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AIMS AND SCOPE

The aim of the Journal is to advance the research and practice in structural engineering
through the application of computational methods. The Journal will publish original papers and
educational articles of general value to the field that will bridge the gap between high-performance
construction materials, large-scale engineering systems and advanced methods of analysis.

The scope of the Journal includes papers on computer methods in the areas of structural
engineering, civil engineering materials and problems concerned with multiple physical processes
interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use to
researches and practitioners in academic, governmental and industrial communities.
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OBLAA MHOOPMALIUA O XKYPHAIE

International Journal for Computational Civil and Structural Engineering
(Me>xAyHAPOAHBII 2)KyPHAA [0 PACYETY IPAXKAAHCKHUX M CTPOUTEABHBIX KOHCTPYKITHIA)

MexayHapoaHblii HayuHbli xkypHaJa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHbIii ;KypHaJI 10 pacyeTy rPpaskIaHCKUX U CTPOUTEIbHBIX
koHcTpykuuii)” (IJCCSE) sBnsiercs BeayIiuM HayYHbIM IEPUOANYECKUM U3JaHUEM IO HAIPaBJICHUIO
«VHxeHepHbIe U TEXHHUECKHE HAyKn», n3naBaeMbIM, HadrHast ¢ 1999 roma (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B >xypHaisie Ha BBICOKOM HayYHO-TEXHHYECKOM
YPOBHE paccMaTpUBaIOTCSI TPOOIEMbI YUCIEHHOTO U KOMITBIOTEPHOTO MOJIEIPOBAHMUS B CTPOUTEIILCTBE,
aKTyaJlbHble BOIPOCHI pa3padOTKH, UCCIEIOBAHNUS, PA3BUTHs, BepU(PUKaIluK, apodaliy U MPHIIOAKE-
HUM YUCIICHHBIX, YMCIEHHO-aHAIUTUYECKUX METO/IOB, TPOrPAMMHO-aJITOPUTMHYECKOTO 00eCTICUeHHUS
Y BBINIOJTHEHUSI aBTOMAaTHU3UPOBAHHOTO IIPOEKTUPOBAHMSI, MOHUTOPUHIA ¥ KOMIUIEKCHOTO HayKOEMKOIO
PacyeTHO-TEOPETUYECKOTO U AKCTIEPUMEHTAILHOTO 000CHOBAaHUS HANPSHKEHHO-Ie(POPMUPOBAHHOTO (U
MHOTI'0) COCTOSIHUSL, TPOYHOCTHU, YCTOWIMBOCTH, HA/IEXKHOCTHU 1 0€30I1aCHOCTH OTBETCTBEHHBIX 00BEKTOB
IPaXJJaHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENbCTBA, SHEPIETUKH, MALTMHOCTPOEHHUS, TPAHCIIOpTa, OMo-
TEXHOJIOTH U JIPYTUX BHICOKOTEXHOJIOTUYHBIX OTPACICH.

B penakiiroHHbI COBET *KypHasa BXOIAT U3BECTHBIE POCCHICKNE U 3apyOeKHbIE A TeTN HAyKU
Y TEXHUKH (B TOM YHUCJIE aKaIEMUKH, YJIEHbI-KOPPECTIOHIEHTbI, THOCTPAHHBIE WIEHBI, IOYETHBIC YWICHBI
1 cCOBEeTHUKH PoccHiicKOl akaJeMuu apXUTEKTYPhl U CTPOUTEIBHBIX HayK). OCHOBHON KPUTEPH OT-
Oopa crareii A MyOIMKaluy B )KypHaje — UX BBICOKHI HAyYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIPEJIEIISIETCS B XO/I€ BHICOKOKBAIM()UITUPOBAHHOTO PEIICH3MPOBAHUS U OOBEKTUBHON SKCIIEPTH3HI,
MOCTYMAIOLIUX B PEAKIIUI0 MaTEePUaIOB.

JKyprnan éxooum 6 Ilepeuens BAK P® edyujux peyensupyemvix HayyHbIX U30anutl, 8 KOmopwix
00JIHCHBI ObIMb ONYONUKOBAHBI OCHOBHBIE HAYUHbBLE PE3VIbIMAMbl OUCCEPMAaYULl HA COUCKAHUE YUEHOT
cmenenu KaHouoama HayK, Ha COUCKaHue Y4eHol cmeneHu 0OKmopa HAayK 10 HayYHBIM CHEIHallb-
HOCTSIM U COOTBETCTBYIOIIUM MM OTPACISM HayKU:

* 1.1.8 — Mexanuka 1e(hoOpMHUPYEMOTO TBEPIOTO Teja (TEXHUYECKUE HAyKH),

* 1.2.2 — Maremarn4eckoe MOJICIMPOBAHUE YUCIEHHBIE METOIbI U KOMILJIEKCHI POTPAMM

(TexHUYECKHE HAYKH),

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

* 2.1.2 — OcHoBaHus ¥ PyHIAMEHTBHI, 10/I3€MHbIE COOPYKEHUS (TEXHHUUECKHE HAyKH),

* 2.1.5 — CTpouTenbHble MaTepUaibl U U3AeNus (TEXHUUECKHE HAyKH ),

* 05.23.07 — TunpoTexHUYECKOE CTPOUTEILCTBO (TEXHUYECKHUE HAYKH),

* 2.1.9 — CtpouTtenbHas MeXxaHUKa (TEXHUUYECKUE HAYKH)

B Poccuiickoii denepauuu KypHal UHAEKCUPYETC POCCUMCKUM MHIEKCOM HAy4YHOI'O LIUTHU-
posanust (PUHLI).

JKypran éxooum 6 6azy oannvix Russian Science Citation Index (RSCI), nonnocmoio unmezpu-
posanuyto ¢ niamgopmoti Web of Science. )KypHan nuMeeT MeKIyHapOIHBIN CTaTyC U BbICHUIAETCS B
Beylre OMOMMOTEKH U HAyYHbIE OpraHUu3alliy MUpA.

Usnarean xypHana — Mzoamenbcmeo Accoyuayuu cmpoumenshvlx 8blCUUX V4eOHbIX 3a6e-
oenuii /ACB/ (Poccus, 1. Mocksa) u 1o 2017 rona H3zoamenvckuii oom Begell House Inc. (CIIA, 1.
Hro-Mopk). OpuIuansHEIMY TapTHEPAME H3IaHU SBIETCS Poccutickas akademus apxumexmypul
u cmpoumenwvuwix Hayk (PAACH), ocymecTBisronias HayqHOe KypupoBaHue u3ianus, u Hayuno-uc-
cneoosamenvckutl yeump Cma/luO (3A0 HULL Cta/lnO).

Lenu :kypHaia — IeMOHCTPUPOBATH B MyOIHKAIHMSIX POCCHIICKOMY U MEXITYHAPOIHOMY IIPO-
(eccrnoHalbHOMY COOOIIECTBY HOBEHIIINE JOCTHKEHHS HAyKH B 00JIACTH BHIYMCIUTENIbHBIX METO/I0B
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penieHus GyHIAMEHTAIBHBIX U MPHUKIATHBIX TEXHHUECKHUX 33134, IPEXkKAe BCEro B 001acTu CTpou-
TEJbCTBA.

3ajaum sKypHaJa:

* IPEI0CTaBICHUE POCCUICKHIM U 3apyOeKHBIM yUEHBIM U CTICIIUATHCTaM BO3MOKHOCTH ITyOJIH-
KOBATh PE3YJIbTaThl CBOUX MCCIIEI0BAaHUI;

* IpUBJICUCHUE BHUMaHUs K HambOosiee aKTyalbHBIM, NEPCIEKTUBHBIM, IPOPHIBHBIM U WHTE-
PECHBIM HAIIPABJICHUSIM PA3BUTHA U MPUIOKEHUN YNCIEHHBIX U YMCIIEHHO-aHATUTHUYECKUX METOIOB
penreHus GyHIaMEHTATBHBIX M MPUKJIAJIHBIX TEXHUYECKHUX 3a71a4, COBEPIICHCTBOBAHUS TEXHOIOTHIA
MaTeMaTU4YeCKOro, KOMIIbIOTEPHOTO MOJIETUPOBaHUS, Pa3pabOTKH M BEpUPHUKAIIUN PEaU3yIOLIeTo
MIPOrPaMMHO-aJITOPUTMUYECKOTO O0ECIICUCHUS;

* obecrieueHre 0OMeHa MHEHUSMHU MEX/1y UCCIIEI0BAaTEIISIMU U3 Pa3HbIX PETMOHOB U TOCY/IapCTB.

Temaruka :xypHaia. K paccMoTpeHuto 1 myOlIuKauy B )KypHajie IPUHUMAIOTCS aHATUTHYECKUE
MaTepuaibl, HAy4yHbIe CTaTbU, 0030pbl, PEIICH3UU U OT3BIBBI HA HAYYHbIE MyOIUKAIUH 110 PyHIaAMEH-
TaJIbHBIM U IPUKJIAHBIM BOIIPOCAM TEXHUYECKUX HayK, MPEXk/Ie BCEro B 001acTu CTpouTenbecTBa. B
KypHaJIe TaKKe MyOIUKYyIOTCsl THPOPMAIIMOHHBIE MaTEPHUAaIbl, OCBELIAIONINE HAyUYHbIE MEPOTPUSATHUS
U TiepeqoBbie JocTxkeHHs Poccuiickoit akaeMun apXUTEeKTyphbl B CTPOUTEIBHBIX HAYK, HAYYHO-00-
pa3oBaTeIbHBIX U IPOEKTHO-KOHCTPYKTOPCKUX OpPraHU3alNM.

Tematuka crateil, IpUHUMaEMBbIX K IMyOJIMKAIMH B )KypHaJle, COOTBETCTBYET €ro Ha3BaHUIO U
OXBaThIBACT HAMpPABJICHUS HAYYHBIX UCCIICOBAHUN B 00IACTH pa3pabOTKU, UCCIESTOBAHMS U TPUIIO-
YKEHU U YHMCIICHHBIX M YUCIIEHHO-aHATUTHYECKUX METOI0B, IPOTPAMMHOTO 00€CTICUeHHUSI, TEXHOIOT U
KOMITbIOTEPHOTO MOZCIMPOBAHUS B PEIICHUH IPUKIIATHBIX 3a/1a4 B 00JIACTH CTPOUTEIIHCTBA, a TAKXKE
COOTBETCTBYIOIIME MPOQUIbHBIE CHEIUATbHOCTH, MPEICTABIEHHBIE B JUCCEPTAMOHHBIX COBETAaX
npoMIBHBIX 00pa30BaTENFHBIX OPraHU3ALUAX BBICIIETO 00pa30BaHUsL.

Pepakumnonnasi nonmruka. [lonutruka pegakiMOHHON KOJUIErHH KypHaja 6a3upyercs Ha co-
BPEMEHHBIX IOPUAMYECKUX TPEOOBAHUSAX B OTHOIICHHM aBTOPCKOTO MpaBa, 3aKOHHOCTH, IJIaruara
U KJIEBETHI, U3JIOKEHHBIX B 3aKoHOnmarenbcTBe Poccuiickoit Denepannu, U 3TUYECKUX TPUHLHUIAX,
MOJAEPAKUBAEMBIX COOOIIECTBOM BEAYIINX U3/aTeseil HaydHOU NEePUOIUKH.

3a nybnukayuio cmameii niama ¢ asmopog He g3vimaemcs. Ilyonuxayus cmameii 6 yHcypHane
becniamuas. Ha TaTHOM OCHOBE B JKypHaJIe MOTYT OBITh OIyOJMKOBAaHBI MaTepUalbl PEKIAMHOTO
XapakTepa, UMEIOLIUe NMPSMOe OTHOLIEHHE K TEMaTHKe JKypHaJa.

XKypnan npegocrapisieT HEMOCPEACTBEHHBIN OTKPHITHIN TOCTYII K CBOEMY KOHTEHTY, UCXO/IS U3
CJICIYIOIIETO MPUHIUIA: CBOOOIHBINA OTKPBITHIHM TOCTYH K pe3y/bTaTaM UCCIIeI0BaHUNA CITIOCOOCTBYET
YBEJIMUYEHUIO [T100aJIbHOr0 0OMEHA 3HAHUSIMH.

HNupexcupoBanme. [Tyonukaiuy B xKypHaje BXOIST B CUCTEMbI PaCY€TOB MHIEKCOB LIUTUPOBAHUS
ABTOPOB U JKypHAJIOB. «VHIEKC IUTUPOBAHU» — YUCIIOBOM II0KA3aTellb, XapaKTEPU3YIOLMI 3HAYUMOCTb
JTAHHOM CTaThU M BEIMUCILSTFOIIMIACS Ha OCHOBE IMOCTICTYFOIIHX ITYOIMKAIHIA, CChITAIOIIMXCS Ha TAHHYIO pa0oTy.

ABTopam. [Ipexne ueM HampaBUThH CTAaThIO B PENAKIMIO KypHaia, aBTOpaM CJEAyeT O3Ha-
KOMUTBCSI CO BCEMU MaTepuajiamu, pa3MeIllleHHbIMU B pa3jeiax caiTta xypHayia (MHTEpHET-CauT
Poccuiickoit akajieMun apXuTeKTyphl U cTpouTeabHbIX Hayk (http://raasn.ru); moapasnen «M3nanus
PAACH» nnu uateprer-caiit M3narensctBa ACB (http://iasv.ru); mompaznen « Kypuan [JCCSE»): ¢
OCHOBHOI MH(pOpMaIelt 0 )KypHaie, ero IelsIMUA U 3aJadaMi, COCTaBOM PEAAKIIMOHHON KOJUIETUU
U PEJAaKLIMOHHOIO COBETA, PEAAKIIMOHHOM MOJIUTHUKOM, OPSAIKOM PELIEH3UPOBAHUSI HAIIPaBIIIEMbIX B
KypHaJ CTaTel, CBeIEHUsIMU O COOJIFOACHUM PEJAaKIIMOHHON STHUKH, O MOJUTUKE aBTOPCKOTO IpaBa
Y JIUIICH3UPOBAHUS, O MPEICTABICHUH KypHaa B HH(OPMAIIMOHHBIX cucTeMaX (MHICKCHPOBAHUH),
uH(popMalueil o MOANUCKE Ha )KypHaJl, KOHTAKTHBIMU JTaHHBIMU U Tp. JKypHan paboTaeT 1o JHLEH-
3um Creative Commons tuna cc by-nc-sa (Attribution Non-Commercial Share Alike) — JIntienszus «C
yKa3zaHueM aBTopcTBa — Hekommepueckas — Konunedry.
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Peunen3zupoBanne. Bce HayuyHble CTaThH, MOCTYIUBIINE B PEOAKIUIO JKypHaja, MPOXOIST
o0s13aTesIbHOE JIBOMHOE CJIETNOE PELeH3UpOBaHUE (PELIEH3EHT HE 3HAET aBTOPOB PYKOIKCH, aBTOPbI
PYKOMKCH HE 3HAIOT PELIEH3EHTOB).

3auMcTBOBaHUS M MJaruar. PenakunoHHast KOJJIeTUs *KypHaia Mpy pacCMOTPEHHUH CTaThU
MIPOBOAMT IPOBEPKY MaTepuajia ¢ MOMOIBIO CUCTEMBI «AHTUIIArMaT». B ciiyyae oOHapyx eHUs
MHOTOYHMCIICHHBIX 3aMMCTBOBAaHUN peaKIus JeUCTBYET B cOOTBeTCTBUM ¢ npaBuiiamu COPE.

Moanucka. XXypnan 3apeructpupoBad B DefepaabHOM areHTCTBE MO CPEACTBAM MacCOBOM
MH(OPMAIH 1 OXpaHbl KyJIbTypHOTO Hacnenus Poccuiickoit @enepanun. Muaekc B o0mepoccuiickoMm
karanore POCIIEYATD — 18076.

ITo Bompocam MOAMMCKH Ha MEXIyHApOIHBIA HayuyHbIN *KypHan “International Journal for
Computational Civil and Structural Engineering (MexxyHapOaHBIii )KypHAJ 10 PacueTy IPakJaHCKUX
U CTPOUTEILHBIX KOHCTPYKITHI)” oOpamaiitech B AreHTcTBO «Pocneuars» (OduimaabHbIi cCaiT B
cetu HTepHeT: http://Www.rosp.ru/) uian B u31areabcTBO ACCOIMAIIIN CTPOUTEIHHBIX By30B (ACB)
B COOTBETCTBUU CO CJICTYIONIUMHU KOHTAKTHBIMH JIAaHHBIMU:

000 «H30amenvcmeo ACB»

KOpuanueckwuii anpec: 129337, Poccus, r. Mocksa, Slpocnasckoe 111., 1. 26, opuc 705;

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

oduc 12 (TL Cone Momn);

Tenedonsr: +7 (925) 084-74-24;

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

KonTakTHast undgopmaunus. [1o Bcem Bormpocam padoThl peaKIinu, pelieH3upOBaHus, COTIIACO-
BaHUs MIPABKU TEKCTOB U MMyOIUKAIIMK CTATEH clieayeT oOpaliarbes K IMaBHOMY peAaKTopy KypHaa
yieny-koppecnonaeHty PAACH Cuooposy Braoumupy Huxonaesuuy (agpeca 3eKTPOHHOM MOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) ujim K TEXHHIYECKOMY
penaktopy *kypHaina coBeTHUKY PAACH Kaiimykosy Taiimypazy bampazosuyy (agpeca 31eKTpOHHON
noutsl: tkaytukov@gmail.com; kaytukov(@raasn.ru). Kpome Toro, mo ykazaHHBIM BOIIPOCaM, a TAKXKe
10 BOIIPOCAM pa3MEIICHHs B )KypHaJe PEKJIaMHBIX MaTepHUaIOB MOXKHO 00paIarhCs K TeHepabHOMY
mupekropy OO0 «M3narenbctBo ACB» Hukumunoti Haoeoxcoe Cepeeesre (aapeca 3I1€KTPOHHOM TO-
9THIL: iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

/Kypnaa cranoButcsi TexHosioruunee. M3narensctBo ACB ¢ centsiopsa 2016 roga siBasieTcst
yIeHOM MeXIyHapoaHOW acconuanuu usaareneii Hayunoi jutepatypsl (Publishers International
Linking Association (PILA)), ocymecTBisitonieii cBor nesTenbHOCTh Ha miaatdopme CrossRef.
OpuruHa bHBIM CTAThSM, IyOJUKYEMBIM B JKypHAJIe, OyIyT IMPHUCBAUBATHCS YHUKAJILHBIC HOMEpA
(uanexcel DOI — Digital Object Identifier), uto 3HaYNTENHEHO O0OIETYUT MOUCK METAJAHHBIX U MECTO-
HaxoXJI€HHE MOJHOTEKCTOBOro npousseaenus. DOI —31o cucremMa ornpesesieHrst HAyYHOT0 KOHTEHTA
B cetu MIHTEpHET.

C okts6ps 2016 roma cTayr BO3MOXKEH ITPUEM CTaTeil Ha paCCMOTPEHUE U PELICH3UPOBAHHE Yepes
OHJIaliH cuctemy npuema crareid Open Journal Systems Ha caiite )xypHasia (3EKTPOHHAs peIaKIIns):
http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp MeEeT BO3MOKHOCTb CJIETUTH 32 MPOJIBUKEHUEM CTaThU B PEJAKLIUHU KypHaja B TUYHOM
kabunere Open Journal Systems u oy4ars COOTBETCTBYIOIINE YBEIOMIICHHS 110 YJICKTPOHHOM MOYTE.

B ¢epane 2018 rona xyprain 0611 3apeructpupoan B Directory of open access journals (DOAJ)
(3TO OIMH M3 CaMbIX MU3BECTHBIX MMOMCKOBBIX CEPBUCOB B MHUPE, KOTOPBIN MPEAOCTABISAET OTKPHITHII
JOCTYN K MaTepuaiaM U WHACKCHPYET HEe TOJNBKO 3aroJIOBKH JKYypHAJIOB, HO M Hay4YHbIE CTaTbH), B
centsiope 2018 rona Brirouer B mpoxykrsl EBSCO Publishing.

B HOs16pe 2020 roma )KypHaJl Ha4yall HHIASKCUPOBAThCS B MEXTYHAPOIHOM 6a3e Scopus.
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MODELLING OF A THREE-DISPERSED SUSPENSION
FILTRATION

Galina L. Safina
Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. The injection method of soil stabilization is one of the methods to improve the soil base during the road
construction. This method consists in the introduction of special compounds into the ground with the help of special
equipment. Such compositions, as a rule, are solutions of polymers or cement, which harden, forming a solid base. The
advantages of the injection method of soil stabilization for roads include rapid completion of work, minimal
environmental impact, the possibility of application in difficult geological conditions, as well as strengthening the soil
base at great depth. Injection solutions penetrate into microcracks and micropores of soils, forming a deposition. The
study of liquid filtration in a porous soil system is of great practical importance. The paper considers the filtration of
liquid in a porous medium with three types of particles. In the considered problem, each of the three types of
suspension particles is characterized by its linear filtration function. It determines the size-exclusion particle capture
mechanism, in which particles whose diameter exceeds the size of the pores get stuck in them, the rest pass through
them unhindered. Numerical solutions are obtained for the concentrations of suspended particles of three types, as well
as the total deposition. Depending on the initial parameters of the problem, the concentrations of suspended particles
are either monotonic functions or non-monotonic, reaching the maximum value. In this paper, asymptotic solutions are
constructed for the concentrations of suspended and retained particles near the concentration front, which are
compared with numerical ones. The solution is obtained at infinity using a traveling wave.

Keywords: suspension filtration, suspended and retained particles, porous medium, filtration function,
asymptotic solution, traveling wave

MOJIEJIUPOBAHUE ®UJIbTPALIUU TPEXJIUCITEPCHOM
CYCIIEH3UUA

I'JI. Cagpuna

HanmonansHbI nccnenopatenbCckuii MOCKOBCKHUI rOCY 1apCTBEHHBIN CTPOUTENILHBIN YHUBEPCUTET,
r. Mocksa, POCCU I

AHHoOTauusi: VIHbEKUMOHHBIN CIOCOO YKPEIUIEHUs] TPYHTOB SIBJISIETCS OJHUM M3 METOJOB YIIy4YLIEHHsI TPYHTOBOIO
OCHOBAHUS MPU CTPOUTEIILCTBE aBTOAOPOr. DTOT METOJ] 3aKII0UaeTCsl BO BBEIEHUU CIELMAIbHBIX COCTABOB B TPYHT
IIPU TIOMOIIX CIIEIHAIbHOTO 000py10oBaHuUs. Takue COCTaBbl, KaK MPAaBHJIIO, SBJSIOTCS PACTBOPAMH ITOIUMEPOB MM
LIEMEHTa, KOTOpbIE 3aTBEPAEBAIOT, 00pa3ys MNPOYHyI0 OCHOBY. K mpenmmyIiecTBaM HMHBEKIMOHHOTO CHOCO0a
YKPEIUIEHHsI TPYHTOB JUTS aBTOJOPOT MOXKHO OTHECTH OBICTpOE BBIMOIHEHHE PabOT, MUHUMAIBHOE BO3JCHCTBHE Ha
OKpY’KaIOIIyI0 CPeay, BO3MOXKHOCTh MPUMEHEHHS B CIIOKHBIX TEOJIOTHYECKHMX YCIOBUSIX, a TAKKe YCHIICHHE
TPYHTOBOTO OCHOBAaHHSI Ha OONBIION TIiyOmHe. VHBEKIMOHHBIC PACTBOPHI IPOHUKAIOT B MHKPOTPEIIMHBI H
MHKpPOTIOPEI TPYHTOB, 00pa3yst ocafok. V3yueHwe (GUIBTpAIMH XHAKOCTH B IMOPHCTOI CHCTEME TPYHTa HMEeT
OoJIBIIIOE TIPAaKTHYECKOe 3HaYeHue. B pabore paccMaTpuBaeTcst (GPMIBTpaIys KUAKOCTH B TIOPHUCTOH cpefie ¢ TpeMs
TUIIAMU 4acTull. B paccMaTpuBaeMoli 3aaue KaxKIbli U3 TPeX BUAOB YaCTUL] CyCIIEH3UU XapaKTepU3yeTcsl JIMHEHHON
¢yHKIIMEH QIIBTpanmi. JTO ONpeAessieT pa3sMEpHbI MEXaHU3M 3aXBaTa YaCTHUII, IPH KOTOPOM YACTHIIBI, THAMETP
KOTOPBIX IPEBBILIAET pa3Mep IOp, 3aCTPEBAIOT B HUX, OCTAJIbHBIE IPOXOIAT 4YEpe3 HUX OeCHpErsITCTBEHHO.
ITostydeHbl YnCI€HHBIE pEelIeHUs UIsl KOHLEHTPALU B3BEILIEHHBIX YaCTULl TPEX TUIIOB, a TaKXKe IIOJHOro ocaaka. B
3aBHCHMOCTH OT HCXO/HBIX NTapaMeTPOB 3aJaul KOHLIEHTPALMKN B3BELIECHHbIX YaCTHULL SIBJISIOTCS JIMOO MOHOTOHHBIMU
(GyHKIMSAMH, MO0 HEMOHOTOHHBIMH, JIOCTHTAIOIIMMH MAaKCHMaJbHOTO 3HaudeHHs. B pabore mocTpoeHO
ACUMITOTHYECKUE PEIIEHUS ISl KOHLIEHTpALUH B3BEIICHHBIX U OCAKICHHBIX YaCTHL] BOJIM3U (PPOHTA KOHLEHTpALUH,
KOTOpbIE CPaBHUBAIOTCA C YUCIIEHHBIMU. [TomydeHo pelieHre Ha OECKOHEUHOCTH C TIOMOUIBIO OEryIieif BOHBI.

KurroueBble ci1oBa: GUIIBTPAIsl CYCIICH3UU, B3BCIICHHBIC U OCaKICHHBIC YaCTHILIBI, [IOPHUCTasi CPE/Ia,
(pyHKIUS QUIBTPALIMU, ACUMIITOTHYECKOE pEIlIeHrE, Oeryias BoJIHa
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INTRODUCTION

Many negative factors affect pavements throughout
their service life. The mechanical effects of road
transport cause bending stresses in concrete and
abrasion of surface layers. Fluctuations in
temperature and relative humidity during the day
and calendar year, as well as cyclic processes of
freezing and thawing, lead to the occurrence of
tensile and compressive stresses in concrete.
Hydrogeological conditions of the location of the
road route, frosting of soil bases as a result of
winter freezing and spring thawing lead to non-
uniform deformations of concrete. Anti-icing
chemical reagents and chemical compounds of the
environment aggressively affect the concrete of the
road bed. All this leads to the need to solve the
problem of durability of road surfaces [1-5].

There are currently many ways to strengthen the
ground bases in road construction [6-10], one of
them 1is the soil stabilization by injection
[11-15]. This method consists in introducing
special compositions (injection solutions) into
the soil to strengthen its properties and increase
its bearing capacity. The process of injecting
soil usually occurs as follows. First, the weak
zones, zones with reduced bearing capacity,
zones with subsidence, etc. on the ground
surface are determined. Then drills are inserted
into these zones and an injection fluid is
injected through them, which fills the pores and
cracks of the soil, strengthening its properties.
Usually injection compositions consist of
cement, sand and water, as well as additives to
improve the properties of the composition.

Figure 1. Soil stabilization by injection
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Injecting soils during the road construction has a
number of advantages. This is a fast and
effective method of strengthening the soil
foundations, which can significantly reduce the
construction time of the road and reduce its cost.
Injecting soils can significantly increase the
bearing capacity of the soil and reduce the
likelihood of subsidence and failures on the
road. This method does not require a large
amount of equipment and labor, which allows it
to be used in the construction of roads in
difficult geological conditions. Soil injection is
an  environmentally  safe  method of
strengthening soil foundations, as it does not
require the wusage of chemicals or other
hazardous substances.

Solving the filtration problem [16, 17] in a
porous medium is an integral part of achieving
the efficiency of the injection process.
Currently, many papers are devoted to the
problems of monodisperse [18-20] and
polydisperse  [21-23] suspension filtration.
Suspension filtration in a porous medium with
several types of particles is the process of
passing a liquid with particles through a porous
medium in which particles of various sizes and
shapes may be present.

In the case of several types of particles, different
filtration processes may occur for each type of
particle. For example, larger particles may
linger in the pores of the medium, and smaller
particles may pass through the pores. It may
also be possible for one type of particle to block
the pores, which prevents the passage of other
types of particles.

To optimize the filtration process in a porous
medium with several types of particles, various
methods can be used, for example, changing the
parameters of the porous medium (pore size,
particle packing density), changing the speed of
liquid passage through the porous medium, etc.
A combination of different methods can also be
used to achieve the best result.

The paper is devoted to the numerical solution
of the problem of bed deep filtration with three-
dispersed suspension. It is assumed that three
types of particles, with different sizes move in a
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porous medium with a constant velocity. Linear
functions for each type of particles differing
only by a multiplier are considered as filtration
functions. The wusage of linear filtration
functions trains the size-exlusion capture
mechanism [24], in which particles freely pass
through pores with a larger diameter than the
pore diameter itself and plug pores with a
smaller diameter.

THE MATHEMATICAL MODEL

0<x<1

t=20

In the domain ‘P={ consider a

hyperbolic system of first-order equations
defining a mathematical model of filtration of a
three-dispersed liquid:

0C,(x,t) . 0C,(x,t) N 0S,(x,1) _
ot Ox ot
oS, (x,1)
ot

0, (1)
=A,(S,,5,,8,)C(x,0),  (2)
i=1,2,3,

where C,(x,?) is the concentration of suspended
S.(x,) 1s the
concentration of retained particles of the i-th
type, A,(S,,S,,S;) is the filtration function of

particles of the i-th type,

the i-th type particles.
The boundary conditions of the problem at
x=0 are

C0,)=C’, i=123, 3)

3
at that ZCiO =1.
i=1
The initial conditions at 7 =0 are

C.(x,00=0,8(x,00=0, i=1,2,3. (4

As filtration functions, we will consider

functions of the form
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3
A, =M, (I_ZBiCiOSi(xﬂt)j’ i=1,2,3, (5

i=1

where A, and P, are some positive constants.
Assume that A, >A, >A,, it means that the

particles of the first type are the largest, and
particles of the third type are the smallest
Let us denote the linear combination in (5) as

3
P=>Y B.CIS(x,1),
i=1

it takes into account the different probabilities
of deposit for different type particles.
The straight line divides the domain ¥ into two

subdomaines W' and W?. In the subdomain

L 10=sx<1 | .

v = , 1.e. under the line f=x, the
0<rt<x

solutions C,(x,?) and S,(x,¢) for every type of

particles are zero. Below this line, i.e. in the

0<x<l1

I>x

subdomain  W? ={ the  solutions

C.(x,t) and S;(x,?), i=1,2,3 are positive. On
the line 7 = x the solutions C,(x,7),i=1,2,3 are
positive and the solutions S(x,7),i=1,2,3 are
equal to =zero. This line is called the
concentration front. So, along the concentration
front the solutions C;(x,7), i=1,2,3 are
the S.(x,1),

i=1,2,3 are continuous.

discontinuous and solutions

The solution at x=0

Taking into account the conditions (3) we have
the heterogeneous system of equations (2) in the
form

oS

a@—é‘:&(l—}))q‘),
aa_gzkz(l_P)Cga
8—;:x3(1—P)Cf.
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Let’s solve the corresponding homogeneous
system of equations

B _ A CY P,
&

—2=,C)P,
&

—2 =), P.
ot

Write down the characteristic polynomial of the
system

2
AR (C) +k AB,CICY A,B,C CY
2
MBCIC,  AB,(CY) +k  ABCICY
2
MBCICY MB.CICY AP (CY) +k

and construct the characteristic equation

KB (C) K +ap,(CO) K +
1B, (C) K =0,

whose solutions are numbers

k1,2 =0, 2 2
by ==B, (C)) =B, (C3) =B (CY)

2

Omitting the calculations, we obtain the solution
of homogeneous system of equations

3 0\2
C? B.C" L.C" —Zm,(c,)r
— =
S—(x[322+a33+oclle"
1 1 0 2 0 3 0 ?
B.C [31Cl3 A G
5 g _Z}‘fﬁf(cf)t
S, =—a, +a, e
0 2
33C3
2m(C)
j=1
S, =-a, +o,e’ ,

where a,, a,, o, are arbitrary constants.
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After that we solve the original inhomogeneous
system of equations by the method of variation
of constants. Taking into account the initial
conditions (4) we get the solutions

7\,,‘Ci0 l_eigkjﬁ/(cy)a
; — ©
IACH

i=1,2,3.

0 =8,(0,0) =

The solution at the concentration front

Taking into account that S,(x,#)=0, i=1,2,3
at t=x the filtration functions (5) are
A, =X, i=12,3, so equations (2) can be
rewritten in the form

0S,(x,1)

=A.C.(x,1).
ot GG

Turn in equation (1) to the characteristic

variables t=¢f—x, x=ux:

aC (x,1)

+1,C(x,0)=0,i=1,2,3.
Oox

Solving the equations with separable variables
we obtain the solutions

C/ =Cle™,i=1,2,3. (7
ASYMPTOTIC SOLUTION NEAR THE

CONCENTRATION FRONT

Let us obtain solutions near the concentration
front in the form of expansions

C.(x,0)=C*(x)+ C(x)(t - x), (8)
S.(x,5)=S! (x)(t—x)+%§i2(x)(t—x)2, 9)
i=1,2,3.

Note, that in expansion (8) there are no terms

Sio(x) , because S, (x,7)=0 at t=x.
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Let us calculate partial derivatives of functions 651- (x,7)

(8) and (9) P S (x)+ 87 (x)(t - ),
ac i=12,3.
CCD _ 65y 4 6 (1)1 —) - €' (),

Ox Substitute these expressions into (1)-(2) and
0C.(x,1) group the terms at the same degrees of (7 —x):
)

ot
1,C0 4 CV 4 (1 —x)(é;' #2,C = 1,C(B,COS! +B,CLS! +B,CYS! )) .20,
G+ 8+ (1=0)(S) =1 C +1,CY (BCIS! +B,CIS1 +B,CYSL) )+ = 0,
Taking into account that C~’l.0 =C/, i=1,2,3, the {éio =Cle ™,
solution of the system of equations S'=rCle™, i=1,2,3."
LYY =0 Obviously, solution C° is equal to C/,
AC'+8'=0, i=12,3 i=1,2,3, obtained in (6).
Solving the system for lower terms
is
éiv + xiéil - xiéio (BICIOSII + Bzcgsg + B3C30§31) =0,
$?=1,Cl+1,C) (B,CIS] +B,C1S, +B,CIS ) =0,
we obtain

C =Gl (B (CP) (1-¢77) B (1) (1= )4 (1) (1-¢7)

§2 = (e ( B (CO) (=0 4206 4By (CO) (1= Oy +2)e ) +By (CF) (2 =y +2)e ™ ))

i=1,2,3.
So, the asympotic solutions are
C(x,1) = Cle ™ +1,C% ( B(COY (1-e™)+p,(Co) (1-e™)+
+B3(c§)2(1_e—w))(t_x), 1o
§(r, 1) = ACoe ™ (1—x)+ %xié?e%x ( B (CO) (2 - (0, + )¢+ -
B, (CF) (=, +2)e™ )+ B, (CF) (2 = (0, 42y )e™ )) (t—x),
i=1,2,3.
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THE SOLUTION AT t—x

Let us obtain the solution at # — oo with usage
of travelling wave. Consider C,=C,(0) and
S, =8,(0), i=12,3, where 0=x-vr with
unknown wave velocity v. In this case the
system (1)-(2) takes the form

(v—1)acf(9)+v6Sf(e) =0, (12)
00 00
VEO G aspyce), a3
00

i=1,23

with infinity boundary conditions
C,(+0) =0, S, (+) =0, (14)
C,(—0)=C;. (15)
i=1,23,
where Cl.0 , 1=1,2,3 are determined with

conditions (3).
Substituting (13) into (12)

ac,(6)

(1-P)= v—1 aC,(0)
CAC(8) 00

,i=1,23. (17)

Using the expressions (17) we can construct the
system of equations

1 aC(0) 1 aC,(6)

AC(0) 80 A,C,(0) 00
1 aC,® 1 ac(e)

ALC(O) 80 AC(0) 00

2

b

integrating it with conditions (15) we obtain

Ay
M

b

_ o[ GO
cz(e>—cz( 5 j

b, (18)

o[ GO
c3(e)_c3[ 5 J .

1

Let us itegrate the equation (12) over variable 0
(v—l)Ci(6)+vSl.(9) =0,7i=1,23

and express

(v=1) M(1-P)C®=0. (16) 5,0 =— "), i=123. (19
i=1,2,3, v
we obtain Substite expressions (18) and (19) into (12) for
the first type of particles we obtain the equation
LY A
oC,(0) 1 1 2 C,(0) | 2( C(0) M
T | e BCIGO) B, (CY) (C— +B(C) | o | ||a®@=0 @0
with initial condition C,(0)=C,, where 0<C, <C?.
Integrating separable differential equation (20), we obtain
@
\ dc,
j ' - 5 =M0. 1)
Cl 1

Volume 19, Issue 2, 2023

1 0 0)?
G|,y | BACO+B,(C)) (

C,(0) | o2 C(8)
C”] +B3(Cg)[ “j

1
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Taking into account the equality (15) we obtain the formula for velocity v from (21)

_ BUC +B(C +BUCY o)
1+B,(C)) +B,(CI) +Bo(C))°

NUMERICAL SOLUTION The graphs of retained particle concentrations

Since the problem (1)-(4) has no analytical 5i(x) (the black line), S5,(x) (the red line),

solution, we will solve it numerically using S;(x) (the blue line) and the total deposit
explicit difference schemes. To approximate concentration S(x) (the green line) are shown
first-order derivatives, we use the values jp Fig 1 at different times for the first parameter
h,=h,=0.01 as steps along the coordinate combination from the Table 1. The figure shows
axes, in this case the Courant condition is that the concentrations §,(x), S,(x) and S(x)
fulfilled [25]. Let us set the coefficients of the  decrease on the total segment xe[0;1]. The
filtration functions A, i=1,2,3: A, =10,

h, =5, h;=25. We solve the problem for ,p0u¢ time ¢~0.2 , then the graph behaves non-
three different sets of parameters C; and B, monotonically: it first increases, reaching its
maximum value, and then begins to decrease.
Beginning at a point in time ¢ ~1.3 the solution
Table I S,(x) is an increasing function for all x €[0;1].

solution §,(x) decreases monotonically until

i=1,2,3, presented in Table 1.

° 0 0 0
Ne G G G B, P, By The movement of the maximum point of §,(x)
1 03 ] 02 | 0.5 4 6 12 is shown in Fig. 2.
2 03 ] 05 ] 0.2 4 6 8
3 04 | 0.5 | 0.1 8 5 7
t=0.1 1=02 =05
S S S
0.30 0.4 0.4
0.25 0.3
0.20 i
0.15
0.10
0.05
X 3 X
02 04 06 08 1.0 : 04 06 0% 10
(a) (b)
S S
0.4 0.4
3 ' 0.3}
) 02" 02"
R e — 0.1
: x . : . : X : . : : - X
02 04 06 08 1.0 02 04 06 08 10 02 04 06 08 10
(d (© 7

Figure 1. The solutions of retained particles concentrations for three types of particles and total
deposit at different times (set 1)
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1.0°
0.8+
0.6¢
04+
02}

: : ' ' : -t
05 1.0 1.5 2.0 25 3.0

Figure 2. Movement of the maximum point of the concentration S,(x)

The plots of §,(x) (the black line), S,(x) (the
red line), S;(x) (the blue line) and S(x) (the

green line) for the second parameter
combination from the Table 1 are shown in
Fig.3. The solutions S, (x) and S(x) are

monotonously decreasing functions for any time
values. §,(x) is a monotonously decreasing

curve until 7~0.23, after that it is non-

t =0.15, after that it has the maximum point.
In Fig. 4 the graphs of moving the maximum of
the concentrations S,(x,7) (Fig.4a) and

S,(x,t) (Fig. 4b) are presented. From Fig. 3 it

can be seen that starting from the moment of
time #~0.2 the solutions S,(x,?) (Fig. 4(a))

and S;(x,7) (Fig. 4(b)) have the maximum
point which moves along the axis x until it

monotonic. S;(x) always decreases until reaches the filter outlet.
1=0.1 =02 =05
S S S
035 ;»
0.30:
0.25/
0.20+
0.15
0.10+
005 _
x : .. X X
02 04 06 08 1.0 02 04 06 08 1.0 1.0
(@)
f=] =15
S S
0.4
o W
0.2\
Gl —————

(d)

02 04 06 08 10

)

Figure 3. The solutions of retained particles concentrations for three types of particles and total
deposit at different times (set 2)
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0.6}
0.5}
0.4}
0.3}
0.2}
0.1}

: : : : : - 1
05 1.0 1.5 20 25 3.0
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1.0}
0.8}
0.6
0.4r
0.2}

: : : : : -1
05 1.0 15 20 25 3.0

(b)

Figure 4. Movement of the maximum point of the concentrations S,(x) and S,(x)

In Fig. 5 the graphs of functions S (x) (the
black line), §,(x) (the red line), S,(x) (the blue
line) and S(x) (the green line) for the third case
from Table 1 are shown. The solution S, (x)

always monotonously decreases. There is a
decrease 1n functions S,(x), S,(x) and the total

deposit S(x): S,(x) and S;(x) decrease until

t~0.1, S(x) decreases until #~0.15. After

that each function becomes non-monotonic:
every maximum point moves from inlet to outlet
of filter with increasing time. The graphs of
movement of the maximum point of S,(x,?)

(Fig. 6(a)), S,(x,?) (Fig.6(b)) and S,(x,?)
(Fig. 6(c)) are presented in Fig. 6.

1=0.1 1202 1205
s S S
0.30 0.35 035
025 8;(5)' 0.30"
0.20} LIE 025
0.15) 0.20 0.20*
' 0.15¢ 0.15:
0.10°7 0.10 0.10°
0,05 0.05} 0.05"
02 04 06 08 10 02 04 06 08 10 02 04 06 08 10
(a) (c)
t=1 =15 =3
s g S
- _ - 04, -
03 ' 03! 03!
: 02be
0.1
X % feriiony X
02 04 06 08 10 02 04 06 08 10 02 04 06 08 1.0
(d) )

Figure 5. Solutions of retained particles concentrations for three types of particles and total deposit
at different times (set 3)
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X X X
1.0 1.0/ 10/
0.8 0.8 0.8
0.6 0.6/ 0.6
0.4 0.4} 0.4
0.2} 02| 02

05 1.0 15 20 25 30

(@) (b)

e
05 10 1.5 20 25 3.0

e
05 10 15 20 25 30

()

Figure 6. Movement of the maximum point of the concentrations S,(x), S,(x) and S(x)

The graphs of concentrations S,(¢) (Fig. 7(a)),
S,(¢) (Fig. 7(b)) and S,(¢) (Fig. 7(c)) and their
asymptotic solutions S,(r), S,(r) and S,(¢),
obtained by formulas (11), at x=0.5 are shown
in Fig. 7. The black curves correspond to the
numerical solutions and the red lines correspond
to the asymptotic ones. Fig. 8 shows similar
graphs at the filter outlet at x =1. The following
parameters are choosen: A, =0.5, A, =0.25,
A, =0.125, C'=02, C)=03, C)=05,
B,=2, B,=4, B, =5. It can be seen from the
graphs that the concentration of suspended

asymptotics 51 (1), 5‘2 (t) and 53 (t) are shown
in Fig. 9. The black line corresponds to x =0.5
and the red line corresponds to x=1. With
increasing, i.e. with distance from the
concentration front, the relative errors of the
asymptotics for each type of particles increase.
At the same time, it can be seen that the relative
errors at x =0.5 are much greater than at x=1.

Both at x=0.5 and x =1, the asymptotic S‘l (1)

has the smallest error and .§3 (t) has the largest

one. The maximum values of the relative errors
are presented in Table 2.

particles of the first type has the best Table 2
approximation, while for all three types of S‘l 0 52(;) §3(1)
suspended particles, the closer to the filter =05 10 % 19 % 23 %
output, the closer the asymptotic solution is to =1 5o 4% 99
the numerical one. The graphs of relative errors
of  suspended  particles concentration
x=05 x=0.5 x=05
§i $ 83
00! oisl 0.15
0.15 ool 0100
0.10°
005 0.05; 0
ro2 3 4 st o2 3 4 st I 2 3 4 5!
(@) (b) (c)

Figure 7. Numerical and asymptotic solutions for three types of retained particles at x =0.5
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Sy 8> 83
0.20; [ _
: 0.15- 0.14
0.15¢ ; 0.12}
f t 0.10
0.10 0‘]05 0.08
' i 0.06 ¢
0.05" 0.05| 0.04
- i 0.02}
r | 7 ! =1 -}
1 g 3 4 8 1 2 3 4 5 1 5 5 4 5
(a) (b) (©)
Figure 8. Numerical and asymptotic solutions for three types of retained particles at x =1
651-100% 852-100% 653-100%
10
) 15l 20¢
15
6 10 L
4L 10 ¢
5 5¢ / 5F /
L L L I t L L t L L L
12 3 4 s 12 3 4 5 1 2 3 4 s
(a) (b) (c)

Figure 9. Relative errors of asymptotics for three types of retained particles for x =0.5 and x =1

The graphs of the numerical solutions C,()
(Fig. 10(a)), C,(r)  (Fig. 10(b)), C, (1)
(Fig. 10(c)) and their asymptotics C,(¢), C,(¢)
and C~’3 (), obtained by formulas (10) at

x=0.5, are presented in Fig. 10. Numerical
solutions are shown with black lines, the
asymptotic solutions are shown with red lines.
Similar graphs at the filter inlet are shown in
Fig. 11. In contrast to the asymptotics of
retained particles concentrations, the deviations
of asymptotics of suspended particles
concentrations do not depend on x, they remain
the same at x=0.5 and x=1. The asymptotics
of the concentration of the third type of particles
approximates the numerical solution in the best
way. Fig. 12 shows plots of relative errors of
asymptotics for three types of suspended
particles at x=0.5 and x=1. The black lines
correspond to the case of x=0.5, the red ones
correspond to x=1. Analysis of these
dependencies shows that the behavior of the

relative errors of the asymptotics C~'2 (#) and

Q(t) are very similar: at first, the relative

errors calculated for x=0.5 and x=1,
practically coincide, and after reaching a certain

point in time (#~3 for C~‘2(t) and r~2.6 for

@(t) ), the relative error at the filter outlet
begins to increase faster than at x=0.5. The
relative deviations of the asymptotics C~’1(t) at

x=0.5 and x=1 by the time ¢ = 2.6 maximum
deviate from each other, then begin to converge
again so that by the time 7~9 they reach the
same value. Every function in this case is
monotonically increasing. The values of the
largest relative errors of asymptotics of
suspended particles concentrations are presented
in Table 3.

Table 3
(@) G, () G (1)
x=0.5 10 % 19 % 23 %
x=1 5% 4 % 9%
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x=0.5 x=0.5 x=0.5
C Cy Cs
020} 030} 0.5}
025 i
0.15 L 0 20 ] 0;4
' 03
0.10 015
0.10 L 0;2 N
0.05
0.05 01"
—t t . . . . oot
1 23 4 5
(@) (b) (c)
Figure 10. Numerical and asymptotic solutions for three types of suspended particles at x =0.5
x=1 x=1 x=1
C] CZ C3
030/ 0.5
o015l 0051 sl /
020
0.10¢ 0.15 03
i 02
0.051 0.10
0.05 0.1
=t t . . ¢
1 2 3 4 5
(a) (b) (©)
Figure 11. Numerical and asymptotic solutions for three types of suspended particles at x =1
6c1-100% 6c2-100% 6c3100%
7 Al
8t 61
5t 3
6 4l
al 3 2t
2 L
! 1
2 o
: : = f : : = f -t
12 3 4 5 12 3 4 5
(@) (b)
Figure 12. Relative errors of asymptotics for three types of suspended particles for x =0.5 and
x=1

Fig. 13 shows the graphs of travelling waves, black curves correspond to the value of
that determine the concentrations of suspended él = 0.4, the red curves correspond to é1 -03.

particles at £ — oo, obtained using formulas (21) Fig. 14 shows similar graphs of retained

and  (18). The values of parameteﬁs T particles concentrations obtained with equations
A =05, A,=025, A, =0.125, C; =04, (19).

C)=0.5, C)=0.1, B, =8, B, =5, B;=7. The
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C2 C3
oi 0.08
03! 0.06
02 0.04!
0.1 0.02)
: L - : : : - 6
0 15 -10 -5 5 10 15 -10 -5 15
(a) (b) (c)
Figure 13. Solutions for three types of suspended particles at t — o with usage of travelling wave
Sz S3
020, 0.041
0,1§\— 0.03
0.10 0.02}
0.05+ 0.01}
‘ -9 - : ‘ -4 - : : - 0
10 15 -10 -5 510 15 -10 -5 510 15
(b) (c)

Figure 14. Solutions for three types of retained particles at t — © with usage of travelling wave

CONCLUSION

The problem with 3 types of particles is
considered for the first time.

The asymptotics of the solutions near the
concentration front are constructed.

The concentrations of partial deposits and total
deposit are investigated. Similarly [22], the
concentration of large retained particles always
decreases monotonically, the concentration of
small retained particles is non-monotonic. The
concentration of total deposit remains
monotonic or non-monotonic depending on the
problem parameters. The concentration of
medium retained particles can also be
monotonic or non-monotonic.

Nonmonotonic particles concentrations have a
maximum point. The movements of the
maximum points in dependence of time were
investigated. It was found that for the chosen
parameters the points of maximum of the
concentration of total deposit and deposit of
small particles grow indefinitely with increasing
time, while the point of maximum of the

medium retained particles concentration is

limited.
The travelling waves, determining the
concentrations of retained and suspended

particles at # — oo, are obtained.

