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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
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interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use to
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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,
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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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NUMERICAL SOLUTION OF THE PROBLEM
OF ISOTROPIC PLATE ANALYSIS WITH THE USE
OF B-SPLINE DISCRETE-CONTINUAL FINITE ELEMENT
METHOD

Pavel A. Akimov 234 Marina L. Mozgaleva !, Taymuraz B. Kaytukov *
! National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
2 Tomsk State University of Architecture and Civil Engineering, Tomsk, RUSSIA
3 Peoples' Friendship University of Russia, Moscow, RUSSIA
4 Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA

Abstract: Numerical solution of the problem of isotropic plate analysis with the use of B-spline discrete-continual
finite element method (specific version of wavelet-based discrete-continual finite element method) is under
consideration in the distinctive paper. The original operational continual and discrete-continual formulations of the
problem are given, some actual aspects of construction of normalized basis functions of a B-spline are considered, the
corresponding local constructions for an arbitrary discrete-continual finite element are described, some information
about the numerical implementation and an example of analysis are presented.

Keywords: wavelet-based discrete-continual finite element method, B-spline discrete-continual finite element
method, discrete-continual finite element method, finite element method, B-spline, numerical solution, isotropic
plate, plate analysis

YUCJIEHHOE PEHIEHUE 3ATAYH O IIOIIEPEYHOM U3I'UBE
U30TPOITHOM MJIACTUHBI HA OCHOBE
BEMBJIET-PEAJIM3ALIMU JUCKPETHO-KOHTUHYAJILHOT'O
METOJA KOHEYHbBLIX 3JIEMEHTOB
C UCITIOJIb30BAHUEM B-CILJIAMHOB

IT.A. Axumos "*3* M.JI. Moseanesa ', T.b. Kaiimykos *
! HanmoHanbHEIH HeciieoBaTebCKuit MOCKOBCKHI#T TOCYIAPCTBEHHbIN CTPOUTENBHBIA YHUBEPCHTET,
r. Mocksa, POCCH
2 ToMCKHi TOCYIapCTBEHHBIN apXHUTEKTYPHO-CTPOUTEIBHBIN yHIBepcuTeT, T. Tomck, POCCH S
% Poccuiickuii yHHBEpCHUTET APYKOBI HapoaoB, T. Mocksa, POCCH
* Poccuiickast akaJeMusi apXUTEKTYPBI H CTPOUTEIBbHBIX Hayk, T. MockBa, POCCH

AHHoTanusi: B HacTosimel cTartbe paccMaTpHBaeTCsA YHCIEHHOE PELICHUE 33Ja4d O MOMEPEYHOM H3rube u3o0-
TPOTHOM IJIACTHHBI HA OCHOBE BEHBIIET-PeaIN3alN IUCKPETHO-KOHTHHYAIBHOTO METO/1a KOHEYHBIX HJIEMEHTOB C
HCTIoNb30BaHNEM B-crinaitHoB. [IpuBeeHb! HCXOIHBIE ONIEPaTOPHBIEC KOHTHHYAIbHAS U AUCKPETHO-KOHTHHYaJIbHAS
MIOCTAHOBKH 3a/1a4M, PACCMOTPEHBI HEKOTOPBIE aKTyaJIbHBIE BOIIPOCHI TIOCTPOEHHS HOPMAJIN30BaHHBIX 0A3MCHBIX
¢yHnxuunit B-crimaitia, onrcaHbl COOTBETCTBYIOIINE JIOKAIBHBIE TOCTPOEHHS IS IPOM3BOJILHOTO IMCKPETHO-KOHTH-
HYaJIbHOTO KOHEUHOTO 3JIEMEHTA, TIPE/ICTaBICHBI HEKOTOPBIE CBEICHUS O YMCICHHON PealIn3alliy U IIPUMEp pacueTa.

KaroueBble ciioBa: BeiiBieT-peann3anns METo/1a KOHEUHBIX JIEMEHTOB, JUCKPETHO-KOHTHHYAIbHBINH METON
KOHEYHBIX 3JIEMEHTOB, METO/] KOHEUHBIX 2JIEMEHTOB, B-CIIaifHbl, YMCIEHHOE pElIeHNe, H30TPOITHAS TIACTHHA,
M3rud N30TPOIHON TIACTHHBI
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Numerical Solution of the Problem of Isotropic Plate Analysis With the Use of B-Spline Discrete-Continual Finite

Element Method

INTRODUCTION

As is known [1], the B-spline in a given simple
knot sequence can be constructed by employing
piecewise polynomials between the knots and
joining them together at the knots [1, 2].

For instance, compared with commonly used
Daubechies wavelets [3-7] B-spline wavelet
on interval (BSWI) has explicit expressions,
facilitating the calculation of coefficient
integration and differentiation [1, 2]. Besides,
the multiresolution and localization properties
of BSWI can also supply some superiority for
engineering structural analysis [1, 2]. The early
applications of spline can be found in papers of
H. Antes [8], J.G. Han [9, 10, 26], Y. Huang [9,
10], W.X. Ren [9, 10]. The spline wavelet finite
element method was further developed in papers of
D.P. Chen [27], X.F. Chen [11, 12, 14-17, 22, 23,
25], H.B. Dong [22], J.G. Han [24], Y.M. He [16],
Z.H.He[17], ZJ. He [11, 12, 14-16, 22, 23, 25],
Y. Huang [24, 26], Z.S. Jiang [21], B. Li [12, 14,
16, 22], M. Liang [18, 20], J.Q. Long [19], G. Ma
[19], T. Matsumoto [19, 21], S.T. Mau [29], H.H.
Miao [14], Q,M. Mo [17], T.H.H. Pian [27-29],
K.Y. Qi [22], W.X. Ren [24, 26], K. Sumihara [28],
P. Tong [29], Y.W. Wang [21], J.W. Xiang [11-13,
16-21], Z.B. Yang [14, 15, 23], X.W. Zhang [15,
23, 25], Y.H. Zhang [11], Y.T. Zhong [13].
Generally the structural analysis normally
require accurate computer-intensive calculations
using numerical (discrete) methods. The field of
application of discrete-continual finite element
method (DCFFEM), proposed by A.B. Zolotov
[32] and P.A. Akimov [30-32] comprises structures
with regular (in particular, constant or piecewise
constant) physical and geometrical parameters
in some dimension (so-called “basic” direction
(dimension)). Considering problems remain
continual along “basic” direction while along
other directions DCFEM presupposes finite
element approximation. Solution of corresponding
resultant multipoint boundary problems [33] for
systems of ordinary differential equations with
piecewise constant coefficients and immense
number of unknowns is the most time-consuming
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stage of the computing, especially if we take into
account the limitation in performance of personal
computers, contemporary software and necessity
to obtain correct semianalytical solution in a
reasonable time.

High-accuracy solution at all points of the model is
not required normally, it is necessary to find only
the most accurate solution in some pre-known
domains. Generally the choice of these domains
is a priori data with respect to the structure being
modelled. Designers usually choose domains
with the so-called edge effect (with the risk
of significant stresses that could potentially
lead to the destruction of structures, etc.) and
regions which are subject to specific operational
requirements. It is obvious that the stress-strain
state in such domains is of paramount importance.
Specified factors along with the obvious needs of
the designer or researcher to reduce computational
costs by application of DCFEM cause considerable
urgency of constructing of special algorithms for
obtaining local solutions (in some domains known
in advance) of boundary problems. Wavelet
analysis provides effective and popular tool for
such researches. Solution of the considering
problem within multilevel wavelet analysis is
represented as a composition of local and global
components. Wavelet-based DCFEM is presented
in papers of P.A. Akimov [34-41], M. Aslami [37-
39], T.B. Kaytukov, M.L. Mozgaleva [34-41] and
O.A. Negrozov [37-39].

The distinctive paper is devoted to numerical
solution of the problem of isotropic plate analysis
with the use of B-spline DCFEM.

1. FORMULATIONS OF THE PROBLEM

Let the constancy of the parameters of the problem
be in the direction corresponding to (main direction).
The operational formulation of the problem with
the use of so-called method of extended domain
[42], taking into account the selection of the main
direction, is determined by the equation:

Ly=F, 0<x </,0<x,</,,

(1.1)
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where we have

L=-L,d}+L,0>+L,; (1.2)
L,=6D; (1.3)

L, =—{06Dv+20,0D(1-v)0, +6Dvo;]; (1.4)
L, =-0;6D0o; ; (1.5)
F=0F+6.f; (1.6)

1, 0<x, <, A0<x, <Y,
9@“%)‘{0;{0<%<wlA0<x2<£g;“J)

o0r(x,,x,)=00/0m; (1.8)

Q is the domain, occupied by plate; £, ¢,
are corresponding dimensions of extended
domain (linear dimensions of plate); x = (x,,
x,); x,, x, are Cartesian coordinates; 6(x,, x,) is
characteristic function of domain Q; ¢, = J,(x,,
x,) is the delta function of boundary r=o0Q ;
71=[n n,]"is boundary normal vector; y is deflection
of plate; D is flexural rigidity of plate; v is Poisson’s
ratio of plate; F is the load in domain Q; f is the
corresponding boundary load; 0 =0/0x,s=1, 2.
Let us introduce the following notations

W=y, ¥, =0,y=y, y,=0y=y,
Yy =03y =0,.(19)
Thus we can rewrite (1.1):

- 4y:1 +L2y3 +L0y1 =F. (1.10)

Finally we obtain system of differential equations
with operational coefficients:

v 0 1 0 0y 0
Al o0 1 ofy,| 0
Ll 0 0 0 1]y o
yvi| |, o L'L, 0|y, | |-L)F
(1.11)
or
U =LU+F, (1.12)
where
0 1 0 0
- 0 0 1 0
L= v o o 1 @»
L'L, 0 L'L, 0

0 W
F = ; U=["2%]. 1.14
0 B (1.14)

_L?F N

The system of equations (1.11) is supplemented
by boundary conditions, which are set in sections
with coordinates x} =0 and x3 = £,.

2. SOME ASPECTS OF THE
CONSTRUCTION OF NORMALIZED
BASIS FUNCTIONS OF THE B-SPLINE

The construction of B-spline basic functions is
determined by the recursive Cox-de Boer formulas [1]:

~ ‘ _ 1 - xi Sf<x1+1

k=1: @z,l(t)_{O,I<XIV12x1+1’

(2.1)
t—x)o..  (f
P, (1) :M-l_
Xik1 —X;

S k-1 i 2.2
+ (Xex = D@11 (1) =

Xk —Xin -

We will consider such a construction for the case
x, = i are integers. Let us note that,

qu,k(t) = (po,k(t - l)

and therefore, recursive formulas (2.1)-(2.2) can
be represented in the form

1, 0<£r«l

k=1 ¢MO)_{LI<OVIZL 23)
1

k>2 ¢O,k (t) = ﬁ[r ' gDU,kfl(r) + (24)

+ (k - r)@o,kﬂ (t - 1)]
The function ¢, ,(#) can be represented by formula

I

P01 (1) = [sign()=sign(r =1 (2.5)

Letus denote by the operator of the first difference.
Then we have
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Pu1(1) = ; A, sign(r). 2.6)

We can substitute formula (2.5) into (2.4) in order
to determine ¢ ,(2):

Po (O =1[1 9, () + 2Dy, (t —D] =
=%{r»|sign(r)—sign(f—l)]+
(2—1)[sign(r—1)—sign(r - 2)|} =
:%[.-‘sign(f)—2{.-’—l)sign(!—l)+
(r-2)sign(f-2)] = %H =20t=1]+]t-2].

Let us denote by A, the operator of the second
difference. Then we have

1 1
op () =[] 21110 +]1=2[=_A, [1-1].
(2.7)
We can define function ¢ ,(7):
1
@3 ()= E [z Doz @®+@G- i!‘)@0,2 (-D]J.
Omitting intermediate calculations, we get

1
Pos ) = [0 [1] 30 =D 1 -1]+

+3(t-2)|t-2|—(@-3)|r-3]] =

11
=57 AA@-DI-1D. @8)

Based on formulas (2.8) and (2.4), we can define
the function

V1

001 (0)= %[z P01 () + (G =), (1 = D).

Omitting intermediate calculations, as a result

we get
@0,4@)2
1 2, _ _ 12 _
—E-E[r [t 4= |t-1|+
+6(t=2)" |t -2 -4 -3 |t-3|+
+(@—-4)7|t-4]] =
11 e crern
—ii(ﬂz) ((-2)"[1-2). 29

It can be proved that for even k = 2m we have

R PO
G2 A" (@ m) | 1=m)

Qo () =
(2.10)
and for odd (uneven) k£ = 2m + 1 we have

1 1

—m5A1(Az)m((f—m) "1 .

Pox () =
(2.11)

Note that ¢ ,(z) is a polynomial of degree k — 1
with bounded support and, as follows from the
difference operator, this support is equal to the

interval [0, £]. In addition, we should note the
following property of B-spline basis functions:

Y. @y, (t—i) =1 for arbitrary . (2.12)

Vs

B! Y2 V3 V4 Vs V6

@ @ @ L @ L

X1(ie) b') X3 X4 X'5(ie) X6(ie)
< >

h

e

Figure 3.1. Finite element discretication (sample)
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3. SOME GENERAL ASPECTS OF
FINITE ELEMENT APPROXIMATION

The discrete component of the numerical solution
is represented by the direction along the axis
corresponding to x,. The fulfillment within an
element (interval) for all components of a vector
function U (see (1.14)) is the same. Therefore, let
us use the following notation for simplicity:
x=x,t=¢€,y=y,]=123,4 (3.1)
Let us divide the interval (0, £) segment into
N parts (elements). Therefore 4, = {/N is the
length of the element. Besides, let us also divide
each element into N, parts, for example, N, =5
(see Figure 3.1).
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.
We y.and y. =0, y(x), i = 1,6 take as unknowns
at the boundary points. Besides, we take y, i = 2,
3, 4, 5 as unknowns and at the inner points. Thus,
the number of unknowns per element with such a
approximation is equal to

N=N-1+2.2=N,+3=8.

4. LOCAL CONSTRUCTIONS
FOR ARBITRARY FINITE ELEMENT

Let us introduce local coordinates:
X=X,

h

e

1= ) Xygy SXS Xy, 05221, (4.1)

In this case, we have the following relations:

’x:xl(ie) =r=0
x=x, =>t=02
x=x;, =>t=04

L
dx dt dx h, dt

x=x, =>t=06" d* 1 d* ’
x=x, =>1=08 P YN
X=X ) =r=1 ‘

de=h -di. (42)

Since the number of unknowns on the element
is equal to N = 8, we use a B-spline of the
seventh degree in order to represent the unknown
deflection function.

Let us use the following notation:

(1) = Do s (t+4);

PO)= 1 (8 (1) =

1
2.7
—8(t+3)° |t +3|+
+28(t+2)° |t +2] -
—56(t+D° |t +1]|+70¢° | 1| -

—56(1=1)° |1 =1]+28(-2)° |1 -2]| -

—8(t=3)°|t=-3|+(t-49°|t—-4].

[(t+D)°|1+4]|-
(4.3)

B-spline 7
0.6

05

/1N
03 / \
I/

7 X

fift)

3 2 o | 0 1 2 3 4
t

Figure 4.1. B-spline of the seventh order
o) =@, (t+4)

Let us use the following notation system:

O (1) =0t +3), () =(t +2),
Q3= +1), ¢, (1) =0(1).
os()=0(t—-1),
Ps(D =01 —=2), 0; (1) =0(f - 3),
()=t —4), 0<r<1. (4.4)
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We represent the unknown deflection function in
the form

¥ = W) =Y 2,0, 0).

Xy SX S Xe,)0

0<t<1. (4.5)

We have to consider bilinear forms with allowance
for relations (4.2) in order to construct local
stiffness matrices corresponding to the operators
L, L,and L, (see (1.3)-(1.5)):

Fse) 42 dz
B (y,z)=<L v,z >=— zdx =
o(9:2) 2 rl()dx dx*
) 72 2
=_91D;' J- dy L X =
‘ Exmdx dx*
1 td*w d*v
=59, jdt dzdt—B(wv) (4.6)

*5(ig)
B,(y,z)=<L,y,z>=6,D, Iy-zdx =

*10)
1
=h,0,D, [wdi=B,(wv); (47)
0

B,(yv,z2)=<L,y,z>= <L, y,z>+

+<Lyy.z>+<Lyy,z>, (4.8)
where
T5e) 72
<Lyy,z>=-6,D.v, I S zdx =
()
- p B, (w,v); (4.9)
X5(z) 22
<Lpy,z>=-6,D,v, I y—dx=
1)
1 1
_ i 9.,,;, Dl.e v, B, ,(w,v); (4.10)
e 0
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X502¢)
<Lyy,z>=-2 j jQD(l V)— zdx =
F1z) *
O dy dz
:291'Die(l_vje) I — o ax =
t”dx dx
hIZQD d-v, )jdw D oy=B By, (w,v).
(4.11)

for the following type of functions

Y(x) = w(r) = Zam ®.

N
z2(x) =) = fp (),
k=1
Xy S XS Xg, 05121 (4.12)

Let us substitute (4.12) into (4.6)-(4.11):
1 2 2
1 oD Id w dv

Bo(w,v):—h—: Sl et
QDI N N
=Y Y ab, jco,(r)qo,(r)dr—
h i=1 j=1
0 D_! -
=—%(Kaﬂa,ﬁ), (4.13)
where ’
1 dzgo
Ko@) = [ole)ds 9" =" 25 (414)
0
1
B,(w,v)= hg@ieDieIw vdt =
0
N N 1
=0,D,h, )Y a,B,[ 0.0, () d =
=l j=1 0
=h0,D, (K3a.p), (4.15)
where
1
K6 =[o0e,0di;  (4.16)
0

1 td*w
B, (w,v) =—E€ingEV ! o vai=

6D v NN
=k Zzaﬁjco:'(r)qoj(r)dr—

hg =l j=1

6D v .
— “(Kapa.f), (4.17)
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Let us define the parameters a,_and 8, through the
nodal unknowns on the element:

(4.18)

B,y (w,v) = —J:HfED,eV,EIw-i:dI =

e 0

QDV N N

L, I

- 22 b Iqol O (1) dr =

he =l j=1
iE

h

e

where

zez

“(Kop@. ),

(4.19)

Kop(i. )= J'cﬁl(t)cﬁ,(f)df =Ko (j.0); (4.20)

; N
¥, =w(0)= Zak 2, (0)
dy, _ 1

N
= 0)= a, @, (0
& h w'(0) hg;,\caﬁ()

Y, = w(0.2)= Z(Ik@k(n-z)
k=1

v, =w(0.4)= iakwk((}.zl)
i3 (4.23)

¥, =w(0.6)=> 2,0,(0.6)

N
v, =w(0.8)=> ,¢,(0.8)

k=1

Ve =w)=Y a,p,(1)
k=1

dw dv dyg _ 1 00 16
Bzz(WV)—EZQD (1-v )j T = o _hﬂ”(l)_kﬂ;a”%(l)
=2W Zaﬁ_[qol(t)goj(t)dt— Therefor we have
QGEZDI,Z( v v =Ta, (4.24)
=2 I (Kza.p), (4.21)
¢ where (see also (4.27))
where
T — ﬂ %T- 4.05
Ku(l 7= J(Dl(l‘)(ﬂj(l‘)df @ _0; (4.22) Y [yl dx Yy Vs Vi Vs Vs dx] : (4.25)
a=la a, a, a, a, a, a, a'g]T ; (4.26)
D=diag 1/h,1 11 1 1 1/h). (427)
[ 00 2,0 () 20 20 20 2,0 @0 ]
P (0)  @(0) @ (0) @0 @(0)  @(0)  @O0)  Pi(0)
?2(02) 0,(02) 2,(02) ¢,02) ¢,(02) ¢,02) ¢,(02) @50.2)
r=p/B0H 2,04 6,04) 9,04 904 9,04 .04 POH| o0
?(0.6) 9,(0.6) ¢;(0.6) ¢,(0.6) @:(0.6) @,(0.6) ,(0.6) ¢,(0.6)|
?(0.8) 0,(08) ¢,(0.8) ¢,(0.8) ¢,(0.8) ¢,(0.8) ,(0.8) ¢;(0.8)
o o) () o oD o0 D @)
Lo ) ) e () g P )
Similarly, we get
7" =Tf. (4.29)
From (4.23) and (4.28) it follows
Z=T"5"; B=T"2".  (4.30)
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We have the following chain of equalities
(K @, B) = (Ko T7'y" . T2"%) =
= (T K ,I7'y",z"). (4.31)

Therefore, substituting (4.30) sequentially in
(4.13), (4.15), (4.17), (4.19), (4.21), we obtain

c . i i i, i
local stiffness matrices K¢, K;, K3, Ky,
K%, KX, corresponding to the operators L,

Ly, L, Lzsa‘Lzzs L,.

i gf,Dl; “INT 70 -1
K =— =~ (THTKL,T™;  (432)
K:=h0D (TYK,T"; (433)

0D v
- h’f e (T‘I)TK;;T‘I; (4.34)

e

I,
Kzel -

. 6 D v _
K=t %% hle (T KT =(K5)' ;5 (4.35)

i eleDie (]'_Vie) ANT 22 -1
K;zzzhi(z* VKZT. (4.36)

e

Since L,=L, +L,, + L,, the corresponding local
stiffness matrix has the form:

Ki=K:+Ke+Kx. (4.37)

5. INFORMATION ABOUT NUMERICAL
IMPLEMENTATION

The presented algorithm can be implemented
using MATLAB tools. The MATLAB system
has convenient functions for working with
polynomials. Moreover, the main parameter of
these functions is the vector of coefficients of
the polynomial. To determine the coefficients of
basic polynomials ¢, on an interval [0 1], we can
firstly determine their values at eight points of the
interval z = [¢ t],tel0 1],i=1,2, .., 8:

1! tza ey

F() =), i=1,2..,8k=12,..8

Then, using the polyfit function, we define their
coefficient vector:

\Volume 16, Issue 4, 2020

pk=polvyfit (t,Fk,7)

This function is used to determine the coefficients
of the optimal polynomial using the least squares
method. In the considering case, we are looking
for a polynomial of the 7th degree (i.e. we have
to define 8 coefficients of polynomial, according
to its 8 values), therefore, we get a polynomial
passing through the given values.

In order to calculate the derivatives we can
sequentially use the polyder function:

dpk=polyder (pk)
is the vector of coefficients ¢ ;
d2pk=polyder (dpk)
is the vector of coefficients ¢,.

In order to calculate the product of polynomials
we can use the conv function:

pij=conv(pi, pj)
is the vector of coefficients ¢ ¢,;
d20pij=conv (d2pi, p3j)
is the vector of coefficients (/)"l_goj;
d02pij=conv (pi, d2pj)
is the vector of coefficients ¢ ¢';
dpij=conv (dpi, dpj)
is the vector of coefficients ¢ ¢ ;
d2pij=conv (d2pi, d2pj)
is the vector of coefficients €1’",-€1’",--

In order to calculate the antiderivative of a
polynomial we can use the polyint function:

Pi=polyint (pi)
is the vector of coefficients jgol_dt;
Pij=polyint (pij)
is the vector of coefficients jq)igojdt;
d20Pij=polyint (d20pij)
is the vector of coefficients jgo'l_gojdt;
d02Pij=polyint (d02pij)
is the vector of coefficients [, go';.dt;
dPij=polyint (dpij)
is the vector of coefficients [p go'l.dt;
d2Pij=polyint (d2pij)
is the vector of coefficients | go"l.go"].dt.
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Then the calculation of matrices Kgﬁ(i, 5
Ko ) Koy g)s Kop(inf). Kgp(i.j) can
be done in the following algorithm:

K., j)=polyval (d2Pij, 1) -
polyval (d2Pij,0);

Kiﬁ(f,j) =polyval (Pij,1)-
polyval (Pij,0),
K ;(i,j)=polyval (d20Pij, 1) -
polyval (d20Pij, 0),

K (i, j)=polyval (d02Pij, 1) -
polyval (d02Pij, 0),
K., j)=polyval (dPij, 1) -
polyval (dPij, 0),

where the function polyval (p, t) allows
researcher to calculate the values of a polynomial
with a vector of coefficients p at a given point ¢.

Figure 6.1. Example of analysis

6. EXAMPLE OF ANALYSIS

Let us consider the problem of the bending of a
thin plate rigidly fixed along the side faces under
the influence of a load concentrated in the center
as an example (Figure 6.1).

Letus consider the following geometric parameters:
L,=0.9m,L,=1.0m, #=0.05mis the thickness.
Let us consider the following design parameters
of material of plate: coefficient of elasticity £ =
3000 - 10* kN/m?, Poisson's ratio v = 0.16.

Let external load parameter be equal to P = 1 kN.
Let the number of elements be equal to N, = 4.

Then we have the following element length:
h,=L [N =0,9/4=0,225.

Distance between the coordinates of the nodes is
equal to

h,=h,15=0,225/5=0,045.

The number of nodal unknowns for each component
of the vector function Vi j=1,2,3,4isequal to

N,=N +2N,=4-(5-1)+2 (4+1)=26,

where N = N, (N, — 1) is the total number of
internal nodes for all elements; N, = N_+ 1 is the
total number of border nodes for all elements.
The total number of unknowns is equal to

N,=4N =426 =104,
g

Let us conventional finite element method (FEM)
for comparison. Unknown functions on an
element within FEM are represented as a cubic
parabola and at a node each unknown function
is represented by two unknown nodal quantities:
the nodal value of the unknown function itself
and its first derivative in the discrete direction. In
this case the total number of nodal points in the
discrete direction corresponding to x, is equal to

N,=L,/N,+1=09/0045+1=21.

The number of nodal unknowns for each component
of the vector function Vs j=1,2,3,4isequal to

N =2N, =42.
g 1
The total number of unknowns is equal to
N,=4N =4.42=168.
g

The graphical comparison of results of analysis
is presented at Figures 6.2, 6.3, where spline?7
corresponds to deflection values, obtained using
7th order B-splines; cub corresponds to deflection
values obtained using the traditional finite element
method; #, = h, = 0,045 and h, = 0,1 are steps for
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printing results along directions corresponding
to x, and x,.

As researcher can see, the results obtained are
almost completely identical. And at the same
time, the algorithm of the discrete-continual finite
element method based on the use of B-splines
leads to a significant reduction in the number of
unknowns. The difference is equal to

AN =4N,(N,-1)=4-4(5-1)=64.

% 10° x2=L2/2
T

RN
R /

JEEN /
NI

NS
25 \/

a 01 0.2 0.3 04 0.5 0.6 0.7 08 0.9
x1(i)

T
spline?
+ cub

Figures 6.2. Comparison of the results of
analysis in the middle sections along direction

x 10~ x1=11/2
T T

spline?
+ cub

05

W(x2)

15

25 x\\\\}‘/////)
] 01 02 0.3 04 05 06 07 08 09 1
x2

Figures 6.3. Comparison of the results of
analysis in the middle sections along direction
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SIMULATION OF A MULTI-FREQUENCY STOCKBRIDGE
VIBRATION DAMPER OSCILATIONS WITH ENERGY
SCATTERING HYSTERESIS

Alexander N. Danilin, Alexey S. Kurbatov, Sergey |. Zhavoronok
Institute of Applied Mechanics of Russian Academy of Sciences, Moscow, RUSSIA
Moscow Aviation Institute (National Research University) — MAI, Moscow, RUSSIA

Abstract: Spatial vibrations of a system containing a cable and a mass (solid body of arbitrary spatial configuration)
are modeled. The problem is solved in a geometrically linear formulation, taking into account the hysteresis of
energy scattering that is based on the kinematic equation. Identification of its parameters is carried out on the basis
of experimental data on hysteresis loops of the limit cycle.

Keywords: vibration damper, frequencies, waveforms, non-stationary oscillations, hysteresis, kinematic approach

O MOJIEJIMPOBAHUU KOJIEBAHUM MHOTOYACTOTHOI'O
TACUTEJISI BUBPAIIMU CTOKBPUIKA C YUETOM
I'MCTEPE3UCA DHEPI'OPACCESAHUSA

A.H. /lanunun, A.C. Kypoamos, C.H. /Kaeoponok
WuctutyT npukiIagHoi MexaHuku Poccuiickoit Akagemuu Hayk, T. Mocksa, POCCHUSA
MOoCKOBCKHIA aBUAIIMOHHBIA MHCTUTYT (HAIMOHATLHBINA UCCIIEIOBATENhCKUI YHUBEpCcHTET), . MockBa, POCCH S

AHHOTauus: MoaenupyroTcs IpOCTPAHCTBEHHBIE KOJIEOaHNs CHCTEMBI, COCTOSIIECH U3 TPOCHKA M TPpy3a — TBEPAOTO
TeJ1a MPOU3BOJIBHOM TPOCTPAHCTBCHHON KOH(PHUTYPAIlHK. 3a1a4a PEIIacTCs B TeOMETPHUCCKH JIMHEHHOM ITOCTaHOBKE
¢ y4€TOM THCTEpe3nca YHEPropaccesHus Ha OCHOBE KHHEMATHUECKOTO YPaBHEHUS, HACHTU(UKAIIHS TapaMeTpoB
KOTOPOTO OCYIIECTBISAETCS MO IKCIIEPHUMEHTANBHBIX TAHHBIX O THCTEPE3UCHBIX METIAX MPEAeTBHOTO UKJIA.

KiiroueBble ci10Ba: racuTens BUOPALIMHU, YaCTOTHI M ()OPMBI KoJieOaHH, HeCTallMOHAPHBIE KOJIeOaH s,
TUCTEpEe3NC, KHHEMaTHYECKHUI TOX0/T

INTRODUCTION

Vibration protection of wires, lightning cables,
fiber-optic communication cables in systems of
overhead power lines (OL) is carried out by various
methods. The main of them is protection with the
help of multi-frequency vibration dampers, which
are structurally similar to the Stockbridge ones [1-
3]. The typical design of such a damper consists of
two mass connected by cables (flexible elements)
with a clip that is rigidly fastened to the OL wire

\Volume 16, Issue 4, 2020

using a plate (Figure 1). The masses are located
on different sides relative to the vertical axis of
the clamp, in general, at different distances. The
energy dissipation of vibrations occurs as a result
of the mutual friction of the wire spirals from
which the cable is made.

Experimental studies of the energy scattering
of OL wires vibration dampers currently play
a key role in the analysis of their effectiveness.
However, it is important to create mathematical
models of vibrations that allow not only to
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calculate the dynamic properties of dampers, but
also to optimize their design parameters in order
to increase the dissipation of vibration energy in
the widest frequency range.

Figure 1. Vibration dampers conductors of OL

Energy dissipation occurs in the cable of the
damper due to the elastic-plastic interaction of the
wire spirals during their mutual friction. At the
same time, as experiments show, the dependences
of force factors on the corresponding kinematic
parameters have a pronounced hysteresis
character.

