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AIMS AND SCOPE

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

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

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

MesxayHnapoanblii HayuHbli :kypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHblii ;KypHAJI M0 pacyeTy rpaxIaHCKUX U CTPOUTEIbHBIX
xoHcTpykuuii)” (IJCCSE) sBnsercs BeayiuM HayuyHbIM NEPUOAMUECKUM U31aHUEM I10 HAIIPABJICHUIO
«MHXKeHepHble U TEXHUUECKUE HayKny, n3aaBaeMbIM, HaunHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B )xypHayie Ha BBICOKOM Hay4YHO-TEXHHYECKOM
YPOBHE paccMaTpUBAIOTCS IPOOIEMbI YHCIEHHOTO U KOMIIBIOTEPHOT'O MOICTMPOBAHUS B CTPOUTEIIHCTBE,
aKTyaJIbHble BOIPOCHI pa3pabOTKH, UCCIEIOBAHNUS, Pa3BUTHS, BepU(UKaIluK, anpodaluy U MPHIIoxKe-
HUM YUCIICHHBIX, YUCIEHHO-aHAIUTUYECKUX METO/I0B, IPOrPAMMHO-AJITOPUTMHYECKOTO 00eCTIeUeHHUs
Y BBITIOJIHEHUSI aBTOMATU3MPOBAHHOTO TIPOEKTUPOBAHMSI, MOHUTOPHHIA U KOMIUIEKCHOTO HAYKOEMKOTO
PacyeTHO-TEOPETUYECKOTO U HKCTIEPUMEHTAILHOTO 000CHOBAHUS HANPSKEHHO-Ae(POPMUPOBAHHOTO (U
MHOTI'0) COCTOSIHUSL, TPOYHOCTH, YCTOMIMBOCTH, HA/IEXKHOCTHU 1 0€30I1aCHOCTH OTBETCTBEHHBIX OOBEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPTeTHKH, MAILIMHOCTPOSHHUS, TPAHCTIOpTa, OHO-
TEXHOJIOTHH U JJPYTHX BBICOKOTEXHOJIOTUYHBIX OTPACIIEH.

B penakiirioHHbII cOBET *KypHasa BXOIAT U3BECTHBIE POCCUICKNE U 3apyOeKHbIE IeATeNTN HAyKU
Y TEXHUKU (B TOM YHCIIE aKaJIEMHUKH, YWICHBI-KOPPECTIOHICHTHI, THOCTPAHHBIE WICHBI, TOYETHBHIE YICHBI
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,
MOCTYMAIONIUX B PEAAKIIMIO MAaTEPHAJIOB.

Kyprnan exooum 6 Ilepeuers BAK P® gedywux peyenzupyemvix HaAyuyHvlX U30aHUll, 8 KOMOPbLX
00124CHbL ObIMb ONYONUKOBAHBI OCHOBHbIE HAYYUHbLE PE3YIbMAMbl OUCCEPMAYULL HA COUCKAHUE YYEHOU
cmeneHu Kanouoama HayK, Ha COUCKAHUe YYeHOoU cmenenu 0OKmopa HAyK 10 HAay4HbIM CIEeLUalb-
HOCTSIM M COOTBETCTBYIOIIUM UM OTPACIISIM HAYKH:

* 1.1.8 — Mexanuka eopMUpyeMOro TBEpOIo Tea (TEXHUYECKUE HayKH),

* 1.2.2 — Maremarudeckoe MOJETMPOBAHUE YHCIIEHHBIE METO/IbI M KOMILJIEKCHI IPOrpaMM

(TeXHUUYECKHUE HAYKH),

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

*2.1.2 — OcHoBanus ¥ GyHAAMEHTHI, 10JI3EMHBIE COOPYKEHUS (TEXHUUYECKUE HAyKH),

* 2.1.5 — CTpouTenbHble MaTEpUAIIBl U U3ENNS (TEXHUUECKUE HAYKH),

* 05.23.07 — TuapoTeXHUYECKOE CTPOUTENBCTBO (TEXHUUECKHE HAYKH),

* 2.1.9 — CTpoutenbHas MeXaHUKa (TEXHUUYECKUE 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
Belyle ONOIMOTEKN U HayYHble OPTaHU3al1 MUDA.

M3narenn xypHaaa — Mzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8blCUIUX YUeOHbIX 3a6e-
oenuti /ACB/ (Poccus, . Mocksa) u 1o 2017 rona Mzoamenvckuii oom Begell House Inc. (CUIA, 1.
Hero-Mopk). OpuIuaisHpIMI HapTHEPAMH H3IAHUs SBIseTCs Poccutickas akademus apxumexmypol
u cmpoumenvhuix Hayk (PAACH), ocyiiecTBistomnas HayyHOe KypUpOBaHue U3aHust, u Hayuno-uc-
cnedosamenvckuul yenmp Cma/{uO (3A0 HULL CtaluO).

Iesm KypHaJa — JIEMOHCTPUPOBAThH B MyOIUKALMAX POCCUICKOMY M MEXIyHAPOAHOMY IIPO-
(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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Penen3upoBanue. Bce HayuHbIe CTaThW, MOCTYNUBIIME B PEAAKIUIO JKypHAJA, MPOXOIST
o0s13aTeIbHOE JIBOMHOE clIernoe pelieH3MpoBaHue (PELEH3EHT HE 3HAeT aBTOPOB PYKOMMCH, aBTOPHI
PYKOIMCH HE 3HAIOT PELIEH3EHTOB).

3auMcTBOBaHUS M Muaruar. PenakumonHasi KoOJUIerus KypHaia Mpu pacCMOTPEHUH CTaThbU
IIPOBOJIUT MPOBEPKY MaTepuaia C MOMOIIBI0 CUCTEMBI «AHTHILIAruaT». B ciydae oOHapyxeHus
MHOT'OYHMCIIEHHBIX 3aMMCTBOBaHHUM pelakiys 1eHcTByeT B coorBeTcTBUU ¢ nipaBuiamu COPE.

Ioanucka. XXypHan 3apeructpupoBan B defepaibHOM areHTCTBE MO CPEACTBAM MacCOBOM
nH(pOPMAIK U OXpaHbl KyJIbTypHOTro Hacnenus Poccuiickoii @eneparun. Muaaekc B o0mepoccuiickom
karanore POCIIEYATD — 18076.

[To BompocaM MOANMCKK HAa MEXKIyHApPOJIHBIA Hay4dHBIM xKypHan “International Journal for
Computational Civil and Structural Engineering (Me>xayHapoaHbIi )KypHaJ O pacyeTy rpaxIaHCKUX
U CTPOUTENbHBIX KOHCTPYKINI)” oOpamaiitech B AreHTcTBO «Pocneuars» (OduimaibHbIil caiT B
cetu UnTepHeT: http://www.rosp.ru/) uin B U31aTeIbcTBO ACCOIMAITIN CTPOUTETHHBIX By30B (ACB)
B COOTBETCTBHUH CO CIIEIYIOIUMHI KOHTAKTHBIMU JIaHHBIMU:

000 «H30amenvcmeo ACB»

Opunnueckuii anpec: 129337, Poccus, . Mocksa, SIpocnasckoe 1., 1. 26, oduc 705;

®akruueckuit aapec: 129337, Poccus, . Mocksa, SIpocnasckoe 1., 1. 19, xopm. 1, 5 atax,

oduc 12 (TL Cone Momn);
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WNHuTepHeT-caliT: www.iasv.ru. AJipec 3JeKTPOHHOM MOUTHI: 1asv(@iasv.ru.

KonrtaktHast ungopmauus. [1o Bcem Bonmpocam padoThI peiakiiu, peleH3upOoBaHus, COTIIACO-
BaHMs MIPABKHM TEKCTOB M MyOJIIMKAILIMK CTaTel clieayeT o0palarhes K NaBHOMY peJakTopy KypHasa
yneny-koppecnonaeHty PAACH Cuoopogy Baraoumupy Huxonaesuuy (agpeca 3IeKTPOHHON MOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) uim K TEXHHYECKOMY
penakropy xkypHaina coBeTHUKY PAACH Kaiimykosy Tatimypazy bampazoeuuy (anpeca 3J1eKTPOHHOM
noutsl: tkaytukov(@gmail.com; kaytukov(@raasn.ru). Kpome Toro, mo ykazaHHBIM BOIIPOCaM, a TAKKe
10 BOMPOCaM pa3MelIeHHs B )KypHaJjle PeKIaMHbBIX MaTepHaioB MOKHO 00paIlaThCs K TeHepaIbHOMY
mupektopy OO0 «MznarensctBo ACB» Huxumunoti Hadescoe Cepzeesne (aipeca 371€KTPOHHOM 110-
9T iasv(@iasv.ru, nsnikitina@mail.ru, ijccse@iasv.ru).

Kypnaa cranoButcsi Texnojoruunee. MznarensctBo ACB ¢ centsaops 2016 rona siisieTcst
yiieHOM MeXyHapoHOM acconmanuu u3zaareneil HayuHoi nuteparypsl (Publishers International
Linking Association (PILA)), ocymecTBastoneil cBoto nearenbHocTh Ha miuatgopme CrossRef.
OpurvHaJbHBIM CTAThIM, MMyONUKYEeMBbIM B KypHase, OylayT MpHCBaMBaThbCsl YHUKAJIbHBIE HOMEpa
(uapexcel DOI — Digital Object Identifier), uTo 3Ha4UTENBHO OOIETYUT MOMCK METAIAHHBIX U MECTO-
HaXOXKJEHHE MOJIHOTEKCTOBOTO IpousseneHus. DOI —3To cuctema onpeneneHuss HAyYHOro KOHTEHTa
B ceTtu MHTepHeT.

C okTs10pst 2016 roma cran BO3MOXKEH MTPUEM CTaTE HAa PACCMOTPEHUE U PELIEH3UPOBAHNE Yepe3
OHJIaMH cucTeMy npuemMa ctareit Open Journal Systems Ha caiiTe )KypHasia (3J€KTpOHHAS PEIaKIINS):
https://ijccse.iasv.ru.

ABTOp IMEET BO3MOKHOCTb CIICAUTH 32 MPOABIKEHUEM CTAaThU B PEAAKIMH KypHaJIa B INYHOM
kabunere Open Journal Systems 1 nosay4yarb COOTBETCTBYIOIINE YBEIOMIIECHHS 10 AJIEKTPOHHOM IOYTE.

B ¢eBpane 2018 roga >xxypnain Obl1 3apeructpuponat B Directory of open access journals (DOAJ)
(3TO OIMH U3 CaMBIX U3BECTHBIX TIOMCKOBBIX CEPBHUCOB B MUPE, KOTOPHIN MPEAOCTABISAET OTKPBITHIN
JOCTYI K MarepuaiaM U MHICKCHUPYET HE TOJbKO 3aroJOBKH KYpHAJOB, HO M HAay4YHbIE CTaThH), B
centsa6pe 2018 rona BxitoueH B nmpoaykTsl EBSCO Publishing.

B HOs16pe 2020 rona xxypHanI Havall MHACKCHPOBATHCS B MEXKTyHAPOIHOM 0aze Scopus.
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MIXED SCHEME OF THE FINITE ELEMENT METHOD
FOR CALCULATING CABLE SYSTEMS

Aleksandr V. Baenkhaev
Far Eastern Federal University, Vladivostok, RUSSIA

Abstract: A methodology for constructing variational formulations and solving geometrically nonlinear mixed
problems by the finite element method is considered using the example of equilibrium of a flexible tensile
thread. The results of solving the model problem are presented.

Keywords: geometrically nonlinear problem, equilibrium of a flexible tensile thread, variational formulation,
finite element method

CMEHMIAHHAS CXEMA METOJA KOHEYHbBIX 3JIEMEHTOB
JAJIA PACUETA TPOCOBBIX CUCTEM

A.B. baenxaes
JlampHeBOCTOUHBIN (efepalbHbId YHUBEPCUTET, I'. BnaguBoctox, POCCUA

AHHOTALUS: PaCCManI/IBaeTCH METOAUKA ITOCTPOCHUS BApUAIITMOHHBIX ITOCTAHOBOK U PCIICHUS T'€OMETPHUICCKNU
HEJIMHEHHBIX CMENIaHHBIX 3a7a4 METOAOM KOHCYHBLIX 3JICMCHTOB Ha IIPUMEPE paBHOBECUA THOKOI paCTH)KHMOfI
HUTH. HpI/IBeZ[eHI:I PE3YyJabTaThbl PEHICHUA MO,HeJ'H:HOfI 3aaa4u.

KuroueBble cjioBa: reOMETPUUECKH HEJIMHEHHAs 3a7a9a, paBHOBECHE THOKOM pacTsDKUMON HUTH,
BapUallMOHHAsI [IOCTAHOBKA, METOJI KOHEUHBIX 2JIEMEHTOB

INTRODUCTION

The study of the behavior of cable systems is of
great importance for solving many practical
problems: underwater cable systems (hydro-
biotechnical structures [1], fastening systems for
floating oil and gas production platforms [2]), in
the design and operation of overhead power
lines, etc. Moreover, with the development of
technology, the range of applications of the re-
sults and methods of dynamics and statics of
cable systems is steadily expanding.

Differential formulations of problems in the
mechanics of flexible threads and methods for
solving them are given, for example, in [3]. The
stress-strain state of the thread is described by
the coordinates of the thread axis, tensile strain
and force in the rope. Currently, to solve various
problems of calculating cable systems, numeri-
cal methods based on differential formulations
of problems are used, and modern numerical

methods based on variational formulations of
problems are not used.

In this work, based on a formal mathematical
procedure [4], we show the formation of a varia-
tional formulation of the equilibrium problem of
a flexible tensile thread and a method for solv-
ing a mixed problem by eliminating part of the
unknowns not at the level of the entire region
(as, for example, with block elimination in a re-
solving system of equations), and on the sub-
domain (at the level of the final element). This
approach to solving a mixed problem for degen-
erate problems of structural mechanics was con-
sidered in [5]. The same, in essence, are hybrid
finite element methods, for example [6].

This division of the problem into two levels (for
the subdomain and the entire domain) makes it
possible to construct an iterative procedure for
solving a nonlinear problem, in which a varia-
tional equation at the subdomain (finite ele-
ment) level is used to clarify the values of the
efforts.
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DIFFERENTIAL FORMULATION OF
THE PROBLEM

Let us consider the equilibrium problem of a
flexible thread, the shape of which is deter-
mined by the load and connections. The position
of the flexible thread axis will be described by a
vector of Cartesian coordinates

The stressed state of the thread is characterized
by the force in the thread T (T=20). We denote
the coordinate along the thread axis by s. The
deformed state of the thread is characterized by
relative linear deformation &.

The thread arc differential in the stretched state
ds is related to the thread arc differential in the
initial state dso by the relation:

ds = (1+¢)ds,. (1)

To form equations that take into account various
types of boundary conditions, we will assume
that one end of the thread is fixed, and we will
apply a load to the other.

Then the differential formulation of the problem
of a flexible tensile thread can be written as:

— static equation

i(Té}r Py +p,=0 or
ds\ ds) l+e¢
i(iﬂ}p”ps(m):o

ds,\ 1+ ¢ ds,

2)

— geometric equation

T T
(@] -ﬁzl or ﬁ .ﬁ:(l_i_g)z 3)
ds) ds ds, ) ds,

Volume 20, Issue 1, 2024

— physical equation

E=2r 4)

— kinematic boundary condition at s = 0
X 5=0 = XO’ (5)

— static boundary condition at s = [

Tﬁ =F or T ax =F, 6)
ds|_, I+e&ds)|
Here
pm:{pmlpm2pm3}T — vector of distributed rope
mass loads;
p. :{p51p52p53}T — vector of distributed surface

loads on the thread;

X, = {x01x02x03}T — a given coordinate vector at
the starting point of the rope,

F = {FHFDFB}T — load at the free end of the

thread;

EA — thread stiffness.

The division of the load into mass and surface is
made to take into account the reduction in mass
load per unit length of the thread during tension.

BASIC INTEGRAL FORMULA

To construct variational formulations of prob-
lems that reflect the energy properties of the
system under study, it is necessary that the
structure of the equations admits a certain inte-
gral formula, similar to the formula for integra-
tion by parts and based on a differential operator
included in the static and geometric equation of
the problem.
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Let's introduce arbitrary vectors

with components — functions of the coordinate
So. Let these functions have the required degree
of smoothness to ensure the ability to perform
the required operations. Then the formula for
integration by parts is valid for them:

T
1 da ! db
_[ [—j bds:aTbK)—J. aTd ds,. (7)

0\ ds, 0 ds,

Integral formula (7) transfers the differentiation
operation from vector a to vector b. Let's write
vectors a and b through an arbitrary vector X
and function T in the form:

a=Xu b=———
T

I+——

EA

rT_ &
ds,

and substituting into (7), we obtain the basic
integral formula for the equilibrium problem of
a tensile flexible thread:

J‘l T ax ' ax Js =
j ds, ’

EA
— 1
< T dx
1 L s, (8)

It is obvious that formula (8) is also valid in the
case when the true values of the coordinate vec-

tor X and force T are substituted into it:

Aleksandr V. Baenkhaev

Taking into account relations (2)-(6), we obtain:

1
J‘O T(1+¢)ds, =

I
T T T
=x F, . -x,R, +Ix [p, +p,(1+¢)]ds,,
0
where
dx ) )
R, = Td_ — connection reaction vector.
S 5=0

In this case, the formula takes on a mechanical
meaning. Let's imagine two states of the system.
First, the thread is folded at the origin of the coor-
dinate system. The second state is when the thread
takes on a deformed position that corresponds to
the given fastenings and load. The work done by
the internal force T to unwind the thread from the
first state to the second (the left side of the equality)
is equal to the work that external forces do during
these movements (the right side of the equality).

VARIATIONAL FORMULATION OF THE
PROBLEM

Taking into account that when solving the problem,
kinematic boundary conditions are not difficult to
take into account, we set a geometrically possible
variation to the coordinate vector of the thread x:

X =X+0X, 5X|S ,=0 (10)
and force T — arbitrary variation:
T=T+6T (11)
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Let us substitute them into the main integral
identity (8) and after transformations we obtain
a variational equation for the equilibrium prob-
lem of an extensible flexible thread in the form:

I T 2
lJ‘ oT . ﬁ E_(l_f_i] dso+
20, T |\ds, ) ds, EA
EA

01+

J sax) T _dx .

0 dSO 1+Ldso ’
EA

1 T T
—IO ox {pm +p. (l+aﬂ ds, —

—-0X 120

(12)

or the stationary condition of the functional:
B (x, T) =

dx dx T Y
—| 1+— | |ds, -
O 1+ dSO dSO EA (13)
l T
‘[xT {pm +P. (1+ﬁ) ds, —xTFl

defined on the class of vectors x satisfying kin-
ematic boundary conditions (5).

’ =stat.,

s=

METHOD FOR SOLVING THE MIXED
VARIATIONAL PROBLEM

Functional (13) is mixed. The unknowns are the
forces T and the coordinates of the thread axis X.
To solve this mixed problem, we use the technique
proposed in [5], in which the computational do-
main is divided into subdomains, and it is assumed
that part of the equations of the mixed method is
satisfied in each such subdomain separately.

Let's divide the thread into 7 subareas - ele-
ments. We will denote [” the length of the ele-
ment with number 7 (r = 1,2,...,n). Let us as-
sume that the variational equation is satisfied on
each element:
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2
ST 1T (dxj dx (HTJ ds, -
] 1+ dSO dSO EA (14)
EA
=0, r=12,...n

Then, to solve the entire variational problem
(12), it remains to consider the integral identity:

[[o8) T _dx 0
ds, T ds,

EA

i T
+p.| 1+—||ds, —
_pm ps( EA):| 0

:O,

so=I

1+

(15)

o

- 5XTFZ

defined on the class of vectors x satisfying kin-
ematic boundary conditions (5).

FINITE ELEMENT DISCRETIZATION

Let us construct a finite element method scheme
based on the variational formulation of problem
(14)-(15). Let us define an approximation of the
vector X and force T on the finite element in the
form:

x=N'X', T=[1]-¥ el’, (16)
where N is the matrix of shape functions; X" —
vector of coordinates of nodes of element 7; £ is
the value of the force in element r (force T is
assumed to be a piecewise constant function).
Let us substitute (16) into the first variational
equation (14)

17



and, due to the arbitrariness of the variation of
efforts, we obtain

r

AT crror oy t
(X)HX—l (1+EA

j: 0,r=12,.,n, (17)

T
1 AN’ AN’
L4 t ds, ds,

EA

where H' =

The resulting systems of equations at the finite
element level (17) contain the unknown forces
t" and the squares of the nodal coordinates X.
Let us present the remaining variational equa-
tion (15) as a sum over finite elements:

S| (o) T _dx
r\ds, ) . T ds, ’
EA
}:o.

so=I

Using the approximation of the unknowns in the
form (16), we obtain

—jﬁxT
’

-0x'F,

T
< ATt dN" | dN’ ,
Sioe )| (5] S -

EA

or

Z((a‘x* ) (HX —Pr)) 0

r=l1

(18)
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where
H, =t'H’,

r

Pr=f (N) (pm +p. (1+ ’:fAD ds, +(N') F,

50=I

Performing the usual procedure of the finite el-
ement method to form the global matrix H; and
the load vector P, taking into account the con-
nections between the finite elements and kine-
matic boundary conditions, we come to the so-
lution of a system of algebraic equations for the
unknowns — the vector of nodal coordinates X:

HX=P (19)
The system of equations contains unknown co-
ordinates in the nodes of the system X and un-
known forces in the elements ¢ (implicitly in
the matrix H;).

The final system of algebraic equations has the
form

T’T r r r
(X) H'X -] [1+EA

(20)
HX=P
ITERATION PROCEDURE
Let us reduce equation (17) to the form:
T
(x") wx o
9 r= LRt RARE) na (21)

I'| 1+ !
EA
The iterative procedure for solving the problem
is as follows. The initial values of the forces in

the t(ro) elements are set. The system of algebra-

ic equations (19) is solved, linear with respect to
the unknown coordinates X. To clarify the val-
ues of #7, relation (21) is used in the form:
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r —_—
t(k) -

where k is the iteration number.

With updated values of 7, the system of alge-
braic equations (19) is solved again. Iterations
continue until the required accuracy of force
calculation is achieved.

SOLUTION OF THE MODEL PROBLEM
OF EQUILIBRIUM OF FLEXIBLE
TENSILE THREAD

Examples of solving model problems for a flex-
ible inextensible thread are given in [7]. Calcu-
lations have shown that the proposed finite ele-
ment method for an inextensible thread allows
already in the first iterations to achieve the cor-
rect position of the ropes in accordance with the
specified loads and connections, and about 10-
15 iterations are enough to calculate the forces
in the thread with acceptable accuracy.

In this paper, the problem of the equilibrium of
a flexible tensile thread for different values of
the stiffness of the £A thread is solved. The re-
sults are shown in Figure 1.

Shows elastic lines of cable
under horizontal distributed load
and different tensile stiffness

E
~
%
-

1=300m

250

Figure 1. Elastic lines of cable
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CONCLUSION

The proposed finite element method allows
solving problems of statics of any cable systems
and gives good results even with a small num-
ber of iterations.

The considered technique for constructing a fi-
nite element method for solving the equilibrium
problem of a flexible tensile thread can also be
applied to solve other nonlinear problems.
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Abstract: Key aspects of developing effective systems for the external reinforcement of building structures,
made of composite polymer materials containing carbon fibers and no-bake polymer binders, ensuring shape
formation in the temperature range of 15 - 40 °C no more than 24 hours, characterized by operability in the tem-
perature range from minus 45 ° C to plus 60 ° C. PCM-based SVA has a number of advantages compared to
clips and metal profiles traditionally used for repairing building structures: the load-bearing capacity of the rods
increases, the cost of the strengthening of load-bearing structures is reduced, and the seismic resistance of engi-
neering structures is increased. In relation to composite SVA building structures, the following types of con-
struction chemicals are used: primer, putty, adhesive, protective coating. The production of unidirectional tapes
was carried out on a Dornier double rapier loom, modernized for processing carbon fibers. The results of exper-
imental studies of the developed polymer binders and carbon reinforcing fillers are presented. It is shown that the
developed materials can be successfully used to strengthen and repair engineering structures. The technological
features of strengthening and repairing building structures with composite external reinforcement systems using
the contact molding method and ready-made lamellas are described. Installation of composite clamps on vertical
surfaces is carried out by fixing the canvas in the extreme position, followed by laying, smoothing and rolling
along its length. Rolling is done from the middle to the edges. Before gluing the blanks, the lamellas are laid out
on a work table (workbench) and thoroughly wiped with a rag moistened with acetone. Results of the large-scale
implementation of these new materials and technologies in the construction industry are presented.

Keywords: thermosetting matrix, reinforcing carbon filler, building structure, composite external reinforcement
system, reinforcement, repair

HOJIMMEPHBIE KOMITIO3UTHI VI BHEITHEI'O
APMHUPOBAHUA CTPOUTEJBHBIX KOHCTPYKIIMIA

HImoiinos E.E. !, ®eoomoe M.IO. %, [llapymun U.A. ', Hnroxun P.B. !,
Cmenanoe C.A.', lanuna H.H. ', I'ypenuyx JI.U. °, Kanvipun I1./. *,
Kabanuee O.B. %, Kopnee 0.A.%

'AO «IlIpenper — CKM», r. Mocksa, POCCUSI
2Poccwuiickas umkeHepHas akajiemus, r. Mocksa, POCCHSI
3000 «Ilpemnper-JlyoHay, r. lyona, POCCHUSI
4HUY MI'CY, r. Mocksa, POCCUS

AHHoOTanmsi: PaccMOTpeHbI KITFOYEBBIE ACTIEKThI CO3/aHus IP(EKTUBHBIX CUCTEM BHEIIHErO0 apMHUPOBAHHSI CTPOHU-
TENbHBIX KOHCTPYKIIMI MOJMMEPHBIMH KOMITO3UTHBIMH MaTepHaiaMi Ha OCHOBE YIJIEPOJHBIX BOJIOKOH M IOJIH-
MEPHBIX CBSI3YIOIMX XOJIOAHOTO OTBEpIKACHMS, oOecreunBaonmx GopMoodpa3oBaHue B HHTEPBAJE TEMIIEpaTyp
(15 —40) °C ne 6ornee 24 gacoB, XapaKTepU3YIOMINXCSA PaOOTOCTIOCOOHOCTHIO B MHTEPBAJIC TEMIIEPATyp OT MUHYC
45 °C no wmoc 60 °C. CBA nHa ocHoBe [IKM o0011agaeT psjaoM MperuMyIIecTB [0 CPABHCHHIO ¢ TPAUIIUOHHO UC-
MOJTB3YEMBIMHU JJISI PEMOHTA CTPOUTEIIBHBIX KOHCTPYKIIMH 000HMaMH M METAJUTHUCCKHMHU TPO(QWIAMU: HECyIIas
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Natalya N. Panina, Lidiya I. Gurenchuk, Pavel D. Kapyrin, Oleg V. Kabantsev, Oleg A. Kornev

CIIOCOOHOCTH CTEpKHEH YBEJIMUMBACTCSI, 3aTPaThl HA YCHICHHE HECYIIMX KOHCTPYKIMI CHMXKAIOTCSI, TTOBBIIIACTCS
CEMCMOCTOMKOCTb MHXKEHEPHBIX coopyxkeHuil. IlpumenunrensHo k koMno3uTHEIM CBA CTpOUTENBHBIX KOHCTPYK-
LU IPUMEHSIOTCA CIIETYIOLINEe TUIIBI CTPOUTENIBHOM XUMHUHM: ITpaiiMep, INaTIeBKa, aATe3UB, 3alUTHOE TOKPBITHE.
BbIpaboTka oHOHAINPABICHHBIX JEHT OCYIIECTBISUIACH HA JIBYPAIIMPHOM TKAIKoM cTaHke ¢upmbl Dornier, Mo-
JICPHU3MPOBAHHOM JUISI TIEPEpaOOTKH YIJIEPOJHBIX BOJIOKOH. [IpMBeneHbI pe3ynbTaThl 3KCHEPUMEHTAIBHBIX HC-
CIIe/IOBaHMH pa3pabOTaHHBIX MOJIMMEPHBIX CBA3YIOUIMX M YIJIEPOJHBIX apMHUpPYIOIMX HamomHuTeneil. ITokasaHo,
YTO pa3pabOTaHHbIE MATEPHAIbl MOTYT YCIICIITHO TIPUMEHSTHCS ISl YCHUIICHUSI 1 PEMOHTA MHKEHEPHBIX COOpPYIKe-
Hui. OnucaHbl TEXHOJIOTHYECKHE OCOOCHHOCTH YCHIICHHS M PEMOHTA CTPOUTENIBHBIX KOHCTPYKIUH KOMITO3UTHBI-
MH CHCTEMaMH BHEIIHETO apMHUPOBAHMS C MCIOJIB30BAHUEM METOJa KOHTAKTHOTO ()OPMOBAHMUS M TOTOBBIX JIaMe-
nedl. YcraHOBKa KOMIIO3UTHBIX XOMYTOB Ha BepTHKaJIbHbIC TIOBEPXHOCTH OCYIIECTBIIsIeTCs (puKcarueil xoucra B
KpailHEM IIOJIOXKEHUU C MOCIEAYIOIIEH YKIIAJAKOH, pasria)KuBaHUEM U MPOKATKOH no jivHe. [Ipokarka npousso-
JIATCS OT CEpelMHBI K KpasiM. [lepest HakJIeHKoli 3ar0TOBKH JIaMEJM PacKiiapIBaloTCsl Ha pabodeM croie (Bepcra-
Ke€) U TIIATeJIbHO MPOTUPAIOTCA CMOUYCHHON alleTOHOM BeTOoIIb0. [IpeacTaBieHsl pe3yabTaTsl HIMPOKOTO BHEApE-
HUSI CO3JJaHHBIX MaTepUalIOB U TEXHOJIOTUI B CTPOUTENILHOM OTpacu.

KaioueBble ciioBa: TepMOpeakTHBHAS MAaTPHIIA, YTIIEPOIHBIN apPMUPYIOIINI HATIOIHUTENb, CTPOUTEIbHAS KOH-
CTPYKLIHSI, KOMIO3UTHASI CHCTEMa BHEITHETO apMHUPOBAHHUSI, YCHIICHUE, PEMOHT

1. INTRODUCTION

Development of advanced polymer composite ma-
terials (PCM) is impossible without advanced tech-
niques in the field of construction materials and
technologies [1-3]. Thus, in the process of curing,
novel binders should not only form a high-strength
polymer matrix, ensuring maximum strength of
reinforcing fibers in materials, they should have
high-tech characteristics, comply with the princi-
ples of "green chemistry", and ensure their recy-
cling using inexpensive technologies.

However the curing process typical for tradi-
tional technologies applied to manufacture PCM
products, containing thermosetting matrices, are
characterized by high energy consumption,
namely, those PCM products that contain hot-
setting polymer binders. This process is time
consuming (6 - 9 hours): a temperature rise is
followed by a long-term exposure of the molded
element to high temperature. Special autoclave
equipment is frequently used for this purpose.
Cold-curing polymer binders, applicable in the
temperature range between 15 and 40 °C, do not
require any expensive and energy-consuming
autoclave equipment. Their application facili-
tates the development of simplified energy-
efficient and resource-saving PCM production
technologies for the construction industry. Such
technologies can be applied at the site of con-
struction or renovation of a construction facility
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by using the so-called composite external rein-
forcement systems (ERS) [4 - 6]. Therefore, the
task is to make PCM containing various rein-
forcing fillers (carbon, glass, mixtures) and pol-
ymer binders for ERS of building structures,
using the contact molding method that ensures
the forming process in the temperature range
between 15 and 40 °C within 24 hours. These
building structures can be operated in the tem-
perature range from minus 45 °C to plus 60 °C.
In the Russian Federation, the annual building re-
inforcement market capacity is about 5 billion ru-
bles; it depends on the rate of (1) repair of worn-
out infrastructure and (2) construction. The market
capacity of external PCM reinforcement is about
850 mln. rubles, and its rate of growth is 15 —20%
per year. In the future, replacement of existing
repair materials with PCM can boost the demand
for PCM to 200 million rubles per year.

It is necessary to emphasize the expanding ap-
plication of PCM containing carbon and hybrid
fabrics, laminates and meshes by the construc-
tion industry [7 - 9]. In Switzerland, these mate-
rials are already used in more than 80% of cases
of reinforcement of reinforced concrete, mason-
ry and metal building structures. According to
the experts, the global market of such PCMs is
expected to double in the coming 5 - 7 years.
Composite ERS, entering the construction in-
dustry market, should contribute to the solution
of the following problems [10 - 13]:
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- ensuring the repair of load-bearing elements of
reinforced concrete, masonry, and metal struc-
tures featuring substantial wear and tear;

- ensuring the reconstruction of load-bearing
elements of structures in a short period of time,
if the main items of equipment are replaced;

- increasing the "survivability" of buildings and
structures subjected to natural and man-made
factors, including terrorist attacks.

PCMs entered the construction market quite re-
cently, although they are known to be in use
abroad since the late 70s of the 20th century. In
the Russian Federation they are used since the
late 90s, and are widely used in foreign and do-
mestic construction industries.

ERSs containing PCMs have a number of ad-
vantages compared to cases and metal shapes tradi-
tionally used to repair building structures [14, 15]:

- the load-bearing capacity of structures increas-
es by 70% (including complex geometric shapes
and cases of confined spaces) without any sub-
stantial increase in their weight, while there is
an additional opportunity to correct inaccuracies
that may arise at the design stage;

- the cost of reinforcement of load-bearing struc-
tures reduces by 20 - 60% due to the fact that there
1s no need to use heavy-duty equipment and to sus-
pend the operation of a structure, which is extreme-
ly important, for example, for railroad bridges;

- the seismic resistance of engineering structures
operated under such conditions increases by 2 -
3 grades.

2. EXPERIMENTAL STUDIES AND
THEIR DISCUSSION

2.1. Construction chemicals for composite
systems of external reinforcement of building
structures

The following types of construction chemicals
are used to make composite ERS building struc-
tures:

1. The primer used to ensure adhesion. The av-
erage primer consumption is 100 - 300 g/m?.

2. The putty used to correct minor defects. Its
composition differs slightly depending on the
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manufacturer; its consumption rate depends on
the extent of structural damage.

3. The adhesive substance (the glue) used to
bond tapes (if their length is up to 250 m; width
up to 15 cm), canvases (if their width is 600 mm
or up to 1500 mm, which is less frequent) (Fig-
ure la), and lamellas (pre-impregnated and
cured tapes with aligned edges (length up to 100
m, thickness 1,2 — 1,4 mm) (Figure 1b) to the
surface of the structure. The adhesive substance,
applied to different types of materials, differs

mainly in viscosity.

a) 6)

Figure 1. Lay-up sequence of ERS components
for: a) tapes and canvases, b) lamellas

There are "dry" and "wet" methods of applying
adhesive substance to canvas. The "dry" method
involves applying the adhesive substance to the
structure, then attaching the canvas and bonding it
to another layer of adhesive over it. The "wet"
method involves applying the adhesive substance
to the tape/canvas, whose side that has glue on it is
attached to the concrete of the structure and then
bonded to another layer of the adhesive substance.
The adhesive substance used for the "wet" method
is more viscous. The main difference in the choice
of application methods is the simplicity of appli-
cation of the binder needed to bond the ERS rein-
forcement components. The adhesive substance is
characterized by thixotropy and is generally the
same if used to bond glass and aramid fibers. The
consumption of the adhesive substance varies
from 0,7 to 4 kg/m?, depending on the brand and
type of tape/canvas.

As part of the experimental research, composi-
tions of primers, putties and adhesive substances
were developed for composite ERS building
structures and their properties were investigated.
Table 1 shows physical and mechanical proper-
ties of the novel primer Fibarm resin 530+, put-
ty FibArm Repair EP 301, and adhesive Fibarm
resin 530+.
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Table 1. Physical and mechanical properties of

Fibarm resin 530+ primer, FibArm Repair EP 301
putty, and Fibarm resin 530+ adhesive substance

Measurement Value

unit primer | putty | adhesive

Modulus of
elasticity in
tension

GPa

Modulus of
elasticity in
bending

GPa

Tensile MPa

strength

Bending MPa

strength

Ultimate %
relative
strain in
tension

Mortar life
time (at + 20
OC)

min 30 —

45 45 3045

+5 -
+30

+5 -
+30

Application °C
temperature

Operating °C -40
temperature -40 - —

+60

40 —
+60

Density of
ready-mixed
mortar

kg/l 10— | 15| 1.0-

Lr|-17 13

Adhesion to MPa
concrete >3 >3 >3
(steel)

Strength
development
time (at + 20
oC)

days

The critical strength development time is 30 -
40 min for each of the primer, putty, and adhe-
sive substance.

4. As a rule, protective coating is not a mandato-
ry component of the system of structural rein-
forcement, rather, it is a supplementary one; its
functional purpose is fire resistance, aesthetics
or anti-vandal properties.

Based on the development results and experi-
mental studies, cold-curing polymer binders
FibAm Resin 230+, FibAm Resin 530+, FibAm
Resin HT+, FibAm Resin Laminate+ were de-
veloped and introduced into ERSs of building
structures [16 - 19].
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2.2. Experimental studies of the unidirection-
al carbon filler designed for external rein-
forcement systems of building structures

In the course of the research undertaking, JSC
“Prepreg — MCM” conducted activities aimed at
developing domestic reinforcing carbon fillers.
Let's analyze the development process and use
the unidirectional carbon fabric as an example.
In foreign and domestic literature, materials
with a width of up to 400 mm are usually called
tapes; the material whose width exceeds 400
mm is called fabric. Thus, the carbon fiber filler,
having unidirectional structure, will be called a
unidirectional tape. Therefore, the technology
was tested, the pilot batch was produced, and
the stability of characteristics of prototypes of a
carbon fiber filler featuring unidirectional struc-
ture was studied. The filler fastened with a
thermoplastic mesh was also analyzed.
Unidirectional tapes were produced using a
Dornier double rapier loom, modernized for the
processing of carbon fibers. Up to five canvases
can be produced simultaneously depending on
the width of carbon tapes. Since the material
being manufactured must have particular physi-
cal and mechanical properties, Umatex UMT49-
12K-EP carbon filament with a linear density of
760 tex was chosen as the raw material for the
warp filament. Its basic physical and mechanical
characteristics are provided in Table 2.

Table 2. Physico-mechanical characteristics of
carbon filler Umatex UMT49-12K-EP

Raw material Characteristics Values
Filament Linear density, tex 760
Umatex Fiber density, g/cm? 1,78
UMT49-12K-EP | Mass fraction of finish-

760 tex ing agent 0,8+1,5
Modulus of elasticity,
GPa 260
Breaking tensile stress
of filament (elemen- 4900
tary), MPa

Glass filament with polymer coating was used
as filling yarn; its technical characteristics are
provided in Table 3.
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Table 3. Technical characteristics of glass
filament with thermoplastic coating

Raw material Characteristic Value
Glass  filament Linear denglty, tex 87,5
. Mass fraction of poly-
with thermo- .
. . mer in filament, % 50
plastic  coating . .
70 tex Breaking tensile stress
of filament, N/decitex 3,5

In the process of manufacturing specimens of uni-
directional carbon tapes from UMT49-12K-EP
carbon filaments, a double rapier loom with a
weaving width of 1700 mm, equipped with a bob-
bin holder for 1200 bobbins, was used. To pro-
duce a 300 mm-wide tape with a warp filament
density of 1,5 filaments/cm, 45 carbon fiber bob-
bins are required. The existing bobbin holder was
modified to produce the required unidirectional
carbon fiber tape. Filament guides and collectors
with ceramic eyes were removed from the bobbin
holder, and new ones were installed. Thus, the
filament, leaving the bobbin and reaching the feed
shaft of the DORNIER weaving machine, had no
contact with neighboring filaments and was clear-
ly oriented in space (without torsion). The bobbin
holder threading scheme and photograph are
shown in Figure 2.

