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AIMS AND SCOPE
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OBLAS MHOOPMALIUA O XXYPHAITE

International Journal for Computational Civil and Structural Engineering
(Me>XAYHAPOAHBII JKYPHAA II0 PACUYETY I'PAXKAAHCKHUX U CTPOUTEABHBIX KOHCTPYKITHIT)

Me:xnyHapoaHblii HayuHbIH kypHaJ “International Journal for Computational Civil and
Structural Engineering (Me:kayHapoaHblii }KypHaJI 110 pacyeTy rpakIaHCKUX U CTPOUTEIbHBIX
koHcTpykuuii)” (IJCCSE) saBnsercs BenyiuM HayYHbIM IEPUOANYECKUM M3IaHUEM I10 HAlIPaBICHUIO
«VmKxeHepHbIe U TEXHUUECKHE HAyKn», n31aBaeMbiM, HaauHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B >xypHasie Ha BBICOKOM HayYHO-TEXHUYECKOM
YPOBHE paccMaTpUBAIOTCSI TPOOIEMbI UUCIEHHOTO U KOMITBIOTEPHOTO MOZIETMPOBAHUS B CTPOUTENIBCTBE,
aKTyaJlbHble BOIPOCHI pa3pabOTKH, UCCIEIOBAHNUS, PA3BUTHS, BepuUKaIuK, anpodaluy U MpHIoxKe-
HUI YHUCICHHBIX, YUCIEHHO-aHATTUTUYECKUX METOI0B, POrPAMMHO-AITOPUTMUYECKOTO 00eCreueHHS
Y BBITIOJIHEHUSI aBTOMATU3MPOBAHHOTO TIPOEKTUPOBAHHSI, MOHUTOPHHIA M KOMIUIEKCHOTO HAYKOEMKOTO
PacyeTHO-TEOPETUYECKOTO U HKCTIEPUMEHTAILHOTO 000CHOBAaHUS HANPSKEHHO-Ae(POPMUPOBAHHOTO (U
MHOTI'0) COCTOSIHUS, TPOYHOCTH, YCTOMYMBOCTH, HAI€KHOCTHU 1 0€30I1aCHOCTH OTBETCTBEHHBIX OOBEKTOB
IPakJJaHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENbCTBA, SHEPIeTUKY, MAIIMHOCTPOEHHUS, TPaHCIIOPTa, OHO-
TEXHOJIOTH U JIPYTUX BHICOKOTEXHOJIOTUYHBIX OTPACIEH.

B penakumoHHbIi COBET )KypHalia BXOISAT U3BECTHBIC POCCUNCKUE U 3apYOEIKHBIC S TeTN HAyKU
Y TEXHUKH (B TOM YHCIIE aKaJIEMHUKH, YWICHBI-KOPPECTIOHICHTHI, THOCTPAHHBIC WICHBI, TOYETHHIC YICHBI
1 COBEeTHUKH PoccHiicKOl akaeMuu apXUTEKTYPhl U CTPOUTEIbHBIX HayK). OCHOBHON KPUTEPHH OT-
Oopa crareii 1 myOIMKalKy B )KypHaJe — UX BBICOKUI HayYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIPE/IETSETCS B XOJ1€ BhICOKOKBAIM(ULIMPOBAHHOTO PELICH3UPOBAHUS U OOBEKTUBHON 3KCIIEPTU3BL,
MOCTYMAIOLIUX B PEAaKIIMI0 MaTEPUAIIOB.

JKyprnan exooum 6 Ilepeuers BAK P® gedywux peyenzupyemvix HayyHvlX u30anuil, 8 KOmopuvlx
00JI2HCHYBL ObIMb ONYOIUKOBAHBL OCHOBHbBIE HAYYHbBLE PE3YIbINAMbl OUCCEPMAYULL HA COUCKAHUE YYeHOU
cmenenuy KaHouoama HayK, Ha COUCKAHUe YYeHOU cmeneHu OOKmopa HAyK TI0 HayYHBIM CIIelUalb-
HOCTSIM U COOTBETCTBYIOIIUM UM OTPACIISAM HayKU:

* 1.1.8 — Mexanuka neopMHpyeMOTo TBEPOTO TeJla (TEXHUUECKUE HAYKH),

* 1.2.2 — Maremaruueckoe MOJICTUPOBAHNE YHCICHHbIE METOIbI U KOMILJIEKCH TPOrpaMM

(TeXHUYECKUE HAYKH),

* 2.1.1 — CTpoutenbHble KOHCTPYKIINH, 37IaHUS U COOPYKEHUS (TEXHUYECKHE HAYKH),

* 2.1.2 — OcHoBaHus U PyHIAMEHTHI, O/I3€MHbBIE COOPYKEHUS (TEXHUUECKUE HAYKH ),

* 2.1.5 — CtpouTtenbHble MaTepUalbl U U3AENUs (TEXHUUECKUE HAYKH),

* 05.23.07 — T'uapoTexHUYECKOE CTPOUTETHCTBO (TEXHUYECKUE HAYKH),

* 2.1.9 — CtpourenpHas MexaHUKa (TEXHUYECKUE HAYKH )

B Poccuiickoii @enepannn )KypHaJI HHACKCHpYeTCsl POCCHIICKMM MHIEKCOM HAy4HOIO LIUTHU-
posanus (PUHII).

Kypuan exooum 6 6a3zy dannvix Russian Science Citation Index (RSCI), nonnocmuio unmezpu-
posannyio ¢ niamgpopmoti Web of Science. KypHan umeeT MeXITyHAPOIHBIN CTaTyC U BHICHUIACTCS B
BeAyle OMOMMOTEKH U HAy4YHbIE OPTaHU3aluY MUpA.

M3narenn xypHanaa — Hzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8blCULUX YUeOHbIX 3a6e-
oenuti /ACB/ (Poccus, 1. Mocksa) u 10 2017 rona HUz0amenvckuti dom Begell House Inc. (CILIA, T.
Hpio-Mopk). OduimansHpIMU napTHEpaMH U3NAHUS ABISCTCS Poccuiickasn akademus apXumeKmypbl
u cmpoumenvuwix Hayk (PAACH), ocyuiecTBisitonias Hay4YHO€ KypupOBaHHe U3ianus, u Hayuno-uc-
cnedosamenvckutl yeump Cma/[uO (3A0 HUL Cta/lun0O).

Llenu :kypHasa — IeMOHCTPUPOBATH B MyOIHKAIMSIX POCCUIICKOMY U MEXIYHAPOIHOMY IPO-
(beccroHaIbHOMY COOOIIECTBY HOBEUIIIHME TOCTHKEHHUS HAYKH B 00J1aCTH BHIYMCIUTEIBHBIX METO/IOB
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peuieHus GyHIaMEHTAIBHBIX U MPUKIAIHBIX TEXHUUYECKUX 3aja4, MPEeKe BCEro B 00JacTH CTPOU-
TEIbCTBA.

3agaum KypHaga:

* IPEI0CTaBICHUE POCCUICKUM U 3apyOeHbIM YUEHBIM U CIIeHaINCTaM BO3MOKHOCTH ITyOIu-
KOBaTh pe3yJIbTaThl CBOUX UCCJIEI0BAHUIA;

* IpHUBJICUEHNE BHUMAHUA K HanbOojee aKTyaJlbHBbIM, TIEPCICKTUBHBIM, MPOPHIBHBIM M WUHTE-
PECHBIM HANPABIECHUSAM PAa3BUTH U MPUIIOKEHUI YUCICHHBIX U YNCICHHO-aHAIUTUYECKUX METOJIOB
penieHus GyHIaMEHTATbHBIX W MPUKIAIHBIX TEXHUYECKUX 3a7a4, COBEPIICHCTBOBAHUS TEXHOJIOTHIA
MaTeMaTU4YEeCKOro, KOMIIbIOTEPHOTO MOJIEIUPOBAHUS, Pa3pabOTKH U BEpUPHUKALUU PEaIU3yIOLIETO
MIPOrPaMMHO-aJITOPUTMUYECKOTO 00ECTICUEHUS;

* obecnieyeHre 0OMEeHa MHEHUSIMH MEXTy UCCIIEI0BATEIISIMU M3 PAa3HBIX PETHOHOB M TOCY/IapCTB.

Temaruka xxypHaja. K paccMoTpeHuio 1 my0iaMKalum B )KypHalie IPUHUMAIOTCS aHAIUTHYECKUE
MaTepuabl, Hay4yHble CTaTbU, 0030pPbI, PEIICH3UU U OT3BIBBI HA HAyYHbIE MYOIUKAIIUU 110 PyHIaMEH-
TaJbHBIM U MPUKIIAJHBIM BOIPOCAM TEXHUYECKHX HayK, IPEXkKIe BCEro B 00JIacTH CTPOUTENbCTBA. B
KypHaJIe TaKKe MMyOIuKyroTCsl ”HGOPMAIIMOHHbIE MaTepHalibl, OCBEILAIOLINE HAyYHbIE MEPOIIPUSITUS
U TIEpeZIoBbIe JOCTHXKeHHs Poccuiickol akaJjeMiuy apXUTEKTyphl M CTPOUTEIbHBIX HAayK, HAy4YHO-00-
pa3oBaTeIbHBIX U IPOEKTHO-KOHCTPYKTOPCKUX OpPraHU3alNM.

TemaTuka crateil, HpUHUMaeMBbIX K MyOJIMKAIMH B )KypHaJle, COOTBETCTBYET €ro Ha3BaHUIO U
OXBATHIBACT HAMPABJICHUS HAYYHBIX UCCIICOBAHUN B O0IACTH pa3pabOTKU, UCCIECTOBAHMS U TPUIIO-
KEHUH YMCIIEHHBIX U YUCIIEHHO-aHAJIMTUYECKUX METOJI0B, IPOTPAMMHOI0 00€CTIEYeHM s, TEXHOIOT Mt
KOMITbIOTEPHOTO MOZCIIMPOBAHUS B PEIICHUH IPUKIIATHBIX 33/1a4 B 00JIaCTU CTPOUTEIHCTBA, a TAKKE
COOTBETCTBYIOIIINE MPOQPIIbHBIE CIENUATBHOCTH, MPEACTABICHHBIE B TUCCEPTAIMOHHBIX COBETAX
podUIBHBIX 00Pa30BaTEIbHBIX OPraHU3aUAX BBICIIET0 00pa30BaHMUs.

PepakumnonHasi nonutuka. [loautruka pegakimoHHON KOJUIETHH JKypHaia 6a3upyeTcst Ha co-
BPEMEHHBIX IOPUAMYECKUX TPEOOBAaHUSAX B OTHOLICHUH aBTOPCKOTO MpaBa, 3aKOHHOCTH, TUIaruara
U KJIEBETHI, U3JI0KEHHBIX B 3aKOHOHareNbcTBE Poccuiickoi denepannn, U TUYECKUX MPUHLMINAX,
MOJACPKUBAEMBIX COOOIIIECTBOM BEAYIINX U3aTeseil HayYHOU MEePUOAUKH.

3a nybnukayuto cmameii niama ¢ asmopos He e3vimaemcs. Ilyonukayua cmameii 6 xcypHane
becnnamuas. Ha niatHoil OCHOBE B jKypHajie MOTYT OBbITh OIyOJIMKOBAaHbI Marepualbl PeKJIaMHOIO
XapakTepa, UMEIOIIUe MPSMOe OTHOLIEHHE K TeMaTHKeE JKypHaJa.

XKypnai npenocrapiasieT HENOCPEACTBEHHBIN OTKPBITBIN TOCTYII K CBOEMY KOHTEHTY, UCXOs U3
CJIEIYIOIETO MPUHIIMIA: CBOOOTHBINM OTKPBITHIN TOCTYII K pe3y/ibTraTaM UCCIIEJOBAHUN CTIOCOOCTBYET
YBEIMUYEHUIO T100aIbHOT0 OOMEeHa 3HAHUSIMH.

NupexcupoBanme. [lyOnukanuy B *ypHajie BXOIAT B CUCTEMbl PACUETOB MHJIEKCOB LIMTHPOBAHUS
aBTOPOB U JKypHAIOB. «MHIEKC IMTUPOBAHUS» — YUCIIOBOM MOKA3aTelb, XapaKTEPU3YIOIIMI 3HAYMMOCTh
JTAHHOM CTaThU U BEIYKCITSIOIIMICS Ha OCHOBE MOCIIETYOIIMX ITyOINKAIINIA, CChUTAIOIIIXCS HA TAHHYO pa0oTy.

ABTopam. [Ipexne ueM HanpaBUTh CTAThIO B PENAKIMIO KypHaja, aBTOpaMm CielyeT O3Ha-
KOMHTBCSI CO BCEMM MarepuajaMu, pa3MeUIeHHbIMH B pasferax caiiTa xypHaja (MHTEpPHET-CailT
Poccwuiickoit akaseMun apXuTeKkTyphl U cTpoutenbHbIX Hayk (http://raasn.ru); moapasnen «M3nanus
PAACH» nnu unteprer-caidt M3narensctBa ACB (http://iasv.ru); monpazmen «XKypnuai [JCCSE»): ¢
OCHOBHOI HMH(poOpMaluelt 0 )KypHaie, ero HeJsMU U 3aJladaMi, COCTaBOM PEJaKIIMOHHON KOJIJIETUU
1 PEIaKIIMOHHOTO COBETA, PEIaKIIMOHHON MOJIUTUKON, TOPSJIKOM PELIEH3UPOBAHMS HAPABIIIEMbIX B
KypHaJ CTaTel, CBeIEHUsIMU O COOJIIOACHUN PEJAKLIMOHHON 3TUKH, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMIIEH3UPOBaHUS, O MPEICTABICHUH KypHaia B MH(OOPMAIIMOHHBIX cUCcTeMaX (MHIECKCUPOBAHUM),
uH(popMaIueit o MoAMMCKe Ha )KypHAJ, KOHTAKTHBIMY JaHHBIMH U 11p. JKypHai padoTaeT 1o JTUIeH-
3un Creative Commons tuna cc by-nc-sa (Attribution Non-Commercial Share Alike) — JIutiensus «C
yKazaHueM aBTopcTBa — Hekommepueckas — Konunedr».
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PeuenzupoBanue. Bce HayuHble cTaThy, MOCTYNUBIINE B PEJAKIMIO JKypHaja, MPOXOISAT
o0s13aTebHOE JIBOMHOE CJIeroe pelieH3upoBaHue (PELEH3EHT He 3HAeT aBTOPOB PYKOMMCH, aBTOPHI
PYKOMKCH HE 3HAIOT PELIEH3EHTOB).

3auMcTBOBaHUS M MJaruar. PenakinoHHas KOIErus KypHaia Mpu pacCMOTPEHUH CTAaThbU
MPOBOIUT MPOBEPKY MaTepuaia ¢ MOMOLIbI0 CUCTEMBbl «AHTUILIaruar». B ciyuyae oOHapykeHUs
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[To Bompocam MOANMUCKU Ha MEXIyHapOAHBIA HayudHbIN *kypHan “International Journal for
Computational Civil and Structural Engineering (MexayHapoaHbIi )KypHaJ IO pacdyeTy rpa)IaHCKHX
M CTPOUTENBHBIX KOHCTPYKIHI)” oOpamaiitech B AreHTcTBO «Pocneuars» (OduimaabHbIi CaiT B
cetu UHTepHert: http://www.rosp.ru/) unm B U31aTeiabcTBO ACCOLMALINN CTPOUTENBLHBIX By30B (ACB)
B COOTBETCTBHUH CO CIIECIYIOIIUMH KOHTAaKTHBIMU JTaHHBIMU:

000 «H30amenvcmeo ACB»

KOpunnueckwuii anpec: 129337, Poccus, . Mocksa, SIpocnaBckoe 1., 1. 26, oduc 705;

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

oduc 12 (TL Cone Momn);
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KonrakTHas undopmauus. [To Bcem Bonpocam paboThl pelaKkIMU, PELIeH3UPOBAHNUS, COTIACO-
BaHMsI ITPABKU TEKCTOB U MyOIMKAILlUK cTaTel clieayeT o0palarses K NaBHOMY PeJakTopy KypHaa
yneny-koppecnonaeHty PAACH Cuooposy Baraoumupy Huxonaeeuuy (agpeca 3JIeKTPOHHON MOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) Win K TEXHUYECKOMY
penakropy xkypHasa coBeTHUKY PAACH Kaiimykosy Taiimypazy bampasoeuuy (agpeca 371€KTpOHHON
nouThl: tkaytukov@gmail.com; kaytukov@raasn.ru). Kpome Toro, no ykazaHHbeIM BOIIpocam, a TAKXe
0 BOTIPOCaM pa3MelIeHHs B )KypHaJie PeKIaMHBIX MaTepHalioB MOKHO 00paIiaThCs K FeHepaibHOMY
nupekropy OO0 «M3narensctBo ACB» Hukumunoii Haoeocoe Cepeeegre (anpeca 3JI€KTPOHHOM 110-
YTHI: 1asv(@iasv.ru, nsnikitina@mail.ru, ijjccse@iasv.ru).

/Kypnaa cranoButcsi TexHosorudynee. Mznarensctso ACB ¢ centsaops 2016 rona sBnsiercst
yiieHoM MeXayHapoIHOW accouuanuu u3nateneii HayuyHoi muteparypsl (Publishers International
Linking Association (PILA)), ocymecTBiastomnieil cBoto aearenbHocTh Ha miuatdopme CrossRef.
OpuruHajIbHBIM CTAThAM, MyOJUKYEMbIM B JKypHalse, OyIyT MpHUCBaUBAThCS YHUKAIbHBIE HOMEpa
(uanexcel DOI — Digital Object Identifier), uTo 3HaYUTENBHO OOIETYUT MOMCK METATAHHBIX U MECTO-
HaXOXKJEHHE MOTHOTEKCTOBOTO pousseaeHus. DOI —3To cuctema onpeeneHuss HAyYHOro KOHTEHTa
B cetu MHTEpHET.

C okts0pst 2016 rona cTasi BO3MOXEH MTPUEM CTaTeil Ha paCCMOTPEHUE U PELIEH3UPOBAHUE Yepes
OHJIaliH cuctemMy npuema crareit Open Journal Systems Ha caiiTe )KypHasa (3JeKTpOHHAS PEAAKIIN):
https://ijccse.iasv.ru.

ABTOp IMeET BO3MOKHOCTb CIICAUTH 32 MPOABIKEHUEM CTAaThU B PEAAKIIMHN KypHAJIa B IMIHOM
kabunere Open Journal Systems 1 moay4yars COOTBETCTBYIOIINE YBEIOMIICHHS 10 AJIEKTPOHHOM MOYTe.

B ¢despane 2018 roma »xypnai ObL1 3apeructpuponat B Directory of open access journals (DOAJ)
(9TO OIMH U3 CaMBIX U3BECTHBIX MIOMCKOBBIX CEPBHUCOB B MUPE, KOTOPHII MPEIOCTABISET OTKPBITHIN
JOCTYN K MarepuaiaM U WHACKCHPYET HE TOJbKO 3aroJIOBKH KypHAJOB, HO M HAay4YyHbIE CTaTbhH), B
centsiope 2018 rona BxiaroueH B nmpoxykrsl EBSCO Publishing.

B HOs16pe 2020 roma xypHall Hadyall HHIESKCUPOBATHCS B MEXKTyHApOIHOM 6a3e Scopus.
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NONLINEAR ANALYSIS OF SOLID REINFORCED
CONCRETE STRUCTURES WITH CRACKS

Viadimir P. Agapov ', Alexey S. Markovich *

'RUDN University, Moscow, RUSSTA
2 Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: A finite element method, as well as the algorithm and the program for solid reinforced concrete
structures analysis have been developed, taking into account plastic deformations of concrete. A modified
Willam & Warnke failure criterion was used, supplemented by a flow criterion. Two models of volumetric
deformation of concrete have been developed: an elastic model under brittle fracture and an ideal elastic-plastic
model. An eight-node solid finite element with linear approximation of displacement functions, which
implements the deformation models above mentioned, is constructed. This finite element is adapted to the
PRINS computational software, and as part of this program it can be used for physically nonlinear analysis of
building structures containing three-dimensional reinforced concrete elements. Modern building codes prescribe
to carry out calculations of concrete and reinforced concrete structures in a nonlinear formulation, taking into
account the real properties of concrete and reinforcement. To verify the developed finite element, a series of test
calculations of a beam in the condition of pure bending was carried out. Comparison of the calculation results
with experimental data confirmed the high accuracy and reliability of the results obtained.

Keywords: finite element method, PRINS computational program, building structures, solid reinforced concrete
structures, physical nonlinearity, plasticity, flow theory, structural mechanics

HEJUHEMWHBIN AHAJIN3 MACCUBHBIX
KEJE3OBETOHHBIX KOHCTPYKIIM C YYETOM
TPEHLIMHOOBPA3OBAHUS

B.II. Azanoe ', A.C. Mapkoeuu '

' Poccuiickuii yausepeuTeT Apyk0bl Hapogos uM. [arpuca JIymym6sl, r. Mocksa, POCCU S
2 HaumoHaIbHBIN HCCIIEA0BATENLCKIH MOCKOBCKUI IOCY IAPCTBEHHBIN CTPOUTENBHBIN YHUBEPCHUTET,
r. Mocksa, POCCHUSI

AnHoTanusi: Pa3pabotan o0ObEeMHBIM BOCHMMY3JIOBOM KOHEUHBIM 3JIEMEHT Ul pacyeTa MACCHUBHBIX
JKeJ1€300€TOHHBIX KOHCTPYKLIMH ¢ ydeToM TpemuHooOpa3zoBaHus. IIpu mocTpoeHuu siieMeHTa B 00jacTu
HaIpPsDKEHHOT'O COCTOSIHUS «CXKaTHE — CXKAaTHE — CXKATUE» HCIOJb30BaH MOAUMULIUPOBAHHBIN KpuTepuit
npouHoctu Bumiama — Bapuke. HanpsbkeHHOe cocTosiHUE O€TOHA IMPH BO3HUKHOBEHHMM TPELLUHBI B PEXKHUME
«CXKaTUe — CXKATHE» PacCMaTPUBAIOCh KaK IJIOCKOHAIPSDKEHHOE U HCIOJIB30BAICS MOAM(DHUIMPOBAHHBIN
kputepuii npounoctu Museca — I'y6epa. I[loBeneHue 6eToHA IIPU PACTHKEHUY IPUHUMAIOCh TUHEHHBIM BILIOThH
JI0 BO3HHUKHOBEHUs TpelluHbl. Pa3paOoTaHHBII KOHEUHBIH 3JIEMEHT aJalTUPOBAaH K BBIYUCIUTEILHOMY
koMmiuiekcy ITPMHC u B cocTaBe 3TOro KOMILIEKCA MOXET ObITh MCIIONb30BAaH HMHKEHEPAMU MPOEKTHBIX U
HayuYHbIX OpraHU3alMi A8 NPAKTUYECKUX PACUETOB MACCHUBHBIX JKEJI€300€TOHHBIX KOHCTpYKUMM. Jlis
BepuuUKalUKd pa3pabOTaHHOIO KOHEYHOIO 3JIEMEHTAa IIPOBEJeHa Cepusi TECTOBBIX pacdyeToB OalKu,
HaxoJsllelcsa B yCJIOBUU YUCTOro u3ru6a. CpaBHEHHE Pe3yIbTATOB pacyeTa ¢ SKCIEPUMEHTAIbHBIMU JAHHBIMU
MOATBEPAMIIO BBICOKYIO TOYHOCTh U JIOCTOBEPHOCTH ITOJIyYEHHBIX PE3YJILTATOB.

KaroueBble ci10Ba: METO KOHEYHBIX dJIEMEHTOB, BraucIuTebHbIN komiuieke [IPUHC, crponTtenbabie
KOHCTPYKIIMH, MACCHBHBIE JKeJIe300€TOHHBIE COOPYIKEHHUsI, PU3NUecKasi HeTMHEHHOCTb, INIACTUYHOCTh, TCOPHS
TCUCHUsA, MCXaHHUKa ,Z[e(bOpMI/IpyeMBIX TEJI
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Nonlinear Analysis of Solid Reinforced Concrete Structures with Cracks

INTRODUCTION

Modern building codes and regulations adopted
in our country and abroad prescribe to carry out
calculations of reinforced concrete structures in
a nonlinear setting, taking into account the real
properties of concrete and reinforcement. At the
same time, the nonlinear deformation of
concrete, taking into account real elastoplastic
properties under the conditions of a volumetric
stress state, was studied throughout the 20th
century by both domestic and foreign scientists.

The  prerequisites  for the  successful
implementation of such calculations were
created by the development of computer
technology, on the one hand, and the
development of numerical methods of structural
mechanics, primarily the finite element method,
on the other [1,2,3,4,5].

Nonlinear methods for calculating structures are
implemented in a number of computer
programs, such as NASTRAN [6], ANSYS [7],
ABAQUS [8], ADINA [9], DIANA [10] and
others. Common to all these programs is the use
of algorithms based on the execution of step
procedures.

However, it should be noted that the
calculations of physically nonlinear structures in
the above programs are performed using
physical relationships based on certain
experimental data. In this case, the obtained
nonlinear equations for the structure as a whole
are solved by approximate methods. To increase
the reliability of the results, such calculations
should be carried out using several programs.
Therefore, engineers should have several
available calculation tools in their arsenal. In
this regard, the development of alternative
computational methods and corresponding
programs is still an urgent task.

MATERIALS AND METHODS

As is known, the system of nonlinear algebraic
equations is solved by the Newton-Raphson
method in full or modified form. The
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equilibrium equations at the loading step are
written as:

i i i—1
K Au, =P, -F;", (1)

where K’J is the tangential stiffness matrix,
Au’; is the vector of nodal displacements, P; is

the vector of nodal loads, Fj“l 1s the vector of

nodal concentrated forces equivalent to element
stresses, j 1is the step number, i is the iteration

number.

A feature of the Newton-Raphson method for
solving equation (1) is the calculation and
factorization of the tangent stiffness matrix at each
iteration. In the case of large-order systems, such
calculations can be quite expensive.

When using the modified Newton-Raphson
method, the stiffness matrix is calculated and
factorized only once at the beginning of the step
[4,5]. This simplifies the calculations, but
requires more iterations to achieve the specified
accuracy. Therefore, to accelerate convergence,
different approaches are used based on the
correction of the displacement vector at the
current iteration [11,12,13].

In the PRINS computer application, the
calculation of physically nonlinear structures by
the finite element method is carried out in
increments according to the equation [1]:

(K, +AK)Au=AP, 2)

where AK = %(K1 —KO) .

Stiffness matrices K, and K, are calculated at

the beginning and at the end of the loading step.

Equation (2) is solved by the iterative method:
K,Au, =AP - AK, Au,,, (3)

where i is the iteration number.

Upon reaching the convergence of the iterative

process, the full values of displacements and
stresses are found using the formulas:
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u=u,+Au, o6=0,+Ac. 4)
In general, stress increments are determined by
the formula

Ac=C,Ag, (5

where C,, is the elastoplastic matrix of material

characteristics.

At each loading step, the stress state is analyzed
and, in the event of plastic deformations and
cracks, the stresses are corrected taking into
account the accepted material deformation
diagrams. This requires a structural balancing
process. Equilibrium iterations are performed
according to formula (1), which is modified to
the form:

K Au, =P —F. (6)

The difference between formulas (1) and (6) is
that in formula (1) the stiffness matrix changes
from iteration to iteration (meaning equilibrium
iteration), and in formula (6) it does not change,
and is taken equal to the stiffness matrix, found
at the end of the step during iterations according
to formula (3).

Thus, in formula (3) the stiffness matrix is
iterated, and according to formula (6) is iterated
the vector of nodal forces, which is equivalent
to internal stresses.

The stiffness matrix for a single finite element is

found by the formula [2]:
K= j B’C,BaV, (7)
Vv
where B is the matrix relating the strain

components of the element to the nodal
displacement components (geometric matrix),
C, is the matrix relating the stress components
to the strain components (physical matrix).

The technique for calculating a geometric
matrix is well known (see, for example, [3]).

e

Vladimir P. Agapov, Alexey S. Markovich

THE MAIN PREREQUISITES FOR THE
ANALYSIS OF THE VOLUMETRIC
STRESS STATE

Four types of stress state are considered:
compression — compression — compression,
compression — compression — tension,
compression — tension — tension, tension —
tension — tension.

The following types of material behavior are
taken into account: loading, unloading and
reloading. The deformation paths of the material
corresponding to the indicated types of behavior
are shown in figs. 1.

Ocr C

Figure 1. Material Deformation Path

Loading of tensile concrete after the formation
of a crack (path C — D — E) occurs with the
modulus of elasticity

E=—9—, 8)

where ¢, is the ultimate strain of concrete with
cracks in tension and &, is the cracking strain,
respectively (Fig. 1).

Unloading and reloading of concrete with
cracks (path D — O) occur according to a linear
law with a fictitious modulus of elasticity
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1 o.l&,—¢
U(+8D)a &, <&Ep<éE, (9)

m cr

The stress in tensile concrete after the
occurrence of a crack is found by the formula

gn1_gD
O=0,—,

gm - g(.‘V

(10)

which is easily obtained from the similarity of
the triangles in fig. 1.

Deformation of concrete in the «compression —
compression — compression» mode

When constructing a physical matrix, an elastic
model was adopted for brittle fracture of
concrete in the «compression — compression —
compression» mode. The behavior of concrete is
considered to be linearly elastic until reaching
the fracture surface.

The five-parameter model proposed by Willam
& Warnke [14] was adopted as the fracture
surface. On fig. 2 shows the deviatoric section
of this surface, and in fig. 3 shows the main
meridians of tension and compression.

Figure 2. Deviatoric section of the fracture
surface (v, and r. — the meridians of tension

and compression, 6 — the angle of the type of
the stress state)
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\5 7

V5 7

Figure 3. Tension and compression meridians of
fracture surface (R, and R,, — ultimate strength
of concrete for axial compression and tension,
R,. — ultimate strength of concrete for uniform

biaxial compression, r = \/grm, E= \/gam )

The failure criterion is determined by the
formula [14]:

1(0) = (Gurrund)= 2120, D)

where o, and 7, are the average values of

normal and shear stresses in the vicinity of the
point, @ is the angle of the stress state, and

_ r
r(O'm,H) \/gRb
point on the fracture surface in the deviator
section (fig. 2).

The radius-vector F(Gm,e) is determined by
the formula [14]:

is the radius-vector of the

7(0,,0) 21;(1;2—;;2)0059+1;(2;;—;;)‘P
7(o,,0)=
4(;;2 —r,z)cos2 0+(r, —21;)2

(12)

where W = \/4(rf —r,z)cos2 O+5r" —4rr, .
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The radius-vectors 7 and r. (fig. 2) define the
meridians of tensile (¢=0) and compression
(0=x/3). In the Willam & Warnke model
these meridians are square parabolas:

2
T o o
=r=ata—"+a,| 2|,
R, R, R,

T

m,c

2
(o2 O
=r =b0+blR—”’+b2[R—’”j . 13)

b b b
The coefficients a,, a,, a, and b,, b,, b, arc

obtained on the basis of experimental data for
specific concrete grades (table 1).

2 — 4 -, /2—
ay=—R,.a——R, a,+,| —R,.,
0 3 bc™1 9 bc™2 15 be

l,.— = R, —R,
a =—(2R,,L,—Rb,)a2+\ﬁ%,
3 52R, +R,

6—, — _
\/ggt (Rbt _Rbc
a, =
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)—\Eﬁb,ﬁbc+z(zﬁbc+ﬁb,)

(2R, +R, )2
2 _

21— —
A= tz__R (RS —— Ry Ry,
5 3 bC§ 3 b§ 9 bt~ b

and

by ==pb - p’b,, b, =(e?¢ "‘%)bz +

b _n(mi]—\/g(i +p)

, =

e |

(14)

F
NS

3Z -1

5

(15)

Table 1. To the determination of the parameters of the Willam & Warnke model

Type of stress state Criterion Stresses Angle 0
1. | Uniaxial compression Ry o3=—Ry,, oy=0,=0 0
2. | Uniaxial tension Ry, o1=Ry,, 0p=03=0, 0
- R
Ry, = bt
Ry
3. | Uniform biaxial compression Ry, 01=0y=—Ry., 0
O3 = 0 ,
~ R,
Ry, =—2¢=1,2
be Rb
4. |Triaxial compression in high compression| o, E 01#20, 00 %0, 03 %20, 0
T T 7%t —
mode Ry, & =3,67%, 1, =1,59%
(03 <01 =07, 0=0) & >0,
Tm _ -
Ry '
5. |Triaxial compression in low compression| o, _ .|l #0, 0y %0, 03 %0, z/3
mode R, 7| E —367% 7 —104%
b £ =3,67% 7.=19
(O'3>O'1:O'2,0:7Z'/3) é?2>07
Im _7

~r n o~
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Deformation of concrete in the modes
«compression — compression — tensiony,
«compression — tension — tension» and
«tension - tension — tension» (taking into
account cracking)

The physical matrix for concrete with one, two
and three cracks is formed as follows.

When one crack is formed the stress state of
concrete in two other directions is considered as
plane stressed and, in this case, the modified von
Mises — Huber strength criterion is used [29].
Initially, the stresses in the finite element are
calculated in the global axes of the structure x — y
— z. At the moment the first crack occurs the
position of the main axes 1 —2 — 3 is fixed (fig. 4).

Figure 4. Analysis of the stress state of
concrete during the formation of one crack

When the first crack occurs the material in the
volume of the element breaks up, according to
the accepted hypothesis, into a number of plane
stressed plates. In each such plate there are such
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areas with normals 2' and 3', on which the
normal stresses have extreme values. Further
analysis of cracking is carried out according to
the principal stresses and acting along axes 2!
and 3! (fig. 4). These stresses, as well as the
angle of rotation of axes 2! and 3! relative to
axes 2 and 3 are found according to the general
rules for the strength of materials. Further
calculation of the structure is performed in axes
1 — 2! — 3! for which the matrix of direction
cosines of these axes is preliminarily calculated
in the global axes x —y — z.

In the presence of two cracks the module of
elasticity of concrete in the third direction is
determined by the «stress-strain» diagram for a
uniaxial stress state, and the shear modules are
taken according to the recommendations given
in [1].

In this case, the physical matrix is calculated as
follows:

00 0 0 0 0
00 0 0 0 0
0O 0 E 0 0 0
C, = | ., (16)
00 0 G, 0 0
0 0 0 0 c 0
0o 0 0 0 0 < |

In the presence of three cracks the modulus of
elasticity is zero.

The modulus E in matrix (16) is taken equal to
either the initial modulus if the concrete is
tensiled in the third main direction, or the
tangent modulus of the stress-strain curve if the
concrete is compressed in the third main
direction.

Experiments show that cracked concrete with
reinforcement transmits significant shear stresses.
In this case, the magnitude of shear stiffness is
influenced by such factors as the width of the
crack opening, the coefficient of reinforcement,
the diameter of the reinforcement, the structure of
concrete, etc. [28]. Following the
recommendations of [28], we take the shear
modulus as a function of the current tensile strain.
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For concrete with a crack in the first principal
direction

G, =0,25G|1-—3 |,
0,004
G, =0 if g >0,004, (17)
G;, =Gy,
where G i1s the shear modulus of concrete

without cracks, ¢ 1is the tensile strain in the

main direction 1.
For concrete with a crack in two directions:

&
0,004 )’

G4 =0 if & > 0,004,

GS =0,25G| 1-—2 |,
0,004

G =0 if & > 0,004,

G4, =0, 25G(1—

(18)

G, =%min[Gf3,G§3]

For concrete with a crack in three directions:

Vladimir P. Agapov, Alexey S. Markovich

G2=0,25G(1— &2 ] (19)

0,004
G, =0 if & > 0,004,

G, =0,25G| 1-—2 |,
0,004

G, =0 if & > 0,004,

c c c 1 b
G, =Gy =Gy, :Emln[GlaGZ:»G}]'

Based on the above algorithm, a program
adapted to the PRINS computer application was
developed.

RESEARCH RESULTS

To test the developed finite element, the results
of experiments by Obernikhin D.V. and Nikulin
A.l. were used from the article [26], in which
the strength and crack resistance of reinforced
concrete beams were studied.

Beam material — class B22.5 concrete. The
beam had double longitudinal reinforcement
with A500 @12 and A240 8 mm rebar,
respectively. The transverse reinforcement is
reinforcement class Bp500 @5 mm (Fig. 5).

G, =0,25G|1-—9 |,
0,004
G, =0 if & > 0,004,
1/2}1 1/1}1
S 7 120
| 400 ’ 300 ‘ 400 |
50 ‘ 100 ‘ 50
1200
@12 A500 98 A240
@5 Bp500 J 81:] ﬂ

35 | 50x6=300|

100%5=500

50x6=300 |35

AA 7

AA

Figure 5. Geometric dimensions and reinforcement scheme of beams
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The finite element model of the experimental
beam consisted of 2016 three-dimensional
eight-node  elements (fig. 6). Beam
reinforcement was modeled by one-dimensional
bar elements with three degrees of freedom at
the node. For longitudinal reinforcement the
hypothesis of ideal elastoplastic behavior was
accepted and the influence of the squares of
rotation angles on longitudinal forces was taken
into account. The transverse reinforcement rods

were under conditions of linear elastic
deformation.

The loading and fixing conditions of the beam
corresponded to the methodology carried out by
Obernikhin D.V. and Nikulin A.I. experiments
[26].

It should be noted that earlier similar problems
were considered by Rimshin V.I. and Amelin
P.A. in [27] wusing the foreign complex

ABAQUS.

b)

Figure 6. FE scheme of the experimental beam: a — FE model of the «body» of the beam, b — bar
FE scheme of reinforcement

The total load on the beam was taken equal to P
= 48 kN. The calculations were performed by
the step-iterative method. 41 loading steps were
set, the coefficient to the load at the first step
was taken equal to 0.01, and at the remaining
steps — 0.03.

According to the calculation results, the process
of crack formation in concrete, beam
displacements at fixed load values, as well as
the ultimate (failure) load were researched.

The calculation results are presented in table 2.

Table 2. Beam calculation results

Average displacements of beams | Average cracking .
Average failure
Analyzed value (mm) under load, kN load, load. kN
16 24 32 kN ’
Experimental results [26] 1,76 3,23 4,90 6.41 40,218
Calculation results in the
PRINS computer 1,63 2,98 4,82 6,24 39,36
application
Divergence, % 7,98 8,39 1,66 2,72 2,18

As can be seen from table. 2, the divergences in
the values of the ultimate (failure) load,
obtained from the results of calculations in the

Volume 19, Issue 4, 2023

PRINS computer program, in comparison with
the experimental data [26] does not exceed
2.18%, which indicates the high accuracy of the
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is shown in Fig. 7.

calculation

developed finite element, as well as reliability The process of cracking of the considered beam
stability used nonlinear

and

algorithms.

Step number: 17

Step number: 12

Step number: 25

Step number: 23

Figure 7. Cracking of the considered beam

The beam displacements corresponding to the total load of 16 kN and 32 kN are shown in fig. 8.

Figure 8. Beam displacements (m): a — at a load of 16 kN, b — at a load of 32 kN

for calculating massive reinforced concrete

CONCLUSION

structures, which makes it possible to take into

account the brittle fracture of concrete in the

The authors have developed and implemented a
physically nonlinear volumetric finite element

compression mode and the process of cracking

International Journal for Computational Civil and Structural Engineering
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in tensile concrete. When creating an element to
take into account the work of concrete in the
«compression — compression — compressiony
mode, the Willam & Warnke failure criterion
was used.

When a crack occurs in concrete in the first
main direction, the stress state of concrete in the
other two directions (in the «tension —
compression — compression» mode) s
considered as plane-stressed and the modified
von Mises — Huber failure criterion is used.

In the presence of two cracks, the modulus of
elasticity of concrete in the third direction is
determined by a simple stress-strain diagram,
and, at the same time, the influence of shear
stresses on the work of concrete with cracks is
taken into account.

Since the reinforcement of the structure can be
performed arbitrarily, its features can be fully
taken into account by including one-
dimensional bar elements characterizing the
reinforcement in the finite element diagram of
the structure. In this case, for reinforcing steel, it
is possible to set both elastic and elastic-plastic
deformation models.

To verify the created finite element, a series of
test calculations of the beam, which is in the
condition of a four-point bending (pure
bending), was carried out. The subsequent
comparison of the calculation results with the
experimental data confirmed the high accuracy
and reliability of the results obtained.

This finite element is adapted to the PRINS
computer application and, as part of this
software application, can be used by engineers
of design and scientific organizations for
practical calculations of reinforced concrete
structures.

Thus, the PRINS software application can be
successfully used to solve a large class of
engineering problems [23,24,25].
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Abstract: This article presents the results of the development and verification of a dynamic finite element model
of a high-pressure concrete hydraulic structure (Sayano-Shushenskaya HPP). A brief analysis of previously de-
veloped models of the hydraulic structure was carried out. An algorithm for sequential refinement of the results
of dynamic calculations of hydraulic structures, significant factors and approaches to modeling the dynamic

stress-strain state of hydraulic structures is presented.

Keywords: Arch-gravity dam, dynamic characteristics, added masses, natural frequencies and mode shapes

OCOBEHHOCTHU PA3BPABOTKHU JUHAMUWYECKHNX MO/IEJIEH
T'UJPOTEXHUYECKUX COOPYKEHU U X
BEPU®UKALIUS IO JAHHBIM HATYPHBIX U3MEPEHUH, HA
MNPUMEPE CASSHO-IIYIIEHCKOM I'C

A.M. Berocmoukui, /I.C. /Imumpues, C.0. Illempauwies

HauumonanbeHelil nccnenoBaTebckiuii MOCKOBCKUN TOCYIapCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
r. MockBa, POCCHUA
AO «Hayuno-uccnenoparensckuit meHtp Cta/luO», r. Mocksa, POCCHUA

AHHOTanus: B HacTosmIel cTaThe MpeACTaBICHBI Pe3yIbTaThl pa3paboTKN U BepUPHUKALNH THHAMHIECKOH KO-

HEYHO-2JIEMEHTHOM MO BBICOKOHAIIOPHOTO OCTOHHOTO

THIpOTeXHUYECKoro coopyxkenns (CasHo-

Iymenckoit I'9C). IlpoBenen kpaTkuii aHaau3 pa3pabOTaHHBIX paHee MoAesel runpoysna. [lpeacrasnen anro-
PHUTM IIOCIEA0BATEIBHOTO YTOYHEHHUS pe3yJIbTaToB JUuHaMuueckux pacueToB I'TC, 3HaunMble (akTopsl U Moa-
X0JIbl K MojienupoBanuto quHamuueckoro HJC ruipoTeXxHuueckux coopyKeHuH.

KaroueBble ciioBa: ApO‘lHO-FpaBI/ITaL[I/IOHHaﬂ IJIOTHHA, JUHAMHUYCCKUC XapaKTCPUCTUKH, TPUCOCTUHCHHBIC
MaccChl, COOCTBEHHEIC YaCTOTHI U (I)OpMI)I KoJieOaHui

1. INTRODUCTION

Today, increased attention is being paid to the
safety of high-pressure concrete hydraulic struc-
tures all over the world. Reliable and trouble-
free operation of high-pressure dams is a key
issue for researchers and practitioners in the
field of construction and operation of such
structures. Since a significant part of concrete
dams were designed and built in the middle of
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the last century [1] and have been in operation
for several decades, monitoring their condition
is fundamental to ensuring an adequate level of
safety.

Assessing the dynamic characteristics of con-
crete water-retaining structures is of great im-
portance in monitoring the safety of such struc-
tures. The regulatory legal acts in force in Rus-
sia [2] oblige regular dynamic testing of hydrau-
lic structures and the preparation of dynamic
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passports of such objects. In addition to the re-
sults of dynamic testing, the dynamic passport
includes calculated natural frequencies and vi-
bration modes obtained from numerical models.
Having information about changes in the dy-
namic characteristics of a structure, one can
draw conclusions about its condition and chang-
es in the stress-strain state (SSS) of the object,
which increases the overall level of reliability
and safety of the object [3, 4].

In world practice, there are examples of the use
of dynamic monitoring systems of concrete dams
as a basis for diagnostic, mathematical models of
hydraulic structures that can adapt according to
the readings of instrumentation equipment (CAI)
and conduct a predictive analysis of changes in
the SSS of a structure [5, 6, 7].

Another important aspect of using the dynamic
characteristics of a structure is the possibility of
verifying the developed numerical models of the
structure using natural frequencies and shapes
measured in situ (if they are determined experi-
mentally).

Therefore, the issue of calculation and full-scale
determination of the dynamic characteristics of
concrete pressure dams is an urgent and sought-
after task in the hydraulic engineering industry.
In this article, using the example of the Sayano-
Shushenskaya HPP (SSHHPP) hydroelectric
complex, we consider the important features of
creating dynamic computational models of hy-
draulic structures, the disadvantages of simpli-
fied methods for modeling dynamic stress-strain
state and the most significant factors that must
be taken into account when creating dynamic
models of hydraulic structures. The article also
presents the results of a comparison of the dy-
namic characteristics obtained from calculation
models developed in 2023 with the results of
field studies at the SSHHPP dam.

2. REVIEW OF PREVIOUSLY
DEVELOPED SSHHPP MODELS

During the operation of the SSHHPP, a number
of calculation models of the “dam-base” system
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were built, in various software systems, with
different formulations and details [8, 9, 10, 11,
12], which were developed in the period from
2024 to 2014. Natural frequencies of dam vibra-
tions obtained from these models differed sig-
nificantly from field measurements [13, 14].
These significant differences were due to sim-
plified approaches to modeling the dynamic
characteristics of a structure and insufficient de-
tail of the calculation models.

To bring the calculated eigenvalues closer to the
natural ones, approaches related to adjusting the
added mass of water on the pressure face were
forced to pressure face [8]. Criticism of the applica-
tion of the distribution of hydrodynamic pressure
on the pressure face of arch dams, obtained from
the Westergaard solution [15], is associated with
the obvious simplification of this method. This ap-
proach considers the motion of an absolutely rigid
body in a fluid, but in reality the rigidity of arched
dams is not infinite. Thus, the Center for Geody-
namic Observations in the Electric Power Industry,
when calculating the model in 2014, proposed to
significantly change the distribution of hydrody-
namic pressure on the pressure face (figure 1) in
order to bring the calculated dynamic characteris-
tics closer to those measured in situ [8].
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Figure 1. Distribution of hydrodynamic pres-
sure along the height of the dam
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The disadvantages of the outdated approach to
taking into account fluid and added masses
when performing dynamic calculations were
demonstrated in a number of works devoted to
determining the dynamic characteristics of high-
pressure hydraulic structures [16, 17]. In most
cases, taking into account the hydrodynamic
pressure on the pressure face of the hydraulic
structure, calculated according to Westergard,
gives overestimated values at higher natural fre-
quencies.

In another case, on a site built by a group of
specialists. VNIIG B.E. Vedeneev finite ele-
ment models of the system “dam-base of the
SSHHPP” in the ANSYS software package [9],
when performing calculations in the period from
2004 to 2013. «Attempts were constantly made
to calibrate the model in such a way as to bring
the calculated data closer to the field measure-
ment datay [18].

In many cases, to determine the elastic modulus
of a structure or foundation, “calibration” of the
calculation model is used, during which, by
changing the properties of the materials of the
foundation and structure, a number of design
parameters are achieved to match the field
measurement data [19]. Such “calibration” is in
some cases unfounded and is a necessary meas-
ure in the absence of initial data or deficiencies
in the calculation model. Below (Table 1) are
the lowest natural frequencies of the SSHHPP
dam when varying (significantly increasing) the
value of the elastic modulus of concrete, ob-
tained in [9].

