical members, which de-
termine the geometry of the targeted constraint,
were taken into account. In the first sample the
special case is considered — all the lengths of the
main vertical members turned out to be positive
within development of computational scheme of
the targeted constraint.

The second sample illustrates an approach that
makes it possible to develop targeted constraints
taking into account the restrictions on the lengths
of the vertical members and modify the compu-
tational schemes for cases where the values of the
lengths of some main vertical members turn out
to be positive, while others are negative.

So, the distinctive series of papers proposes an
approach that allows researcher to create (de-
velop) computational schemes of targeted
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constraints for elastic systems with a finite num-
ber of degrees of freedom of masses, in which the
directions of mass movement are parallel, but do
not lie in the same plane. Some special properties
of such targeted constraints are revealed. Within
development of computational scheme of the tar-
geted constraint, the material consumption for its
creation is minimized, and some design limita-
tions are taken into account. Particular attention
is paid to the modification of targeted constraints,
when, during their development, it becomes nec-
essary to shift the computational scheme.
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Abstract. The slope stability is a major concern to geotechnical engineers. Traditional methods of slope stability
analysis have potentially ignored the influence of surface cracks. It is also known that seasonal rainfall and
seepage through crack are closely related with slope failure. First, surface cracks provide special flow channels
which increase the soil permeability and decrease the soil strength. Second, water-filled cracks apply an
additional active force on the slope. Finally, cracks can create a part of the critical failure surface that has no
shear strength. The objective of this paper is to investigate the influence of existing cracks on the stability of a
cracked soil slope in different state. The effects of crack depth, slope angle and water-filled cracks on the
stability of the cracked slope are explored. The analysis was conducted using the computer modelling programs
Optum G2 to analysis of slope factor of safety. The results show that with increasing of slope angle the factor of
safety decreases and this problem is significant in the slope with water filled cracks. Also, Factor of safety for all
of slope angles in Dry and water filled cracks states with increasing the crack depth, decrease significantly.

Keywords: surface cracks, in Dry and water filled cracks, Optum G2, slope factor of safety

BJAUAHUE ITOBEPXHOCTHBIX TPELIUH HA
YCTOUYUBOCTH I'PYHTOBOI'O CKJIOHA

M. Xocceitnu ', IT. Beiipansano *, M. Moxammaouacn’, A. Xaccansano *
’ ’ ’
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AHHOTanmMsl. YCTONYMBOCTH CKJIIOHOB SIBISIETCS CEPhE3HOW MPOOIEMON JUIT  MHKECHEPOB-TCOTCXHHUKOB.
TpaIuIMOHHBIC METOIBI aHAJH3a YCTOWYMBOCTH CKIIOHOB, KaK IMPABUIIO, HTHOPHPYIOT BIMSHHC MOBEPXHOCTHBIX
TpemmH. Takke HM3BECTHO, YTO CE30HHBIC OCAJKH ¥ IPOCAYMBAHUC UX Yepe3 TPCIIMHBI MOXET MPUBOIHUTH K
OOpYIICHUIO CKIIOHA. BO-TIepBhIX, TOBEPXHOCTHBIC TPEIIUHBI CO3/IAI0T CIICHUATIbHBIC KAHAIBI JUIsl TIOTOKOB BOJIBI,
YBEJIMYMBAIOT MPOHUIIAEMOCTh TPYHTA M CHIYKAIOT €ro MPOYHOCTh. BO-BTOPBIX, TPEIIUHBI, 3AMI0JHEHHbBIC BOJOM,
OKa3pIBAIOT HA CKIIOH JIOMOJIHUTEIbHOE AaKTHBHOE JaBiicHHWe. HakoHel, TpemmHbl MOTYT CO3[1aTh YacThb
KPUTHYECKOI MOBEPXHOCTH Pa3pyILCHUsI, KOTOPasi HE CIIOCOOHA COMPOTUBIITLCS CABUTY. Llenbio TanHO# paboTh
SIBJISIIOCH MCCJIEIOBAaHKE BIMSIHUSI CYLIECTBYIOLIMX TPEIIUH HA YCTOWYMBOCTH I'PYHTOBOIO OTKOCA B Pa3IMYHOM
cocrosiHuu. MccnenoBaHo BIUsIHUE TITyOMHBI TPEIIUHBI, Il HAKJIOHA U HAJIMYKS TPEIIUH, 3all0JIHEHHBIX BOJIOM,
Ha YCTOHYUBOCTH CKJIOHA. AHAJIU3 MTPOBOAMJICS C MCIIOJBb30BAHUEM MPOrPAMMbl KOMIBIOTEPHOT'O MOICTUPOBAHHS
Optum G2 15 otieHKH KO3 HUIlHeHTa 3amaca yCTONUYUBOCTU. Pe3ysibTaThl MOKA3bIBAIOT, YTO C YBSIHUCHHUEM yIJIa
oTkoca Kod(h(UIMEHT 3araca yCTOHYMBOCTH CHIDKASTCS, M 3Ta Mpo0iieMa akTyallbHa JUIsl CKIIOHOB C TPEIMHAMH,
3aMoJIHCHHBIMU BOjIO. Takke kKo3(D(UIMEHT 3amaca yCTOWYMBOCTH JIJIsl BCEX YIJIOB OTKOCA ISl CyXHUX H
BOJIOHACHIIICHHBIX TPCIINH C YBEIUUCHHUEM [ITyOHHBI TPCIUHBI 3HAYUTEIIBHO CHUKACTCSI.

KuiroueBble ci10Ba: MOBEPXHOCTHBIE TPELIMHBI, CYXHE U 3all0JIHEHHBbIE BOAON TpeuuHbl, Optum G2,
KOX(PUIMEHT 3armaca yCTOHINBOCTH CKIIOHA
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Influence of Surface Cracks on the Stability of Cracked Soil Slope

INTRODUCTION

The fact of landslides and instability of slopes is
a major concern in many parts of the world. The
failure mechanism of slopes and geological
history of a slopes can be very complicated and
important for a slope stability analysis. Seasonal
rainfall is an essential cause for many slope
failures and catastrophic landslides. The
primary reason for landslide was loss of matric
suction of soil due to rainwater infiltration. It is
familiar that rain water infiltration into
subsurface soil slopes or through soil cracks will
start to saturate the soil layers and eventually
reduce the matric suction of soil. The notable
reduction of matric suction causes the reduction
of soil shear parameters. Factors such as soil
texture, intensity and rainfall duration and
degree of saturation, soil moisture content,
surface cover and slope angle also influence
rainfall infiltration [1-2].

The classical and primary way to analyze of
slope stability is accessed using two methods;
either continuum mechanics, or the limit
equilibrium approach. Generally cracks are
formed at the tension zones and a series of
micro cracks is formed at the upper surface and
will cause obvious cracks at tension zones at dry
periods after a prolonged wet and dry cycle. The
cracks usually supply easy pathways for rainfall
infiltration into soil mass and subsurface layers
[3]. The water head due to the soil cracks causes
the additional force for rain water infiltration.
The water content in deeper layers is higher in
cracked slopes than uncracked slopes due to rain
infiltration. Generally higher matric suction will
obtain at dry seasons at unsaturated soil zones
and it improves the shear strength of the soil [4].
A new approach is used by Stephen and Colin to
specify the direct prediction of the tension
cracks on a river bank. This tension cracks are
assumed to be formed by two essential group of
forces. The first group is formed by shrinkage
on soil and is caused by desiccation fact. The
second is related with gravitational force where
the weight of the soil separates a great block on
a soil slope. The tension cracks are founded at
upper layer failure surface when the tensile

Volume 18, Issue 4, 2022

strength (os) in the upper soil layer be more than
the tensile stress (o;) of the soil [5]. Cai et al.
investigated the vertical cut slope stability with
using a number of soil parameters such as the
geometry of crack at upper slope surface, curves
relating the parameter of strain energy density
factor and the non-dimensional variable from
slope geometry N = H / C ratio of slope height
to distance of crack from edge of slopes. In this
research, the curves were developed through
numerous parametric studies. They concluded
that the failure surface is not circular on a
simple straight line. However, failure surfaces
are regularly in good and suitable agreement
with the results of classical slope stability
analysis [6].

Fan et al. studied the effects of rainfall
infiltration on fractured slopes. The authors
showed that rainwater infiltrates into existing
fractures in slopes, and that pore water pressure
in soil rises correspondingly [7]. Wang et al.
illustrated that cracks in soil slopes decrease
stability of slope through three effects: (1) water
filled cracks exert an additional and active
driving force on the slopes (2) Cracks supply
particular flow channels which increase
permeability of soil and decrease soil strength
and (3) cracks can form part of the critical and
serious slip surface that has no special shear
strength [8].

GUI and Han showed two Malaysian landslides
that occurred after heavy rainfall in 1999. They
investigated that the stability of this slopes was
significantly affected by the rainfall. They
concluded rainfall infiltration into existing
fractures reduced the matric suction and shear
strength of the slope. This was further worsened
when rainfall infiltration increased the
mobilized shear stress and self-weight of the
slopes [9]. Post analyses of landslides
phenomenon in the past by Nurly et al. at Air
Laya, Indonesia concluded that existing tension
cracks caused slope failure. Rainfall infiltration
caused in formation of weak planes which
activate to failure of slope [10].

More recently, Zeng et al [11] and Mukhlisin and
Khiyon [12] investigated the effect of the
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characteristics, such as the angle, depth, location
and density of surface cracks, on the pore water
pressure and stability of slopes under rainfall
infiltration by numerical modeling. They
concluded that as the crack depth increases, both
the pore water pressure in the crack and the
infiltration depth increase at the end of rainfall
phenomenon, and the safety factor of the slope
remarkably decreases. In terms of crack angle, the
former research showed that as the crack angle
increases, the infiltration depth decreases. The
latter described that when the crack angle is
parallel to the sliding surface, the safety factor of
the slope is clearly decreased, which is consistent
with the result of Zhang et al. [13]. Also, Zeng et
al. reported that when the crack density increases,
the isolated saturated zones with positive pore
water pressures attach with each other in the slope
gradually. Mukhlisin and Khiyon concluded that
the crack distance is to the top of the slope is
closer, the safety factor of the slope is lower.
From the above studies, one can note that the
distribution characteristics of surface cracks in
depth have main and essential influences on the
seepage operation and stability of slopes.
However, little attention was paid on the influence
of cracks on stability of slopes. For this reason,
this paper aims to investigate the distribution
characteristics, including the crack depth, effect of
dry or water filled cracks and slope angle (B) on
stability of slopes by numerical calculations. The
program "Optum G2" is employed in the analysis
of the slope stability in different state.

THEORY AND METHOD

A commercial finite element limit analysis
(FELA) software, OptumG?2 [14], was employed
to analyze of cracks effect on the stability of slope
in different state. This rigorous numerical
technique has been successfully employed to
solve various problems in  geotechnical
engineering as demonstrated by Ukritchon and
Keawsawasvong, Nielsen [15-16].

Darcy's law can be used in the flow of water
through both unsaturated and saturated soils.

The difference is that the soil permeability
(hydraulic conductivity) is no longer a constant
value under conditions of unsaturated flow. The
hydraulic conductivity varies with changes in
water content of soil. According to conservation
of flux the partial differential water flow
equation in two dimensions can be defined [17].

d 0H 2 0H 20
(ke 57) +5("y5) t0=7

Where, "H" is the total head, k, and k,, are the
hydraulic conductivity in "x" and "y" direction,
"Q" is the applied boundary flux, 8 is the
volumetric water content and "t" is time.

This equation expresses that the difference
between the flow entering and leaving an
elemental volume of soil at a point in special time
is equal to the change in the storage of the soil.
More basically, it reveals that the sum of the rates
of change of flow in the x and y direction plus the
external flux is equal to the rate of change of the
water content with respect to time [18].

The safety factor is mostly used to assess whether
a slope is stable or not. Many methods are
developed to assess the factor of safety. Most of
this methods are based on limit equilibrium
methods. A potential sliding mass is first divided
into many vertical slices in the limit equilibrium
state. Then the force and moment of each of this
slices are calculated individually. Finally the
safety factor of the slope is analyzed by adding up
the results of all of the slices. The differences
between different methods are the static equations
used and inter-slice forces included.

Spencer’s method accepts a  constant
relationship for the inter slice shear to normal
force ratio. The critical failure surface of with
the lowest safety factor needs to be determined.
Finding the critical failure surface involves a
trial procedure. There are many ways to
describe the positions and shape of trial failure
surfaces. Between these methods an auto search
method can give circular or combined slip
surfaces. A crack can form a part of the
combined failure surface using this method [19].
While Limit Analysis method deals with the
problem of determining the ultimate magnitude

(1
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of reference loads, Strength Reduction analysis
(phi-c ~ reduction  method)  deals the
complementary problem of determining the
strength necessary to prevent collapse and
failure given a set of actual loads. The Strength
Reduction analysis in Optum G2 software goes
on by computing a strength reduction factor by
which the material parameters need to be
reduced in order to reach a condition of
incipient collapse. A safety factor greater than 1
thus expresses a stable system while a safety
factor less than 1 implies that additional strength
is required to prevent collapse and failure.

NUMERICAL SIMULATION

The two-dimensional numerical model of clayey
soil slope in different state (without crack, Dry
crack and water-filled crack) is investigated. In
order to examine the influence of the spatial
distribution characteristics of cracks on safety
factor of slopes, a numerical parametric study is
conducted to better understand the performance
of this slopes. The slope had a height of 10m, wet
density of soil is 20kN/m’, initial cohesion is
60kN/m? and other investigated parameters are
listed in Table 1. Figure 1 presents the model
geometry for a slope of without crack, Dry crack
and water-filled crack, respectively. In this study,
the crack thickness is assumed to be 10cm based
on the results of field surveys and shear strength
of the cracks is assumed to be zero.

Table 1. Scheme of numerical calculations used
in numerical modeling

Parameter Value Parameter
state
Height of slope (m) 10 constant
Wet density
(kN/m?) 20 constant
cohesion 60 constant
crack depth, Derack 0,1,2,3,4 variable
(m)
Slope angle, 30, 45, 60, 75 variable
(degree)
Crack condition in Without crack, .
slope Dry crack, water variable
filled crack

Volume 18, Issue 4, 2022

(a) Without crack

(b) Dry crack

(¢) Water filled crack

Figure 1. Geometry model of slope in different
state of analyses

NUMERICAL RESULTS AND
DISCUSSION

To investigate the effect of crack depth on the
safety factor of slope with different slope angle,
Dry and water filled cracks with 1, 2, 3 and 4m
depths located at Longitudinal direction of the
slope of the slope is considered. Figures 2 to 5
show the variation of factor of safety with crack
depth for the case with slope angle of 30, 45, 60
and 75 degree, respectively. It clearly observe that
factor of safety for all of slope angles in Dry and
water filled cracks states with increasing the crack
depth, decrease significantly. The reason of
decreasing of safety factor is that the deep crack
does form a part of slip surface. In Figures 6 and 7
are showed the displacement contours for 2m crack
depth, 45 degree slope angle in Dry and water filled
cracks states respectively.
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To study the effect of slope angle on the slope
stability in different crack depth, three conditions
are considered: 1) slope without crack, 2) slope
with dry cracks, 3) slope with water filled cracks.
Figures 8 to 12 show the variation of factor of
safety with slope angle for the case with without
any crack, crack with depth of 1, 2, 3 and 4 m,
respectively. The results of finite element limit
analysis using Optum G2 program demonstrated
that with increasing of slope angle the factor of
safety decreases and this problem is significant in
the slope with water filled cracks. As the shear
strength of the crack is zero, it is reasonable that
the safety factor decreases when the slip surface
passes through the crack especially in water filled
cracks state. The decrease of slope stability in
water filled cracks state is mainly because of the
increase in water content, which leads to a
decreased shear strength of the slope soil.
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CONCLUSION

In this study, numerical modeling results of
Influence of cracks on the stability of a cracked
soil slope were presented using a commercial
finite element limit analysis (FELA) software.
The effect of crack depth, slope angle on the
factor of safety in two state for cracks (dry crack
and water filled crack) were examined. Based
on the numerical analysis using FELA software
conducted in this study, the following results
were obtained:

- Factor of safety for all of slope angles in Dry
and water filled cracks states with increasing the
crack depth, decrease significantly

- The reason of decreasing of safety factor is
that the deep crack does form a part of slip
surface.

- With increasing of slope angle the factor of
safety decreases and this problem is significant
in the slope with water filled cracks.

- As the shear strength of the crack is zero, it is
reasonable that the safety factor decreases when
the slip surface passes through the crack
especially in water filled cracks state.
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SIMULATION OF THE STRENGTH OF TWO-LAYER PIPE
STRUCTURES IMPLEMENTED IN THE TRENCHLESS REPAIR
METHOD AND ASSESSMENT ITS ENERGY SAVING DURING
WATER SUPPLYING
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Abstract. The article proposes approaches for assessing the strength characteristics of two-layer pipelines
formed as a result of using a trenchless method for the reconstruction of dilapidated steel pipeline networks by
pulling pipes made of unplasticized polyvinyl chloride (UPVC) into them. The results of simulation of filling the
annular space between steel and polymer pipes are presented with an analysis of the three states of a two-pipe
system in order to ensure strength characteristics. The paper provides an analysis of the possibility of saving
energy when using PVC-U pipes in a two-layer pipe structure at various temperatures of supplying water and a
stable temperature of the pipeline wall. Besides, it proposes the introduction of a set of developed automated
programs for design.

