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AIMS AND SCOPE

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

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

International Journal for Computational Civil and Structural Engineering
(MeskAyHAPOAHBII J)KYPHAA IO PACYETY TPAXKAAHCKHX M CTPOUTEABHBIX KOHCTPYKIIHI)

MesxayHnapoanblii HayuHbli :kypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHblii ;KypHAJI M0 pacyeTy rpaxIaHCKUX U CTPOUTEIbHBIX
xoHcTpykuuii)” (IJCCSE) sBnsercs BeayiuM HayuyHbIM NEPUOAMUECKUM U31aHUEM I10 HAIIPABJICHUIO
«MHXKeHepHble U TEXHUUECKUE HayKny, n3aaBaeMbIM, HaunHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B )xypHayie Ha BBICOKOM Hay4YHO-TEXHHYECKOM
YPOBHE paccMaTpUBAIOTCS IPOOIEMbI YHCIEHHOTO U KOMIIBIOTEPHOT'O MOICTMPOBAHUS B CTPOUTEIIHCTBE,
aKTyaJIbHble BOIPOCHI pa3pabOTKH, UCCIEIOBAHNUS, Pa3BUTHS, BepU(UKaIluK, anpodaluy U MPHIIoxKe-
HUI YHUCICHHBIX, YACIEHHO-aHATUTUYECKUX METO0B, TPOrPAMMHO-aITOPUTMUYECKOTO 00eCIeUueHHS
U BBINIOJIHEHNS AaBTOMATU3UPOBAHHOTO IPOEKTUPOBAHMS, MOHUTOPHHTA M KOMIUIEKCHOTO HAyKOEMKOIO
PacyeTHO-TEOPETUYECKOTO U HKCTIEPUMEHTAILHOTO 000CHOBAHUS HANPSKEHHO-Ae(POPMUPOBAHHOTO (U
WHOTO0) COCTOSIHUS, POYHOCTH, yCTOWIMBOCTH, HA/ICKHOCTH U OE30MTaCHOCTH OTBETCTBEHHBIX OOBbEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPTeTHKH, MAILIMHOCTPOSHHUS, TPAHCTIOpTa, OHO-
TEXHOJIOTMI U JPYTUX BHICOKOTEXHOJIIOTUYHBIX OTPaCIIeH.

B penakiirioHHbII cOBET *KypHasa BXOIAT U3BECTHBIE POCCUICKNE U 3apyOeKHbIE IeATeNTN HAyKU
Y TEXHUKH (B TOM YHUCJIE aKaIEMUKH, YJICHBI-KOPPECIIOHIEHThI, THOCTPAHHBIE YWIEHBI, IOYETHBIE YIECHBI
1 cCOBeTHUKH PoccHiicKol akaaeMuu apXUTEKTYPhl U CTPOUTEILHBIX HayK). OCHOBHON KPUTEPH OT-
6opa crareil A1 MyOIMKaLUK B )KypHaJe — UX BBICOKHI HayYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIPEJIEINISIETCS B XOA€ BBICOKOKBATH(D)UIIMPOBAHHOTO PELECH3UPOBAHUS U OObEKTUBHON SKCIEPTHU3BI,
MOCTYMAIOLIUX B PEIAaKIIMIO MaTEPUAIIOB.

Kyprnan exooum 6 Ilepeuers BAK P® gedywux peyenzupyemvix HaAyuyHvlX U30aHUll, 8 KOMOPbLX
O0JHCHBL ObIMb ONYOIUKOBANHBI OCHOBHbIE HAYYHbBLE PE3YIbIMamsl OUCCEPMAaYULl Ha COUCKAHUE YUEeHOU
cmenenu KaHouoama HayK, Ha COUCKAHUe Y4eHol cmeneHu 0OKmopa HAayK 10 HAyYHBIM CIEIHallb-
HOCTSIM M COOTBETCTBYIOIIUM UM OTPACIISIM HAYKH:

* 01.02.04 — Mexanuka 1e(OopMUPYyEMOro TBEPAOIO Tela (TEXHUUECKHE HAayKH),

05.13.18 — MareMaTnueckoe MOJIETIMPOBAHUE YUCICHHBIE METOJIBI U KOMIUJIEKCHI TPOTPaMM
(TeXHUUYECKHUE HAYKH),

05.23.01 — CtpouTenbHble KOHCTPYKLNH, 3AAHUS U COOPYKEHHUS (TEXHUUECKUE HAYKH),
05.23.02 — OcHoBanus 1 (HyHIAMEHTBI, TTOJI3EMHBIC COOPY)KCHHS (TEXHUUCCKHIE HAYKH),
05.23.05 — CrpoutenbHble MaTepUAIIbI U U3/AENIUs (TEXHUUYECKUE HAYKH),

05.23.07 — I'mapoTeXHUUECKOE CTPOUTEILCTBO (TEXHUUECKUE HAYKH),

* 05.23.17 — CrpoutenbHas MexaHHKa (TEXHUYECKHE HAYKH).

B Poccuiickoit @enepanmu )KypHaJl HHIEKCUpYeTCs: POCCUIICKMM MHIEKCOM HAy4HOI'O LIUTH-
posanus (PUHLI).

JKypuan exooum 6 6a3zy oannwix Russian Science Citation Index (RSCI), nonnocmuio unmezpu-
posannyio ¢ naameopmoil Web of Science. ypHan nmeet MeXTyHapOIHBINA CTATyC U BBHICHUIAETCS B
BeylMe ONOMMOTEKH U HAyYHbIE OPTaHU3AlUN MUpA.

N3narenn xypHana — Mzoamenbcmeo Accoyuayuu cmpoumenshvix 8blCUUX V4eOHbIX 3a6e-
oenuti /ACB/ (Poccus, . Mocksa) u 1o 2017 rona Mzoamenvckuii oom Begell House Inc. (CUIA, 1.
Heto-Mopk). OpuImanbHbIMK TapTHEPAME H3aHNs ABIACTCA Poccuiickas akademus apxumeKkmypbl
u cmpoumenvhuix Hayk (PAACH), ocyiiecTBistomnas HayyHOe KypUpOBaHue U3aHust, u Hayuno-uc-
cnedosamenvckuul yenmp Cma/{uO (3A0 HULL CtaluO).

Lenu :kypHaia — IeMOHCTPUPOBATH B MyOIHKAIMSIX POCCUICKOMY U MEXIYHAPOIHOMY IPO-
(eccroHaNIbHOMY COOOIIECTBY HOBEHUIIHE TOCTHKEHHS HAYKH B 00JaCTH BHIYUCIUTEIBHBIX METOI0B
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peuieHus GyHIaMEHTAIbHBIX U MPUKIAIHBIX TEXHUUYECKUX 3ajay, MPEK/e BCEro B 00JaCTH CTPOU-
TEJbCTBA.

3agaum KypHaJa:

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

* IpUBJICUEHUE BHUMAHHUS K HamOosee aKTyalbHbIM, IEPCIEKTUBHBIM, ITPOPBIBHBIM U MHTE-
PECHBIM HAIPABJICHUSAM PA3BUTHUS U MIPUIOKEHUH YMCICHHBIX Y YMCICHHO-aHATUTHYECKIX METOJIOB
pemieHus pyHIaMEHTaIbHBIX U MPUKIIAJIHBIX TEXHUYECKUX 3a71a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT U
MaTeMaTUYECKOr0, KOMIIBIOTEPHOTO MOJIETUPOBAHUS, Pa3pabOTKH M BEPUPHUKALUU PEAIU3YIOLIETO
[IPOrpaMMHO-aJITOPUTMHUYECKOTO 0OecIIeueH s,

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

Temaruka sxxypHaJa. K paccMoTpeHnio 1 myOIMKaluy B )KypHaJie IPUHUMAIOTCS aHATUTHUECKIE
MaTepHalbl, HayqHbIe CTaTbU, 0030pPbl, PELIEH3UU U OT3bIBbI HA HAy4HbIe yOIUKalMK 10 (yHIaMeH-
TAJbHBIM U IPUKJIAJHBIM BOIIPOCAM TEXHUYECKHUX HAYK, IPEXK/Ie BCETo B 00IACTH CTPOUTENHCTBA. B
KypHaJIe TaKKe MMyOIUKYyI0TCsl UH(OPMAIIMOHHbIE MaTepHalibl, OCBEILAIOIUE HAyYHbIE MEPOIIPUSITUS
U MepesioBble TOCTHXKeHUs Poccriickol akaleMUM apXUTEKTypbl U CTPOUTENbHBIX HayK, HAy4HO-00-
pa3oBaTEIbHBIX U IPOEKTHO-KOHCTPYKTOPCKUX OpraHU3aLi.

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

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

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

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

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

ABTtopam. [Ipexne ueM HarpaBUTh CTAaThIO B PENAKIMIO XKypHajia, aBTOPaM CIIEAYET O3Ha-
KOMHTBCSI CO BCEMHM MarepuajaMu, pa3MelIeHHbIMH B pasjeiax caiiTa *ypHaja (MHTEpHET-CaiT
Poccuiickoit akageMun apXuTeKTypbl U cTpouTeabHbIX Hayk (http://raasn.ru); monpasnen «M3nanus
PAACH» nunu uarepHet-caidT M3narenscrBa ACB (http://iasv.ru); moapazaen «Kypuan [JCCSE»): ¢
OCHOBHOU MH(OpMaImei o XypHase, ero mejisiMHi 1 3aJadaMi, COCTAaBOM PEIAKIIMOHHOW KOJIJIETUH
U PEJAaKLIMOHHOIO COBETA, PEAAKIIMOHHOM MOJIUTHUKOM, TOPSAIKOM PELIEH3UPOBAHMsI HAIIPABIIIEMbIX B
KYpHaJ cTarel, CBEACHUSIMHU O COONIONCHUH PENaKIIMOHHONW 3TUKHU, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMLEH3UPOBaHMs, O MPEICTaBICHUH KypHaJla B NHPOPMALIMOHHBIX CUCTeMaX (MHIEKCUPOBAHUN),
nHpopMaLueil 0 HOANUCKE Ha KypHaJl, KOHTAKTHBIMU JaHHBIMU U 1p. JKypHan paboTaeT no JuueH-
3un Creative Commons tuma cc by-nc-sa (Attribution Non-Commercial Share Alike) — Jlnnensus «C
yKkazaHueMm aBTopcTBa — Hexommepueckas — Kormumedry.
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PeuenzupoBanue. Bce HayuHble cTaThy, MOCTYNUBIINE B PENAKIMIO KypHaia, MPOXOAST
o0s13aTeIbHOE JIBOMHOE CIIeToe PelieH3MpOBaHUE (PELIEH3EHT HE 3HACT aBTOPOB PYKOIHCH, aBTOPHI
PYKOIKCH HE 3HAIO PEIICH3EHTOB).

3auMcTBOBaHUS M Muaruar. PenakimoHHasi KOIJIETHs KypHala MpH pacCMOTPEHHUH CTaThU
MIPOBOJIUT MPOBEPKY MaTepuaja C MOMOIIBI0 CUCTEMBI «AHTHILIAruaT». B ciiyuae oOHapykeHus
MHOTOYHCIICHHBIX 3aMMCTBOBAaHUI peAaKIus JeUCTBYeT B cooTBeTCcTBHH ¢ npaBuiiamu COPE.

Moanucka. XXypuan 3apeructpupoBan B denepanbHOM areHTCTBE MO CPEACTBAM MAacCCOBOU
nHGOPMAIH U OXpaHbl KyJI6TypHOT0 Hacnenus Poccuiickoit @eneparun. Muaekc B o0mepoccuiickom
katasnore POCITEUATD — 18076.

[To Bompocam NOAMMCKU Ha MEXIyHapOIHBIH Hay4yHbIH ypHan “International Journal for
Computational Civil and Structural Engineering (MexayHapoaHbIHi )KypHaJI IO pacyeTy rpa)IaHCKHX
U CTPOUTEILHBIX KOHCTPYKINI)” oOpamaiitech B AreHTcTBO «Pocneuars» (OduimaabHbIi cCaiT B
cetu UHTepHeT: http://Www.rosp.ru/) uim B u3areabCcTBO ACCOIIMAIIMN CTPOUTEIHHBIX By30B (ACB)
B COOTBETCTBHH CO CIIECAYIONIMMH KOHTAKTHBIMH JTAHHBIMH:

000 «H30amenvcmseo ACB»

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

®dakruueckuit aapec: 129337, Poccus, . Mocksa, SIpocnasckoe 1., a. 19, kopm. 1, 5 atax,

oduc 12 (TL Cone Moin);

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

HNutepuer-caliT: www.iasv.ru. Aapec 3JIeKTpOHHOM MOYTHL: 1asv(@iasv.ru.

KonrakTHas undopmauus. [To Bcem Bonpocam paboThl peIaKIMU, PELIEH3UPOBAHNUS, COTIACO-
BaHUs NIPABKU TEKCTOB U IyOIMKALIMU CTATeH CleAyeT 00pamarbes K INIaBHOMY PEaKTOpy JKypHaa
yneny-koppecnonaeHty PAACH Cuoopogy Baraoumupy Huxonaesuuy (ampeca 3IeKTPOHHON MOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) Wiu K TEXHHYECKOMY
penakropy xkypHaina coBeTHUKy PAACH Kaiimykogy Tatimypasy bampa3zosuuy (agpeca 31eKTpOHHOU
nouTthl: tkaytukov@gmail.com; kaytukov(@raasn.ru). Kpome Toro, no ykazanHbIM BOIIpocam, a TaKxke
10 BOTIPOCaM pa3MelIeHHs B )KypHaJle PEKIaMHBIX MaTepHaioB MOKHO 00paIliaThCs K TeHEpaIbHOMY
mupektopy OO0 «MznarensctBo ACB» Huxumunoti Haoescoe Cepeeesne (anpeca 31€KTPOHHOMN 110-
YThI: 1asv(@iasv.ru, nsnikitina@mail.ru, ijjccse@iasv.ru).

KypHaa cranoBuTcs TexHoJornuHee. MznarensctBo ACB ¢ centsi0pst 2016 rona sBusercs
yieHoM MeXIyHaponHOW acconmanuu u3nareneil HayuHoil nuteparypsl (Publishers International
Linking Association (PILA)), ocymecTtBistomnieid cBow aesarenbHocTh Ha miaTdopme CrossRef.
OpuUruHaIBHBIM CTaThsSIM, MyOIMKYeMbIM B JKypHaisle, OydyT MpPUCBAauBaThCs YHUKAJIbHbIE HOMEpa
(manexcel DOI — Digital Object Identifier), uTo 3HaYUTENBHO OOIETYUT MOMCK METATAHHBIX U MECTO-
HaXOXKJEHHE MOJTHOTEKCTOBOTO IpousseneHus. DOI —3To cuctema onpeaeneHuss HAayYHOro KOHTEHTa
B cetu HTEpHET.

C okTs16pst 2016 roma cTas BO3MOXKEH MTPUEM CTaTE HAa PACCMOTPEHUE U PELICH3UPOBAHUE Yepe3
OHJIaMH cucteMy npuemMa ctareit Open Journal Systems Ha caiiTe )KypHaiia (3J€KTpOHHAsS PEAAKIINS):
http://ijccse.iasv.ru/index.php/IJCCSE.

ABTOp IMEET BO3MOKHOCTb CIIC/IUTH 32 MPOABIKEHHEM CTAaThH B PEIAKIIMH KypHAJIa B INTHOM
kabunere Open Journal Systems 1 moay4yarb COOTBETCTBYIOIINE YBEIOMIIECHHS 10 AJIEKTPOHHOM MOYTE.

B ¢deBpane 2018 roga »xypnan Ob1 3apeructpuponat B Directory of open access journals (DOAJ)
(3TO OIMH M3 CaMBIX U3BECTHBIX TIOMCKOBBIX CEPBUCOB B MUPE, KOTOPHIN MPEAOCTABISCT OTKPBITHIN
JOCTYI K MarepuaiaM U WHICKCHPYET HE TOJBKO 3aroJIOBKH KYpHAJOB, HO M HAy4YHBIE CTaThH), B
centsaope 2018 rona BxiroueH B mpoxykTsl EBSCO Publishing.

B HOs16pe 2020 roma xypHall Hayasl MHIAEKCUPOBATHCS B MEXKTYHApPOIHOM 6a3e Scopus.
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NONLOCAL IN TIME MODEL
OF MATERIAL DAMPING IN COMPOSITE STRUCTURAL
ELEMENTS DYNAMIC ANALYSIS

Vladimir N. Sidorov 12, Elena. S. Badina 123, Elena P. Detina ?2

LRussian University of Transport (MIIT), Moscow, RUSSIA
ZNational Research Moscow State University of Civil Engineering, Moscow, RUSSIA
3 Institute of Applied Mechanics of Russian Academy of Sciences, Moscow RUSSIA

Abstract: In this paper the problem of numerical simulation of composite bending elements dynamic considering
internal (material) damping. For this purpose the nonlocal in time damping model, called damping with memory, is
proposed as an alternative to the classic local Kelvin-Voigt model. Damping with memory makes damping forces not
only dependent on the instant value of the strain rate, but also on the previous history of the vibration process. Since
finite element analysis is the most common method of structural analysis, the nonlocal damping model is integrated into
FEA algorithm. The FEA dynamic equilibrium equation is solved using the explicit scheme. The damping matrix was
developed using the stationary full energy requirement. One-dimensional nonlocal in time model was implemented in
MATLAB software package. The results of three-dimensional numerical simulation of the composite beam vibration
obtained in SIMULIA Abaqus were used for model calibration. The obtained results were compared to the results based
on classic Kelvin-Voight damping model.

Keywords: material damping, nonlocal damping, numerical simulation, finite element analysis.

HEJIOKAJIBHASI BO BPEMEHU MOJIEJIb JIEMII®UPOBAHUS
MATEPWJIA TPU JUHAMUYECKOM PACYETE
KOMITO3UTHBIX QJIEMEHTOB CTPOUTEJIBHBIX
KOHCTPYKIUA

B.H. Cuoopos *?, E.C. Baovuna >3, E.II. /lemuna *

! Poccuiickuii yaupepcuter tpancnopra (MUNT), r. Mocksa, POCCUSI
2 HauuoHaIbHBIH HCCen0BaTeNbekuii MOCKOBCKHMI FOCY1apCTBEHHbIN CTPOUTEILHbIN YHHBEPCUTET,
r. Mocksa, POCCH
3 MuctuTyT npuKiaaHoi Mexanuku Poccuiickoii akasemun Hayk, r. Mocksa, POCCHUS

AnHoTamms: B HacTosel paboTe paccMaTpuBaeTcs 3a/1a4a YHCICHHOTO TMHAMHYECKOro pacuéra n3rubaeMbIx JIEMEHTOB
KOHCTPYKIMIT M3 KOMIIO3UTHBIX M HAaHO- MaTepHAIOB C MOJICIMPOBAHHEM HX JEeMI(HUPYIONIMX CBOICTB, BBI3BIBAEMBIX
BHYTPCHHUM TpeHHeM B Matepuanie. C 3TOH IIeNbI0 HeJOKajdbHAas BO BPEMECHH MOJCTh IEMI(UPOBAaHUS MaTephana,
Ha3bIBaeMas JeMI(pUpOBaHUEM C MAMATHIO, TIpeIaraeTcs Kak albTepHATHBA KIIACCHYIECKOH JIOKATFHON Monenn KenpBiHa-
@oiirra. [Ipr TakoM MoAXOAE CHIBI IEMI(QUPOBAHUS CUNATAIOTCS 3aBUCSAIIMMH HE TOJBKO OT MTHOBCHHOTO 3HAYCHUS
ckopocteld nmedopmarmii B paccMaTpHBAacMBIi MOMEHT BpPEMEHH, HO W OT 3HA4eHHWH CKopocTed nedopmarmii Ha
MPeNBIAYIHX CTaAnsIX KonebaTensHoro mporecca. IlockombKy mMeTon KoHedHBIX sneMeHToB (MKD) sBisercs Hambomee
MIPEANIOYTHTETIFHBIM YHCICHHBIM METOIOM aHajh3a MEXaHWYECKHX CHCTEM, HEJOKaJbHAas MO JeMIT(HPOBAHU
MHTETPHPOBAHA B JITOPUTM 3TOTO METOMa. YPaBHEHHWE PABHOBECHS KOHCTPYKIMH B ABIKeHHH MKD perraercs mo siBHOMH
cxeme. Marpuiia aemMupoBaHust MOJyueHa U3 YCIOBHUS CTAIIMOHAPHOCTH MOJHOM SHEPruu Neh)OpMHUPOBAHUS JABMIKYILCHCS
MeXaHHYeCKOH cuctemMbl. OTHOMEpHas HeJOKajabHasi BO BpEMEHH MOZENb OblIa pean30oBaHa B MPOrPaMMHOM KOMILIEKCE
MATLAB. [lns kanvOpOBKH MOICTH OBUTH HKCIIOJB30BAHBI PE3YJIbTAThl TPEXMEPHOTO YHCJICHHOTO MOJICIHPOBAHMS
KoJsicOaHuii KomIo3uTHOM Oanku, moiydcHHble B SIMULIA Abaqus. IlomydeHHbIC pe3ysibTaThl OBUIH COIOCTAaBJICHBI C
pe3yJIbTaTaMH, OCHOBAHHBIMH Ha Kllaccuueckoi Moienu iemrduposanust Kenpuna-doiirra.

KaroueBble ciioBa: BHYTPCHHEC TPCHUEC, HCJIOKAJIbHOC Z[CMH(I)I/IPOBaHI/Ie, YHUCJICHHOC MOJACIINPOBAHUC,
METOA KOHCUYHBIX 3JICMCHTOB.
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INTRODUCTION

Simulation of the material damping properties is
the complicated problem, which still does not
have an unambiguous solution [1]. It becomes
especially sophisticated speaking of materials
with complicated internal structure, such as
composite and nano-materials. In such cases
special hypothesis of internal friction are
required, flexible and controllable enough to
describe damping properties of the orthotropic
or anisotropic material, consisting of two or
more phases.

At the same time the damping model have to be
not overly complex, so it can be used in applied
engineering calculations.

Since the finite element analysis is the most
common numerical method used in engineering
practice, we felt it worthwhile to develop the
internal damping model, that can be simply built
in the FEA algorithm.

In this paper nonlocal in time damping model is
used as such a flexible model [2].

FINITE ELEMENT EQUILIBRIUM
EQUATION WITH INTEGRATED
NONLOCAL IN TIME DAMPING MODEL

In finite element analysis the dynamic equilibrium
equation is presented in matrix form [3]:

M-V®)+D- V) +K-V(@)=F@). (1)

Here V(t) — vector of nodes displacements (dot
indicates time derivative), K - stiffness matrix
of the finite element model, D — damping
matrix, M — mass matrix, F(t) — load vector.
For nonlocal in time damping model we
consider that damping of the structure at the
current time moment t is assumed to be
dependent not only on instant value of strain
rate at this moment &(t), but also on the values
of strain rates &(t) of the previous time history
7= 0 + t [4]. The longer is the gap between the
two time points the lower is the influence that
one of them has on the other.
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To simulate the nonlocal in time properties of
material damping («damping with memory»)
equation (1) is represented as:

t

M-I7(t)+D-f G(t—1) - V(0)dr + )
0

K-V(t) = F(t).

Here G(t—t) is the kernel function that
describes the decrease of the strain rate
influence at the moment 7 on the damping at the
current moment ¢, and it satisfies the
normalization requirement:

t
f G(t—1)dt =1. 3)
0

In this research the kernel function is
constructed on the base of Gauss integral:

f_(:o e dx =, (4)

that, taking into account the condition (3), can
be written as:

2
G(t—1) = \/_% e~ M (-1 (5)

Here u is a parameter, that characterize the level
of damping nonlocality in time. It is further
called “influence distance”.

Assuming that the material damping with
memory model depends on values of strain
rate, the material damping matrix is obtained
according to the requirement of stationary full
energy of the wvibrating system. The
dissipation of energy by a material during
deformation of a finite element under the
dynamic loads will be represented by a
dissipative function:

1
Pp =527, (6)

where & — strain rate, y — coefficient that
defines material viscosity. It can be obtained as:
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X=E-t. (7)

Here E — is Young modulus. Time delay t, can
be determined through the damping coefficient
(critical fraction) & [5]:

b = Z (8)

Here w - is the first natural frequency of the
system.

Energy dissipation through the material of the
whole system can be presented as summation of
energy dissipations through each finite element:

N
®p = Z Dpy, (9)
i—1

where i — finite element number (i =1, 2, ..., N),
N — number of elements in the whole FE
computational model.

Here damping matrix is developed for the frame
element in bending and tension. In this case
energy dissipation through the element material
is:

l\JIb—\

1
dp; = 2j)(saAdz+ ff)(égdAdz, (10)
A

where A — element cross-section area, z —
longitudinal coordinate, | — element length, &, —

tension-induced axial strain rate, &, - bending-
induced axial strain rate:
Tension-induced axial strain, is [6]:
du
£, =—, 11
¢ dz (1)

where u — axial displacement.
Bending-induced axial strain, of fer the Euler-
Bernoulli beam:

1 d?v

&p py Ky~ =3 (12)
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Here p — radius of curvature of the beam
neutral layer, y — distance to the considered
beam fiber from its neutral layer,v -
transverse displacement, k — curvature of the

v-line in the cross-section with the
longitudinal coordinate z.
Then:
oy =14 J(dﬂ)zd
bt ™59 X dz d
: (13)

ey j dzvzd
ZX dz? &
l

where I — element cross-section moment of inertia.
Within the FEA the axial displacements are
approximated inside the beam element with
linear shape function [N,]=[1—-¢& ¢£], and
the transverse displacements — with cubic shape
function

1-38%+2¢°
1§ —28*+¢%)
T
[Nv] _[ 352_253 J
(=& +¢&%)
&= %— is the reduced local longitudinal
coordinate.

Taking this into account we can transform the
expression (13) to:

Op; =
1

~ %AXJ(Au[Nu])T 'Au[Nu] U wldg

0 (14)
1 1
+ EIXJ(AU[NVDT ’ Av[Nv] "V ﬁildf-
0
Vo
Here 1; = <u°> and v; = [ ¥° | are axial and
U Uy
?

bending nodal displacements strain rate vectors,
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where v, and v; are transverse strain rates, and
¢, and ¢, — rotation strain rates.

In(14) 4, = -~ and 4, = =
n ( ) u - ldf an v ZZ.dEZ '
Participation  (14) in  the stationarity

requirements of the full energy change:

D
Y =0 (63.)
gives us a D -V member in the equilibrium
equation in motion.

System damping matrix D is obtained by
topological summation of element damping
matrices D;:

Di:

= Ay j [N D)7 - Ay [N, ]1dé

1
T
iy [ INDT- A N )
0
In this way D; matrix for the plane frame
elements is:
? 0 0 -% 0 0
0 2. 6J 0 123 6
1® 12 18 12
Di=y
,? 0 0 ? 0 0
12-J 6-J 12-J 6-J
0 - E 7|72 0 E - 12

NUMERICAL EXAMPLE

As a simple example we consider GFRP beam with
the fixed ends made of orthotropic thermoset vinyl
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ester class 1 GFRP wunder instantly applied
distributed load g = 10 kN /m. The beam is 12 m
long and has a rectangular cross-section 20x30 cm.
The characteristics of the material obtained
experimentally in [7,8,9].

To solve the dynamic equilibrium equation, the
method of the central differences is used [bare].
In this case, the first and second order time
derivatives of the displacement vector V(t)
participating in (1) and (2) are approximated by
central finite differences. Then the equation (1),
obviously, takes the following form:

1 _ _
7 M- (Vi =2V + Vi) +

At?2 .
_ _ 16
toa D '_(Vi+1 __Vi—l) + (19
+K-V(t) =F,.
Herei=1,2,3,... —number of the considered

moment in time ¢, A¢ — time increment.

In order to replace the classic damping model in
(16) with the damping model with memory, at
first we represent the central difference in the
second term on the left-hand side of equation (16),
which is responsible for damping, as average of
the «forward» and «backward» differences:

1 _ _
M- Vipy =2V + Vi) +

Ati
+@ D (Vi =Vie)) + (17)
to D Vigr — V) +

+K - V(t) = F,.

The term with the «backward» difference is
replaced by nonlocal numerical operator:

1 _
STA "D (Vi =Vieg) =
D~ - . (18)
=5 2,66N) (1= 7).
j=1
where i — number of the time step which is

corresponding to the considered time moment t,
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t=Atri, 7 =At-j, j=1,2,...,i—-number
of the time step when calculating the kernel
G@, ).

G(i,j) is the discrete analogue of G(t— 1)
kernel, which for the error function (5) is
calculated as follows:

_ 2
GG, j) :T%'e

After the described transformations equation
(17) can be written as:

(19)

(i)

1 _ _ D _
az M Vi =2V Vi) + 52+
1 _ 20
t oA D (Vi = V) + (20)
+K-V(t) =F,
Where
7 = ZZ_” —u?[t=(z-4t/2)])* .
Lo (21)
(V}' - Vj—l)'
The influence distance u determine the
nonlocality level in element material. The

higher is u, the closer is the damping model to
the classic local one (fig. 1).

0.8 : 7
—=0.2 1/s "
0.6 - =u=21/s U
T: [
- 1
:;:OA P
o i
0.2 ]
’
’
O y 1 -
-10 -8 -6 -4 -2 0

|t-7, s
Figure 1. Error kernel functions for different
influence distance parameters u

Transform (20) to the computational scheme for
the step-by-step calculating of V;,, using the

Vladimir N. Sidorov, Elena. S. Badina, Elena P. Detina

vectors V; and V;_,, which are calculated on the
previous increments i and i — 1:

Vier =Q - F; = Q1 V; -

Qz 'Vi—l - Q3 'Z_: (22)
where:
1 1 -1
Q:(FMJFZ AtD> ’
= 2M 1 D+K
Q1 =0 <_E oAl T )
. (23)
QZ:A_tZ "M,
Q3—2Q :

For the first two steps of the simulated vibration
process i = 1,2 we assume V; =0 and V; =
% = 0 as the initial conditions.

The main problem of all nonlocal models [10,
11, 12] is obtaining the value of the influence
distance, which characterizes the nonlocal
damping properties of the material. The solution
of this problem with regard to damping model
nonlocal in space was proposed in [13]. In that
paper u was determined using the least squares
method based on the numerical simulation data.
Likewise, here the calibration of the nonlocal in
time damping model was implemented based on
the results of the numerical simulation of three-
dimensional finite element beam vibration in
SIMULIA Abaqus CAE. The beam
computational model was constructed in
SIMULIA Abaqus taking into account the
orthotropic properties of the material. The
determined optimum value of u for the beam,
that was considered in privious section, is u =
0.1 1/s. The displacements of middle section of
the beam in time are shown in fig. 2. The solid
line shows the displacements of the beam which
is obtained using a calibrated nonlocal model,
and the dashed curve - using a 3D model built in
SIMULIA Abaqus.
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—Nonlocal in time damping model (=0.1)
= =3D numerical simulation data

Deflection, m

Time, s
Figure 2. Deflection of the beam obtained with
calibrated nonlocal in time damping model in
comparison to 3D numerical simulation data

It is obvious, that calibrated nonlocal model
allows to obtain much more accurate results,
than the Kelvin-Voight classic model (fig. 3).

0

—Kelvin-Voight damping model
— -3D numerical simulation data

g
o
@

Deflection, m
S

-0.15

Time, s
Figure 3. Deflection of the beam obtained with
classic local in time damping model in
comparison to 3D numerical simulation data

CONCLUSION

Nonlocal in time damping model presented in
this paper makes it possible to quite effectively
use one-dimensional models of beam elements
in the dynamic analysis of structures which are
made of modern composite materials.

The damping matrix, obtained from the
stationarity requirements of the energy change,
allows to consider internal friction which is the
dominant type of damping for the polymer
composites.

The damping with memory model can be
seamlessly integrated to the FEA algorithm,
which makes it applicable to the real-life
engineering problems.
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CRITICAL REVIEW OF PHYSICAL MODELLING
OF SNOW ACCUMULATION
ON ROOFS WITH ARBITRARY GEOMETRY
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Abstract. A review of the most significant domestic and, due to numerical superiority, foreign works on physical
modelling of snow transport and snow accumulation processes, in particular, for the purpose of determining snow
loads on roofs with arbitrary geometry, is presented. The existing practice of development of recommendations on
assignment of snow loads in Russian laboratories is considered and critically evaluated. Comparison of do-mestic
works with scientific articles in the advanced world scientific journals and foreign regulatory documents leads to
unfavorable conclusions. Recommendations on assigning snow loads, issued by Russian laboratories on the basis
of extremely outdated and poorly substantiated methodology, bear a serious risk for evaluating mechan-ical safety
of modern structures, for which such recommendations are developed. Recommendations are offered to remedy this
current dangerous practice. The article also gives some suggestions on forming a basis for field observations of snow
loads on existing roofs.

Keywords: physical modeling, wind tunnel, water flume, snow accumulation, structure roofs.

METOAbI ®PUZUYECKOI'O MOIAEJINPOBAHUA
CHEIOHAKOIIJIEHUS HA NIOKPBITUAX COOPYXXEHUN
MNPOU3BOJIBHOMW ®OPMbI KPUTUUYECKHUN OB30P

A.M. Berocmouxui >3, O.C. I'opsaiueeckuii 2, H.A. Bpumuxoe >3

YHayuno-uccnenosarenbckuii ientp CraJlnO, . Mocksa, POCCUS
2HarmoHabHBIN HCCITEIOBATEbCKU MOCKOBCKHUIT TOCYApCTBEHHBINH CTPOUTENBHBIN YHUBEPCHTET,
r. Mocksa, POCCH
8 Poccwmiickuii yuusepcuteT Tpancrnopra (MUUT), . Mockea, POCCUS

Annoranus: [Ipencrasien 0630p Hanbosee 3HAYMMBIX OTEUECTBEHHBIX 1, T10 BHIHYKICHHOMY ITPEUMYIIECTBY, HHOCTPaH-
HBIX Pa0OT 10 (PU3MUECKOMY MOAEIHPOBAHHUIO ITPOIIECCOB CHErONEPEHOCA M CHETOHAKOIUICHH)S, B YACTHOCTH, JUIS IeTIeH
OIIPE/IEIICHHSI CHETOBBIX HAarpy30K Ha MOKPBITHS COOPYXEHHUH MPON3BOIbHON (hOpMBI. PaccmarpuBaeTcs n KpUTHIECKAH
OLICHMBAETCS CYIIECTBYIOIIAs IIPAKTHKa pa3pabOTKN PEKOMEHIAINI 110 Ha3HAYCHUIO CHETOBBIX HArPy30K B POCCHHCKHUX
nabopatopusix. CpaBHEHHE OTEUECTBEHHBIX pabOT C HAYYHBIMH CTaThsIMH B MEPEIOBBIX MUPOBBIX HayYHBIX M3IAHUAX 1
WHOCTPAaHHBIMH HOPMAaTHBHBIMU JJOKYMEHTAMH PUBOJNT K HEYTEIIHTEILHBIM BBIBOAAM. PeKOMEH ALY 110 HA3HAUYCHUIO
CHETOBBIX Harpy3o0K, Bbl1aBacMble POCCHHCKMMHU JIAOOPATOPHUAMH HAa OCHOBE KpaifHe ycTapeBIIei M II0X0 000CHOBAHHOMH
METOJMKH, HECYT CEPbE3HBINH PUCK VISl OLICHKH MEXaHHUECKOW OE3011acCHOCTH COBPEMEHHBIX COOPY>KEHHH, IIST KOTOPBIX
TaKue PEKOMEHIANU pazpadarsiBaroTcs. [IpeioxkeHsl peKOMEHAAINH JUIsl NCTIPABICHUS STON CIIOKHMBIICHCS OMaCHON
MIPAaKTHKH. B cTaThe Takke AatTcs HEKOTOPbIE MPEATIOKEHHMS 10 (POPMUPOBAHUIO 0a3bl HATYPHBIX HAOMIONEHUH CHETOBBIX
Harpy30K Ha CyIIECTBYIOMINX MOKPBITHSX.

KnaroueBble cjioBa: (1)1/131/1‘1601(06 MOJCIIMPOBAHUC, ADPOANHAMUNYICCKAA pr6a, 3KCH€pPIM€HTaJ'IBHLII7[ BOIOCTOK,
CHCIOHAKOIUICHUEC, TTIOKPBITUA COOpy)KCHHfI.

22 International Journal for Computational Civil and Structural Engineering



Critical Review of Physical Modelling of Snow Accumulation on Roofs with Arbitrary Geometry

INTRODUCTION

At present, the most widespread approach in
Russia and abroad to determining snow loads
on roofs with arbitrary geometry is physical
simulation of snow accumulation in a wind tunnel
(hereinafter, WT) or a water flume. Despite the
long history of the issue, among the domestic
publications there are no full-fledged review
studies sufficiently covering the historical and
modern practices. Such an information vacuum in
the Russian scientific field creates prerequisites for
oversimplification and distortion of the methods
of relevant experiments developed, tested and
time-proven in advanced scientific laboratories
of the world. Unfortunately, domestic laboratories
actively use these prerequisites of general
ignorance, which carries significant risks for the
adequate assessment of the mechanical safety
of unique and critical structures, for which the
corresponding research is conducted. The authors
hope that this article will direct the development
of domestic techniques for physical modelling of
snow accumulation towards the implementation
of best scientific practices.

Apparently, one of the first scientists to conduct
large-scale physical experiments to simulate
snow drift and compare them with field data was
Finney [1] in 1934. His experiments to simulate
snow transport near road barriers were carried out
at an intuitive level. Similarity issues, cohesion
of the snow-like material, wind profile and other
important modelling subtleties were not addressed
in the study.

The greatest contribution to the development of
physical modelling of snow accumulation and
snow drift, including on roofs of buildings and
structures, was made by foreign scientists: Anno
[2-4], Irwin [5-7], Iversen [8-9], Kind [10-11],
Odar [12-13] and lzyumov [14-15]. This list of
authors and their works is far from complete.
There are only a few Russian papers on the sub-
ject matter of this article. Some of them focus
on field measurements and the creation of snow
zoning maps [51-55]. Another part of works is
devoted directly to snow loads on roofs [57-59].

\Volume 17, Issue 4, 2021

It should be noted that only a few papers [52, 55]
are of a high scientific level and the other ones are
either reports or blatant compilations (the paper
[56] is simply a translation of the corresponding
chapter of the ASCE standard [19], even without
referencing the original source).

MAIN APPROACHES TO PHYSICAL
MODELLING OF SNOW ACCUMULATION

One of the most extensive studies of determin-ing
the snow loads, including a synthesis of previous
accumulated experience, many new experiments
and scientific conclusions, was carried out as part
of the Eurocode development [17, 18]. The study
elaborates in detail the improvement of snow
zoning maps of European territories, assignment
of load combination coefficients (including snow
load), and distribution of snow loads on the roofs
of buildings and structures. As far as the snow
load distribution is concerned, much attention is
given to description of the field measurements
performed, large-scale experiments at the climatic
WT (CSTB, France) and details of processing the
results. A thorough description of the conditions
and the results of many experiments in graphical
(photos, graphs, diagrams, etc.) and tabular form
make this study a kind of reference book, which
can be used as a basis for one’s own research.

The study [17, 18] clearly and unambiguously
shows that it is very difficult to carry out field
observations of snow loads on the roofs of
buildings. A sufficiently large sample of data is
necessary for the correct statistical processing of
the results and the determination of dependencies.
Snow loads are influenced not only by the geometry
of the building (controllable parameter), but also
by climatic factors (uncontrollable parameters)
and landscape (partially controllable parameters),
so multi-year studies in different climatic zones
and landscapes are necessary. Unfortunately, a
study [17, 18] of snow load distributions on the
roofs of buildings located near weather stations in
several European countries was conducted only
for one season. Many of the field data proved to
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be unrepresentative due to low snowfall winters in
the respective areas, unfortunate location selection
and other reasons. The data obtained did not allow
to conduct a full regression analysis to determine
the dependence of the shape coefficient on
climatic factors and the geometry of the building.
Nevertheless, dependencies of shape coefficient on
roof pitch, wind speed and ambient temperature
were obtained with satisfactory reliability.

Due to the aforementioned shortcomings, field
experiments do not allow the distribution of @ gable roof with lantern and extended edges
snow loads on different roof shapes to be fully
normalized. The main data for the normaliza-
tion of the shape coefficient p [19] was obtained
through experiments in the CSTB climatic WT.
The CSTB climatic WT experiments were per-
formed with fairly large scale models (1:10) and
real snow generated by a snow cannon (Fig. 1).
Different temperature and humidity regimes and

two characteristic wind regimes were considered b) multi-level roof
Wind
‘ Snow gun
/Windahield
Roughnesses Model
TN

Vertical fans

¢) multi-span gable roof

d) cylindrical roof

Figure 1. a) Diagram of an experimental setup Figure 2. The results of physical modeling of
for simulating snow loads; b) photograph of snow loads in the climatic WT CSTB [18]
the experiment process [18]
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(windless weather and snow storm were simulated).
This approach made it possible to obtain physical
pictures of snow distribution (Fig. 2), which
distinguishes these experiments from domestic
works on experimental determination of the shape
coefficient on complex roofs carried out as part of
scientific and technical support for construction.
The small scale (usually 1:300), the use of snow-
like material, and modelling only the entrainment
of material without modelling snowfall, result in
snow load distribution patterns that obviously have
nothing to do with reality (Fig. 3).

One of the important conclusions of the study
[18] is the experimental confirmation that the
snow density on the building roof is quite strongly
dependent on the location (windward or leeward),
that is, wind pressure tamps the snow. It is not
possible to take this factor into account adequately
with snow substitutes.