Table 1. Values of the first five natural frequen-
cies of the SSHHPP dam, Hz [9]

Excluding water Headwater level | Headwater level
500 m 540 m
Econer Econer Econer Econer Econer Econer
50 GPa | 45GPa | 50 GPa | 45 GPa | 50 GPa | 45 GPa
1.568 1.481 1.384 1.312 1.159 1.099
1.625 1.532 1.481 1.398 1.265 1.196
2.019 1.895 1.862 1.751 1.580 1.490
2.531 2.372 | 2.351 2.208 1.999 1.882
3.164 | 2972 | 2.999 | 2.768 | 2.520 | 2.374

It must be taken into account that a model “cali-
brated” in such a free manner, in the absence of
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justification for this, cannot be considered veri-
fied, even if the calculated parameters corre-
spond to field measurements.

3. NEW DYNAMIC MODEL OF SSHHPP

As part of the contract with the Branch of JSC
Institute Hydroproject - employees of R&D
Centre StaDyO in the period 2020 - 2023, a
volumetric finite element model of the system
“base - reservoir - dam - station building of the
Sayano-Shushenskaya HPP” was developed and
verified in ANSYS.

The main goal of the research work was to as-
sess the occurrence of resonance phenomena in
the structures of the station building during
equipment operation or hydrodynamic phenom-
ena in the flow part. Since the SSS of the station
is directly influenced by the SSHHPP dam,
which is confirmed by the readings of control
and measuring equipment, it was decided to
create a general (basic) model of the hydroelec-
tric complex, including all the main structures.
And after verification of the basic model, pro-
ceed to the analysis of the station building with-
in the framework of a local model, refined in
terms of building structures and the foundation
mass under the structure.

Two families of basic models were created: dy-
namic and static models, which have differences
related to the features of calculations (for exam-
ple, properties of materials, loads, the need to
take into account the sequence of construction,
etc.).

When creating the basic dynamic model, a se-
ries of computational studies were carried out
with sequential consideration of various factors
and assessment of their influence on the natural
frequencies and vibration modes of the
SSHHPP arch-gravity dam. As a result, more
than ten groups of dynamic models were pre-
pared, which reflect the evolution of the basic
model in terms of clarifying the criterion dy-
namic characteristics.

To consistently refine the dynamic model, the
following factors were taken into account:
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1. Use of volumetric finite elements of the 2nd
order. Grid Convergence Analysis

3. Taking into account a number of design fea-
tures of the dam body.

4. Various methods of accounting for fluid on
models with and without a rock base. Assessing
the impact of boundary conditions settings for
FLUID30 acoustic elements on the results.

5. Taking into account a homogeneous rock
base.

6. Taking into account the heterogeneous rock
base, the structure and characteristics of the
geological elements of which correspond to the
current results of geophysical research.

7. Taking into account additional factors: mass-
es of water in water pipelines, gantry cranes on
the crest and other loads.

An analysis of the influence of most of the
above factors on the dynamic characteristics of
the dam has not been previously carried out. It
is the consistent “complication” of the calcula-
tion model with an assessment of the contribu-
tion of each of the factors under consideration
that is a mandatory requirement when preparing
dynamic models.

Estimation of grid convergence of the basic dy-
namic model.

When conducting these studies, the reservoir
was not taken into account, and the founda-
tion was assumed to be absolutely rigid and
massless. After a series of calculations, a
comparison was made of the natural vibration
frequencies of the dam for variants of the
model with a free breakdown (1,578 thousand
nodes) and the model with an optimized
mesh in part of the dam body (243 thousand
nodes). When comparing the models, agree-
ment was noted in the shapes of natural vi-
brations, and the differences in the first 10
frequencies do not exceed 0.25% (Table 2).
For further research, a variant with an opti-
mized mesh and second-order volumetric fi-
nite elements was adopted.
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Table 2. Estimation of grid convergence

o Free mesh Optimized model A%

~ | 1578 000 nodes 243 000 nodes ’

1 1.0037 1.0012 0.25
2 1.1241 1.1218 0.21
3 1.4106 1.4108 0.01
4 1.7986 1.8006 0.11
5 2.2581 2.2588 0.03
6 2.4948 2.4888 0.24
7 2.7343 2.7349 0.02
8 2.8931 2.8916 0.05
9 3.2307 3.2327 0.06
10 3.4157 3.4135 0.06

Assessment of the influence of the design fea-
tures of the body of the SSHHPP dam.

In the previously developed models of the
SSHHPP, the arch-gravity dam was assumed to
be simplified (with a smooth pressure face), be-
cause taking into account the protruding ele-
ments of a structural element in the area of wa-
ter intake holes (figure 2) increases the dimen-
sion of the problem, and the influence of these
elements on the dynamic characteristics was
considered insignificant (although such assess-
ments were not carried out).

When assessing the influence of this factor,
three models were considered:

1) Without taking into account these structural
elements. The surface of the dam on the up-
stream side is “smooth”.

2) Taking into account the protruding structural
element in the area of the water intake openings
of the spillway.

3) Taking into account the protruding structural
element in the area of the water intake openings
of the spillway and pressure water conduits
(figure 2).

Figure 2. Structural element on the pressure
face of the dam
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The base was assumed to be absolutely rigid,
the reservoir was not taken into account.

With the contribution of these design features to
the total mass of the dam at the level of 1.4%,
the influence on the lower natural frequencies of
the dam turned out to be significantly higher -
up to 3.65% (Table 3).

Table 3. Comparison of natural frequencies

No Model 1 Model 2 | Model 3 | nModel 1/3
Natural frequency, Hz A%

1 1.5301 1.5073 1.4791 3.33%

2 1.6122 1.5825 1.5533 3.65%

3 1.9492 1.9402 1.9120 1.91%

4 2.4125 2.4129 2.3942 0.76%

5 2.9750 2.9921 2.9683 0.23%

The studies carried out showed a significant in-
fluence of this factor on the lower frequencies
of natural vibrations of the arch-gravity dam of
the SSHHPP. For further research, a model was
adopted that took into account the structural el-
ements in the area of the spillway inlet openings
and pressure conduits.

Assessment of the impact of different liquid ac-
counting methods

In assessing this factor, a series of calculations
were carried out in which the dimensions of the
acoustic reservoir, boundary conditions for the
reservoir elements and the properties of the
foundation were varied.

Due to the inability to present the results of all
calculations performed in the article, the results
for the model with a homogeneous elastic foun-
dation, E = 50 GPa, are presented below.

Two methods of accounting for the reservoir
were considered:

1. Added masses (with distribution according to
Westerhard [15]). This method was used on all
previously developed models of the SSHHPP
hydroelectric power station.

2. Using acoustic finite elements (FLUID30).
Previously, such a method was not used for
SSHPP models.

For the acoustic elements of the reservoir that
are in contact with the structure and foundation,
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additional degrees of freedom in the form of
displacements are specified [20].

Analysis of natural frequencies showed that
when the reservoir is taken into account with
added masses, the natural values of the dam are
significantly lower than when modeling the flu-
id with acoustic elements. At lower frequencies
the difference reaches 10% (Table 4). The first 3
modes of the dam’s natural vibrations coincide;
at higher frequencies in model No. 2, forms ap-
pear that are not detected in model No. 1. Some
natural vibration modes are similar.

Assessment of the influence of additional fac-
tors.

A separate series of studies was carried out to
assess the influence on the dynamic characteris-
tics of the SSHHPP dam of such factors as the
position of gantry cranes on the dam crest and
the presence of water in the water conduits.
Based on the results of the studies, it was re-
vealed that the position of the gantry cranes on
the crest affects the change in the lower natural
frequencies of the dam by no more than 0.38%,
and the added mass of water in the water con-
duits significantly affects the dynamic charac-
teristics of the water conduits themselves, but
not on the lower natural frequencies and vibra-
tion patterns of the SSHHPP dam.

The final dynamic model of SSHHPP.

The final dynamic model of the system “base
— reservoir — dam — station building of the Sa-
yano-Shushenskaya HPP” was made on an
elastic heterogeneous foundation. Dynamic
properties are based on reasonable grounds
based on geophysical research data. The dam
material was adopted based on the results of
laboratory studies of cores from the dam body
with the following characteristics E=41.5
GPa, v=0.15, p=2.45 t/m’. The model takes
into account 4 reservoir filling levels: 500 m,
520 m and 540 m and 539 m. The volume of
the reservoir 1s taken into account by
FLUID30 acoustic finite elements. All signifi-
cant design features of the dam are taken into
account.
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Table 4. Comparison of natural frequencies/

Table 6. Comparison of natural frequencies.

Matching shapes are shown in color Headwater level 500
No Field

No A(I;/(Iiggerlnilss Aci\ﬁ:t‘ijsle%em Model 1/2 measurements, | Calculated .

° A% 1999 1, Hz data, AHz | 3 %

Natural frequency, Hz Hz
1 1.0011 1.1071 9,57
2 1
) 11217 1.2069 7.06 1.236 1.2861 0.0501 3.90
3 1.4108 1.5297 7,77 2 1.325 1.3738 0.0488 3.55
4 1.8006 1.6786 8,14 3
5 22588 19601 8.39 1.633 1.7373 0.1043 6.00
6 2.4874 2.1063 4 2.035 2.2044 0.1694 7.68
7 27548 22677 8,99 5 2531 27457 | 02147 | 7.82
8 2.8911 2.4657 10,03
9 32327 2.5349 8.97 6 3.064 3.3118 0.2478 7.48
10 3.4134 2.8993 8,95
11 3.5415 2.9788
12 3.8096 3.0051 Table 7. Comparison of natural mode shapes
13 4.0371 3.2133 ;
14 42018 33561 Field measurements ‘ Calculated data
15 4.4122 3.5331 Headwater level 539-540 m
16 4.5372 3.5513 f1=1.129 fi=1.118
17 4.7068 3.6151 . T
18 4.9933 3.6864 N\ - .
19 5.0325 3.7491
20 5.1021 3.9496
4. RESULTS

For the final basic dynamic model of the sys-
tem, a comparison was made between the calcu-
lated dynamic characteristics and the available
set of results of instrumental studies of the actu-
al dynamic properties of the dam, obtained in
different years (table 5, 6) (figure 3, 4). The
natural mode shapes were compared with field
data obtained in 1999 using the standing wave
method and in 2022 using the frequency domain
decomposition method (table 7).

Table 5. Comparison of natural frequencies.
Headwater level 539-540

Ne Field Calculated

measurements, data, A, Hz 5, %
1999 1, Hz Hz
1 1.129 1.1181 0.0109 | 0.97
2 1.217 1.2162 0.0008 | 0.07
3 1.527 1.5365 0.0095 | 0.62
4 1.921 1.9651 0.0441 2.24
5 2.448 2.4709 0.0229 | 0.93
6 2.972 3.0077 0.0357 1.19
32

Headwater level 500 m (fi

eld measurements carried

out by VNIIG in 2022)
fi=1.27 f,=1.286
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Figure 4. Results of previous studies. Headwater level 500 m
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CONCLUSION

A multiparameter and multifactor verification
of the spatial finite element base model of the
system “foundation — reservoir — dam — sta-
tion building of the Sayano-Shushenskaya
HPP” developed and implemented in the
ANSYS Mechanical software package was
carried out using field measurement data: sig-
nificant dynamic characteristics (spectrum of
natural frequencies and vibration modes) of
the dam.

The accepted and tested verification method-
ology excludes any “calibration” of model pa-
rameters, but represents a systematic move-
ment from the initial basic model to an in-
creasingly more detailed and/or complex one -
until an acceptable correspondence of the cri-
terion calculation results to the field data is
achieved, or until the source of such discrep-
ancies is identified, associated with the unreli-
ability of the original information.

As a result of the research, the most signifi-
cant factors were identified that must be taken
into account when creating dynamic models of
hydraulic structures.

The results obtained for the SSHHPP dam
(natural frequencies and vibration modes) ex-
ceed in accuracy and correspondence to nature
all previously obtained results.
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Abstract: The article identifies the problems of the modern international nuclear energy market, analyzes do-
mestic and foreign experience in the construction of technically complex megaprojects, studies and systematizes
organizational and technical aspects of the concept of reliability and risks of technically complex industrial facil-
ities on the example of an international project for the construction of a nuclear power plant. The purpose of the
research article is to solve one of the most important tasks — to determine the total investment risk and its as-
sessment in an inextricable relationship with the stages of the project life cycle. The article systematizes both the
principles of assessing the organizational and technical reliability of the system under study, as well as the meth-
ods of types of aggregate investment risk. A proprietary multi-criteria approach to the concept of reliability is be-
ing developed using modern theoretical methods in the context of the development of nuclear power plant con-
struction projects abroad, respectively, taking into account country and industry risks.

Keywords: nuclear power plant (NPP) construction, organizational and technical reliability management, aggre-
gate risk, mathematical modelling, computer risk modelling, risk management, industrial construction, mem-
brane method

COBOKYIIHbIN PUCK ITPU PEAJIM3AIIUU KPYITHOI'O
KOMILJIEKCHOI'O TIPOEKTA CTPOUTEJbCTBA ATOMHOM
QJIEKTPOCTAHIUHU

ILT. I'pabossiii’, /I.E. Cezemun ?
! HanmoHanbsHelii nccenoBatebeknii MOCKOBCKHMI TOCYIapCTBEHHBIN CTpouTeNbHbIN yHuBepcuteT (HUY MI'CY),
r. Mocksa, POCCUSA
2 AO «Axxyro Hykneap», Akkyro, Mepcun, TYPLIUS

AHHoOTanus: B craTbe BBIABICHBI IIPOOJIEMBI COBPEMEHHOI'O MEKIYyHApPOAHOTO PHIHKA aTOMHON SHEPreTHKH,
MpoaHaJIN3upOBaH OTCUYECCTBECHHBINA U 33py6e)KHbII>i OIILIT CTPOUTECIILCTBA TEXHUYCCKU CIIOKHBIX METAIPOCKTOB,
HCCIICA0BaHbl 1 CUCTEMATU3SUPOBAHBI OPTaHU3allMOHHO-TEXHUYCCKUEC aClI€KThl KOHUCIIUN HAACKHOCTU U pUC-
KOB TEXHMYECKHU CJIOKHBIX MHJYCTPHAIbHBIX OOBEKTOB Ha MPUMEPE MEKAYHAPOAHOTO MPOEKTa CTPOUTEIHCTBA
aTOMHOI 3JIeKTpocTaHIMU. [{enblo Hay4YHOH cTaThu SBJSUIOCH PEIICHUE OJHOM M3 BaXKHEHWNINX 3a/1ad - Olpeie-
JICHWE COBOKYITHOI'O MHBECTUIIMOHHOTO PUCKA U €r0 OLIEHKH B HEPA3PbIBHOW CBSI3M C ATANlaMH JKU3HEHHOTO [IHK-
J1a IpoeKTa. B craThe cucTeMaTH3MpOBaHbl KaK IPHHIMITEI OIIEHKH OpraHU3aliOHHO-TEXHUYECKOH HaIeKHOCTH
HCCIIEyeMOil CHCTEMBI, TaK W METOJbI OLICHKH COBOKYITHOI'O MHBECTHIIMOHHOI'O pHCKa. PazpabaTbiBaeTcs mpo-
NPUETAPHBI MHOTOKPUTEPUATIBHBII MOAXO K TOHATHIO HAaJCKHOCTH C HCIOJIB30BAHHEM COBPEMEHHBIX TEope-
TUYECKHX METO/IOB B KOHTEKCTE Pa3BUTH MPOEKTOB cTpouTenbeTBa ADC 3a pyOexoM, COOTBETCTBEHHO, C yUe-
TOM MEKIyHApOAHBIX M OTPACIIEBBIX PHCKOB.

KiroueBble ¢JioBa: CTPOUTENHLCTBO AaTOMHBIX dJieKTpocTaHimii (ADC), ynpaBieHre opranu3alioHHO-
TEXHUUYECKON HaJIeKHOCTHIO, COBOKYITHBIM PUCK, MATEMAaTUYECKOE MOJCIUPOBAHUE, KOMITBIOTEPHOE MOJIEIIUPO-
BaHUC PHCKa, YIIPABICHUE PUCKOM, IPOMBIIIJICHHOE CTPOUTEIBCTBO, MEMOPaHHBIN METOT

INTRODUCTION study of the NPP project), where the capacity of

the nuclear plant is specified, the number of
In a broad sense, the developed ACSTP should power units, the number of reactors as part of
be based on the feasibility study (feasibility the justified feasibility study, the region of con-
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struction, the assessment of the volume of in-
vestment and calculation of return on invest-
ment, project profitability and investment yield.

In the ACSTP, the problem of organizational
and technical reliability (P"%) assessment of
NPPs is divided into four levels:

Field level of technological process;

Controller level of process control and
management;

Backbone network level,;

Upper level of man-machine equipment,
and the area of occurrence of cumulative risks
(Vi’) into three levels (Fig. 1):

Organizational and production subsys-
tem

Financial-investment subsystem

Infrastructure-service subsystem.

As a result of scientific research, the basic prin-
ciples of cybernetic model of modern Russian
ACS for NPP projects have been determined.
The stages of development of the method of risk
assessment include the following sequence: de-
termination of technical requirements for the
control and management system to be designed;
development of design and estimate documenta-
tion; collection and study of initial data; compi-
lation of a complete list of variables; completion
of the ACSTP system (risk assessment); divi-
sion of the control process into technological
sections and subsequent distribution of variables
by sections and groups; creation of proprietary
databases (project risk map); development of a
graphical interface of the screens of operators
and management staff alternately in dynamics
and statics; drawing up schemes of transitions
from static to dynamic images on the screens;
drawing up algorithms of scenario control (for
all possible modes of operation of the facility,
including emergency and post-emergency); cre-
ation of a model of the dynamic system of ag-
gregate risk management; verification of data-
bases; development of operational documenta-
tion; offline system testing; operational system
testing; formal implementation, commissioning,
staff training, issuance of relevant orders and
instructions.

Volume 19, Issue 4, 2023

MODELS AND METHODS

Figure 1 provides a model of cumulative risk
management. A system of continuous risk as-
sessment and control is introduced through the
development of the ACSTP model at the feasi-
bility study stage as a strategically planned step
simultaneously with the risk management mod-
el. It allows to achieve the previously presented
main four objectives of the project, such as: tim-
ing, cost, quality and safety of the project.

The membrane method of risk assessment is
based on the algorithm of calculation of the full
economic result of the contractor’s risk man-
agement strategy for each stage (phase) of the
NPP project life cycle. For the purposes of this
study, the stages, or layers, of the membrane
method of risk management and further the
software recommended for development on the
basis of the membrane method of risk manage-
ment, are understood as: initiation, planning,
development of criteria and strategy of NPP lo-
cation (interrelated with stages 3, 4, 5, 6, 9), de-
sign (interrelated with stages 1,3-9), construc-
tion (interrelated with stage 1), commissioning,
operation, extension of operation (moderniza-
tion), termination of operation, shutdown of
processes, decommissioning [6].

Each of the eleven project phases represents a
layer of the membrane-based risk assessment
system. An example of risk assessment is pre-
sented in Tables 1-3.

The three-dimensional representation of the
membrane model of assessment of organiza-
tional and technical reliability Prel(t) looks as
follows: risks by groups form the membrane
layers, which, in turn, form the so-called “mem-
brane pie” by stacking layers on top of each
other The layers are arranged horizontally in the
order of the life cycle stages of the project of a
technically complex facility — a nuclear power
plant.
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Evaluation of results

Figure 1. Model of the dynamic system of aggregate risk management at NPPs

The lattice of stacked membranes has several
effects: “spring effect,” “impermeability effect”
(hereinafter impermeability is understood as the
optimal degree of overall project reliability),
and “layer—problem—balance” effect. It should
be noted that the description of the membrane
method through the 3D picture gives an idea of
the significance and relevance of the task of sys-
tematization and digitalization of big data in the
field of assessment and reduction of the maxi-

mum possible number of risk types during the

construction of technically and organizationally
complex NPP projects.

Organizational and technical reliability of NPP
project implementation by the developer is a
state in which its economic activity ensures, un-
der normal conditions, the fulfilment of all obli-
gations to the public procurement authority
(Rosatom State Corporation).
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Example of a summary table of risk factor impact assessment

Impact

Impact on volume Impact on safety assessment

The level of decrease in public trust at the 1
local level is insignificant.

The assessment of the impact
of risks on safety is carried out
in accordance with the re-

Changes in volumes can be cov-
ered by current contractual obliga-
tions

Additional agreements are re- quirements of current legisla- Decrease in the level of public confidence at 2
quired within the existing contrac- | tion and local regulations. the local level.
tual framework Methods of risk prioritization, | Short recovery period
Additional agreements with Con- scoring scales and significance | Decline in public confidence at the regional 3
tractors required criteria for environmental safe- | level.

ty, industrial safety, occupa- Short/moderate recovery period
Additional agreements with the tional safety, information secu- | Decline in public confidence at the interna- 4

rity and other related risks are
set out in special documents
issued under the Project.

tional/regional level or at the level of im-
portant partners.
Moderate/long recovery period

Client required

Revision of substantial terms of Damage to public trust at international or key 5
EPC contract/contract with Tier 1 partner level.
Contractor required Long recovery period
Table 3
Assessment of the impact of risks with background colouring
Probability Impact assessment
1 Very 2 Low ‘ 3 Medium ‘ 4 High 5 Very
low high

5 Very high

4 High

3 Medium

2 Low
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Organizational and technical reliability (Pf';)
affects the production and economic stability,
financial and economic performance of the en-
terprise itself and acts as one of the indicators of
risk assessment of the contractor under the state

contract (formula 3).

_ M(PH)
nn-1y

Piei=1 L= (1)

n(n—1)

Where Pff} is assessment of organizational and

technical reliability of the customer;

n is the number of indicators in the dynamic re-
liability model (normative model);

mi is the number of inversions in the actual or-
der for the indicator having the 1st rank (occu-
pying the first place) in the dynamic model,

M (P, H) is the sum of inversions in the actual
order of indicators (P) relative to the normative
order (H) specified in the dynamic model. In-
version (R) in the presented assessment is ex-
pressed by the ratio of the value of

M (P, H) relative to n(n-1).

It characterizes the measure of the aggregate
risk of deviation of the actual state from the
normal state of the customer.

As noted above, the authors’ approach proposes to
distinguish four main target parameters, which are

Petr G. Grabovy, Denis E. Sezemin

affected by risks (groups of risks) and the aggre-
gate risk exposure of the enterprise, namely:

1) Project realization timeline;

2) Budget of the project realization;

3) Quality of the project and its products;

4) Project safety.

In this case, we can introduce the following sys-
tem of registering data on the analysis of risk
types, expert assessment of their impact on the
target indicator of the project, and the weight of
each risk for the indicator “Project Implementa-
tion Budget,” presented in Tables 4-7.

5) Risk ranking. The assessment is made by eval-
uating the impact of the relevant risk on the pro-
ject targets, having previously determined the
magnitude of each risk by applying the previously
described scoring system — the probability of risk
occurrence and the risk exposure of the system.
Table 6 is filled in sequentially from the magni-
tude of negative consequences of risk types
(very low to very high), taking into account
their gradient.

6) Identify recommended strategies for the ef-
fective impact of risk management activities on
project targets.

7) Present the data to the risk expert panel. The
results are summarized in a table using the fol-
lowing example (Table 7).

Table 4

Risk scale. Layer 1.

Type of budget risk for
project implementation

Budget
growth in
% up to
1%

Budget
growth from
1% to 2%

Budget
growth
from 2% to
3%

Budget
growth
from 3% to
4%

Budget
growth
from 4% to
5%

Budget growth
from 5% to 6%
and so on

Design delay *

Delay in construction
works

Delay in equipment deliv-
ery

Level 1 human error re-
sulting in accident and
equipment failure (by type
of equipment)

Changes in average annual
air temperature by 1°C

Currency exchange rate
fluctuations

Strike of transport workers *
for 10 days or more
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Table 5
Layer 2
Target indicator Weight/qualitative indicator
Item No Item No Item No Item No Item No
Budget Operational Increase by | Increase by 2% 1 2 3
costs 1%
Capital ex-
penditures
Schedule Delayed by | Delayed by 1-2 Delayed by | Delayed by 5— | Delayed by 7-12
0 month months 3—4 months | 6 months months
Quality No deterio- | Minor impact (on part | Requires Unacceptable | The project is
ration of project activities), | Client ap- better not to be
possible adjustment proval implemented in
this capacity
Safety | ecological On the basis of a specially created expert panel, legislative requirements and internal reg-
industrial ulations and rules, an appropriate membrane layer of risk impact on project safety is de-
. . scribed, taking into account the assessment of costs to ensure the required level of safety.
information It is included in the terms of reference for the development of software for the risk as-
labour safety sessment system using the membrane method.
Table 6
Probability Impact assessment
Very low Low Medium High Very high
Very high 1/5 2/5 3/5 4/5 5/5
High 1/4 2/4 3/4 4/4 5/4
Medium 1/3 2/3 373 4/3 5/3
Low 1/2 2/2 32 4/2 52
Very low 1/1 2/1 3/1 4/1 5/1
Table 7

Development of strategies and interventions based on the risk score determination

Risk score (determined by ex- Strategy Measures
perts)
1-4 Acceptance Control measures

4-15 Control (reduction) Compensatory measures, continuous moni-
toring

15-25 Reduction, rejection Compensatory measures, continuous moni-
toring

RESULTS sessment of risk on the possibility of application

Calculation of acceptable (unmanaged) risk af-
ter application of compensating measures is the
next stage of the algorithm of work with the risk
management system. The calculation is recom-
mended to be carried out in two directions: as-
sessment of the possibility of influence on the
probability of occurrence of a risk event and as-

Volume 19, Issue 4, 2023

of compensating measures. Here the derived
function formula is applied, similar to the risk
analysis, when the value of multipliers is re-
duced by the value of manageability for each
type of multiplier. Manageability can also be
determined by expert judgment, when each
score (on a selected scale) is assigned a degree
from 0 to 100.
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The final value of residual risk is calculated as
arithmetic mean of the normal Gaussian distri-
bution, where the upper and lower values of the
studied parameter are not included into the area
of analysis.

Simulation models are used for quantitative as-
sessment of aggregate risks; each of them is as-
signed a rating in the form of a number. The
impact of risk types on the project is assessed
both for each separately and aggregate risks.
After reducing the degree of risk, a second as-
sessment is done, based on the identified trends,
and a decision is made on the further implemen-
tation of compensatory measures. The Monte
Carlo method is used, based on the use of ran-
dom number sampling. A special algorithm as-
signs a random event, with the help of which the
probabilistic problem is solved. This method
replaces complex algebraic computations in the
following three cases:

1. when modelling complex operations with
interaction of many random factors;

2. when verifying the applicability of analyti-
cal methods of research and clarifying the con-
ditions of their applicability; it should be taken
into account that the calculations are carried out
repeatedly (e.g., 100 times); and

3. when developing corrections to empirically
derived analytical formulas [8].

The essence of the developed risk assessment
methodology is in the use of the parametric
method as an initial (preliminary) method (for
systems that do not have well-defined planned
costs and realization terms, including for the
assessment of projects at the stage of feasibility
study). An example of such a risk assessment is
the probability of failure of construction of a
nuclear power facility at a given location (terri-
tory). This is illustrated by the transfer of the
construction site of the Turkish NPP to Akkuyu
from Sinop province (in 1980, the planned loca-
tion of the NPP was Injeburun district of Sinop
province, and the site in Akkuyu is Gulnar dis-
trict of Mersin province). In 2017, the Turkish
Atomic Energy Agency approved the design
parameters of the Akkuyu NPP site.

Petr G. Grabovy, Denis E. Sezemin

Based on the results of identifying all possible
types of risks and their assessment using the
presented methodological approaches, risk reg-
isters are developed, both integrated (for the en-
tire project) and localized (by project subdivi-
sions), and experts on a particular type of risk
are involved in the finalization of each of the
registers.

It is proposed to organize the activity within a
single scale from risk acceptance to risk avoid-
ance (exclusion of action) and then divide the
risks into groups depending on the degree of
riskiness of action:

1. Acceptable risks are those that can be accept-
ed at a given stage of the project life cycle; it
should be noted that risks at different stages of
the project life cycle are also distinguished by
the degree and the actions that need to be taken
to bring the risk to an acceptable level.

2. Risks that should be reduced are those whose
management reduces the likelihood of an event.
Staff training is a prime example.

3. Risks that should be increased are those lead-
ing to positive effects for the project.

4. Planned risks are risks for which it is possi-
ble and acceptable to develop and implement an
action plan to reduce risk to acceptable levels.

5. Transferable risks, for which the best solu-
tion is to transfer them on a contractual basis
under certain guarantees and responsibility of
the contractor.

6. Avoidable risks are those that result in the
avoidance of a given action or such a significant
change in the operation of the system that elim-
inates the risk.

In this regard, the authors identify five main de-
grees of the customer’s risk at the main stages
of the NPP construction life cycle: the area of
minimal risk; the area of average risk; the area
of increased risk; the area of critical risk; the
area of unacceptable (catastrophic) risk (Fig. 3).

In order to implement the strategic goals of the
Rosatom State Corporation it is proposed to
separately identify and analyse the risks that
may hinder the implementation of a particular
NPP construction project, namely:
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1. increasing the share in the international nu-
clear power markets;

2. reduction of production costs;

3. reduction of production process time;

4. introduction of new products to the market;

5. global leadership in the field of technology [10].

P(T;?d :Uw,i,jz 1 {VIJ}J {TreaI(i+1}}: {XI }J {R?pny Kfr:n Ktr‘}: !\{ip E_'j! Q (T} — max,

where P&?d is effectiveness (organizational and

technical reliability) of NPP implementation;

W, 1, j is the number of hierarchical levels from
1 to N (macro-, meso- and micro-levels);

Vi, is integral indicator of the aggregate risk;
Treal(+1) 1s time elapsed since the beginning of
strategy implementation to

Xi is the full life cycle of the NPP;

(Rps KfinK:y) shows total resources (physi-
cal, financial, labor) required for decision mak-
ing;

Nj is a set of alternatives defining the problem
situation;

E;j is preference function for choosing a solution
option;

Q) is a set of time parameters on the interval (0,1).

CONCLUSIONS

The analysis of the methodological recommenda-
tions for improving the system of preparation and
execution of construction works for large and
technically complex industrial facilities allowed
the authors to suggest ways to improve the organ-
izational and technical reliability of designed solu-
tions in the conditions of aggregate investment
risk. Thus, the authors develop and apply their
own concepts and methods of reliability and risk
assessment. The essence of the membrane method
of risk assessment for NPPs developed by engi-
neer Denis Sezemin is that each stage of the pro-
ject life cycle can be presented as a membrane
layer, where one or another type of risk appears,
which further contributes to the aggregate invest-
ment risk (Rinv), supplements it and transfers
(grows, “sprouts”) to the next layer. Here there is

Volume 19, Issue 4, 2023

Analysis of risk through the membrane of strate-
gic objectives of Rosatom allows adopting a con-
ceptual economic and mathematical model of
risk management of realization of a unique NPP
facility by probabilistic-functional dependence:

2)

some similarity with physical-technical relation
and behaviour of a membrane with its oscillation
and attenuation, i.e., the risk has a possibility to
pass through all layers of the membrane or, con-
versely, end on a certain layer, having had its im-
pact. This implies that different types of risks cor-
responding to the aggregate investment risk can
grow, appear or disappear at any stage, starting
from the first and ending at the top of the layers.
With the help of the necessary and recommended
membrane principle of physical-type action
throughout the life cycle of the project, the author
of the Membrane Method proposes to develop
software based on the impact of investment risk
on the final target parameters of the whole system.
The target parameters of the NPP construction
system are: time parameter (duration), cost pa-
rameter (economic efficiency), quality parameter,
and technical safety parameter, which are associ-
ated with the four corners of the square in the
form of some volumetric structure. This allows
visualizing a graphical representation of the dy-
namics of risk manifestation in time, displaying
the main aspects of the problem under study:

- the fact of risk existence;

- the stage of risk occurrence;

- the stage of risk impact termination;

- impact of each of the risks separately on the
system of the organizational and technical relia-
bility of the project at major stages of the pro-
ject life cycle;

- impact of all types of risks as an aggregate in-
vestment risk on the system, assessing it by four
“corner” parameters;

- development of risk management methods us-
ing the diversification method with mechanisms
for taking compensating measures.
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REPAIR OF MASONRY AFTER DYNAMIC IMPACTS.
CALCULATION AND DESIGN METHODS

Oleg V. Kabantsev, Oleg A. Simakov

Department of Reinforced Concrete and Masonry Structures, Moscow State University of Civil Engineering (National
Research University), Moscow, RUSSIA

Abstract: Civil engineers are encouraged to apply novel techniques, to improve and to adapt well-known
methods amid the reality of modern life. An impressive number of restoration and strengthening techniques
are developed for unreinforced masonry (URM) material well-known for centuries. Masonry may need
restoration and strengthening due to errors made in the course of design, construction or long-term operation
of buildings and structures. Besides, masonry needs strengthening in seismic areas. Strengthening of masonry
structures, subjected to dynamic impacts during military operations, was initiated after the Second World
War. Construction technologies advanced considerably over the last seventy years, and today shotcrete, a
widely known strengthening technique, can be applied for a good reason. This article addresses shotcrete as a
method for restoring masonry damaged by explosion impacts. Results of the laboratory testing of materials
and parts of structures are provided together with improved methods of analysis. The methodology for
computer-aided analysis of buildings is also presented, taking into account the staged nature of work and the
ability of external shotcrete to support loads. Practical restoration of buildings is addressed in the conclusions
section, and conclusions are drawn there.

Keywords: masonry restoration; shotcrete; fiber reinforced shotcrete; dynamic impacts; external reinforcement

BOCCTAHOBJIEHUE KAMEHHOM KJIAJKH TOCJIE
JANHAMUNYECKUX BO3AEUCTBHUMN.
METO/JAbI PACYETA U ITPOEKTUPOBAHUA

O.B. Kaobanues, O.A. Cumarxos

HanmonaneHslil ucenenoBatensckuit MOCKOBCKUNM TOCYJapCTBEHHBIN CTPOUTENBHBIN YHUBEPCUTET, I'. MOCKBa,
POCCHUA

Annotamus: CoBpeMEHHBIEC pealiny TPeOYIOT OT HHXXEHEPOB B 00JIaCTH CTPOUTEIHCTBA TPUMEHEHHE KaK HO-
BBIX TEXHHK, TaK M COBEPIIEHCTBOBAHUE U aJaNTalUI0 YK€ U3BECTHBIX METOAUK. J[1s XOpPOLIO U3BECTHOIO HA
MIPOTSDKEHUH CTOJIETUH MaTepuasia KaMeHHOW KIIaJKH pa3padoTaHO 3HAYMTEIHHOE KOJMYECTBO METOI0B BOC-
CTAaHOBJICHUS M YCHJICHHS, HEOOXOAMMOCTh KOTOPBIX 00OOCHOBAaHA OMIMOKAaMM MPOEKTHPOBAHMS, CTPOUTEIb-
CTBa WJIN JUINTENILHON SKCIUTyaTallMel, a TakKe yCHICHHE KJIAJKH B CEHCMHUYECKUX paiioHax. B To ke Bpems
BOTIPOCAMH YCHJICHHUS KOHCTPYKLHMI M3 KAMEHHOHN KIIAJKH, MTOJYyYUBIINX IMHAMHYECKUE MTOBPEXKICHUS B pe-
3yJbTaTe OOEBBIX NEHCTBUH, OTHOLEHHO 3aHUMAINCH TOJNBKO TIOCIE BTOPOW MHPOBOW BOWHEI. 3a TIOCICIHHE
70 5eT CTPOMTENbHBIE TEXHOJOTHH 3HAYUTEIBHO MPOJBUHYINCH, TOSBHIACH BO3MOXKHOCTH OOOCHOBAHHO
MPUMEHATH XOPOIIO M3BECTHBIM METOJ[ YCWJICHHS IyTeM YCTPOWCTBA amIUIUKAIMi W3 TOpKpeT-Oerona. B
HACTOsIIEH cTaThe PACCMOTPEHBI BONIPOCHI IPUMEHEHHS COBPEMEHHOTO TOPKPET-0ETOHA JIJIsl BOCCTAHOBIICHUS
KaMEHHOH KJIaJKH, pa3pylIEHHOW IOCIe B3PBIBHBIX BO3JeHCTBUI. [IpuBeneHsl pe3ynbTaThl 1ab0paTOPHBIX
UNBITAaHUN MaTepuanoB, GparMeHTOB KOHCTPYKIHH, a TakKe CKOPPEKTHPOBAaHHBIE METOJUKH pacdera. Takxke
MPEJCTaBIeHa METOAMKA KOMIIBIOTEPHOI'O pacueTa 3JIaHHs C YYETOM STAHOCTH MPOBEJACHUSI PA0OT U BKIIIO-
YeHUU B paboTy BHEIHEH anmiukanuy. B 3akimoueHnn mpuBeeH NPaKTHYECKH ONBIT BOCCTAHOBJICHUS 3]1a-
HUH, clieJaHbl BEIBOJIBI.

KiaroueBble ¢J10Ba: BOCCTAHOBJICHHE KAMEHHOM KJIaJKH, TOpreT—6€TOH, TOpreT-(l)I/I6pO6eTOH, JUHAMUYCCKHEC
BO3ZIGI>'ICTBH$I, BHCIIIHCC apMHUPOBAaHUC

48 International Journal for Computational Civil and Structural Engineering



Repair of Masonry After Dynamic Impacts. Calculation and Design Methods

1. INTRODUCTION

1.1. Review of the literature

Masonry has been widely used to make bearing
structures of buildings for over 200 years. Ma-
sonry structures have served as frameworks of
multi-storey buildings since the 50s of the 20th
century. At present, although reinforced con-
crete structures and modular systems made of
wood and metal have leapfrogged in develop-
ment, masonry is still used to make bearing
walls. Studies [1, 2] confirm that frameworks of
numerous buildings and structures are made of
masonry. Besides, a great number of such build-
ings and structures have more than two storeys.
The analysis of masonry buildings shows their
nearly uniform distribution over regions, except
for northern areas, where the percent share of
buildings with masonry bearing walls is some-
what lower.

Methods of design and analysis of masonry
structures are based on a traditional masonry
model viewed as a continuous medium with
generalized ("effective") characteristics. The
validity of this model for regular ("standard")
operating conditions is confirmed by numerous
studies [1-5]. However, it is extremely difficult,
and in some cases impossible, to use this model
to project the behavior of masonry structures
subjected to inelastic deformations with differ-
ent areas on the diagram.

The need to analyze the projected ability of
masonry structures to support loads beyond
the elastic phase of deformation is evident. It
is explained by special conditions, such as
seismic impacts, beyond-design soil defor-
mations, versatile beyond-design loads and
external impacts on bearing masonry struc-
tures during the term of operation. To analyze
the ability of masonry structures to support
loads beyond the elastic phase of deformation,
a masonry model was developed. It represents
masonry as a piecewise homogeneous compo-
site material featuring discontinuous fields of
adhesive interaction between composite mate-
rial elements and different values of the
modulus of elasticity [6-12]. The key element
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of this model is the mechanism of adhesive
interaction between masonry materials
(bricks/stone and mortar), which has its own
mechanical characteristic Raan. If neither con-
tact zone of the composite material demon-
strates adhesive interaction (Ru4»=0), masonry
materials interact in the "dry" friction mode,
and masonry loses integrity, its most valuable
property [13-15].

In the model [6-8], the most complex state of bi-
axial stress of masonry is schematically repre-
sented as interacting piecewise homogeneous
elements of the composite material featuring dif-
ferent mechanisms of interaction (Figure A.l. -
Figure A.3), where F is the generalized force pa-
rameter of interaction; Ni denotes shear forces.

A model of interaction between elements of a
composite material in a vertical mortar joint is
presented in Figure A.l. Interaction between
bricks and mortar in a vertical mortar joint is
determined by the lack of adhesion between
these materials, because a microcrack emerges
under the action of shrinkage stresses in the
zone of contact between bricks and mortar.
Figure A.2 shows a model of interaction be-
tween elements of the composite material in a
horizontal masonry joint under the action of
compression stresses perpendicular to the joint
Figure A.3. shows a model of interaction be-
tween elements of a composite material in a
horizontal masonry joint under the action of ten-
sile stresses, perpendicular to the joint.

Analysis of the masonry model that represents a
piecewise homogeneous composite material fea-
turing discontinuous fields of adhesive interac-
tion between composite material elements and
different values of the modulus of elasticity con-
firms the crucial role of adhesive interaction be-
tween masonry materials in ensuring the integri-
ty of masonry.

For a number of reasons, masonry structures
need restoration and strengthening [3-5]. The
main reasons are:

- errors made in the course of design;

- errors made in the course of construction;

- an increase in design loading;
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Figure A.1. Model of interaction between masonry materials ( bricks/stone and mortar): a - interac-
tion in the absence of compression stresses perpendicular to the joint, (6>0); b - interaction under
compression stresses perpendicular to the joint, (6<0). k - friction factor along the line of contact
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Figure A.2. Model of interaction between masonry materials (bricks/stone and mortar) in a hori-
zontal masonry joint under the action of compression stresses perpendicular to the joint (6<0): a -
when conditions of mortar strength and/or adhesion strength accompanying interaction between
masonry materials are met; b - when conditions of the mortar strength and/or adhesion strength
accompanying interaction between masonry materials are not met, k - friction factor along the
brick and mortar contact line
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Figure A.3. Model of interaction between masonry materials (bricks/stone and mortar) in a hori-
zontal masonry joint under the action of tensile stresses perpendicular to the joint (6<0): a - when
conditions of the mortar strength and/or adhesion strength accompanying interaction between ma-

sonry materials are met; b - when conditions of the mortar strength and/or adhesion strength ac-

companying interaction between masonry materials are not met; k is the mortar cohesion factor.
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- structural collapse as a result of operation (be-
yond-design impacts; lack of repair work, in
particular, lack of repair of insulation);

- other causes (accidents).

Methods of masonry restoration and strengthen-
ing are available for masonry structures in oper-
ation in traditional conditions triggering most
widely spread types of damage and defects [16,
17]. These methods demonstrate good conver-
gence with experimental results and the real be-
havior of strengthened structures. Besides, ma-
sonry failure under static loading and dynamic
seismic impacts is also considered.

Masonry structures damaged by explosion im-
pacts are clustered into an independent group.
Explosive loading is the cause of damage types
characterized by high-intensity local dynamic
impacts (energy). Such impacts lead not only to
the local damage of masonry, but can also cause
disintegration of internal bonds between mason-
ry materials, such as bricks and mortar, as well
as disintegration of internal bonds between out-
er and inner layers of masonry structures. This
kind of damage determines the need for a de-
tailed masonry model in the form of a piecewise
homogeneous composite material featuring dis-
continuous fields of adhesive interaction be-
tween composite material elements and different
values of the modulus of elasticity. This model
is used to analyze the behavior of damaged ma-
sonry structures.

No detailed scientific studies of masonry dam-
age caused by explosive loading were conduct-
ed. There is no systematized information about
the features, the structure and the characteristics
of such damage in the research literature.
Presently, two main options are used to restore
and strengthen masonry structures damaged by
explosion impacts:

Option 1. The implementation of recommenda-
tions developed for the restoration of structures
damaged during combat operations in the years
of World War 1II [18, 19]. These recommenda-
tions have a "prescriptive" nature; they have no
detailed verification of analysis, but they stem
from practical experience and focus on large-
scale application in case of limited mechaniza-
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tion, traditional technologies and construction
materials. Evidently, the application of this
principle of strengthening and restoration of
damaged masonry structures is feasible in indi-
vidual cases. The principle of masonry restora-
tion and strengthening, that has no reliable
methods of validation, cannot be recommended
for large-scale use.

Option 2. Using techniques developed to in-
crease the seismic stability of masonry by re-
storing its integrity. Two main principles are
employed to improve masonry integrity: (1) the
principle of increasing the number of internal
bonds in masonry using a method of special el-
ements introduced into masonry, for example
[20]; (2) the principle of adding external struc-
tures that have the required bearing capacity.
Different techniques are used to attach these
structures to masonry, for example, composite
materials [21] and shotcrete [20-23] serve as the
external reinforcement for masonry structures.
Masonry restoration made according to option 2
is backed by research that serves as the basis for
analysis of reinforced masonry structures and
strengthening elements. In general, these meth-
ods of strengthening masonry structures can be
considered similar in terms of the principles of
restoration of masonry structures damaged by
explosion impacts.

This one-sided shotcrete technology is the most
technologically advanced method of improving
the seismic stability of masonry structures.

The shotcrete method used to apply concrete to
the surface of an existing structure is well
known,; it is based on a sophisticated technolo-
gy. However, a century-long application of the
shotcrete technology improved each principal
component of this method. As a result, present-
day shotcrete differs greatly from the initial
technology. Today the shotcrete technology is
optimal (in terms of parameters of shotcrete ma-
chines, composition of materials, new types and
combinations of admixtures), and its efficiency
is close to the maximum.

Considerable research is contributed to the ap-
plication of shotcrete used to strengthen mason-
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ry structures of buildings in earthquake-prone
areas [20, 24-26].

Studies of laboratory specimens and full-scale
experiments have the following results:

1. An increase in the general stiffness of mason-
ry that equals, at least, 20%. In this case, stiff-
ness parameters depend on conditions of bond-
ing between strengthening elements and existing
masonry (bonding in the form of keys and mi-
cro-keys; adhesive bonding between shotcrete
concrete and existing masonry).

2. A considerable (up to 3 times) increase in the
total bearing capacity of shotcrete-strengthened
masonry. The key condition for increasing the
bearing capacity of a strengthened structure is
strong bonding between shotcrete concrete and
existing masonry (see point 1). According to the
research findings, the most effective method of
increasing bonding between shotcrete concrete
and existing masonry is either the use of cus-
tomized shotcrete compositions or mechanical
surface preparation by making keys and micro-
keys (joint pointing, making keys with pre-set
dimensions). The effect of adhesion produced
on bonding between shotcrete concrete and
strengthened masonry, as well as the value of
the bearing capacity varies in the range of 30-
75% of the final value of the bearing capacity of
a strengthened element.

3. The collapse mechanism typical for masonry
strengthened using one-sided shotcrete differs
greatly from the collapse mechanism typical for
masonry that has no strengthening: masonry
without strengthening or reinforcement is prone
to brittle failure. Masonry strengthened using
one-sided shotcrete is characterized by elasto-
plastic deformation that triggers disintegration
of bonds between shotcrete and masonry.

4. The recommended shotcrete thickness of 4-6
cm was identified in an experiment conducted
before the practical application of shotcrete
aimed at improving the seismic stability of ex-
isting buildings.

The practical development of methods aimed at
increasing the seismic stability of masonry
structures shows that problems solved to design
earthquake-resistant masonry are totally differ-
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ent from tasks focused on restoration of mason-
ry structures damaged by local high-intensity
explosion impacts.

Given that explosion impacts cause complete
destruction of masonry in certain parts of bear-
ing structures, new masonry is needed to restore
them, and special design solutions should be
applied for the new masonry to support loads.
Evidently, there is a need to study interaction
between strengthening structures, or one-sided
shotcrete, and existing masonry, and to identify
mechanisms of their interaction.

Analysis of a detailed masonry model, that rep-
resents a piecewise homogeneous composite
material with discontinuous fields of adhesive
interaction between composite material ele-
ments and different values of the modulus of
elasticity, demonstrates the need to develop a
shotcrete composition featuring high adhesive
strength between shotcrete and existing masonry
made of different types of bricks. This type of
interaction is particularly important because the
contact develops over the entire area of shot-
crete.

1.2. Purpose, Objective and Summary of the
Study Outlined in This Article

The world is being rocked by versatile armed
conflicts, resulting in substantial damage to
buildings and structures. Masonry buildings are
the backbone of built-up areas in any populated
locality. Therefore, such buildings are inevitably
damaged by explosion impacts. Hence, the de-
velopment of effective sophisticated methods of
restoration and strengthening of masonry struc-
tures is highly relevant.