Keywords: underground pipelines, reconstruction, strength analysis, simulation, automated programs,
energy saving

MOAEJIUPOBAHUE IPOYHOCTHbBIX XAPAKTEPUCTUK
JIBYXCJIOMHBIX TPYBHBIX KOHCTPYKIIMHI ITPU
PEAJIN3ALIMUA BECTPAHIIEMHOI'O METOJA PEMOHTA
C OLIEHKOM YHEPIOCBEPEXEHUSA ITPU
TPAHCIIOPTUPOBKE BO/1bl

B.A. Opnaos, C.II. 3omkun, /I.A. Ilemepoypeckuii

HauunonaneHelil nccnenoBaTenbekuii MOCKOBCKUN TOCYIapCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCH L

AnHoTanus. IIpennoxeHsl TOAXOAbI K OLIEHKE MPOYHOCTHBIX XapPAKTEPUCTUK JBYXCIOHHBIX TPyOONpPOBOIOB,
00pa3yroluxcs B pe3yIbTaTe UCIOJIb30BaHMsI OECTPAHIICHHOW TEXHOJIOTUH PEKOHCTPYKIIMU BETXUX CTAJIbHBIX
TpyOOIIPOBOAHBIX CETeH IMyTeM MPOTACKUBAHUS B HUX TPYO M3 HEIUIACTU(HIUPOBAHHOTO MOJMBHHHIIXJIOPUIA
(HIIBX). IlpencraBieHsl pe3ynbTaThl MOJCIMPOBAHMS IIpoIEcca 3a0yTOBKM MEXTPYOHOI'O MpPOCTPAHCTBA
MEXIy CTaJbHOM M MOJIMMEpPHOH TpyOaMu C aHaIM30M TPEeX COCTOSHHMH JIByXTPYOHOH CHCTEMBI Ha IPEIMET
obecrieueHns MPOYHOCTHBIX XapaKTEPUCTUK. BBIMOIHEHBI pacdeTa W MNPEACTAaBICH aHAJIM3 BO3MOXKHOCTH
SKOHOMUH 3JICKTPOSHEPTHH TIPH Hcmonb3oBanun Tpyo 3 HIIBX B nByxcioitHOH TpyOHOUW KOHCTPYKIHHU TIPH
pa3NNYHBIX TeMIlepaTypax TPaHCIOPTHPYEMOH BOJABI M CTaOMIBHOM TemIiepaType CTEHKH TpyOomposona c
TIPEATIOKEHUSIMI BHEJIPEHHUS KOMIUIEKCA pa3pabOTaHHBIX aBTOMATH3MPOBAHHBIX MPOTPaMM IIPH IPOBEACHUU
MIPOEKTHBIX Pa3paboToOK.

KaroueBbie ciioBa: IIOA3€CMHBIC pr60HpOBO,HBI, PEKOHCTPYKI M, MPOYHOCTHBIC paCUCThbl, MOACINPOBAHUC,
ABTOMATU3UPOBAHHBIC TPOT'PAMMEBI, 3HepFOC6epe>K€HI/I€
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INTRODUCTION

The situation in the field of underground pressure
pipelines of water supply systems both in our
country and abroad remains very difficult, since
almost half of their total number needs to be
repaired or replaced (modernized) [1]. This brings
the problems of prompt restoration of aging
pipeline networks and increasing the reliability of
their operation. The ensuring of the strength and
hydraulic characteristics required by the project
play a dominant role when using various types of
repair materials [2, 3].

The trenchless method of reconstruction is the
most effective one in terms of saving material and
monetary costs, as well as the efficiency of
performing restoration work on dilapidated
pipeline networks made of various materials that
is worn-out structure with reduced deformation
and strength characteristics. This method allows
not only to eliminate existing defects in the
pipeline network, but also to increase their
throughput [4, 5]. One of the most popular
methods for the reconstruction of aged pipelines
in a trenchless way is the pulling and fixing of
new pipelines made of polymeric materials into
them. That allows obtaining a two-layer pipeline
with the required technical indicators, which
include, first of all, the high strength
characteristics of the new two-pipe structure, as
well as the possibility of energy saving during
fluid motion due to relatively small specific
resistances [6]. However, among the many
modern polymeric materials used for the
manufacture of pipes (polyethylene, polybutylene,
polypropylene, polyvinyl chloride, etc.), it
becomes necessary to choose one that has a
number of advantages compared to others, in
particular, to ensure the required strength
characteristics of a new double-pipe structure,
lower coefficient of linear elongation, energy
savings when supplying liquids, durability and
other factors [7]. Such materials include
unplasticized polyvinyl chloride (UPVC). The
PVC-U pipe dragged into the dilapidated pipeline
after the operations of backfilling the annular
space with mortars in order to increase the load

Vladimir A. Orlov, Sergey P. Zotkin, Dmitry A. Peterburgsky

capacity of the new two-layer pipe structure.
Another actual task is introducing electronic
models for assessing the integrated operation of
water supply systems, including water supply
networks and their repair by various methods with
the achievement of the energy saving effect [8, 9].

SIMULATION APPROACHES FOR THE
STRENGTH CHARACTERISTICS OF
TWO-LAYER UNDERGROUND PIPE
STRUCTURES.

The pressure pipes manufactured by Chemkor
JSC from non-plasticized polyvinyl chloride
(UPVC) made in accordance with GOST 32415-
2013 and used both for open laying and restoring
the performance of dilapidated supplying
networks from various materials using trenchless
technology for pulling new pipes into the aged
pipeline with the formation of a two-layer
structure were the materials for research. The low
value of the resistivity coefficient of the internal
walls of AUPVC = 0.0008d-5.1977 (where d is
the diameter of the pipeline in m), as well as a 2.5
times lower coefficient of linear extention
compared to traditional ones for use in trenchless
technologies repair of pipelines with polyethylene
pipes. It reduces the likelihood of a significant
curvature of the new pipeline in the old one under
the influence of ambient temperature and the
supplied liquid. However, this does not exclude
the filling of the annular space, which guarantees
the provision of the required strength indicators
(load capacity) of the two-pipe structure.

The paper provides the methods of computer
simulation of the strength characteristics of two-
layer pipe structures during the implementation
of repair work using the trenchless approach, as
well as an assessment of the possibility of
energy saving when supplying water through a
two-layer pressure system after repair work.

The process of simulation of strength
characteristics  consists of applying the
algorithm developed by the authors of the article
and an automated computation program, which
analyzes the static and dynamic components of
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ensuring the load capacity of the restored
pipeline system [10]:

- the strength of the PVC-U pipe, pulled in the
aged pipeline;

- allowable deformations of the diameter of the
new pipeline in the aged one under the influence
of mortars filling the annular space, i.e.,
compliance with the conditions for not
exceeding the degree of ovalization of the
circular cross-section of the pipe by a value of
not more than 5% in diameter;

- the probability of the PVC-U pipe floating due to
the Archimedean force and thereby eliminating
the negative case of its support on the inner
surface (hard arch) of the old pipeline, which can
provoke the early appearance and propagation of
cracks near point loads and increase the abrasion
of the walls of the new pipeline [11].

Figure 1 shows a cross-sectional diagram of the
repair two-layer pipe structure.

The most popular in practice mortars on gravel
or crushed stone with a density of 24,000 N/m’
and, as an alternative, a cement-slag mortar with
a density of 8,000 N/m®, were considered as
mixtures used for backfilling during the
simulation period. The tasks of modeling, in
particular, included the determination of the
loads that counteract the mixture. These loads
act on the PVC-U pipe with various options for

filling the annular space (uniform or uneven)
with mortar.

Ground surface

EoE i i i - i g g
Y _ Ground water

Figure 1. Cross section of a repair pipeline with
backfilling of the annulus with mortar
[ - the inner wall of the aged pipeline renovated
with an internal diameter Din.; 2- PVC-U
pipeline with outer diameter dous and inner
diameter din; 3- mortar in the annulus

Table 1 presents the values of the initial
parameters of the input information for one of
the considered examples of automated
simulation.

Table 1. Initial information for strength calculation

Number | Names of parameters and their designation Values
1. Inner diameter of the pipeline to be renovated, Din, m 0.6
2. Diameters of the new pipeline being pulled into the aged one,
- d external, m 0.476
-d internal, m 0.452
3. Volume weights, N/m?
- cement mortar g cm 24000.0
- pulled pipe gpp 9500.0
- supplying liquid (water) gw 9800.0
4. The internal pressure of the supplied medium, corresponding | 0.0
to
reduced design stresses P, MPa
5. The value of the possible vacuum in the annulus Pvac, MPa 0.0
6. Standard service life of the pulled pipeline ¢, years 50.0
7. Maximum operating temperature of the pulled pipeline 7,°C | 20.00
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8. Characteristic long-term strength of the pipe material | 5.0
(depending on the values of t and T) Rch, MPa

9. Depth of the pipeline from the ground H, m 10.00

10. The value of groundwater pressure on the arch of the pipeline | 0.02
Pgw, MPa

11. Coefficients:
- laying conditions ki 0.80
- stability of the pulled pipeline k2 0.60
- working conditions ky 0.60
- joint strength ke 0.90 0.90
- influence of temperature on the deformation properties of | 0.80
the material ke 1.30
- load distribution and support reaction of the base z

12. Maximum permissible value of ovalization of the cross | 5.000
section E, %

13. Creep modulus of the pipe material in tension (depending on
the values of t and Rch) Fo, MPa 100.0

14. Backfill deformation modulus, depending on the backfill | 0.50
material Eg , MPa

According to the results of the field survey, the
aged pipeline under operation is a worn-out
structure with reduced deformation and strength
characteristics. It is necessary to strengthen the
pipe structure operating in these conditions
which consists of separate modules of PVC-U
socket pipes connected in series. The pipe
pulled into the dilapidated pipeline should
ensure increase the load capacity of the two-
layer pipe structure and be a barrier against the
phenomena of groundwater infiltration into the
pipeline body and exfiltration of the transported
water into the annulus after the operations of
filling the annular space with mortars.

Below, paper provides examples of automated
calculations and their interpretation based on the
results of the reconstruction of an aged pressure
steel pipeline with an internal diameter of 600
mm for two selective options for the diameters
of PVC-U pipes from among the available
products in the range of Chemkor JSC:

- PVC-U SDR 41-500, having a socket with a
diameter of 549 mm, an inner diameter of 475
mm and an outer diameter of 487 mm

94

(hereinafter, the term SDR refers to the ratio of
the pipeline diameter to its wall thickness);

- PVC-U SDR 21-500, having a socket with a
diameter of 578 mm, an inner diameter of a pipe
of' 452 mm and an outer diameter of 476 mm.
Thus, the pipes presented above differ in wall
thickness (for the first example 12 mm and for
the second one 24 mm), i.e., it is conventionally
considered as thin-walled and thick-walled.
Additional information includes the following:
the maximum allowable water pressure in the
pipeline is 0.8 MPa;

The significant depth of the pipeline of 10 m
(see Table 1) was chosen as extreme one, i.e., it
guarantees that compliance with (not exceeding)
the basic values of the design parameters will be
ensured due to a certain margin of safety at a
lower pipe penetration. In addition, it should be
noted that a prerequisite for the implementation
of the method for pulling new pipes into the old
one and backfilling it is performing of
preliminary dewatering using wellpoints when
there is groundwater above the pipeline.

Table 2 presents the results of automated
calculation for two selective pipe options.
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Table 2. Summary output information on the results of the strength analysis of two-pipe structures
when mortar with a density of 24000 N/m’ is used for backfilling

Name of design indicators of bearing capacity uPVC pipe

SDR 41-500 SDR 21-500
1. By strength to the effect of internal water pressure, | 0,8 0.8
MPa
2. According to the maximum permissible ovalization
(deformation) of the cross section of the pipeline, %:
- for the case of uniform filling of the annular space in
the absence of water in the pipeline 13,398 3,438
- the same if there is water in the pipeline 7,073 1,778
- for the case of uneven filling of the annular space in
the absence of water in the pipeline 11,309 3,055
- the same if there is water in the pipeline 9,1214 2,526
3. On the stability of the round shape (profile) of the
pipeline being pulled to the ascent through the value of
the radial pressure on the pipe walls, MPa:
- for the case of uniform filling and the absence of water | 0,019 0,021
in the pipeline
- the same if there is water in the pipeline 0,026 0,027
- for the case of uneven filling of the annular space in
the absence of water in the pipeline 0,045 0,044
- the same if there is water in the pipeline 0,043 0,043

Analysis of the data presented in Table 2 shows
that both pipelines are able to withstand the
established pressure standards (0.8 MPa)
according to the first condition. There are some
discrepancies in terms of the second and third
conditions. In particular, ovalization exceeds the
established standards by 5% for the PVC-U
SDR 41-500 pipeline, and it remains within the
normal range for the PVC-U SDR 21-500
pipeline. A similar trend is observed when
analyzing data for the third condition, where the
value of the radial pressure on the pipe walls for
various cases exceeds or does not exceed the
critical values. In particular, the ascent
resistance has been provided only for the case of
uniform backfilling and the absence of water in
the pipeline for the PVC-U SDR 41-500 pipe,
since in this case the radial pressure on the
pipeline walls is 0.019 MPa, i.e., less than
critical one which is 0.0254 MPa. The ascent
stability is not respected for another cases.
According to the third condition, the standards
are observed in all cases for PVC-U pipe SDR
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21-500, since the critical pressure is 0.074 MPa
according to the calculation.

Thus, the option of pulling PVC-U SDR 41-500
pipes into an old pipeline with backfilling of the
annular space using trenchless method cannot
be considered acceptable due to the relatively
small thickness of the pipe wall.

As noted above, the strength characteristics of a
two-pipe system were analyzed using a cement-
slag mortar with a density of 8000 N/m3 as an
alternative backfilling option. This circumstance
was due to the fact that the practical application
of the option of pulling PVC-U SDR 21-500
pipes into the old pipeline with filling with
mortar with a density of 24,000 N/m3 can lead
to relatively large deformations of the pipeline
cross-section (in the range of 1.778-3.438) as
presented in Table 2.

The calculations which have been performed
using an automated program showed that a
lighter construction backfilling material allows
reducing the probability of ovalization of the
pipeline cross section according to the second
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strength  condition for 4 cases under
consideration to values of 0.924, 0.735, 0.961
and 1.4638%, respectively. This will affect
positively on the durability of the restored two-
pipe structure. In addition, all cases also have
positive results of 0.029, 0.036, 0.037 and 0.038
MPa, respectively, at a critical pressure of 0.077
MPa according to the third strength condition
for checking the stability of a two-pipe structure
for ascent.

An intermediate conclusion on the analysis of
the results of automated calculation is a
recommendation for the use of pipe modules
made of PVC-U SDR 21-500 for the
reconstruction of an old steel pipeline with
backfilling of the annular space with cement-
slag mortar.

ASSESSMENT OF THE ELECTRICITY
SAVING WHEN USING PVC-U PIPES
FOR WATER SUPPLYING DEPENDING
ON TEMPERATURE CONDITIONS.

At the present stage of development of
underground infrastructure, design,
construction, reconstruction and modernization
of pipeline transport should be based not only
on creating conditions for the strength of
structures and their durability, but also on
ensuring energy saving during their operation.
and, if possible, managing the process of water
supplying to achieve an economic effect.
The calculation of electricity consumption E
(kWh per year) at water supplying through
pressure pipelines made of various materials, as a
rule, is performed using the universal formula (1):
E=[9,810%(4i"1)/ Mpump.]24°365, (1)
where Q is the supplying water consumption,
m?/s; Ai is the coefficient of specific resistance
of the pipeline wall material ¢>/m® [ is the
pipeline length, m; npump. is the efficiency of the
pumping unit; 24 and 365 are the number of
hours in a day and days in a year, respectively.
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The presented universal formula does not fully
reflect the needs of designers and operating
personnel of water utilities when they applied it
tothe reconstruction an old pipeline by creating
a two-layer pipe structure "steel + PVC-U",
since it does not consider temperature
conditions, in particular, the temperature of the
supplied water. Previously, it was found that the
coefficient of hydraulic friction A of pipelines
depends on the temperature of the supplied
water and, accordingly, the pipe walls [12].
With an increase in temperature, the value of A
decreases due to a decrease in the viscosity of
water, which ultimately creates the possibility of
saving energy during the water supplying.
The basic calculation formula for determining
the cost of electricity accounting the coefficient
of hydraulic friction A, has the form (2):
EZO,SI Q3l/124365/(d5 'T]pump.), (2)
where d is the internal diameter of the pipeline,
m.
Thus, formula (2) allows calculation when a
certain inner diameter of the pipeline d and the
coefficient of hydraulic friction A are involved.
A specially developed automated calculation
program [13] has been used in order to analyze
the consumption of electricity during water
supplying. The program allows you to calculate
the hydraulic and energy parameters of the
pressure pipeline in a wide temperature range.
At the same time, the previously identified
ranges of restrictions on the recommended
range of Reynolds numbers and the ratio of
dynamic viscosities related to the fluid flow and
the pipe wall, respectively, were observed in the
algorithm of the automated calculation program
which accounts the non-isothermal movement
of fluid in pipes [14].
Computer simulation has been carried out in
order to assess the effect of water temperature
and the pipeline wall on electricity
consumption. We accepted PVC-U pipes for
trenchless repair of a dilapidated steel pipeline,
and the central areas of the Russian Federation
as the place for repair work.
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The initial parameters entered into the
calculation program were as follows:

- depth of occurrence of the restored pipeline of
a two-layer structure "steel + PVC-U SDR 21-
500" 1.6 m;

- the length of the pipeline is 3000 m;

- average temperature of the pipeline wall (soil

around the pipe) 15.50 C;

- water intake by a pumping unit is carried out
from a surface reservoir from a depth of 10 m;

- average water temperature 22.10 C (summer)
and 80 C (winter);

- consumption of transported water 0.15 m%/s;

- efficiency of the pumping unit 0.9.

Table 3 presents summary output information
on individual parameters of the calculated
parameters of the summer and winter periods.

Table 3. Summary output information based on the results of hydraulic and energy analysis of a

two-pipe structure in summer and winter periods

Calculated indicators Indicator values

Summer Winter
1. Water flow rate in the pipeline, m/s 0.9348 0.9348
2. Dynamic viscosity coefficient related to fluid flow, Pa*s

0.0009703 0.0014065
3. Dynamic viscosity coefficient related to pipe wall temperature,
Pa*s 0.0011461 0.0011461
4. Ratio of dynamic viscosities 0.847 1.227
5. Fluid kinematic viscosity coefficient, m2/s 0.00000094 0.00000138
6. Reynolds number 449597.47 306279.24
7. Estimated coefficient of hydraulic friction 0.013787 0.013819
8. Electricity consumption through the coefficient of hydraulic | 58333.698 58470.157
friction, kWh per year
9. Electricity consumption through the coefficient of resistivity, | 47962.585 47962.585
kWh per year

An analysis of the calculated data presented in
Table 3 for items 8 and 9 is typical for the
following two conclusions.