Large-scale experiments to simulate snow
transport and snow deposition fall into two major
categories [20]:

1. Particle methods. Experiments are conducted in
WTs or special water flumes. The essence of the

b) National Research Moscow State
University of Civil Engineering

¢) Research Institute of Mechanics, Moscow State University

Figure 3. Results of modeling snow loads in WTs
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methods is to simulate snow storms by introducing
snow particles or snow substitutes into the flow
[44].

2. Methods that measure the nature of wind speeds
around a scale model, and snow deposition and
snow transport are calculated numerically using
field snow data and other climatic information
from the nearest weather stations. Snow particles
in this approach may or may not be modeled.
Snow accumulation modelling in a water flume
is a fairly common approach in foreign practice
(e.g. used by the Canadian RWDI). The essence of
the method is that a model of a structure is placed
under water in a specially designed flume (Fig. 4a).
Then water with sand [6, 21, 22] or crushed walnut
shells [23] is passed through the flume. Despite the
unphysicality of the obtained distributions (Fig.
4b), the experiments in the flume are conducted
to determine the locations of potential snow
bags. Thus, the results obtained are not used as
calculation schemes of snow loads, but are of an
auxiliary nature. Note that recommendations for
assigning snow loads to the Otkritie Arena roof
were developed by RDWI using the described
method [35].

Due to the small number of climatic WTs, in most
cases researchers have resorted to using snow-like
materials in conventional WTs. In the absence
of the technical feasibility of introducing snow
substitutes into the flow, an even more simplified
approach is used, where the material is only poured
on the model, and a snowless hurricane condition
is actually investigated. Obviously, winter storms
without significant snowfall are very rare and do
not lead to the largest snow loads. Therefore, the
use of such a maximally simplified approach can
only be justified by the technical unfitness of WT,
rather than by the substantiated features of the
scientific approach.

PARTICLE METHODS AND SNOW
SUBSTITUTES

Many kinds of snow substitutes can be used
with particle methods: sodium tetroborate [24,

25], rice bran [15], sawdust (Fig. 3) [27, 28,
58, 59], clay [4], foam balls [29, 34] (Fig. 5),
quartz sand (Fig. 6) [30], baking soda [31],
glass beads [10].

Due to a great variety of such materials, studies
have been repeatedly carried out to compare
them. For example, in [26] wood ash, styrofoam
and silica sand are compared under otherwise
equal conditions in WT. The comparison
indicates that the quartz sand matches the field
data better. However, the studies were only
carried out on a simple two-level roof geometry

=

o N LY e T g L P
b) after draining the water
Figure 4. Results of an experiment in a water

flume [22]
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Artificial snow feeder
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c) shape coefficient u (snow hurricane
simulation)

d) shape factor u

Figure 5. Physical modeling using foam as a
snow simulator [34]
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and the measurements are provided only for the
lower level, whereas practice shows that it is
on the upper levels that full drift of snow-like
material is observed, which is not consistent
with the physical considerations and the field
data.

According to the ASCE standards [20], the results
obtained by the particle methods in assigning
snow loads are of an exclusively qualitative
nature and should be used in conjunction with
regulatory schemes for simple structures,
field and climatic data of the construction
site. Unfortunately, recommendations on
assignment of snow loads, developed by
domestic organizations on the basis of blowing in
WT, completely lack a comprehensive approach.
In fact, schemes of snow loads are given only
on the basis of digitization of obtained snow
distribution patterns (Fig. 7).

One of the disadvantages of the particle method
is the inability to account for snow accumula-
tion over a long period of time (weeks and
months) from different wind directions and wind
speeds, temperature and humidity conditions.
In order to take these factors into account, the
ASCE standards [20] recommend using the

Ep]aslic pipe E\plaslic pipe

a) the experimental setup

b) results at different wind speeds (from left to
right, the wind velocity increases)

Figure 6. Physical modeling using silica sand
as a snow-like material [30]
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second category of methods [33], which is
numerical modelling based on the results of
blowing in WT. At that, it is proposed to first
use blowing data without snow substitutes (time
step method A), determine the most dangerous
angles (taking into account data from the nearest
weather stations) and then conduct experiments
with substitutes for the corresponding angles
(time step method B). In both time step methods,
all experimental data obtained together with
meteorological data are used only as input
parameters for numerical modelling of snow
loads during the whole winter period.

a) distribution of the snow simulator after
blowing

[~

| | | | L L
48 T LE T
D LI R g

=l
|
|
|
|

b) recommendations for the appointment of the
shape factor u

Fig. 7 An example of the interpretation of the
results of physical modeling "Krylov State
Scientific Center"

SIMILARITY CONDITIONS

It is not possible to achieve complete simula-
tions of snow transport and snow accumulation
through scaled-down experiments in WTs or
water flumes. Nevertheless, the ASCE standards
[20], based on a number of scientific papers [7,
12, 32, 36], put forward several requirements
for similarity parameters. Firstly, the following
expressions must coincide in the scaled model
and the full model:

U2
Lgs’

We
u

(1)

where wt is limiting velocity of falling particles,
U is average velocity at a characteristic point, L
is characteristic building size, g is acceleration

due to gravity, 3=(y-1)(y+y,) is ratio of
particle density to air or liquid density, y, is

additional contribution to Y due to the coupled
mass effect. For air, y, =0, g ~1 (air density
is low), for water used in flumes, y, =0.5, and
for sand, S ~0.5.

The first parameter means that the ratio of parti-
cle velocity to flow velocity is the same as in
full scale. The second parameter is the densi-
metric Froude number, the equality of this pa-
rameter in real and model ensures that the ratio
of aerodynamic force to gravitational force is
correct. Satisfying these two parameters can be
enough for problems where the interaction of
snow particles with surfaces and with each other
is not important (for example, the initial deposi-
tion of falling snow under the action of the wind
or tracking of particles falling from a higher sur-
face to a lower one).

Other parameters must also be observed to cor-
rectly account for particle interactions, though.
For example, to simulate saltation, the interac-
tion of snow particles with the snow surface
must be properly accounted for. An important
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parameter then is the ratio of the average flow
velocity U to the threshold velocity of the onset
of transport U:

v
5 @

th

An additional requirement is imposed on the
mass flux dependence for the model. The model
flux must have a dependence similar to the full-
scale flux. The flux can be expressed in the fol-
lowing dimensionless form:

9 g [LJ 3)
ppthth Ui,

where p_ is particle density, h; is the height at

which U is defined in (3), ¢ is dimensionless con-
stant (can be different in model and full scale),

h,=0.5-1m usually (should be much smaller

than the size of the building). The function f must
be identical for the model and full scale.

It is shown in [32] that if the ratio (2) is neither
too large nor too small, satisfying it has little
effect on the experimental result. However, a
note is made that this may not be the case for all
model geometries. If we discard condition (2),
then condition (3) is also not necessary.
Expression (3) can be used to determine the di-
mensionless time [36]:

— cUyh,
t =L—t;t, (4)

where t is dimensionless time, which has the
same value in scale and full-scale models. The

model time and full-scale time can be found
from the following expression:

Q)
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where the indices p and m denote the full-scale
model (prototype) and scaled-down model, re-
spectively. Thus, the time of the experiment de-
pends on the square of the characteristic size of
the model L 2.

It is shown in [12] that the following conditions
must be satisfied:

3

Y 530 6
2qv- (6)
¥ > 600, )

where u+th Is threshold surface shear stress rate
for saltating snow, v is kinematic viscosity. Ine-
quality (6) imposes a requirement for minimum
Reynolds numbers and inequality (7) imposes a
requirement for minimum density ratio. For wa-
ter flumes, inequality (7) is not fulfilled.
Condition (1) is easily satisfied in WTs, but then
it proves impossible to satisfy conditions (2), (6)
and (7), which have an impact on saltation. To
meet (1), the flow velocity is too low to initiate
saltation. Usually, for WTs the requirements for
densimetric Froude number are relaxed and in-
stead relations (2), (6) and (7) are satisfied. Fail-
ing to satisfy the densimetric Froude number
results in exaggerated length and height of the
trajectories of the saltating particles.

In water flumes it is possible to satisfy condi-
tions (1), (2) and (6), but due to high water den-
sity it is not possible to satisfy condition (7).
This also affects physicality of modelling, for
dunes and ripples can form on smooth surfaces.
Due to the problems with satisfying the similari-
ty conditions, in the ASCE standards [20] it is
recommended to place a reference model (e.g. a
two-level roof) next to the model under study,
for which the normative distributions of snow
load are known. The quality of the experiments
performed is then assessed by the degree of
consistency with the reference model. The ref-
erence model is also used to determine the abso-
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lute value of the shape coefficient p on the in-
vestigated roof.

PHYSICAL MODELLING AS A MEANS
FOR DEVELOPING ADEQUATE MATH-
EMATICAL MODELS

The development of methods of numerical
modelling of snow transport and snow accumu-
lation is impossible without previous extensive
experimental work. Field and large-scale exper-
iments in climatic WTSs are necessary to identify
dependencies, determine empirical parameters
and verify the developed mathematical models
and the algorithms implementing them.

Most of the current numerical approaches to
modeling snow transport and snow deposition
are based on the development of the so-called
CFD methods. To verify the CFD-based meth-
ods being developed, it is necessary to experi-
mentally investigate not only the motion of
snow masses in the air flow, but also the effect
of particles in saltation and suspension on the
air flow. Experimental studies of air-snow flow
over surfaces form the basis of existing mathe-
matical approaches to modelling of saltation and
suspension [37]. The most significant works in
this area are listed below.

The most applied empirical dependencies for
snow transport velocity were obtained as early
as in the last quarter of the 20th century in the
works of American [38] and Canadian scientists
[39]. However, the universality of the results
obtained in these works has never been proven.
Takeuchi [40] carried out field measurements
using a snow trap to study the longitudinal dis-
tribution of the total snow transport rate, includ-
ing saltation and suspension. Tabler [41] deter-
mined the dependence of seasonal snow
transport on the movement of the precipitation
zone in the design of fences. Both studies report
that the overall snow transport rate reaches an

equilibrium state only over areas of a few hun-
dred meters.

In CFD modelling, surface roughness parame-
ters affecting the wind profile and turbulence
characteristics near models are important. In
mathematical modelling of snow transport this
issue is equally important. Significant studies of
snow roughness have been conducted on the
basis of data from Antarctica obtained by the
SANAE IV expedition [42] and participants of
the ALW program [43].

MEASUREMENT TECHNIQUES

This section addresses the measurements used
in field observations and large-scale experi-
ments to investigate snow transport and snow
accumulation. An overview of measurement
methods is not the purpose of this work, so the
information given is far from complete. Howev-
er, knowledge of current technical measurement
capabilities gives a better understanding of what
can and should be done for snow load research,
which is especially relevant in our country. The
review does not cover the measurement meth-
ods traditionally used in wind load and flow
studies.

The known problems of field experiments are
high financial cost, long periods of times and sub-
stantial labour costs. However, even without spe-
cially designed field experiments, simple field
measurements of snow cover in winter on roofs of
buildings and structures can be of great benefit.
The creation of a special database containing
snow distributions on different roofs, indicating
the year, geographical location and available cli-
matic and meteorological data will be invaluable
for developing physical and mathematical model-
ling, improving the regulatory framework and will
be a visual reference for practicing calculation en-
gineers to form an intuitive understanding of snow
mechanics. Special atlases [45-47] serve as ana-
logues of such databases in aerodynamics, alt-
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hough they are largely outdated now. Increasingly
popular machine learning methods require large
data sets for their implementation to train neural
networks. Such a database could provide suitable
material for training.

With the use of drones, modern cameras and spe-
cial software (all of which are now available at a
ridiculously low prices by the standards of modern
science), collecting a database of snow distribu-
tion on roofs of any shape is not an insurmounta-
ble task. Existing photo-processing methods pro-
vide three-dimensional pictures of snow distribu-
tion with an accuracy that exceeds the practical
needs of construction [48]. This digital approach
does not require measuring levels or other sensors
to be installed on the roofs of buildings [18, 54],
which usually presents considerable organization-
al and technical difficulties.

The results of experiments in WTs or water
flumes can be handled in a similar way [49],
although a more accurate and technologically
advanced method would be to use a dedicated
3D scanner [34]. Previously, achieving snow
distribution contours was done in a very simple
way, which is by tracing the level on a card-
board submerged in snow or snow-like material
[18]. Such a method allows to easily obtain
snow distribution in the selected sections, but its
main disadvantage is that the snow cap deterio-
rates with each measurement made.

Snow particle counters [50] for measuring point
snow fluxes or high-speed cameras with subse-
quent software processing for measuring snow
fluxes in the area are widely used in the world
practice to investigate the processes of saltation
and suspension.

RECOMMENDATIONS FOR UPGRAD-
ING DOMESTIC WTS AND IMPROVING
PHYSICAL MODELLING TECHNIQUES

The above materials clearly show the underde-
velopment of the technical equipment of domes-
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tic WTs and the low level of the methodology
used in developing recommendations for assign-
ing snow loads to roofs with arbitrary geometry.
These problems create risks when estimating
mechanical safety of modern structures, includ-
ing long-span structures, for which snow loads
make the main contribution.

The following minimum recommendations can
be given to remedy this situation:

1. It is necessary to modernize WTs in accord-
ance with international experience:

1.1 Equip WTs with a snow substitute feeding
system to simulate snow storms, rather than the
rare snowless hurricanes that hardly ever occur
in winter. Such systems come in a variety of
forms depending on the WT characteristics, but
in all cases, verification of the system with sim-
ple normative examples is required.

1.2. Equip WTs with the necessary measuring
equipment to digitize the resulting snow substi-
tute distribution patterns.

2. On the basis of international experience and
in accordance with foreign regulatory docu-
ments, develop and verify a methodology for
simulating snow loads on roofs with arbitrary
geometry:

2.1. Different wind directions and velocities,
snow accumulation over a long period of time
(weeks and months) under different temperature
and humidity regimes must be taken into ac-
count. The results of simulations of single
snowstorms in the WT should be the input data
for such a methodology, not its output.

2.2. The reference snow layer thickness should
be determined either by blowing into an empty
(without a model) WT or by comparison with a
reference model placed next to the test one.

3. Develop regulatory documents [62] establish-
ing requirements for testing in WTs in terms of
snow load simulation: similarity conditions, pre-
ferred snow substitutes, characteristics of snow
substitute feeding systems, measurement meth-
ods, etc.
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CONCLUSIONS

1. A review of the development and current
state of the methods of physical modeling of
snow transport and snow accumulation has been
conducted according to scientific publications
and regulatory documents. A critical analysis of
Russian publications and contractual works on
the subject of the article is carried out.

2. The review has shown that the experimental
works carried out in Russia for the purpose of
determining the shape coefficient p are method-
ologically at a dismally low level, even in com-
parison with foreign works of half a century
ago:

2.1. Russian WTs do not actually simulate indi-
vidual snow storms or snowfalls, but rather
simulate the removal of a uniform layer of snow
from roof during strong winds. This primitive
approach has not been used in any foreign la-
boratory recognized by the world scientific and
regulatory community for a long time.

2.2. The reason for the widespread choice of
wood flour as a snow-like material is unclear,
especially since a number of studies show that
silica sand matches the field data best.

2.3. The choice of the reference value of snow
cover thickness necessary to calculate the shape
coefficient p is arbitrary and is not based on an-
ything. The reference snow thickness can be
determined by the thickness of the snow substi-
tute cover away from the model (or by blowing
without the model) when simulating snowfall,
or by comparison with a reference standard
model of a simple shape, which is located next
to the model under study. Neither of these ap-
proaches is used in Russian laboratories.

2.4. Recommendations for assigning the shape
coefficient pu are "manufactured" from the re-
sults of elementary digitization of pictures of the
remaining snow cover. Note that these pictures
clearly contradict the physical meaning. This
approach also directly contradicts foreign stand-
ards, where it is clearly stated that the resulting

patterns are used as additional data for subse-
quent analysis and modelling.

2.5. Modelling in WTs or water flumes can re-
produce the conditions of a snow storm or just
snowfall. Thoughtless use of the results of these
experiments for developing recommendations
leads to the fact that snow distributions formed
throughout the entire cold season by many
snowfalls, different wind directions, thermal and
moisture regimes are not taken into account at
all.

2.6. The current practice in Russian laboratories
casts serious doubt on the legitimacy of the rec-
ommendations being developed and poses sig-
nificant risks to the mechanical safety of unique
large-span buildings and structures.

3. The Russian Building Code SP
20.13330.2016 [61] prescribes that for buildings
and structures with overall dimensions in plan
exceeding 100 m, as well as in cases not stipu-
lated in Annex B, model tests in WTSs to deter-
mine the shape coefficient © must be carried
out. For some reason, it is not allowed to con-
duct tests in water flumes, which is an absolute-
ly equal and recognized approach (both in regu-
latory documents and scientific publications) all
over the developed world on a par with WTs.

4. Simultaneous satisfaction of all similarity
conditions for modelling of snow transport and
snow accumulation processes is impossible nei-
ther in WTs, nor in water flumes. Therefore,
even the model tests carried out at the highest
level never fully reproduce the real full-scale
effects of creep, saltation and suspension. This
situation, coupled with the continuous im-
provement of mathematical models, numerical
methods, computer technologies and related
software, makes the development and future
implementation of numerical modelling in real
construction practice and regulatory documents
inevitable.

5. The best results of physical modelling of
shape coefficient u are obtained in large-scale
tests in climatic WTs. Normative distributions
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are easily guessed in these results for simple
roof shapes. Climatic tests are rather complicat-
ed and costly (also in terms of time) for their
direct application in the industrial sector, but
they can be a powerful tool for the development
of SP 20 in terms of introducing snow load
schemes for more complex roof shapes.

6. Improvement of the regulatory framework,
development of methods of both physical and
mathematical modelling, is extremely difficult
without full-scale experiments or measurements
as well as large-scale tests in climatic WTs.
Taking into account the lack of climatic WTs in
Russia and the difficulties in organizing full-
scale experiments, it is proposed to make full-
scale measurements by means of drone photog-
raphy and subsequent processing of the results.
Such a low-cost method will make it possible to
create a base containing snow distribution on
different roofs with indication of year, geo-
graphical location and available climatic and
meteorological data, which will give an impetus
for development of physical and mathematical
modeling, improvement of normative base and
will be a visual reference for practicing engi-
neers.

7. Recommendations on modernization of do-
mestic WTs, improvement of methodologies
and standard-setting to correct the current dan-
gerous practice of domestic laboratories devel-
oping scientifically unfounded recommenda-
tions on assigning snow loads to roofs with arbi-
trary geometry are proposed.
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Abstract: The calculation of snow loads on roofs of buildings and structures with arbitrary geometry is a complex
problem, solving which requires simulating snow accumulation with acceptable engineering accuracy. Experiments in
wind tunnels, although widely used in recent years, do not allow to reproduce the real full-scale effects of all snow
transport subprocesses, since it is impossible to satisfy all the similarity conditions. This situation, coupled with the con-
tinuous improvement of mathematical models, numerical methods, computer technologies and related software, makes
the development and future implementation of numerical modelling in real construction practice and regulatory docu-
ments inevitable. This paper reviews currently existing mathematical models and numerical methods used to calculate
the forms of snow deposits. And, although the lack of significant progress in the field of modelling snow accumulation
still remains one of the major problems in CFD, use of existing models, supported by field observations and experi-
mental data, allows to reproduce reasonably accurate snow distributions. The importance of the “symbiosis” between
classical experimental methods and modern numerical models is specifically emphasized in the paper, as well as the
fact that only the joint use of approaches can comprehensively describe modelling of snow accumulation and snow
transport and provide better solutions to a wider range of problems.

Keywords: neural networks, numerical modelling, snow accumulation, snow transport, structure roofs,
numerical methods.

COBPEMEHHBIE METO/JIbI MATEMATHUYECKOI'O
(YUCJIIEHHOI'O) MOAEJIUPOBAHUA
CHEIOHAKOILJIEHUS HA IOKPBITUSI COOPYKEHUM
MNPOU3BOJIBHOM ®OPMBbI. KPUTUUECKHUM OB30P
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! Hayuno-uccnenoparensckuii nentp CraluO, r. Mocksa, POCCHUSI
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AHHoTanus: Pacuér cHeroBbIX Harpy30K Ha MOKPBITHS 3[aHUH M COOPYXKEHHH MPOM3BOJILHON (OPMBI SBISETCS KOM-
IUIEKCHOH 3a/1auell, /Ui peIieHust KOTOpod HeoOXOoAuMO C MPHEMIEMON HHKEHEPHOW TOYHOCTBIO MOJAEIMPOBAThH CHE-
TOHAKOIIIEHHE. DKCIIEPUMEHTHI B a9POJMHAMUYECKHUX TPyOax, XOTs ¥ MPUMEHSOTCS ITOCJICIHIE TO/Ibl TOBCEMECTHO, HEe
MO3BOJITIOT BOCTIPOM3BECTH peasbHBIC MOTHOMACIITaOHBIE S((EKTH BCEX IPOIECCOB CHETONEPEHOCA, IOCKOIBKY
BBITIOJIHEHNE BCEX YCIOBHHM MOAOOMS Ui HUX HEBO3MOXHO. Takas CHTyamus, BKyIE C ITOCTOSHHBIM pa3BHTHEM
MaTeMaTHYECKUX MOJIENeH, YMCICHHBIX METOA0B M COOTBETCTBYIOIIETO MIPOrPAMMHOT0 00SCTIeYCHNUS, BEIYHCIUTEIbHON
TEXHHKH JIeNIaeT Oe3alIbTepHAaTUBHBIM Pa3BUTHE U Oy ryliee BHEAPEHHE TEXHOJIOTHI MaTeMaTHIECKOTO MOACINPOBAHMS
B peajibHyI0 CTPOMTENIbHYIO NPAKTHKy W HOPMAaTHBHbIE JJOKYMEHTHI. B naHHOW paboTe paccMOTPEHBI CYLIECTBYOLINE
Ha CETOAHSMIHNI JIeHb MaTEMaTHUECKHE MOJICNIN U YUCIICHHBIE METO/Ibl, IPUMEHSIEMbIE JUTs pacuéra (hOpM CHETOOTIIO-
kKeHnd. M XOTs OTCYTCTBHE 3HAYMTEIBHOTO Mporpecca B 00JaCTH MOJECTHPOBAHUS CHETOHAKOIUICHHUS IO-TIPEKHEMY
ocTaéTcs OJHOM M3 MpoOIeM BBIYUCIUTEIBHON a3pOANHAMUKH, MCIONb30BAHUE YK€ CYIIECTBYIOIINX MOJENEH, Moa-
KPEIUIEHHOE HATYPHBIMH HaOJIOJICHUSIMU M 9KCIEPUMEHTAILHBIMU JaHHBIMHU, CIIOCOOHO BOCIIPOU3BOJHUTH JOCTATOYHO
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TOYHBIE KapTHHBI paclpeelieHu cHera. B paboTe oTAenbHO MOAYEPKHYTA BAKHOCTH «CHMOMO3a» MEXIY
KIIACCHUECKUMH HKCIIEPUMEHTAIBHBIMA METOJAMH M COBPEMEHHBIMH UYHCICHHBIMH MOJEISMH M TOTO, YTO TOJBKO
COBMECTHOE HCIOJIb30BaHUE MTOIX0/I0B CIIOCOOHO BCECTOPOHHE PACKPBITH MPOOIEMY MOJICITUPOBAHMS CHETOOTIOKEHNH
1 CHETOIlepeHoca U JaTh Hawlyyllee & peleHue A7l HIPOKOro CIIEKTpa 3aad.

KaroueBble ciioBa: HeﬁpOHHbIe CETHU, MAaTEMATUYECKOE MOACIINPOBAHUE, CHETOHAKOIUICHUE, CHETOIIEPEHOC,
IOKPBITHUA coopymeﬂnﬁ, YHUCJICHHBIC MCTO/IbI.

INTRODUCTION

Snow accumulation (the formation of snow de-
posits under the influence of air flow) is a com-
plex phenomenon due to the high nonlinearity
of its constituent subprocesses, which occur at
different scales and are strongly interconnected
[2, 3, 21]. One of those, snow transport, is the
subject of many years of theoretical, experi-
mental and numerical research [19, 27] because
of its involvement in the redistribution of snow
masses. The fact that the formation of fairly uni-
form snowdrifts occurs as a result of the gradual
deposition of snowflakes with sizes from tens of
microns to tens of millimeters [9] makes a seri-
ous computational problem, especially consider-
ing that in most industries, where it matters, it
must be considered on areas of tens and hun-
dreds of square meters [22].

The known disadvantages of experimental
methods for predicting the shape of snow depos-
its (the use of substitutes, such as sand [23],
sawdust [11] and others, loss of accuracy due to
scaling, etc.) and the natural randomness of
weather conditions that affect field observations
force researchers to use numerical methods,
which makes it possible to effectively model the
properties of real materials at required scales
and control all the calculation parameters.

One of the fields that certainly require a compu-
tational approach is the construction of unique
buildings and structures. Due to the dependence
of the snow accumulation process on the ge-
ometry of the structure, surrounding buildings,
landscape, and climatic conditions, it is neces-
sary to investigate snow loads for each unique
roof design. Regulatory documents describe the
shape of snow deposits only for basic, typical
roofs. Also note that foreign building codes
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(ISO 4355-2016 [46], Eurocode [5], ASCE
standards [24], JSCE [25]), in contrast to the
Russian Building Code [26], allow the use of
numerical modelling of snowdrifts both together
with the results of experimental modelling and
to verify the results of experiments, as well as
instead of experiments where it is impossible to
conduct studies in wind tunnels. E.g., in a sepa-
rate ASCE standard [42] there is a subsection
dedicated specifically to the study of methods
for modelling snow transport, their classifica-
tion and discussion of the limits of their ap-
plicability [52].

In connection with the growing tendency to re-
duce the costs of construction, which puts sig-
nificant restrictions on the design, the use of
numerical modelling could also upgrade the
building codes. For example, some researchers
believe [19] that the use of the Weibull and
Gumbel distributions, which is currently the ac-
cepted way to estimate the amount of precipita-
tion, leads to overestimation of the snow loads.
Predicting the movement of snow masses in the
mountains, formation of avalanches, as well as
other natural phenomena associated with snow
that threaten human lives, also remains an im-
portant and generally unsolved problem [13,
14].

Over the past decades, a standardized, verified
and effective numerical methodology for model-
ling snow accumulation and snow transport,
which could be integrated in the building codes,
has not been created, despite the increased de-
mand from industries [19]. Obviously, this is
due to the imperfection of existing models and
methods and lack of qualitative achievements in
their development. Since about 2014, there has
been an increase in the number of works on the
numerical modelling of snow accumulation and
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snow transport from China [23, 36, 37, 44, 45],
supported by government grants and aimed at
upgrading building codes, which will probably
lead to verified methodologies emerging soon.
Few Russian scientific works on the topic [47,
48, 49, 50, 51], on the contrary, are mostly de-
rivative in nature, despite the problem of calcu-
lating snow loads on the roofs of buildings and
structures with arbitrary geometry in our coun-
try being way more relevant due to the features
of the climate. E.g., one of the more well-known
articles [47] contains only a brief overview of
some (far from all) works on modelling snow
accumulation, does not provide any new results,
does not raise important issues of the develop-
ment and improvement of techniques, as well as
their introduction into construction practice,
while another example [51] is actually a literal
translation of the ASCE standard [42]. The lack
of critical reviews that clearly highlight the gap
between the regulations and industry demands
further aggravates the situation and delays the
necessary resolution of the issue.

The problem of numerical modelling of snow
accumulation has existed for at least 40 years
[19]. Over the time, a number of studies have
been carried out and numerical methods and ap-
proaches have been developed that, to one de-
gree or another, bring scientists closer to achiev-
ing more and more physically realistic forms of
snow deposits. Validation of numerical methods
was carried out mainly on model cases for
which there were data from field observations or
experiments in wind tunnels, e.g. for the flow
around a cube [12, 20, 32, 33] or a solid fence
[11, 20]. Some scientists have tried to apply the
models to real-life problems, such as the accu-
mulation of snow on the roofs of buildings [22,
34, 35, 36, 37, 44] or around buildings or land-
scape formations [16, 17, 38, 39, 40, 41, 45]. In
each case, it was necessary to calibrate the mod-
els for the specific conditions of the given prob-
lem and to individually select the parameters,
although even then minimizing the divergences
with observations was not sufficient to speak of
an “accurate” reproduction of “real” snow de-
posits [19]. One of the reasons for this is that to

adequately model snow transport for arbitrary
wind velocities, structural geometries and cli-
matic parameters, it is necessary to take into ac-
count all three subprocesses, but in practice it is
difficult to do because of scales at which they
occur. Of greatest interest is the modelling of
suspension and saltation, since it is they that
make the greatest contribution to the actual
transport of snow (especially saltation, due to
the large scatter of particle sizes and lengths up
to 5 m of which they are capable to move).

THE PHENOMENON OF SNOW
TRANSPORT

One of the fundamental works on the mechanics
of aeolian transport (that is, movement of solid
particles, or sediments, under the influence of
wind), which formed the basis of the vast major-
ity of theoretical developments on this issue, are
the works of R.A. Bagnold [2, 3]. He laid the
foundation for a scientific approach to describ-
ing the transport of sand by wind, the formation
of sand dunes and barchans. The experiments,
results of which are presented in the book, were
carried out in a wind tunnel built by the scientist
himself. When considering the problem of mod-
elling snow deposits, the information from this
book is also relevant, since snow, like sand, par-
ticipates in aeolian transport. However, sand
grains do not have the property of cohesion, un-
like snowflakes, due to which the snow
transport can be divided into three subprocesses,
namely creep, saltation and suspension (Fig. 1)
[3, 19].

1) Creep is a phenomenon in which coarse sed-
iments (500 pum in diameter) are rolling over the
surface due to their cohesion with it being
stronger than the wind force.

2) Saltation is a jumping movement of medium-
sized particles (70-500 pum) at a speed 2-3 times
lower than the flow speed. Particles up to 100
um in diameter are subject to modified saltation,
which occurs under the action of turbulent vor-
tices above the surface. The mass of material
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that the flow is able to transport in the saltation
layer is determined by the formula (1).

3) The suspended layer is formed from fine sed-
iments and is divided into short-term suspension
(20-70 um, particles return to the saltation layer)
and long-term suspension (<20 pum, the material
is completely carried away by the flow).

7 suspension

saltation

Figure 1. Mechanics of the aeolian transport.
Source: NASA (publicly available)

Note that the sediments participating in all three
subprocesses, colliding with each other, can ei-
ther stick together, or break up, or crush other
particles, correspondingly changing the charac-
teristics of both transport, while the macro-
objects that they form (for example, snowdrifts)
affect the entire flow. Complexity, a large num-
ber of degrees of freedom of such a system, the
natural randomness of the process are all just
some of the factors that force researchers to re-
sort to statistical and approximate calculation
methods.

Another important result obtained by Bagnold is
a formula describing the mass of material that
the wind is able to transport in the saltation lay-
er. It is written as:

d
q= Cg\/;uf, 1)

where ¢ is mass of material transported along a
unit length; C is dimensionless constant of the
order of one, p is air density; g is acceleration
due to gravity; d is reference grain size; D is
uniform grain size used by Bagnold in his ex-
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periments (250 um); u- is friction velocity,
which is written as:

w = | )
* T pa’

where t,, is local shear stress on the wall, p, is
air density. This value is especially important
when simulating snow transport and snow ac-
cumulation, its calculation underlies all numeri-
cal models of these processes.

The study of snow transport processes was con-
tinued by Mellor [9], Izyumov and Davenport
[28, 29], Kobayashi [30], Iversen [6, 7], Ander-
son and Huff [1], Gamble [31]. In particular, the
latter were engaged in finding out the average
path length of particles in the saltation layer:
Bagnold gave a value of 9 m [2], then Anderson
and Huff reduced it to a range of 4-8 m, and
Gamble expanded it to 5-10 m.

NUMERICAL MODELLING OF SUSPEN-
SION

Suspension is usually modeled using Eulerian
approach [19], although there is at least one work
where the Lagrangian approach was used [16].
Most likely, this is due to the greater homogenei-
ty of the flow due to the small particle sizes,
which allows formulating models in a more ap-
plicable way without large losses in accuracy.
Firstly, let us consider the application of the
snow density transport equation, exampled by
the work of Okaze et al. [12]. Using two equa-
tions in this paper made it possible to differenti-
ate the inputs from falling and drifting flows of
snow into the snowdrift forming around a cube.
To describe the distribution of snow density @,
defined as the mass of snow particles per unit
volume, the following differential equation is
used:

Os

6(¢>+6(¢)(ui)+6(fb)(Wf)_ a [Vt (3@))]’ 3)

at ax; dx;s  0x; ax;

43



Alexander M. Belostotsky, Nikita A. Britikov, Oleg S. Goryachevsky

where wf is snowfall rate, v is turbulent viscosity,
os 1s turbulent Schmidt number. In this case, the
snow accumulation process is divided into addition
of the falling snow and transport of the already ac-
cumulated snow over the surface (angle brackets
mean averaging over spatial dimensions and time):

() = (q)sky) + (q)surf) (4)

Snow deposition per unit of time and unit of area
is expressed as (@), (wf), where the subscript “p”
means calculation within the control volume. The
deposition fluxes (kg/s) for the first and second
modes, respectively, are calculated as:

Dsky = _<q)sky)p<wfsky)AXAy (5)
Dsurf = _<q)surf)p<wf5urf)AXAy, (6)

where AxAy is horizontal platform of the control
volume. The erosion flux (kg/s) of snow on the
surface for u* > uf, caused by shear stress is
described by the expression:

(up)?

1174 .
Esurf = —?p(u )(1 - (u*)2>AxAy (7)

where ( is a dimensionless coefficient that
roughly equals 1073,

The net deposition rate on the bottom surface of
the control volume as a result of all processes is
given by:

a) Scalar normalized velocity at z = 0.025H

44

Miotar = Dsky + Dsurf + Esurf» (8)

and the variation of snow depth per unit of time
takes the form:

_ Mtotal

 psAxAy ®)

Zs

where ps is accumulated snow density.

Also, on the surface where snow deposit is
forming, a boundary condition is set, which
states that the change in snow density is deter-
mined by erosion:

&(a(q)surf)ﬂ _ Esurf
o\ 0x3 surf AxAy

The contribution to snow deposition by
transport fluxes on the surface is described by
the expression:

(10)

Dsurf + Esurf

Rsurf = D (11)

sky + Dsurf + Esurf

The following are illustrations of the results ob-
tained using this method (Fig. 2). The resulting
forms of snowdrifts are in agreement with those
obtained in the experiment or during field ob-
servation.

]

b) Horizontal distribution of normalized snow
depth
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Figure 2. Results obtained by Okaze et al. using the equation of snow density transport
to model the suspended layer

Secondly, let us consider the application of the
snow volume fraction transport equation, exam-
pled by the work of Sundsbg [17]. Snow volume
fraction f in a control volume can be obtained
from the expression for the density of the two-
phase flow pm:

0

where u and w are wind speeds in directions x
and z, respectively, vt is turbulent viscosity, ct is
diffusion constant, and wsus is drift velocity be-
tween air and snow in suspension, which is as-
sumed to be inversely proportional to turbulence
in an air flow:

U

Weys = 0.3 (14)

Here x and ut are laminar and turbulent dynamic
viscosities, respectively. It is implied that lami-
nar flow conditions give the highest snow set-
tling rate, which can be considered as the limit-
ing volumetric velocity for suspended snow par-
ticles (in the work under discussion, its value is
taken as 0.3 m/s).

The formulation of the equation for snow
transport in the saltation area is also given by:
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of of
t+_(f )+_(fW) (tvta)+

1- f)pair (12)

mzfpsnow‘l'(

To describe the suspension, the convection-
diffusion equation is used:
d ( af

d
) 13
aZ Ctvt aZ> aZ (fWSUS)I ( )

of 0
6t+_(f )+_(f) _E(fwsal): (15)

where, similarly to the equation (14), wsal is drift
velocity between air and snow in the saltation
layer. Two expressions are proposed to describe
its two “modes”, which are settling of snow and
accumulation of snow. The expressions for both
modes are given by:

p

Wsal = Wget = Cf(l - f)f_ (16)
Pm

Wsal = Waee = 0.5 (uf - uft)/uft (17)

where Vp is pressure gradient, cr is reciprocal drag
coefficient between air and snow, in this work
taken as 0.06 s/m on based on simulation tests.
Both expressions apply for u* > u;.
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Figure 3. Results obtained by Sundsbg using the
snow volume fraction trasport equation
to simulate the suspended layer

oC 0C(u;—Us) @
E-l_ axi

where C is average concentration of particles in
a control volume, Up, is snowfall speed in the i-

th direction, ¢, is mass flux between the sus-
pension and saltation layers. The equation for
the second process looks similar:

aC;s
ot

aC. 9Csu;
ax

= f (pg + @s)nidS  (19)

Here ¢, is mass flux between the air flow and
the surface, which will be discussed below.

NUMERICAL MODELLING OF SALTA-
TION

Among the methods for modelling snow in the
saltation layer, the most frequently used are the
mass transport models formulated by Iversen et
al., Pomeroy and Gray, and the erosion-
deposition model formulated by Naaim et al.
Let us consider them sequentially.

46

ax

The described model was used to study the
snow accumulation on the side of a building and
the use of a reflector to minimize snow for-
mation in this area. Its application made it pos-
sible to visualize the difference in the obtained
snow distributions.

Finally, let us consider the application of the
particles concentration transport equation used
in the works of Moore et al. [10] and Naaim et
al. [11]. In the latter work the snow transport
was both the saltation and the suspension were
modeled. The differential equation for the first
process is given by:

(18)

ve 9C + ff Ads
o, axl el psn

In the papers of Iversen et al. [6, 7], one of the
first numerical models for three-dimensional
calculation of snow transport was suggested,
with saltation and suspension both taken into
account. Later it was implemented by Uematsu
et al. [20]. In the proposed methodology, the
calculations are carried out in three stages. First,
the air flow field is calculated using the RANS
turbulence model, then the obtained data is used
to calculate the density of the snow flow, and,
finally, the snow transport rate is calculated by
counting the snow particles that were not trans-
ported by saltation. Creep is not taken into ac-
count in this model.

The mass transported by saltation is modeled by
the classical formula given by Pomeroy and
Gray [13]:

Wr

*t

q=C g u? (U, — ) (20)

where all quantities correspond to those in the
formula (1), and ws is average snowfall rate.
Saltation was modeled by the diffusion equa-
tion:
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ot 0x

where @ is snow transport density, us is particle
transport rate, Ks is vortex diffusion coefficient
of snow transport density.
The snow deposition rate is calculated using the
formula:

d = |wg|®y (22)
where @n is density of snow transport in the sal-

tation layer of thickness h.
The expression for the ablation rate has the form:

e = q|Wf| (23)
uhh

where un is particle transport rate in the saltation

layer.

Finally, the snow transport rate, defined as the

mass of snow accumulating on a unit area per

unit of time, is written as follows:

s=—(d+e) (24)

oc _aC ac
6_t+u6_x+ (1.7— |Wf|)@

where vt is turbulent viscosity coefficient, C is
particle concentration in density units, o is tur-
bulent Schmidt number. The concentration at
the bottom of the suspended layer is equal to the
average concentration in the saltation layer.

The change in the height of the snow cover h is
written as follows:

oh(x,t) 1 Q:(x,0) + Qs(x,0)\

m +—+a( Fw =0 (26)
where y is bulk density of snow, Q; is mass
transport flux in a suspended bed, Q, is mass
transport flux in the saltation layer.
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o= (522) + (6 2) + 2 (&
Us) = \Bs dy/)  ox

acp) _A(wre)

il 21
S0z 0z 1)

Formulas (20) - (24) were used in four calcula-
tions of snow transport: near a snow fence, around
a cube (Fig. 4), near a wind catcher, and around a
hill. The results obtained were consistent with ex-
periments and field observations. With this model,
though, only the snow transport rate can be calcu-
lated, but not the change in snow depth. The au-
thors point out that this problem should be consid-
ered in more detail

The work of Liston et al. [8] was aimed at improv-
ing the model used by Uematsu et al. The case was
considered in which the wind speed is low enough
to neglect the transport of particles from the salta-
tion layer to the turbulent flow layer described by
one part of the model, while the second part de-
scribes the process of transporting their mass into
the layer of accumulating snow. The flow is re-
solved through the time-averaged 2D Navier-
Stokes equations using the k-¢ turbulence model in
conjunction with the saltation model to compute
snow accumulation over time near the snow fence.
The two-dimensional equation of mass accumu-
lation in a turbulent layer has the form:

d (v,aC +6 v, 0C
d0x \ g; 0x dy \ o, dy

WIND :

SNOMDRIFT RATE

Figure 4. Results obtained by Uematsu et al. for
snow accumulation around a hut using the mass
transport model of Iversen et al. to model the
saltation layer
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Snow deposition is calculated on the assump-
tion that accumulation occurs when the shear
velocity of the flow falls below threshold fric-
tion velocity. The control volumes are filled
gradually, and the mesh is rebuilt as they are
accumulating. Since it is assumed that Qs re-
sponds instantly to changes in friction velocity,
the inertia of erosion and deposition is not tak-
en into account. The model makes it possible to
calculate the equilibrium snow deposition, but
does not make it possible to estimate the time
required for the formation of a snow layer of a
given thickness [11].

Let us move on to the mass transport equation
formulated by Pomeroy and Gray. In their
works [13, 14], the details of snow transport
(accumulation and redistribution), snow melt-
ing, interaction of melt water with frozen layers
and their influence on the descent of snow
masses in dangerous regions were investigated.
The authors developed physical models to de-
scribe these processes and applied them to the
description of snow formation in the Canadian
province of Saskatchewan. The obtained equa-
tion of mass transport indicates an almost linear
acceleration of this process with an increase in
the friction velocity, which is in agreement with
field observations. As with similar models, the
equation is sensitive to the cohesion of the snow
layer, which is determined by the boundary fric-
tion velocity. The authors also showed that gen-
erally the direction of the annual snow transport
in saltation layer does not always coincide with
the direction of the wind.