The purpose of this project is to develop an in-
tegrated research-based method of strengthening
masonry bearing structures damaged as a result
of explosion impacts. An integrated method is
understood as a method and technology of ma-
sonry restoration, development of special com-
positions of materials, performance of research
to check the effectiveness of the proposed
method, identification of principal mechanical
characteristics, development of a method of
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analysis of design solutions for restoration and
strengthening of damaged structures.

One-sided shotcrete is chosen as the main
strengthening method. It is highly mechanized,
easy to implement, and it ensures a sufficient
increase in the bearing capacity of masonry.

To achieve this goal, masonry damage, caused by
explosion impacts, and earlier experimental stud-
ies were analyzed, key characteristics of materials
were identified, the composition of the shotcrete
material was developed, studies were conducted to
identify characteristics of interaction between
strengthening structures and masonry materials,
and a method of analysis was refined in order to
take into account the actual nature of damage to
masonry as a result of explosion impacts. The
composition, focused on masonry strengthening
after dynamic impacts, was developed; its physi-
cal and mechanical properties, adhesion to the
main types of bricks were studied. Methodological
fundamentals of (1) analysis of masonry in multi-

story buildings and (2) masonry strengthening
techniques are developed.

2. MATERIALS AND METHODS

2.1. Theoretical fundamentals of modeling
2.1.1 Studies of masonry damage from

explosion impacts

The following data characterize the explosion
damage of one-storey and multi-storey buildings
built in 1970-2010:

- materials: 250x120x65 (55) mm ceramic and
silicate bricks; strength of bricks: 5-12,5 MPa;
strength of cement-sand mortar: 2,5-10 MPa.
The percentage of silicate bricks used to make
bearing structures is high;

- building frameworks have longitudinal and
transverse bearing walls;

- three types of building collapse patterns (fig-
ure 1).

Figure 1. Collapse patterns typical for bearing structures of masonry buildings. Pattern 1: com-
plete destruction of one floor (a); Pattern 2: Complete destruction of a large part of brickwork en-
compassing several floors and accompanied by destruction of adjacent parts of floor slabs (b), de-

struction of a part of a building (c)

Masonry damage from explosion impacts has
the following features:

1. Exterior walls of buildings suffer from the
greatest damage due to the lower accessibility of
interior walls to impact factors.

2. Inclined and vertical cracking of intact
brickwork in the areas adjacent to local damage
(figure 2.a);

3. Types of hidden damage in intact brickwork:
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3.1. Disintegrated bonds between the outer
course and the brickwork (figure 2.b);
Disruption of adhesive interaction between
basic elements of brickwork (mortar and bricks)
in horizontal joints affecting large areas of walls
subjected to explosion impacts. Research results
show that few structures retain adhesive
strength at the interface between masonry mate-
rials, and these structures can be neglected.
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3.3 As a rule, large parts of brickwork feature
disintegrated bonding between the outer course
and the brickwork throughout the entire wall
height. In this regard, the outer course cannot be
taken into account during the analysis of further
brickwork operation. Accordingly, the proposed
strengthening method assumes that the outer
course should be dismantled despite the absence
of external damage.

2.1.2 Brickwork models

The analysis is made for a masonry model rep-
resenting a piecewise homogeneous composite
material with discontinuous fields of adhesive
interaction between composite material ele-

0<0
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Figure 5. Model of interaction between damaged masonry and shotcrete elements in compression
and shear (a), tension and shear (b)
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b)
Figure 2. Brickwork destruction patterns characteristic for explosion damage, inclined cracking
(a); disintegrated bonding along the outer course (b)

ments and different values of the modulus of
elasticity. The research of structures subjected
to explosion damage proves that in case of dis-
rupted adhesive bonding the model of interac-
tion between masonry materials in horizontal
masonry joints follows the patterns presented in
Figure A.2.b and Figure A.3.b.

Adhesive interaction missing from existing mason-
ry structures is needed to restore masonry structures
damaged by explosion impacts. Towards this end,
the shotcrete method is applied to ensure strong
contact interaction with existing masonry structures
(figure 5). Adhesive strength and other types of
contact between shotcrete and existing masonry
structures can ensure this type of interaction.
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2.1.3. Methods of taking account of interaction
between a shotcrete element and an existing
masonry structure

The masonry model strengthened with one-
sided shotcrete is implementable in the case of
reliable interaction between a shotcrete element
and existing masonry structures. This general
condition is difficult to implement due to a large
difference between stiffness values of masonry
and shotcrete. This method ensures high adhe-
sive strength at the interface between shotcrete

and masonry without special actions aimed at
adhesion improvement (dismantling of existing
structures, etc.). In general, the mechanism of
interaction between shotcrete elements and ex-
isting masonry has the following two compo-
nents: the adhesion mechanism (the main mech-
anism) and interaction based on the shear of mi-
cro-keys (figure 6). Micro-keys emerge in exist-
ing masonry due to natural openings in areas of
masonry joints.
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Figure 6. A model of interaction between shotcrete and masonry, adhesion mechanism (a), micro-
key mechanism (b)

If adhesion is sufficient and micro-keys are in
place (which is less important), the shotcrete
method used to restore damaged masonry (1)
serves as compensation for disintegrated inter-
nal bonds between masonry materials and (2)
increases the bearing capacity of a masonry
structure as a whole.

In general, the bearing capacity of strengthened
masonry can be found using formula (3).

Q =Q+Qy:- (1)
where Q is the bearing capacity of a masonry
specimen without strengthening; Qad is the
bearing capacity of a strengthening element.
Earlier studies [24] describe the general failure
mechanism for masonry specimens strengthened
with one-sided shotcrete: masonry specimens
fail along unbonded joints in the area of contact
between shotcrete and masonry, and an increase
in the bearing capacity is limited by the value of
Qad,max, determined using formula (2).
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Qad,max = R’sqorZAmicro—keys 4)
where Rsq' is the design shear strength of
masonry along the unbonded joint;

A is the area where force is transferred; it can be
approximated as 20% of the area of contact

between shotcrete and masonry (taken as 0,2 in
formula (2)).

2.4. Studying shotcrete materials

Properties of shotcrete are determined by the
composition of shotcrete materials and the
shotcrete technology used (coupled with the
experience of a nozzleman). As for the shotcrete
material composition, a special shotcrete mix is
developed wusing the prior experience. It’s
focused on brickwork strengthening, and the
main emphasis is on its adhesive strength.
Special specimens were prepared for testing
purposes. These were (1) slabs designated for
strength testing and (2) joint-free masonry
specimens used to test shotcrete adhesion to
different masonry materials (silicate bricks,
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solid and hollow ceramic bricks, figure 7). shotcrete slab to find the modulus of elasticity
Specimens were made at a construction site by a  and the prism strength. Besides, cylinder-shaped
standard team of builders (figure 8). specimens, that were 64 mm in diameter, were
Four prism-shaped specimens (figure 7), having drilled using a diamond drilling machine to find
dimensions of 70x70x280 mm, were made of a the compressive strength.

a)
Figure 7. General view of specimens; specimens used to test properties (a), specimens used to test
adhesion (b).

Figure 8. The manufacturing of specimens
The following results were obtained as a result of research (table 1):
- The modulus of elasticity of shotcrete is 25600 - 28000 MPa.
- The compressive strength of shotcrete exceeds 63 MPa.
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Table 2. Prism-shaped specimens: testing results

Cross- Eb (modulus of
sectional Size, Mass, Density, R (compressive ..

Ne 3 3 elasticity), x103,
area cm g g/cm strength), MPa

om? MPa

1 50,28 1447,8 3118 2,154 46,68 28,0

2 50,73 1415,3 3052 2,156 43,60 26,2

3 54,87 1536,3 3306 2,152 37,28 25,9

4 51,73 14484 3126 2,158 40,48 25,6

Adhesive strength (adhesion) was found via a
tearing force whose value was sufficient to
detach a specimen, made of a cured
composition, from the brickwork, made of
different types of bricks. The force was applied
to the specimen through a metal disk with an
anchor (hereinafter referred to as a stamp) glued
to the surface of the specimen.

Before testing five measurement points were
prepared on each slab; the number of points was
determined by the regulatory documents.

The preparation procedure included:

- grinding needed to smooth the surface;

- using a cutting tool to cut a layer of shotcrete
to reach the masonry and to make a specimen
with a diameter of 50 mm.

When the specimen was ready, metal stamps
were glued to them using a high-strength fast-
setting adhesive composition.

Adhesion tester was used to find the value of the
tearing force in accordance with the operating
instruction.

As a result of testing it was found that the
“shotcrete-masonry”" contact line did not
collapse. Rather, masonry collapsed in the area
adjacent to the contact line.

Adhesion testing results demonstrated the
brickwork collapse (Figure 9), meaning that the
adhesive strength exceeds the tensile strength of
brickwork (the tensile strength of the interface
between shotcrete and brickwork, identified in
an experiment, is 0,9-1,2 MPa).

e

Figure 9. Testing adhesion between shotcrete and brickwork

The results can be presented as a diagram (figure 10).
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Figure 10. Testing adhesion between shotcrete and masonry.

2.5. Analysis of strengthening

The studies of adhesion between shotcrete and
brickwork confirm the general principles of
analysis conducted using formulas (1) and (2),
namely, a limit on an increase in the bearing
capacity of strengthened brickwork based on the
strength of masonry materials rather than shotcrete.
Earlier experimental studies and numerical
modeling serve as the basis for a masonry
strengthening method applied to brickwork
damaged by explosion impacts. This method
employs a one-sided shotcrete technology that
has the following stages (figure 11):

Stage 1. Installing temporary slab supports,
starting from lower floors. These supports
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Building model temporary
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should take loads throughout the entire height of
a building. Their ability to support loads needs
to be controlled.

Stage 2. Dismantling the outer course.
Dismantling masonry elements in the area of
explosion damage. Performing masonry work to
restore lost elements of masonry structures.
Stage 3. Installing local elements to strengthen
wall intersection nodes.

Stage 4. Installing wall reinforcement elements
in shotcrete areas. Shotcrete of exterior surfaces
of walls (figures 7, 8).

Stage 5. Removing temporary slab supports, start-
ing from upper floors (after shotcrete curing).

4

Design scheme
loading
Making sure
that shotcrete
can support
loads

Figure 11. Strengthening of bearing structures in a multi-storey building: stages of computational
modeling
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Traditional single-stage methods of analysis of
strengthening structures for existing buildings
(including multi-storey buildings) cannot have
accurate results because such methods do not
take into account the staged nature of the stress-
strain state development, including the ability of
strengthening elements to take loads at final
stages. In this regard, most reliable modeling
results are obtained using MONTAGE software.
It is a multi-stage technology of computational
analysis implemented by SCad Office software
package. The computation technology allows to
identify stages of computation corresponding to
stages of the stress-strain development in the
structures being strengthened.

3. RESULTS

Masonry structures of multi-storey buildings
damaged as a result of explosion impacts were
investigated.

The following facts were identified in the course
of the building examination (figure 12):
Foundations (in the limited serviceable condition):
- local collapse of the perimeter pavement;

- perimeter pavement cracking;

- vegetation growth; perimeter pavement sagging;

- moisture content increase in plinth structures
due to damaged sills;

- local collapse of the finishing layer of the plinth;
- damaged finishing layer along the route of
utility pipelines.

Exterior walls (in the emergency condition):

- damage and collapse of masonry walls of the
engineering floor due to the dynamic impact;

- destruction of masonry and a layer of wall
plaster on floors 7-10 due to thermal and dy-
namic impacts;

- damage and collapse of the main facade
brickwork on floors 1-10 resulting from the dy-
namic impact;

- wall damage; a through hole in the gable fa-
cade on the level of the 10th floor;

- exterior walls do not meet the requirements for
the thermal conductivity of materials according
to the thermal analysis of structures.
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Floor slabs (in the emergency condition):

- destruction and collapse of floor slabs from the
5th floor to the engineering floor of entrances 2
and 3, resulting from the dynamic impact;

- destruction of finishing layers resulting from
the dynamic impact;

- cracks in joints of floor slabs, resulting from
the dynamic impact.

The roof (in the emergency condition):

- destruction and collapse of bearing structures
of the roof resulting from the dynamic impact;

- damage to the whole area of roof coating re-
sulting from the dynamic impact;

- local absence of flashing;

- the minimum term of effective operation of
building and roofing elements made of roll ma-
terials is 10 years for residential buildings.

Stairs (in the emergency condition):

- destruction and collapse of bearing structures
of stairs and elevator shafts resulting from the
dynamic impact;

- cracks along the joints between staircases and
walls;

- spalling concrete steps of staircase structures;

- local destruction of the finishing layer.
Balcony slabs (in the emergency condition):

- destruction of balconies and extended enclosed
balconies on floors 6-10 of entrance 2, resulting
from the thermal impact;

- local destruction and collapse of structures of
balconies and extended enclosed balconies re-
sulting from the dynamic impact;

- concrete deterioration; spalling of facing pan-
els of balconies and extended enclosed balco-
nies due to the dynamic impact;

- damaged protective concrete layer of slabs of
balconies and extended enclosed balconies;

- destruction of glazing of balconies and extend-
ed enclosed balconies as a result of the dynamic
impact.

Entrance halls (in the limited serviceable condi-
tion):

- local destruction of the brickwork of entrance
halls;

- locally damaged finishing layer of pit walls;

- concrete spalling; cracking steps of entrance
lobbies and pits.

59



The following actions are recommended in re-
spect of the building’s bearing structures judg-
ing from the defects and damages identified dur-
ing the examination:

1. Restoration of damaged parts of bearing walls
The recommendation is to use materials similar
to those that existing structures are made of, in-
cluding silicate bricks M150 or better, and mor-
tar M75 or better. It is recommended to rein-
force the parts of masonry to be restored using
100x100 mm steel mesh B500, 4 mm diameter,
to be installed every three rows.

Restored parts of walls are to be attached to ex-
isting walls by steel anchor rods embedded in
the existing masonry using special chemical
compositions or mounted in smaller diameter
holes.

2. Strengthening bearing walls damaged by dy-
namic impacts

Exterior bearing walls should be strengthened
using one-sided shotcrete with the thickness of
75-85 mm. B500 d5 mm mesh, 100x100 mm,
is to be used as the reinforcement. The shot-
crete material (whose tensile strength should
not be below the tensile strength of brickwork)
will stick to brickwork by means of adhesion.
An additional layer of mesh should be applied
to reinforce the outside corners. A cast-in-place
belt should reinforce the upper part of the par-
apet.

Figure 12. General view of the building described in this paragraph
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The masonry is additionally reinforced with
cast-in-place reinforced concrete pylons not less
than 160 mm thick (the size of their section is to
be determined in the course of the analysis).
Shotcrete can be applied through 350x50 mm
holes in solid balcony slabs; holes should be
spaced 700 mm apart. Reinforcement rods
should be inserted into these holes.

One-sided shotcrete should be applied to ma-
sonry after the outer facing layer is dismantled.
It is recommended to use carbon fiber compo-
site materials to reinforce internal bearing stair-
well walls with diagonal cracks. In this case
carbon mesh and special polymer cement mor-
tars is the best option. The total reinforcement
thickness is up to 25 mm.

3. Restoration of damaged parts of floor slabs
and stair landings

Floor slabs and stair landings are to be restored
by concreting damaged areas and applying new
reinforcement selected according to the analy-
sis.

Floor slabs should be restored by concreting de-
stroyed parts that are 220 mm thick. Concreted
parts should have cavities to prevent excessive
loading. Both a floor slab and steel beams, such
as channels or I-beams, can serve as bearing el-
ements.

It is recommended to restore stair landings (if
the integrity of their edges is preserved) using
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B20-25 concrete and reinforcement bars; the
thickness of a concrete layer should be, at least,
100 mm, and the reinforcement should be se-
lected on the basis of analysis.

4. Restoration of partitions

Partitions should be made of hollow ceramic
bricks 120 mm thick. Partitions should be per-
pendicularly attached to the bearing structures
(bearing walls and floor slabs).

Given that the process of strengthening building
frameworks is staged, analysis made for the
transitory period should also be staged, and each
stage should correspond to a certain part of
structures being restored. In this case, staged
analysis ensures the continuity of the stress-
strain state (SSS) of model elements in the
course of transition from one stage to another
(MONTAGE software module implements the
technology ensuring the stage-by-stage incorpo-
ration of elements into the model).

Analysis made for the principal term of building
operation (standard analysis made for a building

subjected to long-term operating loads) corre-
sponds to an independent stage of comprehen-
sive staged analysis taking into account the con-
tinuity of SSS that emerges at earlier stages.
Wind loads, acting on building frameworks, are
analyzed at an independent stage, and the analy-
sis thus performed should take into account the
state of strain that emerges at earlier stages.

In total, five stages of analysis of building
frameworks are identified (Table 2).

Principal solutions designed to strengthen the
following building structures were developed as
a result of modeling made according to the pro-
posed method of analysis:

- strengthening of external bearing walls of a
building using one-sided shotcrete;

- installation of monolithic reinforced concrete
pylons along the building facade;

- wall restoration on floors 9 — 10,

- reinforcement of internal walls of stairwells by
external carbon bonding (figure 13).

Table 2. Description of characteristic stages of analysis

Stage Ne Stage analysis

1 Building framework generation mode. An existing building with re-
stored masonry

2 Prevention of vertical displacements of elements simulating floor slabs

3 Mode of transitory analysis
Dismantling of the outer facing layer; applying shotcrete for strength-
ening purposes

4 Mode of transitory analysis
Removal of temporary supports from under the floor slabs

5 Mode of standard operation encompassing long-term operating loads
and reduced values of long-term operating loads.
Loads include the deadweight of structures, floors, partitions, enclos-
ing structures, full values of operating loads, snow and wind loads.
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Wall reinforcement scheme for a stand-

Strengthening by
E+— ne-sided shotcrete
H “aﬁf g
® == ' I ’
© @ @ @
Finishing layer up

to 10 mm thick

250

Strengthening by
one-sided shotcrete

Reinforcement

0\
75-85 pr

A
5-85

7
\

250

esh fixing for the term of installation 6x10

dowel; 20 mm perforated tape; 500x500 mm

Strengthening by
one-sided shotcrete

Additional mesh

Figure 13. Key structural solutions aimed at strengthening bearing masonry walls

The shotcrete technology applied to strengthen
bearing walls requires the following sequence of
work performance:

1. Before shotcrete is initiated, spots to be
shotcreted should be visually examined; inven-
tory, scaffolding, machines and devices needed
for safe work performance should be ready in
the work performance area.

2. Defective spots should be cut out so that
only strong and dense brickwork is left. To-
wards this end, boundaries of the spots to be re-
paired should be chalk marked and spots to be

repaired should be cut out in straight lines along
the contour by an angle grinder or a diamond
saw to a depth of, at least, 10 mm.

3. A jackhammer should be used to remove
loose spots to the depth of damage perpendicu-
larly to the repaired surface. The quality of work
should be checked by hammer testing.

4. To ensure the best adhesion, the surface
should be treated using a high-pressure spray
gun, at least, 500 bar, or a sandblaster.

5. The surface to be shotcreted should be
cleaned of dirt and moistened.
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6. The surface of the spots to be restored to the
design dimensions should be shotcreted layer by
layer; the thickness of one shotcrete layer is up
to 100 mm. Shotcrete concrete rundown should
be prevented, as this can lead to cavitation, and
it 1s extremely difficult to detect and eliminate
cavities. The thickness of one shotcrete layer
should be checked by probing fresh layers in
several spots using a thin metal rod.

7. The main layer of shotcrete with a thickness
of 30 mm can be applied forty minutes after the
restoration of damaged spots.

8. Accumulation of rundown deposits is not al-
lowed in particular areas. They should be
removed immediately after formation.

9. The surface to be repaired is to be smoothed.
10. The surfaces to be repaired should be mois-
tened, or film-forming compositions should be
applied.

The technology of the final stage of work (shot-
crete) is shown in figure 14.

The result of the work is shown in figure 15.

»
s o
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Figure 15. The strengthening of masonry walls of a multi-storey building
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4. DISCUSSION

The explosion damage of bearing masonry walls
greatly differs from the damage caused by de-
sign, construction or operational errors, for
which a large number of solutions, methods of
restoration and reinforcement are available. The
greatest difficulty is the disintegration of bond-
ing between brickwork materials, namely, mor-
tar and bricks, including the destruction occur-
ring at a considerable distance from the spot of
impact. The most effective method is external
shotcrete, which ensures compensation for in-
ternal bonds in masonry lost due to intensive
dynamic impacts. To implement the concept of
restoration of damaged masonry structures, a
model simulating the behavior of masonry and
reinforcement structures is developed together
with a method of analysis of bearing structures
of a building, which takes into account staged
analysis corresponding to stages of strengthen-
ing and development by strengthening elements
of the ability to support loads.

A composition was designed to strengthen the
masonry. It adhesive interaction with all types
of brickwork does not require supplementary
structural solutions to increase adhesion. The
composition was subjected to a exhaustive test-
ing procedures, including those aimed at finding
the adhesive strength accompanying interaction
with different types of bricks.

The strengthening method, including the com-
position, the technology, as well as the algo-
rithm of analysis, were pilot tested at a specific
construction facility - a multi-storey residential
building damaged as a result of explosion im-
pacts.

5. CONCLUSIONS

The method of restoration of masonry structures
damaged by dynamic explosion impacts is de-
veloped and justified. According to the novel
method, damaged internal masonry bonds are
compensated by exterior strengthening struc-
tures accompanied by a simultaneous increase
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in the bearing capacity of a masonry structure as
a whole. Studies have proven that the most suc-
cessful and technologically efficient solution to
the problem of restoration is the shotcrete tech-
nology coupled with the necessary reinforce-
ment.

The shotcrete technology ensures reliable inter-
action between the strengthening structure and
damaged masonry via two mechanisms: interac-
tion via adhesion and interaction via the shear of
micro-keys. The value of the adhesive strength
at the interface between shotcrete and masonry
materials exceeds the tensile strength of both
bricks and masonry mortar. The proposed tech-
nology ensures fast shotcrete and the required
standard of quality.
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Abstract. On the example of modeling the stress state of cylindrical tanks for the storage of petroleum products
with geometrical imperfections, a method for the numerical study of thin-walled shells of engineering structures
is implemented. It includes the compilation and numerical solution of differential equations array, followed by
interpolation of the results and determination of the displacements extreme values (or stresses) that occur in the
reservoir from the action of a hydrostatic load, taking into account geometric and structural non-linearity. To
implement the proposed method, the geometric theory of multidimensional interpolation and approximation is
used, including a new way of processing the initial conditions of the differential equation. It consists in the
parallel transfer of the numerical solution to the desired point, the coordinates of which correspond to the initial
conditions. As a result, it was possible to achieve a significant increase in the speed of the numerical solution
while maintaining an accuracy sufficient for engineering calculations.

Keywords: computer modeling, differential equation, geometric interpolant, parallel transfer, response surface,
stress state, operating tank

KOMIIBIOTEPHOE MOJAEJIMPOBAHUE HAITPA KEHHOI'O
COCTOAHUA DKCIVIYATUPYEMBIX PESEPBYAPOB C
HOMOIIBIO T’TEOMETPUYECKHUX UHTEPITIOJIAHTOB

E.B. Kononauxuii ', O.A. Illesuyk *, A.A. Bezoumnuuii 3
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1

AnHoTamms. Ha mnpumepe MojenupoBaHUS HampsoKEHHOIO COCTOSHMS AKCIUTYaTUPYEMBIX LIIMHAPUYECKUX
pe3epByapoB Il XpaHEHUs He(TENPOIyKTOB C HECOBEPLICHCTBAMU I'€OMETPUUYECKON (hOPMBI Peaan30BaH METOJ
YHCIICHHOTO MCCIIEJIOBAHNS TOHKOCTEHHBIX 000JI0UEK HHKEHEPHBIX COOPYKESHHUH, KOTOPBIN BKIIFOYAET COCTABIICHHE 1
YHCIICHHOE pelleHne MaccuBa U (hepeHINaIbHBIX YPaBHEHHH C MOCIIEAYIOMEH MHTEpIOJSIMel pe3yabTaToB 1
OTIpEJIeICHHEM SKCTpeMalIbHBIX 3HAUCHUH IepeMenieHnil (WM HanpspKeHH), BO3HHMKAIONIMX B pe3epByape OT
JIEUCTBUSA TUAPOCTATUYECKOM HAarpy3kd € Y4ETOM T€OMETPUYECKOM M KOHCTPYKTHUBHOM HenMHEHHOcTH. Jlist
peanM3aniy TIPEIOKEHHOTO METOJa HCIOJb3yeTCsl T'€OMETPHUECKasi TEOpPHs MHOTOMEPHOW HMHTEpPHOLSINN 1
amIMPOKCHUMAIIAH, BKITIOYast HOBBIA crIoco0 yuéTa HavaIbHBIX yemoBuil muddepenimansHoro ypasHeHus. [locnemamit
3aKJII0YAaeTCsl B MApajUIe]IbHOM MEPEHOCE UMCICHHOTO pEIICHUs B HYXKHYIO TOUKY, KOOPIWHATBI KOTOPOM
COOTBETCTBYIOT ~HAuyalbHbIM YCIOBHAM. B pesynbTaTe yaanoch JOCTUYb —3HAUMTEIBHOTO — MOBBILICHUS
OBICTPOIEHCTBHS YHUCIEHHOTO PELIEHUS IIPU COXPAHEHNUH TOCTATOYHOM ISl HHKEHEPHBIX PacyEéTOB TOYHOCTH.

KaioueBble ci10Ba: KOMIIBIOTEPHOE MO/JICITMPOBAHKE, HAMIPSHKEHHOE COCTOSIHUE, SKCILUTyaTHPYEMBbIi pe3epByap,
mddepeHIransHOe ypaBHEHUE, FT€OMETPUYECKUI HHTEPIIOJISIHT, HOBEPXHOCTh OTKIIMKA

INTRODUCTION also include steel vertical cylindrical tanks for

storing petroleum products. The existing cases
In engineering practice, steel thin-walled shells of destruction of the above engineering
of revolution are widely used. Such structures structures have led to the need for periodic
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monitoring of their technical condition
throughout the entire period of operation.
Among the methods for diagnosing the technical
condition of cylindrical tanks, taking into account
the imperfections of the geometric shape, the most
widespread methods are based on modeling both
general and local imperfections of the geometric
shape [1-4]. In [5-7], a technique is proposed
according to which the interpolation of the tank
surface is performed using closed and open
contours of the first order of smoothness, followed
by the calculation of the stressed state (SS) of the
shell in the system of finite element analysis. This
approach has a number of advantages and opens
up new opportunities for analyzing the technical
condition of thin-walled shells of engineering
structures, taking into account geometric and
structural nonlinearity, and for predicting the
impact of the geometric shape imperfections
development on the strength and stability of the
shell under study. On the other hand, the method
proposed in [5-7] contains a number of features.
Firstly, the calculation of the SS of a storage tank
for petroleum products, containing 65854 finite
elements in the form of rectangular plates, in a
nonlinear formulation (taking into account
geometric and structural nonlinearity) took more
than 25 hours on a computer running an Intel Core
15-2400 processor (4-core processor with a
maximum clock speed of 3.40 GHz), which is
long enough for engineering tasks. Secondly, the
complexity ~ of  considering  constructive
nonlinearity, leading to the need to implement a
special staged loading scheme proposed in the
work [6].

All this leads to the need to improve numerical
modeling methods to assess the technical
condition of the exploited steel thin-walled shells
of engineering structures and develop effective
measures to increase their safe operation life.

1. METHODS

In the domestic literature, the model for
determining the SS of an elastic cylindrical shell
under axisymmetric loading has become

widespread [8, 9]. In this case, a differential
equation is obtained, which has an exact
mathematical solution, taking into account the
initial and boundary conditions [9]:

4
Dd w+ Ehw

at 2 (l—a,u)

:p’

where w is the desired displacements due to
hydrostatic load;

x 1s the height coordinate of the wall, counting
from the rim weld of the tank;

r is the radius of a cylindrical tank;

h 1s the wall thickness of a cylindrical tank;

p is the evenly distributed load;

E=2.1-10""is the Young's modulus for steel;
1 =0.3 is the Poisson's ratio;

a 1s the parameter, which, in accordance with
[8], in a uniaxial stress state is taken equal to 0
(hydrostatic pressure in an open cylindrical
vessel), and at internal gas pressure in a closed

cylindrical vessel is taken to be 0.5;
3

12(1-4)
At the same time, the presence of even minor
imperfections in the geometric shape, which are
expressed in the form of tank wall deviations
from the vertical, lead to the fact that the
loading of the shell becomes non-axisymmetric.
In addition, the presence of geometric
nonlinearity in this case leads to the need to take
into account also the constructive nonlinearity
that occurs in the process of filling the reservoir
with liquid [6]. Therefore, it becomes necessary
to refine the original differential equation,
taking into account the initial deviations of the
surface of the cylindrical shell from the vertical.
We compose the initial equilibrium equation in
accordance with Figure 1, which shows an
infinitesimal element of a cylindrical tank with
all the acting loads and forces in the sections:

D= is the cylindrical stiffness.

2N, sing+@—pdxdy =0.
2 dx
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In accordance with [8], we take the size of a

square element dx=dy=ar=1. For small
values of the angle, the value sinZ =% - RS .
2 2 2r

Then the original differential equation takes the
following form:

&.{.@_ 0
r dx
)
dg, M,
Q1+K %M
N, N,
’§ j\/[l Q1
4 J
NI
on e &
@ [,

Figure 1. Scheme for compiling a differential
equation for the equilibrium of a cylindrical
tank with geometric imperfections element

Let us express the force N, in terms of the
corresponding deformation ¢&,. Taking into
account the initial deviations from the vertical
O, we obtain:

Volume 19, Issue 4, 2023

a(r+5+w)—ar

82: =
ar
_w+5_i(& Nlj
P

where 6=0 (x) is the function of initial

deviations of a cylindrical tank from the
vertical;

k 1s the correction factor that takes into account
the geometric and structural non-linearity [5-7]
and the stresses that arise in the upper chord of
the shell due to its interaction with the tank roof.
Based on the similarity of right triangles (Fig.

1), we have N, =N, sinK:ﬁNz. Then we

get:
82=W+5: N2 (1 a;/) kEh(W+§)
r kEh Ao
2
Taking into account that Q) = am, and,
2

therefore, @ = M , We get:

dx dx?

d? M, | kEh(w+9)

Ao

The last equation contains two unknowns: M,

and w. Eliminating one of them, we express the
effort in terms of displacements. According to
Bernoulli's law, we have:

1_M
p D’

where p is the radius of curvature when the

shell is bent in the meridional direction.
On the other hand, geometrically, the curvature
is given by the following expression:
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e
’ {“(dwd)}

Small displacements cause small curvatures K .

K =

e

2
Then the quantity (dW dx) is so small
compared to unity that it can be neglected. As a

2
result, we get: y ~d y 5
P dx

Differentiating the twice approximate value of
the curvature, we have:

d4w kEh(w+0)
at (1—“*%)

Let wus define the wuniformly distributed
hydrostatic load p by the linear relation:

D

p=-rg(d-x), where y is the density of
stored liquid; g is the free fall acceleration (we
take 9.81 m/s?); d is the height of the liquid
level in the tank.

Then the final differential equation takes the
following form:

Given that the initial deviations o and the
desired displacements w are functions of the
variable x, the mathematically exact solution
proposed in [9] gives significant errors (Fig. 2),
which leads to the need to solve it numerically.

Figure 2. Comparison of the results of solving the differential equation (1):
1 — reference solution,; 2 — mathematically exact solution proposed in [9]

2 4
"M, _ Dd w
dx? dic?
As a result, we obtain a differential equation
with an unknown displacement function
w=w(x):
0.01 o
0 T T T
1 2
=0.01
-0.02
w 2
&
-0.03 4 \\\
-0.04 4
The reference solution was obtained by

approximating the values of displacements from
the action of a hydrostatic load, taking into
account the geometric and  structural
nonlinearity [5-7] when modeling the SS in the
SCAD finite element analysis software package.
The calculations were carried out in accordance
with the strength theory of octahedral shear

stresses or the specific energy of deformation
(the energy theory of Huber-Henki-Mize).

A method for the numerical solution of
differential ~ equations  using  geometric
interpolants was proposed in the works
[1010,11]. It can be attributed to the category of
superelement methods [12-14] used to solve a
wide range of engineering and applied
problems. A feature of the method proposed in
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[10, 11] is that a geometric interpolant is used as
an approximating function - a geometric object
passing  through  predetermined  points
(interpolation nodes). Thus, a multidimensional
geometric interpolant is a superelement that
includes information about both geometric and
physical parameters of its state. Only in this
case, the interpolation nodes are not known in
advance. They are calculated from the condition
of compliance with the original differential
equation. Correspondence of intermediate points
to the original differential equation is provided
automatically due to interpolation. Thus, the
more interpolation nodes, the closer the
geometric interpolant is to the desired numerical
solution of the differential equation. This
approach, by analogy with the isogeometric
method [15-18] proposed by Tom Hughes,
eliminates the need to coordinate geometric
information in the process of interaction
between CAD and FEA systems.

In this case, the solution to the differential
equation (1) is the displacement function

w=w(x), which is a one-parameter set of

points — a curved line. We define the
displacement function using an algebraic curve
passing through predetermined points as a one-
parameter geometric interpolant [19, 20]. Based
on the conditions for differentiating the
displacement function in equation (1), the curve
must be at least 5th order.

As a test of the simulation results, each of the
reference curves should pass through 7 points.
Therefore, a 6th order curve is needed to
describe them. Based on these considerations,
we take as an approximating function a
polynomial of the 6th degree, which describes
an algebraic curve of the 6th order. In
accordance with the geometric theory of
multidimensional interpolation [19], such a
curve is determined by the following point
equation:

M =Mp+M,p, + Myps +

()
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where M is the current point of the arc of the
6th order algebraic curve;

M; are the interpolation nodes;

p =10 =877t +22.71% - 2277 +
+8.77°4 -7,

Py =361t -13327% +151.20°F -

—61.27%" +7.21°;

Py =—457°1+301.57 4% —418.57°F +
+184.57 21 —22.51°;

pa =407°1=3087*1% +6007°1> —

—3087 21* +407°;

ps =—22.57°1+184.57 > —418.57°F +
+301.57 2" —45%0°;

pe =120°1—-6127% +151.27°F -
—133.27%1% +367°;

pr=—1t+871% =220 +

+22.77 %% -8.71° +1%;

t is the current parameter, which changes from
0to1;

t =1—¢ is the addition of parameter ¢ to 1.
Next, we need to move from a point equation,
which is a symbolic notation, to a system of

parametric equations through a coordinate-wise
calculation:

X=X\ P+ XoPy +X3P3 T X4y +
+X5Ps + XePe + X707

W= WP+ WPy + WPy +Wypy +
TWsPs +WePe + Wy P7

€)

Taking into account the special properties of
algebraic curves passing through predetermined
points, obtained on the basis of Bernstein
polynomials [19], the first equation of the
system takes a linear dependence in the case of
a uniform distribution of the interpolation nodes
coordinates along the axis Ox : x=1td . Then, to
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determine the geometric interpolant explicitly, it
suffices to perform a change of variables in the

second equation of the system: 7 = g , where d

is the height of the liquid level in the tank.
Next, it is necessary to divide the curve into 7
equal parts along the Ox axis and alternately

substitute the obtained values x i into the

original differential equation (1), where j

varies from 0 to 7. Thus, a system of linear
algebraic equations (SLAE) with 7 unknowns is

formed w;. After solving the, the obtained

values w; must be substituted into the second

equation of the system (3), which is the
numerical solution of the differential equation
(1) in the range of the variable from 0 to d .

A separate issue is the use of initial and
boundary conditions to refine the numerical
solution of  differential equation  (1).
Traditionally, these conditions are used to
determine the constants of integration [9]. But
in this case, this is precisely the source of errors
in the solution (Fig. 2). In the proposed method,
a numerical solution is obtained, which
corresponds to the initial differential equation
(1) at the nodal points of interpolation. It should
be noted that this solution does not take into
account the initial conditions and therefore the
resulting curve is arbitrarily in the plane xOy .

To satisfy the initial condition w(0)=0, it is

necessary to transfer the resulting curved line to
the origin of coordinates. For this, it is
necessary to subtract the free term of the
approximating polynomial function from the

obtained solution w = w(x) )

2. RESULTS AND DISCUSSION

As an example, consider a vertical cylindrical
steel tank No. 1 for storing gasoline with a
volume of 1000 m? of the integrated collection
point «Beshensky».

The initial data for modeling are the geometric
dimensions of the tank (tank radius » =6.165

m; shell thickness /#=0.005 m), the height of
the liquid level in the tank (d =8.44 m), the
physical properties of the stored liquid (usually
tanks are tested with water, so we take the water
density »=1000 kg/m*) and the initial

deviations of the tank wall from the vertical ¢ .

To determine the functions of the initial
deviations of a cylindrical tank from the vertical
at reference points along the circumference of the

tank & =6;(x), where i=0, 30, 60, ..., 330,

the approximation tool Fit from the Statistics
package of the Maple computer algebra system
was used.

The initial data entry was organized using the
MS Excel software package. Thus, 12 equations
were obtained that characterize the functions of
the initial deviations of the cylindrical tank from
the vertical at 12 reference points along the
circumference of the tank. As an example, we
give one of the equations (at the point 0°),
taking into account the rounding of polynomial
coefficients:

5y =4.188-107°x% -0.00017x° +
+0.0025x* —0.018x° + 0.061x> — 0.089x.

Considering that in the process of
approximation the amount of initial data
corresponded to the degree of the polynomial,
the coefficients of determination for all 12 lines

were obtained R* =1. That is, in fact, using the
Fit function, the initial deviations were
interpolated ¢ .

Similarly, 12 equations were obtained that
characterize the functions of displacements of a
cylindrical tank from the vertical at 12 reference
points along the circumference of the tank,
which were then used as reference curves to
verify the simulation results. As an example, we
give the reference equation at the point 0°,
taking into account the rounding of polynomial
coefficients:

@y =3.71-107°x% —0.00016x° +
+0.0024x* —0.017x° +0.06x> —0.089x.
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As a result of computational experiments, taking
into account the initial data, 12 equations were
obtained that characterize the functions of
displacements of a cylindrical reservoir from the
vertical at 12 reference points along the
circumference of the reservoir. For comparison,
we present the numerical solution of the
differential equation (1) at the point 0°, taking
into account the rounding of polynomial
coefficients:

wy =4.19-107°x° —0.00017x +0.0025x" —
—0.018x> +0.061x> —0.09x — 0.007.

Comparison of graphical interpretations of the
obtained numerical solution with the reference
one (Fig.3) shows that the curves are very
similar, but are at some distance from each
other. Based on this, we can conclude that the
solution was obtained correctly, but is in the
wrong place. To agree on them, it is necessary

001 A

to fulfill the initial conditions. In our case, this
condition is — w(0)=0, which says that it is
necessary to perform a parallel transfer of the
resulting curve to the origin. To do this, it
suffices to subtract the free term from the
obtained numerical solution.

As an example, we present the numerical solution
of the differential equation (1) at the point 0° after
applying the initial condition w(0)=0:

wy =4.19-107°x% —0.00017x° +

4 3 2 @

+0.0025x" —0.018x” +0.061x“ —0.09x.
As can be seen when comparing the equations
Wy and @, almost all polynomial coefficients
in pairs have very close values. Graphical
visualization of the comparison results also
shows a high level of similarity of algebraic
curves (Fig. 4).

-0.01

-0.02

w

-0.03

-0.04

Figure 3. Comparison of the results of solving the differential equation (1):
1 — reference solution, 2 — numerical solution

-0.01 o

-0.03 o

-0.04

Figure 4. Comparison of the results of solving the differential equation (1) after applying the initial
condition W(O) =0 reference solution; 2 — numerical solution

Volume 19, Issue 4, 2023

75



Evgeniy V. Konopatskiy, Oksana A. Shevchuk, Andrey A. Bezditnyi

To numerically determine the degree of similarity
of the reference and numerical solutions, we use
the method of comparing multidimensional
geometric objects using the determination

coefficient Rz, proposed in the work [5]. We
discretize the curves with subsequent comparison
of two-point sets using the coefficient of
determination. As a result, when comparing
algebraic curves, the coefficient of determination

was achieved R* =0.998. A similar comparison
was made for all 12 lines around the circumference
of the tank and high values of the coefficient of
determination were obtained, confirming the
reliability of the results.

In the process of examining the technical
condition of steel cylindrical tanks, an important
task is to determine the places of maximum
displacements and, accordingly, maximum
stresses in the tank wall. To solve this problem,
one can use the methods of two-dimensional
interpolation with the subsequent determination of
the extreme points of the response surface. Given
the distortion of the geometric shape of the actual
surface of a cylindrical tank, it is convenient to
build a response surface by presenting the tank in
an unfolded form. Only along the abscissa axis we
will plot not the length of the arc, which will
constantly change due to distortions of the
cylindrical surface, but the angle ¢, which also

determines the position of each point on the tank
surface. On the y-axis we will plot the height of
the tank d, on the applicate axis - the required
displacements of the tank wall w .

The guide lines of the required response surface
are defined as functions of the displacements
w; =w,(x), where i=0° 30° 60° ..., 360°,

which are obtained as a result of the numerical
solution of the differential equation (1). An
example of such a function is equation (4) at the
point 0°. For convenience, let's move from the
variable x to the parameter v, which changes
from O to 1. This transition is provided by the
change of variables: x =v-d. For example, for
displacements at the point 0°, taking into
account the rounding of  polynomial
coefficients, we get:

76

wy =1.514v° —7.3141° +12.847v* -
~10.628v° +4.347v* —0.762v.

In this case, 12 such equations were found in a
similar way along the circumference of the tank.
Since the reservoir with imperfections is a
closed shell, the last displacement function

corresponds to the first one. wy =wy4,. At the

same time, the required number of guide lines
can be increased to achieve the required
calculation accuracy.

Taking into account a large number of guide
lines, in order to avoid unplanned oscillations, we
will interpolate them using one-dimensional open
contours of the 1st order of smoothness. Their
geometric construction algorithms are presented
in [5]. Based on this, we obtain the following
computational algorithm for constructing the
generatrix of the response surface:

1. Determine the coordinates of the
points A; along the x-axis:

initial

04, =3600/ . j=0l..n,

where » is the number of response surface
guide lines.

2. Determine the length of the segment 4,4, :

3 2
|AjAj+1|=\/(¢Aj _Q)Aﬂl) +(WAJ' _WAf“) ,

j=12,...,n-1,

where w 4, is the response surface guide line
equations;
|Aj+1Aj+2
shift by one.

3. Determine the length of the segment 4,4,

determined from the same point by a

) 2
|AjAj+2| =\/(¢Aj _¢Aj+2) +(WAJ _WAJ+2) ’
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where j=1,2,...n-2
4. Determine the coordinates of the points B,

C},1 , forming tangents at the points of the curve

arc tracing:
_( |Aj+1Aj+2| +
PB; =\P4,,, ~P4, 7r|AA | Pa;,,
JAj+2
|Aj+1Aj+2|
WBj = wAj+2_WAj —+WAj+l
7|4;4;,|
? (¢> o ) 4,454 +o
C. =\P4, = P4, |77, 17P4,
J J J+2 i+l
7| 4;4;.|
9
AjAj+1|

+ WAj+1

J J
z|d;A;)|

where j=1,2,...,n—1.
5. Define the curve contour arcs for the first and
last sections:

—2 — 2
P =Qyu +2¢’C1W +Qu
d] =d-v .
Wy =W, T+ 2We il + Wy U
1 4 C A,
= 7’ +2 uu + u?
Pn =Py, ?B, , P4,
d,=d-v ,

—w ., 72 u 2
W, =Wy U~ +2wp ud+wy u

where # =1-u is the addition of parameter u
to 1.

6. Define the curve
intermediate sections:

contour arcs for

_ =3 —2 — 2 3
Pj = P4 +3g03j71u u+3gocjuu I

dJ:d'V 5

_ —3 =2 — 2 3
Wy =Wyl +3ij_1u u+3wcjuu Wy, U

where j=2,3,..,n—-1.
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As a result of the execution of the above
computational algorithm, we obtain a response
surface that characterizes displacements in the
wall of a steel cylindrical tank with
imperfections (Fig. 5).

As can be seen from Figure 5, the maximum
displacements occur in the lower part of the
tank in the range from 150° to 300° around the
circumference of the tank. Let us determine the
values of the maximum displacements and their
exact position by the methods of mathematical
analysis. To do this, it is necessary to solve a
system of two equations with partial derivatives
with respect to the parameters » and v, on the
interval of their change from 0 to 1. Thus, the
maximum displacements of 92.2 mm occur at a
height of 2.298 m and 258.6° around the
circumference of the tank.

Figure 5. Visualization of the response surface
of the tank wall movements with imperfections
from the hydraulic load

It is also possible to determine the maximum
displacements of the tank wall from the action
of hydrostatic load for each belt along its height.
To do this, it suffices to cut the resulting
response surface with vertical planes parallel to
the axis ¢. Analytically, this is determined by
step-by-step fixing the height values of each
tank belt with the determination of the
maximum displacements at each stage.

The paper proposes a method for determining
the SS of an oil storage tank with imperfections
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based on displacements. If necessary, it is quite
easy to switch to stresses. In accordance with
[22], for this it is sufficient to multiply the
resulting displacements by the quotient from
dividing the Young's modulus by the tank
radius. But since the radius varies along the
height of the tank due to imperfections in the
geometric  shape, when moving from
displacements to stresses, it is necessary to take
into account the functions of the initial

deviations &; =&;(x). Thus, Young's modulus

must be divided by r+3; .

CONCLUSIONS

Improvement of the differential equation and
numerical solution, including a new way of
taking into account the initial conditions, which
are described in the paper, are not the only
possible ones. In a similar way, other designs of
thin-walled shells of engineering structures can
be studied, taking into account the imperfections
of the geometric shape or without them, except
for vertical cylindrical tanks. It is also possible
to model other types of loads (for example,
wind load, snow load, structural self-weight
load, etc.) wusing interpolation  and
approximation methods. This makes it possible
to avoid the need for expensive full-scale
experiments, which in some cases are not only
not profitable, but even impossible.

A feature of the proposed method is that the
model is quite simply described by a 4th order
differential equation using interpolation and
approximation methods. This equation has a
simple numerical solution in the form of a 6th
degree polynomial. At the same time, there is no
need to perform long and complex calculations
for modeling thin-walled shells, taking into
account both geometric and structural non-
linearity.

Due to the wuse of interpolation and
approximation methods for solving the problem,
it was possible to achieve sufficient numerical
simulation accuracy for engineering

calculations, increasing their speed. The
calculation of an array consisting of 12
numerical solutions of differential equations that
define 12 guide lines of the response surface (as
well as the construction of its generatrix using
one-dimensional contours of the first order of
smoothness, taking into account visualization)
takes about 20 seconds even without
parallelization of computational threads. If
necessary, the number of guide lines of the
response surface can be significantly increased
to achieve greater accuracy of engineering
calculations. At the same time, the proposed
method is easily amenable to parallelization of
computational operations. This became possible
due to the fact that it combines the potential of
constructive methods of geometric modeling,
which are able to provide parallelization of
geometric constructions by tasks (message
passing), and the mathematical apparatus "Point
calculus", capable of implementing
parallelization according to data due to
coordinate-wise calculation (data parallel). In
the future, this makes it possible to realize the
entire available computing potential of modern
multi-core processors.