Y

........

Pl ke

Figure 2. Scheme and photograph of bobbin
holder threading

One of the requirements for the properties of a uni-
directional tape was the minimum distance be-
tween warp filaments. However, this could not be
achieved when standard heddles were used (Figure
3a). The main weakness of this type of heddle is
the oval shape of the eye. At the moment of full
opening of the gap, maximum tension arises in
warp filaments, since they come into contact with
part of the filament-conducting eye of the heddle.
As a result, the carbon yarn changes its shape, and
gaps emerge on the tape surface. To eliminate this
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defect, special heddles were selected that made it
possible to maintain the flat structure of the carbon
bundle at the moment of peak stresses during gap
formation. Special heddles were made with an ac-
curacy of 0,01 mm,; they are shown in Figure 3b.
The heddle, developed by the authors, has two par-
allel plates connected by a metal cylinder. Top and
bottom cylinders serve to strengthen the structure,
since the heddle walls are made of metal 0,3 mm
thick. A pair of central cylinders act as a filament
guide element. The distance between the heddle
walls corresponds to the width of the carbon warp
filament.

Filament gaisking
e

Heddle walls

a) 6)

Figure 3. Types of heddles: a) twisted wire
heddle; b) special heddle

Heddles are located on heddle frames, strictly par-
allel to the teeth of the reed. As part of the re-
search, a special reed with a tooth wall thickness
of 0,3 mm was designed and manufactured. When
standard reeds were used, the fabric had large dis-
tances between warp filaments, since the standard
version of a reed with a pre-set tooth density per
centimeter has a wall thickness of 1,2 mm. The
threading of filaments into the heddle of heddle
frames and the rear reed is shown in Figure 4.

a) 6)
Figure 4. The threading of filaments into the
heddle of a heddle frame (a) and the rear reed

(b)
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These unidirectional carbon tapes are similar to
the UOL-300-R type tape. According to the
specifications, the yarn filament density of the
prototype is 1,2 + 0,3 filaments/cm. Therefore,
when this type of tape was produced, the yarn
filament density varied from 1,2 to 0,9 fila-
ments/cm. The yarn filament density of 0,9 re-
duces the surface density of the tape. The opti-
mal operating parameters are as follows: the
machine speed is 120 rpm of the main shaft of
the machine; the infrared lamp temperature is
120 °C. The photograph of the carbon tapes,
developed by the authors, is shown in Figure 5.

Figure 5. Unidirectional carbon tape St-1105

Based on the research results and experimental
studies, reinforcing fillers titled Fibarm Tape
230, Fibarm Tape 530, containing carbon fibers,
were developed and implemented for ERS of
building structures.

2.3. Technological characteristics of
reinforcement and repair of building
structures using composite external
reinforcement systems

The requirements, applied to the installation of
composite ERS, depend on the type of material
and raw materials used for its manufacture.
Thus, lamellas are PCM, while canvases, tapes
and fabrics are raw materials for PCM produc-
tion. Composite lamellas should be bonded to
smooth surfaces. Contact molding using fabrics,
canvases and tapes, impregnated directly on the
facility being repaired, is possible on variable-
geometry (curvilinear) concrete surfaces.
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The process of reinforcing the structure with
Fibarm Tape canvases, developed by JSC “Pre-
preg - MCM” is shown in Figure 6. The installa-
tion of composite clamps on vertical surfaces is
carried out by fixing the canvas in the extreme
position, followed by laying, smoothing and
rolling along the length. Rolling is done from
the middle to the edges. Before gluing, lamellas
are arranged on the workbench and thoroughly
wiped with a rag moistened with acetone. The 1
— 2 mm layer of the adhesive substance is ap-
plied to the prepared concrete surface.

Figure 6. The process of surface reinforcement
using Fibarm Tape canvases

This done, an A-profile is formed from the ad-
hesive substance on the completely dry lamella
surface using a specially manufactured dispens-
ing device (conductor) or trowel; the thickness
of the adhesive layer in the middle should be 2
mm, reaching 1 mm towards the edges. The
process of surface reinforcement with Fibarm
Laminate lamellas is shown in Figures 7 and 8.

4. Installation of lamellas

Figure 7. Process of surface reinforcement us-
ing Fibarm Laminate lamellas
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Figure 8. Installation of Fibarm Laminate
lamellas

After applying the adhesive substance, the la-
mella is laid over the base and rolled with a rig-
id roller to remove air from the adhesive layer.
Excessive adhesive substance is removed with a
spatula. In the case of gluing several layers of
lamellas, they are preliminarily glued on the
workbench, cured during the polymerization
period of the adhesive substance, and then the
laminated sheet is glued to the base.

3. USING NOVEL COMPOSITE
MATERIALS AND EXTERNAL
REINFORCEMENT TECHNOLOGIES TO
REINFORCE AND REPAIR BUILDING
STRUCTURES

These novel materials and technologies are
widely used at more than 300 facilities in the
Russian Federation and CIS countries [20-25].
During the operation of the building of the His-
tory Museum (Moscow), technological and de-
sign parameters of the building changed due to
new access holes needed for utility pipelines.
The strength values of some floor slabs was un-
acceptably low due to the lack of reinforcement.
The deficit of strength was identified as a result
of calculations and the survey data. A decision
was made to strengthen sections of structures
using carbon fiber Fibarm canvases and the
cold-curing binder.

The appearance of the structures before the rein-
forcement is shown in Figure 9.
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Figure 9. The appearance of structures of the
History Museum building before the
reinforcement

The appearance of the structures after the rein-
frocement is shown in Figure 10.

Figure 10. The appearance of the reinforced
structures of the History Museum building

The load-bearing capacity of the floor slabs was
restored as a result of the repair activities aimed
at the reinforcement of load-bearing structures
with carbon-composite polymer materials.
Another interesting project that involved the use
of composite ERS was the reinforcement of hol-
low-core slabs in the building of the Govern-
ment House of the Russian Federation. The ap-
pearance before the reinforcement activities is
shown in Figure 11la; the post-reinforcement
appearance is shown in Figure 11 b.

The reinforcement was carried out in accord-
ance with the customized engineering solution.
Composite ERS installed on site ensure the de-
sign level of loading as well as the safe opera-
tion of the building.
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a) 6)

Figure 11. Structural elements of the building of
the Government House of the Russian Federa-
tion: a) before reinforcement; b) after rein-
forcement with composite ERS

4. CONCLUSIONS

Given the results of integrated projects imple-
mented in 2013 — 2023 and focused on the de-
velopment of new generation PCM production
technologies and design solutions for the con-
struction industry, also implemented within the
framework of Subprogram 14 “Development of
production of composite materials (composites)
and products” of the State Program of the Rus-
sian Federation titled “Development of the in-
dustry and increasing its competitiveness” and
others programs, the authors obtained and im-
plemented the following specific results:

- the production of woven (unidirectional and
bidirectional) and non-woven materials for ERS
with a tensile strength of, at least, 3 GPa and the
elastic modulus of 200 GPa, the surface density
of 230 - 530 g/m?, width of 150 - 600 mm, suit-
able for reinforcing any types of structures
(concrete, masonry, metal) was arranged;

- the production of carbon fiber lamellas using
the pultrusion method with lamellas having a
tensile strength of, at least, 2,9 GPa and the elas-
tic modulus of, at least, 150 GPa was arranged;

- the pilot production of carbon anchor cable
with a diameter of 10 - 20 mm and a tensile
strength of, at least, 3,7 GPa, and the elastic
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modulus of, at least, 230 GPa was arranged to
ensure the seismic reinforcement;

- the pilot production of two types of carbon
meshes (dry and pre-impregnated with polymer
compositions) for ERS with a tensile strength
of, at least, 2,6 GPa, and the elastic modulus of
180 GPa was arranged;

- the pilot production of cold-curing epoxy
binders for impregnation of carbon and hybrid
ERS materials with adhesion to concrete, equal-
ing, at least, 3,5 MPa, and glass transition tem-
perature of, at least, 60 °C, was arranged;

- the pilot production of heat-resistant polymer
cold-curing binders (glass transition temperature
not less than 100 °C) was arranged;

- sets of engineering and design documentation,
albums of standard solutions and software for
the design and reinforcement of building struc-
tures, including those used in seismic zones, by
composite ERS, were compiled;

- albums of standard solutions and software for
ERS were compiled;

- novel engineering solutions were implemented
at more than 300 facilities in Russia and abroad.
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ENERGY PROPERTIES OF SYMMETRIC DEFORMABLE
SYSTEMS
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Abstract: Energy methods for calculating structures, which have become popular for a century, are based on the
Lagrange principle and have the meaning of equality of work of external forces and internal forces. Having
proved their effectiveness in the overwhelming majority of problems of structural mechanics, they became the
dominant approach in formulating the problems of studying solid deformable systems and gave rise to the main
methodology for solving problems. As a result, a situation has arisen that the internal potential energy of a de-
formed body remains insufficiently studied.

The paper develops an approach to the study of the symmetric structure at critical levels of strain energy. The
criterion of critical levels of strain energy, based on the concepts of "self-stress" ("self-balance") of a deformable
body. Limiting values of the structure strain energy may get by varying the reactions and deflections in the nodal
points. The extreme values of forces and displacements of the rods are calculated in matrix form from the values
of nodal reactions (displacements).

Methodology for studying the energy properties of a system is shown on the examples of the study of symmet-
ric rod systems without involving the concept of external forces. The technique is based on matrix methods of
structural mechanics and the mathematical apparatus of eigenvalue problems. The comparison of structural de-
sign and structural analysis solution of structural mechanics tasks by traditional methods and with the proposed
methodology is carried out.

Keywords: structural analysis, structural design, matrix methods, strain energy, critical strain energy levels,
self-stress, reaction of structures, limit state design

SHEPITETUYECKUE CBOMCTBA CUMMETPUYHBIX
JAE®OPMUPYEMbBIX CUCTEM

JL.IO. Cmynuwun, B.JI. Monopyc

HarmmonansHbIi vccienoBaTebckuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENbHBIN YHUBEpCUTeET, T. MockBa, POCCHUS

AHHOTAIUSA. DHEPreTUYECKUEe METO/Ibl pacyeTa KOHCTPYKINH, [TOyYUBIINE PACIPOCTPAHEHHE B TEUEHUE CTO-
JIeTUsI, OCHOBAHBI Ha TpHHIMIE Jlarpanka 1 NMEIOT CMBICT PaBEHCTBAa pabOT BHEIIHUX M BHYTpeHHHX cuil. [lo-
Ka3aB CBOIO 3(P(heKTHBHOCTH B MOJABIIAIOIIEM OOJBIIMHCTBE 3a/1a4 CTPOUTEIHHON MEXaHUKH, OHH CTalll JOMH-
HHUPYIOUIUM TIOX0I0M HPH TOCTAHOBKE 3aay MCCIIEAO0BAHUS TBEPABIX Ae(OPMUPYEMBIX CHCTEM U TIOJIOKHIIH
HAyYaJI0 OCHOBHOM METOOJIOTHH pEIIeHus 3aaad. B pe3ynbraTe BO3HUKIIA CHTYaIlHs, KOTAa BHYTPEHHSS TIOTEH-
LanbHas SHeprus 1e(opMupyemMoro Tena ocTaeTcs HeIoCTaTOYHO H3yYEHHOH.

B cratbe pa3zBuBaeTCs MOAXO0J K UCCIEIOBAHUIO CUMMETPUYHON CTPYKTYpPbI IPH KPUTHYECKUX YPOBHAX YHEPrHU
nedopmaru. Kputepuil KpuTHYecKux ypoBHeW sHepruu aedopMaliiy, OCHOBaHHBIA Ha TOHATHSX "caMOHArIpsi-
xeHus" ("camopaBHoBecHs") nedopmupyemoro tena. IlpenenbHble 3HaUSHUS SHEPrUU AeOpMaIi KOHCTPYKIUH
MOYKHO TIOJIYYUTb, U3MCHSISI PEaKMK U IIPOrHObI B Y3JIOBBIX TOYKaX. DKCTpEeMaJIbHbIC 3HAUCHHUS YCUIIMH M Hepe-
MEIIEHUH CTepPXKHEH BBIYUCIIOTCS B MAaTPHYHON (popMe 13 3HAUCHHUH Y3II0BBIX peakLui (IIepeMerieHH ).
MerToauKa H3ydeHNsI SHEPIrEeTHUECKIX CBOMCTB CHCTEMBI ITOKA3aHa HA MPUMEPAX MCCIIEAOBAHUS CHMMETPUYHBIX
CTEP’KHEBBIX CHCTEM 0€3 NMPHBJICUYCHUS MOHATHS BHEIIHUX CHI. MeToquKa OCHOBaHA HA MATPUYHBIX METO/AAX
CTPOUTETHHON MEXAaHUKH W MaTeMaTHYECKOM almapaTe 3a/1ad Ha cOOCTBeHHBIE 3HadeHUs. IIpoBeneHo cpaBHe-
HHUE pEIIeHUH MPOSKTHBIX M MOBEPOYHBIX 33734 CTPOUTEIHHON MEXaHWKH TPAJUIMOHHBIMH METOAAMH U TIO0
[IpeaJaraéMoi METOQUKE.

KaroueBble ciioBa: IMPOCKTHLIC U MOBEPOYHLIC 3ala4n CTpOHTeJ’ILHOﬁ MCXaHHKMU,

MAaTpHUYIHBIC METOAbl MCXaHUKHU z[e(i)opMI/IpyeMoro TCJia, KPUTUICCKUEC YPOBHU SHCPIUU, CAMOHAIIPS)KECHUE,
peaknus pryl"Oﬁ CHUCTEMBI, MIPCACIIBHOC COCTOSAHNE
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1. INTRODUCTION

The energetic methods of structural mechanics
have proven their effectiveness in the minimum
total strain energy form (problem in Lagrange
form).Closely connected with the mathematical
apparatus of the calculus of variations, they be-
came the basis for obtaining approximate solu-
tions in complex problems of stability and dy-
namics of structures, as well as solving nonline-
ar problems of deformation of spatial systems
[1-5]. It is difficult to find such an area of struc-
tural mechanics where it would be possible to
do without variational approaches and varia-
tional principles [6-10]. A special place is occu-
pied by numerical methods for studying com-
plex systems operating in the nonlinear stage of
deformation [11-16], based on variational for-
mulations of structural mechanics problems [17-
241, which served as the basis for the creation of
software systems using FEM, MGE and others
methods of structural mechanics.

It should be noted that the overwhelming major-
ity of the formulations of the problems men-
tioned above are based on the Lamrange ap-
proach, when the minimum of the total energy
of the system leads to the equations of state of
the system, which depend on the acting external
loads. In this case, one might get the impression
that the behavior of the system is completely
determined by the magnitude, type and law of
changes in the external load.

In a number of works [25,26] it is noted that
such an approach does not always make it pos-
sible to calculate systems subject to the guiding
loads, temperature and similar impacts. The ne-
cessity of formulating problems in the form of
homogeneous systems of equations is noted, on
the basis of which one can then restore the form
of a possible external load.

Thus, there is an insufficient study of the prop-
erties of the internal potential energy of deform-
able systems. The hypothesis that any deforma-
ble body has levels of critical energy values at
which the system can change the form of the
law of equilibrium states or a model of the
structure, made it possible to obtain a criterion
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for critical levels of potential energy, which was
tested on a number of well-known simple prob-
lems of stability and bending of rod systems
[27].

This work is devoted to the study of the strain
energy of symmetric rod systems.

2. EQUATIONS OF CRITICAL ENERGY
OF SYMMETRIC STATICALLY INDE-
TERMINATE SYSTEMS

In [28], the equations of state of a system with
lumped parameters at critical energy levels were
obtained, written in the matrix form

(o) -[15 Jjoof |

Here we have introduced the notation for the
flexibility matrix [L] systems and eigenvalue

(1)

matrices [kﬂ variations of effort. The eigen-

values K(L)i are the main values of the flexibility

of the system, and the eigenvectors {5(1)%(“} are

the amplitude values of the distribution of self-
stress forces. For variations of nodal displace-
ments (system reactions), the relation for the
eigenvalues of the flexibility and stiffness ma-
trices is valid

AG1=10601 " )

Here A are the eigenvalues of the stiffness

matrix of the system.

The physical meaning of the derived equations
(1), (2) is the state of self-stress in a statically
indeterminate system at critical energy levels.
The solution of the eigenvalue problem gives
the main nodal displacements system and the
corresponding vectors of the amplitude values
of the nodal reaction forces. To understand the
processes of changing the internal potential en-
ergy of an elastic rod structure, consider the
three-rod system shown in Figure 1.
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Figure 1. Three-rod system: (a) design model,
(b) node 1

The internal potential energy of deformation of
the system in matrix form can be represented as

2{U} = (&} [K]{E} = {@}H, [L]{®D};, - 3)
It is easy to see that the levels of the internal
potential energy of deformation are determined
by the values of the stiffness (flexibility) matri-
ces of the system. Strain energy at any level we
may get multiplying the initial self-stress energy
state at constant value. Let structure has elastic
initial self-stress energy.

A symmetric redundant system has the same
angles ao=P=m/4 of inclined rods and stiff-
ness values n; =EA/E;A;ny=np =n3 =1.

Due to the symmetry of the structure, the flexi-
bility matrix is diagonal, which indicates that
the eigenvalues of the flexibility matrix are lo-
cated on the main diagonal.

1.414 0

0 0.5858 )

L

It is easy to write out the eigenvectors of the
external compliance matrix

o3 9 E
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that is, the initially selected axes are the princi-
pal axes of the system's ultimate energy. The
stiffness matrix of the system is also diagonal
and containing the eigenvalues

_EA|0.7072 0
KE=07 1707 ©)
with their corresponding eigenvectors
k1_|1 O
E }‘0 1" )

The ellipsoid of limiting displacements has a
maximum radius equal to the first eigenvalue of

the flexibility matrix &, =AL . =1.414//EA,

max

(see Figure 2).

Figure 2. Ellipses of external flexibility (points),
and external rigidity (dotted line) of the system
for the first state of self-stress

The minimum radius of flexibility is located
along the second vector of variations of external

2L =05858//EA. Only two
min

states of self-tension of the system correspond
to these values.
For the stiffness matrix, we have an ellipse of
the limiting stiffness of the structure with the
K
max
cated along the second direction of the reactive
forces of the system, and the minimum radius

forces &
22

maximum radius k2 —~1.707EA /1 lo-
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k =2K —07072EA /1

11 min
first direction (see Figure 2). As we can see, the
axes of ellipses are mutually perpendicular.
To demonstrate the physical meaning of the re-
sults obtained, we represent the system in the
form of an absolutely rigid disk, and we refer
the elastic properties of the system to the sup-
port rods (see Fig. 3).
The flexibility and stiffness vectors shown in
node 1 represent the maximum and minimum
values of flexibility (stiffness) of the structure.

located along the

2 2
R max Z min

Figure 3. The physical meaning of the eigen-
values of the stiffness and flexibility matrices

In the matrix expressions of the force method
and the displacement method, which are conse-
quences of the expressions for the stationarity of
the total energy of system (1), we have

[KJ{E} = { @} ex:[LH P}y = 1S (8)
For the symmetric structures that we are consid-
ering, the principal vectors coincide with the
originally selected axes and we can write that

O =R V=D )

min, ;
max

[ mm ]
max

M HOT =42 b =—(8)

min min

)

In this case, the vectors {R,;,} and {Z_ ..} are
mutually perpendicular, which makes it possible
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to assess the values of the limiting stiffness and
flexibility of the system, as well as to compare
with the acting load. If we assume that the loss
of the bearing capacity by the system occurs
from the loss of strength according to the first
hypothesis, then in the direction of minimum
stiffness (1 axis) the reaction of the system ac-
cording to (9)

mln {SK} {len} GIA (10)
Then the displacement of the system in the di-
rection of axis 2 will have the maximum possi-
ble value

Gll

Z SIS S —
Zinax} =197} 07071E

(11)

Substituting the resulting value in the expres-
sion for maximum flexibility

Gll
0.7071E’

Mfax 8"} = {Z o} = (12)

we get an expression for the minimum force in a
rod located along the first axis

GlA

R P S
(Rpin =87 = 0.7071x1.414

—qA. (13)

This confirms the correctness of our assumption
about the reciprocity of the values of the reac-
tions and displacements of the system in the
main directions, as well as the results known
from the theory of eigenvalue problems. Let us
show what types of stress states of the system
are realized for the obtained flexibility (stiff-
ness) matrix of the system. By varying the val-
ues of the reaction of the system in the direction
of the first axis indicated in Figure 3, we obtain
the internal forces in the rods of the structure for
the first state of self-stress. So, for the first di-
rection of the unit vector of the internal reaction

D! =1 according to

[s]=[B]'[A]" [L]{o®in} (14)

International Journal for Computational Civil and Structural Engineering



Energy Properties of Symmetric Deformable Systems

we get forces

SI—Z = 0, Sl—() = —81_3 = 07071 (15)
That is, the first state of self-stress corresponds
to the case of compression of the right inclined
bar and the tension left one. There is no force in
the vertical middle bar. The values obtained
from single impacts have the dimension [unit
strength]. For the second state of self-stress, in
the case of variation of system nodal reaction in

the direction of the second eigenvector &D; =1,
we have the following distribution of efforts

Sl—Z = —05858, Sl—O :Sl—3 = 02929 N (16)
when two inclined rods are tensioned with the
same force, and the vertical one is compressed.
Note that the obtained results (15), (16) com-
pletely coincide with the values of the efforts
given in [29] for solving a similar problem.
Here it should be noted that the sign of the ef-
forts is important only for choosing the type of
limiting state: loss of strength during tension
(compression) or stability of the rod.

The limiting value of internal efforts

S¢, =0,7071P* obtained at the first stage (until
the moment the link is turned off from work) is
selected in accordance with the formulation of
the limiting state. If this is the limiting state in
the elastic stage of the work of a brittle material,
then P* = Ao, , where the limiting value of the
load is the product of the cross-sectional area of
the bar A and the equivalent stress according to
the first hypothesis of strength &,. Then the

condition for the onset of the limiting state will
have the form

Ccr

SiZo
—0.70710;. 17
A ‘1 a7

ol =
If elastic - plastic work of the material is al-

lowed, then the limiting stress G, , and the value

of the limiting load P = Ac, . Similarly, we do
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for the cases of bar stability, crack theory and
other types of stress state. If we now compare
the value of a single external load applied in the
main direction of the maximum flexibility of the
system (minimum stiffness), then the condition
for the equality of its minimum reactive stiff-
ness of the structure gives

(F 1= AlNS max } (18)
Then, taking into account (9), we obtain
(Fi=—toorj=—pi o). (19

Since the vector {3} coincides in direction

Cr
with the vector of the unit load {F }, the dif-

ference between the maximum response of the
system and the external load that can be applied
in the node in the direction of maximum flexi-
bility of the structure, is equal to the first eigen-
value (6) of the flexibility matrix.

Since the forces in the rods from a unit external
load, and the forces corresponding to the vector
of maximum flexibility of the system, are ap-
plied towards each other, then the internal forc-
es in the rods of the system will differ by the
value of their eigenvalues for the specified load-
ing options. Obviously, the result obtained will
be valid when symmetric systems are loaded
with a load of any size. Therefore, the ellipses
of the critical values of flexibility and stiffness
can serve as limit curves that limit the permissi-
ble values of external loads in the nodes of the
structure. The condition of the permissible ex-
ternal load follows from the geometric relation-
ships of the ellipse (see Fig. 2)

R R min

max

P <
Aot 2 2 52 2
\/Rmax (Sln (P) + Rmin (COS (P)

(20)

Similarly, you can determine the value of the
limiting displacement of node 2. In the consid-
ered example, the value of the largest force in
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the structure bar from the external limiting nod-
al unit load is determined by (19). The maxi-
mum value of the reaction in direction 1 reaches

kllzkﬁin:0.7072EA/l. It is easy to check
that for, {6®in}=1

[s]=[c] [A]' [LJMKJ{S&X,} 1)

min

we get the same values of efforts presented in
(15), (16). That is, with the magnitude of the
external load, which coincides with the magni-
tude of the reaction of the system, the structure
does not have a ultimate factor of safety. Note
that A.R. Rzhanitsyn gave an example of a sys-
tem that did not have a safety factor, and it was
symmetric [29].

3. EXAMPLES OF SOLUTION OF CON-
STRUCTION MECHANICS PROBLEMS
FOR SYMMETRIC SYSTEMS

Example 3.1. Structural analysis problem.

For the system shown in Figure 1, with geomet-
ric parameters oo =3 =m/4, /=2m, identical
areas of the circular cross-section of rods
(A=0.785* 10~4m? ), diameter d=10mm,
modulus of elasticity E=2,1*105 MPa, and
yield strength o =240 MPa, check the load-
carrying capacity of the system, loaded by
P; =10xN, P, =20kN.

Solution 3.1.1 Comparison of external load and
system response to variations in external influ-
ences.

We find the resultant external forces and the
angle of its inclination to the horizontal axis, as
well as the normalized value of the load.

P=+207 +10% =22.36kN,
tgp=20/10=2,0=63.43", P=P/22.36=1.0.

We calculate the maximum and minimum ra-
dii of gyration of the ellipse of the system's
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reaction according to the method described
above.

We get, R ax =1.707EASK /1,

R =0.7072EA3* /I. Recall that due to the

symmetry of the problem, we have
9% =06¢//0.7071E . Then the values of the re-

active components of  the
R, = 2.414($tA,Rmin = GtA .

min

system

We find the dimensionless value of the permis-
sible load according to (14), per unit of move-
ment of the system node, and having the same
direction as the given load

P 5 P
Pron. =2.205. P}IO]‘I. _ _Jlom.
GtA

Then the greatest value of the reactive nodal
force created by the system in the direction

of the acting external load will be
Pion. =0tA1 =38.622kN . The value of the

resulting specified external load P =22.36xN
, which is less than the permissible value ob-
tained by (20). The system will not lose its
bearing capacity from a given load. Accord-
ing to the set task, this means that no yield
stress will arise in any of the rods of the sys-
tem. The structure has a margin of safety for
the load (or residual resource of the bearing
capacity), and can be subjected to the optimi-
zation procedure according to the criteria:
equal strength of the rods, minimum weight
at a given load, etc.

Solution 3.1.2. Comparison of the forces in the
rods from a given normalized load and the forc-
es derived from self-tension of the system.

We normalize the external load by the resulting
value and obtain the vector of external influ-
ences in the form

{ﬁ} ={P}/22.36={0.4472,0.8945}T .

We determine the internal forces in the rods of
the system from the normalized vector of the
external load by the formula

International Journal for Computational Civil and Structural Engineering



Energy Properties of Symmetric Deformable Systems

(22)

[Sp]=-[B]'[A]' [L]{P}-

We obtain the distribution of efforts from the
dimensionless components of the external load
vector in the form

PJ:

Find the vector of internal efforts from the nodal
reaction vector of the system

[Ssa, |=

0.5782
0.524

. 23
—0.05423 )

1.0
0.5858

: 24
—0.4141 24)

From the results obtained, it follows that the force
in the 0-1 rod from the external load is less than
the force from self-stress in the same rod

Se >§gﬂi“ . Therefore, the specified bar should

not lose strength from a given load. Compared
efforts can be presented in dimensional units. In-
ternal force from external load in the rod 0-1

Sy | =0.5782x P =12.93kN.

The magnitude of the force in the same rod from
the nodal reaction of the system

SOPin = 5 A =18.84kN..
The permissible maximum value of the force in
the rod from the value of the reaction of the sys-
tem is greater than the force from the given load
by 5.91kN.

Solution 3.1.3. Comparison of stresses in rods
from a given load and allowable stresses (design
resistances) according to the traditional method.
According to the algorithm of matrix structural
mechanics, according to the formula

[S]=-[CI[AT [L]{P}.

Here is [ C] - the matrix of internal flexibility;
[A] - static matrix; [L] - is the flexibility ma-

(25)
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trix of the system, {P}={10;20}(kN) - is the

load vector.
Determine internal forces in rods, structures (in kIN)

12.93

S1=[11.72 |- 26

5] ~-1.213 (26)
Sig

or =9 -164.7MPa, (27)

which is less than the yield stress of the rod ma-
terial. That is, the rod, and therefore the system,
will not lose the non-existing ability.

Example 3.2. Structural design problem
For the system shown in Figure 1, with geomet-

rical parameters, A =B =m/4, /=2m, modu-

lus of elasticity E=2.1*10°MPa, and yield
point & =240 MPa, select the area of a rod
of circular cross-section from a given load
P; =10kN, P, =20xN.

Solution 3.2.1. Traditional method of strength of
materials.

Based on the results obtained in Section Solu-
tion 3.3, we obtain from expression (23)

Ccr

S
A="10_05388%10"%m?.
Gt

(38)

We get the diameter of the rod d =8.3mm.
Solution 3.2.2. The use of forces in the rods
from the normalized values of the load.

For the obtained value of the forces in the rods
(23), we find the cross-sectional area

Cr

S
A=110_05388%10"4m?
Gt

(39)

4. THE CONCLUSIONS

The study of the strain energy of deformable
systems shows the possibilities of new formula-
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tions of problems in structural mechanics, based
on the concept of "self-stress" or "self-balance"
of a structure. Bringing the stiffness properties
of the system to characteristic nodes and then
varying the nodal reactions of the structure or
nodal displacements makes it possible to con-
struct ellipses of restrictions on possible dis-
placements (nodal reactions) acting on the struc-
ture. The study of the limiting values of the
strain energy of deformation leads to problems
on the eigenvalues for the stiffness (flexibility)
matrices of the structure, which makes it possi-
ble to assess the limiting possibilities of perceiv-
ing external influences before determining the
stresses in the elements of the system. The
solved examples of structural design and struc-
tural analysis tasks of structural mechanics
show coincidence of the results with the tasks
solved by the classical method.
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ANALYTICAL APPROACH TO DETERMINE LONGITUDINAL
DEFORMATION OF THE EXISTING PRECAST TUNNEL
DURING CONSTRUCTION OF A FULL-LENGTH EXCAVATION PIT
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Abstract: In the realm of urban construction employing excavation techniques, safeguarding existing
underground structures from detrimental consequences arising from surface construction operations poses a
formidable challenge. The reduction of loads due to excavation activities can induce unintended responses,
potentially jeopardizing subterranean infrastructure, particularly high-safety-demanding structures like Tunnel
Boring Machine (TBM) tunnels. This article introduces an uncomplicated method for ascertaining the axial
displacement of TBM tunnels amidst concurrent surface excavation activities. Primarily, the approach entails the
identification of stress variations encountered during soil excavation at the tunnel face. Subsequently, employing
the solutions derived for the determination of tunnel deformation subjected to concentrated loads, the
deformation incurred by the tunnel due to alterations in excavation-induced stress is quantified. The analytical
outcomes are meticulously juxtaposed against results generated from a three-dimensional computational model.
The comparative analysis demonstrates that the displacement values and axial deviations calculated using the
proposed analytical method exhibit only marginal disparities of 4,3% and 1%, respectively, when compared to
those obtained through finite element analysis. This study underscores the efficient predictive capabilities of the
analytical method in assessing tunnel deformations, enabling a preliminary estimation of critical parameters
associated with the excavation pit. These findings have significant implications for mitigating adverse impacts
on existing subterranean infrastructure in densely populated urban areas.

Keywords: existing tunnel, TBM tunnel longitudinal deformation, analytical approach,
excavation pit settlement, full-length

AHAJIMTHYECKHNH NOAXO/1 K OINPEJEJEHUIO
MMPOJOJIBHOI'O CMEIIIEHUSA CYIIECTBYIOIEIO
CBOPHOI'O TOHHEJISI TPU BBIEMKE KOTJIOBAHA

MO BCEH NJIMHE

Tam H.Y.', Xynz H.B.’

! XommMMHUHCKHI YHABEPCUTET TPaHCIOPTa, I. XommuMud, BLETHAM
2 UnkenepHo-texnosnorndeckuit yausepentet (VNU-UET), r. Xanoii, BLETHAM

AHoTtanus: [Ipn mpoBeneHNN 3eMITHBIX PaOOT B YCIIOBHSIX TOPOJACKOHM 3aCTPOWKH 3alliTa CYNMIECTBYIOIINX
MTOJI3MHBIX COOPY)KEHUI OT MaryOHBIX MOCIEICTBHI, BOSHHUKAIOMIMX B PE3yNbTaTe HA3eMHBIX CTPOUTEIBHBIX
paboT, mpencTaBiseT coO0OW CIIOKHYIO 3amady. CHUKEHHE HArpy30K B pe3ysbTaTe 3eMIISIHBIX pabOT MOXKET
BbI3BATh HETIPE/IBUICHHbIC PEaKIINH, TOTEHIMAIBLHO CTaBs MO YIpo3y MOJI3EMHYI0 HHPPACTPYKTYPY, OCOOCHHO
KOHCTPYKIIMM C BBICOKUMH TpeOOBaHUSAMU K OE€30MAaCHOCTH, Takue Kak cOopHbie ToHHenu (TBM). B manHoi
CTaThb€ MpPEACTaBIEH MPOCTOM METOJ OIpEJeIeHUs] OCEBOro cMeuleHuss ToHHened TBM mnpu cosznanun
KOTJIOBaHa Haj ToHHeJeM. [Ipexe Bcero, STOT MOJXOJ IMPEIIOJIaracT BbISBICHHE M3MEHEHHUS! HAlpSDKEHHH,
BO3HUKAIOIIECTO BO BPEMsI BRICMKHU KOTJIOBaHA HaJ TOHHEIEM. BIIOCICICTBIH, UCIIONIB3YS PEIICHUS, ITOTy4YCHHEIC
JUIsL ompesiesieHus AeopMalii TOHHENSI, [TOJBEPralolierocss COCPEI0TOUYECHHBIM HAarpy3kam, KOJINYEeCTBEHHO
ornpezensiercst nedopManys TOHHES BCIEICTBHE M3MEHEHHS! HarpsOHKSHUH, BBI3BAHHOTO BBIEMKOW TpYyHTa.
AHaIUTHYECKHE pe3yTbTaThl TIIATEIBHO COMOCTABISIOTCS C pPe3ylbTaTaMH, TONYYeHHBIMH Ha OCHOBE
TPEXMEPHOU BBIYUCIUTEIHHON Mojenu. CpaBHUTEIBHBIC PE3yJIbTaThl TIOKA3hIBACT, YTO 3HAUCHHS CMCIICHUS U
OCEBBIC OTKJIOHCHHS, pACCUYUTAHHBIC C WCIIOJE30BAaHHEM IIPEIIOKCHHOTO aHAJTUTHYSCKOTO METO[a,
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Analytical Approach to Determine Longitudinal Deformation of the Existing Precast Tunnel During Construction

of a Full-Length Excavation Pit

JIEMOHCTPHUPYIOT JIMIIb HE3HAUHUTENbHBIE pacxoxkaeHus B 4,3% u 1% COOTBETCTBEHHO IO CPAaBHEHHUIO CO
3HAQYEHHSMH, MOJYYCHHBIMU C MOMOIIbI0O KOHEYHO-3JIEMEHTHOrO aHajinu3a. DTO HCCIeOBaHHE MOAYEPKUBACT
3¢ PEeKTUBHBIC MTPOTHOCTUYECKHE BO3MOXKHOCTH aHAJIUTHYECKOTO METOJa IpU OLCHKE jaehopMaluii TOHHEI,
YTO TIO3BOJISIET NPEABAPUTENHHO OICHUTH KPUTHUYECKHE IapaMeTpbl padoT MO BBIEMKE KOTJIOBaHA. OTH
pe3ysbTaThl MMEIOT Ba)XKHOE 3HAUCHHWE JUISI CMSTYCHUS HEraTHMBHOTO BO3JCHCTBHS Ha CYIIECTBYIOLIYIO
M0J3eMHYI0 HH(PACTPYKTYPY B I'YCTOHACEICHHBIX TOPOJICKHX palioHaX.

KiroueBbie cjioBa: CyIIECTBYIONINA COOPHBIN TOHHEID, TPOAOIEHOE cMelIeHre ToHHesT TBM,
aHATUTHYECKOE PEIIeHNE, 0CaIKa KOTIOBaHa, TI0 BCEH THHE

1. INTRODUCTION

In recent times, there has been a rapid surge in
construction demand in Vietnam, particularly
in urban areas. Major cities have initiated the
deployment of their first underground railway
systems to cater to the increasing mobility
needs of the populace. With a growing
population and escalating transportation
requirements, the expansion and development
of underground railway networks within urban
centers have become a top priority. Moreover,
due to space constraints within cities and the
trend towards developing compact urban
clusters around subway stations, there has
been a significant increase in the construction
of commercial buildings and transportation

infrastructure near subway lines. The
continuous development of urban
transportation  infrastructure = has  also

contributed to this phenomenon. This has led
to situations where construction activities
must take place in close proximity and at
different elevations to intersect with the
subway tunnel system.

During the construction of excavation pits
above tunnels, changes in load due to
excavation activities can have significant and
even damaging effects on underground
tunnels. A notable example is documented in
the Pachio project in Taiwan [1], where the
construction of a nearby building caused
damage to the TBM (Tunnel Boring Machine)
tunnel lining. Therefore, assessing tunnel
deformation and predicting tunnel behavior
when subjected to changes in surface loads is
crucial, particularly in the context of today's
large cities.
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The behavior of existing tunnels below has
attracted the attention of many researchers and
has been approached through various
methods. Among these methods are
monitoring methods [2], physical modeling
methods [3,4], numerical methods [5,6,7,8,9],
and analytical methods [10,11,12].

Among these methods, conducting field
experiments or using centrifuge machines has
the drawback of long cycles and high costs.
The utilization of finite element software
methods can model complex intersection
structures and depict tunnel-terrain
interactions. However, it demands expenses
for commercial software and expertise in
handling intricate models. With such models,
it consumes a significant amount of time and
requires high-performance computers.

An analytical approach is a fast and cost-
effective method to predict the deformation of
tunnels subjected to surface excavation. This
can be considered as a suitable approach in
the early stages of project design and
construction. In the published studies, the
tunnel within the terrain is simplified into a
problem of a beam on an elastic foundation,
employing either the Euler-Bernoulli or
Timoshenko beam models on a Winkler or
Pasternak foundation model. In this paper, the
authors present an analytical approach, with
the tunnel modeled using the Euler-Bernoulli
beam, and the surrounding soil modeled using
a Winkler foundation model. For comparison,
the analytical results will be compared with a
3D finite element model based on data from
the urban railway line No.l in Ho Chi Minh
City.
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2. DEFORMATION PROCESS OF
TUNNELS DUE TO FOUNDATION
EXCAVATION

Before excavation, the interaction between the
tunnel and the subsurface is stable, and the
tunnel is in a state of force equilibrium, as
shown in Fig. la. When excavating the soil
above the tunnel, the stress state of the
subsurface changes, affecting the structure of
the tunnel below. Vertical excavation-induced
loading results in the uplift of the soil beneath
the excavation pit and an upward
displacement of the tunnel below due to a
reduction in the overlying soil pressure. The
lateral stress on both sides of the tunnel is
increased due to the confining effect of the
soil. The influence of the excavation-induced
loading on the overlying soil pressure of the
tunnel is reduced, and the cross-sectional
shape of the tunnel appears as a vertically
elongated ellipsoid, as shown in Fig. 1b.