REFERENCES

1. Belev G., Ivanova-Radovanova P.,
Ivanov V., Chervenkcov H. Climate
change implications on the condition of
the road surface in Bulgaria // Lecture
Notes in Networks and Systems, 2023,
vol. 638, pp. 100-109. DOI: 10.1007/978-
3-031-26754-3 9

2. Levkovich T.I., Mevlidinov Z.A., Rodin
P.V., Feshchenko M.A. Study of crack
resistance of asphalt concrete pavements
of the streets of the city of Bryansk and
roads of the Bryansk region // Russian
journal of transport engineering, 2018,
vol. 5, No.3, O01SATS318. DOI:
10.15862/01SATS318

26 International Journal for Computational Civil and Structural Engineering



Modelling of a Three-Dispersed Suspension Filtration

Lysbakken K.R., Norem H. Processes
that control development of quantity of
salt on road surfaces after salt application
/I Transportation Research Record Journal
of the Transportation Research Board
vol. 2258(-1), pp. 139-146. DOLI:
10.3141/2258-17

Novik A., Drozdetskiy 1., Petukhov P.,
Labusov N., Novik V., Popova A.
Justification constructions of the road
pavement under conditions of changing
road surface temperature // Lecture Notes
in Civil Engineering, 2021, vol. 150, pp.
161-172. DOI: 10.1007/978-3-030-72404-
717

Tolmachov S. Research of the reasons of
Frost destruction of road concrete / Key
Engineering Materials, 2020, vol. 864,
pp- 175-179. DOI: 10.4028/www.
scientific.net/KEM.864.175

Ana Patricia Pérez-Fortes. Aggregates
Properties for Safety Road Surfaces //
Advances in Engineering Research, 2020,
vol. 40, ch. 4, Nova Science Publishers.
Kosukhin M.M., Kosukhin A.M. The
Modified Composite Binder For Cement-
Concrete Road  Surfaces // IOP
Conference Series: Materials Science and
Engineering, 2018, vol. 463, 042036. DOI
10.1088/1757-899X/463/4/042036
Buzikov S., Motovilova M. Development
of a method for improving the quality of
the road surface with the addition of
asphalt granulate // The FEurasian
Scientific Journal, 2022, vol. 14, No. 4,
21SAVN422. DOI: 10.15862/
21SAVN422

Levkovich T.I., Mevlidinov Z.A.,
Tuljankina N.A., Vishtalenko M.V. The
study of strength of sandy soils reinforced
with cement with the addition of
«DorZem Ds-1», for wuse in the
construction of foundations of roads //
Russian Journal of Transport Engineering,
2019, vol 6, No. 2, 09SATS219. DOIL:
10.15862/09SATS219

Volume 19, Issue 2, 2023

10.

1.

12.

13.

14.

15.

16.

17.

18.

Hongguanga M., Jing W. Analysis of
key points of road and bridge foundation
construction technology // I0P
Conference Series: Earth and
Environmental Science, 2021, vol. 638,
012046. DOI: 10.1088/1755-
1315/638/1/012046

Gnaedinger G.P. Soil Stabilization by
Injection Techniques // Industrial and
Engineering Chemistry, 1955,
vol. 47(11), pp. 2249-2253. DOL:
10.1021/ie50551a022

Argal E.S. Modern technologies and
problems of ground stabilization by
injection // Soil Mechanics and foundation
Engineering, 2020, vol. 57 (3), pp. 219-
226. DOI: 10.1007/s11204-020-09658-z
Korolev V.M., Smirnov O.E.,
Argal E.S., V. A. Ashikhmen Experience
with microcement stabilization of soils //
Soil ~ Mechanics and  Foundation
Engineering, 2006, vol. 43, pp. 125-130.
Sabri M., Shashkin K., Zakharin E.,
Ulybin A. Soil stabilization and
foundation  restoration  using  an
expandable  polyurethane  resin  //
Magazine of Civil Engineering, 2018,
vol. 82, No. 6, pp. 68-80. DOI:
10.18720/MCE.82.7

Zhifeng T., Tang X., Li J., Xiu Z., Xue
Z.. Influence of the grouting parameters on
microbially induced carbonate
precipitation for soil stabilization //
Geomicrobiology Journal, 2021, vol. 38,
No. 9, pp- 755-767. DOI:
10.1080/01490451.2021.1946623

Herzig J.P., Leclerc D.M., Golf P.L.
Flow of suspensions through porous
media — application to deep filtration //
Industrial &  Engineering Chemistry
(American Chemical Society), 1970,
vol. 62, is. 5, pp 8-35.

Kanaoka C. Permeation (flow through
porous media) // Powder Technology
Handbook, 2004, CRC Press.

Safina G. Filtration problem with
nonlinear filtration and concentration

27



19.

20.

21.

22.

23.

24.

25.

28

functions // International Journal for
Computational Civil and  Structural
Engineering, 2022, vol. 18, no. 1, 129-
140. DOI:10.22337/2587-9618-2022-18-
1-129-140

Kuzmina L.I., Osipov Yu.V., Galaguz
Yu.P. Numerical and asymptotic
modeling of a filtration problem with the
initial deposit // International Journal for
Computational Civil and  Structural
Engineering, 2017, vol. 13, no. 3, pp. 70-
76. DOI: 10.22337/1524-5845-2017-13-3-
70-76

Safina G.L. Calculation of retention
profiles in porous medium // Lecture

Notes in Civil Engineering, 2021,
vol. 170, pp. 21-28.
Kuzmina L.L., Osipov Y.V,

Astachov M.D. Analysis of the filtration
problem by bitwise search method //
International Journal for Computational
Civil and Structural Engineering, 2022,
vol. 18, no. 3, 86-94. DOI:10.22337/2587-
9618-2022-18-3-86-94

Kuzmina L.L, Osipov Y.V,
Astachov M.D. Bidisperse fltration
problem with non-monotonic retention
profles // Annali di Matematica Pura ed
Applicata (1923 -), 2022, vol. 201, pp.
2943-2964. DOIL: 10.1007/s10231-022-
01227-5

Kuzmina L.I., Osipov Y.V., Gorbunova
T.N. Asymptotics for filtration of
polydisperse  suspension with  small
impurities // Applied Mathematics and
Mechanics, 2021, vol. 42 (1), pp. 109-126.
DOI: 10.1007/s10483-021-2690-6

Fallah H., Fallah A., Rahmani A.,
Afkhami M., Ahmadi A. Size exclusion
mechanism, suspension flow through
porous medium // International Journal of
Modern Nonlinear Theory and
Application, 2012, vol. 1, pp. 113-117.
You Z., Osipov Y., Bedrikovetsky P.,
Kuzmina L. Asymptotic model for deep
bed filtration // Chemical Engineering
Journal, 2014, vol. 258, pp. 374-385.

Galina L. Safina

CIITMCOK JIUTEPATYPbI

1.

Belev G., Ivanova-Radovanova P.,
Ivanov V., Chervenkcov H. Climate
change implications on the condition of
the road surface in Bulgaria // Lecture
Notes in Networks and Systems, 2023,
vol. 638, pp. 100-109. DOI: 10.1007/978-
3-031-26754-3 9

Levkovich T.I., Mevlidinov Z.A., Rodin
P.V., Feshchenko M.A. Study of crack
resistance of asphalt concrete pavements
of the streets of the city of Bryansk and
roads of the Bryansk region // Russian
journal of transport engineering, 2018,
vol. 5, No.3, O0ISATS318. DOI:
10.15862/01SATS318

Lysbakken K.R., Norem H. Processes
that control development of quantity of
salt on road surfaces after salt application
// Transportation Research Record Journal
of the Transportation Research Board
vol. 2258(-1), pp. 139-146. DOL:
10.3141/2258-17

Novik A., Drozdetskiy 1., Petukhov P.,
Labusov N., Novik V., Popova A.
Justification constructions of the road
pavement under conditions of changing
road surface temperature // Lecture Notes
in Civil Engineering, 2021, vol. 150, pp.
161-172. DOI: 10.1007/978-3-030-72404-
7 17

Tolmachov S. Research of the reasons of
Frost destruction of road concrete // Key
Engineering Materials, 2020, vol. 864,
pp. 175-179. DOI: 10.4028/www.
scientific.net/KEM.864.175

Ana Patricia Pérez-Fortes. Aggregates
Properties for Safety Road Surfaces //
Advances in Engineering Research, 2020,
vol. 40, ch. 4, Nova Science Publishers.
Kosukhin M.M., Kosukhin A.M. The
Modified Composite Binder For Cement-
Concrete  Road  Surfaces // IOP
Conference Series: Materials Science and

International Journal for Computational Civil and Structural Engineering



Modelling of a Three-Dispersed Suspension Filtration

10.

11.

12.

13.

14.

Engineering, 2018, vol. 463, 042036. DOI
10.1088/1757-899X/463/4/042036
Buzikov S., Motovilova M. Development
of a method for improving the quality of
the road surface with the addition of
asphalt granulate // The FEurasian
Scientific Journal, 2022, vol. 14, No. 4,
21SAVN422. DOLI: 10.15862/
21SAVN422

Levkovich T.I., Mevlidinov Z.A.,
Tuljankina N.A., Vishtalenko M.V. The
study of strength of sandy soils reinforced
with cement with the addition of
«DorZem Ds-1», for wuse in the
construction of foundations of roads //
Russian Journal of Transport Engineering,
2019, vol 6, No. 2, 09SATS219. DOI:
10.15862/09SATS219

Hongguanga M., Jing W. Analysis of
key points of road and bridge foundation
construction  technology /  IOP
Conference Series: Earth and
Environmental Science, 2021, vol. 638,
012046. DOLI: 10.1088/1755-
1315/638/1/012046

Gnaedinger G.P. Soil Stabilization by
Injection Techniques // Industrial and
Engineering Chemistry, 1955,
vol. 47 (11), pp. 2249-2253. DOL:
10.1021/ie50551a022

Argal E.S. Modern technologies and
problems of ground stabilization by
injection // Soil Mechanics and foundation
Engineering, 2020, vol. 57 (3), pp. 219-
226. DOI: 10.1007/s11204-020-09658-z
Korolev V.M., Smirnov O.E.,
Argal E.S., V. A. Ashikhmen Experience
with microcement stabilization of soils //
Soil  Mechanics and  Foundation
Engineering, 2006, vol. 43, pp. 125-130.
Sabri M., Shashkin K., Zakharin E.,
Ulybin A. Soil stabilization and
foundation  restoration  using  an
expandable  polyurethane  resin  //
Magazine of Civil Engineering, 2018,
vol. 82, No. 6, pp. 68-80. DOI:
10.18720/MCE.82.7

Volume 19, Issue 2, 2023

15.

16.

17.

18.

19.

20.

21.

22.

Zhifeng T., Tang X., Li J., Xiu Z., Xue
Z.. Influence of the grouting parameters on
microbially induced carbonate
precipitation for soil stabilization //
Geomicrobiology Journal, 2021, vol. 38,
No. 9, pp- 755-767. DOI:
10.1080/01490451.2021.1946623

Herzig J.P., Leclerc D.M., Golf P.L.
Flow of suspensions through porous
media — application to deep filtration //
Industrial & Engineering Chemistry
(American Chemical Society), 1970,
vol. 62, is. 5, pp 8-35.

Kanaoka C. Permeation (flow through
porous media) // Powder Technology
Handbook, 2004, CRC Press.

Safina G. Filtration problem with
nonlinear filtration and concentration
functions // International Journal for
Computational Civil and  Structural
Engineering, 2022, vol. 18, no. 1, 129-
140. DOI:10.22337/2587-9618-2022-18-
1-129-140

Kuzmina L.I., Osipov Yu.V., Galaguz
Yu.P. Numerical and asymptotic
modeling of a filtration problem with the
initial deposit // International Journal for
Computational Civil and  Structural
Engineering, 2017, vol. 13, no. 3, pp. 70-
76. DOI: 10.22337/1524-5845-2017-13-3-
70-76

Safina G.L. Calculation of retention
profiles in porous medium // Lecture

Notes in Civil Engineering, 2021,
vol. 170, pp. 21-28.
Kuzmina L.1., Osipov Y.V,

Astachov M.D. Analysis of the filtration
problem by bitwise search method //
International Journal for Computational
Civil and Structural Engineering, 2022,
vol. 18, no. 3, 86-94. DOI:10.22337/2587-
9618-2022-18-3-86-94

Kuzmina L.1., Osipov Y.V,
Astachov M.D. Bidisperse fltration
problem with non-monotonic retention
profles // Annali di Matematica Pura ed
Applicata (1923 -), 2022, vol. 201, pp.

29



2943-2964. DOI: 10.1007/s10231-022-
01227-5

23. Kuzmina L.I., Osipov Y.V., Gorbunova
T.N. Asymptotics for filtration of
polydisperse suspension with  small
impurities // Applied Mathematics and
Mechanics, 2021, vol. 42 (1), pp. 109-126.
DOI: 10.1007/s10483-021-2690-6

24, Fallah H., Fallah A., Rahmani A.,
Afkhami M., Ahmadi A. Size exclusion

Galina L. Safina

mechanism, suspension flow through
porous medium // International Journal of
Modern Nonlinear Theory and
Application, 2012, vol. 1, pp. 113-117.

25. You Z., Osipov Y., Bedrikovetsky P.,
Kuzmina L. Asymptotic model for deep
bed filtration // Chemical Engineering
Journal, 2014, vol. 258, pp. 374-385.

Galina L. Safina, Ph.D, Head of the Department of
Fundamental Education, branch of Moscow State
University of Civil Engineering in Mytishchi, Associate
Professor of the Department of Computer Science and
Applied Mathematics, Moscow State University of Civil
Engineering; 129337, Russia, Moscow, Yaroslavskoe
Shosse, 26, tel. +7(499)1835994, e-mail:
minkinag@mail.ru.

Caguna TI'anuna Jleonudoena, KaHAMIAT TEXHHUUECKUX
HAyK, 3aBeoyrolmuii kapeapoil  (GyHIaMEHTaIbHOTO
obpazoBanust pummasia HUY MI'CY B 1. MbITumnm,
JoueHT  kadeapsl  MHGOPMATHKM M NPUKIAIHOU
MaTeMaTHKH  HalWoHaJdbHOTO  HMCCIEIOBATEIECKOTO
MOCKOBCKOT0O roCy1apCTBEHHOIO CTPOUTEIILHOTO
yHuBepcureta; 129337, Poccus, r. Mocksa, Spocnasckoe
mocce, A. 26, Ttem. +7(499)1835994, e-mail:
minkinag@mail.ru.

30 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 19(2) 31-41 (2023)

DOI:10.22337/2587-9618-2023-19-2-31-41

THE EFFECT OF HOLLOW STRUCTURE PARAMETER ON THE
3D-PRINTED WALL BEARING CAPACITY. EXPERIMENTAL
MODEL

Galina S. Slavcheva, Artem V. Levchenko, Maria A. Shvedova,
Davut R. Karakchi-Ogli, Dmitriy S. Babenko, Pavel Y. Yurov

Voronezh State Technical University (VSTU), Voronezh, RUSSIA

Abstract. We present the results of experimental studies and modelling of the evaluation of the bearing capacity
of hollow 3D-printed walls with the printed shell performing bearing functions. The bearing capacity of hollow
3D-printed walls was experimentally assessed depending on the ratio of the void areas and casting layers in the
wall structure. It was established that in case of central loading, a 3D-printed wall with bearing casting layers can
serve as a bearing wall similar to traditional types of masonry construction without filling voids with structural
concrete and reinforcement. We established the value of strength reduction of hollow 3D-printed walls, which
amounted to ~0.1 — 0.25 MPa per 1 % of the increased area of voids. The limit value of the hollow structure
parameter was determined, which must not exceed K = 0.75 in order to ensure the bearing capacity of self-
bearing and non-bearing 3D-printed walls. We obtained an experimental model of the relationship between the
hollow structure parameter and the bearing capacity, which allowed predicting the bearing capacity of a 3D-
printed wall under central loading. It was suggested to take into account the hollow structure parameter K when
calculating the elements of unreinforced 3D-printed walls under central compression according to the first group
of limit states.

Keywords: 3D-build printing, bearing capacity, strength, wall, experimental model

IKCIIEPUMEHTAJIBHASA MO/EJIb BJIIUSAHUA
IYCTOTHOCTH HA HECYIIYIO CITIOCOBHOCTD CTEH,
HOJYYHEHHbBIX 11O AJINTUBHOU TEXHOJIOI'MHU

I'.C. Cnasuesa, A.B. /lesuenxko, M.A. Illgedosa, /I.P. Kapaxuu-Oznu,
/I.C. babenxo, ILIO. IOpos

Boponesxckuii rocynapcTBeHHbIH TexHHuecknit yauBepcureT (BI'TY), Boponex, POCCUS

AnHoTauus. [IpencraBiieHbl pe3ybTaTbl SKCIEPUMEHTAIBHBIX UCCIIEN0BAHUI U MOJEIUPOBAHUS OLEHKU HECyLIed
CMOCOOHOCTH TycTOTeNoM 3D-HarneuaTaHHON CTEHBI, B KOTOPOH MeyaTHas 000JI0UKa BBIIOIHSIET HECYLIHEe (YHKIIIH.
OKCIIEpUMEHTATbHO OLEHEHa HECyIlas CHOCOOHOCTh 3D-nedaTHBIX IyCTOTENBIX CTEH B 3aBUCUMOCTH OT
COOTHOIIEHMs IUIO@AAN IyCTOT M IEYaTHBIX CJIOEB B KOHCTPYKLMU CTEHBI. YCTAHOBIEHO, 4TO 3D-HameuaTaHHast
CTeHa C HECYIIMMH aJINTUBHBIMU CIIOSIMH B CIIydae ICHTPAIBHOTO HATPY’KEHUS MOXKET BBIIOIHSTH POJIb HECYIIEH
CTCHBI aHAJIOTMYHO TPAIUIIMOHHBIM BHIaM KaMCHHOH KJIaKH O€3 3aM0IHEHNMS ITyCTOT KOHCTPYKIIMOHHBIM OSTOHOM 1
apmupoBanus. OnpeneneHa Mepa CHIDKEHHS IpouHocTy 3D-HareuataHHOH CTeHBI, koTopast coctasiser ~0.1 — 0.25
MIla na 1 % yBenuueHus IJIOMAAN MYCTOT. Y CTAaHOBIIEHO TIPE/IENIbHOE 3HAYCHHUE MapaMeTpa IMyCTOTHOCTH, KOTOpoe
He JOMKHO mpeBbimath K = 0.75, it obecrmeueHus Hecymledl CIOCOOHOCTH CaMOHECYIIHX U HEHECYIINX
aJUINTUBHBIX CTEHOBBIX KOHCTpyKUMHA. IlomydeHa sKkcrepuMeHTanbHas MOJENb B3aUMOCBS3M MyCTOTHOCTH U
HECyIIEH CIIOCOOHOCTH, KOTOpas MO3BOJIIET MMPOrHO3MPOBATh HECYIYIO CIIOCOOHOCTh 3D-HareuaTtaHHON CTCHBI TIPH
LEHTPAJAbHOM HAarpy’»€HUU B 3aBHCHMOCTU OT Iapamerpa IycToTHOCTH K. IIpeuloseHO yduTelBaThb NapameTp
MyCTOTHOCTH K MpH pacyeTe 3JIeMEHTOB HEapMUPOBAHHBIX aUIUTHBHBIX CTEHOBBIX KOHCTPYKIIMI IIPU LIEHTPaTbHOM
C)KaTHU TI0 TIEPBOI1 TPyMIIe MPEAeTbHBIX COCTOSHHUMA.

KarwueBble ciioBa: CTpOUTEIIbHAA 3I[-neanL, MPOYHOCTD, CTCHA, DKCIICPUMEHTAJIbHAsI MOCJIb

Volume 19, Issue 2, 2023 31



Galina S. Slavcheva, Artem V. Levchenko, Maria A. Shvedova, Davut R. Karakchi-Ogli,

INTRODUCTION

The most common option of the wall structure
in 3D-build printing is in the form of two
straight layers connected by a sinusoidal lintel
as a diaphragm stiffness [1-3]. Such a wall is
actually a space truss with parallel belts,
which means that the internal and external
parts of the wall are interconnected by a
spatial structure in the form of triangles [4].
The rationality of using such walls can be
explained by the need to minimise the “idle”
movement of the extruder of a construction
printer, which ensures the continuity of the
printing contour [5]. Precast lintels are
installed above window and door frames.
Channels are provided in the door profiles for
the placement of utility systems and a hollow
to be filled with a heat-insulating material
[6,7].

In all implemented projects with 3D-build
printing objects, the construction of walls
includes the following steps:

- 3D printer prints the wall shell;

- Wall cavities are reinforced manually;

- Wall cavities are filled with structural concrete
and (for external walls) insulation.

This approach is also typical for the
manufacture of precast structural elements of
complex curvilinear geometry [8].

The main disadvantage of this practised
approach is that the printed shell acts as a
fixed formwork and does not have a
constructive function. Examples is 3D printed
walls made using WinSun technology, CyBe
technology, etc.[9-11]., The most operations
in these technologies are performed manually,
excluding the printing of fixed formwork. It
was noted in [12] that the traditional
technology of concrete casting was actually
used in the formwork instead of the innovative
printing technology, Today, this determines
the high labour intensity of the process. This
approach is an over-simplification of the idea
of 3D-build printing as a robotic intelligent
construction technology and may lead to its
discreditation. From an economic point of

Dmitriy S. Babenko, Pavel Y. Yurov

view, the use of a printed shell only as a fixed
formwork is also inefficient due to its
obviously high cost as compared to traditional
formworks.

However, in a number of studies it was
confirmed that hollow 3D-printed walls that
were not filled with structural concrete have
sufficient bearing capacity due to the high
strength of the material used and the more
homogeneous strength properties of the
obtained structure as compared to traditional
masonry. For example, in [13], a compressive
strength of 2.3 MPa was determined as a result
of testing a 3D-printed concrete segment. The
effective area of the wall with the deduction of
the hollow was approximately 60% of the total
area. That is confirmed that the hollow3D-
printed wall shell carries out bearing function.
So, the influence of the hollow parameter on
the bearing capacity of 3D-printed walls needs
to study in order to use it in design of 3D
printed wall. According to the requirements of
SP 15.13330.2020 “Masonry and reinforced
masonry structures”, this corresponds to the
strengths that are traditional in the Russian
Federation [14] for the following types of
walls:

- Masonry of M150 ceramic bricks on an M100
mixture,

- Made from B7.5 cellular concrete blocks on an
M100 mixture,

- Made from MI150 solid gypsum concrete
blocks on an M 150 mixture.

Thus, there is a possibility of using a hollow
3D-printed wall as a bearing and self-bearing
wall in low-rise construction. This requires
sufficient bearing capacity of the hollow wall
structure, while their internal space should be
used for creating heat-insulating layers
instead of being filled with structural heavy
concrete. The hollowness of the 3D-printed
wall will allow their material consumption
and reduce the costs of manual labour in the
course of construction. In order to do this, the
allowable area of voids per unit area of the
wall must be determined as the current
regulatory document SP 15.13330 does not in
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any way regulate the design of 3D-printed
structures.

The goal of the study was to justify the
requirements to the effective cross-section area
of hollow 3D-printed walls by the criterion of
ensuring its bearing capacity based on
experimental studies and modelling.

Research objectives:

- Evaluating the bearing capacity of hollow
3D-printed walls depending on the ratio of the
void areas and casting layers in the wall
structure;

- Obtaining an experimental model of the
influence of a hollow structure 3D-printed wall
on its bearing capacity;

- Making suggestions for calculations on the
strength of 3D-printed walls taking into account
their hollow structure.

MATERIALS AND METHODS

The object of the study is a hollow 3D-printed
wall with a sinusoidal lintel (Fig. 1). To assess
the bearing capacity, we used the model and
full-size 3D-printed wall segments the sizes of
which are presented in Table 1.

b

b

Figure 1. Cross-section of 3D-printed
wall

Volume 19, Issue 2, 2023

Table 1. Size of experimental samples

Sample a, b, t, mm h,

mm mm mm
3D-printed wall model segment
IBW -75 75 155 15 150
IBW -90 90 | 200 15 180
IBW -105 105 | 245 15 210
EBW -135 135 | 335 15 270
EBW -150 150 | 380 15 300
EBW -165 165 | 425 15 330
3D-printed wall full-size segment

IBW -75-f | 250 | 520 50 500
IBW -90-f | 300 | 670 | 50 | 0600
IBW -105-f | 350 | 820 | 50 | 700
EBW -135-f | 450 | 1120 | 50 | 900
EBW -150-f | 500 | 1270 | 50 | 1000
EBW -165-f | 550 | 1420 | 50 | 1100

Note: Code EBW-135 means the following: the
thickness of the bearing external wall is 135,
IBW is the internal bearing wall, index “f”
stands for a full-size construction.

The relative effective cross-sectional area
Ac/Acs, the ratio of concrete area (Ac) to cross-
sectional area (4es = axb), was chosen as a
variable parameter.

It is reasonable to assume that the following
inequality must be satisfied for the relative
effective area:

X<A /4, <1, (1)
where 1 is the value of a layered conventionally
monolithic sample,

X is the minimum value of the relative effective
cross-sectional area allowable to ensure the
bearing capacity.

The range of values of the relative effective
cross-sectional area Ao/Acs of the 3D-printed
wall segment used in the experiment 1is
presented in Table 2.
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Table 2. Parameters of experimental samples

Sample Concrete area | Cross-sectional area | Relative effective cross- | Hollow structure
Ac, mm? (Aes = axb), mm? sectional area Ac/Acs parameter K
3D-printed model wall segment
IBW -75 7530 11625 0.65 0.35
IBW -90 9825 18000 0.55 0.45
IBW -105 12165 25725 0.47 0.53
EBW -135 16755 45225 0.37 0.63
EBW -150 19050 57000 0.33 0.67
EBW -165 21345 70125 0.30 0.70
3D-printed full-size wall segment
IBW -75-f 83800 130000 0.64 0.36
IBW -90-f 109450 201000 0.54 0.46
IBW -105-f 134950 287000 0.47 0.53
EBW -135-f 186250 504000 0.37 0.63
EBW -150-f 211750 635000 0.33 0.67
EBW -165-f 237400 781000 0.30 0.70
Materials _and 3D-printed wall segment - Curing for 28 days in the same environment (T

preparation. The cement-sand mixture, patented
by the author’s team [15], was used for the
printing wall model segments. The strength
characteristics of the hardened cement-sand
mixture are presented in Table 3.

Table 3. Strength test results

Compressive strength (axial), MPa | 47.0
Compressive strength (cube), MPa | 60.0
Flexible strength (four-point o
bending), MPa )
Splitting interlayer bond strength,
3.0
MPa

Sand-based concrete of B40 strength class was
used to obtain a 3D-printed wall full-size
segment.

Model and full-scale walls were printed on
laboratory and industrial printers, respectively,
with similar conditions for manufacturing and
curing:

- Constant print speed 2 cm/s,

- Constant distance between nozzle and layer —
2 cm;

- Printing time gap < 1 min;
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=20+ 2°C, RH = 60-70 %).
Figure 2 presents an example of 3D-printed
model wall segment.

- ﬁ
Figure 2. 3D prznted model wall segment aﬁer
printing

.

e S

Test conditions of 3D-printed wall segment.

The printed hollow wall segments were tested
for axial compression with a central load
application according to GOST 32047-2012
“Masonry. Method of compressive test”. The
choice of the test pattern was due to the
following. Testing methods for wall and other
structures regarding 3D-build printing are not
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currently regulated. We analysed the experience
[13] of a compression test of a 3D-printed wall
segment 730 x 530 x 504 mm in size with a
layer size of 12 x 35 mm. This pattern
corresponding to the methodology of GOST
32047-2012 was accepted as adequate. Series of
3 samples were manufactured and tested for
each type of a 3D-printed wall segment. 3D-
printed wall segments prepared for testing and
installed in the testing machine are presented in
Figures 3 and 4.

Figure 3. A 3D-printed model wall segment

Wall Bearing Capacity. Experimental Model

i
il

Figure 4. General view on 3b—prl’nted full-size
wall segments before testing

EXPERIMENTAL RESULTS

Test results of 3D-printed wall segments are
presented in Table 4.

The nature of destruction of the model and full-
size wall segments upon central compression
was identical and was characterised by the
formation of vertical cracks that crossed the
layers without any changes in the crack path.
With an increase in the load, the number of

prepared for testing cracks increased (Figures 5 and 6).
Table 4. 3D-printed walls axial compression test results
Sample Cross- | Concrete | Relative | Force N, |Strength of the model|The strength of
sectional | arca Ac, | effective kN wall, related to the |the model wall,
area Acs, | mm? Cross- sectional area related to the
mm? sectional (considering hollows)| concrete area
area Ac/Acs N/ Acs, MPa N/Ac, MPa
3D-printed model wall segment
IBW -75 13825 | 11678.3 0.84 126.14 9.10 10.85
IBW -90 20333 | 15840.4 0.78 191.41 9.37 11.85
IBW -105 29400 | 18621.3 0.63 223.50 7.60 12.00
EBW -135 49800 | 28218.5 0.57 279.35 5.59 9.87
EBW -150 62300 | 33871.1 0.54 384.35 6.25 12.17
EBW -165 73800 | 36924.0 0.50 407.37 5.54 11.06
3D-printed full-size wall segment

IBW -75-f | 134900 | 91500.0 0.68 1389.00 10.30 15.18
IBW -90-f | 207162 | 112000 0.54 1380.00 6.66 12.32
IBW -105-f | 285363 | 142630 0.50 1411.00 4.94 9.89
EBW -135-f | 490757 | 172080 0.35 984.00 2.01 5.72
EBW -150-f | 633775 | 199870 0.32 1017.00 1.60 5.09
EBW -165-f | 771584 | 242160 0.31 1121.00 1.45 4.63
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Figure 5. Representative example of the 3D-printed model wall segments during the compressive
strength test

The effect of the hollow structure on the strength
of walls was assessed quantitatively. With an
increase in the size of the 3D-printed model wall
segments, the ratio of the concrete area to the
total cross-sectional area of the Ac/Acs wall
decreased within the range from 0.9 to 0.5, while
the hollow structure, accordingly, increased from
0.1 to 0.5. The compressive strength of model
walls classified as part of the total cross-sectional
area N/Ac (which means, taking into account the
hollow structure) naturally decreased and
changed within the range of 5.5 — 9.4 MPa. The
strength values of the bearing layers of concrete
remained almost the same for all types of 3D-
printed model wall segments and were in the
range of 10 — 12 MPa. This showed that the
bearing layers used their structural potential
equally, regardless of the changes in the usable
cross-sectional area of the wall.

Figure 6. A representative example of the 3D-
printed-size wall segments during the
compressive strength test

Dmitriy S. Babenko, Pavel Y. Yurov

With an increase in the size of the model and
full-size wall segments, the ratio of the concrete
area to the total cross-sectional area of the
Ac/Acs wall decreased within the range of 0.7 —
0.3, while the hollow structure increased from
0.3 to 0.7, accordingly. The compressive
strength of full-size walls classified as part of
the total cross-sectional area N/Ac¢ (which
means, taking into account the hollow structure)
naturally decreased and changed within the
range of 1.45 — 10.3 MPa. The strength values
of bearing concrete layers of full-size walls
decreased and were within the range of 5 — 15
MPa. This indicated that the structural potential
of the bearing layers depended on the change in
the useful cross-sectional area of the wall and
the scale factor as part of the central loading.
The reduction in the strength of full-size wall
segments as compared to model segments can
be explained by the scale factor. With an
increase in the size of the walls, their flexibility
of straight layers increased, and as a result, the
stability of the 3D-printed full-size wall
segment on the whole decreased.

According to the obtained data, it can be stated
that the bearing capacity of 3D-printed walls is
determined by the following factors:

- The ratio of the concrete area to the total cross-
sectional area of the wall or its hollow structure.
- The scale factor and especially its effect on the
flexibility and stability of the structure.
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The results of the assessment of the bearing
capacity of hollow 3D-printed walls were
correlated with the requirements to the bearing
capacity of masonry from small-piece wall
products, regulated by SP 15.13330.2020
“Masonry and reinforced masonry structures”. It
can be explained by the fact that the working
conditions for masonry and 3D-printed
structures in internal and external bearing and
self-bearing walls are similar. In the studied
range of changes of the concrete area Ac/Acs =
0.3-0.9 in the section of a hollow 3D-printed
wall with bearing printed layers, the strength
range was 1.45-10.3 MPa. In case of central
loading these values corresponded to and, in
most cases, exceeded the requirements of SP
15.13330.2020 to the calculated compressive
strengths of typical forms of masonry for house
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construction. In particular, the strength values
obtained in experiments corresponded to the
strength of masonry from solid concrete,
gypsum concrete, and natural stones, which was
within the range of 0.38-13.0 MPa in
accordance with the requirements of Table 6.5
of SP 15.13330.2020 (with a masonry layer
height of 200-300 mm).

EXPERIMENTAL MODEL

The values of 3D-printed model and full-size
wall segments were generalised depending on
the hollow structure parameter (Figure 7).

K=1-4/4_ )
Y
0.5 0.6 0,7 0.8

K

Figure 7. The effect of hollow structure parameter K on the 3d-printed wall bearing capacity.

Based on the regression analysis of
experimental data, we obtained an equation that
predicted a change in the bearing capacity of
3D-printed walls depending on their hollow
structure.

N=In(1-K)*** +1089-4.  (3)

The reliability coefficient of the experimental
data approximation was 0.9 for the obtained
regression curve (eq. (3))

Volume 19, Issue 2, 2023

Therefore, it can be stated that the obtained
experimental model described by equation (3)
allowed predicting the bearing capacity of 3D-
printed walls upon central loading depending on
the hollow area in the section. The solution of
this equation also allowed determining the
minimum allowable boundary of wall void
content by the criterion of ensuring enough
bearing capacity in case of central compression.
Taking into account the root of equation (3), the
following inequality is true:
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0<K <0.75 4)
High convergence of the experimental data with
the calculated data allowed proposing the
hollow structure parameter K to be used for the
calculation of strength of hollow 3D-printed
walls according to the standard method SP
15.13330.2020 “Masonry and reinforced
masonry structures”. The hollow parameter in
this standard is used for masonry blocks. At the
same time, in some foreign standards for
building blocks the filling ratio is normalized
in the range from 40% to 75%, vice versa the
hollow of the building blocks 1is from 25% to
60%. It is corresponded to investigated hollow
structure range of 3D-printed wall segments.
When designing 3D-printed walls, the
calculations for the first group of limit states
were allowed to be performed using existing
standard methods, which are regulated in SP
63.13330 “Concrete and reinforced concrete
structures. General provisions”, SP 15.13330
“Masonry and reinforced masonry structures”.
When using the specified standard methods, it is
suggested to calculate the bearing capacity upon
central compression of an unreinforced hollow
3D-printed wall using the following improved
formula:

N<m -(1-K)-m,-¢-R-4, (5

where N is the calculated longitudinal force; R
is the calculated compressive strength of 3D-
printed layered concrete, determined by new
parametric rows; 4 is the wall cross-sectional
area in geometric axes, K is the hollow structure
parameter, mg 1s the coefficient taking into
account the impact of a long-term load, ¢ is the
buckling coefficient.

At the same time, it is proposed to introduce the
coefficient mr into relation (5) which takes into
account a decrease in the strength potential of
3D-printed layered concrete in the structure.
Systematic studies must be performed in order
to determine it. Extended experimental studies
are also required to determine the impact of
such  parameters as  concrete  class,

Dmitriy S. Babenko, Pavel Y. Yurov

reinforcement, and wall configuration in
combination with hollow structure on the
bearing capacity of 3D-printed walls.

CONCLUSION

1. It was established that in case of central
loading the strength of an unreinforced hollow
3D-printed wall corresponded to and/or
exceeded SP 15.13330.2020 “Masonry and
reinforced masonry structures” and amounted to
1.45-10.3 MPa within the range of a hollow
structure 0.15-0.75. Therefore, in case of
central loading a hollow 3D-printed wall can
serve as a bearing wall similar to traditional
types of masonry with no need to fill the voids
with structural concrete and reinforcement.

2. According to the test results of model and
full-size 3D-printed walls, it was established
that the main factor determining their bearing
capacity was the hollow structure. We
determined the value of strength reduction of
3D-printed walls, which was ~0.1 — 0.25 MPa
per 1% of the increased area of the hollow
structure.

3. An experimental model was obtained that
allowed predicting the bearing capacity of 3D-
printed walls upon central loading depending on
the hollow structure parameter K. According to
the obtained model, the calculated value of the
hollow structure parameter should not exceed
0.75 in order to ensure the bearing capacity of
self-bearing and non-bearing 3D-printed walls.
Thus, it is suggested to perform the calculation
for the first group of limit states of the bearing
capacity of unreinforced hollow 3D-printed
walls upon central compression using the
hollow structure parameter K.
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JOINT STRENGTH OF ALUMINUM ALLOYS STRUCTURES
CONNECTED WITH CONTACT CAPACITOR WELDING

Andrey V. Korgin
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. Currently, aluminum alloys are widely used in various industrial productions and constructions due to the
unique properties, which allows creation of lightweight, durable, reliable, corrosion-resistant and aesthetic structures and
products for different purposes. Nevertheless, aluminum alloys have a number of disadvantages, the main of which is a
more complex and expensive process of manufacturing of welded structures. It requires the use of more advanced tech-
nologies such as argon arc welding and friction welding with mixing and qualified personnel in contrary with classical
electric welding of steel structures. Such technologies also include the modern method of contact capacitor spot welding,
the equipment for which is compact and mobile enough. And its usage does not require highly qualified personnel com-
pared to other aluminum welding technologies. The existing regulatory documentation of the Russian Federation on con-
tact capacitor spot welding does not provide sufficient recommendations for the design and calculation of the strength of
joints of this type, which requires additional experimental studies of such joints. The purpose of this work is to determine
experimentally the strength of two types of joints made using condenser welding technology and working on tension and
shear units of ceiling suspension of sheets and profiles of aluminum alloy AMG2M to rod threaded rods made of alumi-
num alloy AMGS3. For this purpose, 18 joints of these types were tested. Control calculations by standard methods for
tension and for shear were performed in order to assess their applicability for analyses of these types of joints.

Keywords: aluminum alloy, spot capacitor welding, tension, shear, stress, strength, fracture

MPOYHOCTH COEJJMHEHUH U3 AJTIOMUHUEBBIX
CIUTABOB, BBIITIOJIHEHHBIX METOAOM KOHTAKTHOM
KOHAEHCATOPHOU CBAPKHA

A.B. Kopeun

HanunonanbeHblil uecenenoBaTenbckuii MOCKOBCKHNA IOCY1apCTBEHHBIN CTPOUTENBHBINA YHUBEPCUTET, I'. MOCKBa,
POCCUA

AHHoTauusa. B Hacrosimee Bpems aJIOMHHHEBBIC CIUIaBBI HAXOMAT IIHpOdaiilliee MPUMEHEHHE B CaMbIX
pa3Ho00pa3HbIX chepax MPOMBIIIICHHOIO MPOU3BOACTBA U CTPOUTENILCTBA 3a CYET YHHUKAIBHBIX CBOWCTB (DHU3HKO-
MEXaHUYECKUX, TO3BOJISIONIMX CO3/aBaTh JIETKWE, MPOYHBbIC, HAJEKHbIC, KOPPO3UOHHOCTOMKHE M SCTETUYHBIC
KOHCTPYKIIMM U W3JIENUsI CaMOro pa3HOOOpa3HOTro HazHa4deHWs. TeM He MeHee, aJIOMHHHEBBHIC CIUIAaBBI 00JagaroT
PSIOM HEIOCTATKOB, OCHOBHBIM M3 KOTOPBIX SIBJISICTCS 00JICE CIIOXKHBIA M JOPOrOCTOSIIHUIA MPOIIECC M3TOTOBICHUS
CBApHBIX KOHCTPYKIIMH, TPEOYIOIIMIA MPUMCHEHHMST 00JICe COBEPIICHHBIX TEXHOJIOIWI — aprOHOIYTOBOW CBapKH U
CBapKU TPEHHEM C TIepeMeIMBaHUEM, a TaKKe KBATU(UIIMPOBAHHOIO TEPCOHANA M0 CPABHEHHIO C KJIACCHYECKON
AJICKTPOCBAPKON KOHCTPYKIHMH U3 cTamud. K MOMOOHBIM TEXHOJOIHSM TaKKE OTHOCATCS COBPEMCHHBIC METOIIBI
JIa3epHOW CBApPKM M KOHTAKTHOM KOHJICHCATOPHOM TOYEYHOW CBapKH, OOOpYIOBaHME Il KOTOPOW JOCTATOYHO
KOMIIaKTHO U MOOWJIBHO, @ €ro MCIOJIb30BaHHe He TpeOyeT IepcoHalla BBICOKOH KBATM(HUKAIMK 10 CPABHEHHIO C
JIPYTUMH TEXHOJIOTHSIMU CBapku aimomuHusi. CylIecTByIOIIas HOpMaTUBHAsA JOKyMeHTaiuss P® 1o KOHTaKkTHOM
KOH/ICHCATOPHOM TOYEYHOM CBapKe HE JAaeT IOCTaTOYHBIX PEKOMEHIALMH 110 MPOEKTUPOBAHUIO U PACUETY MPOYHOCTH
COCIMHEHMI TAHHOTO TUIIA, YTO TPeOyeT HOMOTHUTENBHBIX SKCIEPUMEHTATBHBIX UCCIICIOBAHUI TaKUX COCTMHEHUIL.
Lenpto HacTosiielt pabOThl SIBUJIOCH SKCIEPUMEHTAIBLHOE OIPCICICHUE MPOYHOCTH COCAMHCHUHA IBYX THIIOB,
BBITIOJIHCHHBIX C TIOMOIIBIO TEXHOJOTUHM KOHICHCATOPHOH CBApKH M Pa0OTAIONINX HA PACTSDKCHHC M CPE3 — Y3JI0B
MOTOJIOYHOW TIOJIBECKHU JIMCTOB U MpoQuiieii amomuHieBoro criaBa AMI2M K CTepKHEBBIM Pe3b0OBBIM TATAM,
BBITIOJTHCHHBIM U3 TFOMHUHIEBOTO criaBa AMI'3. [yt 3Toro ObUTH MCHBITAHBI 18 COCIMHEHMI YKa3aHHBIX THIIOB U
BBITNIOJIHEHbI KOHTPOJIbHBIE pacyeThbl HOPMATHBHBIMM METOJAMM Ha PACTSHKEHHE U Cpe3 C LENIbI0 OLIGHKH HX
[IPUMEHUMOCTH JJIsl PACUETOB COSTMHEHHI TaHHBIX TUTIOB.

KiroueBble ¢JioBa: aJIOMUHUEBBIN CIIJIaB, TOYEUHAs KOHJCHCATOPHAs CBApKa, paCTsSKEHHE, CPe3, HAMPSHKEHHE,
MIPOYHOCTD, Pa3pylLICHHUE
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INTRODUCTION

At present, the use of various aluminum alloys
is rapidly developing, finding the widest
application in the most diverse areas of
industrial production and construction due to
their unique properties, allowing to create light,
strong, reliable, corrosion-resistant and aesthetic
structures and products of various purposes.
Nevertheless, aluminum alloys have a number
of disadvantages compared to steels, the main of
which is a more complicated and costly process
of producing welded structures, that requires the
use of more advanced technologies such as
argon arc welding, friction stir welding
[1,2,3,4,5,6,7,8] and qualified personnel in
contrast to the classical electric welding of steel
structures. Such technologies also include
various modern methods of laser welding and
contact capacitor spot welding
[9,10,11,12,13,14], the equipment for which is
quite compact and mobile, and its use does not
require highly qualified personnel compared to
other aluminum welding technologies.

The existing regulatory documents of the
Russian Federation on contact welding
technologies, including condensation welding
presented in  GOST 15878-79 "Contact
welding", do not give sufficient
recommendations on the design and calculation
of the strength of joints of this type, which
requires additional experimental research of
such joints.

The purpose of this work was to carry out tests
and calculations of two types of joints
consisting of sheet and T-type profiles of
aluminum alloy AMG2M with threaded rods for
mounting suspended rods of aluminum alloy
AMG3 welded to them by the method of spot
welding in order to determine the values of
ultimate loads for these welded joints. Examples
of similar studies in Russia and abroad are given
in[15,16].

The main stages of the study are as follows:

e manufacture and installation of loading
devices of the tested joints;

e testing of specimen joints of two types;
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e performing verification analysis of the strength
of these joints in order to assess the possibility of
using the standard calculation methods for the
design of such joints to determine the values of the
ultimate loads by calculation;

e conclusions and recommendations for
manufacturing and operation of structures with
the joints of this type.

METHODS

Two types of specimens were tested: a
connection of plates with dimensions 100x100
mm made of sheet metal of 3 mm thickness and
parts of a rolling Taurus with dimensions
100x70%x70 mm made of aluminum alloy
AMG2M, with studs having internal thread M4
made of aluminum alloy AMG3, connected by
spot-condensation welding [18].

Welding was performed using a C99 welding
machine [19].

Number of specimens of each type is 9 pieces, a
total of 18 pieces (Fig. 1)

Figure 1. General view of tensile and shear test
specimens
Joints were tested in tension under the action of a
concentrated force perpendicular to the plane of
the plates (type 1) and a concentrated force
parallel to the plane of the taurus flange (type 2).
Tests were performed on an Instron 3382
universal testing machine in static loading mode
[20].
For the tests, joint elements were fastened in
specially designed equipment consisting of steel
plates, high-strength bolts and rods, installed in
the grips of the testing machine (Fig. 2).
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Figure 2. General view of the tensile and shear
test of specimens installed in the testing machine

RESULTS AND DISCUSSION

Tensile tests

The tensile tests used a tensile force with
control of the rate and magnitude of loading. In
these tests, specimen fracture occurs solely by
welding (Fig.3-4).

Figure 3. General view of specimens Type I af-

ter tensile test

Figure 4. Type of destruction in the welded zone
during tensile tests

In the course of loading, the axial load - longi-
tudinal displacement relation was fixed by the
recording unit of the Instron 3382 testing ma-
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chine in the form of corresponding graphical
diagrams (Fig. 5).

(-] 02 04 o6 o8

Displacement, mm
Figure 5. Diagram of displacements during the
tensile test of the Type 1 sample

The results of the tensile tests are presented in
Table 1. The estimation of the average obtained
values of the ultimate load was made both with-
out rejection and with rejection of the value for
specimen No. 9 based on the condition of devia-
tion from the average value by more than 50%.

Table 1. Destructive forces during tensile tests

Deviation from average
SampleNe Maximal value %
force, kKN Before After re-
rejection jection
1 1,68 -19 -17
2 2,32 13 14
3 1,75 -15 -14
4 1,63 -21 -20
*5 2,90 41 42
6 2,41 17 18
7 1,74 -16 -15
8 1,86 -10 -9
*9 0,74 -64 -
Average value before rejection 2,06
Standard deviation 0.608
Coefficient of variation 32%
Average value after rejection 2.04
Standard deviation 0.457
Coefficient of variation 22%

* — samples subjected to rejection.

Shear tests

During shear testing of a batch of specimens, the
failure of this type of connection occurred solely
by welding (Fig. 6). In the course of specimen
preparation for the test, the welded joint of
specimen No. 8 failed before the test while
manually tightening the tie rod fastening nut.
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Figure 6. General view of Type 2 specimens
after the shear tests

During loading, the relationship between the
shear force and linear displacement in the shear
plane was recorded in the form of appropriate
graphical diagrams (Fig. 7).

Load, kN
& |

(-] o5 1 1s 2 2ls -3

Displacement, mm
Figure 7. Displacement diagram when testing a
type 2 sample on a shear

The results of the shear test are shown in Table 2.

Table 2. Destructive forces during shear tests

. Deviation from average
Maximal o
Sam- force value %
pleNe N ’ Before After
rejection rejection
1 14 26 14
2 -6 4 -6
3 21 -12 21
4 0,5 11 0,5
*5 5 15 5
6 - =72 -
7 0,9 18 0,9
*8 _ _ _
9 7 18 7
Average value before rejection 2,08
Standard deviation 0,608
Coefficient of variation 32%
Average value after rejection 2,29
Standard deviation 0,25
Coefficient of variation 11%

* — samples subjected to rejection.
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Verification calculations

Tensile and shear calculations of two types of
joints were performed in accordance with the
provisions of normative document SP
128.13330.2016 "Aluminum structures".
Dimensions of the threaded rod M4 RT accord-
ing to DIN EN ISO 13918 (Fig.8):

Thread — M4
! I D —-5mm;

D1 -5,5mm;
- ~ D2-0,65mm;

< @ % _ L —30mm;
- : %, _.! | L1 -0,55mm;
== = e —— 12 293mm;

o2l Il | A —-14mm;

- Figure 8 2 2 ;.',5 e

Diameter of welding zone (D;+0,5 mm) D,=6 mm.
Welding area:

Azn-ﬂ§=3,14-53
4 4

= 28,3 mm->.

The strength parameters of the aluminum alloys
used in the tested assemblies are given in accord-
ance with the current regulatory documents
GOST 21631-2019 "Sheets of aluminium and
aluminium alloys. Specifications", SP 128 and
materials [17] with rounding to 5 MPa (Table 3).

Table 3. Strength parameters of aluminum alloys

Pactsokenue [MIla] | Cosur (cpe3) [MIla]
Node Yield Maximu Yield Maximu
element | SUenet m strengt m
h resistance resistance
h T0,2
G2 G Ts
Plate
AMIM 70 125 55 90
Threade
d stud 100 165 70 115
AMI3

Tensile Calculation
Experimental values of normal tensile stresses
(Table 4).

45



Table 4. Normal tensile stresses during tensile

N L | oo | °® | ep | o
1 1,68 | -17 | 594E+07 | -17 | -26
2 2,32 14 8,20E+07 14 2
3 1,75 -14 | 6,18E+07 | -14 -23
4 1,63 | 20 [5,76E+07 | 20 | -28
5 2,90 42 1,02E+08 42 28
P 2,04-10°

A 283-107¢

Stress range at failure of 8 specimens:
6=68,5+122 MPa (deviation from o —+28%)
Shear calculation

The experimental values of shear tangential

stresses are presented in Table 5.

Table 5. Shear stresses during cutting

Andrey V. Korgin

6 2,41 18 8,52E+07 18 6

7 1,74 -15 | 6,15E+07 | -15 -23

8 1,86 -9 6,57E+07 -9 -18
Average | 2,04 0 7,20E+07 0 -10

Tension in the welding zone for the
value of the fracturing force P=2.04 kN:

average

—=————=72-10° =72 MPa < g5 = 80 MPa (6§ = —10%).

2 2,16 -6 7,63E+07 6 27
3 1,82 21 | 6,43E+07 | -11 7
4 2,3 0 8,13E+07 13 35
5 2,39 4 8,45E+07 17 41
6 2,31 1 8,16E+07 13 36
7 2,44 7 8,62E+07 | 20 44
Average | 2,29 0 8,09E+07 | 12 35

Sample oP ot 0t8
Yo |PEN] ey | 2P | en | o)
1 2,61 14 9,22E+07 28 54

P 2,29-10°

A 283-107%
Stress range at failure of 7 specimens:
1=64.3+92.2 MPa (deviation from t8 7+54%).

Conclusions on the results of tests and verifi-
cation calculations

1. According to the test results, the failure of all
specimens of types 1 and 2 occurred in the
welded area.

2. Tensile fracture force of type 1 junction is
within 1.68+2.9 kN, the average value is 2.04
kN (Table 1).

3. The divergence of calculation results in
tension with the experiment is satisfactory, lies
in the range of -28++28%, from 59.4 MPa to
102 MPa, the average value is 72 MPa. The
average deviation from the value of tensile
strength of 80 MPa is -10% (Table 4).

Tangential stress in the welding area for the av-
erage value of the destructive force P=2.29 kN:

— = _=80,9-10° = 80,9 MPa > 15 = 55 MIla MPa(35%).