The flow of a mass of snow having an average
weight W, and saltating at an average speed u,,
is written as follows:

u, W,
_"p''p
Qsalt_

7 (27)

The authors propose the following expression
for W,:

W,=e(®—1,—1¢) (28)

where T is atmospheric shear stress, 7,, and 7,
are shear stress on non-destructible and de-
structible surfaces, respectively. The coefficient
e is dimensionless and means the “efficiency” of
saltation. It is inversely proportional to the Ki-
netic friction arising in the process of collision
and separation of particles against the surface.
Formula for u,, is given by:

Up = Clye (29)
where ¢ is a constant parameter and u,, is
threshold friction velocity that separates the
processes of erosion and deposition.

Substituting (28) and (29) into (27), we obtain a
general expression for the saltation layer:

cep 5

Qsaie = —— (U —uf, —uf) (30)

Determining the values of the coefficients from
the experimental data, the authors give the final
form of the expression:

0.68p
_u*t(uz - uzn - uft)

*

Qsait = (31)

It is shown that, in contrast to the result ob-
tained by Bagnold for sand, the snow flux is a
quadratic function of the friction velocity, not
a cubic one. The authors point out that this is
a consequence of the presence of an average
horizontal speed, which does not affect the
wind speed in general, and efficiency, which
grows reciprocally to the wind speed. It is also
noted that saltation models for sand are poorly
applicable to snow transport just because of
the materials they describe. Grains of sand are
separate, non-sticking particles, while snow-
flakes are crystals that can break up or stick
together.

Finally, let us consider the latest and most
commonly used way to describe the saltation
layer, the erosion-deposition model. It is
based on the work of Anderson and Huff [1],
who proposed a model of aeolian transport of
sand deposits for the case when particles of
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the size of sand grains are subject to salta-
tion. It consists of four parts that describe a)
aerodynamic entrainment; b) trajectories of
grains of sand; c) interaction of particles with
the surface; d) influence on the impulse from
the wind. Each submodel is responsible for a
specific part of the process and is supported
by experimental data to refine the values of
some constants. Together the parts make it
possible to calculate aeolian saltation from
the moment of sediment capture by aerody-
namic entrainment until the transition to a
stationary state. The authors show the im-
portant role of long, high-energy trajectories:
despite the predominance of short trajectories
with low energies in the saltation zone, it is
the collisions of sediments with the surface
that determine the response of the entire sys-
tem to changes in wind velocity due to
knocking new particles out of the surface. A
form of the “splash” function is proposed to
take such jumps into account, which can last
as long as a few seconds. An accurate calcu-
lation of fluctuations in wind velocity allows
establishing its relationship with the station-
ary mass flow in the form of a power func-
tion of the shear velocity. This model, in con-
trast to the previous one, takes into account
inertia, but the “splash” function is not suita-
ble for snow in the form given by the authors
and requires modification [11]. Using these
results, Naaim et al. [11] formulated a model
that has been used by researchers from dif-
ferent countries almost unchanged for about
quarter of a century. Pointing out the short-
comings in the models developed by Iversen
et al. and Liston et al., as well as the limita-
tions that do not allow direct use of the An-
derson and Huff model, the team of authors
proposed their own version of the erosion-
deposition model, in which they tried to level
out the failures of their colleagues. Omitting
the details of the derivation of the flow equa-
tions, described in detail in the article, let us
turn our attention to the modelling of snow
transport.
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For the mass exchange flux between air and
snow layer, the following expression is pro-
posed, similar to (24):

g =4+ — q- (32)
The erosion flow is written as:
q- = Apy(uZ — u%) (33)

where A is coefficient that depends on the de-
gree of cohesion in the surface layer and p, is
air density.

The deposition flow is given by:

_ u?
g+ = Cwy (1 Y ) (34)

*t

where all quantities correspond to those in the
previous formulae.

At each step of the simulation, expression (2) is
recalculated for the flow in each cell of the
boundary layer and then compared with the val-
ue ut. The snow deposition process is governed
by the following conditions:

u, <u Deposition: g4 = q
U, = U Unchanged: g, = 0
u, > u; Erosion: g, = —q_

The change in the height of the snow layer is
described by an expression similar to (26):

oh qq
T (35)
This model was applied to the problem of a
flow around a solid snow fence (see Fig. 5). In
their work, the authors note that the expres-
sion for the erosion flux must be revised and
improved despite the quality of results ob-
tained using the model, which are in agree-
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ment with the experiment. This will require
new field observations or development of a
“splash” function for snow with different
properties. They also neglected the movement
of particles due to creep and took into account
only those particles that were carried by aero-
dynamic forces.
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Figure 5. Comparison of the results of model-
ling a snowdrift behind a solid fence
with experimental data [43]

ALTERNATIVE METHODS

Among the most modern CFD methods is the
use of neural networks that do not directly
solve the Navier-Stokes equations, but simu-
late their solution, learning from a dataset of
flow behaviors. Such an approach allows ob-
taining sufficiently plausible results, spending
orders of magnitude less computing power
and physical time, since with classical CFD
each problem needs to be computed from the
scratch, but a neural network is only required
to be trained once.

Sanchez-Gonzalez et al. [15] developed a
framework, which they call “graph network-
based simulators” (GNS). Physical systems
are represented by sets of interacting particles,
the dynamics of which are described by
graphs. Fig. 6 shows how the algorithm
works. The simulator sy transforms the initial
state X'o into the state X'k by iteratively ap-
plying the trained dynamic model do (a) ac-
cording to the “encoder-processor-decoder”
scheme (b): first, the input state X is ex-
pressed by a graph G° (c), then M signal
transmissions between its nodes are per-
formed, generating graphs G!..G™ (d), and
finally dynamic information Y(e) is extracted
from the graph G".

This framework allows simulating many mate-
rials, from viscous substances (a) to water (b)
and sand (c), as well as their interaction with
solid obstacles (d). The model can also be
trained on several materials at once (e). A pre-
trained model can also handle some cases that
it wasn’t trained on, like high turbulence
flows (f), objects of unknown shape (g), and
much more complex design cases compared to
the samples (h). In Fig. 9, the top row shows
the initial states, the middle row shows the
model predictions, and the bottom row shows
the results of CFD calculations.
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Another promising “fast” alternative method is
replacing the Navier-Stokes equations with a
system of lattice Boltzmann equations (LBM).
In this case, the fluid flow is perceived as a col-
lection of particles on a spatial grid. The LBM
algorithm is characterized by a simpler imple-
mentation, higher efficiency in parallelization,
and it is better suited for more complex bounda-
ry conditions. The team [18] has developed a
model of snow transport, which does not yet
take into account the influence of snow on the
air, but already gives quite plausible distribu-
tions of snow.
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The numerical lattice Boltzmann equation is a
prognostic equation for the distribution function of
particles in the i-th direction, fi, which is given by:

fi(r+c; + At,t + At) = fi(r, t) + Q;At, (36)

where r is particle direction vector, ci is particle
velocity vector, At is time step, Qi is interparti-
cle interaction, which is described using the
Bhatnagar-Gross-Krook approximation, replac-
ing it with the relaxation of the equilibrium state
of the distribution function:
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37)

1 A
9 =——(fi - f)

where 7 is relaxation time as a function of kine-
matic viscosity v:

1 3v
T=5+

38
2 C%At (38)

and f; is equilibrium distribution function of
particles in the i-th direction.

The equation of motion of snow particles is giv-
en by:

du 3(p
_P_ _ a _
o 4<ppd>CQV§(up u) — gk, (39)

where u, is particle velocity vector, u is wind
speed vector, Vz = |u, —u|, g is acceleration
due to gravity, pa and pp are air density (1.34
kg/m®) and particle density (910 kg/m?®), respec-

tively, d is particle diameter (100 um), and Cq is
drag coefficient of a particle, equal to

24v, 6
Cd =
Ved ' 14 Ved/v,

+04,  (40)

where o is viscosity, equal to 10° m%s,
The results obtained by the authors are shown in
Fig. 8-9.

(o) t=8s

e —————

- —

4 e e s s b b b = — b bt b ]
e e e e e b e e p s et ey

e T L ez EeE R R EEY

Fe s s

oy e e
T T T T e e e

LR —

) R A SR ol (I O |

y (m)

SO S S PO |

I e
e e e
3 ia P g R S e L e
..... P
e
.- B e
ey T
OOV MR SN 5:f M- O W S (P I ¢ it o S ks S|
| [ PP LS SOV PG S RS P P SR S

—t b A b oy v P ]

-

e w

Loy —

N A i ety | " ¥ ?
b)
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CONCLUSIONS

This paper provides an overview of various
methods of numerical modelling of snow
accumulation, primarily based on foreign
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scientific ~ publications  and regulatory
documents. The methods themselves, as well as
the limits of their applicability, the experimental
data they were calibrated on and/or verified
with, are reviewed in detail. Both “classical”
methods and modern *“alternative” ones are
reviewed. Due to the fact that Russian
regulatory documents still do not allow the use
of numerical modelling of snow accumulation
(despite almost half a century of work in this
field by scientists from all over the world), it
was impossible to carry out a comparative
analysis of foreign methods with Russian ones,
since original, non-compilatory scientific works
in the field do not yet exist.

It is shown that, taking into account: a) the
experience of the worldwide scientific and
engineering communities and a variety of
approaches to numerical modelling of snow
accumulation on roofs of buildings and
structures; b) the complexity of the subject,
which itself dictates this variety; it is
impossible to cover the entire range of sample
cases and situations using only a limited set of
simple schemes from SP and experimental
methods. Further rejection of the methods of
numerical and physical modelling, which are
recognized and applied by the world
community, casts serious doubt on the
legitimacy of the recommendations being
developed and carries significant risks for the
mechanical safety of unique buildings and
structures with arbitrary geometry. The
inclusion of numerical modelling is necessary
to form a modern and flexible regulatory
framework, which could be used by engineers
to solve much more complex design problems
than it is possible now. This requires:

1) Modern research, both foreign and domestic,
with the latter taking into account specific
features of current construction practices and
focused on requests from the industry. Also,
possibly additional theoretical and practical
developments, new or refined methods for
modelling snow accumulation.

2) Development, verification and approbation of
numerical methods, carried out using

\Volume 17, Issue 4, 2021

appropriate experimental equipment and in the
field, that would allow using all the necessary
data (climatic, meteorological, etc.) in
numerical models for maximum efficiency.
Only a complex and comprehensive approach to
the implementation of technologies for
numerical modelling of snow accumulations in
modern construction practice will provide the
required level of technical support for unique
buildings and structures with arbitrary geometry
and guarantee the safety of their construction.
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STRESS-DEFORMED STATE OF THE BOUNDATION OF
HYDRAULIC STRUCTURES AT CONTROLLED
COMPENSATION DISCHARGE

Alexandra S. Bestuzheva, lvan V. Chubatov
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Abstract. Numerical simulation of the process of injection of mortar into the thickness of the sandy base during the work
on lifting and leveling the structure by the method of compensatory injection is carried out. An author's program has been
developed that implements the finite element method (FEM) in a spatial formulation, taking into account the elastic-
plastic nature of soil deformation, in which a special element in the form of a spheroid has been developed to describe
the expanding area at the location of the injector, which changes its volume during the injection of mortar. During the
verification of the program, the results of mathematical modeling were compared with the data of a physical experiment
conducted by PhD Luca Masini from the University of La Sapienza (Rome, Italy). Numerical modeling of the stress-
strain state of the base of the structure during repair work is considered by the example of lifting the foundation plate of
the Zagorskaya PSPP-2. A number of tasks are being solved related to minimizing the number of injection columns, their
location, the pitch of the cuffs, the selection of portions of the injected solution, taking into account the requirements for
uniform lifting of the foundation plate in order to avoid additional cracking.

Keywords: compensatory injection, sediment leveling, stress-strain state of soil structures and foundations,
numerical modeling, finite element method, “energy” soil model.

HANPAKEHHO-JEQ@OPMHUPOBAHHOE COCTOAHUE
OCHOBAHUA TMAPOTEXHUYECKHUX COOPYXEHUU IIPU
YITPABJIAEMOM KOMIIEHCAIIMOHHOM HATHETAHUU

A.C. Becmyoicesa, H.B. yoamoes

HannonanbHblil necnenoBaTenbckuil MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENIBHBIN YHUBEPCUTET, I. MOCKBa,
POCCHUA

AnHoTtanus. IIpoBeJeHO YMCIEHHOE MOAENUPOBAHUE IIPOLECCa HArHETAHHS CTPOUTENIBHOTO PacTBOpa B TOJIILY
MIECYaHOTO OCHOBaHMs B XOJ¢ PaboOT IO IMOJBbEMY W BBIPABHHBAHHIO COOPYKEHHS METOJIOM KOMIICHCAIIMOHHOIO
narHeranus (KH). PaspaGorana aBropckass mporpamma, peainusylomas MeTo] KoHeuHbIX anemeHToB (MKD) B
MIPOCTPAHCTBEHHOM TTOCTAHOBKE C YYETOM YIPYTOIUIACTHUECKOTo Xapakrepa AeOpMUPOBAaHUS TPYHTa, B KOTOPOH JUIs
OITMCAHMsI pacHIMPSIONIEHCs] 00IaCTH B MECTE PacIlOOKEHHUsI HHXKEKTOpa pa3pabdoTaH CrelHalbHbIN 3JIEMEHT B BUJIE
cdeponsia, N3MEHSIOMIETO CBOW 00BEM B MpOILECCe HArHETAHWsI CTPOMTEIBHOrO pacTBopa. B xonme Bepupmkannu
MIPOTPaMMBbI TIPOBEICHO COIOCTABJICHHE PE3YJIbTATOB MAaTEMAaTHYECKOTO MOJCIMPOBAHUS C IAHHBIMH (H3UIECKOTO
sKcmepumenTa, mocraBienHoro PhD Luca Masini u3 yuuBepcurera La Sapienza (Pum, Wramms). Yucnennoe
MOJIeTMpPOBaHUE HampshkeHHo-aedopmupoBannoro coctosaus (HIAC) ocHoBaHMS COOpY)XKEHHS IIpH TPOBEICHHUH
PEMOHTHBIX paboT paccMaTpUBaeTCs Ha mpumepe noabéMa GyHaaMenTHo# winTbl 3aropcekoit [ADC-2. Pemaercs psin
3aJa4, CBA3aHHBIX C MMHUMH3AIHMEH KOJIMYECTBA MHBEKIMOHHBIX KOJIOHH, WX MECTOIIOJIOKCHHEM, IIAaroM MaHKET,
1noZ00pOM TMOpIMH UHBEKTUPYEMOr0 PAacTBOpa C Y4ETOM TPEOOBAaHMH 1O PaBHOMEPHOMY IMOabeMy (yHIaMEHTHON
IUIUTHI BO N30€XKaHUE JOTOJIIHUTEILHOTO TPEIIMHOOO0pa30BaHMUs.

KaroueBble ciioBa: KOMIICHCAIIMOHHOC HArHETAHUEC, BbIpPABHUBAHUEC OCAI0K, Hal'[pﬂ)KeHHO-I[e(l)OpMPIpOBaHHOG

COCTOSAAHHUE T'PYHTOBBIX COOpy)KeHI/Iﬁ n OCHOBaHHﬁ, YHUCJICHHOC MOACINPOBAHUC, METO KOHEYHBIX 3JIEMCHTOB,
«HEPreTudeCKas» MoACJ/Ib rpyHTa.
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INTRODUCTION

Non-admission of limit values for uneven
precipitation in the foundations of hydraulic
structures is one of the main safety criteria and a
determining condition in the design of structures
according to the second group of limit states.
Nevertheless, the inevitable uneven distribution
of stresses along the soles of structures, complex
geological conditions, interaction with the water
environment and filtration flow often cause the
collapse of retaining walls, tilting foundations,
abnormal settlement of the foundations of
hydraulic structures. But the problem of excess
settlement of buildings has become most acute in
recent decades during the construction of
underground transport infrastructure in cities.
First of all, to solve these problems associated
with tunneling, a method was developed for
securing the soil mass using compensation
injection technology, in which mortars are
injected synchronously with mining operations
based on the readings of a system of ground and
underground sensors in order to prevent the
development of sediments and subsidence of
foundations. buildings in excess of the limit
values.

The development of compensatory injection
ideas related to soil strengthening was the work
aimed at obtaining the effect of "lifting" the day
surface of the soil, as well as the foundations of
buildings and structures by injecting additional
volumes of building mixtures into the
foundations of structures, which contributes to
the subsequent rise of the base, and together with
him and structures [1,2].

In world practice, there are a large number of
examples of the implementation of compensation
injection technology to stabilize sediment or
level the position of structures. The most famous
examples are: alignment of the building of the
hydroelectric power station of the Hessigheim
hydroelectric complex on the navigable river
Neckar near the city of Hessigheim (Germany),
compensation for settlement and tilt of the
Elizabeth Tower (Big Ben) of the Palace of
Westminster (London, UK) [3], alignment of the
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building in the city of New Orleans (USA) [4],
compensation of the settlement of the
Bertelsmann AG office building in Berlin
(Germany), etc. The largest values of the
compensated settlement for controlled injection
today are about 170-200 mm. In our country,
studies on leveling the position of the foundation
part of the Zagorskaya PSHPP-2 building have
been carried out since 2013. Within the
framework of these studies, a successful
experiment was carried out to raise and set the
alignment of the position of a concrete slab on
the experimental site near the ZAGPP during
controlled  compensatory injection, the
magnitude of the rise of the day surface of the
soil was about 46.8 cm. The experiments carried
out are related to the need to substantiate the
possibility of leveling the position of the
ZAGES-2 station unit after the uneven settlement
that occurred in 2013, when the maximum draft
was 1.17m. The available data on the
compensation injection technology allow us to
approach this problem from the side of
mathematical modeling, the results of which will
help find the best solution in the scheme for
supplying mortars to the sandy base of the
pumped storage power plant.

Unfortunately, at present there are no known
software systems with an interface designed to
solve such problems. Different researchers
approached the issues of mathematical modeling
of the process of injecting a solution into the base
of a structure from different positions: assigning
the finite elements that simulate the injection
zone, the coefficient of additional volumetric
deformation or the coefficient of thermal
expansion [5].

For the numerical simulation of the solution
injection process during compensatory injection,
the author's program "JulyS" for a computer,
written in the FORTRAN language [6], is used.
The program solves the problems of the stress-
strain state of the soil by the finite element
method in a spatial setting. A tetrahedron is used
as a finite element. To create the finite element
mesh, the open source Gmsh program version
4.7.1 was used. The same program allows you to
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visualize the results of numerical calculations,
for which the author's interpolation modules have
been added to it.

To obtain adequate information about the stress-
strain state of the soil medium, two soil models
are used: a model of an elastic-ideal-plastic
medium with the Mohr-Coulomb strength
criterion [7, 10] and a nonlinear "energy" soil
model developed by Professor L.N. Rasskazov
[8].

In the nonlinear "energy" soil model by LN
Rasskazov, the stage-by-stage loading of the
computational domain with specified loads is
reproduced, and the recalculation of the strength
and deformation characteristics of the soil at each
stage reflects the effect of material hardening.
Due to the lack of experimental data on the
magnitude of dilatancy in sandy soils, the model
is used in a simplified form, i.e., without taking
into account dilatancy, and also without taking
into account the development of creeping
deformations in time. In this case, the
dependence of the stress tensor on deformation
according to the "energy" model is written in the
form (1):

do, = 9,Eqde +
' n‘a{p " 1)

'k

where: §. —{

ij—

ch

a { f (v)%exp(BK —~B)+G,K(1-exp(BK - B)ﬂdeij

1, fori=j
0, fori#j"’

E, and G, are respectively, the initial moduli of

volumetric and shear deformation during all-
round compression; f(v) is a function expressing

the relationship between the modulus of
volumetric and shear deformation; n is exponent;
o,, Isanaverage soil stresses; B is dimensionless

coefficient determined experimentally; K is
hardening parameter associated with the energy
condition of strength [9].

The numerical implementation of the "energy"
model in relation to the calculations of earth
dams was carried out by LN Rasskazov in the
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Dampz program. In addition to the elastoplastic
nature of the soil deformation, the model took
into account the rheological properties of the soil,
which appear over time. Currently, the model is
successfully used in the calculations of earth
dams at the Department of Hydraulics and
Hydraulic Engineering of NRU MGSU [12,13].
Also, the "energy"” model was used in the
calculations of large hydraulic structures in the
software packages of the Research Center
STADIO [14-50, 15-51, 1616-53].

To implement the "energy model™ in the
formulation of the finite element method, the
dependence of the stress tensor on deformations
(1) is written in the form of a matrix of
characteristics [17], while the method of initial
stresses is used [11]. The solution is made in
increments of loads during the iterative process.
Testing of the computational program for solving
the problem of the stress-strain state of the
computational domain in the elastic and
elastoplastic formulation was carried out using
examples that have an exact analytical solution,
when compared with calculations in the Plaxis
software package, with calculations using the
StatDam program, which implements the
"energy" soil model in within the framework of
the finite element method in combination with
the method of local variations [18].

Numerical modeling of the stress-strain state of
the soil medium in the field of the introduction of
mortars is based on the experience of scientists
from the Cambridge, Delft, Ghent universities,
who, in cooperation, carried out work aimed at
studying compensatory injection in soft soils, the
research results were published in the works of
A. Bezuijen, AF van Tol, Gafar K., L. Masini et
al. [19,20,21]. L. Masini's work "Experimental
study of the technique of compensatory
injections in sandy loam and loamy soils"
describes the experimental setup and
experimental conditions. According to the results
of the experiments, it was noted that the solution
injected into the sandy soil forms not a spherical
volume, but a volume of a more complex shape,
schematically shown in Figure 1 [21].
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For the numerical simulation of the process of
penetration into the soil environment of the
mortar, numerical studies were carried out and
it was decided to use a spheroid elongated in
the horizontal plane with a ratio of the
horizontal and vertical semiaxes of 1: 2.5 as a
shape for the penetration body. In this case, the
equation of the surface of the spheroid takes the
form:

[10—”); {M+ (y-Y,)° +ﬂ2}_(if —o (2

3V 2.5 2.5 107

where x, y, z are coordinates of a point on the
surface of the spheroid; xo, Yo, zo are coordinates
of the center of the spheroid; V is discharge
volume.

Since the formation of the intrusion body takes
place in several stages, when constructing the
finite element mesh, it was decided to provide
for an "interlayer" of elements, similar to a
closed crack, from the edges of which the
region will expand, taking the shape of a
spheroid. With each additional portion of the
injection, the volume of the spheroid increases
with the involvement of more and more
interlayer nodes in the creation of the
embedded volume. In this case, the nodes of the
finite element mesh of the "interlayer"”, which
are inside the spheroid, are "pulled" onto the
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surface of the spheroid along their abscissa
(Fig. 2).

e
Figure 2. Schematic representation of the
process of "pulling” nodes for the elements of
the "interlayer” (1 - system mesh before
calculation; 2 - system mesh after calculation;
3 - "interlayer™ of elements; 4 - boundary of a
given spheroid; a, b, ¢, d , e, f - grid nodes of
the system; a’, b',c ', d', e, f' - given position of
grid nodes of the system; o - center of the
spheroid)

Before the introduction of the mortar, the
elements of the "interlayer" have the properties
of the enclosing soil, and after the introduction of
the mortar, they are excluded from the
calculation. The elements of the interlayer that
fall into the zone of influence of the spheroid are
also excluded from the calculation. The zone of
influence is taken to be equal to the twice-
enlarged surface of the spheroid. Thus, the cross-
section of the discharge volume looks as shown
in Figure 3.

Figure 3. Section of the expansion volume.

1 - resulting surface; 2 - the center of the
spheroid; 3 - zone of influence of the spheroid;
4 - a given surface of the spheroid; 5 - the initial
position of the interlayer
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When using the above assumptions, when
calculating the process of injecting tensile
stresses around the intrusion body, are not
observed. The actual injection volume is
calculated as the difference between the pre-
injection volume and the post-injection volume.
The verification of the developed numerical
model was carried out on the example of a
physical experiment described in the works of
L. Masini [19]. Figure 4 shows a diagram of
the experiment set up. The test chamber has a
diameter of 850 mm and a height of 400 mm.
At the bottom of the chamber there is a
drainage layer of gravel approximately 25 mm
thick, covered with a geotextile filter. The
drainage system by two pairs of holes on the
side surfaces of the chamber is connected to
the open cylindrical container with PVC pipes,
which  determines the conditions for
conducting experiments according to the
drained scheme. Vertical pressure is applied to
the sample through a rubber septum attached
circumferentially to a metal cover. The lid has
five slots for displacement sensors (LVDTS),
each with a through hole to measure vertical
displacements directly on the sample surface.
The solution is fed into the soil through a
horizontal metal tube with external and
internal diameters of 15 mm and 12.5 mm,
respectively, which is introduced into the
chamber at half its length and height so that
the solution spreads into the soil in all
directions from the open end of the tube
located in the center of the camera.

The soil sample was made of medium-sized sand
with a particle content of d50 = 0.4mm. The
introduced cement slurry with the addition of
bentonite had the following characteristics: (W /
C) water-cement ratio 1.8, (B / W) bentonite-
water ratio 0.08.
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Injection pressure recorder drainage

Figure 4. Diagram of the experimental
equipment used

Before the injection of the solution into the
soil, a pressure of 100 kPa was created on the
surface of the sample. In total, 1.11 liters of
solution was injected into the ground. As a
result of injection, the maximum rise of the
sample surface was 4.21 mm, while the
volume of the raised surface (useful volume)
was about 0.823 L. Thus, the injection
efficiency, as the ratio of the useful volume to
the volume of the supplied solution, is 74.6%.
The results of the experiment are presented
graphically in Figure 5.

For numerical simulation of the physical
experiment, the finite element mesh of the test
chamber was recreated (Fig. 6). The FEM mesh
included 1330 elements and 6359 nodes. It was
assumed that the embedded volume is modeled
in the form of a spheroid conjugated with a
contact element in the form of a flat “closed”
layer, as shown in Figure 3. Before the
introduction of the injection solution, the
volume of the layer was equal to zero.
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Discharge volume (ml): 1110
Useful volume (ml): 827.7
Efficiency: 74.6%

Displacement, mm

Displacement, mm

6 4 2 5 8
o o
T

ﬁ 00Z- -
! 00~ |
001l
- 002
00€
] oov

]
k|
]
]
:
'

\

bc. U TR N i TR
-400-300-200-100 O 100 200 300 400
Figure 5. Isolines of the surface displacement at
the end of the injection and the profiles of the
longitudinal and cross-sectional displacements
for the injection point

The calculation consisted of 12 stages. At the
first stage, the soil was calculated from its own
weight, at the second - the calculation was based
on a vertical distributed load equal to 100 kPa. In
stages 3-12, the injection of 1.11 liters of
solution into the soil in separate portions was
simulated. At each stage of injection, the adopted
element expands in accordance with the injection
volume, and if the nodes of the finite element
mesh are inside the spheroid, then they are given
such displacements so that they fall on its
boundary. The iterative process with one portion
of the solution is repeated until a stress-strain
state in the computational domain adequate to the
specified boundary conditions is obtained. To
accelerate the convergence, individual portions
of the solution supply are also divided into
elementary sub-volumes, the size of which is
selected. The accuracy of solving the problem in
relative stresses is 1 - 107°.

Physical and mechanical characteristics of the
soil taken in the calculation: soil deformation
modulus E = 30MPa (taken from the manual for
the design of the foundations of buildings and
structures (to SNiP 2.02.01-83) for medium-
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sized sand); modulus of elasticity on the
unloading branch Ey= 180 MPa; Poisson's ratio
v=0.3; function value f(v) = 1.5; exponent n =
0.8; dimensionless coefficient B = 10; volumetric
weight of soil y = 22kN / m?2,

extended area

Figure 6. Finite element mesh of half of the test
chamber (top - before the start of the
experiment, bottom - after injection)

The maximum rise of the sample surface after
injection of 1.11 liters of solution was 4.24 mm (in
the experiment, 4.21 mm). Isolines of
displacements of the sample surface after injection
of 1.11 | of solution are shown in Figure 7.

a 212 43w

n

Figure 7. Isolines of displacements of the
sample surface after injection of 1.11 | of
solution. View from above
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The distribution of average stresses in the
horizontal section is shown in Figure 9. As can
be seen from the solution results, compressive
stresses are observed in the entire region. Above
and below the expanded area, there is a
concentration of large compressive stresses
(more than 3000 kN / m?).

-300 “ l -1500
I
Figure 9. Isolines of average stresses in a
horizontal section after injection of 1.11 | of
solution

Analyzing the results obtained, it is worth noting
that in the experiment, there was probably a loss
of part of the volume of the injected solution
when water was squeezed into the ground, since

0
I <
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the water-cement ratio was large and amounted
to W/ C = 1.8. Taking this factor into account in
the numerical calculation, the volume of
expansion of the injection area should be less by
the volume of lost “squeezed out” water, which
for such mixtures is up to 10% of the injected
solution. The obtained results of numerical
simulation represent a good accuracy of the
description of the physical experiment, the
obtained error does not exceed 3%.

A study of grid convergence was carried out for
such a formulation of the problem. For the initial
finite element mesh, the scheme used in the
calculation of the experiment was taken (the level
of adaptation of the calculated volume is 3), and
4 meshes were created relative to it, two of which
are less often 2 and 1.5 times (the level of
adaptation of the calculated volume is 1 and 2,
respectively), and the other two are 1.5 and 2
times thicker than the initial one (the level of
adaptation of the calculated volume is 4 and 5,
respectively).

The value of the maximum rise of the sample was
chosen as a control parameter. The
characteristics of finite element meshes and the
calculation results are shown in Table 1.

Table 1. Results of the study of grid convergence

Adaptation level Lifting mm Number of Number of Countin_g time,
nodes elements min
1 4.12 352 1455 0.6
2 4.94 623 2818 2.3
3 4.24 1330 6359 6.1
4 4.39 2649 13235 24.9
5 4.34 6012 31276 164.2
5 The dependence of the magnitude of the rise of
E the surface of the sample depending on the level
o @ 45 of the calculated adaptation of the grid is shown
< 8 in the graph (Fig. 10). It should be noted that the
53 4 automatic mesh generation for each new
E 1 5 3 4 5 adaptation level increases the number of finite
i elements unevenly. The graph shows that

Adaptation level

Figure 10. Graph of the dependence of the
surface lift value on the level of the calculated
volume adaptation

thickening the grid by 1.5 times or more of the
initially adopted version gives a relatively similar
result with an increase in the estimated time by
an order of magnitude.
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To solve the problem of eliminating the excess
settlement of the foundation slab of the
Zagorskaya PSHPP-2 using the compensatory
injection method, it was necessary to conduct a
numerical study of the influence of various
technological factors on the amount of surface
rise in order to establish a functional relationship
between them. As the main factors affecting the
amount of lift, one can single out: the volume of
injection of the solution into one cuff, the depth
of the cuff at the base and the number of cuffs on
one vertical.

A study was carried out on the influence of the
depth of the collar on the amount of rise of the
day surface under the foundation slab. It is
assumed that the foundation slab creates a
distributed pressure on the base surface of 0.4
MPa [22], and the surface is lifted along the axis
of the vertical arrangement of the collars, while
up to 10 collars, which are tiers of collar
columns, can be located on one axis.

The volume of cement slurry injection into each
collar was selected based on the condition of the
interstitial bodies closing together, thus, the
resulting shape of the intrusion bodies located on
the same vertical axis is similar to the structure
of a hardened soil pile in a sandy base [23], which
in the above studies is called a pillar injection.
To obtain a functional relationship between the
magnitude of the rise of the day surface and the
volume of the solution injected into the cuff, as
well as the depth of the cuffs and their number in
one injection column, 10 series of calculations
were carried out with different numbers of cuffs
on the vertical. In the last calculation, the injection
was simulated with ten cuffs located in a single
injection column. In this case, the total rise of the
surface was 1.17m, while in total, in all 10 cuffs,
the injection of 66700l (66.7 m3) of cement slurry
was simulated. The useful volume of the raised
surface was 37,900 liters or 37.9 m3. For the last
calculation, Figure 11 shows the pattern of
displacement isofields in the computational
domain, and Figure 12 shows the pattern of the
isofields of principal stresses.

The generalized results of the calculations
performed for all injection columns with
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different numbers of cuffs are shown in the graph
in Figure 13.

The resulting graph of cumulative lift versus the
number of cuffs in the column is shown in this
upper envelope graph. The upper envelope is the
dependence of the lift of the foundation slab on
the discharge volume, and the discharge volume
determines the layout of the collars in the
discharge column.

0.0m 1.2M

Figure 11. Picture of isofields of displacements
in the computational domain when simulating
the injection of a solution in ten cuffs

4000xH/ 0.0xkHAL

Figure 12. Picture of the isofields of the
principal stresses in the computational domain
when simulating the injection of a solution into

ten cuffs in one injection column
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Figure 13. Graphs of the dependence of the rise
of the base of the foundation and the useful
volume on the volume of injection of the
solution (the numbers indicate the dependence
curves for individual design cases)

Using the obtained dependencies, it is possible to
calculate the total volume that needs to be
pumped into the cuffs located on the vertical to
lift the base of the foundation by a given value in
the range from 0.0 to 1.17m. The volume
obtained can be used to calculate the useful
volume. According to the calculated total
volume, the required number of cuffs in the post
can be determined. At the same time, the order of
injection is established starting from the lower
cuff, discrepancies in the delivery volumes are
compensated by the lower cuff.

Based on the data obtained, calculations were
made to lift the ZAGES-2 foundation slab. A
scheme was developed for feeding the solution
into the collar columns using the compensatory
injection method, in which the required volume
of the injected solution was 9240.8 m3, the
arrangement of the collar columns in the plan and
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along the tiers of the subgrade was developed, the
total number of collar injectors was 74 pcs.

CONCLUSIONS

1. Numerical studies to simulate an expanding
area in the thickness of soil material led to the
development of a computing program Julys,
which allows to recreate the conditions and
repeat the result of a physical experiment on the
introduction of cement slurry into a sandy base
with the goal of obtaining a response in the form
of a rise in the day surface. The error of the
obtained result is no more than 3%.

2. Within the framework of the finite element
method, a special element has been developed
that simulates the injection body in the area of
injection and volume expansion around the
injection pipe (cuff). The shape of the element is
taken in the form of a flattened ellipsoid with an
axis ratio of 1: 2.5, which grows and expands on
the basis of the "interlayer" elements previously
built into the grid.

3. The length of each group of elements of the
"interlayer" should be selected according to the
maximum volume of the total injection in the
area of this "interlayer".

4. The effectiveness of the numerical experiment
is controlled by the absence of tensile stresses
when the nodes are "pulled” to the boundary of
the sphere and can be adjusted to the individual
task in the course of refining the shape of the
spheroid.

5. It has been proven that the most effective way
to lift the foundation slab is to create, due to the
adopted layout of the collars, injection pillars, in
which injection is carried out in the direction
from bottom to top.

6. The functional dependences of the height of
the foundation slab lift on the depth of the collars
in the soil layer, their quantity in the injection
column have been obtained, which makes it
possible to find the volume of solution injection
and the layout of the collar columns for a given
lift value.
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7. According to the results of numerical
modeling of the lifting of the Zagorskaya
PSHPP-2 foundation slab by the compensatory
injection method, the required volume of the
injected solution is 9240.8 m3, while the number
of collar columns distributed over the base area
is 74 pcs. and the axial distance of the collar holes
in the collar columns is 3.5m.

8. In the developed method of modeling the
process of compensatory injection using the
example of the Zagorskaya PSHPP-2, the
injection efficiency is about 38.8%, which
correlates with the data of field experiments [1].
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Abstract. The article discusses ways to solve engineering problems in the study of technological processes using meth-
ods of system analysis. The essence of this method is to study the technology as a cybernetic system with an assessment
of the" reactions” of this system to external influences formed during an active experiment. At the same time, optimiza-
tion problems are solved analytically. Analytical optimization is based on two main principles. The regression equations
obtained as a result of processing experimental data and testing statistical hypotheses are models that adequately de-
scribe real processes. Each of these equations is an algebraic function of several variables, to which methods of mathe-
matical analysis are applicable, including the study of extremums of functions in partial derivatives. The next step is to
develop a process algorithm and develop computer programs that allow you to select the composition and predict the
properties of the product. As an engineering interpretation, it is possible to construct optimized nomograms that allow
solving both direct and inverse problems; that is, predicting the result or selecting technological factors. The research
methods described in the article are implemented in the study of technologies of cellular concrete, foam concrete, ce-
ment-polymer concrete and products made of mineral wool and foam glass. As an example, the article considers the
optimization of the selection of the composition of fine-grained concrete reinforced with chopped glass fiber. The im-
plementation of the developed method allowed us to determine the optimal value of the determining parameters, includ-
ing the consumption of fiber and plasticizer, as well as to form a method for studying the properties of products.

Keywords: concrete, composite material, technology, glass fiber, dispersed reinforcement, analytical optimization.

CUCTEMHBIN AHAJIN3 TEXHOJOI'MYECKUX MPOLIECCOB

AJl. XKykoe 1?3, E.IO. Boopoea ?, H.U. Ilonos *, JI.5. Apeza *

! HaroHatbHBIi HccIenoBaTenbekuii MOCKOBCKU roCyJIapCTBEHHBIN CTPOUTENbHBIN YHUBEpCUTET, MOCKBa,
POCCUA
2 HarmoHANBHBIH HCCIIeI0BATEIbCKAN yHuBepcuTeT «Bricmas mkosia skoHoMukny, Mocksa, POCCUS
3 Hayuno-uccnenosarensckuii Uncturyt CtpourensHoi ®usuku, Mocksa, POCCHS
4 BopoHeKCKHit rocy1apCTBEHHBIN TEXHUYECKUH yHuBepcHuTeT, Boponex, POCCHUS

AHHOTanusi. B cratbe paccmarpuBaroTCsl CrOCOOBI PEIICHHs WHXKEHEPHBIX 3a7ad HPH MCCICAOBAHUU TEXHOJIOTHYE-
CKHX IPOLIECCOB C MCIOIb30BaHUEM METOAO0B CHCTEMHOro aHainn3a. CyTh 3TOr0 METO/A 3aKJIIOYAcTCsl B UCCICOBAaHUU
TEXHOJIOTUH KaK KHOEPHETHUECKOW CHCTEMBI C OIICHKOH «pEeaKIHii» 3TOI CHCTEMbl Ha BHEITHHWE BO3ICHCTBUS, (HOPMH-
pyeMbI€ B IPOIIECCE AKTUBHOTO dKCHEPUMEHTA. [Ipy 3TOM pemeHre OnTUMHU3alNOHHBIX 33/1a4 OCYIIECTBISIETCS aHAIIHU-
THYECKU. AHAJTUTHYECKAS OIITUMM3aLHA 63,31/lpyeTC$[ Ha ABYX OCHOBHBIX ITOJIOKCHUAX. HonyquHme, B pE3YyJIbTATEC 06-
paboOTKH SKCIIEPUMEHTATIBHBIX JAHHBIX M NMPOBEPKH CTATUCTUYECKUX T'HIIOTE3 YPABHEHUS PErpeccuu SBIAIOTCA MOJe-
JIAIMU, aJ€KBATHO ONMCBIBAIOIIUMH PCaIbHBIC MPOLCCCHI. Kancz[oe N3 TaKux ypaBHeHI/Iﬁ SABJIACTCA anre6pa1/1l1e01<0171
(byHKIMEH HECKOJBbKHUX MEPEeMEHHBIX, K KOTOPOMY MPUMEHUMBI METO/IbI MaTeMaTHUeCKOTO aHalli3a, B TOM YHCIIE HC-
CJIeZIOBaHME HKCTPEMYMOB (DYHKIMI B YaCTHBIX MPOM3BOIHBIX. CIEIYIOINM IaroM sIBJISIETCsS pa3paboTKa allropurMa
mpolecca U pa3paboTKa KOMIIBIOTEPHBIX IIPOrpaMM, MO3BOJIAIOIINX OCYLIECTBIATH OA00P COCTaBa M IPOrHO3UPOBA-
HHE CBOICTB NMpojayKTa. B kauecTBe MHKEHEPHOI MHTEPHPETAIMH BO3MOKHO ITOCTPOCHUE ONTHMHU3HMPOBAHHBIX HOMO-
rpaMM, MMO3BOJIIIOMINX PEIIaTh Kak NpsMbIe, TaK U 0OpaTHbIC 33/1a41; TO €CTh IPOTHO3UPOBAHUE PE3yJIbTaTa WK BEIOOP
TEXHOJOTUYECKUX (akTopoB. ONMCaHHBIC B CTAThe METOJIbI MCCICOBAHMS PEANN30BAHbI IIPH M3YUYECHUH TEXHOJIOTHH
SYEUCTOTO OETOHA, TEHOOETOHa, IEMEHTHO-TIOINMEPOETOHA M U3/IeNNil U3 MUHEPAJIbHON BaThl U MEHOCTEKIA. B kaue-
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CTBE TIPHUMEpPA B CTaThe PacCMaTPHUBACTCS OMTUMM3AIMS MOA00pa COCTaBa MEIKO3EPHUCTOrO OETOHA, apMUPOBAHHOTO
pyYOJICHBIM CTEKJITHHBIM BOJIOKHOM. Peanm3anust pa3paboTaHHON METOMKH MO3BOJIMIA ONPEACIUTh ONTHMAIBHOE 3Ha-
YEHHUE OIPEACIIONINX TapaMeTPOB, BKIIIOUYas pacxo/] BOJOKHA M IIACTH(HKATOPA, a TaKkKe CHOPMUPOBATH METOHUKY

H3Y4YEHMs CBOMCTB U3JEIHN.