In this paper, we propose a kinematic model for
describing hysteresis [4-6], according to which
the bending and torsional momenta and their
corresponding curvatures are connected by a special
first-order differential equation, the coefficients of
which are determined from experimental values for
the limit cycle loop. In this case, one equation can
describe an infinite set of similar trajectories, each
of which is uniquely determined by the position of
the initial point in the deformation diagram inside
the limit cycle. The similarity of these curves is
determined by their asymptotic approximation to
the limit cycle curve. This model leads to a natural
definition of the hysteresis cycle "orbital" under
external non-stationary action on the damper.

30

BASIC KINEMATIC RELATIONS

Spatial vibrations of a system containing a
cable and a mass (solid body of arbitrary spatial
configuration) are considered. It is considered
that one end of the cable is cantilevered, and
the other is rigidly tethered to the mass. The
gravitational load on the system is not taken into
account. The cable axis is considered straight in
the initial state.

Alocal trihedron of axes O'x'y'z" is associated with
the mass, which oscillates with the mass relative
to a fixed coordinate system Oxyz. The pole O
is aligned with intersection of the cable axis and
the surface of the mass in the place of their rigid
fastening.

A rod model is taken for a cable, assuming that
its cross-sections are displaced in space as rigid
non-deformable disks.

The oscillations are considered small, allowing
one to represent the movements of the cross-
section points of the cable with the coordinate in
the form

u(x,y,2) = ug(x) +0,(x)z — 6;(x)y,
v(x,y,2) = vo(x) — 6, (x)z,
w(x,y,z) = wo(x) + 61 (x)y,

(1)

Here u,, v,, w, are displacements of the cross-
section pole; 0, 0,, 0, are rotation angles of
the cross-section relative to the axes x, y, z,
respectively.

Figure 2. Coordinate axes, kinematic and power
parameters of the “cable-weight” system
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System “cable-weight” and the related coordinate
frame are shown in Figure 2. Here the positive
directions of the displacements and rotation angles
of an arbitrary section of the cable are also shown,
as well as forces and moments acting on the cable
and mass at the point of their contact.

ELASTIC DEFORMATION RELATIONS

Formulae (1) allow us to obtain the following
expressions for strains:

du , , ,
& === Uy + 6,(x)z — B5(x)y,

ox
B v _ ow .
YTy =0%"09;""
ou 6v .
Yoy = ay 6 —65 + vo 0,z
Ju ow
Yxz = az+a =0, +W0+91y

Here and further, the strokes denote the derivatives
of the values in the direction of x, except for the
notation for the moving coordinate system O'x'y'z.
The relationship between stresses and strains is
assumed in the form of Hooke's law using some
reduced elastic £ and shear modulus G. Then the
axial stress o_= E¢ , determines the axial force

N = fp 0, dF = EF(up — Ycb3 + 2c6;)" (2)
and bending moments
M, = — [, yo.dF =E(—ycFu, +

+),05 — J,0) (3)
My = [, zo.dF = E(zcFuy — J,,05 +

]yGZ)'J

where y,, z . are the coordinates of the center of
mass of the section relative to its pole.
Tangential stresses

T - nyy’ xz nyz

determine the transverse forces
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Qy :f TeydF =

Fcy
= GFy[—605 + (vo — 24601 ], 4
Q, = chz Ty dF = GFCZ[BZ + (wo + yggl) ];

as well as the torque

M;, =J- Txyde—f T,z ZzdF =
Fcy Fcz

= GJxb, + GE.,y,(0, +wy) +
+GFyzy(05 — ), (5)
where Vg Z, are the coordinates of the section
stiffness center relative to its pole; Fcy, F_ are
equivalent cross-sectional areas working for a shift
in the direction of transverse forces Q, and Q;

]sz yzdF+f z?dF
Fcz Fcy

The axes x, y, z will be considered below as the
principal and central ones for the cable sections.
Then (2)-(5) are simplified:

N = EFu, (6)
M, = EJ,05,M, = EJ,0, (7
Qy = GFcy(_afi + Ul;): Q; =

= GF.,(6, +wp) (8)
M = GJic6; ©)

Formulas (6)-(9) are accepted as basic physical
relations, where the EF tensile-compressive,
EJ  EJ, flexural, GF_, GF_ shear and GJ,
torsional stiffnesses can be calculated analytically
by formulae that take into account the internal
structure of the cable [7-9], or by formulae
obtained experimentally [10].

THE PROBLEM OF THE SYSTEM
NATURAL OSCILLATIONS

According to the D'Alembert-Lagrange principle,
the variation of the total energy of the system is
represented as

31



Alexander N. Danilin, Alexey S. Kurbatov, Sergey |. Zhavoronok

62=0U-04,— 4, =0. (10)

Here 6U is the variation of the cable deformation
potential energy: 04, 64 - variations of the
external and inertial forces work:

84, = fp-éuds
S

SA; :—j,oﬁ-é'udv
14

where u is the displacement vector of the body
point, p is the load acting on the surface S; finally,
p, V are the density and volume of the body.

In problems of natural oscillations

04 =0.
P

The dynamic equations following from (10) have
the form of Euler-Lagrange equation, and their
natural boundary conditions appear.
High-frequency lateral vibrations are neglected
below, since the damper is designed to suppress
only low-frequency transverse vibrations. To
simplify the problem, we will also neglect the
shears strains using the relations

82 —_ _wl;, 9'; - 1?6
It is also considered that the bending stiffness is
EJ =EJ. =EJ,

the section moments of inertia are

and the polar moment of inertia is denoted by

I =1.

x p

Thus, the equations of vibrations after the exclusion
of transverse forces are written in the form (11)

EJvlY — Iy + mii, = 0,
EJwlY + Iy + mw, = 0,
—GJi 0, + 1,6, = 0.

(11)

The boundary conditions at x = / take the form

Qy(1) + MO|wo(D) + x85() -

-z98:,0)| =0,

Q1) + MO vy (D) - x6,(1) +
+y26,(D] = o,

My (1) + M| =20, (1) + y (D] +

+1£6, - 194, - 1985 = o, (12)

M, (1) — MOxDvg (1) — 198, + 156, —

-1%4; = o,

M, (1) + MOxO5,(1) — 18, — 156, +
+194, = 0.

where M is the mass of the load; x,g ), y(gr), Zér)

and Ii(].r)(i, Jj =x,y) are the coordimnates of the

mass gravity center and its moments of inertia
relative to the trthedron of the moving axes

Oxvyz.
The solution of (11) are:

vy =sinw t(4;sinax +

+A, cos ax + A3shbx + A,chbx),
W, =sinwt(B; sinax +

+B, cos ax + Byshbx + B,chbx),
0, =sinwt(D,sinkx+ D, coskx),

where 4,,,,, B,,,,, D,, are the constants of

integration, o = o, (i = 1, 2, ...) are the natural
frequencies;

1
2 _ 2 212
a ZEj(w I+ w\w?l +4Ejm),
b? = L(—mzl’ + wy w22 + 4E]m)-
2E] ’

k2 — (U "‘p
Gl

Taking into account the console pinning at x = 0,
the solution takes the form

Vo = sinw t(Aypq + Az;), Wy =

sinw t(By@q + By93), (13)
6, = Dsinwtsinkx,
where we have the eigenforms:

@41(x) = shbx — 2 -sinax,p,(x) = chbx —
—cosax (14)
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The constants 4, ,, B, , and D are found from the
boundary conditions (23) at x = 1. Substituting
(13), (14) into (12) leads to a homogeneous system
of five equations with respect to the required five
constants. The equality of determinant to zero is
the nontriviality condition of the system solution

Alw) =0, (15)
the roots of which are the frequencies of the system
natural oscillations:

a)i,i=1, 2, ...

The search for the transcendental equation roots
(15) of a very complex structure can be carried out
by a step-by-step method, changing the frequency
@ with some small step Aw from zero to some
selected value. When changing the sign of the
determinant, some numerical method is used, for
example, the method of dividing in half.

DESCRIPTION OF THE NON-
STATIONARY PROCESS HYSTERESIS

To describe the hysteresis under the conditions of
nonstationary oscillations, we propose an ordinary
differential equation of the first order [4-6] with
the right-hand side of the form

—ZZC M

i=1 j=1

where « is the bending curvature of the cable, A/
is the bending moment; C,y are the coeflicients
determined by approximation methods,
minimizing the discrepancy of the analytical
am
dx

(16)

representation (16) to the experimental

data describing the limit cycle.

Itis assumed that all possible hysteresis trajectories
—dependences M(x) lie within the limit cycle, i.e.,
the region bounded by curves M(x) corresponding
to the maximum ranges of curvature and moment
changes. The numbers k and m are selected as a
result of simple numerical tests. The values of
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these parameters determine the character (speed)
of the asymptotic approximation of the solution
with the initial point (x,, M) inside the domain
to the limit cycle curves.

The values C, can be calculated using the least
squares method for instance.

An example of the dependencies M(x) obtained
experimentally in [11] is given in Figure 3. The
bold lines correspond to the limit cycle. The thin
lines correspond to possible loop-like trajectories
within the limit cycle region. Trajectories for
which the curvature increases with increasing
moment correspond to the process of “loading”.
Conversely, trajectories for which the curvature
decreases as the moment decreases correspond
to the “unloading” process. The beginning of the
process is determined by some point inside the
limit cycle area.

M[H M].

-0.5 0 0.5

-1.0

1.0 x [1fa]

Figure 3. Hysteresis trajectories.
“Loading” processes are marked with up
arrows, “unloading” — with down arrows. Bold
curves limit the area of the limit cycle. Thin-
define possible trajectories of intermediate States

Next, the following notation is introduced:

_ " _ " _ !
Ky = —Wq.Ky = —Wq, K = 6y .

Based on (16) and the introduced curvature
notation
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My _ p Mz _ 5 Mk _
dry (py’d:cz =, dxg ¥, (17)
Where
k m
&= > DGy w)
i=1 j=1 _
b, = Xy X7y Cy(vo)M) (18)
NE—T i
w =3k Y D;(6,) M
The equations follow from (17)
ﬂ?l’ = —Wo Py,
M, = vy, (19)
M, =6,¥,

that must be integrated together with the equations
of forced oscillations in the form:

M — Iy + mijy = f,;
—M,, + IVig + mivy = f;
—M; + 1,6, = fi.

(20)

Here, ]j (¢, x), £.(z x) and £, (¢, x) is the specified
external distributed load.

The unknowns of the system (19), (20) are v, w,,
0, M, M, M,

The solution is constructed using the expansion
with respect to the eigenforms of vibrations of the
undamped system:

Vo (t,x) = iz @i (O)Vi(x) , wo (£, x) =
i=0 Bi (W, (x),
6, (t, %) = Xi=oVi(£)0;(x),

My (t,x) = Zloo ()W (x), M (8, %) =

LoviV 00, 1)
M (t,x) = Zizom:i(t)0;(x),
where the waveforms (22)
Vi(x) = Appri(x) + Ao (x), Wi(x) =
Byi91i(x) + B2z (), (22)

0;(x) = D;sink; x

are determined from the solution of the spectral
problem; index i is the number of natural frequency
of vibrations;  is the number of considered natural
forms of vibrations; the value i = 0 corresponds
to the unit forms that determine the motion of the
system as a solid. The functions a.(z), A(2), y.(?),
u (1), v(1), n,(¢) are to be defined. Substituting
(21) with (22) in (19), (20) leads to a system of
equations

oWy + pio, W) = 0,

oWV — @ d,V)) = 0, Xi_o(1:0; —
7:¥0,) =0, (23)

i—oldi(mV, = 1V) + vV["] = f,,

ool Bi(mW; — W) — ;W] = £,

f:o()';i[p@z - ni@iﬂ) = fx-

-4 :

=15 =10 =05 0 0.5

! —4 ! ! .' :
k[/M] -15 -10 =05 0 0.5

Figure 4. Characteristic hysteresis loops under different initial conditions and external excitation
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Sequential multiplication of the (23) by the
corresponding oscillation forms V', W , @ (m =
1, ..., r) and integration along the length of the
cable leads to the initial problem for the system
of ordinary differential equations with respect to
otHOCUTENBHO ot (1), B.(1), 7(1), (), v (£), n.(¢). This
system is integrated by numerical methods. Some
characteristic hysteresis trajectories obtained as a
result of solving the nonstationary equations (23)
are shown in Figure 4.

CONCLUSIONS

In this paper, we propose an approach to solving
problems of multi-frequency vibration dampers
of OL wires non-stationary oscilations, taking
into account the energy dissipation of the
hysteresis type. To account for energy scattering,
a phenomenological method based on the use of
kinematic equations, the coefficients of which
are determined from the analysis of experimental
data for limit cycles, is proposed. This approach
can be extended to the problems of non-stationary
vibrations of other mechanical objects with a
hysteresis character of energy scattering.
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A CRACK DETECTION SYSTEM FOR STRUCTURAL HEALTH
MONITORING AIDED BY A CONVOLUTIONAL NEURAL
NETWORK AND MAPREDUCE FRAMEWORK
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Abstract: The quickly expanded development of artificial intelligence offers alternative ways to solve numerous
civil engineering problems. The work is devoted to the development of a computer-vision-based crack detection
system capable to process big data related to pathology recognition. In this study, we discuss an automated crack type
classification pipeline based on CNN deep learning algorithm and MapReduce framework. The results of numerical
modeling illustrate the potential of the crack detection system.
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CUCTEMA OBHAPY KEHUS TPEIIUH AJII MOHUTOPUHTA
COCTOSIHUSI KOHCTPYKIIUM C TOMOIILIO CBEPTOYHOHN
HEUPOHHOU CETU U ®PEMMBOPKA MAPREDUCE

Japva @unamosa ', Illlapnv Inv-Hymu ?

! TpakTrueckas mKosa BBICIINAX MCCenoBanui, T. [Tapmk, ®PAHIA
2 Vuusepcurer Cop6onna [Tapmk Cesep, 1. [Tapmk, ®DPAHIIN A

AuHoTanus: beicTpoe pa3sBHTHE NCKYyCCTBEHHOTO MHTEIUICKTA MPEUIaraeT albTepHAaTHBHbIE CIIOCOOBI PEIICHHUS
MHOTOYHCIICHHBIX TIPOOIIEM TpaykKTaHCKOTO CTPOHUTENNBCTBA. PaboTa mocsmiena pa3paboTke CHCTEMBI O0OHAPYKEHHS
TPEIINH Ha OCHOBE KOMITBIOTEPHOTO 3PEHHsI, CTIOCOOHOM 00padaTsiBaTh OOBINNE TaHHBIC, CBI3aHHBIE C PACIIO3HABA-
HHEM I1aToJIOTuH. B 3TOM HccliefoBaHUN MBI 00CYIIMIIM KOHBEHep aBTOMaTHYeCKOH KiTacCU(pUKAaLK THIIOB TPELLHH,
OCHOBAHHBIN Ha anropuT™e Tiryooxoro ooydenust CNN u nadpactpyktype MapReduce. Pe3ynbrars! uncieHHOTO
MOJIEITMPOBAHNS WIUTIOCTPUPYIOT IIOTEHIHAIbHBIE BO3ZMOXKHOCTH CHCTEMbI OOHAPY)KEHHUS TPEILHH.

KuroueBnle ciioBa: nryookoe o0ydeHue, pasMeTKa JOCTOBEPHBIX JAHHBIX, MAIIMHHOE 00y4YeHHEe, MOHUTOPHHT
COCTOSTHUS KOHCTPYKINH, 0OHapy)eHne TpemuH, MapReduce

1. INTRODUCTION

Thinking on the main principles of orthogenesis,
taking into account that some "driving force" of
evolutionary progress is always applied to reach
a goal, it becomes obvious that the large-scale
trends in massive digital transformation increase
informational complexity. Started in the 2010th,
the explosion of large volumes of structured and
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non-structured data production (text, image,
video, and audio) initiated the so-called “fourth
wave” of data evolution. Only several years later
the “4th Industrial Revolution” stimulated the
development of new industrial relations. That is
to say, to stay on the market each company has to
adapt in real-time available resources (technical or
human) and solutions with respect to the shrinking
technological innovation cycle. This makes
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“data”-related questions (format, quantity and
quality, availability, time variation, etc.) highly
important. Being influenced by technological
progress, civil engineering adapts to the new
environmental conditions. Many companies
handle with cloud tools, storage cloud spaces,
third-party calculations to speed up the project
realization on all its life-stages with respect to
technological innovations. Since no human and
no “ordinary computer” can evaluate the millions
of variables concerning a real-world phenomenon
new Al-based raw data processing platforms and
frameworks have to be developed.

The main streams of Al applications development
concern the data either deterministic (all factors
are known and controlled) or probabilistic (all
factors have a probability to happen). To illustrate
these last we limit examples to genetic algorithms,
swarm intelligence, and artificial neural networks,

which are considered as a core subset of machine
learning (ML) techniques (see Table 1). As it is
possible to admit, the mentioned methods can
be grouped as modeling, optimization, control,
or forecast and are related to all the life-stages
of the construction process from the concept to
maintenance and demolition. Despite the variety
of the solutions, the expertise related tasks as
structural damage detection (SDD) still have need
of a human-specialist final decision. So, widely
used visual, ultrasonic, or leak testing as well
as acoustic emission, optical or laser methods
can be augmented by ML technology, which
in-depth development (mostly it is based on a
statistical representation of a phenomenon under
study) makes possible to automate most of these
evaluations due to “deep feature extraction” and
“feature classification” [12]. The choice of ML
technology depends on the domain of application

Table 1. Some examples of Al techniques application in civil engineering

Technique

Method

Purpose

Application

Genetic algorithm
(GA)
[1-4]

* unsupervised and
nonparametric

* selective evolutionary
» multi-objective fuzzy-

genetic control

* to solve ill-posed large-scale
optimization problem

* to determine decision
boundary

* to monitor the over-time
changes

* to complete the sensitivity
analysis

« structural damage detection

* reduction of negative impact
of environment on structures

« shape and cross-section
optimization of truss structures
» cable tension changes control
« vibration reduction

« heat exchange

Swarm intelligence

(S
[5-9]

e particle swarm
optimization

e ant colony algorithm
* bee colony algorithm
« krill herd algorithm

« to solve global optimization
problem in the hyper
imensional space

* to select reasonably design
parameters

* to update the dynamic
models

« potential damage reduction
(i.e. seismic safety of building,
bridge vibrations)

« slope stability analysis

« optimal selection of
geomechanical parameters

« diverse design problems
(tubular column, three-bar truss,
helical compression string and
etc.)

Artificial neural
networks
(ANN)

[10-13]

* supervised

* semi-supervised
* non-supervised
* reinforcement

* to solve highly complex ill-
posed problems

* to predict and forecast
processes of different nature
* to classify structural
damages, predictive scoring,
predictive maintenance

* to detect abnormalities

« structural damage detection
« reliability analysis

* reduction of construction
waste

« structural optimization and
control

« health monitoring

* damage detection
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and of the area of engineering research. Let us
consider the main advantages of ML-based SDD
for some abstract civil construction.

The life cycle of any civil structure depends on
cause-damage internal and external environmental
factors (temperature, humidity, pressure, creep,
corrosion, shrinkage, etc.). Therefore to prevent
damages in the early stages, continuous evaluation
of the structure is required. Despite the popularity,
mostly referred to the surface inspection (fissures,
cracks, leaks, etc.) the visual-based methods of
damage detection become laborious and time-
consuming for relatively large and complex
structures demanding highly-skilled-trained
experts. The main reasons are difficulties of access
to certain parts of constructions as well as quantity
and quality of structured and non-structured
information to analyze.

Taking into account the progress being made in
the field, the aim of this study is the development
of an automated crack-detection system aided by
a high-throughput deep learning algorithm for
complex features extraction.

To reach the objective, we organize the work in
the following manner. In Section 2, we analyze
the existing ML-techniques based on computer
vision and commonly used features for cracks
detection. Section 3 deals with the methodological
aspects of the cracks detection and classification
system based on the semantic segmentation.
Next, in Section 4, we evaluate the performances
of the designed system and compare it with
the other well-performed methods. Section 5
contains concluding remarks on advantages and
limitations as well as recommendations for further
development.

2. METHODS FOR DETECTING CRACKS

2.1. Cracks: naive conception

Cracks and fissures refer to the phenomenon of
the surface splitting without breaking it apart.
Usually, they are observed as “lines” or “broken
curves” of different width, length, and spatial
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orientation. Through empirical observation
for specified surface (were-used materials,
physical or chemical characteristics, a period of
exploitation, environmental conditions, etc.), the
reason of cracks appearance can be concluded.
An introduction of cracks classification serves
to estimate damage they would or already have
caused. In this work, we would pass on only the
principles of cracks detection. Hence the further
considerations concern only concrete surfaces in
the wide sense.

Figure 1. Some examples of the crack-damaged
concrete surfaces

Table 2. Crack classification according
opening (3, b, and c are the threshold values
taken into account by an expert)

Severity | Opening [ Description
class [mm]
0 <a |out of consideration
1 [a, b) [an aesthetic nature
low risk of non-
2 [b,c) |returnable surface
damage
elevated risk of non-
3 >c returnable surface
damage
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To create an automated crack detection system,
first, the classification criteria have to be settled,
allowing experts to conclude on the damage state
and to take the actions. Using visual analysis
(see Fig. 1), cracks can be classified according
to the opening size or severity (usually graduated
measures in mm), to the spatial orientation
(longitudinal, transversal, and miscellaneous), and
to expert-based characteristics (plastic shrinkage,
expansion, heaving, settling, overloading, crazing
or crusting caused by premature drying, etc.). The
diverse combinations of these features refer to
multi-class classification problem, where classes
and subclasses hierarchy has to be introduced by
an expert with respect to the inspected structure.
The example of the possible severity-based
classification presents Table 2. As it is possible to
notice this classification deal only with four levels
of severity, other subdivision can be used without
losing generalities.

We have also to admit that identification of
spatial orientation as well as of expert-added
characteristics depend on the architecture of the
automated detection system and computer-vision
techniques. Let us discuss some of them.

2.2. Computer-vision detection techniques

An automatic computer vision-based inspection
of continuous surfaces (and, in a consequence,
the defaults detection) supports a process of
several stages, namely: image acquisition (surface
lighting, camera configuration, synchronization,
information storage), damage detection
(preprocessing, localization, classification), and
result exploitation (displaying and reporting
information, decision making). The performance
of the decision making depends on both hardware
and software used in the detection system. It can
be improved by increasing the quantity and quality
of processed information subjected to decreasing
processing time and controlling that repository
of images fit in memory. In our opinion, the core
element of the automatic damage detection system
is the damage detection algorithm (see Fig. 2).
Once its characteristics are available, the rest of the
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solution can be adapted for obtaining the desired
parameters of the system as a whole.

The starting point of any damage detection
algorithm supported by computer vision techniques
is the digital image representation. The initial
image is converted to a gray-scale one under
selected resolution. Hence, the n, — by — n, pixels
grayscale digital image corresponds to the surface
associated with the bounded closed set

D =[0,m —1]x[0,n, —1] = RZ, (1)

where each pixel (x, y) e D is characterized by an
intensity

f (xy) =F,

where F = {fmm, e frad © R, is an ordered final set.
Further, the values of intensities are sequentially
transformed to find regions of suspected damage.
The detection techniques, called the semantic
segmentation, can be generalized as follows.

The fact that the pixel frequencies related to cracks
are usually shifted to “black color,” such that the
surrounding neighborhood seems to be lighter, is
used to detect edges of cracks. Therefore choosing
some threshold value one can point out damages.

Visually
Monitored Structure
Data "
acquisition = Pro:;ﬁ:mg — Usel:l:ilzgned
system
L |
- Deep !
: Learning [« Tnpme -:-P Dist 6
? Data N storage
> System -
i '
3 T 1
- Results of
E :l:amifld —p] Testing fop] damage
0 pping [ datection
0 ’
: Damage Detection Algorithm :

Figure 2. The scheme of the automatic damage
detection system
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However, if both regions have similar brightness,
this kind of separation is hardly possible without
additional pre-processed and post-processed
transformations. This idea is supported by ML
technique, which requires:

* preprocessing data (to eliminate anomalies
related to acquisition system and to remove
significant variations in initial intensities);

* segmentation (to detect desired features);

* classification (to group extracted features
according to defined rules);

* post-processing (to refine the segmented and
classified structures);

 evaluation (to analyze segmentation and
classification quality).

As it is was indicated in [12-14], the accuracy of
the damage detection algorithm mostly depends
on strengths and weaknesses of the selected
segmentation method (threshold-based, region-
based, active contour model, mean-shift, K-means,
Otsu, etc.). It can be significantly improved by
deep learning methods using complex network
architectures with significant volume of initial

el Input Layer
il image3dinputL...

¢ v

LeakyRelu FC Layer|
leakyReluLayer fullyConnected. ..
]
b "
{ & ‘\n
\ 4 h i
| FC Layer I

Y convolution3dL

|
My 3 v

=] Conv Layer|
l a fullyConnected...

Conv LAyer Il
convolution2dL...
.
¥ v

Sigmoid Units
sigmoidLayer

.-'J

Pixel-Class
‘ E pixelClassificati... ’

Figure 3. Sketch of overall architecture for
crack detection — CrackNet [13]
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data. The CNN-based five-level architecture,
developed in [13, 14] and called CrackNet, can
be named as an example of automation of crack
detection (see Fig. 3).

To ensure desired pixel-wise accuracy authors
had used more than million parameters. Despite
the reduction of parameter space by introduction
of more hidden layers, these methods are very
time-consuming methods [15, 16].

To speed up the performances of the detection
method some authors propose to treat the crack
detection phase and crack characterization phase
separately, reducing the number of processing
operations (it can be done by Big Data technologies)
and consistently getting rid of unnecessary
information [17, 18].

3. RESEARCH METHODOLOGY

3.1. Method overview

The damage detection algorithm usually contains
two stages:

* “separation”, where regions of interest (ROI)
are separated from the background, and

* “classification”, where ROIs are subdivided into
subsets according to some selected criteria.

Both stages refer to classification problems
(binary and multi-class) and can be solved either
by non-supervised or by supervised learning
methods. In the case of supervised learning, the
patterns to be recognized are compared with the
labeled ones. In this work, we will apply the
supervised methods to both stages each time
solving the optimization tasks. Analysis of the
patterns, where cracks were presented, shows
that the damaged surface is much smaller than
the background surface. This causes a problem
of miss-balanced classification on the first stage
and as a consequence miss-classification on the
second one. To reduce miss-classification error
a kind of regularization has been included to the
optimization criteria.
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Let I be the labeled image, which corresponds
to the image I defined by (1), where total number
of pixels is M = n, - n,. We will call a pair (I, |
lag) as a training example. Labels of | form M
elements ground truth set T subdivided on K
disjoint subsets 7, (classes). Each subset T}, k=K,
contains m, elements Lo j=A{14, ..., m}, such that
kak =M, 0 <m, <M. To compensate the influence
of larger classes, each subset is weighted as

W = (mk)2+€ ’

where ¢ is a compensation term settled as a
machine precision value to avoid division by zero,
if 7_is an empty set.

We denote the results of prediction for some
possible segmentation Q = {Q,, 1 <k <K} of the
initial image | by q, k= {1,...K}4j={1,...m}.
The wise-element loss between one image | and
the corresponding ground truth image | can be
measured by the generalized Dice loss function:

K
(22 e ukai‘l By )+£

- Zle Wy ffl [(q;g- )2 +(t]g')2 ]+5

L(g,t)=1 , (@)

where the ¢ term is used to avoid division by zero,
if Q or T areempty sets.
Hence, the classification turns to the solution of
the optimization problem:

J (g.t)=argminL (g,r). 3)

geQ
In the supervised learning, the problem (3) is
repetitively solved N times on the set of training
examples (I , 1%):

u?

17 (qut)=argminL YV L (g("),:(f)), (4)
q"eg,
l=i=N
where the index “tr” stands for the training set.
The same optimization criteria is applied in case of
severity class outlining. The severity-class labels
are determined according to the method proposed
in [17]. The crack opening is calculated on pixel
level as average width along the crack skeleton:
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-ty (5)

52
Uy

where u_ and u  are the numbers of pixels
associated with the detected crack and its
skeleton, whereas r_is the spatial resolution of the
acquisition device.

In both classification cases, the solution of (4) is
considered as a predictive model. Once it have
been evaluated on the validation set of examples
(1 _, 1“4, each new image can be examined to

val

determined damages. As it is possible to conclude,
the crack detection and classification algorithm
has two main phases: the training and the testing.
The training phase requires the samples selection,
preprocessing of initial data, the definition of the
neural network architecture to create the predictive
model. During testing phase the cracks are
detected and classified, the results are evaluated
by means of the performances metrics (see Fig. 4).

Data Store
Labeled
images

fmmmm e e e e e TRAINING PROCEDURE—
!

Training samples Preprocessing
(training data = (with MapReduce
validation data) option)
Data Store
Initial *
images
. Deep Network > Trained
Training Options = (architecture) Network
mmmmsenmea s s —TESTING PROCEDURE—
Results
z Cracks pixel- > (cracks mapping
| acsting > based detection severity level
performance metrics)
; [y
Severity
classification

Figure 4. Main modules of the crack detection
and classification algorithm

We refer to [11] for more details on preprocessing
and ROI identification. The edge detection
methodology discussed in [11] defines the
architecture of CNN used in the solution of (4)
(see Fig. 5).

43



L

ﬂ Conv Layer Il lﬁil Conv Layer Il

Image Input

imagelnputLayer convolution3dL.... convolution3dL.
] Conv Layer| Poo\lng Il Batch Norm
¥ A convolution2dL rra;F’colrgEdL batchNormaliza

¥

v il
Pooling | Batch Norm_ DropOut
maxPooling3dL.. batchNormaliza... x 0 dropoutLayer

| |
B ReLu
leII;Cunnected reluLayer

v
SoftMax
softmaxLayer

Figure 5. Sketch of overall architecture of
“Deep Network” module.

To reduce the training time, the training procedure
is implemented as a general MapReduce
architecture. The main idea of this framework
can be shortly described as follows. First training
samples are divided on chunks. Each chunk is
treated separately in parallel mode to perform
a network training (data preprocessing, the
weights initialization, forward propagation,
backward propagation, the calculation of
deviation, the calculation of offset, weights
update such that to insure the convergence of
the goal function (4)). As a result a “Key Value
Store” is created. Next, these values are grouped
by unique keys and reduced such that “Key Value
Store” contains the parameters of the trained
predictive model [19].