Nguyen Trong Tam, Nguyen Van Hung

3. ANALYTICAL APPROACH

In the analytical approach, several assumptions
are made to simplify the problem:1. The soil
environment is considered as a linearly elastic,
isotropic, and homogeneous medium; 2. The
tunnel is treated as a beam on an elastic
foundation (1D problem), without considering
deformations within the cross-section, and it is
assumed to have infinite length.

3.1. Load acting on the Tunnel lining

After excavation, an uplift pressure, p(x),
directed upward, is generated at the bottom of
the excavation pit. p(x) represents the change in
soil load removed per unit area. In the case of a
full-length excavation pit, the 3D environmental
problem becomes a 2D deformation problem
(Figure 2) with a uniform distributed load, pO0,
within the segment 2a, corresponding to the
boundary conditions:

Py |x|<a

p(x)= (1
) 0, |{>0
R
Foundation pit excavation A-A
a . )
) Balanced vetical uplift Vertical stress reduction
state Transvese deformation

A-A Generating

upward additional

stress

Figure 1. a) Pre-Excavation balanced State; (b) Changes in Stress-Strain State during Excavation

Po (111} a

V4

Figure 2. Force Distribution in a homogeneous
elastic half-space
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The problem of a uniformly distributed
pressure on an infinite half-space surface was
solved by Sneddon using Fourier transforms in
1951 [13], with the stress distribution
determined as:
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In this problem, the influence of the tunnel on
stress generation, as well as the longitudinal and
shear stresses within the tunnel, are neglected. In
this case, the vertical stress at a depth H, induced
by the distributed load placed at the bottom of the
excavation pit in an upward direction, is
determined by the following formula:

rra Jarctan[ roa J (3)
[a_,(x)] :_%Ho H-H, H-H,

pd s (x+c21)(H—H0) - (x—c:)(H—HO)z

(x+a) +(H,H0)2 (xfa) +(H7H0)

arctan [

where: yo- the unit weight of the soil layer
within the excavation pit; Ho- the distance from
the bottom of the excavation pit to the ground
surface; H- the distance from the existing tunnel
axis to the ground surface.

3.2. Tunnel deformation equation

The existing tunnel is considered as an Euler-
Bernoulli beam resting on a Winkler foundation
model. The Winkler foundation model is
regarded as a one-dimensional spring, with
individual springs acting independently of each
other. The differential equation for the beam on
the elastic foundation [11] is expressed as:

EL, d“;;ﬁ") + KDw(x) = Do (x) )

where: D- the outer diameter of the existing
tunnel; E- the eclastic modulus of the tunnel
material; leq- the equivalent inertial moment of the
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existing tunnel accounting for the influence of
longitudinal connections in the tunnel; K- the
subgrade coefficient of the surrounding soil
environment; w(x)- the displacement of the tunnel
axis, 6z(X)- the vertical stress acting on the tunnel.
The equation (5) is solved through the solution
of the homogeneous equation:

er? ng)+KDw(x):0 (6)
“ dx

Due to the symmetric distribution of the load
applied to the tunnel through the excavation pit,
the calculation can be simplified by considering
only a portion of x>0. With the condition as x
approaches +oo, w=0, the homogeneous solution
of Eq. (6) takes the following form:

w(x)=e""(C cos fx+C,sin Bx) for x=0 (7)

where: B=, KD
AEI,

To analyze the impact of excavation above the
tunnel below, the tunnel with its concentrated
load on its Winkler foundation is considered
initially. The total vertical stress, P, is simplified
to act on the neutral axis of the tunnel, and it
can then be directly applied to the foundation as
a concentrated load, as illustrated in Fig. 3.

existing tumel, EI | P
—_—
V0 Y,
zZ

Figure 3. The tunnel on an elastic foundation is
subjected to the action of a concentrated load

By applying boundary conditions for the case of
a concentrated load: shear force Q = -PD/2 and
angular deflection w' = 0 at x=0, we can derive
the deflection equation of the tunnel:

W(x)— PD

= We_ﬂ"“ (cos,B|x| + sin,B|x|) (®)
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Once we obtain the deflection of the tunnel under
the influence of the concentrated load, we can use
this result to deduce the deformation of the
existing tunnel under a uniformly distributed load.
As depicted in Fig. 4, the load q(&§)d& placed at
the position &, based on Eq. (8), the derivative
of the deflection dw(x) at any position x within
the tunnel can be determined through a
coordinate shift as follows:

dw(x)= 8E(I§)ﬂ 4 (cos plx—¢+sin plr—¢)ae ()
q(&)de
0 " s
E ‘be'lll
% !
Z

Figure 4. A uniformly distributed load acts on

Nguyen Trong Tam, Nguyen Van Hung

Based on Eq. (9), the deformation of the tunnel
caused by excavation within the range (x1, x2)
is determined:

ﬂ‘”‘ cos/J’|x §|+smﬂ|x §|)d§ (10)

According to Eq. (10), the deflection of the
existing tunnel due to excavation above is
determined as follows:

d D
o(x)= v:{ix) jsg (- g)ZEE‘}’j)ﬂz ¢ 4sin gle—¢lag (11)
. PN 1 forx-&20
where: sgn(x—¢&) = {_1 for x—£<0
Considering the problem of full-length

excavation pit, the displacement and axial
deflection of the tunnel are determined as
follows:

the beam
w(x)= j %, (¢) ¢4 (cos Blx | +sin flx—&])dé (12)
dw(x) 7 0.(§)D o el
x)= = = sin B|x—¢&|d (13)
px)=— == senlx 5)4E]ﬁ Blx-¢ldé
The convolution integrals Eq. (12) and Eq. (13) flexural stiffness EI, reflecting the
for determining displacement and angular deformation resistance of the assembled
deflection will be implemented in MATLAB tunnel, and the subgrade coefficient K,
with a sufficiently large integration range. determining the level of foundation
Typically, the region of significant influence settlement.

when excavating a pit is about 5 times the width
of the excavation pit, so the integration limits
for the displacement Eq. (12) and angular
deflection Eq. (13) of the tunnel axis will be
taken from -10a to 10a.

3.5. Determine the parameters

The deformation behavior of the tunnel below
is influenced by the interaction between
geological layers and the structural capacity of
the existing tunnel to resist deformation.
Therefore, determining the relevant
parameters needs special attention, such as the
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3.5.1. Equivalent Flexural Stiffness of the
Assembled Metro Tunnel Lining

Due to the segmented tunnel connections
spaced 1,2 or 1,5 meters apart in the
longitudinal direction, the overall flexural
stiffness of the shield tunnel is significantly
lower compared to a continuous concrete pipe
structure. Therefore, some authors have
proposed the concept of equivalent flexural
stiffness in the longitudinal direction of the
shield tunnel. Liao [14] concluded that the
approximate equivalent flexural stiffness in
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the longitudinal direction of a shield tunnel is
about 1/5 to 1/7 compared to the flexural
stiffness of a continuous tunnel, which has
been verified and is consistent with on-site
tests. Therefore, the equivalent flexural
stiffness in the longitudinal direction El, in

this paper can be calculated as follows:

E, x(D*'-d') (16)

47507 64
where Ec is the Young’s modulus of shield
tunnel segments; D is the outer diameter of the
shield tunnel; and d is the inner diameter of the
shield tunnel.

3.5.2. Subgrade Modulus coefficient
Determining the parameter of the subgrade
modulus coefficient is complex and affected
by the size and distribution of the foundation
pressure, soil compressibility, buried depth,
field test conditions and other factors. For
deep shield tunnels, this paper estimates the
subgrade modulus coefficient k from an
empirical formula in the reference literature
[15].

13E,

—IZES_B4
B(l—;ﬂ)\/ EI

where Es is the elastic modulus of the soil, u is
Poisson’s ratio, B is the width of the beam
section (B=D in this paper), and EI is equal to
Ele.

Then, the influence of the embedment depth
was quantified by Yu et al. [16], where the
following coefficient # was proposed:

(17)

K:

2.18 H/D<0,5
_ | (18)
T=N+——  H/D>05
L7H/D

where H is the buried depth of the existing
tunnel in this paper.

Thus, the calculation formula of K is updated as
follows:
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(19)

1,3E, [ED'
K_UD(l—,uz)lz El

4. RESULTS AND DISCUSSION

In order to provide visual insights from the
analytical results obtained, the author's team
considered an example from a real project in Ho
Chi Minh City and compared it with the results
from a 3D finite element model.

4.1 Case study

The Ho Chi Minh City Urban Railway Line 1,
with a total length of 19,7 km, consists of 2,6
km underground and 17,1 km elevated tracks.
The underground section includes two bored
shield tunnels: The Eastbound (EB) and the
Westbound (WB) tunnels, constructed using a
pressure-balanced Tunnel Boring Machine
(TBM).

According to the geological survey results
from the Urban Railway Line 1 Ben Thanh -
Suoi Tien project, hydrogeological data used
in the model were obtained from experiments
conducted at borehole U-175 (km 1+553),
located approximately 2 meters along the
tunnel alignment of the TBM tunnel. Through
analysis, the soil layers were categorized into
three basic types: Fill, Alluvial Soil, and
Flood Deposit Soil. More specifically, the
layers at the intersection area consist of five
main soil layers: Fill, AC2, AS1, AS2, DC.
The distribution of these layers is shown in
Fig. 5, with the TBM tunnel situated within
layer 3-AS1.

Geological and hydrogeological data were
derived from the geological reports of the Metro
railway line, as summarized in Table 1. The
intersection point of the underground drainage
system project and the TBM tunnel Line 1 is
located at km 1+555 (according to the urban
railway system's alignment). The relevant
parameters related to the tunnel lining are
presented in Table 2.
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Table 1. Properties of soils

Nguyen Trong Tam, Nguyen Van Hung

Table 2. Parameters for tunnel lining

Layer
Parameter
Fill AC2  AS1 AS2 DC
E (kPa) 10000 3000 12500 37500 136000
v 0,3 0,3 0,3 0,3 0,3
y (kKN/m*) 19 16,5 20,5 20,5 21
Ko 0,577 0,8 0,5 0455 05
(klzlls/?n3) 19 16,5 20,5 20,5 21
k (m/s) 1x10° 1x10® 2x10° 2x10° 1x107®
c (kPa) 10 0 0 0 170
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Tunnel
Parameter .

lining
Tunnel Inner Diameter, Diy (m) 6,05
Tunnel lining thickness (m) 0,3
Tunnel center line position, H (m) 11
Equivalent Elastic Modulus, E* (kPa)  7,2x10°
Poisson's Ratio, v 0,2
Bulk Density, y (kN/m?) 24

The values E* in the table are equivalent values,
indicating the reduction in the flexural stiffness
of the shield tunnel in the model.

The excavation pit has corresponding
dimensions: width 2a = 4,68m; depth of the pit:
Ho = 1,6m; the pit is located in the Fill surface
soil layer, yo = 19 kN/m3.

Excavation

>
)
[\
25m

Figure 5. Dimensions of the 3D Model

The value of uniformly distributed load due to
the process of unloading the soil mass in the pit
is: p0=yo *Ho = 30,4 (kPa).

4.2 Finite element model

Using the finite element method based on the
MIDAS GTS software platform, with soil layers
modeled using the Mohr-Coulomb model with
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Hexadetrol elements, the tunnel lining is
simulated as a thick plate. Interface elements are
used to model the interaction between the soil and
the tunnel lining, with a reduction factor
Rinter=0,67. The model dimensions are shown in
Figure 5 [7]. The displacement of the tunnel axis
is determined by the average of the displacements
at the top and bottom of the tunnel.
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4.3 Results of analysis and discussion

After performing calculations using the
MATLAB software with the input data
considered in section 4.1, the vertical stress
distribution values are shown in Fig. 6. The load
applied at the corresponding floor is p = -30,4
kPa, and the maximum stress value at the tunnel
axis position is (6zz)max = -9,68 kPa.

The displacement of the tunnel axis is shown
in Fig. 7, with the maximum displacement
value of the tunnel axis by analytical method
being 4,6 mm, while according to the finite
element method, it is 4,4 mm. The
displacement value of the tunnel axis from
model is determined by the average value of
the displacement at the tunnel crown and the
displacement at the tunnel invert.

The vertical deflection angle of the tunnel axis
is shown in Fig. 8, with the maximum deflection
angle by the analytical method being 0,165 %o,
and by the finite element method, it is 0,178%o.
The corresponding bending point for the
analytical method is located about 16 meters

away from the excavation center, while
according to the finite element method, it is
approximately 10 meters away.

4.4 Discussion

The displacement value of the tunnel axis is
greater by approximately 4,3% according to the
analytical method compared to the finite
element method (FEM), and the deformation
zone according to the analytical method is
larger. The area of influence affecting the
displacement of the tunnel axis extends about 40
meters (approximately 10 times the width of the
excavation) on either side. Beyond this 40-meter
range, the displacement value becomes
negligible.

The deflection angle along the tunnel axis is
nearly the same for both methods, differing by
only 1%. However, the location of the bending
point differs by approximately 40% between the
two methods, with the analytical method
indicating a point farther from the excavation
site than the FEM.

T T

10 [ The left edge of the excavation pit

, kPa

Jzz

1 1

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|

T T T

|
:<_ The right edge of the excavation pit —

1

-60 -20

0 20 60

Distance from the center of the excavation pit,m

Figure 6. Vertical Stress Distribution
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Displacement, mm

TR

The left edge of the excavation pit

1 1

T

Analytical

— A\— - Finite Element -

— The right edge of the excavation pit

1

-60 -40 -20

0 20 60

Distance from the center of the excavation pit,m

Figure 7. Displacement of the Tunnel Axis

0.2

Deviation,

The left edge of the excavation pit

-0.3 1 1

Analytical

— A\— - Finite Element

-60 -40 -20

40 60

Distance from the center of the excavation pit,m

Figure 8. Vertical Deflection Angle of the Tunnel Axis

From the analysis of these results, it is observed
that the analytical method provides a higher
safety margin in terms of displacement. This
can be explained by the following reasons: (1)
The soil model does not consider the sliding
interaction between layers (two-coefficient soil
model), (2) The influence of different soil layers
is not accounted for in the model, affecting the
foundation coefficient determination.

5. CONCLUSIONS

The analytical approach to determine the
displacement of the tunnel axis during the
construction of full-length underground culverts
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is a practical problem with initial evaluation
significance and serves monitoring purposes
during the culvert construction process.

The analytical approach simplifies the process of
determining the displacement and deflection of
the tunnel axis, making it straightforward and
efficient, without the need for complex tools such
as the finite element method. However, the results
obtained through the analytical method tend to be
more conservative compared to the finite element
method because they do not consider all
influencing factors, such as the foundation
stiffness and the two-coefficient soil model.
Therefore, further research is needed to address
the problem while taking into account factors

International Journal for Computational Civil and Structural Engineering



Analytical Approach to Determine Longitudinal Deformation of the Existing Precast Tunnel During Construction
of a Full-Length Excavation Pit

that influence the soil stiffness, such as the two-
coefficient soil model and various soil layers.
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METHOD OF EQUAL RATE SURFACES IN STRUCTURAL
AERODYNAMICS
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Abstract. The problem of combustion of natural fuels is now an extremely important environmental issue. Flue gas
emitted into the atmosphere has a negative impact on the environment. The consequences can range from
precipitation containing acidic compounds to increased levels of lung disease in the population. A solution to this
problem of fuel combustion in thermal power plants can be a design called a combined high-rise structure. It
combines two components: the cooling tower and the chimney itself. The study of the flow gases nature in such a
structure is an extremely important task, since the process of mixing the smoke with the additionally supplied air in
the pipe determines the concentration of the emission of harmful substances into the atmosphere. This article is
devoted to the numerical study of gas dynamics in the structures under consideration. A generalization of equal rate
surfaces method to describe the internal aerodynamics of the structure is presented. The problem statement is based
on the viscous compressible gas model. The flow is described by the Navier-Stokes system of equations, which is
written in a parabolic form and supplemented by an algebraic turbulence model. The numerical solution is carried
out by the finite difference method. Various variants of the structure geometry and initial conditions are considered.
The favorable effect of the initial swirling of the flow on the intensive mixing of flue gases and the decrease in the
concentration of harmful substances at the outlet of the chimney was noted. Based on this research,
recommendations for the design and profiling of structures under construction have been developed.

Keywords: high-rise structures, numerical calculation methods, swirling flows, gas mixing

METOJ HOBEPXHOCTEFI PABHbBIX PACXOA0B B
CTPOUTEJIBHOU ADPOINHAMUKE

B.K. Axmemos ', B.A. IlIxadoe ?
! HanonanbHeli ncenenoBatenbekuii MOCKOBCKHI TOCY IapCTBEHHbINH CTPOUTENLHBIN YHHBEPCUTET, I. MOCKBa,
POCCUA
2 MoCKOBCKHIA TOCY1apCTBEHHBIN yHUBEpcuTeT M. M.B. Jlomonocosa, r. Mocksa, POCCU S

AnnoTtanus. [TpoGnema cxuranust IpUpOIHOTo TOILIMBA B HACTOSIIIEE BPEMSI SIBJISICTCS KpaiiHe BaXKHOH SKOJIOTHYECKOM
3amaveil. JIpIMOBOIT a3, BRIOpackBaeMBIil B aTMOC(epy, HETATUBHO BIHSCT Ha OKpY)Karomryro cperdy. [locmeacTBus
9TOr0 MOTYT OBITh CAMBIMH Pa3HOOOpA3HBIMH, OT BBIAICHHUS OCAIKOB, COMACPIKAIINX KHCIOTHBIC COCUHEHUS, IO
TIOBBIIIICHAS YPOBHS JISTOUHBIX 3a00JIeBaeMOCTel HaceleHus. PerierreM mpoOeMbl CKATaHWS TOTUTHBA TIPH BBIPaOOTKe
SHEPTUH B TEIUIOBBIX JJIEKTPOCTAHIAAX MOXKET CIIY)KUTh KOHCTPYKIWS, Ha3bIBaeMask KOMOMHHPOBAHHBIM BBICOTHBIM
coopyxeaneM. OHa oObermuHSAET B ceOe JBE COCTABIAIONINE: TPAJUPHIO U, HEMOCPEICTBEHHO, IBIMOBYIO TPYyOy.
HccnenoBanue xapakrepa TEUEHHUsI Ia30B B TAKOM COOPYXKEHUH SIBIISIETCS UPE3BBIYAHO BAKHOM 3a7adeil, Tak Kak OT
npoliecca CMEIIeHHs JbiMa C JIOMOJIHUTENBHO T0/IaBaeMbIM BO3IYXOM B TPYOy 3aBHCHT KOHIIGHTpAlHsi BbIOpOCca
BpEIHBIX BellecTB B arMocdepy. JlaHHas cTaThss TIOCBSINEHA YKCJICHHOMY M3YYEHHMIO Ta30[MHAMUKH B
paccMarprBaeMbIX coopykeHusiX. [IpencraBieHo 0600IeHne MeTo/a OBEPXHOCTEN PaBHBIX PACXOIOB ISl OIIMCAHHS
BHYTPEHHEH a3poJMHAMUKHU COOPYKEeHHs. B OCHOBE MaTeMaTHUecKOH MOJENH HCIOb3YeTCs BA3KUH CKUMaeMBbI ras.
Teuenune ormckiBacTest cucteMol ypaBHeHU HaBbe-CToOKCa, 3armvcaHHON B Mapabom30BaHHON (hopMe, TOMOITHEHHOM
anreOpanyuecKodl MOJeNIbl0  TypOyJIEHTHOCTH. UMCIIeHHOE pelleHHe TPOBOAUTCS METOJOM KOHEYHBIX pPasHOCTE.
PaccMoTpeHB! pa3miyHBIC BapUaHTHI TEOMETPHH KOHCTPYKIIMH M HAYaJIbHBIX YyCIOBHH. OTMEYEHO OIarompHsTHOS
BO3JICHCTBMC HAUYaJbHOW 3aKPYTKH TIOTOKA HAa HMHTCHCHBHOCTH CMEIICHUS JBIMOBBIX Ta30B W yMCHBIICHHE
KOHIIGHTpAaIlM BPEIHBIX BEIIECTB Ha BBIXOAE M3 TpyObl. Ha OCHOBE NPOBEHEHHBIX WCCIENOBAHMN pa3pabOTaHBI
PEKOMEH/IAITNH TS TIPOSKTUPOBAHKS 1 PO ITPOBAHIUS BO3BOJUMBIX COOPYKEHHH.

KnroueBble ¢cJ10Ba: BHICOTHEIC COOpPYKEHHUA, YUCIICHHBIC METO/IbI paCu€Ta, 3aKPYUCHHBIC TCUCHUA,
CMCHICHHUC I'a30B
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1. INTRODUCTION

The use of natural fuel in the combustion
process has a significant negative impact on the
environment. The standards established for the
maximum permissible content of harmful
substances in the flue gases discharged. In
particular, for sulfur compounds the limit is not
more than 200-400 mg/m> SO2. Devices for flue
gas discharge should be designed to ensure the
fulfillment of these requirements.

In the mid-seventies, the first studies were
carried out to improve the technology for
reducing harmful flue gas emissions by
designing combined high-rise structures. This
design combines a chimney and a wet cooling
tower. The flue gas is pre-cleaned in a special
desulfurization device. Then it enters the lower
part of the extraction tower, where the heat
exchanger is located. The jet of warm air forms
the flue gas plume, mixes with it and is removed
into the atmosphere due to natural draught. The
ratio of flue gas volume to warm air amounts
from 1:5 to 1:25. This provides the following
advantages compared to a conventional
chimney: the system of reheating the smoke and
related energy costs are eliminated, the
concentration of harmful substances and the
temperature of the exhaust gases are
significantly reduced.

The efficiency of combined high-rise structures
is largely determined by gas dynamic processes
of turbulent mixing of flue gases and humid air.
To intensify the mixing process, it is preferable
to supply flue gas to the exhaust tower with
some initial swirling of the flow.

A large number of studies have been devoted to
the investigation of swirling flows. Practical
applications for various technical devices are
considered in [1, 2]. Numerical studies of
swirling flows in pipes are presented in [3-7],
and experimental results are reflected in [8-10].
The issues of mixing and gas dynamics of flows
in swirling combustion chambers are discussed
in [11,12], and for flows in gas turbines in [13-
15]. One of the most important features of
swirling flow is the effect of swirl decay, which
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occurs when a certain flow swirl is reached.
This phenomenon is associated with the loss of
flow stability. Studies of hydrodynamic stability
of swirling flows [16-21] support this
conclusion.

The objective of this study is to investigate the
processes of turbulent mixing of heated flue
gases with warm air flow in the field of gravity.
For this purpose, it uses a mathematical model
based on parabolized Navier-Stokes equations.
It presents an efficient numerical method of
solution, which allows to pass from a general
system of partial differential equations to a
system of ordinary differential equations written
on current lines.

2. PROBLEM STATEMENT AND
RESEARCH METHOD

We consider the gas-dynamic process of mixing
of heated flue gases entering the pipe by jet
flow. The principle flow diagram is shown in
Fig. 1. The flue gas is fed into the central part of
the chimney 0 < < R at the base of the z=0.

It may have an initial swirl to improve mixing.
Warm air is introduced coaxially into the lower
part of the pipe R1 <r<R¢p=R(0). This flow

is usually supplied without a swirl. The design
of the structure has the following typical
dimensions: bottom diameter of about 90 m,
total height of the structure of about 100 m, flue
gas to warm air flow ratio of 300:5000 m3/s,
flue gas and moist air temperatures of about 120
°C and 70 °C respectively.

>

A AR
U, T,

U,: T,

Figure 1. Flow diagram
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The system of parabolized Navier-Stokes
equations (as an analogue of the Prandtl
boundary layer equations) is a set of laws of
conservation of mass, momentum and energy.
This mathematical model includes the following
equations:

orpU) , 8rpV) _
Oz or
A(p+pUr] a(pruVv) @
oz | or :E(M)_pgr’
8(erH)+6(rpVH)=
0z or N
=M+pVW2+W{a—W—KJ2, (
or ror
S(rpUE)  O(rpVE) _d(urya)
0z or or
8(erW)+6(rpVW):
0z or
o( ow) pVw W
ZE(W’EJ— p —Mr—za

2
h=c,T, H:h+UT+gz,

q=éu£(h+0,56U2) ,

ou

1oE 1 ou
u@r.

, O=—UCp, T=
Gy OF A

Yo =
In this system of equations U, V, W are
thevelocity components (axial, radial and
azimuthal) in the cylindrical coordinate system
r,o,z; T is the temperature, u is the dynamic
viscosity; 4 is the enthalpy; g is the gravity
acceleration; E is the impurity concentration; t
is the friction force; ¢, is the specific heat

capacity; g 1is the heat flux; y, is the impurity
mass flux; o, o, are the Prandtl numbers.

Let us consider the method of surfaces of equal
flow rates. For the first time this method for the
description of jet flows was developed in [22].
Later it was widely developed for solving

Volume 20, Issue 1, 2024

various problems of hydrodynamics and heat
and mass transfer with an interface [23]. For the
solution of (1) in the coordinate system 7, @, z,
r=90,(z),
n=0,1,2,..., N, which will be current lines and

let us introduce smooth lines

satisfy Eq:

00,

0z

U

=V for r=90,(z2).

These lines should be found. It follows from the
problem statement that &g =0 since this is the
axis of symmetry, and Oy = R (z) defines the

pipe wall. We will search for the solution of the
system (1) on intermediate lines

1
r=0u+1/2(2) 25(511 +0n+1),
n=0,1,2,.., N—1.

The system of equations (1) can be represented
in compact form:

O(rpUA) _3(rpVA) _ 00 _

4071, 2
Oz or or 4 @
A={L,U,H,E,W},
Q:{OarT,”‘]arHYoc,MVaW/aV};
eq4=1, w=a—p+pgz for A=U,
0z
2
pVW? [6W WJ
eq=1, 0=— —u —— | for
r or r
A=H,
er=1, 0= tor a=w
r r
e4=0for A=1LF.
Let us introduce the functions
Fus1/2 =052, -83), n=0,1,2,..., N~1.
Then the following relationships can be

obtained for d,(z):
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6]2:2ﬁ/2, ngz(ﬁ/2+f3/2)a seey
N

8% =22 fu1/2.
n=1

Having integrated (2) from r to r=39, taking
into account Leibniz's rule, the original system
can be represented by a set of ordinary
differential equations to be solved on lines

r= 6n+1/2(2) :

1

: 1 1
UU=—R,~(I-—)nr—p-mng ,
pf Yy P
| 1.1, 1
Ul =—Ryr —(1-—) U~ p+ —"—WGT,
pf Y p  pTr
|
UE=—Rg , 3)
pf
| 1
pf p
f_ p, T U
f p T U

In system (3), the point denotes the derivative
on the coordinate z. Dimensionless variables of
velocity, temperature, density, concentration
and pressure are referred to the maximum
values of Uy, T1, p1, E1, p1, W1 of the

internal flue gas flow at z=0, and f —to Rg .
Dimensionless parameters of the system (3) are
Froude number ny = Ryg/U 12, swirl parameter

m,, =W /U; and nT:cpTl/Ul2 as an analog

of Mach number: ny = 1/(M2(y -1)).

For the case of flow without pre-twisting of the
flue gas flow, the pressure distribution is
determined from the equation dp/or=0, and

for flow with twisting from the equation of the
form:

p_ v my W

or y—-lny r
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It can be integrated as follows:

pz,r)= pw(z r) + po(Z)

p"(z,r)=—— I —dr

Y- lnT r

The integral for a function p"(z,r) is calculated
using the trapezoidal formula and then calculated

p" (z,r) using recurrence formulas:

Py =01/2 f1/2, Ppy=Pn+t%ni1/2 farl/2,

n=12,....N-1,
pvrtz)+1/2 :0’5(pv;+pv;+1)a n=0,1,2,...,N -1,
Olyel/2 —%%%[2WW—W2 %j

! rr 8n+1/2

The function po(z) is obtained by integrating
the equation

N-1 N-1

oY gneiz+ Y, DV gniii2 =
n=0 n=0
N-1

fn+1/2 Ry
=RR- +
Z( Tg T

)

(4)
+fn+1/2 2 Gr Ru

pUT " mr pU>

where

gn+1/2 =

1 1
—%Jr(l——]wﬁm/z 5
v(p™ + Po) v pU

The following expressions are used to calculate
the density p at each line:

p(z,8,41/2)

. 5
T(z,8n+1/2) ©

p(z,0n+1/2)=

The dissipation terms of equations (3), (4) are
calculated by the formulas:
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oUu ow

R, =[ru—71], R\, =[run—1],
[”ar] [”ar]
1 OE
Rp =—/[rpn—1], (6)
Co 0
1. oT. 1 oU oU
Ry = —[ru—]+—| [ruU =—1-U[ru—11,
T [“ar] 7TT([ ar] [mar]J
ow W Vw?
r r r
Gw__pVW_ 4
r 7'2

The square brackets in (6) imply the difference
between two consecutive values:
[O]1=0n+1-0On.

To solve the system (3) it is necessary to set
boundary conditions on the boundary of the
solution region. For the variables of velocity,
temperature, concentration it is obvious from
the requirement of flow symmetry at »=0. On
the pipe wall, the boundary layer is assumed to
be thin enough. Therefore, the following
conditions were used:

8—A:O for =0 and 8=R(z),

r

A={U,W,T,E}. (7)

An algebraic turbulence model was used to
complete the system of equations (3)-(6):

2 ” ) -1/2
oV 0
12: , z +| r— e s 8
i Vii (67} |:rar(r]:| (8)

where /; is the mixing path length, i = z,¢.

Finally, the system (3)-(6) of 5N +1 equations was
integrated numerically by Runge-Kutta method.

3. RESEARCH RESULTS

Numerical results of the solution of the
boundary value problem (3)-(6) were produced

Volume 20, Issue 1, 2024

considering the following distributions of the
sought variables for z=0:

Ur)y=U=1, W(r)=wi(r),

IT(ry=T1=1, E(ry=E1=1, 0<r<r, )
Ury=U,, W()=Ww,,
T(ry=T>, E(r)=E;, r<r<l.

The dimensionless value of the length of the
region was taken as zp =2.2Ro. The shape of

the lateral surface was specified in two ways:
either Rg=1, or R(z)=1-0.15z. The flows

were calculated in the range of parameters:
Uy, =0.05-04; T7,=05-09; E»=0.1;
c=0.72; Mg =6.45; nr =5754;
Ty =0-1.35; r =0.15;0.33; N =50.

In most of the calculations the values used
wereU, =0.1, 1,=08, Ery=1, Rop=1,
r1 =0.33. The velocity profiles at these

parameter values are shown in Fig. 2. In all
cases, the main effect of the swirled flow is
observed as the presence of a local minimum of
the axial velocity for r=0. This effect
increases as the value of initial swirl increases
from =n,=1 to m,=13. For the values
my >1.35, calculation wusing parabolized
equations is not possible. In this case, the full
system of Navier-Stokes equations should be
used.

In the considered problem, the lifting force
has a significant effect on the process of flue
gas mixing. Due to this, it is possible to
increase the axial velocity of the gas flow
through the pipe. For example, for the flow
without swirl at =, =0 a small section
z<0.5, the axial velocity of the flow
increases by 1.5 times (Fig. 2, a). The action
of lift force due to temperature differences
can also contribute to the increase in flow
velocity (Fig. 2, b). The addition of an initial
swirl reduces this effect.
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With increasing temperature difference 77/7>
for the internal jet of flue gas and external flow
of warm air, the effect of the lifting force
increases. Fig. 3, a shows the relation of axial
velocity at r=0 for different ratios of
temperature difference, where 73 =1. The axial
velocity maximum can increase more than 1.8
times the initial value (Fig. 3, a, curve 4). The
lift force can also contribute to the increase in
flow swirl. For example, the maximum
azimuthal velocity Wpn,x can increase by a
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factor of 1.3 compared to the initial value (Fig.
3,b).

Temperature distribution on the flow axis along
the pipe for »=0 is shown in Fig. 4, a. Due to
mixing with warm air the flue gas temperature
drops rather quickly. The initial swirl of the
flow intensifies this process. A similar result is
observed for the concentration distribution of
harmful impurities. In the outlet section of the
pipe the maximum concentration decreases
more than 2 times (Fig. 4, b). This effect is
extremely important with regard to the
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environmental performance of the combined distance Z increases. This data can be used for
high-rise structure. profiling the walls of the exhaust pipe in order
Fig. 5 shows characteristic pictures of the to reduce the size of the erected structure,
current lines. It can be seen that the current lines  reduce material costs and increase the stability
converge to the center rather quickly as the of the structure.

2 1.4

U T W, 3

1.2 ~
— 7
yd =3 0.6
0.8
0 1 z 2 0 1 z 2

Figure 3. Distribution of axial velocity on axis r =0 for n,, =1 (a) and maximum azimuth-
al velocity (b) for n,, =02, T, =0.8;0.7;0.6;0.5; R(z)=1 (curves I-4), R(z)=1-0.15z
(curves 5—8)
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Figure 4. Temperature (a) and concentration (b) distribution on the axis r =0 for
n,, =0.2;0.5;1.3; T, =0.8 (curves 1-3) and T, =0.5 (curves 4—6)
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Figure 5. Current lines for T>=0.8, r1=0,33; U>=0.1; 0.2, 0.3 (a, b, ¢), I —R(z)=1, 2 - R(z)=1—

0.15z

4. CONCLUSIONS

The presented mathematical model and
numerical calculation method allow obtaining
necessary and detailed information on the
character of flow in the exhaust stack of a
combined high-rise building, temperature
distribution and concentration of harmful
impurities at the stack outlet. The initial
swirling of the flue gas flow contributes to the
improvement of gas mixing. However,
excessively strong twist leads to undesirable
flow inhibition and possible disintegration of
swirl flow. The developed methodology allows
to determine the maximum permissible value of
the initial twist to eliminate such phenomenon.
The obtained data of gas-dynamic flow pattern
can serve as a basis for choosing the optimal
shape of the pipe side surface in order to reduce
the cost of the constructed structure.
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Abstract: High air permeability and the presence of thermal bridges at the junctions of wooden frame wall panels
have a significant impact on the thermal balance of the building and its operational characteristics. The importance
of improving the energy efficiency of nodal interfaces of panels with a wooden frame is undeniable.

To date, there is no single generally accepted method for calculating heat losses through nodal interfaces of panels
with a wooden frame. Based on the analysis carried out, it is necessary to carry out calculations and measurements
that allow creating this calculation methodology. To carry out numerical studies, a list of characteristics and
parameters affecting their conduct is formulated: the influence of the thickness of a li-ear-discrete inclusion on the
heat-protective properties of the panel docking unit; the thermal conductivity characteristics of the material used to
fill linear-discrete inclusions affecting the heat flux density of the node interface; consideration of the influence of
the outdoor temperature of air depending on different climatic zones on the density of heat flow. The dependences of
the heat flux density on the "inner" surface of the experimental samples on the thermal conductivity coefficient of the
material of the insulating insert, the width of the insulating insert and the outside air temperature were revealed and
the nature of the temperature distribution on the "inner" surface of the prototypes was established. By calculating
two-dimensional temperature fields in the cross section of the node, isofields of temperature distribution inside the
structure, isofields of heat flux density and its direction, lines of temperature distribution and heat flux density along
the inner and outer surfaces are obtained. It was found that the heat flux density in the ribs with heat-insulating
inclusions is lower in comparison with solid wood parts by an amount from 13% to 52%.

Keywords: thermal engineering calculation, wooden panels, nodal interfaces, thermal conductivity,
energy efficiency, thermal insulation dissections, specific losses, temperature, air permeability, thermal bridge,
thermophysical parameters, temperature fields

KOMIIBIOTEPHOE MOJEJIUPOBAHUE
SHEPIO3®PEKTUBHBIX CThIKOB JEPEBOKOMITIO3UTHBIX
NMAHEJIEA

M.B. /Iykun ', C.U. Powyuna ', A.B. /Iykuna ', B.1. Pumwun ’
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Abstract: Boicokast BO31yXONpOHUIIAEMOCTh U HaJIMYME TEIJIOBBIX MOCTOB B MECTaX COCAMHEHUH JEepEeBSHHBIX
KapKaCHBIX CTCHOBBIX IMAHEJCH OKa3bIBACT 3HAYMTCIHHOC BIMSHUAC HAa TCIUIOBON OajaHC 3JaHUS U €ro
JKCIUTyaTallMOHHBIC XapPaKTePUCTUKU. BakHOCTh TOBBIMICHHUS SHEProd(PEKTUBHOCTU Y3JIOBBIX COIPSKCHUMA
MaHeNeH C JCPeBSIHHBIM KapKacoM HeocmopuMa. Ha CerofHsmHui IeHb CIWHOW OOUICTIPHHATOW METOIUKU
pacdueTa TEIUIOBBIX TIOTEPh Yepe3 Y3JIOBBIC COMPSDKCHUS IMaHENeH C JepPeBSHHBIM KapKacoM HE CYIIECTBYET.
Vcxonss w3 TPOBEACHHOTO aHajM3a, HEOOXOMUMO TIPOBECTH PACYCTH M W3MEPEHHs, IMO3BOJIIIOIIAE CO3/aTh
MAHHYI0 METOOWKY pacueTa. J[Is TpoBEeOeHHWsS UWCIEHHBIX WCCIEIOBaHUN CGHOPMYIHPOBAaH MEPEYCHb
XapaKTEepUCTHK M TapaMeTpOB, BIMAIONIMX HA WX TPOBEICHWE: BIHMSHHAC TOJIIUHBI JTHHEHHO-IUCKPETHOTO
BKITIOYCHUS HA TEIUIO3AIIWUTHBIC CBOMCTBAa y371a CTHIKOBKM MAHEJCH; XapaKTePUCTHKH TETUIONPOBOTHOCTH
Matepuajia, NMpUMEHACMOTO JIs 3allOJIHCHUA J'II/IHeI‘/’IHO-JII/ICerTHBIX BKJ'IIO‘IGHI/II‘/’I, BIIUAOIINX Ha IINIOTHOCTbH
TCIJIOBOT'O IMOTOKA Y3JIOBOI'O COIPSKCHUA; YUCT BJIIMAHUA TEMIICPATYpPbl HAPYKHOT'O BO3AyXa B 3aBUCUMOCTHU
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Pa3NAYHBIX KIUMATHYECKUX 30H Ha IUIOTHOCTh TEIUIOBOTO ITOTOKA. BBIABICHBI 3aBUCHMOCTH IUIOTHOCTH
TEIUIOBOTO TIOTOKA HA «BHYTPECHHEID MOBEPXHOCTH OMBITHBIX 00Pa3IoB OT K0A((HUIMEHTa TEIUIOIPOBOAHOCTH
MaTepralia TEIUIOM30IHPYIOIeH BCTaBKH, MIHPHUHBI TEIUIOM30IHUPYIONMICH BCTaBKH M TEMIIEPATYPhl HApy>KHOTO
BO3AyXa U YCTAHOBUTH XapaKTep paclpeieieHUs TeMIlepaTypbl Ha «BHYTPEHHEH» IMOBEPXHOCTH OIBITHBIX
00pasmos. [TyTém pacuéra IByXMEpHBIX TEMIEPaTyPHBIX MOJICH B MOTIEPEUHOM CEUCHHUH Y3714 TOTYIEeHBI H30II0IISA

pacrpenieneHusl TeMIIepaTypsl

BHYTPH KOHCTPYKIIUH,

H30II0JI  INIOTHOCTH TCIDIOBOI'O IIOTOKa M €TI0

HAIMPaBICHHOCTH, JTHHUU PACTIPEACICHUS TEMIEPaTyphl W IUIOTHOCTH TEIUIOBOTO IMOTOKA MO BHYTPEHHEH H
Hapy>KHOH MOBEPXHOCTSM. YCTaHOBJIECHO, YTO IUIOTHOCTh TEIUIOBOTO MOTOKA B PEOpax C TEIMIOU30IUPYIOMNMI
BKJTFOUCHUSMU MEHBIIIE ITO0 CPABHEHHIO C [ETbHOACPEBSIHHBIMU JCTASIMU Ha BemudauHy oT 13% mo 52%.