KaiwoueBbie ciioBa: 0€TOH, KOMIO3UIIMOHHBIA MaTepHall, TEXHOJIOIUs, CTEKIISTHHOE BOJIOKHO,
JUCTICPCHOC apMHUPOBAHUE, AHATUTHYCCKAST OTITUMHU3AITHSL.

1. INTRODUCTION

System analysis of technology and process
modeling are aimed at solving three types of
problems: development of composition selec-
tion methods; optimization of the composition
or characteristics of the initial components; op-
timization of parameters that characterize the
technology as a whole, or individual technologi-
cal processes.

The object of research in this case is a technologi-
cal process and to describe it, a cybernetic system
is widely used, called a "black box", which has its
own input parameters, control actions and outputs.
Methods for studying technological processes by
building cybernetic models and optimizing them
are constantly being enriched and expanded. Im-
plementation of the system analysis of technology
involves addressing two types of technological
problems: the development of methods for select-
ing the composition of the material and optimiza-
tion of the technology of this material [1, 2].
Certain provisions of the system analysis are
implemented in the study of recipes and tech-
nologies of building materials for various pur-
poses and various material composition from
heat-insulating products to heat-insulating and
structural concrete. Modern realities, in which
the construction complex is developing, sug-
gest setting new tasks in related areas of re-
search, including utilization of by-products of
construction materials production and waste
obtained as a result of demolition of construc-
tion objects [3-5].

Dispersed reinforcement with natural, synthetic,
or mineral fibers can significantly modify the
properties of the finished product [6-8]. In domes-
tic and foreign practice, sufficient experience has
been gained in the use of various types of fibers in
the composition of concretes, building mixes or

their analogues: steel fibers, fibers based on alkali-
resistant glasses or basalts, polymer, cellulose,
nanotubes, steel fibers, etc. [9-11]

The use of these by-products in the manufacture
of construction products is a science-intensive
method of recycling waste that appears as a result
of the demolition of old buildings and structures,
as well as waste from the production of building
materials [12-14]. It should be noted here that any
by-products of the production of mineral binders,
Portland cement, concrete, or their derivatives
classified as waste contain a certain percentage of
clinker minerals. As a result of fine grinding or
mechanical or mechanochemical activation, this
component ceases to be an inert filler and begins
to exhibit astringent properties [15, 16].

Fine grinding of mineral components and the
use of fibers with a diameter of 0.1...6 microns
allows not only to modify the structure of con-
crete, with an increase in strength characteris-
tics, and, first of all, Flexural strength, but also
changes the nature of chemical and physico-
chemical processes on the contact surfaces of
the mineral matrix and fiber with the formation
of ordered Microsystems qualified as nanostruc-
tures [17-20]. This suggests the emergence of a
new subclass of building composites.

The purpose of the research presented in the ar-
ticle was to develop, using the methodology of
system analysis, elements of the methodology
for selecting the composition of a dispersed re-
inforced composite material based on fine-
ground concrete scrap waste, mineral binder,
alkali-resistant glass fiber and plasticizer.

2. MATERIALS AND METHODS

The system approach is one of the foundations of
technological modeling. It consists in dividing
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the entire technological process into separate
blocks that are adequate for technological pro-
cessing; studying the functioning of each block
separately; establishing the relationship between
individual blocks and building a General scheme
of the process as a set of blocks and links be-
tween them. The basis for the study is modeling,
which can be carried out using both statistical
methods (discussed above) and deterministic and
conceptual (logical) models [21, 22].

Factors characterizing

control parameters
—

v

Technological I:>
process

Factors

characterizing raw E>
materials

Experiment
Results

= Optimization

parameter

Figure 1. Technology as a cybernetic system

The "black box™ (figure 1) can cover the technolo-
gy as a whole. This technique is widely used when
building models based on a "passive” experiment,
when conclusions are drawn from observations and
collecting statistical information. The "black box"
can cover a separate technological conversion, that
is, a separate process: selection of the composition,
preparation of the mixture, molding, and heat
treatment. The technology model, in this case, is
obtained from individual bricks-blocks. The con-
nection between individual” blocks "of technology
is made through factors that are™ outputs "for one
block and" inputs” for another. This technique,
which is widely used in the analysis of nonlinear
technological processes, does not exclude the use
of techniques used in the first method.

The cybernetic model, which is based on a
flowchart, is a legitimate basis for conducting
an experiment, further processing the results,
and building its mathematical (statistical) mod-
el. A mathematical model of a separate techno-
logical process is formed from a set of polyno-
mials describing individual fragments of this
process.
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If the "black box" covered the technology as a
whole, the experiment covers dozens of factors.
First, we consider the entire set of factors "in-
volved" in the process of creating the material.
Using special techniques, the most significant
factors are identified, and then all the problems
of technology optimization and simulation solu-
tions are implemented based on the variation of
significant factors.

The obtained regression equations are checked
for all statistical hypotheses and the models '
adequacy is checked by the Fisher criterion. As
a result of statistical checks, only significant
factors are left out as a result of comparison
with confidence intervals (Abj), and as a result
of checking by the Fisher criterion, a conclusion
is made about the adequacy (or inadequacy) of
the obtained models.

Evaluation of the influence of each factor on the
result is carried out by the value and sign of the
coefficient facing the factor (its linear value or
quadratic function) or their pair interaction. It
should be noted that the experiment is per-
formed in the encoded values of factors (re-
duced to the interval [-1, +1].

Interpolation of the results consists in calculat-
ing the strength and average density of the ma-
terial depending on the values of the variable
factors and is carried out by implementing
computer programs. This program includes the
following blocks: input data (values of factors
in real terms), a block coding factors, calcula-
tion block, the output results on the display.
Testing of statistical hypotheses, modeling,
processing and optimization of results was car-
ried out in accordance with the methods of
processing the results of the experiment.

The equations are optimized using an analytical
method. Which is based on the following provi-
sions: the obtained regression equations ade-
quately describe the technological process under
study; each equation is an algebraic function of
several variables (by the number of significant
variable factors) and mathematical analysis
methods are used to study this function. The ex-
perimental conditions are shown in table 1.
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Table 1. The intervals of variation of factors

Name of the factor Symbol | Average val- | The range of | The values of

i ue of the fac- | variation, the factor levels
tor, Xi AXi -1 +1

Consumption of Portland cement, | X1 450 50 400 500

kg/m3

The consumption of plasticizer, % | X2 0.6 0.2 0.4 0.8

Consumption of fine filler, kg / X3 650 50 600 700

mS

Consumption of the reinforcing Xa 0.5 0.5 1.5

component, %

The costs of cement, fine filler, plasticizer, and
reinforcing component are taken as variable fac-
tors. The water flow rate is set in accordance
with the required level of mobility of the mix-
ture and is a dependent factor. The response
function taken the strength of concrete in com-
pression (Y1) and its average density (Y2).

As the parameter optimization in the third stage
of the experiment adopted the coefficient of
structural quality concrete (CCQ), equal to the
ratio of compressive strength of concrete (V1) to
its average density (V2):

CCQ = (V1) (Y2

3. RESULTS

Mathematical processing of the experimental
results allowed us to obtain regression equations
for compressive strength (V1) and average den-
sity (Y2). The following mathematical models
(polynomials):

- for compressive strength

V1= 39.7 +3.9X1+1.7X2+1.9X3 +2.2X4 +
1.5X1X3+1.2X1Xa-1.1X2? -1.2X4?

- for medium density:

V2=1960 + 52X1 + 24X+ 33Xz + 13X4 +
11X1X3— 6X22— 4X4?

76

The significance of the coefficient was checked
by confidence intervals, respectively, the confi-
dence interval for the density was Ab: = 0.8
MPa, and for the average density Abz =3 kg/ m?.
The obtained models are checked for adequacy
by the Fisher criterion. The calculated values
of the Fischer criteria are equal for the average
density model F1=15.2 and for the compressive
strength model F2=15.7. Table of criteria val-
ues, respectively, equal to the 19.2 and 19.3.
The calculated value of F-test does not exceed
the table, and with the appropriate confidence
level (98 %) model can be considered ade-
quate. This fact will be taken into account in
the analytical optimization of mathematical
models.

Analysis of the coefficients of the equation V1
= f1(X1, X2, X3, X4) shows that the strength
increases with increasing expenditure of Port-
land cement, sand and screening in the inter-
vals taken in the experiment (positive coeffi-
cients for X1, Xz, X3, X4). When the polymer
costs increase, first there is an increase in
strength, and then at high costs — there is a
decrease (coefficients at X2 and X2?). This
suggests that the function Y1 = f1(X1, X2, X3)
has a local extreme over Xs, and analytical
optimization can be applied.

Analysis of the coefficients of the equation Y2 =
f2(X1, X2, X3, X4) shows that the greatest influ-
ence on the increase in concrete density is ex-
erted by an increase in the consumption of Port-
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land cement and fine-ground filler (coefficients
at X1 and X3s). Increasing the consumption of the
plasticizer and the reinforcing component in-
creases the density: at first, intensive, and at
high costs — insignificant.

Analytical optimization is based on the fact that
the functions for strength and density Vi =
f1(X1, Xz, X3, Xa) and V2 = f2(X1, X2, X3, Xa)
are mathematical and mathematical analysis
methods can be applied to them, provided that
the adequacy condition is not violated. In this
case, the following scheme is adopted:

- The equation V1 = f1(X1, X2, X3, X4) is differ-
entiated by X2 and equated to zero, determining
the extreme of the function V1 by Xo;

- the equation V1 = f1(X1, X2, X3, X4) is differ-
entiated by X4 and equated to zero, determining
the extreme of the function V1 by Xu;

- solve the functions V1 = f1(X1, X2, X3, X4) and
V2 =f2(X1, X2, X3, X4) with optimized values X2
and X4 (X2 = optz2 and X4 = opta), then perform
local optimization.

4. DISCUSSIONS

Analysis of the polynomial describing the rela-
tionship between compressive strength and vari-
able factors shows that this function (which is
essentially a function of several variables) for
two of these variables, namely, the flow rate of
the plasticizer (X2) and the flow rate of the rein-
forcing component (Xa), has local extremes.
Therefore, we can use the mathematical appa-
ratus of analytical local optimization.

At the first stage, we perform analytical optimi-

zation based on the X4 factor.

A% 3 3 22
%XA =22-24X,=0-> X, _ﬂ_0.92

We solve the basic equations for X4 = 0.92
-for compressive strength

V1=40.7 +3.9X1+1.7X2+1.9X3+1.5X1X3
+1.1X1 -1.1X2?
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- For average density:

V2=1969 + 52X1+ 24X2+ 33X3+ 11X1X3—
6X22

In natural values, the consumption of chopped
glass fiber is determined by decoding:
Cogv =1+ 0.5x0.92 = 1.46%.

Interpolation solutions for the entire range of
changes in factors X1, X2, and X3 can be repre-
sented graphically (Fig. 2).

.._
s
Portland cement consumption,
kg/m?

0.5
6 Plasticizer
.7 consumption, %

.
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5 B

Portland cement consumption,
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r
=
=

=]
5

400
0.4
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0.6 Plasticizer
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-,
600 620 640 660 680 700 08
Fine filler consumption, kg/n
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Figure 2. Graphical interpretation of the

response functions optimized for the consump-

tion of the reinforcing component (consumption
is Cgv = 1.46%): a — dependence of the con-

crete strength on variable factors; b — depend-
ence of the average concrete density on variable
factors: | — 40 MPa; 11 — 35 MPa; 111 — 30 MPa;
IV — 25 MPa; 1 — 2000 kg/m3; 2 — 1950 kg/m?; 3

— 1900 kg/m?; 4 — 1850 kg/m?3; 5 — 1800 kg/m3
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At the second stage, we perform analytical op-
timization based on the X2 factor

1.7
8X2 :1.7—2.2X2 :O—)XZ 252077

oy,

We solve the equations already optimized for Xa
at X2 =0.77
- For compressive strength

V1=41.9 +3.9X1 1.9X3+1.5X1Xs
- For medium density:
V2=1984 + 52X1+ 33X3+ 11X1X3

In natural values, the consumption of chopped
glass fiber is determined by decoding:
Cgv = 0.6 + 0.2x0.77 = 0.75%

4) Form an analytical expression for the coeffi-
cient of structural quality of concrete (CCQ):

cco _ YV, 41.9+439X, +1.9X, +1.5X X,
V, 1984+52X, +33X,+11X X,

[MPa-m3/kq]

A graphical interpretation of the resulting equa-
tion is shown in Fig. 3
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Figure 3. Dependence of the Coefficient of con-
structive quality on the consumption of fine-
ground mineral filler and the consumption of

Portland cement, taking into account the opti-
mization of plasticizer consumption and the
consumption of reinforcing fiber, kg / m3: 1 -
500; 2 — 450; 3 -400

Analyzing the graph of the dependence of the
coefficient of structural quality (CCQ) on Port-
land cement and the consumption of mineral
filler obtained by fine grinding of concrete
scrap, we can state the following. First, it is an
obvious fact that when the optimal values of
plasticizer consumption (3.42 + 0.2 kg/m?) and
the consumption of reinforcing fiber (1.44 *
0.1%) are obtained analytically, the CCQ in-
creases with the increase in the consumption of
Portland cement. Second, it was found that in
the intervals of variation of the factor provided
for by the experimental conditions (table. 1)
there is a tendency for additional CCQ growth
with increasing filler costs. This may well be
explained by its hydraulic activity, but requires
additional research.

Using the methods of system analysis and the
approach to technology as a cybernetic system
allows you to create a mathematical model of
the technology as a whole, or its individual
blocks. In particular, to develop methods for
selecting the composition and predicting the
properties of the product. It is also important to
be able to obtain information on the direction
and significance of the influence of factors or
pair interactions on the result (by the sign and
absolute value of the coefficient or pair interac-
tion.

Analysis of regression equations also provides
information on the possible appearance of a
synergistic or antagonistic joint influence of a
group of factors on the result (coefficients for
paired or triple interactions). Here it is neces-
sary to emphasize that only the fact of interac-
tion can be registered, since the factors in the
equations are represented in encoded form. To
estimate the amount of influence, the equations
must be converted to the natural values of the
factors.

The results of studies of technological processes
using system analysis methods are also consid-
ered as a basis for further research with the solu-
tion of problems of materials science, heat and
mass transfer in materials, and the study of
phase transformations in the process of techno-
logical processing.
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5. CONCLUSION

As a result of the research, elements of the
methodology for selecting the composition of a
dispersed reinforced composite material based
on fine-ground concrete scrap waste, mineral
binder, alkali-resistant glass fiber and plasticizer
were developed. The research was based on the
method of system analysis, the essence of which
was to study technology as a cybernetic system
with an assessment of the" reactions” of this
system to external influences formed during an
active experiment. At the same time, the solu-
tion of optimization problems was carried out
within the framework of the General methodol-
ogy of analytical optimization.

The research methods described in the article
were previously implemented in the study of
technologies for cellular concrete, foam con-
crete, cement-polymer concrete, and products
made of mineral wool and foam glass. As an
example, the article considers the optimization
of the selection of the composition of fine-
grained concrete reinforced with chopped glass
fiber.
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Abstract: Two differential equations of moisture transfer based on the theory of moisture potential have been
considered. The first equation includes the record of moisture transfer mechanisms of vapor and liquid phases and their
relationship. The second equation is a simplified form of the first equation which makes it possible to apply a discrete-
continuous approach. The peculiar properties of the boundary conditions setting of the outside air for temperature and
humidity fields have been presented. It is proved that the use of the discrete-continuous method provides high accuracy
of calculations and can be used in engineering practice to assess the unsteady humidity regime of enclosing structures.

Keywords: moisture regime, discrete-continuous approach, moisture transfer equation.
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KOHTHUHYAJIBHOI'O ITOAXOJA
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AnHoTammsa: PaccMotpeno nBa nudepeHIMaTbHBIX YPaBHEHHS BIArolepeHOCa, OCHOBAaHHBIX Ha TCOPUH TOTCHIIMAJA
BIaXXHOCTH. [lepBoe ypaBHEHHE BKIIFOYACT y4eT MEXaHM3MOB BJIArOINCPEHOCA MMAapOOOPa3HOM M JKUIKOW (ha3kl U UX CBSI3b
MKy JpYT ApyroM. BTopoe ypaBHEHHE TpENCTaBIsieT COOOH YIPOIIEHHBI BHI MEPBOTO YPAaBHEHUS CICIUATIBHO TS
BO3MOYKHOCTH TPUMCHEHHS JMCKPETHO-KOHTHHYAJIBHOTO Moaxoaa. [IpeicTaBiieHbl OCOOCHHOCTH 33/IaHWSl TPAHUYHBIX
YCITIOBHI HApY)KHOTO BO3IyXa IS TEMIICPaTypHOTO W BI&KHOCTHOTO Tonei. J[oka3aHo, YTO MpHUMEHEHHE IHCKPETHO-
KOHTHHYAITLHOTO METOJa JTACT BBICOKYIO TOYHOCTH BBIYMCIICHHN W MOJKET HCIIONB30BATHCS B WHXKCHEPHOW IMPAKTHKE TS
OIICHKY HECTAIMOHAPHOTO BIAKHOCTHOTO PEKIMA OTPayKIAFOIIINX KOHCTPYKIIHI.

KaioueBble c10Ba: BIQXXHOCTHBINA PEXXUM, AUCKPETHO-KOHTHHYAIbHBIN TTOXO0/1, YpaBHEHHUE BIaronepeHoca.

1. INTRODUCTION

Heat and moisture transfer in enclosing structures
is one of the most complicated and pending issues
in construction [1,2]. The main feature of the
problem mentioned is that the processes of
moisture transfer are non-stationary [3]. The
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assessment of the moisture state of building
materials by stationary methods can lead to
serious errors in the design of buildings and
structures [4].

Experimental studies of heat and mass transfer
problems are constantly being carried out by
scientists from all over the world [5,6] in various
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branches of technology. As an example, we can
mention the problem of drying wood. In
construction, new architectural and designer
solutions have a great influence on the choice of
enclosing structures [7,8].

The humidity regime affects energy saving,
thermal protection of buildings, as well as the
durability of the enclosing structures [9,10]. The
moisture regime assessment is accentuated by the
fact that moisture can be in different relationship
with the skeleton of the building material and
different aggregate states.

The earliest notions about the calculation of
building enclosure moisture state were based on
the differential equation for the water vapor
transfer [11]. Subsequently, it was found that
water vapor is not the only moisture transfer
potential. In the pores of building materials, some
processes, such as capillary fluid flow, moisture
transfer under the temperature and air filtration,
and the mutual influence of temperature and
humidity fields occur. [12]

In after years, the researchers worked with a
system of differential equations describing various
transfer potentials. However, back in the XX
century V.N. Bogoslovsky created the function of
the moisture potential that makes it possible to
replace several separate transfer potentials with
one single moisture potential, which greatly
simplified the work with mathematical models of
the moisture regime. At present, a large number of
moisture or mass transfer potentials have been
developed, for instance, the Bogoslovsky
potential, the Lykov potential, the L. Pel potential,
the H.M. Kunzel, etc [13].

There are diverse regulations governing the
assessment of the moisture state of building
envelopes all over the world. In Europe it is
customary to assess the humidity regime using the
WUFI computer program. In the Russian
Federation the Set of Rules 50.13330.2012
“Thermal protection of buildings”, which also
contains a section called “Protection against water
logging of enclosing structures”, is applied. This
regulatory document is based on the theory of
moisture potential by V.G. Gagarin and V.V.
Kozlov [14]. According to the Set of Rules

Kirill P. Zubarev

50.13330.2012 "Thermal protection of buildings",
the problem of stationary moisture transfer under
the moisture potential F, which uniformly takes
into account the movement of vaporous and liquid
moisture, is considered [15]:

OF (w,t)
ox

2t o 1)
X

where F — moisture potential, Pa; u — vapor
permeability coefficient, kg/(ms-Pa); w — material
moisture , % by weight (1 kg/kg = 100 % by
weight), t —temperature,’C; x — coordinate, m.
Nevertheless, creating formulas and methods
that allow us to assess the unsteady humidity
regime without applying numerical methods
remains relevant.

In this regard, the most promising areas of
research are discrete-continuous calculation
methods, which are used in various construction
problems [16,17].

The closest to moisture transfer is the heat
transfer problem.

In a discrete-continuous formulation, the heat
equation was studied by Zolotov A.B., Akimov
P.A., Sidorov V.N., Mozgaleva M.L. and S.M.
Matskevich [18-22].

2. THE PROBLEM

Derive the equation of unsteady moisture
transfer using the discrete-continuous approach
and evaluate its efficiency in comparison with
the finite difference method.

3. MATERIALS AND METHODS

In earlier studies, a differential moisture transfer
equation was derived based on the moisture
potential F [15]:

2
OF (w,t) —x (w,t)-Et(t)~a F(W,t).
ot

ox? )
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where E; — saturated water vapor pressure, Pa; t
—time, s; x — coordinate, m, Ke — material heat-

humidity characteristic coefficient, m?/(s-Pa).
However, it is impossible to apply a discrete-
continuous method to the equation (2), since the

coefficient «_ depends on the mass moisture

content of the material and temperature. This
means that in discretization of the space-time

domain the coefficient Ke will have a different

value at any point in space, as well as at any
time.

To simplify the equation (2), it is proposed to
replace the material heat-humidity characteristic

coefficient . with the average material heat-

humidity characteristic coefficient «_, .
Thus, the equation (2) will be represented as:

OF (w,t) O*F(w,t)
Tz’ﬂ: 'Et(t)'T' (3)
Since moisture transfer processes in the

building materials are by four orders of
magnitude slower than heat transfer processes,
it was proposed that the outdoor air
temperature outside the structure will be
constant for a month (Figure 1) and the
humidity potential outside the building
enclosure will have the form of a piecewise
linear function (Figure 2).

Inside the structure, both the temperature and
the humidity potentials were taken constant
throughout the year.

20
18
16
14
12
10

Temperature, °C

30 6T 120 150 180 210 240 270 300 330 360

f—

ohhbwonaowm

Time 7, day

Figure 1. Boundary conditions for the
temperature field outside the structure for
Moscow (Russian Federation)
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Moisture potential, Pa
g

0 30 60 9 120 150 180 210 240 270 300 330 360
Time 7, day

Figure 2. Boundary conditions for the field of
moisture potential outside the structure for
Moscow (Russian Federation)

Thus, the saturated water vapor pressure in the
equation (3) will depend on the coordinate but
not on the time during the calculated month.
Setting the boundary conditions of moisture
exchange of the third kind for the equation (3)
and applying the discrete-continuous approach,
we obtain a system of equations in matrix form
which represents the Cauchy problem and has
an analytical solution in matrices:

{Eszt'A-F+S ' ()
F <x<

where E, - a matrix of the saturated water
vapour pressure; A — a matrix of coefficients;
F — a matrix of initial distribution of moisture
potential; S — a matrix of boundary conditions;
F — a matrix of derivatives to the moisture
potential in different sections of the considered
area.

The solution of the Cauchy problem (4) can
written as the equation:

F =[5 .5(0)-do)+e"*"-F.  (5)
0

The integral in the equation (5) will depend on
the function of the boundary conditions.

To take the integral, we represent the matrix of
the boundary conditions as the following an
expression:

2]
I
©
l\‘
I
+
o]

(6)
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where P - the coefficient of the external
boundary condition for a building enclosing

structure, Pa/s?; B — a column vector, the first
and last elements of which describe the
boundary conditions on the outer and inner
surfaces of the enclosing structure, other
elements are equal to O for a multi-layer

enclosing structure; L — a column vector, the
first element of which is equal to one, other
elements are equal to O for a building enclosing
structure.

Substituting (6) into (5), we can obtain the final
expression for the moisture potential using the
discrete-continuous approach:

F- p-((Et-A)’Z.eEvA'T —z-(E, ~A)’1—(E[-A)’2)-.

L+(E, -A)_l(eE"A'T —E)-E’+eE"A'T -F,. @)

As the equation (7) is a numerical-analytical
formula and it does not require numerical
calculations, it can be used in engineering
calculation methods.

4. RESULTS AND DISCUSSION

Replacing the coefficient «_(wt) in the

equation (2) with the coefficient «. in the

equation (3) leads to the simplification of the
mathematical model of heat-moisture transfer.
To prove the effectiveness of the proposed new
discrete-continuous formula (7), the results of
the non-stationary moisture regime calculations
using the finite difference method according to
an explicit difference scheme by the equation
(2) and by the analytical expression (7) were
compared.

A comparison of moisture distribution in the
enclosing structure of aerated concrete in
Moscow (the Russian Federation) made by the
thickness of the enclosing structure (Figure 3)
and by the time throughout the vyear is
demonstrated (Figure 4).

Kirill P. Zubarev

0.0 0.1 0.2 0.3 0.4
Coordinate x, m
Figure 3. The results of the moisture regime
calculations for a single-layer enclosing structure
made of aerated concrete by its thickness (1 -
solving the non-stationary moisture transfer
equation by the finite difference method according
to an explicit difference scheme; 2 - solving the
non-stationary moisture transfer equation using a
discrete-continuous approach according to the
formula (7))

0 30 60 9 120 150 180 210 240 270 300 330 360
Time 7, day

Figure 4. The results of the average moisture
content calculations for a single-layer enclosing
structure made of aerated concrete throughout a

year (1 - solving the non-stationary moisture
transfer equation by the finite difference method

according to an explicit difference scheme; 2 -
solving the non-stationary moisture transfer
equation using the discrete-continuous approach
according to formula (7))

As can be seen from the graphs, the solution
of the moisture transfer equation according to
the proposed method both quantitatively and
qualitatively coincides with the solution of the
moisture transfer equation according to the
finite difference method. However, the
discrete-continuous approach is carried out

86 International Journal for Computational Civil and Structural Engineering



Derivation of the Equation of Unsteady-State Moisture Behaviour in the Enclosing Structures of Buildings Using
a Discrete-Continuous Approach

according to

the final formula, which

simplifies the calculation.

5. CONCLUSIONS

The discrete-continuous approach enables us to
propose a new efficient method for assessing the
unsteady humidity regime which can be used by
engineers in the design of enclosing structures.
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NUMERICAL STUDY OF THE PUNCHING SHEAR MECHANISM
FOR THIN AND THICK REINFORCED CONCRETE SLABS
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Abstract: The assessment of the punching shear capacity for reinforced concrete slabs, carried out according to the reg-
ulatory documents of a number of countries, leads to significantly various results. At the same time, the results of the
calculated forecast may have great differences from the experimental data. A great influence on the accuracy of the results
of the calculated forecast is exerted by the thickness of the examined slabs, as well as the value of longitudinal reinforce-
ment. These parameters determine the features of the mechanisms of destruction of slabs in case of the punching shear
mechanism, as indicated by individual interpretations of the results of experimental studies. In order to determine the
features of the punching shear mechanism of reinforced concrete slabs of various thicknesses, numerical studies of the
process of cracking and destruction of slabs of different thicknesses have been performed. Differences in the mechanism
of formation and development of cracks in thin and thick slabs are revealed. The paper shows that the behavior of thin
and thick slabs has qualitative distinctions at the initial stages of formation and development of the cracks leading to
destruction. The authors have also shown the difference between stress-strain state of thick and thin slabs before destruc-
tion. In conclusion, it was established that the influence of longitudinal reinforcement on the strength during punching in
thick slabs is much less than in thin ones.

Keywords: modeling, numerical methods, design model, stress-strain state, reinforced concrete structures,
punching failure.

YUCJEHHBIE UCCJEJTOBAHUA OCOBEHHOCTEN
MEXAHUM3MOB PAZPYIIEHUA TOHKHUX U TOJICTBIX IIJIUT
B PEXKUME ITPOJJABJINBAHUA

O.B. Kaoanues ', C.b. Kpvinos ?, C.B. Tpoghumoe >

! MoCKOBCKHit TOCYJapCTBEHHBIN CTPOUTENBHBIN YHUBEpcUTeT, MockBa, POCCUA
2HayuHo-HCCIIe10BaTeIbCKAN HHCTUTYT OeTOHA U Kene300eTona umenn A.A. I'soznes, Moscow, RUSSIA

AnHoTanus: OleHKa HecyIeil CHoCOOHOCTH Ha TIPOAaBINBAaHNE JKENIE300€TOHHBIX IIJIUT, BBIITOJHEHHAsS 10 HOPMaTHB-
HBIM JOKYMEHTaM Pa3HbIX CTPaH, IPUBOIUT K CYIIECTBEHHO OTJIMYAIONINMCS pe3ysbTaTaM. [Ipu 3ToM pe3ybTaTsl pac-
YETHOTO MMPOrHO3a MOTYT UMETh 3HAYUTEIbHbIC OTINYHS OT ONBITHBIX JaHHBIX. BobII0oe BIUSHNE Ha TOYHOCTB Pe3yJilb-
TaTOB PACYETHOTO MPOTHO3a OKA3bIBAET TOJIIIMHA PACCUUTHIBAEMBIX TUINT, @ TAK)KE BEJIMYMHA MPOJOIBHOTO apMHUPOBa-
HUsL. YKa3aHHbIE TapaMeTPhl ONPECISIOT 0OCOOCHHOCTH MEXaHM3MOB Pa3pyLICHHS IUTUT B PEXKUME ITPOIABINBAHUS, HA
YTO yKa3bIBAIOT OT/EJIbHBIE TPAKTOBKH PE3yJIbTATOB HKCIEPUMEHTAIBHBIX HCCIe0BaHUN. B 1niensx onpeaenenus oco-
OGeHHOCTEl PabOTHI Kene300€TOHHBIX IUIMT Pa3NYHON TOJIIMHBI B PEKMME MPOAABINBAHMS IIPOBE/ICHBI YHCIICHHbIE
HCCIIEIOBAHMS MIPOLIECCa TPEIIMHOOOPa30BaHNs U Pa3pyIICHNS TUIUT Pa3HOH TOJIIMHEL. BBIABICHBI pa3nuyus B Mexa-
HU3Me 00pa30BaHMs M PA3BUTHS TPEIIMH B TOHKHUX M TOJICTHIX IuMTax. [lokasaHo, 4To paboTa TOHKHX M TOJCTBIX TUTUT
MMEET Ka4eCTBEHHBIE OTINYMS Ha HAaYaJIbHBIX 3Tanax mporecca o0pa3oBaHus U Pa3BUTHS TPEIIUH, TIPUBOJISAIINX K pa3-
pymenuto. ITokazaHbl pa3nnyus B HANPSHKEHHO-Ae(hOPMUPOBAHHOM COCTOSIHUM TOJICTBIX M TOHKHX IUIUT TEPE paspy-
HIEHHEM. Y CTaHOBIIEHO, YTO BIMSHUE NMPOAONBHON apMaTypbl HA IPOYHOCTH MPHU MPOJABIMBAHUU B TOJCTBIX IIMTaX
3HAYUTENBHO MEHBILE, YEM B TOHKHX.

KaioueBble c10Ba: MoennpoBaHue, YNCICHHBIE METOIBI, PacueTHast MOZIETb,
HaINpspKeHHO-1e()OPMUPOBAHHOE COCTOSIHIE, JKeIIe300€TOHHbIE KOHCTPYKIIUH, TIPOAABIHBAHME.
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1. INTRODUCTION

One of the most actual problems in the bearing
capacity of reinforced concrete slabs according
to the punching shear criterion is the issue of the
behavior of slabs with longitudinal reinforce-
ment. The prediction of the punching shear ca-
pacity based of reinforced concrete slabs with
longitudinal reinforcement and without trans-
verse reinforcement in the support zone is carried
out using the basic formulas, which, as a rule, do
not take consider the features of the failure of thin
and thick slabs. The methods accepted in codes
of number of countries have some differences,
some one of which is very significant. Thus, the
norms of the European Union EN 1992-1-1 Eu-
rocode 2 [1] (hereinafter EC2) and in fib Model
Code 2010 [2] (hereinafter MC2010) provide

Oleg V. Kabantsev, Sergey B. Krylov, Sergey V. Trofimov

accounting the longitudinal reinforcement of the
stretched zone but according to various methods.
The building code of the Russian Federation [3]
(SP 63.13330.2018) does not take into account
the work of longitudinal tensile reinforcement
when calculating the punching shear capacity of
the slab. Such significant deviations in the stand-
ardization of the punching shear design led to sig-
nificant differences in the forecast of the bearing
capacity. Experimental investigations on the be-
havior of slabs of various thicknesses have also
established the differences between the actual
level of capacity and the forecast one for various
standards. Table 1 shows the analysis of various
regulatory approaches based on experimental re-
search data which were previously presented in
the work [4].

Table1
_ B, ho, fo o, f., f,, Vex, VR, VR, Fo.utt
Specimen m m m o% MPa | MPa kN (EC2), (MC2010), | (SP 63.1330),
(100%) kN/% kN/% kN /%
1 2 3 4 5 6 7 8 9 10 11
PG1 [5] 3 0.21 15 15 27.6 | 573 1023 950/7.1 841/17.8 947.5/7.4
PG2 [5] 3 0.21 15 | 0.25 | 405 | 552 440 594/-35.0 420/4.5 1263.36/-187.1
PG3 [5] 6 0.456 | 2.85| 0.33 | 32.4 | 520 2153 2340/-8.7 | 1730/19.6 | 4806.6/-123.3
PG4 [5] 3 0.21 15 | 025 | 32.2 | 541 408 550/-34.8 344/15.7 1066/-161.3
PG5 [5] 3 0.21 15 | 0.33 | 29.3 | 555 550 583/-6.0 455/17.3 987/-79.5
PG7 [5] 15 0.1 0.75| 0.75 | 34.7 | 550 241 189/21.6 197/18.3 257.6/-6.9
PG8 [5] 15 0.117 | 0.75| 0.28 | 34.7 | 525 140 178/-27.1 137/2.1 323.7/-131.2
PG9 [5] 15 0.117 | 0.75| 0.22 | 34.7 | 525 115 165/-43.5 109/5.2 323.7/-181.5
PG10 [5] 3 0.21 15 | 0.33 | 285 | 577 540 577/-6.9 454/15.9 987/-82.8
PG11 [5] 3 0.21 15 | 0.75 | 315 | 570 763 788/-3.3 682/10.6 1066/-39.7
PV1 [6] 3.0 210 |1.38| 15 | 340 | 709 974 1019/-4.6 792/18.7 1105.4/-13.5
PLA4 [6] 3.0 267 |1.38| 158 | 305 | 531 1625 1538/5.4 1191/26.7 1685.5/-3.7
PL5 [6] 3.0 353 |1.38| 15 | 31.9 | 580 2491 2505/-0.6 2255/9.5 3023.2/-21.4
I1-4 [7] 1.98 360 |0.79| 1.06 | 29.6 | 385 1670 1804/-8.0 | 1830/-9.6 1822/-9.1
I1-5 [7] 2.34 460 | 0.97 | 0.83 | 27.9 | 385 2260 2189/3.1 2431/-7.6 2599/-15.0
I1-6 [7] 2.68 550 | 1.14 | 0.89 | 23.7 | 432 2450 2265/7.6 | 3368/-37.5 3152/-28.7
P300[8] |1975| 300 |0.89| 0.76 | 39.4 | 468 1381 1392/-0.8 | 1220/11.7 1860/-34.7
P400[8] | 1975 | 400 |0.89| 0.76 | 39.4 | 468 2224 2377/-6.9 | 2442/-9.8 3472/-56.1
P500[8] | 1975 | 500 |0.89| 0.76 | 39.4 | 433 2681 | 3414/-27.3 | 3919/-46.2 4960/-85.0
Chaoo [9] 0.6 0.076 | 0.25 | 0.66 15 500 | 133.3 80/40.0 84/37.0 71.2/46.6
Chazo [9] 0.6 0.096 | 0.25 | 0.52 15 500 161 110/31.7 121/24.8 101/37.3

Note: the designations in Table 1 are adopted in accordance with EN2 [1] and MC2010 [2]. % were determined
by the following formula: (Vex - Vrd,c) / Vex
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Comparative analysis of the results of the norma-
tive forecast of the bearing capacity with the data
of experimental studies shows:

- taking into account the longitudinal reinforce-
ment in the normative forecast of the capacity of
the slabs according to the punching shear crite-
rion provides a better correlation with the results
of experimental studies;

- the value of the increase in the bearing capacity
does not have a linear correlation with the in-
crease in the thickness of the slab.

Table 2 presents changes in the value of the slab
capacity due to the change in the thickness for
slabs of medium and large thickness.

Table 2

No Investigation Specimen rmn 2/‘; Vke,\)l( VOZX’ 2/(; V;Ox,
1 2 3 4 5 6 7 8 9

1 PV1 210 100 974 100 - -

2 S. Lips [6] PL4 267 127.1 1625 166.8 100 100
3 PL5 353 168.1 2491 255.7 132.2 153.3
4 S. Guandalini PG-10 210 100 540 100 - -

5 [5] PG-3 456 217.1 2153 398.7 - -

6 I1-4 360 100 1670 100 - -

7 | NN F?‘]’ro"i” -5 460 | 1278 | 2260 | 1353 | 100 100
8 I1-6 550 152.8 2450 146.7 119.5 108.4
9 P300 300 100 1381 100 - -
10 | LiK.K.L.[8] P400 400 133.3 2224 161.0 100 100
11 P500 500 166.7 2681 194.1 125 120.5

Analysis of the change in the value of the capac-
ity makes it possible to establish some features of
the behavior of slabs of various thicknesses. With
an increase in the thickness of the slab, an in-
crease in the capacity according to the punching
shear criterion is observed in the entire range of
the investigated slab depths. However, the ten-
dency for an increase in capacity for slabs of me-
dium and large depths (h0 > 0.25 m) changes sig-
nificantly in relation to slabs of small thickness.
In the range of medium and large slab depths, the
increase in the capacity (%) decreases in relation
to the increase (%) in thickness compared to thin
slabs. See data in columns 8 and 9 of Table 2. In
the most pronounced form, this phenomenon was
observed in specimens of N.N. Korovin [7], Li
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K. K. L. [8] et al. In scientific publications, this
effect was called as "size effect".

The EC2 [1] and MC2010 [2] standards consider
the size effect, but accounting methods differ sig-
nificantly. SP 63.13330 does not take into ac-
count the size effect. Fig. 1 shows the influence
of the size effect on slab capacity in accordance
with experimental data and EC2 norms.

The current situation with the scientific substan-
tiation of the size effect and the corresponding
punching mechanisms of slabs of medium and
large thickness requires additional scientific re-
search. Therefore, the subject addressed in this
article is worthy of investigation.
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Figure 1. Influence of the size effect in the normative assessment of the punching shear capacity of
the slab according to EC2

2. OBJECTIVE AND METHOD OF
RESEARCH

Currently, there are two main concepts that ex-
plain the size effect when punching reinforced
concrete slabs of medium and large thickness
with longitudinal reinforcement in the stretched
zone. The first concept is based on fracture me-
chanics [10], the second one on the critical shear
crack theory (CSCT) [11].

According to the fracture mechanics [10, 12]: if
the destruction of a reinforced concrete slab dur-
ing compression is caused by the destruction of
concrete, and not by the achievement of the yield
strength of the reinforcement, then the dimen-
sional effect appears. That is, if geometrically
similar specimens are tested, differing only in
thickness, then the nominal tensile stresses (on)
traditionally determined by formula (1) are
higher in smaller specimens when it fracture.
However, the traditional technique for determin-
ing stresses (1) does not explain the existing size
effect.

1)

Where F is an ultimate breaking load; u is a pe-
rimeter of the design cross-section contour; ho is
an effective depth of the reduced cross section.
Consequently, if the fracture occurs due to the lo-
calization of cracks, which is typical for rein-
forced concrete structures, the capacity for the
action of the transverse force decreases with in-
creasing h0. According to P. Bazant [12], the
main reason for the size effect is the nonlinear
dependence between the energy released during
the formation and development of a crack and the
height of the reinforced concrete section. This
energy effect corresponds to a situation where the
main crack grows steadily until the maximum
load is reached, and the size effect is due to the
energy release rate growth with an increase in the
structure size according to the fracture mecha-
nism.

The fracture model of reinforced concrete slabs
based on the critical shear crack theory (CSCT)
was developed by A. Muttoni [11, 13]. The
method for calculating slabs according to the
punching criterion based on CSCT has been in-
cluded in MS2010, where the punching shear
strength of concrete slab without transverse rein-
forcement (VRd, c) takes into consideration the
rotation angle of the slab support zone v and it is
determined according to formula (2):
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fC
VRd,C = k\y.\'/yi.bo.d (2)

Where vc is the partial factor for concrete in com-
pression; bo is a perimeter of the design cross-
sectional contour with rounded corners at a dis-
tance of 0.5d from the loading area; d is effective
depth of the reduced section; fc is the compres-
sive strength of concrete; ky is coefficient taking
into account the angle of rotation of the slab v,
which is determined by the formula (3).

1
v T 15+09k, yd @)

Where kaqg is the coefficient taking into consider-
ation the grain size of coarse aggregate; v is the
angle of rotation of the slab. When calculating
according to MC2010, the influence of the size
effect on the punching shear strength of the slab
is considered for the angle of rotation of the slab
y according to the formula (4):

st f(m)” @
Y E My

Where rs is the distance to the point where the ra-
dial bending moment equals to zero (for experi-
mental specimens, the distance from the center of
the specimen to the point of attachment); Es is the
modulus of elasticity of the reinforcement; fy is
the yield strength of the reinforcement; ms is the
bending moment in the slab average through the
width bs caused by the applied load. Here bs = 1.5
- I's; MR IS an ultimate bending moment.

The concepts presented for considering the size
effect make it possible to establish the actual
mechanisms of destruction of slabs of various
thicknesses under punching and to perform a
comparative analysis of such mechanisms. In this
paper, we investigate the features of the failure
for thin and thick slabs, including the formation
and development of cracks, as well as schemes
for the slab destruction. The table 1 presents data

\Volume 17, Issue 4, 2021

of such physical experiments. In numerical stud-
ies, we considered a model of a thin slab from [9]
and thick slab model from [7].