3.2. Evaluation metrics

The main idea of the crack detection algorithm
is a binary classification of pixels as “cracked”
or “non-cracked”. Hence, to analyze the liaison
between predicted and labeled ROIs, each target
crack was marked by a minimum enclosing
rectangle. The spatial coordinates of this last
were used to indicate ROIs on the training
sample. Therefore, accuracy of the classification
can be measured by standard evaluation metrics
such as
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* precision
PPV = TP+FP > ()
* recall sensitivity
IPR = TP+FN > (7
* F1-score
R =255 ®)

where TP and TN are the numbers of correctly
classified “crack” and “non-crack™ pixels as well
as FP and FN are the number of misclassified
pixels. These metrics can be used in a case of
the severance-leveled classification. To study
the global performance of this classification the
mean-intersection-over-union is used. It can be
estimated as

Uu=1 % 4

TR +FB+FN, ’

(10)

where K refers to the number of classes.

4. EXPERIMENT AND ANALYSIS

4.1. Dataset

The dataset consists of several concrete slab
survey images with the same resolution. As
it was mentioned before, the cracks areas are
usually smaller than that of the total background.
Hence, to avoid overloads of the training process
we selected 4500 smaller blocks with a size
1024%1024 pixels. Next, on 300 patterns the
cracks were manually labeled. Each labeled image
was treated as the ground truth with two classes:
“crack” and “no-crack” (see Fig. 6). The “crack”
class was subdivided into four subclasses to
indicate the severity level (“0” if u < 2mm , “1”
if 2mm <u < 4mm, “2” it , “3” if u > 6mm?*). For

! This is just an example of classification. In practice, the norms
have to be applied to define the severity classes [17, 18].
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training-evaluation purposes the dataset was split
on training, validation and test parts as 3:1:2.

Figure 6. Example of image part selection and
labeling

4.2. Implementation details

We used the personal computer with processor
Intel (R) Core (TM) i7-470HQ CPU@2.50GHz
RAM 16 Go and graphic card NVIDIA GeForce
GTX 860M 1029MHz under 64-bit Windows
8.1 OS to explore the performance of the
proposed methodology. The crack detection and
classification algorithm was implemented in
MatLab R2020b with DeepLearning, Parallel
Computing and Computer Vision Toolboxes.
MapReduce framework was executed on a parallel
pool of four workers. The resolution parameter was
automatically detected on the set of 100 images.
This parameter was allied to find the average
opening of detected cracks. The network was
trained with the initial learning rate — “0.0001”,
the maximum number of epochs — “50”, size of
the mini-batch to use for each training iteration
was “64”, the validation frequency — “50”. To
insure the conversance of (4) we used the Adam
optimization method setting ¢ = 10-°, gradient
decay factor as “0.9”, squared decay factor as
“0.999”. Moreover, a random flip was applied to
improve the robustness of the trained model.

4.3. Detection results

In the first stage of experiment we were interested
only in binary classification task: the potential
to find cracks. The performance of the proposed
crack detection methodology (it is called as
“Method” or “MethodMR” if MapReduce
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framework is applied) was compared with other
semantic segmentation techniques based on the
CNN architecture (U-Net [20] and CrackNet
[15]). The experimental setup parameters as well
as training, evaluation, and testing datasets were
the same for each method. The methodology
discussed in this paper was running twice: without
MapReduce and with MapReduce framework.
Table 3 contains the quantitative comparison of
these methods using on the evaluation metrics
(6) — (9) as well as training-evaluation time to
finalize the predictive model. As it is possible to
see, the proposed segmentation method supported
by MapReduce framework achieves the highest
performance. Results expose higher accuracy in
binary classification and improvements in speedup
and coincide with these were reported in [14, 18,
19].

Table 3. The performance comparison
results on cracks detection using different
architectures of CNN

PPV | TPR F T i
NN oy | el | a1 | gy | B
U-Net 95.87 196.04 | 95.95|71.33| 2784
CrackNet | 96.18 [97.09 ] 96.63 | 72.54 | 2208
Method 97.99 |197.43|97.71|74.15| 2160
MethodMR | 98.21 | 92.39192.30 | 75.62 | 857

In the second stage of experiment, we have analyzed
the severity levels detected by MethodMR. The
severity classification results for one image
are shown in Fig. 7. To evaluate the multiclass
predictive model we use the receiver operating
characteristic (ROC) curves (see Fig. 8) and
estimated areas under the curves (AUC), namely:

Auc,, ... = 09159, AUC,, .= 0.9488,
Auc,,, ., =0.9601, AUC,, ... = 0.9754.

As it is possible to see, MethodMR has better in-

sample performance in classifying cracks with
bigger openings.
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Figure 7. Severity classification marks on the
test image (“purple” — class “1”, “green” —
class “27, “blue” — class “3”)
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Figure 8. ROC curves for severity classification

5. CONCLUSIONS

The machine learning methods and especially
convolutional neural networks have gained
recognition in a wide array of applications of
civil engineering permitting resolving the well-
known problem of computer vision with better
precision. Nonetheless, due to the enlargement of
available information, the rise of computational
complexity is observed. Big data severely impact
training processes of CNN. The finalization of
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the CNN-based predictive model with desired
accuracy suitable for the application has very high
computational cost.

To overcome these obstacles, this study
presented a novel semantic segmentation
strategy for the automatic detection of
cracks based on the distributed framework
MapReduce applied to CNN training phase.
The proposed method showed significant
acceleration comparing to other segmentation
networks. Moreover, results of cracks detection
and classification reveal high accuracy. The
proposed solution can be adapted to the
specificity of the field of application to develop
high-throughput damage detection systems
implemented in portable devices using cloud
technologies.
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Abstract: Filtration of suspension in a porous medium is actual in the construction of tunnels and underground structures.
A model of deep bed filtration with size-exclusion mechanism of particle capture is considered. The inverse filtration
problem —finding the Langmuir coefficient from a given concentration of suspended particles at the porous medium outlet
is solved using the asymptotic solution near the concentrations front. The Langmuir coefficient constants are obtained by
the least squares method from the condition of best approximation of the asymptotics to exact solution. It is shown that the
calculated parameters are close to the coefficients of the model, and the asymptotics well approximates the exact solution.

Keywords: deep bed filtration, porous medium, mathematical model, asymptotics, inverse problem
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AnHoTauyst: 3agaun GUIBTpaIU CyCIICH3MH B TOPUCTON Cpe/ie aKTyallbHBI ITPU CTPOUTEINIHLCTBA TYHHENEH U MO/I3eM-
HBIX COOpY)KeHHH. PaccmarpuBaeTcst MOzieNb IOJITOBPEMEHHOW [ITyOMHHOM (MIIBTpALIK C Pa3MEPHBIM MEXaHHU3MOM
3a/iepkanms yactull. Ha ocHoBe acMMITOTHKM BONM3M (PPOHTA KOHIEHTPAIMI B3BEIICHHBIX M OCAK/ICHHBIX YACTHI]
peraercs oOparHas 3a1a4a (HIBTPALUK — HaxOKAeHHe kod(duuumenta JIeHrMiopa 1o 3alaHHOI KOHLIEHTPaIHU B3Be-
IICHHBIX YaCTHII HA BBIXOZIE MOPHCTOI cperibl. KoHcTaHTh! koadduirenToB JIeHrMiopa HaxoIsTCst MeTOIOM HAaMMEHBIIIHX
KBAJIPaTOB M3 yCJIOBHS HAMITYYIIEro MPHOIMKEHHSI aCHMITTOTHKH K TOYHOMY pellieHHIo. [loka3aHo, 4To BEIYUCIICHHBIC
napameTpbl OJIM3KU K Kod(dHIeHTaM MOJIENH, a HalIeHHAs: aCHMITTOTHKA XOPOILO MTPUOJIKAET TOYHOE PEIICHHE.

KoaroueBble ciioBa: 10/roBpeMeHHasi NIyOUHHAsT (QUIIBTPALMs, TIOPUCTAs Cpeia, MaTeMaTHYecKasi MOJIENb,
aCHUMIITOTHKA, 0OpaTHast 3a1a4a

1. INTRODUCTION

Transport and retention of solid particles in
a porous medium occur in various natural
phenomena and in industrial technologies. During
the construction of tunnels and underground
structures to create waterproof partitions, liquid
concrete is pumped into the rock. The solution
spreads through the pores and when solidified,
forms a waterproof wall [1].

The transport of suspensions and colloids in porous
media is accompanied by the retention of particles,
which get stuck in the pores and form a deposit.
The reasons for particle retention in porous media
are straining, attachment, bridging, diffusion into
dead-end pores, etc. [2, 3]. The intensity of various
particle capture mechanisms depends on the
physical and chemical properties of the particles,
carrier fluid, and porous rock. If the particle and
pore size distributions overlap, the predominant
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cause of retention is the blocking of large particles
in small pores. This capture mechanism is called
size-exclusion [4]. It is assumed that the retained
particles cannot be knocked out of the pore throat
by the fluid flow or suspended particles and always
remain stationary.

The mathematical model of filtration includes the
equation of mass balance of suspended and retained
particles and the Kinetic equation of deposit growth
[5]. At low concentrations of suspended particles,
the deposit growth rate is proportional to the first
degree of suspended particles concentration.
The proportionality coefficient depends on the
concentration of the retained particles and is called
the filtration function.

Mathematical models often have analytical
solutions. For some problems, it is possible
to obtain a global or local exact solution; in
other cases, the asymptotics is constructed [6-
9]. Analytical solutions allow to compare the
mathematical model with the experiment and
determine the parameters of the model from
experimental data. The inverse filtration problem
is to obtain the filtration function by the known
concentration of suspended particles at the outlet
of the porous medium, which can be measured in
the laboratory.

For a simple filtration model that does not take
into account the change in porosity during deposit
growth, the inverse problem was solved in [10-12]
by the method of successive approximations. The
solution is based on Riemann relation between
the concentrations of suspended and retained
particles inside a porous medium at an arbitrary
time moment with the concentrations at the
porous medium inlet. However, this method is not
applicable for complex filtration models in which
several equation coefficients are functions of the
concentrations of suspended and retained particles.
In this article a new asymptotic method for
solving the inverse filtering problem is proposed.
Asymptotic formulas defining a solution to the
filtration problem depend on the model parameters
in explicit form. Equating the asymptotics to the
given solution at the output of the porous medium,
all the parameters of the model are determined.

\Volume 16, Issue 4, 2020

In the simplest filtration model, the filtration
function is a linear non-negative decreasing
function of the retained particles concentration.
Such a filtration function, called the Langmuir
coefficient, is often used in mathematical
models [13, 14]. Below, the asymptotic method
for solving the filtration problem is used to
obtain the parameters 4, 4, of the Langmuir
coefficient.

2. MATHEMATICAL MODEL

The one-dimensional model of suspension and
colloid filtration in a porous medium is defined by
a system of partial differential equations of the first
order with unknown concentrations of suspended
C(x,¢) and retained S(x,7) particles

AC+S)  oC _

o 0
oS
2= A@)C. @)

Here the filtration function A(S) is a continuous
positive decreasing function.

The dimensionless system of equations (1), (2) is
considered in the domain

Q={0<x<1,t>0}.
The boundary conditions for system (1), (2) are

set at the inlet of the porous medium x = 0 and at
the initial time 7 = 0:

C(x,1)|_, =1; (3)
C(x,1)|,_, = 0; 4)
S(x,1),_,=0. (5)

At the initial moment 7 = 0, the porous medium
does not contain any suspended and retained
particles. The concentrations front of suspended
and retained particles 1 = x moves from the porous
medium inlet x = 0 to the outlet x = 1 at a speed
v = 1. Before the front in the domain Q = {0 <x
<1, t < x}, the porous medium is empty and the
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problem has a zero solution C(x,7) = 0; S(x,z) = 0.
Behind the front in the domain

Q. ={0<x<1,t>x}

a suspension and retained particles are present;
the solution is positive C(x,7) > 0; S(x,z) > 0.
At the concentration front, the solution S(x,?) is
continuous, the solution C(x,7) has a gap.

A filtration function A(S) that has a positive root
is called a blocking filtration function. The most
commonly used filtration function is the Langmuir
coefficient [15]

AS) =2, 48, 2,> 0,4, >0. (6)

In a domain Q the problem (1)—(5) with Langmuir

coefficient (6) has exact solution in explicit form
[13]

o AU
= A0 4 phr

(7

In the vicinity of the concentration front 7 = x,
the second-order asymptotic solution to problem
(1)—(6) has the form [16]

Cm — e—lox + }Ll(e—j\,o_‘{’ o e—zlox )(r o x)

; . ; ) 8
A (23_3“""“ —3e T gt )(;, x)" /2. )

3. INVERSE PROBLEM

Suspended particles appear at the porous medium
outlet at the moment # = 1 because the length of the
porous medium sample /=1 and the concentration
front moves with speed v = 1. The inverse problem
is to obtain the filtration function A(S) by the
known suspended particles concentration C(1,7)
at the outlet of the porous medium.

Denote r =¢-1.

Exact and asymptotic solutions of the suspended
particles concentration at the outlet of the porous
medium are obtained by substituting x = 1 in
formulas (7), (8)

Liudmila I. Kuzmina, Yuri.V. Osipov
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In the laboratory of the Australian School of
Petroleum & Energy Resources of the University
of Adelaide, Australia, experiments were carried
out to filter the suspension in a porous medium
[17, 18]. Chemical composition and size of the
particles were selected so that size-exclusion
was the main particle capture mechanism.
According to the experiments, the parameters
A,, A, of the Langmuir coefficients A(S) = A, -
A, S were obtained for filtration of monodisperse
suspensions with solid particles of three sizes (see
Table 1).

Table 1. Experimental Langmuir coefficients

Partu;le Lrladlus A, A,
r, = 1.568 0,11 0,01351
r,=2.179 0,59 0,005956
r, =3.168 1,551 0,003457

The unknown constants 4, 4, in the Langmuir
coefficient (6) are determined by comparing the
exact solution C_ (1,7) at the porous medium outlet
of problem (1)-(5) calculated for the Langmuir
coefficients given in Table 1 with the asymptotics (8).
The constant 4, is determined by the suspended
particles concentration at the time of the appearance
of the suspension at the outlet of the porous
medium (so called break-through concentration)

t=0: C, (1,0)=e™ =C_(1,0)

as

= A, =-InC_(1,0).

The constant A, is obtained from the condition of
the best approximation of the asymptotics to the
exact solution by the least squares method on the
interval t=[0; 10].
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4. NUMERICAL CALCULATION

To find the constant 4, the integral of the square
of the difference between the exact and asymptotic
solutions with the variable parameter i, over
the interval T = [0; 10] in the explicit form was
calculated. The derivative of the integral
with respect to the variable 4, is a third-order
polynomial. The polynomial has 3 real roots for
all three types of particles. Real polynomial root
closest to the experimental constant A, is the
desired approximation of the constant 4,.

The results of calculating the constants 4, 4, are
presented in Table 2.

Table 2. Experimental & calculated constants

ra A A A A

0 0 1 1

r,=1.568( 0,11 | 0,11 | 0,01351 | 0,01352

r,=2.179( 0,51 | 0,51 | 0,005956 | 0,005955

r,=3.168 1,551 1,551 0,003467 | 0,003467

03
04
03
0 10 20 30 40 30

Figure 1. Suspended particles concentrations of
3 particle sizes at the outlet x = 1

9.992 9994 9.996 9.998 10000 999992 999994

According to Table 2, the relative error in
finding the constants is less then 0.01%; the error
decreases with increasing particle radius.
Figure 1 shows the suspended particles
concentrations of three particle sizes at the porous
medium outlet: 1 — blue, 2 — red, 3 — brown. At ¢
<50 the graphs of exact solution and asymptotics
coincide for all three types of particles.

The graph sections with high resolution are
shown in Figure 2 (the exact solution is blue, the
asymptotics is red).

According to Figure 2 a), b), c) at time ¢ < 10,
the relative error of the asymptotics regarding
exact solution is less than 0.001% for all types
of particles.

5. CONCLUSION

An asymptotic method for solving the inverse
filtering problem is studied. For example, the
constants of the Langmuir coefficients are found.
The parameters of the mathematical model are
determined by comparing the exact solution with
the asymptotics at the porous medium output.

It is shown that the least squares method is an
effective way to obtain the model parameters. The
coefficients of the filtration function are determined
with an accuracy of 0.01%; when ¢ < 10 the
asymptotics differs from the exact solution less than
0.001%.

In the laboratory, the parameters of the mathematical
model should be determined by measuring the
concentration of suspended particles at the porous
medium outlet [19]. In this case, the accuracy of
finding the coefficients may deteriorate due to errors
in laboratory measurements and deviations of the
mathematical model from experimental conditions.

999996 999998 1000000 999002 969001 999996 990998 1000000

Figure. 2. Graph sections of the suspended particles concentrations at the porous medium outlet
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The next step in solving the inverse filtration
problem is to obtain an unknown nonlinear
filtration function that depends on 3 or more
constants. In this case, problem (1)-(5) does not
have an exact solution in explicit form. To solve
the inverse problem, a numerical solution by the
finite difference method is required [20, 21].
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JUSTIFICATION OF STRENGTHENING A SLIDING BRIDGE
SUPPORT (ON THE EXAMPLE OF THE BRIDGE THROUGH
THE R. IZHORA ON THE HIGH-SPEED ROAD SAINT
PETERSBURG — MOSCOW)
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Abstract: The article describes the experience of strengthening the foundations of the bridge support laying on a
landslide slope. The bridge under consideration crosses the river Izhora in the Leningrad region. Numerical modeling
of the process of development of support deformations is carried out. Analysis of the calculations showed that the
development of the landslide process occurred as a result of waterlogging of the soil massif and soaking of soils
at the base of support No. 10. Structural strengthening of the support in the form of buttresses was developed and
numerically substantiated to eliminate deformation of the bridge support.

Keywords: deformations of bridge support, landslide slope, numerical modeling, strengthening with buttress
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INTRODUCTION section of the Moscow — St. Petersburg high-

speed highway in the area of the bridge over
During the period from November 2019 to the river. Izhora (PK 6334) had been conducted.
February 2020 a geotechnical monitoring of the The geotechnical monitoring shown uneven
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deformations on support No 10L. The average rate
of horizontal deformations of support No. 10L,
according to geodetic observations, was up to 1.0
mm per day. As a result, it was necessary to develop
recommendations for stabilizing the settlement

)
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to the axis of the track were 93 mm along the point.
Figure 3 shows the layout of the marks and the
measured displacement values.

The main deformations were noted in the
inclinometric well No. 5, installed in the immediate
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of the specified support, taking into account the
projected structures of its strengthening.

The site is located on the left high bank of the river.
Izhora. The relief of the site is characterized by
the presence of a steep slope to the river. Izhora,
located 15.0 m south of the site of additional
surveys. The bridge supports are located on the
not reinforced slope.

According to the monitoring results from
03.02.2020, the maximum horizontal displacements
of the support parallel to the axis of the track were
148 mm, the horizontal deviations perpendicular

Figure 2. Actual situation at support No. 10L
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vicinity of the support No. 10L and located in the
upper soil layer to a depth of 3.5 m, while the
maximum displacements at the surface were 60
mm along the X-axis , along the Y-axis — 27 mm.

I‘I'—"| - Mockbo
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Carem—[lemepbipe
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Figure 3. Layout of deformation marks and
measured values of displacement on support No.
10L

1. ENGINEERING-GEOLOGICAL AND
HYDROGEOLOGICAL CONDITIONS OF
THE SITE

Geomorphologically, the construction site is
located within the Pre-Glint Lowland.

In the geotechnical survey conducted by Morion
LLC (2014) within the drilling depth to a depth
of 20 m throughout the embankment and bridge
construction site, 23 geotechnical elements (GE)
were identified. CJSC "Len-TISIZ" performed
additional, according to the results of which on
the investigated site in the immediate vicinity of
of the deformable retaining wall along the drilling
depth of 15.0 m, 4 GE were allocated. Figure 4
shows the plan for additional working.

Additional engineering-geological surveys, in
general, confirmed the previously noted bedding
of soils. On the basis of the additional studies
performed, in accordance with the requirements
of GOST 20522-2012 and GOST 25100-2011, 4
GE were allocated in the study area. In the course
of the additional surveys carried out at the site, the
following engineering and geological elements
were identified: GE 1 —
bulk soils; GE 10b — semi-
solid dislocated clays; GE
10 - hard clays deployed;

oy VTN e (NEETTASLEL

GE 11 - hard clays.

Eovatyction o Iy WOPLELY on SRERIRETH
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The geological structure
of the investigated area
to a depth of 15.00 m is

represented by modern

technogenic (t 1V)

formations and Lower

Cambrian deposits (€1).

T

e
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F igdre 4. Location of additional geological wor.

In the engineering-
geological bedding of soils
in the study area, soils of
the Quaternary system —Q
Modern deposits — Q 1V,
which lie from the surface
and are represented by
Technogenic formations —
t IV take part.

"ings on the plan
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Modern technogenic formationstlV are represented
by bulk non-caked soils and are distributed
throughout the study area. They placed from the
surface at a depth of 0.00 m (the absolute elevation
of the roof is from 21.28 to 21.68 m), the thickness
is 2.30-5.50 m.

Deposits of the Lower Cambrian €1 are represented
by semi-hard and hard clays, and hard clays. They
lie under technogenic formations at a depth of
2.30-5.50 m (absolute roof elevation from 16.18 to
18.98 m), the exposed thickness is 9.50-12.70 m.
Figure 5 shows the nature of bedding of soils.

S8EL408-3

Figure 5. The nature of lying and relative
position of the IGE at support 10 (based on
materials from CJSC LenTIZ, 2019)

The results of additional studies carried out by
LenTSIZ CJSC showed that non-caking loose
soils (GE 1) lie on the surface, which in well No.
1 in depth from the day surface (0.00 m) to 0.9 m
are represented by sands of different size mixed
with gravel, pebbles, crushed stone of igneous
and sedimentary rocks up to 15%; below, from a
depth of 0.9 to 2.3 m — plastic sandy loam, mixed
with large sand, with crushed stone of igneous and
sedimentary rocks, with construction waste up to
20%. The fill-up soils at the time of the research
were in a wet state.

In well No. 2, the fill soils have the following
composition in terms of drilling depth: from

the day surface to a depth of 1.3 m, they are
represented by plastic sandy loams mixed with
coarse sand, with crushed stone of igneous and
sedimentary rocks, with construction waste up to
20%; in the depth range from 1.3 to 5.5 m, the fill
soils include sands of various sizes, mixed with
gravel, pebbles up to 10%, in the bottom of the fill
soils there is a soil-vegetation layer. The soils are
wet, saturated with water from a depth of 1.8 m.
The filling period is less than 5 years.

Directly under the fill soils there are soils
represented by the deposits of the Cambrian
system of the Lower Section — €1 in the form of
GE10b, GE10 and GE 11.

GE 10b - Light dusty semi-solid clays, greenish-
gray, with interlayers of solid and dusty, moist
sands, with rare sandstone gruss. They lie under
the fill soils at a depth of 2.30-5.50 m (absolute
roof elevation from 16.18 to 18.98 m), the
thickness reaches 1.00-1.20 m.

GE 10 - Light silty hard clays, dislocated, grayish-
blue, with interlayers of silty, wet sands, with
fragments of low-strength sandstones. They lie
under semi-solid clays, deployed at a depth of 3.50—
6.50 m (absolute elevation of the roof from 15.18
to 17.78 m), the thickness reaches 4.50-5.00 m.
GE 11 - Light silty hard clays, layered, grayish-
blue, with interlayers of silty, wet sands and low-
strength and medium-strength sandstones. They
lie under the dislocation zone at a depth of 8.50
- 11.00 m (absolute elevation of the roof from
10.68 to 12.78 m), the exposed thickness reaches
4.00-6.50 m.

Based on the materials of additional surveys
(CJSC LenTISIZ), the following soil filtration
coefficients were adopted: for bulk soils tIV (GE
1) — 10.00 m / day; for the subsequent layers of
soil located lower in depth, represented by GE
10b, GE 10, GE 11, the filtration coefficient is
recommended to be less than 0.001 m / day.

In hydrogeological terms, the construction site
as a whole is characterized by the absence of
groundwater, however, during the period of
additional engineering and geological surveys
(June 2019), the presence of groundwater
of a sporadic distribution of the top water

60 International Journal for Computational Civil and Structural Engineering



Justification of Strengthening a Sliding Bridge Support (On the Example of the Bridge Through the R. Izhora on the

High-Speed Road Saint Petersburg — Moscow)

("verkhovodka" in russian) type was established
(drilled in well No. 2 on depth of 1.80 m (absolute
elevation 19.88 m)), which are confined to
modern Quaternary technogenic formations (t1V).
Groundwater is fed by infiltration of atmospheric
precipitation. Unloading is carried out in the river
Izhora, which flows 60.0 m south of the extreme
point of the site. It was found that during the
surveys on the slope, folded with fill soils, gullies
were found, along which water seeps out.

The specific soils in the investigated area,
according to the data of the studies carried out
and according to SP 11-105-97, Part IlI, include
compacted bulk soils (GE 1).

The normative depth of seasonal freezing for fill
soils (GE 1) is 1.28 m; for clays (GE 10b, 10,
11) — 0.98 m. According to the degree of frost
heaving, in accordance with SP 22.13330.2011,
p. 6.8.8, fill soils (GE 1) refer to heapy soils (D
> five); according to the degree of frost heaving
(according to the parameter R, and the relative
deformation of heaving ¢, ), semi-hard clays,
dislocated (GE 10b) — (R, = 0.21, ¢, = 0.02) refer
to slightly heaving soils; hard clays, dislocated
(GE 10) - (R, = 0.64, ¢, = 0.05) refer to medium-
porous soils; hard clays (GE 11) - (R, = 0.78, ¢,
= 0.06) refer to medium-heap soils.

Note that during periods of the year with negative
temperatures, frost heaving processes occur in
soils, which can be considered as one of the
potential reasons for a decrease in the strength
characteristics of the boundary layer of dislocated
clays. In combination with the soaking of this layer,
a sharp decrease in the strength and deformation
characteristics of the soil, a change in its consistency,
is possible, which, when a load is applied during the
embankment, caused the development of uneven
deformations of the bridge support No. 10L.

2. NUMERICAL SIMULATION OF THE
CHANGE OF STRESS-STRAIN OF THE
BASE OF SUPPORT NO. 10 L AT SLIDES
SOIL PRESSURE

Modeling of the geotechnical situation in order to
predict the further development of deformations

\Volume 16, Issue 4, 2020

of the structures of support No. 10L was carried
out numerically in the certified software Plaxis
3D in a three-dimensional formulation from the
condition of the installation of vertical and inclined
drill-injection piles with a diameter of 300 mm
with reinforcement with a metal pipe diameter
159 mm (Figures 6 and 7).

The mechanical behavior of soils in the calculation
was modeled by an ideal elastoplastic Mohr -
Coulomb model.

Based on the results of numerical modeling, the
horizontal displacements of support No. 10L were
determined. The standard and calculated values of

_
-\

Figure 6. Layout of retaining structures

| -
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A e

Figure 7. Sectional view of retaining structures
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Table 1. Physical and mechanical characteristics of soils
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the characteristics of the physical and mechanical
properties of soils adopted for the calculation are
presented in Table 1.

The calculation simulated three phases:

1) modeling the initial stress-strain state (SSS),
formed by the own weight of the soil mass;

2) installation of piles and supports No. 10L at the
construction site;

3) the transition of the soil into a landslide
state due to waterlogging of the soil massif
of the slope (liquefaction landslide), through
a change in the characteristics of the soil, in
order to obtain deformations consistent with
field observations;

3.1) forecast of final deformations of support
No. 10L without taking into account measures to
strengthen the foundations;

3.2) forecast of the final deformations of the
support No. 10L taking into account the structure
of the reinforcement in the form of a buttress on
the bore-injection piles.

In order to prevent further development of
horizontal displacements of supports and
embankments, the following solution was

62

proposed: to arrange vertical and inclined piles,
united by a monolithic growth-vertex in the
form of three buttresses along the perimeter
of the support, located in the direction of
deformation development (at the corner point of
the support grillage No. 10L to the river), along
the main passage and in the transverse direction
from the river.

Figure 8. Model at the stage of assessing the impact
of the occurrence of the landslide effect of the
foundation soils (the load on the support is 2000 t).
The UPPER soil at the support is conventionally
hidden, for visual display of the buttress)
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Table 2. Information about loads

Point Dead load Live load Total
oin
Support Normative | Design, min | Design, max | Design, min | Design, max | min | max
No.10L| 101 | 513 461 611 -39 311 422 | 922
10.2 597 537 705 -39 310 498 (1015
/\\‘\\ In general, the results for this phase of the
A e calculation showed that the deformations of
. the support No. 10L when the design loads are
\'\\\ applied do not exceed the limit values equal
“\\ to 20 cm, but indicate the unevenness of the
g

Z
L
Figure 9. Design model taking into account the
reinforcement of existing foundations with a

buttress

Figures 6 and 7 show the layout of the retaining
structures.

Figure 8 shows the design model at the stage
of assessing the impact of the occurrence of the
landslide effect of the foundation soils.

In order to eliminate the rigid connection between
the buttress and the existing grillage, special
finite elements "Interface" are introduced, which
simulate the contact between two materials.
The parameter Rint is introduced into them,
which in our problem is taken to be 0.01, which
corresponds to the complete absence of friction
on the surface (Fig. 9). Calculations were made
according to the design solution without taking
into account the change in soil properties.
Deformation schemes and calculation results are
presented in Figures 11 and 12.

\Volume 16, Issue 4, 2020

support deformations. In this case, the maximum
horizontal deformation falls on the displacement
of the top of the support (direction perpendicular
to the axis of the bridge). All this Data on
the loads acting on the support were taken in
accordance with Table 2.

Elastic spacers between
e the buttress and the
existing riser

Figure. 10. Enlarged node A

63



R.A. Mangushev, N.S. Nikitina, A.l. Osokin, M.B. Zavodchikova, V.M. Polunin

BBl EEREEbELEEE bR Ecr

Total desplacements u,
13203

Figure 11. Vertical deformations of the support
when a load of 2000 t is applied.
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Figure. 12. Horizontal deformations of the
support along the X axis (equal to 34.7 mm)
when a load of 2000 t is applied.

All this testifies to the correctness of the
implemented design solutions in the absence
of factors influencing the development of slope
landslide processes and soaking of the soils of the
base of support No. 10L.

Given the inconclusive nature of the deformations
and the certain dynamics of their development, for
the analyzed support No. 10L, it is possible, with
subsequent numerical modeling, to predict the final

3

B
&

a

b EEEEEEEEELbpec s

Total displacements u,
2469

Mrwrum vl = 00073 = Fement 13150 ot Node 20}

Figure. 13. Horizontal deformations of the
support along the Y axis (equal to 49.7 mm)
when a load of 2000 t is applied

5
B
&

mt P EL LB REALE

Figure. 14. Horizontal deformations of the
support along the Y-axis (- 9.85 cm) according
to the actual situation

deformations of the support, which are presented
below (Figures 15-17). For this purposes, two
types of calculations were carried out.