4. Fracture force at shear for the joint of type 2
is in the range of

1,68+2,9 kN, average value 2,29 kN. (table 2).
During the preparation of type 2 specimens for
shear tests, the effect of the tightening force on
the strength of the welded joint was recorded.
At the applied insignificant force the
considerable decrease of fracturing load down
to 0,57 kN (specimen No.6) and complete
fracture of the weld (specimen No.8) took place.
5. The divergence of calculation results on a shear
with experiment is more essential, than at a
tension, and lies in the limits of 7+54%, from 64,3
MPa to 92,2 MPa, average value of 80,9 MPa.
The average deviation from the value of shear
time resistance of 55 MPa is 35% (Table 5).

6. Significantly greater difference of the results
of calculations for shear with the data of
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experiments than for tensile is a consequence of
more complex actual stress state when loading
the joint with shear force, created by the
construction of the joint, than in pure shear
(shear). As a consequence, the values of
fracturing tangential stresses for all the tested
specimens noticeably exceed the calculated
value for pure shear (shear), which goes into the
joint strength reserve in the calculations of
connections of this type by the normative
method.

7. Reducing the dispersion of values of
destructive loads and ensuring operational
reliability of joints can be achieved in the
process of their production when performing the
following preparatory actions:

e stripping followed by de-greasing of the
welded surfaces of the stud head and the plate
area [22];

e control of the amount of preliminary pressing
of the stud to the plate surface before the weld
pulse [23,24].

e control loading of the manufactured
assemblies with the force that exceeds the value
of the planned operational load by 50%.

8. To ensure the strength of the nodes during
installation and operation, it is necessary to
provide a hinged connection of the stud with the
loading rod to avoid the appearance of
additional bending stresses that may occur at a
rigid connection.

9. In order to guarantee compliance with the
regulatory requirements of SP 128 to ensure the
strength of aluminum alloy structures, the value
of maximum load for both types of assemblies
investigated should not exceed 1 kN (100 kg)
per assembly. In this case, the requirements for
preparation  and  quality  control  of
manufacturing and installation of the assemblies
shall be observed (clauses 6-7).
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SELECTION OF THE RATIONAL PARAMETERS OF THREE-
LAYER REINFORCED CONCRETE STRUCTURES WITH
MONOLITHIC BONDING LAYERS BY THE METHOD OF

COMPUTER MODELING
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Abstract. For the selection of the rational physical, mechanical and geometric parameters of three-layer rein-
forced concrete structures with monolithic bonding layers, it is necessary to have numerous data on the stress
field and patterns of their deformation upon loading, changes in the energy parameters of the strength of concrete
and the thickness of the layers. The important condition for the analysis of the stress-strain state by computer
simulation is verification with experimental studies. This research is a confirmation of the reliability of the parti-
tioning of the model into finite elements, the choice of their size and configuration. Modeling of three-layered
enclosing structures with overall dimensions of attic overlappings allows obtaining strains and deformations in
the outer and middle layers at different levels of loads and performing their comparison with limiting values.
Due to the high rigidity of the three-layered enclosing structures with a monolithic bond of the layers and the use
of structural concrete in the outer layers, the strength of which is more than 10 times higher than that of the mid-
dle layer, there are no cracks in the operating loads. In order to recommend considering the stress-strain state,
there are more dimensional three-layer coating plates with monolithically bonded layers with different geometric
and strength parameters, with different degrees of reinforcement and levels.

Keywords: three-layer reinforced concrete structures, monolithic binding layers, computer modeling,
deformations, stress-strain state, enclosing structures, concrete strength

BbIEOP PAIIMOHAJIBHBIX MAPAMETPOB TPEXCJIOMHBIX

"KEJE30OBETOHHBIX KOHCTPYKIMI C MOHOJUTHBIMU

CBA3YIOIIUMU CJIOAMU METOAOM KOMIIBIOTEPHOTI'O
MOIEJUPOBAHUA

E.A. Koponw, 1O.0. Kycmukoea

HanmonansHelil HecnenoBaTeabckiuii MOCKOBCKHIA TOCYJapCTBEHHBIN cTpouTenbHblid yHuBepcuteT (HUY MI'CY);
r. MockBa, POCCHUI

AnHoTauus. /{7 BIOOpa palMoOHAIBHBIX (PU3NKO-MEXaHMYECKHX M T'€OMETPUYECKHX IapaMeTpOB TPEXCIIOi-
HBIX JKeJIe300€TOHHBIX KOHCTPYKLIHUH C MOHOJUTHBIMHU CBSA3YIOIIMMHU CIOSIMH HEOOXOIMMO pacIosaraTb MHOIO-
YHMCICHHBIMH JJAHHBIMU O T0JI€ HANPSHKEHUH U 3aKOHOMEPHOCTAX X Je(opMaiyy Ipu HarpyKeHNH, N3MEHEHNU-
SIX DHEPreTHYECKHX IapaMeTpOB IPOYHOCTH OETOHA W TOJIIIMHBI CIIOEB. BakHBIM yClOBHEM /ISl aHaIN3a
HaInpsHKeHHO-1e(h)OPMUPOBAHHOIO COCTOSHHS C TIOMOILBIO KOMIIBIOTEPHOTO MOJICIMPOBAHHMS SIBISCTCS BepUpu-
Kalusl 9KCIepUMEHTAIBHBIMIA HCCICIOBAHISAMU. DTO HCCICAOBAHHE SIBIISICTCS MOATBEPIKICHUEM HA/ICKHOCTH
pasleneHusl MOJICIM Ha KOHEYHbIE 3JIEMEHTHI, BbIOOpa MX pa3Mmepa M KoHpurypauuu. MojaenupoBaHue Tpex-
CIIOMHBIX OTPaKJAIOMINX KOHCTPYKIMH C y4EeTOM TadapUTHBIX Pa3MEpOB UEPAAYHBIX MEPEKPBITHH MO3BOJISET
TIOJTy4aTh HAINPsHKEHUS ¥ IeOpMaIlMOHHBIE CIBUTH BO BHEIIHEM M CPEIHEM CJIOSIX MTPU Pa3HBIX YPOBHSAX Harpy-
30K M IPOBOANTH MX CPAaBHEHHE C IPEICIbHBIMU 3HAUCHHUSMH. braromapsi BEICOKON KECTKOCTH TPEXCIOWHBIX
Orpa)JIaroIuX KOHCTPYKIUI C MOHOJIUTHBIM COEIMHEHUEM CJIOEB U UCIIOJIb30BaHUIO KOHCTPYKLIIMOHHOTO OeTo-
Ha BO BHELIHUX CJIOSAX, IPOYHOCTh KOTOporo Oosee uem B 10 pa3 Bellle, YeM y CPEIHEro Cosl, PH KCILTyaTa-
LMOHHBIX HAarpy3Kax TPEUIMHBl OTCYTCTBYIOT. [ljii TOro 49ToOBI PEKOMEHJOBAaTh YYHTHIBATH HANpPSHKEHHO-
neopMHpOBaHHOE COCTOSIHUE, CYLIECTBYIOT IUIACTHHBI C TPEXCIOMHBIM MOKPBITHEM OOJIBILEro pa3Mepa ¢ Mo-
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HOJIMTHO COCAMHECHHBIMHU CJIOSAMU C PA3JIMYHBIMUA I'€COMETPUUCCKUMHU U MPOUYHOCTHBIMU ITapaMe€Tpamu, C pa3H0171

CTETICHBIO YCHJICHUS U YPOBHIMH.

KiroueBble ciioBa: TpCXCHOﬁHBIe ’KeJ1e300€TOHHBIE KOHCTPYKIUH, MOHOJIMTHBIC CBA3YIOIUC CJIOU,
KOMIIBIOTEPHOC MOJACIIMPOBAHUC, I[G(i)OpMaLII/II/I, HaHpﬂ)KeHHO-,I[C(l)OpMI/IpOBaHHOC COCTOSHHC,
orpaxJaaronye KOHCTPpyYKIHH, IPOYHOCTDH OceToHa

1. INTRODUCTION

This research is aimed at studying the develop-
ment of methods for calculating multi-layer re-
inforced concrete structures, that based on the
use of the results of both experimental and theo-
retical studies, including computer modeling.
Multilayer structures consisting of materials
with different physical and mechanical charac-
teristics have a contact layer on the contact
boundary, the influence of which on the con-
struction of computational models has been in-
vestigated by numerical methods [1-7].

The experimental results reflect within the lim-
its of the accuracy of the experiment the actual
parameters of the stress-strain state of the struc-
tures and are associated with the correct devel-
opment of physical models.

As shown by the theoretical and experimental
studies, which were carried out earlier by the
author [8-10], the stresses in the stretched zone
of the investigated three-layer reinforced con-
crete structures under the operational load do
not reach the ultimate tensile strength, therefore
formation of cracks does not occur. This is the
basis for accepting the work of concretes of the
middle and outer layers of the structure under
such elastic loads. However, when analyzing the
results of model calculation, it is necessary to
consider the ratio of the obtained values of ten-
sile stresses for each layer of concrete and the
corresponding design tensile strength. When
these values approach or exceed the first one
above the second one, it is necessary to correct
the model taking into account the cracking.

2. MATERIALS AND METHODS

The cross-section of the investigated three-layer
bending reinforced concrete structures consists

of two types of concrete. Their outer layers are
made of structural concrete of class B12.5 -
B30, and the middle layer is made of structural
and heat-insulating class B1.5 and less.

After preliminary analysis for further work, the
ZSOIL software package developed by Zace
Service Ltd. (Switzerland). The possibilities of
this program are allowed to enter various mate-
rial parameters without their mutual depend-
ence. The program allows you to set the data
and generate the grid CE in manual mode. This
software allows the use of flat, isoparametric
and subparametric finite elements of the second
order.

To approximate a three-layer structure from
different types of concrete with a monolithic
bond of layers, as preliminary studies have
shown, rectangular or triangular flat finite el-
ements are most suitable. The dimensions of
the final elements were correlated with the
thickness of the layers of the structure, the
smallest of which was 40 mm. In order to be
able to compare the results of the simulation
with the actual picture of the deformation of
the tested three-layer reinforced concrete
beam-type samples, the parameters of the lay-
ers of beam samples were taken for the first
model [8] based on the results of previous ex-
perimental studies. In the first approximation,
taking into account the rare arrangement of
the reinforcement and the low percentage of
reinforcement (up to 0.05%), the beam rein-
forcement was not taken into account in the
calculation.

In the first version of the model, the three-layer
construction was represented by rectangular fi-
nite elements - the lower and upper layers in one
row, the middle one in the form of 4 rows of
finite elements (Fig. 1, a).
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Figure 1. FE model of beam with rectangular
grid: a) scheme for grid layout of FE model;
b) beam deformations

The parameters of the finite elements (FE) and
the characteristics of the concrete layers of the
structure are given in Table 1.

Table 1

Construction layer External Internal
The size of rectangular | 0,04%0, | 0,0425%0,
elements, m 10 10
Prismatic  strength of | 10,1 115
concrete Ry, MPa
Strength of concrete for 1,02 0,35
tensile strength Ry, MPa
Initial modulus of elas- | 10400 950
ticity EO, MPa
Poisson's ratio v = 0,139 0,122
0.00189 | Ry | +0.12
The shear modulus G = 4570 423
Eo/2 (1 +v), MPa
Average density of con- 1700 440
crete, kg / m3

The results of the calculation for a load corre-
sponding to the elastic stage of operation of a
beam sample are shown in Fig. 1 and Fig. 2.

As the calculation results showed, the deflec-
tions of beam models correspond to the results
of full-scale tests with an accuracy of up to
95%. The magnitudes of the principal stresses
in the layers of the elements are also close to
those experienced at the corresponding load
levels. However, the direction of the main ten-
sile and principal compressive stresses, shown
in adjacent finite elements on opposite diago-
nals, somewhat distorts the true picture of the
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stress field. Therefore, the representation of
the structural layers by rectangular finite ele-
ments with a length more than two times the
height of the element is not convenient in de-
riving the calculation results in the form of
principal stresses.
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Figure 2. Pattern of the distribution of principal
stresses in model 1
a) general diagram of the location of the princi-
pal stresses along the length of the beam;
b) enlarged fragment in the middle of the span

In the second model, the length of the rectangu-
lar finite elements is reduced to 0.05 m. Fig. 3
shows the main stresses in the middle of the
beam model. With a decrease in the size of the
final element by half, the overall picture of the
stresses did not change, but the angle of inclina-
tion of the principal stresses decreased some-
what. Differences in stress level do not exceed
0.1% upwards.
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Figure 3. Stresses in the beam by model 2
a) enlarged fragment of the main stresses
in the middle of the span;
b) diagram of normal stresses in the middle
of the span
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In the third model, the same construction is rep-
resented in the form of triangular finite elements
(Figure 4), that is, each rectangular FE with a
width of 0.1 m is replaced by four triangular el-
ements, dividing it by diagonals. In this case, we
obtain triangular FEs of two types-with the side
of the parallel lines separating the layers (1a) and
with the side perpendicular to these lines (1b).
The properties of the materials are taken from
Table. 1. As the analysis shows (Fig. 4, Fig. 5),
the transition to smaller triangular FEs clarifies
the results downwards by about 1.3%. In this
case, the diagram of normal stresses in the mid-
dle of the span of the beam completely corre-
sponds to the experimental data.

t=10 | FEMESH DEFORMED MESH
PROJECT -4

Figure 4. FE model of beam with triangular grid
a) scheme for grid layout of FE model;
b) beam deformations
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Figure 5. Stress distribution pattern in model 3
a) distribution of principal stresses along the
length of the beam; b) enlarged fragment of

principal stresses along the length of the beam,

¢) diagram of normal stresses in the middle sec-

tion of the beam

The reliability of the model, when the beam is
divided into triangular FEs, has a significant

Elena A. Korol, Yulia O. Kustikova

importance. Comparison of the calculation re-
sults with the experimental data on deflections,
strain measurements along the direction of the
main stresses in the middle of the span and on
the landing areas gives a convergence in the
range 95-97%.

In general, the analysis of the operation of the
three-layer beam element model without longi-
tudinal reinforcement shows that the bulk of the
effort is assumed by the outer layers of the con-
struction made of structural concrete, and in the
middle layer of low strength concrete, the level
of maximum stresses is lower by an average of
15 times. The destruction of the structure will
occur starting with the outer layers, and on the
average, a layer of internal destruction and ex-
cessive deformation is not observed.

In this research there is also well-considered
issue, how the introduction into the stretched
zone of the beam of longitudinal reinforce-
ment will affect the operation of the layered
structure. For this, in the middle of the height
of the lower layer of the beam we arrange the
reinforcement layer. In this case, for the pos-
sibility of comparing the results of the charac-
teristics of reinforcement and concrete layers,
we take as previous tests of beam samples [8]
(Table 2).

Table 2

Construction layer External Internal
The size of rectangular | 0:04%0,10 | 0,0425%0,
elements, m 0,02x0,10 | 10
Prismatic  strength of 21,0 1,01
concrete Ry, MPa
Strength of concrete for 1,75 0,28
tensile strength Ry, MPa
Initial modulus of elas- | 12000 890
ticity EO, MPa
Poisson's ratio v = |0.16 0,122
0.00189 | Ry | +0.12
The shear modulus G = | 9172 397
Eo/2 (1 +v), MPa
Average density of con- | 1800 440
crete, kg / m3
Modulus of elasticity of | 200000
reinforcement, MPa
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The reinforcement was adopted with a diameter
of 8 mm in increments of 15 cm, the reinforce-
ment percentage was 0.29%. The FE model grid
and the results of the the loading of beam calcu-
lations are shown in Fig. 6 - 8.

=10 FEMESH DEFORMED MESH

Figure 6. Model of a beam with longitudinal
reinforcement
a) scheme of grid layout of the FE model 4,

b) deformation of the beam
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Figure 7. Pattern of the distribution of principal
stresses in a model with longitudinal reinforce-
ment: a) distribution of principal stresses in the

model; b) enlarged fragment of principal stresses

As shown by the calculation results, the deflec-
tions of the models of beam samples (Fig. 6)
correspond to the results of the tests with an ac-
curacy of up to 96%, the deformations in the
middle layer of the beam near the supports (Fig.
8b) are also close to those experienced at this
stage of loading. The effect of reinforcement on
the operation of such rigid beams at such a low
percentage of reinforcement (0.29%) is very
slight. The difference in the absolute values of
the boundary compressive and tensile stresses in
the considered models without reinforcement is

Volume 19, Issue 2, 2023

from 0 to 0.3%, and in the reinforced sample
this difference amounts to 3.75%.
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Figure 8. The field of distribution of the relative
deformations of concrete in the beam of model 4
a) along the length of the beam; b) enlarged
fragment near the support

In this study the following model of the effect of
increasing the degree of reinforcement on the
work of a three-layer structure was considered.
With an increase in the percentage of rein-
forcement to 3% and a decrease in the strength
of the concrete of the outer layers to the value
indicated in Table. 1, the stress field in concrete
changes and the reinforcement will have a sig-
nificant effect on the design work (Figure 9).
The main tensile stresses in the lower zone of
the beams in the middle of the span are below
the boundary compressive stresses by 57.3%.
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Figure 9. Beam model with an increased per-
centage of reinforcement
a) deformation of the beam, b) distribution of
principal stresses

Comparison of the results of experimental stud-

ies of three-layer beam elements with their
models developed with the help of the ZSOIL
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software complex showed that it is possible to
reproduce with sufficient accuracy the modeling
of the operation of a multilayer element using
plane triangular cells with dimensions close to
the thickness of the layers.

3. RESULTS

In the practice important means has studying the
work of the slabs and attic overlaps of a three-
layer structure with a monolithic bond of layers:
a slab of a 6.0 m length and a thickness of 50
cm with external layers of structural concrete 8
and 4 cm thick and a medium layer of low
strength concrete - 38 cm; minimum allowable
reinforcement level of 0.05% (a reinforcement
with a diameter of 8 mm step of 15 cm). The
total calculated value of the uniformly distribut-
ed load from the roof mass and the temporary
snow load is 2.2 kN / m?.

The model with the bottom layer of concrete 8
cm thick is divided in height into two rows of
FE - 2 cm and 6 cm, reinforcement is provided
between layers 2 cm and 6 cm thick, was com-
posed in this researching. Further, the middle
layer of 38 cm thick is represented by three
rows of FE with a height of 5.6 cm. The upper
layer 4 cm thick is single-row. The length of the
element is divided into 15 sections, i.e., the
maximum length of the FE is 20 cm. The FEs
are triangular (Fig. 9 and Fig.10).

1.0 FEMESH DEFORMED MESH DIAGRAMS

e
2 50IL v.5.50 PROJECT : 7o

Figure 10. Model of a plate of a covering:
a) scheme of splitting on final elements; b) de-
formation of the plate; c) diagram of the distri-
bution of longitudinal forces in the reinforce-
ment
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Deflections, the pattern of distribution of princi-
pal stresses, the diagram of normal stresses and
also the distribution fields of normal stresses
and relative deformations of concrete are shown
in Fig. 10 — 12. The maximum vertical deflec-
tion of the structure was 0.125 cm. As can be
seen in Fig. 11, at such value of ratio of the lay-
ers thickness, the tensile force in the middle lay-
er practically does not arise.

65918402
6.591e+02

MAX 5.1
6.3430+02

MIN 5.2
“1.107e+03

- uNIT
Nim*2]

52730402
5373007

MAX 5-1
6 343002

R P e I e | S

MIN 5-2
1.107e+03
e,
1.0 PRINCIPAL STRESSES g

=
2 80IL w550 PROJECT . 7o

Figure 11. The pattern of stress distribution in
the plate model: a) the main stresses along the
length of the plate; b) enlarged fragment of
principal stresses, c) diagram of normal stress-
es in the middle section of the plate
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Figure 12. distribution of stresses and strains in
the model plate: a) field distribution of normal
stresses in the plate; b) field of distribution of

the relative deformations

In addition, the cross section in the middle of
the span of the plate was considered. In the 5
upper triangular cells of the cross-section 1,
normal compressive stresses of the level of
0.086-0.012 MPa (at Rb = 1.15 MPa) act in the
middle of the slab of the structural concrete lay-
er; and only in the lower FE there is an insignif-
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icant stretching of 0.022 MPa (at Rbt = 0.35
MPa). Such a distribution of efforts will posi-
tively affect the reliability of the work of such a
design. Efforts in the outer layers of the plate
are as follows: in the stretched zone 0.259-0.526
MPa (at Rbt = 1.02 MPa); in the compressed
zone 0,96 - 1,1 MPa (at Rb = 10,1 MPa).

The stress diagram for the reinforcement, shown
in Fig. 10, shows that the effect of reinforce-
ment due to the rigidity of the structure is insig-
nificant, since at the design load the ratio of the
maximum force in the armature (2.2 kN) to the
design (18.34 kN) is 12%.

As the calculation of the design model with the
dimensions of the offered full-scale plates has
shown, the concrete of the middle layer of such
boards will experience compressive stresses of
85% of the thickness that do not exceed 8% of
the prismatic strength of concrete, while the re-
maining part exhibits insignificant tensile
stresses that do not exceed 6% of the tensile
strength of the concrete.

4. CONCLUSIONS

The well convergence of the experimental and
calculated results makes it possible to recom-
mend considering the stress-strain state of large-
sized layered slabs with different thicknesses of
monolithically bonded layers at different rein-
forcement levels and loading levels on the rec-
ommended finite element models.

The use of modern calculating software on the
basis of the finite element method (FE) makes it
possible to simulate the stress-strain state of a
reinforced layered structure with monolithically
bonded layers. It is recommended to use flat tri-
angular cells with dimensions close to the thick-
ness of the layers.

The analysis of the operation of three-layer
beam structures shows that the middle layer of
low-strength concrete undergoes insignificant
stresses, which are close to the operational ones,
5-10% of the design tensile strength of concrete,
which confirms the rational layout of the section
from the point of view of the stress-strain state,
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These researches with application of a computer
modeling method allow to vary in a wide range
by changing the design parameters (thickness of
layers, strength properties of concrete, types of
reinforcement and the degree of reinforcement)
and, ultimately, to choose a rational design solu-
tion.
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Abstract. Subject of the research: Today, the design of flexible, extended in length and height structures of transport,
industry, communication is one of the important directions of construction development. Such structures include
continuous extended metal constructions such as chimneys, poles, billboards, monuments, bridges, pipelines. Besides
ensuring the limit states for strength and deformability, there is another important condition for the durable operation
of metal structures which is the absence of aerodynamic instability phenomena (mainly wind resonance) during the
whole service life. Objectives: Review of the background, analysis of accidents that have occurred, proposals to avoid
such situations at the design stage and in the occurrence of emergency conditions at existing facilities. Materials and
methods: Review and analysis of existing data and proposals for further improvement of calculation and design
methods. Results: The paper analyzes the mechanisms of the main types of aerodynamic instability (wind resonance,
flutter, galloping, oscillations in the airfoil) on different types of structures, presents particular cases of the history of
famous unique constructions and the authors' calculation practice, describes the ways to avoid this type of phenomena
in the design of new buildings or in emergency situations on existing structures. Conclusions: The phenomena
described in the article are applicable to an extremely narrow area of construction and are often ignored in calculation
and design. This article is intended to draw special attention to these phenomena not only for designers, but also for
research engineers in order to create new mechanisms for their analysis.

Keywords: high-rise metal structures, wind resonance, galloping, flutter, wind loads, vortex excitation,
aerodynamic wake, towers, masts, ice load, chimneys, unique structures

O PE3BOHAHCHOM BUXPEBOM BO3bYJKAEHUHW BbICOTHbIX
COOPY/XEHUU

A.U. Kapaxko3zoea, B.JI. Monuopyc

HanmonanbeHeiii nccnenoBarenbckuii MOCKOBCKHIT rOCy1apCTBEHHBIN CTPOUTENBHBIN YHUBEpCHUTET, I'. Mocksa, POCCUS

Annoranus: [Ipeqver ncenenosanmst: [IpoekTnpoBanie THOKIX, TPOTSDKEHHBIX B JUTHHY M BBICOTY COOPYKSHHH, I
HY>KJ] TPAaHCIIOPTA, IIPOMBIIUIEHHOCTH, CBS3U SIBILIETCS OJHUM M3 BAXKHBIX HAIIPABICHUII Pa3BUTUSL CTPOUTENILCTBA HA
CcerofHAIHUM AeHb. K TakuM COOpYKEHMAM OTHOCSTCA CIUIOLIHOCTEHYAThIC IIPOTSHKCHHBIE METAJLIMYECKUE
KOHCTPYKLIMM — JBIMOBBIC TPYOBI, CTOJOBI, PEKJIaMHBIC IIUTBI, MOHYMEHTBI, MOCTBI, TpyOompoBozbl. Ilomumo
o0ecrieueHrsI TIPEAEIbHBIX COCTOSIHMM IO TIPOYHOCTH M J1e()OPMATHUBHOCTH, JUIS JIOJITOBEYHOI OSKCIUTyaTalllu
METAUIMYECKUX ~ KOHCTPYKLMM CyLIECTBYEeT €IIe OJHO BAXKHOE YCIOBUE - HEBO3HMKHOBEHME SIBJICHMI
a9POIHAMUYECKON HEYCTOHYIMBOCTH (IJIaBHBIM 00pa3oM, BETPOBOTO PE30HAHCA) HA MPOTSHKEHUH BCETO CPOKA CITyKOBL
Hemu: O030p HCTOpHM BOTMPOCA, AHATU3 MMEBIIMX MECTO ABAPUMHBIX CHUTyalUH, MPEMIOKEHHS 0 W30eKaHHIO
MOJOOHBIX CHUTYallMii Ha 3Tare MPOSKTHPOBAHWS W IPU BO3HUKHOBEHNMM aBApPUHHBIX COCTOSHHI Ha CYIIECTBYIOIINX
oObekTax. Martepuansl u Metonpl: O030p M aHANW3 CYIIECTBYIOIIMX JAHHBIX W TIPEIJIOKEHUS IO JalbHEHIIeMy
COBEpILIEHCTBOBAHUIO METOUK pacyera M IPOEKTUpoBaHMA. Pesynbprarel: B cTaThe mpoaHanu3upoBaHbl MEXaHU3MBbL
BO3HUKHOBEHHSI OCHOBHBIX BUJIOB 9O IMHAMUYECKOI HeyCTOMUHBOCTH (BETPOBOI pe3oHaHC, (hiaTTep, raJIonupoBaHUE,
Kos1e0aHus B adPOAMHAMUYECKOM CIIE/ie) Ha Pa3sHbIX BUAAX KOHCTPYKLMH, MPUBEIEHBI YaCTHBIE CIyYad U3 HCTOPUU
CTPOUTENBCTBA M3BECTHBIX YHHUKAIBHBIX COOPY)KCHUI M PACUETHON TPaKTUKU aBTOPOB, OMHCAHBI CIIOCOOB! M30eKaHMs
JIAHHOT'O TUIIA SIBJIEHUI IPY IIPOSKTUPOBAHUU HOBBIX COOPYXKEHUM WM IPU BOZHUKHOBEHUH aBAPUMHBIX CUTYallUil Ha
CYILIECTBYIOIINX KOHCTPYKIWSIX. BBIBOMBI: SIBEHMsI, ONMCaHHBIE B CTaThe, MPUMEHUMBI K KpaifHe y3KOW 00IacTi
CTPOUTENILHOTO IIPOM3BOACTBA U YACTO UTHOPUPYIOTCS IPU pacyeTe M NPOeKTHpoBaHUW. [laHHas CTaThs IpU3BaHA
00paTnTh Ha 3TH SIBJICHHS 0cO00€ BHHMAHHE HE TOJBKO IPOCKTHUPOBIIMKOB, HO M WH)KCHEPOB-HCCIICAOBATEICH ISt
CO3/JaHUs] HOBBIX MEXAHU3MOB HX aHAJIN3a.

KnioueBbie c10Ba: BEICOTHBIE METAITMYECKIE COOPYKEHISI, BETPOBOI PE30HAHC, TAJTONNPOBaHHUE, GaTTep,

BETPOBLIC HArpy3Kn, BUXPEBOEC B036y)KHeHI/Ie, aBpO,HI/IHaMI/I‘-IeCKI/Iﬁ ciaen, 6aHlHI/I, MavThl, TOJIOJIEAHAA HAarpys3Ka,
JbIMOBBIC TpY6bI, YHHKAJIbHBIC COOPYKCHUA
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On Resonant Vortex Excitation of High-Rise Buildings

INTRODUCTION

High-rise structures due to their design features
(Iength in height and small size in the plan) are
most susceptible to wind loads, which increase
in proportion to the distance from the ground.
Bridge structures and pipelines extended in
length, which are also flexible structures with
low structural damping, should not be
neglected. Seismic loads can also have a
significant impact if the structure is located in
an earthquake-prone area [1], however, in this
work we focus mainly on the wind effects. In
addition to ensuring the limit states for strength
and deformability, there is another important
condition for the durable operation of metal
structures that 1s the non-occurrence of
aerodynamic instability phenomena (mainly
wind resonance) throughout the service life. In
the article the mechanisms of the appearance of
the main kinds of aerodynamic instability (wind
resonance, flutter, galloping, and oscillations in
the aerodynamic trace) are analyzed. The
special cases of the well-known unique
constructions construction history and the
authors' calculation practice are adduced and the
ways to avoid this type of phenomena at the
designing of new structures or occurrence of

emergency  situations at the  existing
constructions are described.
LITERATURE REVIEW
High solid-wall steel structures became

widespread in the middle of the last century. To
analyze their performance and refine the
calculation methods, experimental data of
blowing down structural models in wind tunnels
were used [2, 3]. The main place for testing in
those years was the TsAGI wind tunnel. Only in
the beginning of this century wind tunnels began
to appear in scientific and educational institutes
(in particular, in Scientific and Research Institute
of Moscow State University of Civil
Engineering). Parallel to the development of
experimental studies, mathematical modeling has
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been actively developed: modern program
complexes (Ansys, Nastran) allow modeling any
building objects in their interaction with the wind
flow [4, 5, 6]. Simulation (experimental,
numerical) is an integral part of design of unique,
technically complex objects. An important role is
still given to numerical simulation methods,
experiments on existing structures as it allows
corrections and clarifications to regulatory
documents, according to which typical objects
are designed [7-11].

MATERIALS AND METHODS

It is known that the wind load has a static
(average) and dynamic (pulsation) component.
And, if the average component is fully enough
described in the regulatory documents (SP?), the
dynamic component, although considered in the
standards (SP'), is still a subject of research and
debate. In terms of mechanics, the wind load is
represented as a system of forces that cause
dynamic oscillations. Classical mechanics gives
a strict and clear, widely known solution of this
problem [12], as well as the definition of
"resonance" as the coincidence of natural
frequency of vibrations of the structure and the
frequency of oscillations of the driving load (in
our case wind load). The materials, of which the
structures are made, have different degrees of
susceptibility to the phenomenon of resonance,
which is described by the logarithmic damping
decrement 6 [13] (as the logarithm of the ratio
of two neighboring amplitudes of vibrations y:):

S=In2r =nT,
yn+l

(1)

where » is the damping coefficient, 77 is the
damped period.

The value of the logarithmic decrement is used in
paragraph 11.1.10 (SP') to calculate the dynamic
amplification factor for the pulsation component
of wind load and is adopted as in the Table 1.

1 SP 20.13330.2018 Loads and Actions
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Table 1. Logarithmic decrement for different

materials
Material decrement of
damping
Reinforced concrete and 0.3
masonry structures,
including those with a
steel frame
Glass, steel and reinforced 0.22
concrete structures
Steel structures, lined 0.15
chimneys

As can be seen from Table 1, the steel structures
have the smallest logarithmic decrement. This
means that, being taken out of equilibrium state,
they can perform long-term oscillations, the
decay of which can occur extremely slowly and
lead to an emergency situation [14, 15].

Let's consider further the peculiarities of
aerodynamic instability in high-rise (extended)
flexible structures and ways to combat the
phenomena of aerodynamic instability.

Such forms of aerodynamic instability as flutter,
galloping, vortex excitation, oscillations in the
aerodynamic trace are inherent to flexible
structures.

Vortex excitation (wind resonance) is an
intensive increase in the amplitudes of aero
elastic vibrations of the structure across the
wind flow [16].

Self-excited oscillations (self-oscillations) are
undamped oscillations, which are maintained by
energy sources that do not have oscillatory
properties, such as a uniform wind flow. They
can be observed when one of the natural
frequencies of the structure coincides with the
frequency of Karman vortices, which alternately
bounce off the surface of the elements [16].

A, = 7 ()

where / is the height of a facility, d is the
minimum cross-sectional dimension,;
If the ratio of the dimensions of the solid-wall

structure having the form (2) is A,>20, then one

A.l.Karakozova, V.L. Mondrus

should perform the check for the possibility of
resonant vortex excitation according to Section
11.3 (SP?). The critical wind velocities Ver,
m/s, at which resonant vortex excitation by the
i" eigenform of vibration occurs, are determined
by the formula

k, fd
y o=l 3
cr. St ( )

where fi, Hz, is the eigenfrequency of the i”

bending eigenform; d, m, is the cross-sectional
dimension of the structure; Stis the Struhal
number of cross-section, determined
experimentally or by reference data; for circular
cross-sections St = 0.2; for sections with sharp
edges (including rectangular sections) it is St =
0.11. The coefficient &, takes account of the effect
of capturing the natural frequency of oscillations.
It is assumed to be 0.9...1.1 from the condition of
realization of the worst variant of loading.

Then, comparison of speeds is performed:
critical wind speed for the considered structure
(3) and maximum wind speed for the given area
Vmax(zeq) at the equivalent height ze,.

Vmax = 1’5 WOk(ZSK) (4)

where wo is the characteristic wind pressure,
and k(zox) is the coefficient of wind pressure
variation by height (11.1.4 and 11.1.6 SP).
Resonant vortex excitation does not occur if

V.>V

cr.a max

©)

If condition (5) is not satisfied, then various
measures are taken, which will be discussed
below.

The most typical is vortex excitation for
structures with circular cross section. In a
certain flow velocity range, the vortex trace
behind such profiles takes the form of the so-
called Karman track which is a double row of

2 SP 20.13330.2018 Loads and Actions
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point vortices with a staggered arrangement
[16], [17] (Fig. 1).

I e — e — e —
vﬂ
——r . . —_— =

— —— — — —

Figure 1. Karman vortex track.
d is the size of the cross section, I, h are the step
and width of the track.

The frequency of Karman vortex formation is
proportional to the velocity of the incoming

(a) A chimney in a cage

(b) chimneys connected by platforms

flow V' and inversely proportional to the cross-
sectional size d:

0" ©

with the coefficient of proportionality (Struhal
number S7), depending on the shape of the
profile.

High-rise solid-wall metal structures most
susceptible to wind resonance are chimneys and
stacks (Fig. 2).

(c) chimney with interceptors

Figure 2. Metal chimneys

When designing this type of structures,
checking for wind resonance is an obligatory
stage of calculation [19, 20]. Contrary to
popular belief, the presence of cage (Fig. 2, a)
has no effect on wind resonance and comes
from technical necessity. Interceptors (Fig. 2, c)
help to reduce the value of vortex formation, but
cannot prevent resonance. A special difficulty is
represented by chimneys arranged in a row (Fig.
2, b) (this case of aerodynamic instability will
be considered below). Pillars with height of 20-
50 m (Fig. 3) are used for placement of antenna
equipment along with towers and masts [14],

Volume 19, Issue 2, 2023

[15] when there is no necessity of antenna
arrangement at high height (for comparison,
standard height of lattice towers is 20-100 m).
Despite of small height there is also a danger of
occurrence of wind resonance for them.
Consider also other types of aerodynamic
instability.

Galloping is the self-excited oscillations of
flexible structures in the direction across the
wind flow. The basis of the galloping process is
the following phenomenon: the transverse
motion of the body leads to the fact that the
resultant relative velocity of the flow on the
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body is oriented at an angle to the original
position of the flow vector, i.e. the effect of
changing the angle of attack and there is a
negative aerodynamic damping. As soon as it
becomes larger than the normal damping (and
this circumstance is indicated by Scruton
number Sc). The process becomes unstable and
galloping oscillations occur [4].

Figure 4. Ice on wires

) K& @z
& 8 L S
f oD e e

RS coo0000
R o cao.

Figure 5. Possible forms of ice deposits on

Fi . T ] ]
igure 3. The pole with a height of 35 m wires

Galloping does not occur in the elements of

circular cross section, since the angle of attack
does not affect the aerodynamic coefficient, and
is inherent in the sections of L-, I-, U-, T-shaped
profile. However, this term is very often applied
to wires with circular cross-section: galloping or
"dancing" of wires. It is explained as follows:
during the cold season, icing of wires (Fig.4),
ice changes the shape of the cross-section
(Fig.5), and at a certain initial wind speed the
oscillations of galloping occur. The amplitudes
increase rapidly with increasing wind speed and
reach tens of cross-sectional body sizes. A o

similar effect of ice can have on mast structures
of great height (Fig.6).

Figure 6. Calculation scheme of a mast
structure in SCAD Software
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Flutter is an instability that can occur for
flexible plate or box structures. A change in the
angle of attack in this case causes the profile to
twist (disruptive flutter) or to twist together with
a displacement across the flow (classical
flexural-torsional flutter). A widely known case
of flexural-torsional flutter resulted in the
collapse of the Tacoma Bridge on November 7,
1940 (Figure 7) [16].

An example of high-rise structures capable of
experiencing flutter are billboards and road
signs (Fig.6).

Figure 7. Collapse of the Tacoma Bridge

Figure 8. Billboards. Calculation scheme in
SCAD Software.

Flexible structures or structural elements, such
as trunks or cables, may be arranged in a row or
group, may or may not stand in pairs. This leads

Volume 19, Issue 2, 2023

to the excitation of self-oscillations in the
aerodynamic trace. Depending on the a/b ratio
(Figure 9), vortex resonance or interferential
galloping can occur. Interferential galloping can
be excited if two or more cylinders are close to
each other without coupling [16].

B 3

a)

—"—
O—O

b
a) b) c)
Figure 9. Arrangement of cylinders in a row or
as a group

Flexible structures or structural elements, such
as trunks or cables, may be arranged in rows or
groups, may or may not stand in pairs

In addition to structures for industrial purposes,
special attention in terms of the occurrence of
vibrations such as wind resonance should be

paid to monuments. Thus, during the
construction and operation of several famous
domestic monuments accidents occurred

because of wind resonance.

The highest and most technically complex in
Russia, the Victory Monument is located in the
Victory Park in Moscow (Fig. 10). It has a
height of 141.8 m and was designed and erected
in the shortest possible time for the 50th
anniversary of the Victory in the Great Patriotic
War [18-21].

Under the direction of the chief engineer of the
project, B.V. Ostroumov, the Melnikov Central
Research Institute of Construction Materials
developed a project of lattice frame in the form
of a triangular prismatic tower, on which the
half-tower and then decorative bronze panels
was mounted. A similar lattice frame is located
inside the statue of the goddess Nika.

The frame of the Monument is high and lined
with solid panels, which automatically creates
an aerodynamically unstable form, unlike the
tall lattice-type radio and television towers.
Already at the initial stage of the design it
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became clear that such a tall, flexible structure
clad with decorative bronze panels would not
pass the "wind resonance" type of vortex
excitation test, and additional measures would
be required to protect it from this atmospheric
phenomenon.

b) The metal frame of
the Monument in

a) General view of the
Monument on Poklonnaya

Hill SCAD
Figure 10. Victory Monument on Poklonnaya

Hill in Moscow

During the design and installation of the
structure, several ways had to be used to combat
wind resonance. During the installation of the
frame, when the bronze panels covered 2/3 of
the monument's height, a strong wind rose. The
monument was in wind resonance, the
vibrations were visible to the naked eye and did
not fade. Then the simplest and most urgent way
to protect against vortex excitement was used -
the installation of stragglers. At the corners of
unfinished monument were installed steel cables
in the number of three (because the structure in
plan is close to the triangle). One end of the
cable was fixed to the corners of the frame at a
height of 2/3 and the other was fixed to the
quickly erected foundations of reinforced

A.l.Karakozova, V.L. Mondrus

concrete blocks within a radius of 10-15 meters
from the center of the monument. The scheme
of the construction turned from free-console to
mast and until the completion of the monument
allowed to dampen any dangerous fluctuations
in the wind impact.

At the final stage, the dynamic dampers were
installed before the removal of cables, which
violated the architectural design of the author.
Dynamic vibration dampers (DVD) - a device
designed to damp the vibrations of the structure.
It consists of the inertial mass suspended on the
spring and the dampers connected to it. To
preserve the architectural appearance of the
Monument DVD were placed inside the
framework. The main part of the dampers is
located inside the sculptural group "Nica", and
another is placed along the central axis of the
monument at levels above the mark of 90
meters. Dynamic vibration dampers for the
Monument were developed simultaneously with
the basic design, their characteristics were
obtained experimentally by examining the
behavior of the structure model in the wind
tunnel TsAGI.

Vibration dampers are activated not only at the
moments of wind resonance, they also
contribute to the reduction of horizontal
displacement of the structure under the action of
wind load. The efficiency of DVD is provided
by their specific location on the structure, in
most cases not less than 2/3 of the total height.
At a mass of almost 800 tons the total mass of
all DVD is equal to 27.5 tons, which is 3.5% of
the mass of the structure.

RESULTS

At the end of the article, let's structuring all the
mentioned ways to reduce wind resonance of
high-rise flexible structures. If condition (5)
turned out not to be met at the design stage, use
the following ways to increase the damping of
the structure:

1. Structural changes in the shape and size of
the structure at the design stage allow to change
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the components of formulas (2) and (3) and the
period of natural vibrations of the structure.
Such measures are permissible if allowed by the
Technical Design Assignment.

2. Changing the design scheme in principle: use
of guy wire as a transition from the cantilever
scheme to the scheme with intermediate
supports; increasing the throughness of the
structure by adding holes. These measures are
often used on already constructed structures in
case of unforeseen circumstances.

3. Installation of vibration dampers, dynamic or
shock dampers. This measure can act as an
emergency, but usually dampers are designed at
the same time as the construction, when no
structural changes can not help to avoid the
phenomena of wind resonance. The design must
take into account the mass of the dampers, as
well as the design of sites for their placement.
Vibration dampers require regular inspections
and additional adjustments.

CONCLUSIONS

The article analyzes modern studies on the
impact of wind flow on extended flexible metal
structures such as chimneys, poles, billboards,
icy wires, monuments and monuments.
Construction of modern unique structures is
accompanied by modeling in FE software such
as Ansys, Nastran etc., which allows an
engineer to get a complete picture of the flow of
wind around the structure and to analyze the
possible unfavorable factors. However, for
typical structures or already built structures, the

authors recommend wusing the methods
described in the article.
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In

application of new materials interest in non-
classical theories of asymmetric elasticity has

PROBLEM OF PLATE BENDING IN THE MOMENT
ASYMMETRIC THEORY OF ELASTICITY

Nelly N. Rogacheva, Yulia G. Zheglova

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

Abstract. For a number of materials used in modern practice, calculations according to the classical theory of
elasticity give incorrect results. To ensure the reliable operation of structures, there is a need for new theories. At
present, of particular interest for practical applications is the asymmetric moment theory of elasticity. In the
work, by the method of hypotheses, the three-dimensional equations of the moment asymmetric theory of
elasticity are reduced to the equations of the theory of plates. The hypotheses of the theory of plates in the
moment theory of elasticity are formulated on the basis of previously obtained our results of the reduction of
three-dimensional equations to two-dimensional theories by a mathematical method. Just as in the classical
theory of elasticity, the complete problem of the moment theory of plates is divided into two problems - a plane
problem and a problem of plate bending. The equations of the plane problem have been obtained in many papers.
The situation is different with the construction of the theory of plate bending in the moment theory of elasticity.
In this work, for the first time, substantiated hypotheses are formulated and a consistent theory of plate bending
is presented. A numerical calculation of the bending of a rectangular hinged plate is carried out according to the
obtained applied theory. The calculation results are presented in the form of graphs.

Keywords: plate bending, moment asymmetric theory of elasticity

3AJIAYA U3TUBA IIJIACTUHBI B MOMEHTHON
ACUMMETPUYHOM TEOPUU YIIPYTOCTHU

H.H. Pozaueesa, 10.I'. 7Keznoesa

HauuonaneHblil uccienoBaTenbckuii MOCKOBCKUIM TOCYAapCTBEHHBIM CTPOUTENbHBIN YHUBEPCUTET, T'. MOCKBa,
POCCHUA

AnHoranus. {14 psna MaTepuanoB, HCIOIb3YyEMbIX B COBPEMEHHOM MPAKTHKE, PACUEThI MO KIACCUUECKOH TEOpHU
YIIPYTOCTH JAlOT HEBEpHbIC pe3yibTaThl. [l obecrieyeHns HaAeKHON pabOTHl KOHCTPYKIMI HEOOXOANMBI HOBBIC
Teopun. B Hacrosiiee Bpemsi 0COObIH MHTEpec Ui NPaKTHYECKUX HPHIOKEHUH MPEACTaBiIsIeT aCUMMETPUYHAs
MOMEHTHasI TeOpHsl yIpyrocTu. B paboTe METO0M THIIOTE3 TPEeXMEpHBIC YPaBHEHUSI MOMEHTHOH HECHMMETPHIHOM
TEOPHH YIPYTOCTH CBEICHBI K YPaBHEHUSM TEOPUH IUIACTHH. [ WMIOTE3bI TEOpHM IUTACTUH MOMEHTHOH TeopHn
YIIpYyrocTH chopMyIMpOBaHbI HA OCHOBE paHee MOTyYEeHHBIX HAMH PE3yJIbTaTOB CBEICHHS MAaTEMaTHYECKHM METOJIOM
TPEXMEPHBIX YpaBHEHUI K IByMEPHBIM TeoprsiM. Kak M B KIaCCHYECKOI TEOPUH YIIPYTOCTH, MOJIHAS 3a/1a4a TEOPHU
MOMEHTOB IUIACTUH JIEJIUTCS HA JIBE 3a[a4d — IUIOCKYIO 33/1ady U 3a7ady 00 M3ru0e IUIacTUH. YPaBHEHHUS! IIOCKOH
3a/1a41 TIOTy4YeHbl BO MHOTUX pabotax . MHaue 0OCTOMT JIeNo ¢ TIOCTPOSHUEM TEOPUH M3rHOa IUIACTHH B MOMEHTHOM
TeOpuH ympyroctd. B naHHOHM paborte BHepBble cHOPMYITMPOBAHBI OOOCHOBAaHHBIC THIIOTE3bI M TIPE/ICTABIICHA
HETPOTUBOpEUMBas Teopust M3ruda rmiacTuH. 1o mosrydeHHOl MPUKIaIHON TEOPHH MPOBE/ICH YMCIICHHBIA pacyeT Ha
W3THO TPSIMOYTOIBHON OTKHTHOW IIACTHHBL. Pe3ysbTaThl pacyera npecTaBIeHbI B BUIE IPAHKOB.

Kirouesble ciioBa: u3rud IJ1IaCTUH, MOMCHTHAas aCCUMETPpUIHAA TCOPHUA YIIPYTOCTH

INTRODUCTION recently grown [1-13]. Experiments confirm that
for a number of materials, for example,
connection with the appearance and polymers, porous materials, the moment

asymmetric theory of elasticity should be used
[6, 8] . Many papers focus on plates and shells
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is often constructed by means of hypotheses [1,
2, 3. 10, 12, 13]. As a rule, the well known
Kirchhoff’s hypotheses are used for the sought-
for quantities of symmetric elasticity and new
hypotheses are adopted for quantities which do
not exist in the symmetric theory of elasticity,
such as the components of moment stress tensor
and an independent rotation vector. The use of a
false hypotheses leads to considerable errors.
The methods to reduce 3D equations to 2D type
will be further called reduction methods.
Another reduction method is the asymptotic
method. This method allows to qualitatively
investigate the behavior stress-strain state, passing
from 3D to 2D problem without applying any
hypotheses, next to estimate the errors of the
resulting theories. The asymptotic reduction
method was tested for many problems [14, 15].
We reduced the 3D problem of asymmetric
elasticity to the plate theory by the asymptotic
method in [9]. Two iterative processes are used in
order to pass from a 3D problem to a 2D problem.
The first iterative process allows to construct the

internal  stress-strain  state  which can be
approximately described by the plate theory in
asymmetric elasticity. The second iterative

process is used to create a quickly decreasing
stress-strain state; 1.e. the boundary layer localized
near the edge. The boundary layer and the internal
stress-strain state interact at the edge provided 3D
boundary  conditions are satisfied. The
investigation of this interaction gives the boundary
conditions for the plate theory and boundary layer.
Note that the linear problem of asymmetric
elasticity has the only solution and the unique
asymptotics. It is very important to choose a
correct asymptotics. Incorrect asymptotics leads
to a wrong theory.

2. BASIC EQUATIONS
We write a complete system of equations for

asymmetric theory of elasticity in a tensor form [1].
The equilibrium equations:

O-nm,n = 0’ lunm,n+ 3mnk O-nk = 0, (1)

Nelly N. Rogacheva, Yulia G. Zheglova

The constitutive relations:

O-nm = (ﬂ + a)enm + (lu - a)emn + /’Lekké‘nm’ (2)
/’lnm = (7/+ g)znm + (7_5)Zmn + ﬂZkkgnm' ’

The geometrical relations:

e :um,n_aknm a)k’

nm

an = a)m,n . (3)

Here o,,, u,, are the components of the

force and moment stress tensors, e are the

nm
components of the asymmetric strain tensor, %,

are the components of the asymmetric
bending-torsion tensor, A,u,a,pf,y,& are the
constants of the material of asymmetric elasticity,
u are the components of the displacement

n

vector, @, are the components of the rotation vector

at the point of the body, 3,,, is the Levi-Civita
symbol. The subscripts », m after a comma denote
differentiation with respect to the coordinates x,

and x

m

respectively. Here and henceforth, the

subscripts 7, m, k take the values 1, 2, 3 and the
subscripts 4, j ((i # j)take the values 1, 2.

A thin plate is located in Cartesian coordinates.
The plane x, x, coincides with the middle plane

of the plate and the x, axis is orthogonal

to the middle plane.
The boundary conditions on the plate faces

X, = *h are written as

s o ot —mE (4
O3 =q;, O3 =q5, My =m; , ly; =m;,(4)

whereq;, m; are the components of the given
external forces and moments.
On the edge of the plate

boundary conditions are given. For example,
they can be written at the free edge as follows:

X; =const six

0,=0,0,=0,0,;=0,

)
H; =0, M= 0, 443 =0,
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and at the rigidly fixed edge they can be written
at the free edge as follows:

u, =0, uj=0, u, =0,

(6)

0,=0,0,=0, v, =0.

3. CONSTRUCTING THE EQUATIONS OF
THE PLATE THEORY

Here we will use the hypotheses method since
the asymptotical method is complex and
requires special knowledge. The hypotheses
way is very simple and clear.

The plate theory in asymmetric elasticity was
constructed by asymptotical method in [9].
Using the results of the mathematical reduction
3D asymmetric elasticity theory to 2D plate
theory we can formulate the correct hypotheses.
In the considered asymmetric elasticity, the
equations of state include six physical constants
v,B,&, U, A, . We assume that the quantities

,uRz, AR?, aRZ,Q/,ﬂ,g are of the same order,

where value R is the characteristic size of the
plate.