Firstly, electricity consumption in winter
increases by 58470.157-58333.698=136.459
kWh per year compared to summer according to
the calculations in 8 for the summer and winter
periods. With an average cost of 1 kWh of
electricity of 9.13125 rubles (at the current
time), the savings is 136.459x9.13125=1246.04
rubles per year.

Secondly, a comparison of the values of
electricity consumption in 8 and 9, ie.,
considering the temperatures of the water and
the pipeline wall and without it, shows a

significant discrepancy. For example, the
difference in electricity consumption is
58470.157-47962.585=10507.572 kWh  per

year, or 17.97% less for the winter period. This
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leads to the conclusion that designing, requires
considering temperature factors in order to
obtain the most probable values of electricity
consumption, i.e., it is necessary to include data
on the temperature parameters of the pipeline
wall and transported water in projects for the
construction of pipeline networks and to carry
out calculations of electricity consumption. This
is facilitated by simulation, which allows
identification of the optimal parameters for
controlling the process of water transportation
based on the search for the minimum values of
electricity consumption. Using the capabilities
of the automated program, it is possible to
calculate the cost of electricity in a wide range
of temperatures of the pipe wall (of the
appropriate  material and diameter) and
transported water for both northern and southern
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regions at various values of water flow rates and
efficiency values of pumping units.

COMCLUSIONS

1. The simulation of the strength characteristics
of two-layer pipe structures using an automated
program allowed determination of parameters
that allow choosing the most acceptable
technical solutions for filling the annular space
with mortars from alternative options.

2. The values of the permissible ovalization
(deformation) of the cross section of the new
pipeline dragged into the old pipeline, as well as
its resistance to ascent under various conditions
through the magnitude of the radial pressure of
the mortar on the pipe walls, are proposed as
criteria for comparing the options for filling the
annular space with mortars.

3. The article substantiated the application of
new PVC-U SDR 21-500 pipes during the
period of trenchless repair of an old steel
pipeline for specific design conditions. This
approach has a number of positive properties
compared to other polymer pipes, and use
cement-slag mortar as a material for backfilling
the annular space, which provides less
deformations of the cross section of new pipes.
4. An example of designing an underground
pressure pipeline network for the conditions of the
middle area of the Russian Federation, based on
the results of automated calculations, presented
the values of saving energy costs for transporting
water under various temperature conditions. This
allows performing managerial functions of the
operation of pipelines from various materials and
diameters, varying costs of transported water and
the type of pumps used, and during operation to
monitor the real effect of reducing cash costs at
the stage of design.
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Abstract: It is obvious that the interoperability of existing digital models is insufficient. Current research on
model view definitions and on their semantic enrichment addresses the issue of good interpretation of the results
of existing models to improve interoperability. The alternative research presented in this paper is not concerned
with interpretation. Instead, the influence of modifications in the geometric and topological concepts of the
digital models themselves on their interoperability is investigated. The geometric and topological attributes of the
models are made as explicit as possible. Two-dimensional line drawings are replaced by three-dimensional linear
complexes to reduce the need for implicit information. The topology of a complex is described with topological
tables containing all elements of the model, thus replacing the geometric neighborhood concept of the industry
foundation classes. A highly efficient algorithm for the construction of new topological tables of large buildings
is presented. The difficulties encountered in modifying existing topological tables are analyzed and solved.
Topological and geometric aspects of linear complexes that cannot be treated explicitly with topological tables
are identified and presented.

Keywords: linear complex, cell, polyhedral partition, topological modeling, topological tables, topology,
neighborhood

SIBHBIE LIU®POBBIE MOJIEJIU IUHENHBIX KOMILIEKCOB

A.H. Poxcxoe %, B.B. I'anuwnurosa *
' Poccuiickuil yauepcutet apyxk0bl Haponos, Mocksa, POCCUS
2 HanmoHaIBHBIH HCCIIEN0BATENBCKIH MOCKOBCKHUI TOCYIapCTBEHHBII CTPOUTEIBHBIA YHUBEPCHUTET,
Mocksa, POCCHUSA

AHHOTAIUSA: CJIE/IyeT NMPU3HATh, YTO (PyHKIMOHAIBHAS COBMECTUMOCTD IIM(POBBIX MOJIENEH, HCIIOIb3YEMbIX B
MPOTPAMMHBIX TPOAYKTAX pa3HbIX MPOU3BOJIUTENCH, HAa JaHHBIA MOMCHT HE JOCTUTHYTa. Tekylue
WCCIICIOBAaHMS B 3TOW OOJIACTH HAIICJICHBI HAa YCOBCPIICHCTBOBAHUC WHTCPIPETAIUM JAHHBIX CYIICCTBYIOIINX
MOJICJICH M UX CEMaHTHYCCKOM OOOralleHUH. AJIBTCPHATHBHOE HWCCICIOBAHUE, MPEJICTABICHHOC B JAHHOM
CTaThe, MOCBSIIICHO BIMSHUIO MOIU(PUKAIMN T€OMETPHUSCKUX U TOMOJIOTHUSCKUX KOHIICTIIMI CaMUX 1H(POBBIX
MoJieliell Ha MX (YHKIMOHAIBHYIO COBMECTHMOCTh. [ €OMETPHYECKUE U TOMOJOTMYECKUE aTPHOYThl MOjeeit
C/IeNaHbl MaKCHUMAJIbHO SIBHBIMU. JIByMEpHbIC JHMHEHHBIC UYEPTEIKH 3aMEHSIOTCS TPEXMEPHBIMH JIMHEHHBIMH
KOMILJIEKCAMH, YTOOBI YMEHBIIUTh MOTPEOHOCTh B HEssBHON MH(opMaiuu. Tornoaorus KoMIjiekca OnruCchIBACTCsI
TOIOJOTHYECKUMHU TAOIMI[AMH, COJEPKAIIUMH BCE AJIEMEHTBI MOJCIH, 3aMEHsIs, TAKUM 00pa30oM, KOHIIETIHIO
TEOMETPUYECKOT0 COCE/ICTBA, HCIOJIB3YeMYyI0 B cucTeMe oTpacieBblx 0a3oBbix kiaccoB (IFC). IlpencraBnen
BBICOKOI()()EKTHBHBIN QJITOPUTM TOCTPOCHHUSI HOBBIX TOIOJIOIMYECKUX TaONMIl OOJBUIMX CTPOMTENILHBIX
00bekToB. [IpoaHanu3upoBaHbl U pelICHbl NPOOJIEMbI, BO3HUKAMOUIME IMPU MOIU(PUKAIMU CYyHIECTBYIOIINX
TOIOJIOTUYECKUX TAOJHUI. BBISBICHBI U MPEICTABICHBI TOMOJOTHYCCKUE  TEOMETPHUCCKUE aCIICKThI IMHCHHBIX
KOMILIEKCOB, KOTOPBIC HE MOTYT OBITh IBHO 00pa0OTaHBI TOMOJIOTUYCCK UMK TAOJIUIIAMHU.

Keywords: JIMHCHHBIN KOMILJICKC, H‘IeﬁKa, oJIN3ApaIbHOC p336I/I€HI/I€, TOIMOJIOTUIECKOC MOACIMPOBAHUC,
TOIIOJIOTUYCCKHUE Ta6J'II/IIILI, TOIIOJIOTHA, COCEACTBO

INTRODUCTION

The information used in the design, construction
and operation of buildings must be explicit,
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reliable and complete. Digital models of the
buildings are the tool with which the
information is assembled, distributed and
applied. The models are constructed with
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commercial software based on international
standards. A widely used approach in the
building industry are boundary representations
of the building components and their assembly
in a model using the industry foundation classes
IFC [1].

The IFC were originally designed to be
interoperable. Successful implementation of this
concept would have permitted vendor-neutral
automatic exchange of building information
models in digital networks [2]. Because this
goal has not been reached, the concepts on
which the IFC are based and the manner, in
which digital models based on IFC are
interpreted, are the subjects of intensive current
research [3-6].

The IFC are complex and voluminous, as they
cover a very large number of topics in the
building and construction industry. To permit
the model users to focus on the specific
information, which they require for their tasks,
model view definitions MVD have been
introduced [7]. A MVD specifies, which parts of
an IFC data model needs to be implemented for
a specific data exchange scenario. The MVD
approach assumes that software companies will
develop IFC export and import subroutines
tailored for each MVD.

IFC Certification [8] for consistent and reliable
implementations of IFC specifications by
software vendors for multiple software
platforms was developed. The procedure
supports checks for collisions and voids using
geometric attributes and element identities. The
National BIM Standard initiative [9] facilitates
information exchange through MVDs [10].
Interoperability is only guaranteed within a
single MVD, not between different MVDs.

The semantic enrichment concept for building
information models SeeBIM extends the MVD
concept [11]. The concept postulates that IFC-
based models contain both implicit and explicit
information. To interpret both types of
information, if-then rules are formulated using a
predefined set of object types and operators. The
operations include reading the building model,
testing for geometrical and topological
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relationships, and creating new objects,
properties, and relationships. The new and the
enriched objects conform to the definitions of an
MVD defined for the given subdomain.

Tools based on the MVD and SeeBIM concepts
support the interpretation of the results of
existing IFC-based models, but do not affect the
models themselves. The question arises,
whether unsatisfactory interoperability may not
be due partly to inherent deficiencies of the IFC
concept itself [2]. Such deficiencies cannot be
remedied by concepts like MVD and SeeBIM.
This paper analyzes the treatment of geometry
and topology in the IFC concept, as described
by Borrmann et al. [1], and investigates the use
of topological tables as an alternative concept
that promotes interoperability.

The most widely used approach to the modeling
of geometric solids with IFC is Boundary
Representation (Brep). Classes IfcFacetedBrep
and IfcAdvancedBrep implement flat surfaces
and surfaces with curved edges respectively for
simply connected domains. Corresponding
classes for multiply connected domains are

- IfcFactedBrepWithVoids and

- IfcAdvancedBrepWithVoids.

Solids such as walls and doors are constructed
individually and aggregated to construct the IFC
model.

The neighborhood of solids in an IFC model is
described indirectly using classes that inherit
from IfcObjectPlacement [1]. Each IFC solid
has a local coordinate system, whose location in
the model is specified in a common global
coordinate system. This method is a geometric
specification of neighborhood, which can
increase the risk of collision of solids and voids
between solids due to imprecise numerical
attributes of the solids, especially their node
coordinates.

This paper shows that the problematic geometric
specification of neighborhood in IFC can be
replaced by a truly topological specification of
neighborhood: the contact of topological
elements is described in topological tables. This
is an example of the replacement of implicit
information (the IFC wuser must convert
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Explicit Digital Models of Linear Complexes

geometric location to topological neighborhood)
to explicit information (the topological tables
explicitly name the elements, with which a
specified element is in contact).

EXPLICIT AND IMPLICIT
INFORMATION FOR BUILDINGS

Buildings are traditionally planned with two-
dimensional line drawings showing plans,
elevations, sections and details of the project.
The line drawing in figure 1 shows the plan and
a section of a room. The drawings contain
explicit information about the original, such as
the dimensions of the building components and
their projections to the plane of the drawing.
The explicit information in a drawing is not
sufficient to create a three-dimensional mental
model of the three-dimensional original of the
building. For example, building components in
a plan are not explicitly associated with the
same components in the elevations and sections.
Some faces of components are not shown
explicitly in the projections. The person reading
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the drawing must add implicit information to the
explicit information to be able to create the
mental model. Persons with  different
background, knowledge and experience add
different  implicit  information.  Implicit
information is therefore a potential source of
inconsistency, inaccuracy and errors in
engineering practice. The aim of our research is
to make models explicit.

The storage capacity and high speed of the
digital environment provide an opportunity to
lessen the need for implicit information. The
strategy of our research project is to map as
many of the topological and geometric
properties of the original explicitly to the model
as possible. The mapping is bijective, such that
the information and insights gained with the
model can be applied to the original, and vice
versa. Line drawings remain a valuable tool in
engineering practice. However, in the digital
environment line drawings for selected parts of
the project are prepared upon demand and for a
specific purpose from a general computer model
of the entire original that contains the explicit
information describing the original.

I |

T 2 |&
n o 7\]{

L 1B TS 88

A A S
v | l
Te . e
Plan Section AA
Figure 1. Line drawing showing the plan and a section of a room
LINEAR COMPLEXES nodes, edges, faces and cells called the domains of

The character of explicit and implicit information is
investigated for linear complexes. The linear
complex for the room in figure 1 is shown in figure
2. A linear complex is a configuration composed of

Volume 18, Issue 4, 2022

the complex. A node is a single point. An edge is a
straight line segment. A face is a plane area
bounded by at least one closed polygonal curve
composed of edges. A cell is a volume bounded by
at least one closed polyhedral surface composed of
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faces. A rank from 0 to 3 equal to their dimension
is assigned to nodes, edges, faces and cells
respectively to create a hierarchy.

A domain is described by its boundary. The
boundary of a domain of rank n consists of
domains of rank n-1. For example, the boundary
of a cell consists of faces. The topology of a
complex describes relations between its
domains. For example, the topology specifies
the edges of a cell. The geometry of a complex
is specified with the global coordinates of its
nodes and the rules for the shape interpolation
between to nodes of the domains.

o

N

Figure 2. Perspective of the linear complex for
the room in figure 1

The topology of a complex is unique. However,
complexes with equal topology can have different
geometries. For example, four nodes and four
edges can form the boundary of a rectangular face.
If the coordinates of two adjacent nodes are
interchanged, the topology does not change, but
two edges intersect at internal points such that
they no longer form the boundary of face.

TOPOLOGICAL TABLES OF A
COMPLEX

The complex, which is shown graphically in
figure 2, is described alphanumerically in a
computer model. A unique name is assigned to
each domain of the complex. The node objects are
collected in a map using the node name as key and
the three global node coordinates as value of an
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entry. The topology of the complex is described
with 12 topological tables. The first column of a
table contains all components of a given type D
in the complex, for example all faces. The other
columns of the table contain objects of another
type D2 in the complex, for example nodes. A row
of the table contains the objects of type D2, which
are in contact with an object of type D;. In the
example, the table contains the nodes, which are
in contact with a face of the complex. A
topological table is named with the domain types
Dj and D2, for example face-node-table.

A complex contains 4 types of domains: nodes,
edges, faces and cells, one of which is placed in the
first column of a table. Once the type for the first
column has been selected, there are three remaining
types, one of which is entered in the other columns.
Some tables have a constant number of domains
per row, for example the edge-node-table, whereas
the number varies for others, for example the face-
edge-table. The number of type combinations that
can be formed for a table in this manner is 3*4.
Figure 3 shows the 12 types of topological table
arranged in matrix form.

Entry Tk in the matrix is the set of the domains
of rank k. It is not a topological table. The
entries below the diagonal are tables showing
the domains of rank m<k, which are
components of the domain of rank k, for
example the nodes which are components of a
face. The entries above the diagonal are tables
showing the domains of rank m>k, which have a
common domain of type Dk. For example, T3 is
the edge-cell-table which contains the cells of
the complex that have a common edge.

CONSTRUCTION OF THE
TOPOLOGICAL TABLES

Objects that are instances of industry foundation
classes IFC describe their own topology. The
topological relationship to other objects of the
model is specified explicitly in special cases
such as a common face of two cells. In general,
the overall topology is not specified explicitly.
Additional implicit topological information
must be derived from the relative location of the
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objects. The concept of our project is to describe
the topology of all elements of the complex
explicitly in common topological tables. This
approach demands an efficient algorithm for the
construction of large topological tables.

The topological tables in figure 3 are not
independent. For example, the edge-node, face-
edge and cell-face tables together define the
topology of the complex completely. They are
called base tables. The other tables can be
derived from the base tables.

rank m, domain type
Tam 0 1 2 3
node | edge face cell
0 T, T, T, T,
g node 00 01 02 03
>
£ 1
g edge T10 T11 T12 T13
o
© 2
~ face Tao Ty Ty T
X
& 3
= ceII T30 T31 T32 T33

Figure 3. Matrix of topological tables Tim for
linear complexes

The base tables are specified by the user with a
sequence of commands consisting of a key word
node, edge, face or cell for the component type,
followed by the name of the domain and a set of
parameters. Each command defines one domain

of the complex. The commands for a complex
end with command do. The command sequence
for the construction of the unit cube in figure 4
is shown in figure 5.

Figure 4. Perspective of a unit cube

Volume 18, Issue 4, 2022

Because the commands can be specified in
arbitrary order, a command can contain objects
that have not yet been defined. For example, the
objects for the four edge objects in command
face 2 (e2, ell, e6, el0) in figure 5 are not yet
constructed.

cell cl (f1, f2, {3, f4, {5, f6)
face fl (el, el0,e5, e9)
face f2 (e2,ell,e6,¢el0)
face f3 (e4,ell,e7,¢el2)
face f4 (e2,el2,e8,¢9)
face f5 (el, e2,e3,e4)
face 6 (e5, e6,¢7,e9)
edge el (nl,n2)

edge e2(n2,n3)

edge 3 (n3,n4)

edge e4 (n4,nl)

edge e5 (nS5, nb)

edge 6 (n6, n7)

edge €7 (n7,n8)

edge 8 (n5, ng)

edge €9 (nl, nS)

edge 10 (n2, nob)

edge ell (n3,n7)

edge el2 (n4, ng)

node nl (0.0, 0.0, 0.0)
node n2 (0.0, 1.0,0.0)
node n3 (0.0, 1.0, 1.0)
node n4(0.0,0.0, 1.0)
node n5 (1.0, 0.0,0.0)
node n6 (1.0, 1.0, 0.0)
node n7(1.0,1.0,1.0)
node n8 (1.0, 0.0, 1.0)

do

Figure 5. Commands for a unit cube

When command face is interpreted, a persistent
Face object is constructed and its edge attributes
a persistent Face object is constructed and its
edge attributes are set to null. The face is
entered in a face map with the face name as key
and the reference of the Face object as value.
The names of the edges and the reference of the
persistent Face object are stored in a transient
shadow edge object. When command do is
reached, all persistent objects of the complex
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have been constructed and entered in the map.