Based on the results of the research, a new
engineering technique for examining the
technical condition of an oil storage tank with
geometric imperfections is proposed based on
the numerical solution of differential equations
using geometric interpolants [23].
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ANALYTICAL ANALYSIS OF COMBINED FOUNDATION
PLATES, SUBJECTED TO AN ACTION OF
ANTISYMMETRIC LOADS

Elena B. Koreneva ', Valery R. Grosman *
! Moscow Higher Combined-Arms Command Academy, Moscow, RUSSIA
2 Academy of Water Transport, the branch of Russian University of Transport (MIIT), Moscow, RUSSIA

Abstract: The combined foundation plates, having circular form and consisting of several parts which have dif-
ferent laws of thickness variation, are under study. The constructions under examination are subjected to an ac-
tion of antisymmetric load distributed along circumferences according to the laws cos® or sin@ . Similar prob-
lems occur in the cases of seismic and wind loads. The interaction with elastic foundation is taking into account.
The conditions of the construction’s different parts conjugation are fulfilled. In this work for solution of such
problems the analytical approach is used for the first time. The method of compensating loads (MCL) is applied.
The solutions are obtained in closed form in terms of Bessel functions. As an example the foundation plate, con-
sisting of two parts, is considered in detail. The inner part of the slab under study has the variable thickness, the
outer one has the constant thickness.

Keywords: combined plates, antisymmetric loads, Bessel functions

AHAJIMTUYECKHUM PACUET KOMBHUHUPOBAHHBIX
OYHIAMEHTHBIX IIVIMT ITPU JEMCTBUU HA HUX
AHTUCUMMETPHUYHBIX HATPY30K

E.B. Kopeneea ', B.P. I'pocman ?
! MockoBckoe BrIciee 001meBoiickoBoe opaeHos JKykosa, Jlennna u OKTa6pbckoii Pepomomun
Kpacnosznamennoe yunmmiie, . Mocksa, POCCUA

Axanemust BOIHOTO TpaHcmopra, pumuan Poccuiickoro yausepcutera tpancnopra (MUUT), r. Mockea, POCCHS

AnHoTanmsi: PaccmatpuBaroTcsi KOMOMHHMpOBaHHBIE (YHIAMEHTHBIC IUIMTBI, MPEACTABISIONIME COOOW KOH-
CTPYKLIMH, UMEIOLINE B TIaHE KPYTOBYIO ()OPMY U COCTOSIIIIME U3 HECKOJIBKUX YYacTKOB C PA3JIMYHBIMU 3aKOHA-
MH HM3MEHEHUS TOJIIMHBI. 3ydaercsi pedicTBUe Ha MOJOOHBIC KOHCTPYKLUUHM aHTHCHMMETPHYHBIX HArpy3ox,
pacnpe/IeNnenHbIX 10 OKPYKHOCTAM 10 3akoHam €0SO mmm $in 0 . Tlomo6HbIe 33141 BO3HUKAIOT TIPH PacueTax
Ha JIefiCTBHE BETPOBBIX U CEHCMMUYECKUX HArpy30K. YUUTHIBAETCSA B3aUMOJICHCTBHE IUIUTHI C YNIPYTMM OCHOBA-
HHUEM. BBINOIHSAIOTCS yCIOBUS CONPSDKEHUS OTACIBHBIX YUacTKOB. BriepBbie 1u1s pemeHnst nogoOHbIX 3a1a4 mc-
MOJIb3YETCs aHAITUTHYECKast MeTOUKA. Vcrnonb3yeTcst MeTol KOMIIEHCUPYIOIUX Harpy3ok. [lomyduens! penieHus
B 3aMKHYTOM BHJIE, BhIpaKeHHbIe B QyHKIMsAX beccems. B kadectBe mpumepa m3ydaercsi KOMOMHHpPOBAaHHAS
IUIATA, COCTOAIIAs M3 ABYX Yy4YacCTKOB. BHYTpeHHSS 4acTh 3TOH KOHCTPYKLIMH HMEET NEPEMEHHYIO TOJIIIHHY,
BHEIIIHSS 9aCTh — MIOCTOSTHHYIO TONIIHUHY.

KaroueBble ci10Ba: KOMOMHNPOBAHHbIE TUIUTHI, aHTUCHMMETPHYHbIC HArpy3KH, GyHKIMK beccerst

INTRODUCTION

The constructions with piecewise thickness
occur among modern structures and buildings.
Among them foundation slabs of circular form
and bottoms of cylindrical reservoirs are to be
mentioned. The combined foundation plates

Volume 19, Issue 4, 2023

subjected to an action of symmetric loads
were studied in the works [1] and [2]. The in-
ner parts of these plates had the variable
thickness, the outer ones — the constant thick-
ness. The influence of upper parts of struc-
tures and interaction with the elastic subgrade
were examined. For the first time for analysis
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of similar constructions in [1] and [2] analyti-
cal method was applied. The solutions were
obtained in closed forms in terms of Bessel
functions.

Analytical methods for plates and shells analy-
sis, in particular, connected with the use of spe-
cial functions, occur in literature. The monogra-
phies [3] and [4] can be named. The book [5] is
devoted to calculation problems of orthotropic
and isotropic plates of variable thickness of dif-
ferent forms; the plates under study are subject-
ed to an action of complicated loads.

In the present time the modern software allows
to investigate various structures and building in
detail. The numerical methods, in particular, the
finite elements method, are widely utilized.

The buckling problems of orthotropic plates
with various boundary conditions were consid-
ered in [6]. In the work [7] 3D free vibration
problems of cross-ply laminated plates were un-
der study. Vibrations of rectangular orthotropic
and isotropic plates of linear thickness were in-
vestigated in [8].

Numerical analysis on experimental research
on buckling of closed shallow conical shells
under external pressure was given in [9]. The
work [10] concerns free vibration analysis of a
blade of variable thickness with arbitrary
boundary conditions. The optimization prob-
lems of rectangular plates subjected to ther-
mo-mechanical loads we examined in [11].
Comparative assessment of finite element
modelling techniques for wind turbine rotors
blades was given in [12]. Nonlinear primary
resonance analysis of nanoshells was stated in
[13]. Vibration problems of layered plates
were considered in [14].

Statics, vibration and stability problems of rec-
tangular plates with various boundary condi-
tions were studied in the work [15]; the approx-
imate analytical equation decomposition method
was used.

The publications [16], [17], [18], [19] concerns
the computation problems of combined plates
with piecewise variable thickness, the exact ana-
lytical solutions in terms of special functions
were obtained.

Elena B. Koreneva, Valery R. Grosman

The present work considers the combined circu-
lar foundation plate, consisting of two parts. The
plate’s inner part has the variable thickness, the
outer one has the constant thickness. The plate
is subjected to an action of wind and seismic
loads, which are considered as antisymmetric
ones which vary according to the laws cos 0 or
sin® . The action of the construction’s upper
part on the foundation slab is analyzed. The
properties of the elastic subgrade are described
by Winkler’s model.

2. THE ANALISYS OF THE INNER PART
OF THE COMBINED PLATE

The inner part of the combined plate subjected
to an action of antisymmetric loads is under
study. The flexural rigidity of this part when

X, < x < X; 1s varying according to the law
D=Dyx". (1)

The corresponding law of thickness variation is:
h=hy 3. )

The antisymmetric distortion of the construction
under study is caused by contour or lateral
loads, varying according to the laws:

0(0) = Q, cos b,
M(0)= M, cos b, (3)

q(r,0) = q(r) cos 6,

where Q(0) and M (0) are accordingly intensi-

ties of a contour transverse force and a contour
bending moment.

It is assumed that the properties of the elastic
subgrade are described by Winkler’s model.

The differential equation, describing the anti-
symmetric bending of the circular plate of vari-
able thickness, resting on an elastic Winkler’s
basis, is:
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2
DV2V2w+d—D{2dW 2+cdw
de | dy’ X di?

d*D | d*

T R

3
e
1

+6(1 aw

x dx

_3d
2

where D is the cylindrical rigidity, ¢ - modulus

r
of subgrade, X =—, 1, is the constant.

"o
In our case the cylindrical rigidity varies accord-
ing to the law (1). Then the equation (4) comes
to the following form:

d*w 10d°w (17+4c)d*w
st 57 2 2
dx” X dx X dx )
33-40)dw 33-4c) B*  gqr)
——3—+—4W+—4W=—,
x dx x x D,
4
where B4=ﬂ.
D,

Homogeneous differential equation, correspond-
ing to (5), is the equation of the Euler class [20].
By means of substitutions z=e¢” and w=ue *
the equation (5) can be reduced to the equation
with constant coefficients.

As a result we get the following expression for

the deflections of the plate:

w=x"" [Allxo‘1 + Ay x* + Apx ™ + Ayx™ ]cos@ , (6)

where o, ;3 4 =i\/2(2—(5)i\/262 -B*.

It should be marked that o, =

In the case when the value of [34 is sufficiently
large, the roots of the characteristic equation are
mutually complex conjugate.

First the interaction of the inner part of the
foundation slab and the upper part of the con-
struction under study will be considered. For
this aim the fundamental functions w;(x,) for

Volume 19, Issue 4, 2023

the solutions (6) are to be determined. Their
properties are described in [5].

For determination of the fundamental functions
the Cauchy functions Z,(x,;x)(i=1,2,3,4) are
at first to be obtained.

For calculation the properties of Wandermond’s
determinant are used. As a result we get:

Z,(xg5%) = 7—5{ [oc1+1) JUxi Ty

2
+ (o Dyt |- [(oc3+1) s sl y

As it was mentioned above for the case of suffi-
ciently large [34 the roots @.;,3,4 are mutually

complex conjugate. Then introducing the nota-
tions
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we write the general solution of the homogene-
ous differential equation, corresponding to (5),
in the following form:

w(x) = x°[B, sin(8n x) + B,cos(8 In x) |+

8
+x °[B; sin(8Inx) + B,cos(8In x)] ®)

Introducing the notation
sin(d/n x) = a(x), cos(dlnx)=7y(x).

We cite below one of Cauchy functions as an
example:

X4 5 s
Z4(xy5%) =m{xo x°x
x{=[(x0)8 + £ () + [y (xp)e -Sau(x) ] (9)
xau(x)} - xpx 7 {[- (3 )8 + st ) Jy(x) -
-[ey(xp) +80(x) Jou(x) .

Further, using (7) and taking into account the
properties of fundamental functions, we get the
following expressions:

c

wy (Xg5X) =Zl(x0;x)+x—223(x0;x)—
0

_(o+2)

3
X0

Z4(xy5%);

c
w, (xy;x)=Z, (xo;x)—x—Z3(x0;x)+
0

(@ —22) Z4(x93%);

o (10)

1 RS
D(xo){zz(xo,x) [x0+

1 dD(x,) NG
D(x,) dx }24(%795)},

+

Wy (xg;X) =—

Wy (xg5X) == Z4(x5%).

1
D(x,)

Elena B. Koreneva, Valery R. Grosman

It is assumed that the influence of the construc-
tion’s upper part is transmitted on the founda-

tion slab inner part as moments M ,cos® and
forces Q, cos 0, distributed along circumference
with the radius x,, where x,<x,<x;. As a

result we can write the following expression for
the deflection:

Winner = [WOWI (%05 %)+ 8grywy (xg; X) —

2 X 3 .
— M yryws (x5 x) = Oyt wy (X5 X) +

-|-MAr02w3(xA;x)+QAVSW4(xA;x)]cos9 =
:[Wl(xo;x)-l_MArOZW}(xA;x)-l' ()
+ QAV03 w4(xA;x)]cos9 = [wl(xo;x)+

+ wH(xA;x)]cos 0,

where w,, 8,, M,, O, are accordingly the

deflection, the angle, the moment, the force
when x =x,.
When for computation we assume that the influ-

ence of the upper part is transmitted on the
foundation inner part as the load ¢(x)cos0,

distributed over surface of the ring x, S x<xp.
The result can be obtained by integrating in (11)
the term containing Q ;.

3. THE COMPUTATION OF THE OUTER
PART OF THE PLATE. THE BASIC
SOLUTION

We go to the consideration of the outer part of
the ring plate, subjected to an action of anti-
symmetric load. The thickness of the foundation
slab part under study is constant. The general
solution of the differential equation describing
the antisymmetric bending of a circular plate
resting on an elastic Winkler’s subgrade is:

w =t (¥) + Ay (x) + 43 £ (x) +

+ 4,8, (x))cos 6, (12
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where u,, v;, f;, g are Bessel functions [4],

[21]; A4, 4,, A4;, A, - coefficients; x=§,

=2
c

Method of compensating loads (MCL) [1], [2],
[4] 1s used for the receiving of the solution. The
basic and the compensating solutions are to be
determined.

First the basic solution will be obtained.

When the circular plate is loaded by a concen-
trated force applied at the centre, the solution
has the following form:

PI?

W= Jo) (13)

The solution (13) mentioned above is the fun-
damental influence function when P =1. Inte-
grating this solution, we can obtain the basic
solutions for consideration of several problems.
Let us assume that this part of the plate is sub-
jected to the action of the load ¢cos0, distrib-
uted along the circumference with the reduced
radius 0.

Further, the principle of addition of the effects
will be used.

For the determination of the deflection of the
point with the coordinates x and ¢ the follow-

ing expression will be used:

B gol?

w= X

4D

(14)

2n
X Ifo (\/(x2 +x% —2axcos(0—) )cos 0d0.
0

For this integral calculation the formula of the
cylindrical functions addition is used:

Zo(\/oc2 +x* —20Lxcos(6—(p)):

= 221:'Jn (a)Z,,(x)cosn(0—o).

n=0

(15)
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Here the symbol ' denotes that when n=0 the

coefficient E should be introduced. The expres-

sion (15) is valid when a<x. When o> X in
the right part of the expression (15) the terms o
and x must be replaced.

Assuming

Z,= H(()l) (ﬁ\/az +x? —Zaxcos(ﬁ—(p))

we get the following expressions fulfilling the
integration and separating the real and the imag-
inary parts:

when x < a

w=wl? =220y (1)) w (e @) (16)

x cos 0,

when x> o

3
wnt? =20 (@) () @z, () (17)
X COS .

Using the Wronskian of the Bessel equation it
can be shown that the received solutions satisfy
to the conjugation conditions when X =0..

The problem of infinite plate subjected to an
action of the load y(x)cos6, where y(x) is the
given function, is considered for the obtaining
of the basic solution.

When the construction under study is subjected
to an action of the load ¢g(¢) distributed along

the circumference with the reduced radius o,
we will present the load in the following form:

q=a,cosO+b,sind
and using the formulae (16) and (17) we get the

solutions:
when o < x
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w= nzalé X
o (o) £ (x) = vy (0)g (x)]sinp+  (18)
+by[uy (o) £, (x) = v (@)g, (x)]cos o,
when o > x
B o’ y
"=
xAay[uy (x) i (00) = v (x)g, (a)]sinp+  (19)

+ by [y (x) /1 () = vy (x)gy (@) cos @}

For the basic solution receiving for the load
q=F(x,0) the formulae (18) and (19) should
be used. The load can be represented in the
form:

q =x(a, cos®+b, sin0) (20)

or

g =x""(a,cos0+b, sinb). (21)
The integrating for these cases is highly simple.
The formulae for Bessel functions derivation
are:

AL )]=2"7,,(2)
dz

J (22)
— [Z”H,El) (z)] =2"HY (2).
dz

Let us assume z=xvi. Fulfilling integration
and separating real and imaginary parts, we get
the following expression:

dp=
[ 2y (x)elx ﬁ[u1<x>+vl(x>], o

[y ()l = —%[ul (X))}

Elena B. Koreneva, Valery R. Grosman

[ xfy (x)dx = %[fl (X)+& ()]

X (24)
[xgo(x)dx = —ﬁ[f] (x)-g ()]

The solution for the case of the load varying ac-
cording to the law (20) and distributed over a
surface of the ring o, <x<a, is to be re-
ceived. For this aim the expressions (16) and
(17) are to be integrated. In the mentioned ex-
pressions the load ¢ must be replaced by the

elementary load g,odz = g,ado . It should be

4
marked that the multiplier IB, which is equal to

1 , appears.
C

Further we integrate the received solutions with-
in the limits o =, and =, .

When x < a, <a, the solution has the follow-
ing form:

. 2:35({a§[f2(0‘2)+82(a2)]_

—Otlz[fz(ocl)+g2(a1)]}z41(x)+
+{0‘§[f2(0(2)_gz(0t2)]—a12 X
x [fz (o)—g, (ocl)]}vz (x))cos ¢;

(25)

when x > o, > q

w=zf—"ﬁ({a§[uz<a2>+vz<az>]—
— a[uy (o) + vy (0]} () +

+ {0‘3 [, (01,) = v, (0)] 01

[y (o) = v, (a)) [} g1 (X)) cos ¢;

(26)

when o, <x<a,
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WZZR—\/%C{(xg[fz(az)"'gz(az)]x

Xul(x)+0c§[f2(a2)—g2(a2)]><
XVl(x)_0‘12[”2(0(1)+V2((11)]f1(x)_

2

= (o) = v, ()] (x)- 232 = feos .

27

These formulae give the expressions for the de-
flections of the foundation plate.

4. THE OUTER PART OF THE PLATE.
THE COMPENSATING SOLUTION

The compensating solution should be deter-
mined for the plate’s outer part investigation.
This solution satisfies to boundary conditions
and with the basic solutions satisfies to the re-
solving differential equation of the problem. For
the foundation slab under study, which is sub-
jected to an action of antisymmetric loads, the
case of free edges is more actual. Below, how-
ever, another cases of boundary conditions will
be considered.

The sought solution can be represented as the
result of an action of two compensating loads
q, and ¢, , which are applied along the concen-
tric circumferences with the reduced radius o,
and o,. Let us note the reduced radius of the
outer contour as f3.

a) First it is assumed that the outer boundary of
the plate, subjected to an action of antisymmet-
ric load, is clamped. For example it is possible
for the plate when x = connected with the

upper part of the construction which is repre-
sented by the shell of the rotation and subjected
to an action of seismic or wind loads.

Let us present the deflection w, and the angle

a@ﬂ from the basic solution in the following
X

form:

Wy = A, sin @+ B, cos o, (28)
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ow,

—=C,sin@+ D, cos®. (29)
ox

The compensating loads ¢, and ¢, , which with

the sum of the basic solution are satisfying to
the case of the clamped boundary, are to be de-
termined.

As a result we get the following system of equa-
tions:

2n
o ,[‘]1(9)f0(\/0°12 +p? _20‘1BCOS(9_(P)}19+
0

2n
T, j%(@fo(\/ag +p? —2a2ﬁc0s(9—(p)}le+ (30)
0

4D
+Z_2W0 = 0,
2n 0
o Jql(e)afo(\/af +p’ —2a15005(9—@))49+

0

2n
0, J.‘b(e)%fo(\/u% +p’ _2%[—)’0”(9_@))49"‘ (D)
0
4D ow, 0

I ox

The given above integral equations (30) and
(31) express the conditions of equality of the
values of deflections and angles to zero at the
contour.

Further using the formulae of Bessel functions
addition the integration is fulfilled [21]. The
functions ¢, and ¢, are to be expanded into

trigonometrical series. As a result we get a sys-
tem of algebraic equations with respect to the
coefficients of these series. Here this system is
not cited.

The compensating solution can be written in the
following form when x < a.:

w, =(a, sin@+ b, cos @)u, (x) +
, (32)
+(c, sing+d, cos @)v,(x).

The coefficients of the expression (32) can be
determined from the following equations, using
(30) and (31):
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ayuy (P)+cv(B)+ 4, =0, } (33)
apy' (B)+epy' (B)+GI=0;
by, (B)+dv, (B) + B, =0, } (34)
buy'(B)+dyv,"(B)+ Dyl =0.
Solving these systems, we obtain:
a =— Cv(B)—4v"(B) , (35)
Vi)' (B) =, (B)vi" (B)
=— Div(B)—Bv"(B) ’ (36)
vi(Buy" (B) —u, (B)v" (B)
¢ = Cilu,(B) — Ay (B) ’ (37)
vi(Buy" (B) =, (BIv" (B)
Dyluy(B) = Buy" (B) (38)

T @ B)—mBWB)

We receive introducing (35)-(38) into expres-
sion (32):

1
W@’ ®) -1, B, B)
x ({[Cll‘ﬁ B)— 4w’ (B)]sin o+
+ [Dll‘ﬁ B)-Bw' (B)]cos @ (x)—  (39)
- {[Cllul B)— Ay, '(B)]Sl‘” o+
+ [D1l”1 B)- By, "(B)]cos Qv (x)).

Wk:

b) The case when the outer boundary is simply
supported is under study. The deflections are
represented in the form (28). The radial bending
moments on the contour are represented in the
form:

M, =M sino+L, coso. (40)

The following notations are introduced:

ul(M)(B)=—u1(B)—1_TG{v1'(B)—%v1(B)}, 1)

vfM)(B)=w(ﬁ)—%{ul'(ﬁ)—%ul<ﬁ)}, (42)

Elena B. Koreneva, Valery R. Grosman

A @) =-£(B) —I‘T“{glm) —%gl (B)} , (43)

¢MP)=g (B)—“T"{fl'(s) —%fl(ﬁ)} - @)

The following compensating solution is ob-
tained:

1 X
u (Bu™ B) - B (B)

({[M L B+ 4™ ®))sing +

Wk:_

+[L1ﬁvl(s)+B1ufM>(B>]cos<p}ul<x>— (43)
{[Ml u (B)+ A4y, () (B)]Sin o+
+[L, m(ﬁ)+Blv1M><B>]coscp}vl<x))

c) The case of free contour of the fundament
plate is under consideration. It is known that the
bending moment and the reduced transverse
force are equal to zero at the contour.

The boundary bending moment is defined by the
expression (40). The boundary reduced trans-
verse force will be written in the form:

0- dH

s = N,sino+0,cos¢.

(46)

The following notation, taking into account
(40), and (46) are introduced:

u{Q]@):—m%ﬁ)—(l—o)é[vu@)—@}, @7)
v{QkB)=v;(B)—o—o)B%{ul'm)—@] (48)
HOO =R -0-0) {gl ®)- glﬂ 49)

g{%)=gl'<B)—(1—c>Bi2{ﬁ'(ﬁ)—fléﬁ)}. (50)
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As a result we get the compensating load:

L 1 y
Dyl @By - ul™ BV (B)
AN (B) - Ml B)]sing +

+ (10 (B) - LA B)lcos ol (x) - (1)
— ([N 1 (B) — MO (B)]sinp +

+ 10 (B) ~ L (B)]cos oy (x)}

Wy =

The solution for the outer part, according to the
MCL, is represented by the sum of the basic and
the compensating solutions [22], [23]:

w=w, +Ww. (52)

The solution of the problem under study can be
presented as the sum of the expressions (11) and
(52) for the study of bend of the whole com-
bined plate.

5. THE CONCLUSIONS

The work receives the exact solution of the anti-
symmetric deformation of the combined plate
which inner part has variable thickness and the
outer one — the constant thickness. The solution is
obtained in closed form in terms of Bessel func-
tions. Method of compensating loads (MCL) is
used. An influence of the construction’s upper part
is taken into account. The received results can be
used for the analysis of the combined plates sub-
jected to an action of seismic and wind loads.
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Abstract: The paper addresses the challenges posed by the digitization of building materials science. It high-
lights the importance of developing a digital model of concrete for optimizing the design and synthesis of its
structure and improving the technology used in its production. It is demonstrated how this model will enable
building experts to better calculate and clarify methods for creating sturdy and efficient structures. The paper al-
so examines the evolution of information modeling of concrete within the context of the various stages of devel-
opment in system-building materials science and technology.

A review is presented of the primary contemporary techniques used in computer modeling of concrete structures
in both domestic and foreign scientific research. It is worth noting that these methods fail to consider the intricate
composition of concrete. The article explains that concrete can be characterized as a conglomerate composite
that boasts a hierarchically organized structure with dimensions ranging from 10-10 to 10-1 meters. It is com-
prised of no fewer than 5-6 distinct scale levels and three distinct types of substructure design. Substructures
vary in scale, origin, and manifestation of properties. The first type of substructure is observed at macro, meso,
and micro scales. It is composed of a two-component structure consisting of a spatially continuous matrix and
deterministically and stochastically distributed discrete inclusions. The second type of substructure pertains to
the sub-micro, ultra-micro, and nanoscale levels. It is believed that the cementing substance takes the form of a
microscale spatial structure resulting from the consolidation of individual crystalline differences. The third type
corresponds to the atomic-molecular structure of newly formed cementing substance.

The characteristics of each substructure type are presented based on the component scale, formation features,
mechanics of property manifestation, design criteria, and means of synthesis. A default assumption is made re-
garding the unique modeling of the three concrete substructure types and their consolidation into a unified digital
model. The objective is to create an information platform for this purpose. The platform should consist of a
knowledge base rooted in theory, an empirical database, a database consisting of analytical, numerical, and sta-
tistical models, algorithms for the purpose of designing and synthesizing structures, optimization criteria and
boundary conditions, and specific terms of reference for computer modeling of concrete.

Keywords: design of structures, synthesis of materials with specified properties,
digitalization of building materials science, digital model of concrete, information platform

NHPOPMAIIMOHHOE MOJAEJIUPOBAHME BETOHA: OB30P
COBPEMEHHOI'O COCTOAHUSA U NEPCIIEKTUBBI

PA3BBUTUA"

A.HU. Makeees

Boponesxckuil rocy1apcTBEHHBIN TEXHUUECKUH YHUBEPCUTET, T. Boponexx, POCCHUA

AnHoTanus: [TyOnukanusa oTHocHTCS K poOsieMaM HU(POBU3AINN CTPOUTEIFHOTO MaTepuanoseaeHus. IToka-
3aHa aKTyaJIbHOCTh pa3paboTKu IU(POBOH MOJETN OETOHA ISl pEeIIeHUs] ONTUMU3AIMOHHBIX 337ad KOHCTPYH-
POBaHUS U CHHTE3a €r0 CTPYKTYPBI, yTOUHEHUSI METOJUK pacueTa CTPOUTEIbHBIX KOHCTPYKIUH, COBEPIIECHCTBO-
BaHUS TEXHOJIOTHH MX M3TOTOBICHUS. AHAIU3UPYETCS BOJIONNSA HHPOPMALIMOHHOTO MOIEINPOBAaHUS OSTOHA B
KOHTEKCTE 3TaroB Pa3BUTHUsI CHCTEMHO-CTPOUTEIBHOTO MAaTEPUAIOBEICHUS U TEXHOIOTHH.

* ComeprkaHue CTaTbU OBUIO YaCTUYHO MojioxkeHo Ha VIII MexmyHapogHOM cuMno3nyMe « AKTyalbHBIC TIPOOIEMBI
KOMITBIOTEPHOTO MOZEIMPOBAHNS KOHCTPYKIMH U coopykeHui», 17-21 mas 2023 r., TamboB
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[TpuBoauTCSt 0630p OCHOBHBIX COBPEMEHHBIX METOJIOB KOMITBIOTEPHOTO MOJICITUPOBAHMS CTPYKTYpHl OETOHA B
OTEYECTBEHHBIX M 3apyOeKHBIX HAYYHBIX HcciemoBaHusaX. OTMedaercsi, 9TO 3TH METOJbl HE YYHTHIBAIOT BCIO
CJIOKHOCTh CTpOeHHMs1 OeToHa. B crarbe OeTOH mpeacTaBieH Kak KOHITIOMEPATHBIH KOMIO3UT C UEPAPXUUCCKH
OPTaHM30BAHHOM CTpyKTypol pasmepHocThio oT 1071° 1o 107! M. O o6mamaer MUHAMYM 5-6 MacIITaGHBIME
YPOBHAMH U TPEMsI THIIAMU KOHCTPYKIMU TOACTPYKTYp. [IoACTPYyKTYpBI OTIIMYAIOTCS IO CBOEMY MacIuTady, re-
HE3HCY M MEXaHUKE MPOSBIICHUS CBOICTB. [IepBBIil THIT MOACTPYKTYPBI XapaKTepeH ISl MaKpo-, Me30- 1 MHUK-
pomacmTabHoOro ypoBHel. [IpuHnmaercs B BUe IBYXKOMIOHEHTHOH «KOHCTPYKLHUM» U3 MPOCTPAHCTBEHHO He-
NIPEPBHIBHOM MAaTPHIBI U JAETEPMHHHPOBAHO-CTOXACTHYECKH PACIIPENENEHHBIX B HEH IUCKPETHBIX BKJIIOUCHHUH.
Bropoii THII OTHOCHTCS K CyOMHKPO-, YJIBTPaMHKPO- 1 HAaHOMAcIITaOHBIM ypoBHsM. [lonaraercst B BuIe «MHK-
pomacmTabHOW MPOCTPaHCTBEHHOW KOHCTPYKIMM) HOBOOOpPA30BaHHMH IIEMEHTHPYIOIIErO BEIIeCTBA M3 KOHCO-
JIUIMPOBAaHHBIX WHIMBHUIYAIbHBIX KPUCTAIMYECKUX pasHocTeil. TpeTuid THUI COOTBETCTBYET aTOMHO-
MOJIEKYJIIPHOMY CTPOCHHIO HOBOOOPA30BaHUH [IEMEHTUPYIOLIETO BEIIECTRA.

JlaeTrcst XapaKTepHCTHKa Ka)KI0TO THIA TOACTPYKTYPHI 10: MacIiTady KOMIIOHEHTOB; 0COOCHHOCTSIM ()OPMHUPO-
BaHMS; MEXaHHKE TPOSIBICHHS CBOICTB; KPUTEPUSIM KOHCTPYHMPOBAHUS; cpelcTBaM cuHTe3a. dDopmynmpyercs
NPEIIION0KEHNE O CIEeUPHUYHOCTH MOJCIHPOBAHHS KaXJOr0 M3 TPEX THIIOB IOJACTPYKTYp OCTOHA U MX MHTE-
IPUPOBaHUS B eUHYI0 HU(poBYrO Moaenb. CTaBuTCA 33j1a4a pa3paboTKi HHPOPMALMOHHOM I1aT)OPMBI TaKOH
mozenu. [Tnardopma noymKHa BKIIOYATh: 0a3y TEOPETHYECKHX 3HAHMIT; 6a3y SMIMPUYCCKUX NaHHBIX; Oa3y aHa-
JUTHYECKHX, YUCICHHBIX M CTATUCTUYCCKUX MOJEIEH; arOpUTMbl KOHCTPYUPOBAHHUS M CHHTE3a CTPYKTYp; KpH-
TEpPHU ONTHMU3ALMN U TPAHUYHBIEC YCIIOBHUS; TEXHUUECKOE 3aJaHie Ha KOMIIBIOTEPHOE MOZICIUPOBaHNE OETOHA.

KiroueBble cjioBa: KOHCTPYUPOBAHUE CTPYKTYP, CHHTE3 MATCPUAJIOB C 33JaHHBIMH CBOMCTBAMH,
U(pPOBU3AIMS CTPOUTEIBHOTO MaTepUAIOBEICHHUS, [IM(poBas Moelb OeTOHA, HHPOPMALIMOHHAS MIaTdopmMa

INTRODUCTION

Currently, the methods of design and calculation
of structures, buildings and facilities rely on
computer modeling of their stress-strain state,
loads and impacts. Information technologies are
used in experimental and field studies [1, 2].

The transition to computer modeling of con-
struction objects, in our opinion, forms a fa-
vorable situation for the involvement of ma-
terial scientists in this process. Their task is
to design optimal structures of concretes with
specified properties. Structure construction is
a speculative, virtual procedure of "filling"
the volume of the designed building structure
that takes into account its configuration, pe-
culiarities of reinforcement, etc., with struc-
tural elements forming the material. The out-
come is the creation of a spatial and geomet-
ric "structure design" capable of maximizing
the use of force structural bonds under the
conditions of destructive impact of the oper-
ating environment on the building structure.
Based on the results of the design, a set of
control actions is assigned during the synthe-
sis of the structure. This is a chemical-
technological procedure for the implementa-

tion of the compiled project of spatial-
geometric "structure design" in the produc-
tion process of a building product [3].

However, the opportunities for interaction and
mutual understanding between specialists in
the calculation of building structures ("me-
chanics") and material scientists have been
limited so far. They were confronted with the
"watershed" between the used concepts,
methods, passing through the scale boundary
of 10" m in the "space and world" of con-
struction science. Objectively, it turned out
that "mechanics" deal with bodies on the scale
of 10" m and larger. The material structure of
such a body (structure) is modeled as a con-
tinuous homogeneous iso-tropic medium with
some averaged "effective" characteristics [4].
The degree of compliance of these characteris-
tics with the real values predetermines the
predictive value of the calculation results. The
potential deviations are compensated by the
assignment of overestimated material reserve
coefficients. Material scientists "work" with
structured solids, which are a complex con-
struction of elements with dimensions from
10" to 107" meters. In most cases, such a
structure is perceived as a "black box" - an
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experimental-statistical model relevant in a
strictly limited factor space [5].

The lack of adequate models limits the possi-
bilities of designing and subsequent synthesis
of concrete structure with a given level of
quality. It is known that the method of design-
ing concrete mixture composition for concrete
of a given strength was developed in the late
19th century. Nevertheless, the efficiency of
concrete property management is still much
lower than that of metals or polymers. This is
clearly demonstrated by the difference in the
values of the reserve coefficients of the com-
pared materials.

In our opinion, a digital model of concrete can
overcome the "barrier" between mechanics and
material scientists. It should, first, describe iden-
tification universals and qualitative-quantitative
attributes of concrete structure at all its scale
levels. Secondly, it should reveal cause-and-
effect links and relations in the system "technol-
ogy" - "composition, structure, state" - "proper-
ties at the moment of production and unfolded
in time in the operational environment".

The usage of a digital model of concrete in
the design and calculation of building struc-
tures is aimed at clarifying the real pattern of
their stress-strain state [6]. In system-
structural materials science, the numerical
model is intended for the development of
fundamental principles of design and for-
mation of an arsenal of means for synthesiz-
ing optimal concrete structures with prede-
termined characteristics. This model is most
relevant for obtaining variable structures of
new generation concretes (construction com-
posites): super dense, especially high-
strength, ultra-lightweight, ultra-resistant to
the action of the operating environment, etc.
Applied goal of the digital model of concrete is
to solve the problems of optimization design of
concrete composition and structure depending

Volume 19, Issue 4, 2023

on the operating conditions in building struc-
tures. The result of this is the assignment of ra-
tional modes and parameters of manufacturing
of structures. In the future, the digital twin of
concrete (reinforced concrete) structures should
be integrated into BIM-technologies. Here it
will manage the automated manufacturing pro-
cess of the product, and then monitor its condi-
tion during operation with the forecast of resid-
ual resource.

Let us consider the evolution of system-
structural concrete science in the context of
digital approach.

EVOLUTION OF CONCRETE
INFORMATION MODELING

Optimization of the structure and technology
of concrete lies in the context of the system-
wide task of creating a methodology and a
comprehensive quality management system
for industrial products. The development of
solutions for quality management is based on
a quantitative description of the phenomena of
substance and energy transformations in the
procedures of production. The highest form of
such description is an information model of
phenomena, for the creation of which it is
necessary to formalize the transition from the
real sides and relations of the object to their
symbolic designation. In turn, formalization is
feasible only after appropriate identification
(recognition for display in human conscious-
ness [7, 8]).

Academician of RAACS E.M. Chernyshov car-
ried out a retrospective analysis of the "parallel"
chronology of the development of basic scien-
tific knowledge in the field of concrete science
[9] and the stages of development of the meth-
odology of the quantitative approach [10]. Table
1 presents the results of the analysis.
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Table 1. Stages of development of information modeling of concrete
and basic scientific knowledge of concrete science

Stage | Period Content of the stage Personalities, schools
I the first The formation of the paradigm of quantita- | F.A. Denisov, V. Badger,
third of the | tive approach, the emergence and develop- | N.D. Zelinsky, A.A. Kirov,
nineteenth | ment of the science of processes and devic- | V.L. Kirpichov, A.K.
century - es of engineering technologies as a field of | Krupsky, V. Luis, W.
first third of | scientific and applied knowledge [11-13]. McAdams, W. McCabe,
the 20th Introduction of physical and mathematical | D.I. Mendeleev, [.A. Tish-
century analogies; physical analog modeling; mod- | chenko, W. Walker, etc.
eling based on the theory of similarity [14-
16].
Obtaining the first scientific data on the in- | D. Abrams, I.P. Alexandrin,
fluence of technology on concrete proper- A.A. Baikov, N.A. Bele-
ties and processes of its structural formation | lyubsky, N.M. Belyaev, I.
[17-20]. Bolome, O. Graf, N.A.
Zhitkevich, V.A. Kind, 1.G.
Malyuga, E. Freysine, R.
Fere, E.G. Cheliyev, A.R.
Shulyachenko, V.V. Ewald
and etc.
II first third of | Establishment of fundamental principles of | N.A. Belov, A.A. Bog-
the XX cen- | the general theory of systems [21-23]. For- | danov, L. Bertalanfty, W.
tury - mid- | mation of the methodology of system anal- | Ross-Eshby, T. Kotarbinski,
dle of the ysis of engineering and technology objects. | M. Petrovic, A. Espinas, et
XX centu- | Application of mathematical modeling for | al.
ry. solving engineering problems [24].
Identification of regular relations in the sys- | V.V. Mikhailov, N.A. Po-
tem "formulation-technological factors" - pov, B.G. Skramtaev, A.E.
"composition, structure, state, properties" of | Sheikin, V.N. Jung et al.
concrete. The beginning of the formation of
the structural approach in concrete science
[25-28].
I second half | Implementation of the cybernetic approach | Y.P. Adler, P. Ahnazarova,
of the 20th | to systems as an object of control according | N. Wiener, V.A. Voznesen-
century to the "black box" principle [29-31]. Devel- | sky, V.V. Kafarov, R.
opment of probabilistic-statistical methods | Fischer, et al. Kafarov, R.
of active planning and design of experi- Fischer, etc.
ments [32-34]. Application of experi-
mental-statistical models in construction
materials science and technology [35-37].
Development of the foundations of system- | [.N. Akhverdov, Y.M. Ba-
structural building materials science with zhenov, J. Bernal, L.1.
active use of the provisions of natural sci- Bernay, P.I. Bozhenov, S.S.
ence disciplines [38-42]. Qualification of Gordon, I.M. Grushko, A.E.
concrete as a composite material, experi- Desov, G.I. Gorchakov, A.
mental study of its composition and struc- Grudemo, [.A. Ivanov, F.M.
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ture on the basis of new quantitative physi-
cal and chemical methods [43-47]. Devel-
opment of the foundations of the mechanics
of manifestation of structural and functional
properties of concrete [48-51].

Ivanov, J.L. Kalousek, P.G.
Komokhov, D. Conrad, R.
Lermit, F.M. Lee, P.A.
Melnichenko, O.P. Mched-
lov-Petrosyan, T.P. Pauers,
T. Pauers, R. Lermit, F.M.
Lee, P.A. Melnichenko.
Komokhov, D. Conrad, R.
Lermit, F.M. Lee, P.A.
Melnichenko, O.P. Mched-
lov-Petrosyan, T. Powers,
V. Reichel, P.A. Rebinder,
A.L. Rybiev, V.I. Soloma-
tov, M.M. Sychev, H.F.W.
Tay-lor, V.V. Timashev,
A.V. Usherov-Marshak,
M.M. Kholmyansky et al.

vV

Since the
end of the
20th centu-

ry

Mathematical and computational optimiza-
tion problem solving in construction mate-
rials science and technology. Development
of "computer material science" of concrete
on the scientific basis of classical concrete
science [5, 52-54]. Attraction of mathemat-
ical physics models and simulation model-
ing. Validation of neuro-computing applica-
tion in construction materials science [55-
58].

A.A. Askadsky, V.V. Belov,
V.A. Voznesensky, V.A.
Vorobyov, B.V. Gusev, V.I.
Kondrashchenko, E.V.
Korolev, T.V. Lyashenko,
A.S. Ovchinsky, V.P.
Selyaev, S.V. Fedosov et al.

Development of a scientific platform for the
development of breakthrough innovative
solutions in system-structural materials sci-
ence and high technologies of concrete with
a new level of quality. Staging and realiza-
tion of special researches of cause-effect
relations according to the formula "4C" [7,
59-62]. Development and generalization of
provisions of mechanics of concrete proper-
ties manifestation as composites [4, 63-66].
Development of methodology and theory of
design and synthesis of optimal structures
of conglomerate building composites [3, 8,
67, 68].

T.K. Akchurin, O.V. Ar-
tamonova, V.N. Vyrovoy,
A.M. Danilov, V.T.
Erofeev, S.S. Kaprielov,
N.I. Karpenko, D.N. Korot-
kikh, V.S. P. Lesovik, N.I.
Makridin, V.I. Morozov,
A.P. Proshin, Y.V. Pukha-
renko, G.S. Slavcheva, E.M.
Chernyshov, V.1
Shevchenko, V.P. Yartsev et
al.

The stages presented in Table 1 reflect the vec-
tor of movement on the way from phenomeno-
logical (factual, empirical) knowledge to essen-
tial (system-structural, conceptual) knowledge
in materials science of construction composites.

Volume 19, Issue 4, 2023

This movement is accompanied by the evolution
of concepts and methodology of information
modeling of concrete in the form of deepening
and detailing of aspects of identification and
formalization of its structure.
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It follows from Table 1 that the current state of
basic scientific knowledge and information
modeling of concrete can be evaluated as an exit
to digitalization of construction materials sci-
ence and technology. Setting and solving prob-
lems of designing and synthesis of optimal
structures today should be carried out on the ba-
sis of formalization and computer modeling of
cause-and-effect relations in the system "tech-
nology - material - construction - building
(structure) - operating environment". Digitaliza-
tion here should be understood as a transition
from physical, in-situ models (concrete sam-
ples) to work with its mathematical image. Digi-
talization makes it possible to perform control
actions with a virtual object (a digital twin of a
building structure) with the help of a computer.
In this case, the computer is used not so much as
a means of processing information and calcula-
tions, but as a direct "productive force" in ob-
taining the final result.

REVIEW OF CURRENT METHODS FOR
COMPUTER MODELING OF CONCRETE

The goals of digitalization have become achieva-
ble due to the emergence of universal shells and
increasingly powerful algorithmic programming
languages, computational and information re-
sources for applied mathematical modeling. Su-
percomputer technologies and hybrid architecture
computing systems using traditional and advanced
algorithms have become commonplace.

The method of neurocomputing ("machine learn-
ing" in foreign terminology) has received a partic-
ularly rapid development in this respect. Neuro-
computing provides the creation of systems and
algorithms for information processing capable of
autonomously generating adaptive responses of
the "cause-effect" type for a specific information
environment. Neurocomputing is considered as an
alternative to programmed computing due to its
ability to "learn" to process information while act-
ing in an informational environment [55, 69].
Since the 90s of the last century, neural networks
have been used in the development of concrete
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composition selection and property prediction [70-
77]. Unfortunately, and this is noted by the re-
searchers themselves [78], such developments are
reduced to neural network programming of cause-
effect links and relations in the system "formula-
tion-technological factors" - "properties" of con-
crete. Machine learning is carried out on the basis
of empirical data according to the "black box"
principle, without taking into account structural
factors. That is, in their methodological bases and
statements such works lie in the context of the III
stage of evolution of construction material science
and concrete technology (see Table 1). Moreover,
according to Lyashenko [79], machine learning
models are "more passive" than experimental-
statistical models. She argues that the initial data
for them are not generated according to a special
plan, but in an arbitrary way.

A review of foreign sources shows that the most
common method of computer modeling of con-
crete structure today is mesoscale modeling.
According to this method, concrete is consid-
ered as a composite material made of aggregates
of different shapes and sizes included in the ce-
ment matrix. It should be noted that in the do-
mestic materials science terminology, the mac-
roscale level of concrete structure corresponds
to this interpretation.

In most cases, mesoscale modeling is based on
the formation of pseudo-random 3D packing of
particles according to their computer-generated
locations and radii [80, 81]. The nonlinear be-
havior of the simulated structure is investigated
by numerical methods using its finite element
discretization [82], including the use of general-
purpose software such as ANSY'S [83].

It is noted that "classical" mesoscale modeling
often shows significant discrepancy with the re-
sults of physical experiments, as it does not con-
sider microstructural levels of concrete. To refine
the mesoscale models, for example, matrix-
inclusion contact zone modeling is used [84], mi-
crostructure visualization using X-ray computed
tomography [85], machine learning [86], includ-
ing for image analyzer data processing [87].
Computer modeling of atomic and molecular
structure of cement stone neoplasms by molecu-
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lar dynamics methods has become a separate
independent direction of digitalization of build-
ing materials science. These methods combine
quantum-mechanical description of objects and
models of "classical forces" [88-90].

In Russian science, Vorobyov should be consid-
ered as the founder of the calculation of the
composition and prediction of concrete proper-
ties using computer modeling of their structure.
His methods combine the probabilistic-
geometric concept with the theory of percola-
tion and the theory of effective media [91].
Modeling of the structure of building compo-
sites today is carried out on a large scale by the
leading Russian scientific schools [53, 58, 61,
63, 67, 67,92, 93].

DISCUSSION OF THE CURRENT STATE
OF COMPUTER MODELING OF
CONCRETE AND FUTURE PROPOSALS

Despite significant successes, the methods of
computer modeling of concrete listed in the pre-
vious section do not take into account the com-

plexity of the structure of this material. The ap-
plied approaches are differentiated by scale
structural levels and do not provide a holistic
adequate digital model of concrete. In our opin-
ion, these methods require integration on the
basis of modern concepts and data on identifica-
tion and formalization of concrete structure.

Let us characterize concrete as an object of
mathematical modeling. "Concretes are compo-
sites of conglomerate type, which are structured
solids endowed with the features of substance,
multiphase, polystructure, scale multiscale, de-
terministic, stochastic and dialectic" [94]. E.M.
Chernyshov identified these features as univer-
sals of structure [95]. The universals of poly-
structure and scale multilevelness show that,
despite the diversity of concrete varieties, their
structure is a spatial-geometric construction of
characteristic dimensionality from 107° to 10!
meters. The structure has at least 5-6 structural
levels and three types of substructures in the in-
tegral structure of concrete. Substructures are
distinguished by their scale, genesis and me-
chanics of properties manifestation (Table 2).

Table 2. Characterization of substructures in the polystructure of concrete

Characteristic feature | Substructure type

I
(conglomerate
composite)

(microconstruction)

11 M1
(continuous medium)

Visualization

structural elements, m

"Occupied" levels of | macro-, meso- and | sub-micro-, ultra- | nanoscale and atomic
the holistic structure microscales micro- and nanoscale | molecular
Dimensional range of | 107! - 10-%+*> 10745 - 1079 10%- 1010
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Description of the | two-component "Microscale  spatial | solid-phase substance of

structure "construction" of a | construction" of ce- | individual hidden crystal-
spatially continuous | mentitious matter ne- | line or crystalline neo-
matrix and deter- | oplasms from consol- | plasms; solid monophasic
ministically sto- | idated individual | body endowed with im-
chastically distrib- | crystalline and hidden | perfections (defects) in
uted discrete inclu- | crystalline differences | the form of vacancies,
sions; a continuous substitutions, dislocations.
heterogeneous body

Genesis a product of the |a product of the inter- | a product of the evolution
formation of the | action between the | of the "growth system"
"addition system" "addition system" and

the "growth system"

Regularities of | mechanics of | construction thermofluctuation theory,

property mechanics composites "micromechanics" crack mechanics

Design criteria control of the stress | Load bearing capacity | kinetic strength, fracture
field by parameters toughness
of their concentra-
tion and localization

Scientific basis for | Mechanics and

synthesis tools mechanochemistry
of granular media,
physicochemistry of

dispersed systems

physicochemistry of dispersed systems, theory of
structure of matter, solid state chemistry, crystal
chemistry, nanochemistry

Volume in the compo-

site space, % 100

15-20

6-10

Each of the identified types of substructures has
its own specific formalizations and mathemati-
cal model. The first type is a probabilistic-
geometric model of granular particle packing,
the second type is a finite element model of sto-
chastic structure, the third type is a discrete
model of crystal lattice. To obtain an adequate
numerical model of concrete, the disclosure and
integration of these models is necessary.