Just as in the classical theory of elasticity, in the
moment asymmetric theory of elasticity, the
complete system of plate equations is divided
into two independent systems for a plane
problem and plate bending.

We divide all the required values of the theory
of plates into two groups (7) and (8)

Ui, Wy, €55 €5 Xizs X3i5 Ojs Ojis Oz Hiss w5, (7)

In the plane problem, the required quantities (7)
are even functions of the x; coordinate, and the

quantities (8) are odd functions of the
coordinate x;. In the bending problem, the

opposite is true: quantities (7) are odd functions
of the x;coordinate, and quantities (8) are even

functions of the coordinate x;.

Volume 19, Issue 2, 2023

Let us formulate hypotheses for constructing the
equations of the plane problem for the
asymmetric theory of elasticity

The first hypothesis.

The tangential displacement #; does not depend

on the x;-coordinate (it is
thickness)

constant along the

ui ‘x3=0 - vi

The second hypothesis.
The angle of rotation @; does not depend on x;

(03 x3=0 = l//3

The third hypothesis.
The components of moment stresses £4,3 do not

depend on x,.

From the equilibrium equation (1) it can be seen
that if generalized displacements u;, @;, do not

depend on X;, then from formulas (3) it is

obvious that deformations ¢; ,

€, X3 »alsodo

not depend on X5 .

Let us apply these hypotheses to the 3D
equation of asymmetric elasticity, just as it is
done when constructing the theory of Kirchhoff
plate. Then we will move on to the forces and
moments accepted in the theory of plate
according to the following formulas:

+h +h
T, = Io-iidx39 7; = _[Gydxsﬂ

- N , 9)
M, = J.,ulgde, i#j=1,2.

—h

As a result of simple transformations, we obtain
the following equations of a plane problem in
the asymmetric theory of elasticity

The equilibrium equations
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0T,
%+ —L+ X, =0,
ox, Ox,

M M
Q+Q+T]2 -T,,+M =0,
ox, 0ox,

(10)

+ - + -
X,=q;, +q;,, M=m; +m;.

The constitutive relations

7;=4h,u(y+/1)8+ 2hyt &+ h
2u+A 2u+A T 2u+ A

T, =2h(u+a)e, +(u—a)e,],
_ 8hye +h(7/_8)(m,+—m,-_)-

i3 }/—l—[;‘ i3 (7/+€)

(95 —45),
(1)

The geometrical relations

ov, ov, , oy
E. =—l, E.. = — 4+ —l ! , Oy = 3
i 8x. i 8x. ( ) W3 ¢1 8x.

1 1 1

(12)

where

D3 = Xis w00 V3 = W3

x3=0 "

Equations (10)-(12) have been obtained in many
papers [1, 2, 3. 10, 12, 13]. This is explained by
the fact that in this case the hypotheses very
similar to those of Kirchhoff are used for the
construction classical plane plate theory. There
is a difference only in relations for the forces

T, and the moments M ;. In these relations we
have small additional terms taking into account
the external load components (¢, —¢;) and
(m; —m;).
Let us formulate hypotheses for constructing
equations for the problem of plate bending.
The first hypotheses.
The components of generalized displacements
U;, o, do not depend on the coordinate x,, i.e.
they are constant across the plate thickness

Uy (13)

:W7 a)ix3:0:y/i

x3=0
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The second hypothesis.
The components of the stress tensor o, are

much larger than the stress o, .

By virtue of hypothesis 2, in the second relation
(14), the quantity o, can be neglected

o,=(u+ta)e,+(u—-ae,,

(14)
oy =(u+a)e, +(u—ae;.

Resolving after discardingo,, equation (14)
with respect to the deformation componentse,,,

G;;

1

we obtain the following formulas:

_ (-
Y (uta)

_ dua
€3> i3

el 19

By virtue of the first hypothesis, the quantities
u; and @, do not depend on the variable x,, so

it follows from relations (15), that e,;, e,and

0;; do not depend on the variable x,.

Let us introduce the notation adopted in the
theory of plates

+h +h
Ny = J.stdxaa N, = J.G_’)idx?:’
Zn n

+h +h
G, = | oxdx,, G, = |0, xdx,,
£ e £’33 (16)

M, ZTIﬂiide M, =+J.hﬂydx3>
h

—-h

l¢J=1’27 W:V3|X;=0’ l//i =a)i

x3=0 :

Continuing such simplifications in the equations
of the 3D asymmetric theory of elasticity, we
obtain the following 2D equations of the
bending problem in the notation of the theory of
plates:

The equilibrium equations
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ON,; N ON,; L 7Z=0,
ox,  Ox,

oM, .
a1\411 +—]l+Mi +(—1)1N-3 :07 (17)
8x,. axj '

9G, | 9G;

1

Ny +Y, =0,
ox,  Ox.

! J

where Z, M., Y. are the surface load

Z=h(gs +q5), M, =(m/ +m;),
Y. =h(q; —q;).

The constitutive relations

_ 8hua
(u+a)
4y(y + P) 2yp
g |
2y+p 2y+p
Mg/ :2h[(7+5)¢y +(7/_8)¢_/i]a
3
H:2h 4,u(,u+/1)Kﬁ+ 2ul o |+
3 2u+ u+ A’
AW

+ —(q; +q5),
) 3(% q;)

2h°
Gy =5 vy + (u—apr)

i3 i3

M, = 2h[

(18)

The geometrical relations

ow ; oy,
€3 :E'F(—l)jl//j, @, :go (01] = o

1 1 1

2
HT Q) ox,

(u-a) Ow 1)
(u+a) ox0x,

B_[ow v, |
2y+p ox,  Ox,

i

—(=1)
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For this system of differential equations of the
sixth order, it is necessary to specify three
boundary conditions at each edge. For example,
the conditions at the free edge and the rigidly

fixed edge x,=const have the form
respectively components

1

N;=0, M,=0, M, =0,
w=0, a—w+(—1)fy/j =0, y,=0.
ox,
3. NUMERICAL EXAMPLE
Let us perform the calculation of the stress-

strain state of the bend of a rectangular hinge-
operated plate along all edges of the plate.

JITMHBL  CTOPOH  TUIACTHHBI  PaBHBI 3
(-1, <x,<1).
We introduce dimensionless coordinates

X = lié‘ (20)

Let us write down all the required quantities in
the dimensionless form

w
We=— Vu =V
ll
+a +a
i3*=Ni3,u—’ 3 = 3ilu—’
8hua 8hua
M; p+a My p+a
ii* ZI_W’ i* =— > (21)
. 8hua [, 8hua
_Gipra o G pra
T Shua® 71 Shua®
Ee =&y K =LK, Kijx = llKij’

P =, Gy = ll(pij'

We write out a complete system of equations
with respect to dimensionless desired quantities.
The equilibrium equations
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Z.=0,
861 12 862
oM,. [ OM,,.
B L2 4 M, + N, =0,
851 lz 652
l_l%Jr%Jer*—Nm:O, (22)
L, 0, 0
oG, 1, 0G,.
LRI W) -N;. +Y. =0,
851 lz 852
l * *
_16G22 +ﬂ_N32*+Y2*=O’
l2 852 a§1
Z*:l_l/’l+a i*:,u+a . Yi*:ﬂ+aYi.
h 8ua 8hua 8hua

The constitutive relations

Ni3* =&y My =A@+ A2¢j*
Mij* = A12¢;j* + A2]¢ji* (23)

G =K + CoK s + cZ,, Gyo = ClpKyps +Cy K -

The geometrical relations

. _8w*+ oy, Oy
S T A T
(1—a) 0w, . 2a
Ko =— )= (24
"= ) 02 ( )(ﬂm)% (24)
2
K-ij*:_l_l(/u_a) 0 Wi +(_1)i 200 q)i*_
L, (u+a) oo, (ut+a)

;B
—(—=1 L to.).
( )2y+ﬁ((’” o)

In formulas (23), the following designations are
introduced:

Alsz(!Hra)?/(?“Fﬂ),
> wma 2y+p
_ L (ura) 9P
? I, 2ua 2y+pB’
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-1 (ﬂm)(ﬂe)

12 =

[ 4ua
1 +a
21 :_M( -&),
L1, 4ua
LR e ) W (ura))
o3k aQu+ ) 612 aQu+ 1)’
h* (u+a) n (u’—a’)
=T 7 T oaT >
127 pa 127 ua
R (uta)d

U312 paQu+ )

The solution of the problem that satisfies the
boundary conditions will be sought in the
following form

S =i, c08k & cosk &,
Sfoe = form COSk & sink, &,
Sy = L5, SNk & cosk &,
S = fa,sink & sink, &,,

(25)

V4 V4

where £k, =—2n-1),k, =—2m-1).
) ( )k, . ( )

In formulas (25), f,. means the quantities w.,

Bpes K G, My, Zo [
quantities ¥ ,., &y, Noge » Nypsy Youy My [

means the

means the quantities ¥,., &3¢, N3 5 Ny Vs

M,.; f,. means the quantities ¢, M., G,..
The solution of the problem for the required
quantities was reduced to solving the system of
linear algebraic equations. Below are the results
of the calculation in the form of graphs of the
desired values as functions of the dimensionless

coordinates &, &, the middle plane of the plate.
During example, we took
a=1,6-100N/m2, 1 =2-10° N/m%, 2=3-10° N/m?,
p=12 KN, r=¢=3 kN.

the numerical
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a) M+, (n=1, m=2) b) M2+, (n=1, m=2)

Figure 1. The moments M1+ fig. 1(a) and M2+ fig. 1(b) is a function of the coordinates xi, x2.

a) Nl3*, (}7:1, m=2) b) N31*7 (7’121, m:2)

Figure 2. Graphs of Nis+ fig. 2(a) and N3+ fig. 2(b) is a function of the coordinates xi, x2.
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a) G+, (n=1, m=2)

b) G2+, (n=1, m=2)

Figure 3. Graphs of Gii+fig. 3(a) and G2+ fig. 3(b) is a function of the coordinates x1, x.

a) W (nzla m:2)

c) w+, (n=1, m=2)

Figure 4. The dependence generalized displacement vy ., y,., w= on the variables x1, x:.

The obtained dependences of the dimensionless
desired quantities on the coordinates of the
middle plane of the plate make it possible to
understand the behavior of the stress-strain
state. We especially note that for forces and
moments, the symmetry conditions known in
the classical theory of elasticity are not satisfied,

the transverse forces N,;. are significantly

1

greater than the forces N .

4. CONCLUSIONS

It is known that the classical theory of elasticity
is unsuitable for describing the behavior of
structures made of a number of materials widely
used in practice. As the results of experiments
show (for example, [ 6, 8]), in these cases one
should use the moment asymmetric theory of
elasticity. Thin-walled structures according to
the three-dimensional asymmetric theory of
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elasticity are almost impossible to calculate in
view of the complexity of the problem.

For the construction of applied theories of
plates, as in the classical theory of elasticity, a
three-dimensional problem is reduced to a two-
dimensional problem. As a rule, the reduction is
performed by the method of hypotheses, using
some simplifying assumptions. Hypotheses are
accepted by analogy with Kirchhoff's
hypotheses. The choice of hypotheses for a
complex problem based on known hypotheses
for a simple problem often leads to incorrect
hypotheses for the desired quantities that are
present in a complex problem and are absent in

a simple problem. For example, when
constructing the theory of thin-walled
electroelastic elements by the hypothesis

method for entire classes of problems, incorrect
hypotheses were adopted for the desired
electrical quantities. The reason is that there are
no electrical quantities in the theory of elasticity
and there are no analogues for the
corresponding  hypotheses. = Mathematically
grounded theories of electroelastic thin-walled
elements were first constructed without using
hypotheses by the asymptotic method of
reducing 3D problems of the theory of
electroelasticity to 2D problems [15]. The same
situation has developed in the moment
asymmetric theory of elasticity: the correct
equations of the plane problem of the moment
theory of elasticity were obtained by the method
of hypotheses by many authors in view of the
simplicity of the problem. In the problem of
plate bending, the correct theory was obtained
only by mathematical method [9]. Here, this
theory of plate bending in the asymmetric
theory of elasticity is presented by the method
of hypotheses for simplicity.
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NUMERICAL STUDY OF ICE AND CHANNEL PROCESSES ON
THE BRIDGE SUPPORTS ACROSS THE KUIBYSHEYV RESER-
VOIR (KAZAN)
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Abstract: Numerical hydrodynamic modeling of water movement at discharges of 1% and 10% supply is con-
sidered in order to study the effect of ice effects and bottom deformations on the bridge supports across the res-
ervoir of the Kuibyshev hydroelectric complex, and to predict the general erosion of the channel. The calcula-
tions use two-dimensional shallow water and sediment transport equations implemented in the STREAM 2D

CUDA software package.

Keywords: numerical modeling, shallow water equations, bridge crossing, general erosion, ice effects

YNCJIEHHOE MOJEJINPOBAHUE JJE®@OPMALIMM JTHA U
JEIOBBIX ABJTEHUH HA OIIOPBI CTPOAILEIOCS MOCTA
YEPE3 KYUBBIIEBCKOE BOAOXPAHUJINLIE V¥ I'. KASAHU

B.B. benukos ', HM. Bopucosa ', A.B. I'nomko %, J/I.B. Koznoe ?

! UrcruryT Bomubix npobnem PAH (MBIT PAH), r. Mocksa, POCCHU S
2 HanpoHambHBIA HCCIeoBaTENbCKI MOCKOBCKHUI rOCYIaPCTBEHHBIN CTPOUTENBHBIN yHUBEPCHTET, T. Mocksa, POCCUS

AnHoTanusi: PaccMmarpuBaercs UHCICHHOE THAPOJMHAMHUYECKOE MOJETUPOBAHUE JBMOKEHUS BOJIBI MPH
pacxomax 1%-Hoit u 10%-Hol 00ECIECUeHHOCTH C NENBhI0 MCCICIOBAHUS BIHSHHUS JICMOBBIX BO3ICHCTBUH U
nedopMmanii JHa Ha Omopel Mocta 4depe3 KyHObIIeBckoe BOJOXpaHWIHIIE, NPOTHO3UPOBAHUE OOIIUX
pa3MBIBOB pycia. B pacderax NMpHUMEHSIOTCS ABYMEPHBIC YPaBHCHHS MEJKOH BOJIBI M TPAHCIOPTa HAHOCOB,
peanmzoBanHble B iporpamMmHoM Komiuiekce STREAM 2DCUDA.

KiroueBble ¢j10Ba: YMCICHHOE MOICITUPOBAHHUE, YPABHEHUS MEJIKOH BOJIBI, MOCTOBOW TIEPEXO0/1, OOIIHI pa3MEbIB,
JIEJIOBbIE BO3JICHCTBUS

INTRODUCTION

The projected bridge across the Kuibyshev res-
ervoir is a part of the Moscow-Nizhny Novgo-
rod-Kazan highway and is located in the Repub-
lic of Tatarstan, 17 km to the south from Kazan.
Complex natural and anthropogenic processes
take place at this site, which require a compre-
hensive study, including engineering surveys
and scientific research.

The main objective of the numerical simulation
is to calculate the possible complex impact on
the bridge during construction and operation

Volume 19, Issue 2, 2023

under various hydrological conditions. Among
natural factors, special attention was paid to hy-
draulic flow characteristics in spring period
considering ice phenomena, reservoir bottom
deformations at maximum water discharges,
which can be observed during the bridge con-
struction and operation period. The technogenic
impact on the studied area from the temporary
bridge, as well as from the permanently operat-
ing quarry was also assessed.

Large-scale cartographic materials [1, 2] and
engineering-hydrographic plan were used to
build a digital relief model (Figure 1, a). The
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data were reduced to a unified system of coor-
dinates and heights. At the next stage a continu-
ous surface was built by the Delaunay triangula-
tion method, edited by semi-automatic method.
The resulting digital relief model (hereinafter
DRM) (Figure 1, b) was used as the initial relief
data for the numerical hydrodynamic model.
The data on the hydrological regime in the con-
struction area were obtained from observations
at the nearest hydrological stations in Uslon set-
tlement. Verkhniy Uslon (upstream of the pro-

jected bridge) and the village of Kirelskoye
(downstream of the projected bridge, below the
confluence of the Volga and Kama rivers). In
accordance with them, water discharges (1%
and 10% probability) and levels typical for the
flood period were selected for modeling. During
the winter period of 2021 observations of ice
conditions in the construction area were per-
formed and based on their results ice parameters
were specified in the model.

Figure 1. The stages of building a digital relief model: a - data source; b - final result (black line -
bridge span).

To calculate the deformations of the reservoir bot-
tom, the results of engineering-geological surveys
were used [1, 2]. Forty-four wells were analyzed
in the channel part of the bridge crossing. In the
span of the bridge there are predominantly sandy
sediments, which in the upper part are covered
with loam and silt. The cohesive soils had a small
thickness in the section and are mostly withdrawn

82

in the process of construction, losing their re-
sistance to scouring. Therefore, they were not
considered in the calculations. Among sandy sed-
iments, medium and fine sands occupy the largest
volume. Since the fine and medium sands are un-
evenly distributed along the depth and alternate
with each other, the mathematical modeling as-
sumed that the deformable soil consists of two
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fractions of different sizes at a 50%:50% ratio.
Cumulative curves were drawn for these sedi-
ments based on their grain size distribution, from
which d50 and d90 values were derived to calcu-
late deformation.

Fraction 1 (fine) dso=0.13 mm, dgo= 0.28 mm.
Fraction 2(medium) dso=0.25 mm, d9o=0.55 mm.
On the top border of limestone deposits the non-
degradable surface has been appointed.

In the process of modeling, it was also necessary
to consider man-made factors arising during the
construction and operation of the structure. Dur-
ing the construction period the working (tempo-
rary) bridge will be operated. It consists of spans
of 110 x 21.4 m on one-row and two-row pile
piers of 1.02 m diameter pipes with the ice-
breakers device. The permanent bridge crosses
the active quarry with a length of almost 6km
and a width of 80 to 540 m. Extraction of soil is
expected on a constant basis for a long time un-
der low-water conditions. The minimum level of
the quarry bottom was assumed to be 26 m.

CALCULATION OF POSSIBLE
COMPLEX IMPACT DURING SPRING
ICE DRIFT ON TEMPORARY
STRUCTURES (WORKING BRIDGE)

The objective of this part of the study is to as-
sess the ice impact on temporary structures
(temporary bridge) during the construction peri-
od (without the supports of the main bridge).
The work was conducted in two stages. On the
first stage there was an ice flood modeling to
determine the dependence of discharge, levels,
speed and gradients in the investigated area. At
the second stage ice load on the temporary
bridge piers was calculated using the results of
previous calculations as initial data.

Simulation of river flow to assess water flow
velocities and water surface gradients, includ-
ing ice jam conditions

For numerical modeling in the computational
domain, a hybrid mesh of triangular quadrangu-
lar structure (variant 1), with the number of cells
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about 63 thousand, was constructed. As bounda-
ry conditions on the inlet boundary (in the upper
part of the computational domain) the water dis-
charge in the river with 10% probability was set
equal to 30 000 m3/s. On the outlet boundary
(in the lower part) the water level was set. Be-
cause of ambiguity of the level modes (among
other reasons because of distribution of the head
from the downstream hydraulic facility) the cal-
culation was made for two variants of the water
level marks on the outlet boundary, which were
53.0 m and 54.0 m.

The roughness coefficient of the river bottom in
Manning's formula was accepted to be 0.025,
the additional roughness coefficient of the bot-
tom surface of fixed solid ice in the ice jam was
also taken to be 0.025, i.e., the total reduced
roughness coefficient in the ice jam section was
taken to be 0.05.

It was assumed that a temporary bridge as a dis-
turbance in the channel would provoke ice jam
upstream. Therefore, ice cover was modeled in
the upstream part of the bridge structure, and the
water surface downstream was set as ice-free.
The ice thickness was assumed to be 10% prob-
ability and equal to 0.73 m according to the de-
sign data. The close average value was obtained
from the data of full-scale measurements in the
beginning of March, 2021.

Numerical studies were performed using the
widely tested [3-9] Russian software package
for hydrodynamic modeling STREAM 2D
CUDA developed at the NPP "Aquarius Ana-
lytic" Ltd. [10]. High-precision original algo-
rithms [11-15] used in the calculations allow
accounting for the complex orography of the
underlying surface [16-18], sediment transport
and bottom deformations, taking into account
soil heterogeneity and self-bedding phenome-
na [19-20], as well as the presence of ice phe-
nomena.

Comparative calculations showed that water
gradients above the bridge increase more than
doubled from 3 cm/km to 6.7 cm/km in the
presence of ice jam (Figure 2). Other parameters
showed insignificant changes.
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The calculation variant with the boundary con-
dition at the outlet of 54 m showed the closest
value with the in-situ measurements at the given

—— Z (outlet 53 m, no ice)

= = = Z water and ice (outlet 53 m, with ice)
—— Z (outlet 54 m, with ice)

- --- Bridge

54.7
546 [ [~
545
544
543
542
54.1

54
53.9
538
53.7
53.6
535
534
533
532
53.1

53
529
52.8
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526

level, m

roughness coefficients, which was accepted for
the further modeling.

Z (outlet 53 m. with ice)
Z (outlet 54 m, no ice)

— — = Z of water and ice (outlet 54 m, with ice)

6 7 8 9 10 11

Longitudinal Distance, km

Figure 2.Longitudinal profiles of calculated water levels at Q=30000 m’/s.

Determination of ice forces on temporary
technological structures (working bridge)
Based on the simulation results, the following
values of the determining parameters and design
features were adopted for the design conditions
of the construction period during the ice drift to
estimate the ice load on temporary structures:

- ice thickness is 0.73 m (10% probability, close
to actual measured values for the 2021 flood);

- the depth average speed of stream flow in the
deep-water part (in the area of the main fairway)

for the conditions of 10% of the flood with the
discharge of 30 000 m?/s is 2 m/s (almost the
same under ice, and without ice, as the results of
modeling show);

- the depth-averaged flow velocity in the main
shallow left bank water area is 1 m/s (practically
the same under ice and without ice, as the simu-
lation results show);

- for simplicity of calculations, the flow depth in
the deep-water part under the right bank is as-
sumed to be 20 m (will not actually be used in
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the calculations), and in the shallow-water part
itis 5 m;

- slope of water surface in the jam above the
bridge is equal to 6.7 cm/km (I=0.000067);

- The temporary bridge is supposed to be built
on the supports of relatively small diameter (1
m) with distance between supports 20 m, there-
fore it does not create essential additional re-
sistance to water flow, however it is an obstacle
for moving ice.

Two scenarios were considered to solve the set
problems. According to the first scenario we
considered the case of unfavorable natural con-
ditions that could lead to a significant jam, i.e.,
provoke ultimate loads from ice pressure on the
working bridge supports. The second scenario is
based on the forecast of the spring flood of
2021, in which an insignificant ice jam is
formed above the working bridge, and the main
danger arises during the ice drift from the im-
pact of floating ice floes.

According to scenario 1, based on calculations
with ice (performed on the model with mesh
variant 1), it can be assumed that an opening of
700 meters in width will let ice floes and ice
fields through freely (current velocities reach 2
m/s in the deep-water part of the fairway bot-
tom), but a jam of several kilometers in length
and up to 2 km in width can arise on the left
bank part above the temporary bridge.

The bridge supports (ice-cutters) will be im-
pacted by the ice field approximately uniformly
along the whole length of the temporary bridge,
because the current velocity on the whole shal-
low-water part is equal to 1 m/s on average
when the structure flow is passing through. The
pressure force application point on the icebreak-
er will be at the middle of the ice field thick-
ness, i.e., approximately 0.3 m below water lev-
el, or approximately at the mark of 54.0 m.

The total pressure of the ice field on one pier of
the bridge (i.e., 20 linear meters) is composed of
two components: the rolling force (projection of
gravity force acting on the ice), equal to (in
Newton)

Fl = plng[BL=864)CL H
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and the friction force of the lower part of the ice
against the water surface, that, assuming the
above assumptions about the equality of the
roughness coefficients of the channel bottom
and the lower surface of the ice, is equal to half
of the total friction resistance of the flow

F, = 0.5p,,gH,,IBL=32.7xL n.

Thus, the resulting ice pressure on the support
(ice cutter) of the temporary bridge is equal:

F=413L.

Assuming that the length of the jam is 10 km
(according to expert opinion, may be less, or
maybe more), we get F=413,000 N, or about 40
Tf.

In the calculations of the "ice cutter-piles" sys-
tem performed by the designers, the ice load is
assumed to be equal to F ice = 29.6 Tf. Ice cut-
ters will cut through the ice with a greater load,
which will happen when the jam length is close
to 7.5 km. When ice is weakened by tempera-
ture effects and its thickness decreases, ice
breakup on the ice cutters can also start at short-
er ice jam lengths.

However, if ice-cutting speed increases rapidly
(such situations are possible), ice breaking
speed may be insufficient, and then the actual
loads on the temporary bridge supports may ex-
ceed the calculated ones. This question requires
special research and observations. It should be
reminded that all the above mentioned refers to
the fully constructed temporary bridge.

On this basis, consider that ice jam is formed
only at that width of the channel (in its shallow
part), which is overlapped by the temporary
bridge. Then the load on the outermost supports
from static ice pressure will be about 2 times
less than on the middle supports, but will not be
able to exceed them in any way.

According to scenario 2, the length of ice jams
was expertly estimated as 1 km in the situation
existing at the beginning of April 2021 (with
short sections of the built bridge). Thus, the load
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on the support will not exceed 4 Tf, there will
be no danger of the support collapse.

However, there is a risk of impact load in this
case (especially on the end supports of the
bridge sections, and especially for the section in
the central part). Due to increased flow veloci-
ties there (up to 2 m/s), a large impact load can
arise with large sizes of ice floes.

The impact kinetic energy of a 100x100 m ice
block of 0.73 m thickness at 2 m/sec velocity is
E=mV?/2 =1340 kilotons m, which is compara-
ble to the collapse of a ship of 5000 T displace-
ment on the footing at 2 m/s (tangentially to the
footing).

The energy of a 10x10 m ice floe would be 100
times less, and would be 13.4 kilotonnes.

Modeling of bottom deformations for domestic
conditions (before construction), during bridge
crossing operation, and in the presence of an
open pit

To estimate the effect on the reservoir bottom
deformations in the area of the bridge piers, two
design meshes were prepared by modifying the
design mesh of variant 1: with all bridge piers
highlighted (variant 2), and an identical mesh
for domestic conditions (variant 3), so that the
results of calculations with the bridge and in
domestic conditions can be compared on these
meshes by subtracting values in the cells. The
mesh with cut-out bridge supports consists of
76556 cells, while the one without bridge sup-
ports consists of 76758 cells (Figure 3).
Modeling of currents and bottom deformations
was performed for two constant water flows
Q=30000 m3/s (10% flow rate) and Q=39400
m3/s (1% flow rate) during 1 month (approxi-
mate time of high flood passage).

Based on the conducted calculations it can be
concluded that in the considered section of the
Volga River channel near the projected bridge
crossing in domestic conditions during high
floods the bottom is on average in steady state
of dynamic equilibrium, the balance between
volumes of scour and bottom sediments is ob-
served, there is no systematically expressed
lowering or raising of erosion base.
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Figure 3. Calculation meshes with and without
bridge supports cut out (fragment in the align-
ment of the bridge near the right bank). Dashed

line - the bridge span

Next, the effect of bridge supports on water
flow and bottom deformations was analyzed.
Namely, channel deformations, flow rates and
water levels obtained by calculation in the pres-
ence and absence of the bridge crossing were
compared. For this purpose, the corresponding
results obtained from the model with a bridge
crossing (Variant 3) were subtracted from the
mesh values of the results obtained from the
model for domestic conditions (Variant 2). The
results for the two design water flow rates are
almost indistinguishable. Figure 4 shows the
results for the 10% flow rate.

It should be noted that in the immediate vicinity
of the bridge piers (about 10 m radius from the
piers) the bottom deformations may not fully
correspond to the real values because of the
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failure to consider in the applied mathematical
model the three-dimensional helical flow near
the piers, which leads to additional (local)

scouring (should be considered separately, for
example, by empirical dependencies).
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Figure 4. Difference in channel deformations, flow velocities and water levels in the calculation

with Q=30000 m’/s (10% flow, fragment near the bridge).

The three-dimensional character of the flow has
practically no effect on water surface levels and
average flow velocities in depth, so these flow
characteristics obtained by calculation, as well
as general bottom deformations (scour) between
the bridge piers can be considered quite reliable.
It should also be noted that most of the piers,
especially in deep water, have a small current
slant. In the presence of a bridge, channel de-
formations are characterized by a stronger bot-
tom washout in front of the supports themselves
(by =10 cm) and between them (by ~10-30
cm), which is associated with an increase in
flow velocity in these places (by =~0.1-0.2 m/s),
and a more intensive scour (sedimentation) be-
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hind the bridge supports (by =~ 10-80 cm),
which is associated with a decrease in flow ve-
locity behind them (by ~0.1-0.5 m/s). Above
the section closer to the right bank in front of
the bridge there is an increase of the bottom
washout (by =~ 10 cm), which is associated with
a decrease in flow velocity in this area (by ~0.1
m/s). Water levels in the presence of the bridge
crossing change mainly just in this area. Name-
ly, they increase by about 1-3 c¢m (i.e., the pre-
bridge backwater is practically absent), and also
change locally at each pier. Before the pier they
increase, behind the pier they decrease.

Modeling of the flows and deformations of the
bottom in the presence of the bridge crossing
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and open pit was performed for the same
boundary conditions. Calculation mesh with
bridge supports (variant 3) was used, for which
an additional DRM with the quarry was pre-
pared.

Outside the quarry, the deformations, as in the
previously presented calculation results for do-
mestic conditions and with bridge supports, are
not very intensive and mainly lie in the range
from +1 m to -1 m. In front of the quarry, the
bottom of the river is eroded, and the quarry it-
self is brought in from the upstream side (slight-

ly at an angle, which is caused by the direction
of the stream). The landslide of the slope of the
quarry is observed. The similar picture of de-
formations and for the second flow Q=39400
m3/sec. Flow velocities almost do not change
after erosion, levels also change in the process
of calculation insignificantly, about 2 cm. It is
interesting, that in the pit itself the average
depth velocities of flow are less than in the
fairway, and decrease in the transverse direction
from the right side of the pit to the left.
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Figure 5. Difference in channel deformations, flow velocities and water levels at calculation with
0=30000 m’ /s (10% probability)

To analyze the influence of the quarry in detail,
the corresponding results obtained from the
model with bridge crossing and quarry were
subtracted from the grid values of the results
obtained from the model with bridge crossing
only. Calculation results for the 10% flow rate
are shown in Figure 5.

For both discharges the character of changes is
the same. The difference of channel defor-
mations showed that in the presence of the quar-
ry we observe more intensive bottom erosion
before the quarry (up to 90 cm) and on the ap-
proach to it (up to 10 cm), which is because of
the flow speed increase before the quarry (up to
0.4 m/s) and on the approach to it (by ~0.1 m/s),

and further mostly more intensive washout in
the quarry (up to 1m) and along the channel (up
to 30 cm), which is connected with flow speed
lowering. Water levels in the presence of the
quarry decrease throughout the calculated area,
in the vicinity of the bridge section water levels
in the presence of the quarry are lower by 3 - 5
cm for the flow of 30000 m® /s in comparison
with the model without the quarry, and for the
flow 39400 m® /s - by 1 - 4 cm. Thus, the pres-
ence of the quarry leads to the landing of water
levels in the alignment of the bridge up to 5 cm,
and in the head of the quarry up to 10-12 cm.

Water levels in the crossing section after the
construction of the quarry decrease by several
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centimeters, and to the greatest extent in the
deep-water part and in the territory of the quarry
itself. Current velocities decrease in the section
of the bridge mainly by 0.1-0.3 m/s, but in some
sections even more. Bottom deformations, on
the contrary, are mainly positive, i.e., there is a
kind of "general rewashing" of ground in the
bridge alignment, except for local areas.
However, it should be noted that all these bot-
tom changes will take place within the first tens
of centimeters per one flood of rare recurrence,
and in the vast majority of cases will be mini-
mal, and cannot affect the choice of design solu-
tions in any way. In this regard, an additional
simulation of the situation for the period of 100
years (12 high floods) has been performed.
Deformations of the reservoir bottom, due to the
uncertainty of the hydrological situation forecast
and unpredictability of anthropogenic factors, it
is impossible to forecast with high accuracy
quantitatively, especially for a century period.
However, the main tendencies of bottom defor-
mation in the bridge area, predicted by numeri-
cal modeling, are quite clear and explainable
from the point of view of reservoir bottom de-
formations development in time.

According to the results of calculations with the
bridge without the quarry for the century period,
it was obtained that flow velocities will change
insignificantly, water levels will decrease insig-
nificantly, up to 4-6 cm in the alignment of the
bridge.

During modeling, considering the quarry, it was
found that it influences bottom reshaping, in-

Gl D0l 02 04 046 Ly

cluding changing conditions of connection of
the main (flooded channel of Volga River) and
additional (flooded floodplain channel) fair-
ways, as well as leading to sedimentation under
the right bank in alignment of the bridge on the
value up to 2-3 m. The quarry itself from the
upstream side is subject to silting (sedimenta-
tion), but this process is quite long-term and can
take hundreds of years. The matter is that the
quarry is stretched along the channel (near the
fairway), and its width is only about 10% of the
river width. Therefore, it intercepts only a small
portion of the river's solid flow. The velocity
field is generally flattened while maintaining the
same velocity values. Water levels drop by 8 cm
on average (from 10 to 11 cm in the upper part
to 6 to 7 cm in the lower part), which is largely
due to the impact of the quarry, which has in-
creased the area of the river cross-section.

The scour in the quarry itself can reach 5-7 m,
and the total scour under the bridge in some sec-
tions will not exceed 1.5-2.0 m. It is interesting
that the presence of the quarry reduces the in-
tensity of deformation and scour depth in the
side channel (the second fairway) compared
with the variant without the quarry, which leads
to some reduction in the size of scour at piers
19-22 (Figures 6,7). The quarry as if draws a
part of the water flow to itself, reducing the
share of the flow that enters the side channel.
Current velocities with regard to the quarry will
change within the range of plus 0.2 m/s - minus
0.1 m/s. Water levels in the bridge alignment
will "sit" by 6-8 cm.
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CONCLUSIONS

In accordance with the stated objectives of the
research work for the calculation of the possible
complex impact during the spring ice drift on
the temporary structures built for the construc-
tion of the bridge over the Volga River (ice
loads, support, overflow). As well as modeling
the deformation of the reservoir bottom near the
bridge piers considering possible underwater
sand pit development on the M-12 "Moscow-
Nizhny Novgorod-Kazan highway under con-
struction", the initial data for modeling were
prepared and the scenarios for the modeling
were developed.

The main conclusions are as follows:

1. ice phenomena, which may appear on the in-
vestigated section, do not pose a threat for the
working bridge (which was confirmed in 2021)
and for the designed bridge crossing.

2. the bridge piers have an insignificant influ-
ence on the hydrodynamic parameters and de-
formations of the reservoir bottom in the case of
the high-water level (1% probability), in the
spring period (10% probability) if ice phenome-
na occur, and in the long term (for 100 years).

3. At quarry excavations more intensive
deformations of a reservoir bottom are ob-
served, especially in the long time period. How-
ever, these phenomena are not dangerous for the
bridge piers due to the actual location and con-
figuration of the active quarry.
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Abstract. As a result of active development of Moscow underground space, as well as due to the increased
density of urban development, it is necessary to forecast additional displacements of surrounding buildings from
new construction in order to prevent emergency situations. For this reason, one of the important directions is
mathematical modeling of the additional displacements of the surrounding building after erection. Establishing
the parameters of design boundaries of a geotechnical model is one of the factors that greatly influence the
results of the simulation. This study deals with the assignment of the lower boundary of the scheme when
estimating the impact from tunneling works in a two-dimensional formulation. A review of international
experience in simulating the design scheme depth for various geotechnical problems and its comparison with
Russian experience in modeling schemes has been made. The deformation marks located on the ground surface
in the zone of influence of the Rublevo-Arkhangelskaya and Troitskaya (Kommunarskaya) lines of the Moscow
Metro under construction were selected for the analysis. The authors carried out the selection of the lower
boundary of the scheme by changing it in proportion to the outer diameter of the tunnels in dispersed and rocky
soils. The obtained data were compared with geodetic monitoring one. Calculations were made for three
different soil models such as Mohr-Coulomb, Mohr-Coulomb with increasing deformation modulus of the prism
under the excavation and Hardening soil. In addition, calculations were made for two cases of assignment of the
overburden coefficient - according to normative documentation and available research on the subject. As a result
of this work, more than 600 calculated cases were obtained. Based on these cases, recommendations were
developed for adjusting the scheme depth for the considered soil models.

Keywords: Impact zone, the finite element method, vertical deformations, Mohr-Coulomb, Hardening Soil,
forecast settlements, tunneling, Plaxis 2D

ONPEJEJIEHUE IAPAMETPOB I'PAHUILl PACYETHOM
MOJEJIM ITPU OEHKE BJIMAHUSA HA OKPYKAIOIYIO
3ACTPOUKY OT TOHHEJENPOXOJYECKUX PABOT

A.3. Tep-Mapmupocan !, P.X. Yepkecoe ?, H.0. Hcaeé?, B.B. Pyos,
M.H. Amopyuikeeuu’

! HaupoHanbHbIH HCCe0BaTeNbeKuii MOCKOBCKHI TOCY IapCTBEHHBI CTPOMTENLHBIA YHUBEPCUTET, T. MOCKBa,
POCCUA
2 MucturyT MocumkipoekT, r. Mocksa, POCCUSI

AHHOTamMsA. B pe3ynbraTe aKTUBHOIO OCBOEHHS MOJ3EMHOr0 MPOCTPaHCTBAa ropojga MOCKBBI, a Takxke
BCJICJICTBUE  ITOBBIIICHHOW IUIOTHOCTH 3aCTPOHKM Tropoja HEOOXOAMMO  OCYLIECTBISATH  IMPOTHO3
JONOJIHUTEIbHBIX IIEPEMEIICHUN  OKPY’KAIOLEH 3aCTPOMKUM OT HOBOIO CTPOUTENLCTBA €  LEJbIO
NpeAOTBpallleHus aBapuilHbIX cuTyauuidl. Ilo 3Toi npuyuMHE ONHMM U3 BaXKHBIX HAIIPABICHUH SIBISETCS
MaTEMAaTHYECKOe MOJIENMPOBAHUE IPOTHO3a JONOIHUTENBHBIX IEPEMELICHNI OKPY’KaIOLIed 3aCTPONKH 1oCIie
CTPOUTENBbCTBA. Y CTAHOBIIEHUE I1apaMETPOB pPACUYETHBIX IPAHUL] ICOTEXHUYECKOM MOJENU - OIUH U3
(akTOpOB, B 3HAYUTEIBHON CTENEHHW BIHUAIOIINX HA pE3ylbTaThl pacdeTa. B HTaHHOM WCCIIeIOBaHUHU
paccMaTpHBaeTCsl Ha3HAYEHHE HIDKHEH T'PAaHUIBI CXEMBI NPH OLEHKE BIMAHUSA OT TOHHEIENPOXOIYECKHX
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paboT B OByMepHOH mocTtaHoBke. IIponsBeneH 0030p MEXIYHApOJHOTO ONbITA MOJEIUPOBAHMUS TIIyOWHBI
pacueTHOM CXeMbl JJISi PAa3JIUYHBIX TEOTEXHWYECKHX 3aJad M €ro CpPaBHCHHE C POCCHUHCKHM OIBITOM
MojenupoBanus cxeMm. Jlns ananmsa ObuiM mojnoOpaHbl Ae(OpPMAIMOHHBIC MapKH, paclojlarafoliuecs: Ha
TPYHTOBOH TOBEPXHOCTH B 30HE BIUSHHSA CTPOSIIUXCS TEPETOHHBIX TOHHeNeH PyO6ieBo-ApxaHrenbCKoW U
Tpounxoit (Kommynapckoii) nuHu MOCKOBCKOIO METPOINOJIUTEHA. ABTOPHI OCYIIECTBHWIIM MOAOOP HMXKHEH
TPaHMIBI CXEMBI, ITyTEM €€ W3MEHEHMs IPONOPLUUOHAJIBHO BHEUIHEMY IHAMETPY TOHHENICH B JUCIEPCHBIX H
CKaJIbHBIX TpyHTaxX. [loydeHHbIe pacueTHbIC JTaHHBIE CPABHUBAINCE C JAHHBIMH I'€0/Ie3MUECKOT0 MOHUTOPHHTA.
Pacuerst mpom3BOOWIMCH IS TpeX pasnu4HBIX Momenedt rpyHTta Mohr-Coulomb, Mohr-Coulomb ¢
YBEIWYCHHEM MOXyIs aedopMmamuy TPyHTa MpU3MbI 1mox BelpaboTkoit m Hardening soil. [omomanuTtensHO
pacdersl MPOM3BOAWINCH ISl JIByX CilydaeB HaszHaueHus Kod(p¢uumenra mnepebopa TIpyHTa - COIJIACHO
HOPMAaTHBHOW JIOKYMEHTALMK M HMMEIOLIMMCS UCCIICJJOBAHMSAM I0 JaHHOM Teme. B pesyiprare mpopenaHHOM
paboTel OpuT0 TOMydeHO Oomee 600 pacdYeTHBIX CiIydaeB, Ha OCHOBAHWH KOTOPBIX OBLIH pa3pabOTaHBI
PEKOMEHIAINH TI0 KOPPEKTUPOBAHHIO TITyONHBI CXEMBI TSI PACCMOTPEHHBIX MOJIENICH TPyHTA.

KiroueBbie ciioBa: 30Ha BIMSHHSA, METOJ KOHCUHBIX 3JIEMEHTOB, BEpTHKAIbHBIE Jedopmarim,
Mohr-Coulomb, Hardening Soil; mporuosupyemsie ocaaku, TOHHenupoBanue, Plaxis 2D

INTRODUCTION

The subway plays a significant role in the
transport unloading of megacities. Over the
past decades, the shield tunneling method has
gained enormous popularity all over the world,
since this method is the most efficient and has
a minimal impact on the environment [1].
Currently, in Moscow an active construction of
the subway is being carried out. As a result of
development of underground space in one way
or another there is a need for mathematical
simulation of surrounding buildings in order to
determine the impact of construction of new
tunnels on existing facilities. Based on the
results of the impact assessment, a monitoring
program is developed. It is necessary to trace
the ground massif movements and, in case of
necessity, to work out anti-damage actions [2].
Thus, it seems important to correctly simulate
the calculation scheme, which is one of the
main tasks of engineers.

In one of the previous papers [3], several most
important factors of mathematical modeling,
which affect the accuracy of calculation results
in the software Plaxis 2D, were considered.
Namely: soil model; computational modeling
scheme; discretization of finite element mesh;
modeling of work stages; construction
dewatering by needle filters and open
dewatering system; consideration of strength
and rigidity of contact elements. According to

the research, the factors that have the greatest
influence on the accuracy of calculations are
the choice of a soil model, type of a calculation
model (2D or 3D) and compliance with the
technology when specifying the construction
phases.

In this paper, one of the factors affecting the
results of construction impact assessment
calculations 1is the area occupied by a
computational model. On this basis, the authors
perform the selection of the lower bound of the
computational model for the tasks of impact
assessment from tunneling works.

Researchers around the world have raised the
issue of the applicability boundaries of the
mathematical modeling scheme. One of the
first who studied this issue were the authors of
the article [4], which was published back in
1996. The mentioned paper argued that it is
necessary to reduce the physical domain, thus
introducing one or more artificial boundaries in
the numerical simulation of displacement
processes. This action leads to the fact that the
calculation may not be justified and its results
will not be correct.

Indeed, setting boundaries in mathematical
models is one of the most important conditions.
For example, the influence of scheme
boundaries on the correctness of calculations is
investigated in geophysics as well. Researchers
in the article [5] consider simulation of circuit
boundaries in electric tomography. It is argued
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that the most correct calculation can be done
when the computational domain is expanded,
but at the same time, this leads to an intractable
problem and a large amount of time spent on
the simulation. These problems are solved by
setting simulation bounds, which in turn lead to
calculation errors. Therefore, the authors in
their study propose solutions to correct the
errors associated with truncation of the
computational domain in order to optimize
prediction.

Lidija Zdravkovic and Stavroula Kontoe [6]
considered the reduction of soil domain
boundaries in geotechnical earthquake analysis.
Simulation of correct boundaries for such a

problem is problematic, since the earthquake
source may be located at a considerable
distance from the structure, and its inclusion in
the geotechnical prediction would lead to
simulation of a very large-sized model. The
authors studied the behavior of three types of
boundary conditions during an earthquake. As
a result, the researchers identified the most
acceptable scheme boundary setting in terms of
calculation correctness as well as in terms of
time consumption.

Table 1 shows the international experience of
modeling the boundaries of calculation
schemes depending on the tunnel diameter for
various geotechnical problems.

Table 1. Analysis of international experience in mathematical modelin

Paccrostaue ot
CcrlIka HI3a TOHHEIIS 10
Ha Monuens HH3a CXEMBI B Huanetp
No Problem formulation TOHHEIS
WCCIIENOB | TpyHTa 3aBUCUMOCTH OT D. u
aHue raMeTpa ’
TOHHEA, M
[7] HS 3.3D 8.5
6.15
, 8] MC 2.5D 915
1 Assessment of the impact of 10.65
tunneling on the surrounding area 12.15
[9] MC 3.5D 4.35
[10] MC 3.5D 10
[11] HSS 1,8D 6.7
) ) ) ) [12] MC 1D 6
Simulation of soil-foundation
2 interaction [13] MC 2D 11
6.3D 4.9
Determination of surface
3 settlement as a function of [14] MC 1.5D 6
loading pressure
[15] MC 3D 6.9
MC,
4 Creation of universal 3D models Modified
during TBM tunneling [16] Cam- 35D 9.3
Clay, ' '
Linear-
Elastic
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However, one should note that the definition of
the boundaries of the modelling schemes
currently being modeled in Russia differs
significantly from the international experience.
Recommendations on the choice of the size of
the calculation area and geomechanical soil
model for our country are set out in Table E.2
of SP 249.1325800.2016  "Underground
utilities. Design and construction by closed and
cut-and-cover methods". The recommended
value of the model design domain depth (b) is
determined by the formula (1), when modeling
closed excavations according to the normative
document.

b=0,5Ds (1)
where Ds id the diameter or cross-sectional
dimension of the closed excavation [17].
In this regard, it is important to note that
according to international experience, the
lower limits of schemes in geotechnical
modeling take values from 1D to 6.3D. In
comparison with the Russian documentation,
this distance is 2-12 times greater.
One of the studies on this issue [18] examined
the influence of the boundaries of the soil
model on the calculation results. According to
the results of that experiment, limiting the size
of the computational domain has the greatest
effect on the ideal elastic-plastic Mohr-
Coulomb (MC) soil model [19], while for the
Hardening soil (HS) [20], an elastic-plastic
model with soil strengthening, and the
Hardening soil model with small-strain
stiffness (HSS) [21], a model of strengthening
soil at small strains, limiting the computational
domain has much less effect.
The purpose of this work is to analyze the
international experience in the selection of the
lower boundaries and to choose appropriate
model sizes for calculating the impact
assessment of construction on the surrounding
structure in PC Plaxis 2D from tunnel drilling,
increasing the lower bound of the scheme and
comparing the obtained results of the

calculations with the results of geotechnical
monitoring.

METHODS

In this paper, deformation marks located on the
ground surface in the zone of influence of the
construction of the Rublevo-Arkhangelskaya
and Troitskaya (Kommunarskaya) line of the
Moscow Metro were selected to correct the
scheme boundary. All projected tunnels are
reinforced concrete with external diameter
D=6.0 m and thickness 0.3 m. Geotechnical
monitoring of engineering communications are
performed from the surface of the ground,
therefore for this task the marks were selected
according to the following advantages:

- perpendicular to the sinking in order to have
several geodetic marks in the section at once
with the possibility of fixing the movements of
these marks by the width of the trough;

- in different engineering-geological and
hydrogeological conditions with different
layering of soils.

Marks on communications that showed heaving
instead of settlement based on the results of
geotechnical monitoring were not included in
the calculation.

Figure 1 shows a typical plan of the location of
the deformation marks of the communications.
The following input data are available for each
of the selected communications:

-engineering and geological conditions of the
site where the communication is located, well
columns and engineering and geological cross
sections;

-soil characteristics, including the verified
geotechnical indicators required for calculation
in the HS model;

-project for the organization of construction of
the main line tunnels;

-data of communications monitoring with
indication of absolute settlement of marks.

The width of a separate calculation scheme is
constant and accepted in accordance with the
current normative documentation [17].
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In addition, during the calculations in the PC
Plaxis 2D the contact elements - interfaces
necessary for simulation of the interaction
between the structure and the soil were used.
The discretization of the finite element mesh
was adopted with the standard element
distribution "Very fine".

The excess excavation value was set using the
tool "Line contractions" with the set value Crer
value in accordance with previous studies of the
authors [22-25], in order to test the value of the
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calculated parameter. Then, the excess
excavation value was set in a similar way, but
its value was set according to Table Z1 of SP
249.1325800.2016 [17]. The results obtained
using the excess excavation value according to
the regulatory documentation and the same
coefficient obtained from the research were
analyzed.

Rocky soils, represented by fractured limestone,
were simulated using the Linear Elastic soil
model.

) s
a1
DLy

example of communication k6

The computational model in Plaxis 2D
considers all the stages of the tunneling work.
Accordingly, the calculation is performed in the
following steps:

- simulation of the initial natural stresses
preceding the construction. The engineering-
geological and hydrogeological structure of the

Volume 19, Issue 2, 2023

site corresponds to the layering of soils on the
longitudinal profile;

- activation of the objects of the surrounding
buildings, nullification of displacements;

- driving of the left main tunnel;

- driving of the right main tunnel.

A representative calculation of the scheme was
performed using the MC model at a distance of

99



Armen Z. Ter-Martirosyan, Rustam H. Cherkesov, Ilya O. Isaev, Viktoriya V. Rud, Mariya I. Ambrushkevich

0.5D from the bottom of the tunnel to the end of
the scheme, and the calculated displacements of
the marks were recorded in tabular form. Then,
the distance to the bottom of the scheme was
increased again by 0.5D and a new calculation
of the scheme was made with fixing the
obtained displacements at this distance to the
bottom of the scheme. The action was repeated
until the additional surface deformations had
completed the change depending on the
geometry of the scheme or had become equal to

the settlements
monitoring.

In addition, after completing the calculation
using the MC model, the prism with increased
deformation moduli was modeled using the MC
model with increased deformation modulus of
the prism soil under the excavation (Fig. 2)
according to the recommendations [26]. And all
schemes were recalculated similarly to the
previous ones.

obtained by geotechnical

Figure 2. Calculation scheme for evaluating the effect of tunneling with increased soil deformation
modulus (areas with darker color) under the tunnels

Separately, the scheme with soils specified by
the HS model was also calculated using a
sectional calculation pattern using the MC soil
model with a tabular fixation of displacements
at each increase in the distance to the bottom of
the scheme.