The set of shadow objects is traversed. The

names of the edges are used to read the

references of the persistent Edge objects in the

map, which are then stored in the persistent

Face object. After command do has been

executed, the independent topological tables

exist on the data base.

For navigation in the complex, the other

topological tables in the matrix in figure 3 must

be constructed. An efficient algorithm has been

developed to derive the dependent tables form

the specified independent tables as follows.

Because any object of class Edge, Face or Cell

refers only to the objects describing domains of

the next lower rank, the 12 tables can be

constructed in four nested loops. The algorithm,

which is used to add an element to a map, must

automatically suppress multiple entries of the

same object. The following operations are

performed in the loops:

1. Loop over the cells ¢ of the complex.

2. Loop over the faces fof cell c.

— add face f'to the cell-face map with key ¢

— add cell c to the face-cell map with key /'

3. Loop over the edges e of face f'of cell ¢

— add edge e to the cell-edge map with key ¢

— add edge e to the face-edge map with key f

— add face f'to the edge-face map with key e

— add cell ¢ to the edge-cell map with key e

4. Loop over the nodes # of edge e of face fof
cell ¢

— add node 7 to the cell-node map with key ¢

— add node 7 to the face-node map with key 1

— add node 7 to the edge-node map with key e
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— add cell ¢ to the node-cell map with key »

— add face fto the node-face map with key »

— add edge e to the node-edge map with key »

The innermost loop 4 can be avoided by

arranging the six add-operations in a method

with node » as parameter, and invoking the
method twice in loop 3 to treat the two nodes of
the current edge. The outer loop over the cells
constructs the cell-face and the face-cell tables.

The first nested loop over the faces constructs

the cell-edge, face-edge, edge-cell and edge-

face tables. The second nested loop constructs
the remaining tables. As an example, the

topological tables for the unit cube in figure 4

are presented in tables 1 to 4.

The complexity of the table construction

algorithm is determined by counting the number

of add-operations for the tables:

— Loop 1 is performed N. times, where Nc is
the number of cells in the complex

— Loop 2 is performed Ny times per cycle of
loop 1, where Ny is the average number of
faces per cell. The total number of traversals
of loop 2 is Ne'Ny. Two domains are added
per cycle.

— Loop 3 is performed Ne times per cycle of
loop 2, where N. is the average number of
edges per face. The total number of
traversals of loop 3 is NeNr -Ne. Four
domains are added per cycle.

— Loop 4 is performed twice per cycle of loop
3, where 2 is the number of nodes per edge.
The total number of traversals of loop 4 is
2:NeNr-Ne. Six domains are added per cycle.

Table 1. Node-edge, Node-face and Node-cell Tables

node edges faces cells
nl el, e4,e9 f1, t4, £5 cl
n2 el,e2, el f1, £2, £5 cl
n3 e2,e3,ell 2, 3, £5 cl
n4 e3,e4,el2 3, f4, £5 cl
n5 e5, e8, e9 f1, f4, 6 cl
né e5, €6, el0 f1, £2, f6 cl
n7 e6,e7,ell 2, 13, 16 cl
n8 e7,¢e8,¢el2 3, f4, f6 cl
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Table 2. Edge-node, edge-face and edge-cell tables

€9, el0, ell, el2

edge nodes faces cells
el nl, n2 f1, £5 cl
e2 n2, n3 2, 5 cl
e3 n3, n4 3, 5 cl
c4 nl, n4 4, £5 cl
e5 nS, n6 fl, 6 cl
eb n6, n7 2, 16 cl
e7 n7,n8 3, 16 cl
e8 n5, n8 4, {6 cl
e9 nl, n5 f1, f4 cl
el0 n2, n6 f1, £2 cl
ell n3, n7 2, 13 cl
el2 n4, n8 3, 4 cl

Table 3. Face-node, face-edge, face-cell tables
face nodes edges cells
fl nl, n2, n5, n6 el, e5,e9,el0 cl
2 n2, n3, n6, n7 e2, e6, el0, ell cl
3 n3, n4, n7, n8 e3,e7,ell,el2 cl
4 nl, n4, n5, n8 e4,e8,¢e9,el2 cl
5 nl, n2, n3, n4 el,e2,e3,ed cl
6 n5, n6, n7, n8 e5, e6, e7, el cl

Table 4. Cell-node, cell-edge, cell-face tables

cell nodes edges faces
cl nl, n2, n3, n4, n5, n6,n7, n8 | el, e2, €3, e4, €5, €6, e7, e8, | fl, 2, 13, f4, {5, 16

The total number N: of add-operations for the
construction of the topological tables is:

Ny = 2N.N¢ + 4N N¢N, + 12N N¢N, =

~ 16N.N¢N, (D
Usually the average number of cells per face Ny
and the average number of edges per face Ne are
independent of the size of a complex. The
complexity of the algorithm then is O(Nc),
which is highly efficient.
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MODIFICATION OF LINEAR
COMPLEXES

Engineering design proceeds in cycles of work
steps, during which a complex changes
continuously. Three types of modification occur
in a design cycle:

— addition of new domains

— removal of old domains

— modification of attributes of old domains.
The identification of the old values of type D:,
which must be removed in the topological tables
due to a modification, requires extensive
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searches. It is more efficient to group the
commands of a modification and to construct
new tables for the modified complex defined by
the command group. This concept is followed in
the project.

An additional command type remove nameset is
defined for the removal of domains. The entries
for the objects in the set are removed from the
base tables. The existing command types node,
edge, face and cell are used to add new domains
to the base tables and to construct their
persistent objects as before. The same command
types are used to modify the attributes of old
domains whose entries in the base tables already
exist. The attributes of these domains are
modified in their persistent objects. When
command do is executed, the modified base
tables are used as input stream for the
construction algorithm described in section 4.
The complexity for a modification group equals
the complexity of the construction of the initial
topological tables.

Figure 6 shows a modified unit cube. Figure 7
shows the command group for the modification
of the unit cube. Node n¢ is removed. Edges es,
es and eio as well as faces fi, f> and fs are
modified. Nodes ny to nis, edges ei3 to exr and
faces f7 to fo are new.

Figure 6. Perspective of the modified unit cube
Cell c1 1s modified. The constructed tables are

similar to those shown for the unit cube in tables
1 to 4.
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remove node n6

edge e5 (n5, nl3)

edge €6 (n7,nl5

edge el0 (n2,nl0)

face fl (el, el0,el3,el7,e5,e9)
face f2 (e2,ell, e6,¢19,el4,el0
face {6 (e5, €20, e21, e6, €7, e8)
node n9 (0.5,0.5, 0.0)

node nl0 (0.5, 1.0,0.0)

node nll (0.5, 1.0,0.5)

node nl2 (0.5,0.5,0.5)

node nl3 (1.0,0.5,0.0)

node nl4 (1.0,0.5,0.5)

node nl5 (1.0, 1.0,0.5)

edge el3  (n9,nl0)

edge el4 (nl0,nll)

edge el5 (nll,nl2)

edge el6 (nl2,n9)

edge el7 (n9,nl3)

edge el8 (nl2,nl4)

edge el9 (nll,nl5)

edge €20 (nl13,nl4)

edge €21 (nl4,nl5)

face {7 (el3,el4,el5,el6)

face f8 (el6, el7,el8, e20)

face 19 (el5,el8,el9, e21)

cell cl (f1, £2, 3, {4, 15, 16, 7, 8, 19)
do

Fioure 7. Commands for the modification

CONCLUSIONS

The investigation has shown that topological
tables can be constructed efficiently for linear
complexes representing entire buildings. The
necessity to combine the individual topology of
a large set of standardized building components
in the model is thus eliminated. The complexity
of the table construction algorithm developed in
the project is linear in the number of cells and
thus very efficient. Topological tables for
modified complexes are constructed with the
same algorithm as the tables for the initial
complex.

Topological tables do not make all of the
properties of an original explicit in the model.
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The closed polygonal curves of the boundaries
of faces and the closed polyhedral surfaces of
the boundaries of cells are not specified
explicitly in the tables. Faces and cells therefore
cannot be oriented in the tables. As a result,
topological tables do not show explicitly
whether the bounded or the unbounded area
defined by a closed curve in a plane is the
interior of the face. Similarly, the tables do not
show explicitly whether the bounded or the
unbounded volume defined by a closed surface
is the interior of a cell. Due to these
deficiencies, it is not possible to differentiate
explicitly between simply and multiply
connected faces and cells of complexes. Other
topics for further research are the robustness of
the algorithms for complexes, unbounded
domains for complete models of the
environment of buildings and handling of
concave domains without the necessity for
convex triangulation. These topics are being
investigated in an associated research project.

ACKNOWLEDGEMENTS

The research 1is funded by the Russian
Foundation for Basic Research (RFBR) -
Project Number 20-57-12006.

REFERENCES

1. Borrmann A., Beetz J., Koch C., Liebich
T., Muhic S. Section 5.7. Geometric
Representations. In: Borrmann A., Konig
M., Koch C., Beetz J., eds. Building
Information Modelling. Cham: Springer;
2018, pp. 101-111,

DOI: 10.1007/978-3-319-92862-3 5

2. van Berlo L., Krijnen T., Tauscher H.,
Liebich T. Future of the Industry
Foundation Classes: towards IFC 5, in:
Proc. of the 38th International Conference
of CIB W78, 2021, pp. 123-137

3. Huhnt W., Galishnikova V. Partitioning of
space as basis for data structures to

Volume 18, Issue 4, 2022

10.

11.

describe digital building models, in: Proc.
of the 17th International Conference on
Computing in Civil and Building
Engineering, 2018, pp. 42-49

Huhnt W. Reconstruction of edges in
digital building models. // Advanced
Engineering Informatics, 2018, V. 38, pp.
474-487. DOI: 10.1016/.2€1.2018.08.004
Huhnt W., Hartmann T., Suter G. Space
classification from point clouds of indoor
environments based on reconstructed
topology. In: Smith 1., Domer B., eds.

Advanced Computing  Strategies for
Engineering, 25th EG-ICE International
Workshop. Cham: Springer; 2018, V.

10863, pp. 82-102.

DOI: 10.1007/978-3-319-91635-4 5

Kraft B., Huhnt W. Geometrically
Complete Building Models // Proc. of the
21th  International Workshop of the
European Group for Intelligent Computing
in Engineering, 2014, pp. 1-11

Belsky M., Sacks R., Brilakis I. Semantic
Enrichment for Building Information
Modeling // Computer-Aided Civil and
Infrastructure Engineering, 2016, V. 31, No.
4, pp. 261-274. DOI: 10.1111/mice.12128
Steinmann R. [FC Certification 3.0:
Specifications and Terms and Conditions.
BuildingSMART International Ltd., UK;
2018. URL https://www.buildingsmart.org
National BIM Standard-United States
Version 2 (NBIMS-US 2012). The National
Institute of Building Sciences

Hietanen J., Find S. IFC model view
definition format, in: Proceedings of the
24th International Conference of CIB W78,

2007, pp. 1-29
Bloch T., Sacks R. Clustering Information
Types for Semantic Enrichment of

Building Information Models to Support
Automated Code Compliance Checking //
J. Comput. Civ. Eng., 2020, V. 34, No. 6,
04020040. DOI: 10.1061/(ASCE)CP.1943-
5487.0000922

109



CIIMCOK JIMTEPATYPbI

1. Borrmann A., Beetz J., Koch C., Liebich
T., Muhic S. Section 5.7. Geometric
Representations. In: Borrmann A., Kénig M.,
Koch C., Beetz J., eds. Building Information
Modelling. Cham: Springer; 2018, pp. 101-
111. DOI: 10.1007/978-3-319-92862-3 5

2. van Berlo L., Krijnen T., Tauscher H.,
Liebich T. Future of the Industry
Foundation Classes: towards IFC 5, in:
Proc. of the 38th International Conference
of CIB W78, 2021, pp. 123-137

3. Huhnt W., Galishnikova V. Partitioning
of space as basis for data structures to
describe digital building models, in: Proc.
of the 17th International Conference on
Computing in Civil and Building
Engineering, 2018, pp. 42-49

4. Huhnt W. Reconstruction of edges in
digital building models. // Advanced
Engineering Informatics, 2018, V. 38, pp.
474-487. DOI: 10.1016/j.2e1.2018.08.004

5. Huhnt W., Hartmann T., Suter G. Space
classification from point clouds of indoor

environments based on reconstructed
topology. In: Smith 1., Domer B., eds.
Advanced Computing Strategies for
Engineering, 25th EG-ICE International
Workshop. Cham: Springer; 2018, V.

6. Kraft B.,

g. Steinmann R.

9. National

Aleksandr N. Rozhkov, Vera V. Galishnikova

10863, pp. 82-102. DOI: 10.1007/978-3-
319-91635-4 5

Huhnt W. Geometrically
Complete Building Models // Proc. of the
21th  International Workshop of the
European Group for Intelligent Computing

in Engineering, 2014. pp. 1-11

7. Belsky M., Sacks R., Brilakis I. Semantic

Enrichment for Building Information
Modeling // Computer-Aided Civil and
Infrastructure Engineering, 2016, V. 31, No.
4, pp. 261-274. DOI: 10.1111/mice.12128
IFC Certification 3.0:
Specifications and Terms and Conditions.
BuildingSMART International Ltd., UK;
2018. URL https://www.buildingsmart.org
BIM Standard-United States
Version 2 (NBIMS-US 2012). The National
Institute of Building Sciences
10. Hietanen J., Find S. IFC model view
definition format, in: Proceedings of the
24th International Conference of CIB
W78, 2007, pp. 1-29
11. Bloch T., Sacks R. Clustering Information
Types for Semantic Enrichment of
Building Information Models to Support
Automated Code Compliance Checking // J.
Comput. Civ. Eng., 2020, V. 34, No. 6,
04020040. DOI: 10.1061/(ASCE)CP.1943-
5487.0000922

Aleksandr N. Rozhkov, Senior Lecturer at the Department
of Fundamental Education, branch of National Research
Moscow State University of Civil Engineering in
Mytishchi, 129337, Russia, Moscow, Yaroslavskoe
Shosse, 26; assistant of the Department of Civil
Engineering of the Engineering Academy of the People’s
Friendship University of Russia, 117198, Russia,
Moscow, st. Miklukho-Maclay, 6; phone: +7(925)023-
83-76. e-mail: rozhkovalex@hotmail.com.

Vera V. Galishnikova, Professor, Dr.Sc.; Vice-Rector of
the National Research Moscow State University of Civil
Engineering, 129337, Russia, Moscow, Yaroslavskoe
Shosse, 26; Professor of the Department of Civil
Engineering of the Engineering Academy of the People’s
Friendship University of Russia, 117198, Russia,
Moscow, st. Miklukho-Maclay, 6; phone: +7 (495) 287-
49-14. e-mail: galishni@yandex.ru.

110

Pooickos Anexcanop Huxonaesuu, CTapILIUii
TIpernoIaBaTeb Kadeapsl OyHIaAMCHTATTBHOTO
obpazoBanms ¢mwmara HAY MI'CY B r. MbiTummy,
129337, Poccus, r. MockBa, SIpocnaBckoe mocce, 1. 26;
ACCHCTEHT [eTlapTaMEHTa CTPOUTEIhCTBA HHKCHEPHOU
akageMun Pocciickoro yHUBEpCHTeTa APY>KOBI HAPOJIOB,
117198, Poccus, T. MockBa, yi. Mukiryxo-Makias, 6; Te.
+7(925) 023-83-76. e-mail: rozhkovalex@hotmail.com.

Tanuwunuxosa Bepa  Bradumuposna, upodeccop,
JIOKTOP TEXHUUYECKUX HAyK, MpopekTop HarmoHansHOro
HCCIeI0OBATENIbCKOI0 MOCKOBCKOTO TOCYAapCTBEHHOTO
CTpouTeNbHOrO yHUBepcurera, 129337, Poccus, .
Mocksa, SfpocmaBckoe miocce, A. 26; mpodeccop
JlerapTaMeHTa CTPOUTEIIHCTBA WH)KCHEPHOU aKaJleMUH
Poccntickoro yauBepcurera apy>k061 HapooB, 117198,
Poccus, r. Mocksa, yin. Mukinyxo-Maxkias, 6; ter. +7
(495) 287-49-14. e-mail: galishni@yandex.ru.

International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 18(4) 111-123 (2022)

DOI:10.22337/2587-9618-2022-18-4-111-123

DINAMIC FORCES IN THE ECCENTRICALLY COMPRESSED
MEMBERS OF REINFORCED CONCRETE FRAMES UNDER
ACCIDENTAL IMPACTS
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Abstract: Interest to solving scientific problems related to the evaluation of facilities' resistance and its
protection against progressive collapse increases and attracts more and more attention of specialists in the field
of structural analysis and design. Therefore, the article presents the results of a computational analysis of
dynamic forces in eccentrically compressed reinforced concrete members of structures under accidental impact
such as sudden removal of a load bearing member. Using relations for specific deformation energy and
integrating it through the cross-section area, the analytical expressions for dynamic strains and curvatures have
been obtained for physically and structurally nonlinear RC frame members under eccentric compression. These
expressions in some cases allow symbolic solution, for example, in MathCAD software. In contrary, it can be
solved with the approximate iterative method. To assess the reliability and effectiveness of the proposed quasi-
static method, the analysis of the cast-in-situ reinforced concrete frame resistance to progressive collapse has
been performed. The article also provides comparison of the simulation results of the nonlinear quasi-static
analysis and the nonlinear dynamic time-history analysis.