1) Forecast of the final deformations of the
support No. 10L excluding reinforcement
measures

According to numerical modeling, the expected
final deformations of the support under the action
of landslide soil pressure are expected to be as
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follows: vertical deformations taking into account
soaking will be 16.09 cm, horizontal deformations
of the support along the X and Y axes, respectively,
21.75 cm and 12.49 cm.

Thus, the expected final deformations of the
support according to numerical modeling
exceed 20 cm, predetermining the need to

=10 m]
10.00

Total displacements u,,
Maximum value = 2,609%10  m (Element 2064 at Node 1502)

Vinimum value = -0, 1407 m (Element 4 at Node 478)

Figure. 15. Vertical deformations of the support
No. 10L taking into account the reinforcement
(-14.07 cm)
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al
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=] Maximum value = 0, 1692 m (Element 13113 at Node 23)
Minimum value = -0.01806 m (Element 18242 at Node 965)

Figure. 16. Horizontal deformations of
the support taking into account the X-axis
reinforcement (-16.92 cm)
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strengthen the soils around the support No.
10L in order to stabilize its deformation under
the influence of design loads and taking into
account the actual state of the soils at the base
of the support.

Further, the design verification of the solution to
reinforce the existing foundation with buttresses
was carried out in order to stabilize the displacement
of the support No. 10L.

2) Forecast of the final deformations of the
support No. 10L, taking into account measures
to strengthen

In order to take into account the fact that the
counter-force structures will be erected during
the landslide movement of the soil, they were
activated in the phase where the characteristics
of the soil deteriorate, which, as it seems, most
accurately reflects the actual situation.

Thus, calculated taking into account the proposed
reinforcement, the magnitude of horizontal
deformations showed a decrease of 1.36 times,
which indicates the effectiveness of the proposed
reinforcement design.

-80.00
-50.00

-100.00

-110.00

=]

Total displacements u,,

Maximum value = 0.01231m (Flement 2162 at Node 2465)
Minimum value = -0.1044 m (Element 13110 at Node 20)

Figure. 17. Horizontal deformations along
the Y-axis (- 10.44 cm) taking into account the
amplification.
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CONCLUSIONS AND
RECOMMENDATIONS

The conducted research allows us to formulate the
following conclusions:

a) the results of the verification calculation
indicate the correctness of the implemented design
solutions in the absence of factors affecting the
development of slope landslide processes and
soaking of the soils of the base of support No. 10L;
b) the deformations revealed by the monitoring
results arose due to the development of the
landslide process of the coastal slope due to
waterlogging of the soil massif and soaking of
the soil at the base of support No. 10L, as a result
of which there was a change in the physical and
mechanical properties of soils at the base of the
slope around the support. At the same time, it is
noted that construction processes carried out in
the immediate vicinity of the support served as a
trigger for the occurrence of deformations;

c) the horizontal deformations obtained in
the actual state of the soils at the base of the
support in the directions of the bridge axis and
perpendicular to the axis of the bridge indicate
the need to perform soil stabilization work at the
base of the support and a structural reinforcement
device in the form of buttresses to prevent further
deformation of the bridge support;

d) numerical modeling, taking into account
the arranged buttresses of the reinforcement of
the support No. 10 L of the bridge, additional
horizontal movement along the axis of the
bridge will be no more than 15.8 mm (1.58 cm).
According to the above calculation, in the piles
of the buttress structure, the maximum forces of
184 kN occur;

e) comparison of the results of numerical
modeling and observations showed the absence
of stabilization of deformations without additional
constructive measures to fix the support
from deformation and injection anchoring of
waterlogged soils of the support base.

Based on the foregoing, priority measures
were developed and implemented to eliminate
deformations of support No. 10L and to ensure

soil stabilization of the base of support No. 10L
of the bridge across the river Izhora:

— fixing the support with the device of buttresses
in the direction of its displacement, in the
direction of the axis of the bridge and in the
transverse direction of the axis of the bridge,
followed by stabilization of the soil at the base
of the embankment to exclude its subsequent
deformations. It is proposed to fix the support by
creating buttresses on a pile foundation: piles —
vertical and inclined, five pieces for each buttress
in the transverse and longitudinal directions with
respect to the axis of the bridge and a doubled
number — 10 piles in the buttress — in the direction
of movement of the support (corner part of the
support). The buttresses to be built are connected
by a monolithic grillage. In the contact plane of
the buttress structure, to fix the support and the
grillage of the pile foundation of the support,
fluorine-layer gaskets were installed over the
entire contact area of the structures;

— to stabilize the soil massif at the base of support
No. 10L, it is recommended to perform soil
improvement using injection methods or soil mixing.
A prerequisite for the normal design operation of
the slope is the exclusion of the subsequent soaking
of soils at the base of the support and the slope by
means of an annular drainage device along the slope
and near support No. 10L;

It was proposed to continue regular geotechnical
monitoring of precipitation and deformation
in the soil massif according to the approved
program. The criterion for permissible additional
deformations can be taken as 16 mm, obtained
from the calculation results.
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Abstract. Modern building design standards have a long history. During this time, they have undergone a number
of changes, but some of their provisions and recommendations, once proclaimed, remain unchanged. And although
they do not meet the modern possibilities of computational analysis, but continue to exist due to the established
tradition. In this paper, attention is paid to only some of the mentioned conflicts, which are related to the software
implementation of regulatory requirements.
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AHHOTalIl/ISI. COBpeMeHHLIe HOPMBI CTPOUTEIIBHOT'O ITPOCKTUPOBAHUA UMCIOT YK€ JOBOJIbHO JJIMHHYIO UCTOPHIO.
3a 310 BpEMs OHU MNPETCPHCIN PA] I/ISMCHGHHﬁ, HO HCKOTOPBIC HUX IIOJIOXKCHUSA U PEKOMCEHIAlNH, 6yZ[y‘-II/I pa3s
MMPOBO3ITIAICHHBIMU, OCTAOTCSA HCU3MCHHBIMU. U xots oHM He COOTBCTCTBYIOT COBPCMCHHBIM BO3MOXHOCTAMU
PACUYCTHOT'O aHaJIM3a, HO MPOA0JIKAIOT CBOC CYIIECTBOBAHUC B CUITY CIIO>KUBILIEHCS Tpaguluu. B sToit pa60Te 00-
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INTRODUCTION

The experience of design activity in recent decades
shows that the development of automation of
engineering calculations has the most serious
impact (unfortunately, both positive and negative)
on the quality of justifications for design decisions.
The level of detail and accuracy of calculation,
which is now available to designers en masse,
yesterday was still unattainable even for the most
qualified organizations and professionals. At the
same time, the availability of modern powerful
computing systems creates a number of new
problems. One of them is the growing number
of inconsistencies between the capabilities
of software systems, which are focused on a
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detailed analysis of the work of structures, and the
requirements of regulations, which are focused on
established experience.

Almost all modern tools of building design
automation implement to some extent the
requirements of existing regulations. At the same
time the inclusion of regulatory requirements in
software systems is not only a problem of their
developers, but also a problem of a wide range of
users. The point is that users have to understand
which requirements for regulatory documents can
and should be imposed on the relevant software,
when deciding on its use. An almost complete
disarray takes place here today. Some users would
like everything to be implemented (including
departmental, company and other detailed
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instructions), others would like the developers
to allow them to decide which rules should be
followed and which can be ignored, still others
want detailed references to justify regulatory
requirements and etc.

Of course, one can rely on the following principle.
The implementation of regulatory requirements in
the software must strictly adhere to the text of the
regulatory document. In cases where this is not
possible in general (examples of such a situation
are given below), the program should refuse to
perform the appropriate function in the part that
does not adequately reflect norms, notifying
the user. In this case, an accurate reflection of
possible limitations of this kind in the program
documentation should be a prerequisite.

Another set of problems is due to the fact that
modern software systems focus on the use of
universal provisions of such disciplines as the
theory of elasticity, the theory of plasticity,
structural mechanics, etc. while some provisions
of the norms are based on simplified approaches,
test results and experience of operation of
existing structures. But being presented in the
regulatory document, such provisions suddenly
take advantage over scientifically sound and more
accurate solutions, which do not appear in the
codes only due to the complexity of calculations.
Almost all modern tools of construction design
automation implement to some extent the
requirements of existing regulations. Meanwhile
there are certain problems of technical, legal and
economic nature, which often arise due to the fact
that the developers of regulations did not forecast
the possibility (and necessity!) of their software
interpretation.

TWO INTERPRETATIONS OF THE
CONCEPT OF "CALCULATION OF
STRUCTURES"

The design justification of design decisions is a
multi-stage process, in which, at least, two main
parts should be distinguished: calculation of the
stress-strain state (SSS) and verification of the
accepted cross sections (or their reinforcement).
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Unfortunately, this fact is not emphasized and
when talking about the calculation of structures
is not always clearly stated what we are talking
about.

At the same time from the point of view of
rationing the differences here are fundamental:
the calculation of SSS is the problem of structural
mechanics and this process in principle should
not be the subject of rationing, while checking
the bearing capacity of sections is a conditional
procedure aimed at achieving a certain degree
of safety. The rationing, i.e. the establishment
of certain requirements of society, is quite
appropriate here.

Returning to the stage of the SSS calculation, we
can say that only some "permitting procedures",
which establish acceptable simplifications of
the problem, can be controlled by the design
code. It is important to note here that it is a
question of allowable simplifications, instead of
their obligatory application though in texts of
regulatory documents this fundamental difference
is not stipulated in any way. The question arises
here about the inequality of the results of the
simplified calculation performed in accordance
with design standards and the possible result of a
more accurate analysis.

It should be noted that modern software systems
often have the ability to perform the structure
calculation in much more detail and accuracy than
required by regulations. Such details of the stress-
strain state and such details of the behavior of the
structure under load can be found, which were not
taken into account by the authors of the normative
document or, more often, taken into account in
the design standards by applying some special
coefficient of working conditions or other ways
to take into account additional bearing capacity.
Since these techniques are not deciphered in
detail in the regulations, the corresponding feature
may be taken into account twice: the first time in
the framework of computer simulation and the
second time in the regulatory verification, which is
performed using the above additional coefficient.
As a result (and this has happened many times)
a project with a more thorough calculation
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justification will be less economical than a rougher
calculation according to the standards.

The situation may be even more complicated
when the normative document provides for a
calculation procedure in which some empirical
correction factors are used. A typical example is
the standards for seismic analysis of structures
[3], where the results of the response specrtum
method are adjusted by the reduction factor K1,
which is introduced to take into account the plastic
behavior and local damage. Since the degree
of plasticization of structural elements and the
amount of local damage is not specified, it remains
unclear what to look for when using other methods
of calculation (direct integration of equations
of motion, deformation method of checking the
ultimate forces, etc.).

Another example is the calculation for temperature
effects. The fact is that the design standards of
structures set the maximum distances between
the temperature seams (see, for example, section
15.1 of the Russian construction code SP
16.13330.2017 [5]). Traditionally, it is considered
that the calculation of temperature effects can
be omitted when a compartment length does not
exceed these limits. But it has been repeatedly
detected that such a calculation leads to the
conclusion of a significant overstrain of the load-
bearing structures, which causes surprise and
numerous discussions.

The discovered contradiction is due to the fact that
the standard calculation models of force calculation
do not take into account some flexibility of the
nodal joints (for example, slippage of the base
of the steel column on the foundation within the
black holes for anchor bolts). Such shifts, which
are absolutely insignificant under force loading,
are decisive under the kinematical influence of
the thermal deformation type. Their values may
be compared with thermal elongations and they
dramatically affect the stress-strain state. Here, the
rules, which are based on many years of practical
experience, are "smarter" than traditional analysis.
Thus, it can be stated that if the calculation model
adopted for computer analysis of the structure does
not correspond to the model that was meant when
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compiling the regulatory document, there may
be contradictions or inaccuracies that cannot be
resolved without decoding the approach adopted
in the standards. Unfortunately, such a decoding
is not provided in our rationing system.

ON REGULATION OF CALCULATION
METHODS

Although the science of "structural mechanics" can
not set standards, if we keep in mind the methods
and rules of calculation, but when it comes to
choosing a calculation model, the question is not
so clear.

The fact is that the design standards are a chain
of trade-offs, where some inaccuracies in the
calculation of some parameters (e.g., internal
efforts in the system) are offset by safety factors
embedded in other parameters (e.g., in the design
strength). In addition, the method used by the
authors of the rules can be based on a certain
calculation model, and this model occurs to be
specified in the normative document.
Traditionally, building design standards have
focused on certain set of calculation schemes.
Most often, these were plane bar systems loaded
in one plane or in mutually orthogonal planes
and operating in a uniaxial stress state. Spatial
structures, especially of shell type, are considered
much less often. However, they are almost
standard when calculating using software. And
here there is a certain imbalance of possibilities,
when many cases, normalized for traditional
calculations, are simply absent for the calculations
of spatial systems.

As an example, let us mention the fact that
the design standards for steel and reinforced
concrete structures provide a material stress-strain
diagram only for uniaxial state and there are no
recommendations for assessing the performance
of structures in 2D or 3D stress state. In this
case, the normative documents on the design
of reinforced concrete structures, which are
calculated by a nonlinear deformation model, for
example, are focused on checking the values of
ultimate deformations, but such criteria are given
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only for uniaxial stress state. How they should
be transformed with respect to the 2D stress
state is completely unclear. After all, there is no
theoretical justification for the use of deformation
criteria here. Moreover, any theory of plasticity is
based on the concept of the boundary surface in the
stress space, whereas the concept of the boundary
surface in the space of deformations simply does
not exist.

Another problem concerns the interpretation of the
results of the spatial calculation model analysis in
accordance with the regulatory documents. So, for
example, for bar elements we receive six internal
forcesand N, M, Q , M, Q , M_instead of three
N, M, Q and even if any element works "in plane"
that nonzero values (probably small on size) can
have all six internal forces. How small must be
certain forces, so that they can be neglected, is
not specified.

For example, the concept of a beam used in [5]
and [4], obviously implies the ability to neglect
the influence of longitudinal force in comparison
with the influence of moments. But if in the first
case for steel structures in 9.2.2 there is a record
that for the value of the given relative eccentricity
m > 20 the calculation can be performed as for
the bent element (i.e. to neglect the influence of
longitudinal force), then for reinforced concrete
structures such idealization is not defined. And for
steel structures, the limit m_, = 20 is specified to
test the stability, and whether this recommendation
of standards allows a common interpretation is
unknown.

Of course, a competent engineer can determine
this limit in each case, but some rule is required
for the software implementation, and its absence
creates a situation for unnecessary controversy.
The above is a fairly typical situation when the
normative document contains some information
(for example, tabular values), but in the program
it is more profitable to calculate them than
to borrow it from the table. What degree of
disagreement is permissible (or non-existent) is
the subject of many meaningless discussions. But
the requirements of design norms are not laws of
nature, they only approximate these laws with
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one or another degree of accuracy. Unfortunately,
information about the errors that are permissible
according to regulatory documents can be found
nowhere. The only exception that can be found is
the use of 10.0 instead of the exact value of the
acceleration of gravity 9.81 when converting the
normative values of loads from kPa in kgf / m? in
building regulations SNiP 2.01.07-85* of 1985
edition or 0.1 instead of 1 /\n? in the formula (108)
of building rules SP 16.13330.2017.

The problem of joining results at conditional
borders is connected with the delimitation of basic
concepts. Since some simplifying hypotheses
were used in various variants of the stress-strain
state, belonging to one or another category of
normalization (compressed-bent bar, bent beam,
etc.), it is often difficult to implement a smooth
border crossing.

Especially many problems are connected with
necessity (possibility, desirability?) of performance
of the general static calculation taking into account
geometrical and physical nonlinearity declared by
standards.

However, the following question remains unclear.
Isit possible to apply the results of the calculation
which was performed taking into account
geometry changes if it concerns the coefficient
of longitudinal bending ¢? This coefficient is of
great importance for the stability of compressed
steel rods analysis and calculated using deformed
model (but for the element, not entire system).

PROBLEMS THAT CANNOT BE
SOLVED WHEN USING NONLINEAR
CALCULATION

Foranumber of computational cases that inevitably
arise in the actual design, regulations establish
rules necessarily requiring a linear approach to
solving the problem. An example is dynamic
analysis closely related to such concepts of linear
dynamics of structures as the frequency and mode
of the natural vibrations of the system. For a
nonlinear system, the very concept of individual
forms of natural oscillations disappears and all
recommendations based on this (i.e. the procedure
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of decomposition of motion into a superposition
of normal modes) lose their meaning.

An alternative approach suitable for accounting
for nonlinear effects is sometimes (though rarely)
present in standards, such as direct dynamic
calculation by instrumental or synthesized
accelerograms, but more often it is not only not
mentioned, but simply not developed. Analysis of
the response to the pulsating wind loadings can
be typical here.

Another problem that is not solved in the nonlinear
analysis is the problem of choosing unfavorable
load combination. In practice, there are virtually
no structures that work only on one load option.
It is usually necessary to anticipate the possibility
of the occurrence of many temporary loads and,
therefore, it is necessary to somehow determine
their estimated combination. This problem has a
solution with a linear approach to the calculation,
when you can use the principle of superposition. If
you focus on nonlinear analysis, then at the same
time you should specify for which combination
of loads you should perform strength and stability
analysis. This type of instructions in regulations
is often missing.

STABLE EQUILIBRIUM

Examination of the equilibrium stability of
the complex bar type structure in the general
case requires the calculation accounting the
geometric nonlinearity and inelastic operation
of the structural elements. Calculation of this
type, in addition to computational complexity,
also requires overcoming a number of other
difficulties associated with the great uncertainty
of the design assumptions (patterns of load
change, idealization of material properties, initial
irregularities, residual stresses, etc.). In this regard,
in engineering practice there is a tradition of
performing an idealized elastic calculation of the
stability of the system as a whole in combination
with checking individual elements for which more
detailed account of the inelastic behavior of the
material, initial bends and eccentricities and other
circumstances is performed.
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Most often, the stability problem is replaced by
a refined calculation of the deformed model with
increasing bending moments in compressed bars
or other similar way by multiplying by some
buckling length coefficient ¢ or coefficient of
bending moments increasingn =1/ (1-N/ N_).
The critical value (in the sense of loss of stability)
of the value of compressive force takes part in the
choice of the value of these coefficients and this
fact ties the calculation of the deformed model to
the stability analysis of the idealized model.

A natural question arises about the relationship
between these two approaches. To what extent
and for what purposes can their results be used
separately and what is the link between them?
It is believed that the bridge that combines these
two approaches will be the buckling lengths of the
elements of the system. Therefore, the fundamental
question is of the method of determining the
buckling lengths.

Note also that the use of the concept of buckling
length involves the division of bar type systems
into separate elements, it is necessary to take into
account the interaction of the element with the
foundation and other elements (primarily adjacent
to it in the nodes).

The logic of most of the standards recommendations
is focused on flat computational models or, at
least, on a separate consideration of the spatial
scheme in two orthogonal planes. If we turn to
spatial systems, they may have difficulties of a
completely different kind, associated with the use
of the concept of flexibility in the two orthogonal
planes of inertia of the bar element.

Following the classical approach of F.S. Yasinski
[10], the buckling length of the bar is usually
understood as the conditional length fa simple bar,
the critical force of which when hinged its ends is
the same as for a given rod. In terms of physical
content, the buckling length of the bar with
arbitrary fixings is the largest distance between
two inflection points of the bent axis, which are
determined from the stability analysis of this bar
by the Euler method.

In the works of Yasinski himself and in numerous
subsequent works, where the concept of the
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buckling length of the bar appears, the use of
plane calculation models and, accordingly, plane
deformation models is implicitly implied. Only
for them it makes sense to consider the distance
between the inflection points of the curved axis,
taken as the calculated length.

Since even for plane models, the buckling length
of compressed bars should be determined both in
the plane and from the plane of the system, then
here there is a mismatch with the definition of
F.S. Yasinski. Indeed, imagine a spatial cantilever
bar in which the cross section has moments of
inertiaJ_ andJ 4J . Under central compression,

such a bar loses stablllty under load P =m?EJ ./
@n? (,, =20).

From the point of view of standards, apparently,
it is possible to imagine a situation when two
calculations on stability are performed during
which deformation in one or in another main plane
of inertia is alternately forbidden (for example,
considering thatJ = oo and thenJ =) , and after
that the coefficients of the buckling length p._and
pare determined. But, as far as we know, for any
complex systems, such even calculations in design
practice are not performed.

Other problems arise when in the spatial system
the main axes of inertia of the elements are not

P=415,27
l P=415,27
P=415,27 l .

e

,:‘/
:% \- N
k= 3

(a)
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parallel to each other and the mode of stability
loss, as well as the free lengths, is dependent on
the orientation of these axes.

Afairly typical example is shown in Fig. 1, which
shows the modes of stability loss and values of
critical loads for two structures, which differ in
that the cross-sections of the struts have different
orientations of the main axes of inertia.

The model showed in Fig. 1 (a) has the coefficient
of the buckling length in the plane of minimum
rigidity p_= 0,597, while the model showed in
Fig. 1 (6) has p_= 0,523. In the first case, the
loss of stability mode is such that all the column
are deformed in the plane of least rigidity. In the
second case such deformation is observed only in
two columns while the other two are deformed in
the plane of greatest rigidity.

It should be noted that the solution of F.S. Yasinski
refers to an elastic centrally compressed bar of
constant cross-section, which when lost stability
buckles in the form of a plane curve. Since the
magnitude of the free length does not depend
on the transverse load and is determined only
by boundary conditions, this concept has been
extended to elastic eccentrically compressed
elements that bend in one of the main planes
of inertia. Therefore, the in plane bending is

P=514,29 lP=514,29
P=514,29
; AP=514,29
: :; 1. .E i —"/7
i N
(b)

Figure. 1. Sample of analysis
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implicitly assumed, because only in this case it
makes sense to consider the distance between
the inflection points of the bent axis, taken as the
buckling length.

However, even a single bar can lose stability by
having a spatial bending curve that occurs, for
example, when the ends of the bar have cylindrical
hinges whose axes are not parallel to each other.
Another example that limits the scope of the
classical concept of the buckling length is the case
of the torsional mode of stability loss. Anumber of
other examples that indicate the difficulties arising
here are given, for example, in [6].

However, the convenience of using the concept
of the buckling length has made this method
extremely popular, in almost all countries it
is included in the regulations governing the
verification of the bar structures equilibrium
stability.

The buckling length of the elastic bar was used for
normative calculation in the inelastic stage of the
bar loading. It should be recognized that there is, in
fact, no clear theoretical justification for this, and
it should be considered a heuristic technique. And
the widespread use of this technique is most likely
due to the fact that engineers needed at least some
practical method of calculating the bar structures
for stability. Therefore clarity, associated with the
solution of the simplest problems, replaced the
reasoning of accuracy.

DYNAMIC CALCULATIONS

Almost all regulations in the field of dynamics
focus on the use of decomposition into modes
of natural vibrations. Thus, the use of linear
equations is implicitly assumed, and only in a few
cases do software systems consider the linearized
behavior of a nonlinearly deformable structure, i.e.
analyze small oscillations around the deformed
equilibrium position.

When focusing on the eigenmode decomposition,
many regulatory documents indicate the number
of eigenvalue forms to be taken into account, with
no indication of the calculation model used. As a
result, it has repeatedly happened that the first few
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natural frequencies (namely they are recommended
to take into account by the standards) determine
the local partial modes of motion, while the main
mode of deformation is not the first.

The second problem of dynamic calculations, which
is often mentioned indirectly by regulations, is the
excessive simplification of dynamic models. This
simplification due to tradition is often perceived as
a characteristic of real behavior, which can lead to
misunderstandings. Thus, the long-standing habit
of using the cantilever calculation model in the
seismic analysis has led to the fact that the detection
of torsional vibrations as one of the lower is treated
as a shortcoming, although no one could indicate
what is the defect of this design.

It is necessary to mention one more aspect
of dynamic calculations using eigenmode
decomposition. It is associated with summation
of modal contributions, which often follows the
well-known "root-sum-squares" (RSS) rule. But
this approach is based on the hypothesis that all
modal reactions are normally distributed random
variables with the same correlation coefficients,
which is consistent with many observations,
although not an established fact. Therefore, the
absolutization of the RSS rule is rather doubtful. An
example is the calculation using the accelerogram
in those models where the equations of motion
are solved by eigenmode decomposition, and
summation fulfilled according to the RSS rule.
But if the integration of equations of motion is
performed, for example, by the Adams method,
then we come to a completely different result.
Nevertheless, since one and the same problem
was solved, the result should not depend on the
method of its solution.

The summation of internal forces, which are
calculated by the usual rules for each of the
eigenmodes, is also performed by the RSS method,
but there may be another disappointment. The use
of modules of moments, longitudinal and shear
forces leads, for example, to disappearing of
compressed-bent bars, that is all of them become
stretched-bent. Similar effects of sign loss are
possible in shell-type elements. To overcome
this phenomenon in some software systems, the

75



total values of internal forces are assigned signs,
as in similar forces corresponding to the first
eigenmode. It is difficult to substantiate such an
approach, even if we assume that it is the first
eigenmode that realizes the main contribution to
the total value of each of the components of the
response vector.

ACCURACY REQUIREMENTS

Verification of compliance with structural design
standards sometimes leads to uncertainties or
errors due to the fact that the standards describe
only one load or one stress-strain state. Detailed
recommendations are given for this isolated
situation, and in such a "ultimate" formulation (for
example, as a calculation formula), which does not
allow to understand what type of assumptions and
simplifications were used. But in the real calculation
it may be necessary to consider a less refined case
and then there arise a number of difficulties.

As an example, we can point to the stability
analysis of the plane bending of steel structures.
The coefficient ¢,, the value of which is calculated
in accordance with SP 16.13330.2017 and depends,
inter alia, on the location of the load within the beam
height of. But it may happen that the calculated
combination of loads contains loads located both
above and below the beam. In this case, the direct
use of the rules becomes impossible.

If we take the opportunity to study the shell model
of a thin-walled bar and with sufficiently detailed
modeling to solve the problem of plane bending
stability using the finite element method, it turns
out that in the case of exact coincidence of loading
options with the normative situation, we will
get a solution. which does not coincide with the
provisions of the design codes. This is because some
approximations of exact expressions were laid down
in the formulas of the appendix G [5], by means
of which the coefficients ¢, are calculated. The
discrepancy may be small, but the rules by which
they can be considered acceptable are unknown.
What degree of discrepancy is acceptable is the
subject of much nonsensical debate. But the
requirements of design standards are not laws of
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nature, they only approximate these laws with
one or another degree of accuracy. Unfortunately,
nowhere can be found information about the errors
that allowed by the authors of the standards. The
only exception that can be found is the use of the
value of 10,0 instead of the exact value of the
acceleration of gravity 9,81 when translating the
normative values loads from kPa to kgf / m? in
building regulations SNiP 2.01.07-85* of 1985
edition or 0,1 instead of 1 /\n? in the formula (108)
of building rules SP 16.13330.2017.

The problem of permissible discrepancy of results
arises when the rules have some alternatives. The
developers themselves were more likely to compare
the results (if any) for a "typical case", but such
a comparison does not follow a good correlation
of the results in any case. An example is the
analysis of methods for determining the width of
cracks presented in [9], when the use of different
alternative solutions, allowed by the standards
showed more than 59% variance of the results.
There should be some measure which allow
estimate the result of the comparison. After all,
in engineering calculations there is no complete
coincidence of results. The generally accepted
norm of similarity in the form of a five percent
discrepancy must also be specified and it is
necessary to know to what results (displacement,
effort, etc.) and to what values (extreme, average
or other) it should refer. This problem would be
greatly mitigated if the comparison was conducted
only by the designer. However, submitted to the
experts, such comparisons will be the subject of
numerous and often pointless discussions.

PROGRAMMING AS A MEANS OF
CONTROLLING A REGULATORY
DOCUMENT

In the pre-computer period, the vague or ambiguous
recommendations, although they were evil, but
this evil was not as dangerous as it is today. Today,
formal compliance with the rules in the software
package is hidden from the eyes of the end user,
and an unambiguous interpretation of the new
paragraphs of the rules is primarily needed by
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software developers. And these points themselves
should be set out in the wording, which should
be in the nature of a clearly defined algorithm of
action. It seems to us that this cannot be achieved
without certain organizational changes.
Software implementation of the normative
document is a good test procedure, which
reveals discrepancies, logical inconsistencies,
incompleteness and vagueness of the formulation
and other shortcomings of the draft rules, in
particular, compatibility with computer methods
of analysis. As an example, we can refer to
the construction of the bearing area of the
element taking into account the full range of
proposed requirements [7, 2] which revealed
some inconsistencies that lead to the rupture of
the boundary and non-convexity of the permissible
loads area. The construction of this area is based
on the analysis of calculations that contain several
hundred variants of the internal forces values.
Such mass verification was simply impossible in
the era of manual arithmetic.

In addition, programming reveals those aspects of
the normative document that are not formulated
explicitly, as the developers of the norms focused
on a qualified user who can independently decide
on the use of a provision, based on the specifics
of the calculation situation. This is not possible
for a computer program, so it will definitely be
installed during programming.

It is important that such verification work is
performed without the participation of the
developers of the regulatory document, which
would ensure the purity of the experiment.

POSSIBLE ACTIONS

How can the contradiction between the desire to
develop simple and understandable design rules
(traditional approach to rationing) and the ability
of modern computer systems to solve problems
without the use of dubious simplifications
(modernist approach) be eliminated?

It seems to us that two solutions are possible here:
* develop different versions of regulations for
manual and computer calculation;
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* create a special regulatory and methodological
document on the rules for implementing the
requirements of design standards in software.
The first option can be implemented in the
traditional form, when formulating general
requirements and necessary hypotheses, based on
which one can create a software implementation.
After that there appears a text such as "allowed
...", which presents a simplified version of the
standardized provision.

And in the second option, the document should reflect:
 requirements for accuracy of calculations
and permissible deviations from the literal
implementation of regulatory guidelines;

* the procedure for verification and coordination
with the authors of the standards concerning
methods of numerical solution of design problems,
which expand the possibilities of verifying
regulatory requirements, but not available for
manual calculation;

* requirements for software developers to inform
users about the peculiarities of the implementation
of regulatory requirements in case of deviation
from their literal implementation.
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Currently, in the design of thin-walled structures,
there isatendency to take into account real operating
conditions, which leads to the complication of the
mathematical models describing these structures.
When designing the evolution of the life cycle
of building structures, it is necessary to digitize
a number of parameters for monitoring objects
during operation, one of which is the durability
of structures as a whole and their elements. This
will avoid an unpredictable loss of their bearing
capacity and will protect against more serious
consequences. Durability can be considered as

the life of the object as a whole, and its individual
structural elements, and also allows you to
determine the timing of scheduled preventive and
overhaul.