Thus, more than 600 design cases were
simulated and 6 comparison plots were
obtained. Subsequently, the calculation results
were analyzed by comparing the obtained
displacements with geotechnical monitoring
data.

RESULTS AND DISCUSSION

The results of geometry optimization of
schemes with different depths of the tunnels
are presented below. The average depth in 5
sections was from 20.0 to 26.6 m. However, in
section 1-1 the depth of tunneling was 16.5 m.
The number of iterations in the schemes was
limited to "soil heaving" the ground surface in
the scheme to the opposite side.

100

Table 2 summarizes the results of the
calculations.

Plots of additional vertical displacements vs.
distance from tunnel's bottom to the bottom of
the computational scheme as a function of
tunnel diameter D according to the results of
schemes calibration are shown in Fig. 3-4. The
graphs are demonstrated for the schemes with
the Crer excess excavation value set according
to the studies [22-25]. The red dot on the graph
indicates the iteration in which the calculated
vertical displacement reached the closest value
to the results of geodetic monitoring.

The results of scheme calibration with MC
model showed that a reliable settlement is
obtained when the distance from the tunnel
flume to the bottom of the scheme is 0.5-1.5D
during the first-third iteration. As the distance
increases, the settlement decreases rather
quickly (as compared to calculations in other
ground models) already at 7-9 iterations the

surface bulges out.
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At the same time, the results obtained using the
MC model with increased strain modulus in prism
and HS are different from MC. The settlement
decreases smoothly with increasing distance to the
bottom of the scheme, especially in the schemes
with the HS ground model. Meanwhile, in the MC
model with prism, the displacement reaches the
approximate value of actual settlement according
to geotechnical monitoring at 2-7D, but in the HS
model only at 6-16D.

Besides, there is an increase in settlement with
increasing distance to the bottom in the first
iterations, and only then the settlement starts to
decrease in the HS ground model schemes with
shallow tunneling depths.

The results of calibration of the scheme with
the MC soil model and using a prism show
similarity with HS at shallow depths, at greater
depths this method of modeling gives a
difference in the results up to 2 times.

In addition, the authors investigated the
influence of the lower boundary in the schemes
with rocky soils represented by fractured
limestone. It was found that changing the
boundary from the distance from the tunnel
flume to the bottom of the scheme equal to
2.5D does not affect the calculation results.

The calculation of the model using the excess
excavation value according to Table Z1 of SP
249.1325800.2016 showed insufficient similarity
with the results of field monitoring in that the
settlement reached extremely high values during
the calculation with these coefficients. This was
especially noticeable when calculating using MC

C

model with increasing deformation modulus of the
prism soil under the excavation and HS model. It
was not possible to reach a suitable lower boundary
of the scheme when calculating using these ground
models due to a huge distance to the end of the
scheme at which the displacement obtained by
monitoring would be achieved. As a consequence,
the results of calculations with excess excavation
value given by the regulatory documentation are
presented in Table 1 only for calculations using the
classical elastic-plastic MC model. The results of
scheme calibration using the MC model and the
excess excavation value set according to the
regulatory documentation showed that the
settlement reaches the value obtained from the
monitoring results at the distance from the tunnel
flume to the bottom of the scheme equal to 7-12D.
For convenience of the analysis, the graphs
constructed by the results of calibration of
schemes with characteristic excess excavation
value were excluded from the figures, because
in their nature they repeat the graphs presented
above, differing by a huge number of iterations.
As a result of the study, the authors have
developed recommendations for the choice of
the lower boundary of the scheme according to
the following principle: it is proposed to use the
minimum value of the obtained distance,
depending on the soil model used. As a result,
the authors recommend using the algorithm for
selecting the lower bound of the computational
scheme shown in Fig. 9 (depending on the given
Cref excess excavation value) when solving the
problems of influence estimation.

ref

According to

SP 249.135800.2016

Mohr-Coulomb Mohr-Coulomb

7,0D

0,5D

According to studies [22-25]

Mohr-Coulomb with an
increase in the elastic
modulus of the soil of the
prism under the tunnel

Hardening soil

2,0D

6,0D

Figure 5. Block diagram for determining the lower boundary of the calculation scheme in a two-
dimensional setting in dispersed soils
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CONCLUSION

Analysis of international experience shows that
the lower boundary of the design scheme
regardless of the soil model is set from 1.0D to
6.3D in the cases considered by the authors.
Moreover, there is no possibility to determine
the regularity of the decision regarding the
lower boundary, since the depth of the scheme
is set arbitrarily, unlike the Russian designers,
who refer to the regulatory document and set
the lower boundary at 0.5D for the construction
of closed excavations.

The studies presented in this article show the
importance of determining a suitable scheme
geometry for impact assessment calculations. It
is recommended to choose the depth of the
scheme depending on the way of assigning the
excess excavation value (according to the
regulatory documentation or existing studies)
and the adopted soil model:

1. In the schemes for estimating the effect
from tunneling works in dispersed soils using
different soil models, the assignment of the
lower limit of the scheme when taking into
account the excess excavation value on the basis
of SP 249.1325800.2016 and studies [22-25] is
recommended to take according to the flowchart
in Fig. 5, based on the results of the analysis of
Table 2

2. Due to the large scatter of data, in order
to ensure the safety of structures, it is proposed
to use the minimum values of the obtained
distances from the tunnel flume to the bottom of
the calculation scheme when creating the
calculation schemes:

° MC  (according
1325800.2016) — 7.0D;

° MC - 0.5D;

with  SP  249.

Volume 19, Issue 2, 2023

. MC with prism — 2.0D;

J HS - 6.0D.

3. Using Linear Elastic as the soil model
for the rock, at a certain depth (2.5D) the
displacements stop changing, which is clearly
shown in Figure 4. A similar development of
additional  deformations  occurs  when
specifying Cref according to the regulatory
documents. Thus, there is no need to set the
boundary more than 2.5D in the problems of
impact assessment in the presence of rocky
soils.

4. The Crer value significantly affects the
final surface settlement. Depending on the
purpose of the excess excavation value, a
different lower boundary should be set in the
calculated section. In turn, increasing the
boundary also affects the reduction of additional
surface displacements.

5. The use of the MC soil model with an
increased  strain  modulus under the
excavation is permitted to be used in the
calculation schemes when considering the
lower boundary according to the flowchart in
Fig. 5. However, it should be considered that
the results of prediction in this way of
modeling the soil mass differ from the results
of prediction with the HS soil model.

6. It is recommended to recalculate the
model at each stage of construction on the
basis of monitoring data to optimize its input
parameters in order to improve the accuracy of
geotechnical prediction.

Since the results of the scheme calibration were
not sufficiently pronounced, especially for the
MC soil models with increased strain modulus
under the excavation and HS, this issue requires
further investigations.
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Table 2. Optimization results for the calculation scheme
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NONLINEAR REFINEMENT OF THE DEFORMATION MODEL
OF ORTHOTROPIC MATERIALS, THE RIGIDITY OF WHICH
DEPENDS ON THE TYPE OF STRESS STATE
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'"Tula State University, Tula, RUSSIA
2 Kazan Federal University, Naberezhnye Chelny, RUSSIA

Annotation. As a result of numerous experimental and theoretical studies, it has been established that when
deforming both traditional and new structural materials, which are polymers, composites and synthetic
structures used in construction, mechanical engineering, and power engineering devices, complicated
mechanical properties manifest themselves.Most of these materials have an orthotropic structure
complicated by the dependence of deformation and strength characteristics on the type of stress state,
which can be interpreted as deformation anisotropy. These properties contradict the generally accepted
theories of deformation. Therefore, a number of models have been specially developed for such materials
over the past 56 years, taking into account the complicated properties of materials. However, all of them
have disadvantages and certain contradictions with the fundamental rules for constructing equations of
state. The previous works of the authors of the presented studies establish general approaches to the
construction of energetically nonlinear deformation models of composite materials with recommendations
for calculating their constants based on a wide range of experiments.It turned out that the set of necessary
experiments should include experiments on complex stress states, most of which are technically
unrealizable. In another work of the authors in 2021, using the tensor space of normalized stresses, the
deformation potential was formulated in a quasi-linear form, constructed in the main axes of orthotropy of
materials, for determining constants, which is sufficient for the data of the simplest experiments. Along
with the obvious advantages of the introduced potential, it has one drawback, which is to replace real
nonlinear diagrams with direct rays with minimal error. Despite the unconditional adequacy of the quasi-
linear potential, the use of this level of approximations leads to quantitative errors.Therefore, simplified
nonlinear equations of state for composite materials are proposed here, the simplest experiments are
sufficient to determine the material functions of which. These equations are based on the general laws of
mechanics, on the basis of which the constants of material polynomials for a carbon-graphite composite are
calculated, taking into account the Drucker constraints.

Keywords: material functions, nonlinear deformation anisotropy, dimensional orthotropy, defining equations,
strain and stress tensors, least squares method, main axes of orthotropy

HEJUHEWMHOE YTOYHEHUE MOJIEJX JE®OPMUPOBAHUSI
OPTOTPOIIHBIX MATEPHUAJIOB, "KECTKOCTb KOTOPbBIX
3ABUCUT OT BUJAA HAIIPSAKEHHOI'O COCTOAHUA

A.A. Tpewes ', H.C. FOwenxo ', A.A. Boopviwes *

! Tyneckuit rocynapcTeennbiii yausepenrer, r. Tymna, POCCUS
2 KaszaHnckuii eepanbHblii yauBepcurer, T. Habepesxubie Uennsl, POCCH

AHHOTammsi. B pe3ynpTare MHOrOYHMCIEHHBIX AKCIEPUMEHTAIBHBIX W TEOPETUYECKUX HUCCIEJOBaHHM
YCTaHOBJICHO, YTO MpPU Je()OPMUPOBAHNY KaK TPAJULIHOHHBIX, TAaK U HOBBIX KOHCTPYKIHMOHHBIX MaTEpHAJIOB,
KOTOPBIMH SIBJISIFOTCSI ITOJUMEPBI, KOMIIO3UTBI U CUHTETUUYECKUE CTPYKTYpPbI, UCIIOIb3YEMbIE B CTPOUTEILCTBE,
MaIlMHOCTPOEHUH W DHEPreTHMYECKHX YCTPOWCTBAX, NPOSABIAIOTCA CHOKHBIE MEXaHMYECKHE CBOWCTBA.
BonpmIMHCTBO W3 ATUX MaTepUaloB MMEIT OPTOTPONHYI CTPYKTYPY, OCIO0KHEHHYIO 3aBHCUMOCTbBIO
ne(opManMOHHBIX M TPOYHOCTHBIX XapPAaKTEPUCTHK OT THIA HANPsDKEHHOTO COCTOSHUS, YTO MOXKHO
HHTEPIPETHPOBATh KaK Ae(GOPMAIMOHHYIO AHW30TPONHIO. OTH CBOMCTBA NPOTHBOPEYAT OOLICTIPHHATHIM
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teopusim  aedopmuposanust. [lostomy 3a mocneguume 56 JeT U TaKMX MaTepUanoB ObUI CHENUATBHO
pa3paboTaH psa MojeeH, YYHTHIBAIOIIMX YCIOKHEHHBIE CBOiicTBa MaTepHanoB. OJHAKO BCE OHH HMEIOT
HEJIOCTATKU M OIpEJeCHHbIE IMPOTUBOPEYHs C (yHIAMEHTAJIbHBIMH IPAaBUIAMH TOCTPOSHUSI YPaBHEHUIl
coctostHus. [Ipenpinynime paboTel aBTOPOB NPEICTABICHHBIX UCCIIEA0BAaHUH YCTAaHABIMBAIOT OOIINE TIOIXO/IBI K
MIOCTPOCHHIO HHEPreTHUECKH HEMMHEHHBIX Mojenedl 1eOopMHUpOBaHHS KOMITO3HWIIMOHHBIX MaTEpPHAlIOB C
PEKOMEHAAMAMH 10 PACYeTy MX KOHCTAaHT HAa OCHOBE MIMPOKOIO CIEKTpa SKCIepuMeHTOB. OKa3aloch, 4TO
Habop HEOOXOIMMBIX SKCICPUMEHTOB [OJDKEH BKJIIOYATh OHKCIEPHUMEHTHI 110 CIOKHBIM HANpsDKEHHBIM
COCTOSIHMSIM, OOJIBIIMHCTBO U3 KOTOPBIX TEXHUYECKH HepeaansyeMbl. B apyroii padore aBTopos B 2021 rouy c
UCIIOJIb30BAaHUEM TEH30PHOIO TPOCTPAHCTBA HOPMHUPOBAHHBIX HANPSDKEHMH MOTEHHMAN jaedopMaiuu Obul
chopMyIMpOBaH B KBa3WIMHEHHOW (opme, MOCTPOCHHBIH B TJIABHBIX OCSX OPTOTPOIMHM MAaTEPHANIOB H
YCTaHOBIJICHO, YTO JUIS ONPENENICHNUsI KOHCTaHT JIOCTATOYHO JAHHBIX MPOCTEHIINX sKcrepuMeHToB. Hapsny c
OUYEBUIHBIMU MPEUMYIECTBAMU BBEIEHHOTO TIOTEHIIMAIA, Y HETO €CTh OJIMH HEJOCTATOK, KOTOPBII 3aKIII09aeTCs
B 3aMEHE PeabHBIX HEJIMHEHHBIX JuarpaMM MpsSMBIMH JTy4aMH ¢ MUHUMAaJIbHON MOTpenHocTbio. HecMotpst Ha
0e3yCIOBHYIO aJIeKBaTHOCTh KBAa3WJIMHEHHOTO ITOTEHIMANa, HCIIOJIb30BAaHUE TAKOrO YPOBHS IPUOIMKEHUH
MIPUBOJMT K KOJIMYECTBEHHBIM omnOkam. [loaToMy 31eck mpemnaraioTes ypoIieHHbIe HeTMHEHHbIC YPaBHEHHS
COCTOSIHMSL [UIi KOMIIO3WLIMOHHBIX MAaTepuasioB IpPH ONPEICICHUAN MaTepHAIbHBIX (QYHKIMH KOTOPBIX
JIOCTATOYHO NMPOCTEHIINX 3KCIEPHUMEHTOB. DTH YPaBHEHUSI OCHOBAaHbI HA OOIIMX 3aKOHAX MEXAHUKH, HA OCHOBE
KOTOPBIX PAaCCUHUTHIBAIOTCSI KOHCTAHTBI MaTePHUAIIbHBIX MTOJMHOMOB JJIsl YIJIErpaUTOBOTO KOMITO3UTA C YUETOM
orpanuueHuit Jlpykepa.

KiroueBble ci1oBa: MaTepuaigbHble (QYHKIMH, HETHMHEHHAS JeQOpMaliioHHast aHU30TPOIIHS,
CTPYKTYpHasi OPTOTPOIIHS, OTIPEIENIAIONIIE ypaBHEHNS, TEH30PHI AeopMariuii ¥ HanpsHKSHUH,
METO]l HANMEHBIIIUX KBaJPaToB, TJIaBHBIE OCH OPTOTPOIIUH

1. INTRODUCTION

The designs of unique structures, especially
critical parts of apparatuses and machines are
continuously being improved, which has
caused the appearance of special materials
with increased deformation and strength
characteristics with a minimum mass of the
objects being examined. Along with this,
similar materials have certain properties that
contradict classical theories [1 — 7]. Mainly,
these materials include chaotically filled with
nano-modifiers and fibers, fibrous composites,
fiberglass, graphitoplastics and boroplastics.

The discrepancy between the mechanical
properties of these new, as well as many
materials traditionally used in engineering,
such as concrete and reinforced concrete [8,
9], cast iron [10], fluoroplast [11], carbon-
graphite [12, 13], is the sensitivity of their
physical and mechanical properties to the type
of stress state. Some of these compositions are
isotropic [8 — 12], and most are anisotropy of
the type of orthotropy and transversal isotropy
[1 -8, 13]. At the same time, over the past 50
years, equations of state have been proposed
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for isotropic materials in many studies based
on various hypotheses, which are largely
contradictory, and as demonstrated in [8], all
these equations have serious drawbacks and
are contradictory. In contrast to these theories,
in the works [8, 14, 15], sufficiently universal
and free from such shortcomings defining
relations were formulated and investigated for
applicability to the calculation of a wide class
of materials. These relations have energy
consistency and are formulated in vector and
tensor normalized stress spaces. At the same
time, classes of structurally anisotropic
materials have been covered by theoretical
studies only in individual publications, often
under-researched to the level of applicability
to design calculations and are not fully
systematized [1 — 7, 13, 16, 17].

In the light of the above, the purpose of the
presented publication is to demonstrate the
application of the normalized tensor space of
normalized stresses for postulating nonlinear
equations of state in relation to orthotropic
materials with deformation anisotropy.
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2. FORMULATION OF THE PROBLEM:
METHODS AND RESULTS OF
CONSTRUCTING NONLINEAR STATE
EQUATIONS FOR COMPOSITE
MATERIALS. DEFINITION OF
MATERIAL FUNCTIONS AND THEIR
LIMITATIONS

Research [18] was devoted to an attempt to apply
the technique of normalized stress tensor spaces
to the formulation of a nonlinear version of the
theory of deformation of orthotropic materials
with deformation anisotropy acquired during
loading in compliance with all the rules for
postulating the form of specific additional stress
work for continuous deformable media [19]. It
has been demonstrated [8, 18] that in equations
with full consideration of physical nonlinearity,
even with quasi-linear approximations of
experimental deformation diagrams, it is
necessary to involve a wide range of
experiments, including complex stress-strain
states, in calculating the constants of the
equations of state. Often, for this purpose, it
requires the use of wide sets of tests in a plane
stress state, spatial (triaxial) experiments in the
main planes of orthotropy, including both
stretching and compression. However, this is not
the most difficult. It is much more difficult to
perform tests for joint shifts in two or three main
material planes of orthotropy. Conducting such
tests at the current level of development of the
experimental base is practically impossible for
technical reasons and therefore there is not
enough information in the scientific literature
about the results of such experiments. In the
work of the authors published in 2021 [20], using
the tensor space of normalized stresses, a quasi-
linear form of the deformation potential for
orthotropic materials is formulated, taking into
account the manifestation of deformation
anisotropy. In addition to the potential itself and
the equations of state arising from it, a method

for calculating the constants of these equations
using experimentally determined technical
characteristics is also developed there, and the
limitations arising from the complete proof of the
uniqueness theorem are evaluated. This potential
and the equations of state resulting from it have a
sufficiently high accuracy, do not contradict the
laws of classical mechanics and are free from
obvious drawbacks characteristic of well-known
theories proposed by other authors. However, it
is impossible to achieve further improvement and
increase the accuracy of computational models of
structures made of composite materials without
replacing quasi-linear equations of state with
nonlinear ones, which, undoubtedly, should have
the smallest error of theoretical predictions
relative to experimental data. At the same time, a
simple statement of the problem will not be
enough, since the difficulties that arise in
obtaining experimental data in full do not allow
us to establish a set of necessary technical
constants. Therefore, it is proposed here to
formulate direct nonlinear equations of the
relationship between strain and stress tensors for
composite orthotropic materials sensitive to the
type of stress state in a form close to the
generalized Hooke's law with modification by
the type of the theory of small elastic-plastic
deformations, but using normalized stress spaces.
The proposed version of the equations of state
should be universal for any type of stress state
and allows to establish one-to-one relationships
between deformations and stresses with the
involvement of a system of simple experiments,
technically feasible and sufficient to fully
determine the nonlinear material functions
introduced into these equations and taking into
account the complex of complicated mechanical
properties.

The proposed nonlinear coupling equations of
strain and stress tensors for an orthotropic
material with deformation anisotropy are
recommended to be formulated as:

ey = |:A1111 (0:) + By (97) 0‘11] o5t |:A1122 (0;) + Bin (07) (0 + 0522)] Oy +
+ [A1133 (0;) + Biyzz (07) (e + 0533)] 033>

€y = |:A1122 (GI) + BIIZZ (O'I) (0{11 + a22):| oy, +
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+ [Azzzz (0;) + By, (o)) ‘122] opn T
(

+ [A2233 ;) + Byss (07) (0‘22 + 0‘33)] O35> (1)
€3 = [A1133 (0:) + Biss (07) (e + a33)1 ot
+ [A2233 (0;) + Byas (07) (@ + 0533)] Oy +
+ [A3333 (0:) + Bysz3 (07) “331 033>
72 = Cion (Ui) T12> 73 = Cun (Ui) T3 73 = Cians (0'1) 3
where 4. (0,), By, (0;) and Cy, (07) = 4, (07) = —0,5[\/;,” (6) / Ey () + viey (0) / E, (o;)}
determined by the deformation charactrisics of B (3 = 03[ 0) / £2 (o) - i (o) / 5 (o)
an orthotropic material; a; = 0; /S = Cpum (0;) =1/ Gy (07)s km =123, (2)
components of  normalized stresses; where £} (0;) = a; + mio, + njo?;

o; = BSijSij/ 2 — intensity of stresses;

Sij =0, - 5;‘]‘0' — stress deviator; § = 0,0y

— the modulus of the total stress vector (the
norm of the tensor stress space); (i, j, k,
m=1,2,3).

According to the nature of the experimental
data changes, it is found that it is advisable to
represent the nonlinear material functions of
the equations of state (1) as power
polynomials, whose coefficients depend on
the experimentally established deformed
characteristics of the material under study
obtained from experiments on uniaxial
stretching and compression along the main
axes of orthotropy and on shifts in the three
main  material  planes. Mathematical
processing of empirical results was carried out
using the least squares method implemented in
the Microcal Origin Pro 8.0 software package
(Microcal Software Inc.). The method of
calculating the constants of the equations of
state considered in [18], in the case of
physical nonlinearity of orthotropic materials
in the presence of deformation anisotropy,
material functions can be determined in the
form of dependencies associated with the
experiments carried out:

Buw (o) = 0,5[1/ B (o)) =1/ E; (o) ];
112

+ _ + + + 2.
Vien (O-i) - ﬂ’km + ﬂkmo-i + Him O >

_ 2.
ka (O-i) = 8im + Pim0i + Qim0 » Elit (O_i)’

V;;m (Gl-), G (o-.) — functions that depend on

1
the intensity of stresses and represent nonlinear
interpretations  of  deformation  modules,
transverse deformation coefficients and shear
modules of orthotropic material in the
corresponding directions of the main material
axes and planes (the «+» sign corresponds to the
characteristics obtained from experiments on
axial tension, and the «—» sign corresponds to

. . + + + + +
axial compression); a;, m;, My, Ay Bims

y,ﬁm, Eim> Pim> Ykm — coefficients of
approximation polynomials obtained as a result
of processing experimental data on the
deformation of materials by the least squares
method.

It is advisable to carry out the determination of
material  functions, taking into account
approximate limitations traditional for the
mechanics of orthotropic materials [19]:

Vin(0) / E,(0)
Vin(0,) / E,(0))

= V() / E((0));

= V(@) / E(o). ()

The deformation of the composite «carbon
fiber-carbon AVCOMod 3a» was considered as
a reference material with a twofold anisotropy,
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experimental data for which were borrowed
from works [6, 13], which presented the results
of tests for uniaxial tension and compression in
the directions along the main axes of orthotropy
and for a net shift in three mutually orthogonal
main material planes. Mathematical processing
of experimental data on the deformation of the
AVCOMod 3 composite allowed us to present
the coefficients of the polynomials in Table. 1.
Deformation diagrams of the composite under
consideration,  constructed  according to
experimental data and their theoretical
representations according to model (1) are
shown in Fig. 1 — 4.

In the previous work [20], the uniqueness
theorem of solutions for the quasilinear
deformation  potential, which determines
approximate relationships of strain and stress
tensors for composite  materials  with
complicated properties of the type wunder
consideration, was substantiated and proved. In
this [20] and other works [8, 18, 21] it is
established that the proof of the uniqueness
theorem when postulating any equations of state
is finally brought to the verification of Drucker's
postulate

>0, )

within the framework of which restrictions are
defined, imposing on material functions. For the
accepted nonlinear equations of state (1), the
components of the complete Sylvester matrix
take the form:

D _ 83” . _ 8@1, . D _ 8@11 .
11 py. ’ 12 Py ? 3 = o ’
11 22 33
D de; . D. = oe,; . _ Oey, .
14 0 ’ 15 P » Dyg = P) ’
T3 Ts3 T
D Oe,, . D - oe,, . D - oe,, .
22 oo ’ 23 oo ? 24 ot ?
22 33 13
D - Oe,, . D Oe,, . D - Oe,; .
25 > g > Ly ’
0753 1), 005
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Oe Oe Oe
D,, = - 53 D, = 55 D, = 55
T3 0T o,
0
D, - 0¥ .3 ; D, = 0V , D, = Vi3 :
07,5 0Ty, or,,
075; . 0y 15 . 07,, .
D;; = 87/23 s Dy = - D, = —
Ts3 o, o,
Dl.j = Djl.. (5)

It 1s established that the polynomial constants
representing the material functions of the
AVCOMod 3a composite [6, 13] given in Table
1, taking into account the quadratic forms (5),
satisfy the Sylvester criterion arising from the
requirements of the Drucker postulate [8, 18,
20, 21].

3. DISCUSSION OF THE ADEQUACY OF
THE INTRODUCED EQUATIONS OF
STATE TO THE EXPERIMENTAL DATA

Figures 1-4 confirm the adequacy of the
postulated equations of state (1) to
experimentally established diagrams for
stretches, compressions in the main axes of
orthotropy and shifts in the corresponding
planes for reference samples of the
AVCOMod 3a composite [6, 13]. It should be
noted that the nonlinear model (1) has a
number of advantages over the known
equations formulated by other authors, such as
S.A.Ambartsumyan [16], C.W.Bert—
L.N.Reddy [2, 13], R.M.Jones—D.A.R.Nelson
[4, 6] and A.A.Zolochevsky [7] in relation to
calculations, especially of spatial structures
made of orthotropic composite AVCOMod 3a
[6, 13]. In particular, the model (1) is free
from physically unjustified restrictions
imposed on the coefficients of material
functions, the absence of piecewise equations
of state and the presence of a mechanism for
the influence of changes in the type of stress
state on the dependence of deformations on
stresses. In addition, the error of theoretical
approximations (1) of reference experimental
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diagrams compared with other theories [2, 3,
6, 7, 13], judging by Fig. 1 — 4, it is minimal,

and when the coordinate system rotates, it has
a higher accuracy.

Table 1. Constants of composite material AVCOMod 3a [6, 13]

];Zr%e ;)e f Technical Constants of polynomials of material
tesI; parameter functions
al*=1,058-101°, Pa m, =62,829 n, =1,535: 1076, Pa™!
e E (o) | ai=2.86410",Pa m:=105,476 7 =5,893-107, Pa’!
8 a;=2,301-10', Pa m’=88,349 ni=3,711-10°, Pa”!
=5 2,,=0,158 B,=3,1-10%,Pa | 4 =2,19-10""7, Pa’2
g O
S E + _ _
= 9 2;,=0,103 B, =1,8:107 Pa”! 15,=9,1-107'%, Pa
b=
g 3
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Figure 1. Deformation diagrams along the x| axis: (a) stretching, (b) compression; 1 — longitudinal
deformation €11; 2, 3 — transverse deformations €22 and €33, @ — experimental data,
nonlinear approximations
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1, 3 — transverse deformations €11 and €33; 2 — longitudinal deformation &22;
Q@ — experimental data; — nonlinear approximation
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Figure 3. Deformation diagrams along the x3 axis: (a) stretching, (b) compression;
1, 2 — transverse deformations €11 and €22; 3 — ongitudinal deformation €33,

Q — experimental data;
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STRENGTH AND DURABILITY OF CONCRETES WITH A
SUPER ABSORBENT POLYMER ADDITIVE
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Abstract. The article presents an analysis of the results of experimental studies of the effect of different types of
a super absorbent polymer additive on the strength of different types of concrete. The study is aimed at the
effectiveness of a new type of super absorbent additive in concrete structures. In the course of full-scale
experiments, it was possible to identify the optimum dosage of SAP for fine-grained and heavy concretes. In
addition, the results showed that the strength of concrete remains unchanged if the dosage of super absorbent
polymer additive (SAP) is 0.5% of the weight of cement or less. The possibility of modern intelligent
technologies (artificial neural networks) to predict the properties of concrete mixture and hardened concrete at
given values of input parameters (SAP dosage and W/C), influence on concrete characteristics (slump of the
cone, bending strength, compressive strength) has also been shown.

Keywords: new generation concretes, intelligent concretes, super absorbent additives,
properties of concretes and concrete mixes, slump of the cone, strength, property prediction, neural systems
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AHHoTanus. B pabore mpeacraBieH aHaIM3 PE3yJIBTATOB OIKCIEPUMEHTATIbHBIX HCCICIOBAHUI BIMSHUSA
CYTICPBITUTHIBAIONICH MOMMMEPHOW 00aBKM pa3HBIX TUIOB HA TNPOYHOCTH PA3IWYHBIX BHJOB OETOHa,
NPOBEACHHBIX  pa3HBIMH  aBTOpamMH.  M3yuenume  3QQPEKTHBHOCTHM  NpPUMEHEHHs  HOBOI'O  BHIA
cyrnepabcopbupytomieii 100aBKM B OETOHHBIX KOHCTPYKIHSX — TaKOBa IIeJb JAHHOTO HCCIeAoBaHMs. B xoxme
IIPOBEJICHUA HATYPHBIX OSKCIEPUMEHTOB YIAlOCh BbIIBUTH ONTHManbHyto jao3upoBky CAIl s
MEJIKO3EPHUCTBIX M TSDKEIBIX OeToHOB. Kpome TOro, pes3ynbTaThl MCCIENOBAaHHMNA TOKa3ald, YTO MPOYHOCTH
OeToHa OCTaeTcsi HEeM3MEHHOM, eclii JO3UPOBKa J100aBKu cynepadcopoupyromiero nonmumepa (CAll)cocrasisier
0,5% or Mmaccel meMeHTa WIM MeHee. Takke ITOKa3aHa BO3MOXKHOCTH HCIIOJIB30BAHUS COBPEMEHHBIX
MHTEJUICKTYIbHBIX TEXHOJIOTHH (MCKYCCTBEHHBIX HEHPOHHBIX CETEH) /ISl POrHO3UPOBAHUS CBOMCTB OETOHHOM
CMecH W 3aTBepeBIIEro OCTOHa MpH 3aJaHHBIX 3HAYCHUSIX BXOIHBIX TMapameTpoB (mosmposku CAIl m B/I),
BJIMSHMS Ha XapaKTEPUCTUKHU OeTOHa (pacIuiblB KOHYCa, IPOYHOCTH HA M3TUO, IPOYHOCTH Ha CHKATHE).

KirodeBble cjioBa: GETOHBI HOBOTO TIOKOJICHHS, HHTEJIEKTYaJIbHbIe OCTOHBI, CYIePBIUTHIBAIONINE 100aBKH,

CBOHCTBA OETOHOB M OETOHHBIX CMECEHl, PaCIUIBIB KOHYCa, IPOYHOCTD, IIPOTHO3UPOBAHUE CBOWCTB,
HEHpPOHHBIE CUCTEMBI
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Strength and Durability of Concretes with a Super Absorbent Polymer Additive

INTRODUCTION

As it is known, the quality of concrete structures
mainly depends on the following three
parameters: compressive strength, permeability
and resistance to aggressive media. The effective
solution of the problem to obtain high-quality
concretes is possible due to optimization of their
composition, activation of components of concrete
mixtures, as well as modification of materials
structure by complex additives, which have
different functional purpose and contribute to
regulation of properties of both concrete mixtures
and hardened concretes [1]. However, it should be
noted that in the course of concrete products and
reinforced concrete structures are often subjected
to cracking. This reduces their quality and reduces
the expected service life. And the cracks can be
caused by both force loads and unfavorable
environmental factors. Another reason for cracks
in concrete is autogenous shrinkage.

To extend the service life of structures,
minimizing the propagation of cracks in
concrete is extremely important. Thus, there is
an urgent economic incentive to develop
concrete which is capable of self-repairing.
Animal and plant organisms are known to have
a natural ability to cure small injuries in a
relatively short period of time without any
external influence. Back in 1712, the French
scientist R. Rehomur suggested the term
"regeneration", which means the process of
restoration by the organism of the damaged
structures. The papers [2, 3] described processes
of regeneration of animal and plant organisms,
from which it follows that regeneration can
occur by tissue growth on the injured surface,
restructuring of the remaining part of the organ
into a new one or by growth of the organ
remnant without changing its shape.

Numerous works by foreign and Russian
researchers such as V. Achal [4], Chun Xiang
Qian [5], W. De Muynck [6], V. Ramarkrichnan
[7],J. Y. Wang [8], V. T. Erofeev, V. F. Smirnov,
M. G. Brujako [9, 10, 11] have been devoted to
creation of technology of concrete modified by
various additives and the problem of restoration of
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strength and durability of self-repairing reinforced
concrete structures during crack repair.

A number of authors were engaged in the
development of various chemical methods for
creating  self-repairing concrete [12, 13].
According to one of the modern methods the
restorative agent is placed inside microcapsules
collapsing with cracking of concrete. Cracks are
filled with the released restorative agent which can
be epoxy resins [14], silicon dioxide solutions in
alkali [15] etc. After the microcapsule is used up a
permanent cavity is formed in its location in
concrete [16]. Encapsulating tubes can be one of
the tools for '"treatment" of concrete [17].
Continuous glass tubes can be used to seal large
cracks, allowing the replacement of the reducing
agent [18]. Their use also gives the possibility of
supplying an additional agent [19]. However, it
should be considered that the use of some
chemicals originally designed to seal cracks
increases the fragility of the concrete. Thus, there
is a risk of reducing the service life of concrete
when implementing the above approaches.
Economic feasibility and expediency of using
additives remain the key factors that affect the
effectiveness of an additive [20, 21]. With a rather
large nomenclature of domestic and imported
chemical additives, the task to apply new types of
concrete chemical modifiers remains relevant. It
follows that these directions of research of SAP in
concrete are the most promising.

The strength of hardened concrete is influenced by
both the type of SAP additive and the
characteristics of the components of the concrete
mixture. In addition, the characteristics of the
mixture and the hardened concrete depend on the
size of SAP particles, the method of production
and the dosage of the polymer. A number of
experiments were conducted previously [22],
which showed the dependence of the strength of
hardened concrete on different dosages of SAP,
W/C ratio and the curing time of concrete. The
results of the experiments led to the conclusion
that the strength of hardened concrete decreases
with increasing the dosage of SAP. The correct
ratio of water to cement in the mixture is a
determining factor affecting the strength of
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concrete. The rate of concrete strength gain also
depends on the addition of super absorbent
polymer. The results of experiments [23]
investigating the properties of hardening concrete
with the addition of SAP, showed that the strength
of concrete specimens with SAP on the 7th day of
hardening i1s much lower than the strength of
concrete specimens without polymer, if the W/C
ratio is constant when kneading the mixture. On
the 14th day of hardening, specimens with and
without SAP are identical in compressive strength.
On the 28th day of hardening the compressive
strength of concrete with a dosage of 0.33% of the
cement mass increases by 5%. Experiments
conducted in [22] also showed that the addition of
SAP in a dosage equal to 0.3% does not cause a
noticeable decrease in the strength on the 28th day
of concrete curing. According to studies by other
authors [25], the compressive strength of concrete
increases up to 7% at a dosage of SAP at 3% of
the weight of cement. Comparable results were
obtained in [26], and [27] reported a slight
increase in compressive strength only after adding
0.3% SAP combined with anti-shrinkage additive.
Meanwhile, other studies have reported that
dosages of 0.3% SAP do not increase the
compressive strength. For example, an experiment
with three types of SAP was conducted in [28],
and all of them led to a decrease in the
compressive strength of concrete by 5-15%.
Comparable results were obtained in [29]: the
compressive strength of concrete at a dosage of
0.3% of the weight of cement decreased by 10-
12% after 7 and 28 days of hardening.

Analysis of studies conducted by the various
authors allows us to conclude that there is an
optimal dosage for each type of SAP. And the
experimental results are often not comparable due
to differences in the type of SAP, the composition
of the concrete mixture and its W/C ratio. Despite
this problem, the use of SAP can be an important
tool to improve the quality of construction
materials. Experimental studies will allow to
investigate the effectiveness of the use of the
tested types of SAP.

The present study focuses on the investigation of
concrete with the addition of super absorbent
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polymers that can absorb a large amount of liquid,
hold it for a long time and gradually release it
back. This property of SAP allows to solve the
problem of increasing the strength of concrete due
to the effect of internal curing. The SAP particles
will gradually release the absorbed water, which
ensures a more complete hydration of cement
during the hardening of concrete. Internal curing
can reduce the risk of cracking in the early stages
of hardening and thus increase the strength of the
concrete. The described effect can be useful in
modern  construction, where high-strength
concretes with low W/C ratios are applied.

The purpose of the study is to investigate
concrete mixtures and hardened concretes
modified with a super absorbent additive for
further development of effective concrete
compositions.

Research Objectives:

1. To evaluate the super absorbent additive as a
potential modifier for the development of
effective concrete compositions.

2. To define the regularities of changes in the
rheological and structural-mechanical
characteristics of concrete depending on the
dosage of the additive.

3. To consider prospects of using neural network
technologies in order to establish the possibility of
crack curing and determine the autogenous
shrinkage of concrete with SAP additive.

4. The obtained results will help to identify
further prospects for the use of the studied types
of SAP in concrete structures.

MATERIALS AND METHODS

Portland cement CEM 1 42.5 N produced by
Gornozavodskcement LLC, Perm region,
Russia, was used as a binder.

As an additive was selected super absorbent
polymer (SAP) manufactured by the Korean
company "GV Holdings Co". Its absorption
capacity is 400 g of water per 1 g of SAP, the
average particle size is 300 microns. Since the
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chosen additive had not been investigated before,
the first stage of the research was to conduct
experiments with different dosages of SAP and
W/C ratios of concrete mortar. The purpose of this
study was to determine the effectiveness of this
type of SAP as an additive in concrete. The super
absorbent polymer was added to the dry mixture
of aggregate and cement. Then it was stirred
manually before adding water.

A series of concrete specimens on fine aggregate
as well as on a mixture of fine and coarse
aggregate were investigated. In the first, fine river
sand fraction of 0-2,5 mm was applied. In the
second case, the same sand and dolomite crushed
stone fraction of 5-10 mm were used.

Two series of specimens were molded for the
experiment. The first series was performed in the

form of 4x4x16 cm beams, the second one
contained specimens-cubes with a rib size of 10 cm.

Two series of specimens were made of fine-
grained concrete, each with four different
compositions. The first four mixtures were
prepared according to the normal consistency of
the concrete mortar (cone slump of each was 106-
115 mm). For the remaining four mortar mixes, a
W/C ratio of 0.5 was adopted as constant. This
value was chosen in order to obtain the cone
slump of 106-115 mm at a SAP dosage equal to
1%. Cone slump of the mortar was determined
after each mixture was stirred. Table 1 shows the
compositions of the experimental mortars and
concretes. The latter ones were formed with a
constant ratio W/C = 0.55, the slump of the cone
was determined after mixing each composition.

Table 1. Experimental compositions for the specimens

Compo SAP, W/C ratio The quantity of materials for Im? of mortar and
sition % of the concrete, k
No cement Cement Sand Crushed Water SAP
mass stone

1-1 0 0.42 650 1950 — 273 0
1-2 0.25 0.44 650 1950 - 286 1.625
1-3 0.5 0.46 650 1950 — 299 3.25
1-4 1 0.5 650 1950 — 325 6.5
2-1 0 0.5 650 1950 — 273 0
2-2 0.25 0.5 650 1950 — 286 1.625
2-3 0,5 0.5 650 1950 - 299 3.25
2-4 1 0.5 650 1950 — 325 6.5
3-1 0 0.55 365 850 1200 200 0
3-2 0.5 0.55 365 850 1200 200 1.825

Concrete specimens were cured under normal
temperature and humidity conditions for 28
days before compression testing. Each of the
series of specimens was tested on the 28th
day of hardening in accordance with modern
regulatory documents.

RESULTS AND DISCUSSION

Among chemical additives in the construction
practice the preference is given to additives of
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poly-functional action providing maximum
use of positive and minimization of negative
properties of individual additives. At the first
stage of research the rheological properties
were considered, namely, the influence of
additive SAP on the water-cement ratio and
slumping was determined. At the same time,
it is important to identify how much it is
feasible to reduce or increase water
consumption on gravitational slumping of
cement compositions.
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When forming test specimens No. 1-4 of fine-
grained concrete, the dependence of W/C on
SAP dosage for the normal consistency of the
mortar was determined. Increasing the dosage
of SAP led to an increase in the water
consumption of the mixture. With the use of

Yana A. Sanyagina, Vladimir T. Erofeev, Nikolai I. Vatin

SAP from 0 to 1%, the dependence of W/C on
its dosage turned out to be linear (Fig. 1).
This dependence is applicable only to the raw
materials used in this experiment and only if
the dosage of SAP is from 0 to 1% of the
cement mass.

0,5

5 0,45

0,4

The dosage of SAP from the cement mass

o 025 05 0,75 1

Figure 1. W/C ratio for cone slump of 106-115 mm depending on the dosage of SAP

At the same stage, the dependence of the
influence of the quantity of additive on cone
slump at a constant water-cement ratio was

revealed. Increasing the dosage of SAP led to a
decrease in cone slump at a constant W/C
equal to 0.5 (Fig. 2).

200
180
160
140
120
100

Cone slump, mm

The dosage of SAP from the cement mass

0 025 05 0,75 1

Figure 2. Cone slump depending on the dosage of SAP at a constant W/C ratio equal to 0.5

The detected dependence is not linear, it is
limited by the permissible values of cone slump
and is also applicable only for raw materials
used in this experiment, and only if the dosage
of SAP is from 0 to 1% of the weight of cement.
The performance of the additive is very often
evaluated by the physical and mechanical
properties of the resulting concrete. Among the
physico-mechanical properties of structural
materials are the strength indicators.
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A comparative assessment of the effect of SAP
additive on the strength of cement composite
was performed. The strength values determined
in accordance with the standards and its average
values have been determined. The dependences
of bending and compressive strength of concrete
specimens on the dosage of the studied type of
SAP were obtained (Fig. 3, 4).
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the SAP dosage at a constant W/C ratio equal to 0.5
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Fig. 3 shows the dependence at a constant cone
slump equal to 106-115 mm. Fig. 4 provides the
relationship for a constant W/C ratio of 0.5. The
above curves can be represented in the form of
the surface shown in Fig. 5, which is formed by

Cone
flow &
0,5 1

W/C ratio

W/C ratio

Yana A. Sanyagina, Vladimir T. Erofeev, Nikolai I. Vatin

three quantities: W/C, the percentage of SAP
additive and the strength of the concrete. This
allows the results of the study to be seen in a
more comprehensible way.

s
K

o
K

5 0,5 1

1] 0,2
05 T//w 2
20

o
0 0,25 0,75 1
SAP dosage. % of cement mass

Bending strength, MPa

05

0,25 0,5 0,75 1
SAP dosage, % of cement mass

Compressive strength, MPa

Figure 5. Dependence of the bending strength and compressive strength depending
on the SAP dosageand concreteW/C ratio

Analysis of the results shows that the bending
and compressive strength of fine-grained
concrete does not change at dosages up to 0.5%.
However, it decreases by 20-25% when the
dosage is increased to 1%. It can be concluded
that for further studies of this type of SAP
should be selected its dosage not more than
0.5% of the weight of cement. The compressive
strength of concrete increases insignificantly
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with the dosage of the additive, equal to 0.25%
of the weight of cement.

It is interesting to compare the test results of
mortar mixes with the results obtained by
testing specimens of heavy concrete (Fig. 6).
Only the additive dosage equal to 0.5% of the
weight of cement was investigated in this study,
and the compressive strength of concrete was
taken as a parameter of properties.
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Figure 6. Compressive strength of heavy (4) concrete and fine-grained (B) concrete
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The results show that the inclusion of SAP in
an amount of 0.5% of the weight of cement
increases the compressive strength of heavy
concrete by 9% at a constant W/C equal to
0.55. The strength of fine-grained concrete
under the same conditions increased by 7%.
As the experimental data accumulate, their
generalization and  statistical processing
become relevant. The solution of this problem
allows to pass to the creation of prediction
methods for the set of concrete properties.

In 2000-2020s there is a growing interest in
theory and practice of artificial neural
networks for research of structure-property
relations of different materials. Depending on
a type of a property they can solve the
problems of classification (at a discrete set of
values of properties), and also the problems of
regression (at continuous values of modelled
property).

Neural networks, in a certain sense, represent
an alternative to the traditional regression
analysis and open up the possibility of
creating  materials with  predetermined
properties.

A neural network trained on the information
gathered as a result of the study can predict
the properties of the obtained material. This

allows to optimally plan further studies and
reduce the number of necessary experiments.

Due to the ability to approximate nonlinear
dependences of arbitrary form, neural
networks are best suited for modeling and
predicting the physical and mechanical
properties of concretes, depending on such
parameters as the composition of mortar and
mixtures, temperature, pressure, etc. [30, 31,
32].

This study was conducted on the eight types
of concrete compositions in which only the
dosage of SAP and W/C varied. All other
parameters were the same, so the named
variables can be taken as input values. As a
result of the study, data such as mortar slump,
flexural strength, and compressive strength
were obtained for each concrete mixture (see
Table 2). These values are the output data.

To create a primitive version of the neural
network, the Python programming language
was applied. As a training sample, the results
of the experiments on the compositions No. 1-
8 shown in Table 2 were used. The values of
the table were normalized in the range from 0
to 1 with respect to the maximum values of
the output data and are presented in Table 3.

Table 2. Neural network base

Mixture Ne Input parameters Output parameters — Results
SAP, w/C Slump flow, Bending Compressive
% of cement ratio mm strength, MPa Strength,

mass MPa

1 0 0.42 120 5.44 26.84

2 0.25 0.44 120 53 27.54

3 0.5 0.46 120 5.33 26.92

4 1 0.5 120 4.96 21.29

5 0 0.5 195 5.09 16.96

6 0.25 0.5 165 5.17 18.64

7 0.5 0.5 140 5.25 18.57

8 1 0.5 120 3.83 12.07
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Table 3. Training matrix for neural network

MixtureNe Inputparameters Outputparameters—Results
X1 X2 Y1 Y2 Y3

| 0 0.84 0.615 1 0.974
2 0.25 0.88 0.615 0.974 1

3 0.5 0.92 0.615 0.979 0.977
4 1 1 0.615 0.911 0.773
5 0 1 1 0.935 0.616
6 0.25 1 0.846 0.95 0.676
7 0.5 1 0.718 0.965 0.674
8 1 1 0.615 0.704 0.438

To determine the prospects of applying the
neural network, new compositions were selected
for which the input values were known: the
dosage of SAP and W/C, while the output
values of cone slump, bending and compressive

strength were unknown. New normalized input
values were fed into the trained neural network
(Table 4). Here is also the result of the neural
network.

Table 4. Input and output parameters of neural network

Mixture Ne Input parameters Output parameters - Results
X1 X2 Yl Y2 Y3
Neiro-1 0.75 1 0.656 0.917 0.713
Neiro-2 0.3 1 0.751 0.983 0.823
Neiro-3 1 1.2 0.662 0.924 0.722

After converting the obtained values from
normalized to calculated values, the results of

the neural network presented in Table 5 were
obtained.

Table 5. Results of neural network

MixtureNo Inputparameters Outputparameters—Results
SAP, Ww/C Slump flow, Bending Compressive
% ratio mm strength, MPa | strength, MPa
ofcementmass
Neiro-1 0.75 0.5 128 4.988 19.636
Neiro-2 0.3 0.5 146 5.347 22.665
Neiro-3 1 0.6 129 5.026 19.884

The obtained values allow predicting the
properties of the concrete mixture and hardened
concrete at given values. It can be assumed that
the investigated type of SAP does not reduce the
strength of concrete at dosages up to 0.5% of
the weight of cement, therefore it can be used to
improve other characteristics of concrete.
Inclusion of SAP into the concrete mixture
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causes the increase of W/C, therefore the effect
of its application in combination with
plasticizers and anti-shrinkage additives should
be accounted for more effective use of the
additive.

The interest in the theory and practice of
artificial neural networks lies in their ability to
approximate non-linear dependences of arbitrary
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type by means of algorithms, which the neural
networks themselves find.
The disadvantage of the presented system is the
absence of a large training sample, so the neural
network may have errors.

CONCLUSIONS

1. The possibility of obtaining -effective
concretes with improved physical-mechanical
and operational characteristics by their
modification with a super absorbent additive has
been theoretically substantiated and confirmed
experimentally.

2. The dependence of changes in the
characteristics of the quality of concrete mixture
depending on the presence of the introduced
additive has been established. Increasing the
dosage of SAP increases water consumption of
concrete mixture, cone slump decreases at a
constant W/C ratio. The dependence of the ratio
W/C on the dosage of SAP to achieve the slump
of the cone 106-115 mm proved to be linear

3. The most effective impact of the additive on
the compressive strength can be recognized as
follows: the dosage of super absorbent additive
in an amount of 0.5% of the weight of cement
increases the compressive strength of fine-
grained concrete to 7% at a constant ratio W / C
= 0.5 and increases the compressive strength of
heavy concrete to 9% at a constant ratio W / C =
0.55. The increase in the dosage of SAP to 1%
of the weight of cement decreases the strength
of hardened concrete to 20-25% and
significantly reduces the slumping of heavy
concrete.

4. The obtained results allow further
comparative  experiments  to  determine
autogenous shrinkage and the possibility of
crack curing. The results of the research will
also help to substantiate the effectiveness of the
presented type of SAP in concrete structures. It
can be effective in reducing autogenous
shrinkage of concrete without reducing its
strength, and may also find application in the
creation of self-curing concrete.
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EXPERIMENTAL AND THEORETICAL STUDIES OF DYNAMIC
CHARACTERISTICS OF WOODEN FRAME BUILDINGS

Tatiana L. Dmitrieva, Kristina A. Podshivalova

Federal State Budget Educational Institution of Higher Education «Irkutsk National Research Technical University»,
Irkutsk, RUSSITA

Abstract: The research carried out in this paper is reduced to studying the design features of wooden frame
structures and analyzing the nature and degree of influence of individual structural elements on the work of the
frame as a whole based on a comparison of experimental and theoretical data. The results of the studies with the
evaluation of natural oscillations are the basis for the correct modeling of structural systems when performing
static and dynamic calculations.

Keywords: wooden frame buildings, dynamic characteristics, natural oscillation frequencies

IKCHEPUMEHTAJIBHO-TEOPETUYECKHE
HNCCJIENJOBAHUSI TMHAMHWYECKHX XAPAKTEPUCTHUK
JAEPEBAHHbBIX KAPKACHbBIX 3TAHUH

JImumpuesa T.JI., [loowusanosa K. A.