Keywords: reinforced concrete, eccentric compression, accidental impacts, energy dissipation, dynamic effect,
quasi-static analysis

JTUHAMUWYECKHUE Y®PEKTHI BO BHEIIEHTPEHHO
CKATBIX )KEJE30OBETOHHbBIX DJIEMEHTAX
MHOTI'OATAKHBIX 3JAHUN ITPU OCOBBIX
BO3JIEVICTBHUSX

C.I0. Casun ', H.B. @edoposa’, B.U. Konuynos '

"HaumronansHbIi nccienoBatebekuit MOCKOBCKHI TOCYIaPCTBEHHBIN CTPOUTENBHBIN yHUBEpCHTET, T. Mocksa, POCCUS
2 Oro-3amaHblii TOCyIapCTBEHHEBIN yHUBEPCHTET, T. Kypck, POCCHS

AnHoTanus: Pemenne Hay4dHBIX 3a/1a4, CBSI3AHHBIX C TPOOIEMOI )KUBYUECTH M 3AIUTHI 3MaHUA M COOPYKEHUNA OT
TIPOTrPECCUPYIOIIEr0 OOPYLICHHUST MPH OCOOBIX BO3JICHCTBUSX MPHBIEKACT Bce Oosiee 3HAYMTENBHOE BHUMAaHHE
CTICIMATICTOB B 0O0JAacTH pacyeTa M MPOCKTUPOBAHUS CTPOUTEIBHBIX KOHCTPYKIWH, 37aHWN M COOpyKeHWd. B
paccMaTpuBaeMOl CTaTbe MPUBEIEHBI PE3YIIbTAThI PACUETHOTO aHAM3A AUHAMUYECKHX JIOTPYKEHUI BHELIECHTPEHHO
CIKaTBIX JKENE300€TOHHBIX AIIEMEHTOB KOHCTPYKTHBHBIX CHCTEM IPH MX CTPYKTYPHOH IEpecTpolKe, BbI3bIBAEMON
aBApUIHBIMU BO3/ICUCTBISAMHU. J[yisi TakuX (DM3MUECKH M KOHCTPYKTHUBHO HEJIMHEHHBIX CHCTEM, MPHUMEHHTEIBHO K
paccMaTpUBacMOMY HANpPsKEHHOMY COCTOSIHHIO Ha SHEPreTHYECKOM OCHOBE IyTE€M HHTETPHPOBAHUS BBIPAKEHUI
yIeTbHOH 9Heprun aeopMari BOJOKHA ((UOpPBI) MO BBICOTE PACYETHOTO CEUECHHMS XKEJNe300€TOHHOTO 3JIeMEHTa
TIOJIy4YeHbl aHAJINTUYECKHE BBIPAKEHHS IS TMHAMHYECKHX JiehopMarii ¥ KpUBH3H 3TOro siemenTta. CTpykrypa
ypaBHEHHI B OTZENBHBIX CIydasx JOITyCKaeT MX pellieHrne B CHMBOJBHOM BHze, Hampumep, B IIK MathCAD, mmbo
OHH PEIIAIOTCS] OAHUM W3 TPUOIKEHHBIX METOJIOB. JJJIsl OLIEHKH TOCTOBEPHOCTH M 3P PEKTUBHOCTH MPEIIOKEHHOTO
KBa3WCTaTHYECKOTO METO/Ia BBIMOJHEH pacuéT >KUBYYECTH MOHOJMTHOM JKeNe300CTOHHOM paMmbl Kapkaca
ISITHATQKHOTO 37IaHMSI W TIPUBEICHO COIMOCTaBICHHWE pE3Yy/IbTAaTOB HEIMHEHHOrO PAcyeTHOrO aHajim3a o
KBa3MCTaTHYECKOMY METOY M METOy MPSIMOTO TMHAMIYECKOTO pacyeTa.

KuaroueBbie cii0Ba: 5xene300eTOH, BHEIICHTPEHHOE CKaTHe, 0c000¢ BO3ICHCTBYS, TUCCHITAIIHS, TAHAMHYCCKHUIT
3¢ GeKT, KBa3UCTATHYCCKUI METO/
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INTRODUCTION

Interest to solving scientific problems related to
the structures' progressive (disproportional)
collapse resistance under special impacts
increases and attracts more and more attention
of specialists in the field of structural design and
analysis as evidenced by the number of research
articles published over the past two decades. In
many countries including Russia, the theoretical
[1-8] and experimental [9-14] studies have been
performed that became the basis for
development and introduction of new regulatory
documents for the facilities' protection against
progressive collapse under accidental impacts
[15-18]. Currently, the most complex and
debatable question in the considered field is the
assessment of the dynamic effects in structural
systems during forces' redistribution through the
alternate load paths, when accidental impact
occurred [20].

For the assessment of such a dynamic effect in
composite nonlinear deformable bars under
instantaneous structural transformation, G.A.
Geniyev proposed energy approach [21, 22].
Later, V.I. Kolchunov, N.V. Fedorova, N.B.
Androsova, P.A. Korenkov and etc. [22-26]
developed this approach. Their papers provide
solutions for uniaxial compression and tension,
as well as in transverse bending. They obtain the
upper limit values of the forces and the lower
limits of deformations in absolute value. With
regard to cases of a more complex stress-strain
state, the assessment of dynamic effects during
the instantaneous load bearing member removal
requires integrating the expressions for the
specific strain energy over the cross-section
area. However, such an approach may be
associated with some computational difficulties
when constructing the energy expressions,
especially for structures with inelastic second-
order effects. Therefore, we consider a
simplified practical method for assessment the
dynamic effects in physically nonlinear
eccentrically compressed (or eccentrically
tensioned) reinforced concrete bars. Due to the
phenomenon of buckling in such members, the
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bending moment acting in cross-sections is a
function of the axial force. In this case, the
ultimate bending moment perceived by the
cross-section also depend on the magnitude of
the acting axial force. This leads to the fact that
the moment vs. curvature interaction diagram of
such element changes during loading. In
addition, there is a decrease in the magnitude of
the ultimate forces in flexible eccentrically
compressed reinforced concrete members in
comparison with those one for members of zero
slenderness ratio, i.e., for the cross-section pure
strength [29], that can be explained as inelastic
second-order instability. These circumstances
must be considered when constructing a
simplified method for estimating the dynamic
effects in eccentrically compressed members of
frame structures under accidental actions.

MATERIALS AND METHODS

Let us consider an eccentrically compressed
reinforced concrete element of unit length
subjected to the external axial force Nexr and the
bending moment Mex as Figure I,a shows.
Because of external forces, the internal forces
arise in the element cross-sections: Nim = Nexr,
Mint = Mext. For practical purposes, we neglect
the increments of the axial force and bending
moment along the unit length of the bar under
consideration since its size dL is sufficiently
small.

Considering the strain diagram in Figure 1,b,
the internal axial force acting in the cross-
section is equal to (1):

Nint = €ayBno = €avEbAprea = Next, (1)
where g, is the average strain value within the
cross-section, E» is the tangent modulus of
elasticity of normal weight concrete at a stress
of 6 = 0 and at 28 days; Abpreq 1s the reduced
cross sectional area. It should be noted, that
Ab red 18 the function of the axil force V.

If we approximate the moment - curvature
interaction diagram with the second order
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polynomial, the internal bending moment can be
obtained from Eq. (2):

where y is the curvature of the deformed cross-
section, Bwmo EvJbrea 1s the initial (or
undeformed) bending stiffness, xo is the

X curvature corresponding the ultimate moment
M, = xB (1——>=M , 2 i
int = XEmo 2Xo ext @ M as Figure 1,d shows.
a) d
Next ) AN
M Work of the external axial force
ext . .
B Specific strain energy
1131117 e ——
Nedan-1) |oooooinnn.
1 Nep-1) |- po
©
N(s,n)
lL,. tgo = Bn,0=EbAb,red o
Qo : Lk
yMinl >
Nint &) E6n1) €dn1) EbO €2 €
€) A M
Work of the external moment
B Specific flexure energy
Mult(s,n) ...................
Mu!t(s,n-l) ..................
Mudn-n|........ /.
Méo-n)......L L.
M(s__n-l) e .
M(s,n) 5
Jpo = Bvo=EbJbred « . °
1 S
%(s.n-1)  %0(d,n-1)x0(s.n) =
X(s.n)  X(dn-1) YO(s,n-1) %

Figure 1. Eccentrically compressed reinforced concrete element: a) design scheme; b) strain
diagram, c) normal stresses’ diagram, d) scheme of the axial forces vs. strain diagram, e) moment
vs. curvature diagram

In the first approximation, we find the curvature
¥o using the expression for the ultimate bending

moment of an eccentrically compressed
element, according to SP 63.13330:
0'8€b2
= 3
Xo PR 3)
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where €52 is the ultimate compressive strain in
concrete, x is the neutral axis depth for
rectangular compressive stresses diagram in
concrete in accordance with 8.1.14 SP63.13330:
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In contrast to SP 63.13330, the formulas (4)
adopt characteristic strength of materials in
regard with SP 385.132580 requirements for a
special limit state criterion. Characteristic
compressive strength of steel reinforcement Ric,»
corresponds to strain & = 0.0035 which is
restricted by ultimate compressive strain in
concrete. & = x/ho is the relative depth of the
neutral axis, &g is the boundary relative depth of
the neutral axis.

The coefficient 0.8 adopted in formula (3)
reflects the ratio between the depth of the
neutral axis for the rectangular distribution of
normal stresses in the compressed zone and the
actual depth of the neutral axis. It should be
replaced with 0.7 for concrete of compressive

{ q)(gd,n—l) - d)(gs'n) = Ns,n—l(gd,n—l - gs,n);

( N + R A — RsanIs
= <
x o for§ < &,
1 + !
) N + RspAs % — RyenA's (4)
X = . e 2R A, for & > &p.
\ 7T he(1 = &R)

strength classes B70-B100. Popov D. [28]
provides the values of this coefficient for
corrosion-damaged reinforced concrete
elements under dynamic loading.

Following the approach proposed by G.A.
Geniyev [20], we accept the principle of
constancy of the total specific strain energy. In
addition, we introduced the assumption that this
principle meets to compression and bending
separately with an enough accuracy for practical
purposes. As a result, we obtain a system of
equations in which the first one can be resolved

with respect to the strain &4 ,,_;, and the second
one resolved with respect to the strain &g ,_4
and curvature Y ,_1:

(D(Xd,n—l) - q)()(s,n) = Ms,n—l()(d,n—l - Xs,n)r

where (D(ed,n_l) is the specific strain energy for
uniaxial dynamic compression caused by
sudden load bearing structural member removal
and determined from Eq. (6):

€dn-1

(D(gd,n—l) = By f

0
2
_EpApreacin-1 <

g2 )d
e——|de =
2€b0 (6)

Edn—
1— dn-1 .

3€b0
CID(es,n) is the specific strain energy for uniaxial
compression with service load before sudden

load bearing structural member removal and
determined from Eq. (7):

2
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(5)
Esn
82
D(g5,) = BNf (s 5 )de -
0 0 (7
— EbAb,redgsz,n 1 — gs,n
2 381)0

CD()(d,n_l) is the specific flexure energy for
uniaxial dynamic compression caused by
sudden load bearing structural member removal
and determined from Eq. (8):

Xdn-1
2

q)(“'”‘l)zB’”f <_2X_Xo>dg ®)

0
— Eb]b,red)(g,n—l (1 _ Xd,n—l )
3X0,d,n—1

2
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dD()(S,n) is the specific flexure energy for
uniaxial compression with service load before
sudden load bearing structural member removal
and determined from Eq. (9):

Xsn

q)()(s,n) = By f

(L)

Ns,n—1(5d,n—1 - gs,n) is the specific work under
compression after the sudden load bearing
structural member removal,
Ms,n—1()(d,n—1 — )(S,n) is the specific work
under flexure after the sudden load bearing
structural member removal.

The Egs. (10)...(14) allow determining

2Xo geometric parameters for the above mentioned
> ®) relation:
— Eb]b,red)(sz,n <1 _ Asn > '
2 3)(0,5,71
0.5h
Esq Es; , (10)
Aproa = b f (1 . bo)d Ak A
-0.5h
Where
11
0.5h E=Ew T XY (1
. & ESl ESZ ’ /
Sy rea = b (1 —Fbo)ydy—E—bAs(O.Sh—a) + oA (05h —a), (12)
-0.5h
Sb,red
yg.C. - Ab‘red’ (13)
0.5h+yg.c.
& E 1 2
]b,red =b J <1 - )yzdy + LAS(O'Sh + yg.c. - a)
2€b0 Eb (14)
—0.5h+yg.c.

N

+
Ep

Egs. (10) ... (14) apply the following symbols:
y is the current depth from geometrical cross
sectional gravity center in Egs. (10), (12) and
from physical cross sectional gravity center in
Eq. (14);

€po 18 the compressive strain in concrete at the
ultimate compressive stresses 6 = Rp,x;

Esz1, Ep are moduli of deformation for
reinforcement steel in tension and in
compression at current strain values in
accordance with stress vs. strain curve;

As, A’s are the cross sectional areas of
reinforcement steel in tension and in

compression respectively;
b is the cross-sectional width out of bending
moment plane;
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E
—ZA’S(O.Sh —Vge— @

,)2.

h is the overall cross-sectional depth in the
bending plane;

a, a’ are the distances from gravity centers of
reinforcement in tension and compression
respectively to the concrete surfaces;

Shred 18 first moment of area for reduced cross-
section measured from geometrical gravity
center;

vge. 18 the distance between geometrical and
physical gravity centers of the cross-section
when the positive direction is to the most
compressed face;

Jbred 1s the moment of inertia of the reduced
cross-section with respect to physical gravity
center.
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After substitutions (1), (6), (7) and
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polynomial with respect to €4,(4n—1) that is the

mathematical operations, the first equation of average cross-sectional strain under dynamic

system (5) transforms into a 4th-oreder loading (15):
b-h b-h b-h A -E A E
4 3 s sl s Hs2
€av(d,n-1) 12 €av(an-1) < 6 + 4,0 + 6F), + 6L}, ) *

b-h A;-E A - E
g O Bs1 As " B2

(15)

+g§v(d,n—1) ( 2

2E, 2E,

> - Ns,n—l " Eav(dn-1) +

+tEavsn (Ns,n—l +

In few cases, Eq. (15) allows a solution in
symbolic form, for example, in the MathCAD
Software. However, as a rule, it is more
convenient to find its solution using one of the

{eav(d,n—l) > Eav(s;n—1)r €CNMM Eqp(sn—1) = Eav(sn);

Ey 'Ab,red(s,n) ) gav,s,n) —0
6€b0 '

approximate methods. In this case, the solution
should correspond to the physical essence of the
problem (16):

(16)

Eav(dn-1) < Eav(s;n—1) €CNMM Eqp(sn-1) < Eav(sn)

and provides the minimum value of the strain
energy among all physically feasible solutions.

Substituting (8), (9), (14) into the second
equation of system (5) with respect to (2), (3),
(4) and the value &4,(qn-1), We obtain a 7th-

7 6 5 4 3 2
A1 X(an-1) T Q22X (@an-1) T BX@an-1) T WX@an-1) T AX(an-1) T W6X(an-1) T

order polynomial with respect to y,;,_; that is
the curvature of an eccentrically compressed
element from the axis passes through the
physical gravity center:

(17)

+a;X@n-1) +as =0,

where a1, a2, ..., asg are the constants determined
from the Egs. (1) — (15) for given stress-strain
state of the primary and secondary design
schemes under static loading.

{X(d,n—l) > X(sn-1) X(sn-1) > X(sm);

The solution of the polynomial (17) can be
found approximately using the MathCAD
Software. In this case, the obtained solution
should satisfy to the physical essence of the
problem (18):

(18)

Xan-1) < X(sn-1) U Xsn-1) < X(sn)»

and provides the minimum value of the strain
energy among all physically feasible solutions.

If we know the average cross-sectional strain
€av(an-1) and the curvature y, ,,_; relative to the
physical gravity center of the cross-section under
dynamic loading, then it is easy to determine the
stress - strain state at any point of the cross-section
from (11), (13) and evaluate criteria of the special
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limit state in accordance with SP 385.132580.
Expressions (1) and (2) allow determination of the
acting in the cross-section.

RESULTS

To evaluate the proposed method, we carried
out analysis resistance to progressive collapse of
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the 5-storey reinforced concrete frame (Figure
2, a) when the outer column on the first floor in
the B-1 axes failured. The spans of the frame
are 6 m, the floors' height is 3.3 m. The frame
material is concrete of B30 compressive class.
The cross-sectional dimensions of the columns
are of 300x300 mm (Figure 2,b). For the
girders, it is of 300x450 mm (Figure 2,c,d).
A500 was adopted as a longitudinal
reinforcement steel bar, and stirrups were made

b)

of A240 reinforcement steel. Reinforcement
parameters have been choosen in accordance
with design requirements of SP 63.13330 and
result of structural analysis for combination of
characteristic loads according to SP 20.13330
that included death and long-term loads, short-
term loads on floors with a characteristic value
of 1.5 kN/m?, snow load with a characteristic
value of 1.5 kN/ m? wind load for I wind
region, terrain type A.

6000 6000 6000

o8 <
©
@
O
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®
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c) d)
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.
©25A500 JLd0 " o2sA500 e
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Figure 2. 5-storey reinforced concrete frame: a) primary design scheme, b) cross-section and
reinforcement scheme of the columns, c) the same for the supporting sections of the girders; d) the
same for girders in the middle of the span, e) the results of a nonlinear dynamic analysis for
elements adjacent to the area of initial local failure for the time t = 0.18 s after the impact

We performed the assessment of the frame
stress-strain state according to the primary and
secondary design schemes [7] after decay of
oscillations  using nonlinear  quasi-static
analysis. To assess the reliability of the
proposed method, we additionally perform a
nonlinear dynamic time-history analysis of the
frame. Using modal analysis for secondary

Volume 18, Issue 4, 2022

design scheme of the reinforced concrete frame
(Fig. 2, a), we obtain the period of vibration T =
0.97s for the lower mode which is most similar
to the assumed deformed state of the frame after
accidental impact. Thus, the time of
redistribution of the reaction of the removed
column was accepted t = 0.1T = 0.097 s. For
comparison, the upper cross-section of the
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column on the first floor in the B-2 axes was
chosen.

Table 1 provides the computation results of the
analysis according to the proposed nonlinear

Sergey Yu. Savin, Natalia V. Fedorova, Vitaly I. Kolchunov

quasi-static and dynamic time-history method.
In addition, it provides a comparison of the
obtained dynamic amplification factors ks and
coefficients of dynamic overloading 0..