In this case, it is most difficult to formalize the
substructure of the second type. It has a pro-
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nounced stochasticity and variability. It is a
structure of morphologically crystalline (or hid-
den crystalline) lamellar, fibrous-needle, etc.
differences of neoplasms. The mathematical
model of the second type of substructure can be
correlated with the corresponding models of
spatial systems of building macroscale struc-
tures (rod, rack-and-beam, shell structures, etc.)
[96]. However, with this approach we will have
to face the problem of determinization of sto-
chastic systems.
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CONCLUSION

In our opinion, the proposed approach to the
development of a digital model of concrete as a
polystructural material requires preliminary cre-
ation of an information platform. Such a plat-
form will include:

1) theoretical knowledge base,

2) empirical data base,

3) base of mathematical and computer models
of concretes and processes occurring in them
during production and operation,

4) algorithms for construction and synthesis of
structures,

5) optimization criteria and boundary condi-
tions,

6) terms of reference for computer simulation.
Generation of the knowledge base in the infor-
mation platform implies a system identification
and formalization of concrete polystructure.
This should result in a system of quantitative
parameters of the structures of each of the three
types of substructures.

These parameters with their estimates and char-
acteristics will be a function (output) in mathe-
matical models of the type "formulation-
technological factors - composition, structure,
state" and "operational factors - composition,
structure, state", and then serve as arguments
(input) in models of the type "composition,
structure, state - properties".

Numerical solution of inverse problems on the
basis of these models is the essence of optimiza-
tion design and technological synthesis of con-
cretes with characteristics specified depending
on the conditions of their operation in building
structures.
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CALCULATION MODEL OF DEFORMATION OF THE SOIL
FOUNDATION OF A HIGH-RISE BUILDING, TAKING INTO
ACCOUNT THE LOADING HISTORY

Ilizar T. Mirsayapov, Irina V. Korolev
Kazan State University of Architecture and Engineering, Kazan, RUSSIA

Abstract: While designing high-rise buildings, it is necessary to take into account the influence of stages of their
erection, this is the sequence of loading, on the change in physical-mechanical properties of soils. The calcula-
tion of deformations of subgrade is made with due regard for the change in soils properties comparing with the
initial (natural) state. On the basis of the results of experimental studies, the authors substantiate the necessity for
introducing the new parameter which makes it possible to characterize the mechanical condition of the soil at
any stage of loading and can be used for creating calculation models. An analytical diagram of soil deformation
in coordinates «o;—€» for triaxial compression (where 6, — vertical stresses (deviator), &; — linear deformations
under the triaxial compression) is adopted as this parameter. The procedure for constructing transformed dia-
grams of the soil state under the long performance triaxial loading is described. The procedure obtained was ap-
probated when calculating deformations of the foundation base of the high-rise building with due regard for the
influence of staging of construction and rheological properties of soils on the change in the base rigidity and, as a
result, on the redistribution of stresses among separate elements of the system “subgrade —foundation — upper
part of the building.

Keywords: long regime triaxial loading, analytical diagram of soil deformation,
coefficient of subgrade resistance, settlement calculation, high-rise building

PACYETHASA MOJAEJIb IE®@OPMUPOBAHUA 'PYHTOBOI'O
OCHOBAHUMS BBICOTHOI'O 3JAHUA C YYHETOM
INPEJABICTOPUU 3AT'PYKEHUA

H.T. Mupcaanos, H.B. Koponesa

KasaHckuii rocygapcTBeHHBIN apXUTEKTYPHO-CTPOUTEIBHBIN yHUBEpCHTET, T. Kazans, POCCUA

AHHOTa[[Plﬂ: IIpu IMMPOCKTUPOBAHUN BBICOTHBIX 3}IaHHﬁ HeO6XOlII/IMO YUUTBIBATH BJIMAHHUE 3TAIIOB UX BO3BCIC-
HUS, T. €. TIOCIIeI0BATEIbHOCTH 3arpy»KeHUs] OCHOBaHHMSI, Ha U3MEHEHUE (PU3NKO-MEXaHUYECKHX CBOWMCTB IPYH-
TOB OCHOBaHMi. Pacuer medopmanmii ocHOBaHU# ()YHIAMEHTOB CJICAYET BBIIOJHATH C YYCTOM H3MCHCHHS
CBOMCTB I'PYHTOB II0 CPAaBHEHHIO C IIEPBOHAYAIBHBIM (ITPUPOIHBIM) cocTOsiHUEM. [1o pe3yibraram sKcrepruMeH-
TaJIbHBIX UCCIIEOBAaHUN aBTOpaMK 0OOCHOBaHA HEOOXOANMOCTh BBEJCHHUSI HOBOTO MapaMeTpa, KOTOPbIH 1M03BO-
T OBl OXapaKTepr30BaTh MEXaHWYECKOE COCTOSHHME TPyHTa Ha JIIOOOM JTare Harpy>KeHHs U MOT HCIIOJIb30-
BaThCs IPH CO3JAHUM pacdeTHHIX Mojelneil. B xauecTBe Takoro mapameTpa NMPUHUMAETCSl aHATUTHYECKAsT JHa-
rpaMMa neOpMHpOBaHMSI TPyHTa B KOOPAWHATaX G|—&| JUI TPEXOCHOTO CKaThs (T G| — BepTHKAJIbHBIC
HaTIpsDKCHUS (ICBUATOP), € — JIMHCHWHBIC AedopMaIiiy Py TPEXOCHOM ckatuu). OnrcaHa METOINKa TOCTPOe-
HUS TpaHC(hOPMUPOBAHHBIX AWArpaMM COCTOSIHUS TPYHTA MPH JITUTEITHFHOM PEKUMHOM TPEXOCHOM HATrpPy KECHHH.
[Momyuennass MeToamnka OblTa ampoOWpoBaHa MpH pacdere aedopMmanmii OCHOBaHHA (DyHIAMEHTa BBICOTHOTO
3IaHUS C YI€TOM BIMSHUS STAITHOCTH CTPOUTEIBCTBA M PEOJIOTHICCKUX CBOWCTB TPYHTOB Ha M3MEHEHHE JKECT-
KOCTH OCHOBAHHS U, KaK CIICACTBUE, HAa IepepacipeeiiCHIe YCUINN MEKIY OTACIbHBIMHU 3JIEMEHTAMH CUCTEMBI
«TPYHTOBOE OCHOBaHUE — (DYHIAMEHT — HaJ3eMHasl YacTbh 37aHuUsD».

KioueBbie cioBa: [uiMTenbHOE PEXKUMHOE TPEXOCHOE HArpy)KeHHe, aHATUTHYecKas JuarpaMmma jedopmMupo-
BaHUs IPyHTA, KO3(DDUIIUCHT MOCTEIH, PACYeT OCAIKH, BEICOTHOE 3/IaHUE.
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Calculation Model of Deformation of The Soil Foundation of a High-Rise Building, Taking into Account

the Loading History

INTRODUCTION

Soil bases of foundations of buildings and struc-
tures are exposed to various static and dynamic
loads under various combinations of these loads.
The existing methods of deformation calculation
of foundations are developed for a single short-
term static loading with constant parameters for
the entire period of operation. In real conditions
of construction and operation, the loads on the
soil foundation are applied in stages as the
building or structure is erected [1-5]. In this
case, the stages of active loading during the
construction period pass into the stages of long-
term holding under loading.

Experimental studies (Fig. 1, 2) carried out by
the authors [6-7] show that the nature of chang-
es in soil deformations under long-term regime
loading differs significantly from the results ob-
tained under short-term static loading, which are
the basis for the existing methods of settlement
calculation. In this regard, there is a need to im-
prove the methodology for calculating settle-
ment of foundations of buildings with a devel-
oped underground part. This task is especially
relevant for the foundations of high-rise build-
ings composed of clayey soils, the stress-strain
state of which changes in time and depends on
the history of previous loading [1-5].

In addition, in accordance with modern re-
quirements, the calculation of the bases of high-
rise buildings should be performed taking into
account the joint deformation of the system
"subgrade — building", i. e. deformations (set-
tlement) of the subgrade of such a building
should be calculated taking into account the in-
fluence of the stiffness of the elevated part of
the building.
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Figure 1. Results of experimental studies: a -
regime of loading; b - dependence between av-
erage stresses a1 and relative linear strains €1, ¢
- development of relative linear strains in time

MATERIALS AND METHODS

To calculate the settlement of a high-rise build-
ing taking into account the joint deformation of
the above-mentioned system, the modified Pas-
ternak method [8] was used as a basis, taking
into account the spatial stress-strain state of the
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base soils and changes in the rheological proper-
ties of soils under long-term regime loading.

As it is known, Pasternak's method [9] describes
the performance of the soil by means of com-
pression coefficient Ci, which relates the inten-
sity of vertical soil pushback to its settlement,
and shear coefficient C2, which characterizes the
vertical shear forces arising in loose and loosely
cohesive soils due to entanglement and internal
friction between its particles. These coefficients
were determined according to the equation:

Egr _ _ C1-He(1-2pgy)

€= Ho(1-2ugr)” 27 6(1+ng) M
Where is the Poisson's coefficient within the
compressed layer:
Xisq Hin,
Hgr = :[—C (2)

When using the modified Pasternak method [6],
the coefficients of subgrade resistance Ci and Cz
were also determined according to equation (1),
but to determine the average strain modulus, a
correction factor u was introduced to the value
of the strain modulus of the i-th sublayer. This
coefficient varied according to the law of a
square parabola from u = 1 at the level of the
foundation footing to u = 12 at the level of the
already calculated boundary of the compressible
strata and was determined by the equation:

1172
= H_CZ + 1 (3)
At the same time, the modulus of deformation
of the base was calculated:

H,
By = —. )
i=lu;E,

The authors propose to modify the modified
Pasternak model. In this case, the pliable prop-
erties of base soils under such regimes are taken
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into account in the model by means of coeffi-
cients of subgrade resistance Ci1 and C: variable
in time, depth and in plan:

E1(tr) _ Cl'HC(l_Zﬂgr)

Ci=t70— 6= (5)
Hc(l_zﬂgr) ’ 6(1"':“91’)
18
.
§ 1,5-
E 1,2 .
P » L]
= 09r
2 =
%0,672 e e e e e ———— — ———
0,37
| | | | | |
0 1 12 24 62 100 132 200
Time, day

e One-time short-term static loading
— = Long-term static loading
= = = Short-term cyclic loading
@ Long-term sfatic regime loading
4 Long-term static and cyclic regime loading

Figure 2. Variation of soil strength under dif-
ferent loading regimes

It is proposed to determine the deformation
modulus at each point of the compressible layer
on the basis of transformed deformation
diagrams by the expression:

Ao q;(t,T)
Eli(t,‘[) '

Eit,7) = (6)

Then the soil deformation modulus for deter-
mining the variable bedding coefficient should
be calculated by the equation:

Ey(t,7) = —5—. (7)

L
=1E4,(t7)

Variability coefficients of subgrade resistance is
substantiated by the results of experimental
studies (Figs. 1, 2) and the calculation model
developed by the authors [6-7]; it was found
that under step-by-step loading, all the bases of
parameters characterizing the stressed and de-
formed state of soils change in time, which al-
lows us to conclude that it is necessary to devel-
op a new parameter that would characterize the
mechanical state of the soil at any stage of load-
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ing and could be used to create calculation
models. The analytical diagram of soil defor-
mation in coordinates ¢ -¢ for triaxial compres-
sion is taken as such a parameter (where o1, €1
are vertical stresses (deviator) and linear strains
in triaxial compression).

Based on the obtained graphs (Fig. 1), the initial
diagrams (state diagrams) of soil deformation
under short-term triaxial static loading are con-
structed. The value of temporary resistance o;
=Rgru (deviator) of the soil is taken as the limit
point in coordinates (c). Under triaxial short-
term static compression.

The limit point on the ordinate axis (g) is taken
as the value of linear strain £.1=0,0869. Types of
diagrams are presented in Fig. 3.

When considering the state diagrams of clayey
soil under triaxial long-term static loading, the
deformation diagrams c1-¢1 for the case of triax-
ial short-term static loading are used as initial
ones. By transforming the initial state diagram
under triaxial short-term static loading, we ob-
tain analytical dependences to describe the de-
formation diagrams of clayey soil under triaxial
long-term static loading. In form, the trans-
formed diagrams are assumed to be similar to
the original state diagram on the basis of the fol-
lowing provisions (Fig. 3).

a: Initial diagram

- - : Transformed
iagram i

EESE &Eu

o (1), E*arit) |
EXit) ‘

Figure 3. Initial (short-term static) and
transformed (long-term static) analytical
diagrams

The limiting point of vertical pressure at the top
of the diagram is taken to be the stress in the
soil, which is equal to the limit of long-term re-
sistance under triaxial load action Rgrlong=(t,T)
and deformations corresponding to the defor-
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mations at the top of the state diagram under
triaxial short-term static loading egru.red=¢€gru;

For the limiting point defining the boundaries of
the state diagrams along the ordinate axis, the
deformations are equal to the limiting defor-
mations under triaxial short-term static loading
€grred=€grR, and the basic dependencies are used
to calculate the stresses in the soil;

The start of the diagram coordinates is assumed
to be shifted by the value equal to the creep de-
formation at the considered time &pi (t) - at long
static loading;

The obtained slope angles of deformation dia-
grams are taken into account the change in the
deformation modulus of clayey soil under triax-
ial long-term static loading.

In the next step, the diagram is transformed for
each block long-term loading block (Fig. 4).
When describing soil deformation modes under
triaxial loading, it is necessary to take into ac-
count the effect of vertical pressure (c1) of the
previous block on the strength, strain modulus
and relative strains at the top of the diagram
during subsequent loading after the regime
change.

g, Initiol diagram
Rpa. L

Tramsformed
hagram

Rsr lomg i |

0

£ r K
1 |
Ex0Ex(D). Ext) |, Evant ol 7 E“

E i+ Eru(l)

Figure 4. Initial (short-term static) and
transformed (regime long-term static) analytical
diagrams

On the basis of the obtained transformed analyt-
ical deformation diagrams, a method of calculat-
ing settlements of foundations of high-rise
buildings has been developed, which is based on
the method of layer-by-layer summation taking
into account changes in the spatial stress-strain
state of soils in the process of triaxial regime
long-term static loading.
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Based on the values obtained from the dia-
grams, the modulus of total soil deformations at
each point of the foundation is determined (Fig.
5), and then the value of coefficient of subgrade
resistance for each point is specified.

Figure 5. Spatial stress-strain state of the soil

Ilizar T. Mirsayapov, Irina V. Koroleva

The proposed methodology was used in the
calculation of the foundation settlement of a
high-rise building, which has a frame-wall
system, made of monolithic reinforced con-
crete and has the following parameters: total
height 144.9 m (39 floors); number of under-
ground floors 4; foundation depth 15.15 m;
area of foundation 1377 m?; columns, internal
and external walls of the underground part are
made with concrete class B40, floor slabs
B30, staircases and flights - B25; the building
has a distributing technical floor with a 2100
mm thick floor slab, providing load transfer
from the above-ground part to the under-
ground part; the thickness of the foundation
slab is 2000 mm (Fig. 6). Physical and me-
chanical characteristics of engineering and
geological elements of the base are given in
Table 1.

Tablel. Characteristics of foundation soils

Ne layer Type of soil p, kg/m3 E, MPa ¢, grad C, kPa
Layer-6 Dense dusty sands 2030 32 36 4
Layer-7 Semi-solid clay 1960 23 23 67
Layer-8 Tightly plastic clay 1940 22 26 43
Layer-9 Solid clay 1720 25 19 86

Taking into account that after 35 and 45
months from the beginning of construction the
load from the building was 75% of the full
load, the following loads were taken into ac-
count in the calculation: standard load on the
typical upper floor taking into account the
weight of load-bearing structures 13.65 kPa;
standard load on the underground floor taking
into account the weight of load-bearing struc-
tures 14.35 kPa; total weight of the building
without taking into account the weight of the
foundation 82620 t; average pressure at the
bottom of the foundation without taking into
account its weight 60 t/m2; average pressure
under the bottom of the foundation taking into
account the weight of the foundation and the
floor 64.59 t/m2. Wind pressure was not tak-
en into account.

The settlement was calculated using the LIRA-
SAP 2014 software program, which implements

120

the finite element method [7]. At the same time,
a spatial model of the whole building was creat-
ed in the program structure to automatically
transfer the load "base".

In the vicinity of the investigated building there
is an enclosing structure in the form of a mono-
lithic reinforced concrete "wall in the soil" 0.8
m thick and 35 m deep, providing stability of
the excavation walls during the zero cycle
works (Fig. 6). Taking into account that the
soils below the foundation footing in the wall-
in-soil zone are in constricted conditions and are
subjected to greater lateral pressure during the
application of vertical loads from the building, it
can be assumed that the compressibility parame-
ters of the soils will be variable. In the calcula-
tion, this was taken into account by introducing
different bedding coefficients under the main
area of the foundation and the zone of influence
of the wall.
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Figure 6. High-rise building of a residential
(plan and section)
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RESULTS AND DISCUSSIONS

The above-mentioned soil model under triaxial
loading was used, taking into account the
change of horizontal stresses ox and oy due to
the influence of the excavation enclosing wall.
The obtained calculation results are shown in
Table 2 and Fig. 7.

Table2. Settlements and inclinations

of foundation

N | Sov, mm | Smax, mm | Smin, mm | @

1 137 145 129,7 | 0,00026
2 135,96 147,29 124,63 | 0,00038
3 215 226 205 0,00035
4 214 235 193 0,00073
5 2423 254,7 231,04 | 0,00035
6 241,18 264,85 217,5 | 0,00073

Where Sav, Smax, Smin, i — average, maximal,
minimal settlement and inclination of founda-
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tion; 1 — in 45 month without taking into ac-
count the slurry wall and 75% of load; 2 — in 45
month with taking into account the slurry wall
and 75% of load; 3 - in 45 month without taking
into account the slurry wall and 100% of load;

4 — in 45 month with taking into account the
slurry wall and 100% of load, 5 — in 100
years without taking into account the slurry
wall and 100% of load; 6 — in 100 years with
taking into account the slurry wall and 100%
of load.

() &

3\ Smn 3 Smin_

Figure. 7. Calculation results: a - calculated
distribution of coefficients of subgrade re-
sistance without taking into account the "slurry
wall"; b - the same with taking into account the
"slurry wall"; ¢, d - characteristic picture of
vertical displacements of the foundation slab
and the base without and with taking into ac-
count the influence of the "slurry wall”

The analysis of the results showed that the
picture of foundation deformation changes
qualitatively when the "slurry wall" operation
is taken into account. At the same time, there
is a good convergence of the calculated re-
sults with the data of geotechnical monitor-
ing. In 45 months since construction, the de-
viation of the calculated values from the
monitoring data on the average settlement
was no more than 13%.

121



CONCLUSIONS

1. The methodology of calculation of defor-
mations of high-rise buildings foundations tak-
ing into account the stage of building erection
with the use of analytical diagrams of soil de-
formation under long-term triaxial regime load-
ing has been developed.

2. The testing of the proposed methodology for
calculating foundation settlement of a high-rise
building on the basis of analytical diagrams of
soil deformation allowed us to obtain calcula-
tion results with good convergence with the
monitoring data. The deviation of the calculated
average settlement from the real one was no
more than 1% and no more than 13% with the
data obtained for 35 and 45 months of monitor-
ing, respectively.
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DIGITAL TOOLS IN THE DESIGN PRACTICE FOR
RECONSTRUCTION OF UNDERGROUND PIPELINES WITH
TRENCHLESS METHODS

Viadimir A. Orlov, Sergey P. Zotkin, Dmitry V. Podolyan

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

Abstract. The article focuses on the possibilities of multi-optional design of repair and rehabilitation works on
dilapidated pressure pipeline networks with the use of automated complexes in order to achieve minimum energy
costs in water transportation with regard to the temperature factor. Two automated programs based on hydraulic
and energy calculation operations are presented as digital tools. As a basic variant of reconstruction of dilapidated
pipelines, the trenchless Swagelining technology was accepted. It is realized by pulling pre-compressed polymer
pipes into old pipelines with their subsequent straightening. The paper presents information on regulatory and
technical documentation and the application of advanced technology, installation and operation conditions, as well
as comparative assessment of energy consumption after reconstruction of dilapidated sections of pipelines with
polymer pipes with the possibility of minimizing energy consumption during water transportation under non-
isothermal conditions of pipeline operation.

Keywords: automated programs, pipelines, temperature conditions, hydraulic characteristics,
trenchless technologies, energy consumption

NHCTPYMEHTbBI HU®POBU3AILINUU B ITIPAKTUKE
HPOEKTUPOBAHMUA ITPU PEKOHCTPYKLUUU ITIOA3EMHbBIX
TPYBOITPOBO/J10B BECTPAHIIEMHBIMU METOJAMMU

B.A. Opnos, C.II. 3omxun, /[.B. Ilooonan

HannonanbeHelil necaenoBaTesnbckuil MOCKOBCKUIN TOCYIapCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCHA

AnHoTanusi. B cratbe paccMaTpHBalOTCSI BO3MOXKHOCTH MHOTOBAPMAHTHOT'O TPOSKTHPOBAHUS PEMOHTHO-
BOCCTAHOBUTCIIbHBIX pa60T Ha BETXHX HAIMOPHBIX pr60HpOBO}]HBIX CCTAX C MOMOMIBIO AaBTOMAaTU3UPOBAHHBIX
KOMIUIEKCOB B LIEJISIX JOCTH)KEHHSI MUHUMAJIBHBIX SHEPreTUYECKHX 3aTPaT IIPH TPAHCIOPTHPOBKE BOABI C YUETOM
TemIepaTypHoro gakropa. B kauecTBe HHCTPYMEHTOB IIU(POBU3ALINY ITPEICTABIICHBI JIBE aBTOMAaTH3HUPOBAHHBIC
MPOrpaMMBbl, B OCHOBY KOTOPBIX 3aJIOKEHBI ONEpaIMy M0 TMAPABINYECKMM M SHEPreTHYECKUM pacdeTaM. 3a
0a30BBIil BapuaHT PEeKOHCTPYKIIMU BETXUX TPYOOIPOBOJIOB NPHHATa OecTpaHIIeiiHas TexHoiaornu Swagelining,
peanm3yemMasi IyTeM MPOTACKHBAHUS B CTapble TPyOONPOBOIBI MPEABAPUTEIBLHO CXKATBHIX MOJMMEPHBIX TPYO ¢
MOCIIEIYIOIINM UX pactpsiMieHue. [IpecTaBiieHbl CBeJCHNS 110 HOPMAaTHBHOM M TEXHUYECKON JOKyMEHTALMH U
00IIacTH IPUMEHEHUSI NIEPEI0BOI TEXHOJIOTHH, YCIOBHAM MOHTaXa M DKCIUTyaTalllH, a TAKKe CPAaBHUTEIBHOM
OLICHKH DHEPTonoTPeOICHHs MOCIIe PEKOHCTPYKIUH BETXUX Y4aCTKOB TPYyOOIPOBOZOB MOJMMEPHBIMHU TPYOaMHu C
BO3MOXXHOCTBIO MHHUMH3ALUKM 3HEPro3aTpaT NPH TPAHCIIOPTHPOBKE BOABI B YCIOBHAX HEHU30TEPMHUYECKOTO
pexxnMa paboTsl TpyOOompoBoIa.

KiroueBble cjioBa: aBTOMAaTH3UPOBAHHBIE IPOIPAMMBI, TPYOOIPOBOIBI, TEMIIEPATYPHBIC YCIOBHUA,
TUIPaBINYECKUE XapaKTePUCTUKH, OeCTpaHIlIeHHbIE TEXHOJIOTHH, YHEPTrONoTpedIeHe

INTRODUCTION federal project "Digital Public Administration"

proposed by the Ministry of Digital
In recent years, Russia has seen an intensification Development, Communications and Mass
of the digitalization process, as evidenced by the Media. This project includes the automation of
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all stages of the real estate life cycle from design
to operation of buildings and structures. The
most important achievement of digitalization is
the possibility of implementing multi-optional
design in the field of water supply and sanitation
[1]. At the same time, the practice of construction
and reconstruction of underground pipelines
using numerous operational and cost-effective
trenchless methods can be considered as a
particular very significant aspect [2].

Currently, more than 40% of underground steel
pipeline networks of water supply systems on
average in the Russian Federation require prompt
repair due to aging, accompanied by the
appearance of various kinds of defects (damage)
in the form of through holes (fistulas), corrosion
of internal walls of pipelines, divergence of
welds, thinning of walls and thus violation of
load-bearing capacity [3].

Restoration of pipelines consists of a set of
technical measures to improve the functional
properties of the existing pipeline with full or
partial use of its structure [4]. Pipeline damage
leads to water leakage and negative phenomena
of groundwater level rise above the pipeline
network, which leads to a decrease in the porosity
of the soil mass and suffusion failures.
According to the standard service life, steel pipes
should be used for 20 years. However, they fail
much earlier due to the above-mentioned
damages, exhausting their resource. Emergencies
associated with the failure of dilapidated and
obsolete engineering networks in Russian cities
account for 31% of the total number of
emergencies, which is second only to fires and
explosions, which account for 34% [5].

If we talk about pipelines of domestic and
drinking water supply, a big problem is the
deterioration of organoleptic properties of water
supplied to consumers. Despite the fulfillment of
regulatory requirements for water treatment
technology at water treatment plants, the
consumer receives water with significantly
inferior quality indicators due to numerous pipe
defects [6]. In addition, the flow velocities in
previously designed water supply networks
decrease due to the increased roughness of their
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walls due to various deposits, which affects the
deterioration of organoleptic indicators of water
related to sanitary and hygienic parameters that
characterize the optimal conditions of human
activity [7, 8].

Reliable performance of pipeline networks under
construction and reconstruction can be ensured if
designers take into account the hydraulic
performance of pipes and of new materials.
There is a need for accurate data on their
hydraulic characteristics, which can be found
both in industry standards and technical
documents and in business models [9].

There are also on the agenda the issues of
effective management of electricity consumption
in water transportation [10]. Electricity
consumption in liquid transportation systems
mainly depends on the power and efficiency of
the pump units used, as well as on the optimal
selection of the cross-section of pipeline
networks, reduction of local resistance and head
losses along the length of pipelines [11]. It
follows that the key aspects in the design of new
pipeline systems, as well as in the renovation
(modernization) of dilapidated pressure pipelines
is to ensure their appropriate energy
performance, providing conditions for long-term
and energy-efficient operation of pipeline
communications [12].

Researchers repeatedly note not only the need to
use pipelines with low roughness, but also to take
into account the temperature factor, which affects
the change in electricity consumption during
water transportation. [13].

A number of investigators consider a promising
and necessary measure for effective
management of water supply networks (in
particular, flow distribution at certain
temperature ranges during the implementation
of repair and rehabilitation works) a wide
application of automated computer complexes
with various subsystems [14].

The effects of resource and energy saving are
achieved by applying trenchless pipeline repair
technologies. In particular, it includes the
technology  of repair by  preliminary
thermomechanical compression of polymer pipes
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and pulling them into old pipelines
(Swagelining), as well as the quality indicators of
transported drinking water are preserved by
increasing its flow velocities [15].

Modern urban construction is impossible without
utilization of the underground space of the city.
Placement of all transporting routes of
underground engineering systems is limited by
residential buildings and transportation routes.
Especially acute is the issue of accessibility of
communications during repair works. To date,
about 50% of engineering networks of various
materials need to be replaced or restored. This
only increases the urgency of solving this issue
and the need to search for new methods of laying
and reconstruction [16].

In some municipal districts of the Russian
Federation, such as Podporozhsky and
Volkhovsky in the Leningrad region, 62.8 and
84.2% of pipelines of water supply networks are
in need of capital repair, respectively [17].

Lack of prompt measures to improve the
efficiency, serviceability and renovation of
underground water pipelines aggravates the
situation with numerous negative consequences for
the population and the natural environment. Water
supply networks should provide a guaranteed
physical barrier against contamination of the
supplied water and maintain the required sanitary
and hygienic indicators in it [18].

The application of traditional methods for
reconstruction can be problematic under the
modern urban development and traffic intensity,
bring great inconvenience and financial costs.

METHODS AND MATERIALS

The study focuses on one of the numerous
technologies for renovation of dilapidated
pipelines using polymer pipes. These pipes are
subjected to thermomechanical compression
with  subsequent  straightening in  the
reconstructed pipeline after being pulled into the
dilapidated existing pipeline (Swagelining).

The research method is the analysis of the results
of automated calculation of electricity
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consumption during water transportation with
different ambient temperature conditions, as well
as identification of the most economical variant
from among the alternatives for saving electricity
costs during water transportation through
reconstructed pipelines with different diameters
and SDR values (Standard Dimensional Ratio,
that is diameter to wall thickness ratio).

Two automated calculation programs were used
to achieve the above objectives [19, 20].
Swagelining method is used for trenchless repair
of all types of pipeline networks: pressure,
gravity, underground, surface. The method is
applicable for reconstruction of pipelines with
diameter from 100 to 1200 mm with the length of
the repaired section up to 1000 m.

The technology allows fast installation of
polymer pipe of larger diameter into old pipelines
of smaller diameter due to its preliminary
thermomechanical compression. Thus, a new
pipe, tightly pressed to the inner surface of the
main pipe and superior to the latter in a number
of characteristics, is formed inside worn-out
pipelines during rehabilitation. In this way, the
pipeline acquires a two-layer construction and is
an independent structure. The tight fit of the new
polymer pipe to the walls of the old pipeline
creates conditions for a very slight reduction in
its diameter with a simultaneous reduction in the
coefficient of hydraulic friction, i.e., ensuring the
energy-saving effect in water transportation.
Swagelining sanitized pipes have successfully
passed tests for rapid crack localization during
operation (a series of tests were conducted for
more than 5000 hours) on fracture and
temperature tests with a notch at +80 C.

The Swagelining method was applied for the
reconstruction of 3.5 km of water supply
networks in Moscow.

The advantages of the Swagelining method also
include the possibility of providing such an internal
diameter of the reconstructed pipeline system, at
which through varying the value of SDR water
flow velocities correspond to the design ones for
drinking water supply systems (i.e. about 1 m/s).
This measure leads to preservation of organoleptic
characteristics of water.
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The technology includes the process of compression
of the pipeline, preheated to a temperature of 70-80
C (Figure 1). A conical matrix ensures that the
pipeline is narrowed so that it can be pulled through
the existing pipeline without obstruction. At the next

stage, a new pipe with a reduced diameter is pulled
into the old pipe by means of a cable and a winch
installed in the next manhole along the course of the
pipe. The pulling is carried out until the pipe is in the
required position.

Figure 1. Pipeline rehabilitation scheme using the Swagelining method
1,3 - fragments of the dilapidated (restored) pipeline; 2, 9 - small-sized pit (or well); 4 - ground
level; 5 - initial polymer pipeline, 6 - infrared heaters, 7 - conical matrix (narrowing device); § -
pipeline after thermomechanical compression; 10 - double-layer pipeline

The reverse process of deformation of the
polymer pipe inside the old pipeline occurs
automatically due to the "memory" effect. The
pipe expands until its outer diameter reaches the
size of the inner diameter of the old pipeline and

forms a tight joint with its wall. This eliminates
the need for cement mortar or special hardeners.
Figure 2 shows the result of rehabilitating an old
pipeline to form a two-pipe construction.

Figure 2. View of the pipeline rehabilitation

In order to calculate power consumption AE while
using polyethylene pipes during the period of
Swagelining technology implementation for water
transportation, including those depending on
temperature conditions, equation (1) was applied:
AE=0,81-0%1'1-24:365 / (d >np) (1)
where AE is the value of consumed electricity,

kWh/year; Q is the flow rate of water supplied by
the pipeline, m%/s; I s the length of the pipeline

Volume 19, Issue 4, 2023

section, m; mp is the efficiency factor of the
pumping unit; 24 is the work hours of the pump
per day, h; 365 is number of days per year; A is
the coefficient of hydraulic friction; d is the
internal diameter of the pipeline, m.

RESULTS

To determine the level of deformation of pipelines
(changes in the diameter and wall thickness of
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polymer pipe after its thermomechanical
compression and straightening operations) when
using Swagelining technology, a special automated
program was applied [20].

The initial parameters used in the automated
calculations in both programs are as follows:
-internal diameter of the dilapidated steel
pipeline 500 mm;

-length of the pipeline 600 m;

-internal diameter of polyethylene pipes 560 and
630 mm (SDR 21);

-Average temperature of the pipeline wall (soil
around the pipe) 160 C;
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- average temperature of water in the water
supply source 160 C (summer period) and 80 C
(winter period);

-flow rate of transported water 0.14 m3/s;
-internal diameters of the rehabilitated pipeline after
renovation of the steel pipeline with polyethylene
pipe with original diameters of 560 and 630 mm,
respectively: 446.04 mm and 438.51 mm;
-coefficient of efficiency of the pumping unit 0.9.
Summary output information on the automated
calculation of parameters in summer and winter
periods is presented below (Tables 1 and 2)
according to the data obtained from the results of

the automated program [19].

Table 1. Summarized output information on the results of hydraulic and energy calculation of two-
pipe construction in summer and winter periods at the internal diameter of the pipeline 446.04 mm

N | Estimated indicators Indicator values

0 Summer period | Winter period

1 | Water flow velocity in the pipeline, m/sec 0.896 0.896

2 | Coefficient of dynamic viscosity related to the liquid | 0.001131151 0.001406528
flow, Pa-s.

3 | Coefficient of dynamic viscosity related to the pipe wall
temperature, Pa-s. 0.001131151 0.001131151

4 | Dynamic viscosity ratio 1.0 1.243

5 | Coefficient of kinematic viscosity of liquid, m2/sec. 0.000001096 0.000001380

6 | Reynolds number 364758.11 289680.3

7 | Calculated coefficient of hydraulic friction 0.013853 0.013885

8 | Electricity consumption through the coefficient of | 10217.143 10224.114
hydraulic friction, kWh per year

Table 2. Summarized output information on the results of hydraulic and energy calculation of a

two-pipe structure in summer and winter periods at the internal diameter of the pipeline 438.51 mm

N | Estimated indicators Indicator values

0 Summer period | Winter period

1 | Water flow velocity in the pipeline, m/sec 0.927 0.927

2 | Coefficient of dynamic viscosity related to the liquid | 0.001131151 0.001406528
flow, Pa-s.

3 | Coefficient of dynamic viscosity related to the pipe wall
temperature, Pa-s. 0.001131151 0.001131151

4 | Dynamic viscosity ratio 1.0 1.243

5 | Coefficient of kinematic viscosity of liquid, m2/sec. 0.000001096 0.00000138

6 | Reynolds number 371021.66 294654.63

7 | Calculated coefficient of hydraulic friction 0.013897 0.013929

8 | Electricity consumption through the coefficient of | 11089.143 11115.787
hydraulic friction, kWh per year
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Comparing the values of electricity consumption
in Tables 1 and 2 for points 8§, i.e., with and
without consideration of water and pipeline wall
temperatures, there is a discrepancy. This
indicates the influence of water temperature on
electricity consumption: as the temperature in the
water supply source increases, -electricity
consumption decreases. For example, for the
winter period the difference in electricity
consumption is as follows:

- for diameter 446.04 mm 10224.114 - 10217.143
=6.971 kWh per year

- for diameter 438.51 mm 11115.787 - 11089.143
=26.644 kWh per year.

In addition, it should be noted that even with a
slight decrease in the diameter of polyethylene
pipe (from 446.04 to 438.51 mm) there is an
increase in energy costs. For example, for winter
conditions it is 26.644 - 6.971 = 19.673 kWh per
year or 26.16%.

It follows that the design and possible control of
the water transportation process requires
accounting for temperature factors to obtain the
most probable values of electricity consumption.
It is necessary to include data on the temperature
parameters of the pipeline wall and transported
water in the pipeline network construction
projects and to calculate electricity consumption.
This is facilitated by modeling, which allows to
identify the optimal parameters of water
transportation process control based on the
search for minimum values of electricity

consumption. Using the capabilities of the
automated program, calculations of power
consumption can be carried out in a wide range
of temperatures of the pipe wall (corresponding
material and diameter) and transported water for
both northern and southern regions at different
values of water flow rates and values of the
efficiency factor of pumping units.

Below are presented summary calculation data
(Tables 3-5), as well as graphical material
regarding the most economical variant among the
alternatives in terms of energy cost savings for
water transportation through the Swagelining-
rehabilitated pipelines with different diameters
and SDR values. The tables clearly illustrate the
dynamics of change in such indicators as wall
thickness and the value of the new internal
diameter of the repaired pipeline, as well as
energy costs depending on the SDR of the pipe
after the reconstruction of the steel pipeline by
Swagelining.

The following initial data were adopted for the
calculations: pipeline material is steel; internal
diameter is 800 mm; length of the repaired
section is 800 m; design water flow rate is 0.51
m?/s, at which the head loss along the length in
the steel pipeline is 1.12 m; efficiency factor of
the pump and electric motor is 90%.

External diameters of the new polymer pipeline
using Swagelining technology are: di=1000 mm,
d2=900 mm and d3=800 mm.

Table 3. Indicators at outer diameter of a new pipeline di=1000 mm

Estimated values SDR11 | SDR17 | SDR21 | SDR26 | SDR33 | SDR41 | SDR50
Inner diameter of the new | 608.84 | 677.78 | 702.43 | 722.04 | 737.84 | 748.89 | 759.62
pipeline after renovation, mm

Wall thickness after | 95.58 | 61.11 |48.79 |3898 |31.08 |[2556 |20.19

compression-straightening

operations, mm

Head loss along the entire | 1.428 | 0.772 | 0.629 | 0.538 | 0.475 0.436 | 0.402

length of the pipeline after

renovation, m

Average annual electricity savings

Along the entire length of the | -16.549 | 18.906 | 26.637 | 31.606 | 34.996 |37.093 | 38.403
pipeline thousand kWh/year

Volume 19, Issue 4, 2023

129




Vladimir A. Orlov, Sergey P. Zotkin, Dmitry V. Podolyan

Table 4. Indicators at outer diameter of a new pipeline d>=900 mm

Estimated values SDR11 | SDR17 | SDR21 | SDR26 | SDR33 | SDR41 | SDR50
Inner diameter of the | 632.24 | 691.63 | 713.19 | 730.47 | 74445 | 75426 |763.82
new  pipeline  after
renovation, mm
Wall thickness after | 83.88 54.19 43.40 34.77 27.78 22.87 18.09
compression-
straightening operations,
mm
Head loss along the | 1.15 0.688 0.577 0.503 0.451 0.419 0.389
entire length of the
pipeline after
renovation, m
Average annual electricity savings
Along the entire length | -1.544 23.476 | 29.478 |33.476 |36.276 |38.041 |39.617
of the pipeline thousand
kWh/year

Table 5. Indicators at outer diameter of a new pipeline d;=800 mm
Estimated values SDR11 | SDR17 | SDR21 | SDR26 | SDR33 | SDR41 | SDRS50
Inner diameter of the | 654.8 705.2 723.8 738.8 751.0 759.6 768.
new  pipeline  after
renovation, mm
Wall thickness after | 72.6 474 38.1 30.6 24.5 20.2 16.0
compression-
straightening operations,
mm
Head loss along the | 0.941 0.615 0.53 0.471 0.429 0.402 0.377
entire length of the
pipeline after
renovation, m
Average annual electricity savings
Along the entire length | 9.779 27.396 |32.008 |35.188 |37.471 |38.937 |40.265
of the pipeline thousand
kWh/year

According to the results of the modeling
presented in Tables 3-5, the following
conclusions can be drawn on the application of
Swagelining technology for rehabilitation works:
- for the range of diameters considered (1000,
900 and 800 mm), the larger the SDR value (i.e.,
the smaller the wall thickness), the smaller the
head losses along the length of the pipeline;

- the smaller the diameter of the pipeline, the
lower the head losses and the greater the
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average annual energy savings, which is
clearly illustrated by graphical relationships
(Figure 3);

- at SDR 11 values for pipelines with diameter
di=1000 mm and d2=900 mm no energy saving
is achieved (negative calculation result);

- at SDR 50 the values of average annual energy
savings for three diameters of pipelines
practically coincide.
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Figure 3. Graphs for average annual energy savings E, thousand kWh/year, depending on the value
of SDR for the corresponding pipeline diameter:
1000 mm - blue (lower curve), 900 mm - red (middle curve); 800 mm - green (upper curve)

CONCLUSIONS

The analysis of the literature and practice of
designing repair and restoration works on the
underground pipeline network shows that the
current state of pipelines of water supply and
drainage systems in the countries of the world is
unsatisfactory. There is a tendency of dynamic
wear of pipelines with exceeding the normative
service life of their service. This indicates the
need for rapid replacement of individual sections
of engineering networks.

The trenchless methods are promising
approaches to the reconstruction of underground
pipelines. They allow to significantly reduce the
time and cost of construction works, ensure

resource and energy efficiency of the
reconstructed pipeline systems, as well as
maintain  organoleptic ~ characteristics  of

transported water and reduce the risk of harm to
the environment.

The performed research has established the
advantages of trenchless reconstruction methods
and recommended the wide use of Swagelining
method. It allows to achieve a double effect at the
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same time: resource saving, as after the repair
water leaks (exfiltration) and groundwater
infiltration into pipelines (infiltration) will be
eliminated, as well as energy saving, i.e.,
reduction of energy costs during water
transportation, including at different ambient
temperatures.

Hydraulic and energy calculations of a two-pipe
underground structure of a certain diameter
during various seasons of the year are presented
on specific examples with the use of computer-
aided programs, which showed the possibility of

saving energy resources depending on
temperature conditions.
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DEPOSITION OF PARTICLES FROM A TURBULENT FLOW ON
THE WALLS OF PIPES AND CHANNELS

Sergey V. Fedosov !, Alexandr V. Markelov ?,
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2 Yaroslavl State Technical University, Yaroslavl, RUSSIA

Abstract: The formation of sediment on the walls of pipes and channels has a significant impact on the efficien-
cy and reliability of technological equipment. The article considers the effect of sediment formation on the pro-
cess of ultrafiltration of wastewater from the plant of reinforced concrete structures, representing water-oil emul-
sions with a high content of suspended solids. On the basis of the theory of turbulent particle migration devel-
oped earlier by E.P. Mednikov in a shear turbulent gas flow, a solution of the problems of particle deposition on
the walls of circular channels from a viscous fluid flow in a wide range of Schmidt numbers is obtained. The
equations for determining the mass transfer coefficient from the core of the flow to the channel walls for a two—
layer boundary layer according to the Prandtl theory, a three-layer Pocket and a modernized three-layer Landau-
Levich were obtained. The results of calculations of the mass transfer coefficient of particles from the flow core
to the channel surface according to the proposed upgraded model showed the highest intensity of deposition of
particles with a diameter of 10 to 40 microns. The adequacy of the model was verified by comparing the calcu-
lated parameters with the results of well-known domestic and foreign researchers and showed good verification.

Keywords: Turbulent migration, circular channel, mass transfer coefficient

OCA’KAEHUE YACTHUI U3 TYPBYJIEHTHOI'O ITIOTOKA HA
CTEHKU TPYb U KAHAJIOB

C.B. ®eoocos ', A.B. Mapkenos *

' ®I'BOY BO «HaumoHanbHbIi uCcenoBaTenbckuii MOCKOBCKHUI TOCYIapCTBEHHBINA CTPOMTENBHBII YHUBEPCUTETY,
r. Mocka, POCCH
2 ®I'BOY BO «Slpocnasckuii ToCy1apCTBEHHBIN TEXHUYECKUH YHUBEPCHTET, T. SIpociasin, POCCU S

Annortanus: O6pa3oBaHHe 0cajika Ha CTEHKaX TPyO M KaHAJIOB OKa3hIBAIOT CYIIECTBEHHOE BIMsHUE Ha 3(dek-
TUBHOCTh W HAJICKHOCTh TEXHOJOTHYECKOTO 00OpyaoBaHWSA. B cTaThe pacCMOTpEHO BIHSHHE OOpa3oBaHHE
0CaJIka Ha MpoLecC YIbTPapUIbTPALUKN CTOYHBIX BOJ| KOMOHMHATA KEJIe300€TOHHBIX KOHCTPYKIHM, MMpecTaB-
JISIOIINE BOJOMACIISIHBIE 3MYJIBCHH C OOJIBIINM COJIEpKaHUEM B3BEIICHHBIX BemiecTB. Ha ocHoBe pa3BuToi pa-
Hee E.Il. MeaHUKOBBIM TeoprH TYpOYJIEHTHON MUTPAIIUN YaCTUIl B CABUTOBOM TYpOYJICHTHOM IMOTOKE Ta3a Io-
JIy4eHO pelIeHre 3a1ad 00 OCaKACHUHU YacTHIl Ha CTEHKH KPYIJIBIX KaHAJIOB M3 TOTOKA BSI3KUX JKUAKOCTEH B
mrpoKkoM ananazone uncina [lmunara. [lomyueHsr ypaBHeHUs JUIs onpeieneHus Kod(hGuiurueHTa MacCcooTAaun 13
sIpa MOTOKA K CTEHKAaM KaHaja AJIs JBYXCJIOWHOTO MOTpaHUYHOro cjos mo Teopuu IIpanaris, TpexcnoitHoro —
Kapmana m mMozepHU3MpOBaHHOTO TpexcioiiHoro Jlannay-Jleuua. Pesymnbratel pacyeroB ko3 ¢unuenra mac-
COOT/a4YM YacTHIl OT siApa MOTOKa K MOBEPXHOCTH KaHajla 110 MPE/I0KEHHOW MOJICPHU3UPOBAHHOW MOJIEIH TI0-
Kazaiy HauOOJIBIIYI0 HHTEHCUBHOCTD OCAXJICHNS YacTHIl AuameTpoM oT 10 1o 40 MKkM. AEKBaTHOCTb MOJICIIN
OBLTa TIpOBEpEHa IMyTEeM CPAaBHCHHS PACUCTHBIX ITAPaMETPOB C Pe3yJbTaTaMHU M3BECTHBIX OTCUCCTBCHHBIX H 3a-
PYOEIKHBIX HCCIIEZIOBATENCH 1 TIOKa3ajia XOPOIIYIO BepU(PUKAIIHIO.

KiroueBble cjioBa: TypOyIeHTHASI MUTPAIHS, KPYTIBIA KaHA, KO3 (HUIIHEHT MacCOOTAaYH

INTRODUCTION curs under the influence of flow turbulence.

This process is characterized by chaotic and un-
Turbulent particle migration is the process of predictable particle movements caused by vorti-
moving particles inside a liquid or gas that oc- ces and turbulent pulsations in the flow [1, 2].

Volume 19, Issue 4, 2023 135



Turbulent particle migration can occur both in
liquid media (for example, water or oil) and in
gases (for example, air), and is of great practical
importance in various industrial sectors and
municipal services. economy, including [2, 3]:

- formation of corrosion, wear of equipment and
pipelines;

- reduced efficiency and reliability of equip-
ment;

- uncontrolled pollution of water and air re-
sources.

All these aspects make turbulent particle migra-
tion an important area of research with signifi-
cant applied and theoretical significance.

In the construction industry, waste water con-
taining suspended particles, petroleum products,
surfactants, and other pollutants is formed in
reusable forms during the production of rein-
forced concrete structures [4].

For wastewater treatment, the process of ultra-
filtration can be used, i.e., the separation of par-
ticles and molecules by size using semipermea-
ble membranes [5].

Sediment formation can have a significant im-
pact on the ultrafiltration process, due to:

- reducing the permeability and efficiency of the
process;

- damage to the active layer of the membrane,
increasing its wear and reducing the service life
of the membrane;

- changes in the chemical composition and con-
centration of the initial liquid in the boundary
layer, which, in turn, can affect the filtration
characteristics of the membrane.