Structural elements in the process of work
interact with different working environments,
as a result of which, during their operation, the
intensity and nature of the distribution of the
existing "working" loads changes over time. The
structures are periodically exposed to the influence
of environments that are aggressive in relation
to the materials used. As a result, the aggressive
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components of the external environment diffusing
into the surface layers of the construction material
break the internal connections and lead to a change
in the physical and mechanical characteristics of
the material. As a rule, this means a decrease in
its strength and deformation characteristics. By
an aggressive working environment, we mean
one, the impact of which on the construction
material leads to the degradation of its strength and
deformation characteristics. By degradation we
mean the process of deterioration of the physical
and mechanical parameters of the material relative
to their initial (initial) values.

During the operation of the structure, the
concentration of aggressive substances from
the external environment in the material of the
structure can change, accelerating the degradation
of strength characteristics and the accumulation
of irreversible scattered damage. The conditional
line that delimits the main material of the structure
from the material affected by the aggressive
environment will be called the degradation front.
The advance of the degradation front into the
material of the structure makes it inhomogeneous
(induced inhomogeneity), in connection with
which there is a redistribution of stresses and
strains in it. As a result, a dangerous state of
the structure arises, by which we mean the
achievement of stresses at one of the points of the
structure equal to the value of the strength criterion
used. The time from the start of operation of the
structure to the onset of a dangerous state will be
called the durability of the structure.

The intensity of the impact of an aggressive
environment depends on its concentration in the
volume of the construction material. With an
increase in concentration, a noticeable decrease
in the temporary resistance of the material and
an increase in the degree of nonlinearity of the
deformation curve are observed. The model
becomes more complicated and along with other
characteristics a “slow” time parameter appears.
Therefore, in order to create mathematical models
describing the work of a construction material in
an aggressive environment, it is necessary to carry
out additional experimental research. The integral
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characteristic reflecting the change in material
properties is the deformation curve. It most fully
reflects the processes occurring in the material,
when interacting with an aggressive working
environment. By changing the deformation
diagram, one can judge the ultimate strength and
deformation properties of the material, its ability
to harden or soften, the degree of aggressiveness of
the external environment in relation to the material
under consideration.

The presence of a large number of parameters
that affect the processes of interaction between
the material of the structure and the aggressive
working environment leads to the fact that the
creation of a general mathematical model that
would take into account all possible manifestations
of the aggressive effect of the environment on
the material is extremely difficult, and this is
not connected only with the complexity of the
theoretical description, but also with certain
problems in the formulation of experiments.
Therefore, it is necessary to use aphenomenological
approach and develop particular calculation
models. This will allow building mathematical
models on the basis of experimental data, without
requiring complete clarity in the content of those
physicochemical processes that occur during the
interaction of material and an aggressive working
environment.

When creating mathematical models, it is assumed
that there are deformation curves obtained when
testing specific materials that interacted with an
aggressive medium for different times at different
levels of preloading. In this case, on the basis of
the experimental results, it is possible to construct
the physical equations of the mechanics of a
deformable solid, taking into account the above
features.

In this article, a mathematical model is built that
describes the interaction of a structure material
with an aggressive working environment (surface
corrosion). When creating a model, we will use the
method of structural parameters, which consists
in the fact that a function F(z, ¢) is introduced
into the physical equations of the mechanics of a
deformable solid body that allows us to take into
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account the change in the strength and deformation
characteristics of the material within the affected
layer, which we call degradation. The degradation
function F(z, 7) depends on the concentration of
the aggressive environment. To construct the
resolving relations, we take the theory of small
elastic-plastic deformations by A.A. llyushin. The
influence of an aggressive environment has been
taken into account by introducing a scalar function
F(z, 1) into the physical equations to describe the
degradation of the secant module in the affected
layer of the structural material. As a result, the
stress deviator tensor is as follows:

D, = %F(z,t)ECDS, 1)

where, D_— is stress deviator tensor, D_— is strain
dewatortensor E =0 /¢ —issecant module o.-
is stress |nten5|ty, g—Is strain intensity.

As a result of the interaction of the construction
material with an aggressive environment, the
physical and mechanical parameters in the
affected layer of the material changes over time
according to the laws that are determined by the
results of experiments. To the physical equations,
it is necessary to add kinetic equations, which
are a mathematical model of the change in time
of one or another parameter of the structure or
the material from which it is made. They do not
describe the physical and chemical processes
causing these changes. Since this article considers
a mathematical model of surface corrosion
destruction, the general form of the Kinetic
equation looks like this:

o)) =/ (). @)

where 6(f) —
time.

The Kinetic equations are based only on hypotheses
and assumptions of a phenomenological nature
and are a mathematical formalization of the
experimental data obtained, therefore, they should
be distinguished by mathematical simplicity.
The Kinetic equations cannot pretend to be very
general, and are suitable only for obtaining a

is a depth of damaged layer, ¢ —is a

reasonable approximation when describing a
limited class of phenomena [1].

The theory of beams, plates and shells, complicated
by the developing inhomogeneity of the physical
and mechanical properties of the material, leads to
the need to solve nonlinear differential equations
in partial derivatives, taking into account the
history of deformation of the material and the
degradation of its mechanical characteristics,
and the development of effective algorithms for
the numerical implementation of the obtained
equations.

Let us consider the problem of interaction of a
plate made of a nonlinearly deformable material
with an aggressive environment and construct a
mathematical model that allows us to determine
its durability.

To construct the resolving equation for the bending
of a plate from a physically nonlinear material, we
write expression (1) in an incremental form [1]:

ADG:% EkADa—I_EcDEg > (3)
F 3 F
where AD_~ is stress deviator tensor increment
AD is straln deviator tensor increment, E

tangent module, AF — is degradation functlon
increment. Expanding expression (3), we obtain
an incremental system of physical equations in the
following form [1]:

*Aw  18*Aw ] 4 [63u= 1 Ezw]f_\f'
—_—t—— —?Erz =,
o i

Ac _=——E;

2 2 2
< 2 oy ox* 20y | F

Ao, =-2E,; Faw 15w A [ O LW A gy
’ 3 a” 2 ox” c) &t 2 ) F
Az, =—2Fo8® 2 chgﬁ
" 3 oxdy 3 oxdy F

where Aw — is deflection increment, w — is
accumulated deflection, Ac, Ao, At - is
increments of stress tensor components.

When deriving the resolving equation for the plate
bending, we assume that the plate deflections are
small in comparison with the plate thickness and
the Kirchhoff's hypothesis of direct normals is valid.
Thus, the incremental bending equation of a
plate made of a physically nonlinear material in
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an aggressive working environment will take the
following form [1]:

V2 (DkVZAw)—%L(Dk,Aw) =Ag—Aq,. ()

where AQ(x,y) —is distributed load increment, Aq;
—1is "Fictitious" load, reflecting the influence of an
aggressive environment on the plate material, D,
and D’ are variables in the spatial coordinates of
the plate stiffness, which have the following form:

0.5%
I Eczzﬁdz. (6)
F

—0.5h

0.5h
p =3 [ B, p=4
—0.5h

Differential operator L(D,, Aw) in the equation (5)
has the form:

0’D, 0*Aw  0’D B*Aw 262Dk & Aw 7

L(D,,Aw)= + .
( k w) o oyt o? oxt 0x0y 0OxOy

Expression for " fictitious " load Aqy in the
equation (5) has the following form:

Agy =V (Dzvzw)—%L(D:,w). (8)

When constructing a mathematical model of
the interaction of a structure material with an
aggressive working environment, the main task is
to determine the type of degradation functions, the
concentration of an aggressive environment and
the kinetic equation. In order to obtain analytical
expressions for the functions F and B, consider
Fig. 1[1, 3].

AzpeccubHas cpeda

B(z,t)=By | %

olt)

F(B)=F{0)=1

=

PpoHm /

Jeepadauuu

0.5h

0.5h-6(t)

o] _
g HEUWDC[/'H:HG?! 0Cb

Figure 1. Interaction of the plate with an
aggressive working environment
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Based on experimental data and research results of
other authors, let us assume that the degradation
function has the form of an exponential [1, 2]:

F(B(z,1)) = exp(-AB(z,1)), 9)

where A — parameter is experimental coefficient
characterizing the degree of degradation of the
deformation curve.
In general, to determine the concentration function
of an aggressive medium, it is necessary to solve
the mass transfer equation. Considering that, as
a result of the interaction of the material of the
structure and the aggressive working medium,
the depth of penetration of the medium ¢ into the
material of the structure is small compared to the
thickness of the structure, it can be assumed that
the change in the concentration of the aggressive
medium occurs according to a linear law [1, 2]:
B(z,t) = a(f)z + b(?), (10)
where a(t), b(t) — are coefficients that are
determined based on the conditions on the surface
of the structure and on the boundary of the
degradation front. We assume that on the surface
of the structure at z = 0.54, the concentration
of the aggressive working medium B(z,7) = B,
is considered constant throughout the entire
interaction time, and the concentration of the
medium at the boundary of the degradation front,
that is, at z = 0.54 — ¢, is equal to zero B(z,¢) =
0. Taking into account the above conditions, the
function of concentration of an aggressive medium
will take the following form:

2|z|+20 —h
_p ez

B |3|‘:¢o

w  B(z,t)= 05h—z,,

(11)

Using functions (9) and (11), we obtain the ratio AF/F'

gz B, h—ZJ:l
F 20°

Substituting (12) into the expression of variable
stiffness D’ (6), after the necessary mathematical
transformations, we obtain the expression for the
"fictitious" load (8):

AS (12)
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«  Byih
Aqy = 2052 q(x,y)A5.

(13)

Let us give a method for determining the durability
of a plate by the example of solving two problems.
Consider two plates, square in plan, each of which
is under the influence of a uniformly distributed
load. The first plate is clamped along the entire
contour, and the second has a hinge support along
all edges. An aggressive medium is a 20% sodium
hydroxide solution. The material of the plates is
epoxy concrete [1, 2]. To solve the incremental
differential equation (5), we use the Bubnov-
Galerkin method. The depth of penetration of an
aggressive medium (2) into the thickness of the
material is calculated by the formula used by a
number of authors:

8(1)=anlt, (14)
where a — is experimental coefficient equal 13.05 -
10-% m/200 (mlyear).
The solution to equation (5) consists of two
stages: at the first stage, a load Aq is sequentially
applied to the plate until the initial load q = Aq is
reached; at the second stage, we take the increment
in the thickness of the damaged layer Ao as the

7,

“a,

0 0.5 1 L5 2 25 3 3.5 12000 4

Figure 2. Determination of the durability of the
plate rigidly clamped along the entire contour

1
1
T L)
T i

0.2 5

& b 1 15 2 28 3 3Stodws
Figure 3. Determination of the longevity of the
plate simply supported along the entire contour

leading parameter, with 6 = > Ad. To implement
the algorithm of the sequential loading method,
the load is divided into 256 layers. The penetration
of an aggressive medium into the thickness of
the structure material is taken into account by the
successive displacement of the degradation front
into the plate material by the value Ad = h/256.
Below in Fig. Figures 2 and 3 show the results
of determining the durability of a plate rigidly
clamped along the entire contour (Fig. 2) and a
plate simply supported along the entire contour
(Fig. 3).

In fig. 2 and 3 the following designations are used:
1 - long-term strength curve; 2, 3, 4 — curves of
the highest stress intensity in the plate o, at
different levels of loading with a distributed load.
For curves 2, 3and 4, the aggressive environment
began to act at loads equal to 80%, 50%, and 30%
of the ultimate load. The above calculation results
allow us to determine the time of the onset of a
dangerous state in the T plates. A dangerous state
is the point of intersection of the ascending curve
1 with curves 2, 3 and 4. Infig. 2 - T, = 0.39, T,
=175and 7,=322.Infig. 3-7,=043, T, =
1.72 and T, = 3.11. It can be concluded that the
boundary conditions insignificantly affect the
longevity of the plate.
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Abstract: Different approaches to the computer simulation of damping properties of structural elements, which are made
of materials with complicated physical structure, such as composites and nano-materials, are considered in this paper. In
such cases application of classical models, e.g. ones based on the Kelvin-Voight hypothesis, can lead to the results that are
not even close to the real composite structure behavior. The main point of the proposed approaches is delocalization of
the damping effects in space and time. The described nonlocal damping models are more flexible in comparison to classic
ones. The model calibration based on the experiment data allows to determine the optimum value of the characteristic
parameter of nonlocal model using the least square method. The results of three-dimensional numerical simulation of
the composite beam vibration were used for model calibration. The numerical simulation was implemented in SIMULIA
Abaqus software. The material was considered as orthotropic; its parameters were picked up according to the physical
properties of the real composite material. The developed beam vibration models considering nonlocal damping were
created in MATLAB. The obtained results were compared to the results based on classic Kelvin-Voight damping model.

Keywords: structural vibration, nonlocal damping, numerical simulation, flexible model

YUCJIEHHOE MOJEJUPOBAHUE TAIIEHUSI KOJIEBAHUM
CTPOUTEJBLHBIX KOHCTPYKIUHN C YUYETOM
HEJIOKAJIBHOCTH UX JEMII®UPYIOIUX CBOUCTB

B.H. Cuoopos *?>3%* E.C. Baobuna
L Poccwmiickuii yausepcuteT Tpancrnopra (MUUT), . Mockea, POCCUS

2HannoHaIBHBIHN MCCIIeI0BaTENLCKAM MOCKOBCKHIA TOCYTapCTBEHHBIN CTPOUTEIBHEINH yHUBepcuTeT, I. Mocksa, POCCU S
TlepMCKHit HAITMOHATBHBIN HCCIIETOBATENBCKUN MONUTEXHUIECKHI yHUBEpCHTeET, T. [Tepms, POCCHU ST
4 MOCKOBCKHIT apXUTEKTYPHBIN HHCTHTYT, T. MockBa, POCCH

AHHOTanus: PaccMarpuBaroTCst TOIXOABI K YMCIIEHHOMY MOZIEITMPOBAHUIO IEMIT(HUPYIONIMX MapaMeTPOB KOHCTPYKIIUH,
BBITIOJTHEHHBIX M3 MAaTEPHAJIOB CO CIIOKHOM (DI3UYECKOH CTPYKTYPOM, TAKMX KaK KOMITO3UTHBIE M HaHO-Marepuaibl. Mc-
TIOJIb30BAaHME B 3TOM CITydae KJIACCHYECKUX Mozeneil neMrupoBaHs, K MPHIMEpPY, OCHOBAaHHBIX HA THUIIOTE3€ BSI3KOTO
Tperust QoirTa, MPUBOAUT K PE3yiIbTaTaM pacdéra, BEChbMa JAIICKUM OT PEabHOTO MOBEACHIUS KOHCTPYKIHI U3 TIOZ00-
HBIX Marepuasios. [Ipeyiaraemble B cTarbe MOAXO/BI 3aKITFOYAI0TCS B AeNOKaIM3anii d(dekra aeMdrpoBaHus, Kak Mo
TIPOCTPAHCTBEHHON KOOPAMHATE, TaK U BO BpeMeHH. ONMChIBAEMbIE HENOKAIBHBIE MOZIETN AEMII(HPOBAHMS SIBIISTFOTCS
ynpasisieMbIMy. KannOpoBKa Mozieneii 1o pe3yrsraram SKCIIepHIMEHTa 3aKITI0YaeTCs B BBISIBIICHUH ONITHMAIILHOTO 3HAYECHHS
YIIPaBISIEMOTO TapaMeTpa MOZEIH C HCTIONb30BAHNEM METO/Ia HAMMEHBIIINX KBA/IpaToB. B KauecTBe OMOPHBIX PE3yIBTaTOB
B CTaTbe MCIOIB30BAHbI IaHHBIC BBIYMCIUTEILHOTO SKCIIEPUMEHTA Ha/l TPEXMEPHON MOJIENBIO CTEPXKHEBOTO IEMEHTA,
BBITIOTHEHHOT'O M3 KOMITO3UTHOTO MaTepraa. JTOT YUCICHHBIHA SKCTIEPUMEHT ITPOBEJIEH C UCITOIB30BAHNEM POTPAMMHOTO
xomruiekca SIMULIA Abaqus. Mareprait mpu 3ToM TIpecTaBIeH OPTOTPOIHBIM, TTApaMeTPhI OPTOTPOIHH Ha3HAYAIIHCH
B COOTBETCTBHH C (PM3MIECKUMH XapaKTEPHCTHKAMH PACCMaTPHBAEMOr0 KOMITO3UTHOTO Marepuana. PaspaboTraHHbIE BBI-
YHCITUTENBHBIE MOJIEIH KOJIEOaHMH CTEP’KHEBOTO IEMEHTA C yIETOM HETOKAIbHOCTH IEMIT(HPOBAHIS ObLIN PeaTn30BaHbl
B porpammHOoM Komimtekce MATLAB. TIprBeneHo cpaBHEHHE IOy YeHHBIX PE3YIIBTAaTOB C PE3YIIBTaTaMHt PACIETOB, TIOMY-
YEHHBIX C UCTIOJIF30BaHNEM KITACCHIECKOH MOJIEHN AEMIT(UPOBAHIS, OCHOBAHHOM Ha TuroTese Doiira.

KuroueBble ciioBa: konebaHst KOHCTPYKIUH, HEJIOKAIbHOE AEMII(pUPOBAHUE, BBIYNCIUTEIBHBIN SKCIIEPUMEHT,
yTpasisieMast MOZIeNb
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INTRODUCTION

The materials with complicated physical structure,
such as composite materials and nano-materials,
become more and more widespread in the
engineering practice. Generally, for the design of
structures, made of such materials, the detailed
three-dimensional finite element models are used.
In such models materials generally are modeled
as orthotropic and anisotropic ones. Problem of
damping modeling for the structural composite
elements is especially sophisticated. Meanwhile,
the detailed three-dimensional modeling of, for
example, beam elements is very often cumbrous and
unreasonable. In this case, one-dimensional models,
which are flexible enough for damping simulation
for the composite structures, are preferable. Nonlocal
damping model can be used as such flexible model.

VIBRATION SIMULATION USING
NONLOCAL IN SPACE DAMPING
MODEL

Damping in the certain point of the structure
with longitudinal coordinate x1 is assumed to
be dependent not only on local value of motion
velocity at this point v(x1), but also on the values
of motion velocity in the neighboring points. The
more distance between the two points the lower
influence that one of them has on the other [2].
The Kelvin-Voigt material model is commonly
used to describe the damping process in engineering
structures:

o= Ee+ yE¢, Q)

where g, ¢ — normal stress and axial strain, & —
strain rate, £ — Young modulus, y —damping ratio.
If we consider damping nonlocal in space, then
equation (1) transforms to [2]:

1

o(x,t) = E[e(x,?) +y f C,(lx —6Dé@6,6)do].  (2)
0
Here C (|x — d]) — the kernel function of internal
damping, |x — 6| — distance between the neighboring
points. The C (|x — 4]) function must satisfy to
normalization requirement:

\Volume 16, Issue 4, 2020

o

f C,(Ix — 0o = 1. )
In the paper the error kernel function is used:
U —p?(x—8)?
C,(lx—08])=—"¢ 2 .
Here 1 is the parameter that characterizes the space
nonlocality level in the damping model (fig. 1).
The higher is x, the closer is the damping model
to the classic local one (1).

(4)

4 : ‘ : t :
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Figure 1. Error kernel functions for different
influence distance parameter

The equilibrium equation for the Euler-Bernoulli
beam is:

0?M(x, 1) 20%v(x, t)
=m |

F 542 q(x,t). (5)

Here v(x,7) is beam deflection, m is the distributed
mass, q(x,z) — distributed load.

Considering (2) and the plane sections assumption,
the bending moment expression for the nonlocal
approach is:

2w(x,t)
M(X, f) SES il T
l o ®)
w(o,t
+}’0f Cv(|x—9|)md9‘,

where EI — the bending stiffness of the beam.

Substituting the second derivative of the bending
moment expression (6) to the left part of the
equation (5), we obtain the vibrating beam
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equilibrium equation regarding the deflection
function v(x,?):

2%v(x,t) +EI d*v(x,t)
at? m| dx*

(7)

J2
+yas [ G- 6D

0

a3v(0,t) q(x,t)
6%t dQ‘ T om
To solve the equation (7) Galerkin method
was used, with the first beam Eigen forms,
responding to the boundary conditions,
considered as the coordinate functions. The
satisfying number of the coordinate functions
was picked up based on the numerical study
of the results convergence.

Consider GFRP beam with the fixed ends made
of orthotropic thermoset vinyl ester class 1
FRP under instantly applied distributed load
g = 10 AN/m. The beam is 6 m long and has a
rectangular cross-section. The characteristics
of the material obtained experimentally in [9,
10, 11].

The method of determining the influence
distance u using the least squares based on the
numerical simulation data is described in [6].
This method was also used in this paper. For the
nonlocal in space damping model calibration
the three-dimensional finite element model of
the beam was constructed in SIMULIA Abaqus
CAE (fig .2).

The material is suggested to be orthotropic. The
calibrated value of the influence distance is u =
1.071/m Comparison between the results of one-
dimensional modelling of the beam vibrations
considering nonlocal in space damping with

Figure 2. Finite element model of the
considering beam in SIMULIA Abaqus CAE
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the calibrated x and the results of detailed three-
dimensional finite element simulation is shown
on the fig. 3.

0

—Nonlocal in space model (1=1.07)
---3D finite element model
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Figure 3. Comparison of the results obtained

using nonlocal in space damping model and

ones obtained in Abaqus CAE

The difference between Abaqus results obtained
with 3D orthotropic material model and the results
obtained with one-dimensional beam where local
Kelvin-Voigt model is used to describe damping
is shown on fig. 4.

Kelvin-Voight classic model
-- -- 3D finite element model
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Figure 4. Deflection of the beam using local
Kelvin-Voigt damping model in comparison to
3D numerical simulation data

VIBRATION SIMULATION USING
NONLOCAL IN TIME DAMPING MODEL

The beam element vibration process considering
damping that is nonlocal in time is modeled using
the finite element analysis. Using this method,
the equilibrium equation of the beam bending in
time is solved. In FEA the equilibrium equation
is applied in matrix form:
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M-V@)+D-7(t) +K-7(t) = F(¢). (8)

Here V(t) — vector of displacements of the
finite element model nodes (dot indicates time
derivative), K — stiffness matrix of the finite
element model, D — damping matrix, M — mass
matrix, F(f) — vector external forces that are acting
at the considered point of the structure.

To simulate the nonlocal in time properties of
structural vibration damping («damping with

memory») equation (8) is represented as:
¢

M-ﬁ(t)w-f G(t—1) - V(Ddr +
K-V(t) = F(t).0

Here G(¢ — 7) is the kernel function for nonlocal
in time damping. This function describes the
decrease of the strain rate influence at the moment
7 on the damping at the current moment ¢, and:

JtG(t —1T)dr = 1. (10)
0

©)

As above, the error function is taken here for error
function, constructed on the base of Gauss integral:

% e dx =m, (11)

that, taking into account the condition (10), can
be written as:

2p 2 2
Gt —1)=—-e #E17, (12)
v

T

Here u is a parameter, that characterize the level
of damping nonlocality in time.

To solve the dynamic equilibrium equation, the
method of the central differences is used [8]. In this
case, the first and second order time derivatives of the
displacement vector #1(7) participating in (8) and (9)
are approximated by central finite differences. Then
the equation (8), obviously, takes the following form:

1 _ _ _ 1
— M-(Viy —2Vi+ Vi) +5—-D

At? N B T 2-At (13)
“(Viga —Vis)) +K-V() =F,.
Herei=1, 2,3, ... —number of the considered

moment in time ¢, At — time increment.
In order to replace the classical damping model in
(13) with the damping model with memory, at first
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we represent the central difference in the second
term on the left-hand side of equation (13), which
is responsible for damping, as the average of the
«forward» and «backwardy differences:
1 _ o 1
a2z M Wiy —2Vi+ Vi) + 5D
V=V +

1 _ _ _ _
7 D V-V +K-V(@) =F.

(14)

The term with the «backward» difference is

replaced by:

1 _ _
STAL D-(V;-Vi_1) -
l
D _ _ _
=5 ). 66) (7 ~7-),
=1

where i — number of the time step which is
corresponding to the considered time moment t,
t=At-i,t =At-},j=1,2,...,i—number of the
time step when calculating the kernel G(, /).
G(i, j) is the discrete analogue of G(¢ — 7) kernel
(12), which for the error function (12) is calculated
as follows:
2 -w(e-(-5))

G(@i,j) = 7= e

(16)

After the described transformations equation (14)
can be written as:

o]

1 _ o _
M Vi -2V +Vi)+5-Z +

Atzl 2 (17)
m'D'(VHl_VE)‘l‘K'V(t):Fir
where
oo ()
7=, ﬁ(t $ 2)) Vi = V1) )

Still, the influence distance u determine the
nonlocality level in structure. The higher is x, the
closer is the damping model to the classic one.
Transform (17) to the computational scheme
for the st:ep-by-gtep calculating of VM using the
vectors V. and V_, which are calculated on the
increments i and i — 1:

Vi+1:Q'Fi_Q1'Vi_QZ'Vi—l_QIi'Z_J (19)
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where:

0= (ggh+ D)

At? 2-At ’

2 1
0 =0 (~gzM 7D +K).
1 (20)
Q2= FQ M,
1
Q3 =§Q'D-

For the first step i = 1 we assume ¥, =0and 7, =0
as the initial conditions.

The calibration of the nonlocal in time damping
model was implemented, as above, based on
the results of the numerical simulation of three-
dimensional finite element beam vibration in
SIMULIA Abaqus CAE. The determined optimum
value of x for the beam, that was considered in
privious section, is u = 0.11/s. The displacements
of middle section of the beam in time are shown
in fig. 5. 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.

o]

|—Nonlocal in time model (4=0.1)

0.2 - 3D finite element model

04}

-0.6

Deflection, m

-0.8

-1

0 5 10 . 15 20 25
Times, s

Figure 5. Deflection of the beam obtained with
calibrated nonlocal in time damping model in
comparison to 3D numerical simulation data

Itis obvious, that calibrated nonlocal model allows
to obtain much more accurate results, than the
Kelvin-Voight classic model (fig. 4).

CONCLUSION

In comparison to local time models the model
presented in this article allows managing the main
characteristics of the simulated composite structures

Vladimir N. Sidorov, Elena. S. Badina

vibration process in more reliable and flexible way.
Increased flexibility makes it possible to use one-
dimensional models of beam elements in the dynamic
analysis of structures which are made of modern
composite materials with orthotropic properties.

REFERENCES

1. Banks H.T. and Inman D.J. 1991 On
damping Mechanisms in Beams Journal of
Applied Mechanics, 58(3). — pp. 716-723.

2. LeiY., Friswell ML.I. and Adhikari S. 2006
A Galerkin Method for Distributed Systems
with Non-local Damping Int.Journal of Solids
and Structures 43. — p. 3381-3400.

3. Rossikhin Yu.A. and Shitikova M.V.
2010 Application of Fractional Calculus for
Dynamic Problems of Solid Mechanics: Novel
Trends and Recent Results Applied Mechanics
Reviews 63 010801 p. 1-52.

4. Potapov V.D. 2012 Problems of Machinery
and Reliability p. 25-31.

5. Fyodorov V.S., Sidorov V.N. and Shepitko
E.S. 2018 Nonlocal damping consideration
for the computer modelling of linear and
nonlinear systems vibrations under the
stochastic loads IOP Conf. Series: Materials
Science and Engineering 456 012040

6. E.S. Shepitko and V.N. Sidorov. Defining of
nonlocal damping model parameters based on
composite beam dynamic behaviour numerical
simulation results // IOP Conf. Series: Materials
Science and Engineering 675 (2019) 012056

7. Akimov P.A., Belostosky A.M., Kaytukov
T.B., Mozgaleva M.A. and Aslami M. 2018
About Several Numerical and Semianalytical
Methods of Local Structural Analysis Int.
Journal for Computational Civil and Structural
Engineering 14 i 4 p. 59-609.

8. Bathe K.-J., Wilson E.L. Chislennye metody
analiza i metod konechnyh jelementov
[Numerical methods in finite element analysis].
Moscow, Stroyizdat, 1982 (in Russian).

9. Landherr J.C. Dynamic analysis of a FRP
deployable box beam. Master of Applied Science
Thesis. Kingston: Queen's University, 2008.

90 International Journal for Computational Civil and Structural Engineering



Computer Simulation of Structural Vibration Damping With Allowance For Nonlocal Properties

10. Lim R.A. 2016 Structural monitoring of a 10m
fibre reinforced polymer bridge subjected to
severe damage (Kingston: Queen's University)

11. Xie A. Development of an FRP Deployable
Bridge, Master of Applied Science Thesis,
Department of Civil Engineering, Royal
Military College of Canada, 2007.

CIIMCOK JIMTEPATYPbI

1. Banks H.T. and Inman D.J. 1991 On
damping Mechanisms in Beams Journal of
Applied Mechanics, 58(3). — pp. 716-723.

2. LeiY., Friswell ML.I. and Adhikari S. 2006
A Galerkin Method for Distributed Systems
with Non-local Damping Int.Journal of Solids
and Structures 43. — p. 3381-3400.

3. Rossikhin Yu.A. and Shitikova M.V.
2010 Application of Fractional Calculus for
Dynamic Problems of Solid Mechanics: Novel
Trends and Recent Results Applied Mechanics
Reviews 63 010801 p. 1-52.

4. Potapov V.D. 2012 Problems of Machinery
and Reliability p. 25-31.

5. Fyodorov V.S., Sidorov V.N. and Shepitko
E.S. 2018 Nonlocal damping consideration
for the computer modelling of linear and

nonlinear systems vibrations under the
stochastic loads IOP Conf. Series: Materials
Science and Engineering 456 012040

6. E.S. Shepitko and V.N. Sidorov. Defining of
nonlocal damping model parameters based on
composite beam dynamic behaviour numerical
simulation results // IOP Conf. Series: Materials
Science and Engineering 675 (2019) 012056

7. Akimov P.A., Belostosky A.M., Kaytukov
T.B., Mozgaleva M.A. and Aslami M. 2018
About Several Numerical and Semianalytical
Methods of Local Structural Analysis Int.
Journal for Computational Civil and Structural
Engineering 14 i 4 p. 59-609.

8. Bbare K.-10., Buicon J.JI. YuciaeHnsie me-
TOObI aHAJIN3a 1 METOJ KOHCYHBIX DJICMCHTOB.
M., Crpoitnzaar, 1982.

9. Landherr J.C. Dynamic analysis of a FRP
deployable box beam. Master of Applied Science
Thesis. Kingston: Queen's University, 2008.

10. Lim R.A. 2016 Structural monitoring of a 10m
fibre reinforced polymer bridge subjected to
severe damage (Kingston: Queen's University)

11. Xie A. Development of an FRP Deployable
Bridge, Master of Applied Science Thesis,
Department of Civil Engineering, Royal
Military College of Canada, 2007.