Numerical studies were carried out using the
ATENA software [14]. The applicability of this
software for the analysis of reinforced concrete
slabs under punching was substantiated in the
work [4].

The main provisions of the ATENA PC method-
ology are as follows

Modeling of structures in ATENA software is
generally performed taking into account the
specific features of materials. Concrete is mod-
eled by volumetric FE, reinforcement elements
are modeled, as a rule, by bar elements. How-
ever, in some cases, it is quite acceptable to
simulate reinforcement by specifying the per-
centage of reinforcement in the volume of con-
crete. The bond between concrete and reinforc-
ing bars is modeled by introducing special con-
nector that work according to the law specified
by the user. In the studies presented in this
work, the model of longitudinal reinforcement
is made of discrete bars. The joint work of con-
crete and reinforcing bars was modeled under
the assumption of ideal adhesion according to
the verification work [15]. ATENA software
includes dedicated models for finite element
analysis of concrete and reinforced concrete
structures. According to the official reference
manual [14], the concrete model combines the
equations of the theory of plasticity (in com-
pression) and fracture mechanics (in tension).
For concrete, the model uses the criterion of
maximum principal stresses to assess the
strength, an exponential law of softening. At
the same time, the crack can be specified as ro-
tating or stationary. The tensile behavior of
concrete is modeled by nonlinear fracture me-
chanics combined with a smeared crack model.
The main parameters of this approach are ten-
sile strength of concrete, the nature and form of
cracking, and the energy of destruction. The
phenomenon of cracking is described by a
model of smeared cracks in the form of a belt
model [16]. Fig. 2 shows the crack formation
law for the ATENA PC is shown in general.
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Figure 2. The cracking model adopted in the ATENA software according to [14]

The cracking process can be divided into three
stages as shown in fig. 3. The stage without
cracks corresponds to the work of the material
until it reaches the ultimate tensile strength.
Crack formation occurs in the potential crack
zone with a decrease in tensile stresses in this
area. Then crack opening continues at zero ten-
sile stresses at the crack tip.

Uncracked, Process zone | Cracked
"‘ |
G \ |
cl ‘ ‘ |
‘ef |
|
|
|
|
|
w Crack !
ol closing —
—~ 5

Figure 3. Stages of formation and development
of cracks in the ATENA PC according to [14]

For the plastic model concrete in compression,
the Menetrey-Willam strength criterion is used.
An algorithm has been developed that combines
the fracturing model and the plasticity model. An
important feature of the ATENA software is that
the two above models are formulated inde-
pendently of each other, but they are used to-
gether in the calculation. Another significant
characteristic of the concrete model is the use of
the so-called limiters of localization of defor-
mations during destruction. This principle is used
to designate discrete fracture planes independent
of the finite element mesh. In the case of tension,
these planes are represented by cracks. In the
case of compression, it is shown by areas of
crushing. In the computational model, these dis-
crete fracture regions have dimensions that do
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not depend on the dimensions of the element. For
this reason, the planes of destruction are pre-
sented in the model as planes that do not depend
on the dimensions of the FE mesh. For the case
of tensile failure, this approach is known as the
fracture belt model. ATENA software uses a sim-
ilar approach for compression failure detection.
Thus, limits of strain localization allow us elimi-
nating two significant drawbacks of the tradi-
tional FE model of concrete: the effect of the size
and orientation of the FE mesh on the result. Ap-
pliance of the smeared cracks' model makes it
possible calculates and plots the propagation of
discrete cracks quite accurately. Moreover, ac-
cording to the developers of the software [17],
this model does not inferior to models that imple-
ment discrete cracks in accuracy.

3. RESEARCH RESULTS

For the purpose of a comparative analysis, the re-
search results are grouped for each of the consid-
ered parameters. The design model represents 1/4
of the support zone of the reinforced concrete
slab (Fig. 4). The longitudinal reinforcement of
the tensioned and compressed zone of the slab
was modeled with bar finite elements. The load
on the slab was transmitted through the column
at the geometric center of the slab. The model of
external restrains corresponds to the specimen
support on a steel rectangular distribution frame
along the contour. The slab, column, and support
structure were modeled with 3D finite elements.
The dimensions of the volumetric finite elements
for the design model of the slab are determined
in accordance with the requirements of the
ATENA software [14].
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Figure 4. 3D (left) and FE (right) model for numerical studies using ATENA software.
1 - Column; 2 - Supporting structure; 3 - Floor slab; 4 - Reinforcement bars; 5 - Point for
monitoring of displacement along the vertical axis; 6 - Place of load application; 7 - Restraints of
the specimen along the axis of symmetry

Based on the results of the finite element analy-
sis, it was established that the destructive loads
obtained in numerical experiments have an ac-
ceptable correlation with the results of physical
experiments. Deviations of Pmax from Vex are: for

Step: 36
180.00 . (Pmax=164.8 kN) \
tep:
16000 p=127.7 kN)
140,00
120.00
Z
,a-!l]l].l](l
.§ $0.00
60.00
40.00

20.00

0.00
000 020 040 060 080 100 120 140 160

Displacement, mm
a

the design model of the P-6 sample according to
[7] 10.45%, for the design model of the Ch120
sample according to [9] 2.28%. The results of
numerical studies are presented in Fig. 5, 7 - 9.

Step: 39

0.00
0.00 0.20 0.40 060 0.80 1.00 1.20
Displacement, mm

b

Figure 5. Diagrams of deformation vs. values of ultimate loads (kN) for numerical models; a -
model of the Chi20 sample [9]; b - model of specimen P-6 [7]

Analysis of the deformation diagrams demon-
strates significantly different punching mecha-
nisms of slabs of various thicknesses. In a thin
slab, a pronounced unloading section is formed
(after the 14th step of the calculation). In a thick
slab, the unloading phenomenon is not observed.
It should be noted that the phenomena of unload-
ing in thin slabs were also established in previous

\Volume 17, Issue 4, 2021

studies [4]. To study the case, refer to fig. 6.
Thus, the formation of the unloading section dur-
ing loading and deformation of thin slabs can be
defined as one of the most important features of
the operation of such slabs under punching.

Fig. 7 shows the state of the models at the mo-
ment of initial fracturing.
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Figure 6. Diagram deformation vs. magnitude of ultimate loads (kN) of thin slabs (thickness of 200
mm) obtained numerically for specimens from the work [4]
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b - 29th stage of calculating specimen P-6 [7]
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Analysis of the stress-strain state at the time of
initial cracking demonstrates significantly dif-
ferent operating schemes for slabs of various
thicknesses. In a thin slab, a crack is formed in
the tensile zone of concrete [9], which corre-
sponds to the pattern of cracking of a bent ele-
ment. A similar picture of cracking in the ten-
sile zone according to the bending element
scheme was established for all specimens of
thin slabs in studies [4] (Fig. 6), in which the
parameters of longitudinal reinforcement were
varied (from 0.48% to 1.93%). In accordance
with the provisions of the mechanics of

B RN NN N N N -
R T T T SN NN
I A,

reinforced concrete flexure structures, cracking
in the tensioned zone forms the unloading
mechanism, which is confirmed by the diagram
in Fig. 7a. In a thick slab, initial cracks are
formed in the middle part of the section (thick-
ness) of the slab [7]. Such a cracking scheme
does not form a mechanism for unloading the
sample as a whole, and diagram of the defor-
mation does not have an inflection point. An
important feature characterizing the process of
formation and development of cracks is the di-
agram of the directions of the main tensile
stresses in the studied slab samples (Fig. 8).

Figure 8. Diagram of the directions of the principle tensile stresses at the moment of cracking (a)
and at the moment of failure (b); a.1 - 14th stage of calculating the specimen Ch120 [9], a.2 -
36th stage of calculating the specimen Ch120 [9]; b.1 - 29th stage of calculating specimen P-6

[7], b.2 - 39 stage of calculating specimen P-6 [7].

Analysis of the diagram of the directions of the
principle tensile stresses provides the summary
of the reasons for the formation and develop-
ment of cracks up to the destruction of the spec-
imen under an increasing load. In accordance
with the laws of mechanics, Figures 8.a.1 and
8.b.1 show that cracks in concrete are formed
in the zones of maximum tensile stresses, and
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the crack axis is perpendicular to the directions
of the main tensile stresses. At the stage of cal-
culation, corresponding to the failure (Fig.
8.a.2 and 8.b.2), the directions of the principle
tensile stresses in the fracture zone are distrib-
uted chaotically.

The analysis of the isofields of the principal
stresses (max) at the moment of initial cracking
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also demonstrates fundamentally different
schemes for the operation of thin and thick
slabs. In a thin slab, the tensile stresses in the
lower concrete zone are significantly less than
those in a thick slab [9]. Such a scheme is
formed as a result of stress relaxation in a thin
slab during the formation of a crack in the
stretched zone with the subsequent inclusion of
the stretched reinforcement into operation. In a
thick slab, the concrete of the lower zone is in
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tension with parameters close to the limiting
ones [7], but it does not exceed them. The dia-
gram of the distribution of the principal
stresses in the thin and thick slabs corresponds
to the diagram of the deformation of the speci-
men under investigation. It seems important to
analyze such characteristic of stress-strain state
as the value of the loss of concrete strength ac-
cording to the tensile criterion at the beginning
of cracking (Fig. 9).

Tensile Strength
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1.0
0.79
0.55
0.36
0.14

Figure 9. Isofields of concrete strength loss according to the tensile criterion in models a - stage
14 of the model calculation [9]; b - 29 stage of calculation model [7]

The analysis of the isofields of the loss of con-
crete strength by the tensile criterion demon-
strates various schemes of slab operation. In the
center of a thin slab specimen, localization of fi-
nite elements in a narrow zone with an almost
complete loss of tensile strength is observed [9],
which corresponds to the formation of a normal
crack according to the flexure element scheme.
In a thick slab, areas of concrete with a loss of
tensile strength are localized in the zones of for-
mation of cracks in the thickness of the slab [7].
This allows us to conclude that in a thick slab, the
cause of the formation of inclined cracks at the
initial stage is tensile stresses, the maximum val-
ues of which in accordance with the basic princi-
ples of mechanics are localized in the central
zones of the thickness of solid structures under
the accepted loading schemes. Fig. 10 shows de-
struction of the models.
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The analysis of the stress-strain state at the de-
struction of the specimens demonstrates signifi-
cantly different schemes of slab operation. In a
thin slab, destruction occurs according to the nor-
mal crack propagation pattern [9], which is typi-
cal for bending elements. In this case, in addition
to a normal crack, a system of inclined cracks
with corresponding stress relaxation zones is
formed (Fig. 10 a.2). The scheme of destruction
of a thin slab is most clearly shown in Fig. 10 a.3
as isofields of the loss of tensile strength of con-
crete.

In a thick slab, destruction occurs due to the for-
mation of a system of inclined cracks, forming a
punching prism, with single normal cracks in the
lower zone. Such normal cracks have a slight de-
velopment along the depth of the slab. The gen-
eral scheme of the destruction of a thick slab cor-
responds to the formation of a punching shear
prism, which is clearly seen in the diagram of
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isofields for the loss of tensile strength of con-
crete (Fig. 10 b.3).

Analysis of stresses in the reinforcement of the
tensile zone of concrete, thin [9] and thick [7]
slabs demonstrate significantly different levels
of stresses and, consequently, the growth of the
crack opening width in tensioned concrete. In a
thin slab, the tensile stresses in the reinforce-
ment are 1.6 - 3.7 times higher than the similar
parameter of the reinforcement of a thick slab at
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various stages. Even without taking into account
the more complex factors of the influence of the
thickness of the slab on the magnitude of
stresses in the reinforcement of the tensile zone
of concrete, it can be seen that there are large
deviation in the factors of the influence of lon-
gitudinal reinforcement on the formation of
cracks and the processes of destruction of thin
and thick slabs.
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Figure 10. Crack formation diagram a.1 and b.1; isofields of principal stresses (max)
a.2 and b.2; isofields of loss of tensile strength of concrete a.3 and b.3 b at the moment
of destruction;

a - 36th stage of the model calculation [9]; b - 39th stage of calculation model [7]
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Figure 11. Stresses in reinforcement in tension at the moment of cracking (a) and at the moment
of failure (b); a.1 - 14th stage of calculating the specimen Ch120 [9], a.2 - 36th stage of
calculating the specimen Cni20 [9]; b.1 - 29th stage of calculating specimen P-6 [7], b.2 - 39th
stage of calculating specimen P-6 [7]

4. CONCLUSION

As a result of numerical studies, it was found that
the failure of thin and thick slabs under punching
have significant differences.

Thin slabs are destroyed, as a rule, by the mech-
anism of the formation of an initial normal crack
under load. And this leads to the formation of an
unloading phenomenon in the deformation pat-
tern of the "column - slab" structural joint. The
formation of a normal crack together with the in-
clusion of longitudinal reinforcement in the work
leads to relaxation of stresses in concrete. By the
time of failure, concrete in the zone of a normal
crack and concrete in the zone of a system of in-
clined cracks is destroyed according to the tensile
strength criterion. Thus, in thin slabs, longitudi-
nal reinforcement plays an important role in the
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general fracture mechanism according to the
punching shear criterion.

Thick slabs are destroyed by a mechanism with
the formation of inclined cracks forming a
punching prism. At the initial stage, inclined
cracks are formed in the middle zone of the slab
thickness, where the extrema of the principal ten-
sile stresses exceeding the ultimate tensile
strength of concrete are localized. With an in-
crease in the load, the number of inclined cracks
increases with the formation of a system of such
cracks, the length of which grows from the cen-
tral zone of the slab to the upper and lower
planes. By the moment of destruction, concrete
in the zone of the system of inclined cracks is de-
stroyed according to the tensile strength criterion.
Thus, in thick slabs, the fracture mechanism cor-
responds to the formation of a system of inclined
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cracks, which are formed due to an increase in
the principal tensile stresses with an excess of the
tensile strength of concrete. The contribution of
the longitudinal reinforcement of the stretched
zone to the punching failure resistance of thick
slabs is not as significant as for thin slabs.
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ESTIMATION OF THE DEFECT HAZARD CLASS IN BUILDING
STRUCTURES: A DECISION SUPPORT SYSTEM

Vladislav A. Kats, Lyubov A. Adamtsevich

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

Abstract. Technical condition monitoring of building structures located on hazardous facilities is a necessary
requirement for their sustainable functioning. In this regard, the problem of development intellectual monitoring
systems that allow to detect and classify operating defects by the hazardous level becomes very urgent. The study
presents an approach of building decision support system (DSS) for detecting defects in building structures and
estimation of their hazard class. Proposed approach is based on multi-criteria assessment of consecutive measurements
acquired by acoustic emission method. A distinctive characteristic of the proposed approach is the ability to take into
account the evolution of defects by mapping each AE time-series to diagnostic features matrix and analysing these
matrices in sliding windows with overlay. Each matrix is validated by two criteria that form the necessary and sufficient
conditions of the existence the evolving defects in building structure. They include the criterion for changing the
number of clusters and the criterion for changing the acoustic emission activity. Proposed method was verified on the
experimental data acquired from the technical condition monitoring of the vertical oil tanks. The results obtained from
the experiment confirm the proposal that this approach can be utilized for effectively solving the problem of conditional
monitoring of building structures located on the hazardous facilities allowing to detect and classify defects by their
hazardous level.

Keywords: decision support system, acoustic emission, feature extraction, clustering, defect hazard class estimation,
image processing, distance transform.

CUCTEMA NOJJEPKKHU NPUHATUA PELLEHUHA JJ51
OHEHKHU KJIACCA OITACHOCTH JE®EKTOB
CTPOUTEJIbBHBIX KOHCTPYKIIUU

B.A. Kau, J/I.A. Aoamuesuu

HanmonanpeHelii nccnenoBaTebckuii MOCKOBCKUIN TOCYIapCTBEHHBIN CTPOUTEIbHBIN yHUBEpCcUTET, MockBa, POCCHU S

AHHoTanus. OCyIIecTBICHUE MOHUTOPUHTA TEXHUYECKOT'O COCTOSHUI CTPOUTENBHBIX KOHCTPYKIUH, PacrooKeHHBIX
Ha ONAacCHBIX NPOU3BOJICTBEHHBIX OOBEKTAX, SBJIAETCS HEOOXOAMMBIM TpeOOBaHMEM JUIsi WX YCTOWYHMBOW U
HeTIPephIBHOM paboThl. B 3TOH CBsI3M akTyalbHOH MpOoOJIeMOl CTaHOBUTCS pa3padOTKa MHTEIUICKTYalIbHBIX CHCTEM
MOHHUTOPHUHTA, CIOCOOHBIX OCYIIECTBIIATH JIETEKTUPOBAaHHE U KJIACCH(UKALWIO O3KCIUTyaTallMOHHBIX Je(eKTOB
KOHCTPYKIMH TI0 KJlaccaM OnacHOCTH. B paboTe mpezacraBieH METON MOCTPOCHMSI CHCTEMBI MOJJICPIKKH TPHHSTUS
pemernnii  (CIIIIP), mnozBomsrommii KinaccuumMpoBaTh JAeEKTHl MO CTENEeHH OINACHOCTH, OCHOBAaHHBIM Ha
MHOTOKPUTEPHATIBHOW OIICHKE TII0CIECOBATEIbHBIX W3MEPEHHUH [aHHBIX, IOJYYCHHBIX METOJIOM aKyCTHYeCKON
smuccud. OTINIATETHHON XapaKTepUCTHKOM MPEIOKEHHOTO METOo/a SBJSIETCSI CIIOCOOHOCTh YUUTBHIBATH SBOJIIOINIO
JIe(EeKTOB MMOCPEJCTBOM pacueTa MaTPUIl AUATHOCTHYECKHX MTPU3HAKOB OT UCXOAHBIX BPEMEHHBIX PSAOB aKyCTHIECKON
SMHCCHM B CKOJIB3SIIEM BPEMEHHOM OKHE C TepekpbiTHeM. Kaknas marpuiia AMarHOCTUYECKHX IPU3HAKOB
MIPOBEPSIETCST IBYMSI KPUTEPHUAMH, KOTOpbIE (OPMHUPYIOT HEOOXOIMMBIE M JIOCTaTOYHBIE YCIOBHS CYyIIECTBOBAHMS
9KCIUTYaTallMOHHBIX JIeEKTOB B CTPOMTENIbHBIX KOHCTPYKIHSAX, a WMEHHO, KPUTEPUH M3MEHEHUsI KOJIMUuecTBa
KJIACTEPOB U KPUTCPHUH M3MEHEHHS aKTUBHOCTH AaKyCTHYECKOM sSMuccHH. Bammpmamus yka3aHHOTO TOAXoja
IPOU3BEICHA HA DKCHEPHMEHTAIbHBIX IAaHHBIX, IOJYYCHHBIX B PE3yJbTaTeé MOHUTOPHHIA TEXHUYECKOI'O COCTOSIHUS
BEPTUKAIBHBIX HE(TSIHBIX pe3epByapoB. Pe3ynbTarbl, IOJNydeHHBIE B XOJ€ OSKCIEPHUMEHTA, ITOATBEPIKIAIOT
MIPEATOI0KEHHE O TOM, UTO TPEUIOKEHHBI METO MOKET OBITh UCIIOJIB30BaH JUIs 3P(PEKTHBHOTO PELICHHs TPoOIeMbl
MOHUTOPHHI'A TEXHHUYECKOTO COCTOSIHUSI CTPOMTENBHBIX KOHCTPYKIMH, paclojiOKeHHBIX Ha OMAacHBIX OOBEKTax,
MTO3BOJISTIOIINX OOHAPYKUBAThH U KITACCH(UIIMPOBATh AE(EKTHI MO MX CTEIIEHH OITACHOCTH.

KiroueBble ci1oBa: cucreMa TIOAACPKKU TIPUHATHUSA peHleHPIﬁ, AKYCTHUYCCKast DMUCCHA,
METOABI U3BJICUCHUSA TUATrHOCTHUYICCKUX ITPU3HAKOB, OIICHKA KJIacCa OIMMaCHOCTH, 06pa60TKa H306pa)KCHI/II>'I.
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Estimation of the Defect Hazard Class in Building Structures: a Decision Support System

INTRODUCTION

Continuous evaluation of the technical condition
of building structures located on hazardous
facilities is critically important for providing
their smooth and trouble-free operation. One of
the perspective method of conducting periodic
conditional monitoring is an acoustic emission
method (AE) [1]. It is a common knowledge that
the acoustic emission signal emits in the
material under the process of its deformation or
destruction.  Meanwhile, the AE signal
parameters correlate with evolution dynamics of
the defects that are developing during the
operation of the facility [2]. In this regard, the
problem of developing a decision support
system (DSS) based on AE data, which allows
identifying the appearance of operating defects
in the structure of the construction material in
real time and classifying defects by hazard
classes, seems urgent. According to the
regulatory document [3], the condition of the
defect can be described by one of the four
hazard classes:

1)The 1 class source corresponds to non-
hazardous defect

2)The 1l class source is an evolving defect,
moderately hazardous.

3) The 111 class source corresponds to critically
hazardous evolving defect
4)The IV class source
hazardous defect.
Common systems of AE data processing are
primarily based on the analysis of integral
parameters of AE flow such as mean or peak

is catastrophically

amplitude, the oscillation number, signal
duration, MARSE (the area under the AE signal
envelope  higher than  the  amplitude

discrimination threshold) and are suitable in the
conditions of threshold data acquisition. Such
approaches also include the wavelet-analysis of
AE data [4]. These methods have weak noise
immunity and which leads to their low efficiency
under the signal-to-noise ratio (SNR) < 1.

Authors of paper [5] propose to estimate the
hazard class of the defect by utilizing k-means
algorithm. One of the main disadvantage of this

\Volume 17, Issue 4, 2021

method is the requirement of determining the
number of clusters before the calculation.
Furthermore, this approach based on the
estimation of the data of current measurement
and as a result, it does not consider the evolution
of the defect.

The authors of the approach described in the
article [6] propose to calculate periodic statistics
on a set of integral time and frequency diagnostic
parameters, such as amplitude, duration, energy,
signal rise time, average frequency, peak power,
etc. By the calculated statistics they determine and
measure the distances between two classes, one of
which is a reference (its characteristics obtained
during pilot operation), and the other corresponds
to monitoring data [6]. This approach is the most
promising of presented, as it allows detecting
defect in the controlled facility. Nevertheless, the
main drawback of the method proposed in paper is
that the comparison between the two classes by
calculating distance metrics does not allow to
determine the hazard class of the defect.

This study presents an innovative approach of
building an effective decision support system
that provides reliable detection of evolving
defects. Within the framework of the approach,
we describe a method that allows detecting the
moments of transition of operational defects
arising in the construction facility to the stage of
a hazardous developing defect and a critically
hazardous developing defect.

It is further noted that proposed method is an
integral part of a comprehensive methodology for
developing a decision support system for detecting
operational defects in construction structures and
assessing their hazard class. Other aspects of the
implementation of the methodology related to
algorithms for preprocessing measurement data,
methods for extracting diagnostic features and
reducing the dimension of the feature space, as
well as training DSS, are described in [7, 8].

1. METHODS

The proposed method of the defect’s hazard
class determination is based on a multi-criteria

107



assessment of diagnostic features extracted from
acoustic emission time series, which are
acquired during the non-destructive testing. This
assessment is a combination of necessary and
sufficient ~ conditions, the  simultaneous
satisfaction of which allows to detect a defect in
the structure and to determine its hazard class. A
distinctive characteristic of the proposed method
is the ability to take into account the evolution
of defects over time by analyzing their
diagnostic features, which are calculated in the
sliding time-domain windows [8]. Meanwhile,
the analysis of multiple consecutive
measurements data collected within different
intervals of time provides trends identification in
diagnostic feature values changes.

In order to improve the accuracy of detecting
developing defects in conditions of random non-
stationary noise, we also propose an original
algorithm based on processing a series of
measurements by means of a multi-criteria
assessment of the defect hazard class.
Figures/Tables should be centred within the
page width and numbered sequentially.
Figures/Tables should be numbered separately.
Multiple figures should be referred

using letters (e.g. Fig. 1a or 1b).

A set of k consecutive measurements of a given
length forms a series of measurements. The
measurements are grouped in series by applying
a sliding window with overlap. Accordingly, the
series is formed from k - 1 measurements related
to the previous series, and one new
measurement. Each series consists of a set of
diagnostic feature matrices, which represent
statistical parameters of acoustic emission time
series obtained during preprocessing [9] and the
feature extraction procedure [7]. This approach
allows to ensure resistance to possible prolonged
non-stationary  interference and  thereby
protecting against false alarms of the DSS.

The proposed method for identifying the
evolution of the hazard class of a defect in the
object of control is based on two criteria:

1) Necessary - a criterion of clusters number
changing that corresponds to defects with
different hazard classes.
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2) Sufficient - a criterion for the activity of
acoustic emission, determined by the results of
detecting anomalies in the diagnostic feature
space.

Let & - diagnostic feature matrix of i-th
measurement, while k - the number of
measurements forming a series. Then S; =
{&_k -.&} is a diagnostic feature series per
time interval (i-k;i). Consider two cases.

1)The defect is initially absent or is not in
evolving condition (I-class).

Then the necessary condition of existence of the
hazardous evolving defect in the inspecting
structure is:

V¢ €S; (Nclust(§;) > 1) A (Nclust(§;) >
Nclust(&;_y) ... Nclust(&;_1)) 1)
where Nclust(é;) — the number of clusters
calculated from diagnostic feature matrix &; of |
-th measurement. This condition should fulfil for
any matrices of diagnostic features, collected
during measurements i — k ...i. The method of
cluster number estimation will be considered
further in this paper.

We formulate the sufficient condition as
follows:

v ‘Ei € Sj Amin < A(Ei) < Amax (2)

where A(§;) - activity coefficient of
measurement i, A,,;, — the threshold value of
activity coefficient for moderately hazardous
defect, A,,4, — the threshold of the activity
coefficient for the critically hazardous defect.
2) The defect initially exists and corresponds to
moderately hazardous evolving defect (I1-class).
Then the necessary condition of the defect
transition to a critically hazardous class is:

V¢ €S; (Nclust($;) > 2) A (Nclust(E;) >
Nclust(&;_y) ... Nclust(é;_1)) 3)

while the sufficient condition is formulated as
follows:

International Journal for Computational Civil and Structural Engineering



Estimation of the Defect Hazard Class in Building Structures: a Decision Support System

v S;i € Sj A(fi) > Amax (4)
Now we consider the methods of criteria values
calculation Nclust(&;), A(&;) and in detail.

1.1. The method calculation the cluster
number Nclust(&;).

Determining the hazard class of a defect requires
studying the data on the evolution of AE
diagnostic features. AE events obtained from a
defect of the same hazard class form a cluster.
Meanwhile, the number of clusters increases
when the defect hazard class changes [7]. Based
on this statement, in formulas (1), (3), we
formualte a criterion of changing the number of
clusters by comparing the number of clusters in
diagnostic feature matrices of a sequential set of
measurements (series). There are several ways
to determine the number of clusters Nclust(¢;).
Most of them are related to the calculation of
metrics based on intracluster and intercluster
distances in the space of diagnostic features, in
particular the criterion of Calinski-Harabasz,
Davies-Bouldin and Silhouette [10]. However,
these criteria often lead to erroneous results,
especially for convex clusters. Recently, there
has been a growing interest in approaches based
on visual assessment of clusters [11]. By
translating the unmarked data into an image of n
X n size, where the objects are ordered in such a
way as to simplify the identification of a
potential cluster structure in the data.
Meanwhile, each pixel in the image corresponds
to the degree of difference between pairs of
objects [11]. This image highlights potential
clusters as "dark blocks™ along the diagonal axis
of the image, corresponding to sets of objects
with a low degree of difference.

As part of this paper, we propose a modified
algorithm for determining the number of clusters
based on the clustering visual representation
algorithm (VAT) [11]. The VAT algorithm
maps the difference matrix D as a grayscale
image, each element of which corresponds to the
value of the difference metricd;; between

objects oj and. At the same time, if the object o;
belongs to a certain cluster, then it is a part of a
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submatrix with small values of the difference
metric, i.e. it belongs to one of the "dark blocks"
on the diagonal of the corresponding image. We
propose to determine the number of "dark
blocks" as follows:

1) Segmentation of the matrix image D

Due to the fact that information about the cluster
data structure is displayed in the dark blocks of
the difference matrix image, an important step of
the algorithm is threshold image processing. The
histogram of the matrix D has multiple modes,
meanwhile the first mode corresponds to the
average value of intracluster distances.

In order to identify the binarization threshold we
utilize a combination of Otsu algorithms. The
Otsu algorithm maximizes the intercluster
variance. It is based on the assumption that all
pixels on the image belong to two classes.
However, the image of the difference matrix D
contains blurred boundaries of dark blocks. In
such case the algorithm cannot correctly identify
the threshold value. To identify and suppress
noise objects in the image, we propose to use the
multi-threshold Otsu method [12]. After noise
objects are suppressed, the standard image
binarization method is used, which converts the
original image to a binary one, where the pixel
value on the image is equal to 1, if it is greater
than the threshold in grayscale, otherwise it is
equal to 0.

2) Projecting the image onto the main diagonal
In order to obtain a more informative image that
allows to clearly distinguish the structure of the
"dark blocks", it is necessary to consider the pixel
values along the main diagonal of the image. As
part of this work, it is proposed to project an image
onto the main diagonal by summing the pixel
intensity values along the diagonal of the image.
However, the original binary image may have
residual noise. In order to minimize the effect of
residual noise on the result of counting the number
of clusters, it is necessary to convert the binary
image obtained in the previous step into such a
representation that the value of each pixel of the
resulting image is the distance from this pixel to
the nearest non-zero pixels in the binary image.
This representation is called Distance Transform
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[13]. The conversion of distances together with the
projection on the main diagonal gives a more
visual representation of the VAT image and allows
to translate it into a one-dimensional signal. Thus,
it is possible to define the number of clusters as the
number of peaks on a one-dimensional signal.

3) Determination of the number of peaks on a
one-dimensional diagonal projection signal

In this paper, we propose to utilize a first-order
derivative to detect peaks in the signal. However,
this approach should be used in combination with
smoothing methods in order to reduce the
likelihood of false positives. There are several
ways to smooth the original signal. One of the
most frequently used is the moving average [13].
Its main disadvantage is that averaging can lead
to significant losses in the informative component
of the original signal, which in turn will not allow
to identify the appearance of a new cluster that
corresponds to an evolving defect. In this paper,
we propose to utilize a linear interpolation
between the local maxima of the original signal.
This method allows reaching required level of
smoothing without losses in the informative
component of original signal.

1.2. The method of calculation the activity
coefficient A(§;)

The acoustic emission activity coefficient [14]
allows to determine the presence of long-term
trends in acoustic emission data. Therefore, it can
serve as a criterion for detecting defects. The
activity coefficient is calculated based on the
results of the anomaly detection method proposed
in [8], which consists in determining the optimal
position of the separating hyperplane between
"normal” events and "anomalies”. In the context
of this work, abnormal events include AE signals
emitted by defects of hazard classes Il and IlI
during monitoring. Normal events include hazard
class | events, as well as various types of
interference detected during pilot operation. In
current paper, we propose to define the activity
coefficient as the ratio of the number of abnormal
events to the total number of AE events received
per unit of time.
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Comparison of the activity coefficient with the
reference threshold values allows us to determine
the moment of transition of the object to hazard
classes Il and 111 (2), (4). The threshold values for
defects of class Il and Ill are specific for each
construction facility and require clarification at
the stage of pilot operation.

2. RESULTS AND DISCUSSION

Fig. 1 demonstrates the fragments of
experimental AE time series obtained during the
non-destructive testing of oil reservoir located in
Norilsk. We can see from the fig. 1 that the
amplitude of AE signals increase with the
growth of the hazard class. The data acquisition
was conducted by the means of non-threshold
AE collection method and the AE sensors with
the sampling frequency of 2.5MHz. The
preliminary processing was carried out by
extracting diagnostic features utilizing method
proposed in [7]. A set of calculated diagnostic
feature matrices applied further for this research
and was a source data for the verification of the
methods proposed in current paper.

Fig. 2(a, b) contain the comparison of proposed
criterion of cluster number determination with the
known criterion Davies-Bouldin, based on
intracluster  distances calculation. Fig. 2b
demonstrates computation graphs of optimal
cluster number via Davies-Bouldin criterion
utilizing three methods of cluster analysis: k-
means, hierarchical clustering and Gaussian
mixture distribution. The figure shows that the
quality of the results of the proposed method does
not depend on the type of clustering algorithm, it
is based on image analysis of the cluster data
structure, while the Davis-Boldin index changes
significantly when using various methods of
cluster analysis. The effectiveness of the
proposed criterion for evaluating cluster changes
was confirmed by the presence of peaks on the
first-order derivative of the one-dimensional
image projection of cluster structure in Fig. 2a.
Thus, the proposed criterion has the high
sensitivity to detecting the moments of
occurrence of evolving defects.
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class, c) the defect of the Il hazard class
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Fig. 3 shows the results of calculating the
proposed criterion for changing the activity
coefficient of acoustic emission. It follows from
the figure that at the moment of defect state
transition to a higher hazard class, the activity of
acoustic emission increases significantly. In the
intervals between the transition moments, the
activity coefficient fluctuates around the average

Vladislav A. Kats, Lyubov A. Adamtsevich

value with a small variance. The level of
threshold values was chosen based on the
median value of the activity coefficient for
defects of the second and third hazard classes
identified during pilot operation. For the second
hazard class, the threshold value was 0.01, for
the third — 0.27

o o
= © N
()] N [9)]

e
i

Activity coefficient, arb.u.

0.05

20 40 60

80 100 120 140

Measurement number

Figure 3. Comparison of the proposed modification of VAT method with Davies-Bouldin index

CONCLUSION

1) The paper presented an approach for
developing a DSS that identifies the defect and
determines its hazard class based on a multi-
criteria  assessment of diagnostic features
extracted from the acoustic emission time series
that are obtained during the diagnostics of
construction structures.

2) We propose to utilize a set of two criteria that
form the necessary and sufficient conditions
under which it is possible to detect moderately
hazardous and critically hazardous evolving
defects in the construction facilities. They
include a criterion for changing the number of
clusters and a criterion for changing the acoustic
emission activity.

3) We described the original method of applying
the proposed criteria, which is based on the
process of grouping single consecutive
measurements in a series by using a sliding
window with overlaps. The proposed approach
provides protection against false positives in the
presence of stationary long-term noise of
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various nature occurring during the condition
monitoring.

4) The verification of the proposed method was
conducted on real construction of oil and gas
facilities — vertical steel tank containing a
defective weld.

5) Based on a numerical comparison of the
results with prior known defects hazard classes
it was verified that the proposed method allows
to effectively determine the hazard class of
evolving defects in construction facilities and
detect the processes of their evolution.
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THE TECHNOLOGY OF WINTER CONCRETING OF
MONOLITHIC FRAME STRUCTURES WITH SUBSTANTIATION
OF HEAT TREATMENT MODES BY SOLUTIONS OF THE
DIFFERENTIAL EQUATION OF THERMAL CONDUCTIVITY
OBTAINED BY THE METHOD OF GROUP ANALYSIS

Alexander A. Lazarev
Novosibirsk State University of Architecture and Civil Engineering (Sibstrin), Novosibirsk, RUSSIA

Abstract. An innovative method for calculating thermal fields inside monolithic structures has been developed,
based on the use and analysis of nonlinear differential equations. The innovativeness of the method lies in the
approach to the analysis of nonlinear physical processes using nonlinear differential equations. Thanks to the
method of group analysis, 13 expressions are obtained from complex mathematical equations, which are easy to
use and depend on several empirical coefficients. It is assumed that this calculation method is a priori more accu-
rate than the existing ones, as well as available to people at a construction site without higher mathematical educa-
tion, which makes it a priority for research. The applicability of this method must be proven by linking empirical
coefficients and variables to the conditions of the experiments, while obtaining reliable data that will turn out to
be more accurate than the existing calculation methods. This article demonstrates a systematic approach to estab-
lishing the suitability of using the method of group analysis of differential equations for problems of winter con-
creting on the basis of laboratory experiments under stationary conditions. The equations were subject to verifica-
tion, which, according to the physical description, correspond to the real conditions of the course of thermal pro-
cesses inside monolithic structures. Based on the obtained processing results, it was decided that it was necessary
to further study the innovative method in the conditions of the construction site, but only for some expressions
that showed the best results at the stage of laboratory tests.

Keywords: Winter concreting, group analysis method, differential equation, experiment, laboratory tests.

TEXHOJIOI'YA 3BSUMHEI'O BETOHUPOBAHUSA KAPKACHBIX
MOHOJIMTHBIX KOHCTPYKIIM C OFOCHOBAHUEM
PEXXUMOB TEPMOOBPABOTKHU PEHLIEHUAMUAU
ANODPEPEHIINAJIBHOI'O YPABHEHUA
TEIIJIOMPOBOJAHOCTHU, ITIOJTYYEHHBIMU METOJOM
I'PYIHIIOBOI'O AHAJIU3A

A.A. Jlazapes
Hosocubupckwuit ['ocymapcTBennsiit ApxutektypHo-Crpoutensubiii YHUBepcuret (Cubctpun), HoBocnbupcek,
POCCUA

AHHOTa].ll/lﬂ. Pa3pa60TaH I/IHHOBaL[I/IOHHHﬁ MCTOJ pacycTa TCIHJIOBBIX moJiei BHYTPU MOHOJHWTHBIX KOHCprKL[PIfI,
OCHOBAHHEIN Ha MCIIOJIL30BAaHUE U aHAIIN3¢ HEIIMHCHHEBIX ,Z[I/Iq)(bepeHI_[I/IaHbHHX ypaBHeHHﬁ. I/IHHOBaHI/IOHHOCTL METO-
Ja 3aKJI0YacTCsa B MOAXOAC K aHAIIU3y HCJIUHEHHBIX (1)I/I3I/I‘ICCKI/IX mpoueccoB ¢ NOMOUIbIO HCIMHEHHBIX /:[H(l)(bepeH—
TraJIbHBIX ypaBHeHI/Iﬁ. Enaroaapa MCTOAY I'pyHIioBOro aHajin3a U3 CJIOXKHBIX MATECMATUYCCKUX ypaBHeHI/Iﬁ noJjryyde-
HBI 13 BLIpa)KeHPIﬁ, KOTOPBIC NPOCTbI B MPUMCEHCHUN U 3aBUCAT OT HCCKOJBKUX SMIIMPHUYCCKUX K03(1)(1)I/I]_[I/I€HTOB.
Hpez[nonaraeTCﬂ, qTo ,I[aHHHﬁ MCTO/ pacucTa ABJISICTCSA allpuoOpr 0oJiee TOUHBIM CYHICCTBYIOIINX, a TAKKEC NOCTYII-
HBIM 1A H}O,Zleﬁ Ha CTpOHTeHLHOﬁ IIomaaKe 0e3 BBHICIIECI0 MATEMAaTHYCCKOTO O6pa30BaHI/I$[, 4YTO ACJIaCT €ro npuo-
PUTCTHBIM IJId UCCICIOBAHUAA. HpI/IMeHI/IMOCTB JaHHOT'O ME€TOoJa H€O6X0,Z[I/IMO J0Ka3aTb MyTEM IMPUBA3ZKH SMIIUPUYC-
CKHX KOS(l)(i)I/IHI/IGHTOB U NEPCMCHHBIX K YCJIOBUSAM MPOTCKAHHA SKCIICPUMCEHTOB, MOJYyYas IMMpU 3TOM JOCTOBCPHLIC
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JAAHHBIC, KOTOPBIC OKAXYyTCAd TOYHEC CYHICCTBYIOIINUX METOJOB pacyeTa. B Z[aHHOﬁ CTaTbC MPOACMOHCTPUPOBAH CHU-
CTEMHBIN noaxoa K YyCTAaHOBJICHUIO HNPUIOJHOCTHU HNPHUMEHCHUSA MCTOAA I'pYHIIOBOTI'O aHalInu3a J_'[I/I(i)q)epeHHI/IaHI)HI)IX
ypaBHeHI/Iﬁ I 3aga4 3UMHETO 6€TOHI/IpOBaHI/I${ Ha OCHOBC naﬁopaTopHHx OKCIICPUMCHTOB IPHU CTAUOHAPHBIX
YCII0BUAX. HpOBepKI/I MMoJJICKajin ypaBHCHHA, KOTOPLIC II0 (1)I/I3I/Iq€CKOMy OIMMUCAHUIO COOTBCTCTBYIOT PCAJIbHbBIM
YCHIOBUAM HNPOTCKAHUA TCIUIOBBIX MPOUECCOB BHYTPHU MOHOJUTHBIX KOHCprKHHﬁ. I/ICXO)IH 13 MOJYYCHHBIX PE3YJib-
TaToB 06pa6OTKI/I OBLIO MOPUHATO PEUICHUC O HCOGXO,HI/IMOCTI/I z[aaneI‘/'Hnero HN3YUYCHUS MHHOBALITMOHHOT'O crocoba B
YCIIOBUAX CTpOHTeHLHOﬁ mjIomaaku, OAHAKO TOJIBKO JIsI HEKOTOPBIX BBIan(eHHﬁ, KOTOpPBIC IMOKa3aJin HaWJIydlIne
PE3YJIbTAThI HA OTAIlC J'Ia60paTOpHI>IX HWCIBITAHUH.

KiroueBble cjioBa: 3uMHee OETOHUPOBAaHUE, METO/I TPYIIIOBOTO aHaIM3a, A depeHnatsHoe ypaBHEHHE,
9KCIEPUMEHT, J1a00PATOPHBIC UCTIBITAHHS.