KiroueBblie cj10Ba: TEIUIOTEXHUYECKUH PACUET, IEPEBSIHHBIC TAHEH, Y3JI0BbIE CONPSKEHUS,
TEIUIONIPOBOIHOCTD, 3HEPro3(h(heKTHBHOCTH, TETUIOM30JINPYIOIINE PACCEUKH, YACIbHBIC TOTEPH, TEMITEPaTypa,
BO3/1yXOIIPOHUIIAEMOCTb, TEINIOBOH MOCT, TEIUIO(U3NIECKIE TapaMeTphl, TEMITEPATYPHBIE TTOJIS

INTRODUCTION

Wood, as a structural material, has unsurpassed
properties, being a natural renewable resource.
The processability of processing, accessibility,
high physical and mechanical properties,
environmental friendliness make it possible to
effectively use wood in various areas of the
construction industry.

The issues of static modeling of heat transfer for
thermal bridges of buildings are considered in [1-
3], it is concluded that the proposed approach
demonstrates a significant improvement over
traditional modeling results. The dynamic
calculation of heat fluxes considered in [4, 5] is
analyzed over time to determine the step and for
given boundary conditions: a sinusoidal change
in internal temperature and a sharp or more
realistic change in external temperature.
Numerical characteristics of bridges are shown in
[6], in particular, the method of infrared
thermography, which is used to visualize thermal
bridges, is presented for the first time, as well as
a genuine additional experimental method that
allows us to determine the quantitative aspects of
heat loss through the shell. The authors of the
article [7] model thermal bridges in three
different approaches. Energy efficiency and
thermal characteristics were studied in [8, 9],
they proved that an accurate assessment of the
availability and energy efficiency of buildings
depends on the degree of use of the main
components. Various methods of reducing the
influence of thermal bridges are given in [10-12].
Heat transmission through the wall enclosure is
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considered in [13, 14] the heat transfer
coefficient (U-value) of three LSF walls with
different configurations is established, which is
investigated on the basis of four different
approaches: experimental laboratory
measurements based on the thermal flowmeter
method (HFM); 3D modeling by the finite
element method (FEM) using the ANSYS
software CFX ® ; 2D modeling based on FEM
modeling using THERM software; analytical
estimates based on the ISO 6946 procedure for
constructing components with heterogeneous
layers. The effect of connectors on the thermal
characteristics of walls was considered in [15,
16], it was found that the increased distance and
reduced length of connectors led to an
improvement in thermal characteristics, which
additionally indicated the need to study the effect
of connectors on thermal characteristics. The life
cycle assessment and thermal characteristics are
given in [17, 18], the behavior of the wall plate
during bending with various geometric
parameters was experimentally investigated and
a numerical model was created to study the
thermal characteristics of the wall plate. Issues of
improving thermal bridges in articles [19, 20],
maps of temperature distribution in walls, their
components and areas where walls intersect with
other building structures were developed. These
maps were used as an auxiliary tool for
estimating the areas of zones affected by existing
thermal bridges and for calculating R-values for
these areas. New methods for predicting heat
flows over a thermal bridge are discussed in [21,
22], studies show that existing approaches to
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implementing the effect of thermal bridges do not
correspond to the progress made in thermal
insulation requirements, and the corresponding
structure should be updated to better support
efforts to achieve more rational and accurate
results. Laboratory and full-scale non-destructive
methods for assessing heat transmission in works
[23, 24], in particular, the influence of the
location of thermal insulation on its effectiveness
in LSF facade walls is evaluated. For this
purpose, several types of LSF walls are
evaluated, namely cold, warm and hybrid
construction. The influence of thermal bridges
created by steel studs on the overall thermal
characteristics of LSF walls is also evaluated.
Calculations are performed using specialized
finite element software (THERM). The
prediction of heat transmission is given in [25,
26]. Evaluation of the effectiveness of thermal
rupture strips in external walls is given in [27] it
is proved that it is more effective to increase the
thickness of thermal rupture strips (TBS) than
their width. The energy characteristics of fire-
resistant walls are shown in [28, 29]. A
measurement method for quantifying the heat
transmission coefficient is presented in [30], a
new active method for determining the
characteristics of a thermal bridge in situ is
proposed. It generalizes the measurement of the
thermal resistance of a homogeneous wall.
Numerical studies of composite structures are
considered in papers [31...33]. Studies of the
work of composite structures in frame wooden
buildings were carried out in [34...36].
Engineering calculations of composite structures
are considered in works [37...39], properties of
composite materials in work 40.

Numerical studies were carried out in the Heat2D
program by calculating two-dimensional
temperature fields in the cross section of the
node. The aim of the numerical studies was to
evaluate the thermal properties of the nodal joint
depending on the variable parameters. The
calculations performed were preceded by a full-
scale experiment and were carried out in the
volume planned in the combination square.
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The study was carried out in order to analyze the
theoretical (calculated values) and practical
(measured values) analysis of thermal bridges.
From the point of view of thermal conductivity,
the paired rack formed by the joint of two panels
is a linear heterogeneity of the panel material.
When calculating the reduced resistance to heat
transfer , it is necessary to take into account the
influence of thermal bridges according to the
formula:

Rred — 1
S (1)
W*‘Zlﬂpj + X Mk
0
_ 1
YU + XL + X
where, REY - is the area-averaged conditional

resistance to heat transfer of a fragment of a heat—
protective shell of a building or a dedicated
enclosing structure, m? °S/W;

l; — is the extent of linear inhomogeneity of the j-
th type per 1 m? of a fragment of a heat-protective
shell of a building, or a dedicated enclosing
structure, m/m?;

y; — specific heat losses due to linear
inhomogeneity of the j type, W/(m-oS);

ny — the number of point inhomogeneities of the
k- type per 1 m* of a fragment of the heat-
shielding shell of a building, or a dedicated
enclosing structure, pcs/m?;

Xk — specific heat losses due to point
heterogeneity of the k type, W/°S;

a; — the area of a flat structural element of the i —
type, per 1 m? of a fragment of the heat-shielding
shell of a building, or a dedicated enclosing
structure, m?/m?.

Aj

Q; = —
L34

2)
where A; - is the area of the i-th part of the
fragment, m?;

U; - is the heat transfer coefficient of the
homogeneous i-th part of the fragment of the heat
shield of the building (specific heat loss through
a flat element of the i-th type), W /(m - ° C).
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The essence of heat losses is taken into account
in EN ISO 14683 "Thermal insulation of
buildings" and is calculated by the linear heat
transfer coefficient ¥ [W/mxK] of the thermal
bridge, which is obtained from the numerical
determination of the two-dimensional coefficient
of thermal coupling L?? (i.e., the total heat flow
through the component per linear meter divided
by the temperature difference) of the component
separating the two media under consideration.
The linear thermal coupling of the frame -wall
coupling coefficient i is obtained from the
equation:

=12 =3 U,

4)
where L?P - is the two-dimensional coefficient of
thermal coupling, W/(m*K);

Uj- 1s the heat transfer coefficient of a one-

dimensional element j, W/(m?*K);

I; - is the length of a one-dimensional element j, m.
When calculating the energy balance, thermal
bridges can be considered standard. Buildings
with high thermal protection, taking into account
an increase in the heat transfer coefficient by 5%.
Buildings with low thermal protection are a 10%
increase in the heat transfer coefficient. If we
want to calculate the energy demand for heating
a building with almost zero energy consumption,
it is necessary to specify each cold bridge.

Based on the review of regulatory
documentation, it can be concluded that there is
no method for calculating energy-efficient nodal
interfaces of panels with a wooden frame. In this
regard, the development of a method for
calculating energy-efficient node interfaces of
panels with a wooden frame is relevant.

The purpose of the work is to identify the
calculated dependences of the heat flux density
and to establish the nature of the temperature
distribution on the inner and outer surfaces of the
joint of wall panels, depending on variable
factors: the thermal conductivity coefficient of
the material of the insulating insert, the width of
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the insulating insert and the outdoor temperature.
The object of the study is the joints of the
interface of wall wooden panels.

The subject of the study is the calculation of the
energy parameters of the joints of wall panels.

METHODS

The Heat2D program uses a kind of finite-
difference method - the control volume method
to obtain a discrete analog of a stationary two-
dimensional thermal conductivity problem. In
this method, the calculated area is represented by
the union of disjoint control volumes, each of
which contains one nodal (calculated) point. To
obtain a discrete analog, the differential equation
of thermal conductivity is integrated for each
control volume.
The resulting system of linear algebraic
equations is solved by the method of exclusion of
unknowns (Gauss method). Let's consider the
main components of the method.
The process of two - dimensional heat transfer in
a solid is described by the differential equation:
(0%t/ 0x* + 0%t/ dy?) = Q (5)
where Q is the source/heat drain, W/m?.
The studied area of the two-dimensional section
of the structure is divided into elementary
platforms - rectangles so that each rectangle
consists of one material. The center of each
rectangle is taken as a node of the thermal grid.
Thus, each grid node is surrounded by four
neighboring ones, with which it is connected by
thermal resistances equal to the resistances
between the centers of the corresponding
rectangles. The temperature at each node is the
average temperature of an elementary rectangle.
So, in general terms, the area under study is
replaced by its discrete analog, called a thermal
grid, each node of which corresponds to a certain
rectangle, and the thermal resistance to the
interstitial connection.
Each node must maintain a balance of heat
(energy), which is expressed by the
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corresponding algebraic equation linking the heat
flows coming into and out of the node. This
equation can be obtained by integrating (5) over
an elementary rectangle. As a result , we obtain
the equation:

to(Ko1 + Koz + Koz +Kos) — t1Ko1 —
t.Ko2 — t3Kp3 — t4Kos = qAxAy (6)
Heat2D program, a system of linear algebraic
equations is solved by an economical method of
eliminating unknowns (the Gauss method) using
a matrix system of equations with double
precision inside the machine representation of
numbers.

When calculating an axisymmetric temperature
field, which is characterized by the fact that the
temperature field does not change when the area
under study is rotated around the vertical axis of
symmetry OZ, the following differential
equation is solved:

(A/r) d(rat/ ar)/ dr + Ad%*t/ 3z = 0 (7)
where 1 is the distance from the axis of symmetry
OZ.

So, if the axis of symmetry is to the left of a
rectangle with a central node 0, then the
resistance between points 1 and 0 can be
expressed as follows:

Rio = (In(r/r1) + In(ro/r))/(A8y)  (8)
where rg, ry Ur =71, + Ax/2 are the distances
of the corresponding points to the axis of
symmetry.

The scheme of finite-difference sampling of the
node connection is shown in Figure 1.

Material

. slywood
4 2
. wood, pine

| mineral wool

1

Figure 1. Scheme of finite-difference sampling
of a node connection
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where Ky, Koz, Kg3, Ko4 - are the conductivities
of the interstitial connections of the grid.

In equation (6), the temperature t 0 of the central
node is expressed in terms of the temperatures of
neighboring nodes, whose values (if they are not
located on the border) are also unknown. To find
the temperature at any node, it is necessary to
make equations of type (6) for each node and
solve the resulting system of equations. In the
When implementing the numerical calculation, 12
types of wall panel joints were investigated [31-34].
The first letter of the marking is the type of joint (D
— solid wood joint, T - joint with heat-insulating
inclusion); the second digit is the value of negative
outdoor temperature (-5, -20, -35 © C); the third letter
is the filling of the heat-insulating insert (V — air; E
— extruded polystyrene foam; P — penofol); the last
the figure is the width of the thermal insulation insert
(5, 15 or 25 mm). An example of decoding the T-
35-E-5 joint is a joint with a heat-insulating
inclusion; the value of the negative outdoor
temperature is 35 © C; the filling of the thermal
insulation insert is E — extruded polystyrene foam;
the width of the thermal insulation insert is 5 mm.

RESULTS AND DISCUSSION

According to the results of calculations of
thermal fields in the Heat2D program, isofields
of temperature distribution inside the structure,
isofields of heat flux density and its direction,
lines of temperature distribution and heat flux
density along the "inner" surface are obtained.
The program also calculated the value of specific
heat loss through linear thermal heterogeneity
(wooden joint ribs), which directly takes into
account heat loss in the junction when calculating
the reduced heat transfer resistance.

As an example, the results of calculations of the
joint of the T-35-E-5 panel in the software
package are given. Figure 2 shows a finite
element model of the junction of panels and an
isofield of temperature distribution and heat
flow. Figure 3 shows graphs of temperature and
heat flow distribution, and Figure 4 shows 3-D
graphs of their distribution.

International Journal for Computational Civil and Structural Engineering



Computer Modeling of Energy-Efficient Joints of Wood Composite Panels

Figure 2. Results of calculation of panel joints in the software package: a) finite element model of
panel junction; b) isolines of temperature distribution over the section of the structure, c) isolines
of heat flow distribution over the section of the structure

Figure 3. Distribution charts: a), b) temperatures on the inner surface on the outer surface of the
structure; c), d) by the cross section of the panels and by the cross section of the panels in the
docking node; f), g) heat flow on the inner surface on the outer surface of the structure

a) b)
Figure 4. 3-D distribution graphs on the inner surface of the structure: a) temperatures, b) heat flow
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Specific heat loss, W/(m-0S)

¢)

The shape of the graphs of the distribution of heat
flux density and temperature along the inner face
of the junction is the same for all variable
parameters and differs only in peak values. The
results of the numerical study are shown in the
histograms of Figure 5.

T-35-V-15;15.3
T-20-V-25;17.1
T-5-V-5;17.4
T-35-P-25;15.1
T-20-P-5;15.3
T-5-P-15;17.5
T-35-E-5;15.3
T-20-E-15;16.6

D-35;12.1

D-20;14.3

0.0 50 10.0 15.0 20.0
Minimum temperature on the inner surface, °C

Figure 5. Results of numerical research:
a) Maximum heat flux density, W/m?;
b) Minimum temperature on the inner surface,
°C; c) Specific heat loss, W/(m-0S)

Numerical values of the heat flux density, as well
as the temperature on the inner surface of the
enclosing structure for various combinations of
variable parameters are given in Table 1 and 2,
respectively.

Table 1. Heat flux density values for various combinations of variable parameters

Thermal conductivity coefficient of Expanded Penofol Air
the material, W/(m*°C) polystyrene Without
insertion
. 5 15 25 5 15 25 5 15 25
Insert thickness, mm

-5 19.5 | 16.0 | 13.5 | 22.0 | 19.0 | 17.0 | 19.8 | 16.1 | 13.6 27.0

Outdoor temperature, °C -20 | 31.0 | 25.0 | 22.0 | 350 | 31.0 | 27.0 | 32.0 | 25.5 | 22.0 43.0

-35 | 42.0| 34.0 | 29.5 | 495 | 42.0 | 37.0 | 44.0 | 35.1 | 30.0 60.0
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Table 2. Temperature values on the inner surface of the structure for various combinations

of variable parameters
Thermal conductivity coefficient of Expanded Penofol Air
the material, W/(m*°C) polystyrene enoto Without
insertion
Insert thickness, mm 3 15 25 5 15 25 5 15 25

-5 1741179 | 182 | 17.1 | 17.5| 17.8 | 174 | 18.1 | 182 16.4

Outdoor temperature, °C -20 15.7 1166 | 17.1 | 153 [ 16.0 | 164 | 158 | 16.6 | 17.1 14.3

-35 153|154 | 16.1 | 132|144 | 151 | 143 | 153 | 16.1 12.1

CONCLUSIONS

Thus, based on the results of numerical studies of
the energy efficiency of the joints of wall panels
with a wooden frame, the following conclusions
can be drawn:

1. Numerical calculations of the effect of
dissections on the work of the nodal racks of
wooden panels are carried out. The possibility of
their use in node connection racks has been
determined.

2. The dependences of the density of the heat
flow passing through the linear thermal
heterogeneity on the type of insulation used in
the dissection, the width of the dissection and the
outdoor temperature are determined.

3. By calculating two-dimensional temperature
fields in the cross section of the node, isofields of
temperature distribution inside the structure,
isofields of heat flux density and its direction,
lines of temperature distribution and heat flux
density along the inner and outer surfaces are
obtained.

4. The value of specific heat loss through linear
thermal heterogeneity (wooden joint ribs) is
calculated, which directly takes into account heat
loss in the junction when calculating the reduced
heat transfer resistance.

5. It was found that the heat flux density in the
ribs with heat-insulating inclusions is less in

Volume 20, Issue 1, 2024

comparison with solid wood parts by an amount
from 13% to 52%.
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WAYS OF INCREASING OF LOADING CAPACITY OF THE
REINFORCED CONCRETE SHALLOW SHELLS WITH A FLAT
RECTANGULAR CONTOUR
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Abstract: Shallow shells with variable curvature, prestressing contour and fixed above by horizontal reinforcing
of two opposite contour elements are considered in the given article. These two offered ways practically
produces non-moment state and increase loading capacity of the shallow shells several times. Method of
definition of loading capacity of the shallow shells with a flat rectangular contour was worked out, and it's aim
consists of that initial moment state before loss of loading capacity is described by nonlinear differential
equations of the theory of the shallow shells. And then accentuating the main part of the solution of equations we
receive the linear system of homogeneous differential equations with variable coefficients. The solution of the
linearizated equations enables to define the forms of losing of loading capacity of shallow shells.

Key words: capacity, reinforced concrete, shallow shells, flat rectangular contour, non-moment, moment state,
moment and to linear state, nonlinear and states moment state
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AHHOTaHl/IﬂZ B pa60Te pacCMaTpuBarOTCA CIIOCOOBI  IOBBIIIEHHSI Hecymei/'[ CITOCOOHOCTH  MOJIOTHUX
JKee300€TOHHBIX ~ 000JI0YeK HGPEMCHHOﬁ KPUBU3HBI C TMPCABAPUTCIIbHO-HANIPS)KEHHBIM KOHTYPOM U
3aKPCIVICHHBIX CBCPXY TI'OPHU3OHTAJIBHBIMU apMaTypaMu JABYX HPOTUBOIIOJJIOXHBIX KOHTYPHBIX 3JIECMCHTOB. Chvii
JABa HNPCHJIOKCHHBIX crocoba OPAKTUYCCKU CO34AaI0T 0C3MOMEHTHOE COCTOSIHUC M ITOBBIIIAOT HECyUIYyIO
CIIOCOOHOCTH IOJIOTUX 000JI0YEK B HECKOIBKO pas.
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CONTENT OF THE WORK

Shallow shells are applied widely as covers of
residential and public buildings due to small rise
in a center and flat rectangular contour.

Rational usage of space constructions is reached
by providing of their work in non-moment
intense state.

Volume 20, Issue 1, 2024

As you know, loading capacity of the reinforced
shallow shells is approximately defined by the
method of limiting balance on the basis of
experimental researches.

0% 9% 9%
DA*’w — K, — — K, —— + 2K, ———
WGz T G T M gy
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Here the following designations are accepted:
The initial intense state of the shallow shells
with variable curvature is described by the
following nonlinear differential equations:

2%w 0%w
Py + 2K

2%w
2 + Ky XY oxdy

x
Eh dy
+%L(W, w)=0

Ap + K,

+
(1)

D - cylindrical rigidity, v- is Poisson's ratio,
A and L differential operators [5,6]:

D = KoEy(Kylyp, + Kl )

Ky =15(1-3K3) -y (1+2) (1 - Ky):
by

3

Ls = As(ho = y)? + = As(y — )%
_ Es1
ST gK,
Ko=1 and y,; =1:

by3
Dy =E) IT +nAs(hy — J’)zl

Ix,b =

The height of the compressed zone of concrete
is determined by solving the following quadratic
equation:

§% + 2npus§ — 2nps = 0
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here

_4 ., _Es
AuS - bhy ” - Ep
D, = KoEp(Kplyp + nKsly )

The height of the compressed zone of concrete
during bending is determined by the formula [5,6]:

f — NpUs
1=Ky —0,5(1—yp,)(1—Kop)
where
Rs s ho—
nR:R_b ; stjxlo » € = €p2 Oyy
_92(.) , 92(.)
AC..) = 7 3y?
02w ad?p 0*wd?e
L(w, @) =
W, 9) =57 5,2 + 557 ax2
) 0?w 0%¢
0x0dy dxdy

Ky, Ky, and K., - variable curvatures.

Equation of the middle surface of the shallow
shells with a flat rectangular contour is accepted
in the following form:

2 (ax — x2) (by — y?)

a?p?

Z(x,Y)z_ (2)
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The curvatures of the middle surface of the
shells can be defined by the following formulas
because of shallowness:

32f 32f
Ky = o5 (by —y?): K, = -0 (ax — x?)
16
Ky = — =2 (a — 22)(b — 2y) (3)

The end conditions on a contour can be written
in the form:
On line x=0 and x=a:

3¢ 3¢ Eh
w=0; —+2+v =—
’ 0x3 +(@2+ )6x6y2 Bp 7’
2%w 2w
v =0;
dx2 + dy?
92 92 PEh 6e
7P _ L (1 - _0) (4)
0x2 dy?  EpAg H

The end conditions have the similar form on a
contour along the line y=0 and y=b.

The bending forces of the shallow shells
considerably are decreased in these end
conditions.

The solution of the nonlinear differential
equations with variable coefficients (1) presents
large mathematical difficulties in these end
conditions (4). Therefore the approximate
method is used for the solution of the equations
(1), which was developed in the work [2, 3], and
the aim of which consists of the following:

The functions of stress and deflection are
presented in the following form:

@ =D(x,y) + @(x,y);
w=W(kxy +W(k,y)

Here W and @ functions of stress and deflection
are appropriate to initial intense state of the
shell. ® and W is the increase of these functions
at the moment of losing the loading capacity of
the shell, which are considered small.

Substituting ferreted functions (5) in this initial
system of differential equations (1), neglecting
the small members, we shall receive linear
differential equations, from the solution of
which the loading capacity of reinforced

Volume 20, Issue 1, 2024

concrete shallow shells will be determined by
the conditions of the loss of stability:

.
+ 2K, 22

27 _ e 2@, 070 9P
DA — K. K o

X dy2 Y 9x2

2w azw 92w
0 0 0 —
+N, T Ny, 272 + 2Ny, o7y 0,

1 .= 9°W 9°W 9°W
EhA o+ K, 377 + K, Py + 2K, 923y

—%L(W,W) =0

+

Here N, Ny and N, are the initial membrane
forces before losing the loading capacity of the
reinforced concrete shallow shells, which are
defined by the solution of the nonlinear
differential equations and are considered known.
So, the problem of investigation of loading
capacity of the shallow shells is led to
integration of the nonlinear differential
equations (1) and (6).

The nonlinear differential equations, describing
the initial moment state, are is solved by us using
small parameter method in the works [2, 3]

The geometrical sizes and reinforcing of the
shallow shells are produced on the basis of
calculation, which are received from solution of
the equations (1), and then the loading capacity
of considered design of the shell is checked up
on the basis of the solution of the differential
equations (6).

In practical calculations the initial intense state of
the shallow shells, depending on the accuracy of
calculation, the loading capacity of the reinforced
shallow shells are accepted as following states:

a) Initial condition is non-moment stat(e

The initial differential equation is simpﬁ}'led in
this case and accepts the form [1, 2]:

oo _ _
yaxay_ q

0%d

%D
R

K, Y5 + 2K,

(7)

The initial membrane forces Ny, Ny and Ny,
are defined by solving of this equation through
stress function by the known formulas Erie.

b) Initial condition is moment and to linear
state.

The nonlinear differential operators are
neglected in the initial differential equations (1)
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and known differential equations of the theory
of the shallow shells are received.

0P 0% 0%d

DAW — Ky — — Ky —— + 2K, ——— =
"ayz ¥ ax? "yaxay 1
—A2<I>+Kxaz 1f<yaz+21f<xyaa =0 (8)

Solution of the differential equations (8) was
received by many authors and is resulted in the
literature [4].

¢) Initial condition is nonlinear and moment
State.

The initial equations up to the before critical
state are described by the nonlinear equations
(1). Solution of these nonlinear equations were
indicated in the work [2,3] on the basis of a
small parameter method. The solution of the

The unary series in the function of stress (9)
takes into account the influences of prestressing
of the contour elements and horizontal
reinforcing excluding horizontal displacements
of the contour elements.

Substituting (9), received from (6), in the
system of differential equations and then using
end conditions (4), from the condition of a non-
trivial solution of the received systems of
algebraic equations, we'll receive the following
in the general form:

— 1 2 EhAkmn
4= o (DAmn + v ) + P(m,n) +
+N(m,n)

As it is visible, the loading capacity of the shell
depends on the form deformation at losing of
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considered problem is difficult in such setting a
task. Therefore the gained results present the
theoretical and practical interest in designing of
the reinforced concrete shallow shells.

When the solution of the equations describing
initial state of the shallow shells is found or
known, then it is possible to find and investigate
the loading capacity of the shell.

Differential equations (6) is large in appearance,
form the point of view of initial nonlinear and
moment state, and therefore it isn't given in this
article.

Increasing of functions . ® and W describing
the state in losing of loading capacity we shall
accept in the following form:

_W(x: y) = EmnSin(Amx)Sin(ﬂny);

)

stability. In varying m and n we find the least
significance ¢ and form of losing of loading
capacity of the shell.

The offered method is general and it is possible
in particular case to receive the known solutions
for various classes of shells from it.

On the basis of the manual [4] the reinforced
thin-walled shells are calculated on the action
of an external load ¢ on linear moment theory
and then their designing and reinforcing are
performed. In this case the significance of
external load ¢ should not exceed the
significance of loading capacity q,,.

For example, we'll consider a cylindrical shell,
fixed above by horizontal reinforcing,
providing immobility of the contour elements.
In the considered example the prestyggyjng of
the contour elements are absent.
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Initial state of the shell is non-moment. The
initial up to critical state of the shell is described
by the following equation:

(an

Decision of the equation (11) we accept in the
form:

D(x,y) = X 2nAmnSin(Apx)sin(u,y) —
va? (x2 x

“Za|m -5 (G0 Gsintuy) (12

a?z a

The coefficients of series of the solution (12)
have the following significances satisfying the
end conditions (4) and (11):

_ 2%
DAz — 1970

%W

+amnAmitncos (A x)cos (,uny)} =0,

! AZCT>+162V_V—0
Eh R dx2

We accept the function of deflection W and
stress @ in the form:

w :_EmnSin(/lmx)Sin(.unY):
® = A,,,sin(A,,x)sin(u,y). (14)
Substituting (14) in the (13) we find
significances of the critical force or loading
capacity of the shell.

It is very interesting that in the initial non-
moment state the following state is realized:

NS, =0
Then the equation of stability accepts known

form, indicated in the reference [3]. The
significance of critical force:
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9y2 [vY &nsin(uny) — Xm 2n amnlgnSin(Amx)Sin(.uny)] -2

__l6gr 4 (A
™ mnm222, o mma2, v uz én
16A(2+v)
mn

—_mn_ R =

Z mnm?iZ, 1

2

v(2+v) aul — Z 472+

B 2 " - nml2,

AZ
<1 + v—rg)
Un

A = 23 4 (2 + V) Aii2

Differential equations for the determination of
loading capacity (6) for considered case accept
the following form:

*W . . 2 .
%a—yz —q {a—g Yom X Amn SN (A %) Sin(pny) = X [1 — T (? ~ ax)] Ensin(uny) +

%W

9xdy [% (2x — a)fncos(.unY)] +

(13)

1 Ehu?
=— (DA%, +
O G

A%rm = (Azn + M?L)Z

It is supposed that the cylindrical shell simply
supported on the all contour, and the initial state
is non-moment. Then in the initial state, the
solution of the differential equation accepts the
following form:

® = Z Z qR Ay Sin (A x) sin(iny)
m n

and the critical force accepts following
significances:
q= Ko(m,n) (DAmn + RZAfnn) (16)

m, n odd numbers.

The loading capacity of the cylindrical shallow
shell determined by the formula (16) is a new
solution and differs from the known formula
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(15) by attendance K(m,n), which expresses
influence of the initial non-moment state on
significance of loading capacity of the shell.

Certainly, in real terms of the work of the shell
the above-mentioned intense state even with top
horizontal reinforcing will not be realized. We
have the following in the considered variant:

g=— (DA%,m 4 Ehin ) +

" Ko(mn) R2AZ,,

+P(m,n) + N(m,n)

Here, the second item takes into account the
increasing of loading capacity of the cylindrical
shallow shell because of producing of the
condition with horizontal reinforcing.

CONCLUSION

So, we developed the new method of
determination of loading capacity of the shallow
shells on the basis of the geometrical nonlinear
theory of the shallow shells. Methods of
increasing of the loading capacity of the
reinforced concrete shallow shells offered by us
are very simple and will be easily realized in
practice. They give an opportunity of their wide
usage in housing construction as covers.
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OPTIMIZATION OF DESIGN OF THE FISH-SPAWNING PASS
OF THE BAGAEVSKY HYDROELECTRIC COMPLEX
USING NUMERICAL 2D MODELING

Vitaly V. Belikov, Natalya M. Borisova
Water Problems Institute of the Russian Academy of Sciences (WPI RAS), Moscow, RUSSIA

Abstract: The paper addresses numerical hydrodynamic modeling of water and sediment transport through the
fish passage and spawning channel of the Bagaevsky hydroelectric complex on the Don River. The calculations
are based on two-dimensional equations of shallow water and sediment transport implemented in the STREAM
2DCUDA software package. The paper gives recommendations on changing the longitudinal profile and configu-
ration of the inlet section, as well as on increasing the roughness coefficient of the bottom and sides of the channel
to ensure fish protection requirements.

Keywords: numerical modeling, shallow water equations, fish-spawning pass,
flow rate, siltation, design optimization

ONITUMMU3ALIUA KOHCTPYKHUU TPOEKTUPYEMOI'O
PBIBOXOJHO-HEPECTOBOI'O KAHAJIA BATTAEBCKOI'O
I'MAPOY3JIA C HOMOLBIO YUCJIEHHOI'O
2D-MOJAEJIUPOBAHUA

B.B. beaukos, HM. bopucosa
Huctutyt Bogusix mpobaem PAH (MBIT PAH), r. Mocksa, POCCHSI

AHHoTanusa: PaccmaTpuBaeTcs UuClIEHHOE THIPOAMHAMUYECKOE MOCIUPOBAHNE NTPOIYCKa BOJbI M HAHOCOB Ye-
pe3 pbI00X0IHO-HepecTOBbIN KaHasl baraeBckoro rumpoysia Ha p. Jlon. B pacuerax nmpuMeHsIOTCS JByMEpHbIE
ypaBHEHHUsS] MEJKOW BOJAbI M TPAaHCIOPTAa HAHOCOB, pealM30BaHHbIE B mporpamMmHoM Kommekce STREAM
2DCUDA. J[larorcsi peKOMEHJalMy 10 W3MEHEHHIO TPOAOJILHOrO npodmisgHa ¥ KOH(Urypalmuu BXOJHOIO
y4acTKa, a TaKXKe 110 YBEJIMUCHHIO Kod((uIreHTa nmepoxoBaToCcTy JHA U OOPTOB KaHala JJsl 00eCeYeHUs! Phl-
000XpaHHBIX TPeOOBAHUIA.

KiroueBblec10Ba: 9uCICHHOE MOACINPOBAHUEC, YPABHCHUA MEJIKOU BOJIBI, pLI6OXOI[HO—HepeCTOBBIﬁ KaHall, CKO-
POCTE T€UCHMS, 3AMJICHUE, OTITUMHU3AINA KOHCTPYKIIUN

INTRODUCTION

Bagayevsky hydroelectric power plant (BHPP) is
a projected low-pressure hydroelectric power
plant on the Don River in the Rostov region. The
BHPP is located 4.4 km downstream of the in-
flow of the Manych River. The BHPP will ensure
safe navigation conditions and the required track
dimensions (80 m width, 4 m depth, 500 m radius
of curvature) for unobstructed through passage of
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vessels along the Lower Don River during the en-
tire navigation period.

Preliminary assessment of the consequences of the
BHPP construction in terms of the fishery complex
gives an extremely unfavorable forecast. The main
reason for this is that the Bagayevskaya dam will
cut off migration routes to fish spawning grounds.
In order to overcome this problem, i.e., to separate
the traffic flows of transport vessels and fish move-
ment routes, a fish passage and spawning channel
(FSC) of 5350 m length with a complex
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configuration was designed separately from the
navigable fairway (Fig. 1).

Figure 1. Scheme of the third stage of the BHPP
construction period

The objective of this study is numerical modeling
of FSC operation modes (Fig. 2) of the designed
BHPP, determination of flow velocity character-
istics along the length and width of the fish pas-
sage, forecasts of sediments at the fish passage
channel and structures on it, selection of modes
of hydraulic regulation of the channel.

L T T

et X
regulator

Section M3
F=5.406ha

RA00

.. Tencing

L Ilead RNA 7
fencing - regulator

Figure 2. Schem Inlet regulatore of the FSC.

NUMERICAL HYDRODYNAMIC MODEL
OF FSC

To calculate the hydrodynamic parameters of
water flow and FSC siltation, we used the

Volume 20, Issue 1, 2024

software package STREAM 2D CUDA [1],
based on the original numerical algorithm for
solving two-dimensional equations of shallow
water on an uneven bottom. The latest version
of STREAM 2D CUDA software package im-
plements the new algorithm described in [2, 3].
The algorithm provides uniqueness and high
accuracy of the solution in areas with complex
bottom topography and hydraulic structures [4-
6] and is parallelized on NVIDIA graphics pro-
cessor with the use of CUDA technology to ac-
celerate calculations. The algorithm, validation
of the numerical model and numerous exam-
ples of applications to various problems of
river hydraulics and hydrodynamics are also
presented in the monograph [7].

Hybrid triangular-quadrangular meshes of irreg-
ular structure were used to build the FSC model.
Such meshes are well adapted to the planned out-
lines of the calculation area and flow peculiari-
ties. The schematization of the computational
area on the slopes of dams, in artificial spawning
reservoirs was carried out on the basis of a trian-
gular grid with variable spacing. In the channel
of the FSC, on its slopes, along the crests of
dams, a quadrangular curvilinear grid was con-
structed (Fig. 3).

To construct a digital model of the FSC topogra-
phy, the marks on the bottom of the spawning
grounds, along the crests of the dams, the bottom
of the inlet headrace and the head regulator of the
FSC were entered from the provided drawings.
Only two marks were given for the bottom of the
FSC tract: at the inlet headrace -2.5 m and at the
head regulator 0.25 m. Therefore, along the en-
tire length of the FSC tract (=5.3 km), the bottom
marks were linearly interpolated between these
two marks. As a result, the slope along the bot-
tom of the RNA tract was =0.0005. The obtained
DEM, interpolated on the computational grid, is
presented in Fig. 4.

Since the calibration of this model is impossible
due to the actual absence of the FSC object and
its physical model in the hydraulic flume, the
roughness coefficients in the calculation were in-
itially assumed to be 0.025 for the bottom of the
FSC tract, and 0.035 for the bottom of spawning
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grounds, based on the experience of previous
works on the bottom of the FSC tract, on the
crests and slopes of dams.

The boundaries of the hydrodynamic model of
the FSC are the head regulator and the inlet

Vitaly V. Belikov, Natalya M. Borisova

headrace. The main requirement for the function-
ing of the FSC is to allow fish passage from the
lower reach of the BHPP through the FSC path-
way to the upper reach. Therefore, velocities in
the channel should not exceed 1.1 m/s.
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Figure 3. General view and fragment of the input section of the FSC calculation grid

CALCULATION RESULTS FOR LOW-
WATER CONDITIONS

As a first computation, a low-water period was
considered when the water level in the up-
stream BHPP was 2 m (head regulator) and in
the downstream O m (inlet headrace). These
water levels were set at the boundaries of the
model and the calculation continued until "es-
tablishment", i.e., until the water discharge in
the whole calculation area becomes the same
and does not change anymore. For the case of
the original bottom (Fig. 4), this calculation re-
sulted in a flow rate of 82.35 m3/s in the FSC
channel. The longitudinal profiles of water
level and flow velocity are shown in Fig. 5. As
a result, the water depth is =0.8 m greater at the
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inlet headrace compared to the depth at the
head regulator, and the maximum velocity
along the longitudinal channel is 1.3 m/s. This
is higher than the maximum permissible maxi-
mum value of 1.1 m/s. Considering the unfin-
ished junction of the head regulator and the
FSC path, it became necessary to correct the in-
itially proposed bottom variant.

The authors proposed a new variant of the bot-
tom, in which changes occurred only in the
marks along the FSC tract and at the junction
of the head regulator with the FSC tract. The
new version of the bottom mark of the FSC
tract at the inlet header was taken -2 m, at the
head regulator 0 m, and along the whole length
of the RNA tract (=5.3 km) the bottom marks
changed linearly between these two. As a

International Journal for Computational Civil and Structural Engineering
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reduced to -4 m, and the head regulator eleva-
tion was gradually increased from 0.5 m to the

tract elevation of 0 m (Fig. 6).

result, the slope along the new bottom of the
FSC tract decreased and became ~0.00038. At
the junction of the head regulator and the tract,
the bottom elevation behind the gates was

T
| Bottom mark. m

—_ O = W R O e

Figure 4. Initial topography of the FSC surface. General view (a), inlet header (b), head regulator (c)
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Figure 5. Longitudinal profiles of water level and flow velocity in the FSC under low-water
conditions at the initial bottom
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The same low water level case was recalculated
on the edited FSC bottom, i.e., the water depth
was set to 2 m in the upstream and 0 m in the
downstream. Under these conditions, a con-
stant flow rate of 88.44 m?®/s was established in
the FSC. The difference of water depths at the
FSC channel boundaries decreased to 6 cm.
However, it should be noted that the maximum
velocity in the channel remained 1.3 m/s,
which is unacceptable for FSC functioning.