Viadimir N. Sidorov, Corresponding Member of Russian
Academy of Architecture and Construction Science, Professor,
Dr.Sc, Professor of «Building Structures, Buildings and
Facilities» Department, Institute of Railway Track, Construction
and Structures, Russian University of Transport (MIIT),
Rectorate Counselor, Professor of National Research
University Moscow State University of Civil Engineering,
Professor of Department «Engineering Structures and
Numerical Mechanicsy», Perm National Research Polytechnic
University; 127994, Russia, Moscow, Obraztsova st., 9, b. 9,
phone: +74956814381, e-mail: sidorov.vladimir@gmail.com.

Elena S. Badina, Ph.D, Associate Professor of «Computer
Aided Design» Department, Institute of Railway Track,
Construction and Structures, Russian University of
Transport (MIIT), 127994, Russia, Moscow, Obraztsova st.,
9, b. 9, phone: +74956092116, e-mail: shepitko-es@mail.ru.

Cuoopos Braoumup Huxonaeguu, 91€H-KOPPECIOHICHT
PAACH, mpodeccop, TOKTOp TEXHUYECKUX HAyK, MPO-

\Volume 16, Issue 4, 2020

theccop kadenpsr « CTpouTENbHBIE KOHCTPYKIINH, 3TaHAS
u coopyxeHus» MHCTUTyTa MyTH, CTPOUTENbCTBA U
COOpyKeHUu Poccuiickoro yHHUBEpCUTETa TPAHCIOP-
ta (MHUUTa), coBeTHUK TpHU pekTopaTe, mpodeccop
HanmonanbsHOTO HMCCIIeSOBATEIBCKOTO MOCKOBCKOTO
TrOCyIlapCTBEHHOTO CTPOUTEIHHOTO YHUBEPCUTETA, TIPO-
theccop xadeapsr «CTpouTenbHbIE KOHCTPYKIIUN U BBI-
YUCTUTENbHASI MEXaHWKa» [lepMCKOTO HAIMOHAIBHOTO
MCCIIEZIOBATENILCKOTO IO TEXHUYECKOTO YHUBEPCUTETA;
127994, Poccus, . Mocksa, yin. O6pa3snosa, 1.9, cTp.
9, renedon: +74956814381, e-mail: sidorov.vladimir@
gmail.com.

baovuna Enena Cepeeegna, KaHAUAAT TEXHUUECKHUX
HayK, 10IeHT Kadeapsl « CHCTEMbI aBTOMATU3UPOBAHHOTO
MPOEKTHPOBaHUs» MHCTUTYyTa MyTH, CTPOUTEILCTBA U
coopyxeHuil Pocculickoro yHuBepcuTeTa TpaHCIOPTa
(MUNTa), 127994, Poccus, . Mocksa, yi. O6pasmnosa,
1.9, ctp. 9, renedon: +74956092116, e-mail: shepitko-
es@mail.ru.

91



International Journal for Computational Civil and Structural Engineering, 16(4) 92-102 (2020)

DOI:10.22337/2587-9618-2020-16-4-92-102

PROSPECTS FOR THE DEVELOPMENT OF THE REGULATORY
FRAMEWORK OF INFORMATION SYSTEMS FOR "GREEN"
STANDARDIZATION
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Abstract: Standards of the profile "Methods and means of creating, maintaining and developing Informatization",
the main principles and directions of "green" standardization are developed. These provisions include: the main
directions for creating a regulatory framework for Informatization of green standardization and the main directions for
creating regulatory support for information technologies of "green" standardization, which determine the directions
of work in creating an information environment for "green" standardization.
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MEPCHEKTUBBI PA3BUTHUSI HOPMATUBHOM BA3bI
WUH®OPMALMOHHBIX CUCTEM "3EJEHOIR"
CTAHJIAPTU3ALIMU

M.IO. Cnecapes ', B.U. Tearuuenko >

! HaroHambHbIH HCCIeIoBaTebeKiii MOCKOBCKHI TOCYIapCTBEHHBIN CTPONTEBHBIN YHUBEpCHTET, T. Mocksa, POCCUSI
2 Poccuiickast akaJeMus apXUTEKTYPBI H CTPOUTEIBHBIX Hayk, T. Mocksa, POCCH

AHHoTanusi. B cratbe mpencTaBieHsl OCHOBHBIE TTOJIOKEHHS M HAIIPABJICHHS Pa3BUTHS HOPMAaTHBHO-TIPABOBOM
6a3sl nHpOpMaTu3arun "3eneHoit”" cranmapTusanud. OCHOBHOW NMPO(HIs CTAaHAAPTOB 3€JICHOTO HAIpPaBICHUS
BBIJIENICH 110 0a30BOI TeMaTHKe: — METOIBI M CPEIICTBA CO3/IaHMs, COMPOBOXKICHUS W Pa3BUTH HH(POPMaTH3aINH
3eNeHoN cTaHmapTu3anun. [1o mpuBeneHHOMY aHANMH3y CTaHAApTOB mMpodmis "MeToasl U CpencTBa Co3maHus,
COIIPOBOXKACHUS M pa3BUTHA MH(popMaTh3annuu" pa3paboTaHbl OCHOBHBIE NMPHUHIIMIIBI U HAIIPABICHUS 3€JICHOMN
cTanmapTu3anuy. K 3TuM monokeHusM OTHOCATCS: ITIaBHBIE HAIIPABJICHUSI CO3/1aHNS HOPMAaTHBHO-TIPaBOBOI 0a3bI
MH(pOPMATH3aIUH 3€J€HON CTAaHIapTH3AIMH U IVIABHBIC HATIPABJICHUS CO3/IaHNsI HOPMATHBHO-IIPAaBOBOTO obecrie-
YeHUs] THPOPMAMOHHBIX TEXHOJIOTHH 3€I€HON CTaHJapTU3aINN, KOTOPbIE ONPEIENIIOT HAllpaBIeHHs paboT npu
CO3IaHNH NH()OPMAIIIOHHON CpE/Ibl 3€JICHON CTaHAaPTH3AINH.

KiioueBble cJIoBa: TEXHOJIOTHSI CPE/IbI KHU3HECATEILHOCTH, HH()OPMALUOHHASI TEXHOJIOTHSI, UCKYCCTBEHHBIH
MHTEIUIEKT, SKOJIOTHYeCcKast 0€301IacCHOCTS, ""3eJIeHbIe" CTaHAapTHl, ""3eNieHas MHHOBAIIMOHHAS TEXHOJIOTHS,
"3ermeHas" WHHOBAIIMOHHAS TIPOYKIIHS

INTRODUCTION

Principles and directions of development of
the regulatory framework for Informatization
of "green" standardization. First, we need to
answer the question: how can green standards for
innovative products and innovative technologies be
expressed in a clear form for artificial intelligence

(Al)? Before answering this technical question, it
is appropriate to answer the ideological question:
what does artificial intelligence have to do with
it? Why convert green standards into computer
programs? The answer is simple: recently, it
has become possible and cost-effective to solve
problems of improving the living environment and
public health with the help of artificial intelligence
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[1], [2], [3]. Modern information technologies (it)
are characterized by the use of artificial intelligence
methods in software. Currently, the process of
"intellectualization of information technologies"
is the main one. We are referring to the following
trend: in the beginning, it performed the function
of "big compute", and now it processes the
knowledge presented in databases. Over the past
50 years, the total computing power of computers
has grown more than 10° times! [4], [5]. Recently,
the results of Al application have gone beyond
academic developments and are used in practical
applications of environmental impact assessment
(OS) of construction and other technologies [6],
[7]. Artificial intelligence systems are usefully
used in real life, from environmental diagnostics
of the territories where objects are located to
the management of construction robots and
construction industry devices [8].

The report of the National intelligence Council of
the United States (2017) from the series " Global
trends "with the subtitle" Paradox of progress "
[9], based on a survey of more than 2,500 experts
from 35 countries, contains several alternative
scenarios for the future. The Preface to the report
emphasizes that the report does not claim to be
final forecasts, but only a Preface to the discussion
of the near future.

High risks require active cooperation of all
countries of the world, involving the potential of
artificial intelligence to prevent possible attacks
of environmental terrorism and dangerous climate
change.

Experts of the National intelligence Council of
the United States note that the current situation is
full of paradoxes: the progress of recent decades
has contributed to the empowerment of a large
number of people, but this same progress has
generated the global financial crisis of 2008 and
the growth of political populism in many countries
of the world. They are confident that in the next
five years, tensions will increase both within
individual countries and in relations between
countries. Competition at the international level
will increase, and it will become increasingly
difficult for countries to work together to solve
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common problems. The reasons for the crisis
of cooperation will be differences on issues of
environmental safety, religion, and individual
rights. Differences in values and interests between
States will threaten international security [10].
The way out of the problematic global situation can
be the artificial intelligence of the United Nations,
which is not burdened with the feelings of living
people, and which can find cardinal solutions
without emotions, first of all on the problem of
environmental safety of the planet based on green
standards. We need a new regulatory climate,
without which it is impossible to use green
innovative technologies. Outdated standards are
not adapted to solve the described problems [11].
The main feature of the development of the
regulatory framework in the field of Informatization
of green standardization at the new stage is the
deep penetration of modern computer equipment
and computer technologies in all areas of activity,
including the educational process and the transfer
of green standards and innovations in the industry.
The legal framework for Informatization in the
field of green standardization should establish the
legal basis for the functioning of the information
system at all stages of its development and
implementation [12].

From the point of view of regulatory support,
the green standardization information system is
divided into two interrelated and complementary
parts:

—legislative, including international, national and
industry standards, as well as a set of legislative
documents that define the basic principles of
management in the field of industries (Rosatom,
Rosstroy, etc.);

— regulatory and legal, including instructions,
orders and orders, plans, norms, standards,
etc., defining the mode, conditions and rules of
operation of facilities and service personnel of
industries (Rosatom, Rosstroy, etc.)

If the first set of documents defines the regulatory
framework for creating and operating the
information environment of green standardization,
the second is the regulatory framework for
implementing the transfer of innovative
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developments of the green environment, green
products and green technologies created in the
educational environment through graduates sent
to the relevant industries, in the practice of urban
planning.

As a result of rapid development of social
information networks innovation in the world
has increased dramatically, there electroremote
Autonomous cars appeared building robots and
building robotic systems, there are software
platforms that exist all of today's software
applications and the smartphones gained rapid
development, there are many other gadgets [13].
The accelerated development of it is increasing
with the approach of the singularity era, when It
will become an intermediary in all technologies
and spheres of human activity. The educational
sphere, including in the field of construction,
should be rebuilt in a timely manner so that the
University would adapt to the new conditions in
advance, that is, it could be a locomotive for the
development of Al, that is, corresponding to the
green standards of the new natural environment of
life. For example, today, thanks to the innovative
achievements of digitalization, all financial
organizations are concerned about their fate
due to the emergence of digital blockchain
technologies and cryptocurrencies such as bitcoin,
and all transport companies are involved in the
development of driverless cars after Tesla started
this trend. Educational services may change
unrecognizably in the near future in comparison
with traditional processes in education [14], [15].
To achieve the goals of green standardization in
the educational environment, it is necessary to
create a unified automated system for processing
information (information) about standards and
regulatory documents based on modern computer
technology and on the basis of widespread
introduction of the latest methods of processing
information materials and improving methods of
analysis and synthesis of information.

With the development of an automated processing
system, documentation must be provided for
compatibility of all its systems. Such compatibility
can be provided by the common organizational
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structure, the unity of the information search
language, the combination of technical means, the
unity of software, a single procedure for collecting
and processing information, the unification of
documentation and information encoding [15].
Direct leadership and involvement of interested
Departments, offices and divisions should be a
prerequisite for effective and timely development
of the regulatory framework.

1. FORMULATIONS OF THE PROBLEM

Basic principles of Informatization of ''green"
standardization. The main principle of work on
green standardization in the field of Informatization
should be the formation and implementation of a
unified methodological approach to the creation,
maintenance and development of information
technologies in the educational environment and
in industrial sectors.

The main goal of Informatization and
standardization is to reduce the complexity,
cost, and time required to create information
technologies in industry and education, as well as
to ensure their compatibility, portability, quality,
and safety of operation.

Each specific project to create information
technologies for green standardization should have
aregulatory framework that covers all the required
objects of standardization. The status of regulatory
documents in this database may be different
for different objects of green standardization:
international standards, national standards
of Russia, industry standards and guidelines,
standards of enterprises and organizations
for which green standardization information
technologies are created.

The main stages and work on the design of
information technologies are reflected in a set
of international and national standards, as well
as "de facto"standards. However, the existing
standards do not disclose and regulate everything,
but the most simple and traditional, available
work unification. In addition, it should be borne
in mind that during the development and approval
of any ISO standard (usually about 5 years),
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there are such significant changes in modern
methods and tools for creating information
technologies that they cannot be tracked in the
"de jure"standards. The most advanced "de facto"
standards become the basis for the next generation
of 1SO standards. In this regard, to regulate the
methods and processes of creating, maintaining
and developing information technologies for green
standardization, it is necessary to create industry-
specific guidelines and regulatory documents,
taking into account all existing features [15].
Effective application of a set of industry-specific
regulatory and technical documents should be
supported by acomprehensive system of interrelated
tools for automating the creation, maintenance and
development of software for modern information
technologies for green standardization. When
choosing tools for automating certain types of
work, it is necessary to provide for the possibility
of their joint functioning and interaction with a
single repository of project data, as well as to
create a set of working methods for the use of tools
that take into account the provisions of regulatory,
technical and methodological documents.

The objects of standardization listed in this section,
existing international and national standards, as
well as "de facto" standards should be used as
input data when forming the regulatory framework
for each project.

The application of the principles of functional
standardization in the creation, maintenance and
development of information technologies for
green standardization allows you to develop and
include in the documentation of each specific
system a set of standards that define solutions for
the architecture and structure of the system, as well
as regulated rules for performing work throughout
its life cycle [15].

2.ACCEPTED PRINCIPLESAND METHODS

The principle of building and applying
profiles of automation objects of "green"
standardization.

The definition of "profile" according to GOST R
ISO/IEC TO 10000-1-99 as a subset of mandatory
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and optional features, requirements and parameters
of one or a set of basic standards selected for
inclusion in the profile is very strict. In this sense,
profiles are used to specify the architecture and
structure of automated systems of all types that
are part of the automated green standardization
management system.

When considering the regulatory framework
governing the development, operation,
maintenance and development of an information
system for "green" standardization, the following
standard profiles should be highlighted:

» methods and tools for creating, maintaining
and developing green standardization information
systems;

« software tools in the client-server architecture;

* user interfaces as an architectural component
of the computing environment;

* telecommunication environment;

« information security methods and tools;

* legal issues of creating software tools.
Building and applying profiles requires a clear
construction of basic standards that specify objects
such as function sets, interfaces, and interaction
protocols.

In addition, you may need to add specific processes,
activities, and tasks related to the specifics of
automated systems and their components to the
selected subset of lifecycle processes. A number
of works, especially at the most creative stages of
software development, are not regulated by the
standards. This does not allow you to develop and
apply life cycle profiles for automated systems, as
well as a number of other profiles based only on
standards. It is advisable to additionally regulate
such work with industry-specific regulatory and
technical documents or enterprise standards.

The main obstacle to the creation of a regulatory
framework in the field of green education that
regulates the development, operation, maintenance
and development of an information system for green
standardization is the lack of a program and work plan
in this area. And the lack of an up-to-date automated
database of international and national standards in the
field of Informatization and standardization makes
such developments imperfect.
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The list in the field of Informatization considered
in this paper, consisting of more than 500 names
of current international and national standards, as
well as their analysis, is the basis of the article.
Life cycle of green innovative products

In General, the life cycle of green innovation
products, consisting of the life cycles of the
components, can be illustrated as follows.
CALS technologies are information support
technologies for the life cycle of green innovative
products.

The object of CALS-technologies is including
information relating to impacts on the environment
during the lifecycle of the product, impacts
the production environment and impacts of
manufacturing technology, impacts of logistics,
impacts sales impacts operation impacts
maintenance and repair of the product, and
the technology is understood as a continuous
information support of life cycle, meaning that
every moment of life cycle data on environmental
impacts from products authorized to share it with
stakeholders.

Currently, CALS is understood as Continuous
Acquisition and Life Cycle Support — continuous
information support for the product or product
lifecycle. Atits core, today CALS isaglobal strategy
for improving the efficiency and environmental
safety of business processes performed during the
product lifecycle through information integration
and continuity of information generated at all
stages of the life cycle. The means of implementing
this strategy are CALS technologies, which are
based on a set of integrated information models
— the life cycle itself and the business processes
performed during it, the product (product), the
production and operational environment, and
so on. The possibility of sharing information is
provided by the use of computer networks and
standardization of data formats, which ensures
their correct interpretation.

BIM design and green construction of facilities
BIM technology is the organization of flows
of project-building and project-technological
information [5]. There are almost no environmental
impacts at the planning and design stage of green
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products. The impact on the environment appear at
the moment of the beginning of the project. In the
UK, there is a standard BS1192 "Joint production of
architectural, engineering and design information"
(BS1192: 2007). The standard allows you to
quickly systematize the requirements for design
documentation and automate the verification
of their implementation. If the project does not
meet the conditions of BS1192, the system did
not accept it, which meant that the contractor did
not finish the work and could receive penalties
instead of payment [5]. In contrast to the concept
of BIM technology (it is the organization of flows
of project-building and project-technological
information) and the concept of iasu (integrated
production management system), the CALs
concept includes not only the impact of green
production, but also all other stages, without
solving applied design and planning problems.

The process of creating a complex object is
characterized by an intensive exchange of
results between organizations, divisions of the
organization and specific performers involved in
the development of the project. Joint, cooperative
design and production of an object can be effective
if it is based on a single green information model
of the object. This task is relevant not only for
stable production structures, but also for structures
that are temporarily created for the purpose of
implementing high-tech projects and fulfilling
large orders, including research institutes, design
bureaus, main contractors, subcontractors,
suppliers, etc., geographically remote from each
other, using incompatible computer platforms
and software solutions. The lifetime of such a
structure is determined by the time the order is
completed or the life cycle of the product being
created (buildings, structures, territories, etc.).
In BIM terms, such a structure is called a virtual
object. A virtual construction site is characterized
by a common "information space" that provides,
subject to appropriate standards, the sharing
of information. The design and technological
information model developed at this stage
should be based on the use of the 1SO 10303
step standard [1], [2]. Once created, the product
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model is used multiple times. Additions and
changes are made to it, and it serves as a starting
point for modernization. Compliance with the
standard ensures correct interpretation of stored
information.

ISO 10303 STEP is an evolving standard.
Currently, the greatest progress has been made in
the field of description of engineering products
(1SO 10303-2203). The ideology of the ISO
10303 standard is that in addition to the basic
elements (integrated resources), it includes
so-called application protocols that define the
specific structure of the information model for
various subject areas (automotive, shipbuilding,
construction, electronics, etc.). All application
protocols (applied information models) are based
on standardized integrated resources. This ensures
continuity with existing solutions when creating
a new application Protocol.

In accordance with ISO 10303, the object
information model includes:

> Structure and composition of the product,
including versions (modifications);

> Geometric models of object components
(Foundation, enclosing structures, roof, part,
Assembly unit, product) and their relationship
based on TEI classifiers;

> > Design text, drawing and graphic documentation
for the object as a whole and its components
(technical tasks, sketches, work projects, design
notes, drawings).

> Data about changes, approvals, and approvals.
Using a standard method for presenting design and
technological data allows you to solve the problem
of information exchange between different
divisions of the enterprise, as well as cooperation
participants equipped with heterogeneous design
systems. Standardization of the data format makes
it possible to quickly transfer the functions of
one contractor to another, which in turn has the
opportunity to take advantage of the results of
the work already done. This feature is especially
important for objects that have a long life cycle,
when it is necessary to ensure continuity of
information support for the object, regardless of
the current market or political situation.
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The vast majority of modern computer-aided
design systems (Unigraphics, Computervision,
Euclid, ProEngeener, etc.) support working
with data in STEP format. in addition, there
are a number of commercial software products
that provide data conversion from various data
formats to STEP format, which creates objective
prerequisites for building integrated information
systems.

Modeling of life cycle of green innovation
products in quality systems

Taking into account the complex structure of
most enterprises, it is important to identify the
main processes, as well as simplify and rank the
processes depending on the management goals.
Where people need to manage multiple processes
and their interactions, especially complex
processes that may involve multiple operations,
problems are likely to occur. One of the possible
ways to identify these places and smooth out
negative factors is to use the technology of
business process analysis and reengineering BPR
(Business Process Reengineering).

It should be noted that the quality system is
implemented through processes that occur within
the framework of functions that are combined
and intersect with each other in the process of
product life cycle. For a quality system to be
effective, these processes and their associated
responsibilities, powers, procedures, and resources
must be defined and applied in a consistent
manner. To be effective, a quality system requires
coordination and compatibility of the component
processes and the definition of their interfaces. The
international standards of the ISO 9000 series are
also based on the concept of LC products.
Impact of green innovative products on the
environment

Creating eco-friendly products is the imperative
of the times all over the world. The reference
point for developers of new construction projects,
first of all, should be national standards with the
application of international standards 1SO 14000.
To meet these regulatory requirements, it is
necessary to conduct an analysis and assessment
of the object's housing and utilities from the point
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of view of environmental impact and, based on
the results of the analysis, implement certain
rules and regulations in order to minimize or even
completely eliminate waste and garbage generated
over the entire period of the object's existence,
dispose of containers and packaging, etc., reduce
energy and material consumption.

An important part of assessing the environmental
impact of a construction project is to determine
the environmental impact it causes. For such an
assessment, it is necessary to provide developers
with fairly simple and accessible methods for
determining various types of environmental stress.
Currently, such methods exist, in particular, to
account for carbon dioxide emissions (which leads
to global warming), sulfur and nitrogen oxides
(which cause acid rain).

Environmental impact assessment is carried out
for each stage of the life cycle of a construction
object, including the purchase of raw materials,
production, transportation and handling, operation,
and disposal [6].

The solution of these problems is possible only
with the help of effective information support, i.e.,
using CALS technology.

For the first stage, the volume of materials
purchased for the production of products is
estimated. In the second stage determine the
cost of electricity, water, fuel, etc. On the stage
quantities of consumables and energy. Integrated
emissions of harmful and toxic substances are
taken into account for all stages of the construction
project life cycle.

Special attention should be paid to the evaluation
and modeling stage of recycling, which takes
into account the costs and, accordingly, the
environmental load is generally associated with
the transportation of waste, their processing,
possibilities of recycling in the waste of raw
materials, consumable and received (e.g., from
waste incineration) energy.

Stages of Informatization of '"green"
standardization

The choice of a life cycle model in specific
methodologies and technologies that implement
them sets the division of the process of creating IP
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SOFTWARE into stages, stages (sub-stages) and
operations. This allows you to plan and organize
the process of collective development, monitor
development progress and the management of
this process, i.e. provides the manageability
and predictability of the process of creating IP.
Life cycle of IP is divided into stages, which are
associated with the results of the core processes
defined by ISO 12207.

The analysis of the life cycle models traditionally
used in our country (GOST 34.601-90 for
automated systems), and the most common in the
West modern methodologies and models of the life
cycle for IP, carried out within the framework of
the system project, allowed us to form a life cycle
model of green standardization, which combines
our standardized development stages (with minor
changes) and modern approaches to IP design,
determining the current content of stages, works
and results obtained at each stage.

Life cycle model defined by the methodology for
the establishment OF green standards, includes the
following basic stages of creation of IP:

1. System design: the analysis of the organization,
analysis and adoption of the basic design decisions
on architecture of IP, formation of information
system requirements and tasks for the technical
design and development of the IP, the formation
of the business plan of the creation of IP
(assessment of trudoemkost and other technical
and economic indicators, a detailed schedule of
the development); 2. Technical design: design of
the is database, application software architecture,
application interfaces, including with existing
automation tools and other systems, and formation
of requirements for applications and system-wide
SOFTWARE; 3. Operational design: database
creation, design, rapid development, testing, and
application integration; 4. IP Testing; 5. Trial
operation of IP; 6. Deployment, maintenance and
development of IP.

3. CONCLUSIONS

Artificial intelligence is most relevant for use in
the field of environmental protection and health.
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In combination with mixed reality systems, cloud
technologies and business optimization tools, it will
become the basis for a large-scale transformation
of the green innovative technological structure
of the economy. Transparency and universal
availability of green standards are engineering
requirements for the development of innovative
green technologies, as well as innovative green
products.

The article defines the main methodological
and organizational principles for creating and
developing the legal framework for Informatization
and standardization:

1. A system of basic principles of Informatization
of green standardization has been Developed
based on the analysis of international and national
standards of Russia that regulate the conditions
for building and functioning of the information
educational environment and infrastructure for
Informatization of green standardization.

2. The principles of building and applying profiles
of green standardization automation objects based
on the basic concept of the life cycle of green
innovative products are Developed.

3. Systematized technologies for information
support of the life cycle of green innovative
construction projects of the energy industry and
Rosatom Corporation, which are the basis for
creating aregulatory framework for Informatization
of green standardization.

4. The aspects of managing the impact of green
innovative products on the environment and the
most rational area of green design and green
construction of objects are Considered.

5. The areas of technology for reengineering control
systems for various processes in construction and
the main stages and stages of Informatization,
standardization and information system creation
are Defined.
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REFERENCES

1. Telichenko V.I., Slesarev M.Yu. Logistics
of innovations of environmentally safe
construction objects//Bulletin of the
Department of construction Sciences. Russian
Academy of architecture and construction
Sciences. No. 4 M 2001 From 183-189.

2. Telichenko V.I., Slesarev M.Yu. Information
support. Basic terms and definitions. Study
guide M. Ed. Association of construction
universities, 2005. — 272 p.

3. Kazakov, P.V. Fundamentals of artificial
intelligence: textbook. Manual / P. V. Kazakov,
V.A. Shkaberin. — Bryansk: BSTU, 2007.
— 196 p. — (Ser.Information systems and
technologies). ISBN 5-89838-302-6

4. Novikov F.A. Artificial intelligence: knowledge
representation and methods for finding
solutions: Textbook. — SPb.: Publishing house
of Polytechnical Institute. UN-TA, 2010. - 240
p. ISBN 978-5-7422-1845-6

5. Talapov V. "Fundamentals of BIM:
introduction to building information
modeling" Recommended by the NRO
UMO of higher education institutions of the
Russian Federation for education in the field
of construction as a textbook for students
of higher educational institutions studying
in the specialty 270800 "Construction"
Moscow, 2011 UDC 721.01: 004.9 BIM
BBK 38.2+32.973.26-018.2 T16 Novosibirsk
February, 2011. — 392 p.

6. Nevmerzhitsky V.A. Information support of
decision of ecological problems//Secondary
vocational education. No. 2, 2013, Pp. 54-56.

99



10.

11.

12.

13.

14.

100

Publishing house: Union of Directors of
secondary specialized educational institutions
of Russia, Autonomous non-profit organization
"editorial Board of the magazine "Secondary
professional education"; (Moscow). ISSN:
1990-679X

Schwab K. The fourth industrial revolution /
K. Schwab — "Eksmo", 2016- (Top Business
Awards) ISBN 978-5-699-90556-0

Shvab K., Davies N. Technologies of the
Fourth industrial revolution: [translated from
English] / Klaus Shvab, Nicholas Davies":
Eksmo; Moscow; 2018. — ISBN 978-5-04-
095268-7

Shlyapnikov V.V. national intelligence Council
of the United States on the paradox of progress//
The fourth industrial revolution: realities and
modern challenges. X anniversary Saint
Petersburg sociological readings: proceedings
ofthe International scientific conference, April
13-14, 2018, Saint Petersburg, Russia. — SPb.:
Publishing house of Polytechnical Institute.
UN-TA, — 2018. — 896 p.

Global Trends: PARADOX OF PROGRESS
/I A publication of the National Intelligence
Council. URL: https://www.dni.gov/files/
images/globalTrends/documents/GT-Full-
Report.pdf(mara obpamenus: 21.01.2018)
Telichenko V.I., Slesarev M.Yu. "Green"
standardization of the future-a factor of
environmental safety of the life environment
/ / Industrial and civil construction, 2018,
no. 8, Pp. 90-97. https://elibrary.ru/item.
asp?id=35418173 date of reference: 28.10.19.
Telichenko V.I., Slesarev M.Yu. Green
standardization of technologies for the
formation of a natural environment of life//
MGSU Bulletin (issue 5, 2018, pp. 558-567)
http://vestnikmgsu.ru/index.php/ru/archive/
article/display/186/1 accessed: 28.10.19.
Gift Noah. Pragmatic |. Machine learning and
cloud technologies. — SPb.: Peter. 2019. — 304
p.: ill. — (Series "For professionals"). ISBN
978-5-4461-1061-2

Slesarev M.Yu., Telichenko V.I. Green
standards of the life environment on the

15.

Mikhail Y. Slesarev, Valeriy I. Telichenko

examples of world leading innovative
companies// System engineering of
construction. Cyberphysical construction
systems-2019 [Electronic resource]: collection
of materials of the all-Russian scientific
conference (Moscow, November 25, 2019)
/ Ministry of science and higher education
of the Russian Federation, national research
Moscow state University of civil engineering.
—Electron. Dan. | progr. (17 MB). — Moscow:
MISI — MGSU Publishing house, 2019.
— Access mode: http://mgsu.ru/resources/
izdatelskayadeyatelnost/izdaniya/izdaniya-
otkr-dostupa/ - title title. screens. ISBN 978-
5-7264-2064-6

Slesarev M.Yu., Telichenko V.I. Review of
norms, methods and models of Geoecology in
aspects of problems of ""green" standardization
of construction// Geoecology. Engineering
geology. Hydrogeology. Geocryology,
2020, no. 1, pp. 53-57 DOI: 10.31857/
S0869780320010184

CIIMCOK JIMTEPATYPbI

1.

Teauvyenko B.U., CnecapeB M.IO. Jloru-
CTHMKA MHHOBAIUH 9KOJIOTMYECKU O€30MacHbIX
CTPOMTEIIbHBIX 00BEKTOB//BecTHHUK oTaerne-
HUSl CTPOUTENBHBIX HayK. Poccuiickas aka-
JEMUST APXUTEKTYPBl U CTPOUTENBHBIX HayK.
Ned M 2001 . — C. 183—189.

Teanuenko B.U., Caecapes M.IO. Un-
¢dbopmanmonnoe obecrneueHue. OCHOBHBIE
TEPMUHBI U oTlpesieNieHus. YueOHoe nocodue
M. U3n. Accommanusi CTpOUTEIbHBIX BY30B,
2005T.—-272c.