1. INTRODUCTION

The issue of strength gain of monolithic struc-
tures is fundamental for the construction indus-
try. It has long been established that strength
directly depends on the holding temperature of
monolithic structures [1]. Many methods have
been proposed for calculating thermal fields and
strength, but all the proposed methods are either
approximate or complex and voluminous for use
in a construction site for people without higher
mathematical education [2,3,4]. A new look at
the problem has appeared thanks to the method
of group analysis.

The method of group analysis of differential
equations, proposed in the middle of the last
century [5,6] for solving applied problems us-
ing nonlinear differential equations, made it
possible to obtain simple and convincing de-
pendences for modeling temperature condi-
tions during heat treatment of concrete harden-
ing in building structures at negative tempera-
tures.

The key parameters of the submodels obtained
from the basic nonlinear differential equation
of heat conduction are a parameter characteriz-
ing the inhomogeneity of the rod and a param-
eter characterizing the nonlinearity of the pro-
cess. These parameters depend on many fac-
tors. Finding them and matching them for dif-
ferent conditions, for each submodel, will de-
termine its applicability for solving practical
problems.

116

After analyzing the 13 proposed submodels
[7,8], 6 were selected that are most suitable for
assessing the thermal processes occurring in the
concrete of an extended structure of the "col-
umn" type. These are submodels #1,2,3,7,10,11.
Parameters were determined experimentally for
various ambient temperatures and electric power
during heating.

2. RESEARCH AND RESULTS

Based on preliminary experiments [9, 10],
which demonstrated the prospects of the study,
a decision was made on the need for a system
of experiments for a more structured analysis.
Laboratory tests were carried out in a freezer
with a constant temperature, the values of
which during one experiment did not deviate
from the set temperature by more than 0.2 ° C,
which confirms the ideal conditions for the
experiment.

For the experiment, a column model was pre-
pared, consisting of a formwork structure
made of FSF18 laminated plywood, 18 mm
thick, reinforcing cage, 6 mm thick rods. As a
concrete mixture for the possibility of repeated
experiments, a model body was used, the char-
acteristics of which are shown in Table 1. As a
heating element, a PNSV 1.8mm heating wire
(GOST TU 16.K71-013-88) was used.
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Table 1. Materials

Consumption of materials for 1
Materials m’, kg
Standard con- Model body
crete B 22,5
Diabase crushed stone FR 5-20. GOST 10268-70 1250 1250
Quartz sand of the river (Krivodanovsky quarry) M grain= 530 530
1.8. GOST 10268-70
Portland cement M 400. GOST 10178-68 450 -
Crushed sand (Sunit= 2900 cm?/g) - 450
Industrial water GOST 2874-54 180 180
Bulk weight of concrete / model body, kg/m® 2410 2410

In order to establish the regularity of the distri-
bution of the values of the empirical coefficients
of the method of group analysis, a series of ex-
periments were carried out under different con-
ditions: at each steady-state temperature: 0 ° C, -
5°C,-10°C,-15° C, experiments were carried
out with different heating power: 56 W, 108 W,
176 W. The section of the column model and the
composition of the model body remained the
same.

The heating wire was connected to an electrical
network with a voltage of 220 V. The electrical
power was changed using a laboratory auto-
transformer  AOSN-20-220-75UHL4 (GOST
15150-69). The power was kept constant
throughout the experiment. Power measure-
ments were carried out using periodic monitor-
ing of the current and voltage using a voltamme-
ter. The measurements were made at different
loads of the laboratory's electrical network. The
limiting power fluctuations did not exceed 2 W,
which indicates the reliability of the experiments
being carried out.

Experiments, the error of which went beyond the
specified limits of the error of power and tem-
perature due to failures, according to the indica-
tions of the thermodat and personal control,
were excluded from the processing of the results
of the experiments.

With a view to generate data for the possibility
of further research, 7 chromel-copel thermocou-
ples were installed, located in the center of the
structure along its central rod. To process the

\Volume 17, Issue 4, 2021

experiments, we used one thermocouple located
in the center of the structure. The rest of the
thermocouples were used to assess the likeli-
hood of the main thermocouple, as well as to
investigate the second phase - temperature prop-
agation along the structure (See Fig. 1).

| S

e

Figure 1. Schematic of the column model. 1 -
chromel-copel thermocouples, 2 - heating wire,
3 - reinforcing cage, 4 - model body, 5 - model

formwork

When processing these experiments, thermo-
couples located at the centers of the faces of the
column model and in the corners (critical points
of a monolithic structure during heating) were
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not used to narrow the studied boundaries of
applicability of the method of group analysis of
differential equations. In the case of a positive
verification of the theory in laboratory tests and
confirmation by a production experiment, the
theory needs to be tested at critical points to cre-
ate guidelines for the application of the group
analysis method.

The results obtained in the laboratory were pro-
cessed using the Maple software package togeth-
er with the selection of coefficients, depending on
the theoretical equation. The coefficients were
selected depending on the best convergence of
the theoretical and experimental curves of tem-
perature rise and fall in the column body model.
The results of processing the T1 submodel ac-
cording to the experimental data are shown in
Table 2.

Alexander A. Lazarev

The results of processing the T2 submodel ac-
cording to the experimental data are shown in
Table 3.
The results of processing the Ts submodel ac-
cording to the experimental data are shown in
Table 4.
The results of processing the Tz submodel ac-
cording to the experimental data are shown in
Table 5.
The results of processing the Tio submodel ac-
cording to the experimental data are shown in
Table 6.
The results of processing the Ti1 submodel ac-
cording to the experimental data are shown in
Table 7.

Table 2. Empirical coefficients submodel T1

Heating the model Cooling the model
Temperature, °C Coefficients Temperature, °C Coefficients

o [p |a o |p |G
Low power case 56W
0 10 3,5 1,53 0 1,6 3 7
-5 1,7 3,3 1,68 -5 1 2 3
-10 3,1 3,3 18 -10 - - -
-15 - - - -15 1 11 4
Medium power case 108W
0 9 3,24 1,37 0 1,2 2,5 7
-5 6 2,9 2,15 -5 1 2,25 7
-10 2,4 2,37 1,36 -10 1 2 6
-15 1,85 1,66 1,42 -15 - - -
High Power Case 176W
0 6 1,63 1,24 0 0,8 2 8
-5 4,5 3,9 1,45 -5 0,4 2 6
-10 1,75 1,64 151 -10 0,4 2,25 16
-15 1,8 1,95 1,58 -15 - - -

118 International Journal for Computational Civil and Structural Engineering



Table 3. Empirical coefficients submodel Tz
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Heating the model

I Cooling the model

Temperature, °C Coefficients I Temperature, °C Coefficients
@ B I a B
Low power case 56W
0 1,43 -0,475 0 14 1,5
-5 1,13 -0,745 -5 14,5 1,5
-10 0,83 -1,045 -10 - -
-15 - - -15 15 1,5
Medium power case 108W
0 1,03 -0,855 0 16,5 1,5
-5 0,5 -1,105 -5 16,45 1,5
-10 0,41 -1,27 -10 15 1,5
-15 0,28 -1,29 -15 - -
High Power Case 176W
0 0,5 -1,03 0 18 1,5
-5 0,11 -1,2 -5 16,5 1,5
-10 0,04 -1,29 -10 16,5 1,4
-15 0,01 -1,305 -15 - -
Table 4. Empirical coefficients submodel T3

Heating the model I Cooling the model
Temperature, °C Coefficients Temperature, °C Coefficients

o [p [ | o [p [C
Low power case 56W
0 6 4 4.4 0 3 1 1033
-5 6 4 3,5 -5 3 1 10,39
-10 6 4 2,3 -10 - -
-15 - - - -15 3 1 (0,153
Medium power case 108W
0 6 4 8,45 0 3 1 10,375
-5 6 4 7,85 -5 3 1 (04
-10 6 4 55 -10 3 1 (0,68
-15 6 4 55 -15 - - -
High Power Case 176W
0 6 4 12 0 3 1 (041
-5 6 4 15,5 -5 3 1 (0,62
-10 6 4 11 -10 3 1 (07
-15 6 4 4,95 -15 - - -
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Table 5. Empirical coefficients submodel T~

Heating the model Cooling the model
Temperature, °C ?efﬁm\egts ‘ e Temperature, °C ((;oefﬁ‘clg nts ‘ e
Low power case 56W
0 1,4 1 102 0 1,4 1 0,63
-5 1,4 1 |07 -5 1,4 1 0,645
-10 1,4 1 (0,17 -10 - - -
-15 - - - -15 1,4 1 0,68
Medium power case 108W
0 1,4 1 10,64 0 1,4 1 0,86
-5 1,4 1 |05 -5 1,4 1 0,93
-10 1,4 1 |0,52 -10 1,4 1 1,33
-15 1,4 1 |0,65 -15 - - -
High Power Case 176W
0 1,4 1 108 0 1,4 1 1,34
-5 1,4 1 11,15 -5 1,4 1 2,29
-10 1,4 1 10,85 -10 1,4 1 1,265
-15 1,4 1 |5 -15 - - -
Table 6. Empirical coefficients submodel T1o

Heating the model I Cooling the model
Temperature, °C Coefficients | Temperature, °C Coefficients

B lcs |co | B [ Cs | Co
Low power case 56W
0 1,65 5 6 0 1,5 3 2
-5 2 3 4 -5 1,3 3 2
-10 2 1 2 -10 - - -
-15 - - - -15 1,25 -1 1
Medium power case 108W
0 1,45 6 7 0 1,3 4 3
-5 1,5 4 5 -5 1,25 4 3
-10 1,55 2 3 -10 1,15 5 4
-15 1,6 12 12 -15 - - -
High Power Case 176W
0 1,4 7 8 0 1,25 4 3
-5 1,25 5 6 -5 1,05 5 4
-10 1,3 3 4 -10 1,1 5 4
-15 0,8 13 14 -15 - - -
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Table 7. Empirical coefficients submodel T11

Heating the model I Cooling the model

o Coefficients . Coefficients
Temperature, °C B | Co | Cil I Temperature, °C B ‘ Cuo ‘ Cut
Low power case 56W
0 1,6 2 5 0 1,5 5 8
-5 1,8 2 5 -5 1,3 6 9
-10 2,1 2 5 -10 - - -
-15 - - - -15 1,2 2 2
Medium power case 108W
0 1,32 2 5 0 1,3 5 9
-5 1,36 2 5 -5 1,2 6 9
-10 1515 |2 5 -10 1,1 6 11
-15 1,54 2 5 -15 - - -
High Power Case 176W
0 1,16 2 5 0 1,2 5 7
-5 1,18 2 5 -5 105 |7 13
-10 1,245 |2 5 -10 1 8 9
-15 1,265 |2 5 -15 - - -

3. CONCLUSION

Drawing a conclusion based on the processing
of experimental data according to the criteria:
the percentage of discrepancy, the approximate
dependence in the values of the coefficients, we
can say that only three of the submodels pre-
sented have demonstrated a satisfactory result
and are recommended for experimental verifica-
tion by a series of experiments on the construc-
tion site in real conditions:

l-a

T, =c X" (&(1)
1

T, = czxfl (8'(t))ﬁ

1 1

Ty =(&'(1))7 (cp Inx+cyy )AL
This clearly demonstrates their applicability for
modeling thermal processes, and hence the ac-

quisition of strength by concrete in structures of
the "column™ type.
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It should be noted that all presented sub-models
have several dependences depending on the ini-
tial parameters of experiments, such as power
and ambient temperature. With a view to stream-
line the results and precisely identify patterns, it
is necessary to conduct a series of reinforcing
experiments at the construction site to establish
the relationship between heat treatment condi-
tions and empirical coefficients.
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Abstract: Numerical solution of the problem for Poisson’s equation with the use of Daubechies wavelet dis-
crete-continual finite element method (specific version of wavelet-based discrete-continual finite element meth-
od) is under consideration in the distinctive paper. The operational initial continual and discrete-continual formu-
lations of the problem are given, several aspects of finite element approximation are considered. Some infor-
mation about the numerical implementation and an example of analysis are presented.
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YUCJIEHHOE PEHIEHUE KPAEBOM 3AJAUH
JIJISI YPABHEHUS TYACCOHA HA OCHOBE
JJUCKPETHO-KOHTHHYAJIbBHOI'O METOJIA KOHEUYHBIX
3JIEMEHTOB C UCIIOJIb30OBAHUEM MACHITABUPYIOIINX
®YHKIIUHN JOBEIIN

M.JI. Mo3zzaneea ', I1.A. Akumos *, M. Achamu ?
! HanmonamsHbIi HecenoBaTenbCcKuii MOCKOBCKHUH TOCYIapCTBEHHBINA CTPOUTENBHBIN YHIBEPCHTET,
r. Mocksa, POCCHUA
2 Vuusepcurer ®aca, r. ®aca, UIPAH

AHHoTaumsa: B Hacrosimed cratbe paccMaTpuBaeTCs YHUCICHHOE pEIleHHE KpaeBOW 3ajlayu I yYpaBHEHUS
IlyaccoHa Ha OCHOBE JAMCKPETHO-KOHTHHYAIBLHOTO METOJa KOHEYHBIX PJIEMEHTOB C MCIOJIb30BAaHUEM MAacCIITa-
oupyronx ¢yukuuii JJobemu. [IpuBeneHsl (B onepaTopHOM BHIC) UCXOJHAs KOHTHHYalbHAs U JUCKPETHO-
KOHTUHYaJIbHbIE MOCTAHOBKHU 3aJlauM, PACCMOTPEHBbl HEKOTOPBIE BOMPOCHI KOHEYHORJIEMEHTHOW ammnpoKcuma-
uuu. [IpeacraBiieHbl HEKOTOPBIE CBEIEHUS O YHCIEHHON pealn3aluy U IpUMep pacyera.

KnaroueBsle ciioBa: BeliBieT-peasn3anys AMCKPETHO-KOHTHHYAJIBHOT'O METO/Id KOHEYHBIX AJIEMEHTOB,
JIMCKPETHO-KOHTHHYAJIBHBII METO/T KOHEUHBIX 3JIEMEHTOB, METO/] KOHCYHBIX 3JIEMEHTOB,
¢ynkun Jlobemm, uncnennoe pemenne, ypasaenue [lyaccona.

INTRODUCTION

As is known [1], various problems of continuum
mechanics are reduced to the Poisson equation
and other similar equations of elliptic type [2-7].
Boundary value problems with the Poisson
equation describe, in particular, a stationary

\Volume 17, Issue 4, 2021

temperature field, a stress state during torsion of
a rod, membrane deflection, etc. In addition, the
operator of the corresponding problem (the La-
place operator) is part of other problems that
determine the state of structures under station-
ary and non-stationary actions.
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Z

=x2

v
X

Figure 1.1. About formulation of the problem (initial domain).

From a mathematical point of view, it is the
simplest qualitative analogue of other problems
and an equivalent operator in iterative processes
[8]. In many numerical models, at different time
steps, it becomes necessary to solve (numerical-
ly) one or several boundary value problems for
the Poisson equation, and in some applications
the number of time steps during one analysis of
the model can be of the order of thousands to
millions or more [9]. In this regard, the objec-
tive of the distinctive paper is devoted to the
semi-analytical method of analysis of corre-
sponding structures with constant physical and
geometric parameters in one of the directions
(the so-called “basic direction™) [8, 10, 11]. This
objective seems to be very relevant. The consid-
ering method is semi-analytical in the sense that
along the basic direction of the structure the
problem remains continual and its exact analyti-
cal solution is constructed, while in another,
non-basic direction, a numerical approximation
is performed. In general, this paper continues a
series of papers devoted to the research and de-
velopment of various wavelet-based versions of
the discrete-continuous finite element method.

In the theory of boundary value problems for
the Poisson and Laplace equations, several clas-
sical well-tested solution methods are normally
used [2, 12-14], which, in particular, include
method of separation of variables or Fourier
method, Green's function method and a method

124

of reducing boundary value problems for the
Laplace equation to integral equations using po-
tential theory.

Besides, numerical methods (finite element
method, boundary element method, finite differ-
ence method, variational-difference method, fi-
nite volume method, method of point field
sources, fast Fourier transform method using
parallel computations ( with the implementation
on the cores of the central processor and on
graphic processors (GPU), etc.) for solving the
Poisson equation are normally used [9, 15, 16].

1. FORMULATIONS OF THE PROBLEM

Formulation of the problem has the form (Fig-
ure 1.1):

Lu=F, 0<x,<f,, 0<x,<¢,; (11)
L=—(0,00,+0,00,); F=6F+5,1;(12)
F(x,,x,)=Pd(x,—0.5-7,)0(x, -05-7,);

(1.3)
f(x,%,)=0; (1.4)
0,=010x; 0,=010X,; (1.5)

1, 0<x <, AO0<Xx, </,
0, =(0<x, <l , AO0<X,<?,),

(1.6)

e(xl’xz) :{
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< h >

Figure 2.1. Finite element discretication for N, =4 (sample).

where L is the operator of the problem within
the initial domain; 6(x,,x,) is the characteristic

function of the domain; o6, (x,,x,) is the delta-

function of the boundary.
Let x, be direction along which parameters of

the problem are constant (so-called “main direc-
tion”). Let us introduce the following notations

(1.7)
(1.8)
Then we can rewrite (1.1) in the following form:

-LVv'+Lu=F. (1.9)

Thus, we have

£ e S e
[3: } ) L;lOLZ ﬂm {LI(H SN CRED

where E is identity operator.
Finally we obtain system of differential equa-
tions with operational coefficients:

or

(1.12)

where

~ 0 E|l. = 0 |.~+ |ul.
S S e
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(1.14)

— 0 |ou| U
o-aw-[32)-1]

The system of equations (1.12) is supplemented
by boundary conditions, which are set in sec-
tions with coordinates x; =0 and x; =/, .

For instance, for U (x,) from the system of
equations (1.12) we have

U()=U(,)=0. (1.15)

2. SOME ASPECTS OF THE FINITE
ELEMENT APPROXIMATION

Let us divide the interval (0, ¢,) segment into
N, parts (elements). Therefore h, =7, /N, is

the length of the element. Besides, let us also
divide each element into N, parts (for instance,
N, =4 (Figure 2.1)). Let us use the following
notation system: i, is the element number;
X, (i,) is the coordinate of the starting point of
the i,-th element; x(i.) is the coordinate of the
end point of the i -th element. Let u,(x,) and
V. (x,) (i=1,2,3,4,5) be unknowns per element.
Thus, the number of unknowns is equal to 2N,
where N =5. The number of boundary nodes is
equal to N, =N_,+1. The number of inner
nodes for all elements is equal to
N, =N.(N, -1). Thus, the total (global) num-

ber of unknowns for such approximation is
equalto N, =2(N, +N,).

125



Let us introduce local coordinates for arbitrary
element

t=(X—Xge) /e, <X < Xg(iey, 0T,

1(|e) -
(2.1)

In this case, we have the following relations:

X=Xy, =>t=0
X=X, =>t=0.25 d d dt 1 d
X=X, =>t=05 —=——=——;
X=X, =t=075 dx dt dx h,dt
X=Xgy) >t=1

dx=h,-dt. (2.2)

In order to construct the local stiffness matrix
corresponding to the operator L, (formula

(1.7)), we consider the bilinear form taking into
account relations (2.2)

Xs5(ig) 2

B(y,z) =<L,y,z>=— j szx:
X1(ie )
><5(ie)dy dZd _ij’d_W% _
Xm)dx dx h, 5 dt dt
= B(w,v),

(2.3)

where we consider the following functions

Y0 =Wt = Y apt+k)i  (24)
200 =V =3 Aot+k),  (25)
where X, SX<Xgi,; 0<t<l; ¢(s) is

Daubechies scaling function, [0, N] < suppe.
Let us substitute (2.4) and (2.5) into (2.3):
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1
B(W,v):ijd—W ﬂd
h, 5 dt dt
N-1N —1 1 1 ) )
=2 2w ote Dot dt=
i=0 j . e 0
=(K5a,B) =B, (@ p),
(2.6)
where

Kiy (i) = [t Do'tes et @7)

Q'=—. (2.8)

dt

Let us define the parameters «, through the
nodal unknowns on the element:

=w(0) = 3 a,0(K)

Y, =w(0.25) = > o, o(k +0.25)
k=0

N-1
Y5 =W(0.5) = > a,p(k +0.5) (2.9)
k=0
y, =Ww(0.75) = Nz_lak(o(k +0.75)
k=0
N-1
Ys =W() = D> e p(k +1).
k=0
We can rewrite (2.9) in matrix form:
ve=Ta, (2.10)
where we have
Ye=Ivi Vo ¥s Vo ¥s 17 (210)
a=[a, a, a, a; a,]"; (2.12)
T =
»(0) ?() ?(2) ?(3) @(4)
(0.25) @(1.25) ¢(2.25) @(3.25) @(4.25)
=| 9(0.5) @15 @25 @35 @45 |
¢(0.75)  p(.75) @(2.75) @(3.75) @(4.75)
@(1) p(2) @) »(4) @(5)
(2.13)
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Figure 3.1. Daubechies scaling function.

We can also get

7" =T8. (2.14)
Using (2.10) and (2.14) we can obtain
a=T"'y; B=T7"z". (2.15)

Thus, we can rewrite (2.6) in the following
form:

(Kha,B)=(K5T 7y T7z%) =
=((TH)'KyTHy",7")= (2.16)
=(K'e)7'e,7'e),

where
Ke=T)'KsT™ (2.17)

is the local stiffness matrix.

3. NUMERICAL IMPLEMENTATION

The presented algorithm can be implemented
using MATLAB software tools. In particular,
the call to the standard function

\Volume 17, Issue 4, 2021

waveftun(*db8*",0)

allows to obtain the values of the Daubechies
scaling function [17-32] ¢ (Figure 3.1) on the

interval (segment) [0, 15] =supp¢ with a step
h =1/256=27". Let us denote N, =256=2°.

For the value under consideration (N =5) we
can use the first N, =N, -N+1 values deter-
mined on the interval [0, N]=][0, 5]. With such
a small step, we find it will natural to compute

the derivatives (Figure 3.2) in the form of finite
differences:

Pt “Pr | =

't.)=dp, =
o'(t,) Dy on

t

(3.1)

where we have ¢, =¢(t,) and t =k-h,. If
t, #[0,19] then ¢, = p(t,)=0.

When computing the coefficients of the local
stiffness matrix (formula (2.7)), one can use the
simplest quadrature formulas for numerical in-
tegration, in particular, the formula for “mean”
rectangles with a step 2h, .
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Figure 3.2. The first direvative (finite-difference) of Daubechies scaling function.

4. EXAMPLE OF ANALYSIS

For the numerical implementation, let us set, in
particular, the following numerical parameters:

P=100; ¢,=2.0; (,=286.

Let N, =16 be the number of elements (finite

elements). Then the total number of nodal points
in the discrete direction is equal to

N, =N, +N, =3-16+17 = 65.
Then the total number of unknowns is equal to
N, = 2N, =130.
The length of the element is equal to
h,=¢,/N, =2/16 = 0.125.

The distance between the coordinates of the
nodes is equal to

h,=h,/4=0.125/4=0.03125.

For comparison (verification purpose), we can
use the variational-difference discrete-continual
method with a step of discretization h, along the

discrete direction x, .

Graphical comparison of the corresponding re-
sults is presented at Figure 4.1, where we use the
following notation system: Udb is the result ob-
tained using the Daubechies scaling function;
Uvr is the result obtained on the basis of the var-
iational-difference method; d1U is a finite-
difference analogue of the derivative with a step;
d2U is derivative, o,u=v; h =h =0.03125

and h, =0.1 are steps for visualization of results

along directions x, and x, respectively.

As researcher can see, the results obtained are
almost completely identical.
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THE HISTORY OF THE LIMIT STATE DESIGN METHOD

Anatoly V. Perelmuter
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Abstract. This paper analyzes the 70-year history of development of the limit state desigh method (LSDM) focusing on
the fundamentals of the design codes based on this method and considers proposals for improving the LSDM and its
justification. It was also noted that the reaction of the system in any of its fixed states is not always sufficient to assess
the reliability of the system, and therefore it is necessary to analyze the rate of loss of resistance of load-bearing
structures. However, probabilistic considerations were not enough due to the lack of reliable statistical data in the area
of extreme sections of the distribution curves and a number of other circumstances (features of control procedures,
different behavior of the material in the structure and in the samples, etc.). This paper analyzes some fundamental issues
that should be solved when developing the method for the nonlinear analysis.

Keywords: structural design, limit state design method, computing, reliability theory.

O PA3BBUTHUU OCHOBHBIX UJIEH METOJA PACHETHbBIX
INPEJAEJIBHBIX COCTOAHUU

A.B. Ilepenvmymep
SCAD Soft Ltd., Kues, YKPAUHA

AunHoTanus. Ananuzupyertcsi 70-THISTHSISI KCTOPHSI Pa3BUTHUSI METOJIa PaCUETHBIX MpenesbHbIx coctosiHuii (MPIIC).
OcHOBHOE BHHUMAaHHE YJIENCHO MPUHIMITHAIGHBIM IOJOXKEHUSIM HOPMATHUBHBIX TOKYMEHTOB, KOTOpPBIE OCHOBAaHBI Ha
9ToM MeToje. PaccMaTpuBamace HCTOpHsl pPa3BUTHS OCHOBHBIX mojoxeHunit MPIIC u ux mnpencraBieHus B
HOPMATUBHBIX JOKYMCHTAX, YKa3bIBAIOTCs pa6OTbl, B KOTOPBLIX BBIABUTAJIUCH IMPCIIOKCHUA 11O COBCPUHICHCTBOBAHUIO
MPIIC, u ero o6ocHoBanwmI0. [Ipr 5TOM OTMEUEHO, UTO PEaKI¥si CUCTEMBbI B KAaKUX ObI TO HU ObUIO (PUKCHPOBAHHBIX €€
COCTOSTHMSIX HE BCETJa SIBJIIETCS JAOCTATOYHOH JUIS OLIEHKH HaJIe)KHOCTH CHCTEMBI M YKa3bIBacTCsl HA HEOOXOJIMMOCTh
aHalu3a TeMMa IOTepH OTIOPHOCTH HECYIIMX KOHCTPYKUMH. PaccMOTpeH OTXOA OT HCHOJIB30BaHUS TOJNBKO
BEPOSATHOCTHBIX COOOpakeHUH, KOTOPHI IPOM3OIIET BBHUIY OTCYTCTBHS HAJCKHBIX CTAaTHCTHUYCCKUX IaHHBIX B
00yacTH KpaifHUX y4acTKOB KPHBBIX PACIIPEICIICHUS, a TaKKe C YUIETOM psiia IPYTUX OOCTOSATENBCTB (OCOOCHHOCTH
KOHTPOJBHBIX MPOIEIYp, Pa3IMIHOE IMTOBEICHUE MaTepraja B KOHCTPYKIWMH W B 00paslax W JAp.). AHAIH3HPYIOTCS
HEKOTOpbIE NMPUHIMITHAIBGHBIE BOIPOCH], KOTOPBIE CIEAYeT PEIINTh MPH Pa3BUTHHA METO/a B HEIMHEHHOM BapHaHTE
aHamm3a.

KaroueBble ciioBa: MMPOCKTUPOBAHUC KOHC’I‘pyKHHfI, METOA NPEACTIbHBIX COCTOHHI/If/'I, pacyeThl, TCOPUA HAACIKHOCTH.

INTRODUCTION

This year marks 70 years since the release of the
fundamental book [1], where the limit state
design method was presented to the engineering
community, which was soon adopted as the
basis for design codes. This method became an
ideological basis for the formulation of the
structural reliability requirements, and in this
capacity it was used in the reliability theory that
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appeared in the 50s. The issues of the formation
and development of the theory of reliability of
buildings and structures have been repeatedly
considered and analyzed by various authors [2],
[3], [4], but the limit state design method itself
has not been subjected to such analysis,
although the history of its development is no
less informative.

The practical implementation of the ideological
basis of the method, which was related to a
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number of not always explicitly formulated
assumptions, required additional research to
substantiate them. In some cases, this kind of
research has indeed confirmed the accepted
approach. However, it often led to the
conclusion that adjustments and clarifications
were in fact necessary.

That is actually what the development process
and the resulting procedures for improving the
codes were all about. In this paper, we will
consider some fundamental issues related to the
refinement or correction of the basic ideas of the
limit state design method, both taken into
account in the mentioned series of design codes,
and those under discussion [5], [6]. We mainly
consider the Ukrainian and Russian experience,
although it should be noted that many of the
issues discussed below have found their solution
in Eurocodes [7], often in a different form.

METHODS

This work is based on the analysis of various
sources describing an approach to the problem
of design justification of reliability and safety of
buildings and structures using the limit state
design method. It focuses on the fundamentals
of the design codes which indicate the goals and
determine the approach for solving this
problem. The paper considers the history of
their development and works with proposals for
improving the LSDM and its justification [8, 9,
10], as well as the ways of their implementation
in SCAD, LIRA, MicroFE. After all, it is the
software implementation that is one of the best
ways to identify inconsistencies  and
contradictions, if there are any in the codes.

One of the important sources of a critical
approach to standards and their assessment was
a design code | have a developed [11] devoted
to the general principles of ensuring the
reliability and safety of buildings and structures,
as well as to the implementation of standard
requirements in SCAD [12].

\Volume 17, Issue 4, 2021

RESULTS

The issues discussed below are related to certain
key aspects of the limit state design method. Not
only do they reflect the history of its formation
and development, but also highlight the
problems that need to be resolved.

The limit state design method is based on the
following:

o of all possible technical states of the operated
structure, only its limit states are analyzed;

o the general safety factor is represented by a
product of partial factors, each one related to a
certain  physical  phenomenon  (loading,
resistance, simplification of the design model,
etc.);

e values of the partial safety factors are
substantiated by statistical data on the
variability of the corresponding physical
parameters.

Let us consider some clarifications,
modification and adjustments of the design
codes. In total, since 1954 there have been six
versions of the fundamental design code [13],
[14], [15], [16], [17], [18] and some changes
were introduced into their texts.

Analysis of Fixed States of the System

This method is based on the idea of performing
a detailed analysis only for the limit states of the
structure, while almost completely ignoring all
other structural states, which, by the way,
correspond to the majority of the operating time.
It is at this time that many destructive changes
occur (corrosion, fatigue accumulation, erosion,
etc.).

Besides the known advantages, this approach
has a serious disadvantage. If, for example, we
consider the strength condition as one of the
limit states and design the structure ensuring
that this condition is not violated during the
entire service life with a certain degree of
confidence, we know almost nothing about the
level of actual stresses corresponding to the
normal (non-limit) state under the most frequent
operating conditions.
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The states of the structure most frequently
occurring under the operating conditions usually
define its durability. However, the following
structures can turn out to be almost equivalent
according to the limit state analysis:

e a dam with a normal loading not far from the
allowable value (for example, 80% of the design
value),

¢ a chimney with a very rare design load and a
normal loading equal to, for example, 15% of
the design value.

Since most of the structural lifetime corresponds
to the normal operating states, during which the
destructive changes occur in the material (for
example, corrosion processes or the fatigue
accumulation), then in order to ensure
operational reliability and durability it is
important to perform the analysis of a structure
that is normally operating and is far from
exhausting its strength and stability.

According to [19] there is a certain failure due
to the loss of design control over the structure
during its transition from a “healthy” (normal,
operational) state to the limit one. It would seem
that the serviceability limit state checks could
eliminate this methodological failure, but the
thing is that these are limit states as well, i.e.
correspond to rather rare extreme structural and
environmental parameters.

It should be noted that the reaction of the system
in any of its fixed states is not always sufficient
to assess the reliability of the system under
variable interaction with the environment. The
simplest example of comparing two systems S:
and Sz, a graphic illustration of which is shown
in Fig. 1 in the form of a relationship between
the reaction F and the intensity of the action P.
Even a slight increase in P in the Si system
leads to a sharp increase in the reaction, up to its
critical value, which is not observed in the Sz
system.

Hence, a proposal appeared to introduce the
concept of the limit behavior of the system,
which limits the gradient g = dF/dP [20].

It is easy to see that the gradient g characterizes
the rigidity of the system, i.e. we are dealing
with a new limit state in the form of limiting the
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rate of possible decrease in the rigidity of the
system (loss of its resistance).

AP
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Figure 1

In fact, this approach is almost always used in
experimental studies of the operation of a
structure, where it is difficult (and sometimes
impossible) to accurately capture the limit state
and the experiment stops when, for example,
deflections start increasing rapidly.

Statistical Justification of the Design
Parameters

Since about the mid-60s, when the theory of
reliability of building structures was actively
developed, the limit state design method has
been perceived as a tool for ensuring reliability.
This was clearly indicated in GOST 27751-88.
In accordance with Sec. 1.5 of this document,
the limit state design is performed in order to
ensure the reliability of a building or structure
throughout the entire service life, as well as
during the construction. The design values of
loads or forces caused by them, stresses,
deformations, displacements, crack opening
widths must not exceed the corresponding limit
values established by the design codes.

Since it is not possible to determine the
reliability of the entire structure due to its
extreme complexity, the reliability of the entire
structure is determined by the reliability of its
individual members. In fact, element-by-
element analysis is performed, and the required
reliability (probability of failure-free operation)
of each individual element is provided. This
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element-by-element check according to the
weakest-link method assigns the entire structure
a topology of series-connected members, which
in reality is not always the case. As a result, it
is impossible to determine the actual value of
the reliability of the designed structure.

This fact reflects a logical contradiction in
assessing reliability using the limit state design
method, since reliability is the ability to fulfill
the functional purpose, and it is normalized not
by this indicator, but by the absence of failures.
The reliability of building structures is
determined using the probabilistic approach [21],
[22], [23]. Moreover, it is widely believed that
only the probabilistic description of the structural
behavior makes it possible to assess the
reliability of buildings. And the limit state design
method itself was created under the prevailing
influence of the problem of random variability of
the loading and resistance parameters of the
structure. For example, when the method had just
been created, the design values of the resistances
were treated as statistically justified. However,
due to the lack of reliable statistical data in the
area of extreme sections of the distribution
curves and a number of other circumstances
(features of control procedures, different
behavior of the material in the structure and in
the samples, etc.), in 1971 it was decided that
probabilistic considerations were not enough to
justify the design resistances [9].

This process turned out to be uncontrollable,
and today it is already difficult to say which of
the partial safety factors, and to what extent, are
not statistically justified, but are based on other
considerations.

Reliability Management

The reliability requirements should obviously be
formulated based on the actual facility (its
importance, etc.). Hence, a reliability
management mechanism is required.

In fact, management is implemented by using
different design values for the considered
actions (the higher the importance the higher the
value), and assuming different service life. The
differentiation of the approach was used in the
limit state design method from the very
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beginning and was reduced to taking into
account the differences between permanent and
temporary structures, and to the use of various
design combinations of loads (main, additional,
special).

The direct mechanism of reliability management
was introduced in 1981 and it lied in allowing
for the importance of the structure, while all
facilities were divided according to this criterion
into three classes [24]: increased, normal and
reduced levels of importance. The purpose of
such a differentiation of reliability is the socio-
economic optimization of resources used in
construction taking into account the expected
consequences of failure and the cost of
construction. And the mechanism for allowing
for the importance level was implemented in the
form of another partial safety factor, which was
introduced as a factor to the load effect.
Differentiation by class of importance was also
used in relation to other aspects of ensuring the
reliability of structures. Importance classes are
involved, for example, in the engineering
research and even in the applied calculation
procedure (the linear spectral analysis or the
analysis based on accelerograms), as is
customary when checking the seismic response.
In relation to a structure or a structural member,
reliability is considered as the ability not to
reach a limit state over a certain period of time.
Another parameter used in the reliability
management is the design service life of the
structure. It determines that during this period of
time, the structure or its part should be used for
its intended purposes with the necessary
maintenance, but without large-scale repair
work. This parameter is taken into account
when developing measures to ensure the
durability of structures and their foundations
[18] or when assigning design values of climatic
actions, as provided, for example, by the codes
of Ukraine [11].

Post-critical Behaviour of a Structure

Considering the limit state as a critical and
absolutely unacceptable design case, which
underlay the classical version of the limit state
design method, did not take into account the
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possibility that the transition through the
boundary outlined by the description of the limit
state is not always fatal (Fig. 2.a). There are the
so-called reversible limit states, which disappear
once the actions that have caused them are
removed (Fig. 2.b). Deflection of an elastic
structure is a typical example. For such states, it
can be useful to establish not only the defining
boundary, but also the time period during which
the structure can be outside this boundary.
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The design of highly directional antennas can
serve as a typical example here, where the
angular displacement is normalized, and its
value directly determines the quality of radio
transmission. If you agree to sacrifice this
quality, for example, within 1% of the time, the
wind load, under the action of which the
deflection angle is determined, is reduced by 2-
3 times.

However, consideration of a system in its post-
critical state can be related not only to the
reversible limit states. Thus, in the classical
approach the ultimate limit states were assumed
to be absolute and their violation was not
allowed. This postulate was quickly violated in
the theory of seismic protection.

A new definition of the concept of “limit state”
was formulated in [25]. It was different from the
classical one, where for the ultimate states it
was identified with the impossibility of further
operation of the facility. Some buildings
damaged by an earthquake can still be operated
after repair and restoration, so it was proposed
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to assume that they have not reached their
ultimate limit state yet. The transition to
multilevel seismic analysis, which implemented
this innovation, pointed to the problem of
formulating a series of limit states that differ in
the degree of conservation and the possibility of
using the facility under seismic actions of
varying intensity (more precisely, different
recurrence [26]).

Nonlinear Analysis Problems

The method was created at a time when all
verification calculations were performed in a
linear formulation, which significantly affected
the technical side of the method. The
widespread use of computer technology and the
related increasing spread of nonlinear analysis
indicated a number of problems that were not
taken into account at the time [27].

Thus for all linear systems, the main inequality
of the limit state design method is presented in a
form that provides for the possibility of a
separate description of the parameters of the
structural behavior, depending on the load, and
the parameters that determine the strength
properties of the structure

yynyiFn < yeymRn.

However, this is not always feasible in
nonlinear problems, where the uncertainties of
the impact model and the resistance model can
be closely related, for example, through the use
of the same physical relationship o = f(g). This
issue occurs in some linear problems as well.
Thus, for example, the reactions of the soil and
its resistance cannot be considered separately,
since the active pressure of the soil and its
resistance depend on the action.

Checks of fulfillment of the inequalities usually
operate not with the values of the design loads
Fd, but with the values of the effects from these
loads Sq (forces, stresses, displacements, etc.).
One of the classical postulates of the limit state
design method was the assumption of a
deterministic and linear relationship between the
action F and the effect of this action S. On its
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basis, the partial safety factor for load was
attributed to the effect of the action (stress,
displacement, internal force, etc.). It was shown
in [28] that this postulate is not always
applicable.

Probabilistic  characteristics Sd¢ are often
identified with the probabilistic characteristics
of the load Fq, using the safety factor yr for Sq,
the value of which is determined by the
properties of the load. However, the effect of
the action is a function of the action itself and
the design model, therefore its variability Vs
may differ from the characteristics of the
variability of the action itself Vr. Such a
coincidence always takes place for a linear
relationship between S and F, but it will no
longer exist for a nonlinear relationship
S=f(F). In this case the relationship between

the rate of increase in stresses or other similar
factors, which can be higher or lower than the
rate of change of the external action, plays an
important role (Fig. 3).
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An even more complicated situation arises when

the transition from F to S, even with a linear
relationship S=cF, is such that the influence

\Volume 17, Issue 4, 2021

coefficient ¢ turns out to be a random variable.
A fairly typical case illustrating the last
statement is the case of crane actions [28], when
the design combination of loads (and the
characteristics of the spread of their values) or
the design combination of internal reactions of
the system (forces, stresses, displacements) do
not coincide. The transition from F to S takes
place under the influence of a number of other
random parameters, such as the random
positions of the crane bridge on the crane girder
and the trolley on the crane bridge.
Consequently, the characteristics of the spread
of the load values do not coincide with the
similar characteristics of the load effects, which
should actually lead to the use of different
values of the safety factor for load (more
precisely, for the load effect) when considering
different problems.

Special Limit States

In his work [8] N.S. Streletsky pointed out two
postulates that are inherent in the limit state
design method: (a) the analysis is related to a
failure-free state of structures and (b) an
adequate  structure immediately  becomes
inadequate the moment it passes the limit state.
Ukrainian and Russian standards did not
consider accidental situations for a long time,
proclaiming that the considered limit states
correspond not to accidental, but to pre-
accidental situations. The introduction in 2010
of the third group of special limit states in
GOST R 54257 was an attempt against the
inviolability of these postulates.

It is usually assumed that special limit states
caused by special accidental actions (impacts,
explosions, etc.) occur in the form of a local
destruction. These special limit states are
studied in order to assess the possibility that
such local destruction will not lead to a general
collapse or an unacceptably large number of
collapses.

In fact, we are dealing with the analysis of
structural robustness, although this problem
reduced to checking the ability of a damaged
structure to perform its functions (possibly with
some loss of quality) has been replaced by
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checking for the absence of progressive
(disproportionate) collapse. It should be noted
that unlike the wusual ultimate limit state
analysis, where the local bearing capacity of a
design section is analyzed, the concept of
“bearing capacity” must be given a broader
meaning and we must consider the structure as a
whole when it comes to checking special limit
states. However, it is much more difficult to
formulate the criterion for reaching the limit
state of an entire structure than of its individual
section, and perhaps this is the reason for the
indicated substitution.

The fact that this approach is not always
applicable for the problems of robustness can be
demonstrated with an example of the structures
of gas holders, oil reservoirs etc. If such a
structure is damaged, for example, a small crack
appears, collapse will not occur, but the loss of
integrity will lead to leakage of the stored
substance, and therefore to the loss of the
structural function. This is a vivid example that
the absence of progressive collapse does not yet
guarantee robustness.

The current state of the problem of analyzing
special limit states does not yet have a clear
conceptual justification. Such documents as SP
296.1325800.2017 [29] have only identified the
problem and given some  prescription
recommendations. A common approach that is
applicable not only for buildings is yet to be
developed.