DdenepanbHOE TOCYIAPCTBECHHOE OFODKETHOE 00pa30BaTeIbHOE YUPESKICHUE BhICIIEro o0pa3zoBanus «pkyTckuit
HaI[MOHATBHBIA UCCIIeIOBATENbCKIA TEXHUYECKH YHUBEpCUTET», T. UpkyTck, POCCUS

AHHOTaIlI/lﬂ: HpOBOL[I/IMI)Ie B JIaHHOM pa60Te HCCIICJOBAaHUA CBOOATCA K HU3YUYCHUIO 0COOEHHOCTEMH
KOHCTPYHUPOBaHUA NEPEBAHHBIX KapKaCHBIX COOpy)KeHI/Iﬁ 1 aHAJIM3Yy XapakKTepa U CTCICHU BIIMAHUA OTIACIIBHBIX
KOHCTPYKTHBHBIX 3JICMCHTOB Ha pa60Ty KapKkaca B ICJIOM Ha OCHOBC COIIOCTABJICHUSA SKCIICPUMCHTAJIbHBIX W
TCOPECTUUCCKUX JTaHHBIX. P€3yHLTaTLI HCCJIEI0BAaHUM ¢ OIICHKOM MoKa3arteeit COOCTBEHHBIX KOJIEOaHMIA JIE)KAT B
OCHOBE€ KOPPEKTHOI0 MOJCITIUPOBAHUA KOHCTPYKTHUBHBIX CHUCTEM TIIPpU BBIIOJIHCHHUHW CTATUYCCKUX H
JAUHAMHUYCCKHUX pacdCTOB.

KiiroueBble CJI0Ba: [CPCBIHHBIC KAPKACHBIC 3MaHMS, THHAMUICCKUC XapaKTEPUCTHKH, YaCTOThI COOCTBEHHBIX
KoJieOaHmit

INTRODUCTION

The construction of buildings and structures
with a wooden load-bearing frame is currently
being increasingly used, both in the world and
in domestic practice. There is a tendency to
increase the number of floors of wooden frame
housing construction. A serious advantage of
frame structures is the fact that, having a low
weight, high spatial strength and stability, they
allow you to build buildings on lightweight
foundations.

The article is devoted to the study of the
dynamic characteristics of wooden frame

136

buildings. The relevance of the presented topic
is due to the need to further reduce the cost of
frame construction in compliance with the
standards of structural reliability, safety and
energy efficiency by improving the design
schemes performed on the basis of an in-depth
study of the nature and degree of influence of
the elements of the frame and cladding on the
spatial strength and rigidity of the structure.
Such studies are of absolute practical
importance for objects being built in seismically
active zones.

The basis of the load-bearing skeleton of the
buildings in question is a wooden frame formed

International Journal for Computational Civil and Structural Engineering
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by racks, bindings and floor beams, which are
combined into a single spatial scheme using
various rigidity elements in the form of struts,
sheathing, diaphragms, etc. The spatial strength
and immutability of the system can be realized
in different design variants: due to the joint
work of the main elements of the frame with
diagonal bracing elements in the plane of walls
and ceilings, or due to the joint work of the
frame and sheathing, in the absence of bracing
connections. Combined variants are also
possible, combining the joint work of all
elements — braces, paneling in the form of plates
or composite boards made of boards, profiled
sheet, etc.

The calculation of wooden frame structures is a
complex task that requires taking into account
many factors. It should be noted that one of the
main problems in the design of such structures
is associated with their modeling in
computational complexes, namely, the difficulty
of analyzing and taking into account factors
affecting their stress-strain state, since wood as
a structural material, due to natural anisotropy,
has a significantly greater spread of mechanical
characteristics compared to such materials, like

steel and concrete. Additional and very
important parameters for modeling and
calculation in software and computing

complexes are the deformation characteristics of
joints. Most often, nodal joints are assembled on
nagel-type joints that have a certain
malleability.

These problems contributed to the development
of new methods and approaches to the
calculation of wooden frame structures [1-17].
So, Saule Tulebekova and co-authors in their
work investigated the effect of operational load
on the rigidity of frame high-rise buildings
made of glued beams [18]. P.V. Maksimov, A.L.
Volkov in their work consider the features of
numerical calculation of VAT of frame wooden
structures using the finite element method and
give recommendations for taking into account
the complex physical and mechanical properties
of wood, implementation of numerical counting
in the ANSYS package [19].
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In this article, the analysis of the influence of
individual structural elements on the work of the
frame as a whole is carried out by comparing
experimental and theoretical data. For this
purpose, the following tasks were set:

1. Production of an experimental fragment of a
frame structure in different structural variants —
a frame, a frame with plywood sheathing, a
frame with diagonal braces, a frame with
diagonal braces and an outer plywood
sheathing.

2. Conducting experimental studies of the
dynamic characteristics of fragments using the
RSV-150 vibration measuring system.

3. Modeling of the computational schemes of
the test fragments in the SCAD Office and Lira
soft package.

4. Analysis of experimental and theoretical data
to assess the comparability of the results of
experimental and theoretical studies.

5. Drawing up recommendations based on the
data obtained on improving the calculation
methods of wooden frame structures in software
and computing complexes.

6. Preparation of recommendations for the
program of further studies of the dynamic
characteristics of wooden frame systems,
assemblies and parts.

1. EXPERIMENTAL STUDY OF
NATURAL VIBRATIONS OF
STRUCTURES OF WOODEN FRAME
BUILDINGS

To identify the dynamic characteristics of
natural vibrations of structures, the RSV-150
Polytec vibration meter was used, which is a
universal device used to measure vibrations of
structures located at short and long distances
(from 5 to 300 m).

The sensor head contains an optical detector
module with an infrared laser beam. It also
contains a green “binding” laser and a video
camera used to indicate the object of study. The
controller includes a decoder of the speed of the
measured signal, as well as electronic control
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modules for the sensor head and its power
supply. To perform vibration measurement, a
beam of a helium-neon laser is directed at an
oscillating object and reflected from it. Due to
the occurrence of the Doppler effect, the speed
and movement of the oscillating object form a
frequency or phase modulation, which is
restored in the signal processing module using
appropriate demodulators (or decoders). The
speed information is recovered from the
frequency modulation of the Doppler signal, the
displacement signal is recovered from the
simultaneously available phase modulation. The
values of the velocities or movements of an
object are recorded at equal very small intervals
(from thousandths to millionths of a second),
forming discretized functions of time, and
digitized on electronic media, stored in the PC
memory.

Polytec Vibrometer Software (VibSoft) is used
to display and analyze measurement results
using a PC. Next, a high-precision spectral
display of measurement results is carried out
using Fourier transforms. Spectral functions are
also stored in the PC memory in separate files.
With the help of this device, the frequency of
natural vibrations of the object in the
longitudinal and transverse directions was
determined.

The object under study is a fragment of a frame
structure. The fragment is a rectangular
structure with dimensions of 2.08x1.56 m. The
height of the walls is 2.08 m. The frame is made
of a grade 1 board with a cross section of
120x40mm. The cladding on the outside is
made of plywood with a thickness of 9 mm.
Dynamic characteristics were tested for four
different combinations of the frame in order to
study the effect of each element on the spatial
rigidity of the structure as a whole:

Frame 1 — Frame without braces. The frame
consists of vertical racks, upper and lower
strapping, horizontal jumpers.

Frame 2 is a frame with inclined braces.

Frame 3 is a frame with plywood covering on
the outside of the fragment.
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Frame 4 — Frame with braces and plywood
sheathing (so-called full frame).

Figure 3. Frame 3
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To exclude noise processes, noise vibrations
were measured, followed by spectral mapping
of frequency peaks characteristic of noise
processes (Fig. 5).

The displacement values were
horizontally — along the transverse
longitudinal axes of the structure.

The fixation of oscillatory processes was loaded
in digitized form into the memory of the PC
hard disk. Further, the oscillations were
subjected to spectral mapping to detect the
frequency peak characteristic of the impact.

measured
and

e Torroe £ Vil Whontiny
Feaive

W'E‘vlhl-wulmgl

Fiequeacy [ Fzl

Figure 5. Spectral display of noise vibrations

The distances from the measuring equipment to
the building had values from 7 to 10 m, which  Figures 6-13.

satisfies

the

conditions of

measurements of the RSV-150 device.

effective

The results of spectral mapping are presented in
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Figure 6. Frame 1. Time interval and spectral mapping of oscillatory processes in the longitudinal
direction
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Figure 7. Frame 1. Spectral mapping of oscillatory processes in the transverse direction
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Figure 8. Frame 2. Spectral mapping of oscillatory processes in the longitudinal direction
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Figure 9. Frame 2. Spectral mapping of oscillatory processes in the transverse direction
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Figure 10. Frame 3. Spectral mapping of oscillatory processes in the longitudinal direction
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Figure 11. Frame 3. Spectral mapping of oscillatory processes in the transverse direction
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Figure 13. Frame 4. Spectral mapping of oscillatory processes in the transverse direction

2. MODELING AND CALCULATION OF
THE STUDIED OBJECTS IN SCAD
OFFICE AND LIRA SOFT PCS

The frame struts, lintels and lower strapping
were modeled in the form of core elements. The
connections of the racks with the horizontal
surface of the concrete floor of the laboratory
are set in the form of a hinge-fixed support,
limiting movement along the X, Y, Z axes and
the average Z racks for some variants of the
design schemes. To obtain the dynamic
characteristics of natural oscillations, a modal
analysis was carried out based on the
transformation of the static load of its own
weight from the considered variant of the
structural scheme of the fragment into masses.

To model wooden frame structures, it is necessary
to take into account the nodal connections of
elements: racks with strapping, braces and
horizontal spacers with a frame, a frame with a
skin, which in this case are attached to screws.
These compounds are malleable, which causes
difficulty in modeling in computational complexes.

B—

AT

In the SCAD Office PC, when modeling rod
elements, there is no possibility of taking into
account the orthotropic properties of wood and
the elements are set to be isotropic. The lamellar
elements of plywood sheaths are set to be
otrotropic.

In the Lira Soft PC, on the contrary, when
modeling rod elements, it is possible to take into
account the orthotropic properties of wood, but
at the same time the plate elements of plywood
sheaths are set to be isotropic.

In the study of dynamic characteristics in
computational complexes, many variants of
computational schemes were created, and this
paper presents the most successful of all with a
description of the modeling tools used.

2.1 Frame 1

The frame has a hinged coupling of racks with
strapping and jumpers. The corner and paired
pillars of the frame fragment are connected by
combining displacements, thereby modeling a
malleable (conditionally hinged) joint.

B
~

*
R S S

Figure 14. Frame 1. Model in PVC SCAD Office andLirc_l Soft
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Table 1. The results of natural oscillations of 2.2 Frame 2

the fragment of the frame 1 in SCAD Olffice and

Lira Soft
SCAD Office Lira Soft
X-2,92T1 X-2,7Tn
Y -6,03 'y Y -5,54T1

Figure 15. Frame 2. Model in PVC SCAD Office and Lira Soft

Table 2. The results of the natural oscillations
of the fragment of the frame 2 in SCAD Office

and Lira Soft
SCAD Office Lira Soft
X-6,49T11 X— 6,64111
Y -7,17Tn1 Y -8,52T11
2.3 Frame 3

Plywood panels in the form of plate elements
with a thickness of 9 mm were added to the

Additionally, we model diagonal braces in the
form of rod elements in the frame. The
connection of the braces with the pillars of the
main frame is made pivotally.

A\ r':

I |
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» 1 T ! \ I/
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s N, ] \ | h o/ |,"
\ -3 \ Nni I

d T \\.‘v L J e.; /|

N ¢ Ul \ siNl A/

1 ,'l

v 1 /

J ;

3

design scheme and diagonal braces were
removed. Characteristics of the cladding
material: elastic modulus X = 400000 kN/m2,
elastic modulus Y = 10000000 kN/m2.
Poisson's ratio Vxy = 0.45, Vyx=0.02. The shear
modulus Gxy=500000 kN/m?2.

The frame with the skin is connected pivotally
by introducing a connection in the form of a
combination of movements.

Figure 16. Frame 3. Model in PVC SCAD Office and Lira Soft
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Table 3. Results of natural oscillations of a
fragment of the frame 3 in SCAD Office and

Lira Soft
SCAD Office Lira Soft
X -15,74Tn X -15881Tn
Y - 8,80 I'ng Y -10,20TI'
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2.4 Frame 4

Diagonal braces are reintroduced into the design
scheme of the frame with plywood sheathing.
The core elements are connected to each other
pivotally. The plywood skin is attached with the
help of the "movement unification" tool.

—

Figure 17. Frame 4. Model in PVC SCAD Office and Lira Soft

Table 4. Results of natural oscillations of a

fragment of the frame 4 in SCAD Office and

Lira Soft
SCAD Office JIupa Codt
X-16,82 T X-16,26 '
Y -13,43Tn Y -10,87 T

3. COMPARATIVE ANALYSIS OF THE
VALUES OF DYNAMIC
CHARACTERISTICS OBTAINED BY
THEORETICAL NUMERICAL
CALCULATION AND EXPERIMENTAL
METHODS

A comparative analysis of the values obtained
by measuring the dynamic characteristics of a
fragment of a wooden frame with the values

Volume 19, Issue 2, 2023

obtained as a result of modeling the frame in the
computing complexes SCAD Office and Lira
Soft.

The purpose of the analysis was to identify
errors in experimental data and theoretical
numerical calculations, which are manifested
due to incomplete consideration of the natural
origin of wood and inaccuracy of modeling
nodal joints of structural elements in calculation

complexes.
Another, no less important, task is a
comparative  analysis of the dynamic

characteristics of 4 combinations of a fragment
of a wooden frame and a conclusion about the
need to install diagonal braces to increase the
strength of the building.

Based on the results obtained, we will form a
general summary table 5.
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Table 5. Summary table of natural oscillation frequenc

Values The coefficient of
Values .
N fth Directi ¢ from Value 6 th reduction to the
No ame ot the trection o SCAD | from Lira rgm N indicators of the VibSoft
measurement | measurement VibSoft,
Ofﬁce, SOft, Hz SCAD
Hz Lira Soft
Hz Office
1 2 3 4 5 6 7 8
Longitudinal -, o, 2.7 3.13 1,07 1,16
direction
1 Frame 1 Transver
Ansverse 6,03 5,54 4,94 0,82 0,89
direction
Longitudinal ¢ 6,64 7.1 1,09 1,07
direction
2 Frame 2 T
ransverse 7,17 8,52 72 1,00 0,85
direction
Longitudinal 5 -, 15,88 12,44 0,79 0,78
direction
3 Frame 3 T
Tansverse 8,8 10,2 13,12 1,49 1,29
direction
Longitudinal |, ¢ o, 16,26 12,8 0,76 0,79
direction
4 Frame 4 T
Tansverse 13,43 10,87 12,42 0,92 1,14
direction

The natural oscillation frequencies of the system  where EJ is the rigidity of the system; m is the

are determined by the formula: mass of the system.
Then the rigidity of the system is determined by
EJ the formula:
Wg = E (1)
E] = wim 2)

Natural oscillation frequencies, Hz

8
6
4
2
0
1 2 3 4
Configuration number of the calculation model
=== \/alues from SCAD Office  ====Values from Lira Soft === \/ibration meter values

Figure 18. Indicators of natural oscillation frequencies in the longitudinal direction of the frame
fragment
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Natural oscillation frequencies, Hz
oo

1 2 L 4
Configuration number of the calculation model

=== \/alues from SCAD Office ==@=—=\/alues from Lira Soft === \/ibration meter values

Figure 19. Indicators of natural oscillation frequencies in the transverse direction of the frame
fragment

Table 6. Summary table of the rigidity of the frame system

Rigidity of Rigidity Stiffness The cogfﬁment of
Name of] of the reduction to the
L System| the SCAD (EJ) ofthe | . ..
the Direction of . system . indicators of the
Ne weight, Office .| experimenta .
measure| measurement KN | system (EJ) (EJ) Lira | fraoment VibSoft
ment y N 2| Soft kN kﬁ "] sCAD | Lira
m? Office Soft
1 2 3 4 5 6 7 8 9
Longitudinal |, | ¢ 18,55 15.86 2131 1,15 1.34
direction
I |Frame I Transverse
ansve 2,18 79,11 66,77 53,09 0,67 0,80
direction
Longitudinal | -, 5 107,43 112,45 128,58 1,20 1,14
direction
2 |Frame 2 T
TANSVEIse | 5 55 131,12 185,15 132,22 1,01 0,71
direction
Longitudinal |, ¢ 701,67 714,21 438,29 0,62 0,61
direction
3 |Frame 3 Transverse
ansve 2,83 219,33 294,66 487,52 2,22 1,65
direction
Longitudinal | 5 906,62 84726 | 525,04 0,58 0,62
direction
4 |Frame 4 T
TANSveIse - 3 70 578,00 378,65 | 494,33 0.86 1,31
direction

Comparing the data obtained as a result of
theoretical ~ numerical  calculations  and
experimental studies given in Tables 5 and 6, it
can be concluded that the greatest increase in
the rigidity of the frame is achieved when using
a structural variant with plywood cladding. In

Volume 19, Issue 2, 2023

addition, correction coefficients were calculated
that allow us to bring the characteristics of the
natural oscillation frequencies (Table 5,
columns 7, 8) and the rigidity of structures
(Table 6, columns 8, 9) obtained in the SCAD
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Office and Lira Soft software complexes to the
indicators of the VibSoft.

It should also be noted that the nodes
connecting the elements to each other are
elastic, since they are made using nagel-type
connections. Modeling of such nodes with the
help of hinges or rigid fastening does not
correspond to their actual work in the structure.
To account for and evaluate these features,
several different types of calculation schemes
with different combinations of frame elements
were considered and analyzed. The obvious
disadvantage of the calculation systems used is
the lack of the possibility of taking into account
the orthotropic properties of wood when
modeling elements wusing rod and plate
elements. The results of the simulation indicate
the absolute need for further improvement of the
SCAD Office and Lira Soft software complexes
in terms of taking into account the features of
the anisotropic structure of wood and the
nonlinear operation of nodes and parts in
wooden frame systems.

CONCLUSION

Based on a comparative analysis of numerical
calculations and  experimental  dynamic
characteristics of fragments of wooden frame
structures, the following conclusions are made:
1. It is proved that there is no need to use braces
in the frames of buildings with sheathing at the
standard step of the racks. The use of braces in
combination with the skin does not significantly
increase the performance compared to the
option without braces: in the longitudinal
direction by about 20% and 1.4% in the
transverse direction.

2. Comparison of the results of numerical
calculations and experimental data of natural
vibration frequencies of wooden frame
buildings revealed the need to introduce
correction coefficients to the stiffness indicators
or natural vibration frequencies obtained in the
calculation complexes.
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3. The numerical calculation revealed
significant difficulties in modeling wooden
frame structures. The SCAD Office and Lira
Soft software systems used do not allow
modeling a design scheme that would reflect the
actual operation of nodes, such as the coupling
of racks with cladding, diagonal braces with
racks, horizontal jumpers with racks.

Further studies to assess the dynamic
characteristics of wooden frame buildings
should include static and dynamic tests of
individual components and parts with an in-
depth study of their strength and deformability
indicators. Of course, it is necessary to increase
the number of studied objects, which will
reduce the error of the data obtained.
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Annotation. A computational model is presented for determining deformations in complexly stressed beams of a
structurally non-linear reinforced concrete frame in a transcendental state caused by a special emergency action
in the form of a sudden removal of one of the structural elements. The determination of the stress-strain state
after the formation of spatial cracks in the reinforced concrete elements of the frame was carried out using the
calculated spatial section. At the same time, dynamic additional loads in the design section of the reinforced
concrete frame element from a special impact are determined on an energy basis using the “bending moment-
curvature” and “torque-angle of rotation” diagrams. The considered calculation algorithm includes the
determination of forces in compressed concrete, longitudinal and transverse reinforcement for primary and
secondary design schemes and verification of special limit state criteria. The results of a numerical analysis of
the effect of cracking, the ratio of torque and bending moment on the stress state in transverse and longitudinal
reinforcement and on the dissipative properties of a frame structural system are presented.

Keywords: reinforced concrete frame, cracks, dynamic additional loads, complex resistance, spatial section

PACUETHAS MOJIEJIb MHOI'O9TAKHOM KEJE30EETOHHOM PAMBI
CO CIOXHOHAITPA’) KEHHBIMU PUT'EJAMMUA B 3ATIPEJAEJIBHOM
COCTOAHUUAN

B.C. Mockosuesa %, C.C. ®edopoe >, M.A. Amenuna’

! depepanbHOE rOCYJapCTBEHHOE GHOKETHOE 00pa30BaTENLHOE YUPEKIEHUE BRICIIEro obpazosanus «Oro-3amaHelii
roCy/lapCTBEHHBIN yHUBEpcUTeT», I. Kypck, POCCUA
2 Hay4HO-HCCIIEIOBATENbCKAN HHCTHTYT CTPOMTENBHON (GU3UKU POCCHICKOM aKaJIeMHH apXUTEKTYPBI U CTPOHTEIBHBIX
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3 HanmoHanbHEIA HCCIIen0BaTeIbCKuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOMTENBHBINA YHUBEPCUTET, T. MOCKBa,
POCCHUA

Annoranus. [IpuBenena pacyetHass MOjieNb JIsl onpeAesieHus AedopMayii B CIOKHOHAIIPSKEHHBIX PUIEIIsIX
JKETIe300€TOHHON KOHCTPYKTHBHO HEIMHEWHOH paMbl B 3alpeieibHOM COCTOSHHH, BBI3BAHHOM OCOOBIM
aBapUITHBIM BO3ACHCTBHEM B BHJI€ BHE3AITHOTO YAAJCHUS OJHOTO U3 KOHCTPYKTHBHBIX 31eMeHTOB. OmnpeneieHne
HanpsHKEHHO  1eOPMHUPOBAHHOTO  COCTOSHHS — HOCie  00pa3oBaHHMsS IPOCTPAHCTBEHHBIX  TPELIMH B
KeJe300€TOHHBIX 3JIEMEHTaX paMbl BHINOJHEHO C HCIIOJIb30BAHHEM PACUETHOIO MPOCTPAHCTBEHHOIO CEUCHHMS.
IIpu 3TOM nUHAMHUYECKUE JOTPY’KEHHUS B PaCUETHOM CEUEHHM >Kele300€TOHHOIO 3JIEMEHTa paMbl OT 0CO00ro
BO3JICHCTBHS ONpE/eIeHbl HA YHEPreTHUECKOW OCHOBE C MCIOJIb30BAaHHEM AHMArpaMM «H3rHOAroINii MOMEHT-
KPUBH3HA» U «KPYTAIMHUI MOMEHT -yToJl IOBOPOTa». PaccMOTpEHHBIH aJrOPUTM pacyeTa BKIIFOYAeT OIpeeIeHIe
ycuiuit B cxkatoM OeToHe, MPOJOJILHOM M NMONEepeYHON apMaType JUlsl IepBUYHON M BTOPUYHOM pacyeTHBIX CXeM
U TIPOBEPKY KPHUTEPUEB OCOOOr0 MpPEAENbHOIO COCTOSHUS. lIpuBeneHbl pe3ynbTaThl YHCICHHOTO aHalu3a
BIMAHUS TPEHMIMHOOOPa30BaHMs, COOTHOIICHMS KPYTAIIEro M M3rHOAIONIEr0 MOMEHTa Ha HaIpsKEHHOe
COCTOSIHME B TOINEPEYHON M MPOAOJIBHON apMarype W Ha JUCCHUIIATHBHBIC CBOICTBA paMHOW KOHCTPYKTHBHOM
CHCTEMBI.
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KurueBble ciioBa: sxeiie300eToHHAS pama, TPpCHIMHbI, TMHAMHWYCCKUC NJOTPYKCHUSA, CJI0)KHOC COIIPOTHUBIICHUE,
IMPOCTPAHCTBECHHOC CCYCHUE

INTRODUCTION

The problem of ensuring the safety of structural
systems always remains the main priority of
scientific, design and construction activities. In
recent decades, due to the constant growth in the
types and intensity of various impacts on
buildings and structures, there is a constant need
to improve ways to protect structural systems
from such impacts, including the so-called
special and emergency ones. This caused the
appearance in Russia and some other countries
of new regulations aimed at providing such
protection, in particular, Russian State Standard
GOST 27751-2014 with Amendment No. 1, SP
385.1325800.2018 with Amendments No. 1, 2,
3, SP 296.1325800.2017. These documents
contain general provisions regarding the
consideration of special effects, the scope of the
provisions given in these standards, ways to
protect different types of structural systems
during their design. However, many of the
provisions presented here look like criteria
requirements without detailing how to ensure
these requirements in the design. At the same
time, as shown in [1-3], these criterion
requirements remain within the framework of
the traditional approach of the limit states
method. At the same time, the concepts of
“special impact”, “special limit state” and
“criteria for a special limit state” introduced in
these documents for the calculated parameters
do not adequately reflect the physical essence of
the deformation of structural systems made of
various materials under various stress states at
the stages of deformation that go beyond limits
of criteria for limit states established
experimentally [4-14]. For example, in [1, 15] it
is shown that the coefficient of dynamic
additional loads and the parameter of
survivability of a structural system depend on

Volume 19, Issue 2, 2023

the material, the topology of the structure, the
stage of deformation, and other factors. But
this is not taken into account in the requirements
of the norms and most studies and publications
in the field under consideration. The change in
the dissipative properties of the material
depending on the load level at which the system
is dynamically additionally loaded by a special
emergency effect is also not taken into account.
The article under consideration presents a
computational model, algorithm and results of
numerical studies of static-dynamic deformation
of reinforced concrete elements of a multi-
storey reinforced concrete frame with
complexly stressed crossbars in a transcendental
state with an analysis of its dissipative
properties depending on the type and level of
stress state.

METHODS

The solution of the considered problem of
computational analysis of the parameters of
deformation of a reinforced concrete frame in
the limiting and translimiting states is carried
out in relation to a fragment of a reinforced
concrete frame-rod structural system of the
frame of a multi-storey building with a complex
stress state in the crossbars under the combined
action of torsional and bending moments from
the forces Pi applied to the crossbars of the first
floor with eccentricity e (Fig. 1 a, b). The
calculation scheme of the frame is adopted in
two versions: primary - at given loads before the
application of a special impact and secondary -
under the action of the same loads on the frame,
but with the application of a special impact in
the form of a sudden removal of one of the
columns of the first floor of the frame.
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Figure 1. Scheme of application of loads (a, b) and scheme of flows of tangential forces from the
action of torque along the design contour of a box section 1-2-3-4 (c)

Reinforcement of the frame structure is made as
follows (Fig. 2). The crossbar is reinforced in
the upper and lower zones with symmetrical
longitudinal reinforcement from reinforcing
bars, determined by the calculation for a given
load and a special effect. The transverse
reinforcement of the crossbar is adopted in the

[

form of closed clamps designed for the
combined action of the transverse force,
torsional and bending moments. The step of the
clamps is different in the support zone in the
areas of the joint action of the torques of the
bending moments and in the middle part of the
span of the crossbars.
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Figure 2. Scheme of formwork and reinforcement of a reinforced concrete frame
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The calculation scheme for determining the
stress-strain  state in the section after the
formation of spatial cracks in the crossbars of
the frame was adopted on the basis of the
hypotheses and main provisions of the
deformation model proposed in [16, 17]. In the
calculation, the given rectangular section of the
crossbar is modeled by a box-shaped section. At
the same time, an additional hypothesis 1is
introduced that the scheme of the calculated
spatial section in the limiting and transcendental
states (Fig. 3) does not change after the
application of a special impact. Depending on
the ratio of torque and bending moment T/M
and, accordingly, the nature of the stress state of
the element, the angles of inclination of the
spatial crack can change a.

The algorithm for calculating the frame
according to the primary and secondary design
schemes includes the following steps.

1. In the primary design scheme for given
design loads Pi applied to the frame with
eccentricity e and the initial stiffness of the
sections of the frame elements By, the forces in
the crossbars are determined and the condition
for the formation of a spatial crack from these
forces is checked.

2. If a spatial crack formed in the most stressed
section of the crossbar, the stiffness of the
crossbar section 1is calculated taking into
account cracks B; [18] and the frame 1is
recalculated under the same load.

3. One of the structural elements is removed
from the primary design scheme of the frame,
for example, the rack of the first floor of the
frame, and the reaction in this rack, determined
from the calculation according to the primary
design scheme, is applied to the secondary
design scheme thus obtained in the direction of
the axis of the remote rack with the opposite
sign.
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Figure 3. Calculation scheme of the crossbar section after the formation of a spatial crack with the
Jjoint application of torsional and bending moments in the limiting and transcendental states
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4. Using the analytical dependence to determine
the increment of dynamic forces and dynamic
deformations obtained in the frame system
under the considered influences [19], dynamic
forces, dynamic curvatures and dynamic angles
of rotation in the considered spatial section of
the crossbar with a crack are calculated.

5. A diagram of the calculated spatial section is
built (see Fig. 3) and for this section, the shear
longitudinal Ny, and transverse Nj, forces in
compressed concrete, the forces in the
transverse reinforcement located on the left
Nsz(1y and right Ng, ;) sides of the element
section, the forces in the longitudinal tensile
reinforcement located on the left N sx(1) are
calculated and on the right st(Z) at the lower
edge of the crossbar section according to the
formulas obtained from the conditions of statics,
physical and deformation relations for the
considered design section.

The value of the transverse force perceived by
the concrete of the compressed zone, with some
approximation, can be determined by the
formula (1):

ProRpbhG
Q, ~ 2. g,

(1)

where, @,,—is a coefficient taken equal to 1.5;

Ry - design resistance of concrete to axial
tension; b - crossbar width; h, - working height
of the crossbar; C - the length of the horizontal
projection of the most dangerous inclined
section (cut span).

The value of the longitudinal shear force in
compressed concrete:

Nbx = Nyxbl = Ma

)
where, N, - tangential force from torque T; b,
— is the horizontal distance between the rods; Z;
- the distance from the tensile reinforcement
2F to the center of gravity of the concrete of
the compressed zone.
The value of the
compressed concrete:

longitudinal force in
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oM T _ (@-Qp) —
_ B T (Q-Qp)
bitgo) (4(b1+zl) + 4Z4 ) "
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where, M — is the bending moment in the
crossbar; o, — is the slope angle of the
compressed zone line; @, — transverse force
perceived by the concrete of the compressed
zone.

The total forces in the clamps are equal to:

- B Tz (Q-Qp)

st(l) - NYZ(l)Zl - 2(b1+121) B 2’ 4

i N 7 = TZ, Q-0p) (° )
s2(2) = Myz2(2)1 T 5p,47,) 2

where, Ny,), Ny,z) — shear forces in clamps
located on the left and right sides of the cross

section; Z; — the distance from the tension
reinforcement 2F to the center of gravity of

the concrete of the compressed zone of the
concrete; T — torque; @, — transverse force
perceived by the concrete of the compressed
zone.

{Nsy(l) = 0.5Npy + ty,1ydy - tgay + 0.5N
Nsy2y = 0.5Npy + ty,1yd; - tgaz + 0.5N°

When calculating forces in longitudinal and
transverse reinforcement and compressed
concrete of a three-dimensional section, the
values of torque T, and bending moment
M@_, obtained from the calculation according to
the secondary design scheme are used, taking
into account dynamic additional loads from
special effects.

6. The criteria for a special limit state
established by the requirements are checked (SP
385.1325800.2018 "Protection of buildings and
structures against progressive collapse" with
Amendments No. 1, 2, 3) for the values of
curvatures and angles of rotation and limiting
longitudinal and transverse deformations for
compressed concrete of the section and
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stretched longitudinal and transverse

reinforcement.

Numerical studies and analysis of results

To evaluate the effectiveness of the proposed
calculation model, a calculation of a reinforced
concrete frame was carried out, the test results
of which are given in publications [20, 21]. In
accordance with the above algorithm, the static
calculation of the frame according to the
primary and secondary design schemes was
performed with the following initial data: frame
span 1 = 1050 mm, storey height h = 450 mm,
crossbar section height hr =100 mm, crossbar
section width b = 100 mm. Reinforcement of the
crossbar and above the first floor A; and Aj is
taken from rods with a diameter of 6 mm. The
transverse reinforcement is adopted in the form
of closed clamps made of wire with a strength
equivalent to A240 with a diameter of 2 mm.
The pitch of the transverse reinforcement on the
supporting sections is 40 mm in a span of 60
mm. Frame construction concrete adopted B15.
In accordance with the algorithm, dynamic
curvatures and dynamic angles of rotation were
calculated using the formulas given in [19] for

a)
M ,kHM
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200
151 /
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two variants of the stress state: option 1 - under
the load Pi when there are no cracks in the
frame crossbars and option 2 - under the load Pi
at which inclined spatial cracks. As a result of
the calculation for these options, the values of
bending and torque moments were calculated in
the original n-fold statically indeterminate
frame, in the frame with the left post removed
according to the secondary design scheme and
the moments calculated according to the
secondary design scheme, but taking into
account the dynamic additional loading from the
considered special impact (Fig. 4). The values
of the coefficient of dynamic additional loading
were determined as the ratio of the dynamic
moment in the n-1 system to the static moments
in the same system according to the formula:

d
— Mn—l
MyZy

0 (6)

According to formulas (4)-(5), the stress values
in the longitudinal and transverse working
reinforcement located on the left and right in the
design section were calculated (see Fig. 3).
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Figure 4. Diagrams of static-dynamic deformation of section 1-1 after an emergency impact when it
is applied to a frame without cracks from the action of loads Pi (a) and in a frame with cracks (b)
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Analyzing the results obtained (Fig. 5 a), it can
be seen that with an increase in the ratio of
torque to bending moment (&), the stress state in
the clamps of the crossbar located to the left and
right of the calculated section increases. The
stresses in the longitudinal reinforcement
located on the left and right at the lower edge of
the section, on the contrary, decrease.

From a comparison of the obtained dependences
for stresses in longitudinal and transverse
reinforcement according to the results of
calculation for the first and second options
(without cracks - dependence 1 and with cracks
- dependence 2 in Figure 5b in crossbars when

a)

Osz(1)

100

Osy(2)

design loads Pi are applied at the first stage of
loading), it can be seen that the stress state in
the transverse and longitudinal reinforcement
under loading of a frame with cracks is
significantly greater by a special effect than
when the frame is loaded when there are no
cracks in it under the design load. It follows
from this that the dissipative properties of
reinforced concrete frames with cracks under
operational load are higher than in structures
without cracks. The same applies to the stressed
state: the dissipative properties of the crossbar
loaded with torque and bending moment
increase with increasing ratio & (Fig. 5b).

b)
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0 0,1 02 03

Sth} {S{wl}} 0 04 (:

Figure 5. Dependences for stresses in the clamps «0s,—S,,» and stresses in the longitudinal
working reinforcement «0s,—S,1» (a) and the dependence of the coefficient of dynamic additional
loads 8 on the ratio of torque to bending moment & in the design cross section of the crossbar (b):
1- when applying a special effect to the frame without cracks, 2- the same, to the frame with cracks

CONCLUSIONS

The parameters of the stress-strain state in the
complexly stressed design section of the
crossbar under the considered loading mode are
determined based on the model of the spatial
section passing through the spatial crack. The
limiting state of the calculated section is
determined by the deformation criteria for
concrete and reinforcement.

156

1. A deformation model and an algorithm for
calculating a multi-storey reinforced concrete
frame with complexly stressed crossbars, in a
transcendental state caused by a special
emergency impact, are built.

2. The determination of dynamic forces in
complexly stressed crossbars under the
combined action of bending and torsional
moments, loaded with an operational static load
and dynamic additional loading in the form of a
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sudden removal of one of the structures from
the frame structural system, was performed on
an energy basis using deformation diagrams of
the design section "bending moment -
curvature" and "torque - angle of rotation".

3. The parameters of the stress-strain state in the
complexly stressed design section of the
crossbar under the considered loading mode are
determined based on the model of the spatial
section passing through the spatial crack. The
limiting state of the calculated section is
determined by the deformation criteria for
concrete and reinforcement.

4. The proposed model of static-dynamic
deformation of complexly stressed reinforced
concrete elements can be used in the design of
protection of reinforced concrete frames of

multi-storey  buildings from  progressive
collapse.
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NUMERICAL ANALYSIS OF ANTISEISMIC SLIDING BELT
PERFORMANCE

Oleg V. Mkrtychev, Salima R. Mingazova

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

Abstract: One of the effective methods for ensuring seismic resistance of buildings and structures located in
seismic-prone areas is the use of an active seismic protection system. The most common at present is an active
seismic protection system based on seismic isolation. Seismic isolations in the form of rubber-metal (RMB) and
pendulum sliding bearings (PSB) have gained great popularity in our country and abroad. Also known seismic
isolation in the form of a sliding belt at the foundation level. Unlike RMB and PSB, the sliding belt is easier to
manufacture, install, maintain, however, it is less studied and there are still a lack of sufficient design justifica-
tions. In this study, the effectiveness of a seismic isolating sliding belt at the foundation level with PTFE plates
was investigated: a methodology for calculating a building with seismic isolating sliding belt at the foundation
level using the direct dynamic method was developed; studies were conducted on the influence of the friction
coefficient of the friction minimization component on the effectiveness of the anti-seismic sliding belt using the
example of a 9-story monolithic reinforced concrete building under one-component seismic excitation. As a re-
sult of the calculations, graphs of relative displacements and accelerations, stress intensity, also pictures with
displacement isofields, stress intensity and deformations were obtained. The analysis of the obtained results
shows that the most effective component for friction minimization is the use of PTFE plates.

Keywords: active seismic protection, seismic isolation, sliding belt, PTFE, direct dynamic method

YUCJEHHBIA AHAJIU3 D®DPEKTUBHOCTHU PABOTHI
AHTUCEVMCMUYECKOI'O CKOJIB3SAIIEIO MOSICA

O.B. Mkpmpuiues, C.P. Munzazosa

HarmonamsHbIi HccenoBaTeTbeKuii MOCKOBCKHN TOCYIapCTBCHHBINA CTPOUTEIBHBIN YHIBEpCUTET, T. MockBa, POCCHUSA

Annoranusi: OnanuM u3 3 PEeKTUBHBIX METOIOB OOecIeYeHus] CECMOCTOWKOCTH 3JIaHUH U COOpY>KEHH, pac-
MIOJIOKCHHBIX B CEHCMOOMNACHBIX pailoHaX, SIBJSIETCS HCIONb30BAHUE CHCTEMBI aKTHBHOM CEMCMO3AILUTHI.
Hawubosee pacnpocTpaHeHHBIM B HAcTOSIIEE BpeMs SBJISETCA CHCTEMa aKTHMBHOW CeCMO3aIlNThl, OCHOBAHHAS
Ha CeHCMOM3OJIALMH. BoJbIIyI0 MOMYJIAPHOCTh B Halleld CTpaHe W 3a pyOe)KOM MOIYyYMJIM CEHCMOM3OIIALUM B
Buzie pesuHomeranyeckux (PMO) n masatHukoBbIX ckonb3smux onop (MCO). Takxke u3BecTHa cecMOH30-
JSIIMS B BUJIE CKOJIB3AMIETO Tosica B ypoBHe pyHmamenTa. B ommane or PMO 1 MCO, cKOMb3SIIMiA MOsC SBIIS-
eTcs OoJiee IPOCTHIM B U3TOTOBJICHHH, B YCTaHOBKE, B 00CITY)KUBaHWH, OJTHAKO OHA MaJlO M3y4eHa W IS IaHHOH
CHCTEMBI CEWCMO3AIIUTHI O CHX TOP OTCYTCTBYIOT B HEOOXOIUMOM O0BEME pacdyeTHhIC 000CHOBaHUA. B man-
HOU paboTe MPOBOAMIIOCH UCCIIeIOBaHHE I(PPEKTUBHOCTH PAOOTHI CEHCMOU30IMPYIOIIETO CKONIB3SIIEro Mosica B
ypoBHe (pyHIameHTa ¢ (pToporIacToBbIMHU IJIACTUHAMM: pa3paboTaHa METOAMKA pacdyera 37aHusl C CeHCMON30-
JIMPYIOLIMM CKOJIB3SILIMM [10SICOM B YpOBHE (DyHIaMEHTa HNPSAMBIM ANHAMUYECKUM METOAOM; IIPOBEIEHBbI UcCiIe-
JIOBaHMA BIUSAHUA KO3((HUIMEHTA TPEHU KOMIIOHEHTa MUHUMHU3AUK TPEeHHUs Ha 3((EeKTHUBHOCTb aHTHCEHCMU-
YEeCKOro CKOJB3SIIEro Mosica Ha MpUMepe 9-THATAKHOIO MOHOJIMTHOTO JK€JIe300€TOHHOIO 3/1aHHs IPH OIHO-
KOMITOHEHTHOM CEeHCMHUYECKOM BO3JeicTBHU. B pesynbTraTe MpoBEIEHHBIX pacyeToB ObUIM MOMYYEHBI IpaduKu
OTHOCHUTEJIbHBIX NIEpEMENICHUN 1 YCKOPEHNH, MHTEHCUBHOCTH HANPSKEHMH, a TaK)Ke KapTUHBI C N30MONISMU Iie-
peMelIeHHd, THTEHCUBHOCTH HANpsDKEHUH U aeopManuii. AHaIU3 TOJyYSHHBIX Pe3yJbTaTOB MOKA3bIBACT, YTO
HanOosee d(PPEKTUBHBIM B Ka4eCTBE KOMIIOHCHTa MUHUMH3ALUH TPSHHUS SBISICTCS IPUMEHEHHE (TOPOILIACTO-
BBIX TUIACTHH.

KuroueBbie cjioBa: akTHBHAsI CEMCMO3AIUTA, CEHCMOU30IISIINS, CKOJIB3SIIUH 10sIC, (PTOPOILIACT,
MPSMON JTUHAMHYECKUI METO/T
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INTRODUCTION

The catastrophic consequences of earthquakes
are well known. Approximately 25% of the ter-
ritory of the Russian Federation is located in
earthquake-prone areas, where there is a proba-
bility of earthquakes with intensity up to 9
points on the MSK-64 scale. In this regard, en-
suring the seismic resistance of buildings and
structures erected in earthquake-prone areas is
one of the urgent and practically important
problems in construction.

At present, to ensure seismic resistance of build-
ings and structures, various systems of active
seismic protection are used (with switch-off ties
[1], systems of gravity type, systems with dy-
namic vibration dampers, with suspended sup-
ports, pendular sliding supports (PSS), rubber-
metal supports (RMS) [2, 3, 4], with a sliding
belt device in the foundation level). In our coun-
try and abroad, seismic protection in the form of
RMS is most widely used. However, this type of
active seismic protection has a number of disad-
vantages: high cost, complexity of installation
and maintenance.

Seismic protection in the form of a seismic-
isolating sliding belt at the foundation level is
also known. However, this type of seismic pro-
tection is less popular, compared to RMS, since
it is poorly investigated and currently it lacks
the necessary calculation justifications in its en-
tirety.

Development and research of active seismic
protection were engaged by many domestic and
foreign scientists. The problem of seismic re-
sistance of buildings and constructions was ad-
dressed in the studies of Eisenberg [1, 5], Plev-
kov and Malganov [6], Djinchvelashvili and
Mkrtichev [7], Uzdin [8], Kelly [9], Kani [10]
and other researchers. The studies of Chud-
netzov and Soldatov [11], Kuznetsov and Chen
Xiatin [12] are dedicated to seismic protection
through a seismic-isolating sliding belt. The ef-
fectiveness of this type of seismic protection has
been demonstrated.

Despite the fact that seismic isolation as a slid-
ing belt at the foundation level is quite well
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known and has practical applications, the issues
regarding the development of adequate mathe-
matical models and corresponding calculation
methods remain unstudied so far.

The objective of the study is to assess the effi-
ciency of application of the seismic isolating
sliding belt at the foundation level with fluoro-
plastic plates to increase the seismic resistance
of the building under the action of heavy earth-
quakes using the time-history dynamic method.
In order to achieve the preset objective, the fol-
lowing tasks were accomplished:

1. The existing mathematical models describing
the actual performance of the seismic isolating
sliding belt at the foundation level were ana-
lyzed;

2. The existing methods of calculation of build-
ing structures for the action of seismic loads
have been analyzed,

3. The method of calculation of simple and
complex systems with seismic-isolating sliding
belt using time-history dynamical method has
been developed;

4. Calculation scheme of the system "building-
seismic isolation-foundation" describing its ac-
tual operation under seismic load is simulated;

5. The analysis of the obtained results is per-
formed.

METHODS

To ensure the seismic resistance of buildings
and structures erected in earthquake-prone are-
as, various methods of seismic protection are
used: passive (traditional) and active. Currently,
passive methods of seismic protection are the
main in the construction practice. The use of the
traditional approach to ensuring seismic re-
sistance implies an increase in sections and an
increase in the load-bearing elements. This leads
to an increase in the mass of the structure and,
as a consequence, an increase in inertial seismic
forces. It is advisable in many cases to use ac-
tive methods of seismic protection, e.g. seismic
isolation and seismic shaking. Let's consider in
more detail the principle of seismic isolation.

International Journal for Computational Civil and Structural Engineering
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seismic 1mpact 7] rigid base

s

Figure 1. Deformed scheme of an uninsulated
building under seismic action

seismic isolation
elements

seismic impact

Figure 2. Deformed scheme of an isolated
building under seismic action

The reduction of seismic impacts on buildings
and structures is achieved through the introduc-
tion of special structural elements - seismic iso-
lators (Fig. 1, 2), because of which the structure
becomes more pliable. And this leads to in-
crease of displacements in the upper part of the
structure. Consequently, acceleration of concen-
trated masses, as well as seismic inertial forces
are decreased [13].

Let's consider an example of seismic protection
system with a sliding belt device (Fig.3).

The basis for the operation of seismic isolation
in the form of a sliding belt at the foundation
level is the sliding device, which includes fric-
tion minimization components and components
for limiting large horizontal displacements.
There are various materials used as a friction
minimization component: elastic coating
graphite, stainless steel, fluoroplastic plates
(PTFE), etc. When the total inertial force ex-
ceeds a certain value in the support elements
of the seismic isolation device, slippage oc-
curs. This leads to a decrease in the accelera-
tion peaks in the system.

Volume 19, Issue 2, 2023

Figure 3. Scheme of seismic isolating sliding belt:
1) lower part of the building at foundation level 2)
Sfluoroplastic plates 3) foundation 4) damper
(coarse sand) 5) waterproofing 6) concrete layer

In this study, the effect of the friction coefficient
on the efficiency of the antiseismic sliding belt
was investigated. The following materials were
considered as friction minimization component:
PTFE over PTFE (PTFE+PTFE) with friction co-
efficient 0.052; PTFE over steel (PTFE+Steel)
with friction coefficient 0.07; steel over steel
(Steel+Steel) with friction coefficient 0.15.
Differential equations of motion of the system
with a finite number of degrees of freedom in
matrix form [14]:

Mii + Cit + Ku = f@ (1)

where u is the unknown vector of nodal dis-
placements;

u = v is the nodal velocity vector;

ii = a is the nodal acceleration vector;

M is the mass matrix;

C is the damping matrix;

K is the stiffness matrix;

f* is the vector of applied loads.

Solution of system (1) can be obtained by using
explicit and implicit schemes of direct integra-
tion of motion equations. If methods implement-
ing implicit scheme of integration are used, ex-
pression (1) at a moment of time 7, ; can be

represented in the form:

.. . _ga
Mii,, ,, +Cu,,,, +Ku, =11, (2)
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The difference approximation of the nodal ac-
celerations U, velocities U and displacements
u has the form:

Wonr =

(51 ®
oAt 2a
i, =u, —A(1=8)ii, + N, ,, (@)

u, . =u, +ull+ [(%—a}ﬁ, + aiiHAt}Atz (%)

where a and 6 are the integration parameters.

W(“Hm _ut)

Using the explicit scheme of integration of the
equation of motion of the system, obtain:

Mii, + Cu, + Ku, =f,“ (6)
Acceleration vector:

a, = M- (ftext _ ftint ) )

ext . int .
where £, is the external force vector; f, is

the internal force vector.

Velocity and displacement vectors at the corre-
sponding step:

Va2 = Viean T a,A1 (8)

At, + At

Uppp =W+ Vias— B HAL(9)
The calculation was performed using an explicit
integration scheme.

The calculation model of a 9-story monolithic
reinforced concrete building (Figures 4, 5) with
seismic insulation on a rigid soil base was
adopted as the object of study.

The structural scheme of the building is cross-
wall. The spatial stiffness of the structure is en-
sured due to the combined work of the walls and
stiffening cores with the discs of the monolithic
slabs. Bearing elements of the structure are
made of concrete of B25 class, and steel rein-
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forcement of A500 class. The height of the typi-
cal floor of 3.0 m. The length of the building -
24.7 m, width - 19.8 m, height - 30.9 m. The
thickness of the walls and cores is 0.2m and
0.25m; floor slabs is 0.22m. Beams of rectangu-
lar cross-section are 0.4x0.56m.

Z
N\
Figure 4. Finite-element model of a building
with seismic isolation: 1-Building;
2 -contact surface (PTFE+PTFE/ PTFE+Steel/
Steel+Steel); 3- rigid soil base

The calculation was performed using time-
history nonlinear dynamic method in a multi-
purpose finite-element software package LS-
DYNA. In the computational scheme, bar and
spatial finite-element shells were used.

§Z
Figure 5. Finite element model of the typical
floor of the building

The intensity of the earthquake is 9 on the
MSK-34 scale. Figure 6 shows a one-
component accelerogram of the external seismic
effect.
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Acceleration (X axis), [m/s*2]

0 5 10 15 20 2
Time, [s]

Figure 6. Accelerogram (component X)

The main results of the study are presented be-
low (Fig.7-13, Table 1). Based on the calcula-
tion results obtained, the analysis of building
operation under seismic impact with seismic-
isolating sliding belt was performed using dif-
ferent types of friction minimization compo-
nents (fluoroplastic on fluoroplastic; fluoro-
plastic on steel; steel on steel).

RESULTS

The graphs of relative displacements (Fig.7, 9),
stress intensity (Fig.8), as well as pictures with
displacement iso-fields (Fig.10), stress intensity
(Fig.11, 13) and strain intensity (Fig.12) are
presented below.

The main results of the study are given in Table
1. Analysis of the results shows that using
PTFE+PTFE as a friction minimization compo-
nent leads to 2 times lower relative movements
of the whole building and 1.6 times lower rela-
tive accelerations, and to a considerable stress
reduction in a certain wall element of the most
loaded layer of the building.