Kaszakos, I1.B. OCHOBBI HCKYCCTBEHHOTO
uHTesuiekTa: yueo. [Tocooue / I1.B. Kazakos,
B.A. llkabepun. — bpsuck: BI'TY, 2007. —
196 c. — (Cep.1abopManimOHHBIE CHCTEMBI
texHojorun). ISBN 5-89838-302-6
HoBuxoB ®.A. VIcKyCCTBEHHBIN HHTEIJIEKT:
npeAcTaBieHUE 3HaHUM U METOJbl MOHMCKa
pemenuii: Yue6. nocodbue. — CII6.: M3a-Bo
[Tonutexn. yn-ta, 2010. — 240 c. ISBN 978-
5-7422-1845-6

International Journal for Computational Civil and Structural Engineering



Prospects For the Development of the Regulatory Framework of Information Systems For "Green" Standardization

10.

TamanoB B. «OcHobl BIM: BBeieHHe B TH(OP-
MAalMOHHOE MOJIETIUPOBaHHUE 3aHHID PekomeH-
nosano HPO YMO By30B P® o o6pa3oBanmio
B 00J1aCTH CTPOUTEIBCTBA B KAYE€CTBE y4EOHOTO
1ocoOust AJ1sl CTYACHTOB BBICIINX y4eOHbBIX 3a-
BEICHUH, O0yJaroLUXCs MO CHEUalbHOCTH
270800 «CrpoutensctBo» Mocksa, 2011 VJIK
721.01:004.9BIM BbK 38.2+32.973.26-018.2
T16 HoBocubupck depanb, 2011. ¢.392
HeBmep:kunkuii A.B. Madopmanmonnoe
o0ecrieueHre pereHNs YKOJIOTMIEeCKUX 3a1a4//
Cpennee npodeccruoHanbHoe 00pa3zoBanue. No2,
2013 .—C. 54-56. U3narensctBo: CO103 TUpEK-
TOPOB CPEIHUX CHEIHUATBHBIX YUeOHBIX 3aBe-
nennii Poccrn, ABTOHOMHAasi HEKOMMEpUYECKast
opranuzanus "Penakuus xxypHana "CpenHee
npodeccroHansHoe oOpazoBanue'; (Mocksa)
ISSN: 1990-679X

IBa6 K. YerBepras npoMbIIeHHAS PEBO-
monwmst / K. 11IBa6 — «3xemon, 2016 — (Top
Business Awards) ISBN 978-5-699-90556-0
IBao K., IaBuc H. Texnonoruu YeTBepToii
MPOMBIIICHHONW PEBOJIONUU: [[IEPEBOA C
anr/] / Knayc [1IBa6, Hukonac /[»Bucy: Dkc-
Mo; Mocksa; 2018. ISBN978-5-04-095268-7
HInsnaukos B.B. HannonanbHelil coBeT
o pasBenake CIIA o mapamgokce nmporpecca//
UYeTrBepTas NPOMBIIIICHHAS PEBOTIOLINSA: pea-
JIUU U COBPEMEHHBIE BBI30BBL. X I00MIICHHbIC
Cankr-IletepOyprckue coumoioruuyeckue
YTeHUs: COOPHUK MaTeprasioB MexxayHapo-
HOHM Hay4yHOU KoH(epeHiuu, 13—14 anpens
2018 1., Cankr-IlerepOypr, Poccus. — CII6.:
N3na-Bo [lonurexH. yH-Ta, 2018. — 896 c.
Global Trends: PARADOX OF PROGRESS
/I A publication of the National Intelligence
Council. URL: https://www.dni.gov/files/
images/globalTrends/documents/GT-Full-
Report.pdf(mara obpamenus: 21.01.2018)

11. Teauuenko B.H., Caecape M.IO. "3ené-

Hasa" craHmapTu3aunus Oyayuiero — gakrop

\Volume 16, Issue 4, 2020

12.

13.

14.

15.

JKOJIOTHUYECKOM 0€30MaCHOCTH CPeIbl )KU3He-
nesiTeIbHOCTH // TIpOMBIIIIIEHHOE U TpaXk1aH-
CKo€ CTpouTenbcTBO, 2018. —Ne 8, — C. 90-97.
https://elibrary.ru/item.asp?id=35418173
Jara ob6pamenns: 28.10.19.

Teaunuenko B.U., CinecapeB M.IO. 3enénas
CTaHJAPTU3AIM TEXHOIOTUH (POPMHUPOBAHUS
OPUPOIONONO0HON Cpebl KU3HEACITEb-
Hoctu// Bectauk MI'CY (Beimyck 5, 2018, c.
558-567) http://vestnikmgsu.ru/index.php/ru/
archive/article/display/186/1 Jlata oOpare-
Hus: 28.10.19.

I'ngr Hoii. [Tparmaruunsiii MW, MammnaHOe
oOyuenue u obmaunbie Texnonoruu. — CII6.:
[Tutep. 2019. — 304 c.: un. — (Cepus «Jlns
npodeccroHanony). ISBN 978-5-4461-1061-2
Caecapes MLIO., Tesinuenko B.U. 3eneHbie
CTaHJAPTHl CPEbl KUZHENESITEILHOCTH Ha
IpUMepax MUPOBBIX JTUIUPYIOMIHUX UHHO-
BallMOHHBIX KoMmmaHui// CucTreMoTexXHHKa
ctpoutenbcTBa. Kubepdusnueckue crpou-
TeabHbIe cucteMbl — 2019 [DneKkTpoHHBIN
pecypc]: coopuuk marepuanoB Bcepoccwmii-
ckoil HayuyHOU KoH(epeHmuu (Mocksa, 25
HOs10pst 2019 1.) / MUHHCTEPCTBOBO HAyKH U
BhIcIIero oOpaszoBanus Poccuiickoit deme-
pauvu, HanioHanbHBIN Ucceq0BaTeIbCKUN
MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTEIb-
HBI YHUBEPCUTET. — DIIEKTPOH. IaH. ¥ IIPOTp.
(17 M6). — Mocksa: U3narenscteo MUCHU
— MI'CY, 2019. — Pexxum goctyna: http://
mgsu.ru/resources/izdatelskayadeyatelnost/
izdaniya/izdaniya-otkr-dostupa/ — 3ari. ¢
tuTyi. 3kpana. ISBN 978-5-7264-2064-6
CaecapeB M.IO., Teauuenko B.U. O630p
HOPM, METOJIOB U MOjeliell Te0’KOJIOTUH B
acrekTax nmpoosjaem “3elleHol” cTaHIapTh3a-
nuu ctpoutenbcTBa// I'eoskonorus. Mmxe-
HepHas reojiorus. ['maporeosnorus. ['eokpuo-
jorus, 2020, Ne 1, —c. 53-57 DOI: 10.31857/
S0869780320010184

101



Slesarev Mikhail Yuryevich. Doctor of Technical Sciences,
Professor, Laureate of the Government of the Russian
Federation Education Prize, Professor of the Department of
Construction of Heat and Nuclear Power Facilities, Moscow
State University of Civil Engineering (National Research
University) (MGSU), 26 Yugoslavs chose, Moscow, 129337,
Russian Federation; slesarev@mgsu.ru,

Telichenko Valery Ivanovich. Doctor of Technical Sciences,
Professor, Honored. Worker of Science of the Russian
Federation, President, Moscow State University of Civil
Engineering (National Research University) (MGSU), 26
Yugoslavs chose, Moscow, 129337, Russian Federation;
president@mgsu.ru.

102

Mikhail Y. Slesarev, Valeriy I. Telichenko

Cnecapes Muxaun FOpvesuu. JJOKTOp TEXHUYECKHX HAYK,
npodeccop, maypear npemun [IpaBurenscTBa Poccuiickoit
Oeneparp B 001acT 00pa3oBaHus, Ipodeccop Kadeaps
CTPOUTEIHCTBA OOBEKTOB TEIUIOBOM M aTOMHOW SHEPreTHKH,
HamonansHelii uccnenoBarenbckuii MockoBCKuil rocyap-
CTBEHHBII cTponTenbHbIid yHrBepeuter (HUY MI'CY), 129337,
. Mockaa, SIpociaBckoe moccee, 1. 26, slesarev@mgsu.ru.

Tenuuenko Banepuii Meanosuuy. JIoKTOp TEXHUYECKUX HayK,
npodeccop, 3acTyKSHHBIN AesTens Hayku Poccuiickoit De-
Jiepanny, pe3nieHT, HaroHaabpHbIH necaenoBaTeTbCKui
MocKOBCKHii roCy1apCTBEHHbIN CTPOUTENbHBIN YHUBEPCH-
ter (HIY MI'CY), 129337, . Mockaa, SIpocnaBckoe mocce,
1. 26, president@mgsu.ru;

International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 16(4) 103-110 (2020)

DOI:10.22337/2587-9618-2020-16-4-103-110

THEORETICAL SUBSTANTIATION OF THE MECHANISM
PATTERNS OF THE MANMADE BASE “STRUCTURAL
GEOTECHNICAL SOLID”
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Abstract. When building on weak water-saturated soils, manmade base in the form of a "structural geotechnical solid" are
increasingly used. The article provides a theoretical substantiation for the use of a model of a transversally isotropic material
with the given deformation characteristics for the design of such structures. The problem of determining the radius of a rigid
cylindrical element during its formation in an elastic-plastic porous medium under normal pressure of jet-grouting of soil is
considered. A method is proposed for determining the effective modulus of deformation of a "structural geotechnical solid"
with the allocation of a representative volume — a periodicity cell, within which the geometric averaging of deformation
characteristics is performed depending on the volume contribution of its components. Analysis of the results of modeling
the joint operation of the base-building system using the proposed base model showed the effectiveness of its application.

Keywords: weak water-saturated soil; structural geotechnical solid; jet-grouting

TEOPETUYECKOE OBOCHOBAHUE 3AKOHOMEPHOCTEN
MNOBEJAEHNUSI HWCKYCCTBEHHOI'O OCHOBAHUSA
«CTPYKTYPHBI TEOTEXHUYECKUU MACCHB»

B.U. Tpasyw ', B.C. ®@eoopos ?, O.A. Makoseukuii

! Toposckoit IPOEKTHBIM MHCTUTYT KUJIBIX W OOIIECTBEHHBIX 3ManHuii, I. Mockea, POCCU S
2 Poccmiickuii yauBepeuteT Tpancnopra (PYT-MUUT), . Mockea, POCCHU A

AnHoTtanus. [Ipu cTpontenbscTBe Ha c1a0bIX BOJOHACKHIIICHHBIX TPYHTAaX BO3PACTAOIIEe MPUMEHEHHE HAXOIAT HC-
KyCCTBEHHBIC OCHOBAHUSI B BUJIE «CTPYKTYPHOTO FE€OTEXHUUECKOTO MacCuBay. B cTarbe MpUBOISTCS TEOpETHIECKOE
000CHOBaHME NUCIIONB30BAHUS ISl IPOEKTUPOBAHMUS TAKMX KOHCTPYKIMI MOZIEIN TPAHBEPCATbHO-N30TPOTHON CPEIBI
C IPUBEACHHBIMH JIe(hOPMATMOHHBIMI XapaKTepUCTHKaMu. PaccMaTpuBaeTcst 3a/1a4a OIpeeNIeHHs Pa/Iiyca )KECTKOTO
LWIMHAPUYECKOTO 3IEMEHTA MPH (POPMHUPOBAHUH €TO B YIIPYTO-TIACTUYECKON MOPUCTOM Cpezie MOl HOPMaJIbHBIM
JIaBIICHUEM CTPYHHOM IleMeHTaImu rpyHTa. [Ipemnaraercst MeTonmka orpeneneHust 3pGEeKTHBHOTO MOyIIst iehopMarii
«CTPYKTYPHOTO T€OTEXHNUECKOTO MACCHUBA» C BBIJICIICHHEM IPEICTABUTEILHOTO 00beMa — sSTMEHKH MEPHOANIHOCTH,
B IIpeziesiax KOTOPOTO BBITIOHSACTCSI TEOMETPHUYECKOE yCpeTHEeHHE Ae(OPMAIIIOHHBIX XapaKTEPUCTHK B 3aBHCHMO-
CTH OT 00BEMHOTO BKJIJIa €T0 COCTABIIIONINX. AHAIN3 PE3YyJIbTaTOB MOJICITMPOBAHIS COBMECTHOH PaOOTHI CHCTEMBI
OCHOBaHHE-3/JaHUE C UCTIONB30BAaHNEM MpeUIaraéMoii MOJIEIM OCHOBAaHUsI ITOKa3all 3(p(HhEeKTUBHOCTH €€ MPUMEHEHHSI.

KoaroueBble ciioBa: ci1a0blii BOOHACHIIIEHHBIN TPYHT; CTPYKTYPHBIH T€OTEXHUIECKUI MacCUB

INTRODUCTION

Artificial bases are used in cases where compliance
with regulatory requirements for limiting the
difference in the settlement of foundations of
buildings and structures is not ensured, or this is
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technically difficult and economically ineffective
[1-4]. In weak water-saturated soils, artificial bases
are increasingly used in the form of a structural
geotechnical solid [5, 6]. The study of the state of
the art has shown that the choice of design methods
and the technology of artificially improved bases
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in most cases is carried out experimentally on
the construction site and the obtained solution
was not always optimal [7]. In this regard, the
development, on the basis of experimental and
theoretical studies, of the calculation and design
methodology for one of the types of artificial
bases with specified physical and mechanical
characteristics — "structural geotechnical solid"
is an urgent problem.

The structure of the structural geotechnical solid
(Fig. 1) consists of a weak initial soil (2), rigid
reinforcing soil-concrete elements (1) and a
flexible distribution grillage (3) [8].

Figure 1. Construction of an artificial
oundation "structural geotechnical solid"
&
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In the course of modeling the joint operation of
the building-foundation-base system, the required
diameter (D) and the spacing of the reinforcing
elements (L) are determined.

In this paper, an artificial base is considered,
reinforced with vertical rigid cylindrical elements,
performed using the technology of jet grouting of
the soil [9.10].

1. MODEL OF VERTICALLY
REINFORCED SOIL BASE -
STRUCTURAL GEOTECHNICAL SOLID

The base model should be adequate for the
accuracy of the initial data and the required
accuracy of the final results of the calculation
of the "building-foundation-base" system [11].
Due to the large variety of types of base soils,
conditions for the addition of solids, etc., none of
the existing models is universal and is used only
for certain specific types of soils.

To construct a mechanical model of "structural
geotechnical solid", we apply the approach used
in geomechanics to describe the behavior of a rigid
body with a structure [12].

“Structural geotechnical solid” is represented as
an ideal continuous medium, the deformations of
which are linear with respect to external forces, if
only the internal stresses in the soil do not exceed
the limiting values. At the same time, in a solid
body, heterogeneities (soil-concrete reinforcing
elements) are evenly scattered over the volume,
and the distance between them is much larger
than their own size. These inhomogeneities are
responsible for irreversible deformations: stresses
are concentrated on them and they relax in time.
Let us accept this mechanism of energy dissipation
as the only one.

Taking into account that inhomogeneities occupy
a small fraction of the volume, the deformations
of the structural geotechnical solid have been
characterized only by the values averaged
over space. The uneven distribution of stresses
within the geotechnical solid qualitatively
distinguishes the proposed model: they consist
of two components — general stresses caused by
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a change in volume or distortion of the shape and
local stresses on inhomogeneities.

At high rates of deformation, stresses on
inhomogeneities lead to an increase in the rigidity
of the structural geotechnical solid, and under
dynamic influences, to an increase in effective
strength ("dynamic strength"). The proposed
mechanical model of "structural geotechnical
solid" allows us to consider classical problems
of determining stresses and deformations arising
under the influence of external forces, but not
limited to finding equilibrium parameters, since
after the application of a load in the soil mass,
irreversible deformations and stress relaxation on
inhomogeneities continue.

In this case, to describe the behavior of the
"structural geotechnical solid", one can use the

Figure 2. Design diagram of the problem of
forming a cylindrical element
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models of the linear theory of elasticity and the
creep model, and also consider the process of
attenuation of elastic seismic waves.

2. CYLINDRICAL ELEMENT SIZE IN
ELASTIC MEDIUM

One of the main theoretical problems is to determine
the required radius of a soil-concrete element in an
elastic-plastic porous medium under the action
of normal pressure of jet cementation (g,). In the
papers [13, 14], analytical solutions to the problem
of the development of a cylindrical well are given
taking into account the elasticity and plasticity of
materials. The problem was considered when a hard
core penetrated into a soil environment. Let us apply
the development of these solutions to the problem
of the formation of a soil-concrete element in a soil
environment during jet grouting. Let us determine
the size of the expansion zone taking into account
the final deformations and the dependence of the
yield point on pressure.

Figure 2 shows the calculation scheme of the
problem. The soil medium is characterized by
an initial density — p; internal friction angle
— ¢; specific adhesion — with and modulus of
deformation £,

In order to find the boundary between the area of
plastic yield and the area of elastic compression of
the porous medium under the action of jet grouting
pressure, the motion of a material particle of a
cement solution in a soil medium is considered,
described by the following equation:

dv do, 0x
purazx?+(0}—%)$ (D

Joint solution of the system of physical equations
of state of the medium:

- for an elastic area

ot ot  3p ot @
- for a plastic area
0 — 0g = —To + p(0, + gy);
To = 2C - coS@; | = sing. 3
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and the closing equation of the soil medium:

Po
:K(
—Inp — 3¢, 1-p

Inp, —Inp
p=3Keplnp0

)@

allows you to obtain the equation of the separation
boundary of the plastic and elastic zones from the
relation

a_x _r 3£pp(x)
ar x p(x)+3Kep

&)

By integrating the equation over a unit volume,
we obtain the dependence of the radius on the
volumetric modulus of deformation and the
reduced strength of the original soil:

R =< :where: C =1,497 7% (6)
K 0

Analysis of the solution shows that with an increase
in the volumetric modulus of deformation, the size
of the expanded cavity decreases (Fig. 3).

0,550
0,500 L
0450 g
0,400 S
0350 |
0300 |

Radius of the cavity (m)

S 0250 |

0,200 |
0,150 |

lus K (MPa)

--17,1 -e-205 -#-30,7 —-3§1 -e-T704 -e-796

Figure 3. Graph of the change in the radius
of the expandable cavity depending on the
volumetric deformation modulus (K) and the
reduced resistivity (t,)

This behavior can be explained by different values
of soil porosity; in more porous soil, the expansion
of the cavity occurs due to the elimination of pores
in the plastic region, which leads to a rapid drop
in the effective pressure with an increase in the
cavity radius and the formation of a small zone
of plastic deformation.
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The obtained solution to the problem of static
expansion of a cylindrical cavity in an elastoplastic
compressible medium, taking into account the
nonlinear compressibility, makes it possible to
calculate the theoretical diameter of a soil-concrete
element depending on the physical and mechanical
properties of soils.

3. DETERMINATION OF EFFECTIVE
DEFORMATION CHARACTERISTICS
OF A STRUCTURAL GEOTECHNICAL
MASSIVE

The base, reinforced with vertical elements at
axial distances of no more than three diameters,
is a composite system consisting of a soft and
pliable matrix (soil) and rigid reinforcing (soil-
concrete) elements. In this case, most of the
external load is absorbed by the soil matrix. To
describe the behavior, a continuum hypothesis
is introduced, which includes the averaging
procedure, through which the structure and
state of the material are idealized in such a way
that the material is considered homogeneous,
for which the characteristic properties inherent
in a homogeneous medium are the same at all
points. The main task is to use the averaging
procedure to predict the effective properties of
an idealized homogeneous medium in terms of
phase properties and geometric characteristics.
We consider the "structural geotechnical solid"
as a two-dimensional periodic medium - a
fibrous unidirectional composite, which is a
periodic system of parallel cylindrical fibers
immersed in a homogeneous matrix, the
characteristics of the physical and mechanical
characteristics of which are different from the
characteristics of the fibers (Fig. 4). Based
on the structure of a unidirectional composite
with hexagonal fiber packing and according
to the continuum hypothesis, the material can
be considered a homogeneous medium with an
axis of elastic symmetry coinciding with the
direction of the fibers, i.e., is a transversely
isotropic material [15].
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Figure 4. Two-dimensional periodic medium —
fibrous unidirectional composite

Thus, the elastic behavior of the composite is
characterized by five independent constants:
elastic moduli £, and E, corresponding to the
directions along and across the fibers, Poisson's
ratios v, and v,,, and the operator shear modulus
G,,-

We select a periodicity cell in it —a representative
volume with a characteristic size of inhomogeneity,
within which the properties can be averaged.
The scale of the representative volume should
be much larger than the characteristic size of
the inhomogeneity and small in comparison
with the characteristic size of the body (Fig. 5).
Under these conditions, a heterogeneous material
can be idealized, considering it as equivalent
to a homogeneous material with properties
averaged over a representative volume [16].
Within the boundaries of the periodicity cell, the
gradient of external influences (pressure) changes
insignificantly.

The condition for the correct selection of
the effective characteristics of the structural
geotechnical solid is the equality of the average
deformations of the selected heterogeneity cell
when simulating it with individual elements and
a single array.

We introduce two specific parameters

— the coefficient of reinforcement, characterizing
the volume fraction of reinforcing elements in the
soil mass:

23’

=V IV, (7)
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Figure 5. Allocation of the periodicity cell in the
structure of the structural geotechnical solid

where V is volume of soil reinforced; V' is volume
of reinforcing elements and ratio of deformation
moduli:

n=EJE. (8)

where £, E are calculated values of the modulus
of elasticity of reinforcing elements and the
modulus of soil deformation.

The reinforcement coefficient is a function of
the diameter of the soil-concrete elements (D)
(variation range 1.0 ... 1.2 m) and the distance
(L) between the element axes (variation range 2
... 3D).

The ratio of the deformation moduli is determined
for the most widely used initial range of the
deformation modulus of the fixed soil (5.0 ... 20.0
MPa).

In this case, the effective modulus of deformation
of the structural geotechnical solid (Esgs) along the
axis coinciding with the direction of reinforcement
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can be determined by geometric averaging
according to Voigt [17]:

i

sgs — & E, + (1_°<)Es

®

CONCLUSIONS

The fundamental difference of the proposed
model lies in the use of a homogeneous medium
with effective characteristics, which replaces the
field of elements with interelement soil mass
and significantly reduces the time required for
calculating the mechanical behavior of a large
number of variants of foundation structures.
Comparative analysis of patterns of distribution
of vertical displacements of the base, determined
by this model, shows that the average absolute
values differ within 5 ... 10 percent from the
model with selected reinforcing elements, and are
within the accuracy of engineering calculations.
Consequently, the application of the “structural
geotechnical solid” model, taking into account
the reduced stiffness of the underground part of
the building, is quite sufficient to determine the
final stabilized settlement of the building and will
be further considered as the main design scheme.
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SETTING UPA PROBLEM OF AIR-BORNE SOUND
INSULATION CALCULATION FOR DOUBLE LAYER
MASSIVE ENCLOSURES ON THE BASE OF THE MODELS
WITH THE CONCENTRATED PARAMETERS

Arkadiy V. Zakharov, Ivan P. Saltykov

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

Abstract. The calculation methods on the base of the concentrated parameters models, which were formed in the XX
century, allowed to get simple and theoretically consistent solutions for the problems of one-layered building partitions
sound insulation finding. The sound insulation estimation for the double-layered massive building partitions also is of
scientific and practical interest, as double layer partitions are the particular case of the single layer enclosure's application.
The concept of concentrated parameters includes the concentrated and the reduced masses, as well as the concentrated
elasticity. The criteria for the object application as a specified kind of the concentrated parameters in the acoustical problems
is the presence or the absence of the oscillation movement in it. The three calculation models with the application of the
concentrated (discreet) parameters that to define the sound insulation of the massive double layer enclosures are given.
The equations for sound insulation computation for one layer partition are represented. They were derived on the base
of momentum law and energy conservation formulas under the continuity of energy flow conditions at the interface of
different media. The three main paths of sound propagation from the room with the air-borne noise to the isolated room
are shown. The two frequency range are separated on the way of the direct sound propagation: at the first, the surface
density of the one of two layers and the air elasticity in the inter-layer gap influence on isolation; at the second one, the
predominant role belongs to the summarized insulation by the "Mass Action Law" of the two layers. The indirect way's
insulation is taken in account through the additional sound insulation graph drawing. The compound insulation curve is
defined by the ways, where the sound energy transmittance is maximal at the standard frequency spectrum. The method of
sound insulation calculation for the double layer partitions on the base of the concentrated parameters model application is
revealed. As an example, the calculation of a prefabricated double layer inter-flat wall in the panel building was performed.

Keywords: limit frequency, sound insulation of the double layer massive partitions, discreet parameters, reduced
mass, concentrated mass, concentrated elasticity, "Mass Action Law", coefficient of the oscillation velocity
transmittance, free oscillation frequency, wave resonances

MOCTAHOBKA 3AJIAYU PACUETA 3BYKOU3OJIALIUMN
BO3JYUIHOTO IIYMA JIBYXCJOUHBIMU MACCUBHBIMU
OTPAKJEHUSIMU HA OCHOBE MOJIEJIEN
C COCPEAOTOYEHHBIMHA ITAPAMETPAMHA

A.B. 3axapos, H.Il1. Canmoikos

HarmmonaneHsIi nccnenoBarenbeKiii MOCKOBCKUH TOCYIapCTBEHHBIN CTPOUTENBHBIN yHUBepcHTeT, T. MockBa, POCCUA

Annoranusi. Co3nanHbIe B KoHIIE XX BeKa pacdETHBIE METOIMKH Ha OCHOBE MCIOJIB30BAHIS MOJETICH C COCPEno-
TOYEHHBIMHA TIapaMeTpaMy TIO3BOJHIIM TOTyYaTh MPOCTHIE X TEOPETUIESCKH HE IPOTHBOPEUUBEIC PEIICHHUS 3a1a4 10
HAXO)KICHUIO 3BYKOM3OJISIIIAH OHOCTIONMHBIX CTPOUTENBHBIX Meperoponok. HaxokneHne 3ByKOM30ISAIINH TBOWHBIX
MAaCCHBHBIX CTPOUTENBHBIX MEPErOPOOK, YACTHOTO CIydasi HCIOIh30BAaHHUS OTHOCIONWHBIX 3BYKOM3OIHPYIOMINX
TIperpa, Takke MpeICTaBIIeT HayIHBIN U MPaKTHYeCKIid nHTepec. [1o/] MOHATHEM COCPETOTOYCHHBIX TTApaMETPOB
TTOAPa3yMEBAIOTCS COCPEIOTOUCHHAS M IPUBEIEHHAS MACCHI, a TAKKe, COCPEJOTOUCHHAs YIIpyrocTh. Kpurepuem nc-
TTOJTF30BAHMS 00BEKTA B aKyCTHUECKUX 33/1adaX B Ka9€CTBE TOTO MIIM MHOTO BH/Ia COCPEIOTOYCHHBIX TApaMEeTPOB B
3aJJaHHOM YaCTOTHOM JIMAITa30He SIBISIETCS OTCYTCTBHE WM HAJTMYUE B HEM BOIHOBOTO NBIDKEHHMS. [IprBeneHs! Tpu
pacuETHBIE MOJIENH C UCTIONB30BAaHUEM COCPEOTOUYCHHBIX (IMCKPETHBIX ) TApaMETPOB HEOOXOANMBIE IS BRIYHCIIE-
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HUSL 3ByKOM3OJISIINY JIBYXCIIOWHBIX MAaCCHBHBIX TIEPEropooK. [IpencTaBieHb! BEIpaKeHNs A1 HAXOXKICHUsSI 3ByKO-
M30JISILMN OTHOCJIOWHBIX TIEPEropo/IOK, MOTyUeHHBIE HA OCHOBE NPUMEHEHHsI YPaBHEHUI COXPAHEHUsI KOJIMYECTBa
JBIDKEHMST M KHHETHYECKON SHEPTUH ¢ yYETOM CBOMCTB HENPEPHIBHOCTH TI€peiayl 3BYKOBOM SHEPIHU Ha IPaHHIEC
pa3n4HBIX cpeal. [loka3aHbl OCHOBHBIE ITyTH PACIIPOCTPAHEHUS 3ByKa N3 MOMEIIEHHUS C HICTOYHUKOM B H30JIMPYEMOE
nomerienue. [Ipu pacuére 3ByKOM3OIAIMHU TIO MIPSIMOMY ITyTH BBLACIISIOTCS 1BA YACTOTHBIX JIMAIA30HA: B IIEPBOM,
BIIMSIHUE Ha 3BYKOM3OJISIINIO OKa3bIBAECT IIOBEPXHOCTHBIN BEC OJHOTO M3 CIOEB M YIPYTOCTh BO3IyXa B BO3ILYILIHOM
MIPOMEXYTKE; BO BTOPOM OIIPEAEIISIONIEe 3HAYEHHE UTPAET CyMMapHasi 3ByKOM30JISLIHS 110 3aKOHY «MacCh» KayKI0T0
13 CII0EB. 3BYKOM3OJIAIMS HA KOCBEHHBIX ITyTSX PACIPOCTPAHEHUS 3BYKa YUUTBIBACTCS Yepe3 MMOCTPOSHHE rpaduka
J00aBOYHOM 3BYKOM3OJSILIUH. Pe3ynbTipyronuii rpavk 3ByKOM30JIIIAH OTIPEIEIISIETCSI TEMH ITy TSIMH, TA€ BOZMOYKHO
MaKCHMaJIbHOE IIPOXOXK/ICHHE 3BYKa B HOPMHUPYEMOM YacTOTHOM anaria3one. Jlana MeToquka pacuéra 3By KOU30JISIIUH
MAaCcCHBHBIX JJBOMHBIX CTPOUTEIIBHBIX TIEPETOPOIOK HA OCHOBE MPUMEHEHHST MOJIEIIeH ¢ COCPEeI0TOYEHHBIMH TT1apame-
Tpamu. B xauecTBe nprMepa, BBINOIHEH pacdyéT COOPHON JBOMHON MEKKBAPTHPHON CTEHBI B IIAHEIBHOM 3/1aHHH.

KaroueBble cjioBa: npeaciibHadg 4aCToTa, 3By KOU3O0JISUA ﬂByXCHOﬁHLIX MACCHUBHBIX IEPETOPOAOK, JTUCKPETHBIC
napaMeTphl, HpI/IBe,IléHHaﬂ Macca, CoCpeaoTOUCHHAd Macca, COCPEAOTOUYCHHA YIIPYTOCTh, 3dKOH «MacCChbD», K03(1)'
(1)I/I].[I/I€HT MPOXOKACHU S KoJIe0aTeIbHOM CKOpPOCTH, HaCTOTa CBO6OZ[HLIX KOH€6aHHi/'I, BOJIHOBBIC PE30HAHCHI

1. INTRODUCTION

The theory and the methods of practical engineer
solutions for the sound insulation problems of
envelope building constructions are permanently
developing and improving, that is confirmed by
the scope of nowadays issues on this topic [1-6].
The theory of the sound insulation calculation on
the base of concentrated (discreet) parameters,
which was founded at the end of the XX century
is the one from their contemporary range.