Knowing the intensity of sediment formation
will allow you to develop requirements for pre-
treatment, reasonable choice of the type of
membrane, and timely monitoring and mainte-
nance of such devices.

Research in the field of particle deposition un-
der turbulent flow regimes has been carried out
for more than 60 years, and there are a large
number of scientific publications. However,
even in the case of simplifying the formulation
of the problem of precipitation of particles with
a low concentration as a result of turbulent mi-
gration, complex analytical or numerical meth-

136

Sergey V. Fedosov, Alexandr V. Markelov

ods for solving it are required [2, 6-15]. Gener-
alization of the theory and theoretical calcula-
tions in this area that are well consistent with
experiments were obtained in the Russian scien-
tific school founded by E. P. Mednikov [1].

In this paper, an attempt is made to adapt the
theory of turbulent particle migration in aerosols
to mass transfer in viscous liquids, taking into
account phenomena in the boundary layers of
circular channels.

1. Problem statement
Moving along the flow, particles at some stage
of their movement reach the wall region and,
when the distance to the wall becomes equal to
their radius, touch it and settle on it, if the wall
surface is "absorbing" [1].
The migration rate u: characterizes the intensity
of precipitation of particles from the turbulent
flow onto the channel wall [1]
u =jlc, (D)
where j - specific particle flow to the wall,
kg/(m?*s); ¢ - concentration of particles in the
solution, kg/m?.
Then the specific flow of particles to the wall j
is determined by the equation
j=u,-c. 2)
Expression (2) is an analog of the well-known
mass transfer equation [16]
J=By(cgp—c,), 3)
where Ps - mass transfer coefficient, m/s; cr -
concentration of impurities in the flow core; cw -
concentration of impurities on the membrane
surface.
Hence, it is possible to assume the identity of
the deposition rate and the mass transfer coeffi-

cient of particles from the flow core to the
membrane walls

(4)
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Theoretical methods for determining the mass
transfer coefficient of the dispersed phase Pu
will make it possible to perform calculations on
the deposition of particles on the membrane
walls with minimal use of experimental data.
We use a well-known approach, when the turbu-
lent deposition of a finely dispersed phase is con-
sidered as a kind of diffusion process using the
usual equations from the mass transfer theory [1].
The motion of very small particles practically
does not differ from the motion of the carrier
turbulent vortices of the medium, and then Dp =
Ds, where Dp, Ds are the coefficients of turbu-
lent diffusion of particles and the medium, m?/s
[1].

Consider a situation where the mass transfer re-
sistance is concentrated in the boundary layer on
the surface of a membrane element. Let the y-
axis be directed normal to the surface of the
membrane. In this case, using an analog of
Fick's first law [1], the projection of the specific
particle flux on the y-axis at any point of the
boundary layer is written as

J() =(Dy +DBV>Z—;, 5)

where Dg,- Brownian diffusion coefficient.
We introduce a new dimensionless quantity-the
relative particle flux

(6)

Then, using expression (6), we make a substitu-
tion in equation (5) to obtain

R dc
J 'Jw:(DP+DBr)d_ (7)

Then, separating the variables, we write the in-
tegral over the boundary layer thickness

Rde S -dy
J]W_J‘D +DBr

(8)

Cyw
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where d - turbulent boundary layer.
Using expression (3), we obtain

dey

9
d D +DBr ()

Expression (9) is general and allows calculating
the mass transfer coefficient based on the
Brownian (molecular) and turbulent diffusion
coefficients, as well as the relative specific par-
ticle flux in the boundary layer ;.

In this model, the main resistance to mass trans-
fer in the diffusion boundary layer is assumed,
as well as the constancy of the flow across this
layer cr= cwhence j* = 1.

2. Results and discussion

To obtain a universal solution of equation (9),
we first reduce it to a dimensionless form by
entering the following parameters:

- dimensionless distance along the y-axis

(10)

where u* - dynamic flow velocity; v - kinematic
viscosity coefficient of the separated liquid.
In this case,

dy =——dy* . (11)
u
Dimensionless mass transfer coefficient
py =22 (12)

Dimensionless thickness of a viscous sublayer [2]

*
u -0
+ 1
R = ,
Y

(13)

where o1 - value of the viscous sublayer.
For the Prandtl model R:1 =11.6 [2].
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The dimensionless thickness of a turbulent
boundary layer is determined by the expression

u -3
v

R; = (14)

The dimensionless thickness of a viscous sub-
layer on a rough surface will differ from

R =11.6, that derived for a smooth plate [2].

For the boundary layer with various perturba-
tions (roughness, two-phase, etc.), the expres-
sion [2] is obtained

C
R =116 L%
\Cj

After substituting the dimensionless quantities
in equation (9), we obtain

(15)

1 _R‘ v-dy or
B;‘ " o(D +Dp,)-u’
v-d
j & (16)
Bd o (Dp+Dy,)

For particles subject to precipitation, the turbu-
lent diffusion coefficient of particles can be de-
termined by the expression [1]

D
.DP: S 5

(17)

where we - angular frequency of turbulent low-

frequency pulsations of energy-intensive vorti-

ces; Tp - relaxation time.

Usually, with a small error, they allow [1]
D¢ =v,, (18)

where vr - turbulent viscosity coefficient.

In expression (17), the angular frequency of tur-

bulent low-frequency pulsations of energy-

intensive vortices og and the relaxation time T,
are determined by expressions [1]
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. 2
, 1 = (19)
gy

where ds - diameter of impurity particles; p -
dynamic viscosity coefficient.

Various boundary layer models and functions
for vr(y) are known in the literature, which can
be classified according to the number of layers.
The Prandtl model. The two-layer Prandtl model
suggests molecular transport in the viscous sub-
layer and turbulent transport beyond it [2].

In a viscous sublayer vr= 0, and for y > 81, vr =
xu*y, where x = 0.4 is the Prandtl constant [2].
Then the transfer resistance of the fine phase in
the boundary layer, using expression (9) and the
model assumptions described above, is written
as

l_Rrv e Rgvd+
T—I—‘Y+jD—‘y- (20)

Bas o Dp Rt P

It is known that the ratio of the kinematic vis-
cosity coefficient to the diffusion coefficient is
determined by the Schmidt criterion [1]

Scp. =v/ Dy . (21)
In integral equation (20), we make substitutions
using the expressions (10), (17), (18) and (21),
we obtain

1+ d
IScBrdy+I( Er)y
d Rl Vr
. (22)
1+o vedyt
_ J‘ ScBr dy + j( E T ) u y

Rl X.u .y -V

We transform the expression (22) by taking the
constant terms as the sign of the integral

1+0)E J' (23)

Rf
— = SCB}“ J. dy+
d 0

International Journal for Computational Civil and Structural Engineering



Deposition of Particles from a Turbulent Flow on the Walls of Pipes and Channels

As a result of integrating (23), we obtain

1+ g

1
_+:SCB},'R1++
d

[m(Rg / R} )] - (24)

Thus, the expression (24), after the correspond-
ing transformation, can be represented as

1
Ba = : (25)
Scg, R +—(1+ 0, )In(RS /R")
Br 1Y E 5 1Y
X
In dimensions (25), it will look like
u*
By = 5 1 -(26)
Scg L+ = (140, )In(3/5))
v X

Karman Model. In the three-layer Karman mod-
el, the turbulent exchange functions have the
form [2]:

— in a viscous sublayer at y* < 5, vr = 0,

— in the transition region at 5 < y* < 30,

vr=u*y/5-v; (27)
— in the turbulent region at y © > 30,
vr = yu*y—v. (28)

Assuming that for y* > 5 (outside the viscous
sublayer) Dcp >> v, the particle transport re-
sistance is written as

R v-dy" Ry v-dy” Ry v-dy”
B—+=I n + | + . (29)
d 0

Br R1+ DP Rz' DP

The value of the viscous sublayer o1 [1, 2]

8 =5v/u’; (30)
Value of the transition sublayer [1, 2]
8, =30v/u". 31

Volume 19, Issue 4, 2023

Then the dimensionless thickness of the viscous
sublayer from equations (13) R =35, and the
value of the transition sublayer from (14)
Ry =30.

After integrating equation (28), taking into ac-
count the boundary conditions (27) by analogy

with expression (20), we obtain the expression
in the dimensionless form

By = 1
¢ S-ScBr+a-[10,07+235'ln(1_x'Rg)}
(32)

2
where a=1+0,7,.

When converting to dimensional values

*

u

Bd: 5 .
5~ScBr+a[1o,07+2,5-1n[1—x'” : H
A%

(33)

In the upgraded three-layer Landau-Levich
model [17], it is assumed that the change in tur-
bulent viscosity in a viscous sublayer is propor-
tional zo vr ~ y*, and in this case both Brownian
and turbulent diffusion will act in it.

Then the expression (28) will take the form

R vdy" R;v-dyJr Rgv-a’yJr
BTZID o, 1, T, 08
d 0 Br P P P

R Ry

Based on the Landau-Levitch theory, the follow-
ing functions are used for each sublayer [17]:

V7T=o,01x“~(y+)4, y <5 (35)

Vr

—£=0,2y" -0,959, 5<y* <30; (36)
v

Y1 0,4y —1, y* >30. (37)
A%

Consider the first integral of the right-hand side
of equation (33)
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R Ry

J‘ V‘dy+
o Dp-+Dp

v-dy" B
D a

0 (ZBr41).D
(D )-Dp

. r . (38)
B +og-t,)v-dy

0 (h"'l)'VT
P

Replace the ratio vz/v with equation (35)

R (I+og-1,) v-dy”

N A
P

R (+og-1,)-dv"

0 (P 11).0,01.9* - (5
DP

R (I+og-t,)-dy*
0 (DBV(1+O‘)E 'Tp)

+1)-0,01-¢*- ()
Vr
J. (+og-1,)-dy"
- Dy (1+0;-1T,) -
v-0,01-%"-(»y")

j (I+og-1,)-dv*
0 Sep (1t op1,)+0,00 % ()

Introducing new variables

(I+og-t,)=a; Scp(1+wg-1,)=0b;

0,017 =c

. (39)

Let us transform equation (38) using (39) to the
form

} a-dy’ (40)
0

b+c-(y" )

As a result of integration, we get
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5
jady ~0,17-a
' b

+e- ()

xIn

(41)
Finally, for the first term of equation (33), we have

Rf

a-dy* B
0 Scp, -a+0,01-x4 -(y+)4

1/4
Scp, 1+ -
0,17'61' cBr( E Tp)
0,01y

1/4
5650 o5, 7. 07| Serd
0,01y 0,01y

xIn e
S a5 _q o7 Sea
0,01y 0,01y
40,35.a.| Xzd
0,01y
S, +7 07
0,01y
arctg
ScBr
0,01y
1/4
Sep, -a ~-7.07
0,01y ’
—arctg 7
Scg,.-a
0,01y
(42)
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Consider the second term of the right-hand side
of equation (34)

Ry

’d+ 5 'd+ 30 d+
R PRAT L
R DP 0 Vr 5(092)’ _Oa959)
:a-L-ln30.0’2_0’959:24'(1+605Tp).

0,2 5-0,2-0,959

(43)

Consider the third term of the right-hand side of
equation (34)

Dp 30 Vr 50 0,4y" -1

RI v-dy" =Rfa,M:aRng_

1 Ry -0,4-1
a- -In
0,4 30-0,4-1

.
«n| Boo 041
1

After integration, expression (34) takes the form

1/4
L:0,17-a- Seprra)
By 0,01y

1/4
Scpr@ o5 7, 07| S8 a
0,01y, 0,01y,

Scg, -a N
0,01y

=2,5-(l+0,T,)x (44)

xIn

(45)

.
+a-£24+2,5-ln{wn.
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3. Model verification

To obtain the calculated values of the mass
transfer coefficient, the following initial data
were selected according to the proposed model:
- working fluid: water-oil emulsion in the form
of waste water from a plant for the production
of reinforced concrete structures;

- a tubular ceramic membrane element with an
internal diameter of d =0.006 m, a length of
L=0.8 m, and a membrane porosity of e = 0.6,
manufactured by KeramikFilter LLC, Mos-
cow;

- the average permeate flow rate W, = 0.07-0.1
m/s;

- the concentration of suspended substances ¢ =
0.01 kg/kg;

- sediment density ps = 2100 kg/m?;

- density and viscosity of the water-oil emulsion
p =900 kg/m* and m =0.0101 Pas;

- the flow rate of the emulsion in the membrane
module u =10 m/s.

An acoustic particle analyzer APS-100 was used
to measure the contamination particles.

The results of calculating the mass transfer coef-
ficient are presented in Table 1 and Figure 1.

Table 1. Results of calculating the mass transfer
coefficient

Scer | 5 [151]25(50] 75 {100{200 (300|400

4105, 12 18 |21|27(31,6/34,8[43,8[50.2[55.3

M

Ba103
(25) [91]41(27[14]9,7[7.6[3,7] 25 1,9
(32) |63 ]28(189,4/6,4|4,8(2,45/1,6|1,2
(45) |44 121(1509,5/7,2159(3,8|2,9|24

From the calculated data obtained, it follows
that the highest value of the mass transfer co-
efficient Ba and deposition intensity corre-
sponds to the particle size ds from 10 to 35
microns.

The adequacy of the calculated values of the
mass transfer coefficient was verified by the
model validation method.
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Figure 1. Changes in the mass transfer coeffi-
cient Pa an average flow rate u = 10 m/s

Since the known results on the deposition of
particles on the walls of circular channels were
obtained for various media with different physi-
cochemical properties from the considered vis-
cous heterogeneous systems, it is better to use
dimensionless values for model validation.

In our case, it is convenient to consider the de-
pendence (Fig. 2) of the dimensionless value of
the mass transfer coefficient (deposition rate) B*
on the inertia parameter 1" (dimensionless re-
laxation time).

The inertia parameter is determined taking into
account the equation by the expression

. *2 42
+ P u 'ds

Y B 18-v?

(46)

To compare the data, the Reynolds criterion
Re+ was used, based on the dynamic velocity
and channel radius

Re* =

(47)
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Figure 2. Dependence of the deposition rate on
the inertia parameter:

I-empirical correlation (Scsr = 106, Re* = 150)

[18]; 2, 3, 4 - data obtained from the developed
models for the boundary layer according to the
Landau-Levitch, Karman, and Prandl! theory,
respectively (Scsr =5+400, Re™ = 100); 5 - di-
rect numerical simulation data (Scgr = o, Re*

= 150) [19]; 6 — data obtained in the paper
(Scar =1,310 106, Re™ = 400~1300) [20]

As well-known results, we used the data pre-
sented in the works of Koji Fukagata, Said
Zaraya, and Fritz H. Bark, who obtained an em-
pirical correlation of the deposition rate for the
turbulent diffusion of copper particles with a
size of 70 microns and glass particles with a size
of 50 microns in a circular channel [18], Mar-
chioli S., Picciotto M., Soldati A., who studied
turbulent diffusion of copper particles with a
size of in a vertical channel, based on the solu-
tion of the Navier-Stokes equation by direct
Numerical Simulation [19], as well as data from
Wells A. K. and Chamberlain A. K., which were
used to study the deposition of radioactive parti-
cles in the form of polystyrene spheres with a
diameter of 5 microns, containing 51Cr, drops
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of tricresyl phosphate with a diameter of 2.1;
1.1 mm. and 0.65 microns with an activity of
32P and natural Aitken nuclei labeled ThB
(212Pb) from air flows to vertical surfaces [20].
As can be seen from Figure 2, there is a satisfac-
tory convergence of the results of calculating 3"
about £ 10%, calculated from expressions (25),
(32) and (45) with the data known in the scientific
literature within the inertia parameter t* from 0 to
400-107, which corresponds to a particle size from
12 to 40 microns at the flow velocity in the chan-
nel is 10 m/s, and allows us to recommend this
method for calculating the mass transfer coeffi-
cient from the flow core to the channel walls for
practical application.

CONCLUSIONS

The obtained expressions for determining the
mass transfer coefficient have found practical ap-
plication in the development of hardware design
of the water-oil emulsion separation process. Be-
fore ultrafiltration of wastewater, they were pre-
treated on a centrifugal separator model SOG-913.
The separator separation factor at maximum RPM
was 10000. Figure 3 shows a fragment of quanti-
tative analysis of dirt particles with sizes from 5 to
100 microns after centrifugal separation.

N. %
52.9
50 -
40 -
30 -
1
20 -
941
10 46.82
0.012
2 0,93 0,08 17 7" %0 03
0 |'_ T T
510 MM 10-25  25-50  50-100
MEM MEM MEM

Figure 3. Proportion of dirt particles depending
on their size: 1-before separation; 2-after sepa-
ration
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As can be seen from Figure 3, the proportion of
particle sizes that meet the proposed mathemati-
cal model and are deposited on the channel
walls is 50-60% before centrifugal separation,
and 6-8% after separation. A large proportion of
particles after pretreatment (80-90%) have a
size of 1 to 3 microns.

These particles will not significantly affect the
formation of sediment, as they completely fol-
low the turbulent pulsations of the medium.

The results obtained indicate the adequacy of
the upgraded model of turbulent migration of
particles on the channel walls and give grounds
to recommend it for practical use.
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DETERMINATION OF CONCRETE RHEOLOGICAL
PARAMETERS USING NONLINEAR OPTIMIZATION METHODS

Anton S. Chepurnenko, Stepan V. Litvinov, Batyr M. Yazyev
Don State Technical University, Rostov-on-Don, RUSSIA

Abstract. The article proposes a method for processing concrete creep curves based on the nonlinear equation of
V.M. Bondarenko. The experimental data of A.V. Yashin is used. The problem of finding rheological parameters
and the nonlinearity function is posed as a nonlinear optimization problem. The objective function represents the
sum of the squared deviations of the experimental values of the creep strain from the theoretical values for all
creep curves for one concrete at different stress levels. The minimum of the objective function is found using the
interior point method, the surrogate optimization method, the pattern search method, the genetic algorithm, and
the particle swarm method. It has been established that the first of these methods has the greatest efficiency. The
proposed approach provides high quality approximation of experimental curves at all stress levels. It is shown
that for concrete the nonlinearity of creep deformations is more pronounced than the nonlinearity of
instantaneous deformations, and the same function cannot be used to describe these two types of nonlinearity.

Keywords: concrete, creep, viscoelasticity, viscoplasticity, nonlinearity

OHNPEJEJIEHUE PEOJIOI'MYECKHUX ITAPAMETPOB BETOHA
[HPU NIOMOLIHN METOA0OB HEJIMHEUHOU OIITUMU3ALIUU

A.C. Yenypnenxo, C.B. /lumeunos, b.M. 13viee

JloHCKO# TOCYJapCTBEHHBI TEXHIUECKUI YHUBEPCHUTET, T. PocTtoB-Ha-/{ony, POCCUA

AHHoTanusi: B crathe mpemmaraeTcs MeToAauKa 00paOOTKM KPHUBBIX IION3yYeCTH OETOHAa Ha OCHOBE
HelMMHeWHoro ypaBHeHus: B.M. bonmapenko. Mcmonb3yroTcsl sKcnepuMeHTalbHble naHHbie A.B. SmmuHa.
3amada MOMCKA PEONIOTMYCCKUX MapaMETPOB M (PYHKIIMH HEIMHCHHOCTH CTABUTCS KaK 3ajadya HEJIMHECHHOU
ontuMuzamu. Llenesas QyHKIMS IpeiCTaBISIET CyMMY KBaJIpaTOB OTKIOHEHHH AKCIIEPUMEHTAIbHBIX 3HAYCHUH
nedopmanum 1mos3yyecT OT TEOPETUYECKUX MO BCEM KPUBBIM TOJI3yUECTH ISl OHOTO OETOHA NPH Pa3IMYHBIX
YPOBHSIX HarpsHKeHUH. MUHUMYM 11e1eBOi (DYHKIIMHM OTBICKMBAETCSI MPU TTOMOILM METO/Ia BHYTPEHHEW TOUKH,
METOJ]a CyppOTaTHOH ONTHUMH3ALUU, METOJa MIa0JIOHHOTO ITOMCKA, TEHETHYECKOrO aITOPHTMA M METOJa POs
4acTUI. YCTAaHOBIICHO, 4YTOo HambOombmiel 3(QeKTHBHOCTRIO oONamaeT MEepBHIA W3 YKa3aHHBIX METOJOB.
[pemmaraemsrii moaxo]; 00eCIIeYMBACT BEICOKOEC KA4eCTBO AMMPOKCHMAIINN dKCIICPUMEHTATBHBIX KPUBBIX IMPH
BCeX YpOBHAX HampsokeHWd. [lokazaHo, uto anms OeTOHa HENMMHEHHOCTh IedopMaiiii moiasydecTn Ooiee
BBIpa)KEHHAS, 9eM HETMHEHHOCTh MTHOBEHHBIX Ae(opMaItiii, W I OMUCAHUS STHX IBYX BHUIOB HEIHMHEHHOCTH
HEJb3s UCIOIB30BATh OIHY H TY K€ (DYHKIIHIO.

KiroueBblie cjioBa: GETOH, MOA3y4YeCTh, BI3KOYIIPYTOCTh, BI3KOIUIACTUYHOCTD, HETUHEHHOCTh

INTRODUCTION (t o (1) Jt. 8 1 ( )d
There are a lar ber of diff i ) ) E t) 5 0T E(T) T
ge number of different theories of 0 (1)
nonlinear concrete creep in the literature, which ‘ ac( t,r)
differ in the set of hypotheses used and _ITF [O'(T)] dr,
approaches to their construction [1-10]. o

One of the first variants of the nonlinear theory
of concrete creep, which generalized the linear where C (t,r) is the measure of creep,
Harutyunyan-Maslov equation, was the theory

of N.Kh. Harutyunyan and P.I. Vasiliev [11-13]: F[O-(T)] is the nonlinearity function, 7, the
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initial moment of time at which the load is
applied.

Equation (1) takes into account the nonlinear
component of creep deformations, but does not
take into account the instantaneous nonlinearity
of deformation.

Another version of the Harutyunyan-Maslov
equation generalization, which allows taking
into account both nonlinear creep and
instantaneous deformation nonlinearity, was
proposed by Yu. N. Rabotnov [14]:

where f (8) is the non-linear deformation

function.

Close in essence to equation (2) is the
viscoelastic-plastic model of hereditary aging of
concrete, proposed by A.G. Tamrazyan [15]:

£(0) flo()] I

= E0) f [o(z)ldz.

€)

7y

Equations (2) and (3) postulate the same nature
of nonlinearity for instantaneous and long-term
deformations, which does not correspond to the
real rheological behavior of concrete.

More general is the equation of V.M.
Bondarenko [16], having the form:

)= ffgsm} j afﬁﬁy G

OC(t,r)
_ITJZ[S(T

]dr—
4
)]dr,

where s (t)

=o(1)/R(1) ,

concrete strength, f, and f, are nonlinear

R(t) 1s the instant

functions corresponding to instantaneous and
long-term deformation.
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The instantaneous nonlinearity of concrete
deformation is well studied, and the definition
of the function f, does not cause great

difficulties, which cannot be said about the
function f, .

The purpose of this work is to develop a
methodology for finding the function f,, as

well as other rheological parameters that
determine the measure of creep, from concrete
creep curves at various stress levels.

METHODS

Let us consider the procedure for processing
creep curves using the example of the curves
presented in the work of A.V. Yashin [17]. In
this paper, concrete with the compressive
strength R, = 30 MPa was tested at the age of

7, =28 days,
elasticity E, =4-10* MPa at stress levels o /R,

from 0.4 to 0.8 with a step of 0.1.

Thus, the total number of experimental curves
for one class of concrete was 5.

As a measure of creep, the expression proposed
by A.G. Tamrazyan was used [15]:

with an inittal modulus of

at _ear
C(t,r)=C +Ble”" - 5
(6:7) = C——+B( ) ©
This expression contains 4 rheological

parameters C, B,«,y to be determined. The

advantage of the creep measure (5) is that its
exponential form allows to pass from the
integral creep law to the differential one and to
calculate creep strains using the Euler or Runge-
Kutta method. This transition is shown in [18].

Since the experimental data of A.V. Yashin do
not contain information about the aging of
concrete (change in time of its modulus of
elasticity), then we will neglect this effect, i.e.
we omit in equation (4) the term containing

o)

International Journal for Computational Civil and Structural Engineering



Determination of Concrete Rheological Parameters Using Nonlinear Optimization Methods

Then the dependence of the creep strain on time
at a constant stress level s=o /R takes the
form:

at ar,

e

ec,(t)zfzm[cef—
e’ —1

+B(e —e )j (5)

We pose the problem of determining the
parameters C, B, «, 7, as well as the function
/>(s), as a problem of nonlinear optimization.
The objective function Z is built, the input
parameters of which are C, B, «, y, as well as 5
coefficients k&, according to the number of

experimental curves, taking into account the
nonlinear creep component depending on the
stress level.

For the time points 7, at which the strains were

measured, the objective function calculates the
theoretical values of the creep strains using the
formula:

gcr,i(tj) = kio-i (Ce;

where o, is the stress in 7 -th experiment.

Next, the objective function Z calculates the
sum of the squared deviations of the theoretical
values of creep strains from the experimental
values, multiplied by 1000, over all
experimental curves:

Z = z ([gcr,i,theor (tj) - gcr,i,[es[ (tj )] ) 1000)2 . (7)

5 n
=1 j=1

1

The objective function Z must reach a
minimum.
The coefficients k, must be greater than or equal

to 1. We accept the range from 1 to 20 for them.
The ranges for the parametersC, B, a,y are

presented in Table 1.

Volume 19, Issue 4, 2023

Table 1. Rheological parameters ranges

parameter | a, A C, B,
1/day 1/day | MPa' | MPa’

min 10 10 103 109

max 0.1 0.1 10* 10

The solution to the problem of creep curves
processing was implemented in the MATLAB
environment using the Optimization Toolbox
and Global Optimization Toolbox packages.
The following optimization methods were used
to find the minimum of the objective function:

1. Interior point method [19]

2. Surrogate optimization method [20]

3. Pattern search method [21]

4. Genetic algorithm [22]

5. Particle swarm method [23-24].
The first of these methods allows to find a local
minimum in the vicinity of the starting point of
the search, the remaining methods are searching
for a global minimum.
At the starting point of the search, the
coefficients k, were taken equal to 1. The values

recommended in [15] were taken as the initial
values for C, B, «, y . They are given in Table. 2.

Table 2. Values of rheological parameters at the
starting point of the search

o, 1/day v, 1/day C, MPa’! B, MPa’!

0.032 0.062 3.77:10” 5.68:107

Note that the quality of the A.V. Yashin’s
experimental curves approximation with the
indicated in the Table 2 values is unsatisfactory.
They are probably defined for concrete of a
different class or composition.

RESULTS AND DISCUSSION

Table 3 shows the values of the objective
function obtained as a result of solving the
problem of nonlinear optimization by the five
methods indicated above.
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Table 3. Minimal objective function values when
using various optimization methods

Method Z

Interior point 0.183
Surrogate optimization 2.26
Pattern search 2.25
Genetic algorithm 2.06
Particle swarm 1.42

It can be seen from Table 3 that the most
effective of the methods used was the interior
point method. The values of the constants
C,B,a,y, as well as the correction factors

k... ks, obtained by the internal point method,
are given in Table 4.

Table 4. Rheological parameters of concrete
obtained by the internal point method

Anton S. Chepurnenko, Stepan V. Litvinov, Batyr M. Yazyev

Table 5. Reliability of experimental curves
approximation at different stress levels

o
— 04 | 05 | 06 | 07 | 08
Rb
R2 10918 [0.990 [0.994 [0.982 [0.991

a, 1/day | v, 1/day | C, MPa’ B, MPa’!
0.0014 0.0061 1.02:10° 1.78:10°

ki k> ks k4 ks
1.03 1.51 2.57 3.61 3.74
Fig. 1 shows the theoretical creep curves

constructed using formula (6) and the
parameters presented in Table. 4. Experimental
points are marked with round markers.

-3
ot

1
a‘/R.h= 0.4

—0o/R =05

m’Rb:O.ﬁ

a/R, =07
b

a/R, =08

05

0 ! I I . I . .
0 100 200 300 400 500 600 700 800 9200
t, days

Figure 1. Comparison of theoretical creep
curves with experimental results

The reliability of the approximation R* for each
stress level is given in Table 5.
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Fig. 2 shows the graph of the stress function
/,(s), built on the basis of the calculated values of

the coefficients ... k,. For comparison, the graph
of the function f(s) is also shown, which

corresponds to the Sargin formula [25] used in the
Eurocodes to describe the instantaneous
nonlinearity of concrete deformation:

ﬁ@):%(/{—(k—z)-s—

—\/[(k—z)-s—k]2—4-s),

where FEo is the concrete initial modulus of
elasticity (at o = 0), &, is the deformation at the

(8)

top of the diagram o—-¢, k=E, /R, is the
coefficient characterizing the curvature of the
diagram o —¢.

The deformation ¢, during plotting the f,(s) graph
was determined by the empirical formula [26]:

0.5
£, :0.058(%] . 9)

0

— )
—_— )

= = f,(s), approximation

Jis)

0 0.1 0.2 03 0.4 05 0.6 0.7 0.8
s =oa/R
b

Figure 2. Comparison of the functions f,(s)
and f,(s)
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It can be seen from Fig. 2 that for concrete, the
nonlinearity of creep deformations is much
more pronounced than the instantaneous
nonlinearity of deformation, and these two types
of nonlinearity cannot be described by one
function, as is done in equations (2) and (3).

The dependence for f,(s) obtained by us is well

approximated by the polynomial
fri(s)=s-(a-s’+b-s+c) at
a=203.6 MPa, b=-51.25 MPa, ¢ =30.19 MPa.

This approximation is shown in Fig. 2 by
dashed line. Reliability of approximation is
R*=0.986.

CONCLUSIONS

A technique for processing concrete creep
curves based on the nonlinear theory of V.M.
Bondarenko using nonlinear optimization
methods is proposed. To solve the problem of
nonlinear optimization, the interior point
method, the surrogate optimization method, the
pattern search method, the genetic algorithm,
and the particle swarm method were applied. It
has been established that the most effective
method for the considered problem is the
interior point method. On the basis of
experimental concrete creep curves obtained by
A.V. Yashin, its rheological parameters are
determined. The use of the interior point method
made it possible to achieve a high quality of
approximation of the experimental curves.

It is shown that the nonlinearity of creep strains
as a function of stress is more pronounced than
the instantaneous nonlinearity of deformation,
and these two types of nonlinearity cannot be
described by a single function. On the basis of
experimental data, the nonlinearity function for
creep deformations was selected.
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DEVELOPMENT OF COMPUTATIONAL SCHEMES
OF GENERALIZED KINEMATIC DEVICES THAT PRECISELY
REGULATE THE NATURAL FREQUENCY SPECTRUM
OF ELASTIC SYSTEMS WITH A FINITE NUMBER OF DEGREES
OF MASS FREEDOM, IN WHICH THE DIRECTIONS
OF MOTION ARE PARALLEL, BUT DO NOT LIE
IN THE SAME PLANE
PART 2: SAMPLES OF ANALYSIS

Leonid S. Lyakhovich L2 Pavel A. Akimov *, Zaur R. Galyautdinoy ! Andrey S. Plyaskin !
' Tomsk State University of Architecture and Civil Engineering, Tomsk, RUSSIA
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Abstract: To date, for some elastic systems with a finite number of degrees of mass freedom, in which the direc-
tions of mass movement are parallel and lie in the same plane, methods have been developed for creating addi-
tional generalized targeted constraints and generalized targeted kinematic devices. Each generalized targeted
constraint increases, and each generalized targeted kinematic device reduces the value of only one selected natu-
ral frequency to a predetermined value, without changing the remaining natural frequencies and natural modes.
Earlier, for elastic systems with a finite number of degrees of mass freedom, in which the directions of mass mo-
tion are parallel, but do not lie in the same plane (for example, plates), an approach for the computing of a matrix
of additional stiffness and a method for the development of computational schemes of additional generalized tar-
geted constraints were developed. Also earlier, for such systems, an approach was proposed for the computing of
a special matrix with allowance for additional inertial forces that determine a generalized targeted kinematic de-
vice. At the same time, the method of development of computational schemes of kinematic devices was not pro-
posed. The first part of the paper was devoted to approach, that made it possible to develop computational
schemes of generalized targeted kinematic devices for such systems as well. A variant of the computational
scheme of constraint for the rod system with one degree of activity was considered. Some special properties of
such targeted kinematic devices were revealed. The distinctive second part of the paper is devoted to correspond-
ing samples of analysis.

Keywords: localization, natural frequency, natural mode, additional generalized targeted constraint,
stiffness coefficients, inertial forces, generalized targeted kinematic device, samples of analysis
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OBOBIIEHHBIX KHHEMATHYECKHUX YCTPOUCTB,
HPULIEJBbHO PEI'YJIMPYIOHIUX CIIEKTP YACTOT
COBCTBEHHBIX KOJIEBAHUI YIIPYT'UX CUCTEM

C KOHEYHBbIM YU CJIOM CTENNEHEN CBOBO/1bl MACC,
Y KOTOPBIX HAITPABJIEHUSA IBUKEHUSA ITAPAJIJIEJIBHBI,
HO HE JIEJKAT B OJJHOM IMJIOCKOCTHU
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Annoranus: K HacrosmmemMy BpeMEHH TSI HEKOTOPBIX YIIPYTHX CHCTEM C KOHCYHBIM YUCIIOM CTEICHEH CBOOO-
IIBI MAcC, y KOTOPBIX HAIIPaBJICHUS IABIDKEHISI MAcC TapaUIeTbHBI M JISKAT B OJHOH IUIOCKOCTH, pa3paboTaHBI
METOZBI CO3JaHUS JOMOTHUTEIBHBIX 00O0OIICHHBIX MPHUIICTBHBIX CBA3EH M 00O0OIICHHBIX MPHUIICTHHBIX KHHEMA-
TUYECKUX YCTpoicTB. Kaxkaas 0000mEnHas mpuliebHasi CBsI3b YBEIUYMBACT, a KaK10€ 0000I1IEHHOE TIPUTIEITh-
HOE KMHEMAaTHYECKOE YCTPOMCTBO YMEHBIIAET BEIUYHMHY JIUIIb OJHON BBIOPAHHON COOCTBEHHOH YacTOTHI JI0
Harepes 3aJ]aHHOT0 3HAYCHUSI, HE U3MEHSISI [IPU 3TOM OCTaJbHbIE COOCTBEHHBIE YaCTOThI M (DOPMBI COOCTBEHHBIX
KosieOaHuii. PaHee uist yripyrux CHCTEM C KOHEYHBIM YHCIIOM CTeleHel CBOOO bl Macc, y KOTOPBIX HANpaBICHUS
JIBIDKEHHUSI MacC MapajiebHbl, HO HE JIe)KaT B OJHOHM IJIOCKOCTH (HalpHMep, IUIaCTHHBI), pa3paboTaH MOIX0[]
00pa3oBaHusi MATPUIIBI TOTTOTHUTEIBHBIX )KECTKOCTEH M MeTO ()OPMHUPOBAHHS PACYETHBIX CXEM JIOTIOIHHUTEIb-
HBIX 00OOIIEHHBIX MPUIEIBHBIX CBsA3el. Tarke paHee Ul TaKMX CHCTEM TIPEUIOKEeH MOAX0 ] 00pa3oBaHUs MaT-
pHILBI ydeTa JeHCTBUS JONOJIHUTEIBHBIX WHEPIIMOHHBIX CHJI, ONPECISIONX 0000IIeHHOE MPUIIETIbHOE KUHE-
Marndeckoe ycrpoiictBo. [Ipu sTom cmoco® (opmupoBaHMs pacdeTHBIX CXEM KHHEMaTHYEeCKHUX YCTPOICTB,
peuIokeH He Obl1. B mepBoif yacTu ctaThy OBLT MPEATIOKEH MOIXO/, TO3BOJISAIOMINI (POPMHUPOBATH PACUCTHBIC
CXEMBI 000OIICHHBIX MPUIEIEHBIX KHHEMATHICCKAX YCTPOWCTB U JJIs TAKUX CUCTEM. BBUT pacCMOTpeH BapHaHT
pacUeTHOH CXEMBI CBSI3H, PEACTABICHHBIA CTEP)KHEBOW CUCTEMOW C OIHOM CTCTICHBIO aKTUBHOCTH, BBISBIICHEI
HEKOTOpBIe 0COOBIC CBOWCTBA TAaKWX IMPHUIEIBHBIX KHHEMAaTHYECKUX YCTPOICTB. B HacTodmieil BTOpol dacTh
CTaTbU PACCMATPHUBAIOTCSI COOTBETCTBYIOIINE IIPUMEPHI PACUETOB.

KiroueBble ciioBa: 4acToTa COOCTBEHHBIX KoJiebaHuil, (hopMa cOOCTBEHHBIX KOJIeOaHUI,
JIOTIOJTHUTEJbHAsI 0000IIeHHAs! TPUTIETIbHAS CBSI3b, KOO UIIMEHTHI KECTKOCTH, HHEPIIMOHHBIE CUJIBI,
000011IeHHOE NTPULIENFHOE KHHEMAaTHIEeCKOe YCTPOICTBO, IPHUMEPHI PacUeTOB

Let’s consider a hingedly supported rectangular
plate measuring 6 m by 6 m, carrying concen-
trated masses m[1]=1000kg, m[2]=1100kg,
m[3]=1150kg, m[4]=1200kg (Figure la).
The thickness of the plate is equal to 0.12 m.
The modulus of elasticity of the plate material is
equal to E=2.4-10" N/m*. Poisson's ratio is
equal to v, =0.2.

Let’s select the main system of the displacement
method (Figure 1b0) and construct the corre-
sponding system of equations (1) from [1] (ma-
trices A:”r[i,k] , M:||m[i]|| from [1]). From

equation (2) from [1] we determine the natural
frequencies and natural modes of the plate. The
values of the frequencies of natural vibrations of
the plate and the coordinates of the correspond-
ing natural modes are presented in Table 1 (col-
umns contain natural frequencies and coordi-
nates of natural modes). Such a plate was also
considered in [8, 11]. The results, presented
here in Table 1 do not differ significantly from
the corresponding results in [8, 11]. This differ-
ence is due to the different accuracy of compu-

ting the coefficients of matrix 4 = ||r[i,k]|| (ma-
trix (1) from [1]). In [8, 11] the coefficients

were determined based on the plate analysis
with the use of Ritz method with retention of

156

about thirty terms of the approximating series.
In this work, SCAD software was used to com-
pute the coefficients.

Let’s assume that it is required to reduce the
value of the first frequency of natural vibrations
to 40 sec™.

To do this, in accordance with (4), (5), (8), (10)
from [1], we can form a matrix of coefficients
with allowance for the action of additional inertial
forces (12). After forming this matrix, we can de-
termine from equation (11) from [1] the modified
spectrum of natural frequencies and the corre-
sponding natural modes with allowance for the
action of additional inertial forces (12) from [1].
The modified spectrum of natural frequencies
and their corresponding natural modes are
shown in Table 2.

The results, presented in Table 2, confirm that
taking into account the matrix of additional iner-
tial forces did not change any of the natural
modes, but only reduced the value of only the
first frequency of natural vibrations to a given
value of 40 sec™.

The targeted kinematic device must correspond
to the matrix of additional inertial forces (12).
One of the variants of computational scheme of
targeted kinematic device is shown in Figure 2a
and Figure 2b. The accepted variant is repre-
sented by a statically determinate rod system.
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Development of Computational Schemes of Generalized Kinematic Devices that Precisely Regulate the Natural

Frequency Spectrum of Elastic Systems with a Finite Number of Degrees of Mass Freedom, in Which the Directions

of Motion Are Parallel, But Do Not Lie in the Same Plane. Part 2: Samples of Analysis

o)

&l

U

¢

a) FEEETETEET

Figure 1. Considering system: a) initial problem; b) the main system of the displacement method.

Table 1. Results of analysis (natural frequencies and natural modes).

1) 60,932 138,865 143,624 196,414
1 0.4905 0.0001 0.7047 -0.5934
2 0.4966 -0.7075 0.0945 0.5167
3 0.5058 -0.0711 -0.7029 -0.4387
4 0.5069 0.7032 0.0190 0.4341
Table 2. Results of analysis (natural frequencies and natural modes).
1) 40.000 138.865 143.624 196.414
1 0.4905 0.0001 0.7047 -0.5934
2 0.4965 -0.7075 0.0945 0.5167
3 0.5058 -0.0711 -0.7029 -0.4387
4 0.5070 0.7032 0.0190 0.4341
. /
3 =& ;
E
' N
¥
YY
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Figure 2. The first sample: a) device plan; b) general view of device.
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Additional mass is applied at node 8. Rods 8-5
and 8-6 provide the additional mass with only
one degree of freedom, namely the ability to
move in parallel with the movements of the re-
maining masses during their natural vibrations.
The geometric parameters of the kinematic de-
vice are the lengths of the racks

L[] (i=12,.,n)
and the coordinates of nodes 5, 6, 7, 8
X[, Y[, Z14), X,.Y,,Z,.

In the considering sample the length of the
“base” rack [, [1]=-0.5m and the coordinates

of some nodes are selected. Table 3 shows the
accepted values of these coordinates in num-
bers.

Table 3. Coordinates of nodes.

Nodes Coordinates

XT[i] Y[i] Zli]
1 2 4 -0.5
2 2 2 [,[2]
3 4 2 [,[3]
4 4 4 [,[4]
5 2 Y, Z,
6 X, 2 Z,
7 5 1 Z,
8 XO YO ZO

The remaining cells show variable geometric
parameters that form a space in which their val-
ues are found, giving the target function (15)
from [1] a minimum. In order to define the tar-
get function, it is necessary to determine the in-
ertial forces

RIi1Gi=1,2,3 4).
After the formation of the matrix of additional

inertial forces (12) from [1], the wvalues
R[i1(i=1, 2, 3, 4) are determined from de-

pendence (14) from [1]. In the considering sam-
ple we have

R,[11=-1036326.342; R, [2]=-1153948.433;
R,[3]=-1228846.563; R [4]=-128231.533.

To assess proximity to the minimum, a small
value OOO is assigned. In the considering
sample we define OO0 =0.00001. We have the
following initial values of varied parameters:

[ [2]=-0.52m; [,[3]=-0.4m;
[,[4]=-042m; X,=3.15m;
Y,=295m; Z,=-1m.

In order to search for the minimum of the target
function (15) from [1] using the above algo-
rithm in the space of variables, the random
search method was used. Equilibrium equations
were constructed for the nodes, located at the
tops of the racks and node 8, to which additional
mass will be applied. The found lengths of the
rods of the kinematic device and forces in them
are given in Table 4.

Table 4. Lengths of the rods of kinematic device
and forces in them.

1 [1]=0.5000

N_[1]=-1036326.34

1 [2]1=0.5137

N _[2]=-1153948.44

1,[3]=0.4026

N, [3]=-1228846.56

1,[4]=0.4172

N_[4]=-1285231.53

[8,5]=1.1549 N, [8,5]=0.00
[[8,6]=0.9846 N, [8,6]=0.00
1,17,3]1=1.5360 N,[7,3]=0.00

L[8,1]1=1.6177

N, [8,1]=-2871872.91

,[8,2]=1.5942

N, [8,2]=-2918886.49

1 [8,3]=1.4294

N, [8,3]=-3576078.34

,[8,4]=1.4448

N [8,4]=-3504917.59

,[1,2]=1.0001

N, [1,2]=1802838.58

,[2,3]=1.0062

N [2,3]=2127441.20

[,[3,4]=1.0001

N, [3,4] = 2463557.45

,[1,4]=1.0034

N [1,4]=2057237.61
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From Table 4 it is clear that the forces in the
racks in absolute values coincide quite accurate-

ly with the forces Eo[i]. This circumstance con-

firms the minimum of the target function (12)
and the fulfillment of the requirement that the
relationships between forces N [i] be propor-

tional to the relationships between values R, [i].

The values Eo[i] and forces in the rods of the

kinematic device (14) from [1] depend on the
coordinates of the natural modes v, [k, j]. The

coordinates v, [k, j] are the coordinates of the

natural mode normalized to unity. In the process
of real small vibrations, the coordinate values
will be significantly less than in the normalized
form, and therefore the forces in the rods of the
kinematic device will also decrease. In the pro-
cess of creation of kinematic device we defined
following values of the remaining variable pa-
rameters:

X,=3.15486; Y, =2.98459;

Z,=-1.002116.

After creation of computational scheme of the
kinematic device, the value of additional mass
M,,, 1s determined. Before the creation of the

kinematic device the considering system had
four degrees of freedom. The kinematic device
is formed in such a way that M _,, is able to

move only in parallel with the movements of
other masses. Therefore, only one more degree
of freedom is added in the considering system.
Thus, now this system has five degrees of free-
dom. Now the system has an ‘“additional” fre-
quency. As noted above, the value of the “addi-
tional” natural frequency depends on the com-
pliance parameters of the rods of the kinematic
device. It can be either greater than the values of
all “basic” frequencies or less than any of them.

Two variants of determining the value M, are

considered in the sample. Within the first variant,
the amount of additional mass is determined
without taking into account the influence of the
compliance of the rods of the kinematic device.
Within the second variant compliance is taken
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into account according to the method outlined
above.

In the first variant the movement of additional
mass v, was determined under the condition

that the kinematic device moves as an absolute-
ly rigid body only due to the displacement of the
nodes in which the masses of the original sys-
tem are located. Within this variant the value

4
v, = > v, [, (@)IN,,,[i]=-0.500478
i=1

was determined in the sample by (21) from [1].
The forces in the racks from the action of a unit
force applied to the node where the additional
mass is located in the direction of its movement
are determined from the equilibrium conditions
of the nodes of the kinematic device. We have

N, [11=0.220291; N_[2]=0.245294 ;
N_[3]1=0.261215; N [4]=0.273200.

The additional mass within this variant is de-
termined by (20) from [1]:

M, =5874.825 kg .

With this mass, three test analysis were per-
formed with the use of SCAD software for dif-
ferent values of the parameters of rods of the
kinematic device. All rods are assumed to have
a round solid cross-section.

Modulus of elasticity of the rod material is
equal to E=206000 MPa. Different diameters

of rod sections were considered. The results are
presented in tables 5, 6 and 7. As noted above,
the targeting of the kinematic device is realized
only in relation to the “basic” frequencies of
natural vibrations. Therefore, after placing addi-
tional mass and increasing the number of de-
grees of freedom of the system by one, the nor-
malization of the natural modes is carried out
according to the “basic” four coordinates. This
normalization allows researcher to compare the
proper modes that arose before the creation of
the kinematic device with the modes that arose
after its introduction.
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Table 5. Results of analysis for D =100 mm (natural frequencies and natural modes).
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@ 38,79 137,62 142,33 194,68 357,12
1 0.4906 -0.00011 0.7047 -0.5945 0.4908
2 0.4966 0.7074 0.0944 0.5178 0.4965
3 0.5058 0.0711 -0.7029 -0.4350 0.5058
4 0.5069 -0.7032 0.01898 0.4350 0.5067
Table 6. Results of analysis for D =60 mm (natural frequencies and natural modes).
@ 38,21 137,62 142,33 194,68 217,54
1 0.4906 -0.00012 0.7047 -0.5945 0.4913
2 0.4966 0.7074 0.0944 0.5170 0.4961
3 0.5058 0.0711 -0.7029 -0.4384 0.5061
4 0.5069 -0.7032 0.01889 0.4344 0.5063
Table 7. Results of analysis for D =20 mm (natural frequencies and natural modes).
@ 31,67 137,62 142,33 194,68 87,49
1 0.4906 -0.00058 0.7047 -0.5935 0.4905
2 0.4966 0.7075 0.0945 0.5166 0.4965
3 0.5058 0.0711 -0.7029 -0.4388 0.5058
4 0.5069 -0.7031 0.01897 0.4341 0.5070
Table 8. Summary of results.
D 100 mm 60 mm 20 mm
@ 38.79 38.21 31.67
A, % 3.025 4.475 20.875

The “additional” frequency and the correspond-
ing natural mode, normalized by the “basic” co-
ordinates, are shown in the rightmost column of
the tables.