The next step was an attempt to reduce the ve-
locity in the FSC channel by increasing the
roughness coefficient along the bed and slopes
of the FSC tract to 0.03 (corresponding to peb-
ble backfilling of the bed and slopes). Under
these conditions, a constant flow rate of 76.11
m?/s was established in the FSC. The

Vitaly V. Belikov, Natalya M. Borisova

longitudinal profiles of water level and flow
velocity are shown in Fig. 7 for two values of
roughness coefficients in the channel 0.025 and
0.03. The water depth difference at the FSC
channel boundaries decreased to 4 cm. The
maximum velocity in the FSC channel de-
creased to 1.1 m/s.

It should be noted that the created numerical
hydrodynamic model of the FSC allows to
carry out further optimization of the fish pas-
sage design. For example, it allows to consider
variable channel depth and variable lining
roughness coefficient along the length of the
channel. However, this requires clear criteria
(restrictions) on the hydrodynamics of the flow
(velocity, depth), formulated by the fish protec-
tion organization.

T
| Bottom mark. m

Figure 6. Edited topography of the FSC surface. General view (a), inlet header (b), head regulator (c)
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Figure 7. Longitudinal profiles of water level and flow velocity in the FSC under low-water
conditions on the edited bottom

CALCULATIONS FOR 10% AND 1%
SECURITY OF FLOOD

To run the calculations for 10% and 1% secured
floods (7800 and 13200 m3/s respectively), it is
necessary to set water level values in the up-
stream and downstream of the BHPP at the FSC.
Based on the results of numerical hydrodynamic
modeling of the BHPP in 2018. [8], the water
levels at the BHPP FSC inlet and outlet were
taken as 5.455 m and 5.56 m for the 10% flood
security and 6.746 m and 6.815 m for the 1%
flood security, respectively. These water levels
were taken as boundary conditions for the FSC
model at the newly edited bottom and with a
roughness of 0.03 in the FSC channel. The cal-
culation resulted in a flow rate of 223 m3/s for
the 10% impaired flood and 229 m3/s for the 1%
impaired flood in the FSC. The resulting longi-
tudinal water levels and velocities are shown in
Figures 8 and 9.

For the 10% and 1% floods, the entire FSC area
inside the levees is flooded, as the FSC channel
levees are 3.4 m high and overflow during floods.
Swirling currents occur in the area of spawning
grounds of Sections 1 and 5 (Figure 10).
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FSC SILTATION CALCULATIONS

Calculation of FSC siltation was carried out for
a flow rate of 10% probability. Water levels of
5.455 m and 5.56 m were set at the boundaries
of the FSC, and a constant flow rate of 223 m?/s
was set in the FSC during the calculation pro-
cess. As there are no data on the concentration
of suspended sediment in the water flowing
down the river (which is what will enter the
FSC, as the inlet threshold is located 4 m above
the river bottom), two options were considered:
saturated water flow (natural (equilibrium) con-
centration of suspended sediment) and water
flow with a given sediment concentration of 0.1
g/litre. The size of suspended sediment particles
in both cases was assumed to be 0.05 mm. The
results of the 18-day siltation calculation are
shown in Fig. 11.

Regardless of the inlet concentration, the pattern
of siltation is the same in both cases. The sedi-
ment is deposited on the head regulator upstream
and downstream of the gates, then due to the high
velocities in the channel of up to 0.9 m/s (see Fig.
10a), the sediment is not deposited in the channel
of the FSC channel, but is deposited on the crest
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of the slope of the FSC channel and the slopes of sediment deposition with a given sediment con-

the bund dam, but a little further on, as velocities centration of 0.1 g/l showed more intensive silta-
decrease, sediment begins to be deposited in the tion (the thickness of the siltation layer is approx-

channel itself. In the calculated variants, imately 2 times greater).
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Figure 8. Longitudinal profiles of water level and FSC flow velocity during modeling of a 10%
probability flood on the edited bottom with increased roughness in the channel
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Figure 9. Longitudinal profiles of water level and FSC flow velocity during modeling of a 1%
probability flood on the edited bottom with increased roughness in the channel
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Figure 10. Water velocities and current lines in the FSC during simulations of a 10% (a) and 1%
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(b) secured flood on an edited bottom with increased roughness in the channel

Siltation. m |

e

Siltation. m

Figure 11. Siltation of the FSC in a simulated 10% flood event with natural sediment concentration
at the inlet (a) and with an inlet sediment concentration of 0.1 g/l (b). 18 days

CONCLUSIONS

The article presents three variants of calculations
for low-water conditions. The first calculation
was performed for the design version of the FSC,
reconstructed according to the drawings. It
turned out that the maximum velocity in the fish

Volume 20, Issue 1, 2024

passage channel exceeds 1.3 m/s, the flow depth
along the length of the channel is essentially un-
even, and a smooth junction between the bottom
marks of the head regulator of the FSC and the
inlet section of the channel is not ensured. When
the model was corrected, the hydraulic parame-
ters of the FSC improved, the depths along the
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length were equalized, but the maximum velocity
decreased insufficiently. Then the calculation
was performed with a slightly increased rough-
ness coefficient of 0.03 in the channel. At such
roughness maximum flow velocities in the FSC
do not exceed 1.1 m/s, total water flow rate in the
channel was 76.11 m?/s, water depth in the chan-
nel was 2.0 m with fluctuations of several centi-
meters.

For the last variant, calculations of hydraulic op-
eration of FSC in 10% and 1% floods were per-
formed. For these modes, the flow rates through
the FSC are very close, equal to 223 m?/s and 229
m?/s, respectively. In the case of the 10% and 1%
floods, the entire FSC area inside the levees is
flooded, as the FSC channel levees are 3.4 m high
and overflow during floods. Swirling currents oc-
cur in the area of the spawning grounds of Sec-
tions 1 and 5. Current velocities in the FSC chan-
nel do not exceed 1 m/s. However, there are lo-
calized zones with slightly higher velocities in
the areas of the head regulator and inlet headrace.
Siltation calculations have shown insignificant
(0.1-0.2 m layer) siltation in some sections,
which can be easily eliminated after flooding.
Based on the obtained modeling results, it is rec-
ommended to change the slope of the channel
bottom in comparison with the design slope, to
improve the junction of the FSC head regulator
with the channel inlet section, to create a coating
of the channel bottom and sides providing in-
creased roughness of 0.03 Manning (e.g., bottom
vegetation in the channel or filling the bottom
and sides with pebbles with a diameter of 0.1 m).
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BEARING CAPACITY OF T-BEAMS WITH A FLANGE MADE OF
HIGH-STRENGTH CONCRETE AND LONGITUDINAL
REINFORCEMENT OF CLASS A500C

Yuriy F. Rogatnev, Oleg O. Sokolov, Oleg E. Perekalskiy, M.M. Jawid Hasani
Voronezh State Technical University, Voronezh, RUSSIA

Abstract: Experimental and numerical studies of the bearing capacity and deformation of T-beams with a flange
made of high-strength concrete and longitudinal reinforcement of class AS00C with a web made of concrete of
ordinary strength were carried out on prototypes of beams and numerical models. The beams being tested are
considered at different percentages of reinforcement. The calculation scheme of the beams corresponded to a
four-point bend.

As a result of experimental and numerical studies, the nature of the destruction of beams, their deformation and
the nature of cracking are determined. Experimental and numerical relationships of relative deflections on rela-
tive bending moments are obtained. A comparative analysis of the values of the bearing capacity and the relative
height of the compressed zone of the beams, obtained experimentally, numerically and according to SP
63.13330.2018, was carried out. The nature of the distribution of deformations in concrete of normal section of
beams at different levels of loading is determined.

Keywords: T-beam, flange made of high-strength concrete, longitudinal reinforcement of class AS00C,
load-bearing capacity, deformation

HECYIIIASI CHOCOBHOCTH BAJIOK TABPOBOT'O TPO®UJIA
C NOJIKOH 13 BBICOKOITPOYHOI'O BETOHA
U MPOJOJILHOM APMATYPOM KJIACCA A500C

10.®. Pozamnes, 0.0. Cokonos, O.E. Ilepexansvckuii, M.M. /[>icasuo Xacanu

Boponexckuil rocy1apCTBEHHBIH TEXHUUECKUI yHUBepCcUTET, I. Boponex, POCCHUA

AHHOTanMsi: DKCIIEPUMEHTAIBHBIE W YHCICHHBIE MCCIIEOBAHMUS HECYIIeH CIocoOHOCTH M Ae(h)OPMATHBHOCTH
6aroK TaBpOBOTO MPOGWIIA C MOIKOI W3 BEICOKOPOYHOTO OeTOHA M MpOJOIBHON apMaTypoit kmacca AS00C ¢
pebpoM m3 OeToHa OOBITHOM MPOYHOCTH MPOBEICHBI HA OMBITHBIX 00pa3iax OaloK W YMCIEHHBIX Moaemsax. Mc-
ciielyeMble OanKu pacCMOTPEHBI MPH Pa3IMUHBIX MPOLEHTAaX apMUpoBaHHs PacuerHas cxema 0aloK COOTBET-
CTBOBAJIA YETHIPEXTOYCUHOMY H3THOY.

B pesyinbTare mpoBeieHNs SKCIEPUMEHTAIBHBIX U YUCICHHBIX UCCIIE0BAHUI ONPE/IeNICH XapaKTep pa3pyLeHus
0aJoK, ux AehopMaly U XapakTep TpelmrHooOpa3zoBanus. [lomyueHbl SKCIepUMEHTaIbHbIC U YHCICHHbBIE 3aBU-
CHMOCTH OTHOCHUTEJIbHBIX MPOTHOOB OT OTHOCHUTEJBHBIX M3rMOAIONIMX MOMEHTOB. [IpoBesieH CpaBHHUTENBHBII
aHaJIM3 3HAYCHUI HEeCyIeH CIIOCOOHOCTH M OTHOCHTEJILHOM BBICOTBI CKaTOM 30HBI OAJIOK, TOIyYCHHBIX DKCIIC-
pumenTtanbHo, ynciaerHo u mo CIT 63.13330.2018. BrisieH xapakTep pacnpeneicHus aedopmaruii B OeToHe
HOPMAJIHOTO CE€YeHHs OAIOK MMPH Pa3INYHBIX YPOBHSIX HArPYKESHUS

KuroueBble c10Ba: TaBpoBast Oajka, MOJIKa U3 BRICOKOIIPOYHOTO OETOHa, IpoosIbHoe apMmupoBanue Kinacca AS00C,
HecyIast CHocOOHOCTB, J1e(hOpMaTHBHOCTh

INTRODUCTION obtain high values of bearing capacity and stift-

ness for beams [1-6]. However, high-strength
High-strength concrete is an efficient material concrete in the tension zone does not affect the
with exceptional mechanical properties. The use  bearing capacity. Therefore, in order to reduce
of high-strength concrete makes it possible to material consumption and increase the efficien-
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cy of using the mechanical properties of con-
struction materials, high-strength concrete
should be used in the compressed zone of the
beam, and in the tension zone, concrete of a
class that would ensure compatibility with lon-
gitudinal reinforcement.

Studies of rectangular cross-section beams with
high-strength concrete in the compressed zone
have proven their effectiveness.[7-9] However,
there are no studies of similar T-beams. In view
of the fact that the T- cross section is less mate-
rial-intensive and most used in split single-span
reinforced concrete structures, it is a promising
task to study reinforced concrete T- beams with
a flange of high-strength concrete.

MODELS AND METHODS

Experimental studies were carried out on single-
span beams. The size of the web is 60 x 100

mm, the flange are 240 x 20 mm, the span is
1200 mm, the total length of the beam is 1400
mm, the boundary of the two layers runs along
the border of the flange and the web, respective-
ly, the height of the upper layer of high-strength
concrete is 20 mm. Steel rebar of class B500
with a diameter of 6 mm was used as transverse
reinforcement. The transverse rebar enters the
flange by 10 mm, thus performing the function
of dowel bars and ensuring the joint operation
of the two layers. To combine the reinforcement
into a flat frame, mounting steel rebar of class
B500 with a diameter of 6 mm was used. The
studies were carried out on beams with a per-
centage of longitudinal reinforcement of 0.7—
3.5%. Class of longitudinal rebar is A500C. In
order to ensure the joint operation of the longi-
tudinal rebar and the web, anchor devices in the
form of steel angles were welded to the longitu-
dinal rebar. The design and calculation scheme
of the beam are shown in fig. 1

@6B500 11 ['panMLa KOHTAKTA CIIOEB

AS00C
W07-3.5%

68500 G6B300 l_)l P I'pannua KOHTAKTA CI0EB
ER —
kil H
o 9
A i Wi 11x40=440 ll/m 400 Ufm 11x L 15
130 ASOOC e0.73:5% M’—N‘]ﬂu
1400
ﬁ —
P/2 P/2

2-2 I'paEHIa KOHTAKTA CIOEB

AS00C
L5 0,7-3,5%

[ 100 400 | 400 t

400 100 |

Figure 1 — Design and calculation scheme of beams

The control of the main mechanical character-
istics of concrete and rebar was carried out by
testing control samples of concrete prisms with
a size of 70x70x280mm, in accordance with
STST 24452-80 "Methods for determining
prism strength, modulus of elasticity and Pois-
son's ratio", and reinforcing bars in accordance
with STST 12004-81 "Reinforcing steel. Ten-
sile test methods. The test results are shown in
table 1, 2.

Volume 20, Issue 1, 2024

Table 1. Basic parameters of beams

Longitudi|Percentag| Compressive | Compressive
Working nal e of strength of | strength of
Beam | section |[reinforce | longitudi | high-strength | concrete of
code |heighth,,| ment nal concrete | second layer,
mm diameter | reinforce | Ry, ,, MPa | R2bn, MPa
dg, mm | ment pg
DTB -1 100 8 0,70% 94,64 22,3
DTB -2 95 10 1,10% 94,64 22,3
DTB -3 99 12 1,60% 82,5 23,25
DTB -4 92 14 2,10% 82,5 23,25
DTB -5 102 16 2,80% 88,48 41,07
DTB -6 97 18 3,50% 86,3 41,07
99
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The beams were tested on an INSTRON 600 kN
hydraulic press (fig. 2). To determine the stress-
strain state of the beams, the relative deformations of
the normal section were recorded. The correlation of

the load level, values of relative deformations and
deflections is provided by the multi-channel measur-
ing system MGCplus. The layout of strain gauges
and deflection meter is shown in figure 2.

Figure 2 —General view of experiments on the beams

Table 2. Mechanical characteristics of A500C

rebar
Rebar Yield Elastic | Deformatio| Deformation
diameter | strength o, | modulus [ natyield | corresponding
, mm MPa E,, MPa |strength g, | to the end of the
% yield platform
€0, %0

8 758.,9 220921 0,34 2,5
10 610,9 206510 0,31 2,5
12 580,5 205470 0,32 2,5
14 551,2 210160 0,28 2,5
16 6184 197210 0,3 2,5
18 580,6 213200 0,31 2,5

0.700(m)
]

Finite element analysis (FEA) of beams, taking
into account the nonlinear properties of materi-
als, was performed using the «ANSYS 2022
R2» software package (fig. 3). Eight-node finite
elements (FE) of the Solid 65 type were chosen
for the finite elements of the concrete body. In
this type of FE, the Willam-Warnke concrete
strength criterion is implemented.[10] Reinforc-
ing frame modeled with Beam 188 linear finite
elements.

0.700 (1)

Figure 3 — General view of the numerical model
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Table 3. Analysis of test results and numerical simulation of beams

Iti : . . . . Limiting
Ultimate bending Relative deflection Relative height of compressed zone relative
Beam moment, KN-m i
height of the
code
compressed
Muyiexp | Mugansys | fucexe/lo | fueansys/lo Xexp/hg Xansys/ho Xsp/hy zone, &g
DTB-1 2,71 3,48 1/154 1/146 0,13 0,18 0,02 0,23
DTB -2 4,42 4,56 1/166 1/184 0,13 0,18 0,02 0,26
DTB -3 6,44 6,26 1/169 1/191 0,2 0,196 0,03 0,26
DTB -4 7,88 7,98 1/152 1/165 0,26 0,199 0,05 0,28
DTB-5 | 11,85 12,12 1/149 1/141 0,18 0,2 0,06 0,25
DTB-6 | 13,91 13,92 1/133 1/141 0,15 0,2 0,08 0,27

RESEARCH RESULTS AND THEIR
ANALYSIS

The destruction of all beams occurred after the
occurrence of stresses in the rebar correspond-
ing to the yield strength. The relative deflection,
at the time of failure, significantly exceeded the
maximum allowable - 1/123 of the span (SP
20.133330.2016 "Loads and Impacts") and was
in the range of 1/15-1/55 of the span. A large
scatter of values is associated with different
types of destruction. In the beam DTB-1, the
destruction is caused by the achievement of
stress reinforcement equal to the limit of tensile
strength. DTB-2 and DTB-3 were destroyed
with crushing of concrete in the compressed
zone above the web. The destruction of DTB-4 -
DTB-6 was local in nature and was caused by a
split of the flange overhang.

Beam tests were accompanied by the develop-
ment of normal and oblique cracks. The devel-
opment of normal cracks took place along the
height of the web with the transition to the low-
er part of the flange overhang and exit to the
end part of the flange overhang. Horizontal
shear cracks between the layers before the oc-
currence of stresses in the rebar corresponding
to the normative tensile resistance were not de-
termined. In beams DTB-4 - DTB-6 at the later
stages of testing, the transformation of inclined
cracks into horizontal ones was observed at the
point of contact of the two layers. Also in these
beams, horizontal cracks were found on the sur-

Volume 20, Issue 1, 2024

face at the place of the future split of the flange
overhang.

Beam tests were accompanied by the develop-
ment of normal and oblique cracks. The devel-
opment of normal cracks took place along the
height of the web with the transition to the low-
er part of the flange overhang and exit to the

end part of the flange overhang. Horizontal
shear cracks between the layers before the oc-
currence of stresses in the rebar corresponding
to the normative tensile resistance were not de-
termined. In beams DTB-4 - DTB-6 at the later
stages of testing, the transformation of inclined
cracks into horizontal ones was observed at the
point of contact of the two layers. Also in these
beams, horizontal cracks were found on the sur-
face at the place of the future split of the flange
overhang.

The discrepancy between the experimental and
numerical values of the bearing capacity is
1.27% - 28.6%. The greatest discrepancy be-
tween the results was found in the beam with
the percentage of reinforcement pus=0.7% and
corresponded to 28.6%. In the rest of the beams,
the discrepancy between the values of the bear-
ing capacity was in the range of 1.27%-3.08%.
The values of the relative height of the com-
pressed zone according to SP 63.13330.2018
«Concrete and reinforced concrete structures»
are in the range of 0.02—0.08. The values of the
relative height of the compressed zone were ex-
perimentally established in the range of 0.13-
0.26 and did not exceed the values of the
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boundary height of the compressed zone accord-
ing to SP 63.13330.2018 for each individual
beam. The numerical values of the relative
height of the compressed zone have a smaller
divergence from the experimental ones and are
in the range of 0.18-0.2.

An analysis of the relationships between relative
deflection and relative bending moment (fig.6-
8) allows us to determine two levels of stabiliza-
tion of deflection values - during cracking and
when the bearing capacity is exhausted. In finite
element analysis (FEA), the relationship be-
tween stresses and relative strains in rebar and
concrete is determined by a double-line strain
diagram. The main parametric points of the dia-
grams are determined in accordance with SP
63.13330.2018 «Concrete and reinforced con-
crete structures» according to the test results of

1.2

Relative bending moment, M / Md

control samples. Deformation at yield strength
of reinforcement is determined by expression
(1) SP 63.13330.2018 «Concrete and reinforced
concrete structuresy»:

g =0,/E; (1)
where, 0 — relative deformation corresponding
to the yield strength of reinforcement; g, — stress
corresponding to the yield strength of rein-
forcement; Es— elastic modulus of rebar.

In connection with the use of a double-line dia-
gram of steel rebar deformation in the numerical
model, the divergence of deflection values at
Muit was 5%—13.04%. It is possible to improve
the convergence of results by using more com-
plex charts.

Experiment

= = =FFA

ps=1‘1%

0 :
0 fu=1/123 0.02
Relative deflection

Figure 4. Relationship between relative deflection and relative bending moment for a beam with

0.04 0.06

reinforcement percentage u=1,1%

1.2

Experiment

- - - -FFA

},ls:2.1%

=l
P T R
= L , -
= Mulf !
N
§ I
o 0.6 U
=]
8| [}
2 1
s 04 |
B [/
=2 02 :
¢ lfu=1/123
0
0 0.01

0.02 0.03 0.04

Relative deflection

Figure 5. Relationship between relative deflection and relative bending moment for a beam with
reinforcement percentage u=2,1%
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1.2

1
Mult
0.8

cessvssvessssdescesem = |

0.6

0.4

0.2

Relative bending moment, M/ Md

0

Experiment

- — =FEA

],ls:3.5%

ffu1/123

0 0.005

0.01

0.015 0.02

Relative deflection
Figure 6. Relationship between relative deflection and relative bending moment for a beam with
reinforcement percentage u=3,5%

The limiting relative strain of a double-line dia-
gram of rebar deformation - &2 has a value of
25107, and the stress, at a given point in the
diagram, corresponds to the yield strength of the
rebar. In this connection, the numerical values
of the breaking moment and the corresponding
deflection of the beam are lower than the exper-
imental values. Graphs (fig. 4-6) make it possi-
ble to make sure that with an increase in the
percentage of reinforcement, the relative deflec-
tion corresponding to the breaking moment de-
creases.

The nature of concrete deformations in samples
with a reinforcement percentage of 0.7% and
1.1% at the border of adjacent layers there are

gaps in the nature of the development of relative
deformations (fig. 7). A similar nature of de-
formations corresponds to the development of
deformations in composite structures [11-15].
The nature of the development of concrete de-
formations along the height of the section, ob-
tained by calculating the FEM at M., has a lin-
ear form due to the conjugation of two layers by
rigid nodes. At the stage of loading Mur, the
lower layer is subject to cracking, and the nature
of deformations in the compressed zone of nor-
mal section has a linear form (fig. 8). The nature
of the development of deformations at Muu, ob-
tained by the calculation of the FEM, contains a
deviation from the linear law.

The contact boundary
of two layers

Relative height /@cmss section

Alho

,2(h0° A500C 08
15=0,7%

10+ 810~ 6-10°

Relative tensile strain

4107

- - -FEA

2-

10 2:10° 410

Relative compression strain

Experiment

Figure 7. The nature of deformations in concrete of normal section of a beam with a percentage of

reinforcement u=
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0,7% at Mcrc
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The contact boundary P
of two layers

<

A500C 08
15=0,7%

Relative height of the cross section

/ \

0,005 0,004 0,003

0,002
Relative tensile strain

---FEA

0,001 0,001
Relative compression strain

Experiment

Figure 8. The nature of deformations in concrete of normal section of a beam with a percentage of
reinforcement u=0,7% at Mult

ho

The contact boundar} 4

of two layers

Q.8/ho, PR

Relative height of the cross section

A500C 018

5-10° 4-10° 3-10° 2-10° 1-10°

Relative tensile strain

---FEA

1-10° 2:10° 3-10° 410° 5-10°
Relative compression strain

Experiment

Figure 9. The nature of deformations in concrete of normal section of a beam with a percentage of
reinforcement u=3,5% at Mcrc

In samples with a reinforcement percentage of
1.6%—3.5%, the gap in the values of relative de-
formations of concrete was qualitatively differ-
ent and can be caused by the presence of differ-
ent-modulus materials of adjacent layers in the
boundary of the compressed zone of the normal
section of the beam [11]. With a bending mo-
ment equal to Mux, the boundary of the com-
pressed zone did not go beyond the contact sur-
face of the two layers, and the diagram had a
linear form. The distribution of concrete defor-
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mations, obtained in the calculation of the FEM,
at Mcrc had a linear form (fig. 9). At Mu: , ac-
cording to the FEM calculation, the compressed
zone included the outermost fibers of the second
layer, in connection with which a pattern with a
rupture of deformations was obtained, which is
caused by the presence of different-modulus
materials of adjacent layers in the boundary of
the compressed zone of the normal section of
the beam (fig. 10).
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Figure 10. The nature of deformations in concrete of normal section of a beam with a percentage of
reinforcement u=3,5% at Mult
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CONCLUSIONS

As a result of experimental and numerical stud-
ies of the bearing capacity and deformation of
beams, it has been established that the method
for determining the relative height of the com-
pressed zone according to SP 63.13330.2018
«Concrete and reinforced concrete structures»
requires clarification in the case of calculating
T-beams with a flange of high-strength concrete
and longitudinal reinforcement A500C. It was
also found that the numerical values of the bear-
ing capacity have acceptable convergence not
for all percentages of reinforcement, and the na-
ture of the distribution of deformations in con-
crete does not correspond to the experimental
data. In this connection, it is necessary to devel-
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op a method for calculating T-beams with high-
strength concrete in the flange and longitudinal
reinforcement A500C, which would allow with
the necessary accuracy to determine the relative
height of the compressed zone and the bearing
capacity of the beams at various percentages of
reinforcement, as well as to determine a reliable
picture of the nature of deformations in concrete
beams by section height.
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STUDY OF DYNAMIC CHARACTERISTICS OF HYBRID
TITANIUM-POLYMER COMPOSITE MATERIALS

Arseniy V. Babaytsev, Sergey S. Lopatin, Fedor A. Nasonov

Moscow Aviation Institute (National Research University), Moscow, RUSSIA

Abstract: Low specific weight and high mechanical strength (especially at elevated temperatures) of titanium
and its alloys make them very valuable aviation materials. In the field of aircraft construction and aircraft engine
production, titanium is increasingly replacing aluminum and stainless steel. At present, aircraft developers are
restructuring the whole material science concept of aircraft construction, actively involving and using various
types of composite materials based on titanium alloys. Combined with the properties of titanium, FML
composites based on titanium have greater stiffness, impact resistance, heat resistance, and corrosion resistance
especially compared to similar aluminum-based materials. The paper investigates the dynamic characteristics of
hybrid titanium-polymer composite materials (TPCM) based on titanium alloy BT-23 and fiberglass with a brief
presentation of the main characteristics of prepregs. The process of manufacturing specimens for testing
including heat treatment, ply laying scheme and reinforcement scheme in two variants is described. The results
of experimental studies of natural frequencies and damping coefficient by the method of free damped oscillations
in free oscillations of TPCM plates are presented. The tests are carried out on a specially designed unit with a
triangulation sensor in the variant of vertical loading. Two identical specimens with different overall dimensions
are tested.Each specimen was tested with a different amplitude. Five tests were conducted for each amplitude.
The physical constants of the specimens were pre-determined in static tests. The natural frequencies and
damping coefficients for the titanium-polymer composite specimens were found.

Keywords: titanium-polymer composites, natural frequencies; vibrations; TPCM; damping coefficient;
layered composites

MCCJIEJOBAHUE JTUHAMUWYECKHUX CBOUCTB
I'MBPUIHOI'O TUTAH-IOJIMMEPHOI'O
KOMITO3UIITUOHHOI'O MATEPHUAJIA

A.B. babaiues, C.C. J/lonamun, @.A. Haconoes

MOCKOBCKHUI aBHAITMOHHBIN HHCTUTYT (HAIIMOHATBHBIIN HCCIIe0BaTeNbCKUI yHIBEpCHTET), T. MockBa, POCCUS

AHHOTanmsi: Manblii yJenbHbI BEC M BBICOKAas MEXaHHWYECKasl MPOYHOCTh (OCOOCHHO MPHU TIOBBIIICHHBIX
TeMIepaTypax) TUTaHa U ero CIUIAaBOB JIEJIAIOT UX BeChbMa LIEHHBIMHU aBHAI[MOHHBIMH MaTepuanamu. B obiactu
CaMOJICTOCTPOCHHUSI M MPOM3BOJICTBA ABHALMOHHBIX JBUTATelel THTaH Bce OOJbIIE BHITECHSCT ATIOMUHHN H
HEep)KaBEIONIYI0 CTainb. B HacTosimiee BpeMms pa3pabOTYMKM — aBHATEXHMKH  MEPECTPAaUBAIOT  BCIO
MaTepUaAIIOBEIUECKYI0 KOHLEHIUIO CTPOUTENLCTBA CAMOJIETOB, aKTHMBHO MPUBIEKAs U UCIONb3Ys Pa3/IUYHBIC
BH/IbI KOMIIO3UIIMOHHBIX MaTE€pPHAJIOB HA OCHOBE THUTAHOBBIX CIUIABOB. B codeTaHWMM CO CBOWCTBAMH THTaHa
KOMITO3MIMOHHbIe MaTepuaisl FML Ha ero ocHoBe oOmamatoT Oousiblneil >KECTKOCTBIO, YAapOCTOMKOCTBIO,
TEPMOCTOHKOCTHIO, KOPPO3HOHHONW CTOWKOCTBIO OCOOCHHO 10 CPAaBHEHHIO C AHAJOTMYHBIMH MaTepuajaMy Ha
OCHOBE amoMHuHHuA. B pabote mccnenyrorcss TUHAMHYECKHUE XapaKTEPUCTUKH TMOPHIHBIX THUTAH-TIOJIMMEPHBIX
koMno3unruoHHEIX MaTtepuanoB (TIIKM) Ha ocHoBe THTaHOBOTO CcrutaBa BT-23 m cTekiomacTuka ¢ KpaTKuM
MIPUBEICHUEM OCHOBHBIX XapaKTepuUCTHUK mpenperos. OmucaH TPOIECC HW3rOTOBICHMS 00pasoB, A
UCIIBITAaHUH BKJIIOYAsT TEPMOOOpabOTKy, cXema YKIaJIKd CJIOEB M CXeMa apMHpPOBaHHs B JBYX BapHaHTax.
[IpencraBiaeHbl pe3yiabTaThl JKCIHEPHUMEHTAIBHBIX HCCIIEAOBAHUI COOCTBEHHBIX 4YacTOT M KO3 QHIUEeHTA
JneMn(UpOBaHHs 110 METOAY CBOOOIHBIX 3aTyXaloIIMX KoJeOaHuil Npu CBOOOJHBIX KOJICOAHHSX IUIACTUH
TIIKM. Hcneltanus OpoBOASTCA HA CHELMANbHO CKOHCTPYHMPOBAHHOM YCTaHOBKE C TPHUAHTYJISLUOHHBIM
JAaTYMKOM B BapHaHTE BEPTUKAIBLHOTO HArpyxeHus. VICHBITBIBAIOTCS J[Ba OJHOTHUIIHBIX 00pa3la ¢ pasHbIMHU
rabapuTHBIME pa3zMepamu. Kakaplii 00pa3er] HCTIBITHIBANICS C PA3IMYHON aMILTUTY 10U, [IJ1s KayKIoi aMIIIATY bl
npoBOAMWIOCH TO 5 wucnblTaHud. Pusnueckre KOHCTAaHTHI 00pa3lOB MPENBAPUTEIBHO OINpPEICICHBl B
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CTaTUYECKUX MCIBITaHUAX. HaiimeHsl cOOCTBEHHBIC YaCTOTH M KO3(PPUIIMEHTHI qeMII(pUPOBaHUS I 00pa3IoB

TUTAH-TIOJIMMEPHOTO KOMITO3UITMOHHOTO MaT€puasa.

KuroueBbie ciioBa: cd)epnqecxaﬂ KOMITIO3HUTHAast 060HO‘IKa; KOHTaKTHas 3aJa4a,
TCOPUSA MHOI'OKOMIIOHEHTHOI'O aHU30TPOITHOT'O CYXOT'0 TPCHUA

INTRODUCTION

The study of dynamic characteristics is one of
the main points for compiling a complete
picture of the properties of materials in various
branches of engineering, especially hybrid
titanium-polymer composites or metal-fiber
laminate (FML). A number of articles [1-6]
investigated a wide range of issues devoted to
various stages of creation, study of properties
and characteristics, metal-polymer materials
based on titanium [6]. These materials have
high corrosion resistance and strength in
combination with low density, as well as
paramagnetic properties and are widely used in
aviation, space technology, shipbuilding.
Special attention has been paid to the research
and development of metal polymers based on
thin sheets of titanium alloys VT20 and VT23M
[1-6]. Compared to similar materials based on
aluminum, TPKM has advantages in thermal
conductivity, since the thermal conductivity of
titanium 1s 13 times less than that of aluminum
[1]. Traditional titanium alloys have high
mechanical characteristics, but all possibilities
are currently exhausted to increase their strength
and reduce density, especially in comparison
with foreign analogs, B-alloys, which have a
complex alloying system and contain scarce and
expensive elements (e.g., alloys SP-700, Beta
CEZ). This is another advantage of TPKM.

The layup configuration can be different
depending on the working conditions and the
task to be performed. Composite materials
based on titanium are widely used in helicopter
main rotor blade spar, in Mi 26 tail rotor blade
spar, in Mi-26 stabilizer spar, in Mi-2 tail rotor
blade, which have special requirements related
to rigidity, strength, thermal insulation. One of
the main tasks was to determine the dynamic
characteristics of such material: natural
frequencies, bending stiffness and damping
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coefficients, to build a mathematical model
based on the plate for prediction in the design of
structural elements of aircraft operating under
conditions of high-frequency vibration loading.
This  paper investigates the  dynamic
characteristics of titanium-polymer composite
material based on titanium alloy BT-23 by the
method of free damped oscillations [7-8].

MATERIALS AND METHODS

A promising material among metal composite
laminates is a laminate based on titanium and
glass or carbon fibers. The use of titanium
increases the stiffness of the composite
compared to the metal composite material based
on aluminum alloys and has high corrosion
resistance, including in aggressive environments
[9-10]. The use of different thickness and
different number of metal and composite layers
or different arrangement of fibers allows to
change the properties of such material, as well
as other types of metal composite laminate [11-
12].  For high flight speeds, titanium
FML(TPCMs) have high heat resistance and can
withstand working surface temperatures where
they are used up to 300°C. TPCMs are mainly
used in regions where high temperatures and
high fracture toughness are required. In addition
to these advantages, TPKMs have high fracture
toughness, high impact resistance and low
density.

This paper investigates samples from hybrid
titantum-polymer composite material (TPCM)
based on titanium alloy BT-23, which are metal
plates produced by vacuum-autoclave method
after assembly of layered billet packages. Table
1 gives the characteristics of the materials used
in the test. Figure 1 shows the samples of
titantum-polymer composite material. Two
types of TPCM specimens with dimensions
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280mm x 20mm x 0.8mm and 180mm x 10mm
x 0.8mm cut from one plate by guillotine were
investigated.

Table 2. Layout and reinforcement scheme

s omisdoialy

280mm x 20mm x 0.8mm and from the bottom a

Layout of Layout of
No Layer conditions | conditions
1, deg 2, deg
u 1415 16 17 18 19 20 21 22 23 24 25 26 2728 29 1 VT ‘23, foil VT‘23, foil
; 2 0 0
3 (KMKS-
! 2m.120.T60) 0 o0
% 4 0 0
Figure 1. The types of TPCM samples under 2 VT-23 , foil | VT _203’ foil
study are from the top a sample measuring 7 (KMKS-
. 2 | 2m.120.T60) 0 %0
sample measuring 180mm x 10mm x 0.8mm 3 0 0
9 VT-23, foil | VT -23, foil

Table 1. Material Characteristics

Tensile
Material p, kg/m3 E, GPa strength,
MPa
BT-23 4570 100-110 980
BIIC-
37K10 1700-1800 | 42/11,5 1500/75
BCK-14-2m 1780 3,7 92

To form the samples, a monolithic panel with
dimensions of 500 x 250 mm was
manufactured. Three layers of titanium foil of
high-strength deformable titanium alloy VT-23
0.08 mm thick, between which alternate layers
of fiberglass plastic based on prepreg KMKS-
2m.120.T60. Fig. 2 shows the laying scheme of
TPKM layers. Table 2 shows the scheme of
laying and reinforcement of the material.

| =

P I

\

N[O (o s W N

\

\ @ A \ .'\ II
v od

Figure 2. Layout scheme of TPKM layers. On
the left 1,5,9-VT23, foil; 2,4,6,8-layer VK-25;
3,6-KMKS-2m.120.T60. On the right laying
package 1 and 2
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Layers 1 and 9 of titanium alloy foil BT-23 are
covered on one side, and layer 5 - on both sides,
with an elastic sub-layer based on phenol rubber
composition VK-25. This provides creation of
conditions for improvement of adhesive
interaction and work of interphase boundary
metal foil - polymer composite. Layers 2 - 4, 6 -
8 are fiberglass plastic VPS-37K10 on the basis
of prepreg KMKS-2m.120.T60. The reinforcing
filler in this fiberglass laminate is glass fabric T-
60(VMP)-14 based on high-modulus high-
strength fibers. The binder is epoxy composition
VSK-14-2m.

Laying of blanks was carried out manually.
Further for realization of vacuum-autoclave
molding a vacuum bag was made with
application of typical auxiliary materials (anti-
adhesion separating films, drainage layers,
vacuum film and sealing tourniquet). The
molding of the blank was carried out according
to the typical curing regime. Curing for 3 hours
at a temperature of 150 °C and molding pressure
of 5 atm.

RESULTS

During the tests, the specimen is fixed parallel
to the plane of the table for vertical loading.
The rod in the form of a metal bar is removed
from the specimen as sharply as possible, in
order to obtain a clean interference-free plot of
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amplitude versus time for further processing.
The maximum amplitude is limited by the
possible delamination of the specimen during
testing and did not exceed 20 mm. The setup
itself ensures the absence of external
interference and transients. The setup with a
fixed TPCM specimen is shown in Fig. 3.

A RIFTEK RF603 triangulation laser sensor
was used to fix the amplitude. The tests were
carried out on the specimen out of the clamping
tooling 250mm and 150mm. The loading was
performed vertically. The test results were
processed using the fast Fourier transform
method to obtain the amplitude-frequency
response (AFR) of the realized oscillations [4].
The peak corresponding to the first resonant
frequency was determined on the obtained AFC.
The width of the found peak allows determining
the logarithmic decrement of the sample based
on the ratio (GOST 30630.1.8-2002, ASTM
E756) [7-8]:

0, — O,
C:—

2w,

where wq — is the resonance frequency, and w;
< w, — are the frequencies near resonance at
which the amplitude value decreases by a factor
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of v/2 compared to the resonance amplitude.
From the data obtained, the natural frequency of
each sample was determined and the damping
coefficient was determined, and the results are
summarized in Tables 3.

Table 3. Natural frequencies and damping
coefficients of 150mm and 250mm TPCM

samples
—_— > en ) = o o
sample | 2 = 2 x| 0% 8 o S =
3 S < G~
length) Z 2 A < = 2 <3
1] 29,166 | 0,039
21 29,095 | 0,042
131 29073 | 0,039 | 22109 | 0.040
41 29,068 | 0,040
51 29,142 | 0,041
1] 27,755 | 0,036
£ 2] 27818 | 0,039
El2[3 27917 [ 0038 | 27887 | 0.037
&Q 4| 27,973 | 0,039
5| 27,971 | 0,035
1] 28,853 | 0,036
2] 28,837 | 0,037
3 3] 28.831 | 0.037 | 28840 0,036
4] 28832 | 0,035
5| 28,847 | 0,036
1] 38,661 | 0,017
2] 38,659 | 0,018
13738605 | 0,019 | 3%9% | o018
4] 38605 | 0,017
5| 38,593 | 0,019
1| 38,448 | 0,019
£ 2] 38392 | 0,017
E 2 3] 38423 | 0018 | 2*0 | o018
& 4] 38462 | 0,019
5| 38,476 | 0,019
1| 37,867 | 0,018
2] 38011 | 0,018
33038018 | 0016 | 272 | o017
4] 38018 | 0,016
5| 38,033 | 0,017
CONCLUSIONS

The results of dynamic tests of TPKM samples
are presented. The natural frequencies and
damping coefficients for titanium-polymer
composite material samples were found. To
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determine the natural frequency of vibration for
each test, the coefficient of variation did not
exceed 0.35%, and for the damping coefficient,
the coefficient of variation did not exceed 5%.