Table 1. Comparison of the computation results for nonlinear quasi-static

and dynamic time-history analysis

Parameter Units Quasi-static analysis Dynamic time- Difference, %
history analysis
Initial data
Nin kN 333 333 -
Eav,s,n - 0.118-10° 0.118-10° -
Ms,n kNm 0.794 0.794 -
Aav,s,n m'l 3310-5 3310-5 -
Ny n-1 kN 597.3 597.3 -
Mi,n-1 kNm 304 30.4 -
Computation results for dynamic effects
Nan-1 kN 882 690 27.8
Eav,dn-1 0.29-10° 0.25-107 16
Man-1 kNm 72.5 51.4 41
Yav,dn-1 m’! 3-10° 2.59-10°° 15.8
N, dn-1
kgn == - 1.48 1.15 -
o Nyn—1
M dn-1
kqau === - 2.38 1.69 -
aH Msn-1
Ngn_
Oyy = —21 ; 2.65 2.07 -
NS,TL
Mg e
Oup = —21 - 91.31 64.74 -
MS,TL
DISCUSSION nonlinear dynamic analyses applied the

Analysis of the data presented in Table 1
indicates that the average cross-sectional strain
according to the proposed method is of 16%
higher than the value by nonlinear dynamic
analysis. Curvatures shows the difference of
15.8%. However, difference between dynamic
axial force and bending moment increase to
27.8% and 41% respectively. This indicates a
significant influence of the form of stress vs.
strain curve. The 2" order polynomial
approximation was adopted in the proposed
method, the approximation of the concrete state
diagram by a parabola was used. And the

exponential approximation of the piece-wise
linear diagram. Also, the discrepancy is due to
the fact that the dynamic analysis has been
performed for certain time, when the proposed
method corresponds to instantaneous impact. At
the same time, the excess of the stress-strain
state parameters for proposed method provides
the additional margin of safety of the bearing
element. Besides, it allows assessing the special
limit state of the reinforced concrete structures
using the results of nonlinear static analysis for
the primary and secondary design schemes
eliminating nonlinear dynamic analysis. This is
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especially useful when one conducts structural
analysis for the complex structural systems.

CONCLUSION

1. The article provides an approach based on
energy relations that allows assessing the
bearing capacity of eccentrically compressed
physically nonlinear structural elements under
accidental impacts caused by sudden failure of a
structural member of the facility. The approach
uses the results of a nonlinear quasi-static
analysis according to the primary and secondary
design schemes and eliminate nonlinear
dynamic time-history analysis.

2. Structural analysis of 5-storey reinforced
concrete frame for progressive collapse
resistance shows that the difference between the
computational results according to the proposed
method and the nonlinear dynamic analysis does
not exceed 16% for average strains and
curvatures and 41% for internal forces. This
discrepancy provides the addition margin of
safety.

3. The revealed discrepancy between the
computational results is due to the fact that the
dynamic analysis has been performed for certain
time, when the proposed method corresponds to
instantaneous impact, as well as various
approximation of stress vs. strain and moment
vs. curvature curves adopted in the methods
considered in the article.
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Abstract: In this paper, the problem of numerical dynamic calculation of a beam made of composite material
with a developed internal structure is considered. The elastic properties are assumed to be nonlocal in time. A
short review of the existing methods for mathematical modeling of the dynamic behavior of elements with a
developed internal structure was carried out. A non-local in time model of dynamic deformation of a bending
beam is constructed. Since the finite element analysis (FEA) is the most demanded numerical method for
mechanical systems analysis, a non-local dynamic deformation model is integrated into the algorithm of this
method. The equilibrium equation of the structure in motion is solved by an explicit scheme. The damping
matrix is obtained from the condition of stationarity of the total deformation energy of a moving mechanical
system. A one-dimensional non-local in time model was implemented in the MATLAB software package.

Keywords: Nonlocal mechanics, nonlocal damping, numerical simulation, finite element method

MOJAEJIb IMHAMHNYECKOI'O IE®@OPMHUPOBAHUSA
U3Ir'MBAEMOM BAJIKH C YYETOM HEJOKAJIBHBIX BO
BPEMEHU YIIPYTUX CBOUCTB MATEPHAJIA
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! Poccuiickmit yausepcuret Tpancropta (MUUT), r. Mocksa, POCCUS
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AnHoTtanusi: B Hacrosmel pabore paccMaTpuBaeTcs 3aada YHCICHHOIO JMHAMUYECKOro pacyeTa U3rnbaeMon
0aJKHM U3 KOMIIO3UTHOTO MaTepHaja ¢ Pa3BUTOH BHYTPEHHEH CTPYKTYPOH C y4eTOM HEJOKAIbHBIX BO BPEMEHH
YOPYTUX CBOMCTB. Bl MpoBefieH kpaTKuil 0030p CyIIECTBYIOUIMX METOI0B MAaTEMAaTHUYECKOTO0 MOJICIUPOBAHUS
JMHAMHYECKOTrO TTOBEJICHUS HJIEMEHTOB C Pa3BUTON BHYTpEeHHEW cTpyKTypoll. [locTpoeHa HenokanbHas MOJIENb
nedopmupoBannst M3rnd6aeMoil Gayku 1moJ AeHCTBUEM JMHAMHYECKOW Harpys3ku. I[ToCKoiIbKy MeToJ] KOHEYHBIX
snemenToB (MKD) siBisieTcst Hanboee BocTpeOOBaHHBIM YHUCICHHBIM METOIOM aHAIN3a MEXaHHYECKUX CUCTEM,
HeJIOKallbHast MO AUHAMHYECKOTO Je(hOPMUPOBAHUS HHTETPUPOBAHA B aJITOPUTM 3TOrO METO/a. Y paBHEHHE
paBHOBecHsI KOHCTPYKLMH B JBW)KCHUH peIIaeTcs MO sSBHOH cxeme. MaTpuua aemrnpHpoBaHUs IOJyYeHa U3
YCJIOBHSl CTAllMOHAPHOCTH TMOJHOM JHEepruM JeOpPMUPOBAHUS JBIDKYILCHCS MEXaHHYEeCKOH CHCTEMBL.
OpHOMepHas HellOKaJIbHas BO BpEMEHH MO/IeITb Oblila peaqn3oBaHa B mporpaMMHoM Komruiekce MATLAB.

KiroueBrblie ciioBa: HemokanbHas MCXaHHWKa, HCJIOKAJIbHOC }IeMl'I(bI/IpOBaHI/Ie, YHCJIICHHOC MOJCIINPOBAHUE,
MCTOJ KOHCYHBIX DJICMCHTOB

INTRODUCTION "controllable" physical characteristics in

construction require the creation of appropriate
The development of construction technologies =~ mathematical models that allow to reliably
and the gradual implementation of new  describe the behavior of such materials, in
composite and nano-materials with  particular under the dynamic load.
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Generally, in order to obtain sufficient accuracy of
the numerical calculation, three-dimensional finite
element models are used to take into account the
orthotropic properties of the material. However,
these models are resource-intensive and difficult
to form and analyze. For instance, as a result of
computation, only the fields of the stress-strain
state in elements and their nodes can be obtained
as a result of 3D finite element modelling, which
is not always sufficient for engineering analysis of
the calculation results. As an alternative to 3D
modeling the one dimensional elements can be
used, constructed using reasonable mathematical
hypotheses that allow to describe the characteristic
properties of the material. The special hypotheses
turn out to be necessary, since the frequently used
classical viscoelastic models proposed in the
works of W. Kelvin [1], J. Maxwell [2], J.
Rayleigh [3], Voigt [4] no longer allow accurately
model the behavior of materials with a complex
internal structure.

To simulate the dynamic behavior of structural
elements made of composite materials, models
based on the principles of non-local mechanics
are applicable. Such models may include the
models proposed in the works of A. Eringen and
D. Edelen [5], D. Russell [6], Banks and Inman.
[7], Lei [8] and V. D. Potapov [9].

NON-LOCAL DAMPING MODELS

A wide class of non-local models applicable to
describe the dynamic behavior of composite
materials are non-local damping models.

In the article [8] Y. Lei proposed a non-local
damping model that takes into account the effects
of time and spatial hysteresis. This model is used
for dynamic analysis of structures consisting of
Euler—Bernoulli beams and Kirchhoff plates.
Unlike classic local damping models, the damping
force in the non-local model is defined as a
weighted average of the velocity field in the
spatial domain determined by a kernel function
based on distance measures. Also, the resulting
equation of motion for beam or plate structures is
a partial integro-differential equation, in contrast

Volume 18, Issue 4, 2022

to the partial differential equation for the local
damping model. Approximate solutions for
complex eigenvalues and modes with nonlocal
damping are obtained using the Galerkin method.
Numerical examples demonstrate the
effectiveness of the proposed method for beam
and plate structures with simple boundary
conditions, for non-local and inviscid damping
models and various core functions.

t
Lou(r,£) = f j C.(r, &t — Du(E, Ddrdé (1)
Q 0

t
Lo = [ [ aege-oLaeo @
0

The equation of motion in this case is expressed
as the following integro-differential equation in
partial derivatives

2 2 2
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Another solution of the problem of non-local
damping was proposed in the article by
Banks H.T., Inman D.J. [7], where various
damping mechanisms are considered for a quasi-
isotropic  pultruded composite beam. The
approach used here is physical. The partial
differential equation describes the transverse
vibrations of a beam with a mass at the free end.
All damping mechanisms considered in the article
have an explicit physical basis, in contrast to the
usual modal model. Four possible damping
mechanisms are considered: one external and
three internal. These include: viscous damping (air
damping); internal damping depending on strain
rates; spatial hysteresis; and time hysteresis. In
addition, various combinations of these
mechanisms are considered.

These physical damping models are incorporated
into the Euler-Bernoulli beam equation, with
boundary conditions carefully formulated to be
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compatible with different damping models. The
resulting partial differential equation (in case of
decaying time hysteresis) is approximated using
cubic splines. Time histories of the measured
experimental responses are then used to estimate
the parameters of the models corresponding to the
data using the method of least squares. The
resulting least squares evaluations of various
damping parameters are then used in a partial
(integro-partial) differential equation for numerical
simulation of the system response. This
numerically generated time response of the system
being evaluated is then compared with the actual
data obtained experimentally. These comparisons
allow several conclusions to be drawn regarding
the physical damping mechanisms present in a
composite beam. In particular, it is shown that the
spatial hysteresis model in combination with the
external damping model leads to the best fit to the
experimental data. The article also notes that the
proposed damping models cannot be successfully
built using standard damping coefficients in
fractions of the critical, since the traditional
approach to modal analysis completely masks the
physics of damping mechanisms.

The solution for the non-local in space model of
damping was made in the article [10]. It is shown
that calibrated nonlocal model applied to one-
dimensional beam adequately approximate the
results of the 3D numerical simulation. An
alternative model with damping non-local in time
was shown in the article [11]. In comparison to the
model from [10] the nonlocal in time model is
integrated into the FEA algorithm.

MODELS OF ELASTIC MATERIAL
PROPERTIES NON-LOCAL IN SPACE

Historically, one of the first models of an elastic
medium that cannot be described within the
framework of the classical theory of elasticity is
the Cosserat continuum (1909). However, for a
long time the work of F. Cosserat remained
unnoticed, and only starting from about 1958-60
rr. generalized models of the Cosserat continuum
began to be intensively developed. the theory of
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oriented media, asymmetric, moment, multipolar,
micromorphic, etc. theories of elasticity have
arisen. The equations of motion for the Cosserat
model coincide with the equations of motion for a
diatomic chain, and, therefore, in the (x, t)-
representation they have the form

pu —0you —0x +n=q
Ij—xyou+In=u )
here u is the transverse displacement, n is the
microrotation, x is the density of the
corresponding micromoments, | is the density of
the moments of inertia of the particles. The
remaining quantities have the same meaning as
in the case of a diatomic chain

Early ideas of non-local elasticity go back to the
pioneering work of Kroner [12], Kunin [13],
Krumhansl [14]. Improved formulations were
then presented in Edelen and Laws [15] and
Eringen [16, 17, 18]. Eringen model of a
nonlocal elasticity is constructed by integration
of an integral member to the Hook's law:

[ee)

o(t,x) =E f C(lx — x'De(x)dx’,

— 0o

©)

The stress field at a point X in an elastic continuum
not only depends on the strain field at the point but
also on strains at all other points of the body.

The Eringen model of non-local elastic material
was further developed in works of A.A. Pisano
[19]. The article solved the problem of stretching
of a bar of finite length, to both ends of which
longitudinal forces are applied. This integral-type
relation contains a non-local damping function
designed to capture the process of diffusion of
non-local effects. This article is devoted to finding
an exact solution to a simple mechanical problem.
The solution of this problem is obtained through
the transformation of the second kind Fredholm
integral equation, which determines the problem,
into two second kind Volterra integral equations.
As a result, an exact solution in terms of strains
for a non-local elastic rod is obtained.
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The article [9] of V.D. Potapov is devoted to the
study of the stability of an infinitely long rod lying
on an elastic foundation and under the action of a
constant or periodically changing longitudinal
force. The rod material used in the calculations is
characterized by non-local viscoelastic properties.
The influence of the parameters characterizing the
nonlocality of the viscoelastic properties of the
material, as well as the parameters of the load on
the buckling and stability of the rod, is analysed.
The article assumes that the relationship between
stress 6 and strain € for the rod material has the
form:

[ee)

o(t,x) =E f C(Jx —x’ N1 = R)e(z,x)dx’, (6)

—00

where C(]x —x'|) is the kernel of non-local
viscosity along the coordinate, E is the modulus
of elasticity, R is the integral viscoelasticity
operator:

t

Re(r,x7) = fR(t —1)e(T,x) dt (7)

— 00

R(t,T) — viscoelasticity kernel, t, T — time, X, X’
— coordinates measured along the rod axis.

It is obvious that, in addition to nonlocality in
space, the material considered in the article has the
property of memory, since the kernel R(t, 1)
makes it possible to take into account the deformed
states of the system over the entire loading history.

THE MODEL OF ELASTIC PROPERTIES
OF A MATERIAL IS NON-LOCAL IN
TIME

The article [11] shows that a nonlocal in time
model of the dissipative properties of the material
can be relatively easily integrated into the FEA
algorithm. Therefore, the nonlocal model of the
elastic properties of the material considered in this
work was also implemented in relation to the
FEA. Hence, after the calibration such model can
be used in solving of applied dynamic problems.
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For the model presented in [9], the lower limit of
integration over the time domain was taken equal
to minus infinity. Strictly speaking, this is
mathematically correct, but physically, any system
manifests itself for a finite period of time. Yu.N.
Rabotnov in [20] notes that the beginning of the
real existence of the system has to be chosen as a
lower limit. Therefore, in the following equations
the initial moment of the oscillatory process =0
was used as the lower limit of integration.

DYNAMIC MODEL OF BENDING BEAM
DEFORMATION WITH CONSIDERING
NON-LOCAL IN TIME ELASTIC
PROPERTIES OF THE MATERIAL

Considering the above a nonlocal in time model
of the elastic properties of the material can be
effectively used for modeling of the composite
elements dynamic behavior. In this paper it is
assumed that the elastic forces in the structure
depend not only on the displacement values at
the current time, but also on the previous time
history of deformation of the structure.
Moreover, the greater the time interval between
two moments of time, the less is the influence
that one of them has on the other. In the other
words, the memory is considered to be fading.
Further calculations were carried out in the
MATLAB software package. As a numerical
example a 10-meter beam with fixed ends was
modeled. The beam material is pultruded
fiberglass. The Young's modulus of this material
in the longitudinal direction is equal to 28 GPa.
The beam cross section is rectangular: 0.3m
high and 0.2m wide. The coefficient of relative
damping of the material is assumed to be 0.015.
The beam is loaded with an instantaneously
applied and uniformly distributed load.

In the FEA algorithm, the equilibrium equation
for a structure deformed in motion is
represented as [21]:

M-V +D- V@) +K-V(t) =F(©) (8)

Taking into account the elastic properties
nonlocal in time, this expression takes the form:
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M-V()+D V(@) +

+K - f tR(t —1)-V7()dt = F(t) )
0

Here R(t — 1) is the kernel of the elasticity
operator used in this work. This function describes
the decrease in the influence of the past history of
dynamic deformation of the element on the
current value of elastic forces in the system. In this
case, the normalization condition is satisfied:

t

J.R(t—r)dr=1

0

(10)

For numerical calculations, the error function
was used as the memory core, which, subject to
the normalization condition, takes the form:

2
R(t—1) = \/—% ety

(1)

Here n is a parameter characterizing the scale of
nonlocality of elastic forces in time. The small n
parameter conforms to the highly nonlocal
properties of the material.

For the numerical solution of the equation of
dynamic equilibrium, the method of central
differences was used. When converting equation
(2) into a computational scheme using the
method of central differences, the equation of
motion takes the form:

1 _ _
Az M- Vi —2Vi+ Vi) +
_ (12

1 _ _ -
+ED'(Vi+1_]/i—1)+Klz=Fi

where Z — is a discrete analogue of the integral
kernel fot R(t —1)dt

i 2
7 2_n_e—n2<t—(r—%)> 7.
—
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The computational scheme for the sequential
step-by-step calculation of V;.,; through the
vectors V; and V;_;, which are calculated in the
previous steps, is based on (12)

1 1 _ 2 _
(A_t2M+2_AtD>Vi+1+(_A_t2M)Vi

1 1oy (14)
—M——D)-V,_
+<At2 Z_At_) et
+K-Z=F,
We set in (14):
HERREE
Q= At? Af ’
Ql:Q'(_FM>’ (15)

0= (s £0)o
Q; =0Q"K.

The final scheme for a step-by-step solution in
time of the discrete equation of motion (9) using
the accepted model of deformation of a material
with memory takes the form:

Vier=Q F = Q1" Vi— Q2 Viey — Q
+1 Z_l 2 1 3 (16)

At the first step, for i =1, V; =0 and V/; =0
are taken as initial conditions.
Further calculations were carried out in the
MATLAB software package.

The tranversal displacement
of the beam middle node
=nu=100
= =nu=250
=500

0.035
0

05 1

2 25 3

tin'ﬁ?, 5
Figure 1. Deflection history of a beam obtained
using a model of elastic material properties
nonlocal in time for different values of n
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As a result of the calculations, graphs of
functions with different values of n equal to
100, 250 and 500, were obtained. Analyzing
these graphs, we can say that this parameter
affects the amplitude of oscillations, but does
not affect the frequency of oscillations, a
decrease in the parameter n leads to an increase
in amplitude. Hence, higher deflection attitude
corresponds to the higher level of nonlocality.