As it is shown in papers [7-17], the calculation
methods, that are based on the fundamental
concepts of this theory, give the consistent,
close to experiment, results for the computation
of the single-layered building partitions sound
insulation. Besides, some essential problems of
building acoustics were managed to revise in
the frame of this approach, for instance, such
as insulation's value dependence from the noise
incidence angle at the plate, the spatial and
frequency resonances existence, and the internal
friction coefficient's influence on the enclosure's
insulation.

A particular case for the massive single-layered
building partitions application is the double-
layered sound protective structures for the
purpose of acoustic comfort level increasing at the
isolatable premises. Along with such decisions, the
massive walls and partitions constructions, which
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have two rigid and shape generating strata divided
by the air gap, are often provided.

The evaluation of a similar enclosure's insulation
accordingly the classical sound insulation theory
is theoretically and practically complicated,
that's why the normative codes represent it
in a mere approximation. Therefore, it seems
interesting to set a task and to develop an
algorithm for the engineering computation of
massive double layered partitions on the basis
of the physical models with the concentrated
parameters.

2. MATERIALS AND METHODS

The problem of the calculation graph's obtaining
for the double-layered massive envelopes is
compounded by the impact of the indirect
noise propagation paths through the contiguous
structures. The three main paths of sound
propagation in an insulated room can be derived in
case of observing calculation model, fig. 1: A—1is
the direct way of sound transmittance through the
double enclosure; B — is the sound transmittance
through the rigid layers and the floor slab; C —is
the sound propagation through the floor slab only.
The real measurement's practice shows, that
the sound insulations values by the way of the
maximal sound propagation energy in a isolatable
unit should be taken into consideration.
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Yy

®)

-
-

O o>

Figure 1. The sound propagation paths from the room with the source (S) in the protectable room:
A — is the way of direct propagation; B and C — are the way of indirect transmittance through the
adjoining constructions

The papers [10, 13, 15, 17] inform, that the
objects can be either the environment for the
wave moving's transmittance, that way they
become to be "waveguides", or can be represented
in the capacity of "concentrated masses" or
"concentrated elasticity bodies". The criteria of
construction's transition from the working in a
"mass" or "elasticity" regime to the regime of a
"waveguide" is written by the equation (1):

fult. = ﬁ 5 HZ= (1)

where f — is an ultimate oscillation frequency,
Hz, above which the wave movement can't be
avoided; / — is the dimension of an object, along
which the sound wave propagates, [m]; ¢ — is the
propagation velocity of the definite wave type in
the object, [m-s™].

Thus, under the condition of </ abody is taken
into account as the concentrated mass, which is
defined by the surface density, m, [kg:-m?]; or it
can be taken as the concentrated elasticity, which
is characterized by the elastic ratio, K, [N-m?].
At the range of /> /' , the body becomes to be a
guide to the mechanical waves, and, as it follows
from the papers [9, 10, 13, 15], is denoted through
the so called "reduced mass", y, in the acoustical
tasks. The reduced mass is inherently the mass
fragment, that is limited by the wave length A and
multiplied on the reduction factor [1-(27)?]:
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=, [kg'm™], @)

where p — is the medium density, [kg-m]; ¢ and
A — are the propagation velocity, [m-s™], and the
wave length of given form (dilatational, flexural or
shear), [m]; /- is the oscillation frequency, [Hz].
Different combinations of introduced objects are
possible by the way of a sound waves propagation
in the acoustical problems. The figure 3 shows the
most typical schemes of the sound propagation in
double layer enclosures at the figure 2.

/L’
,hy 1a) h, |

A 1

Figure 2. The scheme of a double layer massive
partition
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Figure 3. The schemes and the calculation models
(at the right) with the concentrated parameters
concerning to this issue: a — is waveguide (W )-
mass (M,)-waveguide (W), b — is waveguide
(W, )-waveguide (W, )-waveguide (W), ¢ — is
mass (M, )-elasticity (E,)-mass (M.,); w, w,, i, —
are the reduced masses of the objects; K — is the
elastic ratio for the resilient layer

As it is described at the [10, 12, 13, 14, 17],
it becomes possible to apply the momentum
conservation law and the energy conservation law
in acoustical processes after the introducing of
concentrated parameters and under the condition
of energy flow continuing at the interface of two
media. Then, the scheme "a", figure 3, is applicable
to the one-layered partition at the frequency
range before so called "a wave coincidence
phenomenon" [18, 19]: the air at the both sides
of the structure is represented by the reduction
masses u,, u, and the partition is a concentrated
mass M,. The reduction mass of the air virtually
strikes both the concentrated mass of the envelope
and the reduction mass of the air over it.
Mathematically it can be written in the form of the
equations (3) and (4) with the application of unit
velocity and coefficients of sound transmittance
and reflection:

pwv=pv-B+@E+m v (3)
122 . 2 . 2

wv? _ w@o? | Ghm@?
2 2 2
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where v — is the unite velocity of the media
fragment movement; —is the reflection coefficient
of energy from the media fragment action on the
plate surface; a — is the transmission coefficient of
energy propagation into the plate from the moving
media fragment; « — is the reduction mass (in this
case of the air); m — concentrated mass (of the
building envelope).

The solution of this system gives the transmission
coefficient of the oscillation velocity, a:

o (5)

a=
2u+m

Then, according to the physical definition of the
sound insulation, the equation (6) is derived. And
it's form is very close to the formula of the "Mass
Action Law":

Rmari = 10i.9‘$ =10lg (1 +i)2 =101g (1 + ﬁ)z - ©
= 10|g(1 +‘;u—”;f)2, [dB];

where o — is the transmission coefficient of the
oscillation velocity into the plate; /—is the current
frequency, [Hz]; m — is the surface density of
the plate, [kg'm?]; p, — is the air specific weight,
[kg'm?]; ¢, —is the sound speed in the air, [m-s™];
u, — is the reduced mass of an air, [kg-m~].
After the wave coincidence frequency, f,, the
partition is working by the scheme "b" in the
figure 3: the air from both partition sides is also
represented as the masses x, and u,, and the
partition becomes to be the "waveguide" with the
reduction mass u,. This time, the reduction mass of
the air virtually strikes both the reduction mass of
the envelope and the reduction mass of the air over
it. After the similar form of the system consisting
from the momentum conservation law and the
energy conservation equations, the formula (7) is
obtained. It characterizes the sound insulation by
the "Mass Action Law" after the wave coincidence
frequency.
2
Rmarz = 10lg 5 = 101g (1 +2)" =

= 10lg (1 + 5 "), [dB];
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where x, — is the reduced mass of the partition
material, [kg-m?].

The equations (6) and (7) allow to find sound
insulation values at the two conventionally
distinguishing frequency ranges of the standard
spectrum. The third range begins from the
frequency of 65 [dB] in the engineer designs.
The shear and the dilatational waves play a
predominant role here for insulation defining,
against the flexible waves at the previous ranges.
Accordingly the normative documents, the graph
is shown as a horizontal straight line at the third
frequency range.

It is well known, that the resonance phenomena
have an influence on the insulation figures at the
definite frequencies. The resonances appear each
times, when the integer number of semi-length
flexible waves place by the length or by the width
of the isolating plate. The resonance correction can
be taken near 6 [dB] in average during the engineer
calculation performing. The simple formulas (8),
(9) are derived in case of air environment, minus
resonance corrections, from the formulas (6), (7)
respectively, that to draw the insulation graphs.

Rumari = 20lgmf — 48, [dB]; (8)
RmaLz = 201gmf — 58, [dB]. 9)

Let's consider the noise propagation by the
path "A". The masses of the separate layers
and the elasticity of air between them make
their contribution to the insulation values
simultaneously. Accordingly the criteria (1), there
will not be the oscillation movement in the air
gap at the low and the middle frequencies, so,
up to the ultimate air oscillation frequency in the
gap, f,,., the sound insulation on the direct way
will contain the sum of insulation by the model
"a" or "b" (depending from the wave coincidence
frequency for the several layers) and the insulation
by the model "c" in figure 3, formula (10):

Rf* = RyaL + Ra; [dB]; (10)
where R, - is the sound insulation value by
equation (8) or (9), [dB], and that, only the mass
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the most thick layer is taken into consideration due
to the instantaneity of the movement transmittance
through the all layers; R _— is the sound insulation
by the formula (11), [dB].

f

R, = 20lg |1 - (—)2|, [dB];

r (11)

where 1, — is the free oscillation frequency of the
system, [Hz], by equation (12):

f _ 60 . my +m2’
07 Va mymy’

where a — is the width of an air gap, [m]; m, and
m.,, — are the surface densities of the first and the
second layers respectively.

Atthe range of /> f  the oscillation movement
in an air gap begins and the model "c" fall into two
sequentially working models "a" or "b" depending
of the coincidence frequency value of the layers.
Thereafter, the equation (13) will be applied at
the conveniently second frequency range of the

path "A":

[Hz]; 12)

Rit = Riar + Riars[dBl  (13)
where R' ~andR3 —arethe sound insulations
for the first and for the second layers respectively,
which are calculated by the formula (8) or (9).
Here, also, there will be the lowering of insulation
because of the wave resonances in the air gap
[20]. These resonances performing lays beyond
the framework of this issue. The figure 4 depicts
the conventionally insulation curve by the way
"A", that is marked by figure "2"; and the plot
of the resonance beginning, which is written by
figure "3".

The graphs of insulation by the paths "B" and
"C" can be obtained on the base of concentrated
parameters models application with the usage of
transmittance and reflection coefficients at the
junctions of considering constructions, but the
engineer design permits to take into account the
influence of indirect sound ways propagation only
through the drawing of additional insulation curve
for the insulation of construction layer by the mass
action law formula. This additional insulation
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Figure 4. The sound insulation plot of insulation
spectrum for the double layer envelope: 1 —is the
graph by the mass action law formula (without
taking into consideration the wave coincidence
phenomenon); 2 —is the curve by the direct sound
way propagation, 3 — is the direct way curve segment
with insulation lowering due to the resonances; 4 — is
the line of the additional insulation to the insulation
of one layer defined by the mass action law formula,
5 —is the compound calculation curve

Alexander V. Zakharov, Ivan P. Saltykov

appears due to the losses of oscillation energy in
partition's construction layers at the points of their
connection with the laterally adjoining walls and
slabs, the line 4, figure 4.

The additional insulation value varies from 6 to
12 [dB], the line 4, in the case of tight connections
between the walls and slabs, which except hinges
and resilient pads.

The resultant sound insulation plot is defined by
that way, where the maximal sound transmittance
is possible, like the compound curve "5" at the
figure 4.

3. RESULTS AND DISCUSSION

For an instance, let's graph the insulation curve for
the double layered inter-flat separate wall from the
gypsum concrete, which is belonged to the typical
design of a large-panel building by the Soviet

Table 1. The calculation of double-layered

partition's insulationby the way of sound propagation "A" for the example above

Material Gypsum concrete
Layer thickness, h, (m) 0,08
Width of the air gap, a, (m) 0,04
Surface density, m, (kg-m?) 96
Current frequency, f, (Hz) 100 | 200 | 400 | 800 | 1600 | 3200
Density, p, (kg'm™) 1200
Elasticity modulus, E, (N-m) 7-10°
Dilatational waves velocity, ¢, , (m's™) 2465
Limiting frequency, f,., (Hz) 326
Ultimate frequency for the wall material, / , (Hz) 5135
R, »(H2) 32 38
R, .. (HZ) 34 | 40 46 52
Ultimate frequency for the air gap, /,, ., (Hz) 1417
Sound insulation, R , (Hz) 13 26 39 51 63 75
Free vibration frequency, f;, (Hz) 43
Sound insulation, R? , (Hz) 44 64 39 51
Sound insulation, R , (Hz) 91 103
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series 12335, [21]. The scheme of construction is
similar to figure 2, it has the layer's thickness, &, =
h, =80 mm, and the air gap width, @ = 40 mm. The
main design parameters and computation results
are represented in table 1, the graphs are shown
in the figure 5.

The obtained compound curve «6», figure 5,
doesn't entirely match with the curve of the
field measurements «7», but the same time, it's
insulation values lay rather close. The absence of
full result coincidence of the given method with
the experiment, can be explained by the number
of factors, like unknown accurate information
on the light-weight concrete mark, on conditions
of fixing and measurement. Nevertheless, the
gained in this and in another ones calculations
results can witness about the theoretically correct
calculation performing and about the verity of
posing a task for application the acoustic models
with the discrete parameters in case of double
layer enclosures.

4. CONCLUSIONS

Finally, the following conclusions can be done:
1. It is necessary to take into consideration the
direct and indirect ways of sound propagation in

\Volume 16, Issue 4, 2020

Figure 5. The sound insulation plot of insulation
spectrum for the double inter-flat wall from gypsum
concrete with the layer thickness of 80 mm and air
gap of 40 mm: 1 — is the graph by the mass action
law formula (8) for one layer's insulation up to the
limit frequency, 2 — is the graph by the mass action
law formula (9) for one layer's insulation after the
limit frequency; 3 — is the direct way insulation
curve, 4 — is the graph of additional insulation
to the graph of one layer insulation by the mass
action law before the limit frequency; 5 — is the
graph of additional insulation to the graph of one
layer insulation by the mass action law after the
limit frequency, 6 — is the resultant curve; 7 — the
field measured data

the process of calculation of the sound insulation
for the double layered partitions.

2. While being treated with the directly air-born
sound propagation calculation through the double
layered enclosure, the two diapasons at the graph
can be derived. They are: the frequency spectrum
part, where the insulation is defined simultaneously
by the structure’s surface weight and by the dump
and elastic qualities of the air; and the next one,
where the insulation computed by the "Mass Action
Law" in the frequency range above the ultimate
frequency at the air gap for two layers summarily.
3. The indirect way of sound propagation through
the adjoining constructions at the engineer
calculation can be taken into account by the
drawing line of additional insulation to the graph
of the one of the layer's insulation, obtained by
the "Mass Action Law".

4. The application of the described above engineer
method of the sound insulation's calculation with the
usage of the models with the concentrated models
approximately allows to find the sound insulation
values for massive double layered building partitions
across the entire standard frequency range.

It should be pointed out, that the represented
calculation method need a further theoretical
improvement and an experimental approbation.
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YIIEJ U3 ’KU3HA BUTAJINI UBAHOBUY COJIOMUH

26 anpens 2020 roma ymien U3 JKM3HH WIEH PEIaKIIMOHHOTO COBETa MEXIy-
HapoOAHOTO HaydHOro XXypHaina “International Journal for Computational Civil
and Structural Engineering”, akagemuk Poccuiickoll akageMuH apXUTEKTyphI H
CTPOUTEIBHBIX HayK, Ipodeccop, JOKTOp TEXHUUECKNX Hayk Buramuii MiBanoBuy
ConomuH.

Tpynosast u TBopueckast gesrenbHOCTh B.W. ConomuHa Ha IpOTSHKEHUH Ooliee
YeM CEeMH JIECATHIIETUM — TOCTOMHBIN TpUMep Uil oJIpakaHusl MOJIOJOMY ITOKO-
JICHUIO0, BOCTIMTAHUIO KOTOPOTO OH BCETA YACISUI U YAeIsieT O0IbII0e BHUMAHHE.

Ms! 3HaeM Buranust VBanoBu4a kak KpynmHOTo, Ipu3HaHHOTO B Poccnu u 3a
PpyOeKoM y4eHOTo B 00JIaCTH CTPOUTENILHON MEXaHHUKH, IOIYyYHBIIETO BBIAAIOIINECS
pe3yabTaThl, CBSI3aHHBIC C PEIICHHEM HEJTMHEHHBIX 33/1a4 pacuyeTa 1 ONTHMAalIbHOTO
MIPOCKTUPOBAHMS (PYHITAMEHTHBIX KOHCTPYKIMI U X OCHOBAaHUI, OCHOBATEJIS U Py-
KOBOAMTEISI KPYITHOM HayYHOM IIKOJIBI, PaboTa KOTOPOI TPaJUIIHOHHO ObliIa HAIIPaBJICHA Ha COBEPIIEHCTBOBAHNE METOJIOB
pacdera ¥ IPUHIUIIOB KOHCTPYHPOBAaHUS (DyHIAMEHTHBIX KOHCTPYKINH, ONBITHOTO OPTaHU3aTOpa HayKH, 00Opa30BaHMs
1 TIPOCBETUTEIHCKOMN JIESITEIbHOCTH.

[Ipodeccuonanbuas nesrensHocTs B.M. ConomuHa Oblta HEOIHOKPATHO OTMEYEHA BBHICOKMMH T'OCYJapCTBEHHBIMHU
HarpazaMu ¥ MOYETHBIMHU 3BaHHUSIMH, B UHCIIE KOTOPBIX OpJeH «3Hak [loueray, HarpyaHblii 3Hak MUHHCTEPCTBA BBICILIETO
obpazoBanus CCCP «3a ominuHbIe ycrexu B padboTe», Meaaib «S50 et [Tooeapt B Benukoii OTeuecTBEHHOM BOWHEY, 3Ba-
nus Jlaypear I'ocynapcteennoii mpemun CCCP 3a 3acinyru B 001acT HayKd B TeXHUKH, [lodeTHbIN cTpouTens Poccuw,
3acmyxeHHbIl neatens Hayku U TeXxHukn PCOCP, [TouetHslii rpakaanuH T. YenssOuHCKa U ApyTHE.

Caetiast mamsaTh 0 Buranun VBaHoBuue, BEIIAIONIMMCS YIYEHOM M PYKOBOJIHUTENE, HABCETJA COXPAHUTCS B MAMSITH
KOJIJIET U YYEHHUKOB.

Peoarxyuonnwviti Cogem medcoyHapooHo20 HAYUHO20 JHCYPHALA
“International Journal for Computational Civil and Structural Engineering”
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YIIEJ U3 JKU3HHA BJIAJTAMUP TEOPTUEBHUY BEJIbCKUAM

B oxTs10pe aTOro roja nocie HENPOAOHKUTEIBHOW 00JIe3HN Ha 63-M TOY JKU3HH
yMep 3aMeCTUTENb TNIABHOTO pefakTopa xKypHana Bragumup ['eopruesny benbckuid,
MPU3HAHHBIM CIIENHaINCT B 00JIaCTH pa3pabOTKU M BHEIPECHUS BBICOKOTIPOHM3BO-
JIUTEJIBHBIX YUCIICHHBIX METOJOB ISl PACUueTOB M ONTHMAJILHOTO TPOCKTUPOBAHUS
CTPOUTEIBHBIX KOHCTPYKILUH U COOPYKEHHH.

Bnagumup I'eopruesuu poamics B 1958 rogy B Kuese. [1o okoHyanuu o0ydeHus
B MOCKOBCKOM TOCY/IapCTBEHHOM CTpouTeiabHOM yHHBepcutere (MI'CY) mo cnenu-
AIIBHOCTH «TEOPUsl COOPYKeHui», Biagumup ['eoprueBuy npenogasai u padboran Haj
KaHJM/IaTCKOM nuccepranyeil Ha kadenape npukiaagHoil maremarukun MI'CY. Tocne
3alIMTHl KaHAWJATCKOM JMCCepTaluy MPOAOIDKHUI CBOIO HAyYHYIO JIESITEIbHOCTh B
LleHTpaJbHOM HAY4HO-HCCIIEI0BATEIBCKOM MHCTUTYTE CTPOUTEIBHBIX KOHCTPYKIUH
(THUUCK nm. B.A. KyuepeHko), rie yCrenHo Bo3IIaBIsiI Jad0paTopHIo ONTUMHU3AIINH
CTPOUTEIBHBIX KOHCTPYKIIMH OT/ICJICHHSI TEOPUU COOPY)KEHUH U YNCIICHHBIX METOJIOB.

B 1993 rony B.I. benbckuii npuHsI NpUIIalieHHe Ha MPOBEJCHUE HAYYHBIX HC-
cienoBanuii B Tpoiickom nonurexundeckom nHctutyte, CIIA (Rensselaer Polytechnic Institute (RPI) in Troy, New
York). [Tocneanue 24 rona on padoran B koproparnuun HKS-Abaqus, CHIA (teneps Dassault Systémes Simulia Abaqus)
— pa3paboTurKe 3aBOCBABIIIETO IPU3HAHNE BO MHOTHX CTpaHaX MUpa, B TOM duciie B Poccun, mporpaMMHOTO KOMILIEKCa
Simulia Abaqus /1 pacueTa MEXaHHYECKHX CUCTEM, BKIFOYas yHUKAJIbHBIC 3[JaHUsI U COOPY)KEHHUs. B 9TOM KonsiekTuBe
OH BO3IVIABJISLI JIeMapTaMeHT pa3paboTKU IIPOrpaMMHOTo 00ecrieueHu s Il pEILICHUS CUCTEM alireOpandecKnX ypaBHeHUH
U 1poOsIeMbl COOCTBEHHBIX 3HAYCHUH (pemraresneil) OONbIIoNH U CBEpXOOIIBIION pa3MEpPHOCTH ISl YUCIEHHOTO pacyera
COOPY)KEHHH Ha MPOYHOCTb, YCTOMYMBOCTD U AMHAMUYECKUE BO3ieHCcTBU. [10 MHEHMIO pyKOBOIHTEINEH KOPIIOpAIMY U
xosuer B.I'. benbckuii, Onarogapst cBoei BBICOKOH ApYIUIIMU B MaTeMaTHKE U MEXaHUKe, a TAKXKE JINJIEPCKUM KadeCcTBaM,
OKazaJl CyIIeCTBEHHOE, IOCIIeI0BaTeIbHOE, HOBATOPCKOE BIMSHKIE Ha TEXHOJIOTHYECKHE PEICHHs IIPU pa3paboTKe Ipo-
IrpaMMHOTO 00eCIIeueHH st IJIsl KOMITBIOTEPHOTO MOJICIIMPOBaHMsI KOHCTPYKIMI 1 coopykeHuid. [Ipu atom, Gosbioe BHU-
MaHH{E OH Y/IEJIsUT PEHICHHIO PAKTUYECKUX NPUKIIAJHBIX 33/1ad.

Bnamumupa ['eopruesuya ommyany HezaypsiiHbIE CIOCOOHOCTH, BHICOKHE YEJIOBEUECKUE KaueCTBa, eIeyCTPEMIICH-
HOCTB, TPYIOII00HE, ONTUMH3M, JIIOO0Bb K CBOCH CEMbe, JOOPOKEIaTeIbHOCTh, TOHKOE YyBCTBO FOMOpA.

Cgetinast mamsth 0 Bmagumupe ['eoprueBnue benbckom OyneT BeUHO JKUTh B CEpAliaX U MaMsTH TeX, KTO €ro 3HaJl.

BripaskaeM HCKpeHHHE COOO0JIE3HOBAHUS POIHBIM, OJIM3KUM M KOJUIEraM B CBSI3U C HEBOCIIOJHUMOI yTpaToii.

Peoaryuonnuiii Coem mexncoOyHapoOH020 HAYUHO20 HCYPHALA
“International Journal for Computational Civil and Structural Engineering”
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YIIEJ U3 ’KU3HA IOPUI MUXANJIOBHY BA’KEHOB

13 nexabpst 2020 roga ymén u3 xusnu Opuii Muxaiinosud baxxeHoB — BbIato-
muiics yuénslii-matepuanoses, akageMuk PAACH u PUA, 3acnysxeHHbII! nesTens Ha-
yku Poccuiickoit @eneparuu, [TouétHeiii crpoutens Poccun, MockBel 1 MOCKOBCKOI
obnacrty, crpoutens baiikoHypa, npe3ueHT MexyHapoaHOW acColalu y4EHBIX
U CIELUAIIMCTOB B 00JIACTH CTPOUTEIHHOIO MaTepHaioBeIeHHsI, NOUETHBIN npodec-
cop benroponckoro TexHonorndyeckoro yuusepcutera um. B.I. Illyxoa, mouéTHsIi
JIOKTOp BeiiMapckoil BBICIIEH HIKOJIBI 110 apXUTEKType U cTpouTesbeTBy (I'epmanmst),
mpejcenaTenb CHelUaTIn3ipoBaHHOrO quccepranuonHoro coseta HUY MI'CY no
CTPOMTENBHBIM MaTepuajaM, U31EIUIM U CTPOUTEIBHOMY MaTepHAIOBEICHUIO, UJICH
PEeAKOJIETHI BEAYIIMX HAy4YHBIX JKypHAJOB IO CTPOUTENHCTBY U CTPOUTEIBHOMY
MaTepHaoBeACHUIO (B TOM uucie wieH PenaknuonHoro CoBeTa MeXAyHAPOIHOTO
Hay4HOTo XypHana “International Journal for Computational Civil and Structural
Engineering”), mpogeccop, JOKTOp TEXHUYECKUX HayK, MHOTOJETHHH 3aBEyIOIUH
kadeapor « TeXHONIOTH BSUKYIIMX BEIIECTB U OETOHOBY.

Opuii MuxaiinoBuu baxkeHOB — 0CHOBATENh HAYYHOMH IIKOJIBI COBPEMEHHBIX IPO0OIeM OETOHOBEICHHS i TEXHOJIOT T
CTPOUTEJBHBIX KOMIIO3UTOB TMIPATAlMOHHOTO TBEPCHUS, B TOM YHCIIC Ha BSDKYLIMX BEIECTBAaX HU3KOW BOJONOTpEO-
HOCTH U C UCMOIb30BaHNEM IeJIMOTEXHOJIOTMHU B YCJIOBHSX CYXOT'0 M JKapKOro KJIMMara, 3HauUTeJIeH €ro BKJIaJ B CO3JJaHHe
HOBBIX BHJIOB OCTOHOB Pa3JIMYHOTO Ha3HA4YCHHs, 00JaJafolMX YHHKaJIbHBIMHU JKCIUTyaTallHOHHBIMHU I10Ka3aTelsiMH, B
pa3BUTHE TEOPHU UX MPOCKTUPOBAHMS U NPOTHO3UPOBAHHMSI CBOMCTB, B Pa3pabOTKy COBPEMEHHBIX METOJOB UCIIBITAHUN
CTPOUTEIBHBIX MaTEPUANIOB.

IO.M. Baxxenos poauics 25 maprta 2020 roga B MockBe, B ceMbe BO€HHOCTykatero. B 1954 rogy oxonunn Unxe-
HEpPHO-CTPOUTENIBHBIHN (akynbreT BoeHHO-uHKEeHepHOH akanemun uM. B.B. KyliObimeBa v Obl1 HarpasiieH CIyXUTh Ha
Cesepublit Boenno-mopckoii Do, rae cTpori 000pOHHBIC 00BEKTHI [T YKpEIUIeHUs Oe30macHoCTH Haiiel Poxaunel. B
1960—-1970 roner cinyxun B BoeHHO-uHXeHepHO# akanemuu uM. B.B. KyiiObieBa Ha pa3nuyHbIX HAayYHBIX M I1€1aro-
THUYECKUX JTOJDKHOCTAX. B 1960 romy 3amuTii auccepraliio Ha COMCKaHUe YUEHOH cTeneHn Kanauaara, a B 1965 romy
— nokrtopa texHuyeckux Hayk. C 1975 roga FO.M. baxxenoB 3aBenoBan kadenpoii « TeXHOIOrHN BSKYIIMX BELIECTB U
6eronoB» MUCH nm. B.B. Kyiiosiesa — HUY MI'CV.

Pabotast B MOCKOBCKOM rOCyIapCTBEHHOM CTPOUTEIbHOM yHUBepcuTeTe, HO.M. baskeHOB poBoinit 00JbIy0 padoTy
T10 TIO/ITOTOBKE NMPO(ECCHOHANBHBIX, HAYYHBIX U ME1arOTMYECKUX KaJpOB, BHICOKOKBATU(PHUIIMPOBAHHBIX CIIEIINAIUCTOB,
KOTOPBIE YCIELIHO paboTaloT BO MHOTHX BEIYIINX OPTaHU3aIMIX CTPOUTEIILHOM OTPACiv B pa3InYHbIX pernonax Poccun,
OBIBIIIMX COFO3HBIX PECITyONIMKAX 1 B Psizie 3apyOenHbIX cTpaH. OH aKTHBHO Y4acTBOBAJI B CTAHOBJICHHU CHCTEMBI IIOCIICBY-
30BCKOTO MPO(ECCHOHATBFHOTO 00pa30BaHKsI CTPOUTEIILHBIX KaapoB. MM moarotoBieHo 12 TOKTOpOB U 65 KaHIUIATOB
TEXHUYECKHUX HayK. Pe3ynbTaTel Hay4HO-HUCCIIE0BATENbCKUX HAYK, BBIMOIHEHHBIX oA pykoBojacTBoM FO.M. baxeHosa,
LIMPOKO BHEAPEHBI B COBPEMEHHOM CTPOUTENLCTBE U MOIYUMIN MPU3HAHUE HA MHOTUX MEXKTyHApPOAHBIX U POCCUICKIX
Hay4YHBIX KOHIPECCcax U KOH(EPEHIUsX.

3a Bpemsi pabotel B MUCU-MI'CY 10puem Muxaiinosuuem omyOnukoBans! 250 GyHIaMEeHTaIbHBIX HAayYHBIX TPY/IOB,
60 m300peTeHuii, 35 MoHOrpaduii, y4eOHHKOB M yUEOHBIX MOCOOUH, KOTOPBIC MIUPOKO HCIOIB3YIOTCSI KaK B YYCOHOM
MIPOIIECCe MHOTUX POCCUHCKMX CTPOUTEIBHBIX By30B M CTPOUTEINILHBIX BY30B OJIMKHETO 3apyOeKbsi, TaK U B CPEJIE CIICIH-
AJIUCTOB CTPOUTENIBHONW UHTYCTPHH.

3a cBOIl JTOOPOCOBECTHBIN M TIONOTBOPHBINA TPy Ha OJIaro CTPOUTEIbHON Hayku u oOpa3oBanust FO.M. baxeHos
Obu1 HarpaxaéH opaeHamu «3Hak [Touéra» u «VHxeHepHas cllaBa», OMMHHAALATHIO METAJIIMH, MHOTHMH TOUYETHBIMU
rpaMoTaMH U 3HaKamH, craj jaypearoM npemuit Cosera MunuctpoB CCCP u Ilpasutensctsa Poccuiickoit @eneparui.

Caemnas namsats o FOpun Muxaiinosude baxkeHoBe, BBIIAIOIIMMCS YUEHOM, TAJIAHTIMBOM OPTaHU3aTOpPE U PYKOBO-
JuTenie, OarokenareabHOM, BHUIMATEILHOM M YyTKOM K IIpo0JiIeMaM JIpyrHX YelIOBEKe HaBCETa COXPAHUTCS B MaMsTH
KOJUIET 1 MHOTOYMCIICHHBIX YYEHUKOB.
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