Analysis of the test results confirms the target-
ing of the kinematic device. In all three test cal-
culations, the shapes of natural oscillations of
the “basic” frequencies coincide with the ac-
cepted accuracy with those given in Tables 1
and 2. The values of the “basic” natural fre-
quencies, except for the first, changed by frac-
tions of a percent.

The first frequency differed from the intended
value (40 sec™) depending on the compliance of
rods of the kinematic device. With increasing
compliance, the value of the first frequency
found decreases (Table 8). In Table 8 we have

A=((40-,)/40)-100% .

In the SCAD software, the compliance of rods
of the kinematic device was taken into account.

The additional mass at which the tests were per-
formed in the considered variant was deter-
mined without taking into account the compli-
ance of rods of the kinematic device. The test
results confirm that the value of the “additional”
natural frequency (@, ) depends on the compli-

ance parameters of rods of the kinematic device.
At D=100mm and D =60mm the value does

not fall into the “basic” part of the spectrum. At
D=20mm for w, =87.49 sec’ it turns out to

be the second quantity in the full spectrum of
natural frequencies.

In the sample additional test analysis was per-
formed with the use of SCAD software for dif-
ferent values of the parameters of the rods of the
kinematic device, but taking into account the
influence of compliance according to the meth-
od outlined above. The parameters of rods of the
kinematic device were taken to be the same as
in previous tests. The results are presented in
tables 9, 10 and 11.
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Table 9. Results of analysis for D =100 mm , M, =57.62044 kN

(natural frequencies and natural modes (Z )).

Nodes 39,5 137,52 142,14 194,64 375,93

1 0.4860 0.0379 0.7246 -0.5864 0.4523

2 0.4912 0.7270 0.0969 0.5247 0.4335

3 0.5117 0.0685 -0.6793 -0.4279 0.5720

4 0.5105 -0.6822 0.0641 0.4447 0.5294
Table 10. Results of analysis for D =60 mm , M _,, =55.717807 kN
(natural frequencies and natural modes (Z )).

Nodes 39,37 137,49 142,08 194,59 230,37

1 0.4860 0.0494 0.7305 -0.5759 0.4859

2 0.4912 0.7326 0.0973 0.5359 0.3939

3 0.5117 0.0678 -0.6713 -0.4119 0.6060

4 0.5105 -0.6754 0.0788 0.4598 0.5170
Table 11. Results of analysis for D =20 mm, M, =39.441538 kN
(natural frequencies and natural modes (Z )).

Nodes 38,08 137,66 142,42 194,69 93,97

1 0.4849 -0.0176 0.6955 -0.5944 0.5092

2 0.4912 0.6980 0.09282 0.5155 0.5179

3 0.5123 0.0725 -0.7126 -0.4403 0.4816

4 0.5110 -0.7121 -0.0001 0.4325 0.4905
Table 12. Summary of results.

D 100 mm 60 mm 20 mm
@ 39.5 39.37 38.08
A, % 1,225 1.575 4.80

Analysis of the results of these tests confirms
the targeting of the kinematic device.

The values of the “basic” natural frequencies,
except for the first one, changed by fractions of
a percent. The first frequency differed from the
intended value (40 sec™") depending on the com-
pliance of rods of the kinematic device. With
increasing compliance, the value of the first fre-
quency found decreases (Table 12). A compari-
son of the data in Tables 8 and 12 shows that
allowance for the compliance of rods of the kin-
ematic device according to the method outlined
above allows researcher to reduce the difference
between the intended value (40 sec’') and the
results obtained in the tests. Tests also showed
that the method of taking into account the com-
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pliance of the rods of a kinematic device re-
quires further analysis and improvement.

The results of tests carried out with allowance
for the influence of the compliance of the rods
of the kinematic device according to the method
outlined above also confirm that the value of the
“additional” natural frequency (@, ) depends on

the compliance parameters of the rods of the
kinematic device. In cases of D =100 mm and
D =60 mm the value of the “additional” fre-
quency @, does not fall into the “basic” part of
the spectrum of natural frequencies. In case of
D =20 mm and w, =93.97 sec’ it turns out to

be the second value in the full spectrum of natu-
ral oscillation frequencies.
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The test results with allowance for compliance
of the rods of the kinematic device show that the
shapes of natural vibrations are close to those
given in Tables 1 and 2.

Thus, [1] and the distinctive paper propose an
approach that allows researcher to create com-
putational schemes of targeted kinematic devic-
es for elastic systems with a finite number of
degrees of mass freedom, in which the direc-
tions of mass motion are parallel, but do not lie
in the same plane. The necessity of taking into
account the influence of the compliance of the
rods of the kinematic device when determining
the value of additional mass is shown. The need
for further analysis and improvement of the cor-
responding methodology was also noted.

Some patterns of changes in the spectrum of
frequencies of natural vibrations of the system
have been identified after the formation of the
targeted kinematic device.
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Abstract: The features of the behavior of steel-plate composite walls for static loads are considered. Based on the
analysis of modern technical and regulatory documentation, the rationale for the chosen research topic is given. A
review of the literature is performed, and the features of development are noted. A detailed description and features
of the experimental structures under study and the materials used are presented. The features of the test are
considered, and the test equipment is described. Analytical and numerical calculations of structures for eccentric
compression have been performed. The description of the calculation complex and the used models of materials
is presented; the description of numerical models, the features of their construction and calculation are given, the
results of calculations are presented — stress distributions, deformations, features of cracking. The general types of
experimental eccentric compression wall models are presented, the nature of the loss of bearing capacity of
experimental structures is described, and a picture of destruction is presented. The analysis of the experimental
data obtained and their comparison with analytical and numerical calculations are performed.

Keywords: concrete, steel, reinforced concrete, composite steel and concrete structure,
steel-plate reinforcement, steel-plate composite (SC) walls, adhesion, stud
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00pa3IoB, OMMCAHO WCIBITATEIFHOC O0OpyHOBaHHWE. BEIMONHEHB! AHATUTHYCCKUEC ¥ YUCICHHBIC PAaCYETHI
KOHCTPYKIIMH Ha BHEIIGHTPEHHOE C)kaTue. [IpeicTaBIieHO OMICaHNe PacYeTHOI'O KOMIUICKCA M MCIIOIb30BAaHHBIX
MOJIeIIeit MATePUAIIOB; TAHO OTIMCAHUE YNCIICHHBIX MOIEIICH, 0COOCHHOCTH UX IIOCTPOCHUS U pacdeTa, IPUBEICHBI
pe3ympTaThl  PacyeTOB  —  XapakTep  paclpeleNieHHus  HampsOKeHWs,  JaeQopMannd, OCOOEHHOCTH
TpemmHooOpazoBanns. [IpencTaBnensl oOmue BHABI SKCIEPUMEHTANBHBIX MOJENEH CTEH, HCIBITaHHBIX Ha
BHEIICHTPCHHOE C)KAaTHE, OIMHCaH XapaKTep MOTepH HecyIell CrmocoOHOCTH IKCIIEPUMEHTATBHBIX KOHCTPYKIHIA,
MpUBEJICHa KapTHHA pa3pyIICHUs. BBIMOTHEH aHAN3 MOMYYSHHBIX YKCIIEPUMEHTAIBHBIX TaHHBIX, IX CPAaBHEHHE
C QaHAIUTUYECKUMH U YUCICHHBIMHU pacueTaMu.

KiroueBbie ci10Ba: OCTOH, CTalb, KeNe300€TOH, CTalekKene300eTOHHAsI KOHCTPYKIUS, JINCTOBOE apMHUPOBAHHE,
KOMIIO3UTHBIE CTEHBI C JINCTOBBIM apPMUPOBAaHUEM, CLEIUICHUE, AaHKEPHOE YCTPOUCTBO

INTRODUCTION

The start of the use of composite steel and
concrete structures in high-rise buildings in
Russia is recorded in the 50s of the 20th century.
The history of composite steel and concrete
structures in Russia started with the construction
of «Stalin's skyscrapers». The Eurasia skyscraper
in Moscow City and the Lakhta Center in St.
Petersburg are the latest examples of composite
steel and concrete structures in Russia. The use
of composite structures in Europe, Asia and the
USA has long been known, and also popular in
high-rise buildings and bridge construction.

The listed buildings are examples of «classicy
composite steel and concrete structures. At the
end of the 20th century, another type of
composite steel and concrete structure was
developed. These are steel-plate composite (SC)
structures. They are used in the construction of
nuclear power plants in Japan, China, South
Korea, the USA and Russia. Initially, the steel-
plates were used only as an external formwork,
which is not involved in structural strength
calculations.

Significant research on the behavior of SC walls
for various loading conditions has been
performed in Japan [1, 2], China [3...5], and
South Korea [6...11]. The research in Japan and
South Korea has been the basis for design
standards for steel-plate composite construction
in Japan (JEAG (2005), Technical Guidelines for
Seismic Design of Nuclear Power Plants, JEA
(Japan Electric Association)) and South Korea
(KSSC (2010), Specification for Safety-Related
Steel Plate Concrete Structures for Nuclear

Volume 19, Issue 4, 2023

Facilities, KEPIC-SNG, Board of KEPIC Policy,
Structural Committee, Korea Electric
Association).

In the United States, extensive research has been
conducted over the past decade to evaluate the
behavior of steel-plate composite walls and
connections and to develop design standards,
such as the AISC Specification for Safety-
Related Steel Structures for Nuclear Facilities
(AISC, 2015). Some scientific research is given
below [33].

The out-of-plane shear behavior of steel-plate
composite walls was evaluated by Varma et al.
[12], Sener and Varma [13], and Sener et al. [14].
The out-of-plane flexure behavior of SC walls
was analyzed by Sener et al. [15]. The in-plane
behavior and design of SC walls was evaluated
by Varma et al. [16], Seo et al. [17], and Kurt et
al. [18]. The local buckling behavior of steel face
plates in steel-plate composite walls and the
composite action between steel plates and
concrete infill was evaluated by Varma et al.
[19], Zhang [20], Zhang et al. [21], and Bhardwaj
and Varma [22]. The behavior of steel-plate
composite walls subjected to combined in-plane
forces and out-of-plane flexure was presented by
Varma et al. [23, 24]. The behavior, design and
shear strength of SC wall-towall T-joints and L-
joints were evaluated by Seo et al. [25], Seo [26],
and Seo and Varma [27]. The design and
detailing of faceplates, steel anchors and ties of
SC walls to prevent local buckling, interfacial
shear failure, and section delamination failure
were presented in Bhardwaj et al. [28]. This
paper also presented the design of steel anchors
and ties to account for the effect of combined
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shear forces [33]. The lateral load capacity of SC
walls with boundary elements was evaluated by
Booth et al. [29]. The lateral load capacity of SC
walls without boundary elements was evaluated
by Epackachi et al. [30], Kurt et al. [31], and
Bhardwaj et al. [32, 33].

SC construction has numerous advantages over
reinforced concrete construction:

e increased resistance to
explosions and flying debris;

e increased resistance to loads from the
plane - bending and shear;

e transferring most of the work to factory
conditions;

e reduction of work on the construction site
(no formwork, no reinforcing frame and
no maintenance of concrete);

e no need to apply waterproofing due to the
tightness of the structure;

e modular assembly and, consequently, a
reduction in the time of work on the
construction site;

e improving the quality of construction
work.

In Russia, steel-plate composite structures were
used in the construction of nuclear power plants.
For the development of the construction industry
in Russia, including high-rise construction, with
the use of modern technologies, a series of
experiments of steel-plate composite walls was
planned. The results of this experiment will be

radiation,

used as the basis for numerical studies of
composite steel and concrete constructions in a
nonlinear setting contact interaction simulation.
The obtained experimental data are the necessary
stage of work for further verification of
calculation methods.
The purpose of the work is to test models of steel-
plate composite walls for experimental and
theoretical justification of their use in high-rise
building structures.

Tasks of the work:

» analysis of the available literature on the
research topic;

» make work programs for experimental
research;

* experimental research;

* numerical modeling of structures in
specialized  research  software  systems,
comparison with test results.

METHODS

Within the research 12 models of steel-plate
composite walls with rectangular cross-section
1300 (1100) x 300mm and a length 3000 mm
have been tested. Six models have been tested for
eccentric compression, and six models have been
tested for bending. The models characteristics
(cross-section type, construction materials) are
stated in Table 1.

Table 1. The Models Characteristics

Numbe Concrete
Group . .
of rof compressio Diagram of load
models | n breaking application to the Cross-section
model | .
s in the strength models
group class
| @6
\ /3
i !lililiii"]_—L’_I"'b
Lrp3 B30 adnien®
M8 70x17
70x70 mm \55 1300 55/
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Steel headed stud anchors (was modeled by
bolts) were installed on the inside of all the steel
plates (Figure 1). The steel plates were
connected by tie bars. Models 1.1, 2.1 did not
have bar reinforcement of concrete, models 2.1,
2.2 were reinforced with bars.

Preparation of the models for the experiment has
been carried out in the following sequence: steel
plates have been manufactured and frame
reinforcement has been tied (Figure 1); resistive-
strain sensors have been installed on the
pretreated steel surface and protected (Figure 2);
concrete has been poured and resistive-strain
sensors have been attached to the steel-plates.
The sensors location schemes are shown in
Figure 3.

Volume 19, Issue 4, 2023

Figure 1. Steel plates and frame reinforcement
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Figure 3b. The sensors location schemes for
models 1.1, 2.1 (side view)

Models supports were hinge. A typical view of
11 12 models tested for bending is shown in Figure 4.
A typical view of models tested for eccentric
compression is shown in Figure 5.

Figure 3a. The sensors location schemes for
models 1.1, 2.1 (the section in the center of the
height)

=2 = : —‘:‘ -

Figure 4. Typical view of models tested for
bending
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M= N ::
Figure 5. Typical view of models tested for
eccentric compression

Very important characteristic of steel-plate
composite walls is rigidity, also long-term
rigidity. Elastic and plastic deformations due to
creep and shrinkage depend on long-term
rigidity. The standard formulas of structural
mechanics make it possible to determine the
elastic stiffness characteristics of a composite
steel and concrete element. Determining the
long-term modulus of elasticity remains an
incompletely solved problem. Based on the best
practices in terms of model compliance, during
the transition from actual structural elements to
small samples, special steel-reinforced concrete
samples were prepared for testing to determine
the shrinkage and creep of concrete. An article on
these tests is being prepared by the authors and
will be published soon.

RESULTS AND DISCUSSION

According to the test results, the types of
destruction of the models were obtained and the
maximum bearing capacity was determined.

Volume 19, Issue 4, 2023

The destruction of eccentrically compressed
models (models 1.1, 1.2) was on compressed
concrete, characterized by limit stress followed
by concrete chipping and steel sheet crumpling.
The destroyed model is shown in Figure 6. The
destruction of the bent models (models 2.1, 2.2)
was due to the shear force, characterized by the
formation and opening of an inclined crack -
from the load transfer zone to the support. The
destroyed model is shown in Figure 7.

The results of the experiment showed the
combined work of steel plates with concrete at all
stages of loading up to the destruction of models.

Figure 6. Typical view of destruction of
models tested for eccentric compression
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Figure 7a. Typical view of destruction of models

tested for bending Diagrams for stress in faceplates are shown in the
Figures 10, 11 for models 1.1, 1.2 and 2.1, 2.2
respectively.
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Diagrams of stress distribution according to
models are obtained. Diagrams for models 2.1,
2.2 (bending tests) are shown in Figure 12.
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Figure 12. Diagrams of stress distribution for
model faceplates (bending tests, models 2.1, 2.2)

For a detailed study of the features of the
structures, numerical modeling was performed in
the ATENA software package (developed by
Cervenka Consulting).

The calculations of the models are performed by
the finite element method. The software package
has an extensive database of various types of
finite elements and material models. Numerical
models are developed taking into account the
recommendations of the software using 1D (bar
reinforcement) and volume 3D Solid Elements
(concrete and steel plate) finite elements. The
dimensions of the finite element grid, the
calculation parameters were selected and set
based on the solution of test problems, in the
necessary places the grid had a smaller size of the
FE. The number of load application steps was
taken 20...50. The conditions of support and
loading of the models are set in accordance with
similar parameters in the experiments. The
parameters of reinforcement and concrete are

Volume 19, Issue 4, 2023

described by actual diagrams of deformation of
materials.
The calculation models are shown in Figures 13, 14.

Figure 13. Calculation models 1.1, 1.2
(eccentric compression tests)

B seton
[ stee
B sicois
[

. Beton
D Stesl
. D10
. Steel 1

. Steel 1
Figure 14. Calculation models 1.1, 1.2
(bending tests)

N

The calculation results are shown in the Figures
15...18. The width of the opening and the
location of cracks in the structure are in good
agreement with the experimental results
(Figure 15). The analysis of the results of
numerical calculations showed that the stresses
in steel plates and concrete have limiting
values, which corresponds to experimental data
(Figure 16, 17).
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Figure 18. Calculation results. Stress in bar
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CONCLUSION

Von Mises Stret

and theoretical studies of steel-plate
composite structures is carried out.

. According to the experimental research

program, 12 models of steel-plate composite
structures were tested for eccentric
compression and bending. The analysis and
processing of experimental data has been
performed.

. Numerical models have been constructed to

study the features of the stress-strain state of
steel-plate composite structures. Based on the
calculations performed, the values of the
bearing capacity of structures were obtained;
the nature of cracking and deformation of
steel-plate  composite  structures under
eccentric compression and bending was
assessed. The results of numerical studies
allow for a more detailed assessment of the
stress-strain state of structures.

. The data of experimental, numerical and

theoretical studies are analyzed. The data
obtained indicate that the numerical and
experimental models correspond. This allows
us to extend the results of numerical
calculations to a large list of models with
different sizes and made of different classes of
concrete. Based on the tests, it is planned to
develop an analytical methodology for
calculating steel-plate composite walls, taking
into account possible various design solutions.

. According to the results of this work, it was

noted that the type of structures under study is
technologically advanced and has great
potential. It is necessary to continue research
to form a complete picture of the actual
behavior of structures for the development of
calculation methods.

. The data in this article are a small part of a

large experiment. A large series of
experimental work on the study of steel-plate
composite structures is planned. Various
parameters were studied on a large group of
models under various conditions of support
and loading. Studies of elastic and plastic
deformations due to creep and shrinkage are

1. In this paper the issues of the development of
composite steel and concrete structures have
been considered. The review of experimental

also carried out. At the moment, most of the
experimental studies have been completed,
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and data processing is in progress. An article
on these tests with detailed results is being
prepared by the authors and will be published
soon.
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PERFORMANCE OF A BASE-ISOLATED RC BUILDING
SUPPORTED ON SQUARE UN-BONDED FIBER REINFORCED
ELASTOMERIC ISOLATOR UNDER EARTHQUAKES

Van-Thuyet Ngo
Civil Engineering Department, Thuyloi University, Hanoi, VIETNAM

Abstract: Un-bonded fiber reinforced elastomeric isolator (U-FREI) is a relatively new type of multi-layer
elastomeric isolator in which fiber layers are used as reinforcement to replace steel sheets in conventional steel
reinforced elastomeric isolators. It is installed directly between the substructure and superstructure without any
connection at the interfaces. Most of the previous studies on the U-FREIs supported to the base-isolated
buildings are masonry or stone structures. In this study, the dynamic responses of a reinforced concrete (RC)
building supported on square U-FREIs under the action of recorded real time-history ground motions of
earthquakes are investigated by finite element analysis using SAP2000 software. A hypothetical 4-storey
reinforced concrete building constructed in Vietnam is selected for the study. Comparison of the dynamic
responses of the base-isolated building and corresponding fixed-base building is carried out to evaluate the
seismic vulnerability of the base-isolated building under earthquakes. Finite element analysis results show that
peak values of floor acceleration and inter-storey drifts at different floor levels, and peak value of base shear of
the base-isolated building are lower than those of the corresponding fixed-base building. The U-FRElIs are found
to be very effective in reducing seismic vulnerability of low and mid-rise RC buildings.

Keywords: Base isolation, un-bonded fiber reinforced elastomeric isolator, effective horizontal stiffness,
effectiveness of base-isolated building, earthquake

IOPEKTUBHOCTDb KBAAPATHOI'O APMUPOBAHHOI'O
BOJIOKHOM 2JIACTOMEPHOI'O U30JIATOPA JJIA
AKEJE3OBETOHHOI'O 3JAHUA IIPU BEMJIATPECEHUAX

Ban-Txyem Hzo

®daxyJIbTeT TPaKIaHCKOTO CTPOUTEILCTBA, Y HUBepcuTeT Tyiinosi, r. Xanoii, BBETHAM

AHHOTanmsi: DJacTOMEpHbIE M30JSITOPHI, apMUpoBaHHbIe (UOpoBbIM BosiokHOM 0Oe3 cueruienust (U-FREI),
SIBJIIFOTCSI OTHOCUTENIbHO HOBBIM THUIIOM MHOTOCIOMHOW H30JSIMH, B KOTOPOH B KauecTBE apMHUPYIOLIETo
WCIOJIB3YIOTCS. BMECTO CTaJbHBIX JIMCTOB MCIIOJB3YETCs CJIOM BOJOKHA. Takod cJjoi ycTpaumBaercs
HEMOCPECTBCHHO MEXKIY BEpXHEW W HIDKHEH OINOPHBIMH IUIACTHHAMH 0€3 KaKOro-JIMOO COCIUHCHHUS IO
IMOBEPXHOCTH KOHTaKTa. BONBIIMHCTBO paHee BBITOIHCHHBIX HccienoBaHuil, mocBsmeHHbX U-FREI, Opum
CBSI3aHBI C KAMEHHBIMH KOHCTPYKIMAMHU. B maHHO# paboTe AHMHAMIYECKHE XapaKTEPUCTUKH KeIe300€TOHHOTO
31aHus, onuparolerocs Ha kBaapaTHsle nzoisitopel U-FREIL nccnenyrorcss METOAOM KOHEUYHBIX 3JIEMEHTOB C
WCTIOTBh30BaHNEM MporpaMMHoro obecredeHuss SAP2000 mpu 3aperHCTPHPOBAHHBIX B pEallbHOM BpPEMEHH
KoJIeOaHUsAX TPYHTA, BBI3BAHHBIX 3eMieTpsceHrneM. /[ ucciemoBaHus BBIOpaHO 4-3Ta)HOE Kele300eTOHHOE
3aHue, MOCTpoeHHOe BO BreTHame. CpaBHEHHE AMHAMHUYECKUX OTKIMKOB 3[aHHUA C M30JIIMEH OCHOBaHHA U
COOTBETCTBYIOIIEIO 3/1aHusi C (UKCUPOBAHHBIM OCHOBAaHMEM IPOBOJMTCS JUIsi OLEHKH CEHCMOCTOMKOCTH.
PesynbTaThl pacueta METOAOM KOHEYHBIX SJEMEHTOB IMOKAa3bIBAIOT, YTO TMHKOBBIE 3HAYCHHS] YCKOPEHUS
MIEPEKPBITHI, MEXKITAKHBIE CMEIIEHHS, @ TAK)KE MUKOBOE 3HAUCHUE CMEIICHHsI OCHOBAHUS 37aHMsI C U30JISIUeH
HUKE, UM Y COOTBETCTBYIONIETO 3/1aHUs ¢ PUKCUPOBAaHHBIM OocHOBaHUEeM. BrisBineno, uto U-FREI adhdexruBHBI
JUTSI TIOBBIIIEHUSI CEHCMOCTOMKOCTH MAJIOATAXKHBIX U CPEHE STAXKHBIX 3/1aHUH.

KiroueBble caoBa: M30IsII1s OCHOBAaHUA, SHaCTOMCpHHﬁ H30JIATOp, apMI/IpOBaHHHﬁ BOJIOKHOM, 3(1)(1)CKTI/IBHa$[
TrOpu30HTaJIbHAA KECTKOCTD, 3(1)(1)6KTI/IBHOCTL 31aHuA C HBOHXHHCﬁ OCHOBaHUs, 3EMJICTPACCHUC
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Under Earthquakes

1. INTRODUCTION

Base isolation is an effective solution to reduce
the vulnerability of a structure when
earthquakes occur [1,2]. Normally base isolators
are usually placed above the substructure and
below the superstructure of the building. Base
isolation can undergo large horizontal
displacement from earthquakes due to the low
horizontal stiffness of the isolators. Moreover,
the large equivalent viscous damping of the
isolators is dissipated the energy of earthquakes
transmitted to the superstructure. Meanwhile,
the vertical stiffness of the isolators has a large
value to ensure that the isolators can undergo
the weight of the construction and the vertical
loads acting on the superstructure.

Most of the buildings used the base isolators in
the world are often of high importance and high
cost [3]. They often use conventional multi-
layer elastomeric isolator such as natural rubber
bearing (NRB), high-damping rubber bearing
(HDRB), and lead rubber bearing (LRB). Over
the past two decades, a new type of multi-layer
elastomeric  isolator as un-bonded fiber
reinforced elastomeric isolator (U-FREI) is
studied and developed. The U-FREI consists of
alternating layers of rubber and fiber fabric as
reinforcement. It is installed directly between
the substructure and superstructure without any
connection at the interfaces. Therefore, when
the 1isolator is subjected to horizontal
displacement, elastomer layers at top and
bottom of the U-FREI will lose contact with the
supports lead to “rollover deformation” [4]. The
U-FREI is lighter, easier in manufacturing and
installation than the conventional multi-layer
elastomeric isolator. It is expected to replace the
conventional multi-layer elastomeric isolator for
seismic response control of low and mid-rise
lifeline buildings in developing countries like
Vietnam, Indonesia, India, etc.

Some studies for the U-FREI have been
conducted in recent times. The vertical and
horizontal behavior of the U-FREI under cyclic
loading was investigated by both finite element
(FE) analysis and experimental tests [5-15].
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These studies were determined the mechanical
properties of the U-FREIs with different sizes,
including horizontal stiffness, vertical stiffness
and damping factor. Analytical approaches were
proposed to calculate the effective plan area in
contact with the support surfaces and the
effective horizontal stiffness of the U-FREI
[16,17]. Some shake table tests of the base-
isolated buildings supported on U-FREIs were
carried out to ascertain its effectiveness in
controlling seismic response [18-20]. A little
effort to apply the U-FREIs for the residential
buildings in developing countries was presented
[2,21-25]. Most of these studies investigated the
seismic effectiveness of the base-isolated
masonry buildings supported on U-FREIs. Thus,
the seismic performance of the U-FREIs
supported to the base-isolated reinforced
concrete (RC) buildings should be further
studied.

In this study, the seismic performance of a base-
isolated RC building supported on square U-
FREIs is investigated by FE analysis using
SAP2000 software. A hypothetical base-isolated
building constructed in Vietnam is selected for
the study. The mechanical characteristics of the
U-FREIs are determined with an analytical
approach as proposed by the previous study.
Dynamic response of the building under the
action of various recorded real time history
ground motions of earthquakes in two cases:
fixed-base and base-isolated conditions are
investigated. From results of FE analysis,
comparison of the floor acceleration, inter-
storey drift responses and base shear of the
base-isolated building with those of the
corresponding fixed-base building is carried out
to evaluate the seismic vulnerability of the base-
isolated building under earthquakes.

2. DESCRIPTION OF A BASE-ISOLATED
RC BUILDING

As mentioned above, U-FREI is a relatively

new type of seismic isolator, which is expected
to be used for low and mid-rise civil buildings.
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There have not been many base-isolated
buildings supported on the isolators. There is an
actual  base-isolated two-storey = masonry
building supported on square U-FREIs which
was successfully constructed in October 2016 at
Tawang, Arunachal Pradesh State, India. This is
the first U-FREIs supported prototype low-rise
building to be constructed anywhere in the
world [2]. In this study, a hypothetical RC
building supported on square U-FREIs is
selected as the research object.

A base-isolated 4-storey RC building with
hypothetical constructed location, hypothetical
dimensions and hypothetical material properties
is considered for this study. It is constructed in
Muong Lay town, Dien Bien province, Vietnam.
Dien Bien is a province in the north-western
region, where has the largest seismic activity in
Vietnam. Materials used in the building are
concrete of B15 grade (weight per unit volume
of 25 kN/m?, modulus of elasticity of 2.3x10’
kN/m? and poisson’s ratio of 0.2) and
reinforcement of CIII group grade (fy = 400
N/mm?) according to Vietnam design standard
TCVN 5574 [26]. Cross-sectional dimensions of
all beams and columns are 0.30m x 0.45m and
0.30m x 0.30m respectively. Thickness of all
slabs is 0.12m. There are 5 bays of 4.0m in X-
direction, 3 bays of 4.0m in Y-direction, i.e.
plan dimensions are 16.0m x 8.0m. Each floor
height is 3.2m. Brick masonry walls with
thickness of 0.11m are built around the
perimeter of the building. Three-dimensional
view and typical floor plan of the base-isolated
building are shown in Fig. 1.

,32m ,_3.2rr|_1,‘3,2 m,32m,

(a) View of the superstructure
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(b) Typical floor plan

Figure 1. The base-isolated 4-storey RC
building

The superstructure is placed on an isolation
system consisting of fifteen square U-FREIs
placed under fifteen columns (Fig. 2). There
exists a rigid slab at the base level that connects
all isolation elements. It is considered that the
weight of the superstructure 1is equally
transferred to each isolator under the column.
The maximum possible vertical load on an
isolator as computed considering all possible
load combinations as per Vietnam standard
TCVN 9386 (Design of structures for
earthquake resistances) [27] is W = 580 kN. The
fixed-base period of the superstructure is
estimated to be about 0.42 seconds (from
simulated model in SAP2000 v.15.2.1 software
[28]). The project site is located in Muong Lay
town on a site with soil class B as per Vietnam
standard [27].

Figure 2. View showing locations of base
isolators in the building

3. SELECTING THE SIZE AND
MECHANICAL CHARACTERISTICS OF
SQUARE U-FREIS

3.1. Methodology
3.1.1. Shape factor
One of the most important parameters in the
design of multi-layer elastomeric isolator is
shape factor (S) defined as the ratio of the
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loaded area to load free area of a rubber layer
[3]. For a square isolator with the width of @ and
a single rubber layer thickness of 7., the shape
factor is computed by

s=2L (1

Generally, for better seismic performance, the
prototype isolators should have the value of
shape factor more than 10 [3].

3.1.2. Horizontal stiffness of a square U-FREI
According to [3], the horizontal stiffness of a
conventional multi-layer elastomeric isolator is
given by

k=94 )

where G is the initial shear modulus, 4 is the
full cross-sectional area of the isolator (for a
square isolator with the width of a, the full
cross-sectional area is 4 = a°), and ¢ is the total
thickness of rubber layers in the isolator.

The horizontal stiffness of a U-FREI is
calculated according to an analytical approach
which is proposed by Ngo et al. [17] as

G A,
ub _ eff “eff
K =L

t

r

€)

where Gep is the effective shear modulus of
isolator and Aey is the effective plan area in
contact with the support surfaces of the U-FREI
at the horizontal displacement (u).

The effective shear modulus (Gep) is affected by
many factors such as the magnitude of the
horizontal displacement () and the value of the
vertical load acting on the isolator. For a square
1solator with the width of a, the effective shear
modulus (Gep) is given as:

For 0 <u <1.0t:
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_ P.
G, =Gl1-| — A=

mEe)

For 1.0t <u < 1.5t

g @

G, =G|1- P:

eff 2 (
t a
pcriz,O (1_(FJ ]
a

where periro 1s the critical stress state according
to Kelly [29] and is given by

P..
pcrit,O = Crzlt (6)
a
_ \/EHGASF (7)
crit T
a4 (8)
r 2\/5

r is the radius of gyration; p: is the vertical
pressure on the isolator and is calculated as

=" ©)

W is the vertical load on the isolator.
According to [16], the effective plan area (Aep)
of a square isolator with the width of a is
calculated as

Ay, =ala—d) (10)
where, d is the projected length of the curved

part of the rollover region along the horizontal
plane as shown in Fig. 3, and is given as

25
d=""ah 11
o (11)
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a Fu=sH

Figure 3. Deformed configuration of an U-FREI

where, 4 is the total height of the isolator, a is a
geometrical parameter which relates d and
curved length (s) at a given horizontal
displacement (). The relation between u, s and
o as proposed by Toopchi-Nezhad [16] is
expressed as

u=s :gh[Za\/1+4a2 +ln(2a+\/1+4a2 )} (12)

Thus, for a known value of u and 4, a is found
from Eq. (12), which is used for the evaluation
of Aesrusing Eq. (10).

3.1.3. Vertical stiffness of a square U-FREI
Vertical stiffness (Kv) of a multi-layer
elastomeric isolator is given by [3]

EA
t

r

K (13)

v

where Ec is the compression modulus of the
isolator, for a square isolator is Ec = 6.73GS.

3.2. Selecting the size of square U-FREIs
supported to the base-isolated building

A design procedure for determing the size of the
conventional multi-layer elastomeric isolators
(including NRBs, HDRBs, LRBs) supported to
base-isolated structures was presented by Mayes
and Naeim [30]. There are few documents
giving detailed design procedure for determing
the size of the U-FREIs. Ngo [31] was proposed
a design procedure following the design
provisions of ASCE 7 [32] for selecting the size
of U-FREIs supported to a base-isolated
building. In this study, the step-by-step selecting
size of square U-FREIs is presented according
to the design procedure proposed by Ngo [31].
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Step 1: Evaluation of spectral response
acceleration parameter at a period of 1 second,
S1(81<0.60):

According to Vietnam standard TCVN 9386
[27], the peak value of reference ground
acceleration in Muong Lay town is agr =
0.1516g. Note that the spectral acceleration (S7)
in ASCE 7 [32] is calculated according to the
repetition period of Tasce = 2500 years, while it,
in the Vietnam standards, 1is calculated
according to the repetition period of 7yy = 500
years [27]. Therefore, it is necessary to convert
the peak value of reference ground acceleration
in  Vietnam standards from the 500-year
repetition period to the 2500-year repetition
period. According to [27], the conversion
formula is as follows:

(14)

S, = (TVN I Tysce )(71/3) (agR/g)

S, =(500/2500)""" (0.1516g/g)
S, =1.71x0.1516 = 0.2592

Step 2: Determine the site coefficient, Fy:

The building is located on a site with soil class
B as per Vietnam standard [27]. The site soil
class B in TCVN 9386 [27] corresponds to the
site soil class C in ASCE 7 [32]. Thus, the value
of F, = 1.50 is obtained from Table 11.4-2 in
ASCE 7 [32] for site class C and S = 0.2592.
Step 3: Determine the seismic coefficient, Sui:
The spectral coefficient needed for calculation
of minimum displacements is obtained from Eq.

(15):

SMI = E/SI
S, =1.50x0.2592 =0.389

(15)

Step 4: Select the damping coefficient, B

The equivalent viscous damping of the U-FREIs
is usually in the range of 6% to 15% [1-5]. For
preliminary design purpose, 10% damping is
assumed for isolator type of U-FREIL From
Table Table 17.5-1 in ASCE 7 [32], Bu = 1.20.
Step 5: Select a desired period of the isolated
structure at the design displacement, 7
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The effective period of the base-isolated
structure at the design displacement is
calculated from Eq. (16):

T, >3T

fixed—base ( 1 6)
where Thxed-base 18 the fixed-base period of the
building. 7w is often selected in range from 1.5
to 2.5 seconds for low and mid-rise civil
buildings. Thus,

T,23x042= 1.26(sec)

Take Tm = 1.60 (sec) for preliminary design.
Step 6: Estimate the effective horizontal of the
1solator, Kx:

The effective horizontal stiffness of the isolator
is obtained from Eq. (17) as

2

=2 | — & K, :K[z—”) (17)
Kymin& g\
where  Kwvmin 1s the minimum effective
horizontal stiffness of the isolator at the design
displacement (7v), W is the maximum possible
vertical load on an isolator (W = 580 kN) and g
is the acceleration of gravity (g = 9.81 m/s?).
Thus,

2
h:ﬁx(Z_ﬂj =911.8(kN /m)
9.81 \1.60
Step 7: Estimate the design horizontal

displacement, D
The design displacement is obtained from Eq.
(18) as

ST
DM:( gzj v (18)
4r°) B,
9.81) 0.389x1.60
D, = =0.129
u [4;:2} 120 ()

Step 8: Estimate the total rubber thickness
required, -
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Dy

y =M _150% — t,,=1D—A54 (19)

t}’

0.129
t =——=0.086(m)=86(mm
r =130 (m) (mm)

Step 9: Choose the full cross-sectional area of
the U-FREI:

4> Kils (20)

The initial shear modulus (G) depends on the
type or rubber used in the isolator. Generally,
the value of G is selected in range from 0.5 to
1.35 MPa. To take a typical rubber with G =
0.90 MPa. From Eq. (20):

911.8x0.086
A>T
0.9x10°

a>~J4=~0.0871=0.295(m)

= O.O871(m2)

In fact, the horizontal stiffness of a U-FREI is
calculated by Eq. (3) relates to the reduction in
shear modulus with increasing displacement and
the effective plan area in contact with the
support surfaces [17]. Thus, it is chosen a =
0.32 (m) = 320 (mm) for the square U-FREIs
supported to the base-isolated building.

Step 10: Choose the number of rubber layers,
ne, thickness of a rubber and fiber layer, # and #,
and total thickness of U-FREI, 4:

According to [3], the shape factor typical for
seismic isolation is in range of 10 to 20.
Selecting a shape factor of § = 16 for the
isolators of seismic isolation, from Eq. (1) we
can calculate the thickness of an individual
rubber layer, 7., as

Z, =i=ﬂ=5(mm)
4S5  4x16

Choose . = 5 (mm). Thus, the number of rubber
layers is n = 86/5 = 17.2. Choose n = 18.

The total thickness of rubber layers in the
isolator is

t. =nxt, =18x5=90(mm)
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Using # = 0.55 (mm) thick of a carbon fiber
reinforcement layer. The total height of the
isolator is

h=90+0.55% (18— 1) =99.35 ] 100 (1mm)

Thus, the sizes of the isolators are 320x320x100
(mm). Three-dimensional view of the U-FREI is
shown in Fig. 4.

Figure 4. View showing sizes of the U-FREIs

3.3. Determination of mechanical
characteristics of the square U-FREIs
3.3.1. The shape factor

Van-Thuyet Ngo

a 320
4t 4xS5

e

16

3.3.2. The effective horizontal stiffness (Kx"®)
According to [32], the Ilimit horizontal
displacement amplitude of an isolation system is
1.50#- (135 mm). Therefore, values of the
effective horizontal stiffness of the U-FREIs at
the increasing  horizontal  displacement
amplitude up to 1.50¢ are determined with the
analytical approach above, and are given results
in Table 1.

According to [32], the effective horizontal
stiffness of an isolator relates the shear force
and the horizontal displacement amplitude by

K, zg 1)

From Eq. (21), the shear force of the isolator is
obtained by

The actual shape factor of the U-FREISs is: F=K,u (22)
Table 1. Effective horizontal stiffness of the U-FREIs
u w Gepr " d Aepy Ki®

(mm) " | (N/mm?) (mm) (mm?) (kN/m)

20.0 | 0.22 0.8374 | 0.1267 | 19.80 | 96065.00 | 838.86

40.0 | 0.44 0.7815 | 0.2464 | 38.50 | 90080.00 | 734.03

60.0 | 0.67 0.7254 | 0.3559 | 55.61 84605.00 | 639.97

80.0 | 0.89 0.6721 | 0.4505 | 70.39 | 79875.00 | 559.79

90.0 1.00 0.6412 | 0.5015 | 78.36 | 77325.00 | 517.00

112.5| 1.25 0.6412 | 0.5983 | 93.48 | 72485.00 | 484.64

135.0 | 1.50 0.6412 | 0.6867 | 107.30 | 68065.00 | 455.09
The shear force-horizontal  displacement *
amplitude relationships of these isolators with jz e -]
increasing horizontal displacement amplitude up Z ol
to 1.50# as obtained from the analytical ] N
approach and idealized lines as given by bi- ”*;’”0 120100 8060 403%0 204060 80 100 120 140
linear behaviour are shown in Fig. 5. The bi- & ‘ 40| e Andytical approach for UFREI
linear behaviour is selected because this model |7 ] o Heled B o UTREL

can be effectively used for all isolation systems
used in practice.

188

Horizontal displacement (mm)
Figure 5. Shear force — horizontal displacement
amplitude relationships of the isolators
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3.3.3. The Vertical Stiffness of U-FREIs
The compression modulus and vertical stiffness
of the U-FREIs are calculated as

E, =6.73x0.90x16* =1550.59 (N / mm’ );

~1550.59x320°

K
g 90

=1764229.12 (kN / m).

4. INVESTIGATION OF THE
EFFECTIVENESS OF THE BASE-
ISOLATED BUILDING UNDER
EARTHQUAKES

The response of the base-isolated building
supported on the U-FREIs and the
corresponding fixed-base building under the
action of various recorded real time-history
ground motions of earthquakes are investigated
by FE analysis using SAP2000 v.15.2.1
software [28]. Comparison of the floor
acceleration, inter-storey drift responses and
base shear of the base-isolated building with
those of the corresponding fixed-base building
is carried out to evaluate the seismic
vulnerability of the base-isolated building under
earthquakes.

The fixed-base and base-isolated buildings are
simulated in 3D finite element model by
SAP2000 (Fig. 6). The beams and columns are
modelled using frame elements. All floors are
modelled using shell elements, in which each
floor is assigned by a diaphragm constraint. For
the Dbase-isolated building, U-FREIs are
modelled by rubber isolator element defined
under link type of elements (rubber isolator).
The nonlinear force-horizontal displacement
behaviour (bi-linear curve) of the isolators as
shown in Fig. 5 is used to represent the
mechanical properties of the isolators along X
and Y-axis. The vertical stiffness of the isolators
above 1s used to present the mechanical
properties of the isolators along Z-axis. For the
fixed-base building, all nodes at ground level
are fixed in all the directions.

The dynamic responses of the fixed-base and
base-isolated buildings under the action of

Volume 19, Issue 4, 2023

various recorded real earthquake time-history
ground motions of earthquakes are investigated
by time history analysis. Two time-history
ground motions from real earthquake records as
El-Centro earthquake (USA, 18/05/1940, Comp
— 180, peak acceleration value of 0.32g) and
Kobe earthquake (Japan, 16/01/1995, Comp —
FUKO000, peak acceleration value of 0.33g) as
shown in Fig. 7, are selected to investigate the
seismic performance of the base-isolated
building. Time history analysis is carried out
along the weaker axis of the building, i.e. Y-axis
(Fig. 1b).

(b) Base-isolated building
Figure 6. Three-dimensional FE model of the
building

189



040 ~ e
030 +
020 -
0.10
0.00
-0.10
020 |
030 r
-0.40

——ElCentzo, USA, 1940

Acceleration (g)

Time (ser)
(a) El-Centro earthquake

Van-Thuyet Ngo

It may be observed from Table 2 that the
magnitudes of peak floor acceleration and inter-
storey drifts at different floor levels, and the
magnitude of peak base shear of base-isolated
building are lower than those of fixed-base
building. For example, the peak floor
acceleration value at roof level, the peak inter-
storey drift value at 2" storey and peak value of
base shear of the base-isolated building are

] sy reduced by (742%, 72.6% and 69.9%
3 Efﬂ respectively), (84.7%, 88.0% and 84.4%
£ 000 . respectively) as compared to the corresponding
E et ' G705 % values in the fixed-base building under
o3 | 1y ElCentro, Kobe earthquakes respectively.

e ———————— Further, the magnitudes of peak floor

Time (ser)
(b) Kobe earthquake
Figure 7. Real time-history record of selected
earthquake motions

Comparison of the peak absolute values of floor
accelerations, inter-storey drifts and base shear of
the base-isolated building with those of the fixed-
base building are presented in Table 2.
Comparison of the detailed time-history of floor
acceleration at roof level (the level has the
maximum magnitude of peak floor acceleration),
inter-storey drifts at the 2" storey (the level has
the maximum magnitude of peak inter-storey
drift) and base shear of the base-isolated and
fixed-base buildings under each earthquake
excitation are shown in Figs. 8-10 respectively.

acceleration at different floor levels of the base-
isolated building are almost the same under each
excitation, while the magnitude of peak floor
acceleration of the fixed-base building is
amplified along the height of the building
model. This finding is in agreement with the
observation made by Das et al. [19] based on
the shake table testing results of a scaled model
of base-isolated un-reinforced brick masonry
building supported on U-FREIs. It indicates that
the possibility of any damage in the
superstructure of the base-isolated building is
clearly lower than that of fixed-base building.
Thus, the mitigation of seismic vulnerability of
the base-isolated building supported on the U-
FREIs is better than that of the fixed-base
building under the same earthquakes.

Table 2. Comparison of the peak values of dynamic responses of the fixed-base and base-isolated
buildings under earthquakes

Fixed-base Base-isolated
Parameter building building
El-Centro| Kobe |El-Centro| Kobe
Peak floor acceleration value at 1% floor level (g) 0.35 0.55 0.12 0.14
Peak floor acceleration value at 2™ floor level (g) 0.42 0.84 0.09 0.13
Peak floor acceleration value at 3 floor level (g) 0.46 1.11 0.13 0.14
Peak floor acceleration value at roof level (g) 0.62 1.37 0.16 0.21
Peak inter-storey drift value at 1* storey (mm) 42.2 100.1 12.9 14.1
Peak inter-storey drift value at 2" storey (mm) 46.4 112.2 12.7 13.5
Peak inter-storey drift value at 3" storey (mm) 38.2 86.6 9.8 11.4
Peak inter-storey drift value at 4" storey (mm) 20.8 45.9 5.2 6.5
Peak value of base shear (kN) 2788.9 | 6566.7 | 838.9 1023.1
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5. CONCLUSION

This study presents the seismic performance of
a base-isolated reinforced concrete building
supported on square un-bonded fiber reinforced
elastomeric isolators. A hypothetical base-
isolated 4-storey RC building constructed in
Muong Lay town, Dien Bien province, Vietnam
is considered for the study. The size of the
square U-FREISs is selected following the design
provisions of ASCE 7. The mechanical
properties of the square U-FREIs with the
selected size, including horizontal and vertical
stiffnesses, are calculated with an analytical
approach as proposed by previous study.
Investigation the time-history responses of both
fixed-base and base-isolated buildings under the
action of various recorded real earthquake time-
history ground motions of earthquakes are
carried out by FE analysis using SAP2000
software. From results of FE analysis,
comparison of the dynamic responses of the
fixed-base and base-isolated buildings is
presented to evaluate the seismic vulnerability
of the base-isolated building under earthquakes.
The concluding remarks are as follows:

e Magnitudes of peak floor acceleration and
inter-storey drifts at different floor levels of
the base-isolated building are lower than
those of the fixed-base building. Thus, the
possibility of any damage in the
superstructure of the base-isolated building
is clearly lower than that of the
corresponding fixed-base building.
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e Magnitude of peak base shear of the base-

isolated building is lower than that of the
fixed-base building. The seismic
vulnerability of the base-isolated building is
mitigated in comparison with that of the
corresponding fixed-base building under the
same earthquakes.