CONCLUSION

The article provides a brief overview of existing
methods of mathematical modeling of the dynamic
behavior of elements made of materials with a
developed internal structure. A non-local model of
deformation of a bending beam is constructed
using the finite element method. The method of
central differences was used for the numerical
solution of the equation of motion. And the
relationship between the scale parameter 1 and the
amplitude of vibrations of the bent beam is shown.
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REINFORCED CONCRETE
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Abstract: During the reconstruction, or upon expiration of the service life, as well as after external impact,
reinforced concrete structures require examination and verification calculations. Existing diagrams of concrete
deformation are focused on designing new structures and are not adapted to the concretes of the reconstructed
structures. Using the world experience in describing alloy deformation, the concrete deformation model based on
using the Arrhenius equation is proposed in this article. A technique for creating an individual deformations
model during the reconstruction is demonstrated on a specific example. The physical meaning of the coefficients
used in the proposed model is illustrated. Examples confirming the adequacy of the proposed concrete
deformations model during the reconstruction are given.

Keywords: stress-strain diagram of concrete, reconstruction, reinforced concrete, compressive strain
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AnHotanusi: Ilpm pEeKOHCTPYKIIMM BO BpeMsl ODKCIUTyaTallid COOPYXKEHHs, JHOO MpH HEOOXOANMOCTH
MIPOJUIEHHSI CPOKa €ro 3KCIUTyaTaluH, JKele300eTOHHbIE KOHCTPYKIMH TPEOYIOT 00CIe/0BaHHs U MPOBEJICHUS
MMOBEpOoUHbIX pacueToB. CymiecTBylomue JuarpaMMbl  a1eOPMHUpOBaHUS OETOHA OpPUEHTHPOBAaHBI Ha
MIPOCKTUPOBAHNE HOBBIX KOHCTPYKIMH M HE aalTHPOBAHbI Ul OCTOHOB PEKOHCTPYHPYEMBIX COOPYKECHHH.
Vcnone3yss MHpOBOH ONBIT OmuMcaHus AeOPMUPOBAHUS METALIMYECKUX CIUIABOB, IPEUIOKECHA MOJIECIh
nedopmupoBanns 6eToHa Ha OCHOBE ypaBHEHUsI AppeHnyca. Onncana METOUKa TOCTPOSHHS WHIUBHTYJIbHON
MoJenH Je(opMUPOBaHMS TIPH PEKOHCTPYKIIMHU C UCTIONb30BAHUEM KOHKPETHOro mpumepa. IIpomumoctpupoBan
¢dusmueckuit  cMbUT  KOA((PUIIMEHTOB, HCIOIb3YeMbIX B mpemnaraeMoil Mmoznenu. [IpuBeneHBl HpUMEpSI,
MIOJTBEPIKAAIOIIHNE aIeKBATHOCTh NTpeyIaraeMoi Mozenu 1eOpMUPOBAHISI OETOHA ITPU PEKOHCTPYKIHH.

KiioueBble cjioBa: quarpamma aedopMupoBaHus 0eTOHA, PEKOHCTPYKINUS, JKeNIe300€TOH,
OTHOCHTEJNbHbIE Jiehopmanuu

different  proposals  describing

the

The number of structures that require inspection
and verification calculations increases every
year. One of the most modern and accurate
calculation method is the diagram method. The
basis of such method is a mathematically
described dependence that relates strain to
stress (o6—¢) [1]. There are a significant number
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dependence (o—¢) [2], however all of them are
focused on the design of new structures. This
means that they are developed for a range of
concrete characteristics that fall within the
framework  established by  regulatory
documents. During the long-term operation,
concrete changes its deformation and strength
characteristics, especially when it exposed to an
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aggressive environment or high temperatures.
For such concretes, the ratio between strength
and deformability goes beyond the standard
one. Therefore, the existing relations (c—¢)
require adjustment, which is impossible without
additional  labor-intensive  scientific  and
experimental studies.

METHOD

There are a number of analytical descriptions of
the o—¢ curves for metals and alloys based on
the well-known Arrhenius equation obtained to
describe the kinetic processes occurring in
gases:

k:A.e—Ea/R'T , (1)
where k is the constant for chemical reaction
rate; A= (a - T'?) is the total number of
molecular interactions; e is base of natural
logarithm; Ea is the activation energy J/mol; R
is the gas constant 8.31 J/mol-T; T is the
temperature measured in K.
Based on the well-known Arrhenius equation,
Zeger [3] proposed a logarithmic dependence of
the relationship between stresses, temperature
and metal strain rate. Davidenkov, using the
Arrhenius equation, obtained the relationship
between the yield strength of the metal and the
strain rate [4]. A number of researchers noted
that the logarithmic dependences of strains and
stresses are in good agreement with
experimental data for aluminum [5] at room
temperatures.
Polukhin [5] proposed to use the Arrhenius
equations in order to obtain the relationship
between temperature, stresses and strains in
metals. Besides, he applied a similar equation to
determine the number of equilibria point defects
in a metal, which allow consideration of
microdefects in the material.
Let us focuses on the features of the application
of the Arrhenius equation for concrete, which is
a more complex multicomponent and
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inhomogeneous material that has many more
structural defects compared to metals.
Taking into account the defects and microcracks
in concrete, which close with increasing strains
under load, and involve an increasing number of
bonds, the coefficient A should obviously be a
function of strains.
For concrete, it can be taken in the form
A=@-T"?)=a-¢b, ()
where a and b are the coefficients determined
from boundary conditions; € is the strain.
As in equation (1), coefficient a reflects the
number of connections involved, i.e., actually
reflects the strength properties of concrete. In
the Arrhenius equation, the total number of
bonds involved changes with temperature,
which is typical for a gas. If there is no
dependence of concrete strain on temperature,
the variable T - was replaced by the variable ¢
similarly to the assumptions of Seger. Thus, the
dependence of stresses on strain for concrete
can be represented as:

-be

oe)=a-e"-or (3)

The resulting expression (3) is recommended to
be used to describe the dependence (o—¢) of
concrete during reconstruction. The values of
the coefficients a and b are finded from the
survey results.

RESULTS AND DISCUSSION

As an example, a diagram of a concrete
specimen cut from a reinforced concrete girder
of rectangular cross section of 400 x 200 mm
have been constructed using the test results.
Design reinforcement consisted of 3 bars of @28
placed in one row (Rs=400MPa, Es=200
103MPa). At the time of the survey, the
structure had been under operation for over 30
years. The maximum compressive stress in
concrete during testing was 32 MPa, the strain
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was 0.003. In addition, it was found that
compressive stress in concrete of 6.4 MPa
corresponded to strain of 0.0005. The
expression (3) was written using the data
established during the testing of the specimen:

-b0,003

32-10°=a-0,003"- o » (4)

Vladimir I. Travush, Vasily G. Murashkin

—b-0,0005

6,4-10°=a-0,0005" - o » (5)

Having solved equations (4) and (5) together,
the values of the coefficients for expression (3)
have been determined as follows: a = 2.958-10"
and b = 1.679. The curve ob(eb) has been
developed for the reduced values of these
coefficients as illustrated in fig. 1.

5.6%10"
D) 07
b1 (b)
b3 (b) 2.8x10"
b5 (b )

1.4x10"

0 1x10" >

3

21070 3x107°  4x10”

eb

Figure 1. Concrete stress-strain diagrams for various values of the coefficient a

Analysis of equation (3) shows that an increase
in the coefficient a lead to a proportional change
in the maximum stresses in the diagram. The
curves cl(g), o03(g), o5(¢) are plotted for the
coefficients a increased in 1.1; 1.3 and 1.5
times, respectively. As a result, the value of the
maximum stresses in the diagram increased to
35.2 MPa, 41.6 MPa, and 48 MPa, respectively.
The strain value at the maximum stress did not
change.

Concrete is a heterogeneous material with pores
and structural defects, which lead to a decrease
in the angle of inclination of the tangent to the
axis of strain at the initial stage of loading. This
fact was demonstrated in the studies of many
authors, including Berg [6]. The coefficient b of
the proposed deformation model accounts the
effects of the physical and mechanical
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properties of an inhomogeneous material with
pores and structural defects.

The effects of the coefficient b on the diagram
are illustrated in fig. 2. The curves cl(g), 03(¢),
o5(¢) were constructed for the coefficients b
increased in 1.1, 1.3, and 1.5 times, respectively,
with simultaneous proportional correction of the
coefficient a to the initial level of maximum
stresses on the diagram. Such correction is
necessary due to the fact that the coefficient b is
also included in the first part of equation (3).
Respectively, one numerically affects the
reflection of the strength characteristic. This does
not contradict the meaning of the coefficient b,
since pores and structural defects affect the
strength of the material. In this case, the
correction was aimed to demonstrate the effect of
the coefficient b.
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Figure 2. Concrete stress-strain diagrams obtained for variable coefficient b

The more structure defects in concrete, the
faster destruction occurs under extreme loads. In
such problems, it is often necessary to consider
the descending branch. If there is a need to
clarify the descending branch on the diagram,
the coefficient ¢ should be added to the
analytical expression (3). Its physical meaning
is similar to the coefficient b only on the
outrageous section of the diagram. The
coefficient ¢ can be obtained from any point on
the descending branch of the diagram when
testing a specimen.

This ensures correctness of the deformation
graph in the most difficult area of the
fracture:

—C&

oe)=a-¢e"-pr

The reliability of the expression (3) to relation
(o0—€) was confirmed by studies that were
published in [7] and [8]. The work [7] presents
experimental studies confirming the adequacy
of using expression (3) for concrete with a
strength of 32 MPa after 30 years of operation.
The paper [8] provides an analysis of the
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application of equation (3) for construction of a
stress-strain diagram of concrete exposured to
fire at temperatures of 400° C and 600° C,
according to experimental data obtained by
VNIIPO [9] and polymer concrete tested at
Mordovian State University [10].

CONCLUSION

Thus, the application of the proposed
exponential relation in order to create a
concrete  deformation  model  allows
approximation of a stress-strain curve (c—¢)
in a fairly simple expression with reflection
of the main specific properties of concrete
associated with an inhomogeneous structure,
the presence of microcracks, pores and other
microdefects. Besides, this is urgent in the
case of reconstruction, when the strength
and deformation properties of concrete are
determined during the survey of structures.
It allows construct a concrete deformation
model based on a small number of test
results directly for the reconstructed
structure.
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Abstract: In this paper, we consider the issue of assessing the degree of influence of the selected factors on the
temperature regime and the thermally stressed state of a concrete gravity dam being built from low-cement
concrete for several possible construction scenarios. The studies were carried out in relation to the design and
conditions of the construction area of the Pskem hydroelectric complex in the Republic of Uzbekistan. Variation
factors were: cement consumption in the mixture, the initial temperature of the concrete mixture, the heat release
of cement, the thickness of the laid concrete layer, the month of commencement of work. The environmental
factors were the variable ambient temperature during the year by months and the influence of solar radiation. The
calculations were carried out taking into account the seasonality of the moment the construction of the structure
began. 2 options were considered: autumn-winter with concreting of the zone at the base of the dam from
September to February inclusive; spring-summer with concreting of this zone from March to August inclusive.
In addition, options were considered taking into account additional heating from exposure to solar radiation and
without it. The studies were carried out using the methodology of experiment planning in the search for optimal
solutions (method of factor analysis). The numerical experiment was carried out on the basis of the finite element
method using the ANSYS software package. Using the method of factor analysis, the influence of the main
acting factors on the temperature regime of a gravity dam made of rolled concrete was studied. A variant of a
combination of factors is proposed to obtain the most favorable temperature regime. Regression equations are
obtained for predicting the temperature regime of concrete gravity dams being built from low-cement content
concrete. The results of studies using the factor analysis technique can be used in the design of concrete dams
from rolled concrete.

Keywords: concrete gravity dam, low-cement content concrete, numerical studies, temperature regime,
thermal stressed state, factorial analysis, experiment planning theory

AHAJIN3 CTENEHU BO3JIEUCTBUSI BHYTPEHHUX
N BHEIIHUX ®PAKTOPOB HA TEPMOHAINPAKEHHOE
COCTOSAHHUE IIVIOTHUHBI U3 MAJIOLUEMEHTHOI'O BETOHA

H.A. Anuckun ', AM. Hlaimanos ', M.B. Illaiimanoe >

" HanpoHansHeIi BccnenoBarenbekiii MOCKOBCKHIT TOCYIAPCTBEHHBIN CTPOMTENLHBIH yHHBepcHTeT, T. Mocksa, POCCU S
2 [IpoeKTHO-U3bICKATENLCKHII HHCTUTYT «JIeHrHIIpopedTpancy

AnHoTaums. B HacTosmei pabore paccMOTPEH BOMPOC OIIEHKH CTENEHU BO3ICHCTBUS BEIOPAHHBIX (PaKTOPOB HA
TEeMIepaTypHBIN pekKUM U TePMOHAIPSKEHHOE COCTOSIHHUE TUIOTHHBI U3 MAJOIIEMEHTHOTO OeTOHA MPU MOMOIIH
METONUKN (DAKTOPHOTO aHAIW3a U HECKOJBKUX BO3MOXHBIX CIICHApUEeB ydeTa. McciemoBaHus MPOBOAUIHCH
MPUMEHHUTEIBHO K KOHCTPYKIMHM M YCIOBHSM paifoHa cTpouTenbcTBa [IckeMckoro rumpoysia B PecmyOnuke
V36ekucran. @akropamMu BappUPOBAHMUS SBISUINCH: PACXO] IIEMEHTA B CMECH, Ha4aIbHAs TeMIIepaTypa OCTOHHOM
CMECH, TCIUTOBBIICIICHIE IIEMEHTA, TONIIMHA YKJIaIbIBAEMOT0 CJI0s OeTOoHa, MecsI] Hadanma pador. Dakropamu
BHEIIHEH cpebl SIBISUIMCH MEepeMEHHasl TeMIlepaTrypa OKpY’Kalolledl cpelbl B TEUEHHWE Toja MO MecsuaMm U
BIWSIHAE COJTHEYHOW pamuamud. PacdeTsl TPOBEINCHBI C Y4E€TOM CE30HHOCTH (2 ce30Ha: OCEHHE-3UMHUH ¢
ceHTSI0pst TO (QeBpanb BKIIOYUTEIHHO; BECCHHE-ICTHUH € MapTa MO aBTyCT BKIIOYHTENBHO) IS IBYX
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Analysis of the Degree of Influence of Internal and External Factors on the Temperature Regime of a Low-Cement

Concrete Dam

BAPUAHTOB: € YYCTOM JONOJIHHUTCIIBHOTO pa3orpeBa OT BOSL[CﬁCTBI/IH COJTHEYHOI paguanun 0e3 Hero. B
pe3yiibTare OBLIO OIIPCACIICHO CYMMApPHOC TEMIICPATYPHOC BOBI[@fICTBHC Ha TIOBEPXHOCTU BO3BOAUMOIO
COOpYKCHUA (CpeﬂHeMeCH‘{Haﬂ TeMnepaTypoﬁ 0pr>KaIOHICI>'I cpeabl COBMECTHO C HArpeBOM OT COJTHEYHOU
pa;(plaum/l). OCHOBBIBAsICh Ha TMOJIYYEHHBIX pPE3YyJIbTaTax, ObLIN CICJIaHbl BBIBOABI O BKJIAAC KaXI0Io H3

BBILICTICPEYNCIIEHHOTO  ()aKTOPOB B

TEeMIIEpaTypHBIN

PSKUM M TEPMOHANPSDKEHHOE  COCTOSHHE

paccMaTpuBaeMOro COOPYKEHHMsS, a TaKKe MONYyYeHbl YPABHEHUS PErPECCHH, MO3BOJSIOUINE ONPEICTUTh
3HAYEHHUS] MCKOMBIX IOKa3aTeleii B 3aJaHHBIX XapaKTEPHBIX TOYKAX, PACIPEACICHHBIX MO CEYCHHIO IJIOTHHBI.
YpaBHEHUS TPUMEHHUMBI JJI51 JTFOOBIX MAaCCHBHBIX IJIOTHH M3 MAJOIIEMEHTHOIO OETOHA C IIMPHUHON MOMOIIBHI HE
MeHee 20 M, pacToIOKeHHBIX B JTIOOBIX KIMMATHUECKHUX YCIOBHSIX.

Kuarwueble cjioBa: OcToHHAS rpaBUTAallMOHHAA IUIOTHHA, MaJIOLIEMEHTHBIN 66TOH, YHUCJICHHBIC UCCJICI0OBAaHUAA,
TeMnepaTypHHﬁ PCKUM, TCPMOHAIIPAKEHHOE COCTOSIHUC, (l)aKTOpHLIfI aHaJIn3,
TCOPUs IJIaHUPOBAHUA SKCICPUMCHTA

INTRODUCTION

Forecasting the temperature regime of a gravity

dam made of rolled concrete during
construction and operational periods s
necessary at the design stage of the

construction. The solution of this task is rather
complicated due to numerous functioning and
changing in time factors. The issues of
predictive modelling of the temperature regime
and thermally stressed state of gravity dams
have been considered in a number of works in
Russia as well as abroad [1-12]. In recent years
there have been significant changes in solving
this issue, connected with the development of
massive concrete dams’ construction
technologies as well as calculation methods
allowing to take into account various acting
factors. Nevertheless, temperature regime
control and thermally stressed state of building
remain topical today. This article represents
results of a temperature regime and thermally
stressed state of the gravity dam made of low-
cement rolled concrete. The analysis of degree
of influence of selected factors on temperature
regime and thermally stressed state of the dam
is carried out using the method of factor
analysis [13-14].

Several possible scenarios for determination and
evaluation of influence degree of various factor
on stress-deformed state of the building. The
calculations were carried out taking into account
the seasonality of pouring concrete: starting in
March and in September. The effect of solar
radiation on the temperature regime is
considered in detail. The calculations are
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provided for two variants: taking into account
additional heating of the surfaces of the
constructed structure from the influence of the
solar radiation and not taking these into account.
The solution of the problems of determining the
temperature regime and thermally stressed state
of the considered variants was obtained using
the ANSYS software package on the basis of
the finite element method [15-21].