We, apparently, need a document like the General
Safety Rules in the nuclear industry, which uses,
for example, a principle of single failure and
provides only rules of behavior for the beyond
design basis accidents (notification, evacuation
etc.), but not a requirement to resist them.

The very concept of special action has to be
clarified. The current rule that does not consider
the simultaneous action of two or more special
loads is based on the fact that such actions have
a very short duration and the probability of
coincidence of such intervals is negligible.
However, even a very short action can lead to
long lasting consequences, which might still be
present when another special action occurs.
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Actions arising from the wetting of subsidence
soils or their subsidence in areas of mine
workings and in karst areas can serve as an
example. For example, an earthquake may well
occur in the mined territories of Kuzbass.

Vulnerability Assessment

The limit state design method assumes that all
loads and actions that may occur during the life
cycle of the designed facility are considered and
taken into account. However, besides the
predictable loads, there is always a possibility of
an accidental action not predicted neither by the
design codes nor by the designer. American
economist Nicolas Nassim Taleb called similar
events “black swans”!. From the point of view
of these surprise events vulnerability of the
design object is an important characteristic.
Vulnerability characterizes a possibility of
causing damages of any nature to the considered
system by some external means or factors.
Vulnerability is closely related to a well-known
characteristic of “robustness” and to an
additional characteristic —  “mobilization”
recently suggested in [30]. The robustness is
considered as in a manner spatial characteristic
which shows how a local perturbation spreads
throughout the space of the system and whether
this local destruction can get a disproportionately
large development “in breadth”.

Mobilization shows the readiness and ability of
the system to react to a local in time (pulse)
unexpected perturbation. In both cases, the
perturbation can be so strong that we would
have to deal with its consequences, and its
nature is such that it is not possible to predict
the moment and place of its occurrence, as well
as other quantitative characteristics. Noticeable
absence of the structural mobilization, as well as
insufficient robustness, should serve as a reason
for the increased attention and use of some
protective measures.

! Juvenal said: "rara avis in terris nigroque
simillima cygno"(lat.) - a "good man is as rare, as a
black swan", since there was a hypothesis that all
swans were white. It had been correct until a black
Australian swan was discovered in 1700.
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DISCUSSION

The limit state design method is constantly
developing, allowing and  undergoing
improvements not only in its purely technical
aspects, but also in some ideological
foundations. At the same time, a number of
issues related to such changes remain

unresolved. We will consider only some of
them.

A) The issue about the relationship between
probabilistic and deterministic justification of
partial safety factors is one of the fundamental
ones. It is generally accepted that safety margins
are intended to prevent the five main causes of
failure:

(1) Loads are greater than anticipated.

(2) Material has poorer properties than anticipated.
(3) The theory of the considered failure mechanism
is imperfect.

(4) Possible unknown and therefore unaccounted
for causes of failure.

(5) Potential human errors (e.g. in the design).
The first two options can, generally speaking, be
classified as variability in design parameters, so
they are available for probabilistic estimation.
The last three types of failure causes operate not
with probabilities, but with possibilities, they
are difficult or even impossible to represent in
probabilistic terms, and therefore they belong to
the category of non-statistical uncertainty.

And if we assume that the safety margin is
intended to compensate for the main sources of
failure, then we can assume that in the first two
cases it is preferable to rely on probabilistic
information. The main advantage of assigning
safety factors on a non-statistical basis concerns
the other three sources of failure. Therefore, the
probabilistic approach should only be one of
several tools for assessing reliability, and both
approaches have their advantages, so they
cannot be considered as mutually exclusive.

B) The group of special limit states introduced
quite recently, where many things remain
unclear, requires serious improvement. For
example, the unusually widely understood
tendency to use the method of exclusion of a
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structural member to test the possibility of
progressive collapse, when it turned out that all
statically determinate design models were
impossible to use, raises many questions. This is
a typical example, when they are trying to
replace the method of analyzing a dangerous
situation with a conditional technique having a
limited scope (not explicitly specified).

C) In the design practice, the issues of analysis
of load-bearing structures equipped with
protection systems (seismic protection, fire
protection, overload protection, etc.) are
increasingly raised. For a load-bearing structure,
these systems change the nature of action, their
intensity and statistical properties. Both issues
of checking the load-bearing capacity of a
protected structure (what is the safety factor for
load) and checking the protection system itself,
which should have a certain guaranteed
operability margin (what are the partial factors
for such a check).

There are other problems related to the
development of the limit state design method as
well. In particular, the limit states arising in the
course of long-term degradation (corrosion,
wear, minor mechanical damage) remain
unknown, which we try to analyze only at the
end of the process, when the structure is on the
verge of failure. In particular, a problem
formulation of limiting the degradation rate is
possible and, consequently, the problem of
ensuring reliability for this indicator, including
checking the limit state for violation of this rate.

CONCLUSIONS

For construction facilities, the issues of ensuring
their existence and use for their intended
purpose over the past decades have been
interpreted as a subject of study of reliability
problems. And the issues of practical
implementation of the recommendations
developed by the theory of reliability, which are
the essence of the limit state design method,
remained outside the scientific analysis.
Consideration of the history of improvement of
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the limit state design method shows that the
method itself should be a subject of special
consideration.

There has to be a clear formulation of the main
provisions of the method, taking into account a
number of new circumstances that are dictated
by modern design practice:

e more frequent use of nonlinear analysis;

e limited and uncertain data on the expected
operating conditions of the structure, when
probabilistic methods are not applicable;

e using additional information that is available
during the analysis of the behavior of existing
structures (repair, restoration);

e the ability to use risk analysis when
considering non-standard situations.

These and other similar issues should have
become a subject of a specially organized
scientific discussion, similar to the one that took
place in the early seventies on the initiative of
N.S. Streletsky at MGSU [31].
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Abstract: The article discusses ways to improve the accuracy of solving problems of nonlinear structural mechanics. It
is shown that the combination of the method of sequential loading and the Newton-Kantorovich method can improve
the accuracy of the solution and reduce the complexity of obtaining results. The solution of the given linear equations
can be obtained by numerical and approximate methods known in the literature.
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PEIIEHUE HEJIMHEMHBIX 3AJIAY CTPOUTEJBHOH
MEXAHUKUA MOAUPUITUPOBAHHBIM METOAOM
HOCJIEAOBATEJIBHBIX HAI'PYKEHUU

B.B. Ilempoe

CapatoBcKuil rocy1apCcTBEHHbIN TeXHH4ecknuil yHuBepcuteT uMenu 'arapuna FO.A., r. CapaTtos, POCCUA
Hay4Ho-uccnenoBaTenbcKuil MHCTUTYT CTPOUTENBHOHN (r3nku Poccuiickoil akaneMun apXUTEKTYphl U CTPOUTEIIBHBIX
Hayk, I. Mocksa, POCCUA

AHHOTaHI/IH: B crartbe o6cy>1<z[a10Tc51 CITIOCOOBI IMOBLIIIEHHSI TOYHOCTH peuicHus 3aaa4 HEJMHEIHOM CTpOPITeJ'IBHOﬁ
MCXaHHKH. HOKa3aHO, YTO COYCTAHHUC MCTO/Ja ITOCICA0BATCIBHBIX Hal"py)KeHI/Iﬁ n Meroaa HLIOTOHa-KaHTOpOBI/I‘Ia 1103-
BOJIACT MOBBICUTH TOYHOCTH PCHICHUSA U YMCHBUINTL TPYJAOCMKOCTH MOJYUYCHUSA PE3YyJIbTATOB. Peuienue MPUBEACHHBIX
JIMHEHHBIX ypaBHCHI/Iﬁ MOKET OBITh MOJIYUCHO U3BECTHBIMU B JIMTCPATYPC YHNCIICHHBIMU U HpI/I6J'II/I)KeHHI)IMI/I METOoAaMU.

KnroueBsble ciioBa: HelMHEIHAsE MEXaHHUKA, IPAKTHYECKAs CXOJAMMOCTB, IOCTPOCHHE HAadalIbHOTO PUOIVKEHUS,
WHKpPEMEHTAIbHBIC YpaBHEHUS, Tuddepernnan Operre, psan Teitnopa, abcTpakTHAsS QYHKIUS.

Analysis of the majority of applied research in
nonlinear mechanics shows that the mathemati-
cal foundations used in them often fundamental-
ly differ from the classical mathematics logic.
For example, when investigating the stress-
strain state of a real structure, the proof of the
convergence of an infinite process of improving
the solution or checking the fulfillment of the
conditions of the corresponding theorem on
convergence are replaced by the clarification of
the approximate convergence of this process.
For this purpose, it requires small number of
steps to increase the accuracy. And if a clear
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tendency towards convergence is found, then
the solution refining process stops. Thus, we
replace the endless process of striving for an
exact solution by a finite number of steps to ob-
tain an approximate solution.

When solving nonlinear problems by approxi-
mate methods, both of two key problems always
arise: the choice or obtaining of an initial ap-
proximation to the solution and the choice or
creation of a converging iterative process, which
allows refining the initial approximation. Since
the solution of nonlinear equations is not known
in advance and it is not always possible to indi-
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cate in advance the diameter of the region where
it can be located, the problem of choosing an
initial approximation often becomes essential.

It is known if the initial approximation belongs
to the region of convergence of the iterative
process, then the iterative process will converge
to solving a nonlinear problem [1]. However,
the radius of the convergence region changes
during the process of solving a nonlinear prob-
lem with changing coefficients. For a weak non-
linearity, it is large enough. In this case, one can
take the solution of a linear equation as an initial
approximation, which is obtained by discarding
the nonlinear terms in the original equations.
For example, one applies this technique in
framework of the method of elastic solutions [2]
when solving problems based on the defor-
mation theory of plasticity.

With an increase in nonlinearity, the size of the
convergence region decreases, and the above
method of the initial approximation obtaining
can lead to the situation when it will be outside
the convergence region. Then the use of an iter-
ative procedure will generate a process converg-
ing to the convergence region boundary, and not
to solving a nonlinear problem. In this case, it is
necessary to organize the search for a suitable
initial approximation. It should be borne in
mind that in small neighborhoods of limiting
points and bifurcation points, the convergence
region decreases significantly and practically
contracts to a point. In this regard, the problem
arises of choosing or obtaining an initial approx-
imation which falls into the region of conver-
gence of the solution.

One of the methods for the approximate solution
of nonlinear equations of solid mechanics is the
sequential load method published in 1959 [3]. It
allows one to obtain the solution of nonlinear
problems by sequentially solving linear prob-
lems. This method is based on the principle of
scientific determinism, which states that the
subsequent states of a physical system are com-
pletely determined by its previous states. A de-
tailed presentation of this method and its devel-
opment for solving various problems of nonlin-
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ear mechanics of plates and shells can be found
in the works [4 - 7].

The main idea of this method is quite simple. It
is clear from physics if a load acts on a structure
and causes large displacements or deformations,
or both together, then the same stress and strain
states of the structure can be obtained as fol-
lows. Let us imagine the load as a set of thin
layers, the impact of each causes small deflec-
tions and deformations in the structure. At the
first stage of the solution, we apply the first thin
layer of the load and use the equations of the
linear theory of elasticity to determine the
stress-strain state of the structure. At the second
stage of loading, we attach the second thin layer
to the structure the deformations and internal
forces of which is known from the first stage of
loading. Then, second load layer causes addi-
tional small displacements and deformations,
which are also determined from linear equa-
tions. Let us summarize the deformations and
displacements found at the first and second
stages of loading, and proceed to the third stage
of loading with a small load layer. This process
of sequential loading of the structure is repeated
until the sum of the load layers reaches the spec-
ified value.

Durring the calculation process at each loading
stage, we deal with a new computational linear
system that has known deformations, forces and
variable coefficients of linear equations from
the results of previous loading. The advantage
of the method is that in the process of calcula-
tions we determine the stress-strain state of the
beam, plate or shell at all loads less than a given
range, solving the similar recurrent equations. In
addition, the procedure for constructing the zero
approximation disappears. This approach to
solving the problem is called incremental (from
the word 'increment’ that means an increase or
addition, especially one of a series on a fixed
scale).

The advantages of the sequential load method
include the following. The principle of superpo-
sition is valid at each stage of loading. In the
process of the problem solving, it is possible to
determine the moment of appearance of plastic

147



deformations or a change in boundary condi-
tions (constructive nonlinearity) and change the
design scheme of the structure. The sequental
load method makes it possible to select from the
set of real solutions of nonlinear equations such
a solution that corresponds to a continuous
change in the load. As a result, we get a solution
taking into account the loading history.
Incremental equations of the sequential load
method can be obtained using the concepts and
terminology of functional analysis. The set of
equations of nonlinear solid mechanics or the
resolving equation for a structural member un-
der consideration can be written in the form of
an operator equation:

Aw)=p or A(u,p)=0 1)

Further, we restrict research area by studying
the behavior of the solution to this equation
when it changes the load parameter.

Let us accept E,, E, — as linear normed Euclidean

spaces, A is a — nonlinear display from Ez1 to E2. A
is a nonlinear twice differentiable positive definite
operator of Frechet in the Hilbert space H; u is the
required element of this functional space. Opera-
tor A is defined on a certain set of functions with
domain of definition D(A). The functions and

their first derivatives are absolutely continuous in
the region Q. Here Q is the finite region of the
coordinate space occupied by a beam, plate or
shell. On the boundary I' of the region Q, the
functions must satisfy the specified boundary
conditions. The possibilities of using the operator
form of equations for geometrically nonlinear
problems are considered in the work [8]

Let us consider some fixed state A(Uo) =P. In

an adjacent (perturbed) state caused by a small
change in load, this equation takes the form

AUy +Au) = p, + Ap (2)

where AU is an arbitrary element of Hilbert
space H. Subtracting the original unperturbed
equation from the perturbed equation, we obtain
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AUy +Au)—A(ug ) =Ap (3)

Expanding the left part of this equation in a
Taylor series in powers AU, as a result, we ob-
tain

A(ug +Au)— A(ug) =1(ug ) Au + @(uy, Au) (4)

The first term of the right part of this equality is
a linear function of Au which approximates the
left part side up to values of the order of small-

ness that higher than the increment rate ||Au|| :

If o, 4wl - [4u]™

-0 for |ldu|l -0

then | (Uy)Au is a Frechet derivative of an ab-

stract function at a point U, that corresponds to

increment of argument AU, and the final mem-
ber is the error due to the discarded terms with
powers AU greater than one.

Linear operator I(u) is usually denoted as

A'(u) and called Frechet derivative of nonlin-

ear operator A at the point u. Linear function
I(Ug)Au can be considered as Gateaux deriva-

tive which is defined by formula
A'(Uug)Au = dd_/l A(Ug + AAU)| ,_q

where A — is variable small parameter.
Thus, taking into account the accepted designa-
tions, Eq. (4) can take the form

A(ug +Au) - A(uy ) = A'(ug ) Au + O(|jAu]) (5)

Therefore, taking into account Eq. (3), the ap-
proximate incremental equation takes the form

A'(u)Au=Ap (6)
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In order to transform this equation in a recurrent
form, we introduce the notation for the number
of sequential loading n, and obtain the incre-
mental equation of the sequential load method

A,<un)Aun+l _Apn+1 (n :0’1’2'3"") (7)

If E1 is an Euclidean space, and E2 is an abstract
space (general linear space), then 4 mapping is
called as an abstract function defined in E1 with
range Ez. This function can be written in the

formy = f (x), which is adopted in mathemat-
ics and operator equation (1) takes the form
p=Au [9].

Considering operator equation (1) as an abstract

function, we can obtain equation (6) by geomet-
ric construction.

Y
Figure 10
(0)

n

A(ugo) + AU, pn)— A(u

where the last term is the error of the order of
the increment rate, arising due to the discarded

terms with powers Au,, greater than one. Keep-

ing only the linear term in expansion (9), we
obtain the equation

A(u,ﬁo) +AU, P, ) - A(uﬁo), o ) = A'(u,go))Aun (10)

(0)

n

(0)

n

A(ur(]o) +U,—Uu,’, pn)— A(u
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Py )=

Figure 1 show that a continuous abstract func-
tion is replaced by some broken line as a result
of the application of the sequential load method
and the errors increase with an increase in the
value of the load parameter. As follows from
(5), the solution error can be regulated by de-
creasing the value of the loading step.

Let us consider another possibility of refining the
solution obtained by the sequential load method.
The total approximate solution obtained by the
sequential load method at the n stage of loading
is denoted as U,, where n is the number of the

load layer. When refining the solution, we take it
as the zero approximation ugo) :

In order to refine the solution at the achieved
value of the total load P, = ZApn , We con-

n

the adjacent disturbed
A(ugo)-l—Aun,pn). Subtracting the original

sider state

one from it, we get the differential expression

o)

Expanding it in a Taylor series in powers AU,
we get

(0)

A(uff’) +AU, pn)— A(un )

A(u)au, +0(Jau,) (©)

Let introduce the

Au, =u’ —u® where U’ — a solution close

to the exact solution of the equation (1). Taking
this notation into account, Eq. (10) takes the
form

us designation

, pn) = A'(ur(]o))(u;" —ugo)) (11)
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This equation can be written like this
A'(uflo))(u: - uflo)) = Aluy, p,)- A(uﬁo), pn) (12)

where Uy, is solution located closer to an exact
solution than the initial approximation ur(]o). If

the initial approximation uff’) is chosen close
enough to the exact solution, then we can put
A(u;, pn)zO. Taking this into account, we

obtain the equation

A’(ugk))(u(k+l) —ugk)) =p, - A(u,ﬁk)), (k=0,12,..)

n
Equation (14) is written in full functions. If we
introduce the notation ul*" —u'®) = Ayl
(k+1)

n n 1
where Au," ' — is the change in the solution at
the k +1 iteration, and the solution in full func-

A’(uﬁk))Auﬁkﬂ) =p,— A(

where Kk is an iteration number, and n is a num-
ber of sequential load for which the initial ap-
proximation was chosen and the solution is re-
fined. Equation (14) in full functions and equa-
tion (15) in incremental form have the form of
equations of the Newton-Kantorovich method
[3].

Operator equation (15) has the disadvantage that

the Gateaux derivative A’(uﬁk)) depends on

the iteration number k. Therefore, in order to
obtain each of the k™" approximations, it is nec-

A’(ugo))Au(k”) = p, - A(u(")

n

where for all k, when we find all approxima-
tions, the same Gateaux derivative A'(uf,o)) is

applied. Of course, the convergence rate of the
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A’(u,ﬂo) )(u;’,‘ = uﬁo)) = —A(u,ﬁo), pn) (13)

the structure of which allows you to organize an
iterative process of approximation to the exact
solution. For this purpose, it is necessary to en-
ter the iteration number k into this equation. We
assume in equation (13)

ugo) :ugk), un :uﬁlk”), and as a result, at

each iteration, taking into account (1), we will
have the linear equation

(14)

tions at this iteration is determined by the for-
mula uﬁk”) = ugk) + Augkﬂ), then, taking into

account Eg. (1), we get the equation in incre-
ments.

(15)

essary to re-solve equation (15). If the initial
approximation u,EO) is chosen close enough to
the desired solution, then, due to the continuity

of the operator A’, the elements A’(u,ﬁk)) and

A’(ugo)) will differ little. On this basis, L.V.

Kantorovich proposed a modified method in
which the sequence of approximations is deter-
mined from the solutions of the equations

), (k=0,12,..) (16)

modified method is lower, but L.V. Kantorovich
proved theorems on the uniqueness of the solu-
tion and the convergence of the modified meth-
od to this solution.
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The combination of two solution methods: the
sequential load method and the Newton-
Kantorovich method will be called the modified
sequential load method, in which the initial ap-
proximation is constructed by the sequential load
method, and the refinement is performed by the
Newton-Kantorovich method. It should be noted
that in this case the procedure for choosing the
initial approximation disappears, since the initial

approximation uﬁo) is the result of solving the

problem at the end of the n" stage of loading.
Thus, the implementation of the modified sequen-
tial load method for solving problems of nonlinear
structural mechanics is carried out as follows. The
lateral load acting on the structure is presented in
the form of a set of rather thin layers, which se-
quentially load the structure under consideration.

At the first stage of loading, we solve the usual
problem of linear structural mechanics. At the
subsequent stages of loading, we solve the fol-
lowing equations
A'(u,1)Au, =Ap,, (n=12,..) (17)
Figure 2 shows that increasing in the number of
loading stages n leads to accumulation of the
solution error due to linearization of the original
equation (1). This can be reduced by decreasing
the value of the load increment (curves 1, 2).
However, this increases the number of loading
stages and the complexity of the solution. In ad-

dition, it is necessary to separately decide on the
choice of the value of the load increment.

inr —

2
APy T B
AP

AP,
IR L L ————

AP,

u

=
=
=
[~
=

Figure 2

At the end of each n loading stage or after sev-
eral loading stages, the linearization error is re-
duced by the Newton-Kantorovich method (15)
or its modification (16), in which the value

u® :Z:Aun obtained at the end of the n"
n

loading stage is taken as the initial approxima-
tion. Note, when we refine the solution, the iter-
ation number k increases, while the number of
the loading step n remains constant.

The solution refined by the Newton-Kantorovich
method at the n™ stage of loading is taken as an
initial approximation for further solution by the
sequential load method. Note, when we refine the
solution, only the number of the loading step n
increases, while the iteration number k remains

\Volume 17, Issue 4, 2021

constant. After the implementation of several or
each of the sequential loads, the solution is refined
by the Newton-Kantorovich method (see Fig. 2,
curve 4). The value of sequentially applied load
layers can be significantly increased and it can be
changed in the process of solving depending on
the features of the problem being solved. This re-
duces the complexity of obtaining a solution.
Boundary value problems are realized by well-
known methods for solving linear equations.
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ANSYS CFX STUDY OF AERODYNAMIC CHARACTERISTICS
DURING BLADE PROFILE ROTATION

Andrey Yu. Proskurin, Yulia G. Zheglova
Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. Currently, wind energy is one of the most developing areas, which is primarily due to the absence of emis-
sions of harmful substances into the atmosphere. Wind power allows providing electricity to remote areas, where fuel
delivery, as well as the construction of thermal power plants is laborious and expensive. The effective development of
wind turbines should solve the following tasks: the creation of the necessary driving force and the possibility of using a
high coefficient of wind energy, which does not contradict the maintenance of the ecological balance of the territory.
An electric generator for a household wind turbine must provide electricity in a wide range of rotation speeds and be
able to work independently without automation and external energy sources. The study of the numerical implementation
of the method of aerodynamic analysis of the wind turbine blade in rotational motion in the ANSYS CFD software
package is by far the most promising and dynamically developing direction in the field of aerodynamics calculations.
The results of approbation of the mixed calculation method using a dynamically variable and stationary finite-volume
mesh are presented. The use of a mixed design scheme allows for calculations of wind turbines inside the building,
while it becomes possible to minimize the required power for the study.

Keywords: numerical simulation, aerodynamic processes, Ansys CFD, energy efficiency,
alternative energy sources in construction, wind turbine, wind turbine blade, navier-stokes equations.

NCCIEAOBAHUE ADPOAUHAMMNYECKUX
XAPAKTEPUCTHUK ITPU BPAHIEHUH ITPOPUJIA JIOITACTH
B ANSYS CFX

A.JO. Ilpockypun, FO.I'. Ke2noea

MockoBckuit ['ocynapcrBennsrii CrpoutensHbiit YHUBepeuTeT, Mocksa, POCCHUA

AHHoTanusi. B HacTos1Iee BpeMsT BETPOIHEPIeTHKA SIBIISICTCS] OJJHUM U3 HanOoJIee Pa3BUBAIOIINXCS HAPABICHUH, YTO
00YCIIOBIICHO, MPEXK/IE BCEro, OTCYTCTBUEM BHIOPOCOB BpEIHBIX BelllecTB B atMochepy. BeTposHepreTrka 1mo3Bosisiet
o0ecrednTh AIIEKTPOIHEPrueil OT/alIeHHbIE PAiOHBI, TJIe I0CTABKa TOIUIMBA, & TAK)KE CTPOUTEIbCTBO TEIUIOBBIX JJICK-
TPOCTAHIUH TPYJOEMKH U 3aTpaTHbl. DPPEKTUBHOE PA3BUTHE BETPOIHEPTETUKHU JOJDKHO PEIIaTh CIACAYIOIINE 3a/1a4H:
co3/laHMe HEOOXOUMOM JABMKYILEH CHIIbI B BO3MOXKHOCTb HCIIOJIb30BAaHHsI BBICOKOTO KO3(D(UIMEHTa HCIOIb30BAHMUS
SHEPruH BETPa, YTO HE MPOTHBOPEUUT IMOJJICPIKAHHIO IKOJOTMIECKOro OanaHca TePPUTOPUH. DJIEKTPOreHepaTop s
OBITOBOI BETPOYCTAHOBKH JIOJDKEH O0ECIEYMBATH AJIEKTPOIHEPTHUIO B IIMPOKOM JHANA30HE CKOPOCTEH BpalleHUs U
HUMETh BO3MOXKHOCTh aBTOHOMHOU paboThl 0€3 aBTOMATHKK M BHELIHUX MCTOYHUKOB dHepruu. McciepoBanue dnciieH-
HOM peann3ainy MeTo/a a3pOANHAMUYECKOr0 aHAIM3a JIONACTH BETPOreHeparopa BO BpalllaTeIbHOM JBUKEHHH B MPO-
rpammHoM Komiutekce ANSYS CFD Ha ceroiHsimHuil AeHb SIBISICTCSl HanboJliee MEePCHeKTUBHBIM U JMHAMUYHO Pa3BH-
BAaIOIIMMCSI HAIIPABICHUEM B O0JIACTH PACUETOB a’poMHAMKKHU. [IpeIBapuTEIbHO MPEICTABICHBI PE3yIbTaThl anpoda-
LUK CMEIIAHHOTO METO/Ia pacueTa C UCMOIb30BAHUEM JIMHAMUUECKH U3MEHSIEMO# U CTAIlMOHAPHON KOHEYHO-00BeMHON
cerku. Vcronp30BaHue CMEIIAHHON PACUYETHOM CXEMbl TO3BOJISIET MTPOBOANTH PACUSThl BETPOBBIX TypOUH BHYTpPH 3/1a-
HUSI, TIPH ATOM MOSIBIISIETCS BO3MOXKHOCTh MUHUMH3UPOBATH HEOOXOAUMYIO JIJIsl UCCIISJOBAHUST MOIIIHOCTb.

KiroueBble cjioBa: YiCICHHOE MOJICTHPOBaHNE, adpoguHaMudeckne mporeccsl, Ansys CFD, sneprosddexruBHOCTS,

JIbTEPHATHBHBIC HCTOYHUKHN SHEPTHH B CTPOUTEIIBLCTBE, BETPOTYpOMHA, JIOMACTh BETPOTYPOUHBI,
ypasHenust HaBbe-Crokca.
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INTRODUCTION

The task of creating energy-independent build-
ings in the modern world is very important for
the whole world. The resources of the earth are
inexorably running out and mankind needs to
place great emphasis on the development of new
alternative energy sources. Modern architectural
solutions in the construction of metropolitan
areas seek to use high-tech photovoltaic facades
and flexible solar membranes to obtain the solar
energy needed for the construction of capital
construction projects. Through the combined use
of wind and solar energy, we have the oppor-
tunity to design a building that integrates differ-
ent methods of generating clean energy, which,
in turn, will bring the building to its intended
full self-sufficiency in electricity.

1 Materials and methods

1.1 Problem definition

To solve the problem of assessing the aerodynam-
ic characteristics, a single-blade orthogonal high-
efficiency turbine was adopted. (US patent Victor
Lyatkher, US 8007235 B1, August 30, 2011, RF
patent 2426911 C1). Since the profile of the inves-
tigated blade corresponds in cross-section with the
aviation profile NACA-0021, it was decided to
accept the geometric characteristics according to
the reference materials. [3] Fig. 1 shows a cross-
section of the blade profile under investigation.

Figure 1. The cross-section of the blade profile
under investigation

The aim of this work is to test the technique of
numerical simulation of a rotating blade under
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the influence of an aerodynamic load in an un-
steady turbulent flow in a two-dimensional set-
ting. The problem of this installation is the occur-
rence of vibrations during the rotation of the
blade at the points of attachment to the pedestal.
At the moment, the study consists in determining
the aerodynamic characteristics and an average
assessment of the energy efficiency of the instal-
lation. As a research method, we used computer
simulation of air flow around a wind turbine
blade in the ANSY'S software package [13].

In this work, this method takes into account the
position of the blade in time, analyzing the equa-
tions of the translational and rotational motion
of a rigid body. The solution of the unsteady
Navier-Stokes equation is carried out at each
calculated time, taking into account the previous
results obtained at the previous step. This tech-
nique is very time consuming and resource con-
suming, but it allows you to analyze the behav-
ior of the flow when flowing around a rotating
body[11].

1.2 Stages of the Grid Convergence Study
Since there is no data on which it appears possi-
ble to determine the parameters of the calculated
grid, it was concluded that it is necessary to
conduct a series of verification calculations. The
geometrical parameters of the grids can be seen
in Table 1.

Using the built-in Ansys Workbench Meshing
module, a tetraidal mesh was created. In all cas-
es, the mesh size in the cylinder area and in the
tail area the mesh has the same dimension of
0.06 m; in the outer area, the dimension was
taken equal to 0.75 m. The problem was solved
for four variants of the computational grid in
order to find the optimal parameters of the com-
putational grid. For the results to be accurate, it
IS necessary to create a boundary layer area all
along the blade profile. The dimension of the
boundary layer was determined based on the
profile geometry, Reynolds number and turbu-
lence model [4].
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Table 1. Characteristics of computational grids

Estimated dis-

Thickening of the

Model Hydraullc Reynolds  Estimated Y tance from the  mesh in the longi-
diameter number + . e
wall tudinal direction
1 0.38 5.0e+4 1 1.3e-4 1.0e-2
2 0.38 5.0e+4 8 1.0e-3 1.0e-3
3 0.38 5.0e+4 40 5.0e-3 5.0e-2
4 0.38 5.0e+4 50 6.3e-3 1.0e-2
5 0.38 5.0e+4 80 1.0e-2 1.0e-2

Table 2-3 show the results of the verification
tasks. The tables show the aerodynamic charac-

teristics at different geometric characteristics
and different Y+ coefficients.

Table 2. Comparison of aerodynamic coefficients with experimental data (Cd, Cl, Cm) for
all calculation options (Y +=1,Y + =40, Y + =50, Y + = 80).

Cd Cd Cl Cl Cm Cm
Y + (exper- (pay Cd (experi-  (pay (experi- (pay- cm
N Error Error Error
iment) ment) ment)  ment) ment)  ment)

1 0042 0.029 -309% 0.79 0469 -40.6% -0.045 -0.018 -60%
40 0.042 0.024 -42.85% 0.79 0.7 -11.39% -0.045 -0.028 -37.7%
50 0.042 0.039 -19.04% 0.79 0.72  -8.86% -0.045 -0.039 13.6%
80 0.042 0.0323 -23.09% 0.79 0.749 -5.189% -0.045 -0.03 -33.3%

Table 3. Comparison of aerodynamic coefficients (Cd, Cl, Cm) for all calculation
options (Y +=1,Y +=40,Y + =50, Y + = 80).

50 50 50
Y+  (Refer- 1  Error (Refer- 40 Error (Refer- 80  Error
ence) ence) ence)
Cd 0.034 0029 20.8% 0.024 0.024 0% 0.034 0.0223 -7.1%
Cl 072 0.469 -349% 0.72 0.7 -2.7% 072 0749 4.1%
Cm -0.039 -0.02 -37.8% -0.039 -0.03 -34% -0.039 -0.03 7.1%
Cd 0.034 0.029 20.8% 0.024 0.024 0% 0.034 0.0223 -7.1%

After analyzing and comparing the results of the
calculated parameters of CFD calculations with
the results presented in the source [3], the Y +
50 model is the most accurate for the performed
non-stationary calculation based on the previous
experience, which showed the smallest error in

\Volume 17, Issue 4, 2021

determining the aerodynamic coefficients in ag-
gregate. In the case of estimating the drag coef-
ficient, the largest error is -46.9%, the lift coef-
ficient is -40.6%, and the lift coefficient is -60%.
As a result of verification studies, the smallest
discrepancy in criterion parameters with exper-
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imental data was obtained for the design case
with Y + = 50, therefore, it was decided to use
this mesh as a design mesh for modeling a rotat-
ing blade under the influence of an aerodynamic
load.

1.3 Boundary and initial
conditions.Calculation parameters

The calculated geometry is presented in the form
of a circle, which makes it possible to investi-
gate the problem at different angles of air flow
incursion. The flow velocity was assumed to be
15 m/s with a percentage of turbulence up to
7%. On both sides of the model, the conditions
were built so as to take into account the curva-
ture of the circle and simulate the flowing per-
pendicular to the blade of the wind turbine. On
the lower part of the model, "slip walls" condi-
tions were adopted (FreeSlipWall, U=V =W =
0 m/s). Open boundary conditions were set on
the upper part. The RigidBody Solution was
used to solve the blade rotation problem with the
possibility of rotation with respect to the Z-axis.
The cylindrical domain was created as a subdo-
main with adjustment of the finite element mesh
recalculation due to blade rotation. The subdo-

Andrey Yu. Proskurin, Yulia G. Zheglova

main, domain interfaces, and vane must share
the same air characteristics. This is necessary
because the inner cylinder and solid must move
and rotate at the same speed to properly isolate
the motion. All relative motion between the in-
ner cylinder and vane will be eliminated, result-
ing in a null grid deformation inside the inner
cylinder. [10].

The interface for one domain has been changed
to limit the rotational movement of the mesh
surrounding the subdomain. The mesh located
on the inner cylindrical interface of the domain
will have the same physical properties as in the
solid form. Since the rotation cannot start with-
out outside help, the initial angular velocity was
initialized, no other external accelerations were
initialized.

The interface of the second domain was config-
ured in such a way that the air flow freely and
without loss of properties passed from one com-
putational domain to another. Both areas of a
larger radius and a smaller one are stationary
and do not require special settings for a finite-
volume mesh. A visualization of the calculation
model can be seen in Fig. 2.

26 W ASLIRESs ON MERARL LAFUD SR
LN -TTUTY TERT
—

Figure 2. Calculation in the CFX software package (boundary conditions)

2 Results of the study

2.1 Results of computer simulations in
ANSYS CFD

The calculations were carried out in a three-
dimensional non-stationary setting. The follow-
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ing basic physical characteristics of the flow are
given for aerodynamic calculations Re = 50,000.
Fig. 3-7 show the main results of computational
studies performed in the rotation of the blade of
the wind turbine at different moments of time,
the analysis of aerodynamic characteristics.
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Figure 3. Calculation in the CFX software
package (Masses and Moments)

Fig. 4-5 show the distribution of pressure values
at different points in time. The figures show the
change in blade position over time, leading to
different pressure patterns on the profile itself. It
can be seen that the pressure reaches its maxi-
mum value at the points where the profile expe-
riences the maximum airflow resistance.

Fig. 8 shows graphs of frequencies of aerody-
namic forces as the blade rotates

The graphs of the investigated forces show the
non-stationarity of the modeled process, each
wave corresponds to 1 rotation of the blade.

i
Figure 4. Isofield of pressures on the blade
(frontal part) at time moment 0.5 sec

=,
Figure 5. Isofield of pressures on the blade
(frontal part) at time moment 5.5 sec

Figure 6. Isofields of pressures in the common domain at the time of 2.5 sec

0450 0900 (m) I&: 5

Figure 7. Isofields of velocities in the common domain at the time of 2.5 sec
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Figure 8. Graphs of the investigated aerodynamic characteristics during the rotation of the blade
a) Lift force in time b) The force of frontal resistance in time

2.2 Energy efficiency calculation

Unfortunately, the initial data is not enough for a
complete analysis of energy efficiency data,
however, the known dimensions make it possi-

ble to determine the amount of energy generated
based on the throwing area.

Table 4 shows the values of generated energy at
different air flow velocities. These values are
calculated based on the size of the swept area.

Table 4. Power Generated Summary Table

Flow rate,m/s

Air density, kg/m3

The amount of generated energy, kW.

2 1.185 0.09
5 1.185 1.475
10 1.185 11.8
15 1.185 39.8
20 1.185 94.4
25 1.185 184.3
DISCUSSION mentally friendly ones. At the current stage, it

The analysis of frequencies, see Fig. 8, shows
the coincidence with the rotational speed of the
blade, while the rotational speed remains con-
stant, the time of 1 revolution of the blade is 1.7
seconds. What can be said about the fact that the
wind turbine rotates normally. The study shows
the consistency of the method for calculating the
blade, taking into account the take-off of the
blade from the effect of the air flow.

As can be seen from Table 4, at a flow rate of 25
m / s, the blade almost completely allows a
small house to be supplied with energy. This
allows us to conclude that a large number of
such generators will be able to replace the cur-
rent "harmful™ power plants with more environ-
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was possible to fully implement the dynamic
calculation, with the implementation of the rota-
tion of the wind turbine blade under the action
of the air flow. The use of a mixed calculation
will allow further research into the integration of
a wind turbine blade into the structure of a
building. With the creation of geometric design
features that will increase the oncoming flow
velocity.

CONCLUSIONS
The solution of the current problems showed the

consistency of the project and its relevance, in
the future it is necessary to carry out a numerical
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solution of a coherent problem, which will consist of
calculating the bearing capacity of the building, taking
into account the aerodynamic component and parallel
calculation of the wind turbine for energy efficiency
and aerodynamic characteristics and transmission of
vibrations from the rotation of the wind generator.
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FORCE DRIVEN VIBRATIONS OF NONLINEAR PLATES ON A
VISCOELASTIC WINKLER FOUNDATION UNDER THE
HARMONIC MOVING LOAD

Marina V. Shitikova, Anastasiya I. Krusser
Voronezh State Technical University, Voronezh, RUSSIA

Abstract: In the present paper, the forced driven nonlinear vibrations of an elastic plate in a viscoelastic medium
and resting on a viscoelastic Winkler-type foundation are studied. The damping features of the surrounding medium
and foundation are described by the Kelvin-Voigt model and standard linear solid model with fractional derivatives,
respectively. The dynamic response of the plate is described by the set of nonlinear differential equations with due
account for the fact that the plate is being under the conditions of the internal resonance accompanied by the
external resonance. The expressions for the stress function and nonlinear coefficients for different types of boundary
conditions are presented.

Keywords: nonlinear vibrations of thin plates, viscoelastic Winkler-type foundation, fractional derivative model,
boundary conditions, combination of internal and external resonances

AHAJIN3 BBIHY ) KJEHHBIX HEJTUHENHBIX KOJIEBAHUH
IINTACTUHKH HA BA3KOYIIPYT'OM OCHOBAHHUH
BUHKJVIEPA OT AEMCTBUSA NIOABUKHOU HATPY3KH

M.B. Illumuxoea, A.H. Kpyccep

Boponexckuii rocy1apcTBEHHBII TeXHUYECKUN YHUBEPCUTET, I'. Boponexx, POCCU

AHnHoTanus: VccnenoBanbl HeJMHEHHBIC BBIHYXKACHHBIC KOJIeOaHNUS yHNpPyrol IUIACTHHBI B BA3KOYNPYTroi cpeae u
Ha BSI3KOYIPYroM OCHOBaHMM Bunkiepa. Jlemndupyromme CBOWCTBA OKPYXKArOIICH Cpeasl W OCHOBAHHUS
OIMCHIBaIOTCS pu nomoiu Mozxeneil Kenpuna-doiirra n craHJapTHOrO JIMHEHHOTO TBEPJIOrO Tesa ¢ JIPOOHOMH
MIPOM3BOIHON COOTBETCTBEHHO. KoeOaHus IIIaCTHUHKH ONMCHIBAIOTCS CHCTEMOM HEJIMHEHHBIX AU (depeHInaIbHbIX
YPaBHEHMH, C Y4YETOM TOro, 4TO IUIACTMHKA HAXOIUTCS B YCIOBHMSX COYETAaHUS BHYTPEHHEIO U BHEIIHEro
pe3oHaHcoB. [lomydeHs! BeIpakeHNS I QYHKIUH HAOpPsHDKEHUH M KO3((UINEHTOB NMPY HEJIMHEHHBIX WICHAX JUIs
Pa3IUYHBIX THUIIOB TPAHUYHBIX yCIOBUI.

KiroueBble cjioBa: HeTMHEHHBIE KOJIeOaHMS TUTACTHHOK, BA3KOYIIPYToe OCHOBaHME THITa BuHkiepa,
MOJIETb C IpOOHOM MPOM3BOAHON, IPAaHUIHBIC YCIIOBHS, COUETAaHNE BHYTPEHHETO M BHEIITHETO PE30HAHCOB

1. INTRODUCTION

Nonlinear dynamic response of elastic plates on
the viscoelastic foundation is of great interest
among researchers in the recent years. The
analysis of free and force driven vibrations of
nonlinear systems is of great importance for
defining the dynamic parameters dependent on
the amplitude-phase relationships and modes of
vibration [1-3]. Moreover, nonlinear vibrations
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could be accompanied by such a phenomenon as
the internal resonance, resulting in strong
coupling between the modes of vibrations
involved, and hence in the energy exchange
between the interacting modes. The described
type of resonance can be characterized as a
structural resonance, since external resonance,
for example, could be eliminated by the
simplest change in the frequency of the
harmonic force. Both types of resonances
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separately  are  extremely  unfavorable
phenomena, and their combination can lead to
the distraction of not only one element, but the
entire structure as a whole. The process of the
nonlinear vibrations of the plates under
conditions of internal resonances has been
widely studied in [4-7].

Depending on the applications of the considered
foundation, several models have been proposed
to describe their properties [8]. The viscoelastic
Winkler-type or Pasternak-type foundations,
damping features of which are described by the
fractional derivative approach, are becoming
increasingly widespread nowadays due to the
important role of fractional calculus in solving
problems of structural mechanics [9].