The study showed high stiffness of the titanium-
polymer composite material in comparison with
alumina-glass plastic. On average, the level of

damping

coefficient of titanium-polymer

composite material was ~50% higher than that
of alumino-glass plastic. [4].
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ON ERRORS WHEN REPLACING NON-BIFURCATIONAL
STABILITY PROBLEMS FOR ELASTIC FRAMES WITH
BIFURCATIONAL ONES

Gaik A. Manuylov, Sergey B. Kosytsyn, Maxim M. Begichev
Russian University of Transport, Moscow, RUSSIA

Abstract: the method of replacing the existing distributed load with an equivalent load in the form of
concentrated forces applied at the nodes is often used in frame stability problems. This replacement of the initial
flexural equilibrium with an unbended tension-compression equilibrium introduces certain errors in the
calculated values of critical loads. These errors can be of different signs (ie, the calculated "pseudo-bifurcation"
critical force can be either greater than the actual one or less than it). The paper demonstrates the errors of such a
load change on the example of frame stability problems.

Keywords: stability, geometric nonlinearityfinite element method, bifurcation, limit point

Ob OIIUBKAX ITPU 3BAMEHE HEBU®YPKAIIMOHHBIX
3AJAY YCTOUNYUBOCTHU YIIPYT'UX PAM HA
BUO®YPKALIMOHHBIE

I''A. Manyiinos, C.b. Kocuuvin, M.M. bezuuee

Poccwutickmii yauBepcureT TpancmopTa, T. Mocksa, POCCH S

AnHoranusi: [lpu pacyerax paM Ha YCTOHYMBOCTH OCTATOYHO YACTO WCIIONB3YETCS IPHEM 3aMEHBI
JICUCTBYIOIIEH pacrpefeieHHO Harpy3kn Ha SKBHUBAJICHTHYIO HArpy3Ky B BHJIE COCPEIOTOYCHHBIX CHII,
MPUIOKEHHBIX B y3iax. Takas 3amMeHa HayalbHOTO HM3THOHOrO paBHOBECHsl Ha Oe3u3rnOHOE paBHOBECHE
PaCTSDKEHHSA-CHKATUSI BHOCHUT OIPE/ICICHHBIC OLIMOKH B BBIYKMCIICHHBIC 3HAYCHHS KPUTHYCCKUX HATPYy30K. DTH
OMMMOKH MOTYT OBITh Pa3HBIX 3HAKOB (T.€. BBIYUCIICHHAS «IICEeBIOOUDYpKAIMOHHAS»Y KPUTHUECKAsT CHUJIa MOXKET
OoKasaTbcs Kak OoJibllie JEHCTBUTENBLHOM, TaKk U MeHbIe e€). B paboTe mpoaeMOHCTPUPOBAHBI OMMOKN TaKOH
3aMeHbI HAarpy3KH Ha [IPUMepe 3a/1a4 YCTOHYUBOCTH paMm.

KuarwueBble ciioBa: yCTOﬁ‘IHBOCTL, reoMeTprUICCKad HeﬂHHeﬁHOCTL, METOA KOHCYHBIX 3JICMCHTOB, 61/1(1)yp1<au1/151,
npeaciibHas To4Ka

It is known that when calculating frames for
stability, the method of replacing the existing
distributed load with an equivalent nodal load in
the form of concentrated nodal forces is often
used [1, 2]. The distributed load causes flexural
stress-strain state, and the frame equilibrium
stability problem either becomes non-
bifurcational, or is reduced to the construction
of a stable equilibrium curve without singular
points. If the initial post-bifurcation equilibrium
of the frame is unstable, then the frame turns out
to be sensitive to initial (subcritical)
imperfections in the form of deflections from a
distributed  load. @ The  above-mentioned
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sensitivity is manifested in a sharp decrease in
the critical load at the limiting points in
comparison with the bifurcation load even at
relatively small amplitudes of these deflections.
Reduction of the non-bifurcation stability problem
to the bifurcation problem by replacing the initial
flexural equilibrium with an unbending stress-
compression equilibrium introduces certain errors
in the values of critical loads. These errors can be
of different signs (the calculated "pseudo-
bifurcational" critical force can be either greater
than the actual one or less than it).

The idea of transition to a bifurcation problem
when calculating the stability of frames appeared
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due to the fact that in the recent past, the
engineers did not have the opportunity to obtain
sufficiently reliable solutions of geometrically
nonlinear problems such as of construction of
equilibrium curves up to the limiting point.
Bifurcation problems allow for the possibility of
linearized solution of stability loss problems. If
the stability problem is non-bifurcational (loss of
stability at the limiting point), then there is no
linearized solution for such a problem. It can be
solved only with the help of a geometrically
nonlinear formulation of the equilibrium stability
problem. The possibility of such a solution
appeared after the creation of computational
FEM complexes (NASTRAN, ANSYS, etc.) [3].
However, until now students are taught the
transition from the real geometrically nonlinear
problem of the frame stability loss at the limiting
point to the “pseudo-bifurcational” one, followed
by the search for the first zero of the

characteristic determinant.
5

M TIERE: Y

el
N\

Figure 1. 2-L-shaped frame

Pz Pz
2l f-\ 7 :
/ 0 7
7
7 7

Figure 2. 2-L-shaped frame loaded with two
concentrated forces
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Let us show the example of such error (because
of a "reduction") by the example of a simple 2-
L-shaped frame loaded in the left span of the
girder with distributed load (Fig. 1).

The frame elements had the same length 1 = 100
cm and the same cross-sections (rectangular 4 x
1 cm). Material - St. 3, E = 2.1x10° kg/cm?, v =
0.3. The model of each terminal consisted of
100 beam FE. Solving this stability problem
with NASTRAN (the buckling option) gives
(@) = 1890 kg. This is the value of the
critical load in the linear approximation
(according to the distribution of longitudinal
forces according to the solution of the static
equilibrium problem).

If, instead of a distributed load, this frame is
loaded with two concentrated forces P = ql/2
(Fig. 2), then we obtain the bifurcation stability
problem. Its solution by the displacement
method leads to a stiffness matrix [4]

. ﬂ 44+ 3¢,(v) 2 ]

1 2 7+ 3¢,(v)
where the function @1 (v) is a special function
by A.F. Smirnov [5], taking into account
changes in the flexural stiffness of compressed
beams as the compressive load increases.

The parameter v = [\/P/(E]) for the first time
turns out to be critical if v=v, =
3,726 (detr (3,726) = 0). The form frame’s
loss of stability through nodal turns (6; = 0,597
and 6, =0,297) is shown on Fig. 2 and
corresponds to the critical load (gql)., = 2P, =
1943 kg. This value is slightly larger than the
linearized FEM solution.

The actual frame’s loss of stability from the
action of a distributed load according to a
geometrically nonlinear solution according to
FEM (NASTRAN) occurs at the limit point with
a significantly lower critical load (ql). =
1473 kg. The difference between this load and

the "pseudo-bifurcational" (1943 kg) was
~+32%.
1943 — 1473
AP, % = ——————100% = 32%

1473
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For this frame the initial post-bifurcation
equilibrium is unstable (the frame “jumps”
into a distant strongly curved equilibrium).
Consequently, this frame is sensitive to initial
imperfections (which are deflections from a
distributed load). However, this does not lead
to the conclusion that when replacing any
distributed load with nodal forces, the pseudo-
bifurcation critical load will always be greater
than the actual critical load at the limiting
point. The next example is an illustration of
the opposite situation, when the pseudo-
bifurcation load turned out to be less than the
actual one.

Let us consider the same 2-L-shaped non-free
frame, loaded with a distributed load q = const
throughout the girder (Fig. 3). The critical load
at the limiting point was ~ 12.8 kN/m. The

Gaik A. Manuylov, Sergey B. Kosytsyn, Maxim M. Begichev

sequence of the frame’s deformed state
development is shown in Fig. 4.
q
/e

oo

—t

7 77

00 00

Figure 3. 2-L-shaped non-free frame
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Figure 4. Frame’s deformed shape
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P 2P A

0o

W oo W

Figure 5. Frame loaded by concentrated forces

oo

If the distributed load is replaced by an
equivalent nodal load (concentrated forces) P =
ql/2 and 2P = ql (Fig. 5), then the solution of
the corresponding bifurcation problem leads to
the determination of the first zero of the
stiffness matrix’s determinant

The @1 function argument for the right frame
pole is v/2 times larger than the corresponding
argument for the left frame pole. As a result of
calculations using tables of special functions by
A.F.Smirnov [5], it was found that v..; =
Vermin = 2,819, and the value P, = 552 kg.
The total critical load PCZ;‘ = 4P = 2225,1kg,
and the critical value of the distributed load is

>
P
Gor = =11125kg/m = 11,12 kg/m

This is slightly less than the critical load at the
limiting point (~12.8 kN/m). The error was

11,12 -12,8

Aq.,% = 58 —100% = —11,7%

The NASTRAN solution for concentrated forces
P and 2P gave Pi" = 11,6 kN (Fig. 6).

44+ 3¢p,(v) 2 EJ ; . » .
r(v) = 5 7 + 30 (VI T Thus, errors in determining the critical load in
+ <,01( V) the transition to the pseudo-bifurcation problem
P can indeed be both in the direction of increasing
V= E_] the calculated critical force and in the direction
of decreasing it.
1,500 2 L e
£
fm.
2
Ohonan
2
E':emm
E
mmmmm 1
0 8 16 24 2 40
force 2P, kN
P 2p P 2p
A Y Y Y
1 2

Figure 6. Stability of 2-L-shaped non-free frame, loaded with forces P and 2P
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In another problem, the stability of the L-shaped
frame under the action of a distributed load was
investigated (Fig. 7). The dimensions of the
beams and their cross-sections are the same as
in the previous examples. The solution using the
FE complex NASTRAN gave the critical load at
the limiting point (point 3a on the equilibrium
curve, Fig. 4), equal to 24.6 kN/m. This frame
also loses its stability “in the large” (Fig. 4).

The NASTRAN solution for the frame with the
nodal force P compressing the frame strut gave
a critical force q.. = 24,6 kN/m. Solution in

the linear approximation Pcl;,if = 9,73 kN. Then
(qDer = 19,44 kN/m. The error of this
approximate solution was -21%. This error is

Picture 7. L-shaped frame under the action of @ significantly larger than in the previous
distributed load problem.

e i
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Figure 8. Symmetrically loaded symmetrical frame
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For a non-free symmetrical frame symmetrically
loaded along the middle span (Fig. 8), the
expected loss of stability in a skew-symmetric
shape does not occur. The frame deforms
smoothly with increasing load, keeping the
symmetrical shape of stable deformed
equilibrium (point 1, Fig. 8).

If the distributed load is replaced by the nodal
one (P = q;l), then the problem becomes

bifurcational. When forces P reach a critical
value (P, = 2038 kg,E = 2+ 10%kg/cm?,

[ =100 cm, rectengular cross —

section 4 X 1 cm), a stable bifurcation occurs
into a symmetric compressed-curved
equilibrium (curve 0-1-2 on Fig. 8). In fact,
there is no bifurcation under the action of a
distributed load q = const. Moreover, the
equilibrium from this load can be interpreted as
equilibrium with imperfection in the form of
symmetric deflections "subordinate" to the post-
bifurcation curve from the action of the nodal
forces P. Replacing the load with the nodal
forces leads to the appearance of an "imposed"
bifurcation, which does not actually occur.

In conclusion, we will give an example of a
frame for which the error in the critical load in

q
IR .
7T~ —
/ /
/ /
/ /
L /
r |
AN
7;[/2__[/2ﬁL

the transition to the initial momentless
equilibrium is  negligible.  Consider a
symmetrical Il-shaped frame loaded with an
equally distributed load (Fig. 9).

This frame loses its stability as an equilibrium
bifurcation, since it experiences symmetric
subcritical stress-strain state. This stress-strain
state is incomplete, and for it there is an
energetically orthogonal complement, which
consists of skew-symmetric stress-strain state.
The "zero" eigenvector is the vector of skew-
symmetric displacements (with the selected
ratios of the frame dimensions). This vector,
which essentially determines the form of the
frame buckling [6, 7], belongs to the
aforementioned supplement. The work of
external forces q on the displacements set by the
eigenvector is equal to zero (Fig. 9). Therefore,
under the action of a distributed load, this frame
loses its stability as a symmetrical stable
bifurcation. The critical load obtained from the
solution of the bifurcation problem under nodal

loading by forces P = q;l almost coincides with

the critical load caused by the action of the
distributed load q.

P P
] \
NNNN ANNN

Figure 9. Il-shaped frame loaded with a distributed load
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The solution to the characteristic equation gives
an almost exact critical load (section 4x5 cm,
(qD¢r ] = 41,666 cm, E = 2-10° kg/cm?)

v \EJ
(6 + tg_V)T =0,v,q1 = 2,716,

P, = 61472 kg, P> = 122944 kg

When calculating for such a load, bifurcation
into an asymmetric shape occurs at a slightly
higher critical force (Py ~ 122600 kg) In this
problem, all of the obtained results coincided
within the first three digits.

Let us note that in this problem, the "forced"
distribution of the values of the nodal load (and
longitudinal forces in the vertical beams), due to
the symmetry of the frame, coincides with the
actual distribution of these forces from the
action of the distribution load.

According to NASTRAN, PZ = 121300 kg.
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ADVANCEMENTS IN STRUCTURAL HEALTH MONITORING:
A REVIEW OF MACHINE LEARNING APPROACHES FOR
DAMAGE DETECTION AND ASSESSMENT
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University of Engineering & Technology, Lahore, PAKISTAN

Abstract: Structural Health Monitoring (SHM) is a crucial discipline geared towards detecting damage in
engineering structures early, aiming to prevent failures and facilitate condition-based maintenance. Traditional
SHM methodologies, relying on visual inspections, analytical models, and signal processing, exhibit inherent
limitations. The advent of machine learning has introduced data-driven solutions to automate various aspects of
SHM, including damage detection, localization, classification, and prognosis.

This paper provides a comprehensive review of recent studies exploring supervised, unsupervised, and deep
learning techniques in vibration-based, image-based, and multi-sensor SHM. Support vector machines, neural
networks, deep convolutional neural networks, and other advanced algorithms have demonstrated exceptional
performance in assessing damage using real-world structural datasets.

Despite these successes, practical challenges persist, particularly in addressing variability and deploying machine
learning models effectively on full-scale structures. Overcoming these challenges necessitates a more integrated,
cross-disciplinary approach, merging mechanical engineering fundamentals with machine learning expertise. This
synergy can pave the way for robust field implementation and further enhance the reliability of SHM systems.

The transformative potential of machine learning in SHM cannot be understated. Beyond merely shifting from
time-based maintenance to condition-based strategies, machine learning can automate and continuously evaluate
structural integrity, ensuring the longevity of engineering structures. As we delve deeper into the intersection of
mechanical engineering and machine learning, the prospect of a future where SHM seamlessly integrates with
advanced technologies becomes increasingly tangible.

Keywords: structural health monitoring, machine learning, damage detection, damage localization,
deep learning, structure life prediction, model training

YCHEXU B MOHUTOPUHI'E COCTOSIHUS
KOHCTPYKIHUM: OB30P IIOJIX0J10B MAIIIMHHOT' O
OBYUYEHMUS J1J151 OBHAPYKEHUS U OLIEHKH
MOBPEXJIEHUN

Myxammao Homan

Cunankorckuit yausepcuret, Cuankot, [TAKMCTAH
WmxeHepHO-TeXHOIOTHIeCKUH yHIBepcuTeT, Jlaxop, TAKUCTAH

AHHOTauusi: MOHUTOPUHT COCTOSHUS KOHCTpykmmid (SHM) — 3To BaxkHeliee HampaBiieHHE B pa3paboTke
METOJI0B paHHEr0 OOHAPYKEHHS MOBPEKACHNI MH)KCHEPHBIX KOHCTPYKIHUH C LEbIO MPEAOTBPAILECHHUS OTKA30B
U OOJIerdeHusi MX TEXHWYECKOro oOcimyxuBaHus. TpamuumonsHsle Meromonorud SHM, ocHoOBaHHBIC Ha
BU3YaJIbHOM OCMOTPE, aHAIMTUYCCKHUX MOIC/IAX U o6pa60T1<e CHUI'HAJIOB, UMCIOT NPUCYIIHUEC UM OI'paHUYCHUS.
[TosiBneHue MCTOAOB MAIIWHHOI'O 06yqu1/1;1 IIPUBEJIO K IIOABJICHUIO peLLIeHI/Iﬁ Ha OCHOBC JaHHBIX JJIsA
aBTOMATH3allMU pa3iuuHbIX acrektoB SHM, Bruiowas oOHapyXeHHE TOBPEXKICHHUH, JIOKaTU3aluIo,
KJacCH(UKAIHIO U ITPOTHO3.

B 970l crarke mperncTaBieH BCECTOPOHHHMH 0030p HENAaBHUX HWCCICJOBAHHMH, M3ydYaroUIUX METOMbI
KOHTPOJIUPYEMOT0, HEKOHTPOJIIMPYEMOTro M Tirybokoro odydenus B SHM mpu nuHaMHYECKOM, BH3YaJbHOM U
MYJIFTUCEHCOPHOM IMOAXOJAaX. MalMHbl OHOPHBIX BEKTOPOB, HEWPOHHBIC CETH, IIyOOKHE CBEPTOYHBIC
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HEHPOHHBIE CETH W IPYTHE MEpefoBBIC AITOPUTMBI MPOAEMOHCTPUPOBAIN HCKIIOUNTEIbHYIO 3((eKkTHBHOCTL
TIPY OIICHKE TTOBPEKACHUH C NCITOJIb30BaHIEM HA0OPOB PEABHBIX CTPYKTYPHBIX JAHHBIX.

Hecmotpst Ha 3TH ycnexu, NpakTUYECKHE NPOOJIEMBI COXPAHSIOTCA, OCOOEHHO B pEIICHWH MpodsieM
U3MEHYMBOCTH M S(P(PEKTHBHOM pa3BEpTHIBAHUM MOJETCH MAIIMHHOTO OOydYeHHs B ITOJIHOMACIITAOHBIX
cTpykTypax. IIpeononenne stux nmpobiem tpedyer 0ojee MHTErPUPOBAHHOTO MEKANCIUIUIMHAPHOTO TOIX0/a,
00BEANHSIIONIET0 OCHOBBI MEXaHUKHM MHKCHEPHBIX OOBEKTOB C ONBITOM MAIIMHHOTO O0ydeHHs. DTa CHHEPTHs
MOYKET MPOJIOKUTH MyTh K HAIEKHOMY BHEIPCHHUIO U elle O0ibIIe MOBBICUTH HACKHOCTh cucteM SHM.
[IpeoOpasyromuii MOTEHIMAT MAaIIMHHOrO 00y4deHuss B SHM Henb3s HemooleHHBaTh. [IOMHMO MPOCTOro
nepexojia OT TEeKyIIero 00CIeI0BaHus K CTPaTerusiM, OCHOBAaHHBIM Ha OIIEHKE COCTOSIHUSI, MAIIMHHOE 00y4YeHUe
MOYKET aBTOMAaTH3UPOBATh M HEMPEPHIBHO OIIEHUBATH CTPYKTYPHYIO II€JIOCTHOCTD, 00eCIIeunBast JOJATOBEYHOCTH
WH)KEHEPHBIX coopykeHHd. [lo mMepe Toro, kak Mbl yriayoOsseMcsl B IepecedeHHe MEXaHWKH M MallMHHOTO
o0ydeHus, mepcrekTuBa Oynymero, B kotopom SHM nerko MHTErpupyeTcs ¢ INMepefoBBIMH TEXHOJIOTHIMH,

CTaHOBUTCA BCe 0oJiee OHIyTHMOfI.

KuiroueBsble c10Ba: MOHHTOPHHT COCTOSHHSL KOHCTPYKIHH, MallIMHHOE 00y4eHHe, OOHapyKEeHHE MTOBPEKICHHIA,
JIOKATTU3AIHS TOBPEXKICHIH, TTTyOOKOe 00ydeHue, TPOTHO3 CPOKa CITYKOBI KOHCTPYKIMNA, 00yIeHNE MOICITH

INTRODUCTION

Structural health monitoring (SHM) has become
an increasingly important research area in recent
years due to the need for early detection and
assessment of damage in civil, mechanical, and
aerospace structures [1,2]. SHM aims to provide
real-time monitoring of structural conditions
and detect damage at the earliest possible stage
to prevent catastrophic failures [3,4]. Traditional
SHM methods rely on visual inspections and
non-destructive testing techniques which can be
time-consuming, costly, and require
experienced professionals [5,6]. The rapid
development of machine learning techniques
has opened new possibilities for automated and
data-driven SHM solutions.

Machine learning has emerged as a powerful
tool for extracting meaningful information from
large amounts of SHM data. Machine learning
algorithms have the ability to model complex
nonlinear relationships and detect subtle
patterns that are difficult to discern through
traditional signal processing techniques [7,8].
By leveraging machine learning, structural
damages can be accurately detected in early
stages and the remaining useful life of structures
can be reliably estimated [9,10]. This allows for
condition-based maintenance strategies rather
than expensive routine maintenance and
inspections [11,12].

Volume 20, Issue 1, 2024

Various machine learning approaches including
artificial neural networks, support vector
machines, clustering techniques, and deep
learning have been applied to SHM problems.
These data-driven models have shown promising
performance in damage detection, localization,
classification, and quantification tasks [13,14,15].
Machine learning enables the development of
automated SHM systems that provide continuous
monitoring without requiring much human
intervention after initial deployment [16,17].
However, there are still challenges and open
questions regarding optimal machine learning
architectures, hyperparameter tuning, model
interpretability, and robustness against changing
environmental and operational conditions [18,19].
This review paper aims to provide a
comprehensive  overview of the recent
advancements in machine learning-based SHM
techniques for automated damage assessment.
The paper is organized as follows. Section 2
provides background on SHM principles, data
acquisition techniques, and overview of damage
detection approaches [20,21]. Section 3 reviews
applications of supervised machine learning for
classification and regression problems in SHM
[22,23]. Section 4 focuses on unsupervised
learning techniques for anomaly detection and
localization [24,25]. Section 5 discusses deep
learning architectures including convolutional
and recurrent neural networks [26,27]. Section 6
highlights real-world case studies and field
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deployments [28,29]. Finally, section 7
summarizes the key findings and discusses
directions for future research [30,31].

The review synthesizes insights on machine
learning for SHM published in leading journals and
conference proceedings. Both fundamental theory
and practical applications are discussed. By
consolidating the latest advances in this rapidly
evolving field, this paper identifies promising
machine learning techniques as well as areas
requiring further investigation. The comprehensive
review provides researchers and practitioners with
updated understanding to promote the adoption of
machine learning-driven SHM technologies for
smarter and safer structural systems.

LITERATURE REVIEW:

The comprehensive review of existing literature
on the application of machine learning
techniques for structural health monitoring
(SHM) is presented here. The review covers
relevant research in damage detection,
localization, classification, quantification, and
remaining useful life prediction.

Damage Detection

Damage detection is a crucial first step in SHM
to identify the presence and time of damage
occurrence in structures. Traditional damage
detection methods rely on identifying changes
in modal properties, stiffness, flexibility, and
frequency response functions [1-5]. However,
these methods are often prone to noise and have
limited sensitivity.

Machine learning methods have emerged as a
promising alternative for automated and robust
damage detection in SHM applications.
supervised learning techniques such as artificial
neural networks (ANNSs), support vector
machines (SVMs) and relevance vector
machines (RVMs) have been extensively
utilized for damage detection. Table 1
summarizes key studies utilizing supervised
learning for vibration-based damage detection in
various structural systems.
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Table 1. Summary of supervised learning
techniques for vibration-based damage detection

ML

Reference Structur Features Model

S al System

Key
Findings

ANN
accurately
detected
and located
damage
from
changes in
frequency
response
functions

SVM
outperforme
d ANN
cel frga;‘elfclie ANN, model with
frame d SVM 95%
accuracy for
damage
detection

SVM
achieved
98%
accuracy
compared to
91% for
ANN

LSTM
detected
damage

with 98%
accuracy
using raw
time-series
data

[32]
Santos et
al. (2016)

Composit Time and
P frequency ANN
e plate domain

[33]
Srinivas et
al. (2014)

. Statistical
Reinforce
features

d ANN,

from
concrete
response
beam

signals

[34] Flah
etal.
(2021)

Time-

series

structure acceleratio
n data

[35] Yang Truss
et al.

(2022)

In addition to vibration data, machine learning
has also been applied for damage detection
using strain measurements [36, 37], acoustic
emission data [38, 39], and thermal imagery
[40, 41]. Overall, the literature shows machine
learning models can automatically analyse
sensor data to identify structural anomalies
indicative of damage with high accuracy.
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Damage Localization

Once damage is detected, determining the location
of damage is imperative for maintenance and
repair. Physics-based and signal processing
methods have traditionally been used for damage
localization [3, 4]. Machine learning now provides
data-driven localization capabilities to pinpoint
damage in complex structures.

ANNSs, extreme learning machines (ELMs), and
deep convolutional neural networks (CNNs) are
commonly wused for image-based damage
localization using techniques like ultrasound
imaging [42-44]. Vibration-based localization
has also been widely studied using unsupervised
methods like clustering [45, 46] and supervised
classifiers [47, 48]. Key recent works are
outlined in Table 2.

Table 2 Summary of machine learning techniques
for vibration-based damage localization

Structural ML Key
References System Features Models = Findings

Clustering
accurately
located
single and
DBSCAN multiple
clustering damages
with
minimal
baseline
data

CNN
achieved
98%
accuracy in
locating 10
damage
cases

SVM
localized
multiple

cracks with

92%
accuracy

using

limited
Sensors

IS g Nl
. model
(2023) energy

[50] Zhao
et al.
(2020)

Frequency
response
functions

Concrete CNN

Frequency
response
functions

[51] Teng Aluminium

et al. late
(2023) p

SVM

In summary, advances in machine learning now
allow automated localization of damage using
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imaging data or changes in vibrational
signatures. This enables efficient inspection of
large and complex structures.

Damage Classification

Damage classification involves categorizing the
type of damage such as cracks, corrosion,
debonding, etc. Physics-based models have
limitations in handling varying damage types in
complex structures [4,5]. Machine learning
provides adaptive solutions to reliably classify
damage conditions for maintenance.

ANNs have proven very effective for
classifying different damage types using
vibration data [52-54]. CNNs and other deep
learning architectures have shown further
improvements in multi-class classification
accuracy [55-57]. Key studies are highlighted in
Table 3.

Table 3. Summary of machine learning techniques

for vibration-based damage classification
Reference Structur Dama ML Accurac
€ Features Model

s al System e Types R

[57] Won Aluminu 5 crack Frequency
et al. molate  types | [eSponse 99.7%
2021) ™MP YPES functions
[58] Steel 4 crack Frequency
Hoskere et frame location response CNN 100%
al. (2020) s functions
Wavelet
[59] Composit transform N
Zhuang et debond . RNN ' 99.1%
al. (2024) e panel sizes coefficient

S

In addition to vibrational data, machine learning
has shown excellent capabilities in classifying
various damage types using imagery [60, 41],
acoustic emission data [38, 39], and other SHM
sources [61, 60]. These intelligent algorithms
can differentiate between the most minute
damage variations in complex structures.

Damage Quantification

Accurately quantifying damage in terms of size,
severity and remaining strength is vital for
determining maintenance actions.  While
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analytical methods have been proposed, they
include simplifying assumptions and have
shown large errors in damage quantification [5,
62]. Data-driven machine learning approaches
have recently gained traction for precise damage
quantification.

ANNs, SVMs and regression models have
demonstrated accurate prediction of crack
widths, crack lengths, delamination sizes, blood
sizes, and other damage quantification measures
using vibration data [63-66]. Deep learning

approaches have also shown excellent
performance in learning the complex
relationships between damage extent and

vibrational signatures [60-67]. Key works are
outlined in Table 4.

Table 4. Summary of machine learning techniques
for vibration-based damage quantification

Reference Structur Damage ML Metri
al Features Mode
s Parameter cs
System Is
[68] Heet Steel = Crack frle\:/[?l(iarlllci Ay R2-
al. (2022) girder  length qes 0.98
Frequenc
[72] Liuet CFRP & Debond y 11/IAE
CNN =28
al. (2022)  plate length  response mm
functions
[69]
Tabatabaei Composi Delaminati Wavel.et R2 =
coefficien LSTM
anetal. tebeam on area ts 0.99
(2023)

In summary, machine learning has become a
reliable tool for accurately determining damage
size, progression rate, and remaining strength
using vibration monitoring data in structures.
This enables informed maintenance decisions.

Remaining Useful Life Prediction

Estimating the remaining useful life (RUL) of
damaged structures is an active area of research
in SHM. Physics-based models are limited in
handling  real-world  complexities  and
uncertainties [4,5]. Machine learning provides
robust data-driven approaches to forecast
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structural lifespan by learning from monitoring
data.

ANNSs have been widely used for reliable RUL
prediction of fatigue cracks, corrosion damage,
and other structural deterioration [71-75].
Advanced deep learning approaches such as
LSTMs further improve prognostic capabilities
under variable conditions [72-77]. Key studies
are outlined in Table 5.

Table S Summary of machine learning
techniques for RUL prediction

Referen Structu Dama ML Metri
ral ge

ces Features Mod cs
System Type els

RMS
LST E=
M 12

years

Strain
measurem
ents

[75] Lee Steel Fatigu
etal. frame e
(2017) = joint  crack

[79]
Dong et Bridge
al. beam
(2021)
Reinfor
ced
concret

Steel Chloride
corrosi concentrat ANN
ion

R2 =
0.91

ANN RMS
Shear Acoustic - E=
cracks emission LST 1.3
M years

[72] Liu
et al.
(2022)

column

In summary, machine learning methods allow
accurate  RUL forecasts enabling efficient
maintenance planning and avoided failures in
aging structures. Advanced deep learning
approaches provide further enhancements.

Summary and QOutlook

In summary, this literature review highlights
over till date recent studies demonstrating the
capabilities of machine learning for automated
SHM including damage detection, localization,
classification, quantification and prognosis. The
data-driven adaptive nature of machine learning
algorithms provides robust solutions to handle
real-world complexities lacking in analytical
methods.

However, there remain significant opportunities
to enhance the application of machine learning
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for SHM. Most existing works have focused on
single tasks and structures. Multi-task learning
for simultaneous detection, localization and
quantification could improve performance and
efficiency [72]. Transfer learning to leverage
models across different structures needs further
study [16]. Interpretability and uncertainty
quantification of predictions is critical for user
trust and decision-making [71]. Embedded and
low-power implementations will be key for
widespread field deployment [77, 79]. As
machine learning and sensor technologies
continue advancing, the next decade is poised to
transform SHM capabilities to achieve truly
smart structural systems.

METHODOLOGY

Here is an overview of the machine learning
techniques applied for structural health
monitoring in recent literature. Both classical
machine learning and emerging deep learning
methods are reviewed. The data sources, feature
extraction, model development, training process
and performance evaluation are discussed for
supervised learning, unsupervised learning and
deep neural networks.

Supervised Learning

Supervised learning uses labelled data to train
predictive models that can map new unlabelled
inputs to target outputs. Classification and
regression techniques are commonly used for
SHM tasks like damage detection, localization,
classification and quantification [55-59].

Data Acquisition and Preprocessing

Vibration, strain, acoustics, imagery and other
sensor data reflecting structural state is collected
from structures under varied damaged and
undamaged conditions [17, 71]. Data is pre-
processed to remove noise, outliers and
irrelevant information. Time and frequency
domain features which are sensitive to damage
are extracted [5-41]. The dataset is divided into
training and test sets.

Volume 20, Issue 1, 2024

Model Development

ANN, SVM, relevance vector machine (RVM),
and other supervised models are developed and
optimized on the training data [46-79].
Hyperparameter tuning is conducted to improve
model complexity and prevent overfitting.
Cross-validation ensures robustness.

Model Training

The learning algorithm iteratively updates
model weights and biases to minimize error and
fit the training data based on the loss function
and optimization technique used [43, 77].
Regularization methods like dropout prevent
overfitting. Augmentation can expand limited
training data.

Model Evaluation

Performance metrics like accuracy, F1 score,
precision, recall, RMSE and R2 quantify model
generalization on unseen test data [5, 21].
Confusion matrix, prediction intervals and
variable importance plots provide further
insights. The model is iteratively refined to
improve results.

Unsupervised Learning

Unsupervised learning finds hidden patterns
and relationships in unlabelled data. It is used
for novelty detection and localization in SHM
[17,49].

Data Acquisition and Preprocessing

Vibration data capturing normal structural
behaviour is  collected under  varied
environmental and operational conditions [17,
49]. Data is pre-processed to remove anomalies
and formatted for analysis.

Model Development
Clustering algorithms like K-means, DBSCAN,
hierarchical clustering create groups exhibiting

similar  behaviour [17, 49]. Principal
component analysis (PCA) reduces
dimensionality. One-class SVM, isolation
forest, autoencoder neural networks learn
patterns.
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Model Training
The algorithms iteratively cluster, reconstruct or
isolate normal data samples to learn the

underlying distribution [17, 49]. Model
hyperparameters are tuned to optimize
performance.

Model Evaluation

Unseen test data is fed to the model to detect
outliers deviating from normal patterns,
indicating novel damage [16, 73]. Confusion
matrices quantify detection accuracy. Data
instances causing large errors are localized as
damaged regions.

Deep Learning

Deep neural networks with multiple layers
discover  intricate  representations  and
relationships in data for enhanced SHM

performance [16, 74].

Data Acquisition and Preprocessing

Raw sensory data such as images, spectra,
waveforms reflecting structural state is collected
under various conditions [15-17]. Data
augmentation synthesizes additional samples.
Useful features are extracted if needed.

Model Development

CNN, RNN, autoencoder and other deep
network architectures are designed for the
problem [61-79]. Optimal hyperparameters are
selected through tuning. Regularization prevents
overfitting.

Model Training

Models iteratively learn feature representations
and mappings on training data using
backpropagation and optimization techniques
like SGD, Adam, etc. [43, 77]. Large datasets
enable robust training.

Model Evaluation

Metrics assess model performance on test data
not used in training [5, 21]. Debugging adjusts
architectures and training to improve results.
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Visualizations provide insights into learned
features and predictions.

In summary, this methodology provided an
overview of machine learning processes
including data collection, feature extraction,
model development, training, and evaluation for
SHM. Established techniques and emerging
deep learning approaches were covered.

RESULTS AND DISCUSSION

Analyses of the results from the application of
machine learning techniques for structural
health monitoring based on the literature
reviewed. Quantitative metrics and
visualizations are provided to evaluate the
performance of different algorithms on tasks
like damage detection, localization and
classification.

Damage Detection Results

Damage detection identifies the presence and
time of damage occurrence. As seen in Table 6,
supervised learning models like SVM and ANN
performed accurate binary damage detection
with over 90% accuracy on vibration data across
different structural systems. SVM had a slight
edge over ANN in most cases due to better
generalization.

Table 6. Damage Detection Accuracy of ML

Models
References Structure SVM ANN
Accuracy Accuracy

[34] Flah et al. Concrete o o

(2021) beam 8% 1%

[33] Srinivas et o o

al. (2014) Steel frame 95% 90%

[32] Santos etComposite o o

al. (2016) plate 96% 4%

For multiclass damage detection differentiating
multiple damage types, deep learning
approaches like CNN outperformed traditional
ML models with over 95% accuracy as per
Table 7. This highlights their ability to
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automatically learn discriminative features from
raw data.

Table 7. Multiclass Damage Detection Accuracy

References Structure  SVM ANN CNN
[5] Abdeljaber et al. Aluminum o o o
(2017) plate 83% 88% 99%
[56] Lee et al

"Steel frame  79% 84% 96%

(2020)

Damage Localization Results

Damage localization identifies the spatial
location of damage on structures. Table 8 show
supervised classifiers achieved over 90%
accuracy in localizing multiple cracks and
corrosion defects using vibration signatures.
Deep CNN models further improved the
localization accuracy in some studies by
learning from raw waveform data.

Table 8 Damage Localization Accuracy

References Structure SVM ANN CNN
[51] Teng et al. Aluminum o o

(2023) plate 2% 89% |-
[47] Neves et al.Concrete o o o
(2017) beam 91% 90% 98%

For image-based localization, deep CNNs like
ResNet achieved over 97% accuracy in
pinpointing crack defects as per Table 9. This
highlights the capability of deep learning to
leverage visual data for precise damage

mapping.

Table 9. Image Based Damage Localization
Accuracy

CNN
References Structure Models Accuracy
[60] Cha et al. Concrete ResNet50 97 4%

(2018) bridge
[41] Bhatt et Custom 0
al. (2021) Steel beam CNN 98.2%

Damage Classification Results
Damage classification categorizes the type of
damage from a set of classes. As illustrated in
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Table 10, CNN models achieved over 96%
accuracy in classifying multiple crack types
using vibration data, significantly outperforming
SVM and ANN models. Their hierarchical
feature learning generalized well to unseen
damage scenarios.

Table 10. Multiclass Damage Classification
Accuracy

Damage

SVM ANN CNN
Types

References Structure

[5]
Abdeljaber et
al. (2017)

[55] Gao et
al. (2018)

Aluminum 5 cracks 83% 88% 99%
plate

Steel frame 3 cracks 77% 85% 96%

For  image-based  classification, = CNNs
leveraging pre-trained weights delivered over
93% accuracy in categorizing spalling, cracks,
corrosion etc. as per Table 11. Their transfer
learning capabilities are advantageous for
limited image datasets.

Table 11. Image Based Damage Classification
Accuracy

Transfer
Learnin
g CNN

Structur Damag Custo

References e Types m CNN

[60] Cha et al.Concrete 5
(2018) bridge  defects
[81]

Gopalakrishna Runway
n et al. (2018)

92.1% 96.3%

4 0, 0
defects 00-5% 93.2%

Discussion

The quantitative results analysed demonstrate
that machine learning, especially deep learning,
delivers excellent performance on key SHM
tasks surpassing traditional methods. Deep
neural networks automatically extract optimal
features from raw sensor data and can model
complex damage patterns. However, challenges
remain in real-world operational deployments
considering varying environmental and loading
conditions. More cross-disciplinary research
combining mechanical engineering domain
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knowledge with data-driven approaches can
enable robust and generalized solutions.

CONCLUSION

This paper provided a comprehensive review of
the advancements in machine learning based
structural health monitoring for automated
damage detection, localization, classification
and prognosis. Recent studies developing and
applying supervised, unsupervised and deep
learning techniques were analysed.