A mathematical model of the structure, which
makes it possible to predict the temperature
regime and the thermally stressed state of the
structure, was obtained from the results of the
research. The best and the worst variants of
value combinations of the considered factors
from the point of view of the temperature
regime of the structure were determined.

1. METHODS

1.1. Theoretical basis for solving the
temperature problem

Numerical modelling of the temperature

nonstationary problem taking into account heat
emission by hydration of the cement is based on
the solution of the well-known equation of
thermal conductivity theory [1-6]:

kV2T+Q=pcaa—T, (1)
T

where: T — temperature function, °C; k — thermal
conductivity of material, m?/s; ¢ — material
specific heat capacity, kJ/kg - ‘C; p — density of
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material, kg/m®; O — heat released during
hydration, kJ/m?; 7 - time, days.

The equation (1) can be written the following
way:

Kyr LT @)

cp cp T o

The amount of heat released in the hydration
process is defined as:

Q=C-E, €)

where: C — cement consumption per cubic meter
of concrete, kg/m*; E — maximum heat release
of cement, klJ/kg). Thus, the solution of the
temperature problem for a constructed concrete
block with thermal insulation of surfaces is
reduced to the solution of the basic differential
equation of the theory of heat conduction with
internal heat sources (2). A boundary condition
of the 3" kind (convective heat exchange) was
considered as the limiting condition on the
border of the structure.

The heat release of cement was taken into
account using the known dependence for the
isothermal process (4) [8-9,12,18-19]:

Q = Qmax" [1 - (1 +A4;- T)_0’833]n (4)

where: A; — coefficient of heat release rate (5):

t=20
A=Ay 2 <, (5)

where: ¢ =10°C, A,y — coefficient of heat
release rate at 20 °C [8-9,12,18-19,21].

2. OBJECT OF STUDY

As the object of study, a concrete gravity dam
with a height of 197 m made of rolled concrete
was considered, designed for the Pskem
hydroelectric complex (Republic of
Uzbekistan), the site of which is located in the
mountains of the Western Tien Shan. The
average heights in the construction area there
vary between 2 000 m — 4 400 m and decrease
from the source to the outlet.

2.1. Climatic conditions of construction area
of the facility

The climate of the construction area is
characterized by an average annual air
temperature of 9,5 °C. The average long-term
air temperature of the coldest month falls on
January — minus 3,2 °C, the warmest — on
August — plus 24,4 °C. The distribution of
average monthly temperatures throughout the
year is presented in Table 1 and Figure 1
(curve without solar radiation). The data were
obtained for the observation period from 1938
to 2016.

Table 1. Average monthly and average annual temperatures in the area of the object

Characteristic I 17 117 v 14

vi | v | "7 x| x| x| xu |
1 year

Average
monthly
temperature °C

-2,0 | 3,0 | 11,0 | 16,0

21,0 | 24,0 24,0/ 19,0 | 11,0 | 4,0 | -1,1| 9,5

Concrete
surface
temperature
taking into
account solar
radiation, °C

3,5 | 10,1 | 18,1 | 29,6 | 33,5

36,2 | 41,2| 40,9| 35,4 | 25,8 | 13,4 | 5,9 | 23,5
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Figure 1. Graph of changes in in the average monthly air temperature in the construction area

The climate in the dam site area is characterized
by a large number of sunny days in the year —
250. Therefore, solar radiation was considered
as one of the factors influencing the formation
of temperature regime of the construction.

The issue of solar radiation effect on the
temperature regime of concrete dams in
construction and operational periods and the
development of a methodology for accounting
for this effect has received relatively little
attention to date. The works of domestic
researchers [1,5-6,8-9,12] contain a number of
indications on the need to take into account
solar  radiation when calculating the
temperature regime of concrete constructions.
The usual approach, used in hydrotechnical
practice is usually to increase the temperature

on the construction surface exposed to
sunlight using the dependence [22-24]:
h=1st R/an, (6)

where s — air temperature, R — amount of
radiant hear absorbed by a unit surface per unit
time; a» — coefficient of heat transfer at the
contact of the structure with air.
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For the climatic conditions in Russia the
average daily value of the surface temperature
due to solar radiation R/an varies within (4-10)
°C [22-24].

The papers [22-24] propose to use some average
parameters of thermal heating from solar
radiation So, kJ/(m?-h) depending on the
latitude of the considered point of the Earth and
the month of the year, obtained on the basis of
meteorological observation data.

The value of heating from solar radiation for a
day with variable cloudiness can be determined
from the dependence:

§=5-(1=k, n), (7)
where S — the amount of solar radiation heat on
a day with variable cloudiness; So - the amount
of heat of solar radiation on a sunny day; n — the
cloudiness coefficient; k7 — coefficient taking
into account the latitude.

One of the first objects where much attention
was paid to the study of the solar radiation
influence was the high concrete dam of the
Toktogul hydroelectric power station in the
Republic of Kyrgyzstan, where the summer
period is characterized by high solar activity.
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The determination of solar radiation effect on
the temperature regime of the dam on this site
was carried out on the basis of data from field
actinometric observations directly at the
construction site. At the same time, the impact
of the scattered solar radiation was assumed to
be directly proportional to the impact of direct
solar radiation, which led to a decrease in
accuracy of the assessment results.

The study of this issue was actively carried
out by Chinese researchers in relation to
transport facilities [22-24]. In particular, an
issue of solar radiation’s impact on the
temperature regime of bridge supports was
considered. However, such facilities are not as
massive as concrete dams, which results in
more intensive cooling of the structure due to
convective heat transfer. The ability of the
surfaces of concrete masses to absorb solar
energy also needs additional study.

The solar radiation impact will be especially
significant for the high gravity dam of rolled
concrete considered in this paper. In this case
due to the intensive rate of concreting and
erecting the structure in fairly thin layers (from
0,5 to 1,5 m) the degree of solar radiation
impact on the formation of the temperature
regime increases.

The modern approach to assessing the impact
of solar radiation, conducted in this paper,
allows to take data from both field and
satellite observations into account as well as
determine the amount of absorbed solar
energy and heating of concrete mass
connected to it according to seasonality and
the terrain around the building site.

The radiation regime of the surfaces under
consideration when erecting the dam made of
low-cement concrete (the surface of the pressure
and downstream faces, the horizontal face of the
laid layer) is formed by radiant energy flows.
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The total solar radiation affecting during the day
on a horizontal surface is determined by the
formula (8):

G =] - sinhy + D, (8)

where J — intensity of direct solar radiation,
W/m?, determined by means of satellite/field
actinometric observations [1]; D — diffused solar
radiation, W/m?, ho — angular height of the sun,
degrees, determined by the dependence (9):

sinh, = sing - sind + cosg - cost - cosé, 9)
where ¢ — the latitude of the construction area;
6 — declination of the sun, deg; t — hour angle,
deg.;

The calculation of the characteristics of solar
radiation was conducted taking into account
the peculiarities of the location of the
hydroelectric complex and the terrain around
the site selected specifically for the
construction. On Fig. 2 below is a graph for
determining the angular height of the sun
above the horizon and the solar azimuth, built
taking into account the terrain.

As the result the temperatures on the concrete
surface of the gravity dam under construction
were determined, considering its increase
from solar radiation effects by months of the
year.

The obtained results are presented on Fig. 2 and
Table 1. A significant increase in temperature
on the surface due to solar radiation can be
noted: for example, it is 17,2 °C in July.

Data obtained as a result of calculating solar
radiation impact temperatures on the surface of
concrete structure by months were used in
calculating the temperature regime at the next
stage.
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Figure 2. Map of the intensity impact of direct solar radiation, kW/n? in the construction area of
the Pskem HPP
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Figure 3. Graph of the change in the angular height hy and solar azimuth, where: 1 — local time in
the construction area (time zone of Tashkent, Uzbekistan, UTC+05:00), 2 — the movement of the
sun on the summer solstice day on 21.06.2021; 3 — true solar time; 4 — the movement of the sun on
the spring/autumn equinox day, 5 — the movement of the sun on the winter solstice day on
21.12.2021; 6 — zone of active solar impact; 7 — shading caused by the surrounding terrain; 8 — the
contour of the surrounding terrain at the construction site

2.2. Statement of studies using factor

analysis.

The main task of studying the temperature regime
of a low-cement concrete dam, the results of
which are presented in this paper, is to analyze the
degree of influence of the selected factors, to
assess their favorable or unfavorable effect on the
structure. Based on the obtained mathematical
model of  the temperature regime,

Volume 18, Issue 4, 2022

recommendations will be developed to achieve a
favorable temperature distribution in the structure
and a combination of acting factors will be
determined to ensure the optimal solution. It must
be optimal technologically and economically and
meet the stated requirements for the reliability and
structural safety. The issues of predictive
modeling of the temperature regime and the
thermally stressed state of concrete gravity dams
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were considered in a number of works performed
at NRU MGSU, JSC “VNIIG named after B.E.
Vedeneev”, in the branch of JSC “Institute
Hydroproject” — “NIIES” and other organizations
[1-12,16-17,22-24]. Within the framework of this
work, numerical studies were performed using the
ANSYS software package using the finite element
method [15-24]. The result of the work is a
mathematical model of the structure, which makes
it possible to predict the thermally stressed state of
the structure and ensures maximum project
efficiency. The analysis of the degree of influence
of the selected factors on the temperature regime
and the thermally stressed state of the low-cement
concrete dam was carried out using the factor
analysis technique [13-14]. Several possible
scenarios are considered for accounting and
assessing the degree of influence of various
factors on the stress-strain state of a structure. The
calculations were carried out taking into account
seasonality (2 seasons: autumn-winter including
the September — February period; spring-summer
including the March to August period). The effect
of solar radiation on the temperature regime is
considered in detail. The calculations were carried
out for two options: with and without additional
heating from exposure to solar radiation.

As an object of study, a gravity dam made of
rolled low-cement concrete with a height of 197
m was considered. Fig. 4 presents the cross-
section with the position of control points
intended to establish temperature values. The
formation process of the temperature regime in
the process of layer-by-layer -construction,

filling the reservoir and the start of the
operational period (the first year after the
completion of construction) was considered.
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Figure 4. Cross-section of the dam with
indication of control points

To create a predictive model for the temperature
regime of a gravity dam made of rolled
concrete, we used the experimental planning
technique [13-14]. To carry out computational
studies, the following factors were chosen that
affect the formation of the temperature regime:
cement consumption (X1); thickness of the laid-
out layer (X2); heat generation of cement (X3),
temperature of the laid-out concrete mixture
(X4). The selected intervals of factor variation
are presented in Table 2.

Table 2. Intervals of factor variation

Factor Values
Factors of variation designation Minimum Maximum
1. Consumption of cement in the mixture X1 70 150
(kg/m*)
2. Thickness of the laid-out concrete layer X2 0,5 1,5
(m)
3. Heat generation of cement (KJ/kg) X3 293/339 335/388
Q28/ Qmax
4. Concrete placement temperature (°C) X4 10 30
144 International Journal for Computational Civil and Structural Engineering
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The heat emission rate of cement was chosen
for the most widely used types in the
manufacture of low-cement concrete mixes.
This choice is associated with a faster build-up
of strength, which allows one to speed up the
construction of the structure. Calculations in
accordance with the compiled planning matrices
for the selected factors were performed for the
following options:

1. Depending on the month of commencement
of construction works: May or October with
the corresponding ambient temperatures;

2. Depending on the consideration of solar
radiation, the variable temperature of the
concrete surface was assumed to be equal to
the temperature or the ambient temperature.
The following values obtained during the
entire considered time period were selected
as responses:

1. Absolute maximum temperature in the
concrete array (with indication of the
location of the corresponding point),
LC;

2. Maximum temperatures at characteristic
points No. 2, No. 8, No. 14, No. 20, No.
26 (Fig. 4), [IC.

3. Maximum temperature gradient between
a point in the center of the array and a
point on the surface of the pressure face,
indicating the corresponding points, [1C.

3. RESULTS OF THE STUDY

Let us consider some of the obtained equations
and analyze the results obtained from the
solution of the temperature problem.

Option 1. Beginning of concreting in May
without taking solar radiation into account.

Viltmay) = 34544 + 4,33, — 0,818 ' x, + 0,787 * x5 + 2,707 %, —
=0,067 - xy-x,+ 0312 - x; - x3+ 1,782 - x5 - x,

(10)

Option 2. Beginning of concreting in October
without taking solar radiation into account.

VitTpar) = 34541 + 4,334 x, — 0,821 %, + 0,79 23 + 2,71 x, —
—0,064 - x, *x; + 0,307 - x, " x; + 1,785 x, ' x,

(11
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Option 3. Beginning of concreting in May,
taking solar radiation into account.

Viltmar) = 479 +3396 -2, — 2,987  x, + 0,695 23 + 1,619 x, —
—0876x,x, + 0,317 x, "%, + 0845 x, - x, — 0,105+ %, %, + 0,919 - x, - x, +
+0,089 x5 %, +0,855-x, - x, - x, + 0,101 - x; " x3 - X,

(12)
Option 4. Beginning of concreting in October,
taking solar radiation into account.

Yiltmar) = 47,9 + 3,376 -2, = 2976 - x, + 0,695 x3 + 1,62 - x, -
—0,884 - x; %, + 0,313 -2 23 + 0,865 - %, - x, — 0,092 x, - 23 + 0,908 %, * x,
+0,089 - xy - x, + 0,863 x, " x,-x, + 0,089 x, - x, " x,

N
(13)
Analyzing the equations obtained from the
solution of the temperature problem, we can
draw the following conclusions:
— All the selected factors have a significant
effect on the maximum temperatures at the
selected points. This is most influenced by the
cement consumption (factor Xi), the thickness
of the Ilaid concrete layer (X2) and the
temperature of the concrete mix (X4). An
increase in cement consumption up to 150
kg/m® (the maximum value of factor Xi) leads
to an increase in the temperature in the concrete
array by ~ (8-12) [JC compared to the minimum
considered consumption of 70 kg/m°.
— The degree and sign of the influence of the
factor X2 (thickness of the laid-out concrete
layer) has a different effect depending on the
laying zone, the seasonality of laying and
whether solar radiation is taken into account. In
the case when solar radiation is not taken into
account and the concreting is begun in May
(option 1), in the massive zones of the dam,
with an increase in the thickness of the layer of
laid concrete, the temperature of the concrete
array decreases (the coefficients of the
regression equation with a Xz are negative).
However, for this case, the result changes in the
near-ridge zone (point 26), where the reverse
result is obtained: with an increase in the layer
thickness, the temperature increases. At the
beginning of concreting in October (option 2),
the result is reversed: in the lower massive part
of the dam, an increase in the layer thickness
leads to an increase in temperature, and vice
versa in the zone near the crest.
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— For options with taking solar radiation into
account (options 3, 4), in most areas of the dam,
with an increase in the thickness of the layer,
the temperature of the array decreases, which is
explained by a decrease in the degree of solar
heating for thick layers. An exception here is the
zone near the base (point 26) for option 4,
which is explained by the influence of low air
temperature in the autumn-winter period of the
year, when this zone is concreted. When laying
out in thin layers, the concrete is intensively
cooled by cold air.

— For the considered climatic conditions,
taking into account solar radiation makes a
significant contribution to the increase in the
temperature heating of the structure during its
construction. The impact of solar radiation
causes an increase in temperature in the
concrete array at a maximum of (15-16) [ICLI

— The choice of the start of dam construction
(the options for starting work in May and
October are considered) determines the
formation of the temperature regime in the most
problematic zone of the structures, that is, the
one near the contact of the dam with the

TEMPER,oC,ECC+1 year

a)
Figure 5. The results of calculating the maximum temperature in the concrete array:
a) the most favorable design case; b) the least favorable design case

The resulting mathematical model of the
temperature regime of a gravity dam made of
rolled concrete can be used to predict the
temperature regime of similar structures and to

146

foundation. Thus, the start of concreting in May
leads to an increase in temperature in the area of
the dam close to the base by ~ (16-17) [IC
compared to the option of starting concreting in
October.

Based on the results obtained, the worst and the
best-case scenarios were determined in terms of
the temperature regime of the structure. The
degree of heating of the concrete array was
considered as an evaluation criterion. The least
favorable is the option with the following values
of the factors and conditions of construction:
cement consumption — 150 kg/m?, layer
thickness — 0,5 m, heat release is increased,
initial temperature of the concrete mixture +30
LIC, start of work in October, solar radiation is
taken into account. The most favorable option
corresponds to the following values of the
factors: cement consumption — 70 kg/m?, layer
thickness — 1,5 m, heat release is moderate,
initial temperature of the concrete mixture +10
[IC, with the start of work in May and taking
solar radiation into account. The temperature
distribution for these options is shown in Fig. 5.

TEMEER, oC,EOC+1 year
8.84 —

b)

select the optimal combination of the considered
factors. At the next stage of research, the results
of solving temperature problems were used to
calculate the stress-strain state.
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4. CONCLUSIONS AND DISCUSSION

We have presented the practical application of
the technique for determining the effect of solar
radiation on the temperature regime of the low-
cement concrete dam of the Pskem
hydroelectric power plant, taking into account
the shading of the terrain. Such an impact
increases the average annual temperature of the
concrete surface by 13,98 °C or by 147,16%,
which is a significant factor that must be taken
into account when designing such structures in
similar climatic conditions. In the considered
example solar radiation causes an increase in
temperature in the concrete array, depending on
the considered point, by 53,72% — 89,5% (from
8,46 [1C — 16,14 [1C). Based on the results of
variational calculations, the most and least
favorable design cases were determined in terms
of the temperature regime of the dam. The worst
case is the one with the following values of the
factors: cement consumption — 150 kg/m?, layer
thickness — 0,5 m, heat release is increased,
initial temperature of the concrete mix +30 [IC,
start of work in October. The most favorable is
the case with the following values: cement
consumption — 70 kg/m?, layer thickness — 1,5
m, heat release is moderate, initial temperature
of the concrete mixture +10 [1C, work begins in
May.

Based on the results of the calculations,
regression equations were obtained that make it
possible to determine the values of the desired
indicators at the points under consideration. The
equations are applicable to any massive low-
cement concrete dams with a base width of at
least 40 m in any climatic conditions.
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