0.025 T I T I w fda ala N
= . " Component of friction minimisation:
E 0.02 - .
= - _A_PTFE+PTFE
.g 0.015 _B PTFE+Steel [ N
x 0.01- _C Steel+Steel
% 0.005 -
0-
8 .
2-0.005 Iy :
- B ~3 : | B
2 001+ - L | 1
20015 | | | | | |
o 0 5 10 15 20 25
Time t, [s]
Figure 7. Displacement of the upper point of the building with respect to the soil base along the X-
axis, [m]
20 T T I I s iga L -
Component of friction minimisation:
Ll & l _A_PTFE+PTFE
L 1 e ! B PTFE+Steel ! 2
@ I C Steel+Steel
= i
@ 10
&
a 57
0 i | i 1 . i
0 5 10 15 20 25
Time t, [s]

Figure 8. Stress intensity in the wall element (#160) of the st tier of the building, [Pa]
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Compone{nt of friction minimisation:

_A _PTFE+PTFE
_B PTFE+Steel
C Steel+Steel

Relative displacement (X axis), [m] (E-03)

Time t, [s]

Figure 9. Displacement of the upper point of the 1st floor of the building with respect to the bottom
of the building along the X axis, [m]

- g X-displacement == 88 K-displacement o 38 K-displacement
4.18Te-02 J.891e-02 2,688e-02
3,3153.4}2] 3.494e-02 :I 2.2Me02 ]
3.446e-02 | 3.098e-02 _| 1.754e-02 |
3.075e-02 _ 2701e02 _ 1.288e-02 _
2.705e-02 2.304e-02 8.212e-03
2.334e 02 1.907e-02 ] 3.545e-03
1.964e-02 1.511e-02 _ -1.121e-03
1593002 | 1114202 5788003
1222002 _ 7A73e03 1045202
3.513e43:5:l 3.2066-03 1.512e-02 ]
ss13e03 B 7 7610204 | & 497902 |

a) b) c)
Figure 10. Isopoles of displacements along the X-axis at the time t =8.8s:
a) PTFE+PTFE,; b) PTFE+Steel; c) Steel+Steel, [m]

Effective Stress (v-m)

Time= 1015 Time= 1045 Effective Stress (v-m) Time= 1045 Effective Stress (v-m)
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Figure 11. Isopoles of stress intensity at time t =10.15s:
a) PTFE+PTFE; b) PTFE+Steel; c) Steel+Steel, [Pa]
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Figure 12. Isopoles of strain intensity at time t =10.15s:
a) PTFE+PTFE; b) PTFE+Steel; c) Steel+Steel
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Figure 13. Isopoles of the stress intensity at time t = 10.15s

st tier of the building: a) PTFE+PTFE; b) PTFE+Steel; c) Steel+Steel, [Pa]

Table 1. Main results of the study

PTFE+PTFE PTFE+Steel Steel+ Steel
Relative dlgplgcement of the top of the 10.30 13.00 2790
building Awx.max, mm
Relative acgel@ratlon of the ;op of the 1.99 736 390
building ax.max, m/s
Stress in the wall element of the 1st floor
of the building Gy, (N/m?)-107 135 1.49 1.78

CONCLUSIONS

The study provides evidence that the most effec-
tive component of friction minimization in a 9-
story reinforced concrete monolithic building
with seismic-insulating sliding belt at founda-
tion level under earthquake conditions is

Volume 19, Issue 2, 2023

PTFE+PTFE. Using PTFE+PTFE as the friction
minimization component leads to the highest
displacement (sliding) of the building (Fig.10),
which in turn is accompanied by the lowest rela-
tive displacements. According to relative dis-
placements diagram for the whole building
(Fig.7) and the most loaded floor of the building
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(Fig.9) it is evident that relative displacements
under using PTFE+PTFE as friction minimiza-
tion component are twice less than displace-
ments under using Steel+Steel friction minimi-
zation component. The stress intensity diagram
for the most loaded floor (Fig.8) and the
isopoles of stress and strain intensity for the
whole building and the most loaded floor
(Figs.11-13) show that the least stresses and
strains appear when sliding belt with PTFE
plates is applied.

Fluoroplastic has a number of advantages. Its
performance can withstand temperatures from -
269 to +260°C. It does not absorb water, is
chemically resistant to acids, alkalis and organic
solvents, does not combust, is resistant to fungi
and bacteria, does not age. The service life of
the material exceeds 20 years, and is listed in
the Guinness Book of Records as the most slip-
pery material.

Research results show high efficiency of seis-
mic protection in the form of a sliding belt at the
foundation level with fluoroplastic plates when
providing seismic resistance of buildings and
structures. This type of seismic isolation allows
to reduce considerably seismic loads on the
above-ground part of the building structures, to
increase the reliability of their operation during
earthquakes and to reduce the material capacity
and construction cost estimates. Unlike the pop-
ular RMS, seismic protection in the form of a
sliding belt at the foundation level does not re-
quire factory production and can be made di-
rectly at the construction site. The simplicity of
installation and maintenance of this seismic pro-
tection system also belongs to the number of
advantages. The proposed approach of ensuring
the seismic resistance of buildings and struc-
tures is practically acceptable and does not re-
quire substantial expenditures for anti-seismic
measures.
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RESUDIAL STRESSES IN I-BEAMS AND ITS EFFECT ON RODS
BUCKLING

Denis V. Konin !, Alexander I. Fimkin ?, Alexander R. Olurombi '

T'TSNIISK named after V. A. Koucherenko JSC Research Center of Construction, Moscow, RUSSIA
2Russian University of Transport, Moscow, RUSSIA

Abstract: Stability calculation of steel rods should consider residual stresses, as well as local imperfections
(bends, buckling). Codes of EU, USA, PCR considering difference between welded and rolled I-beams on
compression and compression with bending. Coefficient of longitudinal bending has values that consider the
presence of different values of residual stresses for welded and rolled I-beams. Russian code for the design of
steel structures (SP 16.13330) for conditionally centrally compressed rods does not distinguish between methods
of [-beams production.

To determine residual stresses, a wide range of Russian profiles with different thin-walled was studied. Residual
stresses for small-sized profiles were carried out by partitioning, for large I-beams - by drilling blind holes. The
actual values of residual stresses in flanges and walls are established; most suitable curves for their
approximation are selected. The actual shape of [-beams was also measured with a laser scanner. According to
the results of curvature measuring, the limit and average values of local flanges deflection are established.
Considering experimental studies, FE-modeling of rods with residual stresses was performed for both rolled and
welded I-beams. In addition to code eccentricities, local shape imperfections were modeled. It is established that
rolled I-beams show higher values of critical forces than welded ones by 8-16%. This is true for steels C355 and
C390 with a lambda-factor of more than 4, and for C255 with lambda-factor more than 3. According to the
study, a coefficient is proposed that increases the bearing capacity of rolled I-beams for medium and large
flexibilities.

Keywords: steel, stability, residual stress, section method, hole-drilling method, local buckling, rolled I-beam,
welded I-beam, FE-modelling

OCTATOYHBIE HATIPSI’KEHUS B IBYTABPAX U UX
BJIUSIHUE HA YCTOUUYUBOCTH CTEPKHEN

JI.B. Konun ', A . ®umkun ?, A.P. Onypomou '

'IIHUUCK nm. B.A. Kyueperko AO «HULL «Ctpoutenscteoy, . Mocksa, POCCUSI
2 Poccuiickuil yHUBEPCHTET TpaHCIopTa, T. Mocksa, POCCHUS

AHHoOTanus: PacueT CTaJbHBIX CTEPKHEM HA YCTOMYMBOCTb JOJDKEH YYMUTBIBATH HAJIMYUE OCTATOUHBIX
HanpsHKEHWH, a TakKe HaJM4yMe MECTHBIX HECOBEpIICHCTB (OpMBbI (IIOrMObl, BBINyYUBaHHs). B HopMmax
EBpocoro3a, CIIIA, KHP yuTeHo oTamume cBapHBIX U MPOKATHBIX ABYTaBPOB MpH paboTe Ha CXKATHE U CIKATHE C
nm3ruooM. KoaddummeHnt npomonasHOro m3rmbda WMeeT 3HAYCHHUS, YUUTHIBAIOIINE HAIMYME PA3HBIX BEIWIHH
OCTaTOYHbIX HAIPSLKEHUH U1 CBAPHOI'O U IPOKATHOI'O ABYTaBpa. B oTiMume OT yKa3aHHBIX HOPM, POCCUICKUIA
CBOJI TIPABIJI IO TTPOEKTHPOBAHNIO CTaNbHBIX KOHCTpYyKImit (CIT 16.13330) s meHTpasbHO CKATBIX CTEpIKHEH
HE JIeaeT passindus MEX/y CIOCOOOM IIPOM3BOJICTBA JIBYTABPOB.

Jlnst oripesienieHns BEIMYNH OCTATOYHBIX HAIIPSDKEHNUH OBbUT M3ydeH MIMPOKUI Jrana3oH npoguiiel pocCHCKOro
IIPON3BOJICTBA C PA3IMYHON TOHKOCTEHHOCTBIO. OCcTaTOYHbIC HANPSDKEHUS! IS Tpoduiieii HeOOoIbIINX pa3MepoB
MIPOBEJICHBI METOJIOM CEKLIMOHUPOBAHUS, JUI KPYMHBIX JBYTaBPOB — METOJOM CBEpJIEHHs TUIyXUX OTBEPCTHH.
YcranoieHb! (paKTHUECKHE 3HAYCHUsI OCTATOYHBIX HANpPsHKEHHWH IO MOJKaM M CTeHKaM, Moj100paHbl Hanbosee
MOAXO/SIINE KPHMBBIE JUISl MX allpOKCHUMaluu. Takke IPOBEJCHO HM3MEpPEHHE NEHCTBUTENIBHOM (OpMEI
JIBYTaBpOB JIa3epHBIM cKkaHepoM. o pesynabTaTaM aHanu3a KPUBHU3HBI TOBEPXHOCTH YCTAHOBIIEHBI IpPE/EbHbIE
U cpeHHEe 3HAYCHUS MECTHBIX MTOrHOeH MooK.

C yd4eroM S3KCIIEPUMEHTAIBHBIX MCCICAOBAHUH BhIMOIHEHO KDO-MomenmpoBaHHe CTEp)KHEH C OCTATOUHBIMH
HaNpPsOKCHUSAMU KAk JJIs IPOKATHBIX U CBapHBIX JABYTaBPOB U3 pa3MuHbIX cTailedl. Kpome HOpMaTHBHBIX
9KCIICHTPUCHUTETOB MOJICIHUPOBAINCH JIOKAIbHBIC HECOBEPIICHCTBA (OPMBL Y CTaHOBICHO, YTO IPOKATHBIC
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JIBYTaBpBI MMOKA3bIBAIOT OOJIBIINE 3HAYEHHS KPUTHUYECKUX CHJ, YeM cBapHble Ha §8-16%. DTo crpaBeuInBO IS
craneit ¢ C355 n C390 mpu ycnmoBHOH TuOkoctn Gosee 4, a amst C255 ycnosHoit rubkoctu Oomee 3. Ilo
pesyibTataM HCCICAOBaHHS NPEIUIOKEH KOA(DOUIMEHT, yBEINYUBAIOIINN HECYIIYI0 CHOCOOHOCTh IMPOKATHBIX

JIByTaBPOB JJIs1 CPETHUX M OONBIINX THOKOCTEH.

KuroueBble cjioBa: cTaib, yCTOHUNBOCTh, OCTaTOYHbIE HANPSKEHUS, CEKLIMOHUPOBAHKE, CBEpPJIEHHE OTBEPCTHUH,
MeCTHast IOTepsl yCTOHYMBOCTH, TPOKATHOH JIBYTaBp, CBapHOil ByTaBp, KO-Monenmmuposanme

INTRODUCTION

In the studies of domestic [1, 2] and foreign
authors [3, 4, 5] in the mid-20th century, it was
established that residual stresses affect the
performance of compressed steel bars. The
following significant studies [6, 7, 8, 9]
established the laws of development of residual
stresses in I-beams, pipes, as well as other
construction  profiles. Based on  the
generalization of studies on the influence of
residual stresses on rolled and welded sections,
a document [10] was compiled. This document
formed the basis for the creation of relevant
provisions of Eurocode 3: Design of steel
structures. Residual stresses along with other
imperfections are considered in the standards
for the calculation of structures by reduction
factor ¢ for relevant buckling mode.

Let us compare the buckling curves for steel
compressed rods according to the current
standards. Figures 1, 2 show a comparison of
the curves of the reduction factor ¢ from the
current SP 16.13330.2016 "Steel Structures"
(solid lines), from Eurocode 3 (European
Union), from GB50017-2003 (PRC), from Steel
Construction Manual 13" Edition (ASTM,
USA). A comparison shows the following.
Curves a and b follow practically the same
trajectory and the deviation within the range of
conditional flexibility from 0.4 to 4 is not more
than 3% (0.8% on average), the curve c of SP
16.13330.2016 has a difference of up to 4.5%
from the corresponding curve of Eurocode 3.
The most advantageous in terms of material
consumption are curves a and ao. The sections
of a type in SP 16.13330.2016 include closed
pipes regardless of the method of production,
and in Eurocode 3 are hot-rolled pipes, rolled I-
beams in calculations in the plane of greater
stiffness, as well as any I-beams in calculations
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in any direction from steel S460 (ao). The curve
ao gives ¢ values 6-7% higher than a from
Eurocode 3 or from SP 16.13330.2016. This
curve was introduced in Eurocode 3 based on
several studies by European researchers in
recent years [11, 12, 13, 14]. The Eurocode 3
accepts the most inefficient curve for column-
type I-beams (height and width are the same).
The difference in the performance of welded
and rolled I-beams was identified and
investigated abroad quite a long time ago [4, §]
and accounted for in the norms. SP
16.13330.2016 does not take into account the
type of I-beam (column, beam, wide flange), the
type of steel, the method of manufacture when
evaluating the bearing capacity of centrally
compressed elements. It also does not consider
the direction of the design axes. I-beam in the
plane of the flanges and in the plane of the wall
is calculated using a single curve b. Eurocode 3
also has a curve d, which accounts for the
negative effects of residual stresses in welded I-
beams when calculating in the plane of the
flanges, which are composed of two or more
sheets.

In the range A from 0.4 to 6 the value of the
reduction factor ¢ according to ASTM is higher
by 6.1% in comparison with curve b of
Eurocode 3 and by 6.9% in comparison with
curve b of SP 16.13330. The factor ¢ from
GB50017-2003 (PRC) generally repeats the
values of one from SP 16.13330. However,
there is a separate curve for welded jambo-
profiles, which considers the negative influence
of welding stresses. These conclusions were
drawn on the basis of several studies, including
the investigation of I-beams made of high-
strength steels [15, 16, 17].

It should be noted that modern RF standards
have not been corrected in terms of specification
of reduction factors ¢ for quite a long time. At
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the same time, the values of factors in the 1980s
were derived with regard to foreign
experimental data on the values of residual
stresses [1, 2]. The values of residual stresses
were studied by some researchers in the 1980s
after the beginning of the rolling mill for the
production of wide-shelved I-beams in Nizhny
Tagil [18]. Modern studies of residual stresses
in rolled and welded sections were not aimed at
updating the regulatory documents, but are
devoted to important particular issues of the
influence of residual stresses on the stress-strain
state of certain structures. In particular, papers
[19, 20] provide an investigation of stresses in
tubular sections. In papers [21, 22] small I-
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beams and C-profiles are considered. Papers
[23, 24] and etc. consider residual stresses from
the standpoint of technological peculiarities of
manufacturing.

Since there is no systematic research of residual
stresses of I-beams in the part of their influence
on stability of compressed beams, objectives
and tasks of the current study are formulated.
The objective of the study is to determine
residual stresses in I-beams made of different
steels produced in the Russian Federation, and
to estimate the influence of residual stresses on
the performance of compressed struts. One of
the tasks is to estimate the difference between
residual stresses in rolled and welded I-beams.

—a (CIT)
—b (CN)
—c (CIT)
— —a0 (EC)
— =2 (EC)
—=h(EC)
g (EC)
—i=g(EC)

S460

3,0 4,0 5,0 6,0

Figure 2. Graph ¢ — 2 for SP 16.13330, GB50017-2003)
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METHODS

A. Determination of residual stresses and real
shape

To construct the residual stress diagrams, 10
samples selected from rolled I-beams produced
in Russia according to GOST R 57837-2017
were investigated. Actual dimensions of the
investigated sections and their mechanical
characteristics are given in Table 1. In the table
and further in the text the following
designations are adopted: L is the length of the
sample, 4 is the height of the I-beam, b is the
shelf width, s is the wall thickness, ¢ is the shelf
thickness, /w is the distance in light between the
flanges, oy, ou are the yield strength and
ultimate strength of steel according to test
results. Relative lengths L/A of the studied
samples are from 4.1 to 4.8. This means that the
length of the samples did not affect the
distribution of residual stresses. So, the
determined residual stresses can be extended to
all rod lengths (except for "short" ones, in which
the L/h ratio is less than 3). As was shown in
[3], the specimen length L/A>4 ensures that the

residual stresses are unchanged when the
specimen is cut out of the whole rod. Table 1
also shows that a wide range of profiles with
different thinness n=h/s has been studied. The
most "thin-walled" profiles are 15DK1 (A1) and
20Sh2 (A9), which have a parameter n of about
26. The least "thin-walled" profile is 20K8 (A6),
which has parameter n about 13. The range of
the studied profiles by parameter n covers
almost all I-beams according to GOST R 57837-
2017, which are wused in structures as
compressed rods. Such profiles belong to the K
(column) type. The A/b ratio for them is
approximately equal to 1 and ranges from 0.97
(20K1 A3) to 1.16 (20K8 A6). Also, for
comparison were studied I-beam’s type SH
(wide-strip), for which A/b is approximately
equal to 1.3 (20Sh2 (A9), 20Sh3 (A10). The
specimens were made of C255 and C390 steels.
The ratio oy/ou shows high plastic properties of
steels and is from 0.63 (20Sh3 (A10) to 0.79
(15DK1 Al). The high plastic properties of the
steels are also confirmed by the value of relative
elongation from 30 to 39%, as well as the values
of impact toughness values above 150 J/cm2.

Table 1. Studied profiles

. . Steel
Dimensions based on measurement results s .
(average values), mm Profile’s parameters characterisitics,
Profile and steel & ’ MPa
n—
L h b s ¢ ho | L || S| Wb | ey | o | oo
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Al C255
1SDK1 749 | 157 | 158 | 6.7 | 7.1 | 1428 | 4.8 | 262 | 0.04 | 0.99 | 337 | 429 | 0.79
A2 C255
15DK3 689 | 161 | 153.9 | 9.2 | 11.3 | 138.4 | 43 | 20.0 | 0.06 | 1.05 | 301 | 443 | 0.68
A3 C255 20K1 832 | 192 | 198 | 72 | 99 | 1722 | 43 [302]0.04 | 0.97 | 280 | 423 | 0.66
A4 C255 20K3 822 | 201 | 200 | 11.1]13.6 | 173.8 | 4.1 |22.7]0.06 | 1.01 | 273 | 422 | 0.65
A5 C390 20K3 816 | 200 | 199 |103|13.6 | 172.8 | 4.1 |22.7]0.05| 1.01 | 403 | 539 | 0.75
A6 C390 20K8 971 | 231 | 200 | 198|289 | 1732 | 42 | 13.0 | 0.09 | 1.16 | 383 | 531 | 0.72
A7 C390 30K7 1340 | 316 | 301 | 1472292702 | 42 | 21.8|0.05|1.05| 399 | 538 | 0.74
A8 C390 40K3 1659 | 409 | 401 | 16.5|23.6 | 361.8 | 4.1 |254|0.04 | 1.02 | 403 | 563 | 0.72
A9 C25520SH2 | 870 | 197 | 150 | 82 | 10.8 | 1754 | 4.4 | 26.5|0.04 | 1.31 | 286 | 434 | 0.66
%SOH?S > 845 | 202 | 150.5 | 9.8 | 12.7 | 177.3 | 42 | 22.7|0.05 | 1.35 | 266 | 422 | 0.63
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Measurements of residual stresses in I-beams
A3, A4, A5, A7, A8, A9 were performed by
hole drilling method, in I-beams A1, A2, A10 -
by sectioning method. I-beam A6 was tested by
two methods to verify both methods and to
control measurements.

The method of sectioning is based on cutting
out of the specimen by two cross-section cuts a
narrow fragment (temple), on the surface of
which on the contour are previously glued strain
gauges FLA-3-11 (24 to 36 pieces depending on
the size of the I-beam). Strain gauge readings
are measured throughout the cutting process.
Fig. 3 shows a schematic diagram of the
method. When the temple is cut, residual
stresses are released in it. This causes changes
in the readings of strain gauges. Based on these
changes, the relative deformations ¢ in the
measuring points and then the residual stresses
are calculated assuming a linear stress state on
the surface of the I-beam [25, 26].

The hole-drilling method is based on ASTM:
E837 "Standard Test Method for Determining
Residual Stresses by the Hole-Drilling Strain-
Gauge Method". A strain-gauge socket (figure
4) is glued to the surface of the object under
study and a hole is drilled in the center of the
socket. Depending on the size of the I-beam,
from 13 to 19 FRS-3-11 sockets were glued.
The hole-drilling method does not release the
strains from their own residual stresses
completely. Therefore, the stresses cannot be
calculated directly from the measured strains. It
is necessary to have correction factors obtained
computationally or  experimentally.  The
computational method is based on the well-
known solution of the problem of elasticity
theory on the tension of a strip with a hole. The
development of this solution using FEM is
applied in the above-mentioned standard.

To identify the actual shape and dimensions of
I-beams, surface scanning of specimens up to 5
m long was performed by HandyScan laser
scanner. According to the results of scanning
the surface maps of I-beams were constructed
and analyzed. It was established that the
curvature of the flange overhang is 1/100 0.5b
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in average and never exceeds 1/50 0.5b. For
example, for the largest I-beam 40K3 the
average value of the overhang curvature will be
2.01 mm, which was adopted in the further FE
analysis).

Figure 3. Sectioning method

I-beam axis S

Figure 4. Socket of three strain gauges for the
drilling method

B. Finite element modeling

A parametric finite-element model in Ansys
Workbench was applied to solve the buckling
problem of a centrally compressed I-beam profile.
Solid finite elements in the form of hexahedrons
("Structural 3D Solid45") were used for modeling.
Element size and mesh density were selected
through successive iterative analyses. The first
trial calculation was performed with a rough
mesh, then a finer mesh was partitioned, the step
was decreased by 20-30%. The results of the
calculations were used to evaluate the change of
critical load, if the difference of calculations with
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different meshes in neighboring iterations was
more than 0.5%, the mesh was reduced further
and a new calculation was performed. The mesh
densification was continued until the difference of
critical loads in neighboring iterations was less
than 0.5%. To specify the boundary conditions,
the end nodes of the FE model of an I-beam were
joined by an absolutely rigid finite element (one at
each end), which had a hinged attachment at an
eccentricity distance from the central axis of the
profile. The eccentricity was set in the plane of
least stiffness of an I-beam (a plane parallel to the
flanges and passing through the center of gravity
of the section). The compressive load was
modeled by the movement of one hinged support
along the initial axis of the rod. The modeling
considered the elastoplastic properties of the steel.
The o-¢ diagrams of the steels were assumed in
accordance with SP  16.13330.2016 "Steel
structures" in the form of piecewise linear
functions. The plasticity criterion was taken as the
von Mises criterion. Temperature fields were
applied to the finite-element models of I-beams to

Initial  flange
bending

set residual stresses. The temperature on the
elements was set so that the final stresses in the I-
beam corresponded to the test results for rolled I-
beams and to the results of theoretical calculations
for welded sections. An iterative type of solving a
numerical problem by the Newton-Raphson
method was used. This type of calculation is
performed step by step according to the deformed
scheme. The number of iterations for the
considered models was from 30 to 80. The models
were loaded until the appearance of necking in the
diagram "longitudinal reaction of the support vs.
displacement of the support”". The maximum on
this diagram was assumed to be the critical load of
the model. Totally 324 models were created and
calculated: 9 I-beam sections, given in table 1; for
each section models with six slenderness ratios (A
=1; 2; 3,14; 4; 5; 6) were created; for each section
and flexibility 3 kinds of steel were given for
C255, C355 and C390; for each model residual
stresses corresponding to rolled or welded version
were specified. The general view of one of the
models is shown in Figure 5.

Figure 5. FE model of the rod

RESULTS AND DISCUSSION

A. Residual stresses

The measurement results of residual stresses are
highly variable and should be analyzed by
averaging and identifying general patterns.

Volume 19, Issue 2, 2023

Averaging is performed by calculating average
values from measurements of residual stresses
in the similar elements at the same distance
from the edges (for the flanges) or from the
middle of the wall on the left and right surfaces.
Figures 6 and 7 show the relative values of
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residual stresses 7, calculated with respect to
the actual yield strength oy of a particular
specimen  Gyes = Opes/0,, in  the relative
coordinates X and y. The coordinates are
counted from the center of gravity of the section
and calculated using the formulas dopmynam

X =x;/0,5b and y =y;/0,5h,,.. Fig. 6 and
e o e
Eres

X

-1.00

Denis V. Konin, Alexander I. Fimkin, Alexander R. Olurombi

Figure 7 also show dashed lines for comparison
the theoretical values of residual stresses for
rolled I-beams taken from the authors Alpstein,
Tebedge, Spoorenberg [8, 4, 12] and for welded
I-beams according to [10, 13] (calculated for the
weld with full penetration by automatic welding
for profile-analogues).

Drill.
Drill
Drill.
Drill.
= Drill.
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Figure 6. Measured residual stresses in I-beam flanges (solid lines)
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Figure 7. Measured residual stresses in I-beam walls (solid lines)
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The best match with the actually measured
stresses was demonstrated by the Spoorenberg
dependences [12]. The closest to the theoretical
value of residual stresses is the profile A9
20Sh2  (the difference in tensile and
compressive  stresses i1s 16 and 10%,
respectively). The most far from the theoretical
values is the most "thick-walled" profile A6
20K8 (the difference in tensile and compressive
stresses is minus 171% and minus 125%,
respectively). This means that the actual stresses
are much lower than those predicted by
theoretical studies. These differences are
confirmed by two independent measurements of
residual stresses in the I-beam. According to all
considered theoretical dependences I-beams of
Sh type (A9 and A10) most accurately describe
the distribution of actual residual stresses. This
is probably due to the fact that most of the
profiles studied abroad refer to beams or wide-
shelves. Correlation of the magnitude of
deviations with the yield strength or thin-walled
profiles is not revealed. The residual stresses in
the wall have less correlation with the
theoretical results (see Figure 7). For example,
for some I-beams (A4 20K3, A7 30K7, A6
20K8 and others) the values of residual stresses
which do not change sign and do not have
parabolic  form  were recorded.  This
circumstance requires additional investigation
and accumulation of statistical data for different
I-beam producers. It should be noted that the
distribution of residual stresses along the wall
significantly depends on the production method
as well as the position of the I-beam during
cooling [4, 18]. Residual stresses in the wall
practically do not affect the operation of the rod
in eccentric compression [13, 14].

B. Performance of compressed rods

According to the results of the finite element
analysis for buckling under central compression,
the critical loads were calculated. On the basis
of these loads the reduction factors were
obtained by the formula 1, which is a modified
formula 7 of SP 16.13330.2016 under the action
on the rod of the critical force.
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where N, is the critical load based on the
results of finite element modeling; A is the
cross-sectional area by assortment; R, is the
design value of the yield strength of steel, y. =
1. According to the results of the analyses (Fig.
9), six dependences ¢-A were obtained for each
type of section for three variants of steels and
two versions of design (rolled, welded).
Analyzing the obtained results, certain
regularities can be noted. It is observed in all
cases that [-beam section in welded version has
lower factor ¢ than in rolled version. This can
be noted on all the considered slenderness ratios
and steel variants. The decrease in the load
capacity is caused precisely by residual stresses,
since the calculated models had the same
geometric and mechanical characteristics and
differed only in the initial internal stresses.
During the detailed consideration of the stress-
strain state of models and the estimation of
influence of residual stresses a considerable
influence of initial form imperfections on the
character of stability loss and total bearing
capacity has been noted. For welded I-beams,
where residual stresses reach yield strength,
distribution of stresses and strains over the
section has an irregular character. That is,
plastic deformations have a local character at
the initial stages of loading. The maximum
stresses are displaced from the outermost fibers
inside the section. There are local stress
concentrators which do not have significant
influence for ideal shape of I-beam which is
straight prism, but play significant role in the
presence of local form imperfections. Figure 10
shows the graphs of @-A for an I-beam 30K7 as
an example. The solid lines show the
dependences for the rolled sections and the
dashed lines for the welded ones. The red solid
line is the curve for section type b in accordance
with Table D.1 of SP 16.13330.2016. The
detected deviations based on the results of
detailed 3D scanning of the shape and
dimensions of I-beam sections do not exceed the
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limits set by the I-beam standards. Nevertheless,
these deviations, taken into account in the FE
modeling, had a significant impact on the nature
of the buckling of the models. Local
eccentricities in the flanges reached 2-3 mm,
which caused additional bending moments and
deformations of the section. In combination
with local stress concentrators resulting from
residual stresses, the eccentricities in the flanges
led to local deformations having an avalanche-
like character (Fig. 9). There was a local
buckling, which immediately led to the loss of
overall stability. This type of exhaustion of
bearing capacity was most clearly observed in
welded I-beams with relatively flexible flanges,
for example, 20K1 and 15DKI1. In rolled I-
beams the loss buckling was also observed, but
its effect on the final bearing capacity was less.

In the area of small slenderness ratios (1 ~1+3)
the reduction factors obtained by numerical
calculations are lower than the normative ones.
This is characteristic of all welded and rolled
profiles made of steel C355 and higher. In the
area of medium slenderness ratios (1 =3+6) the
calculated reduction factors approximately
coincide with the normative ones, and at large
slenderness ratios (1 ~6+8) the bearing capacity
according to the finite-element analysis 1is
higher than that according to the normative
calculation. The discrepancy between the results
obtained and the method [12] is due to the fact
that the numerical simulation takes into account
not only the initial imperfections of the bars, but
also local form imperfections and residual
stresses. Residual stresses in combination with
local form imperfections increase their influence
with decreasing slenderness ratios. At large
slenderness ratios, random eccentricities have a
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significant effect on bearing capacity, with
profiles losing their overall stability earlier than
local stability. The most unfavorable variations
of residual stresses which can arise in the I-
beam are taken into account in the FE modeling.
The residual stresses obtained from the test
results have been extended to the whole body of
the profile, although in the real I-beam the
residual stresses may be variable along the
length and have less influence on the bearing
capacity, being smaller in magnitude.

The analysis of the obtained ¢ — A dependences
shows that the factor ¢ decreases as the steel
strength increases. This is observed in all the
profiles considered both in the group of rolled I-
beams and in the group of welded I-beams.
Comparing the ratio of factors ¢ for different

steels, a ratio282% = 0.975 ...0.985 is obtained
Pc255

at A=1. That is, the values of the coefficients are

close enough. When A=6 the ratio —ZC”“ =
C255

0.715...0.743.. The decrease in the ratio —z“%

C255

with increasing slenderness ratio is explained by
the fact that the conditional slenderness takes
into account the strength characteristics of the
material in a simplified form, and the given
diagram of steel behavior according to SP
16.13330 is piecewise linear, but not
curvilinear. A statistically reliable model of
elastoplastic deformation for different steels in
the section of transition from linear performance
to yield point is required for more accurate
modeling of I-beam operation depending on
residual stresses, form imperfections and steel
type. This issue is still open and requires further
investigations.
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Stress-strain state at critical load N,

| Stress-strain state after loss of stability ‘ |

Figure 9. Stress-strain state for 30K7 profile at critical load (up) and after loss of stability (down)
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Figurel0. Graph ¢ —

To evaluate the influence of I-beam section
manufacturing method on its bearing capacity
under central compression, it is necessary to
consider the change in bearing capacity of
sections of the same geometry and steel, but
with different design - welded and rolled. For
this purpose, let us analyze the ratio of the
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—C255-
- =C255-

Hot-rolled
Welded
Hot-rolled
Welded

=365 -
- =G3556-
—C390 - Hot-rolled
- =C390- Welded

— b curve by SP16

5 6 i 8

A for 30K7 profile

corresponding critical forces N, rou/Nerwetd
on the range of considered slenderness ratios A
(figure 11 - example for I-beam 30K7). The

N . . . .
graph —R°%L _ 2 has a noticeable maximum in
Nerweld

the range A = 2 + 4, and this is typical for all
the considered profiles and steel types. When
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A = 1 the difference between the rolled version
and the welded version is small. At high
slenderness ratio (1 = 6 + 8) the difference in

bearing capacity of two versions is also not very

N
large, the ratio N"‘—R"”

cr.Weld
value 1.03. The greatest difference of reduction

— 1 does not exceed the

1,186

1,05

N cr.Roll /N, cr.Weld

1,00

0,95
1 v 3

Denis V. Konin, Alexander I. Fimkin, Alexander R. Olurombi

4

factors is observed in the range of slenderness
ratios A = 2 + 4, at that for different profiles

NerRott 1,08 = 1,16. The highest values of
lyvcr.Weld
—rRoll are observed for profiles 40K3, 15DK3,
Nerweld
20Sh3.
—C255
—C355
—C390
5 6 7 8

A

Figure 11. Graph Ny o1/ Nerweia for 30K7 profile

Let's compare the bearing capacity of the rolled
I-beam, obtained from the results of numerical
calculation, with the normative calculation
according to SP 16.13330.2016. For this
purpose let's consider the graph of the ratio
N,y rott/Nerwera as a function of A (Figure 12 -
example for 30K7). At small slenderness ratio 1
= 1 the calculated values practically coincide
with the normative estimate, the values N, go11/
Ny weiqa are about unity. At slenderness ratio
ratio A = 2 the ratio Ny gou/Nerwera is in many
cases below unity, that is the numerical
calculation of the rolled I-beam shows a lower
carrying capacity than required by standards.
The exception is the 20K type I-beams of C255
steel, for these cases Ny roi/Nerwera 15 always
greater than unity and constantly increases with
increasing slenderness. For other profiles the
growth of N poi/Nerwera With increasing
slenderness becomes true only when A >3. In
general, it can be said that the bearing capacity
at numerical calculation is greater than the
normative one for steels with strength
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characteristics C355 and higher at 1 >4, and for
C255 at 1 >3.

0,80
0,60

Figure 12. Graph Ny o1/ Ner.sp for 30K7
profile

C. Proposals for considering the effect of
residual stresses in codes

The dependences "@-A " obtained by the results
of the FE-analysis represent one of the worst-
case scenarios of I-beams operation under
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central compression when local form
imperfections, the highest residual stresses and
random eccentricities are acting in combination.
For the calculation of standard structures, the
normative  checking according to SP
16.13330.2016  is  sufficient.  Reliability
coefficients and behavior conditions laid down
in the norms sufficiently prevent the influence
of initial imperfections. Nevertheless, the results
of the study showed that the rolled profiles
behave more effectively in central compression
than the welded ones. Based on the data
obtained, in order to improve the normative
methodology for calculation of I-beams in
central compression, we can propose the
coefficient ks, increasing the bearing capacity
of rolled I-beams for medium and large
slenderness, in the following form:

1;for A< 3
k - { : 1 ’
res(255) 0,11+ 0,7; f_or A>3 ( )
1;for A<5
k =107 1 ’
res(390) {0’22 +0,9; fOT' A>5 ( )

The normative checking of the welded I-beam
stability = in  central = compression  is
recommended, as before, in accordance with
paragraph 7.1.3 of SP 16.13330.2016. In turn,
the test of buckling wunder the central
compression of a rolled I-beam should be
performed according to the formula (4), which
accounts for a coefficient ofk,.,:

N
— N < 4
krespRyYc — ( )

CONCLUSION

1. A study provides the results of investigation
of actual residual stresses in rolled I-beams.
Measurements of residual stresses were carried
out on the entire range of rolled sections of the
Russian Federation (GOST R 57837-2017) by
proven methods: sectioning and drilling holes.
The patterns of residual stresses distribution in
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flanges and walls of rolled I-beams have been
revealed.

2. The shape of rolled I-beams has been
measured. It was found that the bending of I-
beam flange after rolling averages 0.01 bef.

3. By the whole range of cross-sections of the
Russian product range (GOST R 57837), as well
as by the most widespread range A (from 1 to 6)
the  FE-models  taking into  account
imperfections of two-beam shape and
distribution of residual stresses were created.

4. The difference between the performance of
welded and rolled sections, caused by different
distribution of residual stresses, is covered by
the existing reliability coefficients laid down in
the normative documents.

5. According to the results of investigations, it
was established that the rolled sections of
domestic production behave in compression
more effectively than the welded ones.

6. The calculation of critical structures in order
to increase the efficiency of steel consumption
for small eccentricities, it can be proposed to
use the coefficient krs, which increases the
bearing capacity of rolled I-beams according to
equations (2) and (3).
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Abstract: Steel structures are commonly utilized in vast areas in industries, and also now a days they are used in
residential settings as well. Structures made of steel is a better alternative as their constructions have high
strength, light weight and quick compared to other construction materials. Steel structure degradation is
frequently related to an engineering system's underperformance and leads to collapse. Therefore, it is essential to
identify the problem and take remedial steps to make sure that structures function as intended throughout their
design lives. Among the best non-destructive assessment methods for finding problems is acoustic emission
(AE). The current study evaluates the available literature on this method in a few major areas and discusses
historical advances in each category. The pros and cons of each approach are discussed, and future study
directions are suggested. This review examines the fundamental Acoustic Emission techniques and
contemporary research to identify damage in different types of steel structures using various localization
approaches. This research aims to find the ideal placement for a real-time sensor to detect deterioration in a steel-
framed construction. Finally, the artificial intelligence techniques used to identify deterioration in the steel frame
construction are discussed.

Keywords: Acoustic Emission; AE Technique; Structural Damage detection; Steel Frame Structure

OBHAPYKEHME MOBPEXJIEHUI B CTAJIBHBIX
PAMHBIX KOHCTPYKHUAX AKYCTHUYECKUM
MEUWOJI0OM: AHAJIUTUYECKHM OB30P

I'-n Auynam Kymap Bucsac 2, 0-p Anoxe Kymap lamma ',
0-p ITutow Tonoap ', 0-p Canocaii Cenzynma ?

! HaumoHanbHbIH HHCTUTYT TexHouoruii Jypramypa, r. Jypramyp, UHAWS
2 UmxeHepHbIi Komwtemk uM. a-pa b. K. Pos, . lypramyp, UHJIVSA

AnHoTamus: CrambHble KOHCTPYKIUU IIMPOKO UCHONB3YIOTCS B MPOMBIIIICHHOCTH, a B HACTOSIIEE BPeMsl OHH
HNPUMEHSIOTCS. U B JKWIBIX 3JaHMAX. KOHCTPYKLIMM M3 CTain SIBISIIOTCS JIyYIIeH M3 aJbTepHATHB, TaK KakK HX
KOHCTPYKIIMH 0O0JIafafoT BBICOKOH TPOYHOCTHIO, MajbIM BECOM W OBICTPOBO3BOIAWMOCTBIO IO CPaBHEHHIO C
JPYTAMH CTPOHMTEIBHBIMU MaTepruagaMi. Jlerpagarms CTaJbHBIX KOHCTPYKIMH YacTO CBfA3aHA C HEJOCTATOYHOU
9 (HEKTUBHOCTHIO MH)XEHEPHBIX CHCTEM M IIPUBOJUT K HMX paspyuieHnto. [109ToMy O4eHb Ba)KHO BBISIBUTH
npoOJIeMy M MPHUHATH MEpPBI 10 €€ YCTPAHCHHIO, YTOObI yOCANTHCS, YTO KOHCTPYKIMN (DYHKIMOHHPYIOT TaK, KakK
HPEIOoNaraioch, B TEUEHNE BCETO MPOEKTHOTO Cpoka Ciy:kObl. OIHMM M3 JydIIMX HEpa3pyIIAlOINX METOJOB
OLICHKH JUIS TIONCKA MOBPEKACHUI SBIACTCS aKycTHdeckas smuccus (AD). B maHHOM nccnenoBaHNY OLEHUBAETCS
JIOCTYIIHAsI JIUTEpaTypa 10 3TOMY METOIY B HECKOJIBKMX OCHOBHBIX OOJIACTSIX M OOCYKHAIOTCS MCTOPUYECKHE
JIOCTIDKCHUS B KaXKJI0H 13 Kareropuit. OOCysK1atoTesl IUIFOCH 1 MUHYCBI KaX/JJ0T0 MOAX0/1a, a TAKKE MPeIaratoTes
HalpaBJIeHUs OyIymux WcciemoBaHnii. B maHHOM 0030pe paccmatpuBaioTcsi (hyHIaMEHTaTbHBIC METOIBI
AKyCTHYECKOH SMHICCHM M COBPEMEHHBIC HCCIICTOBAHUS IO BBIABICHHUIO TOBPEXKICHHA B PA3IMYHBIX THIAX
CTaJIbHBIX KOHCTPYKIMII C MCITOIb30BaHUEM Pa3IMYHbIX MTOAXO00B K 0OHApY>KEHHIO MOBpesKIeHHi. Llenb taHHoro
UCCIICZIOBAHUSI - HAWTH ONTHMAIIBHOE DACIHOJIOKCHHE NATUMKA Ul OOHApYXKEHMS IOBPESKACHUH B CTAIBHBIX
KOHCTPYKIMSIX B PEXNME pPEATPHOTO BpeMeHHW. B 3akmrodeHme 0O0CYKTaroTCs METOIBI HCKYCCTBEHHOTO
MHTEIUICKTA, HCTIONB3YEMbIe [UIs BHISIBIICHUS TIOBPEK/ICHUH B CTAIBHBIX KOHCTPYKIIMSX.

KaroueBble ci1oBa: akycTH4IeCKast SMUCCHS; METOJ aKyCTHYECKOW SMUCCUH;
0o0OHapy:KeHHe CTPYKTYPHBIX ITOBPEKACHHH; CTalIbHAS pamMa
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1. INTRODUCTION

Steel, a blend of carbon and iron alloy, is one of the
most often used materials in the industry due to its
wear- and heat-resistant properties, strength, and
fatigue resistance. Among all structural building
materials, it is the most widely applicable and
adaptable, enabling it to flex without splitting and
making it particularly effective at absorbing and
dispersing energy. Steel is renowned for providing
a framework in architecture that is unmatched by
any other substance. Because steel has such high
tension and compression strengths, flexibility, and
malleability, its components are designed to
withstand the elements. Structural steel can take
many different forms, including I-beams, Z-beams,
HSS-beams, L-beams (angle), structural channels
(C-beams with cross sections), T-beams, Rail
profiles, bars, rods, plates, open joists made of web
steel, and so on. Modern research is becoming
increasingly interested in managing any expensive
infrastructure. From a techno-economic standpoint,
preserving these infrastructural facilities in overall
and physical infrastructures in specific is essential.
The technical and scientific communities are
concerned about departing from their usual
functioning. Such deviations or malfunctions are
sometimes brought on by structural damage
resulting from poor design or construction, an
excessive load, ageing, or a natural disaster. Such
structural damages call for appropriate corrective
action if a structure is to last the whole of its design
life. However, the location of the harm and the
evaluation of its scope are necessary for such
treatments.

An abrupt reorganisation of stresses in a substance
results in the formation of an elastic wave known as
acoustic emissions. In instance, for damage
identification & structure health management, it is
often used in non-destructive testing (NDT) of
substances including constructions. The fracture
activity is quite sensitive to by the AE technique.
The benefit of the acoustic emission (AE) approach
is that it allows actual structure surveillance by
quickly identifying injury which works as an
emission source. In other words, the building can be
watched in actual. The structure is equipped with
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AE sensors that detect damage in real-time.
Installing detectors inside a building to identify
damages in actual time is expensive. As a
consequence, in order to conserve money, the
quantity of sensors used for structural health
surveillance must be reduced to a minimum. The
motion of certain fault, including a fracture that
might begin but then propagate, which is the reason
of acoustic emission waves, results in the
redistribution of a stress field within the sample &
produces the subsequent AE waves. Rapid energy
transfer from a material's interior, which may be
caused by factors including crack nucleation or
expansion, material dislocations, or yielding, causes
high-frequency stress waves [1]. A sensor can
capture AE waves, which may be analyzed to learn
more about the emission source [2]. The results of
the literature review show that analytical studies
make up the majority of research on the placement
of AE sensors for real-time monitoring in steel-
framed buildings, but no such real-world trials
where been performed [3-6]. Various structural
damage localization strategies are documented in the
literature for this situation; among them, the acoustic
AE methodology is significant and shows promise
for usage in steel structural health monitoring
applications. As a result, this article examines steel
frame structure damage and categorization based on
acoustic emission.

2. IMPORTANT AE PARAMETRIC
FEATURES

The parametric features are commonly utilized
in AE NDT to study and analyze damage in an
object.

AE Event: The parameterization properties of the
elasticity waves are created within the substrate
are shown by the time domain or frequency
domain of the acoustic wave signal. During AE
testing, it is the whole AE wave representation.

AE Hit: An AE hit occurs when the AE signals
from one channel surpasses the consumer
threshold. A test of numerous platforms or an
AE event may have multiple hits.
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Maximum Amplitude (Amplitude): Greatest
amplitude is the maximum amplitude of an AE
hit as expressed in voltage or decibels (dB). AE
waves that are not captured as AE signals have a
peak amplitude lower than the threshold line
specified by the user.

Count: The number of pulses in an AE hit that
are more than a consumer threshold value is
known as a count.

Rise Time: Rise time is the time required for an
AE to increase from its initial threshold crossing
amplitude to its peak amplitude.

Duration: An AE impact's duration is measured
from its initial threshold crossing amplitude to its
final threshold crossing amplitude.

Energy: Energy is the collective term for the
region beneath the detecting envelope during an
AE hit.

Peak Frequency: The frequency component
(kHz) in an AE wave spectrum corresponding to
the highest amplitude is called the peak frequency.

Frequency on Average: It is the typical
frequency of an AE impact. It may be planned
by dividing "count" by "duration" and is related
to both count and period. It can unevenly predict
the signal frequency (once the AE waveform is

—mathbflogmathitN = mathita —

N refers to the sum of events with an amplitude
greater than mathitA thitamathite  Where
mathitA athitamathitg-P 1S the event magnitude.
B is referred to as the b-value. The enhanced b-

mathit/mathitb =

impossible to store). The entire signal is an
acoustic emission effect signal.

Center Frequency: The frequency component
(kHz) related to the centre of gravity is what is
referred to as the centre frequency in an AE
wave spectrum.

Initial Frequency: The beginning frequency of
an AE spectrum is indicated by this value. It's
calculated by dividing the quantity of "counts"
till the peak by the "rise time."

Reverberation Frequency: The connection
among total count with beginning count is divided
by the connection among period as well as rising
time to obtain the reverberation frequency.

RA Score: To determine it, divide the
lengthened duration by the highest amplitude
(amplitude). It is the inverse of the gradient in
the AE signal waveform which indicates the
kind of fractures in the unit of ms/V.

b-value; Ib-value: These characteristics
constitute a novel technique based on the
cumulative event frequency—magnitude
distribution, specifically designed for seismic
applications. The b-Value approach was
originally designed to analyze seismic data
populations, but it has since been effectively
used on the subject of corrosion [8].

The b-value is defined as:

mathitAmathitdmathitB)

mathitb ( 20

value (Ib-value) was presented in [7] as a means
of resolving the problems with defining
amplitude range and N.

(mathbfloglomathitN (mathitw;) — mathbflog,,mathitN (mathith))

(mathita(mathita1 + mathitaz))

where N(w1) and N(®2) are the overall amount
of AE events with amplitudes greater than p —
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mathita; o, and p + mathita,c accordingly. p
is the mean value of the magnitude distributions
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for a certain collection of events, mathita; and
mathita, are empiric constants, but also ¢ is the
standard deviation of the magnitude distribution
for every set of occurrences [9].

3. AE SENSORS AND DATA ACQUISITION

In actual AE experiments, the piezoelectric
sensor is frequently utilized as an AE sensor.
Typically, the sensor is of the contact type but
has a piezoelectric element protected by a tough
metal shell as well as an electric connector for
conducting the produced electrical impacts. The
sensor structure is powered by the lead zirconate
titanate piezoelectric effect (PZT). This kind of
sensor is reasonably priced, sensitive, as well as
works well in AE investigations to convert
mechanical device to electric signal.

The frequency requested in the experiment
influences the choice of an appropriate AE sensor.
Choosing the appropriate AE sensor for AE
testing depends on the frequency response of the
propagating elastic wave because the propagation
path as well as process to the AE sensor both
seriously affect this frequency response.

The proper sensor for AE tests to pressure vessels,
storage vessels, heat transfer, pipes, reactor, aerial
lift gadgets, nuclear power plants, including
biomedical regions are suitably formulated depends
on their essential frequency band. According to the
frequency band for AE evaluations used by various
businesses, sensors are divided into three
categories: low-frequency range sensors (20-100
kHz), middle or standard range sensors (100-400
kHz), but also high-frequency range sensors (400
kHz). Companies like Physical Acoustic
Corporation (PAC), Vallen System Company, as
well as others [10—13] create sensors for the type of
commercial AE sensor with high sensitivity.

3.1 AE Wave Propagation and Source
Location

The transmission of high-frequency acoustic
emission waves may be strongly affected by
signal attenuation but also distortion depending on
the material, including steel, concrete, or
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brick/mortar. In Table 1, the highest source sensor
distances & typical AE wave velocities for steel
are contrasted with those for other building
materials. Variation in wave velocity can found
with different materials like lesser velocity in
brick masonry whereas increasing trend can be
seen concrete and steel respectively.

Table 1. Typical AE wave velocities and
maximum source-sensor distances for various
construction materials.

Materials | The velocity of | References
waves used
[m/s]
Clay brick | 5002000 [27]
masonry
Concrete 2500-4000 [27]
Steel 4000-5500 [27]

The AE approach can be used to locate faults
before assessing the damage progression including
fracture type by utilising a number of sensors or
source location approaches including triangulation
[14-17]. Acoustic emission sources in masonry
are hard to locate due to the orthotropic structure
of the brick and mortar levels, which results in the
elastic wave propagating at varied speeds and
directions. Second, the porous material's high
wave attenuation limits the maximum source
sensor distance. Bricks and blocks have higher AE
wave velocities than mortar joints. Brick and
concrete contacts so serve as reflecting surfaces.
As aresult, it is advised that every sensor undergo
a recognition limit study during site surveillance.

3.2 Source Localization Methods

In this literature, we are using AE technique
where several approaches are there for locating
sources. Few of them are classified are Wavelet
Transform  Analysis, Wavelet Transform
Analysis and Modal Location (WTML) method,
Finite Element Analysis and Geometric Method.

3.2.1 Source Localization by Wavelet Transform
Analysis

Wavelet Transform (WT) is a time-frequency
analysis-based mathematical process for analyzing
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non-stationary signals such as transient AE waves.
The wavelet is a time-based signal that is an
oscillating signal with one or more cycles. Based on
location and scale, this wavelet is utilized to
decompose the waveform into several component
portions called coefficients. WT gives high
frequency and temporal coefficients in two
dimensions. The wavelet coefficient represents the
wavelet's proportion of correlation with the
waveform, and its value indicates the data's third
dimension, the amplitude or intensity associated
with it. The wavelet technique can view the
waveform signal's frequency and time (position).
WT fair value indicates that a wave is localized in
time and has finite energy. Because of this localized
quality, time-domain analysis of given signals can
be performed without loss of information.