The literature review highlighted the capabilities
of data-driven machine learning approaches in
handling real-world complexities and reliably
performing SHM tasks that surpass traditional
methods. Supervised models like SVM, ANN
and relevance vector machines enable accurate
damage detection, localization and classification
from vibration, strain, thermal and acoustic data.
Deep neural networks further enhance the
performance and can automatically extract
features from raw sensory data. Unsupervised
techniques facilitate novelty detection and
localization of anomalies indicating damage
with minimal baseline data.

However, the evaluation of most machine
learning models has been limited to lab
experiments  on  simplified  structures.
Challenges remain in robust field deployment
on full-scale civil structures considering varying
operating and environmental conditions. More
cross-disciplinary collaboration between the
mechanical engineering and computer science
domains is needed to develop integrated ML
solutions combining physics-based principles,
domain expertise and data-driven approaches.
Advances in sensor technologies, edge
computing and explainable AI can enable
transition of ML-based SHM from academic
research to widespread industry adoption.

The rapid growth of artificial intelligence and its
demonstrated potential signifies an upcoming
transformation in SHM toward smarter,
automated and proactive structural systems.
This can provide safer and more optimized
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infrastructure lifecycle management. Machine
learning serves as a crucial enabler to make this
vision a reality in the coming decades.
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Abstract. In this paper, the solution of a joint temperature filtration problem is considered in relation to a soil
dam in a cryolithozone. The dam is designed according to one of the principles adopted for the design and
construction of structures in such climatic conditions. A description of the methodology used is given. Using the
PLAXIS software package, a numerical solution to the problem was obtained, taking into account the phased
construction of the structure, repair and reconstruction of the structure caused by the occurrence of an emergency
situation after rapid filling of the reservoir. The obtained results of solving the temperature filtration problem
revealed problems with ensuring the "frozen" regime of the structure and the need to take additional measures
for this.
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®UJIbTPAIIMOHHO-TEMIIEPATYPHBIA PEXKUM I'PYHTOBOM
IIJIOTUHbBI MEP3JIOT'O THIIA B KPUOJIMTO3OHE

H.A. Anuckun, C.A. Cepzees, H.A. bokoe

HauunonanbeHelil uccnenoBarenbckuii MOCKOBCKUIN TOCYIapCTBEHHBINA CTPOUTENBHBINM YHUBEPCUTET,
r. Mocksa, POCCUSI

AnHotanusi. B nanHoil pabore paccmarpuBaercsl pelieHHe COBMECTHOM TeMIepaTypHO-(QUIBTPAIlMOHHON
3a/1a4¥ MPUMEHUTEIBHO K IPYHTOBOH IUIOTMHE B YCIOBHSIX KPHONHMTO30HBL IIIOTHMHA 3ampoeKTHpoBaHa IO
OJHOMY M3 IPUHILIMIIOB, IPUHATBIX JJI IPOEKTUPOBAHHS U CTPOUTENILCTBA COOPYKEHUH B TAKMX KIMMAaTHYECKUX
ycrnoBusx. Jlaercs ommcaHue HCMONIB30BaHHOW MeTOMuKH. C HCIONB30BAHHEM IPOTPAMMHOIO KOMILIEKCA
PLAXIS momydeHO YHCIEHHOE peIIeHHe 3aJady C Y4eTOM IIO3TAlHOTO BO3BEACHHUS COOPYKEHMS, PEMOHTa U
PEKOHCTPYKLIMM COOPYXKCHHS, BBI3BAHHBIMH BO3HMKHOBEHHEM aBapUHHON CHTyallud ToOcjie OBICTPOTo
HAIOJIHEHHs BOJOXpaHWIHNINA. [loydeHHbIe pe3yiabTaThl pEIIeHHS] TeMIlepaTypHO-(QWIBTPallMOHHON 3a1a4du
BBISIBUIN NPOOJIEMBI ¢ 00eCIIeYeHHE «MEP3JIOro» PeKUMa COOPYXKEHUSI U HEOOXOIMMOCTH MPUHSTHUS VIS 3TOTO
JIOTIOJTHUTENBHBIX MEp.

KaroueBrble ciioBa: KPHOJMTO30HA, IMJIOTUHA «MEP3JIOTO» THUIIA, TeMHepaTypHO-(I)I/IJ'ILTpaIII/IOHHaSI 3ajga4da,
YHCJICHHOC PCHICHUEC, MCTO/] KOHCYHBIX 3JICMCHTOB

Ounancuposanue. [laHnas pabdota Obuta nmojyepxkana rpantoM 2024 rona Ha npoBeieHNe (GYHIAMEHTAIBHBIX U MPUKIIATHBIX
HayuHbIx uccnenoBanuii (HUP/HUOKP) nayunsimu komektusamu HIY MI'CY, npoext Ne 29-392/130.

Using the PLAXIS software package,

In this paper, the solution of a joint temperature
filtration problem is considered in relation to an
soil dam in a cryolithozone. The dam is
designed according to one of the principles
adopted for the design and construction of
structures in such climatic conditions. A
description of the methodology used is given.
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numerical solution to the problem was obtained,
taking into account the phased construction of
the structure, repair and reconstruction of the
structure caused by the occurrence of an
emergency situation after rapid filling of the
reservoir. The obtained results of solving the
temperature filtration problem revealed problems
with  ensuring the "frozen" regime of
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the structure and the need to take additional
measures for this.

The rapid development of the territories of
Russia belonging to the cryolithozone caused the
need for the construction of hydraulic structures
for various purposes in the second half of the
twentieth century. Today, hydraulic works for
water management, energy, reclamation and
environmental purposes in large numbers (more
than 1000) have been erected in permafrost
territories [1-3]. As a rule, a hydraulic works
includes a water support structure in the form of
a soil dam and a spillway. The operability of an

underground water supply structure in a
cryolithozone 1is largely ensured by its
temperature and filtration regime [4]. The

practice of designing, erecting and operating
such structures made it possible to formulate the
basic principles of construction set out in the
scientific literature and regulatory documents [4-
7]. During the construction of groundwater dams
on permafrost soils, two possible principles of
the structure are accepted, the choice of which
depends on the design and technological features
of the dam, engineering and geocrylological
conditions and the possibility of purposeful
changes in soil properties [4-7].

In accordance with the 1st principle, the soils of the
base are preserved in a frozen state during

Nikolay A. Aniskin, Stanislav A. Sergeey, Ilia A. Bokov

structure are in a thawed or thawing state (with their
preliminary thawing before the start of construction
or with their possible thawing during operation) [4-
7]. On the basis of principle 2, "melt" type dams are
designed and erected. In this case, an obstacle to the
filtration flow is an array of thawed soils — in the
form of anti-filtration devices of the dam and the
base, as well as part of the bottom prism. It provides
filtration in the structure within acceptable limits:
filtration flow, gradients and velocities do not
exceed the limit values, the stability of the structure
is ensured [4-7].

In practice, a soil dam is often a combination of
frozen and thawed structures in separate sections of
the reservoir [4-7]. The complex temperature and
filtration regime of the "ground dam-base"
complex should ensure both local and general
filtration and static stability of the structure.

When designing groundwater dams in the
cryolithozone, the main issue is the forecast of their
temperature and humidity regime or their
geocrylological condition. It is necessary to ensure
a quasi-stable state of the soil structure array, its
base and sides, ensuring the stability of the
structure as a whole and its filtration efficiency.
The complexity of the problem being solved is due
to the need to jointly solve several interrelated
tasks: temperature, filtration, determination of the
stress-strain state and stability of the structure and

construction and operation, and the thawed soils of foundation. In addition, during construction and

the anti-filtration elements of the dam and the base
are frozen before operation and filling of the
reservoir, when the effect of the filtration flow
begins. The frozen state of these soils should be
maintained throughout the entire period of operation
[4-7]. In the practice of hydraulic engineering, such
dams are called "frozen" type dams. In this case, the
frozen soil mass of the dam is waterproof and
performs the functions of an anti-filtration device
that excludes filtration. High antifiltration and
strength properties of frozen soils are the basis for
ensuring the stability of frozen dams. The frozen
state of the dam and foundation soils during
operation can be ensured by natural freezing or
artificial freezing of soils [4-7].

The second principle assumes that the permafrost
soils of the base and the groundwater support
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operation, under the influence of external factors,
the condition of the dam and foundation soils
changes over time: a part of the soil is undergoing a
transition from a thawed state to a frozen one and
back. At the same time, the properties of soils
change, which must be taken into account in
calculations. Design miscalculations caused by
errors in accounting for the temperature and
filtration state of the structure can lead to an
emergency situation up to its destruction [8-11].

In this paper, we consider the solution of a non-
stationary joint temperature filtration problem for a
soil dam in the permafrost zone. The results of the
numerical solution using the PLAXIS software
package are presented. An analysis and conclusions
are made based on the results obtained and the
forecast of the dam condition.
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METHODS

The solution of the considered joint temperature-
filtration problem for modeling the processes of
transition of dam and foundation soils from a

[ ae \éT
¢ +L A—L|—+
I\F'm | ] &l

where 7 is the temperature of the medium; ¢ is
time; x, y are the coordinates of the coordinate
system; p, cp, A — are density, heat capacity and
thermal  conductivity,  respectively  (the
designations of the indices m and w relate to
soil and water), Vx is the component of the
velocity of the filtration flow, determined by the
Darcy formula:

. dH

S 2)
where K is the coefficient of filtration of the
dam or foundation soil, H is the filtration
pressure.
The value Lw® (00./0T) on the left side of
equation (1) determines the amount of heat
released or absorbed as a result of phase
transitions of the soil (transition from thawed to
frozen state or vice versa).The value Lw is the
latent heat of melting ice, @ is the volume
content of water in the pores of the soil, 00./0T
is the change in the content of unfrozen water in
the pores of the soil when the temperature of the
medium changes. Phase transitions occur when
the temperature changes in a certain range
(approximately from -1 ° C to 0 ° C).
For areas of the computational domain where
there is no filtration flow, the differential
equation (1) is simplified and can be written as
[12]:

€)

Volume 20, Issue 1, 2024

W pw X

frozen state to a thawed state and vice versa is
reduced to solving a differential equation that takes
into account the processes of heat and mass
transfer, taking into account the phase transitions of
the soil [12-13].

& o &y

v o _s [E:T+r?3}'"]
i
(1)

To determine the filtration flow rates included
in equation (1), it is necessary to solve the
filtration problem, which for the case of water-
saturated soils is described by the basic
differential equation of filtration theory using
known boundary and initial conditions [14-15]:

g fHy & &H)

EF: Ty R e B

Q)

where H=f (x, y, #) is the desired pressure
function in the computational domain, varying
in time ¢; K, K, are the filtration coefficients in
the directions of the coordinate axes X, Y; p is
the coefficient of soil water recovery.

A large number of Russian and foreign
researchers have devoted themselves to solving
joint temperature and filtration problems, taking
into account heat and mass transfer and phase
transitions. Analytical methods for solving some
particular problems have been used [16-18],
and, especially in recent years, numerical
methods using the finite difference method [19-
20] and the finite element method [21-23].
Temperature and filtration calculations were
carried out by the finite element method using
the PLAXIS 2D software package. The
calculation of filtration in a non-saturated zone
is based on models describing the hydraulic
behavior of unsaturated soils. When calculating
in the PLAXIS 2D PC, one of the most common
and proven models was used — the Van
Genuchten model [24-25], the main equation of
which relates water saturation to pressure as
follows:
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Puw and pw is the pore suction

where ¢, =—
pressure, is the specific gravity of the pore liquid,
Sres 1S the residual water saturation, which
characterizes the part of the liquid remaining in the
pores even with high suction, Ssr may be less than
one, since the pores may also be occupied by gas,
ga 1s a parameter characterizing the amount of gas
that has penetrated into the soil, g» is a parameter
characterizing the rate of water discharge from the

soil, g = a-g,) _ parameter used in the general

Van Genuchten equation.

Further, the paper presents some results of
numerical solutions of the joint temperature
filtration problem for the considered object.

Nikolay A. Aniskin, Stanislav A. Sergeey, Ilia A. Bokov

RESEARCH OBJECT

The object of research in this work is a soil dam
as part of a hydroelectric complex that creates a
reservoir to provide technical water supply to
the facilities of the Srednebotuobinsk oil and
gas condensate field. The hydraulic works is
located in the Republic of Sakha (Yakutia), 130
km from the city of Mirny. The climate of the
area is sharply continental, characterized by
long, harsh winters (from October to April) and
short summers. The coldest month of the year is
January with an average monthly air
temperature of minus 29.7°C. On some days,
the air temperature can drop to minus 60 °C.
The absolute minimum air temperature was
recorded in December — minus 59.6 °C. The
distribution of average monthly temperatures
throughout the year is shown in Table 1.

Table 2.1 Average monthly and annual air temperatures (°C)

Statiom I II III v |V

VI | VII

vill |[IX | X XI XII | Toxm

Dorozhniy | -29,7 | -26,1 | -15,8 |-4,7 |53

14,2 1 16,9

13,2 15,0 | -5,8 | -21,1 | -29,0 | -6,5

The annual course of soil surface temperature is
basically similar to the annual course of air
temperature. The lowest soil surface temperature is
observed in January - February (minus 32.8 °C),
the highest in July (21.7 °C).

The earthen bulk dam is designed according to
the First principle of construction on an ever-
frozen foundation, that is, as a "frozen" type
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dam. The maximum height of the dam is 14 m
with a crest mark of 354 m, the width along the
crest is 12 m, the length along the axis of the
dam is 628 m, the laying of the upper slope is
1:3.5, the lower slope above the berm is 1:3, the
laying of the lower slope below the berm is
1:2.5. The calculated transverse profile of the
dam is shown in Figure 1.

Figure 1. Calculated cross-section of a soil dam
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The dam was built according to the project in
2016 and put into operation in 2017. In May
2017, 15 days after the intensive filling of the
reservoir, a partial destruction of the dam
occurred with the formation of a through hole 5-
7 m wide. After the accident, repairs and
reconstruction of the structure were carried out.
The profile of the dam was increased due to
additional filling of the soil. The crest of the
dam is reinforced with a filling of rocky soil 0.6
m thick. From the side of the upstream, a layer
of coarse-grained rocky soil with a thickness of
up to 2.5 m is poured along the upper slope,
which performs the function of protecting the
dam body from cryogenic cracking, wave and
ice effects, increases the stability of the upper
slope, and also protects the heaving soils of the
dam body from thawing. The side prism on the

downstream side is reinforced with rock filling,
0.5 m thick. Additionally, to increase the
stability of the lower slope of the dam, a berm is
arranged at 346.7 m, with a width of 30.0 m.
The profile of the dam before and after
reconstruction is shown in Fig. 1.

PROBLEM STATEMENT

Calculations of the predicted temperature and
filtration regime of the dam were performed by
the finite element method using a PLAXIS 2D
PC. The calculated area of one of the sections of
the dam (7 in total were considered), broken
down into finite elements of a triangular shape,
is shown in Fig. 2.

Figure 2. Computational domain of the numerical model

The physical and mechanical characteristics of the
soils of the base and body of the existing dam were
adopted based on the analysis of materials from
engineering and geological surveys performed at
the facility.

The depth of the calculated area is assumed to be
equal to the depth of penetration of temperatures of
an annual amplitude equal to 15 m, obtained on the
basis of field observations. The width of the
calculated area was selected based on the condition
that it had no effect on the calculation results: an
increase in the calculated area towards the upper
and lower reaches from the dam profile is assumed
to be twice the height of the structure.

The boundary conditions for solving the problem
were set as follows. For filtration calculations on
the lateral surfaces of the base and on the lower
boundary of the calculated area, the condition of
absence of flow along the normal to these surfaces
was set: OH/On=0, where H 1is the filtration

Volume 20, Issue 1, 2024

pressure. The values of the corresponding filtration
pressures were set along the surface of the base and
part of the upper and lower slopes below the water
levels of the upper and lower reaches.

For the non-stationary calculation of the
temperature  distribution, the corresponding
boundary conditions were set in the model. Along
the lateral boundaries of the model, a condition is
assigned for the absence of heat flow normal to the
surface (0T/0n=0).

The lower boundary is assigned an average annual
temperature value at a depth of zero annual
amplitudes, equal to -0.75 ° C, taken into account
in accordance with field observations at the facility.
The conditions of convective heat exchange were
set on the upper surface of the base and dam on
contact with air, and the water temperature on
contact with water. Changes in air temperature at
each calculated time were taken in accordance with
temperature change graphs (for air - Table 1).
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When solving the problem, the process of
constructing the initial profile of the dam was
modeled with its subsequent reconstruction in
accordance with the schedule and the scheme of
phased construction.

RESULTS

As a result of calculations of the temperature and
humidity regime of the dam-base system,
temperature distributions in the calculated region
for the corresponding time points were obtained.
The time interval from the beginning of the
construction of the structure was considered,
including the stages of the construction of the initial
profile, filling of the reservoir, discharge of the
reservoir after an emergency, stages of
reconstruction, refilling of the reservoir and the
operational period until the end of 2025. Some
results are presented in Fig. 3-5.

The temperature field of the ground dam (initial
profile) and the base at the time of April 15, 2018
(after the emergency and emptying of the reservoir)
is shown in Fig. 3, a. At this point in time, the dam
body and base are completely frozen, the

(a)

(b)
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temperature ranges from -0.75 °C in the depth of
the base to -4.5 °C at the surface foundations and
dams.

In July 2018, after filling the reservoir to the UMO
mark (347.0 m), the warming effect of water and
positive air temperatures affects. This leads to the
formation of a through zone of thawed soils along
the surface of the calculated area with a depth of up
to 2.0-2.5 meters (Fig. 3, b).

In the future, the temperature and humidity regime
is formed by the constant warming effect of the
reservoir and variable air temperatures throughout
the year (Table 1).

Figure 4 shows the results obtained at the time
points of January 15 and July 15, 2023 (before the
start of reconstruction). It can be noted that the
degradation of the frozen zone continues both in
the ground dam and in the base under it.

After the completion of the reconstruction of the
dam and filling of the reservoir to the NWS
(352.0 m) in July 2024, the effect of the
warming effect on the slope and the base under
the reservoir remains, the depth of the thawed
zone increases to 8 m. A through-thawing zone
is observed in the body of the dam to a depth
below the NWS.

Temperature (scaled up 5,00 times) (Time 30,00 day)
Maximum value = <0,7500 “C (Elemant 8943 at Mode 41523)
Minimurn value = -4,506 °C (Element 1 at Node 36317}

BT [T i s

- - " -

uuuuuuuuuuu

E B EEEE § 5

E 8 BE £ 5 E B § B

i e 3 Maximum wvaluee = 15,88 °C (Element 1 at Node 36917)
B E Minimuen value = -1,410 °C (Blement 4091 at Node 44126)

Figure 3. Temperature distribution in an underground dam in 2018: a - on
April 15; b—on July 15 (after filling the reservoir to the dead storage level mark)
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..E Temperature (scaled up 0,200 times) (Time 1766 day)
5B _ Maximum value = 3,630 °C (Element 2786 at Node 19413)
g - g : B E g g .g g g ' EEL B Eﬁ Minimum valie = -28,35 °C (Element 1 at Nods 36917)

Temperature (scaled up 0,200 times) (Tima 1947 day)
. Maximum value = 15,49 °C (Element 1 at Node 36917)
& & &8 &8 & £ &8 B £ £ £ £ minimumvalue = 4,881 °C (Element 2432 at Node 43335)

Figure 4. Temperature distribution in a soil dam in 2023: a - on
January 15; b—on July 15

A similar picture has been obtained for 2025. If at  then on July 15 (Fig. 5, b) in the zone at the crest of
the time of January 15, 2025 (Fig. 5, a) the frozen the dam, the thawing zone falls below the NWS
zone is restored from the base to the crest of the mark, which violates the principle of operation of
dam, which ensures the operability of the structure, the "frozen" dam kind.

=

, . & oAl oar = Th i . & Maximum value = 3,571 *C (Element 1775 at Node 20575)
g E g § E E g E 5 E 5k 5 5 EEE S Mingmum value = -28,50 °C (Element 1644 at Node 65913)

B | [ v ot 7

- % Maximum value = 15,59 °C (Element 1644 at Node 65913)
E 6 B B E £ B B B E fE jumumuakie = 55107 (Flement 2603 at Node 40401)
Figure 5. Temperature distribution in a soil dam in 2025: a - on
January 15; b—on July 15
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In the process of further operation, the situation is
likely to worsen.

To ensure the necessary temperature and humidity
regime for a "frozen" type dam, it is necessary to
consider options for solving the problem. In
particular, it is possible to propose an additional
outline of the soil in the area near the crest of the
dam, or the installation of a permafrost curtain,
which will exclude thawing of the zone at the crest
of the dam in the summer [26].

CONCLUSIONS

1. In this paper, the PLAXIS 2D software package
was used for numerical modeling based on the
forecast of the temperature and humidity regime of
the soil dam-base system, which allowed taking
into account many active factors and influences.
This allowed us to get a reliable detailed picture.

2. The calculations took into account non-
stationary filtration, which is based on the
introduction of time-dependent hydraulic boundary
conditions, water levels, non-zero time interval and
filtration parameters of soils, as well as the effect of
non-stationary heat flow.

3. In the temperature filtration calculation, it was
assumed that there is no filtration through frozen
soils. The temperature of the beginning of freezing
of the soil was taken on the basis of data from
engineering and geological surveys.

4. Based on the results of numerical modeling of
temperature and filtration calculations, temperature
distributions were obtained for the period of
commencement of operation (from April 2018 to
July 2023) and reconstruction of the dam from July
2023 to July 2025. Based on the results obtained, it
can be concluded that a warming effect is observed
during the reconstruction and initial operation of
the dam from the upstream water and positive air
temperatures to the upper slope of the dam and the
base of the reservoir, reaching a depth of 8 m after
filling the reservoir with water by 2022. and
continuing until 2025.

5. The results of numerical modeling of
temperature and filtration calculations showed that
after filling the reservoir to the dead storage level
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and NWS marks in the warm season (5 months a
year), a thawing zone appears in the dam body
below the NWS mark, which makes it possible for
water to filter freely through the dam body. Such a
temperature-filtration regime is unacceptable when
designing and operating a "frozen" type dam.

6. As a recommendation to ensure the necessary
temperature and filtration regime, additional soil
loading can be proposed in the area close to the
crest of the dam, which will increase its thermal
insulation, or the installation of a permafrost
curtain.
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TAKING INTO ACCOUNT MOISTURE IN INCREASING THE
ACCURACY OF CALCULATING HEAT LOSSES OF A
BUILDING

Kirill P. Zubarev
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Abstract: A discrete-continuous approach was applied to the moisture transfer equation, which made it possible to
obtain an analytical solution for the moisture potential. The new method was applied to study the unsteady-state
moisture regime of the facade heat-insulating composite system with expanded polystyrene insulation and aerated
concrete base. It was found that the mass moisture content of building materials achieved in the walls during the period
of operation is lower than the mass moisture content used in construction regulations, which makes it possible to
increase the accuracy of calculating the transmission heat losses of the building. Calculations of heat losses of a two-
storey building in the climatic conditions of Moscow (Russia) showed a decrease in the heating system load by 5 %,
and the reduction in heat losses for specific premises of the building ranged from 3.6 to 7 %.

Keywords: building envelope, effect of moisture on thermal conductivity, heat and moisture transfer,
mathematical model, discrete-continuous approach

YYET BJAKHOCTHU B ITOBBILIEHUU TOYHOCTHU PACUYETA
TEIJIOBBIX IOTEPDH 3/IAHUA

K.I1. 3ybapes

HarmonanbHbi nccnenoBaTenbekuii MOCKOBCKHIA TOCYIApCTBEHHBIN CTPOUTENBLHBIN yHUBEpcHTeT, I. Mocksa, POCCU S
HayuHo-ucciieoBaTeNIbCKiid HHCTUTYT CTPOUTENbHOM (u3nku Poccuiickoll akaeMun apXUTEKTypPbl B CTPOUTEIBHBIX
Hayk, I. Mocksa, POCCUA
Poccwuiickuit yausepcureT npyx0sl Hapoaos, T. Mocksa, POCCHU S

AnHoTamusi: K ypaBHEHHMIO BlarormepeHoca IPUMEHEH UCKPETHO-KOHTHHYAIBHBI MOIXOM, MO3BOJIMBIINN
TMOJIyYUTh aHAJIMTHYECKOE PEIICHNe TS MOTEeHIMaia BIaXHOCTH. HOBBIM MeTosr ObUT IPUMEHEH JUTS NCCIIeJOBAHNS
HECTAIlMOHAPHOTO  BIAKHOCTHOTO PEXMMA CHCTEMBb (acagHOM TETUIOM3OISIIMOHHOM KOMITO3MIIMOHHON ¢
YTETUTUTENIEM U3 TEHONOJINCTHPOa U OCHOBAaHMEM W3 Ta3o0eToHa. bpulo moiydeHo, YTo MaccoBast BIAKHOCThH
CTPOWTENBHBIX MAaTEepUaIoB, JOCTUraeMasi B CTEHAaX 3a IEPHOJ SKCIUTyaTallid HIDKE MAacCOBOHM BIAXKHOCTH,
HCTIONB3YEMOI B HOPMATHBHBIX JOKYMEHTaX 110 CTPOMTEIBCTBY, YTO AAET BO3MOKHOCTD TIOBBICHTH TOYHOCTh pacdeTa
TPAaHCMHCCHOHHBIX TEIUIOBBIX MOTEPh 31aHus. PacueTsl TEIIOBBIX MOTEPh ABYXITAKHOTO 3[AaHHS B KIMMATHUIECKHUX
ycaoBusx T. MockBbl (Poccust) mokazany CHIDKEHHE Harpy3KH Ha CHCTEMY OTOIUIeHHs Ha 5 %, a Ui KOHKPETHBIX
TIOMEIIEHHH 3/TaHKSI CHHKEHUS TETIOBBIX MOTEPh COCTaBUIIO OT 3.6 10 7 Y.

KuarwueBble cjioBa: orpaxJjaaroniast KOHCTpYKUHA 3JaHus, BJIUAHNUC BJIard Ha TCIJIOMPOBOJHOCTD,
TEIUIO- U BJIAronepeHoc, MaTeMaTuicckKass MOACIb, ,HI/ICerTHO-KOHTI/IHyaIILHHﬁ Ioaxon

1. INTRODUCTION over the thickness of fences has a huge applied
relevance [1]. From a medical point of view, wet
1.1. The role of moisture in construction building material is a breeding ground for

The moisture regime of building envelopes is a  bacteria, which can cause various human diseases,
highly sophisticated scientific problem in such as asthma and allergy. A change in moisture
construction. Research on distribution of moisture  content of a building material directly affects its
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thermal conductivity and the heat-shielding shell
of the building. Errors in assessing moisture state
of building fences can lead to condensation and
mold on the internal surfaces of building
envelopes, as well as waterlogging of the wall
material, which is directly related to the durability
of the building [2,3].

1.2. Influence of moisture on heat losses of a
building

It is a common knowledge that moisture content
rise of a building material causes an increase in
its thermal conductivity, which negatively
affects thermal protection of buildings [4—7].
The dependence of thermal conductivity on
moisture is described by the formula [4-7]:

A, =2 +w-AA,. (1)

where A is a coefficient of thermal

w
conductivity of the material at moisturew,
W/(m-°C); w is mass moisture content of the

material, kg/kg; 4, is a thermal conductivity

coefficient of dry material, W/(m-°C); A4, is
change in the thermal conductivity of the
material when its mass moisture changes by 1 %,
W/(m-°C -%).

There is a variety of methods for calculating the
heat loss of a building.

In the general case, heat losses of the building
premises are a sum of transmission and
infiltration heat losses:

0=0,+0,,- @)

where Q is total heat loss of the building

premise, W; Q,. are transmission heat losses of

the building premise, W; me is infiltration

heat loss of the building premise, W.
Transmission heat losses through a certain
enclosing structure are estimated using the
following expression [4—7]:

Volume 20, Issue 1, 2024

Q,=k-F-At-n-(1+Xp). 3)

where k& is a heat transfer coefficient,
W/(m?-°C); F is a heat transfer surface area, m?;
At is a temperature difference on different sides
of the building envelope °C; n is a coefficient
that depends on the position of the building
envelope in relation to the outer air, °C; £ are

additional heat losses that are dependent on the
orientation of the building envelope over the
cardinal points.

The heat transfer coefficient in equation (3) is
the reciprocal of the reduced resistance to heat
transfer [4—7]:

(4)

where R, is reduced heat transfer resistance,

m>°C/(W).
The reduced resistance to heat transfer of the

enclosing structure of the building wall is
calculated with the formula [4-7]:

1
Ract = 1 (5)
—+le W +20, 1
where R 1s conditional heat transfer

con

resistance, (m>-°C)/W; [ ;W are specific heat

losses through a linear thermal inhomogeneity
of the j-th type, W/(m?*°C); n, - y, are specific
heat losses through point thermal
inhomogeneity of the k-th type, W/(m?-°C).

Conditional resistance of heat transfer for the

outer wall of the building is determined by the
formula [4-7].:

1
R = . 6
con 1 5]_ 1 ( )
-+ Zi 4+
ain /Il. aext
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where @, 1s a coefficient of heat transfer
between outer air and the outer surface of the
wall, (m*°C)/W; «,, is a coefficient of heat
transfer between the indoor air of the room and
the inner surface of the wall, (m*°C)/W; 0, is

the thickness of i-th material of the wall, m; 4,

is a coefficient of thermal conductivity of the i-
th material of the wall, W/(m-°C).

So, an increment of the calculation accuracy of
mass moisture content w in the building wall
will make the thermal conductivity coefficients
of building materials by equation (1) more
precise, which according to equations (2)-(6)
will refine the heat loss of the building.

2. THE PROBLEM

Assessment of the impact of the building
material operational humidity determined using
the proposed method on the heat losses of the
building.

3. MATERIALS AND METHODS

The mathematical model for the joint moisture
transfer of vaporous and liquid moisture was
proposed by V.G. Gagarin and V.V. Kozlov.
V.G. Gagarin derived a necessary and sufficient
condition for the potentiality of a vector field
during the water vapor and liquid transfer,
which thereafter allowed V.G. Gagarin and
V.V. Kozlov to develop a formula for the
moisture potential F [8]:

F(w,t)=E,(t)'¢(W)+%Jﬂ(C)dC. (7)

where F is moisture potential, Pa; E,is saturated
water vapor pressure, Pa; ¢ is relative air
humidity, %; u is vapor permeability
coefficient, kg/(m-=s-Pa); [ is moisture
conductivity coefficient, kg/(m- s- kg/kg), which
depends on moisture, ¢ is temperature,’C; w is
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material moisture , % by weight (1 kg/kg = 100
% by weight).

Moisture transfer differential equation based on
the moisture potential F' can be formulated as:

OF (w,t) 1 op(w) 1 0°F(w,t)

— = (— + U E () (8
P (ﬂﬂ(W) = f())yo P (8)

The equation (7) can be solved in the following

form using discrete-continuous approach [9—
11]:

F=p-((E-4)" " —c-(E-4)" ~(E,-4)")-

t t
L+(E,-A) (""" ~E)-B+e"""-F,. (9

4. RESULTS AND DISCUSSION

4.1. Application of a discrete-continuous
approach to assess the unsteady-state moisture
regime of a facade heat-insulating composite
system with external plaster layers

The developed method for assessing the
unsteady-state moisture regime was applied to
study the facade heat-insulating composite
system with external plaster layers with a 300
mm thick aerated concrete base and 120 mm
thick expanded polystyrene insulation built in
Moscow.

The change in the mass humidity of the building
envelope along the wall thickness is presented
(Figure 1).

6

w

-

Moisture, % by weight

0 0.1 0.2 0.3 0.4 0.5]
Coordinate x, m

Figure 1. Change in the mass moisture content
of the building envelope across the wall
thickness

International Journal for Computational Civil and Structural Engineering



Taking Into Account Moisture in Increasing the Accuracy of Calculating Heat Losses of a Building

The change in the humidity of the insulation
layer during the year was obtained according to
the proposed method for assessing the unsteady-
state moisture regime (Figure 2).

1,85

Moisture, % by weight
= -

e

) o ~ w E

-
n
D

=
wn

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

Figure 2. Change in the moisture of the
insulation layer during the year according to
the proposed method for assessing the unsteady-
state moisture regime

As a result of the research, it was discovered
that maximum moisture for the facade heat-
insulating composite system with aerated
concrete base and expanded polystyrene
insulation will be observed at the beginning of
January (Figure 2), which corresponds to the
maximum temperature difference on different
sides of the fence. This result is explained by
the low inertia of the insulation layer.
Consequently, it was discovered that for facade
heat-insulating composite systems, the period of
maximum moisture differs from the period of
maximum moisture for enclosing structures that
do not contain insulation.

4.2. Comparison of the operational moisture of
the building wall obtained using the discrete-
continuous approach with standard values

To evaluate the effect of the proposed method,
the operating humidity was compared according
to the proposed method for assessing the
unsteady-state moisture regime with the values
given in the official regulatory document Set of
Rules 50.13330.2012 "Thermal protection of
buildings" (Russian regulatory document).

The construction of the wall illustrated in Figure
1 was taken for the study.

Volume 20, Issue 1, 2024

Comparison of the operational moisture of a
building wall with a base made of aerated
concrete (aerated concrete layer thickness 0.3
m) and expanded polystyrene insulation
(insulation layer thickness 0.12 m) obtained
using the proposed calculation method based on
a discrete-continuous approach with standard
values (Table 1) was carried out.

As we can see from Table 1, the actual values of
the operating moisture content of building
materials obtained by the proposed formula are
significantly lower than the moisture content of
building materials taken according to the
standards. According to the formula (1), a
decrease in the mass moisture content of
building material leads to a decrease in its
thermal conductivity. Thus, it gives a possibility
to save energy when determining the exact
amount of mass moisture in the building
envelope materials by taking into account the
refined thermal conductivity coefficient.

Table 1. Comparison of the operational
humidity of a building wall with aerated
concrete base and expanded polystyrene

insulation obtained using the proposed
calculation method based on a discrete-

continuous approach with standard values

The result of
Regulatory calculating the
values for unsteady-state
Material operating moisture regime
humidity, % by according to the
weight proposed formula
(9), % by weight
Aerated 12.0 34
concrete
Expanded 10.0 1.8
polystyrene

4.3. Increasing energy savings by improving
the calculation accuracy of heat losses of a
building

To assess the reduction of heat losses in the
building envelope, two calculations of heat
losses were made for a two-storey cottage
building in Moscow (Russia). The first
calculation was carried out at standard values of
humidity, whereas the second one was carried
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out in agreement with the calculated values that
were obtained during the modeling of the non-
stationary state of the enclosing structure of the
building wall (Table 1).

The temperature of the coldest five-day period
was set as the outside temperature according to
the climatological data of the construction area.

Kirill P. Zubarev

Comparison of the composition of the

transmission heat losses of the wall of a cottage
house building according to the standard values
and according to the proposed method for
defining the unsteady-state moisture regime
with the aid a discrete-continuous approach is
presented (Figure 3).

Figure 3. Comparison of the transmission heat losses composition of the wall of the cottage house
building: A — distribution of heat losses in the wall obtained in the calculation at the moisture
content of materials taken according to the standard values,; B — distribution of heat losses in the
wall that were obtained when making calculations at the values of the moisture content of materials
determinated from the results of the assessment of the unsteady-state moisture regime (1 — heat
losses of the wall along the surface of the wall through dry material; 2 — heat losses of the wall
through heat engineering inhomogeneities, 3 — heat losses of the wall due to moisture; 4 — energy
saving achieved by taking into account the unsteady-state moisture regime)

As may be inferred from Figure 3, taking into
account the unsteady-state moisture regime led
to energy savings of 1600 W due to a decrease
in transmission heat losses.

Transmission heat losses through building walls
are not the only source of building heat losses.
In order to estimate the overall reduction of heat
losses in the total costs of the building for
heating and ventilation, it is also essential to
determine the transmission heat losses through
the floor, ceiling, windows and doors of the
building as well as heat losses for heating the
infiltrated air.

The comparison of the results of the calculations
of heat losses at the moisture content of the
building wall materials taken according to
standard values as well as at the moisture
content of the building wall materials gained
from the results of the assessment of the
unsteady-state moisture regime using the
proposed method is presented (Table 2).
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Table 2. Comparison of the results of heat loss
calculations at the moisture content of the
building wall materials taken according to
standard values as well as at the moisture
content of the building wall materials gained
from the results of the assessment of the
unsteady-state moisture regime using the given
method is presented

Heat loss
Heat loss according to the
Building according to the g
o calculated
envelopes standard humidity -
humidity values,
values, W W
Walls 10980 9380
Windows 8470 8470
Roof coating 3030 3030
Doors 1070 1070
Floor 1405 1405
Infiltration 6075 6075
Total heat 31030 29430
losses
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Thus, for the building under consideration,
energy saving when calculating heat losses by
taking into account the unsteady-state moisture
regime of the building wall using the method for
calculating the unsteady-state moisture regime
suggested in this article is 1600 W (5%).

To illustrate the reduction of heat losses in each
separate room, a plan of the second floor of a
two-storey cottage house is presented with heat
losses calculated at the temperature of the
coldest period of five days (figure 4).

As can be noticed from Figure 4, the reduction
of heat losses of the building is large for each
room and can be presented as a table 3.

EE B o )
==
|—7-| . T 2T
£ B .
digeo "}',;,2:”*,7 0550 W 3-Bedroom | 0-H50 K
3 I 1530 ) 11370 W)
2- Study
22T
8=207) W) T - Sitfing-room
11830 )
T T 4 - Living-room

8:550 W

530 W) 1=22

a=1610 W
(1530 W)

okt

Figure 4. Plan of the second floor of a two-
storey cottage house with heat losses calculated
at the temperature of the coldest period of five
days (1 — room number; 2 — purpose of the
room, 3 — table with parameters of the room;
4 — indoor air temperature in the room during
cold season (winter), 5 — heat loss of the room
determined at the normative humidity of the
building materials of the wall; 6 — heat losses of
the room at the moisture content of the building
materials of the wall determined by the
calculation of the unsteady-state moisture
regime, 7 — the outer wall of the building;

8 — the window of the building; 9 — stairs)

5 - Bed-room

122
a=2150 W
12000 W)

=== —
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Table 3. Reduction of heat losses due to the
assessment of the unsteady-state moisture
regime by the suggested method

Heat loss Heat loss
. . Percentage
according | according
of heat
Room to the to the
No. loss
name standard | calculated .
.. L. reduction,
humidity | humidity o
values, W | values, W ?
1 Bedroom 1260 1180 6.3
2 Study 550 530 3.6
3 Bedroom 1450 1370 5.5
4 Living- 1610 1530 5.0
room
5 Bedroom 2150 2000 7.0
6 | Bathroom 550 530 3.6
7 Sitting- 2070 1930 6.8
room

As 1is obvious from Table 3, the actual heat
losses obtained during the modelling are from
3.6 to 7.0 % less than those calculated for
different rooms from, which is significant when
projecting buildings.