U-FREIs are found to be very effective in
reducing seismic vulnerability of low and
mid-rise RC buildings. Thus, U-FREIs are
recommended for seismic isolation of low
and mid-rise RC buildings.
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COMPARATIVE STUDY OF AXIAL BEARING CAPACITY FOR
PILE FOUNDATION BASED ON EMPIRICAL, NUMERICAL
METHOD AND PILE DRIVING ANALYZER TEST

Tsaana Khoirunisaa, Bambang Setiawan, Yusep M. Purwana
Civil Engineering Department, Sebelas Maret University, Surakarta City, INDONESIA

Abstract: Axial bearing capacity is an important factor in designing of foundation. It must be able to carry the
load of upper structure without any significant deformation due to important role in pile design. A part from
empirical and numerical methods, axial pile bearing capacity can be predicted by pile driving analyzer test that
use wave equation analysis during the test. Prediction of the axial bearing capacity and its distribution can be
achieved by combining wave equation analysis with dynamic pile monitoring. This paper compares the axial
capacity of pile obtained from PDA records with predicted axial capacities obtained using empirical, numerical,
and interpretation of static load test method. The empirical method used NSPT data from bore testing that conduct
in site, finite element method that uses in this study is Plaxis 8.6. Both of them was compared with PDA test result
of axial bearing capacity. There is a difference value of the calculation results of axial pile bearing capacity and
foundation settlement. Comparing with PDA, from empirical method has smallest deviation for axial bearing
capacity which equal to -268.45 kN with percentage -6.05%, smallest settlement equal to 0,0044 m. Plaxis result
shows that distinction between Qult result equal to -11.00 kN with percentage -0.24% and settlement of foundation
equal to 0,005 m. From interpretation of static loading test method smallest deviation for Qult which equal to -
40,00 kN, with percentage -0,90%, and smallest settlement equal to 0,0055 m. So, from all method the smallest
deviation for Qult and PDA result is used finite element method. This is due to many data parameters has been
inputted and analyzed in the Plaxis program, so the results of calculation analysis are more detailed and closer to
the situation in the research site. Differences in axial bearing capacity can be caused by the test was carried out
which depends on the accuracy of operator and parameters that used in the calculations.

Keywords: Axial bearing capacity, empirical method, static load testing method, finite element method, PDA

NCCJIEJOBAHUE HECYIIEN CIIOCOBHOCTHU CBAW HA
OCHOBE DMIIUPUYECKUX JAHHBIX, JUHAMUYECKHUX
HUCHBITAHUN U YUCJTEHHOI'O MOJAEJUPOBAHUS

Tcaana Xoupynucaa, bamoanz Cemuasan, IlOcen M. Ilypeana

dakynpTeT rpaXkJaHCKOT0 CTPOUTENILCTBA, Y HUBepcuTeT Cebenac Mapert, r. Cypaxapra, UTHJJOHE3W

AnHoTanus: Hecymas crnocoOHOCTh Ha BHABIMBAHWE SBIACTCS BAXKHBIM (PAKTOPOM IMPH MPOCKTHPOBAHHUH
¢yamamenta. OH JODKEH HECTH HArpy3Ky OT COOpy)KeHHs Oe3 3HaunmTenpHBIX Aedopmarmil. Ilomumo
SMIHUPUIECKUX U YHCICHHBIX METOJIOB, HECYIIIAsl CIIOCOOHOCTD CBaM Ha BIABIMBaHUE MOXET OBITh IIpeCcKa3aHa C
MIOMOIIIBI0 aHanu3aTtopa 3a0buBku cBaii PDA, mpuHIun pa®oThl KOTOPOTO OCHOBaH Ha OICHKE MapaMeTpoB
BOJIHOBOT'O ypaBHEHHsI BO BpeMs MCIbITaHUid. [IporHo3upoBanne Hecyllei ClIoCOOHOCTH Ha BIABIMBaHHE U ee
pacnpeaciCHusd MOXET 6I)ITB BBITIOJTHEHO MMYTEM OLCHKH IMapaMETPOB BOJTHOBOT'O YpaBHEHHUA IPU JTUHAMUYCCKOM
MOHUTOpHHI'e 3a0MBKHM cBail. B naHHOI paboTe cpaBHMBaeTcsi Hecylas ClIOCOOHOCTh CBaW Ha BJABJIMBaHME,
MoJly4eHHasi 1o JaHHbIM PDA, ¢ sMImpru4ecKuMM JaHHBIMH, PE3yJbTaTaMH YHUCICHHOTO MOJEIMPOBAHUS U
HCIBITAHUN CTATHUYCCKOW HArPy3KOW. DMIMPHUCCKUE JaHHBIC 0 Hecyliel cnocoonoctd NSPT ObLiv mOTy4eHbI
[0 pe3yibTaTaM HUCIBITAHUN B CKBAXXUHAX. UWCIICHHOE MOJCIMPOBAHUE BEHIIOJHEHO IO METONY KOHCYHBIX
3JIEMEHTOB B IporpaMMHoM Komruiekce Plaxis 8.6. IlosydeHHBIE pe3ysibTaThl CPaBHUBAIKCH C pe3yIbTaTaMHU
ucneiTannii PDA Hecymie#dl crmocoOHOCTH Ha BHIABIMBAaHWE. BBIABICHO, UTO PE3yNbTaThl PAcUeTOB HECyIIeH
crocoOHOCTH CBail Ha BIABIMBAHUE W OCAJKH (yHIAMEHTA MO Pa3ITMYHBIM METOJaM OIEHKH pasimdaroTcs. 11o
cpaBHeHHIO ¢ PDA, sMnmprdeckiii METO UMeeT HanMEeHbIIIee OTKIOHEHHE, KOTOpoe cocTaBmiio -268.45 kH
-6.05%. Hanmenbinas ocanaka pasHa 0,0044 m. Pesynbrar MonenupoBanus B Plaxis mokas3pIBaioT, 4To pa3jinuue
Mexay pesynbrarom Qult cocrasmio -11.00 kH wim -0.24%. Ocanka pyngamenta npu atom pasha 0,005 m. J{ist
METOJ[a CTAaTHYECKOTr0 Harpy>KeHus: HauMenblee otkiionenue Qult 6swto -40,00 kH nmm -0,90%. A HamMeHbIas
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ocajka cocrasmia 0,0055 m. Takum 00pa3om, U3 BCEX METOI0B HAMMEHBIIIee OTKIOHeHHE st Qult o cpaBHEHUTO
C JIaHHBIMU JIMHAMHWYECKUX WCIBITAHWM, BBITIOJHEHHBIX C HUCIoOJib30BaHHeM PDA, mMeeT MeToJT KOHEUHBIX
9JIEMEHTOB. DTO CBSI3aHO C TEM, YTO HCITOJIH30BAJIOCH OOJIBIIIOE YHCIO UCXOTHBIX MapaMETPOB, KOTOPBIC OBLTH
BBeJIeHBI B mporpamme Plaxis. [ToaToMy pe3ynmbTaThl pacdueTHOTO aHaim3a 0ojiee MeTadbHBI U MPHONMKECHBI K
CUTyalld Ha OOBEKTE WCCIeMOBaHWA. Paznmuus B Hecymied crOCOOHOCTH Ha TIPOJAaBIMBAaHUE MOTYT OBITh
BBI3BAaHBl TEM, KaKWe WMMEHHO WCIBITAaHUS IIPOBOAWINCH. OJTO 3aBHUCHT OT KBANH(UKAIIMM OlepaTtopa H

apaMeTpoB, KOTOPbIE HCIIOJIb3YIOTCS B pacyerax.

KiioueBble cjioBa: Hecylast CIIOCOOHOCTD Ha BIABIMBaHUE, SMIIMPUYECKUH METO, METOJ] CTATHYECKHX
UCIIBITAaHNH, METOJ] KOHEYHBIX d51eMeHTOB, Pile driving analyzer (PDA)

INTRODUCTION

Foundation is the main structure that very
important in every building construction, and has
function to transmitting load of upper structure to
the soil layer below. In some cases, foundations
are insufficient to support the structural load, and
deep foundations are required [1]. Various type
of deep foundations is classified into categorized
according to geologic condition, installation
method, structural material, ground effect,
function, cross-section, loading, isolation,
inclination, and other characteristics [2]. Axial
pile bearing capacity is a maximum vertical axial
load on foundation that can support before it
reaches the ultimate capacity. To determine axial
pile bearing capacity it can be use empirical and
numerical method. The use of different design
methods, resulting in various estimates of axial
bearing capacity, selection of appropriate and
accurate design schemes to minimize errors due
to axial bearing capacity predictions are required
[3]. Estimation of the axial bearing capacity has
an important role in pile design. Part of semi-
empirical and numerical methods, the axial
bearing capacity of piles can be predicted
through static loading tests and dynamic load test
[4]. Several studies compared pile bearing
capacity of analytical and field test [5], [6], [7].

One of common method used to measure and
analyze the dynamic response of piles is PDA.
The results show that PDA data can provide the
best prediction of axial pile bearing capacity.
Subsequent research discussed the pile bearing
capacity using PDA and CAPWAP, which is
standard practice for testing offshore piles [8].
Testing of piles under axial loads has been
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carried out on in-situ piles. Simulation has
carried out for a single pile with axial load at the
top of pile, so it can be evaluate the settlement of
the pile [9].

Various analytical, numerical and software
approaches using Plaxis 2D software, with
design results of more than 30 heaps, for the piles
analyzed the largest relative error between
theoretical and numerical method in this study
was around 14%, these errors can be reduced
significantly by modifying the meshing and
making it smoother [10]. Analysis in plaxis
software use several model parameters such as
Mohr-Coulomb, soft soil, hard soil, and many
more [11].

The problem of predicting and assessing pile
bearing capacity is complex. The most important
thing is to determine the method used to predict and
evaluate pile bearing capacity based on the level of
accuracy and consistency values required [12].
Knowing the characteristics of the axial bearing
capacity of concrete piles embedded in soil layer is
important before carrying out tests [13].

This study was conducted to compare the axial
pile bearing capacity of foundation with several
methods. Empirical method formulated of
geotechnical expert, numerical method of finite
element method (FEM) and interpretation of
static load testing method. All of them were
compared and validated with PDA test result in
research location.

METHODS

This study is located in Cirebon, West Java,
Indonesia. The method of studies is divided into
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several stages. First stage is the analysis and data
processing based on Standard Penetration Test
(SPT) wusing empirical methods and soil
parameters through laboratory tests. At this stage
it calculates axial pile bearing capacity using
empirical formula developed by, Luciano
Decourt, Meyerhoff, Briaud et al and Shioi &
Fukui. Two problems arise when determining
soil qualities through laboratory testing: (1)
Difficulties in obtaining an "undisturbed" soil
sample, and (2) sample size limitations. Data
from in-situ test such as Standard Penetration
Test (SPT) indicate a significant amount of soil.
The test is relatively simple and data information
is easy to obtain during the site investigation. The
crossection of soil layers in this study can be
shown in the Figure 1.

Second stage is the modeling stage using
numerical method. At this stage Finite Emelent
Method (FEM) modeling with Plaxis software
using Mohr-Coloumb. Soil parameters that used
in this program are young's modulus (E.),
Poisson ratio (v), unit weight of saturated soil
(ysat), unit weight of unsaturated soil (yunsat),
Cohesion (c.), friction angle (¢), and dilatation
angle (y). Result from this modeling is axial
bearing capacity, soil settlement, and safety
factor.

Third stage is interpretation of static load test
method using Mazurkiewicz (1972) and
Davisson (1973). The final stage is to compare
both analytical, numerical, and static load test
method by Pile Driving Analyzer that conducted
in this research location.

RESULTS AND DISCUSSION

The soil test data for this study were collected
from a project that located in Cirebon, West Java,
Indonesia. Prestressed concrete pile type spun
pile with diameter 600 mm and 35 m length. Site
investigation data includes laboratory tests data,
material properties from SPT within 70.45 m
depth.
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DEPTH (m)

Al : Imorganic sl & : Sandy-sili
S| very fne sand mixture

Figure 1. Cross-section profile of soil layer

Empirical Method

Empirical method of Luciano Decourt (1982),
Meyerhoff (1956), Briaud et al (1985), and Shioi
& Fukui (1982) are utilized in this study can be
shown in Table 1 and Figure 2.
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Table 1. Axial pile bearing capacity based on
empirical method

Axial Pile Bearing Capacity Deviation

End | Skin | Tt

. . Axial PDA
Empirical Method | Beari | Resis Capa | Test Quie Quit
ng tance .
city
Q Qs Quit RMX o
W |y | N |y [ E

169, | 3653, | 5350, 201 20

46 91 37 0

L. Decourt (1982)

2.375, 1.796, 4.171, 268,
04 51 55 45 -6,05

Meyerhoff (1956)

1722, | 3ast, | as7s, | 4440 o

19 27 46 9,76

Briaud et al (1985)

1.796, 1.991, 2.44 -
51 60 8,40 55,1
4

Shioi & Fukui (1982) 195.09

The ultimate axial pile bearing capacity (Qult)
based on the planning design is 4,500 kN. PDA
testing was carried out three times. This because
during first PDA test, the axial bearing capacity
result had a high difference from the design plan,
so a re-test was carried out. From the results of
PDA test, the Qult value of 4,440 kN is used as a
reference for compare the bearing capacity of
empirical and numerical methods. From the
result above Luciano Decourt method has Qult
equal to 5,350.37 kN, is the highest value
compared to other methods, because soil
coefficient is used as a multiplier.

Empirical Method

| :
4 87345 ] 1]

i
S LR
& 000 0
% 000,00
000,00
10000 0
(i L]

L. Decourt

18 535037

Figure 2. Graph of Axial Pile Bearing Capacity
Calculation Based on NSPT Data (Empirical
Method)

Axial Pile Bearing Capacity [kKN)

Meperbolf

4,1T155

Brizsd etal R & Pkl
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Compared with PDA test result, based on the
calculation analysis of the axial bearing capacity of
the empirical method above, the Meyerhoff method
has the smallest deviation, with value -268.45 kN
and percentage of 6.05%, Briaud et al method has
a deviation 433.46 kN with a percentage of 9.76%,
followed by the L. Decourt method with a
deviation 910.37 kN and a percentage of 20.50%.
The biggest deviation is using the Shioi & Fukuni
method with a value of -2,298.40 kN and a
deviation percentage of -55.14%.

Meyerhoff method is usually used on non-
cohesive soils or sandy soils, based on the results
of borelog testing of the soil layers at the research
study, which are classified as soft soils. The
borelog test was carried out to a depth of 70.45
m, the composition ratio of soft soil and sandy
soil layers was 68% for soft soil and 32% for
sandy soil. The pile foundation used in this study
has a length of 35 m. The composition of the
layers of soft soil and sandy soil along the
foundation is 50% for soft soil and 50% for clay,
this affects the analysis of the empirical method
used. Pile was embedded in a layer of sandy soil
at 35 m depth, so Meyerhof method can be used
in this research study, and has the smallest
difference compare with other empirical formula
validated by Pile Driving Analyzer test result.

Finite Element Method (FEM)

FEM is numerical method that divides a problem
into a finite number of elements to represent a
problem that actually has an infinite number of
elements (continuum). The interactions between
these small parts are determined based on the
physical phenomena to be resolved. Material of
soil that used in Plaxis is Mohr-Coulomb model.
Parameter data for this method comes from
secondary data and correlation calculations, it
can be shown in Table 2.

To calculate Young’s Modulus (E.) using
Schmermann (1970) formula:

Correlation of sand soil
E =766. NSPT

E =2qc (2)
Correlation of clay soil

(1
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Clay soil normally consolidated (NC)

E =250 Cu—-500 Cu (3)
Clay Soil over consolidated (OC)
E =750 Cu—1000 Cu 4)

Another parameter was found from laboratory
testing. Parameter profile of the pile foundation
must be included during Plaxis analysis, it can be
shown in Table 3.

Table 2. Mohr-Coloumb Parameter of Soil layer

Value
Parameter 1% Soil Layer 4™ Soil Layer (13.00 Source
(0.00 m—3.00 m) m—17.00 m)
USCS Chart CL ML Secondary data
Material
Mohr-Coulomb Mohr-Coulomb
Model
Material
Undrained Drained
Behavior
Unit weight of
unsaturated 6,68 kN/m? 9,06 kN/m? Calculation
s0il (Yunsat)
Unit weight of
saturated soil 14,90 kN/m?3 15,00 kN/m? Secondary data
(Ysat)
Young's Correlation and
3125 kN/m? 2298 kN/m?
Modulus (E) calculation
Poison Ratio (
0,2 0,3 Secondary data
v)
Cohesion (¢ ) 6,25 kN/m?* 0,35 kN/m? Secondary data
Friction ratio
18,87° 21,71° Secondary data
()
Dilatation
0° 0°
angle (y)
Table 3. Pile foundation specification
Parameter DP6 Unit
Pile Test No DP6-7
Foundation Type Spun PC-Pile mm
Diameter 600 mm
Thickness 100 mm
Length 35 m
Area 0,28 m?
Modulus Elasticity 33.892.182 kN/ m?
Fc’ of Pile 52 Mpa
Allowable stress 15,49 Mpa
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Allowable compressive 38 Mpa
stress

E 33892182 kN

1 5,2x 10 m*
EI 17457,46 kNm?/m
EA 9582789 kNm*/m
W 3,768 kN/m
\ 0.2

Based on the results of the Plaxis analysis, the
allowable pile bearing capacity (Qall),
settlement, safety factor (MSF), load-
deformation curves are obtained. The results of
the analysis can be seen in Figure 3.

Based on the results of the plaxis analysis, the
Qall value equal to 3.720 kN and the MSF equal
to 1.1906. So to get the value of the axial bearing
capacity (Qult) using the formula :

Qu = Qall x XMSF
=3.720 x 1.1906
=4.429 kN.

Compared with the axial bearing capacity (Qult)
from the PDA test results of 4,440 kN, the Qult
deviation is very small, equal to -11.00 kN with
a percentage of -0.24%.

By using plaxis, deformation occurs on the soil
layer can be determined. Figures 4 and 5 shows
the typical deformation that occurs in soil due to
loading on continuous foundation. On the left
and right side of the foundation there is heaving,
i.e, ballooning. This is due to the soil under the
foundation pushed in all directions, which is
eventually it will also push the ground above it.
Pile foundation with a diameter of 0.6 m and a
length of 35 m, deformation of 0.005 m will
occur in the soil layer around pile. Effective
stress from plaxis can be shown in Figure 6.
Plaxis analysis can be used as a modeling pile
load test at the study site. The relationship curve
between the total multiplier load (Sum-Mload)
and settlement can be seen in Figure 7. Based on
the curve, the ultimate Sum-Mload is 66.419.
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Figure 4. Soil deformation due to pile
foundation loads
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Figure 7. Curve of load-settlement of soil

Static Load Test Interpretation Method
Interpretation of loading test data using the
Mazurkiewicz (1972) and Davisson (1973) can
be shown in Figures 8 and 9.

-l s

5000 G000

g

Q™ 4,400 kN

g

28 EE

Settlement (mmj

=

5.= 34 mm

Figure 8. Load and settlement curve with the
interpretation of Mazurkiewicz method (1972)

Result from Mazurkiewicz method for piles with
a diameter of 0.6 m with a concrete quality (f'c)
of 52 MPa after plotting the relationship curve
between load and settlement of the pile load test
obtains an ultimate load value of 4,400 kN with
a decrease of 0.034 m.
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Figure 9. Load and settlement curve with the
interpretation of Davisson. method (1973)

Result from Davisson method, obtains an elastic
settlement value (Se) 0f 0.00548 m. To determine
the ultimate load, the value of X based on the pile
diameter 1s 5.15 mm. After plotting the
relationship curve between load and settlement,
an ultimate load of 4,100 kN is obtained with a
settlement of 0.025 m.

Pile Foundation Settlement

Pile foundation settlement based on empirical,
and numerical method can be shown in Table 4
and Figure 10.

Table 4. Soil Settlement of Pile Foundation

Method Settlement (m)
L. Decourt (1982) 0,0129
Meyerhoff (1956) 0,0121
Empirical
Briaud et al (1985) 0,0121
Shioi & Fukui (1982) 0,0044
FEM Mohr-Coulomb Parameter 0,0050
Mazurkiewicz (1972) 0,0340
Static load
test
Davisson (1973) 0,0055
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Figure 10. Pile foundation settlement graph
uses three interpretation methods

Allowable foundation settlement (Sall) is 10% of
the diameter of the foundation used, then Sall equal
to 0.06 m. Based on pile foundation settlement
calculation using empirical methods, Shioi &
Fukui (1982) has the smallest settlement with value
0.0044 m, while the largest settlement of pile
foundations using static load test interpretation
method of Mazurkiewicz (1972) with a value
0.034 m. The results pile foundation settlement
analysis by Shioi & Fukui method, this due to end
bearing capacity of the soil under tip point of pile
foundation (Qp) and skin friction bearing capacity
from shear force or adhesion between pile and soil
(Qs) in this method has a small result, because it
affects the results of foundation settlement. The
greater the value of Qp and Qs directly proportional
to pile foundation settlement.

Both empirical and numerical methods show that
pile foundation settlement is declared safe to use
because the Stotal < Sall. Based on the finite
element method using plaxis software with the
parameters of the Mohr-Coulomb model, the pile
foundation settlement is 0.005 m. The results of
this decrease are still within safe limits because
Stotal < Sall.

Comparation of Axial Pile Bearing Capacity

Comparation between axial pile bearing capacity
of empirical and numerical method with PDA
test result can be shown in Table 5 and Figure 11.
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Table 5. Comparation of Axial Pile Bearing
Capacity Using three interpretation methods
and PDA testing

PDA

Q Test Quit Deviation
Methods ult €S
(kN) RMX )
N | %)
L. Decourt
(1982) 5.350.37 910,37 20,50
?f;zz;h"“ 417155 26845 | 605
Empirical Briaud et al
(1985) 4.873,46 43346 9.76
Shioi &
Fukui (1982) | 197160 | 4440, | 244840 | 5514
Finite | Mobr-
Coulomb 4.429,00 -11,00 0,25
Element
Parameter
Mazurkiewic
Static 2(1972) 4.400,00 -40,00 -0,90
Load Test Davisson
MT. (1973) | 410000 -340,00 47,66

Axial Pile Bearing Capacity

[T
CLAIn
. m Mol [ 1556
W 15§
AR Shecd & Fuiad (1980
00000
Mururicraics |EIT
1000 ¢

Figure 11. Graph of axial pile bearing capacity

[l
5

Axial pile bearing capacity (Qult) based on
empirical and numerical method, compared
with PDA test results shows that, the smallest
difference is using the finite element method
with Mohr-Coulomb parameter model. The
resulting Qult difference is -11.00 kN with
percentage of -0.25%. This is due to many data
parameters has been inputted and analyzed in
the Plaxis program, so the results of calculation
analysis are more detailed and closer to the
situation in the research site.

The next closest Qult was generated using the
static load testing interpretation method by
Mazurkiewicz (1972) with deviation of Qult
equal to -40.00 kN and a percentage -0.90%.
Next closest Qult was generated through
empirical methods by Meyerhoff (1956)
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deviation of Qult equal to -268.45 kN and
percentage of -6.05%. Level of results the
comparison of Qult with the PDA test is the
Davisson. (1973) method with a Qult
difference of -340.00 kN and a percentage of -
7.66%, Briaud et al. (1985) method has
deviation of Qult equal to of 433.46 kN and a
percentage of 9.76%, the L. Decourt method.
(1982) with a Qult difference 910.37 kN and
percentage of 20.50%, and the Ilargest
difference was obtained by calculating the
Shioi & Fukui method. (1982) with deviation
of Qult value -2,448.40 kN and a percentage of
-55.14%.

CONCLUSION

Based on the results of comparison between
axial pile bearing capacity on soil with PDA
test result, it can be concluded that:

1. The result of finite element analysis shows
that the ultimate axial pile bearing capacity is
in good agreement with the axial capacities
obtained using pile driving analyzer (PDA) test
result.

2. From the results of empirical and numerical
methods, it’s observed that axial pile bearing
capacity obtained by those method is quite
variable hence they must be validated with
other reliable methods such as PDA and static
load test.

3. Differences in axial bearing capacity can be
caused by the test was carried out which
depends on the accuracy of operator and
parameters that used in the calculations.
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STRENGTH ANALYSIS OF FORMWORK USING FALSEWORK
FLYING SYSTEM ON SLAB-ON PILE STRUCTURE

Fendi Hary Yanto
Disaster Research Center, Sebelas Maret University, Jebres, Surakarta, INDONESIA
Faculty of Vocational School Sebelas Maret University, Surakarta, INDONESIA

Abstract: The Semarang-Demak Toll Road was planned with detailed procedures to address disorganized road
networks, increased traffic volumes, congestion, land subsidence, and tidal floods. It has toll entrances in
Semarang, Genuk, and Sayung sub-districts and ends in Demak City. Its purpose is to minimize traffic jams,
provide access to tourist cities, and serve as a tidal barrier sea embankment. The formwork support system's
proper design is crucial to ensure the safe construction of the main structure. A unique disk lock and steel tubular
scaffold are utilized for a slab-on-pile structure employing a flying falsework system. This approach results in a
structurally sound and secure construction that is not susceptible to twisting, providing quick erection and
disassembly, significantly improving construction efficiency. The system was employed in a portion of the
Semarang-Demak toll road project, and its efficacy was evaluated using finite element analysis software. The
software provides security and convenience in analyzing structures, paying attention to the nominal strength of
each steel profile and the internal forces at work. All components are safe as their actual deflection falls within
the maximum limit.

Keywords: finite element, analysis, formwork

HUCCJEJOBAHUE MPOYHOCTHU ONAJYBKH C
IMMPUMEHEHUWEM IMOJIBECHON CUCTEMBI J1JIS1
IMJINTHO-CBAMHOM KOHCTPYKIIUU

@Denou I'appu Anmo

HenTp uccnenoanus katactpod, Yuusepcurer Cedenac Maper, [Ixxedpec, Cypakapra, MHI0HE3UsS

Annoranusi: [TnatHas nopora Cemapanr — [lemak Obula 3alpOEKTHpOBaHa C YYETOM IOJPOOHBIX MPOLEAYP,
uMes. IEeNbI0 pelleHne Mpo0JeM XaoTHYHOH JIOPOXKHOW CETH, YBEIMYCHUS HMHTCHCHBHOCTH JIBYDKCHHS,
JIOPOXKHBIX 3aTOPOB, IMPOCAJOK TPYHTAa W TPIIUBHBIX BOIHBIX MOTOKOB. OH WMeEeT IUIATHBIC BHE3NHI B
monpaiionsl Cemapanr, ['eayk u CaroHr m 3akanumBaercs B ropoxae emak. Ero menms — MHHUMH3UpPOBATH
JIOPOXKHBIE TIPOOKU, 0OECIIEYUTE JOCTYI K TYPHUCTUICCKAM TOPOJIaM ¥ CIYXKHUTh MPHINBHO-OTIMBHBIM 0aphepoM
JUIT MOpCKO# HabepekHoW. IlpaBmiibHash KOHCTPYKIIHS CHCTEMBI ONMUPAHHUS ONamryOKW HMEeT pemIaromee
3HaYeHHE I 00ecTiedeHns 0e30MMacHOT0 CTPOUTENFCTBA OCHOBHONW KOHCTPYKIIUH. Il KOHCTPYKIIUH «ILTATA-
Ha-CBasiX» C UCIIOJIb30BaHHEM CHUCTEMBI ITOJBECHBIX ONMAyOOK MCIOJB3YIOTCS YHHKAIBHBIA TUCKOBBIH 3aMOK U
CTaJlbHBIE TpyOuaThle jeca. Takod MOAXOM IMO3BOJSET MOIYYUTh KOHCTPYKTHBHO HPOYHYIO U HAACKHYIO
CHCTEMY, HE MOJBEPKEHHYIO CKPYUYUBAHHUIO, 00ECIICUNBAIOLIYIO OBICTPBIII MOHTaX M JIEMOHTaX, 3HAYUTEIHHO
noBbimas 3¢¢GeKTUBHOCTh cTpouTeNbcTBa. CHCTEMa HCIIONB30BaIach B paMKax IPOEKTa IUIATHOW JOpOrd
Cemapanr — Jlemak, ee 3((eKTHBHOCTh OIIEHMBAJIAaCh C MOMOUIBIO NMPOTPAMMHOIO OOECTIeYeHHs! Ul aHau3a
METO/IOM KOHEYHBIX 3JieMeHTOB. [Iporpammuoe obecrieuenme odecrneunBaeT 0e30MacHOCTh M y100CTBO aHANN3a
KOHCTPYKIHWH C Y9€TOM HOMHHAIBHON MPOYHOCTH Ka)KIOTO CTAIFHOTO MPOQHIIS U JEHCTBYIOIINX BHYTPEHHHUX
cui. Bce KOMIOHEHTHI Oe30MacHbBl, MOCKOJBbKY WX (DAaKTHYECKOE OTKJIOHCHHWE HAXOAWTCS B IIpeaenax
MaKCHUMAaJIBHOTO Ipefena.

KiroueBble cj10Ba: KOHEYHBIN dIIEMEHT, aHAIN3, OTTAITyOKa

INTRODUCTION improvement [1]. The construction of toll roads
itself is a form of effort by the government to
help the Indonesian people carry out activities
that require the mobilization of goods or

The development of toll roads in Indonesia has
experienced significant progress and quality
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services, in economic or economic terms, well
and short.

Semarang is the capital of Central Java, with
high economic growth. This growth can be seen
in new industrial buildings, residential areas,
and the expansion of city areas. This
development also results in problems such as
disorganized road networks and increasing
traffic volumes, which cause congestion.
Changes in land use result in the absorption area
being reduced, causing land subsidence and
tidal floods [2].

It was planned to build a toll road under detailed
and thorough planning procedures, namely the
Semarang-Demak Toll Road, which is
integrated with the Semarang City Sea
Embankment. With this plan, it is hoped to
overcome the congestion problem due to the
increase in vehicle volume on the Semarang-
Demak highway and the sea embankment,
which is expected to overcome tidal floods in
the Semarang coastal area [3]. The Semarang-
Demak Toll Road Project, which stretches from
West to East, is part of the Toll Road system
connecting the city of Semarang and the city of
Demak. This toll road has a length of 27 km,
which is divided into two packages. Package 1
is planned to start from Semarang to Sayung,
which has a length of 10.69 km. Package 2 is
planned to start from Sayung to Demak, which
has a length of 16.31 km. The toll entrance is
located in the Semarang, Genuk, and Sayung
sub-districts, which end in Demak City [4].

The function of the Semarang-Demak toll road
is to minimize traffic jams on the Semarang-
Demak-Surabaya north coast route and also to
get to tourist cities in Demak, namely the
Kadilangu/Sunan Kalijaga Tomb and the Great
Mosque of Demak, as well as to overcome
existing tidal floods along the north coast as a
tidal barrier sea embankment [5].

PROJECT CONDITIONS

The condition in the area Project Development
Road Toll Semarang Demak STA 10+394 up to
STA 27+000, Which length is around 16.31 km,
dominated by rice fields and swamps. Land base
from project This Also has characteristics that
are very soft to a depth of about 30 m below the
existing surface. Due to the depth of the soil, the
heap's limitation is from the H-Critical factor.
An Embankment with PVD Preloading soil
improvement treatment cannot accommodate a
finish grade that is too high. Thus, a Slab-on
Pile structure is needed to meet the need for
road Finish Grade [6].

A slab on a pile is a slab structure that stretches
between piles. This structure is suitable for
roads with high Finish Grade designs and
cannot accommodated by heap land customary.
Structure This consists of Pile, Pile Heads, and
Decks Slabs.

The following is a typical slab-on-pile design
and work map:

alP?

ADEJ

Ecatan tanam S

L §
Ll
£

<1
W

7 7 ¥

Spun pie concrwie pées disneier 808 mm,
et 254D -
with a distance between spans of Tm

Figure 1. Slab On Pile Structure
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Konstruksi Main Line
* Pekerjaan Slab on Pile sepanjang
* Pekerjaan Timbunan sepanjang

1 7,427 km
1 7,439 km
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Keterangan

s Slab on Pile
Timbunan (PVD & Preloading)

Figure 2. Scope of work for Slab On Pile

FLYING FALSEWORK SYSTEM
FORMWORK

Shoring System (Scaffolding)

In making a building element using reinforced
concrete as the primary material, a mold is
needed so that the reinforced concrete takes the
same shape desired element. The mold in
question is formwork [7]. Slabs on roads, toll
roads, or bridges usually use formwork
supported by scaffolding because this work is
done at a height. Scaffolding will withhold
heavy Alone from formwork, And concrete
bony ones that will cast.

The shoring system is a slab formwork system
that uses a series of scaffolding, which is used
to support the deck slab formwork [8] when
casting concrete. The scaffolding needed to
support the formwork is usually quite a lot.
Apart from that, the support of this scaffolding
is the subgrade.

Flying Falsework System

Based on geotechnical investigations in the
Semarang-Demak 2 STA 10+690 — 27+000.
The soil conditions are in the dominant line of

210

clay soil, so the soil's carrying capacity is
relatively low. In making formwork supported
by scaffolding, it is necessary to prepare firm
scaffolding ground to accommodate the load
from the formwork and concrete, which will set
a land base [9]. It needs time A relatively long.
Apart from that, much scaffolding material is
needed to make formwork matter. It usually Can
overcome with processing slab per segment, so
there is work on dismantling and re-installing
scaffolding and formwork. However, the
problem is that disassembly and installation take
a long time. Therefore PT. PP made an
innovation, namely  Flying  Falsework
(Formwork Flying).

Flying Falsework is formwork for slab casting.
This formwork uses steel material, which is
arranged in such a way. This formwork hangs
between the pile heads. Load from casting and
weight from formwork will detained by the pile
head. So that place Which needed will less And
need setup land base For tool heavy Which
Also.

The following is a 3D design of formwork [10]
with a flying falsework system :

International Journal for Computational Civil and Structural Engineering
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Figure 3. Flying Falsework 3D Rendering

Advantages of Flying System Formwork
Falsework

In making a slab, scaffolding is needed to
support the formwork from the slab ( shoring
method ), which rests on the subgrade. The
subgrade soil in constructing the Semarang
Demak toll road has characteristics that are not
strong enough to be used as a footing.
Therefore, slab formwork using a flying
falsework system is used. The following are the
advantages of the flying falsework formwork
system in terms of cost, quality, and time [11].
Flying Falsework Formwork System has
advantages in terms of cost, namely that it is
expensive at the start but cheap during
implementation [12]. Due to high costs,
elicitation material steel For structure flying
falsework. However, because the structure slab
on the pile Is very long, so far, 9.56 km, the use
of costs will be more efficient when compared
to using scaffolding.

The use of the shoring method requires a firm
base soil. In case subsidence occurs, land
consequence burden from implementation work
deck slabs, so results from the deck slab will be
deflection. So the quality provided could be
better [13].

Concrete deck slabs on flying falsework
structures will have minimal deflection if using
a flying falsework system because the support is

Volume 19, Issue 4, 2023

directly dependent on the pile head. Therefore,
the work will be more precise with maximum
results.

Using flying falsework formwork has the
advantage that the formwork series can reach 3-
5 spans on a slab or pile. Compared to the
shoring method, which can only have a
maximum of one formwork span due to the
large amount of scaffolding required for one
span [14]. So, the time used for slab casting will
be faster than the shoring method.

The proper design of the formwork support
system 1is paramount to ensure the safe
construction of the main structure. A unique
disk lock and steel tubular scaffold are utilized
for a slab-on-pile structure utilizing a flying

falsework system to establish a stable
connection between members in multiple
directions. This approach results in a

structurally sound and secure construction that
is not susceptible to twisting. Furthermore, the
formwork support system provides quick
erection and  disassembly,  significantly
improving construction efficiency. Given these
benefits, this system is widely employed in
formwork support. The formwork support
system was leveraged in a portion of the
Semarang-Demak toll road project, and its
efficacy was evaluated using finite element
analysis [15] software SAP2000.
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MATERIAL & MODEL

Material

The materials used for flying falsework work
are as follows:

Steel Grade A36

Material Properties of Steel Grade A 36 are as
follows:

E =200000 MPa
Fy =240 MPa
Fu =400 MPa

The steel used for flying falsework formwork
has the following dimensions:

a. WF 300.150.6,5.9 Double

The WF 300.150.6,5.9 Double steel profile is
used as a support that depends on the PT Bar.

e

—

-

Figure 4. WF 300.150.6,5.9 Double

b. WF 150.75.5.7
WF 150.75.5.7 steel profile directly supports
6mm plates for slab formwork.

Figure 5. WF 150.75.5.7 (before installation)
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Figure 6. WF 150.75.5.7 (After installation)

c. HB 350.350.12.19

HB 350.350.12.19 Steel Profile is used as a
longitudinal connector placed on a WF
300.150.6,5.9 Double support.

Figure 7. HB 350.350.12.19

d. 6 mm plate and UNP 80

Steel plates are used to support the slab to be
cast directly, with a plate steel thickness of 6mm
And supported with a configuration.

UNP 80 steel to increase the stiffness of the
steel plate. This steel plate has an area per
segment of 3.5 mx 1.5 m.

Figure 8. 6mm Steel Plate

International Journal for Computational Civil and Structural Engineering
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e. Jack U Head

The U Head Jack is used to adjust the slope and
elevation of the steel plate. So, the slab shape
can be adjusted using the U-Head Jack.

F fgure .- U Aﬁlad ack 5 Omm

PT BAR Grade 830/1030
Material Properties of PT BAR Grade 830/1030
are as follows:

E = 200000 MPa
Fy =830MPa
Fu =1030 MPa

PT Bar D32 is used as a support hung on the
pile head. This jack is inserted into the pile head
via a sparing pipe and then locked on the pile

head.

Figure 10. PT Bar D32

Volume 19, Issue 4, 2023
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Figure 12. PT Bar Washing at Pile Head

Modeling Material SAP 2000 Software
The following is the material modeling of the
FalseWork Flying Formwork:

a. Steel Grade A36

[ Matwrial Property Data x

Genersl Data.
Matsrial liame and Disglay Coler A3 | |
Materai Type Stenl
Materal Grade
Unteral tistes

Weight and Mass Unas
Wieght per Unt Volume 7407108 WemC
Mass per Unt Volme: 7.pamE08

motrepic Property Dats

Modulus OF Easicty,
Peascn, U (%]
Coefficient Of Thermal Expassion, &
Shear Modules, G

Cther Properties For Steel Waterials
Minimym ¥ieid Stress, Fyr
Minmum Tanase Stress, Fu
Expecied Yiekd Stress, Fye
Expecied Tennle Strass. Fus 440

[ Switeh To Advanced Propary Dustty

(o) o)

Figure 13 A36 Steel Modeling
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b. PT BAR

B3 Matensl Propesty Data

Figure 14. PT BAR 830/1030 Steel Modeling

Section Modeling Properties

The following is the modeling of the steel

structure used in the formwork:
a. HB 350.350.12.19

B i Pange Secton

| e
T Ry s ()
e Bk {1 )
Eabom tnge meB (OB}
st tang Pockarns (18}
[CE

™
. M

Figure 15. Modeling HB 350.350.12.19

e Susy e
Uattyinre s
Setmn
]
=
"
1
L
T
A Frseom
Sasten ravesas
PR Sttt
satlssters
[k | Cance

b. HB 350.350.12.19 Double

[ Prere————
hhhhh St Bugy Oyt oy
cd PABEBA MLES

-

& S\NqQp@E

Figure 16. Modeling HB 350.350.12.19 Double
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c. WF 300.150.6,5.9 Double

x B e fachn Do W 100 Dt

Fe G e D e e Duly

oo f PABRARA W

B sMNJaBpE~ AF

Ev[E =

* " v

-----

Figure 17. Modeling WF 300.150.6,5.9 Double

d. WF 150.75.5.7

1B vwide Flange Section X

Outaide bwght (1) ticd
Top fange wieth (2] L3 =

Top fange taicksass () 14
Vet icknesa [t | 5

75
* Battem fange wilth (25 ) 2 mem| e

Botiom faspe thickness ()

Filet Radus l Fropertes
Secton Fraperien.
Mataril Property Undfiers Time Depesdent Fraparies
ol inm v Set loters
| ok Cancel

Figure 18. WF Modeling 150.75.5.7

e. UNP 80
chmsmwn X
Section Mame we s vagaycor [l
Secton Notes UeddyiSnaw fistes
Demensecns Secten
Outside depm (83) L —
Outside fange with (22) -,
Flasge Siciness. (1| i
Vieb micknesa (1w ) L3
Fiet Racus L :':
Progerties.
(B inciude Shear Conter Offset n Analysis. Secton Propenties.
e Property Uotdens Thaa Depondon Progartis
. AM Sel Modifiers.
[ Cancel

Figure 19. UNP 80 Modeling
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f. UNP 80 Double i. PT BAR 32
B Dcutie Channet Section x ceas s i
Section Name s 20 coutie] oapuycoee [l Section Name " oapuycser [l
Secten Nates Uoaly/Sh Notes Secten Netes UestyrSnam teten
Deme=gony Secton Dwmenscne
Total degth (13) g 2
W of & srgle channe

e FTEAR el ostery

: Figure 23. Modeling PT BAR 32 mm
Figure 20. Modeling UNP 80 Double
Load Pattern and Load Combination
g. Jack U Head 50 mmm a. Input Load Patterns
In the SAP2000 program, several load patterns

B ciee scon : are included in the table below:
e o Tablel. Definition of load pattern
s socten Load Definition

7‘/‘ Pattern

D.L Dead load that has been modeled
’ in SAP2000 (ex: IWF Beam,

e Steel Plate)
== S ——— SIDL | Additional dead load (example:
' L Fresh  concrete, Reinforcing
' — Steel)
Figure 21. 50 mm U Head Jack Modeling L Living Expenses (ex: Worker
h. Steel Plate 6 mmm Expenses)

B sttt Section Data X 8

Section Name. pat émm capuycoer [ Lowd Patems e

Sacten fates usa4rSnon NI, Qe S adtiew Lostatrs

Losd atem e e Ukplr  Laadaten

Troe Theiness L Wied wil L3 v Add Copy ol Load Paler

o::“n: :::.“ . & E::ﬂ ; st Leae Paer

O e — — — —

E @i Uueral tame . A% 4 Deiete Load Fatem

= Hateral Angie 8,

S Tive Dependent Propertes Sho LondPaces et

———————————— =) &=

: Figure 24. Define load pattern

Figure 22. Modeling of 6 mm steel plate b. Input Load Combination
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On modeling structure slats system flying
falsework used Loading combinations are as

follows :

1.14D

2.1.2D+16LL

This combination is based on SNI 1727:2020
concerning Minimum Loads on Buildings[16].
The following is the load combination input in
the SAP2000 program:

a. 14D
H Load Combination Data 4
Load € Name (User. 14D
Hetes ModifyiShaw Nobes.
Load Combination Type Limear Add
Options
Creste Noninear Load Case from Load Combo
Defne Combinaton of Load Case Resuls
Load Case Name Load Case Type Wode Scalk Factor
DEAD + Linsar State 14
e T — E— —
Beton Linear Static 14 Add
Moddy
Delete
[ o Cancel
Figure 25. 1.4 D combination
b. 1.2D+ 1.6 LL
B Load Combination Data x
1}
Load C Use 120+18L
Notes UadityiShaw liotes
\ Load Combination Type Linear Add
Options
Creste Nosdinear Load Case from Load Combo
E Define Comtination of Load Case Resuls
Load Case Name Load Case Type Mode Scale Factor
DEAD - Linear Static 12
Live 1€ Adg
Beton 12
Maddy
Delete

oK | Cancel

Figure 26. Combination 1.2 D + 1.6 LL

Fendi Hary Yanto

c. Envelopes

The envelope is used to find the most significant
force on each element in SAP2000 based on the
load combination that has been entered.

H Load Combination Data *®
Load Combination Name (User-Generated) Enveiope
otes Uodity/Shaw Notes
Losd Combination Type Enveiope
Optons

i Define Combination of Load Case Resuts

Load Case Hame Load Case Type Mode Scale Factor
12D0+16L «  Combination 1

140

Figure 27. Envelope combination

The formwork frame is modeled according to
the approved shop drawing. Modeled from PT
Bar Hanger, WF 300 Hanger Beam Double,
Beam Transverse HB 350,350, Beam Elongated
WF 300 double, Beam support WF 150.75 to
Jack U Head and Floor Plate steel.

The UNP frame modeling is more superficial
than that in the shop drawing because the UNP
function in this modeling only distributes the
construction load to the mainframes. The
modeling is made into 5 Slab on Pile spans (5 x
7m) to represent the analysis of internal forces
in the middle and edge spans.

Modeling formwork flying falsework need to
give a linear link on a number of the meeting
point between the rods so that the load
distribution works correctly and as expected.
Below is the linear link modeling and
formwork structure modeling with the entire
flying falsework system in the SAP 2000
program :
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POets Farametery
LiSesved Tree  Lewat e O Stewr Cougie
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8
o
Drecterai Frogerties
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‘Safinana Dued o Ligar and bodsi Laad Cave

Lo J [ oo

Figure 28. Linear link modeling

Loading

Load, Which happens in structure formwork
systems flying falsework, consists of additional
dead loads from fresh concrete and loads from
workers and tools. The value of the imported
load can be seen from the calculation below.

a. Dead Load

q SIDL = Thick x y concrete
=0.35 %2690
=941.5kg/m?2

b. Life
qLL =250 kg/m?2

The load above is input to the steel plate as a
load evenly distributed over the area.

Figure 29. Overall modeling

| 4 ot iy ) SSTE, e

Figure 30. Loading are
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RESULTS AND DISCUSSION

The analysis provides security and convenience
output from modeling with SAP 2000 software.
a. Security Controls Structure

The structure modeled in SAP2000 software is
analyzed by paying attention to the nominal
strength of each steel profile with the internal
forces that will work. If the ratio between these
two things is below the value 1, the structure is
strong enough to withstand the working load. In
the results of the analysis Figure 31, it can be
seen that all profiles have a capacity ratio below
1. Therefore, the structure is safe and robust
enough to withstand the existing load.

b. Deflection Control Structur

The deflection limits that pertain to steel
structures utilized in building construction are in

Fendi Hary Yanto

accordance with SNI 1729:2020 [16]. As per the
prevailing standards of the industry, the
deflection limit that applies to standard beam
components is set at L/240 (see Table 2).

The software SAP 2000 provides both security
and convenience in analyzing structures.
Analyzing the structure modeled in SAP2000
software involves paying attention to the
nominal strength of each steel profile and the
internal forces at work. If the capacity ratio of a
profile is below 1, it means the structure is
strong enough to withstand the existing load.
Figure 31 shows the capacity ratio of each
profile, and it is evident that all profiles have a
capacity ratio below 1, meaning the structure is
safe and robust.

Table 2. Deflection limit controls

Structural Location L Max Deflection Actual Status
No Components (mm) (mm) deflection (mm)
1 | Longitudinal Beam |Middle of Span [3000 (edge) 12.5 8.73 (edge) Safe
o 7000 (mid) 29.1 5.6 (mid)
2 | Longitudinal Beam Span Edge 3000 (edge) 125 7.8 (edee) Safe
3 Transverse Beam | Middle of Span 3500 14.5 2.8 Safe
4 Transverse Beam Span Edge 3500 14.5 8.6 Safe
: T g . il
: R T e ey .
A =t e

Figure 31. Structure capacity ratio
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CONCLUSION

The software for analyzing structures with the
SAP 2000 is an excellent tool that provides
security and convenience. To ensure proper
analysis of the structure modeled in SAP2000
software, it is essential to consider the nominal
strength of each steel profile and the internal
forces at work. If the capacity ratio of a profile
is less than 1, it indicates that the structure can
withstand the existing load. Fortunately, all
profiles have a capacity ratio below 1, meaning
the structure is safe and robust.

As per SNI 1729:2020 Steel Structure Planning
for Buildings, for regular beam structural
components, the deflection limit is L/240. This
limit controls different structural components,
including longitudinal beams, transverse beams,
and their locations, maximum deflection, actual
deflection, and status. Fortunately, all
components are safe, as their actual deflection
falls within the maximum limit. This implies
that the structure is strong, and all its
components can withstand all the internal and
external forces.
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