Rao et al. [ 18] introduced proof pressure testing of
pressure vessels, and acoustic emission (AE)
monitoring is used to detect any crack growth-
related phenomena. When performing AE
monitoring, it is common to discover that the
background noise is extremely high. Along with
the noise, the signal contains different phenomena
such as crack propagation, fastener rubbing, leaks,
and so on. Due to noise, identifying the signature
of the original signals associated with the above
phenomena becomes challenging. In such cases,
the wavelet processing technique is more
appropriate for analyzing AE signals. The AE data
is de-noised using the wavelet processing
technique. The de-noised signal is categorized to
determine a signature corresponding to the type of
phenomenon. In such cases, the wavelet
processing technique is more appropriate for
analyzing AE signals. The AE data is de-noised
using the wavelet processing technique.

3.2.2 Source Localization by Finite Element
Analysis

Researchers have recently attempted using the AE
approach to use Finite Element Analysis (FEA)
for damage localization. = However, source
severity evaluation requires additional information
that can be provided by FE analysis with
laboratory fatigue tests. Future years will see an
increase in fatigue. Finding damage areas in steel
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bridges is best accomplished with the AE method.
To discover harm from fatigue cracks at welds
with shear stud movement at the steel-concrete
interface, worldwide and local arrays of the time
of arrival source location approaches might be
consumed. FE analysis is also useful for detecting
regions that are likely to be problematic.

Ai, Li, et al [19] proposed a Finite Element (FE)
assessment of a bridge particle is associated to
field research location results, confirming
regions of likely crack location. The flexural as
well as extensional Lamb modes' appearance
but also dispersive activity in digitised AE
signals were identified. Bandpass frequency
filtering is used to demonstrate modal isolation
by comparing the frequency properties of the
two states. This space is utilized to compute the
source-to-sensor distance. AE bridge
surveillance might be consumed to position both
anticipated but also unforeseen sources, giving
precise information on a problem area.

3.2.3 Source Localization by Geometric Method
The triangulation method is used to map the
locations of acoustic generators throughout the
past three decades. To locate the audio origin in
a two-dimensional workstation, three randomly
arranged AE sensors are used for sound waves
arrival time analysis (i.e. plane surface). On the
basis of the path variances among the first,
second, as well as third sensors, that have
calculated by multiplying the variations in
arrival times to the sensors as well as the wave
velocity, the position of the acoustic signal was
determined  analytically  utilising  polar
coordinates in relation to a reference sensor.

Kosnik et al. [20] proposed Two substantial steel
Interstate Highway arches, one with a cantilever
through truss another with a trapezoidal box
girder, were subjected to acoustic emission (AE)
analysis on specifics. Quantification activity levels
in areas where cracks are confirmed or assumed to
exist by observing AE under typical service loads
(e.g., live traffic and wind). Cluster analysis
offered valuable insight into the horizontal web's
acoustic emission characteristics. The clustering
approach was first created to monitor the welding
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process. As a result, many AE events are
identified in a highly confined cluster. While other
techniques, such as ultrasonic testing, need up-
close access to the crack, AE testing may find and
describe a crack within a larger area, making it a
more forgiving method in terms of access and
precision. A steel bridge detail's stress field is
frequently complex, with highly localized stress
concentrations. AE is most suited to monitoring
small areas of a few tens of square feet in high-
stress places like connections.

3.3 Damage Diagnostics in Steel Structure
with AE

Damage placement, damage recognition, then
damage accumulation recognition are the three
stages of damage detection with AE. The
initial layer is concerned with determining the
damage beginning criteria, regardless of the
injury. The impact is then localised using a
network of AE sensors but several localization
techniques in the second level. In the end, signal
processing, supervised classification, then
unsupervised clustering methods are used to
extract the damage from the AE dataset.

The acoustic emission signals were investigated
by Amer, A. Ould, et al. [21] to identify the
acoustic fingerprints connected to a certain
damage mechanism. Signals from plastic
deformation or the spread of fatigue fractures can
be differentiated using an unsupervised
classification method. Both these processes seem
to be the main causes of acoustic emissions in

isotropic materials. The key findings are
classifying auditory signals into different
classifications using multivariate statistical

approaches. In austenitic stainless-steel alloys, a
number of phenomena, including plastic
deformation, martensitic transition, including
fatigue fracture propagation, serve as AE sources.
At varied total strain amplitudes, AE examined
the low cycle fatigue of 304L stainless steel. An
association among auditory signals with injury
development is revealed by the increase in the
EA's activation during fatigue tests. However,
when the AE variables are in an area repair mode,
even though the aspects mentioned regarding the
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damage correlating are unsure but also make
allocating a signal to damage which happened
challenging, the areas identified regarding the
harm correlating are uncertain but also present in
the area recovery mode for the fatigue tests.
Different AE sources are categorized using the k-
means cluster technique.

Arvindan, Sivasuriyan, and colleagues [22] looked
on structural health monitoring (SHM) together
with damage assessments for constructing
buildings. The FEM was used to evaluate injury in
steel bracing utilising weighted least squares and
Bayesian estimation techniques in the first phases
of the Eigen-sensitivity-based FE design. The
research evaluated scenarios for evaluation
including self-monitoring, as well as fault detection
but also building evaluation by adding sensors
while assuming weaknesses. Modern methods for
collecting information & sensor technology enable
routine real-time building surveillance. When
analysing real-time experiments using analysis
methods with sophisticated software, numerical
modelling approaches known as the finite element
method (FEM) and finite element analysis (FEA)
are said. As a result, complicated analyses, such as
stiffness and damping, can be carried out very
easily and reliably using the FEM technique, even
for multi-story buildings.

3.4 Literature Survey on Structural Health
Monitoring by Acoustic Emission Technique

In the realm of structural health monitoring
(SHM), acoustic emission can be employed for
fault recoginition or condition monitoring. It is
frequently used in the disciplines of non-
destructive testing (NDT), non-destructive
evaluation (NDE), with non-destructive
monitoring (NDM) for various engineering
applications because it is a non-invasive
approach. Since its inception, similar
applications of AE in seismology have been
well documented.

The AE design to material testing is also frequently
employed. The splitting, breakage, & unfavourable
characteristics of  structural parts, flexible
components, brittle materials, as well as other
components, along with composite materials, are
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assessed for a range of manufacturing but also
biomedical uses. Furthermore, several smart AE
tests are used to examine micro-structural studies as
well as metallurgical characteristics of many
materials. The AE method is also used to monitor
various aeronautical structures. Because many
sensors may be conveniently attached to various
areas of aerospace structures, the AE approach can
perform damage monitoring at a microscopic level
as well as damage location in multidimensional
characteristics. Wireless AE sensing devices are
used in various smart AE techniques to provide
real-time wireless monitoring [23]. The next
section describes the approaches to Acoustic
Emission Techniques, which detect the damages in
different structures.

3.4.1 Damage Detection based on Acoustic
Emission Techniques

The acoustic emission (AE) approach was
proposed by Di et al. [24] which involved 36
direct pull-out experiments to observe the
bonding behaviour of steel bars and fiber-
reinforced polymer (FRP) in self-compacting
concrete (SCC). The FRP reinforced samples
get a lower bond strength with a greater
corresponding slip value than the steel-
reinforced samples because of their low elastic
modulus with varying surface treatment.
However, acoustic emissions systems can only
predict how much damage is there in the
material and how long the components will
survive on a qualitative basis.

Adamczak-Bugno et al. [25] proposed the
acoustic emission signal (AE) in the diagnostics
of procedural services is discussed in this
article. One area of technology where the AE
technique can be applied is in the monitoring of
steel structure's technical condition. The ability
to record and analyze the AE signal proved
useful in diagnosing this structure. Moreover,
metal deformation causes a weak AE, and the
creation and growth of fractures are frequently
accompanied by a significant AE, particularly in
additional hard materials, i.e. those with less
deformability with advanced strength. The link
between AE signals and destructive processes
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paves the way for more research into statistical,
probabilistic models that describe structural
durability variations while considering actual
working conditions and the severity of damage
development assessed "in-situ."

Khan et al. [26] presented an external force (such
as altering pressure, load, or temperature), a
microfracture within the body to release energy in
the form of an AE wave, which is detected by a
sensor and turned into an electrical signal for
inspection. Many studies are currently being
conducted on the theories underlying AE
production, transmission, and inspection in
numerous domains as a vital health monitoring tool
for NDT. a "feature view of AE" depends on
historical, current, with future perspectives;
Smarter structural health monitoring techniques
with industrial as well as structural approaches, as
well as an "AE monitoring" methodology utilizing
theoretical & experimental perspectives. Parametric
analysis but also AE source location are two main
features of the AE approach in structural health
monitoring.

Verstrynge et al. [27] proposed the literature on
applying acoustic emission techniques to masonry
structures, focusing on unique issues and current
findings. In light of monitoring approaches, wave
propagation, source localization, with the crack
formation under static, fatigue, as well as creep
loads, AE-based methods for damage assessment
in masonry are explored. However, the technique's
non-invasive nature and great sensitivity offer
intriguing possibilities for locating damage,
determining the severity of the damage, and
determining the degradation rate, particularly for
historic masonry structures. Acoustic emission
information from periodic measurements were
analysed to determine whether the technology
might be used for on-site monitoring.

Debonding testing during the acoustic emission
(AE) approach was developed by Ghiassiet al.
[28] to examine interfacial fracture but also
damage propagation in bricks reinforced with
GFRP and SRG. Single-lap shear bond tests
assess the activity of the bond while AE sensors
monitor the development of the fracture. The
fracture progress but also active debonding
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processes are described utilizing the AE
procedure's findings. employing AE techniques
to check the health of reinforced masonry
constructions on the spot. The findings revealed
that AE output could be effectively employed
for investigating and interpreting the debonding
fracture process.

Swit et al. [29] investigated the method of
acoustic emission (AE), which is founded on
destructive processes. The outcomes of using
the AE approach to find potential candidates
have been presented in this article as active
damaging processes and monitoring their
progression during the normal functioning of

diverse machine structures of various kinds. A
suitable technique must be designed to
identify the beginning of the process of
degradation as well as enable monitoring of its
progress all across the entire chapter of the
formation, not just in subjectively chosen areas.
This is because locating as well as monitoring
potential damage as well as assessing its effect
on the structure of the system are both
components of the service life assessment
process.

The overall review of the Acoustic Emission
Techniques is described in table 2, which is
given below.

Table 2. Review of Damage Detection Techniques based on Acoustic Emission Techniques.

Ref. | Advantages Limitations Performance Structures/
No Measures Technique
[24] | High strength, .
lightweight, long-term Damages in more sensmvc?,
o : larger measuring | FRP and SCC/ AE
durability, and low materials
. ranges
maintenance costs
[25] load-bea.rmg capacity Yery weak Durability Steel Structure/AE
and serviceability signals
[26] . The event, Hit,
characterizing damage smart .
. . T Amplitude, .
propagation behaviour, applications in . . General/.Parametric
Count, Rise Time, ..
overall damage structural health Duration analysis with AE
monitoring system monitoring ’
Frequency
[27] Algorithms for
Signal attenuation places | locating sources
restrictions on the and correcting Amplitude And
. . Masonry structures
placement and density of | waveforms in Energy
AE sensors. various
brickwork types
[28] . . arrival time,
Due to its low weight-to- | due to the AE :
. . amplitude, count,
strength proportion & wave's ;
e . period and .
adaptability in regards to | considerable Bricks
. : energy, threshold,
application, FRPs are a attenuation and .
. . . but also sampling
strong option. disruption
frequency
[29] | Assessments are
designed to encompass how lone the
the entire material being & ... | Durability, safety, | Machine structures/
components will o :
evaluated but can be last and usability Destructive processes
carried out under real
operational loads.
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Based on the current works, we can infer that
numerous works have been done for Acoustic
Emission based on various constraints such as
sensors, wave and propagation, source
localization, and signal approaches
outperforming other constraints.

3.4.2 Review of damage detection in steel frame
Structure

Black, C. J et al. [30] introduced the information
offered to possible participants in the blind test
on damage detection for a steel frame and the
answer. The data for this test came from a one-
third-scale steel frame structure finite element
model. Damage was mimicked by removing
members or modifying member attributes in a
small area. The cost and time necessary to
restore a structure could be greatly reduced if
the degree and location of damage could be
estimated using modal analysis techniques.
Modal flexibility (MF)-based methodologies in
vibration-based damage detection (VBDD) were
used by Bernagozzi, G. et al. [31] to establish an
experimental flexibility matrix of materials that
may be produced from recognized natural

frequencies with the mode shapes. Using
operational mode analytic methods, these
properties can be obtained from ambient

vibration (AV) information. Modal flexibility
(MF)-based procedures in vibration-based
damage detection (VBDD) are able to generate
empirical versatility matrices of structures from

known natural frequencies and mode shapes.
Using functional mode analytic methods, these
qualities can be extrapolated from ambient
vibration signals.

Modal parameter changes were introduced by

Dohler M. et al. [32]. However, in a
recommended and  successfully utilized
subspace-based damage identification test,

estimation of the modal properties is omitted.
The new test, designed to resist shifting
excitation qualities, performed substantially
better in this environment, detecting damage far
earlier than a preceding traditional test for
damage identification. = The applications in
which the stimulation is ambient & uncontrolled
should benefit from the supplied test resistive to
excitation changes. The new procedure is
anticipated to further accurately as well as
earlier identify defects.

A wavelet-based structural damage
identification method was proposed by Hou Z et
al. [33]. It is regarded as a typical Fourier
transform with a flexible window size and
location. Its ability to analyse local information
with a "zoom lens with changing focus" to
generate a variety of levels of analysis including
estimates of the original signal is one of wavelet
analysis' strongest points. A detectability map
explores the effects of noise level and damage
severity.

The overall review of the steel frame structure is
described in table 3, which is given below.

Table 3. Review of damage detection in the steel frame structure

Citation | Technique Used | Advantages | Limitations Performan | Structure
ce s
Measures
The Cost And
Time
Modal Analysis Requ_ired To .. White
130] Techniques/finite Repair A Inv1s1b¥e to noise, Steel
element model Structure determine damage Maxnpum frame
Could Be Amplitude
Significantly
Reduced
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By
recognising
Modg 1. . . th.e stories Modal Truncation | Ambient Plane
[31] Flexibility/ambient | with routes, o
o i Errors Vibration shear-type
vibration harm locations
can be
determined.
The Reversibility
Early but Of Generated .
} Ambient
More Reliable | Damages ensures o Steel
[32] Subspace . Vibration,
Damage Fatigue Crack, The Threshold frame
Detection Reproducibility Of
Test Series.
Excessive Effects Of Noise Rehab le,
. Efficient, Steel
[33] Wavelet Response, Intensity And
. And Low frame
Crack Growth | Damage Severity Cost

Based on those mentioned above, we may
conclude that the steel frame structure has been
utilized for various purposes such as noise level,
amplitude, ambient vibration, threshold,
piezoelectric sensor, Plane shear-type, and
Finite Element Model.

3.4.3 Acoustic Emission in Steel Frame with
Machine Learning Technique

To find steel fractures, the digital data was
analysed then categorised using a deep learning
algorithm after being normalised to reduce
background noise. The deep learning-based AE
method was applied locally to identify steel
faults. The distinctive aspect of the research is
the effective detection but also localization of
steel cracks utilising a single AE sensor and an
AE signal-based deep learning system.

Since the cracking method (strength properties or
shearing) is connected to the underlying physical
principles, Das et al. [34] established the Crack
mode classification as a massively important
technique to determine the harm status of a
structural for good preservation to promote
structural security with reliability. In this study, a
framework was developed. The automatic
probabilistic classification of cracks in cementitious
components uses AE signals. The framework was
utilised to analyse AE data from samples of direct
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stress Strain Hardening Cementitious Composite
(SHCC) and bending Steel Fiber Reinforced
Concrete (SFRC) beams. It is demonstrated that the
cracking modes of the proposed ML method
accord with composite theory expectations.

Azimi, M. et al. [35] developed various SHM
applications by reviewing recent publications in
SHM that use developing DL-based approaches.
A better understanding is presented in form of
many DL techniques, including deep neural
networks, transfer learning, and others. Along
with some of the latest innovations consumed
for SHM, such as sensors including unmanned
aerial vehicles, the method as well as
application of vibration-based but also vision-
based monitoring are explained (UAVs). The
study is concluded with a discussion of the
advantages and disadvantages of DL-based
methods in SHM arrangements.

A straightforward experimental method was
created by Paulraj, Murugesa Pandiyan, and
colleagues to keep the steel plate in compliance
with the supported boundary condition [36]. The
steel structure's vibration patterns are collected
using a simple methodology based on impact
testing. Under typical circumstances, the steel
plate's vibration signals are recorded. The
Fishman criterion is used to determine the
network's performance. SHM aims to assure
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high reliability and low maintenance costs over
the structure's lifetime. The vibrating signal that
travels through a steel plate when an impulse
force is applied can detect damage. To recover
the characteristics from the vibration analysis,
feature extraction methods based on frame
energy-based statistical time-domain signal
processing techniques are created.

Structural damage detection, a hybrid method
based on ANNSs but also genetic algorithms, was
proposed by Betti et al. [37]. Accelerations

caused by ambient vibrations were observed as
the frame's damage grew worse, as well as the
damaged entity was determined by the depth of
the cut. At every stage of damage, the
fundamental characteristics of the steel frame
(natural frequencies & modal geometries) were
examined. The fact that the training could be
performed on any structure due to the indexes'
extensive range of attributes is one of the main
benefits of feeding the system with the four
indices stated above.

Table 4. Review of Acoustic Emission with Machine Learning

Citation | Technique Used | Advantages Limitations Performance Structure
Measures s
limitation,
Structural Ei?ﬁilflorsf;lge RA values and Tensile or
achine learnin afety, verage
34] | Machine learning | Safety ES¢L | Averag
Durability plus .IOSS of frequency Shear
physical
interpretations
. Performance Image- Feature'
Deep Learning; : Extraction,
35] Machine By Cross- Processing For Pattern Steel
. Validation, Crack . . frame
Learning Accurac Detection Classification,
Y ' And Regression
hich Energy that Activation
rtificial Neura s manifests as unction, stee
[36] Artificial Neural relglablh less i K ' :
Network main tentglice vibration is Learning Rate, structure
impacted And Momentum
o Size, The
Training 1s i’(izngfyl;ﬁi eAss Mutation and The | Three-
137] Artificial neural | performed Funrc): tion: Non- Crossover Rate, Storey
networks with different Optimal ’ The Elitism Rate, | Steel
structures S(I:lu tion The Selection Structure
Methods

Based on those mentioned earlier, we may
conclude that acoustic emission with machine
learning has been utilized for various purposes,
such as Aurtificial neural networks, Deep
Learning, and Machine Learning.
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4. DISCUSSION

Various strategies for improving the accuracy of
the AE parameters source locations and
mechanisms have been devised, with some
employed and others requiring more
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investigation. With recently improved sensor
techniques and signal processing techniques,
there is a lot of potential for frequency-domain
investigations of AE; however, recent research
has only extracted a small amount of data from
the frequency-domain of AE. Because of the
differentiation between high- and low-frequency
ranges, AE can be examined in specific
frequency bands. Moreover, Acoustic Emission
with Machine Learning for detecting damages
in steel. By using mean amplitude and standard
deviation of the amplitude distributions, another
important parameter, the b-value, is improved.
However, the attenuation effect on the
amplitude distribution is often overlooked,
leading in a decrease in the b-value. The AE
approach appears useful in structural health
monitoring of industrial buildings with steel
making up the majority of the structural
elements, which is the most significant finding.
According, to the findings, all the problems
evaluated could be recognized using acoustic
emissions.  Therefore, real-time damage
identification in a steel-framed structure is
accomplished using our Acoustic emission
approach.

5. CHALLENGES AND FUTURE
DIRECTIONS

It is possible to do research to modify normal
AE practises for concrete to be used in masonry.
It would be a huge advancement to develop
high-sensitivity, reliable, as well as integrated
AE sensors for site surveillance.

1. In order to advance in this field, fibre optics
with multi-frequency spectrum sensors are now
being utilised. To provide a strong connection
among AE data as well as the damage
mechanism, the majority of sites surveillance
concentrates on a single degrading event or
places sensors close to active fracture areas.
Devoted filtration methods with multi-sensor
systems might be advantageous for applications
in noisy environments (such as crossings)
but several damage mechanisms (such as creep
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and salt efflorescence). Our understanding of
AE signal propagation has recently increased

with to advancements in instrumentation,
sensors, signal processing, & data fusion
techniques.

2. Considering current developments in high-
speed digital waveform-based AE devices, large
quantities of AE waveforms signals are now
digitised then saved for evaluation. These
developments have led to a greater
comprehension of AE signal transmission in
relation of directed acoustic patterns, especially
when coupled with innovations in high fidelity,
highly sensitive wideband detectors as well as
the creation of contemporary PC-based signal
processing techniques. The approach, later
named "Modal AE," can shift away from the
conventional focus on data analysis thus
significantly improve AE's structural health
monitoring capabilities.

3. Future SHM is anticipated to be enhanced by
modern AE programs that make use of different
modelling software & artificial intelligence
technology. Future discussions are likely to
focus on topics like newer, smaller sensors,
monitoring systems, features but also grouping
analytics, even AE monitoring in harsh
environments, to name just a few. For
sustainable communities, more effective AE
procedures are needed now more than ever.

6. CONCLUSION

AE is a significant application method for
monitoring structures because of its non-
invasive nature and great sensitivity. The steel
framework may be simply changed and
expanded if necessary. Steel is a dimensionally
accurate material produced using modern
computer technology. Steel buildings allow for
long spans. In order to lay a solid foundation for
future developments as well as improve the use
of AE sensing in steel, this review study offered
a thorough literature review on damage
identification in steel frame structures utilising
the acoustic emission technique. In this review,
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we examined the application of acoustic
emission to detect but also categorise harm to
steel frames.
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O BOCBbMOM MEXKIAYHAPOJIHOM CUMITIO3UYME PAACH
«AKTYAJIBHBIE ITPOBJIEMbI KOMIIBIOTEPHOI'O
MOJEJUPOBAHUA KOHCTPYKIIUIA U COOPY KEHUI»

Tpasyw B.U., Axumoes I1.A., berocmoukuit A.M.,
Cuoopoe¢ B.H., Monacmuipes 11.B.

KnioueBble c10Ba: KOMIBIOTEPHOE MOAEINPOBAHUE; KOHCTPYKIIUH U COOPYKEHHUS;
Poccuiickast akageMust apxUTeKTypsl B cTpouTenbHbIX Hayk (PAACH).

1. OBIIAS UH®OPMALIUA

BoceMoii MexTyHapOIHBIA CUMIIO3UYM «AKTYyalibHbIE MPOOIEMBbl KOMIIBIOTEPHOTO MOJIEIHPO-
BaHUsl KOHCTPYKUUIA U COOpYKeHUI» Poccuiickoi akaeMuu apXUTEKTYpbl U CTPOUTEIbHBIX HAYK
npoxoau B riepuon ¢ 17-21 mast 2023 1. B ropoae TamboBe Ha 6a3e deaepaqibHOTO roCyIapCTBEH-
HOTO OFOJDKETHOTO 00pa30BaTEIbHOTO YUPEKICHHUS BBICIIEro 00pa3oBaHus « TaMOOBCKHUIA rocynap-
CTBEHHBIN TexHuueckuil yauusepcuter» (aanee — TI'TY), ocHoBHble opranu3zatopsl B TI'TY — unen-
koppecnionnieHT PAACH, nipod., a.1.H. [1.B. Monactsipes, noir., k.T.H. O.B. EBgokumies. B atom
rogy TI'TY, ogHoMy U3 BEIyIUX POCCUMCKUX BY30B, UCIIOIHATCS 65 JEeT co THS ero oOpa3oBaHuUs
n 30 JieT ¢ MOMEHTa MOJIy4EeHHs CTaTyCca YHUBEPCUTETA B PETUOHE.

Puc. 1. I'nasnwiii kopnyc Tambosckoeo 20cy0apcmeeHH020 MeXHUYeCcKo20
VHU8epcumema
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Pemienue o nposenennn Cummnosnyma 0bi10 npuHsaTo Hayunsim Coserom PAACH «Iludpo-
BbIE TEXHOJIOTUU B CTPOUTENLCTBE U apxuTekType» B utone 2021 rona. [lepssiit Cumnosuym mpo-
men B 2007 rony B Huxnem Hosropone, 3atem Cumnosuymsl PAACH nposoaunuces B [lepmu,
Hosouepkaccke, Yensouncke, Mpkyrcke, Bnagusocroke u HoBocubupcke [1] - [3].

B stom rony Cummnosuym Ha mmomaake TI'TY cobpan 6omee 200 ygactHukoB u3 40 pernoHOB
Poccuiickoit ®denepanmu 1 3apyOekHbIX rocyaapcTB. beuto mpeactaBieHo 6onee 190 ycTHBIX U
CTEH/IOBBIX JIOKJIAJIOB, KOTOPBIE OMyOJIMKOBaHbl B cOOpHUKE Te3ncoB Cummnosuyma [1]. B opranu-
3auMu U nposeeHuu CuMiosnyma, a Takke B BBICTYIUIGHUH C TUIEHApHBIMU U CEKLIMOHHBIMU J0-
KJaaaMu npuHsuin yuactue 6omuee 45 unenoB PAACH. Cpenu Hux Bune-npesunesT PAACH, axa-
nemuk PAACH, npod., n.1.H. B.W. TpaBymr; akagemuk-cekpetapb OTIeNCHHUs CTPOUTEIBHBIX HAYK
PAACH, akanemuk PAACH, npod., a.1.1. H.W. Kapnenko; akanemux PAACH, nipod., n.1.1. [LA.
Axumos; akanemuk PAACH, npod., 1.1.H. A.M. benocronkuii; akanemuk PAACH, npod., 1.T.H.
C.C. Kanpuenos; akagemuk PAACH, mpod., a.1.H. B.. Komuynos; akanemuk PAACH, npod.,
n.1.H. JI.C. JIsxoBuu; akagemuk PAACH, mpod., n.1.1. B.IIl. Censes; akangemux PAACH, mipod.,
n.1.H. B.M. Tenmuuenko; akamemuk PAACH, npod., a.1.H. C.B. ®enocoB; WieH-KOPPECITOHICHT
PAACH, ipo¢., n.1.1. I'.I'. KameBapoga; unen-koppecnionnentr PAACH, npod., n.1.1. Ba.M. Koin-
qyHOB; wieH-koppecnionaeHT PAACH, npod., a.1.H. C.b. Kpbuios; unen-koppecnonaent PAACH,
mpod., n.1.H. C.A. Kyapsasues; unen-koppecnonnenT PAACH, npod., n.t.H. P.A. Manrymes;
yneH-koppecnionienT PAACH, nmpod., n.t.H. N.T. Mupcasmnos; uieH-koppecrongaenr PAACH,
npo¢., A.7.H. I1.B. MonacteipeB; uneH-koppecnonneHT PAACH, npod., n.1.H. B.JI. Monapyc;
yineH-koppecnionieHT PAACH, nipod., n.1.H. A.H. [Totanos; wien-koppecniongentr PAACH, a.1.H.
B.E. PymsnneBa, unen-koppecnonaeHtr PAACH, mnpod., at.H. B.H. Cunopos; unen-
koppecnonaeHT PAACH, mpod., n.1.H. A.A. Tperes u ap.

Coopranuzatopamu 8-ro Cumnosuyma Beictynuiu [IpasutensctBo TamOoBckoil obnactu, de-
JiepaibHOEe TOCYAAapCTBEHHOE OKETHOE 00pa3oBaTeIbHOE YUPEXkKJACHUE BBICHIET0 0Opa30BaHMS
«HanuoHanbHbId Hcceq0BaTEIbCKU MOCKOBCKUN TOCYAapCTBEHHBIN CTPOUTENbHBIN YHUBEPCH-
ter» (HUY MI'CY), denepanpHoe rocynapcTBEHHOE OIOKETHOE 00pa30BaTEIbHOE yUPEXKIICHUE
BBICIIIETO 00pa3oBaHusl «MOCKOBCKHI apXUTEKTypHBIH WHCTHTYT (TOCYJapCTBEHHAsI aKaJIeMHsI)»
(MApxH), denepanbHOe TocyaapCcTBEHHOE OIOJKETHOE 00pa30BaTEIbHOE YUPEkKAECHUE BBICLIETO
oOpaszoBanusi «HoBocHOMPCKUN TOCYZapCTBEHHBINH apXUTEKTYypHO-CTPOUTEIbHBIN YHUBEPCUTET
(Cubetpun)» (HTACY (Cubctpun)), denepalibHoe rocygapCcTBEHHOE OIOJKETHOE 00pa3oBaTellb-
HOE yupexaeHue Bbiciiero odpasoBanus «Poccuiickuii ynusepcuret tpancrnopra (MUUT)» (PYT
(MHUT)), denepanbHOe TrocyIapcTBEHHOE OODKETHOE 00pa3oBaTEIbHOE YUPEKICHUE BBICIIETO
oOpazoBanusi «TOMCKHMII TOCYyIapCTBEHHBI apXUTEKTYpPHO-CTpOUTEIbHBIN yHUBepcuTeT» (TLA-
CY), akumonepHoe o6mectso «Hayuno-uccnenosarenbckuii nentp CrtaluO» (AO HULL Cta/luO).

Cnoncopckyto nogaepxkky okazanu OOO Hayuno-npoextnas ¢upma «CKAIl CODT», AO
«ACKOH», OO0 «EBPOCO®T», AO «HUL] «CrpoutensctBon, OO0 «TUK-ITPOKEKT»,
000 «Cnenuanu3upoBanHblil 3acTpoimuk «CtpoutenbHas koMnanus XKynukosy, OO0 «bokuH-
ckuit 3aBog CtpoutensHbix KoHerpykunit», Accounanus CPO «TamOoBckue crpourenn», I'pynna
komnanuii «ACb», TamboBckoe otaenenue 8594 IIAO «Coepbank Poccun», OOO IIpoekTHblit
UHCTUTYT «TamboBcenpxo3rexnpoek», OO0 «I"azcranpmonTtax», OO0 «['pynna komnanuit «Me-
rarosmcy, 000 «MOCTOCTPOI», 000 «TamOoBcrencTpoit».

206 International Journal for Computational Civil and Structural Engineering



O BoceMoM MexayHapoaHoM cumnozuyme PAACH «akTyanbHbIE TPOOIEMBI KOMITBIOTEPHOTO MOAETHPOBAHUS
KOHCTPYKIHUH U COOPYKEHUID»

2. OCHOBHBIE HAYYHBIE HAIIPABJIEHUS],
MNPOI'PAMMA U MEPOIIPUATUA CUMIIO3UYMA

PaGotry Cummosuyma OTKpbUT Tpeaceaarens ero Op-
raHu3alMoHHOrO Komuteta, akagemuk PAACH B.U. Tpa-
Byul. Ha TOp>KeCTBEHHOM OTKpBITUH C MPUBETCTBEHHBIMU
oOpamieHusIMU K ydyacTHHKaM CHMIO3UyMa BBICTYITUIH
MUHHCTD CTPOMUTENBCTBA U KWIMIIHO-KOMMYHAJIBHOTO
xo3giicTBa Poccuiickoit @enepanuu N.2. daitzymun, I'y-
o6epuarop TambGoBckoit obmactu M.b. Eropos, npesuneHt
PAACH, pextop MApxUN akapemuk [1.0O. [lIBuakoBcKuUid,
pexrop TI'TY M.H. Kpacusauckuii, pekrop HUY MI'CY
I1.A.AkumoB.

Ha nnenapnbix 3acenanusix Cumnosuyma ObuiM 3a-
ciaymanbl Aoknaasl: «KommploTepHoe MoaenupoBaHUeE
YHHUKQJIBHBIX 3JaHUM M COOPYKEHHMM Ha BCEX HTalax
xu3HeHHoro 1ukia. Oneit 2018-2023 rr., npobiiemsl u
pemeHus» (nokianuuk - akagemMuk PAACH A.M. beno-
croukuii); «HoBele MomudummpoBaHHbIe OETOHBI — Ka-
YECTBO U HAJIE)KHOCTb COOPY)KEHUN B KOHTEKCTE 3eJle-
HBIX TeXHoJoTrui» (mokmamuuk — akagemMuk PAACH Puc. 2. Beicmynaem axaoemuxk
C.C. Kanpueno); «KuByuecTb Kene300€TOHHBIX paM- PAACH B.H. Tpasyw
HO-CTEPKHEBBIX KOHCTPYKTUBHBIX CHCTEM MPU OCOOBIX BO3ACHUCTBHIXY (IOKIATINK — AKATEMHUK

PAACH B.M. KonuyHoB); «/HeHepHbIe pelIeHHs 3ajlad MaTeMaTu4ecKoil (pU3MKU B MpHIIO-
KEHUM K TEeXHUYECKUM IpoOjemMaM CTPOMTENbHbIX Hayk» (mokianuuk — akagemuk PAACH
C.B. ®enocon), «MoaenupoBaHue IIyMOBOIO PeXUMa Ha 00BEKTaX C MACCOBBIM NpeObIBaHHEM
moaei» (moxmagunk — AWM. AHTOHOB); «OmpeneneHrue XapakTepHBIX 0COOCHHOCTEH pPabOThI
neppOopUpPOBAHHOIO PE3MHOMETAJUIMYECKOr0 BHOPOM30JIATOpPA C MCIOJIb30BAHMEM COBpPEMEH-
HBIX MPOTrPaMMHBIX KOMIIJIEKCOB, PEAJM3yIOIMIMX METOJ] KOHEYHOIO 3JeMEHTa» (JOKIaJauyuK —
B.JI. Monapyc); «HuciaeHHOEe MOJEeTUPOBaHUE KOJICOAHUH KOMITIO3UTHBIX PAMHBIX KOHCTPYKITUN
¢ yuéTom aemndupoBaHus ¢ nmamsaTbio» (Hoknamuuk — B.H. Cugopon); «MoaenupoBaHue MHO-
TO3Ta)XHOTO KEJI€300€TOHHOI'O 37aHHUs Ha MHOTOCIOWHOM Ae(OpMUPYEMOM OCHOBAHHUU C yue-
TOM moBpexaaeMocTn» (mokmamuuk — A.A. Tpemes); «l{udpoBbie n UHTEIEKTYalIbHBIE TEX-
HOJIOTUU B JUArHOCTHKE CTPOUTENbHBIX 00beKTOB» (mokiaguuk — [.I'. Kameaposa); «Pa3Bu-
THE U COBEPIICHCTBOBAHUE TEOPUU CTATUUYECKUX PACUETOB CTEPIKHEBBIX U IMJIACTUHYATBHIX CHU-
CTEM Ha MPOU3BOJILHOM YNpyrom ocHoBaHum» (poknanuuk — O.B. Ko3yHnoBa); «O pa3Butuu u
COBEpPIIECHCTBOBAHUU IporpaMMHoro komiviekca MKD nnsg reorexHuueckoil mpakTUKW» (J10-
knmaguuk — P.A. Manrymes); «PacdyeTHas Mozmenb neQOpMUPOBAaHHS T'PYHTOBOTO OCHOBAHUS
BBICOTHOTO 3JIaHMSI C YYETOM IMPEAbICTOpPUM 3arpykeHus» (nokinaguuk — M. T. Mupcasnos);
«MaremaTnyeckoe MOJIEIMPOBAHNE MEXAHMYECKHUX CBOWCTB BA3KOYNPYTHX MaTepuajioB C OT-
punatenbHbIM Kodpdunnuentom Ilyaccona» (noknaguuk — M.B. Illutukosa).
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Joxnanel Cumnosuyma ObLTH 3acCiIyIIaHbl U 00CYKJIEHBI 110 OCHOBHBIMU Hay4YHBIM HarmpabJie-

HUAM:

I.

MopaenupoBaHrue Harpy30K M BO3JCHCTBHII Ha CTPOMUTENbHBIE KOHCTPYKUMWH, 3JaHUS, CO-
OPYKEHHS U1 KOMILICKCHI.

TexHomorun WHOOPMAITMOHHOTO MOJECIUPOBAHUS KU3HEHHOTO ITMKIAa O0OBEKTa KaluTallb-
HOT'O CTPOUTEIBCTBA.

Pa3paboTka, ucciaenoBaHue W Pa3BUTHE YUCIIEHHBIX U YMCICHHO-aHAJUTHYECKUX METOJIOB
pacuera KOHCTPYKIUMA, 31aHUN U COOPYKEHHIA.

Henuueitnbie Mojieln MaTepUanioB, KOHCTPYKIIUK 3JaHUM U COOPYKEHHUU TPU PACUETHOM
000CHOBAaHUU MPOEKTOB U OMTUMAIbHOM MTPOSKTUPOBAHUU.

MopenvpoBaHue KOHCTPYKLHMA, 37aHUM, COOPYKEHUN U KOMIUJIEKCOB Ha CTaJUsX UX BO3BE-
JICHHS, PEKOHCTPYKIIMHU, HArPYKEHUM, CONMPOTHUBISIEMOCTH MPOrPECCUPYIOLIEMY pa3pyLie-
HUIO.

MaremaTnyeckoe U KOMIBIOTEPHOE MOJCIMPOBAHUE B APXUTEKTYPE, TPATOCTPOUTENBCTBE U
CTPOUTEIBLCTBE.

MopenvpoBaHue MaTepuasoB M KOHCTPYKIIUNA B HECTAIMOHAPHBIX (PU3UKO-MEXaHUYECKUX
YCIIOBUSX MPHU CI0KHBIX BO3JIEHCTBUSX.

MogaenupoBaHre MOBPEKIAEMOCTH U pa3pylleHUs KOHCTPYKUMUA W MatepuaioB. Marema-
TUYECKHE MOJIEIHN U METObl B CHCTEMAaX MOHUTOPUHTIA 3JaHUN U COOPYKEHU.

.

Puc. 3. Boicmynaem axaoemux PAACH Puc. 4. Yuacmuurxu Cumnosuyma 6o
A.M. Berocmoyxkuii 8pemst 00KNa008

Hayunas nporpamma CuMIiio3uyma npoBOJWJIacCh 10 BOCbMU ceKLusAM: «MojenupoBaHue Harpy-

30K U BO3JIECHCTBUI Ha CTPOUTENIbHBIE KOHCTPYKLIMH, 3/1aHUS, COOPYKEHUS U KOMILIEKCh (Cekuus

Nel. Monepatopst - A.M. benocroukuii u T.A. benam); «Texronorun nHOOPMAITMOHHOTO MOICIH-
POBaHUS )KU3HEHHOTO KA 00BEKTa KaMUTAIBHOTO cTpouTenbcTBay (Cekimst Ne2. MogepaTopsl -

H.I'. KenacbeB u A.M1. AutoHoB); «Pa3pa0boTka, McciaeJ0BaHUE U PA3BUTHE YUCICHHBIX M YUCICHHO-
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aHAJIMTUYECKUX METOJI0OB pacyeTa KOHCTPYKLMM, 30aHuil 1 coopyxeHui» (Cexuust Ne3. Mozneparopsl
- B.K. AxmeroB u A.H. [lotanoB); «HenuHeliHbie MOIeIM MaTEpUaIoB, KOHCTPYKIMHA 3/ITaHUN U CO-
OpYXEHUH TPU pacueTHOM 0OOCHOBAaHUM ITPOEKTOB U ONTUMAILHOM HpoeKTrpoBaHumW» (Cekuus Ne4.
Mopneparops! - B.B. Jlanmun u M.B. [llutukosa); «MoaenrpoBaHie KOHCTPYKIIHA, 31aHUH, COOpYKe-
HUM U KOMIUIEKCOB Ha CTAa/IMAX UX BO3BEACHHUSA, PEKOHCTPYKIMH, HArpy>KEHUH, COMPOTUBIIIEMOCTH
nporpeccupytomiemy paspymenuto» (Cekmust NeS. Mogaepatop - I'.I'. KameBaposa); «Marematuye-
CKO€ M KOMIIBIOTEPHOE MOJIEIMPOBAHUE B APXUTEKTYpPE, TPaJOCTPOUTENBbCTBE M CTPOUTEIHCTBE)
(Cexuust Ne6. Mopeparopsl - B.U. Jlenenes u H.H. Tpekun); «MoaenupoBaHue MaTepuajioB U KOH-
CTPYKIIMHA B HECTAllMOHAPHBIX (DU3UKO-MEXAaHUYECKUX YCIOBHUSIX TPHU CIOXKHBIX BO3ACUCTBHUIX)
(Cexuust No7. Mogepatopsr - T.JI. JImutpueBa u A.H. Mamun); «MoaenupoBaHue MOBPEKIaeMOCTH
U pa3pyLIEHHUs KOHCTPYKIMK U MaTepuanoB. MaTeMaTHUECKUE MOJEIN U METO/Ibl B CICTEMaX MOHHU-
TOpHHra 31aHui 1 coopyxeHuin» (Cexuust Ne. Monepatops! - C.b. Kpeuios u T.A. Huszuna).

Puc. 5. H H. bacnaes, I'.I'. Kawesaposa, A.M. Berocmoyxuii
NPUHUMAlOm ydacmue 6 pabome HAy4YHbIX CeKyull

Puc. 6. Axaoemux C.C. Kanpuenos u unen-koppecnonoenm B.E. Pymsanyesa 6

ouckyccuu Ha Koghe-obpeiike
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K Havanry pa6otel CUMIO31yMa €ro Y4aCTHUKH ITOJIy4HIIH OITyOJIMKOBaHHbIN COOPHUK Te3U-
COB JIOKJIQJIOB, POWHICKCUPOBaHHBIN B 0a3e qanHbix PUHI] [4].

B pamkax Cumnosuyma nponuio odiuiee coOpanue wieHoB LleHTpanbHOro TeppuTopHanbHo-
ro otnenenus PAACH u 3acenanue OtpacieBoro koHcopiuyMma « CTpOUTENBCTBO U apXUTEKTYPay.
Ha 3acenanuu OblIM IOJMMCAHBI COTVIAIIEHUS O BXOXAeHUN B KOHCOPLIMYM HOBBIX UJIEHOB.

Puc. 7. Akaoemux PAACH B.HU. Tpasywu, pekmop TI'TY M.H. Kpacusnckuil u cosemnux
PAACH B.B. I'anuwnukosa na 3acedanuu Ompaciesoeo koncopyuyma « Cmpoumenbcmeo u
apxumexmypay

Cocrosmucs 3acenanus Hayunsix coBeToB Poccniickoil akageMun apXUTEKTYphl U CTPOUTEIIb-
HbIX HayK «LludpoBbie TEXHONIOIMH B CTPOUTENBCTBE U apXUTEKType» U «MexaHHuKa pa3pylieHHUs
0eToHa, xKeJle300eToHa U JPYTUX CTPOUTENIBHBIX MaTePUaIOBy.

Ha 3acenannn Hayunoro coBera «l{ugpoBble TEXHOIOIMH B CTPOMTENLCTBE M apXuTekType» C
nokinagamMu «O pa3paboTKe HALMOHAIBHOIO MPOrPaMMHOI0 0OECHeUeHusI B 00JIaCTU apXUTEKTYphl U
cTpouTenbeTBa’ BRICTYmWIM akageMuk A.M. benocroukuii u coBernuk PAACH, O.B. Kabanues. C
coobmennem «O mpoenennu [X Mexaynapoanoro cummosuyma PAACH «AkTyanbHble IPOOIEMBI
KOMITBIOTEPHOT'O MOJEIIMPOBAaHNs KOHCTPYKLIUI U COOpPYKEHUID uineH-koppecnonaeHT B.H. Cunopos.

Ha 3acemanun HaywHoro coBera «MexaHuKa pa3pylieHusi O€TOHa, ’keiae300eToOHa M Apyrux
CTPOUTENBHBIX MAaTEPUAIOBY IOJ TIpeacenaTeabcTBoM akagemuka B.I1. CenseBa oOcyxkmaeHa cTpa-
terust pabotel Hayunoro CoBera B Onmkaiiiieil mepcrnekTuBe, pacCMOTPEH MiaH padoTel Hayunoro
Cogera Ha 2023-2025 rr. Unenamu HayuHoro coBeta M3/10KE€HbI U 00CYX/IE€HbI OCHOBHBIE PE3YJib-
TaThl MCCIEN0BAaHUI, CHOPMYIUPOBAHbl POOJIEMBI U 3aJjauld B MEXaHMKE pa3pylleHus OeTOHa U
JIPYTUX CTPOUTENBHBIX KOMIIO3UTOB.
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Puc. 8. 3amecmumenu npedocedamens Opeanusayuonrnoco komumema Cumnosuyma
ynen-koppecnonoenm PAACH I1.B. Monacmuipes u unen-koppecnonoenm PAACH B.H. Cuodopos
Ha 3acedanuu Hayunoeo cosema PAACH «L{ugpposvie mexnonoeuu 6 cmpoumenscmee u
apxumexmypey

Joknaasl Ha KpyryioMm ctonax Cummnosuyma «PernonansHbie MpoosieMbl HU(POBU3AIUH CTPOU-
TeJIbHOW MHAYCTpUW» noa npeacenarenbctBom pektopa TI'TY M.H. Kpacusinckoro u «Kputepuu
pacdeTa OTBETCTBEHHBIX 3/IaHUN M COOPYKEHUHN HA 0COObIC HATPY3KH M BO3JICUCTBH O] TIPEIce-
natenbctBoM akagemuka PAACH A.M. benocromnkoro u O.B. Kabanmesa compoBoxaaauchk co-
JIepKaTeIbHBIMH BBICTYTUICHUSIMH U TTOJIE3HBIMU JTUCKYCCHSIMHU.

Puc. 9. Munucmp epadocmpoumenvcmea u apxumekmypbi, 21A6HBLU APXUMEKMOD
Tambosckoii oonacmu A.A. @uramos npunsn akmuenoe yuacmue 8 kpyeiom cmoine Cumnosuyma
«Pecuonanvuvie npobaemvl yugposuzayuu cmpoumenbHol UHOYCmpuu»
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Benymumu paspaborunkamu nporpammuoro obOecrnedenusi, kommanusimu ACKOH, CKAJ]
CODT, Jlupa-cepsuc, EBpocodT Ob1TH TPOBEIECHBI MACTEP-KIACCHI.

B pamkax kynpTypHOI mporpaMMbl yd4acTHUKM CUMIO3MyMa MO3HAKOMUIIUCH C JOCTOIPHME-
4aTeNbHOCTAMU U My3esMu ropoaoB TamOoBa u MuuypuHcka, B rox 150-1etus co AHS pOXKACHUS
Benukoro kommnosuropa C.B. PaxmanuHoBa npuHsuiM ydactue B MacuiTabHOoM My3bikaibHOM (e-
ctuBasie «CupeHeBas HOUb» B My3ee-3anoBeanuke Cepress Paxmannnosa B ¢. MiBanoBka Tam060B-
CKOM o0nacTi.

Puc. 10. Myzeii-3anoseonux C.B. Paxvanunosa 6 c. Heanosxa Tambosckoii oonacmu

3AK/IIOYEHHUE

CuMIIo3uyM IMO3BOJNMII IPOU3BECTU OLIEHKY COBPEMEHHOI'O0 COCTOSHUS POCCUICKON HAyKH U
NPaKTUKU B c(hepe KOMIBIOTEPHOT0 MOJICIIMPOBAHUS 3JaHUI M COOPY>KEHUH ¢ y4éTOM peTpOCIeK-
TUBHOT'O aHAJN3a, OCMBICICHHSI IPOWJEHHOIO IIyTH U MOJIy4€HHOTo omblta B iepuoxn 1990 — 2023
IT., @ TAK)K€ IIPOTHO3UPOBAHNUS U IIPOTPaMMHUPOBAHUS UX Pa3BUTH B nepuon a0 2035 r.

Opranuzanmonsbiii ¥ ITporpamMmuelii komuTeTsl CUMIIO3MyMa yBEpEHbl B HECOMHEHHOW IIO-
JIE3HOCTH M IIEHHOCTH OOMEHa MHEHHSIMH Tpe/CTaBUTE]e HayKu, OW3Heca M BIIACTH, KOTOPOE
IPOXOAWIO Ha pa3HooOpasHbIX Iuiomankax Cummnosumyma. Llenbro 3TOro B3auMoAeicTBHs cTana
BbIpa0OTKa HANpaBICHUN U COAEPKAHUS, MEXAaHU3MOB U PbIYaroB 3¢GEKTUBHOIO Pa3BUTHS, JBH-
JKEHHsI K HOBBIM YCIIeXaM U JOCTHKEHHSIM B 00JIaCTH KOMIBIOTEPHOTO MOJETUPOBAHUS KOHCTPYK-
WA U COOPYKEHUM, TU(DPOBU3AIMH CTPOUTEIILHON OTPACTIH.

ITonpobuas undopmanus o miomanakax Cumnosuyma, Gororpapuu U BuaeomMarepuaibl Ipu-
BEJICHBI Ha €ro caiTe - http://8apscse.tstu.ru/.
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O BocsMOM MexyHapoaHoM cumnosuyme PAACH «akTyanbHBIE IPOOIEMBI KOMITBIOTEPHOTO MOAETHPOBAHUS
KOHCTPYKIUH U COOPYKEHUID»

Jlureparypa.

1. TpaBym B.M. O6 ucTtopuu U OCHOBHBIX MTOTax V MEXIYHapOAHOTO CHMIIO3UyMa «AKTY-
aJbHBIE MTPOOJIEMBI KOMITBIOTEPHOTO MOJICTUPOBAHNS KOHCTPYKIIMI U COOpysKeHHit». // CTpouTensb-
Hasi MEXaHUKa U pacyeT coopyxkenuil, 2014, Ne5, c. 2-7.

2. Tpaym B.U., Akumos I1.A., benocrouxuit A.M., Imutpuesa T.JI., Cugopos B.H. O6 uc-
TOPUU U OCHOBHBIX UTOrax [IaToro MexayHapoaHOro cuMmiosnyma «AKTyajabHble IPOOIEMbl KOM-
NBIOTEPHOIO MOJEJIMPOBAHUSA KOHCTPYKIMM U coopyxkeHui». // International Journal for
Computational Civil and Structural Engineering, Volume 10, Issue 3, 2014, pp. 176-183.

3. B.W. Tpasyw, I1.A. Axumos, A.B. baenxaes, A.T. bekkep, A.M. benocroukuii, T.b. Kaity-
koB, B.H. CunopoB O6 OCHOBHBIX MTOTaX IIECTOTO MEXKIyHAPOIHOTO CUMIIO3UYMa «aKTyaJbHBIC
po06sieMbl KOMITBIOTEPHOT'O MOJEIUPOBAHUS KOHCTPYKUUN U coopyxeHuit» International Journal
for Computational Civil and Structural Engineering, Volume 12, Issue 3, 2016, pp. 125-140.

4. AxtyanbHble TPOOJIEMbl KOMIBIOTEPHOTO MOJEIUPOBAHUSA KOHCTPYKIMH U COOPY>KEHUH.
Tesucel goknanos VIII-ro mexnynapoanoro cumnosuyma. Ilon pepakuueit Cunoposa B.H. u Mo-
Hacteipesa [1.B. /2023, 436 ctp.

[https://www.elibrary.ru/item.asp?id=52693501 &selid=53113693]
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