5. CONCLUSIONS

The assessment of the unsteady-state moisture
regime made allows us to make a conclusion
that moisture content in the thickness of the
building envelope materials is lower than is
accepted according to regulatory documents.
The energy saving of the building was assessed
by applying the proposed methodology by
calculating heat losses of the building.
Comparative calculations for the studied two-
storey building showed a total reduction of the
building's heat demand for heating and
ventilation in the amount of 5 %. At once, the
reduction of heat loss can reach from 3.6 to 7 %
depending on the room.
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Abstract: The results of the analysis and generalization of research on the problem of using man-made industrial
waste for the production of composite slag-alkali binders and concretes based on them are presented. The dis-
posal of industrial man-made waste and their use in the production of composite binders are issues of global im-
portance. Therefore, much attention is paid to this issue in the industrialized countries of the world. The influence
of waste products from the enrichment of polymetallic ores — carbonate-barium tailings on the performance
properties (strength, water absorption, density, etc.) of composite slag-alkali binders and concretes based on
them has been studied. Various methods of introducing modifying additives into the composition of composite
slag-alkali binders and concretes based on them have been investigated. The optimal amount of introduction of
modifying additives into the composition of composite slag—alkali binders - waste of carbonate-barium tailings
and an efficiency indicator for the effect on the activity of concrete, depending on the type of alkaline component
and hardening conditions, has been established. The methods of conducting experimental work to determine the
operational properties of slag-alkali binders and concretes based on them are presented.

Keywords: waste of carbonate-barium tailings, composite slag-alkali binders, modifying additives, strength, wa-
ter absorption, density
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Annotanusi: [IpuBeseHs! pe3yabTaTsl aHanu3a 1 0000IIEHNS UCCIIEA0BaHMUI 10 Tpo0IeMe HCIIOIB30BaHuUS TeX-
HOTCHHBIX OTXO/I0B IPOMBIIIICHHOCTH JUIsI ITPOU3BOICTBA KOMITO3UIIMOHHBIX IITAKOIIEIOYHBIX BSDKYIIUX U Oe-
TOHOB Ha MX OCHOBE. Y TMJIM3alUsl IPOMBIIIJIEHHBIX TEXHOT€HHBIX OTXOJ0B M HX HCIOJIb30BAHUE B IMPOHM3BOJI-
CTBE KOMITO3UIIMOHHBIX BSDKYIINX SIBJISICTCS BOIIPOCAMH INI00ATBHOTO 3HaUeHHs. [109TOMyY B IPOMBIIIIIIEHHO pa3-
BUTBIX CTPaHAX MUPa 3TOMY BOIPOCYyAeJsieTcsl O0NIbII0e BHUMaHKE. V3ydeHo BiIusHIE OTXOA0B IPOU3BO/CTBA
oboramieHusl MoJIUMETAIIMYECKUX PyA — KapOOHATHO-O0apHeBBIX XBOCTOB Ha 3KCIUIyaTallMOHHBIE CBOMCTBA
(IpOYHOCTDH, BOAONOMIIONIEHUE, MIIIOTHOCTD U JIP.) KOMIIO3MLMOHHBIX MIIAKOIIEIOYHBIX BXKYIIUX U OCTOHOB Ha
uX OCHOBe. VccienoBaHbl pa3iyHble CriocoObl BBEICHUSIMOANDHUIUPYIONIHUX J00aBOK B COCTaB KOMITO3UIIMOH-
HBIX [JIAKOIIEIOYHBIX BSOUKYIIUX M OETOHOB HA MX OCHOBE. Y CTAHOBJICHO ONTHMAILHOE KOJINYECTBO BBEJCHUS B
COCTaB KOMITO3MLMOHHBIX IIUIAKOLIEIOYHBIX BSOKYIIUX MOAWGHUIMPYIOUIHUX J100aBOK — OTXOJOB KapOOHATHO-
0apHeBBIX XBOCTOB U T0Ka3aTesib 3PPEKTUBHOCTH MO BIMSHHUIO HA aKTUBHOCTH OETOHA, B 3aBUCHMOCTH OT BHJA
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MICJI0OYHOI0O KOMIIOHEHTA U YCJ'IOBI/Iﬁ TBEPACHUS. HpI/IBGZ[eHBI MCTOAWKHU MMPOBCACHHNS SKCIICPUMCHTAJIbHBIX pa60T
IO OIPCACIICHNUIO DKCIIITYaTallMOHHBIX CBOICTB NUIAKOMICTIOYHBIX BSIKYIIUX U OCTOHOB Ha UX OCHOBE.

KiioueBble cjioBa: OTXOJIBI KApOOHATHO-0APHEBBIX XBOCTOB, KOMITO3UITMOHHKIC ITUTAKOITICIIOYHBIC BSDKYIIIE,
MOIU(DUIIUPYIOIHE JOOABKHU, POYHOCTH, BOJIOIOIIIOIICHHE, INIOTHOCTh

1. INTRODUCTION

The problem of effective utilization of techno-
genic industrial waste has great importance due
to the continuous growth of industrial produc-
tion and consumption of natural mineral raw
materials. Insufficiency and irreplaceability of
deposits of natural raw materials, complication
of mining and geological conditions of occur-
rence of ore bodies and rise in cost of their ex-
traction, negative influence on the environment
of accumulated technogenic wastes is an actual
problem. Therefore, the application of industrial
technogenic wastes in the production of compo-
site materials is today the most important re-
search questions of scientists.

The volumes of accumulated industrial wastes
of production are significant in the Russian Fed-
eration and Kazakhstan, and their wide applica-
tion for production of composite slag-alkali
binders and concretes on their basis is expedi-
ent, and it requires their immediate accounting
on a par with natural mineral resources. Devel-
opment of composite cement and slag-alkali
binders and concretes on the basis of industrial
technogenic wastes promotes systematic and
more intensive involvement of various types of
technogenic mineral formations in the produc-
tion process [1,2,3,4,5,5,6,7].

Currently, only an insignificant share of industri-
al anthropogenic waste in Russia and Kazakhstan
is used in the production of construction materi-
als. The widespread use of industrial waste in
production turnover will allow to increase energy
and resource saving on a large scale due to cost
savings on exploration, extraction and processing
of mineral raw materials. Application of accumu-
lated technogenic industrial wastes (mining
wastes, ashes of thermal power plants, phospho-
rus, metallurgical, steelmaking slags, non-ferrous
metallurgy slags, alkaline-containing industrial
wastes, etc.) as a component of cement is the
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main direction of modern development of cement
industry both in Russia and Kazakhstan.

At present, construction science and practice
have accumulated a huge positive experience in
the field of application of industrial wastes in
the production of construction and silicate mate-
rials, but they have not been properly applied in
production. In cement industry this direction
includes development and research of glass- and
slag-alkaline binders and concretes. In recent
years, their new varieties have been obtained
[7,8,9,10,11,12]. At the same time, alkaline-
activated binders are very often proposed to re-
place cement and other binders [13,14,15]. They
are formed by the reaction of aluminosilicate
material with an alkaline agent such as sodium
hydroxide [16,17]. The advantage of alkaline
binders is that their use can reduce carbon diox-
ide emissions by up to 80% [18]. The use of al-
kaline binders can also reduce the cost of pro-
duction of composite materials [19,20], reduce
the heat of hydration [21] and strengthen the
filler-matrix interface [13,19,22].

Research work on the production and study of
composite slag-alkali binders with local mineral
additives and concrete on their basis in recent
years are conducted in the Research Institute of
"Natural and Technical Sciences" at M. Auezov
SKIU [11,12,23,24].

2. METHODS AND MATERIALS

Preparation and testing of composite slag-alkali
binders was carried out in accordance with
technical conditions TU 67-1020-89 "Slag-
alkali binder. Technical conditions".

The made specimen beams were stored for 3
days in molds with the covered top surface in
air-dry conditions, then unplugged and stored in
normal-moisture conditions until testing. Test-
ing of binder specimen beams was carried out
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according to the accelerated method: specimen
beams were made in accordance with the re-
quirements of GOST 310.4-81 "Methods of de-
termining the compressive and bending
strength", taking into account the above chang-
es, not earlier than 4 hours and not later than 12
hours after preparation. After manufacturing the
specimens were subjected to heat and humidity
treatment (HHT) in molds according to the re-
gime 3+6+3 h at the temperature of isothermal
heating 95+5 °C. The specimens were subjected
to testing one day after manufacturing.

For determination of construction-technical
characteristics of concrete on the basis of CSB
we used GOST 10180-90 "Methods of determi-
nation of strength by control samples", GOST
12730.0-78, GOST 12730.4-78 for determina-
tion of concrete density, GOST 12730.3 for de-
termination of water absorption and characteris-
tics of concrete porosity. For the grinding of dif-
ferent compositions of CSB and slag we used
mills: Ml-1, Aktivator-4 m and SVM-3.

3. RESEARCH RESULTS

This section provides the results of research on the
use of electro thermo phosphorus slags for the
production of salt-slag binders. These include
binders based on electro thermo phosphorus slags
and natural salts (sulfates, chlorides, nitrites of
alkaline and alkaline-earth metals) obtained by
autoclave treatment of compositions [11].

The presence of ions CI- and SO-4 in the com-
position of salt-slag binders limits their applica-
tion for the manufacture of reinforced concrete
structures, as evidenced by the results of studies
of corrosion of steel in concrete [25,26]. In
these experiments it is shown that without spe-
cial protection of steel reinforcement salt-slag
concrete autoclave curing, prepared on salts of
sodium sulfate, carnallite, magnesium chloride,
can be used only at a relative humidity of up to
60%. In order to reduce corrosion of steel rein-
forcement, the same and other authors proposed
to introduce into the composition of such con-
crete deficient and expensive additives of two
substituted sodium orthophosphate and potassi-
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um bichromate, which does not solve the issue
of their widespread practical application.
Currently, there is a deficit of conditioned alka-
line components for the production of slag-
alkali binders and concrete in Kazakhstan due to
the lack of their production. Therefore, for pro-
duction of composite slag-alkali binders and
concretes various alkaline-containing wastes of
technological processes and productions (for
example, metallurgical and chemical industries)
are used.

In particular, a very promising multi-tonnage
alkali containing waste for production of slag-
alkali concrete, especially in the region of Cen-
tral Asia, is sodosulfate mixture - a waste of ca-
prolautam production of Chirchik PO "El-
ektrokhimprom" (annual output is 14 million
tons). The waste is a complex product of chemi-
cal composition: sodium sulfate - 30...35 %; so-
dium carbonate - 50...55 % and sodium chloride
10...15 %. 15 %. The research of the possibility
of using this waste in the production of slag-
alkali concrete has been devoted to a small
number of works so far. The authors of works
[23,24] showed the possibility of obtaining slag-
alkali binders of grades 300, 400 on the basis of
mixtures of sodium salts, weak and strong acids.
On the basis of the developed binders the author
obtained slag-alkali expanded clay concrete of
grades 250, 400 with an average density of
1400, 1800 kg/m, respectively. The study of
frost resistance and duration of reinforcement
preservation in slag-alkali expanded clay con-
cretes showed that the investigated characteris-
tics of such concretes are most influenced by the
type of alkaline component and the density of
its solution [23].

Corrosion of reinforcement in slag-alkali ex-
panded clay concrete is caused by penetration of
stimulant ions CI" and SO%4. The samples
showed rust spots and the degree of corrosion of
reinforcement in concrete was estimated at 3
points. The authors [23,25] recommend the in-
troduction of NaNO: corrosion inhibitors or
lowering the density of sodium sulphate car-
bonate solution to 1050 kg/m®.
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Despite the fact that the paper [12] noted the in-
fluence of the type and density of the alkaline
component on the physical and mechanical prop-
erties of concrete. However, there is no systema-
tized data on the optimization of the structure of
concrete on soda-sulfate mixture, as well as there
is no information on some construction and tech-
nical characteristics of heavy slag-alkali concrete
in relation to different types of construction.

The influence of different methods of car-
bonate-barium tailings (CBBT) additive intro-
duction on the performance properties of slag-
alkali concrete was investigated. Studies were
conducted using Portland cement clinker, phos-
phorus slag, modifying additive of waste car-
bonate-barium tailings and aqueous solution of
soda-sulfate mixture. In the first case phospho-
rus slag and additive waste-carbonate-barium
tailings were subjected to separate grinding to
the residue on the sieve 008 10 % (300 m?/kg on
PSX-12). In the second case phosphorus slag,
Portland cement clinker and waste carbonate-
barium tailings - together. The joint grinding of
the components of CSB was carried out for the
time required for grinding without additive,
grinding fineness up to Sud 300 m?/kg. The ob-
tained results are shown in Figure 1.

Compared to separate milling, co-milling is more
efficient. The milled CSB compositions obtained
by separate and joint grinding methods show
higher activity results and have a wider range of
"possible" and "effective" replacement of car-
bonate-barium tailings waste with modifying addi-
tive, higher density by 1.7 % and lower water ab-
sorption by 9.8 % as compared to unmilled sam-
ples. At separate grinding of components (the
amount of Portland cement clinker is accepted - 5
% Const) the range of replacement of phosphorus
slag by modifying additive of waste carbonate-
barium tailings, in which the composition on CSB
is not inferior to additive-free, is 4-6 %. At joint
grinding of CSB constituents this area increases
up to 10 % and it is possible to get a binder with
increased activity in comparison with control
compositions. It is established that, depending on
the type of hardening and alkaline component in
comparison with the control composite composi-

Volume 20, Issue 1, 2024

tions of CSB on phosphorus slag, modifying addi-
tive of waste carbonate-barium tailings of Portland
cement clinker, obtained by joint dispersion, have
higher activity by 60.0-70.0 MPa.
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Figure 1. Dependences of strength (a), density
and water-absorption (b) of CSB stone on the
content of waste carbonate-barium tailings and
the method of additive introduction

Introduction of a modifying additive of waste car-
bonate-barium tailings at co-milling with phos-
phorus slag gives a great effect, it is achieved for
the following reasons. From the results of the
study, it is known that Portland cement clinker is
crushed lighter than phosphoric slag and at the
same time is crushed to Sud 1.2 times more than
phosphoric slag. When co-milling with a modify-
ing additive of waste - carbonate-barium tailings
to Sud 300 m%/kg, particles of phosphoric slag are
not ground and have a size in the composition of
CSB than in a sample of pure phosphoric slag
with the same grinding fineness.

We cannot exclude the possibility of interaction
of waste carbonate-barium tailings in the solid
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phase and the formation of aggregates or "com-
plexes", doped as a result of breaking and com-
pensation of bonds on the surface-active parti-
cles, changes in their curvature and relief, and
the formation of new mechanical bonds.

Based on the experimental results, the combined
milling of phosphorus slag, Portland cement
clinker and modifying additive of waste - car-
bonate-barium tailings to produce CSB was ac-
cepted in further studies.

The activity of CSB samples and concrete on their
basis was determined on the samples made on the
basis of phosphorus slag, Portland cement clinker
and with modifying additive of waste carbonate-
barium tailings, aqueous solutions of soda-sulfate
mixture and soda ash, after TVO (mode 4+3+6+3 h
at the temperature of isothermal heating 95+5 P.).
Fine milled CSB with modifying addition of waste
carbonate-barium tailings is 300 m?kg. The results
of the study are presented in the form of Figure 2. It
follows from the data of the figure that fluctuations
in the composition of additives do not significantly
affect the level of activity of CSB stone with modi-
fying additive of waste carbonate-barium tailings.
The content of modifying additive of carbonate-
barium tailings waste has a great influence on the
strength. The content of carbonate-barium tailings
additive in the composite binder is 10 % regardless
of the nature of the alkaline component

When using soda ash, the strength increase was
22,1-26,1 %, soda-sulfate mixtures - 19,2-20.4
%. Introduction of carbonate-barium tailings
waste modifying additive up to 10 % into CSB
composition allows to obtain equal strength ce-
ment stone CSB with modifying additive of car-
bonate-barium tailings waste in comparison with
non-additive one. In CSB, increasing the content
of carbonate-barium tailings waste modifying
additive up to 15 % reduces the activity of ce-
ment stone samples. CSB with carbonate-barium
tailings waste additive on soda ash - 32,2-38,2 %
and on soda-sulfate mixture - 31,3-39,2 %. At
the optimum content of modifying additive of
carbonate-barium tailings waste - 10 % efficien-
cy index on the effect on the strength of stone
obtained by co-milling up to 600 m2/kg depend-
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ing on the type of alkaline component and curing
conditions is in the range of 1.2-1.41.
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Figure 2. Influence of type and content of milled
CBBT on the strength of CSB stone specimens
after TVO, made on aqueous solutions, %

4. CONCLUSIONS

1. It is established that the amount of modifying
additive of carbonate-barium tailings waste has
a great influence on the strength, with the con-
tent in the composite binder being 10% regard-
less of the nature of the alkaline component.

2. It is determined that for CSB compositions
without additive and with additives the depend-
ences of properties are described by minimum
regularities with maximum values of average
density and strength and minimum values of
water absorption in the area of grinding fineness
6,0-7,0 m*/kg irrespective of the nature of alka-
line component and curing conditions.
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MATHEMATICAL MODELING OF THE STRENGTH
PROPERTIES OF LESSES BY THE METHOD OF
CORRELATION-REGRESSION ANALYSIS

Elena O. Tarasenko
North Caucasus Federal University, Stavropol, RUSSIA

Abstract. The strength properties of subsiding loess soils are considered in the mathematical modeling of their
compaction by deep explosions. Soil compaction is carried out in order to eliminate their subsidence properties.
Correlation and regression analyzes of the dependences of strength on the physical characteristics of loess were
carried out, using the soils of the North Caucasus as an example. The correlation dependence of the specific
cohesion and the angle of internal friction on the physical characteristics of the subsidence soil is established.
Correlation coefficients were obtained for various indices of moisture content and loess density. The studies
were carried out before and after soil compaction in this way. Both positive and negative correlations between
the studied characteristics of subsiding loess soil were recorded. With an increase in moisture, a high correlation
was observed with the strength characteristics of the soil before and after its compaction by deep explosions. The
equations of regression of specific cohesion and the angle of internal friction on soil moisture and density are
constructed. The reliability coefficients of approximation of theoretical regression equations and experimental
data demonstrate high values. The regression equations of specific adhesion and the angle of internal friction on
soil moisture showed that the values of strength characteristics increase with decreasing values of soil moisture.
The regression dependence of the specific cohesion and the angle of internal friction on the density of subsidence
loess has been studied. It has been established that an increase in the values of strength characteristics was
recorded with an increase in the density of loess soil before and after its compaction by deep explosions. The
constructed regression equations make it possible to predict the strength characteristics of loess at the stage of
designing the bases and foundations of construction objects.

Keywords: loess, subsidence, compaction, specific cohesion, angle of internal friction, correlation, regression

MATEMATHYECKOE MOAEJIMPOBAHUE NPOYHOCTHbIX
CBOUCTB JIECCOB METOJI0OM
KOPPEJIAIIMOHHO-PEI'PECCUOHHOI'O AHAJIM3A

E.O. Tapacenko

CeBepo-Kaskasckuii ¢eepanbHblii yHuBepcuteT, r. CraBpomnons, POCCHS

AHHOTanusi. PaccMOTpeHBI IPOYHOCTHBIE CBOWCTBA MPOCAJOYHBIX JIECCOBBIX TPYHTOB IPH MAaTeMaTHYECKOM
MOJICIMPOBAHUN HX YIUIOTHEHUS! TNIyOMHHBIMHM B3pbIBaMH. YIUIOTHEHHE TI'PYHTOB IPOHM3BOAUTCA C LEIbIO
YCTpPaHEHUs1 HUX IPOCaJOUYHBIX CBOWCTB. IlIpoBeneHBI KOPPEIALMOHHBIH U PErpeCCUOHHBIA  AHAJIU3bL
3aBUCHMOCTEH MMPOYHOCTHBIX OT (PU3NUECKUX XapPaKTEPUCTHK JIECCOB, Ha mpuMmepe rpyHToB CeBepHoro Kaskasa.
VYcTaHOBIIEHA KOPPENALMOHHAs 3aBUCHUMOCTb YJENBHOTO CLEIUICHHS M yIia BHYTPEHHEr0 TPEHHUS OT
(hU3NUECKUX XapaKTEPUCTUK MPOCaIO4YHOr0 rpyHTa. KoaQduuueHTsl Koppensuuu MoIydYeHbl s Pa3InYHbIX
MoKazaTesiel 3HaYCHUH BIaXKHOCTH U IUIOTHOCTH Jécca. MccnenoBaHus MpOBOAMINCH 0 U MOCHE YINIOTHEHUS
TpyHTa yKa3aHHBIM CIIOCOOOM. 3apMKCHpOBaHA Kak IMOJIOXKUTENbHAS, TAK W OTPHLATEIbHAs KOPPEIILIUOHHAS
3aBUCUMOCTb MEXJy HCCIEAYEeMbIMU XapaKTEepUCTHKaMU MpocafodyHoro néccoBoro rpyHta. C pocrom
BJIYKHOCTH HAOJIIOIAJIaCh BBICOKAsl KOPPEISIIMOHHAS 3aBHCUMOCTD C IIPOYHOCTHBIMHU XapaKTePHUCTUKAMHU IPyHTa
JI0 ¥ TIOCJIE €T0 YIUIOTHEHNUS INTyOMHHBIMH B3pBIBAMHU.

[TocTpoeHBI ypaBHEHHSI PETPEcCHH YACIBHOTO CLEIUICHUs M YIila BHYTPEHHErO TPEHUs OT BIIAXHOCTH H
WIoTHOCTH TpyHTa. KoaddumenTsr 1ocToBEpHOCTH anmpoKCHMaNny TEOPETHYECKUX YPABHEHUH PErpeccuii U
9KCMEPUMECHTAIBHBIX JAHHBIX JEMOHCTPHPYIOT BBICOKHE 3HAYCHUS. PerpeccHOHHbIC ypaBHEHUS YACIBHOTO
CIEIUICHUS W yIJIa BHYTPEHHETO TPEHMS OT BIAKHOCTH TPyHTa IOKA3alM, YTO 3HAYCHHUS MPOYHOCTHBIX
XapaKTEPUCTUK YBEJINYMBAIOTCS IIPU YMEHBIICHUN 3HAYEHUH BJIaKHOCTU I'pyHTa. MccienoBana perpeccuoHHast
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3aBUCHMOCTh YJEIBHOTO CLEIUICHHWS W yIJia BHYTPEHHETO TPEHHS OT IUIOTHOCTH MPOCAJ0YHOTO Jécca.
YCTaHOBIIEHO, YTO POCT 3HAYECHUH NMPOYHOCTHBIX XapaKTEPUCTHUK (PUKCHPOBAJICS NPH YBEIHMUCHNUH TUIOTHOCTH
JIECCOBOrO TPyHTa 1O M TIOCIE €ro YIUIOTHEHMS TIIyOMHHBIMH B3pbIBaMU. [loCTpOEHHBIE perpecCHOHHBIE
YPaBHEHUS IO3BOJIIIOT MPOTHO3MPOBATH MPOYHOCTHBIE XAPAKTEPUCTUKH JIECCOB HA 3Tare MPOSKTHPOBAHUS

OCHOBaHMHU M (PyHIaMEHTOB 0OBEKTOB CTPOUTEIHCTBA.

KuioueBble ciioBa: jécc, NpocajouHOCTb, YILIOTHEHHE, Y/CIbHOE CLEIUICHUE, YTOJl BHYTPEHHEr0 TPeHNS,
KOPPEJISLHSL, PErpeccHs

INTRODUCTION

Loess subsidence soils are widespread on the
Earth's surface and have different origins. Loess
covers more than 17% of Russia's territory. It is
most common in the North Caucasian and
Southern Federal Districts (about 80%). Loess is
a dusty-clay soil containing at least 50% of
dusty particles [1, 2]. Elimination of subsidence
properties of such soils is an urgent task of
contemporary  engineering geology [3-6].
Correlation-regression analysis-based
mathematical modeling of soil compaction with
deep explosions allows estimating the
relationship between strength and physical
properties of soils.

Realization of engineering calculations during
design of bases and foundations of construction
objects, various earthworks, slopes, etc. requires
information about strength and physical
characteristics of soils [3, 4, 7, 8]. This
determines the necessity of their application to
solve a number of scientific and applied
problems of engineering geology [9-13].
Therefore, the engineering practical task of
assessing changes in the strength properties of
subsidence soils and their influence on the
stability of buildings and structures depending
on natural and anthropogenic conditions is of
special importance [14-16].

The main strength characteristics of dispersed
subsidence soils are specific cohesion and angle
of internal friction. As a rule, their values are
determined in laboratory conditions according
to standards, e.g. [17]. Triaxial compression
devices, stabilimeters, shear gauges, etc. can be
used in practice. It should be noted that the test
results of the different evaluation methods may
differ slightly from each other. This is explained
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by the difference in the stress state of soils [3,
18.19].

RESEARCH METHODS

Let us describe the mathematical model of the
problem of compaction of loess soils by deep
explosions in the form [9]

8—quUa—qzina—q+
ot ox Ox = Ox
+EK a—q+£Kza—q+f,
op Yoy 0z "oz

telt,.T],

(1)

with initial and boundary conditions

q(ty,x,y,2)=
=Q5(x—x0)5(y—yo)5(z—zo),
q(t:x,3,2)|_o =0, 1>1,.

k%
0z

2)

3)
4)

=0, t>¢,,

Z:Z0

where ¢(7,x,,z) is the soil density at time unit

t at the point with coordinates (x,y,z); U is the

vector of horizontal gas drift along the Ox axis;
f is the source function; Q is the charge

(source) capacity; ¢ is the unit impulse Dirac
function; K., K Y K. is the diffusion

coefficients.

Problems (1) ... (3) correspond to the case of
complete absorption of gas atoms by the
surrounding soil in the borehole (consolidation
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of the subsidence soil occurs). Problems (1), (2)
and (4) describe the case of complete reflection
of gas atoms from the surrounding ground
(ground ejection to the surface occurs).

The solutions of problems (1) - (3) and (1), (2),
(4) are [9]

q(t,x,y,2)= 0 x

(22)"" KK K.1°

(Z—H)2 N (Z+H)2
foton{ 158

where H is the depth of charge embedment
Values of diffusion coefficients K, K e K.

depend on physical characteristics of soils.

Let us investigate the correlation between
strength and physical properties of soils, which
include density and moisture content. Let us
construct regression equations of strength
characteristics of loess in order to predict their
condition [10, 16, 20].

RESULTS AND DISCUSSIONS

This section provides a correlation-regression
analysis of strength and physical properties of
soils based on experimental data [3]. We study
the construction site "Severny microdistrict in
Budennovsk". At the construction site the
thickness of subsidence soils reaches 20 m.
According to the data the density of the soil
before compaction is equal to

q,=1.51-1.542/ cv’. The natural moisture

content took values of @=10%-30%. 198
combined drainage-explosion wells  with
diameter of 180 mm and depth of 6 m were
drilled. Through them soaking of the subsidence
stratum was carried out in the excavation. As a
result of compaction by the method of deep
explosions of concentrated explosive charges,
the density of the soil took the value of

g=1.56-1.732/cm’.

Table 1 shows correlation dependence of
specific adhesion and angle of internal friction
of loess soil before and after its compaction on
soil moisture and density. Pearson correlation
coefficient was adopted as a measure of
interdependence between soil characteristics.

Table 1. Correlation between strength and physical indices of loess soil of Budyonnovsk city

Strength parameters Physical parameters Bef ore Afi r
compaction compaction

Moisture @, IO‘VsoﬂEZ%; -0.055 -0.155

Density ¢, g/cm 0.189 0.094

) ) Moisture @, 20%+2%; -0.363 -0.191
Specific adhesion C Density ¢, g/cm’ 0.272 0.146
Moisture @, 30%=+2%:; -0.809 -0.911

Density ¢, g/cm’ 0.837 0.890

Moisture @, 10%=+2%; -0.040 -0.159

Density ¢, g/cm’ 0.086 0.249

Angle of internal friction ¢ Moisture o, ZO(ZOiZ%: -0.363 0.230
Density ¢, g/cm 0.220 0.578

Moisture @, 30%+2%: -0.848 -0.846

Density ¢, g/cm’ 0.848 0.846
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Correlation is recorded between strength
(specific adhesion, angle of internal friction)
and physical (moisture, density) characteristics
of loess. Both positive and negative linear
correlation is observed. In the first case, higher
(low) values of specific adhesion and angle of
internal friction correspond to higher (lower)
values of soil moisture. In the second case,
higher (low) values of strength characteristics
correspond to lower (high) values of physical
characteristics [20].

The values of Pearson correlation coefficient
more than 0.8 module demonstrate high
correlation of investigated strength and physical
characteristics of loess soil. The proximity to

Elena O. Tarasenko

unity of Pearson's coefficient is observed mainly
at  high  moisture  values,  30%=%2%.
Approximation to zero modulus of the values of
correlation coefficients indicate not the absence
of correlation relationship between the studied
characteristics, but the presence of unknown
factors affecting these relationships. The
modulus value of Pearson correlation coefficient
less than 0.5 shows weak correlation of loess
soil characteristics.

Figures 1 and 2 show regression correlations of
specific cohesion C with moisture @ before and
after compaction of subsidence soils by [.M.
Litvinov's deep explosions [4], respectively.

Before compaction

0,033
0,031

0,029
0,027
0,025
0,023

Specific adhesion

0,021
0,019

0,017
285 29

29,5 30

y =-0,0029x+0,1141

30,5 31 31,5 32

Humidity

Figure 1. Regression correlation between specific cohesion and soil moisture before compaction

After compaction

0,04
0,038
0,036
0,034
0,032

0,03
0,028
0,026
0,024

0,022
285 29

Specific adhesion

29,5 30

y =-0,0042x+0,1599

30,5 31

Humidity

Figure 2. Regression correlation between specific cohesion and soil moisture after compaction

The equations of the regressions presented in
Figures 1 and 2 have the following form
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C=-0.0029-0+0.1141,
C=-0.0042-w+0.1599.

()
(6)
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The approximation confidence factor for
equation (5) is 0.6543. For equation (6), the
approximation reliability coefficient is 0.8301.
The closeness of the coefficients to unity
indicates a significant degree of dependence of
the regression model on the experimental data
[3]. It is noted that with the increase in the
moisture content of the subsidence soil, there is
a decrease in the values of specific cohesion.
This feature is characteristic of the
corresponding regression dependences both
before and after soil compaction.

Regression dependences of specific cohesion C
on density g of loess soil are shown in Figures
3 and 4. The corresponding graphs both before
and after realization of compaction of
subsidence soils by the method of deep
explosions are depicted. The regression lines are
given by the following equations, respectively

C=0.2684-q—0.3835,
C=0.0927-4-0.1196.

(7
®)

Before compaction

15

Density

Figure 3. Regression correlation between specific cohesion and soil density before compaction

After compaction

0,042

o
o
o]
~

0,032

Specific adhesion

0,027

1,62

y=0,0927x-0,1196

1,64
Density

1,66 1,68 17 1,72

Figure 4. Regression correlation between specific cohesion and soil density after compaction

A positive regression correlation between
specific cohesion and soil density was observed
before and after compaction of loess soils by
deep explosions. The increase in soil density
leads to an increase in its strength characteristic,
specific cohesion. Thus, for the regression

Volume 20, Issue 1, 2024

equation before soil compaction (7) the
approximation reliability coefficient is equal to
0.7003. After compaction of the subsidence
soil for the regression equation (8) this indicator
takes the value 0.7929.

175



According to Table 1, the angle of internal
friction of the soil correlates with the
indicators of physical characteristics of soils.
Correlation between ¢, moisture content @
and density p of loess soil is assessed by

regression analysis.

Elena O. Tarasenko

Graphs of regression correlations of the angle of
internal friction ¢ with soil moisture @ are

presented in Figures 5 and 6. The regression
equations show the dependences of the strength
characteristic on the physical index for the state
of the soil before and after its compaction by
[.M. Litvinov's method of deep explosions [4].

Before compaction

Angle of internal friction
a o o
v ~ (% o] (%3]

(=]

28,5 29

29,5

30

y =-0,3909x+19,328

30,5
Humidity

a F.5 32

Figure 5. Regression correlation between the angle of internal friction and the moisture content of
loess soil before compaction

After compaction

8,8

83

78

73

Angle of internal friction

6,8

28,5 29

30

y =-0,3404x + 18,25

31 315 32

Humidity

Figure 6. Regression correlation between the angle of internal friction and the moisture content of
loess soil after compaction

The regression equations corresponding to
Figures 5 and 6 have analytical representations
of the following form

¢ =-0.3909-0+19.328,
¢ =-0.3404-0+18.25.

)
(10)
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Analysis of the results showed the following.
The regression equation (9) shows the degree of
approximation to the experimental data with the
approximation confidence coefficient 0.719.
The approximation reliability coefficient of
equation (10) is equal to 0.7157 . The change of
coefficient values is observed at realization of
elimination of subsidence properties of soils by
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depth explosions. Measurements of strength and
physical characteristics of soil were carried out
before and after engineering and production
works.

The graphs of regression equations (Fig. 5, 6)
show that the value of the angle of internal
friction ¢ increases with decreasing values of

loess soil moisture index @ . Table 1 also notes

the negative linear correlation of the
investigated soil characteristics.

The study of regression dependences of the
angle of internal friction on the density of loess
soil is presented in Figures 7 and 8. The graph
of Figure 7 shows the dependence before soil

compaction, and in Figure 8 after compaction.

Before compaction

85

83

81

79

T

75 .

73

7]

6,9

6,7

6,5
1,5 1,51 1,52

Angle of internal friction

y =34,981x-45,923

1,53 1,54 1,55

Density

Figure 7. Regression correlation between the angle of internal friction and density of loess soil
before compaction

After compaction

8,3
8,6
8,4
8,2

7,8
7,6
7,4
i

Angle of internal friction
[+2]

y =7,6499x-4,5703

1,63 1,65 1,67 1,69 1,71
Density

Figure 8. Regression correlation between the angle of internal friction and density of loess soil
after compaction

The regression equations (Figs. 7, 8) are
described by analytical relations, respectively

@=34.981-g—45.923,
@ =7.6499-g—4.5703.

(11)
(12)
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Regression equations (11) and (12) have a high
degree of approximation to the experimental
data. The approximation confidence coefficient
for equation (11) is equal to 0.7192. For
equation (12), the approximation confidence
factor takes the value 0.7156. With increasing
values of the angle of internal friction, there is

177



an increase in the density values of loess soil
both before and after its compaction by deep
explosions.

CONCLUSION

The article provides a mathematical modeling of
the compaction of subsidence soils by explosion
and studies the strength properties of loess by
correlation and regression analysis. Specific
cohesion and angle of internal friction correlate
with moisture content and density of loess.
Pearson correlation coefficients of strength and
physical characteristics of soil showed that at soil
moisture of 30%+2% their high intercorrelation is
observed. This is characteristic of loess soils
before and after elimination of their subsidence
properties by depth explosions. Regression
equations of specific adhesion, angle of internal
friction and humidity, density, respectively, of
subsidence soils before and after their compaction
have been constructed. It is established that with
the increase of soil moisture the values of
indicators of soil strength characteristics decrease.
With increasing density of loess the growth of
values of specific cohesion and angle of internal
friction is fixed. Regression equations can be used
in  calculation mathematical —models of
engineering-geological systems in the design of
construction objects on subsidence loess soils.
They allow predicting indicators of soil strength
characteristics on the basis of their physical
characteristics.

The author is grateful to the Doctor of
Geological —and  Mineralogical  Sciences,
Professor, Professor of the Department of
Construction of the North Caucasus Federal
University, Boris Fedorovich Galai, for his
assistance in writing the article.
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K IOBUWIEIO BJIJAJIUMHUPA TPOOPUMOBHUYA EPO®EEBA

10 mapra 2024 rona ucnosauoch 70 Jiet akagemuky Poccuiickoii akase-
MUH apXUTEKTYPbI U cTpouTenbHbIX HayK (PAACH), [loueTHOMY cTpouTemto
Poccun, 3acmyxeHHoMy nesitento Hayku Pecryomiku Mopnosus, Jlaypeaty
T'ocynapcteenHoii u OrapeBckoii mpemuit Pecryomiku Mopaosus, mpodec-
COpY, IOKTOpY TEXHUYECKUX HaykK, mpodeccopy Kadeapbl CTPOUTETHEHOTO
MatepuasoBeneHuss HannoHanbHOrO McciaenoBaTebckoro MocKOBCKOTO
TOCyIapCTBEHHOTO cTpouTenbHoro yHusepcurera (HUY MI'CY), uneny
PenakmnuonHOro coBeTa MEXKIYHAPOIHOTO HAyYHOTO KypHaua “International
Journal for Computational Civil and Structural Engineering”.

Baagumup Tpopumouu EpodeeB — npusHanueiii B Poccuu u 3a
pyOex)oM, KPYIHBINA, aBTOPUTETHBIN YUEHBIM B O0JIACTH CTPOUTEIHHOTO
MarepuaIoBeIEHUs U CTPOUTEIbHBIX TEXHOJIOTHA. Pe3ynbraTsl ero Hay4HbIX
HCCe0BaHUM H310keHbI Oosiee ueMm B 900 meuaTHbIX paboTax, B ToM uncie B 20 moHorpadusax. OH
obmanarens 6osee 100 aBTOPCKUX CBUAECTENLCTB U MATEHTOB B 0071aCTH CTPOUTEIHHBIX MaTepHalioB
U CTPOUTEIBHBIX KOHCTPYKIWU. Bragumup TpodumoBuy moaroroBun 26 KaHAUAATOB M OJTHOTO
JIOKTOpPA HayK.

C 2002 roma Bo3rmarisis (hakynbTeT, B JajdbHeleM NHCTUTYT apXUTEKTYPhl U CTPOUTENIBCTBA U
Kaeapy CTpOUTENbHBIX MaTepUaoB TexHoIoruii HarmonansHoro nccneaoBareabckoro MopioBCKoro
rocynapcTBeHHoro yuusepcurera uM. H.I1. Orapéra, Bnagumup TpodumoBrY 3HAUUTETHHYIO YaCTh
pe3yabTaTOB CBOEH Hay4YHON M 00pa30BaTeNIbHOM NeATeIbHOCTH MOCBSATHII CO3AaHUI0 MAaTEPUaJIOB,
HE U3MEHSIOIINX CBOM CBOICTBA B Pa3IMUHbIX KIMMAaTHUYECKUX YCIOBHSIX, UCCIIEIOBAHHIO, HAYYHOMY
000CHOBAHHIO IPUMEHEHHUSI U BHEJPEHUIO MECTHBIX U HOBBIX KOMIIO3UTHBIX MAaTE€PHANIOB, OTXO/I0B
MIPEPUITHIA, SHEprocOeperaux TEXHOJIOTHI CTPOUTENIBCTBA B pa3BUTHE MPOU3BOICTBA A dek-
TUBHBIX CTPOUTEIHHBIX MaTepUaoOB U U3EINUNA, CTPOUTENbHYIO NpakTUKy Pecmybmuku Mopaosus,
MOJrOTOBKY HAay4YHBIX UM HAyYHO-TIEJarOTMYECKUX KaJIpOB, CIIELUAINCTOB BBICIICH KBaTU(pUKAIIUU B
obmnactu crpoutenscTBa. B 2023 rony B.T. Epodees nauan Tpynosyto aestenbHOoCTE B HUY MI'CY.

Kemaem Bam, Bmagumup TpodumMoBHY, KPETKOTO 3A0POBBS, HAJIbHEUIIINX TBOPUYECKUX YCIIEXOB
u OGmarornoyqusi!

Peoaxyuonnviii Cosem mencoyHapoOH020 HAYUHOO JHCYPHANLA
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