In the literature there are mainly reports on the
analysis of vibrations of plates on a viscoelastic
foundation in the linear formulation of the
problem [10-17]. Nevertheless, there are papers
in which nonlinear vibrations of plates on the
foundation are considered. Thus, large
deflection dynamic response of isotropic thin
rectangular plates resting on Winkler, Pasternak
and nonlinear Winkler elastic foundations was
investigated in [18]. The dynamic response of a
rectangular nonlinear plate resting on a
viscoelastic  Winkler-type  foundation, the
damping features of which are described by the
fractional derivative Kelvin-Voigt model, for
the first time was studied in [19]. The standard
linear solid model with fractional derivatives for
defining the viscoelastic properties of the
Winkler-type foundation was applied in [20] for
the analysis of free vibrations of the plate.

The problems of dynamic response of the
rectangular plate supported by viscoelastic
foundations and subjected to moving loads are
studied in [16, 21-23]. This problem could find
many engineering applications, such as aircraft—
runway interaction or vehicle-road interaction,
pavement-foundation system, dynamics of the
helipad system, ship deck (especially aircraft
carriers), soil-foundation system of offshore
structures, railway track system, reinforced
warehouse floor, etc [1].
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However, the dynamic problems considering
time-dependent properties of the material of the
plate or foundation are usually restricted to
simply supported plates. But in the literature
there are solutions for rectangular plates with
different combinations of simple boundary
conditions (i.e., either clamped (C), simply
supported (SS), or free (F)) [24]. Thus,
nonlinear  frequencies of vibrations of
rectangular plates for three different types of
boundary conditions (B.Cs) have been
calculated in [1]. The linear dynamic response
of thin plates resting on a fractional derivative
Kelvin-Voigt viscoelastic foundation subjected
to a moving point load is investigated in [16] for
four types of boundary conditions. Semi-
analytical solutions and comparative analysis of
natural frequencies and midpoint displacements
for vibration of the viscoelastic Kirchhoff-Love
plate  on the Kelvin-Voigt viscoelastic
foundation with various B.Cs are presented in
[25].

In the present paper, the nonlinear vibrations of
the “elastic plate — viscoelastic foundation”
system is studied for the case of combination of
one-to-one internal and external resonances.
The properties of the foundation and of the
surrounding medium are described by the
fractional derivative standard linear solid model
and Kelvin—-Voigt model, respectively. The
nonlinear force driven vibrations of the plate on
the viscoelastic foundation are studied under the
harmonic moving load for different types of
boundary conditions.

2. PROBLEM FORMULATION

Let us consider nonlinear vibrations of a simply
supported elastic plate rested on a viscoelastic
Winkler-type foundation (Fig.1), the dynamic
response of which is described by the von
Karman equation in terms of plate’s lateral
deflection w=w(x,y,t) and Airy’s stress

function ¢:
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where D=Eh®/12(1-v?) is the plate’s
cylindrical rigidity, E and v are the elastic

modulus and Poisson’s ratio of the plate’s
material, respectively, h and p are its
thickness and density, t is the time,
q=Po(x—g(t))o(y—-b/2)sinQ.t is external
load, P and Q. are the magnitude and the
frequency of the applied force, respectively, &
is the Dirac delta function, and g(t) is the
function defining the position of moving load,
g(t)=Vt for a load moving with a constant
velocity.  Besides, g(t) must satisfy
0<g(t)<a.

In equation (1), F, is the reaction force of the
viscoelastic Winkler-type foundation,
F =a,7/"DJtw is the damping force of the
viscoelastic medium possessing the retardation
time 7, and damping coefficient @&,, which is

modeled by the viscoelastic Kelvin-Voigt model
with the Riemann-Liouville derivative D}: of

the fractional order y, (0<y, <1) [9,26]

Cx(t—tdt!

Do.x(t) = dt o T(— )"

O<y=rn<D, @)

and T'(1-y) is the Gamma function.

Let us assume, following [27], that the
compliance operator of a viscoelastic foundation
is described by the standard linear solid model
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with the Riemann-Liouville fractional derivative
D B)at y=y,:

i=d|1-v,— > | 4)
1+7;D
where A_ is the coefficient of instantaneous

compliance of the foundation, v =A11",
Al=A,—1, is the defect of the compliance,

i.e., the value characterizing the decrease in the
compliance operator from its non-relaxed value
to its relaxed value.

i 4

T 1

Ao T2, %2

Figure 1. Plate on a viscoelastic foundation
subjected to a moving harmonic load

The following boundary conditions could be
added to the set of equations (1) and (2) at each
edge:

1) Simply supported edges (S)

2
at x=0 and a, szvzvzo,

X
aty=0and b, w= Y =0;

2) Clamped edges (C)

at x=0 and a, w:;ﬂzo,

X

(6)

aty=0 and b, Wzﬂzo.
oy
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Therefore, the following four types of boundary
conditions (B.Cs) for the plate will be
considered: all edges are simply-supported
(SSSS), all edges are clamped (CCCC), two
opposite edges are clamped and other two edges
are simply supported (CSCS), and one edge is
simply supported and others are clamped
(CCSC). In the abbreviation of B.Cs the letter
symbols are used, for example, CSCS means a
plate with edges x=0 and x=a clamped (C),
y =0 and y =b simply supported (S).

In order to identify the possibility of the
occurrence of the internal resonance during
nonlinear vibrations of a plate rested on a
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viscoelastic foundation and to carry out its
subsequent analysis, suppose that only two
natural modes of vibrations with numbers m,n,

u m,n, are excited. Then the deflection of the

plate could be represented in the following
form:

WX, Y,8) = X (W, (X Y) % (OW,,,, (X,Y), (7)
X, (t) (i=12) are

displacements, and Wmini(X, y) are the eigen

where generalized

functions. The mode shape functions for various
B.Cs are presented in Tablel [25].

Table 1. Plate mode shapes and natural frequencies for different B.Cs.

B.Cs. W, (% Y) QF
SSSS sin 21X gjn 204 2 = E”4h22 H(&m? + nf)2

a b 12p(l-v)b
cccc|  (1-cos 2ﬂerlnix)(l—cos@) f:%(sg“mﬁ +2&°m?n’ +3n')
CSCS (1—cos 2”E;n‘x)sin Y L= %(454”‘? +2&'mfn? +0.75n )
cesc | (€08 37;2‘)( —cos%)(l—coszz%) 2 :m/;%:iw(&%g“mf +5£°m’n’ +8n/')

Substituting the proposed solution (7) in (2),
taking into account the boundary conditions to
be considered for each specific case and
integrating with account for the orthogonality
conditions of sines, we obtain the expressions
for the stress function for different types of
boundary conditions, which are presented in
Appendix A.

Substituting the assumed two-term expansion
for the deflection function of the plate (7) and
the corresponding stress function in the equation
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of motion of the plate (1) resting on the
viscoelastic Winkler-type foundation yields the
following set of nonlinear differential equations
with respect to the generalized displacements:

o 2 3 2 2
X+ @ X + Xy + XXy + & DX —

8
o, ()% = R (1) ©

. 2 3 2 2 7
X, + @5 X, + X, + o, X, X + &7 DX, —

o, ()% = P, (1) ©)
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where

= (ﬁ PsinQ_.t 5(x—g(t))o(y—0.5b)x
00 (10)

(x,y) dxdy /phﬁ[ ] dxdy,
00

a; are the coefficients depending on numbers of
the vibration modes which are given in

Appendix B, & is a small dimensionless
. ) E,z*
parameter, z; are finite values, &y =—"1,
ph
2 /1 Vé: 2 2 - .
eu,=——, o and o, are Vvibration
h

frequencies of the mechanical system “plate +
viscoelastic foundation”

a)i2:Qi2+l—°°,

oh 11)

and Q? are the natural frequencies of the linear
vibration of the plate presented in Table 1, and
a’; (zJ?) is the Rabotnov dimensionless

fractional operator defined as follows [28]

1

To77D% 12
1+ D "

3 (z77) =

When deriving relations (8) and (9), the filtering
property of the delta function should be taken

into account:
[[30¢=x)5(y = yo) f (x, y) dxdy = f (%, ¥,). (13)

Considering (13), equation (10) for the case of a

simply supported plate is reduced as
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R(t) = PsinQ.t[[o(x-Vt)s(y~b/2)x

xsin (mjsin (mj dxdy =
a b
= Psin(”m‘thsin(ﬂ—m]sin Q.t.
a 2

Then with due account for (14) the governing
equations (8) and (9) could be written as

(14)

X, + o % + oy + XX + 8" DX, — (15)
—&°1, 3, (72)%, —4&’ f sino tsinQ t =0,

) 2 3 2 2 j2
X, + @, X, + 0 X5 + o, XX + &1 Dt X,

(16)

—&°11, 3, (13°)%, —4&’ f,sinw; tsinQ t =0,

_mV
o, =——— are

P . (7zn
sinj —|.
abph [ 2 j

3. METHOD OF SOLUTION

where frequencies, and

& f=

In order to solve the set of Egs. (15)-(16), the
method of multiple time scales [29,30] could be
utilized, according to which the generalized
displacements x;(t) could be represented via the

following expansion in two time scales T, and T, :

X (t) = gxil(TO’T2)+82Xi2
+&° X5 (Mo, T,) + .y

T,,T,)+ (17)

where T, =¢"t are new independent variables,
among them: T, =t is a fast scale characterizing
motions with the natural frequencies, and
T,=ct* is a slow scale characterizing the

modulation of the amplitudes and phases of the
modes with nonlinearity.
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Recall that the first and the second time
derivatives, as well as fractional derivative
could be expanded in terms of the new time
scales, respectively, as follows [29]:

%:D0+52D2+ :
) (18)
d
o D +2£°D,D, +
or (4] (Dy+&°D,+...) =
©dt (19)

=D} +&°yD]™'D, +...,

where D, =0/0T,,and D, =0/7T,.

Expansion of the Rabotnov dimensionless
fractional operator in a Taylor series in terms of
a small parameter has the form [20]:

5 () =g =04y’
0+

—£*(1+7'D) ) ?cyDy D, +...

(20)

Substituting expansion (17) with account for
relationships (18)-(19), after equating the
coefficients at like powers of ¢ to zero, we are
led for the case of forced vibrations to the
following set of recurrence equations to various
orders:

to order ¢
D()2X11 + a)llel =0, (21)
D02X21+a)22X21:0, (22)
to order &°
D§ X3+ 0 X5 = —2D,D, X, — Xy, (1,05 —
—1,(+ 1} Dgz)-l) a X3 —a, X X2 + (23)

+2 flcos((a)fl —QF)TO)+ 2 flcos((a)fl +QF)TO),
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Dy X5 +@; Xp3 = =2D,D, X, — Xﬂ(ﬁngl -
1, (L+ 77 D7) )=, X5~ X X + (24)
+21, cos((wfz —QF)T0)+2 f, cos((a)fz +QF)TO),

where z, =% (1=1,2).

The solution of linear equations (21) and (22)
has the form

X, =A (Tz)exp(ia)jTo)+
_ (25)
+A (Tz)exp(—ia)jTO),

unknown

functions, and K (TZ) are conjugate functions
with A, (TZ).

Substituting relationships (25) in equations (23)
and (24) yields

where are yet

Dy X3 + @} X, = —2i0 D, A exp(ioyT, ) -

[ A(io)" - @@+ 2 (o)) |Aexp(inT,)-
o, A exp(BiaT,) +3A exp(ioT,) | A’ -

—aZ{AZZ exp| (@, +20,)T, |+ 2A, A exp(iaT, ) +
+A expli(e, —2w2)T0]} A+ fexp(i(, —Q)T, )+

+f,exp(i(w, +Qp)T, ) +cc,
(26)

Dy X 5 + @; X 3 = —2i0,D, A, exp(ia,T, ) -

| Ao, ) -+ o (i) ) | A explio]T,) -
—053[Az exp(3iw,T, ) +3A, exp(iw,T )]AZ -

—a4{Ai exp[ (20, + @,)T, |+ 2AA exp(io,T, ) +

+A expli(e, —2a)1)T0}} A+ 1, exp(i(cof2 —QF)TO)+

+f, exp(i(a)fz + QF)T0)+ cc.
(27)
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The analysis of relations (26)-(27) shows that
the case of the occurrence of the one-to-one
internal resonance is possible, when any two
vibration frequencies of the mechanical system
“plate+viscoelastic foundation” are close to
each other, namely:

o, =w,, andtherefore, Q,=Q,. (28)
From equations (26) and (27) it follows that the
internal resonance could be accompanied by the
external resonance when one of the following
conditions is fulfilled:

(1) & =, -Q,

() o =05 +Q¢. (29)

The condition for eliminating secular terms in
equations (26) and (27) with account for
relationships (28)-(29) leads to a set of two
governing equations:

20D, +| f(ie) - m+ 7y (@) ) |A
+3a, A A + o, AN + 20, AAA, — f =0,
20,0, +| 7 (i, )" - 7, (L 5 (i, ) )7 |, +
+3a, A A, + o A A + 20, A,AA — T, =0,

+
(30)
(31)

Multiplying (30) by A and (31) by A,, adding
and subtracting the equations conjugate to them,
and representing functions A in the polar form

A=ae’ (i=12), (32)

where a =a(T,) and ¢ =¢(T,) are the

functions of amplitudes and phases of
vibrations, yield the following set of equations:
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2\ 2 A 2.2 G
(af) +saf + o 'a,ala sing + (33
+fo'a sing, =0,

o _ .
(a%) +s,8} - ;' a7al sino + (3)
+f,0,'a, sing, =0,
) _121 _2051(‘)1_16112 — a0, 85 —

27t 2 (35)

—%aZa)llazz cosﬁ+% (o2, )_l cosg, =0,

o1 3 _ _
?, _5/12 _Easa)zlazz —Ot4a)21a12 -
(36)

_%a4a)2‘1af cos5+% f,(@,a, )71 cosg, =0,
(31)

where 6 =2(p, —¢,) is the phase difference,

S, = o siny, + o 'R sin®, +
Lo siny,,
A = gl cosy, — o 'R, cos ®, +

0 cosy,, (37)

Vi :%7[74 (i=1,2),

Ri = \/1+ Z(Tza)i )72 CoSy, + (TZG)i )272 !

(r,,)" siny,

tan @, = .
" 1+ (7,0, ) cosy,

The set of equations (33)-(36) is the governing
one for the amplitudes and phases of nonlinear
force driven vibrations of the elastic simply
supported plate on a nonlinear viscoelastic
Winkler-type foundation, damping features of
which are defined by the fractional derivative
standard linear solid model (4), when vibrations
occur in a viscoelastic surrounding medium,
properties of which are described by the
fractional derivative Kelvin-Voigt model.

For other types of boundary conditions, the
governing set of equations could be obtained in
a similar way by changing the vibration
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frequencies (see Table 1) and coefficients
a,—a, (presented in Appendix B) in the

expressions (33)-(36), as well as the terms
depending on the external load.

4. NUMERICAL EXAMPLE

Equations (33)-(36) were solved numerically in
the «Mathcad 15» system by using the method
suggested in [31] for the cases of free and forced
driven vibrations of the SSSS plate. A quadratic
plate was considered as an example with the
following geometric parameters: a=b=10m,

h=0,3m, m =n,=1 m,=n =3and material
parameters E =3,25-10"kPa, p = 2400kg/m?,
and v =0.3. The harmonic load is moving with
the constant velocity V =30m/s and frequency

Q. =95s? along the x-axis. The vibrations of

the plate are studied for three cases of external
load: P =2140N (Fig. 2b), P =5000N (Fig.
2c), and P =7140N (Fig. 2d).

Marina V. Shitikova, Anastasiya I. Krusser

The plate is subjected to the conditions of the
internal resonance 1:1 at @, = w, =104,42s™,

accompanied by the external resonance:

3,14-1-30

0, =0, +Q; = +95=104,425,

Figure 2 clearly shows the energy exchange
between interacting modes of nonlinear free
vibrations and force driven vibrations of the
simply supported plate on the elastic (, =0) and

viscoelastic (y, = 0) foundation via the fractional

calculus standard linear solid for different values
of external load. It is seen that an increase in the
magnitude of the external force results in the
increase in dimensionless amplitudes of vibrations
of the plate. The dependence of the amplitudes of
nonlinear vibrations on the values of fractional
parameters y, and y, is shown in Figure 3. With
the appearance of the damping properties of the

viscoelastic medium, the damping of vibrations
increases.

3 W |

\"“H_nln !
\ ||I| lwi| .|||h {]llln

%h ;hlh ’w

aHl b
i
"
11
|
I
|

Figure 2. The dimensionless T2-dependence of the dimensionless amplitudes of nonlinear vibrations
for SSSS-plate for m, =n, =1, m, =n, =3 a) free vibrations, and force driven vibrations at

b) f,=-3 f,=3,¢) f,=-7,f,=7,d) f,=-10, f, =10; solid line — a2, dashed line — a1
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— 1=0.05; y2=0
— e =0.05; y2=0.1

16 a)

— y=0.1; y=0
— =1 y=0.1

: — p=0.1; y=0.2
) — =01 y=0.25

Figure 3. The dimensionless T2-dependence of the dimensionless amplitudes of nonlinear vibrations
of SSSS-plate for different values of fractional parametersat f, =-3, f,=3; m =n, =1,

m, =n, =3; solid line — a2, dashed line — a1

5. CONCLUSION

In the present paper, the problem of nonlinear
vibrations of a von Karman elastic plate based
on a viscoelastic Winkler-type foundation and
subjected to moving load is solved. The
damping features of the viscoelastic foundation
are described by the fractional derivative
standard linear solid model, while the damping
properties of the environment in which the
vibrations occur are described by the Kelvin-
Voigt model with the Riemann-Liouville
fractional derivative. The expressions for the
stress function and nonlinear coefficients for
SSSS, CCCC and CSCS types of boundary
conditions are presented. The governing
equations are obtained for determining
nonlinear amplitudes and phases in the case of
forced driven vibrations, when the natural
frequencies of the two dominant vibration
modes are close to each other and to the
frequency of the external load. The resulting set
of equations allows one to control the damping
properties of the external environment and the
foundation by changing the fractional

\Volume 17, Issue 4, 2021

parameters from zero, what corresponds to an
elastic medium and/or elastic foundation, to
unit, what conforms to the traditional standard
linear solid model, resulting in the expansion of
the range of applicability of the solution
obtained.

The derived set of equations has been solved
numerically for the SSSS case of boundary
conditions using the approach described in [31].
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APPENDIX A

1) SSSS-plate

where & = E
a

POGY)=EN D 30D o XY

1

mi
n, a

=
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i1=12, X =COSM, Y.
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X; (t)2 +
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zp(m, +m,)x zp(m, —m,)x n? 1
Mlp = COoS p( 1a 2) , sz = COS p( 1a 2) ’ ¢i02 _ §3Z ’ ¢|20 — 32§2m2
qu — COS ”q(n1+n2)y, qu — COS ”q(nl_nz)y ,
b b
_ f(mlnz_mznl) B — §(m1n2+m2n1)
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2) CCCC-plate
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B M12Y21 + C M 22Y21 (A 2)

m n
- A22)(11N12 - D22X11N22 - E22X11Y21)_ 32 (B M12Y11 + C M22Y11

o A32X21N12 o D32X21N22 - E32X21Y11>} X1(t)xz (t)}’
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3) CSCS-plate

1
¢(X’y’t):Eh{ZZZ¢|pqxlelq X|(t) +[4(A42M12N11_D42M22N21_B 2M12N21+C Mzan)
i q

m12 2.2
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&(mn, +myn,)
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4(m1—m2)2 E2+(n, —nz)2 ’
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2 .2 21 D =
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A= 3 20 B, = < 2
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C, - g g

242 2 D5: 242 2"
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APPENDIX B
1) SSSS-plate

ab m4 n4
4 2 2
l: 2pab” IJ‘Kll Lll |:_}1Y12 +b_];1 X12:|dXdy,
00
4ab , 4 n4
oy = Zpabﬂ IJ‘Kzl L21 |: b—iX22:|dXdy
00

a, =— 7[4.T.T{ 11L11{ 2 ngz n TZ Xzz} 2m K21L21M11[ Aiz(nl"'nz)z N11+B12(n1_n2)2 N21}+
2pab ¢y b a’b?
2 2n’
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(B.2)
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E 20 m’m2 n/n 2m
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AIMED CONTROL OF THE FREQUENCY SPECTRUM
OF EIGENVIBRATIONS OF ELASTIC PLATES
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Abstract: As is known, targeted regulation of the frequency spectrum of natural vibrations of elastic systems
with a finite number of degrees of mass freedom can be performed by introducing additional generalized con-
straints and generalized kinematic devices. Each targeted generalized constraint increases, and each generalized
kinematic device reduces the value of only one selected natural frequency to a predetermined value, without
changing the remaining natural frequencies and all forms of natural vibrations (natural modes). To date, for some
elastic systems with a finite number of degrees of freedom of masses, in which the directions of mass movement
are parallel and lie in the same plane, special methods have been already developed for creating additional con-
straints and generalized kinematic devices that change the frequency spectrum of natural vibrations in a targeted
manner. In particular, a theory and an algorithm for the creation of targeted generalized constraints and general-
ized kinematic devices have been developed for rods. It was previously proved that the method of forming a ma-
trix of additional stiffness coefficients, specifying targeted generalized constraint, in the problem of natural vi-
brations of rods can also be applied to solving a similar problem for elastic systems with a finite number of de-
grees of freedom, in which the directions of mass movement are parallel, but do not lie in the same plane. In par-
ticular, such systems include plates. The distinctive paper shows that the method of forming a matrix for taking
into account the action of additional inertial forces, specifying targeted kinematic devices in the problem of natu-
ral vibrations of rods can also be applied to solving a similar problem for elastic systems with a finite number of
degrees of freedom, in which the directions of mass movement are parallel, but do not lie in the same plane.
However, the algorithms for the creation of targeted generalized kinematic devices developed for rods based on
the properties of rope polygons cannot be used without significant changes in a similar problem for plates. The
method of creation of computational schemes of kinematic devices that precisely change the frequency spectrum
of natural vibrations of elastic plates with a finite number of degrees of mass freedom is a separate problem and
will be considered in a subsequent paper

Keywords: natural frequency, natural mode, targeted generalized constraint,
targeted generalized kinematic device, stiffness coefficients, inertial forces
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C KOHEYHBIM YU CJIOM CTENEHEN CBOBOJbI MACC
NYTEM BBEAEHUS JONOJHUTEJBHBIX OGOBIIEHHBIX
KUHEMATHUYECKUX YCTPOUCTB
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AnHoTanusi: M3BecTHO, 4TO MPUIETBHOE PETYINPOBAHNE CIIEKTPA YAaCTOT COOCTBEHHBIX KOJEOaHMH YIpPyTHX
CHCTEM C KOHEYHBIM YHCJIOM CTENEHEH CBOOOABI MAacC MOXKET BBIIOJIHATHCS BBEICHHEM JOMOIHUTEIbHBIX
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000OIIEHHBIX CBsI3e M OOOOMIEHHBIX KMHEMAaTHUeCKHX ycTpoiicTB. Kaxnas o0oOmIEHHas MpUIeTbHAS CBS3b
YBEIMYHMBACT, a KaXJ[0€ 0000MEHHOE KMHEMAaTHYECKOE YCTPOWCTBO YMEHBILIACT BEJIMYMHY JIHIIb OJJHOH BBI-
OpaHHON COOCTBEHHOW 4AacCTOTHI JI0 HANepE 3alaHHOTO 3HAYEHHs, HE U3MEHSS IPH ATOM OCTaJIbHbIE COOCTBEH-
HBIC YacTOTHI M Bce (POPMBI COOCTBEHHBIX KoJiebanuil. K HacToseMy BpeMeHH ISl HEKOTOPBIX YIPYTHX CUCTEM
C KOHEYHBIM YHCIIOM CTEIIeHel CBOOOBI Macc, y KOTOPBIX HANPaBJICHUS ABHKEHHS Macc MapauleIbHbl U JISKaT
B OJTHOH IUIOCKOCTH, pa3paboTaHbl METOABI CO3JaHUs IONOJHHUTEIBHBIX CBsi3eld M O0OOIIEHHBIX KHHEMaTHYe-
CKHUX YCTPOICTB, MPULICIIBHO M3MEHSIOIINX CIIEKTP YacTOT COOCTBEHHBIX KolieOaHMU. B yacTHOCTH, IS CTEpIK-
Hell pa3paboTaHbl TEOPHS U AITOPHTMBI (POPMUPOBAHHMS IPHLEIBHBIX JOMOIHUTEIBHBIX CBsI3eH U 0000IEHHBIX
KHHEMaTHYEeCKUX YCTPOUCTB. Panee ObUIO IOKa3aHO, YTO MeTO (DOPMUPOBAHHUS MATPULBI JOIOJHHUTEIBHBIX KO-
3 PUIMEHTOB >KECTKOCTH, XapaKTEPH3YIONINX TNPHUIETHHYIO CBsI3b, B 3a/Jade O COOCTBEHHBIX KOJICOAHHUIX
CTepKHEW, MOXKeT OBITH MPUMEHEH W IPH PELICHHH AaHAJIOTMYHON 3aJaudl JUI YNPYTHX CHCTEM C KOHEYHBIM
YHUCJIOM CTEICHEH CBOGO)]LI, Y KOTOPLIX HalpaBJICHUA ABHKXCHHA MaCC ITapalICJIbHbI, HO HC JIC)KAaT B O}IHOﬁ
II0CKOCTH. B YaCTHOCTH, K TaKMM CHCTEMaM OTHOCATCA IIJIAaCTUHBI. B )IaHHOﬁ CTaTbC IIOKA3aHO, 4YTO MCTOA
d)OpMI/IpOBaHI/IH MaTpulbl y4uc€Ta HeﬁCTBHH JONOJHUTEIbHBIX MHEPHUHUOHHBIX CHJI, XapPAKTCPUYIONIUX ITPUILICIIb-
HOE KMHEMaTHYeCKOe yCTPOMCTBO, B 33/1a4€ O COOCTBEHHBIX KOJEOaHUSIX CTEPIKHEH, MOKET OBITh MPHUMEHEH U
NPY PEUICHUH aHAJIOTUYHOMN 3a7a4M JUIsl YIPYTHUX CUCTEM C KOHEYHBIM YHCJIOM CTENEHEH CBOOOMBI, Y KOTOPBIX
HAarpaBJIeHUsl JIBM)KEHHSI Macc MapajiebHbl, HO HE JISKaT B OJHOH MmockocTH. OHAaKO, alrOpuT™MBl (hOPMHPO-
BaHMS NPHUIEIbHBIX O0OOIIEHHBIX KMHEMAaTHYECKHX YCTPOMCTB, pa3paboTaHHBIE MJIsI CTEp)KHEH Ha OCHOBE
CBOMCTB BEPEBOYHBIX MHOTOYT'OJILHIKOB, HE MOTYT OBITH 0€3 CyIIECTBEHHBIX M3MEHEHUH HCIOIb30BaHbl B aHa-
JOTWYHOW 3ajave ISt mracTuH. Meron GpopMHpOBaHMS PACUETHBIX CXEM KHHEMAaTHYECKHX YCTPOMCTB, NpH-
LETBHO M3MEHSIOIUX CHEKTP YacTOT COOCTBEHHBIX KOJICOAHWH YIMPYrHX IIACTHH ¢ KOHEYHBIM YHCIIOM CTeIe-
Hell cBoOOBI Macc, MPeCTaBsaeT CO00H OTACTHHYIO 3a/1a4y U OyJeT B PACCMOTpPEH B ITOCIEAYIOMIEH paboTe

KuroueBble cjioBa: 4acTOTa COOCTBEHHBIX KOJeOaHMid, popMa COOCTBEHHBIX KOJICOAHHH,
000011IeHHas TPHUIIETbHAS JOTIOTHUATENFHAS CBA3b, 0000IIEHHOE MPUIIETFHOE KHHEMAaTHIECKOE YCTPOICTBO,
KO3 PHUIUCHTBI JKECTKOCTH, HHEPIIMOHHBIC CHIIBI

INTRODUCTION

When designing structures, in some cases it be-
comes necessary to deduce one or several natu-
ral frequencies from a certain frequency inter-
val. As is known [1-4] one of the methods for
solving such a problem is the creation of target-
ed generalized constraints and generalized kin-
ematic devices. Special methods and algorithms
of creation of generalized constraints and gener-
alized kinematic devices for elastic rods carry-
ing a finite amount of concentrated masses were
developed and presented in the above-
mentioned papers. It was shown in [5] that the
method of forming a matrix of additional stiff-
ness coefficients, specifying the targeted con-
straints in the problem of natural vibrations of
rods can also be applied to solving a similar
problem for elastic systems with a finite number
of degrees of freedom, in which the directions
of motion of the masses are parallel, but do not
lie in the same plane. Let us show in the distinc-
tive paper that a similar approach can be applied
to solving the problem of creating targeting
generalized kinematic devices for elastic sys-
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tems with a finite number of degrees of free-
dom, in which the directions of motion of the
masses are parallel, but do not lie in the same
plane. In particular, such systems include plates.
By analogy with the approach, described in [5],
let us firstly present a method of creation of tar-
geted kinematic devices for elastic rods [6] car-
rying a finite amount of concentrated masses.
We can use system shown in Figure 1 [3, 4].

Yv
Figure 1. Sample system.

As in [5], the main system of the displacement
method was chosen (Figure 1b). The equations
of the displacement method were written in the
form conventional for systems with a finite
number of degrees of freedom
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-1 I n4l

Figure 2. Main system of the displacement
method (sample).

Values r[i,k] in (1) form matrix of stiffness co-
efficients A=||r[i,k]|; m[i] are the values of
the masses, which form a diagonal matrix
M =|m(i]|; e is the frequency of natural vibra-
tions of the system; v[k, j] are displacements in
the direction of motion of the masses in the j-

th form of natural vibrations (natural modes).
Roots of the equation

A-0*M|=0 (2)

determine the spectrum of frequencies of natural
vibrations of the system

ofl], @[2], ..., 0[q -1], @[q], ©[q +1].... @[n]. (3)

For example, in [3, 4] for rods it is shown that a
kinematic device with one degree of activity
transfers to the structure a generalized targeted
inertial force, which reduces the value of only
one natural vibration frequency to a given value,
leaving the rest of the spectrum frequencies un-
changed. The device is formed on the basis of a
matrix for taking into account the action of ad-
ditional inertial forces

M,=M_,M_, 4)
where we have

M, = [mli. K| 5)

ik=1"

\Volume 17, Issue 4, 2021

The matrix M, must have special properties. If

the introduced kinematic device is targeted at
the q-th natural frequency, then the coefficients

of the matrix M, (|m,[i,k]|,_,) should be or-

thogonal to the coordinates of the modes of nat-
ural vibrations of the remaining frequencies of
the spectrum. That is we have

émo[i' k]Vm[k, J] =0, (6)
i=12,..,n,j=12.,9-1,q9+1..,n).

With respect to the q-th natural frequency,

which is “targeted” by the kinematic device we
have

Zn:mo[i,k]v[k,q];tO, (i=12..,n). (7)

k=1

It was shown in [3, 4] that conditions (6) and (7)
will be satisfied by the coefficients

mo[i,k] = mfi]m[k]v,[i,alv,[k.q]. ~ (8)

The value of the factor M, is found as the root
of the equation

‘(A_wSZM)_MmO(a)SZMm)

0. (9

Considering that the (q)-th form of natural vi-
brations remains its form of natural vibrations
even at frequency s, the factor M, can be

found as
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M mo —
Zn: > (@li, k1-@imli, kv, [i, (@)Iv, [k, (0)] |

n
i=1 k=1

3 ofmfi, kI, [ @ [k, @)

(10)
The result of solving the equation

A=’ (M +M M )[=0.  (11)

must confirm that the modes of natural vibra-
tions have not changed, and the “targeted” fre-
quency has decreased to ;.

The kinematic device, which will correspond to
the matrix of coefficients for taking into account
the action of additional inertial forces

hﬂ 0 = hA m0 hﬂ m
where M., =|m[i. k[,

should provide the ratio between the nodal dis-
placements the same as between the coordinates
of the q-th form of natural vibrations of the

original system. In [3, 4] it is also shown that
such a relation will be realized if the kinematic
device transfers inertial forces to the nodes, the
ratios between which will be proportional to the
ratios between the forces
Ro[i]=miilv, [i, ). (12)
An example of such a generalized targeted kin-
ematic system for a rod is a sprengel, the outline
of which is determined by a rope polygon built
in the plane of motion of masses by forces (see,
for example, [3, 4]).
The derivation of the expressions for the coeffi-
cients of the matrix for taking into account the
action of additional inertial forces (4) for the
rods is based on the use of the displacement
method in the conventional form and the proper-
ties of the modes of natural vibrations (natural
modes).
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Since the modes of natural vibrations of the
plates, as well as for rods, are orthogonal, the
problem for elastic plates carrying a finite num-
ber of concentrated masses, as well as for rods,
will be based on the formation of a matrix for
taking into account the action of additional iner-

tial forces. The coefficients |m,[i,k]|, , must

also satisfy conditions (6) and (7) and be deter-
mined by dependencies (8).

Let us give an example that confirms that the
matrix of additional stiffness coefficients (4)
serves as the basis for creating targeted kinemat-
ic devices and for elastic plates carrying a finite
number of concentrated masses.

Let us consider a plate from [5], carrying 25
concentrated masses (Figure 3).

L 4
-
.DO
L
—
[
.
—
ol

Figure 3. Considering plate (sample).

In node number 9 the mass is equal to 600 kg, in
node number 18 the mass is equal to 1000 kg,
and in other nodes the mass is equal to 800 kg
each. The dimensions of the plate in the plan are
6 m by 6 m, the thickness is equal to 0.12 m.
The modulus of elasticity of the plate material is
E = 24,000,000,000 n / m2 Poisson's ratio is
equal to vo = 0.2. With the main system of the
displacement method (Figure 4) and one-
dimensional numbering of values Vv[k, j] in ac-
cordance with Figure 3, the spectrum of natural

vibration frequencies is determined as the roots
of equation (2).
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Figure 4. Main system of the displacement
method (sample).

The values of the first five frequencies of natu-
ral vibrations of the plate and the coordinates of
the corresponding eigenmodes are given in Ta-
ble 1 (columns are initial frequencies and
shapes).

Suppose that it is required to expand the interval
between the fourth and fifth natural frequencies
by reducing the value of the fourth frequency
from 146.834 sec to 110 sec’. For this, in ac-
cordance with (6), (7) and (8), we can form a
matrix of the matrix for taking into account the
action of additional inertial forces. The data re-
quired for using dependencies (6), (7) and (8)
are given in the description of the plate and in
Table 1 (columns are initial frequencies and
shapes).

After the formation of the matrix of the action
of additional inertial forces, taking into account
their influence, we determine from equation
(11) the modified spectrum of natural frequen-
cies and the corresponding vibration modes.

The first five natural frequencies and their cor-
responding shapes are shown in Table 1 (col-
umns are modified frequencies and shapes).

It can be seen from Table 1 that taking into ac-
count additional stiffness coefficients did not
change any of the modes of natural vibrations of
the plate, but only reduced the value of one of
the frequencies from 146.834 s to a given val-
ue of 110 s™. This result clearly illustrates the
possibility of using dependencies (6), (7) and
(8) for solving the problem of a generalized kin-
ematic device of constraints for elastic plates
with a finite number of degrees of freedom of
masses.

The generalized kinematic device for the plate,
as well as for the rod, must create an additional
generalized inertial force that ensures the target
of the action.

\Volume 17, Issue 4, 2021

As noted above, the properties of the kinematic
devices for the rods are based on the properties
of the natural vibration modes. The same prop-
erties apply to elastic plates. This circumstance
serves as a justification for using the results of
formulating the properties of kinematic devices
for rods and in a similar problem for plates.

Thus, for an elastic plate with a finite number of
degrees of freedom of masses, the generalized
kinematic device must correspond to the matrix
for taking into account additional inertial forces
(4). If the computational scheme of the con-
straint is represented by a variant of the hinge-
rod system, then it should be with one degree of
activity, in the nodes of the plate where the
masses are located, racks are installed in the di-
rection of movement of the masses, and during
oscillations in the racks of the system, forces
should arise, the ratios between which are pro-
portional to the ratios between efforts R;[i]

(12). In this case, in the structure of the con-
straint there should not be any connections with
the plate, except for the racks installed in the
nodes of the plate, where the masses are located.
So, in this paper it is shown that the method of
forming the account of additional inertial forces
that determine the targeted kinematic device in
the problem of natural vibrations of rods can also
be applied to solving similar problems for elastic
systems with a finite number of degrees of free-
dom of masses, for which the directions of mo-
tion of masses parallel, but not in the same plane.
The paper substantiates and formulates the
properties and requirements to which the design
schemes of targeted kinematic devices in the
problem under consideration must correspond.
Design schemes of generalized kinematic devic-
es that meet the above requirements are multi-
variate and depend on the shape of the plate, the
locations of the masses and some other features
of the original object. Taking these circum-
stances into account, the approaches and algo-
rithms for the formation of the corresponding
design schemes that purposefully change the
spectrum of natural vibration frequencies of
elastic plates with a finite number of degrees of
freedom of masses represent a separate problem
and will be considered in a subsequent work.
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Table 1. Results of analysis.

Initial frequencies and modes Modified frequencies and modes

o | 36.6583 | 91.0084 | 92.7466 | 146.834 | 178.911 | 36.6583 | 91.0084 | 92.7466 | 110.0000 | 178.911
1 10.0830 |0.1995 | 0.0499 | -0.2495 | 0.1547 | 0.0830 | -0.1995 | -0.0499 | 0.2495 0.1547
2 10.1434 | 0.2935 | -0.0043 | -0.2433 | -0.0063 | 0.1434 | -0.2935 | 0.0043 | 0.2433 -0.0063
3 10.1649 | 0.2568 | -0.1468 | 0.0129 | -0.1657 | 0.1649 | -0.2568 | 0.1468 | -0.0129 | -0.1657
4 10.1420 | 0.1514 | -0.2494 | 0.2641 | -0.0063 | 0.1420 | -0.1514 | 0.2494 | -0.2641 | -0.0063
5 10.0818 | 0.0579 |-0.1971 | 0.2624 | 0.1548 | 0.0818 | -0.0579 | 0.1971 | -0.2624 | 0.1548
6 |0.1441 | 0.2533 | 0.1398 | -0.2517 | 0.2788 | 0.1441 | -0.2533 | -0.1398 | 0.2517 0.2788
7 10.2492 | 0.3484 | 0.0840 | -0.2447 | 0.0003 | 0.2492 | -0.3484 | -0.0840 | 0.2447 0.0003
8 10.2867 | 0.2601 | -0.1502 | 0.0123 | -0.2788 | 0.2867 | -0.2601 | 0.1502 | -0.0123 | -0.2788
9 10.2468 | 0.1025 | -0.3415 | 0.2593 | 0.0003 | 0.2468 | -0.1025 | 0.3415 | -0.2593 | 0.0003
10 | 0.1423 | 0.0090 | -0.2912 | 0.2642 | 0.2789 | 0.1423 | -0.0090 | 0.2912 | -0.2642 | 0.2789
11 1 0.1672 | 0.1467 | 0.2455 | -0.0058 | 0.3359 | 0.1672 | -0.1467 | -0.2455 | 0.0058 0.3359
12 1 0.2895 | 0.1491 | 0.2411 | -0.0017 | 0.0088 | 0.2895 | -0.1491 | -0.2411 | 0.0017 0.0088
13 1 0.3336 | 0.0082 | -0.0119 | 0.0070 | -0.3237 | 0.3336 | -0.0082 | 0.0119 | -0.0070 | -0.3237
14 1 0.2877 | -0.1313 | -0.2630 | 0.0124 | 0.0088 | 0.2877 | 0.1313 | 0.2630 | -0.0124 | 0.0088
15 1 0.1657 |-0.1331 | -0.2605 | 0.0131 | 0.3359 | 0.1657 | 0.1331 | 0.2605 | -0.0131 | 0.3359
16 | 0.1454 | 0.0007 | 0.2856 | 0.2417 | 0.3025 | 0.1454 | -0.0007 | -0.2856 | -0.2417 | 0.3025
17 1 0.2522 | -0.0908 | 0.3339 | 0.2415 | 0.0119 | 0.2522 | 0.0908 | -0.3339 | -0.2415 | 0.0119
18 | 0.2915 | -0.2485 | 0.1317 | -0.0018 | -0.2941 | 0.2915 | 0.2485 | -0.1317 | 0.0018 -0.2941
19 1 0.2513 | -0.3314 | -0.1103 | -0.2446 | 0.0118 | 0.2513 | 0.3314 | 0.1103 | 0.2446 0.0118
20 | 0.1446 | -0.2398 | -0.1592 | -0.2432 | 0.3025 | 0.1446 | 0.2398 | 0.1592 | 0.2432 0.3025
21 | 0.0842 | -0.0528 | 0.1956 | 0.2437 | 0.1811 | 0.0842 | 0.0528 | -0.1956 | -0.2437 | 0.1811
22 | 0.1461 | -0.1445 | 0.2454 | 0.2416 | 0.0151 | 0.1461 | 0.1445 | -0.2454 | -0.2416 | 0.0151
23 1 0.1688 | -0.2486 | 0.1349 | -0.0059 | -0.1580 | 0.1688 | 0.2486 | -0.1349 | 0.0059 -0.1580
24 | 0.1457 | -0.2827 | -0.0135 | -0.2517 | 0.0151 | 0.1457 | 0.2827 | 0.0135 | 0.2517 0.0151
25 | 0.0838 | -0.1910 | -0.0633 | -0.2494 | 0.1811 | 0.0838 | 0.1910 | 0.0633 | 0.2494 0.1811
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